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ABSTRACT

KEYWORDS: Asymmetric synthesis, Enantioselective reaction, Diastereoselective
reaction, Organocatalysts, Chiral proline catalyst, Benzothiazole, Benzothiazolium salt,
a,B-Unsaturated aldehydes, 1,3-Dipolar cycloaddition, Ring-opening, Rearrangement,
DFT study, Fluorescent study, Docking study, Anti-cancer activity, Pyrrolo-thiazine
carbaldehydes, C-S bond formation, Dihydropyrroles, Tetrasubstituted pyrrole-3-
carbaldehydes, 1,4-Thiazine, 4-Methyl thiazolium salt, Trisubstituted pyrroles, C-S

bond cleavage, C-N bond cleavage.

1,3-Dipolar cycloaddition of azomethine ylides and dipolarophiles represents an
effective approach to synthesize diverse N, S-heterocyclic compounds. Notably,
thiazolium and benzothiazolium azomethine ylides are known to exhibit distinct
reactivity patterns compared to other azomethine ylides. Over the past decades,
thiazolium and benzothiazolium azomethine ylides based 1,3-dipolar cycloadditions
have been explored in the synthesis of racemic heterocyclic compounds with multiple
stereogenic centers. However, the enantioselective synthesis of optically active
heterocyclic compounds is yet to be synthesized within this framework. Thus, this Ph.D
thesis aims to address this gap by developing a methodology for the synthesis of
enantioenriched heterocyclic compounds containing multiple stereogenic centers by
utilizing commercially available o,-unsaturated aldehydes along with easily accessible
thiazolium and benzothiazolium salts in the presence of chiral organocatalysts starting
with 1,3-dipolar cycloaddition reactions. This thesis work includes (i) Enantio- and
diastereoselective  synthesis of pyrrolo-thiazine-2-carbaldehydes through an

organocatalyzed domino process utilizing benzothiazolium salts; (ii)) One-pot,
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organocatalyzed, enantioselective synthesis of tetrasubstituted dihydropyrrole-3-
carbaldehydes utilizing benzothiazolium salts; (iii) Synthesis of trisubstituted-1H-
pyrrole-3-carbaldehydes via an organocatalyzed domino process utilizing thiazolium
salts; and (iv) Organocatalyzed, domino synthesis of chiral trisubstituted dihydro-1H-
pyrrole-3-carbaldehydes, utilizing thiazolium salts. This thesis has been divided into

four Chapters.

Chapter 1 provides a brief introduction about asymmetric synthesis, organocatalysts,
chiral proline catalyst and ylides. Also, this introduction Chapter provides a detailed
report about the reactivity and applications of cycloiminium salt-based azomethine
ylides, particularly thiazolium and benzo thiazolium salts. This Chapter also offers a
detailed account of organo- and metal catalyzed enantio- and diastereoselective organic

transformations of azomethine ylides in 1,3-dipolar cycloadditions.

Chapter 2 deals with proline-derived organocatalyzed enantio- and diastereoselective
synthesis of novel pyrrolo[1,2-d][1,4]thiazine-2-carbaldehyde heterocyclic scaffolds
with excellent yield, enantio- and diastereoselectivity (up to >99% ee and up to >20:1
d.r.) via intermolecular formal 1,3-dipolar cycloaddition/intramolecular rearrangement
using benzothiazolum salt and o,B-unsaturated aldehydes. The synthesized chiral
molecules have three contiguous stereogenic centers including one quaternary chiral
carbon with fluorescent emissive character. Usage of (R)-dipheneylprolinol
trimethylsilyl ether as a chiral organocatalyst provides excellent selectivity for the
domino transformation. This method works well with electron-donating, electron-
withdrawing groups containing benzothiazolium salts and o, B-unsaturated aldehydes.

DFT study was performed to understand the stability of reaction intermediates and the
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reaction mechanism. A fluorescent study was performed to showcase the molecule's
fluorescent activity. In-silico study was achieved which showed that the synthesized
chiral molecules have substantial anticancer activity towards selected B-Raf anti-cancer

protein targets.

Chapter 3 deals with the development of a one-pot, efficient, and novel protocol for the
synthesis of thioether-tethered tetrasubstituted 4,5-dihydropyrrole-3-carbaldehdes
using benzothiazolum salt and o, B-unsaturated aldehydes in the presence of (R)-
diphenylprolinol trimethylsilyl ether as a chiral catalyst. The reaction proceeds via 1,3-
dipolar cycloaddition/intramolecular rearrangement followed by C-S bond formation
and base-promoted ring-opening. The reaction was performed in open-air conditions at
room temperature to form chiral scaffolds up to 92% yield with excellent enantio- and
diastereoselectivity (up to >98% ee and up to >20:1 d.r.). This protocol disclosed
excellent reactivity towards various alkyl, aryl, allyl, and propargyl halides.
Particularly, the halides containing electron-donating and electron-withdrawing groups
afforded the products in good yields with excellent enantioselectivity. This method
worked well with electron-donating and electron-withdrawing groups containing
benzothiazolium salts and a, B-unsaturated aldehydes. The synthetic utility of the

product was achieved through various organic transformations.

Chapter 4A deals with (+)-diphenylprolinol trimethylsilyl ether catalyzed synthesis of
novel trisubstituted-1H-pyrrole-3-carbaldehydes using 4-methylthiazolium salt and
o,B-unsaturated aldehydes via formal 1,3-dipolar cycloaddition/intramolecular ring-
opening, C-S and C-N bond-cleavage at room temperature. From the mechanistic study

and HRMS analysis, the formation of by-product 1-mercaptopropan-2-one was
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confirmed. The product is formed via base-promoted C-S bond cleavage, enamine
tautomerism, and iminium ion formation followed by hydrolysis of iminium ion to
cleave the C-N bond to produce the trisubstituted-1H-pyrrole-3-carbaldehyde in good
yields up to 85%. It is noted that an unusual reactivity was found with 4-methyl
thiazolium salt and a,B-unsaturated aldehydes in the presence of amine organocatalyst

to afford trisubstituted pyrroles rather than stopping at hydropyrrolo-thiazine.

Chapter 4B deals with the asymmetric synthesis of enantioenriched dihydropyrrole
using enantiopure (R)-diphenylprolinol trimethylsilyl ether as a chiral catalyst at 0 °C.
The optically active trisubstituted dihydro-1H-pyrrole-3-carbaldehydes are synthesized
in good yields with excellent enantio- and diastereoselectivity (up to >98% ee, and up
to >20:1 d.r.) via asymmetric domino formal 1,3-dipolar cycloaddition/intramolecular

ring-opening, C-S and C-N bond-cleavage.

Chapter 5 provided the summary of important findings drawn from the thesis work and

conclusions.
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INSTRUMENTATION AND GENERAL CONSIDERATIONS

THIN LAYER CHROMATOGRAPHY (TLC)

Thin layer chromatograms were run on silica gel 60 F2s4 plates obtained from Merck
with pankal solution, UV light, iodine, alkali KMnOg, 2,4-DNP, and PMA solution as

detecting agents.
COLUMN CHROMATOGRAPHY

Column chromatography was performed using silica gel (100-200 mesh). The solvents

used for column chromatography were distilled prior to use.
MELTING POINTS

Melting points were measured either on a Toshniwal melting point apparatus or on a

Guna melting point apparatus. The melting points were uncorrected.
IR SPECTROSCOPY

IR spectra were recorded on a JASCO FT-IR spectrometer. Band positions are reported

in reciprocal centimeters.
NMR SPECTROSCOPY

'H and '3C NMR spectra were recorded on Bruker 400 and 500 MHz spectrometers
using TMS as an internal standard. Chemical shifts are reported in parts per million ()

downfield from the internal tetramethyl silane reference and the coupling constants (J)

in Hertz.
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MASS SPECTROMETRY

The ESI (electron spray ionization) mass spectra were recorded on a Waters/Micro
mass Q-TOF mass spectrometer equipped with a Harvard apparatus syringe pump. The

measurements were performed in EtOAc, MeOH, and acetonitrile solvents.
HIGH PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC)

The initial reaction rate was determined by Waters 2965 HPLC systems using Luna®
5 um Silica (2) 100 A, LC Column 250 x 4.6 mm. HPLC solvents were purchased from

SD fine-chem limited, India, and used as such received.
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CHAPTER 1

INTRODUCTION

1.1 ASYMMETRIC SYNTHESIS

A molecule is said to be chiral when its mirror counterpart cannot be superimposed
with the original. The concept was first proposed by Lord Kelvin, stating that "if a
geometric figure or a set of points is chiral and has chirality, its reflection in a plane

"' Any molecules with

mirror, if perfectly realized, cannot be superimposed on itself.
the chiral centre, that is four different substituents attached with the same carbon atom,
and its mirror image cannot be superimposed are called "enantiomers." The term
"optical activity" refers to the ability of a solution or solid to rotate plane-polarized
light. When plane-polarized light of a particular wavelength passes through a chiral
molecule, it undergoes rotation. The term ‘asymmetric synthesis’ refers to the

achievement of enantioselective synthesis of optically active chiral substances, ideally

as a single enantiomer.>

1.1.1 Significations of Enantioselectivity

The term chirality and symmetry are prevalence in nature, which substantially affects
medicinal and agricultural chemistry. Biological systems often recognize two
enantiomers as different substances, and the two enantiomers may result in different
behaviours. For instance, naturally occurring L-phenylalanine L-1 tastes bitter, whereas

the D-1-phenylalanine tastes sweeter (Figure 1.1).?



0 ; 0
OH | HO
NH, , NH,
L-Phenylalanine D-Phenylalanine
(bitter) . (sweet)
L1 ' D-1

Figure 1.1 Enantiomers of phenylalanine

Particularly, one enantiomer may work as a useful therapeutic drug, while the other is
exceptionally harmful. In the mid-19th century, a dreadful medical disaster that was
thalidomide's tragedy better be remembered. 1950s and early 1960s, thalidomide was a
regularly prescribed medicine for the avoidance of nausea in pregnant women.* As a
result, hundreds of infants in serious congenital defects in the 1960's. It was realized that
enantiomers of a racemic compound can display different biological features and
confirmed that only (S)-enantiomer of thalidomide is teratogenic and (R)-enantiomer of
thalidomide is used as a sedative agent (Figure 1.2).°> Similarly, the isomeric form of (S)-
ibuprofen is used as a pain killer, whereas (R)-ibuprofen is inactive.® The (S)-isomer of
naproxen is teratogenic, whereas (R)-naproxen is beneficial for arthralgia pain.’
Ultimately, (S)-ofloxacin is less active against bacterial infection in many different places
of the body, whereas (R)-ofloxacin is 128 times more potent in bacterial activity than (S)-

ofloxacin® (Figure 1.2).

(S)-Enantiomer (R)-Enantiomer
0 0 0 0
NH NH
N 0 N 0
o 0
(8)-Thalidomide (R)-Thalidomide
Teratogenic birth defects Effective sedative agent
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(S)-Ibuprofen
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pharmacological activity)

CHj;

WOH
O
MeO

(S)-Naproxen
Teratogenic birth defects

(8)-Ofloxacin
Treat bacterial infections
less active

CHj

OH
Me

(0]
Me

(R)-Ibuprofen
Inactive

CHj;

/@/kﬂ/OH
0
MeO

(R)-Naproxen
Used for arthralgia pain

Me/N\) © CHs

(R)-Ofloxacin
Treat bacterial infections
more active

Figure 1.2 Example of the structure of (S)-enantiomers and (R)-enantiomers of chiral
medicines with different activity

1.1.2 Approaches for Enantioselectivity

Enantiomerically pure synthesis of enantiopure organic compound is a main tool for
synthetic chemist due to their need in medicinal applications. Various approaches
toward enantiomerically pure synthesis include conventional chiral resolution using

diastereomers,” chiral pool synthesis, chemical kinetic resolutions,!%!?

enzymatic
resolution, and '* and catalytic asymmetric synthesis.'* Over the past several decades,
synthetic organic chemistry has widely acknowledged the importance and usefulness

of asymmetric synthesis for producing enantioenriched molecules. There are various

techniques known for asymmetric synthesis such as, 1. Chiral pool synthesis refers to
3



synthesizing chiral chemicals by starting with widely available chiral starting
ingredients.!>!¢ 2. Enzyme-catalysed reaction involves enzymes promoting chemical
reactions, resulting in the synthesis of optically active compounds. !'* 3. Chiral
auxiliaries are temporary chiral groups attached to a molecule to regulate its
stereochemistry during a chemical process.!” After completion, the reaction can be
separated from the starting materials. 4. Kinetic and dynamic kinetic resolution'!"3
refers to techniques that separate enantiomers based on their differing reaction speeds.
5. Crystallization is a method of purifying chemicals by creating solid crystals from a
solution or melting.?® 6. A catalytic asymmetric catalyst is a material that can selectively
stimulate a chemical reaction to create a single enantiomer.?! Among the methods,
catalytic asymmetric synthesis is most extensively used, in which a chiral catalyst can

create millions of chiral molecules. It offers a significant economic benefit compared

to other asymmetric synthetic methods in academic and industrial frameworks.

1.2 CATALYST

A catalyst is a chemical substance that decreases activation energy and thereby
increases the course of a reaction under a mild condition, resulting in involve in a cyclic
process.’> Asymmetric or enantioselective catalysis is a fundamental part of
asymmetric synthesis, which transforms prochiral and racemic compounds into major
enantioenriched synthetic building blocks. Three types of asymmetric catalysis are

known as, 1. Biocatalyst,?® 2. Transition metal catalyst,>* and 3. Organocatalysis.?>*’

1.2.1 Biocatalyst

A biocatalyst or enzymatic catalyst, usually employs biologically active components to

carry out chemical transformations that lead to one of the enantiomers of the chiral



product formed at the end and another enantiomer of a racemate being unharmed.?®
Steven et al. developed a green biocatalytic process for the manufacture of atorvastatin
intermediate in 2009. The active ingredient of the cholesterol-lowering drug has been
prepared in two steps and through three enzyme processes. This transformation
involved the biocatalytic reduction of ethyl-4-chloroaceoacetate using ketoreductase
(KRED) in combination with glucose and NADP-dependent glucose dehydrogenase
(GDH), afforded ethyl-4-chloro-3-hydroxybutyrate. It was followed by halohydrin
dehalogenation (HHDH) with NaCN at natural pH produced ethyl-4-cyano-3-
hydroxybutyrate which was further transformed to atorvastatin using a multi-step

process (Scheme 1.1).2%-3°

o O

OH 0 OH 0
C'M ADH HHDH
OEt of o
/ \ \/SK)kOEt NaCN NC\/RK)kOEt
NADPH/H* NADP*  96% Yield E

>99% ee

glucose %EHL'gluconolactone O
OH O

pH 7,.25°C /\/'\)'L
_—

_—

GDH = glucose dehydrogenase
HHDH = halohydrine dehalogenase PhHN

atorvastatin

Scheme 1.1 Synthesis of atorvastatin by biocatalysts

1.2.2 Transition metal catalysts

The chiral ligands are complexed with transition metals named transition metal
catalysts, which will subsequently be used as catalysts in the reaction precursor to

afford a chiral product.

Synthesis of planar chiral oxazole-pyridine N, N-ligand has been developed by Yu et al.
in 2023 for the application of palladium-catalyzed asymmetric acetoxylative

cyclization of alkyne-tethered cyclohexadienones. The reaction furnished chiral cis-



hydro benzofurans in high yield with excellent enantioselectivity, which belongs to

bioactive molecules with potent NF-kB inhibition (Scheme 1.2).!

0 N 0 : Me,
// o L (4.4 mol%) : O O>_2i>
+ Pd(OAc), (4.0 mol% H R | 7\
il gy PaOP o mat T oY
R ! Pd
R™Y 0 Nge |

6} BQ (30 mol%)
toluene/BME (0.9 mL/0.9 mL) | AcO OAc
60 °C, 22-23 h Up to 94% yield : Planar-chiral oxazole-pyridine
Up to 98:2 e.r. . N,N-Iigand

Scheme 1. 2 Example of transition metal complex catalyzed reaction

1.2.3 Chiral Organocatalysts

Chiral organocatalysts are an asymmetric catalyst that catalyzes an asymmetric
transformation using small chiral organic molecules without a metal ion.>? The
stimulating substrates are electrophiles or nucleophiles via covalent or non-covalent
interactions to produce the appropriate chiral product. The major advantages of
organocatalysts over transition metal or enzymatic catalysts are as follows: They are
oxygen-stable reagents and can be used without anhydrous conditions except for chiral
NHC carbene catalysts. It can minimize the cost of synthesis and be compatible with
various functional groups that could be sensitive to other processes. In contrast,
transition metal catalysts cause environmental issues, including toxicity, harmful metal
waste generation, and retaining trace metal contaminants in the end products.
Organocatalysts are often cheap and widely available at competitive prize, which is
more appropriate for a small-scale reaction into industrial processes. For the above

aspects, organocatalysts can be called green catalysts rather than traditional catalysts.

Liebig first discovered that acetaldehyde acts as an organocatalyst in the year of 1860,
for the hydrolysis of cyanogen to oxamide. The reaction of dicyanide with water in the

presence of acetaldehyde organocatalyst at room temperature provided an oximide

6



product. Without acetaldehyde, the reaction furnished only a mixture of products. The

presence of an acetaldehyde organocatalyst majorly afforded oximide as the product

(Scheme 1.4).3*

o]

).LH (0]
CIIN Cat. HzN)STNHZ
O

CN H,0, rt

Oxamide

Scheme 1.3 Synthesis of oxamide catalyzed by acetaldehyde organocatalyst

In the first decades of the 1900s, Bredig and Fiske introduced the asymmetric
organocatalyst concept. The simple benzaldehyde reacted with hydrogen cyanide
utilizing a chiral cinchonine as an asymmetric organocatalyst and achieved chiral 1-

hydroxy-1-phenyl acetonitrile with 10% enantioselectivity (Scheme 1.5).%

O

OH
H Cat. * °CN
*N=—H ——>

10% ee Cat.

Scheme 1.4 Asymmetric 1,2-addition for the synthesis of benzaldehyde cyanohydrin

In 1971, naturally available amino acid (L)-proline as an organocatalysts has been
reported by Hajos—Parrish for the intramolecular aldol cyclization, and it is called the

“Hajos—Parrish-Eder—Sauer—Wiechert” reaction (Scheme 1.3).%’

[HOH
N )
Ve (0] B o Me o Me O
W (3 mol%) H
DMF o -H,0
o OH (@)
99% yield 99% yield
93% ee 93% ee

Scheme 1.5 Example of organocatalysts



Subsequently, several asymmetric organocatalysts have been reported, including chiral
phase transfer catalysts, chiral hydrogen bonding catalysts, chiral Brensted acid, and

Bronsted base catalysts.>6-

In the late 1990s, Benjamin List and David MacMillan independently developed
enamine and iminium ion-based chiral amine-based organocatalysts for asymmetric

synthesis (Scheme 1.6).%”

The discovery of this catalyst has changed the vision of the
asymmetric organocatalytic system to synthesize various chiral organic frameworks in
the past two decades. This chiral amine catalyst is more important than other

organocatalysts because it mimics the enzyme catalyst, and researchers denoted it as a

green catalyst.

O Me — =
N O Me
&(OH ).\.\Me N
N OH N "Me @)\-\Me
e} H ° N R\/\70 Fh i N Me
R/v - 0 = Ph |
a % b ‘
R R
Enamine intermediate Iminium ion intermedate

Scheme 1.6 Formation of chiral enamine and iminium ion intermediate

1.2.4 Types of Organocatalysts

Four major types of organocatalysts are known for the asymmetric synthesis. They are
categorized into i) chiral Lewis acid,® ii) Lewis base,***" iii) Bronsted acid,*'*? and iv)
Bronsted base catalyst.**** Among, chiral boron complex (CBS) reagents and
organocatalysts complexes with metal ions (such as Cu, Ti, Al, Rh, and Zn) are
considered into Lewis acid catalysts. Chiral proline, imidazoline-derived catalysts, and
chiral NHC carbene catalysts are classified into chiral Lewis bases. The chiral thiourea
and squaramide chiral phosphoric acid catalysts are characterized as chiral Breonsted

acid catalysts. The amines, cinchona alkaloids, and chiral quinine catalysts are



classified as Bronsted base catalysts. Bifunctional organocatalysts such as chiral amine

attached with hydrogen bonding catalysts also reported in the literature (Figure 1.3)%°

%
HO,, N

o}
O NH QXN
OH Ph Y Me SN
N D= Do— ar oy
N 0 H
Z N N oTMs P

N h
Cinchona alkaloid Proline Dl_phenyl Imidazolidine Carbene
prolinol TMS
= =
ey b
N 0 N
:P\ S} ©
| AS NH (6] OH X < X0 R1X
R-=N® NH | i
P CO o .
S)\NH Ar R R N~ R
Ar
Chiral thiourea Chiral phosphoric acid Chiral phase transfer catalyst

Figure 1.3 Example of organocatalysts

Based on the different activation modes, organocatalysts are further classified into two
major types. 1. Covalent bond activation,*® 2. Non-covalent bond activation.*’ The
covalent bond activation can be done when organocatalysts and substrate form a
transient covalent bond to create a reactive intermediate. The formed intermediate
undergoes further reactions, and eventually organocatalysts are recovered. The most
common examples of organocatalysts are amine-*® and phosphine-based,***° which
have led to a wide range of reaction types. Covalent binding of substrate usually

requires a high catalyst loading (Figure 1.4).

T
o
/
b4
29
o
T
I
; =
55
Ly
o
zZ-Z
l>/

N/ H ¢} H OTMS Ph
Cinchona alkaloid Proline Dliphenyl Imidazolidine Carbene
prolinol TMS

Figure 1.4 Examples of covalent bond activation organocatalysts



Non-covalent bond activation by organocatalysts uses non-covalent interactions
between the substrate and organocatalysts to increase the rate of a reaction. Non-
covalent interactions or non-bonded interactions are weak interactions between atoms
or molecules when electron pairs are not shared, and they do not involve forming or
breaking chemical bonds. Non-covalent interactions included ionic bonds, hydrogen
bonds, Van der Waals interactions, and hydrophobic interactions. The typical examples
of non-covalent organocatalysts are chiral thiourea, squaramide-based hydrogen
bonding catalyst, chiral phosphoric acid catalyst, chiral phase transfer catalyst,

halonium, chalconium, pnictonium, sulfonium, and selenonium salts (Figure 1.5).4

=
73 0,
| o O
[ \H OO o RZ Né NH
N 2
= S)\l\‘lH R R
Ar

Chiral thiourea Chiral phosphoric acid Chiral phase transfer catalyst

Figure 1.5 Examples of non-covalent organocatalysts
In 2016, Josipa et al. reported an enantioselective synthesis of N(acyl) S-acetals from
asymmetric addition of thiols to N-acyl ketimines, which was generated in-situ from-3-
hydroxy isoindolinones using a chiral Brensted acid catalyst. In this reaction, a chiral
ligand non-covalently interacted with ketimines and thiol through hydrogen bonding to

achieve a high enantiomeric excess (Scheme 1.7).°!

Ar !

OO 0 E

O\H .
Need o |

(10 mol%) :

NH NH :
R'SH (1.1 equiv) /, _R'

OH  DCM,-20°C,16h S '

Ar

up to 95% yield !
96% ee : Activation via hydrogen bonding

Scheme 1.7 Example of non-covalent bond activation reaction
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1.3. CHIRAL AMINE BASED ORGANOCATALYST

Chiral amine-based organocatalysts play a vital role in asymmetric synthesis, and they
are versatile and potent catalysts that are useful in a wide range of enantioselective

* such as

chemical processes.’>> They are generated from natural amino acids,
cinchona alkaloids,’ and other chiral amines. It is facilitating the creation of chiral
compounds with strong enantioselectivity. A significant property of chiral amine
organocatalysts is their ability to activate substrates through covalent interactions. By
stabilizing reactive intermediates or transition states, these catalysts enhance

asymmetric induction, resulting in the preferred synthesis of one enantiomer over the

other.

L-Proline is a chiral pool reagent that can react quickly with both enantiomeric forms
at a fair cost and is stable under standard conditions. The invention of chiral amine
organocatalysts has dramatically enlarged the toolbox of asymmetric synthesis,
providing economical and ecologically friendly approaches to a wide range of chiral
molecules. Due to their versatility, gentle reaction conditions, and high degrees of

enantioselectivity make them indispensable in modern chemical synthesis.>® >’

1.3.1 Reactivity of Chiral Proline Organocatalysts

Proline has both pyrrolidine ring and carboxylate in its peculiar structure for the
catalytic action. Proline comprises both acidic and basic functional groups, which offers
an advantage in its capacity to serve as a bifunctional catalyst and provides simple
accessibility to metal complexes. It can operate as an electrophile by forming enamine
intermediates via rapidly creating iminium ions or as a nucleophile. Because of its

cyclic and secondary structure, proline has a larger pKa than other amino acids,

11



influencing its hydrogen-bonding strength. Additionally, its pyrrolidine component
enables it to create enamine and iminium ions more readily than other amines, even

cyclic amines like piperidine (Figure 1.6).

N N N
H  OH /k 0® /\ OH N\ -0
Proline R M~

bifunctional acid/ Iminium ion Enamine Metal
base catalyst catalyst catalyst complexes

Figure 1.6 Reactivity modes of a proline catalyst

Proline as an organocatalyst finds widespread applications in various asymmetric
transformations, including asymmetric aldol reaction, Michael addition, Mannich
reaction, Morita-Baylis-Hillman reaction, a-functionalization, and cycloaddition. Most
importantly, it is used to synthesize a wide range of bioactive molecules and natural

products.*®

1. Aldol reactions: Chiral amine catalysts facilitate the stereoselective formation of
aldol adducts by activating carbonyl compounds and enolizable aldehydes or ketones.>’
A proline-catalyzed asymmetric Robinson annulation reaction (Michael addition
followed by intramolecular aldol condensation) for the enantioselective synthesis of
Wieland-Miescher ketone has been achieved by Tommy et al. in 2000 via a single step
using methyl vinyl ketone and methyl-substituted cyclohexanedione in aqueous acetic
acid. The reaction provided the desired product in good yield and enantioselectivity

(Scheme 1.8).%°

Me o '
)K/ j/ii Cat. (3 mol%) _p-TsOH _ /J/i:é : [HOH
T CoHe Y
DMF, 1t,72h O sHe I N

i -Mi . Cat.
52% yield W|e|ar|1(d t Miescher !
74% ee etone

Scheme 1.8 Aldol reaction in Wieland-Miescher ketone synthesis
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2. Michael additions: Chiral amine as organocatalysts were used in conjugate addition
of a,B-unsaturated carbonyl compounds, and this reaction yielded chiral products with
high enantioselectivity.®! Proline-catalysed Michael addition of ketones with nitro
styrene was examined by Dieter et al. in 2002. The reaction furnished optically active
v-nitro ketones in good to excellent yield with up to 97% d.r. with syn-diastereomers in

good enantioselectivity via catalytic asymmetric 1,4-addition (Scheme 1.9).6

Q o R? 5
0, b= 1

R)% . ON Cat. (10 mol%) RMNOZEwO

R! MeOH, rt i1 N
R ! H OH
12 examples ' Cat.

up to 99% vyield |
up to 76% ee, up to 97% d.r:

Scheme 1.9 Asymmetric Michael addition reaction

3. Mannich reactions: Asymmetric Mannich reaction is one of the most basic and
valuable methods to synthesize chiral B-amino carbonyl compounds. This product can
be achieved by chiral amine catalysts via the asymmetric addition of nucleophiles (such
as amines or enamines) to imines or iminium ions. In 2007, Jung et al. developed a
catalytic asymmetric Mannich reaction of aldehydes with N-Boc-imines in the presence
of a proline catalyst. The reaction provided the chiral f-amino aldehyde or ketone in
high diastereo- and enantioselectivities without a need for chromatographic purification

(Scheme 1.10)%

O  NHBoc

o Boc 0
N Cat. (20 mol%) : '
R)H + J\ R)K;/\ R FHOH
R H” >R2 CHiCN,0°C R2 ' ”
' o
8-12h 9 examples .

up to 91% yield | C3t

upto 94% ee !
up to >99:1 d.r. |

Scheme 1.10 Asymmetric Mannich reaction

4. Morita-Baylis-Hillman (MBH) reaction: In 2007, Naoto and co-workers

accomplished a (L)-Proline catalyzed asymmetric aza-MBH reaction to synthesize
13



enantioenriched B-amino carbonyl compounds containing an a-alkylidene group in
moderate yield and E/Z isomers with excellent enantioselectivity. The reaction
proceeded between B-substituted, unsaturated aldehydes and o-imino esters via

Mannich-type reaction/isomerization sequence (Scheme 1.11).%4

PMP. Q Cat. (30 mol%) O NHPMP Q  NHPMP
/H\ ) HH Imidazole (1 equiv) H CO,R? oy ‘ CO,R3 : o
H™ “CO,R® ,*~_; DMF 4°C,2-3h | ' ON
R® R R? "R' R "R? I H  OH
39-58% vyield,4:1 to 16:1 E:Z ' Cat.
91-99% ee ,

Scheme 1.11 Asymmetric aza-MBH reaction

5. a-Functionalization: (L)-proline catalyzed several a-functionalization reactions has
been reported in the literature, which offers new technologies to access valuable -
functionalized products in a greener and more sustainable manner. The a-
functionalization methods include a-amination of aldehyde and ketones,

aminoxylation, alkylation, allylation, and halogenation.’®

5.1 a-Amination of Aldehyde and Ketones

a-Amination is a highly efficient method for synthesizing chiral compounds that
contain C-N linkages. Azodicarboxylates are appropriate electrophiles for the enamine-
catalyzed addition of aldehydes or ketones. In 2002, Nagaswamy et al. developed the
first asymmetric a-amination of ketones using azodicarboxylates as a nitrogen source
via direct L-proline-catalysed reaction provided highly valuable optically active a-
hydrazino ketones in good yield and high enantioselectivity with good regio isomeric
ratio. It is further transformed into optically active compounds like a-aminated ketones

and alcohol (Scheme 1.12).%°
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_CO,Et

|
O HN :
o) EtO,C. Cat. (10 mol%) )K/'{‘ i [3\(0
R)% + § 12-DCE,rt, 24h R T TCO.Et 1 N
N ) , I H ! H OH
R! “CO,Et R! |
2 I Cat.

6 examples, up to 92% yield !
82:18 major/minor regioisomer;

up to 94% ee i
Scheme 1.12 Asymmetric a-amination of ketones

Later in 2002, Benjamin developed the proline-catalyzed direct catalytic asymmetric -
amination of aldehydes with azodicarboxylates followed by sodium borohydride
reduction, which provided the 2-hydrazino alcohol in excellent yield and

enantioselectivity (Scheme 1.13).%

o) o Cat. (10 mol%) N COE D\(O
PASN °C. ! :
H)H + N CHON.0Crt Ny
N. EtOH, NaBH : . H OH
R CO,Et ; 4 R Lo
| at.
5 examples '
up to 99% yield, up to 97% ee:

Scheme 1.13 Asymmetric a-amination of aldehyde
5.2 a-Aminoxylation of Cyclic Ketones

Developing a proline-catalyzed enantioselective reaction of cyclic ketone and
nitrosobenzene into chiral a-hydroxy ketones is another important transformation to
build valuable compounds. In 2004, Anders and co-workers developed a direct catalytic
enantioselective a-aminoxylation of cyclic ketones to assess stereoselective synthesis
of a-hydroxy and o,o'-hydroxy ketones in high yield and enantioselectivity using

proline as a chiral catalyst (Scheme 1.14).%

i i T oo [3\(0
\O.__Ph WOH | >\
é v oppNsg  Cat (20 mol%) é N PtO, é R oH
DMSO, rt, 2-3 h Hy ! Cat.

5 examples '
up to 91% yield
up to >99% ee h

Scheme 1.14 Asymmetric a-aminoxylation of cyclic ketone
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5.3 a-Alkylation

The enantioselective a-alkylation of aldehydes is a highly valuable method using
simple L-proline as a chiral catalyst. In 2008, Rafik et al. developed a challenging
strategy for asymmetric intermolecular enamine-catalyzed formal a-alkylation of
aldehydes via vinylogous iminium ion intermediate generated from aryl sulfonyl
indoles in good yield and enantio- and diastereoselectivity using L-proline chiral

catalyst (Scheme 1.15).%8

R2
SO2TO|
\ Cat. (20 mol%)
KF/alumi
H . N\ R3 alumina
R1 N CH,Cl,, (0.1 M)
H rt, 40 h

12 examples
up to 92% yield
up to 12:1 d.r.
92% ee

Scheme 1.15 Asymmetric a-alkylation reaction
5.4 a-Halogenation

The asymmetric a-halogenation method of aldehydes and ketones is a highly valuable
method for the synthesis of biologically active molecules. Among them, the synthesis
of optically pure fluorine compounds is highly important in medicinal and drug delivery
systems due to its high lipophilicity character. The first example of direct a-fluorination
of 2-phenyl propionaldehyde and fluorination agent in the presence of L-proline as a
chiral asymmetric catalyst was developed by Derek and co-workers in 2005. The
reaction furnished corresponding a-fluoro aldehydes in good yields with excellent

enantioselectivity (Scheme 1.16).%°
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8 examples
up to 99% vyield
up to 96% ee

Scheme 1.16 Asymmetric a-fluorination reaction

= !
o o ) O '
. )\s/N\s//\ L-proline ( 30 mol%) o ! OH
\ / i
H Ph™ % d P" TR 2an . ! m
H: N o

6. Cycloaddition

Cycloadditions are very effective and commonly employed processes for producing
substrates containing carbon-carbon and carbon-heteroatom bonds while achieving
precise control over stereochemistry.’”® A first highly enantioselective organocatalyzed
carbo [4+2] cascade cycloaddition of two different a,B-unsaturated aldehydes achieved
by Bor-Cherng and co-workers, in 2006. This cycloaddition methodology furnished
chiral cyclohexadiene carbaldehydes in good yields with excellent enantioselectivity

(Scheme 1.17).!

O _H X
A Ox H R2 |
s, _ Cat. (50 mol%) \©\ ; [)\((OH
CH5;CN 7 CHO' N
R" "R R3 ’ R3 pH o0
8 examples : Cat.
up to 82% yield !
up to 63% ee

Scheme 1.17 Asymmetric cycloaddition reaction

1.3.2 Modification of Chiral Proline Organocatalyst

The efficacy of simple proline and imidazolidinones was proven in catalytic processes
that highly favored organocatalysts during their initial years, which involved enamine
and iminium ion intermediates via HOMO and LUMO activation modes (Figure 1.7).%8
They are commonly used in straightforward and fundamental reactions to create bonds,

but only for a limited number of functional groups. Although a notable advancement in
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organocatalytic approaches since the early years, their investigations also uncovered

certain limitations and obstacles.

HOMO-raising LUMO-lowering

% [@\O
” )
Nucleophilic %
carbon | Electrophilic

R R “ carbon

Enamine Iminium ion

Figure 1.7 Enamine (HOMO activation) and iminium ion (LUMO activation)

Considering those limitations, the researchers modified the simple proline catalyst to
substituted proline catalysts by increasing the bulkiness. The motivation for the
invention of modification in simple proline was diarylprolinol silyl ethers, which
originated from two related compounds they are, diarylmethylpyrrolidine and
diarylprolinol.”® The diarylmethylpyrrolidines generally gave good catalytic turnover at
modest selectivity, whereas the diarylprolinols performed well in stereocontrol;
however, poor reaction rates were achieved. The lack of stereocontrol for the
diarylmethylpyrrolidines was suggested to originate from insufficient steric shielding,
the lack of catalytic turnover for the diarylprolinol was more surprising. It was found
that a "parasitic equilibrium" existed with the development of an oxazolidine species
in the case of diarylprolinol catalyst containing a hydroxy group (Figure 1.8). A simple
silyl protection overcame this problem, and hence, the diarylprolinol silyl ether

catalysts were produced.
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Figure 1.8 Reactivity and parasitic equilibrium of diarylprolinol silyl ether catalysts

They can easily condense with both saturated and unsaturated aldehydes to form
enamine and iminium ion intermediate via different transition states (Figure 1.9).
Among different £ and Z isomers of enamine intermediate, "E-s-trans” is said to be a
highly stable and more reactive intermediate. In the case of iminium ion intermediate,

the "E, E-trans" transition state is more stable and highly reactive.”

Enamine intermediate

Ar w Ar Ar
Ar
L orms \ OT/:Ars N OT/:Ars N "
% % <R R J OTMS
R R
E-s-cis E-s-trans Z-s-cis Z-s-trans

Highly reactive intermediate

Iminium ion intermediate

EE
Highly reactive intermediate

Figure 1.9 Enamine and iminium ion transition states

1.3.3 Applications of Diarylprolinol Silyl Ether Catalyst

Synthesis of pyrrole functionalized cyclobutene derivatives with three contiguous

stereocenters with excellent yield and high regio-, enantio-, and diastereocontrol via
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organocatalytic vinylogous Fridel-Craft alkylation initiated formal [2+2] cycloaddition
through iminium-enamine activation of enals has been achieved by Guo et al. in 2013

(Scheme 1.18).74

o) ) 1. Cat. (20 mol%) ) 5

‘ R ﬁ\/ EtOH, 25°C,60-72h R tﬁ' N, o

| N 2. NaBH,, 0 °C N R Ph

R R3 R N Ph
OH !

H  OTMms

19 examples, up to 79% yield ;
up to 98% ee, >20:1 d.r. i

Scheme 1.18 [2+2] Cycloaddition for the synthesis of pyrrole-functionalized

cyclobutanes

In 2016, Alex and co-workers developed an organocatalytic stepwise [2+2]
cycloaddition for the synthesis of substituted heterodimeric and homochiral
cyclobutenes via secondary amine-catalyzed hetero-dimerization of two different

cinnamic acid derived subunits with high enantio- and diastereoselectivity (Scheme

1.19).®

OH OH :
0O 5, 1. Cat. (20 mol%) R2 '
\ R EtOH, 8 °C, 5 d !

¥ ' Ph

\ 2. NaBHy, 8 °C 0 N Ph

R' : 1 H o OTMs
N r—<><R3 '
RS HO o
R’ ,
8 examples, up to 80% yield
up to 99% ee, >20:1 d.r.

Scheme 1.19 [2+2] Cycloaddition for the synthesis of heterodimeric and homochiral
cyclobutenes

Kim et al. developed a [3+2] cycloaddition in 2016, between vinyl cyclopropanes and
unsaturated aldehydes catalyzed by synergistic palladium and chiral amine
organocatalysts for the stereoselective synthesis of highly substituted cyclopentanes

with four contiguous stereocenters in high yield, good enantio- and diastereoselectivity

(Scheme 1.20).7°
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Cat. (20 mol%) ;
o Pdy(dba);CHCI3 (5mol%) =~ 0 ;
| = dpee (10 mol%) E ! Ph
J) _j> p-NBA (20 mol%) : N Ph
+ . E H oTms
R R2 L PhCF3,25°C,1h Rl R Cat.

R Ph = 3,5-CF3C6H3

16 examples .

up to 98% yield :

up to 99% ee, >9145dr'

Scheme 1.20 Asymmetric [3+2] cycloaddition for the synthesis of cyclopentanes

The enantioselective Diels-Alder reactions of o,B-unsaturated aldehydes with
cyclopentadienones were accomplished in 2007 by Hiroaki and Yujiro via chiral amine
catalyst and triflic acid combination. They achieved the cycloadduct product in good

yields in a highly exo-selective manner (Scheme 1.21).”

Cat. (10 mol%) o= : Ph
@ CF3000H (20 mol%) PN Fh
Toluene, 25 °C, 3 - 100 h E Cat OTES

{ .

: Ph = 3,5-CF3C6H3

10 examples
up to 99% vyield
up to 97% ee (exo):
exo/endo: 85:15 .

Scheme 1.21 Asymmetric Diels-Alder reaction for the synthesis of exo-cycloadduct
products

In 2013, Dieter and co-workers developed a catalytic asymmetric three-component
triple cascade of 3-vinyl indoles with unsaturated aldehydes via iminium-enamine
activation sequence yielded the unsaturated tetracyclic pyrido-carbazole derivatives in

high-yield with excellent enantio- and diastereoselectivity (Scheme 1.22).78

. E Ph
Cat. (20 moIA;) ' N Ph
CHClj4 + H OTMms
0-55°C,4-36h . Cat.

R4

10 examples !
up to 84% yield

up to 99% ee, > 20:1 d.r.;

Scheme 1.22 Asymmetric three-component triple cascade reaction for the synthesis of
tetracyclic pyrido-carbazoles
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In 2015, Iker et al. developed a chiral amine catalyzed enantioselective [4+2]
cycloaddition using 4-alkynyl-5H-1,2-3oxathiazole 2,2-dioxides and cinnamaldehyde
derivatives through iminium-enamine activation, and the reaction afforded trans-
decline framework and densely functionalized cyclohexenes in excellent yield with

high enantio- and diastereoselectivity (Scheme 1.23).7

2.0 g\s—o
S\o Cat. (20 mol%) 2 '\,l 0
J) j/K/ DABCO (20 mol%) -R F’Sh
! N
CHCl3 \Rg‘ R H OTMS
-30-25°C, 24 h Cat.
NS
10 examples
up to 84% vyield '
up to 99% ee, > 20:1 d.r.!

Scheme 1.23 Asymmetric [4+2] cycloaddition for the synthesis of densely
functionalized cyclohexenes

Marta and co-workers reported an enantioselective ring opening of vinyl cyclopropanes
with conjugated aldehydes via a combined transition metal and amine catalyst. The
reaction furnished the cyclopentane derivatives with excellent yield with moderate

stereoselectivity (Scheme 1.24).%°

O ol
Cat. (20 mol%) N Pgh
o, e
Pd,(dba)s (5 mol%) M N Srws
EtOAc, 25 °C, 14 h Cat.
1 example
95% vyield
30% ee

Scheme 1.24 Synergistic catalyst in enantioselective synthesis of cyclopentane
derivatives

1.4 YLIDES
Ylide is a neutral dipolar molecule with a formally negatively charged atom (carbanion)

directly connected to the positively charged heteroatoms (Nitrogen, phosphorus, and

sulfur), in which both atoms have full octets of electrons (Figure 1.10).%!
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Z=N,P, S, Se, X

Figure 1.10 General representation of ylides

Ylides are 1,2-dipolar compounds belonging to a subgroup of zwitterions that can act
as a reactive intermediate in organic chemistry. Ylides are classified into three types:
Nitrogen,*? phosphorus, and sulfur ylides.3* Although arsenic, selenium, and halogens
ylides are known in the literature. The phosphorus and sulfur ylides have two conical

forms, but nitrogen has only one conical form (Figure 1.11).

® O ® O ® O ;
R3N—CH, R3P—CH; «— R,P=CH, (Ry)S=CHCH,R!" =— (Ry)S—CHCH,R
Nitrogen ylide Phosphorus ylide Sulphur ylide

Figure 1.11 Representation of nitrogen, phosphorus, and sulfur ylides

Phosphorus ylide (phosphorane), known as the Wittig reagent, has an essential class of
reactive intermediates in organic chemistry. It can be used to synthesize various
functionally diverse alkenes and isometric forms of alkenes such as E-alkene and Z-
alkenes from aldehydes and ketones.®> Sulfur ylides are another important class of
reactive intermediates, which are mainly classified into dimethylulfonium methylides
and dimethylsulfoxinium methylides. Depending on their stability, they have been
widely used in various applications of organic synthesis including epoxidation,
cyclopropanation, sigmatropic rearrangements, homologation, ring expansion, and ring
contraction reactions. For instance, sulfonyl ylides can be used to synthesize £ and Z-
alkenes via Julia olefination.

Nitrogen ylides, also known as azomethine ylides or nitrilimines,** are fascinating
versatile intermediates in organic synthesis. These ylides have nitrogen atom with a
positive charge close to a carbanion, rendering them highly reactive species. Nitrogen

ylides are known to synthesize functionalized trisubstituted nitrogen-containing
23



compounds from respective quandary ammonium salts through Sommelet-Hauser®’ and
Stevens rearrangement.®® Generally, phosphorus and sulfur ylides are 1,2-dipolar, but
these nitrogen ylides exist in both 1,2-and 1,3-dipolar forms. The 1,2-dipolar nature is

called simple nitrogen ylides, and the 1,3-dipolar nature is called "dzomethine ylides."%’

One of the most notable applications of nitrogen ylides is known for the synthesis of
heterocycles, particularly pyrrolidines using 1,3-dipolar cycloaddition (Huisgen
cycloaddition). This reaction offers an effective method for the development of
complex molecular scaffolds. Nitrogen ylides have attracted in asymmetric synthesis,
which enables the generation of chiral compounds with high stereoselectivity. Their
utility extends to the production of natural products and physiologically active
chemicals. Despite their synthetic value, the handling, and stability of nitrogen ylides
pose issues due to their tendency for decomposition and sensitivity to reaction

circumstances.

1.4.1 Cycloaddition

Cycloaddition is a key reaction in organic chemistry, where two or more unsaturated
molecules join to generate cyclic compounds. These reactions are characterized by their
regioselectivity and stereoselectivity, making them a powerful tool for building
complex chemical frameworks. The most prevalent types of cycloadditions are [4+2],
[2+2], and [3+2] based on the number of participating atoms in the reactants. The [4+2]
cycloadditions, known as Diels-Alder reactions, are among the most widely
investigated and exploited in organic synthesis due to their diversity and efficiency. In
the Diels-Alder reaction, a conjugated diene (conjugate alkene) combines with a

dienophile (a double-bond molecule) to generate a six-membered ring. This reaction is
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found to have significant use in the synthesis of natural compounds, medicines, and

materials.”’

Other prominent cycloaddition reactions include the Huisgen cycloaddition or 1,3-
dipolar cycloaddition,”® which consists of the reaction between dipolarophile and 1,3-
dipole. This [3+2] cycloaddition reaction finally produces heterocyclic frameworks.
Orbital symmetry based on cycloaddition reactions, and their methods generally
involve the production of cyclic transition states. These responses have been intensively
investigated and refined over the years, leading to the development of novel approaches
and applications. Due to their synthetic value, handling, and stability of nitrogen ylides
pose issues owing to their tendency for decomposition and sensitivity to reaction
circumstances. However, their unusual reactivity continues to drive research in organic

chemistry.

1.4.2 1,3-Dipolar Cycloaddition

In the 1960s, Rolf Huisgen introduced 1,3-dipolar cycloaddition or Huisgen
cycloaddition, which is an essential reaction in organic chemistry wherein a 1,3-dipole
4r system (such as an azide or a nitrile oxide) combines with a dipolarophile 2x systems
(typically an alkene or alkyne) to generate a five-membered heterocycle. Huisgen
classified the 1,3-dipolar systems into bent type (allyl anion type) and linear type
(propargyl allenyl type), as shown in Figure 1.12. The Huisgen cycloaddition offers
various advantages, including regioselectivity and efficiently forming complex
molecular structures. It is broadly used in medical chemistry, material science, and

natural product synthesis.
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Figure 1.12 General representation of 1,3-dipole and dipolarophile

The mechanism of 1,3-dipolar cycloaddition involves the concerted or stepwise (radical

and ionic intermediates) creation of two new bonds, resulting in the stereospecific

construction of the heterocyclic rings. The regioselectivity of the reaction can be

determined by the frontier molecular orbitals of the dipole and dipolarophile, as well as

steric considerations. Notable examples of 1,3

-dipolar cycloaddition reactions include

the synthesis of triazoles from azides and alkynes and the production of isoxazoles from

nitrile oxides and alkenes. Many types of allyl anion and propargyl anion types 1,3-

dipolar systems are widely explored in the literature, as shown in Figure 1.13.

1,3-dipoles of allyl aninon type
" Nitrogen as central atom | Oxygen as central atom |
~ @'L\e/ Azomethine | 08~ Carbonyl ylides
(‘3/ (‘3 ylides C‘; ?
@ | @
N \('3/ Azomethine | \C//O\ﬁ/ Carbonyl imines
Y imines ! [
do -
W& 0 Nitrones ' g7~ Carbonyl oxides
| \
| 1 ® o
1 PION itrosimi
N ?N\(’?/ Azimines : SNUSNT Nitrosimines
\ 3 3.0
<~ . N© Azoxy ' N®0  Nitrosoxides
N“ O compounds :
‘ Nitro 1 ©}
O/”N% compounds | O‘O\g Ozone

1,3-dipoles of propargyl-allenyl aninon type

Nitrilium betaines Diazonium betaines

® o/

_ L ® oy
*C:N*C\ Nitrile ylides

NEN*C\ Diazoalkenes

® 0O
fC;N,N/ Nitrile imines NE(?\JE?\I/ Azides

® 0 ® 0O . .
—C=N-0 Nitrile oxides N=N-O Nitrous oxide

Figure 1.13 Classification of 1,3-dipolar systems
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One of the important allyl anion types of the 1,3-dipolar system is "azomethine ylides,'
widely used in 1,3-dipolar cycloaddition with dipolarophiles to synthesize nitrogen-
containing heterocyclic compounds, especially highly substituted pyrrolidine
heterocycles. These reactions have been widely explored, leading to new approaches

and applications in organic synthesis.”?

1.5 AZOMETHINE YLIDES

Azomethine ylides are nitrogen-based 1,3-dipoles and consist of three atoms, an
iminium ion next to a carbanion. They can easily form five-membered heterocycles,
such as pyrrolidines and pyrrolines, exceedingly stereo- and regioselective processes
could develop to form four new contiguous stereocenters via 1,3-dipolar cycloaddition

reactions (Figure 1.15).%

by

Figure 1.14 General representation of azomethine ylide

Thus, Azomethine ylides are a valuable component in broad synthesis, developing
chiral ligands, and manufacturing pharmaceuticals. Azomethine ylides can be produced

from simple precursor compounds like aziridines,”* imines,” and iminiums.*®

®
/b\e
-~ C

VN

1,3-dipolar cycloaddition a ¢
or d—e
[3+2]-cycloaddition

P S

N
R
Pyrrolidine

a

Figure 1.15 General representation of azomethine ylides for 1,3-dipolar cycloaddition
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They are typically made by in-situ formation in the reaction medium and react right
away with dipolarophile. Four electrons are dispersed throughout the three-atom C—N—
C unit in azomethine ylides, which are known as 1,3-dipoles of the allyl anion type.
Four zwitterionic resonance forms can be employed to explain them (Figure 1.16). The
most frequent representation of allyl anion character, the two octets configuration,
shows a negative charge dispersed between the two carbon atoms, a positive nitrogen

atom, and an iminium center.’’

e e e

Figure 1.16 Canonical structure of azomethine ylides

According to Woodward—Hoffmann rule,”*® the 1,3-dipolar cycloaddition of
azomethine ylides with a dipolarophile consists of six electrons [4ns+2ns] and occurs
in a thermally viable superficial process. Although such cycloadditions are concerned
with both carbon-carbon bonds forming simultaneously, the presence of singlet
diradical or zwitterionic intermediates has also been questioned. The concerted process,
however, is strongly supported by the stereospecificity of the cycloadditions, in which
the relative stereochemistry of the alkene dipolarophile is conserved in the pyrrolidine
product. The geometry of the dipoles and the dipolarophiles impacts the stereochemical

outcome of the cycloaddition of azomethine ylides.

1.5.1 Classification of Azomethine Ylides
Azomethine ylides are mainly classified into three types depending on the electronic
characteristics. 1) Non-metallated stabilized ylides, ii) N-metallated stabilized ylides,

ii1) non-stabilized ylides.
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Figure 1.17 Classification of azomethine ylides based on stability.

Stereospecific ring-opening of aziridine under photochemical or thermal conditions can
be easily obtained from the stabilized azomethine ylides. In photochemical conditions,
it undergoes disrotatory, providing the trans-stabilized azomethine ylides, whereas in
thermal conditions, it gives cis-stabilized ylides via conrotatory (Figure 1.17-1). The N-
metal stabilized azomethine ylides can be synthesized from imine when treated with
amine/metal salts or alkaline metal salts. This undergoes stabilization via nitrogen lone
pair or adjacent electron-withdrawing carbonyl oxygen lone pair in-situ to produce N-
metallated azomethine ylides (Figure 1.17-i1). The non-stabilized azomethine ylides can
be easily produced from the leaving group comprising trisubstituted amine when treated
with acidic condition or Lewis acid condition elimination of leaving group via in-situ

generation of non-stabilized azomethine ylides (Figure 1.17-1i1).

1.5.2 Reactivity of Azomethine Ylides

Azomethine ylides give a concerted process, which is strongly supported by the
stereospecificity of the cycloadditions, in which the relative stereochemistry of the
alkene dipolarophile is conserved in the pyrrolidine product. The geometry of the
dipoles and the dipolarophiles impacts the stereochemical outcome of the cycloaddition

of azomethine ylides (Figure 1.18).%
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Figure 1.18 Reactivity of azomethine ylides

1.5.3 Synthetic Route for Azomethine Ylides

Azomethine ylides can be synthesized in-situ in the reaction medium by several routes,

as shown in Figure 1.19.
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Figure 1.19 Synthetic routes for azomethine ylides

Various synthetic routes of aziridine ring-opening were discussed in Figure 1.17-1, they

are the carbene insertion route, decarboxylation route, oxazole derived route, iminium

ion route, deprotonation of cycloiminium salt route, N-oxide route, and N-metalation

route. All routes of azomethine ylide (1,3-dipolar system) with dipolarophile majorly

produce pyrrolidine or highly substituted pyrrolidine. Only a few of the azomethine
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ylides have been used to synthesize other than pyrrolidine heterocyclic products. For
example, one of the azomethine ylide precursors is cycloiminium salt, which has an
entirely different reactivity compared to all other azomethine ylides, which can be used

to synthesize diverse heterocyclic frameworks.”®

1.5.4 Cycloiminium Salt

Cycloiminium salts are a class of azomethine ylide precursors which can be synthesized
in-situ by base-promoted deprotonation. They can be easily synthesized from readily
available starting materials like N-heterocyclic compounds and react with 2-halo

substituted electron withdrawing group compounds via Sn2 displacement (Figure

1.20).%

‘Hetn® _Base _ ‘hety®

(Het}kj |
N-heterocyclic ~GWE veloim GWE .
compounds Cycloiminium salt yc 0|m|n|;lrir(;:Szome ine

Het = pyridine, quinoline, iso-quinoline, thaizole, benzothiazole, imidazole,
and pyrazole

EWG = -Ph, -COPh, -CHO, -CO,Et, -SO,Ph, -CONMe;
Figure 1.20 General method for the synthesis of cycloiminium salts

1.5.5 Types of Cycloiminium Salt

Different types of cycloiminium salt are reported in the literature, such as thiazolium

101 102

salt,!” benzothiazolium salt,'®! pyridinium salt,'” quinolium salt,'®® iso-quinolium

104

salt,'® and azomethine imine salt,'® All can be easily synthesized from corresponding

heterocyclic compounds with halogen derivatives, as shown in Figure 1.21.
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Figure 1.21 Types of cycloiminium salts

1.5.6 Applications of Cycloiminium Salt

Cycloiminium salt of azomethine ylides has been widely used and prevalent to
synthesize various heterocyclic compounds via 1,3-dipolar- or [3+2]-cycloaddition

with various dipolarophiles.

()

GW

GWE
E
&o

Ph
N— ™

\ //.
‘\og

/_/R\R ——R

X
X R
[N R ..._N TR
o : [
s Dph
o s”Lph

Figure 1.22 Unusual reactivity of thiazolium and benzothiazolium salts

To compare the reactivity and selectivity of thiazolium and benzothiazolium

azomethine ylide, it is found that they are entirely different from other cycloiminium
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salts. First, it undergoes the usual 1,3-dipolar or [3+2] cycloaddition with various
dipholophiles to provide the cycloadduct or spiro cycloadduct and followed by ring

opening and/or rearranged to give exclusively new products (Figure 1.22).1%6-1%

1.5.7 Thiazolium and Benzothiazolium Salt

The five-membered thiazolium and benzothiazolium cycloiminium salt of azomethine
ylides have been known to the synthetic community for many decades. These can be
easily synthesized by treating electron withdrawing group attached a-alkyl halides in

ethanol under reflux conditions, followed by base at room temperature (Scheme

1.25).”0
-~ S_ X_EWG .--_S Base J:S>
e
~...~~N_ EtOH, reflux f®NX@ - ONX
ple
EWG = -COAr, -COOR, -CN X=Br, Cl

Scheme 1.25. General preparation of thiazolium/benzothiazolium salts

Thiazolium and benzothiazolium ylides have been used to synthesize multiple chiral
centers containing  functionalized = hydro  pyrrolo[1,2]thiazine, hydro
benzopyrrolo[ 1,4]thiazine and its polyhydro derivatives via diastereoselective manner.
They are essential privileged &, S-containing heterocyclic cores in many bioactive and
pharmacological reagents.'!! Because of this unique and unusual reactivity of
thiazolium and benzothiazolium azomethine ylides, it has been used for the synthesis
of other than pyrrolidine heterocyclic compounds. Thiazolium salt has more exciting
properties such as in-situ carbon-sulfur bond cleavage in the presence of an electron-
withdrawing group near a sulphur-carbon atom. Then, it undergoes 1,2-addition to the
adjacent m-system, eventually generating the rearrangement product of 1,4-thiazine

derivatives in the presence of a base.!? In the presence or absence of an oxidizing agent,
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thiazolium and benzothiazolium cycloadduct undergo oxidative aromatization,

provided the pyrrolo-thiazine or benzo pyrrolo-thiazines.!!?

1.5.8 Applications of Thiazolium and Benzothiazolium Azomethine Ylides in 1,3-

Dipolar Cycloaddition Reactions

In 1985, Otohiko and co-workers reported a 1,3-dipolar cycloaddition of thiazolium
azomethine ylide with maleimide in the presence of NEt3 at room temperature. The
reaction afforded the stercospecific endo cycloadduct product in excellent yield

(Scheme 1.26).'13

EWG
GWE - o H o
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up to 99% yield

Scheme 1.26 1,3-Dipolar cycloaddition of thiazolium salt for the synthesis of
pyrrolo[2,1-b][1,3]thiazoles

In 1996, Iwamura et al. developed a 1,3-dipolar cycloaddition reaction/rearrangement
sequence involving thiazolium cycloiminium azomethine ylide, DMAD as a
dipolarophile and NEt; base in dry DMF at room temperature. The reaction yielded

racemic pyrrole-thiazine derivatives in good yields (Scheme 1.27).1%

OH

R R S._R

IS>_R3 MeO,C—==—CO,Me E[

/

7 ON® NEts, DMF Me0,C—7 "N” "R?

R N® o > _
Br \\(
R R1, R2, R3 =H MeOZC
10 examples
up to 87% yield

Scheme 1.27 1,3-Dipolar cycloaddition of thiazolium salt for the synthesis of pyrrolo-

thiazines

The synthesis of 2-hydroxy-alkyl/aryl-4-formyl-2,3-dihydro-1,4-thiazines has been
achieved by Harji Singh ef al. in 1992, from 4-methyl thiazolium salt treated with 2%-
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8% aq. NaOH solution. The reaction undergoes intermolecular ring-opening followed
by intramolecular 1,2-addition delivering the ring-expanded product in good yields

(Scheme 1.28).1%

1 OH
I 2% aq. NaOH (1 equiv) R Sj/R
R0 I
Br

@ R;=H, R, =H, Me RZON
\\/( Rs=H |
COH
up to 98% yield
@

_ . . OH
I 8% aq. NaOH (1 equiv) R'._S._R
RZo R, =H, R, = H, Me
Br \\/( Rs= Me ‘
R COMe
up to 98% yield

Scheme 1.28 Nucleophile addition/ring-opening of thiazolium salt for the synthesis of
formyl-2,3-dihydro-1,4-thiazines

In 2007, Craig and co-workers accomplished a synthesis of pyrrolo[2,1-b]thiazoles
from the C-2 methane thiol group containing thiazole, acetylene derivatives, and methyl
triflate via in-situ formation of thiazolium salt, further involved in [3+2] cycloaddition.
The reaction furnished the pyrrorlo[2,1-b]thiazole as a product in good yields by

elimination of methanethiol (Scheme 1.29)'!*

s 1. TMSCH,OTf S SMe
CH4CN [ -
| SMe ———— >
I:N/>_ 2. CsF, rt, 2h
R—R!

16 examples
up to 70% yield

Scheme 1.29 Thiazolium salt [3+2] reaction for the synthesis of pyrrolo[2,1-
b]thiazoles

An easy method for creating [5,5]-annulated N-fused heterocycles, specifically
pyrrolo[2,1-b]thiazoles, using oxidative [3+2] reactions has been achieved in 2023 by
Vladimir et al. The process involves the annulation of nitroalkenes and thiazolium
ylides in the presence of Cu(II) to produce desired N-fused heterocycles with moderate

to high yields (Scheme 1.30).!'°
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Scheme 1.30 [3+2] Cycloaddition of thiazolium salt for the synthesis of pyrrolo[2,1-
b]thiazoles

In 2008, Jose et al. accomplished the synthesis of polyfunctionalized pyrrolo[2,1-
b][1,3]thiazoles in moderate yields, with high regio- and stereoselective manner via
1,3-dipolar cycloaddition of thiazolium azomethine ylides with enantiopure acyclic and

cyclic vinyl sulfoxides (Scheme 1.31).1
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Scheme 1.31 1,3-Dipolar cycloaddition of thiazolium salt for the synthesis of
pyrrolo[2,1-b][1,3]thiazoles

Otohiko ef al. in 1985 achieved a 1,3-dipolar cycloaddition with dipolarophile in the
presence of NEt; at room temperature, and it furnished the stereospecific endo

cycloadduct product in excellent yields (Scheme 1.32).!13

GWE

Y o o EWG

®N Br e
T B e S
DCM, 10 h, rt s X
o) H

_ _ (0]

EWG = -COPh X=-NR, O 2 examples
up to 97% yield

Scheme 1.32 1,3-Dipolar cycloaddition of benzothiazolium salt for the synthesis of
benzopyrrolo[2,1-b][1,3]thiazoles
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Tsuge and co-workers described the synthesis of diverse tetrahydropyrrolo-thiazole
derivatives in the year 1981 via a 1,3-dipolar cycloaddition of benzothiazolium
azomethine ylides with a wide range of methylenecyclopropane dipolarophiles in dry
THF and NEt; as a base at 0°C to room temperature. When cyclohexane diketone
containing cyclopropene dipolarophile was subjected to the same reaction condition, it
yielded two distinct products such as ring-cleavages and condensation products,

respectively (Scheme 1.33).!"7
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Ph F’h
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@EN\>® . NEt; (1 equiv)
S Ph Ph dry THF',\IO °C-rt S H COPh
2

48% vyield 15% yleld

Scheme 1.33 1,3-Dipolar cycloaddition of benzothiazolium salt for the synthesis of
benzopyrrolo[2,1-b][1,3]thiazoles

The synthesis of benzo[d]pyrrolo[2,1-b]thiazoles was achieved by the same group in
2017 via a 1,3-dipolar cycloaddition reaction of N-phenacylbenzothiazolium bromides
with nitroalkenes in the presence of DDQ under reflux, resulting the products in

excellent yields (Scheme 1.34).!12
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Scheme 1.34 1,3-Dipolar cycloaddition for the synthesis of benzo[d] pyrrolo[2,1-
b]thiazoles

In 2017, Shen and co-workers accomplished a domino cycloaddition reaction involving
benzothiazolium azomethine ylides and 3-phenacylideneoxindoles in the presence of

NEt; in ethanol at room temperature. The reaction furnished the functionalized
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spiro[benzo[d]pyrrolo[2,1-b]thiazole-3,3’-indolines] in high yields with excellent

diastereoselectivity (Scheme 1.35).

1 o
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up to 72% yield
>20:1d.r.

Scheme 1.35 1,3-Dipolar cycloaddition for the synthesis of
spiro[benzo[d]pyrrolo[2,1-b]thiazole-3,3’-indolines]

Similarly, they also described a similar reaction using N-phenacylthiazolium bromides
with ethyl 2-(2-oxoindolin-3-ylidene) acetates under identical reaction conditions. The
reaction provided corresponding functionalized spiro[benzo[d]pyrrolo[2,1-b]thiazole-

3,3’-indolines] in moderate yields and diastereoselectivity (Scheme 1.36).!'8
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Scheme 1.36 1,3-Dipolar cycloaddition for the synthesis of
spiro[benzo[d]pyrrolo[2,1-b]thiazole-3,3’-indolines] derivatives

A two-step reaction was performed by the same group in 2017, using the ylide and
nitrochromenes under NEt;/EtOH/rt condition, and the reaction provided
tetrahydrobenzo[d]chromeno[3',4":3,4]pyrrolo[2,1-b]thiazoles.  Subsequently, the
addition of DDQ under reflux conditions facilitated the elimination of the nitro group
and yielded the corresponding dehydrogenated
benzo[d]chromeno[3',4":3,4]pyrrolo[2,1-b]thiazoles with excellent yields (Scheme

1.37).119
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Scheme 1.37 1,3-Dipolar cycloaddition for the synthesis of
benzo[d]chromeno[3',4":3,4]pyrrolo[2,1-b]thiazoles

1.6 ASYMMETRIC TRANSFORMATIONS OF AZOMETHINE YLIDES

The azomethine ylides are versatile intermediates in the synthesis of optically active
compounds. They have been used in 1,3-dipolar cycloaddition with dipolarophiles to
give multi-substituted chiral frameworks. The enantioselective transformation of
acyclic imine azomethine ylides is a powerful tool in the asymmetric synthesis of chiral
pyrrolidines. Apart from chiral pyrrolidine heterocyclic frameworks, there are many
azomethine ylides have been used to synthesize other heterocyclic frameworks in an
enantio- and diastereoselective manner. This enantioselective transformation can be
used in various chiral catalytic systems such as chiral organocatalysts (hydrogen-
bonding, phase transfer catalysts, chiral NHC, and chiral amine catalyst) and chiral

metal complex catalysts (Ag, Au, Cu, Sc, Mg, Zn, Ni, etc.,).'? 12!

1.6.1 Enantioselective Transformations of Azomethine Ylides

In 2015, Tapas et al. demonstrated an enantioselective desymmetrization of prochiral
cyclopentene-1,3-dione using silver(l)-ferrophox complex via [3+2] cycloaddition of
azomethine ylide which afforded the highly functionalized enantioenriched 5,5-fused
bicyclic pyrrolidine derivatives in good yield with excellent enantio- and

diastereoselectivity (Scheme 1.38).!2

39



Me Me
Q AgOAc (2 mol%)
@ Me  Cat. (3 mol%) .
N CO,Et *
7N Ri ether, 4 AMs, 1, 1 h o)
O -
Eto,c H 0 PPh,
Fe
20 examples
up to 76% yield ' =
up to 98% ee, 83:17 d.r.! Cat.

Scheme 1.38 Enantioselective desymmetrization for the synthesis of 5,5'-fused
bicyclic pyrrolidine

The organocatalytic synthesis of spiro[pyrrolidine-3,3'-oxindoles] was developed by
Xiao and co-workers in 2009, via a three-component, 1,3-dipolar cycloaddition of a
broad range of methyleneindolinone with aldehydes, and amine ester in the presence of

chiral phosphoric acid provided spirooxindoles in high yield with excellent enantio-

and diastereoselectivity under mild condition (Scheme 1.39

).123
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Scheme 1.39 Three-component, 1,3-dipolar cycloaddition for the synthesis of spiro
oxindole
In 2009, Andrey et al. reported a highly enantioselective synthesis of natural-product
inspired 3,3'-pyrrolidine spiro-oxindoles, which contains all-carbon quaternary center
and three tertiary stereocentres using a cooperative catalyst with N, P-ferrocenyl chiral
ligand via a 1,3-dipolar cycloaddition of azomethine ylides. The reaction afforded
substituted 3-methylene-2-oxindoles in high yields with excellent enantio- and

diastereoselectivity (Scheme 1.40).!2
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Scheme 1.40 Enantioselective 1,3-dipolar cycloaddition for the synthesis of
substituted 3-methylene-2-oxindoles

A catalytic asymmetric double 1,3-dipolar cycloaddition reaction using a chiral silver
complex was developed in 2013 by Andrew et al. The enantioenriched highly
substituted pyrrolizidines with six stereogenic centers were achieved from inexpensive

and commercially available starting materials with good yields and high

stereoselectivity (Scheme 1.41).'%
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Scheme 1.41 Asymmetric double 1,3-dipolar cycloaddition for the synthesis of highly
substituted pyrrolizidines

The biology-oriented synthesis of (BIOS) novel iridoids (cyclopentano[c]pyran
monoterpenes) was accomplished by Hiroshi and co-workers, in 2013. The design and
development of novel iridoid-inspired compound via [3+2] cycloaddition of
azomethine ylides with racemic 2H-pyran-3(6H)-ones in good yields with excellent
enantio- and diastereoselectivity. This chiral product is used as an inhibitor for Wnt and

Hedgehog signaling pathways (Scheme 1.42).!%6
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Scheme 1.42 Asymmetric [3+2] cycloaddition for the synthesis of iridoids
(cyclopentano[c]pyran monoterpenes)

Later, Rishikesh and co-workers 2013 developed a natural product inspired by tropanes
8-azabicyclo[3,2,1]octane via a catalytic 1,3-dipolar cycloaddition of 1,3-fused
azomethine ylides and nitroolefin. The reaction produced tropane scaffolds with four

stereocenters in a single step in good yields and a stereocontrolled manner (Scheme

1.43).177
2
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Scheme 1.43 Asymmetric 1,3-dipolar cycloaddition for the synthesis of tropanes

8-azabicyclo[3,2,1]octane

In 2013, Kang et al. reported the unprecedented silver(I) catalyzed asymmetric
desymmetrization of spiro-cycohexadienone lactones having five contagious
stereocenters with one spiro quaternary stereogenic center via a 1,3-dipolar
cycloaddition of azomethine ylide with cycohexadienone. The reaction provided the
optically active spirolactone-pyrrolidines with high yields with excellent enantio- and

diastereoselectivity (Scheme 1.44).!2
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Scheme 1.44 Asymmetric desymmetrization reaction for the synthesis of
spironolactone-pyrrolidines

Nickel(II)-catalyzed asymmetric 1,3-dipolar cycloaddition of azomethine betaines with
alkylidene malonates using N,N-dioxide chiral ligand for the synthesis of numerous
trans pyrazolone derivatives with high yield with excellent enantio- and

diastereoselectivity was demonstrated by Jiangting et al. in 2013 (Scheme 1.45).'%°
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Scheme 1.45 Asymmetric 1,3-dipolar cycloaddition reaction for the synthesis of
pyrazolone derivatives

In 2011, Takuya et al. developed an asymmetric inverse-electron-demand 1,3-dipolar
cycloaddition of C,N-cyclic azomethine imines as a dipolar system with vinyl ether
electron-rich dipolarophile utilizing an axially chiral dicarboxylic acid containing chiral
Bronsted acid catalyst. They have successfully achieved the Cl-chiral
tetrahydroisoquinolines with high yields and excellent enantioselectivity (Scheme

1.46).130
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Scheme 1.46 Asymmetric inverse-electron-demand 1,3-dipolar cycloaddition for the
synthesis of C1-chiral tetrahydroisoquinolines

The reactions between benzothiazolium salt azomethine ylides and simple chalcones in
the presence of a chiral N,N’-dioxide ligand and Mg(OTf), to form a chiral metal
complex, followed by addition of K3PO4 as a base in DCM solvent at room temperature,
provided the chiral dihydropyrrolo-thiazole derivatives with excellent yields, good

enantio- and diastereoselectivity was reported by Zhang et al. in 2018 (Scheme 1.47).1%
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Scheme 1.47 1,3-Dipolar cycloaddition for the synthesis of chiral hydropyrrolo-
thiazole derivatives

In 2020, Dong and co-workers developed the diversified transformation of enantio-and
diastereoselective [3+2] cycloaddition between pyridinium ylides and enones using
chiral N, N-dioxide earth metals complexes, which enable in-situ generation of optically
active key tetrahydroindolizines intermediate. Further, the intermediate involved
convenient rearomatic oxidation and light-active aza-Narrish II rearrangement
converted into the 3-arylindolizine derivatives and dicarbon-functionalized 1,5-
dicarbonyl compounds in high yields with excellent enantio- and diastereoselectivity

Scheme (1.48).13!
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Scheme 1.48 Asymmetric [3+2] cycloaddition of pyridinium azomethine ylide for the
synthesis of 3-arylindolizine and dicarbon-functionalized 1,5-dicarbonyls

1.6.2 Chiral Amine Catalyzed Enantioselective Transformations of Azomethine
Ylides

In 2007, Ismail et al. demonstrated a high chemo-, enantio-, and diastereoselective

organocatalytic multi-component [C+NC+CC] coupling process between aldehydes, 2-

amino malonates, and o,-unsaturated aldehydes utilizing a chiral amine catalyst. This

protocol furnished the highly functionalized pyrrolidine derivatives in good yields with

>10:1 d.r. and up to 98% enantioselectivity (Scheme 1.49).!32

0 .

N\ |

0 R, = !

\ Cat. (20 mol%) - :
J) Hz)N\ r/o NEt; (1 equiv) H/NQ‘R EQXihh
| EtO,C” “CO,Et* g1  CHCls, 25 °C, 20-44 h L H O OTus

EtOZC COZEt
16 examples
up to 63% yield
up to 98% ee, > 10:1 d.r.

R

Scheme 1.49 Asymmetric multi-component reaction for the synthesis of pyrrolidines
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The enantioselective synthesis of biologically active tropane scaffolds was reported in

2023 by Johannes and co-workers via an organocatalyzed 1,3-dipolar cycloaddition of

3-oxidopyridinium betaines with o,B-unsaturated aldehydes using chiral amine as an

organocatalyst. This transformation achieved the tropane scaffolds in moderate yield

with excellent endo/exo, regio- and enantioselectivity (Scheme 1.50).!%3

R1
) Cat. (20 mol%)
2 . () 3 "
RO 0 HCI (20 mol%) R% 0o
| y R®  DPP (20 mol%) .
N + | DCM (0.2 M), rt RS
4 . o F N
N)\N R OHC™ s ews 1 H

up to 96% yield, up to 99% ee:
up to >20:1 exo/endo
up to >20:1 r.r.

| R® ' Cat.
Me)\/kMe 18 exapmples '

Scheme 1.50 Enantioselective 1,3-dipolar cycloaddition reaction for the synthesis of

tropanes

Hiroyuki et al. in 2010 accomplished an asymmetric 1,3-dipolar cycloaddition between

acrolein and various N,N'-cyclic azomethine imines utilizing an L-proline catalyst (30

mol%) to synthesize the five-membered pyrazoline cycloadduct product. This reaction

only favored the endo-cycloadduct product up to 99:1 dr with moderate to good

enantioselectivity up to 83% ee (Scheme 1.51).'%*

R1 R1 (0]

L i R
3
R R3
9 examples, up to 87% yield
up to 94:6 endo/exo, up to 84% ee

0 0 i
R4 Ri R4 R |
. .
R2 ®/N® . /\CHO Cat. (30 mol%) R2 N * R2 N ; o
R? N CHCl;-MeOH (97:3) N)j 2 N)j\ PN
“CHO cHo, H  OH
RS .

Scheme 1.51 Asymmetric 1,3-dipolar cycloaddition reaction for the synthesis of

pyrazoline cycloadduct product

Organocatalytic enantioselective [3+2] cycloaddition of simple imine azomethine

ylides with o,B-unsaturated aldehydes to synthesize the densely substituted chiral

pyrrolidines as a product with excellent yield, high regio-,
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diastereoselectivity was reported by Jose and co-workers in 2007. The synthetic utility
was exemplified by the synthesis of proline derivatives in which an additional

stereogenic center was created in a highly selective manner using sodium borohydride

(Scheme 1.52).1%

OHC  R!

o Cat. (20 mol%) E
R\&N YCOZEt 1/\)& H,0 (4 equiv) R CO,Et :O%Ph
+ —_— \ '
CO,Et R Ho THR4-c N COEt ™y Ph
18 examples OH

up to 91% vyield
up to >95:5 endo/exo !
up to >99% ee

Scheme 1.52 Enantioselective [3+2] cycloaddition reaction for the synthesis of
pyrrolidines

Xue and co-workers reported in 2021 synthesis of chiral pyrimido[2,1-b]benzothiazoles
with excellent yield and excellent enantio- and diastereoselectivity via organocatalytic
asymmetric [4+2] cycloaddition of 2-benzoyhiazolelimines and o,B-unsaturated

aldehydes using a chiral amine as an organocatalyst (Scheme 1.53).!3¢

R3
Cat. (20 mol%)

Ho, R
R2 N /—Ar N/—"B‘Ari Ph
7 O PhCOOH '
_ N
Ji:[ S>—N NSRS s>’ N ‘H iy

R IS DCM, 0 °C, 1-12 h OTBS

21 examples
up to 98% yield
up to 98% ee
up to 19:1 d.r.

Scheme 1.53 Asymmetric [4+2] cycloaddition reaction for the synthesis of
pyrimido[2,1-b]benzothiazoles

In 2015, Mingxia et al. developed a new strategy for the construction of optically active
spiro-[pyrrolidine-3,2'-oxindole] via an organocatalytic 1,3-dipolar cycloaddition of
ketimines with o,B-unsaturated aldehydes in excellent yields with good enantio- and

diastereoselectivity (Scheme 1.54).'%7
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\ / Cat. (20 mol%)
J) PhCO,H (3 mol%)
(6]
= |- N CH4CN, 25 °C, 3-95 h
16 examples
up to 63% yield
up to 98% ee, > 10:1 d.r.:

Scheme 1.54 Asymmetric 1,3-dipolar cycloaddition reaction for the synthesis of 5-
CF; spiro-[pyrrolidine-3,2'-oxindole]

A first [3+2] cycloaddition of nitrones with o,B-unsaturated aldehydes using chiral
amine with trimethylsilyl triflate catalyst was reported by San et al in 2007. The
reaction afforded the chiral isoxazolidines in high yield with excellent diastereo- and

enantioselectivity (Scheme 1.55).1%8

R4 (6] R4 1
i 2 | 0 R® |
| R Cat. (10 mol%) N R2

N O ° ‘ ; ) "'/70 . Ph

RY® O ; Toluene, 25 °C,24 hto2d O ' ON Ph

R b 1 H  OTMs
11 examples @ °*TfOH
up to 96% yield | Cat.

up to 96% ee
up to 99:1d.r. !

Scheme 1.55 Asymmetric 1,3-dipolar cycloaddition reaction for the synthesis of 5-
CF3 spiro-[pyrrolidine-3,2'-oxindole]

An asymmetric, one-pot, three-component 1,3-dipolar cycloaddition of nitrone, which
can be produced in-situ from the appropriate hydroxylamine and a,B-unsaturated
aldehydes, was reported in 2007 by Ramon et al. The reaction resulted in the formation
of chiral isoxazolidine adducts in high yield, excellent enantio- and diastereoselectivity,

and control over the stereochemistry of the endo-product (Scheme 1.56)."*°

HO !
. 1. Cat. (20 mol%) RZ 3 5
Rl on 70 _ CHCL325°C,16h 7—;\ :QX"“
o+ N " R®  2.NaBH,, 5 min RNy R H oTFms

11 examples
up to 74% vyield '
up to 99% ee, > 25:1d.r. !

Scheme 1.56 Asymmetric, one-pot, three-component 1,3-dipolar cycloaddition for the
synthesis of isoxazolidine
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In 2008, Jan group developed a three-component, one-opt catalytic asymmetric
synthesis of chiral cycloheptane derivatives with terminal olefin-functionalized a,f-
unsaturated aldehydes, hydroxylamine, and aldehydes using a chiral amine
organocatalyst. Initially, an intermolecular [3+2] cycloaddition reaction between
nitrone and olefin-functionalized a,B-unsaturated aldehydes to produce chiral oxazole
derivatives. Introducing an additional hydroxylamine equivalent from a nitrone with
the aldehyde part of the initial compound. This is followed by an intramolecular [3+2]
cycloaddition with the end olefin, creating tricyclic bis-isoxazolidines. This reaction
exhibited good chemo- and regioselectivity with high diastereo- and enantioselectivity.
The mechanistic study claimed that a single diastereoisomer was formed through an

endo-approach to the Re-face of the iminium-ion in the initial phase, followed by an

endo-addition that produced a seven-membered ring (Scheme 1.57).140
R2
R Cat. (20 mol%) >_i/\/
DCM 25°C, 16 h N 25°C,4h \ H OTMS
13 examples
up to 68% yield
up to 96% ee, > 25:1 d.r. 1

Scheme 1.57 Three-component one-pot 1,3-dipolar cycloaddition reaction for the
synthesis of tricyclic bis-isoxazolidine cycloheptanes

In 2016, Pernille et al. developed the asymmetric cascade regio- and stereoselective
1,3-dipolar cycloaddition of poly conjugated 2,4-dienals with nitrones in the presence
of chiral amine organocatalysts, and they achieved the bis-isoxazolodines products in

good yields with excellent enantio- and diastereoselectivity (Scheme 1.58).'4!
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Cat. (10 mol%)

R® TfOH (5 mol%) | Ph
‘ ||/ sat. aq. KCI (0.25 equiv) N Ph
’ © 1 H oTPs

N

‘ R*®0 Toluene, -10°C, 7 h ' Cat.

R 10 examples | Ph=3,5-CF3CgH;
up to 86% vyield .

up to 99% ee !

up to >20:1d.r. !

Scheme 1.58 Asymmetric cascade 1,3-dipolar cycloaddition reaction for the synthesis
of bis-isoxazolines

An asymmetric synthesis of tetrahydroisoquinoline developed by Wenjun and co-
workers in 2014 via enantioselective 1,3-dipolar cycloaddition of a,B-unsaturated
aldehydes, and C,N-cyclic azomethine imines using chiral amine as an organocatalyst.
This protocol furnished the chiral tetrahydroquinolines in good yields with excellent

diastereo- and enantioselectivity (Scheme 1.59).!4?

1. Cat. (20 mol%) 5
2,4- DNBA (20 mol%) : Ph
DCM, -20 °C, 12 h H PNy Ph
P 2. NaBHy4, MeOH, rt, 2 h N R H  OTmMs
N

@
'}l ! Cat.
é\' By BZ "/j IPh = 3, 5-CF3CgH3
OH:
17 examples '

up to 92% vyield
up to 99% ee '
up to >25:1 d.r. '

Scheme 1.59 Asymmetric cascade 1,3-dipolar cycloaddition reaction for the synthesis
of terahydroisoquinoilnes

Later in 2014, Wenjun et al. demonstrated an amine-catalyzed enantioselective 1,3-
dipolar cycloaddition of C,N-cyclic azomethine imines and substituted a,B-unsaturated
aldehydes afforded C-1-substituted tetrahydro iso-quinolines in highly stereoselective
manner. Further, this chiral product was efficiently transformed into several other

useful polycyclic frameworks (Scheme 1.60).'%

50



© Cat. (20 mol%)

(e}
‘ N Ar 0,
XN AcOH (20 mol%)
H rRC VN T R
R

+
|

= (6] PhOMe, -40 °C, 48 h MeOH
25°C,2h ’
Ph 19 examples, up to 95% yield
N Ph up to 99% ee, up to >20:1 d.r.
H oTtms
Cat.

Scheme 1.60 Enantioselective 1,3-dipolar cycloaddition reaction for the synthesis of
C-1-substituted tetrahydroisoquinolines

1.7 OBJECTIVE

Azomethine ylides are simple precursors for the synthesis of various important organic
molecules. A literature survey reveals that azomethine ylides such as imine, pyridinium,
quinolium, iso-quinolium, azomethine imides, thiazolium, and benzothiazolium salts
have been used in 1,3-dipolar cycloaddition reaction with various dipolarophiles. The
enantioselective transformations of azomethine ylides are well known in the literature
with simple imine and azomethine imines azomethine ylides for the synthesis of chiral
pyrrolidine and bicyclic pyrazolines heterocycles using various chiral metal complexes
and organocatalyst. However, the enantioselective transformations of cycloiminium
salts using chiral amine organocatalysts have not been well explored in the synthesis of
heterocycles, but very few reports are in perspective. Particularly, the utilization of
thiazolium and benzothiazolium salts for the enantioselective transformations is in

infancy due to uncontrolled reactivity.

This thesis aims to synthesize various chiral heterocycle frameworks using thiazolium
and benzothiazolium salts as a 1,3-dipolar system with o,B-unsaturated aldehydes as a

dipolarophile by using chiral amine organocatalysts.
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Further reaction center

The reaction will be carried out via inter or intra-molecular domino and one-pot
reaction. The synthesis of various chiral heterocyclic frameworks will be achieved with

high enantio- and diastereoselectivity.
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CHAPTER 2

ORGANOCATALYZED ENANTIO- AND
DIASTEREOSELECTIVE SYNTHESIS OF PYRROLO-
THIAZINE-2-CARBALDEHYDES VIA FORMAL DOMINO

1,3-DIPOLAR CYCLOADDITION/REARRANGEMENT

R Cat. (20 mol%)
R/Mo N® DMAP (3 equw
+ \> TPA (015 M), it 0 15 M), rt

30 examples, up to 92% yield.
up to 99% ee, >20:1d.r.
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2.1 INTRODUCTION

2.1.1 Importance of Pyrrolo-thiazinens

Pyrrolo-thiazines such as 1,2- and 1,4-pyrrolo-thiazines are significant organic
compounds are known to exhibit various biological activities, existence in natural
product cores, and functional organic materials.'** Substituted pyrrolo[1,4]thiazines
with multiple chiral centers are the lead compounds for the synthesis of selective HIV-

146 and anticonvulsant

1 reverse transcriptase inhibitors, % calcium channel antagonists,
agents.'” For instance, 1,4-thiazine derivative I with a varying degree of unsaturation
is used as a marked calcium entry blocker.!*® In-vitro study of the racemic
pyrrolo[1,4]thiazine derivative II exhibited antioxidant, anti-inflammatory, SQS
inhibitory, and hypolipidemic activities.'* Additionally, the 1,4-thiazine derivatives I1I
and IV are employed as selective myocardial calcium channel modulators'>® and p-
ribosidases inhibitors, respectively.'*! Similarly, compounds V and VI are utilized for

antitumor properties (Figure 1.1).!1>

o)
_R® _X
— =R? i M
<N \ = e ‘ NS
/ RN s
RIS LR s
R2 XV—OS R4N
| T n OMe

Calcium entry blockers
inhibitor

Antioxidant, anti-inflammatory, Selective myocardial calcium
(SQS) inhibitory/hypolipidemic activities channel modulators

Ho, X

S N g n .
Ho S s HO'”
LS Cl LN (
X =0,CH, HO 3

v Vv S Vi
Inhibition of B-ribosidases Antitumor disorders Natural STAT 3 inhibitor

:\S

Figure 2.1 Selected examples of biologically active pyrrolo[1,4]thiazine

derivatives
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In recent years, a significant development for the racemic and the asymmetric synthesis
of N, S-heterocycles such as thiazoles, 1,4-thiazines, and their polyhydro derivatives

with multiple chiral centers have been made via one-pot and domino processes. !> 154

Cycloaddition is one of the most powerful methods to synthesize complex chiral
molecules, particularly with multiple chiral centers.'>> While many cycloaddition
reactions are well-known, 1,3-dipolar cycloaddition is a unique method to generate
complex heterocycles. The 1,3-dipolar cycloaddition reaction of azomethine ylides and
dipolarophiles is a highly effective approach for generating a variety of five-membered
heterocycles.”! Azomethine ylide is an essential nitrogen-containing three-atom
component commonly used as 1,3-dipole and utilized for the synthesis of multiple

stereogenic centers containing pyrrolidines.!>® Notably, azomethine ylide as part of 5

03 57

and 6-membered rings such as quinolinium,'®® isoquinolinium,'® pyridinium,’
thiazolium, and benzothiazolium methylides,'*® have been widely utilized in the 1,3-
dipolar cycloaddition. Particularly, benzothiazolium ylide has been used in the
synthesis of functionalized multiple chiral centers containing thiazoles, pyrrole-

thiazoles, pyrrorlo[1,2]thiazine, pyrrorlo[1,4]thiazine and their derivatives.!>% 160

2.2 LITERATURE BACKGROUND

2.2.1 1,3-Dipolar Cycloaddition Reactions of Benzothiazolium Azomethine Ylides
In 1981, Tsuge and co-workers described a synthesis of diverse tetrahydropyrro-
thiazole derivatives via 1,3-dipolar cycloaddition of benzothiazolium azomethine
ylides with a wide range of methylenecyclopropane dipolarophiles. This synthesis was
carried out in dry THF solvent, NEt3 as a base, and at 0 °C to room temperature,
resulting in the observation of various types of products. The reaction of
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benzothiazolium salt with nitrile-substituted cyclopropane as a dipolarophile yielded
two distinct diastereomeric cycloadduct products with satisfactory yield and high
diastereoselectivity (Scheme 2.1a). Similarly, employing dimethyl ester containing
dipolarophile in the same reaction condition forms two diastereomeric cycloadduct

products in favorable yields (Scheme 2.1b).!!3

BI’N®
.
S

Ph

Ph

NEt; (1 equiv)

dry. THF, 0 °C - rt
N2

_th

s H CHOPh
55% yield

ph NC\)\ NC\)\
0 P
o C.__COPh
) BrN\>® . NEt; (1 equiv)
a
IS Ph Ph dry. THF, 0 °C - rt S H COPh S H COPh
N2 53% yield 43% yield
Me
P MeOC\)\ MeOC\)\O
o3 MeOC.__COMe

jﬁ
s H COPh
31% vyield

Scheme 2.1 1,3-Dipolar cycloaddition of benzothiazolium azomethine ylide and
cyclopropene dipolarophiles
Iwamura and co-workers in 1996 reported the 1,3-dipolar cycloaddition reaction
involving benzothiazolium salt of azomethine ylide and DMAD as a dipolarophile. This
solvent. Under room

reaction was facilitated by NEt; as a base and dry DMF as a

temperature, the reaction yields racemic pyrrolo-thiazine derivatives through a 1,3-

dipolar cycloaddition/rearrangement sequence as shown in Scheme 2.2.1%8
Ar COzMe
°s GO:Me N —COM
e
e e
N A\
RT > DMF, rt s X
S CO,Me OH|| —R
(2 equiv) =
10 examples
up to 89% yield

Scheme 2.2 1,3-Dipolar cycloaddition for the synthesis of pyrrolo-[1,4]thiazine
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In 2017, Jin and co-workers devised a stepwise 1,3-dipolar cycloaddition reaction
involving N-phenacylbenzothiazolium bromides and nitroalkenes in the presence of
triethylamine and ethanol solvent, which yielded a mixture of two isomeric
tetrahydrobenzo[d]pyrrolo[2,1-b]thiazoles. These products exhibited cis/trans

configurations, obtained with a good yield and moderate diastereoselectivity (Scheme

2.3).
Ph Ph Ph
0 (6]
(0] o Ph Ph
Br,
N® NEt, N N
N\ N N02 70 . \ v, +
@ES> + Ph/\/ EtOH, rt S\\ NO, @ES\; NO,
9 example§ 9 examples
up to 92% yield up to 20% vyield

upto4:1d.r. up to4:1d.r.

Scheme 2.3 1,3-Dipolar cycloaddition for the synthesis of tetrahydrobenzo[d]
pyrrolo[2,1-b]thiazoles

Moreover, a similar cycloaddition reaction of N-phenacylbenzothiazolium bromides
with I-methyl-1-nitroalkenes in ethanol under reflux afforded

methylbenzo[d]pyrrolo[2,1-b]thiazoles by the elimination of the nitro group (Scheme

2.4). 112
A Ar
' o
(e} o - Ar1
Br, N
N\® Me NEt; —
_—

S> fATTYY EtOH, rt g Me

6 examples

up to 90% yield

Scheme 2.4 1,3-Dipolar cycloaddition for the synthesis of
Methyl benzo[d]pyrrolo[2,1-b]thiazoles

In 2017, Jiang and co-workers developed a 1,3-dipolar cycloaddition reaction between
benzothiazolium azomethine ylides and 3-nitrochromenes in trimethylamine base and

ethanol solvent at room temperature. The reaction furnished functionalized

57



tetrahydrobenzo[d]chromeno[3',4":3,4]pyrrolo[2,1-b]thiazoles with high

diastereoselectivity and yielded up to 95% (Scheme 2.5).

A 0
;
Ar///f,
oj% ‘—N"H
) =S
Bino R ~NO2  NEt, R “
S . EtOH, rt 2
S o) O~ YAr

Ar
20 examples
R=H, X, CH3 up to 95% vyield
>20:1d.r.

Scheme 2.5 1,3-dipolar cycloaddition for the synthesis of
tetrahydrobenzo[d]chromeno[3',4":3,4]pyrrolo[2,1-b]thiazoles
Similarly, they also reported a comparable reaction using 2-
alkoxycarbonylmethylbenzothiazolium azomethine ylides and 3-nitrochromenes under
the same conditions provides the desired product in similar yields and

diastereoselectivity (Scheme 2.6).1%°

P £ L
oﬁ% RO, )

o \ S
Bine R! ~NO2  NEt, R “
S . EtOH, rt 2
S 0~ TAr o" "Ar
4 examples
up to 72% vyield
R'=H. X, CHs P20 dr

Scheme 2.6 1,3-Dipolar cycloaddition for the synthesis of
tetrahydrobenzo[d]chromeno[3',4":3,4]pyrrolo[2,1-b]thiazoles
Shen and co-workers in 2015 accomplished the domino cycloaddition reaction
involving benzothiazolium azomethine ylides and 3-phenacylideneoxindoles in the
presence of NEt3 in ethanol at room temperature. The reaction yielded functionalized
spiro[benzo[d]pyrrolo[2,1-b]thiazole-3,3’-indolines] in high yields with excellent

diastereoselectivity (Scheme 2.7).!¢!
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17 examples
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Scheme 2.7 Benzothiazolium azomethine ylide 1,3-dipolar cycloaddition synthesis of
spiro[benzo[d]pyrrolo[2,1-b]thiazole-3,3’-indolines]

In 2018, Zeng and co-workers reported a 1,3-dipolar cycloaddition reaction involving

N-4-methoxyphenacylbenzothiazolium bromide azomethine ylides with (Z£)-5-

arylidene[1,3]thiazolo[3,2-b][1,2,4]triazol-6(5H)-one in the presence of triethylamine.

The reaction yielded novel 2-(aryl)-1-(4-methoxybenzoyl)-1,2-

dihydrospiro[pyrrolo[2,1-b][1,3]benzothiazole-3,5'[ 1,3]thiaol-zolo[3,25][1,2,4]

triazol]-6"-ones in moderate yields (Scheme 2.8).1%2

OMe

BrN\@ N\N/@j _ NEty N\N y
> + Ar CH CN, rt /J\ > “, 20
Ar H
6 examples
up to 64% vyield
>20:1 d.r.
MeO

Scheme 2.8 1,3-Dipolar cycloaddition for the synthesis of spiro thiazolo[3,2-
b][1,2,4]triazole derivatives
The same Zeng research group furnished the synthesis of 6'-ethyl-2-methyl-5'-aryl-1-
(4-methoxybenzoyl)-7-methyl-3'-oxo-1,2-dihydro5Hspiro[pyrrolo[2,1b][1,3]benzo
thia-zole-3,2'-[1,3]thiazolo[3,2-a]pyrimidine]-2,6'-dicarboxylates in 2018 through a
1,3-dipolar cycloaddition reaction. The reaction involves ethyl-5-aryl-2-[(Z)-2-
methoxy-2-oxoethylidene]-7-methyl-3-0x0-3,5-dihydro-2 H-thiazolo[3,2-

alpyrimidine-6 carboxylates and N-4-methoxyphenacylbenzothiazolium azomethine
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ylides afforded the desired cycloaddition products in moderate yields with two different

diastereomers (Scheme 2.9).!%3

OMe
Ar o COzEt0

H,
Et0,C. N A JH
. L

LA AN ome
0 Ar N N
S ? Hs
Brye  Et0:C \ @

NEt

> - LA™ :
= —_—
S N7 TS COEt Chen
Ar o CO.Et0

H,
EtOZCfN L
[ LA
0
7 examples

up to 50% vyield
>20:1 d.r.

Scheme 2.9 1,3-Dipolar cycloaddition for the synthesis of spiro thiazolo[3,2-
a]pyrimidine derivatives

Sahoo et al. in 2017 devised a method for the metal-free diastercoselective
desymmetrization of prochiral cyclopentadienones via [3+2] cycloaddition with N-
phencylbenzothiazolium bromide azomethine ylides generated in-situ treatment of
DIPEA which provides the tetrahydropyrrolo-thiazole derivatives containing multiple

stereogenic centers with excellent diastereoselectivity (Scheme 2.10).!15

R
o o2y
Ph + @[ \ _DIPEA__
s’ CHCl3, 4h
(0]

Scheme 2.10 1,3-Dipolar cycloaddition for the synthesis of fused polycyclic
derivatives

26 examples
up to 98% yield, >20:1 d.r.

In 2023, Wang et al. reported the 1,3-dipolar cycloaddition reactions of azomethine

ylides with various electron-deficient olefinic dipolarophiles.
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COAr
CN
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CN
6 examples

up to 97% yield, >20:1 d.r.

Scheme 2.11 1,3-Dipolar cycloaddition for the synthesis of cycloadduct products

This approach affords diverse heterocyclic compounds including fused polycycles and
spirocyclic compounds with excellent yields and diastereoselectivity. The azomethine
ylide is generated in-situ from N-phenylbenzothiazolium bromide in the presence of

different bases (Scheme 2.11).1%4

2.2.2 Enantioselective Transformations of Benzothiazolium Azomethine Ylides

The enantioselective transformations of 1,3-dipolar cycloaddition of benzothiazolium
azomethine ylide with dipolarophile for the synthesis of heterocyclic compounds such
as chiral pyrrolo-thiazoles and pyrrolo[1,4]thiazine derivatives with multiple
stereogenic centers is a challenging task. There are only a very few reports have been

documented in the literature.

Sahoo and co-workers 2017 disclosed a solitary instance of an asymmetric variant of
1,3-dipolar cycloaddition of benzothiazolium salt, utilizing hydroquinone-derived
thiourea as a chiral catalyst to afford a cycloadduct product that exhibits moderate

enantioselectivity (43% ee, 67% yield) as shown in Scheme 2.12.1%8
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(6} C) Cat. (10 mol%)
BN@ proton sponge (1.1 equiv)
A\
Ph , ©[8> CF3CgHs, 0 °C, 4d . H ‘ }\
= ! N
0 COR ‘ 7 7N CF,
67% yield ' H
43% ee (one example), >20:1 d. r Cat.

Scheme 2.12 1,3-Dipolar cycloaddition for the synthesis of chiral cycloadduct
products
Subsequently, in the year of 2018, Zhang and co-workers reported the synthesis of
dihydropyrrolo-thiazoles and [1,4]thiazine derivatives via chiral N, N’'-dioxide-metal
salts (Mg and Ni salts) catalyzed asymmetric 1,3-dipolar cycloaddition followed by
rearrangement of benzothiazolium salt with various dipolarophiles. The reaction yields
various chiral heterocyclic compounds with excellent yields, enantio- and

diastereoselectivity.

The reactions between benzothiazolium salt azomethine ylides and simple chalcones in
the presence of a chiral N,N’-dioxide ligand and Mg(OTf) to form a chiral metal
complex, followed by addition of K3PO4 as a base in DCM solvent at room temperature,
provided the chiral dihydropyrrolo-thiazole derivatives with excellent yields, good

enantio- and diastereoselectivity (Scheme 2.13).

Ar
COAr
©) 0 Mg(OTf), (10 mol%) z ‘ :
L 0= o@
@EN@ . ArMAr Ligand (10 mol%) QN Ar ; ®0

>
S K3POy4 (2.0 equiv) S =, ;
DCM, 35 °C O//”Ph ! Ligand
up to 99% yield, up to 99% ee ! R = Cyclopentyl
>19:1 d.r. '

Scheme 2.13 1,3-Dipolar cycloaddition for the synthesis of chiral hydropyrrolo-
thiazole derivatives

Similarly, the reactions of benzothiazolium salt azomethine ylides with
methyleneindolinone derivatives as dipolarophiles, employing a chiral N,N’-dioxide

ligand and Mg(OTf), to form a chiral metal complex, followed by the addition of
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NaxCOs as a base in DCM solvent at room temperature. The reaction furnished the
chiral spiro dihydropyrrolo-thiazole derivatives with excellent yields, enantio- and

diastereoselectivity (Scheme 2.14).

Ar Ph COAr 3 O
0 0 \ ! N N®
g% / Mg(OTf), (10 mol%) PNTTyEEPn N b\/\“l
BrN® Ligand (10 mol%) S I 0
\> + (0] : S N N\R ' /N H HiN\
S N Na,COj3 (1.0 equiv) @/ ! R R

R DCM, 35°C, 24 h Ligand
15 examples 1 R = Cyclopentyl
up to 99% yield, up to 99% ee
>19:1d.r. ‘

Scheme 2.14 1,3-Dipolar cycloaddition for the synthesis of chiral spiro hydropyrrolo-
thiazole derivatives

Similarly, the reactions of benzothiazolium salt azomethine ylides with ester and amide
chalcones derivatives as the dipolarophiles, in the presence of chiral N, N'-dioxide
ligand and Ni(OTf)2 to form chiral metal complex catalyst, followed by addition of
NaCOs as a base, DCM solvent, under 0 °C to room temperature. The reaction provides
the cycloaddition/rearrangement product of chiral pyrrorlo[1,4]thiazine derivatives

with excellent yield, enantio- and diastereoselectivity (Scheme 2.15).!%

(@)
C N
o R2 N N®
8 o o R® Ni(OTf), (10 mol%) N " o:{ b?a/\e\o
N i ‘ ,
@[ \> i RAK/LR? Ligand (10 mol%) @[ R N—H N OR
S Na,COj; (2.0 equiv) S iHAr ;
DCM, 0 °C to 35 °C 0o w R R
20 examples ‘ )
up to 99% vyield, up to 99% ee | Ligand
>19:1 d.r. 1 R = 3,5-Bu,CgHs

Scheme 2.15 1,3-Dipolar cycloaddition for the synthesis of chiral
pyrrolo[ 1,4]thiazine’s derivatives

2.2.3 1,3-Dipolar Cycloaddition Reactions of Azomethine Ylides and a,p-
Unsaturated Aldehydes with Chiral Amine Catalysts

In 2007, Vicario et al. pioneered the development of the first organocatalytic
enantioselective 1,3-Dipolar cycloaddition reactions between imine azomethine ylides

and o,B-unsaturated aldehydes, employing chiral diphenylprolinol as an organocatalyst.
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The reaction proceeded with complete regioselectivity and exhibited high enantio- and
diastereoselectivity, yields highly poly-substituted pyrrolidine products in excellent

yield (Scheme 2.16).16°

Cat. (20 mol%) ©MC b [ \ {P
H,0 (4 equiv) 2
R1_N.__CO,Et e, d .
Y " RZ/\)kH THF, 4 °C COEL

CO,Et : Cat.
18 examples !
up to 91% yield, up to 99% ee:
up to 95:5 endo/exo

Scheme 2.16 Enantioselective 1,3-dipolar cycloaddition for the synthesis of chiral
pyrrolidine

The same research group in 2017 reported an asymmetric 1,3-dipolar cycloaddition of
acyclic azomethine ylides with acrolein as a dipolarophile catalyzed by L-proline. The
reaction yields C-3 unsubstituted pyrrolidine as a product in good yield, and with high

enantio- and diastereoselectivites (Scheme 1.17).16

le) Cat. (20 mol%) OHC/,, . Ngh
RQNYEWG \)k H,0 (4 equiv) EWG ;
+ H — -

\ ' N OH
COLEt THFE, 4°C,72h  R'ON7T TCOEt ¢
2 H : Cat.
18 examples
EWG = CO,Et, CO,Me CN, up to 97% vyield, up to >99% ee
>20:1d.r.
Scheme 2.17 Enantioselective 1,3-dipolar cycloaddition for the synthes1s of chiral
pyrrolidine

2.3 OBJECTIVE

The asymmetric reactions involving benzothiazolium salts have been limited due to
their high reactivity and pose a challenge in controlling their reactivity, selectivity, and
other competitive organic transformations. Till now, there are no reports on the proline-
derived organocatalytic asymmetric domino 1,3-dipolar cycloaddition/rearrangement
of benzothiazolium salts with a,-unsaturated aldehydes to synthesize enantioenriched
polycyclic pyrrolidine derivatives. To overcome the limitations of the mentioned issues,

the following is the objective of Chapter 2.
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> A new asymmetric domino methodology will be developed for the
enantioselective synthesis of chiral pyrrlolo-thiazine-2-carbaldehydes via
intermolecular  1,3-dipolar cycloaddition followed by intramolecular
rearrangement reaction of benzothiazolium azomethine ylides and a,B-

unsaturated aldehydes, using a chiral amine as an organocatalyst (Scheme 2.18).

=

o
S R
Brue® X Cat., Base
AR, \ /
R o+ S> —/  Solvent, temp, time

Scheme 2.18 Chiral amine catalyzed enantioselective synthesis of pyrrolo-thiazine-2-
carbaldehydes.

H OTMS
Cat.

> The proposed chiral pyrrlolo-thiazine-2-carbaldehydes will have three

contiguous chiral centers along with one quaternary chiral centre.

> The computational study will be performed to understand the reaction

mechanism.

> To show the synthetic application of the chiral product, molecular docking will

be carried out for anti-cancer activities.

2.4 RESULTS AND DISCUSSION

2.4.1 Optimization Studies

Enantioselective domino synthesis of three contiguous stereogenic centers containing
pyrrolo[1,4]thiazine carbaldehyde 3f, the trail reaction was started by reacting a,p-
unsaturated aldehyde 1a (1.0 equiv), with benzothiazolium salt 2f (1.0 equiv) in EtOH
using L-proline C1 (10 mol%) as an organocatalyst and NEt; (1.0 equiv) as a base at
room temperature. This domino reaction provided the expected pyrrolo[1,4]thiazine-
2carbaldehyde 3f in 24% yield, 16% ee, and 19:1 d.r. along with the formation of an

unexpected rearranged side product 4 in 10% yield (Scheme 2.19). Product 4 might
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have formed via domino aerobic hydrolysis of benzothiazolium salt 2f, followed by

ring opening/iminium ion formation/ring-closing sequence.'>

Br
(0]
S) L-Proline (10 mol%)
Br 0 NEt 1
AN o N® 3 (1 equiv)
+ ®[8\> EtOH (0.15 M), rt, 48 h O
1a 2f Br
24% yield 10% yleld
16% ee, 19:1dr

Scheme 2.19 Enantioselective domino synthesis of pyrrolo-thiazine-2-carbaldehyde
3f

To improve the selectivity of this domino process towards the selective formation of 3f
and minimize the formation of undesired side product 4, the reaction was optimized the
reaction with various catalysts, bases, and solvents, and the results are summarized in
Tables 2.1. When the catalyst loading was increased from 10 to 20 mol%, the %ee of
the product also increased to 24% (Table 2.1, entry 2). The product yield was improved
to 60% by increasing the base to two equivalents and decreasing the yield of the side
product by 4 to 5% (Table 2.1, entry 3). Upon further increasing the base to three
equivalents, the yield increased to 75% without affecting the %ee, and the yield of side
product 4 was reduced to trace quantities (Table 2.1, entry 4). To improve the
enantioselectivity of product 3f, the reaction was screened using several proline-based
chiral catalysts. Among them, (R)-diphenylprolinol trimethylsilyl ether catalyst C5
turned out to be the best choice of catalyst, and it provided 90% ee with a moderate
yield of 52% (Table 2.1, entry 8). The reaction was then examined with several bases
to improve the yield of 3f. Use of dibutyl amine and diethyl amine bases yielded the
product 3f in 95% yield without formation of the side product 4, albeit in 15%

enantiomeric excess (Table 2.1, entries 9 and 10). The reason may be that the
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background reaction was very facile in this condition; the chiral catalyst could not

control the reaction. Delightfully, DMAP furnished a maximum yield of 72% with 98%

ee (Table 2.1, entry 13). Then, various solvents were screened to improve the yield and

enantiomeric excess of product 3f.

Table 2.1: Optimization of the Domino Reaction”

Br

Br
C)
S Br 0
©MO @[N\>® Catalyst, base
! S solvent (0.15 M)
rt, 72 h
I s S
Catalysts
mOH HN O.\\\k
N o %O NH N
Cc1 Cc2 C3 C4 C5
Entry Base Catalyst  Solvent  Yield of e (%) Yield of
(equiv) (equiv) (M) 3a (%)’ 4 (%)?

1 NEt:;(1)  C1(10)  EtOH 24 16 10

2 NEt; (1)  C1(20) EtOH 24 24 10

3 NEt:(2)  C1(20) EtOH 60 16 5

4 NEt;(3)  C1(20)  EtOH 75 16 5

5 NEt:(3)  C2(20)  EtOH 10 6 10

6 NEt;(3)  C3(20)  EtOH 41 28 6

7 NEt; (3)  C4(20)  EtOH 32 38 10

8 NEt;(3)  C5(20)  EtOH 52 90 5

9 DEA(3) C5(20) FEtOH 90 15 -

10 DBA(3) C5(20)  EtOH 95 10 -

11 K>COs(3) C5 (20) EtOH 20 60 15
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= e een @ My "™ e
12 DABCO(3) C5(20) EtOH 63 97 8
13 DMAP(3) C5(20) EtOH 72 98 20
14 DMAP(3) C5(20) MeOH 60 74 12
15 DMAP(3) C5(20) DCM 65 98 10
16 DMAP(3) C5(20)  HFIP 20 22 55
17 DMAP(3) C5@20) H20 nr. - -
18  DMAP(3) C5(20) IPA 87 98 trace
19 DMAP@3) C5(10) IPA 52 38 5
20 DMAP(3) C5(15) IPA 35 60 10
21  DMAP(3) C5(25) IPA 52 78 5

“Reaction conditions: 1a (0.3 mmol), 2f (0.3 mmol), base (1 — 3 equiv), chiral catalyst
C1- C5 (x mol%), and solvent (0.15 M) at 72 h. *“Isolated yield. “%Ee was determined
by HPLC using a Chiralcel OD-H chiral column. The diastereomeric ratio was
determined by "H NMR spectroscopy using the crude reaction mixture. In all cases, we
observed a 19:1 d.r ratio.

Where HFIP is used as a solvent, we observed a 50% yield of side product 4 with a
trace amount of chiral product (Table 2.1, entry 16). This may be due to the high
polarity of HFIP quenching the iminium ion intermediate in the reaction medium. No
changes were observed in the reaction medium when H>O was used as the solvent due

to the insolubility of thiazolium salt (Table 2.1, entry 17).

Table 2.2: Base Optimization®

Br

Cat. C5 (20 mol%),

@
A \O N® O hase (x equiv)
> EtOH (0.15 M)

1a rt, 72 h

O

N OTMS
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Yield of d.r.? Yield of

Entry Base (equiv) 32 (%) ee (%) 4 (%)
1 NEt; (1) 24 90 19:1 10
2 NEt; (2) 60 88 19:1 5
3 NEt; (3) 52 90 19:1 trace
4 DMAP (3) 72 98 19:1 5
5 DABCO (3) 63 97 19:1 8
6 DIPEA (3) 39 34 19:1 10
7 DIPA (3) 45 54 19:1 15
8 DEA (3) 90 12 19:1 -

9 DBA (3) 95 10 19:1 -
10 Piperidine (3) 95 10 19:1 -
11 K>COs3(3) 20 60 19:1 15
12 NaOAc (3) 24 98 19:1 8
12 DBU (3) n.r. - -
13 2,6-lutidine n.r. - -
3)
14 K5PO4 (3) n.r. - -

“Reaction conditions: 1a (0.3 mmol), 2f (0.3 mmol), base (1 — 3 equiv),
chiral catalyst C1- C5 (x mol%), and solvent (0.15 M) at 72 h. *®Isolated
yield. “%Ee was determined by HPLC using a Chiralcel OD-H chiral
column. The diastereomeric ratio was determined by 1H NMR
spectroscopy using the crude reaction mixture in all cases, showing 19:1
d.r.

Table 2.3: Solvent Optimization®
Br

Br

S o Cat. C5 (20 mol%) 3 Ph
NN NO DMAP (3 equiv) @[ ; O Ph
A\ —_— '
Ej/\A * @[ % solvent (0.15 M) o ;N OTMs
S 1,72 h !
1a 2 : cs5
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Yield of d.r.? Yield of

Entry Solvent (M) 3a (%)’ ee (%) 4 (%)*

1 EtOH 72 98 19:1 5

2 MEOH 60 74 19:1 12
3 DCM 65 98 19:1 10
4 HFIP 20 22 19:1 55
5 EtOAc 40 80 19:1 15
6 IPA 87 98 19:1 trace
7 1,2-DCE 55 98 19:1 10
8 CHCI3 48 98 19:1 13
9 Toluene 55 96 19:1 16
10 CH3CN 44 98 19:1 20
11 DMSO - - - 50
12 THF 33 98 19:1 20
12 E>O 40 98 15
13 1,4-Dioxane 30 92 -
14 HO n.r. - - B}

“Reaction conditions: 1a (0.30 mmol), 2f (0.3 mmol), DMAP (3 equiv)
and chiral catalyst C5 (20 mol%), solvent (0.15 M), *®¢Isolated yield. ‘Ee
Determined by HPLC using Chiralcel OD-H chiral column. “D.r. ratio
was determined by 'H NMR using a crude reaction mixture, nr = No
reaction.

The optimized reaction condition was found when isopropyl alcohol was used as the
solvent, benzothiazolium salt (1 equiv), unsaturated aldehyde (1 equiv), (R)-
diphenylprolinol trimethylsilyl ether (20 mol%), and DMAP (3 equiv) at room
temperature. The domino reaction provided 3f in 87% yield with 98% ee and 19:1 d.r.

(Table 2.1, entry 18).
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Table 2.4 Combination of Base and Combination of Solvent Screening”

Br

o . Ph
W@ No O Bhiap (e e
+ [ I s> solvent (0.15 M), rt, 72 h
1a 2f
Entry Base (3 equiv) Solvent (M) Yield of ee (%) d.r.?
3a (%)°

1 DMAP IPA/DCM (1:1) 21 98 19:1

2 DMAP/DABCO (1:1) MeOH 50 98 19:1

3 DMAP/DBA (1:1) DCM 75 30 19:1

“Reaction conditions: 1a (0.30 mmol), 2f (0.3 mmol), mixture of base (1:1, 3 equiv)
and chiral catalyst C5 (20 mol%) in mixture of solvent (1:1, 0.15 M), * Isolated yield.
“Ee was determined by HPLC using the Chiralcel OD-H chiral column. “D. r. ratio
was determined by 'H NMR using a crude reaction mixture.

Table 2.5: Additive and Inert Condition Screening”
Br

BC? o) Cat. C5 (20 mol%)

X N® DMAP (3 equiv)
(6] n \>
S solvent (0.15 M), rt, 72 h

1a 2f
Entry Sobvemt(M)  Additive Yildof3a  ee(%)y dr!
(%)°
1 IPA PhCO,H (2 equiv) 55 97  19:1
2 IPA 4AM.S 50 98 19:1
3 DCM  PhCO.H (2 equiv) 60 98 19:1
4 IPA 4AM.S 58 98 19:1
5¢ IPA . 55 98 19:1
6¢ DCM - 45 98 19:1

“Reaction conditions: 1a (0.30 mmol), 2a (0.3 mmol), DMAP (3 equiv), Additive
(2 equiv) and chiral catalyst C5 (20 mol%) in solvent (0.15 M), *Isolated yield.
ee was determined by HPLC using Chiralcel OD-H chiral column. D. r ratio was
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determined by 'H NMR using a crude reaction mixture. “Reaction performed
under N>

Moreover, the yield and enantiomeric excess of the product gradually decreased when
the catalyst C5 loading was varied from 10 — 25 mol% (Table 2.1, entries 19-21).
Further, the reaction was screened with various additives, temperatures, a mixture of
solvents, bases, and other parameters for better outcomes. Unfortunately, all the
attempts failed to get better results (Table 2.4 & 2.5). The absolute configuration of 3f
(35,3aS,4S) was unambiguously confirmed by single-crystal X-ray diffraction analysis

using the flack parameter (Figure 2.2; Flack parameter value: 0.001(5).

CCDC No. 2294917

Figure 2.2 X-ray structure of compound 3f (CCDC: 2294917) with 50% probability
ellipsoids

2.5. SUBSTRATE SCOPES FOR PYRROLO-THIAZINE-2-CARBALDEHYDE

With optimized reaction conditions in hand, the generality of the domino process has
been investigated with various benzothiazolium salts 2 containing electron-donating,
electron-withdrawing, and bulky aryl groups, and the results are summarized in Scheme
2.20. All the domino reactions took place smoothly via intermolecular 1,3-dipolar
cycloaddition, followed by intramolecular rearrangement to afford the pyrrolo[1,2-
d][1,4]thiazine-2-carbaldehydes 3a-3n in good enantioselectivity (96-99.7% ee).

Substrates bearing electron-donating groups at the para positions exhibited good
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reactivity and enantioselectivity (3a-3¢; 96-98% ee). The halogen substitution at the
para position provided the desired products 3d-3f in 71-86% yield with good
enantioselectivity (98-99% ee). Then, the electron-donating methoxy group at the
ortho, meta-position, and disubstituted methoxy group delivered the desired chiral
products 3g-3i in 98-99% ee. The electron-withdrawing group at the para position 3k-
3m delivered good yield and enantioselectivity (96-99% ee). It is worth mentioning that
an electron-withdrawing nitrile group 31 at the para position increased the yield further
(92%) with 98% ee. Various aryl substitutions, including phenyl and naphthyl, were
well tolerated for this domino strategy to accomplish the desired products 3j and 3n

with 98-99% ee.

To showcase the functional group tolerance of a,B-unsaturated aldehyde, The reaction
was carried out the domino reaction using o,-unsaturated aldehyde containing electron-
donating, electron-withdrawing, halogens, heterocycles, and aliphatic substituents
(Scheme 2. 21). Generally, the meta and para substitutions at the phenyl ring of the
cinnamaldehyde underwent the enantioselective 1,3-dipolar
cycloaddition/rearrangement and yielded the domino product up to 98% ee. The
cinnamaldehyde-bearing electron-donating group at the para position delivered the
desired products 30, 3p, and 3t in good yield with 92-98% ee. Notably, the halogen
substitution at the para position of cinnamaldehyde provided the product 3q, 3r, and 3s
in 88-98% ee. Compared with electron-donating and halogen-substituted derivatives, the
electron-withdrawing group at the meta and para positions furnished the desired

products 3u-3xin good yields with slightly reduced enantioselectivity (88-94% ee).
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Scheme 2.20 Substrate Scope of Benzothiazolium Salts”

Cat. C5 (20 mol%)
DMAP (3 equiv)
IPA (0.15 M), 1t, 72 h

Me OMe F
3a; 75%, 98% ee 3b; 60%, 96% ee 3c; 72%, 98% ee 3d; 80%, 98% ee 3e; 71%, 99% ee

>20:1 d.r. >20:1 d.r. 19:1 d.r. 19:1d.r. >20:1 d.r.

OH
3f; 86%, 98% ge  Br

19:1 d.r.

39g; 76%, 98% ee i OMe 3i; 60%, 99% ee
>20:1 d.r. 3h; 80%, 98% ee >20:1 d.r.
>20:1 d.r.

|
> " gl
3j; 55%, 98% ee 3k; 78%, 96% ee 31; 92%, 98% ee 3m; 80%, 99% ee 3n; 50%, 99% ee€

>20:1 d.r. >20:1 d.r. >20:1 d.r. >20:1 d.r. >20:1 d.r.

“Reaction conditions: 1a (0.3 mmol), 2a (0.3 mmol), DMAP (3 equiv), Chiral catalyst
(20 mol%), Solvent (0.15 M) at 72 h. “Isolated yield. °D.r. ratio was determined by 'H
NMR using a crude reaction mixture. “Ee determined by HPLC. The absolute
configuration of the product 3f was determined to be (35,3aS5,4S) by single-crystal XRD
analysis. The absolute configurations of other products were assigned to be (35,3aS,4S)
based on same analogy.

The reaction was also suitable for the substitution at the 3-position of a,S-unsaturated
aldehydes such as furan, anthracene, and biphenyl group instead of phenyl ring, and the
domino reaction produced 3y-3aa in 62 -78% yields with 88-98% ee. Delightfully, the
alkyl substitution at the 3-position of a,B-unsaturated aldehydes also delivered the

products 3ab-3ad in moderate to good yields with 80-96% ee.
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Scheme 2.21 Substrate Scope of a, p-Unsaturated Aldehydes”

1 |
B |
€] Ph
BrN ® O Cat. C5 (20 mol%) éPh
R/Mo " \> DMAP (3 equiv) OTMS
S IPA (0.2 M), rt, 72 h
1b -1q 2a, 2e, 2f

o
o
o ) L (. >
30; 60%, 92% ee C! 3p; 70%, 98% ez Cl 3q; 80%, 98% ee”! 3r; 79%, 98% ce B

>20:1 d.r. >20:1 d.r. >20:1 d.r. >20:1 d.r.

O

‘",

OH
Cl
3s; 88%, 98% ee 3u; 77%, 88% ee
>20:1 d.r. >20:1 d.r. >20:1 d.r.
H
o

CF3

oL
Cl

3v; 75%, 94% ee g 3w; 76%, 92% ee 3x; 88%, 94% ee
>20:1 d.r. CCDC.No. 2294915 *» >20:1 dor. >20:1 d.r.
(0]
I
/
(0]
(%
Cl Ar =4-CICgH,
3y; 82%, 94% ee 3z; 62%, 88% ee 3aa; 74%, 98% ee
>20:1 d.r. >20:1 d.r. >20:1 d.r. CCDC.No. 2307921
H H H

GO " SO 5O
o
y V
3ab; 58%, 80% ee CCDC.No. 2294960 3ac; 40%, 92% ee 3ad; 45%, 96% ee
>20:1 d.r. >20:1 d.r. >20:1 d.r.

“Reaction conditions: 1a (0.3 mmol), 2a (0.3 mmol), DMAP (3 equiv), Chiral catalyst
(20 mol%), Solvent (0.15 M) at 72 h. Isolated yield. °D.r. ratio determined by 'H NMR.
Ee determined by HPLC. The absolute configuration of the products 3s, 3v, 3x, and
3ab were determined to be (35,3aS,4S) by single-crystal XRD analysis. The absolute
configurations of other products were assigned to be (35,3aS,4S) based on same
analogy.
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2.6. CONTROL EXPERIMENTS

Several control experiments have been performed to investigate the reaction
mechanism. When cinnamaldehyde 1a reacted with benzothiazolium salt 2f with C1,
the reaction gave a 73% yield with 12% ee, along with 19:1 d.r. (Scheme 2.22-1). To
investigate the role of the secondary amine (-NH-) in the catalyst, the reaction was
performed using N-Boc-protected catalysts C6 and C7; however, the reaction yielded
only 45% yield of C6 and 14% yield of C7. Notably, both reactions produced only
racemic products (Scheme 2.22-ii & iii), which indicates that the free NH group in the
catalyst plays a crucial role in producing enantioselective products. When the reaction
performed without a base did not progress the reaction which shows that the base plays
a major role in the product formation (Scheme 2.22-iv). The background reaction
occurs when the reaction is carried out only with the base (Scheme 2.22-v). Particularly,
compared with C1, the bulky phenyl and silyl ether group in C5 controls the reactivity
and drives the enantio- and diastereoselective transformation to afford the products with
good yields and high enantioselectivities. This reaction proceeds via chiral iminium ion

formation rather than a simple base-catalyzed background reaction.

Br

©
Br/ Yo Cat C1(20 mol%) OH
SN No N® DMAP (3 equiv) EH
i)W +©[S\> IPA (0.15M),1t, 72 h N O

C1

3f; 73%, 2% ee
19:1d.r.

Br

) | OH
Br/ Y, Cat.C6 (20 mol%) [H

N N\@ DMAP (3 equiv) @[ N e}
ii) Ej/\A + s> IPA (0.15 M), rt, 72 h

Boc
e
(£)-6a; 45%, Br |

19:1 d.r.
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Br

"
o ®
Br Cat. C7 (20 mol%)
NN @[N\>® _ DMAP (3equiv) O O
i) * PA (015 M), rt, 72h
W S ( ) N.c OTMS
1a 2f Br‘

Cc7

(%)-6a; 14%
19:1d.r.

Br

H 3
rN@ O Cat. C5 (20 mol%) @[ D
©/\/\ @[ IPA (0.15 M), rt, 72 h OTMS
No reaction '
Br!

0
H
S}
Br
N Ne ©  DMAP __ DMAP (3equiv) _ @[
\
v) @M * S> IPA (0.15 M), 1t, 72 h O
1a 2f
()-6a; 30% Br
19:1 d.r.

Scheme 2.22 Control experiments for the enantioselective synthesis of pyrrolo-
thiazine-2-carbaldehydes.

2.7. DFT CALCULATIONS & MECHANISTIC STUDIES

All the quantum chemical calculations were carried out using the G16 software
package.'¢” Density Functional Theory (DFT) based M06-2X Minnesota functional'®®
in conjunction with LANL2DZ an Effective Core Potentials (ECP) basis'®® set for Br
and 6-31G(d,p) basis!”’ set for rest of the atoms is used to relax all the geometries to
their corresponding global minimum. All geometries are checked as true minima by
vibrational analysis (non-imaginary frequencies). Solvent effects are introduced in the
polarizable continuum model (PCM) using isopropyl alcohol (2-propanol) as a solvent.
Transition state theory has been adopted to trace all the transition states involved in the
mechanism, all characterized by a single imaginary frequency criterion. Intrinsic

Reaction coordinate (IRC) calculations verify all the transition states.
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Figure 2.3. Complete reaction profile diagram of the reaction of cinnamaldehyde 1a and
benzothiazolium salt 2f with (R)-diphenylprolinol trimethylsilyl ether C5 computed at the M06-2X/6-
31G(d,p) level of theory using isopropyl alcohol as a solvent.

DFT studies were kick-started by probing the formation of iminium ion intermediate I
from 1a. Protonation of 1a by in situ generated HBr or protonated DMAP proceeds
through transition state TS1 with an activation barrier (E*) 2.46 kcal/mol. Then, the
reaction of the protonated 1a with chiral catalyst C5 (TS2, E* = -4.74 kcal/mol) and
elimination of water (TS3, E* = 15.03 kcal/mol) will lead to the formation of iminium
ion intermediate I, which is a rate-determining step for the entire reaction cycle.
Meanwhile, proton abstraction by DMAP from benzothiazolium salt 2f gives
thiazolium anion II/III. This reaction occurred through an activation barrier of 2.49
kcal/mol TSIII. The next step proceeds with the reaction between the benzothiazolium
salt anions II/III and iminium ion I to form 1,4-addition intermediate I'V by forming a
new C-C bond. The formation of intermediate IV is a chiral induction step through the
benzothiazolium anion III approach from the Si-face of iminium ion I. This chiral

induction step led to the formation of favorable (TSIVa-d) and unfavorable (TSIVe-h)
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diastereomeric transition states (Figure 2.3). Analysis of the transition states of these
isomers shows that intermediate IVb (red line, Figure 2.4) has a lower activation barrier
(E* = -35.26 kcal/mol), which is a more favorable TS than its competing counterparts

(Figure 2.4).

Favorable transition states

v &7 = S i} = . Br@rw% )

N =0
S— — —=N= S—= — == “N— =
=0 N7 Me =0 — N3 Me - - N
8; i-Me 8; i-Me Qé"&%s Me o T Me

0 Se 0% e To-si-Me o-si-Me
O O ‘Me Me

TS4a TS4b s Q TS4d Q

C
(E*9.07 kcal/mol) (E*6.80 kcal/mol) (E* 8.91 kcal/mol (E¥ 9.59 kcal/mol)

TS4a

Unfavorable transition states

TS4e TS4f TS4g TS4h

Figure 2.4. 2D and 3D diastereomeric transition state diagrams for various isomers
formed during C-C bond formation between I and II/III computed at the M06-2X/6-
31G(d,p) level of theory using isopropyl alcohol as a solvent.
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AG kcal/mol

It is clear from the activation barriers that the possibility of reactions to form IVa, c-h
is very limited compared to the formation of the IVb isomer. Furthermore, the
benzothiazolium ring's dearomatization leads to forming a five-membered
hydropyrrolo-thiazole ring intermediate. This cyclization of IVb facilitated the

formation of intermediate V through TS5 with E* = -39.15 kcal/mol.
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Figure 2.5. a) Reaction profiles of various isomers formed during C-C bond formation
between I and II/III computed at the M06-2X/6-31G(d,p) level of theory; b) Rotational
barrier for C-N-bond rotation of intermediate VIII to form IX computed at the M06-2X/6-
31G(d,p) level of theory using isopropyl alcohol as a solvent.

Hereafter, both 1,4-addition and dearomatization steps are referred to as 1,3-dipolar
cycloaddition steps. The catalyst regeneration step was followed by water, which was
present in the reaction mixture and gave rise to intermediate VI. Overall, this step goes
through an activation barrier of -24.57 kcal/mol TS6. Intermediate V1 is responsible for
the stereoselectivity of the final product. Deprotonation of VI with DMAP (TS7, Ef=
-26.42 kcal/mol) leads to the ring opening at sulfur to form VII/VIII, followed by C-
N-bond rotation (TS8, E* = -33.89 kcal/mol) to give intermediate IX (Figure 2.5b). The
intermediate IX’s reaction with in-situ generated HBr or protonated DMAP can form

two products. One is the formation of the seven-membered product IX7 by a 1,2-
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addition with aldehyde carbon. The second possibility is the formation of six-membered
product 3f by 1,2-addition of a ketone carbon, which is formed without a transition state

or barrier-less pathway (Figure 2.6).
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Figure 2.6. The selectivity for 3f formation (via a 6-membered ring) over IX7 (via a 7-
membered ring) in the presence of HBr was computed at the M06-2X/6-31G(d,p) level
of theory using IPA as a solvent.

In the case of seven-membered ring IX7 formation, the intermediate requires a high
activation energy (TSix7 E¥ = 17.09 kcal/mol), which is much higher than needed for
the formation of six-membered product 3f. The negatively charged sulfur ion attacks
the ketone through the Si-face to form a six-membered ring, followed by spontaneous

protonation to give the final product 3f. The absence of TS confirmed the spontaneity

of these steps despite many trials.
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2.8 SYNTHETIC TRANSFORMATIONS OF PYRROLO-THIAZINE

Different functional group transformations were performed to demonstrate the
synthetic utility and practicability of 3f. First, treatment of 3f with TMSCI in the
presence of imidazole afforded 5a in 94% vyield and 96% ee in the experimental
procedure (Scheme 2.23). When compound 3f was treated with DDQ, it provided
sequential reactions such as oxidation, ring opening, C-N-bond rotation, and sulfa-
Michael addition followed by DDQ oxidation of the benzylic carbon furnished 5b in

80% vyield (Scheme 2.23).

TMSCI (3 equiv) N
DDQ (2 equw ©i imidazole (4 equiv) ©i
DCM (0.15 M) e DCM (0.15 M), rt, 4 h K

rt, 12 h OH o Me. 30
R = 2-H, 5b: 80% 3f; 98% ee 5a; 90%, 96% ee
R = 2-Br, 5b’; 60%, (+) Atropisomer >20:1 dr

Scheme 2.23 Synthetic transformation of pyrrolo-thiazine-2-carbaldehyde 3f.
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Peak Results
Name | RT Area Height | % Area | % Height

1 14.547 | 12941155 | 388529 | 50.9192 | 72.9784

2 21.107 | 12473938 | 143860 | 49.0808 | 27.0216

Sum 25415093.4 100.0000 | 100.0000

Figure 2.7 HPLC chromatogram for compound (+)-5b’
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The chiral product 3f substitution R = 2-Br in DDQ oxidation reaction provides the
oxidized product 5b" surprisingly, gives atropoisomeric product in 60% vyield, with a
racemic mixture which was successfully confirmed by chiral HPLC using chiralcel
OD-H chiral column (Figure 2.7). The plausible reaction mechanism has been

proposed in Scheme 2.24.
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Scheme 2.24 Plausible reaction mechanism for the synthesis of Sb and Sb' from 3f.

2.9 GRAM SCALE SYNTHESIS OF PYRROLO-THIAZINE (3f)

To check the scalability of this domino methodology, a gram-scale reaction was

performed using cinnamaldehyde 1a (3 mmol, 396 mg, 374 uL), benzothiazolium salt
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2f (3 mmol, 1.24 g) and DMAP (9 mmol, 1.1 g) under the optimized reaction
conditions. The reaction furnished the desired chiral product 3f in 64% yield (0.9 g)

without losing enantio- and diastereoselectivity (Scheme 2.25).

Br
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Br o Cat. C5 (20 mol%)

x ~o N® DMAP (3 equiv) N OTMS
\
+ 3 IPA (0.15 M) H cs
la S t, 120 h
2f
(3 mmol) (3 mmol) .
396 mg 1249 64% yield, 0.9 g

98% ee, 19:1 d.r.

Scheme 2.25 Gram scale synthesis of pyrrolo-thiazine-2-carbaldehyde 3f.

2.10 PLAUSIBLE REACTION MECHANISM

Based on the control experiments and DFT studies, a plausible reaction mechanism

has been proposed which is discussed in section 2.7 and shown in Scheme 2.26.
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Scheme 2.26 Plausible reaction mechanism for the synthesis of pyrrolo-thiazine-2-
carbaldehydes.
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2.11 MOLECULAR DOCKING STUDY

The pyrrolo[1,4]thiazine cores show various biological activities (Figure 1.1)!46-152

Inspired by these known molecules, an in-silico approach was investigated for the
biological activity of the synthesized chiral pyrrolo[1,2-d][1,4]thiazine-2-
carbaldehydes 3. The non-small cell line lung cancer protein (B-Raf kinase) is chosen
as the targeted protein retrieved from the protein data bank (PDB), available at
https://www.rcsb.org/ with reference ID 6B8U. The active region of the protein is
obtained by CASTP!"! and COACH meta servers.'”* The ligands were converted into
the 3D format and docked with protein using the Schrodinger software package
utilizing Maestro.!”>!7* The 3D docking pose and 2D interaction plots are visualized

using Discovery Studio.!”

A total of 23 chiral molecules were studied against RAF kinases protein anticancer;
among six chiral molecules showed better interaction with RAF kinases protein. The
binding affinities of the 23 ligands for the anticancer protein are presented in Table 2.6.
In addition to the previous literature, the amino acid residues in the active region of the
anticancer protein are Glu 501, Gln 530, Cys 532, Ser 536, Asp 594, and Phe 595. From
(Table 2.6), compounds 3j, 3n, 3y, 3v, 3g, and 3z have numerically more significant
interaction energies, with energy values of -7.9, -7.6, -7.4, -6.4, -6.3 and -6.0 kcal/mol.
The 3D docked pose and 2D interaction plots are shown in (Figure 2.8). Compound 3j
has one hydrogen bonding interaction (Cys 532) and two n—n stacking interactions (Trp
531). Compound 3j has hydrogen bonding interactions with Ser 536, n-n stacking with
Trp 531 and Phe 595, and m-alkyl interactions with ILE 463, Val 471, and Ala 481
(Figure 2.8). Compound 3n has one hydrogen bonding interaction with Ser 536 and =-
n stacking with Trp 531 and Phe 595. Specifically, compound 3n has a n-sulfur bond
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with the Trp 531 residue. Compound 3g has one n-sulfur bond (Trp 531) and three n-n

stacking interactions (Trp 531, Phe 585, and Phe 595). From table 2.6, figure 2.8 out of

23 chiral molecules, six molecules are found to have higher binding affinity against B-

Raf kinase proteins, inhibiting the active region of the kinase protein, acting as a

suitable RAF inhibitor, and it may exhibit the anticancer activity.

Table 2.6. Docking score for selected compounds

S.No. Entry Docking score S.No. Entry Docking score
1 3a -5.76 13 3o -5.26
2 3b -5.92 14 3p -5.77
3 3c -5.22 15 3q -5.71
4 3d -5.38 16 3r -5.62
5 3e -4.76 17 3s -4.94
6 3f -5.44 18 3t -4.86
7 3g -6.33 19 3u -4.56
8 3i -4.09 20 3v -6.40
9 3j -7.90 21 3x -4.58
10 3k -5.94 22 3y -7.40
11 31 -5.41 23 3z -6.09
12 3n -7.65
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Figure 2.8 a) 3D Binding pattern of 3j within the active site of 6b8u. b) 2D binding
interactions of 3j 6b8u active site. ¢) 3D Binding pattern of 3n within the active site of
6b8u. d) 2D binding interactions of 3n 6b8u active site. €) 3D Binding pattern of 3y
within the active site of 6b8u. f) 2D binding interactions of 3y 6b8u active site. g) 3D
Binding pattern of 3g within the active site of 6b8u. h) 2D binding interactions of 3g
6b8u active site. 1) 3D Binding pattern of 3v within the active site of 6b8u. j) 2D binding
interactions of 3v 6b8u active site. k) 3D Binding pattern of 3z within the active site of
6b8u. 1) 2D binding interactions of 3z 6b8u active site.

2.12 FLUORESCENT STUDIES

To explore the usefulness of pyrrolo[1,2-d][1,4]thiazine-2-carbaldehydes 3,
photophysical properties of the selected chiral molecules 3 (3¢, 3f, 3k, 3u, 3w, 3x, 3z
and 3ab) have been examined (Figure 2.9). Under UV light irradiation (352 nm),
molecules show blue fluorescence. The absorption spectra show bands at 352 nm
(Figure 2.9a), while the emission spectra exhibited bands with a maximum range of

400-550 nm (Figure 2.9b).
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Figure 2.9. (a) Absorption spectra in CH3CN (50 um) (b) Fluorescence spectra in
CH3CN (50 um) (Aex =352 nm). (¢) Fluorescence image in CH3CN (Aex = 365 nm).
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The emission of the chiral molecules has been shown fluorescence emission in the

presence of an electron-donating group at the para position (3¢ and 3ab), halogen

substitution at the para position (3f), electron-withdrawing substitution at the meta and

para position (3k, 3u, 3w, 3x) and 3-furan cinnamaldehyde substitution (3z). Due to

the fluorescent nature of these chiral molecules, we expect that they may be used for

various fluorescent organic materials.

2.13 CONCLUSION

>

The first proline-derived organocatalytic asymmetric  1,3-dipolar
cycloaddition/rearrangement  of  o,fB-unsaturated  aldehydes  with
benzothiazolium salts was accomplished for the synthesis of enantioenriched

pyrrolo[1,2-d][1,4]thiazine-2-carbaldehydes.

This domino approach yielded fluorescent emissive chiral compounds with
three contiguous stereogenic centers and one chiral quaternary carbon center

in a single step with high enantioselectivity.

This strategy works well for a wide range of functional groups, notably
aliphatic a,p-unsaturated aldehydes. DFT analysis helped us to understand the

stability of the reaction intermediates.

The formation of hydropyrrolo-thiazine intermediates V1 (refer to Figure 2.1)
is the rate-determining step in the entire catalytic cycle, which is responsible

for the formation of pyrrolo[1,2-d][1,4]thiazine-2-carbaldehydes.

An in-silico investigation indicated that pyrrolo[1,2-d][1,4]thiazine-2-

carbaldehydes might exhibit anticancer activity.
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» Owing to its biologically plausible potential, fluorescent activities, ease of
operation, and manipulation of this methodology, this asymmetric domino

reaction will find broad applications in organic synthesis.

2.14 EXPERIMENTAL SECTION

2.14.1 General information

All reactions were carried out in oven-dried reaction tubes. Benzothiazole, phenacyl
bromides, and cinnamaldehydes were purchased from Sigma-Aldrich, Spectrochem,
BLD, Carbanio, and Avra Synthesis Pvt. Ltd. The proline and DMAP were purchased
from Spectrochem, Avra Synthesis Pvt. Ltd. and used directly as received. All the
starting materials were synthesized according to the reported procedures. Reactions
were monitored by thin-layer chromatography (TLC) using Merck silica gel 60 Fasq4
precoated plates (0.25 mm) and visualized by UV fluorescence quenching using an
appropriate mixture of ethyl acetate and hexanes as eluting solvent mixtures. Silica gel
for column chromatography (particle size 100-200 mesh) was purchased from Avra
Synthesis Pvt. Ltd. and used for column chromatography using hexanes and ethyl
acetate mixture as eluent. Using a water bath, organic solutions were concentrated
under reduced pressure on a Biichi, Heidolph rotary evaporator. 'H and '3*C NMR
spectra were recorded on a Bruker 400 or 500 MHz instrument.'H NMR is reported
relative to residual CDCl;3 (8 7.26 ppm) or DMSO-ds (5 2.50 ppm). 1°C NMR is reported
close to residual CDCIl3 (8 77.16 ppm) or DMSO-ds (6 39.52 ppm). Chemical shifts
were recorded in parts per million (ppm). Multiplicities are as indicated: s (singlet,) d

(doublet,) t (triplet,) q (quartet,) quint (quintet), sext (sextet), sept (septet) dd (doublet
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of doublet,) m (multiplet,) tt (triplet of triplet,) td (triplet of doublet). The coupling

constant, J, is reported in Hertz.

Melting points were recorded on a Guna capillary melting point apparatus and were
corrected with benzoic acid as a reference. FTIR spectra were recorded on a JASCO
spectrometer and were reported in the frequency of absorption (cm™) using a dry KBr
pellet. The polarimetry was recorded in P-2000 High Accuracy Digital Polarimeter -
Jasco Inc. High-resolution mass spectra (HRMS) were recorded on Q-Tof Micro mass
spectrometer. All the single crystal X-ray data was collected with a Bruker AXS (Kappa
Apex 2) CCD diffractometer equipped with graphite monochromatic Mo (Ka) (A =
0.7107 A) radiation source. The data were collected with 100% completeness for © up
to 25°. o and ¢ scans were employed to collect the data. The frame width for @ for was
fixed to 0.5° for data collection. The crystal was solved by direct methods using Bruker
SHELXS (Sheldrick, 1997). The Structure was refined using the Bruker SHELXTL
(Version 6.12) software package. HPLC spectra were recorded on a Waters Alliance
2695 HPLC and Shimadzu SIL-20ACHT systems using the CHIRALCEL OD-H, AD-
H, and CHIRALPACK-IA columns. The cancer protein (B-Raf kinase) was retrieved
from the Protein Data Bank (PDB), available at https://www.rcsb.org/ with reference
ID 6B8U. The active region of the protein is obtained by CASTp and COACH meta
servers in addition to previous literature. The ligands were converted into 3D format
and docked with protein using the Schrodinger software package utilizing Maestro. The
3D docking pose and 2D interaction plots are visualized and are taken using Discovery

Studio.
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2.14.1 General Procedure for the Synthesis of Benzothiazolium Salts and a, -

Unsaturated Aldehydes:
1. General procedure for Synthesis of benzothiazolium salt: Benzothiazolium salts
were prepared using benzothiazole and phenacyl bromide with EtOH solvent under

reflex conditions by following the reported procedure in Scheme 2.27.!1°

o)
i B
Br r
N X EtOH (10 mL) AANE N
R >l . R Y N R
=g X reflux, 100 °C,2-12h F~g 1
R

1
Scheme 2.27 Synthesis of benzothiazolium salts

2. General procedure for Synthesis of a, f-unsaturated aldehydes: The various

unsaturated aldehydes were prepared following procedure!’®in Scheme 2.28.

1. Pd(OAc),, nBuysNOAc
K,CO3, KCI

X
X ° -
R_O/ N A/OEt DMF, reflux, 90 °C, 12-24 h -
Z OEt 2.2 N HCI, rt, 10 min
X =Br, |
Scheme 2.28 Synthesis of a, B-unsaturated aldehydes

-
\ 7/
/
o

To a stirred solution of substituted halobenzene (0.5 mmol) in 2.0 mL of DMF, were
added acrolein diethyl acetal (1.5 mmol), nBusNOAc (1.0 mmol), K2COs3 (0.75 mmol),
KCl (0.5 mmol), and Pd(OAc)> (0.015 mmol). The mixture was stirred for 12-24 h at
90 °C. After the mixture was cooled, 2 N HCI was slowly added, and the reaction
mixture was stirred at room temperature for 10 min. Then, the mixture was diluted with
ethyl acetate and washed with water. The organic layer was dried over NaxSO4 and
concentrated under reduced pressure. The residue was purified by column
chromatography using silica gel, 90/10 v/v n-hexane/ethyl acetate to give the described

substituted cinnamaldehydes a good yield in Scheme 2.29.
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Scheme 2.29 Substrates of a,B-unsaturated aldehydes

2.14.2 Typical Procedure for the Synthesis of Racemic Product of Pyrrolo-
thiazine-2-carbaldehydes

(20 mol%)

o
2 T ) Dibutyl amine (3 equiv)
R > EtOH (0.15 M), rt, 12- 24 h

Scheme 2.30 Synthesis of racemic pyrrolo-thiazine-2-carbaldehyde

To a 20 mL oven-dried reaction tube with a magnetic stir bar, piperidine (20 mol%)
EtOH (1 mL), followed by cinnamaldehyde (0.3 mmol), was added. The reaction
mixture was allowed to stir well at room temperature for one hour. To the stirred
reaction mixture, benzothiazolium salt (0.3 mmol), dibutyl amine (3 equiv), and EtOH
(1 mL) were added, and the reaction mixture was stirred well for 12 h or until the
complete consumption of both starting materials and monitored by TLC. After the
reaction was completed, the solvent was removed by rotary evaporation. The residue
was added with H20 (3 x 20 mL), and this aqueous layer was extracted with EtOAc (3
x 20 mL). The combined organic layers were washed with brine (20 mL), the extracted
organic layer was dried over Na;SO4, and the excess solvent was removed under a
vacuum. The residue was purified by column chromatography using silica gel, 70/30
v/v n-hexane/ethyl acetate, to give the desired racemic product with good yield in

Scheme 2.30.
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2.14.3 Typical Procedure for the Catalytic Enantioselective Synthesis of Chiral
Pyrrolo-thiazine-2-carbaldehydes

Br

Br o) Cat. C5 (20 mol%)
N o N\® DMAP (3 equiv)
(j/\A * s> IPA (0.15 M), rt, 72 h

Scheme 2.31 Enantioselective synthesis of chiral pyrrolo-thiazine-2-carbaldehyde

5L

N OTMS
H
C5

In a 20 mL oven-dried reaction tube with a magnetic stir bar under an open atmosphere,
chiral catalyst C5 (20 mg, 0.06 mmol) and cinnamaldehyde 1a (40 mg, 38 pL, 0.3
mmol) were dissolved in IPA (0.075 M), closed with glass-stopper, and stirred for 1
hour at room temperature. 4-bromo phenyl thiazolium salt 2a (126 mg, 0.3 mmol),
DMAP (110 mg, 0.9 mmol), and IPA (1 mL) were successively added to the reaction
mixture. TLC confirmed the completion of the reaction at 72 h. After the complete
formation of the product, the IPA was evaporated from the reaction mixture by a rotary
evaporator, and the reaction mixture was extracted with EtOAc (3%5 mL). Brine wash
(1x10 mL) was given to the combined organic extractions and dried over anhydrous
NaySO4. The residue was purified by column chromatography using silica gel, 70/30
v/v n-hexane/ethyl acetate to give the desired chiral product 3f as 85% yield, 98% ee

with >20:1 diastereoselectivity in Scheme 2.31.

2.14.4 Typical Procedure for the Gram Scale Synthesis of Chiral Pyrrolo-thiazine-
2-carbaldehydes
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Scheme 2.32 Gram scale synthesis of chiral pyrrolo-thiazine-2-carbaldehyde

In a 50 mL oven-dried round bottom flask with a magnetic stir bar under an open
atmosphere, chiral catalyst CS (195 mg, 0.6 mmol) and cinnamaldehyde 1a (396 mg,
374uL, 3 mmol) were dissolved in IPA (10 ml), closed with glass-stopper and stirred
for 1 hour at room temperature. 4-bromo phenyl thiazolium salt 2f (1.24 g, 3 mmol),
DMAP (1.1 g, 9 mmol), and IPA (10 mL) were successively added to the reaction
mixture. TLC confirmed the completion of the reaction at 120 h. After the complete
formation of the product, the IPA was evaporated from the reaction mixture by a rotary
evaporator, and the reaction mixture was extracted with EtOAc (3%20 mL). Brine wash
(1x30 mL) was given to the combined organic extractions and dried over anhydrous
NaySO4. The residue was purified by column chromatography using silica gel, 70/30
v/v n-hexane/ethyl acetate to give the desired chiral product 3f as 64% yield (0.9 g),

98% ee with >20:1 diastereoselectivity in Scheme 2.32.

2.14.5 Typical Procedure for the Synthetic Transformation of Chiral Pyrrolo-
thiazine-2-carbaldehydes to synthesis of 5a

(3S,3aS,4S)-4-(4-bromophenyl)-3-phenyl-4-((trimethylsilyl)oxy)-3a,4-dihydro-
3H-benzo[b]pyrrolo[1,2-d][1,4]thiazine-2-carbaldehyde 5a:
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Scheme 2.33 Synthetic transformation for synthesis of Sa

In a 20 mL oven-dried reaction tube with a magnetic stir bar under an open atmosphere,
chiral product 3f (76 mg, 0.15 mmol) and imidazole (61 mg, 0.9 mmol) were dissolved
in DCM (0.15 M) at 0 °C. After 10 minutes, trimethylsilyl chloride (82 mg, 100 pL,
0.75 mmol) was added to the stirred reaction mixture; this reaction mixture was allowed
to stir for 30 minutes at the same temperature. After completely consuming the starting
material, the reaction mixture was extracted with DCM (3x15 mL) and brine solution
(1x10 mL). The combined organic layer was dried over anhydrous Na>SOs and
concentrated on the crude product. The residue was purified by column
chromatography using silica gel, 80/20 v/v n-hexane/ethyl acetate to give the desired
chiral product Sa as 90% yield, 96% ee with >20:1 diastereoselectivity in Scheme 2.33.

2.14.6 Typical Procedure for the Synthetic Transformation of Chiral Pyrrolo-
thiazine-2-carbaldehydes to Synthesis of 5b

(4S,5S)-5-(4-Bromobenzoyl)-1-(2-(methylthio)phenyl)-4-phenyl-4,5-dihydro-
1H-pyrrole-3-carbaldehyde 5b

In a 20 mL oven-dried reaction tube with a magnetic stir bar under an open atmosphere,
chiral product 3f (96 mg, 0.2 mmol) was dissolved in DCM (0.15M) and stirred at room
temperature. After 5 minutes, DDQ (91 mg, 0.4mmol) was added to the stirred reaction
mixture and allowed to stir at the same temperature. TLC monitored the progress of the

reaction. After completely consuming the starting material, the reaction mixture was
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extracted with DCM (3 x15 mL) and brine solution (110 mL). The combined organic
layer was dried over anhydrous Na;SO4 and concentrated on the crude product. The
residue was purified by column chromatography using silica gel, 80/20 v/v n-
hexane/ethyl acetate to give the desired product Sb as 80% yield, and Sb' provides 60%

yield in Scheme 2.34.

H
R
Wes
Q DDQ (2 equiv)

DCM (0.15 M), rt, 12 h

3f; 98% ee

R= H; 5b; 80%
R= 2-Br; 5b’ ; 60%, Atropisomer (+)

Scheme 2.34 Synthetic transformation for the synthesis of Sb and Sb'

2.15 ANALYTICAL AND SPECTRAL DATA:

(3S,3aS,45)-4-Hydroxy-3,4-diphenyl-3a,4-dihydro-3H-benzo[b]pyrrolo[1,2-

d][1,4] thiazine-2-carbaldehyde 3a: Prepared according to general

procedure D using chiral catalyst CS. Purification of crude product @N
S

was carried out by column chromatography using hexane: EtOAc

mixture (70:30) to afford 3a as a yellow solid (75% yield, 87 mg); Ry=0.30 (40% ethyl
acetate in hexane); mp 100-102 °C; d.r. >20:1(determined by '"H NMR analysis of crude

reaction mixture).

'H NMR (400 MHz, DMSO-de) § 9.32 (s, 1H), 8.51 (s, 1H), 7.59 (d, J = 8.0 Hz, 1H),
7.56 — 7.48 (m, 2H), 7.46 — 7.36 (m, 4H), 7.25 — 7.12 (m, 2H), 7.08 — 6.95 (m, 4H),
6.37 - 6.25 (m, 2H), 4.31 (d, J= 5.6 Hz, 1H), 3.99 (d, J = 5.6 Hz, 1H); 3C NMR (100
MHz, DMSO-ds) 5 182.1, 152.8, 143.2, 139.1, 134.1, 128.5, 128.3, 128.0, 127.3,

126.7, 126.1, 125.5, 123.0, 122.1, 122.0, 117.4, 81.3, 77.3, 46.6; FTIR (neat) 3546,
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2998, 2628 1710, 1631, 1433, 749 cm’'; HRMS (ESI) calculated for C24sH20NO,S
[M+H] *: 386.1209; found: 386.1216; HPLC conditions: Chiralcel OD-H, hexane/i-
PrOH = 80:20 v/v, flow rate = 1.0 mL/min, A = 350 nm, 25 °C, tr (major) = 28.70 min,

tr (minor) = 15.82 min, 98% ee, [a]p?®!=+292.7 (c 1, CH3CN).

(3S5,3aS,45)-4-Hydroxy-3-phenyl-4-(p-tolyl)-3a,4-dihydro-3H-benzo[b]pyrrolo[1,

2-d][1,4]thiazine-2-carbaldehyde 3b: Prepared according to

general procedure D using chiral catalyst C5, purification of crude

product was carried out by column chromatography using hexane:

EtOAc mixture (70:30) to afforded 3b as a yellow solid; (60%

yield, 72 mg); Ry = 0.30 (40% ethyl acetate in hexane); mp 94-96 °C; d.r.

19:1(determined by '"H NMR analysis of crude reaction mixture).

'"H NMR (400 MHz, DMSO-ds) 6 9.32 (s, 1H), 8.50 (s, 1H), 7.58 (d, J = 8.4 Hz, 1H),
7.43 —7.31 (m, 3H), 7.26 — 7.11 (m, 4H), 7.07 — 6.95 (m, 4H), 6.41 — 6.30 (m, 2H),
4.28 (d, J = 6.0 Hz, 1H), 4.00 (d, J = 6.0 Hz, 1H), 2.36 (s, 3H); 3C NMR (100 MHz,
DMSO-ds) 6 182.1, 152.8, 143.2, 137.9, 136.2, 134.1, 128.8, 127.9, 127.2, 126.8,
126.7, 126.1, 125.5, 123.0, 122.3, 122.0, 117.4, 81.3, 77.4, 46.5, 20.7; FTIR (neat)
3541, 3004, 2637, 1705, 1636, 1439, 749 cm’'; HRMS (ESI): Calculated for
C2sH22NO2S [M+H]": 400.1366; Found 400.1377; HPLC conditions: Chiralcel OD-H,
hexane/i-PrOH = 80:20 v/v, flow rate = 1.0 mL/min, 4 = 350 nm, 25 °C, tr (major) =

24.26 min, tr (minor) = 16.00 min, 96% ee, [a]p** = +233.6 (¢ 1, CH3CN).

(35,3a5,45)-4-Hydroxy-4-(4-methoxyphenyl)-3-phenyl-3a,4-dihydro-3H-benzo[b]

pyrrolo[1,2-d][1,4]thiazine-2-carbaldehyde  3c: Prepared
according to general procedure D using chiral catalyst CS5,

purification of crude product was carried out by column

99




chromatography using hexane: EtOAc mixture (70:30) to afforded 3c as a pale yellow
solid; (72% yield, 90 mg); Ry=0.30 (50% ethyl acetate in hexane); mp 250-252 °C; d.r.

19:1(determined by '"H NMR analysis of crude reaction mixture).

'"H NMR (400 MHz, DMSO-ds) 5 9.31 (s, 1H), 8.49 (s, 1H), 7.57 (d, J = 8.4Hz, 1H),
7.40 (d, J= 8.4 Hz, 2H), 7.31 (s, 1H), 7.20 — 7.15 (m, 2H), 7.04 — 7.00 (m, 4H), 6.96
(d, J= 8.4 Hz, 2H), 6.40 — 6.34 (m, 2H), 4.26 (d, J= 5.6 Hz, 1H), 3.99 (d, J = 5.6 Hz,
1H), 3.80 (s, 3H); '3C NMR (100 MHz, DMSO-d¢) 5 182.1, 159.4, 152.8, 143.3, 134.1,
131.0 128.6, 128.0, 126.8, 126.7, 126.1, 125.5, 123.0, 122.4, 121.9, 117.4, 113.6, 81.2,
77.5, 55.3, 46.5; FTIR (neat) 3572, 2998, 1710, 1642, 1443, 749 cm™'; HRMS (ESI)
calculated for CosH2oNOsS [M+H]": 416.1315; found: 416.1320; HPLC condition:
Chiralcel OD-H, hexane/i-PrOH = 80:20 v/v, flow rate = 1.0 mL/min, A = 350 nm, 25
°C, tr (major) = 36.03 min, tr (minor) = 20.90 min, 98% ee, [0]p>"! = +249.4, (c 1.00,

CH;CN).

(35,3a5,45)-4-(4-Fluorophenyl)-4-hydroxy-3-phenyl-3a,4-dihydro-3H-benzo|[b]

pyrrolo[1,2-d][1,4]thiazine-2-carbaldehyde  3d: Prepared

according to general procedure D using chiral catalyst CS5,

purification of crude product was carried out by column

chromatography using hexane: EtOAc mixture (70:30) to afforded 3d as a yellow solid;
(80% yield, 96 mg); Ry = 0.30 (40% ethyl acetate in hexane); mp 106-108 °C; d.r.

19:1(determined by "H NMR analysis of crude reaction mixture).

'H NMR (400 MHz, DMSO-de) § 9.32 (s, 1H), 8.51 (s, 1H), 7.60 (d, J = 8.4 Hz, 1H),
7.57-7.51 (m, 2H), 7.50 (s, 1H), 7.26 — 7.13 (m, 4H), 7.08 — 6.97 (m, 4H), 6.46 — 6.40
(m, 2H), 4.36 (d, J = 6.0 Hz, 1H), 3.99 (d, J = 6.0 Hz, 1H);’3*C NMR (100 MHz,
DMSO-ds) 5 182.1, 162.1 (d, J=245.8 Hz), 152.6, 143.2, 135.4 (d, J=2.8 Hz), 134.1,
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129.6 (d, J = 8.4 Hz), 128.0, 126.8, 126.7, 126.2, 125.6, 123.0, 122.1, 122.0, 117.3,
115.1 (d, J = 21.6 Hz), 80.8, 77.3, 46.7; ’F NMR (471 MHz, DMSO-ds) 6 -113.74;
FTIR (neat) 3437, 2930, 1679, 1642, 1480, 703 cm’'; HRMS (ESI) calculated for
C24H19FNO:S [M+H]": 404.1115; found; 404.1119; HPLC condition: HPLC Chiralcel
OD-H, hexane/i-PrOH = 80:20 v/v, flow rate = 1.0 mL/min, A = 350 nm, 25 °C, tr

(major) = 27.93 min, tg (minor) = 16.00 min, 98% ee, [a]p**! = +236.6 (c 1, CH3CN).

(35,3a5,45)-4-(4-Chlorophenyl)-4-hydroxy-3-phenyl-3a,4-dihydro-3H-benzo[b]

pyrrolo[1,2-d][1,4]thiazine-2-carbaldehyde 3e: Prepared according to general

procedure D using chiral catalyst C5, purification of crude product

was carried out by column chromatography using hexane: EtOAc

mixture (70:30) to afforded 3e as a pale yellow solid; (71% yield,

92 mg); Rf=0.26 (40% ethyl acetate in hexane); mp 238-240 °C; d.r. >20:1(determined

by 'H NMR analysis of crude reaction mixture).

"H NMR (400 MHz, DMSO-ds) 6 9.32 (s, 1H), 8.51 (s, 1H), 7.60 (d, J = 8.4 Hz, 1H),
7.55—7.48 (m, 2H), 7.44 (d, J = 8.4 Hz, 2H), 7.25 — 7.14 (m, 2H), 7.06 — 7.00 (m, 4H),
6.43 (dd, J = 3.6, 2.0 Hz, 2H), 4.37 (d, J = 6.0 Hz, 1H), 3.98 (d, J = 6.0 Hz, 1H); 1*C
NMR (100 MHz, DMSO-d¢) 6 182.1, 152.5, 143.1, 138.2, 134.1, 133.3,129.2, 128.2,
128.0, 126.8, 126.7, 126.2, 125.6, 123.0, 122.1, 121.8, 117.3, 80.7, 77.1, 46.7; FTIR
3541, 3004, 1705, 1642, 1443, 755 cm™'; HRMS (ESI) calculated for C24H;s*’CINO,S
[M+H]": 422.0790; found: 422.0802; HPLC condition: Chiralcel OD-H, hexane/i-
PrOH = 80:20 v/v, flow rate = 1.0 mL/min, A = 350 nm, 25 °C, tr (major) = 26.60 min,

tr (minor) = 17.10 min, 98% ee, [a]p?*! = +462.9 (¢ 1, CH3CN).
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(35,3a8,45)-4-(4-Bromophenyl)-4-hydroxy-3-phenyl-3a,4-dihydro-3 H-

benzo|b]pyrrolo[1,2-d][1,4]thiazine-2-carbaldehyde 3f: Prepared according to

general procedure D using chiral catalyst C5, purification of crude

product was carried out by column chromatography using hexane:

EtOAc mixture (70:30) to afforded 3f as a yellow solid; (86% yield,

119 mg); Ry=10.30 (40% ethyl acetate in hexane); mp 214 - 216 °C; d.r. 19:1(determined

by 'H NMR analysis of crude reaction mixture).

'"H NMR (400 MHz, DMSO-ds) 6 9.31 (s, 1H), 8.51 (s, 1H), 7.62 -7.56 (m, 3H), 7.51
(s, 1H), 7.44 (d, J = 8.0 Hz, 2H), 7.25 — 7.15 (m, 2H), 7.07 — 6.99 (m, 4H), 6.45 — 6.39
(m, 2H), 4.35 (d, J = 6.0 Hz, 1H), 3.96 (d, J = 6.0 Hz, 1H); 3C NMR (100 MHz,
DMSO-ds) 6 182.2, 152.6, 143.1, 138.7, 134.1, 131.2, 129.5, 128.0, 126.8, 126.7,
126.2, 125.7, 123.1, 122.1, 122.0, 121.8, 117.3, 80.8, 77.1, 46.8; FTIR (neat) 3484,
2925, 2857, 1710, 1642, 1417, 749 cm™'; HRMS (ESI) calculated for Co4H 63! BrINO,S
[M+H]": 466.0294; found: 466.0305; HPLC condition: Chiralcel OD-H, hexane/i-
PrOH = 80:20 v/v, flow rate = 1.0 mL/min, 2 = 350 nm, 25 °C, tr (major) = 29.26 min,

tr (minor) = 17.90 min, 98% ee, [a]p**! =+298.7 (¢ 1, CH3CN).

(35,3a5,45)-4-Hydroxy-4-(2-methoxyphenyl)-3-phenyl-3a,4-dihydro-3H-benzo[b]

pyrrolo[1,2-d][1,4]thiazine-2-carbaldehyde 3g: Prepared according to general

procedure D using chiral catalyst CS, purification of crude product

was carried out by column chromatography using hexane: EtOAc

mixture (60:40) to afforded 3g as a yellow solid, (76% yield, 95 mg);

39

R;=0.30 (50% ethyl acetate in hexanes); mp 96-98 °C; d.r. = >20:1(determined by 'H

NMR analysis of crude reaction mixture).
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'"H NMR (400 MHz, DMSO-ds) 6 9.28 (s, 1H), 8.49 (s, 1H), 7.88 (d, J = 7.6 Hz, 1H),
7.46 —7.7.37 (m, 1H), 7.24 (s, 1H), 7.21 — 7.05 (m, 6H), 7.01 (t, J= 7.6 Hz, 1H), 6.79
(d, /=8.0 Hz 1H), 6.47 (dd, J= 3.6, 2.4 Hz, 2H), 5.11 (d, /= 6.0 Hz, 1H), 3.80 (, J =
6.4 Hz, 1H), 3.01(s, 3H); 3C NMR (100 MHz, DMSO-de) 5 182.9, 155.8, 152.4,
143.6, 134.2, 130.7, 128.9. 128.0, 126.9, 126.5, 126.1, 126.0, 125.2, 123.1, 122.4,
122.3,120.1,117.3,111.9, 80.1, 72.9, 54.5, 47.3; FTIR 3551, 3004, 2628, 1714, 1636,
1448, 755 cm™'; HRMS (ESI) calculated for C2sH22NOsS [M+H]": 416.1315; found:
416.1320; HPLC condition: Chiralcel OD-H, hexane/i-PrOH = 80:20 v/v, flow rate =
1.0 mL/min, A = 350 nm, 25 °C tr (major) = 28.51 min, tr (minor) = 18.94 min, 96%

ee, [a]p?*! =+338.4 (c 0.1, CH5CN).

(3S,3a8,45)-4-Hydroxy-4-(3-methoxyphenyl)-3-phenyl-3a,4-dihydro-3H-benzo[b]
pyrrolo[1,2-d][1,4]thiazine-2-carbaldehy 3h: Prepared according

to general procedure D using chiral catalyst C5, purification of

crude product was carried out by column chromatography using

OMe

hexane: EtOAc mixture (70:30) to afford 3h as a pale yellow solid;
81% yield (100 mg); Ry = 0.30 (60% ethyl acetate in hexane); mp 96-98 °C d.r.

>20:1(determined by 'H NMR analysis of crude reaction mixture).

'H NMR (400 MHz, DMSO-ds) 5 9.31(s, 1H), 8.51 (s, 1H), 7.60 (d, J = 8.4 Hz, 1H),
7.39 (s, 1H), 7.35 — 7.25 (m, 1H), 7.25 — 7.15 (m, 3H), 7.10 — 6.95 (m, 6H), 6.40 — 6.30
(m, 2H), 4.36 (d, J = 5.6 Hz, 1H), 3.98 (d, J = 6.0 Hz, 1sH), 3.67 (s, 3H); 3C NMR
(100 MHz, DMSO-de) 5 182.1, 159.3, 152.5, 143.2, 140.7, 134.1, 129.3, 127.9, 126.8,
126.7, 126.0, 125.5, 122.9, 122.0, 121.0, 119.4, 117.3, 114.2, 112.9, 81.0, 77.2, 55.1,
46.6; FTIR (neat) 3436, 2955, 2854, 1622, 1565, 1485, 747 cm™'; HRMS (ESI)

calculated for C2sH2oNOsS [M+H]": 416.1315; found: 416.1350; HPLC condition:
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HPLC Chiralcel OD-H, hexane/i-PrOH = 70:30 v/v, flow rate = 1.0 mL/min, A = 350
nm, 25 °C, tr (major) = 17.23, tr (minor) = 11.80 min, 98% ee, [a]p**'=+338.5 (¢ 0.1,

CH:CN).

(35,3aS,45)-4-(3,4-Dimethoxyphenyl)-4-hydroxy-3-phenyl-3a,4-dihydro-3 H-

benzo [b]pyrrolo[1,2-d][1,4]thiazine-2-carbaldehyde 3i: Prepared according to

general procedure D using chiral catalyst C5, purification of crude

product was carried out by column chromatography using hexane:

EtOAc mixture (60:40) to afford 3i as a orange solid; (60% yield,

OMe

80 mg); Rr=0.40 (60% ethyl acetate in hexane); mp 240-242 °C; d.r. >20:1 (determined

by 'H NMR analysis of crude reaction mixture).

'"H NMR (400 MHz, DMSO-ds¢) 6 9.31 (s, 1H), 8.50 (s, 1H), 7.58 (d, J = 8.4 Hz, 1H),
7.34—-7.29 (m, 1H), 7.23 —7.17 (m, 1H), 7.17 - 7.12 (m, 1H), 7.09 (d, /= 8.4 Hz, 1H),
7.05 — 6.96 (m, 5H), 6.91 (s, 1H), 6.46 — 6.39 (m, 2H), 4.40 (d, /= 6.0 Hz, 1H), 3.98
(d, J = 6.0 Hz, 1H), 3.79 (s, 3H), 3.52 (s, 3H); *C NMR (100 MHz, DMSO-ds) &
182.2, 152.7, 149.1, 148.6, 143.4, 134.2, 131.4, 127.9, 127.0, 126.7, 126.1, 125.5,
123.1, 122.5, 121.9, 119.8, 117.3, 111.4, 111.1, 81.1, 77.4, 55.8, 55.5, 46.7; FTIR
(neat) 3525, 2998, 1642, 1485, 1036, 917, 755 cm’'; HRMS (ESI) calculated for
Ca6H24NO4S [M+H]": 446.1421; found: 446.1427; HPLC condition: Chiralcel OD-H
hexane/i-PrOH = 80:20 v/v, flow rate = 1.0 mL/min, 4 = 350 nm, 25 °C, tr (major) =

41.52, tr (minor) = 25.50 min, >99% ee, [a]p*’ = +299.5 (c 1, CH3CN).
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(35,3aS,4S)-4-([1,1'-Biphenyl]-4-yl)-4-hydroxy-3-phenyl-3a,4-dihydro-3H-benzo

[b]pyrrolo[1,2-d][1,4]thiazine-2-carbaldehyde 3j: Prepared according to general

procedure D using chiral catalyst CS5, purification of crude
product was carried out by column chromatography using

hexane: EtOAc¢ mixture (60:40) to afford 3j as a orange solid;

(55% yield, 75 mg); Ry=0.30 (40% ethyl acetate in hexane); mp

202-204 °C; d.r. >20:1 (determined by "H NMR analysis of crude reaction mixture).

'"H NMR (400 MHz, DMSO-ds) 6 9.34 (s, 1H), 8.53 (s, 1H), 7.75 — 6.65 (m, 4H), 7.65
—6.57 (m, 3H), 7.50 (dd, J= 7.2, 4.8 Hz, 3H), 7.41 (t, J= 7.6 Hz, 1H), 7.21 (dd, J =
8.4, 8.0 Hz, 2H), 7.08 — 6.91 (m, 4H), 6.38 (d, /= 7.2 Hz, 2H), 4.35 (d, /= 5.6 Hz, 1H),
4.04 (d,J=5.6 Hz, 1H); 3C NMR (100 MHz, DMSO-ds) 5 182.1, 152.7, 143.2, 140.4,
139.6, 138.2, 134.2, 129.0, 127.9, 127.7, 126.8, 126.8, 126.6, 126.1, 125.6, 123.0,
122.0,122.0, 117.3, 81.1, 77.5, 46.7; FTIR(neat) 3541, 3004, 2628, 1710, 1642, 1439,
744 cm’'; HRMS (ESI) calculated for C3oH24NO>S [M+H]": 462.1522; found:
462.1527; HPLC condition: HPLC Chiralcel OD-H, hexane/i-PrOH = 80:20, v/v, flow
rate = 1.0 mL/min, A =350 nm, 25 °C, tr (major) = 31.02, tr (minor) = 23.64 min, 98%

ee, [0]p2 = +328.4 (c 0.1, CH5CN).

(3S5,3aS5,45)-4-Hydroxy-4-(4-nitrophenyl)-3-phenyl-3a,4-dihydro-3H-benzo|[b]

pyrrolo[1,2-d][1,4]thiazine-2-carbaldehyde 3k: Prepared according to general
procedure D using chiral catalyst C5, purification of crude product

was carried out by column chromatography using hexane: EtOAc

mixture (60:40) to afforded 3k as a yellow solid; (78% yield, 101

mg); Ry=0.30 (60% ethyl acetate in hexane); mp 246-248 °C; d.r. >20:1(determined

by 'H NMR analysis of crude reaction mixture).
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'"H NMR (400 MHz, DMSO-ds) 5 9.32 (s, 1H), 8.54 (s, 1H), 8.26 - 8.10 (m, 2H), 7.85
—7.76 (m, 3H), 7.67 — 7.55 (m, 1H), 7.32 — 7.13 (m, 2H), 7.12 — 6.90 (m, 4H), 6.51 —
6.30 (m, 2H), 4.48 (d, J = 6.0 Hz, 1H), 3.97 (d, J= 6.0 Hz, 1H); '3C NMR (100 MHz,
DMSO-ds) 6 182.2, 152.4, 147.4, 146.5, 142.8, 134.2, 128.9, 128.1, 126.8, 126.7,
126.2, 125.8, 123.3, 123.1, 122.2, 121.2, 117.3, 80.6, 76.8, 46.9; FTIR (neat) 3551,
3004, 2628, 1710, 1636, 1443, 749 cm™'; HRMS (ESI) calculated for C24H19N>04S
[M+H] *: 431.1060; found: 431.1064; HPLC condition: Chiralcel OD-H, hexane/ i-
PrOH = 80:20, flow rate = 1.0 mL/min, A = 350 nm, 25 °C, tr (major) = 37.51 min, tg

(minor) = 26.63 min, 96% ee, [o]p?®!=+312.6 (c 1, CH3CN).

(35,3a5,45)-2-Formyl-4-hydroxy-3-phenyl-3a,4-dihydro-3H-benzo|b]|pyrrolo[1,2-

d][1,4] thiazinyl) benzonitrile 31: Prepared according to general
procedure D using chiral catalyst C5, purification of crude product

was carried out by column chromatography using hexane: EtOAc

mixture (60:40) to afford 31 as a yellow solid (92% yield, 113 mg); Ry=0.30 (50% ethyl
acetate in hexanes); mp 114 - 116 °C; d.r. >20:1(determined by '"H NMR analysis of

crude reaction mixture).

'"H NMR (400 MHz, DMSO-ds¢) 6 9.31 (s, 1H), 8.51 (s, 1H), 7.60 (d, J = 8.4 Hz, 1H),
7.54 — 7.48 (m, 3H), 7.45 (d, J = 8.4 Hz, 2H), 7.26 — 7.14 (m, 2H), 7.07 — 6.98 (m,
4H), 6.42 (dd, J=4.0, 2.0 Hz, 2H), 4.36 (d, /= 6.4 Hz, 1H), 3.96 (d, J = 6.0 Hz, 1H);
13C NMR (100 MHz, DMSO-ds) 6 182.3, 152.4, 144.6, 142.9, 134.2, 132.2, 128.4,
128.1, 126.9, 126.7, 126.3, 125.8, 123.1, 122.2, 121.4, 118.6, 117.3, 111.3, 80.7, 76.8,
46.9; FTIR (neat) 3551, 3004, 2623, 1714, 1642, 1433, 744 cm !; HRMS (ESI)
calculated for C2sHi9N202S [M+H] ™: 411.1162; found: 411.1164; HPLC condition:

Chiralcel OD-H, hexane/ i-PrOH = 80:20 v/v, flow rate = 1.0 mL/min, A = 350 nm, 25
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°C, tg (major) = 33.80 min, tr (minor) = 25.80 min, 98% ee, [a]p?*! = +174.1 (c 1,

CH:CN).

(35,3a5,45)-4-Hydroxy-3-phenyl-4-(4-(trifluoromethyl)phenyl)-3a,4-dihydro-3 H-

benzo[b]pyrrolo[1,2-d][1,4]thiazine-2-carbaldehyde 3m: Prepared according to
general procedure D using chiral catalyst C5, purification of crude

product was carried out by column chromatography using hexane:

EtOAc mixture (60:40) to afford 3m as an orange solid; (80%

yield, 110 mg); Ry = 0.26 (40% ethyl acetate in hexane); mp 94-96 °C; d.r. >20:1

(determined by '"H NMR analysis of crude reaction mixture).

'"H NMR (400 MHz, DMSO-ds) 6 9.31 (s, 1H), 8.54 (s, 1H), 7.77 — 7.70 (m, 4H), 7.68
(s, IH), 7.62 (d, J = 8.0 Hz, 1H), 7.27 — 7.15 (m, 3H), 7.05 —6.90 (m, 4H), 6.34 (d, J
=7.6 Hz, 2H), 4.41 (d, J= 6.4 Hz, 1H), 3.95 (d, J= 6.4 Hz, 1H); 3C NMR (100 MHz,
DMSO-ds) 6 182.3,152.4, 143.8, 143.0, 134.2,129.2(q J=32 Hz), 128.3, 127.9, 126.8,
126.8, 126.2, 125.8 124.1 (q, J =270 Hz), 125.2 (q, J= 3.4 Hz), 123.1, 122.1, 121 .4,
117.3.80.6,77.2,46.9;”F NMR (471 MHz, CDCl3) § -62.7; FTIR (neat) 3444, 2924,
2853, 1695, 1474, 1179, 757 cm’'; HRMS (ESI) calculated for C2sH19F3NO,S [M+H]
*: 454.1083; found: 454.1087; HPLC condition: Chiralcel OD-H, hexane/ i-PrOH =
80:20 v/v, flow rate = 0.7 mL/min, 4 = 350 nm, 25 °C, tr (major) = 28.84, tr (minor) =

21.82 min, 99% ee, [0]p?*! =+211.80 (c 0.5, CH3CN).

(3S5,3aS,45)-4-Hydroxy-4-(naphthalen-2-yl)-3-phenyl-3a,4-dihydro-3H-benzo|b]

pyrrolo[1,4]thiazine-2-carbaldehyde 3n: Prepared according to
general procedure D using chiral catalyst C5, purification of crude

product was carried out by column chromatography using hexane:

EtOAc mixture (60:40) to afford 3n as a orange solid; (50% yield,
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60 mg); Ry=0.40 (40% ethyl acetate in hexane); mp 226-228 °C; d.r. >20:1 (determined

by 'H NMR analysis of crude reaction mixture).

'TH NMR (400 MHz, DMSO-ds) 6 9.31 (s, 1H), 8.52 (s, 1H), 8.20 (s, 1H), 8.05 — 7.95
(m, 2H), 7.86 (d, J= 6.8 Hz, 1H) 7.65 — 7.55 (m, 4H), 7.46 (d, /= 7.2 Hz, 1H), 7.25 —
7.15 (m, 2H), 6.93 (t,J= 6.0 Hz, 1H), 6.82 (t, /= 6.0 Hz, 2H), 6.22 (d, J= 5.6 Hz, 2H),
4.46 (d, J= 4.4 Hz, 1H), 4.04 (d, J = 4.4 Hz, 1H); '3C NMR (100 MHz, DMSO-ds) &
182.2, 152.9, 143.0, 136.6, 134.3, 132.7, 132.4, 128.4, 128.0, 127.9, 127.5, 126.9,
126.8, 126.7, 126.7, 126.1, 125.6, 124.8, 123.2, 122.3, 122.1, 117.5, 81.7, 77.0, 46.7;
FTIR (neat) 3577, 3004, 2623, 1710, 1636, 1443, 755 cm™'; HRMS (ESI) calculated
for C2sH22NO,S [M+H] *: 436.1366; found: 436.1371; HPLC condition: Chiralcel OD-
H, hexane/ i-PrOH = 50:50 v/v, flow rate = 1.0 mL/min, 2 = 350 nm, 25 °C, tr (major)

= 19.42 min, tr (minor) = 8.54 min, 96% ee, [a]p**! =+157.4 (c 1, CH3CN).

(35,3a5,45)-4-(4-Chlorophenyl)-4-hydroxy-3-(p-tolyl)-3a,4-dihydro-3 H-benzo|[b]

pyrrolo[1,2-d][1,4]thiazine-2-carbaldehyde 30: Prepared according to general

procedure D using chiral catalyst CS, purification of crude

product was carried out by column chromatography using

hexane: EtOAc mixture (70:30) to afford 30 as a yellow solid;

60% yield, 76 mg); Ry= 0.30 (40% ethyl acetate in hexane); mp 138 — 140 °C; d.r.
S

>20:1(determined by 'H NMR analysis of crude reaction mixture).

'H NMR (400 MHz, DMSO-ds) 5 9.33 (s, 1H), 8.48 (s, 1H), 7.65 — 7.40 (m, 6H), 7.27
—7.10 (m, 2H), 7.07 — 6.95 (m,1H), 6.84 (d, J = 7.6 Hz, 2H), 6.31 (d, J = 7.6 Hz, 2H),
431 (d, J= 6.0 Hz, 1H), 3.97 (d, J = 5.6 Hz, 1H), 2.15 (s, 3H); *C NMR (100 MHz,
DMSO-ds) & 182.2, 152.6, 140.2, 138.3, 135.2, 134.2, 133.4, 129.3, 128.7, 128.3,

126.7, 125.7, 123.1, 122.3, 121.9, 117.4, 80.9, 77.2, 46.3, 20.6; FTIR (neat) 3441,
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2962, 1631, 1558, 1417, 740 cm'; HRMS (ESI) calculated for CasH21*’CINO,S
[M+H]": 436.0947; found: 436.0963; HPLC condition: Chiralcel OD-H hexane/i-
PrOH = 80:20 v/v, flow rate = 1.0 mL/min, 4 = 350 nm, 25 °C, tr (major) = 24.60, tr

(minor) = 17.24 min, 92% ee, [0]p**=+311.8 (c 1, CH3CN).

(35,3a5,45)-4-(4-Chlorophenyl)-4-hydroxy-3-(4-methoxyphenyl)-3a,4-dihydro-

3H-benzo[b]pyrrolo[1,2-d][1,4]thiazine-2-carbaldehyde 3p: Prepared according to

general procedure D using chiral catalyst C5, purification of

crude product was carried out by column chromatography using

hexane: EtOAc mixture (60:40) to afford 3p as a pale yellow

solid; (70% yield, 94 mg); Ry= 0.30 (40% ethyl acetate in hexane); mp 196 — 198 °C;

d.r. =>20:1(determined by 'H NMR analysis of crude reaction mixture).

'"H NMR (400 MHz, DMSO-ds) 5 9.31 (s, 1H), 8.46 (s, 1H), 7.58 (d, J = 8.0 Hz, 1H),
7.55 - 7.45 (m, 6H), 7.25 - 7.15 (m, 2H), 7.02 (t, /= 7.6 Hz, 1H), 6.58 (d, J = 8.4 Hz,
2H), 6.34 (d, J = 8.0 Hz, 2H), 3.92 (d, J = 6.0 Hz, 1H), 3. 64 (s, 3H); 3C NMR (100
MHz, DMSO-ds) 6 182.2, 157.6, 152.4, 138.3, 135.2, 134.2, 133.4, 129.3, 128.3,
127.8, 126.7, 125.7, 123.1, 122.3, 121.8, 117.3, 113.4, 80.8, 77.2, 54.9, 45.9; FTIR
(neat) 3614, 3008, 2628, 1710, 1636, 1443, 749 cm™'; HRMS (ESI) calculated for
C2sHa1’CINOsS [M+H]": 452.0896; found: 452.0904; HPLC condition: Chiralcel OD-
H hexane/i-PrOH = 70:30 v/v, flow rate = 1.0 mL/min, 2 = 350 nm, 25 °C, tr (major) =

26.95, tr (minor) = 13.0 min, 98% ee, [0]p*">=+342.5 (c 1, CH3CN).

(35,3a5,45)-4-(4-Chlorophenyl)-3-(4-fluorophenyl)-4-hydroxy-3a,4-dihydro-3 H-

benzo|b]pyrrolo[1,2-d][1,4]thiazine-2-carbaldehyde 3q:
Prepared according to general procedure D using chiral catalyst

CS5, purification of crude product was carried out by column
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chromatography using hexane: EtOAc mixture (70:30) to afford 3q as a pale yellow
solid; (80% yield, (105 mg); Ry=0.30 (40% ethyl acetate in hexane); mp 232-234 °C;

d.r. >20:1(determined by '"H NMR analysis of crude reaction mixture).

'"H NMR (400 MHz, DMSO-ds) 5 9.30 (s, 1H), 8.52 (s, 1H), 7.33 (d, /= 8.4 Hz, 1H),
7.56 —7.47 (m, 3H), 7.44 d, J = 8.4 Hz, 2H), 7.25 — 7.15 (m, 2H), 7.03 (t, /= 7.6 Hz,
1H), 6.85 (t, J = 8.8 Hz, 2H), 6.50 — 6.45 (m, 2H), 4.42 (d, /= 6.4 Hz, 1H), 3.97 (d, J
= 6.4 Hz, 1H); 3C NMR (100 MHz, DMSO-d¢) 6 182.2, 160.6 (d, J = 241.9 Hz),
152.4, 139.2, 138.2, 134.1, 133.4, 129.2, 128.7 (d, J = 8.0 Hz), 128.3, 126.7, 125.7,
123.1, 121.9, 121.8, 117.3, 114.7 (d, J = 21.3 Hz), 80.6, 77.0, 46.1; ’F NMR (471
MHz DMSO-ds) 5 -116.8; FTIR (neat) 3536, 2998, 1710, 1636, 1443, 744 cm;
HRMS (ESI) calculated for C24H;s*’CIFNO,S [M+H]": 440.0696; found: 440.0713;
HPLC condition: Chiralcel OD-H, hexane/i-PrOH = 80:20 v/v, flow rate = 1.0 mL/min,
4 =350 nm, 25 °C tg (major) = 25.60, tr (minor) = 17.84 min, 98% ee, [0]p*" = +293.3

(c 1, CHsCN).

(3S5,3aS,45)-4-(4-Bromophenyl)-3-(4-chlorophenyl)-4-hydroxy-3a,4-dihydro-3 H-

benzo[b]pyrrolo[1,2-d][1,4]thiazine-2-carbaldehyde 3r: Prepared according to

general procedure D using chiral catalyst CS, purification of

crude product was carried out by column chromatography using

hexane: EtOAc mixture (70:30) to afford 3r as a pale yellow

solid; (79% yield, 130 mg); Ry= 0.30 (40% ethyl acetate in hexane); mp 234-236 °C;

d.r. >20:1(determined by '"H NMR analysis of crude reaction mixture).

'H NMR (400 MHz, DMSO-de) & 9.30 (s, 1H), 8.53 (s, 1H), 7.58 (d, J = 7.2 Hz, 4H),
7.44 (d, J = 8.4 Hz, 2H), 7.27 — 7.13 (m, 2H), 7.12 — 6.97 (m, 3H), 6.45 (d, J = 8.0 Hz,

2H), 4.42 (d, J= 6.4 Hz, 1H), 3.96 (d, J = 6.4 Hz, 1H); *C NMR (100 MHz, DMSO-
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de) 6 182.2,152.5, 142.1, 138.6, 134.1, 131.2, 130.8, 129.5, 128.8, 127.9, 126.7, 125.7,
123.1, 122.1, 121.8, 121.7, 117.3, 80.6, 76.8, 46.3; FTIR (ATR) 3603, 2998, 2628,
1714, 1636, 1443, 749 cm™'; HRMS (ESI) calculated for C2sH17*’CI3!BrNO,S [M+H]":
501.9875; found: 501.9883; HPLC condition: Chiralcel OD-H, hexane/i-PrOH = 80:20
v/v, flow rate = 1.0 mL/min, 4 =350 nm, 25 °C, tg (major) = 29.41, tr (minor) =21.31

min, 98% ee, [o]p>*! =+123.0 (c 1, CH;CN).

(3S5,3aS,45)-3,4-Bis(4-bromophenyl)-4-hydroxy-3a,4-dihydro-3H-

benzo|b]pyrrolo[1,2-d][1,4|thiazine-2 carbaldehyde 3s:

Prepared according to general procedure D using chiral catalyst

C5, purification of crude product was carried out by column

chromatography using hexane: EtOAc mixture (70:30) to afford
as a pale yellow solid; (88% yield, (143 mg); Ry= 0.30 (40% ethyl acetate in hexane);

mp 234-236 °C; d.r. >20:1(determined by '"H NMR analysis of crude reaction mixture).

"H NMR (400 MHz, DMSO-ds) 6 9.29 (s, 1H), 8.54 (s, 1H), 7.65 — 7.52 (m, 4H), 7.44
(d, J=8.0 Hz, 1H), 7.27 — 7.12 (m, 4H), 7.03 (t, /= 7.6 Hz, 1H), 6.39 (d, J = 8.0 Hz,
1H), 4.43 (d, J= 6.4 Hz, 1H), 3.94 (d, J = 6.4 Hz, 1H); 3C NMR (100 MHz, DMSO-
de) 6 182.1, 152.5, 142.4, 138.6, 134.1, 131.2, 130.8, 129.5, 129.2, 126.7, 125.7, 123.1,
122.1, 121.8, 121.6, 119.3, 117.3, 80.6, 76.6, 46.3; FTIR (neat) 3447, 2925, 1636,
1480, 1224, 814, 740 cm™'; HRMS (ESI) calculated for C24sH;78'Br¥' BrNO,S [M+H]":
545.9379; found:545.9387; HPLC condition: HPLC Chiralcel OD-H, hexane/i-PrOH
= 80:20 v/v, flow rate = 1.0 mL/min, 2 = 350 nm, 25 °C, tr (major) = 34.44, tr (minor)

=25.50 min, 98% ee, [a]p**! =+408.3 (c 1, CH3CN).
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(35,3a8,45)-4-(4-Chlorophenyl)-3-(4-(dimethylamino)phenyl)-4-hydroxy-3a,4-

dihydro-3-H-benzo|b|pyrrolo[1,2-d][1,4]thiazine-2-carbaldehyde 3t: Prepared

according to general procedure D using chiral catalyst C5,

purification of crude product was carried out by column @N
S

chromatography using hexane: EtOAc mixture (60:40) to

afford 3t as a orange solid; (71% yield, 91 mg); Ry = 0.40 (40 % ethyl acetate in
hexane); mp 138-140 °C; d.r. > 20:1 (determined by 'H NMR analysis of crude reaction

mixture).

'"H NMR (400 MHz, DMSO-ds) 6 9.30 (s, 1H), 8.42 (s, 1H), 7.57 (d, J = 8.4 Hz, 1H),
7.54 —7.42 (m, 5H), 7.24 — 7.12 (m, 2H), 7.02 (t, /= 7.6 Hz, 1H), 6.38 (d, J = 8.4 Hz,
2H), 6.23 (d, J = 8.4 Hz, 1H), 4.26 (d, J= 5.6 Hz, 1H), 3.86 (d, J= 5.6 Hz, 1H), 2.77
(s, 6H); 3C NMR (100 MHz, DMSO-ds) 5 182.2, 152.4, 148.9, 138.4, 134.3, 133.3,
130.8, 129.3, 128.2, 127.2, 126.7, 125.7, 123.0, 122.6, 121.9, 117.4, 112.2, 81.0, 77 .4,
65.0, 45.7; FTIR (neat) 3614, 3004, 2623, 1714, 1631, 1448, 749 cm™'; HRMS (ESI)
calculated for Ca¢H24*’CIN,02S [M+H] ™1 465.1212; found: 465.1225; HPLC
condition: Chiralcel OD-H, hexane/i-PrOH = 70:30 v/v, flow rate = 1.0 mL/min, A =
350 nm, 25 °C, tr (major) = 21.40, tg (minor) = 12.54 min, 98% ee, [a]p>*?=+490.1 (c

0.1, CHsCN).

(3S5,3aS,45)-4-(4-Chlorophenyl)-4-hydroxy-3-(4-nitrophenyl)-3a,4-dihydro-3 H-

benzo|b]|pyrrolo[1,2-d][1,4]thiazine-2-carbaldehyde 3u: Prepared according to

general procedure D using chiral catalyst C5, purification of

crude product was carried out by column chromatography using

hexane: EtOAc mixture (60:40) to afford 3u as a yellow solid;
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(77% yield, 107 mg); Ry = 0.40 (40% ethyl acetate in hexane); mp 270-272 °C; d.r.

>20:1(determined by 'H NMR analysis of crude reaction mixture).

'H NMR (400 MHz, DMSO-ds) 5 9.29 (s, 1H), 8.61 (s, 1H), 7.90 (d, J= 8.0 Hz, 2H),
7.66 —7.59 (m, 2H), 7.50 (d, J = 8.0 Hz, 2H), 7.42 (d, J = 8.4 Hz, 2H), 7.26 — 7.16 (m,
2H), 7.04 (t, J= 7.6 Hz, 1H), 6.75 (d, J = 8.4 Hz, 2H), 4.59 (d, J = 6.4 Hz, 1H), 4.10
(d, J = 6.8 Hz, 1H); ¥*C NMR (100 MHz, DMSO-ds) & 182.1, 152.6, 150.7, 145.9,
138.1, 134.0, 133.6, 129.1, 128.4, 128.3, 126.8, 125.8, 123.2, 123.1, 121.7, 121.2,
117.3, 80.3, 76.5, 46.9; FTIR (neat) 3546, 3004, 2633, 1710, 1642, 1443, 755 cm™’;
HRMS (ESI) calculated for C24His*’CIN204S [M+H]": 467.0641; found: 467.0646;
HPLC condition: HPLC Chiralcel OD-H, hexane/ i-PrOH = 80:20 v/v, flow rate = 1.0
mL/min, A =350 nm, 25 °C, tr (major) = 35.82, tr (minor) = 18.90 min, 88% ee, [a]p>*>

= +78.7 (¢ 1, CHsCN).

(3S,3a8,45)-4-(4-Chlorophenyl)-2-formyl-4-hydroxy-3a,4-dihydro-3H-benzo[b]

pyrrolo[1,2-d][1,4]thiazine-3-yl)benzonitrile 3v: Prepared according to general

procedure D using chiral catalyst C5, purification of crude

product was carried out by column chromatography using

hexane: EtOAc mixture (60:40) to afford 3v as a yellow solid;
(75% yield, 100 mg); Ry = 0.40 (40% ethyl acetate in hexane); mp 254-256 °C; d.r.

>20:1(determined by 'H NMR analysis of crude reaction mixture).

'H NMR (400 MHz, DMSO-de) & 9.29 (s, 1H), 8.59 (s, 1H), 7.08 (d, J = 6.0 Hz, 2H),
7.54 —7.45 (m, 4H), 7.42 (d, J = 8.0 Hz, 2H), 7.30 — 7.13 (m, 2H), 7.10 — 6.95 (m, 2H),
6.67 (d, J= 7.6 Hz, 2H), 4.54 (d, J = 6.8 Hz, 1H), 4.03 (d, J = 6.4 Hz, 1H); ’C NMR
(100 MHz, DMSO-de) & 182.0, 152.6, 148.6, 138.1, 134.0, 133.5, 131.9, 129.1, 128.3,

128.2, 126.7, 125.7, 123.2, 121.7, 121.2, 118.8, 117.3, 109.0, 80.4, 76.5, 47.1; FTIR
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(neat) 3541, 3004, 2635, 1736, 1636, 1439, 744 cm™'; HRMS (ESI) calculated for
C25Hi15>’CIN20,S [M+H]": 447.0743; found: 447.0751; HPLC condition: Chiralcel
OD-H, hexane/ i-PrOH = 80:20 v/v, flow rate = 1.0 mL/min, A = 350 nm, 25 °C, tg

(major) = 22.0, tr (minor) = 15.30 min, 94% ee, [a]p?!=+599.9 (c 1, CH3CN).

(3S,3a8,45)-3-(4-Formylphenyl)-4-hydroxy-4-phenyl-3a,4-dihydro-3H-benzo[b]

pyrrolo[1,2-d][1,4] thiazine-2-carbaldehyde 3w: Prepared according to general

procedure D using chiral catalyst C5, purification of crude

product was carried out by column chromatography using

hexane: EtOAc mixture (70:30) to afford 3w as a pale yellow

solid; (76% yield 94 mg); Ry= 0.40 (50% ethyl acetate in hexane); mp 196-198 °C d.r.

>20:1(determined by 'H NMR analysis of crude reaction mixture).

'"H NMR (400 MHz, DMSO-ds) 5 9.84 (s, 1H), 9.31 (s, 1H), 8.59 (s, 1H), 7.61 (d, J
= 8.4Hz, 1H), 7.56 — 7.46 (m, 5H), 7.34 (d, /= 6.4 Hz, 3H), 7.25 — 7.15 (m, 2H), 7.04
(t, J=6.0 Hz, 1H), 6.55 (d, J=7.6 Hz, 2H), 4.44 (d, /= 6.0 Hz, 1H), 5.58 (d, J=6.4
Hz, 1H); 3C NMR (100 MHz, DMSO-ds) 8 192.5, 182.0, 152.7, 149.9, 139.0, 134.4,
134.0,129.2, 128.6, 128.3,127.7,127.2, 126.7, 125.5, 123.1, 122.0, 121.4, 117.3, 81.0,
76.8, 46.9; FTIR (neat) 3433, 2958, 2851, 1740, 1697, 1583, 1487, 1276, 744 cm™;
HRMS (ESI) calculated for C2sH20NO3S [M+H]": 414.1158; found: 414.1148; HPLC
condition: HPLC Chiralcel OD-H, hexane/i-PrOH = 70:30 v/v, flow rate = 1.0 mL/min,
2 =350 nm, 25 °C, tr (major) = 31.85, tr (minor) = 19.70 min, 92% ee, [a]p>’ = +243.9

(¢ 0.1, CH;CN).
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(38,3a8,45)-4-Hydroxy-4-phenyl-3-(3-(trifluoromethyl)phenyl)-3a,4-dihydro-3 H-

benzo|b] pyrrolo[1,2-d][1,4]thiazine-2-carbaldehyde 3x: Prepared according to

general procedure D using chiral catalyst CS5, purification of

crude product was carried out by column chromatography using

hexane: EtOAc mixture (70:30) to afford 3x as a yellow solid;

(88% yield 119 mg); Ry = 0.30 (40% ethyl acetate in hexanes); mp 158 -160 °C; d.r.

>20:1 (determined by "H NMR analysis of crude reaction mixture).

'TH NMR (500 MHz, DMSO-ds) 6 9.32 (s, 1H), 8.60 (s, 1H), 7.66 — 7.59 (m, 1H), 7.55
—7.40 (m, 3H), 7.45 — 7.30 (m, 4H), 7.36 — 7.15 (m, 4H), 7.10 — 7.00 (m, 1H), 7.80 (d,
J=8.0 Hz, 1H), 6.34 (s, 1H), 4.13 (d, J = 5.0 Hz, 1H), 4.01 (d, J = 6.0 Hz, 1H); 3C
NMR (125 MHz, DMSO) d 182. 6, 153.5, 144.7, 139.4, 134.5, 131.4, 131.2, 129.6,
129.2 (q, J = 32 Hz), 129.1, 128.8, 128.4 (q, J = 36 Hz), 127.7, 127.2, 126.4, 126.0,
124.4 (q, J = 271 Hz), 124.0 (q, J = 3.5 Hz), 123.6, 122.5, 121.4, 117.8, 81.4, 77.4,
47.0; F NMR (471 MHz, DMSO-ds) 5 -61.01; FTIR 3458, 2953, 2857, 1738, 1622,
1598, 1487, 742 cm™'; HRMS (ESI) calculated for C2sH19F3NO,S [M+H]" : 454.1083;
found: 454.1136; HPLC condition: HPLC Chiralcel OD-H, hexane/i-PrOH = 80:20
v/v, flow rate = 1.0 mL/min, A = 350 nm, 25 °C, tr (major) = 24.12, tr (minor) = 14.80

min, 98% ee, [0]p?" = +227.96 (c 0.1, CH3CN).

(3S5,3aS5,45)-3-([1,1'-Biphenyl]-4-yl)-4-(4-bromophenyl)-4-hydroxy-3a,4-dihydro-

3H-benzo[b]pyrrolo [1,2-d][1,4]thiazine-2-carbaldehyde 3y: Prepared according to

general procedure D using chiral catalyst CS, purification of

crude product was carried out by column chromatography

using hexane: EtOAc (70:30) to afford 3y as pale yellow
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solid; (82% yield 113 mg); Ry=0.30 (40 % ethyl acetate in hexanes); mp 168 — 170 °C;

d.r. >20:1 (determined by 'H NMR analysis of crude reaction mixture).

'"H NMR (400 MHz, DMSO) & 9.35 (s, 1H), 8.54 (s, 1H), 7.66 — 7.52 (m, 6H), 7.50 —
7.35 (m, 5H), 7.36 — 7.28 (m, 3H), 7.25 — 7.15 (m, 2H), 7.04 (t, J = 7.6 Hz, 1H), 6.52
(d, J=7.6 Hz, 2H), 4.42 (d, J = 6.4 Hz, 1H), 4.04 (d, J = 6.0 Hz, 1H); 3C NMR (100
MHz, DMSO) 6 182.3, 152.6, 142.3, 139.8, 138.7, 138.1, 134.2, 131.2, 129.6, 128.9,
127.5,127.3, 126.7, 126.5, 126.3, 125.7, 123.1, 122.1, 122.0, 121.8, 117.3, 80.8, 77.0,
46.5; FTIR 3440, 2955, 2853, 1633, 1586, 1486, 1218, 1198, 743cm™'; HRMS (ESI)
calculated for C30H2:*'BrNO2S [M+H]": 542.0607; found: 542.0641; HPLC condition:
HPLC Chiralcel OD-H, hexane/i-PrOH = 70:30 v/v, flow rate = 1.0 mL/min, 4 = 350
nm, 25 °C, tr (major) = 17.95, tr (minor) = 14.45 min, 94% ee, [a]p*’=+625.57 (¢ 0.1,

CH;CN).

(35,3a5,45)-4-(4-Chlorophenyl)-3-(furan-3-yl)-4-hydroxy-3a,4-dihydro-3H-benzo

[b]pyrrolo[1,2-d][1,4]thiazine-2-carbaldehyde 3z: Prepared according to general

procedure D using chiral catalyst CS, purification of crude product

was carried out by column chromatography using hexane: EtOAc

(70:30) to afford 3z as a brown solid; (62% yield, 76 mg); Ry=0.35

(40% ethyl acetate in hexanes); mp 210-212 °C; d.r. >20:1 (determined by '"H NMR

analysis of crude reaction mixture).

'H NMR (500 MHz, DMSO-de) § 9.33 (s, 1H), 8.48 (s, 1H), 7.56 (d, J = 7.7 Hz, 4H),
7.46 (d, J = 8.1 Hz, 2H), 7.28 (s, 1H), 7.20 (dd, J = 18.0, 8.3 Hz, 2H), 7.03 (t, J = 7.6
Hz, 1H), 6.13 (d, J = 3.2 Hz, 1H), 5.34 (d, J = 3.3 Hz, 1H), 4.55 (d, J = 6.4 Hz, 1H),
4.11 (d, J = 6.5 Hz, 1H); *C NMR (125 MHz, DMSO-ds) 5 182.20, 154.06, 152.38,

141.56, 138.16, 133.97, 133.27, 131.17, 129.07, 128.16, 126.73, 125.73, 123.17,
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121.74,119.02, 117.07, 110.23, 105.14, 80.44, 73.71, 40.15; FTIR (neat) 3447, 2952,
1636, 1563, 1485, 749 cm™; HRMS (ESI) calculated for C22H;7°’CINOsS [M+H] *:
412.0583; found: 412.0591; HPLC condition: Chiralcel OD-H, hexane/i-PrOH = 80:20
v/v, flow rate = 1.0 mL/min, A = 350 nm, 25 °C, tr (major) = 24.90, tr (minor) = 15.70

min, 88% ee, [0]p>! =+99.7 (¢ 1, CH:CN).

(35,3a5,45)-3-(Anthracen-9-yl)-4-(4-chlorophenyl)-4-hydroxy-3a,4-dihydro-3 H-

benzo[b]pyrrolo[1,2-d][1,4]thiazine-2-carbaldehyde 3aa: Prepared according to
general procedure D using chiral catalyst C5, purification of

crude product was carried out by column chromatography using

hexane: EtOAc (70:30) to afford 3aa as a pale yellow solid;

(74% yield (116 mg); Ry = 0.40 (40% ethyl acetate in hexane); mp 244 -246 °C d.r.

>20:1(determined by 'H NMR analysis of crude reaction mixture).

'"H NMR (400 MHz, DMSO-ds) 6 9.34 (s, 1H), 8.74 (s, 1H), 8.38 (s, 1H), 8.15 - 8.00
(m, 2H), 7.90 — 7.75 (m, 4H), 7.50 — 7.20 (m, 4H), 7.23 — 7.14 (m, 2H), 7.10 — 6.95 (m,
3H), 6.70 (d, J = 7.6 Hz, 2H) 5.65 (d, J = 8.0 Hz, 1H), 5.04 (d, J = 8.0 Hz, 1H); 13C
NMR (100 MHz, DMSO-d¢) 6 182.5, 151.5, 137.5, 134.4, 133.1, 132.7, 131.3, 130.6,
129.9, 129.7, 129.1, 128.4, 128.1, 127.6, 127.0, 126.9, 126.1, 125.5, 125.1, 124 .4,
124.0, 123.6, 123.5, 123.3, 121.9, 117.1, 80.1, 76.4, 41.5; FTIR (neat) 3541, 2998,
1705, 1631, 1443, 749 cm™'; HRMS (ESI) calculated for C32H23*’CINO2S [M+Na]':
544.0922; found: 544.0938; HPLC condition: HPLC Chiralcel OD-H, hexane/i-PrOH
= 50:50 v/v, flow rate = 1.0 mL/min, 2 = 350 nm, 25 °C, tr (major) = 31.50, tr (minor)

= 10.36 min, 98% ee, [a]p?’=+116.9 (c 1, CH3CN).
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(38,3a8,45)-4-Hydroxy-3-methyl-4-phenyl-3a,4-dihydro-3 H-benzo|b]pyrrolo[1,2-
d][1,4] thiazine-2-carbaldehyde 3ab: Prepared according to general procedure D
using chiral catalyst C5, purification of crude product was carried out

by column chromatography using hexane: EtOAc (70:30) to afford

3ab as a pale yellow solid; (58% yield, 56 mg); Ry= 0.30 (40% ethyl
acetate in hexane); mp 182 — 184 °C; d.r. >20:1(determined by 'H NMR analysis of

crude reaction mixture).

'"H NMR (400 MHz, DMSO-ds) 6 9.30 (s, 1H), 8.30 (s, 1H), 7.63 (d, J= 7.6 Hz, 2 H),
7.55 —7.45 (m, 3H), 7.43 — 7.37 (m, 1H), 7.23 (s, 1H), 7.20 — 7.14 (m, 2H), 7.00 (t, J
=7.6 Hz, 1H), 4.24 (d, /= 6.4 Hz, 1H), 2.93 (d, /= 6.9 Hz, 1H), 0.65 (d, J = 6.8 Hz,
1H); 13C NMR (100 MHz, DMSO-ds) 6 182.5, 151.0, 139.0, 133.9, 128.1, 127.9,
126.7,126.5, 125.2, 123.0, 122.3, 121.5, 116.2, 80.4, 75.4, 35.7, 19.4; DEPT-135 (100
MHz, DMSO-d¢) 6 151.8, 128.9, 128.7, 127.5, 127.3, 126.0, 123.1, 117.0, 76.2, 36.5,
20.2; FTIR (neat) 3441, 2962, 2925, 1736, 1626, 1491, 1292, 749 cm™'; HRMS (ESI)
calculated for CioHisNO>S [M+H]": 324.1053; found: 324.1048; HPLC condition:
HPLC Chiralcel OD-H, hexane/i-PrOH = 80:20 v/v, flow rate = 1.0 mL/min, 4 = 350
nm, 25 °C, tr (major) = 28.10, tr (minor) = 15.34 min, 80% ee, [a]p>’=+456.32 (c 0.1,

CH;CN).

(3S,3as8,4S)-3-Ethyl-4-hydroxy-4-phenyl-3a,4-dihydro-3H-benzo[b]pyrrolo[1,2-

d][1,4] thiazine-2-carbaldehyde 3ac; Prepared according to general procedure D

using chiral catalyst C5, purification of crude product was carried

out by column chromatography using hexane: EtOAc (70:30) to

OH/
afford 3ac as an orange solid; (40% yield, 40 mg); R/=0.30 (30% 3ac © J
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ethyl acetate in hexane); mp 60 - 62 °C d.r. >20:1(determined by 'H NMR analysis of

crude reaction mixture).

'"H NMR (400 MHz, DMSO-ds) 5 9.30 (s, 1H), 8.25 (s, 1H), 7.64 (d, J= 7.6 Hz, 2H)
7.50 — 7.44 (m, 3H), 7.40 — 7.34 (m, 1H), 7.20 — 7.10 (m, 4H), 7.05 — 6.95 (m, 1H),
4.34 (d,J=5.6 Hz, 1 H), 3.00 — 2.90 (m, 1H), 0.90 — 0.70 (m, 2H), 0.37 (t, J= 7.6 Hz,
3H); 3C NMR (100 MHz, DMSO-d¢) & 182.4, 152.5, 139.1, 134.0, 128.1, 127.9,
127.0, 126.4, 125.1, 122.6, 122.0, 121.0, 116.8, 81.3, 71.9, 41.4, 24.2, 8.4; DEPT-135
(100 MHZ, DMSO-ds) 6 153.2, 128.9, 128.7, 127.7, 127.1, 125.9, 123,4, 117.6, 72.7,
42.1,24.9,9.2; FTIR (neat) 3441, 2955, 2924, 1738, 1620, 1583, 1486, 1217, 751 cm’
I HRMS (ESI) calculated for Ca0H20NO.S [M+H]": 338.1209; found: 338.1202;
HPLC condition: HPLC Chiralcel OD-H, hexane/i-PrOH = 80:20 v/v, flow rate = 1.0
mL/min, A =350 nm, 25 °C, tr (major) = 19.60, tr (minor) = 13.80 min, 92% ee, [a]p>""

=+201.98 (c 0.1, CH3CN).

(3S,3as8,4S)-3-Butyl-4-hydroxy-4-phenyl-3a,4-dihydro-3H-benzo[b]pyrrolo[1,2-

d][1,4] thiazine-2-carbaldehyde 3ad: Prepared according to general procedure D

using chiral catalyst C5, purification of crude product was carried
out by column chromatography using hexane: EtOAc (70:30) to

afford 3ad as a pale yellow solid; (45% yield, 50 mg); Ry= 0.40

(30% ethyl acetate in hexane); mp 70 - 72 °C; d.r. >20:1(determined by 'H NMR

analysis of crude reaction mixture).

'H NMR (400 MHz, DMSO-de) & 9.29 (s, 1H), 8.22 (s, 1H), 7.64 (d, J = 7.6 Hz, 2H),
7.50 (t, J = 8.0 Hz, 3H), 7.39 (t, J= 7.2 Hz, 1H) 7.20 — 7.15 (m, 3H), 7.01 (t, J= 7.6
Hz, 1H), 4.24 (d, J= 5.6 Hz, 1H), 3.00 — 2.90 (m, 1H), 2.20 — 2.05 (m, 2H), 1.30 — 1.20

(m, 3H), 1.18 — 1.12 (m, 1H), 0.65 — 0.59 (m, 3H); '3*C NMR (100 MHz, DMSO-ds) &
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182.3, 152.3, 139.1, 134.0, 128.1, 127.9, 127.0, 126.3, 125.1, 122.6, 122.0, 121.8,
116.9, 81.4, 72.7, 40.2, 31.7, 26.1, 21.6, 13.4; DEPT-135 (100 MHz, DMSO-ds) 3
153.1,128.9,128.7,127.8,127.1,125.9,123.4,117.7,73.5,41.0,32.5,26.9,22 .4, 14.2;
FTIR (neat) 3437, 2925, 2857, 1740, 1376, 1229, 1047 cm’'; HRMS (ESI) calculated
for C22H24aNO>S [M+H]™: 366.1522; found: 366.1518; HPLC condition: HPLC
Chiralcel OD-H, hexane/i-PrOH = 80:20 v/v, flow rate = 1.0 mL/min, A = 350 nm, 25

°C, tr (major) = 20.00, tg (minor) = 12.73 min, 96% ee, [0]p>’ = +65.98 (c 0.1, CH3CN).

(3S5,3aS,45)-4-(4-Bromophenyl)-3-phenyl-4-((trimethylsilyl)oxy)-3a,4-dihydro-

3H-benzo[b] pyrrolo[1,2-d][1,4]thiazine-2-carbaldehyd 5a; Prepared according to

@)

general procedure E using chiral compound 3f, purification of crude

product was carried out by column chromatography using hexane:

EtOAc (70:30) to afford 5a as yellow liquid; 94% yield 75 mg); Ry

= 0.43 (20% ethyl acetate in hexane); d.r. >20:1(determined by '"H NMR using crude

reaction mixture).

'"H NMR (400 MHz, DMSO-ds) 6 9.33 (s, 1H), 8.55 (s, 1H), 7.64 (d, J = 8.0 Hz, 2H),
7.59 (d, J=8.0 Hz, 1H), 7.45 (d, /= 8.0 Hz, 2H), 7.27 — 7.20 (m, 2H), 7.10 — 7.00 (m,
4H), 6.45 — 6.34 (m, 2H), 4.19 (d, J = 5.40 Hz, 1H), 3.99 (d, J = 5.0 Hz, 1H), -0.02 (s,
9H); 13C NMR (101 MHz, DMSO-ds) 6 182.1, 152.3, 142.8, 138.2, 134.0, 131.5,
129.7, 128.1, 126.7, 126.4, 126.3, 126.1, 123.4, 122.6, 122.3, 121.6, 117.5, 83.3, 77.7,
46.4, 1.3; FTIR (neat) 3058, 2923, 2852, 1742, 1646, 1417, 757 cm’'; HRMS (ESI)
calculated for Ca7H»7*'BrNO,SSi [M+H]": 538.0689; found: 538.0669; HPLC
condition: HPLC Chiralpak-IA, hexane/i-PrOH = 90:10 v/v, flow rate = 1.0 mL/min, 4
=350 nm, 25 °C, tg (major) = 6.94, tg (minor) = 9.10 min, 96% ee, [o]p>°=+432.90 (c

0.1, CHsCN).
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1-(4-Bromobenzoyl)-2-phenylbenzo[d]|pyrrolo|2,1-b]thiazole-3-carbaldehyde Sb;

Prepared according to general procedure F using chiral compound 3f, Purification of

crude product was carried out by column chromatography using

hexane: EtOAc (70:30) to afford Sb as yellow solid; (60% yield,

83 mg); Ry=0.50 (20% ethyl acetate in hexane); mp: 192 - 194 °C.

H NMR (500 MHz, DMSO-ds) 5 9.64 (s, 1H), 8.19 (d, J= 7.0 Hz, 1H), 8.11 (d, J=
8.0 Hz, 1H), 7.63 (d, J = 8.0 Hz, 1H), 7.58 — 7.50 (m, 3H), 7.36 (d, J = 8.5 Hz, 1H),
7.28 — 7.17 (m, 6H); *C NMR (125 MHz, DMSO-de) 5 185.7, 184.6, 141.5, 138.9,
138.0, 137.2, 136.9, 134.1, 132.1, 132.1, 131.6, 131.4, 131.3, 128.5, 128.4, 1272,
126.4, 125.4, 117.3, 114.9; FTIR (neat) 3061, 2924, 1635, 1577, 1466, 1222, 794 cm’

I, HRMS (ESI) calculated for C24H;5*'BrNO2S [M+H]": 461.9981; found: 461.9971.

2.16 X-RAY CRYSTALLOGRAPHY DATA:

Figure 2.10 X-ray Crystallographic Data for Racemic Compound 3i':

OMe
CCDC. No. 2214436

The purified compound 3i' racemic was dissolved in acetonitrile 0.1 M and placed in
a dark cabinet for slow evaporation. Crystals were collected after a few days for X-ray

analysis. Thermal ellipsoids are shown at the 50% probability level.
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Table 2.7. Crystal data and structure refinement for 3i'

Identification code 123
Empirical formula C26H23NO4S
Formula weight 445.51
Temperature 296(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P 2i/c
Unit cell dimensions a=13.1813(9) A o= 90°.
b=14.1268(9) A B=
115.349(2)°.
c=13.3594(9) A v =90°.
Volume 2248.1(3) A’
4 4
Density (calculated) 1.316 gcm™
Absorption coefficient 0.177 mm’'
F(000) 936
Crystal size 0.250 x 0.220 x 0.100 mm"
Theta range for data collection 2.219 to 24.819°.
Index ranges -15<=h<=14, -16<=k<=16, -11<=I<=15
Reflections collected 15670
Independent reflections 3880 [R(int) = 0.0350]
Completeness to theta = 24.819° 99.9 %
Refinement method Full-matrix least-squares on F
Data / restraints / parameters 3880/0/295
Goodness-of-fit on F2 1.129
Final R indices [[>2sigma(])] R1=0.0413, wR2 = 0.0944
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R indices (all data) R1=0.0671, wR2 =0.1057
Extinction coefficient n/a

Largest diff. peak and hole 0.190 and -0.246 e.A™

Figure caption: ORTEP diagram of compound 3i' (47) displacement ellipsoids are
drawn at the 50% probability level, and H atoms are shown as small spheres of arbitrary
radius. The absolute configuration of the compound was assigned based on the

anomalous dispersion method.

Figure 2.11 X-ray Crystallographic Data for Chiral Compound 3f:

CCDC. No. 2294917

The purified compound 3f chiral was dissolved in acetonitrile 0.1 M and placed in a
dark cabinet for slow evaporation. Crystals were collected after a few days for X-ray

analysis. Thermal ellipsoids are shown at the 50% probability level.

Table 2.8. Crystal data and structure refinement for 3f

Identification code 125

Empirical formula CagH36Br2N204S2
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Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.000°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter

Extinction coefficient

928.73

296(2) K

0.71073 A

Orthorhombic

P21212;

a=10.1365(3) A o= 90°
b=10.4504(3) A B=90°
¢ =39.0785(13) A v =90°
4139.6(2) A’

4

1.490 g cm”

2.107 mm’’

1888

0.180 x 0.160 x 0.120 mm’

1.042 to 25.000°.

-12<=h<=11, -11<=k<=12, -46<=I<=46

29301

7287 [R(int) = 0.0466]

100.0 %

Full-matrix least-squares on F
7287/0/531

1.047

R1=0.0422, wR2 = 0.0653
R1=0.0720, wR2 =0.0719
0.014(5)

n/a
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Largest diff. peak and hole 0.307 and -0.354 e.A™

Figure caption: ORTEP diagram of compound 3f (125) displacement ellipsoids are
drawn at the 50% probability level, and H atoms are shown as small spheres of arbitrary
radius. The absolute configuration of the compound was assigned based on the

anomalous dispersion method.

Figure 2.12 X-ray crystallographic data for chiral compound 3s:

AL
3s Br

CCDC. No. 2214432

The purified compound 3s chiral was dissolved in acetonitrile 0.1 M and placed in a
dark cabinet for slow evaporation. Crystals were collected after a few days for X-ray

analysis. Thermal ellipsoids are shown at the 50% probability level.

Table 2.9. Crystal data and structure refinement for 3s

Identification code 76

Empirical formula C24H17Br2NO»S
Formula weight 543.27
Temperature 296(2) K
Wavelength 0.71073 A
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Crystal system Orthorhombic

Space group P212:12;

Unit cell dimensions a=11.5707(4) A a=90°
b=13.3165(5) A B=90°
c=13.9154(5) A v =90°

Volume 2144.10(13) A’

Z 4

Density (calculated) 1.683 g cm”

Absorption coefficient 3.900 mm”"

F(000) 1080

Crystal size 0.150 x 0.120 x 0.100 mm’

Theta range for data collection 2.117 to 24.997°.

Index ranges -13<=h<=13, -15<=k<=14, -16<=I<=16

Reflections collected 18471

Independent reflections 3773 [R(int) = 0.0362]

Completeness to theta = 24.997° 100.0 %

Refinement method Full-matrix least-squares on F

Data / restraints / parameters 3773/0/275

Goodness-of-fit on F2 1.096

Final R indices [[>2sigma(])] R1=0.0248, wR2 = 0.0468

R indices (all data) R1=0.0334, wR2 =0.0484

Absolute structure parameter 0.001(5)

Extinction coefficient n/a

Largest diff.peak and hole 0.289 and -0.416 e.A”
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Figure caption: ORTEP diagram of compound 3s (76) displacement ellipsoids are
drawn at the 50% probability level, and H atoms are shown as small spheres of arbitrary
radius. The absolute configuration of the compound was assigned based on the

anomalous dispersion method.

Figure 2.13 X-ray crystallographic data for chiral compound 3v:

o).
3v cl

CCDC. No. 2294915

The purified compound 3v chiral was dissolved in acetonitrile 0.1 M and placed in a
dark cabinet for slow evaporation. Crystals were collected after a few days for X-ray

analysis. Thermal ellipsoids are shown at the 50% probability level.
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Figure caption: ORTEP diagram of compound 3v (59) displacement ellipsoids are
drawn at the 50% probability level, and H atoms are shown as small spheres of arbitrary

radius. The absolute configuration of the compound was assigned based on the

anomalous dispersion method.

Table 2.10. Crystal data and structure refinement for 3v

Identification code

Empirical formula

59

C25H17CIN202S

Formula weight 444 91

Temperature 296(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P21212;

Unit cell dimensions a=10.3622(6) A a=90°
b=11.1598(5) A B=90°
c=19.3649(10) A v =90°

Volume 2239.4(2) A’

Z 4

Density (calculated) 1.320 g cm’

Absorption coefficient 0.288 mm’'

F(000) 920

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections

Completeness to theta = 24.998°

0.180 x 0.150 x 0.120 mm’

2.103 to 24.998°

-12<=h<=12, -11<=k<=13, -23<=1<=22

17115
3939 [R(int) = 0.0278]

100.0 %
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Refinement method

Data / restraints / parameters
Goodness-of-fit on F’

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

Full-matrix least-squares on F
3939/0/284

1.032

R1=0.0387, wR2 = 0.0903
R1=0.0520, wR2 = 0.0990
0.02(3)

n/a

0.432 and -0.386 ¢.A~

Figure 2.14 X-ray Crystallographic Data for Chiral Compound 3x:

CCDC. No. 2307921

The purified compound 3x chiral was dissolved in acetonitrile 0.1 M and placed in a dark

cabinet for slow evaporation. Crystals were collected after a few days for X-ray analysis.

Thermal ellipsoids are shown at the 50% probability level.

Table 2.11. Crystal data and structure refinement for 3x

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system

Space group

62
CasHisFsNO2S
453.46

296(2) K
0.71073 A
Orthorhombic

P212:121
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Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 24.992°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F~

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

a=11.0417(5) A a=90°
b=11.0915(6) A B =90°
¢ =18.2577(10) A vy =90°
2236.02) A’

4

1.347 g cm”

0.191 mm’"

936

0.250 x 0.150 x 0.120 mm"

2.148 to 24.992°

-11<=h<=13, -12<=k<=13, -21<=I<=19
10074

3805 [R(int) = 0.0418]

99.9 %

Full-matrix least-squares on F
3805 /0 /294

1.149

R1=0.0511, wR2 =0.1188

R1 = 0.0820, wR2 = 0.1334
-0.03(6)

0.010(2)

0.460 and -0.277 e.A”

130



Figure caption: ORTEP diagram of compound 3x (62) displacement ellipsoids are
drawn at the 50% probability level, and H atoms are shown as small spheres of arbitrary
radius. The absolute configuration of the compound was assigned based on the

anomalous dispersion method.

Figure 2.15 X-ray Crystallographic Data for Chiral Compound 3ab:

CCDC. No. 2294960

The purified compound 3ab chiral was dissolved in acetonitrile 0.1 M and placed in a
dark cabinet for slow evaporation. Crystals were collected after a few days for X-ray

analysis. Thermal ellipsoids are shown at the 50% probability level.

Table 2.12. Crystal data and structure refinement for 3ab

Identification code 203
Empirical formula CioH17NO2S
Formula weight 323.39
Temperature 296(2) K
Wavelength 0.71073 A
Crystal system Orthorhombic
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Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.000°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F~

Final R indices [[>2sigma(I)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

P212:12,

a=8.7669(4) A a=90°
b=12.8110(5) A B=90°
¢ = 14.5460(4) A v =90°

1633.70(11)

4

1.315 g cm”

0.207 mm’|

680

0.180 x 0.160 x 0.120 mm’
2.713 to 25.000°

_10<=h<=7, -15<=k<=12, -15<=1<=17
7172

2873 [R(int) = 0.0246]

100.0 %

Full-matrix least-squares on F
2873/0/213

1.118

R1=0.0351, wR2 = 0.0715
R1 = 0.0449, wR2 = 0.0760
0.02(4)

n/a

0.145 and -0.177 e.A™
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v

Figure caption: ORTEP diagram of compound 3ab (203) displacement ellipsoids are
drawn at the 50% probability level, and H atoms are shown as small spheres of arbitrary
radius. The absolute configuration of the compound was assigned based on the

anomalous dispersion method.
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(3S,3aS,4S)-4-Hydroxy-3,4-diphenyl-3a,4-dihydro-3H-benzo[b]pyrrolo[1,2-

2.17 'H & 3C NMR SPECTRA
d][1,4]thiazine-2-carbaldehyde 3a
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(3S,3aS,4S)-4-Hydroxy-3-phenyl-4-(p-tolyl)-3a,4-dihydro-3H-benzo[b]pyrrolo

[1,2-d][1,4] thiazine-2-carbaldehyde 3b
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(3S,3aS,4S)-4-(4-Fluorophenyl)-4-hydroxy-3-phenyl-3a,4-dihydro-3H-benzo[b]

pyrrolo[1,2-d][1,4]thiazine-2-carbaldehyde 3d
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(3S,3aS,4S)-4-(4-Chlorophenyl)-4-hydroxy-3-phenyl-3a,4-dihydro-3H-benzo[b]

pyrrolo [1,2-d][1,4] thiazine-2-carbaldehyde 3e
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(3S,3aS,4S)-4-(4-Bromophenyl)-4-hydroxy-3-phenyl-3a,4-dihydro-3H-benzo[b]

pyrrolo[1,2-d][1,4]thi -azine-2-carbaldehyde 3f
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(3S,3aS,4S)-4-Hydroxy-4-(4-nitrophenyl)-3-phenyl-3a,4-dihydro-3H-benzo[b]

pyrrolo[1,2-d][1,4] thiazine-2-carbaldehyde 3k
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(3S,3aS,4S)-4-(4-Chlorophenyl)-4-hydroxy-3-(4-methoxyphenyl)-3a,4-dihydro-

3H-benzo[b] pyrrolo[1,2-d][1,4]thiazine-2-carbaldehyde 3p
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(3S,3aS,4S)-4-(4-Bromophenyl)-3-(4-chlorophenyl)-4-hydroxy-3a,4-dihydro-3H
benzo[b]pyrrolo [1,2-d][1,4]thiazine-2-carbaldehyde 3r
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(3S,3aS,4S)-3-(4-Formylphenyl)-4-hydroxy-4-phenyl-3a,4-dihydro-3H-benzo[b]

pyrrolo[1,2-d][1,4] thiazine-2-carbaldehyde 3w
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(3S,3aS,4S)-4-(4-Chlorophenyl)-3-(furan-3-yl)-4-hydroxy-3a,4-dihydro-3H-
benzo [b]pyrrolo[1,2-d][1,4]thiazine-2-carbaldehyde 3z
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(3S,3aS,4S)-4-Hydroxy-3-methyl-4-phenyl-3a,4-dihydro-3H-benzo[b]pyrrolo
[1,2-d][1,4]thiazine-2-carbaldehyde 3ab
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2.18 HPLC CHROMATOGRAMS
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Name | RT Area Height | % Area | % Height
1 17.896 921240 9612| 07210 1.4435
2 29.264 | 126856796 | 656259 | 99.2790 | 98.5565
Sum 127778036.0 100.0000 | 100.0000
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Peak Results
Name | RT Area Height | % Area | % Height
1 19.441| 12298081 | 129123 | 50.0354 | 62.1695
2 28.437| 12280667 | 78572 | 49.9646 | 37.8305
Sum 24578748 1 100.0000 | 100.0000
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Peak Results
Name | RT Area Height | % Area | % Height
1 18.947 641485 7009 | 1.6919| 27813
2 28516 | 37273003 | 246832 | 98.3081 | 97.2387
Sum 379144882 100.0000 | 100.0000
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Name | RT Area Height | % Area | % Height
1 11474 | 41094564 | 533946 | 50.6298 | 61.7202
2 17.225| 40072190 | 331161 | 49.3702 | 38.2798
Sum 81166754.1 100.0000 | 100.0000
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o
™
N
M~
o © A
5 i
< o
0.40 3h OMe
0.20+ D |
i a0 |
[ /
4 — / "‘\
. S T
0.00+ - * =
e B LA A B B R A I B B o S B A e o
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 1800 2000 2200 2400 2600 2800 30.00
Mnutes
Peak Results
Name | RT Area Height | % Area | % Height
1 11.789 1299748 | 17341 1.4702 2.2668
2 17.230| 87108160 | 747692 | 98.5298 | 97.7332
Sum 88405908.1 100.0000 | 100.0000
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Height

% Area
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2 41.529 | 42648053
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99.7336

42704148.4

Sum

100.0000

100.0000
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Peak Results
Neme | RT Area Height | % Area | % Height
1 22.841| 19591103 | 152321 | 49.8889| 59.4789
2 31.083| 19678328 | 103772 | 50.1111| 405211
Sum 39269430.7 100.0000 | 100.0000
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Peak Results
Name | RT Area Height | % Area | % Height
1 23.648 470608 | 3567 1.3880| 1.9380
2 31.028 | 33435869 | 180501 | 98.6120| 98.0620
Sum 33906476.5 100.0000 | 100.0000
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Peak Results
Name | RT Area Height | % Area | % Height
1 25625 | 22367316 | 137714 | 50.5666 | 57.9750
2 37.194 | 21866048 | 99826 | 49.4334 | 42.0250
Sum 44233364.0 100.0000 | 100.0000
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Peak Results
Name | RT Area Height | % Area | % Height
1 26.633 1822525 | 12383 | 1.5348| 21236
2 37514 | 116927803 | 570728 | 984852 | 97.8764
Sum 118750328.1 100.0000 | 100.0000
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Peak Results
Name | RT Area Height | % Area | % Height
1 25460 | 19915083 | 148050 | 50.1591| 57.6948
2 34.267 | 19788723 | 108559 | 49.8400 | 42.3052
Sum 39703805.6 100.0000 | 100.0000
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Peak Results
Narme RT Area Height | % Area | % Height
1 25.808 426632 | 3009 1.0188 | 1.3426
2 33.759 | 41447911 | 221084 | 98.9812| 98.6574
Sum 41874543.0 100.0000 | 100.0000
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Name | RT Area Height | % Area | % Height
1 21804 | 47098725 | 543130 | 50.0043| 59.6618
2 29.133| 47088564 | 367218 | 49.9957 | 40.3382
Sum 94185289.2 100.0000 | 100.0000
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Peak Results
Name | RT Area Height | % Area | % Height
1 21.821 157014 1518 0.4550 0.6377
2 28.842| 34352939 | 236571 | 99.5450 | 99.3623
Sum 34509953.0 100.0000 | 100.0000
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Name | RT Area Height | % Area | % Height
1 7.241 49030721 | 1139653 | 50.6047 | 80.8601
2 20.686 | 47859009 | 269761 | 49.3953 | 19.1399
Sum 96889729.4 100.0000 | 100.0000
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Peak Results
Name | RT Area Height | % Area | % Height
1 8.547 1426937 | 31897 1.9745 6.5976
2 19.420 | 70840827 | 451566 | 98.0255| 93.4024
Sum 72267764.2 100.0000 | 100.0000
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Peak Results
Name | RT Area Height | % Area | % Height
1 17.069 | 21610868 | 246297 | 49.9581 | 604701
2 24630 21647131| 161007 | 50.0419 | 39.5299
Sum 43257998.5 100.0000 | 100.0000
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Peak Results
Name | RT Area Height | % Area | % Height
1 17.240 | 2293554 | 25730 | 4.3494| 6.3864
2 24572 | 50430567 | 377152 | 956506 | 936136
Sum 52733120.5 100.0000 | 100.0000
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Peak Results
Name | RT Area Height | % Area | % Height
1 12.756 | 27401705 | 377928 | 50.1186| 73.5911
2 27631 27272041 | 135623 | 49.8814 | 264089
Sum 546737468 100.0000 | 100.0000
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Peak Results
Name | RT Area Height | % Area | % Height
1 12.989 420343 | 5042| 0.6988| 1.6075
2 26.948 | 50904703 | 308622 | 99.3032| 98.3925
Sum 60325045.8 100.0000 | 100.0000
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Peak Results
Name | RT Area Height | % Area | % Height
1 17.637 | 29795711 | 312871 | 49.8860 | 57.8843
2 25814 | 29930806 | 227640 | 50.1131| 421157
Sum 50726516.8 100.0000 | 100.0000
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Peak Results
Name | RT Area Height | % Area | % Height
1 17.840 416284 | 4764 | 05008 | 0.9007
2 25505 | 68083616 | 524235 | 99.4002 | 99.0993
Sum £9399899.9 100.0000 | 100.0000
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Name | RT Area Height | % Area | % Height
1 20909 | 23033117 | 220523 | 50.0269 | 61.6832
2 29520 | 23008355 | 142577 | 49.9731| 38.3168
Sum 46041472.1 100.0000 | 100.0000
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Peak Results
Name | RT Area Height | % Area | % Height
1 21.310 349327 | 3814 | 0.7406| 1.3000
2 20418| 46816403 | 280550 | 99.2504 | 98.7000
Sum 47165730.3 100.0000 | 100.0000
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Peak Results
Name | RT Area Height | % Area | % Height
1 24471| 21080739 | 149319 | 505540 | 614713
2 33224 | 20818702 | 93580 | 49.4460 | 385287
Sum 41699440.9 100.0000 | 100.0000
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Peak Results
Name | RT Area Height | % Area | % Height
1 25.455 23489 | 189 | 0.9286| 1.7087
2 34442 | 2506182 | 10880 | 99.0714| 98.2913
Sum 2529670.9 100.0000 | 100.0000
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Peak Results
Name RT Area Height | % Area | % Height
1 12.045| 10119699 | 139876 | 50.0462 | 72.8390
2 22443 10101009 | 52159 | 49.9538 | 27.1610
Sum 20220708.3 100.0000 | 100.0000
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Peak Results
Name | RT Area Height | % Area | % Height
1 12545 1911898 | 27635| 1.4709| 3.2061
2 21.355| 128070578 | 834307 | 98.5291| 96.7939
Sum 1299824755 100.0000 | 100.0000
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Peak Results
Name | RT Area Height | % Area | % Height
1 18.863| 8722004 | 79712 | 494512 | 658440
2 36678 | 8915583 | 41350 | 50.5488| 34.1560
Sum 17637586.8 100.0000 | 100.0000
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Peak Results
Name RT Area Height | % Area | % Height
1 18.863 | 4379234 | 43433 | 6.3431| 123200
2 35.823 | 64660215 | 309108 | 93.6569 | 87.6800
Sum 69039448.7 100.0000 | 100.0000
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Peak Results
Name | RT Area Height | % Area | % Height
1 15.274 | 17629649 | 186173 | 49.9909 | 59.8190
2 22,642 | 17636099 | 125055 | 50.0091 | 40.1810
Sum 35265747.2 100.0000 | 100.0000
Optical active 3v
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Peak Results
Name | RT Area Height | % Area | % Height
1 15.293 3798522 | 39342 | 25658 | 3.5400
2 21.970 | 144245781 | 1072011 | 97.4342 | 96.4600
Sum 148044303.2 100.0000 | 100.0000
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Peak Results
Name | RT Area Height | % Area | % Height
1 18.765| 9196097 | 78052 | 49.9575 | 64.8677
2 32.146 9211739 | 42273 | 50.0425 | 35.1323
Sum 18407835.2 100.0000 | 100.0000
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Peak Results
Name | RT Area Height | % Area | % Height
1 10602 2244180| 11633 | 37720 3.9258
2 31.853 | 57251544 | 284600 | 962280 | 96.0742
Sum 59495724.5 100.0000 | 100.0000
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Name RT Area Height | % Area | % Height
1 14.465| 47063395 | 586859 | 50.2300 | 64.2613
2 23.890 | 46632401 | 326380 | 49.7700 | 35.7387
Sum 93695796.3 100.0000 | 100.0000
Optical active 3x
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Peak Results
Name RT Area Height | % Area | % Height
1 14.779 890612 | 10654 | 0.8290| 1.4085
2 24124 | 106540124 | 745783 | 99.1710| 985915
Sum 107430736.7 100.0000 | 100.0000
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RT Area Height | % Area | % Height
1 14.375| 42130706 | 933303 | 50.6049 | 53.3249
2 18.376| 41123461 | 816917 | 49.3951| 46.6751
Sum 83254167.5 100.0000 | 100.0000
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Peak Results
Name | RT Area Height | % Area | % Height
1 14.449 3181938 79877 27356 3.4703
2 17.946 | 113133159 | 2221875 | 97.2644 | 96.5297
Sum 116315097.7 100.0000 | 100.0000
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CHAPTER 3

ONE-POT ENANTIOSELECTIVE SYNTHESIS OF N-
PHENYL THIOETHER-TETHERED TETRASUBSTITUTED

4,5-DIHYDROPYRROLE-3-CARBALDEHYDES

o | O
o R o
Br/p ‘Ar 1-Cat, (20 mol%) DMAP (3equiv) Z—gt ! O O
N IPA (0.15M),rt, 720 A e !
RS0 . > ( ) DAY N otms
s 2. R'X (3 equiv), K,CO3 (2 equiv) 0 s ; Cat
DMF (0.15 M), rt, 10 min - 1.3 h R’ 3 .
22 examples, up to 90% yield
up to 98% ee, >20:1 d.r.
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3.1 INTRODUCTION

3.1.1 Importance of Dihydropyrroles

Dihydropyrroles such as (2,3), (2,5), and (4,5)-dihydropyrroles are the important five-
membered nitrogen-containing heterocyclic compounds found in various biologically
active molecules, natural products, and organic reactive intermediates.'’”!”® The
dihydropyrrole derivatives are essential building blocks in the organic diverse-
orientated synthesis of pyrrole, pyrrolidine, and their complex bioactive analogs.!”*-18°
Particularly, ploy-substituted dihydropyrrole I-IV with multiple stereogenic centers
possess various biological active properties such as antifungal, kinesin inhibitory, and
antiproliferative properties (Figure 3.1).!3:1%2 Many methods have been explored in the
literature for the synthesis of poly-substituted dihydropyrroles which includes dipolar

184,185

cycloaddition,'®® metal-mediated cyclization, multicomponent and cascade

reactions.'®® While significant efforts have been directed towards the synthesis of 2,3-

and 2,5-dihydropyrroles,!87-1%8

synthesis of 4,5-dihydropyrroles remains a very
challenging issue. Thus, it is desirable to develop an efficient method for the synthesis

of poly-substituted chiral 4,5-dihydropyrroles from readily available starting materials.

HO,C
— Me
Me
N Me
Ts
v
. - Kinesin spindle protein . . . Protein GGTase-I
Antifungal activity inhibitory effects Antiproliferative inhibitor

L COOH OH
[t @N\O N o N
f S Oy N :
S R Me O j< sﬁ
S
o H o
OH HO

o
HO
\" \'l Vil
Ertapenem Nelfinavir Imipenem
Antimicrobial drug Antivirus Antibiotics

Figure 3.1 Bioactive scaffolds of dihydropyrroles and sulfur containing compounds
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Organosulfur compounds are prevalent in many bioactive natural products and
pharmaceutical drug molecules.'®1°° For instance, compounds such as thioethers V-
VII (ertapenem, nelfinavir, and imipenem) exhibit antimicrobial, antiviral, and
antibiotic activities, respectively'*""!°? (Figure 3.1). The formation of C-S bonds is a
potent strategy for generating sulfur-containing compounds such as sulfides, sulfones,
and sulfoxides.!”® Traditional methods known for C-S bond formation include
nucleophilic substitution reactions between alkyl halides and thiols,'** transition metal-

194,195 and direct

catalyzed cross-coupling reactions of thiols with aryl halides,
sulfenylation of inert C-H bonds using thiols.'"”® Among these methods, nucleophilic
substitution between thiols and aryl halides is a straightforward approach for the
synthesis of organic compounds containing sulfides. The ring-opening reactions of
epoxide and aziridine with thiol nucleophiles is a facile method for C-S bond

formation.!”’"! However, the ring-opening reaction of 1,4-thiazine and its derivatives

is hard and only one report is known in the literature.

In recent years, significant advancements have been made to develop a one-pot cascade
and domino processes for the racemic and asymmetric synthesis of ploy-substituted
dihydropyrroles.??*2"! Cycloaddition is a highly valuable method to synthesize
complex chiral molecules, particularly those with multiple chiral centers.!*
Particularly, the 1,3-dipolar cycloaddition reaction involving azomethine ylide
represents a potent method for the synthesis of highly substituted five-membered
pyrrolidine heterocycles.!® 112 While benzothiazolium azomethine ylides have been
recognized for several decades, yet their synthetic applications have received relatively
little attention.'®* Only a few reactions have been reported for the synthesis of
functionalized pyrroles using thiazolium and benzothiazolium azomethine ylides.'®

Benzothiazolium salt is highly reactive and readily undergoes 1,3-dipolar cycloaddition
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reactions with various dipolarophiles. Moreover, they can engage in intramolecular
rearrangement reactions in the presence of a base, leading to the formation of diverse

heterocyclic compounds.'%%: 109202

3.2 LITERATURE BACKGROUND

3.2.1 Synthesis of Dihydropyrroles

In 2005, Shaikh and Zhu groups independently developed an aza-Baylis-Hillman
reaction for the synthesis of 2,5-disubstituted dihydropyrroles in good yields with
excellent diastereoselectivity via phosphine-catalyzed allene-imine [3+2] annulation

between substituted allenoates with N-sulfonyl imines (Scheme 3.1).20%-204

PBuj (5 mol%)

benzene, rt, 2-8 h

RN _Ar

4
Ros” COEt , A S-S

CO,Et

24 examples
up to 96% yield
>20:1d.r.

Scheme 3.1 Aza-Baylis-Hillman reaction for the synthesis of 2,5-dihydropyrroles

A novel and efficient method for the regioselective synthesis of dihydropyrroles in
moderate to good yields has been described by Li ez al. in 2011 via Lewis acid catalyzed
[3+2] cycloaddition of alkyne with azomethine ylides. The azomethine ylides were
easily generated from N-tosyl aziridines formed by C-C bond heterolysis at room

temperature (Scheme 3.2)?%

TS
N Ts
AH%COZR + Rie=— a2 Sc(OTf)s(5 mol%) Al N CO,R
COzR DCM, 4 A, MS, rt _ /TCOZR
R' A
22 examples, up to 91% vyield
>20:1d.r.

Scheme 3.2 [3+2] cycloaddition for the synthesis of 4,5-dihydropyrroles
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In 2012, Ghorai et al. accomplished a synthesis of highly functionalized racemic and
non-racemic 4,5-dihydropyrroles in an excellent yield and stereoselectivity via domino
ring opening cyclization (DROC) method of N-activated aziridine with malononitrile

in the presence of Sc(OTf)s as a catalyst, and t-BuOK as a base (Scheme 3.3).2%

NH,
EO2R <CN tBUOK, Sc(0TfH; N~ _—
+ B NSO,R
» / \ i oN THF, RT - 60 °C R
R2
15 examples

up to 87% yield

>20:1d.r.

Scheme 3.3 Aziridine ring-opening reaction for the synthesis of 4,5-dihydropyrroles

Since 2013, Miura and co-workers described a stereoselective synthesis of 2,3-
dihydropyrrole with excellent yield and diastereoselectivity using N-sulfonyl-1,2,3-
triazole, alkynes, and o,B-unsaturated aldehydes via a-imino rhodium carbene complex

generated from alkynes in the presence of rhodium catalyst (Scheme 3.4).

Rh

S|02R2 Rh

|

|

1

! (6]

I N
N. 2 o N i O
2 ~S0O,R

N N-SO2 Rh,[(S)NTTLL, (1.0 mol%) ... .
\—/ +oph Y 2 - > I Q

1

1

]

]

]

1

1

]

1

R1 toluene, MS 4R, 120°C,1h R
Ph
23 examples
up to 91% yield
>20:1 d.r.

Rh,[(S)-NTTL]4

Scheme 3.4 Rhodium catalyzed cyclization reaction for the synthesis of 2,3-dihydropyrroles

The above method was successfully applied to a three-component, one-pot reaction
using alkynes, azides, and o,B-unsaturated aldehyde, and CuTC as a co-catalyst. The
reaction provided 2,3-dihydropyrroles in good yields and diastereoselectivity (Scheme

3.5).207
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i
o) 4t
N3SO,R* CuTC (10 mol%) /U, SO,R E Rh
= o+ Rha[(S)-NTTL], (1 mol%) ~ Ph™ "N ) \
Ph——= ) | . L
R3 toluene, MS4 &, rt, 6 h R? i 04
Ao then 120 °C, 1 h koo O
: © 5 examples |
up to 74% vyield |
>2011 dr. 1 Rh2(S)-NTTL],

Scheme 3.5 Rhodium catalyzed one-pot cyclization reaction for the synthesis of 2,3-
dihydropyrroles

Synthesis of functionalized 4-carboxy and 4-keto-2,3-dihydropyrroles in good to

excellent yield under the mild reaction condition was reported in 2014 by Martin et

al. via Ni(ClO4)2-6H20 catalyzed nucleophilic amine ring-opening cyclization of

donor-acceptor cyclopropanes (Scheme 3.6).2%

O

Q@ 9 R4 R®
R RS ; . o
) § o5+ RONH, Ni(ClO,4)-6H,0 (15 mol%) 2 \ "

R R2 DCM, reflux, 2 h r3 N
R6
21 examples
up to 96% vyield
>20:1 d.r.

Scheme 3.6 Ring-opening cyclization reaction for the synthesis of 2,3-dihydropyrroles

In 2014, Anaraki-Ardakani et al. reported a three-component, one-pot reaction of aryl
amides, dialkyl acetylene dicarboxylates, and phenacyl bromides in the presence of
PPhs and NEts. The reaction provided N-substituted 2,5-dihydropyrroles in good

yields (Scheme 3.7).2%°

RO,C—==—CO,R RO,C Ar

PPh, B

.
0

NEt

X@NHZ Ar)K/Br ’

X
7 examples
up to 90% vyield

Scheme 3.7 One-pot reaction for the synthesis of 2,5-dihydropyrroles
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Li et al. in 2015, developed a novel approach for the construction of polysubstituted
2,3-dihydropyrroles in moderate to excellent yields from chalcones and enamine
ketones (ester) under mild reaction conditions. The reaction proceeded via an iodine-

promoted tandem Michael/cyclization sequence (Scheme 3.8).21°

(0] R2
o REH o I, (1.1 equiv) Ar N
K,CO3 (1.1 equiv Me
/\)L 1+ N 2 20s { au) R! N
Ar R Me R?  dry DCE, 80 °C s,
H o R
24 examples
up to 93% yield

Scheme 3.8 Tandem Michael addition/cyclization reaction for the synthesis of 2,3-
dihydropyrroles

In 2015, the phosphine-catalyzed aza-Morita-Baylis-Hillman reaction of vinyl
pyridines with protected aromatic imines for the synthesis of 2,3,4-trisubstituted-2,5-
dihydropyrroles was reported by Chen et al. in good to excellent yields with excellent

diastereoselectivity (Scheme 3.9).21

'
X
GWE\(s/R Ts R
\ . N~ PEt), (30 mol% L)
- N eEsEomon) L Dy
| Ar” >H 1,2-DCE, 50 °C, 12 h 1
14 examples

up to 83% yield
>20:1 d.r.

Scheme 3.9 Aza-Morita-Baylis-Hillman reaction for the synthesis of 2,5-
dihydropyrroles

In 2015, Xiang and co-workers accomplished a synthesis of 3-carboxy-4,5-
dihydropyrroles via an intramolecular iminium ion cyclization reaction of readily
accessible Baylis-Hillman derivatives with aldehydes. In-situ generation of
azomethine ylides provided dihydropyrroles in moderate to high yield (Scheme

3.10).212
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R2
|
R2NH, (2 equiv) R2 N _R3
R'  NEtz (1 equiv) NH R3CHO \
—_— 1 ~,
MeO,d  OAc THF, 0°C, 1-2 h />_/R toluene, reflux, Ny MeO,C R!
MeO,C 26 examples
up to 84% yield
>20:1d.r.
Scheme 3.10 Intramolecular cyclization reaction for the synthesis of 2,3-
dihydropyrroles

The synthesis of 2,3-dihydropyrroles in moderate to good yields has been described by
Gudmundsson et al. in 2018 via iron-catalyzed intramolecular nucleophilic
cycloisomerization of alleninc sulphonamides. A highly diastereoselective variant of
the reaction has also been developed with the use of 1,2-disubstituted allenamides,

which affords 2,3-dihydropyrroles with a diastereomeric ratio of > 98:2 (Scheme

3.11).213

o [Fe] (5 mol%) 0
0.1l Me3NO (5 mol%) 0;“

R3S\NH K2CO3 (1 equiv) R \([‘\]:\>

’ ./ toluene, 70 °C 1 /
R R Z,
R? R
12 examples
up to 96% vyield
>98:2d.r.

Scheme 3.11 Cycloisomerization reaction for the synthesis of 2,3-dihydropyrroles

Kolos et al. in 2019 developed a method for the diastereoselective synthesis of
functionalized  4,5-dihydropyrroles through  multicomponent reactions of
arylglyoxals hydrates, acetylacetone or acetoacetic ester, and aromatic amines in

methanol at room temperature (Scheme 3.12).2%4

Ar' O

(0] HN R
MeOH
HO
j)J\Ar2 + MewR AcOH Ho/ \
- 5 °N Me
OH O O rt, 40 min Ar? 1)
2Ar'NH, Ar’
11 examples
up to 81% vyield
>20:1 d.r.

Scheme 3.12 Multicomponent reaction for the synthesis of 4,5-dihydropyrroles
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The diastereoselective synthesis of polysubstituted dihydropyrroles in good yield with
single diastereomers was reported by Iddmu and co-workers in 2021 via three-
component reactions of chalcones, benzylamines, and benzaldehydes. This reaction
proceeded through 1,3-dipolar cycloaddition between a chalcone and N-benzylidene

benzylamine (Scheme 3.13).21°

6]
0O
Ar1)v\Ar2 HN" AR _ Ar' Ar?
DMAP (1.2 equiv) 7 \
+
toluene, reflux Art
o7 A overnight ’\L
Art

Ard

6 examples
up to 76% yield
single diastereomer

Scheme 3.13 Three-component reaction for the synthesis of 4,5-dihydropyrroles

3.2.2 Enantioselective Synthesis of Dihydropyrroles
In 2006, Yang and co-workers accomplished a synthesis of chiral 2,5-dihydropyrroles

in good yields from chiral amino acid-derived N-atom substituted terminal alkene and
alkynes in the presence of Ru catalyst via ring-closing enyne metathesis (RCM)

reaction (Scheme 3.14).216

o) - Q
R
OMe OMe: ., PCys pn
N Rucat. (5 mol%) N ! ’~-}Luf /
e WAL ,
/r DCM, 40 °C = el

= ‘ ‘ | PCys
/ - Ru cat
13 examples ’

up to 89% vyield .

Scheme 3.14 Ring-closing enyne metathesis (RCM) reaction for the synthesis of 2,5-
dihydropyrroles

A novel and efficient method for the regioselective synthesis of chiral 2,5-

dihydropyrroles in good yields with moderate enantioselectivity (up to 70% ee) was

reported in 2011 by Li et al. The reaction proceeded via Lewis acid-catalyzed [3+2]

cycloaddition of alkyne and azomethine ylides with chiral pybox ligand. The
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azomethine ylides were easily generated from N-tosylaziridines by C-C bond

heterolysis at room temperature (Scheme 3.15).2%

Ts Sc(OTf)3 (5 mol%) Ts E XN
con — pyp PYDOX (55 moi%)_ |\ cOR W0 \ -
Ar/ux * MeO DCM, 4 R, Ms, rt COzR; |
PMP 7
OMe
2 examples '
up to 80% vyield ! Pybox
upto 70% ee
>20:1d.r.

Scheme 3.15 Enantioselective three-component reaction for the synthesis of aryl
ketone substituted 2,5-dihydropyrroles
In 2012, The synthesis of highly functionalized chiral 4,5-dihydropyrroles via domino
ring opening cyclization (DROC) method of chiral N-activated aziridine with
malononitrile in the presence of Sc(OTf); and t-BuOK at room temperature to 60 °C
accomplished by Ghorai ef al. The reaction provided the substituted 4,5-

didhydropyrroles in enantiomerically pure form with excellent yields and

stereoselectivity (Scheme 3.16).2%
NH,
EOZR <CN tBUOK, Sc(OTf; O~ _—
+ P ——— NSO,R
/\ THF, RT - 60 °C
17%  * 2 CN R’l *x
R R 2
7 examples
up to 87% yield
up to >99% ee
>20:1d.r.

Scheme 3.16 Ring opening cyclization for the synthesis of 5-didhydropyrroles

3.3 OBJECTIVE

From the above-mentioned literature survey, it is understood that numerous azomethine
ylides have been utilized for the synthesis of a variety of dihydropyrrole molecules via
1,3- dipolar cycloaddition. However, very few reports are known of using
benzothiazolium azomethine ylides in the synthesis of poly-substituted pyrrole,

pyrrolo-thiazine, and hydropyrrolo-thiazole. But, enantioselective synthesis of poly-
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substituted dihydropyrrole using benzothiazolium salt and a,B-unsaturated aldehydes is
yet to be developed.

» Inspired by this idea, a new asymmetric one-pot methodology will be developed

for the enantioselective synthesis of chiral N-phenyl thioether tethered

tetrasubstituted dihydropyrrole-3-carbaldehydes.

> The proposed method will use benzothiazolium azomethine ylides, o,p-
unsaturated aldehydes as a starting material and a chiral amine as an

organocatalyst (Scheme 3.17).

0 i
R 1

2. { o O
Br Ar |
N® 1. Chiral organaocat. Base, Solvent, rt AN |

o O A
IS 2. R1X, Base, Solvent, rt o) s ! N
“R! : H OTMS
| Cat.

Scheme 3.17 One-pot synthesis of chiral N-phenyl thioether-tethered tetrasubstituted
dihydropyrrole-3-carbaldehydes

> In this reaction, intermolecular 1,3-dipolar cycloaddition/intramolecular
rearrangement will happen, followed by an intermolecular C-S bond

formation/base-promoted intramolecular ring-opening reaction sequence.

» The method developed will enable the synthesis of novel thioether-tethered
chiral dihydropyrrole heterocyclic frameworks using environmentally friendly

chiral amines as organocatalysts.

3.4 RESULTS AND DISCUSSION

3.4.1 Optimization Studies

In Chapter 2, the enantioenriched product chiral pyrrolo-thiazine -2-carbaldehyde 3,
which has one quaternary center (hemi thioacetal center), is successfully utilized as a

starting material in this Chapter for the synthesis of enantioenriched tetrasubstituted
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dihydropyrroles. The cleavage of the C-S bond in 1,4-thiazine ring in 3 is possible by
treating it with appropriate electrophile in the presence of a base. In this reaction, the
base can easily deprotonate the hemi-thioacetal’s -OH proton. To check this hypothesis,
the reaction was performed with pyrrolo-thiazine -2-carbaldehyde 3 (1 equiv), K2CO3
(2 equiv), and methyl iodide (3 equiv) in DMF (01.5 M) at room temperature. The
reaction afforded the expected tetrasubstituted dihydropyrrole carbaldehyde 40 in 90%

yield with 98% ee (Scheme 3.18).

(j

40; 90% 98% ee
>20:1 dr

Scheme 3.18 Synthesis of tetrasubstituted dihydropyrrole 40 from pyrrolo-thiazine -2-
carbaldehyde 3

Considering the importance of chiral dihydropyrroles, to synthesize the
tetrasubstituted dihydropyrrole carbaldehydes 4 directly from ao,B-unsaturated
aldehydes, and benzothiazolium salts adopting a one-pot strategy. Initially, the
reaction was started to synthesize the N-phenyl thioether-tethered tetrasubstituted
dihydropyrrole-3-carbaldehydes 40 by reacting with a,p-unsaturated aldehyde 1a (1.0
mmol), benzothiazolium salt 2c (1.0 equiv), (L)-proline C1 (20 mol%) as an
organocatalyst and DMAP (3.0 equiv) as a base in IPA solvent at room temperature.
After the reaction was completed by 72 h (monitored by TLC), the solvent evaporated
from the reaction mixture, and then benzyl chloride (3 equiv), K2COs (2 equiv), and
DMF added at room temperature. The one-pot reaction provided the expected product

40 in 78% yield with 24% enantioselectivity and >20:1 d.r. (Table 3.1, entry1).
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Table 3.1: Catalyst Screening”

1. Cat. (20 mol%)
o DMAP (3 equiv)
Br o IPA (0.15 M), rt, 72 h

N0 N\>® 2. BnCl (3 equiv)
s K,CO3 (2 equiv)

DMF (0.15M), rt, 1 h

.......... la_ 2 i B0
Catalysts N N N
1C2°5 ____________ s
Entry Catalyst (mol%) Yield (%)? ee(%)¢ d.r.?

1 C1 (20 mol%) 78 24 20.1

2 C2 (20 mol%) 56 10 20.1

3 C3 (20 mol%) 41 66 20.1

3 C4 (20 mol%) 50 66 20.1

4 C5 (20 mol%) 60 85 20.1

5 C6 (20 mol%) 90 96 20.1

#Reaction conditions: Step-1 1a (0.3 mmol), ¢ (0.3 mmol), DMAP (3 equiv), chiral
catalyst C1-C6 (20 mol%) and solvent (0.15 M) at 72 h. Step-2: BnCl (3 equiv),
K2COs (2 equiv), DMF (0.15 M), PlIsolated yield. ‘Ee was determined by chiralcel
AD-H chiral column. D. r. ratio was determined by *H NMR spectroscopy of the
crude reaction mixture.

To improve the enantioselectivity of the one-pot product, the reaction was optimized
with various catalysts, bases, and solvents, and the results were summarized in Tables
3.1, 3.2, and 3.3. To improve the enantioselectivity of 40, the reaction was screened
using several proline-based chiral catalysts (Table 3.1 entries 1-6). The product yield
and %ee decreased when the catalyst was changed to C2 (Table 3.1, entry 2). The

reason may be due to the catalyst is less bulky. Upon increasing the bulkiness of
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catalysts C3 and C4, the %ee of the product was improved to 66% (Table 3.1, entries
3 and 4). Increasing the bulkiness of the catalyst C5 further leads to an improvement
in %ee to 85% with a 60% vyield (Table 3.1, entry 5). The use of (R)-diphenylprolinol
trimethylsilyl ether catalyst C6 was the best choice of the catalyst, and it provided
96% ee with a 90% yield of product 40 (Table 3.1, entry 6). The reaction was further

examined with several bases to improve the yield of 4o.

Table 3.2: Base Screening®

Br

Br. Q 3
1. Cat. C6 (20 mol%) H 3
o DMAP (3 equiv) \ ' -
Br 0 IPA (0.15 M), rt, 12 h o ! D

X I N : né—Ph
o N N\g 2. Benzyl chloride (3 equiv) o} S\/© LN %TMS
S base (2 equiv), rt, Time ' H

e 2a Mo
Entry Base (step-2) Solvent (M) (step- Time Yield (%) ee d.rd
2) (h) b )¢
1 - IPA 12 30 96 20.1
2 K>CO3 DMF 1 60 96 20.1
3 DMAP DMF 1 24 95 20.1
4 DABCO DMF 1 10 94 20.1
5 Na,COs DMF 1 50 96 20.1
6 NEt; DMF 1 45 95 20.1
7 NaOAc DMF 1 30 90 20.1
8 K5PO4 DMF 1 52 92 20.1

#Reaction conditions: Step-1 1a (0.3 mmol), 2c (0.3 mmol), DMAP (3 equiv), chiral
catalyst C1-C6 (20 mol%) and solvent (0.15 M) at 72 h. Step-2: BnClI (3 equiv), base
(2 equiv), DMF (0.15 M), ®Isolated yield. °Ee was determined by chiralcel AD-H
chiral column. D. r. ratio determined by *H NMR spectroscopy of crude reaction
mixture.
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The optimized reaction condition for the first step was taken from previous Chapter
2, and then to optimize step 2, several bases and solvents were screened, and the
results were summarized in Tables 3.2 & 3.3. In table 3.2, the reaction was screened
with various bases to achieve a better yield of the product 4o in step-11. The reaction
without a base in step Il gives only a 30% yield of the product 40 (Table 3.2, entry
1). When K2COz is a base, furnished product 40 has a maximum yield of 60% (Table

3.2, entry 2).

Table 3.3: Solvent Screening”

Br

Br. 0 ‘
1. Cat. C6 (20 mol%) H !
o DMAP (3 equiv) n \ ! Ph
IPA (0.15 M), rt, 12 h ; O

o} /N ‘
N Xo N N\Sa 2. Benzyl chloride (3 equiv) [¢] S\/© ' N %TMS
S K,COj3 (2 equiv) , H

solvent (0.15 M), rt, Time ! Cé6

Entry Base  Solvent (M) (step-2) Time (h) Yield (%)” ee (%) d.r.?

1 K>COs DMF 1 90 96 20.1
2 K2CO3 1,4-Dioxane 1 52 96 20.1
3 K2COs Toluene 1 35 96 20.1
4 K>COs HFIP 1 20 96 20.1
5 K2COs DCM 1 30 96 20.1
6 K>COs IPA 1 20 96 20.1
7 K>COs EtOH 1 30 96 20.1

#Reaction conditions: Step-1 1a (0.3 mmol), 2c (0.3 mmol), DMAP (3 equiv), chiral
catalyst C6 (20 mol%) and solvent (0.15 M) at 72 h. Step-2: BnClI (3 equiv), K2COs3
(2 equiv), solvent (0.15 M), PIsolated yield. °Ee was determined by chiralcel AD-H
chiral column. 9D. r. ratio determined by *H NMR spectroscopy of crude reaction
mixture.

By screening various solvents to achieve a better yield, DMF was found to furnish
the one-pot reaction in a 90% yield of 40 with 96% ee and >20:1 d.r. (Table 3.3, entry

1). The absolute configuration of 4q (4S,5S) was unambiguously confirmed by single-
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crystal X-ray diffraction analysis using the flack parameter (Figure 3.2; Flack

parameter value: -0.02(3).

Figure 3.2 X-ray structure of compound 4q chiral (CCDC: 2294980) with 50%
probability ellipsoids

3.5 SUBSTRATE SCOPES

With the optimized reaction condition in hand, the functional group tolerance of the
one-pot reaction was investigated with various primary and secondary alkyl halides
to furnish the desired products 4a-41 in good yields with high enantioselectivities
(Scheme 3.19). The aliphatic alkyl halides such as methyl, ethyl, isopropyl, allyl,
propargyl, acetonitrile, and acetate-containing alkyl halides 4a-4g provided the
desired products in good yields with high enantio- and diastereoselectivity (80-96%
ee). The aryl group containing various functional groups such as electron-donating
group, electron-withdrawing group, and bulky substitutions 4h-4l also furnished the
chiral products in good yield with high enantio-and diastereoselectivity (84-96% ee),

as shown in Scheme 3.19.
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Scheme 3.19 Substrate scope of alkyl and aryl halides®®

Br

1. Cat. C6 (20 mol%) Br

DMAP (3 equiv)
S} IPA (0.15 M), rt, 72 h

Br (0]
®
N0, N\> 2. RX (3 equiv)
I K2C03 (2 eqUiV)

DMF (0.15 M), rt

1a 2c

Br Br. Br.
4a; 80%, 96% ee 4b; 86%, 88% ee 4c; 80%, 86% ee
>20:1 d.r. >20:1 d.r. >20:1 d.r.
72 h + 30 min 72 h + 30 min 72 h + 30 min
Br.
4d; 88%, 80% ee 4e; 80%, 82% ee 4f; 73%, 90% ee
>20:1 d.r. >20:1 d.r. >20:1 d.r.
72h+1h 72h+1h 72h+1h
(6]
Br. Br. 0 Br H
H
\ VR
M M
"N 0 1N € € o/ N
° Apston ¢ A O
Me
49g; 73%, 98% ee 4h; 63%, 88% ee 4i; 50%, 84% ee
>20:1 d.r. >20:1 d.r. >20:1 d.r.
72 h +°10 min 72 h + 30 min 72h+13h
Br. Br. Br.
H H
\ $
AN CN v
/N I N
4j; 66%, 96% ee 4k; 72%, 96% ee 4l; 85%, 90% ee
>20:1 d.r. >20:1 d.r. >20:1 d.r.
72h+1 h 72h+1h 72h+1h

4Reaction condition: Step-1:1a (0.3 mmol), 2¢ (0.3 mmol), chiral catalyst C6 (20 mol
%), DMAP (2 equiv) in IPA (0.15 M) at room temperature for 72 h. Step -2: RX (3
equiv), KoCOs (2 equiv), and DMF (0.15 M) were added at room temperature.
bsolated yield. The absolute configuration of the product 4q was determined to be
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(4S,5S) by single-crystal XRD analysis. The absolute configurations of other products
were assigned to be (45,5S) based on same analogy.

Scheme 3.20 The substrate scope of the benzothiazolium salts®?

JR!

/ A

— 1. Cat. C6 (20 mol%) =
o DMAP (3 equiv)
Br o IPA (0.15 M), rt, 72 h q
R/\A N® > B
o ., @[ \> nCl (3 equiv)
S

K5COj3 (2 equiv)
DMF (0.15 M), rt

2a-2d
MeQO Br.
H
"N
4m; 82%, 92% ee 4n; 72%, 96% ee 40; 90%, 96% ee
>20:1 d.r. >20:1 d.r. >20:1 d.r.
72h+1h 72h+1h 72 h + 40 min

4p; 64%, 90% ee 4q; 70%, 90% ee CCDC No. 2294980 &9
>20:1 d.r. >20:1 d.r.
72h+1h 72h+1h N

#Reaction condition: Step-1; 1a-1f (0.3 mmol), 2a-2e (0.3 mmol), chiral catalyst C6
(20 mol %) and DMAP (3 equiv) in IPA (0.15 M) at rt for 72 h. Step -2: BnClI (3
equiv), KoCOs (2 equiv), and DMF (0.15 M) are added at room temperature. "Isolated
yield. The absolute configuration of the product 4q was determined to be (45,5S) by
single-crystal XRD analysis. The absolute configurations of other products were
assigned to be (45,5S) based on same analogy.

To investigate the generality of benzothiazolium salts 2 in the one-pot reaction,
various electron-donating, electron-withdrawing halogens and bulky substitutions
bearing benzothiazolium salts were screened. All the reactions furnished the
corresponding tetrasubstituted dihydropyrroles (4m-4q) in good yield with high

enantio- and diastereoselectivity (Scheme 3.20).
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Scheme 3. 21 The substrate scope for a,p-unsaturated aldehydes®®

]
_ 1. Cat. C6 (20 mol%) 2o R H

o DMAP (3 equiv) )

Br IPA (0.15 M), rt, 72 h N\ \

® O
RN | N\> 2. BnCI (3 equiv) O/ N
S K,COj3 (2 equiv) i .S

DMF (0.15 M), rt
1b-1f 2a-2d ars av

Br.
Me, H Br.
LN
"N
0 ©/s
4r; 76%, 98% ee 4s; 48%, 82% ee 4t; 84%, 98% ee

>20:1 d.r. >20:1 d.r. >20:1 d.r.
72h+1h 72 h + 30 min 72h +1h

4u; 72%, 98% ee 4v; 65%, 88% ee
>20:1 d.r. >20:1 d.r.
72 h + 1h 72h+1h

#Reaction condition: Step-1; 1a-1f (0.3 mmol), 2a-2e (0.3 mmol), chiral catalyst C6
(20 mol %) and DMAP (3 equiv) in IPA (0.15 M) at rt for 72 h. Step -2: BnClI (3
equiv), KoCOs (2 equiv), and DMF (0.15 M) were added at room temperature.
bsolated yield. The absolute configuration of the product 4q was determined to be
(45,5S) by single-crystal XRD analysis. The absolute configurations of other products
were assigned to be (45,5S) based on same analogy.

Substrates bearing electron-donating groups at the para position exhibited good
reactivity and enantioselectivity (4m-4n; 96-98% ee). The halogen substitution at the
para position provided the desired product 40 in 90% vyield with good
enantioselectivity (96% ee) in Scheme 3.22. An electron-withdrawing NO2 group at

the para position 4p delivered a 64% yield with 90% enantioselectivity. The bulky
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substitution naphthyl was well tolerated to obtain the desired products 4q in 70%

yield with 90% ee (Scheme 3.20).

To demonstrate the functional group tolerance of a,p-unsaturated aldehydes 1, the
reaction was carried out as a one-pot reaction using o,B-unsaturated aldehydes
containing electron-donating, electron-withdrawing, heterocyclic, and alkyl substituted
groups (4r—4v). All the reactions furnished the desired products in good yields with
high enantio-and diastereoselectivity (Scheme 3.21). The cinnamaldehyde-bearing
electron-donating group at the para-position delivered the desired product 4r in good
yield with 98% ee. Alkyl substitution at the 3-position of a,B-unsaturated aldehydes
afforded the product 4s in moderate yield with 82% ee. Notably, halogen substitution
at the para-position of cinnamaldehyde provided product 4t up to 98% ee. An electron-
withdrawing group at the para position furnished the desired product 4u in good yield
and 98% ee. The reaction was also suitable for substitution at the 3-position of the a,f3-

unsaturated aldehyde, for instance, furan afforded 4v in 65% yield with 88% ee.

3.6 GRAM SCALE SYNTHESIS

To check the scalability one-pot methodology, a gram-scale reaction was performed
using cinnamaldehyde 1 (3 mmol, 396 mg, 374 uL), benzothiazolium salt 2¢ (3 mmol,
1.24 g), DMAP (9 mmol, 1.1 g), benzyl chloride (6 mmol, 760 mg, 690 xL) and
K2CO3 (6 mmol, 828 mg) under the optimized reaction conditions. The reaction
furnished the desired chiral product 40 in 75% yield (1.2 g) without loss of enantio-

and diastereoselectivity (Scheme 3.22).
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Br

1. Cat. C5 (20 mol%)
S) DMAP (3 equiv)
Br ® O IPA (0.15 M), rt, 120 h
RN N
©MO + C[ \> 2. BnCl (3 equiv)
S K,COg3 (2 equiv)
1a 2¢ DMF (0.15 M), rt, 5 h

(3 mmol) (3 mmol) 75% yield 1.2 g
396 mg 129 96% ee, >20:1 d.r.

Scheme 3. 22 Gram scale synthesis of 40

3.7 SYNTHETIC TRANSFORMATIONS

Different functional group transformations were performed to showcase the synthetic
transformations of 40 (Scheme 3. 23). First, Suzuki coupling reaction of 40 with
PhB(OH): in the presence of Pd(PPhs)s and K2CO3z in THF, and the reaction afforded
the corresponding biphenyl-substituted pyrrolo-thiazine-3-carbaldehydes 5a in 90%
yield (Scheme 3.23). When treating 40 with DDQ, the oxidation reaction provided

the aromatized tetrasubstituted pyrrole product 5b in 90% yield (Scheme 3.23).

Cl ] | |
H {Br ] 1
O PhB(OH), (2 equiv) ! Ho B
LN Pd(PPha), (5 mol%) ! )\ | O
M ( ' + DDQ (2 equiv)

Ko,CO3 (2 equiv) \
| N 2C03 (2 equiv) . ] N

o ‘ ! DCM (0.15M)
S. THF (0.15 M), | o] ‘
©/ Bn .24 h f ©/S\Bn i
5a; 80%, 96% : 40; 90%, 96% ee |
>20:1 d.r. ; >20:1 d.r.

Scheme 3.23 Synthetic transformations of the 40

3.8 PLAUSIBLE REACTION MECHANISM

Based on related literature reports'> and from previous studies,'® a plausible reaction
mechanism is proposed as shown in Scheme 3.24. Initially, the benzothiazolium salt 2¢
will react with DMAP to yield azomethine ylide II/III. Subsequently, a,B-unsaturated
aldehyde 1a in the presence of chiral catalyst C6 will provide iminium ion intermediate
I. The intermediate I will react with III to form pyrrolo[1,4]thiazine-2-carbaldehyde
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intermediate X via 1,3-dipolar cycloaddition/rearrangement reaction. This intermediate

X might react with BnCl to form S-benzylated intermediate XI via SN2 reaction.

Ring

C-N bond
rotation

Scheme 3.24 Plausible mechanism for the formation of tetrasubstituted
dihydropyrrole-3-carbaldehyde

Then, in the intermediate XI, the C-S bond cleavage will take place in the presence of

the base to yield the desired product 40 along with KHCO3 and KCIl (Path A).
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Alternatively, the base KoCO3 might deprotonate the hydroxy proton of intermediate
X, followed by C-S bond cleavage to form thiolate anion intermediate XII. The thiolate
anion intermediate XII will react with benzyl chloride by a Sn2 reaction to provide the

desired product 40 (Path B).

3.9 CONCLUSION
» An efficient one-pot method for organocatalytic asymmetric synthesis of

tetrasubstituted dihydropyrrole-3-carbaldehydes was developed.

»  This asymmetric transformation proceeded via intermolecular 1,3-dipolar
cycloaddition/intramolecular rearrangement followed by an intermolecular C-S
bond formation/base-promoted intramolecular ring-opening reaction provided N-
phenyl thioether-tethered tetrasubstituted chiral dihydropyrrole-3-carbaldehydes

with high enantio- and diastereoselectivity.

» The novel method worked well for various functional groups, notably in aliphatic

ao,B-unsaturated aldehydes.

» The method reported herein is the first report for the synthesis of enantioenriched
tetrasubstituted  chiral  dihydropyrrole-3-carbaldehyde  derivatives  using
benzothiazolium salts reaction with o,B-unsaturated aldehydes via one-pot

methodology.

3.10 EXPERIMENTAL SECTION

3.10.1 General Information

All reactions were carried out in oven-dried reaction tubes. Benzothiazole, phenacyl

bromides, and cinnamaldehydes were purchased from Sigma-Aldrich, Spectrochem,
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BLD, Carbanio, and Avra Synthesis Pvt. Ltd. The proline and DMAP were purchased
from Spectrochem, Avra Synthesis Pvt. Ltd. and used directly as received. All the
starting materials were synthesized according to the reported procedures. Reactions
were monitored by thin-layer chromatography (TLC) using Merck silica gel 60 Fas4
precoated plates (0.25 mm) and visualized by UV fluorescence quenching using an
appropriate mixture of ethyl acetate and hexanes as eluting solvent mixtures. Silica gel
for column chromatography (particle size 100-200 mesh) was purchased from Avra
Synthesis Pvt. Ltd. and used for column chromatography using hexanes and ethyl
acetate mixture as eluent. Organic solutions were concentrated under reduced pressure
on a Biichi, Heidolph rotary evaporator using a water bath. 'H and '*C NMR spectra
were recorded on a Bruker 400 or 500 MHz instrument.'H NMR is reported relative to
residual CDCls (8 7.26 ppm) or DMSO-ds (8 2.50 ppm). 3C NMR is reported close to
residual CDClz (6 77.16 ppm) or DMSO-d¢ (6 39.52 ppm). Chemical shifts were
recorded in parts per million (ppm). Multiplicities are as indicated: s (singlet,) d
(doublet,) t (triplet,) q (quartet,) quint (quintet), sext (sextet), sept (septet) dd (doublet
of doublet,) m (multiplet,) tt (triplet of triplet,) td (triplet of doublet). The coupling

constant, J, is reported in Hertz.

Melting points were recorded on a Guna capillary melting point apparatus and were
corrected with benzoic acid as a reference. FTIR spectra were recorded on a JASCO
spectrometer and were reported in the frequency of absorption (cm™) using a dry KBr
pellet. The polarimetry was recorded in P-2000 High Accuracy Digital Polarimeter -
Jasco Inc. High-resolution mass spectra (HRMS) were recorded on Q-Tof Micro mass
spectrometer. All the single crystal X-ray data was collected with a Bruker AXS (Kappa
Apex 2) CCD diffractometer equipped with graphite monochromatic Mo (Ka) (A =

0.7107 A) radiation source. The data were collected with 100% completeness for © up
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to 25°. o and ¢ scans were employed to collect the data. The frame width for » for was
fixed to 0.5° for data collection. The crystal was solved by direct methods using Bruker
SHELXS (Sheldrick, 1997). The Structure was refined using the Bruker SHELXTL
(Version 6.12) software package. HPLC spectra were recorded on a Waters Alliance
2695 HPLC and Shimadzu SIL-20ACHT systems using the CHIRALCEL OD-H, AD-

H, and CHIRALPACK-AI columns.

3.10.2 Typical procedure for the one-pot synthesis of racemic tetrasubstituted
dihydropyrrole-3-carbaldehyde

General procedure A: To a 20 mL oven-dried reaction tube with a magnetic stir bar
under an open atmosphere piperidine (20 mg, 0.06 mmol), cinnamaldehyde (1a) (38
pL, 0.3 mmol) were dissolved in (0.075 M) EtOH and closed with glass-stopper stirring
for 1 hour at room temperature. 4-Bromo phenyl thiazolium salt (2¢) (126 mg, 0.3
mmol) and Dibutyl amine (150 pL, 0.9 mmol) and 0.075 M) EtOH were successively
added to the reaction mixture. Reaction progress monitored by TLC. After completely
consuming both starting materials, the EtOH was evaporated from the reaction mixture
by a rotary evaporator. After evaporation of the solvent, the reaction mixture dissolved
with DMF (0.15 M) followed by adding KoCO3 (2 equiv), the reaction mixture was
stirred for 10 minutes at room temperature. After the benzyl chloride (105 pL, 3 equiv)
was added to the stirred reaction mixture, the reaction was monitored by TLC. After
complete consumption of the starting material reaction mixture was poured into ice-
cold water extracted with EtOAc (3 x15 mL), brine wash (1x10 mL) was given to the
combined organic extractions and dried over anhydrous Na>SOs, evaporation of the

organic layer to get the crude product. This crude product was purified by column
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chromatography on silica gel (eluent: Hexane/Ethyl acetate = 70/30) to get the desired

chiral product 40 as 90% yield, with >20:1 diastereoselectivity (Scheme 3.25).
Br

1. Cat. (20 mol%)
Dibutyl amine(3 equiv)
o) EtOH (0.15 M), rt, 72 h

N® 2. Benzyl chloride (3 equiv)
K,COj3 (2 equiv)
DMF (0.15 M), rt, 1 h

Scheme 3.25 Preparation of racemic compound of tetrasubstituted dihydropyrrole-
3-carbaldehyde

3.10.3 Typical procedure for the one-pot synthesis of chiral tetrasubstituted
dihydropyrrole-3-carbaldehyde

General procedure B: To a 20 mL oven-dried reaction tube with a magnetic stir bar
under open atmosphere (R)-diphenylprolinol trimethylsilyl ether (20 mg, 0.06 mmol),
cinnamaldehyde (1a) (38 pL, 0.3 mmol) were dissolved in (0.075 M) IPA and closed
with glass-stopper stirring for 1 hour at room temperature. 4-Bromo phenyl thiazolium
salt (2¢) (126 mg, 0.3 mmol), DMAP (110 mg, 0.9 mmol), and (0.075 M) IPA were
successively added to the reaction mixture. Reaction progress monitored by TLC. After
completely consuming both starting materials, the IPA was evaporated from the

reaction mixture by a rotary evaporator.

After evaporation of the solvent, the reaction mixture dissolved with DMF (0.15 M)
followed by adding K>COs (2 equiv), the reaction mixture was stirred for 10 minutes at
room temperature. After the benzyl chloride (105 pL, 3 equiv) was added to the stirred
reaction mixture, the reaction was monitored by TLC. After complete consumption of
the starting material reaction mixture was poured into ice-cold water extracted with

EtOAc (3 x15 mL), brine wash (1x10 mL) was given to the combined organic
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extractions and dried over anhydrous Na,SO4, evaporation of organic layer to get crude
product. This crude product was purified by column chromatography on silica gel
(eluent: Hexane/Ethyl acetate = 70/30) to get the desired chiral product 40 as 90% yield,

96% ee with >20:1 diastereoselectivity (3.26).

Br

Br.

1. Cat. C6 (20 mol%)
DMAP (3 equiv)
IPA (0.15 M), rt, 72 h

B
e (6]
~0 N\® 2. Benzyl chloride (3 equiv)
+ > K,CO3 (2 equiv)
S DMF (0.15 M), rt, 1 h

1a 2c

OB

N OTMS
H
C6

Scheme 3.26 Preparation of chiral compound of tetrasubstituted dihydropyrroles-3-
carbaldehyde

3.10.4. Typical procedure for gram-scale synthesis

Br

N® ©
C[ 2. BnCI (3 equiv)
K,CO3 (2 equiv)
DMF (20 mL), rt, 3 h

@3 mmol) @ mmo') 75% yield 1.2 g
396 mg 129 96% ee, >20:1 d.r.

1. Cat. C5 (20 mol%) H
DMAP (3 equiv)
IPA (20 mL), rt, 120 h /“" N
O

Scheme 3.27 Gram scale synthesis of chiral tetrasubstituted dihydropyrrole-3-
carbaldehyde 40

General procedure C: To a 20 mL oven-dried reaction tube with a magnetic stir bar
under open atmosphere (R)-diphenylprolinol trimethylsilyl ether (195 mg, 0.6 mmol),
cinnamaldehyde 1a (396 mg, 374 puL, 3 mmol) were dissolved in (0.075 M) IPA and
closed with glass-stopper stirring for 1 hour at room temperature. 4-Bromo phenyl
thiazolium salt 2¢ (1.2 g, 3 mmol), DMAP (1.1 g, 9 mmol), and (0.075 M) IPA were
successively added to the reaction mixture. Completion of the reaction was confirmed

by TLC at 120 h. After the complete formation of the product, the IPA was evaporated
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from the reaction mixture by a rotary evaporator. After evaporation of the solvent, the
reaction mixture dissolved with DMF (0.15 M) followed by adding K>COs3 (2 equiv),
the reaction mixture was stirred for 10 minutes at room temperature. After the benzyl
chloride (1.0 mL, 9 mmol, 3 equiv) was added to the stirred reaction mixture, the
reaction was monitored by TLC after complete consumption of starting material
reaction mixture poured into ice cold water extracted with EtOAc (3 x15 mL), brine
wash (1x10 mL) was given to the combined organic extractions and dried over
anhydrous Na;SOs, evaporation of organic layer to get crude product. This crude
product was purified by column chromatography on silica gel (eluent: Hexane/Ethyl
acetate = 70/30) to get the desired chiral product 40 as 90% yield, 96% ee with >20:1

diastereoselectivity in Scheme 3.27.

3.10.5. Typical procedure for synthetic utility of chiral products

Different functional group transformations were performed to showcase the synthetic
transformation of 40. First, 40 was reacted under Suzuki coupling reaction conditions,
PhB(OH): in the presence of Pd(PPh3)s and K2COs3 in THF, and the reaction provided
the corresponding biphenyl-substituted pyrrolo-thiazine-3-carbaldehydes Sa 90% yield
with 96% ee in Scheme 3.31. When chiral product 40 was treated with DDQ, the
oxidation reaction provided the aromatized tetrasubstituted pyrrole product Sb with a

90% yield in Scheme 3.28.

Br. 0
(0}
H
Phenyl boronic acid (2 equiv) O
Q (PPh3)4 (5 mol%), KoCO3 (2 equiv) . \
@/ THF (0.15M ), rt, 12 h O/ N
g

40; 90%, 96% ee
>20:1d.r. 5a; 80%, 95% ee
>20:1d.r.

Scheme 3.28 Suzuki coupling reaction for chiral product 40 to synthesis of 5b
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1. General procedure D: To a 20 mL oven-dried reaction tube with a magnetic stir bar
under an open atmosphere, add chiral product 40 (110 mg, 0.2 mmol), Phenyl boronic
acid (2 equiv), Pd(PPh3)4 (5 mol%), K2COs3 (2 equiv), and THF (0.15 M). This reaction
was stirred at 80 °C, and the reaction progress was monitored by TLC. After complete
consumption of the starting material, the reaction mixture was cooled to room
temperature, and the reaction mixture evaporation of THF to get the crude product. This
crude product was extracted with DCM (3 x15mL), brine wash (1x10 mL) was given
to the combined organic extractions and dried over anhydrous Na>SOs, evaporation of
the organic layer to get the crude product. This crude product was purified by column
chromatography on silica gel (eluent: Hexane/Ethyl acetate = 80/20) to get the desired
chiral product Sa as 80% yield, 96% ee with >20:1 diastereoselectivity in Scheme 3.29.
H
T
/“' N DDQ (2 equiv)

o J\: .SQ DCM (0.15M ), rt, 12 h

40; 90%, 96% ee
>20:1 d.r.

Scheme 3.29 DDQ oxidation reaction for chiral product 4o to synthesis of 5b

2. General procedure E: To a 20 mL oven-dried reaction tube with a magnetic stir bar
under an open atmosphere chiral product 40 (96 mg, 0.2 mmol) was dissolved in
(0.15M) DCM stirred at room temperature. After 5 minutes, DDQ (0.4mmol) was
added to the stirred reaction mixture, this reaction was allowed to stir at the same
temperature where the reaction progress was monitored by TLC. After complete
consumption of the starting material reaction mixture extracted with DCM (3 x15mL),
brine wash (1x10 mL) was given to the combined organic extractions and dried over

anhydrous Na>SOs, evaporation of organic layer to get the crude product. This crude
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product was purified by column chromatography on silica gel (eluent: Hexane/Ethyl

acetate = 80/20) to get the desired racemic product 5b as 90% yield in Scheme 3.31.

3.11. THE ANALYTICAL AND SPECTRAL CHARACTERIZATION DATA’S

48,55)-5-(4-Bromobenzoyl)-1-(2-(methylthio)phenyl)-4-phenyl-4,5-dihydro-1H-

pyrrole-3-carbaldehyde 4a; Prepared according to general
procedure B using (R)-diphenylprolinol trimethylsilyl ether C6, | O\ N\
S.
purification of crude product by column chromatography using é ©/ Me
Br 4a

(HX/EA) mixture (70:30) to afford the title compound as pale

yellow viscous liquid, (80% yield, 115 mg); Rr=0.36 (30 % ethyl acetate in hexane);
d.r. = >20:1(determined by 'H NMR using crude reaction mixture); 'H NMR (400
MHz, CDCl3) 6 9.41 (s, 1H), 7.67 — 7.62 (m, 3H), 7.59 — 7.52 (m, 2H), 7.51 — 7.45 (m,
1H), 7.45 - 7.35 (m, 4H), 7.35 - 7.29 (m, 1H), 7.25—7.16 (m, 3H), 6.15 (d, /= 3.6 Hz,
1H), 4.35 (d, J = 4.0 Hz, 1H), 2.45 (d, J = 1.6 Hz, 3H); '3C NMR (101 MHz, CDCl3)
0 192.3, 182.7, 156.5, 141.6, 138.2, 134.4, 132.4, 132.3, 130.6, 129.6, 129.1, 127.9,
127.8,127.5,126.9,126.1,75.4,50.5, 15.9; FTIR (neat) 3058, 3026, 2928, 1672, 1602,
1456, 746 cm™'; HRMS (ESI) calculated for C2sHxoBrNO2S [M+H]": 480.0451; found:
480.0433. HPLC condition: HPLC Chiralcel AD-H, hexane/i-PrOH = 60:40 v/v, flow
rate = 1.0 mL/min, 4 = 300 nm, 25 °C, tr (major) = 13.00, tr (minor) = 7.41 min, 96%

ee, [0]p2 = +65.98 (c 0.1, CH2CL).

(45,55)-5-(4-Bromobenzoyl)-1-(2-(ethylthio)phenyl)-4-phenyl-4,5-dihydro-1H-

pyrrole-3-carbaldehyde 4b; Prepared according to general

procedure B using (R)-diphenylprolinol trimethylsilyl ether C6,

N
purification of crude product by column chromatography using é

(HX/EA) mixture (70:30) to afford the title compound as orange |Br 4b
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viscous liquid, (86% yield, 128 mg); Ry= 0.46 (30 % ethyl acetate in hexane); d.r. =
>20:1(determined by '"H NMR using crude reaction mixture); '"H NMR (400 MHz,
CDCl3) 6 9.42 (s, 1H), 7.68 — 7.62 (m, 3H), 7.57 — 7.53 (m, 2H), 7.46 — 7.41 (m, 3H),
7.40 —7.34 (m, 2H), 7.33 — 7.29 (m, 2H), 7.24 — 7.18 (m, 2H), 6.18 (d, /= 3.6 Hz, 1H),
4.35(d, J=3.2 Hz, 1H), 2.94 — 2.88 (m, 2H), 1.27 (t, J = 6.0 Hz, 3H); '*C NMR (100
MHz, CDCls) 6 192.3, 182.7, 156.4, 141.6, 139.7, 132.4, 132.3, 132.1, 130.6, 130.0,
129.52, 129.0, 127.8, 127.7, 127.6, 127.2, 127.0, 121.4, 50.4, 27.8, 14.1; FTIR (neat)
2960, 2923, 26852, 1736, 1646, 1476, 701 m'; HRMS (ESI) calculated for
C26H22BrNO»S [M+H]" : 494.0607; found: 494.0619; HPLC condition: Chiralcel-AD-
H, hexane/i-PrOH = 60:40 v/v, flow rate = 1.0 mL/min, 2 = 310 nm, 25 °C, tr (major)

=10.23, tr (minor) = 6.01 min, 88% ee, [a]p°° = +120.98 (¢ 0.5, CH2CL).

(45,55)-5-(4-Bromobenzoyl)-1-(2-(isopropylthio)phenyl)-4-phenyl-4,5-dihydro-

1H-pyrrole-3-carbaldehyde 4c¢; Prepared according to general 0

procedure B using (R)-diphenylprolinol trimethylsilyl ether C6,

o. [\
\\\\“' N
purification of the crude product by column chromatography using ©/ Sj/
Br 4c

(HX/EA) mixture (70:30) to afford the title compound as orange

viscous liquid, (80% yield, 120 mg); Ry= 0.50 (30 % ethyl acetate in hexane); d.r. =
>20:1(determined by '"H NMR using crude reaction mixture); '"H NMR (400 MHz,
CDCl) 6 9.43 (s, 1H), 7.70 (s, 1H), 7.67 — 7.63 (m, 2H), 7.58 — 7.54 (m, 2H), 7.46 —
7.40 (m, 3H), 7.39 — 7.35 (m, 3H), 7.32 — 7.28 (m, 2H), 7.22 — 7.17 (m, 1H), 6.26 (d, J
=3.2 Hz, 1H), 4.35 (d, J=3.2 Hz, 1H), 3.38 (Sep, /=5.2 Hz, 1H), 1.27 (d, /= 5.2 Hz,
3H), 1.20 (d, J = 5.2 Hz, 3H); 3C NMR (100 MHz, CDCls) § 192.4, 182.7, 156.2,
141.6, 141.5, 133.9, 132.4, 132.3, 130.6, 129.5, 129.1, 128.2, 127.8, 127.3, 126.9,
121.4,76.4, 50.4, 38.8, 23.2, 22.8; FTIR (neat) 3028, 2970, 2852, 1741, 1636, 1474,

755 cm'; HRMS (ESI) calculated for C27H24BrNO,S [M+H]" : 508.0764; found:
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508.0774; HPLC condition: HPLC Chiralcel- AD-H, hexane/i-PrOH = 60:40 v/v, flow
rate = 1.0 mL/min, 4 = 350 nm, 25 °C, tr (major) = 8.00, tr (minor) = 5.17 min, 86%

ee, [a]p?*=+152.51 (¢ 0.5, CH,CL).

(4S,55)-5-(4-Bromobenzoyl)-4-phenyl-1-(2-(prop-2-yn-1-ylthio)phenyl)-4,5-

dihydro-1H-pyrrole-3-carbaldehyde 4d; Prepared according o)

to general procedure B using (R)-diphenylprolinol

o. [\
N N
trimethylsilyl ether C6, purification of crude product by column ©/S\/\
Br 4d

chromatography using (HX/EA) mixture (70:30) to afford the

title compound as orange viscous liquid, (88% yield, (133 mg); Rr=0.59 (30 % ethyl
acetate in hexane); d.r. = >20:1(determined by '"H NMR using crude reaction mixture);
'TH NMR (500 MHz, CDCl3) § 9.34 (s, 1H), 7.63 (s, 1H), 7.60 — 7.56 (m, 2H), 7.52 —
7.47 (m, 2H), 7.39 — 7.34 (m, 3H), 7.32 — 7.28 (m, 2H), 7.27 — 7.24 (m, 2H), 7.16 —
7.10 (m, 2H), 6.13 (d, J = 4.0 Hz, 1H), 5.76 — 5.65 (m, 1H), 5.04 — 4.96 (m, 2H), 4.29
(d, J=4.0 Hz, 1H), 3.50 — 3.40 (m, 2H); 3C NMR (125 MHz, CDCl3) 6 192.3, 182.6,
156.3, 141.6, 140.5, 132.7, 132.5, 132.4, 131.8, 131.1, 130.6, 129.6, 129.1, 127.8,
127.7, 127.5, 127.0, 121.6, 118.6, 76.3, 50.5, 37.4; FTIR (neat) 2958, 2923, 1694,
1645, 1578, 1487, 758 cm’'; HRMS (ESI) calculated for C27H2BrNO,S [M+H]":
504.0627; found: 504.0638; HPLC condition: HPLC Chiralcel AD-H, hexane/i-PrOH
= 60:40 v/v, flow rate = 1.0 mL/min, A = 254 nm, 25 °C, tr (major) = 14.02 min, tr

(minor) = 7.10 min, 80% ee, [0]p?* =+137.22 (c 0.5, CH,ClL).

207



(45,55)-1-(2-(Allylthio)phenyl)-5-(4-bromobenzoyl)-4-phenyl-4,5-dihydro-1H-

pyrrole-3-carbaldehyde 4e; Prepared according to general

T

procedure B using (R)-diphenylprolinol trimethylsilyl ether C6,

N N\
s_Z
purification of crude product by column chromatography using
Br 4e

(HX/EA) mixture (70:30) to afford the title compound as

orange viscous liquid, (80% yield, (120 mg); Ry=0.45 (30 % ethyl acetate in hexane);
d.r. = >20:1(determined by 'H NMR using crude reaction mixture); 'H NMR (500
MHz, CDCl) & 9.48 (s, 1H), 7.77 (s, 1H), 7.73 — 7.68 (m, 2H), 7.64 — 7.60 (m, 2H),
7.57 —7.52 (m, 2H), 7.47 — 7.42 (m, 4H), 7.39 — 7.34 (m, 2H), 7.32 — 7.29 (m, 2H),
6.20 (d, J=4.0 Hz, 1H), 4.40(d, J = 4.0 Hz, 1H), 3.72 — 3.59 (m, 2H); '3C NMR (126
MHz, CDCl3) 6 192.3, 182.6, 156.3, 141.6, 140.5, 132.7, 132.5, 132.4, 131.8, 131.1,
130.6, 129.6, 129.1, 127.8, 127.8, 127.7, 127.5, 127.0, 1216, 118.6, 76.3, 50.5, 37.4;
FTIR (neat) 2956, 2924, 1696, 1644, 1567, 1474, 761cm™'; HRMS (ESI) calculated
for C27H20BrNO2S [M+H]": 502.0471; found: 502.0482; HPLC condition: HPLC
Chiralcel AD-H, hexane/i-PrOH = 60:40 v/v, flow rate = 1.0 mL/min, A = 254 nm, 25

°C, tr (major) = 17.20, tr (minor) = 9.15 min, 82% ee, [a]p>’=+171.25 (¢ 0.5, CH,CL).

2-(2-(2S5,35)-2-(4-Bromobenzoyl)-4-formyl-3-phenyl-2,3-dihydro-1H-pyrrol-1-

y)phenyl)thio)acetonitrile 4f; Prepared according to general
procedure B using (R)-diphenylprolinol trimethylsilyl ether C6, | Oy N\
. . . S._CN
purification of crude product by column chromatography using
Br af

(HX/EA) mixture (70:30) to afford the title compound as yellow

viscous liquid, (73% yield, (110 mg); Ry= 0.29 (30 % ethyl acetate in hexane); d.r. =
>20:1(determined by '"H NMR using crude reaction mixture); '"H NMR (500 MHz,
CDCl3) 6 9.52 (s, 1H), 7.89 (s, 1H), 7.74 — 7.67 (m, 3H), 7.66 — 7.62 (m, 2H), 7.50 —

7.46 (m, 2H), 7.46 — 7.44 (m, 2H), 7.42 — 7.37 (m, 3H), 7.36 — 7.32 (m, 2H), 6.15 (d, J
208



= 4.5 Hz, 1H), 4.41 (d, J = 4.5 Hz, 1H), 3.71 (dd, J = 17.0, 17.0 Hz, 2H); 3C NMR
(126 MHz, CDCl) o 192.3, 183.0, 155.4, 142.5, 141.3, 135.6, 132.4, 132.3, 130.7,
130.5, 129.8, 129.2, 128.0, 127.6, 127.4, 126.0, 125.8, 122.3, 116.0, 77.0, 50.3, 20.8;
FTIR (neat) 3063, 2955, 2853, 1746, 1694, 1475, 1208, 759 cm™'; HRMS (ESI)
calculated for C26H19BrN202S [M+H]" : 505.0403; found: 505.0384; HPLC condition:
HPLC Chiralcel AD-H, hexane/i-PrOH = 70:30 v/v, flow rate = 1.0 mL/min, A = 300

nm, 25 °C, tr (major) = 25.54, tr (minor) = 11.42 min, 90% ee, [a]p*’=+107.25 (¢ 0.5,

CHCD).
Ethyl 2-(2-(25,35)-2-(4-bromobenzoyl)-4-formyl-3-phenyl-2,3-dihydro-1H-
pyrrol-1-yl)phenyl)thio)acetate 4g; Prepared according to 0

general procedure B  wusing (R)-diphenylprolinol

o. [\
\\\\“‘ N o
trimethylsilyl ether C6, purification of crude product by ©/ S\)J\o/\
Br 49

column chromatography using (HX/EA) mixture (70:30) to

afford the title compound as orange viscous liquid, (73% yield, 120 mg); Ry= 0.44 (40
% ethyl acetate in hexane); d.r. = >20:1(determined by 'H NMR using crude reaction
mixture); "H NMR (400 MHz, CDCl3) & 9.30 (s, 1H), 7.62 (s, 1H), 7.55 — 7.51 (m,
2H), 7.45 — 7.41 (m, 2H), 7.33 (dd, J = 1.6, 1.6 Hz, 1H), 7.28 — 7.22 (m, 5H), 7.20 —
7.16 (m, 1H), 7.15 - 7.12 (m, 1H), 7.07 (td, J = 1.6, 1.5 Hz, 1H), 6.06 (d, J = 4.0 Hz,
1H), 4.22 (d, J=4.0 Hz, 1H), 4.03 — 3.90 (m, 2H), 3.60 — 3.42 (m, 2H), 1.02 (t,J=7.2
Hz, 3H); *C NMR (101 MHz, CDCI3) 6 192.4, 182.9, 168.9, 156.3, 141.5, 140.5,
132.4,132.3,131.7, 130.6, 130.3, 129.6, 129.1, 128.4, 127.8, 127.7, 127.2, 121.8, 76.2,
61.9,50.4,36.3,14.2; FTIR (neat) 3193, 2958, 2852, 1733, 1715, 1696, 1474, 752 cm’
I: HRMS (ESI) calculated for CosH24BrNO4S [M+H]" : 552.0662; found: 552,0635;

HPLC condition: HPLC Chiralcel AD-H, hexane/i-PrOH = 60:40 v/v, flow rate = 1.0
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mL/min, 4 =320 nm, 25 °C, tr (major) = 14.29, tg (minor) = 7.11 min, 98% ee, [a]p'*

= +258.87 (¢ 0.5, CH2CD).

(4S,55)-5-(4-Bromobenzoyl)-4-phenyl-1-(2-((2,4,6-trimethylbenzyl)thio)phenyl)-

4,5-dihydro-1H-pyrrole-3-carbaldehyde 4h; Prepared Q

H
according to general procedure B using (R)- | Oy N\ Me Me
S. I j
diphenylprolinol trimethylsilyl ether C6, purification of é ©/ h
e
Br 4h

crude product by column chromatography using

(HX/EA) mixture (70:30) to afford the title compound as orange brown viscous liquid
(63% yield, 113 mg); Ry=0.29 (20 % ethyl acetate in hexane); d.r. =>20:1(determined
by '"H NMR using crude reaction mixture); "H NMR (500 MHz, CDCl3) 6 9.26 (s, 1H),
7.63 (s, 1H), 7.58 (d, J = 8.5 Hz, 2H), 7.54 (d, J = 8.5 Hz, 2H), 7.47 — 7.42 (m, 1H),
7.40 (d, J=17.5 Hz, 1H), 7.36 — 7.31 (m, 2H), 7.30 — 7.20 (m, 6H), 6.85 (s, 2H), 6.03
(d,/=4.0Hz, 1H), 4.31 (d, /J=4.5 Hz, 1H), 4.20 — 4.10 (m, 2H), 2.28 (s, 3H), 2.24 (s,
6H); 3C NMR (126 MHz, CDCls) 5 192.5, 182.7, 156.1, 141.6, 140.5, 137.5, 137.3,
132.6, 132.5, 132.4, 132.3, 130.6, 129.6, 129.5, 129.4, 129.0, 127.8, 127.7, 127.5,
126.4, 121.4, 77.0, 50.6, 34.6, 21.1, 19.7; FTIR (neat) 3058, 2923, 2852, 1742, 1646,
1417,757 cm’'; HRMS (ESI) calculated for C34H30BrNO,S [M+H]" : 598.1233; found:
598.1207; HPLC condition: HPLC Chiralcel OD-H, hexane/i-PrOH = 70:30 v/v, flow
rate = 1.0 mL/min, A =254 nm, 25 °C, tr (major) = 18.42, tr (minor) = 10.32 min, 96%

ee, [a]p® = +89.64 (c 0.1, CHsCN).
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(45,55)-5-(4-Bromobenzoyl)-1-(2-((3,5-di-tert-butylbenzyl)thio)phenyl)-4-phenyl-

4,5-dihydro-1H-pyrrole-3-carbaldehyde 4i; Prepared

according to general procedure B using (R)-

O\\\\“"
diphenylprolinol trimethylsilyl ether C6, purification of é ©/S

the crude product by column chromatography using (Br 4i

(HX/EA) mixture (70:30) to afford the title compound as orange viscous liquid, (50%
yield, 100 mg); Ry= 0.44 (20 % ethyl acetate in hexane); d.r. = >20:1(determined by
"H NMR using crude reaction mixture); (500 MHz, CDCls) §9.20 (s, 1H), 7.48 — 7.44
(m, 2H), 7.40 — 7.36 (m, 2H), 7.32 (s, 1H), 7.25 — 7.05 (m, 9H), 7.01 (t, J = 7.5 Hz,
1H), 6.84 — 6.80 (m, 2H), 5.93 (d, /=4.0 Hz, 1H), 4.17 (d, J=5.5 Hz, 1H), 3.95-3.90
(m, 2H), 1.10 (s, 18H); 13C NMR (126 MHz, CDCl3) 6 192.4, 182.6, 156.0, 151.3,
141.7, 140.9, 135.68, 133.0, 132.5, 132.3, 131.5, 130.6, 129.5, 129.1, 128.1, 127.8,
127.7,127.4,126.8,123.1, 121.7,121.5,76.7, 50.5, 40.4,34.9, 31.5; FTIR (neat) 2961,
2924, 2852, 1742, 1699, 1471, 752 cm’'; HRMS (ESI) calculated for C3oH4BrNO2S
[M+H]" : 666.2036; found: 666.2009; HPLC condition: HPLC Chiralpack- IA,
hexane/i-PrOH = 80:20 v/v, flow rate = 1.0 mL/min, A = 254 nm, 25 °C, tr (major) =

10.70, tr (minor) = 6.80 min, 84% ee, [0]p>°=+114.84 (c 0.5, CH,CL).

4-(2-(2S,35)-2-(4-Bromobenzoyl)-4-formyl-3-phenyl-2,3-dihydro-1H-pyrrol-1

yl)phenyl)thio)methyl)benzonitrile 4j; Prepared
according to general procedure B using (R)-

0
\\\\ “““
diphenylprolinol trimethylsilyl ether C6, purification of é
Br

H
\
CN
N
s
4

crude product by column chromatography using (HX/EA)

mixture (70:30) to afford the title compound as orange viscous liquid, (66% yield, 115
mg); Ry = 0.47 (40 % ethyl acetate in hexane); d.r. = >20:1(determined by 'H NMR

using crude reaction mixture); "H NMR (400 MHz, CDCI3) & 9.34 (s, 1H), 7.59 (s,
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1H), 7.55 -7.45 (m, 4H), 7.41 (d, J= 8.0 Hz, 2H), 7.33 — 7.23 (m, 6H), 7.20 — 7.13 (m,
5H), 7.04 (t,J=7.6 Hz, 1H), 5.99 (d, /=4.4 Hz, 1H), 4.25 (d,J=4.4 Hz, 1H), 4.07 —
3.93 (m, 2H); '3C NMR (101 MHz, CDCl3) 5 192.2, 182.8, 155.5, 142.4, 141.5, 141 4,
133.5, 132.4, 132.3, 130.5, 129.8, 129.6, 129.2, 129.0, 128.9, 127.9, 127.7, 127.2,
126.2, 121.8, 118.6, 111.5, 76.6, 50.3, 39.1; FTIR (neat) 2955, 2924, 2852, 1742,
1694, 1477, 1206, 752 cm™'; HRMS (ESI) calculated for C3;H23BrN,O,S [M+H]" :
581.0716; found: 581.0686; HPLC condition: HPLC Chiralcel AD-H, hexane/i-PrOH
= 60:40 v/v, flow rate = 1.0 mL/min, A =320 nm, 25 °C, tr (major) = 2-.90 tr (minor) =

12.67 min, 96% ee, [a]p*° = +93.60 (c 0.1, CH,Cly).

(45,55)-5-(4-Bromobenzoyl)-1-(2-((naphthalen-1-ylmethyl)thio)phenyl)-4-phenyl-

4,5-dihydro-1H-pyrrole-3-carbaldehyde 4k; Prepared
according to general procedure B using (R)-diphenylprolinol

trimethylsilyl ether C6, purification of the crude product by

column chromatography using (HX/EA) mixture (70:30) to

afford the title compound as orange viscous liquid, (72% yield, 137 mg); Ry=0.44 (30
% ethyl acetate in hexane); d.r. = >20:1(determined by 'H NMR using crude reaction
mixture); '"H NMR (500 MHz, CDCls) § 8.94 (s, 1H), 7.78 (d, J = 8.5 Hz, 1H), 7.64
(d, J=8.0 Hz, 1H), 7.53 (d, /= 8.5 Hz, 1H), 7.30 — 7.20 (m, 7H), 7.17 (d, J = 8.0 Hz,
1H), 7.08 — 6.96 (m, 9H), 6.93 (d, J= 7.0 Hz, 1H), 5.72 (d, J = 4.5 Hz, 1H), 4.32 (s,
2H), 4.01 (d, J = 4.5 Hz, 1H); '3C NMR (126 MHz, CDCl3) 5 192.5, 182.7, 155.9,
141.5, 141.2, 134.2, 133.3, 132.5, 132.4, 132.3, 131.7, 131.4, 130.5, 129.5, 129.1,
129.0,128.8 128.3,127.9, 127.7,127.6, 127.4, 126.9, 126.6, 126.2, 125.3, 123.7, 121.3,
76.8, 50.6, 37.9; FTIR (neat) 2954, 2924, 2852, 1715, 1697, 1635, 1488, 779 cm;
HRMS (ESI) calculated for C3sHsBrNO>S [M+H]" : 606.0920; found: 606.0916;

HPLC condition: HPLC Chiralcel AD-H, hexane/i-PrOH = 60:40 v/v, flow rate = 1.0
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mL/min, 2 =310 nm, 25 °C, tr (major) = 18.51, tg (minor) = 10.71 min, 96% ee, [o]p'*"

=+103.22 (¢ 0.5, CH2CD).

(45,55)-1-(2-(Anthracen-9-ylmethyl)thio)phenyl)-5-(4-bromobenzoyl)-4-phenyl-

5

(HX/EA) mixture (70:30) to afford the title compound as pale orange viscous liquid,

4,5-dihydro-1H-pyrrole-3-carbaldehyde 4l; Prepared

according to general procedure B using (R)- | Oy,
diphenylprolinol trimethylsilyl ether C6, purification of é
Br

the crude product by column chromatography using

(85% yield, 166 mg); Ry=0.50 (30 % ethyl acetate in hexane); d.r. =>20:1(determined
by '"H NMR using crude reaction mixture); '"H NMR (500 MHz, CDCl3) § 9.42 (s,
1H), 7.82 - 7.79 (m, 2H), 7.64 — 7.60 (m, 1H), 7.52 (s, 1H), 7.49 — 7.46 (m, 2H), 7.46
—7.42 (m, 5H), 7.43 — 7.34 (m, 4H), 7.32 — 7.30(m, 1H), 7.30 — 7.26 (m, 4H), 7.23 —
7.18 (m, 3H), 6.17 (d, J = 4.5 Hz, 1H), 4.41 (d, J = 4.0 Hz, 1H), 4.13 (d, J = 3.0 Hz,
2H); 3C NMR (125 MHz, CDCl3) 6 192.5, 182.6, 155.7, 141.2, 141.1, 133.3, 132.4,
132.1, 132.1, 131.6, 130.4, 130.1, 129.4, 128.7, 128.4, 128.3, 128.1, 127.9, 127.5,
127.42, 126.4, 126.4, 125.9, 125.2, 123.8, 121.4, 76.9, 50.6, 33.2; FTIR (neat) 3029,
2957, 2852, 1694, 1670, 1569, 1496, 1473, 1417, 754 cm™'; HRMS (ESI) calculated
for C39H2sBrNO,S [M+H]" : 654.1097; found: 654.1067; HPLC condition: HPLC
Chiralcel AD-H, hexane/i-PrOH = 70:30 v/v, flow rate = 1.0 mL/min, A = 254 nm, 25
°C, tr (major) = 28.44 min, tr (minor) = 16.80 min, 90% ee, [o]p?*> = +73.18 (c 0.1,

CHxCl).
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(45,55)-5-Benzoyl-1-(2-(benzylthio)phenyl)-4-phenyl-4,5-dihydro-1H-pyrrole-3-

carbaldehyde 4m; Prepared according to general procedure

B using (R)-diphenylprolinol trimethylsilyl ether C6, | O\,
purification of crude product by column chromatography é

i}y@

using (HX/EA) mixture (70:30) to afford the title compound
as orange viscous liquid, (82% yield, (117 mg); Ry=0.41 (30 % ethyl acetate in hexane);
d.r. = >20:1(determined by 'H NMR using crude reaction mixture); 'H NMR (500
MHz, CDCl3) 6 9.34 (s, 1H), 7.75 (d, J= 7.6 Hz, 2H), 7.58 (t, /= 7.6 Hz, 1H), 7.46 —
7.30 (m, 11H), 7.26 — 7.20 (m, 3H), 7.20 — 7.13 (m, 3H), 6.11 (d, J=4.0 Hz, 1H), 4.34
(d, J=4.0 Hz, 1H), 4.10 (s, 2H); 13C NMR (100 MHz, CDCl3) 193.4, 182.7 156.3,
141.8, 141.1, 136.9, 134.1, 133.8, 132.9, 131.3, 129.2, 129.0, 128.9, 128.7, 128.1,
127.9, 127.6, 127.5, 127.0, 121.4, 76.8, 50.5, 39.6; FTIR (neat) 3061, 3030, 2852,
1739, 1696, 1474, 766 cm™'; HRMS (ESI) calculated for C31H2sNO,.S [M+H]" :
476.1679; found: 476.1685; HPLC condition: HPLC Chiralcel-OD-H, hexane/i-PrOH
= 60:40 v/v, flow rate = 1.0 mL/min, 1 =254 nm, 25 °C, tr (major) = 11.18, tr (minor)

= 7.02 min, 92% ee, [o]p'%° = +109.94 (¢ 0.5, CHCl).

(45,55)-1-(2-(Benzylthio)phenyl)-5-(4-methoxybenzoyl)-4-phenyl-4,5-dihydro-

1H-pyrrole-3-carbaldehyde 4n; Prepared according to o

general procedure B using  (R)-diphenylprolinol

H
o. [\
\\\\‘" N \/@
trimethylsilyl ether C6, purification of crude product by ©/S
MeO 4n

column chromatography using (HX/EA) mixture (70:30) to

afford the title compound as Orange semi-solid, (72% yield, 110 mg); Rr=0.29 (30 %
ethyl acetate in hexane); d.r. = >20:1(determined by 'H NMR using crude reaction
mixture); 'H NMR (500 MHz, CDCls) § 9.36 (s, 1H), 7.73 (d, J = 9.0 Hz, 2H), 7.46

(s, 1H), 7.42 — 7.39 (m, 3H), 7.38 — 7.34 (m, 2H), 7.34 — 7.31 (m, 2H), 7.31 — 7.27 (m,
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1H), 7.25-7.21 (m, 4H), 7.18 —= 7.12 (m, 3H), 6.85 (d, /=9.0 Hz, 2H), 6.10 (d, J=4.0
Hz, 1H), 4.35 (d, J = 4.5 Hz, 1H), 4.12 — 4.06 (m, 2H), 3.85 (s, 3H); '3C NMR (126
MHz, CDCl3) 6 192.0, 182.7, 164.4, 156.4, 142.0, 141.2, 136.9, 132.8, 131.5, 131.3,
128.9,128.9,128.7, 128.1, 127.9, 127.6, 127.6, 127.4, 126.9, 126.7, 121.4, 114.2, 76.6,
55.7, 50.8, 39.9; FTIR (neat) 3060, 2923, 2852, 1736, 1682, 1475, 761 cm’'; HRMS
(ESI) calculated for C3»H»7NO3S [M+H]": 506. 1784; found: 506.1803; HPLC
condition: HPLC Chiralcel-AD-H, hexane/i-PrOH = 60:40 v/v, flow rate = 1.0 mL/min,
2 =254 nm, 25 °C, tg (major) = 18.52, tr (minor) = 7.98 min, 96% ee, [o]p>’ = +77.54

(c 0.5, CH2CDL).

(4S,55)-1-(2-(Benzylthio)phenyl)-5-(4-bromobenzoyl)-4-phenyl-4,5-dihydro-1H-

pyrrole-3-carbaldehyde 40; Prepared according to general

H
procedure B using (R)-diphenylprolinol trimethylsilyl ether | Oy N\ :
% l S
Br 40

C6, purification of the crude product by column

chromatography using (HX/EA) mixture (70:30) to afford the
title compound as orange viscous liquid, (90% yield, (150 mg); Ry= 0.46 (30 % ethyl
acetate in hexane); d.r. = >20:1(determined by 'H NMR using crude reaction mixtures);
'TH NMR (500 MHz, CDCls) 6 9.30 (s, 1H), 7.61 — 7.50 (m, 4H), 7.41 — 7.29 (m, 7H),
7.25-7.19 (m, 4H), 7.14 - 7.09 (m, 2H), 6.00 (d,J=4.0 Hz, 1H), 4.32 (d, /J=4.0 Hz,
1H), 4.12 — 4.04 (m, 2H); '3C NMR (125 MHz, CDCl3) § 192.4, 182.5, 156.1, 141.5,
140.8, 136.7, 132.7, 132.4, 132.2, 131.2, 130.5, 129.4, 128.9, 128.7, 128.6, 128.0,
127.7, 127.6, 127.5, 127.5, 126.9, 121.2, 76.6, 50.5, 39.7; FTIR (neat) 2923, 2852,
1694, 1645, 1473, 784 cm™'; HRMS (ESI) calculated for C31H24BrNO2S [M+H]" :
554.0784; found: 554.0795; HPLC condition: HPLC Chiralcel-AD-H, hexane/i-PrOH
= 60:40 v/v, flow rate = 1.0 mL/min, 4 = 254 nm, 25 °C, tr (major) = 13.20, tr (minor)

=7.38 min, 96% ee, [a]p*"=+281.65 (c 0.1, CH2Cl).
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(45,55)-1-(2-(Benzylthio)phenyl)-5-(4-nitrobenzoyl)-4-phenyl-4,5-dihydro-1H-

pyrrole-3-carbaldehyde 4p; Prepared according to general "

N
<
4p

the title compound as red viscous liquid, (64% yield, 100 mg); Ry = 0.46 (30 % ethyl

procedure B using (R)-diphenylprolinol trimethylsilyl ether SN
C6, purification of the crude product by column é
O,N

chromatography using (HX/EA) mixture (70:30) to afford

acetate in hexane); d.r. = >20:1(determined by "H NMR using crude reaction mixture);
'TH NMR (500 MHz, CDCls) § 9.44 (s, 1H), 8.30 — 8.27 (m, 2H), 7.95 — 7.92 (m, 2H),
7.53 — 7.45 (m, 4H), 7.44 — 7.41 (m, 4H), 7.36 — 7.32 (m, 2H), 7.30 — 7.26 (m, 4H),
7.21—7.17 (m, 2H), 6.12 (d, /= 4.0 Hz, 1H), 4.40 (d, J=4.5 Hz, 1H), 4.15 (d,J=4.0
Hz, 2H); 3C NMR (126 MHz, CDCI3) & 191.7, 182.6, 155.7, 150.8, 141.2, 140.7,
138.3, 136.6, 132.7, 131.2, 130.1, 129.0, 128.7, 128.6, 128.1, 127.9, 127.7, 127.6,
127.5,126.9 123.9, 121.2, 6.8, 50.4, 39.7; FTIR (neat) 2929, 2860, 1746, 1641, 1593,
1402, 1344, 755 cm’'; HRMS (ESI) calculated for C31H24N204S [M+H]*: 521.1530;
found: 521.1522; HPLC condition: HPLC Chiralcel AD-H, hexane/i-PrOH = 60:40
v/v, flow rate = 1.0 mL/min, A = 320 nm, 25 °C, tr (major) = 13.89, tr (minor) = 8.55

min, 90% ee, [0]p>’ = +83.37 (¢ 0.5, CHaCL).

(45,55)-5-(1-Naphthoyl)-1-(2-(benzylthio)phenyl)-4-phenyl-4,5-dihydro-1H-

pyrrole-3-carbaldehyde 4q; Prepared according to

general procedure B using (R)-diphenylprolinol O N
S. J: ]
trimethylsilyl ether C6, purification of the crude product ©/
4q

by column chromatography using (HX/EA) mixture

(70:30) to afford the title compound as orange solid, (70% yield, 110 mg); Ry= 0.25
(30 % ethyl acetate in hexane); mp 126 — 128 °C; d.r. = >20:1(determined by '"H NMR

using crude reaction mixture); "TH NMR (500 MHz, CDCl3) 6 9.33 (s, 1H), 8.08 (s,
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1H), 7.85 - 7.82 (m, 1H), 7.80 (d, J= 8.5 Hz, 2H), 7.64 (d, J= 8.5 Hz, 1H), 7.57 - 7.55
(m, 1H), 7.48 — 7.45 (m, 1H), 7.44 — 7.40 (m, 2H), 7.37 — 7.34 (m, 2H), 7.33 — 7.28 (m,
4H), 7.21 = 7.19 (m, 1H), 7.18 —= 7.12 (m, 4H), 7.10 — 7.08 (m, 3H), 6.20 (d, /=4.5 Hz,
1H), 4.38 (d, J = 4.5 Hz, 1H), 4.05 — 4.03 (m, 2H); '3C NMR (126 MHz, CDCl3) &
193.3, 182.6, 156.3, 141.9, 141.1, 136.8, 135.9, 132.8, 132.3, 131.3, 131.2, 130.9,
129.6, 129.1, 128.9, 128.8, 128.8, 128.7, 128.7, 128.6, 128.0, 127.9, 127.8, 127.6,
127.5, 127.4, 127.0, 126.8, 124.2, 121.2, 77.1, 50.8, 39.8; FTIR (neat) 3030, 2924,
2855, 1741, 1635, 1476, 761 cm™; HRMS (ESI) calculated for C3sH27NO,S [M+H]" :
526.1835; found: 526.1827; HPLC condition: HPLC Chiralcel OD-H, hexane/i-PrOH
= 60:40 v/v, flow rate = 1.0 mL/min, 2 =310 nm, 25 °C, tr (major) = 19.77, tr (minor)

= 8.14 min, 90% ee, [o]p'*? = +30. 25 (¢ 0.5, CH,Cl,).

(4S,55)-1-(2-(Benzylthio)phenyl)-5-(4-bromobenzoyl)-4-(p-tolyl)-4,5-dihydro-1H-

pyrrole-3-carbaldehyde 4r; Prepared according to general

procedure B using (R)-diphenylprolinol trimethylsilyl ether

0
NI
N
Cé, purification of crude product by column chromatography é i s \/©
Br ar

using (HX/EA) mixture (70:30) to afford the title compound

as orange viscous liquid, (76% yield, 130 mg); Ry=0.46 (30 % ethyl acetate in hexane);
d.r. = >20:1(determined by 'H NMR using crude reaction mixture); '"H NMR (400
MHz, CDCl) & 9.50 (s, 1H), 7.74 (d, J = 8.4 Hz, 2H), 7.68 (d, J = 8.4 Hz, 2H), 7.56
(d,J=7.6 Hz, 1H), 7.51 (d, J= 7.6 Hz, 1H), 7.44 — 7.34 (m, 7H), 7.30 — 7.25 (m, 4H),
6.20 (d, J=4.4 Hz, 1H), 4.24 (d, J= 4.0 Hz, 1H), 4.21 (s, 2H), 2.50 (s, 3H); *C NMR
(101 MHz, CDCls) 6 192.5, 182.9, 156.2, 141.0 138.6, 137.4, 136.8, 132.7, 132.4,
132.3, 131.2, 130.6, 129.7, 129.5, 128.8, 128.7, 128.1, 127.7, 127.6, 127.6, 127.0,
121.5, 76.7, 50.1, 39.8, 21.3; FTIR (neat) 2970, 2924, 2853, 1739, 1696, 1364, 697

cm’'; HRMS (ESI) calculated for C3HasBrNO2S [M+H]™ : 570.0920; found:
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570.0934; HPLC condition: HPLC Chiralcel OD-H, hexane/i-PrOH = 60:40 v/v, flow
rate = 1.0 mL/min, A =310 nm, 25 °C, tr (major) = 18.05, tr (minor) = 11.27 min, 98%

ee, [a]p'*?=+133.70 (¢ 0.5, CH2CL).

(4S,55)-1-(2-(Benzylthio)phenyl)-5-(4-bromobenzoyl)-4-(4-bromophenyl)-4,5-

dihydro-1H-pyrrole-3-carbaldehyde 4s; Prepared | Br

according to general procedure B using (R)-diphenylprolinol

H
O \

trimethylsilyl ether C6, purification of crude product by TN \/@
Br 4s

column chromatography using (HX/EA) mixture (70:30) to

afford the title compound as orange viscous liquid, (84% yield, 90 mg); Rr=0.43 (30
% ethyl acetate in hexane); d.r. = >20:1(determined by '"H NMR using crude reaction
mixture); TH NMR (400 MHz, CDCl3) 6 9.29 (s, 1H), 7.56 — 7.48 (m, 4H), 7.41 (d,J
= 8.0 Hz, 1H), 7.38 — 7.30 (m, 3H), 7.25 — 7.14 (m, 8H), 7.12 — 7.05 (m, 2H), 5.94 (d,
J=4.4Hz, 1H), 4.24 (d, J= 4.0 Hz, 1H), 4.10 — 4.00 (m, 2H); 3C NMR (101 MHz,
CDCl) 6 192.5, 182.9, 156.2, 141.0 138.6, 137.4, 136.8, 132.7, 132.4, 132.3, 131.2,
130.6, 129.7, 129.5, 128.8, 128.7, 128.1, 127.7, 127.6, 127.6, 127.0, 121.5, 76.7, 50.1,
39.8,21.3; FTIR (neat) 2970, 2924, 2852, 1734, 1645, 1471, 750 cm™'; HRMS (ESI)
calculated for C31H23BraNO,S [M+H]" : 633.9869; found: 633.9854; HPLC condition:
HPLC Chiralcel AD-H, hexane/i-PrOH = 60:40 v/v, flow rate = 1.0 mL/min, A = 320
nm, 25 °C, tg (major) = 15.51, tr (minor) = 7.46 min, 98% ee, [a]p*’ = +143.00 (c 0.5,

CHxCl).

218



(45,55)-1-(2-(Benzylthio)phenyl)-5-(4-chlorobenzoyl)-4-(4-nitrophenyl)-4,5-

dihydro-1H-pyrrole-3-carbaldehyde 4t; Prepared OzN

according to general procedure B using (R)-diphenylprolinol H

0}
\“\“"
trimethylsilyl ether C6, purification of crude product by N s
column chromatography using (HX/EA) mixture (70:30) to ©/
cl 4t

afford the title compound as orange viscous liquid, (72% yield, 118mg); Ry=0.30 (30

% ethyl acetate in hexane); d.r. = >20:1(determined by '"H NMR using crude reaction
mixture); 'H NMR (400 MHz, CDCI3) 6 9.32 (s, 1H), 8.16 (d, J = 8.1 Hz, 2H), 7.58 —
7.51 (m, 6H), 7.50 — 7.45 (m, 1H), 7.44 — 7.40 (m, 1H), 7.39 — 7.35 (m, 1H), 7.30 —
7.22 (m, 5H), 7.26 — 7.09 (m, 2H), 5.98 (d, /= 7.6 Hz, 1H), 4.39 (d, J = 8.4 Hz, 1H),
4.11 (s, 2H); 13C NMR (101 MHz, CDCl3) 5 191.7, 182.3, 156.7, 148.6, 147.4, 139.8,
136.4, 132.4, 132.3, 132.0, 131.6, 130.3, 129.9, 128.8, 128.8, 128.6, 128.4, 128.0,
127.9,127.8,124.2,120.0, 75.4, 50.0, 39.5; FTIR (neat) 3027, 2970, 2853, 1736, 1635,
1474, 1365, 757 cm™'; HRMS (ESI) calculated for C31H23CIN204S [M+H]" : 555.1140;
found: 555.1120; HPLC condition: HPLC Chiralcel AD-H, hexane/i-PrOH = 60:40
v/v, flow rate = 1.0 mL/min, A = 254 nm, 25 °C, tr (major) = 20.74, tr (minor) = 9.94

min, 98% ee, [0]p>’ = +139.00 (c 0.5, CHCly).

(45,55)-1-(2-(Benzylthio)phenyl)-5-(4-bromobenzoyl)-4-(furan-3-yl)-4,5-dihydro-

o)

1H-pyrrole-3-carbaldehyde 4u; Prepared according to () 9

general procedure B using (R)-diphenylprolinol trimethylsilyl

H
o. [\
N N \/@
ether C6, purification of crude product by column S
Br 4u

chromatography using (HX/EA) mixture (70:30) to afford the

title compound as brown semi-solid, (65% yield, 103 mg); Rr=0.56 (30 % ethyl acetate
in hexane); d.r. = >20:1(determined by 'H NMR using crude reaction mixture); 'H

NMR (500 MHz, CDCls) 5 9.45 (s, 1H), 7.88 — 7.84 (m, 2H), 7.67 — 7.62 (m, 2H),
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7.50 (s, 1H), 7.45 — 7.40 (m, 2H), 7.38 — 7.35 (m, 1H), 7.30 — 7.24 (m, 5H), 7.20 - 7.16
(m, 1H), 7.12 — 7.08 (m, 2H), 6.39 — 6.37 (m, 1H), 6.33 (d, /= 3.5 Hz, 1H), 6. 26 (d, J
= 3.0 Hz, 1H), 4.56 (d, J = 3.5 Hz, 1H), 4.04 — 3.96 (m, 2H); '*C NMR (126 MHz,
CDCl3) 6 192.3, 182.6, 156.9, 153.1, 142.2, 141.0, 136.9, 133.5, 132.4, 132.3, 131.2,
130.7, 129.6, 128.9, 128.6, 128.4, 127.6, 127.5, 126.9, 117.8, 110.9, 107.8, 73.7, 43 .4,
39.5; FTIR (neat) 3025, 2970, 2853, 1741, 1641, 1475, 782 cm’!; HRMS (ESI)
calculated for C20H22BrNOsS [M+H]" : 546.0557; found: 546.0547; HPLC condition:
HPLC Chiralcel AD-H, hexane/i-PrOH = 60:40 v/v, flow rate = 1.0 mL/min, 4 = 254
nm, 25 °C, tr (major) = 23.59, tr (minor) = 9.68 min, 88% ee, [a]p>’ = -40.42 (c 0.5,

CHCD).

(4S,55)-1-(2-(Benzylthio)phenyl)-5-(4-bromobenzoyl)-4-methyl-4,5-dihydro-1H-
o)

pyrrole-3-carbaldehyde 4v; Prepared according to general

Me H
O \
procedure B using (R)-diphenylprolinol trimethylsilyl ether N \/@
ofes
Br 4v

C6, purification of crude product by column chromatography

using (HX/EA) mixture (70:30) to afford the title compound

as orange viscous liquid, (48% yield, 60 mg); Ry=0.30 (30 % ethyl acetate in hexane);
d.r. = >20:1(determined by 'H NMR using crude reaction mixture); '"H NMR (400
MHz, CDCL) 6 9.49 (s, 1H), 7.75 (d, J = 8.1 Hz, 2H), 7.68 (d, J = 8.3 Hz, 2H), 7.56
(d, /J=3.8 Hz, 2H), 7.51 (d, /= 7.6 Hz, 1H), 7.39 (dd, /= 13.5, 6.3 Hz, 7H), 7.28 (d, J
=7.7Hz, 4H), 6.19 (d, J=4.3 Hz, 1H), 4.42 (d, J= 4.1 Hz, 1H), 4.21 (s, 2H), 2.50 (s,
3H); 3C NMR (101 MHz, CDCl3) § 192.5, 182.9, 156.2, 141.0 138.6, 137.4, 136.8,
132.7, 132.4, 132.3, 131.2, 130.6, 129.7, 129.5, 128.8, 128.7, 128.1, 127.7, 127.6,
127.6,127.0,121.5, 76.7, 50.1, 39.8, 21.3; FTIR (neat) 2929, 2855, 1700, 1631, 1476,
750 cm™'; HRMS (ESI) calculated for CasH22BrNO>S [M+H]" : 494.0607; found:

494.0623; HPLC condition: HPLC Chiralpak-IB, hexane/i-PrOH = 60:40 v/v, flow rate
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= 1.0 mL/min, 2 = 254 nm, 25 °C, tr (major) = 21.90, tr (minor) = 25.27 min, 82% ee,

[o]p2 = -84.84 (¢ 0.5, CHaCL).

(4S5,58)-5-([1,1'-Biphenyl]-4-carbonyl)-1-(2-(benzylthio)phenyl)-4-phenyl-4,5-

dihydro-1H-pyrrole-3-carbaldehyde S5a; P Prepared
, 0
according to general procedure D using chiral product 4o, O "N X,

purification of crude product by column chromatography O ©\s

using (HX/EA) mixture (70:30) to afford the title . \\©

compound as orange viscous liquid, (66% yield, 100 mg); Ry=0.40 (30 % ethyl acetate
in hexane); d.r. = >20:1(determined by 'H NMR using crude reaction mixture); 'H
NMR (500 MHz, CDCI3) 6 9.37 (s, 1H), 7.85 — 7.80 (m, 2H), 7.64 — 7.58 (m, 4H),
7.49 —7.39 (m, 7H), 7.39 — 7.28 (m, 5H), 7.26 — 7.20 (m, 4H), 6.14 (d, J = 4.0 Hz, 1H),
4.39 (d, J=4.0 Hz, 1H), 4.14 — 4.04 (m, 2H); 3C NMR (100 MHz, CDCl3) § 192.9,
182.7, 156.5, 146.7, 141.8, 141.0, 139.7, 136.8, 132.7, 132.3, 131.3, 129.8, 129.1,
129.0, 128.8, 128.7, 128.7, 128.6, 128.1, 127.9, 127.6, 127.6, 127.5, 127.4, 127.0,
121.4, 76.8, 50.5, 39.8.; FTIR (neat) 3061, 2923, 2852, 1693, 1642, 1495, 754 cm™';
HRMS (ESI) calculated for C37H20NO2S [M+H]": 552.1994; found: 552.1974; HPLC
condition: HPLC Chiralpak -IA, Hexane/i-PrOH = 80:20 v/v, flow rate = 1.0 mL/min,
2=310nm, 25 °C, tg (major) = 8.02, tr (minor) = 16.00 min, >99% ee, [0]p>° = +125.23

(¢ 0.5, CH,Cly).

5-Benzoyl-1-(2-(benzylthio)phenyl)-4-phenyl-1H-pyrrole-3-carbaldehyde Sb;

Prepared according to general procedure E using chiral
productd4o, purification of the crude product by column
chromatography using (HX/EA) mixture (70:30) to afford the

title compound as pale yellow solid, (95% yield, 105mg); Ry
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=0.51 (20 % ethyl acetate in hexane); mp: 110 - 112 °C; 'H NMR (500 MHz, CDCls)
0 9.80 (m, 2H), 7.43 — 7.34 (m, 7H), 7.24 — 7.17 (m, 3H), 7.17 — 7.10 (m, 7H), 7.00 (d,
J = 6.5 Hz, 2H), 3.99 — 3.83 (m, 2H); 3C NMR (125 MHz, CDCl3) 5 186.5, 185.9,
138.9, 136.1, 135.9, 134.2, 133.0, 132.1, 131.5, 131.5, 131.0, 130.8, 130.3, 129.5,
128.8,128.6, 128.0, 127.8, 127.7,127.5,127.2,127.1, 125.8, 123.3, 38.5.; FTIR (neat)
3061, 2929, 1683, 1641, 1471, 1413, 1285, 771 cm™'; HRMS (ESI) calculated for

C31H22BrNO3S [M+H]": 552.0627; found: 552.0604.

3.12. X-RAY CRYSTALLOGRAPHY DATA
Figure 3.3 X-ray crystallographic data for compound 40':

All the single crystals X-ray data was collected with a Bruker AXS (Kappa Apex 2)
CCD diffractometer equipped with graphite monochromatic Mo (Ka) (A = 0.7107 A)
radiation source. The data were collected with 100% completeness for © up to 25°. ®
and ¢ scans were employed to collect the data. The frame width for o for was fixed to
0.5° for data collection. The crystals were solved by direct methods using Bruker
SHELXS (Sheldrick, 1997). The Structure was refined using the Bruker SHELXTL

(Version 6.12) software package.

40’ (CCDC. No. 2294975)

The purified compound 40' racemic was dissolved in acetonitrile 0.1 M and placed in a
dark cabinet for slow evaporation. Crystals were collected after a few days for X-ray

analysis. Thermal ellipsoids are shown at the 50% probability level.
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Table 3.4. Crystal data and structure refinement for 4o' racemic

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections

Completeness to theta = 24.996°

Refinement method

Data / restraints / parameters

88
C31H24BrNO:S
554.48

296(2) K
0.71073 A
Triclinic

P-1
a=824772) A o = 80.6827(13)°
b=10.7805(3) A B=78.5517(12)°
c=1539934) A  y=76.5102(12)°
1295.32(6) A’

2
3
1.422 gcm

1.697 mm’ "

568

0.250 x 0.220 x 0.130 mm’

1.957 to 24.996°

-8<=h<=9, -12<=k<=12, -18<=I<=18
18359

4552 [R(int) = 0.0253]

100.0 %

Full-matrix least-squares on F

4552/0/325
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Goodness-of-fit on F2 1.272

Final R indices [[>2sigma(I)] R1=0.0296, wR2 =0.0706
R indices (all data) R1=0.0419, wR2 =0.0736
Extinction coefficient n/a

Largest diff. peak and hole 0.284 and -0.432 e.A”

Figure caption: ORTEP diagram of compound 40' (88) displacement ellipsoids are
drawn at the 50% probability level, and H atoms are shown as small spheres of arbitrary
radius. The absolute configuration of the compound was assigned based on the

anomalous dispersion method.

Figure 3.4 X-ray crystallographic data for compound 4qQ:

4q (CCDC. No. 2294980)

The purified compound 4q chiral was dissolved in acetonitrile 0.1 M and placed in a dark
cabinet for slow evaporation. Crystals were collected after a few days for X-ray analysis.
Thermal ellipsoids are shown at the 50% probability level.
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Table 3.5. Crystal data and structure refinement for 4q chiral

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections

Completeness to theta = 24.997°

Refinement method

47
C35H27NO2S

525.63

296(2) K

0.71073 A

Orthorhombic

P212:12;

a=8.8836(16) A o =90°
b=11.1569(18) A B =90°
c=27.770(4) A ¥ =90°
2752.4(8) A’

4

1.268 g cm”

0.151 mm’'

1104

0.180 x 0.160 x 0.120 mm’

1.467 to 24.997°

-10<=h<=9, -13<=k<=13, -33<=]<=28

15955
4847 [R(int) = 0.0243]
100.0 %

) 2
Full-matrix least-squares on F
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Data / restraints / parameters 4847/0/352

Goodness-of-fit on F’ 1.264

Final R indices [[>2sigma(])] R1=0.0398, wR2 = 0.0980
R indices (all data) R1=0.0489, wR2 =0.1020
Absolute structure parameter -0.02(3)

Extinction coefficient n/a

Largest diff. peak and hole 0.287 and -0.283 e.A”

Figure caption: ORTEP diagram of compound 4q (47) displacement ellipsoids are
drawn at the 50% probability level, and H atoms are shown as small spheres of arbitrary
radius. The absolute configuration of the compound was assigned based on the

anomalous dispersion method.
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(4S,5S)-5-(4-Bromobenzoyl)-1-(2-(methylthio)phenyl)-4-phenyl-4,5-dihydro-

3.13 'H and '3C NMR SPECTRA
1H-pyrrole-3-carbaldehyde 4a
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(4S,5S)-5-(4-Bromobenzoyl)-1-(2-(ethylthio)phenyl)-4-phenyl-4,5-dihydro-1H-

pyrrole-3-carbaldehyde 4b
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(4S,5S)-5-(4-Bromobenzoyl)-1-(2-(isopropylthio)phenyl)-4-phenyl-4,5-dihydro-

1H-pyrrole-3-carbaldehyde 4c
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(4S,5S)-1-(2-(Allylthio)phenyl)-5-(4-bromobenzoyl)-4-phenyl-4,5-dihydro-1H-

pyrrole-3-carbaldehyde 4d
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(4S,5S)-1-(2-(Benzylthio)phenyl)-5-(4-methoxybenzoyl)-4-phenyl-4,5-dihydro-

1H-pyrrole-3-carbaldehyde 4n
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(4S,5S)-1-(2-(Benzylthio)phenyl)-5-(4-bromobenzoyl)-4-phenyl-4,5-dihydro-1H-

pyrrole-3-carbaldehyde 40
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(4S,5S)-5-(1-Naphthoyl)-1-(2-(benzylthio)phenyl)-4-phenyl-4,5-dihydro-1H-

pyrrole-3-carbaldehyde 4q
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(4S,5S)-1-(2-(Benzylthio)phenyl)-5-(4-bromobenzoyl)-4-(p-tolyl)-4,5-dihydro-1H-

pyrrole-3-carbaldehyde 4r
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(4S,5S)-1-(2-(Benzylthio)phenyl)-5-(4-bromobenzoyl)-4-methyl-4,5-dihydro-1H-

pyrrole-3-carbaldehyde 4s
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(4S,5S)-1-(2-(Benzylthio)phenyl)-5-(4-chlorobenzoyl)-4-(4-nitrophenyl)-4,5-

dihydro-1H-pyrrole-3-carbaldehyde 4u
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(4S,5S)-5-(4-Bromobenzoyl)-1-(2-(methylthio)phenyl)-4-phenyl-4,5-dihydro-

1H-pyrrole-3-carbaldehyde 4v
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(4S,5S)-5-([1,1'-Biphenyl]-4-carbonyl)-1-(2-(benzylthio)phenyl)-4-phenyl-4,5-

dihydro-1H-pyrrole-3-carbaldehyde 5a
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5-Benzoyl-1-(2-(benzylthio)phenyl)-4-phenyl-1H-pyrrole-3-carbaldehyde Sb
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3.14 HPLC CHROMATOGRAMS
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CHAPTER 4
SYNTHESIS OF TRISUBSTITUTED 1H-PYRROLE AND

CHIRAL TRISUBSTITUTED 4,5-DIHYDRO-1H-PYRROLE

CHAPTER 4A

FORMAL DOMINO 1,3-DIPOLAR CYCLOADDITION/C-S
AND C-N BOND-CLEAVAGE REACTION: SYNTHESIS OF

TRISUBSTITUTED 1H-PYRROLE-3-CARBALDEHYDES
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4.1 INTRODUCTION

4.1.1 Importance of 1H-Pyrroles and Poly-Substituted 1H-Pyrroles

1 H-Pyrroles represent a fundamental class of heterocyclic compounds that have drawn
significant attention from synthetic chemist owing to their broad applications in organic
synthesis and medicinal chemistry.?!”*!® 1H-Pyrroles are five-membered nitrogen-
containing aromatic heterocycles. Due to their planar structure and electron-rich nature,
they can be used as a versatile building block in organic synthesis.?!” Most of the unique
properties such as basicity, nucleophilicity, and coordination ability possessed by 1H-
pyrroles are valuable in various chemical transformations and molecular

interactions.?202%3

Poly-substituted 1 H-pyrroles are known to attract many synthetic chemists because of
their diverse use in organic synthesis, bioactive molecules, and catalysis.?** The unique
structural features owing to the construction of complex molecules and functional
materials.??®> There are several chemical modifications which include electrophilic

aromatic substitution,??® nucleophilic addition,?*’-*?

and transition-metal-catalyzed
reactions,”” assist the introduction of substituents onto the pyrrole ring. To synthesize
poly-substituted 1 H-pyrroles, there are numerous synthetic methods have been reported
in the literature. The traditional synthesis of pyrrole includes Hantzsch,>** which
involves the condensation of B-ketoesters or B-dicarbonyl compounds with primary
amines and a suitable carbonyl compound. Another key method of pyrrole synthesis is

1

named Paal-Knorr synthesis,”>! which offers a reaction between 1,4-dicarbonyl

compounds and primary amines under acidic conditions. Numerous modern
methodologies have emerged to access diverse poly-substituted 1 H-pyrroles,?? such as
cycloaddition reactions,?***3> transition-metal mediated cyclization reactions,?*

cyclopropane ring-opening reaction,”*’ multicomponent and cascade reactions.?3%-24
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Poly-substituted 1H-pyrroles serve as privileged structures in drug discovery due to
their potential biological activities,>*! such as antitumor, antibacterial, antiviral, anti-

243

inflammatory agents, anticancer drug veliparib*** and antibacterial agent

selvamicin®** (Figure 4.1).
g

O / \
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Figure 4.1. Biologically active poly-substituted-1H-pyrrole scaffolds

In materials science, the m-conjugated nature of poly-substituted 1H-pyrroles makes
them attractive candidates for optoelectronic materials.?*> They have been incorporated
into organic semiconductors, light-emitting diodes (LEDs), and photovoltaic devices,

contributing to advancements in organic electronics.?*°

In molecular probes, functionalized poly-substituted 1H-pyrroles have been utilized as
fluorescent probes and sensors for detecting various analytes, including metal ions,
biomolecules, and environmental pollutants.?*”->*® Their tunable optical properties and
selective sensing capabilities make them valuable chemical biology and environmental
monitoring tools. The transition-metal complexes based on poly-substituted 1H-
pyrroles exhibit catalytic activity in various transformations, such as cross-coupling
reactions, cycloadditions, and asymmetric synthesis. These catalysts offer advantages

such as high catalytic efficiency, mild reaction conditions, and substrate tolerance.
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1,3-Dipolar cycloaddition reaction is one of the most powerful methods for the
construction of diverse heterocyclic compounds, mainly poly-substituted pyrroles.'%®
This reaction enables the rapid assembly of complex molecular architectures with high
efficiency and atom economy. By exploiting the reactivity of 1,3-dipoles and
dipolarophiles, which involves the concerted, sterecospecific formation of a cyclic
product. In the context of pyrrole synthesis, commonly employed 1,3-dipoles include
azomethine ylides and nitrile oxides, which undergo cycloaddition with electron-
deficient alkenes or alkynes as dipolarophiles.?*” The reaction proceeds via a transition
state characterized by the simultaneous formation of two new c-bonds, resulting in the
regio- and stereochemically-defined formation of pyrrole rings. A wide range of
substituents can be introduced onto the pyrrole ring in a controlled manner by judicious
selection of 1,3-dipoles and dipolarophiles. The regioselectivity and stereochemistry of
the cycloaddition can be modulated through appropriate choice of reaction conditions
and functional group compatibility, enabling the synthesis of complex poly-substituted

pyrrole derivatives.?3%253

4.2 LITERATURE BACKGROUNDS

4.2.1 Synthetic Approaches for Polysubstituted 1H-Pyrroles

A mild and efficient method for the synthesis of highly substituted pyrroles using four
component reaction has been reported by Aziaian et al. in 2010. The reaction involved
triphenyl  phosphine,  a-diketones, = ammonium  acetate, and  dialkyl
acetylenedicarboxylate at room temperature providing polysubstituted pyrroles with

excellent yield (Scheme 4.1).2%3
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3 3LU2NH, 2 2 i, 23 h O N CO,Me

14 examles, up to 85% yield
Scheme 4.1 Four-component reaction for the synthesis of polysubstituted 1H-pyrroles

In 2021, Kanova and co-workers accomplished a one-pot, two-step synthesis of 2-
acetyl-1H-pyrroles from N-propargylic f-enaminone with zinc chloride in the presence
of chloroform under reflux conditions. The reaction provided 2-methylene-2,3-dihydro-
1,4-oxazipines via intramolecular cyclization. Further refluxing with zinc chloride in
methanol via intramolecular ring-opening and ring-closing afforded the 2-acetyl-1H-

pyrroles with excellent yields and high functional group tolerance (Scheme 4.2) 234

R1

R1
o . R'_O .
| ZnCl, (1 equiv) | ZnCl; (1 equiv) , A \__CHs

R2°°NH  CHCI,, 61 °C _N MeOH, 65°C RN
H O
% R2 14 examles, up to 88% yield
Scheme 4.2 One-pot intramolecular cyclization for the synthesis of 2-acetyl-1H-
pyrroles

Wang et al. in 2023 described the synthesis of multi-substituted pyrroles via 1,3-dipolar
cycloaddition of azomethine ylides with ynones in the presence of AgOAc as a catalyst
and PPhs as a ligand. The reaction furnished the corresponding poly-substituted

pyrroles in moderate to high yields (Scheme 4.3).%5°

o R’
l\ AgOAc (20 mol%) 0
1 0,
RN - RN core el h
THF, 4 MS, -40 °C R2 N C02R3
H
23 examples, up to 89% yield

Scheme 4.3 Silver-catalyzed 1,3-dipolar cycloaddition for the synthesis of multi-
substituted-1H-pyrroles
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The synthesis of functionalized substituted pyrroles was achieved in 2010 by Robles
and co-workers via Cu-catalyzed 1,3-dipolar cycloaddition of -iminoester azomethine
ylide with sulfonyl dipolarophiles. This method was adopted to prepare 2,5-

disubstituted and 2,3,5-and 2,4,5-trisubstituted pyrroles in good yields (Scheme 4.4).2%¢

1. [Cu(CH3CN),][PFg] (3 mol%) R

0] (R)-DTBM-Segphos (3.3 mol%) o
NS o,
RZ SN COLR? - R1ll\/\so o NEts (18 mol%), Et;O, rt, 5 %\
R CO,Me

2 2. DBU (2 equiv), DCM, rt, 6-24 h

H
24 examles
up to 90% yield

Scheme 4.4 Cu-catalysed 1,3-dipolar cycloaddition catalyzed for the synthesis of poly-
substituted-1H-pyrroles

In 2010, Kim et al. furnished the regioselective synthesis of tetrasubstituted pyrroles in

good yields through classic 1,3-dipolar cycloaddition of unsaturated benzofuran 3(2H)-

one and azlactones azomethine ylide followed by spontaneous decarboxylation in the

presence of silver acetate under microwave condition (Scheme 4.5).%7

R']
0 Ph o
TSR N//QZ AgOAc, THF =
= S 5t )I\ O - S
R Me” O Microwave, 100 °C R™>N7 “COxMe
H
24 examles
up to 90% yield

Scheme 4.5 Silver catalyzed 1,3-dipolar cycloaddition for the synthesis of tetrasubstituted-
1 H-pyrroles
The synthesis of poly-substituted pyrroles using silver-catalyzed 1,3 dipolar
cycloaddition/benzyl peroxide mediated oxidative dehydrogenation/aromatization
reaction sequence was developed by Liu and co-workers in 2017. This method

provided the tetrasubstituted pyrroles in good to excellent yields (Scheme 4.6).2%8
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1. Ag,CO3 (3 mol%) R EWG
LiOH (18 mol%)

2. BPO (2.4 equiv)

R N COzMe
H

25 examles
up to 89% yield

Scheme 4.6 Silver catalyzed 1,3-dipolar/oxidative dehydrogenation reaction for the
synthesis of tetrasubstituted-1 H-pyrroles

In 2023, Larkovich et al. developed the Barton-Zard reaction of p-fluoro-p-
nitrostyrenes with ethyl a-isocyanoacetate for the synthesis of highly chemoselective
formation of 4-fluoro trisubstituted pyrroles in good yields. In addition, 4-nitro

trisubstituted pyrroles are formed as minor products as shown in Scheme 4.7.2%°

A

r E Ar NO,
~~ne ¢+ A F DBU (1.5 equiv) /Z—g ﬂ
Et0,C” NG NCt EOCTy
N H

— ———————— EtO,C

NO, DCM, 0 °C

19 examples 19 examples
up to 77% yield up to 20 % vyield
(Major) (Minor)

Scheme 4.7 Barton-Zard reaction for the synthesis of 4-fluoro trisubstituted 1H-pyrroles

An unprecedented dimerization of 2H-azirines via palladium/silver co-catalyzed
divergent dimerization for the regioselective synthesis of tetrasubstituted pyrroles

with moderate yields has been achieved in 2023 by Zhao et al. (Scheme 4.8).2%°

Pd(dppf)Cl, - DCM (10 mol%)
AgOAc (20 mol%) H

. . N 1

/7 Li,CO3 (2 equiv) Ar? Ar

Ar' Ar? \ /

1.4-dioxane, 110 °C, 1-12 h

Ar' Ar?
20 examples
up to 20 % yield

Scheme 4.8 Palladium/silver co-catalyzed dimerization reaction for the synthesis of
tetrasubstituted 1 H-pyrroles

In 2013, Chen and co-workers reported an aerobic synthesis of substituted pyrroles
from N-allyl imines via palladium(ll)-catalyzed/intramolecular C-H dehydrogenative

cyclization sequence with excellent yields (Scheme 4.9).26
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N/K/\R Pd(OAc), ( 5.0 mol%) FE/QR
\

TBAB (2 equiv)
J\/R3 /
R DMSO,4AM.S, 30°C,24h R~ R?
O, (1 atm) H
20 examples

up to 82 % vyield

Scheme 4.9 Palladium (I1)-catalyzed/intramolecular C-H dehydrogenative reaction for the
synthesis of 1H-pyrroles

The first multicomponent synthesis of pyrrole was published in 1890 by Hantzsch and
co-workers. The reaction between an equimolar mixture of chloroacetate and
acetoacetic ester in concentrated aqueous ammonia under reflux conditions afforded

the polysubstituted pyrrole (Scheme 4.10).26?

CO,Et cl CO,Et
/Q . /Q Aq. NH, ﬂ\
_ =
Me™ ~O Me” ~O reflux Me ” Me

Scheme 4.10 Cycloisomerization reaction for synthesis of trisubstituted-1H-pyrroles

In 2014, Xin et al. reported an efficient and divergent one-pot synthesis of 3-alkyl-
1H-pyrroles and 3-alkenyl-1H-pyrroles from readily accessible 2,4-pentadienenitriles
with isocyanide. The reaction proceeded via [3+2] annulation in the presence of DBU
(2.0 equiv) as a base with EtOH under reflux conditions afforded the 3-alkyl-1H-
pyrroles. The synthesis of 3-alkenyl-1H-pyrrole has been achieved by DBU/EtOH at
room temperature followed by the addition of DDQ under reflux conditions. Both

methods provided the desired trisubstituted pyrroles in good yields (Scheme

4a.11).23
Ar. R
CN
CO,Et .
XX DBU (2
Ar/\f\/ +  CON__COsE! (2 equiv) 7\
R" CN EtOH, reflux, 5-6h  EtO2C N
7 example

up to 72% yield
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Ar. R
DBU (2 equiv) — CN
AN Xy CO2E EtOH, 1 h, rt
; + OCN__COEt —— > '
R' CN DDQ, reflux, 2h  EtO2C N
7 example
up to 81% yield

Scheme 4.11 One-pot annulation reaction for the synthesis of 3-alkyl-1H-pyrroles and 3-
alkenyl-1H-pyrroles

The regioselective synthesis of 2,3,4 or 2,3,5-trisubstituted pyrroles via [3,3] or [1,3]
sigmatropic rearrangement of O-vinyl oximes has been accomplished in 2011 by Wang
and groups. The O-vinyl oximes were prepared by iridium-catalyzed isomerization of
O-allyl oximes. When enolization was favored in this reaction, a [3,3]-sigmatropic
rearrangement followed by a Pall-Knorr cyclization provided a 2,3,4-trisubstituted
pyrroles. When the enolization was disfavored, a [1,3]-sigmatropic rearrangement

occurred to provide the 2,3,5-trisubstituted pyrroles (Scheme 4.12).264

EtO,C.

DN
Ph Me

o [Ir(cod)Cl], (5 mol%) H
O AgOTY (10 mol%
N' NgBh4 ((10 mol"/(:,)) N O e 6 example
Ph | [ up to 46% vyield
THF, 75°C, 24 h Ph
CO,Et

DBU EtO,C Me
(1.5 equiv) I
Ph N
H

21example
up to 86% yield

Scheme 4.12 Iridium-catalyzed isomerization/[3,3] or [1,3] sigmatropic
rearrangement reaction for the synthesis of trisubstituted NH-pyrroles
In 2015, Cai and co-workers furnished the synthesis of 2-acylpyrroles via microwave-
promoted iminyl radical cyclization with TEMPO, using alkynes as radical acceptors
to provide the  functionalized 2-acylpyrroles in  good  yields

(Scheme 4.13).2%
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Scheme 4.13 Microwave-promoted radical cyclization reaction for the synthesis of 1H-2-
acylpyrroles

A one-pot, three-component reaction for the synthesis of 2-amino-5-ketoaryl pyrroles
has been reported in 2010 by Wang et al. The reaction between aminoacetophenone
sulphonamides, heteroaromatic aldehydes, and malononitriles or cyanoacetic acid
derivatives in a one-pot manner provided the tetrasubstituted pyrroles in good yields

(Scheme 4.14).26

(0] 4 Ar'

Lo 0o new | I\ Az

NCZ ™ AT TH T a2 “Ts CFaCHOH  H,N—“y '
70 °C H 0
14 example

up to 75% yield

Scheme 4.14 One-pot, three-component reaction for the synthesis of tetrasubstituted 1H-
pyrroles.

The first step is continuous flow synthesis of pyrrole-3-carboxylic acids directly from

t-butyl acetoacetates, amine, and 2-bromoketones via in-situ hydrolysis of t-butyl esters

generated by HBr as the byproduct. This protocol was used in the multistep synthesis

of pyrrole-3-carboxyamides, including two CBI1 inverse agonists, directly from

commercially available starting materials in a single continuous process, has been

reported in 2010 by Wang et al. (Scheme 4.15).26

0 O
J\ o Contineous flow /FQOH
OtBu DIPEA (0.5 mol%)
| * Rle/Br R2 ()
HoN DMF, 200 °C ”
4 example
up to 60% yield

Scheme 4.15 One step, continuous flow synthesis of NH-pyrrole-3-carboxylic acids
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In 2013, Tamaddon et al. developed a facile, three-component method for the
regioselective synthesis of tetrasubstituted pyrroles from readily accessible 1,3-

dicarbonyls, benzoin derivatives and ammonium acetates via a catalyst and solvent-free

condition provided the desired products in good yields (Scheme 4.16).268
7R3 R2
o O ©) P Solvent free
Catalyst free
R1MR2 * + NHOAc ——= T2, R »
90 °C N O
= 4 example
up to 60% vyield

Scheme 4.16 Three-component reaction for the synthesis of tetrasubstituted 1H-
pyrroles

In 2012, Chen and co-workers reported a facile synthesis of 2,3,4-trisubstituted pyrroles
from tosylmethyl isocyanide (TOSMIC) and readily synthesized vinyl azides via
Michael addition/intramolecular cyclization reaction sequence under mild reaction
condition. The reaction afforded polysubstituted pyrroles in moderate to good yields

(Scheme 4.17).2%°

R! R?
1
R’\( . Ts._CN NaH (2.5 equiv) s |\
N
N3 CH4CN, rt b
14 example
up to 94% yield

Scheme 4.17 Michael addition/intramolecular cyclization reaction for the synthesis of 2,3,4-
trisubstituted NH-pyrroles

An iron-catalyzed addition and cyclization of the Blaise reaction intermediate obtained
from phenyl nitrile and 2-bromoethylacetate in the presence of zinc as a catalyst
followed by nitroolefins furnished highly functionalized NH-pyrroles in a tandem one-
pot manner in 2013 by Zhao et al. This reaction afforded good functional group tolerance

to achieve the substituted NH-pyrroles in good yields (Scheme 4.18).27°
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up to 87% vyield

Scheme 4.18 [ron-catalyzed addition/cyclization reaction for the synthesis of highly
functionalized 1H-pyrroles.

A copper-catalyzed three-component reaction for the synthesis of polysubstituted
pyrroles from a-diazo ketones, nitroalkenes, and amines under aerobic conditions was
described in 2011 by Hong and co-workers. This three-component reaction involves N-
H insertion of carbene, a copper-catalyzed oxidative dehydrogenation of amines, and
in-situ formation of azomethine ylides. The [3+2] cycloaddition of azomethine ylides
with nitroalkene furnished polysubstituted pyrrolidines intermediate, which was further

aerobic oxidation provided the polysubstituted pyrroles in good yields (Scheme

4.19).7
0 R® R? /2 %R4
N CuOTf (10 mol% S
o N No R2%(No2 . RNH, U ( : 0) y /N\
P R3 THF, reflux, air, 12 h H o
27 example
up to 70% yield

Scheme 4.19 Copper-catalyzed three-component reaction for the synthesis of
polysubstituted 1H-pyrroles

The synthesis of tetrasubstituted pyrroles in excellent yields was accomplished in 2009
by Yavari ef al. for the three-component condensation reaction of acid chlorides, dialkyl
acetylene dicarboxylates, and amino acids in the presence of ionic liquid [RTILs] as a

catalyst in aqueous media at room temperature (Scheme 4.20).2"2
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Scheme 4.20 Ionic liquid-catalyzed three-component reaction for the synthesis of
polysubstituted NH-pyrroles

In 2010, Cadierno and co-workers developed the Ru-catalyzed one-pot, three-
component reaction for the synthesis of functionalized ester or ketone groups at the C-
3 position containing tetrasubstituted NH-pyrroles. The coupling of secondary
propargylic alcohol with 1,3-dicarbonyl compounds and tert-butyl carbamate via in-
situ deprotection of the corresponding pentasubstituted N-Boc, pyrroles using

trifluoracetic acid as shown in Scheme 4.21.273

1
OH o [Ru(n3-2-C3H,Me)(CO)(dppf)I[SbFg] (5 mol%) R
2 9 )k TFA (50 mol%) °
mol7
R)\\\ ¥ R1JI\/U\R2 ¥ H,N" OBu / \
THF, 75°C, 24 h RPN
|
H
5 example
up to 82% vyield

Scheme 4.21 Ru-catalyzed three-component reaction for the synthesis of
tetrasubstituted NH-pyrroles

A silver-catalyzed three-component reaction towards the direct synthesis of multi-
functionalized trisubstituted pyrroles was achieved in 2011 by Zeng et al. via unusual
imidazole ring decomposition, 1,5-isomerization, and subsequent hydrolysis provided

the polysubstituted pyrroles in good yields (Scheme 4.22).274
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Scheme 4.22 Silver-catalyzed three-component reaction for the synthesis of
trisubstituted NH-pyrroles
In 2010, Wang et al. developed a method to synthesize pyrrole derivatives, particularly
penta-substituted pyrroles. The reaction involved the 1,3-dipolar cycloaddition,
otherwise known as Huisgen pyrrole synthesis, the intermediate mesoionic 2-
oxazilium-5-olates, which are also known as munchnones, reacted with acetylenic or
olefinic dipolarophiles, followed by carbon dioxide CO> evolution and subsequent
aromatization or tautomerization (Scheme 4.23).2”> The munchnones can be easily
prepared by the acetic anhydride-induced dehydrative cyclization of N-alkyl-N-acyl-a-

amino acids at high temperatures.

CO,H P Ry Rs
R1\N)\R2 +Ry—COH %20 > jj@gQRz R=Rs /U\
H Ry N -CO, Rs N Rz
R4 Ry
Munchnones

Scheme 4.23 Huisgen pyrrole synthesis via 1,3-dipolar cycloaddition

4.3 OBJECTIVE
> Inspired by literature reports, a new and domino methodology will be developed
for the synthesis of trisubstituted-/ H-pyrrole-3-carbaldehdes.
> This method will utilize readily available 4-methyl thiazolium salts and
commercially available o,B-unsaturated aldehydes, wusing racemic

diphenylprolinol trimethylsilyl ether as an organocatalyst (Scheme 4.24).
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Scheme 4. 24 Formal domino 1,3-dipolar cycloaddition/ring-opening/C-S and C-N
bond cleavage for synthesis of trisubstituted-1H-pyrrole-3-carbaldehydes.

> In this method, 4-methyl thiazolium salt will undergo a formal domino
intermolecular 1,3-dipolar cycloaddition/intramolecular ring-opening/C-S and

C-N bond cleavage in the presence of a base.

4.3.1 Hypothesis of Present Work

As described in the previous Chapter 2, the synthesis of pyrrolo-thiazine-2-
carbaldehydes 3 has been achieved by formal domino intermolecular 1,3-dipolar
cycloaddition/intramolecular rearrangement reaction sequence of benzothiazolium
azomethine 2 ylide and o,B-unsaturated aldehydes 1 with chiral organocatalyst. In
Chapter 3, the product formed from Chapter 2 will be reacted with alkyl and benzyl
halides in the presence of a base to afford the N-phenyl thioether-tethered
tetrasubstituted dihydropyrrole-3-carbaldehydes 6 via one-pot intermolecular 1,3-
dipolar cycloaddition/intramolecular rearrangement followed by C-S bond
formation/base-promoted intramolecular ring-opening reaction (Scheme 4.25). It is
hypothesis that instead of benzothiazolium azomethine ylide 2, use of 4-methyl
thiazolium azomethine ylide 8 and o,B-unsaturated aldehydes 1 in the presence of
asymmetric organocatalysts 5, the reaction will expected to provide 4-methyl-

pyrrolo[2,1-c][1,4]thiazine-7-carbaldehyde 9 as like in Chapter 2.
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Scheme 4.25 Hypothesis of formal 1,3-dipolar cycloaddition/rearrangement

In contrast, the reaction furnished trisubstituted 1H-pyrrole-3-carbaldehyde 11, which

can be rationalized by a formal dominol,3-dipolar cycloaddition/C-S and C-N bond

cleavage reaction sequence (Scheme 4.26).

gb Cat., Base
Solvent, rt

|solated product
30% yield

Me
OH

expected product

Scheme 4.26 Synthesis of trisubstituted-1H-pyrrole-3-carbaldeydes

A literature survey reveals that few reports are available for synthesizing poly-

substituted pyrrole using thiazolium azomethine ylide.!'”® As of now, there are no

reports for the formal domino 1,3-dipolar cycloaddition of 4-methyl thiazolium salts

278




with  o,p-unsaturated aldehydes to synthesize trisubstituted-1H-pyrroles-3-
carbaldehydes using organocatalyst is highly warranted. Thus, a formal domino 1,3-
dipolar cycloaddition method will be developed for the synthesis of trisubstituted 1H-
pyrrole-3-carbaldehydes from readily available o,B-unsaturated aldehydes, 4-methyl
thiazolium salts, and racemic diphenylprolinol trimethylsilyl ether as an organocatalyst

(Scheme 4.24).

4.4 RESULTS AND DISCUSSION

Initially, the reaction was performed to synthesize the racemic product of 9 using 4-
methyl thiazolium salt 8, a,-unsaturated aldehydes 1 in the presence of racemic proline
as the organocatalyst and NEt3 as a base in IPA at room temperature. After 48 h, the
reaction provided an achiral product of trisubstituted 1H-pyrrole-3-carbaldehydes 11

albeit in 30% yield, instead of furnishing hypothesized product 9 (Scheme 4.27).

%r Racemic proline (20 mol%) O H
@/MO Me\[N\>® NEt; (1 equiv) O 0
+
s IPA (0.15 M) »
1a 2

e}

rt, 48 h N
a 0 H
11

30% yield

Scheme 4.27 Trail reaction for the synthesis of trisubstituted 1H-pyrrole 11

4.4.1 Optimization Studies

Based on the preliminary result, to improve the yield of product 11, an optimization
of the reaction condition by modifying parameters such as catalysts, bases, and
solvents was carried out, and the results are presented in Tables 4.1 — 4.3. First,
several racemic secondary amine-based organic catalysts were examined in the
reaction (Table 4.1, entries 1-4). The product yield was increased when the catalyst

changed to C2 (Table 4.1, entry 2). The catalyst was changed from C2 to C3, and the
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yield was enhanced to 40% (Table 4.1, entry 3). After that, the catalyst changed to

C4, and the reaction yield was enhanced to 45% (Table 4.1, entry 4).

When the catalyst bulkiness was increased C5, the reaction yielded product 11 in 55%
yield (Table 4.1 entry 5). When the chiral catalyst C6 was used instead of racemic
catalysts, the reaction gave a 47% yield of product 11 (Table 4.1, entry 6). Then, to
improve the yield of the product 11, the reaction was performed with several bases
such as DBU, DBA, 2,6-lutidine, K2CO3s, KsPO4, DBA, DABCO, DMAP (Table 4.2,

entries 1-7).

Table 4.1 Catalyst Screening

0
o )
o Cat. (20 mol%) y

B NEt; (2 equiv) O
Me
N® IPA (0.15 M), t, 48 h / \

N
S J N
_______ Ta 2%
Catalysts
OH O Ph Ph
>——Ph >——Ph
Q_<\o N N on N  OH N  OTMS
H @) H @ O e @)
c1 c2 c3 c4 cs
Entry  Base (equiv) Catalyst Yield (%)®
1 NEt; (2) Cl 30
2 NEt; (2) C2 15
3 NEt; (2) C3 40
4 NEt; (2) C4 45
5 NEt; (2) Cs 55

2Reaction conditions: l1a (0.3 mmol), 2a (0.3 mmol),
NEts (2 equiv), catalyst C1-C5 (20 mol%), and IPA
(0.15 M) at 48 h. Plsolated yield.
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Table 4.2 Base Screening”

0
o Cat. C5 (20 mol%) O H
Br o Base (2 equiv) O
Me
N0 . \[N\>® IPA (0.15 M), rt, 48 h /N
S 0 H

1a 8a 11

Entry Base (equiv) Catalyst Yield (%)°
1 NEt; (2) Cs 55

2 DBU (2) C5 15

3 DBA (2) C5 22

4 2,6-lutidine (2) C5 15

5 K2COs5(2) C5 20

6 K5P04(2) C5 25

7 DBA (2) Cs 35

8 DABCO (2) Cs 45

9 DMAP (2) Cs 65

@Reaction conditions: 1a (0.3 mmol), 2a (0.3 mmol), base (2 equiv), catalyst C5 (20
mol%), and IPA (0.15 M) at 48 h. ®Isolated yield.

Among the bases used, the reaction gave 11a in 65% vyield (Table 4.2, entry 9). Then
the rection was screened with several solvents (Table 4.2, entries 1-6). In this solvent
screening, EtOH as a solvent furnished the product 11a in 75% vyield. When the
quantity of DMAP was decreased from two equivalent to one equivalent, the yield of
product 11a was also decreased to 60% (entry 8). When the loading of the catalyst

was decreased to 10 mol%, the yield was also reduced to 50% yield (entry 10). When
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the reaction was performed without a catalyst, the yield of 11a was reduced to 30%

(entry 11).

Table 4.3 Solvent Screening”

o}
o Cat. C5 (20 mol%) O H
Lo B 5 DMAP (2 equiv) O
X o e N\@ Solvent (0.15 M), rt, 48 h [
. B N
H

s 0
1a 8a 11

Entry Base (equiv) Catalyst Solvent  Yield (%)?

1 DMAP (2) Cs IPA 65

2 DMAP (2) CSs toluene 41

3 DMAP (2) CSs THF 40

4 DMAP (2) CSs DCM 44

5 DMAP (2) CSs DMSO 15

6 DMAP (2) Cs HFIP 47

7 DMAP (2) Cs Et,O 30
Pommen e e

9 DMAP (1) Cs EtOH 60

10 DMAP (2) C5 (10 mol%)  EtOH 45

11 DMAP (2) - EtOH 30

#Reaction conditions: 1a (0.3 mmol), 8a (0.3 mmol), DMAP (2 equiv),
catalyst C5 (20 mol%), and solvent (0.15 M) at 48 h. PIsolated yield.

The structure of 11h was unambiguously confirmed by single-crystal X-ray

diffraction analysis (Figure 4.2).
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Figure 4.2 X-ray structure of compound 11h (CCDC: 2354829) with 50% probability
ellipsoids

4.5 SUBSTRATE SCOPES

From the optimization tables 4.1- 4.3 it is clearly understood that a,-unsaturated
aldehyde 1a (1 equiv), 4-methylthiazolium salt 8a (1 equiv), DMAP (2 equiv), and
catalyst C5 in EtOH (0.15 M) at room temperature for 48 h, was found to be an
optimized reaction condition. With this optimized reaction condition, generality and
functional group tolerance of the domino reactions were investigated with various 4-
methyl thiazolium salts and a,B-unsaturated aldehydes having electron-donating,
electron-withdrawing, halogens, and bulky substituents. All the reactions furnished
the desired products 11a-11h in good yields (Tables 4.4 and 4.4). The 4-methyl
thiazolium salt 8b having the election donating group at ortho position gave product
11b a moderate yield of 54% compared to the unsubstituted product 11a. It may be
due to steric hindrance of ortho -OMe substitution on the phenyl ring. Whereas the
halogen substitutes at para positions of 4-methyl thiazolium salts were delivering the
products 11c-11e in good yield (Table 4.4, entries 3-5). The electron-withdrawing
groups such as -NO», -CN, -CF3 at para positions of 4-methyl thiazolium salt gave
the desired trisubstituted 1H-pyrrole products 11f-11h in 78-83% yield (Table 4.4,
entries 6-8). The bulky naphthyl group was well tolerated for this domino strategy,

obtaining the product 11i in 65% yield (Table 4.4, entry 9). The a,B-unsaturated
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aldehydes containing electron-withdrawing group at para position deliver the

trisubstituted pyrrole product 11j in excellent yield (Table 4.4, entry 10).

Table 4.4 Substrate Scope of Trisubstituted 1H-Pyrroles 2P

1 :
J xR 5
— |
3 R o | 7
r 9 1 0
ve *o © ey RS oL [~
X N Ry, N\ I\ i TN OTMS
R™ "0 | > EtOH (0.15 M) COH (@)
+ S rt, Time ( h) N i C5
o H ;
1a 8 11a -11] i
Entry o,B-unsaturated aldehyde Thiazolium salt Product
ox
: Qe
Br
o} / \
N Me _N®
1 Ph XX \[\> N
s o A

(3
OMe o}

2 Ph "0 \[\> Meo § N
S
. 11b; 54%, 48 h
O
L ’
) I\
o)
Me _N® N
S 11¢; 70%, 13 h
cl

4 Ph/MO Me _N® N
™ o
S 11d; 65%, 13 h
Br
Br O H
s Q0
r
Me N® o / \
N\ N
5 Ph/MO \[S> o H

11e; 65%,15 h




Entry a,B-unsaturated aldehyde Thiazolium salt Product

NO,
O
. - LU
PR "0 2 N
0

r
N®

| \> 11f; 83%, 42 h
S

CN
H

P NCO
5 O I
Br 0 N

N® 0 H

\

J

119; 78%, 42 h

CF,
FsC O H o
X
8 PR "X 5 O 7\
N
Br o) 4 N

11h; 82%, 42 h

s 11i; 82%, 24 h
[ ¥
N €] 0
@) Br O
o T wl B B
02N \[\ N
s> o H

11j; 81%, 24 h

#Reaction conditions: 1a (0.3 mmol), 8a (0.3 mmol), DMAP (2 equiv), catalyst C5
(20 mol%), and solvent (0.15 M). ®Isolated yield.

4.6. CONTROL EXPERIMENTS
Control experiments were carried out to probe the reaction mechanism. When the
reaction was carried out with C4, in the absence of DMAP base under room

temperature, the failed to provide the expected product (Scheme 4.28a). The
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background reaction occurs when the reaction was performed only with base, and the

reaction afforded the product 11a a 30% yield (Scheme 4.28b).

5 N
B (6]
S Me “'N® ©  Cat. C5 (20 mol%) O
o \[ \ /1
a) @M " | s> EtOH (0.15 M), 0 °C, 48 h
1a 8a No reaction 0

(0.3 mmol) (0.3 mmol) Ma

@ Q-
NN Me ye O DMAP (2 equiv) O S

b) ©/\/\ * \[s\> EtOH (0.15 M), 0 °C, 48 h /N
1a 8a without catalyst

(0.3 mmol) (0.3 mmol) 30% vyield 11a

Scheme 4.28 Control experiments

4.7. GRAM SCALE SYNTHESIS

To check the scalability of the domino methodology, a gram-scale reaction was
performed using cinnamaldehyde 1a (3 mmol, 396 mg, 374 uL), benzothiazolium salt
8a (3 mmol, 1.24 g), and DMAP (6 mmol 0.73 g) under the optimized reaction
conditions. The reaction furnished the desired chiral product 11a in 65% yield (0.62

g) as shown in Scheme 4.29.

0
© Cat. C5 (20 mol%) O Y

Me BrN® (0] DMAP (2 equiv) O
SN I\
WO ¥ \[ S EOH (0.15 M), rt, 60 h N
1a SSa 65% yield 0.62 g o 1:'a
(3 mmol) (3 mmol)
396 mg 0.896 g

Scheme 4.29 Gram scale synthesis of 11a
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4.8 MECHANISTIC STUDY

The crude reaction mixture was analyzed by HRMS to find out the domino reaction
pathway and to determine the byproduct formed during the reaction. After the
reaction was completed, the smell of thiol was also noticed during the workup. HRMS
analysis confirmed that the formed cleavage product was 1-mercaptopropan-2-one
(Scheme 4.30). The calculated mass of the cleaved product was exactly matched with

found mass (Figure 4.3).

Cat. C5 (20 mol%)
B [\, _DMAP (2 equiv)
Me N®
Wo . \[ S EtOH (0.15 M)
s

rt, 48 h

Intermediate

Me)k/SH

1-mercaptopropan-2-one (by product)

Scheme 4.30 HRMS analysis of crude reaction mixture

Compound Spectra (overlaid)

x10°_|CPd 15 C3 H6 O S; 2.978: + FBF Spectrum (1t: 2.978-2.995 min) 12-SPVIII-31—G.d Subtract

- 108.0506
(M+NH4)}+

1.4

1.35

1.3 o

s

1.2 Me

1157 ®

11 NH4

1.05-

ooe] Calculated

0.9 Exact Mass: 108.0478

0.857

0.8

075+

0.7

0.65-

0.6 o

0551 M _sh

0.5 Me

0.45~ (SH

047 4 1284657

0357 {Mﬂ)

el Found

0.2 Exact Mass: 108.0506

0.15-

0.1

il il

o T T T T T T T T T T T T T T T T T T T T T T
103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 120 121 122 123 124 125 126 127 128 129 130 131 132 133
Counts vs. Mass-to-Charge (m/z)
Compound ID Table
Cpd Formula Mass (Tgt) Calc. Mass Mass Species Diff(Tgt.ppm) mDa
1 C3H6OS 90.0139 90.0142 108.0506 EI‘-I+N)H4)+ 3.31 0.30
128.9657 M+K)+

Figure 4.3 HRMS spectrum of 1-mercaptopropan-2-one

287



4.9 PLAUSIBLE REACTION MECHANISM

Based on the mechanistic study and previous study from Chapter 2, a plausible
mechanism has been proposed (Scheme 4. 31). Initially, a racemic secondary amine
catalyst C5 and cinnamaldehyde 1a in the presence of in-situ formed HBr or protonated
DMAP will generate iminium ion complex I by the elimination of water. Meanwhile,
thiazolium salt 8a will react with DMAP base to form 1,3-dipolar thiazolium ylide
intermediate II1. The ylide intermediate III can react further with iminium ion complex
I to give Michael adduct intermediate IV. This intermediate IV will undergo
dearomatization of thiazolium salt to produce 1,3-dipolar cycloadduct intermediate V.
Hydrolysis of V will result in the regeneration of catalyst I for the next catalytic cycle.
In this process, hydropyrrolo-thiazole intermediate VI and HBr will be generated.
Intermediate VI, in the presence of DMAP base will produce the ring opening thiazloate
anion intermediate VII. Then, the intermediate sulfur anion VII will be quenched by a
proton to produce the intermediate VIII. This intermediate VIII will undergo enamine-
imine tautomerism to furnish iminium ion intermediate IX. This iminium ion
intermediate IX will react with in-situ generated water molecules to produce the
intermediate X. In intermediate X, the nitrogen lone pair delocalized to produce the
enolate of iminium ion intermediate XI, followed by protonation of enolate
intermediate XI to produce intermediate XII. In intermediate XII, the C-N bond
cleavage will take place to yield byproduct 1-mercaptopropan-2-one and intermediate
XIII. The formation of byproduct 1-mercaptopropan-2-one was confirmed by HRMS
and '"H NMR analysis of crude reaction mixture. The enol ether intermediate XIII will
converted to the final product trisubstituted 1H-pyrrole-3-carbaldehyde 11 via

intermediates XIV and XV.
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Scheme 4.31 Plausible reaction mechanism for the formation of trisubstituted-1H-
pyrrole

4.10 CONCLUSION

> A novel method was developed for the synthesis of trisubstituted 1 H-pyrrole-3-
carbaldehydes. This method involved radially available o,B-unsaturated
aldehydes, easily synthesizable 4-methyl thiazolium salts, and commercially

available racemic amine organocatalysts.

> The reaction proceeded by domino reaction sequences like formal 1,3-dipolar
cycloaddition/ring-opening/C-S and C-N bond cleavage provided the

trisubstituted 1H-pyrrole-3-carbaldehydes in good to excellent yield.

> This method worked well and tolerated various functional groups.
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> This is the first report on the synthesis of trisubstituted 1H-pyrrole-3-
carbaldehyde derivatives using 4-methylthiazolium salts, a,B-unsaturated

aldehyde, and racemic amine organocatalysts via a domino synthesis.

4.11 EXPERIMENTAL SECTION

4.11.1 General information

All reactions were carried out in oven-dried reaction tubes. 4-Methyl thiazole, phenacyl
bromides, and cinnamaldehydes were purchased from Sigma-Aldrich, Spectrochem,
BLD, Carbanio, and Avra Synthesis Pvt. Ltd. The racemic proline and DMAP were
purchased from Spectrochem, Avra Synthesis Pvt. Ltd. and used directly as received.
All the starting materials were synthesized according to the reported procedures.
Reactions were monitored by thin-layer chromatography (TLC) using Merck silica gel
60 F2s4 precoated plates (0.25 mm) and visualized by UV fluorescence quenching using
an appropriate mixture of ethyl acetate and hexanes as eluting solvent mixtures. Silica
gel for column chromatography (particle size 100-200 mesh) was purchased from Avra
Synthesis Pvt. Ltd. and used for column chromatography using hexanes and ethyl
acetate mixture as eluent. Organic solutions were concentrated under reduced pressure
on a Biichi, Heidolph rotary evaporator using a water bath. 'H and '*C NMR spectra
were recorded on a Bruker 400 or 500 MHz instrument.'H NMR is reported relative to
residual CDCls (8 7.26 ppm) or DMSO-de (8 2.50 ppm). *C NMR is reported close to
residual CDCIz (6 77.16 ppm) or DMSO-ds (6 39.52 ppm). Chemical shifts were
recorded in parts per million (ppm). Multiplicities are as indicated: s (singlet,) d
(doublet,) t (triplet,) q (quartet,) quint (quintet), sext (sextet), sept (septet) dd (doublet
of doublet,) m (multiplet,) tt (triplet of triplet,) td (triplet of doublet). The coupling

constant, J, is reported in Hertz.
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Melting points were recorded on a Guna capillary melting point apparatus and were
corrected with benzoic acid as a reference. FTIR spectra were recorded on a JASCO
spectrometer and were reported in the frequency of absorption (cm™) using a dry KBr
pellet. The polarimetry was recorded in P-2000 High Accuracy Digital Polarimeter -
Jasco Inc. High-resolution mass spectra (HRMS) were recorded on Q-Tof Micro mass
spectrometer. All the single crystal X-ray data was collected with a Bruker AXS (Kappa
Apex 2) CCD diffractometer equipped with graphite monochromatic Mo (Ka) (A =
0.7107 A) radiation source. The data were collected with 100% completeness for © up
to 25°. o and ¢ scans were employed to collect the data. The frame width for @ for was
fixed to 0.5° for data collection. The crystal was solved by direct methods using Bruker
SHELXS (Sheldrick, 1997). The Structure was refined using the Bruker SHELXTL

(Version 6.12) software package.

4.11.2 Typical procedure for the domino synthesis of trisubstituted 1H-pyrrole-3-
carbaldehyde

General procedure A: To a 20 mL oven-dried reaction tube with a magnetic stir bar
under an open atmosphere, racemic catalyst C4 (20 mg, 0.06 mmol), and
cinnamaldehyde 1a (38 pL, 0.3 mmol) were dissolved in (0.075 M) EtOH and closed
with glass-stopper and stirred for 1 hour at room temperature. 4-Methy thiazolium salt
11a (90 mg, 0.3 mmol), DMAP (73 mg, 0.6 mmol), and (0.75 M) EtOH were
successively added to the reaction mixture. Reaction progress was monitored by TLC.
After completely consuming both starting materials, the EtOH was evaporated from the
reaction mixture by a rotary evaporator. Then, the reaction mixture was poured into
water and extracted with EtOAc (3 x15 mL), and brine wash (1x10 mL) was given to

the combined organic extractions and dried over anhydrous Na>SOs. Evaporation of
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organic layer to provide the crude product. This crude product was purified by column
chromatography on silica gel (eluent: Hexane/Ethyl acetate = 80/20) to yield the desired

chiral product 11a in 75% yield (Scheme 4.32).

q >
%r Cat C5. (20 mol%)
Q/MO Me\[N @ DMAP (2 equiv)
S ()
S EtOH (0.15 M) H OTM
1a 8a

rt, 48 h )
11a , Cat.C3

Scheme 4.32 Domino synthesis of trisubstituted 1H-pyrrole-3-carbaldehyde

4.12. ANALYTICAL AND SPECTRAL CHARACTERIZATION DATA

5-Benzoyl-4-phenyl-1H-pyrrole-3-carbaldehyde 11a; Prepared according to general

procedure A using racemic diphenylprolinol trimethylsilyl ether O H
O
C4. Purification of crude product was done by column O ]\
N
chromatography using (hexane/ethyl acetate) mixture (80:20) to o) H
11a

afford the title compound as pale yellow solid, (72% yield, 60 mg); Ry= 0.41 (20 %
ethyl acetate in hexane); mp 102 — 104 °C; '"H NMR (500 MHz, CDCl3) & 10.34 (s,
1H), 9.73 (s, 1H), 7.82 (d,J=3.4 Hz, 1H), 7.38 (d, J=7.6 Hz, 2H), 7.24 (t,J=7.5 Hz,
1H), 7.15—7.10 (m, 1H), 7.10 — 7.06 (m, 4H), 7.04 (t, J= 7.6 Hz, 2H); 3C NMR (125
MHz, CDCls) ¢ 187.7, 187.2, 137.1, 134.0, 131.9, 131.8, 131.2, 129.4, 129.1, 128.0,
127.8, 127.7, 127.3, 125.8; FTIR (neat) 3270, 1670, 1627, 1540, 1449, 1284, 738 cm"

I HRMS (ESI) calculated for CisH4NO> [M+H]": 276.1019; found: 276.1013.

5-(2-Methoxybenzoyl)-4-phenyl-1H-pyrrole-3-carbaldehyde 11b; Prepared

according to general procedure A using racemic O H
O

diphenylprolinol trimethylsilyl ether C4. Purification of crude O m

product was done by column chromatography using |MeO ”

114b

(hexane/ethyl acetate) mixture (80:20) to afford the title
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compound as pale yellow solid, (76% yield, 70 mg); Ry=0.36 (30 % ethyl acetate in
hexane); mp 140 — 142 °C; 'TH NMR (400 MHz, DMSO-ds 8 12.82 (s, 1H), 9.66 (s,
1H), 7.92-7.87(m, 1H), 7.15-7.05 (m, 6H), 6.99 (d, J= 7.0 Hz, 1H), 6.89-6.83 (m, 2H),
3.59 (s, 3H); 13C NMR (126 MHz, DMSO-ds) & 186.7, 186.1, 158.4, 138.9, 132.2,
132.1,130.8, 129.6, 129.2, 128.9, 127.4, 127.1, 124.2, 121.3, 118.1, 113.3, 55.0; FTIR
(neat) 3263, 2924, 1675, 1626, 1538, 1452, 1287, 762 cm™'; HRMS (ESI) calculated

for C1oH1sNO3 [M+H]": 306.1125; found: 306.1136.

5-(4-Fluorobenzoyl)-4-phenyl-1H-pyrrole-3-carbaldehyde 11¢; Prepared according

to general procedure C using racemic diphenylprolinol |F. O H
O

trimethylsilyl ether C4. Purification of crude product was done O ]\
N
by column chromatography using (hexane/ethyl acetate) 0 H

1Mc
mixture (80:20) to afford the title compound as pale yellow solid (70% yield, 62 mg);

Ry = 0.25 (20 % ethyl acetate in hexane); mp 152 — 154 °C; 'TH NMR (500 MHz,
CDCl) 6 10.36 (s, 1H), 9.74 (s, 1H), 7.83 (s, 1H), 7.44 — 7.38 (m, 2H), 7.21 — 7.17 (m,
1H), 7.13 (t, J = 7.5 Hz, 2H), 7.08 (d, J = 7.5 Hz, 2H), 6.71 (d, J = 8.5 Hz, 2H); 13C
NMR (125 MHz, CDCls) 6 187.1, 186.3, 164.9 (d, J = 253.7 Hz), 134.0, 133.2 (d, J =
3.3 Hz), 131.8, 131.7, 131.2, 129.3, 128.2, 128.0, 127.5, 127.5, 125.7, 1149 (d, J =
21.9 Hz); F NMR (471 MHz, CDCl3) 8 -106.50; FTIR (neat) 3403, 2256, 1666,
1025, 825, 764 cm™'; HRMS (ESI) calculated for C1sHi3sFNO, [M+H]": 294.0925;

found: 294.0924.

5-(4-Chlorobenzoyl)-4-phenyl-1H-pyrrole-3-carbaldehyde 11d; Prepared

according to general procedure C using racemic |Cl O H o
diphenylprolinol trimethylsilyl ether C4. Purification of crude O /\

product was done by column -chromatography using 6]
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(hexane/ethyl acetate) mixture (80:20) to afford the title compound as pale yellow solid
(65% yield, 60 mg); Rr= 0.32 (20 % ethyl acetate in hexane); mp 148 — 150 °C; 'H
NMR (500 MHz, DMSO-ds) 6 12.87 (s, 1H), 9.66 (s, 1H), 7.94 — 7.90 (m, 1H), 7.39
— 7.33 (m, 2H), 7.19 — 7.13 (m, 3H), 7.13 — 7.09 (m, 4H); 3C NMR (126 MHz,
DMSO-ds) 6 185.9, 185.7, 136.3, 132.3, 132.0, 130.9, 130.6, 129.8, 129.3, 129.1,
127.6, 127.4, 127.1, 124.2; FTIR (neat) 3268, 2926, 2853, 1670, 1599, 1538, 1415,
1283, 768 cm™'; HRMS (ESI) calculated for C1sH13CINO2 [M+H]*: 310.0629; found:

310.0621.

5-(4-Bromrobenzoyl)-4-phenyl-1H-pyrrole-3-carbaldehyde 11e; Prepared

according to general procedure C using racemic |Br O H
diphenylprolinol trimethylsilyl ether C4. Purification of crude O / \

product was done by column -chromatography using 6]

11e

(hexane/ethyl acetate) mixture (80:20) to afford the title compound as yellow solid
(71% yield, 75 mg); Ry= 0.35 (20 % ethyl acetate in hexane); mp 142 — 146 °C; 'H
NMR (500 MHz, DMSO-d¢) 6 13.10 (s, 1H), 9.89 (s, 1H), 8.15 (s, 1H), 7.54 — 7.50
(m, 4H), 7.41 —7.37 (m, 1H), 7.37 — 7.32 (m, 4H); 3C NMR (126 MHz, DMSO-ds) 5
186.4, 186.4, 159.4, 137.1, 132.8, 132.5, 131.4, 131.2, 131.1, 130.3, 129.6, 128.0,
127.6, 125.8, 124.8; FTIR (neat) 3258, 2360, 1668, 1624, 1538, 1405, 1284, 764 cm™

I HRMS (ESI) calculated for C1sH13BrNO2 [M+H]": 354.0124; found: 354.0118.

5-(4-Nitrobenzoyl)-4-phenyl-1H-pyrrole-3-carbaldehyde 11f; Prepared according

to general procedure C using racemic diphenylprolinol |o,N O H
0
trimethylsilyl ether C4. Purification of crude product was O 7\
N
done by column chromatography using (hexane/ethyl 0 H
11f

acetate) mixture (70:30) to afford the title compound as pale yellow solid, (83% yield,
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81mg); Ry = 0. 38 (30 % ethyl acetate in hexane); mp 204 — 206 °C; 'H NMR (500
MHz, CDCls) 6 10.31 (s, 1H), 9.73 (s, 1H), 7.82 (d, J = 3.5 Hz, 1H), 7.32 — 7.29 (m,
2H), 7.23 - 7.17 (m, 1H), 7.15 — 7.11 (m, 2H), 7.09 — 7.05 (m, 2H), 7.05 — 6.97 (m,
2H); 13C NMR (125 MHz, CDCl3) 5 187.0, 186.4, 138.2, 135.4, 134.1, 131.6, 131.2,
130.5, 129.3, 128.2, 128.1, 128.0, 127.6, 125.8; FTIR (neat) 3230, 2925, 2340, 1682,
1680, 1601, 1348, 1288, 702 cm™'; HRMS (ESI) calculated for CisH3N204 [M+H]":

321.0870; found: 321.0906.

4-(4-Formyl-3-phenyl-1H-pyrrole-2-carbonyl)benzonitrile 11g; Prepared

according to general procedure C using racemic |NC O H
o

diphenylprolinol trimethylsilyl ether C4. Purification of O ]\

N
crude product was done by column chromatography using 0 H

119

(hexane/ethyl acetate) mixture (70:30) to afford the title compound as brown solid,
(78% yield, 70 mg); Rr= 0.33 (30 % ethyl acetate in hexane); mp 138 — 140 °C; 'H
NMR (500 MHz, CDCI3) 6 10.44 (s, 1H), 9.71 (s, 1H), 7.86 (s, 1H), 7.41 (d, J= 8.0
Hz, 2H), 7.31 (d,/=8.0 Hz, 2H), 7.20 (t, /J="7.5 Hz, 1H), 7.11 (t,J=7.5 Hz, 2H), 7.04
(d, J=7.5 Hz, 2H); 3C NMR (125 MHz, CDCl3) 5 186.9, 185.9, 141.0, 134.9, 131 .4,
131.2,131.1,129.3, 128.9, 128.4, 128.4, 128.2, 125.9, 118.1, 114.8; FTIR (neat) 3390,
2954, 2360, 1678, 1633, 1538, 1410, 1278, 767 cm™'; HRMS (ESI) calculated for

C1oH13N20: [M+H]"™: 301.0972; found: 301.0948.

4-Phenyl-5-(4-(trifluoromethyl)benzoyl)-1H-pyrrole-3-carbaldehyde 11h;

Prepared according to general procedure C using racemic |F3;C O H
)

diphenylprolinol trimethylsilyl ether C4. Purification of O ]\

N
crude product was done by column chromatography using 0 H
11h

(hexane/ethyl acetate) mixture (80:20) to afford the title compound as yellow solid,
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(82% yield, 85 mg); Ry= 0.30 (30 % ethyl acetate in hexane); mp 136 — 138 °C; 'H
NMR (500 MHz, CDCI3) 6 10.24 (s, 1H), 9.72 (s, 1H), 7.85 (s, 1H), 7.42 (d, /= 8.0
Hz, 2H), 7.27 (d, J=8.0 Hz, 2H) 7.15 (t, J= 7.5 Hz, 1H), 7.08 (t,J= 7.5 Hz, 2H), 7.02
(d, J=7.5 Hz, 2H); '3C NMR (125 MHz, CDCl3) 5 186.9, 186.4, 140.3, 134.8, 133.0
(q, J=32.6 Hz), 131.3 131.1, 129.1, 128.2, 128.1, 127.9, 127.1, 126.0, 124.6 (q, J =
3.6 Hz), 123.0 (q, J = 270 Hz); ’F NMR (471 MHz, CDCl3) 5 -63.4; FTIR (neat)
3224, 1665, 1618, 1511, 1413, 1329, 772cm’; HRMS (ESI) calculated for

C1oH13F3NO, [M+H]" : 344.0893; found: 344.0901.

5-(2-Naphthoyl)-4-phenyl-1H-pyrrole-3-carbaldehyde 11i; Prepared according to

general procedure C using racemic diphenylprolinol O H
O
trimethylsilyl ether C4. Purification of crude product was OO I\
N
H

done by column chromatography using (hexane/ethyl J

11i

acetate) mixture (80:20) to afford the title compound as
pale yellow solid (81% yield, 80 mg); Ry= 0.36 (20 % ethyl acetate in hexane); mp
172— 174 °C; TH NMR (500 MHz, CDCl3) 6 10.37 (s, 1H), 9.75 (s, 1H), 7.95-7.80 (m,
2H), 7.71 (d, J= 8.0 Hz, 1H), 7.60-7.55 (m, 3H), 7.51-7.45 (m, 1H), 7.45-7.35 (m, 1H),
7.16-7.10 (m, 2H), 7.00-6.93 (m, 1H), 6.92-6.85 (m, 1H); 13C NMR (126 MHz, CDCl3)
0 187.5, 187.3, 134.9, 134.0, 131.9, 131.4, 131.1, 129.6, 129.2, 128.1, 128.1, 127.7,
127.6, 127.2, 126.4, 125.9, 124.9; FTIR (neat) 3268, 3055, 2961, 1671, 1619, 1539,
1400, 1287, 703 cm’™'; HRMS (ESI) calculated for C»HisNO2 [M+H]": 326.1176;

found: 326.1164.
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5-Benzoyl-4-(4-nitrophenyl)-1H-pyrrole-3-carbaldehyde 11j; Prepare according to

general procedure C wusing racemic diphenylprolinol G O y
trimethylsilyl ether C4. Purification of crude product was o O O
done by column chromatography using (hexane/ethyl /H\
acetate) mixture (70:30) to afford the title compound as © 11j

orange solid, (80% yield, 77 mg); Ry= 0.36 (30 % ethyl acetate in hexane); mp 198 —
200 °C; 'TH NMR (500 MHz, CDCl3) 6 10.21 (s, 1H), 9.72 (s, 1H), 7.92-7.80 (m, 2H),
7.46 (d, J = 8.0 Hz, 2H), 7.19-7.13 (m, 1H), 7.12-7.07 (m, 2H), 7.04 (d, J = 7.5 Hz,
2H); 13C NMR (125 MHz, CDCl3) § 186.8, 186.2, 138.0, 135.3, 134.0, 131.5, 131.0,
130.4, 129.1, 128.0, 127.9, 127.8, 127.4, 125.7; FTIR (neat) 3240, 2926, 2360, 1712,
1601, 1525, 1348, 1286, 698 cm™'; HRMS (ESI) calculated for CisHi1CIN20s [M+]:

354.0407; found: 354.0429.

4.13. X-RAY CRYSTALLOGRAPHY DATA

Figure 4.4 X-ray crystallographic data for compound 11h

All the single crystals X-ray data was collected with a Bruker AXS (Kappa Apex 2)
CCD diffractometer equipped with graphite monochromatic Mo (Ka) (A = 0.7107 A)
radiation source. The data were collected with 100% completeness for © up to 25°. ®
and ¢ scans were employed to collect the data. The frame width for o for was fixed to
0.5° for data collection. The crystals were solved by direct methods using Bruker
SHELXS (Sheldrick, 1997). The Structure was refined using the Bruker SHELXTL

(Version 6.12) software package.
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(o) H
11h (CCDC. No. 2354829)

The purified compound 11h was dissolved in acetonitrile 0.1 M and placed in a dark cabinet

for slow evaporation. Crystals were collected after a few days for X-ray analysis. Thermal

ellipsoids are shown at the 50% probability level.

Table 4.5. Crystal data and structure refinement for 11h (CCDC No. 2354829)

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

V4
Density (calculated)

Absorption coefficient

F(000)

198

CioHi2 F3 N O2
343.30

296(2) K
0.71073 A
Monoclinic

P2,
a=7.4749(4) A

b=9.2492(5) A

¢ =11.6066(8) A

799.77(8) A’

2
3
1.426 g cm

0.116 mm '

352

298

o=90°
B=94.679(3)°

v =90°



Crystal size 0.180 x 0.160 x 0.120 mm’

Theta range for data collection 2.734 to 24.999°

Index ranges -8<=h<=8§, -10<=k<=10, -13<=I<=11
Reflections collected 5036

Independent reflections 2750 [R(int) = 0.0164]
Completeness to theta = 24.999° 99.9 %

Refinement method Full-matrix least-squares on F
Data / restraints / parameters 2750/ 1/235

Goodness-of-fit on F~ 1.539

Final R indices [[>2sigma(])] R1=0.0329, wR2 = 0.0828

R indices (all data) R1=0.0369, wR2 =0.0851
Absolute structure parameter 0.2(3)

Extinction coefficient 0.032(6)

Largest diff. peak and hole 0.187 and -0.132 e.A™

Figure caption: ORTEP diagram of compound 11h (198) displacement ellipsoids are
drawn at the 50% probability level, and H atoms are shown as small spheres of arbitrary

radius.
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4.14 'H, 3C, and F NMR SPECTRA
(5-Benzoyl-4-phenyl-1H-pyrrole-3-carbaldehyde 11a
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5-(2-Methoxybenzoyl)-4-phenyl-1H-pyrrole-3-carbaldehyde 11b
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5-(4-Chlorobenzoyl)-4-phenyl-1H-pyrrole-3-carbaldehyde 11c
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5-(4-Chlorobenzoyl)-4-phenyl-1H-pyrrole-3-carbaldehyde 11d
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5-(4-Bromobenzoyl)-4-phenyl-1H-pyrrole-3-carbaldehyde 11e
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5-(4-Nitrobenzoyl)-4-phenyl-1H-pyrrole-3-carbaldehyde 11f
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4-(4-Formyl-3-phenyl-1H-pyrrole-2-carbonyl)benzonitrile 11g
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4-Phenyl-5-(4-(trifluoromethyl)benzoyl)-1H-pyrrole-3-carbaldehyde 11h
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5-(2-Naphthoyl)-4-phenyl-1H-pyrrole-3-carbaldehyde 11i
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trophenyl)-1H-pyrrole-3-carbaldehyde 11
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CHAPTER 4B

ASYMMETRIC SYNTHESIS OF TRISUBSTITUTED 4,5-

DIHYDRO-1H-PYRROLE-3-CARBALDEHYDES THROUGH

FORMAL DOMINO 1,3-DIPOLAR CYCLOADDITION/C-S

AND C-N BOND-CLEAVAGE

O

5 R’
Y %
O&N\? i /\

Cat. (20 mol%) RN, R o
DMAP (2 equiv) T ; O
= 3 NN
dry. toluene, 0° C /\\" N . OT™M
12-42h ) '
0 H i Cat.

8 examples, up to 70 % yieIdE
up to 98% ee, >20:1d.r. !
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4.15 INTRODUCTION

4.15.1 Importance of Dihydro-1H-pyrroles

Dihydro-1H-pyrroles represent a class of N-heterocyclic compounds. These structures
are entirely distinct from their aromatic pyrrole counterparts and possess unique
chemical properties and versatile reactivity, making them valuable tools in organic
synthesis and drug discovery. The structural motif of dihydropyrroles involves a
saturated ring system, which alters their electronic structure and reactivity compared to
aromatic pyrroles. This modification affects their interactions with other molecules,
influencing their utility in various applications.!”” Synthetic methods for dihydrolH-
pyrroles encompass diverse strategies, including the condensation of primary amines
with o,B-unsaturated carbonyl compounds'’”® followed by reduction to yield the
saturated dihydro pyrrole ring.?’® It can also be achieved through functional group
manipulation, enabling the introduction of diverse substituents to fine-tune their

properties for specific applications.!”

Dihydro-1H-pyrroles have gained attention in medicinal chemistry due to their
potential scaffolds for drug design. The dihydro-1H-pyrroles derivatives have shown
promising pharmacological activities in preclinical studies, including antimicrobial,
anticancer, and neuroprotective properties. Their saturated nature can impart improved
metabolic stability and bioavailability compared to aromatic pyrroles, enhancing their
suitability for drug development.?’” 2 Their reactivity towards electrophiles,
nucleophiles, and transition metal catalysts enables the construction of complex
molecular architectures with high efficiency and selectivity.?’”” They can serve as
versatile intermediates in organic synthesis to afford structurally diverse compounds
and a key building blocks in the synthesis of natural products, pharmaceuticals, and

functional materials.?%°
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1,3-Dipolar cycloaddition reactions offer versatile routes to access poly-substituted
pyrroles with diverse substitution patterns.?®! A wide range of substituents can be
introduced into the pyrrole ring in a controlled manner by judicious selection of 1,3-
dipoles and dipolarophiles. However, synthesizing dihydropyrroles using 1,3-dipolar
cycloaddition is still challenging, and only a few methods have been reported in the
literature.!%® 283284 The regioselectivity and stereochemistry of the cycloaddition can be
modulated through appropriate choice of reaction conditions and functional group
compatibility, enabling the synthesis of complex poly-substituted dihydropyrrole
derivatives. Particularly, azomethine ylides are versatile reactive intermediates for the
synthesis of five-membered containing highly substituted pyrrolidines via 1,3-dipolar
cycloaddition with various dipolarophiles.?®> Very few reports in the literature use

azomethine ylides for the synthesis of substituted-dihydro-1H-pyrroles,282-284: 286-287

4.16 LITERATURE BACKGROUND

4.16.1 Synthesis of Dihydro-1H-pyrroles

In 2011, Shi and co-workers reported a chiral phosphoric acid catalyzed three-
component, organocatalytic, asymmetric 1,3-dipolar cycloaddition reactions of
aldehydes, aminoester, and alkyl ynones for the synthesis of synthetically and
biologically important new chiral 2,5-dihydropyrrole derivatives in high yields with

excellent enantio- and diastereoselectivity (Scheme 4.33).28

o)

E Ar
HN__COEt | Cat. (10mol%) O N | OO o
b + R-CHO _LCOE o1

toluene, 3 AMS, rt R

COEt P cp, N “CO,Et OO
24 examples - Ar

up to 97% yield
up to >98% ee ' Ar = 9-Anthracenyl

>20:1d.r.

Scheme 4.33 Enantioselective three-component reaction for the synthesis of alkyl
ketone substituted 2,5-dihydro-1H-pyrroles
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The same research group in 2012 developed a chiral phosphoric acid organocatalyst for
three components, asymmetric 1,3-dipolar cycloaddition reactions using arylglycine
ester, aryl ynones, and aldehyde for the synthesis of synthetically and biologically
important both the diastereomers of 2,5-dihydropyrrole scaffolds with multiple chiral
centers including one quaternary stereogenic center in high yields with excellent

enantioselectivity (Scheme 4.34).2%3

H,N___CO,Et o

T 0 | :
CO,Et Ph Ph . o 0
o, — H ~
R-CHO . Cat. (10 mol%) WCO,Et —\ LCOEt | P

_ ~" TOH
toluene RTN"Mco.et © RN % | 0]
o EO 3 A MS, rt H 2 b CO2Et: O

Ph 21 examples, up to 99% yield .
up to >99% ee, up to 1:3 d.r. i Ar=9-Anthracenyl

Ar

Scheme 4.34 Enantioselective, three-component reaction for the synthesis of aryl
ketone substituted 2,5-dihydro1 H-pyrroles

A first catalytic asymmetric 1,3-dipolar cycloaddition of alkynes, N-protected isatin,
and aminoester using chiral phosphoric acid as an organocatalyst was developed for the
synthesis of spirofused dihydropyrroles. In 2013, Shi ef al. achieved synthetically and
pharmaceutically important spiro-oxindole-based 2,5-dihydropyrrole scaffolds with
quaternary chiral center in high yields with excellent enantio- and diastereoselectivity

(Scheme 4.35).2%

I 0

H,N.__CO,Et

N O J\ . @E&O Cat (10 mol%)
CO,Et N toluene, 3 A MS, rt

(0] Ar

26 examples, up to 99% yield _
up to 99% ee, >20:1 d.r. Ar = 9-Anthracenyl

Scheme 4.35 Enantioselective, three-component reaction for the synthesis of spiro-
oxindole based 2,5-dihydro1 H-pyrroles
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In 2019, Zhanguo et al. accomplished the synthesis of 4,5-dihydro-1H-pyrrole
derivatives starting from nitro-nitriles, which can be synthesized from nitro-alkene
reaction with malononitrile. The nitro group of nitro-nitriles was reduced via Fe/HCI
system in methanol at room temperature to provide amine. The amino group reacted
with the nitrile group through intramolecular nucleophilic addition/and rearrangement

reaction to furnish the 4,5-dihydropyrroles in good yields (Scheme 4.36).2%

GWE CN
N0, NO
N
RO/\/ + GWE._CN RGL _ FeHCI
Z ~ CH4OH, 30 °C

EWG = CN, CO,Et

/ Y
22 examples
up to 71% yield

Scheme 4.36 Intramolecular nucleophilic addition/rearrangement reaction for the
synthesis of 4,5-dihydro1H-pyrroles

A new method for the synthesis of 4,5-dihydro-1H-pyrrole derivatives was achieved
in 2009 by Panek and co-workers via Lewis acid-promoted annulations of
enantioenriched allenylsilanes with in-situ generated iminium ions derived from tert-
butyl carbamate and methylcarbamate. This method afforded the 4,5-dihydro-1H-

pyrrols good yields (Scheme 4.37).287

i i Me.  SiMe,Ph
H _‘\SiMezPh R H HyN Ot-Bu \ CO,Me
T . . R
Mé xcone BF3-OEt,, EtCN, -78 °C, -40 °C H
72 h
11 examples
up to 82% yield
>20:1 d.r.

Scheme 4.37 Lewis acid promoted annulation reaction for the synthesis of 4,5-
dihydrolH-pyrroles

4.17 OBJECTIVE

> A new domino methodology will be developed for the synthesis of

enantioenriched trisubstituted 4,5-dihydro-/H-pyrrole-3-carbaldehydes.
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> This method will utilize an easily available 4-methyl thiazolium salts,
commercially available o,B-unsaturated aldehydes, wusing chiral (R)-

diphenylprolinol trimethylsilyl ether as an organocatalyst (Scheme 4.38).

> In this domino process, the 4-methyl thiazolium salt will undergo a formal
domino, intermolecular 1,3-dipolar cycloaddition/intramolecular ring-

opening/C-S and C-N bond cleavage reaction sequence in the presence of base.

[ |
e e gy 5 o] O
Ne J % Cat.Base R 3 O;
RMO * ‘§o = Solvent, 0 °C SN \ : O..., O
| N
. H

0 '\\l OT™M
H
Cat.

Scheme 4.38 Domino 1,3-dipolar cycloaddition/ring-opening/C-S and C-N bond
cleavage reaction for the synthesis of chiral trisubstituted dihydro-1H-pyrrole-3-
carbaldehydes

4.17.1 Hypothesis of Present Work

As described in Chapter 4, the 4-methyl thiazolium azomethine ylide 8 reacted with
o,B-unsaturated aldehydes 1 in the presence of an organocatalyst at “room temperature”
to afford trisubstituted 1H-pyrrole-3-carbaldehydes 11. The reaction proceeded by
formal domino intermolecular 1,3-dipolar cycloaddition/intramolecular ring-
opening/unprecedented C-S and C-N bond cleavage reaction sequence (Scheme 4.39
a). In this reaction, the reaction mechanism is expected to be through the formation of
4,5-dihydro-1H-pyrrole intermediate 12, which was already confirmed by HRMS
(Chapter 4). To consider the valuable importance of enantioenriched dihydropyrroles,
the asymmetric synthesis of dihydropyrroles using enantiopure organocatalysts under

the same strategies is more warranted.
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SRR s N
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Domino synthesis
(Chapter-4B)

Scheme 4.39 Formal domino 1,3-dipolar cycloaddition reactions strategies for the
synthesis of chiral dihydropyrroles
Therefore, it is hypothesized that chiral dihydropyrroles can be synthesized when the
same reaction is performed at low temperature with a chiral organocalyst, thereby
making it possible to stop the reaction at the dihydropyrrole intermediate stage (Scheme
4.39 b). It is important to mention that this reaction gives only achiral product 4 at room
temperature. By lowering the reaction temperature, it will be possible to obtain the

target chiral molecule 12.

With this hypothesis, the domino reaction will be carried out by reacting the
cinnamaldehyde 1a (1 equiv), 4-methyl thiazolium salt 2a (1 equiv), and (L)-proline
C1 (20 mol%) as a chiral catalyst, NEt3 (1 equiv) as a base, EtOH as a solvent under 0
°C. After 24 h, the reaction resulted in the formation of two spots. By analyzing two
different spots, it was observed that one product is the expected 4,5-dihydro1 H-pyrroles
6 (36% yield), and the other one is the trisubstituted 1H-pyrrole 4 (35% yield). It is
important to mention that the enantiomeric excess of newly formed dihydropyrroles 6

is 30% with >20:1 d.r. (Scheme 4.40). Thus, the synthesis of 4,5-dihydro-1H-pyrroels
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7 was achieved successfully in an enantioselective manner by lowering the reaction

temperature to 0 °C.

L-Proline (20 mol%)

S
AN o Me B'}\j\@ NEt; (1 equiv)
* \[s> EtOH (0.15 M)

7\
0°C,24h \
’ H
8a 12a 11
36% yield 35% yield

32% ee, >20:1 d.r.

Scheme 4.40 Formal domino 1,3-dipolar cycloaddition/ring-opening/C-S and C-N
bond cleavage reaction for the synthesis of chiral trisubstituted-1H-pyrrole-3-
carbaldeydes

4. 18. RESULT AND DISCUSSION

With the above preliminary result, the optimization of the domino reaction with
selective formation of only chiral product 7a over the achiral product 4 by varying
parameters such as chiral catalysts, bases, and solvents were carried out and the results
are summarized in Tables 4.1, 4.2, and 4.3. The initial focus was to increase the

enantiomeric excess of the chiral product 7, thus, the reaction condition was screened

with different chiral proline-derived catalysts (Table 4.5, entries 1-6).

4.18.1 Reaction Optimization

Table 4.6: Catalyst Screening”

o Cat. (20 mol%)
Me Br o) Base (1 equiv)
N o NO® EtOH, (0.15 M), 0 °C, 24 h
+ \ \>
S

Catalysts m Oﬂ [> ( D“”;gh Owg;h

N OTMS H OTPS
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Entry Base (equiv) Catalyst Yield of eeof12a Yield
12a (%)® (%) of 4 (%)°

1 NEt3 C1 36 32 35
2 NEt3 C2 37 10 10
3 NEt; C3 35 15 15
4 NEt3 C4 40 16 20
5 NEt; Cs 30 12 25
6 DMAP C4 50 65 25

Table 4.7: Base Screening

o Cat. C4 (20 mol%)
Me Br o Base (x equiv)
N N® EtOH (0.15 M), 0 °C, 24 h
. B
S

Entry Base (equiv) Catalyst Yield of eeof12a Yield
12a (%)°® (%)* of 4 (%)°

1 DMAP (1) c4 50 65 25
2 DIPEA (1)  C4 40 20 5
3 DIA (1) C3 28 85 20
4 DEA (1) c4 10 28 12
5 K2COs (1) C5 47 32 15
6 DABCO (1)  C4 24 70 8
7 DMAP (2) c4 48 85 12

@Reaction conditions: 1a (0.3 mmol), 2a (0.3 mmol), base (1-2 equiv),
catalyst C4 (20 mol%), and EtOH (0.15 M) at 0 °C for 24 h. ¢ Isolated
yield. °Ee was determined by using a chiralcel HPLC chiral column.
9D.r. was determined by *H NMR using a crude reaction mixture.
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The product yield was increased when the catalyst was changed to C2 (entry 2). Upon
increasing the bulkiness of the catalysts C3, yield was slightly improved, but no
difference in enantioselectivity (entry 3). Next, with chiral ligand C3 to C4 change,
there was no change in the yield and asymmetric induction. There was no change in
the yield and enantiomeric excess when the chiral ligand was changed from C4 to C5.
The best reaction condition was obtained with catalyst C4 and DMAP as a base, and
it provided a 50% vyield of product 7a with 62% enantiomeric excess (entry 6). To
improve the yield and enantiomeric excess of the product, the reaction was screened
with several bases (Table 4.6, entries 1-6) such as DMAP, DIPEA, DIA, DEA, K2COs3,
and DABCO. Among them, DMAP (2 equiv) was the best choice as it afforded 48%
yield with 85% enantiomeric excess (entry 6). Then, the reaction was performed with
several solvents like EtOH, MeOH, IPA, HIPF, DCM, toluene, THF, dry toluene, and
dry THF (Table 4.7, entries 1-8). Dry toluene furnished the product 12a with a
maximum Yyield of 60 % with 96% enantiomeric excess. When the quantity of DMAP
was decreased from two to one equivalent, product 12a was obtained in 45% yield
with 90% ee (Table 4.7, entry 9). When the catalyst loading was decreased to 10 mol%,

this reaction afforded product 12a with a 40% yield and 60% ee (entry 10).

Table 4.8: Solvent Screening”

o Cat. C4 (20 mol%)

Br o DMAP (2 equiv)

Q/Mo . \[N\>® Solvent (0.15 M), rt, 0 °C, 24 h
s

321



Entry Base (equiv) Catalyst Solvent Yield of eeofl12a Yield of
12a (%)* (%)¢ 4 (%)

1 DMAP (2) C4 EtOH 48 85 12
2 DMAP (2) C1 MeOH 48 48 12
2 DMAP (2) C2 IPA 36 60 20
3 DMAP (2) C3 HFIP 10 0 15
4 DMAP (2) C4 DCM 10 40 30
5 DMAP (2) C5 1,2-DCE 10 40 20
6 DMAP (2) C4 THF 30 96 30
7 DMAP (2) C4 toluene 25 94 20
8 DMAP (2) C4 dry 60 96 9
toluene
9 DMAP (2) C4 dry THF 45 96 15
10 DMAP (2) C4 EtOH 40 16 20
11 DMAP (1) C4 dry 45 90 25
toluene
12¢ DMAP (2) C4 dry 40 60 20
toluene

@Reaction conditions: 1a (0.3 mmol), 2a (0.3 mmol), DMAP (2 equiv), catalyst C4
(20 mol%), and solvent (0.15 M) at 24 h. P€ Isolated yield. °Ee was determined by
using a chiralcel HPLC chiral column. 9D.r. was determined by *H NMR using a
crude reaction mixture. © Reaction was performed with chiral catalyst C4 with (10
mol%).

4.19 SUBSTRATE SCOPES

From the optimizing reaction conditions, the best condition was found to be the usage
of the chiral catalyst C4 (20 mol%), o,B-unsaturated aldehyde la (1 equiv), 4-
methylthiazolium salt 8a (1 equiv), and DMAP (2 equiv) in dry toluene (0.15 M) at 0

°C at 24 h.
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Table 4.9 Substrate Scope of Trisubstituted Chiral Dihydro-1H-pyrrole-3-
carbaldehydes?®®

+ dry toluene (0.15 M) e
0 °C, Time (h) I

0 Ph
Br _C4 (20 mol% 1= R 0: O‘
- Me._N@® © CStMAP ((ZOez]Lcl)iV;) R\\ | N %?&S
S S R >l
I q

N
A N C4
1 8 12a -12d
>20:1 d.r.
Entry o,B-Unsaturated aldehyde Thiazolium salt Product
H
o (0]
M Br 0 \
AN e "
1 P "0 | N& " ON
S H
12a; 60, 96% ee, 24 h
Me
Me H
o (0]
Br
“ Me N® o L \
2 Ph "N > N
S
12b; 70, 82% ee, 24 h
OH
HO H
(0]
© \
Br "
Me._N® © ! N
3 Ph/MO | D
S 12c; 50, 88% ee, 24 h
H
(0]
@ OMe \
Br W
4 /\/\ (6] M
Ph \O Me N® MeO / H
B 0
S 12d; 50, 96% ee, 24 h
F
E H
(0]
[\
AV
o I N
5 X Me _N® H
Ph” N"Ng \[ S ©
S 12e; 60%, 98% ee, 17 h




Entry .f-Unsaturated Thiazolium salt Product
aldehydes
- N ® ©
0] X
~o
g\ |/
12h; 57%, 64% ee, 24 h

“Reaction conditions: 1a, 1b (0.3 mmol), 2e — 2h (0.3 mmol), DMAP (2 equiv), C4 (20
mol%), dry toluene (0.15 M). “Isolated yield. ‘Ee was determined by using a chiralcel
chiral HPLC column. “D.r. ratio was determined by '"H NMR using a crude reaction
mixture. In all cases, the aromatized product 4 was obtained in minor quantity.

With these optimized reaction conditions, the functional group tolerance of the domino
reaction was investigated with various 4-methyl thiazolium salts 8 such as electron-
donating, electron-withdrawing, halogens containing, and bulky substituents
containing 4-methyl thiazolium salts to furnish the desired products 12a-12i in good
yields with high enantio- and diastereoselectivity (Table 4.9). The 4-methyl thiazolium
salt-bearing electron-donating groups at the ortho, meta, and para positions (12a-12g)
exhibited good reactivity and provided moderate to good yields with 80-98% ee.
Halogen substitution at the para position accomplished the desired product 12h-12i in
98% yield with moderate yield (Table 4.9). An electron-withdrawing substitution such

as -NO2, .CN, and -CFz groups failed to deliver the desired chiral products and instead
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gave only aromatized products exclusively. Instead of a phenyl ring at the 3-position,
the a,B-unsaturated aldehydes bearing furan ring afforded the desired chiral product in

good yield with moderate enantioselectivity (Table 4.9).

4.20. GRAM SCALE SYNTHESIS

To check the scalability of the domino methodology, a gram-scale reaction was
performed using chiral catalyst C4, cinnamaldehyde 1a (3 mmol, 396 mg, 374 ulL), 4-
methylthiazolium salt 2a (3 mmol, 1.24 g), and DMAP (6 mmol 0.73 g) using the
optimized reaction conditions. The reaction furnished the desired chiral product 7a in

66% vyield (0.65 g) (Scheme 4.41).

© Cat. C4 (20 mol%
S Me BFN® O  DMAP (2 equiv)
o + \[ N dry Tolene(0.15 M) e
S 0°C,30h

0 .
65% yield 0.65 '
@ 8 oY d 12 | cat. c4
(3 mmol) (3 mmol) '
396 mg 0.896 g 96% ee, >20:1 d.r.

Scheme 4.41 Gram scale synthesis of 12a

4.21 CONTROL EXPERIMENTS

Several control experiments were carried out to probe the reaction mechanism. When
cinnamaldehyde 1a was reacted with thiazolium salt 2a with catalyst C4 at room
temperature, only the aromatized product 4 was observed (Scheme 4.42-1). It indicates
that the above reaction delivers the chiral dihydropyrrole product only at 0 °C. When
the reaction was performed under the standard condition without a DMAP base, the
reaction did not proceed. This result confirms that the base is essential for product
formation (Scheme 4.42-i1). When the reaction was carried out only with base, this

reaction produced a 30% yield of racemic product (Scheme 4.42-ii1). This result shows
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that the reaction can happen only with base (background reaction) without the need for

the chiral catalyst.

) Ph
Br o Cat. C4 (20 mol%) O QPh
N Me  _N® DMAP (2 equiv) N oTms
i )
i) ©/\/\ * \[ > dry toluene (0.2 M),
S 24 h

1a 2a
4 60% yleld
Ph
O e
S N@ O cat. C4 (20 mol%) N oTms
ii) ©/\/\ dry toluene (0.2 M)
) 0°C, 24 h
a 2a No reaction 12a
S
Br o)
N Me  _N® DMAP (2 equiv)
o, \[ N TS ——
iii) dry toluene (0.2 M)
s 0°C,24h
1a 2a without catalyst (#)-12a’
30% yield

Scheme 4.42 Control experiments

4.22 PLAUSIBLE REACTION MECHANISM

Based on control experiments and a previous study from Chapter 4, a plausible reaction
mechanism has been proposed (Scheme 4. 42). First, the chiral secondary amine
catalyst C4 and cinnamaldehyde 1a in the presence of in-situ produced HBr or
protonated DMAP will generate iminium ion complex I by elimination of water.
Meanwhile, the thiazolium salt 8a will react with DM AP to form 1,3-dipolar thiazolium
salt ylide intermediate I1I. The ylide intermediate III will react with chiral iminium ion
complex I in a 1,4-addition reaction via Si-face (favorable transition state (Figure 4.5
a) to give Michael adduct intermediate I'V which is the first chiral induction step of the

entire catalytic cycle. This intermediate IV will undergo dearomatatiozation of
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thiazolium salt to produce 1,3-dipolar cycloadduct intermediate V. Hydrolysis of V
with water will result in the regeneration of chiral catalyst C4 for the next catalytic
cycle. In this process, hydropyrrolo-thiazole intermediate VI and HBr will be
generated. Intermediate VI, in the presence of base will produce the ring opening
thiolate anion intermediate VII.
¥ N
o . G SN

X
1a 9] o H,0
o H S
0~ YTy >< s »
C-S bond Ph Ph \ 7 o
o S, /
/© clevage SE/ D””]/\Ph Q ph X,\?BPH Mé N Br
N N
O :
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F ®
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Scheme 4.43 Plausible reaction mechanism for the formation of chiral trisubstituted
4,5-dihydro-1H-pyrrole
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Figure 4.5 Favorable and unfavorable transition state
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Then, the intermediate sulfur anion VII will be quenched by a proton to produce the
intermediate VIII. This intermediate VIII will undergo enamine imine tautomerism,
and the double bond will be protonated to produce the iminium ion intermediate IX
using nitrogen atom lone pair electrons. This iminium ion intermediate IX will react
with in-situ generated water molecules to produce the intermediate X. In intermediate
X, the nitrogen lone pair will be delocalized to produce the enolate of iminium ion
intermediate XI, followed by protonation of enolate XI to produce the intermediate
XII. In intermediate XII, the C-N bond cleavage will take place to yield byproduct 1-
mercaptopropan-2-one and intermediate XIII. The formation of byproduct 1-
mercaptopropan-2-one was confirmed by HRMS and 'H NMR analysis of crude
reaction mixture. The enol ether intermediate XIII will be converted to the final product

trisubstituted 4,5-dihydro-1H-pyrrole-3-caldehyde 12 via intermediate XIV.

4.23 CONCLUSION
> In conclusion, a novel domino method has been developed for the asymmetric

synthesis of trisubstituted 1H-pyrrole-3-carbaldehydes.

> This approach uses radially available a,p-unsaturated aldehydes, and 4-methyl

thiazolium salts in the presence of chiral proline-derived organocatalysts.

> The reaction proceeded via formal 1,3-dipolar cycloaddition/ring-opening/C-S
and C-N bond cleavage reaction sequence to provide the enantioenriched
trisubstituted 1H-pyrrole-3-carbaldehydes in moderate to good yields with

excellent enantio- and diastereoselectivity.

> This approach worked well for various functional groups.
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> This is the first report for the synthesis of enantioenriched trisubstituted 1H-
pyrrole-3-carbaldehyde derivatives using 4-methylthiazolium salts and o,p-

unsaturated aldehyde via a domino synthesis.

4.24 EXPERIMENTAL SECTION
4.24.1 General information

All reactions were carried out in oven-dried reaction tubes. 4-methyl thiazole, phenacyl
bromides, and cinnamaldehydes were purchased from Sigma-Aldrich, Spectrochem,
BLD, Carbanio, and Avra Synthesis Pvt. Ltd. The racemic proline and DMAP were
purchased from Spectrochem, Avra Synthesis Pvt. Ltd. and used directly as received.
All the starting materials were synthesized according to the reported procedures.
Reactions were monitored by thin-layer chromatography (TLC) using Merck silica gel
60 F2s4 precoated plates (0.25 mm) and visualized by UV fluorescence quenching using
an appropriate mixture of ethyl acetate and hexanes as eluting solvent mixtures. Silica
gel for column chromatography (particle size 100-200 mesh) was purchased from Avra
Synthesis Pvt. Ltd. and used for column chromatography using hexanes and ethyl
acetate mixture as eluent. Organic solutions were concentrated under reduced pressure
on a Biichi, Heidolph rotary evaporator using a water bath. 'H and '*C NMR spectra
were recorded on a Bruker 400 or 500 MHz instrument.'H NMR is reported relative to
residual CDCls (8 7.26 ppm) or DMSO-de (8 2.50 ppm). *C NMR is reported close to
residual CDCIz (6 77.16 ppm) or DMSO-ds (6 39.52 ppm). Chemical shifts were
recorded in parts per million (ppm). Multiplicities are as indicated: s (singlet,) d
(doublet,) t (triplet,) q (quartet,) quint (quintet), sext (sextet), sept (septet) dd (doublet
of doublet,) m (multiplet,) tt (triplet of triplet,) td (triplet of doublet). The coupling

constant, J, is reported in Hertz.
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Melting points were recorded on a Guna capillary melting point apparatus and were
corrected with benzoic acid as a reference. FTIR spectra were recorded on a JASCO
spectrometer and were reported in the frequency of absorption (cm™) using a dry KBr
pellet. The polarimetry was recorded in P-2000 High Accuracy Digital Polarimeter -
Jasco Inc. High-resolution mass spectra (HRMS) were recorded on Q-Tof Micro mass
spectrometer. All the single crystal X-ray data was collected with a Bruker AXS (Kappa
Apex 2) CCD diffractometer equipped with graphite monochromatic Mo (Ka) (A =
0.7107 A) radiation source. The data were collected with 100% completeness for © up
to 25°. o and ¢ scans were employed to collect the data. The frame width for ® for was
fixed to 0.5° for data collection. The crystal was solved by direct methods using Bruker
SHELXS (Sheldrick, 1997). The Structure was refined using the Bruker SHELXTL
(Version 6.12) software package. HPLC spectra were recorded on a Waters Alliance
2695 HPLC System using the CHIRALCEL-OD-H, AD-H, and CHIRALPACK-AI

columns.

4.24.2 Typical Procedure for the Domino Synthesis of Racemic Trisubstituted
Dihydro-1H-pyrrole-3-carbaldehyde

General procedure A: To a 20 mL oven-dried reaction tube with a magnetic stir bar
under an open atmosphere racemic proline catalyst C1 (20 mg, 0.06 mmol), and
cinnamaldehyde 1a (38 pL, 0.3 mmol) were dissolved in dry. toluene (0.075 M) and
stirring for 1 hour at room temperature. 4-Methy thiazolium salt 2a (90 mg, 0.3 mmol),
DMAP (73 mg, 0.6 mmol), and (0.75 M) dry. toluene was successively added to the
reaction mixture. The reaction progress was monitored by TLC. After complete
consumption of both starting materials, toluene was evaporated from the reaction

mixture. After evaporation of toluene, the reaction mixture was poured into water and
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extracted with EtOAc (3 x15 mL), washed with brine (1x10 mL), and the combined
organic extractions were dried over anhydrous Na,SOs. Evaporation of organic layer to
give the crude product. This crude product was purified by column chromatography on

silica gel (eluent: hexane/ethyl acetate = 80/20) to get the desired racemic product 7a'

(Scheme 4.44).
o E
% Cat. (20 mol%) . OH
SN Me. “Ne NEts (1 equiv) !
° DY 1L
S EtOH (0.15 M) ! )
0°C,48h Cat.

1a 8a 12a’

Scheme 4.44 Synthesis of racemic trisubstituted dihydro-1H-pyrrole-3-carbaldehyde

4.24.3 Typical Procedure for the Asymmetric Domino Synthesis of Chiral
Trisubstituted Dihydro-1H-pyrrole-3-carbaldehyde

General procedure B: To a 20 mL oven-dried reaction tube with a magnetic stir bar
under an open atmosphere chiral catalyst C4 (20 mg, 0.06 mmol), and cinnamaldehyde
1a (38 uL, 0.3 mmol) were dissolved in dry. toluene (0.075 M) and stirring for 1 hour
at room temperature. 4-Methy thiazolium salt 2a (90 mg, 0.3 mmol), DMAP (73 mg,
0.6 mmol), and (0.75 M) dry toluene was successively added to the reaction mixture.
The reaction progress was monitored by TLC. After complete consumption of both
starting materials, toluene was evaporated from the reaction mixture. After evaporation
of toluene, the reaction mixture was poured into water and extracted with EtOAc (3 x15
mL), washed with brine (1x10 mL), and the combined organic extractions were dried
over anhydrous Na;SO4. Evaporation of organic layer to give the crude product. This
crude product was purified by column chromatography on silica gel (eluent:
hexane/ethyl acetate = 80/20) to get the desired chiral product 7a in 75% yield with

96% enantioselectivity (Scheme 4.45).
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Scheme 4.45 Enantioselective synthesis of trisubstituted dihydro-1H-pyrrole-3-
carbaldehyde

4.25. ANALYTICAL AND SPECTRAL CHARACTERIZATION DATA

(4S5,55)-5-Benzoyl-4-phenyl-4,5-dihydro-1H-pyrrole-3-carbaldehyde 12a;

Prepared according to general procedure C using (R)-
diphenylprolinol trimethylsilyl ether C4. Purification of crude

product was done by column chromatography using

(hexane/ethyl acetate) mixture (50:50) to afford the title
compound as orange semi solid, (60% yield, 50 mg); Ry= 0.34 (50 % ethyl acetate in
hexane); mp = 86 — 88 °C; 'H NMR (500 MHz, DMSO-ds) 6 9.12 (s, 1H), 8.16 (s,
1H), 7.87 (s, 1H), 7.81 (d, J= 7.5 Hz, 2H), 7.68 (t, J=7.5 Hz, 1H), 7.52 (t, J=7.5 Hz,
2H), 7.32 (t, J=17.5 Hz, 2H), 7.27 - 7.21 (m, 1H), 7.14 (d, /= 7.5 Hz, 2H), 5.40 (d, J
=4.5 Hz, 1H), 4.01 (d, J = 4.5 Hz, 1H); '3C NMR (125 MHz, CDCl3) § 196.0, 180.4,
157.8, 143.2, 133.8, 128.9, 128.7, 128.5, 127.1, 126.8, 118.7, 72.0, 48.0; FTIR (neat)
3359, 3062, 2925, 2853, 1692, 1577, 1453, 1234, 702 cm™'; HRMS (ESI) calculated
for C1sHisNO, [M+H]": 278.1176; found: 278.1170. HPLC condition: HPLC Chiralcel
AD-H, hexane/i-PrOH = 70:30 v/v, flow rate = 1.0 mL/min, A = 310 nm, 25 °C, tr

(major) = 5.18, tr (minor) = 9.90 min, 96% ee, [a]p?’=+318.00 (c 0.5, CH3CN).
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(45,58)-5-(4-Methylbenzoyl)-4-phenyl-4,5-dihydro-1H-pyrrole-3-carbaldehyde

12b; Prepared according to general procedure C using (R)- |Me

diphenylprolinol trimethylsilyl ether C4. Purification of

crude product was done by column chromatography using

12b

(hexane/ethyl acetate) mixture (50:50) to afford the title compound as orange viscous
liquid, (70% yield, 61 mg); Ry= 0.36 (50 % ethyl acetate in hexane); "H NMR (400
MHz, CDCl) & 9.29 (s, 1H), 7.69 (d, J = 7.6 Hz, 2H), 7.47 (s, 1H), 7.42 — 7.29 (m,
5H), 7.28 — 7.22 (m, 3H), 5.53 (s, 1H), 5.22 (s, 1H), 4.30 (s, 1H), 2.43 (s, 3H); 3C
NMR (100 MHz, CDCl3) 6 196.3, 182.9, 155.4, 145.4, 142.7, 130.7, 129.7, 129.3,
129.1, 127.6, 127.5, 122.5, 73.3, 49.3, 21.9; FTIR (neat) 3387, 3065, 2925, 2860,
1685, 1606, 1584, 1460, 1238, 758 cm™'; HRMS (ESI) calculated for CioHisNO>
[M+H]": 292.1332; found: 292.1331. HPLC condition: HPLC Chiralcel AD-H,
hexane/i-PrOH = 70:30 v/v, flow rate = 1.0 mL/min, 1 = 300 nm, 25 °C, tr (major) =

16.60, tr (minor) = 20.36 min, 82% ee, [a]p>°=+277.77 (c 0.1, CH3CN).

(4S,55)-5-(4-Hydroxybenzoyl)-4-phenyl-4,5-dihydro-1H-pyrrole-3-carbaldehyde

12¢; Prepared according to general procedure C using (R)- |HO

diphenylprolinol trimethylsilyl ether C4. Purification of

crude product was done by column chromatography using

12c

(hexane/ethyl acetate) mixture (40:60) to afford the title compound as orange solid,
(50% yield, 44 mg); Ry= 0.22 (60 % ethyl acetate in hexane); mp = 78 — 80 °C; 'H
NMR (500 MHz, CDCIs3) 10.60 (s, 1H), 9.07 (s, 1H), 8.13 (d, J=3.5 Hz, 1H), 7.85 (d,
J=3.5Hz, 1H), 7.67 (d, J = 9.0 Hz, 2H), 7.32 (t, J = 8.0 Hz, 2H), 7.24 (t, /= 7.5 Hz,
1H), 7.15 (d, J = 8.5 Hz, 2H), 6.83 (d, J = 8.5 Hz, 2H), 5.27 (d, J = 4.0 Hz, 1H), 3.98
(d, J=4.0 Hz, 1H); 13C NMR (125 MHz, CDCl3) 6 194.4, 180.9, 163.1, 158.5, 143.8,

131.8, 129.0, 127.6, 127.2, 125.4, 119.2, 116.0, 72.1, 48.8; FTIR (neat) 3437, 2922,
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2859, 1738, 1656, 1580, 1460, 1238, 703 cm™'; HRMS (ESI) calculated for C1sHsNOs
[M+H]": 294.1125; found: 294.1114. HPLC condition: HPLC Chiralpak IB, hexane/i-
PrOH = 70:30 v/v, flow rate = 1.0 mL/min, A = 300 nm, 25 °C, tr (major) = 14.38, tr

(minor) = 10.61 min, 88% ee, [o]p*°=+159.62 (c 0.3, CH3CN).

(4S,55)-5-(2-Methoxybenzoyl)-4-phenyl-4,5-dihydro-1H-pyrrole-3-carbaldehyde

12d; Prepared according to general procedure C using (R)-

diphenylprolinol trimethylsilyl ether C4. Purification of crude

product was done by column chromatography using |MeO O/
12d

(hexane/ethyl acetate) mixture (40:60) to afford the title
compound as pale yellow solid, (54% yield, 50 mg); Ry = 0.41 (60% ethyl acetate in
hexane); mp = 56 — 58 °C; "TH NMR (500 MHz, DMSO-d¢) 6 9.10 (s, 1H), 8.17 (d, J
=3.0 Hz, 1H), 7.87 (d, J = 3.5 Hz, 1H), 7.43 (d, /= 8.0 Hz, 1H), 7.37 (d, J = 7.5 Hz,
1H), 7.34 - 7.28 (m, 3H), 7.26 — 7.22 (m, 2H), 7.18 — 7.12 (m, 2H), 5.41 (d, J=4.5 Hz,
1H), 4.00 (d, J = 4.0 Hz, 1H), 3.70 (s, 3H); 3C NMR (125 MHz, DMSO-ds) 5 195.8,
180.4, 159.4, 157.9, 143.2, 135.2, 130.1, 128.5, 127.2, 126.8, 121.1, 120.2, 118.6,
113.1,72.1, 55.2, 48.1; FTIR (neat) 3432, 3065, 2925, 2852, 1690, 1579, 1462, 1263,
726 cm™'; HRMS (ESI) calculated for C19HisNOs [M+H]": 308.1281; found: 308.1277.
HPLC condition: HPLC Chiralpak IB, hexane/i-PrOH = 70:30 v/v, flow rate = 1.0
mL/min, 2 = 300 nm, 25 °C, tg (major) = 22.40, tg (minor) = 18.55 min, 96% ee, [a]p?>’

=+261.10 (c 0.5, CH3CN).

(4S,55)-5-(4-Fluorobenzoyl)-4-phenyl-4,5-dihydro-1H-pyrrole-3-carbaldehyde

12e; Prepared according to general procedure C using (R)- | E
diphenylprolinol trimethylsilyl ether C4. Purification of

crude product was done by column chromatography using
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(hexane/ethyl acetate) mixture (50:50) to afford the title compound as orange brown
viscous liquid, (60% yield, 53 mg); Ry=0.33 (50 % ethyl acetate in hexane); TH NMR
(500 MHz, CDCl3) 9.31 (s, 1H), 7.86 — 7.80 (m, 2H), 7.46 (s, 1H), 7.37 (t, /= 7.4 Hz,
2H), 7.34 — 7.28 (m, 3H), 7.13 (t, J = 8.5 Hz, 2H), 5.43 (s, 1H), 5.21 (d, J = 4.0 Hz,
1H), 4.29 (d, J = 4.0 Hz, 1H); '3C NMR (125 MHz, CDCl3) § 195.0, 182.9, 166.5 (d,
J=257.0 Hz), 155.0, 142.5, 131.9 (d, J=9.5 Hz), 129.6 (d, J=3.4 Hz), 129.3, 127.7,
127.4,122.6, 116.4 (d, J=22.0 Hz), 73.2, 49.3; FTIR (neat) 3408, 3065, 2925, 2853,
1687, 1597, 1509, 1460, 1233, 805 cm’'; HRMS (ESI) calculated for CisHisFNO>
[M+H]": 296.1081; found: 296.1081. HPLC condition: HPLC Chiralcel AD-H,
hexane/i-PrOH = 70:30 v/v, flow rate = 1.0 mL/min, 2 = 320 nm, 25 °C, tr (major) =

5.28, tr (minor) = 7.30 min, 98% ee, [a]p?°=+105.46 (c 1.0, CH3CN).

(4S,55)-5-(4-Chlorobenzoyl)-4-phenyl-4,5-dihydro-1H-pyrrole-3-carbaldehyde

12f; Prepared according to general procedure C using (R)- |(Cl

diphenylprolinol trimethylsilyl ether C4. Purification of crude

product was done by column chromatography using

(hexane/ethyl acetate) mixture (60:40) to afford the title compound as pale yellow
viscous liquid, (65% yield, 60 mg); Ry=0.27 (40 % ethyl acetate in hexane); mp = 'H
NMR (500 MHz, CDCl3) 6 9.32 (s, 1H), 7.76 — 7.72 (m, 2H), 7.47 — 7.42 (m, 3H),
7.39 — 7.34 (m, 2H), 7.33 — 7.29 (m, 3H), 5.39 (s, 1H), 5.20 (d, J = 4.1 Hz, 1H), 4.28
(d, J=4.0 Hz, 1H); 3C NMR (125 MHz, CDCl3) 5 195.4, 182.8, 154.9, 142.4, 141.0,
131.5, 130.5, 129.5, 129.3, 127.8, 127.4, 122.6, 73.3, 49.3; FTIR (neat) 3394, 2926,
2851, 1692, 1580, 1464, 1231, 838 cm’'; HRMS (ESI) calculated for CisH14CINO,
[M+]: 311.0713; found: 311.0747. HPLC condition: HPLC Chiralcel AD-H, hexane/i-
PrOH = 70:30 v/v, flow rate = 1.0 mL/min, 4 = 301 nm, 25 °C, tr (major) = 6.17, tr

(minor) = 7.80 min, 96% ee, [a]p*’ = +70.00 (c 0.1, CH3CN).
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(45,55)-5-(4-Bromobenzoyl)-4-phenyl-4,5-dihydro-1H-pyrrole-3-carbaldehyde

12g; Prepared according to general procedure C using (R)- | Br

diphenylprolinol trimethylsilyl ether C4. Purification of

crude product was done by column chromatography using

12g

(hexane/ethyl acetate) mixture (50:50) to afford the title compound as yellow viscous
liquid, (69% yield, 73 mg); Ry = 0.34 (50 % ethyl acetate in hexane); "H NMR (400
MHz, DMSO-d¢) 6 9.11 (s, 1H), 8.16 (s, 1H), 7.87 (s, 1H), 7.79 — 7.71 (m, 4H), 7.32
(d, J=17.6 Hz, 2H), 7.25 (d, /= 7.5 Hz, 1H), 7.14 (d, /= 7.6 Hz, 2H), 5.38 (d, /=4.0
Hz, 1H), 4.01 (s, 1H); '3C NMR (126 MHz, CDCl3) § 201.2, 185.6, 163.0, 148.4,
139.0, 134.1, 133.9, 133.7, 132.3, 132.0, 123.9, 77.2, 53.2; FTIR (neat) 3431, 2925,
2852, 1695, 1625, 1577, 1223, 837 cm’!; HRMS (ESI) calculated for C;sH4BrNO>
[M+]: 355.0208; found: 355.0209. HPLC condition: HPLC Chiralcel AD-H, hexane/i-
PrOH = 70:30 v/v, flow rate = 1.0 mL/min, A = 300 nm, 25 °C, tr (major) = 6.81, tr

(minor) = 8.50 min, 98% ee, [a]p>°=+134.00 (c 0.5, CH3CN).

(4S5,55)-5-(4-Chlorobenzoyl)-4-(furan-2-yl)-4,5-dihydro-1H-pyrrole-3-

carbaldehyde 12h; Prepared according to general procedure |ClI

C using (R)-diphenylprolinol trimethylsilyl ether C4.

Purification of crude product was done by column

12h

chromatography using (hexane/ethyl acetate) mixture (40:60) to afford the title
compound as brown viscous liquid, (57% yield, 51 mg); Ry=0.36 (60 % ethyl acetate
in hexane); "TH NMR (500 MHz, DMSO-ds) 6 9.14 (s, 1H), 8.19 (d, J = 3.5 Hz, 1H),
7.95 (d, J=8.5 Hz, 2H), 7.83 (d, J=3.0 Hz, 1H), 7.65 (d, J= 8.0 Hz, 2H), 7.58 (d, J =
2.0 Hz, 1H), 6.38 (t, J=2.5 Hz, 1H), 6.07 (d, /= 3.0 Hz, 1H), 5.51 (d, /=4.0 Hz, 1H),
4.20 (d,J=4.5Hz, 1H); 3C NMR (126 MHz, DMSO-ds) 5 195.1, 180.9, 158.6, 155.0,

142.5, 139.3, 132.9, 131.1, 129.5, 115.3, 111.0, 106.6, 69.5, 41.5; FTIR (neat) 3378,
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2926, 2854, 1692, 1580, 1470, 1231, 734, cm'; HRMS (ESI) calculated for
Ci6H13CINOs [M+H]": 302.0578; found: 302.0603. HPLC condition: HPLC Chiralcel
AD-H, hexane/i-PrOH = 80:20 v/v, flow rate = 1.0 mL/min, A = 300 nm, 25 °C, tr

(major) = 9.16, tr (minor) = 13.52 min, 64% ee, [o]p>°=+139.00 (c 0.5, CH3CN).
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(4S,5S)-5-benzoyl-4-phenyl-4,5-dihydro-1H-pyrrole-3-carbaldehyde 12a

4.26 'H, 13C and F NMR SPECTRA
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(45,55)-5-(4-Methylbenzoyl)-4-phenyl-4,5-dihydro-1H-pyrrole-3-carbaldehyde
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(45,55)-5-(4-Hydroxybenzoyl)-4-phenyl-4,5-dihydro-1H-pyrrole-3-carbaldehyde
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(45,55)-5-(2-Methoxybenzoyl)-4-phenyl-4,5-dihydro-1H-pyrrole-3-carbaldehyde
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(45,55)-5-(4-Fluorobenzoyl)-4-phenyl-4,5-dihydro-1H-pyrrole-3-carbaldehyde
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(45,55)-5-(4-Chlorobenzoyl)-4-phenyl-4,5-dihydro-1H-pyrrole-3-carbaldehyde
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(48,55)-5-(4-bromobenzoyl)-4-phenyl-4,5-dihydro-1H-pyrrole-3-carbaldehyde
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(45,55)-5-(4-chlorobenzoyl)-4-(furan-2-yl)-4,5-dihydro-1H-pyrrole-3-

carbaldehyde 12h
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4.27 HPLC CHROMATOGRAMS

(2)-12a
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Peak Results
Name RT Area Height | % Area | % Height
1 5.162| 7378055 | 342444 | 50.3258 | 80.7387
2 10.160 | 7282525 221355 | 49.6742| 39.2613
Sum 14660580.0 100.0000 | 100.0000
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Peak Results
Name | RT Area Height % Area | % Height
1 5177 | 18824400 | 1041320 | 97.5836 | 98.4659
2 9.890 466137 | 16223 | 24164 | 15341
Sum 19290537.8 100.0000 | 100.0000
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(£)-12b
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Peak Results
Name RT Area Height | % Area | % Height
1 16.781| 16767082 | 383852 | 49.5806 | 54.6829
2 20.143| 17050718 | 318107 | 50.4194 | 453171
Sum 33817799.8 100.0000 | 100.0000
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Peak Results
Name RT Area Height | % Area | % Height
1 16.569 | 30639828 | 669834 | 90.7342| 91.7255
2 20.357 | 3128933 | 60426| 9.2658| 8.2745
Sum 33768761.1 100.0000 | 100.0000
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5.1 SUMMARY

This thesis has been divided into four Chapters based on the development of
organocatalytic asymmetric methodologies that led to the synthesis of diverse chiral N,
S- containing heterocycles using thiazolium and benzothiazolium azomethine ylides
and o,B-unsaturated aldehydes via 1,3-dipolar cycloaddition/rearrangement/ring-
opening/ring-cleavage reaction sequences. Chapter 1 is the introduction Chapter, which
is further divided into two parts. The first part briefly introduces asymmetric synthesis,
organocatalysts, proline chiral catalyst modification, and its applications. The second
part briefly discusses ylides, azomethine ylides, classifications, and their application in
asymmetric 1,3-dipolar cycloadditions. Chapters 2 and 3 discuss the development of
chiral domino and one-pot methodologies for the synthesis of pyrrolo-thiazine-2-
carbaldehydes and N-phenyl thioether-tethered tetrasubstituted dihydropyrrole-3-
carbaldehydes by the using (R)-diphenylprolinol trimethyl silyl ether as an asymmetric
organocatalysts. Chapter 4 is divided into two parts; Chapter 4A deals with the
development of achiral domino methodology using racemic diphenylprolinol trimethyl
silyl ether as a catalyst for the synthesis of novel trisubstituted 1H-pyrrole-3-
carbaldehydes. Chapter 4B deals with the extension chiral version of Chapter 4A. It
deals with developing a chiral domino methodology for synthesizing trisubstituted
chiral 4,5-dihydro-1H-pyrrole-3-carbaldehydes using (R)-diphenylprolinol trimethyl

silyl ether.

5.1.1 Organocatalyzed Enantio- and Diastereoselective Synthesis of Pyrrolo-
thiazine-2-carbaldehydes via Formal Domino 1,3-Dipolar
Cycloaddition/Rearrangement

The pyrrolo-thiazines are biologically active heterocyclic compounds due to their

significance in pharmaceutical, medicinal, and biological compounds. Considering the
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various utilities of these pyrrolro-thiazine derivatives, numerous efforts have been
made to synthesize these moieties. The conventional methods for synthesizing these
compounds in the racemic form are base-mediated and metal-catalyzed reactions.
Using expensive metal precursors and isolating trace metal impurities in the final
product is very difficult. To overcome these difficulties, methods for the synthesis of
pyrrolo-thiazine compounds will need to be developed. Hence, a new protocol was
developed for the synthesis of racemic and achiral pyrrolo-thiazine compounds directly
via base-promoted 1,3-dipolar cycloaddition with thiazolium and benzothiazolium

azomethine ylides with alkenes and alkynes.

The second Chapter of the thesis deals with the synthesis of enantioenriched pyrrolo-
thiazines-2-carbaldehydes and its derivatives using commercially available a,f3-
unsaturated aldehydes, and easily synthesizable benzothiazolium salts utilizing
environmentally friendly chiral amino organocatalysts. Initially, the optimization of
reaction conditions with different parameters such as various chiral ligands, bases,
solvents, and additives produced a maximum of >99% ee, and up to >20:1 d.r. with
good yield. The optimized reaction condition was applied to a wide range of
benzothiazolium salts and o,B-unsaturated aldehydes containing electron-donating,
electron-withdrawing, bulky aryl, and heterocyclic groups tolerated under the
optimized reaction conditions to achieve the excellent yield and enantio- and
diastereoselectivity (Scheme 5.1). A DFT study was performed to understand the
reaction mechanism. The molecular docking and fluorescent studies were performed

to show the synthetic application of synthesized chiral products.
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Domino synthesis
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=
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OTMS
Cat.
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Fluorescent active chiral molecule
DFT and molecular docking studies
Anticancer activity

Scheme 5.1 Asymmetric domino synthesis of pyrrolo-thiazine-2-carbaldehydes

5.1.2 One-pot Enantioselective Synthesis of /N-Phenyl Thioether-tethered
Tetrasubstituted 4,5-Dihydropyrrole-3-carbaldehydes

Polysubstituted dihydropyrrole moiety is a central structural motif in various
heterocyclic compounds that exhibit pharmacological and biological activities such as
anti-cancer, anti-viral, and anti-microbial agents. The dihydropyrrole framework has
been discovered to be abundant in natural products and synthetically bioactive
compounds. Several approaches have been explored in the literature for synthesizing
poly-substituted dihydropyrroles, including dipolar cycloaddition, metal-mediated
cyclization, ring-opening, multicomponent, and cascade reactions. While significant
efforts have been directed toward the synthesis of 2,3- and 2,5-dihydropyrroles, the
synthesis of 4,5-dihydropyrroles remains an attempt. Thus, developing an efficient
method for synthesizing highly substituted chiral dihydropyrroles from readily

available starting materials is highly warranted.

Chapter 3 discloses an efficient enantioselective one-pot method for the synthesis of N-
phenyl thioether-tethered tetrasubstituted 4,5-dihydropyrrole-3-carbaldehydes via 1,3-
dipolar cycloaddition of benzothiazolium salts and a,-unsaturated aldehydes utilizing
an (R)-diphenylprolinol trimethyl silyl ether as a catalyst. Optimization of reaction

conditions with different parameters like various chiral ligands, bases, solvents, and
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additives to produce the maximum >96% ee with up to >20:1 d.r. in good yields. The
optimized reaction condition was applied to a wide range of benzothiazolium salts and
o,B-unsaturated aldehydes, like alkyl and aryl halides containing electron-donating,
electron-withdrawing, bulky aryl, alkyl, and heterocyclic groups. All the reactions were
well tolerated to produce a wide range of chiral tetrasubstituted 4,5-dihydropyrrole-3-

carbaldehydes (Scheme 5.2).

2 - | O
o R o
Br/p ‘Ar 1-Cat (20 mol%) DMAP (3equiv) { :
N IPA (0.15 M), rt, 72 h : O
o (OO L e
S 2. R"X (3 equiv), K,CO3 (2 equiv) e} s '/ H OTMS
DMF (0.15 M), rt, 10 min - 1.3 h R ; Cat.

R = alkyl, aryl, het I )
aliyl, aryl, he erocy.ce 22 examples, up to 90% yield

Ar = alkyl, aryl, polycyclic up to 98% ee, >20:1 d.r.

R' = 1° & 2° alkyl, benzyl, allyl and propargy! halides

One-pot synthesis Ring-opening
C-S-bond formation Good functional group tolerance
C-S-bond breaking High enantio-and diastereoselectivity

Scheme 5.2 Asymmetric one-pot synthesis of N-phenyl thioether-tethered
tetrasubstituted 4,5-dihydropyrrole-3-carbaldehydes

5.1.3 Formal Domino 1,3-Dipolar Cycloaddition/C-S and C-N Bond Cleavage
Reaction: Synthesis of Trisubstituted 1H-pyrrole-3-carbaldehydes

Polysubstituted 1H-pyrroles have been found in various pharmaceutical chemicals,
biologically active molecules, and natural products. For the synthesis of polysubstituted
pyrroles, enormous work has been done such as multi-component, metal-mediated
cyclization, dipolar cycloaddition, ring-opening, nucleophile and electrophilic
substitution of simple pyrrole, and cascade reactions. Among them, the dipolar
cycloaddition of various azomethine ylides with alkyne has been well explored.
However, using thiazolium azomethine ylide to synthesize polysubstituted pyrroles
using o,B-unsaturated aldehydes utilizing the organocatalysts is yet to be developed.
Chapter 4A deals with the development of a catalytic domino approach to producing

trisubstituted 1H-pyrroles via 1,3-dipolar cycloaddition/ring-opening/C-S and C-N
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bond cleavage reaction sequence from readily available a,B-unsaturated aldehydes, and
4-metylthaozolium salt utilizing a racemic diphenylprolinol trimethyl silyl ether as a

catalyst under room temperature has been devised (Scheme 5.3).

0 o
S) 0 .
r! Cat. (20 mol%) 1 R '
o{,(,@ 3" _DMAP (2 equiv) RLTN 0
AN S —— .
RS0 . &\ao —/ EtOH (0.15 M) = 5 T
rt, 48 h N : \
° 'y O™

Domino synthesis C-S/C-N bond-clevage 10 egggﬂpl?sld vl (®)Cat.

High yield Good functional group tolarence up to 85% yie .

Scheme 5.3 Formal domino synthesis of trisubstituted 1H-pyrrole-3-carbaldehydes

5.1.4 Asymmetric Domino Synthesis of Trisubstituted 4,5-Dihydro-1H-pyrrole-3-
carbaldehydes Through Formal Domino 1,3-Dipolar Cycloaddition/C-S and C-N
Bond Cleavage

Polysubstituted chiral dihydro-1H-pyrroles can be found in various pharmaceutical
chemicals, biologically active molecules, and natural products. Furthermore, these
compounds are components of various biologically significant motifs in medicinal
chemistry. Chapter 4B deals with the catalytic asymmetric domino approach to
enantioselective synthesis of trisubstituted 4,5-dihydro-1H-pyrroles via changing the
reaction condition from room temperature to low-temperature 1,3-dipolar
cycloaddition/ring-opening/C-S and C-N bond cleavage reaction sequence from
readily available o,B-unsaturated aldehydes, and 4-metylthaozolium salt utilizing a
chiral (R)-diphenylprolinol trimethyl silyl ether as a catalyst has been devised (Scheme

5.4).
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Scheme 5.4 Asymmetric domino synthesis of trisubstituted 4,5-dihydro-1H-pyrrole-
3-carbaldehydes

5.2 CONCLUSION
» The first proline-derived organocatalytic asymmetric formal domino
intermolecular 1,3-cycloaddition/intramolecular rearrangement of a,f-
unsaturated aldehydes, and benzothiazolium salt for the synthesis of
pyrrolo[1,2-d][1,4]thiazine-2-carbaldehydes is developed in good to excellent
yield with high enantio- and diastereoselective (up to >99% ee and >20:1 d.r.).
This domino approach yielded fluorescent emissive chiral compounds with
three contiguous stereogenic centers and one chiral quaternary carbon center
in a single step, with high enantioselectivity. This approach works well with a
wide range of functional groups, notably aliphatic a,B-unsaturated aldehydes.
DFT study helped to understand the stability of the reaction intermediates. It
showed that the formation of hydropyrrolo-thiazine intermediates is the rate-
determining step in the whole catalytic cycle, which is responsible for the
formation of pyrrolo[1,2-d][1,4]thiazine-2-carbaldehydes. To showcase the
applications of chiral products, the in-silico investigation indicated that it
shows anticancer activity, and a fluorescent study was performed to confirm

the fluorescence nature of chiral compounds.
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» An easy and efficient one-pot methodology for the enantio- and

diastereoselective synthesis of diverse N-phenyl thioether-tethered chiral
tetrasubstituted 4,5-dihydropyrroles via 1,3-dipolar cycloaddition of
benzothiazolium salt and o,B-unsaturated aldehydes utilizing an (R)-
diphenylprolinol trimethyl silyl ether as a catalyst. This enantioselective
reaction goes via a one-pot formal 1,3-dipolar intermolecular
cycloaddition/intramolecular rearrangement followed by an intermolecular C-
S bond formation/base-promoted intramolecular ring-opening reaction to
achieve the good to excellent yield with high enantio- and diastereoselectivity
(up to 96% ee and >20:1 d.r.). This newly developed reaction works well with
various functional groups, notably aliphatic o,B-unsaturated aldehydes. It is
important to mention that this is the first report for the synthesis of
enantioenriched tetrasubstituted dihydropyrrole-3-carbaldehyde derivatives
using benzothiazolium salts and a,B-unsaturated aldehyde using a one-pot

methodology.

A new methodology was developed towards the formal domino 1,3-dipolar
cycloaddition of 4-methyl thiazolium slat with o,B-unsaturated aldehyde for
the synthesis of trisubstituted 1H-pyrroles utilizing a racemic diphenylprolinol
trimethyl silyl ether as a catalyst under room temperature. This domino reaction
goes through the initial 1,3-dipolar cycloaddition of 4-methyl thiazolium salt
and o,B-unsaturated aldehyde to produce the hydropyrrolo-thiazine as an
intermediate. Further, base promoted ring-opening/enamine
tautomerism/iminium ion hydrolysis to cleavage C-S and C-N bond to produce
the desired trisubstituted pyrrole in good to excellent yields. The mechanistic
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study confirms that 1-mercaptopropan-2-one is a by-product formed during the
reaction confirmed by HRMS and '"H NMR. A wide range of substrate scope

with decent functional group tolerance was demonstrated.

An efficient asymmetric protocol was established for the synthesis of
enantioenriched trisubstituted dihydro-1H-pyrroles via formal domino 1,3-
dipolar cycloaddition of 4-methyl thiazolium slat with a,B-unsaturated
aldehyde to synthesis of utilizing an (R)-diphenylprolinol trimethyl silyl ether
as an chiral organocatalyst under 0 °C. This domino reaction goes through 1,3-
dipolar cycloaddition of 4-methyl thiazolium salt and a,-unsaturated aldehyde
to produce the chiral hydropyrrolo-thiazine as an intermediate. Further, base
promoted ring-opening/enamine tautomerism/iminium ion hydrolysis to
cleavage of C-S and C-N bond to produce the desired trisubstituted pyrrole in
good yield with excellent yield with enantio-and diastereoselectivity (up to
98% ee and >20:1 d.r.). The mechanistic study confirms that 1-
mercaptopropan-2-one is a by-product formed during the reaction confirmed
by HRMS and '"H NMR. A wide range of substrate scope with decent functional

group tolerance was demonstrated.
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