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Abstract

The thesis entitled “Catalytic Asymmetric Synthesis of Benzofuran Derivatives and
Desymmetrization Reactions to Generate Chiral Pyrrole Compounds” has divided into
five chapters based on the results achieved from the experimental works performed during
the entire course of the Ph.D. research programme.

Chapter 1: Itis the introduction part. The chapter contains a brief discussion of asymmetric
catalysis. Particularly, asymmetric organocatalysis and silver/organocatalyst combined
catalysis. This part also described a desymmetrization reactions.

Chapter 2: Structurally divergent enantioselective synthesis of benzofuran fused azocine
derivatives and spiro-cyclopentanone benzofurans enabled by sequential catalysis

A protocol for the structurally divergent synthesis of benzofuran fused azocine derivatives
and spiro-cyclopentanone benzofurans has been developed via chiral bifunctional urea
catalyzed reaction between aurone-derived a,B- unsaturated imine and ynone followed by
switchable divergent annulation reactions by Lewis base catalysts (DBU and PPh3).
Furthermore, the mechanism study revealed, a concomitant epimerization is responsible

for high dr and ees.
27 examples
N upto 96% yield
PG\ 06 upto >20:1 dr

N _ i/ ' Annulation with u Y,
) pto 95% ee

U + m/ Catalyst !‘ 0:- epimerization

I \“ N H

o A K

@fo\

Catalyst 7 O
+/ One chiral catalyst, two chiral products 27 examples -
H H

N~/ cF

. . " upto 92% yield
«/ Lewis-base controlled divergent reactions 3 upto 10:1 dr, E/Z >20:1

+/ High enantio-, diastereo- and chemoselectivity p upto 95% ee

(o]

--------------------------------------------------------------------------------------------------

Chapter 3: Organocatalytic Regio- and Enantioselective Friedel-Crafts Alkylation of N-
Aryl Anilines with Aurone-Derived Azadienes: Access to Benzofuran Embedded
Triarylmethanes

Herein, we have disclosed a catalytic asymmetric Friedel-Crafts alkylation of N-aryl
anilines with azadienes for the synthesis of benzofuran containing triarylmethanes. In this
method, (R)-TRIP, was found to be effective for this reaction. The triarylmethanes with
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benzofuran motif were obtained in moderate yields with high regio- and good to high
enantioselectivities (upto 95% ee).

27 examples
upto 62% yield
upto 95% ee
«/ Triarylmethane with benzofuran motif

+/ High enatioselectivtiy & regioselectivity

Chapter 4: Catalytic Asymmetric de novo Synthesis of Chiral Pyrroles through
Desymmetrizing Oxidative [3+2]-Cycloaddition and the Van Leusen Reaction

Herein, we reported the first catalytic enantioselective de novo construction of centrally
chiral pyrroles through desymmetrizing oxidative [3+2]-cycloaddition of meso
cyclohexedione with isocyanoacete by employing silver catalysis. Furthermore, to
introduce a more diverse set of substituents, we developed the first catalytic asymmetric
the Van Leusen reaction with a—substituted TosMIC for the synthesis of centrally chiral
pyrroles. In both cases, high to excellent yield and excellent ee were observed.

[0}
(o] (o)
CN\)J\O/O 23 examples H

: L3

E upto 91% yield > "¢ — NH \C) 7

E HO | upto 97:3 er ‘\I': = H 1
F H
I —_ fo) O z NH PPh
LR & ' | :
' H 7 _ Ny
: o | T :

s 22 examples " NH 8
upto 93% yield = ‘s, <
upto 96:4 er H
o

‘/ Ag-catalyzed desymmetrization ¢ asymmtric [3+2] cycloaddition, ¢ oxidant free aromatization
the van leusen reaction

+ remote stereocontrol  excellent enantioselctivity
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Chapter 5: Organocatalytic Asymmetric Desymmetrizing Friedel-Crafts Reaction of
Prochiral 3,4-Fused Pyrroles

In this chapter, we have demonstrated the first catalytic enantioselective desymmetrizing
Friedel-Crafts reaction of prochiral 3,4-fused pyrroles. Using BINOL-based substituted
cyclohexylarene phosphoric acid, prochiral 3,4-fused pyrroles underwent a highly
regioselective and enantioselective F-C reaction with allenamide without creating any
judicious sereocenter. The mechanistic study revealed that, an ion pair mechanism
felicitates the stereocontrol of the desymmetrization reaction.

J ”%

. @ .o® M :

P = N . _ :
‘\“‘ mNH i ) :‘ :‘ = N E
' y ‘A E

o .

28 examples
upto 79% yield
upto 96% ee

+/ CPA-catalyzed desymmetrization
+/ remote stereocontrol
+* excellent enantioselctivity

/' high regioselctivity
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Chapter 1 | Introduction

1.1 Introduction:

The word "asymmetric" merely indicates that some components or features of something
aren't equal or comparable. This concept can be applied to many different objects, such as
chemicals, nature, or even human bodies. René Just Haiiy, a French mineralogist, initially
identified the idea of chirality in 1801 while researching quartz crystals. Later, in 1847,
when Louis Pasteur took things a step further by exploring paratartrate crystals.! He
discovered that tartaric acid could exist in two different forms, which turned out to be

mirror images of each other—these forms are called enantiomers.

Molecular chirality is a big deal in the field of stereochemistry and plays a crucial role in
understanding living things. Although enantiomers have the same chemical and physical
properties when they're in an environment without chiral influences, they behave
differently in a chiral environment. For example, they differ in attributes like melting point,

boiling point, color, and density.

When it comes to interacting with plane-polarized light, one enantiomer—known as
dextrorotatory (d-(+))—rotates the light to the right, while the other one, called
levorotatory (I-(-)), turns it to the left. However, both enantiomers cause the same amount

of rotation, but in opposite directions.

An example is lavender-like aroma and scent of Japanese honeysuckle, they smell
different, despite being made of the left- and right-handed versions of the same molecule,
called Linalool (Fig. 1).> In short, enantiomers are like chiral twins that are non-

superimposable structure with each other.

X \3‘[/
&

Japanese (S)-(+)-Linalool (R)-(-)-Linalool
honZysuckIe 1 ent-1 lavender

Fig. 1: The enantiomer of Linalool.

Another example, where (S5)-(-)-asparagine possesses a bitter taste, but (R)-(+)-asparagine

is characterized by its sweetness (Fig. 2). 3

o o
H,N NH
2 X  OH HO” < 2
O HNH; H.N H o
(S)-(-)-Asparagine (R)-(+)-Asparagine
2 ent-2

Fig. 2: The enantiomer of aspergine.
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Chapter 1 |

Enzymes within biological systems are chiral and predominantly exist in a single
enantiomeric form, which makes them to differentiate between enantiomers. It's crucial to
remember that a compound's enantiomer may produce a beneficial therapeutic effect while
its opposite may have detrimental side effects. In Parkinson's disease, for example,
dopamine is a successful treatment. Only (S)-Dopa can restore nerve function, whereas
(R)-Dopa is known to be toxic (Fig. 3).*

HO OH
HO CO,H HO,C OH

(R)-Dopa

(S)-Igopa ent-3

Fig. 3: The enantiomer of Dopa.

Many natural examples show that opposite enantiomers can have differing effects on
biological systems. Therefore, to guarantee that natural products and therapeutic molecules
have the appropriate physical, chemical, and biological qualities, they must be prepared in
enantiomerically pure forms. In modern chemistry, several crucial procedures are
essential, particularly in the pharmaceutical industry. Asymmetric synthesis is one
important feature that favours the production of one stereoisomer (either an enantiomer or
a diasterecomer) over another. Four primary categories of asymmetric synthesis exist: The
four types of approaches are (1) substrate-controlled, (2) auxiliary-controlled, (3) reagent-

controlled, and (4) catalyst-controlled.

(1) Substrate-controlled method: It is a diastereoselective processes in which an existing
chiral center in the substrate influences the formation of a new chiral center.

(2) Auxiliary-controlled method: An essential tool in organic chemistry is a chiral
auxiliary, also known as a chiral molecular unit, which forms a transient bond with an
achiral substrate to generate one of two stereoisomers. Only the intended reaction
pathway can proceed since these optically active chemicals introduce chirality and
block one attack pathway. Steric factors subsequently determine the resulting chiral
center's stereochemistry.

(3) Reagent-controlled method: A chiral reagent controlled the formation of
predominant stereoisomer.

(4) Catalyst-controlled method: The first three methods are costly because they required
expensive chiral reagents or chiral substrates in stoichiometric quantities. In contrast,
in this method, the stereochemistry of chemical reactions is largely controlled by chiral
catalysts, which efficiently promote the creation of particular enantiomers, or mirror
images.

Based on the catalysts’ nature, The catalyst-controlled asymmetric synthesis categorized

into three major parts.

TH-3763_196122026



Chapter 1 | Introduction

(1) Bio-catalysis: It is the chemical catalytic reaction by which enzymes or other
biological active catalysts carry out stereoselective, chemo-, and regio-
transformations.® Typically, modest reaction conditions are needed for this technique.
Biocatalysts do have several drawbacks, though, including substrate selectivity,
sensitivity to high pH and temperature, and—above all—the inability to synthesize the
opposite enantiomer because enzymes only exist in one enantiomeric form in nature.

(2) Metal-catalysis: Metal catalysis,® especially the application of organometallic
catalysts, has emerged as a significant area of study because of the extraordinary
transformations they facilitate, including asymmetric hydrogenation, epoxidation, and
dihydroxylation of olefins, along with cross-coupling reactions and olefin metathesis.
Metal catalysis has several advantages, but it also has significant drawbacks, including
toxicity and the challenge of removing trace metal pollutants associated with
transition-metal catalysis.

(3) Organocatalysis: Between these two earlier approaches, a third technique known as
organocatalysis has emerged.” Chemical synthesis has been significantly impacted by
this method. Organocatalysis is a method that uses a sub-stoichiometric amount of
organic molecules without metal elements in their active regions to speed up chemical

reactions.
1.2. Asymmetric Organocatalysis:

Asymmetric organocatalysis uses tiny organic molecules to promote organic processes in
an economical and environment-friendly manner. This technique bypasses many of the
issues typically linked to transition-metal catalysis and biocatalysis. Organocatalysts
present various benefits: they are generally easy to manage, durable, stable at ambient
temperatures, affordable, and in certain instances, can be purchased commercially.
Particularly within the last 20 years, this discipline has advanced quickly because of the
emergence of novel ideas and techniques.® Many distinguished awards have been given in
recognition of this progress, such as 2021 Nobel prize in chemistry awarded jointly to
Benjamin List and David W.C. MacMillan "for the development of asymmetric

organocatalysis".

1.2.1. Mechanisms for organocatalytic reactions:

Although there are many other kinds of activation in the field of organocatalytic
techniques, two main mechanistic types may be distinguished:

(1) covalent organocatalysis and (2) non-covalent organocatalysis.

These novel approaches not only increase reaction efficiency, but also open up new path
for creative chemical transformation. Covalent-based activation approaches use an organic
catalyst's reversible binding to a substrate to form a reactive intermediate capable of
engaging in a range of reactions with high enantioselectivity (Fig. 4). Chiral primary and
secondary amines are one form of catalyst. Enolizable aldehydes and ketones are

5
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Chapter 1 |

transformed into nucleophilic enamines (I),” unsaturated carbonyl compounds into
electrophilic iminium ions (II),'° and enamines are single-electron oxidized with a

chemical oxidant to

i o 0 :

{}o () o ® i e J O | R J O ;

o H N o " X N” N N” "N @ :

. " H H H H X '

Amine catalyst Electrophile " )L NS > 2 :

X O e XY\ X " R” "R’ X Nucleophile .o
IH R R

R -H,0 R *H0 R " AL, :

X =H, alkyl Enamine | H ' :

H i Nop :

Amine catalyst | Nucleophile  x i 5 o R ) ;
~| X VL b X N | - H

X |[3 -H,0 B | +H,0 R i _/ Ammonium ion H Electrophile X e

R R H Base -
X = H, alkyl [minium ion I i Chiral ion pair VI
i S S
@‘O ¥ X RI"\N)J\N’C> R"'\NJJ\N’O i
Chemical N So iR H
N ol o RS H H H H @) Y—R" |
oxidation _ . )I}F SOMOphile S0 i ROY - R ;
x)\u Ho LS i g Chiralthiourea | R @ Nucleophile R R !
R + i = " H
R F R x=sra { R ~HX ;
X = H, alkyl Radical cation Il So = electronrich olefins 11 Y =0, NR, fon exchange Vil '

Chiral Bronsted
acid VIII

Fig 4. Reactivity of various organocatalysts.

produce a-iminyl radical cation intermediates (IIT),!' which activate carbonyl substrates.
N-heterocyclic carbene catalysts (IV)'? offer aldehydes another method of activation. They
alter the typically electrophilic carbonyl carbon atom's characteristic reactivity, which
causes the formation of the Breslow intermediate IV'? to have an umpolung reactivity.
This intermediate serves as an analogue of an acyl anion.'*!> The ipso, o, and B positions
of unmodified carbonyl compounds can be stercoselectively functionalized due to

activation mechanisms that rely on strong, directed interactions.

Non-covalent approaches rely on the of several weak attractive interactions between the
catalyst and basic functional groups on the substrates.'¢ Although these catalyst-substrate
interactions are generally weaker and less directed than their covalent counterparts, they
work together to achieve a high level of organization in the transition state, leading to a
significant enhancement of enantioselectivity. Strategies such as hydrogen-bonding
activation (V),!” phase-transfer catalysis (VI),!® anion-binding activation (VII),' and
Brensted acid catalysis (VIII)* are all effective organocatalytic methods for synthesizing

chiral molecules.?!

1.2.2. Hydrogen-bonding catalysis:

TH-3763_196122026



Chapter 1 | Introduction

In the past decades, a variety of H-bonding catalysts have been synthesized and used for a
broad range of asymmetric organic transformations; these catalysts can be easily divided

into three groups based on their activation patterns:
1) double hydrogen bond catalyst, ii) single hydrogen bond catalyst, iii) acid/base
bifunctional catalyst.

In the context of double hydrogen bond catalysts, the concurrent donation of dual hydrogen
bonds represents an effective strategy for the activation of electrophiles (Fig. 5). A seminal
example of this approach is the Schiff base developed by Jacobsen in 1998, which was
designed to promote asymmetric Strecker reaction.”? This type of catalyst was first
synthesized, intended to be a possible ligand for a Lewis acidic metal catalysis. However,
it was discovered that without a metal addition, an effective enantioselective catalytic
Strecker reaction could be achieved. This unexpected finding greatly expanded the field
of asymmetric catalysis with hydrogen bond catalysts and later attracted a lot of attention

from the scientific community.

*
q R' tB X
-Bu
A N T A QS A
X NS H )
3N 3 H
R” 'R X=0,S Ar
Double H-bonding Jacobsen Corey
777777777777777777777777777777777777777777777 B -
Ph S i
S 1 N
N \
t-Bu ?’ H t-Bu y H
. \ :: Me Hoon, Bn
Bn cat MQN,( Hog N Ne O HN

Fig. 5: double hydrogen bond catalysts reactivity and example

Double hydrogen bonding in asymmetric reactions is more common than single hydrogen
bond activation. Excellent examples of intramolecular hydrogen bonding are chiral diol
catalysts, like TADDOL?? that effectively promotes a variety of asymmetric syntheses. For
substrate binding, one of the alcohol group's hydrogen atoms donates hydrogen bonds
while the other forms an intramolecular bond. While the other hydrogen atom in the
alcohol group forms an intramolecular bond, the other hydrogen atom forms hydrogen
bonds with the substrate (Fig. 6). X-ray crystallographic research was used to study this
phenomenon. TADDOL was employed by Rawal and associates as a chiral "BBA
catalyst" (Bronsted acid-assisted Brensted acid catalyst).>*? They found that only one
of the intended product's enantiomers was produced by the highly enantioselective hetero-

Diels-Alder reaction when axially chiral biaryl diol was present.?®
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Fig. 6: Single hydrogen bonding catalysts reactivity and example.

Recently, the simultaneous activation of electrophiles and nucleophiles employing
Bronsted base and acid moieties has been a major focus of hydrogen bonding catalysis
(Fig. 7). This method, which began with natural catalysts such as proline?’ and cinchona
alkaloids,?® resulted in improvements in chiral acid/base bifunctional catalysts. The
asymmetric Michael addition of 1,3-dicarbonyl compounds to nitroolefins via Takemoto's
thiourea® catalyst is a good illustration. Two processes for this catalysis have recently
been postulated, one by experimental methods*’ and the other through quantum chemical

calculations,®! both of which produce the identical product, as demonstrated.

-
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N e O,

Nu=H Ar ,

Acid/Base bifunctional Wynberg List Takemoto Akiyama, Terada I
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o-+-H \
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Fig. 7. Bifunctional catalysts reactivity and example.

TH-3763_196122026



Chapter 1 | Introduction

1.2.3. Asymmetric Michael reaction:

The Michael reaction is a key process in organic chemistry, highlighting the addition of
carbon nucleophiles to conjugate acceptor systems. Discovered by Arthur Michael in 1887,

this reaction is well-known as the Michael addition (Scheme 1).3?

R1 (o) EWG

W + P Base
(o]
R2 R® EWG EWG - EWGW
R? 3

R1 R

EWG = COzR, CN, NOz, COzNRz etc.

Scheme 1: Michael reaction.

Wynberg made a pivotal discovery in 1975 by introducing the first asymmetric Michael
reaction (Scheme 2). Using optically active quinine as a catalyst, he facilitated the
addition of 1-oxo-2-indanecarboxylate to methyl vinyl ketone, achieving a moderate

enantiomeric excess (ee) of 68%.

(o}

cat. (10 mol%) E
©§7C02Me + é\n/ _— COMe .
o PhCH, rt ;

o
upto 68% ee

Scheme 2: First organocatalyzed Michael reaction.
1.2.4. Asymmetric Friedel-Crafts reaction:
In 1877, Charles Friedel and James Mason Crafts introduced the Friedel-Crafts reaction, a

t.3* Traditional

pivotal method for forming carbon—carbon bonds that requires a catalys
catalysts include Lewis acids such as AlICl;, FeCls, and TiCl4, as well as Bronsted acids
like HF and H>SOs, and acidic oxide catalysts such as silica-alumina.>> A breakthrough
occurred in 2001 when MacMillan group reported the first organocatalytic asymmetric
Friedel-Crafts reaction.>® They achieved enantioselective alkylation of pyrroles with a,f-
unsaturated aldehydes, generating B-pyrrolyl carbonyls with an impressive enantiomeric
excess of 93% (Scheme 3). This advancement showcases the evolving potential of

organocatalysis in organic synthesis.

D cat. 20 mol% WO .0 N/

+ Ph A~ _0° > : f

N DCE, rt Vb ien N)'\ -HX
: H

|
upto 93% ee

Scheme 3: First organocatalyzed Asymmetric Friedel—Crafts reaction.
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1.3. Asymmetric transition-metal/organocatalyst combined catalysis:
1.3.1. Introduction:

Asymmetric transition-metal/organocatalyst combined catalysis is a promising strategy
introduced 20 years ago,’’ utilizing chiral transition-metal complexes and organocatalysts.
Recognized with Nobel Prizes in 2001 and 2021, asymmetric transition-
metal/organocatalyst combined catalysis aims to achieve new reactivity and selectivity,
including regio-, chemo-, diastereo-, and enantioselectivity, for producing single
enantiomers from achiral or racemic substrates.*® By carefully choosing a specific pair of
organocatalysts and metal complexes, we can combine different and compatible bond-
activation methods into a single bond-forming process, known as cooperative catalysis
(Figure 8a).*° Alternatively, these can also be utilized in a series of catalytic
transformations before the final products are released, referred to as relay catalysis (Figure
8b).%* The metal-ligand cooperation hampered by the bond length and geometry of the
transition state, which may not provide an optimal chiral environment for forging new
bonds.*! However, combining a metal complex with an organocatalyst (one that does not
impact metal complexation) can simplify the complicated process of creating bifunctional
artificial catalysts. This combination provides additional flexibility and opens new
opportunities for building reactions.

(a) Cooperative Catalysis (b) Relay Catalysis

0190 gy

+|C_:

-5

Fig. 8: Modes of Asymmetric transition-metal/organocatalyst combined catalysis.

1.3.2. Ag(I)/organocatalyst combined catalysis:

Silver(I) salts are moderately acidic Lewis compounds that serve as catalysts in organic
reactions. Examples include AgNOs, AgClO4, AgBF4, and AgOTf, which facilitate
cycloadditions, rearrangements, and glycosylation by interacting well with halogen and
sulfur groups, as well as carbon—carbon multiple bonds.*> In 1990, Ito and his
collaborators, first report a chiral silver(I)-catalyzed asymmetric reaction. They described
that chiral ferrocenylphosphine—silver(I) complexes function as highly effective chiral
catalysts in asymmetric aldol-type reactions involving isocyanoacetates or tosylmethyl
isocyanide and aldehydes.* These have resulted in an increasing number of unique
enantioselective silver-catalyzed reactions of various types (Fig. 9). There are five types
of Ag(I)/organocatalyst combined catalysis available:** Ag(I)/Bronsted acid, Ag(I)/chiral
amine, Ag(I)/bifunctional squaramide, Ag(I)/alkaloid derived phosphines and Ag(I)/chiral

2-amino pyridines. The catalysis majorly involved in silver-catalyzed asymmetric aldol-
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type reaction, silver-catalyzed asymmetric Mannich reactions, silver-catalyzed
asymmetric Michael reactions, asymmetric 1,3-dipolar cycloadditions, asymmetric
alkynylations, asymmetric allylations, asymmetric cyclizations reaction, asymmetric

aminations, asymmetric domino and tandem reactions.

gﬁgﬁiﬁéﬁ"&iﬁ;ﬁgflﬂe __________________ @ ® a{ Iminium ion catalyzed
g Silver chiral complex assist E %~ O\ O7H ! : * h f:actl:tteig;’)]hmc addition
g Hosomi-Sakurai reactions, ,P\\o ' NH,

Hydogen-bonding assisted : o

dearomatization via ' Bronsted acid \ __chratamine
alkyne, allene, alkane e !
activation

f o o H e e e [ .~ N
g : j;/( : . JOL H g Act as bronsted base,
Dual hydrogen- ' 4 . Ikaloid ' as well as lewis acid.
H ! HN alkaloi ! )
bond donor ' N N——* 7, 4 ' Aldol reaction,
assisted [3+2] ! 4 H H H PPh, H Mannich Reaction,
" 0 ' H cycloaddition reaction
cycloaddition Bifunctional ! : Alkaloid derived V
sqaramides L — — Phosphines
QND
*
X

E a{ Act as Lewis base
NZ . assisted [2+3]

Chiral 2-amino cyloaddition reaction

pyridines

Fig. 9: Types of Ag(I)/organocatalyzed catalysis
Ag(1)/Bronsted acid catalysis: In this catalysis, Bronsted acid and silver (I) together used

as chiral ion pair catalyst. It acts as hydrogen bond donor or chiral anion donor.

In 2012, Hui and co-workers reported a chiral phosphoric acid anion and silver
combination as synergic ion-pair catalysis for an aza-Mannich reaction.*> Under the
catalytic conditions, substituted oxazolone and tosyl-imine gone through a Mannich
reaction to afford quaternary o,-diamino acid in high yields, excellent dr and ees (Scheme
4).

TsHN
Ar.

ez SiPh,
o '
o} 0 : OO
TS\N vo cat. (10mol%) _ j\: \8\;\.- ; o0
z o

R2

A, o > SN R
DCM, rt, 12h rRZ °N o ®
I o &
SiPh;

H” ~R!

upto 95% yield

upto >20:1 dr
Scheme 4: Asymmetric silver catalyzed aza-Mannich reaction.

upto 98% ee

In 2011, Kobayashi and co-workers explored an Ag(I)-catalyzed asymmetric
Hosomi—Sakurai reaction.*® in the presence of catalytic silver BINOL-derived phosphate
and InCl at room temperature. Under these conditions, allylboronate reacted with N,O-
aminals to afford homoallylamides in excellent yields and ees (Scheme 5). The authors
proposed that chiral silver-complexes operate as chiral anion donors. The mechanism went
through an Sn1 mechanism to produce an iminium intermediate, which is required for the

chiral counter anion.

11
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rcat 3,5(tBu)-4-OMeC¢H,
cat. (6.5 mol%) !
OMe InCI (5 mol%) NHBz : o. 0
+ B(Pin) > A ! “p?
N NN P,
R/L'NHBz Z toluene/CPME R o~ oo ®
rt, 12h upto 99% yield OO © Ag

upto 96% ee 3,5('Bu)-4-OMeC¢H,

Scheme 5: Silver catalyzed asymmetric Hosomi—Sakurai reaction.

Taylor and Unsworth then described a silver-catalyzed spiro-cyclization of indoles.
Intermolecular dearomative cyclization of indolyl ynones was achieved with excellent
yields and modest ees utilizing Ag(I)-chiral BINOL phosphates (Scheme 6).%” This process
involves dual activation by silver and phosphoric acid. Silver activates the alkyne and

phosphate components involved in sterocontrolled dearomatization.

o E gat 9-Phenanthryl
9 :
\\ cat. (10mol%) _ : OO O\P/,o
' 7'\
DR Ar  CHCP,-10°C : o 8 ®
ﬂ 12h ; Ag
R =-H -Me upto 100% yield E 9-Phenanthryl

upto 78% ee
Scheme 6: Silver catalyzed dearomatization reaction.

Ag(I)-chiral amine catalysis: In this catalysis, silver acts as a Lewis acid, while chiral

amine forms an enamine species to facilitate a nucleophilic addition.

In 2014, Enders et al. explored a chiral amine and silver catalysed one-pot method for a

8 In this process, initially 4-

sequential Michael addition/hydroalkoxylation.*
hydroxycoumarin underwent a Michael addition to enynone using chiral enamine
catalysis. Then, further addition of silver(I) carbonate gave chiral cumarone devivatives

by 5-exo-dig cyclization (Scheme 7).

1. cat. (20mol%)

R? . ' cat.
(S)-Boc-N-alanine ' g
OH Il (40 mol%) . OMe /Z]
NN THF, 4 °C ; HUN
R'—- P +  z _
o Yo 2. Ag,CO3 (10mol%) | NH,
(0] toluene, rt v Ny

upto 91% yield
upto 99% ee

Scheme 7: Silver-chiral amine catalyzed one-pot Michael Addition/Hydroalkoxylation reaction.
Ag(1)/bifunctional squaramide catalysis: In this catalysis, bifunctional catalyst acts as
hydrogen bond donor and silver(I) acts as lewis acid, to activate isocyanoacetates, alkynes,
alkene.

In 2012, Shi et al, devised a highly diastereo- and enantioselective asymmetric [3+2]
cycloaddition reaction of a-aryl isocyanoacetates with N-aryl maleimides using

Ag(I)/cinchona alkaloid-derived squaramide cooperative catalysis.*’ The author described,

12
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due to chelation of isocyanate carbon with silver(I), bifunctional amine easily deprotonates
a-proton of isocyanoacetate to facilitate Michael addition to hydrogen bonded N-aryl
maleimide. Finally, a 5-endo-dig cyclization with electrophilic silver isocyanide gave
[3+3] cycloaddition product in excellent yields, dr and ees (Scheme 8).

' cat.:
! OMe 4
o) cat. (5mol%) COR0O ; H
Ar? A ' N FsC

AgSbFg (10 mol%)

| N-Ar' + P > r@ <N—Ar1 5

RO,C NC DCM, rt, 12h N\ ~.,'\( E z I NH
o 0 NS CF

upto 98% yield ' (0] N 3

upto >20:1 dr, upto 92% ee H

Scheme 8: Ag-bifunctional catalyzed [3+2] cycloaddition reaction.

Ag(1)/ alkaloid derived phosphines: In this catalysis, alkaloid derived phopsphines acts as
bronsted base, H-bond donor and Lewis base. Whereas silver can involve in elctrophile

activation.

Dixon et al. reported the first diastereoselective aldol reaction using Ag(I)-
hydrochinchona-derived phosphine catalysis in 2011 (Scheme 9). The catalyst is based on
a precatalyst hydrochinchona-derived phosphine with Brensted and Lewis basic sites and
a hydrogen-bond donor near a chiral pocket.’® The combination of soft acid Ag(I) and
precatalyst effectively accelerates the nucleophilicity of isocyanoacetates that have
undergone an asymmetric Mannich-type addition/cyclization. Under catalytic conditions,

isocyanoacetate and aldehydes produced chiral oxazoline derivatives with outstanding

 cat.:
cat. (20 mol%) = H /@
Ag,0 (5 mol%) T:{\O ! N

yields, dr, and ees.

+ T '
Ar' RO,C”ONC  MTBE, 4A MS A’1Ro g At L NF " PPhe
-40 °C, 78 h 2 '

upto 93% yield :

upto >20:1 dr, upto 97% ee :

%\OR
H N Bronsted Base (function as proton trnasfer) CN
H N= /
/

~«—— H-bond donor (function as TS stabilizer)
® pg----0ar!

z | NH PPh,~€—— Lewis base (function as ligand) — 4
N -
S o)\@ N I NH g,
0%@

Scheme 9: Silver-alkaloid derived phosphine catalyzed aldol reaction and reactivity.

Later, in 2014 and 2015, Dixon et al. reported a Mannich-type addition/cyclization and
aldol/cyclization reaction of acetaldehyde using Ag(I) and hydroquinine-derived

13
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phosphines, involving acetophenones and isocyanoacetate as a pronucleophile (Scheme
10).°! These catalytic process follows the same pathway as the Ag(I)-hydrochinchona-
derived phosphine catalysis. Under optimal conditions, the cyclization reaction produced
chiral imidazoline and oxazoline derivatives in good yields with excellent diastereomeric

and enantiomeric ratios respectively.

' cat.:
o :
W'.é»,:,,2 cat. (20 mol%) -~ .0 H/N

N
Ag,0 (5 mol%) N—PPh, !
P + RO,C7ONC o Ari 2 QA NH PPH
Ar” "CHj; EtOAc, 4A MS HiC ¢o.r ° | 2
-20 °C, 60 h 2 DN o

upto 98% yield '
upto >20:1 dr, upto 99% ee

+ cat.:
. OMe /%
9 :
o cat. (20 mol%) N=\ ! H N

Ag,0 (5 mol%) o) !
J .+ RO NG > Ari- !
Ar” "CH, EtOAc, 4A MS HC o | T M PP
-20°C, 78 h 2 '\ Na .

upto 84% yield '
upto >20:1 dr, upto 98% ee

Scheme 10: Silver-alkaloid derived phosphine catalyzed aldol and Mannich-type addition.

Ag(l)/chiral 2-amino pyridines catalysis: This catalysis uses silver to activate alkynes,
alkenes, and allenes. Whereas chiral 2-amino pyridine functions as a Lewis base, it can

covalently connect to substrates and activates their reactivity.

In 2023, Han and Zhan et al. reported a dual catalytic system involving 4-aminopyridine
and silver metal.”> A metal/Lewis base relay catalytic system featuring silver acetate and
a modified chiral pyrrolidinopyridine (PPY) applied in the cycloisomerization/(2 + 3)
cycloaddition reaction of enynamides. In this relay catalysis, silver activates the ynamide
substrate to create an unsaturated ketimine intermediate, which reacted with PPY activated
allylic ylide intermediate (generated from edaravone-derived MBH carbonate) to give

bispirocyclopentene derivatives in excellent yields and ees (Scheme 11).

! cat. Ph
. o : { ! Ph
R'0,C cat. (20 mol%) ;
HsC OBoc  Ar2"XY” “NHTs  ag0Ac (10 mol%) :

-

| o +

v

l | CHCI3, 40 °C, 48h

Rz AI’1 Ar1
upto 99% yield

upto 19:1 dr, upto 94% ee

OTBDPS

Scheme 11: Ag(I)-PPY catalyzed spiro cyclization reaction.
1.4. Asymmetric desymmetrization reactions:

Desymmetrization of prochiral or meso-substrates that already have stereogenic centers
has proven to be a useful and effective synthetic chemistry technique. This method has

14
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received a lot of interest because of its capacity to make complicated compounds easier to
assemble, especially in an enantioselective and diastereoselective manner (Fig. 10).
Simultaneously, organocatalysis has clearly evolved into a powerful toolbox in asymmetric
catalysis since it was first developed, capable of bringing up new possibilities for
desymmetrizing reactions. Furthermore, with correct substrate and catalyst design,
numerous stereocenters can be created in a single process while maintaining excellent
diastereocontrol, resulting in high value and desymmetrization feasibility.>>*
Desymmetrization separates enantiocontrol from restricted enantiofacial distinction,
making it a promising prospect for applying various types of catalytic reactions in

enantioselective synthesis.

i&\ R2 3\ R2
Desymmetrization

pro-chiral compound

meso-compound Chiral compound

Fig 10: Desymmetrization Strategy.

A meso-compound is an achiral compound that contains many stereogenic centers and a
symmetric plane.>® When comparing desymmetrization of one prochiral-containing meso-
compound to numerous prochiral centre-containing meso-compounds, it is more effective
at producing optically active multiple stereocenter-containing compounds in a single step.
A novel desymmetrization strategy should not produce any judicious stereogenic center
that has low diastereoselctivity. This judicious desymmetrization can be resolved by
producing several stereogenic centers without creating any additional stereocenter. This
strategy can be employed by functionalization of C-sp? carbon center or a substitution

dependent aromatization.

R2 i ______ \/‘\RZ Kinetic resolution Rzi: ------- .\iRz . Rz_;i,’ ------ ‘/l.,”Rz
R ° ; N ‘ 51 .

racemate 50% 50%
Chiral compound

\

Fig. 11.: Kinetic resolution.

Desymmetrization of meso-compounds is associated with kinetic resolution of racemates.
However, the desymmetrization technique outperforms kinetic resolution as the maximum
theoretical yield is limited to 50% (Fig. 11). Desymmetrization can result in a high optical
purity, but this may come at the cost of lower chemical yield, even with a moderately

selective catalyst. However, overreaction can create a bis-functionalized product (Fig. 12),
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Horeau-Langenbeck type amplification).’®>® Whereas kinetic resolution eliminates the
minor enantiomer by catalyst control. Desymmetrization of meso-compounds could also
produce both enantiomers from the same chiral reagent or catalyst through selective
functional group rearrangement. Therefore, the desymmetrization strategy is commonly
used in natural product synthesis.’® In the recent years, this strategy becomes a common
method for the synthesis of axially chiral C-C, C-N, N-N, C-O and C-B molecules.*

fast i _____ slow
RZ -5 :¢ N }*Rz

Enantiotopic ‘

R ‘------ R!
"‘ slow | fast /
[ » R2™ L7777 \/{""Rz
desymmetrization R1 ‘------ " R! kinetic resolution

Fig. 12: Desymmetrization of enantiotopic-meso compounds.
1.4.1. Desymmetrization reactions by de novo aromatization:

Desymmetrization reactions can be achieved by substituted aromatization strategy. This
strategy not only creates one stereoisomer but also the other isomer can be achieved by
just changing the substitution position. This strategy is one of the pillars for the synthesis

of axial, quaternary, and multiple chiral center synthesis.

Another approach reported in 1994 by Mori et al. showed that prochiral triynes could be
desymmetrized enantioselectively by Ni-catalysis (Scheme 12).°' They successfully
constructed the arene ring with high enantioselectivity using a two-component [2+2+2]

cycloaddition reaction.

L:
| Ni(COD), (5 mol%) H
L (10 mol% N- CPhs N(CHs),
PPh,

THF, rt, 72 h
\\ @Pth

CPh3 ;
upto 52% yield .
upto 73% ee '

Scheme 12: Ni-catalyzed desymmetric two-component [2+2+2] cycloaddition reaction.
Using a [2+2+2] cycloaddition of symmetrical dialkynylphosphine oxides with 1,6-diynes,
Tanaka et al. created an enantioselective synthesis of P-stereogenic alkynylphosphine
oxides in 2008.%> A cationic rhodium(I) complex attached to a chiral BINAP ligand
catalyzes this reaction. Furthermore, a C2-symmetric P-stereogenic bis(alkynylphosphine
oxide) can be produced using this technique (Scheme 13).
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)
weo w1 ¢
/ Me RNICODIBF, (5 mol%) P, p 0 PAr,
3P /— L(10mol%) 2 \\R1: o PAr,
” \ 1 ,
° Me DCM, tt, 12h R < O
Me 0
upto 99% yield 1Ar = 4-OMe-3,5-Bu,CgH

upto 95% ee

Scheme 13: Rh-catalyzed [2+2+2] cycloaddition for the synthesis of P-stereogenic phosphine
oxides.
In 2019, Chi et al. reported a strategy for synthesizing substituent-dependent, centrally
chiral arenes using N-heterocyclic carbene (NHC) catalysis.*® This method presented a
one-step organic catalytic approach that involved an NHC-catalyzed cycloaddition
reaction between achiral indanone and o,B-unsaturated aldehydes (Scheme 14). The
process enabled the direct construction of an aryl ring and resulted in the formation of

optically active 1,3-indandiones in high yields and with excellent enantiomeric excesses.

cat. (10 mol%) OH o

Cs,CO5 (10 mol%) 2 : °‘>\
> Ot =N o
oxidant (2 equiv.) R N\;ﬁ cl
tgy THF rt,8h tg, R Y @ Mes
upto 85% yield
upto 92% ee

Bu oxidant Bu

cat.

Scheme 14. Chiral NHC catalyzed desymmetrization strategy for chiral arene synthesis.

In 2022, Mukherjee and co-workers developed a desymmetrizing de novo method using
diphenylprolinol silyl ether to create centrally chiral arenes (Scheme 15).% This process
works through a dienamine intermediate, which allows for a [4+2] cycloaddition between
polycyclic meso-cyclohexenediones and a,-unsaturated aldehydes. Then, the Diels-Alder
adduct underwent de novo oxidation to afford centrally chiral arenes with high yields and

excellent enantiomeric excesses.

Cat. (20mol%) fo) :
R 4-NO,CeHsCOH  Rg H o
| (0mol%) Ph
: N Ph
2 _ R2 =
R CHCI3 , rt, 12-24h 1 H  Osiph,
Cat.

upto 98% yield
upto 99% ee

Scheme 15. Desymmetrization reaction for chiral arene synthesis via dienamine catalysis.

In 2022, Oh et al. reported that a chiral silver catalyst could be used in the Van Leusen
pyrrole synthesis to catalytically asymmetrically desymmetrize cyclohexadienones
(Scheme 16). A suitable surrogate isocyanomethyl sulfone (NasMIC) is responsible for the
development of chiral-fused pyrrole derivatives. Excellent yields and ees were obtained

from chiral cyclohexanones under ideal conditions.%
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o] o :
AngF610m0I%) '
L (20 mol%) = ; HUN
> NH .
+ < !
AN KoCO3( 2 equiv) ' z

S. 'NC "
R1 OR2 % CHCI,CH,CI, rt R! OR? N

(o] '
upto 99% yield
upto 90% ee

Scheme 16. Ag(I) catalyzed desymmetric the Van-Leusen reaction.

In 2017, Tan and co-workers reported catalytic asymmetric Paal-Knorr reaction for the
synthesis of axially chiral arylpyrroles.®® High yields and excellent to outstanding
enantioselectivities were achieved in the synthesis of a wide variety of C-N axially chiral
arylpyrroles (Scheme 17). The authors described, to achieve effective enantiocontrol, a

combined-acid catalytic system that includes both a Lewis acid and a chiral phosphoric

acid.
CO,R!
NH o

1 2 cat. (10 mol%) ’(/_g\
@ COR \\Bu Fe(OTf); (10mol%) LAY _
Ar - tBy
o * I N CCly/cyclohexane N v

R? MgSOy,, 0 °C | X
R' = alkyl R2

upto 95% yield cat.
upto 98% ee

Scheme 17: Asymmetric Paal-Knorr reaction for the synthesis of axially chiral arylpyrroles.
1.4.2. Desymmetrization reaction by C(sp*)—H functionalization:

In 2015, Mukherjee et al. described a desymmetrization of prochiral 2,2-disubstituted
cyclopentene-1,3-diones with C(sp?)~H functionalization.®’ In this process, a urea
derivative based on dihydroquinine serves as a catalyst. Nitroalkanes, which are
inexpensive, readily available, and air-stable, are used as the alkylating agent in this
process. This method creates compounds with a central carbon atom that has four distinct
groups attached to it by altering a particular carbon-hydrogen bond (C(sp?)—H) (Scheme
18). This method gave chiral cyclopentene-1,3-diones in excellent enantioselectivities and

in good to excellent yields.

¢ cat. Y%
o] o 5 OMe
[ ' H N
R. cat. (10 mol%) R, ' CF
+ R_NO, > £
R, ~ Na,COs (1.5 equiv.) R! R NP | NH
o) PhCF;, -10 °C "N
PO o)\ CF

upto 92% yield o
upto 96% ee

Scheme 18: Organocatalytic Enantioselective Formal C(sp2 )—H Alkylation.
Using bifunctional catalyzed C(sp?)—H functionalization, in 2016 Mukherjee et al.

reported desymmetrization of meso-cyclohexadiones with nitro methane (Scheme 19).%8
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The method uses nitroalkanes as alkylating agents and is catalyzed by a tertiary amino-
thiourea derivative, yields densely functionalized products with excellent
enantioselectivity and at least four contiguous stereogenic centers distant from the reaction

site.

 cat.:
Q. o :  OMe /Z]
t. (10 mol% '
. cat. (10 mol%) H - H N CF

L%+ RI_NO, > R
;S (NH4),CO3 (1.5 equiv.) _4 o
. R R NH
H 4A MS e | J\
o toluene, rt H b N 0N CF

(o] '
upto 77% yield ! H
upto 98% ee .

Scheme 19: Formal C(sp?)—H Alkylation enabled desymmetrization of meso- cyclohexadiones.

Whereas, in 2020 Tse and Yeung reported that desymmetrizing catalytic asymmetric halogenation
of BPOL (bisphenol) with NBS (N — bromosuccinimide) as the halogen source.®® According to the
authors, the bifunctional catalyst (S)-BINOL-amine derivative uses intermolecular hydrogen
bonds to increase the hydroxyl proton's acidity. By forming hydrogen bonds with the acidic proton,
this amino organocatalyst can simultaneously activate the halogen source and the phenol substrate,

enabling the halogen atom to be delivered in enantioselective fashion (Scheme 20).

R s
O Br E cat.
(0] E ’ (o] CF3

OH cat. (2.5mol%) % OH : N_ HN—4

R

+ Br—N
OH toluene/CCly,

. HN
o (1
Q o 78 °C, 5d Q E ' O CF,
R :
R R = -alkyl ! O

upto 97% yield
upto 99% ee

Scheme 20: Desymmetrization of BPOL with Asymmetric Ortho-Selective Halogenation.

1.5. Conclusion and Focal Theme of the Present Work:

The focal theme of this thesis is to utilize bifunctional tertiary amine thiourea, squaramide,
chiral phosphoric acid catalysts and organo/Ag(I)-combined catalysis in various cascade
reactions. Chapter I is an introduction part that explained the organocatalysis and
silver(I)/organocatalyst conbined catalysis. It also discussed about desymmetrization of
meso-compounds. Chapter II includes a sequential bifunctional and Lewis acid catalyzed
divergent synthesis of benzofuran-based azocines and spiro-cyclopentane derivatives.
Chapter III describes chiral phosphoric acid catalyzed highly chemo- and regio-selective
para-C-H functionalization of N-aryl anilines with aurone derived azadienes to afford
chiral triarylmethanes. Chapter IV discussed a Ag(I)/cinchonidine-derived phosphine
catalyzed de novo synthesis of substituent dependent chiral pyrroles through

19
TH-3763_196122026



Chapter 1 |

desymmetrization reaction of meso-cyclohexediones via [3+2]-cycloaddition and the Van-
Leusen reaction. Lastly chapter V described a chiral phosphoric acid catalyzed Friedel-

Craft reaction of prochiral pyrroles with allenamides.

1.6. References:

1. L. Pasteur, Ann. Chim. Phys. 1848, 24, 442.

2. A. C. Aprotosoaie, M. Hancianu, I.-1. Costache, A. Miron, Flavour Fragr. J. 2014, 29,
193.

3. H. B. Vickery, G. W. Pucher, C. G. Deuber, J. Biol. Chem. 1942, 145, 45.
P. Warot, Lille médical: journal de la Faculté de médecine et de pharmacie de
l'Université de Lille 1971, 17, 329.

5. M. T. Reetz, J. Am. Chem. Soc. 2013, 135, 12480.

6. E. N. Jacobsen, A. Pfaltz, H. Yamamoto, Comprehensive Asymmetric Catalysis,
Volume I to III; Springer: Berlin, Heidelberg, 1999.

7. (a) B. List, Chem. Rev. 2007, 107, 5413. (b) P. Renzi, M. Bella, Chem. Commun. 2012,
48, 6881.

8. 0. G. Mancheno, M. Waser, Eur. J. Org. Chem. 2023, 26, ¢202200950.

9. (a) B. List, R. A. Lerner, C. F. Barbas, J. Am. Chem. Soc. 2000, 122, 239. (b) S.
Mukherjee, J. W. Yang, S. Hoffmann, B. List, Chem. Rev. 2007, 107, 5471.

10. (a) K. A. Ahrendt, C. J. Borths, D. W. C. MacMillan, J. Am. Chem. Soc. 2000, 122,
4243. (b) G. Lelais, D. W. C. MacMillan, Aldrichimica Acta, 2006, 39, 79.

11. T. D. Beeson, A. Mastracchio, J.-B. Hong, K. Ashton, D. W. C. Macmillan, Science,
2007, 316, 582.

12. D. Enders, O. Niemeier, A. Henseler, Chem. Rev. 2007, 107, 5606.

13. R. Breslow, J. Am. Chem. Soc. 1958, 80, 3719.

14.J. Sheehan, T. Hara, J. Org. Chem. 1974, 39, 1196.

15. D. Enders, U. Kallfass, Angew. Chem. Int. Ed. 2002, 41, 1743.

16. R. R. Knowles, E. N. Jacobsen, Proc. Natl Acad. Sci. USA 2010, 107, 20678.

17. (a) M. S. Taylor, E. N. Jacobsen, Angew. Chem. Int. Ed. 2006, 45, 1520. (b) M. Sigman,
& E. N. Jacobsen, J. Am. Chem. Soc. 1998, 120, 4901.

18. (a) U. H. Dolling, P. Davis, E. J. J. Grabowski, J. Am. Chem. Soc. 1984, 106, 446. (b)
S. Shirakawa, K Maruoka, Angew. Chem. Int. Ed. 2013, 52, 4312.

19. S. E. Reisman, A. G. Doyle, E. N. Jacobsen, J. Am. Chem. Soc. 2008, 130, 7198.

20
TH-3763_196122026



Chapter 1 | Introduction

20

21.
22.
23.

24.
25.
26.

27.

28

29.
30.

31

32.
33.
34.

35.
36.
37.

38.

39.

. (a) T. Akiyama, J. Itoh, K. Yokota, K. Fuchibe, Angew. Chem. Int. Ed. 2004, 43, 1566.
(b) D. Uraguchi, M. Terada, J. Am. Chem. Soc. 2004, 126, 5356. (c) D. Parmar, E.
Sugiono, S. Raja, M. Rueping, Chem. Rev. 2014, 114, 9047.

K. Brak, E. N. Jacobsen, Angew. Chem. Int. Ed. 2013, 52, 534.
M. S. Sigman, E. N. Jacobsen, J. Am. Chem. Soc. 1998, 120, 4901.

For a review on TADDOL, see: D. Seebach, A. K. Beck, A. Heckel, Angew. Chem.
Int. Ed. 2001, 40, 92.

H. Yamamoto, K. Futatsugi, Angew. Chem. Int. Ed. 2005, 44, 1924.
Y. Huang, A. K. Unni, A. N. Thadani, V. H. Rawal, Nature 2003, 424, 146.

A. K. Unni, N. Takenaka, H. Yamamoto, V. H. Rawal, J. Am. Chem. Soc. 2005, 127,
1336.

B. List, R. A. Lerner, C. F. Barbas, J. Am. Chem. Soc. 2000, 122, 2395.

. (a) Cinchona Alkaloids in Synthesis and Catalysis (C. E. Song, Ed.), Wiley-VCH,
Weinheim, 2009; (b) T. Marcelli, H. Hiemstra, Synthesis 2010, 1229.

T. Okino, Y. Hoashi, Y. Takemoto, J. Am. Chem. Soc. 2003, 125, 12672.

T. Azuma, Y. Kobayashi, K. Sakata, T. Sasamori, N. Tokitoh, Y. Takemoto, J. Org.
Chem. 2014, 79, 1805.

. A. Hamza, G. Schubert, T. So6s, 1. Papai, J. Am. Chem. Soc. 2006, 128, 13151.
A. Michael, J. Prakt. Chem. 1887, 35, 349.
H. Wynberg, R. Helder, Tetrahedron Lett. 1975, 16, 4057.

For a historical introduction to Friedel and Crafts, see for example, G. A. Olah, R. E.
A Dear,. In Friedel-Crafts and Related Reactions; Olah, G. A., Ed.; Wiley and Sons:
New York, 1963, p 1.

G. A. Olah, Friedel-Crafts Chemistry; Wiley and Sons: New York, 1973.
N. A. Paras, D. W. C. MacMillan, J. Am. Chem. Soc. 2001, 123, 4370.

(a) G.-S. Chen, Y.-J. Deng, L.-Z. Gong, A.-Q. Mi, X. Cui, Y.-Z. Jiang, M. C. K.; Choi,
A. S. C. Chan, Tetrahedron-Asymmetry 2001, 12, 1567—1571. (b) M. Nakoji, T.
Kanayama, T. Okino, Y. Takemoto, Org. Lett. 2001, 3, 3329—-3331.

(a) Z.-H. Shao, H.-B. Zhang, Chem. Soc. Rev. 2009, 38, 2745-2755. (b) Z. T. Du, Z.-
H. Shao, Chem. Soc. Rev. 2013, 42, 1337—1378. (c) B. A. Arndtsen, L.-Z. Gong,
Springer Nature: Cham, Switzerland, 2020. (d) L.-Z. Gong, Wiley-VCH: Weinheim,
Germany, 2021.

(a) G. M. Sammis, H. Danjo, E. N. Jacobsen, J. Am. Chem. Soc. 2004, 126, 9928—9929.

(b) B. M. Trost, X. Luan, J. Am. Chem. Soc. 2011, 133, 1706—1709. (c) A. E. Allen,
D. W. C. MacMillan, Chem. Sci. 2012, 3, 633—658.

21

TH-3763_196122026



Chapter 1 |

40.

41.
42.

43.

44,

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

D.-F. Chen, Z.-Y. Han, X.-L. Zhou, L.-Z. Gong, Acc. Chem. Res. 2014, 47,
2365-2377.

T. Ikariya, M. Shibasaki, Springer: Berlin, Heidelberg, 2011.

(a) D. R. Rae Encyclopedia of Reagents for Organic Synthesis, L. A. PaquetteJohn
Wiley & Sons, Chichester, 1995, p. 4461. (b) J. C. Lanter Encyclopedia of Reagents

for Organic Synthesis, L. A. PaquetteJohn Wiley & Sons, Chichester, 1995, p. 4469.

(c) L.-G. Wistrand Encyclopedia of Reagents for Organic Synthesis, L. A.
PaquetteJohn Wiley & Sons, Chichester, 1995, p. 4472. (d) T. H. Black, Encyclopedia
of Reagents for Organic Synthesis, L. A. PaquetteJohn Wiley & Sons, Chichester,
1995, p. 4476.

(a) M. Sawamura, H. Hamashima and Y. Ito, J. Org. Chem., 1990, 55, 5935. (b) T.
Hayashi, Y. Uozumi, Y.Yamazaki, M. Sawamura, H. Hamashima, Y. Ito, Tetrahedron
Lett., 1991, 32, 2799.

(a) M. Naodovic, H. Yamamoto, Chem. Rev. 2008, 108, 3132. (b) H. Pellissier, Chem.
Rev. 2016, 116, 14868—14917.

S.-H. Shi, F.-P. Huang, P. Zhu, Z.-W. Dong, X.-P. Hui, org lett, 2012, 14, 2010.
Y.-Y. Huang, A. Chakrabarti, N. Morita, U. Schneider, S. Kobayashi, Angew. Chem.,
Int. Ed. 2011, 50, 11121.

M. J. James, J. D. Cuthbertson, P. O’Brien, R. J. K. Taylor, W. P. Unsworth, Angew.
Chem., Int. Ed. 2015, 54, 7640—7643.

D. Hack, P. Chauhan, K. Deckers, G. N. Hermann, L. Mertens, G. Raabe, D. Enders,
Org. Lett. 2014, 16, 5188—5191.

M.-X. Zhao, D.-K. Wei, F.-H. Ji, X.-L. Zhao, M. Shi, Chem. - Asian J. 2012, 7,
2777-278]1.

F. Sladojevich, A. Trabocchi, A. Guarna, D. J. Dixon, J. Am. Chem. Soc. 2011, 133,
1710—1713.

(a) L. Ortin, D. J. Dixon, Angew. Chem., Int. Ed. 2014, 53, 3462—3465. (b) R. de la
Campa, L. Ortin, D. J. Dixon, Angew. Chem., Int. Ed. 2015, 54, 4895—4898.

J. Jiang, J. Zhou, Y. Li, C. Peng, G. He, W. Huang, G. Zhan, B. Han, Communications
Chemistry, 2023, 6, 128.

M.C. Willis, J. Chem. Soc. Perkin Trans., 1999, 1, 1765-1784.

M.D. Diaz-de-Villegas, Chem. Soc. Rev., 2011, 40, 5564-5587.

For selected recent reviews, see:a) A. Borissov, T. Q. Davies, S. R. Ellis, T. A. Fleming,
M. S. W. Richardson, D. J. Dixon, Chem. Soc. Rev. 2016, 45,5474; b) X.-P. Zeng, Z.-
Y. Cao, Y.-H. Wang, F. Zhou, J. Zhou, Chem. Rev.2016, 116, 7330; c) M. A. Horwitz,
J. S. Johnson, Eur. J. Org. Chem. 2017, 11, 1381; d) M. D. Diaz De Villegas, J. A.
Galvez, P. Etayo, R. Badorrey, P.Lopez-Ram-De-Viu, Chem. Soc. Rev. 2011, 40,

22

TH-3763_196122026



Chapter 1 | Introduction

56.
57.
58.
59.
60.

61.

62.
63.
64.
65.
66.

67.
68.
69.

5564;¢) Y. Xu, T.-Y. Zhai, Z.Xu, L.-W. Ye, Trends Chem. 2022, 4, 191; f) C. Najera,
F. Foubelo, J. M.Sansano, M. Yus, Tetrahedron 2022, 106-107, 132629.

W. Langenbeck, GZ. Physik Triem, Chem. 1936, 177, 401.

J.P. Vigneron, M. Dhaenens, A. Horeau, Tetrahedron. 1973, 29, 1055.

V. Rautenstrauch, Bull Soc Chim Fr. 1994, 131, 515.

M. A. Horwitz, J. S. Johnson, Eur. J. Org. Chem. 2017, 1381-1390.

J. Moon, S. Kim, S. Lee, H.-A. Cho, A. Kim, M. K. Ham, S. H. Kim, J. Jung, Y. Kwon,
ChemCatChem 2024, 16, ¢202400690.

T. Zhu, Y. Liu, M. Smetankova, S. Zhuo, C. Mou, H. Chai, Z. Jin, Y. R. Chi, Angew.
Chem. Int. Ed. 2019, 58, 15778.

B. Ghosh, M. S. Harariya, S. Mukherjee, Angew. Chem. Int. Ed. 2022, 61,¢202204523.
M. A. Abozeid, H. Y. Kim, K. Oh, Org. Lett. 2022, 24, 1812.

L. Zhang, J. Zhang, J. Ma, D.-J. Cheng, B. Tan, J. Am. Chem. Soc. 2017, 139, 1714.
Y. Sato, T. Nishimata, M. Mori, J. Org. Chem. 1994, 59, 6133-6135.

G. Nishida, K. Noguchi, M. Hirano, K. Tanaka, Angew. Chem., Int. Ed. 2008, 47,
3410-3413.

M. S. Manna, S. Mukherjee, J. Am. Chem. Soc. 2015, 137, 130—133.

R. Sarkar, S. Mukherjee, Org. Lett. 2016, 18, 6160—6163.

X. Xiong, T. Zheng, X. Wang, Y.-L. Steve Tse, Y.-Y. Yeung, Chem 2020, 6, 919-932.

23

TH-3763_196122026



TH-3763_196122026



TH-3763_196122026



TH-3763_196122026



Chapter 2
Structurally divergent enantioselective synthesis of
benzofuran fused azocine derivatives and spiro-cyclopen-

tanone benzofurans enabled by sequential catalysis

Abstract: An important objective in organic synthesis and medicinal chemistry is the capacity
to access structurally varied and complex molecules rapidly and affordably from easily
available starting materials. In this chapter, a protocol for the structurally divergent synthesis
of benzofuran fused azocine derivatives and spiro-cyclopentanone benzofurans has been
developed via chiral bifunctional urea catalyzed reaction between aurone-derived a,f3-
unsaturated imine and ynone followed by switchable divergent annulation reactions by Lewis
base catalysts (DBU and PPh3) with concomitant epimerization. The skeletally diversified

products were formed in high yields with high diastereo- and enantioselectivities.

27 examples
06\) upto 96% yield
) upto >20:1 dr
0‘:- An.nula_tion_ with upto 95% ee
7 epimerization

PG

\ ’
N /
I + O/\’/C) Catalyst |

o o

Catalyst 2 0 .

: +/ One chiral catalyst, two chiral products 27 examples

. H N upto 92% yield .
CF

E +/ Lewis-base controlled divergent reactions s upto 101 dr, E/Z >20:1
.+ High enantio-, diastereo- and chemoselectivity upto 95% ee

--------------------------------------------------------------------------------------------------
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Chapter 2 | Structurally Divergent Enantioselective Synthesis of Benzofuran Fused Azocine
Derivatives and Spiro-Cyclopentanone Benzofurans Enabled by Sequential Catalysis

2.1. Introduction:

In recent years, significant attention has been given to the development of concise, green
and efficient methodologies for the preparation of target molecules.! Also, for drug and probe
discovery, it is crucial to develop switchable chemo-, regio-, or diastereodivergent reactions
that allow for the production of two or more structurally and stereogenically distinct types of
chiral products from identical starting materials. Switchable divergent asymmetric synthesis
refers to selective transformations that efficiently produce two or more distinct products with
varying chemo-, regio-, or diastereoselectivity from the same starting materials under easily
adjustable conditions (Fig 1).2 In fact, synthesis of two or more structurally and
stereogenically different types of chiral products via a divergent strategy is quite attractive.
Apart from chiral metal complex-based catalysts, several organocatalytic systems have been
utilized widely, including chiral Lewis bases, chiral primary and secondary amines, chiral
Brensted bases, and chiral Brensted acids. There are four most effective methods that have
been used: cycle-specific cascade reactions, the use of organocatalysts with different

structures, different additives, or synergistic catalysis.

Diastereo Identical Structurally
divergent Starting Metarials divergent

______________________

G

Fig. 1: Divergent synthesis strategies.

The principal strategy that has been used to synthesize structurally different products
employing different chiral catalysts via different chiral intermediates.>®* On the other hand, it
is quite challenging to obtain structurally different compounds using the same chiral catalyst
and with different additives or reagents or varying reaction conditions (additive or reagent
controlled).***** Benzofuran or indole-fused eight membered rings containing a nitrogen
atom (azocines) are important structural motifs that are prevalent in many natural products
and biologically active molecules such as PKD inhibitor kb-NB96-53, balasubramide,
grandilodine A, etc.* The efficient construction of eight-membered rings in such molecular
structures is a fundamental synthetic challenge. Similarly, spiro-cyclopentane benzofuran
motifs are present in many bioactive natural products such as laurentristich-4-ol,
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spiroapplanatumine K and involucratustone B.° However, only a few catalytic asymmetric
syntheses of spiro-cyclopentanone benzofurans are known. Thus, an efficient route for the

preparation of such a motif in enantioselective fashion is highly desirable.

Intermediate A

O

Identical
starting materials

Intermediate B|—————— > Product B

B Asymmetric catalysis B Two different chiral catalysts B Two different product

Condition 1
onc » Product A

solvent controlled
@ —@—» Common temperature controlled
Intermediate additive controlled
Identical
starting materials

Product B
Condition 2

B Asymmetric catalysis B One different chiral catalysts B Two different product

Fig. 2: A. Catalyst controlled asymmetric divergent Synthesis. B. Additive controlled asymmetric
divergent Synthesis.

HO

OH
Probe for narcotic receptors (+)-Balasubramide Okaramines A
Me02(.:: OMe (o OMe
o :
[ LK =
HO v | oH MeO 0
ci Me
Laurentristich-4-ol Spiroapplanatumine K Grisovin ™

Fig. 3: Selected biologically active molecules.
2.2. Previous Study:
2.2.1. Organocatalytic asymmetric additive/solvent controlled divergent synthesis:

In 2006, Jorgensen and coworkers reported an additive-controlled divergent synthesis of
tetrahydrothiophenes using a diaryl prolinol TMS ether catalyst.® Interestingly, the authors
described a novel organocatalytic Michael-aldol domino reactions, and by selecting suitable

additives, one can influence the regioselectivity of these domino reactions. This reaction
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Chapter 2 | Structurally Divergent Enantioselective Synthesis of Benzofuran Fused Azocine
Derivatives and Spiro-Cyclopentanone Benzofurans Enabled by Sequential Catalysis

results in the formation of diastereomerically pure (tetrahydrothiophen-2-yl)phenyl
methanones using PhCOOH as base and tetrahydrothiophene carbaldehydes with NaHCOs.

In both cases, favorable yields and with outstanding enantioselectivities reach up to 96% ee.

? 0
/lH ¥ Ar)l\/SH
R

Cat. (10 mol%)
PhCO,H
toluene, -10 °C

Ar 9H$=O

upto 98% yield
upto 96% ee

Cat. (10 mol%)
NaHCO3

s” R OTMS
N Ar
H Ar
Cat., Ar = 3,5-(CF3),Ph

toluene, -10 °C

upto 92% yield
upto 84% ee

R = Aryl, Alkyl

> ° \“&R é
10y g

Scheme 1: Base controlled asymmetric divergent reaction.

In the year 2010, Feng and co-workers described a temperature-controlled cycloaddition
reaction.” The author described an enantioselective Diels—Alder (DA) reaction and inverse-
electron-demand hetero-Diels—Alder reaction with J,y-unsaturated o-ketoesters and
cyclopentadiene using chiral N,N’-dioxide—Cu(OTf), complexes as catalysts. The selectivity
of the DA and HDA adducts was enhanced by controlling the reaction temperature. DA
adducts exhibited good to high selectivity when the reaction was conducted at room
temperature, while moderate selectivity for the HDA adducts was observed at -20°C.

However, in both cases excellent ees were observed.

L-Cu(OTf), (1.5 mol%) R ,
DCM, -20 °C, 2h T H 5
upto 50% yield m ;
upto 99% ee R20,C” O 4
(o] H O N\/\/N (o)
' \ [}
S — LT
R CO,R? v Ny H-N.
L-Cu(OTf), (1.5 mol%) R Ar Ar
R = Aryl, Alkyl DCM, 25 °C, 15min H i Lt Ar=26-(i-Pr),CeH;
> /
upto 92% yield H
0, .
upto 96% ee 07 CO,R? !

Scheme 2: Temperature-controlled asymmetric DA and HAD reaction.

Then, In the year 2020, Wang and co-workers has been established a double divergent
process for the reaction between a-enaminones and quinones by easily adjusting the catalyst
and additive, resulting in structurally divergent adduct.® In this method, the incorporation of
phosphoric acid in the reaction altered the pathway, promoting the effective generation of
various N-substituted indoles in excellent yield (upto 99%). On the other hand, the

introduction of 4A molecular sieves redirected the reaction pathway, resulting in the
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enantioselective production of 2,3-dihydrobenzofurans with outstanding yields and upto 99%

enantioselectivities under mild conditions.

Cat. (10mol%) R

4A MS, DCM, -78 °C ; Oe
Q . Q ) upto 99% yield ; O\P,,O
CO.R ij/NHR upto 99% ee ' 0" “oH
+ _ '
CO,R! ' OO

HO, R
o Cat. (10mol%) :
R' = Alkyl > \ ! Cat., R=2,4,6-(i-Pr)3CgHs
R2 = Alkyl, Aryl toluene, -78 °C i E
upto 99% yield g2 O ;

Scheme 3: Additive-controlled structurally-divergent reaction.

In the year 2021, Xu and co-workers described a solvent directed structurally divergent
synthesis of B-lactams and a-amino acid derivatives.” Under isothiourea (ITU) catalysis imine
and C(1)-ammonium enolate underwent a stereospecific Mannich reaction, resulting in the
formation of zwitterionic intermediates. This intermediate underwent intramolecular
lactamization in ACN/DCM solvent yielding f-lactam derivatives in excellent yield and
enantioselectivities. Again, when ethanol was employed as the solvent, the intermediates

participated in an intermolecular esterification to give chiral a-amino acids in good yield and

enantioselctivities.
Cat. (20mol%) Boc o
iProEtN (1 equiv.) )_J( '
> ;
ACN/DCM(3:1), -50 °C  Af! /é'\ Ar? |
upto 87% yield S 0
NBoc upto >20:1 dr R . Ph
0 upto 99% ee ‘ N
A — : =N
1 COR + rz/\f : >
Ar OPfp i S
R = Alkvi Cat. (20mol%) ; Cat
= Alky iProEtN (1 equiv.) Boc—NH CO,R '
EtOH, -0 °C - S a2
) 4 = '
upto 86% yield At z CO.Et
2 )

upto >20:1 dr
upto 99% ee

Scheme 4: Solvent-controlled structurally-divergent reaction.

2.2.2. Organocatalytic achiral divergent reactions with aurone-derived a,f-unsaturated
imine:

In the year 2018, Huang and co-workers developed base-controlled divergent domino
reaction with crotonate-derived sulfur ylides and azadienes.!* In presence of 3 equiv. DABCO,

the reaction underwent to form benzofuran fused six-membered rings in excellent yield.
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Again, in presence of 3 equiv. K,COs3, the reaction afforded benzofuran fused seven-
membered rings in excellent yield. In this divergent domino reaction, crotonate-derived sulfur

ylides acts as a C2 or C3 synthon through the straightforward modification of the base.

—SMe
Ts S
\N N ,
DABCO (3 equiv,) : ( Z-ucozR
> \
Ts CHCl3, 15 °C o R,
°N ® upto 83% yield
- ©
1
° R Br K,COj3 (3 equiv,)
R" = aryl L
R? = alkyl CHClg, 15 °C

upto 93% yield
Scheme 5: Base-controlled structurally-divergent synthesis of benzofurans.

In the year 2010, Zhai and co-workers reported annulation reactions involving aurone-
derived a,B-unsaturated imines and activated terminal alkynes has afforded a diverse set of
1,4-dihydrobenzofuro[3,2-b]pyridines.!! The reaction afforded 4,5-substituted 1,4-
dihydrobenzofuro[3,2-b]pyridines in presence of triethylamine in good yield. Again, in
presence of triphenylphosphine afforded tri-substituted 1,4-dihydrobenzofuro[3,2-b]pyridines

in excellent yield.

Ts\N
2
NEt; (1.2 equiv.) @Q—COZR
4 1
DCE, rt o R
Ts_ upto 86% yield
A ||
— CO,R?2
o) R? PPh3 (1 equiv,)
DCM, rt

upto 94% yield
Scheme 6: Lewis-base controlled synthesis of diversely substituted benzofuro pyridines.
2.2.3. Selected example of synthesis of Azocine and spiro-benzofuran derivatives:

In the year 2017, Ullah and Lu unveiled a phosphine-catalyzed, enantioselective formal
[4+4] annulation method for synthesizing eight-membered ring structures.'? Utilizing amino-
acid-derived phosphines catalyst, the formal [4+4] annulations between aurone-derived a,3-
unsaturated imines and allene ketones occurred smoothly, resulting in a diverse array of
benzofuran- or indole-fused azocines with high yields and outstanding enantioselectivities
within 12h.
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(o) E OTBDPS
Ar?:
LN G PPh;
. (o) NH
s cat (10 moi%) \ 5 T
R*—- P ' TBSO N CF;
0 toluene 12h 0O Ar ; H

R =aryl upto 97% yield : cat.
R2=-Ts, -Ns upto 98% ee ' CF;

R* = -Me, -Et
Scheme 7: Chiral phosphine catalyzed synthesis of azocines.

In the year 2020, Liu and Li reported an efficient method to synthesize spiro-indanones
under bifunctional catalysis.!*> The authors described the reaction of spiro-annulation
involving 2-(tosylmethyl)phenols and a-thiocyanato indanones is catalyzed by quinine-
derived squramide catalyst. Under an optimized condition, 2-(tosyl methyl)phenols produce
an intermediate o-quinonemethide. The intermediate underwent asymmetric 1,4-addition with
a-thiocyanato indanones, followed by a spiro-cyclization, to obtain spiro-benzofuran

compounds in high diastereoselectivity, outstanding yield, and enantioselectivities.

OH Ts o cat. (10mol%)
K>COj3 (3 equiv.
Z DCE, H,0O( 3eqU|v

rt, 48 h

upto 92% yield '
upto >20:1 dr, upto 96% ee . cat. 0

Scheme 8: Chiral bifunctional-catalyzed synthesis of spiro-benzofurans.

In the year 2019, Wang and co-workers presented an approach for the construction of highly
diastereo- and enantioselective spiro-2,3-dihydrobenzofurans. Under bifunctional
phosphonium salt catalysis ortho-quinone methides and a-bromoketones underwent [4+1]
cycloaddition reactions to afford spiro-benzofuran derivatives in high yield and excellent

diastreo-, enantioselectivities.

, ©
' Br
1 ® CF
R! ' 3
J Q cat. (5-10 mol%) R' o ; Y\th
<0:d . r\HJ\Rz Cs,CO5(4 equiv.) - ©\/>\‘\U\R2 O~ _NH
Xn-..’ g b CF
° o " DCM, -20 °C, 48 h 0 (X 3
upto 90% yield : FsC CF,

upto >20:1 dr, upto 96% ee

Scheme 9: Chiral Phosphine catalyzed synthesis of Spiro-benzofurans.
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In the year 2019, Banerjee and co-workers reported that a formal [3 + 2] cycloaddition
reaction catalyzed by Mgl takes place between donor-acceptor cyclopropanes and azadienes
which felicitate spiro-benzofuran derivatives under mild condition. Under this condition, the

reaction affords the chemoselective product in good yield.

R?0,S
R20,S, N R
N R*0,C 4
/ 2 COZR Mg|2
R3_| A + _—)
; —
Z~0 R!' Ar DCM, rt
R'=aryl upto 69% yield
RZ = -Ts, -Ns
R* = -Me, -Et

Scheme 10: Mgl,-catalyzed Synthesis of spiro-benzofuran.

2.3. Objective:

In the current work, we describe a unique divergent process by sequential catalysis'® where
the first step uses a bifunctional catalyst and in the second step, the chiral intermediate
participates in Lewis base controlled divergent annulation reactions. This method presents
organocatalytic cycle-varying cascade. We envisioned that a benzofuran/indole-derived
nitrogen-containing electrophilic partner such as aurone derived a,p-unsaturated imine'” could
be coupled with alkynyl ketones'® to deliver azocines and spiro-cyclopentanone benzofurans.
We speculated that such a motif can be generated by reacting only the C=C of aurone-derived
a,B-unsaturated imine. Herein, we would like to disclose our extensive explorations on these

1SSues.

Scheme 11: Objective of the reaction.
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2.4. Results and discussion:
2.4.1. Catalyst, solvent and temperature optimization for synthesis of azocine:

The initial experiment involved performing the reaction between N-sulfonyl 1-azadiene 1a
and ynone 2a with bifunctional urea catalyst I in toluene at room temperature (Table 1, entry
1). A smooth conversion was observed in 12 hours to provide intermediate A with 1.7:1 dr,
which after short column chromatography was treated with DBU. This resulted in an
annulation reaction with concomitant epimerization'” for the formation of thermodynamically
stable trans benzofuran fused azocine derivative 3a with 88% yield, >20:1 dr and 84% ee.
Interestingly, Takemoto catalyst II with a thiourea motif afforded 3a with much less
enantioselectivity (Table 1, entry 2). A good enantioselectivity of 80% was detected with #-
leucine derived bifunctional urea catalyst III but thiourea derivative IV was not effective
(Table 1, entries 3—4). Then we screened #-leucine derived bifunctional squaramide catalyst V
in the reaction and moderate enantioselectivity was obtained (Table 1, entry 5). Then we
turned our attention to employ cinchona alkaloid derived bifunctional urea and thiourea
catalysts and this proved to be effective.?’ Cinchonidine derived bifunctional urea catalyst VI
promoted the reaction with 90% yield and 88% ee was observed (Table 1, entry 6). Thiourea
derivative VII was not effective (Table 1, entry 7). Similar trends of enantioselectivities were
observed with quinine derived bifunctional urea and thiourea catalysts VIII and IX (Table 1,

entries 8-9). Bifunctional squaramide catalyst X also was not suitable for the reaction (Table

1, entry 10).
Ph
Ts =
N pn  1-cat(10mol%) ‘NH\\
// solvent, rt, 12h lo)
+ Ph = \
o  Ph o 2. DBU (20 mol%) (o] Ph
CH,Cl, tt, 3h AtTadr 0N
1a 2a
CF CF
CF; 3 o o 3
Q40 O WA
N N
FiC NJ\N‘ NN CF, ~N N CF
H H H H H
NMe,
X=0,1 X=0,1 v
X=8,1 X=8S, IV
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Table 1. Optimization of catalysts for chiral azocine:

Entry? Catalyst Solvent  Yield(3a)? d.r(3a)° ee(3a)!
1 I toluene 88% >20:1 84%
2 I toluene 57% >20:1 33%
3 11 toluene 89% >20:1 80%
4 v toluene 90% >20:1 5%
5 \% toluene 90% >20:1 67%
6 VI toluene 90% >20:1 88%
7 \%11 toluene 30% >20:1 12%
8 VIII toluene 92% >20:1 77%
9 IX toluene 55% >20:1 47%
10 X toluene <5% n.d. n.d.
11 VI mesitylen 91% >20:1 82%
12 VI o-xylene 77% >20:1 82%
13 VI DCM 89% >20:1 79%
14 VI DCE 88% >20:1 83%
15 VI MTBE 89% >20:1 76%

16° VI toluene 88% >20:1 88%
17f A toluene 91% >20:1 92%
188 VI toluene <5% n.d. n.d.

aReactions were carried out with 0.1 mmol of 1a with 0.11 mmol of 2a in 1 ml solvent at rt. Then, the isolated
intermediate A was treated with DBU (0.02 mmol) in DCM (1 mL) at rt for 3 h.  Isolated yield after silica
gel column chromatography. ¢ Determined by '"H NMR. ¢ Determined by chiral HPLC. ¢ Reaction was run at
0 °C. fReaction was run at -10 °C and for 2d. ¢ Reaction was run at -20 °C for 72 hr.

Then we focused on the solvent optimization with catalyst VI (Table 1, entries 11-15).
Slightly lower enantioselectivities were found in mesitylene and o-xylene solvents. However,
no improvement was observed in DCM, DCE or MTBE solvents. Then the reaction was run
in toluene at lower temperatures (Table 1, entries 16—17). Though the enantioselectivity did
not change at 0 °C, the enantioselectivity improved to 92% ee after running the reaction at
—10 °C for 2 days. Further lowering of temperature to -20 °C did not gave the desired product.

Under the optimal conditions, the diastereomeric ratio of intermediate A was found to be 1.7:1
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and the enantioselectivities of the major and minor diastereomers were 92% and 88% ees,
respectively. A one-pot reaction was also performed but the product 3a was obtained in lower

enantioselectivity (90% yield and 83% ee).

2.4.2. Scope for the synthesis of azocines:

r 1. cat. VI (10 mol%)

PG
“N A
N = toluene. -10 °C, 2d
R_: + Ar
~3  ar o 2. DBU (20 mol%)
1

CH,Cl,, tt, 2-3h

b VVariation of Azadienc REEEEEELREEELELERELETYS ELTEEE "RELEE BEELE L8 RERRl I Al e LR LR L L L L LR L L DL LR LR LR R R T
: Ph 5

Vs /m
|

3 5

&

=

o
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|

3 o
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: rou| ' '
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' : 0 I

Me OMe F Me
"O 3p 3q 3r 3s
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A 92%, 89% ee 89%, 94% ee 88%,89% ee  91%, 92% ee 89%, 92% ee
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......................... T ! I e

Scheme 12: Scope of chiral azocines.

After finalizing the optimal reaction conditions, we set out to determine the substrate range
for this new [4 + 4] annulation. Initially, the scope of azadiene 1 was checked and gratifyingly
good results were obtained. As shown in Scheme 12, high to excellent enantioselectivities and
good to high yields were obtained for a variety of azadienes with substitutions in the ortho,
meta, and para positions of the phenyl group. 4-Methyl and 4- methoxy substituted azadienes
1b and 1d provided products 3b and 3d in 87% and 89% ees, respectively. Slightly lower
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enantioselectivity was detected for product 3¢ having 4-z-butyl substitution. Halo substitutions
were also tolerated and high enantioselectivities were observed for products 3e and 3f having
4-fluoro and 4-bromo substitutions, respectively. A smooth conversion was also detected for
compound 2g having 4-CF; substitution and the desired product 3g was isolated in 92% yield
with 89% ee. The reaction outcome did not change with meta-substituted aryl group
containing azadienes 1h and 1i, and high enantioselectivities were attained for products 3h
and 3i. 2-Naphthyl containing azadiene 1j also participated in the reaction to deliver product
3j in 95% ee. Finally, 2-thienyl containing azadiene 1k was engaged in the reaction and a
good result was obtained for product 3k. Then substitutions in the benzofuran motif were
examined, and pleasingly, methoxy- and bromo-substituted azadienes 11 and 1m reacted
smoothly to provide products 31 and 3m, respectively, in 93% ee. Other groups, such as N-Ns
and N-SO;Me groups, could be used in place of the N-Ts group; and high enantioselectivities
were found for 3n and 30. Then the scope of ynone 2 was examined and encouragingly
positive outcomes were found. Initially the aryl group close to the carbonyl group was varied.
Here also, different substitutions at the ortho-, meta- and para-positions were tolerated and
excellent enantioselectivities were detected for the products 3p—3t. High enantioselectivity
was detected for compound 3u having a 3.,4-disubstituted aryl group. The reaction outcome
did not change with 2-naphthyl substitution and product 3v was isolated in 92% yield with
91% ee. Then the substitutions on the aryl group attached to the triple bond in 2 were checked.
To our delight, good results were observed for products 3w—3y having different para-
substituted aryl groups. Slightly lower enantioselectivities were detected for products 3z and

3z’ having ortho- and meta-substitutions, respectively.
2.4.3. Scope for the synthesis of spiro-cyclopentanone benzofurans:

Next, the chiral intermediate A (dr = 1.7:1) formed from the reaction of 1a and 2a was
treated with 20 mol% triphenylphosphine in CH>Cl. To our delight, after stirring for 12 hours,
spiro-cyclopentanone benzofuran 4a with a stereogenic quaternary centre was isolated in 90%
yield with 7:1 dr and 92% ee (Scheme 13). Here also epimerization was observed. A one-pot
reaction was also performed but spiro-benzofuran 4a was isolated in 83% yield with 77% ee.
The minor diastereomer originates from the creation of a stereogenic quaternary centre. Then
a variety of azadienes 1 were examined under sequential conditions, and encouragingly
positive results were found. When several para-substitutions were first tested, the results for
products 4b—4g were pleasingly high in terms of diastereoselectivities and excellent in terms
of enantioselectivities (Scheme 13). The outcome did not change with meta-substitutions and
the products 4h and 4i were obtained in 92% and 91% ees, respectively. Naphthyl and thienyl

substitutions were also tolerated and good results were detected for products 4j and 4k. Then,
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the benzofuran motif's substitutions were looked at, and it was pleasing to see that the
methoxy- and bromo-substituted azadienes 11 and 1m reacted smoothly to produce products
41 and 4m in 93% ee. Next, other imine protective groups were examined, and it was
discovered that N-Ns and N-SO>Me groups containing azadienes produced positive results
for the products 4n—40. Then the scope of ynone 2

PG 1. cat. VI (10 mol%) Ar
N PG.
N = Ar toluene. -10 °C, 2 d ‘N \ o
72
R A + Ar/\'/ - R'@O\
L Ag ar o 2. PPhg (20 mol%) “Ing
CHCly, rt, 12 h Ar
1 2 4
: : Bu : Me : OMe : Br MeO
4a, 90% 4b, 83%, 4c, 85% 4d, 88%, 4e, 90%,
7:1dr, 92% ee 6:1dr,86%ee  5:1dr,87%ee 7:1dr,89%ee 7:1dr, 90% ee 41, 89, 8:1dr, 93% ee
=
@\ S /
4f, 93%, 4g, 85%, 4h, 90%, 4i, 92%, 4j, 89%, 4k, 87%, 4m, 91%, 7:1 dr, 93% ee
5:1dr, 91% ee 7:1dr, 90% ee 6:1 dr 92% ee 6:1dr, 91% ee 5:1dr, 93% ee 5:1dr, 85% ee ' '
ol ‘o, ado B
Me OMe Me
4p, 91%, 4q, 93%, 4r, 90%, 4s, 91%, 4t, 89%,

10:1dr, 89% ee  10:1dr, 90% ee 7:1dr, 91% ee 6:1dr, 92% ee 7:1 dr, 92% ee !

4n, 90%, 8:1 dr, 88% ee E

5’"@6”*
OMe

e : 4w, 93% 4x, 92% 4y, 93%
71 dr 95%ee w, 93%, X, 92%, , 93%,
;f . Ph 6:1dr, 91% ee  5:1dr, 89% ee 8:1 dr, 86% ee
m//
40,83%, 8:1dr, 89% ee | 4v, 92%, ,
6:1dr, 91% ee ! 4z, 83%, 42", 86%,
: 9:1dr, 83% ee 6:1dr, 83% ee

_______________________________________________________________________________________________________________________________________________________

Scheme 13: Scope of chiral spiro-cyclopentanone benzofurans.

was checked and here also excellent results were found with different aryl group variations
incorporated at the a-position of the carbonyl group of 2. In fact, 89-92% ees were observed
for products 4p—4v. Then different substitutions on the aryl group attached to the triple bond
in 2 were checked and excellent results were achieved for products 4w—4y having different
para-substitutions. The enantioselectivities slightly dropped with ortho- and meta-
substitutions (both 4z and 4z’ in 83% ee).
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2.5. Determination of absolute configurations:

The absolute configuration of 3f and 4k was determined by single crystal X-ray
crystallography. The absolute configuration of compound 3f was determined to be (55, 6S5).
Thus, other azocine derivatives 3 are expected to have same configuration. Similarly, the
absolute configuration of 4k was found to be (4'S, 5'S). Thus, other benzofurans 4 will have

same configuration.

! y 4k
Scheme 14: ORTEP diagram of 3f and 4k with thermal ellipsoid probability 36%.
2.6. Synthetic transformation:

Then, azocine 3a was subjected to a variety of organic transformations to further
demonstrate the usefulness of our technique (Scheme 15). Initially, 3a was treated with
sodium borohydride and cerous chloride to provide 5 with an alcohol group in high
diastereoselectivity and the enantioselectivity was almost retained. Then a chlorination
reaction was performed with trichloroisocyanuric acid (TCCA). This resulted in the formation
of 6 in 99% yield and both diastereo- and enantioselectivity were unchanged. Then, allylation
of 3a was carried out with allyl magnesium bromide in THF. To our delight, the reaction
proceeded smoothly to provide compound 7 as a single diastereomer with high
enantioselectivity. Finally, deprotection of the N-tosyl group was performed and product 8

was formed without erosion in enantioselectivity.

Cl _CI
NN
NaBH, O)\N/KO
CeCl; 7H,0 e
MeOH/DCM, | | DCM, rt, 15min
rt, 2h Ph
(o]
“Ph
Ph
3a, >20:1dr, 92% ee
Na/Napthalene | | A~\.MgBr
8 THF, -78 °C, 20min THF, rt, 1h
77%, >20:1 dr, 92% ee 87%, >20:1 dr, 90% ee

Scheme 15: Synthetic transformation of 3a.
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2.7. Mechanism:
2.7.1. Control experiment:

To get insight of the mechanism, we carried out deuteration experiments with the
intermediate A (Scheme 6). At first, A (1.7:1 dr) was treated with DBU (20 mol%) and
D>0 (20 equiv) in CH2Clz at room temperature. 'H nuclear magnetic resonance (NMR)
analysis of 3a revealed 85% deuterium incorporation at the C3- position and 75%
deuterium incorporation at the C5-position. When 3a was stirred under similar
conditions, no H/D exchange was detected. Similarly, deuteration reaction was
performed with intermediate A, PPh3; (20 mol%) and D20 (20 equiv) and in fact 80%
deuterium incorporation was found at the olefin carbon and 64% deuterium
incorporation was detected at the C4'-position of 4a. No H/D exchange was noticed
when 4a was agitated in the same manner. This suggests, in both cases C2-center of A
underwent an epimerization to deliver the sterecoisomers in favour of the

thermodynamically more stable trans-isomer.

(\ Ph
80%

1P HID s, N\
°'N o PPhs (20 mol%) bl o DBU (20 mol%)
-~ \ -
©‘/0 —=H[D D50 (20 equiv.) o) Ph D20 (20 equiv.)
il HPh CH,Cly, 1t Ph CH,Cl, rt
64%
D,-4a, dr = 7:1 d A, dr=1.7:1
under same under same
conditions conditions

no H/D exchange
in 3a

no H/D exchange 4a 3a
in 4a
Scheme 16: Deuterium exchange experiment.

2.7.2. Proposed enantio-determining step:

Ts, Ts
N P \NH\\
+ Ph/\[/ cat VI o
- . + \
o Pn 0 Ph o
1a 2a Adr=171 M

92% ee for major isomer
90% ee for minor isomer

Re face attack
to azadiene

Scheme 17: Proposed transition state.
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Based on the absolute configurations of 3f and 4k, we hypothesized that a favorable 1,4-
Michael addition occurred at the Re-face of the 1-azadiene, resulting in intermediate A with a
diastereomeric ratio of 1.7:1. This advantageous attack yielded intermediate A with 92% ee
for the major isomer and 90% ee for the minor isomer. These findings were supported by

theoretical calculations.

2.7.3. Proposed Mechanism for synthesis of azocine derivatives:

Ph

Ts
e\
\ (o]
(0]
.. Ph Ph
N A
N
B Ts\
DBU
elemination \
Ph Ph
14addlt\lx
chemoselective DBU-cat?Iyzed
N-center addition reaction
®
RRAS W
pn Ph

°N

(S;R)-I

A tautomerization and

" (S,S)-1

Ph
thermelly stable tautomerization T
(S,R)-IV S\ @
Ph
N

epimerization W
)/ —oH - Ph

Ph
(S,R)-I

Ph and

m (S,S)-1l

Scheme 18: Proposed catalytic cycle for azocine formation.

Based on the control experiment, we propose that DBU initially undergoes a 1,4-addition
reaction with the diastereomers (S,R)-A and (S,5)-A, resulting in the formation of intermediate
II through keto—enol tautomerization. Following this, the intermediates (S,R)-II and (S.,S)-11
undergo epimerization to yield a standard intermediate III. This intermediate III subsequently
tautomerizes to form the thermally stable (S,R)-IV. This step promotes the generation of
compound 3a with high diastereoselectivity. Finally, the pathway leading to the formation of

the eight-membered cyclized azocine derivative 3a involves a stepwise intramolecular
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nucleophilic attack by the nitrogen center on the electrophilic B-sp? carbon center, resulting in
the release of DBU.

2.7.4. Proposed Mechanism for synthesis of spiro-benzofuran derivatives:

[o}
) =—pn
O
Ph Ph
PPhs : PPh,
Ts,
N-H.,
elemination Q
=
o N ——Ph
Ph Ph
1,4-addition
chemoselective PPh;-catalyzed
C-center addition/ reaction Ts
‘N—H.,,O
®
—@ = %—PPh3 \ |/ Ph
0 €]
ph Ph
(S,R)-1
tautomerization and
(S,9)-
Ph
thermelly stable
(S,R)-IV Ts, @
/ , W
epimerization
He———— i Ph (S,R)-ll
and
(S,S)-ll

Scheme 19: Proposed catalytic cycle for spiro-cyclopentanone benzofuran formation.

In the PPhs-catalyzed reaction, PPh; first undergoes a 1,4-addition reaction with the
diastereomers (S,R)-I and (S,S)-I, leading to the formation of intermediate II through
tautomerization. The intermediates (S,R)-II and (S,S)-II then undergo epimerization to yield
a standard intermediate III. This intermediate III subsequently tautomerizes to form the
thermally stable compound (S,R)-IV. This process enhances the generation of compound 4a
with high diastereoselectivity. Ultimately, the delocalization of the anionic electrons from the
nitrogen atom to the C1 atom creates an intrinsic nucleophilic center next to the oxygen in the
furan ring. This alteration facilitates an intramolecular nucleophilic umpolung attack on the
a-sp® carbon center, resulting in the formation of a chiral spiro intermediate V through proton
transfer. Following this, elimination of PPhs leads to the generation of the five-membered

chiral spiro compound 4a.
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2.8. Conclusion:

We have developed a divergent pathway for the catalytic asymmetric synthesis of skeletally
different benzofuran fused azocine derivatives and spiro-cyclopentanone benzofurans. The
methodology involves sequential catalysis of chiral bifunctional urea catalysed reaction
between aurone-derived a,f-unsaturated imine and ynone followed by Lewis base catalyzed
divergent annulation reactions. In both cases, epimerization leads to high diastereoselctivity.
Few synthetic transformations have also been performed. Given the significant medicinal
value of azocines and spiro-cyclopentanone benzofurans, the pharmaceutical sector may find

our procedure valuable.

2.9. Experimental Section:
2.9.1. General Information:

All dry solvents were dried using activated 4A molecular sieves and stored under argon.
For thin layer chromatography (TLC), silica gel plates with fluorescence indicator 254 nm
were used and compounds were visualized by irradiation with UV light and/or by L. Celite®
512 medium was used for filtrations. Flash column chromatography was performed using 100-
200 or 230-400 mesh silica gel. Petroleum ether and ethyl acetate for flash chromatography
were acquired from commercial sources and were used without purification. NMR spectra
were acquired on a Bruker 400 MHz, 500 MHz and 600 MHz spectrometer. Chemical shifts
() are reported in ppm relative to residual solvent signals (CDCls, 7.26 ppm for 'H NMR and
77.23 ppm for *C NMR respectively. 1*C spectra were acquired on a broad band decoupled
mode. For 'H-NMR, data are reported as follows: chemical shift, multiplicity (s = singlet, d =
doublet, dd = double doublet, ddd = doublet of doublet of doublets, t = triplet, q = quartet, dt
= doublet of triplets, m = multiplet), coupling constants (Hz) and integration. Using ESI mode
HRMS spectra were recorded. Enantiomeric ratios were determined by HPLC analysis

performed on Chiral Columns using a Daicel Chiralpak IA, ID and IE Column.

2.9.2. General Procedure for synthesis of 1-azadiene:

The derivatives of azadiene were synthesized following reported literature procedure.?!
2.9.3. General Procedure for synthesis of ynone:

The derivatives of ynone were synthesized following reported literature procedure.??
2.9.4. General Procedure for synthesis of various catalyst:

All the catalysts were synthesized according to the reported literature procedure.??

2.9.5. General Procedure for the Synthesis of chiral azocines derivatives:
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To a stirred solution of 1-azadienes 1a (0.1 mmol) and ynones 2a (0.11 mmol) in dry
toluene (1 mL) at -10 “C, were added catalyst VI 10 mol%, and the reaction was allowed to
run at the same temperature for 2 days. After full consumption of starting materials, solvents
were evaporated and the reaction mixture was subjected to a short column chromatography
(petroleum ether : ethyl acetate = 95:5) to afford intermediate A. Then the intermediate A
dissolved in 1ml DCM, and DBU (20 mol%) was added subsequently. The reaction mixture
was stirred at room temperature until the complete conversion of intermediate A was detected.
The solvents were removed under reduced pressure and purified by flash column

chromatography (petroleum ether : ethyl acetate = 95:5) to give azocines (3a-z’).
2.9.6. General Procedure for the Synthesis of chiral Spiro-Cyclopentane Benzofurans:

To a stirred solution of 1-azadienes 1a (0.1 mmol) and freshly prepared ynones 2a (0.11
mmol) in toluene solvent (1 mL) at -10 °C, were added 10 mol% catalyst VI. The reaction
was allowed to run in the same temperature for 2 days. After full consumption of starting
materials, solvents were evaporated and the reaction mixture was subjected to a short column
chromatography (petroleum ether : ethyl acetate = 90:10) to afford intermediate A. Then the
intermediate A dissolved in Iml DCM, and PPhs; (20 mol%) was added subsequently. The
reaction mixture was stirred at room temperature until the complete conversion of
intermediate was detected. The solvents were removed under reduced pressure and purified
by flash column chromatography (petroleum ether : ethyl acetate = 95:5 to 90:10) to give
Spiro-Cyclopentane Benzofurans (4a-z’).

2.9.7. Procedure for the synthesis of compound S:

In an oven dried 10 mL round-bottom flask, 3a (59.5 mg, 0.1 mmol, 1.0 equiv) was taken
along with 1.5 mL of MeOH and 1.5 mL of DCM. The resulting solution was cooled to 0 °C
using an ice-bath, followed by portion-wise addition of CeCl3.7H20 (73.9mg, 0.3 mmol, 3
equiv) and NaBH4 (18.9 mg, 0.5 mmol, 5 equiv) separately. The resulting mixture was stirred
at 0 °C. After complete consumption of 3a, H,O (5 mL) was added dropwise. The resulting
mixture was diluted with 5 mL of DCM. The organic layer was separated, and the aqueous
layer was extracted with DCM (3 x 5 mL). Combined organic layer was washed with brine (3
x 5 mL), dried over anhydrous Na>SO4 and concentrated under reduced pressure. The residue
was purified by flash column chromatography (petroleum ether : ethyl acetate = 95:5) to give
product 5.

2.9.8. Procedure for the synthesis of compound 6:

In an oven dried 5ml vial, 3a (59.5 mg, 0.1 mmol) was taken in 0.5 ml DCM. In that
resulting solution, trichloroisocyanuric acid (TCCA) (23.2 mg, 0.1 mmol) was added and
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stirred at room temperature until 3a fully consumed. At the end of the reaction, the solvent
was removed in vacuo. The residue was purified by flash column chromatography (petroleum

ether : ethyl acetate = 95:5) to give product 6.
2.9.9. Procedure for the synthesis of compound 7:

In an oven dried 10 mL round-bottom flask, 3a (59.5 mg, 0.1 mmol, 1.0 equiv) was taken
in 1.5 mL dry THF under argon atmosphere. The resulting solution was cooled to 0 °C using
ice-bath, followed by dropwise addition of allyl magnesium bromide (1 M in Et>O; 0.60 mL,
0.60 mmol, 4.0 equiv) over 5 minutes. The resulting mixture was allowed to attain ambient
temperature. After complete consumption of 3a, sat. aqueous NH4Cl (3 mL) was added. The
resulting mixture was dilute with EtOAc (5 mL). The organic layer was separated, and the
aqueous layer was extracted with EtOAc (3 x 5 mL). Combined organic layer was washed
with brine (2 x 5 mL), dried over anhydrous Na>SO4 and concentrated under reduced pressure.
Purification by flash column chromatography (petroleum ether : ethyl acetate = 95:5) afforded
7.

2.9.10. Procedure for the synthesis of compound 8:

To a solution of Napthalene(76.8mg, 0.6mmol, 6eqiv.) in 2ml THF was added
sodium(13.6mg, 06mmol, 6equiv.) at room temperature under argon atmosphere. The
colourless solution was stirred until becomes dark-green solution. After that, this solution was
added over a solution of 3a (59.5mg, 0.1mmol, lequiv.) in 1ml THF at -78 °C for 10 min. The
reaction mixture was stirred at the same temperature for 20 min. After, consumption of 3a,
sat. aq. NH4Cl (3ml) was added. The mixture was diluted with EtOAc (5ml). The organic
layer was separated, and the aqueous layer was extracted with EtOAc (3 x 5 mL). Combined
organic layer was washed with brine (2 X 5 mL), dried over anhydrous Na>,SO4 and
concentrated under reduced pressure. Purification by flash column chromatography
(petroleum ether : ethyl acetate = 90:15) afforded 8.

2.10. Single crystal X-ray diffraction analysis:
The compound 3f was dissolved in minimum amount of hot n-hexane/ethyl acetate (3:1)
and kept the solution at room temperature for 4 days to give block like crystal. The

crystallographic refinement parameters are given below:

CCDC 2235079

Bond precision: C-C =0.0068 A Wavelength = 0.71073

Cell: a=8.8558(7)A  b=17.2619(11) A c=10.4540(8) A
a=90° B=91.877° vy =90°

Temperature: 296 K
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Volume (A%) 1597.2(2)
Space group P21
Crystal system Monoclinic
Moiety formula C3sHosBrNO4S
Formula Weight 674.58
Density (g cm™) 1.403
Z 2
Absorption coefficient, 1 (mm™) 1.394
F000 692.0
Index ranges -10£h<10,-20<k 20,-12<1< 12
Independent reflections 5612
Tomin, Tmax 0.647,0.696
Tomin' 0.634
Data completeness 1.93/1.00
@ range for data collection 1.949 to 24.996°
Final R indexes [I > 20 (1)] R1=10.0321, ®R> = 0.0658
Final R indexes [all data] R1=0.0444, ®R> = 0.0710
Goodness-of-fit on 2 1.041
Data/restraints/parameters 5612/1/407
Flack parameter 0.023
3 Progiz 50

Temp = 296

55

- (200122)

™ PLATON-Feb 18 07:10:18 2022

-156 RKTR380BU_SCP_OmaP 21 R = 0.03 RES= 0 123 X
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The compound 4k was dissolved in minimum amount of hexane/chloroform (3:1) and kept
the solution at room temperature for 7 days to give block like crystal. The crystallographic

refinement parameters are given below:

CCDC 2235267
Bond precision: C-C =0.0093 A Wavelength = 0.71073
Cell: z: 10.022(4) b=11.611(5) A c=30.123(13) A
a=90° B=90° vy =90°
Temperature: 296 K
Volume (A%) 3505(3)
Space group P212121
Crystal system Orthorhombic
Moiety formula C36H27NO4S>
Formula Weight 721.07
Density (g cm™) 1.366
Z 4
Absorption coefficient,  (mm™) 0.421
F000 1488.0
Index ranges -11<h<11,-13<k13,-35<51<35
Independent reflections 6128
Tomin, Tmax 0.922, 0.959
Tonin' 0912
Data completeness 1.76/0.99
@ range for data collection 1.35 to 25.00°
Final R indexes [1 > 20 (I)] R1=0.0770, ®R> = 0.2148
Final R indexes [all data] R1=0.0935, ®R> = 0.2402
Goodness-of-fit on F> 1.008
Data/restraints/parameters 6128/0/425
Flack parameter 0.05
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41 Y

™ PLATON-Moy 13 14:40:06 2022 - (90522)

37 rk-38-pph3-r_a P2(1J2(112(1)R = 0.08 RES= 0 -38 X

2.11. Characterization of the products:

Y (55,65,2)-2,5,6-triphenyl-1-tosyl-5,6-dihydrobenzofuro[3,2-
blazocin-4(1H)-one(3a): White solid, 55.4 mg, 93% yield, >20:1 dr,
92% ee; Ry = 0.5 (petroleum ether/ethyl acetate = 95:5)

'"H NMR (400 MHz, Chloroform-d) § 7.58 (d, J= 7.3 Hz, 2H), 7.55 —
7.52 (m, 3H), 7.50 (s, 1H), 7.48 — 7.43 (m, 1H), 7.38 (d, J = 8.2 Hz,
/ 1H), 7.33 (t, J=17.6 Hz, 2H), 7.29 — 7.23 (m, 2H), 7.21 (d, /= 7.8 Hz,
2H), 7.17 -7.13 (m, 5H), 7.09 (d, J= 7.3 Hz, 1H), 7.07 — 7.03 (m, 3H), 6.05 (d, /=13.1 Hz,
1H), 5.92 (s, 1H), 4.88 (d, J= 13.1 Hz, 1H), 2.42 (s, 3H)."3C NMR (126 MHz, Chloroform-
d) 0201.13, 158.44, 154.88, 152.64, 144.85, 137.64, 136.98, 136.57, 136.21, 130.36, 130.22,
130.04, 129.95, 129.35, 129.11, 128.53, 128.35, 128.26, 127.51, 127.34, 126.88, 126.26,
125.31, 123.23, 120.54, 119.29, 112.24, 54.23, 49.51, 21.85. HRMS (ESI'*) m/z: [M+H]"
calculated for C3gH29NO4S: 596.1890, found: 596.1893; HPLC: The enantiomeric excess was
determined using CHIRALPAK ID column (n-Hexane/ i-PrOH=90:10, flow rate=1.0

mL/min, A= 220 nm, Tmajor = 22.6 mMin, Tminor = 36.0 min).

(5S5,6S5,2)-2,5-diphenyl-6-(p-tolyl)-1-tosyl-5,6-dihydrobenzofuro
[3,2-b]azocin-4(1H)-one (3b): White solid, 54.2 mg, 89% yield,
>20:1 dr, 87% ee; Rr= 0.5 (petroleum ether/ethyl acetate = 95:5. MHz,
Chloroform-d) 6 7.54 (t, J= 8.0 Hz, 4H), 7.49 — 7.44 (m, 3H), 7.38 (d,
J=28.3 Hz, 1H), 7.34 (t, J= 7.6 Hz, 2H), 7.28 — 7.23 (m, 4H), 7.18 —
7.13 (m, 4H), 7.06 — 7.04 (m, 3H), 6.99 (d, /= 7.8 Hz, 2H), 6.07 (d, J
=13.1 Hz, 1H), 5.92 (s, 1H), 4.88 (d, J = 13.1 Hz, 1H), 2.42 (s, 3H),
2.20 (s, 3H). 13C NMR (126 MHz, Chloroform-d) ¢ 201.24, 158.69,
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154.89, 152.59, 144.80, 136.98, 136.83, 136.53, 136.33, 134.49, 130.33, 130.18, 129.93,
129.84, 129.32, 129.10, 129.07, 128.51, 128.26, 127.46, 126.79, 126.27, 125.21, 123.18,
120.34, 119.21, 112.23, 54.22, 48.93, 21.84, 21.26. HRMS (ESI") m/z: [M+Na]" calculated
for CssH2oNO4S: 632.1866, found: 632.1853; HPLC: The enantiomeric excess was
determined using CHIRALPAK ID column (n-Hexane/ i-PrOH =90:10, flow rate=1.0

mL/min, A= 254 nm, Tmajor = 23.0 min, Tminor = 29.4 min).

(5S,68,2)-6-(4-(tert-butyl)phenyl)-2,5-diphenyl-1-tosyl-5,6-
dihydrobenzofuro[3,2-b]azocin-4(1H)-one: White solid, 60.9 mg,
90% yield, >20:1 dr, 85% ee; Rr= 0.5 (petroleum ether/ethyl acetate
= 95:5). 'H NMR (500 MHz, Chloroform-d) 6 7.54 — 7.49 (m, 4H),
7.47-7.43 (m, 3H), 7.39 (d, /= 8.2 Hz, 1H), 7.33 (t, /= 7.6 Hz, 2H),
7.25-7.24 (m, 2H), 7.22 (t,J=7.5 Hz, 2H), 7.18 — 7.13 (m, 6H), 7.05
L tBu ] (t,J=9.2 Hz, 3H), 6.02 (d, J = 13.1 Hz, 1H), 5.90 (s, 1H), 4.86 (d, J
= 13.2 Hz, 1H), 2.42 (s, 3H), 1.19 (s, 9H). 1¥*C NMR (126 MHz, Chloroform-d) § 201.37,
158.83, 154.79, 152.62, 149.86, 144.78, 137.07, 134.43, 130.31, 130.19, 129.97, 129.52,
129.34, 129.10, 128.51, 128.22, 127.38, 126.83, 126.34, 125.25, 123.20, 120.45, 119.25,
112.26, 54.40, 48.99, 34.53, 31.44, 21.86. HRMS (ESI") m/z: [M+H]" calculated for
C42H37NO4S: 652.2517, found: 652.2517; HPLC: The enantiomeric excess was determined
using CHIRALPAK ID column (n-Hexane/ i-PrOH =90:10, flow rate=1.0 mL/min, A= 254

nm, Tmajor — 136 mln, Tminor — 197 mln).

(" (55,68,2)-6-(4-methoxyphenyl)-2,5-diphenyl-1-tosyl-5,6-dihydro
benzofuro|3,2-b]azocin-4(1H)-one (3d): White solid, 58.7 mg, 94%
yield, >20:1 dr, 90% ee; Rr = 0.5 (petroleum ether/ethyl acetate =

95:5);

1H NMR (500 MHz, Chloroform-d) ¢ 7.51 (q, J = 8.0 Hz, 6H), 7.44
(t, J=7.4 Hz, 1H), 7.37 (d, ] = 8.2 Hz, 1H), 7.32 (t, ] = 7.6 Hz, 2H),
7.24-7.21 (m, 3H), 7.16 — 7.12 (m, 4H), 7.03 (t, J = 7.3 Hz, 3H), 6.70
(d, J=8.6 Hz, 2H), 6.02 (d, J = 13.1 Hz, 1H), 5.90 (s, 1H), 4.84 (d, J = 13.1 Hz, 1H), 3.66 (s,
3H), 2.40 (s, 3H). 13C NMR (126 MHz, Chloroform-d) 6 201.21, 158.76, 158.69, 154.81,
152.59, 144.82, 136.98, 136.53, 136.35, 131.03, 130.33, 130.19, 129.92, 129.74, 129.33,
129.07, 128.51, 128.27, 127.47, 126.83, 126.27, 125.23, 123.20, 120.33, 119.23, 113.76,
112.20, 55.20, 54.46, 48.70, 21.82. HRMS (ESI") m/z: [M+H]" calculated for C39H3/NOsS:
626.1996, found: 626.1996; HPLC: The enantiomeric excess was determined using
CHIRALPAK ID column (n-Hexane/ i-PrOH =90:10, flow rate=1.0 mL/min, A= 254 nm,

Tmajor = 136 min, Tminor — 197 mln).
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(58,65,2)-6-(4-fluorophenyl)-2,5-diphenyl-1-tosyl-5,6-dihydro
benzofuro|3,2-b]azocin-4(1H)-one (3e): White solid, 55.1 mg, 90%
yield, >20:1 dr, 91% ee; Rr= 0.5 (petroleum ether/ethyl acetate =
95:5)

TH NMR (500 MHz, Chloroform-d) § 7.58 — 7.51 (m, 6H), 7.47 (t, J
=7.4 Hz, 1H), 7.40 (d, J= 8.2 Hz, 1H), 7.34 (t, J = 7.5 Hz, 2H), 7.30
—7.23 (m, 4H), 7.20 — 7.17 (m, 2H), 7.13 (d, J= 8.1 Hz, 2H), 7.05 (d,
J=28.0 Hz, 3H), 6.87 (t, J= 8.7 Hz, 2H), 6.03 (d, /= 13.1 Hz, 1H), 5.93 (s, 1H), 4.88 (d, J =
13.1 Hz, 1H), 2.43 (s, 3H). 3C NMR (126 MHz, Chloroform-d) J 200.95, 163.03, 161.07,
158.13, 154.88, 152.63, 144.94, 136.86, 136.42, 136.04, 133.43, 133.41, 131.63, 131.57,
130.41, 130.16, 129.93, 129.37, 129.07, 128.56, 128.37, 127.64, 126.80, 126.14, 125.44,
123.32, 120.58, 119.32, 115.35, 115.18, 112.22, 54.28, 48.77, 21.86. HRMS (ESI") m/z:
[M+K]" calculated for C3sH2sFNO4S: 652.1355, found: 652.1358; HPLC: The enantiomeric
excess was determined using CHIRALPAK ID column (n-Hexane/ i-PrOH =90:10, flow

rate=1.0 mL/min, A= 254 nm, Tmajor = 17.5 min, Tminor = 27.0 min).

( (55,68,2)-6-(4-bromophenyl)-2,5-diphenyl-1-tosyl-5,6-dihydro
benzofuro|3,2-b]azocin-4(1H)-one (3f): White solid, 61.3 mg, 91%
yield, >20:1 dr, 90% ee; Rr= 0.5 (petroleum ether/ethyl acetate =

95:5)

TH NMR (400 MHz, Chloroform-d) 6 7.54 —7.51 (m, 3H), 7.50 — 7.47
(m, 2H), 7.46 — 7.44 (m, 2H), 7.39 (d, J= 8.2 Hz, 1H), 7.34 (d, J= 7.6
N Hz, 2H), 7.32 - 7.28 (m, 3H), 7.24 — 7.23 (m, 2H), 7.20 — 7.15 (m, 2H),
7.14 —7.10 (m, 2H), 7.05 — 7.02 (m, 3H), 6.03 (d, /= 13.2 Hz, 1H), 5.92 (s, 1H), 4.85 (d, J=
13.2 Hz, 1H), 2.42 (s, 3H). 3C NMR (101 MHz, Chloroform-d) é 200.79, 157.78, 154.92,
152.65, 144.96, 136.83, 136.67, 136.41, 135.88, 131.73, 131.53, 130.44, 130.11, 129.93,
129.38, 129.07, 128.57, 128.47, 127.76, 126.75, 126.09, 125.50, 123.36, 121.53, 120.66,
119.31, 112.24, 53.93, 48.82, 21.88. HRMS (ESI') m/z: [M+H]" calculated for
C33H2sBrNO4S: 674.0995, found: 674.1024; HPLC: The enantiomeric excess was
determined using CHIRALPAK ID column (n-Hexane/ i-PrOH
=90:10, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 19.8 min, Tminor =
29.0 min).

(55,68,2)-2,5-diphenyl-1-tosyl-6-(4-(trifluoromethyl)phenyl)-5,6-
dihydrobenzofuro[3,2-b]azocin-4(1H)-one (3g): White solid, 60.9
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mg, 92% yield, >20:1 dr, 89% ee; Rr= 0.5 (petroleum ether/ethyl acetate = 95:5)

'H NMR (500 MHz, Chloroform-d) 6 7.72 (d, J = 8.1 Hz, 2H), 7.54 — 7.51 (m, 4H), 7.46 -
7.43 (m, 3H), 7.39 (d, /= 8.2 Hz, 1H), 7.34 (t, J = 7.7 Hz, 2H), 7.31 — 7.27 (m, 1H), 7.25 —
7.22 (m, 2H), 7.17 (q, J= 7.5 Hz, 2H), 7.12 (d, J = 8.3 Hz, 2H), 7.06 — 7.03 (m, 3H), 6.08 (d,
J=13.2 Hz, 1H), 5.94 (s, 1H), 4.95 (d, J = 13.1 Hz, 1H), 2.43 (s, 3H). *C NMR (126 MHz,
Chloroform-d) ¢ 200.41, 157.26, 154.75, 141.43, 135.51, 130.26, 130.18, 129.87, 129.73,
129.19, 128.87, 128.38, 128.30, 127.62, 126.54, 125.41, 125.15, 125.12, 123.22, 120.71,
119.16, 112.06, 53.63, 48.94, 21.66. HRMS (ESI') m/z: [M+H]" calculated for
C39H23F3NO4S: 664.1764, found: 664.1797; HPLC: The enantiomeric excess was determined
using CHIRALPAK IA column (n-Hexane/ i-PrOH =90:10, flow rate=1.0 mL/min, A= 220

Iln’l, Trnaj()r = 1073 min, Tminor — 155 mln).

( N\ (58,68,2)-2,5-diphenyl-6-(m-tolyl)-1-tosyl-5,6-dihydro
benzofuro|3,2-b]azocin-4(1H)-one (3h): White solid, 54.8 mg,
90% yield, >20:1 dr, 92% ee; R¢= 0.5 (petroleum ether/ethyl acetate
=95:5)

'"H NMR (500 MHz, Chloroform-d) ¢ 7.54 (d, J = 6.9 Hz, 2H), 7.50
(d,/J=17.0 Hz, 2H), 7.47 — 7.43 (m, 1H), 7.41 — 7.36 (m, 3H), 7.33 (t,
J=17.6 Hz, 2H), 7.28 — 7.27 (m, 1H), 7.26 — 7.25 (m, 1H), 7.23 — 7.20
(m, 2H), 7.17—-7.14 (m, 4H), 7.08 (s, 1H), 7.05 (dd, J=8.1, 6.4 Hz, 3H), 6.89 (d, /= 7.5 Hz,
1H), 6.02 (d, J= 13.1 Hz, 1H), 5.90 (s, 1H), 4.83 (d, J=13.1 Hz, 1H), 2.42 (s, 3H), 2.23 (s,
3H). BC NMR (126 MHz, Chloroform-d) 6 201.21, 158.61, 154.82, 152.65, 144.79, 137.83,
137.48, 137.10, 136.62, 136.31, 130.88, 130.31, 130.24, 129.97, 129.34, 129.13, 128.51,
128.20, 128.17, 128.11, 127.47, 127.00, 126.91, 126.37, 125.25, 123.21, 120.57, 119.27,
112.27, 54.35, 49.47, 21.84, 21.56. HRMS (ESI") m/z: [M+H]" calculated for C39H31NO4S:
610.2047, found: 610.2050; HPLC: The enantiomeric excess was determined using
CHIRALPAK ID column (n-Hexane/ i-PrOH=90:10, flow rate=1.0 mL/min, A= 254 nm, Tmajor

= 23.0 min, Tminor = 28.1 min).

( N (55,65,2)-6-(3-bromophenyl)-2,5-diphenyl-1-tosyl-5,6-dihydro
benzofuro|3,2-b]azocin-4(1H)-one (3i): White solid, 59.9 mg, 89%
yield, >20:1 dr, 91% ee; Re= 0.5 (petroleum ether/ethyl acetate =
95:5)

TH NMR (400 MHz, Chloroform-d) 6 7.77 —7.76 (m, 1H), 7.53 — 7.46
(m, 6H), 7.43 (d, J=17.6 Hz, 1H), 7.39 (d, /= 8.2 Hz, 1H), 7.33 (d, J
=7.6 Hz, 2H), 7.31 - 7.26 (m, 1H), 7.26-7.21 (m, 3H), 7.20 — 7.18 (m,
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1H), 7.17 — 7.11 (m, 4H), 7.04 — 6.99 (m, 4H), 5.98 (d, /= 13.2 Hz, 1H), 5.90 (s, 1H), 4.81
(d, J = 13.1 Hz, 1H), 2.41 (s, 3H). 13C NMR (126 MHz, Chloroform-d) 6 200.66, 157.59,
154.89, 152.71, 144.93, 139.93, 136.89, 136.52, 135.82, 133.11, 130.53, 130.42, 130.17,
129.94, 129.87, 129.38, 129.13, 128.60, 128.56, 128.43, 127.75, 126.83, 126.17, 125.54,
123.38, 122.36, 120.92, 119.37, 112.30, 54.07, 49.16, 21.85. HRMS (ESI") m/z: [M+H]"
calculated for C3sH2sBrNO4S: 674.0995, found: 674.1001; HPLC: The enantiomeric excess
was determined using CHIRALPAK ID column (n-Hexane/ i-PrOH =90:10, flow rate=1.0

mL/mln, }\.: 254 l’ll’n, Tmajor = 22.7 min, Tminor — 33.8 1’1’1111).

(58,6S5,2)-6-(naphthalen-2-yl)-2,5-diphenyl-1-tosyl-5,6-dihydro
benzofuro[3,2-b]azocin-4(1H)-one (3j): White solid, 56.7 mg,
88% yield, >20:1 dr, 95% ee; Ry= 0.5 (petroleum ether/ethyl
acetate = 95:5)

'TH NMR (500 MHz, Chloroform-d) 6 8.10 (s, 1H), 7.78 — 7.77 (m,
1H), 7.74 — 7.72 (m, 1H), 7.69 — 7.67 (m, 1H), 7.64 (d, J = 8.6 Hz,
1H), 7.57 — 7.54 (m, 4H), 7.48 — 7.45 (m, 1H), 7.39 — 7.33 (m, 5H),
7.26 —7.23 (m, 1H), 7.19 - 7.13 (m, 5H), 7.10 — 7.03 (m, 4H), 6.16 (d, /= 13.1 Hz, 1H), 5.94
(s, 1H), 5.05 (d, J=13.1 Hz, 1H), 2.42 (s, 3H). 13C NMR (126 MHz, Chloroform-d)  201.08,
158.39, 154.92, 152.68, 144.87, 137.01, 136.61, 136.14, 135.27, 133.51, 132.73, 130.38,
130.19, 129.99, 129.53, 129.37, 129.16, 128.55, 128.30, 127.95, 127.67, 127.64, 127.56,
126.92, 126.30, 125.88, 125.34, 123.26, 119.30, 112.24, 54.32, 49.57, 21.85. HRMS (ESI")
m/z: [M+K]" calculated for CiH3NO4S: 684.1606, found: 684.1611; HPLC: The
enantiomeric excess was determined using CHIRALPAK ID column (n-Hexane/ i-
PrOH=90:10, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 33.4 min, Tminor = 40.5 min).

N\ (58,6R,Z)-2,5-diphenyl-6-(thiophen-2-yl)-1-tosyl-5,6-dihydro
benzofuro|3,2-b]azocin-4(1H)-one (3k): White solid, 54.0 mg,
90% yield, >20:1 dr, 85% ee; Ry = 0.5 (petroleum ether/ethyl
acetate = 95:5)

1H NMR (400 MHz, Chloroform-d) ¢ 7.57 — 7.42 (m, 4H), 7.46 —
\ J 7.42 (m, 2H), 7.35 (d, J= 7.5 Hz, 2H), 7.33 — 7.28 (m, 4H), 7.25 (d,
J=59Hz, 1H), 7.19 — 7.14 (m, 4H), 7.11 (d, /= 7.8 Hz, 1H), 7.05 (d, J= 7.7 Hz, 2H), 6.81
-6.79 (m, 1H), 5.90 (d,J=12.9 Hz, 1H), 5.88 (s, 1H), 5.15 (d, /= 13.0 Hz, 1H), 2.42 (s, 3H).
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13C NMR (101 MHz, Chloroform-d) & 200.55, 157.62, 144.89, 139.85, 136.83, 136.55,
136.17, 130.43, 130.18, 129.84, 129.41, 129.05, 128.53, 128.44, 127.93, 127.90, 126.71,
126.45, 125.54, 125.19, 123.43, 119.31, 112.33, 55.42, 44.20, 21.85. HRMS (ESI") m/z:
[M+H]" calculated for C36H27NO4S2: 602.1450, found: 602.1450; HPLC: The enantiomeric
excess was determined using CHIRALPAK ID column (n-Hexane/ i-PrOH =90:10, flow

rate=1.0 mL/min, A= 254 nm, Tmajor = 32.4 min, Tminor = 45.8 min).

e N\ (58,65,2)-10-methoxy-2,5,6-triphenyl-1-tosyl-5,6-dihydro
benzofuro|3,2-b]azocin-4(1H)-one (31): White solid, 57.5 mg,
92% yield, >20:1 dr, 93% ee; Ry = 0.5 (petroleum ether/ethyl
acetate = 95:5)

MeO

L ) ™H NMR (500 MHz, Chloroform-d) 6 7.64 — 7.61 (m, 4H), 7.56
—7.55 (m, 2H), 7.51 (t, J= 7.4 Hz, 1H), 7.39 (t, J= 7.7 Hz, 2H), 7.31 — 7.24 (m, 4H), 7.22 —
7.17 (m, 5H), 7.14 (d, /J=7.4 Hz, 1H), 7.10 (d, /= 8.1 Hz, 2H), 6.88 (dd, /= 8.9, 2.5 Hz, 1H),
6.42 (d, J=2.5 Hz, 1H), 6.11 (d, J= 13.1 Hz, 1H), 5.98 (s, 1H), 4.90 (d, J = 13.1 Hz, 1H),
3.67 (s, 3H), 2.44 (s, 3H). 3C NMR (126 MHz, Chloroform-d) 6 201.10, 159.09, 156.17,
154.85, 147.56, 144.82, 137.70, 137.08, 136.76, 136.19, 130.29, 130.23, 130.03, 129.90,
129.36, 129.23, 128.49, 128.34, 128.24, 127.49, 127.31, 127.24, 126.62, 120.54, 114.00,
112.77, 101.88, 55.61, 54.23, 49.69, 21.77. HRMS (ESI") m/z: [M+H]" calculated for
C39H31NOsS: 626.1996, found: 626.2004; HPLC: The enantiomeric excess was determined
using CHIRALPAK ID column (rn-Hexane/ i-PrOH =90:10, flow rate=1.0 mL/min, A= 254

Iln’l, Tmajor = 26.8 min, Tminor — 30.3 mll’l).

( ) (55,68,2)-10-bromo-2,5,6-triphenyl-1-tosyl-5,6-dihydro
benzofuro|3,2-b]azocin-4(1H)-one (3m): White solid, 61.3 mg,
91% yield, >20:1 dr, 93% ee; Rr= 0.5 (petroleum ether/ethyl
acetate = 95:5)

L ) 'H NMR (500 MHz, Chloroform-d) § 7.55 (d, J = 8.7 Hz, 3H), 7.49
(d, J = 7.2 Hz, 4H), 7.46 (d, J = 7.3 Hz, 1H), 7.34 (t, J = 7.5 Hz, 2H), 7.28 — 7.26 (m, 2H),
7.21(q, J = 6.6, 5.8 Hz, 3H), 7.17 — 7.15 (m, 2H), 7.11 (d, J = 7.8 Hz, 3H), 7.05 (d, J = 8.0
Hz, 2H), 6.86 (d, J = 8.3 Hz, 1H), 6.01 (d, J= 13.0 Hz, 1H), 5.93 (s, 1H), 4.84 (d, J = 13.0
Hz, 1H), 2.43 (s, 3H). 3C NMR (126 MHz, Chloroform-d) § 200.97, 159.14, 154.59, 152.87,
145.10, 137.25, 136.74, 136.45, 135.97, 130.46, 130.18, 129.98, 129.83, 129.45, 129.05,
128.61, 128.41, 128.29, 127.58, 127.46, 126.99, 126.72, 125.35, 120.43, 120.22, 118.59,
115.69, 54.11, 49.45, 21.88. HRMS (ESI*) m/z: [M+H]" calculated for CasHasBrNO4S:
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674.0995, found: 674.0961; HPLC: The enantiomeric excess was determined using
CHIRALPAK ID column (n-Hexane/ i-PrOH =90:10, flow rate=1.0 mL/min, A= 254 nm,

Tmajor = 22.7 I’Ilil’l, Tminor — 33.8 1’1’111’1).

( )

(58,6S5,2)-1-((4-nitrophenyl)sulfonyl)-2,5,6-triphenyl-5,6-di
hydrobenzofuro[3,2-b]azocin -4(1H)-one (3n): Yellow solid, 34.1
mg, 95% yield, >20:1 dr, >99% ee; Rr= 0.5 (petroleum ether/ethyl
acetate = 90:10);

b “ TH NMR (600 MHz, Chloroform-d) & 8.06 (d, J = 8.8 Hz, 2H), 7.58
(d,J=7.3 Hz, 2H), 7.53 - 7.50 (m, 5H), 7.44 (d, J = 8.2 Hz, 1H), 7.41 — 7.38 (m, 2H), 7.35 (4,
J=7.6 Hz, 2H), 7.33 — 7.30 (m, 1H), 7.24 (t, J = 7.5 Hz, 2H), 7.20 — 7.16 (m, 4H), 7.13 - 7.10
(m, 1H), 6.95 (d, J=7.8 Hz, 1H), 6.04 (d, J = 13.2 Hz, 1H), 6.00 (s, 1H), 4.93 (d,J=13.2 Hz,
1H). 13C NMR (151 MHz, Chloroform-d) & 200.88, 158.93, 153.46, 152.77, 150.53, 145.51,
137.14, 136.13, 135.82, 130.83, 130.28, 130.10, 130.00, 129.96, 128.84, 128.45, 128.42,
127.74,127.73,127.54, 125.76, 125.67, 123.74, 123.62, 119.62, 118.45, 112.72, 54.41, 49.50.
HRMS (ESI") m/z: [M+H]" calculated for C37H26N206S: 649.1404, found: 649.1409; HPLC:
The enantiomeric excess was determined using CHIRALPAK ID column (n-Hexane/ i-PrOH

=90:10, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 16.4 min, Tminor = 25.7 min)

( Y (5S5,68,2)-1-(methylsulfonyl)-2,5,6-triphenyl-5,6-dihydro
benzofuro|3,2-b]azocin-4(1H)-one(30): White solid, 47.8 mg, 92%
yield, >20:1 dr, >89% ee; Rr= 0.5 (petroleum ether/ethyl acetate =
95:5)

\ 7 TH NMR (500 MHz, Chloroform-d) § 7.82 — 7.80 (m, 2H), 7.77 (d, J
=7.6 Hz, 1H), 7.60 — 7.54 (m, 3H), 7.50 - 7.47 (m, 4H), 7.43 (t, /="7.3 Hz, 1H), 7.39 (d, J =
7.5 Hz, 1H), 7.36 — 7.33 (m, 1H), 7.21 (t, J = 7.4 Hz, 2H), 7.14 (t, J = 7.8 Hz, 3H), 7.07 (t, J
=7.3 Hz, 1H), 5.97 (s, 1H), 5.90 (d, J=13.1 Hz, 1H), 4.88 (d, /= 13.1 Hz, 1H), 3.01 (s, 3H).
I3C NMR (126 MHz, Chloroform-d) ¢ 201.14, 158.54, 153.91, 137.31, 136.92, 135.95,
130.80, 130.13, 129.92, 129.53, 129.09, 128.34, 128.31, 127.59, 127.39, 127.06, 126.21,
125.62, 124.04, 119.61, 117.91, 112.74, 54.46, 49.44, 44.02. HRMS (ESI'*) m/z: [M+H]"
calculated for C32H2sNO4S: 520.1578, found: 520.1578; HPLC: The enantiomeric excess was
determined using CHIRALPAK ID column (n-Hexane/ i-PrOH =90:10, flow rate=1.0

mL/min, A= 254 nm, Tmajor = 19.9 min, Tminor = 34.4 min).
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f N\  (55,6S8,2)-2,6-diphenyl-5-(p-tolyl)-1-tosyl-5,6-dihydro
benzofuro|3,2-b]azocin-4(1H)-one(3p): White solid, 56.0 mg,
92% yield, >20:1 dr, 89% ee; Rf= 0.5 (petroleum ether/ethyl

@ acetate = 95:5)
O pn
Me

L ") TH NMR (500 MHz, Chloroform-d) § 7.60 (d, J= 7.8 Hz, 2H),
7.54(d,J=7.6 Hz, 2H), 7.45 (t,J=7.4 Hz, 1H), 7.40 - 7.37 (m, 3H), 7.34 (t, /= 7.5 Hz, 2H),
7.28 —7.25 (m, 2H), 7.19 (t, J = 7.5 Hz, 2H), 7.17 — 7.13 (m, 3H), 7.11 (t, J = 7.4 Hz, 1H),
7.05 (q, J = 8.8, 7.3 Hz, 5H), 6.03 (d, /= 13.1 Hz, 1H), 5.91 (s, 1H), 4.88 (d, J = 13.1 Hz,
1H), 2.42 (s, 3H), 2.25 (s, 3H). 3C NMR (126 MHz, Chloroform-d) 6 201.37, 158.59, 154.74,
152.65, 144.81, 137.74, 137.08, 136.62, 133.15, 130.31, 130.08, 129.98, 129.94, 129.34,
129.11, 129.03, 128.51, 128.34, 127.29, 126.88, 126.30, 125.26, 123.21, 120.49, 119.28,
112.22, 53.87, 49.34, 21.83, 21.26. HRMS (ESI*) m/z: [M+H]" calculated for C30H31NO4S:
610.2047, found: 610.2056; HPLC: The enantiomeric excess was determined using
CHIRALPAK ID column (rn-Hexane/ i-PrOH =90:10, flow rate=1.0 mL/min, A= 254 nm,

Tmajor = 24.3 min, Tminor — 39.0 min).

(55,6S5,2)-5-(4-methoxyphenyl)-2,6-diphenyl-1-tosyl-5,6-
dihydrobenzofuro[3,2-b]azocin-4(1H)-one(3q): White solid,
55.6 mg, 89% yield, >20:1 dr, 94% ee; R¢= 0.5 (petroleum
ether/ethyl acetate = 95:5)

'"H NMR (500 MHz, Chloroform-d) 6 7.58 (d, J= 7.6 Hz, 2H),
7.54 (d, J=17.6 Hz, 2H), 7.47 - 7.71 (m, 3H), 7.38 (d, J = 8.2 Hz, 1H), 7.33 (t, J = 7.6 Hz,
2H), 7.28 - 7.25 (m, 1H), 7.19 (t, J= 7.6 Hz, 2H), 7.16 — 7.13 (m, 3H), 7.10 (t, J = 7.3 Hz,
1H), 7.06 - 7.03 (m, 3H), 6.76 (d, J = 8.3 Hz, 2H), 5.99 (d, J = 13.1 Hz, 1H), 5.92 (s, 1H),
4.84 (d, J=13.1 Hz, 1H), 3.73 (s, 3H), 2.42 (s, 3H). '3C NMR (126 MHz, Chloroform-d) ¢
201.57, 159.02, 158.55, 154.77, 152.65, 144.82, 137.77, 137.04, 136.63, 131.15, 130.32,
130.08, 129.94, 129.34, 129.12, 128.52, 128.37, 127.30, 126.92, 126.29, 125.28, 123.21,
120.54, 119.28, 113.75, 112.23, 55.35, 53.43, 49.58, 21.83. HRMS (ESI*) m/z: [M+Na]"
calculated for C3o0H31NOsS: 648.1816, found: 648.1820; HPLC: The enantiomeric excess was
determined using CHIRALPAK ID column (n-Hexane/ i-PrOH =90:10, flow rate=1.0

mL/mln’ }\4: 254 I’Im, Tmajor - 23.6 mll’l, Tminor — 43.7 mln).
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(58,68,2)-5-(4-fluorophenyl)-2,6-diphenyl-1-tosyl-5,6-
dihydrobenzofuro[3,2-b]azocin-4(1H)-one(3r): White solid,
53.9 mg, 88% yield, >20:1 dr, 89% ee; Rr= 0.5 (petroleum
ether/ethyl acetate = 95:5)

- < TH NMR (500 MHz, Chloroform-d) 6 7.53 (t, J = 8.3 Hz, 4H),
7.47 - 7.42 (m, 3H), 7.36 (d, J = 8.2 Hz, 1H), 7.32 (t, /= 7.6 Hz, 2H), 7.24 - 7.23 (m, 1H),
7.17 (t,J=17.5 Hz, 2H), 7.14 — 7.11 (m, 3H), 7.09 (t, J = 7.4 Hz, 1H), 7.03 — 7.01 (m, 3H),
6.88 (t, J = 8.5 Hz, 2H), 6.04 (d, J = 13.1 Hz, 1H), 5.91 (s, 1H), 4.78 (d, J = 13.1 Hz, 1H),
2.40 (s, 3H). 3C NMR (126 MHz, Chloroform-d) § 200.91, 163.32, 161.37, 158.22, 155.18,
152.67, 144.93, 137.57, 136.95, 136.55, 132.09, 132.06, 131.76, 131.70, 130.44, 130.02,
129.95, 129.38, 129.14, 128.56, 128.47, 127.45, 126.83, 126.22, 125.37, 123.28, 120.63,
119.29,115.21, 115.04, 112.27, 53.39, 49.83, 21.84. HRMS (ESI*) m/z: [M+Na]" calculated
for CssHasFNO4S: 636.1616, found: 636.1605; HPLC: The enantiomeric excess was
determined using CHIRALPAK ID column (n-Hexane/ i-PrOH =90:10, flow rate=1.0

mL/min, A= 254 nm, Tmajor = 17.9 min, Tminor = 28.0 min).

(55,6S5,2)-2,6-diphenyl-5-(m-tolyl)-1-tosyl-5,6-dihydro
benzofuro|[3,2-b]azocin-4(1H)-one(3s): White solid, 55.4 mg,
91% yield, >20:1 dr, 92% ee; Rf= 0.5 (petroleum ether/ethyl
acetate = 95:5)

\ /) TH NMR (500 MHz, Chloroform-d) § 7.58 (d, J= 7.3 Hz, 2H),
7.54 (d,J=6.9 Hz, 2H), 7.45 (t,J=7.4 Hz, 1H), 7.37 (d, /= 8.2 Hz, 1H), 7.33 (t, J= 7.8 Hz,
3H), 7.28 (d, J= 7.4 Hz, 1H), 7.25 — 7.24 (m, 1H), 7.19 — 7.13 (m, 5H), 7.11 — 7.07 (m, 2H),
7.04 (t, J=8.5 Hz, 3H), 6.95 (d, J= 7.6 Hz, 1H), 6.00 (d, /= 13.2 Hz, 1H), 5.91 (s, 1H), 4.88
(d,J=13.1 Hz, 1H), 2.41 (s, 3H), 2.28 (s, 3H). 1*C NMR (126 MHz, Chloroform-d) § 201.24,
158.59, 154.71, 152.66, 144.82, 137.73, 137.69, 137.05, 136.63, 136.06, 130.92, 130.32,
130.05, 129.96, 129.35, 129.12, 128.52, 128.31, 128.28, 128.12, 127.30, 127.20, 126.93,
126.31, 125.28, 123.22, 120.51, 119.29, 112.23, 54.18, 49.39, 21.83, 21.60. HRMS (ESI")
m/z: [M+H]" calculated for C3oH3NO4S: 610.2047, found: 610.2053; HPLC: The
enantiomeric excess was determined using CHIRALPAK ID column (n-Hexane/ i-PrOH

=90:10, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 18.5 min, Tminor = 30.3 min).
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N (55,65,72)-2,6-diphenyl-5-(o-tolyl)-1-tosyl-5,6-dihydro
benzofuro|3,2-b]azocin-4(1H)-one(3t): White solid, 54.2 mg,
89% yield, >20:1 dr, 92% ee; R¢= 0.5 (petroleum ether/ethyl
acetate = 95:5)

J THNMR (500 MHz, Chloroform-d) 6 7.71 (d, J= 7.9 Hz, 1H), 7.63
(d,J=17.6 Hz, 2H), 7.52 (d, J= 7.5 Hz, 2H), 7.48 (t, J = 7.5 Hz, 1H), 7.40 — 7.34 (m, 3H),
7.24 (d,J=17.6 Hz, 2H), 7.19 (t, J= 7.6 Hz, 2H), 7.15 — 7.09 (m, 3H), 7.07 — 7.00 (m, 5H),
6.85 (d, J=17.9 Hz, 1H), 6.50 (d, /= 13.1 Hz, 1H), 5.92 (s, 1H), 4.98 (d, J = 13.1 Hz, 1H),
2.59 (s, 3H), 2.41 (s, 3H). 13C NMR (126 MHz, Chloroform-d) J 201.12, 158.74, 154.80,
152.66, 144.85, 137.63, 137.43, 137.04, 136.61, 134.55, 130.30, 130.27, 129.99, 129.89,
129.55, 129.27, 129.21, 128.59, 128.35, 127.39, 127.11, 127.01, 126.02, 126.00, 125.26,
123.09, 120.19, 119.29, 112.23, 48.94, 48.89, 21.86, 21.14. HRMS (ESI*) m/z: [M+H]"
calculated for C3oH31NO4S: 610.2047, found: 610.2047; HPLC: The enantiomeric excess was
determined using CHIRALPAK ID column (n-Hexane/ i-PrOH =90:10, flow rate=1.0

mL/l’l’lln, }L: 254 IlI’n, Tmajor = 11.6 mln, Tminor — 18.8 mlIl).

( N (55,65,2)-5-(3,4-dimethoxyphenyl)-2,6-diphenyl-1-tosyl-
5,6-dihydrobenzofuro[3,2-b]azocin-4(1H)-one(3u): White
solid, 58.9 mg, 90% yield, >20:1 dr, 95% ee; Rr= 0.5

oM
o ©i ° (petroleum ether/ethyl acetate = 95:5)
Ph

oM
§ °} 'H NMR (400 MHz, Chloroform-d) & 7.57 - 7.53 (m, 4H),

745 (t,J=7.4 Hz, 1H), 7.38 — 7.31 (m, 3H), 7.26 (t, J= 7.7 Hz, 1H), 7.20 — 7.13 (m, 5H),
7.10 — 7.09 (m, 2H), 7.04 (d, J = 8.0 Hz, 3H), 7.01 - 6.99 (m, 1H), 6.69 (d, J = 8.3 Hz, 1H),
597 (d, J=13.0 Hz, 1H), 5.92 (s, 1H), 4.82 (d, J = 13.0 Hz, 1H), 3.87 (s, 3H), 3.80 (s, 3H),
2.42 (s, 3H). 3C NMR (101 MHz, Chloroform-d) § 201.52, 158.50, 154.71, 152.64, 148.78,
148.52, 144.85, 137.79, 137.00, 136.60, 130.34, 130.00, 129.93, 129.35, 129.11, 128.75,
128.53, 128.39, 127.35, 126.92, 126.26, 125.31, 123.23, 122.83, 120.57, 119.28, 113.19,
112.23, 110.79, 56.19, 55.95, 53.65, 49.88, 21.84. HRMS (ESI*) m/z: [M+Na]" calculated
for CaoH23NO6S: 678.1921, found: 678.1928; HPLC: The enantiomeric excess was
determined using CHIRALPAK ID column (n-Hexane/ i-PrOH =90:10, flow rate=1.0

mL/min, A= 254 nm, Tmajor = 51.4 min, Tminor = 84.6 min).
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(58,68,2)-5-(naphthalen-2-yl)-2,6-diphenyl-1-tosyl-5,6-
dihydrobenzofuro[3,2-b]azocin-4(1H)-one(3v): White solid,
59.3 mg, 92% yield, >20:1 dr, 91% ee; Rf= 0.5 (petroleum
ether/ethyl acetate = 95:5)

TH NMR (400 MHz, Chloroform-d) 6 7.92 (s, 1H), 7.82 — 7.80
(m, 1H), 7.75 —7.70 (m, 3H), 7.64 (d, J= 7.3 Hz, 2H), 7.57 (d, J
=17.0 Hz, 2H), 7.47 (t,J= 7.6 Hz, 1H), 7.43 — 7.39 (m, 3H), 7.35 (t, /= 7.5 Hz, 2H), 7.29 (d,
J=7.4Hz, 1H), 7.19 — 7.11 (m, 5H), 7.06 (d, J = 8.0 Hz, 3H), 7.02 (t, /= 7.4 Hz, 1H), 6.25
(d, J=13.1 Hz, 1H), 5.94 (s, 1H), 5.03 (d, J = 13.1 Hz, 1H), 2.44 (s, 3H). 3C NMR (101
MHz, Chloroform-d) ¢ 201.07, 158.52, 155.00, 152.70, 144.89, 137.52, 137.03, 136.61,
133.86, 133.36, 132.93, 130.39, 130.03, 129.98, 129.52, 129.39, 129.16, 128.56, 128.41,
128.16, 127.86, 127.72, 127.68, 127.39, 126.88, 126.29, 125.98, 125.94, 125.33, 123.26,
120.54, 119.31, 112.28, 54.35, 49.38, 21.87. HRMS (ESI*) m/z: [M+K]" calculated for
C42H33NO4S: 684.1606, found: 684.1607; HPLC: The enantiomeric excess was determined
using CHIRALPAK ID column (n-Hexane/ i-PrOH =90:10, flow rate=1.0 mL/min, A= 254

Ilm, Tmajor = 33.2 min, Tminor — 52.7 min).

(5S5,6S5,2)-5,6-diphenyl-2-(p-tolyl)-1-tosyl-5,6-dihydro
benzofuro|3,2-b]azocin-4(1H)-one(3w): White solid, 56 mg, 92%
yield, >20:1 dr, 91% ee; Rr= 0.5 (petroleum ether/ethyl acetate =
95:5)

TH NMR (600 MHz, Chloroform-d) § 7.58 (d, J = 7.6 Hz, 2H), 7.50
(d, /=7.3 Hz, 2H), 7.42 (d,J= 7.8 Hz, 2H), 7.38 (d, /= 8.2 Hz, 1H),
\ / 7.28—=17.25(m, 2H), 7.21 (t,J=7.5 Hz, 2H), 7.18 (d, /= 8.0 Hz, 3H),
7.17 = 7.15 (m, 2H), 7.13 (d, J = 7.9 Hz, 2H), 7.08 (d, J = 7.4 Hz, 2H), 7.06 (d, J = 8.0 Hz,
2H), 6.04 (d, J=13.1 Hz, 1H), 5.90 (s, 1H), 4.87 (d, J= 13.1 Hz, 1H), 2.43 (s, 6H). *C NMR
(151 MHz, Chloroform-d) 6 201.14, 158.35, 155.02, 152.54, 144.80, 140.80, 137.64, 136.94,
136.21, 133.68, 130.18, 129.98, 129.82, 129.26, 129.16, 129.09, 128.34, 128.22, 127.46,
127.32, 126.28, 126.20, 125.27, 123.22, 120.48, 119.23, 112.20, 54.05, 49.35, 21.89, 21.69.
HRMS (EST*) m/z: [M+H]" calculated for C30H31NO4S: 610.2047, found: 610.2054; HPLC:
The enantiomeric excess was determined using CHIRALPAK ID column (n-Hexane/ i-PrOH

=90:10, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 19.9 min, Tminor = 34.4 min).
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(58,68,2)-2-(4-methoxyphenyl)-5,6-diphenyl-1-tosyl-5,6-
dihydrobenzofuro|[3,2-b]azocin-4(1H)-one(3x): White solid, 55.6
mg, 89% yield, >20:1 dr, 86% ee; Rr= 0.5 (petroleum ether/ethyl
acetate = 95:5)

TH NMR (400 MHz, Chloroform-d) § 7.56 (d, J = 7.5 Hz, 2H), 7.49
(d,J=7.0Hz, 2H), 7.46 (d,J=8.7 Hz, 2H), 7.37 (d, /= 8.2 Hz, 1H),
7.28 —7.22 (m, 4H), 7.19 (d, /= 8.2 Hz, 2H), 7.16 — 7.11 (m, 4H), 7.08 (d, /= 7.3 Hz, 3H),
6.82 (d, J= 8.7 Hz, 2H), 6.03 (d, /= 13.1 Hz, 1H), 5.86 (s, 1H), 4.86 (d, J = 13.1 Hz, 1H),
3.87 (s, 3H), 2.42 (s, 3H). 3C NMR (101 MHz, Chloroform-d) 6 200.92, 161.65, 158.51,
154.74, 152.66, 144.75, 137.77, 137.27, 136.38, 131.47, 130.26, 130.04, 129.35, 129.16,
129.04, 128.33, 128.20, 127.43, 127.29, 126.44, 125.70, 125.27, 123.25, 120.58, 119.22,
113.94, 112.25, 55.71, 54.07, 49.50, 21.85. HRMS (ESI*) m/z: [M+H]" calculated for
C39H31NOsS: 626.1996, found: 626.1996; HPLC: The enantiomeric excess was determined
using CHIRALPAK ID column (rn-Hexane/ i-PrOH =90:10, flow rate=1.0 mL/min, A= 254

Iln’l, Tlnaj()r = 156 min, Tminor — 252 n’llIl).

(55,6S5,2)-2-(4-fluorophenyl)-5,6-diphenyl-1-tosyl-5,6-
dihydrobenzofuro[3,2-b]azocin-4(1H)-one(3y): White solid, 55.1
mg, 90% yield, >20:1 dr, 89% ee; Rr= 0.5 (petroleum ether/ethyl
acetate = 95:5)

TH NMR (500 MHz, Chloroform-d) J 7.57 — 7.49 (m, 6H), 7.39 (d, J
=8.2 Hz, 1H), 7.28 (d, /= 7.5 Hz, 3H), 7.21 (q, J = 6.9, 6.4 Hz, 4H),
7.17 —7.13 (m, 4H), 7.11 - 7.07 (m, 3H), 7.05 — 7.02 (m, 3H), 6.02
(d, J=13.1 Hz, 1H), 5.89 (s, 1H), 4.87 (d, J = 13.1 Hz, 1H), 2.44 (s, 3H). 3C NMR (126
MHz, Chloroform-d) ¢ 200.94, 165.16, 163.16, 158.56, 153.65, 152.67, 145.15, 137.57,
137.04, 136.14, 132.87, 132.85, 131.94, 131.87, 130.21, 130.03, 129.47, 129.06, 128.37,
128.29, 127.56, 127.38, 126.90, 126.27, 125.39, 123.33, 120.42, 119.06, 115.74, 115.57,
112.35, 54.24, 49.57, 21.86.

HRMS (ESI") m/z: [M+K]" calculated for C3sH23FNO4S: 652.1355, found: 652.1355;

HPLC: The enantiomeric excess was determined using CHIRALPAK ID column (n-Hexane/
i-PrOH =90:10, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 17.2 min, Tminor = 27.2 min).
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(58,68,2)-2-(2-chlorophenyl)-5,6-diphenyl-1-tosyl-5,6-
dihydrobenzofuro[3,2-b]azocin-4(1H)-one(3z): White solid, 58.5
mg, 93% yield, >20:1 dr, 83% ee; Rr= 0.5 (petroleum ether/ethyl
acetate = 95:5)

TH NMR (600 MHz, Chloroform-d) § 7.58 (d, J = 7.2 Hz, 2H), 7.55
\ J (d,J=8.1Hz, 1H), 7.53 —7.50 (m, 3H), 7.39 (t,/=8.0 Hz, 2H), 7.24
(t,J=7.8 Hz, 3H), 7.20 - 7.16 (m, 4H), 7.16 — 7.13 (m, 2H), 7.12 — 7.08 (m, 2H), 7.04 (d, J
= 8.0 Hz, 2H), 6.94 (d, J = 7.7 Hz, 1H), 6.06 (d, J = 13.2 Hz, 1H), 5.95 (s, 1H), 492 (d, J =
13.2 Hz, 1H), 2.41 (s, 3H).13C NMR (151 MHz, Chloroform-d) & 201.27, 158.64, 152.61,
149.38, 144.97, 137.39, 136.70, 136.08, 135.01, 134.71, 132.34, 131.01, 130.95, 130.01,
129.95, 129.43, 129.01, 128.93, 128.40, 127.58, 127.40, 126.37, 125.89, 125.29, 123.02,
119.85, 112.19, 54.52, 48.98, 21.85. HRMS (ESI") m/z: [M+H]" caled for C3sH20CINO4S:
630.1501, found: 630.1501; HPLC: The enantiomeric excess was determined using
CHIRALPAK ID column (n-Hexane/ i-PrOH =90:10, flow rate=1.0 mL/min, A= 254 nm,

Tmajor = 24.2 I’nlIl, Tminor — 45.3 min).

(5S5,6S5,2)-2-(3-chlorophenyl)-5,6-diphenyl-1-tosyl-5,6-
dihydrobenzofuro[3,2-b]azocin-4(1H)-one(3z’): White solid, 54.8
mg, 87% yield, >20:1 dr, 83% ee; Rf= 0.5 (petroleum ether/ethyl
acetate = 95:5)

TH NMR (500 MHz, Chloroform-d) § 7.58 (d, J= 7.6 Hz, 2H), 7.51
(d, J=17.6 Hz, 2H), 7.47 (d, J = 5.9 Hz, 2H), 7.43 - 7.38 (m, 2H),
7.33 (t,J=17.9 Hz, 1H), 7.28 (d, J= 7.6 Hz, 1H), 7.24 - 7.21 (m, 4H), 7.21 - 7.15 (m, 4H),
7.14 - 7.08 (m, 3H), 7.04 (d, /= 7.8 Hz, 1H), 6.05 (d, /= 13.1 Hz, 1H), 5.95 (s, 1H), 4.89 (d,
J=13.1Hz, 1H), 2.45 (s, 3H). 3C NMR (126 MHz, Chloroform-d) § 200.99, 158.59, 153.20,
152.65, 145.38, 138.21, 137.49, 136.67, 136.03, 134.50, 130.36, 130.18, 130.03, 129.82,
129.56, 128.96, 128.37, 128.31, 128.06, 127.58, 127.39, 127.34, 126.12, 125.40, 123.40,
120.27, 119.04, 112.32, 54.25, 49.56, 21.85. HRMS (ESI') m/z;: [M+H]" calcd for
C33H29CINO4S: 630.1501, found: 630.1498; HPLC: The enantiomeric excess was determined
using CHIRALPAK ID column (rn-Hexane/ i-PrOH =90:10, flow rate=1.0 mL/min, A= 254

Ilm, Tmajor - 155 mln, Tminor — 220 mln).
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N-((2R,4'S,5'S,E)-2'-((E)-benzylidene)-3'-0x0-4',5'-diphenyl-
3H-spiro[benzofuran-2,1'-cyclopentan|-3-ylidene)-4-methyl
benzenesulfonamide (4a): Pale yellow Solid, 53.5 mg, 90%
yield, 92% ee, the measured dr is 7:1 from '"H NMR: 4.65-
4.62(minor), 4.54-4.52(major), E/Z =>20:1; Rr= 0.4 (petroleum
ether/ethyl acetate = 90:10)

~ “ TH NMR (500 MHz, CDCls): 6 8.32 — 8.17 (m, 1H), 8.01 (s, 1H),
7.52(d,J=7.9 Hz, 2H), 7.47-7.43 (m, 1H), 7.29 — 7.23 (m, 5H), 7.19 (t, /= 7.4 Hz, 5SH), 7.08
(t,J=17.7 Hz, 2H), 7.02 (t, J = 7.6 Hz, 3H), 6.99 — 6.93 (m, 3H), 6.91 (d, J= 7.7 Hz, 1H),
6.85 (d, J=8.4 Hz, 1H), 4.53 (d, J=13.9 Hz, 1H), 3.95 (d, J = 13.6 Hz, 1H), 2.45 (s, 3H).
13C NMR (126 MHz, CDCI3) (major+minor): 6 201.28, 200.70, 181.73, 179.61, 171.22,
167.91, 144.06, 143.58, 140.81, 139.01, 138.95, 138.72, 138.51, 135.79, 135.77, 135.07,
134.61, 133.77, 133.14, 132.43, 132.35, 132.29, 132.13, 130.92, 130.80, 130.02, 129.92,
129.76, 129.47, 129.35, 129.22, 129.08, 129.05, 128.87, 128.81, 128.78, 128.64, 128.38,
128.35, 128.31, 128.17, 128.15, 128.08, 127.61, 127.19, 127.07, 122.65, 122.27, 121.05,
117.60,112.69, 111.90, 95.20,94.11, 61.67, 57.86, 56.62, 54.49, 22.86, 21.81. HRMS (ESI")
(m/z): [M+Na]" calcd for C3sH20NO4S: 618.1710, found: 618.1715; HPLC: The enantiomeric
excess was determined using CHIRALPAK IA column (n-Hexane/ i PrOH = 90:30, flow rate

= 1.0 mL/mlIl, ;\4 :254 nm, Tmajor = 23.5 Il’lll’l, Tminor — 497 mln).

Ve

N-((2R,4'S,5'S,E)-2'-((E)-benzylidene)-5'-(4-(tert-
butyl)phenyl)-3'-oxo0-4'-phenyl-3H-spiro[benzofuran-2,1'-
cyclopentan]-3-ylidene)-4-methylbenzenesulfonamide(4b):
Yellow solid, 54 mg, 83% yield, 6:1 dr and 85% ee, the measured
dr is 6:1 from 'H NMR: 4.65-4.62(minor), 4.54-4.51(major), E/Z
=>20:1; Rr= 0.5 (petroleum ether/ethyl acetate = 90:10);

TH NMR (500 MHz, Chloroform-d) ¢ 8.23 (s, 1H), 8.00 (s, 1H),
7.50 (d, J = 7.9 Hz, 2H), 7.39 (t, J = 7.8 Hz, 1H), 7.28 — 7.25 (m,
6H), 7.22 — 7.20 (m, 3H), 7.08 (d, /= 8.0 Hz, 3H), 7.01 (s, 1H), 6.99 — 6.96 (m, 3H), 6.89 (t,
J=17.7Hz, 1H), 6.78 (d, /= 8.5 Hz, 1H), 4.53 (d, /= 13.8 Hz, 1H), 3.96 (s, 1H), 2.45 (s, 3H),
1.08 (s, 9H). 13C NMR (126 MHz, Chloroform-d) & 201.55, 179.92, 167.89, 151.06, 143.52,
138.59, 136.01, 134.24, 133.85, 130.84, 129.91, 129.44, 129.15, 129.09, 128.81, 128.79,
128.70, 127.59, 127.20, 124.89, 122.04, 112.79, 94.31, 61.53, 56.27, 31.28, 21.81. HRMS
(ESTY) (m/z): [M+H]" caled for CsH37NO4S: 652.2517, found: 652.2517; HPLC: The
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enantiomeric excess was determined using CHIRALPAK IA column (n-Hexane/ i PrOH =

( \ N-((2R4'S,5'S,E)-2'-((E)-benzylidene)-3'-oxo0-4'-phenyl-5'-(p-
tolyl)-3H-spiro [benzofuran-2,1'-cyclopentan]|-3-ylidene)-4-
methylbenzene sulfonamide (4¢):Pale yellow solid, 51.7 mg,
85% yield, 87% ee, the measured dr is 5:1 from '"H NMR: 4.63-
4.59(minor), 4.51-4.48(major), E/Z =>20:1; R¢= 0.4 (petroleum
ether/ethyl acetate = 90:10)

'H NMR (400 MHz, Chloroform-d) ¢ 8.23 (s, 1H), 8.00 (s, 1H),
7.53 (d, J=17.9 Hz, 2H), 7.50 — 7.44 (m, 1H), 7.27 (d, J = 7.1 Hz,
3H), 7.25 -7.22(m, 2H), 7.20-7.16 (m, 3H), 7.06 (d, J= 7.8 Hz, 4H), 6.93 (dd, /= 7.8, 5.2 Hz,
3H), 6.86 (d,J= 8.4 Hz, 1H), 6.82 (d,J= 7.8 Hz, 2H), 4.49 (d, /= 14.0 Hz, 1H), 3.94 (s, 1H),
2.45 (s, 3H), 2.08 (s, 3H). 1*C NMR (101 MHz, Chloroform-d) J 201.39, 179.75, 168.04,
150.00, 143.54, 143.43, 138.95, 138.65, 137.69, 135.95, 134.89, 133.84, 130.72, 129.74,
129.48, 129.08, 128.89, 128.79, 128.62, 127.56, 127.21, 122.25, 112.73, 94.23, 61.34, 56.82,
21.81, 21.13. HRMS (ESI') (m/z): [M+H]" caled for C3oH31NO4S: 610.2047, found:
610.2036; HPLC: The enantiomeric excess was determined using CHIRALPAK IA column
(n-Hexane/ i-PrOH=90:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 28.5 min, Tminor = 42.3

min).

. J

‘ \ N-((2R,4'S,5'S,E)-2'-((E)-benzylidene)-5'-(4-methoxyphenyl)-3'-
0x0-4'-phenyl-3H-spiro[benzofuran-2,1'-cyclopentan]-3-
ylidene)-4-methylbenzenesulfonamide(4d): Pale yellow solid,
55mg, 88% yield, 90% ee. The measured dr is 7:1 from '"H NMR:
4.61-4.58 (minor), 4.48-4.44(major), E/Z =>20:1; Rr=0.4
(petroleum ether/ethyl acetate = 90:10)

MeO '"H NMR (400 MHz, CDCl3): § 8.25 (s, 1H), 8.00 (s, 1H), 7.57 —
A 744 (m, 3H), 7.25 (t, J=9.3 Hz, 5H), 7.21 — 7.14 (m, 3H), 7.13 —
7.05 (m, 4H), 6.98 — 6.91 (m, 3H), 6.88 (d, J = 8.4 Hz, 1H), 6.57 (dd, J = 7.3, 4.9 Hz, 2H),
4.46 (d, J = 14.0 Hz, 1H), 3.91(s, 1H), 3.59 (s, 3H), 2.45 (s, 3H). *C NMR (101 MHz,
CDCl): 6 201.35, 179.79, 168.01, 159.26, 143.55, 139.10, 138.56, 135.88, 134.75, 133.80,
130.75, 130.27, 129.74, 129.47, 129.06, 128.78, 128.62, 127.57, 127.17, 124.33, 122.29,
113.64, 112.71, 94.24, 61.15, 56.90, 55.24, 21.80. HRMS (ESI*) (m/z): [M+H]" calcd for
C39H31NOsS: 626.1996, found: 618.1997; HPLC: The enantiomeric excess was determined
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using CHIRALPAK IA column (n-Hexane/ 'PrOH=90:30, flow rate=1.0 mL/min, A= 254 nm,

Tmajor = 32.0 mil’l, Tminor — 50.7 1’1’111’1).

N-((2R,4'S,5'S,E)-2'-((E)-benzylidene)-5'-(4-bromophenyl)-3'-
0x0-4'-phenyl-3H-spiro[benzofuran-2,1'-cyclopentan]-3-
ylidene)-4-methyl benzenesulfonamide(4e): Pale yellow solid,
60.6 mg, 90% yield, 90% ee, the measured dr is 7:1 from 'H
NMR: 4.59-4.56(minor), 4.47-4.44(major), E/Z =>20:1; Rr= 0.4
(petroleum ether/ethyl acetate = 90:10)

'H NMR (500 MHz, Chloroform-d): § 8.26 (s, 1H), 8.01 (s, 1H),
7.61 —7.47 (m, 3H), 7.29 - 7.23 (m, 4H), 7.21 (m, 1H), 7.19 - 7.11
(m, 4H), 7.10 — 7.05 (m, 4H), 7.02 — 6.96 (m, 2H), 6.93 (d, J = 7.3Hz, 2H), 6.89 (d, J = 8.4
Hz, 1H), 4.45 (d, J = 13.9 Hz, 1H), 3.89 (d, J = 13.5 Hz, 1H), 2.45 (s, 3H). 13C NMR (126
MHz, Chloroform-d) (major+minor): ¢ 200.76, 179.21, 171.14, 167.79, 144.21, 143.91,
143.70, 141.11, 139.40, 139.28, 138.55, 138.35, 135.42, 134.83, 134.42, 133.66, 133.02,
132.34, 132.18, 131.61, 131.41, 131.10, 130.90, 130.85, 130.41, 129.72, 129.51, 129.30,
128.97, 128.92, 128.67, 128.19, 127.80, 127.19, 127.05, 122.97, 122.64, 122.43, 122.22,
120.75, 117.46, 112.70, 111.90, 94.90, 93.83, 61.15, 57.42, 56.74, 54.69, 21.83. HRMS
(ESTY) (m/z): [M+H]" caled for C3sHasBrNO4S: 674.0995, found: 674.0956; HPLC: The
enantiomeric excess was determined using CHIRALPAK IA column (n-Hexane/
"PrOH=90:30, flow rate=1.0 mL/min, A= 274 nm, Tmajor = 44.7 mMin, Tminor = 80.2 min)

. J

N-(2RA'S,5'S,E)-2'-((E)-benzylidene)-5'-(4-fluorophenyl)-3'-
0x0-4'-phenyl-3H-spiro [benzofuran-2,1'-cyclopentan]-3-
ylidene)-4-methylbenzenesulfonamide(4f): Pale yellow solid, 57
mg, 93% yield, 91% ee, the measured dr is 5:1 from '"H NMR:
4.60-4.57(minor), 4.20-4.17(major), E/Z =>20:1; Rr=0.4
(petroleum ether/ethyl acetate = 90:10)

TH NMR (500 MHz, Chloroform-d) J 8.26 (s, 1H), 8.01 (s, 1H),
7.53-7.49 (m, 3H), 7.31 — 7.27 (m, 4H), 7.25 (d, J = 5.3 Hz, 2H),
7.19-7.15 (m, 4H), 7.11 — 7.06 (m, 2H), 6.95 (t,J=17.5 Hz, 3H), 6.88 (d, /= 8.4 Hz, 1H), 6.73
(t,J=8.5Hz, 2H), 4.45 (d, J= 14.0 Hz, 1H), 3.94 (s, 1H), 2.46 (s, 3H). 3C NMR (126 MHz,
Chloroform-d) ¢ 200.88, 179.37, 167.83, 163.47, 161.50, 143.76, 143.68, 139.27, 138.45,
135.58, 134.47, 133.74, 130.87, 130.81, 129.97, 129.76, 129.51, 129.36, 129.02, 128.94,
128.89, 128.68, 128.26, 128.20, 127.75, 127.20, 127.05, 122.51, 115.32, 115.15, 112.66,
94.00, 61.01, 56.92, 21.82. HRMS (ESI*) (m/z): [M+K]" calcd for C3sH2sFNO4S: 652.1355,

\.
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found: 652.1352; HPLC: The enantiomeric excess was determined using CHIRALPAK IA
column (n-Hexane/ 'PrOH=90:30, flow rate=1.0 mL/min, Amax= 254 nm, Tmajor = 32.6 min,

Tminor = 72.7 mm)

N-((2R,4'S,5'S,E)-2'-((E)-benzylidene)-3'-0x0-4'-phenyl-5'-(4-
(trifluoromethyl)phenyl)-3H-spiro[benzofuran-2,1'-
cyclopentan]-3-ylidene)-4-methylbenzenesulfonamide(4g): Pale
yellow solid, 56.3 mg, 85% yield, 92% ee, the measured dr is 7:1
from 'H NMR: 4.65-4.62(minor), 4.54-4.51(major), E/Z = >20:1;
Rr= 0.4 (petroleum ether/ethyl acetate = 90:10)

TH NMR (500 MHz, Chloroform-d) § 8.25 (s, 1H), 8.03 (s, 1H),
7.52 (d, J=17.9 Hz, 2H), 7.47 (t, J = 7.8 Hz, 1H), 7.33 (d, /= 8.2
Hz, 2H), 7.28 (dd, J=7.9 Hz, 7H), 7.22 (d, /= 7.1 Hz, 1H), 7.16 (d, J= 7.5 Hz, 2H), 7.08 (t,
J=17.6 Hz, 2H), 6.94 (d, /= 7.6 Hz, 3H), 6.84 (d, /= 8.4 Hz, 1H), 4.53 (d, /= 13.9 Hz, 1H),
4.01 (s, 1H), 2.45 (s, 3H). 3C NMR (126 MHz, Chloroform-d) J 200.48, 178.99, 167.66,
144.08, 143.76, 139.30, 138.36, 135.32, 134.20, 133.65, 130.95, 130.45, 130.19, 129.76,
129.65, 129.53, 129.33, 129.24, 128.97, 128.70, 128.40, 128.22, 127.88, 127.21, 127.06,
125.12, 122.88, 122.66, 112.64, 93.85, 61.35, 56.63, 21.81. HRMS (ESI*) (m/z): [M+K]"
calcd for C3oH23F3NO4S: 702.1323, found: 702.1259; HPLC: The enantiomeric excess was
determined using CHIRALPAK IA column (n-Hexane/ ‘PrOH=90:30, flow rate=1.0 mL/min,

)\,: 254 l’ll’n, Tmajor = 39.4 min, Tminor — 64.3 l’nll’l).

o J/

N-((2R.4'S,5'S,E)-2'-((E)-benzylidene)-3'-0x0-4'-phenyl-5'-(m-
tolyl)-3H-spiro[benzofuran-2,1'-cyclopentan]-3-ylidene)-4-
methylbenzenesulfonamide(4h): Pale yellow solid, 54.8 mg,
90% yield, 92% ee, the measured dr is 6:1 from '"H NMR: 4.62-
4.58(minor), 4.51-4.48(major), E/Z =>20:1; R¢= 0.4 (petroleum
ether/ethyl acetate = 90:10)

"H NMR (400 MHz, Chloroform-d) J 8.25 (d, /= 8.2 Hz, 1H), 8.02
S Z (s, 1H), 7.54 (d, J= 8.1 Hz, 2H), 7.46 (d, J = 8.5, 1H), 7.28 (d, J =
8.2 Hz, 2H), 7.22 — 7.18 (m, 2H), 7.14 (t, /= 7.8 Hz, 2H), 7.11 — 7.06 (m, 3H), 7.05 — 6.98
(m, 6H), 6.97 — 6.94 (m, 3H), 6.85 (d, /= 8.4 Hz, 1H), 4.50 (d, /= 13.9 Hz, 1H),3.97 (d, J=
13.7 Hz, 1H), 2.46 (s, 3H), 2.27 (s, 3H). 3C NMR (126 MHz, Chloroform-d) (major+minor)
0 201.37, 200.8, 181.83, 179.68, 171.21, 167.94, 143.98, 143.52, 140.71, 138.89, 138.83,
138.55, 137.94, 137.68, 135.86, 135.00, 134.52, 133.78, 133.15, 132.14, 130.85, 130.77,
130.21, 130.02, 129.88, 129.76, 129.44, 129.39, 129.04, 128.95, 128.83, 128.77, 128.71,
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128.63, 128.13, 127.96, 127.55, 127.14, 127.01, 126.02, 125.97, 122.57, 122.16, 121.08,
117.63, 112.58, 111.80, 95.23, 94.17, 61.62, 57.78, 56.37, 54.34, 21.82, 21.78, 21.37, 21.30.
HRMS (ESI") (m/z): [M+H]" calcd for C39H31NO4S: 610.2047, found: 610.2035; HPLC:
The enantiomeric excess was determined using CHIRALPAK IA column (n-Hexane/
'PrOH=90:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 17.3 min, Tminor = 23.9 min).

N-(2RA'S,5'S,E)-2'-((E)-benzylidene)-5'-(3-bromophenyl)-3'-
0x0-4'-phenyl-3H-spiro [benzofuran-2,1'-cyclopentan]-3-
ylidene)-4-methylbenzenesulfonamide(4i): pale yellow solid, 62
mg, 92% yield, 91% ee, the measured dr is 6:1 from '"H NMR:
4.60-4.57(minor), 4.51-4.48(major), E/Z =>20:1; Rr=0.4
(petroleum ether/ethyl acetate = 90:10)

'H NMR (400 MHz, Chloroform-d) § 8.33 (s, 1H), 8.06 (s, 1H),
7.58 — 7.54 (m, 2H), 7.50-7.49 (m, 1H), 7.36 — 7.29 (m, 5H), 7.21
(d, J=7.5Hz, 3H), 7.14 (dd, J=9.6, 7.2 Hz, 3H), 7.11 — 7.05 (m, 2H), 7.00 (d, J = 7.8 Hz,
3H), 6.97 (d,J=8.3 Hz, 1H), 6.92 (t, /= 7.8 Hz, 1H), 4.50 (d, /= 13.9 Hz, 1H), 3.94 (s, 1H),
2.50 (s, 3H). 3C NMR (101 MHz, Chloroform-d) (major+minor) ¢ 200.62, 200.1, 181.19,
179.04, 171.11, 167.75, 144.15, 144.10, 143.89, 143.68, 141.27, 139.26, 139.22, 138.61,
138.40, 135.42, 134.98, 134.95, 134.69, 134.16, 133.69, 132.34, 132.08, 131.84, 131.43,
131.22, 131.04, 130.92, 130.12, 129.98, 129.93, 129.90, 129.79, 129.51, 129.34, 129.02,
129.00, 128.93, 128.88, 128.70, 128.43, 128.38, 128.20, 127.81, 127.21, 127.18, 122.94,
122.56, 122.28, 117.51, 112.67, 111.91, 94.88, 93.86, 61.34, 57.41, 56.62, 54.33, 21.86,
21.82. HRMS (ESI) (m/z): [M+H]" calcd for C3gHasBrNO4S: 674.0995, found: 674.1002;
HPLC: The enantiomeric excess was determined using Churalpak IA column (n-Hexane/
'PrOH=90:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 29.4 Min, Tminor = 31.8 min).

\ J

N-((2R,4'S,5'S,E)-2'-((E)-benzylidene)-5'-(naphthalen-2-yl)-3'-
0x0-4'-phenyl-3H-spiro [benzofuran-2,1'-cyclopentan]-3-
ylidene)-4-methylbenzenesulfonamide(4j): Yellow solid, 34.1
mg, 89% yield, 93% ee, the measured dr is 5:1 from 'H NMR:
4.84-4.81(minor), 4.73-4.70(major), E/Z =>20:1; Rr=0.4
(petroleum ether/ethyl acetate = 90:10)

TH NMR (500 MHz, Chloroform-d) 6 8.23 (s, 1H), 8.09 (s, 1H),
7.70 (d, J = 10.3 Hz, 2H), 7.63 (t, J = 7.7 Hz, 3H), 7.57 (d, J = 8.4
Hz, 1H), 7.41 (d, J = 8.7 Hz, 2H), 7.42-7.33 (m, 5H), 7.32 — 7.27 (m, 3H), 7.23 — 7.16 (m,
2H), 7.12 (t, J = 7.8 Hz, 2H), 7.00 (d, J = 7.7 Hz, 2H), 6.82 (t, J = 8.8 Hz, 2H), 4.71 (d, J =
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13.9 Hz, 1H), 4.29 — 4.09 (m, 1H), 2.51 (s, 3H). '3C NMR (101 MHz, Chloroform-d)
(major+minor) 6 201.21, 200.66, 179.66, 167.84, 144.08, 143.61, 140.84, 138.97, 138.60,
135.78, 134.76, 133.79, 133.00, 132.94, 132.33, 130.79, 130.36, 130.03, 129.96, 129.89,
129.75, 129.52, 129.35, 129.04, 129.02, 128.88, 128.83, 128.68, 128.64, 128.17, 128.11,
127.82, 127.63, 127.49, 127.23, 127.10, 126.55, 126.19, 126.11, 126.05, 122.68, 122.29,
112.48, 111.85, 95.36, 94.36, 62.80, 58.22, 56.78, 54.97, 22.90, 21.83. HRMS (ESI") (m/z):
[M+Na]" caled for CaH31NO4S: 668.1866, found: 668.1849; HPLC: The enantiomeric
excess was determined using CHIRALPAK IA column (n-Hexane/ 'PrOH=90:30, flow

I‘a'[ezl .0 mL/l’nll’l, )\. = 254 l’ll’n, Tlnajor 5 330 min, Tminor — 611 mln).

N-((2R,4'S,5'R,E)-2'-((E)-benzylidene)-3'-0x0-4'-phenyl-5'-
(thiophen-2-yl)-3H-spiro [benzofuran-2,1'-cyclopentan]-3-
ylidene)-4-methylbenzenesulfonamide(4k): yellow solid, 52.2
mg, 87% yield, 85% ee (98% ee after crystallization), the
measured dr is 5:1 from 'H NMR: 4.53-4.49(minor), 4.37-
4.33(major), E/Z =>20:1; Rr= 0.4 (petroleum ether/ethyl acetate
\ J =90:10)

"H NMR (400 MHz, Chloroform-d) J 8.30 (s, 1H), 8.01 (s, 1H), 7.59 — 7.48 (m, 3H), 7.31 —
7.26 (m, 4H), 7.26 — 7.18 (m, 4H), 7.10 (q, J = 7.6, 6.6 Hz, 2H), 7.04 — 6.93 (m, SH), 6.69 (d,
J=3.4Hz, 1H), 6.63 — 6.55 (m, 1H), 4.35 (d, J=13.6 Hz, 1H), 4.18 (s, 1H), 2.45 (s, 3H). 13C
NMR (101 MHz, Chloroform-d) ¢ 200.46, 179.34, 168.09, 153.64, 143.78, 143.61, 139.07,
138.54, 135.69, 135.30, 134.54, 133.73, 130.84, 129.75, 129.49, 129.12, 128.85, 128.66,
128.40, 128.15, 127.80, 127.22, 126.60, 125.62, 122.49, 113.02, 93.68, 59.19, 57.48, 21.81.
HRMS (ESIY) (m/z): [M+H]" calcd for C36H27NO4S2: 602.1455, found: 602.1460; HPLC:
The enantiomeric excess was determined using CHIRALPAK IA column (n-Hexane/
'PrOH=90:30, flow rate=1.0 mL/min, A = 254 nm, Tmajor = 23.4 Min, Tminor = 64.6 min).

N-((2R,4'S,5'S,E)-2'-((E)-benzylidene)-6-methoxy-3'-
oxo0-4',5'-diphenyl-3H-spiro [benzofuran-2,1'-
cyclopentan]-3-ylidene)-4-
methylbenzenesulfonamide(41): Pale yellow solid, 55.6
mg, 89% yield, 93% ee, the measured dr is 8:1 from 'H

\ J NMR: 4.66-4.63(minor), 4.53-4.49(major), E/Z =>20:1; R
= 0.4 (petroleum ether/ethyl acetate = 90:10)

'TH NMR (400 MHz, Chloroform-d) (major) 6 8.00 (s, 1H), 7.68 (s, 1H), 7.53 (d, J= 7.9 Hz,
2H), 7.26 (dd, J=9.3, 7.5 Hz, 5H), 7.22 — 7.16 (m, 5H), 7.10 (ddd, J=17.9, 4.9, 2.0 Hz, 3H),
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7.07 —7.02 (m, 2H), 7.02 — 6.99 (m, 1H), 6.98 — 6.94 (m, 2H), 6.76 (d, J=9.1 Hz, 1H), 4.51
(d,J=13.9Hz, 1H), 3.95 (s, 1H), 3.74 (s, 3H), 2.45 (s, 3H). 3C NMR (101 MHz, Chloroform-
d) 0201.32,179.84, 163.48, 154.62, 143.51, 138.66, 135.93, 134.69, 133.77, 132.52, 132.29,
130.72, 129.82, 129.66, 129.48, 129.23, 129.08, 128.80, 128.61, 128.38, 128.17, 128.10,
127.59, 127.14, 113.42, 94.72, 61.70, 56.11, 21.80. HRMS (ESI*) m/z: [M+H]" calcd for
C39H31NOsS: 626.1996, found: 626.2002; HPLC: The enantiomeric excess was determined
using CHIRALPAK IA column (n-Hexane/ 'PrOH=90:30, flow rate=1.0 mL/min, A= 254 nm,

Tmajor = 41 O l’nil’l, Tminor — 538 1’1’1111).

f N\ N-((2RA4'S,S'S,E)-2'-((E)-benzylidene)-6-bromo-3'-oxo-
4',5'-diphenyl-3H-spiro [benzofuran-2,1'-cyclopentan]-3-
ylidene)-4-methylbenzenesulfonamide(4m): yellow solid,
61.3 mg, 91% yield, 93% ee, the measured dr is 7:1 from 'H
NMR: 4.61-4.58(minor), 4.52-4.49(major), E/Z =>20:1; R¢=
L ) 0.4 (petroleum ether/ethyl acetate = 90:10)

'TH NMR (500 MHz, Chloroform-d) J 8.11 (s, 1H), 8.02 (s, 1H), 7.51 (d, J = 7.9 Hz, 2H),
7.25-7.28 (d, J= 8.3 Hz, 3H), 7.26-7.24 (m, 2H), 7.19 (dd, J=13.1, 7.0 Hz, 5H), 7.15 - 7.10
(m, 3H), 7.05 (q, /= 6.3 Hz, 4H), 6.93 (d, /= 7.6 Hz, 2H), 4.51 (d, /= 13.9 Hz, 1H), 3.94 (d,
J=14.1 Hz, 1H), 2.46 (s, 3H). 3C NMR (126 MHz, Chloroform-d) 6 200.98, 178.17, 167.83,
144.01, 143.83, 138.12, 135.58, 134.31, 133.88, 133.73, 132.06, 130.93, 129.65, 129.54,
129.16, 129.02, 128.84, 128.75, 128.38, 128.34, 127.68, 127.23, 126.03, 116.08, 95.02, 62.00
—61.24 (m), 56.46, 21.84. HRMS (ESI") m/z: [M+H]" calcd for C3sHasBrNO4S: 674.0995,
found: 674.0978; HPLC: The enantiomeric excess was determined using CHIRALPAK IE
column (n-Hexane/ 'PrOH=90:30, flow rate=1.0 mL/min, A =254 nm, Tmajor = 16.1 min, Tminor
= 60.2 min).

N-((2R.4'S,5'S,E)-2'-((E)-benzylidene)-3'-0x0-4',5'-diphenyl-
3H-spiro[benzofuran-2,1'-cyclopentan]-3-ylidene)-4-
nitrobenzenesulfonamide(4n): Pale yellow solid, 56.3 mg, 90%
yield, 88% ee, the measured dr is 8:1 from '"H NMR: 4.29-
4.26(minor), 3.94(major), E/Z =>20:1; R¢= 0.4 (petroleum

\ J ether/ethyl acetate = 90:10)

IH NMR (500 MHz, Chloroform-d) ¢ 8.32 (d, J= 8.5 Hz, 2H), 8.18 (d, J = 8.0 Hz, 1H), 8.02
(s, 1H), 7.77 (d, J= 8.5 Hz, 2H), 7.53 (t, J = 7.8 Hz, 1H), 7.34 (t, J= 7.7 Hz, 1H), 7.25 (t, J =
7.4 Hz, 3H), 7.21 - 7.19 (m, 2H), 7.17 (d, J = 7.7 Hz, 2H), 7.12 (t, J = 7.6 Hz, 2H), 7.05 (¢, J
=17.5 Hz, 2H), 7.00 (d, J= 7.6 Hz, 1H), 6.98 — 6.95 (m, 2H), 6.91 (d, J = 8.4 Hz, 1H), 4.55 (d,
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J=14.0 Hz, 1H), 3.94 (s, 1H). 3C NMR (126 MHz, Chloroform-d) § 200.82, 181.58, 168.40,
150.31, 146.86, 143.49, 139.97, 135.59, 134.07, 133.67, 132.32, 132.08, 131.11, 129.87,
129.18, 128.97, 128.87, 128.83, 128.53, 128.49, 128.47, 128.32, 128.30, 127.75, 124.20,
122.66, 113.06, 94.48, 62.00, 56.56. HRMS (ESI*) m/z: [M+Na]" calcd for C37H26N206S:
649.1404, found: 649.1410; HPLC: The enantiomeric excess was determined using
CHIRALPAK IA column (n-Hexane/ 'PrOH=90:30, flow rate=1.0 mL/min, A= 274 nm, Tmajor

= 14.8 1’1’111’1, Tminor — 21.8 1’1’111’1).

4 N\ N-(2R.4'S,5'S,E)-2'-((E)-benzylidene)-3'-0x0-4',5'-diphenyl-
3H-spiro[benzofuran-2,1'-cyclopentan]-3-
ylidene)methanesulfonamide(40): Pale yellow solid, 43 mg,
83% yield, 89% ee, the measured dr is 7:1 from '"H NMR: 5.11-
5.08(minor), 4.62-4.60(major), E/Z = >20:1; Rr= 0.4 (petroleum
\ J ether/ethyl acetate = 90:10)

TH NMR (500 MHz, Chloroform-d) 6 8.17 (s, 1H), 8.08 (d, J = 8.2 Hz, 1H), 7.51-7.47 (m,
1H), 7.33 (d, J=17.5 Hz, 2H), 7.31 — 7.26 (m, 4H), 7.26 — 7.22 (m, 2H), 7.11 (t, /= 7.6 Hz,
2H), 7.08 — 7.03 (m, 4H), 7.03 — 6.99 (m, 1H), 6.93 (t, J= 7.7 Hz, 1H), 6.89 (d, J = 8.4 Hz,
1H), 4.61 (d, J= 14.0 Hz, 1H), 4.06 (d, J = 14.0 Hz, 1H), 2.93 (s, 3H). 3C NMR (126 MHz,
Chloroform-d) ¢ 201.21, 180.28, 167.90, 143.80, 139.15, 135.76, 134.98, 134.00, 133.37,
132.27, 131.18, 130.80, 130.05, 129.49, 129.45, 129.18, 129.09, 129.07, 129.04, 128.88,
128.78, 128.74, 128.64, 128.20, 128.13, 127.70, 127.45, 124.91, 123.78, 122.27, 120.84,
120.12, 112.73, 94.02, 61.80, 56.65, 42.56. HRMS (ESIY) m/z: [M+H]" calced for
C32H25NO4S: 520.1578, found: 520.1579; HPLC: The enantiomeric excess was determined
using CHIRALPAK IE column (n-Hexane/ PrOH=90:30, flow rate=1.0 mL/min, A= 274 nm,

Tmajor = 13.8 min, Tminor — 16.4 mln).

N-((2R.4'S,5'S,E)-2'-((E)-benzylidene)-3'-0xo0-5'-phenyl-
4'-(p-tolyl)-3H-spiro [benzofuran-2,1'-cyclopentan]-3-
ylidene)-4-methylbenzenesulfonamide(4p): Pale yellow
solid, 55.4 mg, 91% yield, 89% ee, the measured dr is 10:1
from 'H NMR: 4.57-4.55(minor), 4.46-4.44(major), E/Z =
>20:1; Rf= 0.4 (petroleum ether/ethyl acetate = 90:10)

IH NMR (500 MHz, Chloroform-d) & 8.19 (s, 1H), 7.96 (s, 1H), 7.49 (d, J= 7.9 Hz, 2H), 7.41
(t,J= 7.8 Hz, 1H), 7.24-7.22 (m, 4H), 7.15 (d, J = 7.5 Hz, 2H), 7.05-7.02 (m, 5H), 6.98 (t, J
= 7.5 Hz, 2H), 66.94-6.86 (m, 4H), 6.80 (d, J = 8.4 Hz, 1H), 4.45 (d, J = 14.0 Hz, 1H), 3.90
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(s, 1H), 2.42 (s, 3H), 2.21 (s, 3H). '3C NMR (126 MHz, Chloroform-d) ¢ 201.50, 179.69,
167.98, 143.56, 143.47, 138.96, 138.63, 137.25, 134.74, 133.86, 132.79, 132.49, 130.74,
129.91, 129.76, 129.58, 129.48, 129.34, 129.28, 128.91, 128.64, 128.17, 128.05, 127.22,
127.11, 122.25, 112.69, 94.17, 61.74, 56.40, 21.81, 21.27. HRMS (ESI*) m/z: [M+H]" calcd
for CsoH31NO4S: 610.2047, found: 610.2056; HPLC: The enantiomeric excess was
determined using CHIRALPAK IA column (n-Hexane/ ‘PrOH=90:30, flow rate=1.0 mL/min,

A =254 nm, Tmajor = 23.3 min, Tminor = 38.3 min).

N-((2R,4'S,5'S,E)-2'-((E)-benzylidene)-4'-(4-methoxy
phenyl)-3'-0xo0-5'-phenyl-3H-spiro[benzofuran-2,1'-
cyclopentan]-3-ylidene)-4
methylbenzenesulfonamide(4q): Pale yellow solid, 58.1
mg, 93% yield, 90% ee, the measured dr is 10:1 from 'H
NMR: 4.61-4.59(minor), 4.50-4.47(major), E/Z = >20:1;
Rr= 0.4 (petroleum ether/ethyl acetate = 90:10).

TH NMR (500 MHz, Chloroform-d) § 8.25 (s, 1H), 8.02 (s, 1H), 7.54 (d,J=7.9 Hz, 2H), 7.46
(t,J=7.8Hz, 1H), 7.28 (d, J= 8.1 Hz, 3H), 7.20 (d, J= 7.5 Hz, 2H), 7.10 (t, /= 8.4 Hz, 3H),
7.03 (t,J=7.5 Hz, 3H), 6.99-6.91 (m, 4H), 6.85 (d, /= 8.4 Hz, 1H), 6.79 (d, J= 8.2 Hz, 2H),
4.49 (d,J=14.0 Hz, 1H), 3.89 (d, /= 27.8 Hz, 1H), 3.72 (s, 3H), 2.46 (s, 3H). 3C NMR (126
MHz, Chloroform-d) ¢ 201.65, 179.67, 167.93, 159.03, 143.56, 138.98, 138.55, 134.62,
133.80, 132.46, 130.75, 130.05, 129.75, 129.46, 129.25, 128.62, 128.16, 128.05, 127.82,
127.18, 114.34, 112.68, 94.08, 61.80, 55.95, 55.36, 21.79. HRMS (ESI*) m/z: [M+H]" calcd
for C3oH31NOsS: 626.1996, found: 626.1996; HPLC: The enantiomeric excess was
determined using CHIRALPAK IA column (n-Hexane/ ‘PrOH=90:30, flow rate=1.0 mL/min,

A =254 nm, Tmajor = 37.8 min, Tminor = 68.8 min).

N-((2R4'S,5'S,E)-2'-((E)-benzylidene)-4'-(4-
fluorophenyl)-3'-oxo0-5'-phenyl-3H-spiro [benzofuran-
2,1'-cyclopentan]-3-ylidene)-4-
methylbenzenesulfonamide(4r): Pale yellow solid, 55.1
mg, 90% yield, 91% ee, the measured dr is 7:1 from 'H

71
TH-3763_196122026



Chapter 2 |

NMR: 4.64-4.62(minor), 4.53-4.51(major), E/Z =>20:1; Rr= 0.4 (petroleum ether/ethyl
acetate = 90:10)

'"H NMR (600 MHz, Chloroform-d) 6 8.25 (d, J= 7.3 Hz, 1H), 8.02 (s, 1H), 7.52 (d, /= 7.9
Hz, 2H), 7.48 — 7.45 (m, 1H), 7.32 — 7.26 (m, 3H), 7.18 (d, /= 7.6 Hz, 2H), 7.15 (t, /= 6.2
Hz, 2H), 7.11 — 7.07 (m, 2H), 7.05 — 7.01 (m, 3H), 6.99 (d, J = 7.3 Hz, 1H), 6.96 — 6.93 (m,
4H), 6.86 (d, J= 8.4 Hz, 1H), 4.52 (d, J = 13.9 Hz, 1H), 3.89 (s, 1H), 2.45 (s, 3H). 13C NMR
(151 MHz, Chloroform-d) 6 201.05, 167.90, 163.10, 161.47, 143.64, 139.06, 138.47, 134.38,
133.69, 132.17, 131.43, 130.89, 130.64, 130.58, 129.79, 129.48, 129.18, 128.67, 128.26,
128.21, 127.20, 122.34, 115.86, 115.71, 112.68, 93.97, 61.75, 55.85, 21.81. HRMS (ESI")
(m/z): [M+Na]" caled for CsgH2sFNO4S: 636.1616, found: 636.1602; HPLC: The
enantiomeric excess was determined using CHIRALPAK IA column (n-Hexane/
'PrOH=90:30, flow rate=1.0 mL/min, A = 254 nm, Tmajor = 28.9 min, Tminor = 51.3 min).

N-((2R,4'S,5'S,E)-2'-((E)-benzylidene)-3'-0x0-5'-phenyl-
4'-(m-tolyl)-3H-spiro [benzofuran-2,1'-cyclopentan]|-3-
ylidene)-4-methylbenzenesulfonamide(4s): Pale yellow
solid, 55.4 mg, 91% yield, 92% ee, the measured dr is 6:1
from '"H NMR: 4.62-4.58(minor), 4.51-4.48(major), E/Z =
>20:1; Rr= 0.4 (petroleum ether/ethyl acetate = 90:10)

TH NMR (400 MHz, Chloroform-d) 6 8.25 (d, J = 8.2 Hz, 1H), 8.02 (s, 1H), 7.54 (d, J = 8.1
Hz, 2H), 7.48-7.43 (m, 1H), 7.43 — 7.39 (m, 1H), 7.28 (d, /= 8.2 Hz, 3H), 7.20 (d, /= 7.0 Hz,
2H), 7.14 (t, J = 7.8 Hz, 2H), 7.11 — 7.06 (m, 3H), 7.05-6.99 (m, 6H), 6.98 — 6.94 (m, 4H),
6.92 (d,J="7.7 Hz, 1H), 6.85 (d, /= 8.4 Hz, 1H), 4.50 (d, /= 13.9 Hz, 1H), 3.97 (d, /= 13.7
Hz, 1H), 2.46 (s, 3H), 2.27 (s, 3H). '3C NMR (101 MHz, Chloroform-d) (major+minor) &
201.51, 200.96, 181.73, 179.69, 171.23, 167.94, 144.02, 143.57, 140.72, 138.99, 138.92,
138.74, 138.54, 138.44, 138.37, 138.32, 135.76, 135.10, 134.63, 133.79, 133.18, 132.50,
132.41, 132.31, 132.14, 130.92, 130.77, 129.99, 129.91, 129.85, 129.76, 129.62, 129.46,
129.35, 129.24, 129.00, 128.78, 128.74, 128.68, 128.63, 128.50, 128.33, 128.26, 128.14,
128.03, 127.18, 127.08, 126.15, 126.02, 122.62, 122.25, 112.69, 111.90, 95.24, 94.15, 61.71,
57.94, 56.70, 54.55, 21.84, 21.80, 21.72, 21.64. HRMS (ESI") m/z: [M+H]" calcd for
C39H31NO4S: 610.2047, found: 610.2054; HPLC: The enantiomeric excess was determined
using CHIRALPAK IA column (n-Hexane/ 'PrOH=90:30, flow rate=1.0 mL/min, A= 254 nm,

Tmajor = 21 .2 min, Tminor — 39.5 n’lll’l).
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\ N-((2RA4'S,5'S,E)-2'-((E)-benzylidene)-3'-0x0-5'-phenyl-4'-
(o-tolyl)-3H-spiro [benzofuran-2,1'-cyclopentan]-3-
ylidene)-4-methylbenzenesulfonamide(4t): yellow solid,
54.2 mg, 89% yield, 92% ee, the measured dr is 7:1 from 'H
NMR: 5.02-4.99(minor), 4.80-4.77(major), E/Z = >20:1; R¢=
) 0.4 (petroleum ether/ethyl acetate = 90:10)

'TH NMR (500 MHz, Chloroform-d) (major) é 8.24 (s, 1H), 7.99 (s, 1H), 7.55 (d, J= 7.9 Hz,
2H), 7.46 (t, J = 7.8 Hz, 1H), 7.28 (d, J = 8.0 Hz, 3H), 7.18 (d, /= 7.5 Hz, 2H), 7.14 (d, J =
7.4 Hz, 1H), 7.10 — 7.05 (m, 4H), 7.01 (t, /= 7.1 Hz, 3H), 6.95 (dd, J = 11.8, 7.6 Hz, 4H),
6.88 (d, J=8.4 Hz, 1H), 4.79 (d, J = 14.1 Hz, 1H), 4.09 (d, J = 14.3 Hz, 1H), 2.46 (s, 3H),
2.40 (s, 3H). 13C NMR (126 MHz, Chloroform-d) (major+minor) 6 201.00, 199.97, 181.45,
179.69, 171.28, 167.98, 144.06, 143.58, 140.46, 139.04, 138.84, 138.53, 134.95, 134.74,
134.38, 133.80, 133.66, 133.19, 132.45, 132.32, 130.96, 130.82, 130.75, 129.87, 129.84,
129.69, 129.48, 129.26, 129.22, 128.75, 128.63, 128.33, 128.14, 128.10, 127.56, 127.20,
127.16, 126.44, 122.71, 122.30, 117.53, 112.68, 111.95, 95.23, 94.24, 60.89, 56.22, 21.83,
20.46. HRMS (ESI+) m/z: [M+H]+ caled for C39H31NO4S: 610.2047, found: 610.2054;
HPLC: The enantiomeric excess was determined using CHIRALPAK IA column (n-Hexane/
'PrOH=90:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 20.1 min, Tminor = 32.5 min).

N-((2R,4'S,5'S,E)-2'-((E)-benzylidene)-4'-(3,4-
dimethoxy phenyl)-3'-oxo-5'-phenyl-3H-
spiro[benzofuran-2,1'-cyclopentan]-3-ylidene)-4-
methylbenzenesulfonamide (4u): Yellow solid, 58.9
mg, 90% yield, 95% ee, the measured dr is 7:1 from 'H
NMR: 4.61-4.57(minor), 4.49-4.45(major), E/Z = >20:1;
Rf= 0.4 (petroleum ether/ethyl acetate = 90:10)

'TH NMR (400 MHz, Chloroform-d) 6 8.25 (d, J = 8.2 Hz, 1H), 8.02 (s, 1H), 7.53 (d, /= 8.0
Hz, 2H), 7.48 — 7.42 (m, 1H), 7.29 — 7.23 (m, 3H), 7.22 — 7.17 (m, 2H), 7.10 — 7.00 (m, 5H),
6.99-6.64 (m, 3H), 6.91 (t,J=7.6 Hz, 1H), 6.84 (d,J=8.4 Hz, 1H), 6.75 — 6.70 (m, 2H), 4.47
(d, J=13.9 Hz, 1H), 3.92 (s, 1H), 3.78 (s, 3H), 3.76 (s, 3H), 2.44 (s, 3H). 3C NMR (101
MHz, Chloroform-d) ¢ 201.42, 179.68, 167.92, 149.12, 148.54, 143.59, 139.00, 138.53,
134.61, 133.74, 132.56, 132.27, 132.23, 130.74, 129.73, 129.45, 129.24, 128.80, 128.76,
128.65, 128.59, 128.35, 128.33, 128.17, 128.07, 127.14, 122.26, 121.19, 112.66, 112.38,
111.49, 93.99, 62.82, 56.20, 56.02, 55.96, 21.76. HRMS (ESI*) m/z: [M+Na]" calcd for
C40H33NO6S: 678.1921, found: 678.1928; HPLC: The enantiomeric excess was determined
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using CHIRALPAK IA column (n-Hexane/ 'PrOH=90:30, flow rate=1.0 mL/min, A= 254 nm,

Tmajor = 36.4 I’Ilil’l, Tminor = 63.1 1’1’111’1).

~

N-(2R4'S,5'S,E)-2'-((E)-benzylidene)-4'-(naphthalen-2-
Ts Eh \ yl)-3'-0x0-5'-phenyl-3H-spiro [benzofuran-2,1'-
) cyclopentan]-3-ylidene)-4-
methylbenzenesulfonamide(4v): Yellow solid, 59.3 mg,
92% yield, 91% ee, the measured dr is 6:1 from 'H NMR:
4.85-4.81(minor), 4.74-4.71(major), E/Z =>20:1; Rf= 0.4
(petroleum ether/ethyl acetate = 90:10)

'TH NMR (400 MHz, Chloroform-d) é 8.29 (d, J = 8.2 Hz, 1H), 8.07 (s, 1H), 7.78-7.73 (m,
3H), 7.65 (s, 1H), 7.57 (d, J = 8.1 Hz, 2H), 7.52 — 7.46 (m, 1H), 7.45 — 7.40 (m, 2H), 7.34-
7.28 (m, 4H), 7.25 (d, J=7.2 Hz, 2H), 7.11 (t, J= 7.6 Hz, 2H), 7.06-6.97 (m, 5H), 6.97-6.93
(m, 1H), 6.90 (d, J = 8.4 Hz, 1H), 4.72 (d, J = 13.9 Hz, 1H), 4.11 (s, 1H), 2.48 (s, 3H). 13C
NMR (101 MHz, Chloroform-d) ¢ 201.36, 179.64, 167.98, 143.72, 143.62, 140.96, 139.03,
138.57, 134.67, 133.79, 133.57, 133.38, 132.92, 132.34, 130.84, 129.82, 129.51, 129.26,
128.67, 128.61, 128.54, 128.21, 128.13, 128.00, 127.80, 127.24, 126.57, 126.22, 126.09,
122.31, 112.72, 94.21, 61.73, 56.99, 21.82. HRMS (ESI") (m/%): [M+H]" calcd for
CoH31NO4S: 646.2047, found: 646.2046; HPLC: The enantiomeric excess was determined
using CHIRALPAK IA column (n-Hexane/ 'PrOH=90:30, flow rate=1.0 mL/min, A= 254 nm,

Tmajor = 40.9 min, Tminor — 66.4 mln).

4-methyl-V-((2R,4'S,5'S,E)-2'-((E)-4-methylbenzylidene)-3'-
ox0-4',5'-diphenyl-3 H-spiro [benzofuran-2,1'-cyclopentan]-3-
ylidene)benzenesulfonamide(4w): Pale yellow solid, 56.6 mg,
93% yield, 91% ee, the measured dr is 6:1 from '"H NMR: 4.64-
4.61(minor), 4.52-4.49(major), E/Z =>20:1; R¢= 0.4 (petroleum
ether/ethyl acetate = 90:10)

TH NMR (500 MHz, Chloroform-d) J 8.26 (s, 1H), 7.97 (s, 1H), 7.50
(d,J=7.9 Hz, 2H), 7.44 (t, J=7.9 Hz, 1H), 7.24 (t,J= 7.3 Hz, 4H), 7.19 (d, J= 8.2 Hz, 5H),
7.02 (t, J="7.5 Hz, 2H), 6..97-6.63 (m, 2H), 6.89-6.86 (m, 3H), 6.85 — 6.81 (m, 1H), 4.51 (d,
J=13.9 Hz, 1H), 3.97 (s, 1H), 2.44 (s, 3H), 2.28 (s, 3H). 1*C NMR (126 MHz, Chloroform-
d) (major+minor) 6 201.34, 179.79, 168.05, 143.79, 143.50, 141.65, 138.93, 138.60, 135.97,
133.16, 132.50, 130.85, 130.18, 129.43, 129.29, 129.11, 129.08, 128.84, 128.79, 128.15,
128.05, 127.56, 127.16, 122.23, 112.71, 94.41, 61.89, 56.64, 21.80, 21.74. HRMS (ESI")
m/z: [M+H]" calcd for C39H31NO4S: 610.2047, found: 610.2055; HPLC: The enantiomeric
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excess was determined using CHIRALPAK IE column (n-Hexane/ 'PrOH=90:30, flow

rate=1.0 mL/min, A = 254 nm, Tmajor = 21.0 min, Tminor = 59.3 min).

r N\ N-((2R,4'S,5'S,E)-2'-((E)-4-fluorobenzylidene)-3'-oxo0-4',5'-
diphenyl-3H-spiro [benzofuran-2,1'-cyclopentan]-3-ylidene)-4-
methylbenzenesulfonamide(4x): Pale yellow solid, 56.3 mg, 92%
yield, 89% ee, the measured dr is 5:1 from 'H NMR: 4.64-4.60
(minor), 4.53-4.50(major), E/Z =>20:1; Rr= 0.4 (petroleum
ether/ethyl acetate = 90:10)

'H NMR (400 MHz, Chloroform-d) § 8.26 (s, 1H), 7.95 (s, 1H),
7.59 (d,J=17.9 Hz, 2H), 7.49 — 7.43 (m, 1H), 7.31 — 7.26 (m, 3H), 7.26 — 7.23 (m, 2H), 7.20-
7.17 (m, 4H), 7.06 — 6.98 (m, 3H), 6.97 — 6.89 (m, 3H), 6.84 (d, /= 8.4 Hz, 1H), 6.74 (t, J =
8.7 Hz, 2H), 4.52 (d, J = 14.0 Hz, 1H), 3.98 (s, 1H), 2.46 (s, 3H). ¥C NMR (101 MHz,
Chloroform-d) (major) 6 201.13, 179.54, 167.96, 143.72, 142.28, 139.16, 138.51, 135.76,
134.62, 132.31, 131.94, 131.86, 131.61, 129.98, 129.95, 129.56, 129.24, 129.06, 128.90,
128.85, 128.41, 128.23, 128.15, 127.66, 127.21, 127.09, 122.45, 116.03, 115.82, 112.69,
94.09, 61.62, 56.69, 21.82. HRMS (ESI*) (m/z): [M+K]" calcd for C3sHsFNO4S: 618.1710,
found: 618.1715; HPLC: The enantiomeric excess was determined using CHIRALPAK IA
column (n-Hexane/ 'PrOH=90:30, flow rate=1.0 mL/min, A = 254 nm, Tminor = 22.7 Min, Tmajor
=56.9 min).

(Meo ) N-((2R.4'S,5'S,E)-2'-((E)-4-methoxybenzylidene)-3'-0x0-4',5'-
diphenyl-3H-spiro [benzofuran-2,1'-cyclopentan]-3-ylidene)-4-
methylbenzenesulfonamide(4y): Pale yellow solid, 58.1 mg, 93%
yield, 86% ee, the measured dr is 8:1 from '"H NMR: 4.62-
4.60(minor), 4.52-4.49(major), E/Z =>20:1; R¢= 0.4 (petroleum

ether/ethyl acetate = 90:10)

Ve
|\

"H NMR (500 MHz, Chloroform-d) § 8.31 (s, 1H), 7.94 (d, J = 2.6
Hz, 1H), 7.50 (d, /= 8.0 Hz, 2H), 7.44 (t, J=7.8 Hz, 1H), 7.24 (dd, J=17.7,4.9 Hz, 4H), 7.21
—7.15 (m, 5H), 7.03-7.00 (m, 3H), 6.97-6.92 (m, 4H), 6.83 (d, J = 8.5 Hz, 1H), 6.60 (d, J =
8.3 Hz, 1H), 4.50 (d, J = 14.0 Hz, 1H), 3.91 (d, J = 36.8 Hz, 1H), 3.72 (d, J = 15.7 Hz, 3H),
2.43 (s, 3H).13C NMR (126 MHz, Chloroform-d) (major+minor) 6 201.34, 200.73, 200.08,
181.71, 180.02, 171.13, 168.07, 162.16, 161.65, 143.98, 143.89, 143.49, 140.86, 138.98,
138.73, 138.57, 136.09, 135.22, 132.55, 132.38, 131.46, 130.99, 129.93, 129.88, 129.83,
129.81, 129.61, 129.43, 129.29, 129.12, 129.08, 128.85, 128.83, 128.76, 128.32, 128.26,
128.13, 128.02, 127.52, 127.26, 127.12, 127.03, 126.77, 126.16, 125.51, 122.65, 122.21,
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114.34, 113.88, 113.81, 112.79, 112.11, 95.75, 94.71, 62.13, 58.41, 56.59, 55.66, 55.51,
54.35, 21.82, 21.78. HRMS (ESI*) m/z: [M+H]" caled for C39H31NOsS: 626.1996, found:
626.1990; HPLC: The enantiomeric excess was determined using CHIRALPAK IA column
(n-Hexane/ PrOH=90:30, flow rate=1.0 mL/min, Amax= 254 nm, Tminor = 22.7 Min, Tmajor = 56.9

min).

% N\ N-((2R,4'S,5'S,E)-2'-((E)-2-chlorobenzylidene)-3'-0x0-4',5'-
diphenyl-3H-spiro[benzofuran-2,1'-cyclopentan]-3-ylidene)-4-
methylbenzene sulfonamide(4z): Pale yellow solid, 52.2 mg, 83%
yield, 83% ee, the measured dr is 9:1 from '"H NMR: 4.65-
4.63(minor), 4.56-4.54(major), E/Z =>20:1; R¢= 0.4 (petroleum
ether/ethyl acetate = 90:10)

'"H NMR (600 MHz, Chloroform-d) & 8.14 (d, J = 8.3 Hz, 1H), 8.12
(s, 1H), 7.78 = 7.73 (m, 2H), 7.47 - 7.45 (m, 1H), 7.36 (t, J = 7.7 Hz, 3H), 7.27-7.26 (m, 1H),
7.26 - 7.25 (m, 2H), 7.21 - 7.19 (m, 6H), 7.04 (t, /= 7.7 Hz, 2H), 7.00 — 6.97 (m, 1H), 6.91
—6.86 (m, 2H), 6.61 — 6.55 (m, 2H), 4.55 (d, /= 14.0 Hz, 1H), 3.99 (d, /= 13.7 Hz, 1H), 2.48
(s, 3H).1*C NMR (151 MHz, Chloroform-d) (major+minor) 8 200.67,179.31, 167.73, 143.74,
140.28, 139.51, 139.07, 138.44, 137.60, 137.33, 135.42, 135.38, 134.78, 132.72, 132.17,
131.70, 130.31, 130.10, 129.96, 129.77, 129.64, 129.12, 129.03, 128.82, 128.26, 128.15,
127.67,127.32,127.10, 126.46, 125.23, 122.62, 122.28, 120.72, 114.28, 112.59, 93.73, 60.85,
56.55, 53.64,22.91, 21.87. HRMS (EST*) m/z: [M+H]" calcd for C3gH20CINO4S: 630.1501,
found: 630.1501; HPLC: The enantiomeric excess was determined using CHIRALPAK TA
column (n-Hexane/ 'PrOH=90:30, flow rate=1.0 mL/min, Amax= 254 nm, Tmajor = 24.7 min,

Tminor = 32. lmll’l)

N-(2RA4'S,5'S,E)-2'-((E)-3-chlorobenzylidene)-3'-0x0-4',5'-
diphenyl-3H-spiro[benzofuran-2,1'-cyclopentan]-3-ylidene)-4-
methylbenzenesulfonamide(4z’): Pale yellow solid, 54.1 mg,
86% yield, 83% ee, the measured dr is 6:1 from '"H NMR: 4.65-
4.63(minor), 4.56-4.54(major), E/Z =>20:1; R¢= 0.4 (petroleum
ether/ethyl acetate = 90:10)

TH NMR (500 MHz, CDCI3) § 8.277 (s, 1H), 7.92 (s, 1H), 7.59 (d,
J=17.8 Hz, 2H), 7.45 (t, J = 7.8 Hz, 1H), 7.28 (d, J = 8.0 Hz, 2H),
7.24 (d, ] = 6.8 Hz, 2H), 7.19 (d, J = 7.3 Hz, 4H), 7.04 - 7.00 (m, 4H), 6.85 - 6.82 (m, 3H),
6.83 (t,J = 6.9 Hz, 3H), 4.51 (d, ] = 13.9 Hz, 1H), 3.98 (s, 1H), 2.44 (s, 3H). *C NMR (126
MHz, CDCI3) (major-+minor) & 200.86, 200.26, 181.22, 179.16, 170.88, 167.78, 143.95,
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143.55, 141.70, 139.02, 138.98, 138.93, 138.48, 138.21, 136.73, 135.91, 135.72, 135.53,
134.99, 133.45, 133.29, 132.14, 132.05, 131.94, 130.79, 130.74, 130.43, 130.16, 129.74,
129.68, 129.36, 129.04, 128.86, 128.71, 128.65, 128.57, 128.44, 128.23, 128.19, 128.04,
127.97, 127.48, 127.03, 126.89, 122.64, 122.30, 120.59, 117.39, 114.08, 112.45, 111.71,
94.88, 93.77, 61.35, 57.52, 56.50, 54.39, 21.65, 21.62. HRMS (ESI*) m/z: [M+H]" calcd for
C33H29CINO4S: 630.1501, found: 630.1498; HPLC: The enantiomeric excess was
determined using CHIRALPAK IA column (n-Hexane/ ‘PrOH=90:30, flow rate=1.0 mL/min,

}\,max: 254 l’ll’n, Tminor — 17.9 mil’l, Tmajor - 20.9 mll’l)

5: white solid, 49.5 mg, 83% vyield, >20:1 dr, 90% ee. Ry = 0.4
(petroleum ether/ethyl acetate = 90:10). '"H NMR (500 MHz,
Chloroform-d) ¢ 7.50 (d, /= 7.7 Hz, 2H), 7.41 — 7.20 (m, 17H), 7.15
(t,J=7.3 Hz, 2H), 7.05 (d, /= 8.0 Hz, 2H), 5.30 (s, 1H), 5.14 (s, 1H),
4.60 (s, 1H), 4.30 (s, 1H), 2.38 (s, 3H). 3C NMR (126 MHz,
Chloroform-d) ¢ 153.52, 144.09, 138.73, 137.42, 129.44, 129.28, 129.11, 128.80, 128.60,
128.53, 128.45,128.18, 127.29, 127.06, 126.71, 124.75, 123.43, 119.72, 112.22, 71.63, 46.39,
31.79, 21.77. HRMS (ESI') (m/z): [M+H]" caled for Cs3sH3NO4S: 598.2047, found:
598.2053; HPLC: HPLC: The enantiomeric excess was determined using CHIRALPAK ID

column (n-Hexane/ i-PrOH=90:10, flow rate=1.0 mL/min, Anax= 254 nm, Tmajor = 13.4 min,

Tminor — 209 mln).

6: White solid, 57.96 mg, 92% yield, >20:1 dr, 92% ee. "H NMR (500
MHz, Chloroform-d) ¢ 7.60 (d, J= 7.6 Hz, 2H), 7.57 (d, J = 7.5 Hz,
4H), 7.49 (t, J= 7.6 Hz, 1H), 7.41 (t, J=9.1 Hz, 3H), 7.28 (d, J= 6.9
Hz, 1H), 7.24 (d, J=8.4 Hz, 2H), 7.18 (d,J= 7.4 Hz, 3H), 7.11 (t,J =
7.8 Hz, 2H), 6.94 (q, J = 8.1 Hz, 4H), 6.79 (d, J = 7.8 Hz, 1H), 6.25
(d,J=13.1 Hz, 1H), 5.00 (d, J= 13.1 Hz, 1H), 2.39 (s, 3H). 3C NMR
(126 MHz, Chloroform-d) ¢ 197.27, 158.89, 152.76, 150.93, 144.79, 136.83, 136.69, 135.84,
134.77,131.43 — 131.04 (m), 130.67, 130.19, 129.29, 128.90, 128.61, 128.52, 128.37, 127.88,
127.52, 125.62, 125.53, 123.30, 120.80, 119.37, 112.36, 54.65, 49.79, 21.80. HRMS (ESI")
(m/z): [M+Na]" caled for C3sHasCINO4S: 652.1320, found: 652.1320; HPLC: HPLC: The
enantiomeric excess was determined using CHIRALPAK ID column (n-Hexane/ i-
PrOH=90:10, flow rate=1.0 mL/min, Amax= 254 nm, Tmajor = 13.4 min, Tminor = 20.9 min).
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7: white solid, 52.87mg, 87% yield, >20:1 dr, 90% ee. TH NMR (400
MHz, Chloroform-d) ¢ 7.46 (t, J = 6.9 Hz, 3H), 7.34 (t, J = 7.4 Hz,
3H), 7.29 — 7.25 (m, 3H), 7.22 — 7.20 (m, 3H), 7.15 - 7.08 (m, 4H),
7.01 — 6.96 (m, 5H), 6.93 — 6.90 (m, 1H), 6.60 (d, J = 7.9 Hz, 1H),
6.02 — 5.92 (m, 1H), 5.78 (s, 1H), 5.20 (d, /= 10.0 Hz, 1H), 5.09 (s,
2H), 5.02 (d, J = 17.0 Hz, 1H), 2.54 - 2.49 (m, 1H), 2.43 (s, 3H), 2.13 - 2.08 (m, 1H). 13C
NMR (126 MHz, Chloroform-d) ¢ 158.84, 153.30, 144.29, 141.83, 140.63, 140.38, 139.67,
137.82, 133.53, 133.19, 130.37, 129.64, 129.49, 129.17, 128.81, 128.73, 128.33, 127.81,
127.68, 127.66, 126.34, 126.13, 126.04, 124.33, 122.75, 120.70, 120.06, 119.63, 111.91,
50.41, 49.87, 47.67, 21.82. HRMS (ESI") (m/z): [M+K]" caled for C41H3sNO4S: 676.1919,
found: 676.1922; HPLC: The enantiomeric excess was determined using CHIRALPAK ID

column (n-Hexane/ 'PrOH=90:10, flow rate=1.0 mL/min, Amax= 254 nm, Tminor = 23.2 min,

Tmajor — 259 mln)

8: white solid, 33.9mg, 77% yield, >20:1 dr, 92% ee. 'TH NMR (600
MHz, DMSO-ds) 0 9.23 (s, 1H), 8.01 — 7.98 (m, 2H), 7.93 (d,/=7.5
Hz, 1H), 7.67 — 7.61 (m, 3H), 7.47 (d, J = 8.0 Hz, 1H), 7.44 — 7.41
(m, 2H), 7.40 - 7.38 (m, 1H), 7.36 - 7.33 (m, 1H), 7.30 — 7.27 (m,
2H), 7.18 (t, J = 7.6 Hz, 2H), 7.15 — 7.09 (m, 3H), 7.06 — 7.02 (m,
1H), 5.22 (s, 1H), 5.19 (d, J= 12.9 Hz, 1H), 4.77 (d, J = 12.9 Hz, 1H). 3C NMR (151 MHz,
DMSO-ds) 6 198.21, 158.31, 153.62, 150.98, 140.34, 137.76, 136.77, 131.29, 129.55, 129.08,
128.92, 128.28, 128.09, 127.61, 126.87, 126.64, 126.22, 125.37, 123.11, 121.83, 119.49,
111.18, 103.82, 55.68, 44.99. HRMS (ESI*) (m/z): [M+H]" calcd for C31H23NO2: 442.1802,
found: 442.1802; HPLC: The enantiomeric excess was determined using CHIRALPAK ID
column (n-Hexane/ 'PrOH=90:30, flow rate=1.0 mL/min, Amax= 254 nm, Tmajor = 8.9 Min, Tminor
=19.0 min).
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200 TR-38 #140 [modified by user, 4 peaks manually assigned)] Uv_VIS_ 2
JmAU WVL:254 nm
] Ph
i i Ts
150+ 2 o NH \
1 - @
: - { ©
100 0 p o Ph
] ™ A Ph
T rac- o
] & 8
50 o «
4 s =
] o -
2 T L LA R '|"'n']In
10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0
Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 15.57 88.15827 41.49711319 103.3562 n.a.
22 17.60 90.30376 42.50702045 84.13357 n.a.
33 23.29 16.16849 7.610694519 13.71956 n.a.
44 24.85 17.814 8.385171843 15.455 n.a.
100 TR-38 #149 [modified by user, 4 peaks manually assigned] Uv_VIS 2
JmAU WVL:254 nm
] Ph
80+ Ts, \\
] Ej_ NH o
T L
60 " \
i v (o Ph
- -
20- = © &
4 o =
| - —/\
7 min
R L e ) B R T ] T L
10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0
Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 15.72 42.09199 58.55196375 43.7907 n.a.
22 17.74 1.870579 2.602064032 2.63749 n.a.
33 23.53 26.31776 36.60925896 18.46781 n.a.
4 4 25.26 1.608 2.236713253 3.090 n.a.
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200 TR-38 #5 [modified by user, 2 peaks manually assigned] UV_VIS 1
JmAU WVL:220 nm
] [Te)
] R
150+ N 0
] . =
] Z &
100- 0
- (3]
50
0 _
7 min|
-40 L N
15.0 20.0 25.0 30.0 35.0 40.0
Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 21.80 138.8226 49.83190877 118.6878 n.a.
33.15 139.759 50.16809123 91.203 n.a.
800 TR-38-DBU(TEMP ON) #22 [modified by user, 1 peak manually assigned] UV_VIS 1
mAU WVL:220 nm
- ©
] 3
600+ <
400
: 5
200+ S
- (3]
_ ~
_ ~
__ e min
60 - - I - - - 1T - T - T T T T T T T T
15.0 20.0 25.0 30.0 35.0 40.0
Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 22.64 620.7385 96.14471419 471.9738 n.a.

36.06 24.891 3.855285815 17.045 n.a.
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100 TR-38-PPH3 #3 [modified by user, 2 peaks manually assigned] Uv VIS 2
ImAU WVL:254 nm
80- o
] g
60+ i
] 3
- 2
40 .
i (]
] o
20+
‘10""|""|""|""|'"'|""|""|"'mm
15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0
Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 2474 41.55797 49.91453761 52.22303 n.a.
48.39 41.700 50.08546239 24.754 n.a.
750 TR-38-PPH3(TEMP. OFF) #4 [modified by user] Uv VIS 2
= mAU WVL:254 nm
60.0
: 2
40.0+ T
) )
20.0- [
i g
=t
| o
-10.0 '"-|-'"|'---|"-'|-"'|-'-'|'-'-|-"mIn
15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0
Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 23.58 27.43192 95.86291217 34.29574 n.a.

49.77 1.184 4.137087826 0.830 n.a.

86
TH-3763_196122026




Chapter 2 | Structurally Divergent Enantioselective Synthesis of Benzofuran Fused Azocine

Derivatives and Spiro-Cyclopentanone Benzofurans Enabled by Sequential Catalysis

8EC —

o€y —

09y —

bT°S —
bE'S —

02
002
Ve
512
01"
02 £
T2L A
222
T 2~
522
122
822 ]
o2 4
oc 2
0t |
TH2 ]
62
152

=TT

5, "H(500MHz, CDClIj)
|

F 00'€

LTt

~ 660

~STT

[ €60

e
%€z
0°LT

16T

90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 1.5 1.0 05 0.0
f1 (ppm)

9.5

LLTT—

64T —

6€°9Y —

€91~
€1DAD 86'9L
€DAD €T°LL
€nad sy

TTTIT
2L6TT
£v'€T o
SLbeT
1£'92T
90°£2T
62°LTT ]
81827 1

Sb'8eT o
XA |
09'82T
08'82T
TT°62T
wN.mNQ
Pb'62T

THLET —
erger”
60'vbT —

TSEST —

20

50

60

5, 13C(126MHz, CDClj,)

100 90
f1 (ppm)
87

110

)
T
120

A
T
140

210

TH-3763_196122026



Chapter 2 |

30.0 TR-38 #137 [modified by user, 2 peaks manually assigned)] UV_VIS 2
~ mAU WVL:254 nm
20.0+
i ~
B
| &
10.0 :
| min
B e 1 S S B e R S RO T T
10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0
Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 23.60 9.915024 53.11033727 8.01853 n.a.
30.65 8.754 46.88966273 4.054 n.a.
80.0 TR-38 #136 [modified by user, 2 peaks manually assigned] UV_VIS 2
"~ mAU WVL:254 nm
60.0
1 = -"OH
. ©
& -
40.0+ . Ph
] - 5
1 =
20.0- @
4 (3]
| ~
| ~
| - min
-5.0 — T T 1 T T T T T T T T T T ] ] I
10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0
Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU min % mAU
11 23.85 33.87526 95.4346562 26.25407 n.a.
31.31 1.621 4.565343802 0.865 n.a.
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20.0 TR-38 #64 [modified by user, 2 peaks manually assigned] UV_VIS 2
~ JmAU WVL:254 nm
15.0-
7 w
] <
10.0 2 ~
1 - u-'!
] 2 &
5.0+ o
4 o™
0.0+
e _ —
] min
-5.0 T T T T T T T [
8.0 10.0 12.0 14.0 16.0 18.0 20.0 22.0 25.0
Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 13.49 4.259287 48.69296571  7.80147 n.a.
20.52 4.488 51.30703429 5.293 n.a.
300 TR-38 #121 [modified by user, 2 peaks manually assigned] UV_VIS 2
mAU WVL:254 nm
4 uwn
=
i 2
200 -
100+ 6 o
] &
&
| ~
1 ~
| min
20— T T T T T ] T
8.0 10.0 12.0 14.0 16.0 18.0 20.0 22.0 25.0
Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 13.42 102.5229 95.96243862 185.8448 n.a.
20.94 4.314 4.037561376 5,571 na.
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100 TR-38 #133 [modified by user, 2 peaks manually assigned] UV_VIS 2
JmAU WVL:254 nm
80
60 8 3
| a Q
40 T R
i - [a"]
20-
] —
i min
A7 7 7 7 T T
15.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5 35.0
Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 22.83 41.96408 49.29883068 29.65025 n.a.
26.28 43.158 50.70116932 29.517 n.a.
250 TR-38 #134 [modified by user, 2 peaks manually assigned] UV_VIS 2
{mAU WVL:254 nm
| <
] 7
100
] 10
S
4 (3¢
50 B
] min
A B B e e B B
15.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5 35.0
Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 23.21 11.29338 5.13931689 8.38958 n.a.

26.00 208.451 94.86068311  129.256 n.a.
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100 TR-38 #172 [modified by user, 2 peaks manually assigned] uv VIS 2
JmAU - WVL:254 nm
1 3
7 [=7]
80+ -
b ]
60 &
] o
. o
40 a
20
min
L L e e e L e ) B Sy B B
5.0 7.5 10.0 12.5 15.0 17.5 20.0 24.0
Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 9.04 24.60834 50.57557064 65.36341 n.a.
18.90 24.048 49.42442936 32472 n.a.
300 TR-38 #173 [modified by user, 2 peaks manually assigned] Uv_ VIS 2
mAU WVL:254 nm
| f Ph
200~ - HNTX
4 \ o
4 o .
| pn Ph
100+ 8 -
- 3
@
| ~
A :
| T o min
-2 ) ) B S B ) B L ) IR S B
5.0 7.5 10.0 12.5 15.0 17.5 20.0 24.0
Peak Name Ret.Time (detected) Area Rel . Area(ident.) Height Amount
min mAU*min % mAU
11 9.00 68.65999 96.23084124 188.926 n.a.

19.01 2.689 3.769158756 4.386 n.a.
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Chapter 3
Organocatalytic Regio- and Enantioselective Friedel-
Crafts Alkylation of N-Arylanilines with Aurone-Derived
Azadienes: Access to Benzofuran Embedded

Triarylmethanes

Abstract: Herein we disclose a catalytic asymmetric Friedel-Crafts alkylation of N-
arylanilines with azadienes for the synthesis of benzofuran containing triarylmethanes. An
easily available chiral phosphoric acid, TRIP, was found to be effective for this reaction. The
triarylmethanes with benzofuran motif were obtained in moderate yields with high regio- and
good to high enantioselectivities. The scope of the reaction was broad and few synthetic

transformations have been demonstrated.

27 examples
upto 62% yield
upto 95% ee

« Triarylmethane with benzofuran motif

+’ High enatioselectivtiy & regioselectivity
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3.1. Introduction:

Aniline and its derivatives are useful compounds in synthetic chemistry due to their wide
applications in pharmaceutical agents, fluorescent dyes, and functional materials.!
Consequently, the regio- and enantioselective functionalization of anilines has drawn attention
to organic chemists and during the past few decades; and considerable efforts have been made
in this intensely researched area.” The efficient functionalization of anilines using metal-
catalyzed C-H functionalization was one of them. However, the majority of studies on the C-
H functionalization of anilines have depended on the nitrogen atom's directing group to
produce the ortho-functionalized products (Fig. 1).> Asymmetric variants are also exceedingly
challenging to implement. Related study indicates that the catalytic asymmetric version of the
relevant distant para C-H functionalization, in particular, is still a difficult task for the
synthetic community to complete. Only a few examples of catalytic asymmetric aromatic para
C-H functionalization of aniline derivatives have been successfully accomplished in recent
years using Friedel-Crafts procedures.* Also a few enantioselective Friedel-Crafts alkylations
of anilines using Lewis acid or Brensted acid catalysis have been successful.®!* But, in the
asymmetric reactions, only a small number of N, N-disubstituted anilines could be used,
severely limiting the wvariety of products. Enantioselective and chemoselective
functionalization of N-monosubstituted anilines is often a very difficult job due to the
increased nucleophilicity of the aniline NH bond (Fig. 1).° Therefore, it is very important and
in high demand to create a direct method for para-C-H functionalization of anilines that
include the N-H bond.

N-H functionalization

R1 ,Rz H, ,RZ
N N
H ortho functionalization H ortho functionalization
H meta functionalization H meta functionalization
H H
para functionalization para functionalization
R' = R? = -aryl or alkyl R' = -H; R? = -aryl or alkyl
J Highly ortho/metal/para regioselctivie </ Highly selctive for N-H functionalization
</ Well estublished % Poor ortho/meta/para regioselective

%8 rarely explored
Fig. 1: Functionalization of Aniline.

Chiral triarylmethane structures are important components with a wide range of uses in
organic synthesis, functional materials, pharmaceuticals, and biologically active substances.

Over the past few decades, significant advancements have been made in the enantioselective
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synthesis of chiral triarylmethanes,® however the synthesis of chiral triarylmethanes with
heterocyclic motif is less explored despite such structure is present in bioactive compounds
(Fig. 2).” Thus, we became interested to develop a catalytic asymmetric variant for the

synthesis of triarylmethanes having a benzofuran motif.

Ph
OMe Ph,( HOOC

DRY; (O
Q= U
" O

anti-tuberculosis agent anti bacterial agent anti bacterial agent

Iz

Cytototoxic against MCF-cells

C-DIMs

R=0CHj,CH3,t-Bu
phenyl,-OH etc.

Fig. 1: Biologically active chiral triarylmethane.

3.2. Previous Study:

3.2.1. Asymmetric para-C-H functionalization of NV, N-disubstituted anilines:

In 2000, Jorgensen and co-workers first reported a Friedel-Crafts para functionalization of
N,N-disubstituted anilines. Under the catalytic system of chiral bisoxazoline—copper(Il)
complexes, N, N-disubstituted anilines and glyoxylate gave highly regio- and enantioselective

para functionalized product in excellent yield and ee.’

o :
NR, o (S)-L-Cu(OTf), HOZ Ao Et : 5 o
0, ]
. erOEt 10 mol% ; ] \\7
o THF, rt, 1d ; NN i
' t-Bu t-Bu
upto 92% yield NR, . L

upto 96% ee ,

Scheme 1: First Friedel-Crafts alkylation of aniline.

MacMillan et al., later in 2002, reported a Friedel-Crafts para functionalization of N,N-
disubstituted anilines with unsaturated aldehydes. With the use of iminium catalysis, they
construct  benzylic  stereogenicity. In  presence of = (25,55)-5-benzyl-2-tert-
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butylimidazolidinone amine catalyst anilines underwent a conjugate addition to unsaturated

aldehydes to afford the products in excellent yields and ees.’

NR, 5
NR, !
cat. 20 mol% R—r N ; N M
N . | ' e
R X A0 > Z :
g DCE, rt : )‘Me
X Xo ; i -HCI
X = Me, CH,0Bz, CO,Me, Ph upto 96% yield

upto 99% ee

Scheme 2: Para C-H functionalization of N, N-disubstituted aniline by iminium catalysis.
In 2004, Ding and co-workers reported a chiral titanium(IV) complex catalysed asymmetric
synthesis of aminomandelic acid derivatives. Catalysis of the titanium complexes of BINOL
derivatives gave ethyl esters of para-N, N-dialkylaminomandelic acids with outstanding yields
and high ees via Friedel-Crafts functionalization of N,N-disubstituted anilines with ethyl
glyoxylate.!”

o Br.
i % Ho L _Et:
4 o Ti(O'Pr), (10 mol%) ot Oe
e L (10mol%) ; OH
R—- N H( g : OH
' o Toluene, -10 °C, 12 h 5 OO
1 NR Br y

upto 92% yield
upto 96% ee

Scheme 3: Para C-H functionalization of N, N-disubstituted aniline by chiral Ti(IV)-complex.

In 2005, Leighton and co-workers explored a chiral simple strained silacycle reagent
promoted Friedel-Crafts alkylation of anilines. N,N-disubstituted aniline underwent Friedel-
Crafts alkylation with benzoylhydrazone of isopropyl glyoxylate in the presence of
stoichiometric amount of chiral silane Lewis acid to provide chiral benzylamines in good

yields and high ees.!!

o)
Hrquj\Ar

O Ar Pro,'C._ _NH :
NR -

2 I_I X (1.2 equiv.) i Ph._o pn

R X + le - o > R A : LO’SI‘(H

| oluene, - |
Z Pro,iC Z ;
upto 82% yield NR, : X

upto 90% ee

Scheme 4: Chiral silane Lewis acid mediated Friedel-Craftsalkylation of anilines.
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Later, in 2014, Hu et al. explored a three component Rh(II)/chiral phosphoric acid catalyzed
Friedel-Crafts reaction of NV, N-disubstituted anilines. Under the optimized conditions, aniline,
methyl phenyldiazoacetate and N-benzylideneaniline in the presence of both [Rha(TFA)4] (1
mol %) and chiral phosphoric acid (2 mol%) gave para-C-H functionalized aniline bearing
a,a-diaryl benzylic quaternary stereocenters in excellent yields, dr and ees through a metal
carbene involved zwitterion intermediate. '?

cat.

COZR3 Ar2 P\

! 0" “OH
DCM, 0 °C 3 Ph
R%0,C..| Ly
R! = R? = -(CH,),-OMe, -Bn, Me, Et upto 84% yield | 2,4,6-PryCgH,

Ar'
R3 = -Me, -Et

1 2 i )
R! _R2 Rn-R 5 2,4,6-PrsCeH,
N N, Ph [Rh,(0OAC)] (1 mol%) ! OO
© * A1JJ\ + ﬂ/ cat, (10mol%) : o. 0
r -

upto >20:1 dr Ar?
upto 99% ee

Scheme 5: Rh(II)-CPA catalyzed three component para-C-H alkylation of N, N-disubstituted aniline.

Then, Zhou et al. in 2015 reported a facile synthesis of chiral diaryl carboxylates by Friedel-
Crafts alkylation of anilines. Also, in this case, a Rh(II)/chiral phosphoric acid complex gave
a zwitterion intermediate with N,N-disubstituted anilines and methyl aryldiazoacetate to

afford the target products in excellent yields and ees.!?

CO,R? cat. ,
§ _R®  Rhy(TFA)4 (1 mol%) 2 2,4,6-("Pr);C¢H,
O)kcozRZ Cat. (2 mol%) O/\©\ ™ .
7
P
@ CHCl3, 45°C, 0.5 h 1 o’ “OH

upto 95% yield .
S 2,4,6-(Pr);C4H,

R2 = _Me. Et upto 97% ee
= ~(CH2)4-, -(CH2)s5-,
-(CH2)6-, Me

Scheme 6: Rh(II)-CPA catalyzed ara-C-H alkylation of N, N-disubstituted aniline.
Next, in 2018 Chen and Fan together reported rhodium/chiral ligand catalyzed ring opening
reaction with N, N-disunstituted anilines via Friedel-Crafts reaction. Using Rh(COD),SbFs as
metal catalyst and (R)-difluoroPhos as ligand, they achieved para-selective C-H
functionalization of anilines, following asymmetric arylative ring-opening reactions of
heterobicyclic alkenes with excellent yields and ees. '

NR Rh(COD),SbFg
2 X (10 mol%)

X L (12 mol%) :
R— _ + ) —> .
dioxane, 80 °C : PPh;
12h _ D¢
X =-NBoc, -O upto 89% yield ‘' F o

upto 97% ee
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Scheme 7: Rh(II)-Phosphine ligand catalyzed para-C-H alkylation of aniline.

Recently, in 2021, Zhang et al. explored Co(II)/chiral PyBOX ligand catalyzed Friedel-Crafts
alkylation of anilines. The method involves generation of an intermediate with base and it
further reacts with N,N-disubstituted anilines in the presence of Co(II)-PyBOX complex to

afford chiral quaternary canter bearing isatine derivatives in high yields and excellent ees.!”

R1 _R2 Co(acac), (10 mol%)

L (12 mol%)
032003
4A MS, DCM, -20 °C

Bn
1 p2_
R', R = alkyl _ upto 93% yield
(o) upto 96% ee

>~

N

Scheme 8: Co(I)-PyBOX ligand catalyzed para-C-H alkylation of aniline.
3.2.2. Asymmetric para-C-H functionalization N-monosubstituted anilines:

In 2020, Zhang and Zhu reported the first organocatalyzed para-C-H functionalization of N-
monosubstituted anilines. Using chiral BINOL-based phosphoric acid as the catalyst, they
found that N-monosubstituted anilines undergo Friedel-Crafts reactions with isatin-derived
ketimines, resulting in aryl-containing quaternary amines with excellent yields and
enantioselectivities. The authors proposed a dual-hydrogen-bonding stereocontrol model
involving chiral phosphoric acids and hydroxyl groups, along with a potential n—r interaction,
which is responsible for the para-selective functionalization while disfavoring N-H

functionalization of aniline.'¢

H '
N\Ar: OO 9-anthracyl
“ cat. (10 mol%) \Rz 5 o\P/,O
RiL > ' 0" “OH
— DCM, -60 °C,48 h : OO
9-anthracyl

upto 95% yield
upto 93% ee

Scheme 9: Chiral phosphoric acid catalyzed para-C-H alkylation of N-monosubstituted aniline.

Then, in 2023, Sun and Shen explored another example of chiral phosphoric acid-catalyzed
para-C-H functionalization of N-monosubstituted anilines to synthesize various ranges of

chiral triarylamines. Under chiral phosphoric acid catalysis, N-monosubstituted aniline
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performs conjugate addition to in-situ formed o-quinone methide to afford chiral

triarylmethanes in outstanding yield and ees.!”

H R?

/

> P
cat. 1 (10 mol%) ) 0 i A “~OH
Na,SO,, toluene o
2 oH P NAT 2,4,6-(Me);CeH,
H A rt, 12h H
N upto 97% yield
upto 98% ee
X
R1 : —
4
2,4,6-(Me)3C6H2
H cat 2 (10 mol%)
3AMS o. 0
toluene/benzene -PS
’ (o)
.50 °C, 48h o
Q 2,4,6-(Me)sCqH,
Bu ‘Bu
upto 98% yield
| upto 90% ee
A
R*-r+ P
OH

Scheme 10: Catalytic para-C-H alkylation of N-monosubstituted anilines with o-quinone methides.

3.3. Objective:

As previously, there were no reports of synthesis of triarylmethanes with N-monosubstituted
anilines. We envisioned a reaction between N-monosubstituted aniline and aurone-derived
azadiene'® could deliver a benzofuran embedded chiral triarylmethane compound (Fig 3).

organocat
Ts~NH

aza-diene N-monostubstituted

aniline

Fig. 3. Objective.
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3.4. Results and discussion:

3.4.1. Catalyst, solvent and temperature optimization for synthesis of azocine:

O CPA (5 mol%)
solvent rt, time

1a

l l Ar Ar
O.__OH ' ‘
P

O\P/
I I 0" o . ! 0" o
Ar Ar
I, Ar = 1-naphthy!; VI, Ar = 2,4,6-(Pr);CeH, VI, Ar = 2,4,6-(Pr)sCH,

I, Ar = 2-naphthyl; lll, Ar = 3,5-(CF3),CgH3;
IV, Ar = 9-anthracenyl; V, Ar = 2,4,6-(’Pr)3CGH2

Table 1. Optimization of catalysts:

Entry? Catalyst Solvent Time Yield(3a)® ee(3a)*
1 I DCM 3h 89% 31%
2 II DCM 3h 88% 22%
3 111 DCM 3h 90% 12%
4 v DCM 3h 95% 3%

5 \% DCM 3h 92% 32%
6 VI DCM 3h 72% 3%
7 Vil DCM 3h 90% racemic
8 \% Toluene 12h 88% 53%
9d \Y o-xylene 24h 82% 61%
104 \% Mesitylene 24h 85% 77%
11 A% CCl, 3h 92% 22%
12 A% Et,0 12h 77% 22%
13 \% cyclohexane 5d 78% 83%
14 V n-Hexane 5d 60% 92%
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aReactions were carried out with 0.1 mmol of 1a with 0.11 mmol of 2a in 1 ml solvent at rt. » Isolated
yield after silica gel column chromatography.  Determined by 1H NMR. ¢ Determined by chiral HPLC.
e Reaction was run at 40 °C.

To test our hypothesis, we first explored a model reaction between azadiene la and
diphenylamine (2a) in dichloromethane at room temperature with 1-naphthyl substituted
phosphoric acid catalyst I (Table 1). Delightfully, the intended triaryl product 3a was achieved
in 89% yield with 31% ee after stirring for 3h at room temperature (Table 1, entry 1). The
enantioselectivity of 3a got slightly decreased with phosphoric acid II having 2-naphthyl
substituents (Table 1, entry 2). Catalysts III and IV having 3,5-di trifluoromethylphenyl and
9-anthracenyl substituents respectively were not suitable for the reaction (Table 1, entries 3-
4). Moderate enantioselectivity of 32% was achieved with TRIP catalyst V (Table 1, entry 5).
Other catalysts such as Hg-TRIP and Spiro-TRIP were not suitable for the reaction (Table 1,
entries 6-7). Then, various solvents were tested in an effort to increase the enantioselectivity,
and the results showed promise (Table 1, entries 8-14). The enantioselectivity got increased
in toluene and o-xylene (Table 1, entries 8-9). Also, 77% ee was detected in mesitylene (Table
1, entry 10). However, no further improvements were seen using CCls and Et;O (table 1,
entries 11-12). The enantioselectivity got further improved to 83% ee in cyclohexane solvent
and reaction time was increased (Table 1, entry 13). Finally, hexane turned out to be the best
solvent providing 92% ee of the product 3a though yield got slightly decreased (Table 1, entry
14).

3.4.2. Scope of the reaction:

After the ideal conditions were established, the process's scope was investigated. Initially,
azadienes 1a-1k having different substituents at the phenyl group were screened (Scheme 11).
Initially, substitutions at the para-position were checked and gratifyingly positive outcomes
were found. The enatioselectivity slightly dropped for para-'butyl substituted product 3b
(Scheme 11). Halo-substitutions were also tolerated and acceptable enantioselectivity of 81%
ee was achieved for compounds 3¢ and 3d having 4-fluoro and 4-chloro substitutions
respectively. The enantioselectivity got improved for compound 3e having 4-bromo
substitution. Trifloromethyl substituted compound 1f also took part in the reaction to provide
product 3f in 93% ee. Then meta-substitutions were checked and gratifyingly the products 3g
and 3h were obtained in high enantioselectivities. The reaction outcome did not change much
with ortho-substitutions and products 3i and 3j were isolated in moderate yields and with good
enantioselectivities. A 2,4-disubstituted phenyl group containing azadiene 1k also participated

in the reaction and delivered product 3k in 89% ee. The reaction outcome did not change much
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with naphthyl substituted product 31. When the benzofuran motif substitutions were looked
at, it was found that the methoxy- and bromo-substituted azadienes 1m and 1n, respectively,
reacted smoothly to produce products 3m and 3n in 84% ee and 91% ee respectively. The N-
Ts group could be replaced with N-Ns group and the desired product 30 was isolated in 85%

ccC.

HN—Ph
PG B
N HN"
N catV (5 mol%)
of > . ——== of
(o] hexane, rt, 5 d
1 2a $
HN—Ph

R =Bu, 3b, 56%, 77%ee
F, 3¢, 60%, 81%ee
Cl, 3d, 48%, 81%ee
Br, 3e, 45%, 91%ee
= CFj3, 3f, 52%, 93%ee

R = Me, 3g, 62%, 86%ee
=F, 3h, 58%, 95%ee

HN—Ph

R =F, 3i, 61%, 81%ee
=Br, 3j, 47%, 84%ee

Scheme 11: Scope of 1-Azadiene.

Then diphenylamines 2 having different substitutions at one of the phenyl groups were tested
in the reaction (Scheme 12). Initially, substitutions at the para-position were checked and
gratifyingly good results were obtained for the products 3p-3t with different electron-neutral,

electron-rich, or electron-poor groups. In particular, product 3r having trifluoromethyl
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substituent was isolated with 90% ee. Then 2.,4-disubstitutions were checked and delightfully
the reactions progressed smoothly with 1u and 1v to provide 3u and 3v respectively in
acceptable enantioselectivities. Similar outcome was observed for product 3w having 3.,4-
dimethyl substitutions. Then amine 2x with biphenyl substituent and amine 2y with
phenylacetylene motif were tested in the reaction. We were pleased to find that in both

situations, good enantioselectivity of 85% was achieved.

catV (5 mol%)

hexane, rt, 5 d

R =F, 3s, 59%, 81%ee
=Br, 3t, 56%, 77%ee

R = Me, 3p, 56%, 77%ee
= OMe, 3q, 59%, 81%ee
= CFg, 3r, 45%, 91%ee

Scheme 12: Scope of diphenylamines.

3.5. Absolute configuration determination by electronic circular dichroism:

For determination of the absolute configuration of the herein synthesized 3a, the computed
ECD-spectrum of (R)-3a was compared with the experimental spectrum (¢ = 10* M, CH3CN).
We have optimized both the R and S conformers using B3LYP D4 /Def2-TZVP level of
theory. Full Time Dependent Density Functional Theory (TDDFT) calculation has been
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carried out using same level of theory without considering the Tamm-Dancoff approximation
(TDA) to evaluate the ECD spectrum. By normalizing with the experimental data, we have
found that R-conformer of 3a is best fitted with the experimental results (Fig. 4).

80

Calculated (R)-3a

Experimental 3a

L] 4 1 v ) v ) ‘ I M
200 220 240 260 280 300
Wavelength(nm)

Fig. 4: Experimental and calculated ECD spectra for 3a.

3.6. Scale-up reaction and Synthetic application:

Then a scale-up reaction was performed on 1 mmol scale of 1a and to our delight the desired
product 3a was isolated in 55% yield with 92% ee (Scheme 2). After that, a few synthetic
transformations were carried out on 3a (Scheme 2). Initially methylation of N-tosyl group of
3a was performed with methyl iodide and compound 4 was formed in 88% yield with retention
of enantioselectivity. Then N-tosyl protection was carried out on 3a. This led to the formation
of 5 in 92% yield without erosion in enantioselectivity.

9 Scale-up reaction --------------------------------o----o-ooooo-ooo-o-o-o--oo---

Ts Ho R
N
: {/ CPA V (5mol%)
3 + —_—
o Ph n-hexane, rt, 5 d
H
1a (1 mmol) 2a (1.2 mmol)

3a, 55%, 92% ee
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Mel TsClI

K,CO3 NH4HSO,
3a, 92% ee |/

dioxane, rt KOH, DCM
12h rt, 3h

4,88%, 92% ee 5,92%, 92% ee
Scheme 12: (a) Scale-up reaction, (b) Synthetic transformation of 3a.

3.7. Mechanism:

3.7.1. Control experiment:

To comprehend the reaction's mechanism, a few control tests were conducted (Scheme 13).
Initially, the reaction between azadiene 1a and N, N-dimethylaniline (6) was carried out, but
no product was formed. To understand the role of phenyl group, other N-monosubstituted
aninlines 7 and 8 were reacted with 1a. Lower yields and poor enantioselectivities were
observed for the products 9 and 10. This indicates a possible m-m interaction between the

phenyl group of aniline 2 and aryl group of catalyst V.

CPAV (5 mol%)
No reaction
hexane rt

Ts_ H.\-Me
H CPA V (5 mol%)
. +
© hexane, rt
(o) Ph
1a 7 16% ee

Ts,
NH

CPAV (5 mol%)
hexane, rt

Scheme 13: Control experiment.

(0]

10, 30%,
30% ee

3.7.2. Proposed transition state:

The absolute configuration of 3a was confirmed to be (R) by comparison of experimental and

calculated electronic circular dichroism. Based on the absolute configuration, a plausible TS
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has been drawn in Scheme 14. The catalyst blocks the Re-face of the double bond of azadiene
1a and thus attack takes place on the Si-face.

Scheme 14: Proposed transition state.

3.8. Conclusion:

In conclusion, we present an organocatalytic regio- and enantioselective Friedel-Crafts
alkylation of N-arylanilines with azadienes for the synthesis of benzofuran containing
triarylmethanes. Using readily accessible TRIP catalyst, the desired products were produced
under ambient reaction conditions in moderate yields with good to high enantioselectivities.
Few synthetic transformations have been demonstrated. Given the significant medicinal value

of triarylmethanes, the pharmaceutical industry might find our approach useful.

3.9. Experimental Section:

3.9.1. General Information:

All dry solvents were dried using activated 4A molecular sieves and stored under argon. For
thin layer chromatography (TLC), silica gel plates with fluorescence indicator 254 nm were
used and compounds were visualized by irradiation with UV light and/or iodine and/or
phosphomolybdic acid stain. Celite® 512 medium was used for filtrations. Column
chromatography was performed using 100-200 mesh silica gel. Hexane, ethyl acetate, acetone
and dichloromethane for column chromatography were acquired from commercial sources
and were used without purification. NMR spectra were acquired on a Bruker 400 MHz, 500
MHz and 600 MHz spectrometer. Chemical shifts (6) are reported in ppm relative to residual
solvent signals (Chloroform-d, 7.26 ppm for '"H NMR and 77.23 ppm for 1*C NMR; DMSO-
d®,2.52 ppm for '"H NMR and 40.45 ppm for 3C NMR respectively. '3C spectra were acquired
on a broad band decoupled mode. For 'TH-NMR, data are reported as follows: chemical shift,
multiplicity (s = singlet, d = doublet, dd = double doublet, ddd = doublet of doublet of
doublets, t = triplet, q = quartet, dt = doublet of triplets, m = multiplet), coupling constants
(Hz) and integration. Using ESI positive mode HRMS spectra were recorded. Enantiomeric
excesses were determined by HPLC analysis performed on Chiral Columns using a Daicel
Chiralpak IA, ID, AD-H and Chiral-Select OM column.
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3.9.2. General Procedure for synthesis of 1-azadiene:

The derivatives of azadiene were synthesized following reported literature procedure. !
3.9.3. General Procedure for synthesis of diphenyl amine:

The derivatives of ynone were synthesized following reported literature procedure.?
3.9.4. General Procedure for synthesis of various catalyst:

All the catalysts were synthesized according to the reported literature procedure.?!
3.9.5. General Procedure for the Synthesis of chiral triarylmethane derivatives:

In an oven-dried screw cap vial equipped with a magnetic stir bar was charged with 1(0.1
mmol, 1 equiv.), V catalyst (0.005 mmol, 5 mol%). Then, ImL n-hexane was added in the
mixture. After that, diphenyl amine 2 (0.11mmol, 1.1 equiv.) was added to the mixture and
stirred at room temperature with 300 rpm. After stirring for 5 days, the crude mixture was

loaded in column chromatography (petroleum ether : EtOAc = 90:10) to afford 3.
3.9.6. Procedure for the synthesis of 4:

In an oven dried 10 mL round-bottom flask, 3a (54.4 mg, 0.1 mmol, 1.0 equiv) in dioxane
(2.5 mL), KoCOs (1.5 equiv.) added. The reaction mixture cooled to 0 °C and the mixture was
allowed to stir for Smin. Then, methyl iodide (1.2 equiv.) was added dropwise at this
temperature. The mixture was stirred at room temperature, until full consumption of starting
materials observed, H>O added and extracted with Et,0. Combined organic layer was washed
with brine (3 x 5 mL), dried over anhydrous Na>SO4 and concentrated under reduced pressure.
The residue was purified by flash column chromatography (n-hexane : ethyl acetate = 85:15)
to give product 4.

3.9.6. Procedure for the synthesis of 5:

In an oven dried 10 mL round-bottom flask, 3a (54.4 mg, 0.1 mmol, 1.0 equiv) in
dichloromethane (1 mL), KOH (8.4 mg, 0.15 mmol, 1.5 equiv.) and tetrabutylammonium
hydrogensulfate (3.39 mg, 10 mol%) were added, and the mixture was allowed to stir for 15
min followed by addition of a solution of sulfonyl chloride (23 mg, 0.12mmol, 1.2 equiv.) in
dichloromethane (0.5 mL), and the mixture was stirred at room temperature until the starting
material was consumed. Then, water (20 mL) was added and the aqueous layer was extracted
with EtOAc (3 x 20 mL). The combined organic layer was dried (Na2SO4) and concentrated,
which upon flash chromatography (n-hexane : EtOAc = 85:15) gave 5.
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3.10. Characterization of the products:

(R)-4-methyl-N-(2-(phenyl(4-(phenylamino)phenyl)methyl)
benzofuran-3-yl)benzenesulfonamide (3a): Brown solid, 32 mg, 60%
yield, 92% ee; Rf= 0.5 (petroleum ether : ethyl acetate = 85:15).

"TH NMR (500 MHz, DMSO-d®) § 10.02 (s, 1H), 8.13 (s, 1H), 7.57 (d, J
= 8.0 Hz, 2H), 7.48 (d, ] = 8.2 Hz, 1H), 7.30 — 7.16 (m, 10H), 7.14 (t, J
=17.5 Hz, 1H), 7.07 (t, J = 8.3 Hz, 4H), 6.98 (d, J = 8.4 Hz, 2H), 6.92 (d,
J =8.3 Hz, 2H), 6.81 (t, ] = 7.3 Hz, 1H), 5.57 (s, 1H), 2.28 (s, 3H). 3C NMR (126 MHz,
DMSO-d®) § 154.91, 153.63, 144.27, 144.07, 142.89, 142.07, 137.82, 132.63, 130.46, 130.15,
130.02, 129.31, 129.11, 127.70, 127.34, 126.59, 125.23, 123.69, 120.74, 120.48, 117.54,
117.39, 114.98, 112.22, 46.35, 21.90. HRMS (ESI') m/z: [M+H]" calculated for
C34H2sN20s3S: 545.1894, found: 545.1885; HPLC: The enantiomeric excess was determined
using Chiral-Select OM column (n-Hexane/ i-PrOH=80:20, flow rate=1.0 mL/min, A= 220

Ilm, Trnaj()r = 207 min, Tminor — 257 mln).

(R)-N-(2-((4-(tert-butyl)phenyl)(4-(phenylamino)phenyl)methyl)
benzofuran-3-yl)-4-methylbenzenesulfonamide (3b): Brown
solid, 33 mg, 56% yield, 77% ee; Rr= 0.5 (petroleum ether : ethyl
acetate = 85:15)

"H NMR (400 MHz, DMSO-d®) 6 9.99 (s, 1H), 8.13 (s, 1H), 7.58 (d,
J=8.3 Hz, 2H), 7.47 (d, ] = 7.9 Hz, 1H), 7.31 — 7.26 (m, 2H), 7.23 —
7.19 (m, 6H), 7.14 — 7.09 (m, 1H), 7.06 — 7.03 (m, 2H), 7.02 — 6.99 (m, 2H), 6.98 — 6.95 (m,
2H), 6.92 — 6.88 (m, 2H), 6.80 (t, ] = 7.3 Hz, 1H), 5.51 (s, 1H), 2.29 (s, 3H), 1.25 (s, 9H). 13C
NMR (101 MHz, DMSO-d®) § 155.23, 153.59, 149.65, 144.33, 144.09, 142.81, 139.08,
137.94, 130.51, 130.13, 130.04, 129.06, 127.77, 126.61, 125.90, 125.21, 123.70, 120.67,
120.44, 117.46, 114.86, 112.25, 45.98, 35.03, 32.05, 21.95. HRMS (ESI') m/z: [M+H]"
calculated for C3sH3sN2O3S: 601.2520, found: 601.2508; HPLC: The enantiomeric excess
was determined using Chirapak AD-H column (n-Hexane/ i-PrOH=70:30, flow rate=1.0

mL/mln’ )\4: 274 I’Im, Tmajor - 1 1.8 mll’l, Tminor — 38.4 mln).
(S)-N-(2-((4-fluorophenyl)(4-(phenylamino)phenyl)methyl)
benzofuran-3-yl)-4-methylbenzenesulfonamide (3c): Purple solid,
34 mg, 60% yield, 81% ee; Rr= 0.5 (petroleum ether : ethyl acetate =
85:15)

TH NMR (500 MHz, DMSO-d®) § 10.06 (s, 1H), 8.16 (s, 1H), 7.55 (d,
J = 8.2 Hz, 2H), 7.49 (d, J = 8.2 Hz, 1H), 7.31 — 7.27 (m, 1H), 7.27 —
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7.20 (m, 3H), 7.17 (t, J = 7.7 Hz, 3H), 7.13 — 7.04 (m, 6H), 6.97 (d, ] = 8.5 Hz, 2H), 6.90 (d,
J =8.6 Hz, 2H), 6.81 (t, J = 7.3 Hz, 1H), 5.56 (s, 1H), 2.27 (s, 3H)."3C NMR (126 MHz,
DMSO-d®) § 161.77 (d, Jcr = 243Hz ), 154.52, 153.69, 144.23, 144.12, 143.00, 138.25 (d,
YJcr= 2.5 Hz), 137.68, 132.49, 131.1 (d, *Jcr = 7.5 Hz), 130.48, 130.12, 130.06, 127.71,
126.57, 125.37, 123.80, 120.87, 120.56, 117.61, 117.39, 115.89 (d, 2Jcr = 21.5Hz), 115.07,
112.29, 45.56, 21.90. HRMS (ESI") m/z: [M+H]" calculated for C34H27FN203S: 563.1800,
found: 563.1799; HPLC: The enantiomeric excess was determined using Chiralpak IA
column (n-Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 18.6 min, Tminor
=42.2 min).

(8)-V-(2-((4-chlorophenyl)(4-(phenylamino)phenyl)methyl)
benzofuran-3-yl)-4-methylbenzenesulfonamide (3d): Yellow
solid, 32 mg, 60% yield, 81% ee; Rr= 0.5 (petroleum ether : ethyl
acetate = 85:15)

'TH NMR (500 MHz, DMSO-d®) § 10.07 (s, 1H), 8.15 (s, 1H), 7.57 —
7.52 (m, 2H), 7.49 (d, J = 8.2 Hz, 1H), 7.34 - 7.32 (m, 3H), 7.28 —
7.19 (m, 3H), 7.18 - 7.15 (m, 3H), 7.07 - 7.04 (m, 4H), 6.98 (d, J = 7.5 Hz, 2H), 6.92 (d, ] =
8.6 Hz, 2H), 6.82 (t, J = 7.3 Hz, 1H), 5.56 (s, 1H), 2.27 (s, 3H). 3C NMR (126 MHz, DMSO-
d®) § 154.08, 153.71, 144.17, 144.09, 143.07, 141.08, 137.60, 132.17, 132.06, 131.04, 130.41,
130.15, 130.02, 129.08, 127.66, 126.54, 125.38, 123.78, 120.90, 120.57, 117.64, 117.36,
115.23, 112.25, 45.66, 21.87. HRMS (ESI*) m/z: [M+H]" calculated for C34H7CIN,O;S:
579.1504, found: 579.1489; HPLC: The enantiomeric excess was determined using Chiral-
Select OM column (n-Hexane/ i-PrOH=80:20, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 23.8

min, Tminor = 28.8 min).

(8)-N-(2-((4-bromophenyl)(4-(phenylamino)phenyl)methyl)
benzofuran-3-yl)-4-methylbenzenesulfonamide (3e): Yellow
solid, 28 mg, 45% yield, 91% ee; Rr= 0.5 (petroleum ether : ethyl
acetate = 85:15)

IH NMR (400 MHz, DMSO-d®) & 10.09 (s, 1H), 8.18 (s, 1H), 7.54
(d,J = 8.2 Hz, 2H), 7.50 - 7.45 (m, 3H), 7.33 (d, J = 7.2 Hz, 1H), 7.29
—7.18 (m, 4H), 7.17 - 7.15 (m, 3H), 7.05 (d, J = 7.4 Hz, 2H), 6.99 - 6.96 (m, 4H), 6.91 (d, ] =
8.7 Hz, 2H), 6.81 (t, J = 7.3 Hz, 1H), 5.52 (s, 1H), 2.27 (s, 3H). *C NMR (101 MHz, DMSO-
d®) § 153.99, 153.74, 144.18, 144.15, 143.09, 141.54, 137.55, 132.14, 132.05, 131.45, 130.46,
130.21, 130.08, 127.70, 126.56, 125.44, 123.85, 120.95, 120.63, 120.60, 117.64, 117.36,
115.27, 112.31, 45.73, 21.96. HRMS (ESI*) m/z: [M+H]" calculated for C34H27BrN,OsS:
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623.0999, found: 623.0987; HPLC: The enantiomeric excess was determined using Chiral-
Select OM column (n-Hexane/ i-PrOH=80:20, flow rate=1.0 mL/min, A= 220 nm, Tmajor = 23.8

mln, Tminor — 28.8 I’Illl’l).

(R)-4-methyl-N-(2-((4-(phenylamino)phenyl)(4-
(trifluoromethyl)phenyl)methyl) benzofuran-3-
yl)benzenesulfonamide (3f): Pale yellow solid, 32 mg, 52%
yield, 93% ee; Rf= 0.5 (petroleum ether : ethyl acetate = 85:15)

'H NMR (400 MHz, DMSO-d®) § 10.11 (s, 1H), 8.18 (s, 1H), 7.65
(d, J =8.2 Hz, 2H), 7.55 (d, J = 8.3 Hz, 2H), 7.50 (d, J = 8.3 Hz,
1H), 7.33 (d, ] = 7.9 Hz, 1H), 7.29 — 7.21 (m, 5H), 7.21 — 7.19 (m, 1H), 7.17 - 7.14 (m, 3H),
7.08 — 7.04 (m, 2H), 6.99 (d, J = 8.7 Hz, 2H), 6.93 (d, ] = 8.7 Hz, 2H), 6.82 (t, ] = 7.3 Hz,
1H), 5.63 (s, 1H), 2.24 (s, 3H). ¥C NMR (101 MHz, DMSO-d®) § 153.78, 153.60, 146.79,
144.11, 144.07, 143.22, 137.57, 131.78, 130.46, 130.27, 130.06, 130.04, 127.71, 126.50,
126.07 (q, J = 4Hz), 125.52, 123.89, 120.97, 120.65, 117.71, 117.36, 115.54, 112.34, 46.14,
21.81. HRMS (ESI") m/z: [M+H]" calculated for CssHa7F3N2Os3S: 613.1768, found:
613.1745; HPLC: The enantiomeric excess was determined using Chiralpak IA column (n-
Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 14.9 min, Tminor = 40.7

min).

(8)-4-methyl-N-(2-((4-(phenylamino)phenyl) (-
tolyl)methyl)benzofuran-3-yl)benzenesulfonamide (3g): Brown
solid, 34 mg, 62% yield, 86% ee; Rr= 0.5 (petroleum ether : ethyl
acetate = 85:15)

TH NMR (500 MHz, DMSO-d®) & 10.04 (s, 1H), 8.15 (s, 1H), 7.58
(d, J=8.0 Hz, 2H), 7.49 (d, ] = 8.3 Hz, 1H), 7.28 (d, ] = 7.8 Hz, 1H),
7.25 -7.20 (m, 3H), 7.19 (d, J = 8.1 Hz, 2H), 7.16 -7.13 (m, 2H), 7.06 (d, J = 7.9 Hz, 2H),
7.03 (d,J =7.6 Hz, 1H), 6.98 (d, ] = 8.4 Hz, 2H), 6.93 — 6.89 (m, 3H), 6.88 (d, J = 7.8 Hz,
1H), 6.81 (t, J = 7.3 Hz, 1H), 5.53 (s, 1H), 2.27 (s, 3H), 2.25 (s, 3H). 3C NMR (126 MHz,
DMSO-d®) § 154.99, 153.65, 144.29, 144.03, 142.84, 142.06, 138.13, 137.83, 132.73, 130.44,
130.18, 130.04, 129.91, 129.03, 128.04, 127.71, 126.67, 126.45, 125.23, 123.72, 120.79,
120.47, 117.52, 117.37, 114.90, 112.26, 46.30, 22.03, 21.92. HRMS (ESI*) m/z: [M+H]"
calculated for C35H30N203S: 559.2050, found: 559.2039; HPLC: The enantiomeric excess
was determined using Chiralpak ID column (n-Hexane/ i-PrOH=80:20, flow rate=1.0

mL/min, A= 254 nm, Tmajor = 19.8 min, Tminor = 22.5 min).
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(S)-N-(2-((3-fluorophenyl)(4-(phenylamino)phenyl)methyl)
benzofuran-3-yl)-4-methylbenzenesulfonamide (3h): Pale yellow
solid, 32 mg, 58% yield, 95% ee; Rr= 0.5 (petroleum ether : ethyl
acetate = 85:15)

TH NMR (500 MHz, Chloroform-d) & 7.82 (d, J = 8.3 Hz, 2H), 7.56
(d, J=8.3 Hz, 1H), 7.46 — 7.36 (m, 4H), 7.33 - 7.29 (m, 3H), 7.28 (d, ] = 7.4 Hz, 1H), 7.25 —
7.22 (m, 2H), 7.22 — 7.18 (m, 2H), 7.16 — 7.13 (m, 2H), 7.12 - 7.07 (m, 3H), 6.95 (d, ] = 10.2
Hz, 1H), 6.46 (s, 1H), 5.88 (s, 1H), 5.70 (s, 1H), 2.53 (s, 3H). ¥3C NMR (126 MHz,
Chloroform-d) & 163.96 (d, 'Jc.r = 246Hz), 155.30, 153.59, 144.36, 143.45, 143.40, 142.97,
142.51, 136.48, 132.14, 130.32, 130.03, 129.96, 129.91, 129.88, 129.55, 127.80, 125.86,
124.76, 124.70, 124.67, 123.38, 121.44,119.49, 118.28, 117.90, 117.67, 116.1 (d, *Jc.r=22.7
Hz), 114.0 (d, *Jc.r = 21.4 Hz), 113.95, 113.84, 111.84, 46.59, 21.71. HRMS (ESI*) m/z:
[M+H]" calculated for C34H27FN203S: 563.1800, found: 563.1780; HPLC: The enantiomeric
excess was determined using Chiral-Select OM column (n-Hexane/ i-PrOH=80:20, flow

rate=1.0 mL/min, A= 254 nm, Tmajor = 21.1 mMin, Tminor = 25.5 min).

(S)-N-(2-((2-fluorophenyl)(4-(phenylamino)phenyl)methyl)
benzofuran-3-yl)-4-methylbenzenesulfonamide (3i): Pale yellow
solid, 34 mg, 61% yield, 92% ee; Rr= 0.5 (petroleum ether : ethyl
acetate = 85:15)

'"H NMR (400 MHz, DMSO-d®) § 10.09 (s, 1H), 8.14 (s, 1H), 7.52 - 7.49
(m, 3H), 7.34 - 7.30 (m, 2H), 7.29 — 7.22 (m, 2H), 7.22 — 7.15 (m, 4H),
7.14 - 7.12 (m, 4H), 7.04 (d, J = 7.9 Hz, 2H), 6.98 — 6.93 (m, 2H), 6.90 (d, J = 8.5 Hz, 2H),
6.80 (t, J = 7.3 Hz, 1H), 5.80 (s, 1H), 2.25 (s, 3H). '3C NMR (101 MHz, DMSO-d®) § 160.48
(d,Jcr=248.0 Hz), 153.89, 153.76, 144.22, 144.00, 143.04, 137.60, 131.60, 130.38, 130.06,
129.83, 129.67 (d, *Jc-r= 8.0 Hz), 128.93 (d, *Jcr= 14.0 Hz), 127.56, 126.62, 125.44, 125.23,
123.86, 120.90, 120.54, 117.58, 117.38, 116. (d, *Jc-r = 21.1 Hz), 115.05, 112.34, 37.16,
21.98. HRMS (ESTI*) m/z: [M+H]" calculated for C34H27FN203S: 563.1800, found: 563.1801;
HPLC: The enantiomeric excess was determined using Chiralpak IA column (n-Hexane/ i-
PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 31.5 min, Tminor = 40.1 min).
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(S)-NV-(2-((2-bromophenyl)(4-(phenylamino)phenyl)methyl)
benzofuran-3-yl)-4-methylbenzenesulfonamide (3j): Brown solid, 29
mg, 47% yield, 86% ee; Re= 0.5 (petroleum ether : ethyl acetate =
85:15)

"TH NMR (500 MHz, DMSO-d®) § 10.33 (s, 1H), 8.37 (s, 1H), 7.85 (d, J
= 8.0 Hz, 1H), 7.78 -7.74 (m, 3H), 7.61 — 7.54 (m, 2H), 7.52 — 7.45 (m,
6H), 7.42 (t, J = 7.5 Hz, 1H), 7.38 (d, J = 8.0 Hz, 2H), 7.30 (d, J = 7.9 Hz, 2H), 7.21 (d, ] =
8.4 Hz, 2H), 7.10 (d, J = 8.4 Hz, 2H), 7.06 (t, ] = 7.3 Hz, 1H), 6.16 (s, 1H), 2.52 (s, 3H). 13C
NMR (126 MHz, DMS-d®) § 154.48, 153.73, 144.22, 143.82, 142.91, 140.98, 137.75, 133.90,
131.20, 130.55, 130.36, 130.31, 130.01, 129.54, 128.64, 127.50, 126.77, 125.39, 124.96,
123.81, 120.85, 120.50, 117.58, 117.29, 115.09, 112.29, 46.22, 21.95. HRMS (ESI") m/z:
[M+H]" calculated for C3sH27BrN2O3S: 623.0999, found: 623.0980; HPLC: The
enantiomeric excess was determined using Chiral-Select OM column (n-Hexane/ i-
PrOH=80:20, flow rate=1.0 mL/min, A= 220 nm, Tmajor = 26.8 min, Tminor = 42.6 min).

(S)-N-(2-((2,4-difluorophenyl)(4-(phenylamino)phenyl)methyl)
benzofuran-3-yl)-4-methylbenzenesulfonamide (3k): Brown solid,
34 mg, 59% yield, 89% ee; Rf= 0.5 (petroleum ether : ethyl acetate =
85:15).

TH NMR (500 MHz, DMSO-d®) § 10.12 (s, 1H), 8.14 (s, 1H), 7.52 -
7.48 (m, 3H), 7.38 (d, J = 7.7 Hz, 1H), 7.27 (t, ] = 7.9 Hz, 1H), 7.22 -
7.15 (m, 5H), 7.13 (d, J = 8.2 Hz, 2H), 7.06 - 6.99 (m, 3H), 6.96 (d, J = 8.2 Hz, 2H), 6.90 (d,
J =8.3 Hz, 2H), 6.81 (t, ] = 7.5 Hz, 1H), 5.74 (s, 1H), 2.26 (s, 3H). 3C NMR (126 MHz,
DMSO0-d®) § 159.39, 153.80, 153.36, 144.16, 143.97, 143.14, 137.48, 131.30, 130.31, 130.04,
129.74, 127.53, 126.59, 125.51, 125.29, 123.90, 121.04, 120.58, 117.64, 117.35, 115.15,
112.33, 112.21, 112.05, 105.08, 104.87, 104.67, 39.47, 21.86. HRMS (ESI*) m/z: [M+H]"
calculated for C34H26F2N203S: 581.1705, found: 581.1699; HPLC: The enantiomeric excess
was determined using Chiralpak TA column (n-Hexane/ i-PrOH=70:30, flow rate=1.0

mL/min, A= 254 nm, Tmajor = 26.4 min, Tminor = 31.2 min).

HN-Ph (S)-4-methyl-N-(2-(naphthalen-2-yl(4-(phenylamino)phenyl)
methyl)benzofuran-3-yl)benzenesulfonamide (31): Pale yellow
solid, 32 mg, 54% yield, 89% ee; Rr= 0.5 (petroleum ether : ethyl
acetate = 85:15)

TH NMR (500 MHz, Methanol-d*) § 7.95 (d, J = 8.3 Hz, 1H), 7.88 (d,
J=7.2Hz, 1H), 7.79 (d, ] = 8.2 Hz, 1H), 7.53 — 7.46 (m, 2H), 7.46 —
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7.41 (m, 2H), 7.36 (m, 3H), 7.25 — 7.19 (m, 2H), 7.19 — 7.09 (m, 3H), 7.04 (d, J = 7.9 Hz,
2H), 6.95 (d, ] = 2.2 Hz, 4H), 6.85 (d, ] = 8.0 Hz, 2H), 6.83 — 6.78 (m, 1H), 6.31 (s, 1H), 2.13
(s, 3H). BC NMR (126 MHz, Methanol-d*) § 157.78, 155.89, 146.05, 145.69, 144.88, 139.38,
139.34, 136.41, 134.55, 133.73, 131.63, 131.35, 131.03, 130.73, 129.58, 129.12, 128.74,
128.30, 127.95, 127.49, 127.20, 126.36, 126.31, 124.84, 122.06, 121.81, 119.34, 119.01,
116.05, 113.11, 45.46, 22.42. HRMS (ESI') m/z: [M+H]" calculated for C3sH3oN20sS:
595.2050, found: 595.2050; HPLC: The enantiomeric excess was determined using Chiral-
Select OM column (n-Hexane/ i-PrOH=80:20, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 14.2

l’nil’l, Tminor — 186 l’nll’l).

(R)-N-(5-methoxy-2-(phenyl(4-
(phenylamino)phenyl)methyl)benzofuran-3-yl)-4-
methylbenzenesulfonamide (3m): Yellow solid, 35 mg, 61%
yield, 84% ee; Rf= 0.5 (petroleum ether : ethyl acetate = 85:15)

'H NMR (500 MHz, DMSO-d®) § 9.92 (s, 1H), 8.15 (s, 1H), 7.61
(d,J=7.9 Hz, 2H), 7.38 (d, J = 9.0 Hz, 1H), 7.30 (t, J = 7.5 Hz,
2H), 7.26 — 7.20 (m, 5H), 7.13 (d, J = 7.6 Hz, 2H), 7.06 (d, J = 7.9 Hz, 2H), 7.01 — 6.98 (m,
4H), 6.84 — 6.75 (m, 2H), 6.48 (s, 1H), 5.64 (s, 1H), 3.60 (s, 3H), 2.30 (s, 3H). 3C NMR (126
MHz, DMSO-d®) & 156.51, 156.33, 148.40, 144.28, 144.14, 142.91, 142.11, 138.14, 132.65,
130.53, 130.20, 130.02, 129.35, 129.15, 127.82, 127.37, 127.08, 120.47, 117.53, 117.44,
115.02, 113.97, 112.91, 102.50, 56.16, 46.48, 21.86. HRMS (ESI*) m/z: [M+H]" calculated
for C35H30N203s: 575.2000, found: 575.2000; HPLC: The enantiomeric excess was
determined using Chiral-Select OM column (n-Hexane/ i-PrOH=80:20, flow rate=1.0

mL/min, A= 254 nm, Tmajor = 18.1min, Tminor = 28.6 min).

(R)-N-(5-bromo-2-(phenyl(4-(phenylamino)phenyl)
methyl)benzofuran-3-yl)-4-methylbenzenesulfonamide (3n):
Brown solid, 27 mg, 43% yield, 91% ee; Rr= 0.5 (petroleum ether :
ethyl acetate = 85:15)

IH NMR (500 MHz, DMSO-d®) § 10.02 (s, 1H), 8.16 (s, 1H), 7.57
(d, J = 8.0 Hz, 2H), 7.48 (d, J = 8.8 Hz, 1H), 7.36 (d, J = 8.7, 1H),
7.31-7.28 (m, 2H), 7.24 - 7.21 (m, 5H), 7.11 (d, J = 7.5 Hz, 2H), 7.07 - 7.06 (m, 3H), 7.01 —
6.93 (m, 4H), 6.82 (t, ] = 7.3 Hz, 1H), 5.64 (s, 1H), 2.32 (s, 3H). 3C NMR (126 MHz, DMSO-
d®) § 157.09, 152.42, 144.51, 144.20, 143.06, 141.71, 137.52, 132.17, 130.59, 130.19, 130.04,
129.32, 129.23, 128.57, 127.85, 127.82, 127.50, 122.93, 120.56, 117.63, 117.40, 116.22,
114.50, 114.44, 46.39, 21.98. HRMS (ESI") m/z: [M+H]" calculated for C34H27BrN,OsS:
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623.0999, found: 623.0999; HPLC: The enantiomeric excess was determined using Chiral-
Select OM column (n-Hexane/ i-PrOH=80:20, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 21.3

mln, Tminor — 32.2 I’Illl’l).

(R)-4-nitro-N-(2-(phenyl(4-(phenylamino)phenyl)methyl)
benzofuran-3-yl)benzenesulfonamide (30): Colourless solid, 32 mg,
55% yield, 85% ee; Ry= 0.5 (petroleum ether : ethyl acetate = 85:15)

"H NMR (500 MHz, DMSO-d®) § 10.60 (s, 1H), 8.16 — 8.06 (m, 3H),
7.91 —7.87 (m, 2H), 7.53 (d, J = 8.2 Hz, 1H), 7.43 (d, J = 7.8 Hz, 1H),
7.29 (t, J = 7.8 Hz, 1H), 7.26 — 7.18 (m, 5H), 7.13 (t, ] = 7.2 Hz, 1H),
7.06 — 6.99 (m, 4H), 6.94 — 6.89 (m, 4H), 6.82 (t, J = 7.3 Hz, 1H), 5.45 (s, 1H). 13C NMR
(126 MHz, DMSO-d®) § 154.80, 153.81, 150.36, 145.71, 144.12, 143.04, 141.98, 132.44,
130.08, 129.98, 129.24, 129.08, 129.05, 127.28, 126.51, 125.55, 125.36, 124.05, 120.80,
120.57, 117.75, 117.08, 114.32, 112.39, 46.13. HRMS (ESI*) m/z: [M+H]" calculated for
C33H2sN30s5S: 576.1588, found: 576.1588; HPLC: The enantiomeric excess was determined
using Chiralpak IA column (n-Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm,

Trnajor = 209 min, Tminor — 305 n’llIl).

Me (R)-4-methyl-N-(2-(phenyl(4-(p-tolylamino)phenyl)methyl)
HN/©/ benzofuran-3-yl)benzenesulfonamide (3p): Brown solid, 31 mg,
56% yield, 90% ee; Rr= 0.5 (petroleum ether : ethyl acetate =

85:15)

'H NMR (400 MHz, DMSO-d®) & 10.04 (s, 1H), 8.01 (s, 1H), 7.57
(d, J = 8.2 Hz, 2H), 7.48 (d, J = 8.2 Hz, 1H), 7.28 — 7.22 (m, 4H),
7.22—-7.17 (m, 3H), 7.14 (t, ] =7.4 Hz, 1H), 7.07- 7.03 (m, 4H), 6.97
(d, J = 8.3 Hz, 2H), 6.93 — 6.86 (m, 4H), 5.55 (s, 1H), 2.28 (s, 3H), 2.23 (s, 3H). '3C NMR
13C NMR (101 MHz, DMSO-d®) & 154.99, 153.64, 144.11, 143.54, 142.16, 141.54, 137.80,
131.97, 130.48, 130.16, 129.55, 129.33, 129.13, 127.73, 127.34, 126.61, 125.25, 123.72,
120.76, 118.33, 116.59, 114.94, 112.25, 46.33, 21.95, 21.20. HRMS (ESI'*) m/z: [M+H]"
calculated for C3gH3oN203S: 559.2050, found: 559.2059; HPLC: The enantiomeric excess
was determined using Chiralpak IA column (n-Hexane/ i-PrOH=70:30, flow rate=1.0

mL/min, A= 254 nm, Tmajor = 28.1 min, Tminor = 38.3 min).
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OMe (R)-N-(2-((4-((4-methoxyphenyl)amino)phenyl)
HN /©/ (phenyl)methyl)benzofuran-3-yl)-4-methylbenzenesulfonamide
(3q): Brown solid, 34 mg, 59% yield, 89% ee; Rr= 0.5 (petroleum
ether : ethyl acetate = 85:15)

"H NMR (400 MHz, DMSO0-d®) § 10.03 (s, 1H), 8.16 (s, 1H), 7.56
(d, J = 8.0 Hz, 2H), 7.50 (d, J = 8.5 Hz, 1H), 7.29 — 7.10 (m, 8H),
7.06 (d, J = 8.0 Hz, 2H), 6.97 (d, ] = 8.6 Hz, 2H), 6.91 (d, ] = 8.4
Hz, 2H), 6.81 (t, ] = 5.7 Hz, 2H), 6.65 (t, ] = 6.3 Hz, 2H), 5.53 (s, 1H), 3.70 (s, 3H), 2.27 (s,
3H). '3C NMR (101 MHz, DMSO-d®) § 159.98, 154.86, 153.62, 144.27, 144.10, 143.59,
142.89, 137.76, 132.46, 130.46, 130.18, 130.13, 130.05, 127.68, 126.59, 125.29, 123.74,
121.69, 120.75, 120.49, 117.54, 117.37, 115.71, 114.98, 112.26, 112.21, 55.86, 46.26, 21.91.
HRMS (ESI") m/z: [M+H]" calculated for C3sH3oN20Oss: 575.2000, found: 575.1981;
HPLC: The enantiomeric excess was determined using Chirapak IA column (n-Hexane/ i-
PrOH=70:30, flow rate=1.0 mL/min, A= 220 nm, Tmajor = 41.9 min, Tminor = 48.1 min).

CF; (R)-4-methyl-N-(2-(phenyl(4-((4-(trifluoromethyl)phenyl)
HN/©/ amino)phenyl) methyl)benzofuran-3-yl)benzenesulfonamide
(3r): Brown solid, 27 mg, 45% yield, 76% ee; Rr= 0.5 (petroleum
ether : ethyl acetate = 85:15)

'TH NMR (400 MHz, DMSO-d®) § 10.06 (s, 1H), 8.70 (s, 1H), 7.57
(d, J=8.0Hz, 2H), 7.52 - 7.49 (m, 3H), 7.32 — 7.22 (m, 5H), 7.22 —
7.16 (m, 3H), 7.14 (d, J=8.3 Hz, 2H), 7.08 (d, J = 7.8 Hz, 4H), 6.99
(d, J = 8.3 Hz, 2H), 5.61 (s, 1H), 2.28 (s, 4H)."3C NMR (101 MHz, DMSO-d®) § 158.68,
157.72, 152.39, 148.16, 145.90, 145.01, 141.82, 138.83, 134.54, 134.35, 133.41, 133.25,
131.76,131.51, 130.61, 129.38, 127.82, 124.83, 123.75, 119.56, 119.21, 116.33, 50.46, 25.98.
HRMS (ESI") m/z: [M+H]" calculated for C3sH27r3N20ss: 613.1768, found: 613.1747;
HPLC: The enantiomeric excess was determined using Chiralpak IA column (n-Hexane/ i-
PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 12.8 min, Tminor = 20.9 min).

F (R)-N-(2-((4-((4-fluorophenyl)amino)phenyl)(phenyl)
HN /©/ methyl)benzofuran-3-yl)-4-methylbenzenesulfonamide (3s):
Brown solid, 33 mg, 59% yield, 81% ee; Rf= 0.5 (petroleum ether :
ethyl acetate = 85:15)

'H NMR (500 MHz, DMSO-d®) § 10.01 (s, 1H), 8.08 (s, 1H), 7.57 (d,
J=8.0 Hz, 2H), 7.48 (d, J = 8.2 Hz, 1H), 7.30 — 7.21 (m, SH), 7.19 (d,
J=8.1Hz, 2H), 7.14 (t, ] = 7.5 Hz, 1H), 7.07 (t, ] = 5.3 Hz, 6H), 6.91
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(s, 4H), 5.57 (s, 1H), 2.28 (s, 3H). 1*C NMR (126 MHz, Chloroform-d) 13C NMR (126 MHz,
DMSO0-d®) § 162.21 (d, 'Jc.r=235.6 Hz), 158.93, 157.62, 148.07, 147.39, 146.07, 144.61 (d,
‘Jcr= 2.5 Hz), 141.82, 136.41, 134.45, 134.21, 133.29, 133.10, 131.69, 131.33, 130.59,
129.22,127.69, 124.73,123.66 (d , *Jc-r = 8.8 Hz), 120.74, 120.52 (d, *Jc.r = 22.7 Hz), 118.97,
116.21, 50.33, 25.90. HRMS (ESI*) m/z: [M+H]" calculated for C34H27FN>03S: 563.1800,
found: 563.1790; HPLC: The enantiomeric excess was determined using Chiral-Select OM
column (n-Hexane/ i-PrOH=80:20, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 18.4 min, Tminor
= 24.7 min).

Br (R)-N-(2-((4-((4-bromophenyl)amino)phenyl)(phenyl)
HN/O/ methyl)benzofuran-3-yl)-4-methylbenzenesulfonamide (3t):
Brown solid, 35 mg, 56% yield, 87% ee; Rf= 0.5 (petroleum ether :
ethyl acetate = 85:15)

'TH NMR (400 MHz, DMSO-d6) 6 10.04 (s, 1H), 8.31 (s, 1H), 7.56
(d,J=8.4 Hz, 2H), 7.48 (d, ] =8.2 Hz, 1H), 7.34 (d, J = 8.8 Hz, 2H),
7.27 — 7.22 (m, 4H), 7.22 — 7.16 (m, 3H), 7.13 (t, ] = 7.6 Hz, 1H),
7.06 (d, J =7.0 Hz, 2H), 7.02 — 6.95 (m, 4H), 6.93 (d, J = 8.6 Hz, 2H), 5.58 (s, 1H), 2.26 (s,
3H). 13C NMR (101 MHz, DMSO-d6) & 154.79, 153.67, 144.12, 143.87, 142.11, 141.99,
137.78, 133.46, 132.70, 130.50, 130.27, 129.35, 129.18, 127.73, 127.42, 126.59, 125.31,
123.76, 120.79, 118.95, 118.10, 115.08, 112.28, 110.92, 46.37, 21.95. HRMS (ESI*) m/z:
[M+H]" calculated for C34HBrN»OsS: 623.0999, found: 623.0989; HPLC: The
enantiomeric excess was determined using Chiralpak IA column (n-Hexane/ i-PrOH=70:30,

flow rate=1.0 mL/min, A= 254 nm, Tmajor = 21.7 min, Tminor = 39.9 min).

MeO OMe (R)-N-(2-((4-((2,4-dimethoxyphenyl)amino)phenyl)(phenyl)
jg/ methyl)benzofuran-3-yl)-4-methylbenzenesulfonamide (3u):

HN

Brown solid, 28 mg, 47% yield, 91% ee; Rf= 0.5 (petroleum ether
: ethyl acetate = 85:15)

TH NMR (400 MHz, DMSO-d6) & 10.02 (s, 1H), 7.57 - 7.55 (m,
2H), 7.47 (d, ] = 8.3 Hz, 1H), 7.27 — 7.21 (m, 4H), 7.21 — 7.16 (m,
3H), 7.16 — 7.12 (m, 1H), 7.12 — 7.07 (m, 2H), 7.06 — 7.01 (m, 2H),
6.83 — 6.78 (m, 2H), 6.71 — 6.66 (m, 2H), 6.63 (t, ] = 2.2 Hz, 1H), 6.47 (d, J = 8.6 Hz, 1H),
5.51 (s, 1H), 3.76 (s, 3H), 3.74 (s, 3H), 2.28 (s, 3H). 3C NMR (101 MHz, DMSO-d6) &
156.67, 155.24, 153.76, 153.62, 145.67, 144.15, 142.33, 137.84, 130.55, 130.51, 129.97,
129.30, 129.10, 127.75, 127.29, 126.64, 125.21, 123.71, 123.35, 120.74, 115.06, 114.82,
112.25, 105.25, 100.48, 56.40, 56.22, 46.31, 21.95. HRMS (ESI*) m/z: [M+H]" calculated
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for CssH32N20ss: 605.2105, found: 605.2106; HPLC: The enantiomeric excess was
determined using Chiralpak IA column (n-Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A=

254 nm, Tmajor = 54.6 min, Tminor — 66.6 l’l’lln).

Me Me (R)-N-(2-((4-((2,4-dimethylphenyl)amino)phenyl)(phenyl)
j@ methyl)benzofuran-3-yl)-4-methylbenzenesulfonamide (3v):

HN

Brown solid, 25 mg, 44% yield, 74% ee; Rf= 0.5 (petroleum ether :
ethyl acetate = 85:15)

'"H NMR (400 MHz, DMSO-d®) § 10.02 (s, 1H), 8.12 (s, 1H), 7.50 -
7.48 (m, 3H), 7.32 (d, ] = 7.7 Hz, 1H), 7.26 — 7.21 (m, 2H), 7.19 -
7.13 (m, 3H), 7.09 (d, J = 7.9 Hz, 2H), 7.03 (d, J = 8.0 Hz, 2H), 6.95
-6.92 (m, 5H), 6.83 - 6.77 (m, 3H), 5.62 (s, 1H), 2.26 (s, 3H), 2.25 (s, 3H), 2.05 (s, 3H). 3C
NMR (101 MHz, DMSO-d®) § 155.41, 153.70, 144.34, 143.93, 142.71, 137.70, 137.41,
136.43, 136.36, 132.28, 132.04, 130.26, 130.15, 130.06, 128.53, 127.50, 127.27, 126.91,
125.16, 123.74, 120.82, 120.41, 117.45, 117.43, 114.54, 112.24, 43.10, 21.95, 21.52, 20.23.
HRMS (ESI*) m/z: [M+H]" calculated for C3sH3:N20ss: 573.2207, found: 573.2207; HPLC:
The enantiomeric excess was determined using Chiralpak A column (n-Hexane/ i-
PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 17.9 min, Tminor = 39.8 min).

(R)-N-(2-((4-((3,4-dimethylphenyl)amino)phenyl)(phenyl)
methyl)benzofuran-3-yl)-4-methylbenzenesulfonamide (3w):
Yellow solid, 27 mg, 47% yield, 83% ee; Rr= 0.5 (petroleum ether :
ethyl acetate = 85:15)

'"H NMR (400 MHz, DMSO-d®) § 9.98 (s, 1H), 8.08 (s, 1H), 7.46 -
7.44 (m, 3H), 7.28 (d, J = 7.7 Hz, 1H), 7.16 (m, 5H), 7.05 (d,J=7.9
Hz, 2H), 6.99 (d, J = 8.0 Hz, 2H), 6.91 - 6.88 (m, 5H), 6.79 - 6.73 (m,
3H), 5.58 (s, 1H), 2.22 (s, 3H), 2.21 (s, 3H), 2.01 (s, 3H).'3C NMR (101 MHz, DMSO-d®) &
155.82, 154.12, 144.76, 144.34, 143.12, 138.11, 137.83, 136.84, 136.78, 132.69, 132.45,
130.68, 130.57, 130.47, 128.95, 127.92, 127.68, 127.33, 125.57, 124.16, 121.24, 120.83,
117.87, 117.85, 114.96, 112.66, 43.52, 22.36, 21.94, 20.65. HRMS (ESI*) m/z: [M+H]"
calculated for C36H32N203s: 573.2207, found: 573.2236; HPLC: The enantiomeric excess
was determined using Chiralpak IA column (n-Hexane/ i-PrOH=70:30, flow rate=1.0

mL/min, A= 254 nm, Tmajor = 24.2 mMin, Tminor = 45.3 min).
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(R)-N-(2-((4-([1,1'-biphenyl]-4-ylamino)phenyl)
(phenyl)methyl)benzofuran-3-yl)-4-methylbenzenesulfonamide
(3x): Pale yellow solid, 35 mg, 57% yield, 89% ee; Rr= 0.5
(petroleum ether : ethyl acetate = 85:15)

'TH NMR (500 MHz, DMSO-d%) § 10.04 (s, 1H), 8.32 (s, 1H), 7.62 -
7.57 (m, 4H), 7.55 (d, J = 8.3 Hz, 2H), 7.49 (d, ] = 8.2 Hz, 1H), 7.42
(t,J=7.7 Hz, 2H), 7.30- 7.25 (m, 4H), 7.24 (d, J = 7.4 Hz, 2H), 7.20
(d, J=8.1 Hz, 2H), 7.17 — 7.13 (m, 3H), 7.09 (d, J = 7.6 Hz, 2H), 7.04 (d, J = 8.3 Hz, 2H),
6.96 (d, ] = 8.2 Hz, 2H), 5.60 (s, 1H), 2.29 (s, 3H).13C NMR (126 MHz, DMSO-d®) § 154.44,
153.22, 143.66, 143.48, 142.10, 141.62, 140.54, 137.38, 132.56, 131.58, 130.04, 129.79,
129.29, 128.90, 128.70, 127.82, 127.28, 126.93, 126.82, 126.22, 126.17, 124.82, 123.28,
120.33,117.38,117.12, 114.60, 111.81, 45.95, 21.50. HRMS (ESI") m/z: [M+H]" calculated
for Cs4H3:N203s: 621.2207, found: 621.2189; HPLC: The enantiomeric excess was
determined using Chiralpak IA column (n-Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A=

220 nm, Tmajor = 10.7 mln, Tminor — 15.5 mln).

= Ph  (R)-4-methyl-N-(2-(phenyl(4-((4-(phenylethynyl)
/©/ phenyl)amino)phenyl)methyl) benzofuran-3-
HN yD)benzenesulfonamide (3y): Brown solid, 26 mg, 40% yield,
86% ee; Re= 0.5 (petroleum ether : ethyl acetate = 85:15).

'"H NMR (500 MHz, DMSO-d®) § 10.05 (s, 1H), 8.53 (s, 1H),
7.58 (d,J=8.0 Hz, 2H), 7.50 (t, J = 7.3 Hz, 3H), 7.41 - 7.37 (m,
5H), 7.31 = 7.27 (m, 3H), 7.27 — 7.23 (m, 3H), 7.20 (d, ] = 7.9
Hz, 2H), 7.11 — 7.07 (m, 2H), 7.00 - 7.05 (m, 4H), 6.98 (d, J = 8.4 Hz, 2H), 5.61 (s, 1H), 2.28
(s, 3H). '3C NMR (126 MHz, DMSO-d®) & 154.28, 153.23, 144.74, 143.66, 141.49, 141.06,
137.36, 133.58, 133.10, 131.49, 130.04, 129.82, 129.15, 128.91, 128.73, 127.28, 126.98,
126.14, 126.09, 124.86, 123.49, 123.30, 120.34, 118.51, 115.81, 114.67, 112.30, 111.82,
90.86, 88.05, 45.96, 21.49. HRMS (ESI") m/z: [M+H]" calculated for CsH3N>0sS:
645.2207, found: 645.2192; HPLC: The enantiomeric excess was determined using Chiralpak
AD-H column (n-Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 12.8

mln, Tminor — 21 0 mln).
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(R)-4-methyl-N-(2-((4-(methylamino)phenyl)(phenyl)
methyl)benzofuran-3-yl)benzenesulfonamide (9): Brown solid, 19.7
mg, 41% yield, 16% ee; Re= 0.5 (petroleum ether : ethyl acetate =
85:15).

TH NMR (500 MHz, DMS0-d®) § 9.97 (s, 1H), 7.56 (d, J = 8.2 Hz, 2H),
7.46 (d, J =8.6 Hz, 1H), 7.26 - 7.17 (m, 7TH), 7.12 (t, J = 7.4 Hz, 1H),
7.06 — 7.00 (m, 2H), 6.80 (d, J = 8.3 Hz, 2H), 6.49 — 6.37 (m, 2H), 5.56 (d, J = 5.1 Hz, 1H),
5.49 (s, 1H), 2.64 (d, ] =4.9 Hz, 3H), 2.29 (s, 3H). 3C NMR (126 MHz, DMSO-d%) § 155.54,
153.37, 149.46, 142.54, 137.85, 130.47, 130.03, 129.03, 129.326, 129.00, 128.36, 127.7,
126.65, 125.13, 123.64, 120.54, 114.65, 112.29, 112.18, 80.17, 79.90, 79.64, 46.22, 30.68,
21.93. HRMS (ESI*) m/z: [M+H]" calculated for C20H26N>O3S: 483.1737, found: 483.1719;
HPLC: The enantiomeric excess was determined using Chiralpak IA column (rn-Hexane/ i-
PrOH=80:20, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 26.0 min, Tminor = 29.1 min).

(R)-N-(2-((4-(benzylamino)phenyl)(phenyl)methyl)benzofuran-3-
yl)-4-methyl benzenesulfonamide (10): Yellow solid, 16.5 mg, 30%
yield, 30% ee; Rf= 0.5 (petroleum ether : ethyl acetate = 85:15).

"H NMR (400 MHz, DMSO-d°) § 9.98 (s, 1H), 7.55 (d, ] = 8.2 Hz, 2H),
7.46 (d,J =17.9 Hz, 1H), 7.38 — 7.29 (m, 4H), 7.26 — 7.18 (m, 6H), 7.16
(d, J=8.0 Hz, 2H), 7.12 (t, ] = 7.0 Hz, 1H), 7.00 (d, J = 7.0 Hz, 2H),
6.73 (d, J = 8.5 Hz, 2H), 6.46 (d, J = 8.7 Hz, 2H), 6.25 (t, ] = 6.0 Hz, 1H), 5.44 (s, 1H), 4.23
(d, J=5.9 Hz, 2H), 2.27 (s, 3H). 13C NMR (126 MHz, DMSO-d®) § 154.99, 153.65, 144.29,
144.03, 142.84, 142.06, 138.13, 137.83, 132.73, 130.44, 130.18, 130.04, 129.91, 129.03,
128.04, 127.71, 126.67, 126.45, 125.23, 123.72, 120.79, 120.47, 117.52, 117.37, 114.90,
112.26, 46.30, 22.03, 21.92. HRMS (ESI") m/z: [M+H]" calculated for C3sH3N2Oss:
559.2050, found: 559.2056; HPLC: The enantiomeric excess was determined using Chiralpak
AD-H column (n-Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 13.1min,

Tminor — 158 mln).

Ph 4: Brown solid (49.1 mg, 88% yield, 92% ee). 'H NMR (500 MHz,
DMSO0-d®) & 8.10 (s, 1H), 7.53 (d, J = 8.0 Hz, 2H), 7.44 (d, J = 8.3 Hz,
1H), 7.23 (d, J = 7.8 Hz, 1H), 7.18 (q, J = 8.0 Hz, 3H), 7.14 (d, J = 8.1
Hz, 2H), 7.13 - 6.87 (m, 2H), 7.01 (d, J = 7.9 Hz, 2H), 6.98 (d, J= 7.6
Hz, 1H), 6.93 (d, J = 8.4 Hz, 2H), 6.88 — 6.84 (m, 3H), 6.83 (d, J=7.8
Hz, 1H), 6.76 (t,J = 7.3 Hz, 1H), 5.48 (s, 1H), 2.22 (s, 3H), 2.20 (s, 3H).
3C NMR (126 MHz, DMSO-d®) & 154.74, 153.39, 144.04, 143.78, 142.59, 141.81, 137.87,

HN”
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137.58, 132.48, 130.19, 129.93, 129.79, 129.66, 128.78, 127.79, 127.46, 126.42, 126.20,
124.98, 123.46, 120.53, 120.22, 117.27, 117.12, 114.65, 112.01, 46.05, 21.78, 21.67. HRMS
(ESI+) (m/z): [M+H]+ calcd for C3sH30N203S: 559.2050, found: 559.2037; HPLC: The
enantiomeric excess was determined using Chiral-select OM column (n-Hexane/ i-

PrOH=80:20, flow rate=1.0 mL/min, Amax= 254 nm, tmajor = 13.4 min, tminor = 20.9 min).

Ph 5: Yellow solid (64 mg, 92% vyield, 92% ee). 'H NMR (400 MHz,
DMSO-d%) § 8.22 (s, 1H), 7.64 - 7.61 (m,, 3H), 7.58 (d, ] = 8.3 Hz, 2H),
7.38 - 7.33 (m, 4H), 7.33 — 7.26 (m, 4H), 7.25 - 7.19 (m, 2H), 7.20 - 7.14
(m, 2H), 7.13 — 7.07 (m, 3H), 7.06 - 6.98 (m, 4H), 6.83 (t, J = 7.4 Hz,
1H), 6.60 (d, J = 7.8 Hz, 1H), 5.49 (s, 1H), 2.40 (d, ] = 2.3 Hz, 6H). 13C
NMR (101 MHz, DMSO-d°) §150.46,146.75,144.15, 143.27, 141.99,
135.92, 132.09, 130.78, 130.37, 130.68, 130.08, 129.51, 129.38, 129.31, 127.78, 126.19,
125.94, 124.68, 120.67, 119.81, 117.71, 117.40, 113.34, 112.90, 47.04, 22.17. HRMS (ESI+)
(m/z): [M+H]+ caled for CisH3sN20sSz: 699.1982, found: 699.1961; HPLC: The

enantiomeric excess was determined using Chiral-select OM column (n-Hexane/ i-

HN”

PrOH=80:20, flow rate=1.0 mL/min Amax= 254 nm, tmajor = 11.6 min, tminor = 18.8 min).
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AZINE-NTs-CPA #28 [modified by user, 2 peaks manually assigned] UV_VIS_1

90

|mAU WVL:220 nm
7 P~
60 8
. &
- &
. ] 10
- &
407 Rac-3a o
~
20+
-10"''|""|""|""|""|"rrIIn
10.0 15.0 20.0 25.0 30.0 35.0 38.0
Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 20.23666667 59.83955 51.0815009 38.64492 n.a.
22 2552333333 57.30569 48 9184991 25.64917 n.a.
60.0 AZINE-NTs-CPA(OFF) #27 [modified by user, 2 peaks manually assigned] Uv VIS 2
~ {mAU WVL:254 nm
50.0—:
4 [
37.51 N
] &
25.0—: Chiral-3a -
i 2
M~
12.5—_ e
~
~
1 B ———
] min
SOr—7 1 " T 1 _ " T T [ " T T T _ T
10.0 15.0 20.0 25.0 30.0 35.0 38.0
Peak Name Ret.Time (detected) Area Rel Area(ident.) Height Amount
min mAU*min % mAU
11 20.74666667 37.86632 95.89683569 23.68565 n.a.
22 2577333333 1.620197 4103164312 0.90871 n.a.
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100 AZINE-NTS-CPA(OFF) #70 [modified by user, 2 peaks manually assigned] Uv_ViIS_2
JmAU WVL:254 nm)
754
50 Rac-3i 8 g
] - ®
- - ;
25-] ~
o
-20 L I B L ) I L A I —
20.0 25.0 30.0 35.0 40.0 45.0 50.0
). Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 29.96 38.70817 49.99222313 31.90284 n.a.
22 38.08333333 38.72021 50.00777687 24.51153 n.a.
50.0 AZINE-NTS-CPA(OFF) #73 [modified by user, 2 peaks manually assigned] UV_VIS 2
" mAU WVL:254 nm|
37.51
: Chiral-3i 2
25.0+ irai-3t =
- (3]
i - o
12.5-] 2
] =
] ¥
] o
0. - -
7 min|
-10.0— I I I I I '
20.0 25.0 30.0 35.0 40.0 45.0 50.0
). Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 31.55 18.29914 95.86584311 14.34285 n.a.
22 40.15333333 0.789139 4134156891 0.59967 n.a.
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AZINE-NTs-CPA(OFF) #64 [modified by user, 2 peaks manually assigned]

Uv VIS 2

50.07A

37.5-]

Rac-3u

25.0-]

10.0++——FT— 71—

1-1-55157
-2-66.437

(=]
o
L0
|
|
%
|
|

WVL:254 nm

min

80.0 90.0

Peak Name Ret.Time (detected) Area
min

11
66.44

mAU*min
55.16 44.03198
43.608

Rel.Area(ident.)
%

50.24171654
49.75828346

Height
mAU

Amount

10.36336 n.a.
7.824 n.a.

20.0

AZINE-NTs-CPA(OFF) #65 [modified by user, 2 peaks manually assigned]

UV VIS 2

mAU

Chiral-3u

1-1-54.680

I} 2-2-66.600

WVL:254 nm

min

88.0

Peak Name Ret.Time (detected) Area
min mAU

11
66.60
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*min

54.68 35.17347

1.614

Rel . Area(ident.)
%
95.61304585
4.386954151

Height Amount
mAU
8.42831 n.a.

0.359 n.a.




4, "H NMR (500MHz, DMSO-d®)
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20.0 TR-38 #64 [modified by user, 2 peaks manually assigned] Uv_VIS 2
 JmAU WVL:254 nm
15.07 Rac-4
n (ne]
i 2
10.0 v ~
. - 10
] - &
5.0- )
4 o
0.0+
- )
T min
5.0 T T T ] T T T T T T T T
8.0 10.0 12.0 14.0 16.0 18.0 20.0 22.0 25.0
Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 13.49 4.259287 48.69296571 7.80147 n.a.
20.52 4.488 51.30703429 5.293 n.a.
300 TR-38 #121 [modified by user, 2 peaks manually assigned] UV_VIS 2
mAU WVL:254 nm
=
1 =
200 -
Chiral-4
100+ -
y S
=
i o
~
7 ~
- ~ min|
2 ) L R L Ry R T I
8.0 10.0 12.0 14.0 16.0 18.0 20.0 22.0 25.0
Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 13.42 102.5229 95.96243862 185.8448 n.a.
2 20.94 4.314 4.037561376 5.571 n.a.
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5, '"H NMR (500MHz, DMSO-d®)
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200 TR-38 #126 [modified by user, 2 peaks manually assigned] Uv VIS 2
{mAU WVL:254 nm
: 2
1501 .
] - 2
i Rac-5 3
100+ ~
i ~
501
] min
-4 e N ) B L B ) R A BN
5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0
Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*'min % mAU
11 11.73 65.95974 50.83827517 122.3954 n.a.
18.67 63.785 49.16172483 74.836 n.a.
500 TR-38 #127 [modified by user, 2 peaks manually assigned] Uv VIS 2
IJmAU 8 WVL:254 nm
400- -
] Chiral-5 -
300—:
200
7 (a2 )
) &
T o]
100+ A
] o
-50""|""|""|""|'"'|""|""|"'rr'IIn
5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0
Peak Name Ret.Time (detected) Area Rel Area(ident.) Height Amount
min mAU*min % mAU
11 11.66 192.1611 93.3678117 351.8106 n.a.

18.83 13.650 6.632188304 16.314 n.a.
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Chapter 4
Catalytic Asymmetric de novo Synthesis of Chiral Pyrroles
through Desymmetrizing Oxidative [3+2]-Cycloaddition and

the Van Leusen Reaction

Abstract: Central chirality in heteroarene derivatives arising from unsymmetrically
substituted heteroarene rings is an intriguing but underexplored topic. Herein, we reported the
first catalytic enantioselective de novo construction of centrally chiral pyrroles through
desymmetrizing oxidative [3+2]-cycloaddition by employing silver catalysis. This judicious
desymmetrization can produce at least four continuous stereogenic centers without creating
any additional stereocenter. Furthermore, to introduce a more diverse set of substituents, we
developed the first catalytic asymmetric the Van Leusen reaction with a—substituted TosMIC
for the synthesis of centrally chiral pyrroles. A wide range of polycyclic 2-substituted, 3,4-
fused pyrroles were obtained in high yields and with good to high enantioselectivities. This
report includes the elaboration of methanobenzo[f]isoindole to synthetically challenging
building block chiral isoindole compounds, which are synthesized enantioselectively for the

first time.

. (o) o
: o (o]
: CN \)I\Q/O 23 examples . H b L*3 Va
: upto 91% yield > ! = NH
. (o} I upto 97:3 er Y
: H o S H N
R H
N — o ° =z NH PPh
E AR CN H I ?
H H o — NX (o)
: o | Ts 22 examples . NH
. upto 93% yield = s\ <

upto 96:4 er H

(o]

‘/ Ag-catalyzed desymmetrization ‘/ asymmtric [3+2] cycloaddition,  oxidant free aromatization
the van leusen reaction

+ remote stereocontrol + excellent enantioselctivity
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Oxidative [3+2]-Cycloaddition and the Van Leusen Reaction

4.1. Introduction:

Pyrrole is one of the most prominent five membered heterocycles which is found in many
bioactive natural products and pharmaceuticals.! Thus, significant efforts have been given
over the years for the synthesis of differently substituted pyrroles.? Optically active pyrroles
have a wide range of structural and synthetic variations, and the stereogenic centres can appear
either close to the heterocyclic unit or remote from the pyrrolic unit.> The synthesis of chiral
pyrroles fall into four primary categories: (i) chirality is incorporated by substitution at the N-
atom; (ii) chirality is incorporated through reactions that take place at the a-position; (iii)
chirality is incorporated through reactions that take place at the B-position; and (iv) pyrroles

with axial chirality.® The first three categories constitute the centrally chiral pyrroles.

o Pyrroles with central chirality:---------------------cccccmcoccccoomooncooooonooo-

Oé?'\ O\r \ o\ ;‘ i <
‘; O\(} 3 5 -
/K A © N E Q

) B
) H ; Chiral pyrrole
-Cenrtal chirality through Friedel Crafts alkylation E-Stereogenicity is dependent oni
-Chirality is independent on pyrrole substituent substituents when (R! * R?)

9 Strategies for the synthesis of chiral pyrrole: ---------------------------"cc---------

® enantiotopic HN\/:ED
Enantiotopic
C-H functionalization .\—/ *

Enantioselective de novo {

qeSymmeTigation heteroarene synthesis

£
N

C
J
Fig. 1: State of art.

In fact, there are several techniques for the enantioselective synthesis of centrally chiral
pyrroles, which are exceedingly prevalent and frequently include one or more chiral centres
near to their framework.*> However, in the majority of these instances, the origin of
stereogenicity is unrelated to the pyrrole ring substitution pattern (Fig. 1). A fascinating but
understudied area is central chirality in pyrrole derivatives resulting from asymmetrical
substitution on the pyrrole ring. The substituents in these pyrrole motifs (such as R! and R?,

in Fig 1A) not only control their chirality, but they also produce enantiomeric pyrroles when
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their positions are switched. Therefore, the enantioselective synthesis of chiral pyrroles
presents significant challenges, particularly when attempting to introduce a functional group
or substituent to pre-existing symmetrical pyrrole frameworks in an enantioposition-selective
manner (Fig. 1B). The lack of functionality on the pyrrole unit in these compounds adds an
additional layer of complexity to their enantioselective synthesis. An alternative strategy
involves the de novo construction of the unsymmetrical pyrrole ring during the

enantioselectivity-determining step.
4.2. Previous Study:
4.2.1. Selected examples of catalytic asymmetric de novo synthesis of chiral pyrroles:

In 2017, Tan and co-workers reported catalytic asymmetric Paal-Knorr reaction for the
synthesis of axially chiral arylpyrroles.® High yields and excellent to outstanding
enantioselectivities were achieved in the synthesis of a wide variety of C-N axially chiral
arylpyrroles (Scheme 1). The authors described, to achieve effective enantiocontrol, a
combined-acid catalytic system that includes both a Lewis acid and a chiral phosphoric acid

1s essential.

CO,R!
NH o,
1 2 cat. (10 mol%) ’(/—g\
o &R N tBu Fe(OTf); (10mol%) Ar~ N
Ar > 1B
o * | N CCl,/cyclohexane N\ “
R? MgSOy, 0 °C | N

R' = alkyl R2 0
upto 95% yield .

upto 98% ee

Scheme 1: Asymmetric Paal-Knorr reaction for the synthesis of axially chiral arylpyrroles.

In 2018, Zhu and co-workers described an Ag(I)-chiral phosphine catalyzed synthesis of
axially chiral 3-arylpyrroles.” The author reported that, under catalytic silver(I) oxide and
Cinchona-alkaloid derived phosphine ligand o-isocyanoacetates were reacted chemo-
selectively with alkynic ketones gave enantioenriched 3-arylpyrroles in high yields with

excellent enantiomeric excesses via de novo pyrrole ring construction (Scheme 2).

CO,R? :
HN7) ' ome 7
Il A0 (10mol%),  CORI™N~CO,R? | H /W
, ~ Q4(20 mol%) s
R® + CN” “CO,R! R '
OO K3PO, (2 equiv.), OO : = | NH PPh,

THF/TBME(1:4) P Na o

5A,0°C, 12h ;

R4, Ry, R3 = alkyl ’ ’ upto 98% yield :
upto 96% ee : Q1
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Scheme 2: De novo synthesis of axially chiral 3-arylpyrroles from a-isocyanoacetates and alkynic
ketones.

In 2019, the same author achieved a breakthrough by developing an epi-quinine thiourea-
catalyzed conversion of the Barton—Zard reaction, effectively transforming racemic
intermediates into axially chiral 3-arylpyrroles (Scheme 3).® Under the optimized catalytic
conditions, the (+)-3,4-dihydro-2H-pyrroles underwent a noble kinetic resolution, resulting in
the production of (+)-3,4-dihydro-2H-pyrroles and axially chiral (+)-3-arylpyrroles,
demonstrating transfer of chirality from the central to axiality. This reaction sequence also

incorporates aromatization and HNO> syn-elimination.

RZ
NO,
R1
RS /

RZ CO,R® KHMDS §o: cat. (10 mol%) upto 98% ee
O™ e e L e,
NC DCE.-25°C 5A MS
48 h toluene, 30 °C HN

upto 54% conversion
S-factor upto 153

RZ
=2 >e
AN CF

upto 93% ee

R30,C7 X R!

0~ 'N CF
y 3

Scheme 3: Kinetic resolution for the synthesis of axially chiral aryl pyrrole.

In 2021, Chen and colleagues made a significant advancement by an Ag(I)-catalyzed
atropselective Barton—Zard reaction, effectively enabling the synthesis of axially chiral 3-
(hetero)aryl pyrroles through a central-to-axial chirality transfer approach.” The authors
demonstrated that, under the influence of a quinine-derived phosphine ligand, the Ag(I)
catalyst can facilitate the reaction of a-substituted nitroolefins featuring a B-ortho-substituted
(hetero)aryl group with a-isocyanoacetate (Scheme 4). This innovative process leads to the
formation of axially chiral pyrroles via aromatization, delivering outstanding yields and

enantioselectivities.
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NO,
R
HN
R®Ag,0 (2.5 mol%), *Q\ t )
do o) CO,'Bu with or RN\ COztBu
L* (5 mol%) without DBU

R2 —> R2
< T s

CN"Co,'Bu
upto 99%, 96% ee

Scheme 4. Ag(I)-catalyzed Barton-Zard reaction for the synthesis of axially chiral 3-(hetero)aryl
pyrroles.

In 2019, Tan et al. explored a sequential synthesis of axially chiral 2-arylpyrrole through
chirality transfer strategy through cyclization (Scheme 5).!° Under chiral phase transfer
catalysis, an asymmetric N-alkylation afforded highly atropselective alkene which
subsequently underwent a chirality transfer via aromatic cyclization to give axially chiral 2-

arylpyrroles with excellent yield and ees.

Ar OH
1
H CO,R /\/Br —
Ar _N ; =N\N__
Z “COR" cat. (10mol% z COzR _ oA CO,R!
R
Xy 3 R;
R2- C32003 THF, -78 °C Rzl
= toluene, 0 °C 1-2 h =
upto 96% yield
upto 92% ee
N @ F upto 100% es
F,;C F

t-Bu

Scheme 5: Chiral PTC catalyzed chirality transfer enabled synthesis of axially chiral pyrrole.

In 2022, the Shi group made a discovery by developing an atropselective Paal-Knorr reaction
to synthesize N-N axially chiral pyrroles.'! Utilizing a catalytic chiral phosphoric acid, they
achieved transformation of substituted N-amino indoles and 1,4-diketones into pyrrole rings
with outstanding yields and excellent enantioselectivities (Scheme 6). Furthermore, their
exploration revealed that several chiral derivatives exhibit potent anti-cancer activity.
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2

R R
R? O CO,R® WA
R=— 2 cat. (10 mol%) N R
\ / \ +A)j\/Kn/Me —_— |
R? r

N CCl, 3AMS,  AreN<_CO,R? |
NH, n.oh \(\_z/ :
Me ;

upto 98% yield
upto 96% ee

Scheme 6: Catalytic Paal-Knorr reaction for synthesis of N-N axially chiral pyrroles.

In 2023, Ye and co-workers reported a Cu(I)-Chiral phosphine ligand -catalyzed
atroposelective diyne cyclization for axially chiral pyrroles.!> Under the optimized catalytic
condition, a well-designed substituted diyne gave a vinyl cations which subsequently
underwent de novo oxidation to afford axially chiral 3arylpyrrole in good yield and excellent
ees (Scheme 7).

Ts\N Ts,
/\ BnSOBN (2 equiv.) N Ar'
) ; PAr,

Il AT CU(CHACN),PFg (10mol%) o

T N PAI'Z
1 ~ R' |
N R L* (12 mol%) 2= : OO
X A :

NaBArF, (12 mol%) :

DCM, -10 °C, 36h ) ! L*: Ar=3,5-Me,CgH;
upto 93% yield
upto 93% ee

Scheme 7: Catalytic atroposelective diyne cyclization for synthesis of chiral arylpyrrole.

4.2.2. Catalytic asymmetric de novo Synthesis of centrally chiral arenes:

In 2019, Chi et al. reported a strategy for synthesizing substituent-dependent, centrally chiral
arenes using N-heterocyclic carbene (NHC) catalysis.!* This method presented a one-step
organic catalytic approach that involved an NHC-catalyzed cycloaddition reaction between
achiral indanone and o,B-unsaturated aldehydes (Scheme 8). The process enabled the direct
construction of benzene and resulted in the formation of optically active 1,3-indandione in
high yield and with excellent enantiomeric excess.

cat. (10 mol%) OH o

Cs,CO0;5 (10 mol%) " : °“>\
> S SN o
oxidant (2 equiv.) R" N _W ol
CH3 é tgy THF 1t,8h 15, R o =N

Bu @ Mes

) ' cat.
upto 85% yield
upto 92% ee '

Bu oxidant Bu

Scheme 8. Chiral NHC catalyzed desymmetrization strategy for chiral arene synthesis.
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In the same year, Wang et al. reported the successful initiation of a chiral N-heterocyclic

carbene-catalyzed cascade asymmetric desymmetrization reaction involving achiral indanone

and a,B-unsaturated aldehydes (Scheme 9).!> This process was followed by tandem aldol

annulation, aromatization, and sequential methylation.
1. cat. (10 mol%)

DMAP (10 mol%)
o><|dant (2 equiv.) (o) o

4AMS, toluene, rt, 48 h Rzt °“>\
2. CH3l, K,CO > S 1: N\Ne
3l, KoCO3 RY. _N BF
Acetone, R X H =N, 4

@ Mes
upto 65% yield
C C upto 92% ee

Bu oxidant 'Bu

cat.

Scheme 9: Sequential NHC catalyzed desymmetization for chiral arene synthesis.

In 2022, Mukherjee and co-workers developed a desymmetizing de novo method using

diphenylprolinol silyl ether to create centrally chiral arenes (Scheme 10).'® This process works

through a dienamine intermediate, which allows for a [4+2] cycloaddition between polycyclic

meso-cyclohexenediones and o,B-unsaturated aldehydes. Then, the Diels-Alder adduct

underwent a de novo oxidation to afford centrally chiral arenes with high yields and excellent

enantiomeric excesses.

fo) Cat. (20mol%) (o] H
R3 4-N02C6H5002H R3 o
0,
| H . (20 mol%) Ph
: N Ph
2 N R2 =
R ! CHCl3, rt, 12-24h 1 a H OSiPh,
R Cat.

upto 98% yield
upto 99% ee

Scheme 10. desymmetrization reaction for chiral arene synthesis via dienamine catalysis.

Later, Mukherjee et al. (2022) introduced a method for atropselective de novo arene

construction through dienamine catalysis.!” By employing optimal conditions, prochiral N-

aryl maleimides successfully underwent a highly effective desymmetrization reaction with

o,B-unsaturated aldehydes (Scheme 11). This approach utilizes a sequential [4+2]

cycloaddition followed by aromatization, leading to the formation of axially chiral

phthalimides with exceptional yields and excellent enantiomeric excesses.

1. Cat. (20mol%)
R*  2-F-CgH5CO,H (20 mol%)

CHCl3, rt, 5d
2. DABCO C OS|Ph3
(1 atm), CHCl,

rt 2d

Scheme 11: Synthesis of C-N axial chirality with atroposelective de novo arene strategy.
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4.3. Objective:

However, the enantioselective de novo synthesis of centrally chiral heterocycles via the
desymmetrization strategy remains unknown. In 2018, Oh and co-workers elegantly reported
silver-catalyzed asymmetric desymmetrization of cyclopentenediones via [3 + 2]
cycloaddition with a-substituted isocyanoacetates to deliver pyrrolidine derivativatives (Fig.
2).182 Then, in 2022, they developed silver-catalyzed asymmetric desymmetrization of
cyclohexadienones via the Van Leusen pyrrole synthesis, however the reaction failed to
provide a-substituted pyrroles (Fig. 2).'*® Thus, enantioselective de novo synthesis of centrally

chiral heterocycles via the desymmetrization strategy'® remains unknown.

o) 0o : (0} (o}
Ag(l)/L* ~ : . Ag(l)/L* =
/. i NH
Q%+ CN/\O ——» HN r .O : Ts NC e > ~
0 : (

not observed not observed

Fig 2. Background of the a-isocyanoacetate and a-substituted TosMIC.

N YD

or
Ts

AgL*

H

NC--AgL*
O/& + AgL*
Ny or

¢ o’/?\o'
Tol

Fig. 3. Catalytic hypothesis for the enantioselective de novo construction of chiral pyrrole.

As a proof-of-concept, we have chosen the reaction of polycyclic meso-cyclohexenediones
with activated isocyanides,?® and we envisioned that such a combination may lead to the
formation of structurally novel 2-substituted-3,4-fused centrally chiral pyrroles through a
[3+2]-cycloaddition/proton shift/oxidation cascade process (Fig. 3).2! Herein, we describe an

operationally simple procedure with silver catalysis®? to achieve such transformation, leading

153
TH-3763_196122026



Chapter 4 |

to the first catalytic enantioselective de novo construction of centrally chiral pyrroles through
desymmetrization (Fig. 3). We have also envisaged developing the first asymmetric Van

Leusen reaction using the same strategy.

4.4. Results and discussion:

4.4.1. Catalyst, solvent and temperature optimization for de novo synthesis of chiral

pyrrole:

Table 1: Catalyst and solvent optimization for de novo synthesis of chiral pyrrole.

o Ag-salt (5 mol%) P A}
A PN L* (10 mol%)
+ CN CO,Me —M8M8M8M8M > // 6
N solvent, temp., HN

°1a 24 additive, 48h 3a COMe
74
OMe ¢ OMe %
H /Pj H /P] H N
= I NH PPh, z | NH PPh, Z | NH PPh,
NS o)\© NS o)\© NS o)\©
L™ L2 L*3
Oy Ji ] Q Q
o) Q s CF Nt
O’NH PPh, N PNl 3 NH HN o
“'NH PPh, - HN‘Q PPh,  HN CF;
o CF, A [;
L*4 L*5 CF,

Entry* L* Ag(I)-salt  Solvent Additive Temperature  Yield" ec’
1. L*1 Ag)0O DCE - rt 81% 83%
2 L*2 Ag,0 DCE - rt 76% T7%
3 L*3 Ag0 DCE - rt 73% 88%
4 L*4 Ag)0 DCE - rt 84% 0%
5. L*5 Ag)0 DCE - rt 80% 14%
6 L*6 Ag0 DCE - rt 82% 8%
7 L*3 AgCOs DCE - rt 66% 92%
8 L*3 AgSbFs DCE - rt 50% 91%
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9. L*3 AgNO;  DCE . rt 55% 87%
10.  L*3 AgOTf  DCE ; t 40% 87%
1.  L*3 AgOAc  DCE ; t 48% 53%
2. L*3 AgCO;  DCM . rt 65% 92%
13.  L*3 AgCO;  CHCls - rt 68% 91%
14. L*3  AgCOs  EtOAc - rt 71% 93%
15. L*3  AgCOs  Toluene . rt 40% 68%
16. L*3  AgCOs THF ’ rt 69% 90%
17. L*3  AgCO;  EtOAc  4AMS rt 55% 93%
18. L*3  AgCO;  EtOAc  SAMS rt 40% 92%
19. L*3  AgCO;  FEtOAc . 0°C 66% 89%
20. L*3  AgCO;  EtOAc - -10 °C 50% 77%

214 L*3  AgCOs  EtOAc - rt 86% 94%

(0.05M)

2 Unless otherwise mentioned, reactions were carried out with 0.1 mmol of 1a with 0.11 mmol of 2a, Ag-salt (5 mol%), L
(10 mol%) in 1 mL solvent at rt for 48h under Ar atmosphere. ® Isolated yield after silica gel column chromatography. ©
Determined by HPLC. 9 With 2 mL solvent. ¢ After 12h, the reaction was stirred in air for 36h.

We started our investigation by conducting a model reaction between endo-
norbornenoquinone (1a) and methyl isocyanoacetate (2a) in 1,2-dichloroethane at room
temperature (Table 1). Initially, the combination of silver oxide and readily accessible chiral
amino-phosphine precatalysts L*1-L*3 derived from 9-amino(9-deoxy) epicinchona
alkaloids®>® were checked. Gratifyingly, within 48h, the target reaction proceeded well with
L*1 and silver oxide, delivering the centrally chiral pyrrole product 3a in high yield with
promising enantioselectivity (81% yield, 83% ee, entry 1). Though the enantioselectivity of
3a got decreased with L*2, slight better enantioselectivity was achieved with cinchonidine
derived aminophosphine L*3 (entries 2-3). Then, trans-1,2-diaminocyclohexane derived
precatalysts L*4-L.*6 were screened but inferior results were observed (entries 4—6). Further
investigations of silver salts with L*3 (entries 7—11) showed that silver carbonate was the
optimal one in terms of enantioselectivity (92% ee, entry 7). The subsequent examination of
solvents (entries 12—16) revealed that employing ethyl acetate could enhance the reaction's
stereoselectivity (93% ee, entry 13). An attempt to improve efficiency by adding additives
such as molecular sieves was not successful (entry 17-18). Again, reducing the temperature
did not yield positive results (entry 19-20). Better enantioselectivity was detected after

lowering the reaction concentration to 0.05 M (94% ee, entry 21). Finally, after 12 hours, the
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reaction was stirred in air for 36 hours, and this proved to be beneficial in terms of yield (86%
yield) and did not change the enantioselectivity of 3a (entry 21).

4.4.2. Substrate Scope of [3+2] de novo synthesis of chiral pyrrole:

Following the establishment of optimal conditions, the reaction's scope and generality were
examined. Initially, different alkyl isocyanoacetates 2 were tested and gratifyingly acceptable
results were achieved for a series of chiral pyrrole products (Scheme 12). Ethyl
isocyanoacetate 2b reacted well to provide 3b in high enantioselectivity. A similar result was
detected with #-butyl isocyanoacetate 2¢ and the product 3¢ was isolated in 79% yield with
92% ee (Scheme 12). Then

Ag,COj3 (5 mol%) \
L*3 (10 mol%) // 2)
EtOAc, rt, Ar, 12h HN
then in air 36h 0
3 g O
Vanatlon of Isocyanoacetate piiiiiaiisiinbistietiet ettt ekttt leteilete et ieieteiiueielnte et ettt edetete ettt etaed
Q 0 Q 0 Q 0, Q
7 \ g \ Va \
o o
HN { HN { HN 4
(o} (0]
0 0 O
3a 86% 3b, 86%, 3¢, 79%, 3d, 82%, 3e, 76%, 3f, 66%,
94% ee 89% ee 92% ee 89% ee 88% ee 82% ee

) Q (o} QA 0, Q 0 QA o
.~ \ 7 N Z \
. o

:HN/ (o) HN/ Y
: o o] o o] o

(o} o - < > (o]
39, 85%, 3h, 81%, |, 82%, 3K, 81%, 31, 59%,
84% ee 86% ee 82% ee 86% ee
(o)
) Q \
7 \
(o]
o und
HN o
o

3m, 93%, from (+)-Menthol from (-)-Menthol from (+)-borneol
91% ee 3n, 89%, >20:1 dr 30, 85%, >20:1 dr 3p, 77%, >20:1 dr

Scheme 12: Scope of isocyanoacetate for [3+2] cycloaddition reaction.

we turned to various benzyl isocyanoacetates (2d-2j), resulting in good to high
enantioselectivities for the desired products 3d-3j. For example, unsubstituted benzyl

isocyanoacetate 2d delivered product 3d in 82% yield with 89% ee. The outcome remained
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mostly unchanged with para-bromo substituted benzyl isocyanoacetate 2e. Then para-fluoro
and para-trifluoromethyl substituted benzyl isocyanoacetates 2f and 2g were screened and the
corresponding products 3f and 3g were attained in acceptable yields and enantioselectivities.
Additionally, the scope was expanded to include meta-substituted benzyl group containing
isocyanocetates 2h-2j, and gratifyingly, good results were also obtained there as well.
Naphthyl group containing isocyanoacetate 2k was also tolerated in the reaction and good
outcome was detected. 2-Bromo substututed benzyl group containing isocyanoacetate 21 also
participated in the reaction to deliver product 31 in moderate yield with good
enantioselectivity. Better enantioselectivty (91% ee) was obtained with hydrocinnamyl
isocyanoacetate 2m. In presence of catalytic Ag>CO3/L*3, the [3+2] cycloaddition reaction of
1 with enantiopure isocyanoacetates 2n-2p (2n derived from L—Menthol, 20 derived from D-
Menthol and 2p from L-borneol), were engaged in the reaction and the desired products 3n-

3p were attained in excellent yield and diastereoselectivities (>20:1 dr).

0 0
Lo Ag,CO; (5 mol%) M coRe
o7 (3 (10mol%) % =
A * cN"co,Me > <"
H EtOAc, rt, Ar, 12h A

1 O 2a and then in air 36h o 3

Vanatlon of D-A adducts "'"""'""'"""""""'"'"'"""'"'""""""'""""""'"""""""""""""""""’:

MeO_ _ome
Cl
Me Ph cl| CiI
/ ) / ) / o / ) / 6 / )
; CO,Me CO,Me CO,Me CO,Me

CO,Me CO,Me
39, 87%, 3r, 83%, 3s, 76%, 3t, 91%, 3u, 53%, 3v, 75%, 3w, 46%,
91% ee 91% ee 95% eel?! 87% ee 74% eelP! 84% eelb! 87% eeld

Scheme 13: Scope of D-A adducts for [3+2] cycloaddition reaction, ! Reaction was run at —10 °C. [*]
Reaction was run in 2.5 mL EtOAc. ! Reaction was run in 2.5 mL CHCls.

Then a number of polycyclic meso-cyclohexenediones were exposed to this catalytic
desymmetrization process (Scheme 13). Among these are endo-DA adducts made from para-
benzoquinone and a range of cyclic dienes starting from highly substituted and spiro-fused
cyclopentadienes to cyclohexadiene, cyclopentadienones and anthracene. Higher substitution
was generally associated with improved enantiodiscrimination. Polycyclic pyrroles 3q and 3r
with spiro-carbacycles were obtained in same enantioselectivity (91% ee). The
enantioselectivity got improved for 3s having higher substitutions and the reaction was run at
-10 °C. Then, endo-DA adduct 1e derived from cyclohexadiene and para-benzoquinone was
employed in the reaction and the corresponding product 3t was attained in acceptable

enantioselectivity. Cyclopentadienone derived DA adducts 1f and 1g could also be employed
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in the reaction, however the products 3u and 3v were obtained in slightly lower yields and
enantioselectivities. Finally, anthracene group containing DA adduct 1h was engaged in the

reaction and better enantioselectivity for 3w was detected in chloroform solvent.

4.4.3. Catalyst, solvent and temperature optimization for synthesis of chiral pyrrole with
the Van Leusen reaction:

Then we became interested in preparing unsymmetrical pyrroles via the Van Leusen
reaction.”® To the best our knowledge, the Van Leusen reaction was not previously reported
with o—substituted TosMIC for chiral pyrrole synthesis. Thus, we started our investigation by
conducting

Table 2: Catalyst and solvent optimization for Van leusen reaction

Ph Ag-salt (5 mol%) ° 2
O, N L* (10 mol%)
. — =" A
> CN™ "Ts K,CO3, solvent, HN

temp., additive, 12 h

1a 4a 5a
OMe 7 OMe @
HN H/N HUN
=z | NH PPh, z NH PPh, Z | NH  PPh,
Ny o N | o Nx o
L*1 L*2 L*3
0
NH PPh, Q NH HN
U NH HN
“NH PPh, épphz Q PPh, CFs
o
L*4 CF3
Entr L* Ag(D-salt Solvent Additive Temperatur  Yield® ee’
1. L*1 Ag0 EtOAc - rt 92% 76%
2. L*2 AgO EtOAc - rt 86% 79%
3. L*3 AgO EtOAc - rt 88% 84%
4. L*4 Ag0 EtOAc - rt 91% 0%
5. L*5 Ag0O EtOAc - rt 81% 0%
6. L*6 Ag0 EtOAc - rt 85% 26%
7. L*3 AgCO3;  EtOAc - 1t 87% 59%

158
TH-3763_196122026



Chapter 4 | Catalytic Asymmetric de novo Synthesis of Chiral Pyrroles through Desymmetrizing
Oxidative [3+2]-Cycloaddition and the Van Leusen Reaction

8. L*3 AgSbFs  EtOAc - it 92% 81%
9. L*3 AgNO;  EtOAc - it 81% 80%
10. L*3 AgOTf  EtOAc - it 89% 84%
11.  L*3 AgOAc  EtOAc - it 92% 82%
12.  L*3 Ag0 DCM - rt 88% 65%
13.  L*3 Ag0 CHCl; - rt 91% 78%
14.  L*3 Ag0  Toluene - it 79% 64%
15.  L*3 Ag0 THF - it 85% 83%
16. L*3 Ag0  EtOAc - 0°C 89% 84%
17.  L*3 Ag0  EtOAc - -10°C 85% 84%
184 L*3 Ag0  EtOAc 3A rt 90% 84%
194 L*3 Ag,0  EtOAc 4 A it 92% 87%
204 L*3 Ag0  EtOAc 5A it 96% 82%

@ Reactions were carried out with 0.1 mmol of 1a with 0.11 mmol of 4a, Ag(I)-salt (5 mol%), L (10 mol%), K2CO3 (0.2
mmol), in 1 mL EtOAc at rt for 12h. ® Yields calculated after silica gel column chromatography. ¢ ees was determined by
HPLC. ¢4 100mg MS was used.

a model reaction between endo-norbornenoquinone  (la), (2-isocyano-2-
(phenylsulfonyl)ethyl)benzene (4a) and 2 equiv. K2COs in ethyl acetate at room temperature
(Table 2). Initially, the combination of silver oxide and readily accessible chiral amino-
phosphine precatalysts L*1-L*3 derived from 9-amino(9-deoxy) epicinchona alkaloids were
checked. Gratifyingly, within 48h, the target reaction proceeded well with L*1 and silver
oxide, delivering the benzyl substituted centrally chiral pyrrole product 5a in high yield with
promising enantioselectivity (92% yield, 76% ee, entry 1). Though the enantioselectivity of
Sa got decreased with L*2, slightly better enantioselectivity was achieved with cinchonidine
derived aminophosphine L*3 (entries 2-3). Then, trans-1,2-diaminocyclohexane derived
precatalysts L*4-L.*6 were screened but inferior results were observed (entries 4—6). Further
investigations of silver salts with L*3 showed no improvement (entries 7-11). The subsequent
examination of solvents (entries 11-15) as well as lowering of temperature (entries 16—17)
did not enhance the ees. Ultimately, we screened various additives, including molecular
sieves. The use of 4A molecular sieves led to a remarkable improvement, achieving an

impressive 87% enantiomeric excess (ee) and a 92% yield of 5a.
4.4.4. Substrate Scope of the Van-Leusen reaction for synthesis of chiral pyrrole:

Under optimal conditions, we incorporated a range of substitutions on the aromatic ring of 4

and observed the outcomes of the reactions (Scheme 14). Initially different para-substitutions
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were checked and the desired products Sb-5f were attained in high yields and with good to
high enantioselectivities. The halo-substituted products 5c-5e could be further elaborated via
cross-coupling reactions. Similar results were found for the meta-substituted products 5g—5i,
while Sh showed a slightly lower yield. ortho-Substitutions were also tolerated and the desired
products 5j-5k were isolated in acceptable yields with high enantioselectivities. 2-Naphthyl
substituted isocyanide 41 also participated in the reaction to deliver 51 in acceptable
enantioselectivity. Additionally, our methodology was applied to allyl, prenyl, and geranyl

groups containing isocyanates 4m-4o, yielding good enantioselecities for the corresponding

Ag,0 (5 mol%) o
o QA L*3 (10 mol%)
2 . - AL
S CN” > Ts  KoCOj (2 eq), 4A MS V)
1a 4

products Sm-50.

~

EtOAc, rt, 12h N

E O, D (o) N (0] N (o) A 0, A\ 0 \
H 7 \ a \ a \ i \ 7 N 7 \!

: (o) o) / © / ©

- n4 n w4 © wd ©° HN HN

Variation of substituted Tos Vi1 C Ry RNy R R .

: 5a, 92%, 5b, 89%, 5¢c, 93%, 5d, 83%, Se, 86%, 5f, 80%,
87% ee 91% ee 83% ee 86% ee 92% ee 86% ee
) Q ¢} Q 0, Q 0, Q 0, Q 0, Q
7 N 7 \ 7 \ 7 \ 7 \ 7 \
' [o] o (o] (o] (o] [e]
:HN/ HN/ HN/ HN/ HN/ HN/
59, 82%, 5h, 72%, 5i, 87%, 5j, 81%, 5k, 77%, 51, 89%,
86% ee 86% ee 85% ee 84% ee 85% ee 80% ee

[0) R A
74 \
7 \ (o)
N / © HN {
5m, 87%, 5n, 75%, 50, 81%,
91% ee 81% ee 80% ee

Scheme 14: Scope of a-substituted TosMIC for the Van-Leusen reaction.

In the next stage, a range of polycyclic meso-cyclohexenedionoes 1 with different
substitutions were examined (Scheme 15). We were pleased to see positive outcomes for the
polycyclic pyrrole products. High enantioselectivities were obtained for polycyclic pyrroles
5p and 5q with spiro-carbacycles. Similar enantioselectivity was detected for compound Sr

having highly substituted norbornene motif. After that, the reaction was carried out using the
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o o]
. H Ag,0 (5 mol%) H
S L*3 (10 mol%) =
\" + \ | ~ NH
~= CNTT i
H . s K,COj3 (2 eq), 4A MS H
1 a EtOAc, rt, 12h 05

Me Ph
o) A o N ° D o \
. Me Ph
7 \ V \ °
wd © / ©° N4 wd °
HN
5p, 87%, 5q, 83%, 5r, 76%, 5s, 91%, 5t, 53%, 5u, 75%, 5v, 46%,
89% ee 88% ee 86% ee 92% ee 86% ee 70% ee 81% ee

Scheme 15: Scope of D-A adducts for the Van-Leusen reaction.

endo-DA adduct le, and the corresponding product 5s was obtained with satisfactory
enantioselectivity. The DA adducts 1f and 1g generated from cyclopentadienone could also
be used in the process; however, the yields and enantioselectivities of the products 5t and 5u
were slightly lower. Finally, anthracene group containing DA adduct 1h took part in the

reaction and moderate yield but high enantioselectivity was detected for product Sv.

4.5. Determination of absolute configurations:

The absolute configuration of Sm was determined by single crystal X-ray crystallography.
absolute configuration of compound 5Sm was determined to be (4aR,5S,8R,8aS) by X-ray
crystallography (Scheme 16). Thus, other polycyclic pyrroles 3 and 5 are expected to have

same configuration.

Scheme 16: ORTEP diagram of Sm with the thermal ellipsoid 30% probability.
4.6. Scale-up reaction and Synthetic transformation:
Then two scale up reactions were performed with 2 mmol of 1a for the formations of 3a and

5a (Scheme 17). In both cases, the reactions progressed smoothly to provide 3a and 5a in 78%
and 90% yields respectively. To our delight, the enantioselectivities remained constant with
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Ph
4a
—~ I
o MeO,C NC 2a Ts N((:, o N
Ag,CO3 (5 mol%) Ag,0 (5 mol%)
J  L3(10mol%) o) Q L'3 (10mol%) .
J © - > / o©
HN EtOAc, rt K,COj; (8 eq.), 4A MS HN
CO,Me 0 EtOAc, rt Ph
3a, 78%, 94% ee 1a (2 mmol) 5a, 90%, 87% ee

v 92% ee
o A Me
CO,Me
7 9, 89%, >20:1dr
{ ° 039 2
N 7, 92%, oee
Ts CO,Me 93% ee HN__ \
MeO,C O
10, 56%,
94% ee
o} A MeO

% _
0,
N 6, S MeO,C OMe

Bod CO,Me 93%ee 11, 67%,
93% ee
TsO
— Me—N__ )
Me—N___ \ Tio
MeO,C
MeO,C — 2 ots
14, 78%, Me—N__ \ 12, 72%,
93% ee 93% ee
oTf
O™ NH
PH  13,38%,
93% ee

Scheme 17: Scale up reaction and synthetic transformations. Reaction conditions: a) (Boc),O, DMAP, CH;CN,
rt, 12h; b) TsCl, NHsHSO4, KOH, DCM, rt, 30min; c) Mel, K,COs, dioxane, rt, 12h; d) NaBH4, MeOH:DCM,
0 °C, 1h; e) K»COs, CH3CN, reflux, f) NaH, Mel, THF, 0 °C, 5h; g) Mel, K,COs, DMF, rt, 12h, NaH, TsCl, 0
°C, 5h; h) Mel, K,COs, DMF, rt, 12h; PhNTf,, KHMDS, -78 °C, 1h; LIHMDS, aniline, toluene, rt, 6h; i) Mel,
K>COs, DMF, rt, 12h; PhNTf,, KHMDS, -78 °C, 1h; Pd(OAc), (5 mol%), DPPP (10 mol%), HCOOH, NEts,

DMF, 80 °C, 60h.

respect to their initial values. To show the synthetic usefulness of our approach, few

transformations were performed on 3a (Scheme 17). Initially, NH group of 3a was protected

as Boc, Ts and Me groups respectively and compounds 6, 7 and 8 were formed in high yields.

While enantioselectivity was retained in products 6 and 7, compound 8 showed a small erosion

in enantioselectivity. Stereoselective reduction of 3a with sodium borohydride led to the

formation of diol 9 in 89% yield with retention of enantioselectivity. Then compound 10 with

dienone motif was formed via the reaction of 3a with potassium carbonate, and the

enantioselectivity remained constant.
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Then treatment with sodium hydride and iodomethane led to the formation of compound 11
with N-methylated isoindole motif and the enantioselectivity was unchanged. Similarly,
isoindole compound 12 was formed via N-methylation followed by reaction with tosyl
chloride in the presence of sodium hydride Then, N-Me protection, enolization, triflate
formation and hydrolysis of ester functionality followed by reaction with aniline led to the
formation of compound 13 and here also enantioslectivity was preserved. In a similar way, N-
Me protection, enolization, triflate formation and reductive cleavage of the triflates with

palladium catalyst generated compound 14 with retention of enantiopurity.

4.7. Mechanism:

To understand the mechanism of the reaction, we tried to isolate the intermediate. Thus, we
carried out the reaction between 1a and 2a at -10 °C under argon atmosphere in dry EtOAc
solvent. After 36 hours, an intermediate A was found as a precipitate whose structure was
determined by 2D NMR. Intermediate A is likely to be formed via a catalytic asymmetric
[3+2]-cycloaddition/proton shift sequence. Intermediate A on oxidation in air gets converted
to product 3a. Based on these experimental results, a possible stereochemical model was
proposed for the foOOrmation of 3a. As shown in Scheme 8, the isocyanide carbon atom of
2a, carbonyl oxygen of 1a, phosphorous and amide nitrogen of L.*3 coordinate to the silver(I)
Q Isolation of Intermediate A:-------------- - oo

Ag,CO; (5 mol%)
L*3 (10 mol%)

(o) N\ (o) A
4 ZNAN [O] z
W DU un—2H © mif O
o , 4
//—OMe OMe
MeO  o” - © A ° 3a

TS
Scheme 16: Isolation of intermediate and the proposed TS.

ion, while the carbonyl oxygen of 1a further interacts with protonated quinuclidine through
hydrogen bonding, thus providing a well-refined stereochemical environment. The (Z)-
enolate of 2a then attacks the unsaturated double bond of 1a from the less sterically hindered
backside to control the stereochemistry of the created stereogenic center and consequently
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[3+2]-cycloaddition and proton shift proceeds to generate intermediate A. Aerial oxidation of
intermediate A leads to the formation of 3a. In a similar fashion compound 5a is formed where

base is required for the elimination of TsH from the [3+2]-cycloadduct.

4.8. Conclusion:

In summary, we have developed the first catalytic enantioselective de novo construction of
centrally chiral pyrroles through desymmetrizing oxidative [3+2]-cycloaddition using silver
catalysis. In addition, we have also described the first catalytic asymmetric Van Leusen
reaction for the synthesis of unsymmetrical pyrroles. A series of polycyclic 2-substituted, 3,4-
fused pyrroles were obtained in high yields and with good to high enantioselectivities. Mild
reaction conditions and 10 mol % of easily available chiral amino-phosphine pre-catalyst
along with silver salt were used. The power of this pyrrole construction strategy is described
through the elaboration of the products to synthetically challenging polycyclic isoindole

compounds—some of which are synthesized enantioselectively for the first time.
4.9. Experimental Section:
4.9.1. General Information:

All dry solvents were dried using activated 4A molecular sieves and stored under argon. For
thin layer chromatography (TLC), silica gel plates with fluorescence indicator 254 nm were
used and compounds were visualized by irradiation with UV light and/or iodine and/or
Phosphomolybdic acid stain. Celite® 512 medium was used for filtrations. Flash column
chromatography was performed using 230-400 mesh silica gel and column chromatography
with 100-200 mesh silica gel. Petroleum ether, ethyl acetate, acetone and dichloromethane for
column chromatography were acquired from commercial sources and were used without
purification. NMR spectra were acquired on a Bruker 400 MHz, 500 MHz and 600 MHz
spectrometer. Chemical shifts (J) are reported in ppm relative to residual solvent signals
(Chloroform-d, 7.26 ppm for '"H NMR and 77.23 ppm for '*C NMR respectively. 1*C spectra
were acquired on a broad band decoupled mode. For 'H-NMR, data are reported as follows:
chemical shift, multiplicity (s = singlet, d = doublet, dd = double doublet, ddd = doublet of
doublet of doublets, t = triplet, q = quartet, dt = doublet of triplets, m = multiplet), coupling
constants (Hz) and integration. Using ESI mode HRMS spectra were recorded. Enantiomeric
ratios were determined by HPLC analysis performed on Chiral Columns using a Daicel
Chiralpak 1A, ID and Phenomenex Lux C4 Column.

4.9.2. General Procedure for synthesis of Diels-Alder adducts:

The derivatives of Diels-Alder adducts were synthesized following reported literature

procedure.?*
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4.9.3. General Procedure for synthesis of isocyanoacetates:

The derivatives of isocyanoacetates were synthesized following reported literature

procedure.?®
4.9.4. General Procedure for synthesis of a-Substituted TosMIC:

The derivatives of a-Substituted TosMIC were synthesized following reported literature

procedure.?®

4.9.5. General Procedure for synthesis of various catalyst:

All the catalysts were synthesized according to the reported literature procedure.?’

4.9.6. General Procedure for the Synthesis of chiral pyrrole via [3+2] cycloaddition:

Method A: Under argon atmosphere, an oven-dried screw cap vial equipped with a magnetic
stir bar was charged with Ag>CO3 (5 mol%) and L*3 (10 mol%). Then 2 ml EtOAc was added.
After stirring for 30 min, 1 (0.1 mmol, 17.7 mg, 1 equiv.) was added in one portion followed
by dropwise addition of 2 (0.1 mmol, 11 mg, 1.1 equiv.) over 15 min at room temperature.
The reaction was stirred under this condition until full consumption of starting materials
observed. After that, the cap of the vial loosens and stirred the reaction in ‘open air’ for 36 hr.
The solvents were evaporated and purified by column chromatography (DCM : Acetone =
97:3 or petroleum ether : EtOAc = 50:50) to afford product 3.

Mathod B: Under argon atmosphere, an oven-dried screw cap vial equipped with a magnetic
stir bar was charged with Ag>CO3 (5 mol%) and L*3 (10 mol%). Then 2 ml EtOAc was added.
After stirring for 30 min, the reaction mixture cooled to -10 °C. To the reaction mixture 1 (0.1
mmol, 17.7 mg, 1 equiv.) was added in one portion followed by dropwise addition of 2 (0.1
mmol, 11 mg, 1.1 equiv.) over 15 min at same temperature. The reaction was stirred at -10
°C until full consumption of starting materials observed. After that, the reaction mixture warm
to the room temperature and the cap of the vial loosens and stirred the reaction in ‘open air’
for 36 hr. The solvents were evaporated and purified by column chromatography (DCM :
Acetone = 97:3 or petroleum ether : EtOAc = 50:50) to afford product 3.

Method C: Under argon atmosphere, an oven-dried screw cap vial equipped with a magnetic
stir bar was charged with AgoCO3 (5 mol%) and L*3 (10 mol%). Then 2.5 ml EtOAc was
added. After stirring for 30 min, 1 (0.1 mmol, 17.7 mg, 1 equiv.) was added in one portion
followed by dropwise addition of 2 (0.1 mmol, 11 mg, 1.1 equiv.) over 15 min at room
temperature. The reaction was stirred under this condition until full consumption of starting

materials observed. After that, the cap of the vial loosens and stirred the reaction in ‘open air’
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for 36 hr. The solvents were evaporated and purified by column chromatography (DCM :
Acetone = 97:3 or petroleum ether : EtOAc = 50:50) to afford product 3.

Method D: Under argon atmosphere, an oven-dried screw cap vial equipped with a magnetic
stir bar was charged with Ag>CO3 (5 mol%) and L*3 (10 mol%). Then 2.5 ml CHCI3 was
added. After stirring for 30 min, 1 (0.1 mmol, 17.7 mg, 1 equiv.) was added in one portion
followed by dropwise addition of 2 (0.1 mmol, 11 mg, 1.1 equiv.) over 15 min at room
temperature. The reaction was stirred under this condition until full consumption of starting
materials observed. After that, the cap of the vial loosens and stirred the reaction in ‘open air’
for 36 hr. The solvents were evaporated and purified by column chromatography (DCM :
Acetone = 97:3 or petroleum ether : EtOAc = 50:50) to afford product 3.

4.9.7. General Procedure for the Synthesis of chiral pyrrole via the Van-Leusen reaction:

Under argon atmosphere, an oven-dried screw cap vial equipped with a magnetic stir bar was
charged with Ag>0 (5 mol%) and L*3 (10 mol%). Then 2 ml EtOAc was added. After stirring
for 30 min, K,COs (2equiv.), 4A MS (100mg), 1 (0.1 mmol, 17.7 mg, 1 equiv.) was added in
one portion followed by addition of 4 (0.1 mmol, 11 mg, 1.1 equiv.) at room temperature.
The reaction was stirred under this condition until full consumption of starting materials
observed. The solvents were evaporated and purified by column chromatography (DCM :
Acetone = 95:5) to afford product 5.

4.9.8. Procedure for the Synthesis of compound 6:

In an oven dried 5ml round bottom flask, compound 3a (39.0 mg, 0.1 mmol, 1.0 equiv.) was
taken and DMAP (0.4 mg, 0.003 mmol, 0.03 equiv.) was added under argon atmosphere. Then
1.0 mL of ACN was added to the reaction mixture. The reaction mixture cooled to 0 °C and
Di-tert-butyl dicarbonate (25 pL, 0.11 mmol, 1.1 equiv.) was added dropwise. The mixture
was stirred at room temperature, until full consumption of starting materials observed. After
that, solvents were evaporated and directly purified by flash chromatography (petroleum ether
: ethyl acetate = 80:20) to give 6.

4.9.9. Procedure for the Synthesis of compound 7:

In an oven dried 10 mL round-bottom flask, 3a (27.5 mg, 0.1 mmol, 1.0 equiv) in
dichloromethane (1 mL), KOH (8.4 mg, 0.15 mmol, 1.5 equiv.) and tetrabutylammonium
hydrogensulfate (3.39 mg, 10 mol%) were added, and the mixture was allowed to stir for 15
min followed by addition of a solution of sulfonyl chloride (23 mg, 0.12mmol, 1.2 equiv.) in
dichloromethane (0.5 mL), and the mixture was stirred at room temperature until the starting
material was consumed. Then, water (20 mL) was added and the aqueous layer was extracted
with EtOAc (3 x 20 mL). The combined organic layer was dried (Na2SO4) and concentrated,
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which upon flash chromatography (petroleum ether : EtOAc = 70:30) gave N-sulfonylated
pyrroles 7.

4.9.10. Procedure for the Synthesis of compound 8:
In an oven dried 10 mL round-bottom flask, 3a (30.3 mg, 0.1 mmol, 1.0 equiv) in DMF (2.5

mL), KoCO3 added. The reaction mixture cooled to 0 °C and the mixture was allowed to stir
for Smin. Then, methyl iodide was added dropwise at this temperature. The mixture was
stirred at room temperature, until full consumption of starting materials observed, H>O added
and extracted with Et,O. Combined organic layer was washed with brine (3 x 5 mL), dried
over anhydrous Na>SO4 and concentrated under reduced pressure. The residue was purified

by flash column chromatography (petroleum ether : ethyl acetate = 70:30) to give product 8.
4.9.11. Procedure for the Synthesis of compound 9:

In an oven dried 10 mL round-bottom flask, 3a (27.5 mg, 0.1 mmol, 1.0 equiv) was taken
along with 1.5 mL of MeOH and 1.5 mL of DCM. The resulting solution was cooled to 0 °C
in an ice-bath, followed by portion-wise addition of NaBH4 (18.9 mg, 0.5 mmol, 5 equiv).
The resulting mixture was stirred at 0 °C. After complete consumption of 3a, H>O (5 mL) was
added dropwise. The resulting mixture was diluted with 5 mL of DCM. The organic layer was
separated, and the aqueous layer was extracted with DCM (3 x 5 mL). Combined organic
layer was washed with brine (3 < 5 mL), dried over anhydrous Na,SO4 and concentrated under
reduced pressure. The residue was purified by flash column chromatography (petroleum ether
: ethyl acetate = 70 : 30) to give product 9.

4.9.12. Procedure for the Synthesis of compound 10:

In an oven and vacuum-dried 10 mL round-bottom flask, equipped with a reflux condenser,
K>COs3 (82 mg, 0.6 mmol, 6.0 equiv.) and 3a (27.5 mg, 0.1 mmol, 1.0 equiv.) was taken in 2.0
mL of CH3CN, the resulting suspension was refluxed for 24 h at 85 °C. After 24 h, reaction
mixture was cooled to r.t., diluted with 2 mL of sat. NH4Cl solution and 5 mL of CH,Cl,.
Organic phase was separated from aqueous phase and the aqueous phase was extracted with
additional CH>Cl, (2 x 5 mL). Combined organic phase was dried over anhy. Na;SO4 and
concentrated under reduced pressure. The crude product was purified by silica-gel flash

column chromatography (petroleum ether : ethyl acetate = 50:50) to obtain 10.
4.9.13. Procedure for the Synthesis of compound 11:

In an oven dried 10 mL round-bottom flask, 3a (27.5 mg, 0.1 mmol, 1.0 equiv.) and NaH in
60% mineral oil (57.6 mg, 1.5 mmol, 15.0 equiv) were taken under argon atmosphere. The
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resulting mixture was cooled to 0 °C, followed by dropwise addition of 2 mL dry THF. The
resulting solution was stirred at 0 °C for lhr. After that, methyl iodide (50uL, 0.8 mmol, 8.0
equiv) was added dropwise over 10min. The resulting mixture was allowed to stirred at 0 °C
for 30 min then stirred at rt for 8hr. After TLC revealed complete consumption of 3a, the
reaction mixture was cooled to 0 °C followed by dropwise addition of 3 mL H>O. The resulting
mixture was dilute with 3 mL of CH>Cl,. The organic layer was separated, and the aqueous
layer was extracted with CH2Clz (3 x 5 mL). The combined organic layer was washed with
brine (3 x 5 mL), dried over anhydrous Na>SO4 and evaporated under reduced pressure and

flash column chromatography (petroleum ether : Ethyl acetate = 90:10) afforded 11.
4.9.14. Procedure for the Synthesis of compound 12:

In an oven dried 10 mL round-bottom flask, 3a (27.5 mg, 0.1 mmol, 1.0 equiv) in DMF (1
mL), K2CO3 (20.7 mg, 0.15mmol, 1.5 equiv.) was added. The reaction mixture cooled to 0 °C
and the mixture was allowed to stir for Smin. Then, methyl iodide (7 uL 0.11 mmol, 1.1equiv.)
was added dropwise at this temperature. The mixture was stirred at room temperature, until
full consumption of starting materials observed, H,O added and extracted with ethyl acetate.
Combined organic layer was washed with brine (3 X 5 mL), dried over anhydrous Na,SO4 and
concentrated under reduced pressure. Then, the crude mixture and NaH in 60% mineral oil
(57.6 mg, 1.5 mmol, 15.0 equiv) were taken in an oven dried 10 ml round-bottom flask under
argon atmosphere. The resulting mixture was cooled to 0 °C, followed by dropwise addition
of 2 mL dry THF. The mixture stirred for 15min, then 4-Toluenesulfonyl chloride (47.6 mg,
0.25 mmol, 2.5 equiv.) was added in one portion at the same temperature. The reaction was
stirred at 0 °C until full consumption of starting material observed. After that, the reaction
quenched with H>O and diluted with 3 mL of CH2Cl.. The organic layer was separated, and
the aqueous layer was extracted with CH2Clz (3 x 5 mL). The combined organic layer was
washed with brine (3 x 5 mL), dried over anhydrous Na>SO4 and evaporated under reduced
pressure and flash column chromatography (petroleum ether : Ethyl acetate = 90:10) afforded
12 as a red solid.

4.9.15. Procedure for the Synthesis of compound 13 and 14:

In an oven dried 10 mL round-bottom flask, 3a (55 mg, 0.2 mmol, 1.0 equiv) in DMF (5 mL),
K2CO3(41.4 mg, 0.3 mmol, 1.5equiv.) added. The reaction mixture cooled to 0 °C and the
mixture was allowed to stir for 5 min. Then, methyl iodide (15 pL, 0.24 mmol, 1.2 equiv.)
was added dropwise at this temperature. The mixture was stirred at room temperature, until
full consumption of starting materials observed, Sml H>O added and extracted with Et,0O (3 x

5ml). Combined organic layer was washed with brine (3 x 5 mL), dried over anhydrous
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NaxSO4 and concentrated under reduced pressure. Then, the crude and PhNTT (85.6 mg, 0.24
mmol, 2.4 equiv) were taken in an oven dried 10 ml round-bottom flask under argon
atmosphere. To the mixture 2 mL of dry THF was added. The resulting solution was cooled
to —78 °C, potassium hexamethyldisilazide (KHMDS) (0.5 M in toluene; 1 ml, 0.5 mmol, 2.5
equiv) was added via a syringe over 10 min, and the resulting mixture was stirred at —78 °C
for 3 h. The reaction mixture was poured into water and extracted with Et,O (3 X 20 mL). The
combined organic layer was washed with 1(N) aqueous NaOH solution (3 x 10 mL) and water
(2 x 10 mL), dried over anhydrous Na;SO4 and concentrated under reduced pressure. The

mixture was purified by short silica pad of 100-200 mesh silica gel to give X as sticky solid.

Then, in an oven-dried vial equipped with a stirring bar was added X (25 mg, 0.042 mmol,
1.00 equiv) and aniline (5.7 pL, 0.063 mmol, 1.50 equiv) under Ar atmosphere. Toluene (0.2
ml) was added, then LIHMDS (1.0 M in THF, 84 pL, 0.084 mmol, 2.0 equiv) was added while
vigorous stirring at room temperature, the reaction was stirred at room temperature until full
conversion of starting material. After that, the reaction mixture was quenched with NH4Cl
(sat.) until pH < 7, and extracted with EtOAc (2 x 2 mL), the organic layer was washed with
water (1 x 2 mL), brine (1 x 2 mL), dried and concentrated. The crude mixture was purified

by flash chromatography (petroleum ether : ethyl acetate = 95:5) to afford product 13.

In an oven dried Schlenk tube, X (0.042 mmol, 1.0 equiv), Pd(OAc) (0.5 mg, 0.0021 mmol,
0.05 equiv) and 1,3-Bis(diphenylphosphino) propane (dppp) (0.86 mg, 0.0021 mmol, 0.05
equiv) were taken under argon atmosphere, followed by addition of EtzN (1.4 mL, 1.0 mmol,
24.0 equiv), HCO-H (26 pL, 0.672 mmol, 16.0 equiv) and 0.25 mL dry DMF. The resulting
mixture was heated to 85 °C. After 12 h, the reaction mixture was cooled to ambient
temperature, diluted with 5 mL Brine solution and extracted with EtOAc (3 x 5 mL). The
combined organic layer was dried over anhydrous Na;SO4 and concentrated under reduced
pressure, which was purification by flash chromatography (petroleum ether : ethyl acetate =
99:1) to afforded 14 as a white solid.

4.9.16. Isolation of intermediate A:

Under argon atmosphere, an oven-dried screw cap vial equipped with a magnetic stir bar was
charged with AgxCOs3 (5 mol%) and L*3 (10 mol%). Then 2 ml degassed EtOAc was added
and stirred the mixture at rt for 30min. After that, the mixture cooled to -10 °C for 10min
followed by addition of 1a in one portion. After stirring Smin at this temperature 2a was added
dropwise for 15 min. The reaction allowed to stirred at -10 °C. After 12h a white precipitate
form in the reaction mixture. As the precipitate is soluble at rt and unstable in air, solvents
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were decanted under Ar atmosphere at -10 °C. The precipitate was quickly transferred to

vacuo to remove excess solvent to give intermediate A as colourless solid.

4.10. Single crystal X-ray diffraction analysis:

The compound 5Sm was dissolved in minimum amount of hot n-hexane/ethyl acetate (3:1) and

kept the solution at room temperature for 4 days to give needle like crystal. The

crystallographic refinement parameters are given below:

CCDC

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

o

o/
pre

v/°

Volume/A3

Z

Pealcg/cm’

w/mm'!

F(000)

Crystal size/mm?

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c ()]
Final R indexes [all data]
Largest diff. peak/hole / e A~

Flack parameter

TH-3763_196122026

2373331

CicHisNO

253.29

296.00

tetragonal

P432,2

12.968(8)

12.968(8)

15.313(10)

90

90

90

2575(4)

8

1.307

0.086

1072.0

0.24 x 0.22 x 0.20

MoKa (A =0.71073)

4.116 to 55.416
-16<h<16,-16<k<16,-20<1<20
70308

3004 [Rint = 0.0391, Rsigma = 0.0143]
3004/0/172

1.089

R1=0.0369, wR> = 0.0863
Ri =0.0462, wR> = 0.0944
0.13/-0.12

0.3(2)
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Prob = _S0%
Temp = 296K
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4.11. Characterization of the products:

Methyl (4aR,5S5,8R,8a5)-4,9-dioxo-4,4a,5,8,8a,9-hexahydro-2H-5,8-
metha nobenzo[f]isoindole-1-carboxylate (3a): Product were prepared
following ‘Method A, Pale yellow solid, 23.3 mg, 86% yield, 94% ee;
Rr=0.5 (petroleum ether : ethyl acetate = 50:50)

'"H NMR (500 MHz, Chloroform-d) & 10.40 (bs, 1H), 7.49 (d, J = 3.3 Hz,
1H), 6.05 (dd, J =5.7, 2.9 Hz, 1H), 6.01 (dd, J = 5.7, 2.8 Hz, 1H), 3.95 (s, 3H), 3.61 (s, 1H),
3.58 (s, 1H), 3.40 (dd, J = 8.6, 3.9 Hz, 1H), 3.34 (dd, ] = 8.6, 3.9 Hz, 1H), 1.54 (d, J = 8.6 Hz,
1H), 1.48 (d, J = 8.7 Hz, 1H).13C NMR (126 MHz, Chloroform-d) § 195.27, 193.52, 160.68,
135.80, 135.37, 128.27, 125.51, 122.56, 122.17, 52.99, 52.81, 51.72, 49.49, 49.27, 49.05.
HRMS (ESIY) m/z: [M+Na]" calculated for CisHi13NO4: 294.0737, found: 294.0755; HPLC:
The enantiomeric excess was determined using Phenomenex Lux C4 column (n-Hexane/ i-
PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 25.4min, Tminor = 53.6 min).

Ethyl (4aR,55,8R,8aS5)-4,9-dioxo0-4,4a,5,8,8a,9-hexahydro-2H-5,8-
methanobenzo[f]isoindole-1-carboxylate (3b): Product were
prepared following ‘Method A’, Yellow solid, 23.1 mg, 81% yield,
89% ee; Rr= 0.5 (petroleum ether : ethyl acetate = 50:50)
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'TH NMR (500 MHz, Chloroform-d) & 10.34 (bs, 1H), 7.47 (d, ] = 3.0 Hz, 1H), 6.05 (dd, ] =
5.7, 2.8 Hz, 1H), 6.01 (dd, ] = 5.7, 2.8 Hz, 1H), 4.41 (qd, J = 7.1, 5.4 Hz, 2H), 3.62 (s, 1H),
3.58 (s, 1H), 3.40 (dd, J = 8.6, 3.9 Hz, 1H), 3.33 (dd, ] = 8.5, 3.9 Hz, 1H), 1.54 (d, J = 8.6 Hz,
1H), 1.48 (d, J = 8.6 Hz, 1H), 1.42 (t, ] = 7.1 Hz, 3H).13C NMR (126 MHz, Chloroform-d) &
195.35, 193.30, 160.02, 135.84, 135.35, 128.21, 125.53, 122.63, 122.29, 62.23, 52.80, 51.72,
49.45,49.18, 48.99, 14.42. HRMS (ESI*) m/z: [M+H]" calculated for Ci6H;sNOa4: 308.0894,
found: 308.0901; HPLC: The enantiomeric excess was determined using Phenomenex Lux
C4 column (n-Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A= 220 nm, Tmajor = 16.7 min,

Tminor — 278 l’nll’l).

( N

Tert-butyl (4aR,5S,8R,8a5)-4,9-dioxo-4,4a,5,8,8a2,9-hexahydro-2H-
0O \ 5,8-methanobenzo|f]isoindole-1-carboxylate (3¢): Product were
A prepared following ‘Method A’, pale yellow solid, 25 mg, 79% yield,
HN { ° 92% ee; Rr= 0.5 (petroleum ether : ethyl acetate = 50:50)

(o) O>T '"H NMR (500 MHz, Chloroform-d)  10.33 (bs, 1H), 7.42 (d, J = 3.2 Hz,
~ “ 1H), 6.05 (dd, J = 5.7, 2.9 Hz, 1H), 6.00 (dd, ] = 5.7, 2.8 Hz, 1H), 3.61 (s,
1H), 3.57 (s, 1H), 1.53 (d, J = 8.7 Hz, 1H), 1.46 (d, J = 8.4 Hz, 1H). 3C NMR (126 MHz,
Chloroform-d) 6 195.55, 192.99, 159.10, 135.85, 135.32, 128.07, 125.22, 124.14, 121.71,
83.59, 52.79, 51.72, 49.41, 49.12, 48.95, 28.40. HRMS (ESI*) m/z: [M+Na]" calculated for
Ci1sH19NO4: 336.3422, found: 336.3431; HPLC: The enantiomeric excess was determined
using Phenomenex Lux C4 column (rn-Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A= 254

nm, Tmajor = 3 1 5 mln, Tminor — 433 l’l’lln).

( \ Benzyl (4aR,5S5,8R,8a8)-4,9-dioxo0-4,4a,5,8,82,9-hexahydro-2H-
o) Q 5,8-methanobenzo|f]isoindole-1-carboxylate (3d): Product were
prepared following ‘Method A’, Yellow solid, 28 mg, 82% yield,89%
\Y
HN// o ee; Rr= 0.5 (petroleum ether : ethyl acetate = 50:50)
0}
o ‘—< >
\, J

TH NMR (500 MHz, Chloroform-d) & 10.45 (s, 1H), 7.47 (d,J = 7.2
Hz, 2H), 7.44 — 7.41 (m, 1H), 7.36 (dd, J = 8.2, 6.2 Hz, 2H), 7.33 —
7.29 (m, 1H), 6.03 (dd, J = 5.7, 2.8 Hz, 1H), 5.99 (dd, J = 5.7, 2.9 Hz, 1H), 5.43 — 5.31 (m,
2H), 3.61 (s, 1H), 3.56 (s, 1H), 3.38 (dd, J = 8.6, 3.9 Hz, 1H), 3.31 (dd, J = 8.6, 3.9 Hz, 1H),
1.53 (d, J = 8.7 Hz, 1H), 1.46 (d, J = 8.6 Hz, 1H).13C NMR (126 MHz, Chloroform-d) &
195.31, 193.21, 159.52, 135.79, 135.47, 135.34, 128.85, 128.67, 128.54, 128.25, 125.99,
122.50, 122.17, 67.66, 52.76, 51.74, 49.50, 49.31, 49.09. HRMS (ESI") m/z: [M+H]"
calculated for C21H{7NOa4: 370.1050, found: 370.1047; HPLC: The enantiomeric excess was
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determined using Phenomenex Lux C4 column (n-Hexane/ i-PrOH=70:30, flow rate=1.0

mL/min, A= 254 nm, Tmajor = 23.9min, Tminor = 50.3 min).

s \ 4-bromobenzyl (4aR,55,8R,8a5)-4,9-dioxo0-4,4a,5,8,8a,9-
hexahydro-2H-5,8-methanobenzo[f]isoindole-1-carboxylate
(3e): Product were prepared following ‘Method A’, Yellow solid,
7 / ) 32.4 mg, 76% yield, 88% ee; Rr= 0.5 (petroleum ether : ethyl

acetate = 50:50)
(0] ‘—< >—Br
L ) H NMR (600 MHz, Chloroform-d) § 10.11 (bs, 1H), 7.51 (d,J =

8.0 Hz, 2H), 7.46 (d, J = 3.1 Hz, 1H), 7.40 (d, J = 8.1 Hz, 2H), 6.04 (dd, J = 5.8, 2.8 Hz, 1H),
6.01 (dd, J =5.9, 2.8 Hz, 1H), 5.40 — 5.28 (m, 2H), 3.62 (s, 1H), 3.58 (s, 1H), 3.40 (dd, J =
8.6, 3.9 Hz, 1H), 3.33 (dd, J = 8.6, 4.0 Hz, 1H), 1.55 (d, J = 8.6 Hz, 1H), 1.48 (d, J = 8.6 Hz,
1H).3C NMR (151 MHz, Chloroform-d) § 195.20, 193.22, 159.66, 135.77, 135.41, 134.44,
132.02, 130.16, 128.37, 125.89, 122.74, 122.53, 121.88, 66.88, 52.78, 51.71, 49.51, 49.32,
49.09. HRMS (ESI*) m/z: [M+Na]" calculated for C21HisBrNO4: 448.0155, found: 448.0161;
HPLC: The enantiomeric excess was determined using Phenomenex Lux C4 column (n-
Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 28.1 min, Tminor = 69.6

min).
( \ 4-fluorobenzyl (4aR,5S5,8R,8aS5)-4,9-dioxo-4,4a,5,8,8a,9-
o A hexahydro-2H-5,8-methanobenzo[f]isoindole-1-carboxylate
(3f): Product were prepared following ‘Method A’, Yellow solid,
4 \

/J O 24.1 mg, 66% yield, 82% ee; Rf= 0.5 (petroleum ether : ethyl
acetate = 50:50)

7
\

"H NMR (600 MHz, Chloroform-d) § 10.28 (bs, 1H), 7.51 (dd, J =
8.4, 5.5 Hz, 2H), 7.48 (d, ] = 3.3 Hz, 1H), 7.08 (t, J = 8.6 Hz, 2H), 6.06 (dd, J = 5.8, 2.8 Hz,
1H), 6.03 (dd, J = 5.8, 2.8 Hz, 1H), 5.43 — 5.31 (m, 2H), 3.64 (s, 1H), 3.60 (s, 1H), 3.42 (dd,
J=28.6,3.9 Hz, 1H), 3.35 (dd, J = 8.6, 4.0 Hz, 1H), 1.57 (d, J = 8.2 Hz, 1H), 1.50 (d, J = 8.6
Hz, 1H). '3C NMR (151 MHz, Chloroform-d) & 195.25, 193.25, 162.95 (d, 'Jc.r=246 Hz),
159.62, 135.77, 135.39, 131.3 (d, *Jcr = 3 Hz), 130.54 (d, *Jcr = 9 Hz), 128.31, 125.91,
122.52,122.03, 115.78 (d, *Jc.r = 22.6 Hz), 66.94, 52.77, 51.71, 49.50, 49.30, 49.08. HRMS
(ESI") m/z: [M+H]" calculated for C21His FNO4: 388.0956, found: 388.0958; HPLC: The
enantiomeric excess was determined using Phenomenex Lux C4 column (n-Hexane/ i-
PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 14.6min, Tminor = 21.5 min).
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( N\ 4-(trifluoromethyl)benzyl (4aR,55,8R,8a5)-4,9-dioxo-
o} A 4,4a,5,8,8a2,9-hexahydro-2H-5,8-methanobenzo [f]isoindole-
A 1-carboxylate (3g): Product were prepared following ‘Method
HN /J O A’, Yellow solid, 35.2 mg, 85% yield, 84% ee; Rr=0.5
o] (petroleum ether : ethyl acetate = 50:50)

\ 7/ TH NMR (600 MHz, Chloroform-d) & 10.30 (bs, 1H), 7.65 (d, J
=1.9 Hz,4H), 7.49 (t,J =2.5 Hz, 1H), 6.05 (dt,J =5.1, 2.3 Hz, 1H), 6.01 (dt, J = 5.4, 2.3 Hz,
1H), 5.50 — 5.39 (m, 2H), 3.63 (s, 1H), 3.58 (s, 1H), 3.42 — 3.40 (m, 1H), 3.35—3.33 (m, 1H),
1.55 (d, J = 8.6 Hz, 1H), 1.48 (d, ] = 8.6 Hz, 1H). '3C NMR (151 MHz, Chloroform-d) &
195.23, 193.33, 159.88, 139.39, 135.74, 135.43, 130.79, 130.57, 128.38, 128.29, 125.91,
125.83 (q, Jcr = 3 Hz), 122.79, 121.69, 66.69, 52.80, 51.71, 49.51, 49.32, 49.08. HRMS
(ESI") m/z: [M+Na]" calculated for C21Hj6 FsNOa4: 438.0924, found: 438.0936; HPLC: The
enantiomeric excess was determined using Phenomenex Lux C4 column (n-Hexane/ i-
PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 19.0 min, Tminor = 49.1 min).

( ) 3-methylbenzyl (4aR,5S5,8R,8a5)-4,9-dioxo-4,4a,5,8,8a,9-
o) A hexahydro-2H-5,8-methanobenzo[f]isoindole-1-carboxylate
/ (3h): Product were prepared following ‘Method A’, Yellow solid,
\Y
HN / © 29 mg, 81% yield, 86% ee; Rr= 0.5 (petroleum ether/ethyl acetate
0 Mel —50:50)
A
\ 7 TH NMR (600 MHz, Chloroform-d) 8 10.39 (bs, 1H), 7.42 (s, 1H),

7.28 —7.23 (m, 3H), 7.13 (d, J = 6.9 Hz, 1H), 6.03 (dd, J = 5.8, 2.7 Hz, 1H), 6.00 — 5.97 (m,
1H), 5.39 — 5.27 (m, 2H), 3.61 (s, 1H), 3.56 (s, 1H), 3.38 (dd, J = 8.6, 3.9 Hz, 1H), 3.30 (dd,
J=28.8,3.9 Hz, 1H), 2.34 (s, 3H), 1.53 (d, ] = 8.5 Hz, 1H), 1.46 (d, ] = 8.6 Hz, 1H). 3C NMR
(151 MHz, Chloroform-d) ¢ 195.35, 193.21, 159.36, 138.54, 135.79, 135.36, 135.31, 129.43,
129.33, 128.76, 128.19, 126.01, 125.68, 122.47, 122.20, 67.67, 52.72, 51.70, 49.49, 49.30,
49.09, 21.57. HRMS (ESI") m/z: [M+Na]" calculated for C2oH;sNO4: 384.1207, found:
384.1221; HPLC: The enantiomeric excess was determined using Phenomenex Lux C4
column (n-Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 22.0 min, Tminor
=45.7 min).

3-chlorobenzyl (4aR,55,8R,8a5)-4,9-dioxo0-4,4a,5,8,82,9-hexa
hydro-2H-5,8-methanobenzo[f]isoindole-1-carboxylate (3i):
Product were prepared following ‘Method A’, Yellow solid, 22 mg,
77% yield, 88% ee; Rr= 0.5 (petroleum ether : ethyl acetate =
50:50)
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'"H NMR (500 MHz, Chloroform-d) & 10.41 (bs, 1H), 7.53 — 7.44 (m, 2H), 7.41 — 7.34 (m,
1H), 7.30 (d, J = 6.0 Hz, 2H), 6.03 — 5.99 (m, 2H), 5.45 — 5.24 (m, 2H), 3.62 (s, 1H), 3.57 (s,
1H), 3.40 (dd, J = 8.5, 4.0 Hz, 1H), 3.33 (dd, J = 8.5, 4.1 Hz, 1H), 1.54 (d, ] = 8.7 Hz, 1H),
1.48 (d, J = 8.5 Hz, 1H). 13C NMR (126 MHz, Chloroform-d) & 195.29, 193.29, 159.57,
137.48, 135.78, 135.36, 134.71, 130.15, 128.75, 128.38, 128.32, 126.41, 126.07, 122.74,
121.84, 66.64, 52.78, 51.74, 49.53, 49.35, 49.13. HRMS (ESI*) m/z: [M+Na]" calculated for
C21H16 CINO4: 404.0661, found: 404.0669; HPLC: The enantiomeric excess was determined
using Phenomenex Lux C4 column (rn-Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A= 254

l’ll’n, Tmajor = 264 l’nil’l, Tminor — 533 mln).

( Y 3-bromobenzyl (4aR,55,8R,8aS5)-4,9-dioxo-4,4a,5,8,8a2,9-hexa
o) A hydro-2H-5,8-methanobenzo|f]isoindole-1-carboxylate (3j):
/ Product were prepared following ‘Method A’, Yellow solid, 35 mg,
\
HN / © 82% yield, 87% ee; Re= 0.5 (petroleum ether : ethyl acetate =
0 Bl 50:50)

A

\ J

'H NMR (600 MHz, Chloroform-d) 8 10.34 (bs, 1H), 7.63 (s, 1H),

7.47 (d, J = 3.0 Hz, 1H), 7.46 — 7.42 (m, 2H), 7.24 (t, ] = 7.7 Hz, 1H), 6.05 (dd, J = 5.7, 2.8

r
(0]
7 \
o
HN/
(0}
(o}
\.

\
)

Hz, 1H), 6.00 (dd, J =5.9, 2.8 Hz, 1H), 5.40 — 5.29 (m, 2H), 3.62
(s, 1H), 3.58 (s, 1H), 3.41 (dd, J = 8.5, 4.0 Hz, 1H), 3.33 (dd, J =
8.5,4.0Hz, 1H), 1.54 (d,J=8.6 Hz, 1H), 1.48 (d, J = 8.6 Hz, 1 H).
13C NMR (151 MHz, Chloroform-d) & 195.29, 193.30, 159.49,
137.70, 135.78, 135.35, 131.69, 131.30, 130.44, 128.32, 126.92,
126.06, 122.83, 122.71, 121.80, 66.57, 52.76, 51.72,49.53, 49.35,
49.13. HRMS (ESI") m/z: [M+Na]" calculated for C21HisBrNOa:

448.0155, found: 448.0158; HPLC: The enantiomeric excess was determined using
Phenomenex Lux C4 column (n-Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A= 220 nm,

Tmajor = 184 min, Tminor — 25 l’nll’l).

naphthalen-2-ylmethyl (4aR,5S5,8R,8a8)-4,9-dioxo0-4,4a,5,8,8a,9-hexahydro-2H-5,8-
methanobenzo[f] isoindole-1-carboxylate (3k): Product were prepared following ‘Method
A’, Yellow solid, 32.1 mg, 81% yield, 82% ee; Rr= 0.5 (petroleum ether : ethyl acetate =

50:50).

IH NMR (500 MHz, Chloroform-d) & 10.31 (bs, 1H), 7.94 (s, 1H), 7.87 — 7.79 (m, 3H), 7.57
(dd, ] = 8.4, 1.7 Hz, 1H), 7.50 — 7.47 (m, 2H), 7.41 (d, ] = 3.0 Hz, 1H), 6.04 (dd, J= 5.8, 2.8
Hz, 1H), 5.99 (dd, J = 5.7, 2.8 Hz, 1H), 5.59 — 5.47 (m, 2H), 3.61 (s, 1H), 3.56 (s, 1H), 3.37
(dd,J =8.5,3.9 Hz, 1H), 3.29 (dd, J = 8.6, 4.0 Hz, 1H), 1.53 (dt, J = 8.6, 2.0 Hz, 1H), 1.46 (d,

TH-3763_196122026
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J = 8.6 Hz, 1H). 3C NMR (126 MHz, Chloroform-d) § 195.30, 193.23, 159.45, 135.79,
135.32, 133.38, 133.34, 132.83, 128.68, 128.24, 128.22, 127.93, 127.90, 126.63, 126.59,
126.14, 125.99, 122.49, 122.12, 67.81, 52.74, 51.70, 49.49, 49.31, 49.08. HRMS (ESI") m/z:
[M+Na]" calculated for C2sHi19NO4: 420.1207, found: 420.1223; HPLC: The enantiomeric
excess was determined using Phenomenex Lux C4 column (n-Hexane/ i-PrOH=70:30, flow

rate=1.0 mL/min, A= 254 nm, Tmajor = 31.0 min, Tminor = 59.0 min).

2-bromobenzyl (4aR,5S,8R,8a5)-4,9-dioxo-4,4a,5,8,8a,9-
hexahydro-2H-5,8-methanobenzo|f]isoindole-1-carboxylate
(31): Product were prepared following ‘Method A’, Yellow solid,
29 mg, 59% yield, 86% ee; Re= 0.5 (petroleum ether : ethyl acetate
=50:50)

1H NMR (500 MHz, Chloroform-d) & 10.60 (s, 1H), 7.68 (d,J=7.6
Hz, 1H), 7.54 (d,J =7.9 Hz, 1H), 7.48 (d, J = 3.3 Hz, 1H), 7.33 (t,J
=17.5 Hz, 1H), 7.18 (t, ] = 7.0 Hz, 1H), 6.04 - 6.03 (m, 1H), 6.02 — 5.97 (m, 1H), 5.47 (d,J =
13.4 Hz, 1H), 5.41 (d, J = 13.3 Hz, 1H), 3.60 (s, 1H), 3.56 (s, 1H), 3.40 - 3.38 (m, 1H), 3.33 -
3.30 (m, 1H), 1.53 (d, J = 8.7 Hz, 1H), 1.46 (d, J = 8.7 Hz, 1H).3C NMR (126 MHz,
Chloroform-d) & 195.36, 193.36, 159.24, 135.72, 135.34, 134.79, 132.91, 130.27, 130.04,
128.23, 127.91, 126.11, 123.19, 122.87, 121.87, 67.11, 52.73, 51.71, 49.53, 49.39, 49.15.
HRMS (ESI") m/z: [M+Na]" calculated for CiHisBrNO4: 448.0155, found: 448.0161;
HPLC: The enantiomeric excess was determined using Phenomenex Lux C4 column (n-
Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A= 220 nm, Tmajor = 24.14 min, Tminor = 66.4

min).

d \ 3-phenylpropyl (4aR,5S,8R,8a5)-4,9-dioxo-4,4a,5,8,8a,9-

o N hexahydro-2H-5,8-methanobenzo[f]isoindole-1-carboxylate

(3m): Product were prepared following ‘Method A’, Yellow solid,

7 p b 35 mg, 93% yield, 91% ee; Rr= 0.5 (petroleum ether : ethyl acetate

HN — 50:50)
0 \_\_Ph TH NMR (500 MHz, Chloroform-d) & 9.95 (bs, 1H), 7.40 (d, ] = 2.7

\ J

Hz, 1H), 7.30 (t, ] = 7.5 Hz, 2H), 7.24 (d, ] = 7.5 Hz, 2H), 7.21 (t, J
= 7.1 Hz, 1H), 6.04 (dd, J = 5.7, 2.8 Hz, 1H), 6.00 (dd, J = 5.8, 2.8 Hz, 1H), 4.37 (td, J = 6.2,
3.7 Hz, 2H), 3.62 (s, 1H), 3.58 (s, 1H), 3.39 (dd, J = 8.5, 3.9 Hz, 1H), 3.33 (dd, J = 8.5, 3.9
Hz, 1H), 2.84 (t, ] = 7.4 Hz, 2H), 2.14 (p, J = 6.8 Hz, 2H), 1.54 (d, J = 8.7 Hz, 1H), 1.48 (d, J
= 8.6 Hz, 1H). 13C NMR (126 MHz, Chloroform-d) § 195.37, 193.12, 159.71, 141.74, 135.76,
135.33, 128.75, 128.71, 128.13, 126.18, 125.66, 122.37, 122.29, 65.64, 52.73, 51.71, 49.48,
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49.26, 49.06, 32.63, 30.14. HRMS (ESI*) m/z: [M+H]" calculated for C23H22NO4: 376.1544,
found: 376.1549; HPLC: The enantiomeric excess was determined using Phenomenex Lux
C4 column (n-Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 20.3 min,
Tminor = 42.9 min).

Y  (1S,2R,55)-2-isopropyl-5-methylcyclohexyl (4aR,5S,8R,8a5)-4,9-
dioxo-4,4a,5,8,8a,9-hexahydro-2 H-5,8-methanobenzo|f]isoindole-
1-carboxylate (3n): Product were prepared following ‘Method A°,
White sticky solid, 35 mg, 89% yield, >20:1 dr ; R¢= 0.5 (petroleum
ether/ethyl acetate = 95:5)

TH NMR (500 MHz, Chloroform-d) § 10.12 (s, 1H), 7.45 (d, ] = 2.7
Hz, 1H), 6.01 - 5.99 (m, 2H), 4.93 (td, ] = 10.9, 4.5 Hz, 1H), 3.60 (s,
‘ 7 1H), 3.57 (s, 1H), 3.37 (dd, J = 8.5, 3.9 Hz, 1H), 3.32 (dd, J = 8.5, 3.9
Hz, 1H), 2.15 — 2.08 (m, 1H), 1.95 - 1.89 (m, 1H), 1.76 — 1.69 (m, 2H), 1.62 - 1.58 (m,, 2H),
1.53 (d, J =8.6 Hz, 1H), 1.47 (d, J = 8.7 Hz, 1H), 1.21 — 1.18 (m, 1H), 1.15 — 1.06 (m, 2H),
0.92 (d, J = 6.8 Hz, 6H), 0.77 (d, J = 7.0 Hz, 3H).13C NMR (126 MHz, Chloroform-d) &
195.41, 192.78, 159.31, 135.67, 135.30, 128.29, 125.60, 122.95, 121.97, 76.42, 52.72, 51.78,
49.59, 49.46, 49.28, 47.12, 40.98, 34.31, 31.69, 26.65, 23.78, 22.21, 20.94, 16.75. HRMS
(ESTY) m/z: [M+Na]" calculated for C24H29NO4: 418.1989, found: 418.1991;

Optical Rotation: [0]>s° = +9° (C = 0.2, Chloroform)

(1R,28,5R)-2-isopropyl-5-methylcyclohexyl (4aR,55,8R,8a5)-4,9-
dioxo-4,4a,5,8,8a,9-hexahydro-2H-5,8-methanobenzo|f]isoindole-
1-carboxylate (30): Product were prepared following ‘Method A’,
Pale yellow sticky solid, 34 mg, 85% yield, >20:1 dr ; Rr=0.5
(petroleum ether/ethyl acetate = 95:5)

TH NMR (500 MHz, Chloroform-d) & 10.12 (s, 1H), 7.45 (d, J = 2.7
Hz, 1H), 6.03 — 5.98 (m, 2H), 4.93 (td, J = 10.9, 4.5 Hz, 1H), 3.60 (s,
\ J 1H), 3.57 (s, 1H), 3.37 (dd, J = 8.5, 3.9 Hz, 1H), 3.32 (dd, ] = 8.5, 3.9
Hz, 1H), 2.13 — 2.09 (m, 1H), 1.96 — 1.90 (m, 1H), 1.75 — 1.69 (m, 2H), 1.62 —1.58 (m, 2H),
1.53 (d, J=8.7 Hz, 1H), 1.47 (d, J = 8.7 Hz, 1H), 1.20 — 1.18 (m, 1H), 1.15 — 1.07 (m, 2H),
0.93 (s, 3H), 0.92 (s, 3H), 0.77 (d, J = 7.0 Hz, 3H). 13C NMR (126 MHz, Chloroform-d) &
195.41, 192.78, 159.31, 135.67, 135.30, 128.29, 125.60, 122.95, 121.97, 76.42, 52.72, 51.78,
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49.59, 49.46, 49.28, 47.12, 40.98, 34.31, 31.69, 26.65, 23.78, 22.21, 20.94, 16.75. HRMS
(EST") m/z: [M+Na]" calculated for C24H29NO4: 418.1989, found: 418.1994;

Optical Rotation: [a]25° =+29° (C = 0.2, Chloroform)

( \ (1S,2R,5S5)-2-isopropyl-5-methylcyclohexyl (4aR,55,8R,8a5)-4,9-
o Q dioxo-4,4a,5,8,8a,9-hexahydro-2H-5,8-methanobenzo|f]isoindole-1-
carboxylate (3p): Product were prepared following ‘Method A’,
HN/ / \o colourless sticky solid, 30.2 mg, 77% yield, >20:1 dr ; Rr= 0.5

(petroleum ether/ethyl acetate = 95:5)

\:" 'TH NMR (500 MHz, CDCls) 6 10.24 (s, 1H), 7.46 (s, 1H), 6.09 — 5.95
\ TJ (m, 2H), 5.11 (dt, J = 9.9, 2.9 Hz, 1H), 3.61 (s, 1H), 3.57 (s, 1H), 3.39
(dd, J =8.5,3.9 Hz, 1H), 3.33 (dd, J = 8.5, 3.9 Hz, 1H), 2.47 - 2.41 (m, 1H), 2.26 — 2.20 (m,
1H), 1.83 — 1.75 (m, 2H), 1.54 (d, J = 8.5 Hz, 1H), 1.47 (d, J = 8.6 Hz, 1H), 1.44 — 1.39 (m,
1H), 1.37 — 1.33 (m, 1H), 1.22 — 1.19 (m, 1H), 0.95 (s, 6H), 0.92 (s, 3H). 13C NMR (126
MHz, Chloroform-d) 6 195.44, 192.84, 160.82, 135.64, 135.36, 128.22, 122.96, 122.07,
82.82, 52.72, 51.83, 49.59, 49.45, 49.30, 49.27, 48.18, 45.12, 36.88, 28.25, 27.34, 19.94,
19.12, 13.85. HRMS (ESI") m/z: [M+Na]" calculated for C24H27NO4: 416.1833, found:
416.1837;

Optical Rotation: [a]»s” = +34° (C = 0.2, Chloroform)

methyl (4a'R,5'S,8'R,8'aS)-4',9'-dioxo0-4',42a',5',8',8a',9'-hexahydro-
2'H-spiro[cyclopropane-1,10'-[5,8]methanobenzo[f]isoindole]-1'-
carboxylate (3q): Product were prepared following ‘Method A,
Yellow solid, 26 mg, 87% yield, 91% ee; Rf= 0.5 (petroleum ether :
ethyl acetate = 50:50)

'TH NMR (500 MHz, Chloroform-d) & 10.45 (bs, 1H), 7.51 (d, J = 3.1
Hz, 1H), 6.14 (dd, ] = 5.9, 2.8 Hz, 1H), 6.10 (dd, ] = 5.9, 2.8 Hz, 1H),
3.95 (s, 3H), 3.57 (dd, J = 8.5, 4.0 Hz, 1H), 3.51 (dd, =8.5,4.0 Hz, 1H), 2.97 (s, 1H), 2.94
(s, 1H), 0.64 — 0.58 (m, 2H), 0.55 — 0.50 (m, 2H). 3C NMR (13C NMR (126 MHz,
Chloroform-d) 6 195.17, 193.40, 160.65, 13591, 135.42, 128.47, 125.75, 122.63, 122.19,
54.17, 53.97, 53.68, 53.00, 52.61, 45.18, 8.30, 7.36. HRMS (ESI*) m/z: [M+Na]" calculated
for C17H15NO4: 320.0894, found: 320.0896; HPLC: The enantiomeric excess was determined
using Phenomenex Lux C4 column (rn-Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A= 254

nm, Tmajor = 3 1 .1 min, Tminor — 52.3 mln).
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methyl (4a'R,5'S,8'R,8a'S)-4',9'-dioxo0-4',4a',5',8',8a',9'-hexahydro-
2'H-spiro[cyclopentane-1,10'-[5,8]methanobenzo|f]isoindole]-1'-

carboxylate (3r): Product were prepared following ‘Method A°,
o) A Yellow solid, 27 mg, 83% yield, 91% ee; Rr= 0.5 (petroleum ether :
ethyl acetate = 50:50)

2\ A\
b /o TH NMR (500 MHz, Chloroform-d) & 10.26 (bs, 1H), 7.48 (d, J = 2.8

o Hz, 1H), 6.04 (dd, J = 5.9, 2.8 Hz, 1H), 6.01 (dd, J = 5.9, 2.8 Hz, 1H),
| 0" N\ ) 3.95(s.3H). 348 (dd, J =83, 3.9 Hz, 1H), 342 (dd, J = 8.3, 3.9 Hz,

1H), 3.19 (s, 1H), 3.16 (s, 1H), 1.65 - 1.59 (m, 2H), 1.54 — 1.47 (m, 6H).
13C NMR (126 MHz, Chloroform-d) & 195.71, 193.85, 160.65, 136.70, 136.22, 128.61,
125.85, 122.36, 122.04, 69.23, 56.82, 56.54, 52.99, 52.95, 51.86, 32.29, 31.71, 26.12, 25.60.
HRMS (ESIY) m/z: [M+Na]" calculated for C19Hi9NO4: 348.1207, found: 348.1214; HPLC:
The enantiomeric excess was determined using Phenomenex Lux C4 column (n-Hexane/ i-
PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 30.9 min, Tminor = 79.7 min).

methyl (4a$,5R,8S5,8aR)-5,8-dimethyl-4,9-dioxo-6,7-diphenyl-
4,4a,5,8,8a2,9-hexahydro-2H-5,8-methanobenzo|f]isoindole-1-
carboxylate (3s): Product were prepared following ‘Method B’,

Yellow solid, 34.27 mg, 76% yield, 95% ee; R¢= 0.5 (petroleum
ether : ethyl acetate = 50:50)

TH NMR (500 MHz, Chloroform-d) & 10.15(s, 1H), 7.30 (d, J = 3.1
Hz, 1H), 7.05 - 6.94 (m, 6H), 6.67 (d, J = 7.2 Hz, 2H), 6.53 (d, J = 6.7 Hz, 2H), 3.88 (s, 3H),
3.40(d,J=8.4Hz, 1H), 3.32 (d, ] =8.4 Hz, 1H), 1.85 (d, ] =8.4 Hz, 1H), 1.69 (d, J = 8.4 Hz,
1H), 1.65 (s, 3H), 1.58 (s, 3H). 3C NMR (126 MHz, Chloroform-d) § 194.52, 193.29, 160.55,
146.08, 145.47, 135.41, 135.25, 129.78, 129.75, 128.87, 127.79, 127.55, 126.84, 126.57,
126.14, 122.35,122.06, 65.61, 61.41, 60.55, 59.65, 59.42, 52.81, 18.93, 18.51. HRMS (ESI")
m/z: [M+Na]" calculated for Ca9HasNOs: 474.1676, found: 474.179; HPLC: The
enantiomeric excess was determined using Phenomenex Lux C4 column (n-Hexane/ i-
PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 48.3 min, Tminor = 144.3 min).
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a N\ methyl (4aR,55,8R,8a5)-4,9-dioxo-4,4a,5,8,8a,9-hexahydro-2 H-5,8-
o Q ethanobenzo|f]isoindole-1-carboxylate (3t): Product were prepared
following ‘Method A’, Yellow solid, 26 mg, 91% yield, 87% ee; R¢=
7 / 6 0.5 (petroleum ether : ethyl acetate = 50:50)
o 0 TH NMR (500 MHz, Chloroform-d) § 10.19 (s, 1H), 7.51 (d, J = 3.1 Hz,
_ O \ ) 1H), 6.22 — 6.13 (m, 2H), 3.37 (dd, J = 4.2, 2.1 Hz, 1H), 3.32 (dd, J =

4.1,2.1 Hz, 1H), 3.13 (dd, J =9.3, 2.4 Hz, 1H), 3.07 (dd, J =9.3, 2.4 Hz, 1H), 1.73 (d, J = 8.1
Hz, 2H), 1.38 (dt, J = 8.6, 2.4 Hz, 2H). 13C NMR (126 MHz, Chloroform-d) & 195.27, 193.49,
160.59, 134.05, 133.60, 127.68, 125.05, 122.49, 122.19, 53.48, 53.00, 52.28, 35.66, 35.62,
25.31, 25.14. HRMS (ESI") m/z: [M+Na]" calculated for CicHisNOs: 308.0894, found:
308.0901; HPLC: The enantiomeric excess was determined using Phenomenex Lux C4
column (n-Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 21.2 min, Tminor
= 73.3 min).

e methyl (4a8,5R,8S,8aR)-5,8-dimethyl-4,9,10-trioxo-6,7-
diphenyl-4,4a,5,8,8a,9-hexahydro-2H-5,8-
methanobenzo[f]isoindole-1-carboxylate (3u): Product were
prepared following ‘Method A’, Yellow solid, 24.6 mg, 53% yield,

74% ee; Rr= 0.5 (petroleum ether : ethyl acetate = 50:50)

TH NMR (500 MHz, CDCls) § 10.08 (s, 1H), 7.44 (d, J = 3.0 Hz,
1H), 7.10 - 6.99 (m, 6H), 6.72 - 6.70 (m, 2H), 6.57 — 6.55 (m, 2H),
3.94 (s, 3H), 3.42 (d, J=9.0 Hz, 1H), 3.35 (d, ] = 9.1 Hz, 1H), 1.62
(s, 3H), 1.56 (s, 3H).3C NMR (126 MHz, CDCl3) & 184.82, 184.28, 148.47, 148.22, 140.72,
140.66, 138.50, 138.37, 136.27, 135.95, 135.77, 135.18, 133.28, 130.51, 129.90, 129.40,
127.81, 127.80, 126.59, 124.45, 119.19, 118.98, 32.53, 29.92, 21.47, 21.38. HRMS (ESI")
m/z: [M+Na]" calculated for CioH23NOs: 488.1469, found: 488.1469; HPLC: The
enantiomeric excess was determined using CHIRALPAK TA column (n-Hexane/ i-
PrOH=90:10, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 20.4 mMin, Tminor = 25.7 min).
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Y\ methyl (4aR,5R,8S,8a5)-5,6,7,8-tetrachloro-10,10-dimethoxy-
4,9-dioxo0-4,4a,5,8,8a,9-hexahydro-2H-5,8-
methanobenzo[f]isoindole-1-carboxylate (3v): Product were
ci1| prepared following ‘Method C’, Green solid, 35 mg, 75% yield,
84% ee; Ry= 0.5 (petroleum ether : ethyl acetate = 50:50)

'"H NMR (500 MHz, Chloroform-d) 8 10.51 (s, 1H), 7.53 (s, 1H),
3.95 (s, 3H), 3.81 — 3.74 (m, 1H), 3.72 (d, J = 8.2 Hz, 1H), 3.67 (s,
3H), 3.59 (s, 3H).13C NMR (126 MHz, Chloroform-d) & 187.57, 185.89, 160.35, 129.56,
129.29, 127.24, 124.72, 122.98, 122.73, 111.54, 78.14, 78.11, 58.42, 57.53, 53.34, 53.12,
52.34. 13C NMR (126 MHz, Chloroform-d) 6 199.38, 190.44, 189.37, 159.38, 134.38, 134.28,
134.02, 133.85, 131.47, 131.41, 130.77, 130.72, 129.33, 129.09, 128.78, 128.63, 128.41,
128.26, 128.20, 128.02, 127.42, 127.34, 126.88, 126.75, 126.72, 126.56, 126.28, 126.01,
125.34, 122.97, 122.93, 120.42, 120.12, 66.23, 65.93, 52.36, 51.96, 51.08. HRMS (ESI")
m/z: [M+H]" calculated for Ci7Hi3ClsaNOg: 491.9360, found: 491.6359; HPLC: The
enantiomeric excess was determined using CHIRALPAK IA column (n-Hexane/ i-
PrOH=90:10, flow rate=1.0 mL/min, A= 220 nm, Tmajor = 44.5 min, Tminor = 57.4 min).

\

J

methyl (9R,9aR,14a8,15S5)-10,14,16-trioxo-9,15-diphenyl-
9a,10,12,14,14a,15-hexahydro-9H-9,15-methanotriphenyl
eno|2,3-flisoindole-11-carboxylate (3w): Product were
prepared following ‘Method D’, Yellow solid, 21.3 mg, 46%
yield, 87% ee; Re= 0.5 (petroleum ether : ethyl acetate =
50:50)

f o
l

| ¢ N TH NMR (500 MHz, Chloroform-d) 8 9.07 (s, 1H), 8.47 — 8.4

(m,, 4H), 7.71 — 7.66 (m, 2H), 7.48 — 7.41 (m, 4H), 7.36 — 7.32
(m, 2H), 7.25 = 7.20 (m, 3H), 7.18 — 7.11 (m, 3H), 6.25 (d, ] = 3.1 Hz, 1H), 4.69 (d,J =8.4
Hz, 1H), 4.66 (d, J = 8.5 Hz, 1H), 3.55 (s, 3H).1*C NMR (126 MHz, Chloroform-d)  199.38,
190.44, 189.37, 159.38, 134.38, 134.28, 134.02, 133.85, 131.47, 131.41, 130.77, 130.72,
129.33, 129.09, 128.78, 128.63, 128.41, 128.26, 128.20, 128.02, 127.42, 127.34, 126.88,
126.75,126.72,126.56, 126.28, 126.01, 125.34, 122.97, 122.93, 120.42, 120.12, 66.23, 65.93,
52.36,51.96, 51.08. HRMS (ESI*) m/z: [M+H]" calculated for C30H2sNOs: 610.1625, found:
610.1626; HPLC: The enantiomeric excess was determined using CHIRALPAK ID column
(n-Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 38.8 min, Tminor = 47.0

min).

181
TH-3763_196122026



Chapter 4 |

4 N
0 N\ (4aR,55,8R,8aS5)-1-benzyl-4a,5,8,8a-tetrahydro-2H-5,8-
methanobenzo [f]isoindole-4,9-dione (5a): White solid, 27.9 mg, 92%
\
HN// o yield, 87% ee; Rr= 0.5 (petroleum ether : ethyl acetate = 50:50)
| '"H NMR (500 MHz, Chloroform-d) & 9.35 (s, 1H), 7.41 (d, ] = 8.4 Hz,
7

2H),7.13 (d,J=2.9 Hz, 1H), 7.08 (d, J = 8.4 Hz, 2H), 6.02 - 5.99 (m, 2H),
4.37—-4.25 (m, 2H), 3.56 (s, 1H), 3.54 (s, 1H), 3.28 — 3.24 (m, 2H)), 1.53 (d, ] = 8.6 Hz, 1H),
1.47 (d, J = 8.6 Hz, 1H). 13C NMR (126 MHz, Chloroform-d) & 196.16, 196.01, 136.42,
136.24, 135.33, 135.30, 132.28, 130.78, 125.32, 121.27, 119.83, 118.93, 52.31, 52.05, 49.68,
49.26, 49.22, 32.40. HRMS (ESI*) m/z: [M+Na]" calculated for C20H;7NO2: 326.1152,
found: 326.1153; HPLC: The enantiomeric excess was determined using Phenomenex Lux
C4 column (n-Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 6.7 min,

Tminor — 8.5 mln).

s \ (4aR,55,8R,8a8)-1-(4-isopropylbenzyl)-4a,5,8,8a-tetrahydro-2H-
o N 5,8-methanobenzo[f]isoindole-4,9-dione (5b): White solid, 31 mg,
89% yield, 91% ee; Re= 0.5 (petroleum ether : ethyl acetate =
7o 50:50)
HN
\ Pr| 'H NMR (500 MHz, Chloroform-d) § 9.34 (NH, bs, 1H), 7.16 (d, J
J

= 8.3 Hz, 2H), 7.14 — 7.09 (m, 3H), 6.06 — 5.97 (m, 2H), 4.40 — 4.24
(m, 2H), 3.56 (s, 1H), 3.54 (s, 1H), 3.27 — 3.22 (m, 2H), 2.89 —2.23 (m, 1H), 1.52 (d, ] = 8.6
Hz, 1H), 1.45(d,J=8.6 Hz, 1H), 1.22 (s, 3H), 1.20 (s, 3H). 13C NMR (126 MHz, Chloroform-
d) 8 196.13, 196.10, 148.01, 137.56, 135.32, 135.27, 134.43, 129.13, 127.28, 125.25, 119.50,
118.6 9, 52.28, 52.01, 49.64, 49.20, 49.16, 33.91, 32.67, 24.16. HRMS (ESI*) m/z: [M+Na]"
calculated for C23H23NO3: 368.1621, found: 368.1629; HPLC: The enantiomeric excess was
determined using Phenomenex Lux C4 column (n-Hexane/ i-PrOH=70:30, flow rate=1.0

mL/min, A= 254 nm, Tmajor = 5.7 min, Tminor = 6.4 min).
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4 \ (4aR,55,8R,8aS5)-1-(4-fluorobenzyl)-4a,5,8,8a-tetrahydro-2H-5,8-
o Q methanobenzo[f]isoindole-4,9-dione (5¢): White solid, 30 mg, 93%

yield, 83% ee; Rr= 0.5 (petroleum ether : ethyl acetate = 50:50).

\

HN// o 'H NMR (500 MHz, Chloroform-d) 6 1H NMR (500 MHz, CDCI3)
FI 69.52(s, 1H),7.18 (dd, J=8.7, 5.4 Hz, 2H), 7.13 (d, ] = 3.3 Hz, 1H),
> / 6.98 (dt, J = 8.7, 4.4 Hz, 2H), 6.04 — 5.96 (m, 2H), 4.40 — 4.27 (m,
P N 2H), 3.55 (s, 1H), 3.53 (s, 1H), 3.28 — 3.23 (m, 2H), 1.56 — 1.51 (m,
o \ 1H), 1.47 (d, J = 8.6 Hz, 1H). 3C NMR (126 MHz, Chloroform-d) &
196.15, 196.12, 162.21 (d, 'Jcr = 24.5 Hz), 136.91, 135.30, 133.14,
7% 130.60 (d, *Jcr = 9 Hz), 125.30, 119.70, 118.89, 118.86, 116.0 (d, Jcr
HN ol =257H2),5231,52.05, 49.67,49.25, 49.20, 32.18. HRMS (ESI")
\ J m/z: [M+H]" calculated for C2oHi6 FNOa: 344.1058, found: 344.1069;

HPLC: The enantiomeric excess was determined using CHIRALPAK ID column (n-Hexane/
i-PrOH=90:10, flow rate=1.0 mL/min, A= 274 nm, Tmajor = 5.5 min, Tminor = 6.3 min).

(4aR,5S5,8R,8a8)-1-(4-chlorobenzyl)-4a,5,8,8a-tetrahydro-2H-5,8-
methanobenzo[f]isoindole-4,9-dione (5d): White solid, 28 mg, 83% yield, 86% ee; Rr=
0.5 (petroleum ether : ethyl acetate = 50:50).

'TH NMR (500 MHz, Chloroform-d) § 9.08 (s, 1H), 7.30 — 7.26 (m, 2H), 7.17 — 7.12 (m, 3H),
6.01 (d, J=3.4 Hz, 2H), 4.40 — 4.27 (m, 2H), 3.57 (s, 1H), 3.55 (s, 1H), 3.30 — 3.25 (m, 2H),
1.54 (dt, J = 8.6, 2.0 Hz, 1H), 1.47 (d, J = 8.6 Hz, 1H)."3C NMR (126 MHz, Chloroform-d) &
196.12, 195.89, 136.27, 135.80, 135.37, 135.31, 133.32, 130.45, 129.38, 125.41, 119.83,
118.82, 52.33, 52.06, 49.69, 49.27, 49.23, 32.39. HRMS (ESI") m/z: [M+Na]" calculated for
C20H16 CINO2: 360.0762, found: 360.0773; HPLC: The enantiomeric excess was determined
using Phenomenex Lux C4 column (rn-Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A= 254

nm, Tmajor = 57 mln, Tminor — 7.1 Il’lln)

( Y\ (4aR,55,8R.8a8)-1-(4-bromobenzyl)-4a,5,8,8a-tetrahydro-2H-
o Q 5,8-methanobenzo[f]isoindole-4,9-dione (5¢): White solid, 32.8
mg, 86% yield, 92% ee; Rr= 0.5 (petroleum ether : ethyl acetate =
7o 50:50).
HN
Br
\ J
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'TH NMR (500 MHz, Chloroform-d) § 9.28 (s, 1H), 7.35 (d, J = 8.4 Hz, 2H), 7.06 (d, J = 2.9
Hz, 1H), 7.02 (d, ] = 8.4 Hz, 2H), 5.96 — 5.92 (m, 2H), 4.31 — 4.18 (m, 2H), 3.50 (s, 1H), 3.47
(s, 1H), 3.22 — 3.17 (m, 2H), 1.48 — 1.46 (m, 1H), 1.40 (d, J = 8.6 Hz, 1H). '3C NMR (126
MHz, Chloroform-d) 6 196.16, 196.01, 136.42, 136.24, 135.33, 135.30, 132.28, 130.78,
125.32,121.27, 119.83, 118.93, 52.31, 52.05, 49.68, 49.26, 49.22, 32.40. HRMS (ESI*) m/z:
[M+Na]" calculated for C20H16 BrNOz: 404.0257, found: 404.0578; HPLC: The enantiomeric
excess was determined using Phenomenex Lux C4 column (n-Hexane/ i-PrOH=70:30, flow

rate=1.0 mL/min, A= 254 nm, Tmajor = 9.7 min, Tminor = 10.5 min).

(4aR,5S5,8R,8a8)-1-(4-(trifluoromethyl)benzyl)-4a,5,8,8a-tetrahydro-2H-5,8-

( \ methanobenzo[f]isoindole-4,9-dione (5f): White solid, 29.6 mg,
o) A 80% yield, 86% ee; Rr= 0.5 (petroleum ether : ethyl acetate =
50:50).
/ \
w4 © IH NMR (500 MHz, Chloroform-d) 5 9.77 (s, 1H), 7.53 (d, J = 8.2
\ Cca 3| Hz, 2H), 7.32 (d, J = 8.2 Hz, 2H), 7.13 (d, ] = 2.9 Hz, 1H), 5.9 (dt,

J=8.4,4.2Hz, 2H), 4.45 (d, = 16.0 Hz, 1H), 4.39 (d, ] = 16.0 Hz,
1H), 3.55 (s, 1H), 3.52 (s, 1H), 3.30 — 3.21 (m, 2H), 1.53 (d, J = 8.7 Hz, 1H), 1.46 (d, ] = 8.6
Hz, 1H). 13C NMR 13C NMR (126 MHz, Chloroform-d) & 196.19, 196.17, 141.78, 135.78,
135.28, 129.72, 129.47, 129.27, 126.01 (q, J = 3.9 Hz, CF3), 125.31, 123.13, 120.06, 119.13,
52.30, 52.08, 49.68, 49.27, 49.23, 32.65. HRMS (ESI*) m/z: [M+Na]*

4 )
calculated for C21H 6 FsNOz: 394.1026, found: 394.1027; HPLC: The
° A enantiomeric excess was determined using Phenomenex Lux C4
// 2) Me column (n-Hexane/ i-PrOH=90:10, flow rate=1.0 mL/min, A= 254 nm,
HN Tmajor = 12.16 min, Tminor — 14.8 l’nll’l).
\ J (4aR,55,8R,8a8)-1-(3-methylbenzyl)-4a,5,8,8a-tetrahydro-2H-5,8-

methanobenzo[f]isoindole-4,9-dione (5g): White solid, 26 mg, 82% yield, 86% ee; R¢= 0.5
(petroleum ether : ethyl acetate = 50:50).

TH NMR (500 MHz, Chloroform-d) § 8.64 (s, 1H), 7.22 (t, ] = 7.5 Hz, 1H), 7.12 (d, J = 2.9
Hz, 1H), 7.09 (d, ] = 7.8 Hz, 1H), 7.01 (d, J = 8.4 Hz, 2H),6.07 — 6.02 (m, 2H), 4.41 — 4.25
(m, 2H), 3.60 (s, 1H), 3.57 (s, 1H), 3.29 (t,J = 3.6 Hz, 2H), 2.32 (s, 3H), 1.54 (dd, J = 8.6, 2.0
Hz, 1H), 1.48 (d, J = 8.6 Hz, 1H).13C NMR (126 MHz, Chloroform-d) & 196.04, 195.86,
139.16, 137.14, 136.81, 135.36, 130.07, 129.27, 128.27, 126.32, 125.41, 119.54, 118.45,
52.33, 52.04, 49.67, 49.26, 49.22, 33.14, 21.60. HRMS (ESI*) m/z: [M+na]" calculated for
C21H19NO3: 340.1308, found: 340.1316; HPLC: The enantiomeric excess was determined
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using Phenomenex Lux C4 column (rn-Hexane/ i-PrOH=80:20, flow rate=1.0 mL/min, A= 254

l’lm, Tmajor = 11.3 mln, Tminor — 15.3 mll’l).

( \ (4aR,55,8R,8a8)-1-(3-chlorobenzyl)-4a,5,8,8a-tetrahydro-2H-5,8-
o A methanobenzo[f]isoindole-4,9-dione (Sh): White solid, 24.2 mg,
72% yield, 86% ee; Ry= 0.5 (petroleum ether : ethyl acetate = 50:50).
7r Y C
HN { ° 'TH NMR (500 MHz, Chloroform-d) § 9.98 (NH, bs, 1H), 7.22 — 7.15

(m, 3H), 7.13 (d, J = 2.5 Hz, 1H), 7.09 (d, J = 6.8 Hz, 1H), 6.02 — 5.97
(m, 2H), 4.38 —4.27 (m, 2H), 3.57 — 3.48 (m, 2H), 3.24 (s, 2H), 1.52 (d,
J = 8.6 Hz, 1H), 1.45 (d, J = 8.8 Hz, 1H). 13C NMR (126 MHz, Chloroform-d) § 196.08,
139.49, 135.97, 135.09, 134.64, 130.13, 128.82, 127.19, 126.97, 125.04, 119.74, 118.98,
52.13,51.90, 49.52, 49.11, 49.07, 32.26. HRMS (ESI") m/z: [M+Na]" calculated for C20H s
CINO:2: 360.0762, found: 360.0762; HPLC: The enantiomeric excess was determined using
Phenomenex Lux C4 column (n-Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm,

Trnajor = 59 min, Tminor — 71 n’llIl).

(4aR,5S5,8R,8a8)-1-(3-bromobenzyl)-4a,5,8,8a-tetrahydro-2H-5,8-
methanobenzo[f]isoindole-4,9-dione (5i): White solid, 33.2 mg, 87%
yield, 85% ee; Rr= 0.5 (petroleum ether : ethyl acetate =50:50).

TH NMR (500 MHz, Chloroform-d) & 9.85 (s, 1H), 7.36 —7.31 (m, 2H),
7.17 —7.11 (m, 3H), 6.04 — 5.97 (m, 2H), 4.39 — 4.28 (m, 2H), 3.57 —
3.50 (m, 2H), 3.28 —3.21 (m, 2H), 1.52 (d, J = 8.6, 1H), 1.46 (d, J = 8.6
Hz, 1H). BC NMR (126 MHz, Chloroform-d) & 196.28, 196.26, 139.95, 136.15, 135.30,
131.89, 130.65, 130.35, 127.66, 125.25, 123.10, 119.92, 119.18, 52.32, 52.08, 49.72, 49.31,
49.27, 32.43. HRMS (ESI") m/z: [M+Na]" calculated for C20Hi6 BrNO2: 404.0257, found:

404.055; HPLC: The enantiomeric excess was determined using Phenomenex Lux C4

column (n-Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 5.7 min, Tminor

=7.1 min).
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s N\ (4aR,55,8R,8aS5)-1-(2-methylbenzyl)-4a,5,8,8a-tetrahydro-2H-5,8-
o N methanobenzo[f]isoindole-4,9-dione (5j): White solid, 25.7 mg, 81%
yield, 84% ee; Rr= 0.5 (petroleum ether : ethyl acetate =50:50).
\
HN// 0 1H NMR (500 MHz, Chloroform-d) ¢ 9.42 (s, 1H), 7.18 (t, J = 7.4 Hz,
1H), 7.11 (d,J =2.9 Hz, 1H), 7.04 (d, ] = 7.5 Hz, 1H), 6.99 (d, ] = 8.3 Hz,
. Mé ) 2H), 6.06 — 5.95 (m, 2H), 4.39 — 4.24 (m, 2H), 3.55 (s, 1H), 3.53 (s, 1H)

3.24 (q,J=2.6 Hz, 2H), 2.28 (s, 3H), 1.52 (d, ] = 8.6 Hz, 1H), 1.45 (d,J
= 8.6 Hz, 1H). 13C NMR (126 MHz, Chloroform-d) 6 196.15, 196.12, 138.94, 137.36, 137.15,
137.12, 135.29, 135.26, 129.91, 129.09, 128.07, 126.16, 125.22, 119.54, 118.78, 118.76,
52.28, 52.01, 49.64, 49.22, 49.18, 32.97, 21.56. HRMS (ESI") m/z: [M+H]" calculated for
C21H19NO2: 340.1308, found: 340.1312; HPLC: The enantiomeric excess was determined
using Phenomenex Lux C4 column (rn-Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A= 254

Ilm, Tmajor = 6.4 I’nlIl, Tminor — 8.2 Il’lln).

[ ) (4aR,55,8R,8aS5)-1-(2-bromobenzyl)-4a,5,8,8a-tetrahydro-2H-5,8-
(o) N\ methanobenzo[f]isoindole-4,9-dione (5k): White solid, 29.4 mg, 77%
A yield, 85% ee; Rf= 0.5 (petroleum ether : ethyl acetate =50:50).
/J O
HN '"H NMR (500 MHz, Chloroform-d) § 9.05 (s, 1H), 7.56 (d, J] = 8.0 Hz,

1H), 7.38 (d, J = 7.8 Hz, 1H), 7.26 (d, ] = 15.1 Hz, 1H), 7.16 (d, J = 2.9
\ Br J) Hz, 1H), 7.13 (t,J = 7.7 Hz, 1H), 6.01 (s, 2H), 4.58 — 4.47 (m, 2H), 3.59
(s, 1H), 3.56 (s, 1H), 3.32 — 3.24 (m, 2H), 1.53 (d, J = 8.6 Hz, 1H), 1.47 (d, J = 8.6 Hz, 1H).
13C NMR (126 MHz, Chloroform-d) & 196.12, 195.65, 137.59, 135.57, 135.38, 135.28,
133.26, 131.63, 129.22, 128.44, 125.28, 124.39, 119.82, 118.81, 52.35, 52.03, 49.65, 49.28,
32.84. HRMS (ESI") m/z: [M+Na]® calculated for CyoHis BrNOa2: 404.0257, found:
404.0258; HPLC: The enantiomeric excess was determined using Phenomenex Lux C4

column (n-Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 5.2 min, Tminor
= 5.7 min).

(4aR,55,8R,8a8)-1-(naphthalen-1-ylmethyl)-4a,5,8,8a-tetrahydro-
2H-5,8-methanobenzo|f]isoindole-4,9-dione (51): White solid, 31.4
mg, 89% yield, 80% ee; Rr= 0.5 (petroleum ether : ethyl acetate
=50:50).

'H NMR (500 MHz, Chloroform-d) § 8.77 (s, 1H), 7.89 — 7.81 (m, 2H),
7.78 (d,J = 8.2 Hz, 1H), 7.48 - 7.44 (m, 2H), 7.44 — 7.39 (m, 1H), 7.37
(d,J=6.7 Hz, 1H), 6.96 (d, J = 2.9 Hz, 1H), 6.09 — 6.08 (m, 1H), 6.02
~5.99 (m, 1H), 4.80 (s, 2H), 3.61 (s, 1H), 3.53 (s, 1H), 3.30 (dd, J = 8.4, 3.9 Hz, 1H), 3.23
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(dd, J = 8.4, 4.1 Hz, 1H), 1.54 (d, ] = 8.7 Hz, 1H), 1.46 (d, ] = 8.6 Hz, 1H). 13C NMR (126
MHz, Chloroform-d) & 196.39, 195.83, 136.80, 135.40, 135.22, 134.29, 133.15, 131.98,
128.98,128.57,127.75,127.01, 126.42, 125.82, 125.16, 124.04, 119.28, 118.76, 52.37, 52.00,
49.68,49.32,49.29,30.81. HRMS (ESI*) m/z: [M+Na]" calculated for C24H19NO»: 376.1308,
found: 376.1312; HPLC: The enantiomeric excess was determined using Phenomenex Lux
C4 column (n-Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 5.7 min,

Tminor — 7.1 1’1’111’1).

( \ (4aR,55,8R,8a8)-1-allyl-4a,5,8,8a-tetrahydro-2H-5,8-
o Q methanobenzo|f]isoindole-4,9-dione (5m): White solid, 22 mg, 87%
yield, 91% ee; Rf= 0.5 (petroleum ether : ethyl acetate =50:50).
Z\ LA
AR 'H NMR (500 MHz, Chloroform-d) § 9.49 (NH, bs, 1H), 7.21 (d, J=2.9
A Hz, 1H), 6.01 (d, J = 2.4 Hz, 2H), 5.96 — 5.88 (m, 1H), 5.23 — 5.14 (m,
\ J 2H), 3.85-3.73 (m, 2H), 3.56 (s, 2H), 3.29 — 3.25 (m, 2H), 1.52 (d, J =

8.6 Hz, 1H), 1.46 (d, J = 8.4 Hz, 1H). 13C NMR (126 MHz, Chloroform-d) § 196.02, 136.09,
135.35, 135.25, 133.37, 125.47, 119.53, 118.78, 118.61, 52.29, 52.04, 49.64, 49.22, 49.16,
31.23. HRMS (ESI") m/z: [M+Na]" calculated for CisHisNO,: 276.0995, found: 276.0995;
HPLC: The enantiomeric excess was determined using Phenomenex Lux C4 column (n-
Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 19.7 min, Tminor = 23.7

min).

(4aR,55,8R,8a8)-1-(3-methylbut-2-en-1-yl)-4a,5,8,8a-tetrahydro-2H-
5,8-methanobenzo|f]isoindole-4,9-dione (5n): White solid, 21 mg, 75%
yield, 81% ee; Rr= 0.5 (petroleum ether : ethyl acetate =50:50).

'"H NMR (500 MHz, Chloroform-d) & 9.35 (s, 1H), 7.16 (d, J = 2.9 Hz,
1H), 6.01 (s, 2H), 5.30 (t, J = 7.5 Hz, 1H), 3.77 (dd, J = 17.5, 7.5 Hz, 1H),
3.69(dd,J=17.4,7.4 Hz, 1H), 3.55 (s, 2H), 3.26 (s, 2H), 1.76 (s, 3H), 1.68
(s,3H), 1.52 (d, J = 8.6 Hz, 1H), 1.45 (d, J = 8.6 Hz, 1H). *C NMR (126
MHz, Chloroform-d) 6 196.11, 195.96, 137.96, 137.32, 135.38, 135.23, 125.46, 119.00,
118.21,118.19, 118.14, 52.26, 52.01, 49.62, 49.17, 49.09, 25.95,25.93, 18.14. HRMS (ESI")
m/z: [M+Na]" calculated for CisHioNO>S: 304.1308, found: 304.1309; HPLC: The
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enantiomeric excess was determined using Phenomenex Lux C4 column (n-Hexane/ i-
PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 20.5 min, Tminor = 22.8 min).

(4aR,55,8R,8a5)-1-((E)-3,7-dimethylocta-2,6-dien-1-yl)-
4a,5,8,8a-tetrahydro-2H-5,8-methanobenzo[f]isoindole-4,9-
dione (50): White solid, 28.3 mg, 81% yield, 80% ee; Rr= 0.5
(petroleum ether : ethyl acetate =50:50).

H NMR (500 MHz, CDCl3) § 9.28 (s, 1H), 7.14 (s, 1H), 6.00 (s,
2H), 5.30 (s, 1H), 5.08 (s, 1H), 3.78 - 3.66 (m, 2H), 3.56 (s, 2H),
3.26 (s, 2H), 2.21 — 2.08 (m, 4H), 1.71 (s, 3H), 1.62 (s, 3H), 1.60

J

(s, 3H), 1.51 (d, J = 8.7 Hz, 1H), 1.45 (d, ] = 8.7 Hz, 1H). 13C

NMR (126 MHz, CDCl3) 6 196.19, 195.88, 144.16, 142.48, 137.48, 135.18, 135.03, 132.45,
124.39, 118.74, 117.92, 114.05, 52.03, 51.80, 49.45, 49.00, 48.91, 39.45, 26.14, 25.81, 25.72,
17.79, 15.97. HRMS (ESI") m/z: [M+Na]" calculated for C23H27NO2: 372.1934, found:

372.1949; HPLC: The enantiomeric excess was determined using Phenomenex Lux C4

column (n-Hexane/ i-PrOH=95:5, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 46.9 min, Tminor

= 53.6 min).
a 1
0]
Z\ A
o
HN {
L Ph J

(4a'R,5'S,8'R,8'aS)-1"-benzyl-4a',5',8',8a'-tetrahydro-2'H-
spiro[cyclopropane-1,10'-[5,8]methanobenzo|[f]isoindole]-4',9'-dione
(5p): Yellow solid, 28.6 mg, 87% yield, 89% ee; Rr= 0.5 (petroleum
ether/ethyl acetate = 50:50)

TH NMR (500 MHz, Chloroform-d) & 9.10 (s, 1H), 7.31 (t, J = 7.4 Hz,
2H), 7.25 (d, J = 5.5 Hz, 2H), 7.20 (d, J = 7.5 Hz, 2H), 7.12 (d, J = 3.3

Hz, 1H), 6.14 - 6.09 (m, 2H), 4.41 (d, ] = 16.6 Hz, 1H), 4.33 (d, ] = 16.6 Hz, 1H), 3.49 — 3.40
(m, 2H), 2.92 (d, J = 9.6 Hz, 2H), 0.63 — 0.55 (m, 2H), 0.53 — 0.49 (m, 2H). 1*C NMR (126

7

(o)

2\ A\
(0]
HN/

Ph

\

~

S

MHz, Chloroform-d) ¢ 195.92, 195.83, 137.19, 137.11, 135.45, 135.40,
129.28, 129.21, 127.41, 125.59, 119.91, 118.72, 54.17, 54.11, 53.24,
52.96,45.28,33.12, 8.29, 7.39. HRMS (ESI*) m/z: [M+Na]" calculated
for C22Hi9NO7: 352.1208, found: 352.1214; HPLC: The enantiomeric
excess was determined using Phenomenex Lux C4 column (n-Hexane/
i-PrOH=70:30, flow rate=1.0 mL/min, A= 274 nm, Tmajor = 7.14min,

Tminor — 9.9 mln)

(4a'R,5'S,8'R,8'aS)-1'-benzyl-4a',5',8' ,8a'-tetrahydro-2'H-spiro[cyclopentane-1,10'-
[5,8]methanobenzo|f]isoindole]-4',9'-dione (3q): Yellow solid, 29.6 mg, 83% yield, 88%
ee; Rr= 0.5 (petroleum ether/ethyl acetate = 95:5)

TH-3763_196122026
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'"H NMR (1H NMR (500 MHz, Chloroform-d) § 9.19 (NH, bs, 1H), 7.32 (t, J = 7.4 Hz, 2H),
7.29 — 7.24 (m, 1H), 7.22 (d, J = 7.2 Hz, 2H), 7.12 (d, J = 3.0 Hz, 1H), 6.06 — 6.01 (m, 2H),
4.45 — 4.30 (m, 2H), 3.39 — 3.34 (m, 2H), 3.17 — 3.14 (m, 2H), 1.66 — 1.60 (m, 2H), 1.57 —
1.47 (m, 6H). 3C NMR (126 MHz, Chloroform-d) § 196.52, 196.50, 137.24, 136.94, 136.16,
136.10, 129.24, 129.19, 127.36, 125.65, 119.98, 118.54, 69.27, 56.79, 52.43, 52.16, 33.09,
32.23,31.74,26.10,25.60. HRMS (EST") m/z: [M+Na]" calculated for C24H23NO»: 380.1621,
found: 380.1622; HPLC: The enantiomeric excess was determined using Phenomenex Lux
C4 column (n-Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 7.8 min,

Tminor — 100 l’nll’l).

(4aS,5R,85,8aR)-1-benzyl-5,8-dimethyl-6,7-diphenyl-4a,5,8,8a-
tetrahydro-2H-5,8-methanobenzo|f]isoindole-4,9-dione (5r):
Yellow solid, 43.8 mg, 91% yield, 96% ee; Rr= 0.5 (petroleum
ether/ethyl acetate = 95:5)

TH NMR (500 MHz, Chloroform-d) & 8.65 (s, 1H), 7.34 — 7.27 (m,
3H), 7.17 — 7.12 (m, 2H), 7.11 — 6.94 (m, 7H), 6.72 - 6.68 (m, 4H),
4.37 (d,J=17.0 Hz, 1H), 3.98 (d, J = 17.0 Hz, 1H), 3.33 (s, 2H), 1.84 (d, J = 8.4 Hz, 1H),
1.72 — 1.70 (m, 4H), 1.62 (s, 3H).3C NMR (126 MHz, Chloroform-d) & 195.73, 195.48,
146.48, 145.74, 136.70, 136.62, 135.88, 135.83, 129.84, 129.69, 129.42, 129.35, 127.71,
127.70, 127.49, 126.61, 126.48, 125.85, 120.29, 118.42, 65.78, 60.70, 60.54, 59.19, 59.04,
33.19, 19.18, 18.79. HRMS (ESI*") m/z: [M+H]" calculated for C34H20NOa: 506.2091, found:

506.2112; HPLC: The enantiomeric excess was determined using Phenomenex Lux C4

column (n-Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 7.2 min, Tminor

=9.2 min).
( \ (4a'R,5'S,8'R,8'aS)-1-benzyl-4a,5,8,8a-tetrahydro-2H-5,8-
0 Q ethanobenzo|f]isoindole-4,9-dione (5s): Yellow solid, 43.8 mg, 91%
yield, 92% ee; Rr= 0.5 (petroleum ether/ethyl acetate = 95:5)
Z\ A\
HN / © TH NMR (500 MHz, Chloroform-d) 8 9.23 (s, 1H), 7.30 (t, J = 7.4 Hz,
X Ph 2H), 7.25 (d, ] = 6.7 Hz, 1H), 7.20 (d, J = 7.9 Hz, 2H), 7.13 (d, ] = 2.9
S

Hz, 1H), 6.21 — 6.15 (m, 2H), 4.46 — 4.28 (m, 2H), 3.36 — 3.27 (m, 2H),
2.98 (s, 2H), 1.72 (d, J = 7.5 Hz, 2H), 1.37 (dd, J = 8.9, 2.6 Hz, 2H).13C NMR (126 MHz,
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Chloroform-d) & 196.17, 196.14, 137.17, 137.16, 133.73, 133.67, 129.24, 129.20, 127.36,
124.57, 119.04, 118.76, 52.95, 52.68, 35.92, 35.85, 33.15, 25.40, 25.36. HRMS (EST*) m/z:
[M+Na]" calculated for C21Hi19NO2: 340.1308, found: 340.1321; HPLC: The enantiomeric
excess was determined using Phenomenex Lux C4 column (n-Hexane/ i-PrOH=70:30, flow

rate=1.0 mL/min, A= 254 nm, Tmajor = 6.3 min, Tminor = 9.4 min).

(4aS8,5R,85,8aR)-1-benzyl-5,8-dimethyl-6,7-diphenyl-4a,5,8,8a-
tetrahydro-2H-5,8-methanobenzo[f]isoindole-4,9,10-trione (5t):
Yellow solid, 26.3 mg, 53% yield, 86% ee; Rr= 0.5 (petroleum
ether/ethyl acetate = 95:5)

'"H NMR (400 MHz, Chloroform-d) 6 7.58 (d, J= 7.3 Hz, 2H), 7.55 —
7.52 (m, 3H), 7.50 (s, 1H), 7.48 — 7.43 (m, 1H), 7.38 (d, J = 8.2 Hz,
1H), 7.33 (t, J= 7.6 Hz, 2H), 7.29 — 7.23 (m, 2H), 7.21 (d, /= 7.8 Hz,
2H), 7.17 —7.13 (m, 5H), 7.09 (d, J= 7.3 Hz, 1H), 7.07 — 7.03 (m, 3H), 6.05 (d, /= 13.1 Hz,
1H), 5.92 (s, 1H), 4.88 (d, J = 13.1 Hz, 1H), 2.42 (s, 3H)."3C NMR (126 MHz, Chloroform-
d) 0201.13, 158.44, 154.88, 152.64, 144.85, 137.64, 136.98, 136.57, 136.21, 130.36, 130.22,
130.04, 129.95, 129.35, 129.11, 128.53, 128.35, 128.26, 127.51, 127.34, 126.88, 126.26,
125.31, 123.23, 120.54, 119.29, 112.24, 54.23, 49.51, 21.85. HRMS (ESI*) m/z: [M+Na]*
calculated for C34H27NOs3: 520.1884, found: 520.1892; HPLC: The enantiomeric excess was
determined using CIRALPAK IA column (#-Hexane/ i-PrOH=80:20, flow rate=1.0 mL/min,

)\,: 254 l’ll’n, Tminor — 5.15 min, Tmajor = 5.76 l’nll’l).

(4aR,5R,8S,8a8)-1-benzyl-5,6,7,8-tetrachloro-10,10-dimethoxy-
4a,5,8,8a-tetrahydro-2H-5,8-methanobenzo|[f]isoindole-4,9-
dione (S5u): Yellow solid, 37.6 mg, 75% yield, 70% ee; Rr= 0.5
(petroleum ether/ethyl acetate = 95:5)

TH NMR (500 MHz, Chloroform-d) 6 9.01 (s, 1H), 7.32 (t, J = 7.2
Hz, 2H), 7.28 (d, J = 7.0 Hz, 1H), 7.22 - 7.20 (m, 3H), 4.35 (s, 2H),
3.69 - 3.67 (m, 5H), 3.61 (s, 3H).13C NMR (126 MHz, Chloroform-
d) 6 188.18, 187.98, 138.18, 136.57, 129.39, 129.35, 129.33, 127.61, 124.28, 119.61, 119.04,
111.34, 78.27, 78.17, 57.56, 57.39, 53.33, 52.31, 33.01. HRMS (ESI') m/z: [M+H]"
calculated for C22H 7 ClaNOa4: 523.9775, found: 523.9786; HPLC: The enantiomeric excess
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was determined using Phenomenex Lux C4 column (n-Hexane/ i-PrOH=70:30, flow rate=1.0

mL/min, A= 254 nm, Tmajor = 5.15 min, Tminor = 5.76 min).

(9R,9aR,14a8,155)-11-benzyl-12-methyl-9,15-diphenyl-9,9a,14a,15-tetrahydro-10H-
9,15-methanotriphenyleno[2,3-flisoindole-10,14,16(12H)-trione (5v): After following
general method, the reaction mixture was filtered, and
solvents were evaporated. Then, 1ml DMF and K>COs3 (2
equiv.) was added to the mixture. After that, methyl iodide
(1.5 equiv.) was added at 0 °C and stirred for 12 h. Solvents
were evaporated and purified by flash chromatography to
give 3v as Yellow solid, 29 mg, 53% yield, 81% ee; R¢=0.5
(petroleum ether/ethyl acetate = 70:30).

TH NMR (500 MHz, Chloroform-d) & 8.63 (d, J = 8.4 Hz, 1H), 8.58 (d, ] = 8.4 Hz, 1H), 8.47
(d, J=7.9 Hz, 1H), 8.43 (d, J = 7.9 Hz, 1H), 7.69 — 7.63 (m, 2H), 7.56 (t, J = 7.7 Hz, 1H),
7.49 (t, J =7.7 Hz, 1H), 7.46 — 7.40 (m, 3H), 7.34 — 7.29 (m, 3H), 7.25 — 7.19 (m, 3H), 7.11
(d,J=7.9 Hz, 1H), 7.07 (d,J=7.8 Hz, 1H), 6.96 (d, ] = 8.4 Hz, 2H), 6.37 (d, J = 8.2 Hz, 2H),
6.28 (s, 1H), 4.77 — 4.64 (m, 2H), 3.55 (s, 2H), 2.90 (s, 3H). 1*C NMR (126 MHz, Chloroform-
d) 6 190.88, 190.12, 135.68, 135.06, 134.75, 134.36, 131.57, 131.49, 131.00, 130.88, 129.33,
129.17, 129.11, 128.92, 128.82, 128.11, 127.98, 127.24, 127.04, 127.00, 126.85, 126.72,
126.43, 126.39, 123.62, 122.89, 122.81, 122.75, 121.27, 66.59, 66.54, 51.04, 50.59, 34.29,
22.92. HRMS (ESIY) m/z: [M+H]" calculated for C4sH31NO3: 656.2197, found: 656.2212;
HPLC: The enantiomeric excess was determined using Phenomenex Lux C4 column (n-
Hexane/ i-PrOH=70:30, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 20.3 min, Tminor = 22.8

min).
( Y\ 6: colourless liquid (32.6 mg, 88 % yield, 93% ee); 'H NMR (500
o \ | MHz Chloroform-d) 8 7.70 (s, 1H), 6.06 (dd, J=5.7, 2.8 Hz, 1H),
6.02 (dd, J=5.8, 2.7 Hz, 1H), 3.98 (s, 3H), 3.58 (s, 2H), 3.35-3.28 (m,
% 2H), 1.58 (s, 9H), 1.53 (d, J=8.7 Hz, 1H), 1.46 (d, /=8.8 Hz, 1H). BC
: N NMR (126 MHz, Chloroform-d) 5 194.75, 194.04, 161.89, 146.82,
50¢  COMe 13569, 13545, 125.95, 124.42, 124.28. 121.86, 8847, 53.64, 52.13,

52.09, 49.69, 49.60, 49.55, 27.86. HRMS (ESI") m/z: [M+H]" calculated for C20H2NOg:
372.1442, found: 372.1450; HPLC: The enantiomeric excess was determined using
CHIRALPAK IA column (n-Hexane/ i-PrOH=95:5, flow rate=1.0 mL/min, A= 254 nm,

Tminor=20.17 min, Tmajor=22.0 min).
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7: Yellow solid (32 mg, 92 % yield, 93% ee); 'H NMR (600 MHz,
Chloroform-d) & 7.92 (d, J=8.1 Hz, 2H), 7.69 (s, 1H), 7.38 (d, J=8.1
Hz, 2H), 6.03 (dd, J=5.8, 2.8 Hz, 1H), 5.99 (dd, J=5.8, 2.8 Hz, 1H),
4.02 (s, 3H), 3.56 (s, 1H), 3.54 (s, 1H), 3.31-3.25 (m, 2H), 2.44 (s,
3H), 1.51 (d, J=8.5 Hz, 1H), 1.43 (d, J/=8.7 Hz, 1H). 13C NMR (151
MHz, Chloroform-d) 6 194.35, 193.61, 161.26, 147.51, 135.77,

135.45, 133.59, 130.55, 128.91, 125.89, 125.03, 124.58, 122.45, 54.01, 52.20, 52.07, 49.56,
49.38, 49.33, 22.05. HRMS (ESI*) m/z: [M+Na]" calculated for C2oHi19NOeS: 448.0826,
found: 448.0827; HPLC: The enantiomeric excess was determined using Phenomenex Lux
C4 column (n-Hexane/ i-PrOH=70 : 30, flow rate=1.0 mL/min, A= 254 nm, Tmajor=21.1 min,

Tminor—

27.2 min).

Me/
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8: Yellow solid (24.5 mg, 86 % yield, 92% ee); 'TH NMR (500 MHz,
Chloroform-d) 6 7.24 (s, 1H), 6.04 (dd, J=5.7, 2.8 Hz, 1H), 5.99
(dd, J=5.7, 2.8 Hz, 1H), 3.94 (s, 3H), 3.86 (s, 3H), 3.57 (s, 1H), 3.55
(s, 1H), 3.34 (dd, J=8.5, 3.8 Hz, 1H), 3.29 (dd, J=8.5, 3.9 Hz, 1H),
1.53 (d, J=8.7 Hz, 1H), 1.46 (d, J=8.6 Hz, 1H). 3C NMR (126 MHz,
Chloroform-d) ¢ 194.70, 193.21, 161.52, 135.84, 135.32, 127.10,

126.51, 125.31, 123.74, 52.79, 52.67, 51.73, 49.41, 48.93, 48.88, 37.76. HRMS (ESI*) m/z:
[M+Na]" calculated for CisH1sNO4: 308.0894, found: 308.0900; HPLC: The enantiomeric

excess was determined using Phenomenex Lux C4 column (n-Hexane/ i-PrOH=70 : 30, flow

rate=1.0 mL/min, A= 254 nm, Tmajor=37.2 min, Tminor—=42.8 min).

\

CO,Me

J

J

9: Sticky solid (24.5 mg, 89 % yield, >20: 1 dr, 93% ee); 'H NMR
(500 MHz, Chloroform-d) 6 8.88 (s, 1H), 6.71 (d, J=2.9 Hz, 1H),
5.93 (dd,J=5.5, 3.0 Hz, 1H), 5.84 (dd, J=5.6, 2.9 Hz, 1H), 5.26
(d, /=6.0 Hz, 1H), 4.88 (d, J=6.0 Hz, 1H), 3.85 (s, 3H), 3.08 (s, 1H),
2.96 (s, 1H), 2.81 (ddd, J=9.9, 6.1, 3.4 Hz, 1H), 2.73 (ddd, J=10.0,
6.1,3.3 Hz, 1H), 1.43 (d, J=7.7 Hz, 1H), 1.39 (d, J=8.0 Hz, 1H). 13C

NMR (126 MHz, Chloroform-d) 6 162.42, 134.59, 133.74, 132.37, 127.46, 117.90, 117.08,

65.24,

64.65,

51.98,

51.55, 46.99, 46.64, 45.73, 4534. HRMS (ESI") m/z:

[M+Na]" calculated for CisH17NO4: 298.1050, found: 298.1049; HPLC: The enantiomeric

excess was determined using Phenomenex Lux C4 column (n-Hexane/ i-PrOH=70 : 30, flow

rate=1.0 mL/min, A= 254 nm, Tmajor=8.9 min, Tminor=11.53 min).
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e N\ 10: Bright yellow solid (15 mg, 56 % yield, 93% ee); 'H NMR
% (500 MHz, Chloroform-d) & 9.74 (s, 1H), 7.47 (d, J/=2.4 Hz, 1H),

HN__ \ 6.87 (t, J/=1.9 Hz, 2H), 4.18 (s, 1H), 4.16 (s, 1H), 4.00 (s, 3H), 2.32
Me0,C ) (d, J=7.0 Hz, 1H), 2.28 (d, J=7.1 Hz, 1H).13C NMR (126 MHz,
. ) Chloroform-d) & 178.98, 177.91, 165.71, 162.73, 160.67, 142.83,

142.73, 125.66, 123.20, 123.00, 122.47, 73.49, 53.00, 48.87, 48.42. HRMS (ESI") m/z:
[M+Na]" calculated for CisHiiNO4: 292.0581, found: 292.0592; HPLC: The enantiomeric
excess was determined using Phenomenex Lux C4 column (n-Hexane/ i-PrOH=70 : 30, flow

rate=1.0 mL/min, A= 254 nm, Tmajor=9.5 min, Tminor=12.1 min).

r N\ 11: Yellow solid (21 mg, 67 % yield, 93% ee). '"H NMR (500

e MHz, Chloroform-d) & 7.22 (s, 1H), 6.70-6.67 (m, 2H), 4.24 (s,

Me—N \ | 1H), 4.19 (s, 1H), 4.10 (s, 3H), 4.00 (s, 3H), 3.94 (s, 3H), 3.77 (s,
— — 13

ey - 3H), 2.18 (d, /=7.5 Hz, 1H), 2.09 (d, /7.4 Hz, 1H). 3C NMR

. J (126 MHz, Chloroform-d) & 162.87, 142.34, 141.30, 141.27,

141.10, 139.36, 127.35, 122.99, 120.85, 120.26, 63.71, 62.10, 60.77, 51.40, 47.05, 46.17,
39.37. HRMS (ESI") m/z: [M+Na]" calculated for C1sH19NO4: 336.1207, found: 336.1208;
HPLC: The enantiomeric excess was determined using Phenomenex Lux C4 column (n-

Hexane/ i-PrOH=90 : 10, flow rate=1.0 mL/min, A= 254 nm, Tmajor=9.6 min, Tminor=10.5 min).

( Y\ 12: Red solid (43 mg, 72 % yield, 93% ee). 'H NMR (500 MHz,
TsQ Chloroform-d) 8 7.74 (d, J=8.1 Hz, 2H), 7.61 (d, J=8.0 Hz, 2H),

Me—N \ | 7.32(d, /=8.0 Hz, 2H), 7.25 (d, /=7.5 Hz, 2H), 6.79 (s, 1H), 6.27
Me0,d  bs (dd, J=5.3, 3.1 Hz, 1H), 6.12 (dd, J=5.3, 3.1 Hz, 1H), 3.97 (s,

. ) 3H),3.93 (s, 3H), 3.65 (s, 1H), 3.47 (s, 1H), 2.46 (s, 3H), 2.41 (s,

3H), 1.79 (d, J=7.9 Hz, 1H), 1.50 (d, J=7.8 Hz, 1H). 3C NMR (126 MHz, Chloroform-d) &
162.04, 145.76, 145.31, 141.94, 141.33, 141.11, 136.70, 133.14, 133.06, 132.79, 129.99,
129.82, 128.96, 128.86, 119.74, 119.51, 113.58, 63.79, 51.95, 47.74, 46.93, 39.16, 21.90,
21.82. HRMS (ESI*) m/z: [M+Na]" calculated for C30H27NOsS»: 616.1071, found: 616.1082;
HPLC: The enantiomeric excess was determined using Phenomenex Lux C4 column (n-
Hexane/ i-PrOH=70: 30, flow rate=1.0 mL/min, A= 254 nm, Tmajor=28.8 min, Tminor=37.1

min).
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13: Orenge solid (23 mg, 38 % yield, 93% ee). 'TH NMR (500
MHz, Chloroform-d) 6 12.71 (s, 1H), 7.83 (d, J/=8.0 Hz, 2H),
7.38 (t, J/=7.7 Hz, 2H), 7.33 (s, 1H), 7.15 (t, J/=7.4 Hz, 1H), 6.92
(t,J=4.1 Hz, 1H), 6.89 (t,J=4.0 Hz, 1H), 4.22 (s, 1H), 4.18 (s,
1H), 4.14 (s, 3H), 2.38 (d, /=7.1 Hz, 1H), 2.33 (d, J=7.1 Hz,
1H). 3C NMR (126 MHz, Chloroform-d) & 181.24, 178.34,

164.92, 164.42, 157.84, 142.75, 142.73, 138.58, 129.96, 129.75, 129.24, 124.64, 123.67
(—OCF3, J=395.6 Hz), 120.80, 120.50, 73.66, 48.96, 48.63, 40.26. HRMS (ESI*) m/z:
[M+Na]" calculated for Ca3His FsN207S2: 633.0196, found: 633.0201; HPLC: The
enantiomeric excess was determined using CHIRALPAK ID column (n-Hexane/ i-

PrOH=70 : 30, flow rate=1.0 mL/min, A= 220 nm, Tmajor=6.3 min, Tminor=9.4 min).

—
Me—N___

MeOZC

L

J

14: white solid (18.9 mg, 78 % yield, 94% ee). '"H NMR (500
MHz, Chloroform-d) 6 7.79 (s, 1H), 7.25 (s, 1H), 7.20 (s, 1H),
4.19 (s, 3H), 3.95 (s, 3H), 3.41 (s, 1H), 3.34 (s, 1H), 1.98-1.89
(m, 2H), 1.77 (d, J=8.8 Hz, 1H), 1.62—1.59 (m, 1H), 1.32-1.29
(m, 2H)."3C NMR (126 MHz, Chloroform-d) § 162.76, 147.82,

143.99, 129.25, 123.13, 122.72, 111.23, 110.00, 50.89, 47.74, 43.95, 43.39, 38.80, 28.25,
28.13. HRMS (ESI*) m/z: [M+Na]" calculated for Ci¢H17NO,: 278.1152, found: 278.1162;
HPLC: The enantiomeric excess was determined using Phenomenex Lux C4 column (n-
Hexane/ i-PrOH=70 : 30, flow rate=1.0 mL/min, A= 254 nm, Tmajor=8.6 mMin, Tminor=9 min).
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4.12. NMR Spectra and HPLC chromatogram:
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50.0 TR-55 #5 [modified by user] TR-55-RAC-C4-30% Uv VIS 2
 JmAU WVL:254 nm
b 0
] &
37.5- 8
25.0—_
] 3
4 @
12.54 %
4 (3]
. o
-10-0|""|'"'|""|""|""|""|"'r'ﬂm
10.0 25.0 37.5 50.0 62.5 75.0 87.5 100.0
. Peak Name Ret.Time (detected) Area Rel Area(ident.) Height Amount
min mAU*min % mAU
11 26.935 80.43954 50.80001212 30.6771 n.a.
22 58.85 77.90597 49.19998788 7.32499 n.a.
120 TR-55 #42 [modified by user, 2 peaks manually assigned)] UV_VIS 2
{mAU WVL:254 nm|
100
] ]
1 .t
] &
757 "
50
E o
25+ o3
4 (Ts]
] ~
] ~
-10_"'|"'|"'|"'|"'|"'mm
10.0 20.0 30.0 40.0 50.0 60.0 70.0
i Peak Name Ret.Time (detected) Area Rel Area(ident.) Height Amount
min mAU*min % mAU
11 2548 144.715 96.9803767 62.4756 n.a.
22 53.595 4.505908 3.019623299 0.89425 n.a.
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500 TR-55 #39 [modified by user, 2 peaks manually assigned] UV VIS 2
mAL WVL:254 nm
150—_ o Q
ZNA 5
i o 9
100 HN { o g
] - %
- o
| rac-5a i o
50+ { | f
b I i
[ [
/ \ / I"-.l
_ e ) _ / S
min
-20 | I I I — '
0.0 2.0 4.0 6.0 8.0 10.0 13.0
No. Peak Name Ret.Time (detected) Area Rel Area(ident.) Height Amount
min mAU*min % mAU
11 6.856666667 21.4242 49.81432638 70.09702 n.a.
22 8.601666667 21.58391 50.18567362 53.58348 n.a.
400 TR-55 #98 [modified by user, 2 peaks manually assigned] UV VIS 2
|mAU WVL:254 nm|
] 0
300- A\
- R
v \
o) &
] HN / -
200 -
4 |'I
5a || 'I
il |I |
100+ B 8
1 [ ]
| g
i i o
|I'. | I'. ::‘
i N WA e min
-20 T ' T T R — '
0.0 2.0 4.0 6.0 8.0 10.0 13.0
No. Peak Name RetTime (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 6.77 56.43566 93.45168813 191.6545 n.a.
22 8.465 3.954539 6.548311869 11.0913 n.a.
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100 TR-55 #284 [modified by user, 2 peaks manually assigned] UV_VIS_2
JmAU WVL:254 nm
80
60+
] w0
4 P~ P~
] = o
40 « o
] T «
] ~
20
_10' min
18.00 19?00 20{00 21 HOO 22|.00 23!00 24?00 25.00
. Peak Name Ret.Time (detected) Area Rel Area(ident.) Height Amount
min mAU*min % mAU
11 20.175 14.19589 49.76858968 25.16338 n.a.
22 22.12666667 14.3279 50.23141032 21.56406 n.a.
200 TR-55 #285 [modified by user, 2 peaks manually assigned] UV_VIS 2
_mAU WVL:254 nm
150—_
100- 3
1 =1
] &
] 3
50- R i
1 8
O min
18.00 19?00 20|.00 21 HOO 22|.00 23.|00 24?00 25.00
I Peak Name Ret.Time (detected) Area Rel Area(ident.) Height Amount
min mAU*min % mAU
11 20.17833333 1.48704 4.330204242 3.38597 n.a.
22 22.03 32.85406 095.66979576 49.36466 n.a.
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150 TR-55 #336 [modified by user, 2 peaks manually assigned] UV_VIS_ 2
|mAU WVL:254 nm
i (o]
100+ A
7 2
> 7
] B 5 N { °
] T g 1’ co,Me
50 o rac-7
J o
o min
S L e e e e B s B S ) S S ) B S R
16.0 20.0 225 25.0 27.5 30.0 325 35.0 37.
). Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 22.69333333 43.08901 51.07294587 51.93802 n.a.
22 29.15666667 41.27858 48.92705413 36.50659 n.a.
100 TR-55 #346 [modified by user, 2 peaks manually assigned)] Uv_VvIS 2
{mAU WVL:254 nm
80+
] 0 D
60 Vi
] S v4gd ©
4o S 1  co,Me
| - 7
4 o ©
1 &
20+ K
] o
J o
] min|
10 — T 1 '~ 1 _ ‘' T "~ 1 " 1 _‘* " [ T T " T "~ " T T T
16.0 18.0 20.0 22.0 24.0 26.0 28.0 30.0 32.
). Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
21 21.17666667 20.17009 96.00260967 25.83139 n.a.
32 27.23833333 0.839763 3.996977748 1.13043 n.a.
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100 TR-55 #322 [modified by user, 2 peaks manually assigned] UV_VIS_ 2
JmAU WVL:254 nm)
80+
60+ N
4 =
: g 3
' =
40| - .
i 2 ]
i ™
20+
] min|
10— I 7 7 L T T T T i
30.0 32.5 35.0 37.5 40.0 425 45.0 47.5 50.0
) Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 36.94166667 34.18248 49.71669011 30.88055 n.a.
22 42.24166667 34.57205 50.28330989 26.895 n.a.
200 TR-55 #323 [modified by user, 2 peaks manually assigned] UV_VIS_ 2
|mAU WVL:254 nm)
150—_
] 0 D
- uw /
100 & ! /J o
7 (3]
- - me’  co,Me
1 N 8
T o
50 3
1 g
i o~
i P
| e T T
10 . . . . . . . . . min
30.0 32|.5 351.0 37|.5 40|.0 42|.5 45|.0 47|.5 50.0
n Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
21 37.205 64.2641 94.156369743 56.70418 n.a.
32 42.84166667 3.990363 5.846302499 3.81703 n.a.
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100 TR-55 #315 [modified by user, 2 peaks manually assigned] UV_VIS_2
mAU WVL:254 nm|
80
> 3 9
i © i
40 - o
7 3]
20
e - min
5.0 6!3 7|.5 8[8 10|.0 ‘|1|.3 12|.5 13|.8 15.0
. Peak Name Ret.Time (detected) Area Rel Area(ident.) Height Amount
min mAU*min % mAU
11 8.966666667 14.73806 49.77346804 35.65788 n.a.
22 11.72333333 14.87221 50.22653196 29.97582 n.a.
400 TR-55 #316 [modified by user, 2 peaks manually assigned] UV_VIS 2
mAU WVL:254 nm|
300+
200+
i 3
10
. ~
100 Py ~
]
i ?
B min|
B4 e e L B R By RO L L
5.0 6.3 7.5 8.8 10.0 11.3 12.5 13.8 15.0
) Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 8.906666667 1.796782 4180195425 6.08592 n.a.
22 11.563333333 41.18642 95.81980458 83.17469 n.a.
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20.0 TR-55 #377 [modified by user, 2 peaks manually assigned] UV_VIS_2
" mAU WVL:254 nm
1 o
15.0+
] o HN \
. ]
b Cfi MeOZC (o]
10'0__ . § rac-10
] )
5.0 Py
~— D .
] min|
20— T i — T T T ] T '
5.0 6.3 7.5 8.8 10.0 11.3 12.5 13.8 15
). Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 9.34 3.057771 51.47239097 8.02521 n.a.
22 11.85833333 2.882833 48.52760903 4.44214 n.a.
100 TR-55 #390 [modified by user, 2 peaks manually assigned] UV_VIS_ 2
JmAU WVL:254 nm)
80+ 0
) o HN \
i =
60 o MeO,C 0
] . 10
40
] ]
20 o
] 4
| ~
] min
10— T T T ] T T ] T :
5.0 6.3 7.5 8.8 10.0 11.3 12.5 13.8 15
). Peak Name Ret.Time (detected) Area Rel Area(ident.) Height Amount
min mAU*min % mAU
11 9.49 15.68279 96.93501526 41.57924 n.a.
22 12.10333333 0.495873 3.064984743 1.25515 n.a.
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200 TR-55 #1299 [modified by user, 2 peaks manually assigned] UV VIS 2
JmAL WVL:254 nm|
150—_ MeO
) 8 8 Me—N__ \
T @ ]
100 T = MeO,C OMe
7 - o rac-11
T 3]
i ., g
50+ f,-/ ™\ 7N\
i \
: / / N\ _..// AN
1 e I — -
] min
-20 ' T T T T T
8.00 Q.00 10.00 11.00 12.00
Peak Name Ret.Time (detected) Area Rel.Arealident.) Height Amount
min mAU*min % mAL
11 967 22.06906 51.77476602 56.024 n.a.
22 10.50 20.556 48.225233988 48.688 n.a.
100 TR-55 #201 [modified by user, 2 peaks manually assigned] UV_VIS_ 2
JmAU WVL:254 nm
80+
] ® MeO
1 3
60— ? Me—N__ \
] - MeO,C OMe
40+ 11
20-
AT 1 T ] T " | " —
5.0 6.3 7.5 8.8 10.0 11.3 12.5 13.8 15
n Peak Name Ret.Time (detected) Area Rel. Area(ident.) Height Amount
min mAU*min % mAU
11 9.698333333 18.38709 96.60180877 43.49881 n.a.
22 10.52833333 0.646808 3.308191233 2.11878 n.a.
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50.0 TR-55 #376 [modified by user, 2 peaks manually assigned)] UV_VIS_1
~ mAU WVL:220 nm
15.0—_ TsO
] Me—N___ \
10.0—- MeO,C OTs
. rac-12
- 3 e
1 8 ~
5.0+ L g
T ' 3]
i ~ ~
2.0 ' — " 71 " " T _ " " " [ "~ T T T " T T T T T T _ L
25.0 28.0 30.0 32.0 34.0 36.0 38.0 40.0
. Peak Name Ret.Time (detected) Area Rel. Area(ident.) Height Amount
min mAU*min % mAU
11 28.98 3.324138 49.88791569 2.92758 n.a.
22 37.17833333 3.339075 50.11208431 2.30765 n.a.
50.0 TR-55 #388 [modified by user, 2 peaks manually assigned)] UV_VIS 1
" _mAU WVL:220 nm|
40.0—_
b TsO
30.0- Me—N__ \
. MeO,C OTs
20.0] 3 12
] ]
: o
10.0- .'. 5
] &
] ™
] min
5.0 ' — " [ " T T "~ "~ " T " "~ "~ T _ " " T T " T T "
25.0 28.0 30.0 32.0 34.0 36.0 38.0 40.0
. Peak Name Ret.Time (detected) Area Rel Area(ident.) Height Amount
min mAU*min % mAU
11 28.88833333 7.8974 96.47091402 7.18229 n.a.
22 37.11333333 0.288902 3.529085977 0.32083 n.a.
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200 TR-55 #308 [modified by user, 2 peaks manually assigned] Uy VIs 2
{mAU WVL:254 nm|
1 TfO
150+
- 2 Ts—N__ \
o s —
] ; o
100—_ : E fo] NH OTf
|'A' 0 I
Ill II| (=] Ph
. [ o rac-13
50_ Il |I I.-'f\'-_.l
.'I II'. ll."\
! I\. \'
1 N oo -/ S
1 min|
-20 - - - - 1T - - 1T r T r 1 r T T T
5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00
i Peak Name Ret.Time (detected) Area Rel.Arealident.) Height Amount
min mAU"min % mAU
11 6.385 21.19492 50.06884712 84.77203 n.a.
22 9.43 21.13663 4993115288 55.13567 n.a.
4.000 TR-55 #309 [modified by user, 2 peaks manually assigned] UV VIS 2
’ |mAU WVL:254 nm|
1 TfO
3,000+ —
i Ts—N___ \
| oTf
. O™ “NH
2,000+ E Phl
1 =]
_ . 13
1,000—_ 5
[ ai
. I.'I '.Il‘l C\:J
1 / "\ o
S T T min
-200 N I e [ L [ L [ L L I A L L
5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00
h. Peak Name Ret.Time (detected) Area Rel.Arealident.) Height Amount
min mAU"min % mAU
11 6.321666667 269.4786 95.86254511 1103.954 n.a.
22 9.401666667 11.63077 4.137454892 43.96718 n.a.
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500 TR-55 #386 [modified by user, 2 peaks manually assigned] UV_VIS 2
{mAU WVL:254 nm
400
_ —
] © Me—N___
3001 g
w
_ . o MeO,C
] e 14
200+ o

100+
-50"'|"'|"'|"'|"'|"''mln
2.0 4.0 6.0 8.0 10.0 12.0 15.0
n Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 8.958333333 72.1049 50.93589631 201.1795 n.a.
22 9.731666667 69.45519 49.06410369 180.3602 n.a.
300 TR-55 #395 [modified by user, 2 peaks manually assigned] UV_VIS_2
mAU WVL:254 nm
(=1
4 3 —
2001 i Me—N___
] - MeO,C
T rac-14
100+
M~
1 3
(=11
1 )
| S __,_____L/_\-__
-20"'|"'|"'|"'|"'|"'|'mln
2.0 4.0 6.0 8.0 10.0 12.0 15.0
. Peak Name Ret.Time (detected) Area Rel Area(ident.) Height Amount
min mAU*min % mAU
11 8.65 67.11382 97.43814141 156.5116 n.a.
22 9.006666667 1.764567 2.561858585 15.88611 n.a.
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Chapter 5
Organocatalytic Asymmetric Desymmetrizing Friedel-
Crafts Reaction of Prochiral 3,4-Fused Pyrroles

Abstract: An interesting but little-studied topic is central chirality in heteroarene derivatives
originating from unsymmetrically substituted heteroarene rings. Herein, we have
demonstrated the first catalytic enantioselective desymmetrizing Friedel-Crafts reaction of
prochiral 3,4-fused pyrroles. The electrophiles used are allenamides and an easily available
phosphoric acid was employed as the catalyst. At least four continuous stereogenic centers
can be produced by this careful desymmetrization without producing any extra stereocentres.
High yields and good to high enantioselectivities were obtained for a variety of polycyclic 2-

substituted, 3,4-fused pyrroles.
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Fused Pyrroles

5.1. Introduction:

Pyrrole is a notable five-membered heterocycle that is present in a variety of
pharmaceuticals and bioactive natural products. ! As a result, much effort has been made over
time to synthesize pyrroles with diverse substitutions.> Many structural and synthetic
variations exist in optically active pyrroles, and the stereogenic centers may be located near
or far from the heterocyclic unit. There are six main types of chiral pyrrole synthesis. (i)
chirality at the a-position; (ii) chirality at the B-position; (iii) chirality at the nitrogen atom;
(iv) chirality of pyrroles annulated through the a-position and nitrogen atom; (v) chirality of
pyrroles annulated through the a- and PB-positions; and (vi) axially chiral pyrroles.® The
centrally chiral pyrroles fall into the first five categories. The enantioselective synthesis of
centrally chiral pyrroles, which are very common and usually contain one or more chiral
centers close to their framework, can be accomplished in a number of ways. “° But in most of

these cases, the pyrrole ring substitution pattern has little to do with the formation of

o Strategies for the synthesis of chiral pyrrole: -------------------------ccooccooooo--

® enantiotopic HN(:@
Enantiotopic Q\/

C-H functionalization *

Enantioselective de novo ‘
heteroarene synthesis /C
@ N\ @
./C
fast I~ slow
H—N | | -------
—

~ =~
enantiotopic H—N__ H—N =
* *
H . H
1‘ *
' slow 3 fast /
....... » H—N /

desymmetrization kinetic resolution
*

Fig. 1: Desymmetrization Strategy.

stereogenicity. Central chirality in pyrrole derivatives resulting from asymmetrical
substitution on the pyrrole ring is an intriguing but little-studied topic. These pyrrole motifs'
substituents not only regulate their chirality but also, when their locations are changed,
generate enantiomeric pyrroles. Consequently, it is quite challenging to synthesize such chiral

pyrroles in an enantioselective manner, particularly when a functional group or substituent is
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added to the pre-existing symmetrical pyrrole frameworks in an enantioposition-selective
way, e.g enantioselective desymmetrizing Friedel Crafts reaction (Fig. 1a). Another strategy
involves creating the de novo construction of unsymmetrical pyrrole ring in the
enantioselectivity-determining step.” In this context, desymmetrizing pre-existing
symmetrical pyrroles is the most challenging because of regioselectivity. The enantioselctivity
of this enantiotropic pyrroles depends on two process one by desymmetrization or another

combined desymmetrization/kinetic resolution process (Fig. 1b).
5.2. Previous Study:

In 2001, McMillan et al., reported organocatalyzed first F-C alkylation of pyrroles.® Under
iminium catalysis, a,B-unsaturated aldehydes reacted with N-methyl pyrroles to afford chiral

pyrroles in high yields and excellent ees (Scheme 1).

' cat.
cat. 20 mol% 0. O /
B o A S ﬂ\(\/ ! N
d + Ph A~ B N . EBn N +HX
Me ' H

|
Me

upto 83% yield I
upto 93% ee

Scheme 1: First asymmetric Friedel—Crafts alkylation of pyrroles.

In 2005, Palomo and co-worker reported Cu-complex catalyzed F-C alkylation of N-methyl
pyrroles with unsaturated ketones. The authors clarified that unsaturated ketones' carbonyl
group and free alcohol play a crucial role in catalyst binding to enable an enantioselective 1,4-
addition (Scheme2).? Under optimal conditions, the F-C alkylation products were obtained in

good yields and excellent ees.

R' 7><(
) 2\)* L omon Ty y oy
+ R N "
r;l Bu cu’ K
Me

DCM, rt, 12h Me

' /
upto 83% yield s 170" OTf
upto 93% ee

Scheme 2: Chiral Cu(I)-complex catalyzed Friedel—Crafts alkylation of pyrrole.
Then, in 2008, Muller at al. described Friedel—Crafts alkylation of pyrroles with nitroalkenes
using a dinuclear zinc-complex chiral catalyst (Scheme 3). In this method, N-H in pyrroles

initially binds with chiral Zn-complex, which underwent a stereoselective F-C alkylation to
coordinated nitroalkenes and the products were isolated in excellent yields and ees.!”
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! 5 cat. (10 mol%) Zn Zn
R1 /N\ . RZ/\/NOZ D\(\ g

4A DCM, THF, rt

1
H
12h upto 97% yield

upto 92% ee

Scheme 3: Chiral dinuclear zinc-complex catalysed F-C reaction of pyrrole.

In 2009, similar Friedel—Crafts alkylation of pyrroles with nitroalkenes was reported by Li
group. Pyrroles and nitroalkenes underwent a dual H-bonding activation to process the
asymmetric Friedel-Crafts reaction using phosphoric acid generated from BINOL (Scheme
4). Under the optimal conditions, the reaction gave chiral pyrroles in excellent yields and
ees.!!

5 cat.

9-anthrayl
7\ NO, cat. (10 mol% OO o
R! + = o<

7
H 4A DCM THF, rt L

R? e 0" “oH
upto 97% yleld : OO
upto 92% ee '

9-anthrayl

Scheme 4: Chiral phosphoric acid catalyzed F-C reaction of pyrrole and nitroalkenes.
Then, in 2016, Ohara et al. reported an aza-Friedel—Crafts alkylation reaction with pyrroles

by organocatalysis.'? This aza F-C synthesis produced a quaternary center containing chiral
N-aryl amines in outstanding yields and ees wunder the catalysis of chiral

imidazolinephosphoric acid (Scheme 5).

oy { ot
cat. (10 mol%) .
X '
+ R2 : CF3 —>R2 ' Q\P/,O
= N toluene, -40 °C ! o~ \OH
3 min . OO
! N
RS oo
upto 97% yield ,N /
upto 92% ee Ts '—Ph

Scheme 5: Chiral Bronsted acid catalyzed aza-F-C reaction of pyrrole.

Then, Lin et al. explored chiral phosphoric acid catalyzed F-C reaction of pyrroles with CF3-
bearing imines (Scheme 6).. Trifluoromethyl benzoxazinone experienced dual H-bonding
activation and acted as an H-bonding acceptor (driven by the CF3 moiety) when mixed with
an appropriate BINOL-based phosphoric acid. This resulted in a quaternary center bearing

chiral N-aryl amines in outstanding yields and ees. 3
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R': .
X 2,4,6-(’Pr)3CBH2
H \NH
3 _0
P/
“OH

CF, cat. (10 mol%) LN,
+ g2l — »R2 (:[ ICF;;
toluene, rt, 18h )
upto 96% yield
upto 93% ee

2,4,6-("Pr);CgH,

Scheme 6: Chiral Bronsted acid catalyzed F-C reaction of pyrrole and trifluoromethyl
benzoxazinone.
In 2019, Jiang et al. reported the first asymmetric intramolecular ring-closing alkylation of
inert pyrroles with a,B-unsaturated ketones, and it is catalyzed by chiral Brensted acid. This
process offers a range of 4-phenyl-4,5-dihydro-6H-benzo[f]pyrrolo[1,2-a]azepin-6-ones in
mild reaction conditions, with high yields and good enantioselectivities (Scheme 7). !4

! cat.

!/ \5 / \ ‘Ar E 2,4,6-(iPr)3C6H2
N~ O N Y\ '
cat. (10 mol%) ! O. _NHTf

Ar ———>

A ' ,P\
1 N X ' o~ ~o
R'—r - toluene, rt, 18h  R'—- — o ‘O
jeld 2,4,6-('Pr);C¢H,

upto 96% yield :
upto 93% ee

Scheme 7: Chiral Bronsted acid catalyzed ring closing F-C reaction of pyrrole.

In 2020, Ishihara and co-workers described a chiral BINOL-derived bis(phosphoric acid)
catalyzed enantioselective aza-Friedel-Crafts reaction of pyrroles with acyclic a-ketimino
esters (Scheme 8). !° With a catalyst loading of 0.2 mol%, the reaction yielded quaternary
carbon center containing products in high yields and enantioselectivities. A preliminary
mechanism for this method points to a hydrogen bonding with potential n—r interactions as
the cause of strereoselctivity.

E cat. 2,4,6-Cy3CGH2

N-P€  cat (10 mol%) he : O o POH

/ \ | : ° HN, CO,R \OH
N
|
H

+ N
Ar CO,R DCM, 4A MS Ar

-78°C, 1h /EQ O \ ;o
O’pr

upto 99% yield R : 2,4,6-Cy;CeH,
upto 98% ee

Scheme 8: Aza-F-C reaction catalyzed by Chiral bis(phosphoric acid) F-C reaction of pyrrole.

Wang et al. reported a chiral spiro phosphoric acid catalyzed enantioselective reaction
involving ketenes and N-H pyrroles.!® The asymmetric synthesis of C-acylated pyrroles with
a-stereogenic carbon centers is made possible by this process. Friedel-Crafts-like acylation of
pyrroles and enantioselective protonation of ketenes or a-diazoketones are the subsequent

reactions (Scheme 9).
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Fused Pyrroles
E 9-anthracyl
{ } o cat. (10 mol% Ar 7
R1 / \ . |.| ( 0) > R1 / \ H ! H . P//O
N JI 12-pcE o N R2! ZoH
H Ar” "R? o :
upto 91% yield : 9-anthracyl

upto 99% ee
Scheme 9: Asymmetric Friedel-Crafts-like acylation of pyrroles with ketene.

Then, in 2022, Akiyama et al. reported chiral phosphoric acid catalysed Friedel-Crafts
alkylation of N-unprotected alkynyl trifluoromethyl ketimines with pyrroles, in order to
synthesize a-2-pyrrolyl, a-trifluoromethyl primary propargylic amines with high

enantioselectivities (Scheme 10). !’

cat
2,4,6-('Pr);CeH,
cat. (1 mol%) FaC( NH:
/( ) .0
CF, 3AMS, 78°C WS, 78°C pr /P\\o

upto 91% yield

upto 99% ee 2,4,6-(Pr);CeH,

Scheme 10: Asymmetric Friedel-Crafts-like acylation of pyrroles with ketene.

The Friedel-Crafts alkylation procedure of C2/CS5-disubstituted pyrroles at the B-(C3)
position with isoindolinone-derived ketimines was developed by Gredicak et al. in 2023 using
chiral phosphoric acid as a catalyst. 2-Monosubstituted pyrroles can also undergo this
transformation, producing a-(C5) functionalized pyrroles (Scheme 11). '8 According to the
control experiments, H-bonding interactions between the catalyst and the substrates are
essential for the reaction's successful completion.

' cat.

S o : 2,4,6-('Pr);CgH,
cat. (5 mol%) X ' OO
X .
R1’@\R1 + R%— A NH R? CE/« -0
h
H Ar

toluene,80 °C o~ \0
OH 3h O
HN
2,4,6-(Pr);CgH,

Scheme 11: Asymmetric Friedel-Crafts-like reaction of pyrroles with ketimines.

Muller and colleagues discovered a new technique for the bromination-based
desymmetrization of diarylmethylamido bis(phenols) by employing tetrapeptides with tertiary
amine motifs as catalysts.!” Enantiotopic arenes were desymmetrized with N-bromo
succinimide producing chiral diaryl amines with moderate yields and good ee (Scheme 12).
To find out how much the secondary resolution affected product enantioselectivity, the

authors performed a kinetic resolution experiment. The results demonstrated that the primary
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source of enantioselectivity in this desymmetrization process is the differentiation of

enantiotopic arenes enabled by the peptide.

/Eu o /‘iu Q/

cat (10 mol%) MezN o

+ Br—N;] \(&o HN
BOAGE T JO O, e e
o Boc
HO OH Br OH ° OMe
upto 97% yield

upto 94% ee
Scheme 12: Chiral peptide catalyzed desymmetrization of diarylmethylamido bis(phenols).

Whereas, in 2020 Tse and Yeung reported desymmetrizing catalytic asymmetric halogenation
of BPOL (bisphenol) with NBS as the halogen source.?’ According to the authors, the
bifunctional catalyst (S)-BINOL-amine derivative uses intermolecular hydrogen bonds to
increase the hydroxyl proton's acidity. By forming hydrogen bonds with the acidic proton, this
amino organocatalyst can simultaneously activate the halogen source and the phenol substrate,
enabling the halogen atom to be delivered in enantioselective fashion (Scheme 13). Here, the

kinetic resolution process reveals, the enantioselectivity determined only by

desymmetrization.
F1C CF,
E cat. 0
cat. 25mo| %) NH
O (- O
toluene/CCI4
OH HO -78 °C, 5d OH HO

upto 93% yield ; OO

upto 99% ee
Scheme 13: Chiral peptide catalyzed desymmetrization of BPOL via F-C bromination.
5.3. Objective:

It has been shown that the catalytic asymmetric Friedel-Crafts (FC) alkylation of five-
membered heteroaromatic compounds, like pyrroles and indoles, with electron-deficient
olefins is a very effective and cost-effective method to create synthetically versatile chiral
heteroaromatic-substituted compounds.?! The inherent instability of pyrroles toward an acidic
environment, however, limits study on the catalytic asymmetric FC alkylation of pyrroles with
electron-deficient olefins, in stark contrast to the substantial studies dedicated to indoles.?> To
the best of our knowledge a desymmetrizing enantioselective Friedel-Crafts reaction with
olefins is still not known. We developed an desymmetrization F-C reaction of enantiotopic

pyrroles with allenamides 2> 4,
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Inactive

H (o) H electrophile
S \:“
H_Niﬁ; ': '
H 0 H

Challenges: regioselctivity, remote stereocontrol, enantioslectivity
Fig. 2: Objective.
5.4. Results and discussion:
5.4.1. Catalyst, solvent and temperature optimization of the reaction:

Table 1: Catalyst, solvent and temperature optimization:

H \ (o}
2 cPAGmol%) o N H
B Piv =
HN + ? —_— HN +
— e
_N._. additive,solvent =
H Ph Piv temp H
(o} " 0
1a 2a 3a

-1-napthanyl (I)
-2-napyhanyl n(ll)
-3,4-(CF3),CgH3 (lll)
-anthracyl (V)
-2,4,6-(ipr)sCeHy (V)

- 2,4,6-(Cy)sCeH, (V)
-(CH3)sCs (V1)

-SiPh3 (VIII)
-Pentafluorobenzene (IX)

/
LT T T | O T

Entry?  Catalyst Solvent Additive/temp. %Yield(3a/4a)® % ee®
1. I toluene -/t 40/23 2%
2. 11 toluene -/t 43/12 7%
3. I toluene -/t 59/16 28%
4, v toluene -/t 60/17 41%
5. \% toluene -/t 68/<5 69%
6. VI toluene -/t 61/15 84%
7. VII toluene -/t 53/19 16%
8. VIII toluene -/t trace -
9. IX toluene -/t 23/<5 6%
10. VI DCM -/t 32/21 38%
11. VI PhCF; -/t 57/15 70%
12. VI cyclohexane -/t 23/21 81%
13. VI benzene -/t 64/12 78%
14. VI o/p-xylene - /1t 73/19 84%
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15. VI o-xylene - /1t 42/15 86%
16. VI p-Xxylene - /1t 53/29 83%
17. VI mesitylene -/t 42/22 84%
18.4 VI o-xylene 3A/rt 68/10 79%
19.° VI o-xylene 4A /rt 55/12 81%
20.f VI o-xylene 5A /it 45/<5 82%
21.f VI o-xylene 5A /0 °C 67/<5 88%
22.f VI o-xylene 5A /-10 °C 51/<5 82%
23.fe \Y | o-xylene 5A /0 °C/0.5M 69/<5 92%

2 Unless otherwise mentioned, reactions were carried out with 0.1 mmol of 1a with 0.2 mmol of 2a, 5 mol%
catalyst in 1 mL solvent at rt for 8h in argon atmosphere. ® Isolated yield after silica gel column
chromatography. ¢ Determined by HPLC. ¢ with 100mg 3 A MS. ¢ with 100mg 4 A MS. f with 100mg 5 A
MS. & Reaction was run at 0 °C for 12h in 0.5 M o-xylene.

To begin our study, we performed a model reaction at room temperature between 4a,5,8,8a-
tetrahydro-2H-5,8-methanobenzo[f]isoindole-4,9-dione (1a) and allenamide (2a)!'®!7) in
toluene (Table 1). Initially, 1-naphthyl substituted chiral phosphoric acid I was checked in the
reaction. In addition to the formation of the desired mono-substituted product 3a, bis-
substituted meso-compound 4a was also detected (entry 1). The reaction with 2-naphthyl
substituted chiral phosphoric acid II was next examined, and a similar outcome was
discovered (entry 2). Slightly higher enantioselectivities were attained with catalysts III and
IV having 3,5-di trifluromethylphenyl substituents and anthracenyl substituents respectively
(entries 3-4). Then TRIP catalyst V was screened in the reaction and to our delight, the
formation of 4a was minimized and compound 3a was isolated in 68% yield with 69 (entry
5). With catalyst VI containing 2,4,6-tricyclohexylphenyl substituents, better
enantioselectivity was observed (entry 6). However, lower enantioselectivity for 3a was
detected with catalyst VII having pentamethyl phenyl substituents and poor yield was found
with catalyst VIII having triphenylsilyl substituents (entries 7-8). Also, use of
pentafluorobenzene substituent catalyst X was not fruitful (entry 9). Next, we focused on
using catalyst VI for solvent optimization. Moderate enantioselectivities were found in
dichloromethane and triflouorotoluene (entries 10-11). Then cyclohexane, benzene,
mesitylene and ortho-xylene were checked, and gratifyingly good results were found in ortho-
xylene (entries 12-17). Molecular sieves were then introduced to the process, further reducing
the production of 4a (entries 18-20). Lowering of temperature was done, at 0 °C, ee increased
to 88% (entry 21-22). Finally, the reaction was run at 0 °C for 12 hours with 5A in 0.5 M
solvent and the compound 3a was obtained in 69% yield with 92% ee (entry 23).

5.4.2. Scope of the reaction:

234
TH-3763_196122026



Chapter 5 | Organocatalytic Asymmetric Desymmetrizing Friedel-Crafts Reaction of Prochiral 3,4-
Fused Pyrroles

Following the establishment of optimal conditions, the reaction's scope and generality were

tested. Initially, different polycyclic meso-3,4-fused pyrroles were examined in the catalytic

H Oy O
. F cat. VI (5 mol%) .
S ey = < R
HN I HN b
— Ph’N‘P' 5A MS, o-xylene Piv, — o
v o
Ho JH 0°C, 12h N\ I
1 2 Ph 3
0 D 0 D o D 0 Q 0
25 A 25 A 25 A A 25 A
(o) o) (o) o)
N4 N4 N4 wmd © N4
: Piv—N, Piv—N, Piv—N, Piv—N Piv—N,
Ph Ph Ph Ph Ph
3a, 69%, 92% ee 3b, 72%, 86% ee 3c, 73%, 97% ee 3d, 76%, 84% ee 3e, 61%, 92% ee

Me Me
(o}
74 \Y
o
un4
i Piv—N Piv—N, Piv—N, Piv—N,
: Ph Ph Ph Ph
3f, 75%, 83% ee 39, 56%, 96% ee 3h, 51%, 89% ee 3i, 53%, 94% ee

Scheme 14: Scope of enantiotopic pyrroles.

desymmetrizing Friedel-Crafts reaction and good results were detected (Scheme 14). For
example, fused pyrrole 1b derived from the Diels-Alder (DA) adduct of para-benzoquinone
and spiro-fused cyclopentadiene reacted smoothly to deliver product 3b in 72% yield with
86% ee. Similar result was observed for product 3¢ having a spiro-fused cyclopropyl group.
The procedure also produced product 3d in 76% yield with 84% ee using fused pyrrole 1c,
which was produced from the DA adduct of para-benzoquinone and cyclohexadiene. High
enantioselectivity was detected for compound 3e having norboryl motif. Interestingly, the
enatioselectivity slightly reduced for product 3f having a quaternary centre with geminal
dimethyl group. The Friedel-Crafts reaction was next examined using pyrrole 1g, which was
obtained from the highly substituted cyclopentadiene and para-benzoquinone DA adduct
(Scheme 14). To our delight product 3g was obtained in 56% yield with 96% ee. The results
of product 3h with pentamethyl substitution were observed with 51% yield and 89% ee. The

pyrrole 1i obtained from a highly substituted cyclopentadiene and para-benzoquinone DA
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adduct was next examined. Gratifyingly better enantioselecitivity was attained for product 3i.
Lastly, the pyrrole 1j, which is generated from the DA adduct of para-benzoquinone and

anthracene, was screened. However, no enantioselectivity was detected for product 3j.

H (o]
H
Z cat. VI (5 mol%)
HN + 7 -
= ONO 5A MS, o-xylene
H oH 0°C, 12h
1 2
0 Q o Q (o Q o)
H 7 \ g \ / \ 2
! (o} o} °
; HN { HN Z HN 4 HN
5 R R K
O O O O
i Piv Piv Piv Piv
R =Me, 3k, 53%, 91% ee R =F, 30, 59%, 80% ee R =F, 3r, 55%, 86% ee 3t, 45%, 87% ee
ZF 3, 75% $1% 06 =Br. S o =1, 3s, 72%, 88% ee
= m o b ee
» 3m, 75%, = CF3, 39, 67%, 82% ee
= Br, 3n, 71%, 82% ee 3, 90, 617, 827%
(o) A (o) \)
a \ // \0
w4 © HN
Me
Piv Piv
3u, 45%, 80% ee 3v, 81%, 87% eer

Scheme 15: Scope of various allenamides.

Then we became interested to check the scope of allenamide 2 in the reaction (Scheme 15).
Initially allenamides 2 with various substitutions on the aryl group were prepared and engaged
in the reaction with la. Allenamides 2b and 2c¢ having tolyl and para-anisyl groups
respectively reacted smoothly to deliver products 3k and 31in 91% er and 89% ee respectively.
Different halo-substitutions were also tolerated. While fluoro-containing product 3m achieved
high enantioselectivity, bromo-containing product 3m showed slightly lower
enantioselectivity. Then different meta-substitutions were checked and here also good results
were observed. For example, decent enantioselectivities were detected for compounds 30 and
3p having 3-fluoro and 3-bromo substitutions respectively. Additionally, trifluoromethyl
group was tolerated, and product 3q was produced with good enantioselectivity. (Scheme 15).
After that, ortho-substituted allenamides 2i and 2j having 2-fluoro and 2-iodo substitutions
respectively were screened in the reaction and good results were observed for the products 3r
and 3s. Then, disubstituted aryl group containing allenamides 2k and 2l took part in the
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reaction to deliver the products 3t and 3u in 87% and 80% enantioselectivity respectively.
Then, we used allenamides 2m and 2n in the process by substituting isobutyryl and tosyl
groups for the pivaloyl group. The reactions progressed smoothly to afford products 3w and

3x in good enantioselectivities.

Then, different important scaffolds containing substituents were incorporated, and the
corresponding allenamides were checked in the reaction (Scheme 16). Initially, geraniol-
derived substrate 2y was employed in the reaction, product 3y was obtained with 79% yield
and 80% ee. Then, (-)-perillyl alcohol derived allenamide 2z progressed the reaction well to
provide product 3z’ as a single diastereomer in 61% yield. The reaction also proceeded
smoothly with substrate 2z’ having a (-)-menthol motif, affording product 3z’ in >20:1 dr.

H (o]

v F cat. VI (5 mol% Bloactlve
= Z
HN + |/
= Pi _N 5A MS, o-xylene
H™ o i O 0°C, 12h
1a 2 Bloactlve

-------------- from
from Geraniol : ; ()-perillyl
. . alcohol
Eo )

i

__________________ o H
=~
—
o H
Piv’
3y, 79%, 80% ee 3z, 61%, >20:1 dr

Scheme 16: Scope of various allenamides containing bioactive molecules.
5.5. Mechanism
5.5.1. Control experiment:

To get insight of the reaction mechanism, several control experiments were performed.
Initially, the reaction of enantiotopic pyrrole 1a and allenamide 2b was carried out under the
standard conditions with 0.75 equivalent of 2b and provided the centrally chiral pyrrole 3a in
39% yield with 92% ee, accompanied with a trace amount of disubstituted product 4a, which
indicated that desymmetrization is a key contributor for stereocontrol. Racemic compound 3a
was treated with 0.55 equivalent of 2b under standard conditions and produced unreacted 3a
in 32% yield with 0% ee and disubstituted product 4a in 28% yield (Scheme 17b), indicating
that the enantioselectivity was solely due to CPA-catalyzed desymmetrization.
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Then, a reaction was performed with N-methyl protected 1a and 5 was obtained with 41%
yield and 28% ee. The Freidel-crafts reaction of 1a and 12 afforded 3r in 53% yield and 74%

ee, indicating an ion-pair mechanism.

. 'Q' Desymmetrization: ~=-------""TTotToooooosooccooc oo ccsoccscccocccsccccocccsccccoccce-

o o]

H Z H

?- (R)-TCYP(5mol%)
=S S
HN + —— > HN _ +
) Ph’N‘Piv 5AMS(,) (c)é(ylene )
o o]

1A 2a (0.75 equiv.) 3a

Piv 39%, 92% ee 4a, trace

(o] o o
H ~Z H H
I/ (R)-TCYP(5mol%)
~ =~ ~
HN _ + — > HN B + HN
) Ph/N‘Piv E;AMS(,J 88(ylene ) — )
o) (o) (o)
rac-3a 2a (0.75 equiv.) 3a
Piv 32%, 0% ee 4a, 28% yield
|
O = ~Nopy
- G - Control Experiment: ----- - - - S e LR LS S S " a~
(o]
(o] H H
“ ~
Me=N . ( standard condition » Me—N
= N
H Ph” Piv Piv oH
0 N
1K 22 O = SNy 5
41%, 28% ee
o] T A~
H : '
04 = ' Piv.® :
~ standard condition pi HN : ! ;
H-N + F N-Piv ——————> : H Fo
= N [o} ) H :
H A\ ! | via !
[o) F 3r eeemeeeaaeaa- a
53%, 74% ee
1a 12 “opms

Scheme 17: a) desymmetrization, b) kinetic resolution, ¢) Control experiments.
5.5.2. Proposed mechanism:

Based on control experiments, catalytic mechanism was proposed in Scheme 18. The first role
of CPA is the facile addition with the allenamide 2a to form the allyl phosphate adduct
intermediate INT- A. The covalent phosphate INT -A would undergo the facile E1cB -type
elimination to give the a-f -unsaturated iminium ion INT-B paired with the corresponding
chiral phosphate anion. Then Friedel-crafts addition and conjugate addition of the INT-B
takes place with 1a under the influence of chiral phosphate anion. The hydrogen bonding
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between la with the P=O moiety of phosphate INT-C was believed to be crucial.
Consequently, the attack of 1a to the a,B-unsaturated iminium ion under the dual-activation

of the phosphate anion afforded the product 3a.

: N=Piv
/

INT-A

Scheme 18: Proposed catalytic cycle.

5.6. Conclusion:

In summary, we have developed the first catalytic enantioselective construction of centrally
prochiral 3,4-fused pyrroles through desymmetrizing F-C reaction with allenamides using
chiral phosphoric acid catalysis. A series of polycyclic 2-substituted, 3,4-fused pyrroles were
obtained in high yields and with good to high enantioselectivities. The control experiment
suggested that the servocontrol governed by desymmetrization only. Also, an ion-pair

transition state proposed for the desymmetrization reaction.

5.7. Experimental Section:

5.7.1. General Information:

All dry solvents were dried using activated 4A molecular sieves and stored under argon. For
thin layer chromatography (TLC), silica gel plates with fluorescence indicator 254 nm were

used and compounds were visualized by irradiation with UV light and/or iodine and/or
Phosphomolybdic acid stain. Celite® 512 medium was used for filtrations. Column
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chromatography was performed using 100-200 mesh silica gel. Hexane, ethyl acetate, acetone
and dichloromethane for column chromatography were acquired from commercial sources
and were used without purification. NMR spectra were acquired on a Bruker 400 MHz, 500
MHz and 600 MHz spectrometer. Chemical shifts (o) are reported in ppm relative to residual
solvent signals (Chloroform-d, 7.26 ppm for 'H NMR and 77.23 ppm for '*C NMR
respectively. 'C spectra were acquired on a broad band decoupled mode. For 'H-NMR, data
are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, dd = double
doublet, ddd = doublet of doublet of doublets, t = triplet, q = quartet, dt = doublet of triplets,
m = multiplet), coupling constants (Hz) and integration. Using ESI positive mode HRMS
spectra was recorded. Enantiomeric excesses were determined by HPLC analysis performed

on Chiral Columns using a Daicel Chiralpak IA, AD-H and Phenomenex Lux C4 Column.

5.7.2. General Procedure for synthesis of prochiral pyrrole:

(0] /\NC

i o)

el . H

b ( s, Ag,0 (10 mol%) ~ AN
H D+ > [
. \‘,,,' HN v
: ~savent EtOAG, K,COj, 1t =

' o) rt or reflux H

: 12 h o

! Step-I Step-ll

Step-I: In an oven dried 50ml round-bottom flask p-benzoquinone was taken and purged with
argon atmosphere. Then solvent was added. After that, desired Diene was added at rt. The

mixture was stirred at rt or refluxed to get the desired meso-derivative in good yield (S1).

Step-1I: Under argon atmosphere, an oven-dried 100ml round bottom flask, equipped with a
magnetic stir bar was charged with Ag>O (0.6 mmol, 10 mol%), KoCO3 (18 mmol, 3 equiv.)
and S1 (6 mmol, lequiv.). Then, 50 ml EtOAc was added. After stirring for 15 min, TosMIC
(6.6 mmol, 1.1 equiv.) was added in one portion. The solvents were evaporated and purified
by column chromatography (pet ether : EtOAc = 50:50) to give products. The product again,
purified by recrystallization in hot DCM, to give 1a — 1j in good to excellent yield.

5.7.3. General Procedure for synthesis of allenamide:

The derivatives of ynone were synthesized following reported literature procedure.?3
5.7.4. General Procedure for synthesis of various catalyst:

All the catalysts were synthesized according to the reported literature procedure.?*#

5.7.5. General Procedure for the Synthesis of chiral triarylmethane derivatives:
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Under argon atmosphere, an oven-dried screw cap vial equipped with a magnetic stir bar was
charged with 1(0.1 mmol, 1 equiv.), VI catalyst (0.005 mmol, 5 mol%), and 5A MS (100 mg).
Then, 0.5ml o-xylene was added in the mixture and cooled to 0 °C. After 15min, allenamide
2 (0.12mmol, 1.2 equiv.) was added to the mixture and stirred at the same temperature. After
8h, allenamide 2 (0.08 mmol, 0.8 equiv.) added to the mixture and stirred for another 4h. Then,
the crude mixture was loaded in column chromatography (petroleum ether : EtOAc = 50:50)
to afford 3.

5.8. Characterization data of the products:

Piv—N

Ph N-((E)-3-(4,9-diox0-4,4a,5,8,8a2,9-hexahydro-2H-5,8-
methanobenzo[f]isoindol-1-yl)prop-1-en-1-yl)-N-phenylpivalamide (3a): yellow solid,
29.5 mg, 69% yield, 92% ee; R¢= 0.5 (petroleum ether : ethyl acetate = 50:50)

'"H NMR (500 MHz, Chloroform-d) 6 9.67 (s, 1H), 7.55 (d, J = 14.4 Hz, 1H), 7.44 - 7.38 (m,
3H), 7.18 - 7.16 (m, 3H), 5.99 — 5.96 (m, 1H), 5.95 - 5.91 (m, 1H), 4.42 - 4.37 (m, 1H), 3.73
(dd, J=16.4, 7.4 Hz, 1H), 3.66 (dd, J = 16.3, 7.5 Hz, 1H), 3.54 (s, 1H), 3.51 (s, 1H), 3.24 -
3.19 (m, 2H), 1.49 (d, J = 8.5 Hz, 1H), 1.43 (d, J = 8.9 Hz, 1H), 1.05 (s, 9H). 3C NMR (126
MHz, Chloroform-d) &6 195.96, 195.81, 177.25, 139.89, 136.76, 135.30, 135.27, 134.88,
130.50, 129.66, 129.06, 125.32, 119.17, 118.77, 109.79, 52.25, 51.96, 49.60, 49.16, 49.10,
41.52,29.48,27.48 HRMS (ESI*) m/z: [M+H]" calculated for C»7H28N>03: 429.5395, found:
429.5390; HPLC: The enantiomeric excess was determined using Phenomenex Lux C4
column (n-Hexane/ i-PrOH=80:20, flow rate=1.0 mL/min, A= 254 nm, Tminor = 17.7 min, Tmajor
=22.3 min).
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™ N\Ph N-((E)-3-(4',9'-diox0-4',4a',5',8',8a',9'-hexahydro-2'H-
spiro[cyclopentane-1,10'-[5,8]methanobenzo|[f]isoindol]-1'-yl)prop-1-en-1-yl)-N-
phenylpivalamide (3b): Pale yellow solid, 34.7 mg, 72% yield, 86% ee; Rf=0.5
(petroleum ether : ethyl acetate = 50:50)

'TH NMR (400 MHz, Chloroform-d) & 9.82 (s, 1H), 7.54 (d, J = 14.3 Hz, 1H), 7.46 — 7.36 (m,
3H), 7.19 - 7.15 (m, 3H), 5.97 (dd, ] = 5.9, 3.0 Hz, 1H), 5.92 (dd, J = 5.9, 3.0 Hz, 1H), 4.43 -
4.36 (m, 1H), 3.78 — 3.60 (m, 2H), 3.33 - 3.26 (m, 2H), 3.12 (s, 1H), 3.08 (s, 1H), 1.63 - 1.56
(m, 2H), 1.52 - 1.44 (m, 6H), 1.04 (s, 9H). 13C NMR (101 MHz, Chloroform-d) 8 196.37,
196.30, 177.28, 139.85, 136.60, 136.12, 136.04, 134.78, 130.49, 129.64, 129.05, 125.59,
119.49, 118.68, 109.99, 69.19, 56.72, 56.67, 52.36, 52.06, 41.49, 32.20, 31.79, 31.76, 29.48,
27.48,26.09,25.60. HRMS (ESI") m/z: [M+H]" calculated for C31H34N203: 483.6315, found:
483.6321; HPLC: The enantiomeric excess was determined using Phenomenex Lux C4
column (n-Hexane/ i-PrOH=80:20, flow rate=1.0 mL/min, A= 254 nm, Tminor = 21.5 min, Tmajor
=25.9 min).

iv—N
™ Ph N-((E)-3-(4',9'-diox0-4',4a',5',8',8a',9'-hexahydro-2'H-
spiro[cyclopropane-1,10'-[5,8]methanobenzo|[f]isoindol]-1'-yl)prop-1-en-1-yl)-N-
phenylpivalamide (3¢): yellow solid, 33.2 mg, 73% yield, 97% ee; Rr= 0.5 (petroleum
ether : ethyl acetate = 50:50)

'H NMR (400 MHz, Chloroform-d) 8 9.53 (s, 1H), 7.47 (d, J = 14.3 Hz, 1H), 7.40 — 7.36 (m,
1H), 7.36 — 7.30 (m, 2H), 7.16 — 7.10 (m, 3H), 6.02 (dd, J = 5.4, 2.4 Hz, 1H), 5.98 (dd, J =
5.4,2.3 Hz, 1H), 4.33 (dt, J = 14.5, 7.4 Hz, 1H), 3.73 — 3.56 (m, 2H), 3.37 — 3.27 (m, 2H),
2.84 (s, 1H), 2.81 (s, 1H), 0.98 (s, 9H), 0.54 — 0.48 (m, 2H), 0.46 — 0.38 (m, 2H). 3C NMR
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(101 MHz, Chloroform-d) 6 195.86, 195.63, 139.87, 136.73, 135.42, 135.35, 135.08, 130.47,
129.67, 129.07, 125.52, 119.37, 118.82, 109.83, 54.08, 53.99, 53.15, 52.83, 45.21, 41.52,
29.91, 29.48, 8.24, 7.34. HRMS (ESI") m/z: [M+H]" calculated for C20H30N203: 455.5775,
found: 483.6315; HPLC: The enantiomeric excess was determined using Phenomenex Lux

C4 column (n-Hexane/ i-PrOH=80:20, flow rate=1.0 mL/min, A= 254 nm, Tminor = 27.1 min,

Tmajor — 40.1 mln)

Piv—N
Ph N-((E)-3-(4,9-diox0-4,4a,5,8,8a2,9-hexahydro-2H-5,8-

ethanobenzo[f]isoindol-1-yl)prop-1-en-1-yl)-N-phenylpivalamide (3d): yellow solid,
33.6 mg, 76% yield, 84% ee; Rr= 0.5 (petroleum ether : ethyl acetate = 50:50)

TH NMR (500 MHz, Chloroform-d) § 10.00 (s, 1H), 7.56 (d, J = 14.3 Hz, 1H), 7.43 - 7.37 (m,
3H), 7.19 -7.17 (m, 3H), 6.15 - 6.08 (m, 2H), 4.43 - 4.38 (m, 1H), 3.76 - 3.65 (m, 2H), 3.29
(s, 1H), 3.25 (s, 1H), 2.96 - 2.91 (m, 2H), 1.69 (d, ] = 7.9 Hz, 2H), 1.33 (d, J = 8.6 Hz, 2H),
1.04 (s, 9H). 13C NMR (126 MHz, Chloroform-d) & 195.97, 177.22, 139.80, 136.86, 134.64,
133.71, 133.61, 130.49, 129.63, 129.05, 124.49, 118.93, 118.55, 110.01, 52.89, 52.60, 41.48,
35.85, 35.76, 29.48, 27.56, 25.37. HRMS (ESI") m/z: [M+H]" calculated for C2sH3oN2Os:
443.5665, found: 443.5671; HPLC: The enantiomeric excess was determined using
Phenomenex Lux C4 column (n-Hexane/ i-PrOH=80:20, flow rate=1.0 mL/min, A= 254 nm,

Tminor — 177 min, Tmajor = 24.7 mln).

Piv—N
Ph N-((E)-3-((4aS,5R,8R)-4,9-diox0-4,42,5,6,7,8,8a,9-octahydro-2H-5,8-

methanobenzo|[f]isoindol-1-yl)prop-1-en-1-yl)-N-phenylpivalamide (3e): yellow solid,
26.2 mg, 61% yield, 92% ee; Rf= 0.5 (petroleum ether : ethyl acetate = 50:50).

'H NMR (400 MHz, Chloroform-d) § 10.08 (s, 1H), 7.52 (d, J = 14.2 Hz, 1H), 7.39 — 7.30
(m, 3H), 7.19 (d, J = 2.8 Hz, 1H), 7.15 — 7.10 (m, 2H), 4.38 (dt, ] = 14.5, 7.4 Hz, 1H), 3.77 —
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3.62 (m, 2H), 2.93 - 2.85 (m, 2H), 2.83 (s, 1H), 2.80 (s, 1H), 1.46 — 1.34 (m, 2H), 1.34 — 1.25
(m, 2H), 1.16 - 1.09 (m, 2H), 0.98 (s, 9H). 1*C NMR (101 MHz, Chloroform-d) & 196.97,
196.91, 177.13, 139.59, 136.48, 134.51, 130.29, 129.46, 128.88, 125.17, 119.10, 118.53,
109.92, 52.92, 52.61, 43.01, 42.95, 41.31, 39.50, 29.30, 27.39, 24.67, 24.64. HRMS (ESI")
m/z: [M+H]" calculated for Ca7H30N203: 431.5555, found: 231.5538; HPLC: The
enantiomeric excess was determined using Chiralapk IE column (n-Hexane/ i-PrOH=85:15,

flow rate=1.0 mL/min, A= 254 nm, Tminor = 38.6 mMin, Tmajor = 48.5 min).

Me Me
o)
7 \
HN { °
Piv—N\ o
Ph N-((E)-3-(10,10-dimethyl-4,9-dioxo0-4,4a,5,6,7,8,8a,9-octahydro-2H-

5,8-methanobenzo|f]isoindol-1-yl)prop-1-en-1-yl)-N-phenylpivalamide (3f): Pale yellow
solid, 34.4 mg, 75% yield, 88% ee; R¢= 0.5 (petroleum ether : ethyl acetate = 50:50)

'TH NMR (500 MHz, Chloroform-d)  9.67 (s, 1H), 7.55 (d, J = 14.4 Hz, 1H), 7.44 - 7.38 (m,
3H), 7.18 - 7.16 (m, 3H), 4.42 - 4.37 (m, 1H), 3.73 (dd, J = 16.4, 7.4 Hz, 1H), 3.66 (dd, J =
16.3, 7.5 Hz, 1H), 3.54 (s, 1H), 3.51 (s, 1H), 3.24 - 3.19 (m, 2H), 1.34 — 1.25 (m, 2H), 1.16 -
1.09 (m, 2H), 1.05 (s, 9H), 0.93 (s, 3H), 0.91 (s, 3H). 13C NMR (126 MHz, Chloroform-d) &
195.96, 195.81, 177.25, 139.89, 136.76, 135.30, 135.27, 134.88, 130.50, 129.66, 129.06,
125.32, 119.17, 52.25, 51.96, 49.60, 49.16, 49.10, 41.52, 29.48, 27.48, 26.38, 26.32, 24.67,
24.64. HRMS (ESI") m/z: [M+H]" calculated for C20H34N203: 459.6059, found: 459.6036;
HPLC: The enantiomeric excess was determined using Phenomenex Lux C4 column (n-
Hexane/ i-PrOH=80:20, flow rate=1.0 mL/min, A= 254 nm, Tminor = 17.7 min, Tmajor = 22.3

min).

Piv—N
Ph N-((E)-3-(5,8-dimethyl-4,9-diox0-6,7-diphenyl-4,4a,5,8,82a,9-

hexahydro-2H-5,8-methanobenzo[f]isoindol-1-yl)prop-1-en-1-yl)-N-phenylpivalamide
(3g): Pale yellow solid, 34.1 mg, 56% yield, 96% ee; Rr= 0.5 (petroleum ether : ethyl
acetate = 50:50)
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'"H NMR (500 MHz, Chloroform-d) § 9.58 (s, 1H), 7.48 (d, J = 14.3 Hz, 1H), 7.45 — 7.36 (m,
3H), 7.16 (d, J = 7.3 Hz, 2H), 7.12 (d, J = 2.8 Hz, 1H), 7.03 — 6.95 (m, 3H), 6.89 (t, ] = 7.4
Hz, 1H), 6.79 (t, ] = 7.7 Hz, 2H), 6.71 — 6.64 (m, 2H), 6.48 (d, J = 7.6 Hz, 2H), 4.34 - 4.29
(m, 1H), 3.58 (dd, J=16.5, 7.4 Hz, 1H), 3.39 (dd, ] = 16.6, 7.5 Hz, 1H), 3.26 (d, ] = 8.3 Hz,
1H), 3.21 (d, J =8.3 Hz, 1H), 1.77 (d, ] = 8.3 Hz, 1H), 1.64 (d, J = 8.3 Hz, 1H), 1.61 (s, 3H),
1.56 (s, 3H), 1.03 (s, 9H). 3C NMR (151 MHz, Chloroform-d) & 195.81, 195.23, 177.34,
146.66, 145.36, 139.95, 136.34, 135.85, 135.80, 135.14, 130.44, 129.80, 129.69, 129.60,
129.02, 127.66, 127.46, 126.52, 126.37, 125.72, 119.93, 118.72, 109.64, 65.72, 60.69, 60.45,
59.19, 58.89, 41.52, 29.49, 27.24, 19.16, 18.70. HRMS (ESI") m/z: [M+H]" calculated for
C41H40N203: 609.3112, found: 609.3101; HPLC: The enantiomeric excess was determined
using Phenomenex Lux C4 column (rn-Hexane/ i-PrOH=80:20, flow rate=1.0 mL/min, A= 254

Iln’l, Tminor — 158 min, Tmajor = 35 l’nll’l)

Piv—N
Ph N-((E)-3-(5,6,7,8,10-pentamethyl-4,9-dioxo0-4,4a,5,8,8a,9-

hexahydro-2H-5,8-methanobenzo[f]isoindol-1-yl)prop-1-en-1-yl)-N-phenylpivalamide
(3h): Pale yellow solid, 25.4 mg, 51% yield, 92% ee; Rr= 0.5 (petroleum ether : ethyl
acetate = 50:50)

'TH NMR (400 MHz, Chloroform-d) 8 9.59 (s, 1H), 7.55 (d, J = 14.2 Hz, 1H), 7.41 (q, J = 7.5,
7.1 Hz, 3H), 7.16 (d, ] = 6.4 Hz, 2H), 7.09 (d, ] = 2.8 Hz, 1H), 4.38 (dt, J = 14.3, 7.3 Hz, 1H),
3.64 (dd,J=7.5,2.8 Hz, 2H), 2.85 (p, J = 7.0, 6.1 Hz, 2H), 1.40 (q, J = 6.4 Hz, 1H), 1.31 (s,
3H), 1.27 (s, 3H), 1.22 (s, 3H), 1.10 (s, 3H), 1.04 (s, 9H), 0.56 (d, J = 6.4 Hz, 3H).3C NMR
(101 MHz, Chloroform-d) 6 195.97, 177.22, 139.80, 136.86, 134.64, 133.71, 133.61, 130.49,
129.63, 129.05, 124.49, 118.93, 118.55, 110.01, 52.89, 52.60, 41.48, 35.85, 35.76, 29.48,
27.56,25.37,24.93, 14.72, 11.25,. HRMS (ESI") m/z: [M+H]" calculated for C3,H39N20s:
499.6745, found: 499.6745; HPLC: The enantiomeric excess was determined using
Phenomenex Lux C4 column (n-Hexane/ i-PrOH=80:20, flow rate=1.0 mL/min, A= 254 nm,

Tminor — 177 min, Tmajor = 223 mln).
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N-phenyl-N-((E)-3-(5,6,7,8-tetrachloro-10,10-dimethoxy-4,9-dioxo-
4,4a,5,8,8a2,9-hexahydro-2H-5,8-methanobenzo|f]isoindol-1-yl)prop-1-en-1-
yl)pivalamide (3i): Pale yellow solid, 33.2 mg, 53% yield, 94% ee; Rf= 0.5 (petroleum
ether : ethyl acetate = 50:50)

'TH NMR (600 MHz, Chloroform-d) & 9.99 (s, 1H), 7.57 (d, J = 14.2 Hz, 1H), 7.44 - (m, 3H),
7.24 (d, J =2.8 Hz, 1H), 7.18 (d, J = 7.5 Hz, 2H), 4.42 - 4.37 (m, 1H), 3.75 - 3.71 (m, 1H),
3.65 (s, 3H), 3.64 - 3.59 (m, 3H), 3.58 (s, 3H), 1.04 (s, 9H). *C NMR (151 MHz, Chloroform-
d) 6 188.01, 187.84, 177.33, 139.72, 138.01, 134.57, 130.50, 129.70, 129.29, 129.27, 129.16,
124.24, 119.74, 118.48, 111.28, 109.88, 78.23, 78.15, 57.48, 57.34, 53.29, 52.27, 41.55,
29.51, 27.59. HRMS (ESI*) m/z: [M+H]" calculated for C29HasClsN2Os: 627.0796, found:
627.0799; HPLC: The enantiomeric excess was determined using Phenomenex Lux C4
column (n-Hexane/ i-PrOH=80:20, flow rate=1.0 mL/min, A= 254 nm, Tminor = 32.3 min, Tmajor
=49.7 min).

N-((E)-3-(4,11-diox0-4,4a,5,10,10a,11-hexahydro-2H-5,10-
[1,2]benzenonaphtho(2,3-flisoindol-1-yl)prop-1-en-1-yl)-N-phenylpivalamide (3j): Pale
yellow solid, 22.7 mg, 42% yield, 0% ee; Re= 0.5 (petroleum ether : ethyl acetate = 50:50)

H NMR (600 MHz, Chloroform-d) & 9.39 (s, 1H), 7.47 — 7.40 (m, 4H), 7.40 — 7.37 (m, 2H),
7.19 — 7.16 (m, 2H), 7.15 - 7.13 (m, 3H), 7.06 (d, J = 7.3 Hz, 1H), 7.03 (d, J = 2.8 Hz, 1H),
6.90 (t, ] = 7.4 Hz, 1H), 6.85 (t, ] = 7.4 Hz, 1H), 4.98 (d, J = 2.6 Hz, 1H), 4.94 (d, ] = 2.6 Hz,
1H), 4.33 - 4.28 (m, 1H), 3.64 (dd, J = 16.4, 7.4 Hz, 1H), 3.57 (dd, J = 16.3, 7.5 Hz, 1H), 3.15
(dd, T =9.4, 2.5 Hz, 1H), 3.12 (dd, J = 9.4, 2.6 Hz, 1H), 1.04 (s, 9H). 3C NMR (151 MHz,
Chloroform-d) 5 194.06, 193.87, 177.43, 142.97, 142.93, 140.75, 140.73, 139.93, 136.69,
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135.06, 130.46, 129.67, 129.07, 126.39, 126.23, 126.17, 124.78, 124.62, 124.21, 123.94,
118.77, 118.27, 109.74, 52.48, 52.22, 49.07, 49.05, 41.54, 29.49, 27.33. HRMS (EST*) m/z:
[M+H]" calculated for C3¢H32N203: 541.2486, found: 541.2482; HPLC: The enantiomeric
excess was determined using Phenomenex Lux C4 column (n-Hexane/ i-PrOH=80:20, flow

rate=1.0 mL/min, A= 254 nm, Tminor = 17.9 min, Tmajor = 37.8 min).

Piv N-((E)-3-(4,9-diox0-4,4a,5,8,82,9-hexahydro-2H-5,8-
methanobenzo|f]isoindol-1-yl)prop-1-en-1-yl)-N-(p-tolyl)pivalamide (3k): Pale yellow solid, 23.4 mg,
53% yield, 91% ee; Rr= 0.5 (petroleum ether : ethyl acetate = 50:50)

'TH NMR (600 MHz, Chloroform-d) & 9.76 (s, 1H), 7.54 (d, ] = 14.2 Hz, 1H), 7.21 (d, ] =8.2
Hz, 2H), 7.16 (d, J = 2.8 Hz, 1H), 7.05 (d, J = 8.3 Hz, 2H), 5.98 (dd, J = 5.7, 3.0 Hz, 1H), 5.93
(dd, J =5.7, 2.8 Hz, 1H), 4.43 - 438 (m, 1H), 3.73 (dd, J = 16.6, 7.8 Hz, 1H), 3.66 (dd, J =
16.6, 7.2 Hz, 1H), 3.54 (s, 1H), 3.51 (s, 1H), 3.21 (qd, J = 8.3, 3.8 Hz, 2H), 2.38 (s, 3H), 1.49
(d,J=8.4 Hz, 1H), 1.43 (d, ] = 8.4 Hz, 1H), 1.04 (s, 9H). 1*C NMR (151 MHz, Chloroform-
d) 8 195.98, 195.81, 177.39, 139.10, 137.13, 136.88, 135.29, 135.27, 134.96, 130.25, 130.22,
125.27,119.12, 118.80, 109.68, 52.25, 51.95, 49.59, 49.15, 49.08, 41.48, 29.51, 27.43, 21.38.
HRMS (ESI*) m/z: [M+H]" calculated for C2sH30N20s: 443.2330, found: 443.2331; HPLC:
The enantiomeric excess was determined using Phenomenex Lux C4 column (n-Hexane/ i-
PrOH=80:20, flow rate=1.0 mL/min, A= 254 nm, Tminor = 21 Min, Tmajor = 25.2 min).

o
HN

MeO—@—N
\ .

Piv N-((E)-3-(4,9-diox0-4,4a,5,8,8a2,9-hexahydro-2H-5,8-
methanobenzo[f]isoindol-1-yl)prop-1-en-1-yl)-N-(4-methoxyphenyl)pivalamide (31):
Product were prepared following ‘Method A, Pale yellow solid, 19.2 mg, 42% yield, 89% ee;
Rr=0.5 (petroleum ether : ethyl acetate = 50:50)
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'"H NMR (400 MHz, Chloroform-d) & 9.72 (s, 1H), 7.54 (d, ] = 14.3 Hz, 1H), 7.17 (d, ] = 2.8
Hz, 1H), 7.08 (d, J = 8.9 Hz, 2H), 6.92 (d, J = 8.9 Hz, 2H), 5.99 (dd, J = 5.7, 2.8 Hz, 1H), 5.95
(dd, J =5.7,2.7 Hz, 1H), 4.41 (dt, J = 14.4, 7.4 Hz, 1H), 3.83 (s, 3H), 3.78 — 3.62 (m, 2H),
3.54 (s, 1H), 3.51 (s, 1H), 3.26 - 3.18 (m, 2H), 1.50 (d, J = 8.5 Hz, 1H), 1.43 (d, J = 8.6 Hz,
1H), 1.05 (s, 9H). 3C NMR (101 MHz, Chloroform-d) & 195.86, 195.65, 177.36, 159.57,
136.66, 135.11, 135.08, 134.94, 132.05, 131.32, 125.04, 118.90, 118.63, 114.53, 109.37,
55.51, 52.05, 51.73, 49.40, 48.95, 48.89, 41.21, 29.30, 27.17. HRMS (ESI*) m/z: [M+H]"
calculated for C2sH390N204: 459.2279, found: 459.2288; HPLC: The enantiomeric excess was
determined using Phenomenex Lux C4 column (n-Hexane/ i-PrOH=80:20, flow rate=1.0

I’IlL/l’l’lll’l, }\4= 254 Ill’l’l, Tminor — 22.5 l’l’lln, Tmajor = 27.9 mln).

Piv N-((E)-3-(4,9-diox0-4,4a,5,8,82,9-hexahydro-2H-5,8-
methanobenzo|[f]isoindol-1-yl)prop-1-en-1-yl)-N-(4-fluorophenyl)pivalamide (3m): Pale
yellow solid, 33.5 mg, 75% yield, 91% ee; R¢= 0.5 (petroleum ether : ethyl acetate = 50:50).

'TH NMR (600 MHz, Chloroform-d) & 9.66 (s, 1H), 7.53 (d, J = 14.1 Hz, 1H), 7.21 — 7.14 (m,
3H), 7.13 - 7.11 (m, 2H), 5.98 (dd, J = 5.7, 2.9 Hz, 1H), 5.94 (dd, ] =5.8, 2.9 Hz, 1H), 4.42 -
4.38 (m, 1H), 3.73 (dd, J = 16.3, 7.3 Hz, 1H), 3.66 (dd, J = 16.2, 7.5 Hz, 1H), 3.54 (s, 1H),
3.51 (s, 1H), 3.24 - 3.20 (m, 2H), 1.50 (d, J = 8.4 Hz, 1H), 1.44 (d, J = 8.5 Hz, 1H), 1.06 (s,
9H). 3C NMR (151 MHz, Chloroform-d) § 195.96, 195.80, 177.13, 163.38, 161.73, 136.56,
135.81, 135.78, 135.29, 135.28, 134.68, 132.23, 132.17, 125.36, 119.26, 118.75, 116.82,
116.67, 109.79, 52.26, 51.97, 49.61, 49.17, 49.11, 41.44, 29.47, 27.46. HRMS (ESI*) m/z:
[M+H]" calculated for C27H27FN2Os: 447.2079, found: 447.2087; HPLC: The enantiomeric
excess was determined using Chiralpak TA column (n-Hexane/ i-PrOH=95:5, flow rate=1.0

mL/min, A= 254 nm, Tmajor = 40.5 min, Tminor = 47.7 min).
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HN { °
Br—< >—N o
Piv N-(4-bromophenyl)-N-((E)-3-(4,9-dioxo0-4,4a,5,8,82a,9-

hexahydro-2H-5,8-methanobenzo[f]isoindol-1-yl)prop-1-en-1-yl)pivalamide (3n): Pale
yellow solid, 35.9 mg, 72% yield, 82% ee; Rf= 0.5 (petroleum ether : ethyl acetate = 50:50)

'TH NMR (400 MHz, Chloroform-d) 8 9.96 (s, 1H), 7.55 (d, J = 8.6 Hz, 2H), 7.49 (d, ] = 14.3
Hz, 1H), 7.16 (d, J = 2.8 Hz, 1H), 7.06 (d, J = 8.5 Hz, 2H), 5.97 (dd, J =5.7, 2.8 Hz, 1H), 5.93
(dd,J=5.6,2.8 Hz, 1H), 4.41 (dt, J = 14.4, 7.3 Hz, 1H), 3.76 - 3.62 (m, 2H), 3.53 - 3.51(m,
2H), 3.26 — 3.18 (m, 2H), 1.50 (d, ] = 8.5 Hz, 1H), 1.44 (d, J = 8.7 Hz, 1H), 1.06 (s, 9H). 13C
NMR (101 MHz, Chloroform-d) 6 195.80, 195.74, 176.81, 138.72, 136.36, 135.09, 135.06,
134.09, 132.82, 131.93, 125.05, 122.80, 119.07, 118.72, 109.99, 52.05, 51.77, 49.42, 48.96,
48.90, 41.28, 29.27, 27.27. HRMS (ESI") m/z: [M+H]" calculated for Cy7H27BrN,Os:
507.1278, found: 507.1277; HPLC: The enantiomeric excess was determined using
Phenomenex Lux C4 column (n-Hexane/ i-PrOH=80:20, flow rate=1.0 mL/min, A= 254 nm,

Tminor — 15.8 min, Tmajor = 20.3 min).

Piv N-((E)-3-(4,9-diox0-4,4a,5,8,8a,9-hexahydro-2H-5,8-
methanobenzo|f]isoindol-1-yl)prop-1-en-1-yl)-N-(3-fluorophenyl)pivalamide (30):
Product were prepared following ‘Method A, Pale yellow solid, 26.3 mg, 59% yield, 80% ee;
Rf= 0.5 (petroleum ether : ethyl acetate = 50:50).

'H NMR (600 MHz, Chloroform-d) § 9.47 (s, 1H), 7.54 (d, ] = 14.2 Hz, 1H), 7.45 (4, =7.5
Hz, 1H), 7.31 — 7.26 (m, 2H), 7.25 — 7.18 (m, 2H), 6.02 (dd, J = 5.6, 2.9 Hz, 1H), 5.98 (dd, J
=5.9,2.8 Hz, 1H), 4.49 - 4.44 (m, 1H), 3.79 - 3.70 (m, 2H), 3.58 (s, 1H), 3.55 (s, 1H), 3.28 -
3.23 (m, 2H), 1.53 (d, J = 8.5 Hz, 1H), 1.47 (d, J = 8.5 Hz, 1H), 1.12 (s, 9H). 1*C NMR (151
MHz, Chloroform-d) & 195.97, 195.74, 177.11, 159.57, 157.91, 136.58, 135.30, 133.67,
13231, 131.29, 131.24, 127.86, 127.78, 125.40, 125.15, 125.13, 119.19, 118.71, 117.30,
117.17, 108.36, 52.26, 51.95, 49.60, 49.16, 49.10, 41.32, 28.77, 27.30. HRMS (ESI*) m/z:
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[M+H]" calculated for C27H27FN203: 447.2079, found: 447.2091; HPLC: The enantiomeric
excess was determined using Chiralapk TA column (n-Hexane/ i-PrOH=95:5, flow rate=1.0

mL/min, A= 254 nm, Tmajor = 41.3min, Tminor = 49.2 min).

o Q
7 \
HN { °
Br,
O
Piv N-(3-bromophenyl)-N-((E)-3-(4,9-diox0-4,4a,5,8,8a,9-hexahydro-

2H-5,8-methanobenzo|[f]isoindol-1-yl)prop-1-en-1-yl)pivalamide (3p): yellow solid, 31.4
mg, 62% yield, 81% ee; Re= 0.5 (petroleum ether : ethyl acetate = 50:50)

'TH NMR (600 MHz, Chloroform-d) & 9.85 (s, 1H), 7.54 (d, J = 8.2 Hz, 1H), 7.46 (d, ] = 14.2
Hz, 1H), 7.35 (s, 1H), 7.31 (t, ] = 8.0 Hz, 1H), 7.17 (d, J = 2.7 Hz, 1H), 7.14 (d, J = 7.9 Hz,
1H), 5.99 (dd, J = 5.7, 2.8 Hz, 1H), 5.95 (dd, J = 5.8, 2.8 Hz, 1H), 4.45 (dt, J = 14.5, 7.3 Hz,
1H), 3.70 (qd, J = 16.2, 7.3 Hz, 2H), 3.53 (d, J = 13.5 Hz, 2H), 3.22 (qd, J = 8.4, 3.5 Hz, 2H),
1.50 (d, J = 8.5 Hz, 1H), 1.44 (d, J = 8.5 Hz, 1H), 1.07 (s, 9H). 13C NMR (151 MHz,
Chloroform-d) & 196.01, 195.87, 177.07, 141.29, 136.45, 135.30, 135.29, 134.38, 133.48,
132.20, 130.90, 130.48, 129.17, 125.30, 122.82, 119.30, 118.92, 110.40, 52.26, 51.97, 49.61,
49.16,49.10, 41.51, 29.45,27.43. HRMS (ESI*) m/z: [M+H]" calculated for C27H27BrN>Os:
507.1278, found: 507.1283; HPLC: The enantiomeric excess was determined using
Phenomenex Lux C4 column (n-Hexane/ i-PrOH=80:20, flow rate=1.0 mL/min, A= 254 nm,

Tminor — 159 min, Tmajor = 203 mln).

o Q
a N
HN / 0
F1C
O
Piv N-((E)-3-(4,9-dioxo0-4,4a,5,8,82,9-hexahydro-2H-5,8-

methanobenzo|[flisoindol-1-yl)prop-1-en-1-yl)-N-(3-(trifluoromethyl)phenyl)pivalamide (3q):
Pale yellow solid, 33.2 mg, 67% yield, 82% ee; Rf= 0.5 (petroleum ether : ethyl acetate =
50:50)

'H NMR (600 MHz, Chloroform-d) & 10.04 (s, 1H), 7.67 (d, J = 8.2 Hz, 1H), 7.58 (t, J=7.9
Hz, 1H), 7.47 (d,J = 14.2 Hz, 1H), 7.45 (s, 1H), 7.39 (d, J = 8.0 Hz, 1H), 7.16 (d, ] = 2.9 Hz,
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1H), 5.97 (dd, J = 5.8, 2.9 Hz, 1H), 5.91 (dd, J = 5.8, 2.9 Hz, 1H), 4.43 - 4.38 (m, 1H), 3.72
(dd,J=16.1,7.3 Hz, 1H), 3.66 (dd, J=16.2, 7.3 Hz, 1H), 3.53 (s, 1H), 3.50 (s, 1H), 3.23 (dd,
J=28.3,3.9 Hz, 1H), 3.20 (dd, J = 8.3, 3.8 Hz, 1H), 1.49 (d, ] = 8.5 Hz, 1H), 1.43 (d, J = 8.5
Hz, 1H), 1.05 (s, 9H). 3C NMR (151 MHz, Chloroform-d) & 196.00, 195.95, 177.10, 140.68,
136.36, 135.25, 134.27, 133.88, 132.50, 132.28, 130.39, 127.40, 127.38, 127.35, 125.79,
125.77, 125.25, 124.44, 122.64, 119.34, 118.99, 110.68, 52.23, 51.97, 49.60, 49.15, 49.08,
41.41, 29.36, 27.44. HRMS (ESI*) m/z: [M+H]" calculated for CasHz7F3sN20s: 497.2047,
found: 497.2047; HPLC: The enantiomeric excess was determined using Phenomenex Lux
C4 column (n-Hexane/ i-PrOH=80:20, flow rate=1.0 mL/min, A= 254 nm, Tminor = 14.8 min,

Tmajor = 18.9 mm)

N-((E)-3-(4,9-diox0-4,4a,5,8,82,9-hexahydro-2H-5,8-
methanobenzo|[f]isoindol-1-yl)prop-1-en-1-yl)-N-(2-fluorophenyl)pivalamide (3r): Pale
yellow solid, 24.5 mg, 55% yield, 86% ee; R¢= 0.5 (petroleum ether : ethyl acetate = 50:50)

'TH NMR (600 MHz, Chloroform-d) & 9.64 (s, 1H), 7.49 (d, J = 14.2 Hz, 1H), 7.41 (g, J =8.2
Hz, 1H), 7.17 (d, J =2.8 Hz, 1H), 7.12 (td, ] = 8.3, 2.7 Hz, 1H), 7.00 (d, J = 7.9 Hz, 1H), 6.93
(d,J=9.1 Hz, 1H), 5.99 (dd, J = 5.7, 2.9 Hz, 1H), 5.94 (dd, J = 5.8, 2.8 Hz, 1H), 4.45 (dt, J =
14.4, 7.3 Hz, 1H), 3.73 (dd, J = 16.5, 7.4 Hz, 1H), 3.67 (dd, J = 16.5, 7.6 Hz, 1H), 3.54 (s,
1H), 3.52 (s, 1H), 3.25 - 3.20 (m, 2H), 1.50 (d, J = 8.6 Hz, 1H), 1.44 (d, ] = 8.4 Hz, 1H), 1.08
(s, 9H). 13C NMR (151 MHz, Chloroform-d) & 195.99, 195.80, 177.02, 163.93, 162.27,
141.46, 141.40, 136.46, 135.31, 135.28, 134.41, 130.85, 130.79, 126.34, 126.32, 125.35,
119.28, 118.81, 117.97, 117.83, 116.35, 116.21, 110.05, 52.26, 51.97, 49.61, 49.17, 49.11,
41.58, 29.44, 27.45. HRMS (ESI") m/z: [M+H]"] calculated for C27H27FN2Os: 447.2079,
found: 447.2083; HPLC: The enantiomeric excess was determined using Phenomenex Lux
C4 column (n-Hexane/ i-PrOH=80:20, flow rate=1.0 mL/min, A= 254 nm, Tminor = 15.3 min,

Tmajor = 198 mln).
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O
Piv N-((E)-3-(4,9-diox0-4,4a,5,8,8a2,9-hexahydro-2H-5,8-
methanobenzo|f]isoindol-1-yl)prop-1-en-1-yl)-N-(2-iodophenyl)pivalamide (3s): Pale

yellow solid, 39.9 mg, 72% yield, 84% ee; Rf= 0.5 (petroleum ether : ethyl acetate = 50:50).

TH NMR (500 MHz, Chloroform-d) & 9.85 (s, 1H), 7.54 (d, ] = 8.2 Hz, 1H), 7.46 (d, ] = 14.2
Hz, 1H), 7.35 (s, 1H), 7.31 (t, J = 8.0 Hz, 1H), 7.17 (d, ] = 2.7 Hz, 1H), 7.14 (d, J = 7.9 Hz,
1H), 5.99 (dd, J = 5.7, 2.8 Hz, 1H), 5.95 (dd, ] = 5.8, 2.8 Hz, 1H), 4.45 (dt, J = 14.5, 7.3 Hz,
1H), 3.70 (qd, J = 16.2, 7.3 Hz, 2H), 3.53 (d, J = 13.5 Hz, 2H), 3.22 (qd, J = 8.4, 3.5 Hz, 2H),
1.50 (d, J = 8.5 Hz, 1H), 1.44 (d, J = 8.5 Hz, 1H), 1.07 (s, 9H). 3C NMR (151 MHz,
Chloroform-d) 6 196.01, 195.87, 177.07, 141.29, 136.45, 135.30, 135.29, 134.38, 133.48,
132.20, 130.90, 130.48, 129.17, 125.30, 122.82, 119.30, 118.92, 110.40, 52.26, 51.97, 49.61,
49.16, 49.10, 41.51, 29.45, 27.43. HRMS (ESI*) m/z: [M+H]" calculated for C27H27IN20s:
555.1140, found: 555.1142; HPLC: The enantiomeric excess was determined using
Phenomenex Lux C4 column (n-Hexane/ i-PrOH=85:15, flow rate=1.0 mL/min, A= 254 nm,

Tminor — 19 l’nil’l, Tmajor = 25.3 mln).

F—2 >—N
\ .

Piv N-(3,4-difluorophenyl)-N-((E)-3-(4,9-diox0-4,4a,5,8,8a,9-
hexahydro-2H-5,8-methanobenzo[f]isoindol-1-yl)prop-1-en-1-yl)pivalamide (3t): Pale
yellow solid, 20.9 mg, 53% yield, 87%; R¢= 0.5 (petroleum ether : ethyl acetate = 50:50)

'H NMR (500 MHz, Chloroform-d) 5 9.44 (s, 1H), 7.45 (d, J = 14.2 Hz, 1H), 7.23 (t, ] = 8.8
Hz, 1H), 7.19 (s, 1H), 7.05 (t, ] = 8.7 Hz, 1H), 6.96 (d, J = 8.7 Hz, 1H), 6.00 (d, J = 5.7 Hz,
1H), 5.96 (d, J = 5.6 Hz, 1H), 4.49 — 4.40 (m, 1H), 3.75 (dd, J = 16.5, 7.2 Hz, 1H), 3.67 (dd,
J=16.4,7.4 Hz, 1H), 3.55 - 3.53 (m, 2H), 3.31 — 3.18 (m, 2H), 1.51 (d, J = 8.8 Hz, 1H), 1.45
(d, J = 8.7 Hz, 1H). 3C NMR (126 MHz, Chloroform-d) & 196.02, 195.73, 177.00, 136.20,
135.35, 135.27, 134.43, 125.41, 119.91, 119.77, 119.36, 118.77, 118.24, 118.10, 110.02,
52.28,51.97,49.63,49.18, 49.12, 41.50, 29.41, 27.37. HRMS (ESI*) m/z: [M+H]" calculated
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for Cy7H27F2N203: 465.1985, found: 465.1999; HPLC: The enantiomeric excess was
determined using Phenomenex Lux C4 column (n-Hexane/ i-PrOH=80:20, flow rate=1.0

mL/min, A= 254 nm, Tminor = 17.7 min, Tmajor = 22.3 min).

\ .

Piv N-(2,4-dimethylphenyl)-N-((E)-3-(4,9-diox0-4,4a,5,8,82a,9-
hexahydro-2H-5,8-methanobenzo[f]isoindol-1-yl)prop-1-en-1-yl)pivalamide (3u): Pale
yellow solid, 20.5mg, 45% yield, 80% ee; R¢= 0.5 (petroleum ether : ethyl acetate = 50:50)

TH NMR (500 MHz, Chloroform-d) "H NMR (600 MHz, Chloroform-d) § 9.64 (s, 1H), 7.49
(d,J=14.2 Hz, 1H), 7.17 (d, J = 2.8 Hz, 1H), 7.12 (s, 1H), 7.00 (d, J = 7.9 Hz, 1H), 6.93 (d,
J=9.1 Hz, 1H), 5.99 (dd, J = 5.7, 2.9 Hz, 1H), 5.94 (dd, J = 5.8, 2.8 Hz, 1H), 4.45 (dt, J =
14.4, 7.3 Hz, 1H), 3.73 (dd, J = 16.5, 7.4 Hz, 1H), 3.67 (dd, J = 16.5, 7.6 Hz, 1H), 3.54 (s,
1H), 3.52 (s, 1H), 3.25 - 3.20 (m, 2H), 2.23 (s, 3H), 2.20 (s, 3H), 1.50 (d, J = 8.6 Hz, 1H),
1.44 (d,J = 8.4 Hz, 1H), 1.08 (s, 9H). 13C NMR (126 MHz, Chloroform-d) § 195.80, 195.74,
176.81, 138.72, 136.36, 135.09, 135.06, 134.09, 132.82, 131.93, 125.05, 122.80, 119.07,
118.72, 109.99, 52.05, 51.77, 49.42, 48.96, 48.90, 41.28, 29.27, 27.27, 23.45, 23.41. HRMS
(ESTY) m/z: [M+H]" calculated for C290H3:N203: 457.2486, found: 457.24105; HPLC: The
enantiomeric excess was determined using Phenomenex Lux C4 column (n-Hexane/ i-
PrOH=85:15, flow rate=1.0 mL/min, A= 254 nm, Tminor = 27.5 Min, Tmajor = 37.1 min).

* N
Q Piv N-((E)-3-(4,9-dioxo0-4,4a,5,8,82,9-hexahydro-2H-5,8-

methanobenzo|f]isoindol-1-yl)prop-1-en-1-yl)-N-(naphthalen-2-yl)pivalamide (3v): Pale
yellow solid, 38.7 mg, 81% yield, 87% ee; Rr= 0.5 (petroleum ether : ethyl acetate = 50:50)

TH NMR (600 MHz, Chloroform-d) & 9.70 (s, 1H), 7.93 — 7.86 (m, 2H), 7.82 (d, J = 7.7 Hz,
1H), 7.66 (s, 1H), 7.61 — 7.50 (m, 3H), 7.27 (d, J = 6.1 Hz, 1H), 7.16 (d, J = 3.0 Hz, 1H), 5.95
(dd, J=5.8,3.0 Hz, 1H), 5.88 (dd, ] = 5.7, 2.9 Hz, 1H), 4.41 (dt, ] = 14.5, 7.4 Hz, 1H), 3.73
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(dd,J=16.3, 7.3 Hz, 1H), 3.67 (dd, J = 16.6, 7.5 Hz, 1H), 3.52 (s, 1H), 3.46 (s, 1H), 3.20 (dd,
J=8.4,3.8Hz, 1H), 3.16 (dd, J = 8.3, 3.9 Hz, 1H), 1.47 (d, ] = 8.6 Hz, 1H), 1.40 (d, ] = 8.4
Hz, 1H), 1.07 (s, 9H). ¥*C NMR (151 MHz, Chloroform-d) & 195.94, 195.80, 177.62, 137.13,
136.65, 135.30, 135.21, 134.92, 133.40, 133.03, 129.75, 129.11, 128.18, 128.09, 128.06,
127.46, 127.17, 125.26, 119.18, 118.78, 110.20, 52.22, 51.93, 49.56, 49.12, 49.05, 41.57,
29.56, 27.41. HRMS (ESI") m/z: [M+H]" calculated for C3;H3N203: 479.2330, found:
479.2341; HPLC: The enantiomeric excess was determined using Phenomenex Lux C4
column (n-Hexane/ i-PrOH=80:20, flow rate=1.0 mL/min, A= 254 nm, Tminor = 21.6 min, Tmajor
=26.5 min).

N-((E)-3-(4,9-diox0-4,4a,5,8,8a,9-hexahydro-2H-5,8-
methanobenzo[f]isoindol-1-yl)prop-1-en-1-yl)-N-phenylisobutyramide (3w): Pale yellow
solid, 17 mg, 41% yield, 73% ee; R¢= 0.5 (petroleum ether : ethyl acetate = 50:50)

'TH NMR (400 MHz, Chloroform-d) & 9.86 (s, 1H), 7.61 (d, J = 14.4 Hz, 1H), 7.49 - 7.39 (m,
3H), 7.20 — 7.14 (m, 3H), 5.98 (dd, J = 5.6, 2.8 Hz, 1H), 5.93 (dd, J = 5.7, 2.8 Hz, 1H), 4.52
(dt, J =14.6, 7.4 Hz, 1H), 3.73 (qd, J = 16.1, 7.4 Hz, 2H), 3.54 (s, 1H), 3.51 (s, 1H), 3.25 —
3.15 (m, 2H), 2.46 — 2.33 (m, 1H), 1.49 (d, J = 8.5 Hz, 2H), 1.43 (d, J = 8.6 Hz, 2H), 1.25 (s,
9H), 1.03 (d, J = 6.7 Hz, 6H). 3C NMR (101 MHz, Chloroform-d) & 196.06, 195.87, 176.53,
139.20, 136.72, 135.31, 131.74, 130.42, 129.17, 128.89, 125.29, 119.17, 118.85, 110.34,
52.26,51.96,49.63,49.18,49.12,29.94, 27.50, 19.83. HRMS (ESI*) m/z: [M+H]" calculated
for CasH26N203: 415.2017, found: 415.2015; HPLC: The enantiomeric excess was
determined using Phenomenex Lux C4 column (n-Hexane/ i-PrOH=85:15, flow rate=1.0

mL/min, A= 254 nm, Tminor = 31.9 min, Tmajor = 38.2 min).
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N-((E)-3-(4,9-diox0-4,4a,5,8,8a2,9-hexahydro-2H-5,8-
methanobenzo|[f]isoindol-1-yl)prop-1-en-1-yl)-4-methyl-N-phenylbenzenesulfonamide
(3x): colourless solid, 29 mg, 59% yield, 91% ee; Rr= 0.5 (petroleum ether : ethyl acetate =
50:50).

'TH NMR (600 MHz, Chloroform-d) 6 9.64 (s, 1H), 7.49 (d, ] = 14.2 Hz, 1H), 7.41 (q, ] = 8.2
Hz, 1H), 7.17 (d,J =2.8 Hz, 1H), 7.12 (td, ] = 8.3, 2.7 Hz, 1H), 7.00 (d, ] = 7.9 Hz, 1H), 6.93
(d,J=9.1 Hz, 1H), 5.99 (dd, J =5.7, 2.9 Hz, 1H), 5.94 (dd, J = 5.8, 2.8 Hz, 1H), 4.45 (dt, J =
14.4, 7.3 Hz, 1H), 3.73 (dd, J = 16.5, 7.4 Hz, 1H), 3.67 (dd, J = 16.5, 7.6 Hz, 1H), 3.54 (s,
1H), 3.52 (s, 1H), 3.25 - 3.20 (m, 2H), 2.41 (s, 3H), 1.50 (d, J = 8.6 Hz, 1H), 1.44 (d, ] = 8.4
Hz, 1H). 13C NMR (151 MHz, Chloroform-d) & 195.99, 195.80, 163.93, 162.27, 141.46,
141.40, 136.46, 135.31, 135.28, 134.41, 130.85, 130.79, 126.34, 126.32, 125.35, 119.28,
118.81, 117.97, 117.83, 116.35, 116.21, 110.05, 52.26, 51.97, 49.61, 49.17, 49.11, 41.58,
24.35. HRMS (ESI*) m/z: [M+Na]" calculated for C20H26N204S: 499.1687, found: 499.1688;
HPLC: The enantiomeric excess was determined using Phenomenex Lux C4 column (n-
Hexane/ i-PrOH=80:20, flow rate=1.0 mL/min, A= 254 nm, Tminor = 17.7 min, Tmajor = 22.3

min).

Piv 3y : Sticky solid, 48 mg, 79% yield, 80% ee; Rr= 0.5
(petroleum ether : ethyl acetate = 50:50)

TH NMR (500 MHz, Chloroform-d) 8 9.96 (s, 1H), 7.55 (d, J = 8.6 Hz, 2H), 7.49 (d, J = 14.3
Hz, 1H), 7.16 (d, J = 2.8 Hz, 1H), 7.06 (d, J = 8.5 Hz, 2H), 5.97 (dd, ] = 5.7, 2.8 Hz, 1H), 5.93
(dd, J = 5.6, 2.8 Hz, 1H), 5.30 (s, 1H), 5.18 (s, 2H), 5.08 (s, 1H), 4.45 (dt, J = 14.4, 7.3 Hz,
1H), 3.73 (dd, J = 16.5, 7.4 Hz, 1H), 3.67 (dd, J = 16.5, 7.6 Hz, 1H), 3.54 (s, 1H), 3.52 (s, 1H),
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3.25-3.20 (m, 2H), 2.21 —2.08 (m, 4H), 1.71 (s, 3H), 1.62 (s, 3H), 1.60 (s, 3H), 1.50 (d, ] =
8.6 Hz, 1H), 1.44 (d, ] = 8.4 Hz, 1H), 1.08 (s, 9H). '3C NMR (126 MHz, Chloroform-d) &
195.27, 193.52, 160.68, 135.80, 135.37, 128.27, 125.51, 122.56, 122.17, 52.99, 52.81, 51.72,
49.49, 49.27, 49.05. HRMS (ESI*) m/z: [M+H]" calculated for C3sHasN203: 609.3323,
found: 609.3327. HPLC: The enantiomeric excess was determined using Phenomenex Lux
C4 column (n-Hexane/ i-PrOH=95:5, flow rate=1.0 mL/min, A= 254 nm, Tmajor = 46.9 min,

Tminor = 33.6 mm)

Piv 3z : Orenge solid, 37 mg, 61% yield, >20:1 dr; R¢f= 0.5
(petroleum ether : ethyl acetate = 50:50).

'TH NMR (500 MHz, Chloroform-d) 8 9.72 (s, 1H), 7.54 (d, J = 14.3 Hz, 1H), 7.17 (d, ] = 2.8
Hz, 1H), 7.08 (d, J = 8.9 Hz, 2H), 6.92 (d, ] = 8.9 Hz, 2H), 5.99 (dd, ] =5.7, 2.8 Hz, 1H), 5.95
(dd,J=5.7,2.7 Hz, 1H), 5.84 (s, 1H), 4.72 (d, J = 6.6 Hz, 2H), 4.40 (s, 2H), 4.41 (dt,J = 14 .4,
7.4 Hz, 1H), 3.83 (s, 3H), 3.78 — 3.62 (m, 2H), 3.54 (s, 1H), 3.51 (s, 1H), 3.26 - 3.18 (m, 2H),
2.17(q,J=9.9,6.3 Hz,4H), 1.90 — 1.83 (m, 1H), 1.74 (s, 3H), 1.52 (dt, ] =11.9, 6.0 Hz, 1H),
1.50 (d, J = 8.5 Hz, 1H), 1.43 (d, J = 8.6 Hz, 1H), 1.05 (s, 9H). 3C NMR (126 MHz,
Chloroform-d) 6 196.02, 195.73, 166.43, 177.00, 136.20, 135.35, 135.27, 134.43, 125.41,
119.91, 119.77, 119.36, 118.77, 118.24, 118.10, 110.02, 52.28, 82.0, 72.5, 51.97, 49.63,
49.18, 49.12, 41.50, 41.0, 30.6, 29.41, 27.37, 26.42, 20.93. HRMS (ESI") m/z: [M+H]"
calculated for C33H44N20s5: 607.3167, found: 607.3167.

_/ 32’ : White solid, 38.4 mg, 61% yield, >20:1 dr; R¢= 0.5
% (petroleum ether : ethyl acetate = 50:50)
o O—Q o 'H NMR (400 MHz, Chloroform-d) § 9.79 (s, 1H), 8.08
- H (d, J=8.0 Hz, 2H), 7.50 (d, J = 14.2 Hz, 1H), 7.25 (d, J =
HN 4.5Hz, 2H), 7.15 (d, ] =2.8 Hz, 1H), 5.96 (dd, ] = 5.8, 2.8
PiV,N A\ JH Hz, 1H), 5.91 (dd, J = 5.9, 2.8 Hz, 1H), 4.94 (td, J = 10.9,

4.5 Hz, 1H), 4.39 (dt, J = 14.4, 7.3 Hz, 1H), 3.68 (qd, J =
16.1, 7.2 Hz, 2H), 3.52 (s, 1H), 3.49 (s, 1H), 3.20 (tt, J = 8.5, 4.3 Hz, 2H), 2.12-2.09 (m, 1H),
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2.04 — 1.87 (m, 2H), 1.74-1.69 (m, 2H), 1.59-1.50 (m, 2H), 1.48 (d, J = 8.9 Hz, 1H), 1.42 (d,
J=8.9 Hz, 1H), 1.30 — 1.20 (m, 2H), 1.06 (s, 9H), 0.91 (d, J = 6.9 Hz, 6H), 0.79 (d, J = 6.9
Hz, 3H). 13C NMR (101 MHz, Chloroform-d) § 195.74, 176.81, 165.07, 143.79, 136.25,
134.18, 135.06, 131.21, 130.79, 130.27, 125.10, 119.07, 118.63, 110.16, 75.50, 52.04, 51.76,
49.39, 48.94, 48.87, 47.24, 41.38, 40.97, 34.26, 31.46, 29.28, 27.29, 26.44, 23.52, 22.02,
20.83, 16.43. HRMS (ESI") m/z: [M+H]" calculated for CisHi;3NOs: 611.3480, found:
611.3481.
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5.9. NMR spectra and HPLC chromatogram
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40.0 DS-FC #44 [modified by user, 2 peaks manually assigned] UvV_VIS 2
~ |mAU WVL:254 nm
30.0+4
20'0__ Rac-3a E 3
P~ A
i &
1 T o
10.04 - ~
__L_J_H_ R /\__'_/k/\ /—\____—___
| min
SO0 717 71 " 1 " "~ T [ "~ T [ T T T [ T T T T T T [ T "
10.0 12.0 14.0 16.0 18.0 20.0 22.0 24.0 26.0 28.0
d. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 17.75 8.056602 49.1702814 9.48567 n.a.
22.43833333 8.328502 50.8297186 8.31641 n.a.
200 DS-FC #46 [modified by user, 2 peaks manually assigned] UvV_VIS 2
ImAU WVL:254 nm
150—_
Chi-3a -
&
1 &
100+ :
4 (2']
o
) o
50+ 2
] =
] min
A7 7 7 7 T~ T T "~ "~ T 1 T "~ T [ T T T T T
10.0 12.0 14.0 16.0 18.0 20.0 22.0 24.0 26.0 28.0
d. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 17.78 3.409413 42520568 4.87762 n.a.
22 22.36333333 76.77327 95.7479432 73.72404 n.a.

259
TH-3763_196122026



Chapter 5 |

HOT~
(331

be'T BN
89T~
ot

T6°C
N@.N/
Y6 T~

967/
STE~
6ze”
S9'E~
L9eF
89°¢
o€
we
e
sce
oLe
8e'y
6E"p
b
'y
by

809

2.@/
TT'9—%
mﬁ.w\

ST'9

LT°L
61T°L
9L
NMN/

8€'L
ov'L
oL
WL
V'L
SS°L
8G9,

00°0T —

Iy

Ph
3d, 'H-NMR (500MHz, CDCl5)

HN

Piv—N

Fooe [
E60'C

Feoe

Fgoz |2

0T
0T

Frot

Feoe

b6z
780°€
TE0T

Fueo |

0.0

1.5 1.0 0.5

2.0

2.5

=)
™

o
o

<
<

4.5

5.5 5.0

6.0

f1 (ppm)

LE'ST~
95/ —
867

9L°SE
§8°'SE N.
8 Ty —

0925~
68257

€10dD £6'9L \
€10dD €T°LL w
€10ad 8v°LL

TOOTT —
SS'8TT
€6'8TT
6t vl

S0'6CT
mm.m-/
61°0ET &

19°€€T
K.MQW
vm.vmﬂ\
wm.mmﬂ\
08'6€T

COHLT 5

£6'S6T —

Piv—N

\

Ph
3d, '3C-NMR (126MHz, CDCl3)

150

130 120 110

140

190 180 170 160

200

f1 (ppm)

260

TH-3763_196122026



Chapter 5 | Organocatalytic Asymmetric Desymmetrizing Friedel-Crafts Reaction of Prochiral 3,4-

Fused Pyrroles
300 DS-FC #105 [modified by user, 2 peaks manually assigned] Uv_VIS_2
mAU WVL:254 nm
200+
2
Rac-3d g o
100+ - g
- ~
~
min
20— 7 1 1 T T [ T~ T T ] T T T ] "~ T [ T T T [ T T [ T T
12.0 14.0 16.0 18.0 20.0 22.0 24.0 26.0 28.0 30.0
). Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 17.91 52.30217 48.12074367 67.81444 n.a.
22 25.075 56.38728 51.87925633 50.65882 n.a.
300 DS-FC #111 [modified by user, 2 peaks manually assigned] UV_VIS 2
mAU WVL:254 nm
200+
[Ty ]
=
Chiral-3d I
~
o
100+ ~
~
~
__/A
min
20— 7 1 1 T T [ T~ T T ] T T T ] "~ T [ T T T [ T T [ T T
12.0 14.0 16.0 18.0 20.0 22.0 24.0 26.0 28.0 30.0
). Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 17.71166667 9.623323 8.271039115 14.81102 n.a.
22 24.705 106.7263 91.72896088 99.3511 n.a.
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Chapter 5 | Organocatalytic Asymmetric Desymmetrizing Friedel-Crafts Reaction of Prochiral 3,4-

Fused Pyrroles
300 DS-FC #86 [modified by user, 2 peaks manually assigned] Uv_VIS_2
mAU WVL:254 nm
(5]
r“3.
T
200+ .
Rac-3g N
o
8
=
~
™
min
-20 ' ' ' | ' ' ' | | ' ' ' | ' '
0.0 10.0 20.0 30.0 40.0 50.0
d. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 1475333333 211.1139 50.53764187 154.5478 n.a.
22 34.03166667 206.622 49.46235813 45.2921 n.a.
100 DS-FC #94 [modified by user, 2 peaks manually assigned] UV_VIS 2
ImAU WVL:254 nm
80+
Chiral-3g
60H o
] 3
3
40 o
4 (2']
1 ]
7 (==
20+ 3
;M%- p—
i min
-10 T ' ' | ' ' ' | ' ' ' | ' ' ' T ' ' '
0.0 10.0 20.0 30.0 40.0 50.0
d. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
11 15.88833333 3.161897 1.761902115  2.74774 n.a.

35.06166667 176.2974 98.23809788 32.88531 n.a.
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