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General Remarks

The present investigations are carried out in Department of Chemistry, Indian Institute of
Technology Guwahati, during the period from 26™ December, 2011 to 15" October, 2017 as a
Ph.D. student under the supervision of Dr. Subhas Chandra Pan.

All reactions involving air- or moisture-sensitive reagents or intermediates were carried out in
oven-dried glassware under an argon atmosphere. THF and Diethylether (Et2O) were freshly
distilled from Sodium under argon. Dichloromethane (CH2Cl,) was freshly distilled from calcium
hydride (CaH). Triethylamine (EtsN) was distilled from CaH. and stored under argon.
Commercial grade xylene, benzene and toluene were distilled from calcium hydride (CaH.) before
use. All other solvents and reagents were purified according to standard procedures or were used
as received from Aldrich Acros, Merck and Spectrochem.

'H BC NMR spectroscopy: Varian Mercury plus 400 MHz and Bruker DRX 600 MHz. Chemical
shifts, o (in ppm), are reported relative to TMS (6 (1H) 0.0 ppm, 6 (13C) 0.0 ppm) which was used
as the inner reference. Otherwise the solvents residual proton resonance and carbon resonance
(CHCl, & (*H) 7.26 ppm, & (**C) 77.23 ppm; CD30D, (*H) 3.31 ppm, & (**C) 49.15 ppm) were

used for calibration.

Column chromatography: Merck or Spectrochem silica gel 60-120 or neutral alumina (Merck or
Fischer Scientific) under gravity. After purifications the solvent was usually removed in Biichi R-

114V rotavapour.

MS (ESI or APCI-HRMS): Mass spectra were recorded on an Agilent Accurate-Mass Q-TOF
LC/MS 6520, and peaks are given in m/z (% of basis peak).

X-RD: X-ray crystallographic data were collected using a Bruker SMART APEX-II CCD
diffractometer, equipped with a fine focus 1.75 kW sealed tube Mo—Ko. radiation (1 = 0.71073 A)
at 296(2) K, with increasing w (width of 0.3° per frame) at a scan speed of 3 s/frame. Structures
were solved by direct methods using SHELXS-97 and refined with full matrix least squares on F2
using SHELXL-97.
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Abstract

The contents of this thesis entitled “Organocatalytic Asymmetric Michael and Cyclization
reactions Involving electron Deficient Olefins” have been divided into five chapters based on
the results of experimental works performed during the complete course of the PhD research
period.

Chapter 1 of the dissertation demonstrates a brief review of organocatalytic Michael and
cyclization reactions. Cinchona derived catalysts were highlighted in this context, since these
catalysts were primarily utilized in the works presented in this thesis.

Chapter 2 of the thesis documents the asymmetric Michael addition reaction between a-
branched enones and nitroolefins. 1-Acetylcyclohexene, 1-acetylcyclopentene and 1-
acetylcyclobutene have been used in the enantioselective organocatalytic Michael addition
reactions to nitroolefins. The enantioselectivity of the products are good to moderate and
the nitroolefin scope is broad. The utility of the method has been shown by converting to
bicyclized compounds, for which high enantioselectivity could be attained by
recrystallization. Despite of the rigorous progress in the field of asymmetric enamine
catalysis, a-branched enones were almost not investigated and this is the first demonstration
that a-branched enones could be activated by amine catalyst for an asymmetric reaction to
a Michael acceptor.

cat (20 mol%)

o) 2-FCgH,4CO,H o : _
(20 mol%) : NH,
n toluene, 80 °C, 7d n R |
NO ) N~
n=2-4 R = Ar, Alk 2 '
15 examples cat
upto 71%

upto 86% ee

Chapter 3 of this thesis describes the catalytic asymmetric [4+2]-cycloaddition reaction of 1-
acetylcyclopentene and 1-acetylcyclohexene with electron deficient olefins having
simultaneous cyano and keto groups. Easily synthesizable cinchona alkaloid derived primary
amines were found to be the best catalysts for this reaction. The bicyclic products having four
contiguous stereogenic centres including one quaternary centre are obtained in high
diastereo- and enantioselectivities. Valuable synthetic transformations including triazole
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synthesis from the products have also been demonstrated. This chapter provides a useful
practical route for the synthesis of bicyclic fused carbocycles in a simple and efficient way.

1
1
I
1
cat. lor ll '
20 mol% )
w S G e
- + N 2-FCgH,4CO,H ! —
(20 mol%) ' NH,
n=12 1 toluene, RT, 7-10 d !
R* = Ar, HetAr, , | X N
Cinnamyl 32 examples up to 89% '
R2 = Ar F up to >20:1 dr E N cat Il

up to >99% ee

Chapter 4 of the thesis demonstrates the development of a new organocatalytic asymmetric
Tamura cycloaddition with nitroolefins. This demonstration of the reaction of a-branched
nitroolefins with homophthalic anhydrides delivers highly functionalized 1-tetralone
compounds bearing a quaternary center at the a-position. The cinchona derived chiral
squramide catalysts can be synthesized easily and using them the tetralone products were
obtained in moderate to high diastereo- and with good to excellent enantioselectivities. The
usefulness of the method has also been shown by converting the product to a
tetrahydronaphthalene derivative and to a trisubstituted tetralone moiety.

R
1 o i H N@J
R\ R3__NO, catAor B :
DER S L A
]
Z 2
o B Et,0 or PhCF3 N /o "
1_ RT,36 h )
RT=H,7-OMe R® = Ar, HetAr, Alk :
R% = Me, Et 19 examples upto 93% : o) CF3
upto 94% ee '
upto 5.5:1 dr FsC

catA, R = CH=CH, or
cat B, R = CH,CH2Ph

Chapter 5 of the thesis reveals the development of the first organocatalytic asymmetric DKR
reaction of hemithioacetals. Hemithioacetals were formed insitu via thiol addition and
subsequently underwent an intramolecular oxa-Michael reaction furnishing sulphur
containing 1,3-disubstituted-1,3-dihyroisobenzofurans. Cinchonidine derived urea was the
best catalyst for this reaction and the dihyroisobenzofuran products were formed in good
yields with high diastereo- and enantioselectivities. The scope of the reaction was quite broad
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ranging from aliphatic to aromatic substituents and the products were obtained in moderate
to good yields with high diastereo- and enantioselectivities. A few synthetic transformations
of the products were also documented in this chapter including a synthesis of
dihyroisobenzofuran, a moiety which is present in various biologically active compounds.

-
o cat: /%
O catalyst H—&N

R !
AN 1 (5 mol%) i
R
R + RZGHY =177 "R 0 | N NH
CHO Mol sieves 4A 5 i N A O)\N,Ar
"Bu,0, 0 °C R | H
R = H, 4-Me, 5-F etc. R2 = alk ' Ar = 3,5(CF3),CgH3
R! = Me. HetAr. Ar etc. 33 examples upto 88% yield
’ ’ upto 8:1 dr,

upto 98% ee

Altogether the thesis illustrates some new and efficient asymmetric methodologies based on
organocatalytic Michael and cyclization reactions resulting functionalized chiral molecules,
especially cyclic ones. The simplicity and efficacy of the presented methodologies may, on
later stage, make them applicable in asymmetric synthesis of biologically active molecules
and natural products.
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Chapter 1

Chapter 1: Introduction

1.1. Asymmetric catalysis:

The requirement of enantiopure drugs in pharmaceutical industry intrigued many chemists to
develop new methodologies for asymmetric synthesis. Induction of asymmetry by means of
catalysis (asymmetric catalysis) is undoubtedly the best among the available techniques of
asymmetric synthesis® (chiral pool synthesis and chiral auxiliary based synthesis) since it does
not require specific chiral starting material and as well delivers highest atom economy by

eliminating the stoichiometric addition and removal steps of chiral auxiliaries.
1.2. Asymmetric organocatalysis:

Enzymes? and transition metal based complexes® have been used as catalysts for asymmetric
induction for a long time. Organic molecules acting as catalysts i.e. Organocatalysis has now
become one of the principle sources of asymmetric induction in numerous reactions.* The term
“organic catalysis” was first used by Wolfgang Langenbeck in 1928,° although the first
organocatalytic reaction was reported long back by German chemist Justus von Liebig in
1859.% The first report of organocatalytic asymmetric reaction had been documented in 1912
by Bredig and Fiske.” Although many asymmetric reactions have been carried out using
organic molecules (mainly chiral bases and chiral phase transfer catalysts) in previous
millennia, the rapid journey of organocatalysis begun after the discovery of asymmetric

enamine® and iminium catalysis® in the very beginning of this millennium.

Different types of catalysts with various activation modes have been discovered over the years.

Several classes of organocatalytic systems were used in asymmetric catalysis namely enamine
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Introduction

catalysis, iminium catalysis, SOMO catalysis, phase-transfer catalysis, chiral Bregnsted acids,
hydrogen bonding donors and chiral Brensted and Lewis bases etc. The two key factors
controlling the stereochemical outcome of asymmetric organocatalysis is steric congestion and
hydrogen bonding. For most of the organocatalytic systems, hydrogen bonding plays a pivotal
role in the conformational orientations of reactants in the chiral transition state by forming
rigid three dimensional structures. Although the energy contribution of a hydrogen bond is
very less to the interactions, it not only plays decisive character in stereoselectivity but also
stabilizes the reactive intermediates like it does in enzyme catalysis.

The two main pillars of asymmetric aminocatalysis are HOMO-raising enamine activation and
LUMO-lowering iminium activation. Over time, other vinylogous activation modes like
dienamine,® cross-dienamine,'* (Figure 1) trienamine,*® cross-trienamine,*® tetraenamine,**
vinylogous iminium ion®® activations etc. have been originated from these two activation

modes.

SN N

R R

enamine cross-dienamine
2000 2002

I8

f
| 7 f ’
=

R die;g(;réine R mwgggndlon

Figure 1: Aminocatalytic activation modes
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Chapter 1

1.3. Michael Reaction:

The conjugate addition between an electron deficient olefin and a suitable donor molecule is
known as Michael reaction after its inventor Arthur Michael.*® Mild reaction conditions, high
functional group tolerance, numerous precursors as well as high conversion rates resulted the
Michael addition reaction an important organic transformation!’ and it had emerged as a very

important tool for synthesizing natural products and drug molecules.

Asymmetric enamine catalysis progressed with explosive growth since 2000 and the field is
still developing. This activation mode has successfully been applied to aldol, Michael,
Mannich, a-heterofunctionalization and other reactions.® Enamine catalytic methodology has
also been applied in performing various cascade reactions.'® A number of asymmetric total
syntheses have been achieved utilizing this mode of amine catalysis. Michael reaction has
always been a privileged reaction in this context. Numerous natural products that have been
synthesized using enamine mediated conjugate addition reactions, a few of them are given in
Figure 2,20

Biyouyanagin A, (-)-Botryodiplodin,
anti-HIV

(+)-Polyanthellin A, (-)-Bitungolide F,
antimalarial phosphatase inhibitor

Figure 2: Natural products and drugs by enamine mediated conjugated addition
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Introduction

Bifunctional catalysts having both Lewis base and hydrogenbond donor properties like urea,
thiourea and squaramides, derived from chiral amines have also been profoundly used in
asymmetric total synthesis of biologicaly active molecules (Figure 3) involving

enantioselective Michael addition step.?%

Cl

ZT

//
XN

(S)-Streptenol, (+)-Esermethole, (-)-Epibatidine,
immunostimulant anticholinessterase

Figure 3: Natural products and drugs by conjugated addition using dual acid-base catalysis

1.4. Organocatalytic asymmetric Michael reactions using Cinchona

alkaloids:

Over the years many alkaloids have been screened in different organocatalytic reactions,
aiming effective asymmetric induction but majority of them failed to achieve productive result
except the cinchona alkaloids. These alkaloids are inexpensive and the two
pseudoenantiomeric forms are readily available. Cinchona alkaloids and its derivatives have
been extensively used in organocatalytic asymmetric reactions with impressive levels of
efficiency.?? Wynberg used cinchona alkaloids as an organocatalyst in asymmetric Michael
addition for the first time.?2 The C9-OH group of cinchona alkaloids were vastly modified to
obtain improved enantioselectivity in many reactions. Cinchona alkaloid based amine, urea
and squaramide catalysts were used as key catalysts in the works that are presented in this

thesis.
1.4.1: Michael reactions using Cinchona alkaloid derived primary amines:

A very useful class of enamine and iminium catalysts were obtained by substituting the C9-
OH of the cinchona alkaloids with NH> group, simply by Mitsunobu reaction (Scheme
1.4.1.1).%3
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Chapter 1

R2 RZ
1 DIAD, DPPA, —
H NH,
N AN N
PPhg, THF, N' _
0 °C-rt

Scheme 1.4.1.1: Preparation of cinchona alkaloid primary amine catalysts

These amines in combination with suitable acid co-catalyst effectively binds with sterically
demanding substrates forming chiral enamine or iminium intermediates in the reaction medium

resulting in chiral products.?*

Ar R ArmR
,//’\T‘/K @)',;—NL)Q

\:771‘ N, H\-) \?LL‘ '}r|~|_! A/‘ Rl  HA =acid co-catalyst
E

\
Nu
enamine activation iminium activation

Figure 4: Enamine and iminium activation using cinchona primary amines

McCooey and Connon have reported the first example of asymmetric Michael reaction using
cinchona derived primary amine via enamine catalysis. Dihydroquinine derived primary amine
catalyst in combination with benzoic acid effectively catalyzed the Michael addition of
unmodified aldehydes and ketones to nitrostyrenes. Cyclic ketones and o,a-disubstituted

aldehydes and ketones were also included in their scope (Scheme 1.4.1.2).%

OMe %
N

N NH,
N~
o (10-20 mol%) o R
PhCO,H (10-20 mol%)
2 2
RlJK(R + R“/\/NOZ " NO,
R3 rt, neat R3 R2

19 examples, 56-98%,
5:1->20:1 dr, 65-99% ee

Scheme 1.4.1.2: Cinchona primary amine promoted enantioselective additions to nitroolefins
5
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Deng and co-workers found that the TFA salt of 9-amino-9-deoxyepiquininine amine catalyzes
the conjugate addition of enone with a,a-dicyanoalkene efficiently, affording the

corresponding products with excellent enantioselectivity (Scheme 1.4.1.3).%

OMe 1
N

7 NH,
N. -~ O]
NC.__CN (20 mol%) NC CN
) TFA (40 mol%) Il H R2
_— -
+ Rl/\)J\RZ Rl
THF,0°C, 96 h

51-98%, 87 to >99% ee

Scheme 1.4.1.3: Addition of dicyanoalkenes to enones

Melchiorre and co-workers reported a conjugate addition of indoles to simple «,f-unsaturated
ketones utilizing iminium activation mode to furnish the adducts with high yield and

enantiomeric excess (Scheme 1.4.1.4).%

Ph
X | | BocHN ™
\ catalytic salt — COO
TN o _ (20 molo%) _ \\ 2 OMe

Z N K\)J\ 2 0 4 N

H R R toluene, rit-70 "C NH3

24-96 h N
1 2_ | X
R* and R = Aryl, akyl 20 examples; H |
X = OMe, Cl 56-99%, 70-96% ee =N
catalytic salt

Scheme 1.4.1.4: Addition of indoles to «,f -unsaturated ketones

Later, quinidine derived Dbifunctional amine catalyzed Michael reaction of
fluorobis(phenylsulfonyl)methane with «,f-unsaturated ketones was described by Moon et al.
(Scheme 1.4.1.5).%8
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OMe 1
N

T TNH,
N~
o SO,Ph (10mol%)  pho,s soépg
+ F —
Rl/\)J\RZ so,ph  MTBE, it 5d
2 Rl * R2

8 examples;
85-93%, 86-93% ee

Scheme 1.4.1.5: Addition of fluorobis(phenylsulfonyl)methane to a,f- unsaturated ketones
1.4.2: Michael reactions using Cinchona alkaloid derived hydrogen bonding catalysts:

The usage of urea and thiourea derivatives of chiral amines by utilizing their Lewis basic
property was first documented by Takemoto and co-workers,?® although the hydrogen bond
donor property was previously elaborated by Jacobsen and co-workers.*® Cinchona alkaloids

have been used significantly as the chiral scaffold in these type of catalysts.3!

CF3

_E
)
Figure 5: H-bonding activation using cinchona alkaloid derived urea catalyst

The first cinchona alkaloid derived thiourea and urea catalysts have been used by Connon and
co-workers to promote the Michael addition reaction of dimethyl malonate to trans-g-
nitrostyrene (Scheme 1.4.2.1).32 The excellent results obtained by them triggered further

development of organocatalytic asymmetric methodologies utilizing these type of catalysts.
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(@] @] 2-5 mol%
)J\)J\ + R/\/NOZ > MeO OMe
MeO OMe toluene, 0 °C or -20 °C R NO,

12 examples, 62-99%,
75-99% ee

Scheme 1.4.2.1: Bifunctional thiourea catalyzed Michael addition

Rawal group first showed that the squaramide unit could be utilized as an effective scaffold to
build chiral H-bond donor catalysts. For the conjugate addition of 2,4-pentanedione to trans-
B-nitrostyrene (first reaction that had been studied using thiourea catalyst) the authors have
successfully obtained excellent yield and stereoselection with submillimolar loading of

cinchona alkaloid derived squaramide catalyst (Scheme 1.4.2.2).%

OMe
NQ-H
CF, ~

HN |

H
FsC 0

@) O O

0] o) 0.5 mol%
CHyCly, rt 5 NO,

21 examples, 65-99%,
1:1to >20:1 dr, 88-98% ee

Scheme 1.4.2.2: Bifunctional squaramide catalyzed Michael addition

After this discovery in 2008, a great portion of organocatalytic research has been dedicated to

chiral squaramide catalysis.®*
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Chapter 1

1.5. Organocatalytic asymmetric cyclization reaction:

A significant number of natural products and medicinally as well as biologically important
molecules contains chiral mono- and polycyclic systems. Various asymmetric cyclization
reactions has been developed and those methodologies were applied in total syntheses.
Cyclization reactions could definitively be divided into concerted (cycloaddition) and stepwise
counterparts. Among the other mediators, organocatalysis has also been evolved as powerful
tool in achieving variety of carbocycles and heterocycles in excellent level of optical purity
using cycloaddition and cyclization reactions.®® Both organocatalytic cycloaddition and
domino-cyclization reactions have been utilized in this thesis work to afford functionalized

chiral cyclic compounds.
1.5.1. Organocatalytic asymmetric cycloaddition reactions:

The largest milestone in cycloaddition reaction is undoubtedly the Diels-Alder (DA) reaction.®
It is considered as one of the most commanding, practical, and elegant synthetic approach in
organic chemistry, which exhibits plentiful applications in the total synthesis of natural
products and drugs. Asymmetric variants of this reaction have also been investigated in depth.
Before the discovery of catalytic asymmetric Diels—Alder (DA) reaction chiral auxiliaries have
been used extensively to control the stereochemical outcome of this reaction.®” Since the first
asymmetric Diels-Alder reaction, reported by Korolev and Mur in 1948, it has now crossed

the horizon of metal containing Lewis acid catalysis to organocatalytic versions.3%

Several organocatalytic methodologies for asymmetric DA reaction appeared till date using
different catalytic systems like imidazolidinone salts,®® diarylprolinol silyl ether,*® chiral
hydrazines,** diamines,*? (by iminium activation) secondary amines,*® primary amines* (by
dienamine activation) tertiary amine urea and thiourea® (bifunctional acid-base activations)

etc.

The first asymmetric organocatalytic Diels-Alder reaction was reported by MacMillan and co-
workers in 2000 by using iminium activation.>® They found that their imidazolidinone
organocatalyst could effectively promote the asymmetric Diels—Alder reaction of «,f-

unsaturated aldehyde and 1,3-cyclopentadiene providing the cycloadducts in very good yield

9
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and with excellent enantioselectivities (Scheme 1.5.1.1). Dienes other than 1,3-
cyclopentadiene have also been successfully employed by the authors in this reaction and

excellent endo:exo selectivity and enantioselectivity was obtained.

O 7/
e
N v
ph H Me e
(10 mol%)
R/\/CHO+ D i\ A R + CHO
MeOH-H,0 I I

endo exo

5 examples,75-99%, 1:1-1.3:1 endo:exo,
90-99% ee for endo, 86-93% ee for exo

Scheme 1.5.1.1: First asymmetric organocatalytic Diels-Alder reaction (iminium activation)

The field of asymmetric Diels-Alder reaction using cinchona derived primary amines was
pioneered by Melchiorre and co-workers.* They have activated acyclic enones towards Diels-
Alder reaction by an enamine-iminium double Michael pathway using these amine catalysts.
The authors have found that the chiral primary amine catalyst derived from natural cinchona
alkaloids effectively catalyzes the cycloaddition reaction between acyclic enone and trans-4-
nitrostyrene forming functionalized cyclohexane derivatives with three contiguous stereogenic
centers (Scheme 1.5.1.2).442

OMe

o (20 mol%) o)
R2 3 2-F-CgH,COOH (30 mol%) \R?
R~
| + \/\N02 - .
1 toluene, 40 °C, 24-48 h =31 - R3
i NO,

11 examples, 40-92%,
2:1->19:1 dr, 88-99% ee

Scheme 1.5.1.2: Asymmetric Diels-Alder reaction by dienamine activation
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Bifunctional hydrogen bond donor catalysts have also been found to promote asymmetric
Diels—Alder reaction quite effectively.*® Cinchona alkaloid derived thiourea catalyzed
asymmetric Diels—Alder reaction between 3-vinylindoles and maleimides has been developed
by Ricci et al., furnishing tetrahydrocarbazole derivatives (Scheme 1.5.1.3). The reaction was

also carried out with quinones as dienophiles and excellent results were obtained for that case

also.**
CFs3
> . R® 3
R3L (20 mol%) RZ R
OMe H
RL R? 7 0 RL / °
A . 38 CH,Cl,, -55°C, 48 h
N / > N N-gs
5 o . TFAA )§H HO
o)

9 examples, 72-91%,
52-98% ee

Scheme 1.5.1.3: Asymmetric Diels-Alder reaction by acid-base activation

The other predominant organocatalytic cycloaddition reaction is [3+2] cycloadditions but
examples on formal [2+1], [2+2], [3+2], and [3+3] cycloadditions were also available in

literature.*®

In this context, the organocatalytic asymmetric [3+2] cycloaddition reaction between y-
hydroxy enone and aldehydes/ketones has been reported by Seijiro Matsubara and co-workers.
Using cinchona-alkaloid based bifunctional thiourea catalyst the 1,3-dioxolane products were
obtained by the authors with moderate diastereoselectivities and good to excellent

enantioselectivities (Scheme 1.5.1.4).%7
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CPME, 25°C, 24 h

M _~_oH RlJJ\RZ 10 mol % Mo o) QA\
R + R - R)J\/\/O

14 example, 4-95%,
1.2:1-4.7:1 dr, 62-98% ee

Scheme 1.5.1.4: Bifunctional thiourea catalyzed [3+2] cycloaddition reaction

Organocatalytic asymmetric cycloaddition reactions with enolizable anhydrides have also been
well documented in literature, after its first development in 2012 by Connon and co-workers
(Scetion 4.2.2).

1.5.2. Organocatalytic asymmetric domino cyclizations:

The stepwise organocatalytic cyclization reactions mainly governed by cascade or domino
reactions. Over the last decade, organocatalytic domino reactions*® have been found to be a
powerful tool for the synthesis of organic compounds with varied structural frameworks,
specially cyclic derivatives having multiple stereocentres. These processes are atom-
economical and avoid time, energy and isolation of intermediates and also significant from the
green and sustainable chemistry viewpoint. There are wide variety of Michael based domino
cyclization reactions. These tandem reactions can be initiated by first a Michael addition step
followed by a different reaction to form a cyclic product or can be a domino Michael-Michael
reaction resulting a carbocycle or it can be initiated by well-known reaction like aldol, Mannich
or an acetal formation etc. followed by a Michael addition step to form a heterocycle.

These domino one pot reactions, although generally involve one catalyst, could also be
catalyzed by multi catalysts (generally not more than two). In this context achiral bases have
also been employed for the cyclization of initially formed acyclic chiral adduct (Section 2.7.4).

12

TH-1722_11612244



Chapter 1

1.5.2.1. Cascades start with Michael:

A vast array of cascade reactions have been reported since the last decade which were initiated
by Michael addition. Michael/Aldol, Michael/Henry, Michael/Michael, Michael/Alkylation,
Michael/Morita—Baylis—Hillman, Michael/Knoevenagel, Michael/Wittig, Michael/Cycli-

zation, Michael/Mannich cascades were widely known in literature.*®

The reactivity of nitroolefins towards Michael reaction made domino Michael/Henry reaction
a thoroughly studied cascade reaction in organocatalysis. Zhong and co-workers have reported
a domino Michael/Henry reaction between diketoesters and nitroolefins catalyzed by cinchona
alkaloid derivatives. The reaction furnished functionalized cyclohexanes and cyclopentanes

having four stereogenic centers with excellent selectivity (Scheme 1.5.2.1).%°

OMe

MeOoC™ ‘Co,R?

R?0,C
(15 mol%)
e} Etzo, rt
13 examples, 85-94%

Rl/\/NOZ i 4:1->20:1 dr, 97-99% ee

4
R302C]/i\er4 HO_B NO,
B
0 g toluene, 4 °C v"’Rl

MeOC” co,R3

15 examples, 90-95%
>20:1 dr, 88-96% ee

Scheme 1.5.2.1: Primary amine catalyzed domino Michael/Henry reaction
1.5.2.2. Michael-Michael cascade:

Organocatalytic asymmetric Michael-Michael cascade has widely been used for the synthesis
of chiral cyclic molecules.>® Wang and co-workers have reported a double Michael cyclization
reaction between methyleneindolinones and a,B-unsaturated ketones to furnish

spiro[cyclohexane-1,3’-indoline]-2’3- dione moiety with three contigious stereogenic center.
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Excellent selectivity has been achieved by them using the synergistic combination of

quinidine-based primary amine and BINOL derived phosphoric acid (Scheme 1.5.2.2).%*

OMe
NH,
i
NG NZ (20 molow)
N
/ c (R)-BINOL-phosphoric
A ] acid (40 mol%)
Ri— o
AN ¥ Ar/\)J\
N DCE, 100 °C

1.0-4.7 hr

8 examples, 80-99% yield
>20:1 dr, 95 to >99% ee

Scheme 1.5.2.2: Double Michael addition of isatylidene malononitriles with a,f-unsaturated ketones.
1.5.2.3. Cascades with Michael reaction in last or intermediate step:

Cyclization could also be attained using Michael reaction as the last step or an intermediate
step in double or triple cascade reactions.> Indane diamine based thiourea catalyst has been
utilized in Mannich/Michael cascade reaction of malononitrile with dielectrophiles containing
imine and enone moieties by Wang et al. Resulting tetranydroquinoline moieties were formed
with excellent level of diastereo- and enantioselectivity. In this reaction malononitrile acted as
a dual nucleophile in the initial fast Mannich reaction followed by a relatively slow Michael
addition step (Scheme 1.5.2.3).5

CF3
o N~ N CF
N H H
R! $
0
0 N - (10 mol%)
Ry _ * NC” "CN —

ZS SN OR2 xylenes, rt, 4A MS

16 examples, 88-97%,
>20:1 dr, 92-99% ee

Scheme 1.5.2.3: Bifunctional thiourea catalyzed domino Mannich/Michael reaction
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Organocatalytic asymmetric Michael addition of 1-acetylcyclohexene and 1-acetylcyclopentene to nitroolefins

Chapter 2: Organocatalytic asymmetric Michael addition of 1-

acetylcyclohexene and 1-acetylcyclopentene to nitroolefins

2.1. Introduction:

Michael donors containing two geminal electron withdrawing groups generate stabilized
enolates quite easily before reacting with Michael acceptors. Less reactive substrates like
simple ketones and aldehydes usually act as better Michael donors after converting to their
enamines. Stork and co-workers first used secondary amines in stoichiometric amounts with
ketones under dehydration conditions to form enamines and the preformed enamines were
reacted with electron deficient olefins to furnish a-substituted carbonyl compounds.?
Preformed enamine chemistry has been utilized to synthesize a library of compounds
asymmetrically as well as non-asymmetrically.? Yamada et al. first reported the asymmetric
Michael reaction using preformed enamines.® Afterwards, Seebach and co-workers extended
this scope using various Michael donors and acceptors.* The catalytic version of the enamine
chemistry using chiral amines has become one of the prime tool for asymmetric Michael

reaction.
2.2. Mechanism of enamine mediated catalytic Michael addition reaction:

In these reactions, carbonyl group containing alpha-hydrogen reacted with amine to produce
enamine via formation of iminium ion intermediate. Addition of enamine to Michael acceptor
resulted in the formation of iminium adduct. Hydrolysis of this charged species furnished the

carbonyl adduct with the regeneration of the amine (Scheme 2.2).
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Scheme 2.2: Enamine catalysis in Michael reaction

2.3. Michael addition reactions to nitroolefins:

Nitroolefins are undoubtedly the most widely used Michael acceptors due to the ready
availability and high reactivity.> The resultant y-nitrocarbonyl adducts can also be converted
to useful compounds by Nef reaction,® nucleophilic displacement,” reduction to an amino
group,® Meyer reaction,® and conversion into a nitrile oxide.® Before 2000, asymmetric
Michael reactions with nitroolefins using auxiliary control were well known.!! After the
reinvention of asymmetric organocatalysis by List and Barbas'? the focus shifted towards
organocatalysis and many reports of asymmetric Michael reactions with nitroolefins using

organocatalysts have been documented since then.
2.3.1. Using proline and its derivatives:

In 2001, List and co-workers reported the first organocatalytic asymmetric intermolecular
Michael addition of ketones to nitro-olefins with proline (Scheme 2.3.1).2 The
enantioselectivity was moderate for the reaction between trans-g-nitrostyrene and
cyclohexanone. Shortly after, Enders reported a better enantiomeric excess value for this
reaction using methanol as solvent instead of DMSO.* This work also demonstrated the effect

of solvent on enantiocontrol (Scheme 2.3.1).
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0 Proline o F:’h
Ph. = (15 mol%) ~ NO
el Tor

List; DMSO: 94%, 90% de, 23% ee
Enders; MeOH: 99%, 97% de, 47% ee

Scheme 2.3.1: Asymmetric Michael addition of ketones to nitroolefins using proline

Till date, a large variety of L-proline derived catalysts were employed in the Michael reaction

between ketones and nitroolefins in order to enhance the enantioselection.®
2.3.2. Using cinchona alkaloid derived primary amines:

After the first report by McCooey and Connon (Scheme 1.4.1.2)%° several reports have been
published using nitrostyrenes as Michael acceptor with divergent Michael donors using

cinchona alkaloids.’

A vinylogous Michael reaction of simple and unmodified g-alkyl-substituted enones with nitro
alkenes has been reported by Melchiorre and co-workers. Quinine-derived primary amine
having a 6’-hydroxy substitution, in combination with 2-fluorobenzoic acid or salicylic acid
was found to be the best catalyst for this reaction furnishing p-Nitroalkyl substituted
cyclohexenones containing two contiguous stereogenic centres with good diastereoselectivity

and excellent enantioselectivity (Scheme 2.3.2).

OH 1
N

T UNH,
N~
0 (20 mol%)

+ Rz/\/NOZ

2-F-CgH,CO,H (30 mol%)
or
2-OH-CgH4CO,H (40 mol%) 14 examples, 50-90%,
toluene, rt, 48 h 2:1-13.5:1 dr, 85-95% ee

Rl

Scheme 2.3.2: Vinylogous Michael reaction using cinchona alkaloid derived primary amine
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2.3.3. Using primary amine thiourea catalysts:

Primary amine thiourea catalysts have also been enormously employed in Michael reaction
with nitroolefins.'® Trans-1,2-1,2-diphenylethane-1,2-diamine derived thiourea catalyst has
been used by Tsogoeva and co-workers in the Michael reaction between ketones and
nitroolefins. The primary amine moiety of the catalyst forms enamine with ketone and thiourea
moiety forms hydrogen bonds with the oxygen atoms of the nitro group and thereby acts as a
bifunctional catalyst (Scheme 2.3.3.1).18®

Ph Ph

/s
HN  HN—
HN

(15 mol%) O
0 O Ar

lek/Rz r Ar\/\Noz le/?\/NOZ

H20 (2 equiv.), Y
AcOH (15 mol%) R2

toluene, rt
7 examples, 82-99%,
4:1->20:1 dr, 90->99% ee

Scheme 2.3.3.1: Michael addition using chiral cyclohexane-1,2-diamine-thiourea

The desymmetrization of prochiral 3-substituted cyclobutanones through organocatalyzed
Michael addition to nitroalkenes has been established by Capitta and co-workers. 2-alkyl-3-
aryl(alkyl) cyclobutanones with three contiguous stereogenic centers were synthesized with
moderate to good diastereoselectivity and high enantioselectivity using thiourea catalyst
derived from 1,2-diamino cyclohexane and tert-Leucine (Scheme 2.3.3.2).1°

» |
Q\NLNINNW .
0 N, 7" 0 i

h ¥ RZV/\NQ (10 moi%) R \R?
2 0
Rl PhMe, 25 °C, 96 h O,N

10 examples, 16-93%,
3:1-9:1dr, 81-90% ee

Scheme 2.3.3.2: Desymmetrization of 3-substituted cyclobutanones by addition to nitroolefins
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2.3.4. Using tertiary amine thiourea and squaramide catalysts:

Tertiary amine thiourea (bifunctional organocatalysts) were extensively used in Michael
addition reaction with nitroolefins.?® The combination of amines derived from cinchona
alkaloids with the thiourea moiety produced a number of useful organocatalysts.?! For
example, Corbett et al. has used this type of catalyst in the Michael addition of trifluoromethyl
ketones to nitroolefins (Scheme 2.3.4.1).22

CF3
X N

X
- “NTON CF3
Nt N
+ RZ\/\NO E C)H/\/NOZ
F‘Q,CJ\/Rl 2 toluene, 3AMS, $ R
0°C,1-3d L

20 examples, 42-99%,
6:1-20:1 dr, 73-95% ee

Scheme 2.3.4.1: Tertiary amine thiourea catalyzed addition of trifluoromethyl ketones to nitroalkenes

Chiral bifunctional squaramides have been proven to be privileged catalysts for the Michael

&3
F

reaction with nitroolefins.23

(0]

O

1)
,,/H .
%N H

Ar
C AcO

Q (2 mol%) 3 NO,

1 8 Ar\/\ CH2C|2, 0 OC, 12 h Arl_N =

Ar _N\ _ N02 N —
N CO,Et N COEt

n 2) AcCl, NEt; n
0°C, 15 min
n=0,1

21 examples, 83-96%, 85-98% ee

Reductive ring

closing
Aco A%
Arl=N_ NH
N
n-o

Scheme 2.3.4.2: Michael addition to nitroalkenes catalyzed by squaramide
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Shen and co-workers successfully applied chiral bifunctional squaramides in Michael addition
reactions of donor-acceptor pyrazolones having an ester functionality with nitroolefins
followed by one-pot reductive ring closing to synthesize biologically important chiral
pyrazolones with seven-membered lactam frameworks in good yields with excellent

enantioselectivities (Scheme 2.3.4.2).%4
2.3.5. Using guanidine-sulfonamide catalyst:

A triple cascade Michael/Michael/Henry process was reported using guanidine-sulfonamide
catalyst. Here, the Brgnsted base moiety of the catalyst promoted the deprotonation of a-keto
esters and the hydrogen bonding site of the catalyst binds with the two A-nitrostyrene
derivatives to form hexa-substituted cyclohexane derivatives having a quaternary stereocenter,
in good yields and enantiocontrol (Scheme 2.3.5).%°

Ph  Ph
0 ~ /1
NH HN-S=O
NCy

NHCy - -

O (10 mol%) R
t
R\)H(OIBU + Ar\/\NO _ C02 Bu
2
THF, 4A MS, Ar B

9 0°C,0.5h NO,

AI'V/\NO2

8 examples, 74-99%,
20:1 dr, 88-90% ee

Scheme 2.3.5: Michael/Michael/Henry Sequence with nitroolefins using guanidine-sulfonamide

catalyst
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2.4. Organocatalytic asymmetric Michael reaction of a-branched enones:

Unactivated a-branched ketones were very challenging substrates in aminocatalysis because
of their inability to form enamine/iminium intermediates due to steric hindrance. Eventually,
secondary amines were unable to bind effectively with these kind of substrates, resulting in
low enantiomeric ratio of the forming adducts.?® Luckily, the installation of enantiocontrol in
the reaction with these challenging a-branched ketones and enones could be achieved by
reintroduction of primary amine catalysts. There are two possible ways by which primary
amines catalyze the asymmetric Michael reaction: 1) Iminium activation and 2) Enamine

activation.
2.4.1. Michael reaction of a-branched a,#-unsaturated ketones using iminium activation:

Cheng and co-workers showed that catalyst having primary and tertiary amine moieties can be
used as effective promoters in the reactions of a-branched vinyl ketones. Satisfactory result
has been obtained using acid additive such as 2-napthoic acid in the conjugate addition of
indols with a-branched vinyl ketones. Both aliphatic and aromatic vinyl ketones were equally

active in terms of yield and enantiocontrol (Scheme 2.4.1.1).%"

Ph__ .\NH

RN E
l TfO
9] Ph™ “NH,
1
R-C TN . R%RZ (10 mol%)
Z N
N PhCI (0.5 M)

2-napthoic acid (10 mol%)

33 examples, 72-96%,
73-94% ee

Scheme 2.4.1.1: Primary amine catalyzed addition to a-substituted vinyl ketones

Fu et al. reported an enantioselective Michael addition-protonation reaction of 2-substituted
malononitriles to a-branched vinyl ketones using phenyl alanine derived primary amine as an
organocatalyst. The Michael adducts were obtained with high yield and good to excellent

enantiomeric ratios (Scheme 2.4.1.2).%
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o (10 mol %) 0
R N
YC R2 TFOH (10 mol%) ) R
+ R!? » R

> CN
CFsCO,H,50°C, 48-906h ~ HNC

24 examples, 79-97%,
80 to >99% ee

Scheme 2.4.1.2: Primary amine catalyzed addition of malononitrile to a-substituted vinyl ketone

An interesting enantioselective diastereodivergent sulfa-Michael addition to a-branched
enones was reported by Melchorrie and co-workers.?® The authors found that upon changing
the acid co-catalyst from a small achiral benzoic acid to large chiral phosphoric acid, the
catalyst conformationally changes to furnish the different diastereomers of the Michael adduct.
Though for the syn-adduct, the enantioselectivity is moderate to good and for the anti-isomer,

the enantiomeric excess values of the products were excellent (Scheme 2.4.1.3).

OH
NH,
| X N
N
o 4 (20 mol%) 1~
2FCgH,CO,H (40mol%) R* S O
Rl/\)kRg R4/\SH RlMRs syn
R2 CHCl3, 25°C, 60 h R2
12 examples, 40-79%
3.5:1-9.3:1 dr (syn)
61-90% ee
OH
NH%
o L
N~
o (Lomol) O\P/\OH
(S)-PA or DPP (10-15 mol%) R* S O _ o o
Rl/\)J\R3 R4/\SH Rl/\)kRg anti OO
R2 acetone, 40 °C, 60 h

16 examples, 35-77%
1.8:1-7.2:1 dr (anti)
92-99% ee

Scheme 2.4.1.3: Diastereodivergent asymmetric sulfa-Michael additions of a-branched enones
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2.4.2. Michael reaction of e-branched a,f-unsaturated ketones using enamine activation:

However, Michael reaction of a-branched enones using enamine catalysis has rarely been
known in literature. Jacobsen and co-workers synthesized indolo- and benzoquinolizidine
compounds with moderate to high diastereomeric ratios and excellent enantiomeric excess via

formal aza-Diels-Alder reaction of enones with cyclic imines using primary amine thiourea

catalyst (Scheme 2.4.2).%°
e
N\H/\N)J\N\“
ph o 1 H

NH,

(5 mol%)
R4 _R® AcOH (5 mol%)
R% N |
/)
N - Me\ﬂ;[R3 toluene, 4°C, 1 h
R? N 0
Ts

17 examples, 50->99%,
4.2:1->19:1 dr, 92 to >99% ee

Scheme 2.4.2: Enantioselective formal aza-Diels-Alder reactions of enones with cyclic imines
2.5. Double Michael reaction of enones:

2.5.1. Domino cyclization:

Simple enones have been activated by amine catalysts to generate dienamine® and have been
utilized for a variety of enamine-iminium cascade reactions.®> Melchiorre and co-workers
pioneered using primary amine catalysts for the activation of acyclic enones towards a
enamine—iminium tandem sequence.®* They found that chiral primary amine catalyst derived
from natural cinchona alkaloids effectively catalyzes the formal cycloaddition by double-
Michael reaction between acyclic enone and trans-g-nitrostyrene forming functionalized
cyclohexane derivatives with three contiguous stereogenic centers (Scheme 2.5.1).
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OMe

(20 mol%)
"2 - 2-F-CgH,CO,H (30 mol%) AR?
=
| + \/\NOZ 5 .
toluene, 40 °C, 24-48 h RIY ™ R3

11 examples, 40-92%,
2:1->19:1 dr, 88-99% ee

Scheme 2.5.1: Double Michael cyclization of linear enones with nitroolefins
2.5.2. Base catalysed cyclization of chiral single Michael adducts:

There were several reports on synthesis of functionalized carbocycles by an initial Michael
addition, catalyzed by chiral catalyst followed by second Michael addition catalyzed by achiral
base.*® Takemoto and co-workers first investigated the double Michael reactions of y,d-
unsaturated-g-ketoesters to nitrostyrenes using this methodology (Scheme 2.5.2).3%2 The one
pot reaction involved asymmetric Michael reaction using Takemoto catalyst followed by
1,1,3,3-tetramethyl guanidine (TMG) catalyzed intramolecular Michael reaction. High yields

of the cyclized products were obtained with good to excellent diastereomeric ratio and

0 0 H O

0
CF3 T™MG
10 mol%) J\ N
+ ph _CFs (10 moive)_
R/\/ﬁ\/loa v\Noz R OEtf ———— > OEt

toluene, rt MeCN, 0 °C R “

enantiomeric excess.

Ph
NO, NO,

4 examples, 63-87%,
4:1->99:1 dr, 85-92% ee

Scheme 2.5.2: Thiourea/TMG-catalyzed enantioselective double Michael reaction of y,d-unsaturated-

[-ketoesters to nitroalkene
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The similar concept has been used by Enders and co-workers to furnish functionalized
cyclohexane and spiropyrazolone derivatives moiety using one pot Michael-Michael-1,2-

addition sequences.36¢
2.6. Aim of this work:

The aim of this work is to apply a-branched enones in enamine mediated Michael reaction and
to find a way to perform asymmetric double Michael reaction of a-branched enones using

enamine- iminium tandem catalytic sequence as a tool.
2.7. Result and discussion:

Initially, enones 1 and 2 were synthesized (Figure 1) and tried to react with trans-f-
nitrostyrene. Unfortunately, these enones remained unreacted under various reaction
conditions. Some product formation was observed only when 1-acetylcyclohexene 3a was
used. Inspired by this, 1-acetylcyclohexene and trans-/-nitrostyrene were chosen as the model
substrates in the Michael reaction. Compound 3a has been previously utilized for tandem
cyclization reactions with imines and nitroolefins®® and recently in the synthesis of

cyclopentenone derivatives.®* Surprisingly, no chiral transformation has been reported using

it.%
(@] 0 0
E)J\ Ph/ﬁ})& O)J\
Ph
1 2 3a

Figure 1: various synthesized enones
2.7.1. Optimization Studies:
2.7.1.1. Optimization of catalysts:

Initially, primary amine-thiourea |1 was used as a catalyst for the reaction of 3a with
nitrostyrene (4a) using toluene as the solvent and 2-fluorobenzoic acid as a co-catalyst as it
has been an effective co-catalyst for double Michael reactions. At room temperature, a slight

formation of the new spot was observed. After stirring at 80 °C for seven days, the single
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Michael addition product 5a was formed in poor enantioselectivities and no cyclized product
was formed (Table 1, entry 1). For primary amine-thiourea 11, the enantioselectivity was
similar to that obtained with catalyst |1 with lesser yield. Primary amine- squaramide catalyst
11 was also not suitable for this reaction giving the product in poor yield. Then, 9-amino-9-
deoxy-epi-cinchona alkaloid catalysts (IV-VII) were employed in the reaction and to our
delight, these catalysts were found to be effective for our reaction. Quinidine derived primary
amine 1V furnished the single addition product with 35% yield and 70% ee whereas with
quinine derived amine V, both yield and enantioselectivity were decreased. Similar results
were observed using cinchonine derived amine VI. Finally, the epi-cinchonidine amine VII
emerged as the better catalyst providing the product with 75% ee. Further, to improve the
results, demethylation of 6'-OMe group of quinine derived amine was done but unfortunately
9-amino-6'-hydroxy-epi-cinchonidine catalyst V111 failed to increase the enantioselectivity as
well as the yield of the reaction. Thus, catalyst V11 was found to be the best catalyst for this

reaction.

Table 1: Catalyst optimization

CF3

CF3
Ve S ¥el
, Ph -
//N)J\N CF3 ﬁ/\N N CF3
H H NH H H
NH2 | 2 I
CFj
o) 0 i
; H ‘N CF,4
H
NH; 1
R? R2
NH, NHQJ
N
N
P A I A
_N N_ =~
IV: Rl = OMe V: RZ= OMe
VI:R1=H VI:R?=H
VIII: R2 = OH
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catalyst (20 mol%)

0 2-FCgH,CO,H Q
(20 mol%)
f N >
toluene (0.625 M) Ph
3a 4a 80 °C, 7d %2 No,
entry? catalyst yield® (%0) ee® (%)
1 I 30 4
2 11 20 5
3 i <10 nd
4 v 35 -70
5 Vv 30 68
6 VI 40 -70
7 Vil 55 75
8 VIl 52 71

®Reactions were carried out in 0.16 mL toluene with 0.12 mmol of 3a and 0.1 mmol of 4a in the
presence of 20 mol% catalyst and 20 mol% 2-fluorobenzoic acid. Isolated yield after silica gel column
chromatography. “Determined by chiral phase HPLC analysis. nd = not determined

2.7.1.2. Optimization of acid co-catalyst:

The next phase of the screening process involved using different acid additives for the reaction.
It was found earlier that the acidity of the additive might play a role to improve the yield as
well as enantioselectivity of the reaction and thus different acid co-catalysts were screened
with catalyst VI1. Highly acidic 2,4,5-trifluorobenzoic acid provided poor yield of the reaction
with moderate enantioselectivity (entry 2, Table 2). Similar enantioselectivity was also
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achieved with 2-nitrobenzoic acid (entry 3). The yield and enantioselectivity did not increase
much with 2-bromobenzoic acid (entry 4). Interestingly, 2-methoxybenzoic acid afforded a
higher enantioselectivity for the product but with poor yield (entry 5). Camphorsulfonic acid
and propionic acid were not suitable co-catalysts for our reaction (entries 6 and 7 respectively).
Thus, 2-fluorobenzoic acid was the acid additive of choice. Increasing the mol% of acid
additive also could not improve the result (entry 8).

Table 2 Screening of acid-additive:

VII (20 mol%)

o) acid additive o
(20 mol%o)
+ Ph/\/ NO, — 5
toluene (0.625 M) Ph
3a 4a 80 °C, 7d 58 No,
entry acid-additive yield? (%) ee’ (%)
1 2-fluorobenzoic acid 55 75
2 2,4 5-triflurobenzoic acid 20 63
3 3-nitrobenzoic acid 30 64
4 2-bromobenzoic acid 35 64
5 3-methoxybenzoic acid 20 77
6 camphorsulfonic acid <10 nd
7 propionic acid <10 nd
gd 2-fluorobenzoic acid 56 73

®Reactions were carried out in 0.16 mL toluene with 0.12 mmol of 3a and 0.1 mmol of 4a in the
presence of 20 mol% V11 and 20 mol% acid. "Isolated yield after silica gel column chromatography.

“Determined by chiral phase HPLC analysis. nd = not determined. 30 mol% acid-additive was used.
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2.7.3. Substrate scope:

With the optimized conditions in hand, the substrate scope for this reaction was started. 1-
Acetyl substituted cyclohexene, cyclopentene and cyclobutene were screened in combination

of different nitroolefins.
2.7.3.1. Scope with 1-acetylcyclohexene (3a):

Initially, different aromatic nitroolefins were synthesized and reacted with 3a. The products
were obtained in good yields with varying enantioselectivities (Table 3, entries 1-6).
Substituted benzaldehyde derived nitroolefins having electron-donating or electron-
withdrawing substitution at 4-position on the aromatic ring were employed and they
demonstrated similar reactivity and comparable enantioselectivities were attained (entries 2-
3). Surprisingly, 2-substitution on phenyl group showed higher reactivity but the
enantioselectivity remained same (entry 4). 2,5-disubstituted nitroolefin 4e afforded product
5ae in similar enantioselectivity (entry 5). Higher yield was obtained with 1-naphthyl
substituted nitroolefin (4f) and moderate enantioselectivity was observed (entry 6).
Heteroaromatic nitroolefin also reacted well under the optimized reaction condition with
similar enantioselectivity (entry 7).

Table 3: Substrate scope with 1-acetylcyclohexene

VIl (20 mol%)

o) 2-FCgH4COH I

(20 mol%)
b, R/\/NOZ - 5
toluene (0.625 M) R
3a 4ar] 80 °C.7d 5aa-5a; NO2
yieldP
entry? R 5 ee® (%)
(%)
o

1 Ph ‘ 55 75
5aa NO-> O
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4-FCgHg4

4-OMeCeH4

2-MeCgH4

2,5-(OMe)2CsH3

1-naphthyl

2-furyl

iso-butyl

5af

5ag

NO2

NO,

\O

%

5ah

35

NO,

47

52

72

53

74

63

35

54

54
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60
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62
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0
9 tert-butyl 37 73
NO
5ai -
0
10 c-hexyl 37 72
NO»
5aj

®Reactions were carried out in 0.4 ml toluene with 0.3 mmol of 3a and 0.25 mmol of 4 in the presence
of 20 mol% VII and 20 mol% 2-fluorobenzoic acid. Plsolated yield after silica gel column
chromatography. “Determined by chiral phase HPLC analysis.

Interestingly, aliphatic nitroolefins were also found to be suitable substrates to obtain products
with higher enantioselectivities but with poor yields due to the formation of side products
(entries 8-10). The highest enantioselectivity (86% ee) was achieved with isovaleraldehyde
derived nitroolefin 4h (entry 8). Aliphatic a-branched aldehyde derived nitroolefins 4i and 4j
havig t-butyl and cyclohexyl groups respectively, exhibited similar reactivity but slightly lower

enantioselectivities were obtained (entries 9-10).
2.7.3.2. Scope with 1-acetylcyclopentene (3b) and 1-acetylcyclobutene (3c):

Further, to expand the scope on the enone side, l-acetylcyclopentene (3b) and 1-
acetylcyclobutene (3c) were also screened with different nitroolefins (Table 4, entries 1-4 and
scheme 2.7.3.2). The yields of the products with 1-acetylcyclopentene were found to be similar
to 1-acetylcyclohexene (3a); and good enantioselectivities were achieved (Table 4, entries 1-
4). Using S-nitrostyrene the product 5ba was obtained with moderate enantioselectivity (54%)
but to our delight 4-Methoxybenzaldehyde derived nitroolefin 4c provided product 5bc in 77%
enantiomeric excess (entry 2). 2-Methyl substituted nitrostyrene 4d also furnished the product
with good enantiomeric excess (entry 3). Aliphatic nitroolefin 4h was also employed and good

enantioselectivity was attained (entry 4).
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Table 4: Substrate scope with 1-acetylcyclopentene

VIl (20 mol%)

o) 2-FCgH,CO,H O
(20 mol%)
+ R/\/ NO, - 5
toluene (0.625 M) R
3b 4 80 °C, 7d 5 NO,
yield®
entry? R 5 eec (%)
(%)
o)

1 Ph ‘ I 74 54
5ba NOz

O
2 4-OMeCsH4 53 77
NO; O
5bc OMe
e 2-MeCsHa4 l 71 70

O

NO»

5bd

O

4 iso-butyl m 35 70
sah  NO2

®Reactions were carried out in 0.4 ml toluene with 0.3 mmol of 3 and 0.25 mmol of 4 in the presence
of 20 mol% VII and 20 mol% 2-fluorobenzoic acid. Plsolated yield after silica gel column

chromatography. ‘Determined by chiral phase HPLC analysis.
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Finally, 1-acetylcyclobutene (3c) was prepared and reacted with nitrostyrene (4a) to afford
product 5ca in 71% yield and 58% ee (Scheme 2.7.3.2).

VIl (20 mol%)

o) 2-FCgH,CO,H o
(20 mol%)
+ R/\/ NO .I
toluene (0.625 M)
3c 4 80 °C, 7d NO,
5ca

71% yield, 58% ee
Scheme 2.7.3.2: Reaction with 1-acetylcyclobutene

2.7.4. Base catalysed cyclization by intramolecular Michael addition of chiral single
Michael adducts:

Single Michael addition products 5 were converted to cyclized products 6 and 7 by treatment
with 1,1,3,3-tetramethylguanidine (TMG) (Scheme 2.7.4). Initially, 5aa was treated with TMG
and to our delight, two diasteromers 6a and 6b were formed in 4:1 ratio. The relative structure
of the major diastereomer 6a was unambiguously determined by X-ray crystallography®’
(Figure 2) and it was obtained in 75% ee. Pleasingly, the enantioselectivity was enhanced to
94% ee after single recrystallization. Similarly, the relative structure of the minor isomer 6b
was determined by comparison of the *H NMR with the known compound.®*¢ Similarly, 5ab,
5af and 5ag were converted to their corresponding cyclized products 6 under identical
conditions and similar results were obtained. Cyclization of 5ag afforded major diastereomer
6g in 81% overall yield with an improvement in enantioselectivity (70% ee) after

recrystallization.

Interestingly, cyclization of 5ba having cyclopentene moiety provided only single
diastereomer 7 with the enantioselectivity being retained. The relative structure of 7 was solved
by 2D NMR. However, one-pot reaction of amine catalyzed Michael reaction followed by

TMG mediated cyclization did not did not proceed at all.
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O u O 0]
TMG (1 equiv)
- . N
Ph 0°C-rt, 1d 57 Ph 35X Ph
. NO, 84 % yield Noz NOZ
aa
6a (4:1) 6b

75% ee 75% ee

94% ee after recrystallization

o} 35
TMG (1 equiv)
AT il +
Ar 0°C-it, 1d |3| T A |1| :
NO, NO, NO,
5 6

Ar = 4-FCgH,, 5ab, 54% ee; product 75% yield, dr = 3.3:1, major 6¢ 54% ee
Ar = 1-naph, 5af, 58% ee; product 67% yield, dr = 3.1:1, major 6f 56% ee

Ar = 2-furyl, 5ag, 62% ee; product 81% yield, dr = 6.7:1, major 69 70% ee after
recrystallization

o]
TMG (1 equiv)
—_—
Ph 0 °C-rt, 1d
NO, 87 % yield
5ba
54% ee

Scheme 2.7.4: TMG mediated cyclization of 5

o 1 Cl \3 NIl R)
202

| N

o
03

Figure 2: ORTEP diagram of 4-Nitro-3-phenyloctahydronaphthalen-1(2H)-one (6a):
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2.7.5. Synthetic transformation of product:

To demonstrate further application of our method, the reduction of the nitro group in 5aa was
performed with an expectation of the absolute stereochemistry determination (Scheme 2.7.5).
After several attempts, it was found that the combination of nickel chloride and sodium
borohydride could reduce the nitro group along with simultaneous reduction of enone
functionality. After derivatizing the amino group with 4-chlorophenylsulfonyl chloride,
compound 8 was obtained as the major diastereomer whose relative configuration was

determined by 2D NMR. Unfortunately, compound 8 did not crystallize under various

conditions.
O 1. NiCl,.6H,0 (1.1 equiv) OH
NaBH, (13 equiv) H =
MeOH, 0 °C-RT, 4 h [
Ph . Ph

NG 2. 4-CICgH,S0,CI (1.1 equiv)
S5aa 2 EtsN (1.1 equiv) . NHSO,CgHy-4-Cl
75% ee CH»Cl», 0 °C-RT, 12 h

50% yield,69% ee

Scheme 2.7.5: Reduction of compound 5aa

2.8. Experimental Procedures and structure determination:

2.8.1. General procedure for the asymmetric Michael reaction:

A 10 mL round bottomed flask was charged with enone 3 (0.3 mmol, 1.2 equiv), nitroolefin 4
(0.25 mmol, 1 equiv), catalyst VII (0.05 mmol, 20 mol %) and 2-fluorobenzoic acid (0.05
mmol, 20 mol %) in toluene (0.4 mL). The reaction mixture was stirred at 80 °C for 7 days.

The product 5 was purified by silica gel column chromatography (2-3% EA in hexane).
2.9.2. Preparation of racemic Michael adducts 5:

0.6 mmol (0.085 mL) of diisopropylamine was taken in a 10 mL R.B. flask and dry THF

(1 mL) was added to it (under argon atmosphere). The whole container was cooled to -78

°C and then 0.345 mL of a 1.6 M solution of n-BuLi in hexane (0.55 mol) was added to

it and the mixture was stirred for 1 min at -78 °C. Then a solution of 3 (0.5 mmol) in
40
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0.5 mL dry THF was added and the mixture was stirred for 15 min at -78 °C. Next,
nitroolefin 4 (0.6 mmol) was added as a solution in 0.5 mL dry THF. The solution was stirred
for 15 min at -78 °C and subsequently for 12 hour at 0 °C. The reaction mixture was diluted
with 1 M aqueous NH4Cl and EtOAc. The organic layer was extracted, washed with water,
brine and then dried with Na>SOs, evaporated under vacuo to get the crude product 5 which
was purified by silica gel column chromatography.

2.8.3. Procedure for the preparation of catalysts:

Catalysts 1,3 11,3 111, 1V-VII* and V11142 were prepared according to the reported

procedures.

2.8.4. Procedure for the preparation of nitroolefins:

Nitroolefins 4a-4g,*® 4h*3* and 4i-4j** were synthesized by the reported procedures.
2.8.5. Procedure for base mediated cyclization of compound 5:

1,1,3,3-Tetramethylguanidine (0.095 mmol, 1 equiv) was added to solution of 5 (0.095 mmol,
1 equiv) in dichloromethane at 0 °C. The solution is then allowed to stir for 24 hrs at room
temperature. The crude product was subjected to column chromatographic separation (3%

ethyl acetate in hexane) to obtain pure cyclized product.
2.8.6. Determination of relative configuration of cyclized product:

Comparing the structure of the product obtained in the tandem double Michael addition of
acyclic a, B-unsaturated ketone and trans- s-nitro styrene in the report published by Melchiorre
et al., it can be predicted that cyclized adduct 6 should be among the 8 diastereomers in figure
3. Structure 6a is confirmed to be the major diastereomer by X-ray crystallographic data. The
'H NMR spectra of inseparable diastereomeric mixture showed that the peaks corresponding
to CHNO> of major and minor diastereomer have same larger coupling constant and different
smaller coupling constant indicating phenyl and nitro groups of the two diastereoisomers are
in similar orientation (structure 6a4, 6a5, 6a6, 6a7 can be ruled out) and H-9 and H-1 of the

two diastereoisomers are in opposite orientation (for major diastereomer H-9 and H-1 are trans
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so for minor diastereomer H-9 and H-1 should be cis) leaving only structure 6al and 6a3 in

count. Pitacco et al. synthesized

O O O
NOZ NOZ
6a 6al 6a2 6a3
(@] (0] O (@]
7 /1,
(\\‘\ N
NO» NO» NO» NO
6a4 6a5 6a6 6a7

Figure 3

isomers 6al, 6a3, 6a5 and 6a7 by reacting preformed enamine of 1-acetyl-1-cyclohexene and
trans- f-nitrostyrene followed by hydrolysis and interconversion between isomers using
different reagents. Compairng the characterization data reported by them the structure of the

minor diastereomer was confirmed to be 6al.
2.8.7. Procedure for reduction of compound 5:

To astirring solution of compound 5 (0.15 mmols, 1 equiv.) in dry MeOH (0.2 mL) in an oven
dried 5 ml RB, NiCl2.6H20 (0.165 mmols, 1.1 equiv.) was added at 0 °C in Ar atmosphere. To
this solution NaBH4 (1.8 mmols, 12 equiv.) was added portion wise at 0 °C and the resulting
mixture was stirred at room temperature. After the completion of the reaction (4 hours), the
solvents were removed in vacuo, DCM and 1 M solution of NH4CI was added to it. Organic
layer was collected and the aqueous layer was washed twice with DCM. The organic layers
were combined and concentrated in vacuo. To the stirring solution of this crude amine in dry
DCM at 0 °C, EtsN (0.165 mmols, 1.1 equiv.) followed by 4-chloro benzene sulfonyl chloride
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(0.165 mmols, 1.1 equiv.) was added and the resulting mixture was stirred at rt for 12 hours.
The crude reaction was then directly subjected to column chromatographic separation using

10% EA in hexane eluent.
2.9. Plausible reaction mechanism:

A plausible mechanism has been shown considering the stereo induction (Scheme 2.9). It
seems that the catalyst plays a bifunctional role activating concomitantly enone and
nitroolefin.®® The enamine 3a’, generated from the amine and acid catalyst attacks the
nitroolefin from Re-face. In the enamine 3a’, the tertiary amino group is protonated and could
interact with the nitro functionality and thus assists in the stereocontrol. The configuration of

the product is most probably S considering the litatature.3?

—_
=0

O/\—
N
3a' §/2 od 2
\ e-face
attack
Ph

Scheme 2.9: Proposed mechanism

N
7\
O5N —
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BH
3a

In summary, this chapter describes chiral amine catalyzed asymmetric Michael addition
reaction between a-branched enones and nitroolefins. The enantioselectivity of the products
are good to moderate and the nitroolefin scope is broad. The utility of our method has been
shown by converting to bicyclized compounds and high enantioselectivity could be attained
by recrystallization. The a-branched enones are challenging substrates in asymmetric
organocatalysis and this is the first demonstration that a-branched enones could be activated

by enamine catalysis for an asymmetric reaction to a Michael acceptor.
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2.10. Characterization data of the compounds:

1-Cyclohexenyl-4-nitro-3-phenylbutan-1-one (5aa): Yellow thick oil (37.6 mg, 55%). ‘H
NMR (400 MHz, CDClzs): 6 7.27-7.34 (m, 2H), 7.22-7.27(m, 3H), 6.89 (s, 1H), 4.75 (dd, J =
12.4, 6.4 Hz, 1H), 4.62 (dd, J = 12.4, 8.4 Hz, 1H), 4.06-4.09 (m, 1H), 3.02-3.16(m, 2H), 2.17-
2.23 (broad doublet, 4H), 1.25-1.60 (m , 4H) ppm. 3C NMR (100 MHz, CDClz): § 198.1,
141.2, 139.7, 139.3, 129.1, 127.8, 127.6, 79.8, 40.2, 39.8, 26.3, 23.2, 22.0, 21.6 ppm. FT-IR
(KBr): 3444(s), 2925(s), 2853(w), 1713(s), 1551(s), 1377(w). HRMS (ESI*): calculated for
[C16H19NO3+H™]: 274.1438, found: 274.1434. HPLC: Chiralpak IB column. Flow rate 1
mL/min. UV detection at 214 nm. Tminor =18.53, Tmajor =20.08 using hexane: isopropanol=97:3

as eluent, ee 76%.

1-Cyclohexenyl-3-(4-fluorophenyl)-4-nitrobutan-1-one (5ab): Yellow thick oil (34.4 mg,
47%). *H NMR (400 MHz, CDCls): § 7.19-7.21 (m, 2H), 6.88-7.18 (m, 2H), 6.87 (s, 1H),
4.72 (dd,J = 12.8, 6.4 Hz,1H), 4.56 (dd, J = 12.8, 8.4 Hz,1H), 4.06-4.14 (m, 1 H), 3.04-3.08
(m, 2H), 2.15- 2.23 (broad doublet, 4H), 1.23-1.59 (m, 4H) ppm. ¥C NMR (100 MHz,
CDCls): 8 197.7, 161.0, 141.1, 139.3, 135.3, 129.3, 116.1, 79.8, 40.2, 39.0, 26.3, 23.2, 21.9,
21.5 ppm. FT-IR (KBr): 3438(m), 2859(w), 1663(s), 1552(s), 1225(m). HRMS (ESI*):
calculated for [C16H18FNO3z+H™]: 293.1343, found: 293.1347. HPLC: Chiralpak IA column.
Flow rate 1 mL/min. UV detection at 214 nm. Tmajor =16.7, Tminor = 20.3 using hexane:

isopropanol= 96:4 as eluent, ee 54%.

1-Cyclohexenyl-3-(4-methoxyphenyl)-4-nitrobutan-1-one (5ac): Yellow thick oil (39.5 mg,
52%). 'H NMR(400 MHz, CDCls): & 7.11-7.24 (m , 2H), 6.86 (s, 1H), 6.80-6.82 (m, 2H) ,
4.68 (m, 1H), 4.53 (m, 1H), 3.74-4.01 (m, 1H), 3.73 (s, 3H), 3.00 — 3.059 (m, 2H), 2.14-2.19
(broad doublet, 4H), 1.18-1.56 (m, 4H) ppm. 13C NMR (100 MHz, CDCls): & 198.1, 159.1,
141.0, 139.3, 131.4, 128.6, 114.4, 80.1, 55.4, 40.3, 39.0, 26.2, 23.1, 21.9, 21.6 ppm. FT-IR
(KBr): 3441.61(s), 2921(m), 2852(w), 1713(m), 1550(s). HRMS (ESI*): calculated for
[C17H21NO4+H™]: 304.1543, found: 304.1574. HPLC: Chiralpak IA column. Flow rate 1
mL/min. UV detection at 214 nm. Tmajor =10.1, Tminor =11.7 using hexane: isopropanol= 96:4 as
eluent, ee 54%.
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1-Cyclohexenyl-4-nitro-3-o-tolylbutan-1-one (5ad): Light yellow thick oil (51.8 mg, 72%).
IH NMR (400 MHz, CDCls):  7.1-7.22 (m, 4H), 6.87 (s, 1 H), 4.73 (m, 1H), 4.52 (m, 1H),
4.35-4.41 (m, 1H), 3.0-3.15 (m, 2H), 2.44 (s, 3 H), 2.14-2.23 (m, 4H), 1.2-1.5 (m, 4H) ppm.
13C NMR (100 MHz, CDClz): 6 197.7, 141.2, 139.4, 135.3, 129.2, 116.2, 116.0, 79.9, 40.2,
39.0, 29.9, 26.3, 22.8, 22.0, 21.6 ppm. FT-IR (KBr): 3443(s), 2925(s), 2854(w), 1660(s),
1551(s), 1377(w). HRMS (ESI*): calculated for [Ci7H21NOs+H']: 288.1594, found:
288.1613. HPLC: Chiralpak IA column. Flow rate 1 mL/min. UV detection at 214 nm.

t(major) =11.0, t(minor) =11.9 using hexane: isopropanol= 96:4 as eluent, ee 58%.

1-Cyclohexenyl-3-(2,5-dimethoxyphenyl)-4-nitrobutan-1-one (5ae): Brown thick oil (44.0
mg, 60%). *H NMR (600 MHz, CDCls): & 6.89 (s, 1H), 6.71-6.80 (m, 3H), 4.76 (apparent d,
J=6.8, 2H), 4.21 (t, J = 6.4, 1H), 3.83 (S, 3H), 3.74 (s, 3H), 3.15 (d, J = 7.2, 2H), 2.13-2.18
(broad doublet, 4H), 1.58-1.65 (m, 4H) ppm. 3C NMR (151 MHz, CDCls): & 198.5, 153.6,
151.4, 140.4, 139.2, 128.2, 115.8, 112.8, 111.9, 77.9, 55.8, 55.7, 38.3, 36.2, 26.1, 23.0, 22.6,
21.8 ppm. FT-IR (KBr): 3448(m), 2921(s), 2850(m), 1712(w), 1551(s). HRMS (ESI*):
calculated for [CisH2sNOs + H*]: 334.1649, found: 334.1693, HPLC: Chiralpak AS-H
column. Flow rate 1.2 mL/min. UV detection at 214 nm. Tmajor =21, Tminor =32 USING hexane:

isopropanol= 96:4 as eluent, ee 60%.

1-Cyclohexenyl-3-(naphthalen-1-yl)-4-nitrobutan-1-one (5af): Light brown thick oil (60.0
mg, 74%). 'H NMR (400 MHz, CDCls): §8.19 (d, J = 12, 1H), 7.88 (d, J=12, 1H), 7.78 (d,
J=6, 1H), 7.59 (t, J = 18, 1H), 7.52 (t, J = 12, 1H), 7.42 (t, J = 18, 1H), 7.35 (d, J = 6, 1H),
6.88 (s, 1H), 4.81-4.88 (m, 2H), 3.48 (9, J = 7.2, 1H), 3.25 (d, J = 6.6, 2H), 2.19-2.21 (br s,
2H), 2.15-2.18 (br s, 2H) ppm. **C NMR (100 MHz, CDCls): & 198.0, 141.1, 139.3, 135.6,
134.3,131.2, 129.3, 128.4, 127.0, 126.2, 125.4, 122.7, 79.0, 40.2, 32.1, 29.9, 26.3, 23.2, 22.0,
21.6 ppm. FT-IR (KBr): 3449(m), 2922(s), 2851(m), 1713(w), 1552(s). HRMS (ESI*):
calculated for [C2oH2:NOs+H"]: 324.1594, found: 324.1597. HPL.C: Chiralpak AS-H column.
Flow rate 1 mL/min. UV detection at 214 nm. Tmajor =21.9, Tminor = 42.7 using hexane:

isopropanol= 96:4 as eluent, ee 58%.

1-Cyclohexenyl-3-(furan-2-yl)-4-nitrobutan-1-one (5ag): Yellow thick oil (51.0 mg, 63%).
'H NMR (400 MHz, CDCls): 6 7.33 (s, 1H), 6.93 (s, 1H), 6.28 (s, 1H), 6.14 (s, 1H), 4.62-4.76
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(m, 1H), 4.07-4.23 (m, 1H), 3.03-3.20 (m, 2H), 2.17-2.27 (br d, 4H) ppm. *C NMR (100
MHz, CDCls): 6 197.6, 152.5, 142.3, 141.4, 139.3, 110.6, 107.2, 68.1, 37.7, 33.6, 26.3, 23.2,
22.0, 21.6 ppm. FT-IR (KBr): 3441(s), 2921(s), 2852(w), 1713(s), 1551(s), 1020(m). HRMS
(ESI*): Calculated for [C14H17NO4+H"]:264.1230, found: 264.1241. HPLC: Chiralpak AS-H
column. Flow rate 1 mL/min. UV detection at 214 nm. Tmajor =20, Tminor = 32 USIiNg hexane:

isopropanol = 96:4 as eluent, ee 62%.

1-Cyclohexenyl-5-methyl-3-(nitromethyl)hexan-1-one (5ah): Light yellow thick oil (22.2
mg, 35%). *H NMR (600 MHz , CDCls): §6.87 (s, 1 H), 4.78 (dd, J = 12.6, 10.2 Hz, 2H),
4.61 (dd, J=12.6, 4.2 Hz, 2H), 2.72-2.81 (m, 1H), 2.59-2.62 (d, 1H), 2.44-2.50 (m, 2H), 1.90-
2.05 (m, 2H), 1.82-1.86 (t, 1H), 1.63-1.67 (q, 4H), 1.19-1.24 (t, 2H), 0.87-0.89 (d, 6H) ppm.
13C NMR (151 MHz, CDCls):  200.8, 141.6, 139.6, 87.5, 43.3, 42.7, 26.1, 25.8, 23.3, 22.9,
22.7, 22.5, 22.0 ppm. HRMS (ESI"): Calculated for [C14H23NOs+H™]: 254.1751, found:
254.1789. FT-IR (KBr): 3443(m), 2923(m), 2852(w), 1728(s), 1613(s), 1457(m), 1289(m).
HPLC: Chiralpack IA column. Flow rate 0.7 mL/min. UV detection at 254 nm. tmajor = 34.4,
Tminor =37.9 using hexane: isopropanol= 95:5 as eluent, ee 86%.

1-Cyclohexenyl-4,4-dimethyl-3-(nitromethyl)pentan-1-one (5ai): Light yellow thick oil
(23.5 mg, 37%). *H NMR (600 MHz , CDClz): §6.91 (s, 1 H), 4.50 (dd, J = 12.6, 4.8 Hz,1H),
4.29 (dd, J =12.6, 7.2 Hz,1H), 2.77-2.83 (m, 1H), 2.62-2.70 (m, 2H), 2.29-2.21 (m, 2H), 1.62
(m, 4H), 0.94 (s, 9H) ppm.13C NMR (151 MHz, CDCls): 8 199.2, 140.1, 139.4, 88.8, 42.5,
35.9, 27.6, 27.3, 27.1, 26.3, 23.5, 22.1 ppm. FT-IR (KBr): 3442(m), 2925(s), 2856(w),
1715(m), 1552(w), 1374(w). HRMS (ESI*): Calculated for [CiaH2sNOz+H*]: 254.1751,
found: 254.1756. HPL.C: Chiralpack IA column. Flow rate 0.7 mL/min. UV detection at 254

nm. Tmajor =24.2, Tminor =38.7 using hexane: isopropanol= 95:5 as eluent, ee 73%.

1-Cyclohexenyl-3-cyclohexyl-4-nitrobutan-1-one (5aj): Light yellow thick oil (26.0 mg,
37%). 'H NMR (600 MHz , CDCls): §6.96 (s, 1H), 4.67 (dd, J = 14.4, 2.4 Hz, 1H), 4.43 (dd,
J=14.4,9 Hz, 1H), 2.66-2.68 (m, 1H), 2.20-2.27 (m, 4H), 2.00-2.04 (m, 4H), 1.62-1.65 (m,
4H), 0.94-1.23 (m, 11H) ppm. 3C NMR (151 MHz, CDCls): 5 203.8, 142.1, 141.7, 75.5,41.2,
38.6,32.1,29.9,26.7, 26.5, 25.1, 23.6, 22.9, 22.1, 21.6 ppm. FT-IR (KBr): 3437(m), 2925(m),
2853(m), 1716(w), 1551(s), 1449(w), 1376(s). HRMS (ESI*): Calculated for

[C16H2sNOs+H™]: 280.1907, found: 280.2012. HPLC: Chiralpack IA column. Flow rate 1
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mL/min. UV detection at 254 nm. Tmajor =7.2, Tminor =13.0 using hexane: isopropanol = 96:4 as

eluent, ee 72%.

1-Cyclopentenyl-4-nitro-3-phenylbutan-1-one (5ba): White thick oil (48 mg, 74%). ‘H
NMR (400 MHz , CDCls): § 7.05-7.39 (m, 5H), 6.7 (s, 1H), 4.79 (m, 1H), 4.61 (m, 1H), 4.02-
4.12 (m, 1H), 3.03-3.2 (m, 3H), 2.48-2.58 (m, 4H), 1.84-1.95 (m, 4H) ppm. 3C NMR (101
MHz, CDCls): 6 195.6, 145.6, 144.7, 139.4, 129.2, 127.6, 127.2, 79.7, 42.0, 39.6, 34.2, 30.7,
22.8 ppm. FT-IR (KBr): 3439(s), 2923(m), 2853(w), 1710(w), 1548(s), 1377(w). HRMS
(ESI™): Calculated for [C1sH17NO3z+H™]: 260.1281, found: 260.1259. HPLC: Chiralpak IA
column. Flow rate 1 mL/min. UV detection at 214 nm. Tmajor =15.4, Tminor = 19.9 using hexane:

isopropanol = 96:4 as eluent, ee 54%.

1-Cyclopentenyl-3-(4-methoxyphenyl)-4-nitrobutan-1-one (5bc): Yellow thick oil (38 mg,
53%). *H NMR (400 MHz, CDClz): § 7.14 (d, 2H), 6.85 (d, 2H), 6.73 (s, 1H), 4.72 (m, 1H),
4.56 (m, 1H), 4.00-4.05 (m, 1H), 3.77 (s, 3H), 3.03-3.15 (m, 2H), 2.49-2.55 (m, 4H), 1.89-1.92
(m, 2H). 3C NMR (100 MHz, CDCls): & 195.6, 159.2, 144.6, 142.9, 128.7, 114.9, 144.6,
80.0,55.5,42.2,39.0, 34.2, 30.8,22.9 ppm. FT-IR (KBr): 3437(m), 2922(s), 2852(w), 1737(s),
1458(m), 1275(m), 1260(m), HRMS (ESI*): Calculated for [CisH1oNOas+H']: 290.1387,
found: 290.1368. HPLC: Chiralpak IA column. Flow rate 1 mL/min. UV detection at 214 nm.

Tmajor = 20, minor = 32 USING hexane: isopropanol = 96:4 as eluent, ee 77%.

1-Cyclopentenyl-4-nitro-3-o-tolylbutan-1-one (5bd): White thick oil (48.4 mg, 71% yield).
'H NMR (600 MHz , CDCl3) 6 7.10-7.25 (m, 4H), 6.75 (s, 1H), 4.72 (dd, J = 12.6, 7.2 Hz,1H),
4.61 (dd, J = 12.6, 7.8 Hz, 1H), 4.39-4.42 (m, 1H), 3.9(m, 1H), 3.15-3.22 (m, 1H), 2.5-2.62
(m, 4H), 1.9-2.0 (m, 3H) ppm. 3C NMR (151 MHz, CDCls): 8=195.6, 145.6, 144.6, 137.7,
136.7, 131.4, 127.6, 126.1, 125.6, 79.3, 42.0, 34.2, 29.9, 22.9, 19.8 ppm. FT-IR (KBr):
3443(s), 2923(s), 2853(w), 1662(w), 1551(s), 1376(w), HRMS (ESI*): calculated for
[C16H19NOs+H™]: 274.1438, found: 274.1411. HPLC: Chiralpak AS-H column. Flow rate 1
mL/min. UV detection at 214 nm. Tmajor = 17.3, Tminor = 26.3 using hexane: isopropanol= 96:4
as eluent, ee 70%.

1-Cyclopentenyl-5-methyl-3-(nitromethyl)hexan-1-one (5bh): Light yellow thick oil (21
mg, 35%). 'H NMR (600 MHz , CDCls): § 6.70 (s, 1 H), 4.85 (m, 1H), 4.50 (m, 1H), 2.79-
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2.84 (m, 1H), 2.69-2.66 (M, 2H), 2.59-2.61 (m, 2H), 2.54-2.57 (m, 2H), 2.26-2.31 (m, 1H),
1.94-1.98 (m, 2H), 1.20 (t, J = 6.6 Hz, 2H), 0.91 (d, J = 6.6 Hz, 6H) ppm. *C NMR (150
MHz, CDCl3): 6 192.7, 155.5, 145.5, 142.4, 78.6, 43.9, 40.8, 34.5, 30.7, 25.4, 25.3, 23.3, 23.1,
22.9 ppm. FT-IR (KBr): 3448(m), 2924(m), 2854(w), 1660(s), 1551(s), 1377(w). HRMS
(ESI*): calculated for [C13H21NOs+H*]: 240.1594, found: 240.1623. HPLC: Chiralpack 1A
column. Flow rate 0.7 mL/min. UV detection at 254 nm. Tmajor = 19.6, Tminor = 27.5 using

hexane: isopropanol = 95:5 as eluent, ee 70%.

1-cyclobutenyl-4-nitro-3-phenylbutan-1-one (5ca): Yellow thick oil (36 mg, 59%). ‘H
NMR (600 MHz, CDCls) & 7.32 -7.27 (m, 5H), 7.17 (s, 1H), 4.91 (dd, J = 8, 4.8, 1H), 4.76
(dd, J=8.0, 2.0, 1H), 3.40 — 3.35 (m, 1H), 3.30-3.25 (m, 1H), 2.40 (brd, J = 17.2, 1H), 1.43
— 1.35 (m, 4H), 3C NMR (151 MHz, CDCls) § 201.5, 129.6, 129.5, 129.2, 129.0, 127.9,
127.3, 80.6, 43.1, 32.1, 31.9, 29.6, 22.9, 19.5. FT-IR (KBr): 2925(s), 2854(w), 1729(s),
1557(s), 1456(m), 1378(m). HRMS (ESI*): calculated for [C14H1sNO3s+H*]: 246.1125, found:
246.1147. HPLC: Chiralpak TA column. Flow rate 1 mL/min. UV detection at 214 nm. Tmajor
=30.7, tminor = 35.3 using hexane: isopropanol= 99:1 as eluent, ee 58%.

4-Nitro-3-phenyloctahydronaphthalen-1(2H)-one (6a + 6b = 4:1): Colorless crystalline
solid (22 mg, 84% overall yield). Melting point 166-167 °C. *H NMR (600 MHz, CDCls): §
7.18-7.37 (m, 5H), 5.33 (dd, J = 10.8, 3.6, 0.25 H, CHNO), 4.84 (apparent t, J = 10.8, 1H),
3.84 (dt, J=12.4,5.6, 0.25 H, CHPh), 3.60 (dt, J = 12.4, 5.6, 1H), 2.84-2.87 (m, 0.5 H, H10),
2.65-2.75 (m, 2H), 2.49-2.54 (m, 0.25 H, H9), 2.07-2.25 (m, 3H), 1.71-1.93 (m, 3H), 1.18-1.41
(m, 5H) ppm. 3C NMR (150 MHz, CDCls): § 206.5, 137.9, 129.4, 128.5, 127.1, 95.0, 51.3,
48.1, 46.3, 45.9, 30.3, 25.1, 24.9, 24.7 ppm. *H NMR (400 MHz, CsDs): 56.89-7.07 (m, 7H),
4.8 (dd, J =10.8, 3.6, 0.25 H, CHNO>), 4.30 (apparent t, J = 10.8, 1H), 3.52(dt, J = 12.4, 5.6,
0.25 H, CHPh), 3.20 (dt, J = 12.4, 5.6, 1H),2.33 (two psudo AB quartet, 14.8, 2H), 2.21,1.84
(two psudo AB quartet, 13.6, 0.5 H), 1.95-1.98 (d, J = 12.4, 1H), 1.73 (g, J =10.8, 1H) ppm.
FT-IR (KBr): 2933(s), 2854(m), 1721(s), 1547(s), 1456(w), 1445(w), 1364(w). HRMS
(ESI™): Calculated for [C16H1oNO3z+H™]: 274.1438, found: 274.1434. HPLC: Chiralpak IA
column. Flow rate 1 mL/min. UV detection at 254 nm. Tmajor = 18.6, Tminor = 23.1 using hexane:
isopropanol= 96:4 as eluent, ee 75%. Recrystallized using chloroform hexane as solvent in
73% yield (from 3aa). After recrystallization ee was 94 %.
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3-(4-fluorophenyl)-4-nitrooctahydronaphthalen-1(2H)-one (6c): Colourless crystalline
solid (22 mg, 81% overall yield). *H NMR (600 MHz, CDCIs) § 7.25-7.22 (m, 0.5H), 7.20-
7.17 (m, 2H), 7.04 - 7.01 (t, J =9, 2H), 5.27 (dd, J = 12.4, 4.2, 0.3H), 4.78 (t, J = 10.6, 1H),
3.86 — 3.81 (m, 0.3H), 3.61 — 3.56 (m, 1H),2.70 - 2.64 (m, 2H), 2.48 (apparent t, J = 14.4,
0.3H), 2.34 (br d, J = 12.6, 0.3H), 2.22 (dt, J = 10.8, 3.6, 1H), 2.16-2.08 (m, 2H), 1.89 — 1.86
(m, 1H), 1.83 —1.80 (m, 1H), 1.73 (br d, J = 6.6, 4H). 3C NMR (100 MHz, CDCls) § 206.2,
133.7,128.8,128.8,116.5, 116.3, 95.1, 51.3, 47.3, 46.3, 45.9, 30.28, 25.1, 24.9, 24.7 ppm. FT-
IR (KBr): 2927(s), 2852(w), 1719(s), 1561(s). HRMS (ESI*): calculated for
[C16H1sFNOs+H"]: 292.1343, found: 292.1347. HPLC: Chiralpak IA column. Flow rate 0.8
mL/min. UV detection at 214 nm. Tmajor =30.7, Tminor = 35.3 using hexane: isopropanol= 95:5

as eluent, ee 54%.

1'-nitro-2',3",4'a,5',6",7',8',8'a-octahydro-1,2'-binaphthyl-4'(1'H)-one (6e): White
crystalline solid (23 mg, 75% overall yield). *H NMR (600 MHz, CDCls) 68.15 (d, J = 8.4,
0.25 H), 8.05(d, J = 8.4, 1H), 7.86 (t, J = 8.4, 1H), 7.78 (d, J = 8.4, 1H), 7.58 - 7.52 (m, 2H),
7.52-7.48(m, 2H), 7.45 (d, J = 2.4, 0.24H), 7.43(s, 0.25H), 5.67 (dd, J = 12, 4.8, 0.25H), 5.21
(t, J =10.2, 1H), 4.81 (dt, J = 12.4, 4.8, 0.25H), 4.63 (dt, J = 13.8, 4.8, 1H), 2.87 (d, J = 5.4,
0.24H), 2.83 (dd, J = 15.0, 4.8, 1H), 2.66 (t, J = 13.8, 1H), 2.46 (t, J = 14.4, 0.25H), 2.32 -2.25
(m, 2H), 2.15 (br d, J = 13.2, 1H), 1.93 - 1.89 (m, 1H), 1.86 — 1.83 (m, 1H). **C NMR (100
MHz, CDCls): 6 206.5, 134.4, 130.0, 129.3, 128.8, 128.5, 127.1, 126.3, 125.6, 123.0, 122.9
ppm. FT-IR (KBr): 2926 (s), 2856 (w), 1708 (s), 1552(s). HRMS (ESI*): calculated for
[Co0H21NO3+H™]: 324.1594, found: 324.1589. HPLC: Chiralpak 1A column. Flow rate 1
mL/min. UV detection at 214 nm. tminor = 22.7, Tmajor = 31.0 using hexane: isopropanol= 96:4

as eluent, ee 56%.

3-(furan-2-yl)-4-nitrooctahydronaphthalen-1(2H)-one (6g): Colourless crystalline solid (18
mg, 73% overall yield). 1H NMR (600 MHz, CDCls) §7.36(d, J = 1.8, 1H), 7.32(d, J = 1.8,
0.16H), 6.28(d, J = 1.8, 1H), 6.16(d, J = 3, 0.16H), 6.12(d, J = 3.0, 1H), 5.28 (dd, J = 12, 4.2,
0.16H), 4.83 (t, J = 10.8, 1H), 4.01 (dt, J = 12, 7.2, 0.16H), 3.73 - 3.79 (m, 1H), 2.85 (dt, J =
16.8, 1.2, 1H), 2.74 - 2.68 (m, 1.5H), 2.21 - 2.16 (m, 1H), 2.12 - 2.05 (m, 2H), 1.87 - 1.84 (m,
1H), 1.81 - 1.78 (m, 1H), 1.73 (br d, 1H), 1.36 - 1.27 (m, 2H), 1.23 - 1.19 (m, 2H). 3C NMR
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(100 MHz, CDCls) 6 206.1, 150.8, 143.0, 110.7, 107.7,93.3, 51.0, 45.3, 43.3, 41.3, 30.3, 25.0,
24.8, 24.7 ppm. FT-IR (KBr): 2922(s), 2855(w), 1722(s), 1551(s). HRMS (ESI*): calculated
for [C14H1sNO4+H"]: 263.1158, found: 263.1154. HPL.C: Chiralpak IA column. Flow rate 0.8
mL/min. UV detection at 214 nm. Tminor = 24.8, Tmajor = 33.4 using hexane: isopropanol = 95:5

as eluent, ee 70% after crystallisation.

7-Nitro-6-phenylhexahydro-1H-inden-4(2H)-one (7): Colorless solid (21 mg, 87%). ‘H
NMR 'H NMR (600 MHz, CDCls) & 7.18-7.37 (m, 5H, Ph), 5.00 (t, J = 3.6, 1H, CHNO),
3.66-3.71 (td, J = 12.8, 4.8, 1H, CHPh), 3.41 (dd, J = 2.4, 12.6, 1H), 3.22-3.24 (m, 1H, H9),
2.93 (m, 1H, H8), 2.65 (dd, J = 10.6, 4.8, 1H), 2.36-2.39 (m, 1H),1.99-2.02 (m, 1H), 1.75-1.82
(m, 2H), 1.39-1.46 (m, 1H) ppm. $3C NMR (151 MHz, CDCls): 206.8, 129.3, 128.5, 127.3,
100.2, 89.4, 49.8, 45.0, 42.7, 40.6, 30.2, 29.9, 25.9, 22.6 ppm. FT-IR (KBr): 2923 (s), 2852
(m), 1712 (m), 1629 (m), 1548 (m), 1454 (w), 1384 (w), 1265 (w), 1019 (m). HRMS (ESI*):
calculated for [C15H17NOs+H*]: 260.1281, found: 260.1259. HPLC: Chiralpak IA column.
Flow rate 1 mL/min. UV detection at 214 nm. Tmajor = 13.7, tminor = 18.1 using hexane:

isopropanol= 96:5 as eluent, ee 56%.

4-Chloro-N-(4-cyclohexyl-4-hydroxy-2 phenylbutyl)benzenesulfonamide (8): White
crystalline solid. 50% overall yield (13 mg, 0.07125 mmol). *H NMR (600 MHz, CDCls): §
7.83(d,J=7.8,2H),7.52(d,J=7.8, 2H), 7.28 (t, J = 7.8, 2H), 7.23 (d, J = 3.2, 1H), 7.06 (m,
J=17.2,2H), 3.89 (dd, J = 12, 6.6, 2H), 3.76 (dd, J = 14.4, 7.2, 1H), 3.16(t, J = 12, 1H), 2.57
—2.50 (m, 1H), 2.17 (dd, J = 7.8, 3.6 1H), 1.82 (dd, J = 11.4, 3.6, 1H), 1.64 - 1.60 (m, 1H),
1.16 — 1.14 (m, 1H). 3C NMR (100 MHz, CDCls) & 139.6, 139.4, 137.8, 129.7, 129.0, 128.9,
127.3,127.2,65.6, 55.7, 43.6, 42.6, 35.1, 31.8, 30.3, 26.8, 26.6, 26.4, 26.2 ppm. FT-IR (KBr):
2925(s), 2853(w), 1350(s), 1164(s), 1092(s), 1013(s). HRMS (ESI*): calculated for
[C22H28CINOsS+H™]: 422.1551, found: 422.1579. HPL.C: Chiralpak OJ column. Flow rate 1
mL/min. UV detection at 254 nm. t(major) = 18.3, t(minor) = 27.6 using hexane: isopropanol=
97:3 as eluent, ee 69%.

2.11: Crystal data and structure refinement for chiral compound 6a:

Empirical formula C16H1903N1
Formula weight 273.32
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Temperature/K 296K

Space group P21/c

alA 13.9327(12)

b/A 5.8545(5)

c/A 18.9127(15)

a/° 90.00

/e 109.456(5)

v/° 90.00

Volume/A3 1454.6(2)

z 4

Pcalc Mg/m m3 1.248

m/mm*! 0.086

F(000) 584

Index ranges -16<h<16,-6<k<6,-22<1<22
Reflections collected 2549

Independent reflections 1946
Data/restraints/parameters 2549/ 0/ 181
Goodness-of-fit on F2 1.235

Final R indexes [[>=2c ()] R1=0.0901, wR> = 0.1455
Final R indexes [all data] R1=0.1735, wR2 = 0.1667
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Chapter 3

Chapter 3: Organocatalytic Asymmetric [4 + 2] Cycloaddition of

1-Acetylcyclopentene and 1-Acetyl cyclohexene

3.1. Introduction:

Organocatalytic asymmetric Diels-Alder reactions promoted by both iminium and enamine
catalysis have been known extensively in literature.! In the organocatalytic DA reaction via
enamine activation, generally two reacting partners are «,f-unsaturated ketones and electron
deficient olefins, first step of which is generation of diene via dienamine formation from the
a,f-unsaturated ketone. There are two possible route for the formation of Diels-Alder adduct.
A) concerted addition of the diene and the dienophile followed by hydrolysis (pathway A) or
B) The enamine first attack to the dienophile via a Michael reaction followed by again an
intramolecular Michael attack of the formed anion to the iminium ion (pathway B). Both

pathways have been accepted depending on the nature of the reaction (Scheme 3.1.1).

' o
HN R Q:
T —
[ IEWG EWG
R

T o Ay

R q
s N R? HN R
I-II’ AN * —_—
pathway B -
A EWG EWG
R

Scheme 3.1.1: Concerted and stepwise pathways to get DA adduct

Dienamines were first introduced in organic chemistry by Mannich in 1936.2 Dienamines can
be easily generated from a,f-unsaturated aldehydes or ketones having y-CH. The synthetic

utility of dienamines are illustrious due to the possibility of three types of reactivity modes i.e.
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diene reactivity, vinylogous reactivity and enamine reactivity. These can act also as
dienophiles in Diels-Alder reactions by increasing the energy of the olefin HOMO (inverse
electron demand Diels-Alder reactions). Snyder et al. first used these preformed dienamines
as diene source in the Diels-Alder reaction with maleic anhydride (scheme 3.1.2).%

Et
benzene, reflux, 3h Et
Et 70% HN.,, ©

(@)
O Et 0
Et X .Ph Et </ °
X N
=~ "N
H

Scheme 3.1.2: First example of dienamines acting as dienes in Diels-Alder reactions

Earlier, various research groups like Snyder,® Terada,* Oppolzer,®> Overman,® Barluenga’ and
others® have been utilized preformed dienamines in developing reaction methodologies as well
as in the total synthesis. But the dienamine chemistry has found its pace after the application
of in situ generated dienamines in reactions pioneered by Serebryakov® and Barbas'® group.
Dienamine chemistry has been utilized to synthesize a number of natural products and drug

molecules, a few of them are illustrated in Figure 1.

Bu
ey H
Ol\/jl\/\ N
H H H HO H
(+) Pumiliotoxin di-Perhydrogephyrotoxin (+) -Nominine

Figure 1: Natural products by dienamine mediated Diels-Alder reaction
3.2. In situ generated dienamines:

Over the years dienamine chemistry has been utilized in Diels-Alder reactions,'! inverse
electron demand Diels-Alder reactions,*? [2+2] cycloaddition reactions,®® vinylogous
nucleophilic additions!* etc. In situ generated dienamines acted as the diene component and
consequently was reacted with various dienophiles like nitroolefins and other electron deficient

olefins, nitrosobenzene, imines, azodicarboxylates etc.
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3.2.1. Using proline derived catalysts:

Different proline derived catalysts have been extensively used in Diels Alder reactions utilizing

dienamine chemistry by Serebryakov, Barbas, Ramachary and others.** In 1998 Serebryakov

and co-workers reported the diaryl prolinol catalyzed asymmetric synthesis of the methyl

cyclohexa-1,3-dienecarboxylate with high selectivity through a 1-aminobuta- 1,3-diene as the

key Diels-Alder reaction intermediate (Scheme 3.2.1.1).°

OH
o=
N Ph

H

10 mol%
XX ~COOH ( )

4 Y\H/H
COOMe 0] 20°C, 168 h

£

Ph ph
HO-V

RS

y
(@)
'y
(0]

o

MeO,C

Scheme 3.2.1.1: Diaryl prolinol catalyzed DA reaction of dienamines

_ (@] OMe

40%, 99.9% ee

In this context, Barbas and Ramachary have developed an asymmetric three-component Diels—

Alder (ATCDA) reaction of aromatic enone, 4-nitrobenzaldehyde and Meldrum's acid,

furnishing spirocycles with excellent asymmetric induction using 5,5-dimethylthiazolidinium-

4-carboxylic acid as the catalyst (Scheme 3.2.1.2).1%

o o><\o
Ao A,
.

Ar2CHO

Arl = 1-napthyl
Ar? = 4-nitrophenyl

S

W
JB,COOH

L

H

H
(20 mol%)

MeOH (0.5 M)

r, 72 h

Ak O o\(
g

O

(0]

(@]
Ar2

93%, 99:1 dr, 99% ee

Scheme 3.2.1.2: Dienamine mediated three-component Diels—Alder reaction
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3.2.2. Using cinchona alkaloids:

The large portion of the dienamine chemistry has been driven by primary amine catalysts
derived from cinchona alkaloids. In 2009, Melchiorre et al. for the first time established the
potency of these catalysts in dienamine chemistry in their pioneering works (section 2.5).1%
Using the same catalytic system a facile synthesis of enantio-enriched spirooxindoles has also
been documented by the same group utilizing dienamine strategy (Scheme 3.2.2.1).1%

OMe

NH,
Rl 1 X
0 N
/ 2 -
o + | (@NH, 20 moive)

N
H R® 2-FC4H,COOH
(30 mol%) 6 examples, 59-82%,
toluene 1M 4:1->19:1 dr, 89-98% ee
60 °C, 72 h
Q. aﬁ—H
NH /
R2
- R !
R2 R1
R3

N
H

Scheme 3.2.2.1: cinchona derived primary amine catalyzed Diels—Alder reaction

Similarly, Chen and co-workers also developed new methodologies involving dienamine
catalysis using cinchona alkaloid derived catalysts.*® A highly enantioselective and
diastereoselective [4 + 2] cycloaddition reaction of cyclic a,f-unsaturated ketones with
allylidene or alkynylidene malononitriles, affording densely substituted bicyclo[2.2.2]octanes
or analogous architectures has been reported by them using quinidine or quinine derived

primary amine catalysts (Scheme 3.2.2.2).
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OMe OMe
/ﬁbl NH, NH,
N
AN AN N
pZ | |
0 _N N2
X CN or
. le (20 mol%)
CN -
R 2-(OH)CgH4CO,H (40 mol%)

toluene, 35 °C

22 examples, 65-94%,
3:1->19:1 dr, 75->99% ee

Scheme 3.2.2.2: Dienamine mediated Diels—Alder reaction using quinine primary amine
3.3. Synthesis of fused carbocycles: Different approaaches:

Fused organic moieties such as 1-decalone, 1-decalin and octahydro-1H-indene are present in
a wide range of bioactive compounds®’ such as Rapiculine,'”® Brasilanes,'™ Conocephale-

nolst’® etc (Figure 2).

O

HO

O
N/

N HO

Rapiculine Sesquiterpene H S g
OH =
Cisseti
H H ISsetin
we
OH
Conocephalenols Phomodiol

Figure 2: Bioactive compounds having fused bicyclic core

The available organocatalytic synthesis of chiral five and six membered fused carbocycles
have been driven by mainly intramolecular approaches such as Hajos-Parrish-Eder-Sauer-
Wiechert reaction (and other intramolecular aldol reactions),'® intramolecular Michael

61

TH-1722_11612244



Organocatalytic Asymmetric [4 + 2] Cycloaddition of 1-Acetylcyclopentene and 1-Acetyl cyclohexene

reaction,'® intramolecular Diels-Alder reaction,? etc. and various domino reaction pathways.?*

Organo-SOMO catalytic bicyclization, developed by MacMillan has also been utilized to
synthesize these compounds.?? Nevertheless, intramolecular Diels-Alder and cascade reactions
have been used substantially for the synthesis of fused ring systems that closely resembles our

product structure.
3.3.1 Synthesis of fused carbocycles by Intramolecular Diels-Alder reaction:

In 2005, MacMillan and co-workers developed an iminium catalytic intramolecular Diels-
Alder reaction (IMDA) for the synthesis of fused carbocycles and heterocycles. Excellent
enantio- and diastereo-selectivity has been obtained for the reaction using two imidazolidinone

catalysts invented in the same laboratory (Scheme 3.3.1.1). 2%

o) Me Q Me
N N
.Me or Me
N)\Me N)*Me
Ph H Ph H Me

H
/—/7 TFA or HCI or HCIO, (20 mol%) R
X >
\_\\_/_R MeCN, 5 °C NS
H
X =CHyor O 6 examples including 1 heterocycle,

70-85%, >20:1 dr, 97% ee
Scheme 3.3.1.1: Fused carbocycles using IMDA reaction

Later in 2008, Christmann et al. demonstrated dienamine catalytic intramolecular cyclization
of tethered o,f-unsaturated aldehydes for the synthesis of fused structures. The intramolecular
Diels-Alder reaction of the in situ generated dienamine has been shown to progress well using
Jorgensen-Hyashi catalyst furnishing the fused cabocyclic motifs with moderate yield and

good enantioselectivity (Scheme 3.3.1.2).20
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Ph
Ph
N
N oTms oH
(10 mol%) H
=
(/\CCHO BzOH (10 mol%)
X-CHO  ch,c, -189C, 2 d :
H

60% 94% ee

Scheme 3.3.1.2: Fused carbocycles using IMDA reaction of tethered a, S-unsaturated aldehydes
3.3.2. Synthesis of fused carbocycles by domino reactions:

Brenner and McGarraugh reported intermolecular synthesis of hexahydro-1H-indene motif via
double Michael reaction between enals and p-ketoesters having cyclopentene moiety.
Excellent diastereo- and enantiocontrol have been achieved in this reaction using diaryl

prolinol ether catalyst (Scheme 3.3.2.1).2*

Ph
Ph
0 N oTms Ol
CO,R
0,
G)J\ . Rl/\/CHO (10 mol%)
CO.R EtOH, rt : el
17-168 h H

CHO

7 examples, 61-87%,
10:1->20:1 dr, 97% ee

Scheme 3.3.2.1: Synthesis of fused carbocycles by domino Michael-Michael reaction

Also, Chen and co-workers applied aminocatalytic domino strategy for the synthesis of fused
carbocycles with spirooxindole motif. The same catalyst has been successfully applied in a
three-component, domino Michael-Michael-Michael-aldol process with two molecules of a, -
unsaturated aldehydes furnishing the products with excellent diastereo- and

enantioselectivities (Scheme 3.3.2.2).2%¢
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Ph
RO,C Ph
J N oTms
HO (20 mol%)
R1 / r2”XxCHO  CgHsCOOH (20 mol%)
+ >
© R3/\/CHO DCE, rtto 35 °C

15 examples, 30-97%,
>99:1 dr, 96-99% ee

Scheme 3.3.2.2: Synthesis of fused carbocycles by domino Michael-Michael-Michael-aldol reaction

3.4. Our aim:

1-Acetyl cyclohexene has been introduced earlier in preformed dienamine chemistry by
Valentin and co-workers.?? The preformed cross-conjugated dienamine was made from
piperidine in presence of TiCls and made to react with aliphatic and aromatic nitroolefins
furnishing bicyclic and tricyclic fused rings. A stepwise synthesis of 1-decalone and
hexahydro-1H-inden-4(2H)-one structures was reported in previous chapter via dienamine
catalytic Michael reaction of 1-acetylcyclohexene and 1- acetylcyclopentene with nitroolefins
followed by 1,1,3,3-tetramethylguanidine mediated cyclization (Chapter 2). It was anticipated
that strong dienophiles could undergo [4+2]-cycloaddition reaction via a double Michael
cascade, providing fused carbocycles. In this regard, electron poor olefins having cyano and
keto group attached to it were used as the dienophile partner with 1-acetylcyclohexene and 1-

acetylcyclopentene.
3.5. Result and discussion:

Inspired by these thoughts, the investigation was started by mixing 1-acetylcyclohexene (1a,
0.1 mmol), enone 2a (0.1 mmol), unsymmetrical ethylene diamine I (20 mol%) and benzoic
acid in toluene as the solvent. After stirring at room temperature for 10 days, the desired fused
bicyclic product 1-benzoyl-4-oxo-2-phenyldecahydronaphthalene-1-carbonitrile (3a) was

obtained in 40% yield with 1:1 diastereomeric ratio (Scheme 3.5).
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MezN \/\NH
2

I (20 mol%)
PhCO,H

O
Ph (20 mol%)
M :
NC~ >COPh solvent, rt
la 2a

10 days
40%

40%, 3a/3a' = 1:1

Scheme 3.5. Recemic reaction
3.5.1. Optimization studies:
3.5.1.1. Catalyst screening:

Then the optimization of chiral catalyst for the reaction was started. Initially with proline
derived primary amine catalyst Il, trace amount of product formed (Table 1, entry 1).
Cyclohexyl diamine derived primary amine tertiary amine catalyst 111 also failed to produce
good result (entry 2). Delightfully, cinchonidine alkaloid derived primary amine catalyst 1V
furnished the products 3a and 3a’ with 1:1 diastereomeric ratio in 25% overall yield. The
enantioselectivity obtained for one diastereomer was good (entry 3). Using cinchonine derived
primary amine V the enantiomeric excess value obtained for both the diastereomers were very
good (92%) and the diastereomeric ratio also increased a bit (entry 4). Other cinchona alkaloid
derived primary amines (V1, V11 and VI111) were also screened for this reaction with the desire
of getting better result (entry 5-7). The yield and diastereoselectivities using catalyst VI and
V11 were comparable with the values that obtained using catalyst V, although the enantiomeric
ratios were lower (entry 4-5). Diastereoselectivity and enantioselectivity of the minor
diastereomer were decreased using cinchonidine derived catalyst V111 (entry 7). Hence catalyst

V was identified as the best catalyst for this reaction.
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Table 1: Screening of catalysts

"
N H N

\

Me NMe,
I n
OMe
NHQ\7
[ b
N__~
IV:R' = OMe Vi
V:R'=H
NH% VIl: RZ = OMe
| X N VII: R2=H
N~
catalyst (20 mol%)
o) PhCO,H o)
Ph (20 mol%)
. | .
NC COPh toluene, rt < "/Ph
10d H :
ays NG COPh
3a
_ eed (%) eed (%)
entry? catalyst yield® (%) dre _ _
(major) (minor)
1 1 trace - - -
2 1 25 2:1 10 -
3 v 25 1:1 80 60
4 V 32 1.2:1 92 92
5 VI 32 1.2:1 82 66
6 Vil 30 1.2:1 84 60
7 WAL 29 11 92 40
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aReaction condition: Unless otherwise mentioned, 0.05 mmol of 1a and 0.05 mmol of 2a in 0.5 ml
toluene using 20 mol% catalyst and 20 mol% benzoic acid co-catalyst at RT for 10 days. "Combined
yield of the isolated product. ‘Determined *H NMR. “Determined by chiral HPLC and of the major

diastereomer.
3.5.1.2. Solvent screening:

With the best catalyst in hand (catalyst V) different solvents were screened for this reaction
(Table 2). Though diasteroselectivity increased to 1.5:1 using a,a,a-trifluorotoluene as the
solvent instead of toluene, the enantioselectivity decreased (entry 2). Usage of chloroform as
the solvent improved the diastereomeric ratio without having much effect in enantioselectivity
but the yield of the reaction decreased (entry 3). Diethyl ether and THF were found to be bad
solvents for this reaction as enantioselectivity decreased significantly using these solvents
(entries 4 and 5). Albeit, yield was lower using dichloromethane as the solvent, it was found
to be the best choice in terms of diastereo- and enantioselectivity (entry 6).

Table 2: Screening of solvent

catalyst V (20 mol%)

0 PhCO,H
Ph (20 mol%)
.M :
Nc” DcoPh solvent, rt
10 days
la 2a
' eed (%) eed (%)
entry? solvent yield® (%) dre ) )
(major) (minor)
1 PhCH3 33 1.2:1 92 92
2 PhCF3 32 1.5:1 88 89
3 CHCI; 23 3:1 93 88
4 Et,O 27 5:1 24 92
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5 THF 25 5:1 47 &9

6 CHCl, 23 5:1 92 88

aReaction condition: Unless otherwise mentioned, 0.05 mmol of 1a and 0.05 mmol of 2a in 0.5 ml
solventusing 20 mol% V and 20 mol% benzoic acid co-catalyst at rt for 10 days. "Combined yield of
the isolated product. ‘Determined 'H NMR. “Determined by chiral HPLC and of the major

diastereomer.
3.5.1.3. Screening of acid co-catalyst:

After finding the best catalyst and suitable solvent, an inspection for the best acid co-catalyst
was started and it was found that 3-nitrobenzoic acid as well as 3-methoxy benzoic acid were
not suitable for this reaction. Both diastereoselectivity and enantioselectivity were diminished
using these acids (Table 3, entry 1-2). Thankfully, using 2-fluorobenzoic acid satisfactory
result was achieved. Excellent 9:1 diastereomeric ratio and 99% enantiomeric excess were
obtained using 2-fluorobenzoic acid (entry 3). Acetic acid was also screened but the result was

unsatisfactory (entry 4).

It was evident that the yield of the reaction in dichloromethane was less compared to toluene.
With the best catalyst (V) and the second best catalyst (VII1) in combination with 2-
fluorobenzoic acid the reaction was repeated in toluene solvent with the hope of getting better
yield (Table 3, entry 5-6). Gratifyingly the yield was increased with the expense of little
diasteroselectivity. Catalyst V was still found to be the best catalyst furnishing product 3a in

34% yield with 7:1 diastereomeric ratio and 99% enantiomeric excess (entry 6).
Table 3: Screening of acid co catalyst

catalyst V (20 mol%)

O 2FC6H4C02H
Ph (20 mol%)
SRR
NC~ ~coph  CHClp, rt
10 days
la 2a
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eed (%) eed (%)

entry? acid co-catalyst yield® (%) dre ) )
(major) (minor)
1 3-NO2CsH4COH 21 3:1 87 95
2 3-MeOCsH4CO2H 19 3:1 91 99
3 2-FCsH4CO2H 24 9:1 99 -
4 AcOH 15 2.6:1 75 99
6° 2-FCsH4CO2H 34 7:1 99 -
7 2-FCsH4CO2H 33 7:1 96 -

®Reaction condition: Unless otherwise mentioned, 0.05 mmol of 1a and 0.05 mmol of 2a in 0.5 ml
DCM using 20 mol% V and 20 mol% benzoic acid co-catalyst at rt for 10 days. "Combined yield of the
isolated product. “Determined *H NMR. “Determined by chiral HPLC and of the major diastereomer.

®Toluene as solvent. "Toluene as solvent and with catalyst VIII.
3.5.1.4. Optimization of reaction condition for 1-acetylcyclopentene:

The optimization study for the reaction with 1-acetylcyclopentene was also done. This time
catalysts other than cinchona alkaloid derived amines and acids other than 2-fluorobenzoic
acid were not screened. Primarily it was found that the rate of conversion for this reaction with
1b was much faster than with 1a. That is why the best solvent in terms of diastereoselectivity
and enantioselectivity (not in terms of yield) i.e. dichloromethane was chosen as the primary
solvent for screening of catalysts. When 1-acetylcyclopentene (1b, 0.05 mmol) was stirred
with enone 2a (0.05 mmol) in presence of quinidine derived primary amine 1V (20 mol%) and
2-fluorobenzoic acid (20 mol%) in dichloromethane at room temperature for 7 days, the
desired major fused bicyclic product 4-benzoyl-7-oxo-5-phenyloctahydro-1H-indene-4-
carbonitrile (4a) was obtained in 70% yield with 11:1 diastereomeric ratio and 59% ee (Table
4, entry 1). Interestingly, the enantiomeric excess got enhanced to 84% by employing epi-
cinchonine amine V, although the diastereomeric ratio decreased to 7:1 (entry 2). Slightly

higher enantioselectivity (89%) and slightly lower diastereomeric ratio were achieved with
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hydroquinine derived catalyst VI (entry 3). Both the enantioselectivity and diastereoselectivity
dropped using quinine derived amine VII (entry 4). Pleasingly, cinchonidine derived amine
catalyst V111 delivered the product 4a in 6:1 diastereomeric ratio with 94% ee (entry 5). The
diastereomeric ratio of 6:1 was unsatisfactory; thus for the further improvements of the
diastereo- and enantioselectivity of the reaction, different solvents were again screened (entries
6-8). Gratifyingly an increment of diastereomeric ratio was observed using mesitylene as
solvent (entry 6). Enantioselectivity was increased when a,a,a-trifluoro toluene was used as
solvent (entry 7) but the diastereoselctivity has droped. Finally, the best solvent turned out to
be toluene and the product 4a was isolated in 87% yield with 13:1 dr and 96% ee (entry 8).

Table 4. Optimization of reaction condition for 1-acetylcyclopentene

R1 OMe
NH, NH,
N X X N
P | |
_N N~
IV: R = 0OMe VI
V:R'=H R?
NH
2 VIl: R? = OMe
| A N VIIl: R2=H
N~
catalyst (20 mol%) o

2-FCgH,CO,H

0o
Ph (20 mol%b)
=y
NC~ >COPh solvent, rt
1b 2a

7 days

entry? catalyst solvent yield® (%) dre ee? (%)
1 v CH:Cl» 70 11:1 59
2 A% CH2Ch 75 7:1 84
3 VI CH:Cl, 68 6:1 89
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4 VII CH2Ch 72 3.2:1 76
5 VIII CH:Ch 72 6:1 94
6 VIII mesitylene 81 9:1 94
7 VIII PhCF3 83 6:1 96
8 VIII PhCH3 87 13:1 96

#Reaction condition: 0.05 mmol of 1b and 0.05 mmol of 2a in 0.5 mL solvent using 20 mol% catalyst
and 20 mol% 2-FC¢H,CO,H at rt for 7 days. "Isolated yield after silica gel column chromatography.
*Determined by *H NMR. “Determined by chiral HPLC.

3.5.2. Substrate scope:

Since the overall results obtained with 1-acetylcyclopentene (1b) was better compared to 1-

acetylcyclohexene (1a), 1b was chosen as the primary substrate in our reaction.
3.5.2.1. With 1-acetyl cyclopentene:

3.5.2.1.1. Scope of enone with varied olefin substituents:

Initially different enones 2 having variations of the substitutions on the aryl group of the double
bond was investigated (Table 5). It turned out that a variety of electron donating, electron
neutral and electron withdrawing substitutions are well tolerated in our reaction condition.
Different para-substituted g-aryl enones were initially employed in the reaction and excellent
results were achieved (entries 2-9). For example, two enones 2b and 2c having 4-alkyl
substitution on the aromatic ring were screened. The corresponding products 4b and 4c having
4-methyl and 4-isopropyl substitutions were isolated in high enantioselectivities and
interestingly higher diastereomeric ratio was obtained for product 4c (entries 2-3). 4-alkoxy
substituted enaone 2d furnished the product 4d with a little less diastereomeric ratio and
enantiomeric excess (entry 4). It was found that different 4-halo substituted enones (2e-29)

were also good substrates for this reaction. Product 4e having 4-fluoro substitution was
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obtained with higher diastere- and enantiomeric ratio compare to the unsubstituted one (entry
5). For the 4-chloro substituted product 4f the diastereoselectivity was even higher (entry 6).
98% enantiomeric excess and 19:1 diastereomeric ratio was obtained for 4-bromosubstituted
product 4g (entry 7). Biphenyl substituted enone 2h also participated in the reaction delivering
product 4h in 94% ee and 16:1 dr (entry 8). High diastereo- and enantioselectivity was also
observed for product 4i having para-nitro substitution, however the yield was moderate (entry
9). Then ortho- and meta-substituted enones 2j and 2k were employed in the reaction and
delightfully the outcome was good (entries 10-11). For the meta-substitution the enantio- as
well as the diastereocontrol were comparable to that of the unsubstituted one (entry 10) but for
the ortho-substitution a decrease in diastereoselectivity observed (entry 11). The reaction also
progressed well with enone 2l having 1-naphthyl group and slight less enenatioselectivity and
diastereoselectivity was detected (entry 12). A disubstituted (2,4-dichloro) aryl group
containing enone was also tolerated in our reaction displaying good result (entry 13).
Importantly, enone 2n having 2-thienyl moiety could also be a good substrate in the reaction
albeit slight lesser enantioselectivity was observed (entry 14). Finally, cinnamyl group

containing enone was screened and excellent enantioselectivity was attained for product 40

(entry 15).
Table 5. Scope of enone with varied olefin substituents
catalyst VIII (20 mol%) o
o 2-FCgH,CO,H H
R (20 mol%)
@)J\ * ]\ toluene, 1t R
pC  CoPh 7 days " & “copn
1b 2 4a-40
entry? R Product ield® (%)  dre e’
y y (%)
o)
H
1 Ph < pPh 87 13:1 96
oA
Ph
da
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12 I-napthyl 60 8:1 83
13 2,4-CeHs 55 15:1 82
14 2-thienyl 52 6:1 76
15 Cinnamyl 40 5:2:1 >99

®Reaction condition: Unless otherwise mentioned, 0.1 mmol of 1b and 0.1 mmol of 2 in 1 ml solvent
using 20 mol% V111 and 20 mol% 2-FC¢H4CO,H at rt for 7 days. "Combined yield of the isolated
product. “Determined by *H NMR. ‘Determined by chiral HPLC and of the major diastereomer.

3.5.2.1.2. Scope of enone with varied ketone substituents:

Next, the ketone functionality of the enone was varied and the results are summarized in Table
6. Here also, different substitutions on the phenyl group of ketone were tolerated and excellent
results were obtained. Initially, para-substituted enones having electron donating groups were

screened and higher enantioselectivity and lower diastereoselectivity was detected for alkyl
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substituted product 4p compared to alkoxy substituted product 4q (entries 1-2). Additionally,
the outcome was also excellent with 4-halo substituted enones 2r-2s (entries 3-4). Finally a
meta-substituted enone was engaged in the reaction and the product 4t was obtained in high
diastereo- and enantioselectivity (entry 5).

Table 6. Scope of enone with varied ketone substituents

catalyst VIII (20 mol%)

O 2-FC6H4C02H
@/U\ Ph (20 mol%)
!
NC~ “COAr t°'7“§2§é il
1b 2
entry? Ar Product yield® (%) dre eed (%)

1 4-MeCeHa : i 88 17:1 94
2 4-OMeCsH,4 5 CN 64 20:1 93

H
3 4-CICgH4 H = 72 12:1 94

Cl

I

11y

bO
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4 4-BrCeHs4 54 10:1 95

T
b
(@)
P

~r O
b)

Br

5 3-CICeH,4 : 66 8:1 96

11y
@)
Z

Reaction condition: Unless otherwise mentioned, 0.1 mmol of 1b 0.1 mmol of 2 in 1 ml solvent using
20 mol% V111 and 20 mol% 2-FCsH4CO-H at rt for 7 days. "Combined yield of the isolated product.
Determined by 'H NMR. “Determined by chiral HPLC and of the major diastereomer.

3.5.2.2. With 1-acetyl cyclohexene:

Various enones with electron doneting as well as electron withdrawing substitution on the
aromatic ring was reacted with 1-acetylcyclohexene in presence of catalyst V and the results

were satisfiying.

3.5.2.2.1. With varied olefin substituents

Gratifyingly, as can be seen in Table 7, the decalone products were obtained in high
enantioselectivities irrespective of the nature of the substitutions on the aryl group. Initially,
different para-substitutions were screened and good results were observed. For instance, 1a on
reaction with 3b furnished the corresponding cyclized product 3b in 5:1 dr with 90% ee (Table
7, entry 2). Similarly different halo substitutions were tolerated in the reaction providing
products 3c-3d in high enantioselectivities, though for the 4-fluoro substituted product the
diastereomeric ratio (5:1) was little bit higher than the 4-bromo substituted derivative (4:1)
(entry 3-4). The reaction was sluggish with enone 2h having biphenyl moiety but the
enantiomeric excess of the corresponding product 3e was excellent (entry 5). Besides meta-
substituted enones were also found to be good partner in this reaction (entry 6-7). Meta methyl
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substituted product 3f was obtained in 28% yield with 4:1 diastereomeric ratio and 95% ee.
The highest diastereoselectivity (9:1 dr) was attained for 3-bromo substituted product 3g.
Finally slight slow reactivity was observed for an ortho-substituted enone and the
corresponding product 3h was isolated in 17% yield with 1.6:1 dr and 89% ee.

Table 7. Scope of cyclization of 1a with 2 having varied olefin substituents

catalyst V (20 mol%) o)
2-FCgH,CO,H

(@]
Ar (20 mol%)
S\ :
NC COPh toluene, rt
la 2

10 days
3a-3h
entry? Ar Product yield® (%)  dr® eed (%)
1 Ph 34 7.1 99
2 4-MeCgH4 25 5:1 96
3 4-FCgH4 28 5:1 96
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4 4-BrCeHs4 22 4:1 96
5 4-PhCeH4 15 4:1 95
6 3-MeCsH4 28 4:1 95
7 3-BrCeHs 26 9:1 95
8 2-MeCsH4 17 1.6:1 89

aReaction condition: Unless otherwise mentioned, 0.15 mmol of 1a and 0.15 mmol of 2 in 1.5 ml
solvent using 20 mol% V and 20 mol% 2-FCsH4COH at rt for 10 days. "Combined yield of the isolated
product. “Determined by *H NMR. “Measured by chiral HPLC and of the major diastereomer.
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3.5.2.2.2. With varied ketone substituents:

The generality of the reaction was further demonstrated by employing enones with varied keto
functionalities (Table 8). Gratifyingly, the reaction condition was also found to be suitable for
the enones having different keto functionalities. Good diastereoselectivity was achieved for
product 3i, having a 4-methyl substitution (entry 1). Inferior diastereoselectivity was detected
for the products 3j-3k having 4-halo substitution on the aryl group of the ketone moiety (entry
2-3). For 4-Br substitution (product 3k) excellent enantioselectivity was observed (entry 3). A
meta-substitutted enone reacted slowly and less yield but high enantioselectivity was observed

for the corresponding product 3l.

Table 8. Scope of cyclization of 1a with 2 having varied ketone substituents

catalyst V (20 mol%) e}
2-FCgH4CO-H

(@]
Ph (20 mol%)
+ ]\ >
NC COAr toluene, rt
la

10 days
2 3i-3|

entry? Ar Product yield® (%) dre  ee? (%)

1 4-MeCsH,4 22 8:1 94

2 4-CICgH4 26 2:1 90
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3 4-BrCe¢H4 28 1.6:1 >99

4 3-ClCsHa4 17 4:1 99

®Reaction condition: Unless otherwise mentioned, 0.15 mmol of 1a and 0.15 mmol of 2 in 1.5 ml
solvent using 20 mol% V and 20 mol% 2-FCsH4CO,H at RT for 10 days. "Combined yield of the
isolated product. *Determined by *H NMR. “Measured by chiral HPLC and of the major diastereomer.

3.5.4. Synthetic transformation of products:
3.5.4.1. Copper mediated triazole synthesis:

To illustrate the utility of our method, few reactions were carried out on 4a and 4q. Initially
copper mediated triazole synthesis?* was envisaged from 4a. For this, first 4a was converted
to tosylhydrazone 5 which upon treatment with aniline, copper acetate and pivalic acid
delivered triazole 6 in 54% overall yield. It is delighting that both the diastereo- and

enantiopurity got retained in this process (Scheme 3.5.4.1).
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N,NHTS
H PhNH,
TsNHNH, Cu (OAc),
PivOH
T Ph T Ph
NC COPh NC COPh
4a 5 54% over 6

two steps

13:1d.r, 96% ee 13:1d.r, 96% ee

Scheme 3.5.4.1. copper mediated triazole synthesis from 4a

3.5.4.2. Baeyer Villiger oxidation:

Then a Baeyer Villiger oxidation reaction was performed on 4q having a 4-anisyl group. The
reaction progressed smoothly affording the ester product 7 in 60% yield and here also both

diastereo- and enantioselectivity got preserved (scheme 3.5.4.2).

O O]

H H
mCPBA
—_—
oy Ph NaHPO4 -~ ~Ph
NC/ NC J©
(e} OMe 60% (o)
4q 7 OMe
>20:1d.r, 93% ee >20:1 d.r, 93% ee

Scheme 3.5.4.2. Baeyer Villiger oxidation of 4q

In summary, this chapter describes the first catalytic asymmetric double Michael reaction of
1-acetylcyclopentene and 1-acetylcyclohexene providing bicyclic fused frameworks. Electron
deficient olefins having simultaneous cyano and keto groups were identified as the most
suitable Michael acceptor and cinchona alkaloid derived primary amines were found to be the
best catalysts. The bicyclic products having four contiguous stereogenic centres including one
quaternary centre are obtained in high diastereo- and enantioselectivities and also valuable
synthetic transformations including triazole synthesis has been demonstrated.
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3.6. Experimental procedures and structure determination:

3.6.1. General Procedure for the Preparation of starting meterials:

Benzyolacetonitrile (1 mmols) and 4 A MS (40 mg) is taken in a RB under Ar atmosphere, dry
toluene (7.5 mL) was added to it. Corresponding aldehyde (1 mmoles) and piperidine (2 mol%,
0.02 mmoles) was added in the reaction mixture under Ar atmosphere. The reaction mixture
was heated at 80 °C for 8 hours. The concentrated reaction mixture was purified by silica gel

column chromatography (4-6% EA in Hexane) to give product 2.

3.6.2. General procedure for organocatalytic asymmetric Diels-Alder reaction of 1-acetyl
cyclohexene with enone 2:

In a 5ml round bottomed flusk enone 2 (0.15 mmols), epi-cinchonine amine V (20 mol%, 0.03
mmols), 2-fluoro benzoic acid (20 mol%, 0.03 mmoles) was taken and 1-aectyl cyclohexene
(1a) (0.15 mmols) and 1.5 mL toluene was added and the reaction mixture was stirred at room
temperaure for 10 days. The reaction mixture was then directly employed in column

chromatographic separation using 3% EA in hexane as eluent to obtain pure product 3.

3.6.3. General procedure for organocatalytic asymmetric Diels-Alder reaction of 1-acetyl

cyclopentene with enone:

In a 5 ml round bottomed flusk enone 2 (0.1 mmols), epi-cinchonidine amine V111 (20 mol%,
0.02 mmols), 2-fluoro benzoic acid (20 mol%, 0.02 mmols) was taken and 1-aectyl
cyclopentene (0.1 mmols) and 1 mL toluene was added and the reaction mixture was stirred at
room temperaure for 7 days. The reaction mixture was then directly employed in column
chromatographic separation using 4% EA in hexane as eluent to obtain pure product 4.

3.6.4. Copper-Mediated Synthesis of 1,2,3-Triazole 6 from N-Tosylhydrazone of
compound 4a:

Compound 6 was prepared according to a slightly modified literature procedure.?* A solution
of TSNHNH: (0.05 mmol) and 4a (0.05 mmol) in methanol (0.1 mL) was stirred and heated to
60 °C for 5 minutes and the mixture was cooled to room temperature. After 12 hours the crude

products was obtained as solid precipitate. The precipitate was washed with petroleum ether,
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kept under vacuum to afford pure product 5 (0.045 mmols). Aniline (0.09 mmol) was added to
a mixture of Cu(OAc)2 (0.045 mmol), PivOH (0.09 mmol), N-tosylhydrazone 5 (0.045 mmol)
in toluene (0.45 mL). The mixture was stirred at 100 °C in air for 12 h. The reaction mixture
was cooled to ambient temperature and purified by column chromatography on silica gel (60-
120 mesh, 15% EA in hexane) to afford pure product 6.

3.6.4. Baeyer Villiger oxidation reaction of compound 4q:

To a stirred solution of 4qg (0.05 mmols) in dichloromethane mCPBA (0.1 mmols, 2 equiv.)
and disodium hydrogen phosphate (0.2 mmoles, 4 equiv.) were added. The reaction was stirred
overnight and then transferred to a separetory funnel, diluted with dichloromethane and
extracted with saturated aquous sodium bi-carbonate solution. The organic layer was collected
and the aquous layer was again extracted with DCM, the combined organic layer was dried,
concentrated and then subjected to column chromatograpic separation using 15% EA in hexane

as eluent to obtain pure 7.
3.6.5. Structure determination of the products:
Compound 4f:

The absolute configuration of product 4f was
assigned to be (3aR,4R,55,7aS) by X-ray
crystallography.?® The absolute structure of other
products 4 are expected to be same by analogy. Also,
the absolute structure of product 3 can be proposed
to be opposite as cinchonine and cinchonidine used

to provide enantiomeric products.?®

Figure 3: ORTEP diagram of (3aR,4R,5S,7aS)-4-benzoyl-5-(4-
chlorophenyl)-7-oxooctahydro-1H-indene-4-carbonitrile (4f)
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Determination of structure of compound 3a:

From the coupling constant values of H¢ 3.04 (td, J = 11.8, 3.9
Hz, *H) and Hp 2.29 (td, J = 12.2, 3.3 Hz, H) i.e. J=3.9and J =
3.3 respectively, it can be predicted that they are cis to each other.
There is no NOE between Ha and Hy, which predicts that Ha and

Hp are trans to each other. As here we are using pseudo

enantiomer of the best catalyst which furnish 4f, by analogy it can

3a

be said that the above structure is most likely the structure of 3a.
3.7. Plausible reaction mechanism:
A plausible mechanism has been shown in Scheme 3.7. The catalyst forms a cross dienamine
1b’ from the enone 1b. 1b’ acts as the diene and reacts with olefin 2a having cyano and keto
group. In absence of the cyano group the reaction doesnot happen at all. The dienamine 2b’,
the olefin from Si-face and the second Michael attack to the iminium also happens from the Si-
face. In the enamine 1b’, the tertiary amino group is protonated and could interact with the

keto functionality and thus assists in the stereocontrol.

7\

PhOC._ _CN in) S

QO | H_ CNH
O‘NHZ 2a Ph from t \
—_— Ty, S \
o}

> Ph_\%w/

Si-face
1b' Cc

attack N

1b

from
bottom

Scheme 3.9: Plausible mechanism
3.8. Characterization data for products:
(3aR,4R,5S,7aS)-4-benzoyl-7-oxo-5-phenyloctahydro-1H-indene-4-carbonitrile (4a):

Off White sticky compound (29.8 mg, 87%), *H-NMR (600 MHz, CDClz): 8 7.95 (dd, J =
8.2, 1.5 Hz, 2H), 7.58 (t, J = 7.4 Hz, 1H), 7.54 (d, J = 7.5 Hz, 2H), 7.45 (t, J = 7.8 Hz, 2H),
7.33(t,J=7.6 Hz, 2H), 7.28 (d, J = 5.9 Hz, 1H), 4.14 (dd, J = 14.7, 3.7 Hz, 1H), 3.88 — 3.85
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(m, 0.08H), 3.36 — 3.28 (m, 2H), 3.20 (dt, J = 11.9, 7.1 Hz, 1H), 2.68 (dd, J = 14.6, 3.7 Hz,
1H), 2.62 - 2.58 (m, 1H), 1.80 (ddd, J = 9.4, 6.3, 3.1 Hz, 1H), 1.69 — 1.62 (m, 1H), 1.58 (d, J
= 4.1 Hz, 1H), 1.55 — 1.47 (m, 1H), 1.47 — 1.41 (m, 1H). 13C NMR (151 MHz, CDCl3) &
206.98,192.1,138.0,135.7,133.8,129.3, 128.8, 128.7, 128.6, 128.4, 128.3, 128.2, 121.0, 55.7,
51.3, 51.0, 44.5, 43.1, 26.2, 23.4, 21.5. FT-IR (KBr): 2924(s), 1719(s), 1682(s), 1228(m).
HRMS (ESI*): Calcd. for Co3H22NO2" [M+H]*: 344.1645, Found: 344.1626. The
enantiomeric ratio was determined by HPLC analysis using Chiralpak IC column (98:2 n-
Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 21.3 MiN, Zmajor = 40.9 min), ee 96%.

(3aR,4R,5S,7aS)-4-benzoyl-7-o0xo-5-p-tolyloctahydro-1H-indene-4-carbonitrile (4b): Off
White sticky compound (25.7 mg, 72%), *H-NMR (600 MHz, CDCls3): § 7.97 (d, J = 7.5 Hz,
2H), 7.58 (t, J = 7.4 Hz, 1H), 7.44 (dd, J = 19.4, 8.1 Hz, 4H), 7.13 (d, J = 8.0 Hz, 2H), 4.12
(dd, J =14.6, 3.6 Hz, 1H), 3.84 (dd, J = 14.2, 4.0 Hz, 0.07H), 3.34 — 3.26 (m, 2H), 3.19 (dt, J
=12.3, 7.1 Hz, 1H), 2.66 (dd, J = 14.5, 3.6 Hz, 1H), 2.62 — 2.56 (m, 1H), 2.31 (s, 3H), 1.80
(ddd, J =9.3, 6.0, 2.6 Hz, 1H), 1.65 — 1.63 (m, 1H), 1.59 — 1.54 (m, 1H), 1.54 — 1.48 (m, 1H),
1.43 (m, 1H). C NMR (151 MHz, CDClzg) 6 207.1, 192.1, 137.9, 135.7, 135.0, 133.8, 129.3,
129.1, 128.8, 128.7, 121.1, 55.8, 51.3, 51.0, 44.6, 42.8, 26.2, 23.4, 21.5, 21.2. FT-IR (KBr):
2924(s), 1719(s), 1687(s), 1230(m). HRMS (ESI*): Calcd. for Ca4H2uNO2"
[M+H]":358.1802, Found:358.1877. The enantiomeric ratio was determined by HPLC analysis
using Chiralpak IE column (93:7 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 14.3

MIN, Tmajor = 35.2 Min), ee 96%.

(3aR,4R,5S,7aS)-4-benzoyl-5-(4-isopropylphenyl)-7-oxooctahydro-1H-indene-4-

carbonitrile (4c): Off White sticky compound (25.8 mg, 67%), *H-NMR (600 MHz, CDCls):
§7.93 (d,J = 7.9 Hz, 2H), 7.56 (t, J = 7.4 Hz, 1H), 7.45 — 7.39 (m, 4H), 7.16 (d, J = 8.0 Hz,
2H), 4.10 (dd, J = 14.6, 3.5 Hz, 1H), 3.79 (dd, J = 14.3, 3.7 Hz, 0.05H), 3.33 — 3.24 (m, 2H),
3.16 (dt, J = 14.0, 7.1 Hz, 1H), 2.85 (dt, J = 13.8, 6.9 Hz, 1H), 2.65 (dd, J = 14.5, 3.5 Hz, 1H),
2.58 (t,J = 10.1 Hz, 1H), 1.81 — 1.74 (m, 1H), 1.54 (dd, J = 16.8, 9.2 Hz, 2H), 1.48 — 1.37 (m,
2H), 1.20 (d, J = 6.9 Hz, 6H). *C NMR (101 MHz, CDCls) & 207.2, 192.1, 148.7, 135.7,
135.3, 133.8, 129.2, 128.8, 128.7, 126.7, 121.1, 55.8, 51.3, 51.0, 44.5, 42.9, 33.9, 26.2, 24.0,
24.0, 23.4, 21.4. FT-IR (KBr): 2924(m), 1718(s), 1685(s), 1229(m). HRMS (ESI*): Calcd.
for C26H2sNO2" [M+H]": 386.2115, Found: 386.2045. The enantiomeric ratio was determined
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by HPLC analysis using Chiralpak IA column (98:2 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254

NM, Tminor = 11.3 min, Tmajor = 17.9 min), ee 95%.

(3aR,4R,5S,7aS)-4-benzoyl-5-(4-methoxyphenyl)-7-oxooctahydro-1H-indene-4-
carbonitrile (4d): Yellow sticky compound (22.4 mg, 60%), column chromatography was
done using 6% ethyl acetate/hexane. 'H-NMR (600 MHz, CDCls): *H NMR (600 MHz,
CDClI3) 6 7.95 — 7.91 (m, 2H), 7.56 (t, J = 7.4 Hz, 1H), 7.43 (t, J = 8.1 Hz, 4H), 6.83 (d, J =
8.8 Hz, 2H), 4.09 (dd, J = 14.6, 3.5 Hz, 1H), 3.81 (dd, J = 14.2, 4.0 Hz, 0.1H), 3.76 (s, 3H),
3.30 — 3.24 (m, 2H), 3.16 (dt, J = 12.3, 7.1 Hz, 1H), 2.62 (dd, J = 14.5, 3.6 Hz, 1H), 2.60 —
2.54 (m, 1H), 1.77 (ddd, J = 9.3, 5.9, 2.4 Hz, 1H), 1.62 — 1.58 (m, 1H), 1.57 — 1.52 (m, 1H),
1.48 (dd, J=21.5,12.1 Hz, 1H), 1.40 (dd, J = 15.0, 6.3 Hz, 1H). 3C NMR (151 MHz, CDCls)
5207.1,192.2, 159.3, 135.7, 133.8, 130.4, 130.0, 128.8, 128.6, 121.1, 113.9, 56.1, 51.2, 44.6,
425, 26.2, 23.3, 21.4. FT-IR (KBr): 2925(s), 1716(s), 1686(s), 1259(m). HRMS (ESI*):
Calcd. for C24H22NO2" [M+H]":374.1751, Found: 374.1756. The enantiomeric ratio was
determined by HPLC analysis using Chiralpak IC column (98:2 n-Hexane/2PrOH, 1.0
mL/min, 25 °C, 254 nm, tminor = 44.9 MIN, Tmajor = 77.0 min), ee 93%.

(3aR,4R,5S,7aS)-4-benzoyl-5-(4-fluorophenyl)-7-oxooctahydro-1H-indene-4-
carbonitrile (4e): Off White sticky compound (32.1 mg, 89%), *H-NMR (600 MHz, CDCls):
5 7.98 —7.93 (m, 2H), 7.58 (t, J = 7.4 Hz, 1H), 7.53 — 7.48 (m, 2H), 7.44 (t, J = 7.9 Hz, 2H),
6.99 (t, J = 8.7 Hz, 2H), 4.12 (dd, J = 14.7, 3.5 Hz, 1H), 3.86 (dd, J = 14.3, 4.0 Hz, 0.06H),
3.31 - 3.22 (m, 2H), 3.19 (dt, J = 12.4, 7.1 Hz, 1H), 2.62 (dd, J = 14.4, 3.6 Hz, 1H), 2.60 —
2.54 (m, 1H), 1.81 - 1.73 (m, 1H), 1.64 (dd, J = 8.6, 4.9 Hz, 1H), 1.58 — 1.52 (m, 1H), 1.50 —
1.43 (m, 1H), 1.42 - 1.38 (m, 1H). ). *C NMR (151 MHz, CDCls) 206.6, 191.8, 163.3, 161.7,
135.4, 134.0, 133.8, 131.1, 131.0, 128.9, 128.7, 120.9, 115.6, 115.5, 55.8, 51.2, 51.0, 44.5,
42.4, 26.1, 23.4, 21.4. FT-IR (KBr): 2924(s), 1715(s), 1685(s), 1223(m). HRMS (ESI*):
Calcd. for C23sH21FNO2" [M+H]*: 362.1551, Found: 362.1536. The enantiomeric ratio was
determined by HPLC analysis using Chiralpak IE column (96:4 n-Hexane/2PrOH, 1.0 mL/min,
25 °C, 254 nm, Tminor = 15.7 MiN, tmajor = 32.4 min), ee 98%.

(3aR,4R,5S,7aS)-4-benzoyl-5-(4-chlorophenyl)-7-oxooctahydro-1H-indene-4-
carbonitrile (4f): Off White sticky compound (26 mg, 69%), *H-NMR (600 MHz, CDClz):
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5 7.88 (d, J = 8.6 Hz, 2H), 7.50 (d, J = 7.5 Hz, 2H), 7.41 — 7.37 (m, 2H), 7.31 (t, J = 7.6 Hz,
2H), 7.27 — 7.25 (m, 1H), 4.09 (dd, J = 14.6, 3.5 Hz, 1H), 3.80 (dd, J = 14.1, 4.0 Hz, 0.08H),
3.32 - 3.25 (m, 2H), 3.13 (dt, J = 12.4, 7.1 Hz, 1H), 2.66 (dd, J = 14.6, 3.6 Hz, 1H), 2.61 —
2.55 (m, 1H), 1.81 — 1.76 (m, 1H), 1.63 (dd, J = 6.7, 4.0 Hz, 1H), 1.58 — 1.53 (m, 1H), 1.51 —
1.45 (m, 1H), 1.39 (dd, J = 13.1, 6.3 Hz, 1H). *C NMR (151 MHz, CDCIs) § 206.6, 191.8,
163.3, 161.7, 135.4, 134.0, 133.8, 131.1, 131.0, 128.9, 128.7, 120.9, 115.6, 115.5, 77.4, 77.2,
77.0, 55.8, 51.2, 51.0, 44.5, 42.4, 26.1, 23.4, 21.4. FT-IR (KBr): 2925(s), 1719(s), 1687(m),
1236(m). HRMS (ESI*): Calcd. for C23H21CINO2* [M+H]*: 378.1255, Found: 378.1253. The
enantiomeric ratio was determined by HPLC analysis using Chiralpak IE column (95:5 n-
Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, zminor = 15.6MinN, major = 40.9 min), ee 97%.

(3aR,4R,5S,7aS)-4-benzoyl-5-(4-bromophenyl)-7-oxooctahydro-1H-indene-4-

carbonitrile (4g): Off White sticky compound (36.6 mg, 87%), *H-NMR (600 MHz, CDCls):
3 7.99 (d, J = 8.3 Hz, 2H), 7.62 — 7.56 (m, 1H), 7.48 — 7.39 (m, 6H), 4.09 (dd, J = 14.7, 3.6
Hz, 1H), 3.84 (dd, J = 14.2, 4.0 Hz, 0.06H), 3.31 — 3.16 (m, 3H), 2.62 (dd, J = 14.4, 3.6 Hz,
1H), 2.60 — 2.55 (m, 1H), 1.76 (ddd, J = 9.7, 6.4, 3.3 Hz, 1H), 1.66 — 1.60 (m, 1H), 1.55 (dd, J
=12.7,10.9 Hz, 1H), 1.46 — 1.35 (m, 2H). *C NMR (151 MHz, CDCIls3)  206.8, 191.0, 140.5,
137.8, 133.8, 130.2, 129.2, 129.2, 128.7, 128.3, 120.9, 51.3, 51.0, 44.4, 43.2, 26.2, 23.4, 21.5.
FT-IR (KBr): 2925(s), 1712(s), 1686(s), 1231(m). HRMS (ESI*): Calcd. for C2sH21BrNO2*
[M+H]": 422.075, Found: 422.0751. The enantiomeric ratio was determined by HPLC analysis
using Chiralpak IE column (93:7 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 13.7

MIN, Tmajor = 39.8 Min). ee 98%.

(3aR,4R,5S,7aS)-4-benzoyl-5-(biphenyl-4-yl)-7-oxooctahydro-1H-indene-4-carbonitrile

(4h): Off White sticky compound (33.9 mg, 81%), *H NMR (600 MHz, CDCl3) 6 7.99 (d, J
=7.4 Hz, 2H), 7.60 (d, J = 8.3 Hz, 2H), 7.55 (dd, J = 9.5, 8.4 Hz, 5H), 7.43 (dt, J = 12.2, 8.0
Hz, 4H), 7.33 (t, J = 7.4 Hz, 1H), 4.18 (dd, J = 14.6, 3.5 Hz, 1H), 3.90 (dd, J = 14.0, 3.9 Hz,
0.06H), 3.37 — 3.30 (m, 2H), 3.21 (dt, J = 12.3, 7.1 Hz, 1H), 2.70 (dd, J = 14.5, 3.6 Hz, 1H),
2.62 —2.56 (m, 1H), 1.83 — 1.76 (m, 1H), 1.63 — 1.60 (m, 1H), 1.59 — 1.54 (m, 1H), 1.50 (dd,
J=11.9, 9.0 Hz, 1H), 1.43 (t, J = 4.8 Hz, 1H). *°C NMR (151 MHz, CDCls) § 207.0, 191.9,
140.9, 140.6, 137.0, 135.5, 133.9, 129.7, 128.9, 128.9, 128.8, 127.6, 127.3, 127.2, 121.1, 55.7,
51.3, 51.1, 44.5, 42.8, 26.5, 23.4, 21.5. FT-IR (KBr): 2924(s), 1721(s), 1687(s), 1228(m).
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HRMS (ESI*): Calcd. for CogH2NO2" [M+H]": 420.1958, Found: 420.1952. The
enantiomeric ratio was determined by HPLC analysis using Chiralpak IB column (95:5 n-
Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, zminor = 16.8 Min, tmajor = 19.8 min).

(3aR,4R,5S,7aS)-4-benzoyl-5-(4-nitrophenyl)-7-oxooctahydro-1H-indene-4-carbonitrile

(41): Yellow sticky compound (15.2 mg, 39%), column chromatography was done using 5%
ethyl acetate/hexane. *H-NMR (600 MHz, CDClz): § 8.17 (d, J = 8.8 Hz, 2H), 8.04 (d, J =
7.6 Hz, 2H), 7.75 (d, J = 8.8 Hz, 2H), 7.61 (t, J = 7.4 Hz, 1H), 7.47 (t, J = 7.9 Hz, 2H), 4.23
(dd, J=14.7, 3.5 Hz, 1H), 4.03 (dd, J = 14.2, 3.9 Hz, 0.04H), 3.35 — 3.23 (m, 3H), 2.64 (dd, J
=14.4,3.5 Hz, 1H), 2.60 — 2.55 (m, 1H), 1.81 — 1.74 (m, 1H), 1.65 (dd, J = 6.6, 4.4 Hz, 1H),
1.58 — 1.53 (m, 1H), 1.40 (dd, J = 18.6, 8.8 Hz, 2H). *C NMR (151 MHz, CDClzs) & 205.8,
190.9, 147.7,145.2, 134.5, 130.5, 129.1, 129.0, 123.8, 120.5, 55.0, 51.2, 51.1, 44.0, 42.7, 26.0,
23.5, 21.5. FT-IR (KBr): 2924(s), 1721 (s), 1689(s), 1349(m). HRMS (ESI*): Calcd. for
C23H21N204" [M+H]": 389.1496, Found: 389.1496. The enantiomeric ratio was determined by
HPLC analysis using Chiralpak IB column (98.5:1.5 n-Hexane/EtOH, 1.0 mL/min, 25 °C, 254

NnM, Tminor = 44.0 min, Tmajor = 47.1 min), ee 94%.

(3aR,4R,5S,7aS)-4-benzoyl-7-0x0-5-m-tolyloctahydro-1H-indene-4-carbonitrile (4j): Off
White sticky compound (29.6 mg, 83%), *H-NMR (400 MHz, CDCls): § 7.96 (d, J = 7.9 Hz,
2H), 7.59 (t, J = 7.3 Hz, 1H), 7.46 (t, J = 7.4 Hz, 2H), 7.34 (s, 2H), 7.21 (t, J = 7.9 Hz, 1H),
7.08 (d, J = 7.4 Hz, 1H), 4.10 (dd, J = 14.5, 2.1 Hz, 1H), 3.82 (dd, J = 14.9, 3.4 Hz, 0.08H),
3.36 —3.26 (m, 2H), 3.24 — 3.15 (m, 1H), 2.67 (dd, J = 14.4, 2.3 Hz, 1H), 2.60 (t, J = 10.1 Hz,
1H), 2.35 (s, 3H), 1.86 — 1.77 (m, 1H), 1.67 — 1.62 (m, 2H), 1.58 — 1.51 (m, 1H), 1.49 — 1.42
(m, 1H). 3C NMR (151 MHz, CDCls) § 207.1, 192.1, 138.3, 138.0, 135.7, 133.8, 130.0,
128.9, 128.8, 128.7, 128.5, 126.2, 121.1, 55.7, 51.4, 51.0, 44.6, 43.1, 26.2, 23.4, 21.7, 21.5.
FT-IR (KBr): 2924(s), 1716(s), 1684(s), 1231(m). HRMS (ESI*): Calcd. for CasH24NO2*
[M+H]": 358.1802, Found: 358.1792. The enantiomeric ratio was determined by HPLC
analysis using Chiralpak IC column (97:3 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, Zminor
= 14.4 min, Tmajor = 23.3 min), ee 94%.

(3aR,4R,5S,7aS)-4-benzoyl-7-0xo-5-0-tolyloctahydro-1H-indene-4-carbonitrile (4k): Off
White sticky compound (23.2 mg, 65%), *H-NMR (400 MHz, CDCls): § 7.94 (d, J = 7.9 Hz,
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2H), 7.86 (d, J = 7.1 Hz, 1H), 7.58 (t, J = 7.3 Hz, 1H), 7.44 (t, J = 7.4 Hz, 2H), 7.15 (dd, J =
9.1, 5.5 Hz, 3H), 4.19 (dd, J = 14.4, 2.3 Hz, 1H), 4.09 (d, J = 10.4 Hz, 0.11H), 3.25 (dt, J =
10.3, 7.2 Hz, 2H), 3.15 (t, J = 14.8 Hz, 1H), 2.59 (dd, J = 20.2, 5.3 Hz, 2H), 2.50 (s, 3H), 1.63
(ddd, J = 21.5, 15.2, 8.0 Hz, 3H), 1.52 — 1.43 (m, 2H). 3C NMR (151 MHz, CDCls): § 207.0,
192.6, 137.7, 136.9, 135.9, 133.8, 131.3, 128.8, 128.7, 127.6, 126.8, 125.4, 122.1, 55.2, 51.6,
51.2, 455, 37.8, 26.2, 24.1, 22.2, 19.9. FT-IR (KBr): 2924(s), 1719(s), 1685(s), 1230(m).
HRMS (ESI*): Calcd. for C24H2sNO2" [M+H]*: 358.1802, Found: 358.1800. The
enantiomeric ratio was determined by HPLC analysis using Chiralpak IB column (97:3 n-
Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, zmajor = 8.3 MiN, tminor = 10.3 min), ee 92%.

(3aR,4R,5S,7aS)-4-benzoyl-5-(naphthalen-1-yl)-7-oxooctahydro-1H-indene-4-
carbonitrile (41): Off White sticky compound (23.6 mg, 60%), *H NMR (600 MHz, CDCl=)
5 8.22 (d, J =8.6 Hz, 1H), 7.97 (d, J = 7.3 Hz, 1H), 7.94 (d, J = 7.5 Hz, 2H), 7.85 (d, J = 8.1
Hz, 1H), 7.76 (d, J = 8.2 Hz, 1H), 7.64 — 7.60 (m, 1H), 7.58 (t, J = 7.4 Hz, 1H), 7.52 (t, J=7.5
Hz, 1H), 7.44 (t, J = 7.9 Hz, 2H), 7.39 (t, J = 7.8 Hz, 1H), 4.90 (dd, J = 14.5, 3.2 Hz, 1H), 4.76
(dd, J = 13.9, 3.7 Hz, 0.12H), 3.37 — 3.30 (m, 2H), 3.24 (t, J = 14.8 Hz, 1H), 2.84 (dd, J = 15.1,
3.3 Hz, 1H), 2.62 (ddd, J = 8.9, 8.5, 3.9 Hz, 1H), 1.88 (ddd, J = 9.6, 6.2, 2.9 Hz, 1H), 1.76 —
1.68 (m, 2H), 1.56 — 1.49 (m, 2H). **C NMR (151 MHz, CDCls) 6 207.0, 192.1, 135.6, 135.3,
134.3,133.9,131.3, 129.3, 128.8, 128.8, 128.6, 126.8, 126.1, 125.4, 123.7, 123.1, 122.1, 55.0,
51.7, 51.3, 46.0, 37.3, 26.4, 23.9, 22.2. FT-IR (KBr): 2924(s), 1714(s), 1685(s), 1231(m).
HRMS (ESI*): Calcd. for C27H24NO2" [M+H]*:394.1802, Found:394.1789. The enantiomeric
ratio was determined by HPLC analysis using Chiralpak IB column (96:4 n-Hexane/2PrOH,
1.0 mL/min, 25 °C, 254 nm, ZTmajor = 13.2 Min, zminor = 18.1 min), ee 83%.

(3aR,4R,5S,7aS)-4-benzoyl-5-(2,4-dichlorophenyl)-7-oxooctahydro-1H-indene-4-

carbonitrile (4m): Off White sticky compound (22.6 mg, 55%), 'H-NMR (400 MHz,
CDCls): 8 8.12 (d, J = 7.9 Hz, 2H), 7.80 (d, J = 8.5 Hz, 1H), 7.64 (t, J = 7.4 Hz, 1H), 7.50 (t,
J=17.8Hz, 2H), 7.45 (d, J = 1.8 Hz, 1H), 7.18 (d, J = 8.5 Hz, 1H), 4.50 (dd, J = 14.4, 3.4 Hz,
1H), 4.41 (dd, J = 14.0, 4.0 Hz, 0.06H), 3.31 — 3.22 (m, 2H), 2.99 (t, J = 14.9 Hz, 1H), 2.70
(dd, J=15.4, 3.4 Hz, 1H), 2.53 (dd, J = 9.9, 4.1 Hz, 1H), 1.85 - 1.66 (m, 3H), 1.48 — 1.37 (m,
2H). 3C NMR (151 MHz, CDCIs) § 206.0, 190.8, 135.8, 135.6, 134.7, 134.4, 133.9, 130.3,
129.1, 129.1, 127.9, 127.4, 121.5, 53.7, 51.2, 50.9, 44.4, 37.7, 26.0, 24.6, 22.4. FT-IR (KBr):
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2924(s), 1711(s), 1691(s), 1237(m). HRMS (ESI*): Calcd. for CasH20ClNO2* [M+H]*:
412.0866, Found: 412.0863. The enantiomeric ratio was determined by HPLC analysis using
Chiralpak 1E column (94:6 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 9.9 min,

Tmajor = 10.6 min), ee 82%.

(3aR,4R,5S,7aS)-4-benzoyl-7-oxo-5-(thiophen-2-yl)octahydro-1H-indene-4-carbonitrile
(4n): Off White sticky compound (18.1 mg, 52%), *H-NMR (400 MHz, CDCls): 6 8.07 (d, J
=7.5Hz, 2H), 7.59 (t, ) =7.4 Hz, 1H), 7.47 (t, J = 7.8 Hz, 2H), 7.19 (d, J = 5.2 Hz, 1H), 7.12
(d, J = 3.4 Hz, 1H), 6.92 (dd, J = 5.0, 3.7 Hz, 1H), 4.46 (dd, J = 14.4, 3.8 Hz, 1H), 4.20 (dd, J
=14.3, 4.0 Hz, 0.16H), 3.30 — 3.21 (m, 2H), 3.19 — 3.11 (m, 1H), 2.82 (dd, J = 14.5, 3.7 Hz,
1H), 2.60 — 2.53 (m, 1H), 1.81 — 1.69 (m, 2H), 1.41 — 1.34 (m, 3H). *C NMR (151 MHz,
CDCls) 6 205.8, 191.9, 141.0, 134.1, 129.0, 129.0, 128.3, 127.0, 126.8, 125.5, 120.6, 57.2,
50.9, 50.8, 45.2, 39.3, 26.2, 23.4, 21.4. FT-IR (KBr): 2924(s), 1721(s), 1689(s), 1235(m).
HRMS (ESI*): Calcd. for CziHoNO2S™ [M+H]": 350.1209, Found: 350.1201. The
enantiomeric ratio was determined by HPLC analysis using Chiralpak 1B column (97:3 n-
Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, zminor = 14.9 Min, zmajor = 19.4 min), ee 76%.

(3aR,4R,5S,7aS)-4-benzoyl-7-o0x0-5-styryloctahydro-1H-indene-4-carbonitrile (40): Off
White sticky compound (14.8 mg, 40%), *H-NMR (400 MHz, CDCls): & 8.18 (d, J=7.5 Hz,
2H), 7.63 (t, J=7.4 Hz, 1H), 7.51 (t, J = 7.8 Hz, 2H), 7.35 (d, J = 7.5 Hz, 2H), 7.30 - 7.27 (m,
3H), 6.63 (d, J = 15.8 Hz, 1H), 6.17 (dd, J = 15.8, 7.7 Hz, 1H), 3.83 — 3.76 (m, 1H), 3.73 —
3.68 (m, 0.2H), 3.51 (ddd, J = 13.2, 8.9, 4.3 Hz, 0.4H), 3.18 (ddd, J = 18.9, 14.2, 7.2 Hz, 2H),
2.96 (t, J = 14.2 Hz, 1H), 2.64 — 2.60 (m, 1H), 2.58 — 2.52 (m, 1H), 1.91 — 1.85 (m, 1H), 1.81
(dd,J=12.2,6.2 Hz, 1H), 1.75 - 1.66 (m, 2H), 1.51 (dd, J = 11.8, 7.7 Hz, 1H). 13C NMR (151
MHz, CDCls) 6 206.8, 191.2, 136.5, 135.1, 134.7, 134.3, 129.1, 129.1, 128.8, 128.2, 126.8,
126.3, 120.2, 51.0, 50.5, 43.1, 41.4, 32.1, 23.3, 22.9, 21.3. FT-IR (KBr): 2924(s), 1721(s),
1685(s), 1231(m). HRMS (ESI*): Calcd. for CasH2aNO2" [M+H]™: 370.1802, Found:
370.1808. The enantiomeric ratio was determined by HPLC analysis using Chiralpak IB
column (97:3 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, tmajor =19.7 Min, zminor = 35.5
min), ee >99%.
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(3aR,4R,5S,7aS)-4-(4-methylbenzoyl)-7-0xo-5-phenyloctahydro-1H-indene-4-carbonitrile  (4p):
Off White sticky compound (31.4 mg, 88%), *H-NMR (400 MHz, CDCls): § 7.91 (d, J = 8.3 Hz, 2H),
7.54 (d, J=7.7 Hz, 2H), 7.32 (t, J = 7.6 Hz, 2H), 7.29 — 7.23 (m, 3H), 4.14 (dd, J = 14.7, 3.5 Hz, 1H),
3.85 (dd, J = 14.2, 3.9 Hz, 0.06H), 3.35 — 3.28 (m, 2H), 3.20 (dt, J = 12.3, 7.1 Hz, 1H), 2.67 (dd, J =
14.5, 3.6 Hz, 1H), 2.62 — 2.56 (m, 1H), 2.40 (s, 3H), 1.82 - 1.77 (m, 1H), 1.63 (d, J = 6.6 Hz, 1H), 1.57
(d, J = 8.5 Hz, 1H), 1.52 — 1.46 (m, 1H), 1.42 (d, J = 6.6 Hz, 1H). C NMR (151 MHz, CDCls) &
207.1,191.2,145.1, 138.1, 132.9, 129.5, 129.3, 129.0, 128.6, 128.1, 121.2, 55.4, 51.4, 51.0, 44.5, 43.1,
26.1, 23.4, 21.9, 21.5. FT-IR (KBr): 2924(s), 1717(s), 1683(s), 1236(m). HRMS (ESI*): Calcd. for
C24H24NO,* [M+H]*: 358.1802, Found: 358.1801. The enantiomeric ratio was determined by HPLC
analysis using Chiralpak IE column (94:6 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, zminor = 21.3

min, Tmajor = 33.5 min), ee 94%.

(3aR,4R,5S,7aS)-4-(4-methoxybenzoyl)-7-oxo-5-phenyloctahydro-1H-indene-4-carbonitrile (4q):
Off White sticky compound (23.8 mg, 64%), *H-NMR (400 MHz, CDCls): § 8.07 (d, J = 9.0 Hz, 2H),
7.54(d,J=7.7Hz, 2H),7.29 (t, ) =7.6 Hz, 2H), 7.23 (t, J = 7.3 Hz, 1H), 6.90 (d, J = 9.0 Hz, 2H), 4.12
(dd, J = 14.6, 3.5 Hz, 1H), 3.85 (s, 3H), 3.32 — 3.26 (m, 2H), 3.18 (dt, J = 12.5, 7.1 Hz, 1H), 2.64 (dd,
J =145, 3.6 Hz, 1H), 2.60 — 2.54 (m, 1H), 1.78 — 1.73 (m, 1H), 1.62 — 1.58 (m, 1H), 1.55 — 1.51 (m,
1H), 1.47 — 1.41 (m, 1H), 1.39 — 1.35 (m, 1H). *C NMR (151 MHz, CDCl3) & 207.2, 189.4, 164.2,
138.3, 131.5, 129.3, 128.6, 128.0, 121.4, 114.1, 55.8, 54.8, 51.5, 51.0, 44.60, 43.0, 26.1, 23.4, 21.5.
FT-IR (KBr): 2924(s), 1716(s), 1686(s), 1259(m). HRMS (ESI*): Calcd. for CasHauNOs* [M+H]*:
374.1751, Found: 374.1764. The enantiomeric ratio was determined by HPLC analysis using Chiralpak
IE column (92:8 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nM, zminor = 26.2 MiN, Tmajor = 42.7 min), ee
93%.

(3aR,4R,5S,7aS)-4-(4-chlorobenzoyl)-7-oxo0-5-phenyloctahydro-1H-indene-4-carbonitrile  (4r):
Off White sticky compound (27.1 mg, 72%), *H-NMR (400 MHz, CDCls): & 8.00 — 7.97 (m, 2H), 7.58
(t, J=7.4 Hz, 1H), 7.46 (dd, J = 16.2, 8.1 Hz, 4H), 7.30 — 7.25 (m, 2H), 4.10 (dd, J = 14.7, 3.6 Hz,
1H), 3.85 (dd, J = 14.2, 4.0 Hz, 0.05H), 3.31 — 3.22 (m, 2H), 3.19 (dt, J = 12.3, 7.2 Hz, 1H), 2.62 (dd,
J =145, 3.6 Hz, 1H), 2.57 (ddd, J = 8.8, 8.3, 3.8 Hz, 1H), 1.77 (ddd, J = 12.9, 6.4, 3.1 Hz, 1H), 1.66 —
1.61 (m, 1H), 1.58 — 1.50 (m, 1H), 1.48 — 1.41 (m, 1H), 1.40 (dd, J = 11.7, 4.5 Hz, 1H). ®*C NMR (151
MHz, CDCls) 6 206.5, 191.6, 136.5, 135.2, 134.2, 134.1, 130.7, 128.9, 128.8, 120.8, 55.5, 51.2, 51.0,
44.3, 425, 26.1, 23.4, 21.4. FT-IR (KBr): 2925(s), 1713(s), 1685(s), 1232(m). HRMS (ESI*):
Ca3H21CINO,* [M+H]*: 378.1255, Found: 378.1260. The enantiomeric ratio was determined by HPLC
analysis using Chiralpak IC column (93:7 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, zminor = 19.6

MiN, Tmajor = 32.1 Min), ee 94%.
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(3aR,4R,5S,7aS)-4-(4-bromobenzoyl)-7-oxo-5-phenyloctahydro-1H-indene-4-carbonitrile  (4s):
Off White sticky compound (22.7 mg, 54%), *H-NMR (400 MHz, CDCls): § 7.72 (d, J = 8.7 Hz, 2H),
7.49 (d, J=8.6 Hz, 2H), 7.42 (d, J = 7.5 Hz, 2H), 7.24 (dd, J = 12.1, 4.7 Hz, 2H), 7.19 (d, J = 3.1 Hz,
1H), 4.02 (dd, J = 14.6, 3.5 Hz, 1H), 3.74 — 3.71 (m, 0.1H), 3.25 — 3.18 (m, 2H), 3.09 — 3.03 (m, 1H),
2.59 (dd, J = 14.6, 3.6 Hz, 1H), 2.55 — 2.47 (m, 1H), 1.75 — 1.67 (m, 1H), 1.58 — 1.53 (m, 1H), 1.44 —
1.37 (m, 1H), 1.33 (t, J = 7.0 Hz, 1H). *C NMR (151 MHz, CDCls) § 206.7, 191.3, 137.8, 134.3,
132.2, 130.2, 129.3, 129.2, 128.7, 128.3, 120.9, 55.7, 51.3, 51.0, 44.4, 43.2, 26.2, 23.4, 21.5. FT-IR
(KBr): 2924(s), 1712(s), 1686(s), 1232(m). HRMS (ESI?): Calcd. for CysH21BrNO2* [M+H]":
422.075, Found: 422.0749. The enantiomeric ratio was determined by HPLC analysis using Chiralpak
IE column (94:6 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, zminor = 16.0 MiN, tmajor = 29.2 min), ee
95%.

(3aR,4R,5S,7aS)-4-(3-chlorobenzoyl)-7-oxo0-5-phenyloctahydro-1H-indene-4-carbonitrile  (4t):
Off White sticky compound (24.9 mg, 66%), *H-NMR (400 MHz, CDCls): § 7.86 (d, J = 7.9 Hz, 1H),
7.81 (t, J =1.8 Hz, 1H), 7.54 (ddd, J = 14.1, 7.6, 4.4 Hz, 3H), 7.39 (t, J = 8.0 Hz, 1H), 7.35 (dd, J =
14.0, 6.8 Hz, 2H), 7.31 — 7.28 (m, 1H), 4.12 (dd, J = 14.6, 3.6 Hz, 1H), 3.82 (dd, J = 14.2, 3.9 Hz,
0.12H), 3.32 (dd, J = 16.7, 11.9 Hz, 2H), 3.17 (dt, J = 12.4, 7.1 Hz, 1H), 2.69 (dd, J = 14.6, 3.6 Hz,
1H), 2.64 — 2.58 (m, 1H), 1.84 — 1.79 (m, 1H), 1.67 (dd, J = 15.6, 4.8 Hz, 1H), 1.62 — 1.57 (m, 1H),
1.55—1.48 (m, 1H), 1.43 (dd, J = 9.9, 4.5 Hz, 1H). 3C NMR (151 MHz, CDCls) § 206.7, 191.2, 137.7,
137.1, 135.3, 133.8, 130.1, 129.2, 128.8, 128.4, 126.3, 120.7, 56.0, 51.2, 51.1, 44.4, 43.2, 26.2, 23.4,
21.5. FT-IR (KBr): 2924(s), 1715(s), 1692(s), 1227(m). HRMS (ESI*): Calcd. for Ca3H21CINO,*
[M+H]*: 378.1255, Found: 378.1252. The enantiomeric ratio was determined by HPLC analysis using
Chiralpak IE column (94:6 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, Zminor = 16.0 MiN, Zmajor =
20.4 min), ee 96%.

(1S,2R,4aR,8aS)-1-benzoyl-4-ox0-2-phenyldecahydronaphthalene-1-carbonitrile (3a): Off White
sticky compound (18.2 mg, 34%), *H-NMR (400 MHz, CDCls): 6 7.80 (d, J = 7.5 Hz, 2H), 7.57 (t, J
= 7.4 Hz, 1H), 7.44 (t, J = 7.8 Hz, 2H), 7.39 — 7.35 (m, 3H), 7.25 (d, J = 6.5 Hz, 2H), 4.28 (dd, J = 6.5,
3.2 Hz, 0.16H), 4.19 (dd, J = 9.0, 4.5 Hz, 1H), 3.04 (td, J = 11.8, 3.9 Hz, 1H), 2.94 (dd, J = 16.6, 9.0
Hz, 1H), 2.70 (dd, J = 16.6, 4.5 Hz, 1H), 2.43 — 2.38 (m, 1H), 2.29 (td, J = 12.2, 3.3 Hz, 1H), 1.94 (dd,
J=125,2.0 Hz, 1H), 1.86 — 1.77 (m, 2H), 1.54 (ddd, J = 24.9, 12.6, 3.6 Hz, 2H), 1.33 — 1.30 (m, 2H).
13C NMR (151 MHz, CDCls) 6 210.0, 197.3, 137.9, 137.0, 133.6, 129.1, 129.1, 129.0, 128.8, 128.7,
121.1, 57.0, 47.8, 47.4, 46.3, 41.1, 29.0, 26.9, 26.3, 25.1. FT-IR (KBr): 2924(s), 1717(s), 1681(s),
1226(m). HRMS (ESI*): Calcd. for CxsHuNO,* [M+H]*: 358.1802, Found: 358.1813. The
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enantiomeric ratio was determined by HPLC analysis using Chiralpak IA column (99:1 n-
Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, , tminor = 36.2 MiN, Zmajor = 39.8 MiN). Zminor = 34.3 min,
Tmajor =444 mln), ee 99%

(1S,2R,4aR,8aS)-1-benzoyl-4-oxo0-2-p-tolyldecahydronaphthalene-1-carbonitrile (3b): Off White
sticky compound (13.9 mg, 25%), *H-NMR (400 MHz, CDCls): & 7.85 (d, J = 7.4 Hz, 2H), 7.58 (t, J
=7.4Hz, 1H), 7.45 (t, J = 7.8 Hz, 2H), 7.15 (dd, J = 24.7, 8.1 Hz, 4H), 4.26 (dd, J = 6.6, 2.8 Hz, 1H),
4.16 (dd, J = 8.5, 4.7 Hz, 1H), 3.05 (td, J = 11.8, 3.8 Hz, 1H), 2.90 (dd, J = 16.6, 8.6 Hz, 1H), 2.67 (dd,
J=16.6, 4.6 Hz, 1H), 2.43 — 2.37 (m, 1H), 2.34 (s, 3H), 2.28 (dd, J = 8.6, 5.3 Hz, 1H), 1.95 (dd, J =
12.3, 2.1 Hz, 1H), 1.82 (dd, J = 18.4, 15.6 Hz, 2H), 1.57 — 1.52 (m, 2H), 1.36-1.30 (m, 2H). *C NMR
(151 MHz, CDCl3) 6 210.2,197.2, 138.6, 136.9, 134.8, 133.64, 129.8, 129.1, 128.9, 128.7, 121.2, 57.0,
47.8,47.1, 45.9, 41.2, 29.6, 26.9, 25.2, 22.9, 14.3. FT-IR (KBr): 2924(s), 1716(s), 1685(s), 1227(m).
HRMS (ESI*): Calcd. for CasHzsNO2* [M+H]*: 372.1958, Found: 372.1962. The enantiomeric ratio
was determined by HPLC analysis using Chiralpak IA column (99:1 n-Hexane/2PrOH, 1.0 mL/min, 25
°C, 254 nm, Tmajor = 37.8 MiN, Tminor = 49.2 min), ee 96%.

(1S,2R,4aR,8aS)-1-benzoyl-2-(4-fluorophenyl)-4-oxodecahydronaphthalene-1-carbonitrile (3c):
Off White sticky compound (15.7 mg, 28%), *H-NMR (400 MHz, CDCls): § 7.82 (d, J = 7.6 Hz, 2H),
7.61(t,J=7.3Hz, 1H), 7.48 (t, J= 7.8 Hz, 2H), 7.25 (dd, J = 8.6, 5.2 Hz, 2H), 7.08 (t, J = 8.5 Hz, 2H),
4.30 (dd, J = 6.5, 3.2 Hz, 0.19H), 4.22 (dd, J = 9.4, 4.3 Hz, 1H), 3.03 (td, J = 11.9, 3.9 Hz, 1H), 2.94
(dd, J = 16.6, 9.5 Hz, 1H), 2.71 (d, J = 12.3 Hz, 1H), 2.41 (d, J = 12.9 Hz, 1H), 2.32 — 2.27 (m, 1H),
1.97 (d, J = 12.3 Hz, 1H), 1.87 — 1.81 (m, 2H), 1.57 — 1.52 (m, 2H), 1.44 — 1.39 (m, 2H). 3C NMR
(151 MHz, CDCl3) 6 209.7,197.2,137.1, 133.7, 130.8, 130.8, 129.0, 128.8, 124.1, 121.2, 116.2, 116.0,
57.1,47.6,47.4,45.4,41.2,29.2, 26.9, 26.2, 25.1. FT-IR (KBr): 2924(s), 1716(s), 1680(s), 1227(m).
HRMS (ESI*): Calcd. for C24H2sFNO2" [M+H]*: 376.1707, Found: 376.1708. The enantiomeric ratio
was determined by HPL.C analysis using Chiralpak IA column (98.5:1.5 n-Hexane/2PrOH, 1.0 mL/min,
25 °C, 254 nm, tmajor = 26.1 MiN, Zminor = 40.5 min), ee 96%.

(1S,2R,4aR,8aS)-1-benzoyl-2-(4-bromopphenyl)-4-oxodecahydronaphthalene-1-carbonitrile

(3d): Off White sticky compound (14.3 mg, 22%), *H-NMR (400 MHz, CDClz): 6 7.82 (d, J = 7.5
Hz, 2H), 7.59 (t, J = 7.4 Hz, 1H), 7.51 — 7.44 (m, 4H), 7.12 (d, J = 8.4 Hz, 2H), 4.24 (dd, J = 6.6, 3.0
Hz, 0.26H), 4.18 (dd, J = 9.4, 4.4 Hz, 1H), 3.00 (td, J = 11.9, 3.9 Hz, 1H), 2.91 (dd, J = 16.7, 9.4 Hz,
1H), 2.67 (dd, J = 16.7, 4.4 Hz, 1H), 2.39 (d, J = 10.4 Hz, 1H), 2.26 (td, J = 12.3, 3.3 Hz, 1H), 1.95
(dd, J=12.5, 2.1 Hz, 1H), 1.82 (t, J = 15.5 Hz, 2H), 1.51 (ddd, J = 24.8, 12.5, 3.4 Hz, 2H), 1.21 - 1.15
(m, 2H). 3C NMR (151 MHz, CDCls) 6 209.6, 196.9, 136.8, 135.0, 133.8, 132.3, 130.7, 129.0, 128.8,
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128.7, 123.0, 56.7, 47.6, 47.3, 45.5, 40.9, 26.9, 26.2, 25.0, 22.9. FT-IR (KBr): 2924(s), 1716(s),
1685(s), 1227(m). HRMS (ESI7): Calcd. for C2sH23BrNO," [M+H]*: 436.0907 Found: 436.0905. The
enantiomeric ratio was determined by HPLC analysis using Chiralpak 1A column (98:2 n-
Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, zmajor = 32.1 MiN, zminor = 50.0 min), ee 96%.

(1S,2R,4aR,8aS)-1-benzoyl-2-(biphenyl-4-yl)-4-oxodecahydronaphthalene-1-carbonitrile  (3e):
Off White sticky compound (9.7 mg, 15%), *H-NMR (400 MHz, CDCls): § 7.86 (d, J = 7.4 Hz, 2H),
7.59 (t, J = 8.0 Hz, 5H), 7.45 (dd, J = 14.0, 7.7 Hz, 5H), 7.32 (d, J = 8.2 Hz, 2H), 4.33 (dd, J = 6.5, 3.4
Hz, 0.29H), 4.25 (dd, J = 8.8, 4.5 Hz, 1H), 3.07 (td, J = 11.7, 3.8 Hz, 1H), 2.97 (dd, J = 16.6, 8.9 Hz,
1H), 2.73 (dd, J = 16.6, 4.5 Hz, 1H), 2.42 (d, J = 13.4 Hz, 1H), 2.32 (td, J = 12.2, 3.2 Hz, 1H), 1.97 (d,
J=12.2 Hz, 1H), 1.82 (dd, J = 35.4, 17.0 Hz, 2H), 1.56 — 1.51 (m, 2H), 1.34 — 1.29 (m, 2H). *C NMR
(151 MHz, CDCls) 6 210.0,197.2, 141.6, 140.4, 136.9, 136.8, 133.7, 129.5, 129.1, 129.1, 128.8, 127.8,
127.7,127.3,121.2,56.9, 47.8, 47.3,45.9, 41.2, 26.9, 26.3, 25.1, 22.9. FT-IR (KBr): 2925(s), 1715(s),
1685(s), 1225(m). HRMS (ESI*): Calcd. for C3HsNO-*" [M+H]*: 434.2115, Found: 434.2235. The
enantiomeric ratio was determined by HPLC analysis using Phenomenex Lux cellulose-1 column (98:2
n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, zmajor = 34.4 MiN, Zminor = 44.4 min), ee 95%.

(1S,2R,4aR,8aS)-1-benzoyl-4-0x0-2-m-tolyldecahydronaphthalene-1-carbonitrile (3f): Off White
sticky compound (15.6 mg, 28%), *H-NMR (400 MHz, CDCls): & 7.82 (d, J = 7.4 Hz, 2H), 7.59 (t, J
=7.4 Hz, 1H), 7.56 — 7.52 (m, 1H), 7.47 (t, J = 7.8 Hz, 2H), 7.18 (d, J = 7.6 Hz, 1H), 7.05 (d, J = 6.0
Hz, 2H), 4.23 (dd, J = 6.5, 3.2 Hz, 1H), 4.17 (dd, J = 9.1, 4.4 Hz, 1H), 3.05 (td, J = 11.9, 3.9 Hz, 1H),
2.95(dd, J=16.6, 9.1 Hz, 1H), 2.70 (dd, J = 16.6, 4.5 Hz, 1H), 2.43 (d, J = 16.0 Hz, 1H), 2.36 (s, 3H),
2.34 —-2.28 (m, 1H), 1.97 (dd, J = 12.5, 2.0 Hz, 1H), 1.84 (dd, J = 17.7, 15.3 Hz, 2H), 1.59 — 1.52 (m,
2H), 1.35-1.30 (m, 2H).*C NMR (151 MHz, CDCls) § 210.1, 197.5, 138.8, 137.8, 137.1, 133.6, 129.8,
1295, 129.0, 129.0, 128.7, 126.1, 121.2,57.1, 47.7, 47.4, 46.1, 41.1, 29.0, 27.0, 26.3, 25.2, 21.7. FT-
IR (KBr): 2923(s), 1713(s), 1684(s), 1225(m). HRMS (ESI*): Calcd. for CasHasNOz* [M+H]*:
372.1958, Found: 372.1952. The enantiomeric ratio was determined by HPLC analysis using
Phenomenex Lux cellulose-1 column (98:2 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, tmajor = 32.4

MIN, Tminor = 35.2 mMin), ee 95%.

(1S,2R,4aR,8aS)-1-benzoyl-2-(3-bromophenyl)-4-oxodecahydronaphthalene-1-carbonitrile (3g):

Off White sticky compound (17 mg, 26%), *H-NMR (400 MHz, CDCls): & 7.81 (d, J = 7.4 Hz, 2H),

7.59 (t, J = 7.5 Hz, 1H), 7.50 — 7.44 (m, 3H), 7.38 (s, 1H), 7.23 (d, J = 7.9 Hz, 1H), 7.17 (d, J = 7.8 Hz,

1H), 4.50 (dd, J = 8.8, 5.9 Hz, 0.11H), 4.17 (dd, J = 9.8, 4.3 Hz, 1H), 3.00 — 2.89 (m, 2H), 2.68 (dd, J

=16.7, 4.3 Hz, 1H), 2.39 (d, J = 15.5 Hz, 1H), 2.29 (td, J = 12.3, 3.4 Hz, 1H), 1.97 (dd, J = 12.6, 1.9
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Hz, 1H), 1.86 — 1.77 (m, 2H), 1.50 (ddd, J = 24.5, 12.4, 3.3 Hz, 2H), 1.39 — 1.33 (m, 2H) °C NMR
(151 MHz, CDCls) 6 209.5, 197.1, 140.0, 137.1, 134.8, 133.8, 132.2, 132.0, 130.6, 129.0, 128.8, 127.5,
123.1, 56.8, 47.5, 45.5, 40.8, 29.2, 26.9, 26.2, 25.0, 22.9. FT-IR (KBr): 2924(s), 1716(s), 1682(s),
1225(m). HRMS (ESI*): Calcd. for CaaH23sBrNO2* [M+H]": 436.0907, Found: 436.0908. The
enantiomeric ratio was determined by HPLC analysis using Phenomenex Lux cellulose-1 column (98:2
n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, zminor = 47.2 MIN, Tmajor = 57.4 min), ee 95%.

(1S,2R,4aR,8aS)-1-benzoyl-4-oxo-2-o0-tolyldecahydronaphthalene-1-carbonitrile (3h): Off White
sticky compound (9.5 mg, 17%), *H-NMR (400 MHz, CDCls): & 7.85 (d, J = 7.6 Hz, 1.3H) (minor),
7.63 (d, J = 7.5 Hz, 2H) (major), 7.55 (t, J = 7.0 Hz, 1.8H) (minor), 7.41 (dt, J = 13.5, 6.6 Hz, 3H), 7.31
(dd, J = 6.5, 3.4 Hz, 1H) (major), 7.24 (dd, J = 9.5, 3.7 Hz, 0.6H) (minor), 7.17 (t, J = 7.2 Hz, 1H)
(major), 7.13 — 7.10 (m, 1H) (major), 7.01 — 6.97 (m, 0.6H) (minor), 6.87 — 6.83 (m, 0.6H) (minor),
4.45 (dd, J = 6.2, 4.3 Hz, 0.6H) (minor), 4.26 (dd, J = 9.3, 4.7 Hz, 1H) (major), 3.24 (dd, J = 15.3, 6.3
Hz, 0.6H) (minor), 3.05 — 2.99 (m, 1H) (major), 2.99 — 2.96 (m, 0.6H) (minor), 2.93 (dd, J = 16.5, 9.4
Hz, 1H) (major), 2.78 — 2.69 (m, 2H), 2.60 (dd, J = 19.4, 7.7 Hz, 1H) (minor), 2.46 — 2.34 (m, 3H),
2.22 (s, 3H), 1.97 (d, J = 12.7 Hz, 1H), 1.92 (s, 1.8H) (minor), 1.87 — 1.75 (m, 3H), 1.70 (d, J = 14.3
Hz, 1H), 1.53 — 1.46 (m, 2H), 1.45 (s, 1H), 1.33 — 1.29 (m, 2H). *C NMR (151 MHz, CDCls): § 210.4,
208.6, 198.7,192.94, 137.7, 136.7, 136.6, 136.6, 136.6, 135.8, 133.7, 133.4, 131.4, 131.3, 129.4, 129.1,
129.0, 128.7, 128.6, 128.6, 128.5, 128.2, 126.9, 126.8, 121.2, 56.7, 56.4, 49.4, 48.3, 47.7, 44.2, 43.9,
43.6,42.4,41.3,27.2, 26.3, 26.0, 25.6, 25.2, 22.9, 20.4, 20.3. FT-IR (KBr): 2925(s), 1715(s), 1684(s),
1228(m). HRMS (ESI*): Calcd. for CasHsNO," [M+H]*: 372.1958, Found: 372.1967. The
enantiomeric ratio was determined by HPLC analysis using Chiralpak IA column (97:3 n-
Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, zmajor = 19.7 Min, zminor = 22.0 min), ee 89%.

(1S,2R,4aR,8aS)-1-(4-methylbenzoyl)-4-oxo-2-phenyldecahydronaphthalene-1-carbonitrile (3i):
Off White sticky compound (12.2 mg, 22%), *H-NMR (400 MHz, CDCls): § 7.77 (d, J = 8.2 Hz, 2H),
7.38 —7.33 (m, 3H), 7.24 (d, J = 8.0 Hz, 4H), 4.27 (dd, J = 6.6, 2.9 Hz, 1H), 4.19 (dd, J = 8.6, 4.6 Hz,
1H), 3.06 (td, J = 11.8, 3.8 Hz, 1H), 2.92 (dd, J = 16.6, 8.7 Hz, 1H), 2.68 (dd, J = 16.6, 4.6 Hz, 1H),
2.40 (s, 3H), 2.26 (td, J=12.2, 3.2 Hz, 1H), 1.93 (d, J = 12.4 Hz, 1H), 1.81 (dd, J = 21.6, 15.5 Hz, 2H),
1.55 (dd, J = 12.5, 3.4 Hz, 2H), 1.32 — 1.29 (m, 2H). C NMR (151 MHz, CDCls) § 210.2, 196.5,
141.2,138.0,134.2,129.4,129.3,129.1, 129.1, 128.7, 121.7, 56.67, 47.86, 47.2, 46.3, 41.1, 26.9, 26.3,
25.2, 21.9. FT-IR (KBr): 2924(s), 1717(s), 1680(s), 1231(m). HRMS (ESI*): Calcd. for CasHasNO,*
[M+H]*: 372.1958, Found: 372.1956. The enantiomeric ratio was determined by HPLC analysis using
Chiralpak IA column (98:2 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, zmajor = 20.9 MiN, zminor =

34.4 min), ee 94%.
96

TH-1722_11612244



Chapter 3

(1S,2R,4aR,8aS)-1-(4-chlorobenzoyl)-4-oxo-2-phenyldecahydronaphthalene-1-carbonitrile (3j):
Off White sticky compound (15.2 mg, 26%), *H-NMR (400 MHz, CDCls): § 7.98 (d, J = 8.6 Hz, 1H),
7.70 (d, J = 8.6 Hz, 2H), 7.47 (d, J = 8.7 Hz, 1H), 7.40 (d, J = 8.6 Hz, 2H), 7.22 (d, J = 7.7 Hz, 2H),
7.17 (t, J = 7.6 Hz, 1H), 4.21 (dd, J = 6.3, 3.5 Hz, 0.5H), 4.14 (dd, J = 9.7, 4.2 Hz, 1H), 2.97 (dd, J =
16.7,9.7 Hz, 1H), 2.70 — 2.67 (m, 1H), 2.39 (d, J = 12.6 Hz, 1H), 2.32 - 2.27 (m, 1H), 1.91 (d, J = 12.2
Hz, 1H), 1.86 — 1.78 (m, 2H), 1.71 (d, J = 14.3 Hz, 1H), 1.52 — 1.45 (m, 2H), 1.32 — 1.29 (m, 2H).23C
NMR (151 MHz, CDCls) 6 209.8, 208.3, 193.6, 190.9, 140.8, 139.5, 137.6, 136.9, 135.4, 134.3, 130.6,
130.5, 129.3, 129.2, 129.1, 129.0, 128.9, 128.8, 128.3, 127.9, 121.1, 120.6, 57.2, 56.9, 49.8, 49.61,
475, 46.2, 42.9, 42.4, 32.1, 29.6, 27.3, 26.9, 26.2, 25.8, 25.2, 25.1, 22.9. FT-IR (KBr): 2924(s),
1716(s), 1686(s), 1221(m). HRMS (ESI*): Calcd. for CzaH23CINO,* [M+H]*: 392.1412, Found:
392.1416. The enantiomeric ratio was determined by HPLC analysis using Chiralpak IA column (98:2
n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, zmajor = 26.5 MiN, Zminor = 39.4 Min), ee 90%.

(1S,2R,4aR,8aS)-1-(4-bromobenzoyl)-4-oxo-2-phenyldecahydronaphthalene-1-carbonitrile (3Kk):
Off White sticky compound (18.3 mg, 28%), *H-NMR (400 MHz, CDCls): 6 .90 — 7.86 (m, 1H), 7.60
(ddd, J=21.0, 14.1, 8.7 Hz, 5H), 7.39 — 7.34 (m, 3H), 7.30 (d, J = 4.5 Hz, 2H), 7.22 (dd, J =5.7, 1.9
Hz, 2H), 7.17 (t, J = 7.6 Hz, 1H), 6.74 (d, J = 7.4 Hz, 1H), 4.20 (dd, J = 6.3, 3.6 Hz, 0.6H), 4.14 (dd, J
=9.7,4.1 Hz, 1H), 3.35-3.30 (m, 1H), 3.01 — 2.94 (m, 2H), 2.87 (dd, J = 15.4, 3.6 Hz, 1H), 2.68 (dd,
J =16.6, 4.1 Hz, 2H), 2.40 (d, J = 11.9 Hz, 2H), 2.30 (td, J = 12.3, 3.3 Hz, 1H), 1.91 (d, J = 13.0 Hz,
2H), 1.86 — 1.75 (m, 4H), 1.75 — 1.65 (m, 2H), 1.48 (dd, J = 12.4, 3.4 Hz, 2H), 1.39 — 1.32 (m, 4H). *C
NMR (151 MHz, CDCls) 6 209.7, 196.7, 139.5, 137.6, 136.9, 135.8, 132.1, 130.5, 129.2, 129.0, 121.1,
57.3, 49.6, 47.6, 47.5, 46.2, 41.0, 26.9, 26.2, 25.1, 22.9. FT-IR (KBr): 2923(s), 1715(s), 1686(s),
1221(m). HRMS (ESI*): Calcd. for CaaH2sBrNO,* [M+H]*: 436.1907, Found: 436.1893. The
enantiomeric ratio was determined by HPLC analysis using Chiralpak IA column (98:2 n-
Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, Tmajor = 29.3 MiN, zminor = 44.5 min), ee >99%.

(1S,2R,4aR,8aS)-1-(3-chlorobenzoyl)-4-oxo-2-phenyldecahydronaphthalene-1-carbonitrile (3I):
Off White sticky compound (10 mg, 17%), *H-NMR (400 MHz, CDCls): § 7.68 (d, J = 1.7 Hz, 1H),
7.60 (d, J = 7.9 Hz, 1H), 7.55 — 7.51 (m, 1H), 7.37 (dd, J = 12.1, 7.4 Hz, 4H), 7.25 - 7.21 (m, 2H), 4.14
(dd, J=9.6, 4.3 Hz, 1H), 4.09 (dd, J = 14.3, 4.3 Hz, 0.25H), 3.02 — 2.95 (m, 2H), 2.69 (dd, J = 16.8,
4.3 Hz, 1H), 2.41 (d, J = 13.2 Hz, 1H), 2.31 (td, J = 12.3, 3.3 Hz, 1H), 1.93 (d, J = 12.3 Hz, 1H), 1.83
(dd, J = 15.2, 13.5 Hz, 2H), 1.49 (dd, J = 12.4, 3.2 Hz, 2H), 1.38 — 1.33 (m, 2H). 3C NMR (151 MHz,
CDCls) 6 209.7, 197.0, 136.9, 136.3, 134.8, 133.8, 130.7, 130.4, 129.3, 129.1, 129.0, 128.8, 121.1,
56.8, 47.6, 47.3, 45.4, 41.0, 26.8, 26.2, 25.0, 22.9. FT-IR (KBr): 2924(s), 1716(s), 1688(s), 1227(m).
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HRMS (ESI*): Calcd. for CaH2sCINO2" [M+H]": 392.1412, Found: 392.1415. The
enantiomeric ratio was determined by HPLC analysis using Chiralpak 1A column (98:2 n-
Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, tmajor = 14.5 Min, zminor = 20.9 min), ee 99%.

Compound 6: Light brown sticky solid (12 mg, 54%), 'H NMR (600 MHz, CDCls): § 8.01
(d, J=7.6 Hz, 2H), 7.56 (t, J = 7.4 Hz, 1H), 7.43 (t, = 7.9 Hz, 2H), 7.19 (dd, J = 7.8, 1.5 Hz,
2H), 7.16 — 7.12 (m, 3H), 7.05 (s, 2H), 6.98 — 6.93 (m, 3H), 5.54 (s, 1H), 4.09 (t, J = 6.5 Hz,
1H), 3.25 (dd, J = 15.3, 8.8 Hz, 1H), 2.55 (dd, J = 11.0, 6.6 Hz, 1H), 2.20 (dt, J = 16.6, 7.4 Hz,
1H), 1.75 - 1.71 (m, 1H), 1.66 (dd, J = 15.5, 7.7 Hz, 2H), 1.60 (dd, J = 10.8, 6.1 Hz, 1H). 3C
NMR (101 MHz, CDCls): 8 192.2, 145.5, 136.8, 135.2, 134.0, 133.9, 130.8, 130.3, 129.1,
128.8,128.7,128.3, 128.2, 124.5, 119.9, 57.6, 49.1, 40.0, 36.9, 30.4, 24.7, 23.1. FT-IR (KBr):
2923(s), 1690(s), 1596(m), 1229(m). HRMS (ESI*): Calcd. for CooHzsN4sO" [M+H]":
445.2023, Found: 445.2023. The enantiomeric ratio was determined by HPLC analysis using
Chiralpak IA column (90:10 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, zmajor = 47.2 min,
Tminor = 76.4 min), ee 96%.

(3aR,4R,5S,7aS)-4-methoxyphenyl 4-cyano-octahydro-7-oxo-5-phenyl-1H-indene-4-
carboxy late (7): Off white amorphous solid (12 mg, 60%), 'H NMR (600 MHz, CDCls): 'H
NMR (600 MHz, CDCl3) & 7.88 (d, J = 9.0 Hz, 2H), 7.41 (d, J = 7.5 Hz, 2H), 7.26 (dd, J =
8.1, 7.0 Hz, 2H), 7.20 (t, J = 7.3 Hz, 1H), 6.86 (d, J = 9.0 Hz, 2H), 5.22 (s, 1H), 3.99 (d, J =
11.8 Hz, 1H), 3.83 (s, 3H), 3.69 (dd, J = 14.8, 11.9 Hz, 1H), 2.88 (d, J = 14.8 Hz, 1H), 2.74
(dd, J=13.1, 7.4 Hz, 1H), 2.15 (dd, J = 12.8, 9.3 Hz, 1H), 2.02 (dt, J = 11.2, 5.4 Hz, 1H), 1.86
(ddd, J = 11.0, 10.3, 5.1 Hz, 2H), 1.72 (ddd, J = 18.2, 12.3, 9.2 Hz, 1H), 1.43 (dt, J = 8.4, 6.5
Hz, 1H). C NMR (101 MHz, CDCls): & 189.5, 172.6, 164.2, 139.9, 131.3, 129.4, 128.6,
128.2,128.0,121.6,114.1,58.3,55.8,52.0, 39.4, 38.6, 32.7, 23.2, 19.2. FT-IR (KBr): 2923(s),
1735(s), 1678(s), 1247(m). HRMS (ESI*): Calcd. for C2sH24NO4™ [M+H]*: 390.17, Found:
390.1705. The enantiomeric ratio was determined by HPLC analysis using Chiralpak 1A
column (90:10 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, tmajor = 29.5 Min, tminor = 38.4

min), ee 93%.
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3.9: Crystal data and structure refinement for chiral compound 3f

Identification code
Empirical formula
Formula weight
Temperature/K

Space group

alA

b/A

c/A

a/°

pre

v/°

Volume/A3

Z

PealcMmg/mm?

m/mm-*t

F(000)

Crystal size/mm?

20 range for data collection
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [[>=2c ()]
Final R indexes [all data]
Flack parameter

TH-1722_11612244

1
C23H1sCINO,

372.81

296K

P21

10.4670(4)

16.0682(6)

12.1224(5)

90.00

106.760(2)

90.00

1952.21(13)

4

1.268

0.212

772

0.13x0.21 x 0.16

1.75 t0 28.45°
\13<h<13,-19<k<21,-15<1<16
9173

4484 [R(int) = 0.0576]
4484/0/257

0.777

R1 = 0.0436, WR; = 0.0936
R1 = 0.0961, WR; = 0.1067
-0.01(4)
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Chapter 4: Organocatalytic Asymmetric Tamura Cycloaddition
with a- Branched Nitroolefins

4.1. Introduction:

Anhydrides were previously known to act as mild acylating agents! in various transformations.
With time, cyclic anhydrides have evolved as the potential substrate for 1,4 dipolar

cycloaddition reactions (Scheme 4.1.1).2

Rz
X
0 OI ||| . O
o;i)n _ Tt R,
o R
o CO,H CO,H

Scheme 4.1.1: 1,4 dipolar cycloaddition with cyclic anhydrides

Saturated anhydrides like succinic and glutaric were known to from cycloadducts only at
elevated temperatures because of their unstable enol forms. The thermal cycloaddition reaction
between imines and non-enolizable succinic anhydrides was first observed by Castagonali in
1969.2 On the otherhand, the enol form of unsaturated anhydrides like homophthalic and
glutaconic anhydride are quite stable due to the conjugation with the phenyl ring or double
bond (Scheme 4.1.2). That is why higher temperature is not needed for the desired
cycloaddition reaction making these anhydrides suitable substrates for organocatalytic

asymmetric reaction.
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(@] (@]
. . P
Eiii tautomerization (@] tautomerization (0]
—_— / —_— .
o OH N0

homophthalic anhydride

a O OH
| (o) | o) ZNe)
Ph 0 Ph” N “oH R X"

glutaconic anhydride
Scheme 4.1.2: Stabilization of enol form of unsaturated cyclic anhydrides
4.2. Cycloaddition reactions of enolizable anhydrides:

In 1958, Pinder and co-workers synthesized dihydroisocoumarin moiety by condensing

homophthalic anhydride and benzaldehyde (Scheme 4.2.A).%

o = e

CO,H

A) Pinder, 1958

B) Cusman, Haimova, 1977

R? 0
.
| + 0
R1*H %5@
O

C) Tamura, 1981

Rﬁ@
=, 0 =

Scheme 4.2: First examples of cycloaddition reaction of homophthalic anhydride

104

TH-1722_11612244



Chapter 4

Consequently, Cusman® and Haimova® reported the room temperature cycloaddition reaction
between homophthalic anhydride and imines (Scheme 4.2.B).

The cycloaddition reaction between enolizable cyclic anhydrides with activated alkenes and
alkynes, i.e Tamura cycloaddition reaction was first developed by Tamura in 1981 (Scheme
4.2.C)."™ Tamura cycloaddition has found widespread applications in the synthesis of bioactive
compounds including natural products and molecules having potential medicinal importance
(figure 1).70d

olivin

fredericamycin A

ont g O OH CO,H
OO0 e COOC
o OH O OH o4 O OH
antibiotic SS-228Y SS-228R Dynemycin A

Figure 1: Biologically active molecules synthesized by Tamura cycloaddition reaction

Initially, robust conditions have been used to accomplish the cycloaddition but further research
in this area concluded that the usage of stoichiometric amount of base could perform the
reaction under milder conditions also.”®*® There were two difficulties in performing catalytic
asymmetric version of Tamura cycloaddition reaction: a) the susceptibility of Tamura
cycloaddition products towards aromatization and b) the difficulty associated with the
employment of necessary promoters catalytically (as previous methods were reported only

with stoichiometric amount of bases).

105

TH-1722_11612244



Organocatalytic Asymmetric Tamura Cycloaddition with a- Branched Nitroolefins

4.2.1 Tamura cycloaddition without aromatization:

The first cycloaddition reaction without the aromatization step was reported by Tamura and
co-workers.”® Although the reaction has been carried out in the presence of stoichiometric
amount of strong base as it clearly sets the example of generating chiral centers in Tamura

cycloaddition (Scheme 4.2.1).

OH O
e} @]
Ph THF, NaH, 0 °C Ph
o * L R Ph
Ph
O o) o)
HO™ YO
83%

Scheme 4.2.1: Tamura cycloaddition without aromatization
4.2.2. Asymmetric transformations using enolizable anhydrides:
4.2.2.1. With aldehydes and ketones:

The first breakthrough in the organocatalytic asymmetric reaction of enolizable anhydrides
was in 2012 by Connon and co-workers (Scheme 4.2.2.1).° Cinchona alkaloid derived
bifunctional squramide catalysts were employed by them to bring about the activation of
homophthalic anhydrides through the equilibrium between the anhydride and its enol form.
These type of catalysts have been known to activate anhydrides as electrophiles!® but the
catalytic methodology to convert them into effective nucleophiles have not been known. The
strategy enabled the synthesis of a range of stereo-enriched dihydroisocoumarin products using
aldehyde and enolizable anhydrides as the reacting partners in Tamura cycloaddition reaction.
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OMeE
H—4N

| X NH
N__~
o NH
Ph
o)
) o CF3 x\
(@) 0 AN
X o + )J\ (5 mol%) FoC | (0]
| R™ H =
Z o) MTBE, -15 °C R
’ CO,H

13 examples, 63-98%,
3:1->20:1 dr, 91-99% ee

Scheme 4.2.2.1: catalytic asymmetric reaction of enolizable anhydrides and aldehydes

Reaction of aldehydes with enolizable anhydrides other than benzofused anhydrides has also
been reported by Connon.! The enantioselective reaction of ketones and homophthalic

anhydrides have also been documented recently by the same group.*?
4.2.2.2. With imines:

The first asymmetric cycloaddition reaction between mesyl imine and homophthalic anhydride

OMe?J
H N

N NH
N~
o NH
Ph
o) er;
0 O\\S/ 1. (5 mol%) FsC o O\\/ o O\\/
-3, MTBE (0.1), -30 °C -S -S
o R H 2. TMSCHN,, (1.2 equiv.) e R
EtOH, -30 °C, 30 min

CO,H COzH

12 examples, 4-89%,
1.2:1-3:1 dr, 6-88% ee

Scheme 4.2.2.2: catalytic asymmetric reaction of enolizable anhydrides and imines

107

TH-1722_11612244



Organocatalytic Asymmetric Tamura Cycloaddition with a- Branched Nitroolefins

using the same catalyst has been reported recently by Connon et al. (Scheme 4.2.2.2)." For
most of the substrates, the authors obtained the trans product as the major diastereomer with

moderate to good enantioselectivities.
4.2.2.3. With olefins - Asymmetric Tamura cycloaddition reaction:

The first asymmetric addition of enolizable anhydrides and olefins activated in both termini
was reported by Connon and co-workers in 2014.* Doubly activated alkylidene oxindoles
were used by them as the reacting partner with homophthalic anhydrides to furnishing highly
functionalized spirocyclic Tamura cycloadducts with high diastereoselectivities and good to
excellent enantioselectivities (Scheme 4.2.2.3)

OMe%
H—4N

- NH
N~ >Z

o NH
= R® 5 mol) ©
Rl . y/ MTBE(0.1M, 30 °C)
0
o TMSCHN, (1.2 eq)
R? 0 N MeOH
Boc CO,Me

10 examples, 65-96%,
>20:1 dr, 89->99% ee

Scheme 4.2.2.3: Asymmetric Tamura cycloaddition with doubly activated diene
4.2.3. Tamura cycloaddition with monoactivated dienes:

Inspite of having numerous reports on Tamura cycloaddition of doubly activated dieneophiles
only few reports using monoactivatead dienophile have been documented. Georgieva and co-
workers developed a Tamura cycloaddition reaction between homophthalic anhydride and «, -
unsaturated aldimimine and moderate to good results were achieved (Scheme 4.2.3.1).%°
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o COOMe
R R*
o, | 1. CgHg, 15'A+ 16h 1t
N
R 0 2.CH,N,, EL,O, 16hrt R |
e
2 examples, 45-70%
e} R2 RS COOMe
| i
o ., 1. CgHg, 15'A+ 16h 1t R3
| N
@] 4N 2.10% NaHCO4
R 3. Conc. HCI o HN\R4

4. CH,N,, Et,0, 16h rt
5 examples, 15-47%

Scheme 4.2.3.1: Tamura cycloaddition of «,f-Unsaturated aldimines

Cycloaddition of homophthalic anhydrides with a-sulfinyl-substituted derivatives of
enolizable enones has been achieved by Kita et al. using sodium hydride as base under reflux
condition (Scheme 4.2.3.2).1°

- 1. NaH
1 (@) (@] .
R 0 I 5 1,4-dioxane R OAc O
o . Ph/§\fJ\/R reflux _ R5
R4
o R3 2. Ac0 OO R3R’
R2 pyridine R2

15 examples, 41-71%

Scheme 4.2.3.2: Tamura cycloaddition of enones

However, the use of singly activated dienophiles in Tamura cycloaddition is still a challenge

and in fact methyl acrylate and acrylonitrile were found to be unreactive.'’
4.3. Methods for the synthesis of g,y-substituted a-Tetralones:

Despite the abundance of f-and/or y- substituted 1-tetralone motif in a variety of natural and
non-natural compounds,*® derivatization at the g-or y-position of tetralone is difficult as the
corresponding enones are unstable and rapidly aromatized.!® Alternate approaches include

Diels-Alder reaction?® and intramolecular Friedel-Crafts reaction.?

109

TH-1722_11612244



Organocatalytic Asymmetric Tamura Cycloaddition with a- Branched Nitroolefins

Nicolaou et al. synthesized p-and/or y- substituted a-tetralol moieties using Diels-Alder

reaction of electron-rich 2-methyl benzaldehydes and various electron deficient olefins

(Scheme 4.3.A).2%
R O
2
_—
: T
R Me R7
R4
R, R R3 R*=Hor EDG 17 examples, 8-93%
R® R7 = akyl

Scheme 4.3.A: Synthesis of 1-tetralols by Diels-Alder reaction

Olah and co-workers have achieved the synthesis of 1-tetralone derivatives through Friedel—

Crafts acylation-alkylation of aromatic moieties with unsaturated carboxylic acids (Scheme

4.3.B).21C
O
RY COOH  CF3SOzH =
)+ Byppgoon _Sson - A,
Rl R?
n=0,1 20 examples, 6-95%

Scheme 4.3.B: Synthesis of 1-tetralones by Friedel-Crafts reaction
4.3.1. Asymmetric synthesis of substituted a-tetralones:

There are very few reports of asymmetric generation of a-tetralone moieties. The methods
available in this context rely on oxidative Kinetic resolution/desymmetrization?, ring

expansion of cyclobutanols? and oxidative C-H functionalization.?*
4.3.1.1. Oxidative kinetic resolution/desymmetrization:

Stoltz and co-workers synthesized 4-hydroxy o-tetralone applying palladium-catalyzed
oxidative desymmetrization of meso diols.?? Using naturally occurring diamine (-)-sparteine
as a ligand in conjugation with palladium excellent levels of enantio-induction has been
achieved by them (Scheme 4.3.1.1).
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H Pd(nbd)Cl, (5 mol%)
m (-)-sparteine (20 mol%) @

MS 3A, O,, toluene, 80 °C ;

OH OH
(+)
72%, 95% ee

Scheme 4.3.1.1: Chiral a-tetralones by oxidative kinetic resolution
4.3.1.2. Ring expansion of cyclobutanols:

Ishida et al. reported a new technique for the synthesis of a-tetralones by rhodium-catalyzed
ring expansion of cyclobutanols. Syntheses of (+) and (-) 3,3-disubstituted a-tetralones with
good enantioselectivity have been achieved by them wusing cis and trans 1-(2-

haloaryl)cyclobutanols respectively (Scheme 4.3.1.2).%

o b O

n-Bu
bis 5 mol% [Rh(OH)cod], (+)
11 mol% (R)-tol-BNAP 7906, 87% ee
1.1 equiv K3PO4
(0]
OH .
/,, dioxane, 120 °C
Br “1n-Bu 'Me
Me n-Bu

)
69%, 81% ee

trans

Scheme 4.3.1.2: Chiral a-tetralones by Ring expansion of cyclobutanols
4.3.1.3. Oxidative C-H functionalization:

The most documented syntheses of substituted a-tetralones utilizes oxidative C-H functiona-
lization technique. S or J-Substituted o-tetralones can be synthesized efficiently using catalytic
oxidative C-H functionalization of a-tetralones using metal-ligand catalysts,?

organocatalysts?® and enzymes.?®
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Asymmetric phase transfer catalysis has been used by Zhao and co-workers for the synthesis
of S-substituted o-tetralones. Good to excellent enantioselectivities were achieved in this

hydroxylation reaction by employing different substituted a-tetralones. (Scheme 4.3.1.3).2%

©
0 R? 28Br (5 mol%) O R2
Rl X ) P(OEt)3 O» Rl X ~=OH
= n 50% ag. NaOH 7 In
n=012 benzene, 23 °C 8 examples,

67-98%, 75-98% ee
Scheme 4.3.1.3: Synthesis of a-tetralones by oxidative C-H functionalization

4.4. Our aim:

The aloofness of monoactivated dienophiles in catalytic asymmetric Tamura cycloaddition
reaction has been already mentioned in section 4.2.3. Another captivating fact about this
reaction was that it would be able to provide functionalized chiral a-tetralone moieties. These
assemblage of factors intrigued us upon development of a methodology for catalytic

asymmetric Tamura cycloaddition involving monoactivated dienophile.
4.5. Result and discussion:

Initially trans-g-nitrostyrene (2) and homophthalic anhydride (1a) were chosen as the reacting
partner in the presence of racemic tertiary amine thiourea catalyst 1. The cycloaddition product
3a was obtained in 65% yield (Scheme 4.5.1). Difficulties arose during esterification of 3a; a
mixture of products were detected due to the presence of acidic hydrogen at the at the o-
position of the carbonyl group. Both the tautomers 3a and 3a’ in the presence of either TMS-
diazomethane or in DBU/Mel?’ reacted and complex mixture of products were formed. Other
esterification techniques were also employed but satisfactory results were not found (Scheme

4.5.1).
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O

Cx;
O

la

CO,H
3a

CF5
I
MeN S CFs3 0 OH
AT NO, NO,
L ANNO; I (10 mol%) _ O‘
CH2C|2, rt, 12 h Ph Ph
2 COZH COzH
3 3
OH
NO, NO,
-~ DBU, Mel .
O‘ —_— mixture of products
Ph Ph MeCN P
CO,H sc
™ HN
3a' o T2,
- MeOH

Scheme 4.5.1: Reaction with trans-f-nitrostyrene

LiOH .Hzo, Mest4
.

THF

To overcome this problem trans-g-Methyl-g-nitrostyrene 4a was used instead of 2, replacing

the forthcoming acidic hydrogen in starting material stage. To our delight the cyclized products

1,2,3,4-tetrahydro-3-methyl-3-nitro-4-oxo-2-phenylnaphthalene-1-carboxylic acids (5a and

5a’) were formed in 70% yield with 1:1 diastereomeric ratio. Upon esterification of 5 with

DBU/Mel, the esters 6 were formed in 85% yield (Scheme 4.5.2).
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CF3
S
MezN\/\N)J\N CFs
(0] H H
| (10 mol%
o + Ph/\(NOz ( 0)
o CH,Cl,, rt, 12 h Y
1a 4 CO,H CO,H

5a 5a’
combined yield 70%

DBU (1.1 equiv)

Mel (3 equiv)
MeCN, 4 h
(e}
NO,
-
v~ "Ph
COsMe CO,Me
6a 6a'

85% yield for the esterification step

Scheme 4.5.2: Racemic reaction

4.5.1. Optimization of reaction conditions:

After that the optimization study for the reaction condition was started.
4.5.1.1: Catalyst optimization:

The investigation to find the best chiral catalyst for this reaction was started by screening
quinine derived bifunctional thiourea catalyst?® 11 in toluene. Gratifyingly 5a/5a' was obtained
in 1.5:1 diastereomeric ratio in 72% yield (entry 1, Table 1). The structure of the major
diastereomer (1R, 2S, 3S) 1,2,3,4-tetrahydro-3-methyl-3-nitro-4-oxo-2-phenylnaphthalene-1-
carboxylic acid (5a) was confirmed unambiguously by X-ray crystallography?® and the minor
diastereomer (1S, 2S, 3S) 1,2,3,4-tetrahydro-3-methyl-3-nitro-4-oxo-2-phenylnaphthalene-1-
carboxylic acid (5a") is epimeric at the carbon attached to the carboxylic acid group. The
compound was separated in HPLC after esterification with DBU/CHzl and the enantiomeric
excess (ee) of the major diastereomer was found to be 64% (entry 1). Interestingly, the
diastereoselectivity was enhanced to 3:1 in a,a,a-trifluorotoluene but ee did not increase (entry
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2). This initial screening lead us to continue our catalyst optimization study in a,0,a-
trifluorotoluene solvent. Quinidine derived thiourea catalyst 111 could not improve the

enantioselectivity of this reaction (entry 3).

Table 1: Optimization of catalyst

OMe ?lj OMe CFs
oL GO t )
N .,
A Ty QAR
SN N ne, T H
H
v

N

o NH o NH N

\Ar Ar

Vv o vi © v ©
Ph
H ?\15 H\?IJ
X
NI = I [ oNH
N~
NH
O# O$N§
r
o) / \
Vil el
Ar = 3,5-(CF3)2CGH3

o) o)
Q e, NG NO, NO,
©i‘\/i e}/ 2 catalyst (10 mol%) “'Me | “"Me

+ - . .
O Ph solvent, 25 °C, 36 h Ph : Ph
CO,H CO,H
la 4a 5a 5a’
entry? catalyst solvent yield® (%) | dre (5a/5a’) eed (%)

1 I toluene 72 1.5:1 64
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2 I PhCFs 66 3:1 66
3 i PhCFs 50 3:1 67
4 v PhCFs 65 2:1 24
5 \Y PhCF3 80 3:1 74
6 Vi PhCF3 75 3:1 80
7 Vil PhCF3 85 2.9:1 88
8 Vil PhCF3 84 1.7:1 59

3Reaction condition: 0.1 mmol of 1a with 0.1 mmol of 4a in 1 ml solvent. "Combined yield after silica
gel column chromatography. *Determined by *H NMR. “Determined by chiral HPLC after converting
to methyl ester using CHsl and DBU.

Also trans-cyclohexyl diamine based thiourea catalyst 1V furnished the product with very low
stereoselectivity (entry 4). Then the investigation was switched from thiourea to squaramide
catalyst motif. A variety of squaramide catalysts®® were employed for this reaction and the
outcome was encouraging for us. Compound 5a was obtained in 80% combined yield with
74% ee for the major diastereomer using the hydroquinine derived squaramide catalyst V
(entry 5). The enantioselectivity was further improved to 80% ee with cinchonidine derived
squaramide VI having p-trifluoromethyl phenyl group (entry 6). Then a better catalyst turned
out to be cinchonidine derived squramide V11 which afforded 88% ee for the product 5a that
was obtained in 2.9:1 dr (entry 7). With the hope of getting improved result the bis-
trifluoromethyl phenyl moiety of the squaramide catalyst was replaced with a tertiary butyl
group (catalyst VI11), since same type of catalyst has been used effectively in the reaction with
homophthalic anhydride earlier.** Unfortunately catalyst V111 was not suitable for our reaction
(entry 8).

4.5.1.1: Optimization of solvent and additive:

Using catalyst V11 the solvent optimization for the reaction was started. Employing MTBE as
a solvent could not improve the enantioselectivity (Table 1, entry 1) and the
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diastereoselectivity also decreased a bit. To our delight, higher enantioselectivity (92% ee) and
yield (91%) were observed by switching the solvent to diethyl ether though diastereoselectivity
decreased to 2:1 (entry 2). Other ethers were also employed as solvents for the reaction.
Diphenyl ether and di-n-butyl ether were screened, but for each case selectivity decreased
(entries 3-4). Decreasing the concentration of reactants also could not improve the
enantioselectivity; moreover the diastereoselectivity got reduced (entry 5). Interestingly,
addition of 4A molecular sieves showed beneficial effect by improving the diastereomeric ratio
to 4:1 (entry 6). In an expectation for improvement in enantioselectivity, a new catalyst X was
prepared where ethenyl group has been replaced by homobenzyl group.3! Though a similar
enantiomeric ratio (90%) was detected but diastereomeric ratio got reduced to 1.7:1 without
MS 4A (entry 7). Employing catalyst 1X in presence of MS 4A enantioselectivity was dropped
(entry 8). Nevertheless, we planned to screen both catalysts V11 and IX in the substrate scope
as during screening of substrates it was found that catalyst 1X was beneficial for some cases
despite of its poor performance compared to catalyst V11 for 4a.

Table 2: Optimization of solvent and additive

s o} o)
4 o NO, NO,
e
o Ph “Ph “’Ph

solvent, 25 °C, 36 h

1la 4a 5a 5a’

entry? catalyst solvent yield® (%) drc (5a/5a%) | ee? (%)
1 VII MTBE 84 2.5:1 88
2 VII Et.O 91 2:1 92
3 VII Ph.O 67 1.7:1 90
4 VI "Bu20O 74 1.8:1 85
5¢ VI Et,O 89 1.8:1 92
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6' VII Et,O 91 4:1 91
7 IX Et,0 91 1.7:1 90
8f IX Et,O 90 4:1 82

aReaction condition: 0.1 mmol of 1a with 0.1 mmol of 4a in 1 ml solvent. "Combined yield after silica
gel column chromatography. *Determined by *H NMR. “Determined by chiral HPLC after converting
to methyl ester using CHsl and DBU. 2 ml solvent was used (0.05 M) 'With molecular sieves 4A.

4.5.2. Substrate scope:

With the optimized conditions in hand, the scope and generality of the reaction was
investigated (Table 3). Different electron-rich, neutral, electron-poor and hindered aromatic
substituents on the nitrostyrene were studied and good to excellent enantiomeric excesses with
high yields and good to high diastereoselectivities were observed (entries 1-15). Aliphatic
nitroolefins as well as differently a-substituted nitroolefin were also screened and moderate
results were obtained. The substrate scope for the reaction also encompass a 7’-methoxy

substituted homophthalic anhydride derivative.

Table 3. Substrate Scope: a-methyl nitroolefin

o catalyst VIl or IX Q NO
M NO %
o R Et,0 (0.1 M), MS 4A, “R
25°C, 36 h COzH
la da-q 5a-q
yield® eed
entry? R catalyst product dre (5/5")
(%) (%)
1 Ph Vil 91 4:1 91
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76
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NO»
16%9 PhCH2CH: Vil "” 76 3.5:1 62
5p CO,H
NO,
179 Butyl Vi L 72 551 58

a8Unless otherwise mentioned, reactions were carried out with 0.15 mmol of 1a with 0.15 mmol of 4 in
1.5 mL Et,0 with 150 mg molecular sieves 4A . "Combined vyield after silica gel column
chromatography. “Determined by 1H NMR. “Determined by chiral HPLC after converting 5 to it’s
methyl ester using CHsl and DBU. ®Without molecular sieves 4A. 'PhCF; as the solvent. 9Reaction time
2 days.

As mentioned earlier (Section 4.5.1.1), absence of molecular sieves 4A had positive effects in
some substrates, for example nitroolefin 2b having o-tolyl substitution afforded product 5b in
96% ee and 2:1 diastereomeric ratio without molecular sieves (entry 2), but upon using 4A MS
the enantiomeric excess of product 5b got reduced to 88% while the diastereoselectivity
remained almost similar (2.2:1). On the other hand using molecular sieves, the enantiomeric
excess of 5¢ got enhanced from 68% to 90% ee (entry 3). An excellent enantiomeric excess of
94% was achieved using nitroolefin 4d having m-xylyl group (entry 4) in the absence of 4A
MS, although the diastereoselectivity was less. Similarly, 2,5-dimethoxyphenyl substituted
nitroolefin 2e afforded product 5e in 85% yield with 90% ee and 3:1 diastereomeric ratio (entry
5). Gratifyingly, the enantiomeric excess of product 5f having 2,5-diethoxyphenyl substituent
could be increased to 84% ee from 66% ee using MS 4A (entry 6). Halo substitutions on the
aryl group were also tolerated though catalyst 1X was found to be better in some cases (entries
7-9). For instance, a smooth reaction was observed with p-chlorophenyl containing nitroolefin

49 in the presence of catalyst X providing product 5g in 2.5:1 diastereomeric ratio with 92%

121

TH-1722_11612244



Organocatalytic Asymmetric Tamura Cycloaddition with a- Branched Nitroolefins

ee (entry 7) and the enantiomeric excess was less (83%) using molecular sieves. Lower
enantiomeric excesses (62%) was observed for p-fluoro substitution when catalyst VII was
used, but luckily higher enantioselectivity (86%) was detected for product 5h using catalyst
IX (entry 8). The best result for o-fluoro substituted nitrostyrene was achieved with MS 4A
and product 5i was obtained with 4.5:1 diastereomeric ratio, although the enantioselectivity
could not be increased above 77% (entry 9). On the other hand, catalyst V11 was found to be
the best catalyst for substrates 4j and 4k having o-chloro and p-bromo substitutions on the aryl
group. A moderate diastereoselectivity (2:1) and enantioselectivity (76%) ware observed for
product 5j (entry 10). Triflurotoluene was found to be the better solvent for nitroolefin 4Kk,
providing 5k in high yields (88%) with acceptable enantiomeric excess (80%) and
diasteromeric ratio (2:1) (entry 11). With diethyl ether less enantioselectivity (76%) was
observed for 4k. It was found that for 3,4-dimethoxy substituted nitroolefin usage of MS 4A
produced better diastereoselectivity (3:1) and enantioselectivity (76%, wihout MS 4A 70%) of
the product 5l (entry 12). Then nitroolefin 4m having m-methyl substitution was screened and
moderate enantioselectivity (70% ee) was obtained with MS 4A (entry 13). Interestingly, good
diastereomeric ratio (5:1) was achieved in this case (entry 13). Then screening of different
nitroolefins having both alkoxy and alkyl substituted aryl groups were started and 4n and 40
were prepared. Though product 5n with 2-ethoxy 5-methyl substitution on aromatic ring was
obtained in 84% ee (entry 14), lower enantioselectivity (72%) was attained for product 50
having an isopropoxy group in place of ethoxy group (entry 15). The reaction condition was
also suitable for aliphatic nitroolefins and best results were obtained without molecular sieves
(entries 16-17). Thus 4p and 4qg were prepared and pleasingly the corresponding products 5p
and 5q were obtained in acceptable yields with moderate enantioselectivities and with a high
diastereomeric ratio for 5q (entry 17).

After that nitroolefin 4r was prepared where methyl group has been replaced by an ethyl group.
Delightfully, the desired major tetralone product 5r was attained in 5:1 diastereomeric ratio in
good yield and moderate enantioselectivity was achieved with MS 4A (Scheme 4.5.2, eq 1).
The next part of substrate scope involved the use of substituted homopthalic anhydrides. Thus
different hompthalic anhydrides were prepared and it was found that only 7-methoxy

substituted anhydride 1b could provide major product 5s in moderate enantioselectivity with
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catalyst VIl (Scheme 4.5.2, eq 2). Nitrooalkene having an ester group at the a-position was
also studied but the reaction was unclean. Furthermore, alkenes containing other electron-
withdrawing groups like cyano, ester and ketone were also employed in the reaction with
homopthalic anhydride. Unfortunately, the desired product either did not form or obtained with
very low enantioselectivity. Other aliphatic nitroolefins like having cyclohexyl group did not

provide any product.

o 0
Et NO catalyst VII NO,
2 (10 mol%) "
0 Ph MS 4A, EO (0.1 M), 'Ph
25°C, 36 h COzH
la 4r 5r

85% yield, 5:1 dr, 66% ee

o)
catalyst VII NO
MeO 2
e (10 mol%s) ¢ ¥,
@)
PhCF3 0.1 M), Ph
25°C, 36 h COzH

1b 4a 5s
70% yield, 2:1 dr, 68% ee

Scheme 4.5.2. Substrate scope: Employment of nitroolefin 4r and anhydride 1b
4.5.3. Synthetic transformations of product:

To further demonstrate the utility of our methodology, a few reactions on ester product 6a were
carried out (Scheme 4.5.3). On treatment of 6a with sodium borohydride, the
tetrahydronaphthalene derivative 7 was isolated in 89% yield as a single diastereomer with

preservation of enantiopurity. The structure of 7 was determined by 2D NMR studies.

Then the reduction of the nitro group in pure diastereomer 6a was tried. The reaction of zinc
dust and acetic acid with compound 6a was not clean. Interestingly, when 6a was reacted with
nickel chloride and sodium borohydride, a departure of nitro group was observed and
trisubstituted tetralone 8 was obtained in 78% yield with 90% ee and in 7:1 diasteromeric ratio.
The structure of the major diastereomer 8 was solved by 2D NMR studies and it was found

that the hydrogen came from the same face of the nitro group. Though, a variety of
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denitrohydrogenation of a-nitrocarbonyl compounds has been reported previously,®? only few
diastereoselective report®? have been documented. To understand the mechanism of the
reaction, the reduction reaction in the presence of radical scavengers like TEMPO, BHT were
performed. However, the reaction progressed well suggesting a non-radical intermediate. Most
likely the nitro group after being converted to amino derivative generates a carbocation at the
alpha position to the carbonyl moiety.® The hydride ion comes from the less sterically hindered

face opposite to that of the bulky phenyl group and thus 8 was formed.

OH O o}
< N02 N02 . H
4 NaBH, 4 NiCl, .6H,0 ’
Me Me 'Me
“'Ph MeOH “'Ph NaBH, “Ibh
MeOH
7 COoMe 6a CO;Me 8 COMe
89%, 90% ee 92% ee 85%, 7:1 dr, 90% ee

Scheme 4.5.3. Synthetic transformations of methyl ester 6a.

In summary, this chapter describes a new organocatalytic asymmetric Tamura cycloaddition
with nitroolefins to construct highly functionalized 1-tetralone compounds bearing a
quaternary center at the a-position. The reaction is catalyzed by easily synthesized chiral
sguramide catalysts and the tetralone products are attained in moderate to high diastereo- and
with good to excellent enantioselectivities. The usefulness of the method has also been shown
by converting to a tetrahydronaphthalene derivative and to a trisubstituted tetralone moiety.

4.6. Experimental section:

4.6.1. Preparation of starting meterials:

Aromatic nitroolefins 4a-o and aliphatic nitroolefins 4p-q were prepared following literature
procedures.® Homopthalic anhydride derivative 1b was prepared according to literature

procedure.’

4.6.2. Catalyst preparation and characterization:
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All other catalysts except catalyst 1X were prepared by following literature procedure.®®

Synthesis of new catalyst IX:

The compounds C2-Cs were prepared from 9-amino(9-deoxy)epicinchonidine Ci following

previously reported procedure.® The characterization data were found to be in accord with the

(Boc),0, Na;COs H ?IJ Pd(OAc),, PPhs H\?lj

literature values.

__PhBr, Et;N
HZO/MeOH 11 i X NHBoc PhMe, 110 °C | X NHBoc
[o]
25°C, 24 h N 72 h N
81% C, 27% Cs
Pd/C, H,
97% | 25°C, 16 h
Ph
o o Ph
j i Ph
o N CF3COOH
= N cg H H—ZN < B°C2h
/
CH2C|2 25 C X NH2 NHBoe
48 h '
o N~ 82%
Ar = 3,5-(CF3),CeHg 71% Cs ©
IX

Scheme 4.6.2.A: Synthesis of catalyst IX

Bis(trifluoromethyl)phenylamino)-4-methoxycyclo but-3-ene-1,2-dione Cs was synthesized

from 3,4-dimethoxycyclobut-3-ene-1,2-dione Cs according to literature procedure (Scheme

4.6.2).3%¢

To a solution of Cs (1.0 mmol) in 5 mL dry CH2Cl, Cs (1.0 mmol) was added. The reaction

mixture was stirred for 48 h at room temperature. Catalyst 1X was obtained by silica gel column

chromatography (100-200 mesh), using 4% methanol in dichloromethane as eluent.
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o) o) O
o]

MeO OMe 48 h MeO H
CG C7 C8
Ar = 3,5'(CF3)2C6H3

\

Scheme 4.6.2.B: Synthesis of catalyst IX

IX: Off-white solid, (561 mg, 78% yield). 'H NMR (600 MHz, CDCIl3): § *H NMR (600
MHz, CDCl3) & 8.95 (s, 1H), 8.45 (d, J = 8.4 Hz, 1H), 8.18 (d, J = 8.3 Hz, 1H), 7.97 (s, 1H),
7.81-7.70 (m, 3H), 7.32 (s, 1H), 7.23 (t, = 7.5 Hz, 2H), 7.17 (t, J = 7.3 Hz, 1H), 7.05 (d, J
= 7.5 Hz, 2H), 3.96 - 3.91 (m, 1H), 3.55 - 3.48 (m, 1H), 3.12 (br s, 1H), 2.99 — 2.94 (m, 1H),
2.51 (t, J = 7.2 Hz, 2H), 1.83 (d, J = 15.3 Hz, 1H), 1.74 — 1.55 (m, 5H), 1.38 — 1.35 (m, 1H),
0.83 (d, J = 7.0 Hz, 1H). 13C NMR (150 MHz, CDCls): & 184.6, 181.1, 169.2, 164.6, 150.6,
148.8, 141.0, 139.5, 132.7(q, J = 32.3 Hz), 132.27, 130.9, 130.2, 126.4, 124.0, 122.2, 118.3,
116.3, 115.3, 114.3, 56.8, 41.5, 35.7, 34.0, 31.8, 29.6, 24.9, 22.9, 14.3. HRMS (ESI+): Calcd
for Ca7Hs3FsN4O2 ([M+H]"): 679.2502, Found: 679.2505.

4.6.3. Experimental procedures and structure determinations:

4.6.3.1. General procedure for the catalytic enantioselective Tamura cycloaddition of

homopthalic anhydride with a-branched nitroolefins:

In an oven dried round bottomed flask homopthalic anhydride (1 eq), a-branched nitroolefin
(1 eq) and catalyst VII or IX (10 mol %) were added under argon. Diethyl ether (or «,a,a-
trifluorotoluene) (0.1 M) was added to that round bottomed flask via a syringe and it was stirred
under argon atmosphere for 36 hours at room temperature. The reaction mixture was diluted
with dichloromethane and transferred into a separating funnel, extracted with sodium
bicarbonate and the organic layer was discarded. The aqueous layer was acidified with 10%
HCL and extracted two times with dichloromethane. The combined organic layer was dried
over anhydrous sodium sulphate and concentrated in vacuo. The crude product was purified
by column chromatography using 50% ethyl acetate in hexane as eluent or using 4% methanol
in DCM as eluent. The major diastereomer was precipitated in 1:1 hexane in dichloromethane
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while the minor stayed in solution. The precipitate was collected and washed with 1:1 hexane

in DCM before proceeding for characterization.

For the reaction with 4A molecular sieves, 100 mg of MS 4A was added in the reaction vessel

for 0.1 mmols of 1a keeping the other conditions intact.
4.6.3.2. Structure determination of 5a and 5a’:

The absolute configuration of the major product 1,2,3,4-tetrahydro-3-methyl-3-nitro-4-oxo-2-
phenylnaphthalene-1-carboxylic acid (5a) was determined by (1R, 2S, 3S) by X-ray
crystallography (Section 3.7).

Figure 2: ORTEP diagram of (1R, 2S, 3S)-1,2,3,4-tetrahydro-3-methyl-3-nitro-4-0xo-2-
phenylnaphtha lene-1-carboxylic acid (5a)

Structure of minor diastereomer (5a’) was determined by comparing the coupling constant

values.

For the major diastereomer the coupling constant values of hydrogen
attached with phenyl and carboxylic acid group (J =12 Hz) shows that
those two hydrogen were trans to each other. For the minor diastereomer

the coupling constant values of those two hydrogen (J = 6 Hz) confirms

53" cis orientation.
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4.6.3.3. General procedure for esterification of Tamura Cycloadducts:

Esterification of product acids were done using DBU/Mel following previously reported

procedure.?’

To a solution of compound 5 (1 eq) in dry MeCN in an oven dried round bottomed flask dry
DBU (1.1 eq) was added at once. After 10 minutes stirring iodomethane (3 eq) was added
dropwise. After 4 hours the methyl ester 6 was obtained by column chromatography or by

preparative TLC.

DBU (1.1 eq), Mel (3 eq)

MeCN, rt, 4 h

4.6.3.4. Sodium borohydride reduction of compound 6a:

To a solution of the methyl ester 6a of Tamura cycloadduct 5a (1 eq) in dry methanol, sodium
borohydride (1.05 eq) was added portion wise. After completion of reaction dichloromethane
and water were added to the reaction mixture, the organic layer was collected and the aqueous
layer was extracted two times with dichloromethane. The combined organic layer was washed
with brine and dried over anhydrous sodium sulphate and concentrated in vacuo. The crude
product was purified by column chromatography to obtain reduced product 7. Relative

structure of compound 7 was determined by using *H and NOESY experiment.
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4.6.3.5. Denitrohydrogenation of compound 6a by NiCl2.6H20 and NaBHa:

To a solution of compound 6a (0.1 mmol) and NiCl..6H.0 (1.1 eq) in methanol, sodium
borohydride was added (12 eq) at 0 °C and allowed to stir at room temperature overnight. After
complete conversion to a less polar product (monitored by TLC) the reaction mixture was
directly subjected to column chromatographic separation. Relative structure of compound 8

was determined by using *H and NOESY experiment.

4.7. Plausible reaction mechanism:

Based on the absolute configuration a plausible TS has been drawn in Scheme 4.7. It describes
that chiral squramide catalyst activates both the compounds, presumably binds with nitroolefin
from the Re face and the enolate 1a' binds with the catalyst through hydrogen bonding. Thus
the Si face of nitroolefin is exposed for the cycloaddition reaction and the desired

stereoselectivity was achieved.

" i NO,
Ok ~ G
O = “’Ph
la CO,H
3a

Scheme 4.7: Proposed TS
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4.8. Charactarization data of products:

(1R,2S,3S)-3-methyl-3-nitro-4-oxo-2-phenyl-1,2,3,4-tetrahydronaphthalene-1-
carboxylic acid (5a): This compound was prepared according to the general procedure.
Combined yield 91%. White solid (31 mg, 64 %), m.p. 182-183 °C. *H-NMR (600 MHz,
CDCI3): 5 8.18 (d, J = 7.8 Hz, 1H), 7.65 (t, J = 6.8 Hz, 1H), 7.49 (t, J = 6.0 Hz, 2H), 7.25 —
7.32 (m, 5H), 4.78 (d, J = 12.2 Hz, 1H), 4.50 (d, J = 12.2 Hz, 1H), 1.68 (s, 3H). 13C NMR (150
MHz, CDCls): 190.4, 172.7, 139.3, 135.7, 133.5, 129.3, 129.2, 128.8, 128.6, 127.5, 127.5,
97.20, 50.3, 16.1. FT-IR (KBr): 1714, 1700, 1548, 1295, 972, 749, 704 cm™*. HRMS (APCI
): Calcd. for C1gH14sNOs™ ([M]): 324.0877, Found: 324.0876. The enantiomeric ratio was
determined by HPLC analysis of methyl ester of 5a using Daicel Chiralpak 1A column (90:10
n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, zminor = 10.7 Min, zmajor = 13.7 min), ee 91%.

(1R,2S,3S)-3-methyl-3-nitro-4-oxo-2-o0-tolyl-1,2,3,4-tetrahydronaphthalene-1-

carboxylic acid (5b): This compound was prepared according to the general procedure.
Combined yield 92%. White solid (26 mg, 52 %), m.p. 167-168 °C. 'H-NMR (400 MHz,
CDsOD): 6 8.13 (d, J = 7.9 Hz, 1H), 7.71 (t, J = 7.6 Hz, 1H), 7.53 (t, J = 6.0 Hz, 2H), 7.48 (d,
J=7.9Hz, 1H), 7.17 (m, 3H), 5.01 (d, J = 11.9, 1H), 4.62 (d, J = 11.9 Hz, 1H), 2.29 (s, 3H),
1.80 (s, 3H). 3C NMR (100 MHz, CD3OD): § 192.2, 174.3, 141.8, 139.7, 136.8, 134.1, 132.6,
130.2, 130.1, 130.0, 129.9, 129.5, 128.8, 127.0, 97.7, 51.7, 46.6, 19.7, 17.9. FT-IR (KBTr):
1719, 1695, 1553, 1383, 1293, 757. HRMS (APCI"): Calcd. for C1gH1sNOs™ ([M]): 338.1034,
Found: 338.1034. The enantiomeric ratio was determined by HPLC analysis of methyl ester of
5b using Merck OD column (93:7 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 12.8

min, :major = 13.8 min), ee 97%.

(1R,2S,3S)-2-(2-methoxyphenyl)-3-methyl-3-nitro-4-oxo-1,2,3,4-

tetrahydronaphthalene-1-carboxylic acid (5¢): This compound was prepared according to
the general procedure. Combined yield 91%. White solid (28 mg, 53 %), m.p. 173-144 °C.
IH-NMR (400 MHz, CDsOD): 8.15 (d, J = 7.9 Hz, 1H), 7.73 (t, J = 7.6 Hz, 1H), 7.55 (t, J =
7.6 Hz, 1H), 7.48 (d, J = 7.9 Hz, 1H), 7.32 — 7.28 (m, 2H), 6.99 (d, J = 8.1 Hz, 1H), 6.94 (s,
1H), 4.97 (m, 2H), 3.76 (s, 3H), 1.70 (s, 3H). *C NMR (100 MHz, CD30OD): 190.8, 173.2,
154.5, 141.9, 135.1, 129.6, 128.9, 128.4, 128.1, 127.2, 124.4, 122.7, 120.0, 111.4, 54.6, 50.9,
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16.7. FT-IR (KBr): 1718, 1684, 1554, 1298, 757. HRMS (APCI"): Calcd. for C19H16NO¢"
(IMT): 354.0983, Found: 354.0984. The enantiomeric ratio was determined by HPLC analysis
of methyl ester of 5¢ using Daicel Chiralpak 1A column (90:10 n-Hexane/2PrOH, 1.0 mL/min,
25 °C, 254 nm, (tminor = 17.2 min, zmajor = 17.9 min), ee 90%.

(1R,2S,35)-2-(2,4-dimethylphenyl)-3-methyl-3-nitro-4-oxo-1,2,3,4-

tetrahydronaphthalene-1-carboxylic acid (5d): This compound was prepared according to
the general procedure. White solid (47.5 mg, 90%), m.p. 174-176 °C. 'H-NMR (400 MHz,
CDsOD): 8.22 (d, J = 7.8 Hz, 1H), 7.65 (t, J = 7.5 Hz, 1H), 7.53 (t, J = 7.5 Hz, 1H), 7.36 (d, J
= 7.7 Hz, 1H), 7.20 (d, J = 7.9 Hz, 1H), 7.01 — 6.93 (m, 2H), 5.08 (d, J = 11.3 Hz, 1H), 4.41
(d, J=11.3 Hz, 1H), 2.28 (s, 6H), 1.82 (s, 3H). *3C NMR (100 MHz, CDs0D): 190.1, 174.3,
138.6, 138.5, 138.4, 135.5, 132.8, 129.7, 129.4, 129.3, 129.2, 128.0, 127.6, 126.9, 95.8, 50.4,
44.7,21.2,19.4, 17.6. FT-IR (KBr): 1715, 1700, 1548, 1453, 1387, 1295. HRMS (APCI"):
Calcd. for C2H1isNOs™ ([M]): 352.1190, Found: 352.1178 The enantiomeric ratio was
determined by HPLC analysis of methyl ester of 5d using Merck Chiralpak OD column (95:5
n-Hexane/2PrOH, 0.7 mL/min, 25 °C, 254 nm, , zminor = 18.26 Min, zmajor = 19.53 min), ee 94%.

(1R,2S,35)-2-(2,5-dimethoxyphenyl)-3-methyl-3-nitro-4-oxo-1,2,3,4-tetrahydronaphtha
lene-1-carboxylic acid (5e): This compound was prepared according to the general procedure.
Combined yield 85%. Purified by silica gel column chromatography (60-120 mesh, 60%
EtOAc in hexane). White solid (33 mg, 57 %), m.p. 186-187 °C. 'H-NMR (400 MHz,
CDsOD): § 8.15 (d, J = 7.9 Hz, 1H), 7.74 (t, J = 7.6 Hz, 1H), 7.55 (t, J = 7.6 Hz, 1H), 7.48 (d,
J =7.9 Hz, 1H), 6.99 — 6.80 (m, 3H), 3.73 (s, 3H), 3.71 (s, 3H), 1.71 (s, 3H). *C NMR (100
MHz, CDsOD): 192.3, 174.6, 154.8, 153.9, 142.1, 136.7, 136.7, 130.4, 129.9, 129.7, 128.7,
115.4, 114.0, 56.7, 56.3, 49.8, 18.3. FT-IR (KBr): 1750, 1670, 1551, 1233, 1151. HRMS
(APCI"): Calcd. for C2oH1sNO7 ([M]): 384.1089, Found: 384.1077. The enantiomeric ratio
was determined by HPLC analysis of methyl ester of 5e using Merck OD column (85:15 n-
Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 10.6 MiN, tmajor = 12.2 min), ee 94%.

(1R,2S,35)-2-(2,5-diethoxyphenyl)-3-methyl-3-nitro-4-oxo-1,2,3,4-tetrahydronaphtha
lene-1-carboxylic acid (5f): This compound was prepared according to the general procedure.

Combined vyield 72%. Purified by silica gel column chromatography (60-120 mesh, 60%
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EtOAc in hexane). Off white sticky solid (26 mg, 42%), *H-NMR (500 MHz, CDClz): & 8.20
(d, J=7.9 Hz, 1H), 7.63 (t, J = 7.5 Hz, 1H), 7.50 (t, J = 7.6 Hz, 1H), 7.38 (d, J = 7.6 Hz, 1H),
6.77 (br s, 3H), 4.32 (d, J = 6.5 Hz, 1H), 4.20 (d, J = 7.2 Hz, 1H), 3.90 (dd, J = 13.8, 6.9 Hz,
4H), 1.75 (s, 3H), 1.37 — 1.32 (m, 6H). 3C NMR (125 MHz, CDCls): 190.4, 174.0, 152.7,
151.8, 143.9, 135.4, 129.9, 129.7, 129.5, 128.8, 128.4, 127.8, 127.6, 115.5, 113.4, 64.3, 51.1,
445, 22.9, 18.1, 15.0. FT-IR (KBr): 1738, 1696, 1556, 1296. HRMS (APCI"): Calcd. for
C2H22NO7 ([M]): 412.1402, Found: 412.1406. The enantiomeric ratio was determined by
HPLC analysis of methyl ester of 5f using Daicel Chiralpak OD column (90:10 n-
Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, zminor = 8.0 min, zmajor = 10.1 min), ee 84%.

(1R,2S,3S)-2-(4-chlorophenyl)-3-methyl-3-nitro-4-oxo-1,2,3,4-tetrahydronaphthalene-1-
carboxylic acid (5g): This compound was prepared according to the general procedure.
Combined yield 88 %. White solid (28 mg, 52%), m.p. 168-170 °C. 'H-NMR (400 MHz,
CDsOD): 6 8.15 (d, J = 7.9 Hz, 1H), 7.76 (t, J = 7.5 Hz, 1H), 7.57 (t, J = 6.4 Hz, 2H), 7.42 -
7.36 (m, 2H), 7.11 (t, J = 8.5 Hz, 2H), 4.76 (d, J = 12.4 Hz, 1H), 4.69 (d, J = 12.4 Hz, 1H),
1.70 (s, 3H). 3C NMR (100 MHz, CD3sOD): 191.7, 174.1, 141.2, 137.0, 135.9, 134.1, 132.4,
130.1, 130.0, 129.9, 129.8, 128.8, 98.6, 51.5, 49.7, 16.7. FT-IR (KBr): 1722, 1700, 1553,
1292, 760. HRMS (APCI"): Calcd. for C1s8H13CINOs ([M]): 358.0488, Found: 358.0479. The
enantiomeric ratio was determined by HPLC analysis of methyl ester of 5g using Merck OD
column (90:10 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, zminor = 19.0 min, zmajor =
21.7 min), ee 92%.

(1R,2S,3S)-2-(4-fluorophenyl)-3-methyl-3-nitro-4-oxo-1,2,3,4-tetrahydronaphthalene-1-
carboxylic acid (5h): This compound was prepared according to the general procedure.
Combined yield 90%. White solid (27 mg, 53%), m.p. 167-169 °C. 'H-NMR (400 MHz,
CDsOD: 8.16 (d, J = 8.2 Hz, 1H), 7.77 (t, J = 7.6 Hz, 1H), 7.61 — 7.51 (m, 2H), 7.37 (q, J =
8.7 Hz, 4H), 4.78 (d, J = 12.4 Hz, 1H), 4.69 (d, J = 12.3 Hz, 1H), 1.70 (s, 3H). 13C NMR (100
MHz, CDsOD): 191.8, 174.1, 165.2, 163.6, 141.3, 137.0, 132.8, 132.7, 131.4, 130.1, 129.9,
128.8,116.7,116.5,98.7,51.4,50.0, 16.7. FT-IR (KBr): 1722, 1708, 1549, 1290, 766. HRMS
(APCI): Calcd. for C1gH13FNOs™ ([M]): 342.0783, Found: 342.0790. The enantiomeric ratio
was determined by HPLC analysis of methyl ester of 5h using Merck OD column (88:12 n-
Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, zminor = 12.3 min, zmajor = 16.4 min), ee 86%.
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(1R,2S,3S)-2-(2-fluorophenyl)-3-methyl-3-nitro-4-oxo-1,2,3,4-tetrahydronaphthalene-1-
carboxylic acid (5i): This compound was prepared according to the general procedure.
Combined yield 92%. White solid (32 mg, 62%), m.p. 165-166 °C. 'H-NMR (400 MHz,
CDsOD: 8.17 (d, J = 6.9 Hz, 1H), 7.75 (s, 1H), 7.53 (m, 3H), 7.38 (s, 1H), 7.21 (s, 1H), 7.12
(t, J = 9.2 Hz, 1H), 5.01 (s, 1H), 4.81 (d, J = 12.0 Hz, 1H), 1.77 (s, 3H). 3C NMR (100 MHz,
CDsOD): 191.6, 174.0, 163.9, 161.5, 141.4, 136.9, 132.0, 131.9, 130.1, 129.9, 128.7, 125.6,
122.7,122.6, 117.4, 117.2,97.9, 49.8, 49.6, 49.5, 49.1, 48.9, 48.7, 48.5, 46.7, 17.6, 17.6. FT-
IR (KBr): 1721, 1709, 1548, 1289, 970, 768. HRMS (APCI"): Calcd. for C1sH13FNOs ([M]
): 342.0783, Found: 342.0788. The enantiomeric ratio was determined by HPLC analysis of
methy! ester of 5i using Daicel Chiralpak IA column (90:10 n-Hexane/2PrOH, 1.0 mL/min, 25

°C, 254 nm, zminor = 8.8 MIN, Tmajor = 12.2min), ee 77%.

(1R,2S,3S)-2-(2-chlorophenyl)-3-methyl-3-nitro-4-oxo-1,2,3,4-tetrahydronaphthalene-1-
carboxylic acid (5j): This compound was prepared according to the general procedure.
Combined vyield 79%. White solid (24 mg, 45%), m.p. 166-167 °C. 'H-NMR (400 MHz,
CD3OD): 8.17 (d, J = 7.9 Hz, 1H), 7.75 (t, = 7.6 Hz, 1H), 7.68 (d, J = 7.7 Hz, 1H), 7.57 (t, J
= 7.6 Hz, 1H), 7.50 (d, J = 7.8 Hz, 1H), 7.43 — 7.28 (m, 3H), 5.40 (d, J = 11.6 Hz, 1H), 4.65
(d, J=11.6 Hz, 1H), 1.80 (s, 3H). *C NMR (100 MHz, CD3sOD): 191.7, 174.0, 141.5, 136.9,
136.8,133.9,131.7, 131.7, 131.0, 130.4, 130.0, 129.9, 128.9, 128.1, 96.6, 51.0,47.2, 18.1. FT-
IR (KBr): 1721, 1700, 1552, 1291, 759. HRMS (APCIY): Calcd. for C1sH13CINOs ([M]):
358.0488, Found: 358.0496. The enantiomeric ratio was determined by HPLC analysis of
methyl ester of 5J using Daicel Chiralpak 1A column (90:10 n-Hexane/2PrOH, 1.0 mL/min, 25
°C, 254 nm, zminor = 11.1 min, zmajor = 17.3 min), ee 76%.

(1R,2S,3S)-2-(4-bromophenyl)-3-methyl-3-nitro-4-oxo-1,2,3,4-tetrahydronaphthalene-1-
carboxylic acid (5k): This compound was prepared according to the general procedure.
Combined vyield 88%. White solid (33 mg, 55%), m.p. 172-173 °C. 'H-NMR (400 MHz,
CDCls): 8.20 (d, J = 7.8 Hz, 1H), 7.68 (t, J = 7.6 Hz, 1H), 7.53 (t, J = 7.6 Hz, 1H), 7.45 (m,
3H), 7.15 (d, J = 8.4 Hz, 2H), 4.76 (d, J = 12.3 Hz, 1H), 4.48 (d, J = 12.2 Hz, 1H), 1.68 (5,
3H). 13C NMR (100 MHz, CDClz): 189.6, 173.6, 138.2, 135.9, 132.5, 132.3, 130.9, 129.7,
129.2,128.7,127.4,123.4,96.7,49.7, 48.5, 16.2. FT-IR (KBr): 1718, 1700, 1553, 1292, 974,
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739. HRMS (APCI"): Calcd. for CigH13BrNOs ([M]): 401.9983, Found: 401.9974. The
enantiomeric ratio was determined by HPLC analysis of methyl ester of 5k using Merck OD
column (90:10 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 13.8 min, zmajor = 19.7
min), ee 80%.

(1R,2S,3S)-2-(3,4-dimethoxyphenyl)-3-methyl-3-nitro-4-oxo-1,2,3,4-tetrahydronaphtha

lene-1-carboxylic acid (51): This compound was prepared according to the general procedure.
Combined yield 89%. White solid (35 mg, 61%), m.p. 186-187 °C. 'H-NMR (400 MHz,
CDsOD): 8.15(d, J=7.9 Hz, 1H), 7.74 (t, J = 7.6 Hz, 1H), 7.55 (t, J = 7.6 Hz, 1H), 7.48 (d, J
=7.9 Hz, 1H), 6.99 — 6.80 (m, 3H), 5.15 (d, J = 11.7, 1H), 4.81 (d, J = 11.7, 1H), 3.73 (s, 3H),
3.71 (s, 3H), 1.71 (s, 3H). 3C NMR (100 MHz, CDsOD): 192.1, 174.4, 150.4, 141.6, 136.9,
130.0, 129.9, 128.8, 127.8, 123.4, 114.7, 112.9, 99.0, 56.7, 56.5, 51.8, 49.9, 16.9. FT-IR
(KBr): 1723, 1694, 1546, 1260, 1016. HRMS (APCI): Calcd. for CxHi1sNO7 ([MY):
384.1089, Found: 384.1094. The enantiomeric ratio was determined by HPLC analysis of
methyl ester of 51 using Merck OD column (94:6 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254

nm, zminor = 38.3 min, tmajor = 42.6 min), ee 76%.

(1R,2S,3S)-3-methyl-3-nitro-4-oxo-2-m-tolyl-1,2,3,4-tetrahydronaphthalene-1-
carboxylic acid (5m): This compound was prepared according to the general procedure.
Combined vyield 93%. White solid (37 mg, 73%), m.p. 178-179 °C. 'H-NMR (400 MHz,
CDsOD): 6 8.14(d, J=7.6 Hz, 1H), 7.74 (t, J = 7.4 Hz, 1H), 7.55 (m, 2H), 7.23 (t, J= 7.1 Hz,
1H), 7.19 — 7.09 (m, 3H), 4.76 (d, J = 12.2 Hz, 1H), 4.64 (d, J = 12.3 Hz, 1H), 2.32 (s, 3H),
1.69 (s, 3H).*C NMR (100 MHz, CD30D): 6 192.2, 174.3, 141.8, 139.7, 136.8, 134.1, 132.6,
130.2, 130.1, 130.0, 129.9, 129.5, 128.8, 127.0, 97.7, 51.7, 46.6, 19.7, 17.9. FT-IR (KBTr):
1706, 1599, 1557, 1293, 974. HRMS (APCI"): Calcd. for C19H1sNOs ([M"): 338.1034, Found:
338.1038. The enantiomeric ratio was determined by HPLC analysis of methyl ester of 5m
using Daicel Chiralpak IA column (95:5 n-Hexane/2PrOH, 0.6 mL/min, 25 °C, 254 nm, zminor
= 25.0 min, zmajor = 26.3 min), ee 70%.

(1R,2S,3S)-2-(2-ethoxy-5-methylphenyl)-1,2,3,4-tetrahydro-3-methyl-3-nitro-4-
oxonaphtha lene-1-carboxylic acid (5n): This compound was prepared according to the
general procedure. Combined yield 82%. Purified by silica gel column chromatography (60-

120 mesh, 60% EtOAc in hexane). Off white sticky solid (26 mg, 45%), *H-NMR (400 MHz,
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CDCls): 6 8.22 (d, J = 7.9 Hz, 1H), 7.65 (t, J = 7.1 Hz, 1H), 7.53 (t, J = 7.6 Hz, 1H), 7.40 (d,
J=7.9Hz, 1H), 7.06 (d, J = 7.3 Hz, 1H), 6.77 (d, J = 8.3 Hz, 1H), 4.63 (d, J = 12.4, 1H), 4.10
—3.86 (m, 3H), 2.23 (s, 3H), 1.75 (s, 3H), 1.39 (t, 3H). *C NMR (100 MHz, CDCls): 6 190.8,
173.9,157.0,137.7,135.4, 134.9, 132.4, 130.6, 129.7, 129.6, 128.7, 127.0, 125.5, 112.3, 104.1,
64.1, 50.1, 49.9, 20.7, 18.0, 14.8. FT-IR (KBr): 1723, 1684, 1551, 1312, 1260, 1066, 732.
HRMS (APCI"): Calcd. for C21H20NOe ([M"): 382.1296, Found 382.1284. The enantiomeric
ratio was determined by HPLC analysis of methyl ester of 5n using Daicel Chiralpak 1A
column (90:10 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 7.2 MIN, Tmajor = 8.1

min), ee 84%.

(1R,2S,39)-1,2,3,4-tetrahydro-2-(2-isopropoxy-5-methylphenyl)-3-methyl-3-nitro-4-oxo
naphthalene-1-carboxylic acid (50): This compound was prepared according to the general
procedure. Combined yield 70%. Purified by silica gel column chromatography (60-120 mesh,
60% EtOAc in hexane). Off white sticky solid (22 mg, 36%), ‘H-NMR (400 MHz, CDCls):
58.21(d,J=7.9Hz, 1H), 7.63 (t, J = 7.2 Hz, 1H), 7.51 (t, J = 7.6 Hz, 1H), 7.42 — 7.36 (m,
2H), 7.03 (d, J=7.3 Hz, 1H), 6.72 (d, J=8.3 Hz, 1H), 5.41 (d, J=12.4, 1H), 4.63 (d, J = 12.4,
1H), 4.50-4.38 (m, 1H), 2.21 (s, 3H), 1.73 (s, 3H), 1.34 (d, J = , 3H). 3C NMR (100 MHz,
CDCls): 6 190.8, 173.9, 157.0, 137.7, 135.4, 134.9, 132.4, 130.6, 129.7, 129.6, 128.7, 127.0,
125.5,112.3,104.1, 64.1, 50.1, 49.9, 20.7, 18.0, 14.8. FT-IR (KBr): 1717, 1699, 1556, 1498,
1253, 1113. HRMS (APCI"): Calcd. for C22H22NOg ([M"): 396.1453, Found 396.1445. The
enantiomeric ratio was determined by HPLC analysis of methyl ester of 50 using Merck OD
column (93:7 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, zminor = 7.3 MiN, Tmajor = 8.1 Min),
ee 72%.

(1R,2R,3S)-3-methyl-3-nitro-4-oxo-2-phenethyl-1,2,3,4-tetrahydronaphthalene-1-

carboxylic acid (5p): This compound was prepared according to the general procedure.
Reaction was completed after 48 h. Combined yield 76%. White solid (28 mg, 53%), m.p.
152-153 °C. 'H-NMR (400 MHz, CDCl3): 6 8.07 (d, J = 7.1 Hz, 1H), 7.64 (t, 1H), 7.53 - 7.37
(m, 2H), 7.33 - 7.20 (m, 2H), 7.20 — 7.02 (m, 3H), 3.87 (d, J = 10.9 Hz, 1H), 3.45 (d, J = 12.2
Hz, 1H), 2.66 (dd, J = 76.8, 6.3 Hz, 6H), 1.89 — 1.62 (m, 5H). *C NMR (100 MHz, CDCls):
5 190.4, 174.1, 141.1, 139.0, 135.5, 128.9, 128.9, 128.7, 128.6, 128.6, 128.3, 128.3, 128.0,
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126.3, 96.8, 50.8, 43.5, 34.3, 32.9, 16.0. FT-IR (KBr): 1700, 1695, 1557, 1295. HRMS
(APCI'): Calcd. for CooH1sNOs ([M]): 352.1190, Found 352.1201. The enantiomeric ratio
was determined by HPLC analysis of methyl ester of 5p using Daicel Chiralpak OD column
(93:7 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, tmajor = 15.3 min, zminor = 17.8 min), ee
62%.

(1R,2R,3S)-2-isobutyl-3-methyl-3-nitro-4-oxo-1,2,3,4-tetrahydronaphthalene-1-
carboxylic acid (5qg): This compound was prepared according to the general procedure.
Reaction was completed after 48 h. Combined yield 72%. White solid (26 mg, 57%), m.p.
125-127 °C. H-NMR (400 MHz, CDCl3): § 8.10 (d, J = 7.7 Hz, 1H), 7.63 (t, J = 7.2 Hz, 1H),
7.47 (t, J = 7.5 Hz, 1H), 7.38 (d, J = 7.6 Hz, 1H), 3.85 (d, J = 8.9 Hz, 1H), 3.67 (dd, J = 7.8,
5.4 Hz, 1H), 1.69 (s, 1H), 1.47 — 1.41 (m, 1H), 1.21 (t, 6 Hz), 0.88 (d, J = 6.2 Hz, 6H). *C
NMR (100 MHz, CDCls): 6 189.9,177.0, 138.0, 135.4, 129.5, 129.0, 128.9, 128.5, 96.0, 41.4,
39.6, 25.8, 23.6, 21.6, 16.9. FT-IR (KBr): 1700, 1695, 1560, 1299. HRMS (APCI"): Calcd.
for C16H18NOs™ ([M]): 304.1190, Found. 304.1183. The enantiomeric ratio was determined by
HPLC analysis of methyl ester of 59 using Daicel Chiralpak OD column (90:10 n-
Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, zmajor = 6.8 MiN, zminor = 7.3 Min), ee 58%.

(1R,2S,3S)-3-ethyl-3-nitro-4-oxo-2-phenyl-1,2,3,4-tetrahydronaphthalene-1-carboxylic
acid (5r): This compound was prepared according to the general procedure. Combined yield
85%. White solid (31 mg, 63%), m.p. 171-172 °C. *H-NMR (400 MHz, CD30D): 6 8.19 (d,
J=7.9Hz, 1H), 7.65 (t, J = 7.6 Hz, 1H), 7.52 (t, J = 7.5 Hz, 1H), 7.46 (d, J = 7.9 Hz, 1H),
7.34 - 7.30 (m, 3H), 7.25 (m, 2H), 4.76 (d, J = 11.7 Hz, 1H), 4.62 (d, J = 11.7 Hz, 1H), 2.39
(dt, J =14.5,7.2 Hz, 1H), 1.94 (dt, J = 14.7, 7.3 Hz, 1H), 0.90 (t, J = 7.3 Hz, 3H). *C NMR
(100 MHz, CD30OD): 6 191.1, 172.8, 136.5, 135.8, 131.1, 130.9, 129.7, 129.5, 129.4, 129.2,
102.3, 53.5, 49.8, 23.2, 8.9. FT-IR (KBr): 1731, 1684, 1556, 1286, 729. HRMS (APCI"):
Calcd. for C1gH16NOs  ([M]): 338.1034, Found. 338.1026. The enantiomeric ratio was
determined by HPLC analysis of methyl ester of 5r using Merck OD column (93:7 n-
Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, zminor = 12.0 MiN, zmajor =13.4 min), ee 66%.

(1R,2S,3S)-6-methoxy-3-methyl-3-nitro-4-oxo-2-phenyl-1,2,3,4-tetrahydronaphthalene-
1-carboxylic acid (5s): This compound was prepared according to the general procedure.

Combined yield 70%. Off white sticky solid (20 mg, 38%), *H-NMR (400 MHz, CDCls): §
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7.67 (s, 1H), 7.60 (d, J = 7.2 Hz, 1H), 7.48 — 7.36 (m, 4H), 7.08 (d, J = 8.1 Hz, 1H), 4.70 (d, J
=12.5Hz, 1H), 3.67 (d, J = 12.5, 1H), 3.81 (5, 3H), 1.62 (s, 3H). 13C NMR (100 MHz, CDCls):
0192.1,174.7,153.6, 140.4, 134.8, 134.6, 129.0, 128.9, 127.4, 126.0, 123.9, 112.0, 99.9, 56.8,
51.7, 50.0, 17.0. FT-IR (KBr): 1718, 1696, 1554, 1292, 756. HRMS (APCI"): Calcd. for
C19H16NOs™ ([M°): 354.0983, Found 354.0977. The enantiomeric ratio was determined by
HPLC analysis of methyl ester of 5s using Merck OD column (90:10 n-Hexane/2PrOH, 1.0
mL/min, 25 °C, 254 nm, tminor = 20.4 MiN, Tmajor =22.6 Min), ee 68%.

(1R,2S,35,4S)-methyl 1,2,3,4-tetrahydro-4-hydroxy-3-methyl-3-nitro-2-phenylnaphthal
ene-1-carboxylate (7): Purified by silica gel column chromatography (60-120 mesh, 15%
EtOAc in hexane). White solid (30.5 mg, 90%), m.p. 208-210 °C. 'H-NMR (600 MHz,
CDCl3): 67.68 (d,J=7.7 Hz, 1H), 7.42 — 7.38 (m, 1H), 7.35 - 7.29 (m, 5H), 7.25 (d, J= 1.5
Hz, 2H), 5.89 (s, 1H), 4.42 (d, J = 11.7 Hz, 1H), 4.28 (d, J = 11.8 Hz, 1H), 3.57 (s, 3H), 2.62
(s, 1H), 1.49 (s, 3H). *C NMR (150 MHz, CDCls): 172.4, 136.5, 134.5, 131.0, 129.2, 129.0,
128.9, 128.6, 128.6, 127.1, 126.6, 96.0, 75.0, 52.8, 50.6, 50.1, 10.8. FT-IR (KBr): 3488, 1719,
1547, 1332, 1229, 1066, 752, 708. HRMS (ESI*): Calcd. for Ci9H1gNOs* ([M+H]"):
341.1263, Found 341.1252. The enantiomeric ratio was determined by HPLC analysis using
Daicel Chiralpak 1A column (90:10 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, Tmajor =
10.5 min, zminor = 13.4 min), ee 90%.

(1R,2S,3R)-methyl 1,2,3,4-tetrahydro-3-methyl-4-0xo-2-phenylnaphthalene-1-carboxy
late (8): Purified by silica gel column chromatography (60-120 mesh, 7% EtOAc in hexane).
White sticky solid (26 mg, 89%), 'H-NMR (600 MHz, CDCls): 6 8.13 (d, J = 8.0 Hz, 1H),
7.54 (t,J = 7.6 Hz, 1H), 7.42 (t, J = 7.5 Hz, 1H), 7.35 (t, J = 7.4 Hz, 2H), 7.31 — 7.32 (m, 3H),
7.17 (d, J = 7.8 Hz, 1H), 4.36 (d, J = 11.5 Hz, 1H), 3.70 (s, 0.5H), 3.53 (s, 3H), 3.41(t, J =
12.6, 1H), 2.88 (tt, J = 17.7, 8.9 Hz, 1H), 1.60 (s, 3H), 1.11 (d, J = 7.0 Hz, 0.5H), 1.03 (d, J =
6.7 Hz, 3H). 13C NMR (150 MHz, CDCls): 6 198.6, 172.9, 140.1, 139.7, 134.1, 131.9, 129.0,
128.1,127.7,127.1,54.2,52.2,51.2, 46.8, 29.9, 13.1. FT-IR (KBr): 1738, 1675, 1599, 1453,
1156, 968, 771, 707 HRMS (ESI*): Calcd. for C19H1903" ([M+H]"): 295.1329, Found
295.1339. The enantiomeric ratio was determined by HPLC analysis using Daicel Chiralpak
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IA column (93:7 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, tminor = 17.1, Tmajor = 17.8

min), ee 90%.

4.9. Crystal data and structure refinement for chiral compound (CCDC

1512677) 5a:

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

o/
pre

v/°

Volume/A3

Z

pealcmg/mm?
m/mm!

F(000)

Crystal size/mm?

20 range for data collection

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=20 ()]

Final R indexes [all data]

Largest diff. peak/hole / e A

Flack parameter

TH-1722_11612244

ud-195

Ca0H21NO6S

403.44

298K

orthorhombic

‘P 212121

20.392(2)

10.2856(10)

9.7344(15)

90.00

90.00

90.00

2041.8(4)

4

1.312

2.957

848.0

0.35%x0.22x0.14

2.48 10 52.54°
-71<h<7,-8<k<7,-36<1<40
6516

3388[R(int) = 0.0576]
3388/0/257

1.093

R; =0921, wR2 = 0.1632
R1=0.1372, wR2 = 0.1863
0.51/-0.51

0.07(11)
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Chapter 5

Chapter 5: Organocatalytic Asymmetric
Hemithioacetalization/Oxa-Michael Cascade Reaction of Ortho-

Formyl Chalcone

5.1. Introduction:

Kinetic resolution is a process where two enantiomers of a racemate react at different rates
towards the formation of products. The invention of dynamic kinetic resolution (DKR)
prevailed particularly due to the limitation of classical kinetic resolutions to produce more than
50% theoretical yield. In DKR, an in situ fast racemization process of the chirally-labile
substrate is accompanied with the slow resolution process (figure 1). The rate of racemization
should be very higher than the rate of the reaction of the slow reacting enantiomer (Krac » Ksiow)
for an effective dynamic kinetic resolution to occur. The trivial condition for any kinetic

resolution process is Kfast » Ksiow.

Ktast

RR as > PR
fast

Krac 1 racimization Rgr, Rg = substrate enantiomers,

k Pr, Ps = product enantiomers

R slow P

%
s slow 3

Fig 1: Dynamic kinetic resolution

Mainly four types of reactions have been investigated in DKR studies. 1. Carbon-carbon bond
formation. 2. Carbon-heteroatom bond formation. 3. Heteroatom-heteroatom bond formation.
4. Non-covalent bond formation. Scheme 5.1.1 summarizes the list of carbon-heteroatom bond

formation reactions that utilized DKR technique.
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0 NG
) ) -R — + H,0
Imine formation )J\ T OHN | 2
} by
R! R?
L . N/ R2 I N/ + Rl
Transimination | T OHN = I HoN”
A, A
N’R2 N’R4 . N’R4 N/RZ
Imination metathesis )I\ + Jl\ = )I\ + Jl\
R” "H R TH R” "H R TH
O HO O-R
Hemiacetal formation )J\H & R/OH — ><H
(6] O
. P + OH _— o OH
Transesterification _R? R3 _R8 R2
I 1 RlJJ\O RlJJ\O
2 SH 2 SH
Transthioesterification lJJ\ _RZ * R¥ ) 1J\ RS T R?
R S R S
O HO S—R
Hemithioacetal formation + ~SH S
R
)LH 7<H

Scheme 5.1.1: carbon-heteroatom bond formations using DKR

Enzyme catalysis! and asymmetric ligand-metal catalysis? had been the principle promoters
for DKR processes in the previous millennia. Since its invention, organocatalysis has become
the main mediators of these processes. Catalysts utilized in these studies were predominantly
derived from cinchona alkaloids and amino acids, although other catalysts were also found to
be effective in this context.® Several organocatalytic DKR process have been developed since
the first report by Deng and co-workers in 2002.*

The first example of cinchona alkaloid derived bifunctional urea catalyzed DKR reaction was
documented by S. J. Connon and co-workers in 2008. Alanine-, methionine-, and
phenylalanine-derived azlactones have been shown to undergo alcohol and thiol addition
reaction furnishing orthogonally protected amino acid esters and thio-esters with excellent

level of enantiocontrol (Scheme 5.1.2).%
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OMe/ZJ
H—AN

[ NH
N _Ar 0
o = O)\N
R H

% (10 mol%) Ph™ "NH J
N>~ o + /\/OH R O

CH,Cl, (0.2 M), -20 °C
Ph o

7 examples, 93-99%,

Ar = 3,5(CF3)2C6H3 78-88% ee

Scheme 5.1.2: Bifunctional urea catalyzed ring opening of azlactones

Athough thiourea catalyzed version has been reported earlier by Berkessel et al.,>* this was
the first reaction where cinchona alkaloid derived catalyst was used.

5.2. Organocatalytic cascade reactions using DKR:

In these type of organocascades the racemic pronucleophile generated in the first step
undergoes catalytic DKR in the second step forming mainly cyclic adducts. A variety of these
kind of reactions like Michael-Michael,® Michael-aldol,” imination-redution (reductive
amination),® Michael-Michael-Wittig,® hemiacetylation-aldol*® has been documented over the

last ten years.

Wang et al. have reported an asymmetric thia-Michael/Michael cascade reaction between
trans-3-(2-mercaptophenyl)-2-propenoic acid ethyl ester and nitroalkenes. The product
thiochromanes with three contagious stereogenic centers were obtained in high yield and

stereoselectivity using cinchona alkaloid amine thiourea catalyst (Scheme 5.2.1).62
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e
OMe
H N

Ar = 3, 5(CF3)2C6H 3

CO,Et B
2 CO,Et
N~ JAr 2
N (2 mol%) 1 R
X - G
P N0 XT
SH toluene, rt, 8-96 h S R

14 examples, 32-99%,
16:1->30:1 dr, 92-99% ee

Scheme 5.2.1: Bifunctional thiourea catalyzed Michael-Michael cascade involving DKR

Ghorai and co-workers have reported a Peroxyhemiacetalization/oxa-Michael Addition
cascade reaction of ortho-formyl homchalcones furnishing exo-peroxyacetals, a new class of
organic peroxides. Good yields and excellent enantio- and diastereoselectivities have been

achieved by the authors using cinchona derived squaramide catalyst (Scheme 5.2.2).1!

OMe
NQ—H
=

HN N
Ar\ | _N Ar = 3,5-(CF3)2C6H3
HN o
4 o}
(@] 5 mol% N
( ‘) X O R
=
Etzo, rt m o
/
RO

19 examples, 63-84%,
5:1->20:1 dr, 91-99% ee

Scheme 5.2.2: Bifunctional squramide catalyzed Peroxyhemiacetalization/oxa-Michael reaction
5.3. DKR processes involving hemithioacetalyzation:

Aromatic and aliphatic thiols reacts with aldehydes forming racemic hemithioacetal
intermediates which then undergo different catalytic intramolecular or intermolecular DKR

processes like lactonization,'? acetylation,'® addition across a double bond!* etc. to furnish
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enantio-enriched adducts. Most DKR processes involving hemithioacetal formation were

promoted by enzymes.

Lipase could be regarded as the most promising enzyme in this context. The first dynamic
kinetic resolution by enantioselective acetylation of hemithioacetals has been documented by
Rayner and co-workers. In their study, pseudomonas fluorescens lipase has been reported to
catalyze the acetylation reaction of racemic hemithioacetals of glyoxalates and benzoyl- or

acetyl- protected glycolaldehydes quite effeciently (Scheme 5.3.1).2

RL H Pseudomonas fluorescens lipase RL__SR?
+ R%SH .

\g/ ZN0Ac , MTBE, SiO,, 30 °C OAc

10 examples, 63-90%,
55->95% ee

Scheme 5.3.1: Lipase catalyzed acetylation of hemithioacetals involving DKR

Lipase catalyzed dynamic kinetic resolution of in situ generated recemic hemithioacetals via
lactonization was reported by Ramstrom group. The one pot base catalyzed hemithioacetal
formation followed by Cal-B lipase catalyzed lactonization rection produced 1,3-oxathiolan-

5-one derivatives in good yield with moderate to good enantiomeric excess (Scheme 5.3.2).12

(@] (@) )O\H (|) Cal-B Lipase Ji

+ —_ S O
R)J\H HS\)J\O/ R s/\[of AT R
R

7 examples, 16-93%,
72-92% ee

Scheme 5.3.2: Lipase catalyzed lactonization of hemithioacetals involving DKR

Very recently an organocatalytic asymmetric DKR study of N-tosylprotected N,S-acetals has
been reported by Capaccio et al. The first step of this cascade reaction involved formation of
racemic N,S-acetals from thiols and 2-cyano-N-tosylbenzylidenimine. The next DKR step was
a highly stereo-selective heterocyclization leading to a new class of multi-heteroatomic cyclic
compound by using trifunctional cinchona alkaloid-based organocatalysts (Scheme 5.3.3).14
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H—&N

X
| OH NH
CN N & (10 mol%)
+ RSH NTs
_NTs CH,Cly, -40 °C
SR

14 examples, 58-97%,
28-90% ee

Scheme 5.3.3: Organocatalytic cyclization of N,S-acetals involving DKR
5.4. Synthesis of Phthalans:

Chiral 1,3-dihydroisobenzofurans (phthalans) are important structural motifs that are present
in a range of natural products having impressive pharmacological activities such as
antidepressive, antimycotic, anti-HIV, anticancer, antioxidant, antifungal, antibaceterial,
antitumor and cardiovascular disease etc.'® Besides a few industrial applications of them are
also known'® and they also serve as important building blocks in organic synthesis.!” Some

representative 1,3-dihydroisobenzofurans have been shown in Figure 2.

\
NH

F
e} — HO
) @ w r A rol )
7 NN
O g 7 OH
O
0 L/ L

NC Cl Me

Talopram Citalopram (Celexa) Mikonazol-like tpesltaC”:j .
antidepressant antifungal activity (natural product)

Me

,',// )

Aplysulphurine Membranolide C: R = OMe, R?=H M 5-HT,p antagonist
Membranolide D: R! = H, R? = OMe

Figure 2: Biologically active phthalans
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Fascinated by their impressive activities, a variety of groups are engaged in the synthesis of
1,3-diyhroisobenzofurans!® but asymmetric reports were only few.

Ghorai and co-workers disclosed an enantioselective synthesis of 1-substituted phthalans.
Reaction of pinacol borane with ortho-formyl chalcone in the presence of bifunctional
squramide catalyst furnished the phthalan products with excellent enantioselectivities (scheme

5.4.1).%
OMe 1
H N

A
| NH A= 3,5(CF3),CgHs
0 N~
o) NH 0
Arl AI‘
1
O (10 molo) Ar
+ pinBH (1.5 equiv) _ o)
o MeNO/'PrOH (4:1)
40 min at 0 °C
then 2-24 h at 45 °C 31 examples, 40-98%,
74-95% ee

Scheme 5.4.1: Synthesis of chiral phthalans

1,3-Disubstituted-phthalan system has drawn our attention as they act as extended scaffold
analogous to the more structurally abbreviated 1,3-disubstituted- 2,5-dihydrofurans such as

2',3-benzo-fused didehydronucleoside analogs.?
5.5. Our aim:

The organocatalytic approach for the DKR of hemithioacetals is still not known. Thus we
envisage to develop the first organocatalytic DKR reaction involving hemithioacetal
intermediates. Using o-formyl chalcone and benzyl mercaptan as reacting partners a diastereo-
and enantioselective synthesis of 1,3-disubstituted phthalans was focused involving thia-DKR

followed by intramolecular oxa-Michael addition.?*
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5.6. Result and Discussion:

When o-formyl chalcone (1a, 0.05 mmol) and benzyl mercaptan (2a, 0.05 mmol) was stirred
in the presence of unsymmetrical ethylene diamine 1 (20 mol%) and benzoic acid (20 mol%)
in toluene at room temperature, after 24 hours the tandem thiol addition followed by oxa-
Michael addition proceeded smoothly to deliver 1,3-disubstituted phthalan 3aa in 65% vyield
(Scheme 5.6.1).

o MeZN/\/NHZ O

I (20 mol%)
NN Ph
Ph PhCO5H (20 mol%)
+ BnSH O
CHO

toluene, rt, 24 h

la 2a 3aa SBn

65%
Scheme 5.6.1: Recemic reaction

5.6.1. Optimization studies:

5.6.1.1. Catalyst screening:

After that different primary amine catalyst in combination with benzoic acid in toluene solvent
were tried in this reaction. Initial screening with quinine derived primary amine 11 failed to
produce any diastereoselectivity but the product 3aa was obtained with 70% enantiomeric
excess (Table 1, entry 1). Primary amine derived from cinchonine furnished the product with
1.2:1 diastereomeric ratio but the enantioselectivity decreased to 33% (entry 2). Better result
compared to catalyst 11 was obtained with cinchonidine derived primary amine catalyst 1V in
terms of diasteroselectivity (entry 3). Finally the best catalyst was found to be hydroquinine
derived primary amine V, furnishing the product phthalan with 1.6:1 diastereomeric ratio and
75% enantiomeric excess for the major diastereomer (entry 4). Since the reaction was quite
fast at room temperature, the temperature was lowered to 0 °C and it proved to be beneficial
(entry 5). The structure of the major diastereomer 2-((1R,3S)-3-(benzylthio)-1,3-
dihydroisobenzofuran-1-yl)-1-phenylethanone (3aa) was confirmed unambiguously by X-ray

crystallography??
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Table 1: Catalyst screening

e e
OMe OMe
H—4N NH% H—&N H—ZN
N
TN NH, S TN NH, NN,
N~ N~ N~ N_ _~
Il Y% Y%

O
O

N catalyst (20 mol%) Ph
Ph PhCO,H (20 mol%)
+ BnSH O
CHO

toluene, temp, 12 h

la 2a 3aa SBn
entry? catalyst  temperature yield (%)° dre ee(major) (%)°
1 11 rt 71 1:1 70
2 i rt 68 1.2:1 33
3 v rt 65 151 66
4 Vv rt 70 1.6:1 75
5¢ Vv 0°C 67 191 81

®Reaction condition: 0.05 mmol of 1a and 0.05 mmol of 2a in 0.5 mL toluene using 20 mol% catalyst
and 20 mol% benzoic acid. "Combined yield of the isolated product. ‘Determined by 'H NMR.

dDetermined by chiral HPLC and of the major diastereomer. *Reaction time 24 h.
5.6.1.2. Solvent screening:

Different solvents for this reaction were screened with 9-amino(9-deoxy)epi hydroquinine
amine in combination with benzoic acid co-catalyst at 0 °C. Xylene and a, o, a-trifluorotoluene,
when applied as solvents in this reaction, enantioselectivity was decreased compared to that of
toluene, although the diastereoselectivity remained unchanged (Table 2, entry 1-2). Using
mesitylene as solvent comparable result to that of toluene was observed (entry 3).
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Tetrahydrofuran was found to be unsuitable for this reaction (entry 4). Enantioselectivity as
well as diastereoselectivity were increased using diethyl ether as the solvent (entry 5). Inspired
by this result, various ethers were screened for this reaction. As can be seen, comparable
diastereoselectivity as well as yield was observed using these solvents (entries 6-9). But for
saturated ethers i.e. di-n-butyl ether and diisopropyl ether (entries 6-7) the enantioselectivity
was higher compared to the unsaturated ethers i.e butyl-vinyl ether and butyl-phenyl ether
(entries 8-9). The best solvent was found to be di-n-butyl ether (entry 7) furnishing the product
3aa with 88% ee.

Table 2: Solvent screening

O

[ V (20 mol%) Ph
Ph PhCO,H (20 mol%)
+ BnSH o)
CHO

solvent, 0 °C, 24 h

la 2a 3aa SBn
entry? solvent yield (%)° dre ee(major) (%)°
1 xylene 68 1.9:1 72
2 PhCF3 70 1.9:1 70
3 mesitylene 68 1.9:1 82
4 THF 61 2:1 71
5 Et.0 66 2.3:1 84
6 'Pr,0 69 2.5:1 87
7 "Bu20O 68 251 88
8 Butyl-vinyl ether 65 2.5:1 80
9 Butyl-phenyl ether 66 2.5:1 78

Reaction condition: 0.05 mmol of 1a and 0.05 mmol of 2a in 0.5 mL solvent using 20 mol% catalyst
V and 20 mol% benzoic acid. "Combined yield of the isolated product. ‘Determined by 'H NMR.
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dDetermined by chiral HPLC and of the major diastereomer.
5.6.1.3. Screening of acid co-catalyst:

Different acid co-catalysts were also screened in this reaction with the hope of obtaining better
stereoselectivity (Table 3). Both electron-rich and electron-poor benzoic acids substituted at
the different positions were screened but better results were not observed (entry 1-3). Di-chloro
substituted benzoic acid was also ineffective in improving the selectivity of the reaction (entry
4).

Table 3: Screening of acid co-catalyst

Ph
@) V (20 mol%)

X acid co-catalyst O
Ph (20 mol%)
+ BnSH SBn
CHO

"Bu,O, 0 °C, 24 h

1a 2a 3aa
entry? acid co-catalyst yield (%)° dre ee(major) (%)°
1 2-FCeH4+COH 70 2.2:1 81
2 3-NO2CH4CO2H 62 2.1:1 80
3 3-MeOCgH4CO2H 65 2.3:1 79
4 2,4-Cl2CeH3CO2H 61 2:1 79

Reaction condition: 0.05 mmol of 1a and 0.05 mmol of 2a in 0.5 mL n-butyl ether using 20 mol%
catalyst V and 20 mol% acid co-catalyst. "Combined yield of the isolated product. ‘Determined by 'H
NMR. “Determined by chiral HPLC and of the major diastereomer.

5.6.1.4. Catalyst screening using hydrogen-bonding bifunctional catalysts:

Unfortunately the enantiomeric excess value obtained after all these optimization was less than
90%. That is why, hydrogen-bonding bifunctional catalysts were also employed in place of the

primary amine (iminium activation) catalysts. Although very poor results were obtained using
153

TH-1722_11612244



Organocatalytic Asymmetric Hemithioacetalization/Oxa-Michael Cascade Reaction of Ortho-Formyl Chalcone

quinine derived sulfonamide catalyst VI (Table 4, entry 1), better enantioselectivity was
observed when squramide catalysts were employed (entry 2-4). Squaramide catalysts V11 and
V111, synthesized from bis- and mono-trifluoromethyl substituted aniline produced 90%
enantiomeric excess but the diastereoselectivity decreased. Higher enantio- and diastereo-
control were observed using squramide catalyst 1X containing a tertiary butyl group. The

diastereoselectivity further increased upon using 4A molecular sieves as additive (entry 5).

Table 4: Catalyst screening using bifunctional catalysts

. A A
oMe H—AN H—AN CF5
H—AN >:<

| X NH | X NH
| ~ NH_O N~ NZ
_ I 0 NH NH
Ph )Ar
Vi il o VilII o

4%
= R
OMe
H ?NJ A /NEJ /@\, y H—&N
Z B NH

B N N H)N\\ - N Ar
o= S>—NH NF s&l\N’Ar Ao T .

'Bu | 4 R = OMe, XII

IX O X A R=H, Xl
Ar = 3,5(CF3)2CgH3s

O

X Ph catalyst (5 mol%) 2\
+ BnSH o
CHO

"Bu,0, 0°C, 24 h

1a 2a 3aa SBn
entry? catalyst | yield (%0)° dre ee(major) (%)°
1 VI 56 1:1 41
2 VII 72 1.2:1 90
3 VI 69 1:1 90
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4 IX 74 1.3:1 96
5° IX 73 1.4:1 96
6° X 70 1.1:1 81
7° Xl 75 31 81
8° Xl 74 31 96
9° X1 75 3:1 98

#Reaction condition: 0.05 mmol of 1a and 0.05 mmol of 2a in 0.5 mL solvent using 5 mol% catalyst.
®Combined yield of the isolated product. *Determined by *H NMR. “Determined by chiral HPLC and
of the major diastereomer. ®Using 4 A MS.

Bifunctional thiourea catalyst X was found to be inferior catalyst compared to squramides in
this reaction (entry 6). Interestingly, diastereoselectivity got increased when cinchonine
derived urea catalyst X1 was employed in this reaction in the presence of 4A MS but
enantioselectivity decreased (entry 7). Inspired by this result, other cinchona alkaloid derived
urea catalysts XII and XIIl were screened and fortunately higher enantioselectivity was
obtained without any change of diastereocontrol (entries 8-9). Cinchonidine derived urea
catalyst X111 in the presence of 4A MS was found to be the best catalyst furnishing the product

3aa in 3:1 diastereomeric ratio with 98% ee of the major diastereomer (entry 9).
5.6.2. Substrate scope:

After fixing the optimized conditions the scope and generality of the DKR reaction were

investigated.
5.6.2.1. Scope of enones:

Intially the aryl group on the carbonyl functionality was varied and it turned out that the

reaction outcome is indifferent to the elctronic nature of the aryl group. At first, different para-

substitutions on the aryl group were checked and excellent results were achieved (Table 5,

entries 2-9). For example, products 3ba and 3ca having 4-methyl and 4-methoxy substitutions
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were isolated in good diastereo- and high enantioselectivities (entries 2-3). Also, high
diastereo- and enantioselectivities were achieved for products 3da-3fa having different 4-halo
substitutions (entries 4-6). However, for enones 1g-1h having 4-cyano and 4-nitrogroups, the
enantioselectivities were moderate for the corresponding products with catalyst X111 (entries
7-8). Delightfully, the enantioselectivities got enahanced with catalyst 1X in the expence of
little amount of diastereoselectivity (the data in parenthesis). Biphenyl substituted enone 1i
also took part in the reaction delivering product 3ia in acceptable yield with 98% ee (entry 9).
Then ortho- and meta-substituted enones 1j-n were engaged in the reaction and delightfully
here also the outcome was also very good (entries 10-14). Although 2-methyl substituted enone
2j furnished the product with lesser enantioselctivity and diastereoselectivity (entry 10), with
2-fluoro substituted enone better results were obtained (entry 11). meta-Bromo substituted
enone 2| furnished the corresponding product with 3:1 diastereoselectivity and 95% ee. Slight

lower diastereo- and enantioselectivity was observed with 3-nitro substitution (entry 13).

Table 5: Scope of enone with varied ketone substitutents

O

X-OR catalyst XIIl (5 mol%) R
+ BnSH - o)
CHO

Mol sieves 4A

la-q 2  'BU0,0°C,24h SBn
3aa-gqa
yield ee(major)
entry? R product re
(%)° (%)
o)
Ph
1 Ph 77 3:1 98
o)
3aa SBn
156

TH-1722_11612244



Chapter 5

TH-1722_11612244

4-MeCeH4

4-MeOCsH4

4-FCsHq

4-CICeHs4

4-BI’C6H4

4-CNCeH4

4-NO,CgH4

Me
SBn
3ba
O
Cre O
OMe
SBn

80

65

63

64

91

53(52)

41(43)

2.2:1

2.7:1

3:1

2.5:1

25:1

2:1(1.5:1)

2.2:1(2:1)

95

95

96

96

88

75(82)

74(90)
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10

11

12

13

14

15

4-PhCeH4

2-MEC6H4

2-FCeH4

3-BFC6H4

3-NO2CeH4

3-CF3CsHa4

2-Naphthyl
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o
0
16 2-Furyl o L 70 5:1 96
3paSBn
o)
Me
17 Me o) 55 3.2:1 88
3qa SBn

®Reaction condition: Unless otherwise mentioned, 0.1 mmol of 1 and 0.1 mmol of 2a in 1 mL solvent
using 5 mol% X111 at 0 °C for 1 day. "Yield of the isolated product. ‘Determined *H NMR. “Determined
by chiral HPLC and of the major diastereomer. °The data in parenthesis is with catalyst 1X.

Product 3na having 3-trifluoromethyl substitution was obtained with moderate
diastereoseletivity and good enantioselectivity (entry 14). Then better diastereoselectivity (4:1
dr) and enantioselectivity (99% ee) was obtained for product 3oa having 2-naphthyl group
(entry 15). A heteraromatic furyl containing enone 1p can also be employed and gratifyingly
highest diastereoselectivity (5:1) as well as excellent enantioselectivity was attained for the
product 3pa (entry 16). Our methodology also worked with aliphatic enone 1q and the
corresponding product 3ga was achieved in 55% yield with 88% ee (entry 17).

Then different substitutions on the phenyl group attached to the aldehyde functionality were
also screened and the results are shown in Scheme 5.6.2. As can be seen, the outcome did not
change with the substitutions and excellent results were maintained. For example, substrate 1r
having 4-methyl substitution provided product 3ra in 57% yield with 4:1 diastereomeric ratio
and a high 92% ee was detected (Scheme 5.6.2). Similarly excellent enantioselectivities were
obtained for products 3sa and 3ta having 5-F and 6-F substitutions respectively albeit with

lesser diastereoselectivity.
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@]
(0]
N X Ph catalyst XIII (5 mol%) N Ph
X + BnSH X o
CHO Mol sieves 4A =
_ nBUzO, 0 OC, 24 h SBn
irt 2a 3ra-ta
O 0] @]
- »
(Lp [Lp (e
\ S
SBn SBn = Bn
3ra 3sa 3ta
57%, 4:1 dr, 92% ee 69%, 1.3:1 dr, 94% ee 87%, 1.7:1 dr, 94% ee

Scheme 5.6.2: Scope of enone with varied olefin substitutents®®

“Reaction condition: 0.1 mmol of 1 and 0.1 mmol of 2a in Iml solvent using 5 mol% XIII at 0 °C for
1 day. “Combined yield of the isolated product, dr was determined by 'H NMR and ee was measured
by chiral HPLC and of the major diastereomer.

5.6.2.2. Scope of thiols:

Next, the generality of the reaction was further demonstrated by employing a variety of thiols
and the results were summarized in Table 6. Here also, different substitutions on the phenyl
group of benzyl mercaptan as well as other thiols were tolerated and excellent results were
achieved. Initially, para-substituted benzyl mercaptans having electron-neutral and donating
groups were subjected in the reaction conditions (entries 1-6). High enantioselectivities were
obtained for both alkyl and alkoxy substituted benzyl mercaptans. Higher
diastereoselcetivities compare to unsubstituted benzyl mercaptan were also observed for 4-
methyl and 4-methoxy substitution. Similarly, excellent enantioselectivities were achieved
with 4-halo substituted mercaptans 3af-3ag (entries 5-6). A little less enantiocontrol and better
diastereocontrol was observed for 4-fluoro substituted mercaptan compared to 4-chloro and
4-bromo substituted enones (entry 4). Moreover, ortho- and meta-substituted benzyl
mercaptans 2h and 2i also participated in the reaction delivering products 3ah and 3ai in high

enantioselectivities (entries 7-8). 2,4-Disubstituted benzyl mercaptan 2j could also be
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employed in the reaction and high enantioselectivity (94% ee) was detected for product 3aj

(entry 9).
Table 6: Scope of thiols
0
o)
X phy catalyst X1l (5 mol%) Ph

+ RSH o
CHO Mol sieves 4A

la 2b-n "Buz0,0°C, 24 h 3ab-an SR

) ee(major)
entry? R Product yield (%)°  dr¢
(%)

(@)
1 4-MeCsHaCH, O s ! 53 421 96

4-'BuCsH4CHa O S g 62 27:1 96

3 N O °
MeOCgH4CH> S
3ad /@

78 4.7:1 96
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4 4-FCeH4CH,
5 4-CICH4CH;
6 4-BrCsHaCH
7 2-MeCeH4CH;
8 3-BrCsH4CH:

TH-1722_11612244
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56

59

62

57

57

431

3:1

3.5:1

3.3:1

3:1

89

94
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92
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O
oo Cre O

Cl,CsH3CH> 59 3.6:1 94

10 2-Naphthyl 62 4:1 98

11 Cinnamyl O o) O 39 1.9:11 97

3am
O
I phc e O s e e
S Ph
3an Ph ph

Reaction condition: 0.1 mmol of 1a and 0.1 mmol of 2 in 1 mLsolvent using 5 mol% V11 at 0 °C for
1 day. Yield of the isolated product. “Determined by *H NMR. Determined by chiral HPLC and of the

major diastereomer. °Reaction time 7 days.
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Excellent enantioselectivity was also obtained for product 3ak having 2-naphthylmethylthio
group (entry 10). Then different aromatic and aliphatic thiols were screened and pleasingly the
results were excellent (entries 11-13). (E)-2 Phenylethenethiol (2I) on reaction with la
provided product 3al in 97% ee albeit the yield was less (entry 11). Gratifyingly, the highest
diastereo- and excellent enantioselectivity was observed for product 3am having an aliphatic

Ybutyl thiol moiety (entry 12). Finally, triphenylmethanethiol (2n) was engaged in the reaction;

though the rate of conversion was slow but high enantioselectivity was detected (entry 13).

5.6.3. Synthetic transformations of product:

The synthetic utilities of our reaction were demonstrated by performing few reactions on the

products (Scheme 5.6.3).

@] 0]
Ph
Ph m-CPBA (3 eq.)
@] O
CH2C|2, rt
SBn 1h OH
3aa 4
98% ee, 3:1 dr 96% 96% ee, 1.5:1 dr
O 0) e}
Ar Ar OAr
m-CPBA (3 eq.) m-CPBA (2 eq.)
O _ O - @)
CH,Cly, 1t Na,HPO,4 (2 eq.)
SBn 1h OH CH2C|2, r OH
3ca 5 6

96% ee, 2.7:1 dr Ar = 4-OMeCgH,

92% overall 9304 ee 1.7:1dr

0 0]
TEA (5 eq) Ph
0] > O
CH2C|2, rt
SCPh,
3an 72% 7
91% ee, 1.8:1 dr 84% ee

Scheme 5.6.3: Synthetic transformations of products
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Initially oxidation of 3aa was carried out in the presence of 3 equivalents of m-CPBA. Instead
of the desired sulfone hemiacetal 4 was formed in 96% vyield and 1.5:1 diastereomeric ratio
with 96% enantiomeric excess of the major diastereomer. Then compound 3ca was first
converted to hemiacetal 5 by the same mechanism, on which a Baeyer Villiger oxidation
reaction was performed. This resulted in the formation of ester 6 in 92% overall yield with
93% ee. Then triethylsilane mediated selective removal of trityl group® was envisaged in
compound 3an. However, under the acidic conditions, the complete removal of
triphenylmethanethiol motif was noticed and mono-substituted phthalan 7 was formed in 72%

yield with slight erosion in enantioselectivity (Scheme 5.6.3).

In summary, this chapter describes the first organocatalytic DKR of insitu generated
hemithioacetals leading to the synthesis of 1,3-disubstituted-1,3-dihydroisobenzofurans.
Cinchonidine derived urea was the best catalyst for this reaction and the dihydroisobenzofuran
products were formed in good yields with high diastereo- and enantioselectivities. Also few
synthetic transformations including mono-substituted dihydroisobenzofuran synthesis has
been demonstrated. This methodology would be useful for the synthesis of different derivatives

of biologically active 1,3-disubstituted dihydroisobenzofurans.
5.7. Experimental procedures and structure determination:

5.7.1. General procedure for cascade hemithioacetalization/oxa-Michael reaction:

A5 mL round bottomed flask was charged with ortho-formyl chalcone 1 (0.1 mmols), catalyst
X111 (5 mol%) and 100 mg of 4A molecular sieves. Benzyl mercaptan 2 (0.1 mmols) and 1
mL n-butyl ether was then added to it. The reaction vessel was closed by means of a stopper
and the reaction was stirred at 0 °C for 24 hours. The solvent from the crude reaction mixture
was then evaporated and it was directly subjected to column chromatographic separation using
3% EtOAC in hexaane as eluent.

5.7.2. Structure determination for compound 3aa:

The absolute configuration of the major product 2-((1R,3S)-1-(benzylthio)-1,3-
dihydroisobenzofuran-3-yl)-1-(furan-2-yl)ethanone (3pa) was determined to be (1R,3S) by X-
ray crystallography (Section 5.9).
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Figure 2: ORTEP diagram of 2-((1R,3S)-1-(benzylthio)-1,3-dihydroisobenzofuran-3-yl)-1-(furan-2-
yl)ethanone (3pa)

5.7.3. Procedure for formation of hemiacetal 4 from 3aa:

To a stirring solution of compound 3aa (0.05 mmoles) in dry dichloromethane (0.1 mL) at
room temperature m-CPBA (0.3 mmoles) was added and the reaction mixture was stirred for
1 hour at argon environment. The crude reaction mixture was diluted with dichloromethane
and washed with saturated solution of sodium bicarbonate. The organic layer was dried with
anhydrous sodium sulphate and concentrated. The crude product was purified by silica gel

column chromatography using 20% EA in hexane as eluent to obtain pure cyclic hemiacetal 4.
5.7.4. Baeyer Villiger oxidation on hemiacetal of compound 3ca:

To the hemiacetal 5 (0.05 mmloes) formed from 3ca following the previously mentioned
procedure, dry dichloromethane (0.1 mL) was added and it was stirred at room temperature in
argon atmosphere. To this stirring solution 2 equiv. of mCPBA and 4 equiv. Of disodium
hydrogen phosphate was added The reaction was stirred overnight and then transferred to a
separetory funnel, diluted with dichloromethane and extracted with saturated aquous sodium
bi-carbonate solution. The organic layer was collected and the aquous layer was again
extracted with DCM, the combined organic layer was dried, concentrated and then subjected

to column chromatograpic separation using 25% EA in hexane as eluent to obtain pure 6.
5.7.5. Synthesis of mono-substituted phthalan 7 from 3an:

To a solution of 3an (0.05 mmol) in CH2Cl2 (0.1 mL) at 0 °C under Ar atmosphere, pyridine
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(0.2mmol) and Tf>0O (0.06 mmol) was added and the resulting mixture was stirred at room
temperature for 12 hours. The solvent was removed in vacuo, the residue was subjected to
coulmn chromatographic separation (SiO2) using 4% EA in hexane as eluent to obtain pure
phthalan 7.

5.8. Plausible reaction mechanism:

The first step of the tandem reaction was formation of racemic hemithioacetal 3a’ from 1a and
2a. It seems the quiniclidine moiety activates the hemiacetal to attack from the Re-face of the
enone moiety of 3a’ while the enone oxygen binds with the urea moiety of the catalyst by

means of hydrogen bonding.

Xl
N
I

W\

(0]
0 )J\N,Ar o

==
N
| |
3 . Ph j&/\ A ey

H -
N 2a cat XIII 1S N PH =
ph —=2 » - b S = O@@
attack ™\
CHO N \

fromtop O B
la 33" SBn . Re-face attack BnS 3a
PhJ 3a'

Scheme 5.8: Plausible reaction mechanism
5.9. Characterization data for products:

2-((1R,3S)-3-(benzylthio)-1,3-dihydroisobenzofuran-1-yl)-1-phenylethanone (3aa): Off
White sticky liquid (27 mg, 77%). *H NMR (600 MHz, CDCls) 6 7.95 (d, J = 7.6 Hz, 2H),
7.51 (t, J = 7.3 Hz, 1H), 7.40 (t, J = 7.5 Hz, 2H), 7.21 (dd, J = 7.6, 4.2 Hz, 8H), 7.14 (d, J =
7.2 Hz, 1H), 6.36 (s, 0.34H), 6.31 (s, 1H), 5.92 — 5.89 (m, 1H), 3.85 (d, J = 13.2 Hz, 1H), 3.74
—3.68 (m, 2H), 3.23 (dd, J = 16.7, 5.4 Hz, 1H). *C NMR (101 MHz, CDCls) § 198.1, 141.9,
138.8, 138.3, 137.3, 133.5, 129.3, 128.8, 128.7, 128.7, 128.6, 128.4, 127.2, 122.6, 121.9, 87.9,
80.9, 46.5, 35.5. FT-IR (KBr): 1682(s), 1449(m), 1016(m). HRMS (ESI*): Calcd. for
C23H24NO2S™ [M+NH4]*: 378.1522, Found: 378.1524. The enantiomeric ratio was determined
by HPLC analysis using Phenomenex Lux cellulose-1 column (97:3 n-Hexane/2PrOH, 1.0

mL/min, 25 °C, 254 nm, Tminor = 17.9 min, Tmajor = 27.7 min), ee 98%.
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2-((1R,3S)-3-(benzylthio)-1,3-dihydroisobenzofuran-1-yl)-1-p-tolylethanone (3ba): Off
white sticky liquid (30 mg, 80%). *H NMR (600 MHz, CDCIs) § 7.93 (d, J = 8.2 Hz, 2H),
7.31-7.27 (m, 11H), 6.44 (d, J = 2.0 Hz, 0.49H), 6.39 (s, 1H), 5.98 (t, J = 6.4 Hz, 1H), 3.93
(d, J = 13.2 Hz, 1H), 3.81 — 3.74 (m, 2H), 3.28 (dd, J = 16.6, 5.5 Hz, 1H), 2.43 (s, 3H). 13C
NMR (101 MHz, CDCIs) 6 197.7, 144.4, 142.0, 138.8, 138.3, 134.9, 129.5, 129.3, 128.9,
128.8, 128.7, 128.3, 127.2, 122.6, 121.9, 87.9, 81.0, 46.4, 35.5, 21.9. FT-IR (KBr): 1679(s),
1606(m), 1016(s). HRMS (ESI*): Calcd. for C24H26NO2S* [M+NH4]™: 392.1679, Found:
392.1682. The enantiomeric ratio was determined by HPLC analysis using Phenomenex Lux
cellulose-1 column (98:2 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, Ttminor = 11.5 min,
Tmajor = 24.5min), ee 95%.

2-((1R,3S)-3-(benzylthio)-1,3-dihydroisobenzofuran-1-yl)-1-(4-methoxyphenyl)ethanone
(3ca):

Yellow sticky liquid (25 mg, 65%). *H NMR (600 MHz, CDCI3) § 8.02 (d, J = 8.9 Hz, 2H),
7.29 (d, J=8.6 Hz, 9H), 6.94 (d, J = 8.8 Hz, 2H), 6.43 (d, J = 2.0 Hz, 0.4H), 6.39 (s, 1H), 5.98
—5.95 (m, 1H), 3.93 (d, J = 13.2 Hz, 1H), 3.88 (s, 3H), 3.78 (d, J = 12.8 Hz, 1H), 3.76 — 3.71
(m, 1H), 3.24 (dd, J = 16.4, 5.5 Hz, 1H). 3C NMR (101 MHz, CDCls) & 196.6, 163.9, 142.1,
138.7, 138.3, 131.0, 129.3, 128.9, 128.7, 128.6, 128.3, 127.2, 122.6, 121.9, 114.0, 87.9, 55.7,
46.1, 35.5. FT-IR (KBr): 1673(s), 1462(w), 1026(s). HRMS (ESI*): Calcd. for C24H26NO3S*
[M+NH.]*: 408.1628, Found: 408.1623. The enantiomeric ratio was determined by HPLC
analysis using Chiralpak IB column (90:10 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm,
Tminor = 16.1 min, Tmajor = 69.6 mMin), ee 95%.
2-((1R,35)-3-(benzylthio)-1,3-dihydroisobenzofuran-1-yl)-1-(4-fluorophenyl)ethanone
(3da): Off White sticky liquid (30 mg, 80%).'H NMR (600 MHz, CDCls) § 8.08 (dd, J = 8.8,
5.4 Hz, 2H), 7.32 — 7.27 (m, 8H), 7.16 (t, J = 7.4 Hz, 3H), 6.44 (d, J = 2.1 Hz, 0.43H), 6.41 (s,
1H), 5.99 - 5.96 (m, 1H), 3.95 (d, J = 13.3 Hz, 1H), 3.83 — 3.79 (m, 1H), 3.79 — 3.75 (m, 1H),
3.28 (dd, J = 16.5, 5.2 Hz, 1H). 13C NMR (101 MHz, CDCls) & 196.6, 141.8, 138.7, 138.2,
131.4, 131.3, 129.2, 129.0, 128.7, 128.4, 127.2, 122.7, 121.8, 116.0, 115.8, 88.0, 81.0, 46.4,
35.6. FT-IR (KBr): 1684(s), 1454(m), 1011(s). HRMS (ESI*): Calcd. for Ca3H2sNO,FS*
[M+NH.]*: 396.1428, Found: 396.1429. The enantiomeric ratio was determined by HPLC
analysis using Chiralpak 1B column (99:1 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, Tminor
= 26.0 min, Tmajor = 34.9 Min), ee 96%.
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2-((1R,3S)-2-(3-(benzylthio)-1,3-dihydroisobenzofuran-1-yl)-1-(4-chlorophenyl)etha-
none (3ea): Off White sticky liquid (25.2 mg, 64%). *H NMR (600 MHz, CDCls) § 7.97 (d,
J = 8.6 Hz, 2H), 7.45 (s, 2H), 7.31 (d, J = 2.9 Hz, 3H), 7.29 — 7.27 (m, 5H), 7.23 — 7.21 (m,
1H), 6.42 (d, J = 2.1 Hz, 0.33H), 6.39 (s, 1H), 5.95 (dd, J = 7.7, 5.3 Hz, 1H), 3.92 (d, J = 13.3
Hz, 1H), 3.78 (d, J = 13.3 Hz, 1H), 3.74 (dd, J = 16.5, 7.7 Hz, 1H), 3.25 (dd, J = 16.5, 5.2 Hz,
1H). 3C NMR (101 MHz, CDCIls) § 197.0, 141.5, 139.8, 138.0, 135.4, 130.0, 129.8, 129.0,
128.9, 128.8, 128.5, 128.2, 127.0, 122.5, 121.6, 87.8, 80.7, 46.2, 35.4. FT-IR (KBr): 1684(s),
1400(m), 1013(m). HRMS (ESI*): Calcd. for C23H23sNO-CIS* [M+NH,]*: 412.1133, Found:
412.1142. The enantiomeric ratio was determined by HPLC analysis using Chiralpak 1B
column (97:3 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, Tminor = 11.0 min, Tmajor = 30.2
min), ee 96%.
2-((1R,3S)-3-(benzylthio)-1,3-dihydroisobenzofuran-1-yl)-1-(4-bromophenyl)ethanone
(3fa): Off White sticky liquid (39.8 mg, 91%). *H NMR (600 MHz, CDCls3) 5 7.88 (d, J = 8.6
Hz, 2H), 7.61 (d, J = 8.5 Hz, 2H), 7.31 (d, J = 8.8 Hz, 2H), 7.28 (dd, J = 6.4, 3.7 Hz, 5H), 7.24
(s, 2H), 6.41 (d, J = 2.1 Hz, 0.12H), 6.39 (s, 1H), 5.94 (dd, J = 7.5, 5.2 Hz, 1H), 3.92 (d, J =
13.3 Hz, 1H), 3.78 (d, J = 13.3 Hz, 1H), 3.73 (d, J = 8.9 Hz, 1H), 3.23 (dd, J = 16.5, 5.2 Hz,
1H). 3C NMR (101 MHz, CDCls) 6 197.0, 141.5, 138.5, 138.0, 135.8, 131.9, 130.0, 129.4,
129.0, 128.8, 128.6, 128.6, 128.25, 122.5, 121.6, 87.8, 80.7, 46.2, 35.4. FT-IR (KBr): 1681(s),
1584(m), 1015(s). HRMS (ESI*): Calcd. for C23sH23NO2BrS* [M+NH4]": 456.0627, Found:
456.0633. The enantiomeric ratio was determined by HPLC analysis using Chiralpak IB
column (96:4 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, Tminor = 13.7 min, Tmajor = 24.2
min), ee 88%.
4-(2-((1R,35)-3-(benzylthio)-1,3-dihydroisobenzofuran-1-yl)acetyl)benzonitrile (3ga):
yellow sticky liquid (20 mg, 52%). 'H NMR (600 MHz, CDCIs): § 8.10 (d, J = 8.4 Hz, 2H),
7.76 (d, J = 8.4 Hz, 2H), 7.33 — 7.31 (m, 2H), 7.27 (d, J = 6.7 Hz, 6H), 7.22 (d, J = 4.5 Hz,
1H), 6.40 (d, J = 2.1 Hz, 0.55H), 6.39 (s, 1H), 5.93 (dd, J = 7.8, 5.1 Hz, 1H), 3.91 (d, J = 13.3
Hz, 1H), 3.81 — 3.73 (m, 2H), 3.28 (dd, J = 16.6, 5.0 Hz, 1H). 3C NMR (151 MHz, CDCls):
0 196.9, 141.4, 140.2, 138.7, 138.2, 132.7, 129.2, 129.1, 129.0, 128.7, 128.7, 128.6, 127.3,
122.8,121.7,88.3,80.8, 46.7, 35.8. FT-IR (KBr): 1691(s), 1454(m), 1014(m). HRMS (ESI*):
Calcd. for C24H23N202S™ [M+NHa]*: 403.1475, Found: 403.1475. The enantiomeric ratio was
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determined by HPLC analysis using Chiralpak 1B column (96:4 n-Hexane/2PrOH, 1.0
mL/min, 25 °C, 254 nm, Tminor = 13.7 min, Tmajor = 24.2 Min), ee 82%.
2-((1R,3S)-1-(benzylthio)-1,3-dihydroisobenzofuran-3-yl)-1-(4-nitrophenyl)ethanone
(3ha) (major diastereomer): Light brown sticky liquid (17.4 mg, 43%). 'H NMR (600 MHz,
CDCls) 6 8.24 (d, J=8.8 Hz, 2H), 8.11 (d, J =8.8 Hz, 2H), 7.26 (td, J = 5.9, 3.1 Hz, 3H), 7.21
(d, J=4.1Hz, 4H), 7.19 (s, 2H), 6.33 (s, 1H), 5.88 (dd, J = 7.9, 5.0 Hz, 1H), 3.85 (d, J = 13.3
Hz, 1H), 3.75 — 3.68 (m, 2H), 3.33 (dd, J = 11.6, 4.9 Hz, 1H), 3.23 (dd, J = 16.5, 4.9 Hz, 1H).
13C NMR (125 MHz, CDClzs): 6 196.8, 150.7, 141.6, 141.3, 138.7, 138.1, 129.8, 129.2, 128.7,
128.7, 127.3, 124.1, 124.0, 122.8, 121.7, 88.3, 80.8, 47.0, 35.8, 32.1. FT-IR (KBr): 1682(s),
1455(m), 1026(s). HRMS (ESI*): Calcd. for C23H23N204S* [M+NH,]*: 423.1373, Found:
423.1397. The enantiomeric ratio was determined by HPLC analysis using Phenomenex Lux
cellulose-1 column (80:20 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, Tminor = 32.0 min,
Tmajor = 50.7 min), ee 90%.

Compound 3ia: Off White sticky liquid (21.8 mg, 50%).'H NMR (600 MHz, CDCls) & 8.02
(d,J=7.4Hz, 2H), 7.59 (d, J = 7.4 Hz, 1H), 7.49 (t, J = 7.7 Hz, 3H), 7.45 (s, 1H), 7.34 - 7.30
(m, 5H), 7.22 (t, J = 8.4 Hz, 1H), 7.12 (d, J = 7.8 Hz, 1H), 6.43 (d, J = 2.1 Hz, 0.36H), 6.39 (s,
1H), 6.00 — 5.97 (m, 1H), 3.87 (d, J = 13.5 Hz, 1H), 3.78 — 3.71 (m, 2H), 3.31 (dd, J = 16.7,
5.5 Hz, 1H). 3C NMR (101 MHz, CDCls) § 197.5, 146.0, 141.7, 140.0, 138.6, 138.1, 135.8,
129.1, 129.1, 129.0, 128.8, 128.5, 128.3, 128.2, 127.3, 127.0, 126.9, 122.4, 121.6. FT-IR
(KBr): 1675(s), 1455(m), 1016(s). HRMS (ESI*): Calcd. for CaoH2sNO2S* [M+NH4]*:
454.1835, Found: 454.1836. The enantiomeric ratio was determined by HPLC analysis using
Chiralpak ID column (98:2 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, Tminor = 56.6 min,
Tmajor = 42.1 min), ee 98%.
2-((1R,3S)-1-(benzylthio)-1,3-dihydroisobenzofuran-3-yl)-1-o-tolylethanone (3ja): Off
White sticky liquid (18 mg, 48%). 'H NMR (600 MHz, CDClz) 6 7.73 (d, J = 7.8 Hz, 1H),
7.40 (t, J=7.1 Hz, 2H), 7.29 (td, J = 6.6, 2.2 Hz, 11H), 6.38 (s, 1H), 5.96 (dd, J = 7.9, 5.1 Hz,
1H), 3.91 (d, J = 13.2 Hz, 1H), 3.76 (d, J = 13.2 Hz, 1H), 3.73 — 3.69 (m, 1H), 3.45 (dd, J =
16.3, 7.0 Hz, 0.55H), 3.27 (dd, J = 16.5, 5.1 Hz, 1H), 2.60 (s, 3H). 3C NMR (101 MHz,
CDClIs) 6 201.9, 141.9, 138.8, 138.6, 138.2, 138.1, 132.2, 131.7, 129.3, 128.9, 128.7, 128.3,
127.2, 125.9, 122.6, 121.7, 87.8, 81.1, 49.4, 35.4, 21.6. FT-IR (KBr): 1680(s), 1454(m),

1015(s). HRMS (ESI*): Calcd. for C2sH2sNO2S* [M+NH4]*: 392.1679, Found: 392.1707.
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The enantiomeric ratio was determined by HPLC analysis using Phenomenex Lux cellulose-1
column (97:3 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, Tminor = 14.6 min, Tmajor = 18.4
min), ee 85%.
2-((1R,3S)-1-(benzylthio)-1,3-dihydroisobenzofuran-3-yl)-1-(2-fluorophenyl)ethanone
(3ka): Off White sticky liquid (33.2 mg, 88%). 'H NMR (600 MHz, CDCls) § 7.97 (td, J =
7.6, 1.8 Hz, 2H), 7.56 — 7.52 (m, 2H), 7.31 — 7.28 (m, 7H), 7.13 (dd, J = 11.1, 2.6 Hz, 2H),
6.63 - 6.57 (m, 1H), 6.43 (d, J = 2.1 Hz, 0.34H), 6.38 (s, 1H), 5.99 — 5.95 (m, 1H), 3.91 (d, J
=13.1 Hz, 1H), 3.75 (d, J = 12.9 Hz, 1H), 3.72 - 3.68 (m, 1H), 3.46 (dd, J = 5.0, 1.9 Hz, 1H).
13C NMR (151 MHz, CDClz) 6 196.1, 143.9, 141.8, 138.8, 138.3, 135.0, 130.9, 130.2, 129.2,
128.6, 128.3, 127.1, 124.8, 122.6, 121.8, 117.0, 116.8, 87.9, 80.2, 51.4, 43.5. FT-IR (KBr):
1686(s), 1453(m), 1016(s). HRMS (ESI*): Calcd. for C23H2sNO2FS™ [M+NH4]: 396.1428,,
Found: 396.1432. The enantiomeric ratio was determined by HPLC analysis using Chiralpak
IB column (90:10 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, Tminor = 20.9 min, Tmajor =
35.2 min), ee 90%.
2-((1R,3S)-1-(benzylthio)-1,3-dihydroisobenzofuran-3-yl)-1-(3-bromophenyl)ethanone
(3la): Off White sticky liquid (25.4 mg, 58%). 'H NMR (600 MHz, CDCI3) 6 8.02 (d, J=7.4
Hz, 2H), 7.59 (t, J = 7.4 Hz, 1H), 7.49 (t, J = 7.7 Hz, 3H), 7.33 — 7.30 (m, 4H), 7.27 (d, J = 5.3
Hz, 1H), 7.23 (d, J = 7.9 Hz, 1H), 7.12 (dd, J = 13.6, 5.8 Hz, 1H), 6.43 (d, J = 1.9 Hz, 0.37H),
6.39 (s, 1H), 6.00 — 5.97 (m, 1H), 3.87 (d, J = 13.5 Hz, 1H), 3.78 — 3.71 (m, 2H), 3.31 (dd, J =
16.7, 5.5 Hz, 1H).13C NMR (101 MHz, CDCls): 6 196.7, 141.4, 138.8, 138.5, 138.1, 136.2,
131.6, 130.2, 129.0, 128.8, 128.5, 128.3, 127.0, 126.9, 123.0, 122.5, 121.6, 87.7, 80.6, 46.3,
35.4. FT-IR (KBr): 1685(s), 1421(m), 1024(s). HRMS (ESI*): Calcd. for C23H2sNO,BrS*
[M+NH.]*: 456.0627, Found: 456.0622. The enantiomeric ratio was determined by HPLC
analysis using Chiralpak ID column (98:2 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, Tminor
= 12.7 min, Tmajor = 17.0 min), ee 95%.
2-((1R,3S)-3-(benzylthio)-1,3-dihydroisobenzofuran-1-yl)-1-(3-nitrophenyl)ethanone
(3ma) (major diastereomer): yellow sticky liquid (17.4 mg, 43%). 'H NMR (600 MHz,
CDCls): & 8.84 (t, J = 1.8 Hz, 1H), 8.44 (dd, J = 8.1, 1.2 Hz, 1H), 8.35 (d, J = 7.8 Hz, 1H),
7.69 (t,J=8.0 Hz, 1H), 7.34 - 7.32 (m, 2H), 7.29 (d, J = 6.9 Hz, 4H), 7.25 (d, J = 7.9 Hz, 2H),
7.19 (t, J = 7.2 Hz, 1H), 6.39 (s, 1H), 5.95 (dd, J = 7.7, 4.9 Hz, 1H), 3.90 (d, J = 13.4 Hz, 1H),
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3.80 — 3.75 (m, 2H), 3.31 (dd, J = 16.6, 4.9 Hz, 1H). *C NMR (101 MHz, CDClz) 5 196.1,
141.4,138.7,138.5,138.3,134.3,130.1, 129.6, 129.2,129.1, 128.7, 128.6, 127.8, 127.2, 123.6,
122.8,121.8, 88.2, 80.7, 46.7, 35.7. FT-IR (KBr): 1686(s), 1454(m), 1025(s). HRMS (ESI*):
Calcd. for C23H23N204S™ [M+NHa]™: 423.1373, Found: 423.1370. The enantiomeric ratio was
determined by HPLC analysis using Chiralpak IA column (92:8 n-Hexane/2PrOH, 1.0
mL/min, 25 °C, 254 nm, Tminor = 19.1 min, Tmajor = 17.8 min), ee 86%.
2-((1R,3S)-1-(benzylthio)-1,3-dihydroisobenzofuran-3-yl)-1-(3-(trifluoromethyl)phenyl)
ethanone (3na): Light yellow sticky liquid (26.5 mg, 62%). *H NMR (600 MHz, CDCls): §
8.26 (s, 1H), 8.19 (d, J = 7.8 Hz, 1H), 7.83 (d, J = 7.7 Hz, 1H), 7.60 (t, J = 7.6 Hz, 1H), 7.30
(d, J=3.7 Hz, 2H), 7.26 (d, J = 6.0 Hz, 2H), 7.25 (d, J = 7.8 Hz, 4H), 7.17 (t, J = 7.2 Hz, 1H),
6.41 (d, J = 2.0 Hz, 0.35H), 6.37 (s, 1H), 5.94 (dd, J = 7.6, 5.3 Hz, 1H), 3.88 (d, J = 13.4 Hz,
1H), 3.78 — 3.73 (m, 2H), 3.27 (dd, J = 16.7, 5.1 Hz, 1H). 3C NMR (151 MHz, CDCls): &
196.9, 141.6,138.8,138.3, 131.9,129.9, 129.9, 129.5, 129.2, 129.0, 128.7, 128.5, 127.2, 125.5,
125.5, 122.7, 121.8, 88.0, 80.8, 46.6, 35.5. FT-IR (KBr): 1672(s), 1465(m), 1124(s). HRMS
(ESI*): Calcd. for C2a4H26NO2S™ [M+NH4]*: 392.1679, Found: 392.1707. The enantiomeric
ratio was determined by HPLC analysis using Phenomenex Lux cellulose-1 column (97:3 n-
Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, Tminor = 14.6 min, Tmajor = 18.4 min), ee 95%.
2-((1R,35)-1-(benzylthio)-1,3-dihydroisobenzofuran-3-yl)-1-(naphthalen-3-yl)ethanone
(30a): Off White sticky liquid (28.3 mg, 69%). *H NMR (600 MHz, CDCls): § 8.55 (s, 1H),
8.12 (dd, J = 8.6, 1.6 Hz, 1H), 7.91 (dd, J = 16.3, 8.4 Hz, 4H), 7.63 (d, J = 7.1 Hz, 1H), 7.56
(dd, J=15.1, 7.3 Hz, 2H), 7.33 (d, J = 2.2 Hz, 3H), 7.30 (d, J = 3.3 Hz, 1H), 7.21 (t, J = 7.3
Hz, 3H), 6.45 (d, J = 2.0 Hz, 0.67H), 6.41 (s, 1H), 6.04 (d, J = 2.2 Hz, 1H), 3.91 (d, J = 13.2
Hz, 1H), 3.75 (d, J = 13.4 Hz, 1H), 3.71 (dd, J = 9.8, 3.2 Hz, 1H), 3.39 (dd, J = 16.4, 5.2 Hz,
1H).3C NMR (126 MHz, CDClz): § 198.1, 141.9, 138.8, 138.2, 135.9, 134.7, 132.7, 130.8,
129.9,129.3,129.0, 128.8, 128.7, 128.6, 128.4, 128.0, 127.1, 127.0, 124.2, 122.6, 121.9, 87.9,
81.2, 46.5, 35.6. FT-IR (KBr): 1674(s), 1468(m), 1017(s). HRMS (ESI*): Calcd. for
Cao7H26NO2S™ [M+NH4]*: 428.1679, Found: 428.1683. The enantiomeric ratio was determined
by HPLC analysis using Phenomenex Lux cellulose-1 column (98:2 n-Hexane/2PrOH, 1.0
mL/min, 25 °C, 254 nm, Tminor = 59.2 min, Tmajor = 40.5 min), ee 86%.
2-((1R,3S)-1-(benzylthio)-1,3-dihydroisobenzofuran-3-yl)-1-(furan-2-yl)ethanone (3pa):
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Off White sticky liquid (24.5 mg, 70%). *H NMR (600 MHz, CDClz): § 7.65 (d, J = 0.7 Hz,
1H), 7.35 - 7.27 (m, 10H), 6.58 (dd, J = 3.6, 1.6 Hz, 1H), 6.46 (d, J = 2.1 Hz, 0.2H), 6.39 (s,
1H), 5.95 (dd, J = 8.1, 5.1 Hz, 1H), 3.96 (d, J = 13.2 Hz, 1H), 3.80 (d, J = 13.2 Hz, 1H), 3.63
(dd, J =15.9, 8.2 Hz, 1H), 3.21 (dd, J = 15.9, 5.0 Hz, 1H).3C NMR (101 MHz, CDCls) §
186.6,153.0,147.1,141.6, 138.7,138.2,129.3,128.9, 128.7,128.4, 127.2, 122.6, 121.7, 118.7,
112.5,87.9, 80.7, 46.5, 35.4. FT-IR (KBr): 1672(s), 1467(m), 1018(s). HRMS (ESI*): Calcd.
for C21H22NOsS* [M+NH4]": 368.1315, Found: 368.1311. The enantiomeric ratio was
determined by HPLC analysis using Chiralpak 1B column (98:2 n-Hexane/2PrOH, 0.7
mL/min, 25 °C, 254 nm, Tminor = 60.0 min, Tmajor = 71.7 min), ee 96%.
1-((1S,3S)-3-(benzylthio)-1,3-dihydroisobenzofuran-1-yl)propan-2-one (3qa):

Off White sticky liquid (16.4 mg, 55%). *H NMR (600 MHz, CDCls): § 7.35 (d, J = 7.5 Hz,
2H), 7.31 - 7.29 (m, 3H), 7.24 (d, J = 5.5 Hz, 2H), 7.21 — 7.18 (m, 1H), 6.42 (s, 0.27H), 6.37
(s, 1H), 5.73 (dd, J = 7.7, 5.4 Hz, 1H), 3.98 (d, J = 13.3 Hz, 1H), 3.82 (d, J = 13.3 Hz, 1H),
3.11 (dd, J = 16.5, 8.1 Hz, 1H), 2.87 (dd, J = 16.5, 5.1 Hz, 1H), 2.24 (s, 4H). 3C NMR (101
MHz, CDCls): 6 206.8, 141.6, 138.6, 138.3, 129.3, 128.9, 128.7, 128.4, 127.2, 122.7, 121.6,
88.0, 80.4, 51.3, 35.5, 29.9. FT-IR (KBr): 1715(s), 1360(m), 1012(s). HRMS (ESI*): Calcd.
for CigH22NO2S™ [M+NH4]": 316.1366, Found: 316.1377. The enantiomeric ratio was
determined by HPLC analysis using Chiralpak ID column (97:3 n-Hexane/2PrOH, 1 mL/min,
25 °C, 254 nm, Tminor = 18.7 min, Tmajor = 20.4 min), ee 88%.
2-((1R,3S)-3-(benzylthio)-6-methyl-1,3-dihydroisobenzofuran-1-yl)-1-phenylethanone
(3ra): Off White sticky liquid (21.4 mg, 57%) *H NMR (600 MHz, CDCl3) 6 8.04 (d,J=7.4
Hz, 2H), 7.59 (d, J = 7.4 Hz, 1H), 7.48 (t, J = 7.7 Hz, 2H), 7.30 (t, J = 7.2 Hz, 3H), 7.20 (t, J
=7.2 Hz, 1H), 7.13 (t, J = 8.1 Hz, 2H), 7.09 (s, 1H), 6.40 (d, J = 1.6 Hz, 0.23H), 6.36 (s, 1H),
5.96 - 5.92 (m, 1H), 3.91 (d, J = 13.2 Hz, 1H), 3.81 - 3.75 (m, 2H), 3.30 (dd, J = 16.7, 5.4 Hz,
1H), 2.36 (s, 3H). 13C NMR (126 MHz, CDCls) § 198.2, 142.2, 139.0, 138.4, 137.3, 135.9,
133.5,129.3, 129.3, 129.2, 128.8, 128.7, 127.1, 122.4, 122.3, 87.9, 80.8, 46.6, 35.5, 21.6. FT-
IR (KBr): 1678(s), 1449(m), 1019(s). HRMS (ESI*): Calcd. for CasH2sNO2S* [M+NHa]*:
392.1679, Found: 392.1684. The enantiomeric ratio was determined by HPLC analysis using
Chiralpak ID column (97.5:2.5 n-Hexane/2PrOH, 1 mL/min, 25 °C, 254 nm, Tminor = 43.1 min,
Tmajor = 21.0 min), ee 92%.
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2-((1R,35)-3-(Benzylthio)-5-fluoro-1,3-dihydroisobenzofuran-1-yl)-1-phenylethanone
(3sa): (mixture of diastereomer): Off White sticky liquid (26.1 mg, 69%). 'H NMR (600
MHz, CDCls) 6 8.01 (d, J = 7.3 Hz, 1.8H), 7.99 (d, J = 7.3 Hz, 2.5H), 7.60 (t, J = 7.0 Hz, 2H),
7.51 — 7.47 (m, 4H), 7.29 — 7.27 (m, 4H), 7.23 (d, J = 7.1 Hz, 2H), 6.99 (dd, J = 8.7, 2.2 Hz,
2H), 6.93 - 6.90 (m, 1.7H), 6.37 (s, 1H), 6.32 (s, 0.78H), 5.93 (t, J = 6.3 Hz, 1.7H), 3.93 (d, J
= 13.3 Hz, 0.8H), 3.89 (d, J = 13.2 Hz, 1H), 3.79 (d, J = 12.9 Hz, 1H), 3.73 (s, 0.8H), 3.60 —
3.56 (m, 8H), 3.34 (dd, J = 11.5, 6.2 Hz, 1H), 3.32 — 3.29 (m, 1H). 3C NMR (126 MHz,
CDCls) 6 198.0, 197.6, 164.1, 164.0, 141.3, 141.0, 138.1, 138.0, 137.4, 137.1, 133.6, 133.5,
130.8,130.7,129.3,129.2, 128.9, 128.7, 128.6, 128.5, 127.3, 127.2,123.5, 123.3, 118.6, 118.5,
116.4, 116.2, 115.7, 115.5, 109.8, 109.6, 88.2, 87.4, 80.5, 79.3, 46.5, 45.3, 35.5, 34.7. FT-IR
(KBr): 1683(s), 1477(m), 990(s). HRMS (ESI*): Calcd. for CasHasNO2FS* [M+NH4]*:
396.1428, Found: 396.1431. The enantiomeric ratio was determined by HPLC analysis using
Chiralpak 1B column (98.5:1.5 n-Hexane/2PrOH, 1 mL/min, 25 °C, 254 nm, Tminor = 13.5 min,
Tmajor = 20.0 min), ee 94%.
2-((1R,3S)-3-(Benzylthio)-4-fluoro-1,3-dihydroisobenzofuran-1-yl)-1-phenylethanone
(3ta): Off White sticky liquid (32.9 mg, 87%). *H NMR (600 MHz, CDCIs): § 8.02 (d, J =
7.2 Hz, 2H), 7.62 — 7.59 (m, 1H), 7.50 — 7.48 (m, 2H), 7.31 (s, 2H), 7.30 (d, J = 4.1 Hz, 1H),
7.29 - 7.27 (m, 2H), 7.21 (d, J = 7.8 Hz, 1H), 7.09 (d, J = 7.5 Hz, 1H), 6.97 (d, J = 4.7 Hz,
1H), 6.49 (d, J = 1.7 Hz, 0.6H), 6.46 (s, 1H), 6.00 — 5.98 (m, 1H), 3.99 (d, J = 13.3 Hz, 1H),
3.89 — 3.83 (m, 2H), 3.35 (dd, J = 16.9, 5.7 Hz, 1H). *C NMR (126 MHz, CDCIs) & 197.9,
155.7, 155.6, 145.5 (AB q), 137.9, 137.1, 133.7, 131.5, 129.3, 128.9, 128.7, 128.6, 128.5,
127.2,117.9, 117.8, 115.4, 81.3, 79.6, 46.3, 35.9. FT-IR (KBr): 1683(s), 1476(m), 1001(s).
HRMS (ESI*): Calcd. for CasH2sNO2FS* [M+NH4]*: 396.1428, Found: 396.1429. The
enantiomeric ratio was determined by HPLC analysis using Chiralpak 1A column (97:3 n-
Hexane/2PrOH, 1 mL/min, 25 °C, 254 nm, Tminor = 16.2 min, Tmajor = 36.5 min), ee 94%.
2-((1R,3S)-3-(4-methylbenzylthio)-1,3-dihydroisobenzofuran-1-yl)-1-phenylethanone
(3ab): Off White sticky liquid (14.6 mg, 53%). *H NMR (600 MHz, CDCls): & 8.06 (d, J =
7.3 Hz, 2H), 7.62 (t, J = 7.4 Hz, 1H), 7.51 (t, J = 7.7 Hz, 2H), 7.33 (t, J = 3.2 Hz, 3H), 7.29 (¢,
J=4.1Hz, 2H), 7.22 (d, J=8.0 Hz, 2H), 7.10 (d, J = 7.8 Hz, 2H), 6.46 (d, J = 2.0 Hz, 0.22H),
6.42 (s, 1H), 6.01 (dd, J = 7.0, 5.8 Hz, 1H), 3.93 (d, J = 13.2 Hz, 1H), 3.83 (dd, J = 16.7, 7.5

Hz, 1H), 3.78 (d, J = 13.2 Hz, 1H), 3.33 (dd, J = 16.7, 5.4 Hz, 1H), 2.33 (s, 3H). 3C NMR
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(151 MHz, CDCls): 6 198.2, 142.0, 138.9, 137.3, 136.8, 135.2, 133.5, 129.4, 129.2, 128.9,
128.8,128.7,128.3,122.6,121.9, 87.9, 80.9, 46.5, 35.2, 21.3. FT-IR (KBr): 1678(s), 1448(m),
1019(s). HRMS (ESI*): Calcd. for C24H26NO2S™ [M+NH4]": 392.1679, Found: 392.1685.
The enantiomeric ratio was determined by HPLC analysis using Phenomenex Lux cellulose-1
column (96:4 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, Tminor = 14.3 min, Tmajor = 29.0
min), ee 96%.
2-((1R,35)-3-(4-tert-butylbenzylthio)-1,3-dihydroisobenzofuran-1-yl)-1-phenylethanone
(3ac): Off White sticky liquid (25.8 mg, 62%). 'H NMR (600 MHz, CDClz) 6 8.05 (d,J=7.4
Hz, 2H), 7.60 (d, J = 7.3 Hz, 1H), 7.48 (dd, J = 10.8, 4.6 Hz, 3H), 7.30 (t, J = 4.0 Hz, 5H), 7.25
(d, J = 8.3 Hz, 2H), 6.45 (d, J = 2.1 Hz, 0.37H), 6.41 (s, 1H), 5.99 (dd, J = 7.2, 5.5 Hz, 1H),
3.92 (d, J=13.1 Hz, 1H), 3.83 (dd, J = 16.7, 7.5 Hz, 1H), 3.77 (d, J = 13.1 Hz, 1H), 3.34 (dd,
J=16.7,5.5Hz, 1H), 1.29 (s, 9H). *C NMR (101 MHz, CDCls):  198.2, 150.1, 141.9, 138.9,
137.3, 133.5, 129.3, 128.9, 128.8, 128.7, 128.5, 128.3, 125.6, 122.6, 121.9, 88.0, 80.9, 46.6,
35.1, 31.5. FT-IR (KBr): 1684(s), 1449(m), 1365(m), 1017(s). HRMS (ESI*): Calcd. for
Co7H32NO2S" [M+NH.]*: 434.2148, Found: 434.2155. The enantiomeric ratio was determined
by HPLC analysis using Phenomenex Lux cellulose-1 column (94:6 n-Hexane/2PrOH, 1.0
mL/min, 25 °C, 254 nm, Tminor = 9.9 min, Tmajor = 10.7 min), ee 96%.
2-((1R,35)-3-(4-methoxybenzylthio)-1,3-dihydroisobenzofuran-1-yl)-1-phenylethanone
(3ad): Light yellow sticky liquid (30.5 mg, 78%).'H NMR (600 MHz, CDClz) § 8.03 (d, J =
7.5Hz,2H), 7.59 (t,J = 7.4 Hz, 1H), 7.49 (d, J = 7.7 Hz, 2H), 7.30 (t, J = 3.6 Hz, 3H), 7.26 (t,
J=4.3Hz, 1H), 7.22 (d, J = 8.5 Hz, 2H), 6.80 (d, J = 8.7 Hz, 2H), 6.43 (d, J = 1.8 Hz, 0.21H),
6.39 (s, 1H), 5.98 (dd, J = 6.9, 5.9 Hz, 1H), 3.89 (d, J = 13.2 Hz, 1H), 3.78 (d, J = 5.9 Hz, 1H),
3.77 (s, 3H), 3.74 (d, J = 13.2 Hz, 1H), 3.30 (dd, J = 16.7, 5.4 Hz, 1H).'3C NMR (126 MHz,
CDCls): 6 198.2, 158.8, 141.9, 138.8, 137.3, 133.5, 130.3, 130.2, 128.9, 128.8, 128.7, 128.3,
122.6, 121.9, 114.1, 87.9, 80.9, 55.5, 46.5. FT-IR (KBr): 1680(s), 1511(m), 1013(s). HRMS
(ESI*): Calcd. for C2sH26NOsS*™ [M+NH4]": 408.1628, Found: 408.1622. The enantiomeric
ratio was determined by HPLC analysis using Phenomenex Lux cellulose-4 column (94:6 n-
Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, Tminor = 19.4 min, Tmajor = 30.3 min), ee 96%.
2-((1R,3S)-3-(4-fluorobenzylthio)-1,3-dihydroisobenzofuran-1-yl)-1-phenylethanone
(3ae): Off White sticky liquid (21.2 mg, 56%). *H NMR (600 MHz, CDClz): 6 7.94 (d, J =
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7.3 Hz, 2H), 7.52 (t, J=7.4 Hz, 1H), 7.40 (t, J = 7.7 Hz, 3H), 7.24 (d, J = 4.1 Hz, 2H), 7.19 —
7.17 (m, 3H), 6.85 (t, J = 8.7 Hz, 2H), 6.34 (d, J = 2.1 Hz, 0.23H), 6.30 (s, 1H), 5.91 (dd, J =
7.4, 5.4 Hz, 1H), 3.82 (d, J = 13.4 Hz, 1H), 3.73 — 3.65 (m, 2H), 3.22 (dd, J = 16.7, 5.3 Hz,
1H). ®C NMR (101 MHz, CDCls): 6 197.8, 141.7, 138.4, 137.0, 133.8, 133.4, 130.6, 130.5,
128.8, 128.7, 128.4, 128.2, 122.4, 121.7, 121.5, 115.4, 115.2, 87.7, 80.7, 46.2, 34.6. FT-IR
(KBr): 1682(s), 1450(m), 1016(s). HRMS (ESI*): Calcd. for Ca3sH2sNO2FS™ [M+NH.]*:
396.1428, Found: 396.1425. The enantiomeric ratio was determined by HPLC analysis using
Chiralpak 1D column (97:3 n-Hexane/2PrOH, 1 mL/min, 25 °C, 254 nm, Tminor = 33.7 min,
Tmajor = 20.0 min), ee 89%.
2-((1R,3S)-3-(4-Chlorobenzylthio)-1,3-dihydroisobenzofuran-1-yl)-1-phenylethanone
(3af): Off White sticky liquid (23.3 mg, 59%).H NMR (600 MHz, CDCls) 6 8.01 (d,J=7.4
Hz, 2H), 7.60 (t, J = 7.4 Hz, 1H), 7.48 (t, J = 7.7 Hz, 2H), 7.33 - 7.29 (m, 3H), 7.26 — 7.24 (m,
1H), 7.22 (s, 4H), 6.41 (d, J = 2.0 Hz, 0.33H), 6.37 (s, 1H), 5.98 (d, J = 5.6 Hz, 1H), 3.88 (d,
J =13.5 Hz, 1H), 3.79 — 3.72 (m, 2H), 3.29 (dd, J = 16.7, 5.3 Hz, 1H). 3C NMR (151 MHz,
CDCls) 6 197.9, 141.9, 138.6, 137.2, 136.9, 133.6, 130.6, 129.0, 128.9, 128.9, 128.8, 128.6,
128.4,122.6, 121.9, 87.9, 80.9, 46.4, 34.8. FT-IR (KBr): 1677(s), 1489(m), 1015(s). HRMS
(ESI*): Calcd. for C23H23NO2CIS* [M+NH4]": 412.1133, Found: 412.1136. The enantiomeric
ratio was determined by HPLC analysis using Chiralpak ID column (98:2 n-Hexane/2PrOH,
1.0 mL/min, 25 °C, 254 nm, Tminor = 44.1 min, Tmajor = 26.0 min), ee 94%.
2-((1R,3S)-3-(4-Bromobenzylthio)-1,3-dihydroisobenzofuran-1-yl)-1-phenylethanone
(3ag): Off White sticky liquid (27.2 mg, 62%). 'H NMR (600 MHz, CDCls): & 7.89 (d, J =
8.5 Hz, 2H), 7.61 (d, J = 8.5 Hz, 2H), 7.32 - 7.30 (m, 2H), 7.28 (d, J = 7.5 Hz, 6H), 7.22 (d, J
= 6.6 Hz, 1H), 6.41 (d, J = 2.0 Hz, 0.23H), 6.39 (s, 1H), 5.95 (dd, J = 7.6, 5.2 Hz, 1H), 3.92
(d, J =13.3 Hz, 1H), 3.78 (d, J = 13.3 Hz, 1H), 3.76 — 3.71 (m, 1H), 3.24 (dd, J = 16.5, 5.2 Hz,
1H).3C NMR (101 MHz, CDCls): § 197.9, 141.9, 138.5, 137.5, 137.2, 133.6, 131.7, 131.0,
129.0, 128.9, 128.6, 128.4, 122.6, 121.9, 121.0, 87.9, 80.9, 46.4, 34.9. FT-IR (KBr): 1679(s),
1486(m), 1012(s). HRMS (ESI*): Calcd. for C23H2sNO2BrS* [M+NH4]*: 456.0627, Found:
456.0636. The enantiomeric ratio was determined by HPLC analysis using Chiralpak 1B
column (95:5 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, Tminor = 12.2 min, Tmajor = 10.1

min), ee 94%.
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2-((1R,3S)-3-(2-Methylbenzylthio)-1,3-dihydroisobenzofuran-1-yl)-1-phenylethanone
(3ah): Off White sticky liquid (15.7 mg, 57%). *H NMR (600 MHz, CDCls) 6 8.03 (d, J =
7.4 Hz, 2H), 7.59 (t, J =7.4 Hz, 1H), 7.48 (t, J = 7.7 Hz, 2H), 7.30 (t, J = 4.0 Hz, 3H), 7.26 (d,
J=4.4Hz 1H),7.22 (d, J = 7.3 Hz, 1H), 7.14 (d, J = 4.2 Hz, 2H), 7.10 (dd, J = 7.6, 4.1 Hz,
1H), 6.45 (d, J = 2.0 Hz, 0.29H), 6.42 (s, 1H), 6.02 — 5.98 (m, 1H), 3.94 (d, J = 12.7 Hz, 1H),
3.82 (dd, J = 16.7, 7.5 Hz, 1H), 3.78 (d, J = 12.7 Hz, 1H), 3.35 (dd, J = 16.7, 5.4 Hz, 1H), 2.33
(s,3H).*C NMR (151 MHz, CDCls) 6 198.1, 141.9, 138.8, 137.3, 136.9, 135.9, 133.5, 130.7,
130.2, 128.9, 128.8, 128.6, 128.3, 127.5, 126.1, 122.6, 121.9, 88.0, 80.9, 46.6, 33.4, 19.4. FT-
IR (KBr): 1688(s), 1448(m), 1017(s). HRMS (ESI*): Calcd. for CaaH2sNO2S* [M+NHa]*:
392.1679, Found: 392.1680. The enantiomeric ratio was determined by HPLC analysis using
Chiralpak IA column (94:6 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, Tminor = 12.2 min,
Tmajor = 33.6 min), ee 92%.
2-((1R,3S)-3-(3-bromobenzylthio)-1,3-dihydroisobenzofuran-1-yl)-1-phenylethanone
(3ai): Off White sticky liquid (25 mg, 57%). *H NMR (600 MHz, CDCls) 6 8.11 (d, J = 8.3
Hz, 2H), 7.70 (d, J = 8.3 Hz, 2H), 7.64 (d, J = 8.2 Hz, 2H), 7.48 (t, J = 7.6 Hz, 3H), 7.41 (t, J
=7.3Hz, 2H), 7.31 (d, J = 7.4 Hz, 4H), 6.45 (d, J = 2.0 Hz, 0.37H), 6.41 (s, 1H), 6.00 (d, J =
5.8 Hz, 1H), 3.95 (d, J = 13.2 Hz, 1H), 3.85 — 3.78 (m, 2H), 3.33 (dd, J = 16.5, 5.4 Hz, 1H).
13C NMR (126 MHz, CDCls) 6 198.0, 141.9, 140.8, 138.5, 137.2, 133.6, 132.2, 130.3, 130.2,
129.1, 128.9, 128.6, 128.4, 127.9, 122.6, 122.6, 122.0, 87.9, 81.0, 46.4, 34.9. FT-IR (KBr):
1677(s), 1461(m), 1016(s). HRMS (ESI*): Calcd. for C23H23NO2BrS* [M+NH4]*: 456.0627,
Found: 456.0641. The enantiomeric ratio was determined by HPLC analysis using
Phenomenex Lux cellulose-1 column (96:4 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm,
Tminor = 17.8 min, Tmajor = 19.6 min), ee 93%.
2-((1R,35)-3-(2,4-dichlorobenzylthio)-1,3-dihydroisobenzofuran-1-yl)-1-phenylethanone
(3aj): Off White sticky liquid (25.3 mg, 59%). 'H NMR (600 MHz, CDCl3): § 7.99 (d, J =
7.5 Hz, 2H), 7.59 (t, J = 7.4 Hz, 1H), 7.48 (d, J = 7.7 Hz, 2H), 7.32 — 7.29 (m, 4H), 7.26 (d, J
= 8.6 Hz, 2H), 7.08 (dd, J = 8.2, 2.0 Hz, 1H), 6.46 (d, J = 1.9 Hz, 1H), 6.45 (s, 1H), 5.99 (dd,
J=175,5.4Hz, 1H), 3.98 (d, J = 13.5 Hz, 1H), 3.86 (d, J = 13.5 Hz, 1H), 3.77 (dd, J = 16.9,
7.7 Hz, 1H), 3.30 (dd, J = 16.9, 5.2 Hz, 1H). 3C NMR (126 MHz, CDCls): § 197.83, 141.91,
138.42, 137.14, 134.92, 133.61, 133.59, 132.01, 129.68, 129.12, 128.87, 128.56, 128.53,
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128.42,127.19, 122.63, 121.93, 88.23, 80.91, 77.48, 77.23, 76.98, 46.39, 32.84. FT-IR (KBr):
1686(s), 1469(m), 1023(s). HRMS (ESI*): Calcd. for C23H22NO2CI>S*™ [M+NH4]: 446.0743,
Found: 446.0741. The enantiomeric ratio was determined by HPLC analysis using
Phenomenex Lux cellulose-1 column (95:5 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm,
Tminor = 12.9 min, Tmajor = 16.7 min), ee 94%.
2-((1R,35)-3-(naphthalen-2-ylmethylthio)-1,3-dihydroisobenzofuran-1-yl)-1-phenyletha-
none (3ak): Off White sticky liquid (25.5 mg, 62%). 'H NMR (400 MHz, CDCls): § 8.01 —
7.98 (m, 2H), 7.80 — 7.74 (m, 3H), 7.70 (s, 1H), 7.58 (t, J = 7.2 Hz, 1H), 7.48 — 7.44 (m, 5H),
7.31-7.29 (m, 2H), 6.45 (d, J = 2.1 Hz, 0.25H), 6.42 (s, 1H), 6.02 — 5.96 (m, 1H), 4.10 (d, J
=13.3 Hz, 1H), 3.93 (d, J = 13.4 Hz, 1H), 3.78 (dd, J = 16.8, 7.4 Hz, 1H), 3.29 (dd, J = 16.8,
5.4 Hz, 1H).*C NMR (125 MHz, CDCls): 6 198.14, 141.96, 138.68, 137.23, 135.69, 133.51,
133.46, 132.68, 128.96, 128.84, 128.63, 128.53, 128.36, 127.89, 127.85, 127.74, 127.50,
126.36, 125.97, 122.62, 121.92, 87.82, 80.91, 77.48, 77.23, 76.98, 46.46, 35.75. FT-IR (KBr):
1678(s), 1447(m), 1018(s). HRMS (ESI*): Calcd. for Co7H26NO2S™ [M+NH4]*: 428.1679,
Found: 428.1683. The enantiomeric ratio was determined by HPLC analysis using Chiralpak
IA column (96:4 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, Tminor = 31.5 min, Tmajor = 84.6
min), ee 98%.
2-((1R,35)-3-(cinnamylthio)-1,3-dihydroisobenzofuran-1-yl)-1-phenylethanone (3al):
Light brown sticky liquid (15.1 mg, 39%). *H NMR (600 MHz, CDClz): 6 8.02 (d, J = 7.4
Hz, 4H), 7.58 (d, J = 6.9 Hz, 3H), 7.47 (d, J = 7.8 Hz, 6H), 7.32 (d, J = 6.0 Hz, 12H), 7.22 (t,
J=7.2Hz, 4H), 6.54 (d, J = 2.1 Hz, 0.52H), 6.51 (s, 2H), 6.45 (d, J = 15.7 Hz, 2H), 6.27 —
6.22 (m, 2H), 5.99 —5.96 (m, 2H), 3.83 (dd, J = 16.7, 7.5 Hz, 2H), 3.59 — 3.54 (m, 3H), 3.33
(dd, J =16.7, 5.3 Hz, 4H). *C NMR (126 MHz, CDCls) & 198.2, 141.9, 138.7, 138.3, 137.3,
133.5, 129.3, 128.9, 128.8, 128.7, 128.7, 128.5, 128.4, 127.2, 126.5, 122.6, 121.9, 87.9, 80.9,
46.5, 35.5. FT-IR (KBr): 1681(s), 1448(m), 1016(s). HRMS (ESI*): Calcd. for C2sH2sNO2S*
[M+NH4]*: 404.1679, Found:. The enantiomeric ratio was determined by HPLC analysis using
Chiralpak IA column (97:3 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, Tminor = 18.5 min,
Tmajor = 86.0 min), ee 97%.
2-((1R,3S)-3-(tert-butylthio)-1,3-dihydroisobenzofuran-1-yl)-1-phenylethanone  (3am):
Off White sticky liquid (21.2 mg, 65%). *H NMR (600 MHz, CDCls): § 8.03 (d, J = 7.5 Hz,

2H), 7.57 (t, J = 7.4 Hz, 1H), 7.47 (t, J = 7.7 Hz, 2H), 7.32 — 7.28 (m, 4H), 6.71 (s, 0.11H),
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6.68 (s, 1H), 5.97 (dd, J = 7.3, 5.6 Hz, 1H), 3.84 (dd, J = 16.7, 7.5 Hz, 1H), 3.31 (dd, J = 16.7,
5.5 Hz, 1H), 1.42 (s, 9H). 3C NMR (151 MHz, CDCls) 5 198.4, 141.9, 133.4, 129.3, 128.8,
128.7, 128.7, 128.2, 127.1, 122.9, 121.8, 86.9, 80.9, 47.0, 35.5, 32.0. FT-IR (KBr): 1685(s),
1460(m), 1016(s). HRMS (ESI*): Calcd. for CooH26NO2S* [M+NH4]™: 344.1679, Found:
344.1680. The enantiomeric ratio was determined by HPLC analysis using Phenomenex Lux
cellulose-1 column (97:3 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, Tminor = 8.5 min, Tmajor
= 7.0 min), ee 98%.
1-phenyl-2-((1R,3S)-3-(tritylthio)-1,3-dihydroisobenzofuran-1-yl)ethanone (3an): Off
White sticky liquid (12.9 mg, 25%). *H NMR (600 MHz, CDCls): § 8.10 (d, J = 7.6 Hz, 2H),
7.46 (d, J = 8.3 Hz, 7H), 7.30 — 7.27 (m, 9H), 7.23 (d, J = 7.9 Hz, 6H), 5.91 — 5.88 (m, 1H),
5.76 (s, 1H), 3.90 (dd, J = 16.8, 7.4 Hz, 1H), 3.41 (dd, J = 16.8, 5.5 Hz, 1H), 2.81 (s, 1H). *C
NMR (126 MHz, CDCls): & 197.9, 147.0, 145.3, 141.6, 139.1, 137.1, 133.6, 130.4, 128.9,
128.7,128.1, 128.1, 128.0, 127.5, 127.0, 123.4, 121.6, 89.8, 80.8, 70.04, 46.83. FT-IR (KBr):
1678(s), 1638(m), 1449(m), 1015(s). HRMS (ESI*): Calcd. for C3sH32NO2S™ [M+NH4]*:
530.2148, Found: 530.2147. The enantiomeric ratio was determined by HPLC analysis using
Chiralpak ID column (96:4 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, Tminor = 16.8 min,
Tmajor = 15.1 min), ee 91%.

2-((1R,3S)-3-hydroxy-1,3-dihydroisobenzofuran-1-yl)-1-phenylethanone  (4):  White
amorphous solid (12.2 mg, 96%).*H NMR (400 MHz, CDClz) 6 7.95 (d, J = 8.2 Hz, 2H), 7.58
—7.55 (m, 1H), 7.46 (d, J = 7.9 Hz, 4H), 7.38 — 7.34 (m, 2H), 6.47 (s, 1H), 6.07 (t, J = 5.6 Hz,
0.59H), 5.74 (t, J=5.5 Hz, 1H), 3.68 (dd, J = 17.3, 5.8 Hz, 1H), 3.55 - 3.50 (m, 1H). 3C NMR
(75 MHz, CDCl3) 6 197.9, 141.8, 137.1, 133.7,129.6, 128.8, 128.5, 128.5, 128.4, 123.3, 121.4,
101.6, 79.1, 45.70. FT-IR (KBr): 1678(m), 1464(s), 1377(w), 1011(m). HRMS (ESI*):
Calcd. for CigH1403" [M]*: 254.0943, Found: 254.1180. The enantiomeric ratio was
determined by HPLC analysis using Phenomenex Lux cellulose-1 column (85:15 n-
Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, Tminor = 15.1 min, Tmajor = 13.1 min), ee 96%.

4-Methoxyphenyl  2-((1R,3R)-3-hydroxy-1,3-dihydroisobenzofuran-1-yl)acetate  (6):
White amorphous solid (13.8 mg, 92%).'H NMR (600 MHz, CDCls) § 7.92 (d, J = 8.9 Hz,
2H), 7.45 (d, J = 4.9 Hz, 1H), 7.38 — 7.33 (m, 2H), 7.25 — 7.22 (m, 1H), 6.90 (d, J = 8.8 Hz,
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2H), 6.45 (s, 1H), 6.04 (t, J = 5.6, 0.63H), 5.71 (t, J = 5.5 Hz, 1H), 3.85 (s, 3H), 3.61 (dd, J =
17.1, 6.0 Hz, 1H), 3.47 — 3.44 (m, 2H). ¥C NMR (75 MHz, CDClzs) & 170.4, 157.5, 143.7,
140.3, 140.0, 129.7,128.8, 123.5, 122.4,121.2, 114.6, 101.9, 78.8, 55.77, 41.23. FT-IR (KBr):
1750(s), 1507(m), 1196(m), 1002(s). HRMS (ESI*): Calcd. for C17H160s" [M]": 300.0998,
Found: 300.1223. The enantiomeric ratio was determined by HPLC analysis using Chiralpak
IA column (85:15 n-Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, Tminor = 19.7 min, Tmajor =
21.4 min), ee 93%.

(S)-2-(1,3-dihydroisobenzofuran-1-yl)-1-phenylethanone (7): Off white sticky solid (8.6
mg, 72%).H NMR (600 MHz, CDCls) & 7.99 (d, J = 7.5 Hz, 2H), 7.57 (t, J = 7.4 Hz, 1H),
7.47 (t,J=7.7 Hz, 2H), 7.32 - 7.26 (m, 3H), 7.24 (d, J = 7.2 Hz, 1H), 5.91 (t, J = 6.0 Hz, 1H),
5.16 (dd, J=12.2,2.3 Hz, 1H), 5.10 (d, J = 12.2 Hz, 1H), 3.55 (dd, J = 16.7, 7.4 Hz, 1H), 3.36
(dd, J =16.7, 5.0 Hz, 1H).*C NMR (126 MHz, CDCls) & 198.1, 141.6, 139.5, 137.3, 133.5,
128.8, 128.5, 128.0, 127.7, 121.7, 121.2, 80.4, 72.8, 45.8. FT-IR (KBr): 1633(s), 1384(m),
1025(s). HRMS (ESI*): Calcd. for CisH1402" [M]": 239.1067, Found: 239.1066. The
enantiomeric ratio was determined by HPLC analysis using Chiralpak 1D column (96:4 n-
Hexane/2PrOH, 1.0 mL/min, 25 °C, 254 nm, Tminor = 30.8 min, Tmajor = 32.3 min), ee 84%.

5.10. Crystal data and structure refinement for chiral compound (CCDC
1581645) 3pa:

Empirical formula Ca1H1803S
Formula weight 350.44
Temperature/K 298K
Crystal system orthorhombic
Space group 'P212121
alA 4.6966(2)
b/A 12.0477(6)
c/A 31.218(2)
a/° 90.00
pB/° 90.00
v/° 90.00
Volume/A3 1766.43(17)
Z 4
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pealemg/mm?

m/mm-*t

F(000)

Crystal size/mm?®

20 range for data collection
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

1.3176
0.200

736.8

0.35 x 0.22 x 0.14

6.22 t0 50°
6<h<4,-15<k<8,-23<1<41
5085

2843 [Rin=0.0193, Rsigma = 0.0449]
2843/0/225

1.432

R1 = 0.0504, wR; = 0.0987

R1 = 0.0629, wR2 = 0.1038
0.21/-0.24

Flack parameter 0.02(17)
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Spectra and chromatograms: Chapter 3

Selected NMR Spectra and HPLC Chromatograms

Chapter 2
1H-NMR Spectra (400 MHz, CDCl3): 1-Cyclohexenyl-4-nitro-3-phenylbutan-1-one (5aa):
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13C-NMR $re<t2 (400 MHz, CDCls): 1-Cyclohexenyl-4-nitro-3-phenylbutan-1-one (5aa):
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HPLC Chromatogram (racemic): 1-Cyclohexenyl-4-nitro-3-phenylbutan-1-one (5aa):

600 ua-13-3-15 #3 [modified by user] ua-main-rac-ib
{mAU - WWL:214 nm
4 2 :3
500 0 T8
_ : 4:.
g s
4004 | [
2] NO O | \
£ 1 5aa 2 | | \
8 3004 |
5 : | |
2 [
3 | R
2 2004 | '\ | \
_ .
100 | '. } '.
i I'l .\ II| '\
20_ ..'\/\__h ——— — — _ ,J'I_ — \‘)If \_ T — _m_"__l
- — - 1T T T T T L T T
0.0 50 10.0 150 200 250
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU"min % mAU
1a 18.46 2452792 50.19423007 434.6023 n.a.
2b 20.27 243.381 49.80576993 408.903 n.a.
HPLC Chromatogram (chiral): 1-Cyclohexenyl-4-nitro-3-phenylbutan-1-one (5aa):
50.0 u3-1#14 [modified by user, 2 peaks manually assigned]
T ImAU WWVL:214 nm|
40.0H
30.01 o
] S
. (=]
. iy
20.0+ 4
] 5
0 M
4 . .'\
10.04 = [
_ © / \
_ . f I\
A W A N
5.0 — 1~ T T r T_ " T T T T1T_ T T T T T L
0.0 50 10.0 150 200 250
No. Peak Name Ret.Time (detected) Area Rel. Area(ident.) Height Amount
min mAUmin % mAU
1a 18.54 0.805026 12.06188408 2.56125 n.a.
2b 20.08 5.869 87.93811592 10.268 n.a.
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'H-NMR Spectra (400 MHz, CDCls): 1-Cyclohexenyl-3-(4-methoxyphenyl)-4-nitrobutan-1-one (5ac):
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T
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1 (ppm)

13C-NMR Spectra (400 MHz, CDCls): 1-Cyclohexenyl-3-(4-methoxyphenyl)-4-nitrobutan-1-one (5ac):
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HPLC Chromatogram (racemic): 1-Cyclohexenyl-3-(4-methoxyphenyl)-4-nitrobutan-1-one (5ac):

1.500 AB #1 [modified by user] AB-015-Rec UV_VIS_1
! JmAU WVL:254 nm
1,200;
] (0]
1,000+

18 - A-10.113
‘ 19 -B -

2[3“.0 25.0
No. Peak Name Ret. Time (detected) Area Rel Area(id Height Amount
min mAU*min % mAU
A 10.11333333 320.5163 50.28589 949.1114
B 11.66 316.8718 49.71411 821.532

HPLC Chromatogram (chiral): 1-Cyclohexenyl-3-(4-methoxyphenyl)-4-nitrobutan-1-one (5ac):

100 AB #2 [modified by user] AB-037-Methoxy-c Uv_VIS_1
_mAU WVL:254 nm
80—
60—
40—
20— 20 - A -10.140
0; 21-B-11.750
-20 \ \ — T T L L
8.00 9.00 10.00 11.00 12.00 13.00 14.00
No. Peak Name Ret.Time (detected) Area Rel.Area(id Height Amount
min mAU*min % mAU
A 10.14 12.03725 77.14042 29.28104
B 11.75 3.567085 22.85958 10.24287
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'H-NMR Spectra (400 MHz, CDCls): 1-Cyclopentenyl-4-nitro-3-phenylbutan-1-one (5bay):
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HPLC Chromatogram (racemic): 1-Cyclopentenyl-4-nitro-3-phenylbutan-1-one (5ba):

Auto-Scaled Chromatogram

1 )
w (2]
0.08 < &
a5 )
o o
@
0.06 (e}
‘
<
0.04 ‘
| NO,
| Sha
o.on
0.0
T T . \—‘ "1 T
10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.1

Minutes

- Peak Results
‘ Name RT Area Height | % Area

; 15.460 | 2589944 | 88068 51.71
2 19.999 | 2418635 | 64978 48.29

HPLC Chromatogram (chiral): 1-Cyclopentenyl-4-nitro-3-phenylbutan-1-one (5ba):

Auto-Scaled Chromatogram

0.16 o
™
N
0.14+ o0 .
-
0.124
0.10
o
< 0.08
[To]
N
(=)
0.06 )}
1 -
0.04 v
0.02
0.00]
10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00
Minutes
) Peak Results
Name | RT Area Height | % Area
1 15.435 | 4535657 | 164027 76.88
2 19.925 1364039 | 41618 23.12
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'H-NMR Spectra (600 MHz, CDCls): 4-Nitro-3-phenyloctahydronaphthalen-1(2H)-one (6a + 6b = 4:1):
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13C-NMR Spectra (600 MHz, CDCls): 4-Nitro-3-phenyloctahydronaphthalen-1(2H)-one (6a + 6b = 4:1):
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Spectra and chromatograms: Chapter 3

HPLC Chromatogram (racemic): 4-Nitro-3-phenyloctahydronaphthalen-1(2H)-one (6a):

150 UA-D-MAIN #1 [modified by user, 2 peaks manually assighed] UV_VIS_1
7mAU WVL:214 nm
1 0]
| H
100+ |
. =" Vph
g -
1 NO,
) 6a
50
| 54 - ¢ - 30.345
80 -d - 43.778
TTTITT
— T T
37.5 40.0 42.5 45.0 47.5 50.0
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
54 ¢ 30.345 31.38767 48.67968264 28.98986 n.a.
80 d 43.78 33.090 51.32 21.268 n.a.
HPLC Chromatogram (chiral): 4-Nitro-3-phenyloctahydronaphthalen-1(2H)-one (6a):
125_UA-6-11-14 #1 [modified by user] 1 UV_VIS_1
~ JmAU WVL:214 nm
WODT
75
50
] 54 - ¢ - 31.407
25i
55-d-45270
| min
T T T T T T [ T T T L
29.0 32.5 35.0 37.5 40.0 42.5 45.0 47.5 50.0
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
54 ¢ 31.40666667 63.14059 96.74638753 24.38137 n.a.
55d 4527 2123 3.25 1.677 n.a.
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Chapter 3
1H-NMR Spectra (600 MHz, CDCls): (1S,2R,4aR,8aS)-1-benzoyl-4-oxo-2-phenyldecahydronaphthalene-

1-carbonitrile (3a):

T
100 a5

1BC.NMR Spectra (600 MHz,

phenyldecahydronaphthalene-1-carbonitrile (3a):

—M %
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Spectra and chromatograms:

HPLC Chromatogram (racemic): (1S,2R,4aR,8aS)-1-benzoyl-4-oxo-2-phenyldecahydronaphthalene-1-

carbonitrile (3a):

Chapter 3

100 1J3-SEQ-1 #49 [modified by user, 3 peaks manually assigned]
ImAU WWL:254 nm
80—_
2— : minor
E 607 1-a-22.075 minor
P 1 f\ 2 -b -29.640
e 1 ( \ major .
8 | 3.c-34.053 Mmajor
5 40+ [l I A 4 -d-38.260
g 1 | | | n'.
. A A
20~ . | [ [
] '. / \ /, \ I
i | l't | \ \ } \
] _ AN A ANy | L__/.-----M_/ N\ —
e s B Sy L
10.0 150 200 250 300 350 400 450
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
1a 22.08 38.07304 2471068371 55.14261 n.a.
2b 2964 39.1212 25.39097525 50.96912 n.a.
3c 34.05 38.8119 25.19023005 38.85762 n.a.
4d 38.26 38.069 24.70811099 36.163 n.a.

HPLC Chromatogram (chiral): (1S,2R,4aR,8aS)-1-benzoyl-4-oxo-2-phenyldecahydronaphthalene-1-

carbonitrile (3a):

30.0 U3-SEQ-1 #302 [modified by user, 2 peaks manually assigned]
7 ImAU WWVL:254 nm
5 20.0+
= | 2-b-39.185
E N
= i
(1] |
§ A
2 1001 [
2 . |
| ."', / .
_ I [\
_ N | L o q.glzenas\_ |
min
20— T T T T T T T
10.0 15.0 200 250 30.0 350 40.0 450
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU"min % mAU
1a 36.25 0.030687 0.1181443211 0.03988 n.a.
2b 39.19 25.943 99.88185568 17.256 n.a.
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Spectra and chromatograms: Chapter 3

'H-NMR Spectra (600 MHz, CDCls): (3aR,4R,5S, 7aS)-4-benzoyl-7-oxo-5-phenyloctahydro-1H-indene-4-

carbonitrile (4a):
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13C-NMR Spectra (600 MHz, CDCls): (3aR,4R,5S,7aS)-4-benzoyl-7-oxo-5-phenyloctahydro-1H-indene-

4-carbonitrile (4a):
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Spectra and chromatograms: Chapter 3

HPLC Chromatogram (racemic): (1S,2R,4aR,8aS)-1-benzoyl-4-oxo-2-phenyldecahydronaphthalene-1-

carbonitrile (3a):

200 U3-SEQ-1 #140 [modified by user, 4 peaks manually assigned]
ImAU WVL:254 nm
15(%: H o 1-a-22.255
5 i
<
£ i
s j
g 1007 H_$ N
R il (OEaN 3-b-42108
S Ph
O ) 4a
2 i
50 2-c-33.377
54— ‘ ‘ T " ‘ ‘ \ " ‘ ‘ I " " ‘ \ " " " \
1.0 10.0 20.0 30.0 40.0 51.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel Area(ident.) Height Amount
min mAU*min % mAU
1a 2226 109.1742 3590516359 146.4262 n.a.
2c¢c 33.38 4599549 15.12697248 41.90148 n.a.
3b 4211 1059129 34.83257914 77.55427 n.a.
4d 47.08 42.980 14.1352848 21.756 na.

HPLC Chromatogram (chiral): (1S,2R,4aR,8aS)-1-benzoyl-4-oxo-2-phenyldecahydronaphthalene-1-

carbonitrile (3a):

400 U3-SEQ-1 #153 [modified by user, 2 peaks manually assigned]
mAU WVL:254 nm

300+
=)
<<
£
P 2-b-40.918
2 200+
28
53
8
2 J

100+

. 1 1-a-21.345 ;
o ‘ i T ‘ i i \ ‘ ‘ ‘ \ ‘ T i \ ‘ T ‘ \
1.0 10.0 20.0 30.0 40.0 51.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel Area(ident.) Height Amount
min mAU*min % mAU
1a 21.35 5142219 2.048418589 7.57209 n.a.
2b 40.92 245.891 97.95158141  210.935 n.a.
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Spectra and chromatograms: Chapter 3

1H-NMR Spectra (600 MHz, CDCls):
1H-indene-4-carbonitrile (4s):

(3aR,4R,5S,7aS)-4-(4-bromobenzoyl)-7-oxo-5-phenyloctahydro-
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13C-.NMR Spectra (600 MHz, CDCls):
1H-indene-4-carbonitrile (4s):

(3aR,4R,5S,7aS)-4-(4-bromobenzoyl)-7-oxo-5-phenyloctahydro-
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Spectra and chromatograms: Chapter 3

HPLC Chromatogram (racemic): (3aR,4R,5S,7aS)-4-(4-bromobenzoyl)-7-oxo-5-phenyloctahydro-1H-
indene-4-carbonitrile (4s):

400 u3-seq-1 #236 [modified by user, 4 peaks manually assigned]
7 mAU WVL:254 nm

1-a-16.463

2-b-20.035

Absorbance [mAU]
59

10.0
4 3-c-29.672
i 4 -d-50.357
-2-0“'\“‘\"‘|“'|“'\"‘mm
0.0 10.0 200 30.0 40.0 50.0 60.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
1a 16.46 11.68795 29.99221208 25.26869 n.a.
2b 20.04 7.994483 20.51447846 14.61507 n.a.
3c 29.67 11.43552 29.34445386  7.51095 n.a.
4d 50.36 7.852 20.14885559 3.993 n.a.

HPLC Chromatogram (chiral): (3aR,4R,5S,7aS)-4-(4-bromobenzoyl)-7-oxo-5-phenyloctahydro-1H-
indene-4-carbonitrile (4s):

100 u3-seq-1 #281 [modified by user, 2 peaks manually assigned]
ImAU WVL:254 nm
8[%7 2-b-29.168
=) i
£ 60
P i
Q
c
g 4
5 40+
E 4
<
20+
1-a-15.980
- min
<t - - 7 - - 1 v v - _T1_ v T T T1_ T ' T T1_ T T
0.0 10.0 20.0 30.0 40.0 50.0 60.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount

min mAU*min % mAU
1598 3.866118 2.582524511 7.91411 n.a.
2917 145.837 97.41747549 78.659 n.a.

N =
o Q
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Spectra and chromatograms: Chapter 3

1H-NMR Spectra (600 MHz, CDCls): Compound 6
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L

| | L i
L R AL - J A oA _M}’L_J";L
T Lo e v i T L i m T A,
E 2883IryT = g 3 a 4Ry
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

— 18235
—145.52
~136.76

EEEEEEFESES-T - s s B omn

AAHRRARSNARY B 0§ €8 8 an
)

= (R A A A

T T T T T T T T T T T T T T T T T T T T
200 19 180 170 160 150 140 130 120 110 100 %0 80 70 60 50 40 30 20 10
f1 (ppm)

198

TH-1722_11612244



Spectra and chromatograms: Chapter 3

HPLC Chromatogram (racemic): Compound 6

30.0 ul3-seq-1 #274 [modified by user, 2 peaks manually assigned]
 ImAU WWVL:254 nm
5 20.0+
< 1-a-47.327
é i
8 . 6 |
c
8 i
5 2-b-76.373
2 10.04 l /
‘i | |\
T |
1 ‘ q | | |II
1 ) \J i /'
1[}——-.’\—¢~an [ S S -JL_ N e L / \ ___min
B L S e L AL A E e e e e e I e e e e e e Sy
0.0 12.5 250 37.5 50.0 52.5 75.0 90.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
1a 47.33 23.00779 49.65787837 18.34028 n.a.
2b 76.37 23.325 50.34212163 11.698 n.a.
HPLC Chromatogram (chiral): Compound 6
700 u3-seq-1#275 [madified by user, 2 peaks manually assigned]
T dmAU WVL:254 nm
_ 50.0H
2 i 1-a-47.168
E 1 |
@ 37.5
g 1
= i
2 2504
a ]
< 1 |
12 54 | |
] |
h A — | 2-b-76.390
1 0 . LLLL
00 12.5 250 375 50.0 625 750 90.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU'min % mAU
1a 4717 54.58033 97.80142877 43.77959 n.a.
2b 76.39 1.227 2.198571226 0.681 n.a.
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Spectra and chromatograms: Chapter 3

'H-NMR Spectra (600 MHz, CDCls): (3aR,4R,5S,7aS)-4-methoxyphenyl 4-cyano-octahydro-7-0xo-5-
phenyl-1H-indene-4-carboxy late (7):

fx TTARE=

522
4.00
398

i I
NI
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13C-NMR Spectra (600 MHz, CDCls): (3aR,4R,5S,7aS)-4-methoxyphenyl 4-cyano-octahydro-7-oxo-5-
phenyl-1H-indene-4-carboxy late (7):
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Spectra and chromatograms: Chapter 3

HPLC Chromatogram (racemic):
phenyl-1H-indene-4-carboxy late (7):

(3aR,4R,5S,7aS)-4-methoxyphenyl 4-cyano-octahydro-7-oxo-5-

200 u3-seq-1 #271 [modified by user, 2 peaks manually assigned]
— mAU WWVL:254 nm
15.04
5 ] Ph
g 0
E 100 NC 7~ \©\
5] . (o]
c .
}é ] 7 OMe
3] § 1-a-29.467
8 504 [
£ |
] { | 2-b-38.433
_- |LK [ I' ’I
N A I|
:‘H“ - T e—— -/ L\_ A .
-3.0 T T T T T T T — T T T T
0.0 100 200 30.0 40.0 500
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
1a 2947 5748548 50.84508151 7.45953 n.a.
2b 3843 5.557 49.15491849 3.750 n.a.

HPLC Chromatogram (chiral): (3aR,4R,5S,7aS)-4-methoxyphenyl 4-cyano-octahydro-7-oxo-5-phenyl-

1H-indene-4-carboxy late (7):

300 u3-1 #5 [modified by user, 2 peaks manually assigned]
7 mAU WVL:254 nm)|
20.0 1-a-29.755
| i
I
1 [l
_ | |
[
10.0+ [
i | |
- || III
) _2-b-40.147
X o I
4 |‘. P, I R
10 ' — | | | | s
00 10.0 20.0 300 40.0 46.0
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU"min % mAU
1a 29.76 1292171 97.15314325 16.39449 n.a.
2b 40.15 0.379 2.846856746 0.305 n.a.
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Spectra and chromatograms: Chapter 4

Chapter 4

1H-NMR Spectra (600 MHz, CDCls): catalyst IX
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13C-NMR Spectra (600 MHz, CDCls): catalyst IX
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Spectra and chromatograms: Chapter 4

'H-NMR Spectra (600 MHz, CDCls): (1R,2S,3S)-3-methyl-3-nitro-4-oxo-2-phenyl-1,2,3,4-tetrahydro
naphthalene-1-carboxylic acid (5a):
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13C.NMR Spectra (600 MHz, CDCl3): (1R,2S,3S)-3-methyl-3-nitro-4-oxo-2-phenyl-1,2,3,4-tetrahydro
naphthalene-1-carboxylic acid (5a):
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Spectra and chromatograms: Chapter 4

HPLC Chromatogram (racemic): (1R,2S,3S)-3-methyl-3-nitro-4-oxo-2-phenyl-1,2,3,4-tetrahydro

naphthalene-1-carboxylic acid (5a) —Methyl ester:

750 UD-20-7-15-NITROETHANE #35 [modified by user, 2 peaks manually assigned]
© jmAU WWL:254 nm
50.0+
b NO»
40 04 ., 9 -a-10.807
] . \ J0-b- 13737
hese .
i 5a CO2H I \ II 4
20.0- \ ' \,
] .. R
_ | \ | \
- I ]
i VAN Jo S
2.0+ L I L B L R
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 200
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU"'min % mAU
9 a 10.81 31.41891 50.26196061 39.64371 n.a.
10b 13.74 31.091 49.73803939 34.097 n.a.

HPLC Chromatogram (chiral): (1R, 2S,3S)-3-methyl-3-nitro-4-oxo-2-phenyl-1,2,3,4-tetrahydro

naphthalene-1-carboxylic acid (5a)-Methyl ester:

1000 UD-20-7-15-NITROETHANE #56 [madified by user, 2 peaks manually assigned] UV VIS 1
' ImAU WWVL:254 nm
800—_

600—_
_ 14-b-13.722
400—_ | \'.
200—_ /II '.lll
20—_ - J'II(\_\’{-\___ AN _Aa_-10.692j L min
0.0 2|_5 5_|G 7?5 1(5.0 12|.5 'IE!.D 1?|.5 200
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU min % mAU
9a 10.69 18.89506 3.917955065 31.04009 n.a.
14 b 13.72  4863.373 96.08204494 542.830 n.a.
204

TH-1722_11612244




Spectra and chromatograms: Chapter 4

'H-NMR Spectra (400 MHz, CD;OD): (1R,2S,3S)-3-methyl-3-nitro-4-oxo-2-o-tolyl-1,2,3,4-tetrahydro
naphthalene-1-carboxylic acid (5b)
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BC-NMR Spectra (400 MHz, CD3OD): (1R 2S,3S)-3-methyl-3-nitro-4-oxo-2-o-tolyl-1,2,3,4-
tetrahydro naphthalene-1-carboxylic acid (5b)
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Spectra and chromatograms: Chapter 4

HPLC Chromatogram (racemic):
naphthalene-1-carboxylic acid (5b)-Methyl ester:

(1R,2S,3S)-3-methyl-3-nitro-4-oxo-2-o-tolyl-1,2,3,4-tetrahydro

ud-sub-nitroethane-30-10-15 #15 [modified by user, 2 peaks manually assigned)]

mAL

3 200
E_ 1 o NO, 20 -2 212b4013.475
] o o | [
s Ll
a g - | |
S g | |
S E5 N
B |

WWL:254 nm

T T
12.0 14.0

5.0 8.0 16.0 18.0 20.0
Retention Time [min]
HPLC Chromatogram (chiral): (1R,2S,3S)-3-methyl-3-nitro-4-oxo-2-o-tolyl-1,2,3,4-tetrahydro

naphthalene-1-carboxylic acid (5b)-Methyl ester:

250 UD-SUB-CHIRAL #6 [modified by user, 2 peaks manually assigned] UV VIS 1 MA 045 001
JmAU WVL:254 nm
200+
] 11-b-13.780
150-1 f" {
4 A
K | |
100- [ |
| |
50 |
: |
54— — T — VY T \& T T mm%
50 80 100 120 140 16.0 180 200
No Peak Name Ret.Time (detected) Area Rel Area(ident.) Height Amount
min mAU*'min % mAU
10 a 12,84 0.959421 1.242924762 2.54836 n.a.
i1b 13.78 76.231 98.75700109 163.836 n.a.
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Spectra and chromatograms: Chapter 4

'H-NMR Spectra (400 MHz, CDCls): (1R,2S,3S)-3-ethyl-3-nitro-4-oxo-2-phenyl-1,2,3,4-tetrahydro
naphthalene-1-carboxylic acid (5r):
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13C.NMR Spectra (400 MHz, CDsOD): (1R,2S,3S)-3-ethyl-3-nitro-4-oxo-2-phenyl-1,2,3,4-tetrahydro
naphthalene-1-carboxylic acid (5r):
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Spectra and chromatograms: Chapter 4

HPLC Chromatogram

(racemic):

(1R,2S,3S)-3-ethyl-3-nitro-4-oxo-2-phenyl-1,2,3,4-tetrahydro

naphthalene-1-carboxylic acid (5r)-Methyl ester:

600 UD-SUB-NITROETHANE-30-10-15 #21 [modified by user, 2 peaks manually assigned]

1mAU WVL:254 hm
500

] o)
375 NO 15-a-9.477° P 10310

min
1 ‘ ‘ il ] il T "
5.0 6.3 7.5 8.8 10.0 11.3 125 13.8 15.0

No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
15 a 9.48 148.5684 50.3034846 356.1859 n.a.
16 b 10.51 146.776 49.69643622 369.355 n.a.
HPLC Chromatogram (chiral): (1R, 2S,3S)-3-ethyl-3-nitro-4-oxo-2-phenyl-1,2,3,4-

tetrahydronaphthalene-1-carboxylic acid (5r)-Methyl ester:

200 UD-SUB-CHIRAL #163 [modified by user, 2 peaks manually assigned]
N mAU WVL:254 nm
5 200+
.E 7 26 -b - 10.998
3 - A
& [
£ 1 f
o | L
2 100 [
< [
| |' \.
\
7 25-a-9.IL60 \
1 g~
0 T min
L e L B e e L A e e o e Y I LA S e o e e e I A
50 6.3 75 88 100 11.3 125 138 15.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU"min % mAU
25 a 9.86 15.51713 16.64702974 32.16638 n.a.
26 b 11.00 77.695 83.35297026 150.398 n.a.
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Spectra and chromatograms: Chapter 4

'H-NMR Spectra (600 MHz, CDCls): (1R,2S,3R)-methyl 1,2,3,4-tetrahydro-3-methyl-4-oxo-2-
phenylnaphthalene-1-carboxylate (8):
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1BC.NMR Spectra (600 MHz, CDCls): (1R,2S,3R)-methyl 1,2,3,4-tetrahydro-3-methyl-4-oxo-2-
phenylnaphthalene-1-carboxylate (8):
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Spectra and chromatograms: Chapter 5

Chapter 5

IH-NMR Spectra (600 MHz, CDCls): 2-(3-(benzylthio)-1,3-dihydroisobenzofuran-1-yl)-1-

phenylethanone (3aa):
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1BC-NMR Spectra (600 MHz, CDCls): 2-(3-(benzylthio)-1,3-dihydroisobenzofuran-1-yl)-1-

phenylethanone (3aa):
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Spectra and chromatograms: Chapter 5

'H-COSY Spectra (600 MHz, CDCls): 2-(3-(benzylthio)-1,3-dihydroisobenzofuran-1-yl)-1-
phenylethanone (3aa):
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NOESY-NMR Spectra (600 MHz, CDCls): 2-(3-(benzylthio)-1,3-dihydroisobenzofuran-1-yl)-1-
phenylethanone (3aa):
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Spectra and chromatograms: Chapter 5

HPLC Chromatogram (racemic): 2-(3-(benzylthio)-1,3-dihydroisobenzofuran-1-yl)-1-phenylethanone

(3aa):
120 UN-F2 #15 [modified by user, 4 peaks manually assigned]
JmAU WVL:254 nm
100
. o {‘1 -A-17.605
=) 1 |
T ™ Ph |
% ] 0 || 3-C-27.175
50—
£ - \ o | 2-8- 22.337\
2 1 3aa ﬂ \ 4-D-30.217
< ] | I\ [
| \
25—. } | '1| |I \I / \
: | I A
1 N S VAN N J/ \L/l _\_/— _
- — min|
S L U L EL L L N EL L L L) I L L I L AL AL
0.0 50 10.0 15.0 200 250 30.0 350
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU*min % mAU
1A 17.61 42.81887 29.90411947 87.41527 n.a.
2B 22.88 29.05389 20.29084198 43.31854 n.a.
3C 27.18 42.99303 30.02574979 52.96168 n.a.
4D 30.22 28.321 19.77928875 33.198 n.a.

HPLC Chromatogram (chiral): 2-(3-(benzylthio)-1,3-dihydroisobenzofuran-1-yl)-1-phenylethanone

(3aa):
150 un-p2-sub-scope #95 [modified by user, 2 peaks manually assigned]
T mAU WVL:254 nm
: 2 -b -27.940
|
3 100 \
2 100 |
E i
8 T ‘ |
c ]
o
g |
?
g 50 |\
4 | |I
] | N
- [ | .'II \
P 'I.\—*. - .1 -Ia-lﬁ.lss? ~— I,l . \ l; .\. . rrlwin
00 50 100 15.0 200 250 300 350
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel. Area(ident.) Height Amount
min mAU"min % mAU
1a 17.98 0.845945 1.125248694 2.0991 n.a.
2b 27.94 74.333 98.87475131 110.159 n.a.
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Spectra and chromatograms: Chapter 5

'H-NMR Spectra (600 MHz, CDCls): 2-(1-(benzylthio)-1,3-dihydroisobenzofuran-3-yl)-1-(furan-2-

yl)ethanone (3pa):
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1BC-NMR Spectra (600 MHz, CDCls): 2-(1-(benzylthio)-1,3-dihydroisobenzofuran-3-yl)-1-(furan-2-

yl)ethanone (3pa):
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Spectra and chromatograms: Chapter 5

HPLC Chromatogram (racemic): 2-(1-(benzylthio)-1,3-dihydroisobenzofuran-3-yl)-1-(furan-2-
yl)ethanone (3pa):
50.0 un-p2-sub-scope #26 [modified by user, 4 peaks manually assigned]
JmAU WWL:254 nm
] 0
15.0+
g . I Q 3-c-58.437
E ] e} Y% | 4-d-68.077
§ 10.0+
= |
g ' 3paSBn .'\1 - l-ﬂ.%zs /|
o i |
< 50 'I \ ' B
1 } | |
i |U | II | \
. J_—_" — — - — —— ——min
0.0 1(]|_0 EUI.O 3C|!.0 4GI.0 50|.0 6CI!_(] ?'GI.O 80.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU™min % mAU
1a 52.60 8.688981 17.84330094 7.8386 n.a.
2b 5463 8.883264 18.24227147 7.40776 n.a.
3c 58.44 15.42855 31.68337391 12.02899 n.a.
4d 68.08 15.695 32.23105367 11.084 n.a.
HPLC  Chromatogram  (chiral):  2-(1-(benzylthio)-1,3-dihydroisobenzofuran-3-yl)-1-(furan-2-
yl)ethanone (3pa):
60.0 un-p2-sub-scope #70 [modified by user, 2 peaks manually assigned]
 {mAU WWVL:254 nm
50.0
2 w75
é .
8 ] \
= 4
£ 250+
o i |
2 - [
< B |1
12,54 [\ / \
. | A \
] '. - F 1-a-60.043
J—" min
| N s e L A e e o e A s e e e e e B
0.0 100 200 30.0 400 50.0 60.0 700 80.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU"min % mAU
1a 60.04 1.218709 2.25762592 0.94514 n.a.
2b 71.72 52.763 97.74237408 34.577 n.a.
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Spectra and chromatograms: Chapter 5

'H-NMR Spectra (600 MHz, CDCls): 2-(3-(4-methoxybenzylthio)-1,3-dihydroisobenzofuran-1-yl)-1-
phenylethanone (3ad):
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13C-NMR Spectra (600 MHz, CDCls): 2-(3-(4-methoxybenzylthio)-1,3-dihydroisobenzofuran-1-yl)-1-
phenylethanone (3ad):
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Spectra and chromatograms: Chapter 5

HPLC Chromatogram (racemic): 2-(3-(4-methoxybenzylthio)-1,3-dihydroisobenzofuran-1-yl)-1-

phenylethanone (3ad):

250 UN-P2 #89 [modified by user, 4 peaks manually assigned]
= {mAU WVL:254 nm
] 0
2(].0—_
2ol O O
£ 15.04
§ ] S 1-A-19.335
£ 1004 |
5 ] 3ad
2 i
< ] |
50 OMe 3 -B -30.338
E i 3-C-33.830
. r |‘ } \ I,n\ 4-D-45.147
o] JL_NM T —_— L_/ LN [\ .
-1 - - 1 - - T T T T T T T T 1
0.0 10.0 200 300 400 52.0
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU"min % mAU
1A 19.34 4223216 28.88354965 10.44464 n.a.
2B 30.34 4.280274 2927378186 5.10776 n.a.
3C 33.83 3.058983 20.92109225 3.23277 n.a.
4D 4515 3.059 20.92157624 2.261 n.a.

HPLC Chromatogram (chiral): 2-(3-(4-methoxybenzylthio)-1,3-dihydroisobenzofuran-1-yl)-1-

phenylethanone (3ad):

200 UN-F2 #90 [modified by user, 2 peaks manually assigned]
ImAU WWVL:254 nm
150—_
. ] 2-B-30.285
% 4 |
8 1004
c 4
o
0 . 1
2 § [
8 |
< 504 ||
] |
4 |
N 1-A-19.380 } \
| A —— N A —
min
-10 — - T T T T T T T 1 T T T ]
0.0 100 200 300 400 520
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAUmin % mAU
1A 19.38 2.389712 2.025357766 5.76866 n.a.
2B 30.29 115.600 97.97464223 136.465 n.a.
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Spectra and chromatograms: Chapter 5

'H-NMR Spectra (600 MHz, CDCls): 4-Methoxyphenyl 2-(3-hydroxy-1,3-dihydroisobenzofuran-1-

yl)acetate (6):
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1BC.NMR Spectra (600 MHz, CDCls): 4-Methoxyphenyl 2-(3-hydroxy-1,3-dihydroisobenzofuran-1-

yl)acetate (6):
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Spectra and chromatograms: Chapter 5

HPLC Chromatogram (racemic): 4-Methoxyphenyl 2-(3-hydroxy-1,3-dihydroisobenzofuran-1-

yl)acetate (6):
300 un-p2-sub-scope #146 [modified by user, 2 peaks manually assigned]
T ImAU WVL:254 nm
] O
: /O/OMe
T (6]
-3.50+
5 1 0
< 1-a-19.598
E I OH I,/‘\ rz-h-21.495
§ -4.00+ 6 A /\
m i {\,‘ (Y
£ VA / \ / \
E 7 \_h TN /_/’\ | | | |
< J T J;' \ [
4.50- /\J\j\
] min|
-5 HH—————————————— [ ————————
100 125 15.0 17.5 20.0 225 250 275 300
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU"min % mAU
1a 19.60 0.442097 49.13103762 0.75218 n.a.
2b 21.50 0.458 50.86896238 0.690 n.a.

HPLC Chromatogram (chiral): 4-Methoxyphenyl 2-(3-hydroxy-1,3-dihydroisobenzofuran-1-yl)acetate

(6):
15.0 un-p2-sub-scope #147 [modified by user, 2 peaks manually assigned]
7 |mAU WVL:254 nm
= 10.04
z _
E
) qz -b-21.453
c i [
m |}
£ 504 A
2 ] I
< | / \
—__,—\_}II \IIL —_— _/\._ S /_1 iy a j‘ls.ss&
| min
A T L s e e e o T e B B e e e N N S B By B S S
10.0 125 15.0 175 200 225 250 275 300
Retention Time [min]
No. Peak Name Ret.Time (detected) Area Rel.Area(ident.) Height Amount
min mAU"min % mAU
1a 19.69 0.183047 3.538535344 0.32372 n.a.
2b 21.45 4.990 96.46146466 7.337 n.a.
218

TH-1722_11612244



Publications:

1) Organocatalytic asymmetric Michal addition of 1-acetylcyclohexene and 1-
acetylcyclopentene to nitroolefins, Utpal Nath, Ankush Banerjee, Bidhan Ghosh, Subhas
Chandra Pan, Organic & Biomolecular Chemistry, 2015, 13, 7076.

2) Organocatalytic Asymmetric Tamura Cycloaddition with alpha- Branched
Nitroolefins: Synthesis of Functionalized 1- Tetralones, Utpal Nath, Subhas Chandra
Pan, The Journal of Organic Chemistry, 2017, 82(6), 3262.

3) Direct Aerobic Oxidative Reactions of 2-Hydroxyacetophenones, Subas Chandra
Sahoo, Utpal Nath, Subhas Chandra Pan, European Journal of Organic
Chemistry, 2017, 4434.

4) Organocatalytic ~ Asymmetric  Synthesis of 3,3-Disubstituted-3,4-dihydro-2-
guinolones, Soumendranath Mukhopadhyay, Utpal Nath, and Subhas Chandra Pan
Advanced Synthesis & Catalysis, 2017, 359(22), 3911.

5) Organocatalytic Asymmetric [4 + 2] cycloaddition of 1-Acetylcyclohexene and 1-
Acetylcyclopentene for the Synthesis of Fused Carbocycles, Utpal Nath, Subhas
Chandra Pan, European Journal of Organic Chemistry, 2017, 6457.

6) Nonenzymatic Dynamic Kinetic Resolution of in situ Generated Hemithioacetals:
Access to 1,3-Disubstituted Phthalans, Utpal Nath, Deepan Chowdhury, Subhas Chandra
Pan  (Accepted manuscript in Advanced Synthesis & Catalysis, DOI:
10.2002/adsc.201701518).

Conferences attended:

« National Conference on Frontiers in Chemical Sciences (FICS-2012), December 2-3,
2012, Indian Institute of Technology Guwahati, Guwahati, India (poster presented).

«  XII"™ J-NOST Conference for research scholars (J-NOST-2016), November 24-27, 2016,
CSIR-Central Drug Research Institute, Lucknow, India (poster presented).

» International Conference on Chemistry for Human Development (ICCHD-2018), January
8-10, 2018, Heritage Institute of Technology, Kolkata, India (poster presented).

219

TH-1722_11612244



