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Preface and Motivation

Direct organocatalyzed asymmetric reaction along with enamine formation found
its discovery after many scientists envisioned the importance of weak interactions
involved in antibody catalyzed reactions. The very first utilization and demonstration of
the combination of covalent and non-covalent (weak interactions) interactions of
organophosphine and amino acid catalyst in the intra-, intermolecular reactions and
many cyclization, cycloaddition began the revolution of organocatalysis. The
development and growth of asymmetric organocatalysis has become immense in the past
decade due to the multi-tasking ability and these are usually cheap to prepare and
readily accessible in a range of quantities, suitable for small-scale reactions to
industrial-scale reactions. Nevertheless, asymmetric reactions include thiourea activated
Michael reactions, amine activated Diels-Alder reactions through iminium or hydrogen
bonding activation and nucleophilic phosphine catalyzed cycloadditions through
zwitterion formation and many more, discovered based on the construction of covalent
and non-covalent interactions from organocatalysts. All these catalysts together to allows
the chemical transformations under mild reaction conditions in environmentally friendly
and provides straightforward access to enantiopure products and it has been well
explored in the past decade.

The present thesis entitled “Development of Organocatalytic [3+2]- and [3+3]-
Cycloadditions and Michael Reactions” describes the fully functionalized five membered
drug-like molecules synthesis through organophosphinecatalysis. We have designed the
syntheses of several biologically active nitrogen heterocycles through 1,3-dipoles and
neighbouring group participation in sequential reactions. In all sections, a brief
introduction is provided to keep the present work in proper perspective. The compounds
are sequentially numbered (bold) and references are marked sequentially as superscript
and listed at the end of the thesis. All the figures included in the thesis were obtained by
DIRECT PHOTOCOPY OF THE ORIGINAL SPECTRA, and in some of them
uninformative areas have been cut to save the space.

The first chapter demonstrates a novel approach for the synthesis of highly

substituted 5-alkylidene-2-cyclopentenones through the triphenyl phosphine-catalyzed
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self annulative dimerization of ynones with moderate to good yields and high
selectivities. In this protocol, ynone acts as both C2 and C3 synthons, which undergo [3
+ 2]-annulative dimerization via in situ generated zwitterion intermediate under mild
conditions. Many cyclopentenones have found wide range of applications in biological,
medicinal and organic chemistry and also serve as intermediates in many synthetic
transformations.

The second chapter demonstrates a novel approach to the one-pot, three
component reaction of the amino acid-catalyzed [3+2]-cycloaddition for the synthesis of
medicinally/materialistically important poly-functionalized spiroindane-1,3-dione-
pyrazolidinones from indane-1,3-diones, aldehydes and N,N-cyclic azomethine imines
and also we demonstrated the scope of new two component click reaction of
azomethineimine-olefin [3 + 2]-cycloaddition for the synthesis of drug-like spiroindane-
1,3-dione-pyrazolidinones by using many examples with high reactivity, selectivity and
yields.

The third chapter, fascinating to study the [3+3]-cycloaddition of p-quinols with
1,3-dipoles of azomethine imines to construct six-membered tricyclic oxadiazines
molecules. This catalytic [3+3]-cycloaddition afforded the biologically relevant products
of tricyclic-oxadiazines in very good to moderate yields with excellent diastereoselectivity
under the catalytic amount of brensted base. The advent of p-quinols brought the
prospect of a complementary mode of catalytic [3+3]-cycloaddition for synthesis of
heterocyclic molecules, with the potential for savings in cost, time and energy, an easier
experimental procedure.

The fourth chapter demonstrates a novel approach for the asymmetric synthesis of
highly substituted dihydroquinolines through organocatalysis, where the neighboring
ortho-amino group engaged sequential Michael/amination/dehydration reactions on (E)-
2-(2-nitrovinyl)anilines with cyclic and acyclic f-keto esters in the presence of a catalytic

amount of Rawal’s quinidine-NH-benzyl squaramide followed by TFA.
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Development of Organocatalytic [3+2]- and
[3+3]-Cycloadditions and Michael Reactions

1. ABSTRACT

In chapter 1, we have developed a novel umpolung [3+2]-annulative dimerization of
ynones to synthesize functionally rich 5-alkylidene-2-cyclopentenones. There are many
biologically active molecules which contains alkylidine cyclopentenone as their core skeleton.
It acts as a building block for several natural products due to the possibility of a wide range
of functionalizations at the enone motif. There is a need for the development of
straightforward, simple and flexible synthetic protocol for accessing 5-alkylidene 2-
cyclopentenones. Thus, we have developed a new protocol for the direct synthesis of 5-
alkylidene-2 cyclopentenones through the triphenyl phosphine-catalyzed umpolung [3+2]-
annulative dimerization of ynones. Herein, ynone acts as both C2 and C3 synthons, which
undergo [3+2]-annulative dimerization.

In chapter 2, we explored a new click reaction which is useful in many aspects of
organic chemistry. We were interested to know about N,N-cyclic azomethine imines, stable
and quite readily accessible 1,3-dipoles, which have been successfully utilized in 1,3-dipolar
[3+2]-cycloaddition reactions for the construction of structurally diverse N,N-bicyclic
pyrazolidinone motifs. Herein, we reported an organocatalytic [3+2] cycloaddition of
azomethine imine-olefin with different aldehydes, indane 1,3-diones and N,N-cyclic
azomethine imines through amino acid-catalysis. This organocatalytic reaction excelled itself
in terms of reactivity, selectivity and yields. It became one of the versatile click method for
the synthesis of drug-like funtionalized spiroindane-1,3-dione-pyrazolidinones from simple

precursors through amino acid catalysis.

In chapter 3, we have synthesized agrochemically useful tricyclic-oxadiazines, which
are structurally important and functionally rich. Despite of their structural simplicity,
p-quinols (4-alkyl-4-hydroxy-2,5-cyclohexadienones) and their derivatives always had a vast
potential as significant building blocks in the synthesis of several natural products such as
cleroindicins C, D, and F, (—)-mesembrine, and clerobungin A. Thus, by choosing p-quinols
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as our starting material we succeeded in synthesizing functionally rich tricyclic-oxadiazines
through straight forward Bregnsted base-catalyzed [3+3]-cycloaddition with differently
substituted azomethine imines. This catalytic [3+3]-cycloaddition resulted in the biologically
relevant products of tricyclic-oxadiazines in very good to moderate yields with excellent
diastereoselectivity. The reaction has proven itself in terms of atom economy, chemo- and

stereoselectivity.

In chapter 4, we developed an asymmetric method to synthesise highly functionalized
1,4-dihydroquinolines in an optically pure form from N-protected-(E)-2-(2-nitrovinyl)anilines
with p-keto esters through enolate-catalysis. This general approach to the asymmetric
synthesis of highly substituted 1,4-dihydroquinolines was achieved through neighboring
ortho-amino group engaged sequential Michael/amination/dehydration reactions on (E)-2-(2-
nitrovinyl)anilines with cyclic and acyclic S-keto esters in the presence of a catalytic amount
of Rawal’s quinidine-NH-benzyl squaramide followed by TFA. We succeeded in synthesizing

enantioenriched and highly functionalized 1,4-dihydroquinolines.

2. INTRODUCTION

Asymmetric synthesis is one of the important branch in chemistry. In that, catalytic
asymmetric cascade or domino reactions are widely used for the synthesis of valuable natural
products which involve the construction of new C-X (X=C, N, O, S, halogen) bonds. As a
result, there are many methods available for C-X bond formation, which mainly proceeds
through one of the following pathways such as Aldol, Mannich, Michael, aminoxylation,
Henry and cycloadditions. However, stereoselective C-C bond formation is of utmost
importance in organic chemistry and fascinate synthetic chemists. Over the past few decades,
many chemists made their tremendous contributions for stereoselective C-C bond formations
through organocatalytic cycloaddition and Michael reactions. Among those reactions,
organocatalytic cycloaddition and Michael reactions have drawn special attention in synthetic
chemistry community because of their easy handling and advantages in synthesizing various
complex molecules in high enantioselective manner which are useful in synthesizing

biologically active compounds.
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The research work discussed in this thesis deals with three different parts as shown below.
)} [3+2]-Cycloaddition through organophosphine catalysis.
i) [3+2]- and [3+3]-Cycloadditions through amino acid/base catalysis.
i)  Asymmetric Michael reaction through organocatalysis.
We have given brief introduction on each subdivision of above research areas from the past

decade developments in next section.

2.1) Bref Introduction for Cycloadditions through
Organophosphine Catalysis:

In the last decade, the chemistry community was in a huge need for the synthesis of
bioactive compounds by using simple and multi-functionalized/multicomponent starting
substrates. In that point of view, enone and ynone analogues are structurally important
because they are found in many synthetic and naturally occurring compounds, due to their
interesting reactivity’s. Therefore, in many reactions such as aldol reaction, Michael/aza-
Michael, Diels-Alder and cyclizations, enone and ynone moieties have shown high regio-,
chemo-, enantio- and diastereoselectivities due to their versatile reactivities. Traditionally,
ynone moieties have proven their worth in enzymatic, metallic and organocatalysis. More
recently, organophosphine catalysis has emerged as a useful and eco-friendly strategy for the
synthesis of different compounds in many recent competitive research areas. Most
importantly, in various asymmetric organophosphinecatalysis, conjugate addition of catalytic
amount of phosphorus plays a prominent role. In many cases, addition, non-stabilized
zwitterion formation and elimination are well known steps in organophosphine catalysis for
the construction of new C-C and C-X (N,O,S,P) bonds in target synthetic molecules. Most
importantly under organophosphinecatalysis, ynones have shown unprecedented reactivity,
which is famous in many cycloaddition and cyclization for construction of new C-C bond
containing highly chemo-, stereoselective five and six member hetero and carbocyclic rings

under catalytic conditions.
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Reactivity of organophosphine catalysis
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In 2002, Tomita and co-workers synthesized carbocyclic five-, six-membered ring
fused motifs  from aliphatic diyne-diones and yne-diones through
phosphinecatalyzedintramolecularzipper cyclization with high regio- and diastereoselectivity
by generating two new stereocenters. Herein, authors designed a novel method of cyclization
of diyne monomers by using simple phosphine-catalysis. However, in this tandem reaction,
at first phosphine nucleophile attacks ynone 1 (mainly on symmetrical substrates) via
conjugated addition which results in zwitterionic intermediate, which further undergoan
intramolecular proton migration from a-methylene to produce the enolate 4. Subsequently,
intermediate enolate 4 nucleophilically adds to the carbonyl group and produces alkoxide
intermediate cis-5 and trans-5. (Based on PM3 molecular orbital calculations of model
compounds, in which all cis-5 forms are thermodynamically more stable than trans-5 forms).
The cis-alkoxide intermediate 5 then undergoes an intramolecular addition to produce cis-6,
which eventually gave bicyclic products 3 via intramolecular proton migration and

elimination of phosphine 2a respectively as shown in eq. 1.1

(0]
R! 0 H
N n-BusP
R2 (20 mol%) 2a — )n (1)
—» 1
o " THF, RT RE 07
1 3
R' = Ph, n-Bu 6 examples

up to 73% yield
K 2a 2a %
® 0 (0]
® RsP H ® H
’
PSS " ‘\% RT O
R? R?

4 R? 5 6
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In 2010, Fu and co-workers envisioned the synthesis of an important intermediate i.e.
functionalized diquinanes moieties, which are biologically and pharmaceutically important
from acyclic precursors. In this report, authors used the strategy of Tomita zipper cyclization
for the synthesis of diquinanes 8 products from simple ene-yne substrates. However, the yne-
enone 7 substrate has undergone Tomita zipper cyclization, and surprisingly gave the enolate
intermediate 9, which further underwent an intramolecular Michael addition rather than an
aldol reaction, eventually resulted in a single diastereomer 8 containing two new rings and
three new stereo centers with excellent yield. Furthermore, the same strategy was applied for
developing five and six membered ring systems with an additional stereocenter promising

excellent yields and stereoselectivity as shown in eq. 2.2

Q H
n-Bu3P
// ) 2 (20 mol%) 2a o — \R2 @)
R! = >
Rozc/\/ CHzchi/TEtOAc ro,d! H
8
7 13 examples
R'=Ph, Cy up to 89% yields
R = Me, Et up to >20:1 dr
K 2a 2a *
®
RP_ S H R
R1 ~ —> N
< A= \\' - (N R i i
H RO,C H
X 2
RO,C RO,C
9 10 11

In 2013, our laboratory developed an unprecedented [3+2]-cyclization reaction for
synthesis of simple and novel functionalized five-membered spiroxindoles analogs through
chemo- and stereoselective phosphine catalysis via Tomita zipper cyclization (TZC) as a key
step. However, the intermolecular Tomita Zipper cyclization between ynone 12 and
unmodified olefin 13 is not known for spirocarbocyclic synthesis. Herein, our laboratory
performed one-pot synthesis through organophosphinecatalyst, olefin and ynone, which
furnished the highly functionalized spirooxindoles 14/15 in good yields (up to 85%) and
excellent stereoselectivities (up to >17:1dr, and up to >99:1E/Z) as shown in eq. 3. Here,

zwitterion intermediates 16a/16b were confirmed by 3!P NMR analysis under the catalytic

5
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amount of phosphine. Which is treatment with substituted olefins 13 gave highly
functionalized regio- and stereoselective spirooxindoles 14 and 15. The high selectivity of
TZC is due to in situ generated (Z,Z2)-enolate, which makes strong electronic (CH-n)
interactions with olefins 13, which was confirmed by the control experiments and also X-ray

structure analysis.

1
R2 23 R§ O 1
/ (p-FCgHa)sP 2b R3e R
0 S o —(20mol%) @i w, @i 3)
4,/ N DCE (0.2 M) i I~ % Z \
R' R Pg RT Fl’g R
12 13 14
Ar = Ph, 4-MePh R2 = CN, CO,Me,CO,Et 32 examples
R'=H, Me, Et R3 = CN, COEt, Ph, H up to 85% yield

up to >17:1 dr
up to >99:1 E/Z ratio

R* = 5-F, 5-Cl, 5-Br
Pg = Boc, MOM

CN
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Over the past few years, use of nucleophilic phosphine-catalyzed annulation reactions
was attracting the chemistry community for wide spectrum of their biological activities of the
products formed. Earlier, from our lab, we developed a highly functionlized five-membered
spirooxindoles by using ynones and modified isatin moieties through Tomita zipper-
cyclization (TZC) strategy. Further in continuation of our work, In 2016, we reported a metal-
free, in expensive, novel and green technology for the synthesis of functionalized drug-like
cyclopentanone-fused benzosultams using organophosphinecatalysis. In this report we have
utilized the concept of Tomita zipper-cyclization for the synthesis of various benzosultams
25/26 products from commercially available ynones 12, modified cyclic N-sulfonyla-
iminoesters 23, PPhs 2c and CH3CO:H 24a as shown in eq. 4.*

PPh;
20 mol%) 2¢
0 ( mo 0) Iolzlo Pl,/o RZ
n.o CH3CO2H §? s? P
Q S 20 mol%) 24a N/ R? + N
=R+ N R? R? (4)
R3 DCE (0.2 M), RT EtO,C 0 EtO,C o
R CO,Et R! R!
12 25 18 examples
23 up to 95% yield 26
R' = H, Me, Et R3= Cl, Me, OMe up to 11.1:1 dr

R? = Ph, 4-MePh, 4-FPh

PR3 2c —\ 0
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In 2007, Yu and co-workers studied the role of a trace amount of water in
phosphinecatalyzed [3+2]-cycloaddition of allenoates 30 and alkenes 31. In this report,
authors disclosed the theoretical and experimentally studied an amount of water existing in
[3+2]-Cycloaddition system plays an important role in the process of [1,2]-proton shift.
However, first in Lu reaction under phosphine catalysis form zwitterionic intermediate of all
enoates is slightly exothermic in the gas phase. Which is subsequently react with acrylate to
generate ring-closer intermediate via Michael addition stepwise process with very close
energy in gas and solution phase. The formation of zwitterionic intermediate 34 from 33
which is exothermic by 13.9 kcal/mol. So, the formation of 34 is not favorable
thermodynamically. Then intermediate 34 convert to 35 via [1,2]-proton transfer and its
activation free energy is 39.3 kcal/mol and 39.6 kcal/mol in the gas phase and in benzene
solution. Which indicate that the formation of 34 to 35 step is not favorable kinetically.

Finally, with these results the Lu [3+2]-cycloaddition are usually performed at rt as shown in

eq. 5.°
E
R! H
\ PPh; 2¢
' Ty —— (5)
R? CO,Et Benzene
R' R2=H E = CO,Me
r E E
\\@/,
CO,Et
e Sl W)
3 PhsP®  COEt  Ph,p®  CO,Et
33 34 35

In 2016, Ramasastry and co-workers developed a y [C(sp®)-H]-functionalization of
ynones for the synthesis of new five-membered contain heteroarenes through
organophosphinecatalysis. Which are prevalent in several bioactive natural products and
pharmaceutically important. In this report, authors were studied nucleophile phosphine react

with designed ynones to generate zwitterionic intermediate 38a/38b by the activation of
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v [C(sp®)-H] ynone 36, which involves intramolecular [1,5]-proton migration to furnish
heteroaryl-based ortho-quinodimethane (0QDM) 39a/39b. Which is eventually gave
cyclopenta-fused heteroarene product 37 via intramolecular cyclization subsequent [1,2]-
proton shift and elimination of phosphine 2d respectively with good yields and excellent

stereoselectivities as shown in eq. 6.°

g
PCys, (10 mol%) 2d >
7 R DCM, RT 7 R
36

37

Z=NR, O,S 36 examples
up to 95% vyield
up to 98:2 E/Z
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2.2) Brief Introduction for [3+2]- and [3+3]-Cycloadditions through
Amino acid/base Catalysis:

In 2003, Fu reported 1,3-dipolar cycloaddition of modified azomethine imines and
terminal alkynes in the presence of chiral Cu(l)/ligand 44/45 catalyst, which proceeded highly
enantioselective manner to produce nitrogen fused heterocyclic compounds via in situ
generated Cu(l)-acetylide. As a part of screening, authors investigated the reaction with
variety of Cu(l)/ ligands and unfortunately got very poor selectivity. Surprisingly, in case of
Cu(l) 44/45 catalytic condition, cycloaddition took place smoothly to give corresponding
hetero-cyclic products 47 with excellent yields (up to 100%) and high enatioselectivities (up
to 96% ee) in DCM at rt as shown in eq. 7.7 In this report, various aromatic, hetero aromatic
and aliphatic substrates with respect to the azomethine imine 42 and terminal alkynes 43 were

found to be well tolerated by Cu(l)/45 catalytic condition.

o e
0 : Me

[e fNe + ||| 5 % Cull5.5% 44145 {Er;l \_gt | OMMe e
Nig 0.5 equiv Cy,NMe 46 N ! pi? :

R1
QR CH,Cl,, RT 47 R : Me ,l_-e Me
42 43 ! ) :
15 examples . M Me !
R =Ph, 0-FCgH, R'=CO,Et, CO,Me up to 100% yield © i
Cy, n-pentyl Ph, n-pentyl up to 96% ee : 45 Me

In the past two decades, the number of organocatalyzed reactions increased due to
easy availability of catalysts. For example, Chen and co-workers developed an
organocatalyzed stereoselective cycloaddition in 2006, which deals with the [3+2]-
cycloaddition of a,4-unsaturated aldehydes 48 and azomethine imines 42 for the synthesis of
enantioselective chiral bicyclic derivatives 50/51 under amine 49 catalyst with combination
of acid 24b as a additive. During the mechanistic investigation, they found o, a-diarylprolinol
catalyst forms (E)-iminium or (Z)-iminium isomer intermediates with cinnamaldehyde 48,
which then attacks azomethine imine 42 with high selectively to generate bipyrazolidin-3-one

derivatives with excellent enantioselectivity (up to 97% ee, up to 98:2 exo:endo) and

10
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excellent yields (up to 95%) under 10 mol% of TFA 24b and 10 mol% of 49 in mixture of

solvents (THF+H.0) at rt as shown in eq. 8.8

]
CHO 10 mol% 49 % R o R
® 1 TFA (10 mol%) 24b N N
N > (| )=cHO + I:>—CHO ®)
u i 1 ml THF+ 6 uL H,0 N—/
o R T
R .8 20°C 50 51
R = Ph, p-MeOCgH; R'=Ph, Me, n-pr (""" 7777"77"777"777y . 13 examples
0-CICgH,, n-pr n-Bu, i-pr . F3C CF3 . up to 95% vyield
E O CF.. up to 96% ee (exo)
' O 3 up to exo:endo 98:2
OH -
. CFs
, 49 ‘

Chen and co-workers recently established the use of bifunctional organocatalysis in
[3+2]-cycloaddition for the synthesis of new chiral five-membered fused heterocyclic
molecules. Herein, particularly the catalyst has a Bronsted acidic site and Lewis basic site in
one molecule which activate starting substrates (electrophile and nucleophile) for the
formation of highly selective heterocyclic rings. However, the cycloaddition of 2-cyclohexen-
1-one 52 and azomethine imine 42 under primary amine 53 catalysis in combination with
TIPBA 24c resulted in the products 54 with excellent enantioselectity. After these interesting

results, authors realized that, primary amine part of the catalyst activated 2-cyclohexen-1-one

R
H
[-/( (10 mol%) 53 R N
TIPEA (20 mol%) 240 N ©)
THF, 4 °AM.S,, Ho b
QO

40°C, 18-120 h

22 examples

R = Ph, p-MeOCGH4 n=0,1,2 up to 99% vyield
2-furanyl, n-pr up to 95% ee
_ = _
o on
! O:é;o :
i 24c :
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by the formation of ketiminium ion and aromatic hydroxyl group of catalyst activated
azomethine imine through hydrogen bonding to leads intermediate 55, which can judge
selectivity and yield of the product. Finally, researchers observed 10 mol% of derived
cinchona alkaloid 53 and 20 mol% of TIPBA 24c additive at 40 °C in THF provided excellent
stereoselectivities (>99:1dr, up to 95% ee), yields (up to 99%) with broad spectrum of

substrates in 1,3-dipolar cycloaddition as shown in eq. 9.°

In 2011, Risong Na et al. described variety of [3+2]- and [3+3]-annulations by active
azomethine imines and allenoates through organophosphine catalysis for the synthesis of
different N,N-fused heterocycles such as tetrahydropyrazolo-pyridazinones, -diazocinones
and -diazepinones. All these reaction were performed smoothly under mild nucleophilic
phosphinecatalysis. In this communication, 20 mol% of PBusz 2a nucleophilic catalyst
actively interacted with substituted azomethine imines 42 and ethyl 2-methyl-buta-2,3dinoate
to afford [3+2]-annulation products 57 (tetrahydropyrazolopyrazolones) with moderate to
excellent yields (up to 97%) as shown in eq. 10.1° Upon further investigation, [3+2]-
annulation of substituted allenoates 56 with azomethine imine 42 in the presence of 20 mol%
of PMe3 2e afforded five membered N,N-fused heterocyclic tetrahydropyrazolopyrazolones
58 derivatives in excellent yields (up to 99%) as shown in eq. 10.1°

0]

( EN Me
n-BusP (20 mol%) 2a N
3P ( o) » N CO,Et
CH,Cl,, RT 57

o R
RS . 20 examples
o R'/Me up to 99% yield
<®,N >=
Nt = (10)
Q R CO,Et
R 56 N
42 MesP (20 mol%) 2e N
R = Ph, p-MeOCgH, R'=Ph, p-CICzH > —
p-MeOCgH, p-ClCeH, CH,Cl,, RT )\7/< CO,Et
n-Bu, cyclohexyl Me, i-Pr, vinyl R
R2R3=H >8
’ - R = p- N0206H4

13 examples
up to 99% yield
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In the subsequent communication by Shi and co-workers reported the synthesis of
chiral N,N-bicyclic pyrazolidin-3-one derivatives containing four consecutive stereogenic
centers by utilizing NGP (Neighbouring group participation) concept in the presence of
phosphoric acid. In this communication, the chiral phosphoric acid 60 catalyst form dual
hydrogen bonding interacted by azomethine imines 42 and derived o-hydroxystyrenes 59, in
which hydroxyl group played important role in the designed asymmetric inverse-electron
demand 1,3-dipolar cycloaddition (IED 1,3-DC) for excellent stereoselective synthesis of (up
to >95:5 dr, 88:12 er) of N,N-fused pyrazolidin-3-one products 61 via in situ generated

transition intermediates 62 and 63 as shown in eq. 11.1

0 20 mol % 60, N(};o
~N
) R! 4°A MS 18 examples
—_— " i
(ﬁ,N + R u;Me up to 76% yield (1)
| OH
kR
42 59

1,3-F2CeHy > _OH upto88:12er
45°C, 48 h ©/ up to >95:5 dr
R =Ph, 2-naphthyl, R = Me, Et 61 TTTTTTTI ey
m-N02C6H4 ! ,
60
B \_/
| \
0---—H )
/ o RN
N 9)
@, '/— puy —_—
N
S\
B 62

In 2014, Guo and co-workers demonstrated the preparation of new five member N,N-
fused heterocyclic compounds 65 from active azomethine imine 42 and (2)-1,2-
bis(phenylsulfonyl)ethylene 64 using a mild organophosphinecatalyst in DCM at rt. By this
method, all derivatives such as electron donating, electron withdrawing and different hetero-
rings on azomethine imine were successfully tolerated by phosphine catalyst 2f to afford
[3+2]-cycloadduct with excellent yield (up to 93%) as shown in eq. 12.1 However, these
heterocyclic compounds 65 contain two phenylsulfonyl groups which are essential because
of the possibility of their easy transformation into variety of functional groups by simple

traditional methods with moderate to good yields.

13
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(—( SO,Ph
MePPh, (20 mol%) 2f
ﬁ,N@ + || ePPh, (20 mole) 2t

u SO,Ph  CHxCly, 25°C, 48 h
R
42 64
R = Ph, 2-naphthyl,
2f
5 SOzPh /A/—\N
@
MePh,P SOzPh
66

Introduction

o) SO,Ph

SO,Ph (12)

|
N
R
65

22 examples
up to 93% yield

2f \1

QQ\,
MePhZP} SOzPh

SO,Ph
7 2

In 2007, Scheidt and co-workers disclosed the intermolecular [3+3]-cycloaddition of

68 and 69 by using N-heterocyclic carbenes 70. In this report, the «,-unsaturated aldehydes

69 reacted with azomethine imines 68 to afford fused-heterocyclic pyridazinones 72 in
excellent yields (up to 94%) and excellent diastereoselectivities (>20:1 dr) as shown in eq.

13.13 However, in NHC catalysis, there will be formation of a carbene in the presence of base

71a (DBU 20 mol%). This carbene interacts with aldehyde to form Breslow intermediate,

Which then adds on to the azomethine imine generating an enol which eventually forms

pyridazinone followed by elimination of NHC catalyst through formation of

R =Ph, m-MeOC¢H, R1*=
p-FPh, cyclohexyl

(0]

(20 mol%) 70
DBU (20 mol%) 71a

CH,Cl,, 40 °C, 2 h

69
15 examples
Ph, p-CIPh, up to 94% yield
m- MeOC6H4 up to >20:1 dr
o _
Ph CHjy
/{/\]’N\HH:;C
H l%ph (I)
H N CHj3
ST
Hp,c-N 1
73

S,
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enoltautomerization, heteroazolium intermediate and intramolecular acylation reaction
sequence as shown in eq. 13.

In 2011, Risong Na et al. described variety of [3+2]-annulations. Further extension of
this work proceeded through the reaction of substituted allenoates 74 (ethyl 2,3-butadinoates)
with azomethine imine 42 under 20 mol% of PBuz 2a, which interestingly provided [3+3]-
annulation products 75 in moderate yields along with several multiple spots (unknown
products) as shown in eq. 14.1° Later, they showed their interest in solving the multiple spots
which formed in the above reaction. Eventually, with the assistance of X-ray crystallography
and NMR data, they confirmed the unknown products as the equilibrium mixture of the 1-
oxo-2,3,5,6-tetrahydro-1H-pyrazolo[1,2-a][1,2]-diazocine 76 derivative and the 1-oxo-
2,3,5,10-tetrahydro-1H-pyrazolo[1,2-a][1,2]-diazocine 77 derivatives forms via [3+2+3]
cycloaddition. In this unprecedented tetrahydropyrazolodiazocinones 76/77 provide excellent
yield (up to 92%) by 20 mol% of PCys 2d in mixer of solvents (CH2Clz/benzene 4:1) at 0 °C

as shown in eq. 14.

O
BU3P
(20 mol%) 2a N R R = p-NO,CgH,4
— N’ 3 examples
CH,Cl,, P up to 36% yield
o 40°C, 36 h R
14
(ITID'N + 2>= o
’i R CO,Et CysP o CO,Et . \\-COEt
R N
(20 mol%) 2d Me —+ \
42 74 > N / © N / Me
1 . CH,Cly/benzene 4:1 “CO.Et
R =Ph R' = Et, i-Pr, t-Bu 0°C 120 h R 2 R CO,Et
R?*=H ' 76 77
17 examples

up to 92% yield

In 2013, Wang and co-workers documented an asymmetric synthesis of substituted
1,2,4-triazinane skeletons by cross 1,3-dipolar cycloaddition. In this report, they have
disclosed the first Cu'/t-Bu-Phosferrox complex as a catalyst by cross 1,3-dipolar
cycloaddition between azomethine imine ylide 42 and in situ generated pyrazolidinium ylide
78 for the construction of pyrazolidinone ring contain N,N-fused 1,2,4-triazinane 80
frameworks with excellent yields (upto 94%) and enantioselectivity (up to 97% ee) in DCM
at -20 °C as shown in eq. 15.1* Herein, they investigated the selectivity of the product with

the help of in situ formed ylide which coordinated with Cu'/t-Bu-Phosferrox 79 complex

15
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to generate an active species which approaches azomethine imine 42 with exo selectivity to
form metalloazomethine ylide. Finally chiral 1,2,4-triazinane scaffolds were obtained via
Mannich addition, in situ zwitterionic intermediate formation and intramolecular cyclization

sequence respectively.

0 R il
COMe  cyi/L (5 mol %) 79 = ,CO,Me | |
o + L M,</;N/\\’ i <1*O\ Qe
N. _NH ! 'TMe!
1§ /( CHCly, Y = p\P’\:] Me |
R - -20°C,18-24h O R L Fe by :
42 ’s 80 > :
. 24 examples ' i
R = Ph, 2-naphthyl, R1 = Ph, 3-pyridyl up to 94% yield | L 5
p-MeOCgH, p-NO,CgHy up to 98% ee . Cul = CuBF, E
5 79 !

_____________________

In 2013, Zhu et al. developed a novel method for base-catalyzed [3+3]-annulation for
the synthesis of spirooxidoles. The annulation of azomethine imines 42 and 3-
isothiocyanatooxindoles 81 gave excellent yield (up to 94%) and diastereo selectivities (up to
>20:1 dr) under mild conditions (1 mol% Et;N 71c and CHCls at rt) as shown in eq. 16.%°
This interesting result further extended to various synthetic transformations by methylation

and ring opening to form interesting products with good yields.

(@) R3
SN
N 16 examples
ELN (1 molt) T1e R A up lo 2201 dr
3N (1 mol%) - a&g up to 94% yield
CHCl3 N
o NCS R'
R3 R2 82 (16)
e E—
r(g'N N N 0 COOR
N\ R! SqN
L) . Y N 3 examples
42 81 EtzN (1 mol%) 71(:> R2 HN . up to 12:1 dr
R =Ph, p-CICgH, R'=H,Bn CHCI4/ROH (10:1) =g P10 93%ield
R3=H, Me RZ=H, F, Me N
R1
83
In the same year, Wang and Co-workers developed DABCO-catalyzed

diastereoselective [3+3]-cycloaddition of azomethine imine 42 react with 1,4-dithiane-2,5-

diols 84 for the synthesis of N,N-fused heterocyclic molecules. Here the dimeric form of

16
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mercaptoacetaldehyde activated by tertiary amine of DABCO 71d, which leads to attack
azomethine imine 42 and subsequent intramolecular cyclization to give highly functionalized
sulfur containing six-membered dinitrogen fused heterocycle 85 with good yields (up to 96%)
and excellent diastereoselectives (up to 20:1 dr) fashion in the presence of DABCO (1mol%)
71d in MeOH at rt as shown in eq. 17.1° The cycloadduct further treatment with catalytic
amount of p-TSA.H-0 and EtsSiH/BF3.Et,0 afforded dehydrated and reduction products with

excellent yields respectively.

OH
o OH Q
DABCO (1 mol%) 71d N
N i > A (a7
oN + g MeOH, RT NYS
\\\ R
R OH
42 84 85
17 examples
R = Ph, p-MeCgHy,, up to >20:1 dr
n-pentyl up to 96% yield

2.3) Brief Introduction for Asymmetric Michael Reactions through
Organocatalysis:

Organocatalysts have several advantages as they are robust, inexpensive, readily
available, non-toxic, highly chemo-, regio-, diastereo- and enantioselective. As a result of
their high stereoselectivity and mild reaction conditions, protective group chemistry which
results in byproducts can be avoided. Hence, asymmetric organocatalysis has become a

fascinating field in the area of Michael addition reactions.

In recent years, various research groups have been actively involved in developing
new synthetic pathways which are much better than the conventional pathways like NGP
(Neighboring group participation) in organocatalysis (or) asymmetric supramolecular-
organocatalysis by using Michael reactions as key step. In this catalysis, bifunctional
hydrogen-bonding catalysts such as urea/thioureas, cinchona alkaloids/their analogues and
phosphate-derived Bronsted acids joined the field to facilitate and enhance various

asymmetric Michael reactions. Generally, in mechanistic point of view, there will be strong
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hydrogen bonding interaction between the multifunctional hydrogen bonding catalysts and
substrates (nitro, carbonyl, imino, nitrile functionalities). This tendency of hydrogen bonding
allows us to study various asymmetric conjugated Michael addition reactions in which
bifunctional organocatalysts were used. Significantly, most of the drug molecules are highly
enantioselective molecules which can be synthesized by using the recently emerging strategy

of supramolecular-organocaralysis.

In 2009, Zu et al. reported a novel highly efficient diastereo- and enantioselective oxa-
Michael/Michael addition of 2-hydroxy cinnamaldehyde 86 with trans-g-nitrostyrene 87
catalyzed by chiral diphenylprolinol-TMS ether 88a, furnishing a highly useful functionalized
chiral chromans with the creation of three new stereogenic centers through NGP of OH. In
this paper, the authors found the combination of organocatalyst 88a (20 mol%) with the
additive NaOAc (20 mol%) 71e to be the best, which proceeded smoothly to afford chiral
trisubstituted, highly functionalized chiral chromans 89 with excellent enantiomeric excess
(up to 98% ee) and diastereoselectivities (up to 10:1dr) via aminal 91 intermediate. The
authors have done exploratory study through which they isolated and characterized the aminal
intermediate 91, which acts as an excellent nucleophile, rather than a free phenolic f~OH
group for the oxa-Michael-Michael reaction in CHCIs at rt. However, the reactions were
applicable to a variety of nitroalkenes 87 bearing electron-withdrawing or electron-donating

group’s and hetero-aryl and -alkyl groups through organocatalyzed cascade reaction. This

cHO OHC
NO A NO,
| > (20 mol%) 88a | N (18)
A | » _
| P L. NaOAc (20 mol%) 71e  /~F o~ 'R
R SoH CHCls, RT R
89
86 87 12 examples
R=H,m-cl R1=Ph, m-CICsH,, up to 85% yield
o-furanyl, i-Pr up to 98% ee
up to 10:1 dr

psa ’/\T

NN AN |\ A O

W@ — [l
COH 0

N

Sl
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reaction also was shown to have high tolerance towards different substituted 2-hydroxy

cinnamaldehydes 86 with high efficiency as shown in eq. 18.%

In 2009, our group developed enantioselective highly substituted 2-methylchroman-
2,4-diols via List-Lerner-Barbas aldol reaction under the simple amino acid catalysis through
NGP (Neighbouring group participation) of OH. The chromone moieties had resemblance
with the skeleton of various natural products and skeletons important in both medicinal and
pharmaceutical industry for the design of many synthetically important compounds with
pharmacological properties. Herein, authors have intensively developed the typical route for
the synthesis of chiral 2-methylchroman-2,4-diols 96 with excellent enantioselectivity (up to
90% ee) and high yields (up to 90%) by using the concept of NGP (Neighbouring group
participation) of OH via LLB-A/hemiacetalization reactions from commercially available
substituted salicylaldehyde 93, aliphatic ketones 94 and amino acid 88b under mild conditions

as shown in eq. 19.1

O OH
| SN
X
HO
R o)
95 —
N CHO 9 (20 mol%) (5)- 88b ) a9
+ > %
AP on H,0 (1.0 M), RT “ * HO™ N\
93 94 OH 97
R =H, m-Cl : o ! N
: w : | g 12 examples
E N ! HOT=>0 R up to 85% yield
+ H OH . = up to 98% ee
1 (S)-88b H 96 up to 10:1 dr

.............

In 2010, Ramachary et al. reported the organocatalytic asymmetric synthesis of
functionalized 2-alkoxy-2-methyl-4-nitromethyl-chromans via sequential
Michael/acetalization reactions through NGP (Neighbouring group participation) of OH. This
method provides an easy access to novel highly substituted 2-hydroxy-2-methyl-4-
nitromethyl-chromans 99/101 and 2-alkoxy-2-methyl-4-nitromethyl-chromans 103/104

compounds via in situ generated intermediate 4(2-hydroxy-phenyl)-5-nitro-pentan-2-one 100

19



Introduction

in presence of a catalytic amounts of alkaloid based primary amine like 9-amino-9-
deoxyepiquinine 88c and Ph,CHCO-H 24d. In this work, we studied acetone is activated by
the pre-catalyst primary amine moiety 88c through enamine mechanism. This reaction
involves sequential Michael and acetalization reactions of acetone with 2-(2-nitro-vinyl)-
phenols 98 using 10 mol% of 9-amino-9-deoxyepiquinine 88c and10 mol% of Ph,CHCO2H
24d as co-catalyst in DCM at 25 °C for 72 h furnishing the product 99/101containing two or
three contiguous stereocenters. In case of Michael adduct 100 it showed the existence of a
very fast dynamic equilibrium between cis- and trans-2-hydroxy-2-methyl-4-nitromethyl-
chroman 99/101 under the catalytic reaction conditions. Notably, this fascinating result
represents a novel methodology for the development of an enantioselective 2-hydroxy-2-
methyl-4-nitromethyl-chroman 99/101 and a new reactivity for amino acid or amine catalysts.
This unexpected result 100 and 99/101, further transformed into two easily separable
sequential Michael and acetalization products cis-103 and trans-104 in a 1:1 ratio with high
yields (up to 72%) and excellent enantioselectivity (up to 98% ee) via p-TSA (20 mol%) 24e
catalyzed acetalization reaction in MeOH/EtOH19 at 25 °C for 2h as shown in eq. 20.%°

[ 88c ________
0
)J\ (10 mol%) 88c 103
PhQCHCOQH RZ_OH up to 72% yleld
[0)
94 (10 mol%) 24d N (02M)102 Upto98%ee 20)
e | RO —_— +
+ DCM(0.25 M) L p-TSA
N_NO, RT.72h 100 O | (20mol%)24e  O,N
| N ” 25°C,2h
" o R A _N\wOR?
0
R = H, m-CIC¢Hs 104
p-MeOCgHs up to 44% yield
up to 91% ee
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In 2011, Ramachary and co-workers, developed a chiral drug intermediates such as 3-
alkyl-4-nitromethylchromans through Barbas-Michael and acetalization (BMA) reaction
sequence. Here, authors utilized the concept of NGP (Neighbouring group participation) of
OH on trans 2-hydroxy-£-nitrostyrene 98 with aldehydes 105 in the presence of derived amino
acid 88d and benzoic acid 24f to afford the product 106 in high yields (up to 99%), which on
further oxidation with IBX 107 or reduction with NaBH4, furnished the products108 and 109
respectively with excellent yield and enantio-, diastereoselectivity as shown in eq. 21.%°

O,N

N
IBX Z R
(1.5 equiv.) 107 | N )
CHCl; (0.1 M)  gAZ N0 0
NO2 ON_ 60 °C, 15-24 h 108
| O (20 mol%) 88d z 11 examples
A + J\ (20 mol%) 24f R up to 99% ee
Lo oo CLL wosise g,
R on " TRT.05-9h 0™ "OH 0N
98 105 106 NaBH, iR
R=H, 3-OMe, R'=Me, Et, (1.5 equiv.) | N )
5-F, 5-Cl n-Bu MeOH (0.1 M) YA “oH “oH
LR . 0°C,05h 108

D Ph 5 examples
E N ""(—Ph ! up to 99% ee

up to 99% de

In 2011, Hong et al. demonstrated the use of thiourea assembly as supramolecular-
organocatalyst for the highly enantioselective addition of 2-(2-nitroethenyl)phenol 98 to 2-
oxocyclohexanecarbaldehyde 110. Which display a convenient route for construction of chiral
1,3-spiro-2-oxocyclohexan-3,4-dihydrocoumarin 113. This reaction resulted in multiple
quaternary stereocenters and six membered heterocyclic spiro-system, with good yields (up
to 72%) and excellent stereoselectivities (up to >20:1dr) and (up to 99% ee) via in situ
oxidation of Michael-acetal adduct 111 as shown in eq. 22.2! Herein, the authors used single
bifunctional thiourea-tertiary-amine organocatalyst 88e, which activated two substrates by
forming the supramolecular assembly 114 through multiple hydrogen bonding interactions.
Neverthless, these interactions are not only enhancing the reaction rate but also improves the
enantioselectivity and gives a conventional asymmetric induction during the reaction

progression. In this commentary, among the active sites of organocatalyst, thiourea activated

21



Introduction

electrophile nitrostyrene 98 and the brensted base activated enolate of the 2-

oxocyclohexanecarbaldehyde triggered the asymmetric domino Michael-addition from the

Re-face, as shown in eq. 22.

NO
| 2 o 0 (
L H
OH R
98 110

10 mol%)

88e :

DCM

R=H, m-CIC5H3, R1 =H, p-MeOCeHg,

p-MeOC6H3

l

CF;

,,,,,

115

25°C
0.1t00.33 h

)

113
11 examples
Up to 72% yield
Up to >99% ee

Me/ Me

Ar = 3,5-(CF3)2C6H3
88e

In 2012, Ramachary et al. developed a striking enamine-based Michael reaction of

functionalized 2-hydroxy-g-nitrostyren 98 with cyclohexanone 116 under asymmetric

supramolecular-organocatalysis for the synthesis of desired hexahydroxanthenols 117. Which

is further treatment with triethylsilane and BF3.OEt> to give desired products 120/121 with

excellent yields (up to 94%) and good stereoselectivity (>99% de, >99% ee). Herein, authors

based on previous experience demonstrated the importance and use of neighboring multi-

functional groups of 2-(2-nitroethenyl)phenol 98, carbonyl group of proline (R)-88b. In which

nitro and hydroxyl group were activated by bifunctionalthiourea and proline catalyst through

multiple hydrogen bonding for the high selectivity of the Michael reaction as shownin eq.

23.22
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Et,SiH O.N
(3.0 equiv)118 N y
BF,OEt, :
(2.0 equiv)119 m
R
NO, SEANG DCM (0.1 M 0
| i (R)-88b/Bse i H 10 °C Eo rt 2)h A
0, ~ - )
| X .\ (each 5 mol%) | X X 120
R DCM (0.5 M 23
ZNon Sy RT(5h Lt 0N~ )
98 116 ’ R OH BF3.0Et, :
(2.0 equiv) 119, N X
R=H, 5-F, 5-OMe X =C,0,S 117 > R3 |

CF, DCM (0.1 M) "

4-OMe (o)
_ — 0°Ctort,0.5h
H Ar S 121
—_ NV\NJ\N CE 17 examples

Sz I I up to 90% yield
up to >99% de

> SLO\‘ // up to >99% ee
19 7 SO
O NN
1H-02\ 0
2
_H
122

TS-1 (Favorable TS)
Cyclic 19-memberd pre-TS Model
for Michael reaction through

Supramolecular catalysis (R)-88b

Ar = 3,5-(CF3)2C6H3
[Re-Re-face Approach] 88e

In 2012, Zhang et al. demonstrated an unprecedented and useful organocatalytic
reaction for the synthesis of quinolones 125 and 1,4-dihydroquinolines 126. However, this
work represents one of the most straightforward method for synthesis of polysubstituted
quinolones by reacting N-protected 2-aminobezaldehyde 123 with arylpropargyl aldehyde
124 in the presence of modified proline 88a under basic medium 71f (K2COs3) in CHCl3 at
80 °C. This tandem reaction was found to proceed via aza-Michael/aldol/aromatization
respectively to yield 125 with excellent yield (up to 99%) as shown in eq. 24.% However, the
one-pot synthesis of chiral 1,4 -dihydroquinolines by 2’-
(trifluoromethanesulfonyl)aminochalcone 123 and substituted ynals 124 under organocatalyst
((2R,5R)-diphenylpyrrolidine) 88f in toluene at 0 °C yielded the cycloadduct with excellent
yield (up to 99%) and enantioselectivity (up to 99% ee) via aza-Michael/aldol cascade

reaction as shown in eq. 24.
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1) (10 mol%) 88a m2

K,COj3 (0.1 equiv) 71f CHO
CHCl3, 80 °C LN
= R'{ P
2) silica gel, RT N R

3) TEA 71¢c, RT 125
24 examples

(0]
) (0]
i A R N /LH up to 99% yield
ZSNHR 77 (24)
123 124

HOL R

R21 =H, 6-Me, 4-CI R = Ph, 4-BrC6H4 8af (10 m0|%) 12 N eHe
R2=H, Me, Ph 2-thienyl Toluene, 0°C o R = l
R3 = p—MeOC6H4802. Tf N R

_______________________________ Tt

126
16 examples
up to 99% vyield
up to 99% ee

3
i)
>
T
333
o
>

In 2010, Yang et al. developed a highly stereoselective functionalized
tetrahydroqunolines 49 and tetrahydrochromanoquiunolines through simple organocatalytic
asymmetric cascade aza-Michael/Michael addition reaction sequence. Herein, authors have
shown that low catalytic loading of squaramide catalyst 88g was effective in activating
various 2-tosylaminochalcones 127 and a-substituted nitroalkenes 128 to yield compounds
129 with excellent yields and stereoselectivities (up to >99:1 dr, 99% ee) through
asymmetrically induced cascade aza-Michael/Michael addition as shown in eq. 25.2* The
basic nitrogen atom of the quinine moiety deprotonated 2-tosylaminochalcone 127, whereas
squaramide moiety coordinated with sulfonamide moiety through hydrogen-bonds forming
supramolecular clusters. While in situ generated nucleophile attacks on Re-face of nitroalkene
128 resulting R-configured intermediate, which was further involved in intramolecular
Michael addition through the Re-face attack, forming three stereocenters including one

quaternary center (2R,3S,4R-configured) products 129.
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(25)
TS
129

26 examples

up to 99% yield

up to 99% ee

up t0,>99:1 dr

In 2015, our group developed an efficient Michael addition reaction of E-2-(2-

nitrovinyl)anilines 131 with cyclic/acyclic ketones 116 to generate chiral functionalized

molecules 133 (chiral carbamates) through supramolecular-organocatalysis with excellent

yields (up to 99%) and excellent stereoselectivities (up to 99% de, >99% ee). These

fascinating results proceeded through in situ formation of a cyclic supramolecular self-

assembled 19-membered pre-transition state 134 as a result of combination of covalent,

hydrogen-bonding, and weak interactions among the effective catalysts and substrates in this

Michael reaction. This pre-transition state is responsible for high asymmetric induction which

was proved by experimental evidence (ESI-HRMS). However, we explored the application

of the Michael products in the high-yielding enantio- and diasterioselective synthesis of

tetrahydroacridines 133, through aminal formation/dehydration of chiral carbamate 132 by
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using brgnsted acid trifluoroacetic acid (TFA) 24b with excellent yields (up to 91%) and

excellent enantioselectivities (up to 99% ee) as shown in eq. 26.2°

02N
R)-88b/88e TFA 24b H
0 (each 5 mol%) (3.0 equiv.) TN X
T ————® Ry | (26)
DCM o 1 M) DCM (0.05 M) Z N
I
BG 0°C to25°C BG
131 116 132 133
R=H, p-CICgH; X=C,S 12 examples 12 examples
PG = Cbz, Boc up to 97% yield

up to 99% ee
up to 99% de

up to 91% yield
up to 99% ee

CF3

<N }"'COzH

H
(R)-88b

Ar = 3,5-(C F3)206H3

88e

TS-1 [Favorable Pathway]
Re-Re-face Approach through
Supramolecular Organocatalysis
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3. Organocatalytic Umpolung Annulative Dimerization
of Ynones for the Synthesis of
S-Alkylidene-2-cyclopentenones

3.1 Introduction

The cyclopentenone core is a versatile building block in natural products and bioactive
molecules due to the possibility of wide range of functionalizations at the enone motif.?
Especially, prostaglandins containing cyclopentenone unit display vast biological activities

such as anti-tumor, anti-viral, anti-neoplastic and anti-inflammatory activities (Scheme 1).2’

Scheme 1: Biologically active molecules containing alkylidene cyclopentenone scaffold.

0
o OA
N CO,Me W AO |
o P CO,Me
% Me
B 5 A Me
OH A HO B

PGA methyl ester Punaglandin IV

\ OAc
AN CO,Me
»,///\/\/\/Me
AcO
Cc
Clavulone I Leucodin

Consequently, significant attention has been focused on the synthesis of this structural
unit via Nazarov cyclization, Pauson-Khand reaction, intramolecular aldol reaction, sulfoxide
elimination followed by retro-Diels-Alder reaction, allenic cyclocarbonylation of alkynones
and others.?® However, most of these methods suffer from multistep operations or low
efficiency. Therefore, the development of a straightforward, simple and flexible synthetic
approach is highly desirable to this class of useful compounds. Recently, Zhai et al. reported
a silver-catalyzed ring-contractive rearrangement for the synthesis of 5-alkylidene-2-

cyclopentenones.?®



Organocatalytic Umpolung Annulative Dimerization of Ynones

Over the past few decades, remarkable progress has been made for the construction of
carbo- and heterocyclic compounds and natural products through phosphine-catalyzed
domino reactions.®® Overview of the previous methods revealed that activated alkenes and
alkynes have been extensively studied under phosphine-catalysis.>° Recently, the ynone motif,
found in many natural products,® emerged as a new class of highly reactive Michael acceptor
for the construction of carbo-/heterocyclic skeletons. Tomita, Fu and very recently
Ramasastry groups exploited elegant phosphine-catalyzed annulation reactions from the
single acyclic ynone precursor for the synthesis of carbocycles.® Later Shi, Huang, Guo, Yu,
Ramachary and other groups studied the annulation reactions using ynone with election
deficient alkenes, ketones and azomethine imines.®® In most of the approaches, ynones acted
as three-carbon synthon (C3),%® while it has been also utilized as four-carbon synthon (C4)*

in amine-catalysis to furnish annulation reactions.

Scheme 2: Design for the 5-alkylidene-2-cyclopentenones synthesis through umpolung

annulative dimerization of ynone.

Annulation from one acyclic precursor‘ Tomita, Fu
(0)
- X= CH EWG (27)
— <— R2 2
R X
R1

Annulation from two acyclic precursors: Huang, Shi and Ramachary

o, gg

X =0, N, CR%R*

Annulative dimerization: This work

0
——R?
R3P 2c
R'" 12 (20 mol %) (29)
+ -----------
o (i)BINOL135 R

— g2 (10 mol %)
? - DCE, 60 °C 136 136"

R" 12
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However, simultaneous generation of three-carbon synthon (C3) and two-carbon
synthon (C2) from the same molecule (ynone) under phosphine-catalysis is not known and
represents a great challenge for synthetic chemists. In continuation of our research on the
reactivity of ynones in phosphine-catalysis, in this chapter, we report the phosphine-catalyzed
[3+2]-annulative dimerization of ynones for the synthesis of multi-functionalized 5-

alkylidene-2-cyclopentenones 136 or 136" (Scheme 2).

3.2 Results and Discussions

3.2.1 Reaction preliminary optimization:

The investigations were commenced with ynone 12 using 20 mol% of PhsP 2c as the
catalyst in HPLC grade solvent of DCE at 25 °C (Table 1, entry 1). Interestingly, we observed
formation of unexpected umpolung [3+2]-annulation product 136aa instead of expected
[3+2]-annulation product 136’aa in 58% vyield after 48 h (136’aa is expected product based
on the previous work,%%3* see Scheme 2). The molecular structure of 136aa was
unambiguously determined based on NMR and single crystal X-ray structure analysis (Figure
1 and 8 respectively)®® which clearly indicate the nucleophilic attack at the a-position to keto
group of ynone.%®

Intrigued by these observations, we proceeded to optimize the reaction conditions for
improved catalytic system. Next, we carried out the same reaction at 60 °C to afford 136aa in
65% yield after 13 h (Table 1, entry 2). Reaction with the other phosphine catalysts 2b and 2g
in DCE afforded 136aa in 42 and 63% yields, respectively (Table 1, entries 3 and 4). Switching
to other HPLC grade solvents such as DCM and CHCIs gave the annulation product in moderate
yields (Table 1, entries 5 and 6). In the case of CHCI3, 2g-catalysis offered 136aa in 35% vyield
within 5 h, while extension of reaction time to 24 h decreased the yield (Table 1, entries 7 and
8). Based on the previous familiarity with this kind of reaction,*¢ we suspected that the
residual water content in the HPLC grade solvent is influencing the annulation reaction. In order
to prove that when we carried out the reaction in dry DCE as solvent, we observed very poor
yield of 136aa, indicating the ability of the residual water either to form hydrogen bond with
the carbonyl of the ynone thereby enhancing its electrophilic nature or to act as proton source
for the protonation of the in situ formed zwitterionic intermediate (Table 1, entry 9).3” However,

polar protic solvents such as '‘BuOH and 2-BuOH as solvent for annulation reaction did not do
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well (Table 1, entries 10-12). The controlled experiment carried out under identical conditions
and devoid of catalyst failed to furnish the product, despite a prolonged reaction time (Table 1,
entry 13).

Table 1: Reaction optimization.?

O
2 Q Catalyst 2 —
Ph/LCH3 + Ph/LCHs W . o) Ph i
12a 12a 136aa
i 04)b
Mot Teme Tme® Vi)
1 DCE 2c: PhsP 25 48 58
2 DCE 2c 60 13 65
3 DCE 2b:(p-FCsHa)sP 60 13 42
4 DCE 29: (p-OMeCsHa)3sP 60 06 63
5 DCM 2c 40 09 56
6 CHCls 2c 60 15 53
7 CHCls 29 60 05 35
8 CHCls 29 60 24 28
9c DCE 2c 60 13 10
10 ‘BuOH 2c 25 24 -
11 ‘BuOH 2c 60 09 32
12 2-BuOH 2c 25 24 -
13 DCE - 60 48 -

% Unless otherwise mentioned, all reactions were carried out with 12a (0.4 mmol), catalyst 2
(20 mol%, relative to 0.2 mmol of 12a) in solvent (1 mL). ? Yield refers to the column-
purified product. ¢ dry solvent used.

3.2.2 Reaction optimization with co-catalyst:

To further improve the reaction rate and yield, we investigated co-catalysts effect on
the [3+2]-annulation and the results are summarized in Table 2. Reaction of ynone 12a with
20 mol% of PhsP 2c as the catalyst and 20 mol% of AcOH 24a as the co-catalyst in DCE at
25 °C furnished 136aa in 45% yield after 24 h (Table 2, entry 1). Upon increasing the reaction
temperature to 60 °C, a decreased yield was observed (Table 2, entry 2). In the case of reaction

with 2g as catalyst and 135 as co-catalyst, observed 136aa in 28% yield after 24 h (Table 2,

30



Organocatalytic Umpolung Annulative Dimerization of Ynones

entry 3). Among other solvents screened, CHCIz and toluene resulted in 49 and 56% vyield,
respectively (Table 2, entries 4-8). When 20 mol% of PhCO2H 24f was employed as co-
catalyst, yield was detected as 43% (Table 2, entry 9). Surprisingly, a promising yield (86%)
was obtained on switching to 20 mol% of (x)-BINOL 135 as co-catalyst within 3 h (Table 2,
entry 10). By diminishing the co-catalyst loading to 5 and 10 mol% the product was obtained
in 85 and 90% vyield, respectively, within 4 h (Table 2, entries 11 and 12). In a similar manner,
annulative dimerization of 12a under the catalysis of 2c with (R)-BINOL 135c or (s)-BINOL
135c as co-catalyst furnished the product 136aa in 88% and 87% yields, respectively (Table
2, entries 13 and 14). But product 136aa was obtained with 0% ee.

Table 2: Reaction optimization.2

)
0 0 Catalyst 2
. Co-catalyst 135 e — -
—>
// Ciy // CHs  solvent ° bh
12a 12a 136aa

Solvent  Catalyst Co-Catalyst

Temp. Time (h)

(0.4M)  (mol %) (mol %) )
1 DCE 2c 24a: AcOH 25 24 45
2 DCE 2c 24a 60 10 37
3 DCE 29 24a 60 24 28
4 CHCls 2c 24a 60 20 49
5 CHCl3 2b 24a 60 20 34
6 CeHs 2c 24a 60 12 trace
7 CeFs 2c 24a 60 12 Trace
8 Toluene 2c 24a 80 15 56
9 DCE 2c 24f:PhCOH 60 09 43
10 DCE 2c 135:(+)-BINOL 65 03 86
11¢ DCE 2c 135:(2)-BINOL 60 04 85
12d DCE 2c 135:(#)-BINOL 60 04 90
13%¢  DCE 2c 135:(R)-BINOL 60 04 88
14de DCE 2 135:(S)-BINOL 60 04 g7

¢ Unless otherwise mentioned, all reactions were carried out with 12a (0.4 mmol), catalyst 2 (20
mol%, relative to 0.2 mmol of 12a), co-catalyst 135 (20 mol%, relative to 0.2 mmol of 12a) in
solvent (1 mL). ? Yield refers to the column-purified product. ¢ Co-catalyst 135 was taken as 5

mol %. ¢ Co-catalyst 135 was taken as 10 mol %. € ee obtained for the product 136aa is zero.
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3.2.3 Scope of homo-annulation:

With the optimal catalyst and reaction conditions in hand, the substrate scope and
generality of the reaction was explored (Table 3). The ynones bearing methyl group at para-
and meta-position afforded the products 136bb-cc in 53 and 60% yields within 5 and 6 h,
respectively (Table 3, entries 1 and 2). Further, the extended alkyl group (nBu) substituted
ynone 12d and MOM protected hydroxy ynone 12e were also tolerated and gave the products
in 50 and 61% yields (Table 3, entries 4 and 5). Halogenated ynones (F, CI, Br) underwent
reactions and resulted the products in 40-67% yields (Table 3, entries 5-8).

Table 3: Reaction scope.?

PPh; 2¢ 2 0O 1
—(20mol %) o R? R
/j\/ /j\/ )»-BINOL 135 =
RZ 10 mol %) R!
DCE (0.2 M),
12b-k 12b-k 50 °C 136bb-kk
OMOM OMOM
136bb (53%), 136¢c (60%), 136dd (50%), 136ee (61%),

136ff 5% 13699 67% 6h 136hh (42%) 136ii (400/0) 6h
1361] 43%), 136kk 34%

2Yield refers to the column-purified product.
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Electron-withdrawing substituted ynone 12j furnished the annulation product 136jj in 43%
yield in 8 h (Table 3, entry 9). Other substituted ynone 12k also was tolerated and yielded
136Kk in 34% vyield in 8 h (Table 3, entry 10).

3.2.4 Reaction mechanism:

A plausible mechanism is proposed as shown in Scheme 3 based on the control
experiments. Michael addition of PhsP 2c with ynone 12 generates a zwitterionic intermediate
16a, which on subsequent intramolecular [1,3]-proton migration produces 16b. On the other
hand, the generated intermediate 16a quenched with co-catalyst (x)-BINOL 135 (10 mol%) or
residual water content (0.01%) in solvent DCE results in another intermediate 137. A
nucleophilic attack of the resulted enolate 16b on 137 produces phosphonium ion species 138,
which further undergoes an intramolecular cyclization to provide the phosphonium ion 139.
Elimination of proton and PhsP 2c produces the species 140a from 139, which on further
intramolecular [1,2]-proton migration produces 140b. On subsequent elimination of PhsP 2c
and intramolecular [1,3]-proton migration produces the final annulation product 136.

Scheme 3: Reaction mechanisum.

O
— PhsP o
2c 16a

12 R

® @ @
(PPh3 Ar ® ®PPh3 Ar 2¢ Ph3F’@Ar ¢PPh,
A/éé_l{i 1,2 H-shift Ar/%i}_{ <«H A a7
“ ) R
o} R R o} H
rR N 0" H R
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_zi
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Figure-1: *H and *C NMR spectra of the product 136aa.
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3.2.5 Synthetic application of umpolung product 136aa:

With the synthetic applications in mind, we explored the utility of umpolung [3+2]-
annulative product 136aa for various organic transformations (Scheme 4). Reduction of 136aa
with 1.5 equiv. of NaBH4 in MeOH-THF (3:2) at 0-25 °C for 50 min afforded the triple (two
carbonyl and one olefin functional groups) reduced alcohols 142aa and 142'aa in 36 and 17%
yields, respectively. The structure and relative stereochemistry of product 142'aa was
confirmed by NMR analysis and also by NOESY and H, C-COSY experiments as shown in
Figures 6,7. The ketoxime 144aa was synthesized in 78% vyield by treating 136aa with
hydroxylamine hydrochloride 143 and pyridine 71g in EtOH at 60 °C for 2 h. Epoxidation of
136aa with 'BuNH 71h and H20; in THF for 7 h delivered 146aa with preferential oxidation
at the cyclic enone position in 55% yield at 25 °C.

Scheme-4. Synthetic Applications of 5-Alkylidene-2-cyclopentenone

@)
NaBH, HQ H
— (1 5 equiv.)
HsC Ph H3C ~ Ph
5 Ph MeOH+THF (3: 2) :_ H b
0 °C-RT, 50 min OH
136aa 142aa: 36% yield 142'aa: 17% yield
Q O
NH,OH.HCI 143
— (1.5 equiv.)
H3C Ph N -
5 Ph Pyridine (0.25 equiv.) 719 HO” = Ph
EtOH (0.2 M), 60 °C, 2 h CHs Ph
136aa 144aa: 78% yield
O
‘BuNH, 71h
(0.3 equiv.) +
H3C Ph . futt Ph HsC
bh H,0, (4 equiv.) 145
O THF (0.3 M), 3:1 ratio
136aa RT,7h
146aa: 55% yield
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Figure 6: NOESY spectrum of compound 142'aa (500 MHz, CDCls at 25 °C).
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Figure 7: Hetero-COSY spectrum of compound 142'aa (500 MHz, CDCls at 25 °C).
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136aa

Figure 8: X-Ray crystal structure of (E)-3-acetyl-5-benzylidene-4-phenylcyclopent-2-enone
(136aa).

3.2.6 Scope of hetero-annulation:

Interestingly, phosphine-catalyzed (+)-BINOL 135-induced umpolung [3+2]-
annulative dimerization of two different ynones 12a and 12c in DCE at 60 °C for 6 h furnished
the four annulation products 136aa/136cc/136ac/136¢a in 50% vyield with 1:1:1:1 ratio as
shown in eq. 30. Further we investigated the 2c/135-catalyzed cross annulative dimerization
of two different ynones 12e and 12g in DCE at 60 °C for 9 h to study electronic factors.
Surprisingly, we obtained two self-annulation products 136ee and 136gg in each 20% vyields
and cross-annulation product 136eg or 136ge obtained only in <6% yield were also impure as
shown in eq. 31. We did not observe any new reaction by treatment of the annulation product

136aa with catalyst 2c or 2¢/135 in DCE at 25-60 °C for long reaction times.

i 1: - O O
=~ “CHs
PPh; 2¢

12a (20 mol%) 136aa 0 136cc
— =2 »
. ()-BINOL 135 HoG (30)
0 (10 mol%) O CH, O O
DCE (0.2 M)
CH
Z ’ 60°C, 6 h
CHs 12¢ 136ac 136ca

50% yield: 4aa:4cc:4ac:4ca = 1:1:1:1
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3.3 Conclusion:

PPh; 2¢
(20 mol%)
(+)-BINOL 135
(10 mol%)
DCE (0.2 M)
60°C,9h

Organocatalytic Umpolung Annulative Dimerization of Ynones

OMOM omoMm

136ee (20%)

13699 (20%)
(31)
Cl OMOM

OO0

& O

Tt

o 3

136eg or 136ge (<6%)

In conclusion, we have developed a new protocol for the direct synthesis of 5-

alkylidene-2-cyclopentenones through triphenyl

annulative dimerization of ynones.

42

phosphine-catalyzed umpolung [3+2]-



4. Organocatalytic Azomethine Imine-Olefin Click Reaction:
High-yielding Stereoselective Synthesis of
Spiroindane-1,3-dione-pyrazolidinones

4.1 Introduction

Fascinating “Cu-catalyzed azide/alkyne cycloaddition (CuAAC) or click chemistry””®
with its distinctiveness and efficacy has given inspiration and driven many scientists into
designing a legion of organocatalytic variants of Huisgen, 1,3-dipolar [3+2]-cycloaddition
between a a-hydrogen containing carbonyls and an azide, for the synthesis of biologically,
medicinally and materialistically important 1,2,3-triazoles (Scheme 5).3° Delivery of
considerable contribution to the field of organocatalytic functionalized 1,2,3-triazole

synthesis,*® prompted us to explore more ‘organo-click’ concept reactions (Scheme 5).

Scheme 5: Organo-catalyzed azomethine imine-olefin [3+2]-cycloaddition as a new click
reaction.

Cu-catalyzed azide-alkyne [3+2]-cycloaddition as a first click reaction: Sharpless and Fokin

R+ N cu(l) N:N\N A
— 3TAr ——— —Ar
ligand R)Q/

Organo-catalyzed azomethine imine-olefin [3+2]-cycloaddition as a click reaction: This work

O

(0]
+ Arl-CHO + [ﬁ,N@ —
| Organo 0 A
o) Ar catalyst 5
147 148 42 —> N
—> N
0 O Organo =
( ( catalyst O Ar 0
— + ﬁ,N
Ar' I
149 ©

N

0]

S 150
Ar?
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We were enticed to know of N,N-cyclic azomethine imines, stable and quite readily
accessible 1,3-dipoles, which have been successfully utilized in 1,3-dipolar [3+2]-
cycloaddition reactions for the construction of structurally diverse N,N-bicyclic
pyrazolidinone motifs.** The N,N-bicyclic pyrazolidinone skeletons are not only structurally
interesting but also have been investigated as antibiotics, antitumor agents, pesticides,
herbicides, calcitonin agonists and potent drugs to relieve Alzheimer’s disease (Scheme 6).%?
Simultaneously, spiroindan-1,3-dione scaffolds are essential in medicinal chemistry as they
are used as anticancer agents.** Medicinally important spiroindan-1,3-dione scaffolds when
combined with biologically active N,N-bicyclic pyrazolidinone skeletons could result in more
potential benefits for pharmaceutical chemistry. Accordingly, we envisaged the synthesis of
the desired products containing the aforementioned two important bioactive fragments, via
either an organocatalytic three-component reaction between indane-1,3-dione 147, aldehyde
148 and N,N-cyclic azomethine imine 42 or an organocatalytic two-component reaction
between 2-arylidene-1,3-indandione 149 and the N,N-cyclic azomethine imine 42 (Scheme
5).

Scheme 6: Selected examples of biologically active N,N-bicyclic pyrazolidin-3-one

derivatives.

o
Ar IN Ar
H2 N o N
COZH 5 N\J(F
o)
Antlblotlcs - B
LY 173013 [R = COzMe] nerbicides anti-Alzheimer

LY 186826 [R = COMe]
LY 193239 [R = SO,Me] o)
LY 255262 [R = CN]

B CfcﬁJ ?@ .

ulI

T

O Ho
(@) NH )
Y © Inhibitor of Inhibitor of anticancer
HN__Me acetyl-CoA carboxylase sarco(endo)plasmic agents

reticulum CaZ*-ATPase
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4.2 Results and discussion

4.2.1 Reaction optimization:

As had planned, we embarked on the optimization studies, choosing 2-benzylidene-1,3-
indandione 149a and azomethine imine 42a as the starting materials (Table 4). Initially, being
interested to explore the reactivity of the azomethine imine 42a towards the reactive olefin 149a,
by solvent and thermal induction under catalyst-free conditions, we carried out the reaction of
149a with 1.2 equiv. of 42a in a few solvents like, CH3CgsHs, DMSO, DCM, EtOH, CHCIz and
CH3CN at 25-50 °C (Table 1). Gratifyingly, in all the solvents screened, the reaction got over
within 6-9 h to furnish the expected spiroindane-1,3-dione-pyrazolidinone 150aa with up to
81% yield and an extraordinarily steady high diastereoselectivity of >99:1, except that the yield
was very less (36%) in toluene solvent (Table 4, entries 1-6). Amid the screened solvents,
acetonitrile seemed to promote the azomethine imine-olefin [3+2]-cycloaddition, the best,
within 8 h at room temperature (Table 4, entry 6). Reactivity in chloroform is comparable to
that in acetonitrile (Table 4, entry 5). With optimized solvent in hand, in order to study the effect
of temperature on the reaction, we performed the azomethine imine-olefin [3+2]-cycloaddition
reaction in acetonitrile solvent at 50 °C and delighted to know that the temperature enhanced
the reaction rate significantly to furnish the product 150aa within 0.7 h and also without
affecting the dr of >99:1 (Table 4, entry 7). After getting sufficient enlightenment on the
reaction, with the thought of improving the yield further, we focused to comprehend the use of
certain H-bonding catalysts like 88h-88j, benzoic acid 24f, amino acid (S)-88b and a tertiary
amine catalyst DBU 71a. Using 10 mol% of thiourea 88h as catalyst at room temperature
reduced the reaction time to 5 h keeping the yield and dr the same (Table 4, entry 8). Changing
to 88i reduced the reaction time further providing only marginal increase in yield (Table 4, entry
9). With 10 mol% of Schreiner thiourea 88j at room temperature, we observed noticeable
increase in yield (88%) and the reaction too completed within 1.5 h (Table 4, entry 10). As
expected, apparently the H-bonding catalysts 88h-88j enhanced the reaction rate by LUMO
activation of benzoic acid 24f, even though the cycloaddition completed within 3 h, there was
a slight drop in the yield (Table 4, entry 11). With 10 mol% of L-proline (S)-88b at room

temperature, we obtained click product 150aa in 80% yield with >99:1 dr under longer reaction
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time (8.5 h); and same reaction at 50 °C furnished the click product 150aa in 86% yield with
>99:1 dr within

Table 4: Reaction optimization.a

Catalyst
(1 0 mol%)
Solvent (0 3 M)

42 Ph ©
Oy A A,
HzNJLNHz HH FsC N N CF4
88h 88i
CeH5CO2H Q—COZH Q/j
24f H
(S)-88b 71a
e Tmemy  VgeG» a0y
1 Toluene - 9 36 >99:1
2 DMSO - 9 61 >99:1
3 DCM - 6 74 >99:1
4 EtOH - 9 65 >99:1
5 CHCl, - 9 80 >99:1
6 CHSCN - 8 81 >99:1
e CH3CN - 0.7 87 >99:1
8 CH4CN 88h 5 81 >99:1
9 CH3CN 88i 35 84 >99:1
10 CH3CN 88j 1.5 88 >99:1
11 CH4CN 24f 3 76 >99:1
12 CH4CN (S)-88b 8.5 80 >99:1
134 CH;CN (S)-88b 0.75 86 >99:1
14 CH5;CN 71a 9 34 >99:1

9 Unless otherwise mentioned, all reactions were carried out with 149a (0.3 mmol),
42a (0.36 mmol ) in solvent at rt. ? Yield refers to the column purified product.® dr
was determined by "H NMR spectroscopy. ¢ Reaction performed at 50 °C.
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0.75 h (Table 4, entry 12-13). By correlation of these results with entry 6/7, we observed that
there is no effect of L-proline (S)-88b in these two-component reactions. Also we have not seen
any enrichment of enantioselectivity in click product 150aa obtained through (S)-88b-catalysis
at room temperature. Surprisingly, employment of 10 mol% DBU 71a as catalyst resulted in
deactivation of the reaction, thereby producing only 34% yield of the product 150aa, though
the dr remained constant throughout (Table 4, entry 14). This result was similar to the recently
reported Pengfei Li work of tertiary amine-catalyzed [3+2]-cycloaddition of 42a and 149a in
DCM solvent at 25 °C.* The best optimized condition for this two-component azomethine
imine-olefin [3+2]-cycloaddition seems to be treatment of the reactants 149a and 42a with

10 mol% of 88j in acetonitrile at room temperature.

4.2.2 Reaction optimization with three-components:

Alternatively, we were interested to study the performance of the azomethine imine-
olefin [3+2]-cycloaddition reaction under a three-component one-pot manner and opted for L-
proline (S)-88b as the catalyst for promoting the initial Knoevenagel condensation or
olefination.* Reaction of indane-1,3-dione 147 with 1.5 equiv. of benzaldehyde 148a and 1.2
equiv. of azomethine imine 42a, in the presence of L-proline (S)-88b and Schreiner thiourea 88j
each in 5 mol%, in acetonitrile at 25 °C for 1.8 h, furnished the product 150aa in 78% vyield
with >99:1 dr (Table 5, entry 1).When the reaction temperature was raised to 50 °C, the reaction
completed within 0.6 h and the yield increased to 87% (Table 5, entry 2). Astonishingly, even
when the reaction of 147, 148a and 42a was performed with just 5 mol% of L-proline (S)-88b,
in the absence of 88j, the product 150aa was obtained in 75% yield at 25 °C and in 89% vyield
at 50 °C, with the dr maintained at >99:1 for both the cases (Table 5, entries 3-4). Earlier, we
have explained that DBU 71a is deactivating the cycloaddition, and the same trend followed
even in the three-component reaction (Table 5, entry5). To investigate the catalytic power of L-
proline (S)-88b, when the reaction of 147, 148a and 42a was performed in the absence of (I)-
88b, the product 150aa was obtained in 72% yield at 25 °C in 9 h and in 75% yield at 50 °C in
5 h, with the dr maintained at >99:1 for both the cases under longer reaction times (Table 5,
entries 6-7). Results from these one-pot reactions prove that the best optimized condition for
the one-pot three-component reaction is utilization of 5 mol% of L-proline (S)-88b in
acetonitrile at 50 °C (Table 5, entry 4).
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Table 5: Reaction optimization.?

2 GHO o Catalyst G I;h
. . ®,N® (5 mol%) N
NQ CH4CN (0.3 M) N
0 Ph  25-50°C O Ph O
147 148 42 150
i I 04 )b
Catalyst Temp. Time Yield (%) dr (%)°
(mol %) (°C) (h) 150aa
1 88j/(S)-88b 25 1.8 78 >99:1
2 88j/(S)-88b 50 0.6 87 >99:1
3 (S)-88b 25 2.2 75 >99:1
4 (S)-88b 50 0.6 89 >99:1
5 7la 50 9 34 >90:1
6 25 9 72 >09:1
7 50 5 75 >90:1

4 Unless otherwise mentioned, all reactions were carried out with 147 (0.3 mmol), 148a
(0.45 mmol), 42a (0.36 mmol), catalyst 88 or 71a (each 5 mol%) in CH;CN. bYield
refers to the column purified product. ¢ dr was determined by 'H NMR spectroscopy.

4-2.3 Scope of the new click reaction:
Having set the optimization, we directed our attention for establishing the scope of the

one-pot reaction, by utilizing various arylaldehydes 148 as shown in Table 6. The reaction
tolerated a wide variety of substituents on the phenyl group of the arylaldehyde 148 and
comfortably furnished the products in good yields/selectivity. Halogen substituted
arylaldehydes 148b-148h underwent in situ olefination reaction with indane-1,3-dione 147
followed by azomethine imine-olefin [3+2]-cycloaddition reaction to furnish the products,
spiroindane-1,3-dione-pyrazolidinones 150ba-150ha in 60-81% yields with high dr (Table 6,
entries 1-7). For few cases, especially mono-substituted 4-Cl, 2-Cl, 4-Br and 3-Br
arylaldehydes were observed less dr. Arylaldehydes containing neutral substituents like 4-Me
and 4-"Pr, 150i and 150I, on reaction generated the products 150ia and 150la in 77% and 68%
yields respectively, both in >99:1 dr (Table 6, entries 8 and 11). Presence of electron donating
substituents 3-OMe and 3-OPh on the arylaldehydes 150j and 150k also did not deter the
reaction, but smoothly afforded the productsl50ja and 150ka in 86% and 74% vyields
correspondingly (Table 6, entries 9-10). Arylaldehydes with electron withdrawing
substituents, namely 4-NO,, 3-NO», 4-CN, 3-CN and 4-CFs, 150m-150q undergone the one-
pot reaction to provide the products 150ma-150qa in 64-85% yields with moderate to good
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dr for all except for 1500a (Table 6, entries 12-16). Even aliphatic alkylaldehydes 150r-150w
(both straight and branched chain) underwent the reaction to generate the products 150ra-
150wa in 60-80% yields, with all of them having > 99:1 dr (Table 6, entries 17-22).44

Table 6: Aldehyde substrate scope.?P<

(0]
O CHO O Proline (S)-88b (\FO
o X o ﬁ,N@ (5 mol%) = N—=N
I// L CHiCN (03 M) thgemAr
Fg Ph 50 °C EWG™ "EWG
147 148 42 150
( )
(F° (F° (F° (F°
N-=N N-=N N-N N-N N-N
Phn-ge-u4-F06H4 Phl--ge-u4-CI06H4 Phl--ge--lZ-CICGH“ Phl"ge--l2,4-CI206H3 Phl--ge-"4-BrC6H4
EWG™ EWG EWG™ EWG EWG"™ EWG EWG"™ EWG EWG™ EWG
150ba (81%)? 150ca (80%) 150da (70%) 150ea (64%) 150fa (76%)"
12h,dr=>99:1  1.3h,dr=81 1h,dr=71 1h, dr = >99:1 1.5 h, dr = 9:1
° (F° (F° °
N-N N-N N-=N N-N
Ph---ge---e,-larcaH4 thge-uz-Br,S-FCGHa Ph...ge--m-lvleceH4 Phu-ge--G-OMeCGH‘;
EWG"™ EWG EWG™ EWG EWG™ EWG EWG™ EWG
150ga (68%) 150ha (60%) 150ia (77%)? 150ja (86%)“
0.8 h,dr=7:1 1h, dr=>99:1 1.4 h, dr = >99:1 1.2 h, dr = >99:1
(F° (F° (F° (F°
N-N N-N N-N N-N
Ph---ge---y,-ophcew4 phu-ge--m.fprcaw4 Phl--gé-"4-NOZCGH4 F&uuge---a-NozcaH4
EWG"™ EWG EWG™ EWG EWG™ EWG EWG"™ EWG
150ka (74%) 150la (68%) 150ma (85%) 150na (64%)
1h,dr=6:1 1 h, dr =>99:1 0.7 h,dr=10:1 1h,dr=12:1
(F° (F° (F° (F°
N-N N-N N-N N-N
Phl--ge--l4-CN06H4 Phu-gé--IS-CNCGH‘; Ph...ge--m-CFBCBH4 Phl"ge'l”Propyl
EWG™ EWG EWG™ EWG EWG™ EWG EWG"™ EWG
1500a (81%) 150pa (71%) 150qa (85%) 150ra (63%)

1.3 h, dr =>99:1 1h,dr=10:1 0.7 h, dr = 25:1 1h, dr=>99:1
(F° (F° (F° (F° (F°
N-=N N-=N N-=N N-=N N-=N

Phu-gé- VPropyl Phn-y""Butyl Phn-ge- VButyl Phu-géll”Pentyl Phu-ge-l”Heptyl

EWG™ EWG EWG"™ EWG EWG™ EWG EWG™ EWG EWG® EWG

150sa (80%) 150ta (61%) 150ua (60%) 150va (68%) 150wa (70%)

1h, dr =>99:1 1h, dr =>99:1 1h, dr=>99:1 1 h, dr =>99:1 1h, dr =>99:1
“Unless otherwise mentioned, all reactions were carried out with 147 (0.3 mmol), 148 (0.45 mmol), 42a (0.36 mmol), L-
proline (1)-88b (5 mol%) in CH;CN. bYield refers to the column purified product. ¢ dr was determined by 'H NMR

L spectroscopy.? Reaction performed by two component method. )
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4.2.4 Scope of three component click reaction:

At this juncture, after demonstrating the scope of the reaction using various substituted
arylaldehydes as well as alkylaldehydes, and generating a vast library of spiroindane-1,3-dione-
pyrazolidinones, the substrate scope for N,N-cyclic azomethine imines 42 was explored as
shown in Table 7. The N,N-cyclic azomethine imines 42b-42e containing halogen substituents
on the aromatic ring, were subjected to the reaction with indane-1,3-dione 147 and
benzaldehyde 148a to produce the spiroindane-1,3-dione-pyrazolidinones 150ab-150ae in very
good yields (74-86%) with diminished dr for all, except for 150ad/150ab, where the dr
remained high (>99:1/20:1) (Table 7, entries 1-4). The electronically almost neutral p-Me group
containing 42f afforded the product 150af in 87% yield with 17:1 dr, where as electron donating
p-OMe group containing 42g generated the product 150ag in 81% yield with >99:1 dr (Table
7, entries 5-6). Even with p-NO. and m-NO: substituents, the yields obtained were good (83%
and 63%) with dr 4:1 and >99:1 respectively (Table 7, entries 7-8). The structure and relative
configuration of the products were determined by NMR analysis and further confirmed
unambiguously by X-ray structure analysis of 150ua (Figure 17).%

Table 7: N,N-Cyclic azomethine imine substrate scope.®"¢
( )

O CHO 2 Proline (5)-88b =
+ @ + ®’N@ (5 mol%) > = N-N
Nk CH,CN (0.3 M) Ar----ge---Ph
o) Ar 50 °C GWE™~ EWG
147 148 42 150
(0] (0] (0] (0]
4-CICGH4"-$8"IPh 2—CICGH4"-$8'"Ph 4—BrC6H4H-S8'"Ph 2—BrCGH4"-g8-"Ph
EWG™ EWG EWG™ EWG EWG™ EWG EWG™ EWG
150ab (74%) 150ac (79%) 150ad (79%) 150ae (86%)
1 h, dr=20:1 1h,dr=23:1 1.3 h, dr = >99:1 1h,dr=2:1
(0] (0] (0] 0O
4-MeCsH4"-$8'"Ph 4-MeOCeH4"-g2"'Ph 4-NOZCGH4"-g8-"Ph 3-N02C6H4mg8mPh
EWG™ EWG EWG™ EWG EWG™ EWG EWG™ EWG
150af (87%)¢ 150ag (81%)? 150ah (83%) 150ai (63%)
1.2 h, dr = 17:1 1.3 h, dr = >99:1 1h, dr=41 1.2h, dr =>99:1
%Unless otherwise mentioned, all reactions were carried out with 147 (0.3 mmol), 148a (0.45 mmol),
42 (0.36 mmol), L- proline (S)-88b (5 mol%) in CH;CN. bYield refers to the column purified product. ¢ dr was
\_ determined by "H NMR spectroscopy.? Reaction performed by two component method. Y,
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Figure-17: X-ray crystal structure of (1'S*,3'R*)-3"-isobutyl-1'-phenyl-6',7"-dihydro-1'H-
spiro[indene-2,2'-pyrazolo[1,2-a]pyrazole]-1,3,5'(3'H)-trione 150ua.

4.2.5 Reaction mechanism:

The mechanism of the organocatalytic three-component azomethine imine-olefin
[3+2]-cycloaddition reaction could possibly be explained as shown in the stable TS model as
represented in Scheme 7. In the first step, the catalyst proline (S)-88b activates aldehyde
component 148 by most likely iminium ion 152 formation from 151, which then selectively
adds to the indanedione 147 via a Mannich and amine elimination type reaction to generate
active olefin 149.% In the second step, it is proposed that the azomethine imine 42 approaches
and interacts with the in situ generated 2-arylidene-1,3-indandione 149 from the Si-face, as
the Re-face approach would be unstable, due to repulsion from steric hindrance. Firstly, the
nitrogen anion of the azomethine imine attacks the less substituted and electronically or
hydrogen-bond activated olefinic carbon, allowing the electron-rich other more substituted
olefinic carbon to react with the carbon atom of the iminium ion in a concerted manner to

generate the spiroindane-1,3-dione-pyrazolidinones in selective manner.
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Scheme 7: Reaction mechanism for L-proline-catalyzed three-component [3+2]-

cycloaddition.
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4.3 Conclusion

In summary, we have developed a versatile new click method for the synthesis of
functionalized spiroindane-1,3-dione-pyrazolidinones 150 from simple precursors through
amino acid-catalysis. The products of this click reaction 150 will be useful for the medicinal
chemistry. Future investigations within the group will continue to explore the scope of this novel

organo-click reaction.
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5. Catalytic [3 + 3]-Cycloaddition for Regioselective
Preparation of Tricyclic Oxadiazines

5.1 Introduction:

Despite their simplicity, p-quinols (4-alkyl-4-hydroxy-2,5-cyclohexadienones) and
their derivatives have vast potential as significant building blocks in the synthesis of natural
products such as cleroindicins C, D and F, (-)-mesembrine and clerobungin A as well as in
reaction engineering, as is evident from past literature (Scheme 8).4”4¢ Owing to their versatile
reactivity, p-quinols are extensively used in various domino reactions, including
acetalization/oxa-Michael, hemiaminalization/aza-Michael, reactions (Scheme 8).*® They are
also found to be part of biologically active molecules.

Scheme 8: Reaction Design for the Tricyclic-Oxadiazines.
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R" "OH H
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..................
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The intriguing facts mentioned below inspired us to utilize p-quinols. Firstly, their reactivity

is ambident in nature, arising from the nucleophilicity of the tertiary hydroxyl group on one
side and the presence of a double Michael acceptor system on the other side. Secondly, they
impart a certain degree of intricate sophistication to the core structure of the polycyclic

products. Thirdly and more importantly, they are easily and rapidly accessible from oxidative
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dearomatization of phenols (Scheme 8).%° In line with these, we contrived to unravel the
uncharted potential of p-quinols in atom-economic, chemo- and stereoselective cycloaddition
reactions.

We were curious to investigate the reaction of p-quinols with azomethine imines as
the counterpart, as it would create an aminal through a hemiaminalization step as shown in
Scheme 8. At the same time it is fascinating to study the [3+3]-cycloaddition of p-quinols
with 1,3-dipoles of azomethine imines to construct six-membered heterocyclic rings.® Thus,
this reaction design would furnish tricyclic-oxadiazine entity, which is not only fascinating,
but also functional. For instance, indoxacarb, an oxadiazine pesticide acts against lepidopteran
larvae and is the active ingredient in a number of household insecticides (Scheme 9).3

Scheme 9: Representative bioactive tricyclic-oxadiazines.

)\‘OMe )\‘OMe

COzMe COzMe
OCF;4 SCF3
Indoxacarb Indoxacarb Analogue
(Pesticide) (Pesticide)

5.2 Results and Discussion

5.2.1 Reaction Optimization:

We initiated our study using p-quinol 155a and azomethine imine 42a as the starting
materials and conducted the reaction in the presence of 20 mol % DBU 71a as catalyst in DCE
at 25 °C for 24 h. Even though we observed the formation of the expected product tricyclic-
oxadiazine 156aa, it was disappointing as the yield was very low (<5%, Table 8, entry 1).
First, we selected some catalysts belonging to different categories such as tertiary amines,
Lewis base, organic base, inorganic base and organic acid (Table 8). Out of the tertiary amine
catalysts investigated, 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) 71j, catalyzed the reaction
to furnish the product tricyclic- oxadiazine 156aa in 31% yield (with dr 14:1), while DMAP
71i, DABCO 71d and quinine 71k did not catalyze the reaction at all (Table 8, entries 2-5).
Alternatively, neither Lewis base triphenylphosphine 2c, nor inorganic base potassium

carbonate 71f catalyzed the reaction (Table 8, entries 6 and 10). Gratifyingly, organic bases
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such as sodium methoxide 711, sodium tertiary-butoxide 71m and potassium tertiary-butoxide
71n catalyzed the reaction and generated the product 156aa in 67%, 54% and 70% yields
respectively with excellent diastereomeric ratio (dr 14:1 to 17:1). p-TSA 24e did not promote
the reaction (Table 8, entry 11). In a similar manner, cycloaddition reaction with the treatment

of 1.5 equiv of NaH 710 furnished the product 156aa in poor (10%) yield (Table 8, entry 12).

Table 8: Reaction Optimization.*

0
Catalyst
( ( (20 mol %) H 9
N’ DCE (0.4 M) me '}‘§
Me 25 °C o™
Ph
155a 42a 156aa
Catalyst Time (h)  Yield 156aa dre
(20 mol %) (90)°
1 7l1a: DBU 24 <5
2 71i: DMAP 24 nr -
3 71d: DABCO 24 nr -
4 71j: TBD 24 31 14:1
5 71k: Quinine 24 nr -
6 2c: PPhs 24 nr -
7 711: NaOMe 2 67 14:1
8 71m: NaOtBu 2 54 15:1
9 71n: KOtBu 1 70 17:1
10 71f: K2CO3 24 nr -
11 24e: p-TSA 24 <5
12d 71o: NaH (1.5 18 10
equiv)

@ Reactions were carried out in solvent (0.4 M) with 1 equiv of 155a relative to the 42a (0.4
mmol) in the presence of 20 mol % of catalyst 71/2c/24e. ? Yields refers to the column
purified products.® dr was determined by "H NMR spectroscopy. 9 Reaction conversion and
product purity was very poor. nr = no reaction.

In search of the best solvent for the reaction, an extensive screening of solvents such
as DMSO, tBuOH, toluene, THF, CH3CN, CHCIz and DCM was performed. While the
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reaction did not seem to proceed at all in DMSO (Table 9, entry 1), it was very sluggish and
the observed yields and dr’s were more or less equally inferior in tBuOH, toluene, THF and
CHCIs (Table 9, entries 2, 3, 4 and 6). Although, the reaction performed in CH3CN was
complete within 1 h, it produced the product in 46% yield with 25:1 dr (Table 9, entry 5).
Observation of poor yields and drs in these solvents may be due to the loss of real catalytic
nature of KO'Bu 71n by the interaction with acidic C/O-H bonds of solvents. The product
yield decreased slightly in DCM with increased (25:1) dr (Table 9, entry 7). In DCE (which
was used at the start), on extending the reaction time to 2 h, the product yield and dr decreased
(Table 9, entry 8). Comparable yields were obtained in DCM and DCE with slight change in
dr’s at 25 °C for a reaction time of 2 h (Table 9, entries 7 and 8). With the anticipation of
improving the product yields, we considered studying the effect of temperature. However,
increasing the reaction temperature from 25 °C to 40 °C did not increase the yield significantly
in DCE (Table 9, entries 8 and 9). However, performing the reaction at 40 °C in DCM a
considerable increase in the yield and dr was observed (Table 9, entry 10). Surprisingly, same
reaction with 10 mol % of KO'Bu 71n at 40 °C for 3 h furnished the product 156aa in reduced
yield with 14:1 dr (Table 9, entry 11). Under the catalysis of 15 mol % KO'Bu 71n at 40 °C
for 3 h in DCM, the product 156aa was obtained in 70% yield with 14:1 dr (Table 9, entry
12), which is definitely not better than 20 mol % KO'Bu 71n. On increasing the catalyst
loading to 30 mol % KO'Bu 71n and conducting the reaction for 1 h at 40 °C, the product
yield and dr reduced to 60% with 3.5:1 dr (Table 9, entry 13). Increasing the azomethine
imine 42a equivalents to 1.3 or 1.6 times also did not seem to increase the product yield (Table
9, entries 14, 15 and 16). Swapping the corresponding equivalents of 155a and 42a gave
surprisingly reduced yield and dr (Table 9, entry 17). These results clearly indicate that the
[3+3]-cycloaddition yield and dr is completely controlled by the solvent nature, temperature,
substrate equivalents, catalyst loading and reaction time as shown in Table 9. Consequently,
performing the reaction between 1.0 equiv of 155a and 1.2 equiv of 42a in the presence of 20
mol % KO'Bu 71n in DCM at 40 °C for 1 h to furnish the product 156aa in 76% yield with
50:1 dr was found to be the optimized condition (Table 9, entry 16).
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Table 9: Reaction Advanced Optimization.*

(@)
o O
KOtBu 71n
. <+>,N@ (20 mol %) H Q
,'l\lL solvent Me E§
Me” "OH H™ “Ph O\r
Ph
155a 42a 156aa
Solvent . o Yield 156aa .
(0.4 M) Time (h) Temp (°C) (%)P dr
1 DMSO 24 25 nr -
2 tBuOH 5 25 17 7:1
3 Toluene 24 25 18 14:1
4 THF 24 25 15 3:1
5 CHsCN 1 25 46 25:1
6 CHCl; 24 25 20 14:1
7 DCM 2 25 61 25:1
8 DCE 2 25 65 14:1
9 DCE 2 40 67 14:1
10 DCM 1 40 75 50:1
11¢ DCM 3 40 29 14:1
12° DCM 3 40 70 14:1
13f DCM 1 40 60 3.5:1
149 DCM 1 40 76 50:1
15" DCM 1 40 71 50:1
16' DCM 1 40 76 50:1
17 DCM 1 40 50 9:1

% Reactions were carried out in solvent (0.4 M) with 1 equiv of 155a relative to the 42a
(0.4 mmol) in the presence of 20 mol % of catalyst 71n. ? Yields refers to the column
purified products. ¢ dr was determined by 'H NMR spectroscopy.? KO'Bu 71n (10 mol
%), ¢ 71n (15 mol %),” 71n (30 mol %), € 42a (1.3 eq),” 42a (1.6 eq),  42a (1.2 eq),”
155a (1.2 eq), nr = no reaction.
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4.2.2 Scope of the new tricyclic reaction with p-Quinols:

After the completion of optimization studies, we decided to further investigate the
reaction scope by introducing different alkyl substitutions on the reactant partner p-quinol
155a. It was observed that in most of the cases the product yields were either the same as that
of the parent p-quinol 155a or lesser and in few other cases there was negligible yield or no
reaction (Table 10). The reaction of p-quinol with an additional methyl group at C-2 155b
furnished the product 156ba in 74% yield with 99:1 dr, whereas p-quinol containing an extra
tertiary-butyl group at C-2 1c furnished the product 156ca in 68% yield with diminished dr
25:1 (Table 10, entries 1 and 2). Interestingly, substitution of a methyl group at the C-3
position did not appear to have much effect on the yield, whereas the diastereoselectivity
reduced to 20:1 (Table 10, entry 3).

Table 10: Reaction Scope with p-Quinols.*?

0 0 R
KOtBu 71n 0
R3 R* H
S (20 mol %)
+ ®_N N
R27 N DCM (0.4 M) Y,L

I
R OH kph 40 °C
( )
0
0O 0O
Me tBu
N§
Me ) N N§
OYN Me™ 4 ,{:5 |v|e o ON
b Me Y
Ph Ph Ph Ph
156ba (74%) 156ca (68%) 156da (72%) 156ea (53%)
2 h, dr:99:1 2 h,dr: 25:1 2 h,dr:20:1 2 h, dr:99:1
0 0 0
Me
H O H O H O H O
N N N N
Ph U A U A '
o) N§ ~ O N§ 0 N§ N§
Y Ph h g Pt Y °Y
Ph Ph Ph
156fa (46%) 156ga (37%) 156ha (<5) 156ia (nr)
2 h, dr:99:1 2 h, dr:99:1 5h, dr: 99:1 5h
@ Reactions were carried out in DCM (0.4 M) with 1.2 equiv. of 42a relative to the 155b-i
(0.4 mmol) in the presence of 20-mol% of 71n. © Yield refers to the column-purified
\_product. nr = no reaction. J
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By replacing the methyl group at C-4 of p-quinol 155a with either Et, Ph, or phenylethynyl
the product yield drops drastically to moderate, but the dr remained constant at 99:1 (Table
10, entries 4-6). Disappointingly, introduction of a quite bulky sec-butyl group at C-4 of p-
quinol 155a hindered the reactivity and produced 156ha only in <5% yield (Table 10, entry
7). It was shocking that when a methyl group each was introduced on either side of the

carbonyl carbon (C-2 and C-6) no reaction was observed (Table 10, entry 8).

4.2.3 Scope of the new tricyclic reaction with azomethine imines:

On extending the investigations toward the scope of azomethine imines, we
endeavored to study the effect of various substituents at different positions on the phenyl
group of 42a (Table 11). The halogen substituents such as F, Cl, and Br, electron withdrawing
groups like CF3, CN and NOg, electron donating groups such as Me, and OMe, and heteroatom
at the ortho-, meta- or para- or in some cases di-substitutions were all comfortably well-suited
for the reaction and the products 157ab-157aqg were generated in excellent to reasonable
yields with excellent dr of 99:1 throughout, except for a few cases (157am, 157a0, 157ap and
157aq), wherein the dr dropped considerably. While ortho- or para-chloro, ortho-bromo and
para-trifuoromethyl substitutions produced higher yields (80-87%, Table 11, entries 2, 3, 5
and 8) on the contrary, dichloro substitution reduced the yield to 63% (Table 11, entry 4).
Ortho-fluoro, para-bromo, para-methyl and para-methoxy substitutions appeared to not
affect the yield much and the corresponding products formed in 70-75% vyields (Table 11,
entries 1, 7, 12 and 14). In the cases of meta-bromo, para-cyano, ortho-nitro, meta-nitro,
ortho-methoxy, meta-, para-dimethoxy and 4-pyridyl substitutions the yields fell to moderate
48-66% (Table 11, entries 6, 9, 10, 11, 13, 15 and 16). We performed gram-scale synthesis of
tricyclic-oxadiazine 156aa in 1.493 g from the 155a (1.0 g) and 42a (1.67 g, 1.2 equiv) under

the Bransted base 71n-catalysis without effecting the reaction selectivity and reactivity.
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Table 11: Reaction scope azomethine imines.*

0O (@)
KOtBu 71n
© (20 mol %) H 9
o ®_N _ N
N DCM,40°C  Me )
|I\ O _N
Me” Yo Ar he
155a 42b-q 15,_0,\r
0 0 o 0
N N N§ N
Me '
" O\r"“f> " O\r“é O~ Mo
2-FCgHy4 2-CICgH, 4-CICgH4 2,4-Cl,CgH3
157ab (73%) 157ac (85%) 157ad (85%) 157ae (63%)
1.5 h, dr: 99:1 1h, dr: 99:1 1h, dr:99:1 1h, dr: 99:1
o o o o}
H O H O @(H o QH 0
N N N N
Me ) ’{15 Me o l{l§ Me S l{l§ Me o [{j§
Y T Y g
2-BrC6H4 3-BI'CGH4 4-B|'C6H4 4-CF3C6H4
157af (87%) 157ag (60%) 157ah (70%) 157ai (80%)
1 h, dr: 99:1 1 h, dr: 99:1 1 h, dr: 99:1 1h, dr:99:1
(@) (0] O (@]
| |:HO | |Ho | |Ho [;]Ho
N N N N
Me ' § Me ' f} Me ' 5 Me ) 5
O__N O__N O_N O__N
h g R Ry R
4-CNCgH,4 2-NO,CgH,4 3-NO,CgH,4 3-NO,CgHy4
157aj (65%) 157ak (62%) 157al (53%) 157am (75%)
2 h, dr: 99:1 1.5 h, dr: 99:1 1.5 h, dr: 99:1 1h,dr:17:1
O O O O
N N N N
MeO l{lj} Meo N Meo ,{15 Meo ,{15
h g by T
2-OMeC6H4 4-OMeCGH4 3,4-(0Me)206H3 4-pyl'ldy|
157an (66%) 157a0 (72%) 157ap (62%) 157aq (75%)
1h, dr: 99:1 1h,dr:17:1 1h, dr:13:1 2 h, dr: 10:1
4 Reactions were carried out in DCM (0.4 M) with 1.2 equiv. of 42b-q relative to the 155a
(0.4 mmol) in the presence of 20-mol% of 71n. b Yield refers to the column-purified product.

To increase the resourcefulness further and to examine the adaptability of the reaction

for another different substitution pattern on the azomethine imines, we selected some more

azomethine imines of the form 68 and tested their reactivity and selectivity (Table 12). All

the tested (Z2)-2-arylidene-3-aryl/alkyl-5-oxopyrazolidin-2-ium-1-ides 68 containing halogen,
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electron-withdrawing or donating groups on either of the two phenyl rings of 68 were quite
well compatible to furnish the products 158aa-158ai in good yields with excellent dr (99:1),
except for 158ai, whose dr was 13:1 (Table 12, entries 1-9). Notably, swapping of a phenyl
group in 68 with a methyl group was also tolerable and the corresponding product 158aj was
generated in 65% yield with dr 99:1 (Table 12, entry 10). Surprisingly, reaction of 155a with
(2)-2-benzylidene-4-methyl-5-oxopyrazolidin-2-ium-1-ide 68k under the similar conditions
furnished the tricyclic-oxadiazine 158ak in 65% yield with poor dr 1.7:1 as shown in Table
12, entry 11. Observation of poor dr in product 158ak formation may be due to the loss of
steric hindrance in the pre-transition state of 155a+68K.

Table 12: Reaction scope with functionally rich azomethine imines.?

( o) )
2 R /° KOtBu7in
© (20 mol % o
Jig DCM (04 M) o . R
Me"™ OH H Ar1 40 °C YN
A 1 Ar2
155a 68 158
0 O o o)
N N N
M | Me | M U N
© O\rN OYNé © OYNé Me” ,{,f?
Ph  Ph 4-CF3CeHs 4-NO,CeHy " ;‘;CGHfh
158aa (69%) 158ab (63%) 158ac (59%) 158ad (62%)
1h, dr: 99:1 2h, dr:99:1 1.5 h, dr: 99:1 1 h, dr: 99:1
0 O 0 0
¢<” 7 ¢<“ { ¢<“ [ ¢<” [
N N
Me ! Me ! Me' '}l Me ’}j
O.__N O N O__N O.__N
T en b SFCH h Y
4_OMeC6H4 Ph 6'14 Ph 2,4-C|2C6H3 Ph 4-OMeC6H4
158ae (65%) 158af (65%) 158ag (59%) 158ah (66%)
1 h, dr: 99:1 2h, dr:99:1 2 h, dr: 99:1 2 h, dr: 99:1
0 0 o
H y O H P
M N Me '}‘§ Me' ’?‘&Me
e ) O N
" ' Y
E 3,4-(OMe),CgH3 ﬁ Me Ph
158ai (60%) 158aj (659 158ak (65%)
j (65% o
2h, dr: 13:1 h, d,(: 99f1) 2h, dr:1.7:1
@ Reactions were carried out in DCM (0.4 M) with 1.2 equiv. of 68a-k relative to the 155a
(0.4 mmol) in the presence of 20-mol% of 71n. ? Yield refers to the column-purified
L product.
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e
<

156aa

Figure 28. Crystal structure of (5R*,6aR*,10aS*)-6a-methyl-5-phenyl-2,3,10,10a-
tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH )-dione (156aa).

Z-Z T

Me

OMe
158ah

Figure 29. Crystal structure of (35*,5R*,6aR*,10aS$ *)-3-(4-methoxyphenyl)-6a-methyl-5-phenyl-
2,3,10,10a-tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H ,6aH )-dione (158ah).
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3.2.4 Synthetic application of product 155aa:

As part of synthetic applications, reaction of 156aa with oxone and HBr in the
presence of EtsN in DCM at 25 °C for 2 h furnished the brominated tricyclic-oxadiazine 159aa
in 50% yield, and which can be a precursor for a variety of coupling reactions (Eq.32). The
structure and stereochemistry of the products, tricyclic-oxadiazines 156, 157 and 158 were
confirmed by NMR analysis and also finally confirmed by X-ray structure analysis on 156aa
and 158ah as shown in Figures 28 and 29.>

0
0
o Oxone (2 eguiv) Br.
H HBr (2.2 equiv) 24g o
N > H
Me I EtsN (5.7 equiv) 71c N (32)
O__N Me |
\r DCM (0.2 M) O. _N
Ph 25°C,2h \l/
Ph
156aa 159aa
(0.2 mmol) (50% yield)

3.2.5 Reaction mechanism:

According to the plausible reaction mechanism depicted in Scheme 10, first the
Brensted base abstracts the proton of the tertiary hydroxyl group of p-quinol 155a to generate
the potassium dienolate 160, which subsequently adds to the azomethine imine 42/68 dipole
in a highly selective mode to produce the nitrogen anion through TS-1 instead of TS-2 due to
the steric hindrance and electrostatic repulsions. Final in situ chemoselective intramolecular
addition of the nitrogen anion to the Michael acceptor system would take place
instantaneously in a highly diastereoselective 1,4-fashion to furnish the product tricyclic-
oxadiazines 156, 157 or 158. At present we have no evidence of knowing if it is a stepwise or
a concerted one, but we believe it is going through concerted path as we did not observe

intermediates during the reaction.
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Scheme-10: Reaction Mechanism:
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5.3 Conclusions

In summary, a straightforward, atom-economical, chemoselective, stereoselective and
elegant Brgnsted base-catalyzed [3+3]-cycloaddition route for accessing functionally rich
tricyclic-oxadiazines has been accomplished. This catalytic [3+3]-cycloaddition afforded the
biologically relevant products of tricyclic-oxadiazines in very good to moderate yields with

excellent diastereoselectivity.
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6. Rawal’s Catalyst as an Effective Stimulant for the Highly
Asymmetric Michael Addition of B-Keto Esters to
Functionally Rich Nitro-olefins

6.1 Introduction:

Recently organocatalytic domino/cascade reactions have emerged as powerful strategy
for the complex molecular synthesis by employing simple and readily available precursors in a
simple operational manner.> In this scenario, one of the important protocol for the C-C bond
formation is asymmetric Michael reaction, which has been extensively used in cascade
reactions.®® Wherein, the Michael reaction of p-keto esters to nitro-olefins is a fully atom-
economic transformation with prominent synthetic potential as the resulting functional groups
will be in high demand.>® To control the reactivity and selectivity of this Michael reaction, in
2003 Takemoto and co-workers identified the bifunctional thiourea—tertiary amine as an
efficient catalyst.>” A milestone report by Rawal’s group showed that replacement of the
thiourea function by a squaramide catalyst as the hydrogen-bond donor allows a dramatic
decrease in the catalyst loading and also increase in the reaction rate/selectivity.®®*° The
pioneering work of Rawal’s and other groups from the past few years has shown the importance
of chiral hydrogen-bonding catalysis through squaramide catalyst.58°
Nowadays, bio-mimetic one-pot synthesis of the highly functionalized chiral Michael adducts
for synthetic applications are in high demand. Recently, we and others have reported the natural
products inspired dihydrocoumarins synthesis through a Michael addition of 1,3-dicarbonyls to
2-(2-nitrovinyl)phenol and subsequent intramolecular hemiacetalization.® In this reaction, the
ortho-hydroxyl group participates as neighboring group both during and after the reaction and
makes this sequence as a powerful tool among the existing annulation methods. With this
inspiration, herein we describe an unusual efficient neighboring ortho-amino group engaged
asymmetric organocatalytic sequential one-pot reaction for the synthesis of drug-like chiral
dihydroquinolines from simple substrates and catalysts by using sequential
Michael/amination/dehydration  reactions.  Hydroquinolines are versatile  synthetic
intermediates in organic synthesis and also prevalent unit in biological and pharmaceutical

substances (Scheme 11).5! Even though numerous synthetic methods have been known for their
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synthesis, there is an urgent requirement to develop an efficient asymmetric protocol due to
their many applications.®?

Scheme 11: Biological Activity molecules containing 1,4-dihydroquinoline moiety.

R' O
| | COX=Drug . 0
~
Fg/ ,:l I O I di/('w
R N
R2 N 0 N
Fg = functional group for Me O> Me
redox tuning; X = linker
R3
Neuroactive Modulator of the M1 Graveoline (Herbicide) Evocarpine (Antimicrobial)
Drug-Carrier Muscarinic Receptor

Scheme 12: Reaction design for the 1,4-dihydroquinoline synthesis.

(E)-2-(2-Nitrovinyl)phenol in Michael reactions through enolate-catalysis: Ramachary, Enders and
Hong groups

NO, Chiral
thiourea

catalyst pTSA

o) Solvent R3 heat

(E)-2-(2-Nitrovinyl)aniline in Michael reactions through enamine-catalysis: Kim and Ramachary groups

Jl\/ 1. (S)-DPPOTMS/PhCO,H O,N 0N
R (20 mol%)/(1.2 equiv.) s
F -

Fg\\ DCM, RT Pl R A R

| + (or) o = | [ ©n |l I &

']‘H O 2. L-Proline/thiourea ']‘ ']l
Pg (each 5 mol%) Pg Pg

3.TFA (3 equiv.) Yield: 65-98% Yield: upto 99%

R R ee: 98 to 99% ee: upto 99%

(E)-2-(2-Nitrovinyl)aniline in asymmetric Michael reactions through enolate-catalysis: This work
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Catalyst 88 H \X—R Fg z
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| R2 3
0 DCM 03|v|) = NH OR TFA24.tb N R
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Recently, we and Kim group independently reported the asymmetric synthesis of 2,3,4-
trisubstituted 1,4-dihydroquinolines by the cascade Michael/amination/dehydration reaction of
aldehydes or ketones with (E)-2-(2-nitrovinyl)anilines through enamine-catalysis with excellent
selectivity.®® However, there is no suitable asymmetric method to synthesise highly
functionalized 1,4-dihydroquinolines in optically pure form from (E)-2-(2-nitrovinyl)anilines
with B-keto esters through enolate-catalysis.%* In continuation of our research interest in this
area, we envisaged functionally rich (E)-2-(2-nitrovinyl)anilines and f-keto esters as the
potential substrates for the newly designed Michael/amination/dehydration reaction sequence
(Scheme 12).

6.2 Results and Discussion

6.2.1 Reaction Optimization:

To find the best catalytic conditions, we screened a number of emerging hydrogen-
bond-donating organocatalysts for the reaction of N-Boc-(E)-2-(2-nitrovinyl)aniline 131a with
1.3 equiv. of ethyl 2-oxocyclopentanecarboxylate 162a (Table 13). Reaction of 131a with 1.3
equiv. of 162a under 10 mol% of quinine-NH-thiourea 88k-catalysis in toluene at 25 °C for 4 h
furnished the 163aa in 70% yield with 58% ee and >99% de (Table 13, entry 1). The same
reaction in DCM for 4 h furnished the product 163aa with ee increased to 75% with 68% yield
and >99% de (Table 13, entry 2). Reaction under the hydroguinine-NH-thiourea 88l-catalysis
furnished 163aa with increased yield (82%) and no change in ee and de (Table 13, entry 3).
With these moderate results, we moved to investigate this reaction with other set of hydrogen-
bond-donating catalysts 88g/88m/88n based on the chiral squaramide derivatives discovered by
Rawal’s group. Recently Rawal’s squaramide catalysts have been found to be more powerful
hydrogen-bond-donating catalysts compared to their corresponding thiourea analogues in both
catalytic activity and selectivity.%®°°® Therefore, herein we shown interest to investigate Rawal’s
catalysts 88g/88m/88n for the high asymmetric induction. Unfortunately, reaction of 131a with
162a under 5 mol% of quinine-NH-squaramide 88g in DCM at 25 °C for 6 h gave the product
163aa in 71% yield with poor ee (18%) and good de (Table 13, entry 4). After this poor
selectivity, we shown interest to investigate the electronic and steric factors of N-aryl group in
the squaramide catalyst, we used quinine-NH-benzyl squaramide catalyst 88m for the high

selectivity. Surprisingly, the Michael reaction of 131a with 162a under 5 mol% of 88m-
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catalysis furnished the product (-)-163aa in 71% yield with 97% ee and >99% de within 5 h
(Table 13, entry 5). This result is indicating that the presence of benzyl group in the squaramide
catalyst has significant effect on the outcome of selectivity. In a similar manner, the Michael
reaction of 131a with 162a under the 5 mol% of quinidine-NH-benzyl squaramide 88n-catalysis
furnished the opposite enantiomer (+)-163aa in 77% yield with 98% ee and >99% de within 5
h (Table 13, entry 6). Whereas 10 mol% of 88n-catalysis furnished the product (+)-163aa in
77% yield with decreased ee of 83% (entry 7), which indicates that the catalyst loading has a
significant effect on the selectivity of the reaction. Use of brine instead of DCM as solvent with
2 mol% of catalyst 88n the aforesaid product was obtained in 48% yield with 91% ee and >99%
de in 16 h (Table 13, entry 8). To obtain the highest selectivity of the product 163aa, we thought
of using sterically hindered isopropyl 2-oxocyclopentanecarboxylate 162b with 131a under
88m/88n-catalysis. Surprisingly, the reaction of 131a with 162b under 5 mol% of 88n-catalysis
in DCM at RT for 6 h furnished the product (+)-163ab in 80% yield with >99% ee and de (Table
13, entry 10). Similar reaction under 88m-catalysis furnished the opposite enantiomer (-)-163ab
in 75% vyield with >99% ee and de (Table 13, entry 11). To further investigate the reaction
conditions, we carried out the Michael reactions of other N-protected-(E)-2-(2-
nitrovinyl)anilines 131b/131c with 162b under 88m- or 88n-catalysis in DCM at RT. It has
shown that other carbamate protecting groups (Cbz and CO2Et) were tolerated and the desired
products were obtained in moderate yields (42—65%) with excellent ee’s (96 to >99%) and de’s
(97 to >99%) within 8 h (Table 13, entries 12-14). Finally we envisioned the optimized
condition to be 25 °C in DCM under 5 mol% of Rawal’s catalysts 88m or 88n to furnish the
Michael adduct 163ab in 75-80% yield with >99% ee and >99% de (Table 13, entry 10-11).
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Table 13: Reaction Optimization.“'b

O,N_ O
Catalyst 88
<:/[ (5 mol%) .
Solvent (0.3 M
oven ( ) ,;"_ICOzR
e D

O

88k: R = CH=CH, 88g
88l: R = CoHs (Ar = 3,5-(CF3),CoH3)
\

ee de
(%) (%)°

Catalyst Solvent Time Yield (%)°

(5mol%) (0.3M)  (h)

Toluen

i 131a: Boc 162a: Et 88k e 4 163aa (70) 58 >99
2d 131a: Boc 162a: Et 88k DCM 4 163aa (68) 75 >99
3d 131a: Boc 162a: Et 88l DCM 4 163aa (82) 74 >99
4 13l1a: Boc 162a: Et 88g DCM 6 163aa (71) 18 >99
5 131a: Boc 162a: Et 88m DCM 5 163aa (71) 97 >99
6 13l1a: Boc 162a: Et 88n DCM 5 163aa (77) -98 >99
74 131a: Boc 162a: Et 88n DCM 5 163aa (77) -83 >99
8¢ 131a: Boc 162a: Et 88n Brine 16 163aa (48) -91 >99
9d 131a: Boc 162b: Pr 88n DCM 6 163ab (75)  -95 >99
10 131a: Boc 162b: 'Pr 88n DCM 6 163ab (80) | ->99 >99
11 13l1a: Boc 162b: Pr 88m DCM 6 163ab (75) >99 >99
12 131b: Cbz 162b: iPr 88n DCM 8 163bb (65) | ->99 >99
13 131b: Cbz 162b: Pr 88m DCM 8 163bb (63) 98 97
14 131c:CO:Et 162b: Pr 88n DCM 8 163cb (42) -96 >99

¢ Unless otherwise mentioned, all reactions were carried out with 131 (0.2 mmol), 162 (0.26 mmol), catalyst
88 (5 mol%) in DCM (0.3 M) at 1t. ® Yield refers to the column purified product. ¢ ee and de were determined
by CSP HPLC analysis. ¢ 10 mol% of catalyst 88 was used. ¢ Reaction performed with 2 mol% of 88n.
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6.2.2 Scope of asymmetric Michael reaction:

With the optimized conditions in hand, the scope of the Rawal’s quinidine-NH-benzyl
squaramide 88n-catalyzed asymmetric Michael reaction was investigated. A series of
substituted N-Boc-(E)-2-(2-nitrovinyl)anilines 131d-g were reacted with 1.3 equiv. of cyclic -
keto esters 162a-f catalyzed by 5 mol% of 88n at 25 °C in DCM for 8-96 h to furnish the highly
substituted chiral Michael adducts 163db-af in 40-95% yields with excellent ee’s and de’s
(Table 14). Electronic and steric nature of the N-Boc-(E)-2-(2-nitrovinyl)anilines were
investigated with fS-keto ester 162b. Halogen substituted N-Boc-(E)-2-(2-nitrovinyl)anilines
131d-e reacted well with 162b and furnished the products (+)-163db and (+)-163eb in excellent
yields (90 and 95%) and ee’s (99%) with good to moderate de’s (97 and 70%) within 8 h
respectively. Methyl substituted N-Boc-(E)-2-(2-nitrovinylanilines 131f-g gave the desired
products (-)-163fb and (+)-163gb in moderate to good yields (40 and 70%) with excellent ee’s
(>99%) and moderate de’s (47 and 88%) through 88n-catalysis for 96 and 72 h, respectively.
We also tested the other cyclic B-keto esters to investigate the generality of this asymmetric
reaction. Methyl 2-oxocyclopentanecarboxylate 162c with 131a under the 88n-catalysis
furnished the product (-)-163ac in 81% yield with 94% ee and 95% de within 8 h. Intriguingly,
six-membered cyclic f-keto ester 162d gave the product (+)-163ad only in 40% yield with 94%
ee and 84% de for 96 h; but simple ethyl 2-oxocyclohexanecarboxylate 162d’ gave the Michael
product (+)-163ad’ in 65% vyield with >99% ee and >99% de for within 40 h (Table 14).
Heterocyclic p-keto ester 162e with 131a under 88n-catalysis furnished the product (+)-163ae
in 60% yield with >99% ee and de for 24 h. In a similar manner, 2-acetylcyclopentanone 162f
with 131a under 88n-catalysis furnished the product (+)-163af in 62% yield with 94% ee and
79% de within 8 h. It was observed that compared to five membered cyclic p-keto esters, six-
membered cyclic S-keto esters gave the corresponding products in low yield. The structure and
absolute stereochemistry of the Michael products 163 were confirmed by NMR analysis and
also finally confirmed by X-ray structure analysis on (+)-163ae as shown in Figure 37.%°
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Table 14: Reaction Scope with cyclic S-keto esters “*

- a
O,N_ O
| 8n : b Fo
i S <I 5mo|%) X 3
AG CO,R DCM (0.3 M) I Z CO,R
Fg ok RT Fe”” TNH
131 Boc 162 163 Boc
: fO : fO O @) <o/«to 0)
Et p M M M
162a CO2E! qgap CO2PT qgpc COMe Thpq COMe o, COMe T, FCOMe

(+)-163db (90%), 8 h (+)-163eb (95%), 8 h (-)-163fb (40%), 96 h (+)-163gb (70%), 72 h
ee: >99% (>99%)° ee: >99% (85%)° ee: >99% (>99%)° ee: >99% (>99%)°
de: 97% de: 70% de: 47% de: 88%

O,N_ O ON_ O
AR )
M M
IIIHCOZ e r;lHCO e
Boc Boc
(-)-163ac (81%), 8 h (+)-163ad (40%), 96 h (+)-163ae (60%), 24 h (+)-163af (62%), 8 h
. o/ - . [v)
e 94% (46%)° ee: 94% (36%)° ee: >99%; de: >99% ee: 94% (>99%)°
de: 95% de: 84% de: 79%

“Yield refers to the column purified product. ? ee and de were determined by CSP HPLC analysis.
¢In parenthesis values refers to minor ee.

6.2.3 Synthetic application of Michael adducts:

In order to expand the reaction scope, we explored the utilization of different acyclic
B-keto esters 162g-1. First the reaction of 131a with 1.3 equiv. of ethyl acetoacetate 162¢g
under the catalysis of 88n at 25 °C for 8 h in DCM furnished the product 163ag in 76% yield
with 1:1 dr. For the clear understanding of selectivity and also for the HPLC separation, we

transformed the product 163ag in situ into easily separable and also very important 1,4-
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dihydroquinoline (+)-5ag in 72% yield with 98% ee through TFA 24b-mediated cascade
amination/dehydration in DCM at 0-25 °C for 6 h in one-pot manner (Table 15). We further
investigated the substrate scope for Rawal’s quinidine-NH-benzyl squaramide 88n-catalyzed
and TFA 24b-promoted asymmetric Michael/amination/dehydration reaction sequence with
131a-g and 162h-I for the synthesis of chiral 1,4-dihydroquinolines (Table 15). Methyl and
tbutyl-3-oxobutanoates 162h-i with 131a under in DCM followed by TFA-mediated one-pot
amination/dehydration reaction generated the cyclised products (+)-164ah-ai in 68% and 65%
yields with 98% and 99% ee, respectively (Table 15). Likewise, ethyl 3-oxopentanoate and
3-oxohexanoate 162j-k generated the expected cyclised products (+)-164aj and (+)-164ak in
65% and 60% yields with excellent ee’s (99% and 97%) after 36 h respectively (Table 15). In
the case of ethyl 3-oxo0-3-phenylpropanoate 1621, the Michael product (+)-163al was obtained
in 79% yield with 90% ee and 55% de at 25 °C for 8 h; but when in-situ treatment of (+)-
163al with TFA 24b at 0-25 °C for 24 h furnished the unexpected by-product ethyl 2-
phenylquinoline-3-carboxylate in 65% yield may be due to the electronic/steric hindrance of
phenyl group (eq 32). Reaction of substituted N-Boc-(E)-2-(2-nitrovinyl)anilines 131d-e with
162g under 88n-catalysis followed by in situ treatment with TFA 24b furnished the cyclised
products (+)-164dg and (+)-164eg in good yields (62 and 60%) with excellent ee’s (99 and
98%) at 25 °C for 12 h, respectively (Table 15). Surprisingly, the reaction of methyl
substituted N-Boc-(E)-2-(2-nitrovinyl)aniline 131g with 162g under 88n-catalysis followed
by in situ treatment with TFA 24b furnished the only Michael product (+)-163gg in 76% yield
with 94/99% ee and 1:1 dr at 25 °C for 48 h without cyclization may be due to the steric
hindrance of methyl groups (Table 15).6 After these interesting results, TFA 24b-mediated
cascade amination/dehydration protocol was applied to the many of Table 14 compounds in

DCM at 0-25 °C; for within 1 h compounds were decomposed.
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Table 15: Reaction Application®?

(" A
NO
2 (@) O2N
| OR2 1. 88n (5 mol%) H )
i S . DCM (0.3 M), RT, 6-12 h> N CO,R
S NNH R 2. TFA 24b (3 equiv.) Sz I 1
Boc O 0°C-25°C,6-24 h Boc
131 162 [One-Pot Operation] 164
)l\/u\ )l\/u\ )l\/u\ t
162g 162n OMe  MeT e OB
0O O O O 0O O
Et)l\./u\OEt ”Pr)l\/u\OEt Ph)j\/u\OEt
L 162j 162k 162l )
0O, N\_ 0O, N\_ OzN\_
A_CO,Et A _CO,Me A _CO,Bu
@(I ©f\,( |
f;l Me
Boc
(+)-1 64ag (72%),

(+)-164ah (68%),

14 h, ee: 98% 14 h, ee: 98%

O,N

(+)-164ai (65%),
14 h, ee: 99%

36 h, ee: 99%

(+)-164aj (65%),

. 0Ny 0Ny
A_CO,Et A_-CO,Et Cl A_CO,Et
@(I ©f\,f |
r;a Me
Boc Boc

(+)-164ak (60%),
36 h, ee: 97%

(+)-164dg (62%),

12 h, ee: 99%
O,N O,N O,N_
5 COzEt S CO,Et :  CO,Et
| COMe COPh
Cl N NH
Boc Me Boc Boc
(+)-164eg (60%), (+)-163gg (76%)°, 48 h (+)-163al (79%), 8 h
6;2920 y ee: 94% (99%)? ee: 90% (91%)?
FEER de: 1% de: 55%

@ Yield refers to the column purified product. ® ee and de were determined by CSP
HPLC analysis. ¢ Only Micheal product obtained. ¢ In parenthesis values refers to

minor ee.
\_ Y,

NO,
| 88n TFA 24b

_(5mol%) (3 equiv.) mcoza
—_—
\H )j\/u\oa DCM (0.3 M) 0°C -25°C NZ >eh (32)
) RT,8h 6h ,
Boc 162 164'al
(65% yield)
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Figure-30: *H and *C NMR spectra of the product 163aa
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Figure-33: *H and *C NMR spectra of the product 163ae
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Figure-34: 'H and 3C NMR spectra of the product 164ai
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Figure-35: *H and *C NMR spectra of the product 164dg
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Figure-36: 'H and 3C NMR spectra of the product 164eg
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Figure-37: X-ray crystal structure of chiral(S)-methyl 3-((S)-1-(2-((tert-
butoxycarbonyl)amino)phenyl)-2-nitroethyl)-2-oxotetrahydrofuran-3-carboxylate 163ae.

6.2.4 Mechanistic insights:

With controlled experimental data in hand, herein we firmly elucidate the mechanism
of the asymmetric Michael reaction through double hydrogen-bonding assembly by 88n-
catalysis, and propose that the reaction most likely proceeds via TS-1 mechanism (Scheme
13). In the case of the addition of p-keto-esters 131 to substituted 2-(2-nitrovinyl)anilines 162
via Rawal’s 88n-catalysis, we can rationalize the observed stereochemistries through a
favoured double hydrogen-bonding assembly transition state where the less hindered si-face
of 162 approaches the si-face of the in situ generated enol as shown in TS-1. Outcome of
decent selectivity and reactivity for the p-keto-ester 131 addition to the 2-(2-
nitrovinyl)anilines 162 could be explained by soft involvement due to the steric hindrance of

neighboring group Ar-NHBoc as shown in Scheme 13.

100



Rawal's Catalyst as an Effective Stimulant for the Asymmetric Michael Reaction

Scheme 13: Proposed transition state for the asymmetric Michael reactions.

o_ 0 CF,
ii =
A "L A CF;
i 4 o A
—é— o~ N)’k ‘0
AN
R H R H
TS-1 [Favorable Pathway] TS-2 [Unfavorable Pathway]
Si-Si-face Approach Si-Re-face Approach

Fascinatingly, the Michael reaction of simple (E)-(2-nitrovinyl)benzene 131h and N-
Boc-(E)-3-(2-nitrovinyl)aniline 131i with 162b via 88n-catalysis in DCM at 25 °C for 6 h
furnished the expected products (-)-163hb in 63% yield with 98% ee and >99% de; and (-)-
163ib in 71% vyield with 99% ee and >99% de respectively as shown in eq. (33). This result
gives evident for the fact that there is not much of neighboring ortho-amino group
participation in the reaction pre-transition state and also Rawal’s catalyst 88n is sufficient
enough to activating both the substrates in the pre-transition state along with steric hindrance

of neighboring group Ar-NHBoc to control the selectivity.

(33)

O
88n (5 mol?
X | . <:/E (5 mo /o= X
RT,6h

131h: X =H 162b

=H: (-)-163h % vi
131i: X = NH-Boc X =H: (-)-163hb (63% yield)

ee: 98% and de: >99%
X =NH-Boc: (-)-163ib (71% yield)
ee: 99% and de: >99%
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6.2.5 Synthesis of racemic products 163:

To synthesize the racemic products 163, (E)-2-(2-nitrovinyl)anilines 131a-g were
reacted with S-keto esters 162a-f in DCM (1.0 mL), in the presence of 1:1 mixture of
quinine and quinidine (each 5 mol%) at rt. This in turn, generated a library of racemic
compounds 163 in excellent yields. The results are presented in Table 16

Table 16: Synthesis of racemic Michael products 163.2°

NO,
| Q + QD OZN\ (0]
(1:1) : W Fg
S /\:/[ __(10mol%) NN
AL SNNH F"ScoR? Tpomoam (0.3 M) l_ CO,R?
kg ' RT Fe TNH
R! g Y
131 162 [Q = Quinine; QD = Quinidine] 163
(0] 0 fj[o : io
CO,Me CO,M CO,Me COMe
c ’ 162d 2 162e 162f
O,N_ 0

NHCOziPr Cozlpr

\ NH
Boc COOEt
(x)-163aa (70%) (£)-163ab (73%) (£)-163bb (74%) (+)-163cb (40%)
12 h, de: 59% 12 h, de: 35% 12 h, de: 59% 12 h, de: 77%
VAN
CO,'Pr
) NH
Boc Boc Me Boc
(£)-163db (64%) (£)-163eb (64%) (£)-163fb (47%) (£)-163gb (64%)
12 h, de: 48% 12 h, de: 56% 36 h, de: 58% 24 h, de: 75%

| | |
Boc Boc Boc
(£)-163ac (83%) (x)-163ad (20%) (x)-163ae (43%) (x)-163af (36%)
15 h, de: 58% 48 h, de: 3% 24 h, de: 44% 20 h, de: 17%

@ Yield refers to the column purified product. ® de was determined by CSP HPLC analysis.
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6.2.6 Synthesis of racemic 1,4-dihydroquinolines 164:

To synthesize the racemic products 164, (E)-2-(2-nitrovinyl)anilines 131a-g were
reacted with f-keto esters 162g-1 in DCM (1.0 mL), in the presence of 1:1 mixture of quinine
and quinidine (each 5 mol%) at 25 °C until complete consumption of (E)-2-(2-
nitrovinyl)anilines 131. then slowly added trifluoroacetic acid (TFA)(3.0 equiv) at room
temperature. This in turn, generated a library of racemic compounds 164 in excellent yields.
The results are presented in Table 17.

Table 17: Synthesis of racemic 1,4-dihydroquinolines 164:3°

Q+QD

(1:1)
Jj\/u\ _(10 mol%)
DCM (0.3 M)

RT, 8-24 h

TFA (3 equiv.) = CO,R?
0°C - 25°C

6-24 h F

131 162 — 163 - 164
[Q = Quinine; QD = Quinidine]

o O O O O O O O O O O O
MOEt MOMe )J\/U\otau EtMOEt ”PrMOEt PhMOEt

(+)-164ak (21%), 48 h

(+)-164ah (69%), 14 h

cl ~__CO,Et
LI
N Me

|
Boc

()-164dg (44%), 20 h

O,N

©\/\<COPh
NH

|
Boc

|
Cl N Me

|
Boc

(+)-164eg (51%), 30 h

CO,Et

(+)-163al (70%)°, 12 h
de: 10%

162g 162h 162i 162j 162k 162l
0N 0N 0N 0N
mcozEt ~__CO,Me “__CO,'Bu ~_CO,Et
| LI LI LI
’Tl Me ’T‘ Me ITI Me ITI Et
Boc Boc Boc

(+)-164aj (37%), 48 h

~
CO,Et

COMe
ITIH

Me Boc

(+)-163gg (31%)C, 24 h
de: 1%

product obtained.

2 Yield refers to the column purified product. © de were determined by CSP HPLC analysis. ¢ Only Micheal
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6.4 Conclusions

In summary, we have developed Rawal’s quinidine-NH-benzyl squaramide 88n-
catalyzed and TFA-promoted asymmetric sequential Michael/amination/dehydration reaction
of N-protected-(E)-2-(2-nitrovinyl)anilines 131 with g-keto esters 162 for the synthesis of
enantioenriched and highly functionalized 1,4-dihydroquinolines 164. Further work is in

progress to utilize 1,4-dihydroquinoline derivatives for biological studies.
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7. Experimental Section

The *H NMR and *C NMR spectra were recorded at 400 MHz and 100 MHz,
respectively. The chemical shifts are reported in ppm downfield to TMS (5 = 0) for 'H NMR
and relative to the central CDCls resonance (8 = 77.0) for *C NMR. In the 3C NMR spectra,
the nature of the carbons (C, CH, CH2 or CHs) was determined by recording the DEPT-135
experiment, and is given in parentheses. The coupling constants J are given in Hz. Column
chromatography was performed using Acme’s silica gel (particle size 0.063-0.200 mm).
High-resolution mass spectra were recorded on micromass ESI-TOF MS. GCMS mass
spectrometry was performed on Shimadzu GCMS-QP2010 mass spectrometer. IR spectra
were recorded on JASCO FT/IR-5300. Elemental analyses were recorded on a Thermo
Finnigan Flash EA 1112 analyzer. Mass spectra were recorded on either VG7070H mass
spectrometer using El technique or Shimadzu-LCMS-2010 A mass spectrometer. The X-ray
diffraction measurements were carried out at 298 K on an automated Enraf-Nonious MACH
3 diffractometer using graphite monochromated, Mo-Ka (A = 0.71073 A) radiation with
CAD4 software or the X-ray intensity data were measured at 298 K on a Bruker SMART
APEX CCD area detector system equipped with a graphite monochromator and a Mo-Ka fine-
focus sealed tube (A = 0.71073 A). For thin-layer chromatography (TLC), silica gel plates
Merck 60 F254 were used and compounds were visualized by irradiation with UV light and/or
by treatment with a solution of p-anisaldehyde (23 mL), conc. H2SO4 (35 mL), acetic acid (10
mL), and ethanol (900 mL) followed by heating.

Materials: All solvents and commercially available chemicals were used as received. Ynones

12a-k [¢71 were prepared according to the literature procedure.
General Procedure for the Phosphine-Catalyzed Intermolecular
Self-TZC Reaction: In an ordinary glass vial equipped with a magnetic stirring bar was

taken a mixture 0.4 mmol of ynone 12 and phosphine catalyst 2c (20 mol%, relative to 0.2
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mmol of 12) in dichloroethane (1.0 mL). Then (z)-BINOL 135 (10 mol%, relative to 0.2 mmol
of 12) were added sequentially to the reaction mixture and stirred at temperature indicated in
each case until total disappearance of the starting material (monitored by TLC). The reaction
mixture was concentrated and pure products 136 were obtained by column chromatography

(silica gel, mixture of hexane/ethyl acetate).

(E)-3-Acetyl-5-benzylidene-4-phenylcyclopent-2-enone (136aa): Prepared by following
the procedure 1a and purified by column chromatography using EtOAc/hexane and isolated
o) as yellow solid. Mp.: 178-180 °C; IR (Neat): vmax 3059, 2915, 1688,
_ 1623, 1592, 1492, 1448, 1356, 1174, 1024, 878, 757, 695 and 601 cm
O 1 IH NMR (CDCls, 500 MHz) § 7.58 (1H, s), 7.41 (2H, d, J = 5.5 Hz),
7.25-7.24 (5H, m), 7.19 (2H, t, J = 7.5 Hz), 7.11 (1H, t, J = 7.5 Hz),
6.88 (1H, s), 5.26 (1H, s), 2.36 (3H, s); 3C NMR (CDCls, DEPT-135)
§198.0 (C, C=0), 196.5 (C, C=0), 166.2 (C), 137.8 (C), 137.5 (C), 135.8 (CH), 135.0 (CH),
133.5(C), 131.2 (2 X CH), 130.0 (CH), 128.6 (2 x CH), 128.5 (2 x CH), 128.4 (2 x CH), 127.2
(CH), 48.6 (CH), 28.4 (CH3, COCHs); HRMS m/z 311.1049 (M + Na*), calcd for C2oH1602Na
311.1048.

H3C
0]
136a

a

(E)-3-Acetyl-5-(4-methylbenzylidene)-4-(p-tolyl)cyclopent-2-enone (136bb): Prepared by
following the procedure 1a and purified by column chromatography
using EtOAc/hexane and isolated as yellow solid. Mp.: 160-162 °C;
IR (Neat): vmax 2920, 1676, 1624, 1593, 1505, 1361, 1257, 1164, 870
and 803 cm™*; *H NMR (CDCls, 400 MHz) & 7.55 (1H, s), 7.37 (2H,
d, J=8.0 Hz), 7.17 (2H, d, J = 8.0 Hz), 7.09 (2H, d, J = 8.0 Hz), 7.02
(2H, d, J = 8.0 Hz), 6.86 (1H, d, J = 1.2 Hz), 5.22 (1H, s), 2.37 (3H, ), 2.31 (3H, 5), 2.24 (3H,
s); 3C NMR (CDCls, DEPT-135) § 198.3 (C, C=0), 196.7 (C, C=0), 166.1 (C), 140.7 (C),
136.8 (2 x C), 135.8 (CH), 134.9 (CH), 134.5 (C), 131.6 (2 x CH), 130.8 (C), 129.35 (2 x
CH), 129.31 (2 x CH), 128.5 (2 x CH), 48.3 (CH), 28.4 (CH3, COCH3), 21.5 (CHa3), 21.0
(CHs3); HRMS m/z 317.1542 (M + H*), calcd for C22H210; 317.1542.
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(E)-3-Acetyl-5-(3-methylbenzylidene)-4-(m-tolyl)cyclopent-2-enone (136¢c): Prepared by
following the procedure l1a and purified by column
chromatography using EtOAc/hexane and isolated as yellow solid.
Mp.: 122-124 °C; IR (Neat): vmax 3059, 1681, 1621, 1595, 1511,
1465, 1271, 1212, 1175, 1144, 959, 819, 751, 702 and 666 cm*; *H
NMR (CDCls, 500 MHz) & 7.53 (1H, d, J = 1.5 Hz), 7.27 (1H, br
s), 7.24 (1H, br d, J = 7.5 Hz), 7.15 (1H, t, J = 7.5 Hz), 7.11-7.05 (3H, m), 7.04 (1H, br s),
6.93 (1H, brd, J=7.0 Hz), 6.88 (1H, d, J = 1.5 Hz), 5.21 (1H, s), 2.37 (3H, s), 2.25 (3H, ),
2.24 (3H, s); 3C NMR (CDCl;, DEPT-135) § 198.2 (C, C=0), 196.5 (C, C=0), 166.1 (C),
138.1 (C), 138.0 (C), 137.7 (C), 137.5 (C), 135.8 (CH), 135.0 (CH), 133.4 (C), 131.7 (CH),
130.8 (CH), 129.3 (CH), 128.9 (CH), 128.32 (CH), 128.30 (CH), 128.0 (CH), 125.8 (CH),
48.7 (CH), 28.4 (CH3,COCHpg), 21.3 (CH3), 21.1 (CH3); HRMS m/z 317.1542 (M + H"), calcd
for C22H2102 317.1542.

(E)-3-Acetyl-5-(4-butylbenzylidene)-4-(4-butylphenyl)cyclopent-2-enone (136dd):
Prepared by following the procedure l1a and purified by column

chromatography using EtOAc/hexane and isolated as yellow solid. Mp.:
106-108 °C; IR (Neat): vmax 2956, 2923, 2858, 1694, 1627, 1604, 1511,
1420, 1254, 1206, 1168, 959, 879, 736 and 662 cm™; *H NMR (CDCls,
500 MHz) & 7.55 (1H, d, J = 1.0 Hz), 7.34 (2H, br d, J = 8.0 Hz), 7.15
(2H, br d, J = 8.0 Hz), 7.07 (2H, br d, J = 8.0 Hz), 7.00 (2H, brd, J = 8.0
Hz), 6.85 (1H, d, J = 1.5 Hz), 5.20 (1H, br s), 2.54 (2H, t, J = 8.0 Hz), 2.48 (2H,t, J = 8.0
Hz), 2.36 (3H, s), 1.54-1.48 (4H, m), 1.32-1.24 (4H, m), 0.89 (3H, t, J = 7.5 Hz), 0.87 (3H, t,
J = 7.5 Hz); 3C NMR (CDCls, DEPT-135) & 198.3 (C, C=0), 196.7 (C, C=0), 166.2 (C),
145.6 (C), 141.8 (C), 137.0 (C), 135.7 (CH), 134.9 (CH), 134.7 (C), 131.5 (2 x CH), 131.1
(C), 128.6 (4 x CH), 128.4 (2 x CH), 48.4 (CH), 35.5 (CH>), 35.1 (CH>), 33.3 (CHy), 33.2
(CH_), 28.4 (CH3, COCHj3), 22.3 (2 X CH2), 13.89 (CH3), 13.86 (CH3); HRMS m/z 401.2481
(M + H"), calcd for C2sH330, 401.2481.
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(E)-3-Acetyl-5-(4-(methoxymethoxy)benzylidene)-4-(4-

(methoxymethoxy)phenyl)cyclopent-2-enone (136ee): Prepared by following the procedure
1a and purified by column chromatography using EtOAc/hexane and
isolated as yellow solid. Mp.: 108-110 °C; IR (Neat): vmax 2957, 2920,
2848, 1743, 1686, 1598, 1505, 1459, 1366, 1241, 1154, 1077, 999,
849 and 803 cm; *H NMR (CDCls, 500 MHz) § 7.52 (1H,d,J=1.5
Hz), 7.40 (2H, td, J=9.0, 2.0 Hz), 7.18 (2H, td, J = 9.0, 2.0 Hz), 6.91

HaC
ne  (2H,1d,3=9.0,2.0 Hz), 6.87 (2H, td, J = 9.0, 2.0 Hz), 6.84 (1H, d, J

= 1.5 Hz), 5.17 (1H, br t, J = 1.5 Hz), 5.15 (2H, ABg, J = 8.0 Hz), 5.08 (2H, ABg, J = 7.0
Hz), 3.44 (3H, 5), 3.42 (3H, 5), 2.37 (3H, 5); 3C NMR (CDCls, DEPT-135) § 198.1 (C, C=0),
196.6 (C, C=0), 165.8 (C), 158.8 (C), 156.4 (C), 135.9 (C), 135.8 (CH), 134.5 (CH), 133.4
(2 x CH), 130.7 (C), 129.7 (2 x CH), 127.3 (C), 116.4 (2 x CH), 116.2 (2 X CH), 94.4 (CH.),
94.1 (CHs), 56.2 (CHs, OCHs), 56.0 (CHs, OCHs), 47.9 (CH), 28.4 (CHs, COCH3); HRMS
m/z 431.1474 (M + Na*), calcd for CasHosOeNa 431.1471.

(E)-3-Acetyl-5-(4-fluorobenzylidene)-4-(4-fluorophenyl)cyclopent-2-enone (136ff):

Prepared by following the procedure la and purified by column

chromatography using EtOAc/hexane and isolated as yellow solid.
Q Mp.: 126-128 °C; IR (Neat): vmax 3065, 1681, 1624, 1593, 1505, 1412,
1366, 1221, 1159, 1025, 963, 880, 818 and 736 cm™; *H NMR (CDCls,

F 500 MHz) § 7.56 (1H, d, J = 1.5 Hz), 7.41-7.37 (2H, m), 7.23-7.19 (2H,
m), 6.95 (2H, tt, J = 8.5, 2.0 Hz), 6.91-6.86 (3H, m), 5.22 (1H, s), 2.39 (3H, s); 3C NMR
(CDCls, DEPT-135) § 197.6 (C, C=0), 196.4 (C, C=0), 165.7 (C), 163.7 (C, d, J = 218.7 Hz,
C-F), 161.7 (C, d, J = 213.7 Hz, C-F), 137.1 (C), 136.1 (CH), 134.0 (CH), 133.2 (2 x CH, d,
J=8.7Hz), 132.9 (C, d, J = 2.5 Hz), 130.1 (2 X CH, d, J = 8.7 Hz), 129.6 (C, d, J = 3.7 Hz),
115.8 (2X CH, d, J=21.2 Hz), 115.6 (2X CH, d, J = 21.2 Hz), 47.6 (CH), 28.3 (CH3, COCHb);
F NMR (CDCls, 375 MHz): & —108.5, —114.5; HRMS m/z 325.1040 (M + H"), calcd for
Ca0H15F202 325.1040.

-
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(E)-3-Acetyl-5-(4-chlorobenzylidene)-4-(4-chlorophenyl)cyclopent-2-enone (136909):
0 Prepared by following the procedure la and purified by column
chromatography using EtOAc/hexane and isolated as yellow solid.
Mp.: 104-106 °C; IR (Neat): vmax 2951, 2926, 2853, 1681, 1629, 1588,
c1 1485, 1247, 1164, 1087, 1009, 803 and 684 cm™; *H NMR (CDCls,
500 MHz) 6 7.53 (1H, d, J = 1.5 Hz), 7.33 (2H, td, J = 7.0, 2.5 Hz),
7.25 (2H, td, J = 7.0, 2.5 Hz), 7.17 (4H, br s), 6.90 (1H, d, J = 2.0 Hz), 5.21 (1H,t, J =15
Hz), 2.39 (3H, s); 3C NMR (CDCls, DEPT-135) & 197.4 (C, C=0), 196.2 (C, C=0), 165.4
(C), 137.6 (C), 136.4 (C), 136.2 (CH), 135.8 (C), 133.9 (CH), 133.3 (C), 132.3 (2 x CH),
131.7 (C), 129.9 (2 x CH), 128.91 (2 x CH), 128.86 (2 X CH), 47.7 (CH), 28.3 (CH3, COCH);
HRMS m/z 357.0449 (M + H™), calcd for C2oH15Cl202 357.0449.
(E)-3-Acetyl-5-(3-chlorobenzylidene)-4-(3-chlorophenyl)cyclopent-2-enone (136hh):

136gg

Cl

Prepared by following the procedure 1la and purified by column chromatography using
EtOAc/hexane and isolated as yellow solid. Mp.: 122-124 °C; IR
(Neat): vmax 2925, 2848, 1691, 1629, 1592, 1489, 1401, 1365, 1257,

c 1164, 1086, 1009, 874 and 812 cm™; *H NMR (CDCls, 400 MHz)
§7.52 (1H, br d, J = 0.8 Hz), 7.39 (1H, br s), 7.25-7.22 (2H, m),
7.21-7.19 (1H, m), 7.17-7.15 (3H, m), 7.13-7.10 (1H, m), 6.94 (1H,

brd, J=1.2 Hz), 5.21 (1H, s), 2.41 (3H, s); 1*C NMR (CDCls, DEPT-135) § 197.3 (C, C=0),

196.1 (C, C=0), 165.3 (C), 139.3 (C), 138.6 (C), 136.5 (CH), 134.9 (C), 134.54 (C), 134.46

(C), 133.9 (CH), 130.5 (CH), 130.0 (CH), 129.8 (2 x CH), 129.2 (CH), 128.4 (CH), 127.7

(CH), 127.2 (CH), 48.0 (CH), 28.3 (CH3, COCHs); HRMS m/z 395.0003 (M + K*), calcd for

C20H14Cl202K 395.0008.

(E)-3-Acetyl-5-(4-bromobenzylidene)-4-(4-bromophenyl)cyclopent-2-enone (136i1):
Prepared by following the procedure la and purified by column
chromatography using EtOAc/hexane and isolated as yellow solid.
Mp.: 134-136 °C; IR (Neat): vmax 2957, 2915, 2848, 1681, 1619, 1583,
1479, 1366, 1262, 1071, 1009, 818 and 751 cm*; *H NMR (CDCls,
400 MHz) 8 7.52 (1H, br d, J = 1.2 Hz), 7.42 (2H, td, J = 8.5, 1.6 Hz),
7.34 (2H, td, J = 8.5, 1.6 Hz), 7.26 (2H, td, J = 8.5, 1.6 Hz), 7.13 (2H, td, J = 8.5, 1.6 Hz),

136ii g,
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6.91 (1H, d, J = 1.6 Hz), 5.20 (1H, s), 2.40 (3H, s); 3C NMR (CDCls, DEPT-135) & 197.4
(C, C=0), 196.2 (C, C=0), 165.3 (C), 137.7 (C), 136.3 (C), 136.2 (CH), 134.0 (CH), 132.4
(2 x CH), 132.1 (C), 131.9 (2 x CH), 131.8 (2 x CH), 130.2 (2 x CH), 125.0 (C), 121.5 (C),
47.8 (CH), 28.3 (CH3, COCHa); HRMS m/z 444.9437 (M + H"), calcd for CxoH15Br202
444.9439.
(E)-3-Acetyl-5-(3-acetylbenzylidene)-4-(3-acetylphenyl)cyclopent-2-enone (136jj):
Prepared by following the procedure 1a and purified by column
chromatography using EtOAc/hexane and isolated as yellow
solid. Mp.: 132-134 °C; IR (Neat): vmax 3008, 2920, 2853, 1748,
1686, 1593, 1428, 1361, 1268, 1159, 798, 730 and 694 cm™; H
CH, 136l NMR (CDCls, 400 MHz) & 7.99 (1H, br s), 7.86 (1H, br s), 7.82
(1H, br d, J = 7.6 Hz), 7.69 (1H, br d, J = 7.6 Hz), 7.64 (1H, brs), 7.57 (1H, brd, J = 7.6
Hz), 7.47 (1H, brd, J = 7.6 Hz), 7.36 (1H,t, J = 7.6 Hz), 7.27 (1H, t, J = 7.2 Hz), 6.99 (1H,
d, J = 0.8 Hz), 5.39 (1H, brs), 2.55 (3H, s), 2.53 (3H, s), 2.40 (3H, s); °C NMR (CDClIs,
DEPT-135) 6 197.7 (C, C=0), 197.3 (C, C=0), 197.1 (C, C=0), 196.2 (C, C=0), 165.3 (C),
138.7 (C), 137.8 (C), 137.3 (C), 137.1 (C), 136.7 (CH), 135.6 (CH), 134.3 (CH), 133.7 (C),
133.3 (CH), 130.0 (CH), 129.8 (CH), 128.9 (CH), 128.73 (CH), 128.66 (CH), 127.4 (CH),
48.3 (CH), 28.3 (CHg), 26.7 (2 x CH3); HRMS m/z 395.1259 (M + Na"), calcd for C24H2004Na
395.1259.
(E)-5-Benzylidene-2-methyl-4-phenyl-3-propionylcyclopent-2-enone (136kk): Prepared

by following the procedure 1a and purified by column
chromatography using EtOAc/hexane and isolated as yellow solid.
Mp.: 128-130 °C; IR (Neat): vmax 3008, 2920, 2853, 1738, 1681,
1624, 1593, 1464, 1376, 1211, 1138, 813, 777 and 694 cm™; *H NMR
(CDCl3, 400 MHz) & 7.61 (1H, d, J = 1.6 Hz), 7.41-7.39 (2H, m), 7.24-7.22 (3H, m), 7.20-
7.16 (2H, m), 7.13-7.09 (3H, m), 5.18 (1H, t, J = 1.6 Hz), 2.61 (1H, qd, J = 14.4, 7.2 Hz),
2.36 (1H, qd, J = 14.4, 7.2 Hz), 2.12 (3H, d, J = 2.0 Hz, olefinic-CH3), 0.90 (3H, t, J = 7.2
Hz, CH2CHs); 3C NMR (CDCls, DEPT-135) § 203.5 (C, C=0), 198.2 (C, C=0), 161.1 (C),
140.2 (C), 138.0 (C), 136.3 (C), 134.6 (CH), 133.8 (C), 131.1 (2 x CH), 129.7 (CH), 128.7 (2
x CH), 128.3 (2 x CH), 128.2 (2 x CH), 127.3 (CH), 49.0 (CH), 37.0 (CH,, CH2CHs), 10.3
(CHs), 7.2 (CH3, CH2CH3); HRMS m/z 339.1360 (M + Na*), calcd for C22H200,Na 339.1361.
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(E)-3-Acetyl-5-benzylidene-4-phenylcyclopent-2-enone  (136aa), (E)-3-Acetyl-5-(3-
methylbenzylidene)-4-(m-tolyl)cyclopent-2-enone (136c¢c), (E)-3-Acetyl-5-benzylidene-4-
(m-tolyl)cyclopent-2-enone  (136ac) and (E)-3-Acetyl-5-(3-methylbenzylidene)-4-
phenylcyclopent-2-enone (136ca) [1:1:1:1]: Prepared by following the procedure la and
purified by column chromatography using
EtOAc/hexane and isolated as yellow solid.
Mp.: 170-172 °C; IR (Neat): vmax 1696,
1685, 1627, 1589, 1491, 1447, 1402, 1364,
1323, 1293, 1252, 1205, 1045, 956, 879,
855, 785, 764, 716, 702 and 637 cm™; 'H
NMR (CDClIs, 500 MHz, mixture of 1:1:1:1
ratio) & 7.58-7.53 (4H, m), 7.44-7.41 (4H,
m), 7.26-7.23 (12H, m), 7.22-7.16 (5H, m),

136ac 136ca 7.15-7.10 (5H, m), 7.09-7.07 (6H, m), 7.04-
7.00 (2H, m), 6.93-6.92 (2H, m), 6.88-6.87 (4H, m), 5.26-5.25 (2H, m), 5.22-5.20 (2H, m),
2.363-2.360 (12H, m), 2.25 (3H, ), 2.24 (6H, s), 2.22 (3H, s); *C NMR (CDCls, DEPT-135,
mixture of 1:1:1:1 ratio) & 198.2 (C, C=0), 198.1 (C, C=0), 198.00 (C, C=0), 197.98 (C,
C=0), 196.51 (C, C=0), 196.49 (2 x C, C=0), 196.47 (C, C=0), 166.3 (C), 166.2 (2 x C),
166.1 (C), 138.13 (C), 138.06 (C), 138.0 (2 x C), 137.9 (C), 137.81 (C), 137.79 (C), 137.7
(C), 137.59 (C), 137.58 (C), 137.5 (C), 137.4 (C), 135.9 (CH), 135.79 (CH), 135.77 (CH),
135.7 (CH), 135.2 (CH), 135.01 (CH), 134.99 (CH), 134.81 (CH), 133.6 (C), 133.5 (C),
133.45 (C), 133.37 (C), 131.75 (CH), 131.68 (CH), 131.23 (2 x CH), 131.20 (2 x CH), 130.84
(CH), 130.79 (CH), 130.0 (CH), 129.9 (CH), 129.3 (CH), 129.0 (CH), 128.8 (CH), 128.7 (3
x CH), 128.6 (2 x CH), 128.51 (2 x CH), 128.46 (2 x CH), 128.42 (2 x CH), 128.40 (2 x CH),
128.34 (CH), 128.31 (3 x CH), 128.01 (CH), 127.97 (CH), 127.22 (CH), 127.19 (CH), 125.9
(CH), 125.8 (CH), 48.71 (CH), 48.68 (CH), 48.6 (CH), 48.5 (CH), 28.4 (2 x CH3), 28.3 (2 x
CHz3), 21.3 (2 x CH3), 21.1 (2 x CH3); HRMS m/z 289.1225 (M + H"), calcd for C20H170>
289.1229 (136aa); 303.1364 (M + H"), calcd for C21H1902 303.1385 (136ac or 136ca);
317.1527 (M + H*), calcd for C22H210, 317.1542 (136¢c).
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General Procedure for the Reduction of Product 136aa: In an oven
dried round bottom flask, NaBH4 (0.3 mmol) was added to the stirred solution of product
136aa (0.2 mmol) in dry MeOH-THF (3:2) at 0 °C. Reaction mixture was stirred for 50 min
at 25 °C. The crude reaction mixture was treated with aqueous NH4Cl solution, and the
aqueous layer was extracted with ethyl acetate (3 x 10 mL). The combined organic layers
were dried (Na2SOa), and concentrated. Pure products 142aa and 142'aa were obtained by

column chromatography (silica gel, mixture of hexane/ethyl acetate).

(1S*,35*,4R*,E)-2-Benzylidene-4-((R*)-1-hydroxyethyl)-3-phenylcyclopentanol
(142aa): Prepared by following the procedure 1b and purified by column chromatography

HO, H using EtOAc/hexane and isolated as white solid. Mp.: 158-160 °C; IR

G TN (Neat): vmax 3390, 1593, 1485, 1438, 1335, 1149, 1113, 1077, 1035,
- P 922,865 and 746 om™; H NMR (CDCs, 500 MHz) 5 7.47 (2H, br d,
O ipaa  J=T.0H2),7.20 (2H,brt, J = 7.0 Hz), 7.21-7.18 (1H, m), 7.17-7.10

(5H, m), 6.70 (1H, s), 4.89 (1H, dt, J = 7.5, 1.5 Hz), 4.33 (1H, d, J =
6.0 Hz), 3.20-3.15 (1H, m), 2.13-2.03 (3H, m), 1.66-1.61 (1H, m), 1.41 (1H, brs), 1.09 (3H,
d, J = 6.0 Hz); 3C NMR (CDCl3, DEPT-135) § 149.7 (C), 141.2 (C), 136.7 (C), 129.9 (2 x
CH), 128.6 (2 x CH), 128.3 (2 x CH), 128.0 (2 x CH), 127.7 (CH), 126.8 (CH), 126.3 (CH),
75.8 (CH), 67.8 (CH), 50.8 (CH), 49.8 (CH), 34.9 (CH>), 22.7 (CH3); HRMS m/z 317.1513
(M + Na¥), calcd for C2oH2202Na 317.1517.

(1S*,35*,4R* E)-2-Benzylidene-4-((S*)-1-hydroxyethyl)-3-phenylcyclopentanol
(142'aa): Prepared by following the procedure 1b and purified by column chromatography
using EtOAc/hexane and isolated as white solid. Mp.: 156-158 °C; IR (Neat): vmax 3344, 3019,
HO H 2967, 1593, 1495, 1448, 1371, 1268, 1118, 1030, 916, 751 and 699 cm"
: 1 14 NMR (CDCls, 500 MHz) & 7.35 (2H, d, J = 7.0 Hz), 7.26 (2H, t,
Ph J=7.0Hz), 7.17 (1H, t, J = 7.0 Hz), 7.10-7.05 (5H, m), 6.76 (1H, br
OH s), 4.80 (1H, t, J = 6.0 Hz), 4.20 (1H, d, J = 6.5 Hz), 3.60 (1H, m), 2.30-
MZaa 503 (2H, m), 2.01-1.97 (1H, m), 1.66 (2H, br s), 1.15 (3H, d, J = 6.0
Hz); 3C NMR (CDCls, DEPT-135) § 149.0 (C), 140.7 (C), 136.6 (C), 129.3 (2 x CH), 128.7
(2 x CH), 128.6 (2 x CH), 127.9 (2 x CH), 127.7 (CH), 126.7 (CH), 126.6 (CH), 76.2 (CH),
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66.7 (CH), 50.5 (CH), 50.0 (CH), 32.8 (CHy), 22.4 (CHs3); HRMS m/z 317.1516 (M + Na"),
calcd for CooH2202Na 317.1517.

Procedure 1c: General Procedure for the Synthesis of (E)-5-Benzylidene-3-((E)-

1 (hydroxyimino)ethyl)-4-phenylcyclopent-2-enone (144aa): In an oven dried round
bottom flask, a mixture of hydroxylamine hydrochloric acid (1.5 equiv.), pyridine (0.25
equiv.) and compound 136aa (0.3 mmol) in 95% ethanol (1 ml) was stirred at 60 °C
temperature and the progress of the reaction was monitored by TLC. The crude reaction
mixture was treated with brine solution, and the aqueous layer was extracted with ethyl acetate
(3 x 10 mL). The combined organic layers were dried (Na.SO4), and concentrated. Pure
product 144aa was obtained by column chromatography (silica gel, mixture of hexane/ethyl

acetate).

(E)-5-Benzylidene-3-((E)-1-(hydroxyimino)ethyl)-4-phenylcyclopent-2-enone  (144aa):
O Prepared by following the procedure 1c and purified by column

O NfOH chromatography using EtOAc/hexane and isolated as white solid. Mp.:
H _ ©Fs 124-126°C; IR (Neat): vmax 3282, 3050, 2926, 2853, 1671, 1619, 1583,

© 4422 1443 1268, 1190, 1020, 870, 761 and 694 cm; *H NMR (CDCls, 400

MHz) & 8.21 (1H, brs), 7.47 (1H, d, J = 1.2 Hz), 7.43-7.40 (2H, m), 7.24-7.21 (5H, m), 7.15
(2H, brt, J = 7.2 Hz), 7.08 (1H, t, J = 7.2 Hz), 6.68 (1H, d, J = 0.8 Hz), 5.32 (1H, s), 2.05
(3H, s); 3C NMR (CDCls, DEPT-135) § 197.2 (C, C=0), 168.1 (C), 152.3 (C), 139.5 (C),
139.0 (C), 134.0 (C), 132.5 (CH), 131.5 (CH), 130.8 (2 x CH), 129.4 (CH), 128.8 (2 x CH),
128.3 (2 x CH), 128.0 (2 x CH), 126.8 (CH), 48.9 (CH), 11.7 (CH3); HRMS m/z 304.1335

(M + H"), calcd for C20H1sNO2 304.1338.

Procedure 1d: General Procedure for the Epoxidation of Product 136aa: In an

oven dried round bottom flask, aqueous H20- solution (30%, 1.2 mmol) was added to the
stirred solution of product 136aa (0.3 mmol) and tert-BuNH2 71h (0.09 mmol) in THF (1.0
mL) at 25 °C and stirred for 7 h. The crude reaction mixture was treated with brine solution,

and the aqueous layer was extracted with ethyl acetate (3 x 10 mL). The combined organic
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layers were dried (Na2S0O4), and concentrated. Pure product 146aa was obtained by column

chromatography (silica gel, mixture of hexane/ethyl acetate).

(1S*,4R*,55* E)-5-Acetyl-3-benzylidene-4-phenyl-6-oxabicyclo[3.1.0]hexan-2-one
(146aa): Prepared by following the procedure 1d and purified by column chromatography
using EtOAc/hexane and isolated as yellow solid. Mp.: 100-102 °C; IR
(Neat): vmax 3060, 3029, 2926, 1712, 1619, 1490, 1454, 1361, 1216,
1175, 1025, 844, 767 and 694 cm™; *H NMR (CDClIs, 500 MHz, 3:1 dr,
for major isomer) & 7.57 (1H, s), 7.39-7.38 (2H, m), 7.33-7.26 (5H, m),
7.23-7.20 (3H, m), 4.83 (1H, s), 4.09 (1H, s), 2.03 (3H, s); 3C NMR
(CDCls, DEPT-135, 3:1 dr, for major isomer) 6 198.7 (C, C=0), 195.5 (C, C=0), 138.4 (CH),
137.6 (C), 136.1 (C), 133.4 (C), 130.7 (2 x CH), 130.2 (CH), 128.8 (2 x CH), 128.7 (2 x CH),
128.6 (2 x CH), 127.7 (CH), 68.3 (C), 59.1 (CH), 46.4 (CH), 26.6 (CH3); *H NMR (CDCls,
500 MHz, 3:1 dr, for minor isomer) & 7.72 (2H, m), 7.33-7.26 (5H, m), 7.18-7.16 (3H, m),
6.72 (1H, s), 4.43 (1H, s), 4.16 (1H, s), 2.06 (3H, s); 3C NMR (CDCls, DEPT-135, 3:1 dr,
for minor isomer) § 198.8 (C, C=0), 194.3 (C, C=0), 144.1 (CH), 140.3 (C), 136.3 (C), 133.9
(C), 130.5 (2 x CH), 130.3 (CH), 129.1 (2 x CH), 128.1 (2 X CH), 127.6 (2 x CH), 127.5 (CH),
66.8 (C), 61.9 (CH), 50.1 (CH), 26.0 (CHs); HRMS m/z 327.0998 (M + Na*), calcd for
C20H1603Na 327.0997.

146aa

Materials: All solvents and commercially available chemicals were used as received. N,N-
Cyclic azomethine imines 42a-il%® and 2-arylidene-1,3-indandiones 149 (149a, 149b, 149f,
149i and 149j)[%°1 were prepared according to the literature procedure.

Procedure 2a: General procedure for L-proline catalyzed three-component

synthesis of spiroindane-1,3-dione-pyrazolidinones: In an ordinary glass vial equipped
with a magnetic stirring bar, to L-proline (S)-88b (5 mol%) in CH3CN (0.5 mL), were added
1,3-indandione 147 (0.3 mmol) and aldehyde 148 (0.45 mmol, 1.5 equiv.) and the reaction
mixture was stirred at ambient temperature for 15 to 20 minutes. When the reaction mixture
solidified, more solvent (0.5 mL) was added. To the reaction mixture azomethine imine 42
(0.36 mmol, 1.2 equiv.) was added and stirred at 50 °C for 0.6-1.5 h. The reaction mixture

was treated with saturated aqueous ammonium chloride solution and the aqueous layer was
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extracted with dichloromethane (3 x 10 mL). The combined organic layers were dried with
anhydrous Na»SOg4, and concentrated. Pure products 150 were obtained by quick filtration

(silica gel, mixture of hexane/ethyl acetate).

Procedure 2b: General procedure for the two-component synthesis of

spiroindane-1,3-dione-pyrazolidinones: In an ordinary glass vial equipped with a
magnetic stirring bar, to 2-arylideneindane-1,3-dione 149 (0.3 mmol) and azomethine imine
42 (0.36 mmol, 1.2 equiv.) were added in CH3CN (1.0 mL) and stirred at 50 °C for 1.2-1.5 h.
The reaction mixture was treated with saturated aqueous ammonium chloride solution and the
aqueous layer was extracted with dichloromethane (3 x 10 mL). The combined organic layers
were dried with anhydrous Na>SQO4, and concentrated. Pure products 150 were obtained by

quick filtration (silica gel, mixture of hexane/ethyl acetate).

(1'S*,3'R*)-1",3"-Diphenyl-6',7'-dihydro-1"H-spiro[indene-2,2'-pyrazolo[1,2-
alpyrazole]-1,3,5'(3"H) trione (150aa): Prepared by following the procedure 2a and purified
by column chromatography using EtOAc/hexane and isolated as white solid. Mp 160-162 °C;
dr = >99:1; IR (KBr): vmax 3032, 2935, 1752, 1714, 1584, 1455, 1346,
@ 1265, 1109, 920, 768, 698 and 617 cm™; 'H NMR (CDCls, 400 MHz) &
& N 7.97 (1H, d, J = 8.0 Hz), 7.72 (1H, dt, J = 7.6, 0.4 Hz), 7.58 (1H, dt, J =
E:QCN% 7.6, 0.4 Hz), 7.39 (1H, d, J = 7.6 Hz), 7.21-7.17 (2H, m), 7.16-7.13 (3H,
O@ ° m), 7.11-7.07 (5H, m), 5.81 (1H, s), 4.42 (1H, s), 3.89-3.79 (1H, m), 3.12-
150aa 3.03 (2H, m), 2.93-2.85 (1H, m); *C NMR (CDCls;, DEPT-135) § 198.2
(C, C=0), 1945 (C, C=0), 172.4 (C, C=0), 143.2 (C), 141.3 (C), 136.2 (CH), 135.5 (CH),
135.2 (C), 131.7 (C), 128.8 (CH), 128.5 (2 x CH), 128.4 (2 x CH), 127.85 (CH), 127.82 (2 x
CH), 125.8 (2 x CH), 123.23 (CH), 123.16 (CH), 77.4 (CH), 72.1 (C), 63.3 (CH), 48.1 (CH>),
32.5 (CH2); LCMS m/z 409.15 (M + H™), calcd for CzH21N20O3 409.1552; HRMS m/z

431.1373 (M + Na"), calcd for CzsH2oN2O3Na 431.1372; Anal. calcd for CzsH20N203
(408.1474): C, 76.45; H, 4.94; N, 6.86. Found: C, 76.32; H, 4.98; N, 6.79%.
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(1'S*,3'R*)-3"-(4-Fluorophenyl)-1'-phenyl-6',7'-dihydro-1'H-spiro[indene-2,2'-
pyrazolo[1,2a] pyrazole]-1,3,5'(3'H)-trione (150ba): Prepared by following the procedure
© 2b and purified by column chromatography using EtOAc/hexane and
& N isolated as white solid. Mp 150-152 °C; dr = >99:1; IR (KBr): vmax 2357,
@E?CNQ 2335, 1752, 1708, 1514, 1341, 1260, 1233, 1168, 763 and 703 cm™; 'H
O© 0 NMR (CDCls, 400 MHz) 8 7.95 (1H, d, J=8.0 Hz), 7.70 (1H, t, J = 7.5 Hz),
etk T 7.58 (1H, t, J = 7.5 Hz), 7.39 (1H, d, J = 7.5 Hz), 7.18-7.16 (2H, m), 7.09-
7.06 (5H, m), 6.82 (2H, t, J = 8.5 Hz), 5.75 (1H, s), 4.40 (1H, s), 3.83-3.78 (1H, m), 3.09-3.00
(2H, m), 2.91-2.84 (1H, m); *C NMR (CDCls, DEPT-135) § 198.0 (C, C=0), 194.5 (C, C=0),
172.7 (C, C=0), 162.2 (C, d, J = 245.0 Hz, C-F), 143.0 (C), 141.2 (C), 136.4 (CH), 135.7
(CH), 131.5 (C), 131.1 (C, d, J = 2.5 Hz), 128.9 (CH), 128.5 (2 x CH), 127.75 (3 x CH),
127.67 (CH), 123.2 (2 x CH, d, J = 12.5 Hz), 115.3 (2 x CH, d, J = 22.5 Hz), 77.3 (CH), 72.0
(C), 62.8 (CH), 48.0 (CH>), 32.3 (CH); LCMS m/z 427.40 (M + H"), calcd for C26H20FN203
427.1458; HRMS m/z 449.1272 (M + Na*), calcd for C26H19FN20O3sNa 449.1277; Anal. calcd
for C26H19FN20O3 (426.1380): C, 73.23; H, 4.49; N, 6.57. Found: C, 73.15; H, 4.53; N, 6.49%.

(1'S*,3'R*)-3"-(4-Chlorophenyl)-1'-phenyl-6",7'-dihydro-1'H-spiro[indene-2,2"-
pyrazolo[1,2a] pyrazole]-1,3,5'(3'H)-trione (150ca): Prepared by following the procedure
2a and purified by column chromatography using EtOAc/hexane and
c@ isolated as off-white solid. Mp 160-162 °C; dr = 8:1; IR (KBr): vmax 2849,
- E;} 2816, 1746, 1719, 1590, 1487, 1336, 1292, 1265, 1179, 1098, 1028, 768
0 . O and703 cmt; 'H NMR (CDCls, 400 MHz, for major isomer) § 7.96 (1H,
150ca Q d,J=75Hz), 7.73 (1H, t, I = 7.5 Hz), 7.61 (1H, 1, J = 7.5 Hz), 7.42 (1H,
d, J = 8.0 Hz), 7.18-7.17 (2H, m), 7.13 (2H, d, J = 8.0 Hz), 7.11-7.10 (3H,
m), 7.06-7.01 (2H, m), 5.76 (1H, s), 4.40 (1H, s), 3.85-3.79 (1H, m), 3.10-3.02 (2H, m), 2.93-
2.86 (1H, m); *3C NMR (CDCls, DEPT-135, for major isomer) § 197.9 (C, C=0), 194.4 (C,
C=0), 172.7 (C, C=0), 143.0 (C), 141.2 (C), 136.4 (CH), 135.7 (CH), 133.9 (C), 133.7 (C),
131.5(C), 128.9 (CH), 128.6 (2 x CH), 128.5 (2 x CH), 127.8 (2 x CH), 127.4 (2 x CH), 123.3
(2 x CH), 77.4 (CH), 72.0 (C), 62.7 (CH), 48.0 (CH), 32.3 (CH2); HRMS m/z 465.0982

(M + Na"), calcd for C26H19CIN203Na 465.0982.
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(1'S*,3'S*)-3'-(2-Chlorophenyl)-1'-phenyl-6',7'-dihydro-1'H-spiro[indene-2,2'-
pyrazolo[1,2a] pyrazole]-1,3,5'(3'H)-trione (150da): Prepared by following the procedure
2a and purified by column chromatography using EtOAc/hexane and
O© isolated as light brown solid. Mp 156-158 °C; dr = 7:1; IR (KBr): vmax
@CN 2964, 2849, 1742, 1715, 1594, 1386, 1255, 1085, 888 and 756 cm™; *H
o 5 o0 NMR (CDCls, 400 MHz, for major isomer) & 7.96 (1H, d, J = 8.0 Hz),
@ 7.79 (1H, dd, J = 8.0, 0.8 Hz), 7.71 (1H, dt, J = 7.6, 0.8 Hz), 7.57 (1H,
150da dt, J = 7.6, 0.4 Hz), 7.34 (2H, d, J = 9.5 Hz), 7.16-7.12 (3H, m,), 7.10-
7.05 (4H, m), 5.99 (1H, s), 4.36 (1H, s), 3.81 (1H, ddd, J = 11.6, 9.2, 8.0 Hz), 3.12 (1H, ddd,
J=11.6,9.2, 6.8 Hz), 2.96-2.89 (2H, m); **C NMR (CDCls, DEPT-135, for major isomer) &
198.6 (C, C=0), 194.5 (C, C=0), 173.9 (C, C=0), 141.8 (C), 141.5 (C), 135.9 (CH), 135.5
(CH), 134.2 (C), 131.7 (C), 131.5 (C), 129.3 (CH), 129.1 (CH), 128.9 (CH), 128.8 (CH),
128.3 (2 x CH), 128.1 (2 x CH), 126.9 (CH), 123.04 (CH), 122.99 (CH), 78.1 (CH), 70.9 (C),
60.5 (CH), 45.9 (CH), 30.8 (CH.); LCMS m/z 443.35 (M + H"), calcd for C2sH20CIN2O3
443.1162; HRMS m/z 465.0986 (M + Na*), calcd for C26H19CIN2O3sNa 465.0982; Anal. calcd
for C26H19CIN2O3 (442.1084): C, 70.51; H, 4.32; N, 6.33. Found: C, 70.42; H, 4.28; N, 6.41%.

(1'S*,3'S*)-3'-(2,4-Dichlorophenyl)-1'-phenyl-6’,7'-dihydro-1"H-spiro[indene-2,2'-
pyrazolo[1,2-a] pyrazole]-1,3,5'(3'H)-trione (150ea): Prepared by following the procedure
2a and purified by column chromatography using EtOAc/hexane and
O@ isolated as light brown solid. Mp 174-176 °C; dr = >99:1; IR (KBr): Vmax
: N 2919, 2849, 1746, 1708, 1649, 1590, 1471, 1341, 1255, 812, 763 and 709
Cﬁg}c”% cm’; 'H NMR (CDCls, 400 MHz) § 7.95 (1H, d, J = 7.5 Hz), 7.73-7.70
QC' (2H, m), 7.59 (1H, dt, J = 7.5,0.5 Hz), 7.36 (1H, d, J = 7.5 Hz), 7.32 (1H,
150ea dd, J = 8.5, 2.0 Hz), 7.12-7.10 (3H, m), 7.09-7.05 (3H, m), 5.92 (1H, s),
4.34 (1H, s), 3.83-3.77 (1H, m), 3.15-3.10 (1H, m), 2.98-2.84 (2H, m); *C NMR (CDCls,
DEPT-135) § 198.3 (C, C=0), 194.5 (C, C=0), 174.3 (C, C=0), 141.8 (C), 141.4 (C), 136.0
(CH), 135.7 (CH), 134.2 (C), 133.1 (C), 132.1 (C), 131.5 (C), 130.5 (CH), 128.9 (CH), 128.7
(CH), 128.4 (2 x CH), 128.1 (2 x CH), 127.3 (CH), 123.11 (CH), 123.08 (CH), 78.1 (CH),
70.8 (C), 60.1 (CH), 45.8 (CH2), 30.5 (CH2); LCMS m/z 475.45 (M + H"), calcd for
C26H17CI2N203 475.0616; HRMS m/z 499.0587 (M + Na*), calcd for CzsH1sCI2N2O3sNa
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499.0592; Anal. calcd for C26H18CI2N203 (476.0694): C, 65.42; H, 3.80; N, 5.87. Found: C,
65.34; H, 3.86; N, 5.81%.

(1'S*,3'R*)-3"-(4-Bromophenyl)-1'-phenyl-6',7'-dihydro-1'H-spiro[indene-2,2'-
pyrazolo[1,2-a]pyrazole]-1,3,5"(3"H)-trione (150fa): Prepared by following the procedure
@ 2b and purified by column chromatography using EtOAc/hexane and
0 isolated as white solid. Mp 152-154 °C; dr = 9:1; IR (KBr): vmax 2926,
(:E?CE;} 1742,1704, 1589, 1485, 1408, 1342, 1255, 1129, 1074, 1014 and 761 cm’
O © LIgNMR (CDCls 400 MHz, for major isomer) & 7.96 (1H, d, J = 7.6 Hz),
150fa ? 7.73 (1H, dt,J=7.6, 0.8 Hz), 7.61 (1H, dt, J =7.6, 0.8 Hz), 7.43 (1H, d, J
=7.6 Hz), 7.29 (2H, d, J = 8.4 Hz), 7.19-7.16 (2H, m), 7.11-7.09 (3H, m), 6.99 (2H, d, J =
8.4 Hz), 5.74 (1H, s), 4.40 (1H, s), 3.85-3.78 (1H, m), 3.11-3.01 (2H, m), 2.93-2.85 (1H, m);
13C NMR (CDCls, DEPT-135, for major isomer) & 197.9 (C, C=0), 194.4 (C, C=0), 172.7
(C, C=0), 143.0 (C), 141.2 (C), 136.4 (CH), 135.7 (CH), 134.4 (C), 131.5 (2 x CH), 131.4
(C), 128.9 (CH), 128.5 (2 x CH), 127.8 (2 x CH), 127.7 (2 x CH), 123.3 (2 x CH), 121.9 (C),
77.5(CH), 71.9 (C), 62.7 (CH), 48.0 (CH>), 32.3 (CH2); HRMS m/z 487.0655 (M + H™), calcd

for CosH20BrN2O3 487.0657.

(1'S*,3'R*)-3"-(3-Bromophenyl)-1'-phenyl-6',7'-dihydro-1'H-spiro[indene-2,2"-

pyrazolo[1,2-a]pyrazole]-1,3,5"(3"H)-trione (150ga): Prepared by following the procedure
2a and purified by column chromatography using EtOAc/hexane and

O@ isolated as off-white solid. Mp 170-172 °C; dr = 7:1; IR (KBr): vmax 2926,

©:§CN 1741, 1709, 1594, 1419, 1330, 1254, 1068, 1024 and 772 cm; *H NMR
L N% (CDCl3, 500 MHz, for major isomer) 6 7.98 (1H, d, J=7.5Hz), 7.74 (1H,
@\ t,J=7.5Hz), 7.62 (1H, dt, J = 7.5, 0.5 Hz), 7.43(1H, d, J =8.0 Hz), 7.31

150ga o (1H, brs), 7.28-7.27 (1H, m), 7.19-7.17 (2H, m), 7.11-7.09 (3H, m), 7.02
(1H,t, J = 7.5 Hz), 6.98 (1H, d, J = 7.5 Hz), 5.75 (1H, s), 4.39 (1H, s), 3.87-3.81 (1H, m),
3.12-3.02 (2H, m), 2.94-2.87 (1H, m); *C NMR (CDCIl3, DEPT-135, for major isomer) &
197.9 (C, C=0), 194.3 (C, C=0), 173.2 (C, C=0), 143.1 (C), 141.2 (C), 137.8 (C), 136.4
(CH), 135.7 (CH), 131.4 (C), 131.1 (CH), 129.9 (CH) , 129.1 (CH), 128.9 (CH), 128.5 (2 x
CH), 127.8 (2 x CH), 124.5 (CH), 123.34 (CH), 123.26 (CH), 122.7 (C), 77.5 (CH), 72.0 (C),

62.6 (CH), 47.7 (CHz), 32.0 (CH2); LCMS m/z 487.30 (M + H*), calcd for CasH20BrN2Os
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487.0657; HRMS m/z 509.0485 (M + Na*), calcd for C26H19BrN2O3sNa 509.0477; Anal. calcd
for C26H19BrN203 (486.0579): C, 64.08; H, 3.93; N, 5.75. Found: C, 64.15; H, 3.89; N, 5.82%.
(1'S*,3'S*)-3'-(2-Bromo-5-fluorophenyl)-1'-phenyl-6",7*-dihydro-1'H-spiro[indene-2,2"-
pyrazolo[1,2-a]pyrazole]-1,3,5"(3"H)-trione (150ha): Prepared by following the procedure
© 2a and purified by column chromatography using EtOAc/hexane and
0™ isolated as light brown solid. Mp 160-162 °C; dr =>99:1; IR (KBr): vVmax
@f'}cm;} 2931, 1753, 1698, 1594, 1468, 1342, 1249, 1129, 1041 and 778 cm%; H
6 i B0 NMR (CDCl3, 400 MHz) & 7.97 (1H, d, J = 7.6 Hz), 7.73 (1H, dt, J =
Q 7.6,0.8 Hz), 7.61 (1H, dd, J=7.6, 0.8 Hz), 7.58-7.55 (1H, m), 7.36 (1H,
150ha d, J = 7.6 Hz), 7.22 (1H, dd, J = 8.8, 5.2 Hz), 7.13-7.07 (5H, m), 6.84
(1H, dt, J = 8.0, 2.8 Hz), 5.90 (1H, s), 4.33 (1H, s), 3.86-3.78 (1H, m), 3.15 (1H, ddd, J =
12.0,9.6, 5.2 Hz), 3.01-2.92 (1H, m), 2.85 (1H, ddd, J = 17.6, 9.6, 4.8 Hz); *C NMR (CDClIs,
DEPT-135) 6 198.7 (C, C=0), 194.2 (C, C=0), 174.8 (C, C=0), 162.1 (C, d, J = 245.0 Hz,
C-F), 142.0 (C), 141.5(C), 138.7 (C, d, J = 8.0 Hz), 135.9 (CH), 135.6 (CH), 133.3 (CH, d, J
= 8.0 Hz), 131.7 (C), 128.9 (CH), 128.3 (2 x CH), 128.2 (2 x CH), 123.1 (CH), 123.0 (CH),
117.5 (CH, d, J = 25.0 Hz), 116.8 (CH, d, J = 23.0 Hz), 115.8 (C, d, J = 3.0 Hz), 78.3 (CH),
70.6 (C), 62.2 (CH), 45.3 (CH2), 30.0 (CHz); LCMS m/z 504.45 (M"), calcd for
Co6H18BrFN20O3 504.0485; HRMS m/z 505.0569 (M + H), calcd for CosH19BrFN2O3
505.0563; Anal. calcd for C2sH1sBrFN203 (504.0485): C, 61.80; H, 3.59; N, 5.54. Found: C,
61.92; H, 3.52; N, 5.48%.

F

(1'S*,3'R*)-1"-Phenyl-3'-(p-tolyl)-6',7'-dihydro-1'H-spiro[indene-2,2'-pyrazolo[ 1,2-
alpyrazole]-1,3,5'(3"H)-trione (150ia): Prepared by following the procedure 2b and purified
by column chromatography using EtOAc/hexane and isolated as white solid.

N

_ N;} 1455, 1341, 1292, 1260, 1184, 1093, 768 and 628 cm™; *H NMR (CDCls,

zoi : Mp 154-156 °C; dr = >99:1; IR (KBr): vmax 2962, 1752, 1714, 1590, 1514,

°© © 400 MHz) § 7.96 (1H, d, J = 8.0 Hz), 7.71 (LH, dt, J = 7.6, 0.8 Hz), 7.58
150 (1H, dt, J=7.6, 0.8 Hz), 7.41 (1H, d, J = 7.6 Hz), 7.21-7.19 (2H, m), 7.11-
7.09 (3H, m), 6.98-6.93 (4H, m), 5.78 (1H, s), 4.41 (1H, s), 3.87-3.79 (1H, m), 3.13-3.02 (2H,
m), 2.95-2.83 (1H, m), 2.20 (3H, s, CHs); **C NMR (CDCls, DEPT-135) § 198.3 (C, C=0),
194.6 (C, C=0), 171.9 (C, C=0), 143.2 (C), 141.3 (C), 137.5 (C), 136.2 (CH), 135.5 (CH),
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132.0 (C), 131.7 (C), 129.1 (2 x CH), 128.8 (CH), 128.4 (2 x CH), 127.8 (2 x CH), 125.7 (2
x CH), 123.2 (2 x CH), 77.4 (CH), 72.1 (C), 63.2 (CH), 48.4 (CHy), 32.7 (CH2), 21.1 (CH3);
HRMS m/z 423.1711 (M + H*), calcd for Ca7H23N203 423.1709.

(1'S*,3'R*)-3"-(3-Methoxyphenyl)-1'-phenyl-6",7'-dihydro-1'H-spiro[indene-2,2’'-
pyrazolo[1,2-a]pyrazole]-1,3,5"(3"H)-trione (150ja): Prepared by following the procedure
2b and purified by column chromatography using EtOAc/hexane and

2940, 1746, 1698, 1606, 1584, 1498, 1384, 1260, 1038, 768 and 644 cm’

1 IH NMR (CDCls, 400 MHz) & 7.96 (1H,d,J=7.6 Hz), 7.71 (1H, t,J =

150ja M 76 Hz), 7.59 (1H,t,J = 7.6 Hz), 7.42 (1H, d, J = 7.6 Hz), 7.21-7.19 (2H,

m), 7.11-7.07 (3H, m), 7.05 (1H, t, J = 8.0 Hz), 6.65 (2H, d, J = 8.4 Hz), 6.60 (1H, br s), 5.77

(1H, s), 4.41 (1H, s), 3.88-3.78 (1H, m), 3.61 (3H, s, OCH3), 3.11-3.02 (2H, m), 2.94-2.82

(1H, m); 3C NMR (CDCls, DEPT-135) § 198.2 (C, C=0), 194.4 (C, C=0), 172.6 (C, C=0),

159.6 (C), 143.2 (C), 141.2 (C), 136.8 (C), 136.3 (CH), 135.5 (CH), 131.6 (C), 129.5 (CH),

128.8 (CH), 128.5 (2 x CH), 127.8 (2 x CH), 123.22 (CH), 123.20 (CH), 118.1 (CH), 113.6

(CH), 111.4 (CH), 77.4 (CH), 72.0 (C), 63.3 (CH), 55.1 (CH3, OCH3), 48.1 (CH>), 32.4 (CH2);

LCMS m/z 439.40 (M + H"), calcd for Ca7H23N204 439.1658; HRMS m/z 461.1477 (M +

Na*), calcd for C27H22N204Na 461.1477; Anal. calcd for C27H22N204 (438.1580): C, 73.96;
H, 5.06; N, 6.39. Found: C, 73.85; H, 5.10; N, 6.31%.

P N isolated as off-white solid. Mp 152-154 °C; dr = >99:1; IR (KBr): vmax
Oi?@ 1
O;:_ O

(1'S*,3'R*)-3"-(3-Phenoxyphenyl)-1'-phenyl-6',7'-dihydro-1"H-spiro[indene-2,2"-
pyrazolo[1,2-a]pyrazole]-1,3,5"(3"H)-trione (150ka): Prepared by following the procedure
2a and purified by column chromatography using EtOAc/hexane and
o© isolated as off-white solid. Mp 138-140 °C; dr = 6:1; IR (KBr): vmax
: NQ 2957, 1741, 1708, 1584, 1487, 1249, 1217, 1109, 763 and 703 cm™; *H
S G " S5 NMR (CDCls 400 MHz, for major isomer) 6 7.93 (1H, d, J = 7.6 Hz),
©\0Ph 773 (1H,t,J=7.6 Hz), 7.63 (1H,t, J=7.6 Hz), 7.46 (1H,d, J = 7.6
150ka Hz), 7.20-7.14 (5H, m), 7.11-7.10 (3H, m), 7.03 (1H, t, J = 7.6 Hz), 6.90
(1H, d, J = 7.6 Hz), 6.78-6.76 (3H, m), 6.69-6.65 (1H, m), 5.76 (1H, s), 4.39 (1H, s), 3.84-
3.77 (1H, m), 3.10-2.98 (2H, m), 2.93-2.82 (1H, m); 13C NMR (CDCls, DEPT-135, for major
isomer) & 198.1 (C, C=0), 194.3 (C, C=0), 172.9 (C, C=0), 157.1 (C), 156.9 (C), 143.2 (C),
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141.2 (C), 137.4 (C), 136.3 (CH), 135.5 (CH), 131.6 (C), 129.9 (CH), 129.6 (2 x CH), 128.8
(CH), 128.5 (2 x CH), 127.8 (2 x CH), 123.4 (CH), 123.1 (CH), 123.0 (CH), 120.8 (CH),
118.6 (2 x CH), 118.4 (CH), 116.4 (CH), 77.3 (CH), 71.9 (C), 63.0 (CH), 47.8 (CH>), 32.2
(CH); LCMS m/z 501.30 (M + H™), calcd for C32H2sN204 501.1814; HRMS m/z 523.1636
(M + Na¥), calcd for C32H24N20sNa 523.1634; Anal. calcd for C32H24N204 (500.1736): C,
76.78; H, 4.83; N, 5.60. Found: C, 76.65; H, 4.79; N, 5.68%.

(1'S*,3'R*)-3"-(4-1sopropylphenyl)-1'-phenyl-6',7'-dihydro-1'H-spiro[indene-2,2"-
pyrazolo[1,2-a]pyrazole]-1,3,5"(3"H)-trione (150la): Prepared by following the procedure
2a and purified by column chromatography using EtOAc/hexane and
o@ isolated as light yellow solid. Mp 120-122 °C; dr = >99:1; IR (KBI): vmax
@[&Cﬂ% 2953, 2909, 1742, 1709, 1589, 1457, 1266, 1194, 1090, 899 and 767 cm’™
0 . 0 IHNMR (CDCls, 500 MHz) 6 7.97 (1H, d, J=8.0 Hz), 7.72 (1H,t,J = 7.6
1501 @ Hz), 7.59 (1H, t, J = 7.6 Hz), 7.41 (1H, d, J = 7.6 Hz), 7.22-7.20 (2H, m),
Me™ Me 711-7.10 (3H, m), 7.00 (4H, brs), 5.78 (1H, s), 4.42 (1H, s), 3.88-3.80 (1H,
m), 3.14-3.02 (2H, m), 2.93-2.87 (1H, m), 2.77 (1H, heptate, J = 6.8 Hz, CH(CHa)2), 1.13
(6H, t, J = 6.4 Hz, CH(CHs)2); *°C NMR (CDCls, DEPT-135) & 198.3 (C, C=0), 194.6 (C,
C=0), 171.9 (C, C=0), 148.3 (C), 143.2 (C), 141.3 (C), 136.2 (CH), 135.4 (CH), 132.2 (C),
131.7 (C), 128.8 (CH), 128.4 (2 x CH), 127.8 (2 x CH), 126.5 (2 x CH), 125.7 (2 x CH),
123.20 (CH), 123.16 (CH), 77.3 (CH), 72.2 (C), 63.3 (CH), 48.5 (CH>), 33.6 (CH, CH(CH3)>),
32.8 (CH>), 23.8 (CH3, CH(CHB3)2), 23.7 (CH3, CH(CHz3)2); LCMS m/z 451.55 (M + HY),
calcd for Co9H27N203 451.2022; HRMS m/z 451.2027 (M + H*), calcd for Co9H27N204
451.2022; Anal. calcd for CooH26N203 (450.1943): C, 77.31; H, 5.82; N, 6.22. Found: C,

77.23; H,5.78; N, 6.31%.

(1'S*,3'R*)-3"-(4-Nitrophenyl)-1'-phenyl-6',7'-dihydro-1"H-spiro[indene-2,2"-

pyrazolo[1,2-a]pyrazole]-1,3,5"(3"H)-trione (150ma): Prepared by following the procedure
2a and purified by column chromatography using EtOAc/hexane and isolated as yellow solid.
Mp 132-134 °C; dr = 10:1; IR (KBr): vmax 3054, 2989, 1752, 1714, 1676, 1525, 1487, 1357,
1260, 1238, 1114, 936, 860, and 774 cm™; *H NMR (CDCI3, 400 MHz, for major isomer) &
8.06 (2H, d, J =8.0 Hz), 8.00 (1H, d, J=7.2 Hz), 7.77 (1H,t,J =7.2 Hz), 7.64 (1H,t, J =
7.2 Hz), 7.41 (1H, d, J = 7.6 Hz), 7.33-7.29 (2H, m), 7.17-7.10 (5H, m), 5.87 (1H, s), 4.41

121



Experimental Section

(1H, s), 3.90-3.83 (1H, m), 3.17-3.02 (2H, m), 2.99-2.89 (1H, m); **C NMR (CDCls, DEPT-
135, for major isomer) & 197.5 (C, C=0), 194.4 (C, C=0), 173.7 (C,

Q= C=0), 147.5 (C), 143.1 (C), 142.8 (C), 141.1 (C), 136.7 (CH), 136.0
@CEQ (CH), 131.0 (C), 129.1 (CH), 128.6 (2 x CH), 127.7 (2 x CH), 126.9 (2 x
0 A, © CH), 123.7 (2 x CH), 123.5 (CH), 123.3 (CH), 77.7 (CH), 72.1 (C), 62.3

150ma Q (CH), 47.5 (CH>), 31.8 (CH2); HRMS m/z 454.1401 (M + H™), calcd for

N0z ceHaoN3Os 454.1403.

(1'S*,3'R*)-3"-(3-Nitrophenyl)-1'-phenyl-6',7'-dihydro-1"H-spiro[indene-2,2"-

pyrazolo[1,2-a]pyrazole]-1,3,5"(3"H)-trione (150na): Prepared by following the procedure
2a and purified by column chromatography using EtOAc/hexane and

@ isolated yellow solid. Mp 164-166 °C; dr = 12:1; IR (KBr): vmax 2926,

@Eié{’}‘;? 2855, 1748, 1704, 1594, 1534, 1348, 1255, 1178, 1019, 767 and 729 cm"
o : " o> 1 'HNMR (CDCls 400 MHz, for major isomer) & 8.04-7.98 (3H, m), 7.74

©N02 (1H, dt, J = 7.5, 0.5 Hz), 7.60 (1H, dt, J = 7.5, 1.0 Hz), 7.46 (1H, d, J =

%0 75 Hz), 7.39-7.35 (2H, m), 7.16-7.14 (2H, m), 7.11-7.09 (3H, m), 5.84
(1H, s), 4.40 (1H, s), 3.86 (1H, ddd, J = 11.5, 9.5, 7.0 Hz), 3.15-3.09 (1H, m), 3.07-3.00 (1H,
m), 2.95-2.88 (1H, m); ¥*C NMR (CDCls, DEPT-135, for major isomer) & 197.6 (C, C=0),
194.4 (C, C=0), 173.9 (C, C=0), 148.2 (C), 142.9 (C), 141.1 (C), 138.0 (C), 136.6 (CH),
136.0 (CH), 132.2 (CH), 131.2 (C), 129.4 (CH), 129.1 (CH), 128.6 (2 x CH), 127.8 (2 x CH),
123.5 (CH), 123.2 (CH), 123.1 (CH), 121.3 (CH), 77.7 (CH), 71.9 (C), 62.2 (CH), 47.3 (CH>),
31.7 (CHz); LCMS m/z 452.35 (M + H*), calcd for CasHisNsOs 452.1246; HRMS m/z
454.1403 (M + H"), calcd for C26H20N30s 454.1403; Anal. calcd for C26H19N30s (453.1325):
C,68.87; H,4.22; N, 9.27. Found: C, 68.73; H, 4.26; N, 9.19%.

4-((1'S*,3'R*)-1,3,5"-Trioxo-1'-phenyl-1,3,3",5',6',7'-hexahydro-1'H-spiro[indene-2,2"-
pyrazolo[1,2-a]pyrazol]-3'-yl)benzonitrile (1500a): Prepared by following the procedure
2a and purified by column chromatography using EtOAc/hexane and
o isolated as light brown solid. Mp 124-126 °C; dr = >99:1; IR (KBr): vmax
@CEQ 2926, 2838, 2230, 1742, 1709, 1687, 1589, 1490, 1336, 1265, 1156, 1063,
O © 871 and 690 cm: 'H NMR (CDCls 400 MHz) 8 7.98 (1H, d. J = 7.6 Hz),
15002 © 7.76 (1H,t,J=7.6 Hz), 7.63 (1H, t, J = 7.6 Hz), 7.49 (2H, d, J = 8.4 Hz),
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7.41 (1H,d, J=8.0 Hz), 7.24 (2H, d, J = 8.0 Hz), 7.17-7.14 (2H, m), 7.12-7.09 (3H, m), 5.82
(1H, s), 4.39 (1H, s), 3.88-3.80 (1H, m), 3.15-3.00 (2H, m), 2.97-2.87 (1H, m); **C NMR
(CDCls, DEPT-135) & 197.5 (C, C=0), 194.3 (C, C=0), 173.5 (C, C=0), 142.8 (C), 141.12
(C), 141.06 (C), 136.6 (CH), 135.9 (CH), 132.3 (2 x CH), 131.1 (C), 129.1 (CH), 128.6 (2 x
CH), 127.7 (2 x CH), 126.7 (2 x CH), 123.4 (CH), 123.3 (CH), 118.5 (C, C=N), 111.8 (C),
77.7 (CH), 72.0 (C), 62.5 (CH), 47.6 (CH>), 31.9 (CH); LCMS m/z 434.20 (M + H"), calcd
for Ca7H20N303 434.1505; HRMS m/z 434.1500 (M + H*), calcd for C27H20N303 434.1505;
Anal. calcd for C27H10N303 (433.1426): C, 74.81; H, 4.42; N, 9.69. Found: C, 74.89; H, 4.38;
N, 9.75%.

3-((1'S*,3'R*)-1,3,5'-Trioxo-1"-phenyl-1,3,3",5",6',7'-hexahydro-1'H-spiro[indene-2,2"-
pyrazolo[1,2-a]pyrazol]-3'-yl)benzonitrile  (150pa):  Prepared by
@ following the procedure 2a and purified by column chromatography using

@Q@w% EtOAc/hexane and isolated as light brown solid. Mp 180-182 °C; dr = 10:1;
S = " o> IR (KBr): vmax 2964, 2860, 1698, 1594, 1293, 1260, 1118, 1074, 909 and

@\CN 822 cm*; 'H NMR (CDCls, 500 MHz, for major isomer) 8 7.99 (1H, d, J =

oo 8.0 Hz), 7.76 (1H, dt, J = 7.5, 1.0 Hz), 7.63 (1H, dt, J = 7.5, 0.5 Hz), 7.49-
7.46 (2H, m), 7.40 (1H, d, J = 7.5 Hz), 7.35-7.30 (2H, m), 7.16-7.15 (2H, m), 7.11-7.10 (3H,
m), 5.79 (1H, s), 4.39 (1H, s), 3.85 (1H, ddd, J = 11.0, 9.5, 7.0 Hz), 3.12 (1H, ddd, J = 11.5,
9.5, 7.5 Hz), 3.08-3.01 (1H, m), 2.92 (1H, ddd, J = 16.5, 9.5, 7.5 Hz); 3C NMR (CDCls,
DEPT-135, for major isomer) 6 197.6 (C, C=0), 194.3 (C, C=0), 173.7 (C, C=0), 142.9 (C),
141.1 (C), 137.4 (C), 136.6 (CH), 135.9 (CH), 131.6 (CH), 131.2 (C), 130.4 (CH), 129.8
(CH), 129.2 (CH), 129.1 (CH), 128.6 (2 x CH), 127.8 (2 x CH), 123.5 (CH), 123.2 (CH),
118.4 (C, C=N), 112.7 (C), 77.7 (CH), 71.9 (C), 62.2 (CH), 47.4 (CH>), 31.7 (CH2); LCMS
m/z 434.20 (M + H"), calcd for C27H20N303 434.1505; HRMS m/z 456.1329 (M + Na™), calcd
for C27H19N3O3Na 456.1324; Anal. calcd for C27H19N3O3 (433.1426): C, 74.81; H, 4.42; N,
9.69. Found: C, 74.68; H, 4.48; N, 9.61%.

(1'S*,3'R*)-1'-Phenyl-3'-(4-(trifluoromethyl)phenyl)-6',7'-dihydro-1"H-spiro[indene-

2,2'-pyrazolo[1,2-a]pyrazole]-1,3,5'(3'H)-trione (150qga): Prepared by following the
procedure 2a and purified by column chromatography using EtOAc/hexane and isolated as
off-white solid. Mp 132-134 °C; dr = 25:1; IR (KBr): vmax 2924, 1757, 1714, 1622, 1595,
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1492, 1455, 1325, 1260, 1125, 1017, 768 and 698 cm™; *H NMR (CDCl3, 400 MHz, for major
isomer) 6 7.98 (1H, td, J=7.5, 0.5 Hz), 7.74 (1H, dt, J = 7.5, 1.0 Hz), 7.62 (1H, dt, J = 7.5,
1.0 Hz), 7.45-7.41 (3H, m), 7.24 (2H, d, J = 8.5 Hz), 7.18-7.16 (2H, m),
O© 7.12-7.09 (3H, m), 5.84 (1H, s), 4.41 (1H, s), 3.88-3.82 (1H, m), 3.13-3.04
@[?CE (2H, m), 2.95-2.88 (1H, m); *C NMR (CDCls;, DEPT-135, for major
o0 ~_ O isomer)§ 197.7 (C, C=0), 194.4 (C, C=0), 173.0 (C, C=0), 142.9 (C),
150qa Q 141.2 (C), 139.5 (C), 136.5 (CH), 135.8 (CH), 131.2 (C), 131.1 (C, q,J =
“Fs 32,5 Hz), 129.0 (CH), 128.5 (2 x CH), 127.7 (2 x CH), 126.3 (2 x CH),
125.5 (2 x CH, g, J = 3.7 Hz), 123.9 (C, g, J = 270.0 Hz, CF3), 123.35 (CH), 123.32 (CH),
77.6 (CH), 72.0 (C), 62.6 (CH), 47.9 (CHy), 32.2 (CH); LCMS m/z 475.45 (M + H"), calcd
for Co7H18F3N203 475.1270; HRMS m/z 477.1429 (M + H™), calcd for Ca7H20F3N203
477.1426; Anal. calcd for Co7H19F3N20O3 (476.1348): C, 68.06; H, 4.02; N, 5.88. Found: C,
68.15; H, 4.08; N, 5.81%.
(1'S*,3'R*)-1"-Phenyl-3'-propyl-6',7'-dihydro-1'H-spiro[indene-2,2'-pyrazolo[ 1,2-
alpyrazole]-1,3,5'(3"H)-trione (150ra): Prepared by following the procedure 2a and purified
by column chromatography using EtOAc/hexane and isolated as yellow
o© solid. Mp 136-138 °C; dr = >99:1; IR (KBr): vmax 3065, 2957, 2924,
~N 2881, 1741, 1708, 1595, 1498, 1460, 1336, 1255, 1179, 1071, 768, 736
@CK‘Q and 693 cm™; *H NMR (CDCls, 400 MHz) § 7.91 (1H, d, J = 7.6 Hz),
7.74 (1H, dt, J = 7.6, 1.6 Hz), 7.69-7.67 (1H, m), 7.65-7.63 (1H, m),
7.12-7.06 (5H m), 4.53 (1H, t, J = 7.6 Hz), 4.18 (1H, s), 3.66 (1H, ddd,
J=11.2,9.2, 7.2 Hz), 2.96 (1H, ddd, J = 11.2, 10.0, 7.2 Hz), 2.89-2.74 (2H, m), 2.10-2.01
(1H, m), 1.51-1.43 (1H, m), 1.29-1.17 (1H, m), 1.03-0.90 (1H, m), 0.78 (3H, t, J = 7.2 Hz);
13C NMR (CDCls, DEPT-135) § 198.7 (C, C=0), 195.9 (C, C=0), 173.4 (C, C=0), 142.5 (C),
140.9 (C), 136.2 (CH), 135.7 (CH), 131.8 (C), 128.7 (CH), 128.4 (2 x CH), 127.8 (2 x CH),
123.3 (CH), 123.1 (CH), 77.4 (CH), 69.9 (C), 60.6 (CH), 46.6 (CH>), 33.2 (CH>), 31.8 (CH>),
20.3 (CHy), 13.6 (CH3); LCMS m/z 375.15 (M + H*), calcd for C23H23N203 375.1709; HRMS
m/z 375.1708 (M + H*), calcd for C23H23N203 375.1709; Anal. calcd for C23H22N203
(374.1630): C, 73.78; H, 5.92; N, 7.48. Found: C, 73.89; H, 5.86; N, 7.41%.

(1'S*,3'R*)-3"-1sopropyl-1'-phenyl-6',7'-dihydro-1"H-spiro[indene-2,2'-pyrazolo[1,2-
alpyrazole]-1,3,5'(3"H)-trione (150sa): Prepared by following the procedure 2a and purified
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by column chromatography using EtOAc/hexane and isolated as white solid. Mp 180-182 °C;

dr =>99:1; IR (KBr): vmax 2959, 2871, 1742, 1704, 1594, 1457, 1337, 1238, 1183, 1068, 942,

© 866 and 763 cmt; 'H NMR (CDCls, 500 MHz) & 7.90 (1H, d, J = 7.5 Hz),

03 7.72 (1H, dt, J = 7.5, 1.0 Hz), 7.64 (1H, dt, J = 7.5, 1.0 Hz), 7.59 (1H, d, J

E;} = 7.5 Hz), 7.06 (5H, br s), 4.20 (1H, d, J = 11.5 Hz), 4.12 (1H, s), 3.74-

150sa OMe;\Me O 3.68 (1H, m), 3.05 (1H, ddd, J = 13.0, 10.0, 4.0 Hz), 2.86-2.79 (1H, m,),

2.69 (1H, ddd, J = 18.0, 10.0, 4.0 Hz), 2.39 (1H, ddd, J = 18.0, 13.0, 6.5

Hz), 1.11 (3H, d, J = 6.5 Hz, CH(CHs3)2), 0.45 (3H, d, J = 6.5 Hz, CH(CHj3),); $3C NMR

(CDCl3, DEPT-135) 6 199.0 (C, C=0), 196.4 (C, C=0), 178.2 (C, C=0), 142.4 (C), 140.3

(C), 136.1 (CH), 135.6 (CH), 131.7 (C), 128.8 (CH), 128.4 (2 x CH), 127.9 (2 x CH), 123.3

(CH), 122.9 (CH), 78.3 (CH), 69.7 (C), 68.2 (CH), 43.5 (CH>), 29.6 (CH>), 29.4 (CH,

CH(CHz3)2), 21.4 (CHs, CH(CHs3)2), 19.5 (CHs, CH(CHz)2); LCMS m/z 375.30 (M + H*),

calcd for C23H23N203 375.1709; HRMS m/z 375.1714 (M + H™), calcd for C23H23N203

375.1709; Anal. calcd for C23H22N203 (374.1630): C, 73.78; H, 5.92; N, 7.48. Found: C,
73.65; H, 5.87; N, 7.53%.

(1'S*,3'R*)-3'-Butyl-1'-phenyl-6",7'-dihydro-1'H-spiro[indene-2,2'-pyrazolo[1,2-
alpyrazole]-1,3,5'(3"H)-trione (150ta): Prepared by following the procedure 2a and purified
by column chromatography using EtOAc/hexane and isolated as light
Q= brown solid. Mp 166-168 °C; dr = >99:1; IR (KBr): vmax 2959, 2855, 1742,
E% 1715, 1594, 1457, 1331, 1255, 1184, 1024, 937 and 767 cm™; 'H NMR
0 \L O (CDCls, 400 MHz) 8 7.93 (1H, td, J = 7.6, 0.8 Hz), 7.75 (1H, dt, J = 7.6,
150ta “yie 1.6 Hz), 7.71-7.65 (2H, m), 7.14-7.09 (5H, m), 4.54 (1H, t, J = 7.6 Hz),
4.20 (1H, s), 3.69 (1H, ddd, J=11.2,9.6, 7.2 Hz,), 2.98 (1H, ddd, J = 11.6, 9.6, 7.2 Hz), 2.90-
2.76 (2H, m), 2.14-2.04 (1H, m), 1.57-1.48 (1H, m), 1.26-1.17 (3H, m), 0.96-0.86 (1H, m),
0.74 (3H, t, J = 7.6 Hz); 3C NMR (CDCls, DEPT-135) § 198.8 (C, C=0), 196.0 (C, C=0),
173.4 (C, C=0), 142.6 (C), 140.9 (C), 136.2 (CH), 135.7 (CH), 131.9 (C), 128.7 (CH), 128.4
(2 x CH), 127.8 (2 x CH), 123.3 (CH), 123.1 (CH), 77.5 (CH), 69.9 (C), 60.8 (CH), 46.7
(CHy), 31.8 (CH>), 30.8 (CH>), 29.0 (CH2), 22.2 (CH>), 13.7 (CHz3); LCMS m/z 389.35 (M +
H™), calcd for C24H25N203 389.1865; HRMS m/z 389.1868 (M + H™), calcd for C24H25N203
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389.1865; Anal. calcd for C24H24N203 (388.1787): C, 74.21; H, 6.23; N, 7.21. Found: C,
74.32; H, 6.19; N, 7.28%.

(1'S*,3'R*)-3"-1sobutyl-1'-phenyl-6',7'-dihydro-1'H-spiro[indene-2,2'-pyrazolo[1,2-
alpyrazole]-1,3,5'(3"H)-trione (150ua): Prepared by following the procedure 2a and purified
by column chromatography using EtOAc/hexane and isolated as light
O@ brown solid. Mp 132-134 °C; dr = >99:1; IR (KBr): vmax 2957, 2930,
©::>CN 1741, 1709, 1590, 1455, 1363, 1250, 1098, 1017 and 763 cm™*; 'H NMR
I Y, (CDCls, 400 MHz) 8 7.93 (1H, d, J=7.6 Hz), 7.76 (1H, dt, J = 7.2, 1.6
M}Me Hz), 7.71-7.65 (2H, m), 7.14-7.10 (5H, m), 4.64 (1H, dd, J = 8.8, 6.4
150ua Hz), 4.20 (1H, s), 3.72-3.65 (1H, m,), 2.99 (1H, ddd, J = 12.0, 8.4, 7.6
Hz), 2.82 (2H, t, J = 8.4 Hz), 2.02 (1H, ddd, J = 13.6, 8.8, 6.4 Hz), 1.36 (1H, heptate, J = 6.4
Hz, CH(CHs)2), 1.28-1.21 (1H, m), 0.85 (3H, d, J = 2.8 Hz, CH(CH3)2), 0.83 (3H, d, J = 2.8
Hz, CH(CHs)2); *C NMR (CDCls, DEPT-135) § 198.9 (C, C=0), 196.0 (C, C=0), 174.1 (C,
C=0), 142.6 (C), 140.9 (C), 136.2 (CH), 135.7 (CH), 132.0 (C), 128.7 (CH), 128.4 (2 x CH),
127.8 (2 x CH), 123.3 (CH), 123.1 (CH), 77.4 (CH), 70.0 (C), 59.1 (CH), 46.2 (CH>), 40.2
(CHy), 31.5 (CH2, CH2CH(CHs3)z2), 25.9 (CH, CH(CHs)2), 22.5 (CH3, CH(CHs3)2), 22.2 (CHg,
CH(CHz3)2); LCMS m/z 387.20 (M + H"), calcd for C24H23N20s 387.1709; HRMS m/z
389.1872 (M + H"), calcd for C24H25N203 389.1865; Anal. calcd for C24H24N203 (388.1787):

C,74.21; H, 6.23; N, 7.21. Found: C, 74.15; H, 6.29; N, 7.18%.

(1'S*,3'R*)-3"-Pentyl-1'-phenyl-6',7'-dihydro-1'H-spiro[indene-2,2'-pyrazolo[ 1,2-
alpyrazole]-1,3,5'(3"H)-trione (150va): Prepared by following the procedure 2a and purified
by column chromatography using EtOAc/hexane and isolated as light
o© brown solid. Mp 109-121 °C; dr = >99:1; IR (KBr): vmax 2930, 2849,
_ EQ 1741, 1703, 1460, 1336, 1250, 1174, 1098, 936 and 769 cm™; *H NMR
53 5 (CDCls, 400 MHz) & 7.91 (1H, d, J = 7.6 Hz), 7.74 (1H, dt, J = 7.6, 1.6
150va i Hz), 7.70-7.64 (2H, m), 7.12-7.08 (5H, m), 4.52 (1H, t, J = 7.6 Hz), 4.18
M€ (1H, s), 3.67 (1H, ddd, J = 11.2, 9.2, 7.2 Hz,), 2.96 (1H, ddd, J = 11.2,
10.0, 7.2 Hz), 2.90-2.75 (2H, m), 2.11-2.02 (1H, m), 1.56-1.47 (1H, m), 1.20-1.06 (5H, m),
0.94-0.85 (1H, m), 0.70 (3H, t, J = 7.2 Hz); **C NMR (CDCls, DEPT-135) & 198.8 (C, C=0),
196.0 (C, C=0), 173.3 (C, C=0), 142.5 (C), 140.9 (C), 136.2 (CH), 135.7 (CH), 131.8 (C),
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128.7 (CH), 128.4 (2 x CH), 127.8 (2 x CH), 123.3 (CH), 123.1 (CH), 77.5 (CH), 69.9 (C),
60.8 (CH), 46.7 (CH2), 31.9 (CHy), 31.2 (CH), 31.1 (CH2), 26.5 (CHy), 22.2 (CH_), 13.7
(CHs); LCMS m/z 403.25 (M + H"), calcd for C2sH27N203 403.2022; HRMS m/z 425.1841
(M + Na*), calcd for : CasH26N203sNa 425.1841; Anal. calcd for CasH2sN203 (402.1943): C,
74.60; H, 6.51; N, 6.96. Found: C, 74.58; H, 6.57; N, 6.89%.

(1'S*,3'R*)-3"-Heptyl-1'-phenyl-6',7'-dihydro-1"H-spiro[indene-2,2'-pyrazolo[ 1,2-
alpyrazole]-1,3,5'(3'"H)-trione (150wa): Prepared by following the procedure 2a and
purified by column chromatography using EtOAc/hexane and isolated as
0© brown semi solid. dr = >99:1; IR (Neat): vmax 2926, 2849, 1742, 1709,
\ E;} 1594, 1452, 1386, 1266, 1183, 1014, 888, 767 and 696 cm™; 'H NMR
°y ° (CDCls, 400 MHz) 6 7.92 (1H, d, J = 7.6 Hz), 7.74 (1H, dt, J = 6.8, 1.6
Hz), 7.70-7.64 (2H, m), 7.12-7.10 (5H, m), 4.53 (1H, t, J = 7.6 Hz), 4.19
e (1H,s), 3.67 (1H, ddd, J =11.2, 9.2, 7.2 Hz), 3.00-2.91 (1H, m), 2.89-2.75
(2H, m), 2.11-2.03 (1H, m), 1.57-1.48 (1H, m), 1.20-1.14 (5H, m), 1.10-1.07 (4H, m), 0.92-
0.86 (1H, m), 0.78 (3H,t, J = 7.2 Hz); *°C NMR (CDCls, DEPT-135) § 198.8 (C, C=0), 195.9
(C, C=0), 173.2 (C, C=0), 142.6 (C), 140.9 (C), 136.2 (CH), 135.7 (CH), 131.8 (C), 128.7
(CH), 128.4 (2 x CH), 127.8 (2 x CH), 123.3 (CH), 123.1 (CH), 77.5 (CH), 70.0 (C), 60.8
(CH), 46.8 (CH>), 31.9 (CH>), 31.5 (CH2), 31.1 (CHy>), 29.0 (CH>), 28.8 (CH2), 26.8 (CH>),
22.4 (CH>), 14.0 (CH3); LCMS m/z 431.10 (M + H™), calcd for C27H31N203 431.2335; HRMS
m/z 431.2334 (M + H"), calcd for Co7H31N20s 431.2335; Anal. calcd for Co7H3oN20s3

(430.2256): C, 75.32; H, 7.02; N, 6.51. Found: C, 75.23; H, 7.08; N, 6.61%.

150wa

(1'S*,3'R*)-1"-(4-Chlorophenyl)-3'-phenyl-6",7*-dihydro-1"H-spiro[indene-2,2"-
pyrazolo[1,2-a]pyrazole]-1,3,5"(3"H)-trione (150ab): Prepared by following the procedure

isolated as light yellow solid. Mp 150-152 °C; dr = 20:1; IR (KBr): vmax

@éN 2920, 2843, 1747, 1704, 1588, 1490, 1347, 1254, 1090, 882, 761 and 695
X \ cmt; TH NMR (CDCls, 400 MHz, for major isomer) & 7.98 (1H, d, J = 7.6

@ Hz), 7.75 (1H, dt, J = 7.6, 0.8 Hz), 7.64 (1H, dt, J = 7.6, 0.8 Hz), 7.43 (1H,

150ab d,J=8.0Hz), 7.19-7.13 (5H m), 7.12-7.09 (2H, m), 7.06-7.04 (2H, m), 5.77

(1H, s), 4.40 (1H, s), 3.86-3.79 (1H, m), 3.11-3.01 (2H, m), 2.96-2.85 (1H, m); 1°C NMR

é 2a and purified by column chromatography using EtOAc/hexane and
o
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(CDCls, DEPT-135, for major isomer) 6 193.3 (C, C=0), 189.7 (C, C=0), 167.7 (C, C=0),
138.3 (C), 136.4 (C), 131.8 (CH), 131.0 (CH), 130.2 (C), 130.0 (C), 125.6 (C), 124.5 (2 x
CH), 124.0 (2 x CH), 123.7 (2 x CH), 123.2 (CH), 121.1 (2 x CH), 118.59 (CH), 118.57 (CH),
71.6 (CH), 67.0 (C), 58.9 (CH), 43.3 (CHy), 27.6 (CH); LCMS m/z 443.35 (M + H™), calcd
for C2sH20CIN2Os 443.1162; HRMS m/z 443.1163 (M + HY), calcd for C2sH20CIN2O3
443.1162; Anal. calcd for CosH19CIN2O3 (442.1084): C, 70.51; H, 4.32; N, 6.33. Found: C,
70.42; H, 4.36; N, 6.27%.
(1'R*,3'R*)-1"-(2-Chlorophenyl)-3'-phenyl-6",7'-dihydro-1'H-spiro[indene-2,2"-
pyrazolo[1,2-a]pyrazole]-1,3,5"(3"H)-trione (150ac): Prepared by following the procedure

@\ 2a and purified by column chromatography using EtOAc/hexane and

07X C jsolated as light brown solid. Mp 142-144 °C; dr = 3:1; IR (KBr): vmax 2964,

» EQ 2909, 1753, 1709, 1671, 1265, 1243, 1073, 882, 761, and 690 cm™; *H NMR

0@ ©  (CDCls, 400 MHz, for major isomer) & 8.05 (1H, d, J = 7.6 Hz), 7.85 (1H,
150ac d,J=76Hz),7.79 (1H,t, I =7.6 Hz), 7.64 (1H, t, J = 7.6 Hz), 7.41 (1H,
d, J =7.6 Hz), 7.29-7.17 (4H, m), 7.15-7.08 (4H, m), 5.88 (1H, s), 4.84 (1H, s), 3.87-3.77
(1H, m), 3.14-3.07 (1H, m), 3.05-2.89 (2H, m); 3C NMR (CDCls, DEPT-135, for major
isomer) 6 198.1 (C, C=0), 193.9 (C, C=0), 173.9 (C, C=0), 142.3 (C), 141.3(C), 136.1 (CH),
135.8 (C), 135.7 (CH), 133.6 (C), 131.0 (CH), 130.8 (C), 129.6 (CH), 129.2 (CH), 128.4 (2 x
CH), 127.9 (CH), 127.0 (CH), 126.1 (2 x CH), 123.7 (CH), 123.0 (CH), 72.0 (CH), 71.0 (C),
63.9 (CH), 46.9 (CH,), 31.2 (CH>); *H NMR (CDCls, 400 MHz, for minor isomer) & 7.98 (1H,
d,J=7.6 Hz), 7.23 (1H, t, J = 7.6 Hz), 7.62-7.58 (1H, m), 7.41 (1H, d, J = 7.6 Hz), 7.29 (1H,
br s), 7.26-7.17 (4H, m), 7.15-7.03 (4H, m), 5.83 (1H, s), 4.43 (1H, s), 3.87-3.77 (1H, m),
3.14-3.07 (1H, m), 3.05-2.89 (2H, m); **C NMR (CDCls, DEPT-135, for minor isomer) &
198.2 (C, C=0), 193.5 (C, C=0), 172.4 (C, C=0), 143.1 (C), 141.26 (C), 136.3 (CH), 135.7
(C), 135.6 (CH), 134.2 (C), 131.0 (CH), 130.8 (C), 129.5 (CH), 128.8 (CH), 128.5 (CH),
128.4 (CH), 127.8 (CH), 127.0 (CH), 125.7 (2 x CH), 123.3 (CH), 123.2 (CH), 72.1 (CH),
71.1 (C), 63.3 (CH), 48.2 (CH>), 32.6 (CH2); HRMS m/z 465.0981 (M + Na"), calcd for
C26H19CIN2O3Na 465.0982.
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(1'S*,3'R*)-1"-(4-Bromophenyl)-3'-phenyl-6',7'-dihydro-1'H-spiro[indene-2,2'-
pyrazolo[1,2-a]pyrazole]-1,3,5"(3"H)-trione (150ad): Prepared by following the procedure
Br 2a and purified by column chromatography using EtOAc/hexane and
isolated as white solid. Mp 162-164 °C; dr = >99:1; IR (KBr): vmax 2962,
[ : N 2854, 1742, 1709, 1643, 1589, 1463, 1353, 1227, 1079, 887 and 767 cm™;
@CNQ 'H NMR (CDCls, 400 MHz) & 7.98 (1H, d, J = 7.5 Hz), 7.75 (1H, dt, J =
O@ ° 7.5,0.5 Hz), 7.63 (1H, dt, J = 7.5, 1.0 Hz), 7.42 (1H, d, J = 7.5 Hz), 7.25
150ad (2H, d, J = 8.5 Hz), 7.15-7.10 (5H, m), 7.06-7.04 (2H, m), 5.76 (1H, s),
4.39 (1H, s), 3.85-3.76 (1H, m), 3.08-3.01 (2H, m), 2.94-2.86 (1H, m); C NMR (CDCls,
DEPT-135) 6 198.1 (C, C=0), 194.3 (C, C=0), 172.6 (C, C=0), 143.1 (C), 141.2 (C), 136.5
(CH), 135.7 (CH), 135.0 (C), 131.7 (2 x CH), 131.0 (C), 129.6 (2 x CH), 128.4 (2 x CH),
128.0 (CH), 125.9 (2 x CH), 123.34 (CH), 123.31 (CH), 122.9 (C), 76.3 (CH), 71.7 (C), 63.7
(CH), 47.9 (CH>), 32.2 (CH2); HRMS m/z 487.0655 (M + H*), calcd for CasH20BrN2O3
487.0657.
(1'R*,3'R*)-1'-(2-Bromophenyl)-3'-phenyl-6",7'-dihydro-1'H-spiro[indene-2,2’'-
pyrazolo[1,2-a]pyrazole]-1,3,5"(3"H)-trione (150ae): Prepared by following the procedure

2a and purified by column chromatography using EtOAc/hexane and
O@LBr isolated as light brown solid. Mp 138-140 °C; dr = 2:1; IR (KBr): vmax 3024,
» E 2969, 2909, 1742, 1709, 1583, 1534, 1473, 1271, 1178, 1024, 871, 761 and

0 :_ o 690cm?; 'H NMR (CDCls 400 MHz, for major isomer) & 8.02 (1H, d, J =

© 7.6 Hz), 7.82 (1H,d, J=7.6 Hz), 7.75 (1H, t, J = 7.6 Hz), 7.62 (1H, t, J =

e 7.6 Hz), 7.39 (1H, d, J = 8.0 Hz), 7.23-7.16 (4H, m), 7.12-7.05 (4H, m),

5.85 (1H, s), 4.82 (1H, s), 3.84-3.71 (1H, m), 3.11-3.01 (2H, m), 2.94-2.84 (1H, m); *C NMR
(CDCl3, DEPT-135, for major isomer) 6 198.2 (C, C=0), 193.8 (C, C=0), 174.1 (C, C=0),
142.4 (C), 141.3 (C), 136.1 (CH), 135.9 (C), 135.7 (CH), 132.6 (CH), 132.4 (C), 131.7 (CH),
129.9 (CH), 128.4 (2 x CH), 127.9 (CH), 127.5 (CH), 126.1 (2 x CH), 124.0 (C), 123.8 (CH),
123.0 (CH), 74.0 (CH), 71.1 (C), 63.9 (CH), 46.8 (CH>), 31.1 (CH.); *H NMR (CDCls, 400
MHz, for minor isomer) 6 7.95 (1H, d, J =7.6 Hz), 7.69 (1H, d, J = 7.6 Hz), 7.56 (1H, t,J =
7.6 Hz), 7.40-7.36 (1H, m), 7.27 (1H, brs), 7.23-7.14 (4H, m), 7.12-6.92 (4H, m), 5.79 (1H,
s), 4.40 (1H, s), 3.84-3.81 (1H, m), 3.01-2.96 (2H, m), 2.94-2.84 (1H, m); 13C NMR (CDCls,
DEPT-135, for minor isomer) 6 198.2 (C, C=0), 194.6 (C, C=0), 172.4 (C, C=0), 142.1 (C),
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141.3 (C), 136.3 (CH), 135.9 (C), 1355 (CH), 132.1 (CH), 132.0 (C), 131.6 (CH), 129.6
(CH), 128.5 (CH), 128.46 (CH), 127.8 (CH), 127.5 (CH), 125.7 (2 x CH), 123.3 (C), 123.2 (2
x CH), 74.02 (CH), 72.2 (C), 63.3 (CH), 48.2 (CH>), 32.8 (CH.); HRMS m/z 487.0656 (M +
H™), calcd for CasH20BrN20O3 487.0657.

(1'S*,3'R*)-3"-Phenyl-1'-(p-tolyl)-6',7'-dihydro-1'H-spiro[indene-2,2'-pyrazolo[1,2-
alpyrazole]-1,3,5'(3"H)-trione (150af): Prepared by following the procedure 2b and purified
e by column chromatography using EtOAc/hexane and isolated as white
o© solid. Mp 144-146 °C; dr = 17:1; IR (KBr): vmax 2947, 2931, 2854, 1742,
@Q{N 1709, 1682, 1583, 1484, 1353, 1260, 1178, 1095, 756, 613 and 586 cm™;
5 > 0 HNMR (CDCls 400 MHz, for major isomer) § 7.97 (1H, d, J = 7.5 Hz),
@ 7.72 (1H, t,J = 7.5 Hz), 7.60 (1H, t, J = 7.5 Hz), 7.42 (1H, d, J = 7.5 Hz),
oot 7.17-7.12 (3H, m), 7.10-7.07 (4H, m), 6.91 (2H, d, J = 7.5 Hz), 5.80 (1H,
s), 4.39 (1H, s), 3.85-3.79 (1H, m), 3.11-3.03 (2H, m), 2.94-2.81 (1H, m), 2.16 (3H, s, CH3);
13C NMR (CDCls, DEPT-135, for major isomer) § 198.3 (C, C=0), 194.6 (C, C=0), 172.3
(C, C=0), 143.2 (C), 141.3 (C), 138.7 (C), 136.2 (CH), 135.4 (CH), 135.2 (C), 129.1 (2 x
CH), 128.5 (C), 128.4 (2 x CH), 127.8 (CH), 127.7 (2 x CH), 125.8 (2 x CH), 123.2 (2 x CH),
77.3 (CH), 72.0 (C), 63.4 (CH), 48.1 (CHy), 32.5 (CH2), 21.0 (CHz3); LCMS m/z 423.45 (M +
H*), calcd for Ca7H23N.0s 423.1709; HRMS m/z 445.1528 (M + Na®), calcd for :
C27H22N203Na 445.1528; Anal. calcd for C27H22N203 (422.1630): C, 76.76; H, 5.25; N, 6.63.

Found: C, 76.85; H, 5.21; N, 6.58%.

(1'S*,3'R*)-1"-(4-Methoxyphenyl)-3'-phenyl-6",7'-dihydro-1'H-spiro[indene-2,2'-
pyrazolo[1,2-a]pyrazole]-1,3,5"(3"H)-trione (150ag): Prepared by following the procedure
OMe 2b and purified by column chromatography using EtOAc/hexane and
isolated as white solid. Mp 140-142 °C; dr = >99:1; IR (KBr): vmax 2962,
[ ; N 2919, 1708, 1611, 1579, 1519, 1460, 1309, 1265, 1179, 1033, 839, 774
CQQN;E and 703 cm™; *H NMR (CDCl3, 400 MHz) 6 7.96 (1H, d, J = 7.6 Hz), 7.72
@ (1H,t,J=7.6 Hz), 7.60 (1H, t, J = 7.2 Hz), 7.43 (1H, d, J = 7.6 Hz), 7.17-
150ag 7.11 (5H, m), 7.08-7.06 (2H, m), 6.63 (2H, d, J = 8.8 Hz), 5.79 (1H, s),

4.36 (1H, s), 3.88-3.77 (1H, m), 3.66 (3H, s, OCHs), 3.11-3.01 (2H, m), 2.95-2.84 (1H, m);
13C NMR (CDCls, DEPT-135) § 198.3 (C, C=0), 194.8 (C, C=0), 172.4 (C, C=0), 159.8 (C),
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143.2 (C), 141.3 (C), 136.3 (CH), 135.5 (CH), 135.2 (C), 129.1 (2 x CH), 128.4 (2 X CH),
127.8 (CH), 125.7 (2 X CH), 123.3 (C), 123.22 (CH), 123.21 (CH), 113.9 (2 X CH), 7.2 (CH),
72.0 (C), 63.2 (CH), 5.1 (CH3, OCHa), 48.1 (CH,), 32.5 (CHz); HRMS m/z 439.1653 (M +
H™), calcd for Ca7H23N204 439.1658.

(1'S*,3'R*)-1"-(4-Nitrophenyl)-3'-phenyl-6',7'-dihydro-1"H-spiro[indene-2,2"-
pyrazolo[1,2-a]pyrazole]-1,3,5"(3"H)-trione (150ah): Prepared by following the procedure
2a and purified by column chromatography using EtOAc/hexane and isolated as yellow solid.
NO, Mp 158-160 °C; dr = 4:1; IR (KBr): vmax 2953, 2920, 1747, 1709, 1528,
@ 1462, 1358, 1265, 767 and 706 cm™; *H NMR (CDCl3, 400 MHz, for major
P . isomer) 6 8.07-7.96 (3H, m), 7.79 (1H,t,J=7.6 Hz), 7.66 (1H,t, J=7.6
@CN Hz), 7.46 (2H, d, J = 8.4 Hz), 7.41 (1H, d, J = 7.6 Hz), 7.19-7.15 (3H, m),
O@ ° 7.06-7.04 (2H, m), 5.76 (1H, s), 4.55 (1H, s), 3.93-3.81 (1H, m), 3.12-3.03
150ah (2H, m), 2.98-2.89 (1H, m); BC NMR (CDCls, DEPT-135, for major
isomer) & 197.8 (C, C=0), 194.0 (C, C=0), 172.7 (C, C=0), 148.0 (C), 143.0 (C), 141.0 (C),
139.6 (C), 136.8 (CH), 136.1 (CH), 134.7 (C), 128.9 (2 x CH), 128.5 (2 x CH), 128.2 (CH),
126.0 (2 x CH), 123.7 (2 x CH), 123.6 (CH), 123.4 (CH), 75.4 (CH), 71.7 (C), 64.1 (CH),
48.0 (CHy), 32.0 (CH2); *H NMR (CDCls3, 400 MHz, for minor isomer) & 8.07-7.96 (3H, m),
7.72 (1H,t,J=7.6 Hz), 7.59 (1H, t, J = 7.6 Hz), 7.47-7.40 (3H, m), 7.19-7.15 (3H, m), 7.10-
7.09 (2H, m), 5.82 (1H, s), 4.42 (1H, s), 3.93-3.81 (1H, m), 3.12-3.03 (2H, m), 2.98-2.89 (1H,
m); *C NMR (CDCls, DEPT-135, for minor isomer) § 196.3 (C, C=0), 191.5 (C, C=0), 172.4
(C, C=0), 148.1 (C), 143.1 (C), 141.3 (C), 140.3 (C), 137.3 (CH), 136.3 (CH), 135.2 (C),
128.8 (CH), 128.78 (CH), 128.5 (CH), 128.4 (CH), 127.8 (CH), 127.1 (CH), 125.8 (CH),
123.8 (CH), 123.77 (CH), 123.2 (CH), 123.19 (CH), 75.8 (CH), 71.5 (C), 63.0 (CH), 48.2
(CH>), 32.5 (CH2); HRMS m/z 454.1401 (M + H*), calcd for CasH20N30s 454.1403.

(2'S*,3'R*)-1"-(2-Nitrophenyl)-3'-phenyl-6',7'-dihydro-1"H-spiro[indene-2,2"-
pyrazolo[1,2-a]pyrazole]-1,3,5'(3'"H)-trione  (150ai): Prepared by
QIM following the procedure 2a and purified by column chromatography using
N EtOAc/hexane and isolated as light yellow solid. Mp 148-150 °C; dr =
: ;} >99:1; IR (KBr): vmax 2958, 2909, 2882, 1715, 1594, 1523, 1462, 1347,

_N
o) o)
@ 1260, 1183, 767 and 723 cm™; *H NMR (CDCls,400 MHz) § 8.40 (1H, d,

150ai
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3=8.0 Hz),8.12 (1H, d, = 7.6 Hz), 7.84 (1H, 1, = 7.6 Hz), 7.76 (1H, d, J = 8.0 Hz), 7.73-
7.65 (2H, m), 7.51 (1H, d, J = 7.6 Hz), 7.39 (1H, t, J = 7.6 Hz), 7.26-7.20 (3H, m), 7.14 (2H,
d, J= 7.6 Hz), 5.64 (1H, s), 4.85 (1H, 5), 3.86-3.79 (1H, m), 3.22-3.07 (2H, m), 2.80-2.73
(1H, m): *C NMR (CDCls, DEPT-135) 5 198.9 (C, C=0), 193.4 (C, C=0), 175.7 (C, C=0),
148.3 (C), 142.1 (C), 140.5 (C), 136.0 (C), 135.96 (CH), 135.88 (CH), 133.5 (CH), 132.0
(CH), 131.4 (C), 129.1 (CH), 128.4 (2 x CH), 128.1 (CH), 126.8 (2 X CH), 124.6 (CH), 124.4
(CH), 123.2 (CH), 70.9 (C), 69.2 (CH), 65.0 (CH), 46.7 (CH2), 30.1 (CH2); HRMS m/z
454.1406 (M + H"), calcd for C2sH20N305 454.1403.

Materials: All solvents and commercially available chemicals were used as received. p-
Quinols 155a-i"° and azomethine imines 42a-q/68a-k[™!l were prepared according to the

literature procedure.

Procedure 3a: General Procedure for Base-Catalyzed [3+3]-Cycloaddition

Reaction: In an oven dried glass vial equipped with a magnetic stirring bar was taken a
mixture of p-quinol 155 (0.4 mmol, 1.0 equiv.) and azomethine imine 42/68 (0.48 mmol, 1.2
equiv.) in dry dichloromethane (1.0 mL) under inert atmosphere. Allow the reaction mixture
to stir for 1-2 minutes and then KO'Bu (20 mol %, relative to 0.4 mmol of 155) 71n were
added sequentially to the reaction mixture and stirred at 40 °C for time indicated in the Tables.
The reaction mixture was concentrated and pure products 156/157/158 was obtained by

column chromatography (silica gel, mixture of hexane/ethyl acetate).

(5R*,6aR*,10aS*)-6a-methyl-5-phenyl-2,3,10,10a-tetrahydrobenzo[e]pyrazolo[1,2-
c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (156aa): Prepared by following the procedure 3a
and purified by column chromatography using EtOAc/hexane and
isolated as white solid. Yield: 76% (90.69 mg); Mp.: 162-164 °C; dr =
N§ 50:1; IR (Neat): vmax 2920, 2851, 1696, 1529, 1350, 1258, 1114, 1069,
e O\‘/’{' 791 and 755 cmt; *H NMR (CDCls, 500 MHz) § 7.51-7.49 (2H, m), 7.43-
15§:a 7.40 (3H, m), 6.69 (1H, dd, J = 10.5, 2.5 Hz), 6.21 (1H, brd, J = 105
Hz), 4.85 (1H, s), 4.25-4.19 (2H, m), 2.88 (1H, ddd, J = 14.5, 8.5, 4.5 Hz), 2.72 (1H, dd, J =
17.5, 4.0 Hz), 2.59 (1H, dt, J = 10.5, 8.5 Hz), 2.50-2.38 (2H, m), 1.56 (3H, s); 1°C NMR

(CDCls, DEPT-135) § 194.1 (C, C=0), 173.8 (C, C=0), 151.0 (CH), 135.4 (C), 131.6 (CH),

0]
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130.1 (CH), 128.8 (2 x CH), 128.0 (2 x CH), 93.5 (CH), 73.3 (C), 62.5 (CH), 44.9 (CH>), 36.4
(CHa), 31.3 (CH2), 23.9 (CH3); HRMS m/z 299.1399 (M + H*), calcd for Ci7H1sN,0OsH
299.1396.

(5R*,6aR*,10aS*)-6a,8-dimethyl-5-phenyl-2,3,10,10a-tetrahydrobenzo[e]pyrazolo[1,2-
c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (156ba): Prepared by following the procedure 3a

o and purified by column chromatography using EtOAc/hexane and isolated

Me\¢<H o as white solid. Yield: 74% (92.4 mg); Mp 124-126 °C; dr = 99:1; IR
e %‘§ (Neat): vmax 2925, 1693, 1495, 1408, 1249, 1116, 1067, 1025, 756 and 678

OYN cm™; H NMR (CDCls, 400 MHz) & 7.52-7.49 (2H, m), 7.44-7.40 (3H,

156em m), 6.4 (1H, sextet, J = 1.2 Hz), 4.86 (1H, s), 4.22 (1H, dd, J = 17.6, 2.8
Hz), 4.17-4.14 (1H, m), 2.87 (1H, ddd, J = 14.4, 8.8, 4.4 Hz), 2.69 (1H, dd, J = 17.6, 4.4 Hz),
2.58 (1H, dt, J = 10.8, 8.4 Hz), 2.49-2.37 (2H, m), 1.88 (3H, d, J = 1.6 Hz), 1.52 (3H, s); 13C
NMR (CDCls, DEPT-135) 6 194.4 (C, C=0), 173.8 (C, C=0), 145.6 (CH), 138.2 (C), 135.6
(C), 130.1 (CH), 128.7 (2 x CH), 128.1 (2 x CH), 93.1 (CH), 73.5 (C), 62.7 (CH), 44.9 (CH>),
36.4 (CHy), 31.3 (CHy), 24.1 (CHs3), 15.8 (CH3); HRMS m/z 313.1556 (M + H"), calcd for

C18H20N203H 313.1552.

(5R*,6aR*,10aS*)-8-(tert-butyl)-6a-methyl-5-phenyl-2,3,10,10a-
tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (156ca):

Me O Prepared by following the procedure 3a and purified by column
Me

Me 0O
o $§ Yield: 68% (95.88 mg); Mp 138-140 °C; dr = 25:1; IR (Neat): vmax
O~ 2057, 2868, 1694, 1456, 1318, 1119, 1069, and 703 cm™; *H NMR

iseen (CDCls, 500 MHz) 8 7.51-7.49 (2H, m), 7.44-7.41 (3H, m), 6.39 (1H,

d, J = 2.0 Hz), 4.82 (1H, s), 4.15-4.09 (2H, m), 2.88 (1H, ddd, J = 14.5, 9.5, 4.5 Hz), 2.66
(1H, dd, J = 17.0, 3.5 Hz), 2.56 (1H, dt, J = 10.0, 8.5 Hz), 2.48-2.35 (2H, m), 1.51 (3H, s),
1.23 (9H, s); °C NMR (CDCls, DEPT-135) 5 193.4 (C, C=0), 173.4 (C, C=0), 149.1 (C),
143.2 (CH), 135.5 (C), 130.0 (CH), 128.7 (2 x CH), 128.0 (2 X CH), 93.0 (CH), 73.5 (C), 61.8
(CH), 44.8 (CH2), 37.8 (CH2), 34.6 (C), 31.1 (CH2), 29.2 (3 X CHs), 24.2 (CH3); HRMS m/z

355.2022 (M + H"), calcd for C21H26N203sH 355.2022.

chromatography using EtOAc/hexane and isolated as white solid.
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(5R*,6aR*,10aS*)-6a,7-dimethyl-5-phenyl-2,3,10,10a-tetrahydrobenzo[e]pyrazolo[1,2-
c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (156da): Prepared by following the procedure 3a
and purified by column chromatography using EtOAc/hexane and
H O isolated as light white solid. Yield: 72% (89.95 mg); Mp 170-172 °C; dr
MeVte 1 E§ = 20:1; IR (Neat): vmax 2924, 2852, 1689, 1410, 1251, 1066, 754 and 701
\P/h cm™?; 'H NMR (CDCls, 500 MHz) & 7.51-7.49 (2H, m), 7.43-7.40 (3H,
156da m), 6.10 (1H, s), 4.54 (1H, s), 4.21-4.15 (2H, m), 2.90-2.86 (1H, m), 2.69
(1H, dd, J = 17.5, 4.0 Hz), 2.55 (1H, br g, J = 10.5 Hz), 2.44-2.40 (2H, m), 1.96 (3H, s), 1.52
(3H, s); 3C NMR (CDCls, DEPT-135) § 193.6 (C, C=0), 173.3 (C, C=0), 158.9 (C), 135.3
(C), 130.2 (CH), 130.1 (CH), 128.7 (2 x CH), 128.0 (2 x CH), 93.7 (CH), 75.1 (C), 62.8 (CH),
44.8 (CH), 36.3 (CH2), 31.2 (CH2), 23.2 (CH3), 17.9 (CH3); HRMS m/z 335.1374 (M + Na"),
calcd for C1gH20N203Na 335.1372.

(5R*,6aR*,10aS*)-6a-ethyl-5-phenyl-2,3,10,10a-tetrahydrobenzo[e]pyrazolo[1,2-
c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (156ea): Prepared by following
the procedure 3a and purified by column chromatography using

H @ EtOAc/hexane and isolated as light yellow solid. Yield: 53% (65.78 mg);

e o N§ Mp.: 172-174 °C; dr =99:1; IR (Neat): vmax 2979, 2934, 1696, 1407, 1319,

?3:1 1256, 1227, 1114, 1063, 1026, 927, 750 and 707 cm™*; *H NMR (CDCls,
156ea 400 MHz) § 7.51-7.48 (2H, m), 7.44-7.40 (3H, m), 6.71 (1H, dd, J = 10.4,

2.4 Hz), 6.22 (1H, dd, J = 10.4, 1.2 Hz), 4.87 (1H, s), 4.31-4.29 (1H, m), 4.20-4.15 (1H, m),

2.90-2.84 (1H, m), 2.72-2.58 (2H, m), 2.51-2.35 (2H, m), 1.97-1.79 (2H, m), 1.10 (3H, t, I =

7.6 Hz); *C NMR (CDCls, DEPT-135) § 194.1 (C, C=0), 173.9 (C, C=0), 151.1 (CH), 135.7

(C), 131.8 (CH), 130.0 (CH), 128.7 (2 x CH), 128.0 (2 x CH), 93.2 (CH), 74.9 (C), 62.1 (CH),

44.8 (CHy), 36.0 (CH2), 31.3 (CHy), 30.2 (CH2), 7.6 (CH3); HRMS m/z 313.1554 (M + H"),

calcd for C1gH20N203H 313.1552.
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(5R*,6aS*,10aS*)-5,6a-diphenyl-2,3,10,10a-tetrahydrobenzo[e]pyrazolo[1,2-
c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (156fa): Prepared by following the procedure 3a
o and purified by column chromatography using EtOAc/hexane and isolated
y O & light yellow solid. Yield: 46% (66.31 mg); Mp.: 162-164 °C; dr = 99:1;
oh r}1§ IR (Neat): vmax 3029, 2925, 1698, 1621, 1315, 1448, 1315, 1183, 1058, 749,
O\(N and 699 cm™; 'H NMR (CDCls, 400 MHz) & 7.63-7.58 (4H, m), 7.44-7.26
teea  (6H,m), 6.81 (1H, dd, J = 10.4, 2.4 Hz), 6.59 (1H, dd, J = 10.4, 1.2 Hz),
5.09 (1H, s), 4.37 (1H, g, J = 2.8 Hz), 3.96-3.91 (1H, m), 3.00-2.94 (1H, m), 2.70 (1H, dt, J
=10.4, 8.8 Hz), 2.53-2.40 (3H, m); 3C NMR (CDCIs, DEPT-135) § 194.6 (C, C=0), 173.4
(C, C=0), 147.4 (CH), 137.1 (C), 135.4 (C), 134.0 (CH), 130.2 (CH), 129.2 (CH), 128.8 (2 x
CH), 128.7 (2 x CH), 128.1 (2 x CH), 127.1 (2 x CH), 93.5 (CH), 77.9 (C), 63.7 (CH), 44.9
(CHy), 35.7 (CHy), 31.1 (CH2); HRMS m/z 361.1552 (M + H"), calcd for Cz2H20N20O3H

361.1552.

(5R*,6aS*,10aS*)-5-phenyl-6a-(phenylethynyl)-2,3,10,10a-
tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH)-

0
dione (156ga): Prepared by following the procedure 3a and purified
H Q by column chromatography using EtOAc/hexane and isolated as light
N
Z 4 N§ yellow solid. Yield: 37% (56.89 mg); Mp.: 158-160 °C; dr = 99:1; IR
Ph D
Ph

(Neat): vmax 2923, 2843, 2220, 1668, 1626, 1442, 1390, 1321, 1258,

156ga 1113, 1055, 926, 860, 757, and 693 cm'L; *H NMR (CDCls, 400 MHz)

8 7.56-7.54 (2H, m), 7.45-7.41 (5H, m), 7.36-7.29 (3H, m), 6.80 (1H, dd, J = 10.4, 2.8 Hz),

6.30 (LH, dd, J = 10.4, 0.8 Hz), 4.92 (1H, s), 4.56 (1H, g, J = 3.2 Hz), 4.19-4.14 (1H, m), 3.16

(1H, dd, J = 17.2, 4.0 Hz), 2.94 (1H, ddd, J = 13.2, 8.0, 5.2 Hz), 2.61 (1H, dt, J = 10.0, 8.4

Hz), 2.50-2.42 (2H, m): 3C NMR (CDCls, DEPT-135) & 193.8 (C, C=0), 173.7 (C, C=0),

146.1 (CH), 134.7 (C), 132.0 (2 x CH), 131.9 (CH), 130.4 (CH), 129.4 (CH), 128.8 (2 x CH),

128.4 (2 x CH), 128.3 (2 x CH), 121.0 (C), 93.0 (CH), 88.1 (C), 83.3 (C), 70.5 (C), 62.0 (CH),

45.1 (CHy), 37.2 (CHy), 31.1 (CH2); HRMS m/z 385.1552 (M + H"), calcd for C24H20N203H
385.1552.
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(5R*,6aR*,10aS*)-5-(2-fluorophenyl)-6a-methyl-2,3,10,10a-

tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (157ab):
O Prepared by following the procedure 3a and purified by column

n O chromatography using EtOAc/hexane and isolated as light white solid.

v E§ Yield: 73% (92.36 mg); Mp.: 146-148 °C; dr = 99:1; IR (Neat): vmax 2922,
. 2852, 1698, 1493, 1324, 1116, 1068, and 761 cm™*; 'H NMR (CDCls, 500

MHz) § 7.70 (1H, dt, J = 8.0, 1.5 Hz), 7.43-7.38 (1H, m), 7.24 (1H, dt, J =
157ab 7.5,0.5 Hz), 7.10 (1H, dt, J = 8.5, 0.5 Hz), 6.70 (1H, dd, J = 10.5, 2.5 Hz),
6.21 (1H, dd, J = 10.5, 1.5 Hz), 5.34 (1H, s), 4.20-4.15 (2H, m), 2.98 (1H, ddd, J = 14.5, 9.5,
4.5 Hz), 2.73-2.66 (2H, m), 2.53-2.47 (1H, m), 2.45-2.38 (1H, m), 1.55 (3H, s); *C NMR
(CDCls, DEPT-135) § 193.7 (C, C=0), 173.6 (C, C=0), 160.5 (C, d, J = 247.5 Hz, C-F),
150.6 (CH), 131.7 (CH), 131.4 (CH, d, J = 8.7 Hz), 129.3 (CH, d, J = 2.5 Hz), 124.8 (CH, d,
J=25Hz),122.8 (C, d, J =11.2 Hz), 115.4 (CH, d, J = 21.2 Hz), 85.3 (CH), 73.5 (C), 62.4
(CH), 44.3 (CHy), 36.3 (CH.), 31.2 (CH>), 23.8 (CHs); *F NMR (CDCls, 375 MHz): &
~119.4; HRMS m/z 317.1302 (M + H"), calcd for C17H17FN203H 317.1301.

(5R*,6aR*,10aS*)-5-(2-chlorophenyl)-6a-methyl-2,3,10,10a-
o tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH)-
@H 9 dione (157ac): Prepared by following the procedure 3a and purified by
Me” 4 E§ column chromatography using EtOAc/hexane and isolated as light white
é/m solid. Yield: 85% (113.14 mg); Mp.: 180-182 °C; dr = 99:1; IR (Neat): vmax
2986, 2923, 1694, 1407, 1321, 1111, 1075, 1027, and 751 cm™; *H NMR
(CDCls, 400 MHz) § 7.76-7.74 (1H, m), 7.43-7.40 (1H, m), 7.39-7.35 (2H,
m), 6.75 (1H, dd, J = 10.4, 2.4 Hz), 6.22 (1H, dd, J = 10.4, 1.2 Hz), 5.52 (1H, s), 4.18-4.10
(2H, m), 3.00 (1H, ddd, J = 15.6, 9.2, 5.2 Hz), 2.75-2.67 (2H, m), 2.58-2.50 (1H, m), 2.47-
2.38 (1H, m), 1.53 (3H, s); 1*C NMR (CDCls, DEPT-135) § 193.6 (C, C=0), 173.4 (C, C=0),
150.6 (CH), 133.7 (C), 133.0 (C), 131.7 (CH), 130.9 (CH), 129.8 (CH), 129.4 (CH), 127.5

(CH), 88.2(CH), 73.4 (C), 62.3 (CH), 44.2 (CH), 36.2 (CH2), 31.3 (CH>), 23.8 (CH3); HRMS
m/z 333.1005 (M + H"), calcd for C17H17CIN2O3H 333.1006.

157ac
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(5R*,6aR*,10aS*)-5-(4-chlorophenyl)-6a-methyl-2,3,10,10a-

tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (157ad):
Q Prepared by following the procedure 3a and purified by column
H O chromatography using EtOAc/hexane and isolated as white solid. Yield:
Me” | E§ 85% (112.9 mg); Mp.: 148-150 °C; dr = 99:1; IR (Neat): vmax 2982, 2846,
1689, 1589, 1412, 1389, 1261, 1112, 1075, 1030, 826, 792 and 766 cm™;
'H NMR (CDCls, 400 MHz) & 7.45 (2H, td, J = 8.4, 2.0 Hz), 7.41 (2H, td,
157ad | J=8.4,20Hz),6.67 (1H, dd, J=10.4, 2.4 Hz), 6.21 (1H, dd, J = 10.4, 1.2
Hz), 4.84 (1H, s), 4.25-4.20 (1H, m), 4.18 (1H, m), 2.91-2.85 (1H, m), 2.71 (1H, dd, J = 17.6,
4.0 Hz), 2.61-2.53 (1H, m), 2.51-2.37 (2H, m), 1.55 (3H, s); 3C NMR (CDCls, DEPT-135) §
194.0 (C, C=0), 173.7 (C, C=0), 150.7 (C), 136.1 (C), 133.9 (C), 131.7 (CH), 129.4 (2 x
CH), 129.0 (2 x CH), 92.7 (CH), 73.4 (C), 62.5 (CH), 44.8 (CH>), 36.4 (CH>), 31.2 (CH>),

23.8 (CH3); HRMS m/z 333.1006 (M + H"), calcd for C17H17CIN2O3H 333.10086.

(5R*,6aR*,10aS*)-5-(2,4-dichlorophenyl)-6a-methyl-2,3,10,10a-

tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (157ae):
o Prepared by following the procedure 3a and purified by column
e chromatography using EtOAc/hexane and isolated as white solid. Yield:
ver] N 63% (92.53 mg); Mp.: 142-144 °C; dr = 99:1; IR (Neat): vmax 3013, 2918,
1693, 1590, 1476, 1384, 1255, 1112, 1077, 747 and 666 cm™; *H NMR
(CDCls, 400 MHz) 6 7.70 (1H, d, J = 8.4 Hz), 7.44 (1H, d, J = 2.0 Hz), 7.36
15728 | (1H, dd, J = 8.4, 2.0 Hz), 6.73 (1H, dd, J = 10.4, 2.4 Hz), 6.22 (1H, d, J =
10.4 Hz), 5.46 (1H, s), 4.17-4.11 (2H, m), 3.0 (1H, dt, J = 9.6, 5.2 Hz), 2.74-2.65 (2H, m),
2.58-2.50 (1H, m), 2.48-2.39 (1H, m), 1.53 (3H, s); *C NMR (CDCls, DEPT-135) & 193.5
(C, C=0), 173.3 (C, C=0), 150.3 (CH), 136.1 (C), 134.4 (C), 131.8 (CH), 131.6 (C), 130.8
(CH), 129.2 (CH), 127.9 (CH), 87.7 (CH), 73.5 (C), 62.3 (CH), 44.2 (CH2), 36.2 (CH>), 31.2

(CHy), 23.8 (CH3); HRMS m/z 367.0618 (M + H"), calcd for C17H16CIloN2O3H 367.0616.

(5R*,6aR*,10aS*)-5-(2-bromophenyl)-6a-methyl-2,3,10,10a-

tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (157af):
Prepared by following the procedure 3a and purified by column chromatography using
EtOAc/hexane and isolated as light yellow solid. Yield: 87% (131.27 mg); Mp.: 189-191 °C;
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dr=99:1; IR (Neat): vmax 2985, 2924, 1699, 1407, 1322, 1257, 1117, 1073, 1025 and 757 cm’
1. 14 NMR (CDCls, 500 MHz) & 7.73 (1H, br d, J = 7.0 Hz), 7.60 (1H, dd, J = 8.0, 1.0 Hz),
7.41 (1H, brt, J = 7.0 Hz), 7.28 (1H, dt, J = 7.5, 1.5 Hz), 6.78 (1H, dd, J =

(0]
5 10.5, 2.5 Hz), 6.23 (1H, dd, J = 10.5, 1.0 Hz), 5.50 (1H, s), 4.18-4.17 (1H,
E§ m), 4.15-4.10 (1H, m), 3.00 (1H, ddd, J = 14.5, 9.5, 5.5 Hz), 2.74-2.68 (2H,
Me™5. N m), 2.59-2.52 (1H, m), 2.46-2.39 (1H, m), 1.53 (3H, s); *C NMR (CDCls,

Br DEPT-135)§193.5 (C, C=0), 173.3 (C, C=0), 150.6 (CH), 134.6 (C), 132.8

(CH), 131.8 (CH), 131.2 (CH), 130.2 (CH), 128.1 (CH), 124.0 (C), 90.9

157af (CH), 73,5 (C), 62.4 (CH), 44.3 (CH,), 36.3 (CHy), 31.4 (CH2), 23.9 (CHa);
HRMS m/z 377.0507 (M + H*), calcd for C17H17BrN20sH 377.0501.

(5R*,6aR*,10aS*)-5-(3-bromophenyl)-6a-methyl-2,3,10,10a-
tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (157ag):
0 Prepared by following the procedure 3a and purified by column
H O chromatography using EtOAc/hexane and isolated as white solid. Yield:
Me”] E 60% (90.53 mg); Mp.: 156-158 °C; dr =99:1; IR (Neat): vmax 2923, 2852,
1698, 1408, 1321, 1259, 1114, 1070, 752 and 696 cm™*; *H NMR (CDCls,
400 MHz) 6 7.68 (1H, t, J = 1.6 Hz), 7.57 (1H, br d, J = 8.0 Hz), 7.42 (1H,
157ag B' brd, J=7.6Hz), 7.30 (1H, t, J = 7.6 Hz), 6.66 (1H, dd, J = 10.0, 2.0 Hz),
6.20 (1H, brd, J=10.0 Hz), 4.82 (1H, s), 4.24-4.17 (2H, m), 2.90 (1H, ddd, J = 14.4,8.4, 4.4
Hz), 2.71 (1H, dd, J = 17.2, 3.6 Hz), 2.58 (1H, dt, J = 10.4, 8.4 Hz), 2.51-2.39 (2H, m), 1.55
(3H, s); *C NMR (CDCls, DEPT-135) § 193.8 (C, C=0), 173.6 (C, C=0), 150.6 (CH), 137.6
(C), 133.2 (CH), 131.7 (CH), 131.2 (CH), 130.2 (CH), 126.8 (CH), 122.8 (C), 92.6 (CH), 73.4
(C), 62.5 (CH), 44.9 (CH>), 36.4 (CH>), 31.2 (CH>), 23.8 (CH3); HRMS m/z 377.0502 (M +

H*), calcd for C17H17BrN2OsH 377.0501.
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(5R*,6aR*,10a5*)-5-(4-bromophenyl)-6a-methyl-2,3,10,10a-
tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (157ah):

Q Prepared by following the procedure 3a and purified by column
Me o

H @ chromatography using EtOAc/hexane and isolated as white solid. Yield:

E 70% (105.62 mg); Mp.: 162-164 °C; dr = 99:1; IR (Neat): vmax 2981,

2894, 1689, 1391, 1262, 1111, 1063, 1012, 824 and 765 cm™; 'H NMR

157ah (CDCls, 500 MHz) & 7.56 (2H, br d, J = 8.0 Hz), 7.38 (2H, br d, J = 8.5

Br Hz), 6.66 (1H, dd, J = 10.5, 2.5 Hz), 6.20 (1H, br d, J = 10.5 Hz), 4.81

(1H, s), 4.24-4.20 (1H, m), 4.17-4.16 (1H, m), 2.90-2.85 (1H, m), 2.71 (1H, dd, J = 17.5, 4.0

Hz), 2.59-2.53 (1H, m), 2.47-2.38 (2H,m), 1.54 (3H, s); *C NMR (CDCls, DEPT-135) &

193.9 (C, C=0), 173.7 (C, C=0), 150.7 (CH), 134.5 (C), 132.0 (2 x CH), 131.7 (CH), 129.8

(2x CH), 124.3 (C), 92.8 (CH), 73.4 (C), 62.5 (CH), 44.9 (CH>), 36.4 (CH>), 31.2 (CH>), 23.9
(CHs); HRMS m/z 377.0504 (M + H*), calcd for C17H17BrN20sH 377.0501.

(5R*,6aR*,10aS*)-6a-methyl-5-(4-(trifluoromethyl)phenyl)-2,3,10,10a-
tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (157ai):
0 Prepared by following the procedure 3a and purified by column
¢<H O chromatography using EtOAc/hexane and isolated as white solid. Yield: 80%
Me ﬂ§ (117.22 mg); Mp.: 188-190 °C; dr = 99:1; IR (Neat): vmax 2923, 1694, 1409,
1321, 1257, 1164, 1119, 1064, 1018, 750 and 665 cm™*; *H NMR (CDCls, 500
o MHz) & 7.69 (2H, d, J = 8.5 Hz), 7.65 (2H, d, J = 8.5 Hz), 6.68 (1H, dd, J =
CFs 10.5, 2.5 Hz), 6.21 (1H, dd, J = 10.5, 1.0 Hz), 4.93 (1H, s), 4.24-4.19 (2H,
m), 2.88 (1H, ddd, J = 14.5, 9.0, 4.5 Hz), 2.73-2.70 (1H, m), 2.59 (1H, dt, J = 10.5, 8.5 Hz),
2.51-2.38 (2H, m), 1.56 (3H, s); *°C NMR (CDClIs, DEPT-135) § 193.8 (C, C=0), 173.6 (C,
C=0), 150.5 (CH), 139.2 (C), 132.2 (C, g, J = 32.5 Hz), 131.7 (CH), 128.6 (2 x CH), 125.7
(2x CH, g, J = 3.7 Hz), 123.7 (C, g, J = 270.0 Hz, CF3), 92.6 (CH), 73.4 (C), 62.5 (CH), 44.8
(CHy), 36.3 (CHy), 31.1 (CH>), 23.8 (CHz3); °F NMR (CDCls, 375 MHz): § -62.8; HRMS

m/z 367.1270 (M + H"), calcd for C1sH17F3N20sH 367.1270.
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4-((5R*,6aR*,10aS*)-6a-methyl-1,9-dioxo-1,2,3,5,6a,9,10,10a-

octahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazin-5-yl)benzonitrile (157aj): Prepared by
0 following the procedure 3a and purified by column chromatography
@H O using EtOAc/hexane and isolated as light yellow solid. Yield: 65%
Me \ (84.06 mg); Mp.: 156-158 °C; dr = 99:1; IR (Neat): vmax 2923, 2851,
2230, 1694, 1409, 1255, 1117, 1076, 1022, 835, and 756 cm™*; 'H NMR
(CDCls, 500 MHz) & 7.73 (2H, d, J = 8.0 Hz), 7.64 (2H, d, J = 8.0 Hz),
CN 6.66 (1H, dd, J = 10.5, 2.5 Hz), 6.21 (1H, d, J = 10.5 Hz), 4.91 (1H, s),
4.23-4.18 (2H, m), 2.86 (1H, dt, J = 9.5, 4.5 Hz), 2.74-2.70 (1H, m), 2.57 (1H, dt, J = 10.5,
8.5 Hz), 2.49-2.39 (2H, m), 1.56 (3H, s); **C NMR (CDCls, DEPT-135) § 193.7 (C, C=0),
173.5 (C, C=0), 150.2 (CH), 140.3 (C), 132.5 (2 x CH), 131.8 (CH), 129.0 (2 x CH), 118.1
(C), 114.1 (C), 92.5 (CH), 73.5 (C), 62.6 (CH), 44.8 (CH2), 36.3 (CH), 31.1 (CH>), 23.8

(CH3); HRMS m/z 324.1348 (M + H"), calcd for C1gH17N3OsH 324.1348.

157aj

(5R*,6aR*,10aS*)-6a-methyl-5-(2-nitrophenyl)-2,3,10,10a-
tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (157ak):
Q Prepared by following the procedure 3a and purified by column
@H 2 chromatography using EtOAc/hexane and isolated as light yellow solid.
Me"5 E§ Yield: 62% (85.14 mg); Mp.: 190-192 °C; dr = 99:1; IR (Neat): vmax 2918,
6“02 2850, 1694, 1529, 1350, 1258, 1114, 1069, 791 and 755 cm™; 'H NMR
157k (CDCl3, 500 MHz) 6 8.03 (1H, dd, J = 8.0, 1.0 Hz), 7.92 (1H, dd, J = 8.0,
1.0 Hz), 7.74 (1H, t, J = 8.0 Hz), 7.60 (1H, dt, J = 8.5, 1.5 Hz), 6.77 (1H, dd, J = 10.0, 2.5
Hz), 6.21 (1H, d, J = 10.5 Hz), 5.57 (1H, s), 4.193-4.187 (1H, m), 4.10 (1H, br d, J = 18.0
Hz), 3.01 (1H, dt, J=10.0, 5.5 Hz), 2.74-2.66 (2H, m), 2.62-2.55 (1H, m), 2.46-2.39 (1H, m),
1.52 (3H, s); *C NMR (CDCls, DEPT-135) & 193.3 (C, C=0), 173.2 (C, C=0), 150.0 (CH),
149.3 (C), 133.5 (CH), 131.9 (CH), 130.6 (CH), 130.5 (CH), 129.8 (C), 124.1 (CH), 86.6
(CH), 73.8 (C), 62.4 (CH), 44.5 (CH2), 36.2 (CH>), 31.1 (CHy), 23.9 (CH3); HRMS m/z

344.1246 (M + H"), calcd for C17H17N3OsH 344.1246.

(5R*,6aR*,10aS*)-6a-methyl-5-(3-nitrophenyl)-2,3,10,10a-
tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (157al):
Prepared by following the procedure 3a and purified by column chromatography using
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EtOAc/hexane and isolated as white solid. Yield: 53% (72.78 mg); Mp.: 198-200 °C; dr =
99:1; IR (Neat): vmax 2989, 2923, 1694, 1409, 1321, 1164, 1119, 1064,

i Lo 1018, 836, 750 and 665 cm™; *H NMR (CDCls, 500 MHz) & 8.40 (1H, t, J

N§ = 1.5 Hz), 8.32-8.30 (1H, m), 7.87 (1H, br d, J = 8.0 Hz), 7.64 (1H, t, J =

Mo N 8.0 Hz), 6.69 (1H, dd, J = 10.5, 2.5 Hz), 6.22 (1H, dd, J = 10.5, 1.0 Hz),

4.99 (1H, s), 4.25-4.21 (2H, m), 2.92-2.87 (1H, m), 2.73 (1H, dd, J = 18.0,

SN, 4.5 Hz), 2.61 (1H, dt, J = 10.5, 8.5 Hz), 2.53-2.41 (2H, m), 1.57 (3H, s);
57a

13C NMR (CDCls, DEPT-135) § 193.7 (C, C=0), 173.5 (C, C=0), 150.2
(CH), 148.4 (C), 137.6 (C), 134.2 (CH), 131.8 (CH), 129.8 (CH), 125.0 (CH), 123.4 (CH),
92.2 (CH), 73.6 (C), 62.5 (CH), 44.9 (CH2), 36.3 (CH2), 31.1 (CHy), 23.8 (CHs); HRMS m/z
344.1245 (M + H*), calcd for Ci7H17N3OsH 344.1246.

(5R*,6aR*,10aS*)-6a-methyl-5-(p-tolyl)-2,3,10,10a-tetrahydrobenzo[e]pyrazolo[1,2-
c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (157am): Prepared by following the procedure 3a
O and purified by column chromatography using EtOAc/hexane and isolated
H O as white solid. Yield: 75% (93.7 mg); Mp.: 148-150 °C; dr = 17:1; IR
Me”] E§ (Neat): vmax 2920, 2851, 1694, 1408, 1321, 1257, 1226, 1027 and 751 cm’
- 14 NMR (CDCls, 400 MHz) & 7.38 (2H, d, J = 8.0 Hz), 7.22 (2H, d, J =
8.0 Hz), 6.68 (1H, dd, J = 10.4, 2.4 Hz), 6.20 (1H, dd, J = 10.4, 1.2 Hz),
157am 4.81 (1H, s), 4.25-4.17 (2H, m), 2.89 (1H, ddd, J = 14.0, 8.4, 4.4 Hz), 2.71
(1H, dd, J = 17.2, 4.0 Hz), 2.58 (1H, dt, J = 10.8, 8.4 Hz), 2.50-2.40 (2H, m), 2.38 (3H, s),
1.54 (3H, s); *C NMR (CDCls, DEPT-135) & 194.2 (C, C=0), 173.8 (C, C=0), 151.2 (CH),
140.2 (C), 132.5 (C), 131.5 (CH), 129.4 (2 x CH), 127.9 (2 x CH), 93.4 (CH), 73.2 (C), 62.5
(CH), 44.9 (CH>), 36.5 (CH2), 31.3 (CHy>), 23.9 (CHz3), 21.3 (CHs); HRMS m/z 313.1555 (M

+ H"), calcd for C1sH20N203H 313.1552.

(5R*,6aR*,10aS*)-5-(2-methoxyphenyl)-6a-methyl-2,3,10,10a-

tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (157an):
Prepared by following the procedure 3a and purified by column chromatography using
EtOAc/hexane and isolated as light yellow solid. Yield: 66% (86.68 mg); Mp.: 166-168 °C;
dr =99:1; IR (Neat): vmax 2925, 1693, 1495, 1408, 1249, 1116, 1067, 1025 and 756 cm™; H
NMR (CDCls, 500 MHz) & 7.65 (1H, d, J = 7.5 Hz), 7.37 (1H, dt, J = 8.0, 1.5 Hz), 7.05 (1H,
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t,J =7.5Hz), 6.92 (1H, d, J = 8.5 Hz), 6.73 (1H, dd, J = 10.5, 2.0 Hz), 6.21 (1H, d, J = 10.5
Hz), 5.51 (1H, s), 4.17 (1H, m), 4.12 (1H, d, J = 18.0 Hz), 3.86 (3H, s), 2.97

O
(1H, dt, J = 10.0, 5.5 Hz), 2.77-2.69 (2H, m), 2.55-2.49 (1H, m), 2.43-2.35
O
E § (1H, m), 1.53 (3H, s); *C NMR (CDCls, DEPT-135) § 193.9 (C, C=0),
M
o N 173.6 (C, C=0), 157.1 (C), 151.4 (CH), 131.5 (CH), 130.8 (CH), 128.7

OMe (CH), 123.7 (C), 121.1 (CH), 110.5 (CH), 85.2 (CH), 73.3 (C), 62.3 (CH),
55.5 (CH3), 44.1 (CHz), 36.3 (CHs), 31.4 (CHz), 24.0 (CHz); HRMS m/z

1
Sran 329.1500 (M + H*), calcd for C1sH20N204H 329.1501.

(5R*,6aR*,10aS*)-5-(4-methoxyphenyl)-6a-methyl-2,3,10,10a-
tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (157a0):
0 Prepared by following the procedure 3a and purified by column
H O chromatography using EtOAc/hexane and isolated as light yellow solid.
g E§ Yield: 72% (94.56 mg); Mp.: 136-138 °C; dr = 17:1; IR (Neat): vmax 2924,
2850, 1692, 1613, 1515, 1407, 1320, 1248, 1172, 1115, 1027, 833 and 751
cm; 'H NMR (CDCls, 500 MHz) & 7.41 (2H, td, J = 9.0, 2.5 Hz), 6.92 (2H,
OMe td, J=9.0, 2.5 Hz), 6.68 (1H, dd, J = 10.5, 2.5 Hz), 6.19 (1H, dd, J = 10.5,
1.0 Hz), 4.80 (1H, s), 4.25-4.15 (2H, m), 3.83 (3H, s), 2.88 (1H, ddd, J = 14.5, 8.5, 4.5 Hz),
2.70 (1H, dd, J = 17.5, 4.5 Hz), 2.57 (1H, dt, J = 10.5, 8.5 Hz), 2.48-2.37 (2H, m), 1.54 (3H,
s); 13C NMR (CDCls, DEPT-135) § 194.2 (C, C=0), 173.8 (C, C=0), 160.9 (C), 151.2 (CH),
131.5 (CH), 129.3 (2 x CH), 127.7 (C), 114.1 (2 x CH), 93.1 (CH), 73.2 (C), 62.5 (CH), 55.3
(CHs), 44.9 (CHy>), 36.4 (CH2), 31.3 (CHy), 23.9 (CH3); HRMS m/z 329.1501 (M + H™), calcd

for C1H20N204H 329.1501.

157a0

(5R*,6aR*,10aS*)-5-(3,4-dimethoxyphenyl)-6a-methyl-2,3,10,10a-
tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (157ap):
o Prepared by following the procedure 3a and purified by column
¢<H o  chromatography using EtOAc/hexane and isolated as light yellow solid.
Me E§ Yield: 62% (81.43 mg); Mp 150-152 °C; dr = 13:1; IR (Neat): Vmax
2935, 2838, 1695, 1517, 1464, 1407, 1262, 1262, 1236, 1026, and 757
cm®; 'H NMR (CDCls 500 MHz) & 7.06 (1H, d, J = 1.5 Hz), 7.00 (1H,

157ap OMe
OMe dd, J=8.5, 1.5 Hz), 6.87 (1H, d, J=8.5 Hz), 6.70 (1H, dd, J = 10.0, 2.5
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Hz), 6.20 (1H, dd, J = 10.5, 1.0 Hz), 4.79 (1H, s), 4.25-4.18 (2H, m), 3.94 (3H, s), 3.90 (3H,
s), 2.90 (1H, ddd, J = 13.5, 9.0, 4.5 Hz), 2.71 (1H, dd, J = 17.5, 4.0 Hz), 2.58 (1H, dt, J =
10.5, 8.5 Hz), 2.47-2.40 (2H, m), 1.56 (3H, s); *C NMR (CDCls;, DEPT-135) § 194.1 (C,
C=0), 173.7 (C, C=0), 151.1 (CH), 150.5 (C), 149.4 (C), 131.5 (CH), 128.0 (C), 120.9 (CH),
110.8 (CH), 110.3 (CH), 93.3 (CH), 73.3 (C), 62.4 (CH), 56.0 (CH3), 55.9 (CH3), 44.9 (CHo),
36.4 (CH2), 31.2 (CH>), 23.9 (CHs); HRMS m/z 359.1608 (M + H*), calcd for C19H22N20sH
359.1607.

(5R*,6aR*,10aS*)-6a-methyl-5-(pyridin-4-yl)-2,3,10,10a-
tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (157aq):
0 Prepared by following the procedure 3a and purified by column
o chromatography using EtOAc/hexane and isolated as light yellow solid.
E§ Mp 150-152 °C; Yield: 48% (57.46 mq); dr: 10:1; IR (Neat): vmax 2983,

Me
1688, 1603, 1567, 1411, 1319, 1283, 1112, 1068, 916, 727 and 643 cm™;
7] 'H NMR (CDCls, 500 MHz) & 8.70 (2H, dd, J = 4.5, 1.5 Hz), 7.44 (2H, dd,
15N7aq J=45,15Hz),6.66 (1H, dd, J = 10.5, 2.5 Hz), 6.21 (1H, dd, J = 10.0, 1.0

Hz), 4.85 (1H, s), 4.23-4.19 (2H, m), 2.90 (1H, ddd, J = 9.5, 9.0, 4.5 Hz),
2.72 (1H, dd, J = 18.0, 5.0 Hz), 2.59 (1H, td, J = 10.5, 8.5 Hz), 2.46-2.40 (2H, m), 1.56 (3H,
s); 3C NMR (CDCls, DEPT-135) 6 193.8 (C, C=0), 173.5 (C, N-C=0), 150.4 (2 x CH),
150.26 (CH), 143.6 (C), 131.8 (CH), 122.8 (2 x CH), 92.07 (CH), 73.4 (C), 62.5 (CH), 44.8
(CH2), 36.3 (CH2), 31.1 (CHz2), 23.7 (CH3); HRMS m/z 300.1340 (M + H"), calcd for
C16H17N303H 300.1348; Anal. calcd for C16H17N303 (299.1269): C, 64.20; H, 5.72; N, 14.04.
Found: C, 64.15; H, 5.68; N, 14.12%.

(3S*,5R*,6aR*,10aS*)-6a-methyl-3,5-diphenyl-2,3,10,10a-

tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (158aa):
Q Prepared by following the procedure 3a and purified by column

H O chromatography using EtOAc/hexane and isolated as half white solid.

Me” | E Yield: 69% (103.34 mg); Mp.: 166-168 °C; dr = 99:1; IR (Neat): vmax
2921, 2851, 1698, 1457, 1410, 1325, 1116, 1068, 1026, 756 and 698 cm"

é L 14 NMR (CDCls, 400 MHz) § 7.39-7.36 (2H, m), 7.29-7.18 (3H, m),
158aa 7.17-7.10 (3H, m), 7.02-7.00 (2H, m), 6.77 (1H, dd, J = 10.4, 2.8 Hz),
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6.23 (1H, dd, J = 10.4, 0.8 Hz), 5.11 (1H, s), 4.35-4.34 (1H, m), 3.99 (1H, dd, J = 9.6, 5.6
Hz), 3.92 (1H, ddd, J = 18.0, 2.4, 1.2 Hz), 3.07 (1H, dd, J = 17.2, 9.6 Hz), 2.76 (1H, dd, J =
18.0, 5.2 Hz), 2.53 (1H, ddd, J = 17.4, 5.6, 0.8 Hz), 1.53 (3H, s); *C NMR (CDCls, DEPT-
135) § 192.9 (C, C=0), 170.7 (C, C=0), 150.7 (CH), 140.9 (C), 135.3 (C), 131.9 (CH), 130.0
(CH), 128.4 (4 x CH), 128.2 (2 x CH), 127.2 (CH), 126.4 (2 X CH), 93.7 (CH), 73.6 (C), 62.3
(CH), 57.9 (CH), 39.5 (CH2), 36.1 (CH,), 24.2 (CHs); HRMS m/z 375.1710 (M + H*), calcd
for CasHz2N203H 375.1709.

(3S*,5R*,6aR*,10aS*)-6a-methyl-3-phenyl-5-(4-(trifluoromethyl)phenyl)-2,3,10,10a-

tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (158ab):
0 Prepared by following the procedure 3a and purified by column

H O chromatography using EtOAc/hexane and isolated as white solid. Yield:

Me”] E 63% (111.49 mg); Mp.: 172-174 °C; dr = 99:1; IR (Neat): vmax 3021,
1731, 1374, 1325, 1247, 1215, 1046, 751 and 667 cm™; 'H NMR

158ab (CDCls, 400 MHz) & 7.44 (2H, d, J = 8.0 Hz), 7.39 (2H, d, J = 8.0 Hz),

CF, 7.10-7.09 (3H, m), 6.95-6.93 (2H, m), 6.73 (1H, dd, J = 10.5, 2.5 Hz),
6.25 (1H, br d, J = 10.5 Hz), 5.13 (1H, s), 4.35 (1H, m), 4.07 (1H, ddd, J = 17.5, 1.6, 1.0 Hz),
3.90 (1H, dd, J = 9.5, 7.0 Hz), 3.01 (1H, dd, J = 17.5, 9.5 Hz), 2.76 (1H, dd, J = 18.0, 4.5 Hz),
2.54 (1H, dd, J = 17.5, 7.5 Hz), 1.55 (3H, s); 3C NMR (CDCls, DEPT-135) § 193.0 (C, C=0),
170.7 (C, C=0), 150.3 (CH), 140.2 (C), 138.8 (C), 132.02 (CH), 132.0 (C, g, J = 32.5 Hz),
129.1 (2 x CH), 128.3 (2 x CH), 127.4 (CH), 126.6 (2 x CH), 125.2 (2 X CH, g, J = 3.75 Hz),
123.6 (C, g, J = 271.2 Hz, CFs), 93.2 (CH), 73.7 (C), 62.7 (CH), 58.9 (CH), 40.1 (CH>), 36.3
(CHz), 24.0 (CH=); °F NMR (CDCls, 375 MHz): & —63.04; HRMS m/z 443.1582 (M + H"),
calcd for CasHa1FsN,OsH 443.1582.

(3S*,5R*,6aR*,10aS*)-6a-methyl-5-(4-nitrophenyl)-3-phenyl-2,3,10,10a-
tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH)-

&H o dione (158ac): Prepared by following the procedure 3a and purified by
o N column chromatography using EtOAc/hexane and isolated as light
N yellow solid. Yield: 59% (98.98 mg); Mp.: 218-220 °C; dr = 99:1; IR

(Neat): vmax 2925, 2854, 1690, 1521, 1346, 1281, 1111, 1074, 858, 757,

158ac I, and 700 cm: 'H NMR (CDCls, 400 MHz) & 7.98 (2H, d, J = 8.4 Hz),
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7.52 (2H, d, J = 8.4 Hz), 7.09-7.08 (3H, m), 6.95 (2H, br d, J = 3.6 Hz), 6.74 (1H, dd, J =
10.4, 2.0 Hz), 6.26 (1H, d, J = 10.4 Hz), 5.18 (1H, s), 4.37 (1H, brs), 4.09 (1H, d, J = 17.2
Hz), 3.91 (1H, t, J=8.4 Hz), 3.02 (1H, dd, J =17.6, 9.6 Hz), 2.78 (1H, dd, J = 17.6, 4.4 Hz),
2.54 (1H, dd, J=17.6, 7.6 Hz), 1.56 (3H, s); 1*C NMR (CDCls, DEPT-135) § 193.0 (C, C=0),
170.6 (C, C=0), 150.1 (CH), 148.6 (C), 141.6 (C), 140.0 (C), 132.0 (CH), 129.7 (2 x CH),
128.3 (2 x CH), 127.5 (CH), 126.6 (2 x CH), 123.2 (2 x CH), 92.7 (CH), 73.8 (C), 62.8 (CH),
59.1 (CH), 40.2 (CHy), 36.3 (CHz), 23.9 (CHs); HRMS m/z 420.1566 (M + H"), calcd for
C23H2:N30sH 420.1559.

(3S*,5R*,6aR*,10aS*)-5-(4-chlorophenyl)-6a-methyl-3-phenyl-2,3,10,10a-
tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (158ad):
Prepared by following the procedure 3a and purified by column
o chromatography using EtOAc/hexane and isolated as yellow solid.
Yield: 62% (101.39 mg); Mp.: 164-166 °C; dr = 99:1; IR (Neat): Vmax
2923, 2852, 1694, 1408, 1256, 1118, 1071, 1030, 757 and 699 cm™*; 'H
NMR (CDCls, 400 MHz) & 7.29-7.26 (2H, m), 7.16-7.14 (5H, m), 7.00-
6.97 (2H, m), 6.74 (1H, dd, J = 10.4, 2.8 Hz), 6.24 (1H, dd, J=10.4, 1.2
Hz), 5.07 (1H, s), 4.34-4.33 (1H, m), 3.98 (1H, ddd, J = 18.0, 2.4, 1.2 Hz), 3.92 (1H, dd, J =
9.6, 6.4 Hz), 3.04 (1H, dd, J = 17.2, 9.6 Hz), 2.76 (1H, dd, J = 18.0, 4.8 Hz), 2.53 (1H, ddd,
J=17.4,6.4,0.8 Hz), 1.53 (3H, s); 3C NMR (CDCls, DEPT-135) § 192.9 (C, C=0), 170.7
(C, C=0), 150.4 (CH), 140.6 (C), 135.9 (C), 133.8 (C), 132.0 (CH), 129.9 (2 x CH), 128.6 (2
x CH), 128.3 (2 x CH), 127.3 (CH), 126.5 (2 x CH), 93.1 (CH), 73.6 (C), 62.5 (CH), 58.4
(CH), 39.8 (CH2), 36.2 (CH.), 24.1 (CH3); HRMS m/z 409.1318 (M + H*), calcd for
C23H2:CIN203H 409.13109.
(3S*,5R*,6aR*,10aS*)-5-(4-methoxyphenyl)-6a-methyl-3-phenyl-2,3,10,10a-
o} tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH)-

158ad

C O
Z—Z I

e dione (158ae): Prepared by following the procedure 3a and purified by

" N column chromatography using EtOAc/hexane and isolated as light
e |
N brown solid. Yield: 65% (105.15 mg); Mp.: 174-176 °C; dr = 99:1; IR
(Neat): vmax 2983, 2928, 1732, 1697, 1613, 1516, 1373, 1248, 1115,
1582 1046, 752, and 700 cm™; *H NMR (CDCls, 400 MHz) § 7.28 (2H, td, J
OCHj,
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= 8.8, 1.6 Hz), 7.19-7.13 (3H, m), 7.04-7.01 (2H, m), 6.77 (1H, dd, J = 10.4, 2.4 Hz), 6.73
(2H, td, J = 8.8, 1.6 Hz), 6.22 (1H, br d, J = 10.4 Hz), 5.06 (1H, s), 4.32 (1H, m), 3.99 (1H,
dd, J = 9.6, 5.2 Hz), 3.94-3.89 (1H, m), 3.74 (3H, s), 3.06 (1H, dd, J = 17.6, 9.6 Hz), 2.75
(1H, dd, J = 18.0, 4.8 Hz), 2.52 (1H, ddd, J = 17.4, 5.6, 0.8 Hz), 1.52 (3H, s); 3C NMR
(CDCls, DEPT-135) $ 192.9 (C, C=0), 170.7 (C, C=0), 160.8 (C), 150.8 (CH), 141.0 (C),
131.8 (CH), 129.7 (2 X CH), 128.2 (2 x CH), 127.6 (C), 127.1 (CH), 126.4 (2 x CH), 113.8 (2
x CH), 93.3 (CH), 73.6 (C), 62.3 (CH), 57.9 (CH), 55.3 (CH3), 39.5 (CH2), 36.1 (CH5), 24.2
(CHs); HRMS m/z 405.1815 (M + H"), calcd for C24H24N204H 405.1814.

(3S*,5R*,6aR*,10aS*)-3-(4-fluorophenyl)-6a-methyl-5-phenyl-2,3,10,10a-
tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (158af):
o Prepared by following the procedure 3a and purified by column
0 chromatography using EtOAc/hexane and isolated as white solid. Yield:
65% (102.02 mg); Mp.: 208-210 °C; dr =99:1; IR (Neat): vmax 3012, 1697,
1509, 1409, 1322, 1224, 1115, 1068, 1026, 837, 751, and 700 cm™; *H
NMR (CDCls, 400 MHz) & 7.36-7.33 (2H, m), 7.26-7.25 (1H, m), 7.23-
158af F7.19 (2H, m), 6.97-6.94 (2H, m), 6.84-6.79 (2H, m), 6.76 (1H, dd, J =
10.4, 2.4 Hz), 6.23 (1H, dd, J = 10.4, 1.2 Hz), 5.08 (1H, s), 4.34-4.32 (1H, m), 3.99-3.94 (2H,
m), 3.04 (1H, dd, J = 17.2, 9.6 Hz), 2.76 (1H, dd, J = 17.6, 4.4 Hz), 2.47 (1H, ddd, J = 174,
6.0, 1.2 Hz), 1.54 (3H, s); 3C NMR (CDCls, DEPT-135) & 193.0 (C, C=0), 170.5 (C, C=0),
161.8 (C, d, J = 244.0 Hz, C-F), 150.7 (CH), 136.6 (C, d, J = 4.0 Hz), 135.2 (C), 131.9 (CH),
130.1 (CH), 128.4 (4 x CH), 128.1 (2 x CH, d, J = 8.0 Hz), 115.1 (2 x CH, d, J = 21.0 Hz),
93.8 (CH), 73.6 (C), 62.5 (CH), 57.6 (CH), 39.8 (CHz), 36.2 (CHz), 24.1 (CHs); °F NMR
(CDCls, 375 MHz): & —115.14; HRMS m/z 393.1615 (M + H*), calcd for C23H21FN2OsH
393.1614.

Me

Z-Z2 T

(3S*,5R*,6aR*,10aS*)-3-(2,4-dichlorophenyl)-6a-methyl-5-phenyl-2,3,10,10a-

tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (158ag9):
Prepared by following the procedure 3a and purified by column chromatography using
EtOAc/hexane and isolated as white solid. Yield: 59% (104.62 mg); Mp.: 202-204 °C; dr =
99:1; IR (Neat): vmax 2922, 2851, 1699, 1469, 1410, 1322, 1115, 1069, 1051, 755, and 700
cmt; *H NMR (CDCls, 500 MHz) & 7.40 (1H, d, J = 8.5 Hz), 7.35 (2H, d, J = 7.0 Hz), 7.24-
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7.18 (3H, m), 7.13-7.10 (2H, m), 6.78 (1H, d, J = 10.0 Hz), 6.25 (1H, d, J = 10.0 Hz), 5.11
(1H, s), 4.38-4.31 (2H, m), 3.99 (1H, br d, J = 18.0 Hz), 3.11 (1H, dd, J

i o =17.5,10.0 Hz), 2.78 (1H, dd, J = 17.5, 4.5 Hz), 2.31 (1H, dd, J = 17.5,

N 6.0 Hz), 1.57 (3H, 5); *C NMR (CDCls, DEPT-135) § 192.8 (C, C=0),

"o N o 169.8(C, C=0), 150.5 (CH), 137.0 (C), 134.7 (C), 133.4 (C), 132.3 (C),
131.9 (CH), 130.1 (CH), 129.2 (CH), 128.9 (CH), 128.4 (2 x CH), 128.2

roeg & (2xCH), 127.1(CH), 937 (CH), 736 (C), 62.6 (CH), 55.0 (CH), 38.8

(CHy), 36.1 (CH>), 24.1 (CHs); HRMS m/z 443.0928 (M + H™), calcd
for C23H20Cl2N20O3H 443.0929.

(3S*,5R*,6aR*,10aS*)-3-(4-methoxyphenyl)-6a-methyl-5-phenyl-2,3,10,10a-

tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (158ah):
o Prepared by following the procedure 3a and purified by column

H O chromatography using EtOAc/hexane and isolated as light yellow

e E solid. Yield: 66% (106.77 mg); Mp.: 220-222 °C; dr = 99:1; IR (Neat):

vmax 2924, 1697, 1513, 1410, 1325, 1249, 1177, 1115, 1067, 1028, and

701 cm'™%; 'H NMR (CDCls, 400 MHz) § 7.38 (2H, d, J = 6.5 Hz), 7.26-

1ssah  OCH, 7.22(3H,m), 6.91 (2H,d,J=85Hz), 6.77 (1H, dd, J = 10.0, 1.5 Hz),

6.68 (2H, d, J = 8.5 Hz), 6.23 (1H, d, J = 10.0 Hz), 5.09 (1H, s), 4.31 (1H, s), 3.96-3.89 (2H,

m), 3.73 (3H, s), 3.03 (1H, dd, J = 17.5, 9.5 Hz), 2.75 (1H, dd, J = 18.0, 4.5 Hz), 2.50 (1H,

dd, J = 17.5, 5.0 Hz), 1.52 (3H, s); *C NMR (CDCls, DEPT-135) § 192.8 (C, C=0), 170.8

(C, C=0), 158.7 (C), 150.6 (CH), 135.5 (C), 133.0 (C), 131.9 (CH), 130.0 (CH), 128.45 (2 X

CH), 128.41 (2 x CH), 127.5 (2 x CH), 113.7 (2 x CH), 93.7 (CH), 73.5 (C), 62.3 (CH), 57.4

(CHs), 55.2 (CH), 39.4 (CH,), 36.1 (CH>), 24.2 (CH3); HRMS m/z 405.1815 (M + H*), calcd
for CaaH2sN204H 405.1814.

(3S*,5R*,6aR*,10aS*)-3-(3,4-dimethoxyphenyl)-6a-methyl-5-phenyl-2,3,10,10a-

tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (158ai):
Prepared by following the procedure 3a and purified by column chromatography using
EtOAc/hexane and isolated as white solid. Yield: 60% (104.27 mg); Mp 178-180 °C; dr =
13:1; IR (Neat): vmax 3017, 1696, 1516, 1412, 1262, 1215, 1026, 752 and 667 cm™; *H NMRS
(CDClz, 500 MHz) 6 7.38 (2H, br d, J = 6.5 Hz), 7.29-7.22 (3H, m), 6.77 (1H, dd, J = 10.5,

147



Experimental Section

2.5 Hz), 6.63 (1H, d, J =8.5 Hz), 6.56 (1H, dd, J = 8.5, 1.5 Hz), 6.42 (1H, d, J = 1.5 Hz), 6.23
(1H,d, J=10.5Hz), 5.08 (1H, s), 4.32-4.31 (1H, m), 3.97-3.91 (2H,
m), 3.80 (3H, ), 3.76 (3H, s), 3.02 (1H, dd, J = 17.5, 9.5 Hz), 2.76
(1H, dd, J = 17.5, 5.0 Hz), 2.55 (1H, dd, J = 17.5, 5.5 Hz), 1.53 (3H,

s); ¥C NMR (CDCls, DEPT-135) § 192.9 (C, C=0), 170.8 (C,
é ocH, C=0), 150.7 (CH), 148.7 (C), 148.2 (C), 135.5 (C), 133.4 (C), 131.8

(CH), 130.0 (CH), 128.6 (2 x CH), 128.3 (2 x CH), 118.7 (CH),
111.0 (CH), 110.1 (CH), 93.9 (CH), 73.5 (C), 62.5 (CH), 57.9 (CH),
55.9 (CHa), 55.8 (CHs3), 39.3 (CHy), 36.2 (CH2), 24.1 (CHs); HRMS m/z 435.1921 (M + H"),
calcd for CosH26N20sH 435.1920.

0O

e

(0]

Z-Z T

158ai OCHjg

(3R*,5R*,6aR*,10aS*)-3,6a-dimethyl-5-phenyl-2,3,10,10a-
tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (158a)):

o Prepared by following the procedure 3a and purified by column
@ O  chromatography using EtOAc/hexane and isolated as yellow gel; Yield:
Me o

Z-Z2 T

i& 65% (81.21 mg); dr = 99:1; IR (Neat): vmax 2981, 1682, 1606, 1454, 1402,
\ . 1288, 1084, 938, 752 and 701 cm'; *H NMR (CDCls, 400 MHz) & 7.52-
7.48 (2H, m), 7.45-7.41 (3H, m), 6.73 (1H, dd, J = 10.4, 2.8 Hz), 6.19 (1H,
158a] dd, J = 10.4, 1.2 Hz), 4.94 (1H, s), 4.22-4.21 (1H, m), 3.85 (1H, ddd, J =
18.0, 2.0, 1.2 Hz), 3.08-3.00 (1H, m), 2.81-2.70 (2H, m), 2.07 (1H, ddd, J = 17.2, 4.8, 1.2
Hz), 1.50 (3H, s), 0.83 (3H, d, J = 6.4 Hz): 13C NMR (CDCls, DEPT-135) § 192.8 (C, C=0),
171.2 (C, C=0), 150.6 (CH), 136.2 (C), 131.8 (CH), 130.1 (CH), 128.7 (2 x CH), 128.2 (2 X
CH), 93.1 (CH), 73.5 (C), 62.0 (CH), 50.1 (CH), 38.2 (CH2), 36.1 (CHz), 24.2 (CH3), 21.1
(CHs); HRMS m/z 313.1556 (M + H"), calcd for C1gH20N20sH 313.1552.

e

(5R*,6aR*,10aS*)-2,6a-dimethyl-5-phenyl-2,3,10,10a-tetrahydrobenzo[e]pyrazolo[1,2-
c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (158ak): Prepared by

0

H O following the procedure 3a and purified by column chromatography

Me N#f\;g'” using EtOAc/hexane and isolated as semi solid; Yield: 65% (81.21
O.__N

mg); dr = 1.7:1; IR (Neat): vmax 2977, 2925, 1695, 1455, 1406, 1323,
1114, 1063, 750 and 697 cm™; *H NMR (CDCls, 500 MHz, 1.7:1
158ak mixture of isomers) & 7.52-7.50 (4H, m), 7.44-7.41 (6H, m), 6.73
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(1H, dd, J = 10.0, 2.0 Hz), 6.68 (1H, dd, J = 10.0, 2.0 Hz), 6.21 (1H, d, J = 10.0 Hz), 6.19
(1H, d, J =10.0 Hz), 4.97 (1H, s), 4.76 (1H, s), 4.40-4.36 (1H, m), 4.24-4.19 (2H, m), 3.93
(1H, br d, J = 18.0 Hz), 2.96-2.91 (2H, m), 2.77-2.65 (4H, m), 2.53-2.46 (1H, m), 2.15 (1H,
dd, J =12.0, 9.0 Hz), 1.58 (3H, s), 1.53 (3H, s), 1.13 (6H, d, J = 6.5 Hz); 1*C NMR (CDCls,
DEPT-135, 1.7:1 mixture of isomers) 6 194.5 (C, C=0), 193.0 (C, C=0), 176.6 (C, C=0),
175.5 (C, C=0), 151.3 (CH), 150.7 (CH), 136.0 (C), 135.3 (C), 131.9 (CH), 131.5 (CH), 130.2
(CH), 130.1 (CH), 128.8 (2 x CH), 128.77 (2 x CH), 128.2 (2 x CH), 128.1 (2 x CH), 94.1
(CH), 92.8 (CH), 73.5(C), 73.2 (C), 62.8 (CH), 62.1 (CH), 53.1 (CH>), 51.9 (CH>), 37.2 (CH),
36.6 (CH2), 36.2 (CH), 36.0 (CH), 24.3 (CHs), 23.8 (CHs), 14.7 (CHs), 13.4 (CHs); HRMS
m/z 313.1551 (M + H"), calcd for C1gH20N203H 313.1552.

Procedure 3b: General Procedure for the Bromination of Product 156aa: In an

oven dried round bottom flask was taken the mixture of product 156aa (0.2 mmol) and oxone
(0.4 mmol) in dry DCM (1 mL). To this mixture 2N HBr (0.44 mmol) was added which
resulted in dark red coloured solution. After allowing it to stir for 2 h at r.t., EtsN (0.16 mL)
was added. Then, the reaction mixture was allowed to stir for another 12 h and usual work-up
was done using EtOAc. The combined organic layers were dried (Na2SOs4), and concentrated.
Pure product 159aa was obtained by column chromatography (silica gel, mixture of

hexane/ethyl acetate).

(5R*,6aR*,10aS*)-8-bromo-6a-methyl-5-phenyl-2,3,10,10a-

tetrahydrobenzo[e]pyrazolo[1,2-c][1,3,4]oxadiazine-1,9(5H,6aH)-dione (159aa):
o Prepared by following the procedure 3b and purified by column
Br chromatography using EtOAc/hexane and isolated as yellow gel; Yield:

e E§O 50% (37.72 mg); dr = 99:1; IR (Neat): vmax 3009, 2981, 1687, 1572,

N 1405, 1355, 1258, 1111, 1068, 796 and 746 cm™; *H NMR (CDCls, 400
MHz) & 7.52-7.49 (2H, m), 7.45-7.42 (3H, m), 7.13 (1H, d, J = 2.4 Hz),
4.87 (1H, s), 4.43 (1H, dd, J = 17.6, 2.4 Hz), 4.20 (1H, m), 2.90 (1H,
ddd, J =10.0, 9.2, 4.4 Hz), 2.82 (1H, dd, J = 17.6, 4.0 Hz), 2.63 (1H, dt,
J=10.4, 8.4 Hz), 2.53-2.37 (2H, m), 1.58 (3H, s); 13C NMR (CDCls, DEPT-135) § 186.1 (C,
C=0), 174.2 (C, C=0), 151.3 (CH), 135.0 (C), 130.3 (CH), 128.8 (2 x CH), 128.0 (2 x CH),

159aa
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125.4 (C), 93.6 (CH), 75.3 (C), 62.3 (CH), 44.9 (CH2), 36.0 (CH2), 31.1 (CH2), 23.6 (CH3);
HRMS m/z 377.0500 (M + H*), calcd for Cy7H17BrN20sH 377.0501.

Materials: All solvents and commercially available chemicals were used as received.
Functionalized 2-amino-p-nitrostyrenes 131a-jl’ was prepared according to the literature

procedure.

Procedure 4a: General procedure for quinidine-squaramide catalyzed

asymmetric Michael reaction of (E)-2-(2-nitrovinyl)anilines 131 with pB-keto
esters 162: In an ordinary glass vial equipped with a magnetic stirring bar, to the 88m or
88n (5 mol%) in DCM (1.0 mL), were added (E)-2-(2-nitrovinyl)anilines 131a-i (0.3 mmol)
and p-keto esters 162a-I (0.4 mmol, 1.33 equiv.). After stirring the reaction mixture at 25 °C
as shown in Tables 13-15, the crude reaction mixture was concentrated and pure chiral
products 163 were obtained by quick filtration (silica gel, mixture of hexane/ethyl acetate).

(R)-Ethyl 1-((S)-1-(2-((tert-butoxycarbonyl)amino)phenyl)-2-nitroethyl)-2-
oxocyclopentane carboxylate (163aa): Prepared by following the procedure 4a and purified
by column chromatography using EtOAc/hexane and isolated as white

solid. Mp 107-109 °C; The enantiomeric excess (ee) was determined by

ConEL chiral stationary phase HPLC using a Lux 5u Cellulose-2 column
NH™ 2

Lo (hexane/2-propanol = 80:20, flow rate 1.0 mL/min, A = 254 nm), tr =

(+)-163aa 9.55 min (minor), tr = 14.92 min (major); [a]o? = +3.4° (c = 0.17 g/100
mL, CHCls, 98% ee and >99% de); IR (KBr): vmax 3408 (N-H), 2980, 1720 (C=0), 1555
(NOy), 1450, 1367 (NO2), 1229, 1154, 1023 and 855 cm™; *H NMR (CDCls, 400 MHz, at 50
°C) 6 7.54 (1H, d, J = 8.0 Hz), 7.38 (1H, dd, J = 7.6, 1.2 Hz), 7.30-7.26 (1H, m), 7.18-7.12
(1H, m), 6.93 (1H, br s, NH), 5.18 (1H, dd, J = 14.4, 4.4 Hz), 4.97 (1H, dd, J = 14.4, 10.0
Hz), 4.45 (1H, dd, J = 10.4, 4.4 Hz), 4.23 (2H, g, J = 7.2 Hz, OCH,CHj3), 2.44-2.36 (2H, m),
2.19-2.10 (1H, m), 2.07-1.99 (1H, m), 1.98-1.88 (2H, m), 1.55 (9H, s, OC(CH3)3), 1.29 (3H,
t, J = 7.2 Hz, OCH2CHj3); °C NMR (CDCls, DEPT-135, at 50 °C) § 213.0 (C, C=0), 169.4
(C, 0-C=0), 154.0 (C, O-C=0), 137.0 (C), 130.2 (C), 128.6 (CH), 127.5 (CH), 127.2 (CH),
125.8 (CH), 80.4 (C), 77.0 (CH>), 63.0 (C), 62.3 (CH2, OCH,CHs3), 38.5 (CH), 37.7 (CH>),
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31.4 (CH2), 28.3 (3 x CHs, OC(CHs)s), 19.4 (CH,), 13.8 (CHs, OCH2CHs); HRMS m/z
443.1795 (M + Na), calcd for C21HzsN207Na 443.1795.

(R)-1sopropyl 1-((S)-1-(2-((tert-butoxycarbonyl)amino)phenyl)-2-nitroethyl)-2-
oxocyclopentanecarboxylate (163ab): Prepared by following the procedure 4a and purified

ON by column chromatography using EtOAc/hexane and isolated as white
2

\ i solid. Mp 108-110 °C; The enantiomeric excess (ee) was determined by
an}?ﬂ:r chiral stationary phase HPLC using a Daicel Chiralpak ID-H column

Boc (hexane/2-propanol =90:10, flow rate 0.8 mL/min, A =254 nm), tr = 14.72

(+)-163ab min (major), tr = 23.55 min (minor); [a]o? = +12.1° (c = 0.07 g/100 mL,
CHCls, >99% ee and >99% de); IR (KBr): vmax 3383 (N-H), 2980, 1717 (C=0), 1556 (NO>),
1451, 1368 (NO2), 1230, 1155, 1047 and 906 cm; 'H NMR (CDCls, 400 MHz, at 50 °C) &
7.54 (1H, d, J = 8.0 Hz), 7.41 (1H, d, J = 7.6 Hz), 7.28 (1H, dt, J = 7.6, 1.2 Hz), 7.16 (1H, t,
J=7.6 Hz), 6.96 (1H, brs, NH), 5.15 (1H, dd, J = 14.0, 4.4 Hz), 5.08 (1H, septet, J = 6.4 Hz),
4.96 (1H, dd, J=14.0, 10.0 Hz), 4.46 (1H, dd, J = 10.0, 4.0 Hz), 2.45-2.35 (2H, m), 2.19-2.07
(1H, m), 2.05-1.98 (1H, m), 1.96-1.90 (2H, m), 1.55 (9H, s, OC(CHa)3), 1.28 (6H, d, J = 6.0
Hz, OCH(CHs)2); *C NMR (CDCls, DEPT-135, at 50 °C) & 213.1 (C, C=0), 168.9 (C,
0-C=0), 154.0 (C, 0-C=0), 137.0 (C), 130.2 (C), 128.6 (CH), 127.5 (CH), 127.2 (CH), 125.7
(CH), 80.3 (C), 77.0 (CHz2), 70.3 (CH, OCH(CHBa)2), 63.1 (C), 38.5 (CH), 37.7 (CH2), 31.4
(CH), 28.3 (3 x CHs, OC(CHj3)s), 21.5 (CHs, OCH(CHz)2), 21.3 (CHs, OCH(CHs)2), 19.4
(CH2); HRMS m/z 457.1951 (M + Na), calcd for CaH30N20O7Na 457.1951.

(R)-Isopropyl 1-((S)-1-(2-(((benzyloxy)carbonyl)amino)phenyl)-2-nitroethyl)-2-
oxocyclopentanecarboxylate (163bb): Prepared by following the procedure 4a and purified
O2N\: 0\ by column chromatography using EtOAc/hexane and isolated as solid. Mp
@\/\3 77-79 °C; The enantiomeric excess (ee) was determined by chiral
'}JHCO2IPF stationary phase HPLC using a Daicel Chiralpak ID-H column (hexane/2-
(+)-1Cebszbb propanol = 80:20, flow rate 1.0 mL/min, A = 254 nm), tr = 17.13 min
(major), tr = 33.06 min (minor); [a]o? = +18.7° (c = 0.14 g/100 mL, CHCIs, >99% ee and
>99% de); IR (KBr): vmax 3402 (N-H), 2987, 1719 (C=0), 1555 (NO;), 1471, 1376 (NOy),
1215, 1183, 1043, 906 and 733 cm™’; *H NMR (CDCls, 400 MHz, at 50 °C) § 7.59 (1H, d, J
= 7.6 Hz), 7.46-7.44 (2H, m), 7.42-7.37 (3H, m), 7.35-7.28 (3H, m), 7.18 (1H, t, J = 7.6 Hz),

151



Experimental Section

5.26 (2H, s, OCH,Ph), 5.12 (1H, dd, J = 14.0, 4.0 Hz), 5.06 (1H, septet, J = 6.4 Hz), 4.93 (1H,
dd, J = 14.0, 10.4 Hz), 4.46 (1H, dd, J = 10.0, 4.0 Hz), 2.44-2.30 (2H, m), 2.06-1.94 (2H, m),
1.92-1.80 (2H, m), 1.25 (3H, d, J = 6.4 Hz, OCH(CH2)2), 1.23 (3H, d, J = 6.4 Hz,
OCH(CHa)2); 3C NMR (CDCls, DEPT-135, at 50 °C) § 213.2 (C, C=0), 168.8 (C, 0-C=0),
154.6 (C, 0-C=0), 136.7 (C), 136.5 (C), 130.0 (C), 128.8 (CH), 128.5 (2 x CH), 128.1 (2 x
CH), 128.1 (CH), 127.6 (CH), 126.9 (CH), 126.0 (CH), 76.9 (CH.), 70.4 (CH, OCH(CHa),),
67.0 (CHz, OCH2Ph), 63.2 (C), 38.5 (CH), 37.6 (CH2), 31.3 (CH2), 21.4 (CHa, OCH(CHa)2),
21.3 (CHs, OCH(CHz3)2), 19.3 (CH2); HRMS m/z 491.1795 (M + Na), calcd for
CosH2sN207Na 491.1795.

(R)-1sopropyl 1-((S)-1-(2-((ethoxycarbonyl)amino)phenyl)-2-nitroethyl)-2-
oxocyclopentanecarboxylate (163cb): Prepared by following the procedure 4a and purified
by column chromatography using EtOAc/hexane and isolated as white

OZN\? \ solid. Mp 110-112 °C; The enantiomeric excess (ee) was determined by
NH(;Oz"Pr chiral stationary phase HPLC using a Daicel Chiralpak AD-H column
Co,Et (hexane/2-propanol = 90:10, flow rate 0.5 mL/min, A =254 nm), tr = 17.7

(+)-163cb min (major), tr = 55.8 min (minor) [for minor isomer], tr = 20.7 min

(major), tr = 27.6 min (minor) [for major isomer]; [a]o® = +20.9° (c = 0.07 g/100 mL,
CHCls, 96% ee and >99% de); IR (KBr): vmax 3386 (N-H), 2986, 1719 (C=0), 1555 (NO),
1470, 1376 (NO2), 1219, 1147, 1098 and 906 cm™; *H NMR (CDCls, 400 MHz, at 50 °C) &
7.58 (1H, d, J = 8.0 Hz), 7.39 (1H, dd, J = 7.6, 1.2 Hz), 7.28 (1H, dt, J = 7.6, 1.2 Hz), 7.20
(1H, brs, NH), 7.16 (1H, dt, J = 7.6, 1.2 Hz), 5.10 (1H, dd, J = 14.0, 4.0 Hz), 5.06 (1H, septet,
J=6.4 Hz), 4.91 (1H, dd, J = 14.0, 10.0 Hz), 4.49 (1H, dd, J = 10.0, 4.4 Hz), 4.25 (2H, dg, J
=7.2,1.6 Hz, OCH2CHs), 2.45-2.32 (2H, m), 2.10-1.99 (2H, m), 1.97-1.88 (2H, m), 1.34 (3H,
t, J = 7.2 Hz, OCH2CHs), 1.27 (3H, d, J = 6.4 Hz, OCH(CHs)z), 1.25 (3H, d, J = 6.4 Hz,
OCH(CHs)2); *C NMR (CDCls, DEPT-135, at 50 °C) & 213.2 (C, C=0), 168.9 (C, 0-C=0),
154.8 (C, 0-C=0), 136.9 (C), 129.7 (C), 128.7 (CH), 127.6 (CH), 126.7 (CH), 125.7 (CH),
76.9 (CHz), 70.4 (CH, OCH(CHs)2), 63.2 (C), 61.3 (CHz, OCH,CHj), 38.4 (CH), 37.6 (CHz),
31.1 (CH2), 21.4 (CHs, OCH(CHs)2), 21.3 (CHs, OCH(CHs)2), 19.4 (CH2), 14.5 (CHs,
OCH2CHj3); HRMS m/z 429.1633 (M + Na), calcd for C20H26N20O7Na 429.1638.
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(R)-1sopropyl 1-((S)-1-(2-((tert-butoxycarbonyl)amino)-5-chlorophenyl)-2-nitroethyl)-2

oxocyclopentanecarboxylate (163db): Prepared by following the procedure 4a and purified

O,N_ O by column chromatography using EtOAc/hexane and isolated as white
cl NS solid. Mp 78-80 °C; The enantiomeric excess (ee) was determined by
NHCOZIPr chiral stationary phase HPLC using a Daicel Chiralpak AD-H column

Boc

(+)-163db (hexane/2-propanol = 90:10, flow rate 0.5 mL/min, A = 254 nm), tr =
16.3 min (minor), tr = 21.4 min (major) [for minor isomer], tr = 18.9 min (major), tr = 38.3
min (minor) [for major isomer]; [a]o?® = +2.6° (c = 0.27 g/100 mL, CHClIs, >99% ee and
97% de); IR (KBr): vmax 3381 (N-H), 2980, 1716 (C=0), 1556 (NOy), 1456, 1368 (NO>),
1231, 1155, 1098 and 906 cm™*; *H NMR (CDCls, 400 MHz, at 50 °C) § 7.50 (1H, d, J = 8.4
Hz), 7.44 (1H, d, J = 2.0 Hz), 7.25 (1H, dd, J = 8.4, 2.4 Hz), 6.89 (1H, br s, NH), 5.17 (1H,
dd, J=14.4,4.0 Hz), 5.09 (1H, septet, J = 6.4 Hz), 4.93 (1H, dd, J = 14.4, 10.4 Hz), 4.36 (1H,
dd, J = 10.4, 4.0 Hz), 2.45-2.38 (2H, m), 2.23-2.14 (1H, m), 1.98-1.92 (3H, m), 1.54 (9H, s,
OC(CHs)3), 1.29 (3H, d, J = 6.4 Hz, OCH(CHs)2), 1.27 (3H, d, J = 6.4 Hz, OCH(CHs)y); 1*C
NMR (CDCls, DEPT-135, at 50 °C) 6 212.8 (C, C=0), 168.7 (C, O-C=0), 153.7 (C, O-C=0),
135.8 (C), 132.2 (C), 131.2 (C), 128.8 (CH), 128.3 (CH), 127.7 (CH), 80.7 (C), 76.8 (CH>),
70.6 (CH, OCH(CHz3)2), 62.9 (C), 38.5 (CH), 37.6 (CH2), 31.7 (CH>), 28.3 (3 x CHs,
OC(CHz3)3), 21.5 (CHs, OCH(CHg)2), 21.3 (CH3, OCH(CHs3)2), 19.3 (CH2); HRMS m/z
491.1560 (M + Na), calcd for C22H29N207CINa 491.1561.

(R)-1sopropyl  1-((S)-1-(2-((tert-butoxycarbonyl)amino)-4-chlorophenyl)-2-nitroethyl)-
2-oxocyclopentanecarboxylate (163eb): Prepared by following the procedure 4a and
ON_ O purified by column chromatography using EtOAc/hexane and isolated as
/@b white solid. Mp 102-104 °C; The enantiomeric excess (ee) was

Cl NHCOZIPF determined by chiral stationary phase HPLC using a Daicel Chiralcel OJ-
(+)-1%%Zb H column (hexane/2-propanol = 90:10, flow rate 0.5 mL/min, A = 254

nm), tr = 15.1 min (minor), tr = 54.0 min (major) [for minor isomer], tr = 19.4 min (minor),
tr = 26.8 min (major) [for major isomer]; [a]o?® = +6.9° (c = 0.18 g/100mL, CHCls, 99% ee
for major isomer, 85% ee for minor isomer and 70% de); IR (KBr): vmax 3376 (N-H),
2981, 1717 (C=0), 1556 (NO), 1456, 1368 (NO2), 1230, 1154, 1098 and 938 cm™; 'H NMR
(CDCls, 400 MHz, at 50 °C) & 7.65 (1H, br d, J = 2.0 Hz), 7.36 (1H, d, J = 8.4 Hz), 7.12 (1H,

153



Experimental Section

dd, J = 8.4, 2.0 Hz), 7.06 (1H, br s, NH), 5.11-5.05 (2H, m), 4.90 (1H, dd, J = 14.4, 10.4 Hz),
4.38 (1H, dd, J = 10.4, 4.0 Hz), 2.44-2.37 (2H, m), 2.17-2.07 (1H, m), 2.03-1.90 (3H, m), 1.55
(9H, s, OC(CHa)3), 1.27 (3H, d, J = 6.4 Hz, OCH(CH3)2), 1.26 (3H, d, J = 6.4 Hz,
OCH(CHs)2); 3C NMR (CDCls, DEPT-135, at 50 °C) § 213.0 (C, C=0), 168.8 (C, O-C=0),
153.4 (C, 0-C=0), 138.5 (C), 134.4 (C), 128.8 (CH), 127.8 (C), 126.4 (CH), 125.5 (CH), 80.8
(C), 76.7 (CH2), 70.5 (CH, OCH(CHs)2), 63.1 (C), 38.1 (CH), 37.6 (CH>), 31.4 (CHy), 28.3
(3 X CH3, OC(CH3)3), 21.4 (CH3, OCH(CH3)2), 21.3 (CHs, OCH(CHz3)2), 19.4 (CH2); HRMS
m/z 491.1558 (M + Na), calcd for C22H20N207CINa 491.1561.

(R)-1sopropyl  1-((S)-1-(2-((tert-butoxycarbonyl)amino)-6-methylphenyl)-2-nitroethyl)-
2-oxocyclopentanecarboxylate (163fb): Prepared by following the procedure 4a and

O,N purified by column chromatography using EtOAc/hexane and isolated as oil.

o
Me \ \ The enantiomeric excess (ee) was determined by chiral stationary phase
éo in, HPLC using a Daicel Chiralpak AD-H column (hexane/2-propanol = 90:10,

NH 2

Boc flow rate 0.8 mL/min, A = 254 nm), tr = 7.8 min (minor), tr = 12.2 min
(-)-163fb (major) [for major isomer]; tr = 11.2 min (minor), tr = 13.5 min (major) [for
minor isomer]; [a]o?® = —15.0° (c = 0.12 g/100 mL, CHCls, >99% ee for major, >99% ee
for minor and dr = 3:1); IR (Neat): vmax 3285 (N-H), 2978, 1720 (C=0), 1556 (NO>), 1454,
1367 (NO), 1232, 1157, 1099 and 905 cm™; *H NMR (CDCls, 400 MHz, at 50 °C, major
isomer) & 8.35 (1H, br s, NH), 7.54 (1H, d, J = 8.0 Hz), 7.19-7.14 (1H, m), 6.92 (1H, d, J =
7.6 Hz), 5.04-4.94 (2H, m), 4.85-4.75 (1H, m), 4.56-4.53 (1H, m), 2.66-2.62 (1H, m), 2.56-
2.48 (1H, m), 2.38 (3H, s, CHs), 2.03-1.96 (1H, m), 1.88-1.78 (3H, m), 1.57 (9H, s,
OC(CHs)3), 1.11 (3H, d, J = 6.4 Hz, OCH(CHj3)2), 1.04 (3H, d, J = 6.4 Hz, OCH(CHs)2); °C
NMR (CDClIz, DEPT-135, at 50 °C, major isomer) ¢ 213.8 (C, C=0), 174.2 (C, O-C=0),
169.2 (C, 0-C=0), 154.0 (C), 139.0 (C), 137.5 (C), 128.4 (CH), 127.1 (CH), 124.2 (CH), 80.1
(C), 75.2 (CHy), 71.1 (CH, OCH(CHsa).), 64.3 (C), 40.3 (CH), 37.0 (CH2), 35.7 (CH>), 28.4
(3 x CHs, OC(CHa)s), 21.5 (CHs, OCH(CHs3)2), 21.2 (CHs, OCH(CHs)2), 20.9 (CHs), 19.1

(CH2); HRMS m/z 471.2100 (M + Na), calcd for C23H32N20O7Na 471.2108.

(R)-1sopropyl 1-((S)-1-(2-((tert-butoxycarbonyl)amino)-3-methylphenyl)-2-nitroethyl)-
2-oxocyclopentanecarboxylate (163gb): Prepared by following the procedure 4a and

purified by column chromatography using EtOAc/hexane and isolated as oil. The
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enantiomeric excess (ee) was determined by chiral stationary phase HPLC using a Daicel

ON_ O Chiralpak ID-H column (hexane/2-propanol = 90:10, flow rate 1.0 mL/min,
; A =254 nm), tr = 7.5 min (major), tr = 8.7 min (minor) [for minor isomer];
NHCOziPr tr = 10.1 min (major), tr = 14.5 min (minor) [for major isomer]; [a]o?® =

Mf+)-1Bec;;b +2.6° (¢ = 0.52 /100 mL, CHCls, >99% ee, >99% ee and dr = 15:1); IR
(Neat): vmax 3380 (N-H), 2979, 1716 (C=0), 1555 (NOy), 1488, 1375 (NOy), 1231, 1185,
1100, 907 and 777 cm; *H NMR (CDCls, 400 MHz) & 7.34-7.32 (1H, m), 7.18-7.15 (2H,
m), 6.57 (1H, br s, NH), 5.23 (1H, d, J = 11.6 Hz), 5.13-4.98 (2H, m), 4.47 (1H, br s), 2.47-
2.32 (2H, m), 2.29 (3H, s, CH3), 2.24-2.10 (1H, m), 2.06-1.98 (1H, m), 1.95-1.84 (2H, m),
1.54 (9H, s, OC(CHz3)3), 1.28 (3H, d, J = 6.4 Hz, OCH(CHs3)2), 1.27 (3H, d, J = 6.4 Hz,
OCH(CHa)2); *3C NMR (CDCls, DEPT-135) § 213.7 (C, C=0), 169.1 (C, 0-C=0), 153.8 (C,
0-C=0), 138.1 (C), 135.1 (C), 134.6 (C), 130.7 (CH), 127.6 (CH), 125.1 (CH), 80.1 (C), 77.6
(CH2), 70.1 (CH, OCH(CHs)2), 62.7 (C), 39.1 (CH), 37.9 (CH2), 32.0 (CH2), 28.3 (3 X CH3,
OC(CHs3)3), 21.6 (CHs, OCH(CHa)2), 21.5 (CH3s, OCH(CHs)2), 19.5 (CH2), 18.7 (CHs);
HRMS m/z 471.2103 (M + Na), calcd for C23H32N20O7Na 471.2108.

(R)-Methyl 1-((S)-1-(2-((tert-butoxycarbonyl)amino)phenyl)-2-nitroethyl)-2-
oxocyclopentanecarboxylate (163ac): Prepared by following the procedure 4a and purified

ON_ O by column chromatography using EtOAc/hexane and isolated as semisolid.

@b The enantiomeric excess (ee) was determined by chiral stationary phase
niO2Me  HPLC using a Lux 5u Cellulose-2 column (hexane/2-propanol = 80:20,
éOC

(-)-163ac
(major) [for minor isomer]; tr = 14.60 min (minor), tr = 16.13 min (major) [for major isomer];
[o]o® = —7.6° (c = 0.60 g/100 mL, CHCls, 94% ee for major, 46% ee for minor and dr =
39:1); IR (Neat): vmax 3393 (N-H), 2981, 1720 (C=0), 1556 (NO>), 1450, 1367 (NO.), 1230,
1154, 1048, 985 and 751 cm™; 'H NMR (CDCls, 400 MHz, at 50 °C) § 7.53 (1H, d, J = 8.0
Hz), 7.36 (1H, br d, J = 7.6 Hz), 7.28 (1H, dt, J = 7.6, 1.6 Hz), 7.16 (1H, br t, J = 7.6 Hz),
6.89 (1H, br s, NH), 5.20 (1H, dd, J = 14.0, 4.0 Hz), 4.98 (1H, dd, J = 14.0, 10.0 Hz), 4.42
(1H, dd, J=10.0,4.0 Hz), 3.78 (3H, s, CO2CHg), 2.45-2.36 (2H, m), 2.21-2.12 (1H, m), 2.07-
1.98 (1H, m), 1.96-1.90 (2H, m), 1.55 (9H, s, OC(CHzs)3); **C NMR (CDCls, DEPT-135, at

50 °C) § 212.9 (C, C=0), 170.0 (C, 0-C=0), 154.0 (C, O-C=0), 137.1 (C), 130.2 (C), 128.6

flow rate 1.0 mL/min, A = 254 nm), tr = 8.19 min (minor), tr = 10.12 min
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(CH), 127.4 (CH), 127.3 (CH), 125.9 (CH), 80.4 (C), 76.9 (CHy), 62.9 (C), 53.0 (CHs,
CO.CHg), 38.4 (CH), 37.7 (CH>), 31.5 (CH>), 28.3 (3 x CH3, OC(CHz3)3), 19.3 (CH>); HRMS
m/z 429.1632 (M + Na), calcd for CooH2sN207Na 429.1638.

(R)-Methyl 2-((S)-1-(2-((tert-butoxycarbonyl)amino)phenyl)-2-nitroethyl)-1-oxo-1,2,3,4-
tetrahydronaphthalene-2-carboxylate (163ad): Prepared by following the procedure 4a
and purified by column chromatography using EtOAc/hexane and isolated

as oil. The enantiomeric excess (ee) was determined by chiral stationary

NHoO2Me phase HPLC using a Daicel Chiralpak AD-H column (hexane/2-propanol =
(+)_1EI;‘;‘;d 90:10, flow rate 0.5 mL/min, A = 254 nm), tr = 21.20 min (major), tr = 24.11

min (minor) [for major isomer]; tr = 33.09 min (major), tr = 38.81 min (minor) [for minor
isomer]; [a]o?® = +100.7° (c = 0.33 g/100 mL, CHCls, 94% ee for major, 36% ee for minor
and dr = 12:1); IR (Neat): vmax 3370 (N-H), 2979, 1724 (C=0), 1555 (NO), 1451, 1367
(NOy), 1233, 1155, 1052, 906 and 736 cm™; *H NMR (CDCls, 400 MHz, at 50 °C) § 8.04
(1H, d,J = 7.6 Hz), 7.57 (1H, d, J = 8.0 Hz), 7.49-7.43 (2H, m), 7.34-7.29 (1H, m), 7.28-7.24
(1H, m), 7.20-7.14 (3H, m), 5.23 (1H, dd, J = 14.4, 4.0 Hz), 4.95 (1H, dd, J = 14.4, 10.0 Hz),
4.66 (1H, dd, J = 10.0, 4.0 Hz), 3.65 (3H, s, OCHs3), 3.08-3.00 (1H, m), 2.94-2.87 (1H, m),
2.50-2.45 (1H, m), 2.19-2.10 (1H, m), 1.51 (9H, s, OC(CH3)3); 3C NMR (CDCls, DEPT-135,
at 50 °C) & 194.4 (C, C=0), 170.2 (C, O-C=0), 154.0 (C, O-C=0), 142.7 (C), 137.3 (C),
134.1 (CH), 131.6 (C), 129.8 (C), 128.6 (CH), 128.5 (CH), 128.4 (2 x CH), 126.9 (CH), 126.8
(CH), 125.4 (CH), 80.3 (C), 77.8 (CH), 60.1 (C), 52.8 (CHs, CO.CHz), 39.3 (CH), 30.3
(CH2), 28.3 (3 x CH3, OC(CHBa)3), 25.7 (CHz); HRMS m/z 491.1794 (M + Na), calcd for
CasH2sN207Na 491.1795.

(R)-Ethyl 1-((S)-1-(2-((tert-butoxycarbonyl)amino)phenyl)-2-nitroethyl)-2-
oxocyclohexanecarboxylate (163ad"): Prepared by following the procedure 4a and purified
OZN\;O\ by column chromatography using EtOAc/hexane and isolated as oil. The
enantiomeric excess (ee) was determined by chiral stationary phase HPLC

'}‘HCOZEt using a Daicel Chiralpak ID-H column (hexane/2-propanol = 90:10, flow
(+)-1B§;Zd- rate 0.5 mL/min, A = 254 nm), tr = 29.9 min (major), tr = 36.8 min (minor);
[a]p?® = +42.8° (c = 0.30 g/100 mL, CHCIs, >99% ee and >99% de); IR (Neat): vmax 3364

(N-H), 2970, 1709 (C=0), 1556 (NOy), 1463, 1375 (NOy), 1227, 1156, 1019 and 762 cm™*;
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'H NMR (CDClz, 500 MHz) & 7.52 (1H, br s), 7.27 (1H, t, J = 8.0 Hz), 7.13 (1H, t, J = 8.0
Hz), 7.07 (1H, br d, J = 7.5 Hz), 6.73 (1H, br s, NH), 5.14 (1H, dd, J = 14.5, 3.0 Hz), 4.70
(1H, dd, J = 14.5, 11.0 Hz), 4.46 (1H, dd, J = 11.0, 3.0 Hz), 4.26 (2H, g, J = 7.0 Hz,
OCH2CHj3), 2.53-2.50 (1H, m), 2.44-2.38 (1H, m), 2.14 (1H, dd, J = 14.0, 2.0 Hz), 2.03-2.01
(1H, m), 1.70-1.68 (1H, m), 1.64-1.57 (2H, m), 1.52 (9H, s, OC(CHa)3), 1.42-1.37 (1H, m),
1.28 (3H, t, J = 7.0 Hz, OCH,CHa); 3C NMR (CDCls, DEPT-135) & 207.2 (C, C=0), 169.7
(C, 0-C=0), 154.0 (C, 0-C=0), 137.0 (C), 129.5 (C), 128.5 (CH), 127.4 (CH), 126.9 (CH),
125.6 (CH), 80.4 (C), 77.5 (CH>), 63.0 (C), 62.2 (CH2, OCH2CH3), 41.4 (CH2), 39.3 (CH),
35.9 (CHy), 28.3 (3 x CHs, OC(CHs)s), 27.9 (CHa), 22.3 (CHa), 14.0 (CHs, OCH,CHy);
HRMS m/z 452.2397 (M + NH4"), calcd for C22Hz4N307 452.2397.

(S)-Methyl 3-((S)-1-(2-((tert-butoxycarbonyl)amino)phenyl)-2-nitroethyl)-2-
oxotetrahydrofuran-3-carboxylate (163ae): Prepared by following the procedure 4a and

OZN\? O\\/O purified by column chromatography using EtOAc/hexane and isolated as
solid. Mp 153-155 °C; The enantiomeric excess (ee) was determined by chiral
stationary phase HPLC using a Daicel Chiralpak ID-H column (hexane/2-
(11832 mropanol = 90:10, flow rate 1.0 mL/min, A = 220 nm), tr = 18.6 min (minor),
tr = 20.4 min (major) [for minor isomer], tr = 25.6 min (major), tr = 35.9 min (minor) [for
major isomer]; [a]o® = +23.3° (¢ = 0.17 g/100 mL, CHCI3, >99% ee and >99% de); IR
(KBI): vimax 3378 (N-H), 2983, 1763 (C=0), 1556 (NO2), 1450, 1368 (NO2), 1236, 1157, 1025
and 909 cm*; 'H NMR (CDCls, 400 MHz, at 50 °C) & 7.53 (1H, d, J = 8.0 Hz), 7.37-7.31
(2H, m), 7.21 (1H, t, J = 7.6 Hz), 6.85 (1H, br s, NH), 5.41 (1H, dd, J = 14.4, 4.0 Hz), 5.09
(1H, dd, J = 14.4, 10.4 Hz), 4.54 (1H, dd, J = 10.4, 4.0 Hz), 4.32-4.29 (2H, m), 3.87 (3H, s,
OCHa), 2.64-2.58 (1H, m), 2.40-2.33 (1H, m), 1.55 (9H, s, OC(CHa)s3); 3C NMR (CDClIs,
DEPT-135, at 50 °C) 6 173.3 (C, O-C=0), 168.4 (C, O-C=0), 154.2 (C, 0-C=0), 137.1 (C),
130.3 (C), 129.1 (CH), 128.0 (CH), 127.0 (CH), 126.6 (CH), 80.7 (C), 76.7 (CH>), 66.5 (CHz),
56.9 (C), 53.6 (CH3, CO2CHs3), 39.1 (CH), 30.9 (CH2), 28.3 (3 x CH3, OC(CHs3)3); HRMS m/z
426.1877 (M + NHay), calcd for C19H2sN30g 426.1877.

tert-Buty (2-((S)-1-((S)-1-acetyl-2-oxocyclopentyl)-2-nitroethyl)phenyl)carbamate
(163af): Prepared by following the procedure 4a and purified by column chromatography

using EtOAc/hexane and isolated as oil. The enantiomeric excess (ee) was determined by
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chiral stationary phase HPLC using a Daicel Chiralpak ID-H column (hexane/2-propanol =
ON 90:10, flow rate 1.0 mL/min, A = 254 nm), tr = 16.85 min (major), tr =

2 o
\ \ 39.48 min (minor) [for major isomer]; tr = 18.25 min (major), tr = 19.0

Some  Mmin (minor) [for minor isomer]; [a]0?® = +20.0° (c = 0.10 ¢g/100 mL,
NH

Boc CHCIs, >99% ee, 94% ee and dr = 8:1); IR (Neat): vmax 3376 (N-H),

(+-183af 5920, 1704 (C=0), 1556 (NO2), 1453, 1367 (NO,), 1234, 1156, 1024 and

756 cm™; *H NMR (CDCls, 400 MHz, at 50 °C, major isomer) & 7.54 (1H, d, J = 7.6 Hz),

7.29 (2H, m), 7.18-7.09 (2H, m), 4.83-4.77 (1H, m), 4.66-4.63 (2H, m), 2.62-2.60 (1H, m),

2.31 (3H, s, COCHz), 2.26-2.23 (1H, m), 2.18-2.11 (1H, m), 2.01-1.94 (2H, m), 1.84-1.78

(1H, m), 1.55 (9H, s, OC(CHs)3); 3C NMR (CDCls, DEPT-135, at 50 °C, major isomer) &

215.0 (C, C=0), 202.4 (C, C=0), 154.0 (C, 0-C=0), 137.2 (C), 129.3 (C), 128.8 (CH), 127.6

(CH), 127.58 (CH), 125.7 (CH), 80.4 (C), 76.5 (CH2), 71.7 (C), 38.5 (CH), 38.4 (CHy), 28.4

(CHy), 28.3 (3 X CH3, OC(CHs3)3), 26.6 (CHs, COCHs), 19.5 (CHz); HRMS m/z 413.1684 (M
+ Na), calcd for C20H26N20sNa 413.1689.

Procedure 4b: General procedure for quinidine-squaramide catalyzed one-pot

synthesis of 1,4-dihydroquinolines 164 from (E)-2-(2-nitrovinyl)anilines 131 and
p-keto esters 162: In an ordinary glass vial equipped with a magnetic stirring bar, to the
88n (5 mol%) in DCM (1.0 mL), were added (E)-2-(2-nitrovinyl)anilines 131a-i (0.3 mmol)
and p-keto esters 162a-1 (0.4 mmol, 1.33 equiv.). The resulting mixture was stirred at 25 °C
until complete consumption of (E)-2-(2-nitrovinyl)anilines 131a-i and added trifluoroacetic
acid (3.0 equiv.) at room temperature. After stirring at 25 °C as shown in Table 15, the reaction
mixture was quenched with saturated aqueous NaHCO3 and the aqueous layer was extracted
with DCM (3 x 10 mL). The combined organic layer was washed with brine, dried (Na>SOas),
and concentrated in vacuo. The crude product was purified using silica gel column
chromatography using ethyl acetate and hexane as eluents to afford the desired 1,4-

dihydroquinoline compounds 164.
(S)-1-tert-Butyl  3-ethyl  2-methyl-4-(nitromethyl)quinoline-1,3(4H)-dicarboxylate
(164ag): Prepared by following the procedure 4b and purified by column chromatography

using EtOAc/hexane and isolated as oil. The enantiomeric excess (ee) was determined by

chiral stationary phase HPLC using a Daicel Chiralpak ID-H column (hexane/2-propanol =
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90:10, flow rate 0.8 mL/min, A = 254 nm), tr = 6.80 min (minor), tr = 7.41 min (major); [a]o?®
= +212.1° (c = 0.17 ¢g/100 mL, CHCls, 98% ee); IR (Neat): vmax 2979,
" cop 1716 (C=0), 1587 (NO2), 1487, 1370 (NO2), 1232, 1151, 1076 and 917
@Q[Me em™; 'H NMR (CDCls, 400 MHz) & 7.70 (LH, d, J = 8.0 Hz), 7.34-7.30
Boo (1H, m), 7.24-7.16 (2H, m), 4.72 (1H, dd, J = 9.2, 6.0 Hz), 4.46 (1H, dd,
(18988 3 _ 116, 6.0 Hz), 4.35-4.23 (2H, m, OCHaCHs), 4.20 (1H, dd, J = 11.6,
9.2 Hz), 2.54 (3H, s, CHs), 1.56 (9H, s, OC(CHs)s), 1.37 (3H, t, J = 7.2 Hz, OCH,CHa): 1°C
NMR (CDCls, DEPT-135) & 165.5 (C, O-C=0), 152.7 (C), 1515 (C, O-C=0), 138.3 (C),
129.9 (C), 127.6 (CH), 127.5 (CH), 126.0 (CH), 124.1 (CH), 117.3 (C), 83.5 (C), 7.6 (CHz),
61.1 (CHz, OCH2CHs), 38.9 (CH), 28.1 (3 x CHs, OC(CHa)s), 21.6 (CHs), 14.2 (CHs,
OCH:CHs); HRMS m/z 399.1529 (M + Na), calcd for C1oH24N20sNa 399.1532.

(S)-1-tert-Butyl 3-methyl-2-methyl-4-(nitromethyl)quinoline-1,3(4H)-dicarboxylate
(164ah): Prepared by following the procedure 4b and purified by column chromatography

0N using EtOAc/hexane and isolated as oil. The enantiomeric excess (ee)

@(\/'[COZMG was determined by chiral stationary phase HPLC using a Daicel
N~ "Me Chiralpak AD-H column (hexane/2-propanol = 95:5, flow rate 0.5
(+}164h mL/min, % = 254 nm), tz = 10.60 min (minor), tg = 12.06 min (Major);

[a]o? = +208.9° (¢ = 0.21 g/100 mL, CHCl3, 98% ee); IR (Neat): vimax 2930, 1720 (C=0),

1552 (NO2), 1484, 1369 (NO2), 1222, 1153, 1078 and 998 cm™%; 'H NMR (CDCls, 400 MHz)

§7.71 (1H, d, J = 8.0 Hz), 7.35-7.33 (1H, m), 7.22-7.19 (2H, m), 4.73 (1H, dd, J = 9.2, 6.0

Hz), 4.48 (1H, dd, J = 12.0, 6.0 Hz), 4.20 (1H, dd, J = 12.0, 9.2 Hz), 3.84 (3H, s, OCH3), 2.55

(3H, s, CH3), 1.57 (9H, s, OC(CHa)s); *C NMR (CDCls, DEPT-135) § 165.9 (C, O-C=0),

153.2 (C), 151.5 (C, O-C=0), 138.2 (C), 129.8 (C), 127.6 (CH), 127.5 (CH), 126.0 (CH),

124.1 (CH), 116.9 (C), 83.6 (C), 77.5 (CH2), 52.0 (OCHs, COOCHs3), 38.9 (CH), 28.1 (3 x

CHs, OC(CHa)3), 21.7 (CH3); HRMS m/z 385.1314 (M + Na), calcd for CigH22N20sNa

385.1376.

(S)-di-tert-Butyl  2-methyl-4-(nitromethyl)quinoline-1,3(4H)-dicarboxylate  (164ai):
Prepared by following the procedure 4b and purified by column chromatography using
EtOAc/hexane and isolated as oil. The enantiomeric excess (ee) was determined by chiral

stationary phase HPLC using a Daicel Chiralcel OD-H column (hexane/2-propanol = 95:5,
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flow rate 0.5 mL/min, A = 254 nm), tr = 8.28 min (minor), tr = 10.70 min (major); [a]o? =
0N +226.9° (c = 0.32 g/100 mL, CHCls, >99% ee); IR (Neat): vmax 2979,
\_COBu 1716 (C=0), 1552 (NOy), 1487, 1370 (NO), 1217, 1151, 1076 and 917
mm em™: 'H NMR (CDCls, 400 MHZ) § 7.68 (1H, d, J = 8.0 Hz), 7.34-7.29
(+)_ﬁl‘gjai (1H, m), 7.23-7.16 (2H, m), 4.65 (1H, dd, J = 9.2, 6.4 Hz), 4.45 (1H, dd,
J=116, 6.4 Hz), 4.18 (1H, dd, J = 11.6, 9.2 Hz), 2.50 (3H, 5, CHs), 1.56 (9H, 5, OC(CHa)s),
1.55 (9H, s, OC(CHs)s); *C NMR (CDCls, DEPT-135) § 164.8 (C, 0-C=0), 151.6 (C), 151.3
(C, 0-C=0), 138.4 (C), 130.1 (C), 127.6 (CH), 127.4 (CH), 125.9 (CH), 124.2 (CH), 118.9
(C), 83.4 (C), 81.9 (C), 77.8 (CH2), 39.3 (CH), 28.2 (3 X CHa, OC(CHs)s), 28.1 (3 X CHa,

OC(CHs3)3), 21.5 (CHs); HRMS m/z 427.1844 (M + Na), calcd for C1H2sN20sNa 427.1845.

(S)-1-tert-Butyl 3-ethyl-2-ethyl-4-(nitromethyl)quinoline-1,3(4H)-dicarboxylate (164aj):
Prepared by following the procedure 4b and purified by column
co,et chromatography using EtOAc/hexane and isolated as oil. The
CKNI enantiomeric excess (ee) was determined by chiral stationary phase
(+)_1B::aj HPLC using a Daicel Chiralcel OD-H column (hexane/2-propanol = 95:5,
flow rate 0.5 mL/min, A = 254 nm), tr = 9.32 min (minor), tr = 11.71 min
(major); [a]o? = +225.7° (c = 0.13 g/100 mL, CHCls, >99% ee); IR (Neat): vmax 2978, 1717
(C=0), 1553 (NO2), 1487, 1369 (NO2), 1224, 1151, 1080 and 894 cm™; *H NMR (CDCls,
400 MHz) & 7.64 (1H, d, J = 8.0 Hz), 7.34-7.29 (1H, m), 7.22-7.16 (2H, m), 4.65 (1H, dd, J
=9.6, 6.4 Hz), 4.52 (1H, dd, J = 12.0, 6.0 Hz), 4.36-4.24 (2H, m, OCH>CH3), 4.18 (1H, dd, J
= 12.0, 9.6 Hz), 3.34 (1H, sextet, J = 7.2 Hz), 2.90 (1H, sextet, J = 7.6 Hz), 1.56 (9H, s,
OC(CHs)3), 1.37 (3H, t, J = 7.2 Hz, OCH,CH3), 1.09 (3H, t, J = 7.6 Hz, CH2CH3); *C NMR
(CDCls, DEPT-135) 6 165.5 (C, O-C=0), 158.2 (C), 151.7 (C, O-C=0), 139.0 (C), 130.7 (C),
127.6 (CH), 127.5 (CH), 126.0 (CH), 124.3 (CH), 118.1 (C), 83.4 (C), 77.5 (CH2), 61.1 (CHa,
OCH2CHg3s), 39.4 (CH), 28.1 (3 x CHs, OC(CHas)3z), 25.7 (CH2, CH2CHz), 14.1 (CHs,
OCH,CHj3), 12.7 (CHs, CH2CHz3); HRMS m/z 413.1681 (M + Na), calcd for C2oH2sN20OsNa
413.1689.

(S)-1-tert-Butyl 3-ethyl-4-(nitromethyl)-2-propylquinoline-1,3(4H)-dicarboxylate
(164ak): Prepared by following the procedure 4b and purified by column chromatography

using EtOAc/hexane and isolated as oil. The enantiomeric excess (ee) was determined by
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chiral stationary phase HPLC using a Daicel Chiralpak AD-H column (hexane/2-propanol =
97:3, flow rate 0.5 mL/min, A = 254 nm), tr = 10.79 min (minor), tr =
: coEt 13.62 min (major); [a]o?® = +159.5° (c = 0.14 g/100 mL, CHCIs, 97%
m ee); IR (Neat): vmax 2964, 1714 (C=0), 1553 (NO2), 1487, 1369 (NO>),
EOC 1219, 1151, 1078 and 919 cm; *H NMR (CDCls, 400 MHz) & 7.63 (1H,
(+)-164ak d, J = 8.0 Hz), 7.33-7.28 (1H, m), 7.22-7.16 (2H, m), 4.66 (1H, dd, J =
9.6, 6.0 Hz), 4.52 (1H, dd, J = 12.0, 6.0 Hz), 4.35-4.24 (2H, m, OCH2CHs), 4.18 (1H, dd, J =
12.0, 9.6 Hz), 3.38-3.30 (1H, m), 2.89-2.82 (1H, m), 1.55 (9H, s, OC(CH3)3), 1.37 (3H, t, J =
6.8 Hz, OCH,CHs), 0.89-0.85 (5H, m, CH,CHj3); 1*C NMR (CDCls, DEPT-135) & 165.5 (C,
0-C=0), 157.1 (C), 151.7 (C, O-C=0), 138.8 (C), 130.7 (C), 127.6 (CH), 127.5 (CH), 126.0
(CH), 124.4 (CH), 118.7 (C), 83.4 (C), 77.5 (CH>), 61.1 (CH2, OCH,CHj), 39.4 (CH), 34.0
(CH2), 28.1 (3 x CHs, OC(CHas)3), 21.9 (CH2), 14.2 (CHs, OCH2CHs), 13.9 (CHs,
CH2CH2CHs); HRMS m/z 427.1842 (M + Na), calcd for Ca1H2sN2OgNa 427.1845.

(S)-1-tert-Butyl 3-ethyl-6-chloro-2-methyl-4-(nitromethyl)quinoline-1,3(4H)-
dicarboxylate (164dg): Prepared by following the procedure 4b and purified by column
0N chromatography using EtOAc/hexane and isolated as oil. The
C'mcoza enantiomeric excess (ee) was determined by chiral stationary phase

N” Me HPLC using a Daicel Chiralpak AD-H column (hexane/2-propanol =

4164 95:5, flow rate 0.5 mL/min, % = 254 nm), tz = 9.66 min (Minor), t =

11.31 min (major); [a]o?® = +199.2° (¢ = 0.18 g/100 mL, CHCIls, 99% ee); IR (Neat): vmax
2980, 1717 (C=0), 1552 (NO), 1483, 1370 (NO2), 1232, 1152, 1093 and 987 cm™; 'H NMR
(CDCls, 400 MHz) 6 7.64 (1H, d, J =8.8 Hz), 7.28 (1H, dd, J = 8.8, 2.4 Hz), 7.22 (1H, d, J =
2.0 Hz), 4.67 (1H, dd, J = 9.2, 5.6 Hz), 4.45 (1H, dd, J = 12.0, 5.6 Hz), 4.35-4.23 (2H, m,
OCH2CHg), 4.19 (1H, dd, J = 12.0, 9.2 Hz), 2.53 (3H, s, CH3), 1.56 (9H, s, OC(CH?3)3), 1.36
(3H,t,J=7.2 Hz, OCH,CHjs); *C NMR (CDCls, DEPT-135) § 165.2 (C, 0-C=0), 152.7 (C),
151.2 (C, O-C=0), 136.9 (C), 131.6 (C), 131.4 (C), 127.6 (CH), 127.4 (CH), 125.4 (CH),
116.8 (C), 83.9 (C), 77.2 (CHy), 61.2 (CH2, OCH.CHj3), 38.6 (CH), 28.1 (3 x CHs, OC(CHj3)3),
215 (CHs), 14.2 (CHsz, OCH.CHs3); HRMS m/z 433.1141 (M + Na), calcd for

C19H23N206CINa 433.1143.
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(S)-1-tert-Butyl 3-ethyl-7-chloro-2-methyl-4-(nitromethyl)quinoline-1,3(4H)-
dicarboxylate (164eg): Prepared by following the procedure 4b and purified by column
0N chromatography using EtOAc/hexane and isolated as oil. The

mCO2Et enantiomeric excess (ee) was determined by chiral stationary phase
Cl N™ "Me HPLC using a Daicel Chiralpak AD-H column (hexane/2-propanol =
(+)-1BG(:1(;9 95:5, flow rate 0.5 mL/min, A = 254 nm), tr = 9.06 min (minor), tr =
10.27 min (major); [a]o?® = +229.8° (¢ = 0.18 g/100 mL, CHCIs, 98% ee); IR (Neat): Vmax
2980, 1717 (C=0), 1553 (NOy), 1484, 1370 (NO2), 1238, 1151, 1094 and 921 cm'%; *H NMR
(CDCls, 500 MHz) § 7.76 (1H, d, J = 2.0 Hz), 7.19-7.13 (2H, m), 4.69 (1H, dd, J = 9.5, 6.0
Hz), 4.47 (1H, dd, J = 12.0, 5.5 Hz), 4.35-4.25 (2H, m, OCH.CHs), 4.16 (1H, dd, J = 12.0,
9.5 Hz), 2.53 (3H, s, CH3), 1.58 (9H, s, OC(CHs3)3), 1.37 (3H, t, J = 7.0 Hz, OCH2CHz); 1*C
NMR (CDCls, DEPT-135) & 165.3 (C, 0-C=0), 152.4 (C), 151.1 (C, O-C=0), 139.1 (C),
133.4 (C), 128.5 (CH), 128.1 (C), 126.1 (CH), 124.4 (CH), 117.0 (C), 84.1 (C), 77.4 (CH>),
61.2 (CHz, OCH2CHs), 38.4 (CH), 28.1 (3 x CHs, OC(CHa)s), 21.6 (CHs), 14.2 (CHs,
OCH2CHz3); HRMS m/z 433.1136 (M + Na), calcd for C19H23N20sCINa 433.1143.

(3R)-Ethyl 2-acetyl-3-(2-((tert-butoxycarbonyl)amino)-3-methylphenyl)-4-
nitrobutanoate (163gg): Prepared by following the procedure 4a and purified by column
0N chromatography using EtOAc/hexane and isolated as oil. The

T CO,Et

@(\( enantiomeric excess (ee) was determined by chiral stationary phase HPLC
COMe
H using a Daicel Chiralpak AD-H column (hexane/2-propanol = 95:5, flow

M(f)_1§§39 rate 0.5 mL/min, A = 220 nm), tr = 20.55 min (major), tr = 27.96 min
(minor); tr = 34.92 min (minor), tr = 40.41 min (major); [a]o? = +4.3° (¢ = 0.19 g/100 mL,
CHCl3,99% ee, 94% ee and dr = 1:1); IR (Neat): vmax 3392 (N-H), 2981, 1710 (C=0), 1555
(NOy), 1489, 1367 (NO), 1244, 1159, 1052, 955 and 836 cm™; *H NMR (CDCls, 400 MHz,
at 50 °C, dr = 1.5:1.0) § 7.18-7.12 (3H, m), 7.06-7.00 (3H, m), 6.22 (2H, br s, NH), 4.91-4.87
(3H, m), 4.67-4.60 (2H, m), 4.25 (4H, g, J = 7.2 Hz, OCH,CH?3), 4.17 (1H, br d, J = 7.6 Hz),
4.05 (2H, brq, J =7.2 Hz), 2.29 (6H, br s, 2 x CH3), 2.13 (6H, br s, 2 x CH3), 1.52 (18H, s, 2
X OC(CHs)3), 1.30 (3H, t, J = 7.2 Hz, OCH,CHs), 1.10 (3H, t, J = 7.2 Hz, OCH2CHs); 3C
NMR (CDCls, DEPT-135, at 50 °C, dr = 1.5:1.0) 8 200.74 (C, C=0), 200.67 (C, C=0), 167.8
(C, 0-C=0), 167.5 (C, O-C=0), 154.4 (2 x C, O-C=0), 137.96 (C), 137.90 (C), 134.2 (2 x
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C), 131.9 (C), 131.78 (C), 130.41 (CH), 130.37 (CH), 127.65 (CH), 127.62 (CH), 124.3 (2 x
CH), 80.4 (2 x C), 77.1 (CHa), 76.95 (CHa), 61.9 (2 x CH), 61.86 (2 x CH2, OCH,CHs), 36.3
(2 x CH), 29.6 (2 x CH3), 28.2 (6 x CH3, 2 x OC(CHj3)3), 18.46 (CH3), 18.42 (CH3), 13.89
(CH3, OCH2CHg3), 13.68 (CH3, OCH>CH3); HRMS m/z 431.1797 (M + Na), calcd for
C20H28N207Na 431.1795.

(3R)-Ethyl 2-benzoyl-3-(2-((tert-butoxycarbonyl)amino)phenyl)-4-nitrobutanoate
(163al): Prepared by following the procedure 4a and purified by column chromatography
0N using EtOAc/hexane and isolated as oil. The enantiomeric excess (ee)

COzEt was determined by chiral stationary phase HPLC using a Daicel
©\/:<COPh Chiralpak AD-H column (hexane/2-propanol = 95:5, flow rate 0.5
Boc mL/min, A = 254 nm), tr = 31.90 min (major), tr = 41.18 min (minor)
(163l [for major isomer]; tr = 45.22 min (major), tr = 51.52 min (minor) [for
minor isomer]; [a]o?® = +69.2° [c = 0.37 g/100 mL, CHCl3, 90% ee, 91% ee and dr = 3.7:1];
IR (Neat): vmax 3412 (N-H), 2980, 1726(C=0), 1554 (NOy), 1473, 1367 (NOy), 1230, 1154,
1023, 976 and 729 cm™*; 'H NMR (CDCls, 400 MHz, major isomer) & 8.05 (2H, dd, J = 8.0,
0.8 Hz), 7.65-7.54 (2H, m), 7.52-7.48 (2H, m), 7.29-7.25 (1H, m), 7.20-7.17 (1H, m), 7.15-
7.09 (1H, m), 6.99 (1H, br s, NH), 5.05-4.7 (4H, m), 3.97-3.84 (2H, m, OCH2CHs), 1.57 (9H,
s, OC(CHs)3), 0.92 (3H, t, J = 7.2 Hz, OCH,CHs); **C NMR (CDCls, DEPT-135, major
isomer) § 193.5 (C, C=0), 167.4 (C, 0-C=0), 154.2 (C, 0-C=0), 136.3 (C), 135.8 (C), 134.3
(CH), 130.0 (C), 129.0 (2 x CH), 128.9 (2 x CH), 128.7 (CH), 126.9 (CH), 126.5 (CH), 125.7
(CH), 80.6 (C), 77.3 (CHy), 62.2 (CH2, OCH.CHs), 56.7 (CH), 35.9 (CH), 28.3 (3 x CHs,
OC(CHs)3), 13.5 (CHs, OCH2CHs); HRMS m/z 479.1796 (M + Na), calcd for C24H2sN207Na
479.1795.

(R)-1sopropyl  1-((S)-2-nitro-1-phenylethyl)-2-oxocyclopentanecarboxylate  (163hb):
Prepared by following the procedure 4a and purified by column

chromatography using EtOAc/hexane and isolated as oil. The

> enantiomeric excess (ee) was determined by chiral stationary phase
'Pr

(_)_163h; HPLC using a Lux 5u Cellulose-2 column (hexane/2-propanol = 95:5,
flow rate 0.5 mL/min, A = 220 nm), tr = 29.91 min (minor), tr = 39.68 min (major); [a]o? =

—25.4° (¢ = 0.33 g/100 mL, CHCls, 98% ee); IR (Neat): vmax 2975, 1715 (C=0), 1551 (NOy),
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1457, 1375 (NOy), 1227, 1101, 1036 and 904 cm™; *H NMR (CDCls, 500 MHz) & 7.33-7.26
(5H, m), 5.19 (1H, dd, J = 13.5, 4.0 Hz), 5.09-5.00 (2H, m), 4.07 (1H, dd, J = 11.0, 4.0 Hz),
2.39-2.33 (2H, m), 2.05-1.87 (4H, m), 1.26 (3H, d, J = 6.0 Hz, OCH(CHs),), 1.25 (3H, d, J =
6.0 Hz, OCH(CHzs)2); *C NMR (CDCls, DEPT-135) § 212.3 (C, C=0), 168.8 (C, 0-C=0),
135.5 (C), 129.4 (2 x CH), 128.8 (2 x CH), 128.2 (CH), 76.5 (CHy), 70.1 (CH, OCH(CHa)2),
62.5 (C), 46.3 (CH), 37.8 (CH), 31.4 (CH), 21.6 (CHs, OCH(CHs),), 21.4 (CHs,
OCH(CHa)2), 19.3 (CH2); HRMS m/z 342.1319 (M + Na), calcd for C17H2:NOsNa 342.1318.

(R)-1sopropyl 1-((S)-1-(3-((tert-butoxycarbonyl)amino)phenyl)-2-nitroethyl)-2-
oxocyclopentanecarboxylate (163ib): Prepared by following the procedure 4a and purified
O,N_ 0 by column chromatography using EtOAc/hexane and isolated as white

solid. Mp 103-105 °C; The enantiomeric excess (ee) was determined by

co,’pr chiral stationary phase HPLC using a Daicel Chiralpak AD-H column
HN<Boc (hexane/2-propanol = 90:10, flow rate 0.8 mL/min, A = 254 nm), tr =

(-)-163ib 10.76 min (minor), tr = 12.40 min (major); [a]o?®> =—18.5°(c = 0.28 g/100
mL, CHCI3, 99% ee); IR (KBr): vmax 3397 (N-H), 2981, 1731 (C=0), 1540 (NO>), 1441,
1381 (NO2), 1238, 1156, 1041 and 860 cm™*; *H NMR (CDCls, 500 MHz) & 7.37 (1H, br d, J
=75Hz),7.25(1H, ), 7.23 (1H, t, J = 8.0 Hz), 6.95 (1H, d, J = 7.5 Hz), 6.50 (1H, br s, NH),
5.18 (1H, dd, J =13.5, 3.5 Hz), 5.08 (1H, septet, J = 6.5 Hz), 5.01 (1H, dd, J = 13.5, 11.0 Hz),
4.02 (1H, dd, J = 11.0, 3.5 Hz), 2.41-2.36 (2H, m), 2.09 (1H, dd, J = 18.5, 9.5 Hz), 2.05-1.97
(1H, m), 1.96-1.92 (1H, m), 1.91-1.82 (1H, m), 1.53 (9H, s, OC(CHa)3), 1.27 (3H, d, J = 6.5
Hz, OCH(CHs)2), 1.26 (3H, d, J = 6.5 Hz, OCH(CHs)2); 3C NMR (CDCl3;, DEPT-135) &
212.4 (C, C=0), 168.8 (C, O-C=0), 1525 (C, O-C=0), 138.8 (C), 136.6 (C), 129.4 (CH),
123.7 (CH), 119.4 (CH), 118.2 (CH), 80.7 (C), 76.5 (CH>), 70.1 (CH, OCH(CH3).), 62.4 (C),
46.2 (CH), 37.8 (CH>), 31.5 (CH>), 28.3 (3 x CHs, OC(CHBa)z3), 21.6 (CH3, OCH(CHz3)2), 21.4
(CHs, OCH(CH3)2), 19.4 (CH2); HRMS m/z 457.1952 (M + Na), calcd for C22H3zoN207Na
457.1951.
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Ethyl 2-phenylquinoline-3-carboxylate (164al): Prepared by following the procedure 4b
- CO2Et and purified by column chromatography using EtOAc/hexane and
©\/N\/[Ph isolated as oil. IR (Neat): vmax 2926, 1715 (C=0), 1594, 1485, 1370,
164al 1101, 1036, 767 and 696 cm™; *H NMR (CDCls, 500 MHz) & 8.68 (1H,
s), 8.21 (1H, d, J = 8.5 Hz), 7.95 (1H, d, J = 8.0 Hz), 7.86-7.82 (1H, m), 7.66-7.61 (3H, m),
7.51-7.46 (3H, m), 4.21 (2H, g, J = 7.0 Hz, OCH2CHj3), 1.10 (3H, t, J = 7.0 Hz, OCH2CHb);
13C NMR (CDCls, DEPT-135)  168.0 (C, O-C=0), 158.2 (C), 148.4 (C), 140.8 (C), 139.1
(CH), 131.6 (CH), 129.5 (CH), 128.6 (3 x CH), 128.25 (CH), 128.22 (2 x CH), 127.3 (CH),
125.9 (C), 125.5 (C), 61.6 (CH2, OCH2CHs), 13.7 (CHs, OCH2CHz); LRMS m/z 278.15 (M
+ H+), calcd for C1gH1sNO2 277.1103.
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