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PREFACE

Nature is the inspiration to develop a new area of catalysis like “organocatalysis” to
synthesize stereochemically complex chiral molecules with high selectivity. Over the last
decade chemists have adopted fundamental principles of biosynthesis like
organocatalyzed cascade reactions for the synthesis of bioactive molecules.
Organocatalyzed multi-component cascade (MCC) reactions to deliver highly
functionalized molecules are the objective of the present scenario. The thesis entitled
“High-yielding Stereoselective Asymmetric Synthesis of Bioactive Molecules through
Organocatalytic Reductive Coupling, Michael and Aldol Reactions” by Mr. Srinivasa
Reddy Panyala describes MCC reactions for the synthesis of highly functionalized chiral
molecules of pharmaceutical and biological importance based on the organocatalyzed
reductive coupling (OrgRC), asymmetric Michael and aldol reactions platform. The
present thesis entitled “High-yielding Stereoselective Asymmetric Synthesis of Bioactive
Molecules through Organocatalytic Reductive Coupling, Michael and Aldol Reactions ”
describes the further applications of Hantzsch ester in cascade reactions and its
pharmaceutical applications as well as mechanistic insights. 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.

To begin with, we have developed a metal-free simple one-pot cascade synthesis
of highly substituted 2-alkyl-CH-acids and chiral Wieland-Mischer ketone (WMK)
analogues from simple starting materials via organocatalyzed reductive coupling
(OrgRC) and Robinson annulation (R-A) reactions under amino acid catalysis. We have
reported the OrgRC of highly reactive CH acids (tetronic acid, cyclohexane-1,3-dione,
cyclopentane-1,3-dione and dimedone) with phthalamidoacetaldehyde and Hantzsch
ester without bis-product formation under amino acid catalysis. This OrgRC reaction
delivers the corresponding product in good yields with high chemo- and regioselectivity
using only 10 mol% of amino acid as the catalyst. Furthermore, we have demonstrated
the application of OrgRC products into WMK analogues and GABA analogues which are

pharmaceutically useful molecules and synthons for many natural products. We
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demonstrated the two-carbon homologation of aldehyde via OrgRC and decarboxylation
reactions with high yields of GABA analogues which are important pharmaceuticals.
Presently developed combination of cascade OrgRC and R-A reactions will be suitable to
synthesize library of herbicides, the total synthesis of biologically important natural
products and their analogues. These reactions can be performed on a multi-gram scale
under operationally simple and environmentally safe conditions.

In continuation to the development of OrgRC reactions for the synthesis of highly
substituted chiral building blocks (chiral 2-alkyl-CH-acids), we have developed the high-
vielding alkylation of variety of CH-acids with chiral aldehydes like (R)-glyceraldehyde
acetonide/(S)-Garner aldehyde and Hantzsch ester through amino acid-catalyzed OrgRC
reactions without racemization at a-position to carbonyl. We have developed the L-
proline catalyzed diastereoselective Michael and aldol reaction of OrgRC products with
alkyl vinyl ketone at the ambient conditions. The diastereoselective aldol reaction
proceeds in good yields with high diastereoselectivity using L-proline as the catalyst
through dynamic kinetic resolution (DKR). Furthermore, we have demonstrated the
mechanism of Michael, aldol and retro-Michael reaction. We have isolated two
intermediates, which are giving a strong support to our proposed mechanism.

In continuation to the development of OrgRC reactions, we explored the synthesis
of highly functionalized 2-alkyl-CH-acids which are having a broad application scope.
Herein, we have successfully utilized the OrgRC products in the domino Michael and
intramolecular aldol reaction with good yields, enantio- and diastereostereoselectivities.
We have found that bridged bicyclic skeletons containing highly functional groups can be
constructed in diastereoselective and enantioselective fashion using asymmetric Michael-
aldol (M-A) reaction of 2-alkyl CH-acids, o, f-unsaturated ketones and organocatalyst.
This novel asymmetric M-A reaction proceeds in good yield with high enantioselectivity
and diasterioselectivity, producing the bridged bicylic compounds with two quaternary
and three chiral centers derived in one-pot. Furthermore, we demonstrated the
application of chiral M-A product in the synthesis of highly functionalized cyclohexanone.

In continuation to the synthesis of bioactive molecules through asymmetric
organocatalytic Michael, aldol reactions platform, we demonstrated the utilization of
neighboring ortho-hydroxy group participation in the pre-transition state of enamine-

and iminium-based triple domino reactions for high reactions rates and asymmetric
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induction. Enantiomerically pure, drug-like chromanes and tetrahydro-6H-benzo[c]-
chromenes having three to four contiguous stereocenters are synthesized through triple
domino Michael/aldol/oxa-Michael reactions catalyzed by (R)-2-

{diphenyl[(trimethylsilyl)oxy Jmethyl}pyrrolidine followed by Wittig and Michael/Wittig—

Horner reactions from simple precursors under mild conditions.
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High-yielding Stereoselective Asymmetric Synthesis of Bioactive
Molecules through Organocatalytic Reductive Coupling, Michael
and Aldol Reactions

1.  ABSTRACT

To begin with, in the first chapter, we have developed a metal-free simple one-pot
cascade synthesis of highly substituted 2-alkyl-CH-acids and chiral Wieland-Mischer
ketone (WMK) analogues from simple starting materials via organocatalyzed reductive
coupling (OrgRC) and Robinson annulation (R-A) reactions under amino acid catalysis.
We have reported the OrgRC of highly reactive CH acids (tetronic acid, cyclohexane-1,3-
dione, cyclopentane-1,3-dione and dimedone) with phthalamidoacetaldehyde and
Hantzsch ester without bis-product formation under amino acid catalysis. This OrgRC
reaction delivers the corresponding product in good yields with high chemo- and regio-
selectivity using only 10 mol% of amino acid as the catalyst. Furthermore, we have
demonstrated the application of OrgRC products into WMK analogues and GABA
analogues which are pharmaceutically useful molecules and synthons for many natural
products. We demonstrated the two-carbon homologation of aldehyde via OrgRC and
decarboxylation reactions with high yields of GABA analogues which are important
pharmaceuticals. Presently developed combination of cascade OrgRC and R-A reactions
will be suitable to synthesize library of herbicides, the total synthesis of biologically
important natural products and their analogues. These reactions can be performed on a

multi-gram scale under operationally simple and environmentally safe conditions.

In continuation to the development of OrgRC reactions for the synthesis of highly
substituted chiral building blocks (chiral 2-alkyl-CH-acids), in second chapter, we have
developed the high-yielding alkylation of variety of CH-acids with chiral aldehydes like
(R)-glyceraldehyde acetonide/(S)-Garner aldehyde and Hantzsch ester through amino
acid-catalyzed OrgRC reactions without racemization at a-position to carbonyl. We have
developed the L-proline catalyzed diastereoselective Michael and aldol reaction of OrgRC
products with alkyl vinyl ketone at the ambient conditions. The asymmetric aldol reaction
proceeds in good yields with high diastereoselectivity using L-proline as the catalyst
through dynamic kinetic resolution (DKR). Furthermore, we have demonstrated the

mechanism of Michael, aldol and retro-Michael reaction. We have isolated two

1



Introduction

intermediates, which are giving a strong support to our proposed mechanism. For the first

time we showed the DKR with the proof of intermediate.

In continuation to the development of OrgRC reactions, in the third chapter, we
explored the synthesis of highly functionalized 2-alkyl CH-acids which are having a
broad application scope. Herein, we have successfully utilized the OrgRC products in the
domino Michael and intramolecular aldol reaction with good yields, enantio- and
diastereostereoselectivities. We have found that bridged bicyclic skeletons containing
highly functional groups can be constructed in diastereoselective and enantioselective
fashion using asymmetric Michael-aldol (M-A) reaction of 2-alkyl CH-acids, a, B-
unsaturated ketones and organocatalyst. This novel asymmetric M-A reaction proceeds in
good yield with high enantioselectivity and diasterioselectivity, producing the bridged
bicylic compounds with two quaternary and three chiral centers derived in one pot.
Furthermore, we demonstrated the application of chiral M-A product in the synthesis of

highly functionalized cyclohexanone.

In continuation to the synthesis of bioactive molecules through asymmetric
organocatalytic Michael, aldol reactions platform, in the fourth chapter, we demonstrated
the utilization of neighboring ortho-hydroxy group participation in the pre-transition state
of enamine- and iminium-based triple domino reactions for high reactions rates and
asymmetric induction. Enantiomerically pure, drug-like chromanes and tetrahydro-6H-
benzo[c]-chromenes having three to four contiguous stereocenters are synthesized
through triple domino Michael/aldol/oxa-Michael reactions catalyzed by (R)-2-
{diphenyl[(trimethylsilyl)oxy]methyl }pyrrolidine followed by Wittig and

Michael/Wittig—Horner reactions from simple precursors under mild conditions.'

2. INTRODUCTION

The development of the science and technology and new trends of catalysis has
opened up new vistas for the swift and careful production of required chemical molecules.
In order to achieve this development, it is necessary to develop a number of innovative
materials and to evolve ways and means for their rapid and cheap production in large
quantities. Nicotinamide adenine dinucleotide (NADH) and nicotinamide adenine
dinucleotide phosphate (NADPH) are central metabolic cofactors mediating an
impressive variety of redox processes in living organisms and as such regulates a wealth

of metabolic transformations. Hydrogenation is the reductive removal of the double bond
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functional group and it has long been the preserve of the transition metal catalyst. Finely
divided metals, such as palladium, platinum and nickel are among the most widely used
hydrogenation catalysts. In general, olefinic hydrogenations often involve the use of high
pressure hydrogen gas with expensive and even toxic organometallic catalysts or
stoichiometric amounts of metal hydrides. To overcome these drawbacks, one of the best
alternatives is to apply organoreductants that possess excellent reproducibility and
environmental safety. Inspired by the nature, as reduction reactions are routine in
biological processes, catalysed by enzymes, chemists have recently begun to develop
synthetic dihydropyridine NADH analogues as the hydride source with impressive
results. The first synthesis of dihydropyridines was reported by Arthur Rudolf Hantzsch
in 1881 and involved the condensation between an aldehyde, ammonia and two molecules
of f-ketoester in one pot.”* Hantzsch syntheses of dihydropyridines and common
Hantzsch ester 1a crystallizes in yellow needles with green fluorescence, mp 183—185 °C
and is commercially available [C;3H9NO4, CAS: 1149-23-1]. Hantzsch ester 1a can also
be easily prepared from a combination of paraformaldehyde, ethyl acetoacetate and
ammonium acetate under mild and solvent-free conditions with good yield within 3-4 h.*
Hantzsch ester 1a also known as Ethidine, is a well-known organoreductant that has
found many applications in organic transformations. In recent years, Hantzsch esters la
and their related organic hydride donors have been widely utilized by synthetic chemists
in bio mimetic reduction of olefins,’ carbonyl compounds* and imine functionalities® by
transfer hydrogenation reaction with high yields. Along with the conjugate hydride and
proton transfer, Hantzsch ester 1la is usually subsequently oxidized to the Hantzsch

pyridine.

In addition, dihydropyridine-mediated reductions

EtO,C CogEt | 0 can be easily implemented in asymmetric or normal
Me’ Me
M J\l\/N\/l[M w cascade processes using one or more catalysts by which
R M MeTN T we p g y y
1

M

there are many possibilities to develop cascade reaction as

a 1b
H
@:N>_® well as multi component catalysis (MCC) reaction is also
N
1c

possible.6 The versatility of these catalytic protocols has
Figure 1: Organic Hydrides

been demonstrated by their application to the synthesis of

J

a variety of biologically active compounds by decreasing number of steps. 1, 4-

Dihydropyridines (symmetric or asymmetric) find many important applications in
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medicinal chemistry like calcium channel blockers and their biological activity has been

thoroughly studied over the last decades.’

Numerous reducing agents were developed such as Na—(OAc)gBH,8 NaBH3CN,9
the borane—amine complex,” triethylammonium formate,''  hydrogen,  2-
phenylimidazoline,'? 2-phenylthiazoline," diethyl amine/Pd/C-H,'* and the Hantzsch
ester’” for the reduction of Knoevenagel products. While several of these reducing agents
Hantzsch ester 1a, 1b, 1c are the best protocols over the all in terms of yield, time,
number of steps, reaction conditions and substrate scope. Additionally, the borane—amine

complex posed safety, cost and sourcing issues.

The C=C reduction of activated olefin compounds is a useful but challenging
transformation. Because both 1,2- and 1,4-reductions willingly occur, low selectivity for
either of the two pathways is common and functional groups that are sensitive to
hydrogenation conditions such as the ester, nitro, other olefins, alkynes, some protecting
groups and nitrile groups are usually not tolerated. Clearly mild, catalytic, one-pot,
chemoselective and green variants of this reaction are highly advantageous. Such a
process would comprise an one-pot metal-free green hydrogenation similar to bio-
transformations. We reasoned that the amino acid catalysis strategy might be applicable
to the in-situ generation and conjugate reduction of chemically activated olefin
compounds if a suitable hydride donor could be identified. Such a process would

comprise an onepot metal-free green hydrogenation similar to bio-transformations.

In 2006, we found that the amino acid, proline 4a readily catalyzes the
Knoevenagel condensation of aliphatic or aromatic aldehyde 2 with active methylene 3 to
furnish the active olefin 5, which on in-situ treatment with Hantzsch ester 1a produces the
transfer hydrogenated product 6 with very good yield after 1-24 h in EtOH or CH3;CN at

25 °C as shown in eq.1.""

1a (1 equiv.)

H EWG'  Proline 4a (20 mol%) EWG! H EWG! H FEOC o~ COEt
o~ o S TS Ses S G
R EWG2  EtOHor CHiCN (0.5M) | Ewg? R Ewg? R N
2 3 25°C, 124 h s . ;

EWG', EWG? = CN, CO,R, NO,

In the same year we discovered that the amino acid proline 4a readily catalyzes
the Knoevenagel condensation of cyclic and acyclic ketones 8 with the active methylenes

3 to furnish the active olefin 9, which on in-situ treatment with Hantzsch ester la

4
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produces the transfer hydrogenated or OrgRC product 10 with very good yield after 24-96
h in EtOH or DMSO at 25 °C as shown in eq.2.15k

1a (1 equiv.)
—<R2 EWG' Proline 4a (20 mol%) | EWG!  R? EWG! R? EtOZCj\/\/l[COZEt
o= - — . (.
U <EW62 EtOH or DMSO (0.5 M) X

8 3 25°C, 24-96 h 0

EWG', EWG? = CN, CO,R, NO,

The reduction of C=C of activated olefins from cyclic active methylene
compounds is a highly useful but challenging transformation. Because metal mediated C-
alkylation of cyclic CH-acids by using bases like sodium hydride is also did not give
more than 20-30% yields in the literature and instead of C-alkylation, O-alkylation
product or double alkylated product has formed with alkyl halides. Surprisingly, there is
no direct method for the synthesis of useful 2-alkyl-cycloalkane-1,3-diones 13 and only

two-step methods are known to prepare them.'® !’

Paquette et al. developed the two-step
synthesis of 2-alkyl-cycloalkane-1,3-diones 13 in moderate to good yields via an in-situ
trapping and desulfurization sequence on 2-alkylidene-1,3-diones 11 with thiophenol and
raney nickel, respectively.'® As shown in Scheme 1, the well-recognized fact is the
inability to arrest olefination reactions involving CH acids 3 (cycloalkane-1,3-diones) and

aliphatic, aromatic aldehydes 2 and ketones 8 at the monoaddition stage.lg’ 1

Very few
Knovengal products have been isolated with very poor yield.'® ** *! This is because the
olefination products 11 are highly reactive Michael acceptors capable of engaging the
reactant CH acid in kinetically rapid 1,4-addition to give bis-adducts such as 12. To
overcome these draw back more reactive Michael donor (hydride donor) should be

readily available. Nucleophilicity of Hantzsch ester (Hydride donor ability) is more

compared to nucleophilicity of CH-acids.

OH (e}
R1
o )n
0 1a (1 equiv.) o 2
(o) L-Proline 4a 1 R
(ﬁ? . L (5 mol%) _ R O HO
R1 R2 _— _— 12
o Solvent R?
o 2: R'=H, RT o)

(6]
(n=1,2) or 11 ( R’ EtOzC/\Ej/\\COZEt
. 1 2 _ —> +
3 8 R' R?=Alkyl, Aryl 2 N7
(e} 7

13

Scheme I: Reductive C-Alkylation of Active Methylenes through an OrgRC Reaction.
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In 2007, we found that the amino acid proline 4a readily catalyzes the
Knoevenagel condensation of aliphatic or aromatic aldehyde 2 and cyclic or acyclic
ketones 8 with the cyclic CH acid 3 to furnish the active olefin 11, which on in-situ
treatment with highly reactive hydride donor Hantzsch ester 1a produces the OrgRC

product 13 with very good yield as shown in Scheme 1."

As the research work described in this thesis deals with the amino acid-catalyzed
biomimetic hydrogenations, a brief overview on proline-catalyzed hydrogenations using
Hantzsch ester and analogues as hydrogen source are presented below.

Over the past few years there have been significant developments in this area.® '

223 An overview of organocatalyzed transfer hydrogenations using OrgRC reaction,
highlighting their applications in the synthesis of biologically relevant molecules, new
synthetic methodologies, total synthesis of natural products and medicinal compounds are

presented below.
2.1. Applications in New Methodology Development

In 2014, Kak-Shan Shia er al** have developed a convenient and general
approach for cyclopenta[bh]naphthalene 14 derivatives containing a structurally diverse
functionality at C-4 position by using Manganese (III) acetate, which plays a key role to
facilitate the tandem 5-exo-dig and 6-exo/endo cyclization in an efficient manner from
designed substrates 6. Various functional groups like trimethyl silyl, aryl, ester, ketone,
secondary/tertiary amide, phosphonate and halogen capped on the terminal acetylenic unit
are well accepted under optimal reaction conditions. It is highly feasible that this novel
[6.6.5] framework formation procedure may have wide synthetic utility in light of its
operational simplicity and high yields. For this reaction a-cyano a-TMS/aryl-capped
alkynyl aryl ketones were easily prepared using our OrgRC strategy as a basic reaction in

good yields with high substrate scope (eq. 3).

1a (1 equiv.) O
(e} L-proline CN
X
CN OHC EtOH R'——
~ NV -
R1—:(j)K/ . \/\Rz % 3)
Z at 25 °C for 16 h R2
2
3 6

up to 94%yield
R2=TMS, Ar, -CO,R3, -O=C-NH-R*
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o Mn(OAc); (2.0 equiv.) 0o
CN PhH ™
0 X X
R'—— RI-I 4)
= L
A 50 °C
6 R2 R2
14
R?=TMS, Ar, -CO,R3, -O=C-NH-R* 30 examples
72~98%

In 2014, our group'™ developed OrgRC reaction of Meldrum’s acid 3a, aldehydes
(chiral and achiral) and Hantzsch ester catalyzed by L-proline, followed by methylenation
with Eschenmoser’s salt in getting chiral and achiral a-substituted acrylates in an
alcoholic media in one pot with 50-80% yields (eq. 5). Further chiral/achiral a-substituted
acrylates converted to very good intermediates, for the pharmaceuticals and natural

products synthesis.

o 1a (1 equiv.) [e)
Proline 4a . .
O @) CH3N™=CHo,l
1 ><|v|e (20 mol%) | ><'V'e ° 2 ~_COR
R'-CHO + ; Me R /\[( (5)
(o} ,
65°C,12h
3a 15 16
37 examples
up to 83% yield in one pot
COgMe Fe/CH3COzH
CL) v o
120°C,1h H
17 (65%)
I) Fe/CH3C02H
M
N
NOz  4gp ii) ¢-BuOK, Dry THF H %
RT,8h 18 (87%)
O
Me~o™>o Con HCI
Me COMe MeOH, 70 °C e
16¢c 1h 19 (72%)

In 2014, De Paolis et al.” reported a metal-free procedure for the aerobic and
complete C-H methylene oxidation of Hajos—Parrish enones to versatile
dihydroindenediones and further they converted to highly substituted indanes after an
intramolecular Friedel-Craft’s conjugate addition. Aerobic oxidation reaction of the
dienolate of Hajos—Parrish’s enones, proceeds with medium efficiency (31-54%) but
remains useful in the view of multiple transformations, including deprotonation,
oxygenation, rearrangement and elimination are taking place in a single step (Scheme 2).
The process led to the complete oxidation of the C—H ethylene and is compatible with

substrates sensitive to radicals. Further synthetic transformations of the oxidised products

7
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include their conversion into indanes displaying a highly substituted carbon network. A
variety of Hajos-Parrish Ketones (HPK) 20 prepared by our lab by using OrgRC reaction

15f

and R-A reaction with very good yields.” Further HPKs were used to synthesize

substituted indanes by this method.

1. PhCHO Q
o Hantzsch ester 1a (1 equiv.) Q
rac-proline
<§ o ..2steps ~ =°
2. Ethyl Vinyl Ketone ,EtN .g ......... - 0

(6]
3b 3. p-TSA, PhMe, 120 °C

20 21

8 examples
31- 54% yields

Scheme 2: Conversion of OrgRC Products to Indanes by De Paolis et al. Group.

In 2013, Kak-Shan Shia er al.** developed a novel and general approach to
achieve a facile access to benzo[b]fluorene and cyclopenta[b]naphthalene derivatives via
sequential Pd(0)/Cu(I)-catalyzed radical cyclization of the aryl 1-cyanoalk-5-ynyl ketone
systems 6 in a very good manner (eq. 7). Aryl 1-cyanoalk-5-ynyl ketones 6 are prepared
easily using our OrgRC strategy with more than 90% yields (eq. 6). Copper (I)-catalyzed
aerobic oxidation is the key step in this tandem reactions, which allows for activation of
two successive intramolecular cycloadditions immediately after the Sonogashira coupling

reaction has occurred.

10 1a (1 equiv.)
L-proline (40 mol%)
S . EtOH X N
1_N + OHC 1_N
R'—; P \/\ >, R—; P (6)
3 2a at25°C for 16 h 6 X
10 examples
80~95 %
(0]
| (0] CN
10 mol% Pd(PPhs),
N L RS N 30 mol% Cul R'—— 7)
R ] "7 Lo — . "
= \\ pyrrolidine (2 equiv.)
22 6 CH,Cl, (3 mL) 33 examples
air, RT,3.5h 51~95 %

In 2013, Jean-Francois Briere er al. reported an asymmetric organocatalysed
decarboxylative protonation reaction allowing a straightforward synthesis of o-
substituted isoxazolidin- 5-ones 26 from readily available 5-substituted Meldrum’s acids
(eq. 9). This 5-substituted Meldrum’s acids 15 are prepared easily through our OrgRC
reaction starting from Meldrum’s acid with more than 90% yield (eq. 8) by using in-situ

generated organic hydride 1e¢. This reaction is initiated by an anionic formal (3+2)
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cycloaddition— fragmentation, generated in-situ from a sulfone-amide 24 precursor which
also served as an original latent source of hydrogen. Then, they explored the scope of this
asymmetric protonation reaction with 10% of 9-epi-QDU catalyst 25/Na,COs in order to
give various a-substituted isoxazoldin-5-ones 26 with high ennantioselectivity and high
yields. This substituted isoxazolidin-5-ones further converted into A*-amino acid

precursors by a ring opening hydrogenolysis reaction, with high enantioselectivity.

0}
0]
o) NH, _Proli 0
/U\ + (0] Me + L-Proline (10 mol%) ;
R‘1 H /N/ R o Me
0~ "0 EtOH, RT, ®)
2 Me NH; o o)(
Me
15

23 1-24 h
; 3a
(2 eqU|.) (1 equi.)
(0]
2
R1jJ\O L MO COR  cats 10 mal o o
. N-CO,R?
o O/N/ PhOZS) Na,CO; (1.3 equiv.) R1\/\I\;/ CO, 9)
Me m-xylene/H,0, RT, 24 h
15 24 26

13 examples

H = 59~88% ee,
A NYS 72~87% yield
HN N

MeO
| Ar = 3,5-CF4CgHs

In 2012, Kak-Shan Shia et al.*® developed an intramolecular radical cascade
protocol of the a~cyano a-TMS/aryl-capped alkynyl aryl ketones 6 promoted by tert-
butyl hydroperoxide (TBHP) as oxidant under catalysis with tetrabutylammonium iodide
(TBAI) in refluxing benzene for 1 h, leading to the construction of a variety of highly
functionalized [6,6,5] tricyclic frameworks 14 with excellent yields (eq. 11). This o-
cyano a-TMS/aryl-capped alkynyl aryl ketones were easily prepared using our OrgRC
strategy in good yields with high substrate scope (eq. 10).

1a (1 equiv.) o
0 L-proline M CN
CN OHC EtOH R'——
AN \/\ _etoH P 10
1_M AN (10)
R & * R X
3 2 at 25 °C for 16 h 6 R

up to 94% yield

R=TMS, Ph, 4-CO,MePh,
4-OMePh
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TBHP (1.1 equiv.)

0
N TBAI (20 mol%), Q N
NS PhH (0.03 M) X
R R (1)
_ “ =
6 X 80°C,0.5~1h
R R
14
R= T4M§',\APP;;h4-C02MePh, 15 examples
-OMe 72~98 %

In 2010, our group15b developed Hantzch ester mediate MCC process for the
asymmetric synthesis of highly useful chiral building blocks (2-alkyl-CH-acids, H-P
ketone analogs and some more applications shown in below Scheme and equations) based
on the OrgRC platform by using with (R)-glyceraldehyde acetonide (2b)/(S)-Garner
aldehyde (2¢) and CH-acids, without racemisation in very good yields. Direct
combination of L-proline-catalyzed OrgRC reaction with chiral aldehydes, CH-acids,
Hantzsch ester, diazomethane and methyl vinyl ketone, in combination of other reactions
like alkylation/ketenization/esterification/alkylation, alkylation/ketenization/esterification,
Robinson annulation of CH-acids, hydrolysis/lactonization/esterification,
hydrolysis/esterification and hydrolysis/oxy-Michael/dehydration furnished the highly
functionalized chiral building blocks with good to high yields and with excellent
diastereoselectivities. Many pharmaceutically and academically useful chiral building

blocks were prepared through OrgRC reaction.

1) NaBH,, MeOH Mexo]/\(EWG
> v o EWG

2) pTsCl, Py
OH OH
5 o 1) ZnCl,, (CH3),CO Me Oa-CHO 3) Nal, (CH3),CO 6,13
HO ™ - "SCT 4) CHyEWG), NaH ~ EWG = COE
OH OH 2)NalO,, CH,Cl,  Me™ 0 40% yield (4 steps)
27 46% yield (2 steps) 2b Me O EWG
................ - e/ ]/Y
D-Mannitol (R)-Glyceraldehyde Single step (?) Me” o EWG
acetonide 6. 13
1a (1 equiv.)
Proline 4a . No Racemization

(5-10 mol%) l
Solvent (0.3 M), RT . .

Me Xa-CHO Ewg, Solven ( ) Mo X EWG, Applied as Chiral
>< + < Building Blocks
Me" O EWG, Me><o EWG, in Natural Products

2 3 X =0, NBoc Synthesis

6,13
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1a (1 equiv.)

L-Proline 4a
(10 mol%)
B S

CH4CN (0.3 M)

RT,1-6h

Me
M;<J

CHO 1a (1 equiv.)
L-Proline 4a
(10 mol%)
CH5CN (0.3 M)

Me < ]/
Me?<o

RT, 4-12 h
+ —
[e) X =0, NBoc
n
(@)
n=0,1
3
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Y =0,
CO,M
= (CHy), MSYXJ/\I/ Me
—> wme’ o CO,Me
4 examples
7 65-80% vyields
@ §[rem—
Me" o o Y/gz CH,N, (15 equiv.)
13 MeOH (0.3 M) OCH;,
0°Cto25°C v X PN
2-24h ex Iy
> Me 07 o7 N oCH;,
Y =NH, éHa
Z=0
29 5 examples
75-90 % yields
p-TSA (30 mol%) dr 1:11 —
ROH (0.1 M) @11 ™H co,r
RT,1-2h He . 12
Ho— ©
30
p-TSA (30 mol%)
MeOH (0.1 M) BOCHN.WCOZMG‘ (13)
RT,2h
Me HO CO,Me
31
p-TSA (30 mol%) HO
CH,Cl, (0.1 M) "
RT, 3-5h
8 examples minor
80-93 % yields
O._Me
(0]
Me\<x
Me" 0~ o
H,C=CHCOCH, n
Me\<X (3 equiv.) 34
me" o - .
© n L-Proline 4a Me,, Me + Me,,
13 (30 mol%) X g X
DMSO (0.3 M)
RT, 48 h
© oHm © n
35 36

Scheme 3: Simple Chiral Aldehydes to Natural Products through an OrgRC Reaction.

In 2010, our group

OrgRC reactions

15¢

showed that

of wunactive methylene arylacetonitriles

a direct amino acid-/self-catalyzed cascade

3 containing electron

withdrawing groups with aldehydes 2 and organic-hydride 1b furnished the OrgRC
products 6 with 50-95% yields (eq. 15). The OrgRC products are direct applications in

11
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agricultural and pharmaceutical chemistry like ibuprofen, flurbiprofen, (R)-
aminoglutethimide and (R)-rogletimide analogues. OrgRC products have converted to 2-
arylpropionic acids 37 with very good yields, which are useful as non-steroidal anti-

inflammatory drugs (eq. 16).

R2 R?
CN
o Proline 4a RITX CN 1b R’
CN (20 mol%) (1.5 equiv.)
v gl it (15)
Ar 2 DMSO (0.5 M)
3 25°C, 24 h NO
NO, 27 examples
5 6  50-95% yields
(@) H O
CN j
Jopi ’
—————— >
M M
O,N © HoN ©
6a (R)-Aminoglutethimide (R)-Rogletimide
R CN = CO,H

H2804 (30 mol%)

1,4-Dioxane + H,0O

NO, (1:1,0.25 M) NO,
100-105 °C, 24 h a7

(16)

In 2009, Kou Hiroya er al.”’ reported diastereoselective Birch reduction-alkylation
reactions of bicyclic f-alkoxy-¢a, f-unsaturated carbonyl compounds with moderate yields
(eq. 17 and eq. 18). Although the stereoselectivity of the product was altered according to
the structure of the starting material 38 and 40, stereoselectivity of the reaction could be
accounted by similar reaction pathways. The stereochemistry at the £ position of f-
alkoxy-a, f-unsaturated carbonyl compounds is controlled by the stereochemistry of the
TBS-oxymethyl group and that at the « position is controlled as cis to the £ position for
all starting materials. The starting materials 38 and 40 for this reaction were easily
prepared through our OrgRC reaction in two steps.

0 1a (1.1 equiv.)
<§ /_<\ 7 CHL(-:Troilsirtlme’RT é 0
+ OHC oJ(\Me Gl OJKMe
e 2c Me 99% yield -

X Li, liq.NHy, THF O

1) HCI, MeOH, RT, 25 h O~ "N0TBS 7g0¢. 1 min “">oTBS
Q/\J : (7)

2)TBSCI, EtoN, DMAP R

1 B o o)
CH,Cl,, RT, 14 h then_R X,-78°C 20 Rl sl ot
76% (2 stpes) 38 X=Br, | : yl, y

12
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1) 1a (1 equiv.)

L-Proline, CH,Cl,,
@ 3h,RT 0
9 -llll\
2) IM HCI, THF, RT, 2 h OH

o OHC

69% ( 2 steps) O 33
Li, lig.NH5, THF H
TBSCI, Et;N, DMAP o) -78°C, 1 min Ee)
CH,Cl,, RT, 2 days \OTBS B ‘””\OTBS (18)
then R'X, -78 °C R

94% o

40 X=Br, | R'= allyl, methyl

41

Scheme 4: New Compounds Synthesis from Chiral OrgRC Products.

In 2009, Josep Bonjoch et al.® developed a simple organocatalytic procedure for
the synthesis of the Wieland—Miescher ketone (10-g scale) and its analogues
incorporating several side-chains at C-8 position starting with triketones in neat condition,
in high yields with high enantioselectivities by using N-tosyl-(Sa)-binam-prolinamide as a
catalyst (eq. 19). High enantioselectivities of up to 97% were obtained under solvent-free
conditions with low catalyst loadings. They have reported a very good method to prepare
the triketone from 2-alkyl-1, 3-cyclohexanedione and MVK using triethylamine as a base.
In this protocol also, starting materials 2-alkyl-1,3-cyclohexanediones were prepared

easily by utilizing our OrgRC reaction as shown in eq.19.

)
1a (1 equiv.)BnO 0} BnO O
L- Prollne /k/
_—
CH2C|2 Et3N (1 mol %)
3h,RT o] 91% yield 0 )
13d Me 344

Me

(19)
Cre
2 (5 mol%) N’S‘\o
34a H
CeHsCOOH (1 mol%) o
36a

solvent-free OO
78% yield NH
42

ZT

94% ee

2.2 Applications in Total Synthesis of Natural Products

In 2012, Karl Gademann ez al.” reported the first total synthesis of cyrneine A 45,
which enhances neurite outgrowth in pheochromocytoma cells as shown in Scheme 5.
The total synthesis of cyrneine A 45 started with (—)-carvone. From this (—)-carvone they

obtained the five-membered building block with overall 55% yield in 8 steps. The

13
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Knoevenagel condensation of the aldehyde 2f with cyclohexa-1, 3-dione was readily
carried out in the presence of L-proline as the catalyst and the intermediate was reduced
in-situ by the Hantzsch ester 1a to prevent bis-product with 100% yield. The less stable
intermediate was alkylated immediately with methyl iodide and DBU to give 44 in 73%
yield. The triketone was reduced diastereoselectively under Luche conditions, with high
regioselectivity. The transformation of alcohol to the corresponding mesylate was
achieved in high yield. Elimination to the cyclohexenone followed by reduction and
protection, later Heck reaction followed by ring expansion through carbene
rearrangement and finally reductive palladium-catalyzed carbonylation strategy they

prepared 45, in 25 reactions starting from (—)-carvone.

i. 1a (2 equiv.)
L-Proline, 4a
CH,Cly, 3 h, RT
ii. Mel, DBU, Lil, THF,
14 h,75°C
(over 2 steps overall yield 73%)

TBSO

HO me
Me
Me 16 steps MeoH
_—
— > Me
CHO
45
Cyrneine A

Scheme 5: Karl Gademann Synthesis of Cyrneine A through an OrgRC Reaction.

In 2011, Kou Hiroya et al.® reported the synthesis of both enantiomers of
common intermediate using 13e for the total synthesis of natural (+)-lycopladine A [(+)-
48] and unnatural (—)-lycopladine A [(—)-48] as shown in Scheme 6. One of the
enantiomer of common intermediate is prepared from 13e in five steps and another is
prepared from 13e in six steps. They reported the total synthesis of natural (+)-
lycopladine A [(+)-48] from the common intermediate and the formal synthesis of
unnatural (—)-lycopladine A [(—)-48] from common intermediate in nine steps. The
starting material 13e were prepared easily by using OrgRC method with 1,3-cyclohexane-

dione, acetonide glyceraldehyde and Hantzch ester in one-pot with good yield.15b

14
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1a (1.1 equiv.)

o L-Proline, Q allyl methyl carbonate,
OHC%\ Me CH2Cl23h RT Pd(PPhs),
3c + O+ @)
Me 99% yleId o) 074Me THF, RT,
2b Me 75% yield from 3¢
13e
OH
1) aq.HCI, THF, RT 9 steps o —
0 - .
46 A\ /)
2) TBDPSCI, imldazole - = N
CH,Cl, M
TBDPSO H e .

(+)-Lycopladine A 48
Scheme 6: Total Synthesis of (+)-Lycopladine A through Chiral OrgRC Products.

In 2010, Mark L. Trudell er al™ reported the tricyclic skeleton of the
gephyrotoxin amphibian alkaloids by an enantioselective manner involving fifteen
discrete steps that furnished Kishi’s intermediate 51 in 22% overall yield starting from
cocaine. They synthesized (1R)-2-tropinone derivative by degradation of cocaine, with
60-80% yield. A core cis-2, 5-disubstituted pyrrolidine ring was obtained from tropinone
in four steps and further it was converted to aldehyde 2g in four steps. The final stages of
the synthesis of 13f were completed by coupling the aldehyde 2g with 1,3-
cyclohexanedione (3c¢) using our OrgRC strategy. This step significantly streamlined the
overall synthetic approach with 93% yield, by avoiding the tedious multistep functional
group manipulations employed in earlier syntheses to construct similar dione precursors.
Subsequent hydrogenolysis of the diketone 13f catalyzed by 10% Pd/C furnished the
tricyclic amine as a mixture of diastereoisomers 50 (9:1) in 75% yield via sequential Cbz
removal, cyclization/ enamine formation. Mixture 50 with Tetrabutylammonium fluoride
hydrate (TBAF) gave a separable mixture of diastereoisomers and furnished Kishi’s

intermediate 51 in 87% yield in enantiopure form (Scheme 7).

\ .HCI =0
N H
CO,CHj, 6 steps
N—-Cbz
- . .

—_ 2
O g 29

i O
cocaine 49 OTBDPS
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(@)
o 1a (1 equiv.)
L-Proline, 4a
DCM, RT H
29 + (0]
(0] 93% N—Cbz
3c L
13f
OTBDPS

TBDPSO

(major) 50 Kishi’s intermediate
51

(+)-gephyrotoxin
52

Reagents and conditions:(a) H, (1 atm), 10% Pd/C, CH3;OH, r.t. (b) TBAF, THF, r.t

Scheme 7: Total Synthesis towards (+)-Gephyrotoxin through Chiral OrgRC Products.

In 2010, Kak-Shan Shia er al.* reported the total synthesis of natural lignans 5°-
methoxyyatein 59, 5”-methoxyclusin 60 and 4°-hydroxycubebinone 56, in racemic form,
in which they used our OrgRC strategy as key operation to build a five membered ring by
tandem Knoevenagel condensation formed internally with active methylene and keto
group and in-situ hydrogenated with Hantzsch ester 1a in 92% yield. Compound 10a and
10b was subsequently treated with 5-methoxypipernoyl bromide and 3, 4, 5- trimethoxy
benzyl bromide under basic conditions respectively with 80-82% yield and with
decyanation to give desired trans-dibenzylbutyrolactone. Same procedure followed for
the preparation 5”-methoxyyatein 59, 5"-methoxyclusin 60 and 4’-hydroxycubebinone 56

as shown in Schemes 8 and 9.

o 1a (1 equiv.)
MeO CHO CN L-Proline
MeO ' MeO
HO O .

BnO BnO

T 80% yield " NC %
e OMe
53 8a
MeO
b HO c
—_—

(+)-4'-hydroxycubebinone
56

Reaction conditions: a) 5-methoxypiperonyl bromide, K,CO3, THF, RT, 24 h, 82%; (b) H,, Pd/C (10% w/w),

methanol, RT, 10 min, 98%; (c) LN (3.5 equi.), THF, —45 °C, 30 min then NH4CI (aq.), —45 °C to RT, 95%.

Scheme 8: Total Synthesis of 4°-Hydroxycubebinone through an OrgRC Reaction.
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CHO

<O 5 steps O OJK/ CN
o — X 5
O
8b

57 OMe OMe

1a (1 equiv.)

0 .
L-Proline,
0 OJK/CN ethanol, 24 h, RT o .
< o) > < @) =
o} 82% yield o
8b NC

OMe
(£)-5'-Methoxyyatein (+)-5'-Methoxyclusin
59 60

Reaction conditions: a) 3,4,5-trimethoxybenzyl bromide, K,CO3, THF, RT, 24 h, 80%; (b) LN (3.5 equi.), THF,
—45 °C, 30 min then NH4CI (aq.), 45 °C to RT, 95%; (c) DIBAL, toluene, —78 °C, 2 h, 72%.

Scheme 9: Total Synthesis of Lignans through an OrgRC Reaction.
2.3 Applications in Industry:-

In 2014, Nathan and Ragan et al® developed the large scale method for the
synthesis of Filibuvir through OrgRC as main reaction. Hepatitis C virus (HCV) is the
leading cause of liver transplantation and infects over 170 million people worldwide (over
3% of the world population) and still there is no proper medicine for HCV. Development
of small-molecule HCV therapies (Filibuvir) is a promising approach to improve this
clinical situation. The initial manufacturing methods of pharmaceutical ingredient 13g,
using a borane—amine-mediated reductive coupling was not that much effective and
provided poor yield (17%) and a subsequent recrystallization was required. Additionally,
the borane—amine complex posed safety, cost and sourcing issues. These drawbacks led
them to seek an alternative reductive coupling protocol. They developed a reductive
coupling of a f-keto-lactone and an aldehyde to give active pharmaceutical ingredient
(AP]) in good yield without any bis-product in which the Hantzsch ester serves as an
inexpensive and convenient reducing agent in normal condition (eq. 20) and without any
decomposition of the product. Structural features in the f-keto-lactone rendered standard
reductive coupling protocol ineffective, requiring development of a specific addition and
temperature protocol to obtain good yield and avoiding all the drawbacks (bis-product

formation and decomposition of 13g via elimination and decarboxylation). They
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minimized the Ames positive aldehyde 2h in the final API even on multikilogram scale to
meet single digit ppm specifications. Identification of one of the reactants as Ames
positive required a single-digit parts per million control strategy for this impurity in the
final active pharmaceutical ingredient 13g. They went up to 15 kg scale with this method
and they obtained 78% yield without column purification and the starting material S-keto-

lactone was prepared in two ways, reported in consecutive papers.

Me
N/N>_>*Me
>N
1a (1 equiv.) N
THF/MeOH 0 OH
— > Me
Me  AcoH

O (20)

15 Kg scale
Me 139

FILIBUVIR
16.8 Kg, 78% yield
with out column
purified by adjusting pH

2.4 Applications in Medicinal Chemistry

In 2011, Carlo Ballatore and Amos B. Smith Il er al*® studied that the
cyclopentane-1,3-diones (CPD) fragment will comprise a viable new surrogate for the
carboxylic acid moiety with potential applications in drug design, as pK, values of
cyclopentane-1,3-diones are known to exhibit typically in the range of carboxylic acids
and the ability to establish H-bonds. In addition to the significant intrinsic acidity and the
ability to form salt bridges, they found that the CPD moiety may permit substantial
structural differentiation of the acidic residue and this characteristic property may be
particularly highly useful when attempting to modulate drug target/off-target interactions
and/or physical, chemical properties of biologically active compounds. The lipophilicity
of CPD compounds is also either equal or higher than acids and tetrazoles. By these
results, the CPD would appear to be a valuable addition to the existing palette of
carboxylic acid isosteres. In their studies they proved that steric hindrance at the C-2
position would be relatively well accepted and they can easily prepared as shown in
Scheme 10. This characteristic property may be exploited to design analogues with
increased complementarities with the receptor and/or to modify the physical chemical
properties (e.g., lipophilicity) of the compound. Happy to mention that, a variety of
library at C-2 position of CPD were synthesized using OrgRC reaction.
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Reagents and reaction conditions: (a) p-toluenesulfonic acid (cat.), i-butanol/benzene, reflux, 16 h; (b)
tert-butyl (4-chlorophenyl)sulfonylcarbamate, PPhs, diethyl azodicarboxylate, THF, RT, 4 h; (c) 2,2,2-
trifluoroacetic acid, DCM, RT, 2 h; (d) 2 N hydrochloric acid, acetone, RT, 12 h.

Scheme 10: Medicinal Use of OrgRC Products.

The examples described in the above unambiguously show that metal-free transfer
hydrogenation of olefins with Hantzsch ester plays a key role and has quickly become a
powerful methodology for the synthesis of difficult conversions and has found
widespread applications in the preparation of various medicinally relevant molecules as
well as in the total synthesis of natural and bioactive products. Importantly, inspired by
the nature stepwise addition of hydride, Hantzsch ester-mediated transfer hydrogenation
process is compatible with various functional groups and different organocatalysts and
has therefore been implemented in multi-step cascade or domino-reactions allowing the
fast construction of complex chiral molecules of structural complexity and targets
possessing various biological activities in one pot operations. On the other hand, the
combination of this mild and tolerant process with other metal catalytic reactions (cascade

or domino reactions) by using multi components, which has been successfully
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demonstrated in some remarkable cascade processes over the past eight years, offers a
variety of possibilities which still have to be fully explored. The reaction conditions with
Hantzsch esters mediated OrgRC reactions are usually performed under mild conditions
(at room temperature or slightly heating) and easy to handle because no special apparatus
or techniques for high pressure process, dry or air-free conditions are needed whereas, the
transition metal-catalyzed hydrogenations show high reactivity and poor selectivity, most
of them still suffer with significant drawbacks including inadequate substrate generality,
difficulty in catalyst removal and recovering as well as the handling high pressure of
flammable hydrogen gas. These things made metal-free transfer hydrogenation of
Hantzsch ester regarded as a superiority in contrast to most transition metal-catalyzed
hydrogenations. Additionally, transfer hydrogenations with Hantzsch esters gave the
desired products free of bis product and metallic by-products which are often difficult to
remove. All these developments make this biomimetic reductive process very attractive in
modern organic synthesis. The by-product (Hantzsch ester pyridine) coming from OrgRC
reaction will be easily separated through column or without column even if it is bulk

scale.

The OrgRC applications discussed in the above have confidently motivated us for
further approaches in developing OrgRC reaction to superior heights with a broad range
of applications and understandings in synthetic organic chemistry. In continuation of
synthesis of highly functionalized molecules starting from the simple materials in one-
pot, research work has been carried out on the synthesis of drugs and drug-like molecules

in a single step and the results are presented in this thesis.
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3.  ®hthalamidoacetaldehyde in Organocatalytic Reductive
Couplings: Synthesis of Highly Useful Synthons for the Natural
Products, GABA Drug Anlogues and Wieland-Mischer Ketones

3.1 INTRODUCTION

Synthesis of drug-like compounds from simple substrates through cascade or
domino reactions is one of the rising areas in present synthetic organic chemistry, even
though there are already several well known organic reactions for the construction of C-
C, C-N, C-O, C-S and C-X (X = halogen) bonds in structurally diverse natural and
unnatural products by conventional methods. More characteristically, many of these well
known reactions and reaction strategies are not perfect in comparison with biological
reactions in terms of conversion or chemo-, regio-, diastereo- and enantio-selectivity.
From the synthetic organic chemist’s point of view, in an ideal chemical reaction, the
quantity of reactants equals the quantity of all products generated in the reaction without
wastage of molecules and it poses a formation of multiple carbon-carbon and carbon-
hetero atom bonds, formed in a single step from simple, readily available materials
through a series of reactions. In multi-component catalysis (MCC) and cascade reactions
three or more readily available reactants are mixed together in one pot to give a highly
functionalized desired product showing features of all inputs; therefore, the reactions
offer greater promise for molecular diversity per step with less reaction time, solvents and
work.® As a result, great concentration has been paid to the expansion of cascade or

domino reactions, because of their high levels of atom economy

)OS j\(E and their applications in synthetic organic chemistry as well as
Z N_ o g N__o diversity-oriented synthesis.ﬁ’15 Even though a great research has
H H took place on cascade chemistry for the synthesis of
" a stereochemically complex c:ompounds,é’ls’35 still a lot of research

Figure 2 has to be done in this area. A key to many motivating cascade
reactions is the incorporation of biomimetic olefination and hydrogenation reaction
sequences to build structurally diversified compounds in a completely stereoselective

manner. 15

Phthalamidoacetaldehyde™ 2k is an amine protected glycine aldehyde (Figure 2).

Until now, very few reports are there in literature on this amino aldehyde. For first time
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Barbas et al. used phthalamidoacetaldehyde 2k in organocatlysis for the preparation of -
hydroxy-o-amino acid derivatives which are having wide-range biological properties.
There are some more reports for the successful utilization of phthalamidoacetaldehyde 2k
as nucleophile to furnish f-substituted amino aldehyde 2ka.’® With g-substituted amino
aldehyde 2ka in hand, one can prepare so many natural, unnatural amino acids and
natural products. With this background on phthalamidoacetaldehyde, we want to use this
aldehyde for building natural products, pharmaceuticals and synthetic application

purpose.

Scheme 11. Direct Organocatalytic Reductive Alkylation, RA, Decarboxylation

Reactions.
OH O
Y N R Y
R-CHO 2= \ =2
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H o Y ——|z= = |— 12
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_____________________________ R
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72 O
R' O OH 73
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Recently, we have established the chemoselective C-alkylation of 1,3-diketones
with a variety of aldehydes and organic hydrides under amino acid-catalysis through an
OrgRC." From the time when we reported this metal-free reductive coupling or OrgRC

reaction, many synthetic chemists used this powerful OrgRC reaction in their method

22-28 29-32

development or total synthesis. Biologists in drug developments33 and
industrialists in the bulk scale synthesis of medicines® had utilized as a crucial and key
step in alkylation of active methylene. As part of our study to develop direct amino acid-
catalyzed tandem, multi-component or organo-click reactions,””” herein we reported

organocatalyzed reductive coupling (OrgRC), reductive coupling —Robinson annulation
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(OrgRC-RA) and reductive coupling—decraboxylation (OrgRC-D) reactions that
construct, 2-alkyl-CH-acids 69, Wieland-Miescher (W-M) ketone analogues 71, GABA
analogues 72 and synthons to phenethylamines 73 from phthalamidoacetaldehyde 2Kk,
CH-acids 3, Hantzsch ester 1a, alkyl vinyl ketone 70 and amino acid 4a as shown in

Scheme 11.

Phthalamidoacetaldehyde 2k can be prepared in two steps with readily available
starting materials. A mixture of potassium phthalimide, bromo or chloroacetaldehyde
diethylacetal and potassium iodide in DMF refluxed for 10-15 h and then cooled to room
temperature. The precipitate of KBr or KCl was separated; the filtrate was evaporated and
purified to give the compound 76 in 80-85% yield. The compound 76 further treated with
trifluoroacetic acid in CH,Cl, for 5 h and solvent was evaporated to give the

phthalamidoacetaldehyde 2k in >99% yield.

Scheme 12: Preparation of 2Kk.

0O OEt KI, OEtO
—~ dry DMF, fOEt
N-K * X Ot —— N
10-15h
e} X =Cl, Br o}
74
75 76 80-85% yield
OO CF3COOH 77 o
fOEt CHCle CHO
N NJ
1h-0°C
o} 4h-27°C
76 2k
>99% yield

W-M ketone analogues 71 are attractive intermediates in the synthesis of
natural products and in medicinal chemistry,37 while 2-alkyl-cyclohexane-1, 3-
diones®® 69 have a broad utility in pharmaceutical chemistry and are excellent starting
materials in the natural product synthesis as shown in Chart 1. Hence, their
preparation has continued to attract considerable synthetic interest in developing new
methods for their synthesis. 2—Alkyl—cyclopentane—1,3—diones39 69 and H-P ketone
analogues’’ B are attractive intermediates in the synthesis of natural products and in

medicinal chemistry.
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Chart 1. Natural and Unnatural Products Library Generated from OrgRC Products.
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3.2 RESULTS AND DISCUSSION

3.2.1 Amino  Acid Catalyzed OrgRC  Reaction with
Phthalamidoacetaldehyde: Reaction Optimization

First we focused on the optimization for high-yielding synthesis of 2-(2-(2,2-
dimethyl-4,6-dioxo-1,3-dioxan-5-yl)ethyl)isoindoline-1,3-dione 69a from 1a, 2k, and 3a
through amino acid 4a catalysis at room temperature, by studying the solvent effect in the
designed OrgRC reactions. We studied solvents like CH,Cl,, CH3;CN, EtOH and DMSO.
Interestingly, in all solvents we obtained good yield of the OrgRC product without
solvent effect on the proline catalyzed cascade reductive coupling of 1a, 2k, and 3a in
three different type of solvents (protic polar, aprotic polar and aprotic non-polar) as
shown in Table 1, entries 1-5. In CH,Cl, the OrgRC reaction completed with less reaction
time in good yield and the solvent was chosen for the optimised condition. The optimum
conditions involved the use of 10 mol% catalyst 4a and one equi. of
phthalamidoacetaldehyde 2k, one equi. of CH-acid 3 with respect to Hantzch ester 1la

with solvent as CH,Cl, at room temperature, in cascade OrgRC reaction. With an
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efficient organocatalytic cascade OrgRC protocol in hand, the scope of the proline-
catalyzed cascade reductive coupling reactions was investigated with aldehyde 2k and
CH-acids 3 through the generation of highly useful diversity-oriented library. OrgRC
product 69a found in many natural and medicinal chemistry, which is highlighting the
value of this OrgRC approach to the pharmaceuticals. This interesting result represents a

novel methodology for the preparation of 2-alkyl-CH-acids 69a.

Table 1: Optimization of the Direct Organocatalytic Reductive Alkylation Reactions
of 1a, 2k and 3a.™

Catalyst 4a
>< II (10 mol%) ><
Solvent II
(0.3 M)
2k 1a, E=CO,Et 25°C

Entry Solvent  Time [h] Yield [%]®!

1 CH5CN 2 70

2 CH3;CN 3 76

3 CH,Cl, 15 98

4 DMSO 18 98

5 EtOH 36 89

[a] see experimental section. [b] Determined by coloumn purified product.

3.2.2 Diversity-Oriented Synthesis of Reductive Coupling Products
69

With the optimized reaction conditions in hand, the scope of the OrgRC reactions
was investigated with CH-acids 3, aldehyde 2k and Hantzsch ester 1a as shown in Table
2. A series of cyclic and acyclic CH-acids 3a-m were reacted with
phthalamidoacetaldehyde 2k and Hantzsch ester 1a catalyzed by 10 mol% of proline at
25 °C in CH,Cl; (Table 2).

Interestingly cascade reaction with phthalamidoacetaldehyde 2k, dimidone 3e and
1a furnished the reductive alkylation product 69b in 97% yield after 48 h at 25 °C (Table
2). 2-(2-(2,6-Dioxocyclohexyl)ethyl)isoindoline-1,3-dione 69¢ was obtained in 90% yield
within 48 h by using the optimized condition. The cascade reaction of cyclopentane-1, 3-
dione 3b with phthalamidoacetaldehyde 2k and 1a furnished the reductive alkylation
product 2-(2-(2,5-dioxocyclopentyl)ethyl)isoindoline-1,3-dione 69d in 98% yield after 24
h at 25 °C (Table 2). OrgRC reaction of phthalamidoacetaldehyde 2Kk, tetronic acid 3f and
1a furnished the reductive alkylation product 69e in 95% yield after 48 h at 25 °C same as

1,3-cyclopentanedione case (Table 2). Interestingly cascade reaction with
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phthalamidoacetaldehyde 2k, indanedione 3g and la furnished the reductive alkylation
product 69f with 95% yield after 48 h at 25 °C same as 1,3-cyclopentanedione case
(Table 2). The product 2-(2-(2,6-dioxo-4-phenylcyclohexyl)ethyl)isoindoline-1,3-dione
69g was obtained with 99% yield by mixing 5-phenyl-1,3-cyclohexanedione 3h, 2k, 1a
and proline as catalyst in 48 h. This result is also similar compared to 1,3-
cyclohexanedione case. Keeping utility of spiro systems in biological compounds, we
tested spiro CH-acids in OrgRC reaction and all of them reacted smoothly in OrgRC
reaction. Spiro[4.5]decane-7,9-dione 3i and spiro[5.5]undecane-2,4-dione 3j reacted with
phthalamidoacetaldehyde 2k and Hantzch ester 1a under proline catalysis to furnish the
products 69h and 69i in 81% and 85% yield respectively. We also used benzo fused CH-
acids in the OrgRC reaction with phthalamidoacetaldehyde. The product 2-(2-(2,4-
dioxochroman-3-yl)ethyl)isoindoline-1,3-dione 69j was obtained with 98% yield within
48 h by the OrgRC reaction of phthalamidoacetaldehyde 2k, 4-hydroxycoumarin 3k and
la. Interestingly cascade reaction with phthalamidoacetaldehyde 2k, 2-hydroxy-1,4-
naphthoquinone 31 and 1a furnished the reductive alkylation product 69k with 99% yield
after 48 h at 25 °C same as 4-hydroxycoumarin 3Kk case (Table 2). Then we want to check
OrgRC applicability with acyclic CH-acids. Unfortunately the cascade reaction of
malononitrile 3m with phthalamidoacetaldehyde 2k and 1a furnished the reductive
alkylation product 2-(2-(1,3-dioxoisoindolin-2-yl)ethyl)malononitrile 691 with 60% yield
only, after 48 h at 25 °C with CH,Cl, as solvent (Table 2). Then we changed the solvent
to EtOH and interestingly we isolated 691 in 98% yield with reaction time 48 h.

Interestingly, many of the 2-alkyl-CH-acids exist in the enol form in solution
state, which may be due to the strong intermolecular hydrogen bonding. Also, this
characteristic is observed in many other 1,3-diketones.16’17 The chemical shifts of the
carbonyl carbons and a-to the carbonyl carbon atoms in the isolated, non-hydrogen-
bonded enol forms of 2-(2-(2,5-dioxocyclopentyl)ethyl)isoindoline-1,3-dione 69d can be
determined hardly in solution, due to the rapid keto—enol and enol—enol tautomerism.'”
This property of enolic nature is highly useful in medicinal chemistry. Carlo Ballatore and
Amos B. Smith III et al®® studied that the 2-alkylcyclopentane-1,3-diones were
comprised a viable new surrogate for the carboxylic acid moiety with potential
applications in drug design, as pK, values of cyclopentane-1,3-diones are known to

exhibit typically in the range of carboxylic acids and the ability to establish H-bonds.

OrgRC products 2-alkyl-cyclic CH-acids can also be used as carboxylic acid isosteres.
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Table 2: Synthesis of Reductive Alkylation Library from 3 and Aldehyde 2k.”

O E E Proline 4a O EWG
_ cHo <EWG II (10 mol%) _/—<
+ + :
N EWG ” CHyCl, N EWG
0.5 M); 25 °C
el (0.5 M); 69
2% 3 1a 24hto72h ©
0 0 0
o) o) >< 0 0
N o N N
0 o 0
O 6oa O 69 O  69c
15 h, 98% yield 48 h, 97% yield 48 h, 90% yield
0 o 0
0 0 0
N N 0 N
o 0 0
Oy o ° e 048 h ;;f/ ield
24 h, 98% yield 48 h, 95% yield IO YIS
o o) o
(0] 0 0
N N N
o S g
o) 0
69g 6% © e
48 h, 99% yield 60 h, 81% yield 60 h, 85% yield
o) HO O
L~ { ) Tl
: D o
o o )
O ey O 69k o s
48 h, 98% yield 48 h, 99% yield 48 h, 98% yield

[a] Yield refers to the column purified product. [b] EtOH used as solvent.

3.2.3 Applications of OrgRC Products

Based on the demand of pharmaceutical applications, we further extended the

OrgRC products 69 into more useful intermediates.
3.2.3.1 Direct Amino Acid Catalyzed Robinson Annulation of 69c with 70

W-M ketone analogs 71 and H-P ketone analogues B are very good starting

37,42 that

materials for the synthesis of steroids.***! Ali Amjad et al. showed in their patent
W-M ketone analogue 71 and higher alkyl H-P ketone analogues B are very good
intermediates for the preparation of pharmaceutically suitable salts or hydrates of spiro-
heterocycles, which are disclosed as selective glucocorticoid receptor modulators for

. . . . ... . 37,42 .
curing a variety of autoimmune and inflammatory conditions or diseases. With
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pharmaceutical applications and natural products synthesis in mind, we further extended
the OrgRC products in the asymmetric synthesis of functionalized W-M ketone analogs
under proline catalysis as shown in equation 21 & 22. All expected chiral W-M ketone
analogs were furnished in good yields with good to moderate ee’s starting from OrgRC

compounds.

Scheme 13: Direct Amino Acid Catalyzed Robinson Annulation of 69 with 70.
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30 mol% 87% yield
0 74% ee
fo) DMSO o
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0ammoy O™ o 78a 89% yield
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We were pleased to find that the triethylamine catalyzed Michael reaction of 2-(2-
(2,6-dioxocyclohexyl)ethyl)isoindoline-1,3-dione 69¢ with 1.1 equiv of freshly distilled
methyl vinyl ketone 70a in CH3CN furnished the expected Michael product 78a in 90%
yield in 2 h. Direct L-proline-catalyzed RA reaction of 78a in DMSO solvent furnished
the W-M ketone analog (+)-71ba with 87% yield with 74% ee. The D-proline-catalyzed
RA reaction of 78a furnished the opposite enantiomer of the W-M ketone analogue (—)-
71ba in 89% yield with 77% ee (eq. 21). The triethylamine catalyzed Michael reaction of
2-(2-(2,6-dioxocyclohexyl)ethyl)isoindoline-1,3-dione 69¢ with 1.1 equiv of freshly
distilled ethyl vinyl ketone 70b in CH3CN furnished the expected Michael product 78b in
moderate yield (68%) in 48 h. Direct L-proline-catalyzed RA reaction of 78b in DMSO
solvent furnished the hydroxy product 79 and in-situ dehydrolised to furnish the product
(+)-71bb with moderate ee values as shown in equation 22. Stereochemistry of the

products 71 are assigned with the correlation of previous work."”
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Figure-N1: "H NMR and °C NMR Spectrum of Product 69a.
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Figure-N4: "H NMR and °C NMR Spectrum of Product 69e.
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3.2.3.2 Synthesis of GABA-Analogue

When brain experiences a lot of tension and stress, it may be caused by an excess
of norepinephrine or epinephrine (adrenaline). To deactivate this extra adrenaline, the
brain releases neurotransmitters, one of which is Gamma-Amino Butyric acid (GABA),43
that contain inhibitory property upon the nervous system. GABA is an amino acid which
acts as a neurotransmitter in the central nervous system and directly responsible for the
regulation of muscle tone. It inhibits nerve transmission in the brain, calming nervous
activity. More than 75,000 papers have come regarding the studies on GABA, which
shows the importance of the molecule. Low levels of GABA and anxiety are related but a
deficiency in GABA may also lead to insomnia, depression, mood disorders, excessive
stress, hypertension, atherosclerosis, motion sickness, low levels of digestive enzymes,
ADHD, epileptic seizures, panic disorders Tourette's syndrome, bronchitis and low
growth hormone levels. Some of the GABA analogues had shown here. (Chart 1, G, H, J,
K)

The phthalamido group attached to GABA will increase the lipophilicity and it
will be easily dissolved in lipids, oils and fats, emphasizing the value of this reductive
two carbons homologation approach of the OrgRC product.44 Phthalamido-GABA 72 is
the starting material for the many natural products and medicines. Interestingly, the
cascade reductive coupling product 2-(2-(2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-
yDethyl)isoindoline-1,3-dione 69a was converted into two-carbon homologated ester
methyl 4-(1,3-dioxoisoindolin-2-yl)butanoate 72 by heating 100-120 °C in methanol
solvent as shown in equation 23. More GABA analogues can be prepared by attaching
electrophile to the phthalamidoacetaldehyde 2k to get 2ka type derivatives and adding
Meldrum’s acid using OrgRC protocol.

Q o) CO,Me
e Gy
N (23)
N o
©:I<‘< S 100-120 °C 88% yield
% 24 h o

69a 72
Phthalamido GABA agonist
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3.2.3.3 Diversity-Oriented Synthesis of Substituted Phenethylanimes

Phenethylanimes are the class of drugs with hallucinogenic, physical, mental,
emotional effects and entactogens, which exhibit their effects mainly through the
monoamine neurotransmitter systems modulation. Others, such as epinephrine and

dopamine function as neurotransmitters. A large group of

R, R?
Rs H‘RN alkaloids like benzylisoquinolines, tetrahydroisoquinolines,
= = R protoberberines, morphinans, protopines, narcotine and
4 5

Rs L aporphines are derivatives of phenethylamines. Phenethylamines

Phenethylamines include a wide range of drug classes like psychotropic drugs,

central nervous system stimulants (amphetamine), appetite depressants (phentermine),
vasoconstrictors  (levomethamphetamine and pseudoephedrine), antidepressants
(phenelzine, bupropion and tranylcypromine), bronchodilators, vasodilators, calcium
channel blockers (prenylamine and verapamil), neuroprotective agents, cardiotonic
agents, antiparkinson agents, adrenergic agents (methamphetamine, methoxyphenamine
and mephentermine), antilipemic agents (benfluorex), dopamine agents (bupropion),
serotonin  agents  (2,5-dimethoxy-4-bromoamphetamine and fenfluramine) and
monoamine oxidase inhibitors (selegiline). Many of these phenethylamines can be

prepared easily using the Scheme 14 as shown below through OrgRC compounds 69446
15i, 15n

Scheme 14:- Aromatization of 2-Alkyl-cyclohexane-1,3-diones.

o) 0]
o) ;: I, or Pd/C ; > R J_QR
_____________ -
N N
N
(:ié g MeOH HO ¥ HO
0}
o) o}
80
69 73
HO HO
0o Phthalamide
R --emmceiieeeo- - R
N Deprotection H,N
HO HO
o 81
73 Phenethylamines derivatives

3.8 CONCLUSIONS

In summary, we have developed a metal-free simple one-pot cascade synthesis of
highly substituted 2-alkyl-CH-acids 69 and chiral W-M ketone analogues 71 from simple

starting materials via cascade reductive coupling, RA reactions under amino acid
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catalysis. We have reported the reductive alkylation of highly reactive CH acids (tetronic
acid, cyclohexane-1,3-dione, cyclopentane-1,3-dione and dimedone) with aldehyde and
Hantzsch ester without bis-product formation under amino acid catalysis. This three
component reductive alkylation strategy or cascade reductive coupling reaction delivers
the corresponding product in good yields with high chemo- and regio-selectivity using
only 10 mol% of amino acid as the catalyst. Furthermore, we have demonstrated the
application of OrgRC and M-A reactions in the synthesis of pharmaceutically useful
molecules and natural products. We also demonstrated the two-carbon homologation of
aldehyde via organo-catalyzed reductive coupling and decarboxylation reactions with
high yields of GABA analogues which are important pharmaceuticals. Presently
developed combination of cascade OrgRC and M-A reactions will be suitable to
synthesize library of the total synthesis of biologically important natural products and
their analogues. These reactions can be performed on a multi-gram scale under

operationally simple and environmentally safe conditions.
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4.  Dynamic Kinetic Resolution through Proline-catalyzed

Robinson _Annulation Reactions

4.1 INTRODUCTION

The value of chirality is well recognised, mainly in relationship with the fact that
almost all natural products are chiral and their pharmacological or physiological functions
depend on their recognition with chiral receptors, which will do interactions only with the
desired chiral molecules. Indeed, the synthesis of chiral molecules is a significant and
demanding area of modern synthetic organic chemistry.47 The broad utility of synthetic
chiral molecules as single enantiomer medicines®™ has made asymmetric synthesis a

prominent area of investigation.

Although magnificent progress has been made in asymmetric synthesis, either
catalytically induced or substrate driven, kinetic resolution of racemates is still the most

important method in industries for the synthesis of chiral compounds with high

49,50

enantiopurity. If the kinetic resolution method is used, one of the enantiomer from the

racemic mixture is picked up to the required product while the other is remained fruitless
and finally having a maximum theoretical yield of 50%.

50,51

In dynamic kinetic resolution (DKR), one can obtain a quantitative yield of

required enantiomer with high enantiopurity.

catalyst

Sk — — P Successfully, DKR combines the resolution step

: R .

5 “ Krac i of kinetic resolution, with an in-situ equilibration

! Achiral Intermediate '

5 [|]/ i of the chirally-labile reactnants (Figure 3). In

; Krac >> K E : 1

! H . Kpne >> k: and kr>ks | DKR, the two enantiomers of a racemic reactant

s B . are forced to equilibrate at a rate that is faster than
ks E

i the reaction rate of the slow-reactant enantiomer
Figure 3 : Dynamic Kinetic Resolution !
to the product (Curtin—-Hammett kinetics).
Racemization of the reactants can be performed either catalytically, chemically or even
spontaneously and at the same time conditions must be chosen to avoid the product
racemisation. Among the most important achievements of DKR, organocatalyzed DKRs
play a vital role in the synthetic scope of this process. A significant number of chiral

organocatalysts are now available that afford excellent levels of stereocontrol which have

been used in DKR.!
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The Robinson annulation is an organic reaction utilized to convert an a, B-
unsaturated ketone and a ketone to a carbocyclic molecule using base. Robinson
annulation reactions are having a distinct place in asymmetric organic chemistry because
of their ability to form a four-carbon chain in a single step leading to chiral six membered
ring systems. Special concentration was shown to the organocatalytic high
enantioselective preparation of both Hajos—Parrish ketones (HPK) and Wieland—Miescher
ketones (WMK) starting from 2-alkylated 1,3-cyclopentanedione and 1,3-
cyclohexanedione, respectively.52 A lot of catalysts have been developed, including

4 . . . . . .
3 g-amino acids derlvatlves,55 B-amino acids

amine derivatives,” peptide derivatives,
derivatives™® and proline derivatives®’  to prepare high enantioselective annulated
products. The reaction triggers by deprotonation with the base of the a-hydrogen of the
ketone to generate an enolate. The enolate then undergoes a 1,4- addition (Michael
reaction) and then abstracts a proton from H,O to form a Michael product. Base abstracts
other a-hydrogen and generates another enolate which then undergoes intramolecular
aldol reaction with the ketone group to give a cyclic alkoxy intermediate. Dehydration of
cyclic alkoxy intermediate leads to the stable a, B-unsaturated ketone. These products are
significant systems in various biological products, for example within steriods.”® The
Robinson annulation reaction has long been employed as a convenient route to fused ring

52
ketones.

Hajos et al. in 1974, Agami et al.”® in 1984, Swaminathan er al.®” in 1999, Houk
et al.®" in 2001 and List er al.** in 2004 have developed independently the mechanism of
Robinson annulation (Figure 4). All of them had proposed the mechanism based on

prochiral substrate.

Oozc ‘H’

. O N )
Q s O g 5‘

crystal surface

| ] 1]
Hajos Model Agami Model Swaminathan Model Houk Model

Figure 4: Proposed Transition States for Robinson Annulation Reaction through

Asymmetric Desymmetrization.

The mechanism of the proline-catalyzed aldol reaction has been proposed at least

five different ways. Experimentally, List et al. disclosed proline-catalyzed intramolecular
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aldol reaction mechanism and provided further evidence for the involvement of enamine

intermediates.

Scheme 15: Direct Diastereoselective Intramolecular Aldol Reactions.

a) Houk-List Proposed Mechanism.

O N~ YCOOH o
0 L-proline 4a o -L-proline 4a
o -H20 H,0 O W
82 o
Pro-Chiral 83 84

b) Present Work—1.

~ Loproineda _ m )&\/j/i(/

(3aS, 7aS) -86 (R)-85
O R1 0

o L-proline 4a g
* : m Qﬂ ?
R1 (o]
(@] %
o (3aS,7aS)-86 (3aR,7aR) -86
(@] R1 o]

@)

R 9
85 L-proline 4a [e) N o
- = O o 3
o] OH
(S)-85 (3aR,7aR)-86

Eventhough the Robinson annulation mechanism of Hajos-Parish ketones and
Wileand-Miesher ketones has well established but still there is no proper mechanism for
other Robinson annulation reactions of unsymmetrical diketones 85 as shown in Scheme
15. When racemic compound-85 undergoes an intramolecular aldol reaction under L-

proline catalysis there are three possibilities of product formation. Among them

1) Cyclised product (3aS, 7aS5)-86 from (S)-85 + left over starting material (R)-85.

1) Racemic cyclised product 86.

1ii) Cyclised product (3aR, 7aR)-86 from (R)-85 + left over starting material (S5)-85.

And also when enolizable tetronic acid derivative 87 undergoes Michael addition

there also three types of products are possible.

iv) Michael adduct (R)-85.
V) Racemic Michael adducts 85.
vi) Michael adduct (S5)-85.
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Scheme 16: Chiral Catalyst Catalyzed Diastereoselective Michael Reactions.

¢) Present Work—II.

R
L-proline 4a 0
i 0 (S)-85
(0]
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1 O
(0] ; O 4 fe) R o R: 7
2 R L-proline 4a =
s e ?
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R1 (@]
L-proline 4a 0 o (R185
(o]
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In order to answer all these questions we started working on 2-alkyl tetronic acid
derivatives. From last ten years, we are developing the chemoselective C-alkylation of
1,3-dicarbonyls with a variety of organic hydrides and aldehydes through OrgRC reaction
under amino acid-catalysis.”> With well developed report of this metal-free reductive

coupling or OrgRC reaction, many synthetic chemists in their method development™>® o

r
total synthesiSZ%Z, biologists in drug developments33 and industrialists in the bulk scale
synthesis of medicines® had utilized this powerful OrgRC reaction as a crucial and key
step in alkylation of active methylenes. Herein, we envisioned that the OrgRC reaction of
tetronic acid 3f, organic hydrides 1a and aldehyde 2 in the presence of a catalytic amount
of L-proline 4a would provide the reductive alkylation products 87 at 25 °C, which on
further used as nucleophiles in Michael addition with alkyl vinyl ketones 70 to give
Michael adducts 85. These Michael adducts were treated with L-proline 4a to provide
bicylic alcohol 86. Some of the applications of OrgRC and M-A products have shown in

Chart 2.

Chart 2: Applications of OrgRC products.
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4.2 RESULTS AND DISCUSSIONS

4.2.1 Three-Component Reductive Alkylation (OrgRC) of Chiral
Aldehydes: Reaction Optimization

We initiated our preliminary studies of the OrgRC reactions by screening two
solvents for the reductive coupling of (R)-glyceraldehyde acetonide 2b with tetronic acid
3f and Hantzsch ester 1a under L-proline 4a-catalysis and some representative results are
shown in Table 3. Interestingly, reaction of (r)-2b (>98% ee) with each 1 equiv. of 3f and
1a in CH,Cl; under 10 mol% of 4a-catalysis furnished the OrgRC product 87a ([OL]ZSD =—
34.4) in 95% yield without racemisation. Same reaction in CH3CN under 10 mol% of L-
proline 4a-catalysis furnished the OrgRC product 87a with increased yield (98%) and
similar optical rotation value after 12 h. In the final, solvent CH3;CN was chosen as

optimized reaction condition.
4.2.2 Diversity-Oriented Synthesis of OrgRC Products 87

With the optimized OrgRC reaction conditions in hand, the scope of the L-proline-
catalyzed cascade OrgRC reactions were investigated with different chiral aldehydes 2,
various CH-acids 3 and Hantzsch ester 1a as shown in Table 3. Reaction of chiral
aldehyde 2d with tetronic acid 3f and Hantzsch ester 1a in CH3CN at 25 °C for 12 h
under L-proline-catalysis furnished the OrgRC products 87b as single enantiomer in 90%
yield respectively (Table 3). The reaction of (S)-Garner aldehyde 21 with tetronic acid 3f
and Hantzsch ester 1a under L-proline-catalysis furnished the OrgRC product 87c¢ as
single enantiomer in 90% yield at 25 °C (Table 3). In similar manner, the reaction of 2m
with tetronic acid 3f and Hantzsch ester 1a under L-proline-catalysis furnished the OrgRC
product 87d as single enantiomer in 80% yield at 25 °C (Table 3). Protected (R)-
glyceraldehyde 2n on reaction with tetronic acid 3f and Hantzsch ester 1a in CH3CN at
25 °C for 24 h under L-proline-catalysis furnished the OrgRC products 87e as single
enantiomers in 90% yield respectively (Table 3). Similarly 3k and 3n on reaction with 2b,
Hantzsch ester 1a in CH3CN at 25 °C for 12 h and 24 h under L-proline-catalysis
furnished the OrgRC products 87f and 87g as single enantiomers in 90% and 85% yield
respectively (Table 3). Interestingly, Reaction of chiral aldehyde 2b with CH-acid 30 and
Hantzsch ester 1a in CH3CN at 25 °C under L-proline-catalysis furnished the OrgRC
products 87h with in 10 min as single enantiomers in 90% yield respectively (Table 3).

The results in Table 3 demonstrate the broad scope of this reductive methodology
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covering a structurally diverse group of chiral aldehydes 2 with many of the yields

obtained being very good and without racemisation of the reduced products.

Table 3: Diversity-Oriented Synthesis of Chiral OrgRC Products 87a-h.”

L-Proline 4a

HoU T Ewe, F E  (10mol%) EWG,
>=:!O + :>< + | | —_— R
R " Ewe, N CHsCN (0.5 M) EWG,
2 RT
1a, E = CO,Et
o) (@) (0]
“SBe rape: spe;
o X
0
(6] 0] o O o
87a 87aP® 87b
12 h, (98%) 12 h, (95%) 12 h, (90%)
o o OMe
Boc e} o
N, BnOu. o 7‘
>< O @) H H
iz
0~ 5 g o . OMe
87c 87d 87e
15 h, (90%) 24 h, (80% 24 h, (90%
87f 87g 87h
12 h, (90%) 24 h, (85%) 10 min, (90%)

2 Yield refers to the column purified product.  CH,Cl, used as solvent.

4.2.3 Effect of Chiral Catalyst (L-Proline) on Michael Addition

After 2-alkyl-tetronic acids in hand, we want to know the asymmetric induction
effect of proline in Michael Reaction. We initiated our preliminary studies of the
diastereoselective Micahel reaction on the OrgRC product 87a with freshly distilled
methyl vinyl ketone (MVK) (3 equiv.) under L-Proline catalysis in dry DMSO. After
stirring for 9 h, interestingly we isolated the Michael adduct 85aa in 80% yield with 1:1
diasteremeric ratio. With this preliminary reaction in hand, we want to perform this
reaction on some more OrgRC products 87 for generality purpose. The OrgRC product
87b on reaction with MVK under L-proline catalysis in DMSO furnished the product
85ba in 1:1 diastereomeric ratio. The OrgRC product 87¢ and 87d on reaction with MVK
under L-proline catalysis in DMSO furnished the product 85ca and 85da in 1:1 and 1:1.2
diastereomeric ratios respectively. The OrgRC product 87e and 87g on reaction with
MVK under L-proline catalysis in DMSO furnished the product 85ea and 85ga in 1:1.3
and 1:1 diastereomeric ratios, respectively as shown in Table 4. The OrgRC product 87a
on reaction with ethyl vinyl ketone 70b under L-proline catalysis in DMSO furnished the

product 85ab in 1:1 diastereomeric ratio.
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Table 4: Diversity-Oriented Synthesis of Michael Adducts 85.* "¢

O

Catalyst 4a o
( QJ\/ e R "0 X=0,CH
R = ) 2
dry DMSO (0.5 M) X n=1,2
(¢ RT O n
87 70 85
O (0]
M O
o) o o o
(0] O
85aa 85ba
9 h, 78% 6 h, 62% 6 h, 60%
dr=1:1 dr=1:1 dr=1:12
O 0 O
o o o
O Ph
><O 0 >< o
O
o~ 4 o o
85ea 85ga 85ab? 85
4 h, 80% 2 h, 58% 6 h, 80% o
dr=1:1.3 dr =1:1 dr =11 4h, 82%

@ Reactions were carried out in solvent (0.5 M) with 3.0 equiv. of freshly distilled methyl vinyl ketone 70a in the
presence of 30 mol% of Catalyst. ? Yield refers to the column purified product. © dr based on NMR analysis.
d Ethyl vinyl ketone 70b was used.® Triethyl amine (10 mol%) used as the catalyst under neat condition.

4.2.4 Diastereoselective Aldol Reaction with Chiral Michael
Adducts 85 through DKR: Reaction Optimization

After successful synthesis of 1:1 diastereomeric chiral Michael aduucts 85,
next we focussed on organocatalyst effect on diastereoselective aldol cyclisation
through DKR. We initiated our preliminary studies of the aldol reaction by screening
a number of known and novel organocatalysts for the aldolization of 85aa with
different conditions and some representative results are shown in Table 5.
Interestingly, aldol reaction of 1:1 diastereotropic 85aa in DMSO under 30 mol% of
L-proline 4a-catalysis furnished the aldol product (3aS$,7aR)-86aa in 90% yield with
10:1 diasteremeric ratio at 25 °C for 2 days (Table 5, entry 1). Same reaction in
DMSO under 30 mol% of DL-proline 4b- catalysis furnished the aldol product 86aa
with 1:1 diastereomeric ratio in 88% yield at 25 °C for 2 days (Table 5, entry 2).
Interestigly, same reaction in DMSO under 30 mol% of D-proline 4c-catalysis
furnished other isomer of the aldol product (3aR,7aS)-86aa in 80% yield with 7:1

diastereomeric ratio at 25 °C for 2 days (Table 5, entry 3).
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Table 5: Reaction Optimization-Diastereoselective Aldol Reaction.™®

° Zéo 740

O
o O Catalyst 4a O \)\_ o
)( [30 mol%)] :
o) O 5 o + O
[e) Solvent o) H
85aa [0.3M] © OH OH
dr = 1:1 RT (3aS7aR)-86aa  (3aR.7aS)-86aa
. 86aa
Time
Entry Catalyst Solvent (days] Yield (%]t arll
1 4a DMSO 2 90 10:1
2 4b DMSO 2 88 1:1
3 4c DMSO 2 80 1:7
4 4a DMSO+D,0 (2:1) 2 20 -
5¢ 4a DMSO+D,0 (2:1) 1 75 1:1
6 4a THF 3 31
7 4a CH4CN 3 50 3:1
gd 4d/TCA THF 2 20 -
9 4e DMSO 2 75 3:1
10 4f DMSO 3 72 21
11 4a MeOH 3 50 1:1
12 4a DMF 2 85 3:1
108 4a DMF 3 62 1.5:1

L4l Yield refers to the column purified product. P! Based on NMR analysis. [l Reaction heating at 50-60 °C.
10 mol% of 4d catalyst, 20 mol% of trichloro acetic acid (TCA) as cocatalyst was used.[®l Reaction
performed at -10 °C.

OMe HO
S
O‘CO2H O/COZH [ YwCO,H H CO,H 43‘002H
N N N N N
H H H ’\ H H
4a (£)- 4b 4c de 4f

To further improve the dr/yield of aldol product 86aa, we also tested number
of amino acids, cinchona alkaloid Q-NH, 4d/TCA for the diastereoselective aldol
reaction of 85aa with different solvents and temperature as demonstrated in Table 5.
Among these catalysts 4a-f tested for aldol reaction, L-Proline 4a showed better
results compared to other catalysts (Table 5, entry 1). We envisioned the optimized

condition to be 25 °C in DMSO under 30 mol% L-proline 4a-catalysis to furnish
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major diastereomer of highly substituted product 86aa in 90% yield with 10:1 dr
through DKR. The absolute configuration of products 86aa were assigned under L-/D-

proline-catalysis was established by comparison with the related crystal structure.

After obtaining interesting results with high diastereomeric 86aa, then we want to

examine on different substrates.

4.2.5 Diversity-Oriented Diastereoselective Synthesis of Chiral
Aldol Products 86

Interestingly, aldol reaction of 1:1 diastereotropic 85ba in DMSO under 30 mol%
of L-proline 4a-catalysis furnished the aldol product 86ba in 80% yield with 6:1
diasteremeric ratio at 25 °C for 1.5 days (Table 6). Aldol reaction of 1:1 diastereotropic
85ca in DMSO under 30 mol% of L-proline 4a-catalysis furnished the aldol product 86ca
in 80% yield with 5:1 diasteremeric ratio at 25 °C for 3 days (Table 6). Interestingly,
aldol reaction of 1:1.2 diastereotropic 85da in DMSO under 30 mol% of L-proline 4a-
catalysis furnished the aldol product 86da in 60% yield with 2:1 diasteremeric ratio at 25
°C for 1.5 days (Table 6). Interestingly, aldol reaction of 1:1.3 diastereotropic 85ea in
DMSO under 30 mol% of L-proline 4a-catalysis furnished the aldol product (3a$,7aR)-
86ea in 90% yield with 8:1 diasteremeric ratio at 25 °C for 3 days (Table 6). Same
reaction of 1:1.3 diastereotropic 85ea in DMSO under 30 mol% of D-proline 4c-catalysis
furnished the aldol product (3aR,7aS5)-86ea in 82% yield with 5:1 diastereomeric ratio at
25 °C for 3 days (Table 6). All expected chiral aldol products 86 were furnished in good
yields with good dr’s from the reaction of 85 under 4a catalysis (see Table 6).
Interestingly, aldol reaction of 1:1 diastereotropic 85ab in DMSO under 30 mol% of L-
proline 4a-catalysis furnished the aldol product 86ab in 50% yield with >10:1
diasteremeric ratio and 2.5:1 diasteremeric ratio of the sec-methyl (Table 6) and left over
starting material dr increased to 1:3 indicating that one of the enantiomer is reacting fastly

and other one is reacting slowly.
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Table 6: Synthesis of Chiral Bicyclic-ketones 86.

1 1
RY 0  Catalyst4a RU o
(30 mol%) :
R ° DMSO (0 3 M) : °
o) B
o £20H r2OH
1:1 dr ratio SaS ,7aR)-86 (3aR,7aS)-86
Me Me Me
Me%o Me7LO ° Me%NBoc
(0] (0] o =
o] \)\ 0 O o o)
O Q:/(/O o o]
(0] (0] H (0]
OH OH o OH OH
(3aR,7aS)-86aa® 86ba 86ca
3aS,7aR)-86aa . ; h
2(d2ys ?/iel)d' oo 2 days, yield:80% 1.5 days, yield: 80% 3 days, yield: 80%
df’= 101 dr=7:1 dr =6:1 dr =51
’, OMe Me
BnQ \<{3 Me—/g
Me™ 0 MeO" O{ O o
N (0]
o H t
o J/i:lifo (@] ?
OH o] &n ~% OH
[2.5:1]
86da’ (3aS,7aR)-86ea° (3aR,7aS)-86ea" 86ab
1.5 days, yield: 60% 3 days, yield: 90% 3 days, yield: 82% 5 days, yield: 50%
dr =21 dr =5:1 dr =>10:1

dr=8:1

2 Yield refers to the column-purified product. ° dr determined by NMR analysis. ¢ D-proline 4¢ used as the
catalyst. ¢ reactant 85da (dr = 1:1.2) © reactant 85ea (dr = 1:1.3)

Bicyclic-alcohol 86aa on treating with SOCl,/pyridine in DCM at 0 °C for 5
minutes and at rt for 30 minutes furnished the expected diastereomeric bicyclic-enone (R)-
88aa in 90% yield and another diastereomeric bicyclic-enone (S)-88aa with 8% yield as
shown in eq.24. Same procedure followed for the dehydration of bicyclic-alcohol 86ab to

bicyclic-enone (R)-88ab as shown in eq.25.

Scheme 17: Dehydration of Hydroxy Compounds 86.

Me Me
Me Me
0740 socl, 740 Moo
o) Pyrldlne O\)\ (0]
(24)
o  oom + Qﬁﬁo
o 0 °C- 5 min
OH RT- 30 min °
86aa (R)-88aa (S)-88aa
dr =101 yield: 90% yield: 8%
Me Me
Me—/_ Mo e~ Lo
g SOCl, 0] 0
o} Pyridine o \)\ 0 (25)
- =
0 DCM o °
0 °C- 5 mi o
~% OH 0°C-5 m.|n
[2.5:1] RT- 30 min
86ab (R)-88ab (S)-88ab
(dr > 10:1) yield: 90% yield: < 5%
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4.2.6 Mechanistic Insights

Scheme 18: Proposed Mechanism for the DKR in Diastereoselective Aldol Reactions.
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Michael addition of 87 with alkyl vinyl ketone 70 is most likely via iminium ion
activation leads to the formation of Michael adduct 85 with less diastereoselective fashion
as we obtained 1:1 ratio of the products. The possible mechanism for L-proline catalyzed
diastereoselective synthesis of the diastereoselective intramolecular aldol condensation of
85 via enamine catalysis and dr's of the desired bicyclic-alcohols 86 were obtained
through dynamic kinetic resolution (DKR). In order to give strong support to DKR, we

have done controlled experiments as shown in Schemes 18 and 19.

The observed high diastereoselectivity in aldol 86 products through DKR can
be explained as illustrated in Scheme 18. L-Proline 4a-catalyzed Michael addition of
87 with alkyl vinyl ketone 70 furnished the Michael adducts (R)-85 and (S5)-85 with
1:1 disteremeric ratio, which on further reaction of the catalyst amino acid (S5)-4a with
both diketones (R)-85 and (§5)-85 generate the enamines with almost similar rates as
shown in Scheme 18. Intramolecular aldol condensation of enamine generated from
diketone (R)-85 will be a faster compared to aldol condensation of enamine generated
from (S5)-85 as shown in TS-1 and TS-2 based on the strong/weak hydrogen bonding
interactions, respectively (see Scheme 18). As the hydrogen bond does not support to
cyclise the Michael adduct (S)-85, then it changes its regioselectivity in enamine
formation and causing to break C-C bond by retro-Michael (r-M) Reaction producing
OrgRC products 87 and alkyl vinyl ketones 70. This in-situ generated products 87 and
70 again undergo Michael adiition to form 1:1 diastereomeric product. Over all
diketone, (5)-85 is again converting into Michael adducts (R)-85 and (5)-85 with 1:1

disteremeric ratio.

In situ hydrolysis of imines generated from TS-1 and TS-2 with H,O furnished
the bicyclic-alcohols (3aS$,7aR)-86 and (3aR,7aS5)-86 respectively and observed high
dr values of (3aS5,7aR)-86 is directly due to the faster reaction rate in TS-1 and DKR.

4.2.7 Conditional Experiments for the Support of Proposed

Mechanism

Surprisingly, there is no certified mechanism for the Robinson annulations of
unsymmetrical ketones. The r-M reaction is well-known to occur readily under biological
conditions.”” On the other hand, only a few r-M reactions have taken place in laboratory
syntheses.64 Furthermore, studies on the scope of r-M reactions, particularly those linking

1,5-carbonyl compounds are rare, though the r-M reaction is known to take place for
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several aromatic 1,5-diketones during mass spectral fragmentation.”> Albrecht and
coworkers® reported the r-M reaction of selected 1,5-diketones and proved that the
reaction could be enhanced by using steam distillation in the presence of sodium
hydroxide adsorbed on glass wool as catalyst. Li and Wang®’ reported steam-mediated r-
M reaction for some 1,5-dicarbonyls present in steroid-type molecules. Until now there is

no report on r-M reaction in Robinson Annulation.

1) retro-Michael Reaction:- Here we keenly focused on the molecule desiging in
order to observe retro-Michael reaction either by stabilising the intermediate or

completely stoping the aldol reaction by increasing steric hindrance on the molecule.

Interestingly, aldol reaction of triketone 85x in DMSO under 30 mol% of L-proline 4a-
catalysis did not furnish the expected aldol product at 25 °C for 4 days also (eq. 26).
However, surprisingly, the major products formed in the reaction are the retro-Michael
product, 5,5-dimethyl-2-phenylcyclohexane-1,3-dione 90 and methylvinyl ketone 70a
(51% yield; eq. 26). The expected aldol product was not formed in trace amount also.
Interestingly, aldol reaction of 1:1 diastereomeric diketone 85ga in DMSO under 30
mol% of L-proline 4a-catalysis did not furnish the expected aldol product at 25 °C for 4
days also (eq. 27). However, surprisingly, the major products formed in the reaction are
the retro-Michael product, 3-(((S)-2,2-dimethyl-1,3-dioxolan-4-yl)methyl)-6,6-
dimethyldihydro-2H-pyran-2,4(3H)-dione 87g and methyl vinyl ketone 70a (40% yield,;
eq. 27). With these two isolated retro-Micheal intermediates, we can conclude that retro-

Michael is responsible for the observed DKR in this compounds.

Scheme 19: Isolation of Proposed Transition State Intermediates in the

Diastereoselective Aldol Reactions.

O
Ph L- proIme 4a
Hk (26)
o) O DMSO (0.3 M)
85x 4 days 90 (0]

51 % yield

L- prohne 4a HJ\ 27)
DMSO (0.3 M) ><
4 days

40% yield g87g
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We have recently reported evidence for the involvement of kinetic resolution of
the C—C-bond forming step of proline-catalyzed intramolecular aldol reactions.'™® Here
we build on these findings and provided the evidence for DKR intermediates. We have
shown that high dr values of aldol reaction, conducted in the presence of L-proline are
due to DKR, a requirement of the proposed enamine mechanism. In addition,
intermediates formed in retro-Michael reaction of ketones with proline have been
detected and characterized by '"H NMR and ">C NMR and 86ca further conformed by X-

ray analysis.

“I'/(N Boc
o =
O
pr— O
(@)
OH
(-)-86ca

FIGURE 5. X-Ray Crystal Structure of (R)-tert-Butyl 4-((7a-hydroxy-3,6-
dioxooctahydroisobenzofuran-3a-yl)methyl)-2,2-dimethyloxazolidine-3-carboxylate ~ (-)-
86c¢a.

4.8 CONCLUSIONS

In summary, first time we have developed the L-proline 4a-catalyzed
diastereoselective M-A reaction of OrgRC adducts 87 with alkyl vinyl ketone 70 at the
ambient conditions. The diastereoselective M-A reactions proceed in good yields with
high selectivities using L-proline as the catalyst through dynamic kinetic resolution
(DKR). Furthermore, we have demonstrated the mechanism of Michael, aldol and retro-
Michael reaction. We have isolated two intermediates which are giving a strong support
to our proposed mechanism. For the first time we showed the DKR with the proof of

intermidiate.
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5. A General Approach to Chiral 8-Hydroxy-2-
thiabicyclo[3.3.1]nonane-4,9-diones

via Direct Amine-catalyzed Cascade Reductive
Couplings and Robinson Annulations

5.1 INTRODUCTION

The Robinson annulation is an organic reaction utilized to convert an a, f-
unsaturated ketone and a ketone to a carbocyclic molecule using base. Robinson
annulation reactions are having a distinct place in asymmetric organic chemistry because
of their ability to form a four-carbon chain in a single step leading to chiral six membered
ring systems. Special concentration was shown to the organocatalytic high
enantioselective preparation of both Hajos—Parrish ketones (HPK) and Wieland—Miescher
ketones (WMK) starting from 2-alkylated 1,3-cyclopentanedione and 1,3-
cyclohexanedione, respectively.52 A lot of catalysts have been developed, including
amine derivatives,” peptide derivatives,”* a-amino acids derivatives,”> B-amino acids
derivatives™® and proline derivatives®’ to prepare high enantioselective annulated
products. The reaction triggers by deprotonation with the base of the a-hydrogen of the
ketone to generate an enolate. The enolate then undergoes a 1,4- addition (Michael
- . reaction) and then abstracts a proton from H,O

0
M

/I/i;ﬁj to form a Michael product. Base abstracts

o

other a-hydrogen and generates another

enolate which then undergoes intramolecular

3 aldol reaction with the ketone group to give a
L cyclic alkoxy intermediate. Dehydration of
" cyclic alkoxy intermediate leads to the stable

a,B-unsaturated ketone. These products are

0 Me significant systems in various biological
o | products, for example within steriods.”® The

“d Robinson annulation reaction has long been

Figure 6 : Possibility of aldol reaction

employed as a convenient route to fused ring
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52 . . .
ketones.” As shown in Figure 6 there are three types of a-hydrogens and there is a

chance to get three types of cyclised products.

Asymmetric aldol reactions give an atom-economic approach to construct a C—C
bond with B-hydroxyl carbonyls as the products and are widely applied in industry either

in fine or in bulk pharmaceutical target production or chemical manufacture.®® Recently,

important developments have been made with regards to the asymmetric aldol reactions

71-72

catalyzed either by transition metal complexes,” biocatalysts’® or organocatalysts.

Despite of recent advances in the area of direct asymmetric aldol reaction,”” in most cases
aldol donors are simple ketones and few catalytic aldol reactions are with a-substituted

74b

. 4 4 4 .
unsymmetrical ketones’* by hetero-atoms such as sulfur,™ oxygen,’ ¢ fluorine’* and

74 The reactions of o-hetero-atom substituted ketones have received less

chlorine
importance with the exception of those of a-hydroxyketones. Furthermore, in almost all
the intermolecular organocatalyzed direct asymmetric aldol reactions, mostly aldehydes
are used as acceptors or electrophiles’® and in some cases very highly active non
enolizable ketones’ carrying an electron-withdrawing group adjacent to the carbonyl

carbon are used as acceptors.

Most intensively emerging areas in modern organic chemistry is the improvement
of methods for the synthesis and functionalization of molecules having important
pharmacological properties and the view of subsequent use as bioactive pharmaceutical
substrates. Sulfones belong to a major class of organosulfur compounds, that have been

extensively used in applications of organic synthesis.’”® Among other derivatives of

sulfones, a special attention of
o o synthetic chemists is drawn to
R! R
R? | el cyclic B-keto sulfones bearing
S =
R e 0= carbonyl function in the B-position
Herb|C|des 76
to sulfonyl group.””™ They are
Kare Cha”ge' Openers A278TG376 versatile synthetic intermediates
(,3 used for the preparation of diverse
Q/& Q @ classes of organic compounds as a
thiaDIFBO thiaOCT structural feature of the target
Inhibitors of HCV NS5B v w )
u substrate and synthesis of natural
Chart 3: Applications of OrgRC products. products 7 Iy addition. certain

cyclic B-keto sulfones are known to exhibit a broad spectrum of biological activity.
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76c-d 76 f
1,7 1,7

Cyclic B-keto sulfones have found with antivira antibacteria antiinflammatory, "®

bronchodilatory’® properties, antitumor,”™ potassium channel agonists,76i calcium
channel antagonists,”’ DNA gyrase inhibitors’® and compounds useful in the treatment of
osteoporosis.’”" At the same time development in medicinal chemistry depends basically
on the accessibility of wide range of new structures for clinical trials. Sulfones prepared
by the construction of the corresponding cyclic sulfides from appropriately functionalized

precursors, followed by oxidation of the sulfides to sulfones.

A growing area of chemical biology strives to probe biomolecules in living
systems by using bioorthogonal chemical reactions. Particularly, the strain-promoted
azide-alkyne cycloadditions have proved mainly promising as cytocompatible ligation
methods. Due to their high reactivity towards addition reactions, strained cyclooctynes
have a high importance in click chemistry as bioorthogonal reactions.”® In addition, some
molecules for strain-promoted reactions with azides have recently been developed
including biarylazacyclooctynone, (aza-)dibenzocyclooctynes, biarylazacyclooctynone
and thiacyclooct-5-ynes which exhibit similar utility.” Hence, their preparation has
continued to attract considerable synthetic interest in developing new methods for their

synthesis.

Recently, we have established the chemoselective C-alkylation of 1,3-dicarbonyls
with a variety of aldehydes and organic hydrides under amino acid-catalysis through
OrgRC reaction.” From the time when we reported this metal-free reductive coupling or

OrgRC reaction, many synthetic chemists used this powerful OrgRC reaction in their

22-28 29-32

method development or total synthesis. Biologists in drug developments3 ? and
industrialists in the bulk scale synthesis of medicines® had utilized as a crucial and key
step in alkylation of active methylene. As part of our study to develop direct amino acid-
catalyzed tandem, multi-component or organo-click reactions,'™ ** herein we reported
organocatalytic chemo-selective direct cascade reductive alkylation, Robinson annulation
(RA) to build structural complex molecule. Keeping the mechanism of RA and
regiocontrolled aldol reactions in mind, we developed a novel cascade reaction by using
OrgRC products and o, B- unsaturated ketones for the construction of highly
functionalized chiral bridged [3, 3, 1] bicylic compounds. OrgRC products and annulated
products are very good intermediates to prepare biologically important -keto sulfones

and thiacyclooctynes respectively.
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Interestingly, there is no direct methodology for the synthesis of useful 4-alkyl-
2H-thiopyran-3,5(4H,6H)-dione 92. We consequently set out to develop an organo-
catalyzed asymmetric cascade synthesis of higher alkyl analogues of annulated products
96 from simple starting materials, which have not been prepared in the past. Here, we
present the development and application of the amino acid-catalyzed reductive alkylation
of 2H-thiopyran-3,5(4H,6H)-dione 92 through cascade OrgRC reaction of reactive 2H-
thiopyran-3,5(4H,6H)-dione 3p, aldehydes 91 and Hantzsch ester 1a as shown in Scheme
20.

Scheme 20: Direct Organocatalytic Reductive Alkylations and M/A Reactions.

O o O
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3p  + o1 g — 93
EtO,C "\ CO,Et Sopvent : 0
2 ) 2 RT :31 7 H EtO,C._~ -COzE
L——» |S + | P
N

N
H R’
O
1
a 92 7
R o RL o
: O
+ - X =
L__s S - HJ\/
O OH O R2 70
R27 94 R?> 95 -
Hydroquinine 49
Excepected Robinson annulation Products (30 mol%)
CH20|2,
0°c

5.2 RESULTS AND DISCUSSION

5.2.1 Direct Amino Acid-Catalyzed Cascade Reductive Alkylation of
2H-Thiopyran-3,5(4H,6 H)-dione 3p: Reaction Optimization

First we focused on the optimization for high-yielding synthesis of 4-benzyl-
2H-thiopyran-3,5(4H,6H)-dione 92a from 3p, 91a and 1la through amino acid 4a
catalysis at room temperature, by studying the solvent and reaction time in the
designed OrgRC reactions. We tested solvens like CH,Cl,, CH3CN, MeOH and
DMSO. There is a large amount of solvent effect on the direct proline-catalyzed

reductive coupling of 3p, 91a and 1a as shown in Table 7. Proline-catalyzed cascade

69



A General Approach to Chiral Nonane-4,9-diones via Direct OrgRC, Michael and Aldol Reactions

OrgRC reactions can be performed in three types of solvents (protic polar, aprotic
polar and aprotic non-polar) with moderate to good yields as shown in Table 7.
Surprisingly, the cascade OrgRC reaction of 3p, 91a and 1a in CH3;CN furnished the
expected hydrogenated product 92a in 51% yield after 5 h at 25 °C (Table 7, entry 1).
The same cascade reaction, under proline-catalysis in CH3CN furnished the expected
product 92a in 91% yield after 12 h at 25 °C (Table 7, entry 2). Unfortunately we are
unable to isolate the OrgRC product 92a with same reaction conditions in DMSO,
instead of OrgRC product 92a a bis type product 93 is formed and it is not pure
enough to analyze through NMR analysis (Table 7, entry 3). Surprisingly, the cascade
OrgRC reaction of 3p, 91a and 1la in CH,Cl, and MeOH furnished the expected
hydrogenated product 92a in 60% and 47% yield after 24 h and 5 h respectively at 25
°C (Table 7, entry 4 and 5).We envisioned the optimized conditions to be mixing the 1
equiv. of benzaldehyde 91a with CH-acid 3p and Hantzsch ester 1la at 25 °C in
CH;CN under 10 mol% of proline-catalysis to furnish the hydrogenated product 92a
in 91% yield (Table 7, entry 2). The product structure was confirmed by 'H and “C
NMR and mass analysis.

With an efficient organocatalytic cascade OrgRC protocol in hand, the scope
of the proline-catalyzed cascade reductive alkylation reactions was investigated with
aldehydes 91 and CH-acid 3p through the generation of highly useful diversity-

oriented library.

Table 7: Optimization of the Direct Organocatalytic Cascade Reductive Alkylation

Reactions of 3p, 91a and 1a.
Catalyst 4a

II (10 mol%)
C§ Solvent J\/j/\
5 M
91a  1a,E = CO,E
entry solvent time yield (%)°
(0.5 M) (h) 92a
1 CH4CN 5 51
2 CH;CN 12 91
3¢ DMSO 48 ---
4 CH,Cl, 24 60
5 MeOH 5 47

@ Reactions were carried out in solvent (0.5 M) with 1.0 equiv. of 91a and 1.0 equiv.
of 3p relative to the 1a (0.5 mmol) in the presence of 10 mol% of catalyst 4a. ® Yield
refers to the column purified product.® CH-acid 3p decomposed.
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Figure-N21: "H NMR and >C NMR Spectrum of Product 92a.
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5.2.2 Diversity-Oriented Synthesis of Reductive Alkylation Products
92

The scope of the proline catalyzed reductive alkylation reactions was investigated

with 2H-thiopyran-3,5(4H,6H)-dione 3p, various aldehydes 91 and Hantzsch ester 1a as

shown in Table 8. A series of aromatic aldehydes including electron withdrawing,
electron releasing & neutral substitutions at various positions on benzene ring and
aliphatic aldehydes 91 (1 equiv.) were reacted with 2H-thiopyran-3,5(4H,6H)-dione 3p
and Hantzsch ester 1a catalyzed by 10 mol% of proline at 25 °C in CH3CN (Table 8).

Table 8: Synthesis of Compounds 92 via OrgRC Reactions from 2H-Thiopyran-
3,5(4H,6H)-dione 3p and Aldehydes 91.7

Prollne 4a
Coge 00 Bm L
CH3CN (0 5 M) N
3p 91 1a, E = CO,Et Shto 24h 7
O (0] 0o O
s s S s NO,
o o © o
92a 92b 92c 92d
12h, 91% 8 h, 93% 19h, 91% 10 h, 94%
O 0o O
S S S
o) NO, o] o)
12 h, 92% 12 h, 95% 14 h, 91% 15 h, 92%
(0] O
S S
(0] @) 0
o
92i Cl 92j °F 92k 921 OMe
10 h, 93% 15 h, 96% 10 h, 95% 13 h, 96%
O
O
92m
24 h, 90%

4 Yield refers to the column purified product.
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The cascade reaction of thiopyran-3,5(4H,6H)-dione 3p with 2-tolualdehyde 91b
and 1a furnished the reductive alkylation product 92b in 93% yield after 8 h at 25 °C
(Table 8). Interestingly, OrgRC reaction of 4-tolualdehyde 91c¢ with 3p and 1a under 4a-
catalysis furnished the 92¢ as major product with 91% yield (Table 8) in 19 h. The
cascade reaction of thiopyran-3,5(4H,6H)-dione 3p with 2-nitrobenzaldehyde 91d and 1a
furnished the reductive alkylation product 92d in 94% yield after 10 h at 25 °C (Table 8).
Reaction of 3p with 91e and 1a under 4a-catalysis furnished the expected 4-(3-
nitrobenzyl)-2H-thiopyran-3,5(4H,6H)-dione 92e with good yields as shown in Table 8
with in 12 h. The cascade reaction of thiopyran-3,5(4H,6H)-dione 3p with 4-
nitrobenzaldehyde 91f and 1a furnished the reductive alkylation product 92f in 95% yield
after 12 h at 25 °C (Table 8). Interestingly, OrgRC reaction of 4-cyanobenzaldehyde 91g
with 3p and 1a under 4a-catalysis furnished the 92g as major product with 91% yield
(Table 8) in 14 h. Interestingly, OrgRC reaction of 4-fluorobenzaldehyde 91h with 3p and
1a under 4a-catalysis furnished the 92h as major product with 92% yield (Table 8) in 15
h. OrgRC reaction of 4-chlorobenzaldehyde 91i with 3p and 1la under 4a-catalysis
furnished the 92i as major product with 93% yield (Table 8) in 10 h. The cascade reaction
of thiopyran-3,5(4H,6H)-dione 3p with 4-bromobenzaldehyde 91j and 1a furnished the
reductive alkylation product 92j in 96% yield after 15 h at room temperature (Table 8).
The cascade reaction of thiopyran-3,5(4H,6H)-dione 3p, 1a with 91k and 91l furnished
the reductive alkylation product 92k and 921 in 95% and 96% yield after 10 h and 13 h at
25 °C respectively (Table 8). Proline-catalyzed cascade reductive alkylation of thiopyran-
3,5(4H,6H)-dione 3p was further extended with aliphatic aldehydes also as shown in
Table 8. Interestingly, OrgRC reaction of iso-butyraldehyde 91m with 3p and 1a under
4a-catalysis furnished the 92m as the major product with 90% yield (Table 8) in 24 h.
The structure and regiochemistry of 4-alkyl-2H-thiopyran-3,5(4H,6H)-diones 92a-m
were confirmed by 'H NMR,13C NMR and mass analysis.

5.2.3 Asymmetric Cascade Michael-Aldol (M-A) Reaction with 4-
Benzyl-2H-thiopyran-3,5(4H,6 H)-dione: Reaction Optimization

After successful synthesis of 4-alkyl-2H-thiopyran-3,5(4H,6H)-dione 92, we
shown interest to study the asymmetric cascade M-A reactions of 92 with o, f-
unsaturated compounds 70 through organocatalysis. As part of our investigations in the

15b, 15d, 15f, 15i

area of Robinson annulation, the ability of regioselectivity in enolate

formation to promote the bridged cyclisation of in-situ generated triketone (Michael
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adduct) 103 was examined. When 2-alkyl-CH-acid reacted with a, B-unsaturated
compounds 70, in presence organocatalyst 4, M-A cascade reaction taken place to give
bridged bicyclic compounds 96 instead of compounds 94 and 95. It is apparent that the
incorporation of hetero atom sulfur within the ring framework completely changes
reaction pattern; therefore enolate regioselectivity can be obtained differently. Notably,
the Michael reaction of CH-acid 92 and 2 equiv. of ethyl vinyl ketone 70b and further
intramolecular cyclization of Michael adduct with L-proline in DMSO proceeded with a
remarkable rate enhancement (100% conversion, 4 h) in one-pot with comparison to the
common Robinson annulated products observed in previous papers and with a remarkable
change in product distribution, giving only the racemic bicyclic species (Table 9, entry 1).

1.°® and Shibasaki er al.® had reported this type of cyclization

Even though Hajos et a
with less yield, poor enantio- and diastereoselectivity using inorganic bases.
Organocatalytically there are two reports on one molecule regarding this type of

. . . . . . 56¢, 15d
cyclization in racemic manner in 20-30% yield.”™

Interestingly, cascade M-A reaction of 92a with 2 equiv. of ethyl vinyl ketone
70b in DMSO under 30 mol% of L-proline 4a-catalysis furnished the Michael-aldol
product 96ab in 89% yield with only 0% ee. Same reaction in CH3CN under 30 mol%
of L-proline 4a-catalysis also furnished the racemc mixcture of Michael-aldol product
96ab in 91% yield. (Table 9, entry 2). After obtaining poor results with L-proline, we
changed the catalyst to get further improvement of ee/yield of cascade products 96ab.
We tested a number of cinchona alkaloids like hydroquinine (HQ) 4g, quinine (Q) 4h,
quinidine (QD) 4i, OH-Q-OBn 4j, Q-OBn 4k, Q-NH-thiourea catalyst 41 and OH-Q-
O-i-amyl 4m as catalysts for the cascade asymmetric M-A reaction of 92a with 70b in
different solvents as demonstrated in Table 9. Among these catalysts 4 tested for
cascade asymmetric M-A reaction, 30 mol% of hydroquinine 4g or quinine 4h in
CH,Cl,; solvent showed better results compared to other catalysts (Table 9, entry 3 and
8). Cascade M-A reaction of 92a and 70b in CH,Cl, under 30 mol% of quinidine 4i-
catalysis furnished the opposite enantiomer of M-A product (+)-96ab in 90% yield
with -61% ee (Table 9, entry 9). We envisioned the optimized condition to be 0 °C in
CH,Cl, under 30 mol% of hydroquinine 4g or quinine 4h to furnish the highly
substituted M-A product (—)-96ab in 92-95% yield with 72-74% ee respectively
(Table 9).
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OMe OMe —

Quinidine 4i

OMe OMe OMe

4j: R = CH,Ph and 4m: R = j- amyl 4k 41: R = CSNHAr; Ar = 3,5-(CF3),CgH3

Figure 7: Catalysts Screened for the Asymmetric Michael-Aldol Reaction.

Table 9: Effect of Solvent and Catalyst on the Direct Organocatalyzed Asymmetric
Cascade M-A Reaction of 92a and 70b."

0 o Catalyst 4
Ph [30 mol%]
S + E—
‘ Solvent
¢} [0.15 M]
92a 70b 0°
Entry Catalyst Solvent Time[h]  Yield [%]®! ee [%]
1 4a DMSO 4 89 0
2 4a CH3CN 6 91 0
3 4g CH,Cl, 12 95 72
4 4g DCE 60 87 59
5 49 DCB 15 92 63
6 4g Toluene 24 89 55
7 4g THF 15 95 65
8 4h CH,Cl, 12 92 74
10 4j CH,Cl, 12 96 50
11 4k CH,Cl, 72 90 1
12 4l CH,Cl, 48 92 6
13 4m CH,Cl, 24 92 1

[ Reactions were carried out in solvent [0.15 M] with 2.0 equiv. of freshly distilled 70b in the presence of
30 mol% of catalyst 4. [?! Yield refers to the column purified product. ! ee determined by HPLC analysis.
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After preliminary understanding of catalyst effect on M-A reaction of 92a and 70b
then we focused on the temperature and catalyst loading effect with different substrates.
As hydroquinine 4g or quinine 4h has showed similar result, we checked both catalysts
for temperature and catalyst loading effect. Interestingly there is a lot of effect with the
reaction temperature and catalyst loading. With 30 mol-% of catalyst 4g at room
temperature furnished the product 96ab with 28% ee and 97% yield as shown in Table 10
(entry 5). Then we performed the reaction at —30 °C temperature with 30 mol% of quinine
4h as catalyst and CH,Cl, as solvent, surprisingly we isolated the product 96ab with
decreased ee (68% ee) in 92% yield after 60 h. There is no much difference between the
reaction preformed at 0 °C and that at -30 °C as shown in Table 10 (entry 4) and we

finalized that temperature O °C is the best optimized condition to perform the reaction.

Table 10: Effect of Temperature and Catalyst Loading on the Direct Organocatayzed
Asymmetric Cascade M-A Reaction of 92 and 70b."!

O o
Ar Hk/ Catalyst 4
S + e
| CH,Cl,
(e} [0.15 M]
92 70b

92a: Ar = Ph; 92b: Ar = o-Tolyl; 92d: Ar = 2-nitro phenyl

Entry Reactant Catalyst Tem?)ecr?ture mol % Time [h] Yield [%]®  ee [%]
1 92a 4h 0 15 36 89 6
2 92a 4h 0 30 12 92 74
3 92a 4h 0 50 7 95 75

4 92a 4h -30 30 60 92 68
5 92a 4g 27 30 6 97 28
6 92b 4h 0 5 36 90 14
7 92b 4h 0 30 15 96 44
8 92b 49 0 30 18 90 62
9 92d 4h 0 3 60 70 2
10 92d 4h 0 30 16 90 58
11 92d 49 0 30 15 93 62

[ Reactions were carried out in solvent [0.15 M] with 2.0 equiv. of freshly distilled 70b in the presence of
30 mol% of catalyst 4. [?! Yield refers to the column purified product. [l ee determined by HPLC analysis.
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Then we interested the catalyst loading on enantioselectivity. Interestingly there is
a lot of effect on catalyst loading. In 5-15% catalyst loading we achieved the product with

poor ee values.

Significantly ee was increased upon increasing the catalyst loading up to 50 mol%
(Table 10, entry 3), which is clearly indicating that catalyst loading should not be below
30 mol%. Lower catalyst loading effect on decreasing enantioselectivity is also proved in
the case of 92b and 92d (Table 10, entry 6 and 9). As we performed the reaction with two
different catalysts on three different substrates, which are showed equal results but
slightly good results in case of hydroquinine. Final optimization condition for the M-A
reaction of 92 and 70 is 30 mol% of catalyst 4g with 1 equiv. of 2-alkyl-CH-acid 92, 2
equiv. of o, P-unsaturated ketone 70 and solvent as CH,Cl, at 0 °C. The pronounced
regio-controlled aldol reaction with good yield, enantio-and diastereoselectivity observed
in the Robinson annulation reaction inspired us to study the asymmetric cascade Michael-

aldol annulation reaction with variety of 2-alkyl-CH-acids 92.
5.2.4 Applications of OrgRC products

5.2.4.1 Diversity-Oriented Asymmetric Synthesis of Cascade M-A
Products 96ab-96ed:

With natural products synthesis and pharmaceutical applications in mind, we
further extended the utilization of OrgRC products in the asymmetric synthesis of
functionalized chiral-5-alkyl-8-hydroxy-8-alkyl-2-thiabicyclo[3.3.1]nonane-4,9-diones 96
via asymmetric cascade M-A reactions of various 4-alkyl-2H-thiopyran-3,5(4H,6H)-
diones 92 with different o, B-unsaturated ketones 70 under 4g catalysis in one-pot as
shown in Table 11.A series of 4-alkyl-2H-thiopyran-3,5(4H,6H)-diones 92 were reacted
with 2.0 equiv. of a, B-unsaturated ketones 70 catalyzed by 30 mol% of hydroquinine 4g
at 0 °C in CH,Cl, for 9-48 h (Table 11). All expected chiral 5-alkyl-8-hydroxy-8-alkyl-2-
thiabicyclo[3.3.1]nonane-4,9-diones analogues 96ab-96ed were obtained in 90-98%
yields with up to 94% ee as shown in Table 11. Interestingly, in these reactions, no trace
amount of Robinson annulated bicyclic alcohols 94, enones 95 and/or Michael adducts

103 were isolated.

The chiral 5-alkyl-8-hydroxy-8-alkyl-2-thiabicyclo[3.3.1]nonane-4,9-diones 96ab-
96ed were obtained in good yields and excellent ee’s with variety of substitutions on

benzene ring containing neutral, electron-donating, electron-withdrawing and halogenated
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groups on 4-alkyl-2H-thiopyran-3,5(4H,6H)-diones 92a-1 and enones containing aromatic
and aliphatic substitution 70a-d from the asymmetric M-A reaction (Table 11).
Surprisingly, the M-A reaction of aromatic enone 1-phenylprop-2-en-1-one 70d with 92a
and 92e under the catalysis of 4g furnished the M-A product 96ad and 96ed in 92% and
94% yield with 47% and 79% ee respectively (Table 11).

Table 11: Asymmetric Synthesis of Chiral Cascade M-A Products 96.*°

0 1) Catalyst 49
Ar [30 mol%]
S + HL R —>
| CH,Cl,
0 [0.15 M]
92 70 0°

96ab°® 96bb 96¢cb 96db 96eb
iald- 959 18 h, yield: 90% 19 h, yield: 91% 48 h, yield: 90% 15 h, yield: 95%
12 teyliﬁ;/% % ee: 62% ee: 73% ee: 62% ee: 87%
. 0

o) 0 (0] (0]
\ NO \ Cl Br
2o\ . Mol F S V?L\
OH OH S OH S OH S OH

2 o o A 2

96fb 96gb 96hb 96ib 96jb
15 h, yield: 96% 20 h, yield: 92% 16 h, yield: 91% 14 h, yield: 92% 21 h, yield: 98%
ee: 78% ee: 73% ee: 64% ee: 69% ee: 71%

0]
VoS
\ (0]
OH

”
/’/,\

\ /O/OMe
OH

”
7,
A

O
OH

2
A

o 96 96ac
20 h, yield: 95% 96lb aa {
eg: 75% ’ 17 h, yield: 95% 9 h, yield: 92% 18 h, yield: 92%

ee: 73% ee: 46% ee: 70%

96ad 96ea 96ec 96ed
18 h, yield: 92% 20 h, yield: 94% 15 h, yield: 95% 24 h, yield: 94%
ee: 47% ee: 83% ce: 94% ee: 79%

2 Yield refers to the column-purified product. ® ee determined by CSP HPLC analysis. ° 4h used as the catalyst.
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5.2.4.2 Synthesis of B-Keto Sulfoxides and f3-Keto Sulfones:

Oxidation of sulfides is the simplest method for the production of sulfoxides and
sulfones, both of which are important commodity chemicals as well as pharmaceuticals.
Conventional oxidants are mainly NaBOs,*” NaClO,* Ca(Cl0),,** HsI0s* KHSOs,*
HNO3,*  (NHs)Ce(NO3)s,*® NalOy,* Mn0,* KMnO,*” RuO,” CF;CO;H,”
dimethyldioxirane,”> -C4HoO,H,” 4-methylmorpholine oxide with 0sO4>* 3-
CICeH4COsH"> ?® and hydrogen peroxide (H,0,)°’. With well established oxidation of
sulfides to sulphoxides and sulfones, the OrgRC products and M-A products can be

converted easily to the respective sulphoxides and sulfones as shown Scheme 21.

o)
[0] o) oA
0=y~ D70
0 R
pB—keto sulfones
98
o)
o} R
S
o
o)
92 B—keto sulphoxides B—keto sulfones
99 100
Scheme 21. Oxidation of 92 and 96 Products.
5.2.4.3 Applications Towards CycloOctane Derivatives:

Strained cyclooctynes have a high importance in click chemistry and
bioorthogonal reactions. The M-A reaction of the functionalized OrgRC products 92a-1
with 70a-d will form bicyclic octane-dione derivatives with one keto group at bridging
position. The bridging keto group will be easily converted into ester group by base
mediated reaction leading to an eight-member ring opened product with different
functional groups.”® With few functional group transformations, one can prepare chiral

octyne rings from substituted chiral compounds 96 as shown in Scheme 22.

/
ref98 O ;
"""" - OH
S
CO,R
96 101 2

Scheme 22: Ring Opening by Using Bases.
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5.2.4.4 Synthesis of Highly Functionalized Cyclohexanone:

Development of new and highly efficient cascade approaches for the synthesis of
complex functionalized cyclohexanes is highly significant.”” The M-A product 96jb
treated with raney nickel in presence of ethanol as solvent furnished the cyclohexanone
derivative with >99% diastereoselectivity and 71% ee, by complete desulfurization of the

ring by stirring for overnight as shown in eq. 28.

Raney Ni
EtOH,
_—
RT, (28)
over night
96jb 102jb
71% ee, >99% dr 71% ee, >99% dr

5.2.5 Mechanistic Insights:

The formation of the bicyclic compound 96 from the triketone 103 is the result of
fast enolization of the six-membered ring ketone under basic condition and bond
formation via nucleophilic attack of the enolate on the keto group of the side chain.
Preferential enolization of cyclic ketone over aliphatic monoketone is well known from
the literature.'” The reaction may be considered to proceed via TS-3 and TS-5, as there is
no steric repulsions between alkyl/aryl group attached to side chain keto group and
aromatic ring of hydroquinine leading to the product with endo-alkyl and exo-OH.
Whereas there will be high steric hindrance between R & R', troubling enolate to undergo
nucleophilic addition with side chain keto group as shown in TS-4. The crystal structure
is also in well agreement with this statement. Dione 96 possesses two quaternary
stereocentres with defined relative configuration (endo-alkyl, exo-OH, as shown in

proposed mechanism).

Scheme 23: Proposed Mechanism.

o)

(0] R
. — el
O//ﬂR

0 o =0 R
TS-3
70 ﬁ R! (+)-103
O
O X\R
S7>~0H
R
96
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Figure 8: Proposed Transition State.

The results in Table 11 are clearly indicating that the regioselectivity in aldol
reaction of Michael adducts 103 is controlled by the hetero atom introduced in the ring
system to generate the reactive cyclic enolate and which is responsible for six-membered
bridged bicylic M-A product instead of fused bicylic M-A product formation. The
structure of the products 92, 96, 102jb were confirmed by NMR analysis and also relative
stereochemistry of the products 96 and 102jb were assigned by product 96eb X-ray

structure analysis (Figure 9).

NO,

96eb

Figure 9: Crystal Structure of (1SR,5RS,8RS)-8-Ethyl-8-hydroxy-5-(3-nitrobenzyl)-2-
thiabicyclo [3.3.1] nonane-4,9-dione 96eb.

5.8 CONCLUSIONS

In summary, we have successfully utilized the concept of hetero-atom induced
regioselevtivity in aldol reaction. Further we explored the synthesis of highly useful 2-
alkyl CH-acids which are having a broad application scope. Here we described the

hydroquinine catalyzed asymmetric Michael-aldol reactions of 2-alkyl CH-acids 92 with
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o, B-unsaturated ketones 70 at ambient conditions. This novel asymmetric Michael-aldol
reaction proceeds in good yields with high enantioselectivity and diasterioselectivity,
producing the bridged bicylic compounds 96 with two quaternary centers derived in one
pot. Furthermore, we demonstrated the application of chiral Michael-aldol products in the
synthesis of highly functionalized cyclohexanones. We have found that fused bicyclic
skeletons containing highly functional groups can be constructed in diastereoselective and
enantioselective fashion using simple organic substrates and catalytic amount of

hydroquinine.
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6. Neighboring Ortho-Hydroxyl Group Directed Catalytic
Asymmetric Triple Domino Reactions of Acetaldehyde
with (E)-2-(2-Nitrovinyl}Phenols

6.1 INTRODUCTION

The discovery of amino acid-catalyzed double domino asymmetric three-
component Diels-Alder (ATCDA) reaction (2003) initiated a new era in the asymmetric
synthesis through a combination of multi-component and multi-domino catalysis.6n There
has been a considerable range of multi-component and multi-domino reactions effectively
catalyzed by chiral amines or amino acids since the last one decade. However it possesses
some limitations from the substrate scope and reactivity/selectivity point of view.'*'"?
Although the design and synthesis of natural products and drug-like chiral molecules have
been synthesized through a combination of multi-component and multi-domino

104 these domino reactions still have some limitations. To elucidate, when the

reactions,
well defined catalytic conditions are applied to the substrates with additional functionality
in known domino reactions, they fail to give the similar product with the desired

selectivity. 105

The development of efficient cellular-type organocatalytic domino reactions from
simple substrates to form complex drug-like chiral molecules is a significantly
challenging task. Carbon—carbon bond forming reactions with acetaldehyde provide
access to synthetically useful compounds. Many research groups have tried to utilize the
simplest enolizable carbonyl compound of acetaldehyde as a nucleophile into aldol,
Michael or Mannich reactions using organocatalysis.'® The first organocatalytic Michael
reaction of acetaldehyde with simple B-nitrostyrenes was reported in 2008 by List and

106e-1061 Eollowing their protocols, Enders

Hayashi groups (see eq. 29 and 30, Figure 10).
and co-workers reported a quadruple domino reaction of acetaldehyde with simple [3-
nitrostyrenes to furnish the trisubstituted cyclohexene carbaldehydes (eq. 31, Figure
10)."°° In the above three reactions, List and Hayashi groups utilized five to ten
equivalents of acetaldehyde at 0-25 °C for longer reaction times to furnish the expected

Michael adducts in good yields and ee’s; but Enders domino reaction used ten equivalents

of acetaldehyde under the trivial conditions to furnish the chiral compounds in moderate

92



Neighboring ortho-Hydroxy Group Directed Triple Domino Reactions

yields with good ee’s and moderate dr’s (eq. 29-31, Figure 10). Inspired by the
acetaldehyde reactivity pattern, herein, we describe the neighboring ortho-hydroxyl group

a'” asymmetric organocatalytic multi-component, domino reaction for the

directe
synthesis of drug-like chiral chromanes'® and tetra1hydro—6H—benzo[c]chromenes108 from
acetaldehyde and 2-(2-nitrovinyl)phenols by using triple domino Michael/aldol/oxa-
Michael reactions followed by a sequential one-pot Wittig, Michael/Wittig-Horner or

reduction reactions.

Previous work: Simple p-nitrostyrenes used

O (S)-DPPOTMS
J NO, _ (20 mol-%) O Ph
H” “Me + Ph" X~ T . (29)
(5 equiv.) 105a CH5CN, 0 °C HMNOZ
104 64 h 106a
51% vyield, 92% ee
O (S)-DPPOTMS
N (10 mol-%) O Ph
H)J\Me + P 02 D E—— J\/k/NO (30)
(10 equiv.) 105a 1,4-Dioxane, r.t. H 2
104 18 h 106a
75% yield, 96% ee
O (S()-DPPO'I;I\)/IS CHO
20 mol-%
HJ\Me N @: (31)
(10 equiv.) 105a THF, H,O (2 equiv.) Ph" T Me
104 MW, 60 W, 60 °C Noz
Sh 107a, 45% yield

>99% ee and 3.5:1 dr

This work: ortho-Hydroxy substituted - nitrostyrenes used

NO,
o | (R-DPPOTMS
N B 4n (20 mol-%) _ m )
H” "Me * .
104 Fg// OH CHCI3
(3 equiv.) 108 40°Cto-5°C  109a (Fg = H)

3h 80% yield
>99% ee and 9:1 dr

Figure 10: Proposal for asymmetric triple domino-catalysis.

6.2 RESULTS AND DISCUSSION

6.2.1 Reaction Optimization

To investigate our hypothesis of directing high rate and asymmetric induction
through neighboring ortho-hydroxyl group participation, we performed the Michael
reaction of 2-(2-nitrovinyl)phenol 108a with only three equivalents of acetaldehyde 104
in the presence of 20 mol% of (rR)-DPPOTMS 4n in CHCI; at —40 to —5 °C. Surprisingly,
within 3 h, the reaction yielded chromane product 109a in 80% yield with >99% ee and
9:1 dr (Figure 10, eq. 32). For clear understanding of the reaction selectivity and also for

clean HPLC separation, we then subjected the in situ reaction mixture of 109a to Wittig
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conditions with two equivalents of Ph3P=CHCO,Et at 25 °C for 2 h. To our delight, the
sequential one-pot Wittig product (—)-110a was isolated in 80% yield with >17:1 dr and
>99% ee (Table 12, entry 1). This result sugested that there was neighboring ortho-
hydroxyl group participation through hydrogen bonding in the double domino
Michael/aldol reactions pre-transition states, which was responsible for the highest
reactivity and enantioselectivity. Interestingly, the chromane 109a was isolated in 9:1 dr
at the triple domino Michael/aldol/oxa-Michael reaction stage, but were enriched to >17:1
dr after the Wittig reaction may be due to the epimerization or decomposition of minor

isomer of chromane 109a.
Table 12: Reaction Optimization."

1) (R)-DPPOTMS
4n (20 mol-%)

NO2  Solvent (0.15 M) OaN_ CO,Et
O | -40°C to -5 °C :
H” "Me * 2) PhyP=CHCO,Et
104 OH (2 equiv.) 0~ "Me
108a CHCl3, r.t, 2 h 110a
Entry 1 Solvent thl  Yield [%]*! arldl  ee [%]
[equiv]  [0.15M] 110a

1 3 CHCI; 3 80 >17:1 >99

2 5 CHCl3 3 45 >17:1 >99

3 1 CHCl3 3 25 10:1 >99
4lel 3 CHCl; 3 61 >17:1 >99
5(f] 3 CHCl3 3 51 >17:1 98
6ld] 3 CHCl, 6 67 >17:1 >99
71h] 3 CHCl3 9 64 >17:1 >99
gll 3 CHCly 3 61 15:1 >99

9 3 DCM 5 54 >17:1 >99
10 3 DCE 7 66 >17:1 >99
1 3 CH3;CN 12 53 >17:1 >99
12 3 CH3CgHs 12 47 10:1 >99
13 3 1,4-dioxane 24 31 5:1 >99

[a] Reactions were carried out in solvent (0.15 M) with 1 to 5 equiv. of 104 relative to
the108a (0.3 mmol) in the presence of 20 mol-% of (R)-4n followed by one-pot Wittig
reaction in CHCI3 (0.15 M). [b] Yield refers to the column-purified product after 2 steps. [c]
dr was determined based on "H NMR or HPLC analysis. [d] ee was determined by CSP
HPLC analysis. [e] 20 mol-% of CH3CO,H was used as co-catalyst. [f] 20 mol-% of PhCO,H
was used as co-catalyst. [g] 10 mol-% of (R)-4n was used. [h] 5 mol-% of (R)-4n was used.
[i] Reaction performed at 25 °C.
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We further investigated the above triple domino reaction to see the improvement
in yield and dr. However, the same reaction with five or one equivalent of acetaldehyde
104 at —40 to -5 °C for 3 h followed by the Wittig reaction in sequential one-pot manner
furnished the (—)-110a in reduced (45% or 25%) yield with >17:1 or 10:1 dr and >99%
ee, respectively (Table 12, entries 2 and 3). After thorough investigation of (R)-4n-
catalyzed asymmetric triple domino Michael/aldol/oxa-Michael reaction followed by a
sequential one-pot Wittig reaction, we found that the solvent, co-catalyst, catalyst loading
and reaction temperature have significant effects on the dr/ee’s and yields. In the final
optimization, asymmetric triple domino reaction of 104 and 108a through (r)-4n-catalysis
in chloroform (0.15 M) at —40 to =5 °C for 3 h followed by Wittig reaction with two
equivalents of Ph;P=CHCO,Et in a sequential one-pot manner at 25 °C for 2 h in
chloroform (0.15 M) furnished the isomerically pure chiral chromane (—)-110a in 80%
yield with 99% ee and >17:1 dr (Table 12, entry 1).

6.2.2 Diversity Oriented Synthesis of Chromanes:

The generality of the asymmetric triple domino-catalysis was further supported by
reacting a series of functionalized 2-(2-nitrovinyl)phenols 108b—k with three equivalents
of acetaldehyde 104 catalyzed by 20 mol% of (r)-4n at —40 to —5 °C in CHCI; (0.15 M)
for 3-4 h followed by the Wittig reaction in a sequential one-pot manner with two
equivalents of PhsP=CHCO;Et at 25 °C for 2 h (Table 13). The chiral chromane products
110b-k were isolated in excellent yields, dr’s and ee’s, tolerating the electronic and steric
influence of the substrates. Herein, a variety of 2-(2-nitrovinyl)phenols 108a-k were used
as dual Michael acceptors and donors to trap the in situ generated “simplest enamine” and
functionalized “iminium ions” from the triple domino reaction of 104, 108 and (r)-4n to
furnish the functionalized chiral chromanes 110a-k with up to >99% ee and >25:1 dr in
excellent yields (Table 13). Furthermore to understand the complex chiral molecules
synthesis from the triple domino reaction and also for the structural importance of

108

chromene moiety in medicinal chemistry, — the domino products 109 were treated in situ

with the ethyl 2-(diethoxyphosphoryl)acrylate 111'%*"

to furnish a series of tricyclic
chromenes 112a-j in excellent yields with good dr and ee values (Table 14). When in situ
formed triple domino chromane 109a was used in the sequential one-pot Michael/Wittig-
Horner reactions with two equivalents 111 at 25 °C for 2 h, the tricyclic chromene (-)-
112a was furnished in 75% yield with >99:1 dr and >99% ee (Table 14). In a similar

manner, isomerically and optically pure three more chiral tricyclic chromenes 112 were
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by X-ray structure analysis on (—)-110a as shown in Figure-11 .

Neighboring ortho-Hydroxy Group Directed Triple Domino Reactions

synthesized in very good yields from functionalized 2-(2-nitrovinyl)phenols 108 without
any side reactions (Table 14).

[a-c]

Table 13: Scope of the Asymmetric Triple Domino-Catalysis.

1) (R)-4n(20 mol-%)
CHCl; (0.15 M)

NO;  40°Cto-5°C
j’\ 3-4h
XX
H™ "Me * ] 2) PhyP=CHCO,Et
104 g Z 0K (2 equiv.)
108 CHCls, r.t., 2 h
CO,Et

110b: 82% yield

110c: 82% yield 110d: 83% yield
24:1 dr and >99% ee >25:1 dr and >99% ee 18:1 dr and >99% ee
CO,Et ON_ CO,Et CO,Et
Me H MeO
0~ "Me
Cl 110f: 87% yield 110g: 82% yield
110e: 82% yield 15:1 dr and >99% ee 24:1 dr and >99% ee
18:1 dr and >99% ee
O.N_ CO,Et CO,Et COEt
MeO 0" "Me
110h: 80% yield OMe OH
24:1 dr and >99% ee 110i: 75% yield 110j: 75% yield
24:1 dr and >99% ee 16:1 dr and >99% ee
O,N CO,Et

o/

0~ "Me
110k: 80% yield
15:1 dr and >99% ee

[a] Yield refers to the column-purified product after 2 steps. [b] dr was determined based on
'H NMR or HPLC analysis. [c] ee was determined by CSP HPLC analysis.

The structure and absolute stereochemistry of the triple domino products 109, 110

and tricyclic chromenes 112 were confirmed by NMR analysis and also finally confirmed

109
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Figure 11: X-ray Crystal Structure of Chiral (E)-Ethyl 3-((2S5,3R,4R)-2-methyl-4-
(nitromethyl)chroman-3-yl)acrylate (110a).

CO,Et

(-)-110a
Table 14: Scope of the Asymmetric Sequential One-pot Reactions.
1) (R)-4n (20 mol-%)
CHCl; (0.15 M)
O2 4pocto-5°C ON COREt

)j\ N 3-4h -

H” "Me * || 2) 111 (1.2 equiv.) ’
OH  Cs,CO(2equiv) g 07 “Me
CH,Cl, (0.15 M) 12
0°C,6h
3) EtOH (0.15 M)
rt,2h

112a: 75% yield 112d: 67% yield
99:1 dr and >99% ee 99:1 dr and >99% ee

CO,Et CO,Et

Cl OH
112e: 70% yield 112j: 72% yield
99:1 dr and >99% ee 99:1 dr and >99% ee

[a] Yield refers to the column-purified product after 3 steps. [b] dr was determined based on
"H NMR or HPLC analysis. [c] ee was determined by CSP HPLC analysis.
To explore the utility of the chiral (25,3R,4R)-2-methyl-4-(nitromethyl)chroman-
3-carbaldehydes 109, we subjected them to simple reduction protocol to furnish the
((2S,3S5,4R)-2-methyl-4-(nitromethyl)chroman-3-yl)methanols (eq. 33). Moreover, the in

situ sodium borohydride mediated reduction on the chiral triple domino product 109a
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furnished the compound (—)-113a in 75% yield with 98% ee and 9:1 dr. Perhaps, this
observed less diastereoselectivity of (—)-113a may be due to the possibility of very slow
epimerization of minor isomer of 109a at these conditions. The observation of less
diastereoselectivity in reduction strategy was further supported by the same selectivity

observed in the previous step of triple domino-catalysis (eq. 32 and 33).

1) (R)-4n (20 mol-%)

NO, CHCl3(0.15M) ON_ o
o | -40 °C to -5 °C :
* 3h
104 OH 2) NaBH, (2.0 equiv.) o0~ “Me
108a MeOH, 0°C, 1 h 113a: 75% yield

9:1 dr and 98% ee

6.2.3 Mechanistic Insights

Figure 12: Proposed Reaction Mechanism for the Triple Domino Catalysis.

o
#
_NO, “\\.
~_CHO NN
@\/j/ N OTMS E /)\
0" “"Me Ry-4n . o\\D OH
o © (Wichael) 103 “6
Oxa-Michael
n<&—Ph &Ph
@a> S CN> Gheons (0 Ghe
OH Me OH

—H20K )//? 0 #

_# WY
.® ON_ [®> “6"“ H/U\Me O,N [N>""

OTMS 104 ~

0N
¢
>
e
0~ "Me C, TS-7

TS-8 |l| Si-face
L approach _|

Z®

(@) AT
T i
o= =
T o

Cl) '
I-O \
MY
R

Even though further studies are needed to securely elucidate the mechanism of
triple domino reactions through (R)-4n-catalysis, the reaction proceeds in a stepwise
domino manner between the in situ generated “simplest enamine” from 104 and (R)-4n
and the olefins 108 (Figure 12). In the first step of Michael addition, based on the crystal
structure studies we can rationalize the observed high stereoselectivity through an
allowed transition state where the re-face of ortho-hydroxy olefin 108 approaches the in
situ generated “simplest enamine” from 104 and (R)-4n due to the less steric

hindrance/electrostatic repulsion as shown in TS-6. In the second aldol condensation step,
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formation of the “iminium ion” Dy can be explained by the model TS-7, in which the
newly generated ‘“enamine” B; approaches the activated acetaldehyde 104 through
intermolecular hydrogen bonding with ortho-OH group followed by water elimination
from intermediate Cy, which is also induced by ortho-OH group through intramolecular
hydrogen bonding (Figure 12). In the third oxa-Michael step, on the basis of crystal
structure studies we conclude that the observed high stereoselectivity through an allowed
transition state where the si-face of “iminium ion” D; undergoes intramolecular oxa-

Michael addition with ortho-Ar-OH group followed by hydrolysis as shown in TS-8.

Alternative pathway for domino products 109 formations can be possible through
aldol condensation/oxa-Michael/Michael sequence, which will be triggered by in situ
crotonaldehyde formation.'”** But this pathway is overruled by performing few controlled
experiments and also detecting key intermediates of an on-going reaction using ESI-
HRMS analysis (Scheme 24 and Figure 13). Rate of the in sifu crotonaldehyde 114
formation from the acetaldehyde 104 under the identical conditions was very poor,
compared to Michael addition with olefin 108a. Reaction of crotonaldehyde 114 with
olefin 108a under the (R)-4n catalysis at -5 or 25 °C followed by sequential one-pot
addition with Ph3P=CHCO,Et furnished the domino product 110a in good yield/ee, but
with moderate dr. These two controlled experiments suggesting that the reaction pathway
will be the domino Michael/aldol condensation/oxa-Michael instead of aldol

condensation/oxa-Michael/Michael sequence.

)OL (R)-4n(20 mol%) o}
4" Me  CDCls (0.15 M)
104 5°C.3h ’ !
(0.1 mmol) 114 ~Me

only 16% conv.

N02 1) (R)-4n(20 mol%) O,N CO,Et
CHCl; (0.15 M) :
)H\ 25°C,3h
2) PhyP=CHCO,Et
(0] Me
114 Ve 1082 (2 equiv.) 110a: 80% yield
CHCl3, RT, 2h 5:1 dr and 89% ee
N021) (R)-4n (20 mol%) O,N CO,Et
CHCl; (0.15 M) :
)J\L -5°C,3h
2) PhyP= CHCOzEt
O Me
114 “Me 108 (2 equiv.) 110a: 80% yield
CHCI3, RT, 2 h 10:1 dr and 99% ee

Scheme 24: Controlled Experiments to Investigate the Reaction Mechanism.
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As evidence, the proposed reaction pathway and the formation of the important
catalytic species of “iminium ions” C; and Dy were confirmed through the electrospray
ionization with high resolution mass spectrometry (ESI-HRMS) analysis of the on-going
reaction between 0.9 mmol of 104, 0.3 mmol of 108a and 20 mol-% of (r)-4n in CHCl; at
—40 °C to -5 °C for 3 h and also shown by the structural requirement in the olefins 108 to
increase the triple domino reaction rate through controlled experiments (Scheme 24). The
ESI-HRMS spectrum of an on-going reaction of 104 (3 equiv.) and 108a in the presence
of (R)-4n (20 mol-%) in the CHCI;5 at —40 °C to —5 °C for 3 h reveals the presence of
mono Michael product+H" (m/z 210.0769), Michael-aldol product-Na* (m/z 276.0847),
Michael-aldol condensation product-Na® (m/z 258.0746) and also the formation of the key
catalytic intermediates C;* (m/z 561.2786) and D" (m/z 543.2680). Nevertheless, the key
catalytic intermediate ions C;" and D" are observed from the first moments of reaction
(Figure-13).'"

Figure-13: The Complete Information on the ESI-HRMS Spectrum of an On-going
Reaction of 104 and 108a in the Presence of 4n.

NO, _NO;
| o (R)-DPPOTMS :
+ J\ 4n (20 mol%) CHO
H Me
OH 104 CHCl, o “Me
0 0
108a 0.9 mmol 40 Cto-5°C 109a
0.3 mmol 3h 0.3 mmol
02N ON__ ON
CHO __CHO :__CHO
S (L To T
OH OH OH
Intermediate | Intermediate Il Intermediate 11l
Formula: C;yH;;NO, Formula: C;,H;sNOs Formula: C;,H{3NO,
Exact Mass: 209.0688 Exact Mass: 253.0950 Exact Mass: 235.0845

()7 (o))

, Ph Ph

OZN\_ \,-\? ”"'\( OzN\ ?\Dj 'w/\(
H | z

OTMS O OTMS
H
OH | "
OH "Me OH "Me

Intermediate C, Intermediate D,
Formula: C3,H,N,058i" Formula: C3,H;39N,0,Si"
Exact Mass: 561.2785 Exact Mass: 543.2679
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Experimentally Observed Intermediate-I on the ESI-HRMS Spectrum of an On-going
Reaction of 104 and 108a in the Presence of 4n.

ntens.

+M5, 0. 3min #20
O,N

@\/\/CHO
o 210.1303
200 OH

Formula (M): C;yH{{NO,
Exact Mass (M+H): 210.0766

o/

210.0410

1504 2102124 210.2660

2103415
| 2000013

210.3852
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1004 C 2100787 )

210.1540

50

210.00
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Experimentally Observed Intermediate-II on the ESI-HRMS Spectrum of an On-going
Reaction of 104 and 108a in the Presence of 4n.

niens. +M3Z, 0.5-0.Bmin #{26-44)
120
278.0582
OaN__
100 B
CHO
(L Lo
OH
Formula (M): C{,H;5NO5
B0+ Exact Mass (M+Na): 276.0848
2761122
276.0848
40
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20
276 EEE
270413 278.0062
2701248
0 -7 T
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CITEA2 T miz
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Experimentally Observed Intermediate-III on the ESI-HRMS Spectrum of an On-going
Reaction of 104 and 108a in the Presence of 4n.
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Experimentally Observed Intermediate-C; on the ESI-HRMS Spectrum of an On-going
Reaction of 104 and 108a in the Presence of 4n.

Intens. +MS, 2.0min #118

®104]
( Ph
Ph
O,N ®
1.5 N
561.2785 | OTMS
1 H
OH
OH Me
Formula: C3,H4;N,05Si
Exact Mass: 561.2785
1.0
562.2800
0.5
550.2074
563.2819
5573456 5583008 560.3015
564.2874
‘ | 565.2863
00 |I L III =||| I||I IIIII ||' I| I| I|II I| I|||||I III || |I'|I|' . ||'=”“||”|II| |III||”| I|I|I I||I III r I|' r . I|II I|I I||I |||||
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Experimentally Observed Intermediate-D; on the ESI-HRMS Spectrum of an On-going

Reaction of 104 and 108a in the Presence of 4n.
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Experimentally Observed Isotopic Pattern of the Intermediate [C,].
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Experimentally Observed Isotopic Pattern of the Intermediate [D,].
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However, there is no reaction observed between either (E)-3-(2-nitrovinyl)phenol
105b or (E)-4-(2-nitrovinyl)phenol 105c¢ with acetaldehyde 104 via (R)-4n-catalysis in
CHCIl5 at —40 °C to =5 °C for 12 h and 25 °C for 12 h as shown in Scheme 25. In a
similar manner, only <5% conversion was observed for the domino reaction between 104
and simple B-nitrostyrene 105a via (R)-4n-catalysis in CHCl; at —40 °C to =5 °C for 3 h.
But the same reaction took a long time (96 h) to furnish the Michael product 106a in 25%
yield and quadruple domino product 107a in 25% yield with >99% ee and de (Scheme
25)."% Enders reported the same quadruple domino reaction to furnish the opposite
enantiomer of (1R,2R,35)-107a in 45% yield with >99% ee and 3.5:1 dr from the ten
equivalents of 104 with 105a in THF/H,O at 60 °C [MW, 60 W] for 5 h under the (5)-4n

1
catalysis.' %%

The observed poor reactivity of these reactions could be explained due to the lack
of neighboring ortho-hydroxyl group participation through hydrogen bonding or creation
of the meta-stable electronic structures in the transition states. This phenomenon is

sufficient to control the observed high reactivity and selectivity in other substrates like

108a-k.
NO2 (R)-4n (20 mol-%) O2N
) H
)il F | CHCl; (0.15 M) Fo___“_GHo
+ _—
H* Me © || -40°Cto-5°C |
104 ~Z 105 12h X~ 106

(3equiv)  Fg=3-OH(105b) ,zoc 121 106b: No reaction
Fg = 4-OH (105c) ’ 106¢: No reaction
> <5% conv.
-40°Cto-5°C
(o) (R)-4n 3h
Py J/NOZ (20 mol-%) 0N
H™ “Me * “oHol, :
104 Ph7 1052 ' ,\jl) ph - CHO
(3 equiv.) ’ 106a: 25% yield
e +
-40°Cto-5°C CHO
96 h ‘
Ph “Me
NO,

(1R,2R,3S)-107a
25% yield, >99% ee & de

Scheme 25: Controlled Experiments to See the Neighboring ortho-Hydroxyl Group

Participation in Triple Domino-Catalysis.

6.3 CONCLUSIONS

In conclusion, we have designed a novel and efficient triple domino
Michael/aldol/oxa-Michael followed by a sequential one-pot Wittig, Michael/Wittig-

Horner or reduction reactions of acetaldehyde 104 with 2-(2-nitrovinyl)phenols 108 under
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Neighboring ortho-Hydroxy Group Directed Triple Domino Reactions

the (R)-4n-catalysis followed by the addition of PhsP=CHCO,Et, 111 or NaBH, to furnish
the functionalized chromanes 110 or chromenes 112 with high yield, ee and de values.
With the help of ESI-HRMS technique, we have given strong evidence to the reaction
pathway through triple domino-catalysis by detecting key catalytic intermediate jons.'!?
The catalytic asymmetric triple domino reactions would become a promising tool for the
synthesis of functionalized chiral heterocycles and the examination of the potential

medicinal applications of these molecules would certainly show the importance of this

novel protocol.
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7. EXPERIMENTAL SECTION

General Methods: 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 (d =
0) for 'H NMR and relative to the central CDCls, (6 = 77.0), DMSO-ds, (6 = 39.5) or
MeOH-d, (8 = 49.1) resonance for *C NMR. In the >C NMR spectra, the nature of the
carbons (C, CH, CH, or CH3) 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 EI 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-Ko 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. H,SO4 (35 mL), acetic acid (10 mL), and ethanol (900 mL)
followed by heating.

General Experimental Procedures for the Cascade Reactions:

Procedure A: Amino Acid-Catalyzed Reductive Alkylation Reactions with
Phthalamidoacetaldehyde: In an ordinary glass vial equipped with a magnetic stirring
bar, 0.5 mmol of the aldehyde 2k, 0.5 mmol of CH-acid 3 and 0.5 mmol of Hantzsch ester
1la was added 1.0 mL of solvent and then the catalyst amino acid 4a (0.05 mmol) was
added and the reaction mixture was stirred at 25 °C for the time indicated in Tables land
2. The crude reaction mixture was directly loaded onto a silica gel column with or without
aqueous work-up and pure cascade products 69 were obtained by column

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

2-(2-(2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-yl)ethyl)isoindoline-1,3-dione (69a):

Prepared by following the procedure A and purified by column

o R O Me chromatography using EtOAc/hexane and isolated as a solid. Mp
112°C. IR (Neat): vy, 1736, 1700, 1345, 1206 and 1027 cm™; 'H

N o) o Ve NMR (CDCl3) & 7.84-7.82 (2H, m), 7.73-7.71 (2H, m), 4.01-3.98

0 (2H, m), 3.94 (1H, t, J = 5.2 Hz), 2.46-2.45 (2H, m), 1.83 (3H, s),
69a 1.77 (3H, s); C NMR (CDCl;, DEPT-135) & 168.7 (2xC, C=0),

165.1 (2xC, C=0), 134.0 (2xCH), 131.9 (2xC), 123.3 (2xCH), 105.2 (C), 45.0 (CH), 35.8 (CH,),
28.4 (CH3), 26.1 (CHs), 25.2 (CH,); LRMS m/z 318.15 (M+H?*), caled C,¢H;sNOg (317.09); Anal.
Calcd. for C1gH,sNOg (317.0899): C, 60.57; H, 4.77; N, 4.41. Found: C, 60.45; H, 4.82; N, 4.51.

2-(2-(2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-yl)ethyl)isoindoline-1,3-dione (69b):

0 Prepared by following the procedure A and purified by column
o Me  chromatography using EtOAc/hexane and isolated as a solid. Mp
N Me 153°C. IR (Neat): v, 2947, 1713, 1606, 1561, 1472, 1349 and
O

1119 cm™; "H NMR (DMSO-de) & 7.81-7.79 (4H, m), 3.57 (2H, t,
J = 5.6 Hz), 2.47 (2H, t, J = 6.4 Hz), 2.12 (1H, bs, -OH), 2.08
(4H, s, 2xCH,C=0), 0.90 (6H, s); °C NMR (DMSO-d,, DEPT-
135) § 168.5 (2xC, C=0), 134.7 (2xCH), 132.0 (2xC), 123.2 (2xCH), 110.6 (C), 36.9 (CH,), 31.6
(C), 28.3 (2xCH;), 20.9 (CH,); LRMS m/z 314.15 (M+H"), caled CisH;oNOy (313.13); Anal.
Calcd. for CigH;oNO, (313.1314): C, 68.99; H, 6.11; N, 4.47. Found: C, 68.87; H, 6.11; N, 4.47.

69b

2-(2-(2,6-dioxocyclohexyl)ethyl)isoindoline-1,3-dione (69c): Prepared by following the

procedure A and purified by column chromatography using

0O 3 EtOAc/hexane and isolated as a solid. Mp 147°C. IR (Neat): Vpax
N 2928, 2856, 1711, 1569, 1385, 1120 and 751 cm™'; 'H NMR (DMSO-
Y HO de) 6 7.85-7.80 (4H, m), 3.58 (2H, t, J = 6.0 Hz), 2.51 (2H, t, J = 2.0
69c Hz), 2.48 (2H, t, J = 6.0 Hz), 2.19 (1H, bs, -OH), 1.75 (2H, quin, J =

6.4 Hz); °C NMR (DMSO-ds, DEPT-135) & 168.0 (2xC, C=0), 134.2 (2xCH), 131.7 (2xC),
122.8 (2xCH), 111.5 (C), 36.5 (CH,), 20.7 (CH,), 20.4 (CH,); LCMS: m/z 286.50 (M + H), calcd
for C;cH;sNO, 285.10; Anal. calcd for C;sH;sNO, (285.10): C, 67.36; H, 5.30; N, 4.91. Found: C,
67.36; H, 5.30; N, 4.99%.
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Experimental Section

2-(2-(2,5-dioxocyclopentyl)ethyl)isoindoline-1,3-dione (69d): Prepared by following the

procedure A and purified by column chromatography using

e} ] EtOAc/hexane and isolated as a solid. Mp 117°C. IR (Neat): vy, 3441,
. 1707, 1554, 1399, 1360, 1251, 1120 and 714 cm™; '"H NMR (DMSO-

o) de) & 7.50 (4H, bs), 3.26 (3H, t, J = 6.4 Hz), 1.99 (2H, t, J = 6.8 Hz),
© cod 1.94 (4H, bs, 2xCH,C=0); *C NMR (DMSO-ds, DEPT-135) & 168.5

(2xC, C=0), 134.8 (2xCH), 132.0 (2xC), 123.3 (2xCH), 113.6 (C),
36.6 (CH,), 20.3 (CH,); LCMS: m/z 272.20 (M + H), calcd for C;sH;3NO, 271.08; Anal. calcd for
CisH3NO,4 (271.0845): C, 66.41; H, 4.83; N, 5.16. Found: C, 66.48; H, 4.76; N, 5.09%.

2-(2-(2,4-dioxotetrahydrofuran-3-yl)ethyl)isoindoline-1,3-dione (69e): Prepared by following

the procedure A and purified by column chromatography using

o Q o EtOAc/hexane and isolated as a solid. Mp 132°C. IR (Neat): Vyux
3429, 2928, 1766, 1706, 1659, 1602, 1462, 1390, 1125 and 954 cm™;

N 4 'H NMR (DMSO-d) § 7.61-7.59 (4H, m), 4.26 (2H, s), 3.40 (2H, t, J
O = 6.0 Hz), 2.27 (1H, s), 2.18 (2H, t, J = 6.0 Hz); °C NMR (DMSO-
69 ds, DEPT-135) 6 174.7 (C, C=0), 167.9 (2xC, C=0), 134.3 (2xCH),

131.7 (2xC), 123.0 (2xCH), 96.2 (C), 66.6 (CH,), 36.1 (CH,), 20.2 (CH,); LCMS: m/z 272.20 (M
- H), calcd for C4H;;NOs 273.06; Anal. calcd for C;H,;NOs 273.0637: C, 61.54; H, 4.06; N,
5.13. Found: C, 61.68; H, 4.12; N, 5.09%.

2-(2-(1,3-dioxo0-2,3-dihydro-1H-inden-2-yl)ethyl)isoindoline-1,3-dione  (69f): Prepared by

following the procedure A and purified by column

0 Q chromatography using EtOAc/hexane and isolated as a solid. Mp
172°C. IR (Neat): vmax 1776, 1707, 1407, 1382, 1014, 875 and

N 716 cm™'; "H NMR (DMSO-ds) & 7.90 (2H, s), 7.87 (2H, s), 7.78
0 ° (4H, bs), 3.76 (2H, t, J = 8.0 Hz), 3.39 (1H, bs, -OH), 2.19-2.15

(2H, m); *C NMR (DMSO-ds, DEPT-135) & 200.3 (2xC, C=0),
168.2 (2xC, C=0), 142.1 (2xC), 136.3 (2xCH), 134.7 (2xCH), 132.0 (2xC), 123.4 (2xCH), 123.2
(2xCH), 52.1 (CH), 35.8 (CH,), 24.5 (CH,); LCMS: m/z 320.10 (M + H), calcd for C;oH;5NO,
319.08; Anal. caled for CoH;3NO, 319.0845: C, 71.47; H, 4.10; N, 4.39. Found: C, 71.35; H,
4.22; N, 4.31%
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Experimental Section

2-(2-(2,6-dioxo-4-phenylcyclohexyl)ethyl)isoindoline-1,3-dione (69g): Prepared by following
0 the procedure A and purified by column chromatography

O using EtOAc/hexane and isolated as a solid. Mp 147°C. IR
©[§Nf§:>_@ (Neat): vy 3469, 1774, 1720, 1714, 1466, 1411 and 1015
o) cm™; '"H NMR (DMSO-dg) & 7.85-7.78 (4H, m), 7.32-7.19

O 699 (5H, m), 3.61 (2H, t, J = 6.0 Hz), 3.43 (1H, bs, -OH), 3.21-

3.13 (1H, m), 2.54-2.47 (4H, m), 2.40-2.37 (2H, m); "C NMR (DMSO-ds, DEPT-135) & 168.5
(2xC, C=0), 143.9 (C), 134.6 (2xCH), 132.2 (2xC), 129.0 (2xCH), 127.2 (2xCH), 127.1 (CH),
123.3 (2xCH), 111.7 (C), 38.8 (CH), 36.9 (CH,), 21.3 (CH,); LCMS: m/z 362.20 (M + H), calcd

for C,H;oNO, 361.13; Anal. calcd for C,oH;oNO, (361.1314): C, 73.12; H, 5.30; N, 3.88. Found:
C, 73.05; H, 5.36; N, 3.81%.

2-(2-(7,9-dioxospiro[4.5]decan-8-yl)ethyl)isoindoline-1,3-dione (69h):

0 Prepared by following the procedure A and purified by column

O chromatography using EtOAc/hexane and isolated as a solid. Mp
N 135°C. IR (Neat): v, 1708, 1603, 1463, 1429, 1391, 1122,
0 1040 and 720 cm™; '"H NMR (MeOH-d,) & 7.68-7.60 (4H, m),

0 69h 3.60 (2H, t, J = 6.4 Hz), 3.17 (2H, s), 2.49 (2H, t, J = 6.0 Hz),

2.12 (3H, s), 1.49-1.47 (3H, m), 1.31-1.29 (3H, m); °C NMR (MeOH-d,, DEPT-135) & 168.6
(2xC, C=0), 133.7 (2xCH), 132.1 (2xC), 122.5 (2xCH), 111.7 (C), 42.3 (C), 37.8 (2xCH,), 36.3
(CH,), 23.7 (2xCH,), 20.3 (CH,); LCMS: m/z 340.25 (M + H), calcd for C,,H,NO, 339.15;
Anal. calcd for C,0H, NO, 339.1471: C, 70.78; H, 6.24; N, 4.13. Found: C, 70.15; H, 6.12; N,
4.22%.

2-(2-(2,4-dioxospiro[5.5]undecan-3-yl)ethyl)isoindoline-1,3-dione (69i): Prepared by following

0 the procedure A and purified by column chromatography using

0] EtOAc/hexane and isolated as a solid. Mp 127°C. IR (Neat):
N Vmax 2931, 2858, 1730, 1697, 1603, 1502, 1343, 1293, 1259 and

o) 1147 cm™; '"H NMR (MeOH-dy) § 7.17-7.12 (4H, m), 3.08 (2H,

0 69 t,J = 5.6 Hz), 1.98 (2H, t, J = 6.0 Hz), 1.60 (4H, s), 0.78 (6H,

bs), 0.75 (4H, bs); °C NMR (MeOH-d,, DEPT-135) & 170.1
(2xC, C=0), 135.3 (2xCH), 133.6 (2xC), 124.0 (2xCH), 112.6 (C), 42.3 (C), 37.8 (CH,), 37.6
(2xCH,), 35.6 (CH,), 27.4 (CH,), 22.8 (2xCH,), 21.7 (CH,); LCMS: m/z 354.25 (M + H), calcd
for C, H3NO, 353.17; Anal. calcd for C,;H,3NO, (353.1627): C, 71.37; H, 6.56; N, 3.96. Found:
C,71.45;H, 6.51; N, 3.92%.
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Experimental Section

2-(2-(2,4-dioxochroman-3-yl)ethyl)isoindoline-1,3-dione (69j): Prepared by following the

procedure A and purified by column chromatography using

O EtOAc/hexane and isolated as a solid. Mp 115°C. IR (Neat): Vpax

o 3421, 1695, 1609, 1566, 1401, 123774, 1186 and 722 cm™; 'H
N 0 NMR (DMSO-dg) 6 7.86 (1H, d, J = 7.6 Hz), 7.78 (4H, bs), 7.57
Y o (1H, t, J = 7.6 Hz), 7.32-7.28 (2H, m), 3.79 (2H, t, J = 5.6 Hz),

3.36 (1H, bs), 2.86 (2H, t, J = 5.6 Hz); >C NMR (DMSO-d,
DEPT-135) 6 168.4 (2xC, C=0), 163.5 (C, C=0), 161.5 (C),
152.4 (C), 134.7 (2xCH), 132.3 (2xC), 132.0 (CH), 124.3 (CH), 123.5 (CH), 123.4 (2xCH), 116.7
(CH), 116.4 (C), 103.0 (C), 36.7 (CH,), 23.5 (CH,); LCMS: m/z 336.25 (M + H), calcd for
Ci9H3NOs 335.08; Anal. calcd for C19H3NOs (335.0794): C, 68.06; H, 3.91; N, 4.18. Found: C,
68.22; H, 3.96; N, 4.11%.

69]

2-(2-(3-hydroxy-1,4-dioxo-1,4-dihydronaphthalen-2-yl)ethyl)isoindoline-1,3-dione (69K):
Prepared by following the procedure A and purified by column
chromatography using EtOAc/hexane and isolated as a solid. Mp

o]
ey,
' 168°C. IR (Neat): v 3289, 1697, 1669, 1642, 1405, 1269,
HO 0]

N 1107 and 718 cm™; "H NMR (DMSO-d¢) 8 7.93 (1H, d, J = 7.2
o Hz), 7.89 (1H, d, J = 7.2 Hz), 7.81-7.41 (6H, m), 3.77 (2H, t, J =
69k 6.0 Hz), 3.37 (1H, bs), 2.80 (2H, t, J = 6.4 Hz); "C NMR

(DMSO-ds, DEPT-135) 6 184.7 (C, C=0), 181.1 (C, C=0), 168.3 (2xC, C=0), 156.8 (C), 135.0
(CH), 134.8 (2xCH), 133.7 (CH), 132.3 (C), 132.0 (2xC), 1304 (C), 126.2 (2xCH), 123.4
(2xCH), 121.2 (C), 36.5 (CH,), 22.7 (CH,); LCMS: m/z 346.15 (M - H), calcd for CyH;3NOs
347.08; Anal. calcd for C,0H3NOs 347.0794: C, 69.16; H, 3.77; N, 4.03. Found: C, 69.32; H,
3.74; N, 4.12%.

2-(2-(1,3-dioxoisoindolin-2-yl)ethyl)malononitrile (691): Prepared by following the procedure A

and purified by column chromatography using EtOAc/hexane and

isolated as a solid. Mp 105°C. IR (Neat): v 3555, 2937, 2209, 1774,

NJ_<CN 1719, 1650, 1379, 1106 and 718 cm™; "H NMR (DMSO-dq) & 7.89-7.82

(4H, m), 4.81 (1H, t, J = 6.8 Hz), 3.77 (2H, t, J = 12.4 Hz), 2.36 (2H, t,

69l J = 6.0 Hz); "C NMR (DMSO-ds, DEPT-135) § 168.4 (2xC, C=0),

134.9 (2xCH), 132.2 (2xC), 123.6 (2xCH), 114.4 (2xC, -CN), 34.8 (CH,), 29.0 (CH,), 20.9 (CH);

LCMS: m/z 240.05 (M + H), caled for C;3HgN;O, 239.0695; Anal. calcd for C;3HoN;O,
239.0695: C, 65.27; H, 3.79; N, 17.56. Found: C, 65.12; H, 3.82; N, 17.45%.
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Experimental Section

Procedure B: Preparation for Racemic Michael Products 78a & 78b with Triethylamine-
Catalysis: In an ordinary glass vial equipped with a magnetic stirring bar, 0.3 mmol of 69¢ and
0.9 mmol of alkyl vinyl ketone 70 with a catalytic amount of triethylamine (5 mol%) in 1.0 mL of
CH;CN solvent mixture was stirred at 25 °C for 2-48 h. The crude reaction mixture was worked
up with aqueous NH4CI solution, and the aqueous layer was extracted with ethyl acetate (3 x 20
mL). The combined organic layers were dried (Na,SO,), filtered and concentrated. Pure products
78a & 78b were obtained by column chromatography (silica gel, mixture of hexane/ethyl

acetate).
2-(2-(2,6-dioxo-1-(3-oxobutyl)cyclohexyl)ethyl)isoindoline-1,3-dione (78a): Prepared by
o following the procedure B and purified by column chromatography using
O EtOAc/hexane and isolated as a gummy solid. The enantiomeric excess

(ee) was determined by chiral stationary phase IR (Neat): v, 2953, 1775,

5N 1715, 1666, 1397, 1151 and 877 cm™; "H NMR (CDCls) & 7.83-7.81 (2H,
o m), 7.72-7.70 (2H, m), 3.62 (2H, t, J = 6.4 Hz), 2.76-2.59 (5H, m), 2.40
782 (2H, t, J = 6.8 Hz), 2.17 2H, t, J = 6.4 Hz), 2.10 (4H, ), 2.03 2H, t, J =

6.8 Hz); °C NMR (CDCls, DEPT-135) § 209.4 (2xC, O-C=0), 206.9 (C,
0-C=0), 168.4 (2xC, O-C=0), 133.9 (2xCH), 132.1 (2xC), 123.2 (2xCH), 66.9 (C), 37.8
(2xCH,), 37.5 (CH,), 34.05 (CH,), 30.05 (CHy), 29.9 (CH3;), 29.8 (CH,), 17.2 (CH,); LCMS: m/z
356.10 (M + H), calcd for CyH,;NOs 355.14; Anal. caled for Co0H,NOs (355.1420): C, 67.59; H,
5.96; N, 3.94. Found: C, 67.48; H, 5.91; N, 3.86%.

2-(2-(2,6-dioxo-1-(3-oxopentyl)cyclohexyl)ethyl)isoindoline-1,3-dione (78b): Prepared by

following the procedure B and purified by column chromatography using

EtOAc/hexane and isolated as a gummy solid. Mp 90°C. IR (Neat): Vyux
2926, 1759, 1715, 1457, 1370, 1233, 1233 and 104lcm™; 'H NMR
?’ (CDCl;) & 7.83-7.80 (2H, m), 7.71-7.69 (2H, m), 3.62 (2H, t, J = 6.4 Hz),

2.76-2.58 (4H, m), 2.40-2.35 (4H, m), 2.16 (2H, t, J = 6.4 Hz), 2.12-2.07

(1H, m), 2.03 (2H, t, J = 6.8 Hz), 1.74-1.73 (1H, m), 1.01 3H, t, J =7.2

); °C NMR (CDCl;, DEPT-135) & 209.8 (C, O-C=0), 209.4 (2xC, O-C=0), 168.4 (2xC,

0-C=0), 133.9 (2xCH), 132.1 (2xC), 123.2 (2xCH), 66.9 (C), 37.8 (2xCH,), 36.1 (CH,), 36.0

(CH,), 34.07 (CH,), 30.09 (CH,), 29.7 (CH,), 17.2 (CH,), 7.7 (CH3); LCMS: m/z 368.20 (M - H),

calcd for C,H»3NO5 369.1576; Anal. caled for C, H,3NOs5 (369.1576): C, 68.28; H, 6.28; N, 3.79.
Found: C, 68.16; H, 6.35; N, 3.71%.
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Experimental Section

Procedure C: Amino Acid-Catalyzed Asymmetric Aldol Reactions:

i) Synthesis of (+)-71ba and (-)-71ba: In an ordinary glass vial equipped with a magnetic stirring
bar, 0.3 mmol of Michael adduct 78 was added to 1.0 mL of DMSO solvent with the catalyst
proline 4 (0.09 mmol) and the reaction mixture was stirred at 25 °C for 2 days. The crude reaction
mixture was worked up with aqueous NH,CI solution and the aqueous layer was extracted with
ethyl acetate (3 x 20 mL). The combined organic layers were dried (Na,SO,), filtered and
concentrated to afford (+)-71ba and (-)-71ba.

ii) Synthesis of (+)-71bb:- In an ordinary glass vial equipped with a magnetic stirring bar, 0.3
mmol of Michael adduct 78b was added to 1.0 mL of DMSO solvent and then the catalyst L-
proline 4a (0.09 mmol) was added and the reaction mixture was stirred at 25 °C for 2 days. The
crude reaction mixture was worked up with aqueous NH4CI solution and the aqueous layer was
extracted with ethyl acetate (3 x 20 mL). The combined organic layers were dried (Na,SO,4) and
concentrated. To the crude mixture p-TSA (20 mol %) was added and heated to 60°C for 12 h and
directly loaded on to the silicagel to get (+)-71bb.

(R)-2-(2-(4,7-diox0-1,2,3,4,4a,5,6,7-octahydronaphthalen-4a-yl)ethyl)isoindoline-1,3-dione
(+)-71ba: Prepared by following the procedure C(i) and purified by column
chromatography using EtOAc/hexane and isolated as a solid. Mp 91°C. The

enantiomeric excess (ee) was determined by chiral stationary phase HPLC using

o) @)
N
0 a Daicel Chiralpak AD-H column (hexane/2-propanol = 80:20, flow rate 1.0
mL/min, A = 254 nm), fr = 7.293 min (minor), fz = 8.864 min (major). [alp® =
o +45.87° (¢ = 0.2 g/100 mL, CHCl3, 74 % ee); IR (Neat): v,,.x 2937, 1770, 1704,

(+)-71ba 1660, 1611, 1403, 1375, 1156 and 718 cm™; "H NMR (CDCl5) & 7.85-7.83 (2H,

m), 7.74-7.72 (2H, m), 5.89 (1H, s), 3.74-3.67 (1H, m), 3.49-3.40 (1H, m),

2.93-2.76 (2H, m), 2.58-2.50 (4H, m), 2.40-2.27 (2H, m), 2.20-2.03 (3H, m), 1.73-1.69 (1H, m);

*C NMR (CDCl;, DEPT-135) & 209.6 (C, O-C=0), 197.8 (C, C=0), 167.9 (2xC, O-C=0), 164.4

(©), 134.1 (2xCH), 131.9 (2xC), 126.7 (CH), 123.3 (2xCH), 53.6 (C), 38.1 (CH,), 33.5 (CH,),

33.4 (CH,), 32.6 (CH,), 31.6 (CH,), 25.3 (CH,), 23.5 (CH,); LCMS: m/z 338.45 (M + H), calcd

for C,0HyNO, 337.13; Anal. calcd for C,0H4NO, (337.1314): C, 71.20; H, 5.68; N, 4.15. Found:
C,71.32; H,5.61; N, 4.23%.

(R)-2-(2-(8-methyl-4,7-dioxo0-1,2,3,4,4a,5,6,7-octahydronaphthalen-4a-yl)ethyl)isoindoline-

1,3-dione (+)-71bb: Prepared by following the procedure C(ii) and purified by column
chromatography using EtOAc/hexane and isolated as a solid. Mp 101°C. The enantiomeric excess
(ee) was determined by chiral stationary phase HPLC using a Daicel Chiralpak AD-H column
(hexane/2-propanol = 80:20, flow rate 1.0 mL/min, A = 220 nm), fx = 14.496 min (minor), fr =
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18.716 min (major). [a]p® = +40.06° (¢ = 0.4 g/100 mL, CHCl;, 63% ee) ;IR (Neat): V. 2942,
1775, 1715, 1660, 1397, 1370, 1052 and 718 cm™; "H NMR (CDCl;) & 7.86-7.85 (2H, m), 7.75-
7.73 (2H, m), 3.71 (1H, td, J = 10.8, 4.0 Hz), 3.52-3.46 (1H, m), 2.91-
2.86 (2H, m), 2.64-2.55 (4H, m), 2.39-2.06 (5H, m), 1.82 (3H, s), 1.79-
1.74 (1H, m); "C NMR (CDCl;, DEPT-135) & 210.5 (C, C=0), 197.4 (C,
o C=0), 168.0 (2xC, C=0), 156.9 (C), 134.2 (2xCH), 134.0 (C), 131.9
(2xC), 123.4 (2xCH), 53.8 (C), 37.8 (CH,), 33.7 (CH,), 33.32 (CH,),
33.26 (CH,), 27.1 (CH,), 25.2 (CH,), 22.5 (CH,), 11.6 (CH3); LCMS: m/z
352.10 M + H), calcd for C,;H,;NO, 351.15; Anal. calcd for C,;H, NO,
(+)-71bb 351 1471: C, 71.78; H, 6.02; N, 3.99. Found: C, 71.65; H, 6.12; N,

4.07%.

Procedure D: In a seal tube 69a (0.5 mmol) and 2 mL of Methanol was added heated to 100-120

°C for 24 h time and the crude reaction mixture was purified by column to get 80 in 88% yield.
Methyl 4-(1,3-dioxoisoindolin-2-yl)butanoate (72):

Prepared by following the procedure D and purified by column

o) COOMe

chromatography using EtOAc/hexane and isolated as a solid. Mp
N 93°C. IR (Neat): v 2975, 1758, 1710, 1436, 1375, 1227, 1047
(0] and 822 cm'; '"H NMR (CDCls) & 7.83-7.82 (2H, m), 7.71-7.70
72 (2H, m), 3.74 (2H, t, J = 5.2 Hz), 3.63 (3H, s), 2.37 2H, t,J = 6.4

Hz), 2.01 (2H, t, J = 6.8 Hz); "C NMR (CDCl;, DEPT-135) § 173.0 (C, C=0), 168.3 (2xC,
C=0), 133.9 (2xCH), 132.0 (2xC), 123.2 (2xCH), 51.6 (CH;), 37.1 (CH,), 31.2 (CH,), 23.8
(CH,); LCMS: m/z 248.35 (M + H), calcd for C;3H3NOs 247.08; Anal. caled for C;3H;3NOs
(247.0845): C, 63.15; H, 5.30; N, 5.67. Found: C, 63.21; H, 5.36; N, 5.58%.

Procedure E: General Procedure for the Amino Acid-Catalyzed Reductive Coupling
Reactions with Cyclic B-keto-Lactones: In an ordinary glass vial equipped with a magnetic
stirring bar, to 0.5 mmol of the aldehyde 2, 0.5 mmol of CH acid 3, 0.5 mmol of Hantzsch ester
1a, 1.0 mL of CH;CN solvent and then the catalyst amino acid 4a (0.05 mmol) was added. The
reaction mixture was stirred at 25 °C for the time indicated in Tables 3. The crude reaction
mixture was directly loaded onto a silica gel column with or without aqueous workup and pure
cascade products 87a-h were obtained by column chromatography (silica gel, mixture of

hexane/ethyl acetate).
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3-(2,2-Dimethyl-[1,3]dioxolan-4-ylmethyl)-furan-2.,4-dione (87a): Prepared by following the
procedure E and purified by column chromatography using EtOAc/hexane
and isolated as colorless oil; [a]p>® = —34.4° (c =2.00 g/100 mL, MeOH);

- O
A -1
/% O IR (neat): v 1733, 1655 (C=0 and O-C=0), 1410, 1375, 1044, 614 cm ;
(0]

87a
6.0 Hz), 3.71 (1H, t, J = 7.2 Hz), 2.67 (1H, d, J = 16.0 Hz), 2.38 (1H, dd, J = 16.0, 9.6 Hz), 1.53

(3H, s), 1.45 (3H, s); "C NMR (CDCl,) 6 175.0 (C, O-C=C), 173.8 (C, C=0), 110.5 (C), 97.5 (C,
-C=C), 75.9 (CH, O-CH), 68.9 (CH,, O-CH,), 66.8 (CH,, O-CH,), 26.7 (CH;, CH,), 25.6 (CH3);
LRMS m/z 213.10 (M-H"), caled C1oH;405214.08; Anal. Calcd. for CoH;405 (214.08): C, 56.07;
H, 6.59. Found: C, 56.12; H, 6.52%.

1
H NMR (CDCI,) 6 4.61 (2H, s), 4.34-4.33 (1H, m), 4.16 (1H, dd, J = 8.4,

3-(1,4-Dioxa-spiro[4.5]dec-2-ylmethyl)-furan-2,4-dione (87b): Prepared by following the
procedure E and purified by column chromatography using

0 O EtOAc/hexane and isolated as colorless oil; [alp®=-35.1 (¢ = 0.2 g/100
C\%J/j;«/o mL, MeOH); IR (neat): v__ 1734, 1656 (C=0 and O-C=0), 1417, 1318,

-101

1044, 650, 618 cm ; H NMR (CDCL,)  4.61 (2H, s), 4.36-4.30 (1H,

87b m), 4.18 (1H, dd, J = 8.4, 6.0 Hz), 3.70 (1H, t, J = 7.2 Hz), 2.67 (1H, dd,

J=16.0, 1.6 Hz), 2.35 (1H, dd, J = 16.0, 9.6 Hz), 1.74-1.45 (10H, m); °C NMR (CDCl,) & 175.0
(C, 0-C=C), 173.7 (C, C=0), 111.3 (C), 97.5 (C, -C=C), 75.6 (CH, O-CH), 68.6 (CH,, O-CH.,),
66.8 (CH,, O-CH,), 36.1 (CH,), 34.8 (CH,), 26.8 (CH,), 24.7 (CH,), 23.9 (CH,), 23.7 (CH.);
LRMS m/z 255.15 (M-H"), caled Cj3H 305 254.12; Anal. caled for Ci3H 505 (255.15): C, 61.40;

H, 7.14. Found: C, 61.55; H, 7.09%.
4-(2,4-Dioxo-tetrahydro-furan-3-ylmethyl)-2,2-dimethyl-oxazolidine-3-carboxylic acid tert-
butyl ester (87c¢): Prepared by following the procedure E and purified by

column chromatography using EtOAc/hexane and isolated as a white Solid.

Boc
l\\l O
\( Mp 118 °C; [alp® =+22.8° (¢ = 5.0 g/100 mL, CHCl;); IR (neat): v,
N O O
o)
87c

-1
2980, 1688 (C=0), 1399, 1369, 1254, 1171, 1106, 1047, 649, 621, 604 cm ;
1
H NMR (CDCl, + one drop of MeOH-d,) at RT 6 4.55 (2H, s), 3.93-3.87
(3H, m), 2.57-2.44 (2H, m), 1.59 (3H, s), 1.52 (9H, s), 1.47 (3H, s); °C NMR (CDCl, + one drop

of MeOH-d,) at RT 8 176.3 (C=0), 175.1 (O-C=C), 96.8 (C), 93.9 (C), 81.7 (C), 67.1 (CH,, O-
CH,), 66.9 (CH,, O-CH,), 57.0 (CH, N-CH), 28.3 (3xCHj3), 27.1 (CH3), 25.0 (CH,), 24.1 (CH;);

1
H NMR (CDCI, + one drop of MeOH-dy) at 50 °C RT 6 4.54 (2H, s), 3.92-3.86 (3H, m), 2.54
(2H, d, J = 8.0 Hz), 1.58 (3H, s), 1.52 (9H, s), 1.47 (3H, s); °C NMR (CDCI, + one drop of
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MeOH-d,) at 50 °C & 175.9 (C=0), 175.0 (O-C=C), 153.3 (C, N-C=0), 97.3 (C), 93.9 (C), 81.7
(C), 67.3 (CH,, O-CH,), 67.0 (CH,, O-CH,), 57.2 (CH, N-CH), 28.3 (3xCHj3), 27.0 (CH3), 25.0
(CH,), 24.2 (CH3); LRMS m/z 312.15 (M-H"), calcd C;sH,;NOy 313.15; Anal. calcd for
C5sH,3NOg (313.15): C, 57.50; H, 7.40; N, 4.47. Found: C, 57.65; H, 7.35, N=4.41%.

3-(2-Benzyloxy-propyl)-furan-2,4-dione (87d): Prepared by following the procedure E and
purified by column chromatography using EtOAc/hexane and isolated as a

O yellow gummy oil; [alp> =+21.3° (¢ = 5.0 g/100 mL, CHCL;); IR (neat):

BnO,,
-1 01
//j/:(/O v 1732 (O-C=0), 1653 (C=0), 1376, 1269, 1045, 754, 700 cm ; H NMR

C;_, g (CDCL,) & 7.39-7.35 (5H, m), 4.72 (1H, d, J = 11.2 Hz), 4.57 (1H, s), 4.54

(2H, ), 4.05-4.01 (1H, m), 2.62 (1H, d, J = 16.0 Hz), 2.44 (1H, dd, J = 16.0,
4.8 Hz), 1.27 (3H, d, J = 6.0 Hz); °C NMR (CDCL,) § 175.6 (C, 0-C=0), 173.4 (C, -O-C=C),
135.9 (C), 128.7 (2xCH), 128.6 (1xCH), 128.2 (2xCH), 96.8 (C, -C=C), 75.3 (CH, O-CH), 71.0
(CH,, O-CH,), 66.6 (CH,), 29.1 (CH,), 18.0 (CH;); LRMS m/z 247.05 (M-H*), caled C;;H;60,

248.10; Anal. calcd for C4H;60,4 (248.10): C, 67.73; H, 6.50. Found: C, 67.66; H, 6.57 %.

3-(5,6-Dimethoxy-5,6-dimethyl-[1,4]dioxan-2-ylmethyl)-furan-2,4-dione (87e): Prepared by

following the procedure E and purified by column chromatography using

O/ EtOAc/hexane and isolated as a white Solid. Mp 78 °C; [(JL]D25 = —43.3°

Q o Z‘ " (¢ =0.8 g/100 mL, CHCl); IR (neat): v 1735 (O-C=0), 1659 (C=0),
: 6 11

O o H \ 1444, 1123, 1040, 880, 654, 604 cm ; H NMR (CDCl,) 6 4.60 (2H, s),

87e 4.26-4.22 (1H, m), 3.62 (1H, t, J = 11.6 Hz), 3.46 (1H, dd, J = 12.0, 3.2

Hz), 3.31 (3H, s), 3.27 (3H, s), 2.50-2.38 (2H, m), 1.40 (3H, s), 1.30 (3H, s); "C NMR (CDCl,) 6
175.2 (C, 0O-C=0), 173.4 (C, O-C=C), 100.5 (C), 97.8 (C, -C=C), 96.5 (C), 67.8 (CH, O-CH),
66.6 (CH,, O-CH,), 61.7 (CH,, O-CH, ), 48.6 (CH3, O-CH; ), 48.1 (CH;, O-CHj; ), 24.2 (CHy),
17.6 (CH;), 17.3 (CH;); LRMS m/z 287.05 (M-H"), calcd C;3H,00; 288.12; Anal. calcd for
Ci3H,00; (288.12): C, 54.16; H, 6.99. Found: C, 56.26; H, 6.91%.

3-(2,2-Dimethyl-[1,3]dioxolan-4-ylmethyl)-chroman-2,4-dione (87f): Prepared by following
the procedure E and purified by column chromatography using EtOAc/hexane and isolated as a

white powder. Mp 80 °C; [alp® =-3.2° (¢ = 2.0 g/100 mL, CHCl;);

(@)
0 IR (neat): Vi 1686 (C=0), 1629 (C=0), 1498, 1383, 1213, 1046,
\< 0
N o) o o 863, 652, 617 cm ; H NMR (CDC13) 6 9.91 (1H, s, -OH), 7.89 (1H,
d,J=7.2Hz),7.54 (1H, t, J = 7.2 Hz), 7.33-7.30 (2H, m), 4.47 (1H,

d, J=6.0Hz),4.18 (1H, t, J = 7.6 Hz), 3.71 (1H, t, J = 7.6 Hz), 3.21
(1H, d, J = 15.6 Hz), 2.87 (1H, dd, J = 15.6, 7.2 Hz), 1.52 (3H, 5), 1.42 (3H, 5); °C NMR (CDCl,)

87f
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6 164.3 (C, O-C=0), 163.2 (C, O-C=C), 152.6 (C), 132.0 (CH), 123.9 (CH), 123.4 (CH), 116.3
(CH), 110.2 (C), 100.9 (C, -C=C), 76.8 (CH, O-CH), 68.1 (CH,, O-CH,), 27.9 (CH,), 26.1 (CHj),
25.2 (CH;3); LRMS m/z 276.15 (M-H"), calcd C;sH;s0s 276.10; Anal. calcd for C;sH;cOs
(276.15): C, 65.21; H, 5.84. Found: C, 65.55; H, 5.91%.

3-(2,2-Dimethyl-[1,3]dioxolan-4-ylmethyl)-6,6-dimethyl-dihydro-pyran-2,4-dione (87g):
Prepared by following the procedure E and purified by column chromatography using

EtOAc/hexane and isolated as a light yellow gummy Solid;

\< m [alp® =-2.6° (¢ = 1.1 g/100 mL, CHCl;); IR (neat): v__ 2926, 1712

H (C=0), 1651 (C=C), 1458, 1386, 1263, 1065, 739 cm ; H NMR

879 (CDCl,) 6 4.35 (1H, q,J=5.2 Hz), 4.11 (1H, q, J = 6.4 Hz), 3.63 (1H, t,

J=8.0Hz),2.90 (1H, d, J = 15.6 Hz), 2.63-2.57 (1H, m), 2.55 (2H, d, J = 3.2 Hz), 1.47 (3H, s),

1.46 (6H, s), 1.39 (3H, s); °C NMR (CDCL,) 6 168.2 (C, O-C=0), 167.2 (C, -C=C), 109.8 (O),

99.1 (C, C=C-0), 77.1 (CH, O-CH), 68.0 (CH,, O-CH,), 39.3 (CH,), 27.6 (CH3), 27.5 (CH3), 27.2

(CH,), 26.2 (CHj3), 25.2 (CH3); LRMS m/z 255.10 (M-H"), calcd C,3H,0O5256.13; Anal. calcd for
Ci3H,005 (256.13): C, 60.92; H, 7.87. Found: C, 60.88; H, 7.82%.

3-(2,2-Dimethyl-[1,3]dioxolan-4-ylmethyl)-6-methyl-pyran-2,4-dione (87h): Prepared by

following the procedure E and purified by column chromatography using

O EtOAc/hexane and isolated as a white Solid. Mp 85 °C; [(JL]D25 =+14.7°

;<O | (c = 0.15 g/100 mL, CHCly); IR (neat): v 2987, 1680 (O-C=0), 1585
o) 11

o~ O (C=0), 1409, 1266, 1063, 648 cm ; H NMR (CDCl,) 6 9.40 (1H, s, O-

87h H), 5.88 (1H, s, olefinic-H), 4.39 (1H, dd, J = 12.4, 6.0 Hz), 4.13 (1H, t,

J =8.4Hz),3.64 (1H, t, J = 8.0 Hz), 3.03 (1H, d, J = 15.6 Hz), 2.72 (1H, dd, J = 15.6, 6.8 Hz),
2.22 (3H, s), 1.47 (3H, s), 1.39 (3H, s); °C NMR (CDCl,) 6 167.8 (C), 166.3 (C, O-C=0), 161.1
(©), 110.0 (C), 101.2 (CH, -C=CH), 98.2 (C), 77.2 (CH, O-CH), 68.1 (CH,, O-CH,), 27.3 (CH,),
26.1 (CH3), 25.2 (CH;), 19.7 (CH;3); LRMS m/z 240.95 (M-H"), calcd Cy3H 505 240.10; Anal.
calcd for C,H;605 (240.10): C, 59.99; H, 6.7. Found: C, 59.88; H, 7.79%.

Procedure F: Preparation of Michael Products 85

(i) with L-Proline-Catalysis: In an ordinary glass vial equipped with a magnetic stirring bar, to
0.5 mmol of 4-hydroxy-3-alkyl-5SH-furan-2-one 87 and 1.5 mmol of alkyl vinyl ketone 70 with a
catalytic amount of L-proline in 1.0 mL of DMSO solvent and the reaction mixture was stirred at
25 °C for 2-9 h. The crude reaction mixture was worked up with aqueous NH,ClI solution and the

aqueous layer was extracted with ethyl acetate (3 x 20 mL). The combined organic layers were
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dried (Na,SO,), filtered and concentrated. Pure products 85 were obtained by column

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

(ii) with Triethylamine-Catalysis: In an ordinary glass vial equipped with a magnetic stirring
bar, to 0.3 mmol of 87 or 5,5-dimethyl-2-phenylcyclohexane-1,3-dione 90 and 0.36 mmol of alkyl
vinyl ketone 70 with a catalytic amount of triethylamine (10 mol%) in 1.0 mL of THF solvent and
the reaction mixture was stirred at 25 °C for 30 min-4 h. The crude reaction mixture was worked
up with aqueous NH,ClI solution and the aqueous layer was extracted with ethyl acetate (3 x 20
mL). The combined organic layers were dried (Na,SO,), filtered and concentrated. Pure products

85 were obtained by column chromatography (silica gel, mixture of hexane/ethyl acetate).

3-(2,2-Dimethyl-[1,3]dioxolan-4-ylmethyl)-3-(3-oxo-butyl)-furan-2,4-dione (85aa): Prepared
by following the procedure F and purified by column chromatography using
EtOAc/hexane and isolated as colorless viscous liquid; [alp® = —86.0° (c =

0.2¢/100 mL, CHCl3); IR (neat): v 2927, 1771 (C=0), 1720 (O-C=0),

-101

1378, 1216, 1063, 678 cm ; HNMR (CDCL,) (1:1 diastereomeric mixture) &

474 (1H, d, J = 16.4 Hz), 4.61 (2H, s), 4.56 (1H, d, J = 16.0 Hz), 4.18-4.03
(4H, m), 3.56-3.52 (2H, m), 2.57-2.46 (4H, m), 2.17-2.14 (1H, m), 2.13 (6H,
s), 2.12-2.10 (1H, m), 2.04-1.95 (6H, m), 1.36 (3H, s), 1.29 (3H, s), 1.25 (6H, s); "C NMR
(CDCl,) (1:1 diastereomeric mixture) 6 210.1 (C=0), 209.0 (C=0), 206.3 (C=0), 206.1 (C=0),

85aa

176.7 (C, O-C=0), 176.3 (C, O-C=0), 110.2 (C), 110.0 (C), 73.2 (CH,, O-CH,), 72.7 (CH,, O-
CH,), 71.9 (CH, O-CH), 71.3 (CH, O-CH), 69.3 (CH,, O-CH,), 68.9 (CH,, O-CH,), 49.2 (C),
48.8 (C), 40.2 (CH,), 37.9 (CH,), 37.2 (CH,), 37.1 (CH,), 29.83 (CHj3), 29.80 (CH3), 29.4 (CH.,),
29.2 (CH,), 25.8 (CH3), 25.6 (CH3), 25.3 (CH3), 25.2 (CH3); LRMS m/z 285.10 (M+H"), caled
Ci4H0O¢ 284.13; Anal. caled for Ci4H,0O6( 284.13);C, 59.14; H, 7.09; Found: C, 59.23, H,
6.98%.

3-(1,4-Dioxa-spiro[4.5]dec-2-ylmethyl)-3-(3-oxo-butyl)-furan-2,4-dione (85ba): Prepared by

following the procedure F and purified by column chromatography using

o O 0 EtOAc/hexane and isolated as a colorless oil; [a]p> = =76.6° (¢ = 0.15
Q g/100 mL, CHCl3); IR (neat): v 2935, 1756 (C=0), 1717 (O-C=0),
e
-11
O 1364, 1229, 1165, 1098, 1045, 930, 651 cm ; H NMR (CDCl,) (1:1
¢}

diastereomeric mixture) ¢ 4.79 (1H, d, J = 16.4 Hz), 4.63 (2H, s), 4.59

85ba (1H, d, J = 16.4 Hz), 4.18-3.96 (4H, m), 3.53-3.50 (2H, m), 2.58-2.48
(4H, m), 2.13 (6H, s), 2.10-1.96 (8H, m), 1.60-1.38 (20H, m); *C NMR (CDCL,) (1:1
diastereomeric mixture) 6 210.0 (C=0), 208.7 (C=0), 206.2 (C=0), 206.1 (C=0), 176.6 (C, O-

C=0), 176.2 (C, 0O-C=0), 110.9 (C), 110.7 (C), 73.2 (CH,, O-CH,), 72.6 (CH,, O-CH,), 71.6
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(CH, O-CH), 71.0 (CH, O-CH), 68.9 (CH,, O-CH,), 68.6 (CH,, O-CH,), 49.2 (C), 48.8 (C), 40.1
(CH,), 38.2 (CH,), 37.13 (CH,), 37.08 (CH,), 35.7 (CH,), 35.5 (CH,), 34.6 (CH,), 34.5 (CH,),
29.7 (2xCHj3), 29.4 (CH,), 29.2 (CH,), 24.9 (CH,), 24.84 (CH,), 24.77 (CH,), 23.9 (CH,), 23.74
(CH,), 23.67 (CH,); LRMS m/z 325.00 (M+H"), calecd C;;H»O¢ 324.16; Anal. calcd for
C17H2406(324.16);C, 62.95; H, 7.46; Found: C, 62.88, H, 7.51%.

4-[2,4-Dioxo-3-(3-0xo-butyl)-tetrahydro-furan-3-ylmethyl]-2,2-dimethyl-oxazolidine-3-
carboxylic acid tert-butyl ester (85ca): Prepared by following the procedure F and purified by
column chromatography using EtOAc/hexane and isolated as a Solid. Mp

102 °C; [a]p® = —18.7° (¢ = 1.5 g/100 mL, CHCL); IR (neat): v__ 2978,

max

1756 (0-C=0), 1717 (C=0), 1675 (C=0), 1402, 1370, 1172, 1104, 851,

-101
638.cm ; HNMR (CDCI,) (1:1 diastereomeric mixture) 6 4.78 (1H, d, J

85ca = 16.0 Hz), 4.68 (2H, s), 4.63 (1H, d, J = 15.6 Hz), 4.24 (1H, t, J = 9.6
Hz), 4.06-3.97 (3H, m), 3.96-3.92 (2H, m), 3.64 (2H, t, J = 8.0 Hz), 2.61-2.57 (4H, m), 2.14 (6H,
s), 2.00-1.95 (4H, m), 1.83-1.76 (2H, m), 1.59 (6H, s), 1.50 (6H, s), 1.45 (9H, s), 1.43 (9H, s); °C
NMR (CDCI,) (1:1 diastereomeric mixture) 3 207.4 (C, C=0), 206.2 (C, C=0), 206.0 (2 x C,
C=0), 175.7 (C, O-C=0), 175.3 (C, O-C=0), 153.1 (C, N-C=0), 152.8 (C, N-C=0), 93.7 (C),
93.6 (C), 80.6 (C), 80.3 (C), 72.5 (CH,, O-CH,), 72.3 (CH,, O-CH,), 68.9 (CH,, O-CH,), 68.5
(CH,, O-CH,), 53.7 (CH, N-CH), 53.1 (CH, N-CH), 49.8 (C), 50.5 (C), 37.1 (CH,), 36.4 (CH,),
35.6 (CH,), 35.2 (CH,), 30.9 (CH,), 30.6 (CH,), 29.8 (CH3), 28.3 (3xCH,3), 28.2 (3xCH3), 28.1
(CH3), 27.5 (CH3), 27.1 (CH3), 24.1 (CH3), 23.6 (CH3); LRMS m/z 384.05 (M+H"), caled
Ci9H»NO; 383.19; Anal. calcd for C;oH»NO; (383.19): C, 59.92; H, 7.62; N, 3.65. Found: C,
59.45; H, 7.62, N=3.71%.

3-(2-Benzyloxy-propyl)-3-(3-oxo-butyl)-furan-2,4-dione (85da): Prepared by following the
procedure F and purified by column chromatography using EtOAc/hexane and isolated as a

o liquid; [alp™ = +21.5° (¢ = 1.5 g/100 mL, CHCly); IR (neat): v 2927, 1768

a

-101

0 (0-C=0), 1718 (C=0), 1377, 1098, 1029, 696, 637. cm ; H NMR (CDCl,)
(1:1.2 diastereomeric mixture) 6 7.36-7.23 (10H, m), 4.59-4.55 (2H, m), 4.32
O (1H, d, J =16.8 Hz), 4.23 (1H, d, J = 16.4 Hz), 4.08 (2H, t, J = 10.8 Hz), 3.84

85da (1H, d, J = 16.8 Hz), 3.79 (1H, d, J = 16.4 Hz), 3.70-3.54 (2H, m), 2.60-2.40

(4H, m), 2.22-2.19 (1H, m), 2.16-2.15 (1H, m), 2.12 (6H, s), 2.01-1.90 (SH, m), 1.73 (1H, s), 1.22
(3H, s), 1.20 (3H, s); °C NMR (CDCl,) (1:1.7 diastereomeric mixture) & 209.4 (C=0), 208.3
(C=0), 206.2 (C=0), 206.0 (C=0), 177.1 (C, O-C=0), 176.6 (C, O-C=0), 137.0 (C), 136.9 (C),
128.40 (2xCH), 128.35 (2xCH), 127.93 (2xCH), 127.88 (1xCH), 127.7 (1xCH), 127.3 (2xCH),
72.6 (CH,, O-CH,), 72.1 (CH,, O-CH,), 71.5 (CH, O-CH), 70.9 (CH,, O-CH,), 70.6 (CH, O-CH),
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70.4 (CH,, O-CH,), 48.6 (C), 48.4 (C), 41.9 (CH,), 41.2 (CH,), 37.13 (CH,), 37.07 (CH,), 29.9
(2xCH3), 29.3 (CH,), 28.9 (CH,), 18.8 (CHj3), 18.6 (CH;3); LRMS m/z 319.20 (M+H"), calcd
C,3H2,05318.25; Anal. calcd for C;sH,,05318.25;C, 67.91; H, 6.97; Found: C, 67.98, H, 6.92%.

3-(5,6-Dimethoxy-5,6-dimethyl-[1,4]dioxan-2-ylmethyl)-3-(3-oxo-butyl)-furan-2,4-dione

(85ea): Prepared by following the procedure F and purified by column chromatography using
EtOAc/hexane and isolated as colorless viscous oil. Mp 54 °C Mp 46 °C;
[alp® =—99.4° (¢ = 1.5 g/100 mL, CHCLy); IR (neat): v__ 2945, 1801

max

(0O-C=0), 1757 (C=0), 1717 (C=0), 1439, 1374 , 1141, 1118, 1042, 737,

657. cm_l; 1H NMR (CDCI,) (1:1.3 diastereomeric mixture) & 4.74-4.61
(4H, m), 4.01-3.95 (2H, m), 3.58 (1H, t, J = 11.0 Hz), 3.44 (1H, t, J =
11.2 Hz), 3.35 (1H, d, J = 2.4 Hz), 3.33-3.31 (1H, m), 3.22-3.16 (12H,
m), 2.59-2.47 (4H, m), 2.14 (6H, s), 2.01-1.87 (8H, m), 1.22-1.18 (12H, m); °C NMR (CDCL,)
(1:1.3 diastereomeric mixture) & 208.5 (1xC, C=0), 208.1 (1xC, C=0), 206.0 (1xC, C=0), 205.8
(1xC, C=0), 176.3 (C, O-C=0), 176.1 (C, O-C=0), 99.8 (C), 99.7 (C), 97.7 (C), 97.6 (C), 72.5
(CH,, O-CH,), 72.4 (CH,, O-CH,), 62.8 (CH,, O-CH,), 62.7 (CH, O-CH), 62.6 (CH, O-CH), 62.5
(CH,, O-CH,), 48.4 (CH;, O-CHj;), 48.3 (CH3, O-CHjy), 47.8 (2xC), 47.6 (CH;, O-CHj3), 47.3
(CHj3;, O-CH3), 36.9 (CH,), 36.8 (CH,), 34.2 (CH,), 34.1 (CH,), 29.7 (2xCHj3), 29.3 (CH,), 29.2
(CH,), 17.4 (CH3), 17.3 (CH3), 16.81 (CH;), 16.78 (CH3); LRMS m/z 359.25 (M+H"), caled
C7H»cOg 358.16; Anal. calcd for C;H»O5z (358.16): C, 56.97; H, 7.31; Found: C, 56.88; H,
7.36%.

85ea

3-(2,2-Dimethyl-[1,3]dioxolan-4-ylmethyl)-6,6-dimethyl-3-(3-oxo-butyl)-dihydro-pyran-2.4-
dione (85ga): Prepared by following the procedure F and purified by column chromatography

Me using EtOAc/hexane and isolated as a light yellow oil; [(X]D25 =-2.2°

0.0
Me\<o Me (c = 5.0 g/100 mL, CHCL); IR (neat): v, 2981, 1712 (O-C=0),
S 11
Me™ o o) 1375, 1324, 1219, 1163, 1064, 677, 650 cm ; H NMR (CDCI,) (1:1
Me™ Yo diastereomeric mixture) & 4.08-4.06 (4H, m), 3.51-3.49 (1H, m),

85ga 3.00 (1H, d, J = 15.2 Hz), 2.87 (1H, d, J = 7.2 Hz), 2.80-2.77 (1H,
m), 2.59-2.47 (4H, m), 2.27-2.24 (2H, m), 2.16-2.13 (7H, m), 2.05-1.92 (3H, m), 1.53-1.26 (28H,
m); “C NMR (CDCl,) (1:1 diastereomeric mixture) 6 206.6 (2xC, C=0), 205.9 (C=0), 205.6
(C=0), 172.9 (2xC, O-C=0), 109.8 (C), 109.7 (C), 79.0 (C), 78.5 (C), 72.4 (CH, O-CH), 71.5
(CH, O-CH), 69.6 (CH,, O-CH,), 69.4 (CH,, O-CH,), 56.6 (C), 56.1 (C), 49.4 (CH,), 49.2 (CH,),
40.4 (CH,), 39.7 (CH,), 38.0 (CH,), 37.8 (CH,), 31.6 (CH,), 31.1 (CH,), 29.9 (CH3;), 29.6 (CHs),
29.1 (CHj), 28.9 (CHj), 26.7 (CH3;), 26.4 (CHj3), 26.2 (CHj), 25.53 (CHj), 25.48 (CHj3), 25.1
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(CH3); LRMS m/z 327.00 (M+H"), calcd C17H,606 326.17; Anal. calcd for C;7H,¢0¢ (326.17): C,
62.56; H, 8.03; Found: C, 62.45; H, 8.12%.

3-(2,2-Dimethyl-[1,3]dioxolan-4-ylmethyl)-3-(3-oxo-pentyl)-furan-2,4-dione (85ab): Prepared
by following the procedure F and purified by column chromatography using
EtOAc/hexane and isolated as a colorless oil; [a]p® = —36.5° (¢ = 3.7 g/100
mL, CHCl;); IR (neat): v 2985", 1800, 1756, 1714, 1376, 1223, 1156,

1052. cm_l; 1H NMR (500MHz, CDCL,) (1:1 diastereomeric mixture) 6 4.73
(1H, d, J =16.4 Hz), 4.60 (2H, s), 4.55 (1H, d, J = 16.0 Hz), 4.18-4.09 (1H,
m), 4.06-4.02 (3H, m), 3.54-3.52 (2H, m), 2.56-2.44 (2H, m), 2.43-2.39 (5H,
m), 2.16 (1H, s), 2.12-2.07 (2H, m), 2.01-1.98 (6H, m), 1.35 (3H, s), 1.28
(3H, s), 1.24 (6H, s), 1.02 (6H, t, J = 7.0 Hz); “C NMR (125MHz, CDCl,) (1:1 diastereomeric

85ab

mixture) & 210.0 (C=0), 209.1 (C=0), 209.0 (C=0), 208.9 (C=0), 176.7 (C, O-C=0), 176.3 (C,
0-C=0), 110.2 (O), 110.0 (C), 73.3 (CH,, O-CH,), 72.7 (CH,, O-CH,), 72.0 (CH, O-CH), 71.4
(CH, O-CH), 69.4 (CH,, O-CH,), 69.0 (CH,, O-CH,), 49.3 (C), 49.0 (C), 40.4 (CH,), 38.1 (CHp),
35.91 (CH,), 35.86 (CH,), 35.84 (CH,), 35.82 (CH,), 29.6 (CH,), 29.4 (CH,), 25.8 (CH3), 25.7
(CH3), 25.4 (CH3), 25.3 (CH3), 7.6 (2xCH3); LRMS m/z 299.20 (M+H"), caled C;5H,,04 298.14;
Anal. calcd for C;5H,,04(298.14);C, 60.39; H, 7.43; Found: C, 60.25, H, 7.51%.

5,5-Dimethyl-2-(3-0xo-butyl)-2-phenyl-cyclohexane-1,3-dione (85x): Prepared by following
the procedure F and purified by column chromatography using

O Ph EtOAc/hexane and isolated as a light yellow Oil; IR (neat): v 2957,

1711 (C=0), 1691 (C=0), 1494, 1371, 1240, 762, 702. cm ; H NMR
(CDCI,) § 7.35-7.27 (3H, m), 6.96-6.93 (2H, m), 2.72 (2H, d, J = 13.6
Hz), 2.42-2.33 (4H, m), 2.17-2.13 (2H, m), 2.05 (3H, s), 1.03 (3H, s),
0.86 (3H, s); "°C NMR (CDCl,) § 208.0 (C=0), 207.2 (2xC=0), 138.8 (C), 129.6 (2xCH), 127.9

O O
85x

(1xCH), 126.4 (2xCH), 73.5 (C), 52.8 (2xCH,), 39.8 (CH,), 31.1 (C), 30.4 (CH;), 29.7 (CHs),
28.8 (CH,), 26.2 (CHs); LRMS m/z 287.05 (M+H"), caled Ci5sH»O; 286.16; Anal. caled for
C15H»,0; (286.16):C, 75.50; H, 7.74; Found: C, 75.46, H, 7.71%.

Procedure G: Amino Acid-Catalyzed Diastereoselective Aldol Reactions: Synthesis of 86:

In an ordinary glass vial equipped with a magnetic stirring bar, 0.3 mmol of Michael adduct 85
was added to 1.0 mL of solvent with the catalyst 4 (0.09 mmol) and the reaction mixture was
stirred at 25 °C for the time indicated in the Table 5 and Table 6. The crude reaction mixture was

worked up with aqueous NH,4CI solution, and the aqueous layer was extracted with ethyl acetate
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(3 x 20 mL). The combined organic layers were dried (Na,SO,), filtered and concentrated to
afford 86.

(3a8,7aR)-7a-(((S)-2,2-dimethyl-1,3-dioxolan-4-yl)methyl)-3a-
hydroxytetrahydroisobenzofuran-1,5(3H,6H)-dione [(3a8,7aR)-86aa]:

Prepared by following the procedure G and purified by column chromatography using
EtOAc/hexane and isolated as a colorless oil; [a]p> =—17.3° (c = 0.9 g/100 mL, CHCl;); IR

(neat): v 3390, 2984, 1773 (C=0), 1721 (C=0), 1420, 1377, 1218,

ax

;7(0 1106, 1056,, 1029, 651 cm'l; 'H NMR (CDCL,) & 5.06 (1H, -OH, s), 4.30-
O 4.13 (4H, m), 3.66-3.59 (1H, m), 2.73-2.65 (2H, m), 2.57-2.41 (1H, m),

0 2.34-2.29 (1H, m), 2.28-2.23 (1H, m), 2.15-2.02 (2H, m), 1.98 (1H, d, J =

O OH 14.8 Hz), 1.47 (3H, s), 1.39 (3H, s); °C NMR (CDCl,) & 207.2 (C=0),
(3aS,7aR)-86aa 178.5 (C, 0-C=0), 111.0 (C), 76.6 (CH,, O-CH,), 76.5 (C), 72.5 (CH, O-
CH), 70.1 (CH,, O-CH,), 49.2 (CH,), 48.9 (C), 37.8 (CH,), 35.4 (CH,), 31.3 (CH,), 26.5 (CH3),
25.5 (CH;3); LRMS m/z 285.10 (M+H"), caled C;4sHy,O¢ 284.13; Anal. caled for C;4H,0O¢

(284.13);C, 59.14; H, 7.09; Found: C, 59.22, H, 7.13%.

(3aR,7a8)-7a-(((S)-2,2-dimethyl-1,3-dioxolan-4-yl)methyl)-3a-
hydroxytetrahydroisobenzofuran-1,5(3H,6 H)-dione [(3aR,7aS)-86aa]: Prepared by following
R the procedure G and purified by column chromatography using EtOAc/hexane
*O and isolated as a colorless oil; [a]p™ = —-102.6° (¢ = 0.2 g/100 mL, CHCly);
O\/K e) IR (neat): v 3429, 1772 (C=0), 1722 (C=0), 1218, 1027, 734, 648, 621.
o) cm-l; 1H NMR (CDCl,) 6 4.48-4.39 (1H, m), 4.24-4.13 (2H, m), 3.94 (1H, d, J
© 6H =10.4 Hz), 3.60 (1H, t, /= 7.6 Hz), 2.85 (1H, d, J = 16.0 Hz), 2.67-2.63 (1H,
(3aR,7aS)-86aa m), 2.52-2.47 (1H, m), 2.31-2.28 (1H, m), 2.23-2.16 (2H, m), 2.10-2.02 (2H,
m), 1.43 (3H, s), 1.37 (3H, s); "C NMR (CDCl,) & 207.7 (C=0), 179.8 (C, O-C=0), 110.4 (O),
76.8 (CH,, O-CH,), 76.3 (C), 71.6 (CH, O-CH), 70.0 (CH,, O-CH,), 49.4 (CH,), 48.7 (C), 36.4

(CH,), 35.1 (CHy), 27.1 (CH,), 26.4 (CHj3), 25.6 (CHs).

(3aS,7aR)-7a-((S)-1,4-dioxaspiro[4.5]decan-2-ylmethyl)-3a-
hydroxytetrahydroisobenzofuran-1,5(3H,6 H)-dione [(3aS,7aR)-86ba]:
Prepared by following the procedure G and purified by column

o O chromatography using FEtOAc/hexane and isolated as a colorless oil;
0 [alp® = —62.5° (¢ = 0.15 g/100 mL, CHCl); IR (neat): v . 3370, 2934, 1768
-1 1
o o (C=0), 1721 (C=0), 1368, 1162, 1026, 928, 653, 611 cm ; HNMR (CDCL,) &
OH
86ba
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5.21 (1H, s), 4.33-4.15 (4H, m), 3.61-3.59 (1H, m), 2.70 (2H, s), 2.48-2.41 (1H, m), 2.32-2.24
(2H, m), 2.14-1.96 (3H, m), 1.68 (3H, s), 1.62 (3H, s), 1.49-1.39 (4H, m); “C NMR (CDCL,) 6
207.4 (C=0), 178.6 (C, O-C=0), 111.8 (C), 76.5 (CH,, O-CH,), 72.1 (CH, O-CH), 69.6 (CH,, O-
CH,), 49.2 (C), 48.9 (C), 37.7 (CH,), 36.0 (CH,), 34.7 (CH,), 34.6 (CH,), 31.2 (CH,), 24.7 (CH,),
23.9 (CHy,), 23.83 (CHy), 23.75 (CH,); LRMS m/z 325.00 (M+H"), calcd C;7H,406 324.16; Anal.
caled for C7H»,06(324.16);C, 62.95; H, 7.46; Found: C, 62.85, H, 7.51%.

(R)-tert-butyl 4-(((3aR,7a8)-7a-hydroxy-3,6-dioxooctahydroisobenzofuran-3a-yl)methyl)-
2,2-dimethyloxazolidine-3-carboxylate [(3aR,7aS)-86ca]: Prepared by following the procedure
s G and purified by column chromatography using EtOAc/hexane and
}g’BOC isolated as a white Solid. Mp 122 °C; [alp® = -16.1° (¢ = 0.15 g/100 mL,

O CHCly); IR (neat): v 2981, 1775 (C=0), 1695 (O-C=0), 1655, 1411,

O 1371, 1259, 1110, 644: cm ; H NMR (CDCI,) 5 6.60 (1H, -OH), 4.25 (2H,

OH t, J = 9.6 Hz), 4.17-4.15 (1H, m), 4.09 (2H, d, J = 8.8 Hz), 2.71 (2H, s),

(3aR,7aS)-86ca ) 45 5 35 (3H, m), 2.18 (1H, bs), 2.04-1.93 (2H, m), 1.58 (3H, s), 1.49 (9H,

s), 1.40 (3H, s); °C NMR (CDCI,) & 206.2 (C=0), 178.2 (C, O-C=0), 153.7 (C, N-C=0), 93.4

(C), 82.1 (C), 80.1 (C), 75.9 (CH,, O-CH,), 70.2 (CH,, O-CH,), 55.5 (CH, N-CH), 48.8 (CH,),

47.7 (C), 37.4 (CH,), 35.5 (CH,), 32.4 (CH,), 28.3 (3xCHj), 27.4 (CHs), 23.8 (CH;); LRMS m/z

384.05 (M+H"), caled C oHNO, 383.19; Anal. caled for C1oHaNO; (383.19);C, 59.52; H, 7.62;
N,3.65; Found: C, 59.45; H, 7.70; N, 3.61%.

O

(R)-tert-butyl  4-(((3aS,7aR)-7a-hydroxy-3,6-dioxooctahydroisobenzofuran-3a-yl)methyl)-
2,2-dimethyloxazolidine-3-carboxylate [(3aS,7aR)-86ca]: Prepared by following the procedure
s G and purified by column chromatography using EtOAc/hexane and isolated

? BOC s a white Solid. Mp 110 °C; [ap® ==5.2° (c = 0.5 /100 mL, CHCL); IR

O  (neat): v 3445,2981, 1774 (C=0), 1693 (C=0), 1394, 1371, 1253, 1174,

wmzZ

)

O 1101, 644; cm_l; 'H NMR (CDCL,) 5 6.13 (1H, s, -OH), 4.24 (1H, d, J = 8.0

© OH Hz), 4.07 (1H, q, J = 4.0 Hz), 4.02 (1H, d, J = 12.0 Hz), 3.77 (1H, d, J = 8.0
(3aS,7aR)-86ca Hz), 2.71 (2H, ABq, J = 12.0 Hz), 2.38 (2H, t, J = 8.0 Hz), 2.26 (1H, d, J =
16.0 Hz), 2.17 (1H, s), 2.15-2.09 (1H, m), 2.07-2.02 (2H, m), 1.57 (3H, s), 1.49 (9H, s), 1.46 (3H,
s); "C NMR (CDCl,) § 207.0 (C=0), 178.2 (C, O-C=0), 153.4 (C, N-C=0), 93.6 (C), 82.1 (C),
79.8 (C), 75.0 (CH,, O-CH,), 69.4 (CH,, O-CH,), 53.5 (CH, N-CH), 49.2 (CH,), 47.6 (C), 36.8
(CH,), 36.6 (CH,), 28.3 (3xCH3), 27.6 (CH,), 27.2 (CHj), 24.0 (CH3); LRMS m/z 384.05
(M+H"), caled CsH2NO; 383.19; Anal. calcd for CeH,0NO; (383.19); C, 59.52; H, 7.62; N,3.65;

Found: C, 59.65; H, 7.58; N, 3.61%.
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(3aS,7aR)-7a-((S)-2-(benzyloxy)propyl)-3a-hydroxytetrahydroisobenzofuran-1,5(3H,6 H)-
OBn dione (86da): Prepared by following the procedure G and purified by column
. o chromatography using EtOAc/hexane and isolated as a white Solid. Mp 79 °C;

o [alp™ = +67.7° (¢ = 0.6 g/100 mL, CHCly); IR (neat): v 3369, 2926, 1759

0 OH (C=0), 1717 (0-C=0), 1418, 1212, 1105, 1059, 697, 656;cm_1; 'H NMR
86da (CDCL,) § 7.37-7.34 (3H, m), 7.29-7.28 (2H, m), 4.75 (1H, t, J = 3.2 Hz), 4.35
(1H, d, J = 10.8 Hz), 4.16 (1H, d, J = 10.4 Hz), 4.05-3.97 (1H, m), 3.90 (1H, d, J = 10.0 Hz), 3.84
(1H, d, J = 10.4 Hz), 2.57 (2H, s), 2.49-2.31 (3H, m), 2.07-2.01 (3H, m), 1.38-1.32 (3H, m); °C
NMR (CDCl,) & 208.2 (C=0), 180.5 (C, O-C=0), 135.9 (C), 128.9 (CH), 128.7 (CH), 128.53
(CH), 128.49 (2xCH), 76.9 (CH,, O-CH,), 75.8 (C), 71.1 (CH, O-CH), 70.9 (CH,, O-CH,), 49.8
(CH,), 48.8 (C), 39.2 (CH,), 36.2 (CH,), 26.6 (CH,), 19.3 (CHs); HRMS m/z 341.1365 (M+Na),
caled C,gH,,0sNa 341.1365.

(3aS,7aR)-7a-(((2S,5R,6R)-5,6-dimethoxy-5,6-dimethyl-1,4-dioxan-2-yl)methyl)-3a-

hydroxytetrahydroisobenzofuran-1,5(3H,6H)-dione [(3aS,7aR)-
86ea]: Prepared by following the procedure G and purified by column
chromatography using EtOAc/hexane and isolated as a light gummy
yellow Solid; [alp* =—72.0° (c = 0.8 g/100 mL, CHCl;); IR (neat): v,

a1
3424, 2924, 1767 (C=0), 1721 (0-C=0), 1377, 1033, 938, 662.cm ; H
NMR (CDCL,) 6 5.16 (1H, s), 4.28-4.22 (2H, m), 4.14-4.09 (1H, m),

(3aS,7aR)-86ea 5 5¢ 3 49 (2H, m), 3.30 (3H. s), 3.25 (3H, s). 2.70 (2H, s), 2.44-2.39

(1H, m), 2.22-2.09 (4H, m), 1.81 (1H, dd, J = 14.8, 44 Hz), 1.31 (3H, s), 1.27 (3H, s); °C NMR
(CDCl,) 6 207.8 (C, C=0), 178.7 (C, O-C=0), 100.0 (C), 97.8 (C), 78.6 ( CH,, O-CH,), 75.6 (C),
63.5 (CH, O-CH), 62.8 (CH,, O-CH,), 49.14 (CH;, O-CH3;), 49.12 (CH,), 48.1 (CH3, O-CHj3),
48.0 (C), 35.2 (CH,), 33.7 (CH,), 32.4 (CH,), 17.3 (CH;), 17.2 (CH3); LRMS m/z 359.00
(M+H"), calcd C;7H»0g 358.16; Anal. calcd for C;7H»0s (358.16): C, 56.97; H, 7.31; Found: C,
56.88; H, 7.36%.

(3aR,7a8)-7a-(((2S,5R,6R)-5,6-dimethoxy-5,6-dimethyl-1,4-dioxan-2-yl)methyl)-3a-
hydroxytetrahydroisobenzofuran-1,5(3H,6H)-dione [(3aR,7aS)-86ea]:
OMe Prepared by following the procedure G and purified by column
X O chromatography using EtOAc/hexane and isolated as a light yellow
MeO Oz o  gummy Solid; [a]p™ =-109.6° (¢ = 1.3 g/100 mL, CHCl,); IR (neat):

H *
: -1
mo v 3424, 2924, 1767 (C=0), 1721 (O-C=0), 1377, 1033, 938, 662 cm ;
o) f

=z 1
OH H NMR (CDCI,) 8 4.66 (1H, s), 4.35-4.31 (2H, m), 3.98 (1H, d, /=104
(3aR,7aS)-86ea
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Hz), 3.63 (1H, t, J = 11.2 Hz), 3.47 (1H, dd, J = 11.6, 3.6 Hz), 3.33 (3H, s), 3.26 (3H, s), 2.84-
2.67 (2H, m), 2.52-2.47 (1H, m), 2.23-2.08 (4H, m), 1.91 (1H, dd, J = 15.2, 2.8 Hz), 1.32 (3H, s),
1.28 (3H, s); °C NMR (CDCl,) 6 207.6 (C, C=0), 179.8 (C, O-C=0), 100.1 (C), 97.9 (C), 76.5
(CH,, O-CH,), 76.3 (C), 63.9 (CH, O-CH), 62.6 (CH,, O-CH,), 49.4 (C), 49.3 (CH,, CH;, O-
CH,), 48.1 (CH;, O-CH3;), 36.0 (CH,), 33.3 (CH,), 22.5 (CH,), 17.6 (CH;), 17.5 (CH;); LRMS
m/z 359.25 (M+H"), calcd C;7H»05 358.16; Anal. caled for C,;H,¢05 (358.16): C, 56.97; H, 7.31;
Found: C, 56.88; H, 7.36%.

(3aS,7aR)-7a-(((S)-2,2-dimethyl-1,3-dioxolan-4-yl)methyl)-3a-hydroxy-4-
R methyltetrahydroisobenzofuran-1,5(3H,6 H)-dione [(3a8,7aR)-86ab]:
wio Prepared by following the procedure G and purified by column
© o chromatography using EtOAc/hexane and isolated as a colorless oil;

[alp® = +36.8° (¢ = 0.25 g/100 mL, CHCl); IR (neat): v__ 3432, 2982, 1756

O OH (C=0), 1713 (C=0), 1439, 1376, 1223, 1053, 652 cm-]; lH NMR (CDCl,) 6
86ab 5.20 (1H, -OH, s), 4.32-4.14 (2H, m), 4.09 (1H, s), 3.60 (1H, t, J = 8.0 Hz),
2.81-2.66 (1H, m), 2.53-2.40 (2H, m), 2.36-2.23 (2H, m), 2.16-1.94 (2H, m), 1.83-1.75 (1H, m),
1.48-1.38 (6H, m), 1.22-1.17 (3H, m); "C NMR (CDCl,) 6 208.5 (C=0), 178.3 (C, O-C=0),
110.6 (C), 79.8 (C), 74.0 (CH,, O-CH,), 72.6 (CH, O-CH), 70.0 (CH,, O-CH,), 50.7 (C), 50.6
(CH), 36.4 (CH,), 35.9 (CH,), 30.9 (CH,), 26.6 (CH3), 25.5 (CH3), 7.1 (CH3); LRMS m/z 299.20
(M+H"), caled C;5H,,06 298.14; Anal. calcd for C;sH», 04 (298.14);C, 60.39; H, 7.43; Found: C,
60.28, H, 7.46%.

Procedure H: General Procedure for Dehydration of 86:

To a solution of alcohol compound 86aa or 86ab (0.3 mmol) in dry DCM (2 mL) and dry
pyridine (1 mL) at 0 °C, SOCI, (5 equiv.) was added drop wise and stirred at 0 °C for 5 minutes.
After removal of cooling, the reaction mixture was stirred at room temperature for 30 minutes and
washed with aqueous NH,CI solution and the aqueous layer was extracted with dichloromethane
(3 x 20 mL). The combined organic layers were dried (Na,SO,), filtered concentrated. Pure
products 88aa or 88ab were obtained by column chromatography (silica gel, mixture of

hexane/ethyl acetate).

(R)-7a-(((S)-2,2-dimethyl-1,3-dioxolan-4-yl)methyl)-7,7a-dihydroisobenzofuran-1,5(3H,6 H)-
3 dione [(R)-88aa]: Prepared by following the procedure H and purified by
}O column chromatography using EtOAc/hexane and isolated as a light yellow
O sticky Solid; [alp™ =+266.3° (¢ = 0.4 g/100 mL, CHCL;); IR (neat): v_

ax

-1
0 3327, 2929, 1780 (C=0), 1672 (C=0), 1374, 1216, 1061, 1014, 664, 603. cm ;
(@)
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1H NMR (CDCI,) 6 5.99 (1H, s, olefinic), 5.35 (1H, dd, J/ = 14.4, 2.4 Hz), 4.88 (1H, dd, J = 14.4,
1.2 Hz), 4.21-4.14 (1H, m), 4.11 (1H, dd, J = 8.0, 6.0 Hz), 3.53 (1H, dd, J = 8.0, 6.4 Hz), 2.64-
2.54 (2H, m), 2.27-2.03 (4H, m), 1.33 (3H, s), 1.32 (3H, s); °C NMR (CDCL,) 6 196.3 (C=0),
177.0 (C, O-C=0), 161.8 (C, -C=C), 122.3 (CH, -C=CH), 110.0 (C), 72.1 (CH, O-CH), 70.2
(CH,, O-CH,), 69.4 (CH,, O-CH,), 44.5 (C), 41.0 (CH,), 32.5 (CH), 31.4 (CH,), 26.9 (CH3), 25.5
(CH3); LRMS m/z 265.20 (M-H"), caled C;4H;305 266.12; Anal. caled for C,4H,305 (266.12);C,
63.15; H, 6.81; Found: C, 63.22, H, 6.85%.

(8)-7a-(((S)-2,2-dimethyl-1,3-dioxolan-4-yl)methyl)-7,7a-dihydroisobenzofuran-1,5(3H,6 H)-

" /( dione [(S)-88aa]: Prepared by following the procedure H and purified by

O\/Ok column chromatography using EtOAc/hexane and isolated as a light yellow
o . 25 !

: gummy Solid; [a]p™ =-65.5° (¢ = 1.5 g/100 mL, CHCl;); H NMR (CDCl,) 6

o O 6.04 (1H, s, olefinic), 5.13 (1H, dd, J = 14.4, 2.4 Hz), 4.90 (1H, dd, J = 14.4,

(S)-88aa 1.2 Hz), 4.15-4.08 (2H, m), 3.52 (1H, dd, J = 8.4, 6.8 Hz), 2.69-2.54 (2H, m),

2.18-1.96 (4H, m), 1.41 (3H, s), 1.35 (3H, s); ’C NMR (CDCl,) & 196.6
(C=0), 176.8 (C, 0O-C=0), 161.0 (C, -C=C), 123.1 (CH, -C=CH), 110.1 (C), 72.1 (CH, O-CH),
69.5 (CH,, O-CH,), 68.7 (CH,, O-CH,), 43.7 (C), 38.7 (CH,), 32.6 (CH,), 28.5 (CH,), 26.7 (CH3),
25.6 (CH3).

(R)-7a-(((S)-2,2-dimethyl-1,3-dioxolan-4-yl)methyl)-4-methyl-7,7a-dihydroisobenzofuran-
1,5(3H,6H)-dione [(R)-88ab]: Prepared by following the procedure H and

5: purified by column chromatography using EtOAc/hexane and isolated as a
0] 9 colorless sticky Solid; [a]D25=+100.7° (c = 0.25 g/100 mL, CHCly); IR
? (neat): v 2938, 1768 (C=0), 1661 (C=0), 1376, 1222, 1162, 1123, 1061,
o ° 1019, 831, 667 cm-l; lH NMR (CDCl,) 6 5.23 (1H, dd, J = 14.0, 1.6 Hz), 4.96
(1H, t, J = 14.0 Hz), 4.18-4.13 (1H, m), 4.08 (1H, dd, J = 10.4, 2.0 Hz), 3.53

(R)-88ab

(1H, dd, J = 8.0, 6.0 Hz), 2.66-2.61 (1H, m), 2.57-2.55 (1H, m), 2.22-2.18
(2H, m), 2.16-2.10 (1H, m), 2.01 (1H, dd, J = 13.6, 2.4 Hz), 1.74 (3H, s), 1.31 (3H, s), 1.30 (3H,
s); °C NMR (CDCly) 8 196.3 (C=0), 177.9 (C, O-C=0), 155.0 (C, -C=C), 128.7 (C, -C=C),
109.8 (C), 72.2 (CH, O-CH), 69.6 (CH,, O-CH,), 69.3 (CH,, O-CH,), 44.4 (C), 41.4 (CH,), 32.3
(CH,), 31.0 (CH,), 26.9 (CH3), 25.5 (CH3), 10.9 (CH;3); LRMS m/z 281.25 (M+H"), caled
C,5H,005280.13; Anal. calcd for C;sH,,05(280.13);C, 64.27; H, 7.19; Found: C, 64.21, H, 7.22%.

Procedure I: Amino Acid-Catalyzed Reductive Alkylation Reactions with 3p: In an ordinary
glass vial equipped with a magnetic stirring bar, 0.5 mmol of the aldehyde 91, 0.5 mmol of CH-

acid 3p and 0.5 mmol of Hantzsch ester 1a was added 1.0 mL of solvent, and then the catalyst
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amino acid 4a (0.05 mmol) was added and the reaction mixture was stirred at 25 °C for the time

indicated in Tables 8. The crude reaction mixture was directly loaded onto a silica gel column

with or without aqueous work-up and pure cascade products 92 were obtained by column

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

4-benzyl-2H-thiopyran-3,5(4H,6H)-dione (92a): Prepared by following the procedure I and

S
92a

221.0636.

purified by column chromatography using EtOAc/hexane and isolated as a
solid. Mp 57°C. IR (Neat): v, 2922, 2853, 1744, 1630,1460, 1159 and 1029
cm’; '"H NMR (CDCl3) § 7.29-7.20 (5H, m), 3.93 (1H, t, J = 6.0 Hz), 3.47-3.36
(4H, m), 3.25 (2H, d, J = 6.0 Hz); >C NMR (CDCl;, DEPT-135) § 195.5 (2xC,
C=0), 139.5 (C), 129.2 (2xCH), 128.5 (2xCH), 126.4 (CH), 70.0 (CH), 39.6
(2xCH,), 28.5 (CH,); HRMS m/z 221.0618 (M + H), caled for C,,H,,0,SH

4-(2-methylbenzyl)-2H-thiopyran-3,5(4H,6H)-dione (92b): Prepared by following the

Me

S
92b

procedure I and purified by column chromatography using EtOAc/hexane and
isolated as a solid. Mp 93°C. IR (Neat): vy 2925, 1704, 1598, 1373, 1264,
1218 and 1024 cm™; '"H NMR (CDCl;) & 7.19-7.09 (4H, m), 3.91 (1H,t,J=5.6
Hz), 3.47-3.37 (4H, m), 3.25 (2H, d, J = 5.6 Hz), 2.31 (3H, s). °C NMR
(CDCl;, DEPT-135) 6 195.4 (2xC, C=0), 137.5 (C), 136.2 (C), 130.3 (CH),
129.5 (CH), 126.5 (CH), 125.9 (CH), 68.7 (CH), 39.5 (2xCH,), 25.2 (CH),

19.5 (CH;); HRMS m/z 257.0612 (M + Na), calcd for Cy3H;40,SNa 257.0612.

4-(4-methylbenzyl)-2H-thiopyran-3,5(4H,6H)-dione (92c): Prepared by following the

Me

92¢

S

procedure I and purified by column chromatography using
EtOAc/hexane and isolated as a solid. Mp 91°C. IR (Neat): v.x 2921,
1603, 1372, 1265, 183, 1027 and 809 cm™; 'H NMR (CDCl; +2 drops of
MeOH-d,) 6 7.13-7.00 (4H, m), 3.61 (1H, s), 3.39 (3H, q, J = 14.0 Hz),
3.13 (1H, s), 3.16 (1H, s), 2.27 (2H, s), 2.25 (1H, s); *C NMR (CDCl;+2
drops of MeOH-d,;, DEPT-135) & 195.6 (2xC, C=0), 136.1 (C), 135.9

(©), 129.0 (CH), 128.9 (CH), 128.8 (CH), 128.3 (CH), 39.5 (2xCH,), 28.1 (CH,), 27.6 (CH), 20.9
(CH3); HRMS m/z 235.0740 (M + H), calcd for C;3H,,0,SH 235.0793.
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4-(2-nitrobenzyl)-2H-thiopyran-3,5(4H,6H)-dione (92d): Prepared by following the procedure

I and purified by column chromatography using EtOAc/hexane and isolated as a

No2 solid. Mp 72°C. IR (Neat): vy 1558, 1521, 1355, 1226, 1133, 1034 and 847
cm’'; 'TH NMR (CDCly) 8 7.90 (1H, d, J = 8.4 Hz), 7.73-7.24 (3H, m), 4.11-4.05
© © (1H, m), 3.86 (1H, s), 3.52-3.44 (3H, m), 3.37-3.30 (2H, m); "C NMR (CDCl,,
s
92d

DEPT-135) § 194.6 (2xC, C=0), 148.9 (C), 134.3 (CH), 133.1 (CH), 127.7
(CH), 124.8 (CH), 112.9 (C), 68.8 (CH), 39.5 (2xCH,), 30.9 (CH,); HRMS m/z
266.0486 (M + H), caled for C,,H;;NO,SH 266.0487.

4-(3-nitrobenzyl)-2H-thiopyran-3,5(4H,6H)-dione (92e): Prepared by following the procedure I

and purified by column chromatography using EtOAc/hexane and isolated as a

NO,
solid. Mp 60°C. ;IR (Neat): vi.x 2927, 1721, 1598, 1526, 1348, 1220, 1102 and
1033 cm’l; '"H NMR (CDCl; +2 drops of MeOH-d,) & 8.12 (1H, s), 7.99 (1H, d,
o o J=8.0Hz), 7.63 (1H,d, J = 7.6 Hz), 7.39 (1H, t, J = 8.0 Hz), 3.76 (2H, s), 3.38
S
92e

(4H, s); *C NMR (CDCl; +2 drops of MeOH-d,, DEPT-135) § 147.9 (C), 143.4
(C), 135.0 (CH), 128.6 (CH), 123.3 (CH), 120.5 (CH), 114.2 (C), 39.3 (2xCH.),
27.8 (CH,); HRMS m/z 288.0308 (M + Na), calcd for C;,H;;NO,SNa 288.0306.

4-(4-nitrobenzyl)-2H-thiopyran-3,5(4H,6H)-dione (92f): Prepared by following the procedure I

and purified by column chromatography using EtOAc/hexane and isolated

ot as a solid. Mp 98°C. IR (Neat): vy, 2922, 2362, 1703, 1599, 1514, 1342
o o and 854 cm™; '"H NMR (CDCl3+2 drops of MeOH-d,) & 7.76-7.73 (2H,
m), 7.11-7.08 (2H, m), 3.42 (2H, bs), 3.07 (4H, bs); *C NMR (CDCl,,
S
92f

DEPT-135) 6 195.1 (2xC,C=0), 138.5 (C), 131.5 (2xCH), 131.0 (2xCH),
120.3 (C), 69.8 (CH), 39.7 (2xCH,), 27.8 (CH,); HRMS m/z 288.0307 (M
+ Na), calcd for C,,H;;NO,SNa 288.0306.

4-((3,5-dioxotetrahydro-2H-thiopyran-4-yl)methyl)benzonitrile (92g): Prepared by following

the procedure I and purified by column chromatography using

NC
EtOAc/hexane and isolated as a solid. Mp 123°C. IR (Neat): vpn.x 3379,
o o 2925, 1711, 1605, 1368, 1265, 1113 and 734 cm™; '"H NMR (CDCl; +2
drops of MeOH-d,) 6 7.42 (2H, d, J = 7.6 Hz), 7.28 (2H, d, J = 7.6 Hz),
S
92¢g

3.61 (2H, s), 3.29 (4H, s); >C NMR (CDCl; +2 drops of MeOH-d,, DEPT-

135) & 147.0 (C), 131.2 (2xCH), 128.8 (2xCH), 118.6 (C), 113.4 (C),
108.1 (C), 39.0 (2xCH,), 27.8 (CH,); HRMS m/z 268.0409 (M + Na), calcd for C,3H;;NO,SNa
268.0408.
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4-(4-fluorobenzyl)-2H-thiopyran-3,5(4H,6H)-dione (92h): Prepared by following the procedure

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

" as a solid. Mp 101°C. ;IR (Neat): v 3056, 1703, 1601, 1508, 1220, 1157
and 830 cm™; '"H NMR (CDCl; +2 drops of MeOH-d,) & 7.23-7.20 (2H, m),
° O 694-6.87 (2H, m), 3.62 (2H, bs), 3.35 (4H, bs), 3.19 (1H, s); *C NMR
S
92h

(CDCl; +2 drops of MeOH-d,) & 195.5 (2xC, C=0), 160.9 (C, d, J = 240.0

Hz), 136.7 (C), 129.7 (2xCH, d, J = 7.6 Hz), 115.3 (C), 114.4 (2xCH, d, J =
21.0 Hz), 39.4 (2xCH,), 27.1 (CH,); HRMS m/z 239.0540 (M + H), calcd for C,,H,,FO,SH
239.0542.

4-(4-chlorobenzyl)-2H-thiopyran-3,5(4H,6H)-dione (92i): Prepared by following the procedure
I and purified by column chromatography using EtOAc/hexane and isolated

“ as a solid. Mp 105°C. ;IR (Neat): v 3055, 1706, 1595, 1491, 1366, 1264,
1089, 1015 and 805 cm™'; '"H NMR (CDCl; +2 drops of MeOH-dy) 6 7.52
° ° (2H, d, J = 8.0 Hz), 7.38 (2H, d, J = 8.0 Hz), 3.71 (2H, s), 3.37 (4H, 5); "°C
S
92i

NMR (CDCl; +2 drops of MeOH-d,, DEPT-135) & 147.3 (C), 131.6
(2xCH), 129.2 (2xCH), 119.0 (C), 113.9 (C), 108.4 (C), 28.9 (CH,); HRMS
m/z 253.0096 (M-H) calcd for Cj,H,;Cl0,S 254.0618 (M).

4-(4-bromobenzyl)-2H-thiopyran-3,5(4H,6H)-dione (92j): Prepared by following the procedure
I and purified by column chromatography using EtOAc/hexane and

o isolated as a solid. Mp 90°C.; IR (Neat): vy, 3141, 2926, 1591, 1483,
o o 1298, 1013 and 748 cm™; '"H NMR (CDCl;) 8 7.39 (2H, d, J = 8.0 Hz),
7.12 (2H, d, J = 8.0 Hz), 3.87 (1H, t, J =6.0 Hz), 3.43 (4H, q, J = 14.0 Hz),
S
92j

3.19 (2H, d, J = 6.0 Hz); *C NMR (CDCl;, DEPT-135) § 195.1 (2xC,
C=0), 138.5 (C), 131.5 (2xCH), 131.0 (2xCH), 120.3 (C), 69.8 (CH), 39.7
(2xCH,), 27.8 (CH,); HRMS m/z 320.9561 (M + Na), calcd for C1,H,;BrO,SNa 320.9561.

4-(benzo[d][1,3]dioxol-5-ylmethyl)-2H-thiopyran-3,5(4H,6H)-dione (92k): Prepared by

following the procedure I and purified by column chromatography using

/0
o EtOAc/hexane and isolated as a solid. Mp 85°C. IR (Neat): v.x 3182, 2895,
1717, 1594, 1483, 1367, 1245, 1070 and 919 cm™; "H NMR (CDCl; +2 drops
o o of MeOH-d,) 6 6.77-6.65 (3H, m), 5.87 (2H, s), 3.57 (2H, s), 3.36 (4H, s);
S
92k

13C NMR (CDCl; +2 drops of MeOH-d,, DEPT-135) § 146.9 (C), 144.9 (C),

134.8 (C), 120.9 (CH), 115.3 (C), 108.8 (CH), 107.4 (CH), 100.2 (CH,), 39.1

(2xCH,), 274 (CH,); HRMS m/z 287.0366 (M + Na), caled for
C1;H,,0,SNa 287.0354.
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4-(4-methoxybenzyl)-2H-thiopyran-3,5(4H,6H)-dione (921): Prepared by following the
procedure I and purified by column chromatography using
EtOAc/hexane and isolated as a solid. Mp 87°C.;IR (Neat): vy 2931,
2837, 1701, 1606, 1510, 1243, 1176, 1029, 825 and 732 cm™; '"H NMR

MeO

© © (CDCl; +2 drops of MeOH-dy) & 7.18 (2H, d, J =8.4 Hz), 6.77 2H, d, J
s = 8.4 Hz), 3.78 (1H, s), 3.76 (2H, s), 3.60 (2H, s), 3.35 (3H, s, OCH3);
92I C NMR (CDCl; +2 drops of MeOH-d;, DEPT-135) & 195.8 (C), 157.2

(©), 133.3 (C), 129.2 (2xCH), 115.6 (C), 113.2 (2xCH), 55.0 (CH3, OCHj3), 39.3 (2xCH,), 27.0
(CH,); HRMS m/z 251.0741 (M + H), calcd for C;3H,405;SH 251.0742.

4-isobutyl-2H-thiopyran-3,5(4H,6H)-dione (92m): Prepared by following the procedure I and
purified by column chromatography using EtOAc/hexane and isolated as a solid.
Mp 77°C.;IR (Neat): Vi, 2956, 1702, 1588, 1370, 1233, 1117 and 991 cm™; 'H
6) O NMR (CDCl;) 6 3.65 (1H, t, J = 6.4 Hz), 3.41 (4H, q, J = 9.6 Hz), 3.35 (2H, s),
1.62-1.51 (1H, m), 0.85 (6H, d, J = 6.8 Hz); "C NMR (CDCl;, DEPT-135) &
196.8 (2xC), 65.9 (CH), 38.9 (2xCH,), 32.1 (CHp), 25.6 (CH), 22.3 (2xCHa);
HRMS m/z 187.0793 (M + H), caled for CoH,40,SH 187.0793.

92m

Procedure J: Organocatalyzed Asymmetric Cascade Michael-Aldol Reaction: In an ordinary
glass vial equipped with a magnetic stirring bar, to 0.3 mmol of 2-alkyl-cyclohexane-1,3-dione 92
and 0.6 mmol of a,B-unsaturated ketone 70 was added 2.0 mL of solvent and then the
hydroquinine 4g (30 mol%) was added and the reaction mixture was stirred 0 °C for the time
indicated in Tables 11. The crude reaction mixture was directly loaded on to the silica gel

(mixture of hexane/ethyl acetate) to give 96.

(-)-5-benzyl-8-ethyl-8-hydroxy-2-thiabicyclo[3.3.1]Jnonane-4,9-dione (96ab): Prepared by
following the procedure J and purified by column chromatography using
EtOAc/hexane and isolated as a solid. Mp 96°C. The enantiomeric excess
(ee) was determined by chiral stationary phase HPLC using a Daicel

Chiralcel AD-H column (hexane/2-propanol = 85:15, flow rate 1.0 mL/min,

A =254 nm), tg = 7.056 min (major), tr = 11.972 min (minor). [(JL]D25 =—
68.1° (¢ = 0.20 g/100 mL, CHCl;, 74% ee); IR (Neat): v, 3433, 2930,
1731, 1698, 1446, 1268, 959 and 737 cm™; '"H NMR (CDCl;) § 7.24-7.16 (5H, m), 3.56 (1H, s),
3.24 (1H, d, J = 13.2 Hz), 2.85 (2H, t, J = 12.4 Hz), 2.65 (1H, d, J = 12.4 Hz), 2.33-2.26 (2H, m),
2.00 (2H, t,J = 16.4 Hz), 1.65 (2H, q, J = 7.2 Hz), 1.57 (1H, d, J = 8.8 Hz), 0.92 3H, t, J = 7.6
Hz); "C NMR (CDCl;, DEPT-135) § 203.6 (C, C=0), 200.4 (C, C=0), 136.0 (C), 131.1 (2xCH),
128.0 (2xCH), 126.6 (CH), 81.3 (C), 67.1 (C), 54.1 (CH), 38.5 (CH,), 37.9 (CH,), 33.7 (CHy),

96ab
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31.7 (CHp), 28.7 (CHy), 6.5 (CH;); HRMS m/z 327.1031 (M + Na), caled for C;;H;00sSNa
327.1031.

(-)-8-ethyl-8-hydroxy-5-(2-methylbenzyl)-2-thiabicyclo[3.3.1]nonane-4,9-dione (96bb):
Prepared by following the procedure J and purified by column
chromatography using EtOAc/hexane and isolated as a solid. Mp 102°C.
The enantiomeric excess (ee) was determined by chiral stationary phase
HPLC using a Daicel Chiralcel OD-H column (hexane/2-propanol = 85:15,
flow rate 1.0 mL/min, A = 254 nm), #zx = 7.167 min (major), tx = 8.710 min

96bb (minor); [alp® = —196.1° (¢ = 0.20 g/100 mL, CHCl;, 62% ee); IR (Neat):
Vinax 2932, 1706, 1667, 1580, 1455, 1417, 1269, 1134 and 820 cm™'; '"H NMR (CDCl;) & 7.28-7.26
(1H, m), 7.11-7.08 (3H, m), 3.63 (1H, s), 3.26 (1H, d, J = 14.0 Hz), 3.03-2.94 (3H, m), 2.34-2.31
(1H, m), 2.28 (3H, s), 2.00-1.93 (3H, m), 1.66 (2H, q, J = 7.2 Hz) 1.57-1.54 (1H,m), 0.92 (3H, t,
J = 7.6 Hz); "C NMR (CDCl;, DEPT-135) § 203.6 (C, C=0), 199.4 (C, C=0), 137.4 (C), 134.7
(C), 131.0 (CH), 130.7 (CH), 126.9 (CH), 125.7 (CH), 81.2 (C), 66.9 (C), 54.2 (CH), 37.9 (CH,),
33.5 (CHy), 33.2 (CH,), 31.8 (CH,), 28.9 (CH,), 20.3 (CH;), 6.6 (CH;); HRMS m/z 341.1187 (M
+ Na), calcd for CgH,,0O3;SNa 341.1187.

(—)-8-ethyl-8-hydroxy-5-(4-methylbenzyl)-2-thiabicyclo[3.3.1]nonane-4,9-dione (96¢b):
Prepared by following the procedure J and purified by column
chromatography using EtOAc/hexane and isolated as a solid. Mp 111°C.
The enantiomeric excess (ee) was determined by chiral stationary phase
HPLC using a Daicel Chiralcel AD-H column (hexane/2-propanol =
85:15, flow rate 1.0 mL/min, A = 254 nm), fgr = 6.875 min (major), tr =
13.386 min (minor). [a]lp> = -311.60° (¢ = 0.50 g/100 mL, CHCl;, 73%
ee); IR (Neat): v, 3433, 2926, 1731, 1698, 1514, 1442, 1275 and 964 cm™; '"H NMR (CDCl3) &
7.14 (2H, d, J = 8.0 Hz), 7.03 (2H, d, J = 7.6 Hz), 3.53 (1H, s), 3.21 (1H, d, J = 13.2 Hz), 2.87
(1H, d, J = 12.4 Hz), 2.80 (1H, d, J = 13.2 Hz), 2.67 (1H, d, J = 12.0 Hz), 2.33-2.30 (1H, m),
2.28 (3H, s), 2.00-1.97 (3H, m), 1.65 (2H, q, J = 7.2 Hz), 1.57-1.54 (1H, m), 0.90 3H, t, J = 7.6
Hz); "C NMR (CDCl;, DEPT-135) § 203.3 (C, C=0), 200.5 (C, C=0), 136.2 (C), 132.9 (C),
131.0 (2xCH), 128.8 (2xCH), 81.3 (C), 67.2 (C), 54.1 (CH), 38.2 (CH,), 38.1 (CH,), 33.7 (CHy),
31.8 (CH,), 29.0 (CH,), 21.0 (CHj3), 6.5 (CH;); HRMS m/z 341.1188 (M + Na), calcd for
CysH,,03SNa 341.1187.
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(—)-8-ethyl-8-hydroxy-5-(2-nitrobenzyl)-2-thiabicyclo[3.3.1nonane-4,9-dione (96db):
O-N Prepared by following the procedure J and purified by column
2
/@ chromatography using EtOAc/hexane and isolated as a solid. Mp 113°C.

The enantiomeric excess (ee) was determined by chiral stationary phase

=—0

—OH HPLC using a Daicel Chiralcel AD-H column (hexane/2-propanol = 85:15,
flow rate 1.0 mL/min, A = 254 nm), fzr = 16.283 min (major), tr = 17.847
96db min (minor). [a]p” = —148.3° (¢ = 0.20 g/100 mL, CHCls;, 62% ee); IR

(Neat): Vi 3503, 2931, 1733, 1699, 1610, 1522, 1341, 1267, 965 and 788 cm; 'H NMR
(CDCl,) 6 8.05 (1H, d, J =8.0 Hz), 7.55 (1H, t, J = 7.2 Hz), 7.43 (1H, t, J = 7.6 Hz), 7.32 (1H, d,
J=17.6Hz), 398 (1H, d, J = 14.0 Hz), 3.65 (1H, s), 3.44 (1H, d, J = 12.4 Hz), 3.10 (1H, d, J =
12.4 Hz), 2.94 (1H, d, J = 14.0 Hz), 2.44-2.42 (1H, m), 2.26-2.23 (1H, m), 2.01-1.83 (3H, m),
1.65 (2H, q, J = 7.2 Hz), 0.91 (3H, t, J = 7.6 Hz); °C NMR (CDCl;, DEPT-135) & 202.6 (C,
C=0), 197.8 (C, C=0), 149.2 (C), 133.7 (CH), 132.8 (CH), 131.9 (C), 128.2 (CH), 125.6 (CH),
80.9 (O), 64.8 (C), 54.1 (CH), 37.6 (CH,), 35.2 (CHy), 32.4 (CH,), 31.7 (CH,), 28.3 (CH,), 6.5
(CH3); HRMS m/z 350.1063 (M + H), calcd for C;7H;yNOsSH 350.1062.

(—)-8-ethyl-8-hydroxy-5-(3-nitrobenzyl)-2-thiabicyclo[3.3.1]Jnonane-4,9-dione (96¢eb):
Prepared by following the procedure J and purified by column
chromatography using EtOAc/hexane and isolated as a solid. Mp 156°C.
The enantiomeric excess (ee) was determined by chiral stationary phase
HPLC using a Daicel Chiralcel AD-H column (hexane/2-propanol =
85:15, flow rate 1.0 mL/min, A = 254 nm), tg = 13.428 min (major), tg =
32.078 min (minor). [a]p® = -182.9° (¢ = 0.30 g/100 mL, CHCl;, 87%
ee); IR (Neat): v 2930, 1701, 1601, 1517, 1344, 1270, 1108 and 858
cm’; '"H NMR (CDCly) & 8.16 (1H, s), 8.05 (1H, d, J = 7.6 Hz), 7.59 (1H, d, J = 7.6 Hz), 7.41
(1H, t, J = 8.0 Hz), 3.57 (1H, s), 3.25 (1H, d, J = 13.6 Hz), 3.00 (2H, t, J = 12.4 Hz), 2.77 (1H, d,
J=12.4 Hz), 2.49-2.41 (1H, m), 2.28 (1H, d, J = 7.6 Hz), 2.01 (2H, q, J = 12.0 Hz), 1.90 (1H, s),
1.67 (2H, q, J = 7.2, Hz), 0.91 (3H, t, J = 7.2 Hz); °C NMR (CDCls;, DEPT-135) § 203.0 (C,
C=0), 200.2 (C, C=0), 148.0 (C), 138.1 (C), 137.3 (CH), 128.9 (CH), 126.1 (CH), 121.9 (CH),
81.1 (C), 66.6 (C), 53.9 (CH), 37.9 (CH,), 37.7 (CH,), 33.3 (CH,), 31.7 (CH,), 28.7 (CH,), 6.5
(CH;); HRMS m/z 350.1063 (M + H), calcd for C;7H;oNOsSH 350.1062.
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(—)-8-ethyl-8-hydroxy-5-(4-nitrobenzyl)-2-thiabicyclo[3.3.1nonane-4,9-dione (96fb):
Prepared by following the procedure J and purified by column
chromatography using EtOAc/hexane and isolated as a solid. Mp
138°C. The enantiomeric excess (ee) was determined by chiral

stationary phase HPLC using a Daicel Chiralcel AD-H column

(hexane/2-propanol = 85:15, flow rate 1.0 mL/min, A = 254 nm), tg =
13.942 min (major), fx = 39.388 min (minor). [a]p> = —203.2° (¢ =
0.20 g/100 mL, CHCl;, 78% ee); IR (Neat): Vi, 3418, 2929, 1733, 1700, 1488, 1439, 1265,
1105, 1012 and 840 cm™; '"H NMR (CDCl;) § 8.10 (2H, d, J = 8.4 Hz), 7.46 (2H, d, J = 8.4 Hz),
3.57 (1H, s), 3.28 (1H, d, J = 13.2 Hz), 2.97 (2H, dd, J = 13.2, 9.6 Hz), 2.73 (1H, d, J = 12.4 Hz),
2.30-2.29 (1H, m), 2.02 (2H, d, J = 6.8 Hz), 1.74 (1H, s), 1.68 (2H, q, J = 7.6 Hz), 1.62-1.58 (1H,
m), 0.91 (3H, t, J = 7.6 Hz); °*C NMR (CDCls, DEPT-135) § 202.7 (C, C=0), 200.2 (C, C=0),
146.8 (C), 143.9 (C), 132.1 (2xCH), 123.2 (2xCH), 81.1 (C), 66.8 (C), 53.9 (CH), 38.2 (CH,),
37.8 (CH,), 33.6 (CH,), 31.7 (CH,), 28.8 (CH,), 6.5 (CHs); HRMS m/z 372.0882 (M + Na), calcd
for C1,H;oNOsSNa 372.0882.

96fb

(—)-4-((8-ethyl-8-hydroxy-4,9-dioxo-2-thiabicyclo[3.3.1]Jnonan-5-yl)methyl)benzonitrile
(96gb): Prepared by following the procedure J and purified by column

\/O/CN chromatography using EtOAc/hexane and isolated as a solid. Mp

144°C. The enantiomeric excess (ee) was determined by chiral

=0

stationary phase HPLC using a Daicel Chiralcel AD-H column
(hexane/2-propanol = 85:15, flow rate 1.0 mL/min, A = 210 nm), g =
10.841 min (major), tg = 20.119 min (minor). [alp® = -176.5° (¢ =
0.20 g/100 mL, CHCl;, 73% ee); IR (Neat): vy 3417, 2966, 2360, 1734, 1699, 1488, 1236,
1012, 969 and 773 cm™; '"H NMR (CDCl;) § 7.55 (2H, d, J = 8.0 Hz), 7.41 (2H, d, J = 8.0 Hz),
3.57 (1H, s), 3.25 (1H, d, J = 13.2 Hz), 2.95 (2H, dd, J = 12.4, 6.4 Hz), 2.71 (1H, d, J = 12.4 Hz),
2.31-2.26 (1H, m), 2.08-1.96 (1H, m), 1.71-1.58 (4H, m), 1.60-1.58 (1H, m), 0.92 3H, t, J = 7.6
Hz); °C NMR (CDCl;, DEPT-135) § 202.7 (C, C=0), 200.2 (C, C=0), 141.8 (C), 132.0 (2xCH),
131.8 (2xCH), 118.7 (C), 110.7 (C), 81.1 (C), 66.8 (C), 53.9 (CH), 38.5 (CH,), 37.8 (CH,), 33.6
(CH,), 31.7 (CH,), 28.8 (CH,), 6.5(CH;); HRMS m/z 352.0983 (M + Na), caled for
CisH1sNO3SNa 352.0983.

96gb
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(—)-8-ethyl-5-(4-fluorobenzyl)-8-hydroxy-2-thiabicyclo[3.3.1]lnonane-4,9-dione (96hb):
Prepared by following the procedure J and purified by column
chromatography using EtOAc/hexane and isolated as a solid. Mp 112°C.

The enantiomeric excess (ee) was determined by chiral stationary phase

HPLC using a Daicel Chiralcel AD-H column (hexane/2-propanol
85:15, flow rate 1.0 mL/min, A = 254 nm), g = 7.311 min (major), #x
12.216 min (minor). [a]p> = —168.5° (¢ = 0.20 g/100 mL, CHCl;, 64 %
ee); IR (Neat): v, 3433, 2928, 1731, 1699, 1492, 1442, 1409, 1235, 1096 and 964 cm™; 'H
NMR (CDCly) 6 7.28-7.24 (2H, m), 6.95-6.91 (2H, m), 3.56 (1H, d, J = 1.6 Hz), 3.23 (1H, d, J =
10.8 Hz), 2.90 (1H, d, J = 10.0 Hz), 2.83 (1H, d, J = 10.8 Hz), 2.66 (1H, d, J = 10.0 Hz), 2.38-
2.26 (1H, m), 2.06-1.96 (2H, m), 1.68 (3H, q, J = 6.0 Hz), 1.66-1.57 (1H, m), 0.92 3H, t, J = 6.0
Hz); °C NMR (CDCl;, DEPT-135) § 203.3 (C, C=0), 200.5 (C, C=0), 158.5 (C, d, J = 264.8
Hz), 132.8 (2xCH, d, J = 8.0 Hz), 131.7 (C), 114.9 (2xCH, d, J = 20.7 Hz), 81.3 (C), 67.1 (C),
54.0 (CH), 37.9 (CHy), 37.7 (CH,), 33.7 (CH,), 31.7 (CHy,), 28.9 (CH,), 6.5 (CH3); HRMS m/z
345.0937 (M + Na), calcd for C;;H;9FO5;SNa 345.0937.

96hb

(—)-5-(4-chlorobenzyl)-8-ethyl-8-hydroxy-2-thiabicyclo[3.3.1]nonane-4,9-dione (96ib):
Prepared by following the procedure J and purified by column
\ X /O/ Cl chromatography using EtOAc/hexane and isolated as a solid. Mp 138°C.
The enantiomeric excess (ee) was determined by chiral stationary phase
HPLC using a Daicel Chiralcel AD-H column (hexane/2-propanol =
96ib 85:15, flow rate 1.0 mL/min, A = 254 nm), tzg = 7.762 min (major), fg =
13.178 min (minor). [alp® = -324.9° (¢ = 0.30 g/100 mL, CHCl;, 69% ee); IR (Neat): vi.x
3467, 2929, 1696, 1492, 1441, 1271, 1094, 964 and 826 cm™'; '"H NMR (CDCl;) § 7.25-7.13 (4H,
m), 3.53 (1H, s), 3.18 (1H, d, J = 13.2 Hz), 2.83 (2H, q, J = 11.6 Hz), 2.66 (1H, d, J = 12.4 Hz),
2.30-2.28 (1H, m), 2.00 (2H, s), 1.79-1.51 (4H, m), 0.90 (3H, t, J = 5.6 Hz); °C NMR (CDCl;,
DEPT-135) ¢ 203.3 (C, C=0), 200.4 (C, C=0), 134.5 (C), 132.5 (1xC, 2xCH), 128.2 (2xCH),
81.3 (C), 67.0 (C), 54.0 (CH), 38.0 (CH,), 37.8 (CH,), 33.7 (CH,), 31.7 (CH,), 28.8 (CH,), 6.5
(CH;); HRMS m/z 361.0641 (M + Na), calcd for C,;H;9C10;SNa 361.0641.

(—)-5-(4-bromobenzyl)-8-ethyl-8-hydroxy-2-thiabicyclo[3.3.1]Jnonane-4,9-dione (96jb):
Prepared by following the procedure J and purified by column
chromatography using EtOAc/hexane and isolated as a solid. Mp
158°C. The enantiomeric excess (ee) was determined by chiral
stationary phase HPLC using a Daicel Chiralcel AD-H column
(hexane/2-propanol = 85:15, flow rate 1.0 mL/min, A = 254 nm), tg =
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8.109 min (major), fz = 13.762 min (minor). [a]p*® = —497.5° (¢ = 0.20 g/100 mL, CHCl;, 71%
ee); IR (Neat): vy, 3374, 2965, 2928, 1731, 1694, 1487, 1105, 1013 and 844 cm™'; '"H NMR
(CDCl3) 8 7.34 (2H, d, J = 8.0 Hz), 7.14 (2H, d, J = 8.4 Hz), 3.54 (1H, s), 3.17 (1H, d, J = 13.6
Hz), 2.91 (1H, d, J = 12.4 Hz), 2.80 (1H, d, J = 13.2 Hz), 2.67 (1H, d, J = 12.4 Hz), 2.30-2.27
(1H, m), 2.00-1.97 (2H, m), 1.88 (1H, s), 1.66 (2H, q, J = 7.6 Hz), 1.58-1.55 (1H, m), 0.91 (3H, t,
J = 7.6 Hz); °C NMR (CDCl;, DEPT-135) & 203.3 (C, C=0), 200.4(C, C=0), 135.0 (C), 132.9
(2xCH), 131.2 (2xCH), 120.8 (C), 81.2 (C), 66.9 (C), 54.0 (CH), 38.0 (CH,), 37.9 (CH,), 33.7
(CH,), 31.7 (CH,), 28.8 (CH,), 6.5 (CHs;); HRMS m/z 405.0137 (M + Na), calcd for
C,7H,,BrO;SNa 405.0136.

(-)-5-(benzo[d][1,3]dioxol-5-ylmethyl)-8-ethyl-8-hydroxy-2-thiabicyclo[3.3.1]Jnonane-4,9-

dione (96kb): Prepared by following the procedure J and purified by
column chromatography using EtOAc/hexane and isolated as a solid. Mp
139°C. The enantiomeric excess (ee) was determined by chiral stationary

phase HPLC using a Daicel Chiralcel AD-H column (hexane/2-propanol

= 80:20, flow rate 1.0 mL/min, A = 254 nm), fzr = 9.911 min (major), fr =

96kb 21.032 min (minor). [a]p® = -164.6° (c = 0.20 g/100 mL, CHCl;, 75%
ee); IR (Neat): vy, 3459, 2928, 1731, 1698, 1487, 1441, 1243, 1037, 927 and 735 cm™; '"H NMR
(CDCly) & 6.82 (1H, S), 6.67-6.64 (2H, m), 5.90 (2H, s), 3.53 (1H, s), 3.17 (1H, d, J = 13.6 Hz),
2.90 (1H, d, J = 12.4 Hz), 2.76-2.71(2H, m), 2.31-2.27(1H, m), 2.04-1.91 (2H, m), 1.73-1.54 (4H,
m), 0.90 (3H, t, J = 7.6 Hz); *C NMR (CDCl;, DEPT-135) & 200.3 (C, C=0), 200.5 (C, C=0),
147.2 (C), 146.2 (C), 129.6 (C), 124.3 (CH), 111.7 (CH), 107.9 (CH), 100.8 (CH,), 81.4 (C), 67.3
(C), 54.1 (CH), 38.2 (CH,), 38.1 (CH,), 33.7 (CH,), 31.8 (CH,), 28.9 (CH,), 6.5 (CH3); HRMS
m/z 371.0929 (M + Na), calcd for C,sH,0OsSNa 371.0929.

(—)-8-ethyl-8-hydroxy-5-(4-methoxybenzyl)-2-thiabicyclo[3.3.1]nonane-4,9-dione (961b):
Prepared by following the procedure J and purified by column
chromatography using EtOAc/hexane and isolated as a solid. Mp
123°C. The enantiomeric excess (ee) was determined by chiral

stationary phase HPLC using a Daicel Chiralcel AD-H column

(hexane/2-propanol = 85:15, flow rate 1.0 mL/min, A = 254 nm), fg =

96lb

8.895 min (major), fx = 21.825 min (minor). [a]p®” = —148.8° (¢ =
0.30 g/100 mL, CHCls, 73% ee); IR (Neat): Vi 2930, 1731, 1698, 1512, 1244, 1178, 1033, 961
and 735 cm™'; "H NMR (CDCl3) 8 7.18 (2H, d, J = 8.4 Hz), 6.76 (2H, d, J = 8.4 Hz), 3.76 (3H, s),
3.53 (1H, s), 3.20 (1H, d, J = 13.2 Hz), 2.86 (1H, d, J = 12.0 Hz), 2.77 (1H, d, J = 13.6 Hz), 2.64
(1H, d, J = 12.4 Hz), 2.32-2.30 (1H, m), 2.01-1.96 (2H, m), 1.70-1.63 (4H, m), 0.90 3H, t, J =
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7.6 Hz); °C NMR (CDCls, DEPT-135) & 203.5 (C, C=0), 200.6 (C, C=0), 158.2 (C), 132.2
(2xCH), 128.0 (C), 113.4 (2xCH), 81.3 (C), 67.3 (C), 55.1 (CHj3), 54.1 (CH), 38.0 (CHy), 37.8
(CHy), 33.6 (CH,), 31.8 (CH,), 28.9 (CHy,), 6.5 (CH3); HRMS m/z 357.1137 (M + Na), calcd for
C,5H,,04SNa 357.1136.

(-)-5-benzyl-8-hydroxy-8-methyl-2-thiabicyclo[3.3.1lnonane-4,9-dione (96aa): Prepared by
following the procedure J and purified by column chromatography using
EtOAc/hexane and isolated as a solid. Mp 112°C. The enantiomeric excess
(ee) was determined by chiral stationary phase HPLC using a Daicel

Chiralcel AD-H column (hexane/2-propanol = 85:15, flow rate 1.0 mL/min,

96aa A = 254 nm), fr = 6.300 min (major), fx = 11.197 min (minor). [alp> = —
98.2° (¢ = 0.20 g/100 mL, CHCl;, 46% ee); IR (Neat): vy, 3396, 2929, 1783, 1696, 1215, 1147
and 703 cm™; '"H NMR (CDCls) § 7.25-7.17 (5H, m), 3.50 (1H, s), 3.24 (1H, d, J = 13.2 Hz), 2.86
(2H, q, J = 16.0, 12.0 Hz), 2.66 (1H, d, J = 12.0 Hz), 2.32 (1H, d, J = 12.4 Hz), 2.10-1.99 (2H,
m), 1.72 (1H, s), 1.53 (1H, d, J = 14.4 Hz), 1.35 (3H, s); °C NMR (CDCl;, DEPT-135) & 203.4
(C, C=0), 200.4 (C, C=0), 136.0 (C), 131.2 (2xCH), 128.1 (2xCH), 126.7 (CH), 79.4 (C), 66.6
(C), 56.5 (CH), 38.5 (CH,), 38.1 (CH,), 33.8 (CH,), 30.3 (CH,), 27.4 (CH;); HRMS m/z 313.0876
(M + Na), calcd for C;¢H;303SNa 313.0874.

(-)-5-benzyl-8-hydroxy-8-propyl-2-thiabicyclo[3.3.1Jnonane-4,9-dione (96ac): Prepared by
following the procedure J and purified by column chromatography using
EtOAc/hexane and isolated as a solid. Mp 102°C. The enantiomeric excess
(ee) was determined by chiral stationary phase HPLC using a Daicel
Chiralcel OD-H column (hexane/2-propanol = 85:15, flow rate 1.0 mL/min,
A =230 nm), fx = 4.936 min (minor), fx = 9.179 min (major). [a]p> = —54.1°
(¢ = 1.00 g/100 mL, CHCI;, 70% ee); IR (Neat): vy 3417, 2959, 1732,
1697, 1443, 1237, 985 and 741 cm™; '"H NMR (CDCl;) § 7.27-7.17 (5H, m),
3.55 (1H, s), 3.24 (1H, d, J = 13.2 Hz), 2.85 (2H, q, J = 14.4, 12.0 Hz), 2.64 (1H, d, J = 12.4 Hz),
2.33-2.31 (1H, m), 2.31-2.00 (3H, m), 1.65-1.60 (3H, m), 1.44-1.33 (2H, m), 0.95 3H, t,J =7.2
Hz); °C NMR (CDCl;, DEPT-135) § 203.6 (C, C=0), 200.4 (C, C=0), 136.0 (C), 131.1 (2xCH),
128.1 (2xCH), 126.7 (CH), 81.3 (C), 67.1 (C), 54.6 (CH), 41.5 (CH,), 38.5 (CH,), 38.0 (CH,),
33.7 (CHy), 29.1 (CH,), 15.6 (CH,), 14.2 (CH;); HRMS m/z 341.1188 (M + Na), calcd for
CisH»,05SNa z 341.1187.
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(-)-5-benzyl-8-hydroxy-8-phenyl-2-thiabicyclo[3.3.1]nonane-4,9-dione (96ad): Prepared by
following the procedure J and purified by column chromatography using
EtOAc/hexane and isolated as a solid. Mp 108°C. The enantiomeric excess
(ee) was determined by chiral stationary phase HPLC using a Daicel
Chiralcel AD-H column (hexane/2-propanol = 85:15, flow rate 1.0 mL/min,
A =254 nm), fx = 12.026 min (minor), fr = 16.004 min (major). [a]p> = —
126.3° (¢ = 0.20 g/100 mL, CHCl;, 47% ee); IR (Neat): vy, 3447, 2929,
1734, 1699, 1265, 1219, 1070 and 969 cm™; 'H NMR (CDCl;) & 8.21 (1H,
s), 8.08 (1H, dd, J = 8.4, 1.2 Hz), 7.66 (1H, d, J = 7.6 Hz), 7.50-7.28 (7H, m), 3.95 (1H, d, J =
1.6 Hz), 3.31 (1H, d, J = 13.6 Hz), 3.11 (1H, d, J = 13.6 Hz), 2.96 (1H, d, J = 12.8 Hz), 2.83 (1H,
s), 2.79 (1H, s), 2.48-2.43 (1H, m), 2.18 (1H, td, J = 12.8, 4.0 Hz), 1.91-1.87 (1H, m), 1.61 (1H,
bs, -OH); >C NMR (CDCls;, DEPT-135) § 202.5 (C, C=0), 200.3 (C, C=0), 142.6 (C), 135.9 (C),
131.2 (2xCH), 128.6 (2xCH), 128.6 (CH), 128.1 (2xCH), 126.7 (CH), 125.6 (2xCH), 81.3 (C),
66.5 (C), 56.6 (CH), 38.4 (CH,), 38.2 (CH,), 33.0 (CH,), 28.3 (CH,); HRMS m/z 375.1031 (M +
Na), calcd for C,H,q0O3SNa 375.1031.

96ad

(—)-8-hydroxy-8-methyl-5-(3-nitrobenzyl)-2-thiabicyclo[3.3.1]nonane-4,9-dione (96ea):
Prepared by following the procedure J and purified by column
chromatography using EtOAc/hexane and isolated as a solid. Mp 152°C.
The enantiomeric excess (ee) was determined by chiral stationary phase
HPLC using a Daicel Chiralcel AD-H column (hexane/2-propanol =
80:20, flow rate 1.0 mL/min, A = 254 nm), fg = 9.499 min (major), tr =
20.752 min (minor). [alp® = —201.1° (¢ = 0.20 g/100 mL, CHCl;, 83%
ee); IR (Neat): v, 3419, 2925, 1733, 1701, 1375, 1350, 1221, 1102, 1083, 809 and 739 cm™; 'H
NMR (CDCls) ¢ 8.17 (1H, s), 8.06 (1H, d, J = 7.6 Hz), 7.60 (1H, d, / = 7.2 Hz), 7.41 (1H, t, J =
8.0 Hz), 3.53 (1H, s), 3.25 (1H, d, J = 13.6 Hz), 3.01 (2H, dd, J = 13.6, 8.8 Hz), 2.79 (1H, d, J =
12.4 Hz), 2.27 (1H, d, J = 13.2 Hz), 2.13-2.02 (2H, m), 1.79 (1H, s), 1.56 (1H, d, J = 14.0 Hz),
1.37 (3H, s); "C NMR (CDCls;, DEPT-135) § 202.7 (C, C=0), 200.1 (C, C=0), 148.0 (C), 138.1
(©), 137.3 (CH), 128.9 (CH), 126.1 (CH), 121.9 (CH), 79.1 (C), 66.1 (C), 56.3 (CH), 37.89
(CH,), 37.84 (CH,), 33.4 (CH,), 30.2 (CH,), 27.5 (CH;); HRMS m/z 336.0905 (M + H), calcd for
Ci6H17NOsSH 336.0906.

96ea
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(—)-8-hydroxy-5-(3-nitrobenzyl)-8-propyl-2-thiabicyclo[3.3.1Jnonane-4,9-dione (96ec):
Prepared by following the procedure J and purified by column
chromatography using EtOAc/hexane and isolated as a solid. Mp
143°C. The enantiomeric excess (ee) was determined by chiral
stationary phase HPLC using a Daicel Chiralcel AD-H column
(hexane/2-propanol = 85:15, flow rate 1.0 mL/min, A = 254 nm), tg =
12.694 min (major), tz = 45.060 min (minor). [alp> = -128.1° (¢ = 0.20
96ec g/100 mL, CHCl;, 94% ee); IR (Neat): vy, 3419, 2925, 1706, 1530,
1350, 1286, 1234, 1105, 1042 and 773; '"H NMR (CDCls) & 8.16 (1H,
s), 8.06 (1H, d, J = 8.0 Hz), 7.60 (1H, d, J = 7.2 Hz), 7.41 (1H, t, J = 8.0 Hz), 3.57 (1H, s), 3.25
(1H, d, J = 13.6 Hz), 3.00 (2H, dd, J = 13.6, 10.0 Hz), 2.77 (1H, d, J = 12.4 Hz), 2.28-2.26 (1H,
m), 2.07-2.00 (2H, m), 1.81(1H, s), 1.72 (1H, s), 1.60 (2H, t, J = 8.4 Hz), 1.43-1.25 (2H, m), 0.94
(3H, t, J = 7.2 Hz); °C NMR (CDCl;, DEPT-135) § 202.9 (C, C=0), 200.2 (C, C=0), 148.0 (C),
138.1 (C), 137.3 (CH), 128.9 (CH), 126.1 (CH), 121.9 (CH), 81.0 (C), 66.5 (C), 54.3 (CH), 41.4
(CHy), 37.9 (CH,), 37.8 (CH,), 33.3 (CH,), 28.9 (CH,), 15.6 (CH,), 14.3 (CH;3); HRMS m/z
386.1038 (M + Na), calcd for C;sH,;NOsSNa 386.1038.

(—)-8-hydroxy-5-(3-nitrobenzyl)-8-phenyl-2-thiabicyclo[3.3.1]Jnonane-4,9-dione (96ed):
Prepared by following the procedure J and purified by column
chromatography using EtOAc/hexane and isolated as a solid. Mp 125°C.
The enantiomeric excess (ee) was determined by chiral stationary phase
HPLC using a Daicel Chiralcel AD-H column (hexane/2-propanol =
80:20, flow rate 1.0 mL/min, A = 254 nm), tg = 16.559 min (major), fr =
32.328 min (minor). [a]lp> = -308.3° (¢ = 0.20 g/100 mL, CHCl;, 79%

96ed ee); IR (Neat): vy, 3420, 2928, 1733, 1698, 1591, 1488, 1439, 1351,
1012, 839 and 735 cm™; 'TH NMR (CDCl5) & 8.13 (1H, s), 8.01 (1H, d, J = 6.0 Hz), 7.59 (1H, d, J
= 6.0 Hz), 7.41-7.37 (2H, m), 7.35-7.26 (3H, m), 7.19 (1H, s), 3.88 (1H, s), 3.24 (1H, d, J = 10.8
Hz), 3.03 (1H, d, J = 10.8 Hz), 2.88 (1H, d, J = 10.0 Hz), 2.76-2.71 (2H, m), 2.38 (1H, d, /=9.2
Hz), 2.11 (1H, dt, J = 10.4, 2.8 Hz), 1.81 (1H, d, J = 11.6 Hz), 1.52 (1H, s); °C NMR (CDCl;,
DEPT-135) & 202.1 (C, C=0), 200.0 (C, C=0), 148.0 (C), 142.3 (C), 138.1 (C), 137.4 (CH),
129.0 (CH), 128.83 (CH), 128.79 (2xCH), 126.1 (CH) , 125.6 (2xCH), 122.0 (CH), 81.2 (C), 66.0
(C), 56.5 (CH), 38.1 (CH,), 37.9 (CH,), 32.7 (CH,), 28.3 (CH,); HRMS m/z 420.0881 (M + Na),
calcd for C,;H;oNOsSNa 420.0882.
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Procedure K: Synthesis of Cyclohexanones by desulfurization of annulated compound 96jb:
To a solution of compound 96jb (0.3 mmol) in EtOH (10 mL) at room temperature was added
activated raney nickel (0.6 g). The mixture was stirred at room temperature for 12 h and then
passed through a Celite pad. The solvent was removed under reduced pressure and the residue
was purified by flash column chromatography (Hexane and EtOAc) to give compound 102jb as a
white solid in in 93% yield.

(-)-2-acetyl-2-(4-bromobenzyl)-5-ethyl-5-hydroxycyclohexanone  (102jb): Prepared by
following the procedure K and purified by column chromatography using EtOAc/hexane and
isolated as a white solid. Mp 102°C. [alp® = —37.5° (c =0.10 g/100
mL, CHCl3, 71% ee, >99 dr); IR (Neat): v,.. 2932, 1770, 1710,
1397, 1370 and 1112 cm™; "H NMR (CDCl3) 7.27-7.20 (2H, m), 7.05
(2H, m), 3.29 (1H, d, J = 16.0 Hz), 3.03 (1H, d, J = 16.0 Hz), 2.49
(1H, d, J=12.0 Hz), 2.30 (2H, d, J = 12.0 Hz), 2.09 (3H, s), 2.08 (1H,
s), 1.71-1.68 (2H, m), 1.53 (2H, q, J = 8.0 Hz), 0.88 (3H, t, J = 8.0
Hz); °C NMR (CDCls;, DEPT-135) & 207.9 (C, C=0), 205.5(C, C=0), 136.1 (C), 130.1 (2xCH),
128.2 (2xCH), 126.8 (C), 76.9 (C), 68.1 (C), 52.4 (CH,), 39.8 (CH,), 36.0 (CH,), 32.7 (CH,), 28.6
(CH,), 26.8 (CH3), 7.5 (CH3); LCMS: m/z 353.30 (M + H), calcd for Cy7H,,BrO; 352.0674; Anal.
calcd for C7H,,BrO; (352.0674): C, 57.80; H, 5.99; Found: C, 57.72; H, 5.91.

Br

Procedure L: General procedure for amine-catalyzed asymmetric triple domino reaction of

acetaldehyde 104 with 2-(2-nitrovinyl)phenols 108a-k followed by one-pot Wittig reaction:

(E)-2-(2-Nitrovinyl)phenol 108a-k (0.3 mmol) was added to a solution of (R)-
diphenylprolinol trimethylsilyl ether 4n (19.5 mg, 0.06 mmol) in CHCI; (1.0 mL), taken in an
ordinary glass vial equipped with a magnetic stirring bar and it was cooled to —40 °C.
Acetaldehyde 104 (49.8 uL, 0.9 mmol, 3 equiv.) dissolved in CHCI; (1.0 mL) in another glass
vial, was cooled to —40 °C and this cooled solution was added to the reaction mixture at the same
temperature, over 15 minutes time. Then the reaction mixture was warmed to —5 °C and was
stirred for 3-4 h. After addition of (carbethoxymethylene)triphenylphosphorane (2 equiv.) to the
reaction mixture, it was stirred for 2 h at room temperature. Then the crude mixture was loaded
directly onto the silica gel column and eluted with EtOAc/n-hexane and concentrated under

reduced pressure to afford chiral products 110a-k.

(E)-Ethyl 3-((25,3R,4R)-2-methyl-4-(nitromethyl)chroman-3-yl)acrylate (110a): Prepared by
following the procedure L and purified by column chromatography

using EtOAc/hexane and isolated as a solid. Mp: 57 °C. The

CO,Et

enantiomeric excess (ee) was determined by chiral stationary phase
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HPLC using a Daicel Chiralcel OD-H column (hexane/2-propanol = 94:6, flow rate 1.0 mL/min,
A =254 nm), fx = 16.78 min (minor), fx = 26.02 min (major). [alp> = —105.7° (¢ = 0.15 g/100
mL, CHCl;, >99% ee); IR (Neat): vy, 2981, 1721, 1650, 1556, 1485, 1452, 1381, 1321, 1041
and 761 cm™'; '"H NMR (CDCl;) § 7.19 (1H, t, J = 7.6 Hz), 7.13 (1H, d, J = 7.6 Hz), 6.95 (1H, t, J
=7.6 Hz), 6.88 (1H, d, J = 8.4 Hz), 6.71 (1H, dd, J = 15.6, 10.4 Hz, olefinic-H), 6.09 (1H, d, J =
15.6 Hz, olefinic-H), 4.73 (2H, dABq, J = 13.6, 5.2 Hz, CH,NO,), 4.24 (2H, q, J = 6.8 Hz,
OCH,CH,), 4.05-3.97 (1H, m, OCH), 3.61 (1H, quin, J = 5.2 Hz), 2.66 (1H, q, J = 10.0 Hz), 1.38
(3H, d, J = 6.0 Hz, OCHCHj3), 1.33 (3H, t, J = 7.2 Hz, OCH,CH>); *C NMR (CDCl;, DEPT-135)
d 165.4 (C, O-C=0), 1549 (C), 144.3 (CH), 128.8 (CH), 126.8 (CH), 126.1 (CH), 121.5 (CH),
119.6 (C), 117.6 (CH), 77.1 (CH,, CH,NO,), 73.9 (CH, OCH), 60.8 (CH,, OCH,CH3;), 46.7 (CH),
38.4 (CH), 20.0 (CH;), 14.1 (CH;, OCH,CH;); HRMS m/z 328.1155 (M + Na), calcd for
Ci6H1oNOsNa 328.1161.

(E)-Ethyl 3-((2S,3R,4R)-6-fluoro-2-methyl-4-(nitromethyl)chroman-3-yl)acrylate (110b):

ON_ CO,Et Prepared by following the procedure L. and purified by column

chromatography using EtOAc/hexane and isolated as a solid. Mp:
93°C. The enantiomeric excess (ee) was determined by chiral
stationary phase HPLC using a Daicel Chiralpak AD-H column
(hexane/2-propanol = 80:20, flow rate 1.0 mL/min, A = 220 nm), tg =
10.39 min (minor), fx = 12.87 min (major). [a]p® = —51.8° (¢ = 0.4 g/100 mL, CHCl;, >99% ee);
IR (Neat): v 2986, 1721, 1655, 1551, 1496, 1425, 1375, 1266, 1216, 986 and 827 cm™; 'H
NMR (CDCly) 6 6.91-6.81 (3H, m, Ar-H), 6.68 (1H, dd, J = 15.6, 10.4 Hz, olefinic-H), 6.10 (1H,
d, J = 15.6 Hz, olefinic-H), 4.65 (2H, dABq, J = 13.2, 4.8 Hz, CH,NO,), 4.23 (2H, q, / = 7.2 Hz,
OCH,CH,), 4.00-3.93 (1H, m, OCH), 3.55 (1H, quin, J = 5.2 Hz), 2.68 (1H, q, J/ = 10.4 Hz), 1.36
(3H, d, J = 6.0 Hz, CHCHj3), 1.32 (3H, t, J = 7.2 Hz, OCH,CH3); °C NMR (CDCl;, DEPT-135) &
165.3 (C, O-C=0), 157.2 (C, d, J = 239.0 Hz, C-F), 151.1 (C), 143.9 (CH), 126.4 (CH), 120.7 (C,
d, J=7.0Hz), 118.7 (CH, d, J = 8.0 Hz), 115.8 (CH, d, J = 23.0 Hz), 113.1 (CH, d, J = 24.0 Hz),
76.7 (CH,, CH,NO»), 74.1 (CH, OCH), 60.9 (CH,, OCH,CH3;), 46.3 (CH), 38.5 (CH), 20.1 (CH3),
14.2 (CH;, OCH,CH3;); HRMS m/z 324.1245 (M + H), calcd for C;cH;sFNOsH 324.1247.

(E)-Ethyl 3-((25,3R,4R)-6-chloro-2-methyl-4-(nitromethyl)chroman-3-yl)acrylate (110c):
Prepared by following the procedure L and purified by column
chromatography using EtOAc/hexane and isolated as a solid. Mp:
72°C. The enantiomeric excess (ee) was determined by chiral
stationary phase HPLC using a Daicel Chiralpak AD-H column
(hexane/2-propanol = 80:20, flow rate 1.0 mL/min, A = 220 nm), #g =

10.28 min (minor), fz = 11.80 min (major). [a]p* = —85.1° (¢ = 0.2 g/100 mL, CHCl;, >99% ee);
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IR (Neat): vy 2980, 1715, 1655, 1561, 1490, 1370, 1283, 1205 and 1036 cm’; 'H NMR (CDCls)
§7.15-7.12 (2H, m), 6.82 (1H, d, J = 8.4 Hz), 6.67 (1H, dd, J = 15.6, 10.0 Hz, olefinic-H), 6.10
(1H, d, J = 16.0 Hz, olefinic-H), 4.67 (2H, dABq, J = 13.6, 4.8 Hz, CH,NO,), 4.24 (2H, q, J = 7.2
Hz, OCH,CHs), 4.00-3.97 (1H, m, OCH), 3.55 (1H, quin, J = 6.4 Hz), 2.68 (1H, g, J = 10.0 Hz),
1.37 (3H, d, J = 6.4 Hz, CHCH3), 1.33 3H, t, J = 7.2 Hz, OCH,CHj); *C NMR (CDCl;, DEPT-
135) § 165.3 (C, 0-C=0), 153.6 (C), 143.8 (CH), 129.0 (CH), 126.6 (CH), 126.5 (CH), 126.3 (C),
121.1 (C), 119.0 (CH), 76.5 (CH,, CH,NO,), 74.1 (CH, OCH), 60.9 (CH,, OCH,CHj), 46.2 (CH),
38.3 (CH), 20.1 (CH;), 14.2 (CH;, OCH,CH); HRMS m/z 340.0951 (M + H), caled for
C16H,5CINO;H 340.0952.

(E)-Ethyl 3-((2S,3R,4R)-6-bromo-2-methyl-4-(nitromethyl)chroman-3-yl)acrylate (110d):

Prepared by following the procedure L and purified by column
CO,Et

chromatography using EtOAc/hexane and isolated as a solid. Mp:
98°C. The enantiomeric excess (ee) was determined by chiral
stationary phase HPLC using a Daicel ChiralPak AD-H column

110d (hexane/ethanol = 80:20, flow rate 1.0 mL/min, A = 220 nm), g =
15.11 min (minor), fx = 34.21 min (major). [a]p> = -122.8° (¢ = 0.15 g/100 mL, CHCl;, 99%
ee); IR (Neat): Vi, 2975, 1721, 1655, 1556, 1479, 1370, 1276, 1178, 992 and 822 cm™'; '"H NMR
(CDCl,) 6 7.29 (1H, br s), 7.26 (1H, br s), 6.76 (1H, d, J = 8.4 Hz), 6.67 (1H, dd, J = 15.6, 10.4
Hz, olefinic-H), 6.10 (1H, d, J = 16.0 Hz, olefinic-H), 4.67 (2H, dABq, J = 13.6, 5.2 Hz,
CH,NO,), 4.24 (2H, q, J = 7.2 Hz, OCH,CH3), 4.00-3.96 (1H, m, OCH), 3.54 (1H, quin, J = 8.0
Hz), 2.66 (1H, q, J = 10.4 Hz), 1.39 (3H, d, J = 7.6 Hz, CHCH;), 1.32 3H, t, J = 7.2 Hz,
OCH,CH3); °C NMR (CDCl;, DEPT-135) § 165.3 (C, O-C=0), 154.1 (C), 143.7 (CH), 131.8
(CH), 129.5 (CH), 126.5 (CH), 121.6 (C), 119.4 (CH), 113.5 (C), 76.5 (CH,, CH,NO,), 74.1 (CH,
OCH), 60.9 (CH,, OCH,CHj), 46.2 (CH), 38.2 (CH), 20.1 (CHj), 14.2 (CH;, OCH,CH3); HRMS
m/z 384.0445 (M + H), calcd for C,¢H;sBrNOsH 384.0447.

(E)-Ethyl 3-((2S5,3R,4R)-6,8-dichloro-2-methyl-4-(nitromethyl)chroman-3-yl)acrylate (110e):
O,N CO,Et Prepared by following the procedure L and purified by column

- chromatography using EtOAc/hexane and isolated as a solid. Mp:

90 °C. The enantiomeric excess (ee) was determined by chiral
“Me stationary phase HPLC using a Daicel Chiralpak AD-H column
Cl' 110e (hexane/2-propanol = 80:20, flow rate 1.0 mL/min, A = 200 nm), #x
= 13.58 min (major), fgx = 26.37 min (minor). [a]p>® = -90.1° (¢ = 0.2 g/100 mL, CHCls, >99%
ee); IR (Neat): v 2975, 1715, 1655, 1551, 1463, 1370, 1205 and 1030 cm’: '"H NMR (CDCl) 6
7.28 (1H, br s), 7.04 (1H, br s), 6.66 (1H, dd, J = 15.6, 10.0 Hz, olefinic-H), 6.12 (1H, d, J = 15.6

Hz, olefinic-H), 4.67 (2H, dABq, J = 13.6, 4.8 Hz, CH,NO,), 4.23 (2H, q, J/ = 7.2 Hz, OCH,CH3),
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4.06-4.02 (1H, m, OCH), 3.54 (1H, quin, J = 5.2 Hz), 2.73 (1H, q, / = 10.0 Hz), 1.44 3H, d, J =
6.0 Hz, CHCH;), 1.32 (3H, t, J = 7.2 Hz, OCH,CH;); >C NMR (CDCl;, DEPT-135) & 165.2 (C,
0-C=0), 149.7 (C), 143.2 (CH), 129.2 (CH), 126.9 (CH), 125.9 (C), 125.1 (CH), 123.4 (C), 122.4
(©), 76.2 (CH,, CH,NOy), 75.0 (CH, OCH), 61.0 (CH,, OCH,CH3;), 46.0 (CH), 38.5 (CH), 20.0
(CHj), 14.1 (CH;, OCH,CH;); HRMS m/z 374.0561 (M + H), caled for C,cH;;CLLNOsH
374.0562.

(E)-Ethyl 3-((25,3R,4R)-2,6-dimethyl-4-(nitromethyl)chroman-3-yl)acrylate (110f): Prepared

by following the procedure L and purified by column
CO,Et

chromatography using EtOAc/hexane and isolated as a solid. Mp:
91 °C. The enantiomeric excess (ee) was determined by chiral
stationary phase HPLC using a Daicel Chiralpak AD-H column
(hexane/2-propanol = 80:20, flow rate 1.0 mL/min, A = 220 nm), tx
=7.29 min (minor), fz = 8.86 min (major). [alp® = —85.9° (c = 0.4 g/100 mL, CHCl;, >99% ee);
IR (Neat): Vi, 2986, 1715, 1649, 1556,1496, 1375, 1255 and 816 cm™; "H NMR (CDCl;) § 6.98
(1H, d, J = 8.4 Hz), 6.91 (1H, br s), 6.77 (1H, d, J = 8.4 Hz), 6.70 (1H, dd, J = 15.6, 10.0 Hz,
olefinic-H), 6.08 (1H, d, J = 15.6 Hz, olefinic-H), 4.65 (2H, dABq, J = 13.2, 5.2 Hz, CH,NO,),
4.23 (2H, q, J = 7.2 Hz, OCH,CH3), 3.99-3.92 (1H, m, OCH), 3.57 (1H, quin, J = 5.4 Hz), 2.65
(1H, q, J = 10.0 Hz), 2.27 (3H, s, Ar-CH;), 1.36 (3H, d, J = 6.0 Hz, CHCH,), 1.32 (3H, t, J = 6.8
Hz, OCH,CH,); >C NMR (CDCl;, DEPT-135) § 165.5 (C, O-C=0), 152.8 (C), 144.5 (CH), 130.8
(CH), 129.5 (CH), 127.0 (CH), 125.9 (C), 119.3 (C), 117.3 (CH), 77.3 (CH,, CH,NO,), 73.8 (CH,
OCH), 60.8 (CH,, OCH,CHj3), 46.9 (CH), 38.4 (CH), 20.7 (CH3), 20.2 (CH3), 14.2 (CHj,
OCH,CHj3); HRMS m/z 320.1494 (M + H), calcd for C17;H,;NOsH 320.1498.

(E)-Ethyl 3-((25,3R,4R)-6-methoxy-2-methyl-4-(nitromethyl)chroman-3-yl)acrylate (110g):

Prepared by following the procedure L and purified by column
O,N CO,Et
2 2 chromatography using EtOAc/hexane and isolated as a solid. Mp:
MeO

101 °C. The enantiomeric excess (ee) was determined by chiral

“"Me stationary phase HPLC using a Daicel Chiralpak AD-H column

o]
1109

(hexane/2-propanol = 90:10, flow rate 1.0 mL/min, A = 224 nm),
fr = 10.66 min (minor), fx = 13.60 min (major). [a]p** = —44.1° (¢ = 0.4 g/100 mL, CHCl;, >99%
ee); IR (Neat): v, 2975, 1715, 1649, 1545, 1496, 1370, 1227, 1162, 1036 and 997 cm™; 'H
NMR (CDCl) 6 6.91-6.71 (2H, m), 6.68 (1H, dd, J = 15.6, 10.0 Hz, olefinic-H), 6.64 (1H, br s),
6.07 (1H, d, J = 15.6, olefinic-H), 4.64 (2H, dABq, J = 13.2, 5.2 Hz, CH,NO,), 4.22 (2H, q, J =
7.2 Hz, OCH,CH3;), 3.95-3.88 (1H, m, OCH), 3.73 (3H, s, OCH;), 3.55 (1H, quin, J = 5.2 Hz),
2.63 (1H, q, /= 10.0 Hz), 1.33 (3H, d, J = 6.4 Hz, CHCH,), 1.31 (3H, t, J = 7.2 Hz, OCH,CH5);
C NMR (CDCl;, DEPT-135) § 165.4 (C, O-C=0), 154.0 (C), 148.9 (C), 144.4 (CH), 125.9
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(CH), 120.2 (C), 118.2 (CH), 114.7 (CH), 111.6 (CH), 77.2 (CH,, CH,NO,), 73.8 (CH, OCH),
60.8 (CH,, OCH,CH3), 55.6 (CHs;, OCH;), 46.9 (CH), 38.6 (CH), 20.1 (CHs), 14.1 (CH,,
OCH,CH;); HRMS m/z 336.1444 (M + H), calcd for C,,H, NOGH 336.1447.

(E)-Ethyl 3-((25,3R,4R)-7-methoxy-2-methyl-4-(nitromethyl)chroman-3-yl)acrylate (110h):

COLEt Prepared by following the procedure L and purified by column
2

chromatography using EtOAc/hexane and isolated as a solid. Mp:
105 °C. The enantiomeric excess (ee) was determined by chiral

stationary phase HPLC using a Daicel Chiralpak AD-H column

110h

(hexane/2-propanol = 80:20, flow rate 1.0 mL/min, A = 220 nm),
fr = 9.34 min (minor), g = 11.44 min (major). [a]p” = -57.1° (c = 0.3 g/100 mL, CHCl;, >99 %
ee); IR (Neat): vy, 2980, 1726, 1655, 1616, 1556, 1512, 1375, 1331, 1200, 1161, 1036 and 992
cm’; '"H NMR (CDCl3) § 7.02 (1H, d, J = 8.4 Hz), 6.70 (1H, dd, J = 15.6, 10.4 Hz, olefinic-H),
6.53 (1H, dd, J = 8.8, 2.4 Hz), 6.43 (1H, d, J = 2.4 Hz), 6.09 (1H, d, J = 15.6 Hz, olefinic-H),
4.64 (2H, dABq, J = 13.2, 4.8 Hz, CH,NO,), 4.23 (2H, q, J = 7.2 Hz, OCH,CH3;), 4.03-3.96 (1H,
m, OCH), 3.76 (3H, s, OCH;), 3.54 (1H, quin, J = 5.2 Hz), 2.64 (1H, q, J = 10.0 Hz), 1.37 (3H, d,
J = 6.0 Hz, CHCHj3), 1.32 (3H, t, J = 7.2 Hz, OCH,CH;); °C NMR (CDCl;, DEPT-135) § 165.5
(C, O-C=0), 160.0 (C), 155.9 (C), 144.4 (CH), 127.5 (CH), 126.1 (CH), 111.6 (C), 108.7 (CH),
102.1 (CH), 77.2 (CH,, CH,NO,), 74.0 (CH, OCH), 60.8 (CH,, OCH,CH3;), 55.3 (CHs, OCH,),
46.7 (CH), 38.1 (CH), 20.2 (CHj3), 14.2 (CH;3;, OCH,CH3); HRMS m/z 336.1447 (M + H), calcd
for C;7H,;NOGH 336.1447.

(E)-Ethyl 3-((25,3R,4R)-8-methoxy-2-methyl-4-(nitromethyl)chroman-3-yl)acrylate (110i):

Prepared by following the procedure L and purified by column
CO,Et

chromatography using EtOAc/hexane and isolated as a solid. Mp: 87 °C.
The enantiomeric excess (ee) was determined by chiral stationary phase
HPLC using a Daicel Chiralpak AD-H column (hexane/2-propanol =

OMe  440i 90:10, flow rate 0.6 mL/min, A = 220 nm), gz = 39.37 min (minor), fg =
42.82 min (major). [a]p> = -35.5° (c = 0.20 g/100 mL, CHCl3, >99% ee); IR (Neat): Vi, 2975,
1715, 1649, 1589, 1545, 1479, 1331, 1260, 1173, and 986 cm™; '"H NMR (CDCl;) & 6.90 (1H, t, J
= 8.0 Hz), 6.80 (1H, d, J = 7.6 Hz), 6.73 (1H, d, J = 6.8 Hz), 6.69 (1H, dd, J = 15.6, 10.0 Hz,
olefinic-H), 6.09 (1H, d, J = 15.6 Hz, olefinic-H), 4.65 (2H, dABq, J = 13.6, 5.2 Hz, CH,NO,),
4.23 (2H, q, J = 7.2 Hz, OCH,CH3), 4.06-3.99 (1H, m, OCH), 3.86 (3H, s, OCHs;), 3.62 (1H, quin,
J=4.8Hz),2.69 (1H, q, J = 10.0 Hz), 1.45 (3H, d, J = 6.4 Hz, CHCH;), 1.32 (3H, t, J = 7.2 Hz,
OCH,CH3); C NMR (CDCl;, DEPT-135) § 165.4 (C, O-C=0), 148.7 (C), 144.6 (C), 144.3
(CH), 126.1 (CH), 121.1 (CH), 120.5 (C), 118.4 (CH), 110.5 (CH), 77.2 (CH,, CH,NO,), 74.2
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(CH, OCH), 60.8 (CH,, OCH,CH3;), 55.9 (CH;, OCHs;), 46.6 (CH), 38.4 (CH), 20.2 (CHj3), 14.2
(CH3, OCH,CHz3); HRMS m/z 336.1445 (M + H), caled for C;7H,;NOgH 336.1447.

(E)-Ethyl 3-((25,3R,4R)-8-hydroxy-2-methyl-4-(nitromethyl)chroman-3-yl)acrylate (110j):

co Prepared by following the procedure L and purified by column
,Et

chromatography using EtOAc/hexane and isolated as a solid. Mp: 60 °C.
The enantiomeric excess (ee) was determined by chiral stationary phase
HPLC using a Daicel Chiralcel OD-H column (hexane/2-propanol =

OH 110 80:20, flow rate 1.0 mL/min, A = 254 nm), fx = 39.77 min (minor), tg =
77.06 min (major). [alp® = —26.0° (c =0.10 g/100 mL, CHCl;, >99% ee); IR (Neat): V. 3420
(O-H), 2975, 1715, 1649, 1589, 1545, 1474, 1375, 1211 and 1041 cm™'; '"H NMR (CDCl3) & 6.87-
6.84 (2H, m), 6.71-6.65 (2H, m), 6.11 (1H, d, J = 15.6 Hz, olefinic-H), 5.62 (1H, br s, Ar-OH),
4.67 (2H, dABq, J = 13.2, 4.8 Hz, CH,NO,), 4.24 (2H, q, J = 7.2 Hz, OCH,CH3;), 4.09-4.02 (1H,
m, OCH), 3.58 (1H, quin, J = 5.2Hz), 2.73 (1H, q, J = 10.0 Hz), 1.42 (3H, d, J = 6.0 Hz,
CHCHs), 1.33 (3H, t, J = 7.2 Hz, OCH,CHs); °C NMR (CDCl;, DEPT-135) § 165.4 (C, O-C=0),
145.0 (C), 143.9 (CH), 142.0 (C), 126.4 (CH), 121.7 (CH), 119.9 (C), 117.5 (CH), 113.9 (CH),
76.7 (CH,, CH,NO»), 74.7 (CH, OCH), 60.9 (CH,, OCH,CH3), 46.6 (CH), 38.2 (CH), 20.1 (CHs),
14.2 (CH;, OCH,CH3;); HRMS m/z 322.1287 (M + H), calcd for C;¢H;sNOgH 322.1291.

(E)-Ethyl  3-((2S,3R,4R)-2-methyl-6-nitro-4-(nitromethyl)chroman-3-yl)acrylate = (110k):

CO.Et Prepared by following the procedure L and purified by column
2

chromatography using EtOAc/hexane and isolated as a solid. Mp:
85 °C. The enantiomeric excess (ee) was determined by chiral

stationary phase HPLC using a Lux 5U Amylose-2 column

110k

(hexane/2-propanol = 70:30, flow rate 1.0 mL/min, A = 200 nm),
tr = 37.17 min (minor), g = 45.70 min (major). [alp? = —214.2° (c = 0.25 g/100 mL, CHCI;,
>99% ee); IR (Neat): vy, 2980, 1715, 1655, 1556, 1518, 1342, 1266, 1030 and 756 cm™; 'H
NMR (CDCl;) 6 8.17 (1H, br s), 8.10 (1H, dd, J = 8.8, 2.4 Hz), 6.97 (1H, d, J = 9.2 Hz), 6.67
(1H, dd, J = 15.6, 10.4 Hz, olefinic-H), 6.17 (1H, d, J = 15.6 Hz, olefinic-H), 4.91 (1H, dd, J =
13.6, 4.4 Hz), 4.73 (1H, dd, J = 13.6, 4.4 Hz), 4.25 (2H, q, J = 7.2 Hz, OCH,CH3,), 4.16-4.12 (1H,
m, OCH), 3.57-3.54 (1H, m), 2.78 (1H, q, J = 10.0 Hz), 1.43 (3H, d, J = 6.0 Hz, CHCH,), 1.34
(3H, t, J = 7.2 Hz, OCH,CH3); °*C NMR (CDCl;, DEPT-135) § 165.2 (C, O-C=0), 160.2 (C),
142.7 (CH), 141.7 (C), 127.3 (CH), 124.8 (CH), 123.3 (CH), 119.8 (C), 118.3 (CH), 75.3 (CH,,
CH,NO,), 75.0 (CH, OCH), 61.0 (CH,, OCH,CH3,), 45.2 (CH), 38.4 (CH), 20.0 (CH3), 14.2 (CH;,
OCH,CH;); HRMS m/z 351.1191 (M + H), calcd for C;¢H;sN,O,H 351.1192.
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Procedure M: General procedure for amine-catalyzed asymmetric triple domino reaction of

acetaldehyde 104 with 2-(2-nitrovinyl)phenols 108a-j followed by one-pot Wittig-Horner

reaction:

(E)-2-(2-Nitrovinyl)phenol 108a-j (0.3 mmol) was added to a solution of (R)-
diphenylprolinol trimethylsilyl ether 4n (19.5 mg, 0.06 mmol) in CHCI; (1.0 mL), taken in an
ordinary glass vial equipped with a magnetic stirring bar and it was cooled to —40 °C.
Acetaldehyde 104 (49.8 pL, 0.9 mmol, 3 equiv.) dissolved in CHCI; (1.0 mL) in another glass
vial, was cooled to —40 °C and this cooled solution was added to the reaction mixture at same
temperature over 15 minutes time. Then the reaction mixture was warmed to -5 °C and was
stirred for 3-4 h before removing excess of acetaldehyde and solvent under the reduced pressure.
Ethyl 2-(diethoxyphosphoryl)acrylate 111 (85.0 mg, 0.36 mmol) and Cs,CO; (195.5 mg, 0.6
mmol) were added to a solution of the crude material in CH,Cl, (2.0 mL) at O °C under argon
atmosphere. The resulting reaction mixture was stirred for 6 h at 0 °C before addition of EtOH (2
mL) at same temperature. The resulting mixture was stirred for additional 2 h at room temperature
before being quenched with saturated aqueous NH4CI solution. The aqueous layer was extracted
three times with CHCl; dried over anhydrous Na,SO,, and concentrated under reduced pressure.
The crude was filtered through silica gel column by using EtOAc/n-hexane as eluents and

concentrated under reduced pressure to afford chiral products 112a-j.

(6S,6aR,105,10aR)-Ethyl 6-methyl-10-nitro-6a,9,10,10a-tetrahydro-6H-benzo[c]chromene-8-
CO,Et carboxylate (112a): Prepared by following the procedure M and

purified by column chromatography using EtOAc/hexane and isolated as
a solid. Mp: 123 °C. The enantiomeric excess (ee) was determined by
chiral stationary phase HPLC using a Daicel Chiralpak AD-H column

112a (hexane/2-propanol = 90:10, flow rate 0.5 mL/min, A = 290 nm), R =
21.34 min (major), tg = 22.97 min (minor). [alp® = —282.6° (¢ = 0.25 g/100 mL, CHCl3, >99%
ee); IR (Neat): v, 2975, 1715, 1551, 1496, 1452, 1260, 1238, 1052 and 756 cm™; '"H NMR
(CDCly) 6 7.32 (1H, d, J = 7.6 Hz), 7.18 (1H, t, J = 7.6 Hz), 7.09 (1H, s, olefinic-H), 6.93 (1H, t,
J =17.2Hz), 6.85 (1H, d, J = 8.0 Hz), 5.66 (1H, dd, J = 6.0, 2.8 Hz, CHNO,), 4.27 (2H, q, J = 6.8
Hz, OCH,CH;), 4.12 (1H, sextet, J = 3.6 Hz, OCH), 3.26-3.19 (2H, m), 2.96-2.88 (1H, m), 2.78-
2.74 (1H, m), 1.62 (3H, d, J = 6.0 Hz, CHCH3), 1.34 (3H, t, J = 7.2 Hz, OCH,CH3); C NMR
(CDCl;, DEPT-135) & 165.7 (C, O-C=0), 154.5 (C), 136.2 (CH), 128.8 (CH), 128.6 (C), 125.1
(CH), 120.4 (CH), 118.9 (C), 117.1 (CH), 78.8 (CH, CHNO,), 75.3 (CH, OCH), 61.2 (CH,,
OCH,CHj;), 39.4 (CH), 38.1 (CH), 29.1 (CH,), 19.1 (CH;), 14.2 (CH;, OCH,CH;); HRMS m/z
340.1161 (M + Na), calcd for C;;H;oNOsNa 340.1161.
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(6S,6aR,105,10aR)-Ethyl 2-bromo-6-methyl-10-nitro-6a,9,10,10a-tetrahydro-6H-
benzo[c]chromene-8-carboxylate (112d): Prepared by following the procedure M and purified

CO.Et by column chromatography using EtOAc/hexane and isolated as a
2

solid. Mp: 132 °C. The enantiomeric excess (ee) was determined
by chiral stationary phase HPLC using a Daicel Chiralcel OD-H
column (hexane/2-propanol = 90:10, flow rate 1.0 mL/min, A =

112d

290 nm), fx = 30.36 min (minor), fz = 36.80 min (major). [alp> =
—311.6° (c = 0.50 g/100 mL, CHCl;, >99% ee); IR (Neat): v, 2980, 1710, 1551, 1474, 1266,
1233, 1057 and 817 cm™; "H NMR (CDCl3) & 7.43 (1H, br s), 7.28-7.25 (1H, m), 7.05 (1H, br s,
olefinic-H), 6.73 (1H, d, J = 8.8 Hz), 5.57 (1H, dd, J = 5.6, 2.4 Hz, CHNO,), 4.27 (2H, q, J = 7.2
Hz, OCH,CH3), 4.09 (1H, sextet, J = 3.6 Hz, OCH), 3.28 (1H, br d, J = 19.6 Hz), 3.17 (1H, br d,
J = 12.0 Hz), 2.95-2.87 (1H, m), 2.74-2.68 (1H, m), 1.61 (3H, d, J = 6.0 Hz, CHCH3), 1.34 (3H,
t, J = 7.2 Hz, OCH,CHs); C NMR (CDCl;, DEPT-135) & 165.6 (C, O-C=0), 153.6 (C), 135.7
(CH), 131.7 (CH), 128.8 (C), 128.1 (CH), 121.1 (C), 118.9 (CH), 112.6 (C), 78.8 (CH, CHNO,),
75.5 (CH, OCH), 61.2 (CH,, OCH,CH;), 39.3 (CH), 37.8 (CH), 29.1 (CH,), 19.0 (CHj), 14.2
(CH;, OCH,CH3); HRMS m/z 418.0263 (M + Na), calcd for C;;H;sBrNOsNa 418.0266.

(65,6aR,10S,10aR)-Ethyl 2,4-dichloro-6-methyl-10-nitro-6a,9,10,10a-tetrahydro-6H-
benzo[c]chromene-8-carboxylate (112e): Prepared by following

O,N CO,Et

the procedure M and purified by column chromatography using
Cl EtOAc/hexane and isolated as a solid. Mp: 125 °C. The

0~ “Me enantiomeric excess (ee) was determined by chiral stationary phase
Cl 112e HPLC using a Lux 5U Amylose-2 column (hexane/2-propanol =

80:20, flow rate 1.0 mL/min, A = 290 nm), fgr = 17.24 min (major),
fr = 26.50 min (minor). [a]p>® = -101.8° (¢ = 0.25 g/100 mL, CHCl3, >99% ee); IR (Neat): Vi
2981, 1704, 1649, 1551, 1463, 1260, 1184, 1058 and 871 cm™; "H NMR (CDCl3) & 7.27 (1H, br
s), 7.21 (1H, br s), 7.05 (1H, br s, olefinic-H), 5.56 (1H, dd, J = 3.6, 2.0 Hz, CANO,), 4.28 (2H, q,
J =17.2 Hz, OCH,CH3;), 4.18 (1H, sextet, J = 4.0 Hz, OCH), 3.31 (1H, d, J = 19.6 Hz), 3.18 (1H,
d, J = 104 Hz), 2.97-2.89 (1H, m), 2.76 (1H, br t, J = 11.6 Hz), 1.69 (3H, d, J = 6.0 Hz,
CHCHs), 1.35 (3H, t, J = 6.8 Hz, OCH,CH3); “C NMR (CDCl;, DEPT-135) § 165.5 (C, O-C=0),
149.2 (C), 135.2 (CH), 129.2 (CH), 128.9 (C), 125.0 (C), 123.7 (CH), 122.9 (C), 121.9 (C), 78.4
(CH, CHNOy), 76.5 (CH, OCH), 61.3 (CH,, OCH,CH3;), 39.4 (CH), 37.7 (CH), 29.2 (CH,), 18.9
(CH3), 14.2 (CH;, OCH,CH3); HRMS m/z 408.0382 (M + Na), calcd for C;;H;;ClLNOsNa
408.0381.
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(6S,6aR,105,10aR)-Ethyl 4-hydroxy-6-methyl-10-nitro-6a,9,10,10a-tetrahydro-6H-

benzo[c]chromene-8-carboxylate (112j): Prepared by following the

O,N CO,Et

procedure M and purified by column chromatography using
EtOAc/hexane and isolated as a solid. Mp: 112 °C. The enantiomeric

“Me excess (ee) was determined by chiral stationary phase HPLC using a

OH

112j Daicel Chiralpak AD-H column (hexane/2-propanol = 80:20, flow rate
1.0 mL/min, A = 220 nm), fg = 29.53 min (major), fgr = 43.96 min (minor). [alp® = —260.5° (c =
0.10 g/100 mL, CHCl3, >99% ee); IR (Neat): vy, 3414 (O-H), 2981, 2921, 1721, 1688, 1562,
1496, 1458, 1375, 1238 and 752 cm™; 'H NMR (CDCl;) § 7.10 (1H, s), 6.87 (3H, s), 5.64 (1H,
dd, J = 6.0, 2.8 Hz, CHNO,), 5.50 (1H, s, O-H), 4.32-4.26 (2H, m, OCH,CHj;), 4.22-4.18 (1H, m,
OCH), 3.35-3.20 (2H, m), 3.00-2.91 (1H, m), 2.90-2.84 (1H, m), 1.69 (3H, d, J = 6.0 Hz,
CHCH;), 1.34 (3H, t, J = 7.2 Hz, OCH,CH3); °C NMR (CDCl;, DEPT-135) 165.7 (C, O-C=0),
144.8 (C), 141.5 (C), 135.7 (CH), 128.8 (C), 120.8 (CH), 119.3 (C), 116.0 (CH), 114.0 (CH), 78.7
(CH, CHNO,), 76.1 (CH, OCH), 61.2 (CH,, OCH,CH3;), 39.2 (CH), 38.3 (CH), 29.2 (CH,), 19.1
(CH,), 14.2 (CH;, OCH,CH3); HRMS m/z 356.1107 (M + Na), calcd for C;;H;oNOgNa 356.1110.

Procedure N: General procedure for amine-catalyzed asymmetric triple domino reaction of

acetaldehyde 104 with 2-(2-nitrovinyl)phenol 108a followed by one-pot reduction reaction:

(E)-2-(2-Nitrovinyl)phenol 108a (49.5 mg, 0.3 mmol) was added to a solution of (R)-
diphenylprolinol trimethylsilyl ether 4n (19.5 mg, 0.06 mmol) in CHCI; (1.0 mL), taken in an
ordinary glass vial equipped with a magnetic stirring bar and it was cooled to —40 °C.
Acetaldehyde 104 (49.8 uL, 0.9 mmol, 3 equiv.), dissolved in CHCI; (1 mL) in another vial, was
cooled to —40 °C and this cooled solution was added to the reaction mixture at the same
temperature over 15 minutes time. Then the reaction mixture was warmed to —5 °C and was
stirred for 3 h. To the reaction mixture, MeOH (2.0 mL) and NaBH, (22.7 mg, 0.6 mmol) was
added and stirred at 0 °C for 1 h. The crude reaction mixture was worked up with aqueous NH,CI
solution and the aqueous layer was extracted with ethyl acetate (3 x 10 mL). The combined
organic layers were dried over anhydrous Na,SO, and concentrated. Pure alcohol 113a was

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

((25,35,4R)-2-Methyl-4-(nitromethyl)chroman-3-yl)methanol (113a): Prepared by following

O,N the procedure N and purified by column chromatography using EtOAc/hexane
OH

~N

and isolated as a yellow gummy liquid. The enantiomeric excess (ee) was

determined by chiral stationary phase HPLC using a Lux 5U Cellulose-1

(0]
113a

“Me  column (hexane/2-propanol = 95:5, flow rate 1.0 mL/min, A = 290 nm), R =
32.86 min (minor), tr = 46.10 min (major). [a]p® = —24.0° (c=0.1g/100 mL,

CHCl;, 98.7% ee); IR (Neat): v 3392 (O-H), 2981, 2200, 1611, 1578, 1556, 1485, 1458, 1381,
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1238 and 762 cm’; "H NMR (CDCls) & 7.20-7.16 (2H, m), 6.95 (1H, t, J = 7.2 Hz), 6.88 (1H, d, J
= 8.0 Hz), 4.73-4.68 (2H, m, CH,NO,), 4.09 (1H, quin, J = 7.2 Hz, OCH), 3.79-3.75 (3H, m),
1.99-1.95 (1H, m), 1.80 (1H, br s, O-H), 1.49 3H, d, J = 6.4 Hz, CHCHs); *C NMR (CDCl,,
DEPT-135) § 155.0 (C), 128.7 (CH), 128.2 (CH), 121.8 (C), 121.7 (CH), 117.8 (CH), 80.1 (CH,
CH,NO,), 73.1 (CH, OCH), 62.3 (CH,, CH,OH), 44.6 (CH), 35.4 (CH), 19.9 (CHs); HRMS m/z
238.1084 (M + H), caled for C,,H,sNO,H 238.1079.

Procedure O: General procedure for amine-catalyzed asymmetric triple domino reaction of
acetaldehyde 104 with 2-(2-nitrovinyl)phenol 108a: (E)-2-(2-nitrovinyl)phenol 108a (49.5 mg,
0.3 mmol) was added to a solution of (R)-diphenylprolinol trimethylsilyl ether 4n (19.5 mg, 0.06
mmol) in CHCl; (1 mL), taken in an ordinary glass vial equipped with a magnetic stirring bar and
it was cooled to —40 °C. Acetaldehyde 104 (49.8 pL, 0.9 mmol, 3 equiv.), dissolved in CHCI; (1
mL) in another vial, was cooled to —40 °C and this cooled solution was added to the reaction
mixture at the same temperature, over 15 minutes time. Then the reaction mixture was warmed to
-5 °C and was stirred for 3 h. Then the crude mixture was loaded directly onto the silica gel and

eluted with EtOAc/n-hexane and concentrated under reduced pressure to afford 109a.

(25,3R 4R)-2-Methyl-4-(nitromethyl)chroman-3-carbaldehyde (109a): Prepared by following

the procedure O and purified by column chromatography using

O,N_

= EtOAc/hexane and isolated as a yellow liquid. The enantiomeric excess (ee)
. CHO

©\/j’ was determined by chiral stationary phase HPLC using a Daicel Chiralpak
o~

Me  AD-H column (hexane/2-propanol = 80:20, flow rate 1.0 mL/min, A = 290
(-)-109a nm), x = 8.870 min (minor), 7z = 10.418 min (major). [o]y? = —43.0° (¢ =
0.4 g/100 mL, CHCl,, >98% ee); IR (Neat): vo, 3392, 2981, 2200, 1611, 1578, 1556, 1485,
1458, 1381, 1238 and 762 cm; '"H NMR (CDCL;) 3 9.86 (1H, s, CHO), 7.20 (2H, m), 6.98 (1H, t,
J=7.6 Hz), 6.90 (1H, d, J = 8.0 Hz), 4.69 (2H, d, J = 7.6 Hz, CH,NO,), 4.16-4.09 (2H, m), 3.06
(1H, t, J = 8.4 Hz), 1.59 (3H, br d, J = 6.0 Hz, CHCHj); "°C NMR (CDCl;, DEPT-135) § 199.6
(C, CHO), 154.6 (C), 128.9 (CH), 127.5 (CH), 122.0 (CH), 119.3 (C), 117.8 (CH), 78.3 (CH.,
CH,NO), 71.5 (CH, OCH), 55.2 (CH), 33.3 (CH), 19.8 (CH3); HRMS m/z 258.0743 (M + Na ),

calcd for C;H;3sNO4Na 258.0742
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