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Abstract

Abstract

The thesis entitled "Asymmetric Synthesis Mediated by Novel Organocatalysts and Reactions

of 2-Alkenyl-p-benzoquinones" is divided into five chapters.

Novel Camphor-based prolinamides have been synthesized and employed as efficient chiral

organocatalysts for the C-C bond forming reactions such as aldol and Michael addition reactions.

Furthermore, stereoselective domino reactions of alkenyl-l,4-benzoquinones with enol ethers have

been carried out to furnish novel angular fused heterocyclic quinoid ring systems.

CHAPTER-1: Introduction

Enantioselective synthesis has become most important area in synthetic organic chemistry,

medicinal chemistry, agricultural chemistry, natural products chemistry and pharmaceutical

industries. New catalytic asymmetric reactions give us the opportunities to develop more efficient

methods for the synthesis of various highly potent chiral compounds, with successful applications

for the synthesis of various complex natural products as well as industrial production. However, in

catalytic approach, catalytic amount of small organic molecules or chiral metal complexes is

employed in the reaction and its regeneration and participation in parallel catalytic cycle complete

the reaction. Though, metal catalysts have significant advantages in asymmetric synthesis over the

organic molecules as wide substrate scope with catalytic acivity, they offer some troubles also such

as potential heavy metals high price, toxicity, pollution, waste treatment, etc. On the other hand,

metal free organocatalytic reactions unlike metal-ligand complexes, generally tolerate aerobic

conditions and do not require rigorous exclusion of water. They enjoy a broad spectrum of

substrates than enzymes and can be used in various organic solvents. Thus the development of

enantioselective organocatalysts is one of the most challenging and formidable endeavors in

modern science and technology.

This chapter also details a brief review on reactions of p-benzoquinones and domino

reactions. Benzoquinones are versatile intermediates in organic synthesis. Owing to functionalities

such as enone, p-benzoquinones undergo Diels-Alder reactions and [3+2] cycloaddition reactions.

These cross conjugated deienones can be utilized for the synthesis of carbocyclic and heterocyclic

ring systems.

in



Abstract

CHAPTER-2: Synthesis and Charaterization of Novel Camphorsulfonamide-based

Prolinamide oreanocatalysts

This chapter deals with synthesis and characterization of novel camphor-based prolinamide

organocatalysts. Chiral monoterpene such as camphor, known to be used in several medicines

antiseptics and insecticides having rigid bicyclic structure are widely used synthons in asymmetric

synthesis. Camphor and its derivatives can afford a simple, inexpensive scaffold around which to

build a chiral catalyst. Such molecules arouse our attention to use these molecules as chiral

scaffold to develop proline-based chiral organocatalysts for asymmetric synthesis. For this purpose

we synthesized camphor and proline based organocatalysts as shown in figure 1.

TO

Cat-1a Cat-2a Cat-3a Cat-3b

Figure 1: structures of camphor-based organocatalysts

In our synthetic approach proline unit was anchored to the host camphor based system by

following five steps. Initially, we synthesized compounds II-14a-b, II-15a-b, II-16a-b starting

from (lS>(+)-10-camphorsulfonic acid as shown in scheme 1. All intermediates otherwise

mentioned were isolated and fully characterized by !H and 13C NMR &DEPT.

11-6:R = benzyl 11-11: R = benzyl II-14a: R= benzyl II-14b: R = benzyl
II-9: R = isopropyl 11-12: R = isopropyl II-15a: R= isopropyl II-15b: R = isopropyl
11-10:R = cyclohexyl II-13: R = cyclohexyl II-16a: R = cyclohexyl II-16b: R = cyclohexyl

Reagents and conditions: (a) SOCI2 (b) NHR2, DMAP, DCM (c) NH2OH.HCI, Et3N, EtOH(d) NaCNBH3,
TiCI4 in 12%HCI, CH3COONH4, MeOH

Scheme 1: synthesis of camphorsulfonamide-based primary amines

IV
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The exo and endo amines were characterized by !H and 13C NMR, 'H-'H COSY &HSQC and *H-

'H NOSEY experiments.

After synthesizing the camphor-based primary amines, we converted these amines in to corres

ponding prolinamides by coupling with N-Boc proline. All prolinamides were isolatedand purified

by silica gel chromatography method and characterized by standard spectroscopic methods. The

IR, ]H & 13C NMR, and HRMs were found to be in agreement with the assigned structure for Cat-

la, Cat-2a, Cat-3a and Cat-3b

11-18

f°
OH

. C.

/

^NH2
DCC, Et3N
0 °C to it

DCM

n-14a

II-15s

II-16s
II-16I

fP ii)
'"NR2
: R = benzyl
: R = isopropyl
: R = cyclohexyl

»: R = cyclohexyl

CF3COOH, DCM

O^NR2 ° H
Cat-1a: R = benzyl
Cat-2a: R = isopropyl
Cat-3a: R = cyclohexyl
Cat-3b: R = cyclohexyl

Scheme 2: Synthesis of camphorsulfonamide-based prolinamides

CHAPTER-3: Asymmetric Aldol Reaction Catalyzed by Camphorsulfonamide -based

Prolinamide

In this chapter we have discussed the applications of these potential organocatalysts for

asymmetric aldol reactions between cyclic and acyclic ketones as aldol donor with various

aromatic aldehydes containing diversified substituents as aldol acceptors. Probing for an effective

catalyst, We performed reaction between cyclohexanone and 2-nitrobenzaldehyde as a model

reaction in presence of prolinamides Cat-la, Cat-2a, Cat-3a, Cat-3b in various conditions. By

proper screening ofsolvents and other conditions, prolinamide Cat-la (20 mol%) in chloroform at

room temperature was found to be most appropriate catalyst for aldol reaction and the

corresponding aldol products were obtained in excellent chemical yields with high levels of anti-

diastereoselectivity (up to 99:1) and enantioselectivity (up to >99%)(Scheme 3).

All aldol adducts were purified by column chromatography and fully characterized by IR, H and

13C NMR. finally, enantioselectivity of pure product was determined by HPLC analysis using

chiral stationary phasecolumn andhexane-isopropanol as eluting solvent.



X = CH2, O, S,
Me, Et/Bu,

i>\

H 20 mol% Cat

anti.syn up to 99:1
ee up to >99%

Cat-1a

Abstract

Scheme 3: Asymmetric aldol reactions catalyzed by camphorsulfonamide-based prolinamides

CHAPTER-4: Asymmetric Michael Reaction Catalyzed by Camphorsulfonamide -

based Prolinamide

In continuation of our work on asymmetric synthesis we envisaged that these bifunctional

organocatalysts can play a significant role in determining stereochemical outcome of amine

catalyzed Michael addition of ketones to nitroolefins also. In this chapter these Novel camphor

sulfonamide based organocatalysts were evaluate for their catalytic activity in Michael reaction of

ketones with nitroolefins, leading to (\R,2S)-syn adducts as major antipodes. For studying

asymmetric Michael addition we have chosen the addition of cyclohexanone to P-nitrostyrene (IV-

2a) as model reaction by using these organocatalysts in numerous polar and non polar solvents. To

our surprise we got best results in neat condition (without using any additional solvent) in presence

of prolinamide Cat-la (20 mol%). The asymmetric induction was further improved by conducting

the reaction at different temperature, under solvent free conditions using catalyst and a co-catalyst.

The addition of 15 mol% carboxylic acid as co-catalyst significantly accelerated the reaction rate

relative to that carried out in the absence of co-catalyst. Among the employed carboxylic acids

benzoic acid afforded the best result to afford Michael adducts in high yields (up to 97%) and

exellent distereoselectivities (up to >99:1) with good enantioselectivity (up to 89%) (Scheme 4).

All michael adducts were purified by column chromatography and fully characterized by IR, H

and !3C NMR. finally, enantioselectivity of pure product was determined by HPLC analysis using

chiral stationary phase column and hexane-isopropanol as eluting solvent.

VI
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X=CH2, CHMe, CHEt, O,

^vN02 20mol%cat

PhC02H

0°C

de: up to >99:1
ee: up to 89% Cat-1a

Scheme 4: Asymmetric Michael addition catalyzed by camphorsulfonamide-based prolinamides

CHAPTER-5:Domino Reactions of Alkenyl-p-benzoquinones

In this chapter we havediscussed the results on the synthesis of alkenyl-/>benzoquinones andtheir

reactions with enol ethers to provide tri- and tetra-cyclic systems such as furo-furocoumarins via

domino reaction pathway. Quinones are highly reactive substrates in Diels-Alder reactions with

various dienes and provide the wide scope for the reaction. These reactions are highly useful for

the synthesis of natural products and other complex molecules. /?-Quinones are starting compounds

for the synthesis of furobezofuran ring systems such as natural products such as aflatoxin B2.

Studies on synthesis of alkenyl-p-benzoquinones and their reactions with enol ethers are described

in this chapter (Scheme 5).

0

Ifl R

+ On
neat

0

fi^T"

R

f

0
n=1,2 O—iMyn

R = EWG
No

neat

OH O^/

Scheme 5: Reactions of alkenyl-/?-benzoquinones
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Chapter I: Introduction

Introduction

1.1. CHIRALITY, CHIRAL COMPOUNDS AND ENANTIOMERS

The importance of chirality is nowwellrecognized inconnection withphysiological and

pharmaceutical properties of natural and artificial organic compounds. Chirality [1] is the

property of a molecule which is generated due to the asymmetry in itschemical structure arising

from different spatial arrangements of atoms or groups around the asymmetric center. On

molecular level, chirality is an intrinsic property of the "building blocks of life," such as amino

acids and sugars, and therefore, of peptides, proteins andpolysaccharides. A molecule that is not

identical to its mirror image, although the two have identical composition and same connectivity

ofatoms, is asymmetric and named chiral. Such non-identical pairs of molecular mirror images

are called enantiomers and are related to each other in the same way as our left and right hands.

Enantiomers have identical physical and chemical properties, but differ when they are placed in

a chiral environment, e.g., when interacting with other chiral compounds or when subjected to

plane-polarized light. A 50/50 mixture ofenantiomers is called a racemic mixture or a racemate.

The molecule and its mirror image are not superimposable with each other and thus are

enantiomers (Figure 1).

Mirror

Figure 1: Chiral molecule containing a tetrahedral stereocenter.
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Most of the commercial drugs exist in stereoisomeric forms. Many drugs developed from

organic synthesis are still administered as a racemic mixture which may even disturb biological

processes and may cause several other side effects. Therefore, enantioselective analysis of

compounds containing one or more stereogenic centers is extremely important in medicinal [2],

pharmaceutical, agricultural, environmental and food chemistry. Some examples of the variation

of biological activities of various enantiomeric pairs are shown in Figure 2. The most infamous

example of an enantiomeric drug having unwanted side effects is thalidomide. Thalidomide was

prescribed in the 1960's to relieve pregnant women of symptoms associated with morning

sickness. The (ft)-enantiomer was effective in combating morning sickness. However, the (S)-

enantiomer caused serious birth defects in children. This is an example of how important it is to

identify and separate harmful stereoisomers for biological applications.

"NH

0

CI

HN

CI

anesthetic hallucinogen
(S)Ketamine(R)

HS
C02H

NH2

antiarthritic

H02C

(S)Penicillamine(R)

SH

NH2

mutagen

P

N—/ )=0
y nho o

teratogen

(S)Thalidomide(R)

.OH

H

0={ V-n'
o o

sedative

HO

'"'N'
H

"OH HO

tuberculostatic blindness
(S)Ethambutol(R)

Figure 2: Examples of enantiomers with different biological effects.

The development of methods for obtaining enantiomerically enriched molecules has

become one of the most important goals in the fields of organic and bioorganic chemistry. The

importance of enantiomerically pure molecules stems from the central role of enantiomer

recognition in biological activity. The dependence of biological activity of several chemical

products on the enantiomeric purity of several pharmaceutical molecules has led chemists to

investigate a variety of approaches to such a sort of molecules. Consequently, a number of chiral

reagents, chiral catalysts and synthetic strategies have been developed for the synthesis of

optically active molecules. One field of particular prominence in asymmetric synthesis is

asymmetric catalysis, including both enzyme and transition metal catalysis.
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Chapter 1: Introduction

1.2. ASYMMETRIC SYNTHESIS

Asymmetric synthesis, in which a chiral organic molecule catalyzes an enantioselective

transformation, is an exciting and rapidly developing field. Over the past decades, asymmetric

synthesis has been developed rapidly and extensively to provide enantiomerically enriched

products. Since the importance of spatial arrangement within molecule to the fundamental

properties of the substance was recognized, enantioselective synthesis has become most

important in various domains such as synthetic organic chemistry, medicinal chemistry [3],

agricultural chemistry, biological and natural products chemistry [4-8] and pharmaceutical

industries [9-11]. There are several routes for asymmetric synthesis. Ofparticular importance is

the enantioselective catalysis, which is one of the most efficient processes in terms of chirality,

economy and environmental benignity [11-13].

Historically, enantiomerically enriched compounds were generated either by chemical

transformation of an enantiomerically enriched precursor, often derived directly or indirectly

from nature's chiral pool, or by resolving an equimolar (racemic) mixture of the two

enantiomers. Both of these approaches suffer from potentially severe drawbacks, the former in

requiring stoichiometric amounts ofa suitable precursor and the latter in typically yielding only
up to 50% ofthe desired enantiomer. Asymmetric synthesis, in which each molecule ofchiral
catalyst, by virtue ofbeing continually regenerated, can yield many molecules ofchiral product,

has significant potential advantages over these older procedures [Figure 3].

Chiral Resolution

t
Chiral Reagent

Asymmetric Synthesis

4
Chiral Catalysis

^
Chiral Product

#
Chiral Product

Up to 50% yield and 100% ee Up to 100% yield and 100% ee

Figure 3: Enantioselective synthesis.
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New catalytic asymmetric reactions give us the opportunities to develop more efficient

methods for the synthesis of various highly potent chiral compounds, with successful

applications for the synthesis of various complex natural products as well as industrial

production. As mentioned above, asymmetric synthesis involves the synthesis of enantio

merically enriched compounds starting from prochiral substrates by using efficient chiral

catalysts or chiral auxiliaries. The catalytic reactions have been rapidly emerging since a smaller

amount of chiral material is sufficient unlike mole-for-mole use of chiral material required for

chiral auxiliary-based reactions. Therefore, a large quantity of naturally and unnaturally

occurring chiral materials are directly obtained through asymmetric catalysis with no need for

further manipulation for removal and recovery of the chiral auxiliary. However, in catalytic

approach, catalytic amount of small organic molecules or chiral metal complexes is employed in

reaction followed by the regeneration in parallel catalytic cycle for further use. Though, metal

catalysts have significant advantages in asymmetric synthesis over the organic molecules as

wide substrate scope with catalytic activity, they offer some troubles also such as potential

heavy metals high price, toxicity, pollution, waste treatment, etc. On the other hand, metal free

organocatalytic reactions unlike metal-ligand complexes, generally tolerate aerobic conditions

and do not require rigorous exclusion of water. They enjoy a broad spectrum of substrates than

enzymes and can be used in various organic solvents (Figure4).

r

Chiral Auxiliary Approach
(mole for mole use) r >

Biocatalytic
MethodAsymmetric

Synthesis
< •>

Catalytic Approach (Sub-
stoichiometric use)

Organometallic
Catalysis

/ ^ J

Non-Enzymatic
Method

/
K Organocatalysis

Figure 4: Classificationof asymmetric synthesis.

There are certain limitations for asymmetric transformations especially for catalytic

asymmetric carbon-carbon bond forming reactions such as substrate generality, catalyst

efficiency, enantioselectivity, chemical yield, and reliability when applied to a large scale.

>
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^ 1.3. ORGANOCATALYSIS

The development of enantioselective organocatalysts is one of the most challenging and

formidable endeavors in modern science and technology. Until a few years ago, it was generally

accepted that transition metal complexes [14] and enzymes were the two main classes ofvery
efficient asymmetric catalysts. Achange in perception occurred during the last few years when
several reports confirmed that relatively simple organic molecules could be highly effective and

remarkable enantioselective catalysts for a variety of fundamentally important organic

transformations [11-23]. Thus organocatalysis is an approach catalyzed by small chiral organic

molecules to synthesize the enantiomerically pure compounds. These small chiral molecules are
known as organocatalysts. These are low-molecular weight organic compounds composed of
carbon, hydrogen, nitrogen, sulfur and phosphorous without having any metal atom Generally
these are nontoxic, inexpensive and readily available catalysts. These novel asymmetric catalysts

are widely employed in phase transfer catalysis, kinetic resolutions as well as in a variety of
asymmetric synthesis. In recent years it has been established that small organic molecules, in
addition to metal complexes and biocatalysts, can be highly selective and efficient catalysts.

In 1971, a landmark publication on asymmetric organocatalysis emerged from literature
from Hajos-Parrish-Eder-Sauer-Wiechert demonstrating for the first time that asymmetry could
be induced in a Robinson-type annulation using a meso-triketone and simply adding a catalytic
amount of D- or L-proline (Scheme 1) [15,16]. Later on the discoveries from the laboratories of
MacMillan [17], List [18], and Jorgensen [19] have established asymmetric organocatalysis
using naturally available amino acid L-proline and its derivatives and related amines.

y \\ (S)-Proline
3 mol%

>

100%, 93% ee

N COOH
H

OH

(S)-Proline

Scheme 1: Hajos-Parrish-Eder-Sauer-Wiechert Robinson annulation.

Proline is one ofthe most important and naturally occurring small amino acid molecules
which was found to be efficient, and enantioselective organocatalyst. After obtaining successful
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results from proline catalyzed asymmetric aldol reaction, the catalytic activity of proline was

further extended to several other enantioselective transformations. An increased number of

research groups have been attracted by the advantages of asymmetric organocatalysis. The

recent past has seen tremendous development in this area as well [20-22], Within a few years,

powerful organocatalysts for a wide range of reactions have been designed and developed.

Organocatalysis is gaining importance in asymmetric synthesis and has been proved highly

selective and efficient chiral catalysts. Some examples of important organocatalysts based on

natural compounds such as alkaloids, proline and related compounds are shown in Figure 5.

Most but not all organocatalysts can be classified as Lewis bases, Lewis acids, Bronsted

bases and Bronsted acids. Lewis base activates the electrophilic substrates by nucleophilic

addition to provide the intermediate whichundergo a reaction to release the product and catalyst.

Natural organocatalysts

R = H, Cinchonidine
R = OMe, Quinine

R = H, Cinchonine
R = OMe, Quinidine

Synthetic organocatalysts

Ov Me

Ph H

Me

Me
Me

a^N N
H

cxCOOH PK^Y
NH2

COOH

F3C

CF3

H H

V
s

NMe2

Figure 5: Examples of organocatalysts.

For further turnover and operates the reactions through enamine and iminium [23,24]

mechanism and convert the substrates to activated nucleophiles or electrophiles. Lewis acids

activate the nucleophilic substrates by electrophilic addition in the same manner. Bronsted bases

and acids initiate the catalytic cycle via deprotonation and protonation, respectively.

x
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1.3.1.1. Enamine catalysis

Chapter I: Introduction

An enamine is an unsaturated compound derived by the reaction of an aldehyde or

ketone with an amine followed by loss of H20. Enamines are among the most reactive neutral

carbon nucleophiles, exhibiting rates that are even comparable to some charged nucleophiles,
> such as enolates [25,26]. Most enamines, unfortunately, are sensitive tohydrolysis. The parent

O +H%20 Ri^ .H® R1YR2

-i

♦H20,-H? r3>S

Scheme 2: Formation of enamine.

enamine, N, N-dimethylvinylamine was prepared but appeared to be unstable, but enamine of
cyclic ketones and many aldehydes can readily be isolated. The utility of enamine as
nucleophiles was believed to be diminished due to its instability but actually this property can be
viewed as an added benefit. Enamines can be readily and rapidly generated catalytically by

using a suitable amine and a carbonyl compound (Scheme 2).

Catalytic formation of enamine

The catalysis of primary and secondary amines ofelectrophilic substitution reactions in
a-position of carbonyl compounds and related reactions via enamine intermediate is called
enamine catalysis [27,28], Stork did pioneer work in classical preformed enamine chemistry
[29,30] proceed via addition or substitution route depending on the nature of the reaction partner
(electrophile). Thus a vast array of transformations has been achieved via preformed enamine
chemistry [25]. Therefore acatalytic version ofthis chemistry was highly desirable.

Recent years have witnessed an explosive growth, particularly, in the field of asymmetric
enamine catalysis, and it became apparent that, in addition to being almost ideally atom and step
economic, the scope of the catalytic version (Scheme 3) and its potential for enantioselective
synthesis by far exceeds those of the stoichiometric approach. The basic for enamine catalysis is
the reversibly generated enamine from a catalytic amount of an amine and a carbonyl
compound. There are two modes of enamine catalysis nucleophilic addition reactions of double
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bond containing electrophiles such as imine, aldehyde and Michael acceptor and nucleophilic

substitution reactions of single bond containing electrophiles such as alkyl halides and lead to

stoichiometric byproducts.

+ HY H20

Scheme 3: Enamine catalysis.

The concept of enamine catalysis has three fundamental routes: (1) the stoichiometric

chemistry of enamines as developed by Stork and others [29,30] used enamines as nucleophiles

in organic synthesis. (2) Biological approach towards C-C bond formation via enamine catalysis.

(3) The Hajos-Parrish-Eder-Sauer-Wiechert reaction, a proline-catalyzed aldol reaction that

proceed via enamine intermediate although this reaction was discovered in early 1970's but the

revival of this chemistrywas initiated at the beginning of this century, with the discovery of the

proline-catalyzed direct asymmetric intermolecular aldol reaction by List etal. (Scheme 4) [18].

o

A.
o

a.COOH

(S)-proline O OH

AAD

Scheme 4: Proline-catalyzed intermolecular aldol reaction.

Since then, the field of asymmetric organocatalysis and particularly, amine catalysis has

unfurled at a breathtaking pace new catalysts are being designed, new reactions are being

discovered and applied in asymmetric synthesis, and the mechanistic picture is becoming

increasingly clear.
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Generic modes of activation for enamine catalysis

Ingeneral, the most nucleophilic enamines arethose where the nitrogen lone pair is most

effectively delocalized. Most of the successful enamine catalysts are based on the pyrrolidine

skeleton. This can be explained by the increased propensity of five-membered rings to accept

sp2-hybridized atoms into the ring compared to the six-membered rings. In recent years, primary

amines have also emerged as interesting alternatives to the cyclic amine catalysts.

In enantioselective enamine catalysis, the enamine can control the approach of the

electrophile either by the steric bulk of the enamine or by directing the electrophile with an

activating group. As for unreactive electrophiles, such as aldehydes, ketones or imines,
additional assistance for catalysis can be provided by suitably positioned hydrogen bond donors

and/or other acids. Mechanistically, enamine catalysis might be better described as bifunctional

catalysis because the amine containing catalyst such as proline typically interacts with a ketone
substrate to form an enamine intermediate but simultaneously engages with an electrophilic

JrJy
\$i^m

— Q-Q
0

R4 ^N'VO

Hydrogen bonding/
Bronstedacid control

Enamine Catalysts

^o
Steric bulk control

Hydrolysis "ZH O

Hydrolysis x,

Scheme 5: Hydrogen bonding control vs. steric control in enamine catalysis.

reaction partner either through hydrogen bonding or through electrostatic attraction. On the basis
ofthese modes ofactivation enamine catalysts can be divided into two types (Scheme 5) [31].
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(1) It includes an internal acid as cocatalyst/hydrogen bond donor to orient the approach of the

electrophile. These are simple amino acids, such as proline and most of their derivatives

such as tetrazole and various sulfonamides. These catalysts are typically used for aldol,

Mannich, a-amination and a-oxygenation reactions where the electrophile can readily be

activated by hydrogen bonding. (Figure 6) [20,21,27,28].

N
H OH

//

H

Ph

Ph

DTMS

o~
N
H

N' ^CF3
H

TBDPSO,

H OH

Figure 6: Selected examples of enamine catalysts.

(2) In these a bulky, nonacidic group is used to orient enamine and to block the approach of the

electrophile from one side. These are recently developed and include the diarylprolinol

ethers (developed by the Hayashi and Jorgensen groups) and its derivatives [32-36] as well

as the MacMillan imidazolidinone catalysts (Figure 6) [37,38]. These modes of activation

have now been used in a wide range of enantioselective carbonyl a-functionalization

processes.

Aldol and related reactions

This is the addition of an enamine to a carbonyl compound and subsequent hydrolysis to

generate aldol product. In this process one or two stereocenters are generated and one carbon-

carbon bond formation occurs. The component that forms enamine is called aldol donor and the

electrophilic component is known as aldol acceptor. Since 2000, significant development in the

utility of the enamine-catalyzed aldol reaction has been made. This reaction has been extended

to other substrate combinations (aldehyde to aldehyde, aldehyde to ketone, ketone to ketone) and

to enolendo-enolexo aldolization [39-43] as depicted in Scheme 6.
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OHC^ (S)-Proline OHC OH"s, ^-rronne wnw ^
+ /-PrCHO >—f

Bu 80%, 98% ee Dc Y

OHC. 9 (S)-Proline
> + 1 " > T"COOEt

_ cinnr,/xr'nnct >99% 92% ee ; or- r-noc.
/-Pr

Bu ;-Pr

OHC OH

)—f-cc.
EtOOC COOEt >99%, 92% ee ,_pr- cOOEt

°Ph, J3H
(S)-Proline r-^^^^^COOEt/\ y (S)-Proline

I J + EtOOC Ph 79%,96%ee

>

OHOHC^ ^CHO (S)-Proline_^ 0HC I
95%, 99% ee

u

Scheme 6: Proline catalyzed aldol reactions.

Remarkable efforts have been made to develop more efficient variants of proline [18,44-

49], and other amino acids and peptides bearing primary amino groups [50,51], chiral
imidazolidinones cinchona alkaloid-derived amines [52] for the asymmetric aldol reactions as

depicted in Figure 6.

Mannich type reactions

In enamine catalyzed aldol reaction, acceptor aldehyde adds to enamine resulting from
the condensation ofcarbonyl group with amine catalyst followed by its reaction with to afford
aldol product. However, in Mannich reaction, instead ofaldehyde, imine is used as acceptor to

provide p-amino carbonyl compound as Mannich product.

The first three-component asymmetric proline-catalyzed Mannich reactions between

numerous cyclic and acyclic aliphatic ketones as donor and aromatic imines as acceptors via

0Me o NHPMP
(S) proline, 35mol%

*-

DMSO, rt

50%, 94%ee

Scheme 7: Direct three-component Mannich reaction.
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Chapter I; Introduction

enamine catalysis were reported by List in 2000 (Scheme 7) [53]. After that substrate scope has

been expanded to donors such as heteroatom substituted ketones, cyclic ketones [54], and

aldehydes [55,56] and N-Boc protected imine acceptors for Mannich reaction to afford Mannich

product. In recent years, many other catalysts were also employed successfully for this

transformation to afford Mannich products in high yields with excellent enantioselectivity.

Qi: "°

R^

Aldol transition state

O OH

R1'Ji^R3
R2

anf/-product

pS<H-'°
HT^R3

R2

Mannich transition state

« «»-w
,H--b

R

O HN
/

PG

RJ

R2

syn-product

PG.
N' ^-R1

A3R2
H R3

Mannich transition state

PG

O HNX

R1^-^R3
R2

anf/'-product

Scheme 8: Transition states in aldol and Mannich reaction.

In contrast to aldol adducts, Mannich products are usually syn selective. This may be

attributed to the fact that larger size of imine acceptor forces the approachof imine and enamine

in a manner different to that of aldehyde acceptor of enamine. These differences explain the

reversal of selectivity in proline catalyzed aldol and Mannich reactions. By modification of the

proline catalyst to it is also possible to obtain and Mannich adducts [57]. An additional methyl

group attached at 5th position of proline forces a specific enamine approach and the transition

state which is now a 10-membered ring with addition in and mode as shown in Scheme 8.

Conjugate addition reactions

Michael addition is the nucleophilic addition of enamine with a,P-unsaturated ketones,

nitro and sulfonyl compounds [58-60]. Both aldehydes and ketones can be used as donors [61].

It belongs to the larger class of conjugate addition. This is an important atom-economical

method for diastereoselective and enantioselective C-C bond formation. Initially, proline and its
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0 RJ

EWG

Rz

syn Michael product

Scheme 9: Asymmetric enamine-catalyzed Michael additions with aldehyde donors.

analogues were used as chiral catalyst for conjugate reaction with modest results. However, in

recent years many efficient catalysts consisting an additional hydrogen bond donor, such as
thiourea moiety [62] or an acidic triflimide group [63], etc., were developed for conjugate

addition reactions. Conjugate addition of C-nucleophiles to a variety of a,p-unsaturated

carbonyl compounds and to nitro olefins can currently be performed with readily available
organocatalysts operating by intermediate formation of enamine or iminium ions as shown in

Scheme 9.

Domino processes

Organic reactions are traditionally viewed as linear and stepwise processes in which
isolation and purification of key intermediates often lead to reduced yields. Domino reactions,
on the other hand, allow access to a myriad ofcomplex molecules with high stereocontrol in an
efficient, atom-economical manner. According to Tietze, a domino reaction is defined as a
process in which two or more bond-forming transformations occur based on functionalities
formed in the previous step. Furthermore, neither additional reagents, catalysts, and additives
can be added to the reaction vessel, under unaltered reaction conditions [64]. Although several

metal and enzyme catalyzed domino reactions are known, a few domino reactions have been
catalyzed by chiral organic molecules [65,66].
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Many recent synthetic efforts took advantage of the orthogonal modes of carbonyl

activation in the context of a domino reaction. Amine catalysts activate carbonyls by the

formation of an iminium ion or an enamine. Reaction of unsaturated iminium ions with

nucleophiles provides enamine. On the contrary, enamine reacts with electrophiles to afford

electrophilic iminium ions which readily react with nucleophiles. This dual nature of enamine-

iminium catalysis leads to unique possibilities in domino processes. Many reports are available

for the domino reactions using enamine catalysis [67-69],

N=N
R

-N8

Scheme 10: Domino O-nitroso aldol-conjugate addition.

Yamamoto and coworkers published a highly enantioselective asymmetric domino

process including O-nitroso aldol-conjugate addition sequence by using cyclic enones and

aromatic nitroso compounds as shown in Scheme 10 [70].

The scope of enantioselective enamine catalysis has been expanded in scope more

rapidly than perhaps any other field of asymmetric catalysis. Other important and remarkably

useful enamine catalytic nucleophilic substitution reactions have been developed subsequently

and include enantioselective a-chlorinations [71], a-fluorinations [72], a-brominations [73], a-

iodinations and a-sulfenylations [74].

1.3.1.2. Iminium catalysis

The condensation of aldehydes or ketones with amine catalysts forms a highly deficient

iminiumion through reversiblereaction. It should be emphasized that the activation provided by

iminium ion formation is a common phenomenon, and many different types of nucleophile-

electrophile interactions can be envisaged. This includes cycloadditions, nucleophilic additions,

attacks by bases (resulting in deprotonation and enamine formation), and retroaldol type

14
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Chapter 1: Introduction

processes such as decarboxylation. Iminium ion catalysis provides an organocatalytic alternative

to conventional Bronsted and Lewis acid catalysis of a,p-unsaturated compounds (Figure 7).

The operational simplicity of iminium catalysis makes them attractive alternatives to Lewis acid

catalysis.

\© e electrophilic site

H,0 acidic proton

dienophile
electrophilic site

Scheme 11: Iminium catalysis.

Iminium-catalyzed cycloadditions were not discovered until the turn of the century. In

1976, Baum and Viehe reported that iminium salts provide significant acceleration in the Diels-
Alder reaction [75]. However, it was not until 2000 that MacMillan and co-workers disclosed a
more general catalysis strategy for the Diels-Alder reaction, using enantioselective iminium
catalysis. They successfully employed chiral imidazolidinone catalyst for enantioselective Diels-
Alder reaction ofunsaturated aldehydes and ketones with diene (Scheme 12). Condensation of
chiral imidazolidinone catalyst with an enal forms iminium ion. The LUMO of the iminium
species is lowered in energy such that it can now interact with suitable coupling partner diene

Q> +Ph/^^0
Ph H2c|e

5 mol%

MeOH-H20, 23 °C
99% endo

Ph +

CHO
exo

99%ee, 1/1.3 dr

CHO

Ph

Scheme 12: [4+2] Cycloaddition ofa,P-unsaturated aldehyde.

leading to aDiels-Alder cycloaddition. The catalyst is designed in such a way that in the active
species single iminium ion geometry is formed. The dimethyl substitution forces the bulk of the
iminium ion away from this large group and apotential stabilization by a ^-interaction with the
benzyl group unit enforces this conformation and leads to high facial selectivity during attack on

15



Chapter I: Introduction

the alkene. The reactions on the alkenyl portion of the iminium ion can be split into two types,

cycloaddition processes and conjugate additions as shown in Figure 7.

Possible stabilization

blocks top face

Reaction from below

Preferred iminium geometry,
minimal interaction

Figure 7: Stereocontrol elements in the iminium ion.

The concept of iminium catalysis has further been extended to other reactions of a,p-

unsaturated aldehydes, such as [3+2] cycloaddition with nitrones (up to 98% yields, dr = 98 : 2,

and 99% ee) [76,77], Friedel-Crafts alkylation with pyrroles [78], indoles [37] and benzenes (up

to 97% yield and 99% ee) (Scheme 13) [79] and Mukaiyama-Michael reactions (up to 93%

yield and 98% ee) [80] and Michael addition of malonates [81] and nitroalkanes [82] to enones

using (,S')-proline or a similar catalyst system. In all cases, high yields and enantioselectivities

were achieved.

Other reactions that can be attained through iminium catalysis are the conventional

[4+2], nitrone [3+2], and [4+3] cycloadditions and 1,3-dipolar cycloadditions [76,83,84]. In

addition, highly enantioselective epoxidations [85] and cyclopropanations [86] have been

recently developed.

°.\ /

10 mol%

^ + Me02C^^O • CHCI3,-10°C'
I 86%

16

C02Me

96% ee

Scheme 13: Friedel-Crafts acylation reaction between a,p-unsaturated aldehyde and substituted

benzene.
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A Cycloaddition reactions

(i) [4+2] Cycloaddition reactions

Chapter I: Introduction

MacMillon et al. reported the first examples of [4+2] cycloaddition of a,P-unsaturated

aldehydes and ketones with dienes using the chiral imidazolidinone catalyst [83]. Following this,

numerous secondary amine organocatalysts as biaryl catalysts [87], diarylprolinol silyl ethers

[88], hydrazide catalysts [89], and variants of imidazolidinone catalysts [90] have been used to

catalyze this cycloaddition process. These catalysts yielded the Diels-Alder product with high

chemical yields with high level of asymmetric induction. However, many primary amine

containing organocatalysts as primary cinchona alkaloids [91] and binaphthyl catalysts [92]

were also successfully employed for enantioselective [4+2] cycloaddition reactions as depicted

in Scheme 14.

>

*

oh o

.0
3

~R

o
TFA 20mol%

CH2CI2,-30toO°C
51-98% yield, 89-99% ee

1/2.7-1/32 endo/exo

Scheme 14: [4+2] Cycloaddition of3-hydroxypyrones and a,p-unsaturated ketones.

(ii) [3+2] Cycloaddition reactions

The [3+2] addition between enals and nitrones is another major class of organocatalytic
cycloaddition. These cycloadditions produce valuable intermediates for the construction of
biologically important amino acids, alkaloids, amino carbohydrates and P-lactams. MacMillan
and co-workers reported the first examples of imidazolidinone catalyzed [3+2] cycloaddition

(Scheme 15) between nitrones and a,P-unsaturated aldehydes in2000 [76].
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V°-
'R-

R2
CHO

R^ = Bn, allyl, Me

R2 = Ar, chex
R3 = Me, H

,R3

:ho

Scheme 15: [3+2] Cycloaddition using MacMillan imidazolidinone catalyst.

Later other catalysts such as hydrazides, prolinol derived catalysts [93], primary amine

containing cinchona alkaloids [94] were also used for enantioselective [3+2] cycloaddition

reactions.

Organocatalytic conjugate addition

These organocatalytic additions involve the attack of nucleophiles on electron deficient

double and triple bonds generating one or more stereogenic centers, under the influence of an

external chiral ligand or chiral catalyst. Enormous number of methods and catalysts has been

developed for the addition of carbon-, nitrogen-, oxygen-, sulfur-, and hydride-based

nucleophiles to a,p-unsaturated aldehydes and ketones via iminium ion activation. A range of

aromatic, heteroaromatic and nonaromatic nucleophiles can be added to enals to form many

functionalities that are common in pharmaceutical compounds. In particular, the indole and

aniline motifs are readily incorporated into an asymmetric framework and modified to

synthetically useful compounds [37,80]. For C-C bond formation reactions, nucleophiles can be

divided into two classes: aryl, heteroaromatic and vinyl nucleophiles, which undergo Friedel-

Crafts type alkylation and C-Hacids such as 1,3-dicarbonyl compounds and nitroalkanes.

Yang et al, in 2004 [95] reported the first metal free organocatalytic transfer hydrogen-

nation of a,p-unsaturated aldehydes (Scheme 16). Dibenzylammonium trifluoroacetate was used

as an efficient catalyst for this reaction. A variety of functional groups that are sensitive to

standard hydrogenation conditions (nitro, nitrile, benzyloxy, and alkene functional groups) were

tolerated in the process. On the basis of this protocol an example of asymmetric catalytic version

was also presented. This protocol was subsequently optimized and a highly enantioselective
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EtOOC^^\XOOEt

XX

Scheme 16: Organocatalytic hydrogenation.

variant using the trichloroacetate salt of MacMillan's second generation imidazolidinone as the
catalyst. Another concept introduced into the field of iminium ion activation is asymmetric
counteranion-directed catalysis. For the introduction of asymmetry in transition metal, phase
transfer and organocatalyzed processes, the use ofnon-reactive chiral anions as effective tools is

receiving significant attention [96,97].

Iminium catalysis has now been an exciting and vibrant area ofresearch in recent years.

The catalysts are usually bench stable, robust, reliable and easily available and carried out the
reactions at room temperature in the presence of moisture and air with high yield an optical
purity. Additionally, iminium catalysis can be applied to tandem, cascade and multi-component
coupling reactions for the formation of desire products from simple achiral precursors in asingle
step.

1.3.2. Lewis acids as organocatalysts

Generally metal salts like A1C13, TiCl3, etc., are refered to as Lewis acid catalysts.
However, not only metal centers can function as Lewis acids. Carbenium, silyl or phosphonium
cations and phosphorus- and hypervalent silicon-based compounds also display Lewis acid
catalytic activity. Abroad variety of reactions can be catalyzed with these Lewis acids. In 1998
Jargenson and Helmchen reported the first binaphthyl derived chiral silyl cationic salt as
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catalyst for enantioselective Diels-Alder reaction with 95% yield and endo selective was higher

than 95%, though the enantioselectivity of the reaction was very low (10%) (Scheme 17) [98].

Since silyl cations are highly reactive and moisture sensitive so they were prepared in situ from

air and moisture stable precursor via hydride transfer [99,100].

o o

rAo 10mol%

CD3CN,-40°C

10% ee, >95% endo

Scheme 17: Diels-Alder reaction catalyzed by chiral silyl salt.

Later Jonas, Ghosez and coworkers have reported several enantiopure cycloalkylsilyl

triflimides as silicon containing chiral molecules as depicted in Scheme 18 and tested in the

Diels-Alder reaction of methyl acrylate and cyclopentadiene [101, 102].

PhO

^Si-NTf2
^ \

Scheme 18: Cycloalkylsilyl triflimides.

Another example of Lewis acid catalysts is hypervalent silicon-based catalysts.

Hvpervalent silanes are crucial intermediates in silicon-based carbon-carbon bond-forming

reactions. Chemistry of pentaand/or hexavalent silicon compounds has recently attracted much

attention because of the possibility to develop organocatalyzed enantioselective reactions in the

presence of cheap, low toxic and environmental friendly species such as hypervalent silicates.

Recently Leighton et al. have discovered simple hypervalent chiral silane Lewis acid,

synthesized in a single step from enantiopure pseudoephedrine and phenyltrichlorosilane [103].

They employed successfully this catalyst in Friedel-Crafts alkylation with benzoylhydrazones

and obtained 90% yield and up to 90% enantioselectivity (Scheme 19). By inspiring these
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^ results, they reported enantioselective [3+2] cycloaddition reactions catalyzed by the same

catalyst with improved diastereo- and enantio-selectivity of the corresponding products [104].

The other class of Lewis acid-based organocatalysts is phosphonium and carbocation

based catalysts. A series of different phosphonium salts, prepared from hydroxyl phosphine

oxides or phosphinates are known and investigated for Diels-Alder reaction between cyclopenta

diene and a,p-unsaturated ketones [105]. Carbocations are highly active catalysts. A group at

Merck developed the first efficient chiral phase-transfer catalyst, jV-benzylcinchoninium salt for

the asymmetric a-methylation of indanone in 95%yield and 92% ee [106].

The other types of Lewis acid chiral catalysts include the ionic liquids and organic salts.

Nevertheless, due to the broad variety of possible reactions, which are catalyzed by Lewis acids,

this research field possesses a large potential, still improvement and further investigation for

asymmetric induction of the reactions is needed.

Ph' o
rVh4

OMe M<T N CI
,NHBz Me

N 1.5 equiv. (S,S)
+ II

NMe2 Pr/02C H Toluene, -20 °C
NMe2

90% ee, 92% yield

Scheme 19: Enantioselective Friedel-Crafts alkylation.

1.3.3. Brensted bases as organocatalysts

Chiral, metal-free Bronsted bases have been demonstrated capable of catalyzing several

types of C-C and C-X bond-forming reactions with high chemical and stereochemical
efficiency, thereby complementing other major organocatalytic asymmetric approaches such as
enamine catalysis. Bifunctional catalysts, containing both Bronsted base and H-activating

functionalities, have proven to be very applicable to an array of reactions type. The chiral

Bronsted base catalysis has been upright with the recognition ofcinchona alkaloids as excellent

chiral catalysts [107]. Later, the study on the importance of a rigid backbone with basic
functionality and the absence or presence ofahydrogen-bond donor within same molecule led to
the synthesis of novel cinchona alkaloid-based catalysts broadened the scope of their utility.
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Cinchona alkaloids, acting as a Afunctional organocatalyst (Scheme 20) or ligand, are key

contributors in asymmetric reactions and enantioselective transformations of conjugate additions

subdivided into substrate categories of enones, imines, azodicarboxylates, nitroalkenes, sulfones

anda-ketoesters (Strecker, Michael, Mannich, Aldol, Baylis-Hillman and Henryreactions) and

R = H, Cinchonidine
R = OMe, Quinine

R = H, Cinchonine
R = OMe, Quinidine

OX

X = H, for hydrogen bondidng
Y = R (any functional group), for steric tuning

Structure of cinchona alkaloids Bifunctional catalysts of cinchona alkaloids

Scheme 20: Cinchona alkaloids as organocatalysts.

cycloaddition reactions, phase-transfer reactions, p-lactone synthesis, aziridination, desymmetri-

zation studies, decarboxylations, epoxidation and hydrogenations [108]. Other examples of the

catalysts include cinchona alkaloid-derived thiourea catalysts, chiral guanidine catalysts, chiral

cyclohexane-diamine catalysts, chiral binaphthyl-derived amines, etc.

[Ch-H [X]—H

Substrates

\m
-C-N

i*

-C-P

Chiral Brensted base catalyst I " Enantioenriched products

-c-c -c-o -c-s

Scheme 21: Different conjugate addition of cinchona alkaloids.

1.3.4. Bronsted acids as organocatalysts

Chiral Bronsted acids have emerged as a new class of organocatalysts over the last few

years. The field ofasymmetric Bronsted acid catalysis can be divided into general acid catalysis

and specific acid catalysis. In general in acid catalysis substrate is activated via hydrogen

bonding whereas in specific acid catalysis substrate is activated via protonation. Since 2004 after

the pioneering studies of the groups of Akiyama and Terada [109,110] on chiral BINOL
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X phosphates as powerful Bronsted acid catalysts in asymmetric Mannich-type reactions,
numerous imine activated catalytic asymmetric transformations have been studied by means of

this catalyst class, including among others Pictet-Spengler, Friedel-Crafts, Strecker, cycloaddi

tion reactions, transfer hydrogenations, and reductive animations. More recently, in 2006, Gong

y

4

O

85-97% ee

Scheme 22: Biginelli reaction: scope and proposed reaction pathway.

and coworkers [111] described the first highly enantioselective organocatalytic Biginelli reaction

(Scheme 22) by using chiral BINOL phosphates. Recently several research groups reported on
the use ofchiral BINOL phosphates as Bronsted acids in numerous multicomponent and cascade

reactions.

5mol% !Bu^ !Bu
Mo R3SiOMe toluene, -78 °C Rl

_ 82-92% ee

Scheme 23: Diels-Alder reaction of ethyl vinyl ketone withsilyloxydienes.

Imines are the reactive substrates for Bronsted acid catalysis. In 2006 with the

introduction ofchiral BINOL-derived JV-triflylphosphoramides for Diels-Alder reaction ofa,p-

unsaturated ketones with silyloxydienes as depicted in Scheme 23 [112], asymmetric Bronsted
acid catalysis is not restricted to reactive substrates. Electron-rich alkenes (enecarbamates,
enamides), aziridines and certain carbonyl compounds can be activated through these stronger

t Bronsted acid catalysts. In dealing with sensitive substrate classes, chiral dicarboxylic acids
proved of particular value. Thus, chiral Bronsted acid catalysis is a rising field within the
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domain of asymmetric organocatalysis and the introduction of stronger chiral Bronsted acid

provides more opportunities to develop a variety of asymmetric transformations.

In summary, enantioselective organocatalysis has a major role in organic synthesis since

a decade and helped in the development of numerous enantioselective catalytic reactions. At the

same time, use of newly synthesized organocatalysts will bring new magnitude of developments

in the field of asymmetric synthesis.

1.4. /7-BENZOQUINONES IN ORGANIC SYNTHESIS

The Diels-Alder reaction is one of the most versatile and synthetically useful reactions

due to its inherent potential to generate up to four new stereogenic centers besides forming two

new carbon-carbon/carbon-heteroatom/heteroatom-heteroatom bonds in a single laboratory

operation [113-115]. The utility of this cycloaddition arises from its versatility and remarkable

selectivity for constructing simple and complex molecules. The landmark 1928paper by Diels

m*\

endo

Scheme 24: The Diels-Alder reaction between cyclopentadiene and />benzoquinone.

and Alder on the discovery of [4+2] cycloaddition describes proper identification of products

formed during the reaction between cyclopentadiene andp-benzoquinone which is considered to

be a historical event in the field of chemistry [116].

p-Benzoquinones are powerful intermediates in organic synthesis. Due to their high

electron-deficiency, these cross-conjugated dienones undergo reactions with wide variety of

reaction partners including electron-rich species. For more than seven decades, the Diels-Alder

reaction of dienophilic quinones has provided a powerful construction for functionalized cis-

,0

0

tfl
f ) Diels-Alder

ifYriyj\ U-LJ
° /H h

endo
monoadduct

HJ?
Diels-Alder

(Ill If "jl
J)

diadduct
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fused decalin sub-structures. Several syntheses of complex natural products have been

uncovered in which the quinone Diels-Alder reaction has been used to incorporate an initial

arrangement of rings and stereocenters giving the way for expansion of the final target structure

by a series of selective reactions thereafter. Some of the most prominent achievements in

complicated synthetic chemistry are the total syntheses of steroids, reserpine, ibogamine,

dendrobine. gibberellic acid, trichodermol, and euonyminol [117].

MeO

butadiene
benzene

100 °C, 96h MeO

cortisone

aq NaOH, dioxane;
thenlNaq HCI

*-

epimerization

cholesterol

MeO

Scheme 25: The Diels-Alder reaction as a key-step in the total synthesis of steroid hormones

cortisone and cholesterol.

The normal electron demand [4+2] cycloadditions of 3-(2-nitrovinyl)indoles with parent

p-benzoquinone producing benzo[a]carbazole-l,4-diones was reported (Scheme 26). The 3-

alkenyl indole derivative participated as diene inthis Diels-Alder reaction [118].

N02

[4+2] cycloaddition

oxidation

Scheme 26: The [4+2] cycloaddition between alkenylindoles and p-benzoquinone.

The reaction of 2,3-dihydrofuran with p-nitroalkenyl-l,4-benzoquinone afforded a

mixture oftwo products resulted from [4+2] cycloaddition and subsequent conjugate addition of
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enol ether followed by tautomerization to a phenolic nucleophile and ring closure [119]. The

product distribution depends on the reaction conditions (Scheme 27).

neat 85% 1:1.7
benzene 48% 1:1

Scheme 27: The [4+2] cycloaddition between alkenyl-l,4-benzoquinone and 2,3-dihydrofuran.

Noland and Kedrowski studied the reaction between substituted p-benzoquinones and

2,3-dihydrofuran for the synthesis of furobenzofuran ring systems [120]. The insitu generated 2-

formyl-6-methoxy-l,4-benzoquinone on treatment with dihydrofuran furnished the substituted

furobenzofuran derivative via [3+2] cycloaddition to 0-4 and C-3 of the quinone in good yield

(Scheme 28).

OH

/leO^ /L ^CHO
DDQ

MeO^J^CHO O Me°

V "59%

Scheme 28: Reaction between substituted p-benzoquinone and 2,3-dihydrofuran.

The reactions of p-nitroalkenyl-l,4-benzoquinone was also studied with cyclic enol

ethers [121]. The reaction proceeded to furnish a mixture of carbocyclic and benzofuran

derivatives in varied ratio in moderate to good combined yields (Scheme 29).

Benzene ,<vr
6-y( \ combined yield
RO HT

n=1 1 : 6.8
n = 2 1.2 : 1
n = 3 1 : 2.4

39%
44%
71%

Scheme 29: Reaction between alkenyl-1,4-benzoquinone and cyclic enol ethers.
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Several p-benzoquinone derivatives were used as dienophiles in enantioselective Diels-

Alder reaction catalyzed by chiral oxazaborolidinium ions in early key steps for the total

syntheses of complex natural products [122]. Recently Zhou and Corey reported the usefulness

of asymmetric [3+2] cycloaddition step between 2-methoxy-l,4-benzoquinone and 2,3-

dihydrofuran as a key step in the enantioselective total synthesis of the potent naturally

occurring mutagen aflatoxin B2 [123]. A chiral oxazaborolidinium ion derived from a,a-

diphenylprolinol catalyzed the [3+2] cycloaddition of p-benzoquinone derivative and
dihydrofuran to furnish furobenzofuran derivative by conjugate addition ofenol ether followed
by tautomerization to a phenolic nucleophile and subsequent ring closure (Scheme 30).

MeO^^X

V o

1 i Ph

N-

'0Tf2N

B

H Vtol
*-

Yield = 65%
ee = 92%

MeO

OH

MeO

Aflatoxin B2

H 0-

Scheme 30: Chiral oxazaborolidinium ion mediated enantioselective [3+2] cycloaddition

between 2-methoxy-l,4-benzoquinone and 2,3-dihydrofuran.

An alkenyl p-benzoquinone derivative was used as a dienophile in the highly selective
Diels-Alder reaction step for a biomimetic synthesis of dimeric Acremonium byssoides
metabolite acremine G[124]. The cycloaddition was carried out at reflux temperature in toluene

to provide endo product as major adduct (Scheme 31).

.OTBS

TBSO

OTBS

MeMe^/\
HO Me

acremine G

Scheme 31: The Diels-Alder reaction as a key-step in the total synthesis ofdimeric metabolite

acremine G.
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In conclusion, p-benzoquinones are versatile intermediates in organic synthesis. These

cross-conjugated diene-diones and their alkenyl derivatives undergo useful cycloaddition

reactions to generate complex molecular architectures. The domino processes of these alkenyl-

1,4-benzoquinones with suitable reacting partners would unravel the rapid synthesis of

compounds of molecular complexity with profound selectivity.
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Chapter2: Camphorsulfonamide-basedProlinamide Organocatalysts

Synthesis and Characterization ofNovel
Camphorsulfonamide-based Prolinamide Organocatalysts

2.1. INTRODUCTION

Organocatalysis has emerged as a rapidly growing and important field in organic

chemistry [1,2]. Organocatalysts consist of small, low-molecular-weight organic compounds,

containing carbon, hydrogen, nitrogen, sulfur and phosphorus [3-5]. The advantages of organo

catalysts include their tolerance towards moisture and oxygen, their ready availability, low cost

and low toxicity, which confers a huge direct benefit in the production of pharmaceutical

intermediates when compared with transition-metal catalysts [6-11]. In recent years, several

organocatalysts have been developed for numerous asymmetric transformations. Among them,

prolinamides have been established as another class of organocatalysts. Presence of secondary

amine and introduction of amide linkage provide opportunities for the catalytic activity of these

prolinamides to synthesize various chiral compounds.

Certain organic compounds of natural origin are the primary source of chirality in

organic synthesis and are used to prepare other chiral compounds of interest. Among the various

types of natural chiral products, monoterpenes such as camphor and their derivatives have been

successfully employed as primary chirality sources [12-20]. Camphor exists extensively in

nature and it is a flexible chiral substance, easily derivatized at any of its ten carbons to give

H Organocatalyst

z\ H20, additive
R

up to >96% ee

S 0 1
R

/— HN N'W-
/ \ H 1 H JL
V vs\ o-^

H 0 I•J
R = OTBDPS

O OH

Scheme 1: Camphor scaffold embedded chiral thiourea catalyst for aldol reaction.
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camphor derived compounds. Furthermore, the different position of the gem-dimethyl group in

camphor derivative confers dissimilar topology, often reflected in the capacity of chirality

transfer. In past few years, camphor-derivatives have been proved as highly versatile and

powerful ligands or auxiliaries in organic synthesis [21-28]. During our work progress, in2008

Chen et al. reported new class of organocatalyst bearing camphor scaffold with thiourea motif

for aldol reaction (Scheme 1) [29]. After this, they reported pyrrolidine-camphor derivative asan

organocatalyst for another asymmetric transformation (Scheme 2) [30]. To our surprise, the

camphor moiety had never been used as part ofprolinamide catalyst for asymmetric synthesis.

up to 90% ee

Scheme 2: Chiral pyrrolidine camphor derivative catalyzed Michael addition.

2.2 OBJECTIVE

Chiral monoterpenes such as camphor, known to be used in themanufacture of cellulose

nitrate, polyvinylchloride and several medicines antiseptics and insecticides, etc., having rigid
bicyclic structures, are widely used as synthons in asymmetric synthesis. Camphor and its
derivatives such as camphor-10-sulfonic acid are readily available in optically pure forms and

Bulky group to enhance
steric shielding.

Less polar R group tot *?
increase solubility of | ^^^
catalyst in non-polar
solvent 3

Amide bond to make
hydrogen bonding
with carbonyl group of
aldehyde

Secondary-NH group
to activate ketone
through enamine

Figure 1: Design ofcamphorsulfonamide-based organocatalysts.
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Chapter 2: Camphorsulfonamide-basedProlinamide Organocatalysts

can afford a simple, inexpensive scaffold from which a chiral catalyst can be built. Such

molecules arouse our attention to employ these molecules as chiral scaffolds to develop

prolinamide-based chiral organocatalysts for asymmetric synthesis. For this purpose, our

objective was to synthesize novel organocatalysts having camphor scaffold and proline moiety

to activate carbonyl donor through enamine catalysis and utilize them for various asymmetric

transformations. On the other hand, the presence of tunable WyV-dialkyl group on camphor

sulfonamide moiety will facilitate to increase the solubility of these catalysts in non-polar

solvents and thereby achieving rapid reaction in the medium taken. Given these considerations,

we were interested to synthesize camphorsulfonamide-based prolinamides Cat-la, Cat-2a, Cat-

3a and Cat-3b having camphor scaffold and proline moiety through appended prolinamide

linkage to examine their catalytic activity for the asymmetric aldol and Michael reactions. We
rationalized the anticipated catalytic activity ofthese catalysts in the projected reactions on the
basis of stabilization of the transition state via hydrogen bonding between aldehyde or

nitrostyrenes and amide moiety of the enamine formed from catalyst and ketone and effective
shielding ofone ofthe faces ofenamine by camphor unit ofthe catalyst.

V

^-° O H
V 1* N
O'N

HX0

Cat-1a Cat-2a Cat-3a Cat-3b

Figure 2: Camphorsulfonamide-based organocatalysts.

2.3. RESULTS AND DISCUSSION

2.3.1. Synthesis of 2-aminocamphor-10-sulfonamides II-14a,b, II-15a,b and

II-16a,b

In our synthetic approach, proline unit was anchored to the host camphor-based system
in five synthetic steps. Initially, we synthesized compounds II-14a,b, II-15a,b and II-16a,b
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starting from (15)-(+)-camphor-10-sulfonic acid. The first step involves the conversion of

camphorsulfonic acid II-4 into camphorsulfonyl chloride II-5 by treating with thionyl chloride

at reflux temperature [31]. The treatment of camphorsulfonyl chloride II-5 with dibenzylamine

in presence of DMAP and isoquinoline in DMF at room temperature produced (15)-(+)-

camphors-10-sulfonamide (II-6) in 76% yield. Alternatively, this reaction was performed with

dibenzylamine in presence of DMAP in dry DCM by following literature procedure [32] to

furnish the desired product II-6 in excellent yield.

Reflux Conditions a or b

SOCh

II-5

Conditions: a) DMF, DMAP, isoquinoline, NHBn2, 76%
b) DMAP, DCM, NHBn2, 96%

Scheme 3: Synthesis of camphorsulfonamide II-6.

This method was extended to synthesize products II-9 and 11-10 from II-4. However,

yields of the products vary with the substituent. While sulfonamide II-6 having dibenzylamine

group was obtained in 95% yield, the sulfonamide II-9 bearing diisopropylamine was achieved

in 90% yield along with 8% of the acid II-4 and the compound 11-10 having dicyclohexylamine

was acquired in 86% yield with 10% recovery of reactant II-4. Our efforts to improve the

chemical yield of the latter two sulfonamides by using more equivalents of DMAP were not

successful. The structure of II-6 was established onthe basis of its IR, *H and 13C NMR spectral

data and CHNS analysis. In IR spectrum, an intense peak at 1740 cm"1 shows the presence of

-CO group and peaks at 1335 and 1146 cm"1 show the presence of-SO2 group. 'H NMR
spectrum signal at 5 4.36 (AB quartet, J = 15.0, 35.5 Hz, 4H) and aromatic [5 7.39-7.30 (m,

10H)] protons show the presence of two benzyl groups and signals at 5 1.15 (s, 3H), 5 0.80 (s,

3H) show the presence of bridgehead methyl groups of camphor moiety of the compound.

Proton decoupled 13C NMR spectrum in CDC13 (125 MHz) was fully consistent with the

assigned structure of II-6. The structures of II-9 and 11-10 were also established on the basis of

their spectral analysis.
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The conversion of carbonyl function of the above camphorsulfonamides into oxime

group was carried out following a literature procedure [33]. Thus the reaction of camphorsulfon-

amide II-6 with hydroxylamine hydrochloride in the presence of triethylamine in absolute

ethanol at reflux temperature reached 100% conversion of the reactant in 8 h and 98% of the

product 11-11 was isolated. This is the typical example of nucleophilic addition reaction in

which water is eliminated from the initially formed tetrahedral intermediate with subsequent

formation of a new C=N bond. In a similar fashion, the oximes 11-12 and 11-13 were also

synthesized in excellent yields (Scheme 5).

Reflux^

SOCIj

II-5

DMAP, DCM |
NHR2

II-7:R =

II-8:R =

CT NNHR2

II-9: R = isopropyl, 90%

11-10:R = cyclohexyl, 86%

Scheme 4: Synthesis of camphorsulfonamides II-9 and 11-10.

The structure of11-11 was established on the basis of its IR, :H and 13C NMR spectral
data and CHNS analysis. The intense peaks at 3448 (OH), 1643 (C=N), 932 (N-O) cm"1 in IR
spectrum show the presence of oxime functionality. !H NMR spectrum signal at 5 4.37 (AB
quartet, J=15.0, 91.5 Hz, 4H) and aromatic [5 7.35-7.27 (m, 10H)] protons show the presence
of two benzyl groups. Signal at 67.93 (s, 1H) which got disappeared in D20 exchange experi
ment shows the presence of-OH group and signals at 50.98 (s, 3H) and 60.67 (s, 3H) show the

NH2OH.HCI

11-6: R = benzyl
II-9: R = isopropyl
11-10: R = cyclohexyl

Et3N, EtOH
.

Reflux
>NOH

O^^NHR2
11-11: R = benzyl, 98%
11-12: R = isopropyl, 95%
11-13: R = cyclohexyl, 94%

Scheme 5: Synthesis ofcamphor oxime derivatives 11-11,11-12 and II-13.

presence of two bridgehead methyl groups of camphor entity of the compound. The proton
decoupled 13C NMR spectrum in CDC13 (125 MHz) is fully consistent with the assigned
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structure of 11-11. The signals in the upfield region at 5 52.3 and 49.8 refer to quaternary

carbons and signal at 5 50.1 is due to -CH2Ph and the signals at 5 51.5, 32.7, 28.1 and 27.2 are

due to methylene carbons of camphor moiety. The signal at 5 43.3 is assigned to the methine

carbon and the signals at 8 19.3 and 19.1 are due to the geminal methyl groups of camphor

moiety and the remaining signals are of carbons of arene systems. The structures of 11-12 and II-

13 were also established on the basis of their IR, XW and 13C NMR spectral data and CHNS

analysis.

Having oximes 11-11-13 in hand, our next step was to convert the oxime group into

amino group on C-2. We attempted the reduction of oxime 11-11 function with usual methods

such as i) refluxing with LiAlH4 in Et20 for 4 h, ii) reaction with 10% Pd-C in saturated 2-

propanolic hydrogen chloride/2-propanol at room temperature and iii) reaction with NiCl2 and

NaBH4 in dry MeOH under inert atmosphere. No conversion was observed in the first method

and 100% starting compound 11-11 was recovered. In thesecond method no desired product was

obtained. However, when camphor oxime was treated with 2 equiv. of NiCl2 and 10 equiv. of

NaBH, in dry MeOH at -30 °C to room temperature for 4h, 42% conversion (!H NMR) ofthe

reactant was observed and exo and endo amines II-14a,b were isolated in a combined yield of

35% (Scheme 6).

V/

Conditions a/b/c

n-11 R = benzyl II-14b

Conditions: a) LiAIH4, Et20, reflux
b) Pd-C 10% in saturated 2-propanolic hydrochloride/2-propanol, rt
c) NiCI2, NaBH4, dry MeOH, -30 °C to rt, 35%

Scheme 6: Reduction of oxime 11-11.

At this juncture, the reduction of oxime 11-11 was carried out with NaCNBH3, in the

prescence ofTiCl3 (12% inHC1) and CH3COONH4 indry MeOH to afford exo and endo amines

II-14a,b (Scheme 7). The TLC analysis showed two isomers at different R/ values (0.60 and

0.35 in 4:96 methanol: dichloromethane solvent system; later confirmed to be exo and endo

isomers, respectively on the basis of2D NMR experiments, (vide infra). Further, the !H NMR
analysis ofcrude sample revealed the presence of two isomers exo II-14a and endo II-14b. We
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Figure 3: Aliphatic region ofthe 500 MHz lH NMR spectra of 2-aminocamphorsulfonamides
II-14a,b, ll-15a,b and Il-16a,b
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separated the diastereomers II-14a,b by silica gel column chromatography in a combined yield

of 68%. Similarly, 2-aminocamphorsulfonamides II-15a,b and II-16a,b were synthesized and

the isomers were separated by column chromatography.

NOH + NaCNBH3
TiCI3 in 12% HCI

MeOH, CH3COONH4 S NH2
0*^NR2O'̂ -NR,

11-11

11-12

11-13

R = benzyl
R = isopropyl
R = cyclohexyl

II-14a: R = benzyl II-14b: R = benzyl
II-16a: R = isopropyl II-16b: R = isopropyl
II-16a: R =cyclohexyl II-16b: R =cyclohexyl

Scheme 7: Synthesis of 2-aminocamphorsulfonamides 11-14-16.

Table 1: Proton and carbon chemical shifts and proton-proton coupling constants for exo and

endo isomers II-14a and II-14b.

c
o

c
o.

C-2

C-3

C-8

C-9

C-10

C-ll,
c-ir

11-14a

5H(ppm)

3.31 (dd,J=5.5,9.0Hz)

0.73 (s)

0.96 (s)

3.35 (d, J= 13.5 Hz),
2.53 (d,J= 13.5 Hz)

4.40 (AB quartet, J = 15.0,
61.5 Hz)

5c (ppm)

57.1

21.1

19.9

52.0

50.2

Vf

11-141)

5H(ppm)

3.38 (qd, J =2.0, 10.5 Hz)

2.40-2.31 (m), 0.86 (dd J= 3.0,
11.0 Hz)

0.76 (s)

0.80 (s)

2.66 (AB quartet, J = 13.5, 34.5
Hz)

4.38 (AB quartet, J = 15.0, 25.5
Hz)
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5c (ppm)

55.6

39.9

20.5

18.6

56.3

50.1
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•^ The structure elucidation of isomers II-14a and 14b is on the basis of collective

information that obtained from !H and 13C NMR and 2D (^H and 1H-13C COSY) experiments

of pure and isolated isomers. The two dimensional lH and 13C correlation spectroscopy
identifies the connectivity between protons and carbons. The 'H-'H COSY identifies protons
that are coupled with each other. For instance, the spectrum of II-14b shows zero-coupling
between H-3n and H-4 protons, where the dihedral angle between the planes containing these

•y protons is close to 90°. This is in accordance with Karplus correlation i.e., relationship between
the dihedral angle and vicinal coupling constants. The proton H-3n shows couplings with H-2
(V23„ =3.0 Hz) and H-3x (2J3x,3„ =11.0 Hz). The small coupling constant between H-3n and H-2
clearly indicates that the dihedral angle between the planes containing these protons is 50-60°
and confirms H-2x proton. This is further validated by the coupling (3J2xM= 10-5 Hz) between
H-2x and H-3x. !H NMR ofexo isomer II-14a signal for proton at C-2 appears as dd at 8 3.31

ppm while in endo isomer H-14b signal for proton at C-2 shifts little towards downfield and
resonate at 53.38 ppm. In exo II-14a, signal for C-10 protons appears as doublet at 53.35 and

y 2.53 ppm while in endo II-14b it appears as AB quartet at 52.66 ppm (Table 1). The gem
dimethyl groups of exo II-14a resonate at 0.96 and 0.73 ppm and those ofendo II-14b resonate
at 0.80 and 0.76 ppm This further confirms that the -NH2 substituent at C-2 is exo and a
deshielding proximity effect is in operation in exo II-14a due to which C-8 methyl group
resonates upfield of 0.96 ppm. The NMR data of selected protons and carbons of these isomers
is depicted in Table 1.

The structures of exo II-15a and endo II-15b were also confirmed by studies of XW and
13C NMR and 2D ^H-'H and XH-13C COSY) experiments carried out at 500 MHz. These

V experiments facilitated to identify the chemical shifts and connectivity of !H and 13C signals.
The resonance and coupling pattern of these signals parallels to that of previous pair exo II-14a
and endo II-14b. The NMR data ofisomers II-15a,b is tabulated in the following page.

The 5values for different protons as well as carbons ofboth exo and endo isomers II-15a

and II-15b were assigned based on 1H-1H COSY and HSQC experiments (Figures 4and 5). A
more resolved spectrum was observed for endo II-15b. The deshielding effect of-NH2 function
is clearly visible in exo II-15a. The two protons at C-10 of exo II-15a appear as two doublets at
53.39 and 2.65 and those of endo II-15b appear as AB quartet at 52.83 ppm The H-2» and H-/
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2x protons of exo II-15a and endo II-15b resonate 8 3.30 (dd) and 3.41 (d), respectively. It is

observed that the carbon chemical shifts of endo II-15b, in general, moved slightly upfield in

comparison to those of exo II-15a.

Table 2: Proton and carbon chemical shifts and proton-proton coupling constants for exo and

endo isomers II-15a and II-15b.

8 9 8 9

\7/

a

O

a.

5,

10N

O'

^4 _

13'

•Hx
NH2

I12

13

12'

e/4L2/1'Hx
<9THn ,12

0 N"S3
13' 121

II-15a II-15b

5W (ppm)
(multiplicity)

5,- (ppm) Correlation
JhH
(Hz)

Sff (PPm)
(multiplicity)

5C(ppm) Correlation •^H-H
(Hz)

C-l -
49.7

- - -
51.3

-

C-2 3.30 (dd) 57.1
H2-H3

H2-H3

5.0

9.0
3.41 (d) 55.5 H2-H3 9.5

C-3
1.60-1.49 (m)
1.86-1.69 (m)

40.2 - -

2.37-2.29 (m)
0.79 (dd)

39.6 H2-H3

H3-H3

4.0

13.0

C-4 1.86-1.69 (m) 44.7
- -

1.58 (t) 43.9 H3-H4-H5 4.5

C-5
1.86-1.69 (m)
1.22-1.13 (m)

27.4 - -

2.25-2.18 (m)
1.65-1.60 (m)

24.4 -

C-6
1.86-1.69 (m)
1.60-1.49 (m)

32.4 - -

1.27-1.21 (m)
1.83-1.70 (m)

28.3 -

C-7
-

48.9 - - -

48.3 -

C-8 0.82 (s) 21.2 - -
0.88 (s) 20.6 -

C-9 1.05 (s) 20.1 - -
0.90 (s) 18.7 -

C-10
3.39(d)
2.65(d)

53.7
HlOa-HlOb

HlOa-HlOb

13.0

13.5

2.83

(AB quartet)
58.1 HlOa-HlOb

14.0

25.5

C-ll,

11'
3.75 (septet) 48.3

H11-H12-

H13
6.5 3.73 (septet) 48 3 H11"H12-

H13
6.5

C-l 2,

12'

C-13,

13'

1.33 (dd)
22.2

22.7

3.0,
6.5

1.30(d)

22.3

22.2

7.0
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Figure 4: 'H-'H and JH-13C (HSQC) COSY spectra ofII-15a.
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4.0 3.5 aO 2.5 2.0 1.5 1.0 0.5 0.0 pprf

3.5 3.0

Figure 5: ^-'H and !H-13C (HSQC) COSY spectra ofII-15b.
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Chapter 2: Camphorsulfonamide-based Prolinamide Organocatalysis

The dicyclohexyl 2-aminocamphorsulfonamides II-16a,b were characterized in asimilar fashion
using ID and 2D NMR experiments. In case of exo II-16a signal for W-2n proton appears as

multiplet at 8 3.33-3.25 (mixed with 2-Q.H protons ofcyclohexyl rings), while H-2x ofendo II-
16b resonates at 8 3.43 as quartet of doublet. While the H-10 protons of exo II-16a appear as

doublets at 8 3.37 and 2.66, those of endo II-16b appear as quartet at 8 2.83 (Table 3). The

stereochemistry of exo II-16a and endo II-16b was unequivocally confirmed by NOESY H
NMR experiments. The NOESY study on exo isomer II-16a showed a cross-peak between H-2n
and the H-10 protons; while similar study on endo II-16b showed a cross-peak between H-2x

and CH3-8 protons as shown in Figures 6 and 7.

Table 3: Proton and carbon chemical shifts and proton-proton coupling constants for exo and

endo isomers II-16a and II-16b.

c
o

O

C-2

C-3

C-8

C-9

C-10

C-ll,

c-ir

4

'15

/OT2 12/s:,

y\0
16'

15

16

121

13'

III 6a

5H(ppm)

(multiplicity)

3.33-3.25 (m)

0.83 (s)

1.06 (s)

3.37 (d,J= 13.5 Hz),

2.66 (d, J = 13.0 Hz)

3.33-3.25 (m)

8c(ppm)

57.1

21.2

20.1

54.6

57.1

II-16b

5H(ppm)

(multiplicity)

3.43 (qd,J =2.0, 11.0Hz)

2.39-2.29 (m), 0.78 (dd, J =

4.0, 8.5 Hz)

0.89 (s)

0.92 (s)

2.83 (q,J= 13.5 Hz)

3.26 (quintet, J =8.0 Hz)

5c(ppm)

55.5

39.8

20.6

18.7

59.0

57.5
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Figure 6: 500 MHzNOESY Spectrum of II-16a in CDC13.

Figure 7: 500 MHz NOESY Spectrum of II-16b in CDC13.
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Chapter 2: ('amphorsulfonamide-based Prolinamide Organocatalysts

2.3.2. Synthesis of camphorsulfonamide-based prolinamides Cat-la, Cat-2a

and Cat-3a,b

Having dialkyl 2-amino-camphorsulfonamides in hand, we then proceeded to convert

these amines into the corresponding prolinamides by coupling them with (S>proline. Initially,

we protected -NH group ofproline as -NBoc with rert-butoxycarbonyl anhydride. This reaction
was performed by stirring a solution of (S)-proline, with terr-butoxycarbonyl anhydride in
methanol at room temperature in presence of catalytic amount of iodine. The desired N-tert-

butoxycarbonyl-(5)-proline was obtained in excellent yield (Scheme 8).

o

N

H OH

U-17

Scheme 8: Synthesis of7V-te/Y-butoxycarbonyl-(S)-proline.

The coupling ofprimary amine II-14a with 11-18 was affected with dehydrating reagent
dicyclohexylcarbodiimide. Thus to a solution of N-Boc proline under stirring, was added
sequentially asolution of chiral amine and asolution of DCC and DMAP at 0°C. The resulting
reaction mixture was allowed to warm up to room temperature and stirred further for 16 h. After
the usual workup, the crude reaction mixture was obtained which was further treated with
trifluoroacetic acid to afford the prolinamide Cat-la as acrude solid. Purification ofthis residue
by silica gel chromatography furnished Cat-la as yellowish solid in 86% yield from two steps

(Scheme 9).

\ / N

XAo oh
II_18 II-14a: R = benzyl

Scheme 9: Synthesis of prolinamide Cat-la.

\ / ° ° I MeOH

6h, rt

90%

i) DCC, DMAP, DCM
0 °C to rt

ii) CF3COOH, DCM
86%

OH

0^0

11-18

0*^NR2 °
Cat-1a: R = benzyl

The other prolinamide derivatives were also synthesized by following same procedure as
described above. The exo amines II-15a and II-16a were treated with /V-protected proline 11-18

to provide the corresponding prolinamides Cat-2a and Cat-3a, respectively, in high yields
(Scheme 10).
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i) DCC, DMAP, DCM

ii) CF3COOH, DCM C*0 Y
O'^NR, °

N
H

111-15a: R = isopropyl
III-16a: R = cyclohexyl

Cat-2a: R = isopropyl, Yield = 82%
Cat-3a: R = cyclohexyl, Yield = 78%

Scheme 10: Synthesis of prolinamides Cat-2a and Cat-3a.

After synthesizing prolinamides from exo isomers, endo isomer II-16b was subjected to

coupling with iV-protected proline 11-18. Thus the reaction between endo II-16b and 11-18 was

performed following the procedure described for the synthesis of Cat-3a to furnish Cat-3b in

very high yield (Scheme 11).

X\0H

11-18

V NH2
NR2

II-16b: R = cyclohexyl

i) DCC, DMAP, DCM
0 °C to rt

ii) CF3COOH, DCM

0 NR2

Cat-3b: R = cyclohexyl, Yield = 75%

Scheme 11: Synthesis of prolinamide Cat-3b.

All prolinamides were isolated by silica gel column chromatography and characterized

by standard spectroscopic methods. The IR, •H and 13C NMR, and HRMS were found to be in
agreement with the assigned structure for Cat-la, Cat-2a, Cat-3aand Cat-3b.

For Cat-la, in IR the single stretching band at 3330 cm"1 indicates amide linkage of
secondary amide and the amide I band (C=0 stretching) and the amide II band (NH bending)

appear at 1664 cm"1. In !H NMR the signal at 8 8.11 (d, J = 7.5 Hz, 1H) was assigned for -NH
proton ofamide group on the basis ofD20 exchange experiment. The NH proton ofpyrrolidine

ring resonates at around 8 1.7. The signal at 8 4.36 as AB quartet with coupling constant J =

15.0, 96.5 Hz is due to the benzylic protons. The signals at 8 0.98 (s, 3H), 8 0.79 (s, 3H) show

the presence of two methyl groups C8 and C9 ofcamphor core in the compound and signals at

83.36 and 82.59 are due to the protons attached to C-10 carbon. Proton decoupled ! C NMR
and DEPT experiments in CDCI3 (125 MHz) were also fully consistent with assigned structure
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iv for Cat-la. The HRMS (ES) spectrum was also in support of assigned structure for Cat-la.

HRMS (ES) spectrum shows (M+H) value 510.2791 (calculated 510.2746) was in agreement

with molecular formula C29H39N3O3S (M+1). The spectral data of organocatalysts Cat-2a, Cat-

3a and Cat-3b is analogous to that of Cat-la.

2.4. CONCLUSION

The novel prolinamide organocatalysts presented herein were synthesized from N,N-

dialkyl camphorsulfonamides. The endo and exo 2-amino-camphorsulfonamides derived from
reduction ofthe corresponding oximes were separated by silica gel column chromatography in
good yields. Thus we have synthesized JvyV-dialkyl 2-amino-camphorsulfonamides exo II-14a-
16a and endo II-14b-16b for the first time. These amines were coupled with (25)-proline to

provide hitherto unknown prolinamides Cat-la, Cat-2a, Cat-3a and Cat-3b. The MTV-dialkyl 2-
amino-camphorsulfonamides and prolinamide organocatalysts were well characterized by

"^ modern analytical tools including 2D NMR.

>-

/
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2.5. EXPERIMENTAL

2.5.1 General

All solvents were dried by using standard methods. Reagents were purchased at the

highest commercial quality and used without further purification, unless otherwise mentioned.

Yields refer to chromatographically homogeneous materials, unless otherwise stated. Reactions

were monitored by thin-layer chromatography (TLC) carried out on 0.25 mm E. Merck silicagel

plates (60F-254) using UV light as visualizing agent and/or iodine as developing agent. Silica

gel (particle size 100- 200 mesh; SD Fine Chem Ltd.) was used for column chromatography.

Melting points areuncorrected. IR spectra of the compounds were recorded on a Thermo Nicolet

FT-IR Nexus™ and are expressed as wavenumbers (cm'1). lH NMR (500.13 MHz) and 13C
NMR (125.76 MHz) spectra were recorded on Broker AMX-500 instrument. The following

abbreviations were used to explain the multiplicities: s = singlet, d = doublet, t = triplet, q =

quartet, m = multiple!, b = broad. Elemental analyses were performed on VarioEL III CHNS

instrument.

Synthesis of (7,7-dimethyl-2-oxobicyclo[2.2.1]heptan-l-yl)methanesulfonyl chloride (II-5)

(LS>(+)-Camphor-10-sulfonic acid (II-4, 5.10 g, 22 mM) was added portion-

wise to thionyl chloride (5.57 mL, 77 mM) and heated at reflux for 4 h. After

completion of the reaction, excess of thionyl chloride was distilled off and the

last traces of thionyl chloride were removed by azeotropic distillation with dry

toluene (5 mL) to get the product II-5 and used as such for next step without

further purification.

Time: 4 h.

Yield: 5.39 g (98%) as brown viscous liquid.

Synthesis of7V,/V-dibenzyl (7,7-dimethyl-2-oxobicyclo[2.2.1]heptan-l-yl)methanesulfona-

mide (II-6):

To a stirred solution of dibenzylamine (3.84 mL, 20 mM) and 4-7V,A^-dimethylaminopyridine

(2.68 g, 22 mM) in dry DCM (20 mL) at 0 °C, a solution of sulfonyl chloride II-5 (5.0 g, 20

mM) in dry DCM (20 mL) was added dropwise. After 1h stirring at 0 °C, the resulting reaction
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mixture was stirred at room temperature further for 5 h. After completion

of the reaction, the reaction solution was diluted with ethyl acetate (160

mL). This solution was washed with water, then 1 N HC1 followed by

water. The combined organic layers were dried withanhyd. sodium sulfate

and concentrated to dryness. Thecrude mixture was subjected to silica gel

column chromatography using ethyl acetate/hexanes (10:90-30:70) to

obtainpure product II-6 as whitesolid.

Time: 6 h

Yield: 7.80 g (95%) as white solid.

IR (KBr) vmax: 2961, 2925, 1740, 1450, 1335, 1146, 1044, 896, 789, 758, 700 cm"1.

!H NMR (CDCb, 500 MHz): 8 7.39-7.30 (m, 10H), 4.36 (AB qurtet, J= 15.0, 35.5 Hz, 4H,

C//2Ph), 3.32 (d, J = 14.5 Hz, IH), 2.64 ( d, J = 14.5 Hz, IH), 2.62-2.55 (m, IH), 2.38 (td, J =
3.5, 18.5 Hz, IH), 2.13-2.04 (m, 2H), 1.95 (d, J= 18.5 Hz, IH), 1.75-1.67 (m, IH), 1.48-1.41

(m, IH), 1.15(s, 3H), 0.80 (s, 3H) ppm.

13C NMR (CDC13,125 MHz): 8 215.2 (CO), 135.8 (Q, 128.9, 128.7, 128.0 (C, Ph), 58.6 (Q,
50.2 (CH2), 49.4 (CH2), 47.8 (Q, 42.8 (CH), 42.6 (CH2), 27.0 (CH2), 25.4 (CH2), 20.1 (CH3),
19.7 (CH3) ppm

Elemental analysis: C24H29NO3S; calcd. C70.04, H 7.10, N 3.40, O 11.66, S 7.79; found C
70.00, H 7.04, N 3.25, O 11.58, S 7.70

Synthesis of7V,Af-dibenzyl(2-(hydroxyimino)-7,7-dimethylbicyclo[2.2.1]heptan-l-yl)metha-

nesulfonamide (11-11):

To a solution of compound II-6 (6.98 g, 17 mM) in absolute ethanol (80
mL), hydroxylamine hydrochloride (5.86 g, 85 mM) and triethylamine
(10.64 mL, 76.5 mM, 4.5 equiv.) were added and resulting reaction
mixture was refluxed at 80 °C for 16 h. After completion of the reaction,

the resulting mixture was concentrated and diluted with ethyl acetate. This
solution was washed twice with water and the combined organic layers
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were dried over anhyd. Na2S04 and concentrated under reduced pressure to give crude product.

Crude reaction mixture was purified by silica gel column chromatography using ethyl acetate/

hexanes (10:90) to furnish pure 11-11 as white solid.

Time: 16 h.

Yield: 7.10 g (98%) as white solid.

IR (KBr) Vmax! 3448, 2956, 2917, 1643, 1549, 1456, 1384, 1335, 1141, 1066, 932, 783, 742,

690 cm"1.

lH NMR (CDC13, 500 MHz): 8 7.93 (s, IH), 7.35-7.27 (m, 10H), 4.37 (AB qurtet, J = 15.0,

91.5 Hz, 4H, C//2Ph), 3.33 (d, J= 14.0 Hz, IH), 2.72 ( d, J= 14.5 Hz, IH), 2.50-2.41 (m, 2H),

2.02 (d, J= 18.0 Hz, IH), 1.94-1.85 (m, 2H), 1.84-1.77 (m, IH), 1.33-1.25 (m, IH), 0.98 (s,

3H), 0.67 (s, 3H) ppm.

13C NMR (CDCb 125 MHz): 8 136.0 (Q, 128.9, 128.6, 127.9 (C, Ph), 52.3 (Q, 51.5 (CH2),

50.1 (CH2), 49.8 (O, 43.3 (CH), 32.7 (CH2), 28.1 (CH2), 27.2 (CH2), 19.3 (CH3), 19.1 (CH3)

ppm.

Elemental analysis: C24H30N2O3S; calcd. C 67.58, H 7.09, N 6.57, O 11.25, S 7.52; found C

67.50, H 7.00, N 6.48, O 11.20, S 7.45.

Synthesis of (2-amino-7,7-dimethylbicyclo[2.2.1)heptan-l-yl)-A^A/-dibenzylmethanesulfon-

amide (II-14a and II-14b):

To a stirred solution of compound 11-11 (6.96 g, 14 mM) in dry methanol (50 mL) at 0 °C,

ammonium acetate (12.93 g, 168 mM) and sodium cyanoborohydride (3.47 g, 56 mM) was

added at 0 °C. To this, a solution of T1CI3 (12% in HC1, 45.25 mL, 42 mM) was added slowly at

the same temperature. The resultant reaction mixture was brought to room temperature by

removing the cooling bath and stirring was continued at room temperature for further 7 h. Then

the reaction was quenched by the addition of saturated NaHC03 solution and filtered through

celite and the product was extracted twice with ethyl acetate from the filtrate. Combined organic

layers were dried with anhyd. sodium sulfate and concentrated under reduced pressure to yield

the crude product as a mixture of two (exo and endo) isomers in 80:20 ratio. This crude mixture
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was subjected to silica gel chromatography using MeOH:DCM:hexanes (5:45:50) to obtain 3.12

g ofexo-isomer II-14aand 0.782 g oferafo-isomer II-14b in68% combined yield.

Time: 7 h.

(2-Amino-7,7-dimethylbicyclo[2.2.1]heptan-l-yl)-A^/V-dibenzylmethanesulfonamide(e>:o

amine 11-14a):

Yield: 3.12g (54%) as light yellow solid.

IR (KBr) vmax: 3401, 3330, 3039, 2945, 2877, 1742, 1601, 1454, 1331, 1143, 1055, 934, 905,

794, 746, 703 cm"1.

lH NMR (CDC13, 500 MHz): 8 7.41-7.31 (m, 10H), 4.40(AB quartet, J

= 15.0, 61.5 Hz, 4H, CH2?h), 3.35 (d, J= 13.5 Hz, IH), 3.31 (dd, J= 5.5,

9.0 Hz, IH), 2.53 (d, J= 13.5 Hz, IH), 1.87-1.69 (m, 4H), 1.60-1.49 (m,

4H), 1.23-1.16 (m, IH), 0.96 (s, 3H), 0.73 (s, 3H) ppm.

13C NMR (CDCI3,125 MHz): 8 135.9 (Q, 128.8, 128.7, 128.0, (C, Ph),

57.1 (CH), 52.0 (CH2), 50.2 (CH2), 49.5 (Q, 49.1 (Q, 44.6 (CH), 40.1 (CH2), 32.2 (CH2), 27.4

(CH2), 21.1 (CH3), 19.9 (CH3) ppm

HRMS (ES+): (M++H) C24H32N2O2S, calcd. 413.2218; found 413.2261.

(2-Amino-7,7-dimethylbicyclo[2.2.1]heptan-l-yl)-Af,yV-dibenzylmethanesulfonamide(e/t<to

amine II-14b):

Yield: 0.782 g (14%) as light brown viscous liquid.

IR (KBr) vmax: 3400, 3331, 3035, 2940, 2800, 1740, 1640, 1455, 1320, 1145, 1030, 746, 706

cm"1.

!H NMR (CDCI3, 500 MHz): 8 7.43-7.28 (m, 10H), 4.38 (AB quartet, J =

15.0, 25.5 Hz, 4H, C//2Ph), 3.38 (qd, J = 2.0, 10.5 Hz, IH), 2.66 (AB
quartet, J = 13.5, 34.5 Hz, 2H), 2.40-2.31 (m, IH), 2.30-2.20 (m, IH),
1.84-1.69 (m, 2H), 1.62-1.55 (m, 2H), 1.31-1.22 (m, IH), 1.01-0.88 (m,

IH), 0.86 (dd, J= 3.0, 11.0 Hz, IH), 0.80 (s, 3H), 0.76 (s, 3H) ppm.
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13C NMR (CDCb, 125MHz): 8 135.6 (Q, 128.8, 128.7, 128.0, (C, Ph), 56.3 (CH), 55.6 (CH2),

51.5 (CH2), 50.9 (Q, 50.1 (Q, 44.0 (CH), 39.9 (CH2), 28.4 (CH2), 24.2 (CH2), 20.5 (CH3), 18.6

(CH3) ppm.

Synthesis of N-Boc proline (II-18):

To a solution of (S)-proline (5.75 g, 50 mM) in MeOH, (Boc)20 (1.19 g, 5.5

mM) and iodine (1.26 g, 5 mM) were added and the resulting reaction

mixture was stirred for 5 h at room temperature. After completion of the

reaction, the solvent was evaporated to dryness. The residue was redissolved

in ethyl acetate and washed successively with water, sodium thiosulphate and brine solution.

The organic layer was dried over anhyd. Na2S04 and evaporated under reduced pressure to get

the crude product. The crude solid was recrystallized in ethyl acetate-hexanes to furnish the

product 11-18 as white crystalline solid.

Time: 5 h.

Yield: 9.6 g (90%) as whitecrystalline solid.

IR (KBr) vmax: 3668, 2918, 2853, 2712, 1721, 1613, 1495, 1463, 1365, 1093, 1052 cm"1.

lH NMR (CDC13, 500 MHz): 84.36-4.20 (m, 1H), 3.60-3.31 (m, 2H), 2.39-2.22 (m, 1H),

2.02-2.01 (m, 1H), 1.99-1.83 (M, 2H), 1.48 and 1.42 (s, 9H).

13C NMR (CDCb, 125 MHz): 8178.3, 176.2, 155.6, 153.9, 80.7, 80.3, 58.9, 46.7, 46.2, 30.7,

29.1,28.3,28.1,24.2,23.5.

[2-(I^Prolyl)amido-7,7-dimethylbicyclo[2.2.1]heptan-l-yl]-/V,/V-dibenzylmethanesulfon

amide {exo isomer Cat-la):

To a stirred solution of /V-Boc-proline (11-18, 1.07 g, 5 mM) in DCM

(10 mL), exo amine II-14a (2.0 g, 5 mM) in dry DCM (10 mL) was

added at room temperature. To this, a solution of DMAP (61 mg, 0.5

mM) and DCC (2.06 g, 10 mM) indry DCM (15 mL) was added. The

resulting reaction mixture was stirred for further 16 h. After

completion ofthe reaction, the contents were filtered and washed
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successively with 1 N HC1, water, saturated NaHC03 and brine solution. The organic layer was

dried over anhyd. Na2S04, concentrated under reduced pressure and the residue was purified by

flash column chromatography to afford the corresponding jV-Boc-prolinamide (2.79 g) as off

white solid. This solid was dissolved in DCM (10 mL) and TFA (5.2 g, 46 mM) was added to it.

The resulting reaction mixture was stirred for 1 h. After completion of the reaction, the mixture

was evaporated to dryness and re-dissolved in DCM and washed with saturated Na2C03

solution and brine. The organic layer was dried over anhyd. Na2S04 and concentrated under

reduced pressure. The residue was purified by silica gel chromatography using ethyl

acetate:hexanes (20:80) to afford prolinamide Cat-la.

Time: 16 h (1st step) and 1h (2nd step).

Yield: 2.19 g (86%, two steps)as lightyellow solid.

IR (KBr) vmax: 3330, 2931, 2846, 1664, 1567, 1508, 1453, 1336, 1198, 1145, 1052, 933, 900,

795, 701 cm"1.

"HNMR(CDCb, 500 MHz): 8 8.11 (d, J= 7.5 Hz, IH), 7.39-7.30 (m, 10H), 4.36 (AB quartet,

J= 15.0, 96.5 Hz, 4H, CH2Ph), 4.13 (sextet, J =4.5 Hz, IH), 3.94 (t, J= 7.5 Hz, IH), 3.36 (d, J
= 14.5 Hz, IH), 2.97-2.91 (m, IH), 2.86-2.77 (m, IH), 2.59 (d, J= 14.0 Hz, IH), 2.12-1.90 (m,

5H), 1.82-1.66 (m, 6H), 1.32-1.24 (m, IH), 0.98 (s, 3H), 0.79 (s, 3H) ppm

13C NMR (CDCb, 125 MHz): 8 135.8 (Q, 128.7, 128.7, 127.9 (C, Ph), 60.3 (CH), 55.0 (CH),

52.1 (CH2), 50.3 (CH2), 49.6 (Q, 49.4 (Q, 46.7 (CH2), 44.6 (CH), 39.9 (CH2), 33.1 (CH2), 29.1

(CH2), 27.2 (CH2), 25.8 (CH2), 20.4 (CH3), 20.1 (CH3) ppm

HRMS (ES+): (M++H) C29H39N3O3S, calcd. 510.2746; found 510.2791.

Synthesis of7V,/V-diisopropyl (7,7-dimethyl-2-oxobicyclo [2.2.1 jheptan-l-yl)methanesulfon-

amide (II-9):

Compound II-9 was synthesized from diisopropylamine (2.79 mL, 20 mM)
and compound II-5 (5.0 g, 20 mM) in presence of 4-^TV-dimethylamino-
pyridine (2.68 g, 22 mM) following the procedure described for the synthesis

of sulfonamide II-6.

Time: 5 h.
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Yield: 5.67 g (90%) as white solid.

IR (KBr) vmax:3458, 2963, 2923, 1705, 1628, 1457, 1415, 1297, 1145, 938, 878, 723, 597 cm"1.

'HNMR (CDCb, 500 MHz): 83.80 (septet, J= 7.0 Hz, 2H), 3.34 (d, J= 14.5 Hz, IH), 2.80 (d,

J= 14.5 Hz, IH), 2.65-2.58 (m, IH), 2.38 (td, J = 3.5, 18.5 Hz, IH), 2.11-2.01 (m, 2H), 1.94 (d,

J= 18.0 Hz, IH), 1.67-1.59 (m, IH), 1.44-1.38 (m, IH), 1.35 (t, J= 7.0 Hz, 12H), 1.18 (s, 3H),

0.90 (s, 3H) ppm.

13C NMR (CDCb, 125 MHz): 8 210.5 (CO), 138.2 (O, 56.2 (CH2), 52.0 (O, 49.4 (C), 45.3

(CH), 43.4 (CH), 31.6 (CH2), 30.6 (CH2), 28.1 (CH2), 23.7 (CH3), 22.8 (CH3), 20.1 (CH3), 19.3

(CH3).

Elemental analysis: C16H29NO3S; calcd. C 60.92, H 9.27, N 4.44, O 15.21, S 10.16; found C

60.88, H 9.20, N 4.40, O 15.16, S 10.10.

Synthesis ofA/,A/-diisopropyl(2-(hydroxyimino)-7,7-dimethylbicyclo[2.2.1]heptan-l-yl)me-

thanesulfonamide (11-12):

Compound 11-12 was synthesized from compound II-9 (4.72 g, 15 mM) and

hydroxylamine hydrochloride (5.17 g, 75 mM) in presence of triethylamine

(9.39 mL) following the procedure described for thesynthesis ofoxime 11-11.

Time: 16 h.

Yield: 4.70 g (95%) as white solid.

IR (KBr) vm„: 3414, 2967, 2941, 2877, 1634, 1459, 1382, 1324, 1191, 1130, 981, 774, 697

cm"1.

"H NMR (CDCb, 500 MHz): 87.43 (s, OH, IH), 3.79 (septet, J = 7.0 Hz, 2H), 3.41 (d, J =

14.0 Hz, IH), 2.91 (d, J= 14.5 Hz, IH), 2.63-2.52 (m, 2H), 2.08 (d, J= 18.0 Hz, IH), 1.98-1.90

(m, 2H), 1.78-1.71 (m, IH), 1.34 (t, J= 7.0 Hz, 13H), 1.12 (s, 3H), 0.87 (s, 3H) ppm

13C NMR (CDCb, 125 MHz): 8 168.2 (C), 53.1 (CH2), 52.8 (Q, 49.4 (Q, 48.3 (CH), 43.7

(CH), 32.7 (CH2), 28.2 (CH2), 27.1 (CH2), 22.7 (CH3), 22.1 (CH3), 19.5 (CH3), 19.4 (CH3) ppm.

Elemental analysis: C16H30N2O3S; calcd. C 58.15, H 9.15, N 8.48, O 14.52, S 9.70; found C

58.10, H 9.08, N 8.38, O 14.45, S 9.65.
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Synthesis of (2-amino-7,7-dimethylbicyclo[2.2.1]heptan-l-yl)-A^,Af-diisopropylmethanesul-

fonamide (II-15a and II-15b):

The exo amine II-15a and endo amine 15b were synthesized by the reduction of compound II-

12 (3.96 g, 12 mM) with sodium cyanoborohydride (4 equiv.) and solution of TiCl3 (12% in

HCl, 38.79 mL, 36 mM) in presence of ammonium acetate (12 equiv.) following the procedure

described for the synthesis of isomeric amines II-14a and II-14b. The crude product was

obtained as a mixture of two isomers (exo and endo) in 70:30 ratio. This crude mixture was

subjected to silica gel chromatography using MeOH:DCM:hexanes (5:45:50) to afford 1.55 gof

exo isomer II-15a and0.657 g of endo isomer II-15b in 58% combined yield.

Time: 8.5 h

(2-Amino-7,7-dimethylbicyclo[2.2.1]heptan-l-yl)-Af,Af-diisopropylmethanesulfonamide(exo

isomer II-15a):

Yield: 1.55 g (41%) as yellow solid.

IR (KBr) vmax: 3742, 3451, 3399, 2947, 2872, 1640, 1463, 1381, 1324, 1127, 979, 886, 769,

651cm

lH NMR (CDCb, 500 MHz): 8 3.75 (septet, J = 6.5 Hz, 2H), 3.39 (d, J =

13.0 Hz, IH), 3.30 (dd, J= 5.0, 9.0 Hz, IH), 2.65 (d, J= 13.5 Hz, IH), 1.86-

1.69 (m, 4H), 1.60-1.49 (m, 4H, 2H D20 exchangeable), 1.33 (dd, J = 3.0,

6.5 Hz, 12H), 1.22-1.13 (m, IH), 1.05 (s, 3H), 0.82 (s, 3H) ppm

13C NMR (CDCb, 125 MHz): 8 57.1 (CH), 53.7 (CH2), 49.7 (Q, 48.9

(O, 48.3 (CH), 44.7 (CH), 40.2 (CH2), 32.4 (CH2), 27.4 (CH2), 22.7

(CH3), 22.2 (CH3), 21.2 (CH3), 20.1 (CH3) ppm.

HRMS (ES+): (M++H) C16H32N2O2S, calcd. 317.2218; found 317.2263.

(2-Amino-7,7-dimethylbicyclo[2.2.1]heptan-l-yI)-N,Af-diisopropylmethanesulfonamide

(endo isomer II-15b):

Yield: 0.657 g (17%) as light brown viscous liquid.

IR (KBr) vmax: 3740, 3445, 3390, 2945, 2868, 1647, 1457, 1380, 1314, 1130, 979, 884, 779,

661 cm"1.
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lH NMR (CDCb, 500 MHz): 8 3.73 (septet, J = 6.5 Hz, 2H), 3.41 (d, J =

9.5 Hz, IH), 2.83 (AB quartet, J = 14.0, 25.5 Hz, 2H ), 2.37-2.29 (m, IH),

2.25-2.18 (m, IH), 1.83-1.70 (m, 3H), 1.65-1.60 (m, IH), 1.58 (t, J = 4.5

Hz, IH), 1.30(d,J=7.0Hz, 12H), 1.27-1.21 (m, IH), 0.90 (s, 3H), 0.88 (s,

3H), 0.79 (dd, .7= 4.0, 13.0 Hz, IH) ppm.

13CNMR (CDCb, 125 MHz): 8 58.1 (CH2), 55.5 (CH), 51.3 (Q, 48.3 (CH), 43.9 (CH), 39.6

(CH2), 28.3 (CH2), 24.4 (CH2), 22.3 (CH3), 22.2 (CH3), 20.6 (CH3), 18.7 (CH3) ppm

[2-(L-prolyl)amido-7,7-dimethylbicyclo[2.2.1]heptan-l-yl]-Af,Af-diisopropylmethanesulfo-

namide (exo isomer Cat-2a):

To a stirred solution of iV-Boc-proline (II-18, 1.71 g, 8 mM) in DCM

(12 mL), compound II-15a (2.52 g, 8 mM) in dry DCM (12 mL) was

added at room temperature. To this, a solution of DMAP (97 mg, 0.8

mM) and DCC (3.29 g, 16 mM) indry DCM (18 mL) were added. The

resulting reaction mixture was stirred for further 16 h. After

completion ofthe reaction, the reaction mixture was filtered and the

filtrate was washed with IN HCl, water, saturated NaHC03 and brine solution. The organic

layer was dried over anhyd. Na2S04 and evaporated under reduced pressure and the residue was
purified by flash column chromatography to afford the corresponding TV-Boc-prolinamide (3.66
g) as off white solid. This solid was dissolved in DCM (10 mL) and TFA (8.0 g, 71 mM) was
added to it. The resulting reaction mixture was stirred for 1h. After completion ofthe reaction,

the reaction mixture was evaporated to dryness, re-dissolved in DCM and washed with saturated

Na2C03 solution and brine. The organic layer was dried over anhyd. Na2S04 and evaporated

under reduced pressure and the residue was purified by silica gel chromatography using ethyl

acetate:hexanes (20:80) to afford pure prolinamide Cat-2a.

Time: 15 h (1st step) and 1h (2nd step).

Yield: 2.70 g (82%, two steps) as offwhite solid.

IR (KBr) vmax: (KBr) 3376, 3300 (OH, NH2), 3068, 3036, 2993, 2966, 2872, 2835, 1576, 1455

cm"1.
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!H NMR (CDCb, 500 MHz): 8 8.07 (d, J = 7.0 Hz, IH), 4.07 (dt, J= 5.0, 8.5 Hz, IH), 3.97 (t,

J =1.0 Hz, IH), 3.72 (septet, J = 6.5 Hz, 2H), 3.38 (d, J = 14.5 Hz, IH), 3.18-3.11 (m, IH),

3.05-2.97 (m, IH), 2.77 (d,J= 14.0 Hz, IH), 2.18-2.08 (m, 3H), 1.99-1.68 (m, 7H), 1.32 (d, J =

6.5 Hz,6H), 1.31 (d, J = 6.0 Hz, 6H), 1.26-1.21 (m, 2H), 1.07 (s, 3H), 0.98(s, 3H) ppm.

13C NMR (CDCb, 125 MHz): 8 171.4 (CO), 60.3 (CH), 55.8 (CH), 54.2 (CH2), 50.0 (Q, 48.9

(O, 48.3 (CH), 46.8 (CH2), 45.0 (CH), 39.6 (CH2), 33.1 (CH2), 29.3 (CH2), 27.1 (CH2), 26.0

(CH2), 22.8 (CH3), 21.7 (CH3), 20.8 (CH3), 20.1 (CH3) ppm

HRMS (ES+): (M++H) C21H39N3O3S, calcd. 414.2746; found 414.2791.

Synthesis of7V,/V-dicyclohexyl(7,7-dimethyl-2-oxobicyclo[2.2.1]heptanl-yl)methanesulfon-

amide (11-10):

The sulfonamide 11-10 was synthesized fromdicyclohexylamine (3.97 mL,

20 mM) and camphorsulfonyl chloride II-5 ( 5.0 g, 20 mM) in presence of

4-7V,A^-dimethylaminopyridine (2.68 g, 22 mM) following the procedure

described for the synthesis of sulfonamide II-6.

Time: 6 h.

Yield: 6.79 g (86%) as white solid.

IR (KBr) vmax: 2931, 2854, 1746, 1635, 1453, 1331, 1152, 1047,979,773,738 cm"1.

!H NMR (CDCb, 500 MHz): 8 3.38-3.27 (m, 3H), 2.81 (d, J = 14.0 Hz, IH), 2.68-2.59 (m,
IH), 2.39 (td J= 3.5, 18.5 Hz, IH), 2.13-2.02 (m, 2H), 1.94 (d, J= 18.5 Hz, IH), 1.89-1.78 (m,
13H), 1.69-1.60 (m, 2H), 1.46-1.28 (m, 4H), 1.20 (s, 3H), 1.14 (tq, J= 3.5, 13.5 Hz, 2H), 0.92

(s, 3H) ppm.

13C NMR (CDCb, 125 MHz): 8 215.7 (CO), 59.0 (Q, 57.7 (CH), 52.2 (CH2), 47.5 (Q, 43.0

(CH), 42.6 (CH2), 33.0 (CH2), 32.6 (CH2), 26.9 (CH2), 26.5 (CH2), 26.5 (CH2), 25.3 (CH2), 25.2
(CH2), 20.3 (CH3), 19.9 (Ob) ppm

Elemental analysis: C22H37NO3S; calcd. C 66.79, H 9.43, N 3.54, O 12.13, S 8.11; found C
66.70, H 9.38, N 3.47, O 12.10, S 8.08.
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Synthesis ofA^-dicyclohexyl (2-(hydroxyimino)-7,7-dimethyIbicycIo[2.2.1]heptan-l-yl)-

methanesulfonamide (11-13):

The oxime 11-13 was synthesized from sulfonamide 11-10 (5.92 g, 15 mM)

and hydroxylamine hydrochloride (5.17 g, 75 mM) in presence of triethyl

amine (9.39 mL) following the procedure described for the synthesis of

oxime 11-11.

Time: 18 h.

Yield: 5.78 g (94%) as white solid.

IR (KBr) vmax: 3380, 2933, 2859, 1635, 1450, 1329, 1151, 1107, 1047, 981, 780, 741 cm"1.

lH NMR (CDCb 500 MHz): 8 7.88 (s, IH), 3.39 (d, J= 9.0 Hz, IH), 3.37-3.27 (m, 2H), 2.91

(d,J= 14.5 Hz, IH), 2.64-2.53 (m, 2H), 2.10 (d,J= 17.5 Hz, IH), 1.98-1.90 (m, 2H), 1.86-1.75

(m, 12H), 1.69-1.63 (m, 3H), 1.41-1.26 (m, 5H), 1.21-1.00 (m, 5H), 0.87 (s, 3H) ppm.

13C NMR (CDCb 125 MHz): 8 168.0 (CO), 57.5 (CH), 54.0 (CH2), 52.8 (Q, 49.5 (C), 43.6

(CH), 33.1 (CH2), 33.0 (CH2), 32.4 (CH2), 28.2 (CH2), 27.1 (CH2), 26.5 (CH2), 26.5 (CH2), 25.2

(CH2), 19.5 (CH3), 19.4 (CH3) ppm.

Elemental analysis: C22H38N203S; calcd. C 64.35, H 9.33, N 6.82, O 11.69, S 7.81; found C

64.30, H 9.30, N 6.58, O 11.60, S 7.75.

Synthesis of (2-amino-7,7-dimethylbicyclo[2.2.1]heptan-l-yl)-A^Af-dicyclohexylmethanesul-

fonamide (II-16a and II-16b):

The amines II-16a and 16b were synthesized from the reduction of oxime 11-13 (4.92 g, 12

mM), with sodium cyanoborohydride (4 equivalent) and solution of TiCb (12% in HCl, 38.79

mL, 36 mM) in presence ofammonium acetate (12 equiv.) following the procedure described for

the synthesis of amines II-14a and II-14b. The crude product was obtained as a mixture of two

isomers (exo and endo) in 60:40 ratio. This crude mixture was subjected to silica gel chromato

graphy using MeOH:DCM:hexanes (5:45:50) to furnish 1.84 g ofexo isomer II-16a and 1.23 g

of endo isomer II-16b in 65% combined yield.

Time: 8.0 h.
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(2-Amino-7,7-dimethyIbicyclo(2.2.1]heptan-l-yl)-7Y,A'-dicyclohexylmethanesulfonamide

(exo-isomer II-16a):

Yield: 1.84 g (39%) as yellow solid.

IR (KBr) vmax:3463, 3401, 2932, 2860, 1633, 1457, 1319, 1141, 1045, 984, 817, 774, 639 cm"1

!H NMR (CDCb, 500 MHz): 8 3.37 (d, J = 13.5 Hz, IH), 3.33-3.25 (m,

3H), 2.66 (d, J= 13.0 Hz, IH), 1.86-1.60 (m, 19H, IH D20 exchangeable),

1.58-1.50 (m,3H, IH D20 exchangeable), 1.37-1.26 ( m, 4H), 1.21-1.10 (m,

3H), 1.06 (s, 3H), 0.83 (s, 3H) ppm.

13C NMR (CDCb, 125 MHz): 8 57.6 (CH), 57.1 (CH), 54.6 (CH2), 49.8

(O, 48.9 (Q, 44.7 (CH), 40.0 (CH2), 33.0 (CH2), 32.7 (CH2), 32.5 (CH2), 27.4 (CH2), 26.5

(CH2), 25.2 (CH2), 21.2 (CH3), 20.1 (CH3) ppm.

HRMS (ES+): (M++H) C22H40N2O2S, calcd. 397.2844; found 397.2887.

(2-Amino-7,7-dimethylbicyclo[2.2.1]heptan-l-yl)-/V,A^-dicyclohexylmethanesulfonamide

(endo isomer II-16b):

Yield: 1.23 g (26%) as light brown viscous liquid.

IR (KBr) vmax: 3460, 3395, 2925, 2850, 1630, 1456, 1311, 1137, 1042, 970, 810, 770, 628 cm"

JH NMR (CDCb 500 MHz): 8 3.43 (qd, J = 2.0, 11.0 Hz, IH), 3.26

(quintet, J = 8.0 Hz, 2H), 2.83 (q, J = 13.5 Hz, 2H), 2.39-2.29 (m, IH),

2.28-2.20 (m, IH), 1.86-1.71 (m, 15H, IH D20 exchangeable), 1.66-1.56

(m, 4H), 1.36-1.20 (m, 5H), 1.11 (tq, J= 3.5, 13.5 Hz , 2H), 0.92 (s, 3H),

0.89 (s, 3H), 0.78 (dd, J = 4.0, 8.5 Hz, IH) ppm.

13C NMR (CDCb 125 MHz): 8 59.0 (CH2), 57.5 (CH), 55.5 (C), 54.6 (CH2), 51.3 (Q, 43.9

(CH), 39.8 (CH2), 32.7 (CH2), 32.6 (CH2), 28.4 (CH2), 26.3 (CH2), 25.1 (CH2), 24.4 (CH2), 20.6

(CH3), 18.7 (CH3) ppm.
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[2-(L-propyl)amido-7,7-dimethylbicyclo[2.2.1]heptan-l-yl)-Af,A/-dicyclohexylmethanesul-

fonamide (exo isomer Cat-3a):

To a stirred solution of TV-Boc-proline (11-18, 1.71 g, 8 mM) in DCM

(12 mL), compound II-16a (3.16 g, 8 mM) in dry DCM (12 mL) was

added at room temperature. To this a solution of DMAP (97 mg, 0.8

mM) and DCC (3.29 g, 16 mM) in dry DCM (18 mL) was added. The

resulting reaction mixture was stirred for further 16 h. After completion

of the reaction, the reaction mixture was filtered and the filtrate was

washed with IN HCl, water, saturated NaHC03 and brine solution. The organic layer was dried

over anhyd. Na2S04 and evaporated under reduced pressure. The residue was purified by flash

column chromatography to afford the corresponding /V-Boc-prolinamide (3.66 g) as off white

solid. The solid was dissolved in DCM (10 mL) and TFA (8.0 g, 71 mM) was added to it. The

resulting reaction mixture was stirred for 1 h. After completion of the reaction, the reaction

mixture was evaporated to dryness and re-dissolved in DCM and washed with saturated Na2C03

solution and brine. The organic layer was dried over anhyd. Na2S04 and evaporated under

reduced pressure. The resultant residue was purified by silica gel chromatography using ethyl

acetate:hexanes (20:80) to afford pure prolinamide Cat-3a.

Time: 16 h (1st step) and 1h (2nd step).

Yield: 3.08 g (78%, two steps)as lightyellowsolid.

IR (KBr) vmax: 3443, 3305, 2931, 2859, 1671, 1516, 1457, 1326, 1144, 1048, 984, 893, 723,

645 cm"1.

!H NMR (CDCb, 500 MHz): 8 8.03 (d,J= 7.5 Hz, IH ), 4.04 (dt, .7=4.5, 8.5 Hz IH ), 3.91 (t,

./= 7.0 Hz, IH), 3.33 (d, J= 14.0 Hz, IH), 3.25 (quintet, J= 7.5 Hz, 2H), 3.18-3.10 (m, IH),

3.04-2.97 (m, IH), 2.80(d,J= 14.5 Hz, IH), 2.13 (q,J= 6.5 Hz, 3H), 1.97-1.68 (m, 20H), 1.68-

1.60 (m, 2H), 1.37-1.20(m, 5H), 1.15-1.06 (m, 2H), 1.07 (s, 3H), 1.00 (s, 3H) ppm.

13C NMR (CDCb 125 MHz): 8 60.4 (CH), 57.6 (CH), 56.0 (CH), 55.4 (CH2), 50.4 (Q, 48.7

(O, 46.8 (CH2), 45.2 (CH), 39.5 (CH2), 33.2 (CH2), 33.1 (CH2), 32.5 (CH2), 27.1 (CH2), 26.5

(CH2), 26.4 (CH2), 26.2 (CH2), 25.2 (CH2), 20.9 (CH3), 20.1 (CH3) ppm

HRMS (ES+): (M++H) CZ7H47N3O3S, calcd. 494.3372; found 494.3317.
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[2-(L-prolyl)amido-7,7-dimethylbicyclo[2.2.1]heptan-l-yl)-7V;A^dicyclohexylmethanesul-

fon an lido (endo isomer Cat-3b):

The Cat-3b was synthesized from /V-Boc-proline (II-18, 0.43 g, 2 mM)

and compound II-16b (0.986 g, 2 mM) in presence of DMAP (24 mg, 0.2

mM) and DCC (0.820 g, 4 mM) following the procedure described for the

synthesis of Cat-3a.

Time: 16 h (1st step) and 1h (2nd step).

Yield: 0.915 g (75%, two steps) as light yellow solid.

IR (KBr) vmax: 3440, 3308, 2930, 2857, 1670, 1513, 1455, 1324, 1140, 1045, 982, 891, 725,

640 cm"1.

!H NMR (CDCb, 500 MHz): 8 7.91 (d, J =8.0 Hz, IH ), 4.34-4.26 (m, IH), 3.80-3.75 (m, IH),

3.29-3.18 (m, 2H), 3.09-2.98 (m, 3H), 2.84 (d, J= 14.0 Hz, IH), 2.45-2.35 (m, IH), 2.20-2.10

(m, IH), 1.94-1.88 (m, 2H), 1.82-1.68 (m, 16H), 1.65-1.58 (m, 3H), 1.28-1.24 (m, 4H), 1.09 (tq,

J = 4.0, 13.5Hz, 3H), 0.97 (s, 3H), 0.95 (s, 3H) ppm

13C NMR (CDCb 125 MHz): 8 60.7 (CH), 57.8 (CH), 57.3 (CH), 53.9 (CH2), 50.6 (Q, 50.2

(O, 46.7 (CH2), 44.2 (CH), 37.8 (CH2), 33.1 (CH2), 32.4 (CH2), 31.9 (CH2), 30.2 (CH2), 28.2

(CH2), 26.4 (CH2), 25.7 (CH2), 25.2 (CH2), 20.1 (CH3), 18.9 (CH3) ppm.
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Chapter 3: Asymmetric AldolReaction

Asymmetric Aldol Reaction Catalyzed by
Camphorsulfonamide-based Prolinamides

3.1. INTRODUCTION

The aldol reaction, discovered in 1838 [1], is arguably one of the most significant

carbon-carbon bond forming reactions available to synthetic organic chemists [2-13]. This is a

reliable transformation which can be applied to a broad range of substrates for the construction

of new carbon-carbon bonds in a regio-, diastereo-, and enantioselective manner. In last few

years, most attention has been focused on the use of small organic compounds as organo
catalysts for asymmetric aldol reaction. In particular, the proline and its derivatives catalyzed
aldol reaction attracted great attention, because of their synthetic value as well as mechanistic

aspects [14-28]. This powerful organocatalytic protocol allows the direct cross-coupling
between ketones and aldehydes. Most ofthe reactions catalyzed by proline orproline embedded

molecules are performed inpolar solvents such as DMF and DMSO [29-33].

In the aldol reaction, condensation of enamine to a carbonyl compound followed by

hydrolysis affords aldol adduct. The component that forms enamine is called aldol donor and the
electrophilic component is known as aldol acceptor and the selective formation of any
stereoisomer in this reaction constitutes an asymmetric process.

The Hajous-Parrish-Eder-Sauer-Wiechert reaction is an important example of an
intramolecular enamine catalyzed aldol reaction. However, it was not until 2000 when List and
Barbas demonstrated the same reaction in intermolecular fashion, using proline as a simple

enamine catalyst [34,35], After the pioneering work reported by List, Barbas and Lerner which
proves proline as an active and versatile organocatalyst in the asymmetric aldol reaction, nume
rous organocatalysts have been designed for this reaction. Since 2000 significant developments
in the utility of the enamine-catalyzed aldol reaction have been made. Simultaneously, remark
able efforts have been done to develop more efficient variants of proline [38,39], amino acids
and peptides bearing primary amino groups [40,41], chiral imidazolidinones [42], cinchona
alkaloid-derived amines for the asymmetric aldol reaction to furnish aldol adducts in excellent
chemical as well as optical yields. In recent years, prolinamides have been established as another?
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class of organocatalysts for the direct asymmetric aldol reaction [43-56]. During our work was

in progress reports on prolinamide-based organocatalysts [56-63] and camphor scaffold with

thiourea motif [54] were appeared. Although the derivatization of amino functionality to groups

such as amide provides more opportunity to perform reactions in various organic solvents, some

drawbacks such as longer reaction times and low selectivities are associated with prolinamide

catalysis.

3.2. OBJECTIVE

As mentioned in the previous chapter, we synthesized novel camphorsulfonamide-based

organocatalysts Cat-la, 2a, 3a and 3b. These catalysts have been designed by rational combi

nation of proline with amino group of amino-camphorsulfonamide entity through prolinamide

functionality. We envisaged that these chiral catalysts can play a significant role for stereo

chemical control in aldol reaction of ketone with aromatic aldehydes which proceed via enamine

+

X = CH2, O, S.alkyl, -

O NR2

Cat-1a

Cat-2a
Cat-3a

0 OH

Organocatalyst

R = benzyl
R = isopropyl
R = cyclohexyl

/••o

Cat-3b R = cyclohexyl

Scheme 1: Prolinamide catalyzed asymmetric aldol reaction.

intermediate formed between secondary amine of proline with carbonyl group of ketones. These

catalyst architectures bearing amide linkage between proline and amino group of amino-

camphorsulfonamide moiety would catalyze the aldol reaction via hydrogen bonding between

the amide moiety of the catalyst with the carbonyl group of aldehyde and the alkyl groups on

nitrogen ofsulfonamide moiety would effectively block one of the faces of the substrate leading

to diastereo- and enantioselective formation of the products. In addition, the solubility of these
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catalysts is expected to increase in polar as well as non-polar organic solvents due to the

presence of N,N-dia\ky\ camphorsulfonamide moiety (Scheme 1). Thuswe planned to utilize the

aforementioned camphorsulfonamide-based prolinamides as organocatalysts for direct inter

molecular aldol reaction between cyclic/acyclic ketones as aldol donor and various aromatic

aldehydes containingdiversified substituents as aldol acceptors.

3.3. RESULTS AND DISCUSSION

3.3.1. Aldol reaction catalyzed by camphorsulfonamide-based prolinamides

The prolinamides Cat-la, Cat-2a, Cat-3a, and Cat-3b were used as organocatalysts for

asymmetric aldol reaction between ketones and aryl aldehydes. As a prelude to this objective,

carried out the aldol reaction between cyclohexanone (III-l) and 2-nitrobenzaldehyde as a

model reaction in presence of prolinamide Cat-la derived from ^TV-dibenzyl camphor-10-

sufonamide bearing exo-NH group at C-2 position of camphorsulfonamide moiety. Reactions

-a( were performed with cyclohexanone (0.4 mM) and 2-nitrobenzaldehyde (0.2 mM) in the
presence oforganocatalyst Cat-la (0.04 mM, 20 mol%) in 0.5 mL ofsolvent. After completion
ofthe reaction, crude product was submitted to !H NMR to find out diastereoselectivity and the
residue was purified by silica gel column chromatography. The enantioselectivity of pure
product III-3a was determined by HPLC analysis on achiral stationary phase column (Chiralcel
OD-H) using hexanes-isopropanol as eluting solvent. When the reaction was performed under
neat conditions by using 15 equivalents ofcyclohexanone without solvent at room temperature,

it reached completion within 7 h to provide III-3a with excellent yield (90%) and diastereo-
\ selectivity (97:3) and good enantioselectivity (51%). Subsequently, we focused our attention on

the effect of temperature on the outcome of the reaction anticipating better selectivity by
lowering the reaction temperature. It was observed that enantioselectivity of adduct was slightly
increased when the reaction was performed at low temperature. For example, in neat condition,

the ee value for the aldol product III-3a was 51 and 58% (Table 1, entries 1 and 2) at room

temperature and 0°C, respectively. Encouraged by these results, we further lowered the reaction
temperature and thus at -20 °C antl product was obtained in excellent yield with enhancement in
enantioselectivity (Table 1, entry 3). When the reaction was performed in water as solvent, the
product was obtained in poor enantioselectivity (17%). Then several polar and relatively non-
polar solvents such as DMF, DMSO, CHC13 and CH3CN were screened and the results are
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summarized in Table 1. These studies identified chloroform as the optimal solvent for the

reaction. Thus the reaction in chloroform at room temperature produced the aldol product III-3a

in 66 h in excellent chemical yield (96%) and diastereoselectivity (99:1) with 97% ee for the

major antl isomer (Table 1, entry 7). As the optimum results were obtained with 20 mol%

catalyst Cat-la loading, the reaction conditions were further tested by using 10and 30 mol%

Table 1: Effect of solvent on direct aldol reaction of cyclohexanone with 2-nitrobenzaldehyde in

presence ofCat-la.a)

O N02

III-1 in-2

20mol% Cat-1a

Solvent

0 OH N02

III-3a

Entry Solvent Temp Time Yield (%) dr (anti:syri)h) ee (%)c)

I neat it 7h 90 97:3 51

2 neat o°c lOh 89 92:8 58

3 neat -20 °C 22 h 98 92:8 72

4 H20 rt 20 h 92 93:7 17

5 DMF rt 62 h 92 95:5 80

(» CH2Cl2 rt 70 h 90 90:10 50

7 CHC13 rt 66 h 96 99:1 97

S DMSO rt 80 h 88 85:15 80

9 DMSO-H2Od) rt 88 h 90 99:1 88

10 CH3CN rt 80 h 89 94:6 80

II MeOH rt 92 h 91 67:33 64

a) Reactions were performed with cyclohexanone (0.4 mM) and 2-nitrobenzaldehyde (0.2 mM) in

presence ofCat-la (20 mol%) in 0.5 mL of solvent. b) Determined by ]H NMR analysis ofthe crude
sample. c) Of anti isomer and determined by HPLC analysis (Chiralcel OD-H). d) 0.5 mL of DMSO and
36 |_iL of H20 were used.
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catalyst Cat-la loading (Table 2, entries 1 and 3). Though, we observed decrease in enantio

selectivity (80%) and diastereoselectivity (92:8) of antl aldol product with 10 mol% catalyst

loading, the reaction with 30 mol% catalyst loading provided III-3a of 97:3 diastereomeric ratio

and 94% enantioselectivity. Thus the screening of the catalyst in various conditions identified

the optimal solvent CHCI3 at room temperature to carry out further asymmetric aldol reactions.

>

-A

Encouraged by the preliminary data, we carried on to modify the hydrophobic groups on

the nitrogen of the camphorsulfonamide moiety of the catalyst to examine the effect in rate,

yield and diastereo- and enantio-selectivities of the reaction. The catalyst Cat-2a, derived from

/V.N-diisopropyl camphor-10-sufonamide, having exo-NH group at C-2 position of camphor

sulfonamide and the catalysts Cat-3a and Cat-3b, derived from TV.A^-dicyclohexyl camphor-10-

sufonamide, having both exo- and endo-NH groups at C-2 position of camphorsulfonamide

moiety, respectively, were used as catalysts in 20 mol% for the aldol reaction of cyclohexanone

with nitrobenzaldehydes. The results are summarized in Table 2. When catalytic activity of Cat-

2a was examined in CHC13 at room temperature, the reaction was completed in favour of anti

product III-3a in 72 h with 80% ee (Table 2, entry 4). In case of Cat-3a and Cat-3b, the

reaction reached completion in 96 and 85 h to provide III-3a with 88 and 55% ee, respectively.

Thus the asymmetric induction of the reaction catalyzed by Cat-3b bearing endo-NH group at

C-2 position of camphorsulfonamide diastereoselectivity was diminished in comparison to that

of the reaction catalyzed by Cat-3a catalyst bearing exo-NH group at C-2 position of camphor

sulfonamide (Table 2, entries 5 and 6).

With optimal catalyst and reaction parameters established, a variety of aromatic

\. aldehydes with diversified substituents were then evaluated as substrates and the results are
summarized in Table 3. Several electron-rich and electron-deficient aldehydes with different

substitution patterns gave rise to aldol products inhigh yields and with high levels of diastereo-

and enantio-selectivity (Table 3). All the reactions proceeded smoothly at room temperature in

CHCI3 as solvent with 20 mol% of organocatalyst Cat-la and reached completion in 3^4 days

providing the products in high to excellent yields and dr in almost all cases studied. The anti
aldol products were obtained as major adducts in high to excellent enantioselectivities (89-

100%).
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Table 2: Screening of organocatalysts.

0 0 0 OH

rS + H rf^i 20 mol%Cat-1a
I : M

^

u U
N02

CHCI3, rt I : [I
s*?

NO-

III-3a: 2-N02
III-3C. 4-N02

III-1 III-2a,c III-3a,c

Entry Catalyst (mol%) Time (h) Product Yield (%) <\r(anti:syn)h) e« (%)c)

1 Cat-la (10) 120 III -3a 89 92:8 80

2 Cat-la (20) 66 III -3a 96 99:1 97

3 Cat-la (30) 68 III -3a 95 97:3 94

4 Cat-2a (20) 72 III -3a 91 90:10 80

5 Cat-3a (20) 96 III -3a 93 91:9 88

6 Cat-3b (20) 85 III -3a 90 70:30 55

7 Cat-la (20) 72 ni-3c 96 90:10 91

8 Cat-2a (20) 96 m-3c 89 89:11 58

9 Cat-3a (20) 72 HI-3c 91 92:8 77

a) Reactions were performed with cycloalkanone (0.4 mM) and aldehyde (0.2 mM) in the presence of

organocatalyst Cat-la (20 mol%) in 0.5 mL ofCHC13. b) Determined by 'H NMR analysis ofthe crude
sample. c) Of anti isomer anddetermined by HPLC analysis (Chiralcel OD-H).

The reactions of cyclohexanone with o-, m- and p-nitrobenzaldehydes provided the

corresponding aldol adducts III-3a, III-3b and III-3c with good to excellent diastereo- and

enantioselectivity (Table 3, entries 1-3). The reactions of cyclohexanone with o-bromo- and o-

chloro-benzaldehydes provided the corresponding aldol adducts III-3d and III-3f in good

diastereoselectivity (96:4) and enantioselectivity (92% and 96% ee). The products III-3e and

III-3g with p-bromo- and p-chloro-substitutions were obtained in comparable diastereoselecti

vity (92:8) and enantioselectivities (91 and 92% ee). In case of p-fluorobenzaldehyde, the

diastereoselectivity was less in comparison to other halo-substituted aldol products. However,

the fluoro adduct III-3h was obtained in excellent enantioselectivity (92% ee). The reaction of

cyclohexanone with 1-naphthaldehyde furnished anti adduct 111-31 as major product along with
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Chapter 3: Asymmetric AldolReaction

15% of syn isomer. The anti aldol adduct III-3I was obtained in >99.9% enantiomeric purity,

(Table 3, entry 12). While the aldol products III-3J and III-3k from ortho and para-substituted

methoxy-benzaldehydes were obtained in 89 and 98% enantioselectivities, respectively, dia

stereoselectivity for para-substituted aldol product was less than orr/zo-substituted aldol product

(Table 3, entries 10 and 11). The reactions of benzaldehydes bearing electron-withdrawing

group are relatively faster than those with halo-substituent. No product was observed under the

reaction conditions when benzaldehyde was used as a substrate.

Table 3: Aldol reaction of cyclohexanone with substituted benzaldehydes in the presence of

Cat-laa)

o

hX0
III-1 III-2

Entry Product

O OH N02

III-3a

O OH

^N°2 III-3b

O OH

III 3c

NO,

O OH Br

III-3d

O OH

III-3e

O OH CI

III-3f

O OH

III-3g

20mol% Cat-1a
»

CHCI3 rt

O OH

III-3

t>) on /•<>/. \c)Time Yield (%) dr (anti:syn)D> ee(%)

66 h 96 99:1 97

72 h 94 95:5 90

72 h 96 90:10 91

89 96:4 92"

90 h 91 92:8 91

88 h 90 96:4 96

90 h 92 92:8 92
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O OH

III-3h 93 79:21 92

III-3J 72 h 95 94:6 92d)

III-3J 72 h 90 95:5 89

11 III-3k 70 h 89 79:21 98°

OCH,

12 111-31 72 h 92 85:15 >99£

J) Reactions were performed with cyclohexanone (0.4 mM) and aldehyde (0.2 mM) in the presence ofan

organocatalyst Cat-la (20 mol%) in 0.5 mL of CHCl3.b) Determined by 'H NMR analysis of the crude

sample. cl Of anti isomer and determined by HPLC analysis (Chiralcel OD-H). d) Of anti isomer and

determined by HPLC analysis (chiralpak AD-H).e) Ofanti isomer and determined by HPLC analysis (on

columns Chiralcel OD-H and Chiralpak AD-H) (see page 104 for Table 10 and page 109 for HPLC

charts).

Encouraged by these results, we next probed the aldol reaction between aryl aldehydes

and other six-membered cyclic ketones such as tetrahydropyran-4-one and tetrahydrothiopyran-

4-one using catalyst Cat-la. Again in these reactions, the aldol adducts exhibited in excellent

diastereoselectivities and enantioselectivities. These reactions were carried out with 0.2 mM of

aromatic aldehyde and 0.4 mM of tetrahydrothiopyran-4-one in 0.5 mL of CHCI3 to afford

corresponding aldol products. The reactions of tetrahydropyran-4-one and tetrahydrothiopyran-

4-one with o-nitrobenzaldehyde provided the corresponding adducts III-6a and III-7a in very

good yields with 95:5 and 97:3 diastereomeric ratios and 98% ee as shown in Table 4 (entries 1

and 3). The p-nitro products III-6b and III-7b derived from tetrahydropyran-4-one and tetra-

hydrothiopyran-4-one, respectively, were obtained in good diastereoselectivities but the enantio

selectivity of III-7b was better than that of III-6b. The results are summarized in Table 4.

Encouraged by the results obtained from the six membered cyclic ketones, we then

investigated the reactions of cyclopentanone and the results are summarized in Table 5. In the
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Table 4: Aldol reaction of 4-oxa, 4-thia-cyclohexanones with substituted benzaldehydes in the

presence of Cat-la.a)

Entry

1114; X = O
III-5; X = S

111-2

Product

OH N02

III-6a

III-6b

NO,

III-7a

III-7b

N02

20mol% Cat-1a

CHCI3, rt

o OH

III-6;X = 0
III-7; X = S

o/„\c)Time Yield (%) dr (anti-.synf ee(%)'

60 h 96 95:5 98

62 h 94 98:2 87

60 h 97 97:3 98'

62 h 95 96:4 95

a) Reactions were performed with cycloalkanone (0.4 mM) and aldehyde (0.2 mM) in the presence of20
mol% Cat-la in 0.5 mL of CHC13 at rt. b) Determined by !H NMR (500 MHz) analysis of the crude

sample. c) Of anti isomer and determined by HPLC analysis (Chiralpak AD-H) unless otherwise
mentioned. d) Ofanti isomer and determined byHPLC analysis (Chiralcel OD-H) (see page 104 for Table

10 and page 112 for HPLC charts).

reaction of cyclopentanone with substituted benzaldehydes, though the diastereoselective
outcome of these reactions is not impressive, both the syn and anti products were obtained in

high enantioselectivities. In all cases aldol adducts from nitrobenzaldehydes and halo-
benzaldehydes were obtained in high enantiomeric excess with diminished diastereoselectivity.
In case of 2-substituted bromobenzaldehyde and 4-substituted nitro- and fluoro-benzaldehydes,

the diastereomers were obtained in near 1:1 ratio (Table 5, entries 3, 4 and 6). All reactions were

furnished the corresponding aldol adducts III-9a-f with high to excellent chemical yields in 40-

60 h.
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Table 5: Aldol reaction of cyclopentanone with substituted benzaldehydes in the presence of

Cat-laa)

Entry

III-8 III-2

20mol%Cat-1a
ft.

CHCI3, rt
R1

Q OH

III-9

Product Time Yield (%) dr (antiisynf ee(%)c)d)

O OH N02

III-9a 40 h 90 60:40 90 (74)

N02 ln.9b 48 h 89 45:55 90 (78)e

III-9C 52 h 91 53:47 86 (84)

N02

O OH Br

III-9d 58 h 87 51:49 87 (94)

60 h 85 40:60 92 (84)

58 h 86 48:52 79 (75)

a' Reactions were performed with cyclopentanone (0.4 mM) and aldehyde (0.2 mM) in the presence of20

mol% Cat-la in 0.5 mL ofCHC13 at room temperature. b)Determined by 'HNMR (500 MHz) analysis of

the crude sample. c) Of anti isomer, and the value in parenthesis of syn isomer. d) Determined by HPLC
analysis (Chiralpak AD-H) unless otherwise mentioned.e) Determined by HPLC analysis (Chiralcel OD-

H) (see page 106 for Table 11 andpage 113 for HPLC charts).

Toexamine the generality of this organocatalytic approach, the reactions of acetone were

investigated with nitro- and halo-benzaldehydes. The reaction ofacetone with o-nitrobenzalde
hyde in the presence of20 mol% Cat-la at room temperature afforded the aldol adduct Ill-lla

in 88% yield and 77% ee in 24 h. When the same reaction was performed at 0°C, the adduct III-
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11a was obtained in excellent chemical and optical yields. In case of m- and p-nitrobenzalde-

hydes yield was excellent but enantioselectivity was diminished (Table 6, entries 2 and 3). The

reactions of acetone with halo-benzaldehydes were carried out under similar conditions and

results are summarized in Table6. The asymmetric induction in organocatalyst Cat-la mediated

aldol reaction of acetone was high. The chemical yields of these adducts were very high as no

dehydration products were observed. When the above results obtained from Cat-la catalysis

were compared to the results obtained from the proline (111-12) catalysis reported in literature,

Table 6: Aldol reaction ofacetone with substituted benzaldehydes in the presence ofCat-la.a)

(3 0 OH

X ♦ »'\o
20mol% Cat-1a ^\'S

CHCI3,0°C J
111-10

^R1
111-2 111-11

R1

Entry Product Time Yield (%) ee(%)b)

O OH N02

1

O OH

Ill-lla 36h 98 91

2

O OH

Ill-lib 35h 94 73

3

^^NO,

O OH Br

III-llc 40h 92 77

4

O OH

Ill-lld 48h 82 78

5

O OH CI

Ill-lle 48h sx 90

6 A^ IIMlf 48h 90 92

a) Reactions were performed with acetone (0.6 mM) and aldehyde (0.2 mM) in the presence of
> organocatalyst Cat-la (20 mol%) in 0.5 mL of CHC13 at 0 °C. b) Determined by HPLC analysis

(Chiralpak AD-H) (see page 107 for Table 12 and page 114 for HPLC charts).
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the asymmetric induction in aldol reaction was found to be better in the former case in

comparison with those catalyzed by proline. The results obtained from Cat-la catalyzed aldol

reaction with those obtained from proline-catalyzed aldol reaction are compared in Table 7.

Table 7: Comparison of enantioselectivity of aldol reactions catalyzed by Cat-la and proline
(III-12)

O OH

III-1

20mol% Cat-1a

R CHCI3, 0°C R

111-2III-3c

jW
0* ~N

Entry Catalyst Solvent

l

2

Cat-la (20 mol%)

III-12(30mol%)

CHCI3

DMSO

3

4

Cat-la (20 mol%)

III-12(30mol%)

CHCI3

DMSO

5

6

Cat-la (20 mol%)

in-12(30mol%)

CHCI3

DMSO

7

8

Cat-la (20 mol%)

111-12 (30 mol%)

CHCI3

DMSO

Cat-1a

Product

O OH

NO,

O OH

N02

O OH

Br

O OH CI

84

O OH

111-10

20 mol% Cat-1a

CHCI3, 0°C

III-11c,e,f

exCOOH

111-12

Yield (%) dr (anti:syn) ee (%)

III-3c

III-llc

IIMle

Ill-llf

96 90:10 91

65 63:37 89

92 77

68
-

76

88 91

74
-

65

90 92

94 - 69
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3.3.2. Determination of absolute configuration of 11 l-3d by single crystal

X-ray analysis

The absolute configuration of the major antipodes from the current study was determined

by comparing the retention times on HPLC of the products with the literature data

[32,45,48,49,52,53,64,65]. We were pleased to obtain single crystals for heavy 'bromine' atom

containing aldol product m-3d with 92% ee from ethyl acetate-hexanes solvent system. This
paved us way to determine its absolute configuration by X-ray crystallographic method. The

Sheldrick least-squares refinement gave a Flack jc parameter = 0.021(15). The expected values

are 0 for correct and +1 for incorrect absolute configuration. Analysis of Flack parameter

confirmed 2S,VR configuration in our crystal. Aview ofthe molecular structure of(25,r^)-III-
3d is shown in Figure 1.

Figure 1: ORTEP Diagram of crystal structure of 2-[hydroxy-(2-bromophenyl)methyl]cyclo-
hexanone (IH-3d).
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Table 8: Crystallographic data for (2S,17?)-2-[hydroxy(2-bromophenyl)methyl]cyclohexanone

(III-3d)

Empirical Formula

Formula Weight

Crystal System

Space group

Unit cell dimensions

a(A)

b(A)

c(A)

a

P

Y

V(A3)

z

DcaKg/cm3)

Data collection

Temperature (°K)

p.(Mo Ka) (cm"1)

No. of measured Reflections

No. of observed Reflections

Data/ restrains/ parameters

R

Rw

C13Hi5Br02

283.16

orthorhombic

P 2j 2, 2i

9.4921(5)

10.6559(8)

12.3890(9)

90.00

90.00

90.00

1253.11(15)

4

1.501

293

3.263

26.37

2564

1170

2564/0/149

0.0402

0.0894
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3.3.3. Desymmetrization

The catalyst Cat-la has proven to be an efficient and highly enantioselective organo

catalyst for direct aldol reaction between aromatic aldehydes and cyclic/acyclic ketones.

Encouraged by these results, we next evaluated its catalytic behaviour for asymmetric desymme

trization of 4-substituted cyclic ketones. The desymmetrization of such substances represents a

powerful approach to access chiral nonracemic products. The desymmetrization of substituted
cyclic ketones through their aldolization with aldehydes is a great challenge as the prochiral
center is remote to the carbon of cyclic ketones where the aldolization takes place. The chiral

catalyst must have strong ability to control the diastereo- and enantio-selectivities, and more
importantly, to distinguish the stereogenicity ofthe carbon remote to the reactive site. As part of
our continuous efforts to explore the camphorsulfonamide-based prolinamides for new organo

catalytic processes, we considered the possibility to remove the symmetry ofsubstituted cyclic
ketones using the asymmetric direct aldol reaction under the catalytic influence ofprolinamides
synthesized in our studies. The results from desymmetrization studies are presented in Table 8.
The enantioselective desymmetrization of4-substituted cyclic ketones via organocatalytic direct
aldol reaction simultaneously generated three stereogenic centers in high ee (up to 97%).

Prolinamide Cat-la has proven to be efficient and highly enantioselective organo

catalysts for direct aldol reactions of aromatic aldehydes with acetone. So under same conditions
(20 mol% Cat-la, CHC13 as solvent) we performed the aldol reaction of4-methylcyclohexanone
(III-13a) with 2-nitrobenzaldehyde at room temperature, indeed leading to an enantioselective
desymmetrization and yielding III-16a is as a major product with excellent enantioselectivity
(96% ee). The minor products that were identified to be isomers of IH-16a were obtained in less
than 5% total yield (Table 9, Entry 1). This methodology was applied to other symmetric cyclic
ketones and we were pleased to observe that the catalytic activity ofCat-la is very good for
desymmetrization. The reaction of 4-nitrobenzaldehyde with 4-methylcyclohexanone also
provided the expected isomer III-16b in excellent chemical yield and enantioselectivity. Further,
the reactions of 4-ethylcyclohexanone with 2-nitro and 4-nitro-benzaldehydes provided the
corresponding adduct III-17a and III-17b in excellent chemical yield and enantioselectivity
(Table 9, entries 3 and 4). Similar results were obtained in the reactions between 4-?err-butyl-

r cyclohexanone and o- and p-nitro benzaldehydes producing aldol adducts III-18a and HI-18b
(Table 9, entries 5 and 6).
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Table 9: Aldol reaction between 4-substituted cyclohexanones and substituted benzaldehydes in

the presence of Cat-la.a)

Entry

R

111-13; R = Me

111-14; R = Et

III-15;R ='Bu

O OH NO,

O OH

O OH NO,

O OH

O OH NO,

O OH

NO,

III—2

Product

m-16a

m-16b

m-17a

m-17b
NO,

HI-18a

NO,
HI-18b

20 mol%Cat-1a

CHCI3, rt

Time

68 h

72 h

70 h

76 h

78 h

80 h

o OH

111-16-18

o/„\c)Yield (%r ee (%)'

96 96

95 92"

91 97

94 90a

95 95

93
87d)

" Reactions were performed with 4-substituted cyclohexanone (0.4 mM) and aldehyde (0.2 mM) in the

presence of 20 mol% Cat-la in 0.5 mL of CHC13. b) Of the major isomer. c) Of the major isomer and

determined by HPLC analysis (Chiralcel AD-H) unless otherwise mentioned. d> Of the major isomer and

determined by HPLC analysis (Chiralpak OD-H) (see page 108 for Table 12 and page 116 for HPLC

charts).
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Chapter 3: Asymmetric AldolReaction

3.3.4. Structure determination of aldol product III-18a by NOESY

experiment

Stereochemistry at C-2 and C-4 of III-18a was confirmed by NOESY experiment. The

NOESY experiment conducted upon III-18a reveals a correlation between H-2 and protons of
tert-buty\ group together with the absence of interactions between H-2 and H-4 which is
pinpointing the anti stereochemistry between C-2 and C-4. Thus NOESY experiment confirms
the stereochemistry at C-2 andC-4 for compound III-18a.

4RL-49

NOESYPH

JL_J^.

*• **«

.0 s'••

A

O OH N02

III-18a

Figure 2: 500 MHz NOESY Spectrum ofIII-18a in CDC13.

89

NAME I3C iSC2 ALD-T-L

ZX?NO

TRC^yo

T7 Vji in) ,.--i Prf-inr «r»

Da-C 1CD1K4

- .- wrxi 11/
?_tPf,OC- n^iyp.-ip:

UX'U

•K

7IDP.ES

iO'J.JCO ua«

tL 236.0 r.

t.WMXI >«

dll

3.5CO3IHC0 sec

1X3 5.K0405C0 jee

CKANNEL :i

N..C.
in

-^.LU f^

SIC yjO. '.JIOJJO J3r

•1 ftm ,., ,.11 LM--4T* •••'»

Sflfl.Ul *i
J.T9S6IE IU

TnHCCE RKH'ITtl

M - Pr •C.MMJ pn~.»i

;:i0.1293C58 XJ

K H CiTtJE



Chapter 3: Asymmetric Aldol Reaction

3.3.5. Proposed mechanism

The aldol reaction is a powerful means of forming carbon-carbon bonds in organic

chemistry. The reaction combines two carbonyl compounds via nucleophilic addition of ketone

to an aldehyde to form p-hydroxy carbonyl compound as aldol adduct. In Cat-la catalyzed aldol

addition reactions, the condensation of the secondary amino group of prolinamide with a

carbonyl group of ketone substrate leads to the formation of a nucleophilic enamine interme

diate. The adjacent amide group of the enamine intermediate then directs the approach of the

electrophile (aldehyde) by formation of a specific hydrogen bonding between -NH of amide

group of the catalyst and carbonyl group of the ketone in the transition state. This provides both

pre-organization of the substrates and stabilization of the transition state. The bulky benzyl

group on the catalyst framework could effectively shield one of the faces of enamine, leaving

another face exposed for enantioselective bond formation with the electrophile. Upon

electrophilic capture of the enamine derivative, the resulting iminium ion is hydrolyzed to

release the product and the catalyst to participate in the catalytic cycle.

Iminium ion

adduct

OH O

Scheme 2: Proposed mechanism for asymmetric aldol reaction.
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Chapter 3: Asymmetric Aldol Reaction

3.3.6. Proposed transition state

According to the stereochemical outcome in the current reactions catalyzed by Cat-la,

we propose that N,N-dibcnzyl camphorsulfonamide-based prolinamide catalyst could catalyze

the direct aldol reaction via the transition state shown in Figure 3. The aldehyde could be

activated by the hydrogen bonding with -NH of the catalyst. The bulky benzyl group on the

catalyst framework could effectively shield the Re-face of the enamine, leaving its Si-face

exposed for enantioselective bond formation on the Re-face of the aldehyde that leads to
(2S,17?)-isomer.

t^-<o

Figure 3: Plausible transition state.

Si-face(open)

Re-face (blocked)

3.4. CONCLUSION

In conclusion, we have synthesized camphorsulfonamide-based prolinamides and

investigated their catalytic behaviour in direct aldol reaction. The organocatalyst Cat-la showed

remarkable selectivities in the reactions between cyclic/acyclic ketones and aromatic aldehydes.

The excellent results displayed by Cat-la may be attributed to the stabilization of transition

state via hydrogen bonding between aldehyde and amide moiety of the enamine formed from

catalyst and ketone and effective shielding of one of the faces of enamine by benzyl moiety of
the catalyst.
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3.5. EXPERIMENTAL

3.5.1. General

All reagents were purchased at the highest commercially quality and used without further

purification. The solvents were purified by standard methods. Yields refer to chromatographi

cally homogeneous materials, unless otherwise stated. Reactions were monitored by thin-layer

chromatography (TLC) carried out on 0.25 mm E. Merck silica gel plates (60F-254) using UV

light as visualizing or in an iodine chamber. Silica gel (particle size 100-200 mesh; SD Fine

Chem Ltd) was used for column chromatography with ethyl acetate-hexanes as eluent system

Melting points are uncorrected.

3.5.2. Instrumentation

TMIR spectra of the compounds were recorded on a Thermo Nicolet FT-IR Nexus and are

expressed as wavenumbers. NMR spectra were recorded in CDCU using TMS as internal

standard on Bruker AMX-500 instrument. Chemical shifts of lH NMR spectra were given in

parts per million with respect to TMS and the coupling constants J were measured in Hz. The

signals from solvent CDC13, 7.26 and 77.0 ppm, are set as the reference peaks in !H NMR and
13C NMR spectra, respectively. Mass spectra were recorded by GC-MS (Perkin-Elmer Clarus

500, EI, 70 eV). The following abbreviations were used to explain the multiplicities: s = singlet,

d = doublet, t = triplet, q = quartet, m = multiplet, br = broad. Analytical HPLC measurements

were carried out on a Shimadzu SPD-20A with UV detector by using Chiralpak AS-H, AD-H

and Chiralcel OD-H columns.

3.5.3. General Procedure

A solution of aldehyde (0.2 mmol), organocatalyst Cat-la (0.04 mmol, 20 mol%) and

cvcloalkanone (0.4 mmol) in CHCI3 (0.5 mL) was stirred at room temperature for a period of

time mentioned in Table 3. The reaction was monitored by TLC at regular intervals. Upon

completion of the reaction, the crude product was submitted for !H NMR (500 MHz) to

determine the diastereomeric excess. The residue was subjected to column chromatography on

silica gel to afford a pure product. The HPLC analysis of the aldol product was performed on a

chiral stationary phase using hexanes-isopropanol as eluting solvent.
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Chapter 3: Asymmetric AldolReaction

(1S,\7?)-2-[Hydroxy(2-nitrophenyl)methyl]cyclohexanone (III-3a):

IR (KBr) vmax: 3517, 3478,2924,2845, 1720, 1613, 1519, 1325, 1129, 1101,695 cm

'H NMR (CDCb, 500 MHz): 5 7.86 (dd,7= 1.5, 8.5 Hz, IH), 7.76 (dd, J

= 1.5, 7.5 Hz, IH), 7.64 (dt, J= 1.0, 8.5 Hz, IH), 7.44 (dt, J= 1.5, 8.5 Hz,

IH), 5.44 (d,J= 7.0, IH ), 4.19 (s, IH, -OH), 2.80-2.72 (m, IH), 2.49-2.42

(m, IH), 2.33 (dt, J= 6.5, 13.5 Hz,lH), 2.14-2.07 (m, IH), 1.89-1.80 (m,

IH), 1.80-1.53 (m,4H) ppm.

13C NMR (CDCb, 125 MHz): 5 214.9, 148.7, 136.6, 133.1, 129.0, 128.4, 124.1, 69.7, 57.3,

42.8, 31.1, 27.8, 25.0 ppm

(2S,\7?)-2-[Hydroxy(3-nitrophenyl)methyl]cyclohexanone (III-3b):

IR (KBr) vmax: 3348, 2495, 2879, 1719, 1535, 1349, 1250, 1159, 1033, 809, 727, 686 cm'1.

'H NMR (CDCb, 500MHz): 5 8.22-8.17 (m, 2H), 7.70 (d, J= 8.0 Hz,

1H), 7.56 (t, J= 8.0 Hz, IH), 4.92 (dd, J= 3.0, 8.5 Hz, IH), 4.14 (d, J

= 3.0, IH, -OH), 2.68-2.62 (m, IH), 2.57-2.49 (m, IH), 2.45-2.36 (m,

IH), 2.19-2.12 (m, IH), 1.90-1.83 (m ,1H), 1.73-1.55 (m, 3H), 1.48-

1.38 (m, lH)ppm

13C NMR (CDCb, 125 MHz): 5 214.8, 148.3, 143.3, 133.2, 129.3, 122.8, 122.0, 74.0, 57.1,

42.6, 30.7, 27.6, 24.6 ppm.

(1S,\ 'J?)-2-[Hydroxy(4-nitrophenyl)methyl]cyclohexanone (III-3c):

IR(KBr) vmax: 3517, 3481, 2934, 2855, 1696, 1603, 1517, 1345, 1130, 1109, 856 cm"1.

*H NMR (CDCb, 500 MHz): 5 8.22-8.19 (m, 2H), 7.53-7.48 (m, 2H),

4.90 (dd, J= 3.5, 8.5 Hz, IH), 3.99 (d, J= 3.5, IH, -OH), 2.69-2.56 (m,

IH), 2.52-2.47 (m, IH) , 2.40-4.32 (m ,1H), 2.15-2.07 (m, IH), 1.89-

1.80 (m,lH), 1.72-1.53 (m, 3H), 1.45-1.35 (m, IH) ppm

13C NMR (CDCb, 125 MHz): 5 214.6, 148.5, 147.7, 127.8, 123.5, 74.0, 57.2, 42.6, 30.7, 27.6,

24.7 ppm
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(IS, 1'R)-2-[Hydroxy(2-bromophenyl)methyl]cyclohexanone (III-3d):

IR (KBr) vm„: 3513, 2933, 2860, 1696, 1438, 1387, 1301, 1126,751 cm"1.

!H NMR (CDCb, 500 MHz): 5 7.56 (dd, J = 1.5, 4.0Hz, IH), 7.55 (dd, J

= 1.5, 4.0 Hz, IH), 7.39 (dt, J= 1.0, 8.0 Hz, IH), 7.19-7.15 (m, IH), 5.33

(dd, J = 4.0, 8.5 Hz, IH.), 4.12 (d, J = 3.5 Hz, IH, -OH), 2.75-2.67 (m,

IH), 2.52-2.46 (m, IH), 2.42-2.34 (m, IH), 2.16-2.09 (m, IH) 1.92-1.82

(m, IH), 1.77-1.55 (m,4H) ppm.

13C NMR (CDCb, 125 MHz): 5 215.1, 140.8, 132.4, 129.1, 128.5, 127.9, 123.4, 72.8, 57.7,

42.7, 30.6, 27.8, 24.9 ppm.

(2S, 1'R)-2-[Hydroxy(4-bromophenyi)methyl]cyclohexanone (III-3e):

IR (KBr) Vmax! 3512, 2953, 2865, 1689, 1508, 1445, 1387, 1220, 1042, 835 cm"1.

•H NMR (CDCb, 500 MHz): 5 7.52-7.48 (m, 2H), 7.25-7.21 (m, 2H),

4.78 (dd, J = 3.0, 9.0 Hz, IH ), 4.00 (d, J = 3.0 Hz, IH, -OH), 2.62-

2.2.55 (m, IH), 2.54-2.48 (m, IH), 2.42-2.34 (m, IH), 2.15-2.09 (m, IH),

1.87-1.80 (m, IH), 1.73-1.52 (m, 3H), 1.38-1.27 (m, IH) ppm.

13C NMR (CDCb, 125 MHz): 5 215.2, 140.1, 131.5, 128.8, 121.7, 74.2, 57.3, 42.7, 30.7, 27.7,

24.7 ppm.

(2S, 17?)-2-[Hydroxy(2-chlorophenyi)methyl]cyclohexanone (III-3f):

IR (KBr) vmax: 3437, 2929, 2858, 1696, 1480, 1445, 1104, 699 cm"1.

•ll NMR (CDCb, 500 MHz): 5 7.54 (dd, J= 1.5, 7.5 Hz, IH), 7.34-7.29

(m, 2H), 7.22 (dt, J = 2.0, 8.0 Hz, IH), 5.35 (dd, J = 3.0, 8.0 Hz, IH ),

4.07 (d, J = 4.0 Hz, IH, -OH), 2.71-2.63 (m, IH), 2.50-2.44 (m, IH), 2.34

(ddt, ./= 1.0, 6.0, 13.5 Hz, IH ), 2.13-2.05 (m, IH), 1.85-1.80 (m, IH),

1.72-1.50 (m,4H) ppm

13C NMR (CDCb, 125 MHz): 5 215.2, 139.1, 133.0, 129.2, 128.7, 128.3, 127.2, 70.4, 57.6,

42.7, 30.4, 27.8, 24.9 ppm.
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Chapter 3: Asymmetric AldolReaction

(2£17?)-2-[Hydroxy(4-chlon>phenyl)methyl]cyclohexanone (III-3g):

IR (KBr) vmax: 3427, 2928, 2858, 2695, 1485, 1443, 1120, 828 cm"1.

!H NMR (CDCb, 500 MHz): 5 7.37-7.32 (m, 2H), 7.31-7.26 (m, 2H),

4.79 (d,J= 8.5 Hz, IH ), 4.01 (d,J= 2.0 Hz, IH, -OH), 2.61-2.56 (m,

IH), 2.54-2.48 (m, 1H), 2.43-2.34 (m, IH), 2.16-2.09 (m, IH), 1.86-1.79 (m, IH), 1.75-1.52 (m,

3H), 1.38-1.26 (m, IH) ppm.

13C NMR (CDCb, 125 MHz): 5 215.3, 139.5, 133.6, 128.5, 128.4, 74.1, 57.4, 42.7, 30.8, 27.7,

24.7 ppm

(2S, 17?)-2-[Hydroxy(4-fluorophenyl)methyl]cyclohexanone (III-3h):

IR(KBr) vma*: 3517, 2943, 2860, 1698, 1510, 1449, 1393, 1223, 1040, 837 cm"1

•H NMR (CDCb, 500 MHz): 5 7.35-7.27 (m, 2H), 7.08-7.04 (m, 2H),

4.80 (dd, J= 1.0, 8.5 Hz, IH), 4.01 (d, J = 2.0 Hz, IH, -OH), 2.63-2.56

(m, 1H), 2.55-2.45 (m, IH), 2.43-2.34 (m, IH), 2.16-2.08 (m, IH), 1.92-
1.80 (m, 2H), 1.78-1.64 (m, IH), 1.62-1.54 (m, IH), 1.36-1.25 (m, IH) ppm

13C NMR (CDCb, 125 MHz): 5215.4, 163.3 (d, J =245.0 Hz), 136.8, 128.7 (d, J=8.75 Hz),
115.2 (d, J = 21.25 Hz), 74.1, 57.5, 42.6, 30.7, 27.7, 24.6 ppm.

(2S,\ 7?)-2-[Hydroxy(4-cyanophenyl)methyl]cyclohexanone (III-3i):

IR (KBr) vma*: 3510, 3315, 2964, 2845, 1705, 1600, 1510, 1340, 1130, 1100, 858 cm"1.
JH NMR (CDCb, 500 MHz): 5 7.68-7.62 (m, 2H), 7.44 (d, J= 8.5 Hz,

2 H), 4.84 (dd, J = 3.0, 8.5 Hz, IH ), 4.03 (d, J= 3.0 Hz, IH, -OH),
2.60-2.53 (m, IH), 2.52-2.45 (m, IH), 2.35 (ddt, J = 1.0, 6.0, 13.5 Hz,

IH ), 2.15-2.07 (m, IH), 1.86-1.80 (m, IH), 1.72-1.61 (m, IH), 1.59-

1.50 (m, 2H), 1.41-1.30(m, IH) ppm.

13C NMR (CDCb, 125 MHz): 5214.2, 146.4, 132.1, 127.7, 118.7, 111.6, 74.2, 57.2, 42.5, 30.7,

27.6, 24.6 ppm.
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(2S, 17?)-2-[Hydroxy(2-methoxyphenyl)methyl]cyclohexanone (III-3J):

IR (KBr) vmax: 3511, 2930, 2858, 1690, 1585, 1440, 1389, 1300, 1127, 752 cm"1.

^1 NMR (CDCb, 500 MHz): 5 7.39 (dd, J= 1.5, 7.5 Hz, IH), 7.28-7.23

(m, 1 H), 7.01-6.96 (m, IH), 6.86 (d, J = 8.0 Hz, IH), 5.25 (d, J = 9.0 Hz,

IH ), 3.81 (s, 3 H), 2.78-2.70 (m, IH), 2.50-2.43 (m, IH), 2.39-2.31 (m, 1

H), 2.09-2.01 (m, IH), 1.82-1.75 (m, IH), 1.74-1.50 (m, 3H), 1.48-1.38

m, IH) ppm

13C NMR (CDCb, 125 MHz): 5 215.6, 156.7, 129.6, 128.6, 127.8, 120.9, 110.5, 68.6, 57.3,

55.4, 42.6, 30.5, 28.0, 24.7 ppm.

(2S, 17?)-2-[Hydroxy(4-methoxyphenyl)methyI]cyclohexanone (III-3k):

IR(KBr) vmax: 3504, 2937, 2862, 1700, 1612, 1513, 1451, 1248, 1176, 1034, 835 cm"1.

*H NMR (CDCb, 500 MHz): 5 7.25-7.21 (m, 2H), 6.88 (d, J = 8.5

Hz, 2 H), 4.74 (dd, J = 2.5, 9.0 Hz, IH ), 3.91 (d, J = 3.0 Hz, IH,

-OH), 3.80 (s, 3H), 2.63-2.49 (m, IH), 2.51-2.41 (m, IH), 2.40-2.31

(m, IH), 2.12-2.05 (m, IH), 1.82-1.75 (m, IH), 1.72-1.63 (m, IH),

1.61-1.50 (m,2H), 1.24-1.19 (m, IH) ppm

13C NMR (CDCb, 125 MHz): 5 215.7, 159.3, 133.2, 128.2, 113.8, 74.3, 57.5, 55.3, 42.7, 30.8,

27.8, 24.7 ppm

(2S,\ 7?)-2-[Hydroxy(l-naphthyl)methyl]cyclohexanone (111-31):

IR(KBr) vmax: 3475, 2931, 2860, 1695, 1510, 1347, 1253, 1128, 1048, 802, 755, 697 cm"1.

*H NMR (CDCb, 500 MHz): 5 8.28 (d, J= 8.0 Hz, IH), 7.92-7.87 (m, 1

H), 7.83 (d, J =8.5 Hz, IH), 7.59 (d, J= 8.0 Hz, IH), 7.56-7.48 (m, 3 H),

5.61 (dd, J= 3.0, 8.5 Hz, IH ), 4.15 (d, J= 3.0 Hz, IH, -OH), 3.10- 2.99

(m, IH), 2.58-2.52 (m, IH), 2.43 (dt, J= 6.0, 13.5 Hz, IH), 2.15-2.08 (m,

IH), 1.79-1.65 (m, 2H), 1.55- 1.35 (m, 3H) ppm.

13C NMR (CDCb, 125 MHz): 5 215.7, 136.9, 134.0, 131.4, 128.9, 128.4, 126.0, 125.5, 125.4,

125.3, 124.0, 72.1, 57.4, 42.8, 31.4, 27.9, 24.9 ppm.
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(2S, 17?)-2-[Hydroxy(2-nitrophenyl)methyl]tetrahydropyran-4-one (III-6a):

IR(KBr) vmax: 3525, 3478, 2925, 2830, 1720, 1612, 1515, 1337, 1125, 1100, 1045, 799 cm":

!H NMR (CDCb, 500 MHz): 5 7.92 (dd, J= 1.5, 8.5 Hz, IH), 7.81 (dd, J

= 1.5, 8.0 Hz, IH), 7.67 (dt, 7= 1.0, 8.0 Hz, IH), 7.48-7.44 (m, IH), 5.47

(d, .7=6.5, IH), 4.15 (s, IH, -OH), 4.24-4.19 (m, IH), 3.92 (ddd, J= 1.5,

6.5, 11.5 Hz, IH), 3.84-3.74 (m, 2H), 3.06 (dtd,J= 1.0, 6.0, 10.0 Hz IH),

2.71-2.64 (m, 1 H), 2.51 (td,J=3.5, 14.5 Hz, lH)ppm

13C NMR (CDCb, 125 MHz): 5 209.6, 148.1, 136.1, 133.6, 128.9, 128.8, 124.4, 70.5, 68.4,

67.4, 57.9, 43.3 ppm

(2iy,l'/?)-2-[Hydroxy(4-nitrophenyI)methyl]tetrahydropyran-4-one(III-6b):

IR(KBr) vmax: 3524, 3475, 2932, 2865, 1705, 1615, 1517, 1345, 1130, 1105, 1050, 998, 855

cm"1.

lH NMR (CDCb, 500 MHz): 5 8.27-8.24 (m, 2H), 7.56-7.52 (m, 2H),

5.01 (d, J =8.0 Hz, IH), 4.15-4.20 (m, IH), 3.79 (dd, J= 3.5, 11.0 Hz,

1 H), 3.76- 3.72 (m, IH), 3.47 (dd, J = 10.0, 11.5 Hz, IH), 2.95-2.88

(m, IH), 2.74-2.66 (m, 2H), 2.55 (td,J= 3.0, 14.5Hz, IH) ppm.

13C NMR (CDCb, 125 MHz): 5 209.3, 147.8, 147.4, 127.5, 123.9, 71.3, 69.8, 68.9, 57.6, 42.9,

ppm

(2.9,1 'i?)-2-[Hydroxy(2-nitrophenyl)methyl]tetrahydrothiotpyran-4-one (III-7a):

IR (KBr) vmax: 3512, 3489, 2924, 2835, 1719, 1612, 1585, 1505, 1335, 1129, 1055, 797 cm"1.

!H NMR (CDCb, 500 MHz): 5 8.20-8.16 (m, 2H), 7.71-7.64 (m, IH),

7.56 (t, J= 8.0 Hz, IH), 4.97 (d, J= 8.0, IH ), 4.25-4.18 (m, IH), 3.78-

3.68 (m, 2H), 3.45 (t,J= 11.5 Hz, IH), 2.96-2.89 (m, IH), 2.56-2.49 (m,

IH) ppm.

13C NMR (CDCb, 125 MHz): 5 209.8, 148.4, 142.4, 132.8, 128.9, 123.4, 121.7, 71.4, 69.8,

67.9, 57.6, 42.8 ppm
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(2S, 17?)-2-[Hydroxy(4-nitrophenyl)methyl]tetrahydrothiopyran-4-one (III-7b):

IR (KBr) vmax: 3534, 3472, 2928, 2860, 1710, 1615, 1530, 1448, 1356, 1152, 1100, 1050, 856

cm"1.

!H NMR (CDCb, 500 MHz): 5 8.22 (d, J= 8.5 Hz, 2H), 7.53 (d,J =

8.5 Hz, 2H), 5.05 (dd, J= 8.0, 3.5 Hz, IH), 3.66 (s, IH, -OH), 3.02-

2.96 (m, 3H), 2.85-2.76 (m, 2H), 2.70-2.63 (m, IH), 2.54-2.49 (m, IH)

ppm.

13C NMR (CDCb, 125 MHz): 5 211.2, 147.7, 147.5, 127.6, 123.9, 73.2, 59.4, 44.5, 32.4, 30.7

ppm.

2- [Hydroxy(2-nitrophenyl)methyl]cyclopentanone (III-9a):

IR (KBr) vmax: 3527, 3488, 2925, 2846, 1725, 1600, 1550, 1529, 1485, 1340, 1119, 1110, 798

cm"1.

!H NMR (CDCb, 500 MHz): 5 7.81-7.78 (m, 2H), 7.72-7.59 (m, IH),

7.57-7.38 (m, IH), 5.90 (d, J = 3Hz, C//OH (syn)), 4.42 (d, J = 8.4 Hz,

C/70H (anti)), 4.50 (s, IH), 2.85-2.65 (m, IH), 2.60-2.26 (m, 2H), 2.26-

1.95 (m, 2H), 1.81-1.69 (m, 2H) ppm

I3C NMR (CDCb, 125 MHz): 5 219.1, 146.9, 138.6, 133.3, 133.1, 128.9, 128.6, 128.5, 127.9,

124.4, 123.9, 69.0, 66.4, 55.3, 54.7, 38.6, 26.5, 22.8, 20.4, 20.1 ppm.

2-[Hydroxy(3-nitrophenyl)methyl]cyclopentanone (III-9b):

IR (KBr) vmax: 3350, 2490, 2875, 1728, 1535, 1350, 1201, 1159, 1045, 809, 727 cm"1

'll NMR (CDCb, 500 MHz): 5 8.26-8.22 (m, IH), 8.17 (qd, J = 1.0,

8.5 Hz, 0.5 H), 8.15-8.12 (m, 0.5H), 7.72-7.66 (m, IH), 7.56-7.50 (m,

IH), 5.43 (t, J= 4.0 Hz, 0.5H (syn)), 4.83 (d, J= 4.5 Hz, 0.5H (anti)),

4.79 (d, J= 1.0 Hz, -OH (anti)), 2.55-2.25 (m, 2H), 2.21-2.10 (m, 1 H),

2.09-1.96 (m, 2 H), 1.81-1.68 (m, 2 H) ppm.

13C NMR (CDCb, 125 MHz): 5 214.9, 216.1, 148.4, 145.2, 143.7, 132.7, 131.7, 129.5, 129.3,

123.0, 122.2, 121.6, 120.6, 74.4, 70.2, 56.1, 55.1, 39.0, 38.6, 26.8, 22.4, 20.4 ppm
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Chapter 3: Asymmetric Aldol Reaction

2-[Hydroxy(4-nitrophenyl)methyl]cyclopentanone (III-9c):

IR (KBr) vmax: 3442, 2953, 2875, 1725, 1601, 1516, 1346, 1159, 1103, 861 cm

!H NMR (CDCb, 500 MHz): 5 8.23-8.19 (m, 2 H), 7.56-7.50 (m, 2H),

5.42 (t, J= 3.5 Hz, 0.5H (syn)), 4.53 (d, J= 8.5 Hz, 0.5H (anti)), 4.52 (s,

-OH (anti)), 2.45 (d, J= 5.0 Hz, IH), 2.51-2.45 (m, IH), 2.43-2.35 (m,

IH), 2.07-2.05 (m, 2H), 1.76-1.67 (m, 2H) ppm

13C NMR (CDCb, 125 MHz): 5 214.7, 213.6, 150.3, 147.2, 127.4, 126.4, 123.7, 123.6, 74.4,

70.4, 56.1, 55.1, 38.9, 38.6, 26.8, 22.4, 20.3 ppm

2-[Hydroxy(2-bromophenyI)methyI]cyclopentanone (III-9d):

IR (KBr) vmax: 3455, 2950, 2882, 1725, 1600, 1515, 1420, 1100, 756 cm"1.

!H NMR (CDCb, 500 MHz): 5 7.60-7.55 (m, 1 H), 7.54-7.49 (m, 1 H),

7.39-7.31 (m, 1 H), 7.17-7.12 (m, 1 H), 5.63 (d, J= 2.0 Hz, 0.5 H (syn)),

5.27 (d, J= 9.0 Hz, 0.5 H (anti)), 4.51 (brs, -OH (anti)), 2.74-2.67 (m, 0.5

H), 2.51-2.38 (m, 1 H), 2.38-2.28 (m, 1 H), 2.22-2.12 (m, 0.5 H), 2.06-

1.96 (m, 1.5 H), 1.80-1.70 (m, 1.5 H), 1.69-1.64 (m, 1 H) ppm.

13C NMR (CDCb, 125 MHz): 5 215.2, 214.0, 141.8, 140.7, 132.6, 132.5, 129.3, 128.7, 128.0,

127.9, 127.4, 122.7, 121.0, 72.7, 69.9, 55.5,53.5, 39.1, 38.7, 26.6,22.3, 20.6, 20.4 ppm.

2-[Hydroxy(4-bromophenyl)methyl]cyclopentanone(III-9e):

IR (KBr) vmax: 3435, 2970, 2879, 1728, 1605, 1510, 1420, 1215, 1165, 845 cm"1.

lH NMR (CDCb, 500 MHz): 5 7.49-7.45 (m, 2H), 7.24-7.19 (m, 2H),

5.26 (t, J= 4.0 Hz, 0.6H (syn)), 4.68 (d, J = 9.0 Hz, 0.4H (anti)), 4.57

(s, -OH (anti)), 2.46-2.40 (m, 1.7H), 2.40-2.31 (m, IH), 2.30-2.20 (m,

0.4 H), 2.17-2.09 (m, 0.6H), 2.04-1.90 (m, 1.7H), 1.85-1.65 (m, 2.2H),

1.54-1.43 (m,0.4H) ppm

13C NMR (CDCb, 125 MHz): 5 215.6, 214.2, 141.8, 140.5, 131.6, 131.4, 128.3, 127.3, 121.8,

121.0, 74.6, 70.9, 56.0, 55.2, 39.1, 38.7, 26.9, 22.7, 20.4, 20.4 ppm.
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2-[Hydroxy(4-fluorophenyl)methyl]cyclopentanone (III-9f):

IR (KBr) vmax: 3431, 2964, 2880, 1727, 1604, 1509, 1405, 1223, 1157, 1032, 845 cm"1.

!H NMR (CDCb, 500 MHz): 5 7.35-7.27 (m, 2H), 7.05-7.00 (m, 2H),

5.27 (d,./ = 3.0 Hz, 0.5H (syn)), 4.69 (d, J= 9.5 Hz, 0.5H (anti)), 4.58

(brs, -OH (anti), 0.5H), 2.50 (brs, -OH (syn), 0.5H), 2.45-2.31 (m, 2H),

2.30-2.20 (m, 0.5H), 2.18-2.08 (m, 0.5H), 2.03-1.92 (m, 1.6H), 1.85-

1.63 (m,2H), 1.56-1.42 (m, 0.5H) ppm.

13C NMR (CDCb, 125 MHz): 5 218.2, 217.3, 150.3, 147.2, 127.4, 126.4, 123.7, 123.6, 74.4,

70.4, 56.1, 55.1, 38.9, 38.6, 26.8, 22.4, 20.3 ppm.

(4/?)-4-[Hydroxy-4-(2-nitrophenyI)butan-2-one (Ill-lla):

IR (KBr) vmax: 3445, 2922, 2858, 1705, 1515, 1490, 1395, 1055, 750 cm"1

lH NMR (CDCb, 500 MHz): 5 7.96 (dd, J= 1.0, 8.0 Hz, IH), 7.90 (dd,

J= 1.0, 7.5 Hz, IH), 7.67 (dt, J = 1.0, 8.0 Hz, IH), 7.46-7.42 (m, IH),

5.68 (dd,./ = 2.0, 9.5 Hz, IH), 3.14 (dd, J = 2.5, 18.0 Hz, IH), 3.73 (s,

IH, OH), 2.72 (dd,.7=9.5, 17.5 Hz, IH), 2.24 (s, 3 H) ppm

13C NMR (CDCb, 125 MHz): 5 208.8, 147.1, 138.4, 133.8, 128.3, 128.2, 124.4, 65.6, 51.0,

30.4 ppm.

(4R)-4-[Hydroxy-4-(3-nitrophenyl)butan-2-one (III-1 lb):

IR (KBr) vmax: 3441, 2925, 1701, 1515, 1490, 1395, 1100, 802, 745 cm"1.

•H NMR (CDCb, 500 MHz): 5 8.25-8.21 (m, IH), 8.12 (qd, J = 1.5,

8.5 Hz, IH), 7.72-7.68 (m, IH), 7.52 (t, J= 8.0 Hz, IH), 5.25 (t, J= 5.5

Hz, IH ), 3.66 (s, IH, -OH), 2.89-2.85 (m, 2H), 2.22 (s, 3 H) ppm

13C NMR (CDCb, 125 MHz): 5 208.6, 148.3, 145.1, 131.9, 129.5, 122.5, 120.7, 68.8, 51.6,

30.7 ppm

O OH N02

HI-11a

0 OH

aJL^T
„N02

III-11b
J

(4/?)-4-[Hydroxy-4-(4-nitrophenyl)butan-2-one (III-llc):

IR (KBr) vmax: 3440, 2923, 2859, 1708, 1518, 1398, 850 cm"1.

x\\ NMR (CDCb, 500 MHz): 8 8.23-8.19 (m, 2H), 7.56-7.52 (m, 2H),
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Chapter 3: Asymmetric Aldol Reaction

5.29-5.24 (m, IH), 3.57 (d,J= 3.5 Hz, IH, -OH), 2.87-2.83 (m, 2H), 2.22 (s, 3H)ppm

13C NMR (CDCb, 125MHz): 8 208.5, 150.0, 147.3, 126.4, 123.8, 68.9, 51.5, 30.9ppm

(4R)-4-[Hydroxy-4-(2-bromophenyl)butan-2-one (III-lid):

IR (KBr) vmax: 3395, 2925, 2827, 1697, 1517, 1397, 1112, 755 cm"1.

!H NMR (CDCb, 500 MHz): 87.62 (dd, J= 1.5, 8.0 Hz, IH), 7.50 (dd, J

= 1.0, 8.0 Hz, IH) 7.35 (dd, J = 1.0, 7.5 Hz, IH), 7.14 (dt, J=2.0, 8.0 Hz,

IH), 5.50-5.44 (m, IH ), 3.52 (d, J= 3.5, IH, -OH), 3.01 (dd, J = 2.0,

18.0 Hz, IH), 2.65 (dd, J= 10.0, 18.0 Hz, IH), 2.20 (s, 3H) ppm.

13C NMR (CDCb, 125 MHz): 8209.1, 140.7, 132.6, 129.0, 127.9, 127.3, 121.2, 68.8, 50.2,

30.6 ppm

(4R)-4-[Hydroxy-4-(4-bromophenyl)butan-2-one (III-lie):

IR(KBr) vmax: 3441, 2925, 2850, 1697, 1515, 1396, 1054, 814 cm"1.

!H NMR (CDCb, 500 MHz): 87.53-7.48 (m, 2H), 7.29-7.23 (m, 2H),

5.13 (dd, J = 4.0, 8.5 Hz, IH), 2.84 (d, .7=8.5 Hz, IH), 2.82 (d, J= 4.0

Hz, IH), 2.20 (s, 3H) ppm

13C NMR (CDCb, 125 MHz): 8208.5, 150.0, 147.3, 126.4, 123.8, 68.9, 51.5, 30.9 ppm

(4R)-4-[Hydroxy-4-(2-chlorophenyl)butan-2-one (III-1 If):

IR (KBr) vmax: 3420, 2910, 2875, 1695, 1500, 1483, 1387, 1102, 748 cm"1.

!HNMR (CDCb, 500 MHz): 8 7.61 (dd, J= 1.5, 8.0 Hz, IH), 7.34-7.28

(m, 2H), 7.21 (dt, J= 2.0, 7.5 Hz, IH), 5.51 (dd, J= 2.0, 9.5 Hz, IH), 3.56

(br, s, IH, -OH), 2.98 (dd, J= 2.0, 17.5 Hz, IH), 2.67 (dd, J= 10.0, 18.0

Hz, IH) 2.21 (s, 3H) ppm

13C NMR (CDCb, 125 MHz): 8 209.1, 140.2, 131.1, 129.3, 128.6, 127.2, 127.1, 66.6, 50.1,

30.6 ppm

(2S,4S, 17?)-2-[Hydroxy(2-nitrophenyl)methyl]-4-methylcyclohexanone (III-16a):

IR (KBr) vmax: 3330, 3100, 2955, 2920, 2855, 1702, 1605, 1575, 1530, 1369, 850, 770 cm"1.
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TI NMR (CDCb, 500 MHz): 8 7.85 (dd, J= 1.5, 8.5 Hz, IH), 7.75 (dd, J

= 1.5, 8.0 Hz, IH), 7.67 (dt, J= 1.5, 8.5 Hz, IH), 7.46-7.41 (m, IH), 5.43

(d, .7=7.5, IH ), 4.0 (br, s, -OH), 2.97-2.89 (m, IH), 2.55-2.42 (m, IH),

2.36 (td, J = 5.0, 14.0 Hz, IH), 2.16-2.08 (m, IH), 1.99-1.83 (m, 2H),

1.80-1.72 (m, IH), 1.56-1.48 (m, IH), 1.09 (d, J = 7.0 Hz, 3H) ppm

13C NMR (CDCb, 125 MHz): 8 215.1, 148.8, 136.8, 133.2, 128.9, 128.5, 124.1, 69.9, 52.9,

38.5, 36.7, 33.2, 26.9, 18.2 ppm.

(2^,4.9,17?)-2-[Hydroxy(4-nitrophenyl)methyl]-4-methylcyclohexanone (III-16b):

IR (KBr) vmax: 3489, 3100, 2965, 1700, 1599, 1498, 1342,700 cm"1.

*H NMR (CDCb, 500 MHz): 8 8.26-8.21 (m, 2H), 7.55-7.50 (m, 2 H),

4.94 (d,./ = 9.0, IH), 2.80-2.72 (m, IH), 2.61-2.52 (m, IH), 2.41 (td, J

= 5.0, 14.5 Hz ,1H), 2.14-2.06 (m, IH), 1.99-1.91 (m, IH), 1.86-1.78

(m, IH), 1.65-1.57 (m, 2H), 1.08 (d, J = 7.0 Hz, 3H) ppm

13C NMR (CDCb, 125 MHz): 8 214.9, 148.4, 147.6, 127.8, 123.6, 74.1, 52.8, 38.1, 36.0, 32.9,

26.6, 18.4 ppm

0 OH N02

III-16a

(24V,4iV,r/f)-2-[Hydroxy(2-nitrophenyl)methyl]-4-ethylcyclohexanone(IH-17a):

IR (KBr) vmax: 3331, 3105, 2949, 2919, 2853, 1703, 1607, 1578, 1528, 1370, 851, 772 cm"1

•H NMR (CDCb, 500 MHz): 8 7.88 (dd, J= 1.0, 8.0 Hz, IH), 7.79 (dd, J

= 1.0, 8.0 Hz, IH), 7.67 (m, IH), 7.44 (m, IH), 5.45 (d, J= 7.0, IH ), 4.15

(br, s, IH, -OH), 2.92-2.85 (m, IH), 2.52-2.43 (m, IH), 2.38 (td, J= 5.0,

9.5 Hz ,1H), 1.99-1.91 (m, IH), 1.90-1.83 (m, 2H), 1.81-1.71 (m, IH),

1.69-1.51 (m, IH), 1.54-1.44 (m, 2H), 0.89 (t, J = 7.5 Hz, 3H) ppm

13C NMR (CDCb, 125 MHz): 8 215.3, 148.8, 136.8, 133.2, 128.9, 128.5, 124.1, 69.9, 53.0

38.7, 34.1, 33.9, 30.9, 24.8, 12.0 ppm

O OH N02

(2S,4S, 17?)-2-[Hydroxy(4-nitrophenyl)methyl]-4-ethylcyclohexanone (III-17b):

IR (KBr) vniax: 3490, 3101, 3060, 2965, 2910, 2842, 1705, 1600, 1585,

1500, 1340,860 cm"1.
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Chapter 3: Asymmetric AldolReaction

lH NMR (CDCb, 500 MHz): 8 8.26-8.21 (m, 2H), 7.55-7.51 (m, 2H),

4.94 (d,J= 8.5Hz, IH ), 2.73-2.66 (m, IH), 2.55-2.46 (m, IH), 2.41 (td,

J= 5.0, 14.5 Hz, IH), 1.96-1.88 (m, 2H), 1.78-1.71 (m, IH), 1.61-1.44

(m, 2H), 1.44-1.35 (m, 2H), 0.83 (t, J= 7.5 Hz, 3H) ppm

13C NMR (CDCb, 125 MHz): 8 215.1, 148.4, 147.6, 127.8, 123.8, 74.2, 53.0, 38.4, 33.7, 33.5,

30.5,24.8, 12.0 ppm

(ZS',45',l'̂ )-2-[Hydroxy(2-nitrophenyl)methyl]-4-tert-butylcyclohexanone(III-18a):

IR (KBr) vmax: 3455, 2949, 2921, 2851, 1703, 1605, 1575, 1393, 1320, 1249, 720, 685 cm"1.

!H NMR (CDCb, 500 MHz): 8 7.89 (dd, J = 1.0, 8.0 Hz, IH), 7.78-7.75

(m, IH), 7.68-7.63 (m, IH), 7.48-7.43 (m, IH), 5.48 (d, J= 7.0, IH ), 2.87

(q, J= 7.5 Hz, IH), 2.51-2.43 (m, IH), 2.43-2.34 (m, IH), 1.96-1.90 (m,

IH), 1.74-1.66 (m, IH), 1.64-1.52 (m, 3H), 0.8 (s, 9H).

13C NMR (CDCb, 125 MHz): 8 216.2, 148.7, 136.9, 133.3, 129.1, 128.7, 124.3, 69.7, 53.6,

42.4,39.5,32.8,27.6,27.0,24.3.

(2A;4lS',l'/?)-2-[Hydroxy(4-nitrophenyl)methyl]-4-te7f-butylcyclohexanone(III-18b):

IR (KBr) vmax: 3455, 2950, 2920, 2855, 1700, 1603, 1515, 1385, 1333, 1255, 1220, 856 cm"1.

JH NMR (CDCb, 500 MHz): 88.28-8.25 (m, 2H), 7.59-7.55 (m, 2H),

4.99 (d, J = 9.0 Hz, IH), 2.68 (q, J= 9.0 Hz, IH), 2.59-2.52 (m, IH),

2.49-2.40 (m, IH), 1.67-1.57 (m, 3H), 1.48-1.39 (m, 2H), 0.81 (s, 9H)

ppm

13C NMR (CDCb, 125 MHz): 8215.7, 148.1, 147.8, 127.5, 123.7, 74.0, 54.3, 42.2, 39.3, 32.7,

26.9, 26.8, 24.2 ppm.
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Table 10: HPLC data table for aldol products obtained from the reaction between cyclohexa- y

none and substituted benzaldehydes in presence of Cat-la.

S.No.

'HNMR

(CDCI3-C//OH, 8)
HPLC data

anti product

syn anti Column
(nm)

Flow rate
Solvent

FPA:Hex tR

(min)

tR

(min) r
O OH N02

1

m-3a

5.94 5.44
Chiralcel

OD-H
254 lml/min 5:95 18.3 22.2

O OH

2

III-3b

5.51 4.92
Chiralcel

OD-H
254 lml/min 5:95 24.4 34.7

O OH

3

^-/ ^^^N02
m-3c

5.46 4.90
Chiralcel

OD-H
254 lml/min 5:95 29.9 43.9 Y

O OH Br

4

III-3d

5.67 5.33
Chiralpak

AD-H
225

0.3ml/mi

n

10:90 32.0 36.8

O OH

5

III-3e

5.38 4.78
Chiralpak

AD-H
254 0.3ml/min 10:90 39.4 44.4

O OH CI
*

6

III-3f

5.70 5.35
Chiralcel

OD-H
254 lml/min 5:95 9.6 12.0

O OH

7

ra-3g

5.39 4.79
Chiralcel

OD-H
254 lml/min 5:95 11.5 16.4

O OH

8

III-3h

5.39 4.80
Chiralcel

OD-H
210 lml/min 5:95 12.1 22.1 -i
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4
O OH

9

III-3i

5.43 4.84
Chiralpak

AD-H
234

0.3ml/mi

n
10:90 61.7 78.2

O OH OCH3

10 Cy^b 5.61 5.25
Chiralcel

OD-H
210

0.5ml/mi

n

3:97 28.2 39.2

1
ni-3j

O OH

11

III-3k

5.33 4.74
Chiralpak

AD-H
254 lml/min 5:95 35.5 36.8

O OH

12

111-31

6.37 5.61
Chiralcel

OD-H
280

0.5ml/mi

n

10:90 35.7 42.4

-*
O OH N02

13 c^5 6.03 5.47
Chiralcel

OD-H
254 lml/min 10:90 53.4 59.1

III-6a

O OH

14
^O"' ^^N02

III-6b

5.53 5.01
Chiralpak

AD-H
254 lml/min 10:90 38.5 48.0

O OH N02

*

15

m-7a

5.46 4.97
Chiralcel

OD-H
254

lml/min
10:90 33.8 42.5

O OH

16
^S^ ^^N02

m-7b

5.94 5.05
Chiralpak

AD-H
254 lml/min 10:90 45.7 56.0

>

105



Chapter 3: Asvmmeiric Aldol Reaction

Table 11: HPLC data table for aldol products obtained from the reactions between cyclopenta- A

none and substituted benzaldehydes in presence of Cat-la.

'hnmr

(CDCI3- HPLC data

CHOH, 5)

S.No.
Product

syn product anti product
X. Flow rate Solvent

rsyn anti Column
(nm) (ml/min) IPA:Hex tR tR tR tR

(min) (min) (min) (min)

O OH N02

1

III-9a

5.90 4.42
Chiralpak

AD-H
254 1 5:95 15.3 19.1 23.5 26.9

0 OH
J\jx"L/^N02

Chiralcel
2

III-9b

5.43 4.83
OD-H

254 0.5 3:97 35.0 41.2 44.5 54.1

O OH
y

3
^-^^N02

III-9c

5.42 4.53
Chiralpak

AD-H
254 1 5:95 24.4 27.6 35.2 36.3

O OH Br

4

III-9d

5.63 5.27
Chiralpak

AD-H
220 0.9 2:98 6.4 8.0 13.1 15.0

O OH

5

IIT-Op

5.26 4.68
Chiralpak

AD-H
220 1 5:95 12.1 15.7 18.4 20.3

t

0 OH

6

III-9f

5.27 4.69
Chiralpak

AD-H
220 0.9 2:98 24.6 30.4 31.7 35.5

-f
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Table 12: HPLC data table for aldol products obtained from the reaction between acetone and

substituted benzaldehydes in presence of Cat-la.

HPLC data

S.No. Product

Column
(nm)

Flow rate
Solvent

IPA:Hex

tR

(min)

tR

(min)

O OH N02

1

IH-lla

Chiralpak

AD-H
254 0.5ml/min 3:97 48.7 51.6

O OH

2

Ill-lib

Chiralpak

AD-H
254 lml/min 5:95 69.6 76.0

O OH

3

III-llc

Chiralpak

AD-H
254 lml/min 5:95 10.7 13.6

O OH Br

4

mud

Chiralpak

AD-H
254 0.5ml/min 5:95 13.4 16.1

O OH

5

HMle

Chiralpak

AD-H
254 0.5ml/min 7:93 23.8 25.7

O OH CI

6
xx^

m-iif

Chiralpak

AD-H
254 0.3ml/min 8:92 36.1 40.3
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Table 13: HPLC data table for aldol products derived from the reaction between 4-substituted -*

cyclohexanones and substituted aromatic aldehydes in presence of Cat-la.

HPLC data

S.No. Product

Column
X

(nm)
Flow rate

Solvent

IPA:Hex

tR

(min)

tR

(min)

1
O OH N02

1

m-16a

Chiralpak

AD-H
254 0.5 ml/min 5:95 53.7 63.1

O OH

2

O
z

\/hi

Chiralcel

OD-H
254 1 ml/min 90:10 44.5 52.6

O OH N02
Y

r^iin
3

III-17a

Chiralpak

AD-H
254 0.5 ml/min 5:95 47.6 58.2

O OH

4

III-17b

Chiralcel

OD-H
254 0.5 ml/min 5:95 57.0 64.4

O OH N02 f

5

III-18a

Chiralpak

AD-H
254 0.5 ml/min 95:5 43.1 55.4

O OH

/Vv^
6

III-18b

Chiralcel

OD-H
280 0.5ml/min 8:92 53.4 63.1
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Chapter 4: Asymmetric MichaelReaction

Asymmetric Michael Reaction Catalyzed by
Camphorsulfonamide-based Prolinamides

4.1. INTRODUCTION

The development of organocatalytic asymmetric reactions has drawn much attention in

recent years since environmentally friendly and metal-free transformations are desired within

catalytic asymmetric processes [1,2]. Michael addition plays an important role among the

numerous asymmetric carbon-carbon bond-forming reactions, since it represents one of the

most elegant and attractive ways to introduce chirality into a Michael acceptor. The conjugate

addition ofcarbon nucleophile to the electron deficient nitroalkene is particularly interesting and

challenging as it involves the generation oftwo chiral centers in a single synthetic operation [3-

6]. Furthermore, thus obtained nitro compounds can be converted into a wide range of
synthetically useful compounds such as amines, ketones, carboxylic acids, nitrile oxides, etc.,
which are valuable building blocks for the preparation ofseveral agricultural and pharmaceutical

compounds [7].

Due to the simplicity ofthe asymmetric organocatalytic approach, the Michael addition

of various donors and acceptors has been studied in the presence of organocatalysts. The

proline-catalyzed Michael addition between ketones and rrans-p-nitrostyrene was first
demonstrated by Barbas [8], List [9] and Enders [10] where the adducts were obtained with
good yields albeit in very low enantioselectivities. Since then, extraordinary progress has been
made with respect to both stereoselectivity and substrate scope using various primary and
secondary amine organocatalysts. In this context, numerous pyrrolidine-based [11-16] and
thiourea-based Afunctional [17-20] organocatalysts have been used in asymmetric Michael

additions. Michael additions of carbonyl compounds onto nitroalkenes using chiral amines as

organocatalysts [21-23], which promote the reaction via an enamine pathway, have been studied
in several laboratories. Among these, good levels ofasymmetric induction could be obtained by

proline derivatives where the amide moiety is apart ofachiral cavity in which the reaction takes
place. However, only sporadic reports are available in which (2R,VS)-syn products as the major
enantiomers [24, 25].
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4.2. OBJECTIVE

We synthesized camphorsulfonamide-based novel organocatalysts Cat-la, Cat-2a, Cat-

3a,b (Chapter 2) with the appended prolinamide group and found that these catalysts did exert

good stereochemical control in the aldol reaction (Chapter 3). In continuation of our work on

asymmetric synthesis we envisaged that these Afunctional organocatalysts can play a significant

role in determining stereochemical outcome of Michael addition of ketones to nitroolefins which

proceed via an enamine intermediate, similar to the proline-promoted aldol reaction. Our

objective was to evaluate the catalytic behaviour of these camphorsulfonamide-based organo

catalysts for Michael reaction between ketones such as cyclohexanone, 4-methylcyclohexanone,

4-ethylcyclohexanone and related ketones with various nitroolefins (Scheme 1).

Cat-1a

organocatalyst

X

X= CH2, O, alkyl,

-A,0
**° Y HO^N. O H

Cat-2a

w.0 "If N

Cat-3a

Scheme 1: Prolinamide catalyzed asymmetric Michael reaction.

XQ

Cat-3b

4.3. RESULTS AND DISCUSSION

4.3.1. Michael reaction catalyzed by camphorsulfonamide-based prolinamide

Michael addition of cyclohexanone with frarcs-P-nitrostyrene in presence of chiral

catalyst produces Michael adduct with two chiral centers. The two chiral centers in product

indicate the possibility of as many as four stereoisomers. These would exist as a pair of two

diastereomers (syn and anti) where each diastereomer is of a pair of enantiomers leading to a
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total of four chiral products as shown in Scheme 2. In case of 4-substituted cyclohexanones,

three chiral centers would begenerated in the product resulting in possible 23 stereoisomers.

We have chosen the addition of cyclohexanone to P-nitrostyrene (IV-2a) using 20 mol%

organocatalyst la as model study for asymmetric Michael addition. The reaction was performed

by adding p-nitrostyrene (IV-2a, 29 mg, 0.2 mM) to a solution of cyclohexanone (41u.L, 0.4

mM) and Cat-la (20 mol%) in dichloromethane (0.5 mL) at room temperature. The progress of

syn enantiomersl
N02 S

r**'
NO2 Chiralcatalyst

anti enantiomersl

(2R, 1 'R)

Scheme 2: Possible four diastereoisomers from the reaction of cyclohexanone with nitrostyrene.

the reaction was monitored by TLC analysis at regular intervals and found that the reaction was

completed in 16 h. After completion of the reaction, diastereomeric excess was found to be

80:20 as determined *H NMR analysis of thecrude mixture. The residue was purified by column

chromatography to afford pure product IV-3a. The optical purity of this product was determined

by HPLC using chiralpak AS-H column and hexanes-isopropanol as eluting solvent (Table 1,

entry 1). A survey of polar and nonpolar solvents (CH2C12, MeOH, CH3CN, etc.) revealed that

all the reactions proceeded smoothly and completed within 16-30 h at room temperature without

using any co-catalyst. However high chemical yields with poor syn and anti selectivity were

observed for Michael adducts in all cases (Table 1, entries 1-6). To our surprise, when the

reaction was performed with 15 equiv. of cyclohexanone without using any solvent, the reaction

was completed within 10 h to afford the adduct IV-3a with excellent chemical yield and

acceptable enantioselectivity (Table 1, entry 8). Optimum results were obtained with 20 mol%

catalyst. The use of 15 mol% and 30 mol% organocatalyst led to a minor loss of stereocontrol

(Tablel, entries 7 and 9). The prolinamides Cat-2a and Cat-3a,3b derived from WyV-diisopropyl

camphor-10-sulfonamide and TvyV-dicyclohexyl camphor-10-sulfonamide, respectively, showed
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less catalytic efficiency for this transformation in comparison to the prolinamide Cat-la derived

from yvyV-dibenzyl camphor-10-sulfonamide (Table 1, entries 8,10-12).

Table 1: Screening of reaction conditions and organocatalysts.

IV-l

.NO,r^V^^^ " ' 20 mol% catalyst
X^ Solvent, rt

IV-2a IV-3a

Entry Catalyst (mol%) Solvent Time(h) Yield (%f dr (antvsyn)

1 Cat-la (20) CH2C12 16

2 Cat-la (20) CHCI3 20

3 Cat-la (20) MeOH 20

4 Cat-la (20) H20 2S

5 Cat-la (20) H20:MeOH 30

6 Cat-la (20) CH3CN 26

7 Cat-la (15) neat 14

8 Cat-la (20) neat 10

9 Cat-la (30) neat 10

10 Cat-2a (20) neat 14

11 Cat-3a (20) neat X

12 Cat-3b (20) neat 15

77

80

85

60

80

65

88

92

90

80

93

85

80:20

85:15

80:20

65:35

70:30

64:36

88:12

90:10

90:10

92:8

85:15

80:20

ee'

36

53

30

32

45

30

53

61

59

44

53

40

a) of pure and isolated products b) determined by 'H NMR (500 MHz) analysis of the crude sample. c)

determined by HPLC analysis using Chiralpak AS-H column.

The asymmetric induction was further improved by conducting the reaction at low

temperature, under solvent free conditions without using co-catalyst (Table 2). Since the

optimum results at room temperature were obtained under solvent free conditions by using 20

mol% of Cat-la (Table 1, entry 8), it was decided to perform the reaction at 0 °C anticipating

better asymmetric induction by diminishing the rate of the reaction. Thus the reaction between
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A IV-1 and IV-2a at 0 °C was completed in 18h and the product IV-3a was obtained in very high

yield with improved diastereo- and enantio-selectivity (Table 2, entry 1). Encouraged by these

results, the reaction temperature was further lowered to -30 °C and found significant increase in

reaction time while the ee was maintained at the same level.

At this juncture, we used various organic acids as additives to study the stereochemical

outcome of the reaction. By increasing the polarization of carbonyl group of ketone during the

formation of enamine, these acids are believed to accelerate the rate of reaction and improve the

stereochemical outcome of the reaction with concurrent activation of the Michael acceptors

through hydrogen bonding. It has been observed that the presence of additive has significant
influence on the reaction in terms of asymmetric induction Initially, we used mild and bulky

aromatic carboxylic acids such as benzoic acid, 4-nitro-, 2,4-dinitro-benzoic acids and isobutyric
acid to promote the reaction. In the place ofacids we also used bases such as Et3N as additive.
The addition of 15 mol% carboxylic acids as co-catalyst significantly accelerated the reaction

rate relative to that carried out in the absence of co-catalyst. The use of 10 mol% and 20 mol%

co-catalyst led to aminor loss of stereocontrol. Among the employed additives benzoic acid (15
mol%) afforded optimum results in terms of reaction time and selectivity (95:5 dr, 65% ee).
Thus acidic co-catalyst has an important role on reaction. Moreover, the reaction temperature
was found to be a crucial factor to the enantioselectivity of reaction. The stereoselectivity was

gradually increased by decreasing the reaction temperature from rt to 0°C (Table 2, entnes 4
and 9). However, further lowering of the temperature to -30 °C resulted in aslight decrease of
the optical purity of the adduct IV-3a as well as the reaction rate (Table 2, entry 10). It has been
observed that as the temperature of the reaction was decreased, the stereochemical outcome of
the reaction was improved. Thus under the optimal reaction conditions (20 mol% catalyst, 15
mol% PhCOOH as the co-catalyst at 0°C, Table 2, entry 9) organocatalyst Cat-la demonstrated
the best catalytic activity. All reactions proceeded with diastereoselectivity in favour of syn-
diastereoisomer of the corresponding Michael adducts.

129



Chapter 4: AsymmetricMichael Reaction

Table 2: Effect of additives on Michael reaction of cyclohexanone with P-nitrostyrene (IV-2a)

in presence of Cat-la.

o

IV-1

NO
2 20mol%Cat-1a

»

additive 15 mol%

IV-2a IV-3a

Entry Solvent Additive Temp Time (h) Yield (%)a dr (anti.syn)b) eec)

1 neat -
0°C 18 90 92:8 71

2 neat -
-30 °C 30 89 90:10 70

3 CHC13 -
0°C 28 85 85:15 65

4 neat PhCOOH rl 7 94 95:5 65

5 CHC13 PhCOOH it 18 88 80:20 57

6 neat 4-N02C6H4COOH rt 18 85 80:20 53

7
neat Isobutyric acid rt 20 72 70:30 51

8 neat 2,4-(N02)2C6H3COOH rt 28 67 65:35 45

9 neat PhCOOH 0°C 12 95 95:5 79

10 neat PhCOOH -30 °C 24 92 92:8 75

11
neat 4-N02C6H4COOH 0°C 30 80 85:15 59

12 neat Et3N 0°C 36 75 93:7 62

13 neat Isobutyric acid o°c 30 70 77:23 60

14 neat 3-CF3C6H,COOH 0 °c 32 89 90:10 61

15 neat Et3N -30 °C 42 73 90:10 65

" of pure and isolated products. b) determined by !H NMR (500 MHz) analysis of the crude sample.

cl determined by HPLC analysis using Chiralpak AS-H column.

Thus, the screening of the catalysts in various solvents and neat condition and screening

of various additives at different temperatures identified the optimal catalyst as well as optimal

conditions to carry out further asymmetric Michael reaction. To expand the scope of Michael
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addition, we next investigated the reactions of other nitroolefins IV-2b-k with cyclohexanone

under the optimal reaction conditions in the presence of organocatalyst Cat-la. The results are

summarized in Table 3. In all the cases studied, adducts were obtained in very high to excellent

chemical yields regardless of the electronic nature of the substitutions on the aromatic nucleus.

The diastereomeric discrimination of the products is high to excellent except that of adduct IV-

3i derived from 4-methoxynitrostyrene (IV-2i) (Table 3, entry 9) where the syn and anti adducts

Table 3: Michael reaction of cyclohexanone with substituted p-nitrostyrenes IV-2a-k in

presence of Cat-la.

Entry

IV-1a

2 20mol%Cat-1a

15mol% PhCOOH

0°C

iv-3a-k

R-oduct
0/„sc>Time Yield (%)a) dr (syn:anti)b) ee(%)

N02

N02

N02

N02

rAsJ^N02

rA^i^.N02

.aA^k/N02

IV-3a 12h

rv-3b 14h

rv-3c 14h

IV-3d 18h

IV-3e 18h

IV-3f 18h
_N02

95

96

92

94

92

95
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rv-3g 18h 92 92:8 70

CH3

IV-3h 24h 90 95:5 72

IV-3i 24h 89 84:16 60

10 rv-3j 16h 94 >99:1 89

11 IV-3k 1Kb 90 75:5 78

al of pure and isolated products b) determined by 'H NMR (500 MHz) analysis of the crude sample.

cl determined by HPLC analysis using Chiral columns, (see page 144 for Table 5 and page 147 for HPLC

charts).

were obtained in moderate 84:16 ratio. The reaction of nitrostyrene IV-2b (R = 0-NO2) provided

better asymmetric induction in comparison to that of nitrostyrene IV-2c (R = m-N02) (Table 3,

entries 2 and 3). However, the halogen-substituted nitrostyrenes IV-2d-g afforded the

corresponding Michael adducts IV-3d-g in comparable optical yields with almost same

enantioselectivities (Table 3, entries 4-7). Among Michael acceptors 4-methyl and 4-methoxy-

nitoolefins (IV-2h,i), the former furnished the Michael adduct in better diastereo- and enantio

selectivities (Table 3, entries 8 and 9). The reaction of cyclohexanone with a-naphthyl-nitro-

styrene (IV-2j) resulted in the formation of adduct IV-3j almost exclusively with syn

stereochemistry and very high optical yield of 89% (Table 3, entry 10). 2-(2-Nitrovinyl)furan

(lV-2k) yielded the adduct IV-3k in very high stereoselectivities.

The use of other symmetrical cycloalkanones such as 4-methyl, 4-ethyl-cyclohexanones

and y-pyrone as Michael donors was evaluated as well, and the products IV-8a,b, IV-9a and IV-

10a were obtained in excellent yields with high diastereomeric excess and very good
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enantioselectivities. All the reactions were performed with 0.2 mM of rrans-P-nitrostyrene and 3

mM of4-substituted cyclohexanone in the presence of20 mol% organocatalyst and 15 mol% of

Table 4: Michael reaction of ketones with substituted P-nitrostyrenes in presence of Cat-la.

R

Entry

N02
20mol%Cat-1a♦ cr-\^ 15 mol% benzoic acid

R 0°C

IV-4, X=CH2Me iv-2a-k
IV-6, X = CH2Et
IV-6, X = O
IV-7, X = -

IV-8-11

Product
b) ^» fo/„\c)Time Yield (%)a) dr (anti:syn)b) ee (%)'

N02

N02

NO,

IV-8a 14h

iv-8b 14h

IV-9a 15h

rV-10a 16h

° >T rv-lla 12h
,N02

92 76

96 65

94 71

97 93:7 75

90 85:15 75

a) of pure and isolated products b) determined by 'H NMR (500 MHz) analysis of the crude sample.
c) determined by HPLC analysis using Chiral columns, (see page 144 for Table 5and page 149 for HPLC
charts)

PhCOOH (co-catalyst) at 0 °C. The reaction progress was monitored by thin layer chromato
graphy. After the completion of reaction, obtained crude reaction mixture was submitted to *H
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NMR to get diastereoselectivity of the corresponding Michael product. Further this crude

reaction mixture was purified by silica gel chromatography. The optical purity of these products

was determined by HPLC using chiral columns and hexanes-isopropanol as eluting solvent. The

results are summarized in Table 4. The reaction of nitrostyrene IV-2a with cyclopentanone as a

Michael donor was also performed to afford the adduct IV-lla with very good optical yield.

The reaction between acetone and nitrostyrene IV-2a under the present catalytic system

was then examined. The product IV-13a was achieved in very high chemical yield albeit in

moderate optical purity in 18 h.

* 20 mol% Cat-1a O

A * CX^ \K^z? 15 mol% PhCOOH
0°C

IV-12 IV-2a

Yield = 89%

ee = 50%

Scheme 3: Michael reaction of acetone with substituted p-nitrostyrenes in presence of Cat-la. >

The absolute configuration of Michael adducts were determined by comparing the

retention times obtained from HPLC analysis of the products with literature data [21, 26-33].

4.3.2. Proposed mechanism

Asymmetric Michael addition is an important carbon-carbon and carbon-hetero atom

bond forming reaction. The reaction include the addition of carbonyl compounds to electron

deficient nitroolefins to form Michael adduct. The mechanism for the asymmetric Michael -f

addition is outlined in Scheme 4. Initially, an iminium ion is generated by the reversible reaction

between chiral organocatalyst Cat-la and cyclohexanone; which can be more easily

deprotonated to form the enamine nucleophilic intermediate. This enamine intermediate, react

with the electron deficient frarcs-P-nitrostyrene to create the new C-C bond. Upon electrophilic

capture of the enamine derivative, the resulting iminium ion is hydrolyzed to release the Michael

adduct and the catalyst to participate in the catalytic cycle.
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H,0

minium

intermediate

Scheme 4: Proposed mechanism for asymmetric Michael reaction

4.3.3. Proposed transition state

To account for the stereoselectivity ofthe Michael addition reaction using the designed

catalyst system an enamine activation model is proposed as shown in Scheme 5 using
cyclohexanone and frans-P-nitrostyrene as an example. Among the four approaches, TS1 and
TS4 could form hydrogen bond between -NH ofthe prolinamide with nitro functionality and the
approaches TS2 and TS3 could not be activated through hydrogen bonding. The approach
shown in TS1, leading to the major (l'S,2fl)-isomer, acquires stability through hydrogen bonding
between -NH of the prolinamide with nitro group and is favourable on steric grounds. The
approach of nitrostyrene in TS4 experiences repulsive interactions between camphor scaffold
and Michael acceptor and hence it is not favourable albeit there is apossibility ofhydrogen bond
formation.
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Scheme 5: Possible transition state for Michael reaction.

4.4. CONCLUSION

Chapter 4: Asymmetric Michael Reaction

Major enantiomer

•S^N/N02

Minor enantiomer

In conclusion, new camphorsulfonamide-derived prolinamide organocatalysts containing

a structural rigid bicyclic camphor scaffold and amide moiety, were used for the first time in

Michael addition. We have demonstrated a practical application of camphor-10-sulfonamide-

based prolinamide for Michael addition of ketones with p-nitrostyrenes in which (2R, VS)-syn

adducts were obtained as major antipodes. In these transformations, the catalyst exhibited good

catalytic activity and the reaction proceeded in excellent diastereoselectivity and good to high

enantioselectivity, which may be potentially useful for preparing enantiomerically enriched y-

mtroketones.
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^ 4.5. EXPERIMENTAL

4.5.1. General

All solvents and reagents were purchased at the highest commercially quality and used without

further purification. Solvents were purified by standard methods yields refer to chromatographi

cally homogeneous materials, unless otherwise stated. Reactions were monitored by thin-layer

chromatography (TLC) carried out on 0.25 mm E. Merck silica gel plates (60F-254) using UV

light as visualizing or in an iodine chamber. Silica gel (particle size 100-200 mesh; SD Fine
Chem Ltd) was used for column chromatography with ethyl acetate-hexanes as an eluent

system. Melting points are uncorrected.

4.5.2. Instrumentation

IR spectra of the compounds were recorded on a Thermo Nicolet FT-IR Nexus and are
expressed as wavenumbers (cm"1). NMR spectra were recorded in CDC13 using TMS as internal
standard on Bruker AMX-500 instrument. Chemical shifts of *H NMR spectra were given in

1 parts per million with respect to TMS and the coupling constant J was measured in Hz. The
signals from solvent CDCI3, 7.26 and 77.0 ppm are set as the reference peaks in *H NMR and
BC NMR spectra, respectively. The following abbreviations were used to explain the multipli
cities: s=singlet, d=doublet, t =triplet, q=quartet, m= multiple*, b=broad. Analytical HPLC
measurements were carried out on Shimadzu SPD-20A instrument with UV detector by using

Chiralpak AS-H, AD-H and Chiralcel OD-H columns.

4.5.3. General Procedure

> To amixture of anitrostyrene (0.2 mM) in cycloalkanone/acetone (15 equiv.), organocatalyst la
(0.04 mM) was added and the resulting reaction mixture was stirred at 0 °C. The reaction was
monitored by TLC at regular intervals. Upon completion of the reaction, the crude reaction
mixture was submitted to *H NMR (500 MHz) to determine the diastereomeric ratio ofsyn and

anti adducts. The residue was subjected to silica gel column chromatography using ethyl acetate

and hexanes (10:90 to 20:80) as eluent to afford pure product. The HPLC analysis of the
Michael product was performed on a chiral stationary phase using hexanes-isopropanol as

eluting solvent.

>
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(2R,1W)-2-11 *-Phenyl-2 '-nitroethyl] cyclohexanone (I V-3a):

IR (KBr) vmax: 3024, 2954, 2864, 1695, 1550, 1442, 1380 cm"1.

'H NMR (CDC13, 500 MHz): 5 7.34-7.31 (m, 2H), 7.28-7.26 (m, IH),

7.18-7.14 (m,2H), 4.94 (dd, J = 4.5, 12.5 Hz, IH), 4.64 (dd, J= 10.0, 12.5

Hz, IH), 3.76 (dt, ./ = 4.5, 9.5 Hz, IH), 2.73-2.66 (m, IH), 2.52-2.45 (m, 1

H), 2.43-2.35 (m, IH), 2.12-2.04 (m, IH), 1.82-1.75 (m, IH), 1.74-1.60 (m,

3H), 1.28-1.19 (m lH)ppm

13C NMR (CDCI3, 125 MHz): 5 211.9, 137.7, 128.9, 128.1, 127.7, 78.9, 52.5, 43.9, 42.7, 33.2,

28.5, 25.0 ppm

(2i?,l'.S>2-[2'-Nitro-l,-(o-nitrophenyl)ethyl]cyclohexanone(IV-3b):

IR (KBr) vmax: 2940, 2865, 1707, 1550, 1522, 1435, 1359, 1128, 1068, 853, 784 cm"1.

lH NMR (CDCI3, 500 MHz): 6 7.84 (dd, J= 1.5, 8.0 Hz, IH), 7.59 (dt, J= '

1.5, 8.0 Hz, IH), 7.47-7.40 (m, 2H), 4.94-4.89 (m, 2H), 4.32 (dt, J = 5.0,8.5

Hz, IH,), 2.98-2.90 (m, IH), 2.51-2.45 (m, IH), 2.43-2.32 (m, IH), 2.14-

2.08 (m IH), 1.89-1.77 (m, 2H), 1.74-1.58 (m 2H), 1.53-1.42 (m, IH) ppm

13C NMR (CDCb, 125 MHz): 5 211.0, 150.8, 133.2, 132.9, 129.4, 128.6, 125.0, 77.6, 52.2,

42.8, 38.8, 33.3, 28.4, 25.4 ppm.

(2«,lVV)-2-[2'-Nitro-r-(»i-nitrophenyl)ethyl]cyclohexanone(IV-3c):

IR (KBr) Vmax: 2940, 2862, 2360, 1705, 1586, 1348, 1107, 898, 804, 735, 689 cm"1.

•HNMRtCDCI^SOOMHz^SS.n-S.MOn, IH), 8.09-8.06 (m, IH), 7.58-

7.50 (m,2H), 5.00 (dd, J= 4.5, 13.0 Hz, IH), 4.70 (dd, J= 10.5, 13.0 Hz, 1

II), 3.94 (dt, J = 4.5, 10.0 Hz, IH), 2.78-2.71 (m, IH), 2.53-2.47 (m, IH),

2.44-2.36 (m, IH), 2.16-2.09 (m, IH), 1.87-1.79 (m, IH), 1.74-1.56 (m, 3

H), 1.33-1.21 (m, lH)ppm

13C NMR (CDCb, 125 MHz): 5 211.0, 148.5, 140.2, 134.9, 130.0, 123.0, 122.9, 78.1, 52.2,

43.7,42.8,33.2,28.3,25.1 ppm.
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(2R,VS)-2-[2'-Nitro-1'-(o-chlorophenyl)ethyl]cyclohexanone (IV-3d):

IR (KBr) vmax: 2935, 2860, 1701, 1549, 1440, 1378, 1127, 1059, 747, 694 cm"1.

JH NMR (CDCb, 500 MHz): 5 7.40-7.36 (m, IH), 7.26-7.18 (m, 3H),

4.94-4.86 (m, 2H), 4.34-4.24 (m, IH), 2.98-2.88 (m, IH), 2.52-2.45 (m, 1

H), 2.39 (dt, J= 6.0, 12.5 Hz, IH), 2.14-2.07 (m, IH), 1.85-1.78 (m , IH),

1.77-1.62 (m,3H), 1.33 (dq, J = 4.0, 12.5 Hz, IH) ppm.

13C NMR (CDCb, 125 MHz): 5 211.6, 135.4, 134.4, 130.2, 129.4, 128.8, 127.3, 77.2, 51.6,

42.7, 40.8, 32.9, 28.4, 25.1 ppm

(2i?,l'^)-2-[2'-Nitro-l'-(o-bromophenyl)ethyl]cyclohexanone(IV-3e):

IR (KBr) vmax: 2937, 2859, 1702, 1549, 1440, 1373, 1128, 1057, 747 cm"1.

lU NMR (CDCb, 500 MHz): 5 7.47 (dd, J= 8.0, 1.5 Hz, IH), 7.23-7.13

(m, 2H), 7.06-7.00 (m, IH), 4.87-4.73 (m, 2H), 4.30-4.22 (m, IH), 2.78 (m,

IH), 2.38-2.28 (m, 2H), 2.03-1.97 (m, IH), 1.72-1.45 (m, 4H), 1.30-1.26

(m IH) ppm

13C NMR (CDCb, 125 MHz): 5 211.6, 137.2, 133.6, 129.0, 127.7, 77.4, 52.0, 43.0, 42.6, 41.8,

32.9, 28.5, 25.0 ppm.

(2/?,l,1S')-2-[2'-Nitro-l'-(p-chlorophenyl)ethyl]cyclohexanone(IV-30:

IR (KBr) vmax: 2927, 2859, 1705, 1547, 1379, 1087, 1013, 831 cm"1.

lH NMR (CDCb, 500 MHz): 5 7.32-7.28 (m, 2H), 7.14-7.10 (m, 2H), 4.93

(dd, J= 5.0, 13.0Hz, IH), 4.60 (dd,J= 10.0, 12.5Hz, IH), 3.76 (dt,J= 4.5,

10.0 Hz, IH), 2.68-2.61 (m, IH), 2.50-2.44 (m, IH), 2.37 (dt, J= 6.0, 13.0

Hz, IH), 2.14-2.05 (m, IH), 1.84-1.77 (m, IH), 1.76-1.52 (m, 3H), 1.30-

1.16 (m, IH) ppm.

13C NMR (CDCb, 125 MHz): 5 211.5, 136.2, 133.5, 129.5, 129.0, 78.5, 52.3, 43.3, 42.7, 33.1,

28.4, 25.0 ppm
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(2/?,l'1V)-2-[2*-Nitro-l,-(p-bromophenyl)ethyl]cyclohexanone (IV-3g):

IR (KBr) vmax: 2937, 2862, 1699, 1552, 1443, 1384, 1302, 1123, 1069, 1010, 821, 714cm"

lU NMR (CDCb, 500 MHz): 5 7.47-7.44 (m, 2H), 7.08-7.04 (m, 2H), 4.93

(dd,J=4.5, 12.5 Hz, IH), 4.60 (dd, J= 10.0, 12.5 Hz, IH), 3.74 (dt,J= 5.0,

10.0 Hz, IH), 2.69-2.61 (m, IH), 2.51-2.45 (m, IH), 2.41-2.34 (m, IH),

2.13-2.05 (m, IH), 1.83-1.77 (m, IH), 1.67-1.52 (m, 3H), 1.27-1.20 (m IH)

ppm.

,3C NMR (CDCb, 125 MHz): 5 211.4, 136.8, 132.1, 129.9, 121.7, 78.5, 52.3, 43.4, 42.7, 33.2,

28.4,25.1 ppm

(2/?,lW)-2-[2'-Nitro-l'-(Jp-methylphenyl)ethyl]cyclohexanone(IV-3h):

IR (KBr) vmax: 2934, 2861, 1699, 1553, 1442, 1383, 1124, 1018, 814 cm"1.

lH NMR (CDCb, 500 MHz): 57.12 (d, J = 7.5 Hz, 2H), 7.04 (d, J = 8.0

Hz, 2H), 4.91 (dd, J =4.5, 12.0 Hz, IH), 4.60 (dd,J= 10.0, 12.0 Hz, IH),

3.72 (dt, J = 4.5, 10.0 Hz, IH), 2.71-2.62 (m, IH), 2.51-2.44 (m, IH), 2.44-

2.36 (m, IH), 2.31 (s, 3H), 2.12-2.07 (m, IH), 1.83-1.62 (m, 3H), 1.63-1.54

(m IH), 1.29-1.23 (m, IH) ppm

13C NMR (CDCb, 125 MHz): 8 212.1, 137.5, 134.6, 129.6, 128.0, 79.0, 52.6, 43.5, 42.8, 33.2,

28.6,25.0,21.1 ppm.

(2/?,rlV)-2-[2'-Nitro-r-(/7-methoxyphenyl)ethyl]cyclohexanone(IV-3i):

IR (KBr) vmax: 2947, 2845, 1700, 1554, 1513, 1446, 1387, 1299, 1252, 1183, 1024, 821 cm"1.

lH NMR (CDCb, 500 MHz): 5 7.13-7.08 (m, 2H), 6.89-6.85 (m, 2H),

4.93 (dd, ./ = 4.5, 12.0 Hz, IH), 4.61 (dd, J= 10.0, 12.5 Hz, IH), 3.81 (s,

311), 3.74 (dt, J = 4.5, 10.0 Hz, IH), 2.70-2.63 (m, IH), 2.53-2.46 (m,

lH),2.44-2.37 (m, IH), 2.14-2.05 (m, IH), 1.85-1.53 (m, 4H), 1.31-1.20

(m, IH)ppm

13C NMR (CDCb, 125 MHz): 5 212.0, 159.0, 129.5, 129.1, 114.3, 79.1, 55.2, 52.6, 43.2, 42.7,

33.1,28.5, 25.0 ppm.
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Chapter 4: AsymmetricMichael Reaction

(2R, 1'S)-2-[2'-Nitro-1'-( l-naphthyl)ethyl]cyclohexanone (IV-3j):

IR (KBr) vmax: 2928, 2859, 1696, 1552, 1435, 1376, 1252, 1127, 788 cm"1.

•H NMR (CDCb, 500 MHz): 5 8.17 (s, IH), 7.86 (d, J= 8.0 Hz, IH), 7.78

(d, J = 7.5 Hz, IH), 7.59-7.53 (m, IH), 7.52-7.48 (m, IH), 7.46 (t, J= 8.0

Hz, IH), 7.38 (dd, J = 1.0, 7.5 Hz, IH), 5.07 (dd, J = 4.5, 12.5 Hz, IH),

4.97-4.88 (m, IH), 4.83-4.70 (br s, IH), 2.87 (s, IH), 2.55-2.48 (m,

IH), 2.46-2.37 (m, IH), 2.13-2.05 (m, IH), 1.74-1.62 (m, 4H), 1.31-1.22 (m, IH) ppm

13C NMR (CDCb, 125 MHz): 5 212.3, 134.0, 129.1, 128.2, 126.8, 125.9, 125.4, 123.6, 122.8,

78.7, 53.9, 42.9, 36.8, 33.3, 29.7, 28.8, 25.3 ppm

(2R, 1W)-2-[2'-Nitro-1*-(o-furanyl)ethyl]cyclohexanone (IV-3k):

IR (KBr) vmax: 2942, 2865, 1711, 1550, 1435, 1378, 1137, 1018, 745 cm"1.

!H NMR (CDCb, 500 MHz): 8 7.38-7.34 (m, IH), 6.31 (dd, J= 2.0, 3.0

Hz, IH), 6.21 (d, J=3.0Hz, IH), 4.81 (dd, J =4.5, 12.5 Hz, IH), 4.69 (dd,

J =9.0, 12.5 Hz, IH), 3.99 (dt, J= 5.0, 9.5 Hz, IH), 2.81-2.74 (m, IH),

2.53-2.46 (m, IH), 2.43-2.34 (m, IH), 2.17-2.09 (m, IH), 1.91-1.62 (m,

4H), 1.36-1.25 (m lH)ppm

13C NMR (CDCb, 125 MHz): 5 210.9, 150.9, 142.3, 110.3, 108.9, 76.6, 51.1, 42.5, 37.5, 32.4,

28.2, 25.0 ppm

(2/?,4^,l'^-2-[l'-Phenyl-2'-nitroethyl]-4-methylcyclohexanone(IV-8a):

IR(KBr) vmax: 3028, 2968, 2860, 1698, 1545, 1442, 1380, 735, 698 cm"1.

XH NMR (CDCb, 500 MHz): 5 7.39-7.28 (m, 3H), 7.21-7.17 (m, 2H),

4.72 (dd, J= 4.5, 13.0 Hz, IH), 4.66-4.61 (m, IH), 3.83 (dt, J= 5.0, 10.5

Hz, IH), 2.78-2.72 (m, IH), 2.55-2.51 (m, 2H), 2.11-1.98 (m, 2H), 1.70-

1.63 (m, IH), 1.52-1.38 (m2H), 1.00 (d, J = 6.5 Hz, 3H) ppm.

13C NMR (CDCb, 125 MHz): 5 213.0, 137.3, 129.0, 128.1, 79.0, 50.1, 44.2, 38.7, 37.9, 34.4,

26.4, 19.3 ppm

141

r^r^^i
0

\^\^
^A^N02

IV-3J
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(2y?,4/?,l'5')-2-[2'-Nitro-l,-(o-nitrophenyl)ethyl]-4-methylcyclohexanone(IV-8b):

IR (KBr) vmax: 2952, 2868, 1706, 1552, 1520, 1437, 1235, 1126, 1065, 858, 786 cm"1.

!H NMR (CDCb, 500 MHz): 5 7.84-7.81 (m, IH), 7.62-7.59 (m, IH),

7.45-7.39 (m, 2H), 4.85-4.81 (m, 2H), 4.41-4.33 (m, IH), 3.08-2.98 (m,

IH), 2.57-2.48 (m IH), 2.43-2.35 (m, IH), 2.15-2.04 (m IH), 1.99-1.89

(m, IH), 1.79-1.61 (m, 2H), 1.56-1.47 (m, IH), 1.05 (d, J= 6.5 Hz, 3H)

ppm.

13C NMR (CDCb, 125 MHz): 5 211.9, 150.8, 133.1, 132.6, 128.6, 125.1,77.7,48.5,38.5,38.4,

33.8,26.8, 18.5 ppm.

(2RAR, 1'S)-2-[1'-Phenyl-2'-nitroethyl]-4-ethylcyclohexanone (IV-9a):

IR(KBr) vmax: 3012, 2972, 2865, 1696, 1559, 1440, 1385, 737, 696 cm"1.

!H NMR (CDCb, 500 MHz): 5 7.37-7.29 (m, 3H), 7.19-7.15 (m, 2H),

4.72 (dd, J= 4.5, 12.5 Hz, IH), 4.61 (dd, J= 10.5, 13.0 Hz, IH), 3.80 (dt,

./= 4.5, 10.5 Hz, IH), 2.73-2.66 (m, IH), 2.52-2.41 (m, 2H), 2.04-1.95 (m,

III), 1.78-1.57 (m, 3H), 1.47-1.36 (m, 3H), 0.82- 0.78 (m, 3H) ppm

13C NMR (CDCb, 125 MHz): 5 213.0, 137.0, 129.0, 128.1, 79.0, 50.1, 44.0, 38.5, 35.4, 33.2,

32.0.26.2, 11.5 ppm

(2/?,lVV)-2-[l'-Phenyl-2'-nitroethyl]pyran-4-one(IV-10a):

IR (KBr) vmax: 3023, 2957, 2863, 1700, 1550, 1442, 1380, 1065 cm"1

XH NMR (CDCb, 500 MHz): 5 7.39-7.30 (m, 3H), 7.23-7.20 (m, 2H),

4.96 (dd, J= 4.5, 12.5 Hz, IH), 4.67 (dd, J= 10.5, 13.0 Hz IH), 4.20-4.15

(m, IH), 3.88-3.78 (m, 2H), 3.72 (ddd,J=l.0,5.0, 11.5Hz, IH), 3.30 (dd,

./= 9.0, 11.5 Hz, IH), 2.94-2.88 (m, IH), 2.74-2.66 (m, IH), 2.59 (td, J =

4.0, 14.0 Hz, lH)ppm

13C NMR (CDCb, 125 MHz): 5 207.4, 136.2, 129.3, 128.3, 127.9, 78.7, 71.6, 69.0, 53.3, 43.0,

41.3 ppm.
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Chapter 4: Asymmetric Michael Reaction

(2R,VS)-2-[1'-Phenyl-2'-nitroethyl[pentanone (IV-11a):

IR (KBr) vmax: 2967, 2360, 1731, 1595, 1550, 1377 cm"1.

lH NMR (CDCb, 500 MHz): 5 7.33-7.24 (m, 3H), 7.19-7.12 (m, 2H), 5.32

(dd, J= 5.5, 12.8 Hz, IH), 4.63 (dd, J= 9.5, 12.5 Hz, IH), 3.69 (dt, J= 5.5,

9.5 Hz, IH), 2.42-2.33 (m, 2H), 2.19-2.10 (m, IH), 1.95-1.85 (m 2H), 1.75-

1.60 (m2H) ppm.

13C NMR (CDCb, 125 MHz): 5 218.5, 137.6, 137.2, 128.7, 128.5, 78.2, 50.3, 44.0, 38.7, 28.2,

20.1 ppm

(47?)- 5-Nitro-4-phenylpentan-2-one(IV-13a):

IR (KBr) vmax: 3024, 2954, 2864, 1705, 1550, 1442, 1380 cm"1

lH NMR (CDCb, 500 MHz): 5 7.38-7.29 (m, 3H), 7.26-7.22 (m, 2H),

4.72 (dd, J = 6.5, 12.0 Hz, IH), 4.63 (dd, J = 8.0, 12.5 Hz, IH), 4.04

(quintet, J= 7.0 Hz, IH), 2.95 (d, J= 7.5 Hz, 2H), 2.12 (s, 3H) ppm

13C NMR (CDCb, 125 MHz): 5 205.5, 138.8, 129.1, 127.9, 127.4, 79.5, 64.4, 46.1, 39.0, 30.4,

29.7 ppm
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Chapter 4: AsymmetricMichael Reaction

4.5.4. HPLC data table for Michael products

Table 5: HPLC data for Michael adducts obtained from camphorsulfonamide-based prolinamide

Cat-la catalyzed Michael reactions.a>

S.No.

HPLC data

Major Product
(syn)

Column
(nm)

Flow rate
Solvent

IPA:Hex

tR
(min)

tR
(min)

1 °9 IV-3a
Chiralpak

AS-H
220 lml/min 15:85 18.0 21.5

2 f i N°2 IV-3b
Chiralpak

AD-H
254 lml/min 10:90 9.0 12.9

3
0(T

rv-3c
Chiralpak

AD-H
230 0.5ml/min 5:95 87.3 106.1

4 AX^"o2 IV-3d
Chiralpak

AS-H
220 lml/min 10:90 8.9 13.0

5 IV-3e
Chiralpak

AS-H
220 lml/min 15:85 9.2 14.0

6

CI

X rv-3f
Chiralpak

AS-H
220 lml/min 15:85 9.9 15.0

144

1



r

10

i

11"

12

13

14

Br

N02

Me

NO,

OMe

NO,

NO,

N02

N02
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IV-3h

IV-3i

IV-3J

IV-8a

IV-8b

N02 rv-9a

Chiralpak
AD-H

Chiralpak
AS-H

Chiralpak
AS-H

Chiralcel

AS-H

Chiralpak
AD-H

Chiralcel

OD-H

Chiralpak
AD-H

Chiralpak
AS-H

Chapter 4: Asymmetric MichaelReaction

254 lml/min 10:90 10.1 16.3

220 lml/min 15:85 10.4 14.7

238 0.7 ml/min 10:90 23.8 35.3

238 0.7 ml/min 30:70 11.7 16.8

254 0.7 ml/min 10:90 13.4 16.1

254 0.5ml/min 10:90 23.4 27.1

254 0.8ml/min 2:98 42.1 52.9

254 0.5ml/min 20:80 23.3 28.5
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15
AA/No,

O

IV-lOa
Chiralpak

AD-H
254 1 ml/min 20:80 18.3 21.9

16 JXX^.no2 IV-lla
Chiralpak

AD-H
254 lml/min 10:90 7.2 10.7

17 IV-13a
Chiralpak

AS-H
254 0.5 ml/min 20:80 31.7 43.1

1Structure of major enantiomer is shown.
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Chapter 5: Alkenyl-1.4-benzoquinones

Domino Reactions ofAlkenyl-l,4-benzoquinones

5.1. INTRODUCTION

Organic reactions are normally viewed as linear and stepwise processes, in which

isolation and purification of key intermediates often lead to diminished yields. The hunt for

economical, environmentally benign and more efficient synthetic pathways has led to the

development of rapid one-pot multistep processes viz, "tandem", "domino", "cascade", and

"sequential", processes that permit access to an array of molecules of high complexity and
stereoselectivity in an efficient and atom-economical manner [1-9]. As duly noted by Nicolaou,

terms including "tandem" are frequently used, apparently interchangeably [9], Tandem

reactions, according to Ho, are combinations oftwo or more reactions whose occurrence is in a
specific order, and ifthey involve sequential addition ofreagents the secondary reagents must be
integrated into the products [1]. Tietze's definition ofdomino reaction is aprocess involving two
or more bond-forming transformations (usually C-C bonds) which take place under the same

reaction conditions without adding additional reagents and catalysts, and in which the

subsequent reactions result as aconsequence ofthe functionality formed in the previous step [5],
The term "cascade" is another expression for "domino". In "sequential," reactions, the

functionality for the second reaction has been created but additional reagents must be added in
order for the second reaction to occur.

y The first domino reaction ofa natural product was presented by Robinson in his one-pot
synthesis of bicyclic tropinone, astructural component of several alkaloids such as cocaine and
atropine, by placing together a mixture of succindialdehyde, methylamine, and acetone-
dicarboxylic acid [10]. Adouble Mannich reaction is the key step in this synthesis (Scheme 1).

,Me
N

rCHO <P°2H „ IV
+ Me-NH2 + >=0 zCLJ\

^CHO \o2H ^^C

Scheme 1: Biomimetic domino synthesis of tropinone.
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An attractive example of domino process is the biosynthesis of steroids from squalene

epoxide which is transformed highly selectively into lanosterol with the formation of four C-C

bonds and six stereogenic centers [11,12] (Scheme 2).

Enzyme

Scheme 2: Biosynthesis of steroids from squalene epoxides.

Boger et al. used domino process involving Diels-Alder and [3+2] cycloadditions in their

total synthesis of (-)-vindorosine. Synthesis of a pentacyclic skeleton was achieved by inverse-

electron-demand intramolecular Diels-Alder reaction between oxadiazole ring and the tethered

enol ether and subsequent 1,3-dipolarcycloaddition [13].

o

C02Me Bn

Me TIPB,230°C

Me^

.Me

OBn

0.1 mmHg

Diels-Alder
reaction

C02Me C02Me

(-)-vindorosine

I 3+21

Cycloaddition

N

MeH C02Me

Scheme 3: Diels-Alder and [3+2] cycloaddition in the total synthesis of (-)-vindorosine.
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5.2. OBJECTIVE

Pericyclic reactions such as the Diels-Alder, ene, or electrocyclic reactions and non-

pericyclic reactions such as conjugate addition reactions are by themselves extremely useful

transformations. However, by combining two or more of these reactions the efficiency of the

reaction and molecular complexity of the products can be amplified. The domino process would

allow an ecologically and economically favorable chemical production with minimization of

waste, since the amount of solvents, reagents, and energy would be dramatically decreased, in

comparison to stepwise reactions. Often, these domino reactions are accompanied by dramatic

increases in molecular complexity and impressive selectivity. This methodology allows for the

rapid synthesis of complex compounds from simple substances in a few steps. Addition of

nucleophiles and dienic compounds to a,P-unsaturated carbonyl systems such as p-benzo-

quinones, forming carbon-carbon bonds, belong to the central tenet oforganic synthesis. Since

pericyclic reactions are the most common processes encountered in domino reactions, we were

interested to utilize alkenyl-p-benzoquinone derivatives as our starting material for domino

reactions to synthesize complex molecular architectures.

5.3. RESULTS AND DISCUSSION

We have selected a set of alkenyl-p-benzoquinones and enol ethers for the study of

domino cycloaddition reactions (Figure 1). The synthesis of alkenyl-p-benzoquinones began

Alkenvl-D-benzoauinones

0 0

JL^XOOMe
A

/^XOOEt

sLjj COOMe V COOEt

T
o

ii
o

Enol ethers

Q (0 - 0

Figure 1: Structures ofalkenyl-/?-benzoquinones and enol ethers.

with the formylation of/?-methoxyphenol as shown in Scheme 4. The reaction was carried out in
dry THF with paraformaldehyde, magnesium chloride and dry triethyl amine according to a
known procedure [14] to furnish the desired product in excellent yield.
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THF

Reflux

95%

CHO

Scheme 4: Formylation ofp-methoxyphenol.

The knoevenagel condensation of p-methoxysalicylaldehyde with dimethyl malonate

was performed in presence of piperidine and acetic acid under reflux conditions using Dean-

Stark apparatus. However, under these reaction conditions, instead ofdesired product alkenyl-/?-

methoxyphenol (V-4), the reaction proceeded further with the cyclization to provide coumarin

product V-2 by the attack ofphenolic -OH on the carbonyl carbon ofone ofthe ester moieties

(Scheme 5).

CHO ^COOMe

sCOOMe
H,C. ♦ O Toluene, AcOH

•>

Reflux

87%

OMe

COOMe

Scheme 5: Reaction betweenp-methoxysalicylaldehyde and dimethyl malonates.

To circumvent the formation of coumarin, the phenolic -OH function was protected in

the form of methyl ether. Thus the methylation ofp-methoxysalicylaldehyde was performed
with Me2S04 in 10% KOH solution. The reaction furnished the dimethyl ether V-3 in 82% yield

(Scheme 6).

CHO

+ Me2S04
10% KOH sol"

»•

Reflux

82%

OMe

CHO

Scheme 6: Methylation ofp-methoxysalicylaldehyde.

Then Knoevenagel condensation of 2,5-dimethoxybenzaldehyde was carried out with

dimethyl malonate in presence ofpiperidine and acetic acid using Dean-Stark trap as shown in
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Scheme 7. The condensation was reached completion in 10 h to afford desired alkenylarene V-4

in very high yield.

OMe

CHO

OMe

V-3

,COOMe

COOMe
h2c; *0 *

'N'
H

CH3COOH
Toluene

Reflux

89% L.OMe

V-4

OMe

.L^XOOMe
IL J> COOMe

Scheme 7: Synthesis of alkenylarene V-4.

Similarly, the condensation of 2,5-dimethoxybenzaldehyde with diethyl malonate was
performed under Knoevenagel conditions to furnish styrene V-5 in 87% yield (Scheme 8).

OMe

CHO
COOEt

+ H2CN +
COOEt N

H

+ CH3COOH
Toluene

k

Reflux
87%

OMe

Scheme8: Synthesis of alkenylarene V-5.

After synthesizing dimethyl ethers of hydroquinone V-4 and V-5, these compounds were
subjected to oxidation with eerie ammonium nitrate solution in acetonitrile-water at room
temperature to provide corresponding products alkenyl p-benzoquinone in excellent yields [15]
(Scheme 9).

OMe

OMe

V-4: R = COOMe
V-5: R = COOEt

CAN, rt ^

CH3CN, H20

V-6: R = COOMe
V-7: R = COOEt

Scheme 9: Synthesis of alkenyl p-benzoquinones.

Then the reactions of alkenyl p-benzoquinones were carried out with different enol
ethers. At the outset, we performed the reaction ofalkenyl-p-quinone V-6 with 2,3-dihydrofuran
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in various solvent systems at different temperature as shown in Table 1. When the reaction was

carried out in DCM, no reaction was observed at room temperature as well as under reflux

conditions. When the reaction was performed in other polar solvent THF at room temperature,

fura-fused coumarin V-8 derived from a [3+2] cycloaddition/ring closure domino process was

Table 1: Optimization conditions for the synthesis oftetracyclic compound V-8a).

o

J-L >\ iCOOMe

o

COOMe o
solvent

COOMe

V-6 V-8

Entry Solvent Temp Time Yield (%)b>

1. DCM rt 4d -

2. Toluene rt 36 h 30

3. THF rt 2d 15

4. DCM reflux 4d -

5. Toluene reflux 24 h 40

6. THF reflux 2d 25

7. Neat rt lOh 70

8. Neat reflux 8h 45

a) The reactions in entries 1-3 were carried out with V-6 (0.3 mM) and DHF (0. 5 mM) and that

of entries 4-6 were carried out with V-6 (1.0 mM) and DHF (2.0 mM). The neat reactions

(entries 7 and 8) were carried out with V-6 (1.0 mM) and DHF (2.5 mL). b) Yield of pure and
column chromatographically isolated product.

obtained in 15% yield. However, when both the reactants were treated in less polar solvent

toluene, 30% product was achieved in 36 h. To improve the yield ofthe tetracyclic product V-8,

the reactions were heated to reflux temperature in THF as well as in toluene. The reactions
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furnished the product V-8 in 25 and 40% yields, in 2 days and 24 h, respectively. When the
reactions were heated for longer time, no further conversion ofreactant to product was observed.

Next we examined the reaction in neat condition. The reaction was performed between diene (1

mM) and dienophile (10 mM) at room temperature for 10 h. Then about 5 mL ofhexane was
added to the reaction mixture and theflask was kept at 0 °C for 2 h. Gratifyingly, the product V-

8was obtained as apure solid in 70% yield after filtration (Tablel, entry 7). However, when the
reaction was carried out at reflux temperature in neat condition, only 45% of the product was

observed. Thus optimal results were observed as solvent free conditions at room temperature.

The reaction between alkenyl-p-benzoquinone V-6 and DHF proceeded in a domino

conjugate addition of enol ether followed by tautomerization to aphenolic nucleophile and ring
closure. The domino process proceeds by (i) conjugate addition of enol ether followed by ring

o o

V-8

och3

Michael addition
-

Ring closure

C02CH3

Ring closure

C02CH3

V-10

Scheme 10: Formation of furo-furocoumarin V-8 by conjugate addition/double cyclization
domino process.

closure to generate cationic intermediate V-9 and (11) keto-enol tautomerization of V-9 to a
phenolic nucleophile V-10 and subsequent ring closure to give [3+2] cycloadduct furo-
furocoumarin V-8. After optimizing the reaction conditions for the synthesis of tetracycle V-8,
we have performed the reaction between alkenyl-p-quinone V-7 with 2,3-dihydrofuran under
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similar conditions. The reaction proceeded at room temperature for 9 h to furnish the tetracyclic

product V-ll in very good yield (Scheme 11).

o

O

XOOEt

V-7

rt, 9h

71%

COOEt

V-11

Scheme 11: Conjugate addition/double cyclization domino process of alkenyl p-benzoquinone

V-7 with DHF.

The structure elucidation of polycycles V-8 and V-ll is on the basis of collective

information that obtained from IR, 'H and 13C NMR and 2D ('H-'H and *H-13C COSY)

experiments of pure and isolated products. The identification of protons that are coupled with

each other and the connectivity between protons and carbons are realized by 'H-'H COSY and
'll-'-'C COSY, respectively (Table 2, Figures 2 and 3). The carbonyl stretch at 1766 cm"1 in IR
spectrum ofV-8 is a characteristic band for coumarin systems. The olefinic proton ofthe lactone

ring resonates at 5 8.57 ppm. The two aromatic protons appear as an AB quartet centered at 8

7.17 ppm The two protons (H-4c and H-7a) present on the fused carbons of five-membered

rings resonate at 54.27 and 6.52 ppm, respectively. The coupling constant 6.0 Hz between these

two protons is indicative of their cw-geometry. The ester and lactone carbonyl carbons resonate

at 5 164 and 156 ppm, respectively, in 13C NMR. The acetal carbon C-7a resonates at 5 112.3

ppm and the methyl group of carboxylic ester appears at 5 53.1 ppm The mass value of 288

confirmsthe molecular weight of this compound.

Similar data was obtained for the tetracycle V-ll from its IR, *H and 13C NMR spectra.

The NMR data of protons and selected carbons of the products V-8 and V-ll is depicted in

Table 2. The small coupling constant obtained for protons at fused rings revealed the cis-

addition of dihydrofuran to p-benzoquinone derivative V-7. The NOESY experiment further

confirmed the c/s-geometry of H-4c and H-7a on the fused carbons of five-membered rings of

V-ll (Figure4).
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pounds V-8 and V-ll.

c
o

eg

©
a-

?2 " 12, _,A2 COOCH3
i T310al y

[i ^T4a

8^7a)*h58°T\ J 6
H °7

V-8

9 11 12 13
! J*3 XOOCH2CH3
9 M3

10al \\
n ^T4a

9sl^Ub H
8a\ 1^—1 **

8°"T\ J 6
H°7

V-ll

5H(ppm)
(multiplicity)

6C(ppm)
SH(ppm)

(multiplicity)
5c (ppm)

C-2 -

156.5/155.9 -

156.3/155.7

C-4 8.57 (s) 144.6 8.50 (s) 143.8

C-4c 4.27(dd,J=6.0,9.0Hz) 45.6 4.24 (dd, J =5.5, 9.0 Hz) 45.4

C-5
2.54-2.44 (m), 2.13 (dd, J =

4.5, 12.0 Hz)
33.3

2.50-2.40 (m), 2.10 (dd, J =

5.0, 12.5 Hz)
33.1

C-6
4.21 (t,J =8.0 Hz), 3.71 (ddd,

J= 5.0,9.0, 14.0 Hz)
67.3

4.18 (t, J = 8.5 Hz), 3.68

(ddd, J =5.0, 9.0, 14.0 Hz)

67.2

C-7o 6.52(d,J=6.0Hz) 112.3 6.49 (d, .7=5.5 Hz) 112.2

C-9
7.17 (AB quartet,J = 8.5, 43.5

Hz)
115.8

7.13 (AB quartet, J = 9.0,

46.0 Hz)
115.4

C-10
7.17 (AB quartet, J = 8.5, 43.5

Hz)
117.1

7.13 (AB quartet, J = 9.0,

46.0 Hz)
116.8

C-ll -

163.9 -

163.1

C-12 4.00 (s) 53.1 4.44(q,J=7.0Hz) 62.0

C-13 -

-
1.42(t,J=7.0Hz) 14.1

16 i



Chapter5: Alkenyl-1,4-benzoquinones
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\T V-8
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Figure 2: ^-'H and 'H-13C (HSQC) COSY spectra ofV-8.
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Figure^H-'H and 'H-"C (HSQC) COSY spectra ofV-ll.
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Figure 4: 500 MHz NOESY Spectrum ofV-ll in CDCfe

The structure and stereo

chemistry of tetracyclic

product V-ll was further

confirmed by its single

crystal X-ray analysis

(Figure 5, Table 3).

0

Jis^COOEt
ppm Xj
-2 UsH
-1

0

St

H °

1 • .".,,

ill i

*" itlr'

*i

Figure 5: ORTEP diagram ofcrystal structure of tetracyclic
compound V-ll.
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>
Table 3: Crystallographic data for furo-furocoumarin derivative V-ll.

Empirical formula Cl6 Hl4 06

Formula weight 302.27

Temperature 293(2)K

Wavelength 0.71073 A

V
Crystal system Triclinic

Space group P-l

Unit cell dimensions a = 8.756(2) A a= 84.180(4)°.

b = 8.879(2) A P= 73.556(4)°.

c = 9.397(2) A y = 74.346(4)°.

Volume 674.4(3) A3

Z 2

1
Density (calculated)

Absorption coefficient

1.489 Mg/m3

0.115 mm-1

F(000) 316

Crystal size 0.28x0.24x0.20 mm3

Theta range for data collection 2.26 to 25.84°

Reflections collected 6397

Independent reflections 2431 [R(int) = 0.0283]

Completeness to theta = 25.84° 93.4 %

> Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.9774 and 0.9685

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 2431 / 0/200

Goodness-of-fit on F2 1.037

Final R indices [I>2sigma(I)] Rl =0.0547, wR2 = 0.1347

r-

R indices (all data)

Largest diff. peak and hole

Rl =0.0674, wR2 = 0.1440

0.225 and-0.229 e.A'3
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At this juncture we have carried out the domino reaction between alkenyl-p-

benzoquinones V-6 and V-7 with dihydropyran. Thus the reaction of alkenyl-p-benzoquinones

V-6 with excess of dihydropyran under neat conditions proceeded smoothly at roomtemperature

to furnish the pyrano-fused furocoumarin derivative V-12 in very good yield. In a similar

fashion the reaction between alkenyl-7>benzoquinones V-7 and excess of dihydropyran provided

the tetracyclic compound V-13 (Scheme 12).

These products were thoroughly characterized by IR, NMR and GC-MS spectral data.

The 'H-'H COSY and !H-13C COSY experiments were carried out for these compounds in

CDCI3 to identify the protons that are coupled with each other and the connectivity between

protons and carbons, respectively (Table 4, Figures 6 and 7). The coupling constant between H-

4c and H-8a of V-12 and V-13 is 6.5 Hz; this small value indicates their czs-relation. The

ROESY experiment performed on these products further confirmed the c/s-geometry of H-4c

and H-8a on the fused carbons of five-membered and six-membered rings of V-12 and V-13

(Figure 8).

COOR

XX COOR

O

V-6; R = Me
V-7; R = Et

O

COOMe

V-12

COOEt

H O-
V-13

65%

Scheme 12: Conjugate addition/double cyclization domino process of alkenyl p-benzoquinone

V-6 and V-7 with DHP.
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Table 4: Spectral data for tetracyclic compounds V-12 and V-13.

Position
91213

1
JX^COOCH3 op

H0-^7 n8

V-12

9121314
,XX,COOCH2CH3

Hal
l| 11r|^r4a

V-13

5H(ppm)

(multiplicity)

5c
(ppm)

5H(ppm)

(multiplicity)

5c
(ppm)

C-2-
156.5 -

156.6

C-4
8.49
(s)

144.8
8.43
(s)

144.4

C-4c
3.52(q,J=6.5Hz)

37.0
3.51

(q,J=7Hz)
37.1

C-5
1.71-1.60
(m),

1.84-1.74
(m)
20.4

1.70-1.58
(m),

1.83-1.75
(m)

20.5

C-6
1.71-1.60
(m),

2.28-2.21
(m)
25.4

1.70-1.58
(m),

2.28-2.20
(m)

25.5

C-7
3.96-3.91
(m)

61.2
3.95-3.90
(m)

61.3

C-8a
6.06(d,J=6.0Hz)

105.5
6.05
(d,
J=6.5Hz)

105.6

C-10
7.18(ABquartet,
J=9.0,
18.0Hz)
116.4
7.16(ABquartet,
J=8.5,
19Hz)

116.3

C-ll
7.18(ABquartet,
J=9.0,
18.0Hz)

116.3
7.16(ABquartet,
J=8.5,
19Hz)

116.3

C-12-
163.7 -

163.3

C-13
3.99
(s)

52.9
4.48-4.41
(m)

62.1

C-14 -
-

1.43(t,
J=7.0Hz)

14.2
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Figure 8: 500 IVlHz ROESY spectrum ofV-13 in CDCb.

Encouraged by the results from the domino reactions between alkenyl-/>benzoquinones

V-6 and V-7 and cyclic enol ethers DHF and DHP, we next turned our attention on the reactions

of V-6 and V-7 with acyclic ethyl vinyl ether. Thus, the treatment of alkenyl-/>benzoquinone

V-6 with excess ethyl vinyl ether under neat conditions at room temperature provided a tricyclic

product V-14 derived from double Diels-Alder reaction in a domino fashion in 67% isolated
yield. The analogous reaction of V-7 with ethyl vinyl ether was performed under similar
conditions. The reaction proceeded smoothly at room temperature and reached completion in 8h

to furnish the tetrahydro-benzochromene derivative V-15 ingood yield.

V-6
V-7

OCH2CH3

0"

o
^COOR

8-12 h ^COOR
x^ "*OCH2CH

OH

R = Me
R = Et

V-14
V-15

67%
60%

Scheme 13: Domino reaction of alkenyl-p-benzoquinones V-6 and V-7 and ethyl vinyl ether.
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The formation of tetrahydo-benzochromene derivatives V-14 and V-15 can be explained

based on the probable mechanism for the domino process shown in Scheme 14. The highly

electron-deficient diene V-6/V-7 undergoes inverse electron-demand Diels-Alder cycloaddition

with electron-rich dienophilic ethyl vinyl ether to produce Diels-Alder adduct V-16. The

addition of second molecule of ethyl vinyl ether to V-16 generates the target tricyclic system V-

14/V-15 via the keto-enol tautomerization of the adduct V-18. Another pathway is the addition

ofsecond molecule ofethyl vinyl ether to the enol-tautomer V-17 ofV-16 to deliver the desired

product.

V-6

Diels-Alder
reaction

Et.

V-16

,COOMe

"COOMe

OEt

CiP

HCOOMe

COOMe & /r-
\ sV®/

OEt

0>V)U^J COOMe
COOMe &

V^^OEt

^HCOOMe

COOMe

OEt

OH v-17

Scheme 14: Plausible mechanism for the formation of tetrahydro-benzochromene derivative
V-14 by a domino process.

These products V-14 and V-15 were thoroughly characterized by IR, NMR spectral data.
The 'H-'H COSY and 'H-13C COSY experiments were carried out for these compounds in
CDC13 to identify the protons that are coupled with each other and the connectivity between
protons and carbons, respectively (Table 5, Figures 9 and 10). The 2D COSY experiments
indicated the czs-geometry ofH-2 and H-3a; and H-3a and H-5.
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Table 5:!spectral data for tricyclic compounds V-14 and V-15.
A

10 11

OCH2CH3
10 11

OCH2CH3

c

©
PL,

19^Y 12 13
9al 9b ha COOCH3

9rT ^r 2tC12' 13'I ^PCOOCH3
8\j^6a^5^0CH2CH3

5H
V-14

19^^3 12 13 14
9al gb l3a COOCH2CH3

9n ^Y^ afC12' 13' 14'4PC00CH2CH3

1] 6 1Q. Oft J
OH

V-15
i

6H(ppm)
5c (ppm)

5H(ppm)
8c (ppm)

(multiplicity) (multiplicity)

C-2 5.09 (dd, J= 2.5,9.5 Hz) 100.4 5.08 (dd, J =2.5, 9.5 Hz) 100.4

C-3 2.39 (dt,/= 9.5, 13.0 Hz), 2.04
30.4

2.40 (dt, J = 9.5, 12.5 Hz), 2.06 (qd,
30.4

(qd, 7=2.5, 13.0 Hz) J =2.5, 12.5 Hz

C-3a 3.59-3.50 (m) 39.9 3.57-3.48 (m) 39.8

C-5 4.15 (dd, J =6.5, 10.0 Hz) 79.6 4.174.10 (m) 79.8
>

C-6 3.20 (dd, J =6.5, 17.0 Hz),

2.89 (dd, J =10.5, 17.5 Hz)
28.5

3.18 (dd, J =6.5, 17.0 Hz), 2.91 (dd,

J= 10.0, 17.0 Hz)
28.6

C-8 6.57 (dd,J= 8.5, 17.0 Hz) 114.6 6.55 (AB quartet, J = 8.5, 11.5 Hz) 114.4

C-9 6.57 (dd, J =8.5, 17.0 Hz) 114.4 6.55 (AB quartet, J =8.5, 11.5 Hz) 114.3

C-10 3.68-3.64 (m), 4.10-4.03 (m) 64.5 3.68-3.61 (m), 4.09-4.02 (m) 64.6

C-l 1 1.28 (t, J =7.0 Hz) 15.2 1.33-1.25 (m) 15.4

C-10' 3.59-3.50 (m), 3.79-3.73 (m) 61.1 3.79-3.71 (m), 3.57-3.48 (m) 66.1
f

c-ir 1.20 0,/= 7.0 Hz) 15.5 1.18(t,J=7.0Hz) 15.2

C-13 3.82 (s) 52.9 4.17-4.10 (m), 4.09-4.02 (m) 60.9

C-13' 3.62 (s) 52.1 4.34-4.22 (m) 62.0

C-14 -
-

1.33-1.25 (m) 15.2

C-l 4' -
-

1.08 (t, .7=7.0 Hz) 13.8

•i
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Chapter 5: Alkenyl-1,4-benzoqninones

After studying the domino processes of alkenyl-p-benzoquinones with cyclic and acyclic

enol ethers, we became interested to assess their reactivity with five-membered oxygen

heterocycles. Accordingly, the reaction of alkenyl-p-benzoquinone V-7 with 2-methylfuran was

tested under neat conditions at room temperature. After usual isolation (vide supra) a yellowish

solid was obtained in its pure form. The IR spectrum of this compound reveals the presence of

hydroxy, ketonic and ester carbonyls, ether functional groups. After careful analysis of its *H

and 13C NMR and DEPT spectral data it was found to be a nonacyclic compound derived from

the addition of two molecules of p-benzoquinone derivative V-7 and three molecules of

methylfuran. The *H NMR reveals the presence of seven methyl groups in five sets. These

signals are centered at 5 1.66 (CH3), 1.59 (CH3), 1.56 (CH3), 1.32 (2 CH3) and 1.19 (2 CH3)

ppm; the former three are of methyl group bearing allylic proton and the latter two are of ethyl

moiety. The signals of four methylenes of ethyl groups appeared as a multiplet at 8 4.40-4.15

ppm The phenolic hydroxy proton resonates at 8 5.94 ppm The analysis of13C NMR and DEPT

spectra confirms the presence of seven methyl carbons and four methylene carbons. Further, the

appearance of 16 methyne carbons and 16 quaternary carbons in 13C NMR spectrum confirms
the presence of 43 carbon atoms in all in the molecule. Based on these spectral data and the

reactivity pattern of the dienic alkenyl-p-benzoquinone V-7 and dienophilic 2-methylfuran the

isomeric structureV-19a or V-19b is tentatively assigned for this polycyclic adduct out of which

the former is most likely structure (Figure 11). The exact structure and relative stereochemistry

await confirmation.

V-19a

Figure 11: Structures of isomeric nonacyclic systems V-19a and V-19b.

The plausible sequence of the domino process that resulted inthe formation of the adduct

V-19 is depicted in Scheme 15. The initial Diels-Alder reaction between alkenyl-p-benzo-
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Chapter 5. Alkenyl-1,4-benzoquinones

quinone V-7 and 2-methylfuran produces the cycloadduct V-20. The Diels-Alder reaction

between heterodiene V-20 and 2-methylfuran provides the pentacyclic adduct V-21. The hetero

Diels-Alder reaction between the in situ generated hetero diene V-20 and pentacyclic enone V-

21, in a convergent route, enables the formation of final nonacyclic system V-19.

The current one-pot and three-step protocol afforded 62% yield of the polycycle V-19

with 85% average yield per step. This remarkable, highly efficient and convergent synthesis of

thenonacyclic system demonstrates the great power of domino process in the rapid construction

R = C02Et

Diels-Alder
reaction

Hetero Diels-Alder
reaction

V-19a --

Hetero Diels-Alder
reaction

V-19b -

V-20 V-21

Scheme 15: The triple Diels-Alder cycloaddition domino process in the formation of nona

cyclic adduct V-19.
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Chapter 5. Alkenyl-1.4-benzoquinones

of molecular complexity in a concise fashion; indeed, the domino process described herein

enabled the formation of nine rings, six carbon-carbon bonds, two carbon-oxygen bonds and

eleven new stereogenic centers injust three steps. Infact we have isolated a single diastereomer

from the possible 1024 diastereomers; or a pair of enantiomers out of possible 2048 stereo

isomers!

We envisioned that by lowering the reaction temperature, the reactivity between alkenyl-

p-benzoquinone V-7, 2-methylfuran and/or the initially formed mono-adduct can be lowered.

Thus the reaction between V-7 and 2-methylfuran was tested at 10 °C under neat conditions.

Delightfully, a 1:1 Diels-Alder cycloadduct V-20 derived from V-7 and 2-methylfuran was

isolated in 75% yield after 16 h (Scheme 16).

X^XOOEt
ILjl COOEt

O

V-7

n
X'

COOEt

10°C,16h

75%

V-20

Scheme 16: The Diels-Alder cycloaddition between alkenyl-p-benzoquinone V-7 and 2-

methylfuran.

The reaction between alkenyl-p-benzoquinone V-6 and 2-methylfuran was also

performed at 10 °C under neat conditions. Again, the Diels-Alder cycloadduct V-22 derived
from 1:1 addition ofV-6 and 2-methylfuran was isolated in 78% yield. The cw-geometry ofthe

hydrogens present on the five-membered ring junction of [4+2] adducts V-29 and V-22 is
confirmed on the basis oflow coupling constants of these protons in *H NMR (Schemel7).

oJL^COOMe
HiJ COOMe

V-6

vO

COOMe

10°C, 15h

78%

V-22

Scheme 17: The Diels-Alder cycloaddition between alkenyl-p-benzoquinone V-6 and 2-

methylfuran.
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5.4. CONCLUSION

We have synthesized alkenyl-1,4-bezoquinones and evaluated their reactivity with

several electron-rich cyclic and acyclic enol ethers. These reactions provided products from

diversified pathways based on the nature of the reacting partners and reaction conditions.

However, a single diastereomeric product was isolated in each case although a priori many

modes of cycloadditions are possible showing that the domino process is highly selective. The

chemical yields of these one-pot reactions are noteworthy. The domino processes presented

herein furnished the products of molecular complexity with impressive stereocontrol. Thus

alkenyl-p-benzoquinones have been used as simple starting materials for the domino processes

that generated polycyclic products with a plethora of functional groups.
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5.5. EXPERIMENTAL

5.5.1. General

All reagents were purchased at the highest commercial quality and used without further

purification. Solvents were purified by standard methods. Reactions were monitored by thin-

layer chromatography (TLC) carried out on 0.25 mm E. Merck silica gel plates (60F-254) using

UV light as visualizing agent and/or iodine as developing agent. Melting points are uncorrected.

IR spectra of the compounds were recorded on a Thermo Nicolet FT-IR Nexus and are

expressed as wavenumbers (cm"1). *H NMR (500.13 MHz) and 13C NMR (125.76 MHz) spectra
were recorded on Broker AMX-500 instrument. The following abbreviations were used to

explain the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, b =

broad.

Methyl 6-methoxycoumarin-3-carboxylate (V-2):

To a solution of p-methoxysalicylaldehyde (5.0 g, 30 mM) in toluene was added dimethyl

malonate (4.13 mL, 36 mM), piperidine (1.7 mL), glacial acetic acid (1.8 mL, 36 mM)

successively. The reaction flask was fitted with a Dean-Stark trap and solution was refluxed

overnight. After completion of the reaction, the excess toluene was evaporated under reduced

pressure then the residue was diluted with ether and washed successively with saturated

NaHC03, brine solution and water. The organic layer was dried over anhyd. Na2S04,

concentrated under reduced pressure and the crude mixture was subjected to silica gel column

chromatography, EtOAc/hexanes (10:90-20:80) to obtain pure product V-4 as light yellow solid.

IR (KBr) vmax: 2998, 2985, 1766, 1735, 1728, 1259, 1020, 835, 738, 717 cm"1.

lH NMR (CDCb, 500 MHz): 6 3.87 (s, 3H), 3.96 (s, 3H), 7.03 (s, IH), 7.24

(d, J = 4.5 Hz, IH), 7.31 (d, J= 5.0 Hz, IH), 8.53 (s, IH).

13C NMR (CDCb, 125 MHz): 8 163.8 (Q, 156.9 (Q, 156.3 (Q, 149.8

(O, 149.0 (CH), 122.8 (CH), 118.1 (CH), 117.9 (CH), 110.6 (CH), 55.9

(CH3), 52.9 (CH3).
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Dimethyl 2-(2,5-dimethoxybenzylidene)malonate (V-4):

Compound V-4 was synthesized from p-methoxysalicylaldehyde (5.0 g, 30 mM) and dimethyl

malonate (4.13 mL, 36 mM) following the procedure described for the synthesis of compound

V-2

Time: 10 h.

Yield: 7.39 g (88%) as light yellow solid.

MP: 58-60 °C.

IR (KBr) vmai: 3019, 2949, 1743, 1725, 1625, 1439, 1360, 1248, 1071, 1035, 855, 809, 736

cm"1.

!HNMR (CDCb, 500 MHz): 8 8.08 (d, J= 4.0 Hz, IH), 6.96-6.89 (m,

2H), 6.84 (dd, .7=3.5, 8.0 Hz, IH), 3.87-3.84 (m, 3H), 3.83-3.78 (m, 6H),

3.76-3.72 (m, 3H) ppm

13C NMR (CDCb, 125 MHz): 8 167.0 (Q, 164.6 (Q, 153.1 (Q, 152.4 (Q, 138.6 (CH), 125.3

(O, 122.4 (Q, 117.8 (CH), 113.5 (CH), 111.9 (CH), 55.9 (CH3), 55.6 (CH3), 52.4 (CH3), 52.4

(CH3).

Diethyl 2-(2,5-dimethoxybenzylidene)malonate (V-5):

Compound V-5 was synthesized from p-methoxysalicylaldehyde (5 g, 30 mM) and diethyl

malonate (5.81 mL, 36 mM) following the procedure described for the synthesis of compound

V-2.

Time: 9 h.

Yield: 8.31 g (90%) as light yellow solid.

MP: 60-62 °C.

IR (KBr) vmax: 3060, 2991, 1766, 1625, 1459, 1365, 1245, 1085, 947,

917,821 cm"1.

lHNMR (CDCb, 500 MHz): 88.04 (s, IH), 6.96 (d, J= 3.0 Hz, IH),
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6.91 (dd, J= 3.0, 8.5 Hz, IH), 6.82 (d, J= 9.0 Hz, IH), 4.32-4.25 (m, 4H), 3.81- 3.79 (m, 3H),

3.73-3.71 (m, 3H), 1.32(t, J = 7.0Hz, 3H), 1.25 (t,J= 7.0 Hz, 3H) ppm

13C NMR (CDCb, 125 MHz): 8 166.7 (Q, 164.2 (Q, 153.1, (Q, 152.4 (Q, 137.8 (CH), 126.2

(O, 122.5 (Q, 117.5 (CH), 113.8 (CH), 111.9 (CH), 61.4 (CH2), 61.4 (CH2), 55.9 (CH3), 55.6

(CH3), 14.1 (CH3), 13.8 (CH3) ppm

Dimethyl 2-[(3,6-dioxocyclohexa-l,4-dienyl)methylene]malonate (V-6):

A solution of ceric ammonium nitrate (14.65 g, 26.7 mM) in CH3CN (15 mL) and H20 (15 mL)

was poured into a solution of compound V-4 (3 g, 10.7 mM) in CH3CN (30 mL) with rapid
stirring. The colour changed rapidly from orange to red. After 20 min, brine solution was added
and the organic layer was separated. The aqueous layer was extracted with chloroform. The
combined organic layer was concentrated under reduced pressure and the residue was dissolved
in chloroform. The chloroform solution was washed with water to remove inorganic salts. The

organic layer was dried over anhyd. Na2S04, concentrated under reduced pressure. The residue
was purified by silica gel chromatography using EtOAc/hexanes (20:80-50:50) to afford pure

product V-6.

Time: 20 min.

Yield: 2.45 g (92%) as brown dense liquid.

IR (KBr) vmax: 2984, 2943, 1727, 1624, 1496, 1381, 1235, 1062, 877, 810, 709 cm"1.

•H NMR (CDCb, 500 MHz): 8 7.65 (s, IH), 6.89-6.81 (m, 3H), 3.89 (s,

3H), 3.86 (s,3H) ppm

13C NMR (CDCb, 125 MHz): 8 185.4 (Q, 184.2 (Q, 165.3, (Q, 163.6

(O, 136.2 (CH), 136.0 (CH), 133.0 (CH), 132.4 (CH), 13.8 (CH3), 13.7

(CH3) ppm

Diethyl 2-[(3,6-dioxocyclohexa-l,4-dienyl)methylene]malonate (V-7):

Compound V-7 was synthesized from V-5 (3 g, 9.7 mM) in CH3CN (30 mL) was added ceric
ammonium nitrate (14.65 g, 26.7 mM) in CH3CN (15 mL) and H20 (15 mL) following the
procedure described for the synthesis ofcompound V-6.
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Chapter5: Alkenyl-1,4-benzoquinones

Time: 20 min.

Yield: 2.50 g (93%) as brown dense liquid.

IR (KBr) vmax: 2980, 2945, 1730, 1628, 1489, 1378, 1230, 1065, 875, 796 cm"1

•il NMR (CDCb, 500 MHz): 8 7.61 (d, J = 1.5 Hz, IH), 6.90-6.81 (m,

3H), 4.36-4.30 (m, 4H), 1.38-1.30 (m, 6H) ppm

13C NMR (CDCb, 125 MHz): 8 186.4 (Q, 184.6 (Q, 164.3, (Q, 162.6

(Q, 136.7 (CH), 136.4 (CH), 133.6 (CH), 132.6 (CH), 62.1 (CH2), 61.9

(CH2), 13.9 (CH3), 13.8 (CH3) ppm.

Furo-furocoumarin derivative V-8:

A mixture of DHF (1.5 mL) and alkenyl-p-benzoquinone V-6 (200 mg, 0.8 mM) was stirred at

room temperature for 10 h. Then about 5 mL of hexane was added to the reaction mixture and

the flask was kept at 0 °C for 2 h. During this period a solid was formed and it was filtered to

afford pure product V-8.

Time: 10 h.

Yield: 161 mg (70%) as yellow solid.

MP: 208-210 °C.

IR (KBr) vmax: 3060, 2991, 1766, 1625, 1571, 1459, 1365, 1245, 1085, 1025, 947, 821 cm"1.

!H NMR (CDCb, 500 MHz): 8 8.57 (s, IH), 7.17 (AB quartet, J = 8.5,

43.5 Hz, 2H), 6.52 (d, J= 6.0 Hz, IH), 4.27 (dd,J= 6.0, 9.0 Hz, IH), 4.21

(t,./ = 8.0 Hz, IH), 4.00 (s, 3H), 3.71 (ddd, J= 5.0, 9.0, 14.0 Hz, IH), 2.54-

2.44 (m, IH), 2.13 (dd, J= 4.5, 12.0 Hz, IH) ppm

13C NMR (CDCb, 125 MHz): 8 163.9 (Q, 156.5 (Q, 155.9 (Q, 150.3, (Q, 144.6 (CH), 125.0

(O, 118.8 (O, 117.1 (CH), 115.8 (CH), 114.5 (Q, 112.3 (CH), 67.3 (CH2), 53.1 (CH3), 45.6

(CH), 33.3 (CH2) ppm
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Furo-furocoumarin derivative V-ll:

The compound V-ll was synthesized from DHF (1.5 mL) alkenyl-p-benzoquinone V-7 (200
mg, 0.8 mM) at room temperature following the procedure described for the synthesis of

compound V-8.

Time: 9 h

Yield: 154 mg (71%) as yellow solid.

MP: 152-154 °C.

IR (KBr) vmax: 2991, 2921, 1713, 1669, 1469, 1330, 1243, 1091, 917, 896, 813 cm"1.

!H NMR (CDCb, 500 MHz): 8 8.50 (s, IH), 7.13 (AB quartet, J = 9.0,

46.0 Hz, 2H), 6.49 (d, J = 5.5 Hz, IH), 4.44 (q, J = 7.0 Hz, 2H),4.24 (dd, J
= 5.5, 9.0 Hz, IH), 4.18 (t, J= 8.5 Hz, IH), 3.68 (ddd, J = 5.0, 9.0, 14.0

Hz, IH), 2.50-2.40 (m, IH), 2.10 (dd, J= 5.0, 12.5 Hz, IH), 1.42 (t, J= 7.0

Hz, 3H) ppm

13C NMR (CDCb, 125 MHz): 8 163.1 (Q, 156.3 (Q, 155.7 (Q, 150.1 (Q, 143.8 (CH), 124.9
(O, 119.0 (O, 116.8 (CH), 115.4 (CH), 114.4 (Q, 112.2 (CH), 67.2 (CH2), 62.0 (CH2), 45.4
(CH), 33.1 (CH2), 14.1 (CH3) ppm

Pyrano-furocoumarin derivative V-12:

This compound was synthesized from DHP (2 mL) and alkenyl-p-benzoquinone V-6 (250 mg,
1.0 mM) at room temperature following the procedure described for the synthesis of compound
V-8.

Time: 12 h.

Yield: 202 mg (67%) asyellowsolid.

MP: 124-126 °C.

IR (KBr) vmax: 3012, 2947, 1731, 1684, 1621, 1442, 1261, 1120, 1072,

941,821,725 cm"1.

!H NMR (CDCb, 500 MHz): 88.49 (s, IH), 7.18 (AB quartet, J=9.0, 18.0 Hz, 2H), 6.06 (d, J
=6.0 Hz, IH), 3.99 (s, 3H), 3.96-3.91 (m, 2H), 3.52 (q, J=7.0 Hz, IH), 2.28-2.21 (m, IH),
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1.84-1.74 (m, IH), 1.71-1.60 (m, 2H) ppm

13C NMR (CDCb, 125 MHz): 8 163.7 (Q, 156.5 (Q, 153.6 (Q, 149.7, (C), 144.8 (CH), 129.0

(O, H8.4 (O, 116.4 (CH), 116.3 (CH), 114.5 (Q, 105.5 (CH), 61.2 (CH2), 52.9 (CH3), 37.0

(CH), 25.4 (CH2), 20.4 (CH2) ppm

Pyrano-furocoumarin derivative V-13:

This compound was prepared from DHP (2 mL) and alkenyl-p-benzoquinone V-7 (250 mg, 0.9

mM) at room temperature following the procedure described for thesynthesis of compound V-8.

Time: 9 h.

Yield: 183 mg (65%) as yellow solid.

MP: 146-148 °C.

IR (KBr) vmax: 3020, 2952, 1726, 1622, 1460, 1363, 1270, 1186, 1017, 920, 839, 789 cm"1

•il NMR (CDCb, 500 MHz): 8 8.43 (s, IH), 7.16 (AB quartet, J = 8.5,

19.0 Hz, 2H), 6.05 (d,J = 6.5Hz, IH), 4.47-4.41 (m, 2H), 3.95-3.90 (m,

2H), 3.51 (q, J = 7.0 Hz, IH), 2.28-2.20 (m, IH), 1.83-1.75 (m, IH),

1.70-1.58 (m,2H), 1.43 (t, J = 7.0 Hz, 3H) ppm

13C NMR (CDCb, 125 MHz): 8 163.3 (Q, 156.6 (Q, 153.7 (Q, 153.6 (Q, 149.7, (Q, 144.4

(CH), 129.0 (O, 118.9 (Q, 116.3 (CH), 114.7 (Q, 105.6 (CH), 62.1 (CH2), 61.3 (CH2), 37.1

(CH), 25.5 (CH2), 20.5 (CH2), 14.2(CH3) ppm.

Dimethyl 2,5-diethoxy-7-hydroxy-3,3a,5,6-tetrahydrobenzo[<fe]chn>mene-4,4(2i/) dicarbo -

xylate (V-14):

This compound was synthesized from ethyl vinyl ether (2 mL) and alkenyl-p-benzoquinone V-6

(250 mg, 1.0 mM) at room temperature following the procedure described for the synthesis of

compound V-8.

Time: 12 h.

Yield: 274 mg (67%) as cream white solid.

MP: 216-220 °C.
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IR (KBr) vmax: 3464, 2985, 1735, 1610, 1459, 1339, 1250, 1148, 1073, 930, 888, 810 cm"1

!HNMR (CDCb, 500 MHz): 8 6.57 (dd, J= 8.5, 17.0 Hz, 2H), 5.09

(dd, J= 2.5, 9.5 Hz, IH), 4.50 (s, IH), 4.15 (dd, J = 6.5, 10.0 Hz, IH),

4.10-4.03 (m, IH), 3.82 (s, 3H), 3.79-3.73 (m, IH), 3.68-3.64 (m, IH),

3.62 (s, 3H), 3.59-3.50 (m, 2H), 3.20 (dd, J= 6.5, 17.0 Hz, IH), 2.89

(dd, J= 10.5, 17.5 Hz, IH), 2.39 (dt, J= 9.5, 13.0 Hz, IH), 2.04 (qd, J

=2.5, 13.0 Hz, IH), 1.28 (t, .7=7.0 Hz, 3H), 1.20 (t,J = 7.0 Hz, 3H) ppm

13C NMR (CDCb, 125 MHz): 8 171.0 (Q, 168.0 (Q, 146.9, (Q, 146.7 (Q, 120.5 (C), 119.5
(O, 114.6 (CH), 114.4 (CH), 100.4 (CH), 79.6 (CH), 66.2 (CH2), 64.5 (CH2), 61.1 (Q, 52.9

(CH3), 52.1 (CH3), 39.9 (CH), 30.4 (CH2), 28.5 (CH2), 15.5 (CH3), 15.2 (CH3) ppm

Diethyl 2,5-diethoxy-7-hydroxy-3,3a,5,6-tetrahydrobenzo[rfe]chromene-4,4(27^)-dicarboxy-

late (V-15):

This compound was synthesized from ethyl vinyl ether (2 mL) and alkenyl-p-benzoquinone V-7
(300 mg, 1.07 mM) at room temperature following the procedure described for the synthesis of
compound V-8.

Time: 8 h

Yield: 263 mg (60%) as cream white solid.

MP: 136-138 °C.

IR (KBr) vmax: 3446, 2983, 1739, 1613, 1461, 1376, 1253, 1150, 1075, 939, 890, 811 cm1.

•H NMR (CDCb, 500 MHz): 8 6.55 (AB quartet, J = 8.5, 11.5 Hz,

2H), 5.08 (dd, J= 2.5, 9.5 Hz, IH), 4.98 (s, IH), 4.34-4.22 (m, 2H),
4.17-4.10 (m, 2H), 4.09-4.02 (m, 2H), 3.79-3.71 (m, IH), 3.68-3.61

(m, IH), 3.57-3.48 (m, 2H), 3.18 (dd, J= 6.5, 17.0 Hz, IH), 2.91 (dd,
J= 10.0, 17.0 Hz, IH), 2.40 (dt, 7= 9.5, 12.5 Hz, IH), 2.06 (qd, J=
2.5, 12.5 Hz, IH), 1.33-1.25 (m, 6H), 1.18 (t, J=7.0 Hz, 3H), 1.08 (t, J=7.0 Hz, 3H) ppm

13C NMR (CDCb, 125 MHz): 8170.7 (Q, 167.5 (O, 147.3, (Q, 146.4 (Q, 120.7 (O, 119.6
(O, 114.4 (CH), 114.3 (CH), 100.4 (CH), 79.8 (CH), 66.1 (CH2), 64.6 (CH2), 62.0 (CH2), 60.9
(CH2), 39.8 (CH), 30.4 (CH2), 28.6 (CH2), 15.4 (CH3), 15.2 (CH3), 14.1 (CH3), 13.8 (CH3) ppm
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Nonacyclic compound V-19a:

This compound was synthesized from 2-methylfuran (2.0 mL) and alkenyl-p-benzoquinone V-7

(200 mg, 0.72 mM) at room temperature following the procedure described for the synthesis of

compound V-8.

Time: 14 h.

Yield: 178 mg (62%) as yellowish solid.

MP: 152-154 °C.

IR (KBr) vmax: 3446, 2983, 1739, 1613, 1461, 1376, 1345, 1303, 1253, 1150, 1074, 938, 870,

888, 735 cm"1.

'H NMR (CDCb, 500 MHz): 8 7.60(dd,J= 1.0, 3 Hz, IH),

6.89 (AB quartet, J = 10.5, 40.0 Hz, 2H), 6.69 (dd, J = 8.5,

10.0 Hz, 2H), 6.11 (d, J= 8.0 Hz, IH), 5.94 (s, IH), 5.75 (dd,

./= 3.5, 9.5 Hz, IH), 5.37 (qd, J= 1.0, 7.5 Hz, IH), 5.30 (dd,

./ = 2.0, 7.5 Hz, IH), 4.78 (q, J = 1.5 Hz, IH), 4.40-4.15 (m,

10H), 4.03 (qd, J=6.0, 16.5 Hz, IH), 3.97 (qd, J= 3.5, 14.5

Hz, IH), 3.85 (d, J= 1.5Hz, IH), 3.62 (q,J= 3.0Hz, IH)

1.66 (q,./ = 1.0 Hz, 3H), 1.59 (t, J= 1.0 Hz, 3H), 1.56 (t, J= 1.0 Hz, 3H), 1.32 (q, J= 7.0 Hz,

6H). 1.19 (dt, J= 3.5, 7.0 Hz, 6H) ppm

13C NMR (CDCb, 125 MHz): 8 193.9 (Q, 183.1 (Q, 170.6 (Q, 170.3 (Q, \61.1 (C), 166.7

(O, 160.9 (O, 158.4 (O, 156.3 (Q, 150.0 (Q, 146.5 (Q, 142.4 (CH), 141.4 (CH), 136.6 (CH),
132.5 (O, 122.0 (O, 120.9 (Q, 118.7 (CH), 115.2 (CH), 97.4 (CH), 96.3 (CH), 94.4 (CH), 82.7

(CH), 81.1 (CH), 80.7 (CH), 77.7 (CH), 62.6 (CH2), 62.1 (CH2), 61.8 (CH2), 61.8 (CH2), 58.9

(O, 56.1 (O, 47.7 (CH), 47.6 (CH), 46.3 (CH), 34.9 (CH), 14.1 (CH3), 14.0 (CH3), 14.0 (CH3),

13.8 (CH3), 13.7 (CH3), 13.3 (CH3), 13.3 (CH3) ppm.

Diethyl 2-methyl-6,9-dioxo-9,9a-dihydronaphtho[l,2-6]furan-4,4(3a/7,677,9b77)-dicarboxy-

late (V-20):

A mixture of 2-methylfuran (2.0 mL) and alkenyl-p-benzoquinone V-7 (300 mg, 1.07 mM) was

stirred at 10 °C for 16 h. Then about 5 mL of hexane was added to the reaction mixture and the
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flask was kept at 0 °C for 2 h. During this period a solid was formed and it was filtered to afford

pure product V-20.

Time: 16 h.

Yield: 288 mg (75%) as yellow solid.

MP: 202-204 °C.

IR (KBr) vmax: 2978, 2930, 1727, 1681, 1614, 1465, 1319, 1251, 1203, 1085, 1013, 852, 730

cm"1.

!H NMR (CDCb, 500 MHz): 8 7.60(d,J= 3.0 Hz, IH), 6.90 (AB quartet,

J= 10.5, 40.0 Hz, 2H), 5.75 (dd, J= 4.0, 10.0 Hz, IH), 4.37-4.26 (m, 2H),

4.25-4.17 (m, 2H), 4.16-4.14 (m, IH), 4.04 (qd, J= 7.0, 18.5 Hz, IH), 3.63

(t, J = 3.0 Hz, IH), 1.59 (s,3H), 1.32 (t, 7= 7.0 Hz, 3H), 1.19 (t, J =7.0

Hz, 3H) ppm

13C NMR (CDCb, 125 MHz): 8 193.8 (Q, 183.1 (Q, 167.6 (Q, 166.6 (Q, 158.3 (C), 142.4
(CH), 141.3 (CH), 136.6 (CH), 132.4 (Q, 94.3 (CH), 80.7 (CH), 62.5 (CH2), 62.0 (CH2), 58.8
(O, 47.6 (CH), 47.5 (CH), 14.0 (CH3), 13.8 (CH3), 13.2 (CH3).

Dimethyl 2-methyl-6,9-dioxo-9,9a-dihydronaphtho[l,2-6]furan-4,4-(3a77,677,9b77)-dicarbo-

xylate (V-22):

This compound was synthesized from 2-methylfuran (2.0 mL) and alkenyl-p-benzoquinone V-7
(250 mg, 1.0 mM) at 10 °C following the procedure described for the synthesis ofV-20.

Time: 15 h

Yield: 258 mg (78%) as yellow solid.

MP: 134-136 °C.

IR (KBr) vmax: 2956, 2852, 1731, 1684, 1622, 1441, 1262, 1219, 1121,

1073, 1018, 941, 824, 725 cm"1.

•H NMR (CDCb, 500 MHz): 8 7.59 (q, J = 1.0 Hz, IH), 6.92 (AB

quartet, J=10.5, 40.0 Hz, 2H), 5.75 (dd, J=4.0, 10.0 Hz, IH), 4.24 (d, J
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= 10.0 Hz, IH), 4.12 (q, .7=1.0 Hz, IH), 3.84 (s, 3H), 3.68 (s, 3H), 3.61 (t, J = 3.5 Hz, IH),

1.59 (t, J= 1.5 Hz, 3H) ppm

,3C NMR (CDCb, 125 MHz): 8 193.7 (Q, 183.0 (Q, 168.1 (Q, 167.1 (C), 142.3 (CH), 141.4

(CH), 136.2 (CH), 132.6 (Q, 94.2 (CH), 80.6 (CH), 58.6 (Q, 53.5 (CH3), 53.1 (CH3), 47.8 (CH),

47.4 (CH), 13.2 (CH3).
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