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Abstract

The development of organocatalysts for asymmetric synthesis continues to be
actively investigated in recent years due to the advantages over conventional metal-based
catalysts. Research in our laboratory has focused on the development of organocatalysts
for fundamental carbon-carbon bond forming reactions, such as the Michael addition
reaction.

The organocatalytic Michael addition of ketones to nitroalkenes is of special
interest since the reaction generates two contiguous stereocenters and the products (y-
nitro ketones) are useful synthetic intermediates. We have observed that this reaction is
efficiently catalyzed by pyrrolidine-based chiral, secondary diamines as well as triamines.
The use of a protic acid in conjunction with the amine catalyst is beneficial and the
Michael addition products (syn diastercomers) are obtained with excellent
enantioselectivities (up to 99% ee) and diastereoselectivity (up to 50:1 dr) for cyclic
ketones and nitroalkenes derived from aromatic aldehydes. Details regarding the effect of
changes in the catalyst and protic acid structure, variation of catalyst/protic acid
combinations and the scope of the reaction with respect to structural changes in the
ketone and nitroalkenes will be discussed.

In addition, the application of the chiral triamines in Michael reactions involving
iminium ion intermediates has been examined. Preliminary results from these studies will
be presented. The attempted synthesis of pyrrolidine-based organocatalysts with
guanidine-containing side chains as well as catalysts based on the camphor scaffold will

also be presented.
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Chapter 1

Enantioselective Organocatalysis

I. Introduction

For the last four decades, the need for single-enantiomer molecules in biomedical
research' has driven great advances in asymmetric synthetic methodology. The
importance of marketing only single-enantiomer drugs has further amplified the need for
the development of general procedures for enantiocontrolled synthesis. Out of several
procedures,2 the use of asymmetric catalysis has been well recognized for asymmetric
induction. It offers the best “atom economy”3 as the stoichiometric addition and removal
of chiral auxiliaries can be avoided or minimized. The role of the catalyst is to transfer
chirality information through a well-defined transition state, to achiral substrates.*

LA  Asymmteric catalysis (organocatalysts vs metal-containing catalysts):

For several years, it was believed that transition metal complexes and enzymes
were the two main classes of asymmetric catalysts. The importance of enantioselective
metal catalysis has been recognized by the award of the 2001 Nobel Prize in Chemistry to
Knowles,” Noyori,® and Sharpless’ for their pioneering work in this field. The advantages
of metal-based catalysts are due to the properties of the metal. Since metals can act as
either Lewis acids or Lewis bases, the reactivity of these catalysts can be fine-tuned by
varying the ligands surrounding the metal atom. The disadvantages of these catalysts,

such as high price, toxicity, pollution, and product contamination has turned the scientific



community towards an in-depth exploration of Nature’s way of asymmetric induction
(biocatalysis). The last few years have witnessed the emergence of enzymatic catalysis in
current industrial production of enantiomerically pure fine chemicals.® However, the
enzymatic catalysts can be of very complex structure, unstable and handling of these
catalysts can be tedious.

Between the two extremes of transition metal catalysis and biocatalysis, a third
general approach (organocatalysis) to the catalytic production of enantiomerically pure
compounds has emerged as a rapidly growing part of metal-free homogenous catalysis.”
Organocatalysts are purely “organic” molecules. These small, stable, metal-free
molecules are often derived from natural chiral pool sources such as o-amino acids, O~
hydroxy acids, nucleic acids, and carbohydrates. Organocatalyzed reactions
mechanistically resemble the enzyme-catalyzed reactions with respect to the formation of
reversible complexes with substrates. They also mimic the role of a metal as a Lewis
acid or Lewis base. The acidity or basicity arises from the type of heteroatom (mainly N,
O, P, and S) present in the organocatalyst.10
I.LB Asymmteric organocatalytic reactions:

Stereoselective reactions promoted by organic molecules of low molecular weight
are at the forefront because organocatalysts can be as efficient as other catalysts with the
bonus of being robust, inexpensive and readily available. Their inertness toward moisture
and oxygen avoids the need for expensive and time-consuming reaction conditions (for
example inert atmosphere, low temperatures, anhydrous solvents etc.) used in transition

metal catalysis. Unlike enzymes or other bioorganic catalysts, they are more stable at



ambient temperatures. They can be easily separated and reused from the products without
racemization or loss of catalytic activity. The possibility of anchoring small molecules to
solid support and simple work-up procedures without involving any metallic waste as
well as the biodegradability of these catalysts makes them extremely attractive, timely
and well suited for “green chemistry”."! The scope of organocatalytic reactions has been
extended to such an extent that typical transition metal-mediated coupling reactions, such
as the Suzuki," Sonogashira,13 Heck-type coupling reactions, " Ullmann"® and Tsuji-

16

Trost reactions, can now be carried out under metal-free conditions. Thus,

organocatalysis is complementary with the metal complex-mediated, and also with
biocatalytic transformations.’

Interestingly, the concept of “Organic Catalysts” (coined by German chemist
Wolfgang Langenbeck!” in 1932) was established almost 100 years ago. Bredig and
Fiske'® reported the first example of an asymmetric organocatalytic reaction in 1912.
Much later in 1960, Pracejus reported the development of an organocatalyzed asymmetric

ketene methanolysis reaction.'” As shown in Scheme 1, the methanolysis of ketene 1 was

catalyzed by 1 mol% of catalyst 3 to yield the methyl ester 2 in 40%ee.

0]
g 0] OMe
N H o
1 mol% catalyst3 o”~ "
MeOH -
1 2 40%ee

Scheme 1



One of the best known early asymmetric organocatalytic reactions is the proline-
catalyzed intramolecular aldol reaction, the Hajos-Parrish-Eder-Sauer-Wiechert reaction,
(Scheme 2).%° The proline (6)-catalyzed Robinson annulation of symmetrical triketone 4,
to provide the bicycle 5 with high enantioselectivity, though widely used for natural
product synthesis,” remained relatively under-studied until List and co-workers reported

the first proline-catalyzed intermolecular aldol reaction in 2000 (Scheme 3).2

C@H
% 3 mol % L:Iﬁ

3%ee
Scheme 2
j\ j\ 30 mol% 6 - U‘
- ~
Me” “Me * H” R DMSO Me R
7 8 9 65-96% ee
Scheme 3

This milestone study where proline mimics a type I aldolase has stimulated
intensive research activities in the proline-catalyzed aldol, Mannich, Michael, and related
reactions. In the same year, MacMillan reported the phenylalanine-derived imidazolinone
13 catalyzed Diels-Alder reaction of o,B-unsaturated aldehydes with enantioselectivities

up to 94% ee (Scheme 4).



O 7
/\2‘ N
O Ph N)/
H 5mol% 13 H _ /
+ H 0 -
© 28°C. CHO
10 11 12
94 % ee,
Scheme 4 endo/exo 14:1

Other examples of highly enantioselective organocatalysis include the
enantioselective hydrocyanation catalyst developed by Corey (Scheme 5) * and
Jacobsen,? the highly enantioselective epoxidation catalysts developed by the groups of
Shi (scheme 6),%° Yang®’ and Denmark®® and the chiral quaternary ammonium salts
developed by Corey,? O’Donnell,*® and Maruoka (Scheme 7)*' for phase-transfer

catalysis.

3 mol%16 N

Ph” ~H HCN Ph” ~CN
14 15 93%ee

Scheme 5

X 10mol% 19 “os: _
oxone -

17 18 95%ee
Scheme 6

N/Bn Phums )N:'}—Ph HN/Bn




t.BuO)H Ni I tBu o
N Ph 10 mol% 22 } > N Ph
RBr/CsOH.H,O
Ph Ph
20 21 97%ee

Scheme 7

These organocatalysts should not only function like an enzyme, but should also
possess typical characteristics with respect to technical applications: (i) easy availability,
(i1) accessibility of both the enantiomers with comparable price, (iii) low molecular
weight, (1v) easy separation from the product, and (v) easy recovery after work-up,
without racemization. "

I1.C  Classification of organocatalysts:

Recently, organocatalysts have been broadly classified as Lewis acids, Lewis
bases, (covalent -catalysis) % and Brgnsted acids, Brgnsted bases (noncovalent
catalysis).>* The majority of organocatalytic reactions are amine-based reactions’ and in
this asymmetric amino-catalysis, amino acids, peptides, alkaloids and synthetic nitrogen-
containing molecules are used as chiral catalysts.

LD  Proline- an effective enantioselective organocatalyst:

Interestingly, proline has proven to be the model-compound in all the catalytic

strategies listed above, including asymmetric aminocatalysis. Proline can serve as a

ligand in asymmetric transition-metal catalysis; a chiral modifier in heterogeneously-

catalyzed hydrogenation and most importantly, proline itself can be an effective



organocatalyst as it is inexpensive and is available in both enantiomeric forms.** Similar
to enzymatic catalysis, all amino acids can act as bifunctional catalysts, with a carboxylic
acid and an amine portion, but it is the pyrrolidine portion of proline which has unique

nucleophilic reactivity. Modes of action in proline-catalysis, is shown in Figure 1.”*

(™ (g 7

N
Bifunctional M--O R R
Acid/base catalysis Metal catalysis Iminium catalysis enamine catalysis

Figure 1: Modes of action in proline-catalysis
Proline based organocatalytic transformations cover a wide range of reactions’
including the Diels-Alder, aldol, Mannich, 1,3-dipolar cycloaddition, O-amination,
Friedel-Craft alkylation, Robinson annulation and Michael reactions. Organocatalytic
Michael reactions, have attracted us (along with many other researchers®”) because the
proline-mediated conjugate addition of various enolizable carbonyl compounds to

activated olefins proceeds with only moderate enantioselectivity (Scheme 8).%*¢

&COOH

O ” O Ru
] NO; 15 -20 mol % of 6 , NO;
R R /Y lvent, rt - R
R R"I solve ! R RIII
23 24 25 7-25% ee
3:1-20:1 dr

Scheme 8



II. Outline of the research described in the thesis

The efforts toward general organocatalytic methodology that utilizes chiral
enamine and iminium ion formation for enantioselective Michael addition reactions are
discussed in the following chapters. The organocatalytic asymmetric Michael addition
reactions of ketones to nitroalkenes by the enamine pathway are reported in chapter 2.
The synthesis of selected organocatalysts as well as the results obtained by employing
them for enamine catalysis has been discussed. In Chapter 3 the application of these
catalysts in the construction of carbon-carbon bonds by iminium ion pathways and
attempts towards the synthesis of new, proline-derived chiral catalysts with basic side
chains are described. In addition, the progress towards the synthesis of some camphor-

based organocatalysts for selected Michael reactions will also be discussed.
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Chapter 2

Enantioselective Organocatalytic Michael
Additions of Ketones to Nitroalkenes
by Enamine Catalysis'

I. Introduction

Since its discovery in the 1880s,” the Michael reaction is generally regarded as
one of the most efficient methods for carbon-carbon bond formation. Its atom economy,
wide substrate scope, and easily accessible starting materials render it one of the best
methods for enantioselective C-C bond formation. Wynberg3 reported the first example
of a catalytic enantioselective Michael addition reaction in 1975 using quinine, a
cinchona alkaloid, as the catalyst. Among the different ways to generate chiral Michael
adducts, the catalytic asymmetric approach (with achiral Michael donors and acceptors)
has become popular in recent times because it is the most efficient way to construct as

many as three stereocenters (Scheme 1) in a single step.

o)
NO2 .
j( chiral catalyst
. >
Ar
1 2

Scheme 1

Catalytic enantioselective Michael additions normally proceed by activation of
either the Michael donor or acceptor with a chiral catalyst. Simultaneous activation

approach of both reaction partners by bifunctional catalysts has also been investigated.*
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The mechanistic approach for activation of the electrophile or the nucleophile is
summarized in Figure 1.

Aminocatalysis of the Michael reaction

By Covalent Bonding By Noncovalent Bonding
¢ ¢ ) Hydrogen-
Enamine mechanism Imminium lon mechanism bonding mechanism
NR ®NR 3
2 2
&« C NP
N N
( J A
) KN\ o : :
/\/EWG NR;y Nu O\ /Oe

Figure 1 : Mechanistic possibilities for Michael reactions R

The majority of organocatalytic reactions are amine-based reactions, which
proceed through either an iminium ion intermediate or an enamine. The work described
in this chapter focuses on activation of the nucleophile by enamine formation, while in
Chapter 3 our studies on activation of the electrophile by iminium ion formation are
described.

II. Enamine catalysis (Nucleophilic catalysis - activation of donor)

The first example of asymmetric enamine catalysis was the Hajos—Parrish—Eder—

Sauer—Wiechert reaction,” an intramolecular aldol reaction catalyzed by proline. Blarer

and Seebach employed chiral enamines derived from (S)-2-methoxymethylpyrrolidinone
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and cyclohexanones in Michael additions to alkylidenemalonates and nitroalkenes. ®

Surprisingly, the catalytic version of this reaction was not explored until recently, when
List,”® Barbas® and Enders'® independently reported that the ketone-nitroalkene Michael
addition could be carried out using catalytic quantities of chiral secondary amines.
Catalytic asymmetric aldol reactions and Mannich reactions were also reported. This

concept of enamine catalysis has also been extended to highly enantioselective o-

functionalization reactions of aldehydes and ketones, such as aminations, 1

hydroxylations,'* alkylations," chlorinations'* and an intramolecular Michael reaction.'®
The potential limitation** of this enamine catalysis would be irreversible
deactivation of the amine catalyst if the electrophile is a carbonyl compound, unless the
catalyst reacts reversibly with the electrophile. Some electrophiles may not even react
with the amine catalyst but only with the enamine (eg. nitroalkenes), while electrophiles
such as aldehydes, enones and imines can react reversibly with the amine. These side

reactions are coined as “parasitic equilibria™'®

as they can limit reaction rates but still
allow for the formation of the desired product.
III. Design of chiral organocatalysts for Michael reactions

Since the first chiral amine (proline) catalyzed asymmetric Michael additions of
carbonyl compounds to nitroalkenes offered only modest enantioselectivity, *'%
identification of more efficient chiral catalysts has been actively investigated.'” Recent
investigations have examined the catalysis of the enolizable carbonyl-nitroalkene

conjugate addition reaction with derivatives of amine-thiourea catalysts,18 amino acids"

and ionic liquids®® but a significant amount of effort has been devoted to the development
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of proline-based chiral diamine derivatives.”'® Chiral pyrrolidines in which a tertiary

21 22 23 24

aminomethyl, tertiary  aminomethyl 2-morpholinomethyl, tetrazole
tetrazolylmethyl,* pyrrolidinyl,*® trifluoromethylsulfonamido,*’ methylpyridyl,28 and 1-
((pyrrolidin-2-yl) methyl) pyrrolidine, » (fluorous)diphenyl-methanol silyl-ether, 30

carboxymethyl > functionality replaces the carboxyl function in proline have been
investigated. Selected proline-based catalysts used for asymmetric conjugate additions of

aldehydes and ketones to nitroalkenes are shown in Figure 2.

[ >

N
O/\ /Cm”m " @/\
N|-\|S /o W 1]
C10H21 NCF HN—N
Takabe , Barbas Ill, 2006 Gong, 2006 Wang, 2005 Ley, 2005
Ph Ph
Q/.\COOH (}/\( N WOTMS Q
H HCUTEA HN—N H TFA
Oriyama, 2005 Ley! 2005 Hayashi, 2005 Barbas I, 2004
D/\'\O Dﬁ j O/\N/\ O/COOH
¥ k/ N
2,4-(NO2),PhSOzH H o
Kotsuki, 2004 Alexakis, 2004 Barbas IlI, 2001 List, 2001

Figure 2 : Selected proline-based organocatalysts
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It should be noted that the synthesis of several of these chiral pyrrolidine catalysts
is quite complicated. In addition, these pyrrolidine catalysts normally require long
reaction times, low temperature and a large excess of ketone for good-to-excellent
enantioselection for a narrow range of substrates. Hence, the identification of new,
structurally simple catalysts that overcome these limitations is an ongoing challenge.
IV.Objective

The main objective of this project was to identify a simple, bifunctional catalyst
system, which would facilitate Michael reactions by enamine or iminium ion pathways
depending on the substrates used for the reaction. The catalyst was also expected to have
the capacity to activate both reactants (Michael donor and acceptor) simultaneously.

We chose to investigate proline-derived triamines 4 and 5§ as organocatalysts

(Figure 3). The rationale for this choice is discussed below:

NoOR
4: R=Me
5: R=H

Figure 3: Chiral pyrrolidine based triamines
For iminium ion catalysis (Scheme 2) the activation of the enone is anticipated,
through iminium ion 6 formation, by the pyrrolidine part (secondary amine) of catalyst.
Furthermore, the neighbouring amine may participate in reversible formation of the

aminal 7 from the iminium ion 6 to offer a more organized transition state assembly. The
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pendant tertiary amine was anticipated to assist with the deprotonation and /or delivery of

the nucleophile.

Scheme 2

/
0] —N
\I\ COan
N—R
CO,Bn
—_— o Q * _COzBn
N N o
CO.Bn

6 7

N—R ;
@ \\\ Catalyst
AN~

The new triamine 5 was prepared to examine the role of the internal tertiary amine

in catalyst 4. A potential limitation of catalyst 5 would be irreversible formation of an

aminal by deprotonation of the ammonium species 7.

It seemed possible that triamines 4 and 5 could be also utilized for enamine

catalysis of the ketone/nitroalkene conjugate addition reactions (Scheme 3).

Scheme 3

10
Catalyst
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In this case, the pendant tertiary amine could enhance the rate of formation of
enamine 10 by assisting in the deprotonation of the iminium ion 8. Unlike catalyst 4, the
secondary amine in the side chain of 5 may function as a H-bond donor to activate the

nitroalkene. These design elements are summarized in Figure 4.

(To activate nucleophile) May assist in
To abstract enamine formation

/’ acidic proton /'
\|

QA\ C SRVK

J
For iminium Ma For enamine ;
y engange
fon formation in aminal formation __formation \'/:vti)t;\l-l\l;l?&r;d;?gcce tor
(To activate electrophile) (To activate nucleophile) : P
(To activate electrophile)

Figure 4 Design elements for chiral pyrrolidine based triamine catalysts.

The role of the terminal tertiary amine in the catalyst 5 can be examined by
preparing the diamine catalyst 11 as an analogue of S lacking the tertiary amine (Figure
5). In addition, another diamine catalyst 12, in which a phenyl group replaces the tertiary
amine, can be utilized to prove the importance of m-stacking between catalyst and

nitroalkene substrates (Figure 5).

To check the To examine m stacking
necessny of triamine effect

11 A* \ O/\N/\Jij

CF

AN /
For enamine For H-bondin For enamine .
A g a _
formation with nitroalkene formation For H-bonding

with nitroalkene

T ivat leophil ivat I i
(To activate nucleophile) (To activate nucleophile) (To activate electrophile)

Figure 5 Design elements for chiral pyrrolidine based diamine catalysts.
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V. Synthesis of organocatalysts
The proline-derived triamines 4°> and 5 were readily prepared by adaptation of a
literature procedure as shown in Scheme 4.

O ) |

D)LOH 1. DCC, HOBT, CHxCl» MN/\/N\
N ~ N :
Boc NMe, *~" 22 Boc 14: R = Me (75%)
13 15:R=H (96%)
TFA, CHCly

% T 0 |
I .
vk e LS
THF, reflux N [
4: R = Me (45%) H R
5:R=H (48%) 16: R = Me (80%)

17.R=H (86%)
Scheme 4

This convenient synthesis of triamines begins with the condensation of N-Boc-
proline 13 with appropriate diamines in the presence of stoichiometric amounts of DCC
and HOBt to offer the amides 14 and 15 in good-to-excellent yields. Removal of the Boc
protecting group was effected by TFA in dichloromethane to provide the amides 16 and
17. The amides were reduced to the desired triamines 4 and 5 with LiAlH,.

Dimaines 11 and 12 were also prepared in a similar manner as shown in Scheme 5.
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o 0

NOH 1.DCC, HOBT, CHiCly NN/\/R

N H
N 2. HN _~ CHCl, |
Boc Boc 18: R = CH(CHg)3(67%)
13 19: R =Ph (90%)
TFA, CHyxCl,
e i
N/\/ R
N H LiAIHa O)‘\N/\/ R
H THF, reflux N H
11: R=CH(CHg)s (65%) H
12: R=Ph (84%) 20: R = CH(CH3)3 (83%)
21:R=Ph (90%)
Scheme 5

With the triamines 4, 5 and the diamines 11, 12 in hand we proceeded to examine
their efficacy in asymmetric Michael reactions. Investigations on enamine catalysis are
described in this chapter. In Chapter 3 our preliminary studies on iminium ion catalysis
with the triamines 4 and $ are detailed .

VI. Asymmetric organocatalytic Michael addition of cyclic ketones to nitroalkenes

Enantioselective conjugate additions of unmodified carbonyl compounds to a few

1831 chalcones® and vinyl ketones®* has been

Michael acceptors, such as nitroalkenes,
extensively investigated in recent years. Our study is mainly confined to the use of
moderately-sized symmetrical aliphatic cyclic ketones as Michael donors and
nitroalkenes as Michael acceptors. Nitroalkenes have remained of special interest as
excellent Michael acceptors due to the strong electron-withdrawing effect of the nitro
group. In addition, conjugate addition of carbonyl compounds to the nitroalkene offers
synthetically useful y-nitrocarbonyl derivatives for the preparation of complex synthetic

targets.  In addition, the nitro group itself is particularly versatile as it may be

transformed into diverse functionalities.>>°
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Preliminary results on the highly enantioselective (up to 99% ee) and
diastereoselective (up to 50:1) conjugate addition of cyclic ketones to nitroalkenes
catalyzed at ambient temperature by structurally simple, pyrrolidine-based amine
catalysts in conjunction with a protonic acid are described below.

VLA Results and Discussion:

The Michael reaction of cyclohexanone and nitrostyrene was selected for
orienting experiments using the pyrrolidine-based triamines 4, 5 and the diamines 11 and
12. The results of solvent screening are summarized in Table 1. Initial reactions were
performed by using 20 mol% of the triamine 4 at room temperature in non-polar, as well
as in polar solvents. The necessity of having a diamine within the side chain was also
evaluated by using the amides 16 and 17 in the initial screening test. Interestingly, the
asymmetric induction observed with 17 is opposite to that of 16, which demonstrates
better enantioselection, lower yield and requires a shorter reaction time (Table 1; entries 2
and 4). The reaction employing triamine 4 seemed to be sluggish and low yields of the
conjugate addition product 24 were obtained after 4 to 5 days at ambient temperature
(Table 1; entries 5 to 7). For the triamine 4 the reaction yields and rates varied
significantly in the range of solvents tested, but surprisingly a substantial change in the
nature of solvent did not affect the enantioselectivity of the product. The highest
enantioselectivity was obtained in DMF (Table 1; entries 5 to 7). This stereochemical
outcome (25, 1’R) was in accordance with that reported in the literature but was opposite

to that obtained with amide 16. The reasons for this behavior are not clear at present.
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Table 1: Catalyst and solvent screening for the asymmetric nitro-Michael reaction

o
Catalyst (20 mol%)
é Yo No2 solvent, room temperature g
22 23 24
(1.1 eq) (syn)

Entry Catalyst® Solvent T::ne:c(:iig;ls) Y(i;j ()ia (syr(zl/l:n i) e?:y(Z;)
1 16 toluene 5 60 5/1 24°
2 16 DMF 2 47 4/1 14
3 16 ethanol 2.5 14 2/1 127
4 17 DMF 1 16 5/1 19
5 4 toluene 4 21 4/1 47
6 4 ethanol 5 51 171 48
7 4 DMF 4 29 4/1 56
8 5 toluene 1.5 40 19/1 90
9 5 iPrOH 1 8 2/1 25
10 5 CHCl, 3 57 30/1 85
11 5 DMF 1 30 31 73
12 11 toluene 1 90 19/1 87
13 11 DMF 1 51 20/1 76
14 12 toluene 1 97 50/1 46

“Isolated yields. “Determined by "H NMR of crude product. “Chiral HPLC analysis.

“enantiomeric product.
o
|

o
| [
QAN DA D

N N |

|
‘catalyst H 16 H 17 H 4
l /\)\ /\/©
N
O Doy
H 5 H n H 12

An improved reaction rate with better enantio- as well as diastereoselectivity was
observed when the catalysts 5 and 11 were employed in the same reaction in a variety of

solvents (Table 1; entries 8 to 13,). On the other hand catalyst 12 offered moderate
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enantioselectivity but excellent diastereoselectivity when used with toluene (Table 1I;
entry 14,). Thus, it appeared that a subtle change in catalyst structure improved the
catalytic activity remarkably (catalyst 5 vs. catalyst 4). The presence of the terminal
tertiary amine moiety in catalyst § did not seem to have a significant effect since the
catalyst 11 worked equally well in the initial screening test. It was found that toluene and
DMF could be the solvents of choice for further optimization studies with diamines 5 and
11. Although high enantioselectivity was observed for the reaction in dichloromethane,
the reaction was very slow.

The observation that the secondary amine moiety in catalyst S and 11, vicinal to
the pyrrolidine, worked better than the tertiary amine moiety in catalyst 4 may be
explained by the availability of an N-H bond in 5 and 11, which can participate in
hydrogen bonding with nitroalkene 23. This is not possible for catalyst 4. The increased
rate of reaction for catalyst 5 and 11 could be attributed to their ability to activate the
Michael donor (ketone) by enamine catalysis as well as the Michael acceptor
(nitroalkene) by single H-bond formation simultaneously. Catalyst 4 can activate only the
Michael donor (ketone) by enamine formation and hence the reduced reaction rate (Table
1, entries 5, 7, 8 and 11) as compared to § and 11.

In the pioneering studies carried out by Hine,*® it was shown that protonated
amines formed imines from the corresponding carbonyl compounds at a rate that was 15
times faster than that achieved by amines alone. Inspired by this report, further
optimization studies were carried out to investigate the effect of an acid additive, change

in catalyst loading and with the number of equivalents of ketone used (Table 2).
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Table 2: Further optimization of studies for asymmetric conjugate addition of
cyclohexanone to B-nitrostyrene.

0]
Catalyst/ Additive
+ NOZ »
é Ph/\/ solvent, rt, 24h
22 23 24 (syn)

Ketone Additive Yield® dr’ ee %
8
Entry Catf Mol% equiv. Solvent 0mol%) (%) (synlanti) (syn)

1 5 20 1.1  toluene pTsOH 0 -

2 5 20 1.1 CH)Cl, pTsOH 89 24/1 87
3 5 20 11 DMF pTsOH 71 8/1 95
4 5 15 1.1 DMF pTsOH? 57 9/1 93
5 5 10 11 DMF pTsOH®° 99 8/1 73
6 5 20 1.5 DMF pTsOH 71 8/1 83
7 5 20 1.5 DMF 4 70 4/1 83
8 5 20 20 DMF pTsOH 78 5/1 91
9 5 20 20 DMF ! 68 3.5/1 82
10 5 20 20 DMF TFA 0 - -
11 5 20 50 DMF pTsOH 90 19/1  >99
12 11 20 50 DMF pTsOH 86 19/1  >99
13 12 20 50 DMF pTsOH 90 45/1 95

14 4 20 50 DMF pTsOH 72 7/1 83

“Isolated yields. “Determined by "H NMR of crude product. © Chiral HPLC analysis.
15 mol%. “10 mol%. ” 2, 4-dinitrobenzenesulfonic acid. éCatalyst

N
[—>/\N/\/N\ [}/\N/\/ ~ (}/\N WN
N N H N H N H

H I H 5 H 1 H 12

To our delight, the use of an acid (pTsOH) in conjunction with diamine 11 and
triamine 5 had a dramatic effect on the yield, diastereoselectivity and enantioselectivity
of this reaction. Although catalyst 5§ provided Michael adduct 24 with 90% ee in toluene

without any added acid, no product was obtained when pTsOH was added to this
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reaction. This is probably due to the poor solubility of S/pTsOH salt in toluene (Table 2,
entry 1). Consequently, further studies in toluene could not be undertaken. Hence, DMF
was used as the solvent for further optimization as it offered excellent enantioselectivity
(95% ee) and moderate diastereoselectivity (Table 2, entry 3), while dichloromethane
offered only good enantioselectivity (87% ee) and diastereoselectivity (Table 2, entry 2).

Interestingly, reducing the amount of catalysts led to lower enantioselecitivity
(Table 2, entries 3, 4 and 5) and 20 mol% catalyst loading was found to be optimum. The
amount of ketone also influenced the reaction outcome and excellent enantioselectivity
was obtained with either a slight excess (1.1 eq.) (Table 2, entry 3) or a large excess of
the ketone (5 eq.) (Table 2, entry 11). Surprisingly, the use of 1.5 and 2.0 eq. of ketone in
conjuction with 5/pTsOH in DMF reduced the enantioselectivity (Table 2, entries 6 and
8). The use of 2,4-dinitrobenzenesulfonic acid (Table 2, entry 7 and 9) led to a similar
observation while trifluoroacetic acid deactivated the catalyst and no product was
obtained (Table 2, entry 10). Thus, 5 eq. ketone with 20 mol% catalyst 5§ in DMF was
chosen as the optimal system as it offered excellent enantioselectivity (>99% ee) (Table
2, entry 12) and much better diastereoselectivity (19/1) than that obtained with 1.1 eq.
ketone. The same reaction was also carried out under the optimized conditions with
amines 11 and 12. The stereochemical outcome was similar for catalyst 11, but slightly
lower enantioselectivity was obtained for catalyst 12.

As anticipated, the enantioselectivity with the 4/pTsOH combination was much
lower (83% ee) (Table 2, entry 14) than with the 5/pTsOH (>99% ee). The observation

that § and 11 are much better catalysts than 4 highlights the importance of the secondary-
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secondary diamine motif, which was examined by Yamamoto in asymmetric aldol
reactions. >’ However, this class of diamines has been mostly overlooked in
organocatalytic conjugate addition studies and, in one earlier investigation, generated
aminals of the carbonyl substrates.”® Diamine 5 or 11 with pTsOH in DMF was therefore
the catalyst system of choice.

One possible reason that the secondary-secondary diamine § performs better than
the secondary-tertiary diamine 4 in conjunction with a protonic acid, could be the ability
of 5/pTsOH to form two hydrogen bonds with the nitroalkene (and hence a rigid
transition state)** as compared to catalyst 4/pTsOH, where only one hydrogen bond is

feasible.

I - e .
N?o" N~0o-
© ©
For Cata_xlyst 5 For catalyst 4
(Formation of Two H-bonds) (Formation of one H-bond)

Figure 6 : H-boning of nitroalkene with catalyst 5 and catalyst 4
Having established the optimized set of conditions for the conjugate addition
reactions, the utility of secondary-secondary diamine catalysts 5, 11 and 12 was
examined for Michael reactions of a variety of cyclic (6-membered) ketones to selected
B-nitroalkenes. These reactions proceeded efficiently (up to 99% yield) with high-to-
excellent enantioselectivity (up to >99% ee, (25, 1’R)) and diastereoselectivity (up to

50:1 dr, favoring the syn diastereomer in all cases) as shown in Table 3.
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Table 3: Results of organocatalyst 5-and 11-promoted Michael addition of cyclic

ketones to less-hindered trans B-nitro-olefins.
(All reactions are done with 5eq. of ketone, DMF solvent, 24 h, room temp.,
except as noted)

e Yield* dr’ ee’ (%)
Entry Product Cat/Additive (%) (syn/anti) (syn)
5/pTsOH 78 19/1 99
1
2 5/pTsOH 99 19/1 85
3 11/pTsOH 90 20/1 92
4 5/MeSO;H 10 20/1 87
5 5/MeSO;H 75 20/1 80?
6 5/pTsOH 95 50/1 86
7 11/pTsOH 97 50/1 88
3 5/pTsOH 75 31 99
11/pTsOH 88 n >99
10 5/pTsOH 83 19/1 99
11 5/pTsOH 81 15/1 92
12 11/pTsOH 95 20/1 9
13 11/MeSO;H 89 8/1 95¢
14 5/pTsOH 90 19/1 >99

31

“Isolated yields. “Determined by "H NMR of crude product. ©Chiral HPLC analysis.
4 Toluene/DMF: 3/1-ratio solvent. “11 h reaction.
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Table 3 shows that a range of six-membered cyclic ketones, having various
functionalities (Table 3, entries 1 to 7) could react with unsubstituted or para substituted
phenylnitroalkenes to afford excellent enantioselectivity (86-99% ee) and diastereo-
selectivity (= 19/1 dr). The only exception is the p-nitro-substituted nitroalkene, which
provided adduct 29 (Table 3, entry 8 and 9) with poor diastereoselectivity (3/1 dr). Use of
MeSOsH, instead of pTsOH offered better enatioselection for tetrahydropyran-4-one as
the ketone substrate, to yield 26, but the reaction was too slow to be useful (Table 3, entry
4). The use of DMF/ toluene as the solvent reduced the enantioselectivity (Table 3, entry
5). This may be due to lower solubility of the catalyst system.

The mild reaction conditions needed for these reactions allowed a substrate
bearing an acid-sensitive group (ketal 27, Table 3, entry 6 and 7) to undergo the Michael
addition with high ee and dr. Overall, enantioselectivities obtained for nitroalkenes with
substitution at the 4-position in the phenyl ring were very high, irrespective of the
electronic nature of substituents on the nitroalkenes (Table 3, entries 8 to 14).

Thus, the nature of ketone or substituent on the nitro-olefin has no significant
effect on the outcome of the process, and in all cases Michael adducts formed with
excellent stereocontrol and 2§, 1’R configuration. These results can be interpreted by
assuming a synclinal transition state assembly>® in which the nitroalkene is double-
hydrogen bonded to the protonated catalyst side chain. The proposed catalytic cycle is

shown in Figure 7.



29

-

—t ]
s

1
O
P40}

@
Y
z

VA

N
>
»

~.

(approach from re face of

enamine
H>O )

N
H
Q !;h- R
-~ b\23/{7::\/ NO,

Figure 7 : Rationalization of the stereochemical outcome for asymmetric Michael reactions

In the first step of this catalytic cycle, the catalyst and ketone react to form
enamine intermediates (A/A’) (via iminium ion intermediates). The stereochemistry is
decided by the second step of the reaction i.e. the addition of trans-f-nitroalkenes to these
enamine intermediates.”® As shown in Figure 7, the enamine intermediate can adopt the
anti (A’) as well as the syn (A) conformation. Theoretical calculations suggest that (A’) is
more favored than (A).*’ The nitroalkene can approach the anti enamine in two possible
ways: from the re face of the enamine or from the si face of the enamine. These two
possible approaches should result in formation of (25, 1’R) and (2R, 1’S) products
respectively. Relative and absolute configurations of all products were determined by

comparing known '"H NMR data, chiral HPLC retention times and optical rotation values
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with those reported in the literature. The product obtained was found to have (2S5, 1’R)
configuration.

The high enantio- and diastereoselectivity of this process can be attributed to the
formation of a six-membered transition state assembly B (involving the nitro group in the
nitroalkenes and the protonated side chain of catalyst) by double hydrogen bonding
(Figure 7). This re face addition of enamine to the nitroalkene generates the iminium ion
C, which after hydrolysis yields the Michael adducts (25,1°R) and the regenerated
catalyst.

Table 4 shows that although the nature of the substitutent (electron-
donating or withdrawing) on the nitroalkene has no significant effect on the
enantioselection, the substitution pattern does influence the stereochemical outcome.
Enantioselectivities for nitroalkenes with substitution at the ortho or meta position (Table
4) in the phenyl ring were lower than the cases with substitution at the para position in
the nitroalkenes (Table 3, entries 8 to 14). In case of the m-nitro substituted Michael
adduct 32 (Table 4, entries land 2), the catalyst 11 gave the best result (90% ee) but the
ee is lower than that obtained with the p-nitro substituted Michel adduct 28 (>99% ee)
(Table 4, entries 8 and 9). Only pTsOH proved be a better acid additive than any other
acid additives for this substrate (Table 4, entries 1, 4 and 5), while in a mixed solvent

there was loss of ee (Table 4, entry 3).



Table 4 : Organocatalysts 5-and 11-promoted Michael addition of cyclic
ketones to sterically hindered trans B-nitro-olefins, and effect of size of
acid additive on enantioselectivity.
(All reactions are done with 5 eq. of ketone, DMF solvent, 24 h, room
temp., except as noted)

31

. a b c
Entry Product Cat/Additive Y(lf/i ()1 (syr(zl/l;m ti) e?s;Z; )

1 o  Ph-mNO, 5/pTsOH 80 19/1 gg
2 11/pTsOH 90 1911 69
3 NO, 5/pTsOH 77 18/1 60
4 5/MeSO,H 89 20/1 o4
5 5/HC1 76 20/1

6 O  Ph-0-OMe S/pTsOH 99 5/1 86
7 L _No, 5/MeSO,H 95° 30/1 94
8 5/MeSO,H 93 50/1 99/
9 11/MeSO,H 90° 50/1 87
10 5/pTsOH 89 19/1 90
11 11/pTsOH 90 19/1 91
12 5/MeSO;H 90° 30/1 87
13 5/MeSO,H* 12° 30/1 90
14 5/CF3SO3;H 88 30/1 87
15 11/pTsOH 94 10/1 84
16 5/pTsOH 86 12/1 87
17 “ 5/2,4,6-tri- 78 771 81

‘O Me-PhSO,H
18 v 5/2,4,6-tri- 55 11/1 78
iPr-PhSO,H

19 5/HCI 84 8/1 72
20 5/MeSO;H 40 9/1 77
21 5/pTsOH 79 10/1 70

“ Isolated Yields. ” Determined by IH NMR of crude products.c Chiral HPLC analysis.

4 Toluene/DMEF: 3/1-ratio solvent 11 h reaction.” Reaction at 0 ©C for 45 h. *2 equiv.
of acid additive.
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Lower enantioselectivity (without affecting diastereoselectivity and yields) was
observed for the Michael adducts 33, 34 and 35 derived from ortho substituted
nitroalkenes (Table 4, entries 6,10,11 and 14) as compared to Michael adducts 29, 30 and
31 based on para substituted nitroalkenes (Table 3, entries 10, 11, 12 and 16).

The loading of acid additive also influences the reaction outcome by affecting the
reaction rate, as can be seen for product 34. When a 2:1 ratio of acid:catalyst was used
instead of 1:1 ratio of acid:catalyst, the reaction became very sluggish. However, there
was a slight improvement in the enantio- and diastereoselectivity (Table 4, entries 12 and
13).

Interestingly, it was observed that apart from the substitution pattern in the
nitroalkene, the size of the acid additive also influenced the enantioselectivity. In one
case, decreasing the size of acid additive (use of MeSO3;H instead of pTsOH)
significantly increased the enantio- and diastereoselection for 33 (Table 4, entries 6 and
7). On the other hand, increasing the size of acid additive significantly decreased the
enantioselection for the 1-naphthyl substrate 35 (Table 4, entries 16, 17 and 18). These
results suggest that the conjugate base of the protonic acid influences the
enantioselection. Presumably, a large counter-ion causes crowding in the transition state
assembly and this affects the hydrogen-bonding between the catalysts and sterically-

demanding substrates, as shown in Figure 8.
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Figure 8 : Effect of the conjugate base of the acid on enantioselection

As shown earlier, the stereochemical outcome of the Michael addition may be
explained by a synclinal transition state assembly (A, Figure 8) in which, a protonated
secondary amine delivers the nitroalkene by hydrogen bonding to provide the major
product in all cases. This model can rationalize the excellent stereoselection for all of the
unhindered nitroalkenes. For hindered nitroalkenes the enantioselectivity is lower,
possibly due to a competing non-hydrogen bonded assembly such as (B, Figure 8) in
order to avoid steric interactions (R’-R”) caused by a large acid counter-ion. This would
expose the si face of the enamine to react with the re face of the nitroalkene leading to the
minor enantiomer (2R,1’S) thereby lowering the enantioselection for the desired syn
product (28, 1’R). The results obtained with the o-methoxy nitrostyrene (Table 4, entries
6 to 9) and the 1-naphthyl nitrostyrene (Table 4, entries 16 to 18) support this proposal.

In a related study, heteroaryl nitroaikenes were also examined as Michael
acceptors. As shown in Table 5, enantioselection for these substrates was better with

methanesulfonic acid as an additive in DMF at 0 °C.
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Table 5: Organocatalyst 5-and 11-promoted Michael addition of cyclic
ketones to trans B-heteroaryl nitro-olefins, and effect of size of acid
additive on enantioselectivity.
(All reactions are done with 5 eq. of ketone, DMF solvent, 24 h, room temp.,
except as noted)

. a b c
Entry Product Cat/Additive Y(I;: ()l (syr(zl/l;m t) e?s;’:/; )
1 5/pTsOH 76 19/1 80
2 5/HCI 74 18/1 81
3 5/MeSO;H 82 15/1 88"
4 11/MeSO,H 97 14/1 84°
5 11/pTsOH 91 50/1 81
6 12/pTsOH 95 20/1 78
7 S/pTsOH 87 8/1 78
8 5/2,4-(NOy) 88 10/1 80
PhSOs;H
9 5/2,4,6-tri- 85 19/1 81
iPr-PhSO,H

10 5/MeSOsH 048 19/1 82
1 5/MeSO;H® 60 18/1 8
12 5/MeSO;H 74 19/1 85
13 11/MeSO;H 88 20711 85
14 12/MeSO,H 90 8/1 85
15 12/MeSO,H 89 10/1 86"
16 11/HCI 94 19/1 84"
17 11/MeSO,H 85 20/1 86"
18 5/HCI 75 12/1 83
19 11/HCI 99 19/1 84
20 5/HCI 70 81 79
21 11/HC1 75 10/1 72

“Isolated yields after 24 h. ‘Determined by H NMR of crude products.’Chiral HPLC
analysis. “Reaction at 0 OC for 45 h. ° Toluene/DMF: 3/1-ratio solvent ‘Dichloromethane
solvent. #11 h reaction. "Reaction at =10 OC for 5 d.
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For the furanyl substrate 36, the 5/MeSOs;H (Table 5, entry 3) combination
performed better than 11/MeSO;H (Table 5, entry 4) in DMF and yielded 88% ee. For
thiophenyl substrate 37, the 11/MeSO;H combination in DMF provided the best result
(85% ee) (Table 5, entry 13).

The use of any of the catalysts 5, 11 or 12 in conjunction with pTsOH showed
almost equal enantioselecitivity (Table 5, entries 5, 6 and 7), yet different
diastereoselectivity. Interestingly, increasing the size of acid additive in conjunction with
catalyst S increased the enantioselection for the thiophenyl substrate (product 37, Table 5,
entries 7, 8 and 9). This trend is opposite to that seen for the 1-naphthyl-based substrate
(product 35, Table 4, entries 15, 16 and 17).

The 5/MeSOs;H combination at room temperature gave 82% ee (Table 5, entry
10), when the reaction was performed at 0 °C, the enantioselection improved marginally
(Table 5, entry 12). Lowering the temperature to —10 °C had no beneficial effect (Table 5,
entries 14/15, 13/17 and 16/19). It is noteworthy that the 11/HCI combination at room
temperature, is as efficient as the 5/MeSO;H, 11/MeSOsH or 12/MeSOs;H combinations
at 0 °C, which is similar to 11/HCI at —10 °C!

In DMF, the S/HCI or 11/HCI combination worked equally well with respect to
enantioselectivity (Table 5, entries 18 and 19) but in dichloromethane, S/HCl was
superior (79% ee) to 11/HCI (72% ee) (Table 5, entries 20 and 21). It is plausible that, in
dichloromethane, the diamine pendant in catalyst 5 has increased steric requirements.
This may be due to internal hydrogen bonding in the ethylenediamine unit of catalyst § in

a noncoordinating solvent like dichloromethane. The selectivity of the chain-extended
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conformer of § is reflected by 11 which is incapable of internal hydrogen bonding in the

side chain (Figure 9).

Catalyst 5

O
—NO. MeSO3zH
S CH20|2

v/s H NO,
i
.
\.- S
for catalyst 5 for catalyst 11

Figure 9 : Internal H-bonding in triamine 5 and its effect on stereoselection

At this point, it becomes important to note that the published literature shows
some variation in the proposed transition-state models to explain the observed outcome of
the Michael reactions of carbonyls to nitroalkenes. Enders '* and Wang ?’° propose an
anti-enamine formation, while Barbas III,>' Alexakis,”® and Kotsuki,® propose a syn-
enamine. In addition, Barbas III*' and Alexakis >* propose an anti-enamine, while
Wang>’ p