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Apart from consideration of the hydrogen bond, we organic chemists have really paid little
attention to linkages other than the purely covalent. I believe that it will be the duty of
organic chemists in the future to study the weak non-covalent interactions which are of
enormous importance in the large natural macromolecules. Such studies will lead to a new
blossoming of organic chemistry in the future.

Lord Alexander R. Todd.!
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ABSTRACT

This thesis embraces two main sections — studies towards the synthesis of a family of indole-
based ligands for Lewis acid catalysis and the development of new molecular scaffolds for
organocatalytic transformations.

Chapter 1 describes some of the recent advances made in metal-free asymmetric catalysis and
sets the work involved within this thesis into context. The rational design and synthesis of
ligands for Lewis acid catalysis is presented in Chapter 2. The preparation of mono- and bis-
(indol-3-yl)ethane-1,2-diols is described along with our initial studies into their use in the
asymmetric catalysis of the Diels-Alder reaction. Chapter 3 describes our investigations into
the development of the first acyclic system for aminocatalysis via an iminium ion pathway by
utilisation of the a~effect, which was shown to be an effective platform for the acceleration of
this class of reaction. We went on to apply our new molecular scaffold to a family of chiral
aminocatalysts based upon 8-phenylmenthamine, as described in Chapter 4.

The catalysts described in Chapter 4 were proposed to affect the diastereoselective
discrimination of a,B-unsaturated carbonyl compounds, owing to the postulated presence of
face-face m—n interactions between the double bond of the o,B-unsaturated moiety in the
resulting iminium ion, and an aromatic ring incorporated into the structure of the catalyst.
Investigation into the proposed n—m stacking was achieved by the synthesis of catalysts with
electron withdrawing and electron donating groups attached to the aromatic ring, followed by
utilisation of this family of novel aminocatalysts to promote asymmetric Diels-Alder
reactions. A trend was discovered in which the stereoselectivity of the Diels-Alder
cycloaddition increased as the electron density of the aromatic ring incorporated into the
structure of each catalyst increased; the enantiomeric excess of the (2R)-adduct formed
between cyclopentadiene and E-cinnamaldehyde improved from 7% using a 4-trifluoromethyl
substituent on the aromatic ring to 21% utilising a 4-methoxy group and 39% with a
tetrahydronaphthyl-based catalyst. A hypothetical model which readily explains the
stereochemical outcome of these aminocatalytic Diels-Alder cycloadditions is proposed.
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ABBREVIATIONS

Several abbreviations have been used throughout this thesis that may not be familiar to the

reader. These abbreviations are listed below:

AA Asymmetric aminohydroxylation
Ac Acetyl

AD Asymmetric dihydroxylation
APcl Atmospheric pressure chemical ionisation
Ar Aromatic

atm Atmosphere

ax Axial

[bmim]PFs 1-n-Butyl-3-methylimidazolium hexafluorophosphate
Bn Benzyl

Boc tert-Butoxycarbonyl

br Broad

Bu Butyl

CAB Chiral Acyloxy Borane

CAN Cerium ammonium nitrate

Cbz Phenylmethoxycarbonyl

CI Chemical ionisation

COX-2 Cycloxygenase-2

cy Cyclohexyl

d Day(s)

d doublet

Da Dalton(s)

DEAD Diethyl azodicarboxylate
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1.1  Asymmetric Catalysis

Asymmetric synthesis is dedicated to the preparation of chiral compounds with defined three-
dimensional molecular structure (stereochemistry).> This is at the core of modern organic
chemistry, around which, the design of intricate routes revolve. Obtaining chemically
defined, enantiomerically pure compounds is of growing importance to the organic chemist,
especially in the pharmaceutical industry, where the stereochemical purity of biologically
active products has been one of the major driving forces in the quest for improved control
over the stereochemical outcome of organic reactions. The significance of asymmetric
synthesis to contemporary synthetic chemistry was highlighted by the award of the 2001
Nobel Prize in Chemistry to K. B. Sharpless, R. Noyori and W. S. Knowles in recognition for
their seminal contributions to this vibrant area of science.?

An enantiomerically pure compound can be obtained by use of a chiral starting material,
resolution of a mixture of enantiomers or introduced by either reactions of pro-chiral
substrates (such as chiral reduction of a double bond or asymmetric carbon-carbon bond
formation) or by converting substrates containing enantiotopic groups into enantiomerically
enriched compounds by breaking the symmetry (e.g. meso or achiral) of the starting material
(such as epoxide ring opening or allylic oxidation) (Figure 1).* These transformations can
result in the stereoselective formation of a product by use of either a stoichiometric amount of
chiral reagent to create a chiral auxiliary or by utilisation of a catalytic amount of chiral
substance. Asymmetric catalysis is an especially appealing aspect of asymmetric synthesis as

small amounts of the catalyst can be used to control the stereochemical outcome of a reaction.
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R>___ o Hy RRH red?ction of )
R catalyst r' OH prochiral ketones
R NucH R Nuc  nucleophilic addition to
2=0 ’ 4 YOH prochiral ketones
R catalyst R conversion
> of sp’
R R? H, H H , Jucti ke carbon
I o R reduetoncfalkenes o o
R R, X-Y X Y
—_— R“‘H"3Rz addition of reagents
R' R® catalyst R" R to alkenes
\
R_H catalyst R j idati
Ve Y >§\H e.g. allylic oxidation
breaking
Y X symmetry
H“H"H >' of starting
X X talyst R R . material
H‘\HIIH _caayst e.g. ester formation,
R R v X epoxide
ring-opening
H R
Figure 1

1.2  Asymmetric Organocatalysis

Over the past 30 years, asymmetric catalysis has become one of the most important frontiers
in synthetic organic chemistry research. During this time, remarkable advances have been
made in the development of organometallic asymmetric catalysts, which have been utilised in
a wealth of asymmetric processes. Surprisingly, however, relatively few asymmetric
transformations have been reported which employ organic molecules as reaction catalysts,

despite the widespread availability of organic chemicals in enantiopure form.

The term organocatalysis is used to define an organic compound (of relatively low molecular

weight and simple structure) that is used as a catalyst for a given transformation.” In this



Chapter 1 - Introduction Glie ol Conill— FHD. Thesisr 2007

context, organic means metal-free. Within this review the use of asymmetric aminocatalysis
is highlighted with particular focus on carbon-carbon bond forming reactions.

Several important processes utilise the chemistry of carbonyl compounds. These reactions are
typically catalysed by metal-containing species, for example, the use of Lewis acid catalysts.®
Recent research has shown that several carbonyl transformations can also be catalysed by
amines. This concept is based on the reasoning that the reversible formation of iminium ions
from carbonyl compounds and a secondary amine simulates the equilibrium dynamics and n-
orbital electronics that are inherent to Lewis acid catalysis.” The formation of an iminium ion
significantly enhances the reactivity of the carbonyl compound, resulting in the a-C-H-acidity
dramatically increasing (Figure 2).%
M* oo™ _H* Ca

— N /&vE

\N/ 5N/ \.N/
H “H L~k
H*/-H,0 )l\ /&/‘
Figure 2

The catalysis of a given reaction by an amine is known as aminocatalysis. This is a
biomimetic strategy that is used by important enzymes such as Class I aldolases (enamine
catalysis) and ketoacid decarboxylases (iminium ion catalysis), amongst others. There are two
aminocatalytic pathways.” Iminium ion catalysis directly utilises the higher reactivity of the
iminium ion compared to the carbonyl species and facilitates Knoevenagel-type
condensation, '’ cycloaddition and nucleophilic addition reactions, as well as cleavage of the
o-bond adjacent to the a-carbon. Enamine catalysis involves catalytically generated enamine
intermediates that are formed via deprotonation of an iminium ion. These react with various

electrophiles and also undergo pericyclic reactions.

Rigorous application of aminocatalysis in asymmetric organic synthesis has only recently
been investigated, with several valuable and broadly applicable transformations, including the

aldol, Michael, Mannich and Diels-Alder reactions, which are all amenable to aminocatalysis.
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1.3  Why Organocatalysis?

There are certainly considerable advantages to using metals in catalytic processes. They have
molecular and structural diversity and a large array of reactivity patterns that can easily be
tuned by the variation of ligands. But as well as the advantages that metal derivatives offer,
their use also has several disadvantages, such as high price, the resulting toxicity and
pollution problems, the need for waste treatment and the possibility of product contamination
by the metal."!

In comparison, many of the problems associated with the use of metal-based catalysts can be
avoided by utilising metal-free organocatalysis, the advantages of which include: (i) the
reactions can usually be carried out in wet solvents under an aerobic atmosphere; (ii) the
catalysts are inexpensive, with a widespread availability of organic chemicals in enantiopure
form; (iii) the catalysts are often stable and robust; (iv) the leaching of a possibly toxic metal
into the organic product is avoided; (v) the small organic molecules can be anchored to a solid
support and reused more conveniently than organometallic analogues.' Thus,
organocatalysis represents a remarkable synthetic alternative to established organometallic

transformations to both augment and complement existing methodology.

14  Asymmetric Aminocatalysis via an Enamine or Iminium Ion Intermediate

The crux of this introduction will be concerned with methods of asymmetric carbon-carbon
bond forming reactions, catalysed by chiral non-racemic amines of low molecular weight, in
which either an enamine or an iminium ion intermediate is involved. A discussion of catalytic
systems will be provided for the classical carbon-carbon bond forming reactions — namely, the
aldol, Baylis-Hillman, Diels-Alder, hetero Diels-Alder, [4+3] cycloaddition, 1,3-dipolar
cycloaddition, Knoevenagel, Mannich, Michael, Mukaiyama-Michael, 1,4-conjugate addition
and Robinson annulation reactions. A brief discussion of catalytic systems for the carbon-
nitrogen bond forming a-amination reaction, and the carbon-oxygen bond forming o-

oxyamination reaction will also be included.
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1.5 Intramolecular Aldol Cyclisation
1.5.1 Early Examples of Intramolecular Aldol Cyclisations

Asymmetric enamine catalysis was first realised in the early 1970’s when two groups
independently reported the use of proline (4) as a catalyst for the intramolecular aldol
reaction. Hajos and Parrish, at Hoffmann-La Roche began their research with the aim of
finding a method by which compounds, such as optically active bicyclic ketone 3, could be
prepared in an asymmetric manner as an alternative to the previously utilised method of
classical chemical resolution.'> A synthesis was required that would promote the cyclisation
of triketone 1 to the bicyclic ketol 2 or to its dehydration product 3 (Scheme 1) in high
chemical yield and with a high degree of optical purity."
o] (S)-proline (4) CH, o}
(3 mol%) O p-TsOH
o’(% DMF, 20°C, 20n W PhH, A, 15min J:jé
o) 100% 0 99% o

1 (+)-2 (+)-3
Scheme 1

Initial studies used a stoichiometric amount of (S)-proline (4), with the reactions carried out in
various polar protic solvents at 20°C under an inert atmosphere. The reactions were complete
after stirring for 3-4 days and yielded enone 3 predominantly. An increase in the polarity of
the solvent gave the product in higher optical purity, with isopropyl alcohol yielding product 3
in 61% ee. Use of a catalytic amount of (S)-proline (4) (10 mol%) under otherwise identical

reaction conditions resulted in a comparable optical purity (57% ee).

O‘COOH

N
H

4
Figure 3

It was assumed that hydrogen-bonding played an important role in the asymmetric cyclisation
reaction, and so in an attempt to increase the optical purity of enone 3, the reaction was
carried out in polar aprotic solvents. A catalytic quantity of (S)-proline (4) (3 mol%) in N, N-
dimethylformamide (DMF) yielded ketol (+)-2 in quantitative yield with 93% ee. The ketol
(+)-2 was converted to the corresponding enone (+)-3 without loss of enantiomeric excess.
The Wieland-Miescher ketone 6 can also be prepared in optically pure form (after
recrystallisation) by this route.
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Eder, Sauer and Wiechert at Schering showed that the enone products, 3 and 6, could be

obtained directly from the triketone starting material if the cyclisation was carried out in the

presence of proline (4) (10-200 mol%) and an acid co-catalyst (Scheme 2)."* Product 6 was

obtained in an 87% yield and 84% ee. It was observed that the optical purity of the enone was

strongly dependent on the substrate, amine component, solvent and the acid co-catalyst.
(S)-proline (4)

o (47 mol%) o
1N HCIO,
o] o CH5CN, 80°C, 22h o
5 87% 6
Scheme 2

The asymmetric proline-catalysed intramolecular aldol reaction, also called the Hajos-Parrish-
Eder-Sauer-Wiechert reaction,'® has been applied to the asymmetric synthesis of numerous
steroids and terpenoids since it was first published in the 1970’s."” The reaction has also been
studied using polymer-bound (S)-proline as the catalyst.'®

1.5.2 Mechanism of the Intramolecular Aldol Cyclisation

Elucidation of the mechanism by which this catalytic intramolecular asymmetric aldol
reaction took place began with the notion that an enamine intermediate was formed between
the nitrogen atom of proline (4) and one of the carbonyl groups of the triketone (1 or 5). Both
the secondary amine and the carboxylate functionalities of proline (4) were found to be
critical for catalysis to occur.'® In the examples of asymmetric intramolecular aldol reactions
discussed (Schemes 1 and 2), there is a desymmetrisation of the triketone starting material
after reaction due to discrimination between the two enantiotopic carbonyl groups, which
must be explained by any proposed mechanisms.

Agami and co-workers proposed a mechanism (Model A) in which two proline (4) molecules
were involved.?’ Kinetic studies were carried out by Agami, who observed a non-linear effect

that supported the involvement of more than one proline molecule in the enantioselectivity-

0]
R0 ,
A _ O-y-
o) s H- Ov) ) H
0,C é‘d _H -
Q""COOH o)

Model A Model B
Figure 4

determining step.”!
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Houk and co-workers recently proposed a new model (Model B, Figure 4), based on quantum
mechanical calculations, which readily explains the observed enantioselectivity.”> This model
involves the formation of an enamine intermediate, with a hydrogen bond between the
carboxylate group of the proline moiety and one of the carbonyl groups of the cyclopenta-1,3-
dione ring. This gives rise to the asymmetric induction, with the length of the hydrogen bond
as one of the criteria that allows for the selection between enantiotopic carbonyl groups. In
contrast to the results obtained by Agami,”! kinetic, stereochemical and dilution experiments
carried out by List, Houk and co-workers, have provided evidence for the involvement of only

one proline molecule in the transition state for the proline-catalysed aldol reaction.”

These early examples of the use of chiral amines to catalyse asymmetric transformations have
since prompted further research by many synthetic chemists around the world. As will be
described below, this research has led to simple chiral organic molecules being employed as
asymmetric aminocatalysts for a wide range of transformations that traditionally utilise metal

salts.

1.5.3 Direct Catalytic Enolexo Aldol Cyclisation

The proline-catalysed Hajos-Parrish-Eder-Sauer-Wiechert reaction discussed above (Sections
1.5.1 and 1.5.2) was, until 2003, the only example of a catalytic asymmetric intramolecular
aldol cyclisation reaction in the literature. While this reaction has proved extremely useful in
the asymmetric synthesis of numerous steroids and terpenoids, only 6-enolendo aldolisations
(Equation 1, Figure 5) had been reported. Direct catalytic asymmetric enolexo aldolisations
(Equation 2, Figure 5) were unknown.

X\O//O enolendo O\I\:)/OH
Equation 1

. ? enolexo ? §

X

H\j Equation 2 k(j
Figure 5

6-Enolexo aldol cyclisations are very common and are favoured by Baldwin rules.”*?> By
inspection of the proposed mechanism of the Hajos-Parrish-Eder-Sauer-Wiechert reaction,
List and co-workers realised that in addition to the established 6-enolendo aldolisations via
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Model B (Figure 4), proline (4) should also catalyse the corresponding 6-enolexo aldolisations
via Model C (Figure 6).%°

(—)\(o
MHso
IS

Model C
Figure 6

To test their hypothesis, List and co-workers reacted various heptane-1,5-dialdehydes with a
catalytic amount of (S)- or (R)-proline (4) in dichloromethane. The best result was obtained
with heptane-1,5-dialdehyde (7), which gave aldol 8 in high yield and diastereoselectivity,

and with excellent enantioselectivity (Scheme 3).

(S)-proline (4) OH
10 mol% o
OHE~""CHo ( ) . OHc, 99% ee
CH2C|2, t, 12h 10:1dr.
95%
7 8
Scheme 3

This reaction provides B-hydroxy-cyclohexane carbonyl derivatives, with an anti
configuration, that can potentially be used in a wide variety of target syntheses. An advantage
of this aldolisation method is that both enantiomeric products can be obtained simply by using
either (S)- or (R)-proline (4) as the catalyst.

1.6 The Intermolecular Aldol Reaction

The aldol reaction is one of the most important carbon-carbon bond forming reactions utilised
in organic synthesis. The classical aldol reaction is highly atom-economic, but suffers from
problems in selectivity, notably chemo- and regioselectivity.”’ The development of
asymmetric methodologies for this type of reaction has typically involved preformed enolate
equivalents in combination with a chiral catalyst.”® Traditionally a metal is involved in the
reaction mechanism.”> Most enzymes, however, use a fundamentally different strategy in that
they catalyse a direct aldol reaction between two unmodified carbonyl compounds. Lerner
and co-workers developed aldolase antibodies that catalyse the aldol reaction via an enamine
mechanism.>® These can be used in a wide range of direct asymmetric aldol reactions,

yielding products with excellent enantioselectivities.
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Both the aldolase antibody catalysed intermolecular aldol and the proline-catalysed Hajos-
Parrish-Eder-Sauer-Wiechert (intramolecular aldol) reactions involve an enamine mechanism.
These important studies showed the potential for enamine catalysis in asymmetric synthesis,
and led to the development of the first proline-catalysed direct asymmetric aldol reaction.

1.6.1 The First Proline-Catalysed Direct Asymmetric Aldol Reaction

B. List, R. A. Lerner and C. F. Barbas III reported the first proline-catalysed aldol reaction in
2000.>! p-Nitrobenzaldehyde (10) was reacted with an excess of acetone (9) to furnish B-
hydroxyketone 11 in 68% yield with 76% ee (Scheme 4). This reaction represented the first
low molecular weight amine-catalysed direct asymmetric aldol reaction.

(S)-proline (4) OH O
3o SO I
+ -
DMSO, rt, 4h
O=N 68% ON 76% e
9 10 1
Scheme 4

Reaction conditions of anhydrous DMSO at room temperature were found to give optimum

reaction times and enantioselectivities.

1.6.2 Scope of the Direct Asymmetric Aldol Reaction

List and co-workers tested the scope of the proline-catalysed direct asymmetric aldolisation
by reacting several aromatic and aliphatic aldehydes with acetone (9) (Scheme 5).2%*
Aromatic aldehydes gave the aldol product with similar yields (54-94%) and optical purities
(~70% ee) to the model reaction with p-nitrobenzaldehyde (10).

R=
(S)-proline (4) a. Ph 60% ee
(o} ﬁ\ (30 mol%) O OH b. p-PhBr 65% ee
+ > c. 0-PhCl 69% ee
A H” "R DMSO, rt R d. naphthyl 77%ee
e. Pr 96% ee
9 12 13 f Cy 84% ee
g. 'Bu >99% ee

Scheme §

Higher enantioselectivities and yields were obtained when a-branched aldehydes, such as

isobutyraldehyde (12¢) (96% ee), were used and tertiary aldehydes (12g) gave exceptionally
high ee’s of >99%.
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Under the standard conditions employed by List ef al, a-unsubstituted aldehydes did not react
to provide the aldol addition product. Instead these compounds furnished mainly the aldol
condensation product or self-aldolisation products. The fundamental problem with the use of
a-unsubstituted aldehydes is that the catalyst needs to differentiate between the a-protons of
the acceptor aldehyde and the donor ketone, as deprotonation of the aldehyde may lead to
undesirable self-aldolisation products. To overcome this problem the effect of solvent
polarity and reaction temperature were studied.”

R=
(S)-proline (4) a. Bu 67% ee
0 0 (10-20 mol%) 9 OH ' eyl 73%ee
/U\ * HJLR " )’\/'\R c. but-3-enyl 72%ee
0,
9 14 15 d. Bu 73% ee
Scheme 6

Cooling of the reaction mixture to 0°C in DMSO did not improve yields. However, by
screening solvents of varying polarity it was found that the aldol product could be obtained in
acceptable yields (22-35%) and good enantioselectivities (67-73% ee) when the reactions
were carried out in pure acetone or in chloroform/acetone (4:1) (Scheme 6). Self aldolisation
was suppressed completely, although significant amounts of the aldol condensation product
were still formed (35-50%). Szoll6si and co-workers also reported the use of a-unbranched
aldehydes with comparable results obtained.>*

1.6.3 Proline-Catalysed Aldol Reactions with Other Ketones

List and co-workers found that a variety of cyclic and acyclic ketones, including butanone,

cyclopentanone (16) and cyclohexanone (18), could be used as donors in the aldol reaction to

yield the products with useful regio-, diastereo- and enantioselectivities (Scheme 7).
(S)-proline (4)

o) o) o)
- j\)\ (20 mol%) QH . OH
H CHCl,, 72h, ) 3
77% = 25:1 =
16 14d

anti-17 (95% ee) syn-17 (20% ee)
(0] (S)-proline (4) O OH O OH
N U (20 mol%) . :
H CHCl3, 72h,
41% 7:1
18 14d anti-19 (86% ee) syn-19 (89% ee)
Scheme 7

10
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Excellent results were obtained with hydroxyacetone (20), which reacted with an aldehyde to
furnish the corresponding anti-1,2-diol.  These reactions were highly regio- and
diastereoselective and yielded anti-1,2-diols with excellent enantioselectivities. The best
result was obtained from the reaction between cyclohexanecarboxaldehyde (12f) and
hydroxyacetone (20), which furnished anti-diol 21 in 60% yield, with >20:1 dr and an
enantioselectivity of >99% (Scheme 8).3°

(S)-proline (4) H
1 i (30 mol%) 29 >20:1 regioselectivity
/lH *oH DMSO, t, 48h : 22001 ar
= 0,
OH 66% OH >99% ee
20 12f 21
Scheme 8

While syn-1,2-diols can be formed by the Sharpless asymmetric dihydroxylation (AD) of (E)-
alkenes,* the diastereomeric anti-1,2-diols are far less accessible, mainly because (Z)-alkenes
show reduced enantioselectivity in the Sharpless-AD reaction. The proline-catalysed

asymmetric synthesis of anti-diols, developed by Notz and List, therefore complements the
Sharpless-AD.

Li extended the proline-catalysed asymmetric aldol reaction to the use of TBDMS protected
hydroxyacetone (22). This donor provided mono-protected 1,2-diols in good yields and
regioselectivities, for example, reaction with p-nitrobenzaldehyde (10) afforded the
corresponding anti-aldol product (23) in 77% yield, with a diastereomeric ratio of >10:1 and
in 90% ee (Scheme 9).%

0 0 (S)-proline (4) O OH
)J\| .+ H (30 mol%) >10:1 dr
DMSO, rt, 12h 5R >90% ee
OR NO, 77% NO,
22 10 R = TBDMS 23
Scheme 9

These mono-protected anti-1,2-diols are useful aldol products as they allow for the
independent manipulation of the two hydroxyl groups in further synthetic transformations.

1.6.4 Aldehydes as Doneors in the Direct Asymmetric Aldol Reaction

Until recently there were no reports in the literature of aldehydes being used as donors in the
proline-catalysed direct asymmetric aldol reaction. The use of aldehydes as donors in the

aldol reaction is a challenge due to the lower reactivity of the enamine intermediate generated

11
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from aldehydes compared to that resulting from ketones. If two aldehydes are to be coupled
then there is the additional mechanistic requirement that non-equivalent aldehydes must
selectively partition into two discrete components, a nucleophilic donor and an electrophilic
acceptor. In 2002, the groups of MacMillan and Jergensen published examples, almost
simultaneously, of aldol reactions that utilised aldehydes as donors.

MacMillan and colleagues demonstrated that enamine catalysis can be utilised in a highly
enantioselective coupling of aldehyde substrates. In their initial investigations they exposed
two equivalents of propionaldehyde (24) to catalytic quantities of proline (4) in DMF, which
afforded the desired aldol adduct with anti-aldol selectivity and excellent enantioselectivity
(Scheme 10).3® This enantioselective aldehyde coupling can be achieved in a broad range of
solvents, with by-products not isolated in any significant quantities (<4% yield).

o (3)1_8m|i,}°e/ 4) H Jj\/k/Me 41 ant;syn

H/U\/Me (10 mol%) H)\/\/Me 4:1 anti:syn

DMF, +4°C, 11h H 99% ee
e
0,
24 1% 25
Scheme 10

They went on to examine the capacity for proline (4) to catalyse asymmetric cross-aldol
reactions between non-equivalent aldehydes. Syringe pump addition of propionaldehyde (24)
to a series of aldehyde acceptors in the presence of the amine catalyst effectively suppressed
homo-dimerisation of the donor aldehyde. This provided excellent yields of the cross-aldol
product with a wide variety of aldehyde acceptors, including both alkyl and aromatic
substituted aldehydes. Structural variation in the aldehyde donor can also be tolerated. The
best result was obtained for the addition of propionaldehyde (24) to isobutyraldehyde (12e)
furnishing cross aldol product (26) in excellent yield and enantioselectivity (Scheme 11).

N (S)-proline (4) O OH
Jl\/ + M (10 mol%) Me 24:1 antisyn
Ho ~Me HJ\( © DMF, +4°C H % >99% ee
” . zMe 82% Me Me
e 26
Scheme 11

This represented the first direct enantioselective catalytic aldol reaction using aldehydes as
both the aldol donor and the aldol acceptor, allowing enantioselective access to B-hydroxy-
aldehydes, important synthons in natural product synthesis.

12
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Jorgensen and co-workers performed the catalytic enantioselective direct aldol reaction of
aldehyde donors to activated carbonyl compounds. The (S)-proline (4) catalysed direct aldol
reaction of propionaldehyde (24) to diethyl ketomalonate (27) afforded the cross-aldol
product in high yield (up to 94%) and enantioselectivity (75-93% ee) for all solvents
examined.>® The highest yield (94%) and enantioselectivity (93% ee) were obtained using 50
mol% catalyst in dichloromethane at —20°C (Scheme 12), although a similar result was
achieved with 20 mol% catalyst at room temperature (93% yield, 88% ee).

o (S)-proline (4) O OH
0 (50 mol%)
+ > COEt  93% ee
HJ\/ Me EtOZCJ\COZEt CH,Clp, -20°C H I CO,Pt
24 27 94% 28
Scheme 12

Both the aldehyde donor and the activated carbonyl compound were varied to give the
corresponding aldol products in high yields and enantioselectivities. This method therefore
represents a simple approach to the synthesis of optically active B-hydroxy-carboxylic acid

derivatives.

1.6.5 Structure/Activity Relationship of the Proline Catalyst

List, Lerner and Barbas III initially tested several (L)-amino acids as catalysts in the direct

asymmetric aldol reaction.’!

These included histidine, valine, tyrosine, phenylalanine and
proline (4), but only proline (4) yielded significant quantities of aldol product. Other failed
reactions included the use of N-methylvaline (29) and 2-pyrrolidine carboxamide (30) as

reaction catalysts (Figure 7).

~ I QCONHz
H

N~ > CO,H
H

29 30
Figure 7

These results suggest that a cyclic secondary amine as well as an acidic proton in close

proximity are necessary for efficient catalysis to occur.*

Studies using azetidine (4-
membered ring) and piperidine (6-membered ring) analogues of proline (4) also showed that
the presence of the secondary amine moiety in a 5-membered pyrrolidine ring is optimal.
This result is in agreement with the known structure/activity relationships between amines

and their enamine reactivity.*'

13
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Provided with this structure/activity relationship List performed a structure-based catalyst
screen for the direct asymmetric aldol reaction.?! Chiral amines that were structurally similar
to (S)-proline (4) (Figure 8) were tested by reacting p-nitrobenzaldehyde (10) in
DMSO/acetone (4:1) with 20 mol% catalyst at room temperature for 4-24 h.

(< " St
\ COOH & COOH { OO

N N
68% 85% 66%
76% ee 78% ee 86% ee
4 31 32
Figure 8

Commercially available proline-derivative 31 gave comparable enantioselectivities to proline
(4) itself, while 5,5-dimethylthiazolidinium-4-carboxylate (DMTC) (32) afforded an 86% ee,
representing a 10% increase in enantioselectivity compared to proline (4). In contrast, a
DMTC catalyst with a substituent in the 2-position provided the aldol product in less than
10% yield. This result can be rationalised by the fact that formation of the assumed enamine
intermediate is disturbed by both steric factors and by changes in the pK, value of the amine
functionality, caused by additional a-substituents.

Therefore substitution at the 4-position of (S)-proline (4) and 5-position of (S)-thiaproline (32)
increases the enantioselectivity observed in the amine-catalysed direct asymmetric aldol

reaction.

1.6.6 Other Amine Catalysts

As well as the extensive literature on the use of proline (4) and proline-derived catalysts for
the direct asymmetric aldol reaction, other amines have also been utilised. These include the
use of diamine-protonic acid salts by Yamamoto, and the use of a nicotine derivative by
Janda.

Yamamoto utilised diamine 33 as its p-toluenesulfonic acid monohydrate salt to catalyse an
aldol reaction between acetone (9) and p-nitrobenzaldehyde (10). This gave aldol product 11
in a 19% yield with 83% ee (Scheme 13). The use of diamine 33 or the protonic acid alone
led to negligible formation of the aldol product 11 under similar reaction conditions. The

most suitable diamine-acid ratio was determined to be 1:1 for effective rate acceleration.*?

14
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oD

o o) N p-TSOH.H,0 O OH
0,
R 3 @mol%) . L 83% oe
Me” “Me DMF, 40°C, 2h ‘o
NO.
9 10 2 19% 11 2
Scheme 13

Diamine 33 was evaluated for catalysis of the aldol reaction in the presence of a series of
protonic acids. In general, the rate of the aldol reaction was enhanced as the acidity of the
protonic acid increased. The acid that gave the highest yield and enantioselectivity was 2,4-
dinitrophenylsulfonic acid dihydrate, while acetone was shown to be the optimal solvent.
This combination yielded 61% of 11 with 83% ee.

On the basis of the above results, a parallel library approach was utilised to optimise the
nature of the diamine catalyst. Twelve different diamines, each with a secondary amino
structure derived from (S)-proline (4), as well as three diamines derived from (S)-
phenylalanine, were synthesised and screened with a variety of aldehydes. On the basis of
these results catalyst 34, derived from (S)-proline (4) gave the highest yield and
enantioselectivity (72% yield, 93% ee) (Scheme 14).*

Y,

o) N Hx O OH
3 mol%
H 3 @mobh) e : 93% ee
Acetone, 40°C, 2h
Scheme 14

Thus, the use of chiral diamine (33) or (34), with a protonic acid co-catalyst, represents an
alternative to the use of proline (4) as a catalyst for the direct asymmetric aldol reaction.

Janda utilised nornicotine (35) (Figure 9), a nicotine-related alkaloid that is found both
endogenous in tobacco and as a minor metabolite of nicotine in vivo, and with a structural
similarity to proline (4), as a catalyst for the aldol reaction between acetone (9) and p-
nitrobenzaldehyde (10). No reaction was observed in any common organic solvents.
However, by performing the reaction in aqueous phosphate buffer (pH 7.4, 12h), the aldol
product 11 was formed in 81% yield.*

15
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x N
| H
N/
35
Figure 9

Proline (4) and pyrrolidine (55) were tested to see if they could also catalyse the aldol reaction
in water, but these produced little rate enhancement over the background reaction. The 2-
pyridyl and 4-pyridyl analogues of nornicotine gave similar rate enhancements to nornicotine

(35) itself, while 2-phenylpyrrolidine also showed an increased rate.

Nornicotine (35) represents the first example of a small molecule organic catalyst for the aldol
reaction that operates exclusively in agua. As maximum rate acceleration is observed near

physiological pH, nornicotine (35) could also catalyse in vivo aldol reactions.

Wu and co-workers have investigated the use of (S)-pyrrolidine-2-carboxamide catalysts with
a terminal hydroxyl group, for the direct aldol reactions of aromatic and aliphatic aldehydes.
They initially studied the reaction of p-nitrobenzaldehyde (10) in neat acetone (9). The
highest enantioselectivity of 69% was observed with catalyst 36 (Figure 10), which afforded
89% yield of aldol product 11 when the reaction was performed at ambient temperature.

Upon lowering of the reaction temperature to -25°C the enantioselectivity was increased

significantly to 93% ee (66% yield).*’
0
(> pn

N HN
H ‘S--"Ph

Figure 10

A variety of aldehydes can be utilised in the aldol reaction catalysed by 36, affording aldol
adducts in moderate to high yields with high enantioselectivities of up to >99% ee.

The above examples illustrate that amines other than proline itself have successfully been
employed to catalyse the direct asymmetric aldol reaction, but all of the catalysts discussed
have structural similarities. Each contains a secondary amine moiety within a 5-membered
ring system and has, with the exception of nornicotine (35), which has not been used
asymmetrically, either a hydrogen bond-donor group in close proximity to the amine or

requires a protonic acid co-catalyst.

16
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1.6.7 Use of Environmentally Friendly Reaction Systems

After publication by Dickerson and Janda of the use of nornicotine (35) in buffered aqueous
media (see Section 1.6.6) as a catalyst for the aldol reaction,* other examples of the use of
amine catalysts in environmentally friendly reaction systems have been reported, with

particular focus on the use of aqueous micelles.

Barbas III and colleagues studied the aldol reaction with a variety of ketones and p-
nitrobenzaldehyde (10), in phosphate-buffered aqueous media, with sodium dodecyl sulphate
(SDS), an anionic surfactant, as an additive. Under these buffered aqueous conditions, proline
(4) was found to be a useful catalyst for the cross aldol reaction of donors such as 2-butanone
and hydroxyacetone (20), giving yields of up to 90%. Of particular interest was the use of
unprotected dihydroxyacetone (37), which cannot be used in organic solvents as it dimerises
under these conditions. Under buffered aqueous conditions, (S)-proline (4) only produced
trace amounts of polyol 38, while diamine 33 furnished a 90% yield (Scheme 15).*

Q\
o 0 ) QNJ O OH
3 HO
ST e
J\©\ H,O-conditions \/U\(V)/HKQ\
HO OH NO 1t, 90% NO

37 10 2 38 2

Scheme 15

Several other aldehydes were utilised in this diamine catalysed cross-aldol reaction with
dihydroxyacetone (37), producing the corresponding polyols in good yields and high
regioselectivities. This method therefore provides a direct and efficient route to the formation

of polyols under environmentally benign reaction conditions.

Cheng and co-workers further investigated the use of aqueous micelles as an environmentally
friendly reaction system. The reaction between acetone (9) with p-nitrobenzaldehyde (10)
was performed in phosphate-buffered aqueous media, with SDS as an additive. The aldol
product 11 was obtained in 87% yield after 24 hours, a substantial increase compared to that
of the corresponding reaction in organic solvents (68%) (Scheme 16). This reaction is also

very efficient, with the o, B-unsaturated ketone by-product formed only in trace amounts.
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(o) Proline (4) O OH
0 (40 moi%)
)L + H _ > Me
Me~ Me Micelles, 24h,
87% NO
9 10 NO2 0 11 2
Scheme 16

The effects of different surfactants on the reaction were examined, including anionic, non-
ionic and cationic systems. Good yields were obtained with anionic surfactants such as SDS,
but non-ionic and cationic systems did not efficiently promote the reaction and the observed
yields were much lower.*’” To test the scope of this reaction several aliphatic and activated
aromatic ketones were reacted with p-nitrobenzaldehyde (10). Importantly, both the
diastereoselectivity and the chemical yields of these aldol reactions in micelles were much
better than those of the corresponding reactions in organic solvents, thus providing an

environmentally friendly reaction system in which such reactions can be performed.

1.6.8 Recovery and Reuse of the Proline Catalyst

Recovery and reuse of chemicals has become ever more important as concerns over
environmental issues increase. Several methods for the recovery of proline (4) have been
studied, including the use of the catalyst in an ionic liquid and the employment of polymer-
supported proline.

Barbas IIlI studied two routes to catalyst recycling. The first route involved the direct
recovery of the catalyst from the reaction mixture. It was noticed that (S)-proline (4) did not
dissolve in chloroform to any significant extent. Therefore, the aldol reaction between
acetone (9) and p-nitrobenzaldehyde (10) was carried out in chloroform, giving product 11 in
61% ee. While this represents a reduction in enantioselectivity compared to the analogous
reaction in DMSO, (S)-proline (4) could be recovered in quantitative yield by simple filtration
of the reaction mixture. Reuse of the catalyst in a second reaction showed no loss in activity,

suggesting that many rounds of catalyst use and recovery should be possible.*’

As a second route to catalyst recovery and reuse, Barbas III and co-workers studied catalyst
immobilisation. (S)-Proline (4) (20 mol%) was adsorbed onto a silica gel column, and
cyclohexanecarboxaldehyde (12f) in DMSO/acetone (4:1) was introduced into the column
and incubated for 48 hours at room temperature. After washing of the column with ethyl
acetate, aldol product 13f was isolated in 63% yield with 53% ee (Scheme 17). The recovered
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silica gel column was then reused for a second cycle. Unfortunately this method led to
significantly reduced enantiomeric excesses compared to analogous reactions carried out in an

organic solvent, so is of limited use as a catalytic method for the direct asymmetric aldol

reaction.*
o) (S)-proline (4) O OH
0 (20 mol%)
P + H - Me C 53% ee
Me”~ Me Silica gel, DMSO,
0,
9 12f 48h, 63% 13f
Scheme 17

The use of proline (4) as a catalyst for the direct asymmetric aldol reaction has also been
studied in room temperature ionic liquids (RTIL). Ionic liquids are non-volatile, have
insolubility in some solvents, and are able to dissolve catalysts, allowing them to be recycled
easily. Loh and colleagues utilised (S)-proline (4) in imidazolium-based ionic liquids. For
the aldol reaction between acetone (9) and benzaldehyde (12a), carried out in [bmim]PFs
ionic liquid, the aldol adduct (13a) was obtained in 65% yield with an enantioselectivity of
71% (Scheme 18).® This represents a significant increase compared to the 60% ee obtained
in an otherwise equivalent reaction in DMSO. Indeed, all ionic liquids tested afforded

comparable or better enantioselectivities than the organic solvent counterpart.

(S)-proline (4)

o (o) 30 mol% O OH
D D . I L Ti%es
Me~ Me H” ~Ph [bmim]PFg, rt, 45h Me *“Ph
9 12a 65% 13a
Scheme 18

In this study, both aromatic and aliphatic aldehydes were examined, and in all cases the aldol
addition product was obtained in good yield with moderate to excellent optical purity.

The recyclability of the catalyst was tested by study of the aldol reaction above (Scheme 18).
After the reaction was complete, the reaction mixture was extracted with diethyl ether to give
the ionic liquid residue containing (S)-proline (4). This residue was then utilised for another
catalytic run, and it was found that after four repeated cycles the desired aldol product 13a
could still be obtained with comparable yield and enantioselectivity.

Toma and co-workers further investigated the direct asymmetric aldol reaction in [bmim]PFs.
They found that the reaction between acetone (9) and p-trifluoromethylbenzaldehyde (39)
could be performed with just 1 mol% catalyst loading, without any effect on the

enantioselectivity for the reaction (Scheme 19).
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(0] (S)-proline (4) G  OR
O (1 mol%)
P& + H : ; Me 75% ee
Me [bmim]PFg, T, 240
749,
9 FaC 39 74% 40 CF,

I'he experiments with 1 mol% (S)-proline (4) in [bmim]PF were repeated several times, and a
AAAAA I’! ':I

serious drop in yield was observed after the third repetition (30%), but the cnantioselectivity

of the reaction was maintained (75% ee) even after the eighth cycle.” * The addition of 0.5

—
=
=t

erefore, the room temperature ionic liquid [bmim]P¥¢ is a suitable solvent for proline-
catalysed asymmetric aldol reactions. The catalyst in an ionic liquid phase can be recycled
and the product yield and enantiopurity remain at a comparable level to that obtained with the

fresh catalyst.

yst is by binding onto a

yst
solid support. Sz61l6si and co-workers prepared a resin-bound catalyst, (S)-Pro-MBHA (41),

with (S)-proline (4) coupled to the resin vig its carboxylate group (Figure 11). When this
po]ymer-bou d catalyst was utilised in Idol reaction between acetone (9) and 2,2-

with (S)-proline (4), and this was the case for all aldol reactions performed.**

N H
H
49
Figure 11
Even so, the immobilised catalyst could be removed from the reaction mixture by simple
filtration and reused in a second and third run. In these repeated reactions the

Benaglia et al also prepared two polymer supported proline catalysts 42 and

43 (F
Catalyst 42 (0.25-0.35 mol%) was used in the reaction of acetone (9) with a variety of

1:..r

aldehydes in DMF at room temperature. These reactions gave the corresponding aldel
products in good yield (up to 80%) with ee (up to >98%) comparable to that obtained using

(S)-proline (4), although in longer reaction times. For the reaction of hydroxyacetone (29)

[N®}
=
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with cyclohexanecarboxaldehyde (12f), the anti-1,2-diol product 21 was obtained in 45%

vield, and 96% ee (20:1 anti/syn ratio). The double loaded catalyst 43 gave similar results
42, bui allowed half the amount of catalyst to be used.”
IA O
CO,H
o) [ N>" E
42 H
0]

yst 42 could be recovered by filtration and recycled 3-4 times. The chemical yields

slowly diminished with each run, but the enantioselectivities remained virtually unchanged.

These examples show that the proline-catalysed aldol reaction can be carried out in an ionic

liquid, or by utilising a polymer-supported proline catalyst. These methods gav

(=4

(¢']

comparable
results to the standard reaction conditions, and allowed the catalyst to be recycled and reused,
constituting a more environmentally friendly approach to the catalytic direct asymmetric aldol
reaction.

1.6.9 Applications of the Direci Asymmetric Aldol Reaction

1=H

The proline-catalysed direct asymmetric aldol reaction can easily be performed on a multi-
gram scale, required for complex molecule synthesis. This was demonstrated with a short
asymmetric total synthesis of the bark beetle pheromone (S)-ipsenol (45), which is required in

kilogram quantities for insect traps. In this synthesis a proline-catalysed aldol reaction was

e
5
o
[«
Q

ut between acetone (9) and 3-methylbutyraldehyde {14d) to give B-hydroxyketone

=

)
s



Chapter 1 - Introduction Gulie ol Conitt— PH D, Thesisr 200

(S)-proline (4)

_ (Bomoi%) O OH
/u\ M W 96% ee
DMSO 97%

15d
1. TBDMS-CI o
20— N | %
N Tf
1.2 SnBus _TBDMS
X OH Pd(PPh3), oTf o
7 2. TBAF )\/'\)\
45 86% 44
Scheme 20

A further application of this method is in the assembly of carbohydrates and polyketides,
which can be formed using a proline-catalysed asymmetric double aldol reaction involving
three aldehyde components. For example, propionaldehyde (24) trimerisation can be carried
out under proline-catalysed conditions to give trimeric products 46 and 47 in a 53% isolated
yield as a 1:8 mixture of diastereoisomers with an anomeric ratio of 1:2 (a:p) (Scheme 21).!
This trimerisation reaction can be carried out on a 10g scale, with the lactol products obtained

in crystalline form.
(S)-proline (4) O RN
e 9 9 (10 mol%)
+ +
H I\’ K‘ DMF, 3 days
53% OH
24 47
Scheme 21

It was also possible to carry out the double aldol reaction using non-equivalent aldehydes.
The product pyranoses from these reactions contain four asymmetric centres constructed
under proline (4) catalysis with excellent diastereoselectivity and modest enantioselectivity
from three aldehyde molecules. This simple one-pot procedure provided direct access to
carbohydrates and polyketides that are otherwise prepared using multi-step procedures.

(S)-Proline (4) has also been used in the stereoselective construction of the side chain of
brassinolide. A direct aldol reaction was performed between hydroxyacetone (20) and
aldehyde 48, to yield anti-1,2-diol 49 in an 84% yield with a diastereomeric ratio of 5:1
anti/syn. The aldol product 49 was then converted in five steps to triol 50, a known precursor
of brassinolide (Scheme 22).%2
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“_CHO
2 (S)-proline (4)
¥ (ll\ DMSO, rt, 12h
OH 84%
48 20

OMe

HO

Scheme 22

The above examples illustrate that the synthesis of complex molecules from simple starting
materials is within the realm of organocatalysis involving the naturally occurring amino acid
proline (4).

1.6.10 Mechanism of the Proline-Catalysed Aldol Reaction

It is proposed that the proline-catalysed intermolecular aldol reaction follows an enamine
mechanism that is closely related to that of the Hajos-Parrish-Eder-Sauer-Wiechert reaction
(Section 1.5) as well as that used by natural class-I aldolases. According to this proposal,
proline (4) functions as a micro-aldolase with the secondary amine group acting as a
nucleophilic enamine catalyst and the carboxylic acid moiety as a general Bregnsted co-
catalyst.9

In the pdstulated mechanism for this reaction, condensation of the secondary amino group of
proline (4) with a carbonyl substrate leads to the formation of a nucleophilic enamine
intermediate. The adjacent carboxylic acid group of the enamine intermediate then directs the
approach of the electrophile by formation of a specific hydrogen bond in the transition state
structure (Model D). This provides both pre-organisation of the substrates and stabilisation of
the transition state. After reaction, the resulting iminium ion is hydrolysed to release the
product and the proline (4) catalyst, which can proceed to repeat the cycle. The chirality of
proline (4) is therefore relayed into the product.”
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. N . N
N oL = ’)\ OH
“4
RCHO

Carbinolamine Iminium lon Enamine
(0] O
\)K * u
51 4 OH

o9 HO @\(O OH @\(o N “\Ho
R/\W/l\ H S Q== OFH(? ¥
=
R” TH
Model D
Scheme 23

This proposed multi-step reaction mechanism (Scheme 23) has been confirmed using density
functional theory calculations.”® The validity of the transition state (Model D) has been
demonstrated by using density functional theory to predict the stereoselectivities of proline-
catalysed aldol reactions, followed by experimental verification.>*

The use of chiral amines to catalyse the asymmetric aldol reaction has received extensive
attention from synthetic chemists. Proline (4) and proline-derived compounds have been
found to catalyse such reactions with excellent enantiocontrol via an enamine activation

pathway.

1.7 A Nitrone-Aldol Reaction

Nitrones can react with carbonyl compounds in an aldol-type reaction to form functionalised
B-hydroxynitrones. Nitrones with an o-proton can be in equilibrium with their N-
hydroxylenamine tautomer (Scheme 24), which can be initiated by deprotonation with a base.
A nucleophilic carbon atom is generated that can add to carbonyl compounds forming a new
carbon-carbon bond. This reaction is therefore the nitrone analogue of the aldol reaction; the

nitrone-aldol reaction.
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R%,o@ R.,-OH
_w N
Base
© O
R\%,O RO
e <
Scheme 24

This fundamental reaction of nitrones was first documented in 2002 by Jergensen and co-
workers, who have also developed an amine-catalysed asymmetric version.

1.7.1 Amine-Catalysed Nitrone-Aldol Reactions

Jorgensen carried out a nitrone-aldol reaction between N-benzyl-C-methylnitrone (52) and
ethyl-1,1,1-trifluorpyruvate (53) to give addition product S4. With the absence of a catalyst a
63% yield of 54 was obtained in 24 hours. The use of Bronsted and Lewis acids as catalysts
did not improve the reaction rate significantly, and often resulted in decomposition of the
desired products. But, addition of a catalytic amount of pyrrolidine (55) did increase the
reaction efficiency, affording a 74% yield of 54 in just 4 hours (Scheme 25).%

() o

@ 2 N Bn®.0
Bn\N/O X i H 55 . N OH

”\Me F3C~ “COE 74% ol

52 53 54 ©O2

Scheme 25

With the use of pyrrolidine (55) as a catalyst this reaction could also be performed with
carbonyl compounds other than the highly activated 53. Notably, in the absence of a catalyst
only highly activated 53 could be employed. A series of different ketones were utilised with
good yields obtained throughout.

1.7.2 An Asymmetric Nitrone-Aldol Reaction

Having established that secondary amines successfully catalyse an aldol-type reaction of
nitrones to carbonyl compounds, Jorgensen went on to develop an asymmetric version using
chiral secondary amines. Proline (4) was found to give the highest levels of enantiocontrol in

the reaction of nitrone 52 with carbonyl compound 53, to afford adduct 54 in 50% yield with
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30% ee. It was found that an increased enantioselectivity was obtained for the use of a-
substituted nitrones, such as 56, in reactions with diethyl ketomalonate (27). The use of
proline (4) to catalyse this reaction furnished the product B-hydroxynitrone 57 in 48% yield
with 80% ee (Scheme 26).

®.0° o
Bn\N,O o ?:COZH Bn\N o) OH
+ L COEt  80% ee
Et0,C~ “CO,Et 48% CO,Et
56 27 57
Scheme 26

Aldehydes can also be employed in these reactions, but the initially formed B-hydroxynitrone

eliminates water to give the corresponding o, 3-unsaturated compound.

1.7.3 Mechanism of the Proline-Catalysed Nitrone-Aldol Reaction

Kinetic measurements, intermediate and product analysis, and the absolute configuration of
the optically active B-hydroxynitrone product have shown that the proline-catalysed nitrone-
aldol reaction proceeds via an enamine intermediate. In the proposed reaction mechanism, the
nitrone 56 reacts with the proline (4) catalyst to form aminal 58, which after elimination of
hydroxylamine 59 forms chiral enamine 60. This enamine reacts with the carbonyl compound
27 to form a zwitterionic aldol product 61, which reacts with the hydroxylamine 59 to form a
second aminal 62. Elimination of the proline (4) catalyst yields the optically active p-

hydroxynitrone 57 (Scheme 27).%
&COZH

Bn.® ,o Bn\@ o g B "
n Ol-bH
COzH COzEt CO,Et
CO,Et CO,Et

56 62

+BnNHOH
° 59

B oH EtOZC COzEt
LN - BnNHOH HO,C HO,C
HOZC N 2 2
59 =~ CO,Et

1 /\/\ 2

CN)\/\ CN A(kCOZEt
58
Scheme 27
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The formation of the new stereocentre is determined by the approach of the activated carbonyl
compound to the enamine intermediate. It has been proposed that this approach is directed by
the interaction between the incoming carbonyl oxygen atom and the proton of the carboxylic
acid of (S)-proline (4) (Figure 13). This is supported by the fact that no enantioselectivity is
observed if proline methyl ester is employed as the reaction catalyst.

[_)\(O
N

"H--O
)

R 0
R N
EtOZC)]\COZEt
Model E
Figure 13

This proline-catalysed nitrone-aldol reaction further illustrates the value of organocatalysis.
While Bronsted and Lewis acids were inefficient as reaction catalysts, proline (4) was found

to enhance the rate of reaction and furnish products with high enantioselectivities.

1.8 The Baylis-Hillman Reaction

Baylis and Hillman first reported the reaction of acetaldehyde with ethyl acrylate and
acrylonitrile in the presence of catalytic amounts of strong Lewis bases in 1972.° The
Baylis-Hillman reaction is a convenient process for the preparation of B-hydroxy-o-
methylene -ketones, -nitriles or -esters in one step from the reaction of «,B-unsaturated
ketones, acrylonitriles or acrylic esters, respectively, with aldehydes. The mechanism of this
reaction is multi-step, so any of the reaction components can be used to influence the
stereochemistry of the newly formed stereogenic carbon atom, but few asymmetric versions

of the Baylis-Hillman reaction have been reported.”’

1.8.1 Use of Proline as a Co-Catalyst for the Baylis-Hillman Reaction

Shi and co-workers reacted methyl vinyl ketone (MVK) (63) with p-nitrobenzaldehyde (10)
and a weak Lewis base, imidazole (64), in the presence of catalytic amounts of (S)-proline (4),
which afforded a good yield (60%) of product 65 (Scheme 28).8
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(Do £

N N OH O
4 64
/@/ H (10 mol%)H
Me
|/l( Me DMF, rt, 24h
60%
0 O:N 65
Scheme 28

Increasing the amount of imidazole (64) and (S)-proline (4) to 30 mol% gave product 65 in
excellent yield (91%) under the same conditions. Notably, use of either imidazole (64) or (S)-

proline (4) alone gave no reaction.

Other amino acids, such as (L)-phenylalanine and glycine were tested as co-catalysts in this
reaction, but only low yields (20-30%) were achieved. The use of benzimidazole or
triethylamine as the Lewis base also furnished lower yields under the same reaction

conditions.

Several arylaldehydes were reacted with methyl vinyl ketone (63) in the (S)-proline (4) and
imidazole (64) co-catalysed Baylis-Hillman reaction, with the corresponding adducts obtained
in moderate to excellent yield (30-90%). In all cases the adducts were obtained with low

enantioselectivity (5-10% ee).

1.8.2 Mechanism of the Organocatalytic Baylis-Hillman Reaction

Based on the mechanism for the proline-catalysed aldol reaction (Section 1.6.10), a
mechanism for the (S)-proline (4) and imidazole (64) co-catalysed Baylis-Hillman reaction
has been postulated.*® Proline (4) reacts with MVK (63) to form an iminium ion, facilitating
the conjugate addition of imidazole (64). The resulting enamine reacts with the aldehyde
component in an aldol reaction. The Baylis-Hillman product is then formed via elimination of

water and hydrolysis of the iminium ion to release the proline (4) catalyst (Scheme 29).
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Scheme 29

This example of the use of proline (4) as a co-catalyst for the Baylis-Hillman reaction gave
essentially no asymmetric induction, but demonstrates the potential for chiral amines to
catalyse such transformations, and future investigations may lead to a highly enantioselective

organocatalytic Baylis-Hillman reaction.

1.9 The Diels-Alder Reaction

The Diels-Alder reaction is one of the most important methods of carbon-carbon bond
construction in synthetic organic chemistry,” enabling, in one step, the rapid preparation of
cyclic compounds containing an unsaturated six-membered ring from the reaction of a
conjugated diene with a double or triple bond (the dienophile). Almost eighty years after its
discovery in 1928,% organic chemists still utilise and continue to develop this elegant tool.

Since the Diels-Alder reaction creates a molecule with up to four contiguous stereogenic
centres, -control of absolute stereochemistry and regiochemistry is particularly attractive.
There are three basic strategies for the enantioselective control of the desired product in these
cycloadditions: the use of a chirally modified diene, a chirally modified dienophile or a chiral
catalyst.5' It wasn’t until the 1970’s that the first highly stereoselective version of the Diels-

62

Alder reaction was reported by Corey and co-workers.”” Since then, there have been many

impressive chiral auxiliaries and catalysts designed to investigate the scope and limitations of

asymmetric [4+2] cycloadditions.5%%3
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1.9.1 The First Highly Enantioselective Organocatalytic Diels-Alder Reaction

D. W. C. MacMillan reported the first highly enantioselective organocatalytic Diels-Alder
reaction in 2000.” It was hypothesised that the reversible formation of an iminium ion from
an o,B-unsaturated carbonyl compound and an amine should activate it to reaction via

lowering of the LUMO (lowest unoccupied molecular orbital) (Figure 14).

RO.R
O HNR, N N OHC
— + —
HJLH HJLH _
A A B
LUMO * . SN
A ‘~‘~~ ’ ‘ ‘\
: !
S LUMO =**, !
S B ’%

’
. HOMO =2

“-H—" (diene)

Figure 14

Initially a variety of chiral amines were investigated to test their capacity to enantioselectively
catalyse the Diels-Alder reaction between cyclopentadiene (66) and (E)-cinnamaldehyde (67),
(Scheme 30).

10 mol% cat. HCI Ph
@ Ph o MeOH-H,0 7 ~-CHO b

it Ph
CHO
66 67 exo-68 endo-68

Scheme 30

Amines tested included (S)-proline methyl ester and (S)-abrine (N-methyltryptophan) methyl
ester. These provided the Diels-Alder adduct (68) in excellent yields (>80%) with moderate
stereoselectivity (=2.5:1 exo:endo, 48-59% ee). The highest levels of enantioselectivity (93%
ec) were given by chiral imidazolidinone 69 (Figure 15), which provided control of the
iminium ion geometry through the use of steric constraints on the catalyst architecture.

(o) Me
(f'}, Me
LN Me

69
Figure 15
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1.9.2 Scope of the Organocatalytic Diels-Alder Reaction

The scope of the organocatalytic Diels-Alder reaction was tested by reacting cyclopentadiene
(66) with both aromatic and aliphatic o,B-unsaturated aldehydes (Scheme 31). An increase in
the steric bulk of the R group (Me, Pr, ‘Pr) was possible without loss of yield or
enantioselectivity (>75% yield, exo >84% ee). Aromatic groups on the dienophile were also
utilised.’

69. HCI

R= Yield exo:endo % ee

X (5 mol%) Lb aMe 75 11 8
@ + RS0 MeOH-H,0  Z.~/AcHO bpr 92 11 86
t R cPr 81 11 84
66 70 exo- & endo-71 d Furyl 89 1:1 91

Scheme 31

The amine-catalysed Diels-Alder cycloaddition was also general with respect to diene
structure. A wide range of diene reactivity could be accommodated without loss in
stereocontrol, allowing access to a number of cyclohexenyl building blocks incorporating
acetoxy, alkyl, formyl and aryl substituents with high levels of regio- and enantioselectivity
(72-89% yield, 5:1 — 11:1 exo:endo, 83-90% ee) (Scheme 32).”

SR
X 69. HCI

72 73
(20 mol%)
or Me + X0 ~  exo & endo adducts
76 MeOH-H,0
Ph
\( =z t
A N

74 Me’7s

Scheme 32

All of the above reactions were carried out under an aerobic atmosphere using wet solvents.
The addition of 5% water to the reaction solvent gave both increased yields and
enantioselectivities. It has been proposed that this addition of water facilitates the catalytic
turnover.
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1.9.3 Use of a,p-Unsaturated Ketones

Lewis acid coordination is traditionally a non-selective process with ketone dienophiles and
often leads to poor levels of enantiocontrol. This has prevented the use of simple ketone
dienophiles in asymmetric catalytic Diels-Alder reactions. In order for an amine catalyst to
induce enantioselectivity, a selective n-bond must result when the iminium ion is formed
(Scheme 33).

) SO @ ©)
O n/ X\N/Y Y\N,X \\ // 0

Amine catalyst Iminium geometry control Enantiocontrol
Scheme 33

MacMillan utilised a series of chiral imidazolidinones (69, 79-82) to catalyse a Diels-Alder
reaction between cyclopentadiene (66) and 4-hexen-3-one (77). It was found that the
previously identified catalyst 69 (Section 1.9.1) gave a low yield (20%) of the Diels-Alder
adduct with no enantiocontrol (0% ee). Therefore substituents in the C2 and C5 positions
were varied to try to improve the enantioselectivity (Figure 16). It was found that a benzyl
group in the C2 position gave optimum results, while aromatic and heteroaromatic groups in
the C5 position (Catalysts 80, 81, 82) improved the enantioselectivity. Imidazolidinone 82,
with a furyl-derived side chain, gave excellent yields and afforded superior levels of
enantiocontrol (89% yield, 90% ee).**

(10 mol%) Lb
@ + M e/\)J\Et /4 Me

H,0, 0°C
2 EtAO
67 77
0) N/ (0] Me 0) Me
N
LK e (bph
N ”H Ph N “ N % z
ph H H H pn H N W
79 80 81 82
27% yield, 88% yield, 83% yield, 89% vyield,
0% ee 47% ee 82% ee 90% ee
Figure 16

It was found that imidazolidinone 82 catalysed the Diels-Alder reaction with a wide variety of
dienes and ketone dienophiles without loss of reaction efficiency or enantiocontrol. This

represents the first highly enantioselective catalytic Diels-Alder reaction with simple ketone

dienophiles.
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This method is also environmentally friendly as the above Diels-Alder reactions were all
carried out in aqueous or ethanolic solvents, and the amine catalyst 82 could be recovered in

91% yield after column chromatography for reuse in further catalytic runs.

1.9.4 Mechanism of the Imidazolidinone-Catalysed Diels-Alder Reaction

In the mechanism of the organocatalytic Diels-Alder reaction, the o,B-unsaturated carbonyl
compound reacts with the enantiopure amine catalyst to form an iminium ion, 83. This
activates the carbonyl compound to a [4+2] cycloaddition reaction with the diene reaction
partner, leading to iminium ion 84. Hydrolysis affords the enantioenriched cycloaddition
product 85 and the chiral amine catalyst, which can proceed to repeat the cycle (Scheme 34).

66
Scheme 34

The iminium ion intermediate 86 shows two significant stereocontrol elements. Firstly, the
(E)-iminium ion is formed to avoid non-bonding interactions between the substrate olefin and
the C5 substituents, and secondly, the benzyl group in the C2 position effectively shields the
re face of the dienophile, leaving the si face exposed for cycloaddition to take place (Figure

17). This iminium ion structure was confirmed using molecular modelling calculations.”%*

(0] Me

awe
N b~
Ph Me

| H

86
Figure 17
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These imidazolidinone-based catalysts achieved high levels of organisational control with
simple aldehydes and ketones, most probably due to the geometrical constraints that

accompany the formation of the iminium n-bond.

1.9.5 Amine-Catalysed Diels-Alder Reaction via an Enamine Pathway

The above examples of amine-catalysed Diels-Alder reactions (Sections 1.9.1-1.9.4) involve
the activation of the a,B-unsaturated carbonyl compound via formation of an iminium ion.
An alternative strategy involves the in situ formation of an enamine from the o,B-unsaturated
carbonyl compound. This enamine can then act as the diene in a [4+2] cycloaddition reaction

with an alkene, providing an efficient single-step route to the synthesis of cyclohexanone
\ .R’

Barbas III and co-workers utilised proline (4) and diamine (S)-1-(2-

derivatives (Scheme 35).

Enamine
diene

Scheme 35

pyrrolidinylmethyl)pyrrolidine (33) as catalysts for a Diels-Alder reaction between nitro
olefin 87 and o,B-unsaturated ketone 88 to provide cyclohexanone derivative 89. Use of
proline (4) in methanol gave a 75% yield of adduct 89 with a 3.6:1 ratio of a:b, while diamine
33 under neat conditions gave an 85% yield of adduct 89 with a 3:1 ratio of a:b (Scheme 36).
A variety of solvents, including water, could be utilised without loss of selectivity.®’

O
40r33
20-50 mol% CF3
o°c \ S
NO, /
89a 89b

Scheme 36

Both proline (4) and diamine 33 catalysed the Diels-Alder reaction with a variety of nitro
olefins and a,B-unsaturated ketones, affording good yields of the corresponding adduct (32-
75%). All of the reactions performed yielded adducts with moderate enantioselectivities (up
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to 38% ee). These reactions demonstrated that an enamine can be generated in situ and

reacted with nitro olefin dienes under amine-catalysed conditions.

1.9.6 Combining Iminium and Enamine Pathways

When an o,p-unsaturated carbonyl compound reacts with a secondary amine either an
iminium ion dienophile (Sections 1.9.1-1.9.4) or an enamine diene can be formed (Section
1.9.5). Barbas III showed that these two pathways can be combined, such that cyclohexanone
derivatives can be formed in a single-step via a [4+2] cycloaddition reaction between an

iminium ion dienophile and an enamine diene (Scheme 37).

(0]
0 X\ x@x
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Dlenophlle Dlene 0

Scheme 37

Proline (4), diamine (S)-1-(2-pyrrolidinylmethyl)pyrrolidine (33) and pyrrolidine (55), under a
variety of reaction conditions, were tested as amine catalysts for a direct self Diels-Alder
reaction of a,B-unsaturated ketone (88) to afford cyclohexanone derivatives 90a and 90b
(Scheme 38).%

o) @)
cat
| (30 mol%)
sc SN s
| 4 J | 4
O
88 90a 90b

Scheme 38

Pyrrolidine (55) was found to give both increased yields and selectivities compared to
diamine 33 and proline (4), with a 70% yield and 6:1 ratio of 90a:90b when the reaction was
carried out in water.  Although proline (4) afforded a lower yield (52%) and
diastereoselectivity (4.5:1), this catalyst did provide adduct 90b with modest

enantioselectivity (23% ee) when the reaction was performed in methanol.

It was shown that a variety of o,3-unsaturated ketones could be utilised in this transformation
with yields of the cyclohexanone derivatives ranging from 47-80%. Performing these amine-

catalysed self Diels-Alder reactions in water provided the exo-isomer as the major product,
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and this procedure was scalable, allowing gram quantities of cyclohexanone derivatives to be
prepared under very mild conditions.

The above examples illustrate that the Diels-Alder reaction can be catalysed by small chiral
amines, either via an iminium ion mechanism, which lowers the LUMO of the a,f
unsaturated carbonyl compound, or by an enamine-based activation strategy. These two
strategies can also be combined allowing for the direct self Diels-Alder reactions of a,f-
unsaturated ketones. These examples further exemplify the use of amines as organocatalysts

for important synthetic transformations.

1.10 The Hetero-Diels-Alder Reaction

The hetero-Diels-Alder (HDA) reaction provides the opportunity to incorporate a heteroatom
into the six membered ring of the Diels-Alder product. Most commonly, the catalytic
asymmetric version of this reaction involves the cycloaddition between an aldehyde and a
reactive diene (typically with one or two oxygen atoms attached, for example Danishefsky’s
diene 91). The products can be formed by either a direct cycloaddition or via a two-step
aldol-Michael sequence (Scheme 39).

OMe )

| (o)
OMe

+
§ R OMe o) R
TMSO
o1 = OTMS
(0] R y
Scheme 39

This reaction provides the ability to incorporate various heteroatoms at any of the six possible
positions in the diene and dienophile components of the reaction, with many examples
reported since the discovery of the Diels-Alder reaction.’’ Alder documented one of the first
examples of a hetero-Diels-Alder reaction in 1943 when he discovered, by chance, that an

imine could react with appropriate dienes in a [4+2] cycloaddition.%®
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1.10.1 An Organocatalytic Enantioselective Hetero-Diels-Alder Reaction

Jorgensen and colleagues reported the first organocatalytic inverse-electron-demand hetero-
Diels-Alder reaction in 2003. They hypothesised that reaction between an aldehyde and a
chiral pyrrolidinone would generate a chiral enamine, which would then act as an electron-

rich alkene and undergo an enantioselective hetero-Diels-Alder reaction (Scheme 40).

R4
Qw &R‘ Oy_CO,R?
o) N 3
' H N._O._COR
¢ oL LT
1 R? R2 R :

R

=2
Enamine R

Scheme 40

To examine this theory, isovaleraldehyde (14d) was reacted with diamine (S)-2-(1-
pyrrolidinylmethyl)pyrrolidine (33) to form an enamine in situ. This was reacted with
electron-poor enone 92 to yield a mixture of two anomers of hemiacetal 93 and the aldehyde
94 in a 69% yield and 51% ee (Scheme 41). Oxidation of this mixture with pyridinium
chlorochromate (PCC) provided lactone 95 as a single diastereoisomer. Catalytic turnover
was accomplished by addition of silica, as this facilitates the hydrolysis step of the catalytic

cycle.69
D\/ NO
o Oy COMe "N, HO.. _O_ _CO,Me Ox__O__CO,Me
S (20 mol%) U PCC U
ipr silica, rt ‘Pr H ey
Ph Ph Ph
14d 92 93 95
o eoQ
CO,Me
iPr 94
Scheme 41

To improve both the yield and enantioselectivity several pyrrolidine-based catalysts were
employed (Figure 18). While prolinol (96) gave a similar yield and selectivity to diamine 33,
diphenylprolinol (97) promoted a highly selective hetero-Diels-Alder reaction (97% ee), but
the increased steric bulk at the C2 position led to a low yield (6%). Dehydroxylated catalyst
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98 gave a higher yield (46%), but also a slight decrease in enantioselectivity (88% ee).
Catalyst 99 was found to be optimal, giving a similar enantioselectivity (87% ee), with a

significant increase in yield (87%) at a lower catalyst loading (10 mol%).
Me

Oy O O O
N N Ph N
H OH H OH H Ph

96 97 98 Me o9
Figure 18

Iz

A higher yield could be obtained by mixing the reagents and catalyst at -15°C and allowing
the reaction to warm to room temperature. A variety of solvents could be used, with little
effect on the enantioselectivity (89-92% ee for all solvents employed), while dichloromethane
afforded the highest yield (93%).

The scope of the enantioselective organocatalytic hetero-Diels-Alder reaction was
demonstrated by employing a variety of aldehydes and enones. It was found that enones with
aromatic or aliphatic substituents in the y-position underwent the hetero-Diels-Alder reaction
to afford adducts with excellent diastereoselectivities and enantioselectivities. The reaction

was also general with respect to the aldehyde component.

1.10.2 Mechanism of the Amine-Catalysed Hetero-Diels-Alder Reaction

In the proposed reaction mechanism of the aminocatalytic hetero-Diels-Alder reaction, an
enamine is generated in situ from an aldehyde and the chiral amine catalyst. This enamine
acts as an electron-rich alkene and undergoes a stereoselective hetero-Diels-Alder reaction
with the enone. The HDA adduct is obtained, after hydrolysis, with the amine catalyst

regenerated to continue through another catalytic cycle (Scheme 42).%
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The proposed transition state (Model F) is consistent with the observed absolute and relative

stereochemistry of the products obtained from the organocatalytic hetero-Diels-Alder

reaction. The electronic properties of the enamine governs the regioselectivity, while the 2,2-

diarylmethyl substituent on the pyrrolidine ring of catalyst 99 shields the si-face of the

enamine, so directing the addition of the enone to the re-face of the alkene fragment in an

endo-selective manner (Figure 19).

Ar
Ar
3
R°0,C._ON\. N\IL
X - R1
Ph
Model F
Figure 19

This represents the first example of a hetero-Diels-Alder reaction catalysed by a simple amine
molecule. Proline-derived catalysts were employed to furnish the hetero-Diels-Alder adducts
in high yields with excellent enantioselectivities, further illustrating the versatility of small

organic molecules as reaction catalysts.
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1.11 [4+3] Cycloaddition Reactions

The [4+3] cycloaddition of allylic cations with dienes represents a powerful approach to the
synthesis of seven-membered rings. Many approaches to the generation of allylic cations and
their subsequent cycloadditions have been published, but it is only recently that asymmetric
[4+3] cycloaddition reactions have appeared in the literature, with most of the systems used to
date based on a chiral auxiliary approach.™

1.11.1 An Asymmetric Organocatalytic [4+3] Cycloaddition Reaction

Harmata and co-workers hypothesised that the generation of chiral unsaturated iminium ions,
such as the intermediates formed in the asymmetric Diels-Alder reaction (see Section 1.9),
should also be amenable to the catalysis of [4+3] cycloaddition reactions. Therefore, furan
(100) was reacted with several silyloxypentadienals (101a-c) in the presence of chiral
imidazolidinone 79. In each case the [4+3] cycloadduct 102 was formed with endo
selectivity, and good enantioselectivity but with low yield (Scheme 43).”

7 0 R=__ Yield %ee
o) . OR (20 mol%) ~NSCHO a.TMS 8 50
i\ /7 /\/\ T oH.OL 0% b.TES 10 55
CHO 2Clz, 0°C, c.TBS 8 65
100 101 4 days 102
Scheme 43

2,5-Disubstituted furans were also utilised in the [4+3] cycloaddition reaction with
trialkylsilyloxypentadienals. The reaction of 2,5-dimethylfuran (103) with 101a afforded
adduct 104 in good yield (64%) as a single diastereoisomer with 89% ee (Scheme 44). For all
the dimethylfurans reacted, low to good yields of the corresponding cycloadduct were
obtained (18-74%) with high enantiomeric excesses (80-90% ee).

79 TFA 0
)OlM//S\ e \@Me 20 mol%: . S~CHO
CHO CHCly, 78°C, @ Ve
101a 103 4 days 104
64% 89% ee
Scheme 44
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1.11.2 Iminium Ion Intermediate of the [4+3] Cycloaddition Reaction

At present, no proof of mechanism has been reported for the asymmetric organocatalytic
[4+3] cycloaddition reaction, but in accord with proposals by MacMillan (Section 1.9.4) it has
been assumed by Harmata that iminium ion 105 is formed (Figure 20).”"

o)

b DS

Figure 20

The benzyl group in the C5 position blocks the top face of the iminium ion, while the trialkyl-
silyloxy-group forces attack of the diene from one side predominantly. It has been suggested
that these two factors lead to the observed selectivity, although further studies are required to

determine the stereochemical and mechanistic features of this [4+3] cycloaddition reaction.

This represents the first example of asymmetric organocatalysis of the [4+3] cycloaddition
reaction. Although further research and optimisation are required, this example illustrates

another application of low molecular weight chiral amines as reaction catalysts.

1.12 1,3-Dipolar Cycloaddition Reactions

The 1,3-dipolar cycloaddition reaction can be used for the general construction of five-
membered heterocycles via the addition of a 1,3-dipolar species to a multiple bond (the
dipolarophile). The 1,3-dipolar species can consist of carbon, nitrogen and oxygen atoms in
various combinations. The 1,3-dipolar cycloaddition of nitrones with alkenes has received
considerable attention in asymmetric synthesis.”” In contrast to most other 1,3-dipoles,
nitrones are often stable compounds and do not typically require in situ formation, thus
accounting for their success in synthetic applications. In the 1,3-dipolar cycloaddition
reaction of a nitrone (106) with an alkene (107), up to three new contiguous asymmetric
centres can be formed in the product isoxazolidine 108 (Scheme 45), and this is a useful
synthon in the preparation of biologically important compounds.

O L 0
\N,O ~N
Lo ..
106 107 108~
Scheme 45
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1,3-Dipolar cycloaddition reactions can be divided into two major groups: the normal
electron-demand reactions and the inverse electron demand reactions. Many examples within
the literature are of diastereoselective reactions that involve the use of chiral alkenes or

nitrones, but over the past ten years catalytic enantioselective versions have been reported.

1.12.1 An Enantioselective Organocatalytic 1,3-Dipolar Cycloaddition

Chiral imidazolidinones can be used to catalyse an enantioselective organocatalytic 1,3-
dipolar cycloaddition reaction between a nitrone and an o,B-unsaturated carbonyl compound.
These amine catalysts react reversibly with the o,p-unsaturated carbonyl compound by
iminium ion formation, lowering the LUMO of the alkene, so activating it to reaction with the

nitrone species.

MacMillan performed a [3+2] cycloaddition reaction of N-benzylidenebenzylamine N-oxide
(109) with (E)-crotonaldehyde (70a) to afford isoxazolidine 110 (Scheme 46). This reaction
was successful using a variety of chiral imidazolidinone catalysts, with the phenylalanine-
derived imidazolidinone 69 providing the highest levels of enantiocontrol (93% ee).”

O, Me
LS
N %
ph H Me Bn Bn
Bn 69 .HCI N-0 N-0
N+ MY, (20 mol%) Y . ‘
o0 " Pn CHyNO,, H0, PR Kﬁ e Ph’v e
+4°C, 72h, 70% CHO CHO
109 70a endo-110 88:12 exo-110
93% ee
Scheme 46

An increase in reaction efficiency was accomplished using the perchloric acid salt of catalyst
69 (98% yield, 100h), and optimal stereochemical control was achieved by lowering the
reaction temperature to —10°C.

1.12.2 Scope of the Amine-Catalysed 1,3-Dipolar Cycloaddition

The scope of the 1,3-dipolar cycloaddition reaction was investigated by reacting a,p-
unsaturated aldehydes with various nitrones. It was found that the reaction was quite general
with respect to the nitrone structure (111). Variation in the N-alkyl group (Z = Me, Bn, allyl)

was possible without loss in enantioselectivity (94-99% ee), and a variety of aromatic
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substituents on the dipole (R! = Ph, p-PhCl, p-PhOMe, 2-naphthyl) could also be tolerated
(91-95% ee). Structural variation of the dipolarophile (70) was also achieved (R = Me, H),
which provided high levels of reaction efficiency and stereocontrol (Scheme 47).

7 69.HCIO, Z‘N o Z\N °
\ 20 mol% - ~
@N:\ + R/\\\AO ( ) > R1“'. "R + R1 IR
o0 R! CH3NO,, H,0,
-20°C CHO CHO
11 70 66-98% endo-112 ex0-112
90-99% ee
Scheme 47

The endo-(4S)-isoxazolidine adduct 112 was formed as the major isomer in the above
examples. This result is consistent with the iminium ion intermediate 86 proposed by
MacMillan to explain the stereochemical outcome of imidazolidinone-catalysed Diels-Alder
reactions (See Section 1.9.4). The reaction of the imidazolidinone catalyst 69 with an o,f-
unsaturated aldehyde generates an (E)-iminium ion (Model G). The presence of a benzyl
group on the catalyst structure promotes the cycloaddition of the dipole from the si-face of the
dipolarophile, and cycloaddition through an endo pathway effectively alleviates non-bonding
interactions between the nitrone phenyl group and the neopentyl methyl substituent on the
catalyst framework (Figure 21).”

(0) Me
N
(2%)_,Me
Phpnll_Me
e

- Bn
[
Model G
Figure 21

This use of chiral amines to catalyse 1,3-dipolar cycloadditions is synthetically important as it
has been shown that o,B-unsaturated carbonyl compounds are poor substrates for metal-
catalysed nitrone cycloadditions. This is due to the preferential co-ordination of the Lewis
acid to the nitrone oxygen rather than to the carbonyl oxygen atom. Therefore, the use of an
amine catalyst enables o,B-unsaturated aldehydes to be used as substrates in [3+2]

cycloaddition reactions involving nitrones.
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1.12.3 Use of Cyclic Dipolarophiles

Karlsson utilised chiral imidazolidinone 69 to catalyse a 1,3-dipolar cycloaddition of acyclic
nitrone 114 with cyclopentenecarboxaldehyde (113). But the fused bicyclic isoxazolidine 115

product was formed in both low yield and enantiomeric excess (Scheme 48)."

Q Ph 69 .HCI
13 mol%) H CHO
H + @O\N)\H ( mol%) o .
®) TDMFH0, \ Ph
|

Me 10°C, 144h,
113 14 19% exo-115 86:14 endo-115
5% ee
Scheme 48

To increase both the reaction efficiency and the stereochemical control, other chiral amine
catalysts were investigated. Firstly, highly functionalised bicyclic pyrrolidines 116 (Figure
22) were tested as it was hypothesised that the increased rigidity and steric bulk in the catalyst
structure would lead to a higher enantioselectivity.

R
0, ,,o
HO H"H R =H, OMe
R 116
Figure 22

Use of bicyclic pyrrolidine 116 gave reasonable yields (59-61%) of isoxazolidine 115 with
good enantiomeric excess (67-70%), with the highest optical purities obtained when wet

dimethylformamide was used as the solvent.

To further improve the yield and enantioselectivity some proline-based catalysts were tested.
While diphenylprolinol (97) was inefficient as a reaction catalyst, diamines 33 and 117
(Figure 23) gave isoxazolidine 115 with both very high diastereoselectivity and excellent
enantioselectivity (85-91% ee), although with low yield (26-44%).

Figure 23
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The yield of isoxazolidine 115 obtained could be increased slightly (49%) by use of the
dihydrochloride salt of diamine 117, while use of an excess of the nitrone component (2
equivalents) lead to a significant increase in yield (70%). The catalyst loading could also be
lowered to 1 mol% while maintaining the high diastereo- and enantioselectivities.”

Variation in the structure of both the aldehyde and the nitrone components was possible. The
diastereoselectivity remained high throughout, but a considerable variation in the
enantiomeric excess was observed. The structure of the aldehyde was found to be important
for achieving a successful reaction, with lower yields obtained as the steric bulk of the
aldehyde increased.”

These examples illustrate that cyclic dipolarophiles can be employed effectively in the 1,3-
dipolar cycloaddition reaction, furnishing fused bicyclic isoxazolidines with both high

diastereo- and enantioselectivity.

1.12.4 Iminium Ion Intermediate of the Aminocatalytic 1,3-Dipolar Cycloaddition

The iminium ion intermediate of the aminocatalytic 1,3-dipolar cycloaddition reaction is
believed to be either Model H or Model 1 (Figure 24). Either a (Z)- or an (E)-iminium ion can
result from reaction between the aldehyde component and the catalyst, and the nt-system can
adopt either an s-cis or an s-frans conformation. Attack of the nitrone from the sterically least

hindered side of either Model H or Model I would lead to the major enantiomer observed in

the above experiments.
O ‘ /In
@/‘:trans @l-j;s
(E)-Iminium Isomer (Z)-Iminium Isomer
Model H Model 1

Figure 24

With Model 1, the piperidine ring effectively shields the rear face of the alkene, and so the
nitrone must approach from the top face, explaining the observed selectivity. With Model H,
the nitrone can approach from either face of the alkene, so a low enantioselectivity would be
expected. Although Model 1 best explains the observed results, further studies are required to

prove the structure of the iminium ion intermediate.
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These studies further establish LUMO-lowering organocatalysis as a broadly useful concept
for asymmetric catalysis. Moreover, this work further illustrates that chiral amine
compounds can be employed as asymmetric catalysts for a range of transformations that

traditionally utilise metal salts.

1.13 Knoevenagel Condensation Reactions

The Knoevenagel condensation involves the reaction of an aldehyde or a ketone with a
compound containing an active methylene group and is an important method for the
preparation of substituted alkenes.'® This reaction has been widely studied under a variety of
conditions, solvents and catalysts, with a base or a Lewis acid typically employed as the

reaction catalyst.

1.13.1 Proline-Catalysed Knoevenagel Condensation

Cardillo has utilised (S)-proline (4) as a catalyst in the Knoevenagel reaction between

dimethylmalonate (118) and a variety of aldehydes, for example benzaldehyde (12a), to form

arylidene product 119 in quantitative yield. This reaction was performed under very mild

reaction conditions. Very good yields were obtained with both aliphatic (72-97%) and

aromatic aldehydes (66-100%), furnishing alkylidene and arylidene malonates respectively.’®
(S)-proline (4)

CO,Me . /[?\ (10 mol%) P X CO,Me

COzMe Ph H DMSO: ’;tv 16h COzMe

118 12a 100% 119
Scheme 49

The condensation of ethyl cyanoacetate with aromatic aldehydes also provided the

corresponding arylidene product in almost quantitative yield.

The proposed mechanism for this reaction is based on results obtained by Knoevenagel,”” who
showed that the condensation of an aldehyde and an amine takes place to form an iminium
ion. This iminium ion then reacts with the activated methylene compound to form the

alkylidene or arylidene product (Scheme 50).
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1.13.2 Proline-Catalysed Domino Knoevenagel-Hetero-Diels-Alder Reaction

In this multi-component reaction (MCR), two C-H bond containing compounds condense
with an aldehyde to generate two new carbon-carbon bonds (Scheme 51). Unsymmetrical
variants, in which two different C-H-containing compounds combine with an aldehyde are
much less studied than symmetrical versions, but are useful for the construction of tertiary

stereogenic centres.

0 -H,0 CR’;
ReC—H +  Jl + H-CR% 2 .
R” H R” “CR";

Scheme 51

List has studied the Knoevenagel-hetero-Diels-Alder domino reaction of unmodified ketones
with aldehydes and Meldrum’s acid (120) catalysed by proline (4). The proline-catalysed
reaction of p-nitrobenzaldehyde (10), Meldrum’s acid (120) and acetone (9) readily furnished
keto ester 121 in 78% yield (Scheme 52).7

NO,

(S)-proline (4)

0
o o)
0 10-20 mol® 0 0
D I @ QL
x CHCl3, rt, 12-24 h o)
O,N 78%
9 10

Ao\

120 121
Scheme 52
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Other aldehydes, including a-branched and unbranched and cyclic aldehydes were used to
afford the corresponding keto ester in good yields (51-83%). Cyclic ketones can also be
employed, furnishing the corresponding products as single diastereoisomers.

Unfortunately, the enantioselectivities of these reactions were generally low, with the keto
ester products obtained in <5% ee. Although the a-chirality of proline does not lead to any
significant asymmetric induction within this reaction, the carboxylate group seems essential
for catalysis to occur as pyrrolidine (55) was found to be ineffective.

It has been proposed that this three-component reaction involves a domino Knoevenagel-
hetero-Diels-Alder process. In this sequence, proline (4) utilises both iminium- and enamine-
catalysis. The initial Knoevenagel condensation proceeds via iminium ion 122 and
ammonium ion 123 to give alkene 124. In the hetero-Diels-Alder step, proline (4) forms an
enamine 125 with the ketone, and the resulting dienophile reacts with the hetero-diene 124
generated from the Knoevenagel condensation. This gives adduct 126, which upon hydrolysis
yields the final product 127 while regenerating the proline catalyst (Scheme 53).
O

120 0 o \)\
123 °°2

o o
R HoO,G,
. Q Jf i ﬁ\
Ho,C 122 #\o 0 \[]/125 127°
¥/ D 124 \\J
0
| HOL 4 HO,C

Scheme 53

9

This reaction allows the rapid construction of complex carbon-scaffolds with two new carbon-
carbon bonds generated from three commercially available components. The products are

valuable precursors to highly functionalised 1,5-dicarbonyl compounds.

1.13.3 Amine-Catalysed Domino Knoevenagel-Diels-Alder Reaction

In this three-component reaction, an aldehyde reacts with Meldrum’s acid (120) in a

Knoevenagel condensation to provide an alkylidene derivative, which then undergoes a
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concerted [4+2] cycloaddition with a diene enamine, generated in situ from an enone and an
amine catalyst, to form a substituted spiro[5,5jundecan-1,5,9-trione. A quaternary centre is
generated and three new carbon-carbon bonds are formed. Spirocyclic ketones are important
intermediates in the synthesis of natural products and in medicinal chemistry.

The three-component reaction of o,B-unsaturated ketone 128, p-nitrobenzaldehyde (10) and
Meldrum’s acid (120) in the presence of a catalytic amount of (S)-proline (4) furnished adduct
129 as a single diastereoisomer in 92% yield with 60% ee (Scheme 54).7°

20l

o) (S)-proline (4) o)
(0] >< (20 mol%)
/u\/\ + H+ 0 O - O 60% ee
Ph M MeOH, rt, 72h
O.N (0] (0] 92%
1
128 10 20 129 NO,

Scheme 54

The optical purity was significantly increased by using proline-derived catalyst, dimethyl
thiazolidinium-4-carboxylate (32), which furnished spirotrione 129 in 88% yield with 86% ee.
A variety of aldehydes and enones were employed in this reaction, with the corresponding

products formed in high yield (80-99%) and enantioselectivity (84-99% ee) throughout.

The intermediate alkylidene 130, generated via Knoevenagel condensation of p-
nitrobenzaldehyde (10) with Meldrum’s acid (120), and the enamine diene 131, formed by
condensation of the proline (4) catalyst with the enone 128, are shown in Figure 25. These
two species undergo a [4+2] cycloaddition to form the spirotrione 129. It was proposed that a
H-bond between the carboxylate group of the proline (4) moiety and one of the carbonyl
groups of the alkylidene 130 induces the enantioselectivity observed in the product.

X Ph

oo
o 0 HO,C f
" oy
ON" ™39 131

Figure 25

These Knoevenagel-type condensation reactions add to the increasing number of efficient
organocatalytic transformations catalysed by small-molecule amines, further illustrating the

use of organocatalysis as a viable alternative to traditional metal-based catalysts.
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1.14 The Mannich Reaction

Many natural products, including proteins and nucleic acids and most biologically active
compounds, contain nitrogen. Methods for the synthesis of nitrogenous compounds are
therefore at the frontiers of synthetic organic chemistry. The Mannich reaction is such an
example. In this transformation, three components, a ketone, an aldehyde and an amine react
to form a B-amino-ketone. Both direct variants, which use unmodified ketone donors, and
indirect variants that utilise preformed enolate equivalents have been described.® In addition,
the imine intermediate may be preformed or its amine and aldehyde precursors used directly

(Figure 26).

(o] (o] R3 direct
+ + | ]
R1/u\ HJLRZ NH,
: ; 3
! ; | o uNR
R
OR(NRz) N indirect
R1 H R2
Preformed
enolate Preformed
equivalent imine

Figure 26

Several asymmetric Mannich-type reactions have been reported in recent years. However,
catalytic enantioselective variants are rare and typically involve pre-formation of both the

imine and enol equivalents.

1.14.1 Direct Catalytic Asymmetric Three-Component Mannich Reaction

If the imine is not preformed and so exists in equilibrium with the free aldehyde, aldol and
Mannich reactions compete. List hypothesised that Mannich reactions, catalysed by a chiral
aminocatalyst, could be performed directly because the nucleophilic addition of the proline
enamine should be faster to an imine than to an aldehyde. This concept worked extremely
well. A three-component Mannich reaction, catalysed by proline (4), between p-
nitrobenzaldehyde (10), p-anisidine (132) and acetone (9) afforded the corresponding
Mannich product 133 in 50% yield with 94% ee (Scheme 55).8' The corresponding aldol

product was also formed under these conditions, but in much lower yield.
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Scheme 55

Both a-substituted and a-unsubstituted aldehydes gave the corresponding B-amino-ketones in
good to excellent yields and with enantioselectivities up to 94%. The reactions of a-
unsubstituted aldehydes were performed in pure acetone (9), and after completion, proline (4)
could be recovered from the reaction mixture in almost quantitative yield by filtration.

A desirable feature of the amine component is that the substituent on the nitrogen must be
easily removed to allow for further manipulations. Yields and enantioselectivities were
optimal with p-anisidine (132), which introduces the p-methoxyphenyl (PMP) group into the
product. The PMP group can easily be removed under oxidative conditions, thus p-anisidine

(132) acts as a synthetic ammonia equivalent in these reactions.

Performing the reactions under high pressure induced by water freezing can increase both the

yield and optical purity of the B-amino-ketone.*

Both high pressure and low temperature
were found to be essential for the success of the asymmetric proline-catalysed Mannich
reaction. The increased pressure both accelerated the reaction and suppressed side reactions,

while the decrease in temperature gave rise to higher enantiomeric excess.

1.14.2 Synthesis of Highly Enantioselective 1,2-Amino Alcohols

A variety of ketones could be employed in the three-component Mannich reaction with
excellent results obtained. Butanone, methoxyacetone and hydroxyacetone (20) all furnished
the desired products in high yield (92-96%) with excellent enantiomeric excess (up to >99%).
Excellent diastereoselectivities were also observed, and essentially no aldol products were
formed with these three ketones.*

Use of hydroxyacetone (20) as the donor furnished syn-1,2-amino alcohols in good yields
with high chemo-, regio-, diastereo- and enantioselectivities. These Mannich reactions can be
considered as a regiospecific alternative to the Sharpless asymmetric aminohydroxylation
reaction (AA). Use of aromatic aldehydes provided the corresponding products in good to
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excellent yields and enantioselectivities, for instance, use of p-nitrobenzaldehyde (10) gave
the corresponding syn-1,2-amino alcohol 134 in 92% yield with >99% ee (Scheme 56).

0 NH; (Syproline (4) O  NHPMP
20 mol% A .
0 + H N ( 0) _ dr 20:1
/U\/OH DMSO, tt, OH >99%ee
NO, 92% NO,
20 10

OMe
132 134
Scheme 56

Enantiomerically enriched syn-1,2-amino alcohols are valuable products as o-amino acid
derivatives can be synthesised from them in four steps. Yields up to 64% of the a-amino acid

derivative were obtained with no racemisation observed during the synthesis (Scheme 57).%

o
0 0
O NHPMP J /- 1. CAN 4 pn
A Cl;cO~_0occCl 2 3
- 436 3 . 2. Boc,0O /_(
r Ph 76% O. _NPMP 80% O._ NBoc
o Y Y
0 o)
135 137 138
TFPAA
87%
o)
NaBH, >fo¢ Ph
'QHBOC EtOH -
HO\/\ph 98% OTNBOC
0
140 139
Scheme 57

1.14.3 Aldehydes as Donors in the Proline-Catalysed Mannich Reaction

Hayashi rdeveloped a direct and enantioselective, one-pot, three-component cross-Mannich
reaction of two different aldehydes. In this reaction one aldehyde is employed as the Mannich
donor with the other aldehyde utilised as a component of the Mannich acceptor to afford a B-
amino aldehyde.

A cross-Mannich reaction was performed with propionaldehyde (24) as the Mannich donor
and p-nitrobenzaldehyde (10) as a component of the Mannich acceptor under proline-
catalysed reaction conditions. At —20°C the syn-isomer 141 was generated selectively with

excellent enantioselectivity (Scheme 58).%

52



Chapter 1 - Introduction Gulir Ll Cavitt~ Zh D, Thesis 200

OMe
OMe .
CHO (S)-proline (4) /©/
O (10 mol%) HN
* M Me\)]\ . 99% ee
O;N H NMP, -20°C, No

NH, 20h, 93% Me
10 132 24 ON 141
Scheme 58

At higher temperatures (>0°C) a competing cross-aldol reaction between the two aldehyde
components significantly reduced the yield of Mannich adduct obtained. These side-reactions
were suppressed at lower temperatures (<0°C) to afford the B-amino aldehyde in excellent

yield and enantioselectivity.

A variety of aromatic aldehydes were employed as the Mannich acceptor with high syn-
diastereo- and enantioselectivities obtained throughout. The Mannich donor could also be
varied, with excellent yields and selectivities achieved. A self-Mannich reaction of
propionaldehyde (24) was also accomplished to afford the syn-adduct in good yield and high

enantioselectivity.

1.14.4 Alternative Amine Catalysts

Barbas III has studied the three-component Mannich reaction of acetone (9), an aldehyde and
an amine component in the presence of an aminocatalyst. The catalysts employed were
diamine 33 as a protonic acid salt, (S)-proline (4) and sulfur-containing proline derivative
DMTC (32) (Figure 27).

H
EP?A@ &30? L_EXCOZH EJiCOZH
’ 33

N
H

4 32
Figure 27
To test the utility of these organocatalysts, acetone (9) was added to an aldimine, preformed
from an aromatic aldehyde and o-anisidine (142). Each of the catalysts employed afforded
similar yields of the P-amino-ketone product, although with varying degrees of
enantioselectivity. For all reactions performed higher enantiomeric excesses were obtained
with DMTC (32) as the reaction catalyst. For example, the B-amino-ketone 143 obtained
from p-nitrobenzaldehyde (10) was formed with 80% ee when DMTC (32) was employed as
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the aminocatalyst (Scheme 59), compared to 55% ee with diamine 33 and 40% ee with (S)-

proline 4).5
MeO
o 2 )@
0 MeO (20 mol%) O HN
+ H + _ : 80% ee
)l\ H.N DMSO, rt,
O.N 2 48%
9 10

142 143 NO;
Scheme 59

Both aromatic and non-aromatic aldehydes were utilised in a one-pot three-component
Mannich reaction between acetone (9) and p-nitrobenzaldehyde (10) using DMTC (32) as the
reaction catalyst. Good yields (38-58%) and high enantiomeric excesses (up to 89% ee) of
the B-amino ketone adduct were obtained. The DMTC (32) catalyst thus represents a useful
alternative to proline (4) as an aminocatalyst for the asymmetric catalytic Mannich reaction as

it is non-toxic, relatively inexpensive and readily available in both enantiomeric forms.

1.14.5 Highly Enantioselective Synthesis of Amino Acid Derivatives

The amine-catalysed asymmetric Mannich reaction can be used to synthesise a-amino acid
derivatives, using an a-imino glycoxylate as the acceptor. Barbas III reacted N-PMP-
protected a-imino glycoxylate 144 with acetone (9) in the presence of proline (4). This
generated the corresponding a-amino acid derivative 145 as the only product in excellent

yield and enantioselectivity (Scheme 60).%
(S)-proline (4)

/101\ ) PMP\J‘\ (20 mol%) o HNPMP -
< b ee
H” “CO,Et DMS&‘;;,/Z“' rt /U\/\COZEt
9 144 g 145
Scheme 60

This protocol was applied to a variety of unmodified ketone donors. In all cases the
corresponding a-amino acid derivative was obtained in high yield (62-86%) with excellent

regio- and diastereoselectivities and in most examples enantiomeric excesses of >95% were
achieved.

The use of unmodified aldehyde donors was also investigated. The proline-catalysed
Mannich reaction of isovaleraldehyde (14d) with N-PMP-protected a-imino glycoxylate 144
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generated the a-amino acid derivative 146 in high yield with excellent diastereo- and

enantioselectivities (Scheme 61).

(S)-proline (4) 0 HN,PMP
fo) PMP\N (10 mol%) JJ\/?\ dr>10:1
/U\)\ " /”\ DMSO, 8h, rt H Y CO,Et 87%ee
H H COzEt y ' =
80% AN
14d 144 146
Scheme 61

A number of aliphatic aldehydes were reacted under these reaction conditions to afford o-
amino acid derivatives. In each example good yields and excellent enantioselectivities were
obtained. Higher diastereoselectivities were achieved as the steric bulk of the substituents on
the aldehyde donor increased, with the syn-diastereoisomer formed preferentially in each case.
These transformations can also be carried out as three-component one-pot operations.®®
Yields are slightly reduced in this process, but enantiomeric excesses are analogous to those

obtained when using preformed N-PMP-protected a-imino glycoxylates.

In order to obtain a-amino acid derivatives with a anti-diastereoselectivity it was necessary to
employ a different aminocatalyst. (S)-2-Methoxymethylpyrrolidine (SMP) (147) provided
functionalised amino acid derivatives from unmodified aldehyde donors with high anti-

selectivity and excellent enantioselectivities (up to 92%) (Scheme 62)%

N
H OMe PMP
147 .
i LN (20 mol*) i dr >10:1
,IJ\)\ N Dioxane, 48h, it H CO.Et 82%ee
H H™ ~CO,Et
48%
14d 144 148
Scheme 62

The a-amino acid derivatives generated in these reactions can undergo a variety of further
transformations (Scheme 63). The aldehyde functionality can be oxidised to a carboxylic acid
to generate a B-amino acid,®’ or can be reduced to an alcohol generating a y-amino alcohol. %
A hydrocyanation reaction can also be performed to generate a new carbon-carbon bond.
This reaction can be carried out in the same pot as the Mannich reaction without the need for
prior isolation or purification, providing cyanohydrin-functionalised a-amino acid derivatives
bearing three contiguous stereogenic centres in high optical purity.”® Further functionalisation
can also be achieved by carrying out a one-pot Mannich-allylation reaction. This provides
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cyclic-y-allyl substituted o-amino acid derivatives in good yields and high
enantioselectivities.”

PMP _PMP X o

OH HN” ELAICN Q hHy In, allylBr o
NC/Y\C02Et H/u\(\cozst R

R R
[01/ \Hl
o nn"MP PM

o)

N oH HN-T VP
Ho)k{\COZEt I\(\co,,Et
R R
Scheme 63

Therefore the a-amino acid derivatives generated by the Mannich reaction can be efficiently

used in a variety of further chemical modifications to provide synthetically valuable synthons.

1.14.6 Mechanism of the Amine-Catalysed Asymmetric Mannich Reaction

In the proposed mechanism for the proline-catalysed three-component Mannich reaction, the
ketone reacts with proline (4) to form an enamine. In a second pre-equilibrium the aldehyde
and aniline components generate an imine. The enamine and imine species react and after

hydrolysis generate the enantiomerically enriched Mannich product (Scheme 64).%

H,O
o 2 O\COZH AT\N AI'NHZ (o)

SN /NK R/U\H -H,0 R/U\H

NH N

& A @LCO(;)

H4 R
Ar< H20

Scheme 64
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The Mannich products are formed via si-facial attack on the imine component. Both the
proline enamine transition state and the imine are assumed to be of E-configuration. The si-
face of the imine is selectively attacked by the enamine to allow for the protonation of its lone
pair and compensation of the negative charge formed during the Mannich reaction. Attack to
the imine re-face would result in unfavourable steric interactions between the pyrrolidine ring

and the aromatic moiety. The proposed transition state (Model J) is shown in Figure 28.

N 0}
=-0
N_.
AN

H” xR
Model J
Figure 28

The development of the amine-catalysed direct three-component Mannich reaction constitutes
a significant advancement over previous asymmetric Mannich reaction technologies. The
reaction is broad in scope allowing for the synthesis of f-amino carbonyl compounds in high
enantio-, diastereo-, regio- and chemoselectivities, which can then undergo a variety of
Sfurther chemical modifications to yield synthetically useful synthons. This further illustrates
the extensive variety of asymmetric chemical transformations that can be promoted by simple

amine catalysts.

1.15 The Michael Reaction

The Michael reaction is a powerful and efficient method for the formation of carbon-carbon
bonds, enabling the construction of enantioenriched, highly functionalised 1,5-dicarbonyl
compounds.92 This reaction involves the conjugate addition of a nucleophilic enolate ion
donor to the B-carbon of an electron deficient alkene (Scheme 65). Conjugated aldehydes,
esters, nitriles, amides and nitro compounds can all act as the electrophilic acceptor
component in the Michael reaction. Similarly, a variety of donors can be used, including B-

diketones, B-keto esters, malonic esters, B-keto nitriles and nitro compounds.”

@0 0 0 0

R/K/R1 + “)‘\Rz

Scheme 65
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Studies concerning the Michael reaction have played an important role in the development of
modern synthetic organic chemistry.> Much research has been carried out into the
development of asymmetric variants of this reaction, providing for the preparation of Michael
adducts with high enantiomeric purity.”> The Michael reaction has, for the most part, been
dominated by the application of metal-containing asymmetric catalysts, especially chiral
Lewis acids.

Aminocatalysis of the Michael reaction is also possible, with catalysis able to proceed via two

different pathways. Firstly, an unmodified ketone donor can be activated as an enamine, or an

acceptor o, B-unsaturated carbonyl species can be activated as an iminium ion (Figure 29).

& R, DNR,
)\7 J)&Rz
1
EWG RN
R1/\/ G)NU
Enamine Pathway Iminium lon Pathway
Figure 29

1.15.1 Aminocatalytic Asymmetric Michael Reactions via an Enamine Pathway

The stoichiometric use of enamines as nucleophiles in the Michael reaction was established
by Stork,” and several variants, including asymmetric versions,”’ have been described in the
literature. Michael reactions of preformed enamines with nitro olefins have been thoroughly

studied by Seebach,’®*° but enamine catalysis has only recently been exploited.

Barbas III studied the Michael addition of acetone (9) to various Michael acceptors catalysed

by (S)-proline (4). Use of the alkylidene malonate acceptor 149 afforded a 65% isolated yield
of the Michael adduct 150 (Scheme 66).*°

(S)-proline (4) O Ph
EtO,C.__CO,Et
gy e XK s
DMSO, rt, 12h
Ph 65% CO,Et
9 149 150
Scheme 66

Similar results were obtained with B-nitro olefin 151, which provided the acetone addition

product 152 in 80% yield (Scheme 67). Mild conditions were employed, allowing for the
simple construction of Michael adducts.
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(S)-proline (4)

0 J/NOZ (20 mol%) 0 Ph
+
)j\' Ph DMSO, rt, 12h M/Noz
9 151 80% 152
Scheme 67

These examples represent the first organocatalytic intermolecular Michael additions.
Unfortunately, the products obtained were racemic, but this work has led to further research

that has provided enantioselective versions.

1.15.2 Enantioselective Michael Addition of Unmodified Ketones to Nitro-Olefins

List performed the proline-catalysed Michael addition of unmodified ketones to Michael
acceptors. o,B-Unsaturated ketones, esters and amides gave the Michael adduct in only low
yield and enantioselectivity upon reaction with acetone (9) in the presence of a catalytic
amount of proline (4). However, if a more reactive nitro-olefin acceptor was subjected to the
same conditions excellent yields of the corresponding adduct were obtained. For example f3-
nitrostyrene (151) was reacted with cyclohexanone (18) to give adduct 153 in 94 % yield. An
excellent diastereoselectivity was observed, although only a modest enantioselectivity (23%

ee) was achieved.!®

(S)-proline (4) O Ph

_ (15 mol%) 2 __NO, dr>20:1
DMSO rt H 23% ee
94%

153
Scheme 68

Enders further investigated the proline-catalysed asymmetric Michael addition under a variety
of reaction conditions. It was found that use of methanol as the reaction solvent improved the
solubility of the proline (4) catalyst and led to increased diastereo- and enantioselectivities.
By performing the above reaction between cyclohexanone (18) and B-nitrostyrene (151) in

methanol, the enantioselectivity of Michael adduct 153 was significantly increased to 57%

ee.101

Enders studied the scope of the Michael addition by performing reactions between various
ketones and B-nitrostyrene (151) under the above proline-catalysed conditions. These
conjugate additions furnished the corresponding y-nitro ketone adducts with syn-
diastereoselectivity. The highest enantioselectivity was achieved for the addition of 3-
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pentanone (154) to B-nitrostyrene (151) with Michael adduct 155 obtained in 76% ee (Scheme
69).
(S)-proline (4)

0] NO, O Ph
,/uj i /“/ (29 mol%) \/u\/\/ 0, 88%de
Ph

MeOH, rt, 4 days : 76% ee
74%

Scheme 69

-
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Alexakis also studied the Michael addition of unmodified ketones to nitro-olefins. Diamine
156 was employed as the reaction catalyst for the addition of various ketones to B-nitrostyrene
(151). The B-nitro ketone adducts were obtained with syn-diastereoselectivity from both
cyclic and acyclic ketone donors. Use of acetone (9) yielded adduct 152 in a modest 25% ee,
while cyclohexanone (18) afforded y-nitro ketone 153 with an enantioselectivity of 74%

(Scheme 70).!”
' Ph

0}
/r (15 mol%) NO, dr95:5
CHC|3 rt, 15h 74% ee
74%
153
Scheme T0

The use of non-symmetrical ketone donors was also examined, but this was found to
introduce regioselectivity problems. In the mechanistic cycle, an iminium ion is initially
formed between the ketone and the amine catalyst. Deprotonation of an a-hydrogen atom
yields the intermediate enamine. In order to control the regiochemistry Alexakis employed a-
alkoxycarbonyl compounds, as the difference in acidity between the a and o' protons leads

exclusively to the enol/enamine intermediate (Scheme 71).'%

E/—(j )j\/ o _Hol gﬁf—(;l . E/—(j
Ho I HO\/l\ )\

156 20 Iminium lon Enol/Enamine
Scheme T1

The Michael addition of a-methoxyacetone to B-nitrostyrene (151) provided the desired
product with good selectivity (69% ee, anti/syn 17:83), while use of hydroxyacetone (20)
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afforded adduct 157 in good yield with excellent enantiocontrol (98% ee), and interestingly,
the opposite diastereoisomer predominated (Scheme 72).

NO, 156 o Bh
Q | (15 mol%) A __NO, dr83:17
)j\/o"' + CHCl3, rt, 7d 98% ee
Ph 79% OH
20 151 157
Scheme T2

The scope of this organocatalytic Michael addition was tested by reacting hydroxyacetone
(20) with a variety of B-arylnitro-olefins. High yields (65-85%) of the y-nitro ketone adduct
were achieved throughout and all reactions were anti-diastereoselective and highly

enantioselective (97-99% ee).

The y-nitro ketone adducts, generated from the Michael addition of unmodified ketones to B-
nitro-olefins, are useful precursors to other functionalities that can be derived from the

venerable nitro group.

1.15.3 Michael Addition of Unmodified Ketones to Alkylidene Malonates

The enantioselective addition of unmodified ketones to alkylidene malonates was further
investigated by Barbas III. A Michael addition of acetone (9) to diethyl benzalmalonate (149)
was studied with a variety of aminocatalysts. DMTC (32) did not catalyse the Michael
addition at all, while proline-catalysed conditions did afford the Michael adduct 150 but with
no enantiomeric excess. Two substituted pyrrolidines yielded the Michael adduct 150 with
moderate enantioselectivity (up to 51% ee) although in very low yield (<10%), but the
optimal catalyst was found to be diamine 33 which afforded adduct 150 in 41% yield with an
optical purity of 47% ee (Scheme 73).'*

A0

N

H 33 O Ph
EtO,C.__CO,Et
0 2 2 20 mol%
o T b COE 47500
Ph DMSO
41% CO,Et
9 149 150
Scheme 73

To further improve both the yield and enantioselectivity, a diverse range of solvents were
screened. Use of tetrahydrofuran (THF) provided adduct 150 with improved yield and

enantioselectivity (59% ee).

61



Chapter 1 - Introduction Gulie ol Canilt~ PHD. Thesis 2009

This reaction was found to be general with respect to the ketone component, with both acyclic
and cyclic ketones affording the corresponding Michael adduct in good enantioselectivity (up
to 65%). Several malonates were also employed in the diamine-catalysed Michael reaction.
It was found that a modest enhancement in enantioselectivity was achieved as the size of the
alkyl group of the ester functionality was increased. Both alkylidene and arylidene malonates
were employed. Arylidene malonates provided good selectivities, with ortho substituted
aromatics furnishing the best results. With alkylidene malonates only low yields and
selectivities were attained.

These examples illustrate that ketones can be used as donors in the amine-catalysed Michael

reaction without the need for prior modification.

1.15.4 Use of Unmodified Aldehyde Donors

Barbas III further added to the scope of the aminocatalytic Michael reaction by employing
unmodified aldehydes as donors. The reaction of isovaleraldehyde (14d) with B-nitrostyrene
(151) was explored with several aminocatalysts. Proline (4) afforded adduct 158 in very low
yield (<5%) with 25% ee, so several diamines were screened in order to determine the optimal
catalyst. A significant improvement in both the yield and enantioselectivity was observed
with diamine 33 (80% yield, 75% ee) but only a 4:1 diastereomeric ratio was achieved. The
most favourable catalyst was morpholine-derivative 159 which gave adduct 158 in a 78%

isolated yield and 72% ee with a significant improvement in the diastereoselectivity (92:8
syn/anti) (Scheme 74).'%°

oS

N
H

159 O Ph
/l\/lcj)\ /“/ - (29 mo) NO, dr92:8
H Ph THF, rt, 3d H 72% ee
78%
14d 151 158
Scheme 74

A series of aldehydes and B-nitro-olefins were examined using (S)-2-(morpholinomethyl)-
pyrrolidine (159) as the catalyst. Higher enantioselection was achieved by increasing the
steric bulk of the substituent on the aldehyde donor, and by using a B-nitro-olefin with an
ortho-substituted aromatic component.
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Similar results were achieved with diamine 156 which furnished y-nitro aldehyde 158 in
excellent yield and diastereoselectivity (95:5) with good enantiomeric excess (68%).'"

This methodology provides a simple and convenient method for the synthesis of optically
active 2,3-disubstituted y-nitro aldehydes in one step. These useful synthons can be further
converted into a wide array of building blocks such as 1,4-amino alcohols or amino acids, and

can be used in the synthesis of substituted chiral pyrrolidines.

1.15.5 Aminocatalytic Michael Additions to Vinyl Ketone Acceptors

Jorgensen developed an organocatalytic direct enantioselective Michael addition of simple
aldehydes to vinyl ketones. The proline-catalysed reaction of 3-phenylpropanal (160) to
methyl vinyl ketone (63) afforded a 15% conversion to adduct 161 with low enantioselectivity
(20% e€). Consequently, a series of chiral amines, each based on the pyrrolidine skeleton,
were screened as catalysts for this asymmetric Michael addition. The highest conversion was
achieved with (S)-prolinol (96) as the catalyst (90% yield), however, the Michael-addition
adduct 161 was formed with low selectivity (15% ee). The highest enantiomeric excess was
obtained when diphenylprolinol (97) was employed (74% ee), but unfortunately only a low
conversion was achieved (15%). In terms of reaction time, yield and enantioselectivity (S)-2-

[bis(3,5-dimethylphenyl)methyl]Jpyrrolidine (99) gave optimal results (Scheme 75).!%

OI 99 (? (0]
o) (20 mol%)
+ _ Me 60% ee
\)LMe Neat, rt, 20h W 0
Ph 70% Ph
160 63 161
Scheme 75

Other aldehydes were also utilised in the enantioselective Michael addition, but when these
reactions were performed under neat conditions several by-products were generated. For
example, the addition of butanal (14a) to MVK (63), catalysed by pyrrolidine-derivative 99,
furnished adduct 162 in high yield (87%) with good enantiomeric excess (77%), but several
by-products, which were difficult to remove from the desired product, were also formed under
neat conditions. After examining a variety of reaction conditions, the solvent combination of
choice for this transformation was determined to be tetrahydrofuran with 1,1,1,3,3,3-
hexafluoro-2-propanal (1:1 THF/HFIP) as this gave a very clean reaction, affording the
Michael-addition adduct in high yield (80%) and enantioselectivity (79%) (Scheme 76).
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o] 99 0 0
I o) (20 mol%) ! e 7%
+ b €e
\)J\Me THF, HFIP, rt, 24h ©
80%
14a 63 162
Scheme 76

The scope of this reaction was examined by utilising a variety of unmodified aldehyde donors
and vinyl ketone acceptors under THF/HFIP reaction conditions. The corresponding Michael
adducts were obtained in very good yields (72-93%), with good to very good enantiomeric
purities (54-82%) throughout.

The optically active substituted 5-keto aldehydes, formed via a direct Michael addition of
unmodified aldehydes to vinyl ketones, can undergo various synthetic transformations and are
useful starting materials for further synthesis, including the preparation of optically active

terpenoids and y-lactones.

1.15.6 Mechanism of Aminocatalytic Michael Additions via an Enamine Pathway

In the proposed mechanism for the aminocatalytic direct enantioselective Michael addition,
the aldehyde/ketone donor reacts with the aminocatalyst to form an enamine. This enamine
undergoes a conjugate addition with the Michael acceptor to afford, after hydrolysis, the
enantiomerically enriched Michael adduct, while regenerating the aminocatalyst allowing it to
continue through another cycle (Scheme 77).
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The proposed transition state for the proline-catalysed Michael reaction readily explains the
observed selectivity, and is in accordance with Seebach’s model.'” An intermolecular
hydrogen bond between the enamine intermediate and the Michael acceptor directs its
approach, and so transfers the chirality of the proline (4) catalyst to the resulting adduct
(Figure 30).""!

ONN
1090
|%\R1
P

Figure 30

The proposed transition state for pyrrolidine-derived catalysts is different, as in this case the
approach of the Michael acceptor is determined by steric factors. For example, one face of
the enamine intermediate that is generated with diamine catalyst 156 is less accessible due to
the presence of the N-isopropyl-pyrrolidine group. Therefore, approach to the sterically less
hindered face predominates. A second factor controlling the stereochemical outcome of the
reaction is the enamine geometry. This too is governed by steric factors, with different

conformers predominating for ketone donors compared to aldehyde donors (Figure 31).'2

Aldehyde Donors: Ketone Donors:
0 kYD
N @ O N N
N %Y sy
RPh X
Figure 31

Therefore, the absolute configuration of the resulting Michael-addition adduct is inverted
between aldehyde and ketone donors when catalysed by diamine 156.

These exdmples show that small chiral amines can successfully catalyse the direct
enantioselective Michael reaction via an enamine pathway. Both unmodified aldehyde and
ketone donors can be employed with a range of Michael acceptors, allowing simple access to

a variety of optically active Michael-addition adducts that are useful synthons for further

synthetic manipulations.
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1.15.7 Aminocatalytic Asymmetric Michael Reactions via an Iminium Pathway

Proline (4) was first used as a catalyst for the Michael reaction by Yamaguchi,'® but only low
yields of the Michael-addition adduct were observed, so further investigations were centred
around the use of metal salts of proline.'” It was postulated that iminium ion intermediates

were involved in the mechanism of this Michael reaction.

Jorgensen further investigated the Michael addition reaction via an iminium ion mechanism.
The reaction of 2-nitropropane (163) with benzylidene acetone (164) was studied with a
variety of chiral amine catalysts. In concordance with the results obtained by Yamaguchi,
(S)-proline (4) was found to be a poor catalyst for this Michael addition. The imidazolidinone
catalyst developed by MacMillan (69) also gave no conversion to the desired Michael adduct
166 under the reaction conditions employed, whereas imidazoline 165, prepared from
phenylalanine, was an excellent catalyst for this transformation affording Michael adduct 166

in high yield with 79% enantiomeric excess (Scheme 78).''°

Me

NI
N)""COZH
Ph H
165 M
N02 0] [} 02N eMe
/‘\ + /\)J\ (20 mol%) (o) 70% ee
Me~ "Me Ph™ X Me Neat, rt, 7.5 days
87% Ph Me
163 164 166
Scheme 78

The preparative utility of this organocatalysed reaction was demonstrated by performing the
reaction on a kilogram scale. Recovery and reuse of the imidazoline catalyst 165 was

possible without any decrease in catalytic activity or enantioselectivity.

The imidazoline-catalysed Michael reaction was general with respect to both the nitroalkane
and the a,B-unsaturated enone components. Both cyclic and acyclic nitroalkanes were
employed to generate Michael-addition adducts in good yields (52-100%) with similar
enantioselectivities (58-79% ee) for all the reactions studied. This reaction is therefore
tolerant to changes in both nitroalkane, and o.,B-unsaturated enone structure. Alkyl, aromatic
and heteroaromatic substituents in the B-position were all tolerated to afford the
corresponding Michael adducts with good enantioselectivities throughout (52-86% ee). It was
found that bulkier alkyl substituents, such as an isopropyl group, on either the carbonyl group

or in the B-position led to very low conversions, although good enantioselectivities were
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maintained. Cyclic o,B-unsaturated enones were also employed to give the corresponding
adduct in good yield (84%), but with a reduced enantiomeric excess (49% ee).

The products generated in the imidazoline-catalysed Michael reaction can be readily
converted into optically active pyrrolidines via reductive amination. The corresponding
pyrrolidines were obtained as a single diastereoisomer with the enantioselectivity from the

Michael reaction maintained (Scheme 79).

R?_, H, (40 or 1 bar) R®
OzNjiR/‘?\ Raney-Ni ’[—&\Rz 4 >100:1
R3 Ve MeOH or EtOH, rt Me H -
Scheme 79

Jorgensen went on to investigate the Michael addition of malonates to acyclic o,B-unsaturated
enones using imidazoline catalyst 165. The addition of diethyl malonate (167) to benzylidene
acetone (164) afforded the Michael adduct 168 in high yield and enantioselectivity (91% ee)
(Scheme 80).""!

165 CO,Et
o] <C°2'5t (10 mol%) EtO,C oro
+ b ee
ph/\/u\Me CO,Et Neat, rt, 5 days, PH o
73% Mé
164 167 168
Scheme 80

A series of malonates were tested in this Michael addition reaction. It was found that the ester
functionality had a large influence on both the yield and the asymmetric induction. The
reaction rate was decreased considerably with more sterically hindered malonates leading to a
low yield of the corresponding Michael adduct. Medium-sized malonates all reacted to
furnish adducts in excellent yields and enantioselectivities, for example, use of dibenzyl
malonate éﬁ'orded the Michael adduct in 93% yield and >99% ee.

The scope of the imidazoline-catalysed Michael addition was further examined by reacting a
variety of o,fB-unsaturated enones with dibenzyl malonate. Aromatic and heteroaromatic
enones reacted to give the corresponding Michael adducts in high yields (75-99%) and
enantioselectivities (86-99% ee), with the exception of the N,N-dimethylaniline derivative
(58% yield, 77% ee). Alkyl-substituted enones were found to react quite slowly and so low

yields resulted, however, high enantiomeric excesses were still achieved (88-91%).
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The Michael adducts generated in the addition of malonates to o,B-unsaturated enones can
easily undergo further chemical modifications, such as a one-pot decarboxylation-
transesterification procedure to yield the corresponding optically active 3-ketoester (Scheme
81).

CO,Bn 1. PdIC, H, (1 atm) CO-Me
BnO,C 2. H,0, reflux
Ph o) 3. Me;;g;C%’HNz PH o
Me Me
169 170
Scheme 81

1.15.8 Iminium Ion Intermediate of the Organocatalytic Michael Reaction

The proposed iminium ion intermediate formed during the organocatalytic Michael reaction is
shown in Figure 32. It was postulated that this intermediate is favoured due to an attractive
n—m interaction between the benzyl group and the o, B-unsaturated function.’ 10

4

e

N
rgﬁ))‘ CO,H
Ph

JI/“\ Me

Ph
Figure 32

The benzyl group of the imidazoline catalyst 165 shields the re-face of the enone, leaving the
si-face open for attack. This accounts for the stereochemistry observed in the aminocatalytic

Michael reactions via an iminium pathway.

The above examples show that aminocatalysed Michael additions can proceed via an enamine
or an iminium pathway to afford adducts with high enantiomeric excesses. A variety of
Michael donors and acceptors can be used to afford an array of optically active Michael
adducts that can readily undergo further synthetic transformations. This organocatalytic
approach compares favourably to Lewis acid catalysed Michael additions in terms of

handling, yield and enantioselectivity, further illustrating the importance of aminocatalysis.
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1.16 Other 1,4-Conjugate Addition Reactions

As well as the Michael reaction, small chiral amines can be used to catalyse other 1,4-
conjugate additions. For example, alkylation reactions involving the addition of an aromatic
or heteroaromatic donor to an a,B-unsaturated acceptor component are applicable to
aminocatalysis. Traditionally these alkylation reactions are promoted using a Lewis acid,
such as AICl;, with this reaction commonly known as the Friedel-Crafts alkylation.''? This is
a powerful method for the formation of carbon-carbon bonds,' but relatively few
asymmetric catalytic protocols have been reported,'* despite the widespread availability of

electron-rich aromatics and the chemical utility of the resulting products.

1.16.1 Asymmetric Aminocatalytic Pyrrole Alkylations

The asymmetric alkylation of pyrroles is not amenable to Lewis acid catalysis. This is
because electron-rich aromatics undergo acid-catalysed 1,2-carbonyl additions preferentially
with o,B-unsaturated aldehydes rather than 1,4-conjugate additions.'"> MacMillan postulated
that the a,B-unsaturated iminium ion arising from imidazolidinone catalyst 69 would be inert
to 1,2-addition on the basis of steric constraints imposed by the catalyst framework, and so

promote the non-conventional and less sterically demanding 1,4-addition.

To test this hypothesis, MacMillan performed the alkylation of N-methyl pyrrole (171) with
(E)-cinnamaldehyde (67) catalysed by imidazolidinone 69. This furnished B-pyrrolyl
carbonyl compound 172 in good yield with excellent enantiopurity (Scheme 82). The product
arising from the 1,2-iminium addition was not observed in this reaction, in accord with the

mechanistic postulation.''®

69 .TFA
0,
4 </ )\ O ) (20 mol%) (/—MO 81% ee
N THF-H,0, tt, 3h N
| 78% | Ph
171 67 172
Scheme 82

Optimal enantiocontrol was achieved in this reaction at a temperature of —30°C, affording

substituted pyrrole 172 in 93% ee.

The amine-catalysed pyrrole alkylation was found to be general with respect to both the o, -
unsaturated carbonyl species and the pyrrole component. Significant variation in the p-
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position of the a,B-unsaturated carbonyl compound was possible without loss in yield or
enantioselectivity. Electron-deficient aldehydes that do not readily participate in iminium ion
formation were also accommodated. Additionally, variation in the pyrrole architecture was
achieved. A range of N-alkyl substituents were tolerated as well as substituents in both the C2

and C3 positions, with excellent levels of enantiocontrol maintained throughout.

The utility of the aminocatalysed pyrrole alkylation was further demonstrated by reacting N-
methyl pyrrole (171) with excess (E)-crotonaldehyde (70a). Catalyst-controlled alkylation at
both the C2 and C5 positions of the aromatic nucleophile allowed enantioselective access to
C,-symmetric pyrrole adducts (Scheme 83).

69 .TFA o = o
(/ ) (20 mol%) S O . .
N MYy ——— Ny Cg.rggf/o 90:10
THF-H,0, t, i b ee
| 83% Me | Me
171 70a 173
Scheme 83

The B-pyrrolyl carbonyl compounds generated in these organocatalytic pyrrole alkylation
reactions are useful synthons as they can be utilised in the construction of a variety of

biomedical agents.'"”

1.16.2 Enantioselective Organocatalytic Indole Alkylations

Having established the capacity of iminium catalysis to mediate the enantioselective coupling
of pyrroles and a,B-unsaturated aldehydes, MacMillan went on to extend this alkylation
strategy to indole nucleophiles. Although there are structural similarities between them, the
pyrrole n-system is known to be significantly more activated toward electrophilic substitution
than the indole framework,''® as was demonstrated by the low rate of reaction for the addition
of N-methylindole (174) to (E)-crotonaldehyde (70a) catalysed by imidazolidinone 69. In
order to overcome this limitation in indole reactivity, and to enable less electron-rich
heteroaromatic compounds to undergo alkylation, other imidazolidinone catalysts were tested
for their ability to catalyse this indole alkylation.

The enantioselective alkylation of N-methylindole (174) with (E)-crotonaldehyde (70a) using
the tert-butyl-benzyl imidazolidinone catalyst 79 provided benzylic substituted indole 175

with high levels of enantioselectivity and reaction efficiency (Scheme 84).!'°
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0) Me
f%N
N)\é
Ph H Me
79 . TFA ;o
0,
@ + MeMo (20 mol%) A\ 85% ee
N CH,Cly-H,0, -400C,
\ 1.5h, 70% N
174 70a 175
Scheme 84

Optimal enantiocontrol was achieved in this reaction at a temperature of —83°C with catalyst
79, affording substituted indole 175 in 92% ee. The rate of reaction was significantly
enhanced, without compromising the enantioselectivity, by use of dichloromethane containing

isopropanol (15% w/w) instead of water.

The scope of this alkylation reaction, with respect to the o,B-unsaturated aldehyde substrate
and the indole architecture, was also studied. The reaction is tolerant to increased steric bulk
in the P-position of the aldehyde component. Electron-deficient carbonyl compounds and
aldehydes that led to the formation of stabilised iminium ions were accommodated without
loss in enantiocontrol or reaction efficiency. The amine-catalysed conjugate addition was also
general with respect to the indole component. Variation in the N-alkyl substituent was
possible while maintaining high yields and enantiomeric excesses. Substitution at the indole
C4 position was allowed as well as use of electron deficient 6-chloro substituted indoles.
Such halogenated indole adducts are valuable synthons for use in organometallic coupling

reactions such as the Buchwald-Hartwig,'?° or Stille reactions.'?!

The utility of this asymmetric organocatalytic alkylation was demonstrated by the synthesis of
indolobutyric acid (177), a COX-2 inhibitor. The aminocatalytic alkylation of indole 176
with (E)-crotonaldehyde (70a), followed by oxidation of the formyl moiety, provided COX-2
inhibitor (177) in high yield and enantiopurity over the two synthetic steps (Scheme 85).

Me cCoO
MeO, MeO 3 OH

) \
1. 79. TFA (20 mol%)
N~ Me Me™ X0 N~ Me g7%ee

2. AgNO;, NaOH
82% /@2
Br

176 70a Br 177
Scheme 85
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This simple procedure shows that complex, enantioenriched drug-like molecules can readily
be accessed using this organocatalytic protocol. With over 3000 isolated natural products and
40 medicinal agents that incorporate the indole framework,''” the enantioselective indole
alkylation methodology is thus extremely valuable in medicinal chemistry and complex target
synthesis.

1.16.3 Asymmetric Organocatalytic 1,4-Additions of Electron-Rich Benzenes

While catalytic access to the enantioenriched benzylic architecture had previously been
accomplished using hydrogenation,'?? or metallobenzene addition technologies,123 MacMillan
aimed to further enhance his iminium activated alkylation strategy in the development of an
organocatalytic approach to such enantioenriched benzylic structures.

To this end, the organocatalytic alkylation of electron-rich aniline rings was investigated
using imidazolidinone 79. This catalyst successfully promoted the 1,4-conjugate addition of
N, N-dimethyl-3-anisidine (178) to (E)-crotonaldehyde (70a) to generate aniline adduct 179
with a high level of enantioselectivity (Scheme 86).'%*

M
PMe 79. HCI OMe Me
(10 mol%) X
y b oM ™Y, - © 8o%ee
e\v CHzclz, -40 C, e\lN
Me 178 70a 36h, 86% Me 179
Scheme 86

Variation in the B-substituent on the aldehyde component was possible without loss in yield
or enantiocontrol. There was also a broad scope in the electronic nature of the o,f-
unsaturated aldehyde substrate as electron-deficient carbonyl compounds, and aldehydes that
led to the formation of stabilised iminium ions were accommodated. In addition, a variety of
aromatic B-substituents were employed to construct bis-benzylic structures, a motif that is

commonly found among drug candidates.'?

Significant structural changes in the aniline component were also realised. The reaction was
general with respect to the nature of the nitrogen substituents, with the 1-phenyl-pyrrolidine
and indoline rings significantly more reactive than N, N-dimethyl aniline (178). A variety of
heteroatom substituents were also incorporated on the aniline ring at both the ortho and meta

positions without loss in reaction efficiency or enantiocontrol. Use of electron-deficient
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anilines provided halogenated benzene adducts, valuable synthons for use in organometallic

technologies such as Stille'*® and Suzuki'*’ coupling reactions.

MacMillan went on to develop a method for the direct deamination of N,N-dialkyl aniline
rings. This was achieved via treatment of aniline 180 with methyl iodide followed by
exposure of the resulting quaternary amine to reductive conditions to provide the parent

aromatic system 181 in excellent yield (Scheme 87).

OMe Ph OTBS
- OMePh OTBS
Mel - =
Me\,?, Na/NH,, -78°C Y
Me 180 96% 181
Scheme 87

Importantly, this operationally simple protocol effectively enables dialkylanilines to be
employed as benzene surrogates in this organocatalytic alkylation strategy. With over 5000
isolated natural products and therapeutic agents such as Paxil,'® Zoloft,'*** and Detrol,'>
which incorporate a benzylic carbon stereocentre, catalytic access to enantioenriched benzylic

architecture is thus extremely valuable.

1.16.4 Enantioselective Organocatalytic Mukaiyama-Michael Additions

The Mukaiyama-Michael reaction involves the 1,4-conjugate addition of silyl enol ethers to
electron deficient alkenes. This reaction is not amenable to Lewis acid catalysis as these
promote 1,2-addition (the Mukaiyama-Aldol reaction) in preference to 1,4-addition (the
Mukaiyama-Michael reaction). MacMillan found that these limitations could be overcome
when using chiral imidazolidinone 79 to activate an o,B-unsaturated carbonyl compound.
Silyloxy-furans can undergo a 1,4-conjugate addition with the resulting iminium ion to

generate an enantioenriched y-butenolide architecture.

MacMillan first examined the enantioselective organocatalytic butenolide synthesis by
performing the imidazolidinone-catalysed conjugate addition of silyloxy-furan (182) to (E)-
crotonaldehyde (70a). Excellent levels of syn-diastereoselectivity and enantiocontrol were
achieved, although with poor reaction efficiency (31% yield). It was assumed that
imidazolidinone turnover was being inhibited by loss of water from the catalytic cycle due to
formation of (TMS);0. Hence the reaction was repeated with an excess of water (2

equivalents), which provided optimal reaction efficiency (Scheme 88).'%
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79. DNBA 0, o
%) At 99-
/\ AR (20 mol%) Me syn:anti 22:1
TMSO/Q\Me * Me ~0 CH,Clp H,0, 70°C, N A " 92%ee
11h, 84% Me
182 70a 183
Scheme 88

A broad variety of B-substituents on the carbonyl species can be accommodated in the
organocatalytic Mukaiyama-Michael addition, with no adverse affect on the yield or
selectivity. Moreover, variation in the electronic nature of the aldehyde component had little
influence on the stereochemical outcome of the reaction. Importantly, the products arising

from the 1,2-iminium addition were not observed with any of the aldehydes examined.

Significant variation in the silyloxy-furan system was also realised. The reaction was tolerant
to a series of substituents at the furanyl 5-position, and to the presence of alkyl substituents in
the C3 position of the furan ring. Under the reaction conditions employed the syn-
diastereoisomer was formed preferentially, but importantly, via selection of an appropriate co-

catalyst and solvent the anti-diastereoisomer can be generated instead.

The utility of the enantioselective organocatalytic silyloxy-furan additions to form butenolide

products was demonstrated in a four-step synthesis of spiculisporic acid (187), a Penicillium

130

spiculisporum fermentation adduct " that is used commercially as a biosurfactant for metal

132

decontamination processes'! and in fine polymer production.” The stereochemical core of

spiculisporic acid (186) was generated via an organocatalytic Mukaiyama-Michael protocol,
and elaboration of this to spiculisporic acid (187) was accomplished in 54% overall yield

using a three-step procedure (Scheme 89).'%

(0]
6]
/@ e 79. TFA ~,C0Me  synanti11:1
MeO,C~ Ng” ~OTIPs -BuOC ° Tirmo 4o NMSEP Taovee
‘ 90% CO,t-Bu
184 185 186

Scheme 89
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As shown above, the enantioselective organocatalytic Mukaiyama-Michael reaction provides
access to asymmetric y-butenolides, a structure present in over 13,000 natural products. This
methodology is therefore valuable to synthetic organic chemists to facilitate the construction

of complex architectures.

1.16.5 Iminium Ion Intermediate of the 1,4-Conjugate Addition Reactions

The proposed iminium ion intermediate formed during the organocatalytic 1,4-conjugate
addition reaction is shown in Figure 33. Both the benzyl group and the fert-butyl substituent
shield the si-face of the a,B-unsaturated iminium ion, forcing the aromatic nucleophile to

attack the re-face, leading to the observed enantioselectivity.'"

O, Me
N
@)\é
N
Ph

s
Me

Figure 33

As the re-face of the o, -unsaturated iminium ion is unhindered an increased rate of reaction
was observed compared to the use of catalyst 69 with a geminal dimethyl group in the C5
position.

These examples of enantioselective 1,4-conjugate additions further establish LUMO-lowering
organocatalysis as a broadly useful concept for asymmetric synthesis. These reactions allow
the construction of alkylated aromatic species that are useful synthons for a variety of

applications in medicinal chemistry and target orientated synthesis.

1.17 The Robinson Annulation Reaction

The Robinson annulation reaction comprises a Michael addition of a cyclic ketone to an o,3-
unsaturated carbonyl compound, followed by an intramolecular aldol cyclisation to furnish a
bicyclic enone (Scheme 90). This method of carbon-carbon bond formation generates a
synthetically useful fused bicyclic ring system. High regioselectivity is often achieved in
these reactions by the use of preformed enolates. The aldol cyclisation step can also be
carried out in the presence of a chiral auxiliary to yield the product in high enantiomeric

€XCESs. 133
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Michael Intramolecular
(:\L :\L _ Addition_ C(\/L _ Adol O;\/\l\
188
Scheme 90

Organocatalytic Michael reactions have been achieved to yield the corresponding adduct with
high levels of enantiocontrol (Section 1.15). Aminocatalysed asymmetric intramolecular
aldol condensations are also known (Section 1.5). Therefore the Robinson annulation reaction

should be amenable to aminocatalysis via the combination of these strategies.

1.17.1 Proline-Catalysed Asymmetric Robinson Annulation Reaction

Hajos, Parrish, Eder, Sauer and Wiechert were 30 years ahead of their time when they carried
out the original studies into the proline-catalysed intramolecular aldol condensation in the
early 1970’s.!” But recent advances have been made. Barbas III reported a protocol in which
an antibody aldolase catalysed both steps of the Robinson annulation reaction via an enamine
mechanism.”** Provided with this success and the ability of proline (4) to catalyse the
intramolecular aldol cyclisation, Barbas III went on to examine the potential for (S)-proline

(4) to catalyse both steps of the Robinson annulation reaction.

Studies were aimed towards the one-pot synthesis of the Wieland-Miescher ketone (6) from
methyl vinyl ketone (63) and 2-methylcyclohexane-1,3-dione (190). (S)-Proline (4) was
found to catalyse the entire annulation sequence to provide ketone 6 with an overall yield and

enantiomeric purity similar to that of the two-step procedure (Scheme 91).!*°

Lo — o — foe

191
(0]
49% yield
76% ee
o 6

Scheme 91

Several commercially available proline-like derivatives were also tested for their ability to
catalyse this reaction sequence, as well as 16 commercially available chiral amines. Only

those bearing a cyclic secondary amine demonstrated reactivity in this screen, with the best

76



Chapter 1 - Introduction Gutle L Conitt— P42 Thesia 2007

results obtained from the use of pyrrolidine-type systems. A carboxylate functionality was
also found to be necessary for catalysis of the dehydration step.

1.17.2 Mechanism of the Organocatalytic Robinson Annulation Reaction

Presumably the proline-catalysed Robinson annulation reaction takes place via a mechanism
that is a combination of that for the organocatalytic Michael addition (Section 1.15.6) with the
mechanistic cycle of the aminocatalysed intramolecular aldol cyclisation (Section 1.5.2).

As such, an activated enamine would be formed between the proline (4) catalyst and diketone
190. This would then undergo a 1,4-conjugate addition with methyl vinyl ketone (63), which
after hydrolysis would yield Michael adduct 5. Generation of a second enamine with the
proline (4) catalyst would then promote an intramolecular aldol cyclisation, which after
hydrolysis of the resulting iminium species, would yield ketol product 191 (Scheme 92).
Subsequent dehydration of ketol 191 would furnish bicyclic enone 6.

N S (P com,

Michael Addition Intramolecular Aldol
N~ TCOxH

H20 ji“j J/ij:lﬁ
fo) 0 OH

190 191
Scheme 92

This mechanism is only a postulation based on the catalytic cycles discussed in Sections
1.15.6 and 1.5.2. No information regarding the mechanism for this one-pot organocatalytic
Robinson annulation reaction has yet been reported.

This organocatalytic Robinson annulation reaction provides a straightforward procedure for

the synthesis of bicyclic enones in one-pot. Such ketones, in enantiopure form, are useful
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synthons for the construction of a variety of biologically active compounds.  This
organocatalytic Robinson annulation reaction further exemplifies the success of small chiral

amines as catalysts for a broad range of chemical transformations.

1.18 The a-Amination of Carbonyl Compounds

The biological importance of enantiomerically pure natural and non-natural a-amino acids, o-
amino aldehydes and a-amino alcohols has led to a wealth of research into stereoselective
methods for their synthesis.'*® Catalytic asymmetric approaches have focused on both
carbon-carbon and carbon-nitrogen bond forming reactions. As seen in Section 1.14 the
Mannich Reaction is an example of a C-C bond forming reaction that has been successfully

used to synthesise optically pure nitrogenous compounds.

An a-amination involves the reaction of an aldehyde or ketone with an electrophilic nitrogen
source, such as an azodicarboxylate (193), to form a new carbon-nitrogen bond, and thus
generate a stereogenic carbon centre attached to a nitrogen atom (Scheme 93). This method
provides a simple synthetic approach to optically active a-amino carbonyl compounds (194).

2
H/uﬁ + ] e N - 2
1, N‘COZRZ H : CO,R
192 193 194
Scheme 93

The electrophilic a-amination of carbonyl compounds has increasingly been used in the
synthesis of nitrogenous compounds.'*” Several asymmetric versions have been reported, for
example, the reaction of chiral auxiliary preformed enolates/enolethers with
azodicarboxylates has been used to furnish a-amino acid derivatives with high
stereoselectivities.'*® Catalytic enantioselective versions have also been developed, including
the metal-catalysed reactions of enolsilanes with azodicarboxylates.”*® In addition to these
indirect variants that require the use of preformed enolate equivalents, a catalytic direct
asymmetric a-amination of 2-keto esters with azodicarboxylates has been reported that uses

chiral copper(Il)-bisoxazoline complexes as reaction catalysts.'*’

Aminocatalysis of the a-amination reaction is also possible.'*!

This involves a reaction
between the carbonyl component and the amine catalyst to generate an enamine, which is then

activated to undergo reaction with the azodicarboxylate species.
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1.18.1 Direct Organocatalytic Asymmetric a-Amination of Aldehydes

Jorgensen reported the first organocatalysed a-amination of aldehydes with azodicarboxylates
to generate optically active o-amino aldehydes. The (S)-proline (4) catalysed direct
enantioselective a-amination reaction was first examined with propionaldehyde (24) and
diethyl azodicarboxylate (DEAD) (195). This reaction was found to proceed in high yield to
afford the a-hydrazino aldehyde 196 in 92% ee (Scheme 94).'+?

0 (S)-proline (4) _CO,Et
| * ~, b ee
Me 82% e

24 195 o6

Scheme 94

Even with a catalyst loading of 2 mol% a highly enantioselective reaction was maintained
(84% ee). The reaction could also be performed under neat reaction conditions to afford

adduct 196 in 77% ee with full conversion after 2 minutes at ambient temperature.

The scope of this reaction was expanded by reacting various aldehydes with DEAD (195) to
afford the corresponding a-aminated aldehydes in high yields and enantioselectivities in the
presence of (S)-proline (10 mol%) as the catalyst. The in situ reduction of the resulting
adducts was performed to yield valuable o-aminated alcohols (197), which were then

converted into N-amino oxazolidinones (198) (Scheme 95).

o HN-COE NaBH oH HN-COE i H
/u\/ rll 4 H _)\/ ﬁ 0.5N NaOH o~ “N-N.
H™ ™Y “CO,Et H Y COEt \_/ COEt
Me Me Me
196 197 198
Scheme 95

If dibenzyl azodicarboxylate (201) was used as the nitrogen source, N-Cbz protected N-amino
oxazolidinone 199 resulted. This could be converted to the corresponding oxazolidinone 200

by removal of the N-protecting group and cleavage of the N-N bond (Scheme 96).

o o)
JU H 1. Hy/(Pd/C) MeOH L
o N-N. - 0" "NH
\_/ Cbz 2. Zn/acetone-HOAc /
“ipr “ipy
199 200

Scheme 96

79



Chapter 1 - Introduction Gulie oLl Caeill~ PH D, Thesis 2005

This methodology therefore provides a novel route for the synthesis of 4-substituted 2-

oxazolidinones, including various Evans auxiliaries in both enantiomeric forms.

List, almost simultaneously with Jergensen, also published the direct proline-catalysed o-
amination reaction of aldehydes. List found that optimal results were obtained when the a-
amination reaction was carried out in acetonitrile at 0°C. Under these conditions a variety of
aldehydes, including isovaleraldehyde (14d), were reacted with dibenzyl azodicarboxylate
(201) to generate an a-aminated aldehyde, which was reduced in situ to the corresponding o.-
amino alcohol, e.g. 202 (Scheme 97). High yields (93-99%) and enantioselectivities (>95%

ee) were achieved throughout.'*

1. (S)-proline (4)

(o) BnO,C. (10 mol%) CO,Bn
XN CH4CN, 0°C '
H + 1] — HO/\/N‘N/COZBn 96% ee
L N\Coan 2. NaBH,, EtOH %Pr
14d 201 99% 202
Scheme 97

An important aspect of the direct a-amination reaction is that it allows simple and attractive
access to optically active non-proteogenic a-amino acids (203). These are formed from the
a-aminated aldehyde adducts (194) via a five step protocol, with the enantiomeric excess

obtained in the o-amination step maintained throughout this synthesis (Scheme 98).'*!

2 1. KMnO, oxidation
o HN,COzR g %h:nfCHNz j])\/ I'30c
| . N\
H/u\-/N\Cosz 4. Ho/Raney Ni MeO S H
1 5. (Boc),O/DMAP R
194 203
Scheme 98

A

The a-hydrazino aldehydes, formed by the direct proline-catalysed a-amination of aldehydes
can therefore be used to synthesise a variety of optically active compounds, such as a-amino

alcohols and a-amino acids. These are all key chiral elements in many natural products as

well as in medicinal chemistry.

1.18.2 Direct Proline-Catalysed Asymmetric a-Amination of Ketones

Jorgensen further expanded the scope of the organocatalytic a-amination reaction to include

ketone donors. For instance, the (S)-proline (4) catalysed direct enantioselective a-amination
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reaction of cyclohexanone (18) by DEAD (195) was found to proceed in high yield to afford
the a-hydrazino ketone 204 in 82% ee (Scheme 99).'*

0o (S)-proline (4) -CO,Et
EtOCoy (20 mol%) Q HN
+ Rl - N‘CO gt 82%ee
~CO,Et MeCN, rt, 66h, 2
100% 2
18 195 204
Scheme 99

The direct a-amination of various non-symmetrical ketones by DEAD (195) in the presence
of (S)-proline (4) yielded the corresponding a-hydrazino ketones with excellent

enantioselectivities. The reaction was also highly regioselective as the amination occurred at

the most highly substituted carbon atom.

Several valuable optically active products can be formed from the a-aminated ketone adducts,
for example, reduction of the carbonyl functionality of 205 with sodium borohydride yields
the corresponding syn-a-amino alcohol, which upon treatment with sodium hydroxide forms
the N-amino oxazolidinone 206. Further reactions can then provide oxazolidinone 207. The
anti-a-amino alcohol 208 can also be obtained by reduction of 205 with triethylsilane and
titanium tetrachloride (Scheme 100).

JOL COEt 1. TMSH )oL

1. NaBH o N-NH 2 Acetone oy
2. 0.5N NaOH )_-‘ 3. Zn/HOAc )._5
/ Me 206 Bn Me 207 Bn
N<
Me” Y~ “CO,Et
Bn °
205
| \ 1 CO,Et
1. TiCly/Et;SiH o “N-NH
2. 0.5N NaOH 2 3
Me Bn
208
Scheme 100

The a-hydrazino ketones, formed by the direct proline-catalysed a-amination of ketones, thus
offers a new and simple approach to syn- and anti-a-amino alcohols, which are highly

valuable chiral fragments in many different compounds and very useful as chiral starting

materials. '3
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1.18.3 Enamine Transition State of the Proline-Catalysed a-Amination Reaction

Both List and Jergensen proposed transition states to rationalise the stereochemical outcome
observed in the proline-catalysed a-amination reaction of aldehydes and ketones. List
proposed chair-like enamine transition state Model K (Figure 34), based on the transition
state of the Hajos-Parrish-Eder-Sauer-Wiechert reaction calculated by Houk.'*® This model is
consistent with the proposed models for the intermolecular aldol (Model D, Section 1.6.10)
and Mannich reactions (Model J, Section 1.14.6)."* Jorgensen on the other hand predicted

boat-like Model L (Figure 34) as the lowest energy conformation for the transition state.'*?

o o)
RoCY .0 N
ZNH RO,CEN.
r GO ZYBN" T COR
Model K Model L

Figure 34

It is worth noting that the enamine transition state proposed by List (Model K) lacks the
hydrogen bond to the proline (4) nitrogen. Houk and co-workers have recently shown
through a series of calculations that this N-H hydrogen bond does not lower the transition
state energy in the corresponding aldol reaction.””®> While both transition models lead to
identical products directed by the hydrogen bond from the carboxylate group of proline (4),
each transition state should possess a unique energy and so one should be favoured, however,

the operative transition state has yet to be determined.

The proline-catalysed a-amination of aldehydes and ketones is thus an efficient method for
the formation of carbon-nitrogen bonds, allowing the synthesis of a-amino acids, a-amino
aldehydes/ketones and a-amino alcohols. Such optically active compounds are key chiral

fragments in many natural products and are very useful as chiral precursors in medicinal

chemistry.

1.19 The a-Oxidation of Carbonyl Compounds

The a-oxycarbonyl moiety is abundant among natural products and is a versatile functional
intermediate. Consequently many methods have been developed for its preparation,'*® for
example, the a-oxycarbonyl species can be formed from chiral natural sources such as amino

acids,"”” sugars,'*® and chiral a-hydroxy acids.'*® Diastereoselective reactions such as
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nucleophilic addition to chiral glycoxal derivatives,'>® or alkylation of chiral hydrazones,146
can also be applied. In addition, the Sharpless asymmetric dihydroxylation of silyl enol ethers

. . 152
! and enzymatic resolution,

can be used® Furthermore, asymmetric hydrocyanation,'®
have been employed as a key step in the synthesis of a-oxycarbonyl compounds, but most of
these preparations require multiple manipulations. The only direct chemical method for the
o-hydroxylation of aldehydes, leading to a-hydroxyaldehydes in high enantiomeric purity,
was provided by the oxidation of preformed enolates from aldehydes derivatised with chiral
auxiliaries.">'>*  Therefore the development of new methodologies for the direct catalytic

asymmetric a-hydroxylation of aldehydes was an important target in organic synthesis.

An a-oxidation involves the reaction of an aldehyde with an electrophilic oxygen source, such
as a nitrosobenzene (209), to form a new carbon-oxygen bond, and thus generate a
stereogenic carbon centre attached to an oxygen atom (Scheme 101). This method provides a
simple synthetic approach to optically active a-oxycarbonyl compounds (210).

(o] o (o]
HJH + “ H JK/O\ N, Ph
R! Ph” '%1
192 209 210

Scheme 101

Aminocatalysis of the a-oxidation reaction is possible. This involves a reaction between an
aldehyde component and the amine catalyst to generate an enamine, which is then activated to

undergo reaction with the electrophilic oxygen atom of the nitroso species.

1.19.1 Direct Organocatalytic Enantioselective a-Oxidation of Aldehydes

Almost simultaneously, Zhong, MacMillan and Hayashi independently reported the direct
catalytic enantioselective o-aminoxylation of aldehydes using nitrosobenzene (209) as the
oxygen source and (S)-proline (4) as the catalyst. This method allowed the synthesis of
versatile a-aminoxylated aldehydes in high yields and enantioselectivities.

Each report was remarkably similar with only minor differences in the reaction conditions
employed. Zhong initially looked at the a-aminoxylation reaction using isovaleraldehyde
(14d) as the donor. The superior reactivity of nitrosobenzene (209), compared to the
aldehyde itself, as the acceptor meant that the self-aldolisation reaction of the aldehyde was

minimised. The proline-catalysed reaction in DMSO was complete in just ten minutes at
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ambient temperature to afford, after reduction, 2-aminoxy alcohol 211 in good yield and

excellent enantioselectivity (Scheme 102).'>

(S)-proline (4), (20 mol%) Ph

o N-FD DMSO, tt, 10 min oH
Yv + N 99% ee
S NaBH,, EtOH \r'\/OH
211

82%
Scheme 102

The scope of this reaction was explored by reacting a series of aliphatic aldehydes with
nitrosobenzene (209). After in situ reduction, these reactions afforded O-regioselective

products with excellent enantioselectivities (94-99% ee) in good overall yields (54-85%).

MacMillan studied the proline-catalysed a-aminoxylation reaction of propionaldehyde (24)
with nitrosobenzene (209) to furnish 2-aminoxy alcohol 212. The optimum yield (78%) and
enantioselectivity (96% ee) were achieved when the reaction was performed in chloroform at

4°C (Scheme 103)."%
(S)-proline (4), (10 mol%)

o) OH
o CHCl3, 4°C, 15 min
(u\H + '?11 - H)\_/O\N,Ph 96% ee
Ph” NaBH,4, EtOH H
Me 78% Me
24 209 212
Scheme 103

Catalyst loadings as low as 0.5 mol% could be utilised without significant loss in
enantiocontrol. Use of 2 mol% was found to be optimal as this provided high reaction
efficiency and enantioselectivity while maintaining expedient reaction times (88% yield, 97%
ee, 2h).

The a-aminoxylation reaction of propionaldehyde (24) with nitrosobenzene (209) was also
investigated by Hayashi, who found superior results were attained when the reaction was
performed in acetonitrile at -20°C. Under these proline-catalysed conditions (10 mol%), a
quantitative yield of 2-aminoxy alcohol 212 was furnished in 24 hours with 98% enantiomeric

€XCCESS. 157

Both MacMillan and Hayashi found considerable variation in the steric demand of the
aldehyde component was possible without loss in reaction efficiency or enantiocontrol.
Notably, electron-rich n-systems, which are typically prone to oxidative degradation, could be

employed under these mild reaction conditions.
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The 2-aminoxy alcohol products formed by the a-aminoxylation of aldehydes with
nitrosobenzene (209), followed by in situ reduction, are useful synthons for further chemical
transformations. One such protocol involves the synthesis of the corresponding chiral 1,2-
diol by cleavage of the oxygen-nitrogen bond. This catalytic hydrogenation can be carried out
using either Adams’ catalyst (PtO,),"** or palladium on carbon (Pd/C),'*® to furnish terminal
diol 214 without any loss in optical purity (Scheme 104).

Ph

! A. Hy/PtO, (15 mol%)
o \H THF, rt '

R)\/OH or R)\/OH

B. Ho/(PdIC) 214
Scheme 104

This organocatalytic protocol therefore acts as a dihydroxylation surrogate allowing the
synthesis of terminal 1,2-diols. Enantioselective routes to optically active 1,2-diols are of
considerable interest as this structural moiety is found in biologically active natural products

and synthetic pharmaceuticals.'>®

Since proline (4) is commercially available in both
enantiopure forms, this one-pot procedure allows the synthesis of R- or S- configured 1,2-
diols with excellent enantioselectivities for use as building blocks in natural product

synthesis.'>®

1.19.2 Enamine Transition State of the Proline-Catalysed a-Oxidation Reaction

Zhong proposed that the catalytic a-oxidation of aldehydes proceeds via an enamine
mechanism and that the stereochemical outcome of the reaction can be rationalised by the
formation of chair-like transition state Model M (Figure 35)."> This model is in accord with
the model proposed for the aminocatalytic intermolecular Aldol reaction (Model D, Section
1.6.10). |
‘ o]
Ph 1O
Z6H
R

Model M
Figure 35

In this postulated model, the si-face of the E-enamine, formed from the aldehyde and (S)-
proline (4), approaches the less-hindered oxygen atom of nitrosobenzene (209) to provide a
chiral a-aminoxy aldehyde with R-configuration, in accord with the observed stereocontrol.

85



Chapter 1 - Introduction Gulie ol Coaill~ PHD. Thesis 2007

The proline-catalysed a-oxidation of aldehydes is therefore an efficient method for the
formation of carbon-oxygen bonds, allowing the synthesis of chiral a-aminoxy aldehydes, 2-
aminoxy alcohols and terminal 1,2-diols. Such optically active compounds are versatile

intermediates in natural product synthesis. This further illustrates the scope of small chiral

amines as catalysts for a variety of synthetic transformations.

120 Summary

While the unique reactivity of enamines and iminium ions has long been used in organic
synthesis, most of these reactions use stoichiometric quantities of the amine. Until recently,
amines had rarely been used catalytically despite the fact that they are readily available in
enantiomerically pure form from several sources, including the chiral pool.” As discussed in
this introduction, small chiral amines can be employed as catalysts for a wide variety of

chemical transformations, via both enamine and iminium activation pathways.

Carbon-carbon bond forming reactions, such as the aldol, Mannich, Michael and Diels-Alder
reaction are all amenable to aminocatalysis. In addition, the C-N bond forming a-amination
reaction and the C-O bond forming a-oxyamination reaction are promoted by chiral amine
catalysts. These transformations proceed with high levels of reaction efficiency and excellent
enantiocontrol. Thus, organocatalysis represents a remarkable synthetic alternative to

established organometallic transformations.

Although a significant amount of research has been conducted within the area of
aminocatalysis over the past few years, additional investigations are required to further
advance this methodology. For instance, aminocatalysis of the Baylis-Hillman reaction has
provided adducts with essentially no asymmetric induction, however, future studies may
provide a highly enantioselective version. Furthermore, the discovery of new aminocatalysed

reactions may result.

The fact that there are some areas which still require further research to develop the ideal
catalyst means that there will be many more exciting discoveries to come, hopefully facilitated
by the constant improvement of technologies and information available in the modern

chemical community.
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2.1 Introduction

Over recent years, significant advances have been made in the field of catalytic asymmetric
synthesis.**'*® The design of these systems has stretched the imagination of the chemist and
has led to numerous commercially viable catalytic systems, such as the asymmetric
dihydroxylation and allylic epoxidation of Sharpless,’*'® the Salen Mn(Ill) catalysts of
Jacobsen,'®! and the asymmetric transfer hydrogenation catalysts developed by Noyori,'® to

highlight a few very high profile contributions.

Whilst important advances have been made in the development of chiral Lewis acid catalysts,
the ultimate goal of discovering a single catalyst that can affect a wide range of processes
with high levels of enantioselectivity remains to be achieved. Chapter two of this thesis will
be concerned with the design and synthesis of a first generation Lewis acid that can
discriminate between the prochiral faces of o,B-unsaturated carbonyl compounds, which, if

successful, would provide useful insight into solving this universal problem.

2.1.1 a,p-Unsaturated Carbonyl Compounds

o,B-Unsaturated carbonyl compounds are useful tools to the contemporary organic chemist.
There are a range of transformations that can be carried out on these pro-chiral substrates,
including the Ene reaction,'®® Baylis-Hillman reaction,'® Sakurai reaction,'® and
cycloadditions ([3+2]'% or [4+2]'¢7), to highlight just a few. Achieving stereoselective
transformations with o,B-unsaturated aldehydes, ketones and acrylates is an ongoing and
fascinating challenge in this field.

At this point it is pertinent to mention the conformational aspects of o, 3-unsaturated carbonyl

systems.. In a recent article'®®

the conformational preferences of this functional group was
addressed and it was shown that the s-frans conformation is preferred for aldehydes such as
acrolein (76). However, for acids and acrylates, such as acrylic acid (215) and methyl
acrylate (216), the preference is for an s-cis conformation (although this preference is not

strong) (Figure 36).
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It is well accepted that carbonyl groups can interact with a Lewis acid via a sigma (o)

interaction between the lone pair located on the carbonyl oxygen atom and the metal of the

Lewis acid.'® Upon interaction of an o, B-unsaturated carbonyl compound with a homochiral

Lewis acid there are eight possible conformations that the resulting complex can adopt (two s-

trans-anti, two s-trans-syn and their s-cis counterparts) (Figure 37). Complexed acrylates can

adopt 16 conformations. Design of a Lewis acid that could selectively adopt one of these

conformations when complexed is a challenging problem, which if solved would have a

significant impact on the chemical community.

” M* v M#*
O..’ O. .’

HJ\ \)I\

| s-trans-anti s-cis-anti
M\ M\

-.oo 'o.o

HJ\ \)’\

| s-trans-syn S-cis-syn

Figure 37
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2.1.2 Previous Catalytic Systems

In previous years, elegant catalytic systems have been introduced by Yamamoto,'”® Corey'”!
and Hawkins,'” to emphasise a few of the more prominent examples. The authors
constructed Lewis acid catalysts that promoted selective complexation of the a,-unsaturated
carbonyl substrate. Furthermore, the systems of Yamamoto and Corey were found to have

multi-reaction applicability.

The CAB (Chiral Acyloxy Borane) ca’(alysts,173 introduced by Yamamoto, and Corey’s chiral
oxazaborolidine derived systems,171 were utilised in the catalytic asymmetric reactions of o.,f3-
unsaturated aldehydes. The efficacy of these catalysts was explained by invoking an
attractive face-face n-m interaction with the substrate, as depicted in Figure 38.

R RO
OO ox R
4
H~<0 ¢ Hj/ S H
HO,C 0 OR Nall O H
¢ B
"Bu
Methacrolein complexed Bromoacrolein complexed
to Yamamoto's CAB to Corey's oxazaborolidine
catalyst. catalyst.

Figure 38

The CAB catalysts have been employed in Diels-Alder'™* and hetero-Diels-Alder'”
cycloadditions, as well as in aldol'’® and allylation'”” reactions. This versatility, combined
with the stability in air of the substituted boron analogues (R = phenyl or alkyl, derived from
the corresponding phenyl- or alkylboronic acid), provides a family of catalysts ideal for many
applications. The tryptophan derived system has been used to catalyse Diels-Alder

171

cycloadditions, " Mukaiyama-aldol and aldol-dihydropyrone annulation reactions.'”® Use of

either catalyst led to the formation of products with commendable stereoselectivities.

Hawkins designed a catalytic system for the stereoselective reaction of o,B-unsaturated
acrylates. This catalyst utilised the concept of dual point binding in order to hold the
substrates rigidly in a single conformation, thus leading to a single transition state being
observed during the Diels-Alder reaction (Figure 39).
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Figure 39

In this proposed transition state the acrylate is fixed in an s-frans conformation and is lying
parallel to, and at a distance of 3.172A from, the aromatic ring. In this conformation, attack
to the lower face of the dienophile is shielded by the edge of the naphthalene ring. Use of this
catalyst led to enantiomeric excesses of up to 99.5% being observed in the Diels-Alder
cycloaddition reaction with cyclopentadiene.

2.1.3 Fundamental Contribution?

In the cases highlighted above, (Section 2.1.2), the stereochemical outcome was explained by
invoking n—mn interactions, however, the exact nature of the ‘n-stacking effect’ is still a subject
of some debate in the synthetic organic and computational arenas. The design of processes
which harness their full potential will not be possible until we are able to fully understand the

origins of these interactions.

At the commencement of this project our aim was to design and synthesise a series of ligands
that would enable us to investigate and ultimately understand the nature of face-face n—n
interactions and the subtleties associated with their existence, and to use these ligands as

catalysts in a series of asymmetric transformations.

2.2  Design Concept

The challenge ahead was the rational design of a ligand that was non-substrate specific and
non-reaction specific. Our design involved the introduction of two points of interaction
between the Lewis acid and the carbonyl compound; namely, a sigma interaction between the
lone pair located on the carbonyl oxygen atom and the metal of the Lewis acid, and an
attractive face-face n—n interaction between the double bond of the a,B-unsaturated carbonyl
compound and an aromatic ring incorporated into the structure of the Lewis acid (Figure 40).
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n-Stacking is a concept that has attracted increasing interest from organic chemists in recent
years.179 The name signifies an attractive, non-covalent ©-n interaction between a multiple
bond (typically C=O or C=C) and an aromatic ring. To achieve this, the unsaturated bond

must lie parallel to and between 3.0-3.5A from the aromatic ring (Figure 41).

% I 3.0-3.5A

Figure 41

n-Stacking effects can enhance selectivity in asymmetric C-C bond forming reactions and

many chiral auxiliaries and catalysts have been designed with this interaction in mind.'°

2.2.1 Ligand Design Features

Face-face m—m interactions are often observed in nature and play a critical role in the
determination of the tertiary structure of many proteins as well as in small molecule drug-
receptor interactions. In biological systems, enzymes are catalysts, and thus some of the
features of enzymes can be incorporated into the design of catalysts. One such example of
this is seen in the tryptophan derived oxazaborolidine catalyst 217 (Figure 42).""

Ts-N g 0
"By
217
Figure 42

When employed in a Diels-Alder cycloaddition reaction between bromoacrolein and

cyclopentadiene (66), catalyst 217 afforded the corresponding adduct with an unprecedented

91



Chapter 2 — Results and Discussion Gubie Ll Cavilt~ PR D, Jhesior 2007

>200:1 enantioselectivity. The presence of the indolyl moiety was found to significantly
enhance the observed selectivity. Replacement of this n-basic subunit with a naphthyl group
gave an enantioselection of 7:1, while a phenyl, cyclohexyl or isopropyl group gave only 2:1

selectivity combined with a reversal in the facial selectivity.

We therefore sought to incorporate an indole moiety into the design of our initial target
ligand. Complexation to the Lewis acidic metal was envisaged via the incorporation of a diol
subunit into the catalyst design. Such a functionality is present in the styrene derived ligand
218 reported by Jones (Figure 43).18

OH
OH

OMe
218

Figure 43

This ligand was used in the catalysis of a Diels-Alder reaction between cyclopentadiene (66)
and methacrolein (252), and led to the corresponding adduct 248 with 30% enantiomeric

€XCCss.

A possible problem associated with the catalyst arising from ligand 218 is that the a,p-
unsaturated carbonyl reagent can approach from the side of the metal where no aromatic
functionality is present. Such an approach would result in the aromatic ring not being

involved in the diastereofacial discrimination of the ensuing cycloaddition reaction.

Therefore, in the design of our first target ligand we attempted to rationally overcome this
problem by using a C,-symmetrical ligand, in order that the Lewis base has the opportunity to
interact with the aromatic functionality from whichever side it approaches the catalyst. One
face of the carbonyl compound should thus be blocked by the presence of the aromatic ring,
leading to diastereofacial discrimination.

2.2.2 Generic Ligand Structure

Compounds of generic structure 219 should be able to form complexes with o,B-unsaturated
carbonyl compounds (Figure 44). There are many possible permutations of metal (M), donor
(Y) and the electronic nature of the ring (R) that can arise from this and related structures,
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providing a family of Lewis acids whose properties could be systematically studied in Lewis

acid catalysed processes.
M
Yy
\ R = EWG, EDG
N M=B, Al Ti
O X)) vans
N
R 219 R
Figure 44

Design features of these ligands worth noting include: (i) the use of electronic rather than
steric interactions for the diastereofacial discrimination, which should mean that the ligand
will not be substrate specific as is often the inherent problem with previously reported
systems; (ii) the ability to modify the electronic nature of the aromatic ring by altering the
substituent R attached to the indole nitrogen atoms; (iii) the possibility of altering the Lewis
acidity of the metal M by changing the donor Y, as well as the metal M.

The novelty of this family of ligands is that the diastereofacial discrimination that is proposed
relies on electronic rather than steric interactions. The main thrust was to probe into a subtle
modification of the electronics of the aromatic ring (by attachment of electron withdrawing or
donating groups) and investigate the effect on the strength of the proposed n—m interactions
and hence the effect on selectivity observed in catalytic asymmetric transformations.

2.3  Proposed Ligand Design

Our initial target ligand was compound 220 (Figure 45). Notable features are the C,-
symmetrical design that incorporates two indolyl subunits along with a diol functionality to

chelate to the Lewis acidic metal.

220
Figure 45

We proposed to synthesise this ligand with a variety of groups attached to the nitrogen atom
of each indole moiety. Initially we aimed to synthesise the bis[1-(toluene-4-sulfonyl)indole]-,
bis(indole)- and bis(N-methylindole)- diols, (220, R = Ts, H, Me, respectively), as this should
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provide us with "electron deficient", "electron neutral" and "electron rich" aromatic systems.
This subtle modification of the electronics of the aromatic ring should allow us to probe the
nature of the proposed non-covalent interactions through experimental evidence, to provide
valuable guidance into catalyst design and architecture.

Retrosynthetic analysis of target ligand 220 led to three feasible routes (Figure 46).

R
OH N
I &n
N
g 220

R
N
|
QT\“
CHO N'
N

% N
Br CHO
|
N
f@ :
Wittig Reactlon McMurry Reaction

Heck Reactron
Figure 46

2.3.1 Analysis of Route A

A general synthetic route using pathway A is shown in Scheme 105.
CHO OH Br
NaBH - PB
: N

PPh,

Scheme 105
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This pathway would involve the formation of an indole phosphonium salt, which could then
partake in a Wittig reaction with the indole-3-carboxaldehyde. This phosphonium salt could
be generated from the indole-3-carboxaldehyde, via reduction to the alcohol and subsequent
replacement of the hydroxyl group with a bromine atom. Reaction with triphenylphosphine
would then generate the required phosphonium salt. Although a three step procedure is
required to form the phosphonium salt, the reactions involved have considerable literature
precedent. The main drawback to this route was that the Wittig reaction often generates a
mixture of cis- and frans-alkene products. The frans-alkene, upon dihydroxylation, should
furnish the required C,-symmetric chiral diol, whereas the cis-alkene would afford a meso-
diol that could not be utilised as a ligand in asymmetric catalysis.

2.3.2 Analysis of Route B

Over recent years, palladium-catalysed cross-coupling reactions have been extensively
studied.'®® The Heck reaction allows for the coupling of an alkyl, aryl or vinyl group to an
alkene. This process takes place via a catalytic cycle involving the formation of a
palladium(I) complex with the aryl, alkyl or vinyl species (Oxidative Addition). Addition of
this complex to the alkene (Olefin Insertion), followed by a PB-elimination, releases the
substituted alkene product. The palladium(0) catalyst is regenerated by reaction with a base,

such as triethylamine.

The potential for the use of a palladium-catalysed Heck coupling in the synthesis of
compound 221 is illustrated in Scheme 106.

! Reaction

H CHO
O O
\ I
R R
Br, Wittig
i

Pd(OAc),

_________ -

|
-
/
O 4

Scheme 106
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Pursuance of pathway B would entail the synthesis of the two indole species required for the
Heck coupling reaction. There is literature precedent for the bromination of an indole in the
3-position as well as for the formation of 3-vinylindoles. Less synthetic steps are required to
generate compound 221 by this route compared to route A, and the synthesis is also
convergent, rather than linear. Disadvantages associated with this method involve the use of
the palladium catalyst, including its cost, as well as possible contamination of the product by
the metal and the disposal of contaminated waste.

2.3.3 Analysis of Route C

Another prospective synthesis of compound 221 involved the reductive coupling of two
aldehydes (Scheme 107), using the McMurry reaction,'® (this process is also applicable for
ketones). This reaction permits the reductive dimerisation of aldehydes/ketones to yield an

alkene by reaction with low-valent titanium as a reducing agent.

R
CHO N
Ti(0 I
. O s QA
N A |
R N
R 221
Scheme 107

Employment of this protocol would involve the use of two equivalents of the indole-3-
carboxaldehyde, with only one synthetic step required to generate compound 221. This
represents a significant advantage over routes A and B. The low-valent titanium species has
to be freshly prepared in situ from titanium tetrachloride (or titanium trichloride), by reaction
with, for example, lithium aluminium hydride, an alkali metal, magnesium or zinc. This
method therefore involves the use of metal species and so has similar disadvantages to those
discussed previously for the use of palladium (Section 2.3.2).

2.3.4 Asymmetric Dihydroxylation

If successful, each of the above pathways (Sections 2.3.1 — 2.3.3) would furnish alkene 221.
Asymmetric dihydroxylation, following the protocol of Sharpless,*® would then be required in
order to generate the target ligand 220 (Scheme 108).
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Scheme 108

The Sharpless asymmetric dihydroxylation involves the use of a chiral amine ligand, which
binds to osmium tetroxide, leading to both an enhanced rate of reaction and a selective
addition to one face of the alkene. This generates diol products with high levels of
enantioselectivity, for example, mono-, 1,1-di- and trans-disubstituted alkenes typically give
diols with 90-99% ee. The best chiral amines are based on two alkaloids, dihydroquinidine
(DHQD), which produces one enantiomer of the diol product, and dihydroquinine (DHQ),
which gives the other. Although these amines are not enantiomers, to all intents and purposes
they behave as such in the dihydroxylation reaction. Both DHQD and DHQ are obtained
from natural sources and are readily available. The active catalyst used in the Sharpless
asymmetric dihydroxylation (AD) is a dimer of either DHQD or DHQ joined (at the hydroxyl
group of the alkaloid) by a spacer group. Two of the most common spacer groups are
phthalazine (PHAL) and pyrazine (PYR).

24  Ligand Synthesis

Each of the protocols discussed above (Sections 2.3.1 — 2.3.3) represented viable routes for
the synthesis of alkene 221, each of which had advantages and disadvantages associated with
them. We decided to investigate each of these methods for the synthesis of our first ligand, an
“electron deficient" diol incorporating two tosyl-protected indole moieties (221, R = Ts), so
that the most suitable synthesis for our substrate could be determined. The "electron neutral"
(221, R = H) and "electron rich" (221, R = Me) systems would then be synthesised using the
optimal synthetic procedure.

2.4.1 Route A — A Wittig Approach

Commercially available indole-3-carboxaldehyde (222) was stirred in triethylamine, before
addition of toluene-4-sulfonylchloride. Heating the reaction mixture at reflux for one hour
gave the desired tosyl-protected indole-3-carboxaldehyde 223 (Scheme 109).'%
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222 223 CH,
Scheme 109

Purification by filtration through a plug of silica gave the desired product 223 in an 80%
yield. Subsequent reduction of the carbonyl moiety, followed by substitution of the resulting
hydroxyl group with a bromine atom gave 3-bromomethyl-1-(toluene-4-sulfonyl)-1H-indole
(225). This was achieved by reacting compound 223 with one equivalent of sodium
borohydride in methanol at 0°C. Treatment of the reaction mixture with 2M HCI, followed by
aqueous work-up and removal of the solvent gave the alcohol 224 in a quantitative yield
without the need for purification. This was reacted with phosphorus tribromide in
dichloromethane for 24 hours at ambient temperature to afford the desired product 225 in
94% yield (Scheme 110).

Q—?- NaBH,, MeOH Q‘{i PBr3, CH,Cly Q_f_

o°c 1h, i, 24h
quant. 94%

223 224 225
Scheme 110

The indole phosphonium salt 226 was generated by reacting bromo-compound 225 with
triphenylphosphine in benzene. The reaction mixture was heated to reflux for 24 hours, and
after cooling to room temperature, the desired product 226 was collected by filtration. This
gave an isolated yield of 72% without any purification required (Scheme 111).

® O
Br PPh3Br
PPhg, PhH
\ _rhe \
rﬂ A, 24h r;l
Ts 2% Ts
225 226
Scheme 111

Having synthesised the phosphonium salt 226, we were then in a position to perform a Wittig

reaction. This involved the formation of a phosphonium ylide, which could be reacted with
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tosyl-protected indole-3-carboxaldehyde 223 to form an alkene. This was accomplished by

reacting the phosphonium salt 226 with one equivalent of »#-butyllithium at 0°C to generate
the phosphonium ylide, which was added tc a solution of aldehyde 223 in tetrahydrofuran.
Stirring at ambient temperature for 24 hours gave a mixture of the cis-alkene 227 and the

desired frans-alkene 228 {Scheme 112).

® O o Is
PPh;Br H N
- |
\ H { n-BulLi, THF Q . O
N ¥ rt, 24h |
A N
Ts il /N'
226 223 Ts =227, 14%

Scheme 112

Separation and purification of the two compounds was achieved by column chromatography
on silica gel. Determining which of the two compounds was the desired frans-alkene 228 was

not straightforward. 'H NMR could not be used to distinguish between the two isomers

because, for each compound the two alkene protons were visible only as a singlet (integration

2), due the fact that the compounds were symmetrical, as indeed we had designed them to

P |
C.

or

X-ray crystallographic analysis was therefore utilised to determine the stereochemistry

(Figure 47). This clearly showed that the minor product, alkene 227, had a cis-configuration.

D)

Figure 47 — X-ray structure of compound 227

Hence, we were able to determine that the major product, compound 228, was the desir
trans-alkene. We had therefore successfully synthesised target alkene 228 via a five step

procedure, with an overall yield of 11%.

b Yo i I . oy Flo e Rl gy 7 2 LY e e it e, g o~ LE S - by &) iy
Route A had enabled us to synthesise the desired C,-symmetrical alkene 228. The first four
steps proceeded with an overall vield of 54%, but the Wittiz reaction resulte
Nt prdudg ea WIIR dn overd:l ylel(l Jj 470, UL ne «viiig redaciion resiii a zn a 00 40
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mixture of the trans- and cis-alkenes, with only a 20% isolated yield of thé desired product
228, giving an overall yield of 11%. Further optimisation may have increased this yield, but
this route was not ideal due to the formation of a mixture of products in the Wittig reaction.
Consequently, we decided to investigate another possible route to the synthesis of alkene 228;

namely via the Heck protocol (Route B — see Section 2.3.2).

2.4.2 Route B — A Heck Protocol

In order to form alkene 228 using a Heck reaction we first needed to synthesise tosyl-
protected 3-vinylindole 229 and tosyl-protected 3-bromoindole 232. The vinyl indole 229
was formed from 1-(toluene-4-sulfonyl)-1H-indole-3-carboxaldehyde (223) via a Wittig
reaction. This was achieved by treatment of methyltriphenylphosphonium bromide with n-
butyllithium at 0°C in tetrahydrofuran to generate the corresponding phosphonium ylide.
Aldehyde 223 was added dropwise and the resulting solution was stirred at ambient
temperature for 24 hours (Scheme 113). Compound 229 was furnished in a 60% yield after
purification by flash chromatography.

CHO —CH,
@“\S MePPhsBr, n-BuLi @—\f_

til THF, rt, 24h III
0,
Ts 60% Ts
223 229
Scheme 113

Our next target was the synthesis of tosyl-protected 3-bromoindole 232. A literature
procedure for the formation of this compound suggested that it should be possible to tosyl
protect commercially available indole (230) by reaction with toluene-4-sulfonylchloride in
toluene, in the presence of 50% aqueous potassium hydroxide and a phase transfer catalyst;
tetrabutylammonium hydrogensulfate. A subsequent reaction with bromine in carbon
tetrachloride should afford 3-bromo-1-(toluene-4-sulfonyl)-1H-indole (232)."* In practice,
we were unable to form 1-(toluene-4-sulfonyl)-1H-indole (231) using this literature procedure
and after 24 hours at room temperature both starting materials remained in the reaction

mixture.

We reasoned that potassium hydroxide may not be a strong enough base to carry out the
deprotonation of indole (230). We therefore performed the tosyl-protection reaction between

indole (230) and toluene-4-sulfonylchloride under a variety of reaction conditions. None of
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the desired product was observed when the reagents were stirred in an excess of triethylamine
at ambient temperature. Heating the reaction mixture to reflux temperature afforded no
improvement. After much experimentation we found that it was possible to perform this
reaction by employing n-butyllithium as the base. This was accomplished by addition of the
base into a solution of indole (230) in tetrahydrofuran, followed by the addition of toluene-4-
sulfonylchloride. Stirring for three hours at ambient temperature, followed by trituration of
the crude product with diethyl ether, furnished tosyl-protected indole 231 in a 65% isolated

yield (Scheme 114).
@\’\> TsCl, n-BuLi @
N

N THF, it, 3n N
65%
230 ° 23178
Scheme 114

The next step was to brominate compound 231 in the 3-position, which was achieved by
following the procedure reported by Widdowson et al.'®* Bromine was added dropwise into a
solution of tosyl-protected indole 231 in carbon tetrachloride and the resulting mixture was
stirred for 2 hours. Quenching with saturated aqueous sodium bicarbonate solution, followed
by an aqueous work-up afforded the crude product, which was recrystallised from absolute
ethanol to give the desired brominated indole 232 in an 88% yield (Scheme 115).

Br
Qﬂ} Br,, CCl, Q-ﬁ

l;l rt, 2h N
Ts 88% +S
231 232
Scheme 115

We were then in a position to carry out a Heck cross-coupling reaction between tosyl-
protected 3-vinylindole 229 and tosyl-protected 3-bromoindole 232 (Scheme 116). We
employed palladium(II) acetate as the catalyst in the presence of triethylamine. A phosphine
donor, triphenylphosphine, was also utilised as it has been suggested that this aids the
formation of the active palladium(0) species.'%
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Scheme 116

None of the desired product was observed when this reaction was carried out at ambient
temperature and an increase to 50°C offered no improvement. Performing the reaction in the
presence of a more bulky phosphine donor ligand, tri(fers-butyl)phosphine, also gave none of
the desired product.

Further attempts to synthesise alkene 228 using a palladium-catalysed Heck coupling reactio