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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
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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.

17



Chapter 1 - Introduction Gulieoll Canitt~ UL, Thcsis 2007

(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
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(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

29



Chapter 1 - Introduction Gubie Ll Coailt — 74 D) Theeis 2007

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]
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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).
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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.

39



Chapter 1 - Introduction Gulie oLl Conill— PHD. Thesis 2007

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).%
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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).
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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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64



Chapter 1 - Introduction Gubee L Conill ~ PH D Thesie 2007

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
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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
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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.
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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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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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Figure 40

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
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>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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R 220

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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CHO N
|
Q—\S TsCl, NEt; o=3=0

N A 1h
H 80%
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 reaction
were abandoned as investigations using a McMurry reaction (Route C — see Section 2.3.3)

had proved more successful.

2.43 Route C — The McMurry Route

To synthesise alkene 228 using a McMurry reaction we needed to react two equivalents of
tosyl-protected indole-3-carboxaldehyde 223 in the presence of low valent titanium. This was
prepared from titanium tetrachloride using zinc as a reducing agent, and the mixture was
heated to reflux in tetrahydrofuran before addition of aldehyde 223.'*" Stirring at this
temperature for a further five hours afforded the desired trans-alkene 228 (Scheme 117).

Ts

CHO N
Q_\X TiCly, Zn Q !
N THF, A, 5h ,
I 38% N
7/
223 Ts 228
Scheme 117

Purification by column chromatography gave a 38% isolated yield of 1,2-bis-(1-(toluene-4-
sulfonyl)-1H-indol-3-yl)ethene (228), with the trans-isomer formed exclusively.

The McMurry protocol thus provided the desired trans-alkene 228 in two synthetic steps from
commercially available indole-3-carboxaldehyde 222 in a 30% overall yield. This was a

significant improvement compared to the synthesis via a Wittig reaction (11% over 5 steps —
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see Section 2.4.1). This method proved both convenient and reliable, allowing access to gram

quantities of alkene 228.

Introduction of asymmetry into the system was achieved using a Sharpless asymmetric
dihydroxylation.’® Enantioselective alkene dihydroxylation constitutes an appealing strategy
for the synthesis of optically active organic compounds. The oxidising agent, osmium
tetroxide, can be formed in situ from potassium osmate dihydrate, potassium carbonate and
potassium ferricyanide. A premix of these three reagents, along with the chiral amine ligand
is commercially available. The composition containing (DHQD),PHAL is termed the AD-
mix-f3, while the mixture containing (DHQ),PHAL is called the AD-mix-o (Figure 48).
Methanesulfonamide may also used in this reaction as an aid for the hydrolysis of the
intermediate osmate esters, accelerating the progress of the reaction.

Amixh, (DHQD),PHAL ~ HQ  OH
>~ R&T V''Ry
K,COs, KsFe(CN)g \ R. R
. Rag_ZaH
"HO OH" (DHQ),PHAL
AD-mix-a. HO  OH
(R, = largest substituent; Ry, = medium-sized substituent; Rs = smallest substituent).
Figure 48

When bound to the (DHQD),PHAL chiral amine ligand, osmium tetroxide is postulated to
approach the alkene from the top face, leading to a chiral diol product. The amine ligand
enhances the rate of the oxidation reaction, which means that the background reaction of
unbound osmium tetroxide (which would lead to a racemic product) is not competitive with

the enantioselective process.

In the standard Sharpless procedure a two-phase solvent system of #-butanol and water are
used.*® But when these conditions were applied to the dihydroxylation of alkene 228 it was
found that no reaction occurred. We determined that alkene 228 was insoluble in this solvent
system, so the reaction was carried out again using tetrahydrofuran and water, a solvent

system that alkene 228 does dissolve in!

Treatment of a solution of 228 in tetrahydrofuran/water (1:1) at 0°C with the AD-mix-p and
methanesulfonamide, followed by stirring at 0°C for four days gave the corresponding diol
234 in 84% yield. This synthesis was also carried out to generate a sample of the racemic diol
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233 using quinuclidine,'®

enantiomeric excess of diol 234 (Scheme 118). This was achieved by chiral HPLC analysis
using a Chiralpak AD column (See Chapter 5, pages 212-213 and Appendix A1, page 265 for
details). Analysis of diol 234 showed an enantiopurity of >97%, which was confirmed by
performing "H NMR titrations with a europium chiral shift reagent, Eu(hfc)s (See Chapter 5,
page 214 and Appendix A2, pages 266-268 for details).

a non-chiral amine ligand, enabling the determination of the

AD-mix-B, MeSO,NH,
THF, H,0, 0°C, 4 days

"Os04", quinuclidine
MeSO,NH,, THF, H,O
rt, 3 days, 87%

84%
Ts Ts
N N
O OH | OH I
| Q O | Q
/N OH N OH
Ts 233 Ts 234
Scheme 118

We had therefore successfully synthesised our first target ligand with an electron-withdrawing
tosyl group attached to each of the indole nitrogen atoms. This was achieved via a three-step
protocol involving a tosyl-protection, a McMurry reaction and a Sharpless asymmetric
dihydroxylation. This generated chiral diol 234 in a 26% overall yield with >97% ee. The
absolute stereochemistry of the asymmetric centre of 234 was assumed to be S,S in
accordance with the proposed addition of osmium tetroxide to the top face of the alkene when
chiral ligand (DHQD),PHAL is utilised.*®

As the ultimate aim of this project was to use diol 234 as a ligand in a Lewis acid catalysed
process, we decided to investigate the complexation of 234 to a Lewis acid. This was
achieved by the addition of one equivalent of phenyl boronic acid to a solution of 234 in

toluene, with azeotropic removal of water (Scheme 119).
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Scheme 119

The formation of boronate ester 235 demonstrated the ability of ligand 234 to bind to a Lewis
acid, enabling us to move on to examine the utility of ligand 234 in Lewis acid catalysed

processes.

In summary, we had developed a short synthesis (3 steps) to target diol 234 starting from
commercially available indole-3-carboxaldehyde 222, in 26% overall yield  The
enantiopurity of 234 was determined using chiral HPLC, which showed this to be >97%.
Complexation of the diol to phenyl boronic acid occurred readily, to produce the boronate

ester 235, suggesting that this ligand could be used in Lewis acid catalysed processes.

2.5 Asymmetric Catalysis

Attainment of ligand 234 allowed us to begin an investigation into its use in Lewis acid
catalysed processes. Although we desired our catalysts to be versatile in respect to both the
type of asymmetric carbon-carbon bond forming reaction and the choice of a,B-unsaturated
carbonyl substrate, exploiting both of these variables could create complexity and complicate
the answering of fundamental questions.

It was decided to commence the catalytic investigations by probing into just one type of
asymmetric C-C bond forming reaction. The selection of a suitable reaction was rather
straightforward. We chose the Diels-Alder reaction due to the vast literature precedent and
the synthetic importance of this powerful [4+2] cycloaddition reaction. This would be a
fantastic area for us to test our hypotheses and ascertain any rationale in the nature of the
proposed m—m interactions, without the need to compete with the excellent Diels-Alder

catalysts that already exist.
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2.5.1 The Diels-Alder Reaction

The Diels-Alder reaction is one of the most compelling methods of C-C bond construction in
synthetic organic chemistry,” enabling in one step, the rapid preparation of cyclic compounds
containing a six-membered cyclohexene ring. Almost eighty years after its discovery in
1928, organic chemists still utilise and continue to develop this elegant tool. Contemporary
advances include intramolecular {4+2] cycloadditions, hetero-Diels-Alder reactions and
pressure- or Lewis acid-accelerated reactions.'® Its application not only leads to a strong
increase in molecular complexity (molecular size, topology, stereochemistry, functionality
and appendages), but also can result in structures that lend themselves to additional
amplification of complexity by the use of other powerful synthetic reactions on the cyclic
products.'”

It is pertinent to mention that the Diels-Alder reaction can be classified into one of three types
of [n2s + n4s] cycloaddition reactions: (i) the normal HOMO diene-controlled reaction using
an electron rich diene and an electron deficient dienophile; (ii) the neutral Diels-Alder
reaction; and (iii) the inverse demand or LUMO diene-controlled counterpart.'®® If a
concerted reaction is assumed, both a cis-addition (suprafacial mode) and a preferred endo
orientation can be expected, except for the use of a,B-unsaturated aldehydes with an a-

substituent, which consistently give an exo-adduct.'®!

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.®! An enantioselective Diels-Alder catalyst can incorporate a chiral Lewis Acid-
carbonyl complex, which serves to not only lower the LUMO energy of the carbonyl substrate
(Figure 49), but also provides a chiral environment that engenders facial selectivity.
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Regiocontrol by the exploitation of Lewis acids has been widely reported in the literature,

with an early example provided by the total synthesis of tetrodotoxin (238), where Kishi and

192

co-workers *“ showed that the use of tin tetrachloride was essential for the chemoselective

engagement of butadiene (237) with the oxime-bound dienophile 236 (Scheme 120).

Ql
_—Sn-'C|
SnCl 0%
) G | SO
CH3CN oZ =%
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Regiospecific
Diels-Alder
reaction
P
HO. ) :
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HO : R
HN-7N OH MeHONC
H,N® H 0
238
Tetrodotoxin
Scheme 120

Danishefsky’s widely applicable diene system,'” is another example of a method that
introduces excellent regioselectivity in the Diels-Alder cycloaddition. The power of the diene
91 rests in the synergistic effects of the two incorporated oxygen groups, which provide

mutually reinforcing electronic contributions to the diene system such that regiospecific
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formation of a lone endo-adduct 239 results upon reaction with most dienophiles (Scheme
121).

OMe (OMe EWG
R EWG EWG H R!
Z 4+ _— "R
2 3 07
TMSO x> R R TMSO R2~ 23 R2 R3
91 239
Scheme 121

It wasn’t until the 1970°’s that the first highly stereoselective version of the Diels-Alder
reaction was reported by Corey and co-workers.®> An enantioselective synthesis of
biologically important prostaglandins was achieved utilising, in one of the key
transformations, the dextrorotatory acrylate ester of 8-phenyl menthol 240 as a chiral ketene
equivalent. This was used in an aluminium trichloride catalysed Diels-Alder reaction with the
achiral diene 241 (Scheme 122).194 The endo-adduct 242 was formed with commendable
yield and 97:3 diastereoselectivity, which may be rationalised by the preference of the
carbonyl and vinyl subunits of the acrylate to adopt an s-trans conformation owing to strong
steric repulsions which discourage the adoption of the s-cis form. Additionally, the phenyl
ring of the 8-phenyl menthol chiral auxiliary served to n-shield the rear face of the substrate,
forcing the diene to add preferentially to the top face.

BnO
—
Me | / /
Me o) N OBn
Me + ————
O‘\
240 “acci 241
(CH2)3CO,H // $
Q |
bw\/n'can
HE OH
PGE,
Scheme 122

Since this first stereoselective Diels-Alder reaction there have been many impressive chiral
auxiliaries and catalysts designed to investigate the scope and limitations of asymmetric [4+2]
cycloadditions. Some examples include Evans® oxazolidinone chiral auxiliary 243,'> Corey’s

chiral diazaaluminolidine 244,'°® and oxazaborolidine based catalysts 217,/ Yamamoto’s
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chiral acyloxy borane catalysts 245,' Hawkins’ aromatic alkyldichloroborane systems
246, Wulff’s aluminium/biaryl complex catalysts 247,'” and MacMillan’s chiral amine
ligand 69’ (Figure 50). (See Section 2.1.2 for a more detailed discussion of some of these
systems).
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Figure 50

The extensive investigations into developing the scope of the Diels-Alder reaction and
improving the stereoselectivities of the adducts formed are catalogued in various reviews.®'>
The broad knowledge of this powerful reaction, gained over the last eighty years, is an
eloquent testimony to the investigative skills and intellectual prowess of many synthetic

chemists.

2.5.2 Analysis of the Diels-Alder Products

There are several methods available for the determination of the enantiomeric excess of both
the endo- and exo-isomers of the Diels-Alder adducts 248 between, for example, methacrolein
(252) and cyclopentadiene (66). These methods include direct determination of the ee using
'H NMR techniques in the presence of the chiral shift reagent europium tris[3-

198 or the indirect ee determination via

191¢c

(heptafluoropropylhydroxymethylene)-(+)-camphorate],
the formation of diastereomeric acetals 249, followed by GC analysis (Scheme 123).
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The above methods both require a stoichiometric amount of either the external chiral ligand or
the chiral reagent, which proves to be expensive. These methods are also time/labour
intensive, requiring aqueous work-ups and purification by column chromatography. Another
option for the determination of optical purity was via formation of the corresponding aminals
250 with (R,R)-1,2-diphenylethylene diamine, followed by '*C NMR analysis, as reported by
Alexakis (Scheme 124).'® But the cost of the diamine and the NMR machine time required
led us to disregard this idea.

Ph Ph
/'—<' /
y HN __ NH,
HN NH
CHO /
+ isomers PH "Ph
85 250
Scheme 124

An alternative derivatisation method for the Diels-Alder adducts, derived from
cyclopentadiene (66) and a series of electron deficient dienophiles, is by HPLC analysis of
their 2,4-dinitrophenylhydrazones. Recent work within our research laboratory showed that
racemic adduct 85 (85% endo-diastereoisomer), formed from acrolein (76) and
cyclopentadiene (66), can be converted into a suitable candidate for HPLC analysis, 251, by
treatment with a slight excess of 2,4-dinitrophenylhydrazine in an ethanolic solution (Scheme
125). After stirring at room temperature for three hours, the orange solution is subjected to an
aqueous work-up and filtered through silica.®

7 NH,NHAr 7
—_—
EtOH, rt, 3h

H o 86% H”SN  NO,

85% endo + HN
isomers
85 251 NO2
Scheme 125
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Direct analysis of the reaction mixture provided both the endo/exo ratio and the enantiomeric
excess for Diels-Alder adduct 251 using chiral HPLC (see Chapter 5, pages 216-218 and
Appendix A3, pages 269-270 for details). Moreover, this method can be used to determine the
enantiopurity of adducts arising from the cycloaddition between cyclopentadiene (66) and
acrolein (76), bromoacrolein, methacrolein (252) or methyl vinyl ketone (63), thus

constituting an efficient, cheap and reliable method for ee determination.”"!

2.5.3 Catalysis — Initial Investigations

We were now able to embark upon an investigation into the use of ligand 234 in the Lewis
acid catalysed Diels-Alder reaction. Mimicking the conditions reported in the modern
literature,'**?® 10 mol% of ligand 234 was stirred in anhydrous dichloromethane at 0°C
under an inert atmosphere, and one equivalent of the Lewis acid (a 1.0 molar solution in
tetrahydrofuran) was added (Scheme 126). After stirring for one hour at this temperature, it
was assumed that complexation had occurred and the reaction temperature was lowered to
-78°C, followed by addition of the dienophile and cyclopentadiene (66) (cracked from
dicyclopentadiene immediately prior to the addition). After stirring overnight at -78°C, the
reaction mixture was quenched by the addition of ethanol, and treated with 24-
dinitrophenylhydrazine. The crude reaction mixture was analysed by 'H NMR to gain a
representative diastereomeric ratio, followed by purification by column chromatography. The
purified material was again analysed by 'H NMR and weighed for an accurate yield
measurement, followed by chiral HPLC analysis to determine any asymmetric induction

observed.
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Each of the dienophiles were subjected, in duplicate, to these conditions (Scheme 127).

o

o
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The results of this initial study are tabulated below (Zable 1).
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Table 1 Results of Initial Diels-Alder Cycloaddition Experiments

Entry | Dienophile Lewis acid Isolated Yield Endo | Exo Enantiomeric
(%) Excess (% ee)
1 76 BH; 92 86:14 0.5
2 76 BH,Br 49 88:12 2.0
3 252 BH; 68 10:90 11.6
4 252 BH,Br 72 7:93 12.2

(a) All Diels-Alder reactions were carried out in duplicate and values quoted in the table are an average of the
results. Ligand 234 (10 mol%), with either BH;.THF or BH,Br.SMe,, was used as the catalytic system with
dichloromethane as the reaction solvent. The reactions were carried out at -78°C for 24 hours. All enantiomeric
excesses were determined by HPLC analysis of the purified material, diastereomeric ratios were obtained from
the "H NMR of the pure adduct and yields were determined by weight of isolated product.

The preliminary findings were slightly disappointing since the enantiomeric excesses were not
competitive, but we had established a solid starting point upon which to build. The low
enantiomeric excesses established for the adducts formed from the cycloaddition between
cyclopentadiene (66) and acrolein (85) (entries 1 and 2) were unsurprising as this substrate is
generally avoided in the literature! Slight asymmetric inductions were observed in products
of the cycloaddition between cyclopentadiene (66) and methacrolein (252) (entry 3; 12% ee).
Bromoborane was found to be slightly more effective than borane in terms of both yield and

enantioselectivity (entries 3 and 4).

We went on to probe into the effect the metal of the Lewis acid had on the selectivities of the
Diels-Alder adduct formed. Having already utilised boron-based Lewis acids (7able 1), we
went on to employ two aluminium-based Lewis acids; diethylaluminium chloride and
dimethylaluminium chloride. Once again the Diels-Alder reaction was performed between
cyclopentadiene (66) and either acrolein (85) or methacrolein (252). The results are tabulated
below (Table 2).

Table 2°: Results of the Study Using Aluminium-Based Lewis Acids

Entry | Dienophile Lewis acid Isolated Yield Endo | Exo Enantiomeric
%) Excess (% ee)

1 76 Me,AICl1 32 85:15 0.7

2 76 EtAICI 78 90:10 2.7

3 252 Me,AIC] 14 9:91 3.3

4 252 EtAICI 18 11:89 10.3
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(a) All Diels-Alder reactions were carried out in duplicate and values quoted in the table are an average of the
results. Ligand 234 (10 mol%), with either Et,AlCl or Me,AICl, was used as the catalytic system with
dichloromethane as the reaction solvent. The reactions were carried out at -78°C for 24 hours. All enantiomeric
excesses were determined by HPLC analysis of the purified material, diastereomeric ratios were obtained from
the 'H NMR of the pure adduct and yields were determined by weight of isolated product.

Once again, low enantiomeric excesses were observed for the use of acrolein (76) as the
dienophile (entries 1 and 2). For the use of methacrolein (252), we were able to deduce that

diethylaluminium chloride is more effective than dimethylaluminium chloride (entries 3 and

4) in terms of both yield and the enantioselectivity of the Diels-Alder adduct formed.

If we compare the results of 7able 1 and Table 2, we can see that both boron- and aluminium-
based Lewis acids gave the Diels-Alder adduct with very low enantioselectivity when using
acrolein (76). For this substrate the best result was achieved with diethylaluminium chloride
(Table 2, entry 2; 78% yield, 2.7% ee). Similar levels of enantiocontrol resulted for the
adduct formed from methacrolein (252) when employing borane, bromoborane or
diethylaluminium chloride. In terms of both yield and enantioselectivity, the best result was
achieved with bromoborane (Table 1, entry 4; 72% yield, 12.2 % ee).

We had therefore established that diol 234 can be used as a ligand in the Lewis acid
catalysed Diels-Alder reaction. Small enantioselectivities were observed for the
cycloaddition reactions between cyclopentadiene (66) and methacrolein (252), giving us hope

that electronic modifications to our ligand structure would lead to improved enantiocontrol.

2.5.4 A Possible Model For Complexation

The HPLC peaks corresponding to the (S)- and (R)- exo-Diels-Alder adducts 248, resulting
from the cycloaddition between cyclopentadiene (66) and methacrolein (252), were
determined within our research laboratory.® The péaks were correlated with the known
absolute configurations of these adducts from the Diels-Alder reactions catalysed by tartaric
acid derivative 245,!7*® and the styrene derivative 218,'®! reported by Yamamoto and Jones

respectively (Figure 51).

) OH
I
PO O cozHO oH
© BH
i 0]
OPr o OMe
245 218
Figure 51
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Ligands 245 and 218 were utilised in the Diels-Alder cycloaddition of cyclopentadiene (66)
and methacrolein (252), under the catalytic conditions reported in the corresponding
publications. This was followed by direct addition of 2,4-dinitrophenylhydrazine to the
reaction mixture. In each case, it was established that the HPLC peak at 104.5 minutes
corresponded to the (R)-isomer, and the peak at 113.2 minutes related to the (S)-isomer, of
exo-Diels-Alder adduct 248. Each of the catalytic reactions gave identical selectivities to
those reported, proving that there was no compromise to the stereoselectivities of the original

Diels-Alder adducts during the formation of the 2,4-dinitrophenylhydrazine derivatives.

Armed with this information, we could be confident in stating that during the catalysis of the
cycloaddition between methacrolein (252) and cyclopentadiene (66), catalysed by ligand 234
and a Lewis acid, the corresponding adduct 248 was formed with up to 12% ee with the exo-
(S)-isomer preferentially formed (Figure 52).

HHNOZ

Figure S2

NO,

Conformation of the absolute configuration of the major isomer formed enabled the
postulation of a working model to explain how the diastereoselective complexation of
methacrolein (252) within our catalytic system occurred.

It was decided that to form an excess of the (S)-Diels-Alder adduct 248, cyclopentadiene (66)
must have preferentially reacted with the si-face of methacrolein (252) (Scheme 128).

Me o] <" (0]
S . PL - By
or -
- H Mé H A

248
Addition of 66 to si Addition of 66 to si exo-(S)-enantiomer
face of 252 in s-trans face of 252 in s-cis formed
conformation conformation
Scheme 128

To correlate this information with the possible transition states proposed for the complexes
formed between ligand 234 and methacrolein (252), the following structures needed to be
considered (Figure 53).
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Figure 53

From the diagrams shown above (Figure 53), it is evident that certain conformations may be
disfavoured owing to steric effects; namely A, B, C, E, F and G, thus leaving conformations

D and H as the possible reactive conformations for methacrolein (152) complexed to diol 234.

It is generally accepted that complexation of an a,B-unsaturated carbonyl compound to a

Lewis acid dramatically stabilizes the s-frans conformation relative to the s-cis, by either

electronic or steric effects.2032%

Indeed, Corey and co-workers isolated a 1:1 crystalline
complex of BF; and methacrolein (252), and from the 'H NMR data and nOe studies, it was
apparent that even in solution, the s-frans structure of the complex predominated (Figure
54).2%

Q

“BF
@0\ 3

H H

s-trans-anti
Figure 54

In view of this information, it is plausible to suggest that a suitable model for the

complexation of methacrolein (252) with ligand 234 would be diagram D (c.f. Figure 53),
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where methacrolein (252) adopts an s-frans-anti conformation, which would lead to the
observed (S)-enantiomer of the Diels-Alder product 248. This model is consistent with our
original proposal that m-stacking could occur between the C=C of the substrate and the
aromatic ring incorporated into the structure of the ligand (Figure 55).

M,
?ef 0
W \WPN CHO
NAY T/
"""" N N
Ts Ts 248
exo-Transition state (S)-enantiomer

Figure 5§

However, the fact that ligand 234 affords only low enantiomeric excesses of Diels-Alder
adduct 248, suggests that other transition states also exist and elimination of this problem
needs careful consideration. It is also of great importance to appreciate that the
thermodynamically favoured ground state geometry of a complex may not be the same as the

reactive geometry (c.f. the Curtin-Hammett principal).’%

We had therefore determined a suitable model for the complexation of methacrolein (252) to
diol 234, which readily explained the stereoselectivities observed in a Diels-Alder
cycloaddition reaction with cyclopentadiene (66). This model was consistent with the
proposal that w-stacking could occur between the C=C of the substrate and the aromatic ring
incorporated into the structure of the ligand.

Our next goal was to investigate the nature of the proposed m—mn interactions. Diol 234
incorporates two indole moieties with an electron-withdrawing tosyl group attached to each of
the nitrogen atoms. If ligand 234 does indeed interact with the dienophile via the proposed
n—7 interactions, then we would expect the enantioselectivities observed in the Lewis acid
catalysed Diels-Alder reaction to increase as the electron density of the indole subunits is
increased. Therefore the bis(indole) and bis(NV-methylindole) analogues of diol 234 may lead
to higher observed enantiomeric excesses. As such we considered it necessary at this stage to
synthesise these analogues, so as to allow us to both probe the proposed n—r interactions, and
to hopefully lead to higher levels of enantiocontrol in the Diels-Alder reaction!
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2.6 Investigation into the Modulation of Electronics

There has to date, been the lack of a rigorous study into the nature of face-face n—m
interactions of enones with aromatic systems. Hunter states that the magnitude of the
interaction is the sum of the m-electron repulsions (interaction between the net charges on the
atoms) and the interactions between the net charges and the 7-electrons.’”’ It could be
expected that for the desired interaction to arise, an electron rich aromatic ring would be
necessary to bring about the maximum interaction with an electron deficient unsaturated
carbonyl compound. The aim was to delve deeper into this concept and probe the nature of
these non-covalent interactions through experimental evidence, to provide valuable guidance

into ligand design and architecture.

Gaining access to ligands 254 and 255 (Figure 56) would create the opportunity for
comparisons between the "electron poor" electronic system 234 and these more "electron
rich" systems, in the diastereofacial discrimination of a,p-unsaturated carbonyl compounds.
Our aim was to ascertain if modulation of the electronic nature of the aromatic ring would
alter the selectivities observed during asymmetric catalytic reactions. Obtaining diols 254 and
255, with the nitrogen atom of the indole moieties protonated or methylated, would allow an
investigation into what, if any, effect, the change in electron density on the aromatic group

has on the proposed non-covalent interactions with enones.

H ve
OH | N OH | N
I o ! Il on !
N N
H 254 Me 255
Figure 56

Synthesié of ligands 254 and 255 was envisaged via an analogous synthetic pathway to that
employed in the synthesis of diol 234, involving a McMurry reaction to generate a C,-
symmetric alkene, followed by a Sharpless asymmetric dihydroxylation to incorporate the
chiral diol functionality.

2.6.1 Synthesis of an "Electron Neutral'" Diol

A low valent titanium species was generated in sifu by reacting titanium tetrachloride with
zinc in refluxing tetrahydrofuran. Two equivalents of indole-3-carboxaldehyde (222) were
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added at reflux temperature, and heating was continued for five hours to generate 1,2-bis-(1H-
indol-3-yl)-ethene (256) (Scheme 129).'%

H
CHO ' , N
Q—§ TiCl,, Zn Q «
N THF, A, 5h |
|
! N
222 H 256

Scheme 129

A brown solid was isolated after the reaction, which was shown by 'H NMR to contain no
starting material, but a complex mixture of products had resulted. Some of the desired alkene
256 had been formed, but this proved difficult to separate from the by-products using column
chromatography on silica gel. This may have been due to hydrogen-bonding between the
desired compound and the silica. Addition of triethylamine to the chromatography solvent
system did not aid in the purification of 256, and all attempts to attain pure alkene 256 by this
method proved unsuccessful. Consequently, we felt that the McMurry protocol may not be
ideal for the synthesis of 256. As a result, we went on to investigate another possible route to
the synthesis of diol 254 (Scheme 130).

Is H
HO N HO
IO = YO
| l
/N OH ,\l OH
Ts 234 H 254
Scheme 130

We hoped that we would be able to acquire diol 254 from the already synthesised chiral diol
234, by removal of the tosyl-protecting groups. We needed to perform a series of reactions in
order to determine suitable reaction conditions for this transformation. However, we did not
want to use chiral diol 234 for this method development, so we decided to perform an initial
study using tosyl-protected indole 231 (Scheme 131).

Q_g LiOH.H,0 %
N

|:l EtOH, A, 48h
Ts quant. H
231 230
Scheme 131
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To this end, we reacted a solution of 231 in ethanol with sodium hydroxide. After heating at
reflux temperature for two days, a mixture of starting material and product was isolated.
Further endeavours to achieve this deprotection included the use of potassium fert-butoxide
and lithium hydroxide monohydrate in refluxing fert-butanol and ethanol, respectively.
Modifications were made to the number of equivalents of base employed and the reaction
temperature, and we found that optimal conditions for this transformation were the use of two
equivalents of lithium hydroxide monohydrate. This was stirred in refluxing ethanol for two
days, affording indole (230) in a quantitative yield, without the need for purification. Having
determined suitable reaction conditions for the tosyl deprotection of an indole species, we
went on to apply this to the formation of diol 254 (Scheme 132).

e o
HO N HO N
| LiOH.H,0 |
) = )
| EtOH, A |
N OH N OH
Ts 234 H 254
Scheme 132

This reaction produced a mixture of products that could not easily be purified. Intriguingly,
two aldehyde species were present after reaction, suggesting that the carbon-carbon bond
between the two hydroxyl groups had been cleaved. We believe that these two aldehydes
were indole-3-carboxaldehyde (222) and tosyl-protected indole-3-carboxaldehyde 223. If so,
we were achieving a degree of tosyl deprotection, but additional reactions were also taking
place under the reaction conditions employed. We therefore decided to protect the diol
functionality of 234 with the aim of facilitating the removal of the tosyl-group, whilst
minimising further reactions around the diol functionality (Scheme 133).

/TS ' H3C><CH3
» HO N 0" o
O | (MeO),CMe,, PPTS )
, O CH,Cly, 1t, 24h % y
N OH 80%
/ N N
Ts o34 Ts 257 Ts
Scheme 133

Protection of the diol functionality was achieved by reacting diol 234 with 2,2-
dimethyoxypropane in the presence of a catalytic amount of pyridinium para-toluenesulfonate
(PPTS). Stirring in dichloromethane for 24 hours at ambient temperature, followed by
purification by column chromatography, gave acetal 257 with an 80% isolated yield. Once

120



Chapter 2 — Results and Discussion Gubie ol Canitt — PH LD Thesis 2007

the diol functionality had been protected as an acid labile acetal, we were in a position to
perform the tosyl deprotection reaction under the basic conditions applied previously. If
successful, we would then need to hydrolyse the resulting acetal under acidic conditions to
provide our target diol 254 (Scheme 134).

H3C CH3 HsC. CH,
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Scheme 134

Acetal 257 was stirred in ethanol before addition of lithium hydroxide monohydrate. After
heating at reflux temperature for 48 hours, a complex mixture of products was obtained and
isolation of any of the desired product 258 was not achieved. Once again an aldehyde was
generated during the reaction, suggesting that the basic conditions employed were promoting

undesirable side reactions.

The synthesis of diol 254 was therefore proving elusive. In order to probe and investigate the
proposed n—m interactions it was essential that we geﬁerate a ligand with a more "electron
rich" aromatic system than that of diol 234. Rather than continue to explore methods for the
synthesis of diol 254, we decided to suspend these investigations until we had first
synthesised N-methylated diol 255. We realised that if the synthesis of diol 255 also proved
difficult, then our chosen ligand design would not allow us to realise our aim of investigating
the proposed non-covalent interactions. For this reason we moved on to examine the
synthesis of diol 255.
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2.6.2 Synthesis of an "Electron Rich" Diol

We conceived that we could synthesise diol 255 using a McMurry reaction followed by a
Sharpless asymmetric dihydroxylation, as indeed we had for tosyl-protected diol 234. Firstly
we needed to acquire N-methylindole-3-carboxaldehyde (259). This was accomplished by
reacting a solution of indole-3-carboxaldehyde (222) in benzene with methyl iodide and
aqueous sodium hydroxide, in the presence of a phase transfer catalyst, tetrabutylammonium

bromide, for 48 hours at ambient temperature (Scheme 135).2%®

0] (o)
H Mel, NaOH (aq), H
BugNBr
) PhH, rt 48h: )
N 83% N
H Me
222 259

Scheme 135

After column chromatography the desired product 259 was isolated in an 83% yield. Two
equivalents of compound 259 were then coupled together under the McMurry reaction
conditions employed previously (see Section 2.4.3). This furnished the C,-symmetrical
alkene 260 with 33% isolated yield after purification by column chromatography (Scheme
136).'¥’

Me
CHO N
TiCl,, Zn |
C s O
N THF, A, 5h |
0,
I\Ille 33% /N
259 Me 260
Scheme 136

We observed alkene 260 to be light sensitive as it decomposed unless stored under conditions

where light was excluded. All reactions involving compound 260 were also carried out under
darkness.

Having successfully synthesised alkene 260, we then needed to incorporate the asymmetric
diol functionality into the molecule. We attempted this using AD-mix-f, under congruent
conditions to those applied to the formation of ligand 234 (see Section 2.4.3) (Scheme 137).36
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After stirring at 0°C for four days, some alkene 260 remained in the reaction mixture. None

of the desired diol 255 was observed, and the major product isolated was N-methylindole-
d

agent. Once again, aldehyde 259 predominated in the reaction mixture. This suggested that
under the reaction conditions employed the carbon-carbon double bond of alkene 260 was
being cleaved. The reaction performed with the exclusion of any oxidising agent rules out the

possibility that diol 255 is formed first, and that it is this compound that decomposes.

2.7 An Alternative Ligand Design

A look back at the design features that we originally wanted to incorporate into our ligand

-\

Section 2.2.1), revealed to raie the indolyl subunit due o its

\

sence in the natural amino acid, tryptophan. Tryptophan is the amino acid that is most

3
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Figure 57

Additionally, we had chosen to incorporate a diol subunit into the catalyst structure to
facilitate the complexation of our ligand to a Lewis acid. Such a functionality is present in the
styrene derived ligand 218 reported by Jones, which was utilised in Lewis acid catalysed

Diels-Alder reactions (Figure 58).18'

OH
OH

OMe
218

Figure 58

Our final design feature involved the generation of a C,-symmetrical ligand. We rationalised
that a problem associated with ligand 218 was that the o,B-unsaturated carbonyl reagent could
potentially approach from the side of the metal where no aromatic functionality was present,

reducing the possibility of the proposed face-face n—n interaction.

On reflection, we decided that the use of a C,-symmetrical ligand was not essential. After all,
Jones had achieved an enantiomeric excess of 30% using ligand 218 in a Lewis acid catalysed
Diels-Alder reaction between cyclopentadiene (66) and methacrolein (252). An indole-
derived version of ligand 218 should partake more readily in n—n interactions. Therefore, we
could expect to achieve a higher enantiomeric excess using an electron-rich indole system
compared to ligand 218, if indeed n—n interactions are transpiring. As a consequence, we

decided to synthesise ligands 261, 262, and 263 (Figure 59).

HO OH HO OH HO OH

N N N

Ts H Me

261 262 263
Figure 59
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Our revised design still incorporated an indolyl aromatic group along with a chiral diol
functionality. Once again we aimed to adjust the electronics of the aromatic ring by varying
the group bonded to the indole nitrogen atom. Thus, our initial target was the synthesis of
"electron deficient" diol 261, "electron neutral” ligand 262 and "electron rich" system 263.
This subtle modification of the electronics of the aromatic ring should allow us to investigate
the effect on the strength of the proposed m-n interactions and hence the effect on selectivity

observed in catalytic asymmetric transformations.

2.7.1 Retrosynthetic Analysis

Retrosynthetic analysis of our revised ligand structure led us to a synthesis from the
corresponding 3-vinylindole 265. We already knew that this alkene could be synthesised
from the indole-3-carboxaldehyde 266 using a Wittig reaction (see Section 2.4.2). Hence, we
believed that the synthesis of ligands 261, 262 and 263 should be possible via a two-step
Wittig reaction — Sharpless asymmetric dihydroxylation procedure, from the appropriate
indole-3-carboxaldehyde 266 (Figure 60).

HO OH
— CHO
) N N
R R R
264 265 266
Figure 60

2.8 Ligand Synthesis

Thus, we moved on to synthesise this new family of ligands. Once again we initially explored
the formation of "electron deficient" diol 261, before pursuing investigations that should

hopefully lead to more "electron rich" versions.

2.8.1 Synthesis of an "Electron Deficient" Ligand

Our first target was the synthesis of ligand 261, with an electron withdrawing tosyl group
bound to the indole nitrogen atom. We had already synthesised the corresponding tosyl-
protected 3-vinyl indole 229 (see Section 2.4.2), we therefore needed to perform a Sharpless
asymmetric dihydroxylation in order to incorporate both the diol functionality and the
asymmetry into the molecule.
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The Sharpless asymmetric dihydroxylation was carried out by treating a solution of 229 in
tetrahydrofuran/water (1:1) at 0°C with the AD-mix-p and methanesulfonamide, followed by
stirring at 0°C for four days.3® This gave the corresponding diol 261 in 85% yield. The
synthesis was also carried out to generate a sample of the racemic diol 267 using
quinuclidine,'®® a non-chiral amine ligand, enabling the determination of the enantiomeric
excess of diol 261 (Scheme 138). This was achieved by chiral HPLC analysis using a
Chiralcel OD column (See Chapter S, pages 221-223 and Appendix A4, page 271 for details).
Analysis of diol 261 showed an enantiopurity of 73%. Recrystallisation from ethanol/water

(80:20) increased this to 81% ee.

\
"0Os0,", quinuclidine 229 AD-mix-B, MeSO,NH,
MeSOzNHz, THF, H,0 °C 4d
t 480, 71% THF, H,0, 0°C, 4 days
85%
\ \
A N
Ts Ts
267 261
Scheme 138

The absolute stereochemistry of the asymmetric centre of 261 was assumed to be S in
accordance with the proposed addition of osmium tetroxide to the top face of the alkene when
chiral ligand (DHQD),PHAL is utilised.*

In summary, we had successfully synthesised diol 261 via a three step procedure from
commercially available indole-3-carboxaldehyde (222); This synthesis began with a tosyl
protectioh, followed by a Wittig reaction with the ylide derived from
methyltriphenylphosphonium bromide, and concluded with a Sharpless asymmetric
dihydroxylation. This protocol furnished ligand 260 in a 41% overall yield. The optical
purity of diol 261, even after one recrystallisation, was 81% ee.

In order to utilise compound 261 as a ligand in Lewis acid catalysed asymmetric
transformations, it was essential that this enantiopurity be higher. However, at this stage we
felt it was pertinent to ensure that synthesis of "electron rich" diols 262 and 263 was

126



Chapter 2 — Results and Discussion Gulie L Cavilt — ZH D, Thesis 2009

achievable, before spending time optimising the Sharpless asymmetric dihydroxylation of

!Ql
g0
[\
3l
(=]
H
8
0
=
@
-
e
by
&

=
==
]
&
(<]}
=
H
=]
=
2
4]
=
-
1

"

=
o
e

»

=
E

CHO —
Q_\S MePPh3Br, n-BuLL \
N THF, rt, 48h N
A 32% #
222 268

68 was furnished in a 32% isolated
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After purification by column chromatography, compoun

vield. We were then able to perform a Sharpless asymmetric dihydrox_ylation on 3-

vinylindole (268) under comparable conditions to those employed previously (see Section
2.8.1). After stirring for three days at ;’J“C, no starting material remained in the reaction

This indicated that either the vinyl group of 268 was being cleaved under these oxidative

(&)

We went on to explore the possibility of acquiring diol 262 from the already synthesise

chiral diol 261, by removal of the tosyl-protecting group using the conditions employed in the
tosyl-deprotection of compound Z31 (see Section 2.6.1). To this end. we reacted a solution of
261 in ethanol with lithium hydroxide monohydrate, and the reaction was heated to reflux

temperature for five days (Scheme 140)
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LIOH.H,O
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achievable, before spending time optimising the Sharpless asymmetric dihydroxylation of
alkene 229.

2.8.2 Formation of an "Electron Neutral" System

Synthesis of diol 262 began from commercially available indole-3-carboxaldehyde (222).
This was achieved by treatment of methyltriphenylphosphonium bromide with #-butyllithium
at 0°C in tetrahydrofuran to generate the corresponding phosphonium ylide. Aldehyde 222
was added dropwise, and the resulting solution was stirred at ambient temperature for 48
hours (Scheme 139).

CHO —
Q—§ MePPh;Br, n-Bui w
N THF, rt, 48h N
0,

! 32% )
222 268
Scheme 139

After purification by column chromatography, compound 268 was furnished in a 32% isolated
yield. We were then able to perform a Sharpless asymmetric dihydroxylation on 3-
vinylindole (268) under comparable conditions to those employed previously (see Section
2.8.1). After stirring for three days at 0°C, no starting material remained in the reaction
mixture. Upon isolation we found that the major product was indole-3-carboxaldehyde (222).
This indicated that either the vinyl group of 268 was being cleaved under these oxidative

reaction conditions, or that diol 262 was initially being formed, but was unstable.

We went on to explore the possibility of acquiring diol 262 from the already synthesised
chiral diol 261, by removal of the tosyl-protecting group using the conditions employed in the
tosyl-deprotection of compound 231 (see Section 2.6.1). To this end, we reacted a solution of
261 in ethanol with lithium hydroxide monohydrate, and the reaction was heated to reflux
temperature for five days (Scheme 140).

HO OH HO OH
LIOH.H,0
\ —X— \
N EtOH, A, 5d N
Ts ty
261 262
Scheme 140
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Neither the starting material 261, nor the desired product 262 were present upon isolation of
the crude reaction mixture. Enigmatically, two aldehyde species were present after reaction,
suggesting that the carbon-carbon bond between the two hydroxyl groups had been cleaved.
We believe that these two aldehydes were indole-3-carboxaldehyde (222) and tosyl-protected
indole-3-carboxaldehyde 223. If so, we were achieving a degree of tosyl deprotection, but

additional reactions were also occurring under the reaction conditions employed.

Essentially we had now encountered the same problems that had mired the synthesis of the
electron-rich bis-indolyl systems 254 and 255 (see Section 2.6). Before exploring alternative
methods for the formation of diol 262, we decided to first attempt the synthesis of "electron
rich" diol 263 via the two step Wittig — Sharpless asymmetric dihydroxylation protocol.

2.8.3 Synthesis of an "Electron Rich" Diol

The synthesis of "electron rich" diol 263 began from the already synthesised N-methylindole-
3-carboxaldehyde 259 (see Section 2.6.2). A Wittig reaction was carried out between
aldehyde 259 and the ylide arising from methyltriphenylphosphonium bromide, in an identical
manner to that exercised for the synthesis of 3-vinylindole (268) (see Section 2.8.2). Stirring
of the reaction mixture for 24 hours at ambient temperature furnished N-methyl-3-vinylindole
269 (Scheme 141).

CHO —
Q—\S MePPh,Br, n-BuLi Q—\g‘

l?l THF, rt, 24h Iil
)
Me 71% Me
259 269
Scheme 141

Alkene 269 was isolated in 71% yield after purification by column chromatography.
Sharplesé asymmetric dihydroxylation was carried out by treating a solution of 269 in
tetrahydrofuran/water (1:1) at 0°C with the AD-mix- and methanesulfonamide, followed by
stirring at 0°C for four days.*® This gave the corresponding diol 263 in 62% yield. The
synthesis was also carried out to generate a sample of the racemic diol 270 using a
quinuclidine ligand,'®® enabling the determination of the enantiomeric excess of diol 263
(Scheme 142). This was achieved by chiral HPLC analysis using a Chiralcel OD column (See
Chapter 5, pages 224-226 and Appendix AS, page 272 for details). Analysis of diol 263

showed an enantiopurity of 55%.
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The absolute stereochemistry of the major isomer of 263 was assumed to be S in accordance
with the proposed addition of osmium tetroxide to the top face of the alkene when chiral
ligand (DHQD),PHAL is utilised.*®

We had therefore accomplished the synthesis of diol 263 via a three step procedure from
commercially available indole-3-carboxaldehyde (222). This synthesis began with a
methylation of the indole nitrogen atom, followed by a Wittig reaction with the ylide derived
from methyltriphenylphosphonium bromide, and concluded with a Sharpless asymmetric
dihydroxylation. This protocol furnished ligand 263 in a 37% overall yield, with an optical
purity of 55%.

We had now attained "electron deficient" diol 261 and the "electron rich" version 263, with
81% and 55% enantiomeric excess, respectively. Rather than trying to obtain these ligands
with complete enantiomeric purity, we decided to first find out if they could indeed be
employed as ligands in the Lewis acid catalysed Diels-Alder reaction. With this goal in mind
we designed an experiment in which we would spike samples of enantiomerically enriched
diol 261 with racemic version 267, thus providing us with three samples of diol 261, with
75%, 50% and 25% ee, respectively. These three samples would all be employed in
asymmetric catalysis, and the enantioselectivities achieved in the Diels-Alder reaction should
allow us to plot a graph of ligand enantiomeric excess versus asymmetric induction observed.
This should provide an indication of the approximate level of asymmetric induction that
would be achievable if we were able to obtain optically pure diol 261 and an indication as to
whether non-linear effects were occurring within the reaction. If this proved successful, we

would go on to spike a sample of enantiomerically enriched diol 263 with racemic version
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270, giving access to a sample with 50% ee. This should allow a direct comparison between
the "electron deficient" ligand 261 and the "electron rich" version 263.

29  Asymmetric Catalysis Using Our Design-Modified Ligands

We were now able to begin an investigation into the use of ligands 261 and 263 in Lewis acid
catalysed processes. Once again, it was decided to commence our catalytic investigations by
probing into just one type of asymmetric C-C bond forming reaction, the Diels-Alder reaction
(see Section 2.5.1). This would hopefully allow us to test our hypotheses and ascertain any

rationale in the nature of the proposed n—n interactions.

The enantiomeric excess of both the endo- and exo-isomers of the Diels-Alder adduct would
again be determined by chiral HPLC analysis of their 2,4-dinitrophenylhydrazones. This is a
direct method for the analysis of the reaction mixture, providing both the endo/exo ratio and

the enantiomeric excess for the Diels-Alder adduct (see Section 2.5.2).2"!

Our catalytic investigations with ligand 234 showed us that the use of bromoborane or
diethylaluminium chloride gave improved enantioselectivity in the resulting Diels-Alder
adduct. We therefore opted to utilise these two Lewis acids in the following catalytic runs.
We also learned that achieving diastereofacial discrimination between the two faces of an
o, B-unsaturated system appeared more difficult with acrolein (76), compared to methacrolein
(252) (see Section 2.5.3). Consequently we decided to analyse ligands 261 and 263 in the
Lewis acid catalysed Diels-Alder reaction between cyclopentadiene (66) and methacrolein

(252), mimicking the conditions reported in the modern literature.'”2***

2.9.1 Asymmetric Catalysis of the Diels-Alder Reaction

We embarked upon an investigation into the use of ligand 261 in a Lewis acid catalysed
Diels-Alder reaction between cyclopentadiene (66) and methacrolein (252), using the Lewis
acid, bromoborane (Scheme 143).
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The results of this study are tabulated below (7able 3).
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Table 3*: Results of the Study Using a Bromoborane Lewis Acid

Entry | % ee of Diol 261° | Isolated Yield (%) Endo | Exo Enantiomeric
Excess (% ec)
25 62 12: 88 6.1
2 51 27 15:85 5.0
75 40 17:83 52

(a) All Diels-Alder reactions were carried out in duplicate and values quoted in the table are an average of the
results. Ligand 261 (10 mol%) with BH,Br.SMe,, was used as the catalytic system with dichloromethane as the
reaction solvent. The reactions were carried out at -78°C for 48 hours. All enantiomeric excesses were
determined by HPLC analysis of the purified material, diastereomeric ratios were obtained from the '"H NMR of
the pure adduct and yields were determined by weight of isolated product.

(b) Determined by chiral HPLC analysis using a Chiralcel OD column (see Chapter 5, pages 224-226 and
Appendix A6, page 273).

The results of these catalytic reactions were somewhat disappointing. Each of the three runs
afforded Diels-Alder adduct 248 with low enantiomeric excess. If we assumed a linear
relationship between the optical purity of the ligand 261 and the asymmetric induction
observed in the Diels-Alder reaction, we could expect to achieve an enantiomeric excess of
approximately 6% if we were able to synthesise enantiomerically pure diol 261. On the
positive side, our original hypothesis that a C,-symmetric diol should lead to higher
enantiocontrol seemed to be correct (C-symmetric ligand 234 afforded adduct 248 with 12%

ee under equivalent reaction conditions, see Section 2.5.3); albeit rather low.

We went on to analyse the use of an aluminium-based Lewis acid, diethylaluminium chloride,
to determine if its use, along with ligand 261, would lead to higher enantioselection in the
Diels-Alder reaction. The results of this study are outlined below (Table 4).
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Table 4*: Results of the Study Using an Aluminium-Based Lewis Acid

Entry | % ee of Diol 261° | Isolated Yield (%) Endo /| Exo Enantiomeric
Excess (% ee)
1 25 17 11:89 8.4
2 51 18 13:87 8.8
75 14 12 : 88 8.8

(a) All Diels-Alder reactions were carried out in duplicate and values quoted in the table are an average of the
results. Ligand 261 (10 mol%) with Et,AlCl, was used as the catalytic system with dichloromethane as the
reaction solvent. The reactions were carried out at -78°C for 48 hours. All enantiomeric excesses were
determined by HPLC analysis of the purified material, diastereomeric ratios were obtained from the '"H NMR of
the pure adduct and yields were determined by weight of isolated product.

(b) Determined by chiral HPLC analysis using a Chiralcel OD column (see Chapter 5, pages 224-226 and
Appendix A6, page 273).

Once again, each of the three reactions provided adduct 248 with comparable enantiomeric
excess, suggesting that optically pure diol 261 would also deliver a similar result.
Encouragingly, a slightly higher enantiomeric excess was achieved when employing
diethylaluminium chloride (~9% ee) compared to the use of bromoborane (~6% ee). But,
overall these results were very disappointing due to the poor yields of adduct 248 achieved,

combined with the low enantiomeric excesses.

We decided not to attempt to synthesise optically pure ligand 261, as these results suggested
that such a ligand would not increase the asymmetric induction observed in the catalytic
Diels-Alder reaction by very much, if even at all. Moreover, we found that the "electron rich"
diol 263 was unstable, and so would require fresh preparation from N-methyl-3-vinylindole
269 before it could be employed as a ligand in the Diels-Alder reaction. Such a ligand is
certainly not ideal, and this, in combination with the problems we had encountered in the
synthesis of this family of ligands in enantiomerically pure form, as well as the low
enantioselectivities observed for the use of ligand 261 in the Lewis acid catalysed Diels-Alder
reaction, made us think again about the future of this study.

2.10 Conclusions

During the course of these investigations we successfully synthesised bis-indolyl diol 234
(Figure 61), and went on to use this as a ligand in the Lewis acid catalysed Diels-Alder
reaction. In association with bromoborane, catalysis of the cycloaddition between

cyclopentadiene (66) and methacrolein (252) led to the formation of adduct 248 in 72% yield
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with 12% enantiomeric excess. Encouraged by this result we attempted to synthesise the
"electron rich" versions, 254 and 255. Unfortunately, our attempts were mired by stability

issues with these "electron rich" indole systems.

;l's
OH | N
oy O
N OH
Ts 234
Figure 61

Modification of the ligand design ensued, and we were able to synthesise diol 261, albeit with
an enantioselectivity of only 81% (Figure 62). We performed catalytic runs using samples of
ligand 261 with differing levels of optical purity. Ligand 261 (75% optical purity) yielded
Diels-Alder adduct 248 in 40% yield with 6% ee, using bromoborane as the Lewis acid.
Extrapolation of the results obtained indicated that an optically pure sample of diol 261 would
furnish the Diels-Alder adduct 248 with similar enantioselectivity (~6%). Stability issues
were again encountered with more "electron rich" versions of this ligand.
HO OH

o

N

Ts

261
Figure 62

These catalytic results seemed to support our hypothesis that C,-symmetrical diol 234 should
lead to higher levels of enantiocontrol in the Lewis acid catalysed Diels-Alder reaction, than

the non-symmetrical version 261, under congruent reaction conditions.

2.11 The Future

During the course of our investigations into the synthesis of bis-indolyl ligand family 220,
and the mono-indolyl version 264, work was published by MacMillan on the use of metal-free
imidazolidinone catalyst 69 to promote the Diels-Alder reaction, achieving high levels of
enantiocontrol (Figure 63).7
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An iminium ion 86 is formed upon interaction of imidazolidinone 69 with an a,B-unsaturated
carbonyl compound (Figure 63). It has been hypothesised that n-shielding of the top face of
the o,B-unsaturated species by the benzyl group leads to the high levels of facial selectivity
observed (see Chapter 1, Section 1.9 for a more detailed discussion).

There are many advantages associated with the use of metal-free asymmetric catalysis,
compared to Lewis acid catalysis. For example, a Lewis acid catalysed Diels-Alder reaction
must be carried out under an inert atmosphere at —78°C. In comparison, a metal-free analogue
can be performed at ambient temperature in wet solvent under an aerobic atmosphere. Use of
a metal-derived catalyst has further disadvantages, including 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 these problems can be avoided by

utilising metal-free organocatalysis."’

Therefore, organocatalysis represents a remarkable
synthetic alternative to established organometallic transformations to both augment and

complement existing methodology.

At the onset of this project our aim was to design and synthesise a first generation Lewis acid
that could discriminate between the prochiral faces of a,B-unsaturated carbonyl compounds,
and to use this ligand to investigate and probe the nature of face-face n—m interactions and the
subtleties associated with their existence. On reflection, we realised that this objective could
also be ‘achieved using a metal-free organocatalyst, allowing us to perform our catalytic
experiments under more favourable reaction conditions. Thus, for the remainder of this
project we decided to focus our attentions on metal-free organocatalysis, with the aim to
design and synthesise a novel chiral aminocatalyst for use in a series of asymmetric

transformations, that should enable us to investigate these non-covalent interactions.
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3.1 Introduction

Over the past 30 years, enantioselective catalysis has become one of the most important
frontiers in exploratory synthetic research.2® During this time, remarkable advances have
been made in the development of organometallic asymmetric catalysts that have in turn
provided a wealth of enantioselective processes. Surprisingly, however, relatively few
asymmetric transformations have been reported that employ organic molecules as reaction
catalysts, despite the widespread availability of organic chemicals in enantiopure form and the

accordant potential for academic, industrial, environmental and economic benefit.’

Enantioselective organocatalysis, in which the reaction is mediated by a catalytic amount of a
chiral organic molecule, is emerging as a powerful tool in organic synthesis. The interest in
this field has increased spectacularly in the last few years and more reactions are expected in
the near future. Currently the scope of reactions that have been applied to organocatalysis is
restricted, and additional investigations are required to further advance this methodology.
Chapter three of this thesis will be concerned with the design and synthesis of a new class of
compound for the activation of o,p-unsaturated carbonyl compounds, that should provide a

novel molecular scaffold capable of performing organocatalytic transformations.

3.1.1 Aminocatalysis

Several important processes utilise the chemistry of carbonyl compounds. These reactions are
typically catalysed by metal-containing species, and can be catalysed by Lewis or Bronsted
acids and bases. Recent research has shown that several carbonyl transformations can also be
catalysed by secondary amines. This concept is based on electronic similarities between a
protonated (or Lewis acid activated) carbonyl group and an iminium ion (Figure 64).”
Traditional Lewis Acid Catalysis
NXXp + LlewisAcid(LA) — . LA

Iminium lon Catalysis

Figure 64
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The unique reactivity of iminium ions and enamines has long been employed in organic
synthesis, however, most of these reactions use stoichiometric amounts of the amine. Until
recently, amines had rarely been used catalytically despite their ready availability in

enantiomerically pure form from several sources, including the chiral pool.’

The catalysis of a given reaction by an amine is known as aminocatalysis. This can be viewed
as a biomimetic strategy that is exemplified by important enzymes such as Class I aldolases
(enamine catalysis) and ketoacid decarboxylases (iminium ion catalysis), among 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-carbon-carbon 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 (Figure 65).

0] N @N + \°.N -
/u\ ——Ii-——> .L (v —E
H*/-H,0
Figure 65

Rigorous application of secondary amine catalysts in asymmetric organic synthesis has only
recently been investigated, with several valuable and broadly applicable transformations

acquiescent to aminocatalysis.

3.1.2 Previous Catalytic Systems

In recent years, chiral secondary amines have been introduced by List and MacMillan, among
others, as effective catalysts for enantioselective aldol condensations,’! Mannich reactions,’!
Diels-Alder cycloadditions,” Michael reactions,'® and alkylations, ' leading to remarkable

levels of asymmetric induction.

Asymmetric enamine catalysis was first realised in the early 1970’s when two groups
independently reported the use of proline (4), (Figure 66), as a catalyst for intramolecular
aldol cyclisations.'*"®> This research showed the potential for aminocatalysis in asymmetric
synthesis, leading to the development of several aminocatalysed asymmetric

transformations.>
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There are several reasons for the importance of proline (4) in asymmetric catalysis. It is an
abundant chiral molecule that is inexpensive and available in both enantiomeric forms. It is
also bifunctional, with a carboxylic acid and an amine portion. These two functional groups
can both act as acid or base, and can facilitate chemical transformations in concert, similar to
enzymatic catalysis. Whilst these criteria apply to all amino acids, proline (4) is a secondary,
cyclic, pyrrolidine-based amino acid. Proline’s unique nucleophilic reactivity is primarily a
consequence of this pyrrolidine portion, which forms iminium ions and enamines with
carbonyl compounds more readily than most other amines, including cyclic ones such as
piperidine.*' This enables proline (4) to be an effective aminocatalyst, thus facilitating
iminium- and enamine-based transformations.” The carboxylate moiety further contributes to

this by acting as a general Brensted co-catalyst.

Proline (4) has been employed in the asymmetric catalysis of intra- and intermolecular aldol
condensations,’! as well as in Mannich® and Michael'® reactions. Its effectiveness is due to
the formation of an enamine intermediate upon reaction with a carbonyl substrate. The
adjacent carboxylic acid group is then proposed to direct the approach of an incoming
electrophile by formation of a specific hydrogen bond in the transition state structure. This
provides both pre-organisation of the substrates and stabilisation of the transition state,
leading to the formation of products with commendable stereoselectivity.’ Proposed
transition states for the intramolecular aldol condensation, Mannich and Michael reactions are

shown in Figure 67. (For a more detailed discussion of these systems see Chapter 1, Sections
1.6, 1.14 and 1.15, respectively).

‘\\H MeO .\\H ,\\H O
18
N">=0 \©\N__Hft_l_o 0 ONNO

-H O°HO
e s e

H™ xR X
Aldol Condensation Mannich Reaction Michael Reaction
Figure 67

The imidazolidinone catalyst 271, (Figure 68), introduced by MacMillan, has been utilised as

an aminocatalyst for Diels-Alder,’ [4+3]7] and [3+2]73 cycloadditions as well as in conjugate
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additions,''*'" furnishing products with high levels of enantioselectivity (See Chapter 1,
Sections 1.9, 1.11, 1.12 and 1.16, respectively, for further details). An iminium jon is formed
upon interaction of catalyst 271 with an o,B-unsaturated carbonyl compound. It has been
hypothesised that n-shielding of the top face of the o,B-unsaturated species by the benzyl

group leads to the high levels of facial selectivity observed.
Q. Me
N
SR
N R
.HCI

271
Figure 68

I

In addition to proline (4) and imidazolidinone 271, several other small chiral amines have
been reported for their use in organocatalysis, including diamine 33, first reported by
Yamamoto, which has been used as a catalyst for the asymmetric aldol condensation*? and

Hetero-Diels-Alder reaction.®’

Furthermore, several derivatives of proline (4) have been
employed in aminocatalytic transformations, including 5,5-dimethylthiazolium-4-carboxylate

(32), and (S)-2-methoxymethylpyrrolidine (147) (Figure 69).

QV'O C Lo

N~ TCOOH H OMe

H 35 147
Figure 69

3.1.3 Fundamental Contribution?

Examination of those compounds reported to be efficient as aminocatalysts shows them all to
possess structural similarities. Each contains a secondary amine moiety within a five-
membered ring system, and have either a hydrogen bond donor group in close proximity to
the amine, or require a protonic acid co-catalyst. It has been suggested that in order to gain
effective catalytic turnover within these reactions it is necessary to have a highly nucleophilic
nitrogen atom to accelerate the formation of the active iminium ion, which is thought to be the

rate determining step of the catalytic cycle.'"”

It is well established that the nucleophilicity of a heteroatom can be greatly increased by the

addition of an adjacent heteroatom. Known as the a-effect,”'® and rationalised by frontier

21

molecular orbital theory,” " it has been used to explain the reactivity of a number of systems
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and has previously been exploited to accelerate synthetic transformations.2'? Our aim was to
depart from the constraints inherent to the five-membered ring systems by taking advantage of
the a-effect, and develop effective acyclic amine catalysts capable of high catalytic turnover.
This should present the opportunity to greatly diversify the previously reported catalyst
structures, providing the ability to design and investigate other systems that should allow us to
probe this exciting and fundamental area of research.

It is invariably the case that the systems recently reported in the literature provide products
with remarkable levels of enantiomeric excess and excellent yields, however, the levels of
catalyst loading and long reaction times frequently required fall short of contemporary
standards. Therefore, an understanding of catalyst structure and its relationship to reaction
rate may provide the means to address this short fall.

3.2  Design Concept

We therefore embarked upon an investigation to discover if the a-effect could be used to

promote catalytic activity. The design and synthesis of a suitable acyclic catalyst structure to
enable high catalytic turnover would then be pursued.

3.2.1 The a-Effect

An enhancement in nucleophilicity is observed when the atom adjacent to a nucleophilic site
bears a lone pair of electrons. Examples of such nucleophiles include NH,NH,, HO;™ and
Me,C=NO". This is known as the alpha effect.’"

The enhanced reactivity of a-nucleophiles was first reported in 1947, but it wasn’t until 1962

213

that Edwards and Pearson gave the phenomenon its name.”~ They stated the o-effect to be a

positive deviation of an o nucleophile (a nucleophile possessing a non-bonding pair of
electrons on an atom o to the nucleophilic site) from a Brensted-type plot of log k versus the

pK of the nucleophile (k being the rate constant of the nucleophilic attack).

The origins of this phenomenon are of some debate, although several possible explanations
have been offered.”'* One such example is that the ground state of the nucleophile is
destabilised by repulsion between the adjacent pairs of electrons.?’® Another is that the
transition state is stabilised by the extra pair of electrons,?'® and a third is that the adjacent

electron pair reduces solvation of the nucleophile.?’”
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Here, we will focus on just one of these possible explanations, namely ground state
destabilisation. Pair-pair repulsion is often invoked as the source of the a-effect, and the
theoretical basis for this destabilisation is schematically depicted in Figure 70. A linear
combination of the atomic orbitals results in a new set of two molecular orbitals. The out-of-
phase combination is raised to a larger extent than that by which the in-phase combination is
lowered, thus leading to an overall destabilisation of the system. The enhanced
nucleophilicity in this case can arise from two different sources (i) an increase in the overall
energy of the ground state and (ii) an increase in the energy of the HOMO itself. According
to the Frontier Molecular Orbital (FMO) Theory, the latter can lead to a rate enhancement
since it diminishes the energy gap between the HOMO of the nucleophile and the LUMO of

the substrate 2!®
HOMO —-H—

Figure 70

While this explanation provides a convenient basis for understanding the a-effect, it is
pertinent to remember that it is generally believed that there are several origins of this
phenomenon. As long as the nature of these individual effects and the exact conditions under
which they are operative are not recognised, then it is difficult to prove or disprove theories

regarding the origin of these effects.

3.3  Proof of Concept

Each of the aminocatalysts reported to date has a structure based on a five-membered
nitrogen-containing ring system. We believed that such systems are effective in the formation
of the active iminium ion species due to the high nucleophilicity associated with a nitrogen
atom in a five-membered ring. We hypothesised that such an increase in the nucleophilicity
of a secondary amine could also be achieved by exploiting the a-effect. In order to establish

if this was indeed the case, we needed to conduct a series of experiments in order to compare
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the aminocatalytic reactivity of a pyrrolidine-type system, a linear secondary amine as well as

a linear secondary amine with an a-heteroatom.

Firstly, a suitable reaction with which to test such systems needed to be determined. We
elected to perform Diels-Alder cycloadditions, due to the experience we had already gained in
performing and analysing such reactions (See Chapter 2, Section 2.5), although ultimately we

aspired to utilise any catalyst that we designed in a variety of aminocatalytic processes.

3.3.1 Commercially Available Amines

We were now in a position to embark upon an investigation into the potential for the use of
the a-effect as a platform for iminium ion catalysis. Mimicking the conditions reported in the
literature,” 10 mol% of each amine (as its HCI salt) was stirred in methanol/water (19:1) at
ambient temperature, and one equivalent of E-cinnamaldehyde (67) was added. After stirring
for 15 minutes, cyclopentadiene (66) (3 equivalents) was added, and the reaction mixture was
stirred for 48 hours. An aqueous work-up furnished the resulting adduct as the dimethyl
acetal 272, and subsequent hydrolysis with trifluoroacetic acid in chloroform/water for two
hours at ambient temperature afforded the corresponding aldehyde 68 (Scheme 144).

HNR,
10 mol%) o~ TFA
@ + pr MO ( - lb/\ KbCHo
MeOH/H,O 5 \o— CHCIyH:0, »
rt, 48h . t, 2h .
66 67 + ISZO;ZGIS + :s%r:ers
Scheme 144

We examined six commercially available secondary amines for their ability to catalyse the
Diels-Alder reaction. We opted to analyse proline methyl ester (273), containing a
pyrrolidine ring system, as this would provide us with an indication of the level of reactivity
that is achievable with cyclic amine systems. In addition, the use of dimethylamine (274)
would enable us to determine if the presence of an a-heteroatom does indeed lead to an
increase in aminocatalytic reactivity, by comparison of these results with those attained when
using hydrazines 275 and 276, and hydroxylamines 277 and 278 (Figure 71). A reaction was
also performed in the absence of a catalyst so that we could check for a background reaction
under the conditions applied. Additionally, triethylamine hydrochloride was examined,
allowing us to ascertain if the protonic acid co-catalyst leads to a rate enhancement, since the

tertiary amine would not itself be able to catalyse the Diels-Alder reaction.
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The initial resulis for the catalysis of the Diels-Alder reaction between E-cinnamaldehyde

Table 5 Catalysis of the Diels-Alder reaction by commercially available amines

Entry Catalyst Time % Yield Exo : Endo®
| None 48 7 36:64
i NEt; 48 7 37 - 63
3¢ 273 48 &3 71:29
4° 274 48 20 62:28
5° 275 48 3 35:65
d 275 Q5 48 32:68
i 276 48 1 62:38
8" 277 48 65 66 : 34
9° 277 26 73 66 : 34
10° 278 48 23 34: 66

(a) All reactions were carried out in methanol/water (19:1) at room temperature with 10 mel% catalyst. (b) All
exolendo ratios were obtained from the '"H NMR of the crude reaction mixture. (c) Catalyst used as iis
hydrochioride sait. (d) Catalyst used as a bis-hydrochloride sali.

In the absence of any catalyst, or in the presence of only the p_rotonic acid co-catalyst, the
eaction proceeded to just 7% completion inside 48 hours with the endo isomer predominating
(Table 5, entries 1 and Z). Observations made by MacMillan suggest that the exo isomer of

o d ; e . 7 4 " B
68 predominates when iminium ion catalysis is occurring,’ as was indeed observed with

proline methyl ester (273), a caialyst that led io an 85% yield of the Diels-Alder adduct (Table
5, entry 3). The use of dimethylamine hydrochloride (274) as the catalyst afforded a 22%

yield of adduct 68, with the exo isomer favoured (Table 5, entry 4), suggesting that iminium

ion catalysis was cccurring, albeit sluggishly.
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We were delighted to discover that the use of N,O-dimethylhydroxylamine hydrochloride
(277) as the catalyst led to a significant rate acceleration (Table 5, entry 8, 65% yield, 48
hours). This implies that it is possible to catalyse these reactions by taking advantage of the
a-effect. Extension of the reaction time to 96 hours increased the formation of the Diels-
Alder adduct to 80%, with the exo:endo ratio remaining at 66:34 (Table S, entry 9). Further
evaluation of a series of readily available secondary amines possessing an a-heteroatom

showed similar trends to be observed (Table 5, entries S, 6, 7 and 10).

Therefore, a rate acceleration was observed when using N,O-dimethylhydroxylamine
hydrochloride (277) as the reaction catalyst compared to the use of dimethylamine (274).
This suggested that the a-effect might well prove to be an effective handle with which to
promote catalytic activity, and represented a novel acyclic scaffold capable of catalysing this

type of organocatalytic transformation.

The catalytic activity observed for the use of N,0-dimethylhydroxylamine hydrochloride
(277) was not as profound as with proline methyl ester (273). In order to further increase the
reactivity of this system we went on to prepare a disubstituted hydrazide which we hoped
would provide a similar rate acceleration to that observed with pyrrolidine-based systems.

3.4  Proposed Catalytic Design

Analysis of the structures of proline (4), proline methyl ester (273), as well as
imidazolidinone catalyst 69, shows them all to contain an electron withdrawing carbonyl
functionality in a B-position from the nucleophilic amino group (Figure 72).

Q. Me
” OH ” OM N)g )
y pn H Me
4 273 69

Figure T2

Each of the above amines are proficient as aminocatalysts. Our objective was to generate a
non-cyclic catalyst that would impart similar levels of aminocatalytic reactivity to these
pyrrolidine-based systems. We therefore decided to mimic the characteristics of these
systems by incorporating a carbonyl functionality into the structure of our linear secondary

amine, in anticipation that this would provide the desired rate enhancement. To this end, we
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designed a disubstituted hydrazide with an electron withdrawing carbonyl functionality in a
position B to the nucleophilic amine (i.e. attached to the a-heteroatom) (Figure 73).

o R
1
o) H
279

Figure 73

Generic structure 279 would provide us with the opportunity to vary the nature of the
carbonyl functionality (by variation of group R%) so as to maximise catalytic activity. Groups
R? and R? could also be varied, allowing both a-branched and o-unbranched amine systems
to be investigated. Additionally, chirality could be incorporated into the molecule via the R?
and R positions, enabling this type of catalyst to be employed in asymmetric organocatalytic
transformations.

3.4.1 Retrosynthetic Analysis of Generic Catalyst Structure

Analysis of disubstituted hydrazide 279 revealed that synthesis could be achieved from the
corresponding hydrazine 281 and carbonyl compound 282 via a reductive amination protocol
(Figure 14).

R2 R2 H
H H 1 R?
1 1 R N.
R\n/N\N/l\R:, ————> R N\N)\Rs — \n/ NH, + )\ ,
o H o 0" R
279 280 281 282
Figure 74

There is literature precedent for the use of a reductive amination to generate a system akin to
279. For instance, Corey reported the use of such a procedure towards the synthesis of chiral
hindered amines.””® The method employed involved the condensation of (-)-menthone (283)
with ethyl carbazate (284) in ethanol and acetic acid, which generated the corresponding
hydrazone 285. A subsequent hydrogenation using Adam’s catalyst was applied, affording
hydrazine 286 in a 90% yield for the two synthetic steps (Scheme 145).
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Utilisation of a reductive amination strategy should thus provide a rapid and efficient method

for the synthesis of hydrazides with generic structure 279.

3.5 Synthesis of Benzoic Hydrazide Derived Catalyst

Our initial target was hydrazide 287 with a phenyl group in the R' position, and an o-
branched group attached to the nucleophilic nitrogen atom (R* = R? = Me) (Figure 75).

PN
N
(0]
287

Figure 75

Synthesis of 287 was achieved by stirring benzoic hydrazide (288) in an excess of acetone (9),
in the presence of a catalytic amount of acetic acid. After stirring at room temperature for 48
hours, hydrazone 289 was furnished after aqueous work-up in an 86% yield, without any
further purification required (Scheme 146).

H )\ __AOH J\
~ +
NH, o) "1t 48h,

o] 86%
288 9
Scheme 146

Hydrazone 289 was then added to a solution of Adam’s catalyst (PtO,) in ethanol and acetic

acid. The reaction flask was charged with hydrogen, and stirring was continued for 48 hours
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at ambient temperature, before filtration through Celite®. Neutralisation with saturated
aqueous sodium bicarbonate, followed by evaporation of the organic phase, afforded the
desired hydrazide 287 in an 86% yield (Scheme 147)2'” Further purification was not

PtO,, Hy,
| | H )\ AcOH EtOH | | J\
N\
N rt 48h,
o)
289

necessary.

86%

Scheme 147

Synthesis of aminocatalyst 287 was therefore achieved via a two step procedure, involving a
condensation reaction followed by reduction of the resulting hydrazone 289 using Adam’s
catalyst. This furnished 287 in a 74% overall yield from commercially available benzoic
hydrazide (288).

3.6  Catalysis: Initial Investigations

We were then in a position to evaluate the ability of secondary hydrazide 287 to catalyse
Diels-Alder cycloadditions.”'® We initially evaluated the reaction between cyclopentadiene
(66) and E-cinnamaldehyde (67), allowing us to compare the catalytic reactivity of hydrazide
287 and the commercially available amines previously utilised (See Table 5, Section 3.3.1 for

details) (Scheme 148).
o A
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Scheme 148

The result of this study is tabulated below (Zable 6).

Table 6™ Result of Initial Diels-Alder Cycloaddition Experiment

Entry Product % Yield Exo : Endo®
1 67 93 67:33

(a) Reaction was carried out in methanol/water (19:1) at room temperature for 48h with 10 mol% catalyst 287 as
a HCl salt. (b) The exo/endo ratio was obtained from the "H NMR of the crude reaction mixture.
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Introduction of the electron withdrawing group onto the a-heteroatom greatly increased the
reactivity of our system, with the Diels-Alder reaction going to completion when catalysed by
the hydrochloride salt of 287. A similar exo:endo ratio of adduct 67 was obtained to that
observed previously for the use of iminium ion catalysis. This suggested that the use of
iminium ion catalysis for the acceleration of Diels-Alder reactions will reverse the selectivity
often observed and provide a viable alternative to the Lewis acid catalysed process which

tends to favour the endo isomer.?*!

Hydrazide 287, (as a protonic acid salt), therefore provided a rate acceleration comparable
to that given by proline methyl ester (273), when employed as a catalyst for a Diels-Alder
cycloaddition between cyclopentadiene (66) and E-cinnamaldehyde (67). With the basic
reaction conditions established and proof that the a-effect was indeed a suitable platform
with which to promote such organocatalytic processes, our catalytic investigations could

begin.

In order to accommodate the high throughput work, a Radley’s® reaction station was
purchased.””? This allows the chemist to simultaneously run twelve reactions under an inert
atmosphere, with the knowledge that each reaction has been subjected to exactly the same

external conditions, creating the opportunity for more accurate comparisons.

3.6.1 Investigating the Generality of Our Catalyst

We desired our catalyst to be non-substrate specific, so in order to test the generality of our
system, and to prove that we had indeed discovered a novel molecular scaffold for iminium
ion catalysis, we carried out a series of reactions using hydrazide 287 as the catalyst, with
acrolein (76), methacrolein (252) and crotonaldehyde (70a) as the dienophiles and
cyclopentadiene (66) and 2,3-dimethylbuta-1,3-diene (290) as the dienes (Scheme 149).
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The results of this investigation are shown below (Table 7).

Table T*: Variation of the Diene and Dienophile Components

Entry Product % Yield Exo : Endo’
1 85 98 41:59
2 248 98 83:17
3 71a 98 54:46
4 291 97 -
5 292 98 -
6 293 89 -

(a) All reactions were carried out in methanol/water (19:1) at room temperature for 48 hours with 10 mol%
catalyst 287 as a HCl salt. (b) All exo/endo ratios were obtained from the 'H NMR of the crude reaction mixture.
An excelient yield of the Diels-Alder adduct was attained from each of the cycloaddition
reactions performed. The use of methacrolein (252) as the dienophile and cyclopentadiene
(66) as the diene, afforded adduct 248 with the exo-isomer predominating (Zable 7, entry 2).
The reaction of cyclopentadiene with acrolein (85) showed a small preference for the endo-
isomer (Table 7, entry 1), while with crotonaldehyde (70a) exo selectivity was observed
(Table 7, entry 3). These results confirmed that catalytic reactivity can be greatly enhanced
by taking advantage of the a-effect, suggesting that we had indeed discovered a novel
molecular scaffold with which to promote aminocatalytic transformations. In addition, this
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class of catalyst appeared to be general for the Diels-Alder reaction of a,B-unsaturated
aldehydes with both cyclic and acyclic dienes.

3.6.2 Investigation into the Protonic Acid Co-Catalyst

To probe the effect of the selected protonic acid co-catalyst on the yield and selectivity of the

Diels-Alder reaction, a set of experiments were carried out using E-cinnamaldehyde (67) as

the standard dienophile, with cyclopentadiene (66) consistently employed as the diene and

hydrazide 287 as the aminocatalyst. Each reaction was performed at ambient temperature in a

methanol/water (19:1) solvent system (Scheme 150). The results are shown below (Table 8).
HCIO,

HCI
TFA
Pho N k 294
@ + o p MO+ 3 ON — / LCHO
o H | 205 _Ph
+ |somers
66 67 287 296 68
297
NO,
O,N
ON" o4 295 296 297

Scheme 150

Table 8: Results of the Study into the Use of Various Protonic Acids

Entry Protonic Acid Time % Yield Exo : Endo”
1 HCl0, 48 95 64 : 36
2 HC10, 24 86 65:35
3 HCI 48 93 65:35
4 HCI 24 64 62 :38
5 TFA 48 81 67:33
6 294 48 82 65 :35
7 295 48 74 64 :36
8 296 48 21 67:33
9 297 48 10 53:47

(a) All reactions were carried out in methanol/water (19:1) at room temperature with 10 mol% catalyst 287. (b)
All exo/endo ratios were obtained from the 'H NMR of the crude reaction mixture.
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These results showed that the rate of reaction was enhanced as the pK, of the protonic acid
was increased. This indicated that iminium ion formation is the rate determining step of the
catalytic cycle, which can be rationalised since a stronger acid should more readily protonate

the carbonyl substrate, thus enabling a more rapid formation of the iminium ion species.

Similar exo/endo ratios were observed with all of the protonic acids employed. The Diels-
Alder reaction went to completion in 48 hours when using either perchloric acid or
hydrochloric acid (Table 8, entries 1 and 3). Moreover, use of perchloric acid led to an 86%
yield of adduct 68 in just 24 hours (Table 8, entry 2).

3.6.3 Choice of Solvent

We went on to repeat the catalytic Diels-Alder reaction between E-cinnamaldehyde (67) and
cyclopentadiene (66) in a variety of solvent systems. Two polar protic solvents; methanol and
ethanol, were studied along with the polar aprotic solvents; acetonitrile, dimethylformamide
(DMF) and dimethylsulfoxide (DMSO). In addition, two apolar aprotic solvents;
dichloromethane and toluene, were examined allowing us to monitor the effect that solvent
had on both the yield and the selectivity of the aminocatalysed Diels-Alder reaction. The
results of these experiments are tabulated below (7able 9).

Table 9°: Results of the Study Into the Use of a Variety of Solvents

Entry Solvent % Yield Exo : Endo®
1 MeOH 93 65:35
2 EtOH 90 64 :36
3 CH;3;CN 95 60 : 40
4 DMF 44 59:41
5 DMSO 46 63 : 37
6 CH,Cl, 30 56:44
7 PhCH; 6 57:43
8 H,0 7 67:33

(a) All reactions were carried out in solvent/water (19:1) at room temperature for 48 hours with 10 mol% catalyst
287 as its HCl salt. (b) All exo/endo ratios were obtained from the '"H NMR of the crude reaction mixture.

These results clearly showed that solubility issues resulted if the Diels-Alder reaction was

carried out in aqueous solution (Table 9, entry 8). Therefore, use of an organic solvent was
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necessary for catalytic activity. With apolar aprotic solvents low yields of adduct 68 resulted.
An improvement was observed with DMF and DMSO, and full conversions were seen when
the reactions were performed in the polar protic solvents as well as with acetonitrile. This
suggested that a polar solvent was necessary for effective catalyst turnover. The presence of a
polar solvent could possibly aid the stabilisation of the charged iminium ion intermediates that
are formed during the catalytic cycle, so promoting catalytic activity.

We decided to continue our investigations using the two solvents that afforded the best
results; namely methanol and acetonitrile (Table 9, entries 1 and 3). Further optimisation of
the solvent system was examined by varying the water content, whilst performing the
cycloaddition reactions under congruent conditions to those applied previously. The results of
this study are outlined below (Table 10).

Table 10™: Results of the Study into Solvent/Water Ratio

Entry Solvent % Water Content % Yield Exo : Endo®
1 MeOH 0 93 65:35
2 MeOH 5 62 66 :34
3 MeOH 10 55 64 :36
4 MeOH 20 51 67:33
5 MeOH 50 25 62: 38
6 CH;CN 0 87 57:43
7 CH3;CN 5 73 60 : 40
8 CH;CN 10 57 61:39
9 CH;CN 20 48 61:39
10 CH;CN 50 19 59:41

(2) All reactions were carried out at room temperature for 24 hours with 10 mol% catalyst 287 as its HCI salt. (b)
All exo/endo ratios were obtained from the '"H NMR of the crude reaction mixture.

It was immediately apparent on examination of these results that higher yields were achieved
as the water content was reduced. This was exemplified by the use of anhydrous methanol
(Table 10, entry 1), which led to a significantly higher yield of adduct 68 compared to the -
result obtained when the reaction was performed in the presence of 5% water (Table 10, entry
2). Upon consideration of these observations, it was evident that the optimum result in terms

of both yield and selectivity was achieved when anhydrous methanol was used as the solvent.
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Performing the Diels-Alder cycloaddition in this solvent system provided adduct 68 in 93%
yield in just 24 hours.

The results of our investigations (See Sections 3.6.2 and 3.6.3) led us to adopt the following
standard conditions for the remainder of our studies: use of the catalyst as its perchloric acid
salt, in anhydrous methanol as the organic medium, with the Diels-Alder cycloaddition

carried out at room temperature over 24 hours.

3.6.4 Examination of the Catalyst Loading

In any catalytic investigation, it is essential to determine the optimum catalyst loading.
Expense is a valid consideration in the design of a catalyst and the lower the amount of
catalyst employed, the more cost effective and appealing the process. We embarked upon an
investigation into this matter, and performed Diels-Alder reactions between cyclopentadiene
(66) and E-cinnamaldehyde (67), catalysed by hydrazide 287 as its perchloric acid salt. Each
reaction was performed in anhydrous methanol for 24 hours at ambient temperature. The
loading of catalyst 287 was varied as tabulated below (7able 11).

Table 11°; Results of the Study into Catalyst Loading

Entry Loading (mol%) % Yield Exo : Endo®
1 10 98 68 : 32
2 5 97 66 : 34
26 65 :35

(a) All reactions were carried out in anhydrous methanol at room temperature for 24 hours with the catalyst 287
as its HCIO, salt. (b) All exo/endo ratios were obtained from the "H NMR of the crude reaction mixture.

This investigation revealed that lowering the catalyst loading of 287 from the standard 10
mol%, to 1 mol% had no adverse effect on the observed selectivity (Table 11, entries 1 and
3). A catalyst loading of 1 mol% provided adduct 68 in 26% yield after 24 hours. This result
compares favourably to the literature precedent where catalyst loadings of 20 mol% are
typically required for effective catalyst turnover.” In terms of both the amount of catalyst
needed and the reaction time required for complete reaction, the optimal result was achieved
with a catalyst loading of 5 mol%, which enabled the reaction to go to completion inside 24
hours (Table 11, entry 2).
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From the above investigations (Tables 8, 9, 10 and 11) we were able to establish optimal
reaction conditions for the aminocatalysed Diels-Alder reactions with hydrazide 287. Use of
5 mol% of catalyst 287, as its HCIO, salt, catalysed the Diels-Alder reaction between
cyclopentadiene (66) and E-cinnamaldehyde (67) to complete conversion in 24 hours when

performed in anhydrous methanol at ambient temperature (Scheme 151).
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Scheme 151

Having determined optimal reaction conditions, we went on to investigate how changes in the
catalyst structure, (for example the use of an a-unbranched hydrazide), affected the
aminocatalytic Diels-Alder cycloaddition.

3.7  Variation of the Catalyst Structure

Variations were made to the structure of the catalyst, enabling us to monitor the effect these
changes had on catalytic turnover. We chose to prepare catalyst 298 containing a carbamate
functionality so that the nature of the electron withdrawing group attached to the a-
heteroatom could be studied. Additionally, catalyst 299 with an a-unbranched group attached
to the nucleophilic nitrogen atom was prepared, allowing us to determine how changes in

steric encumbrance around the nucleophilic site affected the catalytic activity (Figure 76).

H H
EtO.__N. J\ ~
H H
(0] 0]
298 299

Figure 76

3.7.1 Preparation of Ethyl Carbazate Derived Catalyst

The condensation of ethyl carbazate (284) with acetone (9) under acid catalysed reaction
conditions provided, after stirring at ambient temperature for 24 hours, hydrazone 300. Upon
isolation, a 90% yield of the desired product was furnished (Scheme 152).2'°
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A subsequent reduction to the corresponding hydrazine 298 was achieved using Adam’s
catalyst in an analogous procedure to that described previously (Section 3.5). This afforded
the desired product in an 85% isolated yield (Scheme 153).

H PtO,, Hy, H
EtO_ _N. J\ AcOH, EtOH EtO_ _N. /k
N y
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t, 24h, \ﬂ/ H
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300 298
Scheme 153

Aminocatalyst 298 was therefore synthesised via a two step reductive amination protocol,
Sfurnishing 298 in a 77% overall yield from commercially available ethyl carbazate (284).
This represents a simple, fast and reliable synthesis for the preparation of such systems.

3.7.2 Synthesis of an a-Unbranched Catalyst

We went on to prepare an a-unbranched analogue of hydrazide 287. Benzoic hydrazide (288)
was reacted in an excess of propionaldehyde (24), in the presence of a catalytic amount of

acetic acid. This afforded hydrazone 301 in 79% yield (Scheme 154).
H H

AcOH
rt, 24h,
0 79% 0
288 24 o 301
Scheme 154

Purification of hydrazone 301 was not required, hence hydrogenation to the desired hydrazine
299 was performed. Hydrazone 301 was added to a suspension of Adam’s catalyst in ethanol
and acetic acid. The flask was charged with hydrogen, and stirring was continued for 24

hours at ambient temperature (Scheme 1585).
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The crude reaction material was purified by column chromatography to afford the desired
hydrazide 299 in 28% yield.

Preparation of the a-unbranched hydrazide 299 was thus achieved from commercially
available benzoic hydrazide (288), via a condensation with propionaldehyde (24), followed by
reduction using Adam’s catalyst. This provided a 22% yield of the desired product 299 over
the two synthetic steps. This process was not as clean compared to the previous
condensations performed with acetone (9), hence purification by column chromatography was

required.

Having successfully synthesised catalysts 298 and 299, we were ready to embark upon an
investigation into the nature of the electron withdrawing group on the a-heteroatom, and how
this affected both the catalytic turnover and the selectivity resulting from an iminium ion
catalysed transformation. Investigations into the effects resulting from changes in steric
density around the nucleophilic nitrogen atom would also be performed.

3.7.3 Diels-Alder Aminocatalysis With Modified Catalysts

We went on to probe the influence of catalyst structure on the outcome of an aminocatalytic
Diels-Alder reaction. Each catalyst was employed in the cycloaddition of E-cinnamaldehyde
(67) and cyclopentadiene (66) under our optimised reaction conditions (See Section 3.6). This
allowed for a direct comparison between hydrazides 287, 298 and 299 (Scheme 156).
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R N\N/l\R3
o H.Hco, ,
5 mol%) R, = Ph, OEt
N _~_-CHO ( Lb 2 _
@ PR MeOH, rt, 24h ~~LoHo  RaIE Me
+ isomers
66 67 68
Scheme 156

The results of this catalytic investigation are tabulated below (7able 12).
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Table 12*: Results of the Study into Catalyst Structure

Entry Catalyst % Yield Exo : Endo®
1 287 97 66 : 34
2 298 96 63 :37
3 299 93 65 :35

(a) All reactions were carried out in anhydrous methanol at room temperature for 24 hours with 5 mol% catalyst
as its HCIO, salt. (b) All exo/endo ratios were obtained from the 'H NMR of the crude reaction mixture.

Each hydrazide catalyst provided Diels-Alder adduct 68 with similar exo/endo ratios, and the
exo isomer was formed predominately in each case. This suggested that iminium ion catalysis
was transpiring with each of the catalysts employed. In addition, each hydrazide catalyst
promoted the Diels-Alder reaction to completion within 24 hours at room temperature. These
results indicated that alterations to the steric environment of the nucleophilic site had little
effect on the yield or selectivity of the aminocatalytic Diels-Alder reaction. Moreover, no
detrimental effect was observed upon variation of the electron withdrawing group attached to
the a-heteroatom. Thus, the catalyst is tolerant to structural modifications, which bodes well
for future development of an asymmetric version based on generic structure 279 (Figure 77).

R2

H
1
N

279
Figure 77

We had therefore established the ability of catalysts with generic structure 279 to promote
Diels-Alder cycloadditions. Ultimately we aspired to design a catalyst that was able to
promote a variety of asymmetric transformations. The above results suggested that
modifications to the catalyst structure should be possible, enabling us to incorporate

asymmetry into the system.

Before moving on to investigate asymmetric versions of aminocatalyst 279, we first wanted to
establish if catalysts with such a generic structure were suitable for use in organocatalytic
transformations other than the Diels-Alder reaction.
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3.8 Aminocatalytic Conjugate Addition Reactions

We were interested to see if catalyst 287 could catalyse the conjugate addition of an aromatic
or heteroaromatic donor to an o,B-unsaturated acceptor component. Traditionally, these
alkylation reactions are promoted using a Lewis acid, such as AlCl;, commonly known as the
Friedel-Crafts reaction.'’> This represents a powerful method for the formation of carbon-
carbon bonds,'" but relatively few asymmetric versions have been reported,'™* despite the
widespread availability of electron-rich aromatics and the chemical utility of the resulting
products.

The asymmetric alkylation of pyrroles,'!® indoles'!® and electron rich benzenes'** has been
reported by MacMillan using imidazolidinone catalysts 69 and 79 (Figure 78). These
aminocatalysts led to the formation of conjugate addition products with high levels of

enantioselectivity.
0, Me 0, Me
N N
e Me (27 )\é
N % N
Me
Ph H Ph H
69 -TFA 79 -TFA
Figure 78

The observed selectivity can be explained by the formation of an active iminium ion

intermediate between the imidazolidinone catalyst and the carbonyl component. The si-face
of the resulting o,B-unsaturated species is shielded by the aromatic ring, which forces the

nucleophile to attack from the re-face (lower face), leading to the observed enantioselectivity

(Figure 79).""°
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For a more detailed discussion of aminocatalytic conjugate addition reactions see Chapter 1,
Section 1.16.
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3.8.1 Organocatalytic Indole Alkylation

In order to test the ability of our hydrazide catalysts to promote reactions other than Diels-
Alder cycloadditions, we decided to perform an aminocatalytic indole alkylation reaction. To
this end, we reacted N-methylindole (174) with R-(+)-pulegone (302) in the presence of 10
mol% hydrazide 287 as its trifluoroacetic acid salt. Stirring this mixture in a solvent system
of dichloromethane and isopropanol (85:15) at ambient temperature for 48 hours furnished
adduct 303 as a single diastereoisomer (Scheme 157).

l‘\lle
287 .TFA N
N CH,Cl,, PrOH, o
t, 48h,
93% 303
Scheme 157

Purification by column chromatography provided adduct 303 in 93% isolated yield. This
result demonstrated the ability of catalyst 287 to promote conjugate addition reactions,
suggesting that compounds with generic structure 279 may be suitable as aminocatalysts for a

variety of chemical transformations.

Although an isolated example, this still represents a significant result for this class of
transformation. It is the first example of an aminocatalytic conjugate addition to an o,f-
unsaturated ketone and also represents the first example of an addition to a hindered
disubstituted carbon atom, which could be extended to the formation of chiral quaternary
centres, arguably the most significant challenge for catalytic asymmetric synthesis. The
reaction also formed the new chiral centre on the cyclohexane ring with complete
stereoselectively, providing the thermodynamically more stable diastereoisomer (303) as the
only isolatable product in an excellent 93% isolated yield.

The a-effect was once again shown to be a suitable platform with which to promote catalytic
reactivity. We had successfully utilised secondary hydrazides with generic structure 279 to
catalyse both Diels-Alder cycloadditions and an indole alkylation, showing the potential for
such systems to be employed in a multitude of aminocatalytic processes, operating via an
iminium ion activation pathway. With a suitable molecular scaffold determined, we were then
in a position to investigate the formation of chiral versions of catalyst 279, which should

enable us to study asymmetric aminocatalytic transformations.
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39 Conclusions

In summary, we had established that the a-effect was a suitable platform for the acceleration
of aminocatalytic transformations. Hydrazide 287 (Figure 80) provided a similar level of
reactivity to pyrrolidine-based proline methyl ester (273), when employed in the catalysis of
Diels-Alder cycloaddition reactions. Catalyst 287 was found to be non-substrate specific with
respect to a,B-unsaturated aldehydes, and allowed cycloadditions to be performed with both

cyclic and acyclic dienes.

RZ
H /k , H
H H
0] o)

287 279
Figure 80

Optimal results were achieved when using catalyst 287 as its perchloric acid salt, with a
catalyst loading of 5 mol%. Use of this catalytic system for a Diels-Alder cycloaddition
between cyclopentadiene (66) and E-cinnamaldehyde (67), in anhydrous methanol, gave

complete conversion to adduct 68 in 24 hours.

Modifications were made to the catalyst structure, providing hydrazides 298 and 299. Use of
these compounds in Diels-Alder catalysis demonstrated that our catalytic system was tolerant
to changes in the nature of the electron withdrawing group attached to the a-heteroatom, as
well as to modifications to the steric density around the nucleophilic nitrogen atom. This
bodes well for the future development of a chiral analogue of secondary hydrazide 279
(Figure 80).

Having established the ability of hydrazide 287 to catalyse Diels-Alder cycloadditions, we
went on to examine another aminocatalytic transformation; namely a conjugate addition of N-
methylindole (174) to R-(+)-pulegone (302). Complete conversion to adduct 303 was
observed in 48 hours at ambient temperature, with a single diastereoisomer of 303 formed.
This result suggests that secondary hydrazides with generic structure 279 may be capable of
catalysing a variety of chemical transformations involving o,B-unsaturated carbonyl

components.
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3.10 The Future

We were then in a position to design and synthesise an asymmetric hydrazide, which would
hopefully be suitable as a catalyst for enantioselective aminocatalytic transformations.
Incorporated into the design of such a system would be an aromatic functionality that should
provide a second point of interaction between the catalyst and the a,B-unsaturated carbonyl
moiety, in the form of an attractive face-face n—n interaction. Modifications to the electronics
of this aromatic functionality should enable us to investigate and probe the nature of these

non-covalent interactions and the subtleties associated with their existence.
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4.1 Introduction

Having established that the a-effect was indeed a suitable platform with which to promote
aminocatalytic transformations (see Chapter 3), we were then in a position to design and
synthesise an asymmetric hydrazide, which would hopefully be amenable as a catalyst for a
range of enantioselective aminocatalytic transformations. We aspired to incorporate into the
design of this system a second point of interaction between the catalyst and the o,f-
unsaturated carbonyl moiety, in the form of an attractive face-face n—n interaction. This
would be achieved via the incorporation of an aromatic functionality into the catalyst
structure. Modifications to the electronics of this aromatic group should enable us to
investigate and probe the nature of these non-covalent interactions and the subtleties

associated with their existence, which was indeed our primary aim at the onset of this project.

A suitable molecular scaffold to promote catalytic activity, as well as enable a study into the
existence of n—r interactions needed to be determined. Chapter four of this thesis will be
concerned with the design and synthesis of a suitable family of asymmetric aminocatalysts
that can discriminate between the prochiral faces of «,fB-unsaturated carbonyl compounds.
The use of this catalyst family in asymmetric organocatalysis will be discussed along with our

investigations into the nature of m—n interactions.

4.1.1 8-Phenyl Menthol

Since its introduction in 1975 by Corey and Ensley,®> 8-phenyl menthol (304) has found
widespread use as a chiral auxiliary in organic synthesis. Auxiliary 304 has provided
dramatically superior levels of diastereomeric discrimination when compared to other

commonly used chiral auxiliaries, such as menthol (305) (Figure 81).

(?)H | Ph OH l{h (?H

(+)-304 (-)-304 305
Figure 81

Corey designed 8-phenyl menthol (304) as a chiral auxiliary for use in the synthesis of a key

prostaglandin intermediate, in order to circumvent the need for classical chemical resolution.®?
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Synthesis of chiral auxiliary 304 was achieved from (-)-pulegone (302), via alkylation,
equilibration and reduction to give (+)-304 in a 72% overall yield (Scheme 158).2%

0 1. PhMgBr, CuCl Na, ‘ProH oH | o
2. KOH, EtOH _ _PhCHy, A_ :
85% T e5%
W W

(-)-302 (+)-304
85:15 trans/c:s
Scheme 158

Treatment of (+)-8-phenyl menthol (304) with acryloyl chloride (307) gave acrylate 308 in
99% yield. A Diels-Alder cycloaddition between acrylate 308 and 5-benzyloxymethyl-
cyclopentadiene (241) furnished adduct 242 in 89% yield and 97% diastereomeric excess
(Scheme 159). Adduct 242 was then converted to intermediate 310, en route to the formation
of prostaglandins PGA, PGE and PGF.%

o
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PGF R* = (+)-304
310 242 R*7 0
Scheme 159

Unfortunately, the use of (+)-8-phenyl menthol (304) as a general chiral auxiliary has been
restricted by the prohibitive cost of (-)-pulegone (302). However, its enantiomer (-)-8 phenyl
menthol (304), which can be formed from (+)-pulegone (302), has become one of the most

powerful and widely used chiral auxiliaries in organic synthesis.'”®

(-)-8-Phenyl menthol (304) has been used as a chiral auxiliary for several chemical

transformations including the ene reaction,?2* conjugate additions,??’

and cycloadditions
([3+2]%¢ and [4+2]%%). The use of (-)-8-phenyl menthol (304) was first exploited in the early
1980’s, when Oppolzer used this chiral auxiliary to promote stereoselective direct

intramolecular ene reactions. Treatment of the Z-dienyl ester 311, derived from (-)-8-phenyl
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menthol (304), with diethyl aluminium chloride or dimethyl aluminium chloride led to
intramolecular ene cyclisation product 312 in a 60% yield with 90% diastereomeric excess.
Subsequent conversion to the naturally occurring a-allokainic acid (313) was achieved via a

two-step saponification and decarboxylation protocol (Scheme 160).%

\ Et,AICI, CH,Cl, N
/ -35°C, 18h - GO
Et020 0, 2
Et0,C” \/_—< 60%
F,cOC’ CO,H
311 313

Scheme 160

Treatment of the E-isomer of 311 under analogous reaction conditions provided enantiomeric
a-allokainic acid (313) in 70% ee, effectively circumventing utilisation of the more costly
(+)-8-phenyl menthol (304) chiral auxiliary.

It has been postulated that the high levels of stereocontrol observed for the use of 8-phenyl
menthol (304) as a chiral auxiliary result from an attractive n—mn interaction between the
aromatic portion and the acrylate group (Figure 82). This n-shielding of the rear face of the
acrylate unit forces reactive attack solely to the top face, leading to the observed

stereoselectivity.

EtO,C
EtO,C N \/=<

F,COC
308 311

Figure 82

The conjugate addition of amines to 8-aryl menthol crotonates was studied by d’Angelo.??
Structural modifications were made to the aryl group, which provided valuable insight into

the requirements for effective stereocontrol and therefore n-stacking interactions.

]I/,
Ph,HCHN” “Me
315

Ph,CHNH,, 15 kbar
20-50°C, 24h

Scheme 161
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Higher stereoselectivity was observed in the conjugate addition to the 2-naphthyl menthol

2,

(R = t-Bu; 75% de), or 4-phenoxyphenyl (R = PhO; 95% de) menthol esters. The presenc

the larger aromatic archiiecture presumably better overlap of the entire alkenc portion
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with the aromatic rings of the naphthyl-containing chiral auxiliary, providing an enhanced
level of stereoconirol (Figure 83)

This hypothesis was supported by NMR studies performed on the 8-aryl menthol crotonates.
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) were shifted upfield in the phenyl and naphthyl menthol
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crotonates 316, whereas the crotonate methyl protons (H,) were only shifted upfield

s
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significantly in the 2-naphthyl menthol crotonate.””® This suggests that only the vinylic
protons of the crotonate unit are shielded by the phenyl group of the 8-phenyl menthol
crotonate, whereas all protons in the crotonate moiety (including the methyl group) are

shielded by the naphthyl substituent of the 2-naphthyl menthol crotonate.

—n Interactions were invoked to explain ihe stereochemical outcome of reactions using the
hiral auxiliary, 8-phenyl menthol (304), 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

)

f processes which harness their full potential will not be possible until the origins of these

-covalent interactions are fully understood.

At the onset of this project our aim was to investigate and ultimately understand the nature of

)
i

ace-face m—7 interactions and the subtleties associated with their existence. We therefore

~

effect would be used as a platform with which to promote catalysis, using the information

ascertained in Chapter 3 as a basis for the catalytic design.
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4.2  Design Concept

The challenge ahead was the rational design of an aminocatalyst that was non-substrate
specific and non-reaction specific. The formation of an iminium ion would result from the
reaction of the aminocatalyst with an a,B-unsaturated carbonyl compound. We aspired to

incorporate a second point of interaction into the catalytic system, in the form of an attractive

face-face m—m interaction between the double bond of the «,B-unsaturated carbonyl reagent

279
Figure 84
Our next aim was to incorporate asymmetry intc the structure of 279 to enable the study of

enantioselective aminocatalytic processes. We scught to integrate some of the features of the
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iary (304), which has provided high levels of diastereomeric

ansformations, into the design of our catalyst. Thus, we

q

aimed to synthesise 8-phenyl menthamine 317 (Figure 85), coniaining a hydrazine subunit

with an ele

(2]

tron withdrawing carbonyl group attached to the a-heteroatom.

H R
+
i @ R' = NHCOR
.
Ph
317 318
Figure 85

Reaction of 8-phenyl menthamine 317 with an «,B-unsaturated carbonyl compound should

provide iminium ion 318 (Figure 85), with the possibility of an attractive face-fz

Ice TT—T0
interaction between the aromatic portion and the o,B-unsaturated moiety.  Subtle

modifications to the electronics of the aromatic ring of 317 should enable an investigation into
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the effect on the strength of the proposed m—rn interactions and hence on the selectivity

observed in catalytic asymmetric transformations.

4.2.2 Retrosynthetic Analysis of 8-Phenyl Menthamine

Retrosynthetic analysis of our proposed aminocatalyst, 8-phenyl menthamine 317, shows a
prospective synthesis from commercially available (R)-(+)-pulegone (302) (Scheme 162).

TEAO " — 1
]

o)

302
Scheme 162

Conjugate addition, with subsequent equilibration, following the procedure of Ort,*** should
provide 8-phenyl menthone (306) from commercially available (R)-(+)-pulegone (302).
Modifications to the aromatic group should be achievable by using a variety of nucleophiles
in the conjugate addition step. Reaction of 8-phenyl menthone (306) with a mono-substituted
hydrazine should provide hydrazone 319, which could be converted to hydrazide 317 via a
subsequent hydrogenation step. The use of a range of mono-substituted hydrazines in this
reductive amination sequence should enable the nature of the electron withdrawing carbonyl

group (R) to be varied.

We initially wished to optimise the nature of the electron withdrawing carbonyl substituent R
(see 317, Scheme 162). We therefore decided to synthesise menthamines 320 and 321, by
employing ethyl carbazate (284) and benzoic hydrazide (288) respectively, in the reductive
amination step (Figure 86).
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Figure 86

Once the optimal carbonyl substituent had been determined, modifications to the nature of the
aromatic functionality would ensue. We planned to synthesise the 4-trifluoromethylphenyl
(322), 4-methoxyphenyl (323), 2-naphthyl (324) and 3-indolyl (325) menthamines (Figure
87), which should enable an investigation into the effect on the strength of the proposed n—n

R H\ OMe
»é Bﬁ)kg
323

Figure 87

interactions.

4.3  Synthesis of 8-Phenyl Menthamine Derivative

Synthesis of aminocatalyst 320 was achieved from (R)-(+)-pulegone (302), which was reacted
with phenylmagnesium bromide in the presence of copper bromide, in diethyl ether at —20°C
(Scheme 163). Stirring was continued at this temperature overnight under an inert
atmosphere, which provided crude 8-phenyl menthone (306) as a mixture of diastereoisomers;
55:45 transicis (Scheme 163).22

PhMgBr, CuBr |<©
Et20 -2o°c EtOH H20 b

306
55:45 trans/cis

Scheme 163

Equilibration to the desired #rans-306 isomer was achieved by reacting the crude product with

potassium hydroxide in aqueous ethanol at reflux temperature for 3 hours. The crude product
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obtained after reaction comprised an 85:15 mixture of trans/cis isomers. Separation and
purification of the desired trans-isomer was achieved by column chromatography to give a

71% isolated yield of trans-306 over the two synthetic steps.

8-Phenyl menthone (306) was then reacted with ethyl carbazate (284) in a mixture of ethanol

and acetic acid. Stirring of this solution at room temperature for 48 hours provided hydrazone

326 in 73% yield after purification by column chromatography on silica gel (Scheme 164).72°

H
~ O~ N<
T2 e

q e
O.__N.
O | ph EtOCONHNH, ™ Y N |<Dh PtO,, H, 320a
b EtOH, AcOH, O/é EtOH, AcOH
t, 48h i, 48h  ~_O-_N.
' NH
9 89%

320b

X

Scheme 164

Hydrogenation of hydrazone 326, using Adam’s catalyst in a solution of ethanol and acetic
acid, provided hydrazines 320a and 320b in a ratio of 80:20. Separation of these two
diastereoisomers was achieved by column chromatography, which afforded hydrazine 320a in
72% yield, and hydrazine 320b in 17% isolated yield. Both diastereoisomers were suitable as
asymmetric aminocatalysts, as each contained a hydrazide functionality within a chiral
environment, thus, both 320a and 320b were tested for their ability to promote

enantioselective processes (see later).

The relative stereochemistry of each of the diastereoisomers was determined using 'H NMR
coupling constants. For hydrazine 320a the proton, H, alpha to the amino group is in an
equatorial position and will couple to the three hydrogen atoms, H (Figure 88). Thus, one
equatorial-equatorial (~3-6 Hz), and two equatorial-axial couplings (~3 Hz) result. As such,
the 'H NMR peak corresponding to proton H in 320a should be a double-double-doublet, with
three small coupling constants.
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smail coupling constant. Analysis of the "H NMR spectrum of each diastereoisom

allowed us to confidently assign the relative sterecochemistry to each of the product

hydrazines.

ed t
turnover. Catalysts 3202 and 320b, synthesised above {Section 4.3), coniained a carbamate
functionality derived from ethyl carbazate (284). In order to ascertain the effect of this
carbonyl function on the catalytic abilities of our system, we elected to synthesise hydrazine
321 containing an amide unit derived from benzoic hydrazide (288). This should allow for a

irect comparison between catalysts 320 and 321, enabling us to determine the effect of the

=4

carbonyl moiety on catalytic turnover.

Synthesis of menthamine 321 was achieved by an analogous rouie to that empioyed for the
i

generation of hydrazines 320z and 320b (see Schemes 163 & 164). 8-Phenyl menthone (306)

169



Chapter 4 — Results and Discussion Gulee ol Conill~ ZU D Thesis 2007

was reacted with benzoic hydrazide (288), which provided hydrazone 327 in 68% yield after
purification, and subsequent reduction to the corresponding hydrazine was performed using
Adam’s catalyst (Scheme 165).

Ph_N
hig NH Q’h
O '.\\\
o S
Q’h _PhCONHNH, N Q,h PtO,, H, 321a
b "EtOH, ACOH, O/é-““ EtOH, AcOH H
rt, 24h it,48h  Ph.__N.
' NH
689 47%
306 % 327 ° \g/ i “\\\Q’h

321b
Scheme 165

After the hydrogenation step a mixture of hydrazines 321a and 321b resulted. Separation and
purification was once again achieved by column chromatography, which provided 321a in
28% yield and hydrazine 321b in 19% yield. The relative stereochemistry of hydrazines 321a
and 321b was assigned using data from the '"H NMR spectra of each compound. Both
hydrazine products 321a and 321b contained a secondary hydrazine unit attached to an 8-
phenyl menthamine backbone, and thus each compound was employed as an aminocatalyst

(see later).

The synthesis. of two aminocatalysts derived from benzoic hydrazide (288) was therefore
achieved. This furnished catalysts 321a and 321b in 14% and 9% yield, respectively, over the
four synthetic steps from commercially available (R)-(+)-pulegone (302). The relative

stereochemistry of each diastereoisomer was assigned using "H NMR coupling constants.

4.5 Investigation into the Nature of the a-Heteroatom

The four 8-phenyl menthamine catalysts, 320a, 320b, 321a and 321b, synthesised thus far all
contained a nitrogen atom alpha to the catalytic site. We wanted to see how replacing the a-
nitrogen atom with an a-oxygen atom affected the catalytic activity of these 8-phenyl
menthamine aminocatalysts. We therefore embarked upon an investigation into the synthesis

of methoxylamine-derived catalyst 328 (Figure 89).
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Figure 89
Qur attempis to synthesise 328 began from 8-phenyl menthone (306), which was reacted with
methoxylamine hydrochloride under acidic conditions. This procedure afforded oxime 329 in
64% yield after isolation from the reaction mixture and purification by column
chromatography (Scheme 166).
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Scheme 166
Formation of oxime 329 allowed an investigation intc methods for its reduction to
methoxylamine 328. An initial reaction was carried out using Adam’s catalyst under

congruent reaction conditions to those applied to the synthesis o
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Scheme 168

The formation of 8-phenyl menthone (306) may be rationalised due to the generation of
sodium hydroxide under the reaction conditions, which when reacted with oxime 329 leads to

the synthesis of 8-phenyl menthone (306).

cleaved under the reaction conditions. This can be explained by invoking a Meerwein-
Ponndori-Verley type reduction mechanism. Thus, oxime 329 reacts with the sodium salt o

¢ 330 plus sodium methoxide and
isopropanol leading to the formation of primary amine 33€¢ plus sodium methoxide an

acetone (9) (Scheme 169).
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e ek A N
K R R
Scheme 169
The synthesis of methoxylamine 328 was therefore proving elusive, which led us io re-

evaluate how necessary the formation o

the use of commercially available amines as catalysts for the Diels-Alder reaction between
cyclopentadiene (66) and E-cinnamaldehyde (67) (see Section 3.3.1), revealed to us that a

lower vield of adduct 68 (65%) resulted from the use of N O-dimethylhydroxylamine

\‘.n

QQ-

hydrochloride (277) as the catalyst, compared to use of hydrazine 287 derived from benzoic

hydrazide (93%). Thus, a nitrogen atom alpha to the reactive site provided more efficient

()

talyti

‘f')

ats

turnover compared to the presence of an a-oxygen atom. Furthermore, the primary
aim of this project was to investigate n—n interactions, and as such, optimising the nature of

the -heteroatom was not considered to be an important aspect of the catalytic design. We

to halt our investigations into the synthesis of methoxylamine 328, and

concentrate on the formation of hydrazines that would enable us to achieve our ultimate goal.

—
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Investigations into the synthesis of methoxylamine 328 had therefore proved unsuccessful.
The synthesis of oxime 329 was achieved from commercially available (R)-(+)-pulegone
(302) in 45% yield over three synthetic steps. Hydrogenation using Adam’s catalyst returned
only oxime 329 starting material, while reaction with isopropanol and sodium metal led to the
Jformation of primary amine 330 and regeneration of 8-phenyl menthone 306. Further studies
towards the preparation of 328 were put on hold in order that the preparation of catalysts

that would enable an investigation into n—r interactions could be instigated.

4.6 Investigation into the Modulation of Electronics

There has, as yet, been the lack of a rigorous investigation into the nature of face-face n—=
interactions. Hunter states that the magnitude of the interaction is the sum of the n-electron
repulsions (interaction between the net charges on the atoms) and the interactions between the
net charges and the m-electrons.”®’ It could be expected that for the desired interaction to
arise, an electron rich aromatic ring would be necessary to bring about the maximum
interaction with an electron deficient unsaturated carbonyl compound. We aimed to delve
deeper into this concept and probe the nature of these non-covalent interactions through

experimental evidence, to provide valuable guidance into catalyst design and architecture.

4.6.1 "Electron Deficient" Aromatic System

Gaining access to catalyst 331 (Figure 90) would create an opportunity for comparisons
between this "electron poor" system and the unsubstituted catalyst 320 in the diastereofacial
discrimination of a,B-unsaturated carbonyl compounds. The aim was to ascertain if
modulation of the electronic nature of the aromatic ring would alter the selectivities observed

during asymmetric catalytic reactions.

H CF5
\/O\n/ N. NH
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The preparation of 331 was achieved congruent to the synthesis of hydrazides 320 and 321.
8-(4-Trifluoromethylphenyl) menthone (332) was prepared by the conjugate addition of
trifluoromethylphenylmagnesium bromide to (R)-(+)-pulegone (302) in the presence of
copper bromide. The crude product was equilibrated to the desired trans-isomer by reaction
with potassium hydroxide in refluxing aqueous ethanol. Purification by column
chromatography afforded 332 diastereomerically pure in 65% yield (Scheme 170).

1. 4-CF,PhMgBr,

CuBr, Et,0, H
20°C, 16h PhCF EtOCONHNH O\H/N‘N
- 3 EtOCONRNR. X Qath3
2. KOH, H,0, "EtOH, AcOH, -
EtOH, A, 3h it, 72h
0,
PtO,, Hy
EtOH, AcOH,
rt, 72h
85%
o__N o__N
\/ \/ ~
NH PhCF, W PhCF;
331a 331b
Scheme 170

Compound 332 was then reacted with ethyl carbazate (284) in a solution of ethanol and acetic
acid to generate, after stirring for 3 days at ambient temperature, hydrazone 333. A 72% yield
of 333 was afforded after purification by column chromatography. Hydrogenation to the
corresponding hydrazine 331 was then performed under analogous conditions to those
employed for the preparation of hydrazines 320 and 321. This produced a mixture of two
diastereoisomers, 331a and 331b. Separation of these isomers was not achieved by column
chromatography on silica gel and the use of medium pressure liquid chromatography (MPLC)
on a silica column afforded no improvement. Preparative chiral HPLC was therefore
employed to enable separation of the diastereomeric products (See Chapter 5, pages 240-241
for details). This provided complete separation to give isomer 331a in 51% yield and
hydrazine 331b in 34% yield. The relative stereochemistry of each diastereoisomer was again
assigned using 'H NMR coupling constants.

Thus, hydrazines 331a and 331b were prepared in 24% and 16% overall yields respectively.

These two "electron deficient” 8-phenyl menthamine derivatives could now be used in our
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catalytic investigations to enable us to observe the effect on the stereochemical outcome of an

aminocatalytic reaction.

4.6.2 '"Electron Rich" Aromatic System

As a direct comparison to "electron poor" catalyst 331, it was deemed necessary to construct a
catalyst containing an "electron rich" aromatic ring. We embarked upon an investigation into

the synthesis of catalyst 334 via an analogous route to that employed in the synthesis of

hydrazine 320 (Scheme 171).
1. 4-MeOPhMgBr,
0 CuBr, Et,0, O H
o -
-20°C, 16h PhOMe [EtOCONHNH, \g’ N H’hOMe
2. KOH, H,0, "EtOH, ACOH,
EtOH, A, 3h rt, 72h
0,
302 69% 70% 336
PtO,, H,
EtOH, ACOH,
it, 72h
59%
o__N 0N
\/ ~ \/ ~
hig NH 1 phoMe | prome
O/O.‘\“ O/@..\\\
334a 334b

Scheme 171

As with the previous routes, a conjugate addition of the Grignard reagent to (R)-(+)-pulegone
(302), followed by equilibration, was carried out to generate 8-aryl menthone 335 in 69%
yield for the two steps. A reductive amination protocol was then employed to form the
desired hydrazine 334. Separation of the two diastereomeric products was achieved by
column chromatography to give isomer 334a in 15% yield and isomer 334b in 14% yield over
the four synthetic steps. Once more we were able to determine the relative stereochemistry of

each product from analysis of the 'H NMR spectra of the two diastereoisomers.

Synthesis of "electron rich"” aromatic systems 334a and 334b, based on the 8-phenyl
menthamine molecular scaffold was therefore achieved. The formation of these catalysts
meant that we could now make comparisons between "electron poor" and "electron rich"
aromatic systems in the diastereofacial discrimination of a,f-unsaturated carbonyl

compounds, which was the main focus of this study.
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4.6.3 Design of a Catalyst With a Larger Aromatic Architecture

D’Angelo carried out conjugate addition reactions in which 8-aryl menthol chiral auxiliaries
were employed to effect diastereofacial discrimination. These investigations showed that
higher selectivities were obtained when utilising a naphthyl-based catalyst compared to the
use of 8-phenyl menthol (304).>® The presence of the larger aromatic architecture was
postulated to lead to better overlap of the double bond of the reagent with the aromatic rings
of the naphthyl-containing chiral auxiliary, providing an enhanced level of stereocontrol. We
therefore decided it was necessary to synthesise an 8-aryl menthamine catalyst that

incorporated a larger aromatic portion.

We thus began an investigation into the synthesis of hydrazine 337, containing a 2-naphthyl
moiety (Figure 91), and assumed that the synthetic route would be very similar to that of
catalyst 320.

337
Figure 91

Formation of 8-(2-naphthyl)menthone (338) was achieved from (R)-(+)-pulegone (302) via a
conjugate addition and equilibration sequence. This afforded menthone 338 in 61% yield
after purification by column chromatography, which was then reacted with ethyl carbazate
(284) to generate hydrazone 339. After column chromatography, hydrazone 339 was added to
a suspension of Adam’s catalyst in acetic acid and ethanol. The flask was charged with
hydrogen and stirred at room temperature for 72 hours. After the reaction was complete we
expected to isolate the desired product 337, but to our surprise, we had in fact synthesised the
tetrahydronaphthyl hydrazine 340 (Scheme 172).
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1. 2-NaphthylMgBr,

lo) CuBr, Etzo n
-20°C, 16h EtOCONHNH2 \H/ N
2. KOH, H;0, EtOH, AcOH, O/é
302 339

EtOH, A, 3h t, 72h
0,
61% 52%
PtO,, Ha
EtOH, AcOH,
rt, 48h
79%
H
EtO.__N.<

Etom/ N. NH

340a 340b
Scheme 172

Therefore, reduction of the naphthyl group to the corresponding tetrahydronaphthyl species
had taken place under the reaction conditions employed. The two diastereoisomers of 340
were separated using column chromatography, which afforded 340a in 51% yield and 340b in
28% yield. Although the synthesis of hydrazines 340a and 340b was serendipitous, these
diastereomeric compounds were still suitable for use as aminocatalysts. We assigned the

relative stereochemistry of each diastereoisomer by the use of '"H NMR data.

We went on to further investigate the reduction of hydrazone 339 in an attempt to obtain the
8-naphthalen-2-yl menthamine 337. Hydrazone 339 was subjected to a variety of reductive
reaction conditions, including the use of palladium on charcoal as the hydrogenation catalyst,

but predominantly starting material was returned after work-up of the reaction mixture.

Further studies into the synthesis of the naphthyl-containing 8-aryl menthamine catalyst 337
were not continued as we had instead set our sights upon the formation of an alternative
structure, an indole-based system, which should allow a comparison into the effect of a larger

aromatic system on the stereochemical outcome of an aminocatalytic transformation.

In summary, we had rather fortuitously obtained hydrazines 340a and 340b, with a
tetrahydronaphthyl unit incorporated into their structure. These two species were obtained in
16% and 5% overall yield respectively. Synthesis of the desired naphthyl containing 8-aryl
menthamine 337 was not achieved from hydrazone 339 by the methods of reduction employed.
Further studies into the preparation of hydrazine 337 were halted as we had focused our

attentions on the synthesis of an aiternative indole-based catalytic structure.
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Face-face n—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. The indole-containing amino acid tryptophan is often observed to
interact via m—m interactions, and this indole subunit was incorporated by Corey into the
structure of his oxazaborolidine catalyst 217, which provided unprecedented levels of

enantioselectivity when employed as a catalyst for Diels-Alder cycloadditions (see Chapier 2,

Section 2.2.1 for furiher details). We therefore sought tc integrate an indcle moiety inio our

aminocatalytic transformations. Thus we began investigations into the synthesis of hydrazine
341 (Figure 92).

Me

‘

N N

O W

"zgura 92

Synthesis of hydrazine 341 was envisaged from 8-(N-methylindol-3yl) menthone (303),

f=1

vhich was generated via the conjugate addition of N-methylindole (174) to (R)-(+)-pulego
(302) under aminocatalytic reaction conditions (see Chapter 3, Section 3.8.1 for more details).
Menthone 303 was reacted with ethyl carbazate (284) in a solution of ethanol and acetic acid

at room temperature for 48 hours. This provided, after purification by column

chromatography, hydrazone 342 in 81% yield. Reduction to the corresponding hydrazine 341
was then attempted under the reaction conditions applied previously for the synthesis of

Me Me
N O.__N N Tl 3
0 | EtOCONHNH, N I BRSNS s i
o EtOH, AcOH, (0] o EtOH. AcOH, Product
rt, 48h rt. 96h
81%

303

9
Scheme 173

Once again, problems were encountered at the hydrogenation step of our synthetic route.

Although we wished to obtain a catalyst containing a larger aromatic architecture, this was not
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necessary for our initial investigations into the nature of face-face n—= interactions. We had
already synthesised "electron rich" hydrazine 334, "electron neutral" catalysts 320 and 321,
"electron deficient" system 331, as well as tetrahydronaphthyl-based catalyst 340. We
therefore decided to move on to examine the use of these hydrazines in aminocatalytic
transformations prior to continuing investigations that should lead to either naphthyl-based
catalyst 337 or indolyl-system 341.

In conclusion, the synthesis of the desired indolyl-based 8-aryl menthamine 341 was not
achieved from hydrazone 342 under hydrogenation reaction conditions using Adam’s
catalyst. Further studies into the preparation of hydrazine 341 were put on hold while we

initiated our aminocatalytic investigations.

4.7  Aminocatalytic Investigations

The synthesis of a family of catalysts that we rationalised could discriminate between the
prochiral faces of oc,B-unsaturated carbonyl compounds was therefore achieved (F igure 93).

H
Ph.__N.
o
,O < ",(5 < ,Ok ,@ <
320a 320b 321a 321b
EtO N EtO N E0__N E0. N
“NH >
':‘ |<=hCF3 YoNH PhCF3 DN phome 1 N | phome
/O /@_.\\\ O/O..\\\ O/@.-\\\
331a 331b 334a 334b
E0__N E0_N
o NS
O/@.“\\ O/©‘..\\
340a 340b
Figure 93

It was desired that our catalysts would be non-substrate specific and could be utilised in
asymmetric carbon-carbon bond forming reactions such as the Diels-Alder, Michael and
Baylis-Hillman reactions. This was postulated to be possible by the exploitation of non-
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covalent, n-stacking effects rather than steric blocking, and the aim was to probe into the
nature of these interactions and their involvement in catalysis by subtle modulation of the
electronics of the aromatic ring incorporated into the structure of each catalyst. It was hoped
that this project would create more awareness of the subtleties involved in asymmetric

catalysis utilising n-stacking effects.

Attainment of the above family of catalysts (Figure 93) allowed us to begin an investigation
into their use in aminocatalytic processes. Although we desired our catalysts to be versatile
with respect to both the type of carbon-carbon bond forming reaction and the choice of a,f-
unsaturated carbonyl substrate, exploiting both of these parameters would create complexity
in the optimisation of reaction conditions and the answering of fundamental questions. We
therefore decided to commence the catalytic investigation by probing just one type of
asymmetric C-C bond forming reaction. Due to the knowledge gained during our previous
investigations into the catalysis of Diels-Alder cycloadditions (see Chapter 2, Section 2.5 &
Chapter 3, Section 3.6), we elected to concentrate our attentions on this reaction, which
should provide an opportunity to test our hypotheses and ascertain any rationale in the nature
of the proposed n—n interactions occurring, without the need to compete with the excellent
Diels-Alder catalysts that already exist.

4.7.1 Analysis of the Diels-Alder Products

In preparation for the commencement of high-throughput catalytic optimisation, we embarked
upon an investigation into a simple, cheap, rapid and versatile method for evaluation of the
selectivity of each Diels-Alder product formed. There are several methods available for the
determination of the enantiomeric excess of both the endo- and exo-isomers of the Diels-
Alder adducts. These methods include direct determination of the ee using 'H NMR
techniqueé in the presence of the chiral shift reagent Eu(hfc)s,'”® or the indirect ee
determination via the formation of diastereomeric acetals, followed by GC analysis.191c But
each of these methods require the use of a stoichiometric amount of either the external chiral
ligand or the chiral reagent, which proves to be expensive. These methods are also
time/labour intensive, requiring aqueous work-ups and purification by column
chromatography (See Chapter 2, Section 2.5.2 for further details on these methods). We
therefore sought an alternative derivatisation method that would provide a simple, cheap and

reliable means for determination of the enantiomeric excess of the Diels-Alder adducts.
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In order to evaluate the accuracy of each method employed for the determination of
enantiopurity, we needed to correlate our results to those achieved in a known literature
example. Thus, a Diels-Alder cycloaddition between cyclopentadiene (66) and E-
cinnamaldehyde (67) was performed utilising (S)-proline methyl ester (273) as the
aminocatalyst, under analogous reaction conditions to those employed by MacMillan (Scheme
174)." From the literature precedent we expected to obtain a 73:27 ratio of exo/endo isomers
(68), with the exo-adduct formed in 48% ee (the 2R isomer predominating).

273
@ + ~_-CHO (10 mol%) 7 CHO 73:27 exolendo
PR™ S MeOH/H,O 48% ee (2R-exo)
rt, 48h Ph
66 67 68
Scheme 174

We began our investigations by reacting adduct 68 with S-(-)-a-methylbenzylamine (343) in
dichloromethane containing 4A molecular sieves. The solution was stirred at ambient
temperature for 4 hours, filtered and reduced in vacuo. This afforded a quantitative yield of
chiral imine 344 (Scheme 175).

H Me
CHO Me CH,Cl, B
7 + - /'\Ph molec;t:l:;I sieves 7 N Ph 4+ isomers
2 Y H]

Ph
68 343 quant. Ph 344
Scheme 175

The formation of these diastereomeric imines 344 from adduct 68 enabled NMR analysis to
be used to determine both the exo/endo ratio as well as the enantiomeric excess resulting from
the Diels-Alder cycloaddition. 'H NMR data, analysing protons H-5 and H-6, showed that
Diels-Alder adduct 68 had been formed with an exo/endo ratio of 71:29. This method showed
an enantiomeric excess for the exo-isomers of 38%. More accurate results were achieved by
analysis of the '>*C NMR data, although long scan experiments with an increased relaxation
time were required. From carbons C-5 and C-6, it was determined that a 74:26 exo/endo ratio

of 68 had resulted with the exo-isomers formed in 45% ee.

An alternative method was also investigated. This involved the reaction of Diels-Alder
adduct 68 with S-(-)-1-amino-2-(methoxymethyl)pyrrolidine (SAMP) (345) under comparable
reaction conditions as those applied to the preparation of chiral imine 344. This provided a
quantitative yield of chiral hydrazone 346 (Scheme 176).
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Scheme 176

The resulting diastereomeric hydrazones 346 were then analysed by NMR. No significant
splitting of peaks was observed in the '"H NMR, and thus >C NMR data was used to ascertain
the stereochemical composition of Diels-Alder adduct 68. Analysis of the imine carbon peak,
as well as atoms C-5 and C-6, showed that adduct 68 had been formed with an exo/endo ratio
of 73:27, with a 45% ee for the exo-isomer. Once again, long scan >C NMR experiments

were required, with the relaxation time increased, to provide accurate results.

Another option for the determination of optical purity was via formation of the corresponding
aminals with (R, R)-1,2-diphenylethylene diamine, followed by *C NMR analysis, as reported
by Alexakis.'® This enabled formation of aminal 347 in quantitative yield from Diels-Alder
adduct 68, by reaction under analogous conditions to those employed for the synthesis of
chiral imine 344 (Scheme 177).

Ph, Ph
H N- NH o
2 2 HN—
; CHO molecular sieves _)‘ i
> isomers
CH,Cl,, 1, 2h, / |'f'| o
Ph quant.
68 Phisz
Scheme 177

The 'H and *C NMR peaks for the diastereomeric products of aminal 347 were not well
separated and thus, determination of the stereochemical outcome of the Diels-Alder reaction
between cyclopentadiene (66) and E-cinnamaldehyde (67) was not possible using this

derivatisation method.

In summary, we had found that reasonably accurate stereochemical data could be obtained
from conversion of adduct 68 into imine 344, by reaction with S-(-)-o-methylbenzylamine
(343), or by derivatisation with SAMP (345) to form hydrazone 346. BC NMR Analysis of
each of these derivatives provided an exo/endo ratio and enantiomeric excess concordant with
the literature values.” Both of these methods involved a simple and rapid derivatisation to

afford the product in quantitative yield without any purification necessary. Unfortunately, the
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NMR machine time required for analysis of these derivatives (344 or 346) was extensive, and
not viable for use with the number of catalytic experiments we wished to perform.

We therefore sought an alternative derivatisation method that would allow analysis of the
Diels-Alder adducts using chiral HPLC. We found that treatment of adduct 68 with a slight
excess of 2,4-dinitrophenylhydrazine in an ethanolic solution provided 2.4-
dinitrophenylhydrazone 348, following the procedure reported recently by members of our
research laboratory (Scheme 178).%%

H H NO,
CHO NH,NHAr -N
/ —_— 7 N + isomers
EtOH, rt, 3h

Ph 86% NO,
68 Ph 348

Scheme 178

Direct analysis of the reaction mixture provided both the exo/endo ratio (73:27) and the
enantiomeric excess (47% ee) for Diels-Alder adduct 348 using chiral HPLC (see Chapter 5,
pages 253-254 and Appendix A7, page 274 for details), thus constituting an efficient, cheap

201

and reliable method for ee determination. This procedure proved to be reproducible and

was practical for use with high throughput catalytic optimisation.

Thus, a simple, cheap, rapid and versatile method for evaluation of the selectivity of the
Diels-Alder adducts 68, by chiral HPLC analysis, had been determined. Hence, an
investigation into the use of our aminocatalysts to promote Diels-Alder cycloadditions could
commence with the ultimate aim of probing into the nature and subtleties involved in the

[frequently inferred, yet little understood, face-face m—mu interactions.

4.7.2 Catalysis — Initial Investigations

Prior to the investigative asymmetric Diels-Alder studies, we first probed into the optimum
catalytic reaction conditions required for our catalysts. Mimicking the conditions reported in
the literature,’ 10 mol% of amine 320a (as its HCI salt) was stirred in methanol/water (19:1)
at 25°C, and one equivalent of E-cinnamaldehyde (67) was added. After stirring for 15
minutes, cyclopentadiene (66) (3 equivalents) was added, and the reaction mixture was stirred
for 48 hours. An aqueous work-up furnished the resulting adduct as dimethyl acetal 272, and
subsequent reaction with trifluoroacetic acid in chloroform/water for two hours at ambient

temperature afforded the corresponding aldehyde 68 (Scheme 179). The crude reaction
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mixture was analysed by '"H NMR to gain a representative diastereomeric ratio, before
reacting with 2,4-dinitrophenylhydrazine. This generated hydrazone 348, which was purified
by column chromatography. The purified material was again analysed by 'H NMR and
weighed for an accurate yield measurement, followed by chiral HPLC analysis to determine

the enantiomeric excess.

Full recovery of the aminocatalyst was achieved after reaction by neutralisation of the
aqueous layer with 2M sodium hydroxide solution, followed by extraction with diethyl ether

and concentration of the combined organic extracts.

320a o
10 mol%) TFA
+ prrXCHO _(10 mol%) Lbk _ >
@ Ph™ ™S MeOHH,0 £ ~14 CHCIyH,0, £~ /.CHO

Ph O~ h Ph
25°C, 48h + isomers "2 + jsomers
66 67 272 68
NH,NHAr
EtOH, rt, 3h
A5 g o
/ H 2
—N
ph N

+ isomers NO,
348
Scheme 179

We initially evaluated the reaction between cyclopentadiene (66) and E-cinnamaldehyde (67),
allowing us to assess the catalytic ability of hydrazide 320a under standard reaction
conditions.” The result of this study is shown below (Zable 13).

Table 13*: Results of the Initial Diels-Alder Cycloaddition Experiment

Entry Catalyst % Yield Exo : Endo’ Exo % ec®
1 None 7 36:64 -
2 NEt; 7 37:63 -
320a 42 66 : 34 27 25)

(a) All reactions were carried out in methanol/water (19:1) at 25°C for 48h with 10 mol% catalyst as a HCI salt.
(b) All exo/endo ratios were obtained from the 'H NMR of the crude reaction mixture. (c) Enantiomeric excess
was determined by chiral HPLC of the product as its 2,4-DNPH derivative.
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In the absence of any catalyst, or in the presence of only the protonic acid co-catalyst, the
reaction proceeded to just 7% completion inside 48 hours with the endo isomer predominating
(entries 1 and 2). Use of the hydrochloride salt of 320a afforded an acceptable yield of Diels-
Alder adduct 68 in 48 hours at 25°C (entry 3). The exo isomer was formed preferentially, in
accord with observations made by MacMillan suggesting that the exo isomer of 68
predominates when iminium ion catalysis is occurring.” This indicated that hydrazide 320a,
and related structures, can be used to promote aminocatalytic transformations, and thus could
provide a viable alternative to the Lewis acid catalysed process which tends to favour the

endo isomer.?!

The exo isomer was formed with a moderate enantiomeric excess of 27%,
with the (2S)-enantiomer as the major product. Although the level of enantioselection
achieved was not competitive with previously established catalytic systems, this result
constituted a solid starting point upon which to build. It was hoped that optimisation of the
reaction conditions would improve this result, and thus provide a basis with which to test our

hypotheses.

Hydrazide 320a, (as a protonic acid salt), therefore provided a moderate level of
enantioselection when employed as a catalyst for a Diels-Alder cycloaddition between
cyclopentadiene (66) and E-cinnamaldehyde (67). With the basic reaction conditions
established and proof that hydrazide 320a could indeed be utilised to promote aminocatalytic

processes, our catalytic investigations could begin.

4.7.3 Investigating Variables — Choice of Solvent

We went on to repeat the catalytic Diels-Alder reaction between E-cinnamaldehyde (67) and
cyclopentadiene (66) in a variety of solvent systems. Four polar protic solvents; methanol,
ethanol, isopropanol and ethylene glycol were studied along with the polar aprotic solvents;
acetonitrile, dimethylformamide (DMF), dimethylsulfoxide (DMSO) and tetrahydrofuran
(THF). In addition, two apolar aprotic solvents; dichloromethane and toluene, were examined
allowing us to monitor the effect that solvent has on both the yield and the selectivity of the
aminocatalysed Diels-Alder reaction. The results of these experiments are tabulated below
(Table 14).
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Table 14™: Results of the Study Into the Use of a Variety of Solvents

Entry Solvent % Yield Exo : Endo® Exo % e€®
1 None 27 58:42 14 (25)
2 MeOH 42 66:34 27 (25)
3 EtOH 32 65 :35 22 (2S)
4 IPA 10 56:44 15 25)
5 HOCH,CH,OH 32 53:47 19 25)
6 CH;CN 58 66 : 34 33 (25)
7 DMF 3 64 :36 -

8 DMSO 6 65:35 -
9 THF 2 57:43 -
10 CH,Cl, 3 60 : 40 -
11 PhCH3; 2 60 : 40 -
12 H,O 4 51:49 -

(a) All reactions were carried out in solvent/water (19:1) at 25°C for 48 hours with 10 mol% catalyst 320a as its
HCl salt. (b) All exo/endo ratios were obtained from the "H NMR of the crude reaction mixture. (c) Enantiomeric
excesses were determined by chiral HPLC of the product as its 2,4-DNPH derivative.

These results clearly showed that solubility issues resulted if the Diels-Alder reaction was
carried out in aqueous solution (enfry 12). An improvement was observed under neat reaction
conditions, although only a low level of enantioselection was observed (entry 1). In each of
the catalytic runs performed in organic solvent, the exo isomer was formed preferentially,
indicating that iminium ion catalysis was prevailing. With the apolar aprotic solvents, low
yields of adduct 68 resulted (entries 10 & 11), and thus evaluation of the enantiomeric excess
was not performed for these catalytic runs, which was also true for the use of the polar aprotic
solvents DMF, DMSO and THF (entries 7, 8 & 9). Improved results were achieved with the
polar protic solvents as well as with acetonitrile. This suggested that a polar solvent is
necessary for effective catalyst turnover, which can be accounted for as a polar solvent
presumably aids stabilisation of the charged iminium ion intermediates that are formed during

the catalytic cycle.

Aminocatalysis of the Diels-Alder reaction between cyclopentadiene (66) and E-
cinnamaldehyde (67) by the hydrochloride salt of 320a afforded adduct 68 in good yield and

moderate enantioselectivity when carried out in an aqueous acetonitrile medium (entry 6). Of
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the polar protic solvents that were evaluated, methanol was found to provide the best result in
terms of both yield and enantioselection (enitry 2).

We decided to continue our investigations using the two solvents that afforded the best
results; namely methanol and acetonitrile (Table 14, entries 2 and 6). Further optimisation of
the solvent system was examined by varying the water content, whilst performing the
cycloaddition reactions under congruent conditions to those applied previously. The results of
this study are outlined below (7able 15).

Table 15% Results of the Study into Solvent/Water Ratio

Entry Solvent % Water % Yield Exo : Endo® Exo % ee’
Content
1 McOH 0 60 65:35 27 25)
2 MeOH 5 2 66 : 34 27 (28)
3 MeOH 10 36 68:32 21 (2S)
4 CH;CN 0 14 61:39 24 (25)
5 CH;CN 1 39 64 :36 21 (25)
6 CH;CN 3 55 64 : 36 23 (28)
7 CH;CN 5 58 66 : 34 33 (25)
8 CH;CN 10 42 65:35 24 (29)

(a) All reactions were carried out at 25°C for 48 hours with 10 mol% catalyst 320a as its HCI salt. (b) All
exolendo ratios were obtained from the 'H NMR of the crude reaction mixture. (c) Enantiomeric excesses were
determined by chiral HPLC of the product as its 2,4-DNPH derivative.

Variation in the water content of the organic reaction medium had little effect on the level of
enantioselection observed in these aminocatalytic Diels-Alder cycloadditions. On further
inspection of these results it was apparent that higher yields were achieved as the water
content of methanol was reduced. This was exemplified by the use of anhydrous methanol
(entry 1), which led to a significantly higher yield of adduct 68 compared to the result
obtained when the reaction was performed in the presence of 5% water (entry 2). In contrast,
the presence of a small amount of water appeared to be necessary for effective catalytic
turnover when acetonitrile was used as the reaction medium. This result can be explained by
the fact that water is necessary for hydrolysis of the iminium ion after reaction to regenerate
the catalyst. Methanol is able to effect this step in the catalytic cycle (forming the dimethyl

acetal), circumventing the need to add water to the solvent system, but acetonitrile cannot
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perform this hydrolysis, hence, the addition of a small amount of water enhances the rate of
catalytic turnover.

Upon consideration of these observations, it was evident that the optimum results, in terms of
both yield and selectivity, were achieved when either acetonitrile containing 5% water, or
anhydrous methanol, were used as the reaction medium. Performing the Diels-Alder
cycloaddition between cyclopentadiene (66) and E-cinnamaldehyde (67) in these solvent
systems provided adduct 68 in good yield, with the exo isomer afforded in up to 33% ee.

Before adopting a standard solvent system with which to perform the remainder of our
catalytic investigations, we first monitored the effect of concentration on the outcome of the
aminocatalytic Diels-Alder cycloaddition. The results of this study are tabulated below
(Table 16).

Table 16”: Results of the Study into Concentration Effects

Entry Solvent Concentration® % Yield Exo : Endo® Exo % ee®
1 MeOH 0.033 60 65:35 27 (25)
2 MeOH 0.1 82 65 : 35 23 (28)
3 CH;CN°® 0.033 58 66 : 34 33 (25)
4 CHsCN® 0.1 77 65 : 35 20 (25)

(a) All reactions were carried out at 25°C for 48 hours with 10 mol% catalyst 320a as its HCI salt. (b)
Concentration of catalyst in moldm™. (c) All exo/endo ratios were obtained from the '"H NMR of the crude
reaction mixture. (d) Enantiomeric excesses were determined by chiral HPLC of the product as its 2,4-DNPH
derivative. (¢) Water (5%) was added to the solvent system.

Considering the results above, it was immediately evident that an increase in concentration
resulted in a higher yield of Diels-Alder adduct 68, however, this was accompanied by a
reduction in the enantioselection. Thus, it was decided that the original concentration (0.033
moldm™) was ideal for these systems. Comparable results, in terms of both yield and
enantioselectivity, were provided by the use of both anhydrous methanol (entry 1) and
acetonitrile/water (19:1) (entry 3) as the reaction medium. We elected to continue our
catalytic studies using acetonitrile/water, since this solvent system allowed for the direct

formation of Diels-Alder adduct 68, eliminating the need to hydrolyse the dimethyl acetal 272
that results from the use of methanol as the solvent.

The results of our investigations (Tables 14, 15 & 16) led us to adopt the use of 0.033 moldm
catalyst in acetonitrile/water (19:1) for the remainder of our catalytic studies. Catalyst 320a,
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when employed as an aminocatalyst in this reactive medium, promoted the Diels-Alder
reaction between cyclopentadiene (66) and E-cinnamaldehyde (67) to furnish a 58% yield of

cycloaddition adduct 68 with 33% enantiomeric excess.

4.7.4 Examination into the Protonic Acid Co-Catalyst

To probe the effect of the selected protonic acid co-catalyst on the yield and selectivity of the
Diels-Alder reaction, a set of experiments were carried out using E-cinnamaldehyde (67) as
the standard dienophile, with cyclopentadiene (66) consistently employed as the diene and
hydrazide 320a as the aminocatalyst. Each reaction was performed at a temperature of 25°C

in an acetonitrile/water (19:1) solvent system (Scheme 180). The results are shown below

(Table 17).
H HCIO,
EtO._ _N. "
D HCI
DR o S ke ;
Ph /O TEA : hCHO
+ isomers
66 67 320a L_oTSA 68
Scheme 180
Table 17" Results of the Study into Use of Various Protonic Acids
Entry Protonic Acid % Yield Exo : Endo® Exo % ec’
1 HCI1O4 74 65:35 26 (28)
2 HCl 58 66 : 34 33 (25
3 pTSA 56 64 :36 35(25)
4 TFA 28 68 : 32 32 (29)

(a) All reactions were carried out in acetonitrile/water (19:1) for 48 hours at 25°C with 10 mol% catalyst 320a.
(b) All exo/endo ratios were obtained from the '"H NMR of the crude reaction mixture. (c) Enantiomeric excesses
were determined by chiral HPLC of the product as its 2,4-DNPH derivative.

These results showed that the rate of reaction was enhanced as the pK, of the protonic acid
was increased. This indicated that iminium ion formation is the rate determining step of the

catalytic cycle, which can be rationalised since a stronger acid should more readily protonate

the carbonyl substrate, thus enabling a more rapid formation of the iminium ion species.

Similar exo/endo ratios were observed with all of the protonic acids employed. The Diels-
Alder reaction proceeded to 74% completion in 48 hours when using perchloric acid (entry 1),

but a lower enantiomeric excess was observed compared to the use of hydrochloric acid (entry
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2). para-Toluenesulfonic acid (pTSA) afforded a result comparable to that achieved with
hydrochloric acid, while trifluoroacetic acid afforded a similar level of selectivity, although a
lower yield of adduct 68 resulted with this protonic acid co-catalyst. Thus, the optimal result
was provided by the use of either hydrochloric acid (entry 2) or para-toluenesulfonic acid
(entry 3), and we opted to continue employing hydrochloric acid for our additional catalytic

investigations.

From the above investigations (Sections 4.7.3 and 4.7.4), we had established that the ideal
external variables for our catalytic runs involved the use of the aminocatalyst (0.033 moldm™)
in a reaction medium of acetonitrile/water (19:1). In addition, hydrochloric acid was selected
as the optimum protonic acid co-catalyst, and thus all further catalytic investigations were

performed under these standard conditions.

4.7.5 Study into the Effect of Temperature on Enantioselectivity

We went on to examine the effect of temperature on the stereochemical outcome of the Diels-
Alder cycloaddition between cyclopentadiene (66) and E-cinnamaldehyde (67) catalysed by
the hydrochloride salt of hydrazide 320a. Each reaction was performed under the standard
conditions, and the results of this study are tabulated below (Zable 18).

Table 18" Results of the Study into the Effect of Temperature

Entry | Temperature °C % Yield Exo : Endo” Exo % e€°
25 58 66 - 34 33(25)
0 28 69 : 31 38 (25)
3 -20 17 70 : 30 44 (28)

(a) All reactions were carried out in acetonitrile/water (19:1) for 48 hours using 10 mol% catalyst 320a as its
HCl salt. (b) All exo/endo ratios were obtained from the 'H NMR of the crude reaction mixture. (c) Enantiomeric
excesses were determined by chiral HPLC of the product as its 2,4-DNPH derivative.

This investigation revealed that the exo/endo ratio remained consistent as the reaction
temperature was lowered. However, the reduced temperatures did compromise the rate of
reaction and thus, lower yields resulted. Notably, an increase in enantioselectivity was
observed at lower temperatures, which led to the formation of Diels-Alder adduct 68 with

44% enantiomeric excess when the reaction was performed at —20°C (entry 3).
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In summary, we had established that the enantioselectivity of the Diels-Alder cycloaddition,
catalysed by hydrazine 320a, could be significantly increased by lowering of the reaction
temperature. In fact, an 11% increase in the enantiomeric excess was observed on lowering

the reaction temperature from 25°C to -20°C.

4.7.6 Investigation into the Catalyst Loading

A prerequisite of any catalytic investigation is the discovery of the optimum catalytic loading.
Expense is a valid consideration in the design of a catalyst and the lower the amount of
catalyst employed, the more cost effective and appealing the process. We embarked upon an
investigation into this matter, and performed Diels-Alder cycloadditions between
cyclopentadiene (66) and E-cinnamaldehyde (67), catalysed by hydrazide 320a as its
hydrochloric acid salt. Each reaction was performed in acetonitrile/water (19:1) for 48 hours
at -20°C. The loading of catalyst 320a was varied as tabulated below (Table 19).

Table 19*: Results of the Study into Catalyst Loading

Entry Loading (mo1%) % Yield Exo : Endo® Exo % ee®
1 20 26 70:30 42 (2S)
2 10 17 70:30 44 (25)
3 5 7 71:29 40 (25)

(a) All reactions were carried out in acetonitrile/water (19:1) at -20°C for 48 hours with catalyst 320a as its HCI
salt. (b) All exo/endo ratios were obtained from the '"H NMR of the crude reaction mixture. (c) Enantiomeric
excesses were determined by chiral HPLC of the product as its 2,4-DNPH derivative.

The results of this study showed that lowering the catalyst loading of 320a from 20 mol% to 5
mol% had no adverse effect on the observed selectivity (entries 1 and 3). In terms of both the
amount of catalyst needed and the observed enantioselectivity, the optimal result was

achieved with a catalyst loading of 10 mol%, which afforded the exo isomer of adduct 68 with
44% ee in 48 hours at -20 °C (entry 2).

From the above investigations (Tables 14 - 19) we were able to establish optimal reaction
conditions for the Diels-Alder reactions catalysed by hydrazide 320a. Use of 10 mol% of
catalyst 320a, as its hydrochloride salt, in the cycloaddition between cyclopentadiene (66)
and E-cinnamaldehyde (67), led to the formation of the predominant exo isomer of adduct 68
with 44% enantiomeric excess, when performed in acetonitrile/water (19:1) at -20°C (Scheme
181).
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320a
_ (10 mol%)
+ o pp - CHO Lb + Lb
@ Ph™ ™S "CHsCNH,0 CHO 2 c'::g
66 67 -20°C, 48h (28)-exo-68 70:30 endo-68
17% 44% ee
Scheme 181

The only variables in the next set of experiments would be the nature of the aminocatalyst.

4.8 Investigation into the Nature of the Carbonyl Substituent

With suitable catalytic reaction conditions discovered, we could now probe into the crux of
our project, namely, the nature of our family of catalysts and their effects on the
stereoselectivity of asymmetric carbon-carbon bond forming reactions. Catalyst 321, derived
from benzoic hydrazide (288), was synthesised as a direct comparison to catalyst 320 with
respect to the nature of the carbonyl group attached to the a-heteroatom (Figure 94).

RIS /Ok /@k X

320a 321a 320b 321b
Figure 94

Ph

The results of our study into the use of catalyst 321, featuring similar electronic properties to
hydrazide 320 but with modified steric properties, to promote the Diels-Alder reaction
between cyclopentadiene (66) and E-cinnamaldehyde (67) are shown below (Table 20).

Table 20°: Results of Experiments Using Catalysts with Modified Steric Properties

Entry Catalyst % Yield Exo : Endo® Exo % ee’
T 320a 17 70 30 44 (25)
2 321a 3 60 : 40 -
3 320b 19 79:21 10 (2R)
4 321b 26 75:25 13 2R)

(a) All reactions were carried out in acetonitrile/water (19:1) at -20°C for 48 hours with 10 mol% catalyst as an
HCl salt. (b) All exo/endo ratios were obtained from the "H NMR of the crude reaction mixture. (c) Enantiomeric
excesses were determined by chiral HPLC of the product as its 2,4-DNPH derivative.

We found that the use of hydrazide 321a, incorporating a benzoic functionality, afforded a
significantly decreased yield of Diels-Alder adduct 68, when compared to the result achieved
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with catalyst 320a. Consequently the stereochemical outcome of this reaction was not
determined (entry 2). The presence of this more bulky phenyl derivative may have sterically

hindered the reactive site of 321a, thus decreasing the rate of reaction.

Utilisation of hydrazide 320b, diastereoisomer of 320a, to catalyse the Diels-Alder
cycloaddition afforded a similar yield and exo/endo ratio of adduct 68, but a considerable
reduction in the enantiomeric excess resulted, coupled with a reversal in the absolute
stereochemistry of the major isomer (entry 3). A comparable result was achieved by
employment of catalyst 321b (entry 4), with a benzoate group in place of the ethoxy-carbonyl
functionality, present in hydrazide 320b.

Thus, the use of benzoic hydrazide derived catalyst 321 to promote the Diels-Alder
cycloaddition afforded no improvement compared to the use of ethyl carbazate derived 320.
However, an important result was achieved with diastereomeric hydrazides 320a and 320b,
which furnished opposite enantioselection to one another in the Diels-Alder reaction between

cyclopentadiene (66) and E-cinnamaldehyde (67).

4.9 Varying the Nature of the Aromatic Ring

The main thrust of this project was to discover if, by modulating the electronic nature of the
aromatic ring incorporated into catalysts 320, 331, 334 and 340 (Figure 95), we could
modulate the strength of the proposed face-face n—n interaction, which we postulated would

occur between the catalyst and the o, -unsaturated reagent upon formation of an iminium ion.

H H
EtO EKJ\”,N\ EtO_N.

H

N.
T NH NH \ﬂ/ NH
OD"\\\kPhCF3 O/@"‘\\kph o/@"‘\\kphOMe

331 320 334

EtO. n
NS
340

Figure 95

In the literature, attempts at the fine tuning of w-attractive interactions within catalysts have

been very limited. In 1988, Evans and co-workers showed that direct replacement of the
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arene portion of the oxazolidinone chiral controller 349 with a cyclohexyl group, led to the
formation of Diels-Alder products with significantly reduced stereoselectivities. This
observation was attributed to the loss of n—m interactions, which were postulated to fix the

geometry of the substrate (Scheme 182).!%

Ety, ,Et @

66 Excellent stereoselectivity
of Diels-Alder product

66 Reduced stereoselectivity
of Diels-Alder product

Scheme 182

In 1997, Jones and Chapman illustrated that ligand substitution of a complexed n°-chromium
carbonyl group, incorporated into the structure of classical chiral auxiliaries, affected the

diastereomeric excess of the Diels-Alder product formed (Scheme 183).7%

LCr(CO)X @
o\’ Dieis-Alder adduct with

88 highest de observed if
X is electron donating

8-Phenyl menthol derived
chiral auxiliary

Et. Et
A W
O O

Diels-Alder adduct with
1 /@k )k — 86 highest de observed if
R
7 N O X is electron donating
Cr({CO),X '

Oxazolidinone derived
chiral auxiliary

Scheme 183
A trend in the adduct diasterecomeric excess was observed that correlated with the electron

donor capacity of the n°-complexed arenes. These results, coupled with similar observations

made by Whitesell®®® and Comins,*! strongly suggested that an electronic effect was
responsible for the increase in stereoselectivity, and that this effect could be modulated by

tuning the n-donor ability of the arene.
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The work carried out on these chiral auxiliaries was indeed informative, yet direct modulation
of the electronics of the arene portion of a catalyst remained to be investigated. Indeed, a
catalytic system is far more sensitive to changes in the electronic environment and fine-tuning
is often very difficult. It was hoped that our comparisons in the next set of experiments would

contribute to the pool of information regarding modulation of n-attractive interactions.

49.1 Comparison of the Aminocatalytic Family

We embarked upon an investigation into the effect of each catalyst (c.f. Figure 95),
containing slightly altered electronic properties, upon the enantioselectivities of the Diels-
Alder product. The first set of experiments were carried out using the hydrazine catalysts

with a cis relationship between the amino and aromatic cyclohexyl substituents (Figure 96).

H
EtO__N.\ Ar=p-CFsPh 331a
hil s |<\r Ph 320a
o e p-OMePh 334a
Hs-Naph 340a
Figure 96

The results of these experiments are tabulated below (7able 21).

Table 21®: Results of Experiments Using Catalysts with Modified Electronics

Entry Catalyst % Yield Exo : Endo® Exo % ee°
1 331a 17 75:25 40 (25)
2 320a 17 70 : 30 44 (28)
3 334a 16 66 : 34 47 (285)
4 340a 14 68 : 32 47 (25)

(a) All reactions were carried out in acetonitrile/water (19:1) at -20°C for 48 hours with 10 mol% catalyst as an
HCl salt. (b) All exo/endo ratios were obtained from the '"H NMR of the crude reaction mixture. (c) Enantiomeric
excesses were determined by chiral HPLC of the product as its 2,4-DNPH derivative.

Surprisingly, analogous results were achieved with each of the aminocatalysts in terms of
yield, exo/endo ratio and enantiomeric excess. In addition, the exo-(2S) isomer was formed
preferentially with all four hydrazides. Therefore, modifications to the electronic nature of
hydrazide 320a had no effect on the stereochemical outcome of the Diels-Alder cycloaddition

between cyclopentadiene (66) and E-cinnamaldehyde (67). This suggested that the observed

195



Chapter 4 — Results and Discussion Futoe L Canilt~ PH D Thesis 2004

enantioselectivity was a result of steric, rather than electronic, factors for this family of

hydrazides with a cis relationship between the amino and aromatic cyclohexyl substituents.

In summary, this study suggested that the observed facial selectivity of the Diels-Alder
cycloadditions, catalysed by our family of hydrazides with a cis relationship between the
amino and aromatic cyclohexyl substituents, was a result of steric factors. Subtle
modifications to the electronics of the aromatic ring incorporated into the structure of the
catalysts had no effect on the stereochemical outcome of the cycloadditions, suggesting that

the proposed 7—r interactions are not in fact transpiring.

The next logical step was to repeat the set of catalytic Diels-Alder reactions using the family
of hydrazides with a trans relationship between the amino and aromatic cyclohexyl
substituents (Figure 97).

EtO Ar = p-CF,Ph 331b

N
W NH Qr Ph 320b
o p-OMePh 334b
Hs-Naph 340b
Figure 97

The results of this catalytic study are shown below (7able 22).

Table 22%: Results of Experiments Using Catalysts with Modified Electronics

Entry Catalyst % Yield Exo : Endo® Exo % ec®
1 331b 21 74 :36 7 (2R)
2 320b 19 79:21 10 (2R)
3 334b 25 65:35 21 (2R)
4 340b 24 . 63:37 39 (2R)

(a) All reaétions were carried out in acetonitrile/water (19:1) at -20°C for 48 hours with 10 mol% catalyst as an
HCl salt. (b) All exo/endo ratios were obtained from the 'H NMR of the crude reaction mixture. (c) Enantiomeric
excesses were determined by chiral HPLC of the product as its 2,4-DNPH derivative.

The outcome of this experiment was pleasantly surprising. Each of the hydrazides employed
afforded a similar yield and exo/endo ratio of Diels-Alder adduct 68. Importantly, a
significant increase in enantioselectivity was observed with the use of the "electron rich"
hydrazide 334b (21% ee, entry 3), compared to "electron neutral" 320b (10% ee, entry 2) and
"electron deficient" 331b (7% ee, entry 1). Thus, as the electron density of the aromatic ring
incorporated into the catalyst structure was increased, the Diels-Alder adduct was formed with
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higher enantiomeric excess, suggesting that the observed enantioselection was due to
electronic, rather than steric, factors for this family of hydrazides with a trans relationship
between the amino and aromatic cyclohexyl derivatives. The exo-(2R) isomer was formed
preferentially with each of these "trans"-hydrazides, in contrast to use of the "cis"-catalysts,

which provided the exo-(2S) isomer in predominance (see Table 21).

Furthermore, hydrazide 340b, incorporating a tetrahydronaphthyl substituent, afforded a
marked increase in the observed enantioselectivity of adduct 68 (entry 4), compared to
"electron rich" catalyst 334b. Presumably, the presence of this larger substituent further aids
in the shielding of one face of the dienophile, inducing an increased facial selectivity in the

ensuing Diels-Alder cycloaddition with E-cinnamaldehyde (67).

In summary, upon consideration of our catalytic experiments (Table 22), there appeared to be
a definite correlation between the electronic density of the aromatic ring incorporated into
the catalyst, and the enantiomeric excess of the Diels-Alder adduct 68 formed. Although the
observed enantioselectivities in these Diels-Alder experiments were not comparable with
contemporary methods, we were encouraged by these results. It appeared that our
postulations concerning the effect of face-face n—rn interactions on the stereoselectivity of
asymmetric reactions were accurate, since modulating the extent of this phenomenon led to

various degrees of asymmetric induction in the catalysis of the Diels-Alder reaction.

4.9.2 Proposed Iminium Ion Intermediate

During the cycloaddition between cyclopentadiene (66) and FE-cinnamaldehyde (67),
catalysed by "electron rich" hydrazide 334b as its hydrochloride salt, the exo-(2R) isomer was
formed preferentially. Consideration of the absolute configuration of the major isomer
formed enabled the postulation of a working model to explain the observed enantioselectivity.
Thus, to form an excess of exo-(2R) adduct 68, cyclopentadiene (66) must have preferentially
reacted with the re-face of the a,-unsaturated carbonyl component (Figure 98).

P\ M _H CHO
B - G A7

Ph
Addition of 66 to re Addition of 66 to re (2R)-exo enantiomer
face of 67 in s-trans face of 67 in s-cis formed
conformation conformation
Figure 98
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We propose that upon iminium ion formation of hydrazide 334b with E-cinnamaldehyde (67),
the preferred conformation of the complex (350) will be that shown below (Figure 99), which
is consistent with the asymmetric induction observed in our Diels-Alder experiments. In this
conformation the n-system of the iminium species sits directly over the face of the aromatic
ring, thus blocking one diastereoface from the approach of a reagent. Although there are
other conformations that this complex can adopt, it is believed that our system will behave in
a similar fashion to 8-phenyl menthol acrylates, with the two unsaturated systems lying
parallel to each other as shown. Thus, the si-face of the a,B-unsaturated species should be
shielded by the aromatic ring, leading to the facial selectivity observed in the reactions of

these iminium ions.
R
H %am/

~ | R = NHCO,Et
™
Ph

OMe
350

Figure 99

This model is consistent with our original proposal that n-stacking could occur between the
o,B-unsaturated component and the aromatic ring incorporated into the structure of the
catalyst. This would also reinforce our catalytic results, in which a difference in the
stereoselectivity of the Diels-Alder reaction was observed by modulation of the electronics of
the catalysts’ aromatic ring, achieved by utilisation of the "electron rich" aromatic 334b and

the "electron deficient" aromatic 331b.

The fact that the enantiomeric excess of the Diels-Alder product was relatively low, however,
suggests that other iminium ion intermediates also exist, and elimination of this problem
needs careful consideration. It is also of great importance to appreciate that the
thermodynamically favoured ground state geometry of a complex may not be the same as the
reactive geometry (c.f. the Curtin-Hammett principal).2%

With the "cis"-substituted catalysts (e.g. 320a), the situation is a little more complex in that it
is apparent that altering the nature of the aromatic functionality does not appear to have any
direct influence on the enantioselectivities observed in the Diels-Alder cycloaddition. One
possible explanation is that the proposed face-face m—m interaction is occurring between the

electron-withdrawing group attached to the a-heteroatom and the aromatic ring. This
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interaction would be consistent throughout the family of catalysts (320a, 331a, 334a and
340a) as they all contain the same substituent and the differing aromatic ring as shown in
Figure 100. This possibility would require further investigation into the nature of the electron
withdrawing group, which unfortunately was beyond the scope of this investigation.

th%:{#E\\// Ar

351
Figure 100

4.10 Conclusions

During the course of this project we have established that the a-effect is a suitable platform
for the acceleration of aminocatalytic transformations. An appropriate molecular scaffold was
determined to enable efficient catalytic turnover, and the synthesis of a family of chiral

aminocatalysts, based on 8-phenyl menthamine, was accomplished (Figure 101).

EtO Ar = p-CFsPh 331b

N.

W NH Qr Ph 320b

o M .« p-OMePh 334b
Hs-Naph 340b

Figure 101

Although competitive facial selectivities were not observed in the aminocatalytic Diels-Alder
reactions promoted by our family of catalysts, our investigations into the modulation of face-
face n—n interactions have been both informative and relevant. We showed that the electronic
density of the n-donating moiety had a direct bearing on the strength of the n—n interactions
with the m-accepting substrate, which hence affected the enantioselectivity of the asymmetric
carbon-carbon bond forming reaction. As stated by Hunter, “the magnitude of a non-covalent
interaction is the sum of m-electron repulsions (interaction between the net charges on the
atoms) and the interactions between the net charges and the m-electrons”**’ Thus, according
to this postulation, an electron rich aromatic ring should be necessary to bring about the
maximum interaction with an electron deficient o,B-unsaturated carbonyl compound. Our

experimental observations reinforced this postulation.

199



Chapter 4 — Results and Discussion Glulie oLl Covitl— FHD, Thesis 2008

In conclusion, the results of our catalytic investigations were both encouraging and
informative. Within this project we have probed into the nature of attractive face-face n—rn
interactions, and have displayed how subtle modifications to the electronic nature of the

catalyst can affect the selectivity of catalytic asymmetric reactions.

4.11 Future Investigations

Our investigations into the use of our family of 8-phenyl menthamine aminocatalysts (see
Figure 101) indicated that the enantioselectivity observed in the Diels-Alder cycloadditions
was a result of electronic, rather than steric, factors. Based on our experimental observations,
one could expect the naphthyl or indolyl-based catalysts, 337b or 341b, to further enhance
this enantioselectivity (Figure 102).

o ',[} H NIMe
SONTNH \/O\IrN‘NH I
337b 341b
Figure 102

Thus, further studies could provide an aminocatalyst capable of inducing high levels of
enantioselectivity when employed to promote Diels-Alder cycloadditions. Moreover, this
family of aminocatalysts could be used to promote other reactions involving a,B-unsaturated
carbonyl compounds. For example, minor modifications to the catalyst structure could
provide a novel asymmetric aminocatalyst for the Michael reaction (Figure 103). It is well
established that quaternary amines catalyse the conjugate addition reaction.”?? It has been
shown that tetra-alkylammonium hydroxide compounds catalyse the addition of malonates to
both cyclic and acyclic enones through ion pair control.”®® It is proposed that iminium ion
formatioh, between the catalyst and the enone substrate, precedes deprotonation of the
malonate by the quaternary tetra-alkylammonium hydroxide substituent and results in the
nucleophile being delivered preferentially to one face of the substrate.

N N
~N< €3
EtO,C NH

2 : : “\l<©/\eOH

352
Figure 103
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Hydrazide 352 is a candidate for the catalysis of the asymmetric Michael reaction, the
synthesis of which can easily be envisaged from the chemistry already developed, by simple
modification of the aryl group in the initial conjugate addition reaction, and conversion to the
quaternary ammonium salt using methods previously described.”*® This should quickly
provide access to the desired structure 352, containing the secondary amine, with an a-
heteroatom, that should readily form the corresponding iminium ion with prochiral cyclic and
acyclic a,B-unsaturated carbonyl compounds. This should allow for the deprotonation of a
malonate substrate, whose delivery will be dictated by the catalyst structure, due to affinity of
the malonate anion to the quaternary ammonium salt incorporated into the catalyst structure.

Hydrazide 352 could therefore represent the first acyclic catalyst for the iminium ion
accelerated asymmetric Michael reaction, and thus reinforce the concepts incorporated into

our catalytic design.
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5.1  Experimental Techniques

Reagents were obtained from Aldrich, Lancaster and Fluka chemical suppliers. Solvents and
reagents were purified according to the procedures of Perrin, Armarego and Perrin.”*
Dichloromethane was dried by refluxing over, and distilling from calcium hydride. Methanol
was dried by refluxing over magnesium, followed by distillation. Tetrahydrofuran was
obtained dry by distillation from sodium benzophenone ketyl under nitrogen. Acetonitrile
was dried by refluxing over, and distilling from calcium hydride. Benzene and toluene were
dried over sodium wire for 24 hours prior to use. Triethylamine was distilled from calcium
hydride and dried over potassium hydroxide. Anhydrous ethyl acetate was obtained by pre-
drying with anhydrous magnesium sulfate and anhydrous diethyl ether was obtained by
distillation from sodium benzophenone ketyl. The isopropanol, hexanes and acetonitrile used
for HPLC analysis were of analytical grade and >99% purity. The water used for HPLC
analysis was deionised and distilled prior to use. Light petroleum refers to petroleum ether
40-60°C; ether refers to diethyl ether; THF is tetrahydrofuran.

All reactions using air/moisture sensitive reagents were performed in oven-dried or flame-
dried apparatus, under a nitrogen atmosphere. Catalytic runs were performed using a

Radley’s carousel,??

which consists of twelve test tubes with suba-seals and nitrogen inlets, a
stirrer plate and a bath for cooling. The cryostat used for low temperature reactions was a
HAAKE EK90 immersion cooler. All reactions were followed and monitored by TLC, 'H

NMR, >C NMR and mass spectrometry as appropriate.

TLC analysis refers to analytical thin layer chromatography, using aluminium-backed plates
coated with Merck Kieselgel 60 GF,s4. Product spots were viewed either by the quenching of

UV fluorescence, or by staining with a solution of 2% aqueous potassium permanganate.

Flash chromatography refers to column chromatography using head pressure by means of
compressed air according to the procedure of Still,* using Merck Kieselgel 60 H silica or
Matrix silica 60.

Melting points were recorded using a Kofler Heated Stage Micro Melting Point Apparatus
and are uncorrected. The abbreviation dec. is used for compounds that decomposed above the

temperature specified.
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The optical rotation, [a]p, of chiral non-racemic compounds, was analysed using an Optical
Activity AA-1000 polarimeter at room temperature, using the sodium D line.

Infra-red spectra were recorded in the range 4000-600 cm™ using a Perkin-Elmer 1600 series
FTIR instrument either as a thin film or as a nujol mull between sodium chloride plates. All

absorptions are quoted in cm™.

'H NMR spectra (3y) were recorded in deuteriochloroform (unless otherwise stated) using a
Bruker DPX 400 instrument (400 MHz), with *C NMR spectra (8c) recorded at 100 MHz.
Chemical shifts (84 and d¢c) were recorded in parts per million (ppm) from tetramethylsilane
(or chloroform) and are corrected to 0.00 (TMS) and 7.27 (CHCl;) for '"H NMR and 77.30
(CHCl3), centre line, for 3C NMR. The abbreviations s, d, t, @ m and br, denote singlet,

doublet, triplet, quartet, muliplet and broadened resonances, respectively; all coupling
constants were recorded in hertz (Hz).

Low resolution mass spectrometric data was determined using a Fisons VG Platform I
Quadrapole instrument using electrospray ionisation (APcI) unless otherwise stated. APcl
refers to atmospheric pressure chemical ionisation; CI is chemical ionisation (ammonia); EI

refers to electron ionisation.

High resolution mass-spectrometric data was obtained courtesy of the EPSRC Mass
Spectrometry Service at the University of Wales, Swansea, UK, using the ionisation methods

specified. Calculated accurate masses are of the parent ion (exclusive of an electron, mass =
0.00055Da).

High pressure liquid chromatography (HPLC) was performed using a Hewlett Packard 1100

series chromatographic pump and injector. Detection was via a selective wavelength UV

detector.
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5.2 General Procedures

(a) Lewis Acid Catalysed Diels-Alder Cycloaddition'’>>*"

The ligand (10 mol%) was dissolved in dichloromethane (20 mL/mmol ligand) under an inert
atmosphere. The Lewis acid (10 mol%) was added and the solution cooled to 0°C (immersion
cooler), and stirring was continued at this temperature for 1 hour. The o,B-unsaturated
aldehyde (1 equiv.) was added and the solution cooled to —78°C. After stirring at this
temperature for 30 minutes the diene (5 equiv.) was added. The reaction mixture was stirred
for 24/48 hours before addition of ethanol (1 mL). The reaction mixture was allowed to warm
slowly to room temperature, water was added and the mixture was extracted with diethyl
ether. The aqueous layer was further extracted with diethyl ether (x2), and the ethereal
extracts were combined, washed with brine, dried (MgSQOy), and evaporated in vacuo to afford
the crude product.

(b) Iminium Ion Catalysed Diels-Alder Cycloaddition’

The catalyst (10 mol%) was dissolved in the relevant solvent system (~30 mL/mmol catalyst).
The acid co-catalyst (10 mol%) was added and stirring was continued for 10 minutes before
addition of the o,B-unsaturated aldehyde (1 equiv.). After stirring for 15 minutes the solution
was taken to the relevant reaction temperature and cyclopentadiene (3 equiv.) was added. The
reaction mixture was stirred for 24/48 hours before addition of water and extraction with
diethyl ether. The aqueous layer was further extracted with diethyl ether (x2), and the
ethereal extracts were combined, washed with brine, dried (MgSO,), and concentrated to
afford the crude product.

The salt of the catalyst was pre-formed if hydrochloric acid was used as the acid co-catalyst;
the catalyst was dissolved in diethyl ether, 2.0M ethereal hydrogen chloride (3 equiv.) was
added and the solution was evaporated in vacuo to afford the catalyst as its hydrochloride salt.

(c) Hydrolysis of the Dimethyl-Acetal Diels-Alder Adduct’

The dimethyl-acetal Diels-Alder adduct was dissolved in chloroform (2 mL/mmol). Water (1
mL/mmol) and trifluoroacetic acid (1 mL/mmol) were added and the solution was stirred at
room temperature for 4 hours. The reaction mixture was neutralised with saturated sodium

bicarbonate solution and extracted with diethyl ether. The aqueous layer was further
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extracted with diethyl ether (x2), and the ethereal extracts were combined, washed with brine,
dried (MgS0ys), and evaporated in vacuo to afford the crude product.

(d) 2,4-Dinitrophenylhydrazine Derivatisation Of The Diels-Alder Adduct™’

The Diels-Alder adduct was dissolved in ethanol (2 mL/mmol), and 24-
dinitrophenylhydrazine (1.2 equiv.) was added. The reaction mixture was stirred for 2 hours
at room temperature. Water was added and the mixture was extracted with diethyl ether. The
aqueous layer was further extracted with diethyl ether (x2), and the ethereal extracts were

combined, washed with brine, dried (MgSQ,), and evaporated in vacuo to afford the crude
product.
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5.3 Experimental Procedures

1-(Toluene-4-sulfonyl)-1H-indole-3-carboxaldehyde 223'%

222 223 CH,

A mixture of indole-3-carboxaldehyde (222) (10.04g, 68.9 mmol) and toluene-4-sulfonyl
chloride (19.72g, 103.3 mmol) in freshly distilled triethylamine (150 mL) was heated to 90-
95°C for two hours. After cooling to ambient temperature, the reaction mixture was poured
into ice-cold water, stored at +4°C for one hour, and filtered. The insoluble product was
washed with water and air-dried. The crude product was dissolved in dichloromethane,
filtered through a plug of silica and the filtrate was concentrated to afford the title compound
223 (16.54g, 80%) as a pale yellow powder; mp 147-149°C [lit."* mp 148-150°C]; Found
300.0697 MH' C;6H;3NO;S requires 300.0689); Vimax (nujol)/cm™ 1664 (CHO), 1538, 1188,
1174, 970, 760, 660; &y (400 MHz, CDCl3) 9.99 (1H, s, CHO), 8.16 (1H, d, J 7.7 Hz, ArH),
8.15 (1H, s, H-2), 7.86 (1H, d, J 7.7 Hz, ArH), 7.76 (2H, d, J 8.4 Hz, H-3"), 7.28 (2H, m, H-5,
H-6), 7.18 (2H, d, J 8.4 Hz, H-2"), 2.25 (3H, s, ArCHj3); 8¢ (100 MHz, CDCl;) 187.6 (CHO),
148.3 (C), 138.5 (CH), 138.5 (C), 137.3 (C), 136.4 (C), 132.5 (CH), 129.4 (CH), 128.4 (CH),
127.2 (CH), 124.7 (CH), 124.4 (C), 115.4 (CH), 23.8 (CH;); m/z (APcl) 300.3 (MH", 100%),
78.9 (12); data consistent with the literature precedent.

[1-(Toluene-4-sulfonyl)-1 H-indol-3-yljmethanol 224

H OH
{ — O
N N
1"s Ts
223 224
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1-(Toluene-4-sulfonyl)- 1 H-indole-3-carboxaldehyde (223) (2.50g, 8.4 mmol) was stirred in
methanol (85 mL) and cooled to 0°C. Sodium borohydride (1.35g, 8.4 mmol) was added
under an inert atmosphere. Stirring was continued at 0°C until starting material was no longer
detected by TLC. After this time (1 hour) HCI (2M, 38 mL) was added cautiously, and the
solution was extracted with ethyl acetate (4 x 25 mL). The combined organic extracts were
washed with brine, dried (MgSO4) and reduced in vacuo to give the title compound 224
(2.51g, quant.) as a colourless powder; mp 109-110°C [lit.**® mp 105-107°C]; Found
301.0762 (M" Ci6H1sNOsS requires 301.0767); vmax (nujol)/cm™ 3378 (OH), 1595, 1495,
1363, 1134, 1019, 817, 750; &y (400 MHz, CDCl3) 7.92 (1H, d, J 7.7 Hz, ArH), 7.71 2H, d,J
8.3 Hz, H-3"), 7.54 (1H, d, J 7.7 Hz, ArH), 7.48 (1H, s, H-2"), 7.27 (1H, dd, J 7.7, 7.7 Hz,
ArH), 7.19 (1H, dd, J 7.7, 7.7 Hz, ArH), 7.15 (2H, d, J 8.3 Hz, H-2"), 4.75 (2H, s, CH,OH),
2.27 (3H, s, ArCH;); 8¢ (100 MHz, CDCl;) 145.5 (C), 135.8 (C), 135.5 (C), 130.3 (CH),
129.9 (C), 127.2 (CH), 125.4 (CH), 124.2 (CH), 123.7 (CH), 122.8 (C), 120.3 (CH), 114.1
(CH), 57.5 (CHy), 22.0 (CH3); m/z (EI) 301.1 (M', 30%), 129.1 (20), 118.1 (35), 91.1 (100),
65.1 (45); data consistent with the literature precedent.

3-Bromomethyl-1-(toluene-4-sulfonyl)-1 H-indole 225

OH Br
o . OF

\ N
Ts Ts
224 225

[1-(Toluene-4-sulfonyl)-1H-indol-3-ylJmethanol (224) (2.51g, 8.3 mmol) was stirred in
dichloromethane (80 mL) and phosphorous tribromide (0.95 mL, 10.0 mmol) was added
dropwise. Stirring was continued for 1 hour at ambient temperature, water (100 mL) was
added and the mixture was extracted with diethyl ether (2 x 50 mL). The extracts were
washed with brine, dried (MgSO4) and concentrated to give the title compound 225 (2.84g,
94%) as a colourless powder; mp 142-143°C [1it.>” mp 143-145°C] 8y (400 MHz, CDCls)
7.96(1H, d, J 7.7 Hz, ArH), 7.77 2H, d, J 8.3 Hz, H-3"), 7.64 (1H, s, H-2), 7.64 (1H, d, J 7.7
Hz, ArH), 7.32 (2H, m, H-5, H-6), 7.28 (2H, d, J 8.3 Hz, H-2"), 4.52 (2H, s, ArCH,Br), 2.25
(3H, s, ArCHs); 8¢ (100 MHz, CDCl;) 145.7 (C), 135.7 (C), 135.4 (C), 130.5 (CH), 129.5 (C),
127.3 (CH), 125.7 (CH), 125.4 (CH), 123.9 (CH), 120.3 (CH), 119.3 (C), 114.1 (CH), 24.2
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(CHy), 22.0 (CH3); m/z (APcI) 284.3 (M™"-Br°, 100%), 117.2 (44), 107.1 (45); data consistent
with the literature precedent.

Triphenyl[1-(toluene-4-sulfonyl)-1 H-indol-3-ylmethyl]phosphonium bromide 226

® O
Br PPh;Br
o8 . Of

N \
Ts Ts
225 226

3-Bromomethyl-1-(toluene-4-sulfonyl)-1H-indole (225) (2.70g, 7.4 mmol), was stirred in
benzene (125 mL) and triphenylphosphine (1.95g, 7.4 mmol) was added. The reaction
mixture was stirred at reflux temperature under an inert atmosphere for 24 hours and filtered
to afford the title compound 226 (2.90g, 72%) as a colourless powder; mp 210°C (dec.);
Found 546.1656 (M*"-Br" C34H20BrNO,PS requires 546.1651); Vinax (nujol)/cm'l 1587, 1487,
1437 (P-Ar), 1376, 1175, 819, 758, 745, 670; 3y (400 MHz, CDCl;) 7.83 (1H, d, J 7.6 Hz,
ArH), 7.72 (8H, m, ArH), 7.55 (7H, m, ArH), 7.38 (3H, m, ArH), 7.13 (3H, m, ArH), 6.95
(1H, d, J 7.6 Hz, ArH), 6.85 (1H, dd, J 7.6, 7.6 Hz, ArH), 5.54 (2H, s, ArCH>), 2.27 (3H, s,
ArCHs); 8¢ (100 MHz, CDCl5) 144.5 (C), 134.3 (CH), 133.6 (C), 133.5 (CH), 133.4 (C),
129.5 (CH), 129.4 (CH), 129.2 (C), 127.6 (CH), 126.1 (CH), 124.4 (CH), 122.8 (CH), 118.8
(CH), 117.4 (C), 116.5 (C), 112.6 (CH), 22.6 (CHy), 20.8 (CHs); m/z (APcI) 546.6 (M""-Br",
100%), 59.0 (8).

(Z)- and (E)-1,2-Bis[1-(toluene-4-sulfonyl)-1 H-indol-3-yl]ethene 227 and 228

® 0O o Is
PPh,Br H I N
N I
i N
Ts + /N

226 223s Ts Z=227
E =228

Triphenyl[ 1-(toluene-4-sulfonyl)-1H-indol-3-ylmethylJphosphonium bromide (226) (2.38g,
4.3 mmol) was dissolved in tetrahydrofuran (50 mL) and the solution was cooled to 0°C. n-
Butyllithium (2.5M, 1.72 mL, 4.3 mmol) was added dropwise, and this solution was added via
a canula to a solution of 1-(toluene-4-sulfonyl)-1H-indole-3-carboxaldehyde (223) (1.29¢g, 4.3
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mmol) in tetrahydrofuran (50 mL) at 0°C with stirring. The solution was warmed to ambient
temperature and stirring was continued for 24 hours. The reaction mixture was quenched by
the addition of saturated ammonium chloride solution (50 mL) and extracted with diethyl
ether (2 x 50 mL). The combined organic extracts were washed with brine, dried (MgSOs)
and reduced in vacuo to give a yellow oil. Purification by flash chromatography on silica,
eluting with diethyl ether/light petroleum (30:70), afforded the cis-alkene 227 (0.48g, 20%) as
a colourless powder and the trans-alkene 228 (0.34g, 14%) as a yellow powder.

(Z)-Alkene 227; mp 139-143°C; Found 567.1408 (MH' C3,HagN,04S, requires 567.1407);
Vmax (nujol)/em™ 1594 (C=C), 1556, 1492, 1387, 1170, 814, 732; 8y (400 MHz, CDCl;) 7.91
(2H, d, J 7.8 Hz, AtH), 7.57 (4H, d, J 8.3 Hz, H-3"), 7.41 (2H, s, H-2"), 7.30 (2H, d, J 7.8 Hz,
ArH), 7.25 (2H, dd, J 7.8, 7.8 Hz, ArH), 7.15 (4H, d, J 8.3 Hz, H-2"), 7.05 (2H, dd, J 7.8, 7.8
Hz, ArH), 6.64 (2H, s, C=CH), 2.27 (6H, s, ArCHs); 8¢ (100 MHz, CDCls) 145.5 (C), 135.3
(C), 135.0 (C), 130.5 (CH), 130.0 (C), 127.2 (CH), 125.3 (CH), 124.6 (CH), 123.7 (CH),
121.3 (CH), 120.4 (CH), 119.3 (C), 114.1 (CH), 22.0 (CH;); m/z (APcI) 567.4 (MH", 100%),
566.6 (43), 117.2 (22), 65.1 (45), 59.0 (78).

(E)-Alkene 228; mp 220°C (dec.); Found 567.1407 (M}F C32Ha6N204S; requires 567.1407);
vmax (nujol)/em™ 1596 (C=C), 1555, 1493, 1365, 1171, 976, 810, 746; &y (400 MHz, CDCl;)
795 2H, d, J 7.6 Hz, ArH), 7.75 (2H, d, J 7.6 Hz, ArH), 7.71 (4H, d, J 8.3 Hz, H-3"), 7.65
(2H, s, H-2"), 7.26 (4H, m, H-5', H-6"), 7.14 (2H, s, C=CH), 7.13 (4H, d, J 8.3 Hz, H-2"), 2.25
(6H, s, ArCH3); d¢ (100 MHz, CDCl;3) 145.5 (C), 136.0 (C), 135.4 (C), 130.5 (CH), 130.4
(CH), 129.4 (C), 127.3 (CH), 127.2 (CH), 125.5 (CH), 124.1 (CH), 121.3 (C), 120.7 (CH),

114.3 (CH), 22.0 (CH;); m/z (APcI) 567.4 (MH", 100%), 300.3 (76), 284.3 (23), 107.0 (24),
59.1 (58).

(F)-1,2-Bis[1-(toluene-4-sulfonyl)-1 H-indol-3-yl]ethene 228

,Ts
CHO 'N
Qs
N |
|
Ts ,N
223 Ts 228
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Titanium tetrachloride (5.13 mL, 46.5 mmol) was added slowly at —10°C to a stirred
suspension of zinc powder (7.19g, 109.8 mmol) in dry tetrahydrofuran (100 mL) under an
inert atmosphere. A solution of 1-(toluene-4-sulfonyl)-1H-indole-3-carboxaldehyde (223)
(5.00g, 16.7 mmol) in dry tetrahydrofuran (200 mL) was added dropwise at reflux
temperature and stirring was continued for five hours. The reaction mixture was cooled to
ambient temperature with stirring, and quenched by cautious addition of saturated sodium
bicarbonate solution (300 mL). The solution was filtered through celite® and the filtrate was
added to a separating funnel with diethyl ether (50 mL). The organic layer was collected and
the aqueous layer was further extracted with diethyl ether (2 x 50 mL). The combined
ethereal extracts were washed with brine, dried (MgSO4) and reduced in vacuo. Purification
by flash chromatography on silica, eluting with dichloromethane/light petroleum (60:40),
afforded the title compound 228 (1.74g, 38%) as a pale yellow powder; characterisation as
before.

1-(Toluene-4-sulfonyl)-3-vinyl-1H-indole 229

N )
Ts Ts
223 229

Methyltriphenylphosphonium bromide (6.68g, 18.7 mmol) was stirred in tetrahydrofuran (100
mL) under an inert atmosphere. The solution was cooled to 0°C and n-butyllithium (2.5M, 9
mL, 22.5 mmol) was added dropwise. This solution was added via a canula to a solution of 1-
(toluene-4-sulfonyl)-1H-indole-3-carboxaldehyde  (223) (4.00g, 134 mmol) in
tetrahydrofuran (75 mL) at 0°C with stirring. The reaction mixture was warmed to ambient
temperature and stirring was continued for 24 hours. Water (75 mL) was added and the
aqueous layer was extracted with diethyl ether (2 x 50 mL). The combined ethereal extracts
were washed with brine, dried (MgSO4) and reduced in vacuo. Purification by flash
chromatography on silica, eluting with diethyl ether/light petroleum (20:80), afforded the title
compound 229 (2.37g, 60%) as a colourless powder; mp 97-99°C [1it.**® mp 84-86°C]; Found
298.0900 (MH" C7HsNO,S requires 298.0896); Vmax (nujol)/cm™ 3119, 1636 (C=C), 1598,
1493, 1373, 1178, 993, 917, 816, 750; &4 (400 MHz, CDCl;) 7.88 (1H, d, J 7.8 Hz, ArH),
7.60 (2H, d, J 8.2 Hz, H-3"), 7.57 (1H, d, J 7.8 Hz, ArH), 7.49 (1H, s, H-2), 7.18 (1H, dd, J
7.8, 7.8 Hz, ArH), 7.09 (1H, dd, J 7.8, 7.8 Hz, ArH), 6.94 (2H, d, J 8.2 Hz, H-2"), 6.60 (1H,
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dd, J 17.8, 11.4 Hz, H,C=CH), 5.63 (1H, d, J 17.8 Hz, C=CHH), 5.18 (1H, d, J 11.4 Hz,
C=CHH), 2.04 (3H, s, ArCH3); 8¢ (100 MHz, CDCl;) 145.5 (C), 135.9 (C), 135.5 (C), 130.3
(CH), 1294 (C), 128.0 (CH), 127.3 (CH), 125.3 (CH), 124.5 (CH), 123.9 (CH), 121.3 (C),
120.8 (CH), 115.8 (CHy), 114.1 (CH), 22.0 (CH3); m/z (APcI) 298.3 (MH', 100%), 155.1
(15), 59.1 (36); data consistent with the literature precedent.

1-(Toluene-4-sulfonyl)-1H-indole 231

oo . D
N N
H Ts
230 231

Indole (230) (3.00g, 25.6 mmol) was stirred in tetrahydrofuran (50 mL) under an inert
atmosphere. The solution was cooled to 0°C and n-butyllithium (2.5M, 14.3 mL, 35.9 mmol)
was added dropwise. A solution of toluene-4-sulfonyl chloride (6.83g, 35.9 mmol) in
tetrahydrofuran (60 mL) was added via a canula. The solution was warmed to room
temperature and stirring was continued for three hours. The reaction mixture was quenched
by the addition of saturated ammonium chloride solution (50 mL) and the organic layer was
collected. The aqueous layer was further extracted with ethyl acetate (3 x 30 mL). The
organic extracts were combined, washed with brine, dried (MgSO4) and reduced. Trituration
with diethyl ether afforded the title compound 231 (4.48g, 65%) as a colourless powder; mp
80-82°C [lit."*® mp 86°C]; Found 272.0747 (MH' C;sH3NO,S requires 272.0740); Viax
(nujol)/em™ 1596, 1494, 1369, 1168, 811, 756; 5y (400 MHz, CDCl;) 7.91 (1H, d, J 7.8 Hz,
ArH), 7.68 (2H, d, J 8.1 Hz, H-3"), 7.48 (1H, d, J 3.3 Hz, H-2), 7.44 (1H, d, J 7.8 Hz, AtH),
7.22 (1H, dd, J 7.8, 7.8 Hz, ArH), 7.15 (1H, dd, J 7.8, 7.8 Hz, ArH), 7.12 (2H, d, J 8.1 Hz, H-
2", 6.57 (1H, d, J 3.3 Hz, H-3), 2.21 (3H, s, ArCHj); ¢ (100 MHz, CDCl3) 145.4 (C), 135.7
(C), 135.2 (C), 131.2 (C), 130.3 (CH), 127.2 (CH), 126.7 (CH), 125.0 (CH), 123.7 (CH),
121.8 (CH), 113.9 (CH), 109.5 (CH), 22.0 (CHs); m/z (APcl) 272.1 (MH", 100%), 155.1 (35),
107.0 (22); data consistent with the literature precedent.

3-Bromo-1-(toluene-4-sulfonyl)-1H-indole 232'*

v N
Ts +s
231 232
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1-(Toluene-4-sulfonyl)-1H-indole (231) (1.65g, 6.1 mmol) was added to carbon tetrachloride
(28 mL) under an inert atmosphere. A solution of bromine (0.39 mL, 7.6 mmol) in carbon
tetrachloride (28 mL) was added dropwise over 30 minutes and stirring was continued for two
hours. The dark solution was poured onto saturated sodium bicarbonate solution (60 mL).
The organic layer was collected, washed with aqueous sodium thiosulfite solution (60 mL),
brine, dried (MgSO4) and reduced. Crystallisation from absolute ethanol gave the fitle
compound 232 (1.87g, 88%) as a colourless solid; mp 115-117°C [lit."** mp 120-123°C];
Found 350.9767 (M' C;sH;,*'BINO,S requires 350.9752), 348.9778 (M" C;sH;,BiINO,S
requires 348.9772); vmax (nujol)/cm™ 1597, 1492, 1365, 1172, 814, 745; &y (400 MHz,
CDCl3) 7.90 (1H, d, J 7.7 Hz, ArH), 7.66 (2H, d, J 8.3 Hz, H-3"), 7.53 (1H, s, H-2), 7.38 (1H,
d, J 7.7 Hz, ArH), 7.27 (1H, dd, J 7.7, 7.7 Hz, ArH), 7.19 (1H, dd, J 7.7, 7.7 Hz, ArH), 7.09
(2H, 4, J 8.3 Hz, H-2"), 2.19 (3H, s, ArCHj3); 8¢ (100 MHz, CDCl;) 145.8 (C), 135.2 (C),
134.6 (C), 130.4 (CH), 130.2 (C), 127.3 (CH), 126.2 (CH), 125.2 (CH), 124.3 (CH), 120.5
(CH), 114.0 (CH), 100.0 (C), 22.0 (CH3); m/z (EI) 351 (M, 72%), 349 (M", 73%), 194 (57),
155 (64), 91 (100), 64 (64); data consistent with the literature precedent.

(£)-1,2-Bis[1-(toluene-4-sulfonyl)-1 H-indol-3-yl]ethane-1,2-diol 233

Potassium ferricyanide (0.87g, 2.7 mmol), potassium carbonate (0.37g, 2.7 mmol), potassium
osmate dihydrate (5mg, 12 umol), quinuclidine (27mg, 0.25 mmol) and methanesulfonamide
(84mg, 0.88 mmol) were stirred together at ambient temperature for 30 minutes before
addition of tetrahydrofuran (5 mL) and water (5 mL). 1,2-Bis[1-(toluene-4-sulfonyl)-1H-
indol-3-yl]ethene (228) (0.50g, 0.88 mmol) was added and stirring was continued at room
temperature for 3 days. Sodium sulfite (1.3g, 10.3 mmol) was added and the mixture was
stirred for one hour before addition of dichloromethane (50 mL). The organic layer was
collected and the aqueous layer was further extracted with dichloromethane (3 x 50 mL). The
combined organic extracts were washed with aqueous potassium hydroxide solution (2M, 50
mL), brine, dried (MgSO4) and reduced in vacuo. Purification by flash chromatography on
silica, eluting with dichloromethane/methanol (96:4), afforded the title compound 233 (0.46g,
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87%) as a colourless powder; mp 102-104°C; Chiral HPLC analysis using a Chiralpak AD
column, wavelength 290 nm, eluting with gradient solvent system, hexanes/isopropanol
(75:25), increasing to hexanes/isopropanol (70:30) after 20 minutes, flow rate of 1.0 mL/min
separated the racemic sample, t; = 35.9 minutes (50%); t, = 51.2 minutes (50%).

(+)-1,2-Bis[1-(toluene-4-sulfonyl)-1 H-indol-3-yl]ethane-1,2-diol 234

Potassium ferricyanide (1.74g, 5.3 mmol), potassium carbonate (0.73g, 5.3 mmol), potassium
osmate dihydrate (9mg, 24 pupmol), (DHQD)PHAL (0.39g, 0.5 mmol) and
methanesulfonamide (0.17g, 1.8 mmol) were stirred together at ambient temperature for 30
minutes before addition of tetrahydrofuran (10 mL) and water (10 mL). The solution was
cooled to 0°C and 1,2-bis[1-(toluene-4-sulfonyl)-1H-indol-3-yl]ethene (228) (1.00g, 1.8
mmol) was added. Stirring was continued at 0°C for 4 days. Sodium sulfite (2.64g, 21.0
mmol) was added and the reaction mixture was stirred for one hour before addition of
dichloromethane (60 mL). The organic layer was collected and the aqueous layer was further
extracted with dichloromethane (3 x 60 mL). The combined organic extracts were washed
with aqueous potassium hydroxide solution (2M, 60 mlL), brine, dried (MgSO4) and
evaporated in vacuo. Purification by flash chromatography on silica, eluting with
dichloromethane/methanol (96:4) gave the title compound 234 (0.89g, 84%) as a colourless
crystalline solid; Amax 290 nm (EtOH); mp 102-104°C; Chiral HPLC analysis using a
Chiralpak AD column, wavelength 290 nm, eluting with gradient solvent system,
hexanes/isopropanol (75:25), increasing to hexanes/isopropanol (70:30) after 20 minutes, flow
rate of 1.0 mL/min separated the chiral sample, t; = 36.2 minutes (98.7%); t, = 51.4 minutes
(1.3%): 97.4% ee (see Appendix Al, page 265); [oc]D2° +30.2° (¢ 1.01, CHCl;); Found
618.1727 (MNH," C3;H2sN206S; requires 618.1727); Vmax (nujol)/em™ 1565, 1493, 1375,
1173, 1019, 812, 746; &y (400 MHz, CDCls) 7.76 (2H, d, J 7.7 Hz, ArH), 7.44 (4H,d, J 8.3
Hz, H-3"), 7.33 (2H, s, H-2"), 7.25 (2H, d, J 7.7 Hz, ArH), 7.13 (2H, dd, J 7.7, 1.7 Hz, ArH),
7.01 (4H, d, J 8.3 Hz, H-2"), 6.92 (2H, dd, J 7.7, 7.7 Hz, ArH), 5.09 (2H, s, CHOH), 3.27
(2H, s, OH), 2.19 (6H, s, ArCH3); &¢ (100 MHz, CDCl;) 145.5 (C), 135.4 (C), 135.2 (C),
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130.4 (CH), 129.2 (C), 127.0 (CH), 125.3 (CH), 124.8 (CH), 123.7 (CH), 121.7 (C), 120.5

(CH), 114.0 (CH), 71.6 (CH), 22.0 (CHs); m/z (CI) 618.3 (MNHS", 0.4%), 146.1 (22), 132.1
(100), 118.1 (86), 108.1 (31).

Use of "H NMR to Determine the Enantiopurity of Compound 234

The enantiomeric excess of diol 234 was determined by 'H NMR experiments using the
europium fris[3-heptafluoropropylhydroxymethylene)-(+)-camphorate derivative, Eu(hfc)s, as
a chiral shift reagent. The racemic diol 233 was first used to establish which, if any, of the
proton signals would split on addition of Eu(hfc)s.

Mass Vol. CDCl3
Racemic diol 233 7.5 mg 0.5 mL
Eu(hfc); 15 mg 0.5 mL

An equimolar solution of Eu(hfc); and diol 233 were prepared using the quantities shown
above. Successive addition of dropwise aliquots of Eu(hfc); produced a chemical shift for the
signal at 6.92 ppm, corresponding to the aromatic proton in the 5-position of the indole ring,
which was split into two double doublets of equal intensity, confirming the presence of two

enantiomers for the racemic modification (see Appendix A2, page 266).

Mass Vol. CDCL
Chiral diol 234 7.5 mg 0.5 mL
Eu(hfc); 15 mg 0.5 mL

Using the quantities shown above, successive dropwise additions of Eu(hfc); produced a
chemical shift of 6.92 ppm to 7.63 ppm for the proton H-5 on the indole ring of 234. The
signal at 7.63 ppm failed to split, indicating an enantiomeric excess of at least 97% for diol
234 (see Appendix A2, pages 267-268).

2-Phenyl-4,5-bis[1-(toluene-4-sulfonyl)-1H-indol-3-yl}-[1,3,2]-dioxaborolane 235

Ts ’I)h
/ _BJ
HO ; N o0
O — o
| \ /
/N OH N N
]
Ts 234 Ts 235 Ts
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Phenyl boronic acid (6.3mg, 50.8 umol) was added to (+)-1,2-bis[1-(toluene-4-sulfonyl)-1H-
indol-3-yl]ethane-1,2-diol (234) (31mg, 50.8 pmol) in toluene (3 x 10 mL), with azeotropic
removal of water to afford the title compound 235 (35mg, quant.) as a colourless powder; mp
127-129°C; Found 686.1714 (M" C33H3;BN,06S, requires 686.1711); viax (nujol/cm'l) 1600,
1306, 1174, 810, 748, 703; 8y (400 MHz, CDCl3) 7.95 (2H, d, J 8.1 Hz, ArH), 7.88 (2H, d, J
~ 6.8 Hz, ArH), 7.70 (4H, d, J 8.4 Hz, H-3"), 7.51 (2H, s, H-2"), 7.36 (4H, m, ArH), 7.27 (2H,
dd, J 8.1, 7.6 Hz, ArH), 7.17 (4H, d, J 8.4 Hz, H-2"), 7.09 (3H, m, ArH), 5.66 (2H, s, CHOB),
2.27 (6H, s, ArCH3); 8¢ (100 MHz, CDCl;) 145.4 (C), 135.7 (C), 135.3 (CH), 134.9 (C),
132.2 (CH), 130.1 (CH), 128.1 (CH), 127.9 (C), 127.0 (CH), 125.3 (CH), 124.3 (CH), 123.6
(CH), 120.8 (C), 120.2 (CH), 114.0 (CH), 79.0 (CH), 21.6 (CHj3); other quaternary carbon not
observed; m/z (EI) 686.2 (M, 2%), 531.4 (1), 427.2 (1), 385.2 (5), 128.0 (36), 91.1 (100),
44.2 (100).

Bicyclo[2.2.1]hept-5-ene-2-carboxaldehyde 852°°

5
O 0 %[?3

66 76 gs CHO

The title compound 85 was prepared according to the general procedure for the Lewis-acid
catalysed Diels-Alder cycloaddition reactions given in Section 5.2.a. The reaction was carried
out between cyclopentadiene (66) and acrolein (76) to afford the Diels-Alder adduct 85.
Purification by flash chromatography on silica, eluting with diethyl ether/light petroleum
(10:90),. afforded the title compound 85 as a colourless liquid. Data consistent with the
literature precedent.

Endo-Diastereoisomer 85; Vmax (film/cm™) 1715 (CHO), 1598 (C=C); 8y (400 MHz, CDCl5)
9.44 (1H, d, J 2.9 Hz, CHO), 6.23 (1H, dd, J 5.7, 3.1 Hz, C=CH), 6.01 (1H, dd, J 5.7, 2.8 Hz,
C=CH), 3.27 (1H, br, H-1), 3.00 (1H, br, H-4), 2.93 (1H, dddd, J 9.8, 2.9, 2.9, 2.9 Hz, H-2),
1.93 (1H, br, H-3), 1.51-1.43 (2H, m, H-3, CHH), 1.33 (1H, br, CHH); 8¢ (100 MHz, CDCl5)
205.2 (CHO), 138.1 (CH), 131.8 (CH), 52.2 (CH), 49.6 (CH,), 45.0 (CH), 42.7 (CH), 27.6
(CHy); m/z (EI) 122 (M", 7%), 91 (11), 77 (12), 66 (100), 65 (19).
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Exo-Diastereoisomer 85; vy, (film/cm™) 1715 (CHO), 1598 (C=C); dy4 (400 MHz, CDCl;)
9.81 (1H, d, J 2.1 Hz, CHO), 6.21 (1H, dd, J 5.6, 3.0 Hz, C=CH), 6.15 (1H, dd, J 5.6, 3.1 Hz,
C=CH), 3.14 (1H, br, H-1), 3.00 (1H, br, H-4), 2.30 (1H, dddd, J 8.7, 4.1, 2.1, 2.1 Hz, H-2),
1.98 (1H, ddd, J 12.0, 4.1, 4.1 Hz, H-3), 1.51-1.38 (2H, m, H-3, CHH), 1.30 (1H, br, CHH);
8¢ (100 MHz, CDCl3) 204.2 (CHO), 138.6 (CH), 135.3 (CH), 51.8 (CH), 45.9 (CH,), 44.3
(CH), 41.8 (CH), 27.1 (CHy) ; m/z (EI) 122 (M", 7%), 91 (11), 77 (12), 66 (100), 65 (19).

N-Bicyclo[2.2.1]hept-5-en-2-ylmethylene-N'-(2,4-dinitrophenyl)hydrazine 2512"
7
5 7 3
/4 —_— 1 O,N

CHO HN NO,

85 251° °

The title compound 251 was prepared according to the general procedure in Section 5.2.d for
the DNPH derivatisation of Diels-Alder adducts. Bicyclo[2.2.1]hept-5-ene-2-carboxaldehyde
(8S) was reacted with 2,4-dinitrophenylhydrazine to provide compound 251. Purification by
flash chromatography on silica, eluting with diethyl ether/light petroleum (10:90), afforded
the title compound 251 as a yellow powder; Chiral HPLC analysis using a Chiralcel OD
column, wavelength 359 nm, eluting with hexanes/isopropanol (99:1), flow rate of 1.0
mL/min, separated the chiral sample, retention times of 63.6 and 75.7 minutes (endo-
diastereoisomers), 92.8 and 99.9 minutes (exo-diastereoisomers) (see Appendix A3, page

269). Data consistent with the literature precedent.

Endo-Diasterecisomer 251; Amax 359 nm (EtOH); mp 123-125°C [1it.>*! mp 125-127°C];
Found 302.1006 (M' C14H14N4O4 requires 302.1010); vima (nujol/em™) 3286 (NH), 1707
(C=C), 1618 (C=N), 1522, 1336, 832; 8y (400 MHz, CDCl;) 10.90 (1H, s, NH), 9.04 (1H, d, J
2.5 Hz, H-3"), 8.22 (1H, dd, J 9.6, 2.5 Hz, H-5"), 7.83 (1H, d, J 9.6 Hz, H-6"), 7.09 (1H, d, J
6.6 Hz, N=CH), 6.22 (1H, dd, J 5.6, 3.1 Hz, C=CH), 5.96 (1H, dd, J 5.6, 2.3 Hz, C=CH), 3.04
(2H, br, H-2, H-1), 2.92 (1H, br, H-4), 2.03 (1H, br, H-3), 1.47 (1H, br, CHH), 1.32 (1H, br,
CHH), 1.12 (1H, br, H-3); 8¢ (100 MHz, CDCl3) 157.0 (CH), 145.1 (C), 138.5 (CH), 132.1
(CH), 130.0 (CH), 128.7 (C), 123.6 (CH), 116.5 (CH), 49.7 (CH,), 47.0 (CH), 42.7 (CH),
42.1 (CH), 30.9 (CHy); other quaternary carbons not observed; m/z (APcl) 302.8 (MH',
100%), 236.8 (95).
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Exo-Diastereoisomer 251; Amx 359 nm (EtOH); mp 123-125°C [1it.2"! mp 125-127°C);
Found 302.1006 (M+ C14H14N4O4 requires 302.1010); Viax (nujol/cm'l) 3286 (NH), 1707
(C=C), 1618 (C=N), 1522, 1336, 832; 84 (400 MHz, CDCl;) 11.25 (1H, s, NH), 9.05 (1H, d, J
2.6 Hz, H-3"), 8.25 (1H, dd, J 9.9, 2.6 Hz, H-5"), 7.85 (1H, d, J 9.9 Hz, H-6"), 7.52 (1H, d, J
6.2 Hz, N=CH), 6.13 (1H, dd, J 5.5, 3.2 Hz, C=CH), 6.08 (1H, dd, J 5.5, 2.8 Hz, C=CH), 3.04
- (1H, br, H-1), 2.92 (1H, br, H-4), 2.35 (1H, br, H-2), 1.76 (1H, ddd, J 11.9, 3.9, 3.9 Hz, H-3),
1.47 (1H, br, CHH), 1.39 (1H, br, H-3), 1.32 (1H, br, CHH); ¢ (100 MHz, CDCl;) 156.2
(CH), 138.2 (CH), 137.6 (CH), 135.6 (CH), 123.5 (CH), 116.5 (CH), 46.8 (CH), 45.8 (CH,),
42.7 (CH), 41.8 (CH), 30.5 (CH,); other quaternary carbons not observed; m/z (APcI) 302.8
(MH", 100%), 236.8 (95).

2-Methylbicyclo[2.2.1]hept-5-ene-2-carboxaldehyde 248

T
3
+ jsomers
66 252 248

The title compound 248 was prepared according to the general procedure for the Lewis-acid
catalysed Diels-Alder cycloaddition reactions given in Section 5.2.a. The reaction was carried
out between cyclopentadiene (66) and methacrolein (252) to afford the Diels-Alder adduct
248. Purification by flash chromatography on silica, eluting with diethyl ether/light
petroleum (10:90), afforded the fitle compound 248 as a colourless liquid; 'H NMR &y (400
MHz, CDCl) 9.69 (1H, s, CHO (exo0)), 9.40 (1H, s, CHO (endo)); data consistent with the

literature precedent.

Exo-Diastereoisomer 248; v, (ﬁlm/cm'l) 1718 (CHO), 1597 (C=C); éu (400 MHz, CDCls)
9.69 (1H, s, CHO), 6.30 (1H, dd, J 5.6, 3.0 Hz, C=CH), 6.11 (1H, dd, J 5.6, 3.1 Hz, C=CH),
2.89 (1H, br, H-1), 2.82 (1H, br, H-4), 2.25 (1H, dd, J 11.9, 3.8 Hz, H-3), 1.39 (2H, m, H-7),
1.02 (3H, s, CH;), 0.76 (1H, br, H-3); m/z (EI) 136 M, 3%), 91 (9), 79 (12), 66 (100), 65
(23).
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N-(2,4-Dinitrophenyl)-N'-(2-methylbicyclo[2.2.1]hept-5-en-2-ylmethylene)hydrazine 253

7 CHO

248

The title compound 253 was prepared according to the general procedure given in Section
5.2.d for the DNPH derivatisation of Diels-Alder adducts. 2-Methylbicyclo[2.2.1]hept-5-ene-
2-carboxaldehyde (248) was reacted with 2,4-dinitrophenylhydrazine to provide compound
253. Purification by flash chromatography on silica, eluting with ethyl acetate/light
petroleum (10:90), afforded the title compound 253 as a yellow powder; Chiral HPLC
analysis using a Chiralcel OJ column, wavelength 359 nm, eluting with hexanes/isopropanol
(99.2:0.8), flow rate of 0.7 mL/min, separated the chiral sample, retention times of 78.1 and

84.1 minutes (endo-diastereoisomers), 104.5 and 113.2 minutes (exo-diastereoisomers) (see
Appendix A3, page 270).

Exo-Diastereoisomer 253; Ana 359 nm (EtOH); mp 157-158°C; Found 316.1167 (M'
C1sH1¢N4O4 requires 316.1166); Vmax (nujol/cm™) 1654 (C=C), 1618 (C=N), 1509, 1331, 801;
&u (400 MHz, CDCl5) 10.96 (1H, s, NH), 9.07 (1H, d, J 2.6 Hz, H-3"), 8.24 (1H, dd, J 9.6, 2.6
Hz, H-5"), 7.87 (1H, d, J 9.6 Hz, H-6'), 7.58 (1H, s, N=CH), 6.23 (1H, dd, J 5.6, 3.0 Hz,
C=CH), 6.08 (1H, dd, J 5.6, 3.1 Hz, C=CH), 2.87 (1H, br, H-4"), 2.69 (1H, br, H-1"), 2.26
(1H, dd, J 11.9, 3.9 Hz, H-3"), 1.50-1.40 (2H, m, H-7"), 1.06 (3H, s, CHs), 0.90 (1H, dd, J
11.9, 2.7 Hz, H-3"); 8¢ (100 MHz, CDCl;) 160.2 (CH), 145.3 (C), 138.8 (CH), 133.6 (CH),
130.0 (CH), 123.6 (CH), 116.6 (CH),51.1 (CH), 48.0 (CH), 46.1 (C), 43.4 (CH), 37.4 (CHy),
24.1 (CH;); other quaternary carbons not observed; m/z (APcI) 317.2 (MH", 5%), 250.8 (15),
117.9 (27), 78.9 (100).

Endo-Diastereoisomer 253; Amax 359 nm (EtOH); mp 157-158°C; Found 316.1167 (M"
Ci15H6N4O4 requires 316.1166); Vinax (nujol/em™) 1654 (C=C), 1618 (C=N), 1509, 1331, 801;
3y (400 MHz, CDCl3) 10.85 (1H, s, NH), 9.05 (1H, d, J 2.6 Hz, H-3"), 8.22 (1H, dd, J 9.5, 2.6
Hz, H-5", 7.82 (1H, d, J 9.5 Hz, H-6"), 7.29 (1H, s, N=CH), 6.16 (1H, dd, J 5.7, 3.2 Hz,
C=CH), 6.03 (1H, dd, J 5.7, 2.8 Hz, C=CH), 2.87 (1H, br, H-4"), 2.62 (1H, br, H-1"), 2.26
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NO,
/ CHO e
CHO 3
248 5 NOg
The title compound 253 was prepared accordin the general procedure given in Section

5.2.d for the DNPH derivatisation of Diels-Alder adducts. 2-Methylbicyclo[2.2.1]hept-5-ene-
2-carboxaldehyde (248) was reacted with 2,4-dinitrophenylhydrazine to provide compound
253.  Purification by flash chromatography on silica, eluting with ethyl acetate/light

petroleum (10:90), afforded the title compound 253 as a yellow powder; Chiral HPLC
analysis using a Chiralcel OJ column, wavelength 359 nim, eluting with hexanes/isopropancl
(99.2:0.8), flow rate of 0.7 mL/min, separated the chiral sample, retention times of 78.1 and

84.1 minutes (endo-diasiercoisomers), 104.5 and 113.2 minutes {exo-diastereoisomers) (se

Appendix A3, page 270).

o — =t

Exo-Diastereoisomer 253; A, 359 nm (EtOH); mp 157-158°C; Found 316.1167 (M’
Ci5sH16N4QO;4 requires 316.1166); vimax (nujol/em™) 1654 (C=C), 1618 (C=N), 1509, 1331, 801;

.07(1H,d,J2.6 Hz, H-3"), 8.24 {1H, dd, /9.6, 2.6

Endo-Diastereoisomer 253: Ay 359 nm (EtOH); mp 157-158°C; Found 316.1167 (M
Ci5H1¢N4O4 requires 316.1166); vmax (nujol/cm 1) 1654 (C=C), 1618 (C=N), 1509, 1331, 801;
dy (400 MHz, CDCls) 10.85 (1H, s, NH), 9.05 (1H )
Hz, H-5"), 7.82 (1H, d, J 9.5 Hz, H-6'), 7.29 (1H, s, N=CH),
C=CH), 6.03 (1H, dd, J 5.7, 2.8 Hz, C=CH), 2.87 (1H, br, H-4"), 2.62 (1H, br, H-1"), 2.26
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(1H, br, H-3"), 1.50-1.40 (2H, m, H-7"), 1.18 (3H, s, CH3), 0.85 (1H, br, H-3"); m/z (APcl)
317.2 (MH", 5%), 250.8 (15), 117.9 (27), 78.9 (100).

1,2-Bis(1H-indol-3-yl)ethene 256
H

CHO ’ N
.
22H2 HN 256

Titanium tetrachloride (4.3 mL, 39.0 mmol) was added slowly at —10°C to a stirred
suspension of zinc powder (6.00g, 92.0 mmol) in dry tetrahydrofuran (50 mL). A solution of
indole-3-carboxaldehyde (222) (2.04g, 14.0 mmol) in dry tetrahydrofuran (250 mL) was
added dropwise at reflux temperature and stirring was continued for 5 hours under an inert
atmosphere. The reaction mixture was cooled with stirring, and quenched by cautious
addition of saturated sodium bicarbonate solution (200 mL). The solution was filtered
through celite® and the filtrate was added to a separating funnel with diethyl ether (50 mL).
The organic layer was collected and the aqueous layer was further extracted with diethyl ether
(2 x 50 mL). The combined ethereal extracts were washed with brine, dried (MgSO4) and
reduced in vacuo. Purification by flash chromatography on silica, eluting with ethyl
acetate/light petroleum (50:50), afforded the title compound 256 as a brown solid; &y (400
MHz, C3Dg0) 9.77 (2H, s, NH), 7.37 (2H, d, J 7.8 Hz, ArH), 7.22 (2H, d, J 7.8 Hz, ArH),
6.95 (2H, dd, J 7.8, 7.8 Hz, ArH), 6.95 (4H, s, ArH, C=CH), 6.87 (2H, dd, J 7.8, 7.8 Hz,
ArH); m/z 259.4 (MH'_ 100%), 178.2 (9), 144.1 (13), 130.1 (21).

2,2-Dimethyl-4,5-di[1-(toluene-4-sulfonyl)-1H-indol-3-yl]-[1,3]-dioxolane 257

H.C. CH
[° e
HO IN (o o)
v (L Q_&L}Q
N OH N N
|} |
Ts 234 Ts 257 Ts

Pyridinium para-toluenesulfonate (11mg, 0.04 mmol) was added to a stirred solution of
(+)-1,2-bis[1-(toluene-4-sulfonyl)-1 H-indol-3-yl]ethane-1,2-diol (234) (0.25g, 0.42 mmol)
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and 2,2-dimethoxypropane (0.5 mL, 4.2 mmol) in dichloromethane (2 mL) at ambient
temperature.  Stirring was continued for 24 hours before addition of saturated sodium
bicarbonate solution (5 mL). The organic layer was collected and the aqueous fraction was
further extracted with diethyl ether (2 x 10 mL). The combined organic extracts were dried
(MgSO0y) and reduced to give the title compound 257 (0.21g, 80%) as a colourless powder;
mp 168-170°C; [a]p®® +0.5° (¢ 0.44, CHCL); Found 658.2038 (MNH," CssHszN,06S;
requires 658.2040); Vmax (nujol/em™) 1596 (C=C), 1493 (C=C), 1373, 1175, 1125, 813, 748;
oy (400 MHz, CDCls) 7.88 (2H, d, J 7.9 Hz, ArH), 7.60 (4H, d, J 8.2 Hz, H-3"), 7.40 (2H, s,
H-2"), 7.19 (4H, m, ArH), 7.10 (4H, d, J 8.2 Hz, H-2"), 6.95 (2H, dd, J 7.9, 7.9 Hz, ArH), 5.16
(2H, s, CHOC), 2.23 (6H, s, ArCHj3), 1.63 (6H, s, C(CHs),); 8¢ (100 MHz, CDCl;) 145.6 (C),
135.8 (C), 135.2 (C), 130.4 (CH), 128.9 (C), 127.2 (CH), 125.4 (CH), 125.0 (CH), 123.7
(CH), 120.7 (CH), 118.5 (C), 114.2 (CH), 110.1 (C), 77.9 (CH), 27.6 (CH3), 22.0 (CH3); m/z
(ET) 658 (MNH,4", 22%), 583 (7), 312 (100), 100 (20).

1-Methyl-1H-indole-3-carboxaldehyde 259°%

(o] 0)
H H
\ —_— \
D N
Ill Me
222 259

Sodium hydroxide solution (30%, 105 mL), tetrabutylammonium bromide (1.11g, 3.4 mmol),
and methyl iodide (2.25 mL, 36.2 mmol) were added to a vigorously stirred solution of
indole-3-carboxaldehyde (222) (5.00g, 34.4 mmol) in benzene (105 mL). Stirring was
continued at room temperature for 48 hours, the organic layer was collected, and the aqueous
layer was further extracted with benzene (2 x 40 mL). The combined organic extracts were
washed with potassium hydroxide solution (10%, 40 mL), brine, dried (MgSO4) and
concentrated to give the title compound 259 (4.53g, 83%) as a colourless solid; mp 64-65°C
[1it.2® mp 68-70°C]; Found 160.0763 (MH" C1oHsNO requires 160.0757); Vmax (nujol)/cm™
2748, 1640 (CHO), 1619, 1467, 748; &4 (400 MHz, CDCl3) 9.34 (1H, s, CHO), 8.20 (1H, d, J
7.9 Hz, ArH), 7.52 (1H, s, H-2), 7.21 (3H, m, ArH), 3.71 (3H, s, NCHs); &c (100 MHz,
CDCl) 184.9 (CH), 140.0 (CH), 138.3 (C), 125.5 (CH), 124.4 (CH), 123.3 (CH), 122.3 (CH),
118.3 (CH), 110.4 (CH), 34.1 (CHs); m/z (APcl) 160.0 (MH", 100%), 131.9 (2), 104.8 (1);
data consistent with the literature precedent.
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1,2-Bis(1-methyl-1H-indol-3-yl)ethene 260

Titanium tetrachloride (9.65 mL, 87.5 mmol) was added slowly at —10°C to a stirred
suspension of zinc powder (13.49g, 206.4 mmol) in dry tetrahydrofuran (100 mL). A solution
of 1-methyl-1H-indole-3-carboxaldehyde (259) (5.04g, 31.4 mmol) in dry tetrahydrofuran
(400 mL) was added dropwise at reflux temperature and stirring was continued for 5 hours
under an inert atmosphere. The reaction mixture was cooled with stirring, and quenched by
cautious addition of saturated sodium bicarbonate solution (250 mL). The solution was
filtered through celite® and the filtrate was added to a separating funnel with diethyl ether (50
mL). The organic layer was collected and the aqueous layer was further extracted with
diethyl ether (2 x 50 mL). The combined ethereal extracts were washed with brine, dried
(MgSO0,) and reduced in vacuo. Purification by flash chromatography on silica, eluting with
dichloromethane/light petroleum (40:60), afforded the title compound 260 (1.46g, 33%) as a
yellow powder; mp 205-207°C [lit.** mp 203-204°C]; Found 287.1548 (MH" CyHisN,
requires 287.1543); Vmax (nujol)/cm™ 1611, 1545, 953, 740; &y (400 MHz, CDCL;) 7.93 (2H,
d,J 7.6 Hz, ArH), 7.25 (2H, d, J 7.6 Hz, ArH), 7.20 (2H, dd, J 7.6, 7.6 Hz, ArH), 7.20 (2H, s,
H-2", 7.13 (2H, dd, J 7.6, 7.6 Hz, ArH), 7.13 (2H, s, C=CH), 3.72 (6H, s, NCHs); &¢ (100
MHz, CDCl;) 138.0 (C), 127.2 (CH), 126.6 (C), 122.4 (CH), 120.6 (CH), 120.0 (CH), 118.5
(CH), 115.4 (C), 109.8 (CH), 33.3 (CHz); m/z (APcI) 287.4 (MH', 100%), 144.0 (31), 58.9
(65); data consistent with the literature precedent.

(£)-1-[1-(Toluene-4-sulfonyl)-1 H-indol-3-yl]ethane-1,2-diol 267

HO OH
| N
TS t,
229 267
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Potassium ferricyanide (0.83g, 2.5 mmol), potassium carbonate (0.35g, 2.5 mmol), potassium
osmate dihydrate (Smg, 11 pmol), quinuclidine (26mg, 0.25 mmol) and methanesulfonamide
(81mg, 0.84 mmol) were stirred together at ambient temperature for 30 minutes before
addition of tetrahydrofuran (5 mL) and water (5 mL). 1-(Toluene-4-sulfonyl)-3-vinyl-1H-
indole (229) (0.25g, 0.8 mmol) was added and stirring was continued at room temperature for
48 hours. Sodium sulfite (1.3g, 10.3 mmol) was added and the mixture was stirred for one
hour before addition of dichloromethane (20 mL). The organic layer was collected and the
aqueous layer was further extracted with dichloromethane (2 x 20 mL). The combined
organic extracts were washed with aqueous potassium hydroxide solution (2M, 20 mL), brine,
dried (MgSOy4) and reduced in vacuo. Purification by flash chromatography on silica, eluting
with diethyl ether, afforded the title compound 267 (0.20g, 71%) as a colourless solid; mp
144-145°C; Chiral HPLC analysis using a Chiralcel OD column, wavelength 251 nm, eluting
with hexanes/isopropanol (85:15), flow rate of 0.6 mL/min, separated the racemic sample, t; =
36.6 minutes (50%); t; = 42.0 minutes (50%).

(-)-1-[1-(Toluene-4-sulfonyl)-1 H-indol-3-yljethane-1,2-diol 261

__ HO OH
\ ———
QNX \
'I" N
|
s Ts
229 261

Potassium ferricyanide (3.32g, 10.1 mmol), potassium carbonate (1.39g, 10.1 mmol),
potassium osmate dihydrate (17mg, 45 pmol), (DHQD),PHAL (0.73g, 0.94 mmol) and
methanesulfonamide (0.32g, 3.4 mmol) were stirred together at ambient temperature for 30
minutes before addition of tetrahydrofuran (20 mL) and water (20 mL). The solution was
cooled to 0°C and 1-(toluene-4-sulfonyl)-3-vinyl-1H-indole (229) (1.00g, 3.4 mmol) was
added. Stirring was continued at 0°C for 4 days. Sodium sulfite (5.1g, 40.6 mmol) was added
and the reaction mixture was stirred for one hour before addition of dichloromethane (50 mL).
The organic layer was collected and the aqueous layer was further extracted with
dichloromethane (2 x 50 mL). The combined organic extracts were washed with aqueous
potassium hydroxide solution (2M, 50 mL), brine, dried (MgSOy) and evaporated in vacuo.
Purification by flash chromatography on silica, eluting with diethyl ether/light petroleum
(10:90), followed by crystallisation from ethanol/water (80:20), gave the title compound 261
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(0.94g, 85%) as a colourless crystalline solid; Amax 251 nm (EtOH); mp 144-145°C; Chiral
HPLC analysis using a Chiralcel OD column, wavelength 251 nm, eluting with
hexanes/isopropanol (85:15), flow rate of 0.6 mL/min, separated the chiral sample, t; = 36.0
minutes (90.6%); t; = 42.9 minutes (9.4%): 81.2% ee (see Appendix A4, page 271); [a]p?
—41.5° (¢ 1.05, CHCL); Found 331.0874 (MH" C;7H;7NO4S requires 331.0873); vmax
(nujol)/em™ 3333 (OH), 1595, 1492, 1376, 1172, 1074, 817, 753; &4 (400 MHz, CDCl5) 7.92
(1H, d, J 8.1 Hz, ArH), 7.71 (2H, d, J 8.4 Hz, H-3"), 7.53 (2H, m, ArH), 7.26 (1H, dd, J 8.1,
8.1 Hz, ArH), 7.16 3H, m, ArH), 5.00 (1H, ddd, J 7.5, 3.8, 3.8 Hz, CHCH,), 3.84 (1H, ddd, J
11.3, 7.1, 3.8 Hz, CHHOH), 3.76 (1H, ddd, J 11.3, 7.5, 4.8 Hz, CHHOH), 2.49 (1H, d, J 3.8
Hz, CHOH), 2.27 (3H, s, ArCH3) 1.99 (1H, dd, J 7.1, 4.8 Hz, CH,OH); 8¢ (100 MHz, CDCl3)
145.5 (C), 135.7 (C), 135.5 (C), 130.4 (CH), 129.1 (C), 127.3 (CH), 125.4 (CH), 123.9 (CH),
123.7 (CH), 122.3 (C), 120.4 (CH), 114.2 (CH), 69.0 (CH), 66.9 (CH,), 22.0 (CH3); m/z (EI)
331 (M, 3%), 284 (37), 155 (35), 130 (52), 91 (100).

3-Vinyl-1H-indole 268

O . OF
N N
b H
222 268

Methyltriphenylphosphonium bromide (17.25g, 48.2 mmol) was stirred in tetrahydrofuran
(250 mL) under an inert atmosphere and the solution was cooled to 0°C. n-Butyllithium
(2.5M, 23.2 mL, 57.9 mmol) was added dropwise and stirring was continued for 20 minutes
before the addition of this solution via a canula to a solution of indole-3-carboxaldeyde (222)
(5.00g, 34.4 mmol) in tetrahydrofuran (150 mL) at 0°C. The reaction mixture was warmed to
ambient temperature and stirring was continued for 48 hours before the addition of water (100
mL). The organic layer was collected and the aqueous fraction was further extracted with
diethyl ether (2 x 50 mL). The combined organic extracts were washed with brine, dried
(MgSO0y) and reduced in vacuo. Purification by flash chromatography on silica, eluting with
ethyl acetate/light petroleum (20:80), afforded the title compound 268 (1.58g, 32%) as a
yellow solid; mp 130-132°C; Found 144.0807 (MH" CioHoN requires 144.0808); Vmax
(nujol)/em™ 3402 (NH), 1614, 1544, 1011, 926, 739; &y (400 MHz, CDCl3) 7.80 (2H, m,
ArH, NH), 7.19 (1H, d, J 8.0 Hz, ArH), 7.11 (2H, m, H-5, H-6), 7.04 (1H, s, H-2), 6.80 (1H,
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dd, J 17.8, 11.3 Hz, CH=CHy), 5.62 (1H, dd, J 17.8, 1.3 Hz, CH=CHH), 5.09 (1H, dd, J 11.3,
1.3 Hz, CH=CHH); 8¢ (100 MHz, CDCl;) 165.1 (C), 137.2 (C), 129.9 (CH), 126.0 (C), 124.0
(CH), 122.9 (CH), 120.8 (CH), 120.5 (CH), 111.8 (CH), 111.1 (CHy); m/z (APcl) 143.8
(MH, 51%), 107.1 (100).

1-Methyl-3-vinyl-1H-indole 269
CHO

Qs . O
N N
Me Me
259 269

Methyltriphenylphosphonium bromide (12.56g, 35.2 mmol) was stirred in dry tetrahydrofuran
(170 mL) under an inert atmosphere. The solution was cooled to 0°C and »-butyllithium
(2.5M, 16.9 mL, 42.2 mmol) was added dropwise. Stirring was continued for 20 minutes at
0°C before the addition of this solution via a canula to a solution of N-methylindole-3-
carboxaldehyde (259) (4.00g, 25.1 mmol) in tetrahydrofuran (130 mL) at 0°C. After warming
to room temperature stirring was continued for 24 hours and water (100 mL) was added. The
organic fraction was collected and the aqueous layer was extracted with diethyl ether (3 x 50
mL). The organic extracts were washed with brine, dried (MgSO4) and reduced in vacuo.
Purification by flash chromatography on silica, eluting with diethyl ether/light petroleum
(20:80), afforded the title compound 269 (2.81g, 71%) as a yellow liquid; Found 158.0961
(MH" C;1H;;N requires 158.0964); vmax (nujol)cm™ 1659 (C=C), 1610, 1539, 1012, 906,
733; &y (400 MHz, CDCls) 7.77 (1H, d, J 7.9 Hz, ArH), 7.16-7.01 (3H, m, ArH), 6.92 (1H, s,
H-2), 6.76 (1H, dd, J 17.8, 11.2 Hz, CH=CH>), 5.57 (1H, dd, J 17.8, 1.1 Hz, CH=CHH), 5.03
(1H, dd, J 11.2, 1.1 Hz, CH=CHH), 3.54 (3H, s, NCH;); &¢c (100 MHz, CDCl;) 138.5 (C),
130.7 (CH), 129.5 (CH), 127.1 (C), 123.0 (CH), 121.1 (CH), 121.0 (CH), 114.9 (C), 110.6
(CH), 110.5 (CH,), 33.1 (CH3); m/z (APcI) 158 (MH", 100%), 144 (27), 132 (22).

(#)-1-(1-Methyl-1H-indol-3-yl)ethane-1,2-diol 270

__ HO OH
of . O
Me N
Me
269 270
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Potassium ferricyanide (3.15g, 1.0 mmol), potassium carbonate (1.32g, 1.0 mmol), potassium
osmate dihydrate (16mg, 43 pmol), quinuclidine (92mg, 0.9 mmol) and methanesulfonamide
(0.31g, 3.2 mmol) were stirred together at ambient temperature for 30 minutes before addition
of tetrahydrofuran (10 mL) and water (10 mL). 1-Methyl-3-vinyl-1H-indole (269) (0.50g, 3.2
mmol) was added and stirring was continued at room temperature for 5 days. Sodium sulfite
(4.95g, 39.2 mmol) was added and the mixture was stirred for one hour before addition of
dichloromethane (40 mL). The organic layer was collected and the aqueous layer was further
extracted with dichloromethane (2 x 40 mL). The combined organic extracts were washed
with aqueous potassium hydroxide solution (2M, 40 mL), brine, dried (MgSQO4) and reduced
in vacuo. Purification by flash chromatography on silica, eluting with dichloromethane/
methanol (94:6), afforded the title compound 270 (0.68g, quant.) as a pale yellow solid; mp
87-89°C; Chiral HPLC analysis using a Chiralcel OD column, wavelength 285 nm, eluting
with hexanes/isopropanol (80:20), flow rate of 0.6 mL/min, separated the racemic sample, t; =
38.0 minutes (49%); t; = 42.9 minutes (51%).

(-)-1-(1-Methyl-1H-indol-3-yl)ethane-1,2-diol 263

__ HO OH
o
N \
Me N
Me
269 263

Potassium ferricyanide (9.42g, 28.6 mmol), potassium carbonate (3.96g, 28.6 mmol),
potassium osmate dihydrate (48mg, 0.13 mmol), (DHQD),PHAL (2.07g, 2.7 mmol) and
methanesulfonamide (0.90g, 9.5 mmol) were stirred together at ambient temperature for 30
minutes before addition of tetrahydrofuran (30 mL) and water (30 mL). The solution was
cooled to 0°C and 1-methyl-3-vinyl-1H-indole (269) (1.50g, 9.5 mmol) was added. Stirring
was continued at 0°C for 4 days. Sodium sulfite (14.66g, 116.4 mmol) was added and the
reaction mixture was stirred for one hour before addition of dichloromethane (60 mL). The
organic layer was collected and the aqueous layer was further extracted with dichloromethane
(2 x 60 mL). The combined organic extracts were washed with aqueous potassium hydroxide
solution (2M, 60 mL), brine, dried (MgSO4) and evaporated in vacuo. Purification by flash
chromatography on silica, eluting with ethyl acetate/light petroleum (30:70), afforded the fitle
compound 263 (1.12g, 62%) as a colourless solid; Amax 285 nm (EtOH); mp 87-89°C; Chiral
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HPLC analysis using a Chiralcel OD column, wavelength 285 nm, eluting with
hexanes/isopropanol (80:20), fiow rate of 0.6 mL/min, separated the chiral sample, t; = 60.8

minutes (77.8%); t; = 70.7 minutes (22.3%): 55.4% ee (see Appendix AS, page 272); [a]p”" —

3.0° (¢ 1.00, CHCl3); Vi (nujol)em™ 3382 (O
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CHOH); 8¢ (100 MHz, CDC13) 139.4 (C), 129.1 (CH), 128.5 (C), 124.3 (CH), 121.8 (CH),
121.7 (CH), 116.4 (C), 111.9 (CH), 71.2 (CH), 69.4 (CH,), 35.1 (CHs); m/z (EI) 173 (M-
H,0, 24%), 144 (10u)

S — A

+ iscmers

<N
(*2]

658

The title compound 68 was prepared according to the general procedure for the Lewis-acid
catalysed Diels-Alder cycloaddition reactions given in Section 5.2.a. The reaction was carried
out between cyclopentadiene (66) and E-cinnamaldehyde (67) to afford the Diels-Alder
adduct 68. Purification by flash chromatography on silica, eluting with ethyl acetate/hexanes
(10:90), afforded the title compound as a pale yellow liguid. Data consistent with the

literaiure precedent.

Exo-Diastereoisomer 68; viax (film/cm™) 2717 (CHO), 1718, 1601, 1497, 748, 700; &y (400

MHz, CDCls) 9.92 (1H, d, J 1.9 Hz, CHO), 7.24 (5H, m, ArH), 6.34 (1H, dd, .J 54

o

4
C=CH), 6.07 (1H, dd, 5.4, 2.8 Hz, C=CH), 3.72 (1H, dd, J 3.8, 3.8 Hz, H-3), 3.22 (2H, m, H-

Endo-Diastereoisomer 68; v (film/em™) 2717 (CHO), 1718, 1601, 1497, 748, 700; &y
(400 MHz, CDCl;) 9.64 (1H, d, J 1.9 Hz, CHO), 7.36-7.19 (SH, m, ArH), 6.46 (iH, dd, J 5.6,

[\
[\®]
N
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3.2 Hz, C=CH), 6.22 (1H, dd, 5.6, 2.8 Hz, C=CH), 3.38 (1H, br, H-3), 3.15 (2H, m, H-1, H-
4), 3.02 (1H, ddd, J 3.9, 1.9, 1.9 Hz, H-2), 1.85-1.66 (2H, m, CHH, CHH); 8¢ (100 MHz,
CDCl3) 203.7 (CHO), 139.3 (CH), 133.8 (CH), 128.6 (CH), 128.1 (CH), 127.8 (C), 1262
(CH), 60.8 (CH), 48.4 (CH), 47.2 (CH,), 45.6 (CH), 45.2 (CH); m/z (EI) 198 (M", 0.1%), 132
(89), 131 (100), 103 (52), 77 (21), 66 (54).

Benzoic acid isopropylidene hydrazide 289

s Y R A
\NH2 + O —_————i N\N
0
9 289

o
288

Benzoic hydrazide (288) (5.00g, 36.7 mmol) was stirred in an excess of acetone (9) (22 mL,
0.3 mmol), containing acetic acid (40 pL, 0.7 mmol), for 48 hours at ambient temperature.
Water (30 mL) was added and the reaction mixture was extracted with dichloromethane (3 x
30 mL). The combined organic extracts were washed with brine, dried (MgSO,) and reduced
in vacuo to afford the title compound 289 (5.57g, 86%) as a colourless solid; mp 141-143°C
[1it.>*' mp 142-143°C]; Found 176.0950 (M" C10H 2N, requires 176.0944); Vinax (nujol)/cm™
3221 (NH), 1655 (C=0), 1578 (C=N), 1578, 1531, 1490, 718, 668; 6y (400 MHz, CDCl;)
8.70 (1H, s, NH), 7.79 (2H, d, J 7.1 Hz, ArH), 7.52 (1H, t,J 7.1 Hz, ArH), 7.44 (2H, dd, J 7.1,
7.1 Hz, ArH), 2.15 (3H, s, CHs), 1.97 (3H, s, CH3); d¢c (100 MHz, CDCl3) 164.6 (C), 156.9
(C), 134.1 (C), 132.1 (CH), 129.0 (CH), 127.6 (CH), 26.0 (CH3), 17.3 (CH3); m/z (EI) 176
(M*, 8%), 161 (50), 105 (100), 77 (31); data consistent with the literature precedent.

Benzoic acid N'-isopropylhydrazide 287

H J\ H J\
(@) O

289 287

Platinum oxide (68mg, 0.3 mmol) was placed in a nitrogen flushed flask and ethanol (12 mL)
and acetic acid (6 mL) were added. Benzoic acid isopropylidene hydrazide (289) (2.50g, 14.2
mmol) was added, the flask was charged with hydrogen and stirring was continued for 48
hours at ambient temperature. The reaction mixture was filtered over celite® and the filtrate

was neutralised with saturated sodium bicarbonate solution. The organic layer was collected
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and the aqueous fraction was further extracted with diethyl ether (2 x 30 mL). The combined

~

organic extracts were washed with brine. dried (MeSO educed in vacuo o oive the ritle
S g ( L)4) @and requeea i vacuo 1o g1ve ne 7

itle
compound 287 (2.18g, 86%) as a colourless powder; mp 110-112°C [lit.*** mp 115-117°C);
Found 178.1105 (M" CjoHsN,O requires 178.1101); Vi (nu jolYem™ 3289 (NH), 1640
(C=0), 1537, 725, 693; oy (400 MHz, CDCl5) 7.70 (1H, s, Ni), 7.69 (2H, d, J 7.7 Hz, ArH),
7.46 (1H, t, J 7.7 Hz, ArH), 7.38 (2H, dd, J 7.7, 7.7 Hz, AtH), 4.81 (1H, s, NH), 3.18 (1H,
sept., J 6.2 Hz, CH(Me)s), 1.05 (6H, d, J 6.2 Hz, CH3); 8¢ {100 MHz, CDCls3) 167.5 (C=0),
132.9 (C), 131.9 (CH), 128.7 {CH), 126.9 (CH), 51.4 (CH), 20.9 (CH3); m/z (EI) 178 (M",
3%), 163 (9), 122 (13), 105 (100), 77 (34), 58 (20); data consistent with the literature
precedent.

3-Methylbicyclo[2.2.1]hept-5-ene-2-carboxaldehyde 712>’

+
[s)]
Xy
; A
Ou
v i
O

L}
2Me
Me™ + isomers
66 702 71a

The titie compound 71a was prepared according to the general procedure for the Lewis-acid

catalysed Diels-Alder cycloaddition reactions given in Section 5.2.a. The reaction was carried

out between cyclopentadiene (66) and FE-crotonaidehyde (70a) to afford the Diels-Alder

adduct 71a. 'H NMR &y (400 MHz, CDCl;) 9.78 (1H, d, J 2.7 Hz, CHO (ex0)), 9.37 (1H, d, J
3.3 Hz, CHO (endo)); '"H NMR consistent with the literature precedent.

catalysed Diels-Alder cycloaddition reactions given in Section 5.2.a. The reaction was carried
out between 2,3-dimethylbuta-1,3-diene (290) and acrolein (76) to afford the Diels-Alder

adduct 291. 'H NMR 8y (400 MHz, CDClL) 9.70 (1H, d, J 1.5 Hz, CHO); 'H NMR

)

(¢
gl

L LAk v, sl . e - PR ey
consistent with the literature precedent.
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1,3,4-Trimethylcyclohex-3-enecarboxaldehyde 2927

Loy — Qe

290 252 292

The title compound 292 was prepared according to the general procedure for the Lewis-acid
catalysed Diels-Alder cycloaddition reactions given in Section 5.2.a. The reaction was carried
out between 2,3-dimethylbuta-1,3-diene (290) and methacrolein (252) to afford the Diels-
Alder adduct 292. 'H NMR &y (400 MHz, CDCls) 9.38 (1H, s, CHO); 'H NMR consistent
with the literature precedent.

3,4,6-Trimethylcyclohex-3-enecarboxaldehyde 293%%

0 W
+ —e
~ /H) CHO

290 70a 293

The title compound 293 was prepared according to the general procedure for the Lewis-acid
catalysed Diels-Alder cycloaddition reactions given in Section 5.2.a. The reaction was carried
out between 2,3-dimethylbuta-1,3-diene (290) and E-crotonaldehyde (70a) to afford the
Diels-Alder adduct 293. 'H NMR 8y (400 MHz, CDCl3) 9.69 (1H, d, J 1.8 Hz, CHO); 'H
NMR consistent with the literature precedent.

N'-Isopropylidene-hydrazinecarboxylic acid ethyl ester 300

D L I YN
o 0]
284 9 300

Ethyl carbazate (284) (2.20g, 21.1 mmol) was stirred in an excess of acetone (9) (10 mL),
containing acetic acid (30 pL, 0.5 mmol), for 24 hours at ambient temperature. Water (20
mL) was added and the reaction mixture was extracted with dichloromethane (3 x 20 mL).
The combined organic extracts were washed with brine, dried (MgSOs) and reduced in vacuo
to afford the title compound 300 (2.75g, 90%) as a colourless solid; mp 72-73°C [1it.2* mp

229



Chapter 5 - Experimental Gulee Ll Coill~ 74D Thesis 2007

75-76°C]; Found 144.0898 (M C¢H;,N,0, requires 144.0893); Vimax (nujol)/cm'1 3236 (NH),
1730 (C=0), 1649 (C=N), 1530, 1239; &y (400 MHz, CDCl;) 7.94 (1H, s, NH), 4.06 (2H, q, J
6.4 Hz, OCH;), 1.83 (3H, s, CHz), 1.71 (3H, s, CHs), 1.11 (3H, t, J 6.4 Hz, CH,CHj3); 8¢ (100
MHz, CDCl;) 154.4 (C), 151.0 (C), 61.6 (CH,), 25.4 (CH3), 16.3 (CH3), 14.5 (CH3); m/z (EI)
144 (M", 19%), 98 (93), 44 (100), 41 (69); data consistent with the literature precedent.

N-Isopropyl-hydrazinecarboxylic acid ethyl ester 298

H J\ H J\
N ~ ~
Oy — >
0 o H
300 298

Platinum oxide (17mg, 73 pmol) was placed in nitrogen flushed flask and ethanol (3.4 mL)
and acetic acid (1.7 mL) were added. N'-Isopropylidene-hydrazinecarboxylic acid ethyl ester
(300) (0.50g, 3.5 mmol) was added, the flask was charged with hydrogen and stirring was
continued for 24 hours at ambient temperature. The reaction mixture was filtered over celite®
and the filtrate was neutralised with saturated sodium bicarbonate solution. The organic layer
was collected and the aqueous fraction was further extracted with diethyl ether (3 x 10 mL).
The combined organic extracts were washed with brine, dried (MgSO,) and reduced in vacuo
to give the title compound 298 (0.43g, 85%) as a colourless viscous liquid; Found 146.1053
(M' CH14N,0, requires 146.1050); vmax (film)/cm™ 3314 (NH), 1701 (C=0), 1529, 1266; dy
(400 MHz, CDCl;) 6.59 (1H, s, NH), 4.13 (2H, q, J 6.9 Hz, OCH>), 3.15 (1H, sept, J 6.6 Hz,
CH(Me),), 1.24 (3H, t, J 6.9 Hz, OCH,CHs), 1.01 (6H, d, J 6.6 Hz, CH(CHs),); ¢ (100 MHz,
CDCl;) 158.0 (C=0), 61.7 (CHy), 51.2 (CH), 20.9 (CH;), 15.0 (CH3); m/z (EI) 146 (M,
21%), 131 (100), 103 (64), 85 (91), 43 (74).

Benzoic acid propylidene-hydrazide 301

H H
/\/ R N\
©\”/N\NH2 + O/ ©\n/ NN
0] 0]
01

288 24 3

Benzoic hydrazide (288) (6.00g, 44.1 mmol) was stirred in an excess of propionaldehyde (24)
(25 mL, 0.4 mmol), containing acetic acid (48 pL, 0.8 mmol), for 24 hours at ambient
temperature. Water (30 mL) was added and the reaction mixture was extracted with
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dichloromethane (3 x 30 mL). The combined organic extracts were washed with brine, dried
(MgS04) and reduced in vacuo to afford the title compound 301 (6.15g, 79%) as colourless
needles; mp 95-97°C; Found 176.0947 (M" C1oH3N,0 requires 176.0944); Vmax (nujol)/cm'l
3246 (NH), 1650 (C=0), 1628 (C=N), 1579, 1542, 1492, 726, 674; &y (400 MHz, CDCl,)
11.00 (1H, s, NH), 7.84 (2H, d, J 7.4 Hz, ArH), 7.81 (1H, t, J 5.4 Hz, N=CH), 7.42 (1H, t, J
7.4 Hz, ArH), 7.30 (2H, dd, J 7.4, 7.4 Hz, ArH), 2.24 2H, m, CH,), 1.00 (3H, t, J 7.5 Hz,
CH;); d¢c (100 MHz, CDCl3) 165.1 (C), 154.7 (CH), 133.5 (C), 132.2 (CH), 128.8 (CH), 128.0
(CH), 26.3 (CHy), 11.2 (CH3); m/z (EI) 176 (M", 1%), 147 (9), 121 (14), 103 (100), 105 (97),
77 (49).

Benzoic acid N'-propylhydrazide 299

H H
©\H/N\NN —_— @N\NN
0 o M

99

301 2

Platinum oxide (16mg, 60 pmol) was placed in nitrogen flushed flask and ethanol (2.8 mL)
and acetic acid (1.4 mL) were added. Benzoic acid propylidene-hydrazide (301) (0.50g, 2.8
mmol) was added, the flask was charged with hydrogen and stirring was continued for 24
hours at ambient temperature. The reaction mixture was filtered over celite® and the filtrate
was neutralised with saturated sodium bicarbonate solution. The organic layer was collected
and the aqueous fraction was further extracted with diethyl ether (3 x 10 mL). The combined
organic extracts were washed with brine, dried (MgSO4) and reduced in vacuo. Purification
by flash chromatography on silica, eluting with diethyl ether, afforded the title compound 299
(0.14g, 28%) as a colourless solid; mp 58-60°C [lit.>*> mp 67-70°C}; Found 179.1176 (MH'
C10H14N20 requires 179.1179); Viax (nujol)/em™ 3279 (NH), 1632 (C=0), 1579, 1535, 1466,
726, 678; dy (400 MHz, CDCl;) 8.10 (1H, s, NH), 7.69 (2H, d, J 7.0 Hz, AtH), 7.44 (1H, t,J
7.0 Hz, ArH), 7.36 (2H, dd, J 7.0, 7.0 Hz, ArH), 4.52 (1H, s, NH), 2.83 (2H, t, J 7.2 Hz,
NCH,), 1.49 (2H, tq, J 7.2, 7.2 Hz, NCH,CH,), 0.88 (3H, t, J 7.2 Hz, CH;); &¢c (100 MHz,
CDCl3) 167.8 (C), 133.5 (C), 132.4 (CH), 129.2 (CH), 127.4 (CH), 54.7 (CH,), 21.8 (CH,),
12.1 (CHs); m/z (APcI) 178.9 (MH', 100%), 176.8 (19); data consistent with the literature
precedent.
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8-(N-Methyl-1H-indol-3-yl) menthone 303

O
@
= 'l

\ 6
Me

(7
(=]
N

174

Benzoic acid N'-isopropylhydrazide (287) (0.34g, 1.9 mmol) was added to a solution of

dichloromethane (25 mL) containing isopropanol (4 mL) at ambient temperature
Trifluoroacetic acid (0.15 mL, 1.9 mmol) was added and stirring was continued for 10

minutes before addition or (R)-(+)-pulegone (302) (4.6 mL, 28.6 mmol). Afier stirring for an

= 11 .o

additional 10 minutes, N-methylindole (174) (2.44 mL, 19.1 mmol) was added in one portion

d stirring was continued for 48 hours at ambient temperature. The reaction mixture was
filtered through a plug of silica and the filirate was concentrated ir vacuo. Purification by

flash chromatography on silica, eluting with diethyl ether/light petroleum (20:80), afforded
the title compound 303 (5.00g, 93%) as a pale yellow liquid; [a]p™ +56.5° (¢ 0.57, CHCly);
Found 284.2009 (MH" C;9H2sNO requires 284.2009); Vimax (film)/em™ 1706 (C=0), 1614,
1484, 1381, 738; oy (400 MHz, CDCl3) 7.66 (1H, d, .7 7.8 Hz, ArH), 7.20 (1H, 4, J 7.8 Hz,
ArH), 7.11 (1H, dd, J 7.8, 7.8 Hz, ArH), 6.98 (1H, dd. J 7.8, 7.8 Hz, ArH), 6.72 (1H, s, H-2"),
3.63 (3H, s, NCH3), 2.98 (IH dd, J 9.4, 6.0 Hz, H-2 (lH dd, J 13.0, 6.0 Hz, H-64),

Sc (100 MHz, CDCls) 213.3 (C=0), 137.8 (C), 126.2 (CH), 125.8 (C), 123.4 (C), 121.1 (CH),
121.1 (CH), 118.4 (CH,, 109.5 (CH), 57.3 (CH), 50.6 (CHy), 37.1 (C), 32.7 (CH3), 32.5 (CH)

31.5 (CHy), 27.7 (CHs), 25.4 (CHy), 23.8 (CHs), 19.5 (CHa); m/z (APcl) 284.6 (MH", 31%),
172.5 (100).

8-Phenyl menthone 306"

O
o]
6 1 2'_.\\
> 3
362 4 306
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Copper bromide (0.88g, 6.1 mmol) and diethyl ether (14 mL) were added to a nitroge

flushed flask. The solution was cooled to —20°C and phenylmagnesium bromide (3M, 30 mL,

R, 55 5

0 mmol) was added via a canula. Stirring was continued for 30 minutes before addition of

"\\O

R)-(+)-pulegone (302) (8.7 mL, 52.5 mmol) in diethyl ether (10 mL) over two hours at
—20°C. Stirring was continued overnight at —20°C and the reaction mixture was added to
vigorously stirred ice-cold hydrochloric acid (2M, 60 mL). The organic layer was collected
and the aqueous layer was saturated with ammonium chicride and extracted with diethyl ether

(3x20 mL) The combined corganic extracts were washed with saturated sodium bicarbonate

containing water (16 mL) and potassium hydroxide (14.0g, 250 mmol) was added. The

solution was heated to reflux temperature and stirring was continued for 3 hours. After

]

cooling to ambient temperature the solution was reduced in vacuo to a volume of about 40
mL. Water (100 mL) was added and the aqueous solution was saturated with sodium chloride
and extracted with diethyl ether (4 x 20 mL). The combined ethereal extracts were dried
¢ ification by column chromatography on silica, eluting
with diethyl ether/light petroleum (5:95), afforded the title compound 306 (8.59g. 71%) as a

pale yellow liquid; [a]n?® —45.0° (¢ 1.00, CHCl;); Found 230.1667 (M" Ci6H3:O requires

)

)
C‘\
Q-
o
Ay
O
)
"
)
[
L
"

230.1665); Vmax (filmyem™ 1710 (C=0), 771, 700; &y (400 MHz, CDCl3)

24 2H, d, J 8.1 Hz, ArH), 7.18 (2H, dd, J 8.1, 7.3 Hz, ArH), 7.05 (1H, t, J 7.3 Hz, ArH),
2.58 (1H, dd, J 12.7, 4.5 Hz, H-2), 2.14 (1H, ddd. J 12.5, 4.0, 2.0 Hz, H-6.,), 1.91 (1H, dd, J
12.5, 12.5 Hz, H-64), 1.68 (3H, m, H-34, H-3¢, H-5), 1.75-1.62 (1H, m, H-4.y), 1.37 (3H, s,

em CH5), 1.51 (1H, ddd, J 12.7, 12.7, 3.2 Hz, H-4,), 0.86 (3H, d, J

N'-]5-Methyl-2-(1-methyl-1-phenylethyl)eyclohexylidene|hydrazinecarboxylic acid ethyl
ester 326
Eto__N
e} H 8
BtCaks b _ hg N
o + ﬂ I‘JHZ - %y O 6 2_‘,\\
> 3
4
306 284 326
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Acetic acid (1.2 mL, 19.6 mmol) was added to a solution of 8-phenyl menthone (306) (6.00g,
26.1 mmol) in ethanol (40 mL). Ethyl carbazate (284) (3.80g, 36.5 mmol) was added and
stirring was continued at ambient temperature for 48 hours. Water (50 mL) was added and
the aqueous solution was extracted with ethyl acetate (2 x 50 mL). The combined organic
extracts were washed with brine, dried (MgSO,) and reduced in vacuo. Purification by flash
chromatography on silica, eluting with diethyl ether/light petroleum (40:60), afforded the title
compound 326 (6.06g, 73%) as a colourless solid; mp 99-101°C; [a]p® —46.0° (¢ 1.03,
CHC); Found 317.2220 (MH" C;9H2sN,0, requires 317.2224); viyax (nujol)/cm'1 3246 (NH),
1703 (C=0), 1600, 1497, 1336, 1244, 760, 699; 3y (400 MHz, CDCl;) 7.65 (1H, s, NH), 7.32
(2H, d, J 7.6 Hz, ArH), 7.20 (2H, dd, J 7.6, 7.6 Hz, ArH), 7.08 (1H, t, J 7.6 Hz, ArH), 4.18
(2H, q,J 7.1 Hz, OCH,CH3), 2.43 (1H, dd, J 11.4, 4.3 Hz, H-2"), 2.30 (1H, dd, J 13.5, 3.8 Hz,
H-6'cg), 1.62 (1H, br, H-6'5), 1.50-0.80 (SH, m), 1.47 (3H, s, gem CHs), 1.40 (3H, s, gem
CHs), 1.26 (3H, t, J 7.1 Hz, CH,CH3), 0.85 (3H, d, J 6.3 Hz, CHCHs); 8¢ (100 MHz, CDCls)
155.5 (C), 150.3 (C), 127.6 (CH), 126.4 (CH), 125.8 (C), 125.2 (CH), 61.5 (CH,), 54.4 (CH),
40.4 (C), 35.1 (CH,), 34.4 (CH,), 33.4 (CH), 28.7 (CHy), 26.7 (CH3), 25.0 (CH3), 22.3 (CH3),
14.7 (CH3); m/z (APcI) 317.0 (MH", 100%), 228.0 (23), 198.9 (12).

N'-[S5-Methyl-2-(1-methyl-1-phenylethyl)cyclohexyllhydrazinecarboxylic acid ethyl ester
320
H

H
EtO\n/N\N EtO\n/N\NH
326 320

Platinum oxide (54mg, 0.24 mmol) was placed in a nitrogen flushed flask and ethanol (8.5
mL) and acetic acid (4.3 mL) were added. N'-[5-Methyl-2-(1-methyl-1-phenylethyl)-
cyclohexylidene]hydrazinecarboxylic acid ethyl ester (326) (3.00g, 9.5 mmol) was added, the
flask was charged with hydrogen, and stirring was continued for 48 hours at ambient
temperature. The reaction mixture was filtered through celite® and the filtrate was neutralised
with saturated sodium bicarbonate solution. Diethyl ether (20 mL) was added and the organic
layer was collected. The aqueous layer was further extracted with diethyl ether (2 x 20 mL).
The combined ethereal extracts were washed with brine, dried (MgSO,) and reduced in vacuo

to give the title compound 320 as a mixture of diastereoisomers. Purification and separation

234
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umn chromatography on silica, eluting with diethyl ether/light petroleum (20:80),
afforded diastereoisomer 320a (2.16g, 72%) as a colourless liquid and diastereoisomer 320b

= ]

(0.50g, 17%) as a pale yellow liquid.

{1S. 2S. 5R)-Dissteresis o XY
(15, 25, 5R)-Diasterecisomei 320a

4
320a
i 20 IS B AT A AT T '} A Jy I
[a]p™ +13.3° (¢ 1.04, CHCls); Found 319.2377 (MH"™ CgH3N,0; requires 319.2380); Viax
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=
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, 1501, 1370, 1254, 770, 701; &y (400 MHz,

MeOD) 7.47 (2H, d, J 7.6 Hz, ArH), 7.29 (2H, dd, J 7.6, 7.6 Hz, AcH), 7.16 (1, t, . 7.6 Hz,

ArH), 4.09 (2H, q, J 7.1 Hz, OCH>CH3), 3.27 (1H, br, H-1", 1.92-1.73 (3H, m, H-3';, H-3'¢,,
H-6"), 1.62-1.51 (3H, m, H-4', H-5', H-6), 1.51 (3H, s, gem CH3), 1.44 (3H, s, gem CH3), 1.24
(3H,t,J 7.1 Hz, OCH,CHs), 0.88-0.79 (2 H-2', H-4"), 0.83 ('4H d, J 6.4 Hz, CHCHs); 8¢

320b

n

[a]n?® —26.7° (¢ 0.53, CHCl3); Found 319.2377 (MH" CysH3oN,0; requires 319.2380); vy

(film)/lem™ 3346 (NH), 1714 (C=0), 1599, 1495, 1380, 1260, 766, 702; &y (400 MHz,

ArH), 3.90 (2H, q, J 6.9 Hz, OCH;CH3), 2.68 {1H, ddd, J 11.0, 11.0, 3.1 Hz, H-1"}, 1.82 (2H,
m, H-3, H-6's), 1.73 (1H, ddd, / 11.0, 11.0, 3.0 Hz, H-6'x), 1.61 (1H, br, H-5"), 1.42 (3H, s,

gem CIH), 1.20 (1H, br, H-3"), 1.08 (3H, s, gem CHs}, 1.08 (4H, m, GCH,CH;, H-4'), 0.83

(1H, br, H-4", ¢.77 (3H, d, J 6.5 Hz, CHCH3), 0.61 (1H, ddd, J 11.0, 11.0, 11.0 Hz, H-2"); 5¢

(100 MHz, MeOD) 157.6 (C), 151.8 (C), 128.3 (CH), 125.6 (CH), 125.6 (CH), 61.5 (CH),

(3]
(98]
W
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(CHs,), 30.8 (CH), 26.8 (CIL),

)

1.6 (CHs),

Benzoic acid [5-methyl-2-(1-methyl-1-phenylethyljcyclohexylidenelhydrazide 327
"y H
0 H P hTN\ q
Ph. _N. .
i \ﬂ/ MNEl, = 0, M2w
O
3

.. .

306 288 327
Acetic acid (0.4 mL, 6.5 mmol) was added to a solution of 8-phenyl menthone (306) (2.00g,

8.7 mmol} in ethanol (12 mL). Benzoic hydrazide (288) (1.41g, 10.4 mmol) was added and
stirring was continued at ambient temperature for 24 hours. Water (40 mL) was added and

the aqueou

(ﬁ

sclution was extracted with ethyl acetate (2 x 40 mL). The combined organic
extracts were washed with brine, dried (MgSO;) and reduced i» vacuo. Purification by flash
chromatography on silica, eluting with diethyl ether/hexanes (50:50), afforded the titie
compound 327 (2.06g, 68%) as a colourless solid; mp 129-131°C; [a]p’
|\I‘v’l L23H231‘\T'}_\, requires 3482202), Vmax \I'll.l_]Ol\/" i 3219 (I“]H),

1650 (C=0), 1639 (C=N), 1536, 1362, 752, 689; o1 (400 MHz, MeOD) 7.86 (2H, d, J 7.5 Hz,

ArH), 2.73
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), 36.2 (CHy), 33.0 (CHy), 32.9 (CH), 27.7 (CHy), 27.1 (CHs), 23.6 (CH:)
m/z (EI) 348 (M, 3%), 230 (100), 105 (58), 91 (21}, 77 (17).

2N

Benzceie acid N'-[5-methyl-2-(1-methyl-1-phenylethyl)cyclohexyl]bydrazide 321

H , H
N. Ph

\n/ N \n/N‘NH

O '_.\\ 0 __.\\
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8
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2!

Platinum oxide (69mg, 30 umol} was placed in a nitrogen flushed flask and ethanol (1.5 mL)
and acetic acid (0.8 mL) were added. Benzoic acid [5-methyl-2-(1-methyl-1-phenylethyl)
cyclohexylidenelhydrazide (327) (0.50g, 1.4 mmol) was added, the flask was charged with
hydrogen, and stirring was continued for 48 hours at ambient temperature. The reaction

mixture was filtered through celite® and the filtrate was neutralised with saturated sodium

™

E

bicarbonate solution. Diethyl ether (20 mL) was added and the organic layer was collected.

The aqueous layer was further extracted with diethyl ether (2

o

x 20 mL). The combined
ethereal extracts were washed with brine, dried (MgSQ4) and reduced iz vacuo to give the
titte compound 321 as a mixture of diastereoisomers. Purification and separation by column
chromatography on silica, eluting with diethyl ether/light petroleum (40:60), afforded

diastereoisomer 3Z1a (0.14g, 28%) as a colourless solid and diastereoisomer 321b (0.10g,

[
1576, 1542, 1363, 770, 700; 8y (400 MHz, CDCL3) 7.59 (2H, d, J 7.5 Hz, ArH), 7.39 (4H, m,
ArH), 723 (2H, dd, J 7.5, 7.5 Hz. ArH), 7.14 (2H, dd, J 7.5, 7.5 Hz, ArH), 6.95 (1H, br, NH),
4.85 (1H, br, NH), 3.01 (1H, br, H-17, 1.79-1.17 (7H, m), 1.43 (3H, s, gem CH;)
gem CHs), 0.76 (4H, m, H-2', CHCHs); 8¢ (100 MHz, CDCl3) 174.9 (C), 166.7 (C), 149.8
(C), 131.6 (CH), 128.7 (CH), 127.9 (CH), 126.7 (CH), 126.6 (CH),

—
t\)
o
@
e
e
W
o
O
—~—
@)
oo
o’

52.0 (CH), 40.4 (C), 38.7 (CHZ), 36.0 (CHy), 27.9 (CHs), 26.9 (CHa), 26.2 (CH), 25.7 (CHy),
19.5 (CHs); m/z (APcI) 351.0 (MH", 89%); 79.0 (100).
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Ln

Vaax (Ajol/em™! 3246 (NH), 1654 (C=0), 1579, 1
7.48 (2H, d, J 7.3 Hz, ArH), 7.43 (2H, dd, J 7.3, 7.3 Hz, AtH), 7.30 (4H, m, AtH), 7.10 (21,
dd, J 7.1 Hz, ArH), 6.25 (1H, br, NH), 4.51 (1H, br, NH), 2.82 (1H, ddd, J 10.7, 10.7, 3.3 Hz,
H-1", 1.92-0.78 (8H, m), 1.19 (3H, s, gem CHs), 1.15 (3H, s, gem CHa), 0.80 (3H, d, J 6.5

Hz, CHCHs); 8¢ (100 MHz, CDCls) 175.0 (C), 166.7 (C), 152.9 (C), 131.5 (CH), 128.4 (CH),

27, 1370, 740, 702; 8,4 (400 MHz, CDCl5)

128.3 (CH), 126.8 (CH), 126.0 (CH), 125.5 (CH), 61.7 (CH), 49.7 (CH), 40.6 (CHy), 39.8
Q

(€), 35.2(CHy), 31.8 (CH), 31.6 (CH3), 25.7 (CH,), 22.3 (CH3), 20.8 (CH3); m/z (APcl) 351.0

5-Methyl-2-(1-methyi-1-phenylethyl)cyclohexanene O-methyl oxime 329

o O, N @
“‘\\ L — e —- 6 1 2_.\\\
5

3
306 4 329
Acetic acid (0.3 mi., 4.9 mmol) was added to a solution of 8-phenyl menthone (306) (1.50¢,

S mmol) in ethanol (9 mL). Methoxylamine hydrochloride (0.76g, 9.1 mmol} was added
and stirring was continued at ambient temperature for 48 hours. Water (25 mL) was added
and the aqueous solution was extracted with ethyl acetate (2 x 25 mL). The combined organic

extracts were washed with brine, dried (MgSQ,) and reduced in vacuo. Purification by flash

chromatography on silica, eluting with ethyl acetate/hexanes (5:95), afforded the tirle
— . - 20 o
compound 329 (1.08g, 64%) as a colourless liquid; [a]lp™ —19.4” (¢ 1.03, CHCIs); Found
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8-(4-Trifluoromethylphenyl) menthone 332

(9]
(=
N
IS

(]
(2]
N

Magnesium turnings (2.20g, 20.5 mmol} were added to diethyl ether (10 mL) in a niirogen-

flushed flask fitted with a reflux condenser, carrying a calcium chloride drying tube, and a

dropping funnel. 1-Bromo-4-trifluoromethylbenzene (1.5 mL, 10 mmol} was added in one

portion, one crystal of iodine was added, and the solution was gently heated until self-

Y . =g

ol

refluxing began. 1-Bromo-4-trifluoromethylbenzene (13.8 mL, 90 mmol) was added at such a
rate that gentle reflux was maintained. Heating was continued at reflux temperature for one
hour after the addition was complete before cooling to ambient temperature. Diethyl ether (20
mL) was added and this solution was added via a canula to a vigorously stirred suspension of

copper bromide (0.88g, 6.1 mmol) in diethyl ether {14 mL) at —20°C. Stirring was centinued

for 30 minutes before addition of (R)-(+)-pulegone (302) (8.7 mL, 52.5 mmol) in diethyl ether
(10 mL) over two hours at —20°C. Stirring was continued overnight at —20°C and the reaction

xtracted with diethyl ether (3 x 20 mL). The combined organic extracts were washed with

e ] s -~

saturated sodium bicarbonate solution (40 mL) and reduced in vacuo. The crude produ
dissolved in ethanol (120 mL) containing water {16 mL) and potassium hydroxide (14.0g, 25¢
mmol) was added. The solution was heated to reflux temperature and stirring was continued

for 3 hours. After cooling to ambient temperature t

ing with diethyl ether/light petroleum (10:90), afforded the title compound 332

(10.19g, 65%) as a colourless solid; mp 38-40°C; [a}p®® —58.7° (¢ 1.02, CHCls); Found

N ey

299.1617 (MH™ C17H1F30 requires 299.1617); Vmax (nuj()l)/cm'1 1715 (C=0), 1617, 1362,

1328, 1166, 838; &y (400 MHz, CDCls) 7.43 (ZH, d, J 8.4 Hz, H-3', H-5"), 7.36 (2H, d, J 8.4
Hz, H-2', H-6"), 2.63 (1H, dd, J 13.0, 4.6 Hz, H-2), 2.12 (1H, dd, J 12.4, 2.2 Hz, H-6¢,), 1.89
(1H, dd, J 12.4, 12.4 Hz, H-64), 1.73 (ZH, m, H-3, H-5), 1.43-1.1

o0
om
)

H, m), 1.37 (3H, s, gem

238
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(C), 36.2 (CH), 34.5 (CHy,), 28.8 (CH,), 25.3 (CHs), 25.2 (CH3), 22.2 (CHs); m/z (APcl) 298.9

N'-{5-Methyl-2-[1-methyl-1-(4-trifluoromethylphenyl)ethyl]cyclohexylidene}hydrazine-

carbexylic acid ethyl ester 333
H CF
CFs EtO.__N. 2
0 H N
EtO.___N. Y 1
S 0, L
[0 5 3
332 284 4 333

Acetic acid (0.2 mL, 3.0 mmol) was added to a stirred solution of 8-{4-triflucromethylphenyl)
menthone (332) (1.20g, 4.0 mmol) in ethanol (5.5 mL). Ethyl carbazate (284) (0.50g, 4.8

mmol) was added and stirring was continued at ambient temperature for 72 hours. Water (20

mL) was added and the aqueous solution was extracted with ethyl acetate (2 x 20 mL). The

o
¢
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e
g
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ashed with brine, dried (MgSQO4) and reduced in vacuo.

hromatography on silica, eluting with diethyl ether/light petroleum

L

40:60), afforded the title compound 333 (i.12g, 72%) as a colourless solid; mp 147-149°C;

[a].f“ —19.6° (¢ 1.02, CHCls); Found 385.2103 (MH* Ca0H27F3N>0; requires 385.2097); Vimax

(nujolyem™ 3252 (NH), 1691 (C=0), 1617 (C=N), 1328, 1156, 840; &y (400 MHz, CDCls)
.58 (1H, s, NH), 7.44 (4H, m, ArH), 4.15 (2H, q, J 7.0 Hz, OCH,CH3), 2.41 (1H, dd. J 11.9,
4.0 Hz, H-2", 2.36 (1H, d, J 12.4, 12.4 Hz, H-6'y), 1.72 (1H, dd, J 12.4, 2.4 Hz, H-6'y,), 1.70-
.90 (5H, m), 1.50 (3H, s, gem CHs), 1.37 (3H, s, gem CH;), 1.25 (3H, t, / 7.0 Hz, CH,CH3)

240
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N'-{5-Meihyl-2-[1-methyl-1-(4-irifluoromeihylphenyl)ethyljcyclohexyl}hydrazine-

333 31
Platinum oxide (12mg, 52 pmol) was placed in a nitrogen flushed flask and ethanol (2.1 mL)

and acetic acid (1.0 mL) were added. N'-{5-Methyl-2-{1-methyl-1-(4-trifluoromethylphenyl)-

ethyl]cyclohexylidene} hydrazinecarboxylic acid ethyl ester (333) (0.80g, 2.1 mmol) was

added, the flask was charged with hydrogen, and stirring was continued for 72 hours at

ambient temperature. The reaction mixture was filtered through celite® and the filtrate was
neutralised with saturated sodium bicarbonate solution. Diethyl ether (25mL) was added and

he organic Iz

ayer was collected. The aqueous layer was further exiracted with diethyl ether
x 25 mL). The combined ethereal extracts were washed with brine, dried (MgSO,) and
reduced ir vacuo to give the title compound 331 as a mixture of diastereoisomers.
Purificaticn by column chromatography on silica, eluting with diethyl ether/light petroleum
(40:60), followed by preparative chiral HPLC using a preparative Chiralcel OD column,

o~

cooled to —10°C, wavelength 216 nm, eluting with hexanes/isopropanol (99:1), flow rate of

d and 331b {0.27g, 34%) as a colourless liquid.
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331a

[a]p'® +9.7° (¢ 1.26, CHCls); Found 387.2256 (MH" CaoHyoF3N,0; requires 387.2254); Vinax
(film)/cm™ 3361 (NH), 1713 (C=0), 1619, 1328, 1168, 841; 5y (400 MHz, MeOD) 7.55 (2H,

q,jTl Hz 745 va"zul‘l}}, 3.01 (]H,

br, H-1"), 1.81-0.69 (8H, m), 1.40 (3H, s, gem CHs), 1.38 (3H, s, CH;3), 1.12 BH, t, J 7.1
Hz, OCH,CH?5), 0.72 (3H, d, J 6.4 Hz, CHCHj); &¢c (100 MHz, MeOD) 158.3 (C), 127.5 (C),

l\J
Nl

d, J 8.4 Hz, Arf), 747 (2H, d, J 8.4 Hz, ArA), 3.97 (2

c~

241
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127.1 (CH), 125.9 (C), 124.3 (CH), 123.2 (C), 60.5 (CH,), 56.8 (CH), 51.9 (CH), 40.3 (C),

38.0 (CHa), 35.8 (CHy), 26.5 (CHs), 26.0 (CHs), 25.5 (CH), 22.0 (CHy), 21.3 (CH3), 13.6
(CHs); m/z (APcI) 387.0 (MH", 100%)

[alp™ —1.8° (¢ 0.67, CHCls); Found 387.2256 (MH" CaoHaoF3N,0, requires 387.2254); Vimax
(film)/em™ 3361 (NH), 1711 (C=0), 1614, 1328, 1168, 758; &y (400 MHz, MeOD) 7.56 (2H,
d, J 8.4 Hz, ArH), 7.50 (m, d, J 8.4 Hz, ArH), 3.95 (2H, q, J 6.8 Hz, OCH,CH3), 2.65 (1H,
ddd, J 11.0, 11.0, 3.6 Hz, H-1"), 1.83-0.80 (7H, m), 1.47 (3H, s, gem CH3), 1.13 (3H, s, gem
CHs), 1.11 (3H, t, J 6.8 Hz, OCH,CHjs), 0.80 (3H, d, J 6.5 Hz, CHCHs), 0.62 (1H, ddd, J
11.5, 11.5, 11.0 Hz, H-6's); 8¢ (100 MHz, MeOD) 156.6 (C), 127.7 (C), 126.3 (CH), 125.8

1 (C), 61.8 (CH), 60.7 (CH,), 49.3 (CH), 40.0 (CH,), 39.8 (C), 34.9
(CHa), 30.9 (CH), 29.9 (CHz), 29.5 (CH3), 26.7 (CH,), 20.7 (CHs), 13.8 (CHs); m/z (APcl)

:i

S OMe
0O
|G et @
l/ J 6 2.-\‘

[ 4 ~ 3

302 4 335

Magnesium turnings (2.43g, 100 mmol) were added to diethyl ether (10 mL) in a nitrogen-
flushed flask fitted with a reflux condenser, carrying a calcium chioride drying tube, and a
dropping funnel. 4-Methylanisole (1.3 mL, 11 mmol) was added in one portion, one crystal
of iodine was added, and the solution was gently heated until self-refluxing began. 4-
Methylanisole (11.9 mL, 99 mmol) was added at such a rate that gentle reflux was
maintained. Heaiing was continued at reflux temperature for one hour after the addition was

complete before cooling tc ambient temperature. Diethyl ether (25 mL) was added and this

na
B
(W8]
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solution was added via a canula to a vigorously stirred suspension of copper bromide (0.97¢,

Y

1 ether (15 mL) at —20°C. Stirring was continued for 30 minutes before

ulegone (302) (9.6 mL, 58 mmol) in diethyl ether (10 m

hours at —20°C. Stirring was continued overnight at —20°C and the reaction mixture was
(=

added to vigorously stirred ice-cold hydrochioric acid (

- - ——3

i, 65 mL). The organic layer was
collected and the aqueous layer was saturated with ammonium chloride and extracted with
diethyl ether (3 x 25 mL). The combined organic exiracts were washed with saturated sodium
bicarbonate solution (45 mL) and reduced ir vacuo. The crude product was dissolved in
cthanol (135 mL) containing water (18 mL) and potassium hydroxide (15.5g, 275 mmol) was
dded. The solution was heated to reflux temperature and stirring was continued for 3 hours.
After cooling to ambient temperature the solution was reduced i# vacuo to a volume of about
40 mL. Water (100 mL) was added and the aqueous solution was saturated with sodium
chloride and extracted with diethyl ether (4 x 25 mL). The combined ethereal extracts were
dried (Na;SO4) and reduced iz vacuo. Purific by column chromatography on silica,

he title compound 335 (10.47g,

¢ 1.02, CHCl); Found 278.2112

=

eluting with ethyl acetate/light petroleum (5:95), afforded
69%) as a colourless solid; mp 56-58°C; (o™ —42.0° (
(IvaHf C17H2405 requires 278.2115); viax \nujol‘/cm 1713 (C=0), 1610, 1362, 1250, 1184,
1122, 841; &y (40¢ MHz, CDCls) 7.18 (2H, d, J 7.9 Hz, H-2', H-67), 6.75 (2H, d, /7.9 Hz, H-
3', H-5"), 3.71 (3H, s, OCH5), 2.54 (1H, dd, J 12.9, 4.2 Hz, H-2), 2.16 (1H, ddd, / 12.5, 1.8,
d, J 12.5, 12.5 Hz, H-6,), 1.71 (2H, m, H-3, H-5), 1.40-1.31 (2H,
m, H-3, H-4,), 1.36 :3H, s, gem CH3), 1.31 (3H, s, gem CHz), 1.18 (1H, br, H-4,), 0.89 (3H,
2 (C), 142.0 (C), 126.8 (CH

7.3
1 (C), 36.3 (CH), 34.7 (CHy), 29.1 (CHy),
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49.1 (100).

N'-{2-|1-(4-Methoxyphenyl)-1-methylethylj-5-methylcyclohexylidenejhydrazine-

carboxylic acid ethyl ester 336

OMe EtO. _N OMe
o) H )
EtO.__N. o. W
o + \n/ NH, 6 o
O b 3
335 284 4 336
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Acetic acid (0.13 mL, 2.3 mmol) was added to a solution of 8-(4-methoxyphenyl) menthone
(335) (0.75g, 2.9 mmol) in ethanol (4.6 mL). Ethyl carbazate (284) (0.45g, 4.3 mmol) was
added and stirring was continued at ambient temperature for 72 hours. Water (20 mL) was
added and the aqueous solution was extracted with ethyl acetate (2 x 20 mL). The combined
organic extracts were washed with brine, dried (MgSQO,) and reduced in vacuo. Purification
by flash chromatography on silica, eluting with diethyl ether/light petroleum (50:50), afforded
the title compound 336 (0.70g, 70%) as a colourless solid; mp 129-130°C; [a]p?® —41.9° (¢
1.04, CHCl3); Found 347.2326 (MH' CyoH3oN,O3 requires 347.2329); Vmax (nujol)/cm'l 3236
(NH), 1687 (C=0), 1608 (C=N), 1510, 1294, 1184, 1122, 834; 8y (400 MHz, CDCl;) 7.23
(2H, d, J 8.7 Hz, H-2", H-6"), 6.72 (2H, d, J 8.7 Hz, H-3", H-5"), 4.15 (2H, q, J 7.4 Hz,
OCH,CH3), 3.68 (3H, s, OCHs), 2.33 (2H, m, H-2', H-6"), 1.59 (2H, m, H-6' H-3"), 1.54-1.09
(3H, m), 1.43 (3H, s, gem CHj3), 1.37 (3H, s, gem CHs), 1.23 (3H, t, J 7.4 Hz, CH,CHs), 0.92
(1H, br, H-4"), 0.83 (3H, d, J 6.3 Hz, CHCH3); dc (100 MHz, CDCl3) 157.1 (C), 155.8 (C),
142.3 (C), 127.8 (C), 127.5 (CH), 112.9 (CH), 61.4 (CH,), 55.1 (CH3), 54.5 (CH), 39.8 (C),
35.0 (CHp), 34.2 (CHp), 33.3 (CH), 28.5 (CH,), 27.1 (CH3), 25.1 (CH3), 22.3 (CH3), 14.6
(CH3); m/z (APcI) 347.2 (MH", 54%), 149.1 (100).

N'-{2-[1-(4-Methoxyphenyl)-1-methylethyl]-5-methylcyclohexyl}hydrazinecarboxylic
acid ethyl ester 334

H OMe
H OMe EtO N
N - ~
EtO\n/ N \n/ NH
ol ol
: 336

Platinum oxide (12mg, 51 pumol) was placed in a nitrogen flushed flask and ethanol (2.0 mL)
and acetic acid (1.0 mL) were added. N'-{2-[1-(4-Methoxyphenyl)-1-methylethyl]-5-
methylcyclohexylidene } hydrazinecarboxylic acid ethyl ester (336) (0.70g, 2.0 mmol) was
added, the flask was charged with hydrogen, and stirring was continued for 72 hours at
ambient temperature. The reaction mixture was filtered through celite® and the filtrate was
neutralised with saturated sodium bicarbonate solution. Diethyl ether (25mL) was added and
the organic layer was collected. The aqueous layer was further extracted with diethyl ether (2
x 25 mL). The combined ethereal extracts were washed with brine, dried (MgSO,) and

reduced in vacuo to give the title compound 334 as a mixture of diastereoisomers. Separation
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and purification by column chromatography on silica, eluting with diethyl ether/light

petroleum (390:70), afforded diastereoisomer 334a (0.22g, 31%) as a colourless viscous liquid
and 334b (0.19g, 28%) as a colourless viscous liquid.

[a]n'® +4.0° (¢ 0.99, CHCl3); Found 349.2486 (MH" C0H3:,N,0; requires 349.2486); Viax
(nujol)/em™ 1716 (C=0), 1610, 1513, 1378, 1265, 1187, 833; &y (400 MHz, MeOD) 7.35

el B § O & IT I_OHMm O TIT sy 2 0D MIT A ("S- B | IT 2 1T
i<, d, J 8.3 Nz, n-2°, n-o 6.82 (2H, 4, J 8.5 5 2

OCH,CH3), 3.73 (3H, s, OCH»), 3.26 (1H, br, H-1%), 1.81-1.5
CHs), 1.38 (3H, s, gem CH5), 1.21 (3H, t,

d, J 6.4 Hz, CHCH;); &¢ (100 MHz, MeOD) 156.6 (C
111.3 (CH),

E‘

wn
Ln

(J‘I

9.0 (CHy), 55.0 (CH), 52.7 (CHs), 50.8 (CH), 37.6 (C)
24.8 8

(CH3), 23.¢
(MH', 100%), 286.8 (6).

26.6 (CHs), 2

[a]p®® —11.7° (¢ 0.53, CHCls); Found 349.2486 (MH" Cy0H3,N,0; requires 349.2486); Vina
6

(nujoly/em™ 3331 (NH), 1716 (C=0), 1609, 1512, 1369, 1251, 1183, 1149, 832; 5y (400
MHz, MeOD) 7.33 (2H, d, J 8.1 Hz, H-2", H-6"), 6.82 (2H, 4, J 8.1 Hz, H-3", H-5"), 3.99

(2H, q, J 6.7 Hz, OCH,CHs), 3.72 3H, s, OCHj), 2.72 (1H, ddd, J 11.2, 11.2, 3.3 Hz, H-1"),
1.94-1.25 (SH, m), 1.45 3H, s, gem CHj), 1.16 (4H, m, H-5', CH,CH;), 1.12 (3H, s, gem
CHy), 0.90 (1H, dddd, J 12.7, 12.7, 12.7, 2.7 Hz, H-4'5), 0.85 (3H, d, J 6.5 Hz, CHCH5), 0.67

(1H, ddd, J 11.2, 11.2, 11.2 Hz, H-6'y); d¢c (100 MHz, MeOD) 156.2 (C), 156.0 (C), 142.0
(C), 124.9 (CH), 111.9 (CH), 60.0 (CH), 59.0 (CHy), 52.6 (CH3), 47.6 (CH), 38.4 (CHy), 37.0
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4 5
O 3 6
O
x| seea 1 7
6 2. 1 8
> 3
302 4 338

Magnesium turnings (2.20g, 90.5 mmol) were added to diethyl ether (10 mL) in a nitrogen-
flushed flask fitted with a reflux condenser, carrying a calcium chloride drying tube, and a
dropping funnel. 2-Bromonaphthalene (2.07g, 10 mmol) was added in one portion, one
crystal of iodine was added, and the solution was gently heated until self-refluxing began. 2-

Bromonaphthaiene (18.63g, 90 mmol) was added at such a rate that gentle reflux was

maintained. Heating was continued at reflux temperature for one hour after the addition was
complete before cooling to ambient temperaturc. Dicthyl ether (20 ml) was added and this

solution was added via a canula to a vigorously stirred suspension of copper bromide (0.88g,

6.1 mmol) in diethyl ether (14 mL) at —20°C. Stirring was continued for 30 minutes before
2) ¢

R)- e (3

_>

addition of

-
-—’
f"'\

Y]

+)-pulegon
r f =)

7 i X

(8.7 mL, 52.5 mmol) in diethyl ether (10 mL) over two
an

hours at —20°C. Stirring was continued overnight at —20°C and the reaction mixture was

added to vigorously stirred ice-cold ilydro\,hlo*u acid (ZM, 60 mL). The organic layer wa:

172}

ethanol (120 ml.) containing water (16 mL) and potassium hydroxide (14.0g, 250 mmol) was
added. The solution was heated to reflux temperature and stirring was continued for 3 hours.
After cooling to ambient temperature the solution was reduced in vacuo to a volume of about
40 mL. Water (100 mL) was added and the aqueous solution was saturated with sodium

chloride and extracted with diethyl ether (4 x 20 mL). The combined ethereal extracts were

dried (NaSO4) and reduced in vacuo. Purification by column chromatography on silica,
eluting with diethyl ether/light petroleum (20:80), afforded the title compound 338 (8.98g,

61%) as a colourless viscous liquid; vmax (film)/cm 3352, 1619, 1586, 1356, 815, 744; oy
(400 MHz, CDCI;) 8.05 (1H, d, J 7.8 Hz, H-5' ( 7

\,/
~
@0
Lo
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8.3 Hz, H-4'), 7.43 (1H, dd, J 7.8, 7.8 Hz, ArH), 7.37 (1H, d, J 8.3 Hz, H-3"), 7.31 (1H, dd, J
1.8, 7.8 Hz, ArH), 7.19 (1H, s, H-1), 2.58 (1H, dd, J 16.5, 3.7 Hz, H-2), 2.28 (2H, m, H-6¢,,

ri-

P
A T | el e s O s e e i ]
U

ax)s 2.05-1.38 (5H, m), 1.36 (3H, s, gem CHj), 1.36 (3H, s, gem CHs), 1.06 (3H, d, J 6.5
Hz, CHCHs); 6¢c (100 MHz, MeOD) 151.3 (C=0), 146.8 (C), 132.3 (C), 129.1 (CH), 127.2
(CH), 126.7 (CH), 125.4 (CH), 124.3 (CH), 123.0 (CH), 119.2 (C), 117.4 (CH), 49.7 (CH),
40.2 (C}, 31.3 (CH2), 30.2 (CH3), 29.0 (CH), 22.7 (CH3), 22.6 (CH3), 20.8 (CH3), 20.7 (CHy).

N'-[5-Methyl-2-(1-meihyl-1-naphthalen-2-yleihy!)cyclohexylidene|hydrazinecarboxylic

acid ethyl ester 339

H
EtO._ _N. 3 6
Oe EtO N\ T 1N OO
O, 2,

VY NHy——

1 8
@] 5 5
338 284 4 339

Acetic acid (0.15 mL, 2.7 mmol) was added to a stirred solution of 8-(2-naphthyl) menthone

)

(338) (1.00g, 3.6 mmol) in ethanol (5.3 mL). Ethyl carbazate (284) (0.52¢g, 5.0 mmol) was

rature for 72 hours. Water (20 mL) was

per
with ethyl acetate (2 x 20 mL). The combined

(
by flash chromatography on silica, eiuting with diethyl ether/light petroleum (40:60), afforded
the title compound 339 (0.69g, 52%) as a pale yellow solid; mp 116-117°C; [a]p™ —43.6° (¢
1.00, CHCl3); Found 367.2384 (MH  Cz3H3N>O
(NH), 1691 (C=0), 1613 (C=N), 1339, 822, 752; d4 (400 MHz, CDCl;) 7.70 (4H, m, ArH),
7.51 (1H, d, J 8.7 Hz, ArH), 7.34 (2H, m, ArH), 4.17 (2H, q, J 7.1 Hz, OCH,CH,), 2.54 (1H,
dd, J 11.5, 4.2 Hz, H-2"), 2.34 (1H, d, J 12.3 2.4 Hz, H-6'%), 1.60-1.28 (5H, m), 1.57 (3H, s,
gem CH), 1.51 (3H, s, gem CHs), 1.24 (3H, t, J 7.1 Hz, CH,CHs), 0.96 (1H, dddd, J 12.5

12.5, 12.5, 2.6 Hz, H-4'y,), 0.84 (3H, d, J 6.3 Hz, CHCH;); &¢ (100 MHz, CDCl3) 155.6 (C),

S TR T3IONN. 1 518 1 g
requires 36/.238U); Viax (nulolllfm 3205
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-1-(5,6,7,8-tetrahydronaphthalen-2-yl)ethyl]cyclohexyl}

H
EtO N. EtO
ey el
O W

7 pmol) was placed in a nitrogen flushed flask and ethanol (1.1 mL)
and acetic acid (0.6 mL) were added. N'-[5-Methyl-2-(1-methyl-1-naphthalen-2-ylethyl)-
inecarboxylic acid ethyl ester {339) (0.40g, 1.1 mmol) was added, the

c
flask was charged with hydrogen, and stirring was continued for 48 hours at ambien

=

temperature. The reaction mixture was filtered through celite® and the filtrate was neutralised
with saturated sodium bicarbonate solution. Diethyl ether (25mL) was added and the organic

layer was collected. The aqueous layer was further extracted with diethyl ether (2 x 25

th xtra die eth ; ml).
The combined ethereal extracts were washed with brine, dried (MgS0O4) and reduced in vacuo
to give the title compound 340 as a mixture of diastereoisomers. Separation and purification
by column chromatography on silica, eluting with diethyl ether/light petroleum (20:80),
afforded diastereoisomer 340a (0.21g, 51%) as a colourless solid and 340b (0.12g, 28%) as a

colourless solid.

(1S, 28, SR)-Diastereoisemer 340a

}

-~ — i I{-;I ra% rd i 2% 1 raat A ral N, wh BTN SO
np 68-70°C; [a]p ~ +1.0° (¢ 1.03, CHCL); Found 373.2852 (MH" C33H3N;0; requires

373.2850); vmax (nujolyem™ 3331 (NH), 1731 (C=0), 1504, 1246, 827; §;; (400 MHz, MeOD)

7.10 (2H, m, ArH), 6.90 (1H, d, J 8.4 Hz, ArH), 4.04 (2H, q, J 6.9 Hz, OCH,CH;), 3.25 (1H,
br, H-1"), 2.68 (4H, d, J 16.5 Hz, ArCHb), 1.84 (1H, br, H-2"), 1.82-1.69 (2H, m, H-4,, H-4),
1.73 (4H, m, ArCH,CI5), 1.52 (3H, m, H-5', H-6'cq, H-6's5), 1.44 (3H, s, gem CH3), 1.34 (3H,
s, gem CHs), 1.20 (3H, t, J 6.9 Hz, OCH,CHs), 0.84-0.73 (2H, m, H-3's, H-3'y), 0.78 (3H, d

J 6.4 Hz, CHCH); ¢ (100 MHz, MeOD) 156.6 (C), 144.1 (C), 134.3 (C), 132.3 (C), 126

N
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(CH), 125.7 (CH), 122.3 (CH), 58.9 (CHy), 55.0 (CH), 50.7 (CH), 37.7 (C), 36.7 (CHy), 34.5
(CHy), 27.8 (CHy), 27.0 (CH; 6

- 3
4
340b
mp 42-44°C; [a]p®® —31.3° (¢ 0.53, CHCls); Found 373.2852 (MH' C,3H¢N,O; requires
373.2850); Vimax (nujol)/em™ 3331 (NH), 1718 (C=0), 1501, 1265, 827; &3 (400 MHz, McOD
7.13 (14, d, J 7.8 Hz, H-3"), 7.11 (1H, s, H-1"), 6.95 (1H, d, J 7.8 Hz, H-4™), 4.00 (2H, q, J

6.4 Hz, OCH,CHj3), 2.70 (5H, m, H-1', ArCH>), 1.96-1 09( iH, m), 1.75 (4H, m, ArCH,CH)),
1.43 (3H, s, gem CHj3), 1.37-1.12 (2H, m), 1.16 (5H t,J 6.4 Hz, OCH,CHs), 1.12 (3H, s, gem

(C), 127.3 (CH), 124.7 (CH), 120.9 (CH), 60.0 (CH), 59.0 (CH,), 47.5 (CH), 38.4 (Cl1,), 37.1
(C), 33.4 (CHa), 29.4 (CH), 29.3 (CHj), 27.6 (CH,), 26.9 (CH,), 25.0 (CHy), 25.0 (CHa), 21.5

=N

CH3), 19.7 {CH3), 18.2 (CH3), 11.9 (CHs); other quaternary carbon not observed; m/z {APcl)

373.0 (MH", 100%);

N'-{5-Methyl-2-[1-methyl-1-(1-methyl-1H-indol-3-yl)ethyl]cyclochexylidene}hydrazine-

carboxylic acid ethyl ester 342

Me
= ¥
O E N.
\ v BN Nm,
oW O
303 284 4 342

Acetic acid (0.6 mL, 10.4 mmol) was added to a solution of 8-(N-methyi-1H-indol-3-yl)
menthone (303) (4.00g, 14.1 mmol) in ethanol (20 mL). Ethyl carbazate (284) (2.06g, 19.8
mmol) was added and stirring was continued at ambient temperature for 48 hours. Water (30

ml) was added and the aqueous solution was extracted with ethyl acetate (2 x 30 mL). The

249
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combined organic extracts were washed with brine, dried (MgSO;,) and reduced in vacuo.

(e}

Purification by flash chromatography on silica, eluting with diethyl ether/light petroleum
(40:60), afforded the titie compound 342 (3.92g, 81%) as a pale solid; mp 100-102°C; [OL]D20
~-18.8° (¢ 1.01, CHCL); Found 370.2490 (MH" C3H2 N3O, requires 370.2489); v

(nujolYem™ 3246 (NH), 0), 1609 (C=N), 1537, 1341, 1220, 731, 3y (400 MHz,

G-
CDCls) 7.68 (1H, d, J 7.7 Hz, ArH), 7.17 (iH, d, J 7.7 Hz, Arl{),'OS (IH dd, J7.7,7.7Hz

( gem C
1;), 0.81 (3H, d, J 5.7 Hz, CHCHa); 8¢ (100 MHz, CDCls)

==
)
-
[
—
N
(V]

, : (C-0), 156.7
(C=N), 137.7 (C), 126.7 (C), 126.1 {(CH), 124.1 (C), 121.5 (CH), 120.8 (CH), 118.2 (CH),
109.4 (CH), 61.5 (CH,), 52.1 (CH), 38.1 (C), 34.9 (CH,), 34.2 (CH,), 33.4 (CH), 32.6 (CH;),
28.9 (CH,), 27.6 (CHs), 24.2 (CHa), 22.4 (CH3), 14.7 (CHy); m/z (APcl) 370 (MH", 100%)

173 (6), 172 (42).

(3-Phenylbicyclo[2.2.1]hepi-5-en-2-ylmethylene)-(1-phenylethyljamine 344
CHO Me 1
A? et 4 NS - ‘ZI S SN ph
Ph HoN- . Ph 74713 +isomers
68 343 Ph 344

5-(-)-a-Methylbenzylamine (343) (10mg, 89 umcl) was added to a stirred solution of 3-

phenylbicyclo[2.2.1 Thept-5-ene-2-carboxaldehyde (68) (16mg, 81 umol) in dichloromethane

—

(0.5 mL) containing 4A molecular sieves. Stirring was continued for 4 hours at room

temperature, the solution was filtered through glass wool and the filirate was reduced iz vacue

to afford the title compound 344 (24mg, quant.) as a pale yellow liquid.

A T i I EsTAY AALTY X T D D s SRS A G TP B
Exo-Diastereoisomer 344; Found 302.1901 (MH  Cy;HpsN requires 302.1903); v
(film/cm™) 3062, 1660, 1600, 1494, 731, 700; 5y (400 MHz, CDCl;) 7.85 (1H, 4, J 4.9 Hz

HC=N), 7.30-7.07 (10H, m, ArH), 6.24 (1H, dd, J 5.4, 3.0 Hz, C=CH), 5.95 (1H, dd, J 5.4,
2.6 Hz, C=CH), 4.27 (1H, q, J 6.7 Hz, CHCH»), 3.49 (1H, dd, J 4.9, 4.9 Hz, H-3"), 3.13 (1H,

S8 =0

CHH), 1.47 (1H, br, CHH), 1.40 3H, d, J 6.7 Hz, CHCH;); &¢ (100 MHz, CDCl3) 166.0
(CH), 145.3 (C), 143.7 (C), 137.2 (CH), 137.1 (0.72CH}, 135.7 {0.238CH}, 128.5 (CH), 128.4

br, C=CHCH), 2.89 (1H, br, C=CHCH), 2.47 (1H, ddd, J 4.9, 4.9, 1.2 Hz, H-2"), 1.64 (IH, br,

[\
A
=
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{CH), 128.0 (CH), 126.7 (CH), 126.5 (CH), 126.0 (CH), 69.6 {(CH), 53.6 {CH), 52.2 (CH),
48.3 (CH), 47.9 (CH), 47.2 (CH,), 24.9 (CHs); m/z (APcl) 302 (M, 24%), 236 (100), 162
(81)

Endo-Diastereoisomer 344; Found 302.1901 (MH" CypHypN requires 302.1903); viax
(film/cm™) 3062, 1660, 1600, 1494, 731, 700; 8y (400 MHz, CDCls) 7.78 (1H, d, J 4.5 Hz,
HC=N), 7.30-7.07 (10H, m, ArHY), 6.31 (1H, dd, J 5.6, 3.2 Hz, C=CH), 6.08 {0.29H, dd, J 5.6,
2.7 Hz, C=CH), 6.03 (0.71H, dd, J 5.6, 2.7 Hz, HC=CH), 4.19 (14, q, J 6.5 Hz, CHCH3),

~J
==
2
(8]
d
-~
[\®}
=
B
%
E
=
(¥]
Ly
(7]
=
&
~
.O\ K
¥,
=
N
l
=
@
':4 4
“Oﬂ
’:
=
<
=
o
N
o
)
aQ

H-2), 3)
166.7 (CH), 144.4 (C), 138.8 (0.31CH), 138.6 (0.69CH), 134.4 (0.68CH), 134.3 {0.32C
128.4 (CH), 128.3 (CH), 127.4 (CH), 126.7 (CH), 126.6 (CH), 125.9 (CH), 69.4 (CH), 53.9
(CH), 52.2 (CH), 48.2 (CH), 47.9 (CH), 47.3 (CH,), 25.0 (CHj3); other quaternary carbon not
observed; m/z (APcl) 302 (M", 24%), 236 (100), 162 (81)

(2-Methozxymethyipyrrolidin-1-yl)-(3-phenylbicycle|2.2.1]hept-5-en-2-ylmethylene)-

amine 346
/ + —_— =
\
Ph NH, OMe
68 345
{S)-{-)-1-Aminoc-2-(methoxymethyl)pyrrolidine (345) (12mg, 89 umol) was added te a stirred

solution of 3-phenylbicyclo[2.2.1]hept-5-ene-2-carboxaldehyde (68) (16mg, 81 pumol) in
dichloromethane (0.5 mL) containing 4A molecular sieves. Stirring was continued for 2

P ol
nour

7]

at room temperature, the solution was filtered through glass wool and the filtrate was

reduced in vacto to afford the title compound 346 (25mg, quant.) as a yellow liquid.

L1,

Exo-Diastereoisemer 346; Found 311.2116 (MH" CyoHN,O requires 311.2118); Viax
(ﬁlm’cm'l) 3051, 1600, 1494, 1117, 738, 702; oy (400 MHz, CDC13) 7.15 (SH, m, ArH), 6.73
(1H, d, J 5.8 Hz, HC=N), 6.24 (1H, dd, J 5.5, 3.1 Hz, C=CH), 5.92 (1H, dd, J 5.5, 2.7 Hz,

C=CH), 3.40 (2H, d, J 6.9 Hz, CH,OCH;), 3.36-3.18 (3-H, m, H-3", NCi;), 3.28 (3H, s,
OCHs), 3.08 (1H, br, C=CHCH), 2.76 (1H, br, C=CHCH), 2.67 (1H, tt, J 6.9, 6.9 Hz,
NCHCH,), 2.43 (1H, ddd, J 5.8, 5.8, 1.6 Hz, H-2"), 1.84-1.47 (6H, m}; 6¢ (100 MHz, CDCl;)

251
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D

144.2 (C), 141.6 (0.72CH), 141.4 (0.28CH), 137.4 (0.75CH), 0.25CH), 135. .
128.0 (CH), 127.8 (CH), 125.7 (CH), 74.6 (CHy), 59.3 (CH3), 51.5 (CH 50.3 (CHy), 50.0
(CH), 49.2 (CH), 49.1 (CH), 48.2 (CH), 47.2 (CHy), 26.5 (CHa), 22.1 (CHy); m/z (APcI) 311.2
(MH", 100%), 245.2 (26).

e
-

137.

=l

’2 {

IPQ

{CH),

Endo-Diastereoisemer 346; Found 3112116 (MLF CroHeN20 requires 311.2118); vy

Z P
G- 2 - o 4 s 18X

., 3.40-3.23 (7TH, m, OCH;, CH,OCHi, NCH>), 3.13 (1H, br, H-3"), 2.95 (1H, br,

=C
C=CHCH), 2.85 (2H, m, C=CHCH, H-2"), 1.84-1.47 (7H, m); 8¢ (100 MHz, CDCls) 144.9

134.7 (0.70CH), 128.3 (CH), 127.4 (CH), 125.7 (CH), 74.7 (r:uz’;, 59.3 (CHs), 512 .\F'H),
50.4 (CHy), 49.9 (CH), 49.6 (CH), 49.5 (CH), 48.4 (CH), 47.1 (CHy), 29.7 (CHy), 22.2 (CHy);

Ph + jsomers
68 347

(J-)

umol) was added to a stirred solution of

Dhenylblcyulo[z 2.1]hept-5-ene-2-carboxaldehyde (68) (16mg, 81 umol) in dichloromethane
(0.5 mL) containing 4A molecular sieves. Stirring was continued for 2 hours at room
temperature, the solution was filtered through glass wool and the filtrate was reduced in vacuo

to afford the title compound 347 (32mg, quant.) as a yellow liquid.

Exo-Diastereoisomer 347; Found 393.2322 (MH' CyHzgN, requires 393.2325); Vmax
(film/cm™) 1654, 1

6 H
(1H, dd, J 5.2, 3.0 Hz, C=CH), 5.87 (1H, dd,

, A
2), 4.10-3.91 (2H, m, H-4, H-5), 3.26 (14, br, H-3'), 2.95 (2H, m, C=CHCH), 1.82 (2H, m, H-

2', CHH), 1.47 (1H, br, CHH); 8¢ (100 MHz, CDCl3) 144.2 (C), 143.2 (C), 1

(CH), 134.8 (CH), 128.6 (CH), 128.4 (CH), 128.3 (CH), 128.1 (CH), 127.5 (CH), 127.2 (CH),
127.0 (CH), 126.7 (CH), 126.2 (CH), 80.3 (CH), 71.4 (CH), 69.0 (CH), 53.5 (CH), 49.8 (CH),



Chapter 5 - Experimental Gutoe oLl (uilt— PRD Thesis 2004

48.

9 (CH
106.2 (36).

Endo-Diastereoisomer 347; Found 393.2322 (MH" CygHaN> requires 393.2325); viax
(film/cm™) 1654, 1601, 1494, 737, 699; &y (400 MHz, CDCls) 7.42-6.87 (15H, m, ArH), 6.21
(1H, dd, J 5.4, 2.6 Hz, H, dd, J 5.4, 2.7 Hz, C=CH), 4.40 (1H, d, J 8.3 Hz, H-
2), 4.10-3.78 (2H, m, H-4, H-5), 3.26 (1H, br, H-3"), 3.06 (1H, br, C=CHCH), 2.79 (1H, br,
C=CHCH), 1.82 (2H, m, H-2', CHH), 1.47 (lH, br, CHH); &¢ (100 MHz, CDCl3) 145.4 (C),
143.3 (C), 141.5 (C), 139.6 (CH), 134.5 (CH), 128.6 (CH), 128.5 (CH), 128.5 (CH), 128.
(CH), 127.4 (CH), 126.9 (CH), 126.8 (CH), 126.6 (CH), 126.0 (CH), 80.6 (CH), 71.3 (CH),
69.6 (CH), 53.6 (CH), 50.4 (CH), 48.9 (CH), 47.7 (CHy), 46.6 (CH); m/z (APcI) 393.2 (MH",

N
0
g
N
—
Ln
-~
=
=
o
-
~
[¥]
o
]
~J
s
N

o

L}
LA VATY S I ae B

N-(2,4-Dinitrophenyl)-N'-(3-phenylbicyclo[2.2.1]hept-5-en-2-ylmethylene)hydrazine 348

Ph + isomers

eHo ng

The title compound 348 was prepared according to the general procedure in Section 5.2.d for
the DNPH derivatisation of Diels-Alder adducts. 3-Phenylbicyclo[2.2.1]hept-5-ene-2-
carboxaldehyde (68) was reacted with 2.4-dinitrophenylhydrazine to provide compound 348

Purification by flash chromatography on silica, eluting with ethyl acetate/light petroleum
(10:90), afforded the title compound 348 as a yellow powder; Chiral HPLC analysis using a

Chiralcel OD-R column, wavelength 215 nm, eluting with acetonitrile/water (80:20), flow

AN o AT

rate of 0.5 mL/min, separated t

.7 and 36.5 minuies

—r

C)

¢ chiral sample, retention times of 30
(endo-diastereoisomers), 41.8 and 51.4 minutes (exo-diastereocisomers) (see Appendix A7,

page 274).

Exo-Diastereoisomer 348; A, 215 nm (EtOH); mp 160-162°C; Found 379.1402 (MH"

C20H8N4O4 requires 379.1401); vinax (nujol/cm™) 3289 (NH), 1618 (C=N), 1586, 1518, 1502

1334, 833, 743, 701; &y (400 MHz, CDCl) 9.05 (1H, d, J 2.5 Hz, H-3")

l\J'

2

o

(1H, dd, J 9.7,
2.5 Hz, H-5"), 7.85 (1H, d, J 9.7 Hz, H-6"), 7.66 (1H, d, J 6.1 Hz, N=CH), 7.21 (5H, m, ArH,

6.33 (1H, dd, J 5.6, 3.1 Hz, C=CH), 6.03 (1H, dd, /5.6, 2.8 Hz,

C=CH), 3.5Z

)
—
—
=
e
4:.
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3.7 Hz, H-3"), 3.21 (1H, br, C=CHCH), 2.99 (1H, br, C=<CHCH), 2.63 (1H, ddd, J 6.1, 4.8,
1.4 Hz, H-2"), 1.71 (1H, br, CHH), 1.60 (1H, ddd, J 9.4, 9.4, 1.6 Hz, CHH); &c (100 MHz,
CDCl3) 154.9 (CH), 145.0 (C), 142.7 (C), 137.8 (C), 136.7 (CH), 135.9 (CH), 128.8 (C),
128.7 (CH), 128.2 (CH), 127.8 (CH), 126.4 (CH), 123.5 (CH), 116.6 (CH), 49.9 (CH), 48.9
(CH), 48.7 (CH), 48.1 (CH), 47.5 (CHy); m/z (APcI) 378.9 (MH", 51%), 338.4 (40), 144.9
(35), 106.9 (100).

Endo-Diastereoisomer 348; An. 215 nm (EtOH); mp 160-162°C; Found 379.1402 (MH"
C20H18N4O4 requires 379.1401); vimax (nujol/cm™) 3289 (NH), 1618 (C=N), 1586, 1518, 1502,
1334, 833, 743, 701; &y (400 MHz, CDCl) 11.04 (1H, s, NH), 9.05 (1H, d, J 2.3 Hz, H-3"),
8.22 (1H, dd, J 9.6, 2.3 Hz, H-5"), 7.83 (1H, d, J 9.6 Hz, H-6"), 7.18 (6H, m, N=CH, ArH),
6.44 (1H, dd, J 5.5, 3.1 Hz, C=CH), 6.14 (1H, dd, J 5.5, 2.6 Hz, C=CH), 3.09 (1H, br,
C=CHCH), 3.07 (2H, br, C=CHCH, H-3"), 2.78 (1H, br, H-2"), 1.81 (1H, br, CHH), 1.61 (1H,
br, CHH); &¢ (100 MHz, CDCI3) 155.5 (CH), 145.0 (C), 143.6 (C), 139.6 (CH), 134.1 (CH),
130.0 (CH), 128.7 (CH), 127.3 (CH), 126.3 (CH), 123.5 (CH), 116.6 (CH), 51.1 (CH), 49.0
(CH), 48.4 (CH), 47.4 (CH), 47.3 (CH>); other quaternary carbons not observed; m/z (APcl)
378.9 (MH', 51%), 338.4 (40), 144.9 (35), 106.9 (100).
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Appendix Al

HPLC Traces of Compounds 233 and 234 to Determine ee
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Chiral HPLC analysis using a Chiralpak AD column, detecting at wavelength 290 nm, eluting
with hexanes/isopropanol (75:25); increased to hexanes/isopropanol (70:30) afier 20
minutes, at 1.0 mL/min. Separated the chiral sample, t; = 36.2 min (98.7%); t; = 51.4 min

(1.3%): 97.4% ee.
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Appendix A2

'"H NMR of Diol 233 on Addition of Eu(hfe);
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Appendix A2

'H NMR of Diol 234 on Addition of Eu(hfec);
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Appendix A2

"H NMR of Diols 233 and 234 in Titration Experiment
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Racemic 1.0 equiv. Chiral 1.0 equiv.
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Successive addition of dropwise aliquots of Eu(hfc)s to diol 233 split the signal at 6.92 ppm,
into two double doublets of equal intensity, corresponding to the 5—position of the indole ring,
confirming the presence of two enantiomers for the racemic modification of diol 233. (The

two peaks were shifted to 7.60 and 7.46 ppm).

Successive addition of dropwise aliquots of Eu(hfc)s to diol 234 failed to split the signal at
6.92 ppm, indicating an enantiomeric excess >97% . (The peak was shifted to 7.63 ppm).
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Appendix A3

HPLC Trace of Compound 251 to Determine ee

§ &
£
S o
A
AP
{ > &,;_
A !ﬂ‘
l |
! | | H SN NO,
| | '
’ HN
l 1 | 1;
tl | g ) 251 NO2
I - & 9P
| - * 3 o4 AN
! 5 g 8 .-?‘1’
i I || ‘f“\ B
| A a2
| \ | ' X T \
! l'\_ -. \-P \\.

Chiral HPLC analysis using a Chiralcel OD column, detecting at wavelength 359 nm, eluting
with hexanes/isopropanol (99:1), at 1.0 mL/min. Separated the chiral sample; t; = 63.6 min,

1, = 75.7 min (endo-diastereoisomers); {3 = 92.8 min, t4 = 99.9 min (exo-diastereoisomers).
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Appendix A3

HPLC Trace of Compound 253 to Determine ee
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Chiral HPLC analysis using a Chiralcel OJ column, detecting at wavelength 359 nm, eluting
with hexanes/isopropanol (99.2:0.8), at 0.7 mL/min. Separated the chiral sample; t; = 78.1

min, t, = 84.1 min (endo-diastereoisomers); (3
diastereoisomers).

= 1045 min, t; = 113.2 min (exo-
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Appendix A4

HPLC Traces of Compounds 261 and 267 to Determine ee

e 24
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Chiral HPLC analysis using a Chiralcel OD column, detecting at wavelength 251 nm, eluting
with hexanes/isopropanol (85:15) at 0.6 mL/min. Separated the chiral sample (t; = 36.0 min

(90.7%); t2 = 42.9 min (9.4%): 81.3% ee.
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Appendix AS

HPLC Traces of Compounds 263 and 270 to Determine ee
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Chiral HPLC analysis using a Chiralcel OD column, detecting at wavelength 285 nm, eluting

with hexanes/isopropanol (80:20) at 0.6 mL/min. Separated the chiral sample (t; = 60.8 min
(77.8%); t> = 70.7 min (22.3%): 55.4% ee.
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Appendix A6

HPLC Traces of Compounds 261 to Determine ee of Spiked Samples

___zn
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i, 25d (t; = 22.3 min (87.7%);
1; = 26.9 min (12.3%):
75.4% ee.

| R e
| t> = 27.1 min (24.3%):
51.4% ee.

-y

5 (t; = 22.6 min (62.5%);
‘. \ t> = 27.0 min (37.5%):
25.0% ee.

7047

Chiral HPLC analysis using a Chiralcel OD column, detecting at wavelength 251 nm, eluting

with hexanes/isopropanol (85:15) at 1.0 mL/min.
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Appendix A7

HPLC Trace of Compound 348 to Determine ee
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Chiral HPLC analysis using a Chiralcel OD-R column, detecting at wavelength 215 nm,
eluting with acetonitrile/water (80:20), at 0.5 mL/min. Separated the chiral sample; {; = 30.7

min, (; = 36.5 min (endo-diastereoisomers);

= t; = 41.8 min, t; =
diastereoisomers).

= 51.4 min (exo-
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Reagents were obtained from Aldrich, Lancaster and Fluka chemical suppliers. Solvents and
reagents were purified according to the procedures of Perrin, Armarego and Perrin.”*

Acetonitrile

Acetonitrile was dried by refluxing over, and distilling from calcium hydride.

Benzene

Benzene was dried by standing over sodium wire for 24 hours prior to use.

Cyclopentadiene

Cyclopentadiene was cracked from dicyclopentadiene immediately prior to addition. The
fraction boiling at 44°C was collected.

Dichloromethane

Dichloromethane was dried by refluxing over, and distilling from calcium hydride.

Diethyl Ether

Diethyl ether was obtained by distillation from sodium benzophenone ketyl.

Ethyl Acetate

Ethyl acetate was obtained by pre-drying with anhydrous magnesium sulfate followed by
fresh distillation from calcium hydride.

Lewis acids

The 1M Lewis acids were transferred by canula to a nitrogen filled Schlenk tube and stored in
the fridge.

Methanol

Methanol was dried by refluxing over magnesium, followed by distillation.
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Tetrahydrofuran

Tetrahydrofuran was obtained dry by distillation from sodium-benzophenone ketyl under
nitrogen.

Triethylamine

Triethylamine was purified by distillation over calcium hydride. The fraction boiling at 76°C

was collected.

Toluene

Toluene was dried by standing over sodium wire for 24 hours prior to use.
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