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Abstract

This thesis embraces two main sections that examine alternative architectures for the iminium
ion catalysis of the Diels-Alder reaction — comprising acyclic and cyclic systems.

Chapter 1 provides an overview of iminium ion and enamine catalysed processes. Focus is on
the structural requirements of catalysts for effective and efficient transformations. Chapter 2
highlights work carried out previously within the group and provides a more in depth review of
the Diels-Alder reaction, the protocol adopted for comparing catalyst activity and methods by
which results were analysed.

Chapter 3 describes the design and synthesis of a series of five membered cyclic catalysts
based on the pyrazolidine subunit. These systems incorporated aspects of acyclic catalysts
developed previously within the group to decrease reaction times and catalyst loadings.
Reaction conditions were optimised with regards to solvent and acid co-catalyst. SAR studies
of the cyclic and acyclic architectures lead to the expansion of the acyclic series within
Chapter 4. This resulted in the most active acyclic catalyst to date with a conversion of 98%
after of six hours within the iminium ion catalysed Diels-Alder reaction.

Chapter S shows a combination of SAR studies and computer modelling that led to the design
and synthesis of a series of six-membered cyclic analogues containing an a-heteroatom. These
systems catalysed the Diels-Alder reaction more efficiently producing a conversion of 89%
after three hours and 99% after six and would provide an effective architecture for the
development of a chiral catalyst. A trend was discovered relating the electronic environment
of a P-carbonyl incorporated into the catalyst structure and its associated activity with
supporting evidence from an associated computational project.

Finally, Chapter 6 describes preliminary studies into the three proposed component steps of the
iminium ion catalysed Diels-Alder reaction. 'H NMR and UV spectroscopy was (and
continues 10 be) used o examine these sicps 10 gain valuable information regarding the
mechanism of the catalytic cycle.
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1.1 Organic Chemistry

1.1.1 Chemical catalysis

Catalysis is a fundamental aspect of efficient and effective chemical transformations within
all disciplines of chemistry. Its underlying principles are to increase reaction rates and
therefore conversions, without affecting equilibria or causing alternative reaction routes to
occur. Catalysis accounts for a large portion of research and spreads across the three

traditional disciplines of organic, inorganic and physical chemistry.

1.1.2 Chiral molecules

Since the realisation that the spatial arrangements within molecules directly affects their
fundamental properties, asymmetric catalysis has devoted itself to the preparation of chiral
products and the control of their absolute configuration.! Undoubtedly, control of
stereochemistry defines everything from simple interactions of molecules to the core of life as
we perceive it. Production and definition of enantiomerically pure compounds is therefore
paramount in organic chemistry particularly throughout the pharmaceutical industry where
chiral compounds are needed to interact with chiral receptors where a stereogenic centre is
present within the drug molecule. This, but not solely, has generated much need and interest

for improved chemical control of organic reactions.

1.1.3 Organocatalysis

Enzymes within the body not only provide optically pure products but are also enormously
efficient towards their specific chemical transformations. Whilst the chemist’s toolbox of
catalysts consists mostly of metal-containing species only about half of known enzymes
contain metals in their active sites.” This indicates the significance for transformations to be
carried out in the laboratory in the absence of metal. Consequently, organocatalysis is gaining
appreciation within the organic community complementing existing bio- and metal-based
catalysis. Examples of organocatalysis were reported from as early as 1960;> however it was

not until the last decade that this branch of chemistry became the main focus of many research

groups.*



Chapter 1 — Introduction Gew Ll Sancs — PH D, Theais 2006

The term organocatalysis encompasses the idea that the catalyst employed for a chemical
transformation be comprised of only “organic” elements. However, today’s understanding of
an “organic catalyst” must also be cost effective relative to its metal-based competitors, and

also environmentally friendly both in its production and application.

1.1.4 Asymmetric organocatalysis

With “Green Chemistry” fast becoming of utmost importance in our socially aware society,
recent years have shown increased interest and development of small organic molecules to
accelerate many reactions in place of their metal-containing equivalents. While metal based
catalysis can be used for an extensive array of transformations with the ability for “fine
tuning” to a particular substrate through the use of alternative coordinated ligands, there are
several disadvantages such as the cost associated with large quantities of precious metals,
toxicity and environmental issues resulting from chemical waste and possible metal

contaminations residing in the products.’

1.1.5 Aminocatalytic pathways

It is well known that structurally simple and stable chiral secondary amines and amino acids
facilitate iminium ion and enamine based transformations with carbonyl compounds.
Iminium ion catalysis utilises the increased reactivity of a,B-unsaturated carbonyl compounds
to facilitate a multitude of organic transformations such as the Diels-Alder, [3+2]
cycloaddition, cyclopropanations, and conjugate addition and reduction reactions.®
Alternatively, enamine catalysis involves an enamine intermediate formed via the
deprotonation of an iminium ion leading to an enhanced nucleophile which has a similar

reaction portfolio to highly documented enolates.

Within this review both of these classes of catalysts will be examined. The emphasis will
focus on the catalyst structural motifs drawn from current literature, and how this affects

their catalytic ability.
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1.2.1 Cycloaddition reactions

1.2.2 Diels-Alder reaction

The Diels-Alder reaction is a [4+2] cycloaddition reaction between a diene and a dieneophile
(Scheme 1).

( " Diels-Alder reaction O
™

5 6 7
Diene Dieneophile Diel-Alder adduct

(Scheme 1)

The first highly enantioselective organo-catalysed Diels-Alder reaction was reported by
MacMillan in 2000.” This work was a test of the original theory behind iminium ion catalysis
mimicking the zn-electronics of Lewis acid based systems. The reactions were carried out
between cinnamaldehyde 8 and cyclopentadiene 9 with a series of secondary amine catalysts
(Scheme 2) (Table 1).

O
@) (i) 7 Ph
@ * > fJl _Acvo *
Ph

Ph CHO
Exo-isomer Endo-isomer
8 9 10 1

(i) 16 (10 mol%), MeOH/H,0 (19:1), 23 °C. (i) TFA, CHCl3, H,0, r.t,, 2 hr., 99%, 93% e.e. (ex0)

(Scheme 2)
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Entry Catalyst® Structure Timehr Yield®% exoiendo® exoee’%

1 12 (SHPro-OMe HCI 27 81 2.7:1 48
2 13 (S)-Abr-OMe.HCI 10 80 23:1 59
3 14 woc(Pom 23 92 26:1 57
HCI
4 15 g & 84 82 3.6:1 74
MeO, [ e
5 16 DO 8 99 1.3:1 93
HC
(Table 1)

(a) Reaction of trans-cinnamalidehyde 9 and cyclopentadiene 8 in methanol/water (19:1) at 23 °C with 10
mol% catalyst. (b) Isolated yield after chromatography. (c) Determined by GLC (Bodman I'-AT).

These results showed that secondary amines could be employed to catalyse reactions of o.,f-
unsaturated carbonyl compounds. Catalytic quantities of proline methyl ester hydrochloride
12 and abrine methyl ester hydrochloride 13 both provided good yields with moderate
selectivities (Table 1, entries 1 & 2). Catalyst 14 gave similar results to proline methyl ester
hydrochloride 12 which is perhaps to be expected due to the similarity between their
structures (Table 1, entry 3). Compound 15 produced a good yield and selectivity, albeit
requiring a long reaction period (Table 1, entry 4). The best results came from the
imidazolidinone based structure 16 which provided a quantitative yield with excellent
enantioselectivity after only eight hours under the reported reaction conditions (Table 1, entry
5). This work subsequently detailed the conversion of a series of dienes and cinnamaldehyde
9, catalysed by 16, in good yield and enantioselectivity throughout, showing 16 to be a
general catalyst.

The imidazolidinone structure was later elaborated to the imidazolidinone based series of
catalysts 17, 18, 19, 20 and 21.% Interestingly, 16 when employed as its perchlorate salt, 17,
showed poor yields for the Diels-Alder reaction of a,B-unsaturated ketones compared to its
hydrochloride salt. Catalyst 21 provided the best results within this series.
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/ / / /
o N/ Oy-N Oy N Oy-N Oy N J
T Tomee T Tomm 1O~
o)
Bn” N B” § P N Bn” N Bn” N
HCIO, HCIO, HCIO, HCIO, HCIO,
17 18 19 20 21

These imidazolidinone structures have since been used in ionic liquids,9 adapted to polymer

10,11

supports'®!! and natural product synthesis'? with excellent results.

Tomkinson produced a series of acyclic catalysts based on derivatised hydrazines 22, 23 and
24." Use of the a-effect served as the reasoning for the increased catalytic ability of these
molecules over similar linear molecules, with excellent yields observed for a range of

substrates.

H H H
N N N T

H H
Ha © Hcl O Hcl ©
22 23 24

Alternative reported catalysts for this reaction include the use of 1,2-diamino structures based
on 25. These have been independently proposed by Ha'* and Ishihara.'> These structures are
thought to catalyse the Diels-Alder reaction through intermediate iminium ion 26 with the
hydrochloric acid co-catalyst acting as a Brensted acid (Figure 2). Various R groups have

been employed within these architectures with yields and enantioselectivities remaining high.

R R?
1 2 —
R._& NS NR
HN  N=R° o R
R4 cl
25 26
(Figure 2)

The final notable catalyst series comes from Ogilvie.'"® These tricyclic N-substituted
structures, 27, produce good enantioselectivities with moderate to high yields across a broad
selection of dienophiles. Semiempirical calculations (PM3 in Spartan Pro) were carried out

on the iminium ion intermediate which illustrated the lowest energy confomer (Figure 3)
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R2
Q
RZ
1 . ¥
HX N
R'= OH, R? = Me gz
R'=OH, RZ=Ph 32
12 2.
R'=OMe, R“ = Me R'=H, R2=H
R!=$-xJ, R?= Me R'=Me, R2= H

R' =+ ), R?=Me 33

R'=H, R2=OMe

1.2.4 Cyclopropanation

Cyclopropanation reactions are commonly carried out through the Simmons-Smith reaction
involving the addition of an alkene and a carbene, created in situ with a zinc-copper couple

(Scheme 4).*°

Zn-Cu
I + CHyl, e + 2Znl, + Cu

(Scheme 4)
The Simmons-Smith reaction

Literature reports of the iminium ion catalysis of this reaction are limited. MacMillan has
shown the reaction to be catalysed by zwitterionic organic molecules.”! Interestingly, most
examples of iminium ion catalysis require the use of co-acids (HCl, TFA etc.) however, he
has shown proline 34, and the dihydroindole 35 to catalyse the reaction in good yield and
enantioselectivity (Scheme 5). Increased enantioselectivities were seen with 35, justified by a
proposed intermediate iminium ion 36. This intermediate acts to lower the Van der Waals
interactions between the 3-H position and the substrate (Figure 4). No such interaction was
possible within the structure of proline, 34.



#% + , $

@
?, ?E
G A A$
A< A )/ G ~2% 2
#@!
E#D E 2 ND: #@#$(: , 2P#
*D
A A O# 2 H /
H4l lAH 41 ESD,(
= = = QR ’3 B 55
)D
*
# % % ' 5 3'
% % , + % 8 5 % 3 % & '
# 3
? 0+ % % ' 5 ' & 3
5 ' + % % 8 ' i ' &
O ' & " ,# 5 & +
8 3" 5 +8& (4 % #$ %
D % % & 5 % 7<& = V% &
+ 8 ' & 55 8 5 % 5 &



Chapter 1 — Introduction Sew L Sanes —~ PH D, Jhesis 2006

Various acid co-catalysts were employed with the best results being found from those of a
lower pK, value such as trichloro- and trifluoroacetic acid. A rationale similar to the Diels-
Alder reaction was employed to explain the excellent stereoselectivities observed. MacMillan
extended this work to encompass the addition reaction of indole-based substrates with the
design of catalyst 39 from MM3? calculations.”* Preliminary kinetic studies carried out
within his group indicated overall rates of iminium ion catalysed processes were highly
influenced by the efficiency of the iminium ion formation step and carbon-carbon bond
forming events. This suggested that the improved rates of reaction observed with 39 were
attributed to the increased nucleophilicity of the lone pair of electrons on the reactive nitrogen
centre due to them being more freely available (Figure 5, Il and Il). Removal of the methyl
substituent frans- to the benzyl group allowed for the addition of heteroaromatic nucleophiles
to iminium ions precluded previously by steric factors (Figure 5, Il and IV).* 39 has

® as well as in the total synthesis

8

subsequently been utilised in Mukaiyama-Michael reactions,?

of (-)-flustramine B’ and in enantioselective organo-cascade reactions.’

¢\ Ph o 0) a o
N + NN E—— N Z
H H
Ph
37 9 38

(i) 16.TFA (20 mol%), THF-H,0, 23 °C, 3hr., 78%, 81% e.e.

(Scheme 6)

11
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Final notable works within this area were reported by List who carried out a series of

intramolecular Michael addition reactions catalysed to an excellent level by MacMillan’s
imidazolidinone 16.%

Me, o 0 O,N MeMeo
CHNO, + — =
/ 2 Ph/\/u\Me j/\/u\
Me Ph Me
40 a1
(i) 42/43 (20 mol%), neat, 20-180 hr., 3-87%, <80% e.e.
(Scheme 7)
/ on R'=CO,H, R?=H
N “NR!? R' = R2 = CO,Et
/[ )~~CO,H /[NXRz R'=Ph, R2=H
Bn” N Ph" J R'=R2=Me

42 43 R'=R?=H

1.2.7 Conjugate reduction

The iminium ion catalysed conjugate reduction reaction follows a similar premise to
conjugate additions. Formation of an iminium ion intermediate decreases the energy of the
LUMO of the carbon-carbon double bond, increasing the rate of addition of a nucleophile.
While conjugate additions make use of electron rich substrates the reduction required the use
of hydride anions. Until recently these reductions required the use of metal catalysts with
stoichiometric addition of metal hydrides. Conjugate reductions have been realised with
various substrate classes however mild, general, chemoselective and catalytic variants
applicable to o,B-unsaturated aldehydes were not described until recently. List proposed
several ammonium salts to catalyse the conjugate reduction of o-nitrocinnamaldehyde 44 to
45 with the Hantzsch ester 46 providing the source of hydride (Scheme 8) (Table 2).>°

13
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N
WO ® (:(\/\O
_—
NO NO

2 2
4 45

(i) 47 (5 moi%), 46 (1.1 equiv.), THF, r.t., 6 hr. 94%.

O HH O (o} o}
eao)jji“\oa — BT Y okt
N -

N N

48

(Scheme 8)

Entry Catalyst' Structure Co-catalyst Yield %

1 47 - CFsCOH 94
2 48 o~ HCI 65
3 49 » CF3CO,H 81
4 50 uj CF3COH 92
5 51 O CFCOH 90
6 52 N HCI 35

(Table 2)
(a) Reactions carried out in THF at room temperature for 6 hours with
5 moi% catalyst loading and 1.1 equivalents of 46.

Interestingly, the most effective catalysts for this transformation were a mixture of cyclic and
acyclic systems, with the best results seen with dibenzylamine 47 (Table 2, entry 1) as its
trifluoroacetic acid salt. This catalyst was subsequently successfully used in the conjugate

reduction of a series of a,B-unsaturated aldehydes with excellent yields.

List developed this chemistry further with the use of the imidazolidinone catalyst 53 to carry
out this reduction in an asymmetric manner (Scheme 9).>* This led to the introduction of an
efficient asymmetric iminium ion catalysed conjugate reduction/intramolecular Michael

reaction producing a series of five- and six-membered carbocycles in excellent yield and

14
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enantioselectivity.35 MacMillan simultaneously reported similar methodology expanding the

library of workable substrates.*®

OIN/
Bn u

.Cl3CO,H
53
/2 /.
R R

(i) 53 (10 mol%), 46 (1.02 equiv.), dioxane, 13 °C, 48 hr., 77-90%, 90-96% e.e.
(Scheme 9)

15
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Imidazolidinone architectures were found to be a more generic template for catalysis with
good activities towards all iminium ion catalysed processes. Their use has been best
exemplified in the Diels-Alder and conjugate addition reactions. Enantioselectivities were
induced in products by the substitution of both of the positions adjacent to the reactive
nitrogen centre. This substitution served either to favour the cis- or frans-isomer of the
iminium ion through steric interactions, or by directing the incoming nucleophile by steric

shielding (Chapter 1.2.6, page 12, figure 5).

Iminium ion catalysed processes require acidic conditions to proceed. Successful catalysts
used acid co-catalysts as opposed to internal acids such as the carboxylic acid motif observed
in enamine catalysed processes (Chapter 1.4, page 18). Catalysts employing co-acids with
lower pKj, values, such as HCl and HCIO4 verses benzoic acid, delivered higher reactivity.
The nature of acid co-catalyst was also shown to have a pronounced effect on the ability to
catalyse certain types of reaction. The imidazolidinone catalyst 16 was an excellent catalyst
for the Diels-Alder cycloaddition reaction but failed to catalyse conjugate addition reactions
unless the trifluoroacetic acid derivative was employed. Success of the imidazolidinone based
systems within iminium ion catalysed processes has led to their availability through

commercial sources.

N

Bn H
.HCI

16

17
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Early investigations found the importance of the role of hydrogen-bonding in the
transformation of 56 to 57 which lead to the use of polar aprotic solvents such as DMF.
Importantly for the time Hajos, under a variety of conditions, described proline to catalyse the
formation of 57 in high yield and with 57% e.e., providing a viable alternative to previous

methods of classical chemical resolution (Scheme 10).%

O 0
m (l) O (ii) L%
—— —_—TP
o S éﬁ
o o o
56

(+)-57
(i) (S)-Proline (3 mol%), DMF, 20 °C, 20 hr., 100%. (i) p-TsOH, PhH, A, 15 min., 99%, 57% e.e.
(Scheme 10)

Eder, Sauer and Wiechert also showed a synthetic route through to 59 directly from the
triketone 58 in the presence of (S)-proline 34 (10-200 mol%) in conjunction with an acid co-
catalyst (Scheme 11). 59 was formed in 87% yield and 84% e.e. with the optical purity being
strongly dependant upon the specific substrate, amine catalyst, solvent and co-catalyst.

58 59
(i) (S)-Proline (47 mol%), HCIO,, CH5CN, 80 °C, 22 hr., 87%.

(Scheme 11)

This asymmetric proline-catalysed intramolecular aldol process, referred to as the Hajos-
Parrish-Eder-Sauer-Wiechert reaction,* has been applied to the synthesis of numerous
steroids and terpenoids since its first publication in the 1970’s.* This reaction has also been

carried out with polymer-bound (S)-proline.*®

19
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1.5.2 Conjugate addition

The conjugate addition reaction covers an enormous variety of substrates. Its various
mechanisms, both catalysed and uncatalysed, are well understood and thoroughly documented
throughout the literature and can be found in most undergraduate chemistry textbooks. A
variety of catalysts can be employed for this reaction from metal-based Lewis acids to
organocatalysts. In this section we will be focusing on the enamine catalysed Michael
addition. Three possible mechanisms have been proposed for the amine-catalysed Michael
reaction (Scheme 12). Chiral amines have been used to catalyse the asymmetric Michael
reaction activating the acceptor via the formation of an iminium ion (Scheme 12, l), or as a
base via an enolate which subsequently reacts with the acceptor (Scheme 12, Il). The third
mechanism utilises the transient activation of a carbonyl group through the formation of an

enamine intermediate (Scheme 12, lll).

[&] *

® = *

NR, 0) H,NR, ¢NR2

J])LRZ /J\\ /‘t
R! EWG EWG
g o R R
Nu
I I n
(Scheme 12)

Recently, notable work towards this enamine catalysed reaction has been reported from the
groups headed by Alexakis,*® Barbas®! and List.?> Frequently, catalysts involved in this work
are based on substituted pyrrolidine scaffolds. Barbas reported on a variety of secondary
amines to accelerate the direct asymmetric Michael reaction of o,a-disubstituted aldehydes,
such as 82, with B-nitrostyrenes 83 (Scheme 13). Notable results are shown below
(Table 4).%

(P

0 N o Ph
. O " . NO,
H H
Ph
82 83
(Scheme 13)
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Additive

f : o, b o,
Entry Catalyst® Structure (equiv.) Timehr Yied% ee’%
c ®) AcOH
1 49 X (1.5) 12 84 n.d.
2 34 {Pcom - 48 87 23
3 84 (;)v"" - 48 79 63
4 85 (P~ - 48 72 17
on AcOH
5 R 9% <1 65
~ AcOH
6 87 S 03 96 82 21
7 80 QV'Q - 0.5 90 50
H
8 80 Q\»Q TFA (0.3) 24 96 61
3
9 88 @J TFA (0.3) 9 19 73
10 89 Qvn(\/ TFA (0.3) 2 4 75
H
(Table 4)

(a) Reactions carried out in DMSO at room temperature. (b) Determined by HPLC using a
CHIRALPAK AS-H column. (c) /sobutylaidehyde (1.2 equiv.) was used.

Generally, reactions were either slow or suffered from poor enantioselectivities with the use

of bulky substituents on the pyrrolidine ring.

The most notable catalyst for this

transformation was (S)-(+)-1-(2-pyrrolidinylmethyl)pyrrolidine 80 which gave an excellent

yield after thirty minutes (Table 4, entry 7). Inclusion of 0.3 equivalents of trifluoroacetic

acid as an additive was observed to increase the enantioselectivity of the reaction but lowered

the reaction rate significantly (7Table 4, entry 8). Solvent effects on the reaction between 82

and 83 with 80 as the catalyst were investigated resulting in excellent yields and moderate

enantioselectivities. For example 96% yield and 68% e.e. was obtained with the use of a

DMSO/ether (3:7) mixture after a twenty-four hour period .

25
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Alexakis has reported a series of bipyrrolidine derivatives for use in the reaction of acetone 60
with B-nitrostyrene 83 (Scheme 14). Results are somewhat varied with generally a good yield
but poor enantioselectivities being obtained as well as the reaction suffering from long

reaction times (7Table 5).

0] O,N 0) O Ph
/u\ * I /ll\/\/NOZ
20 vols. Ph

60 83

(i) 90-97 (15 mol%), pTSA.H,0 (15 mol%), r.t., 15 hr.-7 d, 25-89%, 3-30% e.e.

(Scheme 14)

Entry Catalyst* Structure Time Yield% ee°%

1 90 0= 15hr 88 17

2 91 Q“g 15hr 79 20

'
5 94 39 7d 25 3
&
6 95 H }d 7d 64 17
7 9 ng 15hr 74 23
0
8 97 N O'J 15hr 89 30
(Table 5)

(a) Reactions were carried out in acetone at room temperature with 15 mol% of the
specified catalyst and 15 moi% pTSA.H;O. (b) Isolated yield after chromatography.
(c) Determined by GC with a Lipodex E column and configuration was resolved by
comparison to literature data.
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Yields were generally high but suffer from prolonged reactions times reinforcing Barbas’
findings that bulky a-substituents on the reactive pyrrolidine ring slowed reaction rates.
Enantioselectivities were poor, however, this was substrate specific as more highly substituted
ketones provided elevated e.e.s and were syn-selective. Alexakis proposed a model for the
syn-selectivities observed in accordance to Seebach’s model (Figure 11).%* Salunkha showed
that use of proline 34 can approach these reactivities if used in conjunction with ionic

liquids.®®

Q 8\%,,0
R3 0] AT
H J R o,
N (S)-
Ar R2
R2
N\R1
Si, Si Re,Re
(Figure 11)

1.5.3 Robinson annulation

The Robinson Annulation is a useful reaction in the synthesis of six-membered rings in
polycyclic compounds such as steroids (Scheme 15). It is the combination of a Michael
addition and subsequent aldol reaction. Its mechanism is well understood and as its
constituent reactions are also catalysed through enamine intermediates it is perhaps
unsurprising that this reaction can be carried out in tandem making a one-pot enamine

catalysed Robinson Annulation.

(0] 0]
Michael Aldol
addmon reacnon Dehydratlon
6]

Robinson Annulation

(Scheme 15)
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Barbas has shown (S)-proline 34 to accomplish this transformation in a yield of 49% with
76% e.e. in eighty-nine hours.®® A series of substituted proline based compounds have also
been employed by Barbas in the catalysis of this reaction. Compounds 73, 98 and 74 have
shown similar enantiomeric excesses (60-75%) to (S)-proline 34, however, 67 showed less
than 10% e.e. for the transformation; yields for reaction were not commented on. The poor
e.e. observed from 67 indicates the possibility that spatial positioning of the acid functionality
within these catalysts is paramount to increasing selectivities. Several primary amino acids

failed to catalyse this reaction to any significant rate.

() -
?‘CO;H N CO,H [D‘CozH CO,H
H

73 98 74 67

Interestingly, catalysts 84, 100, 101 and 80 catalyse the initial Michael addition and aldol
reaction but failed, under the reaction conditions, to dehydrate to give the final product,

indicating the requirement for the presence of an acidic proton on the catalyst.

h )

84 100 101 80

1.5.4 Direct Mannich reaction

The asymmetric Mannich reaction is one of the most powerful methods for the production of
chiral nitrogen-containing compounds through the combination of an amine, a ketone and an
aldehyde (Scheme 16). The importance of its introduction into organic compounds is
highlighted by the ubiquitous nature of nitrogen in pharmaceutical agents, agrochemical
compounds and natural products. Formation of the products can be carried out through either
direct or indirect variants. Direct methods require the use of unmodified ketones whereas the
indirect processes utilise preformed enolate and/or imine equivalents. Precedent for non-
catalytic methods include the addition of preformed enamines to imines.t”%*% With a

secondary amine catalysed reaction there is the possibility for a cross-aldol reaction to occur
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Other notable works within the area come from Jorgensen who examined the Mannich
reaction directed towards substituted ketimines 105 with catalysts 34, 106, 86, 107 and 80.7
Most active catalysts were 34 and 80 which provided yields of 84% and 56% with
enantioselectivities of >82%. Catalysts not containing the stereodirecting carboxylate moiety

appeared to benefit from Barbas’ suggested Coulombic force attraction.

o)
ooy
XY CO,Et

“

&

(oo o g G~ 0O
H H H
34

106 86 107 80
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1.5.5 a—Substitution reactions

Within the literature a-substitution reactions include a-halogenation (fluoro and chloro), a-
amination, a-aminomethylation, a-oxidation and a-alkylation. These methods will be dealt

with separately completing this section of the review.

a-Halogenation

Halogenation of organic molecules is of particular interest within industrial chemical
processes. Resistances to many metabolic transformations as well as the increased
lipophilicity and stability of fluorine-containing compounds is utilised throughout the
pharmaceutical and agricultural industry.” Today, many halogenating reagents are available
on the market. However, despite the abundance of these reagents there are few examples in
the literature of organocatalytic enantioselective halogenation reactions. Examples of metal-
based process have been published within the last decade with Togni and Hintermann
describing the first catalytic a-fluorination of B-ketoesters by chiral titanium complexes.*
Since then the challenge of enantioselectively a-halogenating carbonyl compounds has been
met by the groups of Barbas,?' Bartoli,*? Enders®® and MacMillan.® Catalysts utilised in
a-halogenation reactions fall into two main categories. Those based on the

imidazolidinone structure 55 and those on proline-derived systems.

/
OJ\: N R3
R1 N>< R4
RZ H
.HX
55

MacMillan has shown the use of (S)-proline 34 to catalyse the a-chlorination of aldehydes
(Scheme 18). Though furnishing an excellent yield at 4 °C with NCS, enantioselectivities
were extremely poor with no reaction at -30 °C with 109 (Table 7, entries 1,4 & 5). Use of
imidazolidinones 110 and 111 demonstrated poor results with NCS, 108, however, low

temperatures combined with 109 displayed excellent yields and good enantioselectivities

32



Chapter 1 — Introduction Siew L Sancs — Fh D, Thesis 2006

(Table 7, entries 6 & 7). A proposed intermediate accounting for the increased

enantioselectivity from 110 has been proposed (Figure 13).

_— o
(0] Chilorinating () n
n + reagent —_ = /U\/Hex
H,U\/Hex 1.2 equiv H él

(i) 111 (5 mol%), CHCl3, 4-(-)30 °C, 6 hr., 60-78%, 10-42% e.e.

(Scheme 18)

o} Cl_Cl

Cl o

N-CI

Cl Cl
O Cl
NCS
108 109

Chlorinating reagents

Entry Catalyst® Structure Temp.°C Timehr Reagent Conversion®% e.e°%

1 3 (P 4 6 108 99 2
o N

2 1m0 J< 4 6 108 20 19
TFA
o N

3 11 >(T,.>-°" 4 6 108 60 10
™

4 34 (P‘wﬁ 4 12 109 44 2

5 34 ?*cozu -30 30 109 nd. nd.
o

6 110 DS -30 8 109 91 92
IFA
o N

7 111 },}*‘" -30 6 109 78 42
TFA

(Table 7)

(a) Reactions were run in CHCIl, with 5 mol% catalyst loading. (b) Conversions were measured from an internal standard
(benzyl methyl ether). (c) Determined by chiral GLC analysis using a Bodman I'-TA column.
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Cat. . o o
Entry Catalyst' Structure Loading Solvent Timehr Conv.% ee %
1 34 Gl~es 20 THF 4 79° 26°
/
N,
2 me 06 20% THF 0.3 96° 63°
TFA
3 34 (o 30% DMF 4 29° 29°
4 85 G~ 30% DMF 4 30° 32°
5 g1 (X% 30%  OMF 4 3¢ 30
6 7 Z;,tw 30% DMF 4 tace  nd.
7 86 N ~Fon 30% DMF 4 9° 50°
8 none - - DMF 4 0° 0
(Table 8)

(a) Reactions were run under the conditions specified. (b) Conversion determined by GLC analysis relative to an
internal standard (benzyl methy! ether). (c) Conversion determined my 'H NMR spectroscopy of crude reaction mixtures
and correlated to GC analysis. (d) Enantiomeric excess determined by GLC analysis (Bodman I'-TA column).
(e) Enantiomeric excess detemined by GLC analysis (Bodman y-TA column).

a-Amination

Throughout the literature this class of reaction is catalysed solely by proline 34. List®® and
Jorgensen have independently carried out the a-amination of a series of aldehydes, 115, with
the aza-electrophile 116 (Scheme 19). Excellent yields and enantioselectivities (90-99%
yield, >90% e.e.) were recorded throughout, highlighting the diverse nature of proline as an
organocatalyst. Both authors have suggested the same transition state to explain the observed

asymmetric induction (Figure 14).3
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0] - OH Cbz
Cbz. (@, (i) |
H /u\' + E _—_ H)\;/ N N .Cbz
R “Cbz R
115 116

R = 'Pr, "Pr, "Bu, Me, Et, Bn.
(i) (S)-Proline 34 (10 mol%), CH3CN. (i) EtOH, NaBH,, 90-99%, >90% e.e.
(Scheme 19)

(Figure 14)

a-(Amino)oxylation

The catalytic a-oxidation of carbonyl compounds by organocatalysts is still very much in its
infancy. The first example of a-oxidation of aldehydes came from the laboratories of
MacMillan in their continuing programme to develop broadly useful organic catalysts for
asymmetric synthesis.87 Proline was used successfully for the asymmetric a-oxyamination of
propanal 117 with nitrosobenzene 118 (Scheme 20). This work was amenable to a variety of

substrates with good yields and excellent stereocontrol.

0 0 o]
N
H/U\ + ©/ HO N O\N
Me Me M
117 118 119

(i) (S)-Proline 34 (10 mol%), CHCI3, 4 °C, 20 mins., 88% yield, 97% e.e.
(Scheme 20)

Following the initial work by MacMillan, the laboratories of Cérdova®® and Wang®® published
further studies in this developing area employing nitrosobenzene 118 in the asymmetric
a-oxyamination of cyclohexanone. Cdérdova examined a series of pyrrolidine based catalysts
whereas Wang focused on the pyrrolidine sulfonamide-based organocatalyst 123 (Table 9).

These combined results highlight some interesting factors regarding this reaction. It appears
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that catalysts which do not incorporate an acidic proton fail to catalyse this reaction to any
significant degree implying that a proton donor plays a pivotal role in the reaction mechanism.
Secondly, as enantioselectivities of these protic catalysts are >99% the active intermediate
must involve hydrogen-bonding to transfer chirality from the catalyst to the products. Both
Cordova and Wang within their groups have proposed similar transition states whose structure
can be generalised (Figure 15). Coérdova has extended this process to the a-oxylation of
aldehydes via removal of the aniline subunit from 119 with Adams catalyst forming cis-1,2-
cyclohexanediol in excellent yields of up to 96%.”° This is an excellent method for

introducing additional functionality into carbonyl containing compounds.

Entry Catalyst® Structure Yield®% e.e°%

1 34 ?‘wﬁ 70 >99

OH
2 120 { I~com 64 >99
H
3 73 (om0 >99
HO,
4 121 ?‘”’" 67 >99
5 122 f”lw,,, trace  nd.
6 80 (:)V'Q trace n.d.
H
7 85 {~>~ trace n.d.
8 1230 (S0 >99
(Table 9)

(a) Reactions were carried out in DMSO at room temperature for 2-24
hours with 20 mol% catalyst. (b) Isolated yields after chromatography.
(c) Detemined by chiral-phase HPLC (d) Reaction time of 20 mins.

(Figure 15)
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