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Abstract
This thesis consists of two subprojects, dealing with the design, synthesis and
application of novel (1) pyridinyl-oxazoline ligands and (2) prolyl-oxazoline
ligands.
In Project 1 eleven novel pyridinyl-oxazoline ligands were synthesized. Metal
complexes of these ligands have been applied to transition-metal catalysed
reactions, including asymmetric cyclopropanation reaction, asymmetric allylic
alkylation reaction and asymmetric reduction of a conjugated ketone. The copper
complexes of these ligands gave good conversions (up to 73%) but low
enantiomeric excesses (up to 14%) in the cyclopropanation reaction. In the allylic
alkylation reaction, the palladium complexes of these ligands showed excellent
activities (up to 96% conversion) and modest selectivities (up to 28% ee). In the
asymmetric reduction of a conjugated ketone, up to 99% conversions and 20% ee
were achieved using the cobalt complexes of these ligands..
The ligands were also applied to the organo-catalytic reactions, including the
trichlorosilane-assisted hydrosilylation of acetophenone and an imine, and the
allyltrichlorosilane-assisted allylation of benzaldehyde. In the hydrosilylation the
ligands showed outstanding catalytic activities giving over 90% conversions in
13 out of the 17 test reactions. In the hydrosilylation of an imine the ligands gave
up to 28% ee and in the hydrosilylation of acetophenone the ligands offered up to
70% ee, the highest seen in our work in this reaction. In the allylation of
benzaldehyde the ligands were not as efficient, giving up to 11% conversion and
25% ee.
In Project 2, we designed and developed two pathways for the synthesis of a
prolyl oxazoline ligand. We then attempted the synthesis of a phosphineoxazoline ligand from this prolyl oxazoline base. Although the synthesis was not
completed, due to time constraints, it demonstrated the potential of synthesizing
IX

a novel phosphine-oxazoline ligand in a flexible manner via two synthetic routes.
Chapter One deals with the introduction of general concepts of asymmetric
synthesis, oxazoline ligands and their applications to different catalytic reactions.
Chapter Two discusses the synthesis of novel mono-oxazoline ligands and the
application of these ligands, or the metal complexes of these ligands, to the
asymmetric catalytic reactions. Chapter Three contains the full experimental
details for the project, including spectral and analytical data.
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CHAPTER 1
INTRODUCTION

1

1.1 Asymmetric synthesis
A chiral molecule is a molecule that is nonsuperimposable on its mirror image.
The two mirror images of that molecule are called enantiomers. Enantiomers
have the same bond connectivity but differ in the way their atoms arranged in
space1. In many ways, they can be considered to be the same compounds due to
their identical physical and chemical properties.
However, such a description is evidently not correct when the enantiomers are
placed in an asymmetric environment, i.e. where two chiral compounds interact
or react. For example in a biological process where a high degree of chiral
recognition is present, enantiomers can bind differently to the target receptors,
and may behave differently in an optically active system like the human body2.

Figure 1.1 Different enantiomers of citalopram
A recent study by lepola3 showed that only the (S) enantiomer of Citalopram 1
(Figure 1.1) has the desired antidepressant effect on human body, although the
racemic version of the drug is that which is supplied. Other similar chiral drug
compounds include Naproxen and Thalidomide (Figure 1.2). In both of these
cases the (R) enantiomers have a beneficial effect but the (S) enantiomers of
these compounds were found to have undesired effects (teratogenic) on human
health.4
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Figure 1.2 The structure of (S)-Naproxen and (S)-Thalidomide
In recent decades, the demand for enantiopure compounds has escalated
dramatically, driven mainly by the pharmaceutical industry and their regulatory
bodies, but also by their use in other applications including as agricultural
chemicals and flavors.5 Such demand has stimulated intensive research on
synthetic strategies that can gain access to the enantiopure compounds.
Asymmetric synthesis is the main one among them. Different techniques of
asymmetric synthesis include resolution, chiral pool synthesis, asymmetric
catalysis and the application of chiral auxiliaries6.
1.1.1 Resolution
Resolution is a classic technique for separating enantiomers. The key feature
of this technique is to differentiate enantiomers, making them separable from
their racemic mixture.
Chiral resolution is generally achieved by treating the racemate with a chiral
resolving agent like brucine or tartaric acid. The idea of this method is that the
chiral resolving agent co-ordinates or reacts with each enantiomer to generate
diastereomeric complexes or compounds that are physically separable by
purification methods like column chromatography or crystallization. The now
separated enantiomers of the original compound can be readily obtained by
removal of the resolving agents.
In 2006 Lee and Loh7 reported the application of chiral resolution in a total
synthesis. As shown in Scheme 1.1, the racemic mixture of trans compound 5
was reacted with the (S)-acetoxyphenylacetic acid 6 to give the corresponding
3

diastereomeric mixture, which was then separated by column chromatography in
96% overall yield. The two isolated diastereomers were then treated individually
with lithium hydroxide to give (R,R)-5 and (S,S)-5 in 48% and 48% yield (based
on a potential yield of 50% of each enantiomer from the racemate).

Scheme 1.1

Application of chiral resolution for the separation of alcohol 5

Kinetic resolution is another common method for isolating enantiomers. The
idea of this method is to react the two enantiomers of a racemate in a chemical
reaction. The chemical reaction is one for which there is a substantial rate
difference between the reactions of the two enantiomers. If carefully monitored
the less reactive enantiomer should remain unreacted and the more reactive
derivatised. Reactions involving specific chiral agents/catalysts can differentiate
the enantiomers based on reaction rate. The reaction is completed when one of
the enantiomers is fully reacted, and the unreacted one can be isolated as an
enantiopure product.
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Scheme 1.2

Enantioselective acylation of chiral secondary alcohols

In 2007, Fu8 developed an effective system which shows the potential for
isolating the enantiomers of secondary alcohols (Scheme 1.2). Among different
catalysts the DMAP analogue 10 was found to have superior selectivity, giving
the acetate 9 in 26-35% conversions and over 92% ee as measured by chiral GC.
The catalyst can be recovered (> 98%) when the reaction is finished.
1.1.2 Chiral pool synthesis
The chiral pool is the name given to a group of enantiopure compounds that
are readily available from natural sources. These inexpensive compounds,
including amino acids, carbohydrates and terpenes6 and are superb starting
materials due to their built-in chirality and varying structural features that can be
utilized in synthesis. By taking advantage of these features, chiral pool synthesis
where the chirality is introduced from one of these compounds can be developed
into an attractive synthetic strategy for preparing chiral molecules.
In chiral pool syntheses further manipulations on the starting materials are
generally required including transforming specific functional groups or
introducing additional substituents to the molecule.9 To reduce the synthetic steps
required it is especially desirable if the chiral pool material possesses a
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significant resemblance to the desired molecule making the whole synthesis
relatively straightforward.

Scheme 1.3 Chiral pool synthesis of CHIRAPHOS from 2,3-butanediol
The synthesis of CHIRAPHOS 13, a chiral ligand reported by Fryzuk,10 is a
good example of a chiral pool synthesis (Scheme 1.3). The (2S, 3S)-butanediol
11 derived from (-)-tartaric acid was tosylated with tosyl chloride and then
treated with triphenylphosphine and lithium to afford the chiral ligand 13 in
modest 30% overall yield, due to the existence of a side reaction. Still, it was a
successful application of chiral pool synthesis, which allows an impressive 2-step
preparation of a chiral ligand.
1.1.3 The application of chiral auxiliaries
Chiral auxiliaries are enantiopure compounds that can induce stereoselectivity
in an asymmetric reaction. They bond chemically to the substrate so the imported
chirality is able to influence the stereochemical outcome of the reaction. Chiral
auxiliaries are introduced before the stereoselective reactions and removed
afterwards, which brings to the synthesis extra synthetic steps and the cost of
stoichiometric amounts of auxiliaries.11
Although these drawbacks make it appear inefficient, the application of a
chiral auxiliary has its own advantages. First of all, the transformations with
auxiliaries are usually well-studied. This provides a high level of predictability,
which allows time-efficient accesses to a variety of new syntheses11. Secondly in
6

a lot of the cases the use of auxiliaries might be the only method one can rely on
especially when a catalytic alternative does not exist.

Scheme 1.4 Application of chiral auxiliary in a stereoselective addition
In 1993, Beckett12 described the application of a chiral oxazolidinone to the
synthesis of acid 16 (Scheme 1.4). During the synthesis, the auxiliary benzyl side
arm on 14 efficiently controlled the stereochemical outcome of the addition of
tert-butyl bromoacetate giving the ester 15 in 74% yield and 94% de. After that,
the auxiliary was cleaved using lithium hydroxide and hydrogen peroxide to give
the chiral acid 16 in 91% yield.
1.1.4 Asymmetric catalysis
Historically enantiopure compounds were mainly obtained via the methods
introduced above: resolution, chiral pool synthesis and the application of a chiral
auxiliary. However all of these methods suffer somewhat from their own
drawbacks or limitations. Resolution typically yields a maximum of only 50% of
the desired enantiomer, the exception being dynamic kinetic resolution. Chiral
pool synthesis requires a suitable precursor and the use of a chiral auxiliary
involves the cost associated with use of stoichiometric amounts of auxiliary and
the additional synthetic steps5

7

In comparison with the above methods, asymmetric catalysis has its own
advantages. In 1970s, a main breakthrough in this area was made by William
Knowles5, who introduced rhodium complexes with chiral phosphine ligands
which he applied to catalysis. These complexes have been applied to the
asymmetric hydrogenation of olefinic substrates, giving the chiral alkanes in up
to 96% ee.13 Since then, rapid development in the area of asymmetric catalysis
has led to many catalysts been designed and developed. In 2001 Knowles shared
the Nobel Prize in chemistry with Noyori and Sharpless for their significant
contribution in the development of asymmetric catalysis.
There are mainly three classes of catalysts that are widely used in this area:
metal catalyst with chiral ligands, organocatalyst and biocatalyst14. The focus of
this introduction will be on the first two as these are most relevant to this project.
1.1.4.1 Asymmetric transition metal catalysis
In transition metal catalysis the metal complex consists of a metal center and a
coordinated ligand. The element of asymmetry in the catalyst is introduced by the
ligand moiety. The chirality of the catalyst directs the orientation of the substrates
in a chemical reaction at the metal centre. This is often achieved by creating
distinguishable faces on one substrate for another incoming reagent whose
trajectory of approach is also controlled.15 This ultimately leads to a controlled
stereochemical outcome of the reaction. In recent years, many of these metal
complexes have been found to have excellent performance in a variety of
well-established asymmetric synthetic reactions like hydrogenation reactions16-18,
Diels-Alder reactions19,20, and cyclopropanation reactions.21-23
In the last decade, Gao22 introduced an ephedrine derived ligand 21 (Scheme
1.5) for the classic copper-catalysed cyclopropanation of styrene 17 using ethyl
diazoacetate 18. The copper based catalyst derived from this ligand was found to
be highly selective, giving the cyclopropane products 19 and 20 in 86:14 cis:
trans ratio and 80% (cis) and 89% (trans) ee.
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Scheme 1.5

Asymmetric cyclopropanation of styrene with copper complex of
ephedrine-derived ligand 21

The author suggested that this bulky ligand forms a chiral "pocket" around the
metal centre. This chiral environment plays an important role in directing the
approach of the incoming styrene as it approaches the copper carbene, derived
from the diazoester, so to bias the stereochemical outcome of the reaction.

Scheme 1.6

Asymmetric hydrogenation of methylstilbene derivative with
iridium-based catalyst

Later, Zhang17 reported the synthesis of his chiral phosphine-oxazoline ligands
and their application in the iridium catalysed hydrogenation of the aryl alkene 22
(Scheme 1.6). The metal-ligand complexes were found to be air-stable catalysts
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which can be stored in air for months without losing their catalytic activity.17 In
the reaction, the ligands 24-26 were found to be especially reactive giving nearly
full conversion (>99%) and up to 97% ee of the (R)-enantiomer of 23.
1.1.4.2 Organocatalysis
Organocatalysts are organic molecules that can catalyse asymmetric reactions.
This whole area of catalysis, though known, were underdeveloped until the last
few decades.14 Recently, the use of these catalysts has emerged as a powerful
synthetic method and they are acting as a complementary alternative to many
metal-catalysts.24 In comparison with the metal catalysts, organocatalysts are
generally tolerant of moisture and air, have lower toxicity and are easier to use in
reactions.25 They are also generally less expensive than enzymes and in most
cases have a wide substrate scope in catalysis.26 In recent years, many organocatalysts have been reported but most of them can be classified into the following
four types: Lewis acids, Lewis bases, Brønsted acids and Brønsted bases.
Zhang27 described the Lewis base catalysed hydrosilylation of a range of
enamino esters (Scheme 1.7). This catalytic system was reported as an important
alternative to the metal-catalysed hydrogenation reactions that were previously
used in these transformations.

Scheme 1.7

Trichlorosilane assisted enantioselective hydrosilylation of
enamino ester
10

As shown in Scheme 1.7, the hydrosilylation reaction was conducted with a
stoichiometric amount of trichlorosilane and 10 mol% of the ligand 29a-c. This
method delivered excellent yields (84-92%) and ees (87-90%) to the amine 28
and, at the same time, avoided the disadvantages associated with the metal
leaching and high pressure required in the metal catalysed hydrogenations.

Scheme 1.8

Asymmetric 1,4-Addition of Malonates with Brønsted base
catalyst

In 2004, Deng28 reported the application of his Brønsted base catalysts to the
addition of malonate to an  unsaturated nitro compound 30 (Scheme 1.8).
These catalysts deprotonated the acidic proton of the malonate. The resulting
anion and the protonated chiral catalyst then interacted. The approach of the
malonate to the alkene was thus controlled resulting in stereocontrol in the
addition of the malonate anion to the electrophile 30.24 During the test, 32a, 32b
and 32c were found to be the best ligands, giving up to 90% conversion to the
addition product 31 which was present in 91% ee.

1.2. Oxazoline ligands
The design of new organocatalysts is largely dominated by the development of
chiral ligands, due to the high desirability of the chiral products they make
accessible. Also, the chiral ligand is a key component of the metal complex
which catalyzes in asymmetric transition-metal catalysis. As only a limited
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number of natural metals are available that are catalytically active for chemical
reactions, the design of new transition-metal catalysts is mainly focused on the
development of chiral ligands.
In the history of asymmetric catalysis, many types of ligand families were
designed and developed, but a certain number of these ligands were found to
have application in a large number of reactions. The oxazoline containing
compounds are one such family of privileged ligands. Since their first application
in 1986, compounds of this type have proved to be highly selective in a range of
catalytic reactions. Due to its ready accessibility and structural advantages 29 the
application of these ligands had soon attracted enormous interest.
Oxazoline ligands are readily synthesized from some inexpensive natural
products like amino alcohols and amino acids in a few high-yielding steps. In
early 1990s Evans30 published a facile synthesis of the 2,2'-bisoxazoline 36
(Scheme 1.9). The key intermediate in this synthesis, the diamide 34, was
obtained by coupling the 2,2-dimethyl-1,3-propanedioyl-dichloride with 2
equivalents of amino alcohol 33 under basic conditions. The hydroxyl groups of
the diamide 34 were then activated as leaving groups with thionyl chloride and
the ring closed in the presence of base to give the desired 2,2'-bisoxazoline 36 in
31% overall yield.

Scheme 1.9

Synthesis of the 2,2'-bisoxazoline 36
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Shortly after this report, the same group published an improved synthesis to
give the oxazoline 36 in 72% overall yield.31 The author also reported the crystal
structure of a copper-based complex of the oxazoline ligand (Figure 1.3).

Figure 1.3

Structure of oxazoline 3831

As shown in Figure 1.3, the oxazoline derived from amino alcohol 37 has a
stereocentre adjacent to the coordinating nitrogen. Thereby when the ligand
binds to the metal, the metal is held adjacent to the two chiral centers meaning it
is in a highly chiral environment which allows the copper complex 38 to give
good stereocontrol of the reaction that occurs at the metal.32
Generally speaking, the oxazoline ligands can be classified by the number of
oxazoline moieties they carry. For example, ligands with one, two or three
oxazoline units can be named as mono-, bis- or tris-oxazolines respectively,
although some of them may combine with other heteroatoms or chiral elements32.
1.2.1 Mono-oxazolines
Amongst these oxazoline ligands, the bis-oxazoline is undoubtedly the most
commonly studied. The C2-symmetry of this ligand provides it with an advantage
over other non-symmetrical oxazolines in asymmetric catalysis. It reduces the
numbers of possible arrangements of the substrate and metal complex, which, as
a result, removes the competing transition states and reaction pathways leading to
an increased selectivity.33 However, there is no essential reason why ligands with
C2-symmetry should necessarily be superior to their unsymmetrical counter-
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parts.34 In fact, ligands with unsymmetrical coordination sites are found to give
better stereocontrol for certain reactions.35

Scheme 1.10

Reaction pathways of palladium catalysed allylic alkylation34

The palladium catalysed allylic alkylation using an unsymmetrical ligand is a
good example (Scheme 1.10). In this reaction, the ratio of the two enantiomeric
products is largely determined by the regioselectivity of the nucleophilic attack.34
If the atoms X/Y coordinated to the palladium are electronically different the
strength of the Pd-C bonds becomes non-equivalent. The carbon centers at either
end of the allylic system thus become non-equivalent. One of the allylic ends
becomes more reactive toward the nucleophilic attack which ultimately leads to
the excess of one enantiomeric product if the ligand provides facial selectivity in
addition to the differentiation between the ends of the allylic system.

Figure 1.4

Structure 42 of the catalyst-substrate complex

An example of this type of selectivity was reported by Helmchem36 in 1994.
The author observed in his crystal structure (Figure 1.4) that the Pd-C bond trans
to the phosphorous was significantly longer than the one trans to the nitrogen,
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with the result that the longer Pd-C bond was easier to break. The attack thus
occurred on the carbon trans to the phosphorous which was deep in the chiral
pocket created by the oxazoline ring which shielded one face of the planar
carbon. In fact, this complex was found to be one of the most successful in the
history of asymmetric allylic alkylation catalysis giving 98% yield and 98% ee to
the allylic product.
Later on, Pfaltz37 considered this reaction from the energy perspective. By
building up a similar model, he proposed that the extra bond strain released from
the bond cleavage encouraged the selectivity to one specific enantiomer. In order
to confirm that, he introduced an unsymmetrical ligand by replacing one oxazoline moiety on his bis-oxazoline ligand with a phosphinoaryl group. Having
sacrificed the advantage of C2-symmetry, the new ligand 46 (Scheme 1.11) gave
a surprisingly good performance and, more importantly, a much wider substrate
scope than the original bis-oxazoline ligand.

Scheme 1.11 Asymmetric allylic alkylation with phosphineoxazoline ligands
For a long time, complexes of bis-oxazoline ligands were known to catalyse
the allylic alkylation reaction. However, the rate was low as was the selectivity
with dialkyl substrates. Here, this limitation was overcome with the
unsymmetrical ligands 46a and 46b, where excellent yields (88-98%) and ees
(69-96%) were obtained with a range of dialkyl substrates.
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The results above suggested that the unsymmetrical mono-oxazoline was a
potential catalytic system especially for the reactions where control on
regioselectivity was required. Since the mid 1990s, many of these unsymmetrical
mono-oxazoline ligands have been synthesized and applied to a range of
reactions like the asymmetric intermolecular Heck arylation38, palladium
catalyzed carbocyclizations39 and palladium-catalyzed allylic alkylation40.
1.2.2 Synthesis of mono-oxazolines
From the early 1990s, a selection of synthetic methods has been developed to
provide an easy access to mono-oxazolines. These syntheses are generally
achieved in a few synthetic steps from the amino alcohol 47 (Scheme 1.12). The
synthetic strategies are versatile and provide the mono-oxazoline ligands with a
wide application scope facilitating the optimization of these ligands.

Scheme 1.12

Synthetic pathways of mono-oxazoline

The key difference between these synthetic methods is the way they close the
oxazoline ring. As shown in the scheme, three effective pathways are selected
here: a) by the ring closure of the β-hydroxyl amide intermediates; b) by the
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cyclisation from the nitriles and their imidate derivatives; c) by the one-pot
cyclisation from the carboxylic acids.
1.2.2.1 Synthesis by the ring closure of the β-hydroxyl amide intermediate

Scheme 1.13

Synthesis of amide substrate from different methods

The β-hydroxyl amide intermediates in path (a) were usually derived from the
related carboxylic acids or their derivatives like an acyl chloride. In reaction
(a1)41 (Scheme 1.13), the amide 56 was prepared via a modified peptide coupling
reaction in 99% yield by coupling the benzoic acid 54 with the L-serine methyl
ester hydrochloride 55. The key of this high-yielding reaction was the use of
additives like hydroxybenzotriazole (HOBt) and copper dichloride, which
suppressed the racemization during the coupling reaction42.
In reaction (a2)43, the amide 58 was synthesized by a straightforward reaction
between the L-serine methyl ester hydrochloride 55 and the 2-fluorobenzoyl
chloride 57. Under basic conditions, the reaction gave 96% yield of 58 in a very
short time (2 hours).
17

Scheme 1.14

Ring closure of β-hydroxyl amide with different methods

With the amino-alcohol in place, the β-hydroxyl group was usually activated
as a leaving group to facilitate the subsequent cyclisation reaction. As shown in
Scheme 1.14 some common activating reagents have been used in these
reactions.
In the reaction (a3)43 the hydroxyl group of 59 was converted to the chloride
using thionyl chloride to give the β-chloro amide which was then ring closed
with sodium hydroxide to afford the oxazoline 60 in 95% overall yield. This
method was generally reliable and high yielding for the ring closure of hydroxyl
amides although it did involve an additional synthetic step. A combination of
tosyl chloride and triethylamine (a4)43 can also be used. The reaction was
performed in the presence of excess base (5 equiv) and in a one-pot fashion.
The cyclisation reaction was efficient affording the desired oxazoline 62 with an
excellent yield (84%). The Burgess reagent44 (DAST) was also applied to
cyclisations of this type (a5) with very good results. This transformation provided
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a straight forward one-step cyclisation to a range of oxazoline ligands, giving
over 70% yield of most of the 28 tested substrates
1.2.2.2 Synthesis by the cyclisation of nitriles and their imidate derivatives
The one-pot synthesis of oxazoline via nitrile substrate was first described by
Witte and Seeliger in 1972.45,46 In this report, a range of nitriles were converted
to their corresponding oxazolines in modest to high yield. This reaction showed
the potential to provide easy access to a wide variety of new oxazoline ligands by
using varying nitrile compounds.

Scheme 1.15

One-pot cyclisation of oxazoline with ZnCl2 catalyst

As shown in Scheme 1.15, the oxazoline 67 was synthesized in 76% yield in
refluxing chlorobenzene in the presence of a Lewis acid catalyst (ZnCl2). Later,
several synthetic methods using nitrile derivates, such as imidates, were also
developed to allow preparation of oxazolines under milder reaction conditions.

Scheme 1.16

Preparation of oxazoline via imidate substrate

19

As shown in Scheme 1.16, benzonitrile 68 was treated with hydrogen chloride
gas in ethanol to give the ethylbenzimidate 69, which was then reacted with
(R)-2-amino-1-butanol 70 in refluxing dichloroethane to afford the corresponding
oxazoline ligand 71 in 80% yield over two steps.47
1.2.2.3 Synthesis by the one-pot reaction of carboxylic acids with amine and
subsequent cyclisation
In the early 1990s, an impressive synthetic system using the combination of
CCl4/Et3N/PPh3 was reported by Vobruggen48. This Appel-type reaction allowed
the one-pot transformations of carboxylic acids and amino alcohols to a range of
oxazolines, oxazines, thiazolines and benzoxazoles under very mild conditions.

Scheme 1.17

One-pot synthesis of oxazoline by the modified Appel reaction

The key to this synthesis was the use of PPh3 and CCl4 to activate the acid
group of 72 and later the hydroxyl group of 74 (Scheme 1.17). The activated
amide 75 then underwent cyclisation in the presence of triethylamine to afford
oxazoline 76 in up to 80% yield.
Applications of this method are shown in Scheme 1.18. Benzoic acid 77 was
treated with ethanolamine in the presence of 3 equiv. of triphenylphosphine, 10
equiv. of carbon tetrachloride and 3.3 equiv. of triethylamine to afford the
oxazoline 78 in 78% yield. This synthetic method has demonstrated significant
tolerance of unprotected functional groups in the starting material for instance,
3-hydroxylbenzoic acid 79 was successfully transformed in 68% yield to
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oxazoline 80. The reaction wasn’t adversely affected by an aromatic amino group
on the starting material 81 which reacted to give 74% yield to the oxazoline 82.

Scheme 1.18

Synthesis of oxazoline via Appel-type reaction

This method can be varied by using an alternative reagent, tributylphosphine,
to replace the triphenylphosphine. The new reagent generated a water soluble
side product during the reaction, which was removed afterward by either water
extraction or column chromatography.48
1.2.3 Application of mono-oxazolines
Since the first application of mono-oxazolines to catalysis in the mid 1980s49
(Figure 1.5), different groups have been introduced or stereochemical changes
made to this type of ligand. The aim of these modifications was to make the
ligands more effective or selective in specific catalytic reactions. These
modifications included the introduction of additional chiral centers, specific
structural features and also additional heteroatoms for coordination.32
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Figure 1.5

Mono-oxazolines developed by Wimmer (83)49, Pfaltz (46)50,
Muller (84)51 and Andrus (85)52

Various applications of these mono-oxazolines will be covered in this section.
The ligands will be classified by their donor atoms, such as N,N-ligands,
N,P-ligands and N,O-ligands. We will try to cover in this section different
aspects of the modifications and applications of chiral mono-oxazolines, rather
than only the specific areas in which our group works.
1.2.3.1 Applications of N,N-ligands
In asymmetric catalysis where the ligand co-ordinates to a metal, the size of
the resulting chelate ring is known to be an important factor in the performance
of the catalysts. To probe this particular point, Fryzuk53 designed the ligands 86
based on the conventional pyridine-bis-oxazolines 87 and pyridyl-oxazolines 88
(Figure 1.6). The new ligand was expected to behave differently to those wellestablished systems, as an extra methylene linkage was introduced to the ligand
for an increased ring size upon coordination.

Figure 1.6

The structure of ligand 86 and related ligands
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In the asymmetric hydrosilylation reaction, the rhodium complex of ligand 86a
(from [Rh-(COD)Cl]2) was found to give good activity and selectivity, affording
the desired alcohol 90 in 70% yield and 42% ee. The enantioselectivity provided
by the new ligands were not as outstanding as those by the two known ligands,
where up to 94% (87) and 83% (88) ees were achieved.54,55 To understand the
reduced selectivity, the author considered the 3-D structure of the metal complex
91.

Scheme 1.19

Catalytic performance and coordination chemistry of ligand 86a

As can be seen in Scheme 1.19, the six-membered chelate ring was in a "boat"
conformation with both the pyridine and oxazoline moieties orientated toward
the bottom of the "boat".53 As such, the chiral substituent on the oxazoline was
forced to point away from the metal centre. This "boat" conformation of the
catalyst was likely to be one of the key factors responsible for its poor
stereocontrol.
In contrast, the rhodium complex of the pyridine-bis-oxazoline 92 (Figure 1.7)
has a planar conformation with the two sidearms close to the reactive sites acting
as the "chiral fences".55 These "chiral fences" were believed to direct the
approaches of the incoming substrate, thus to give the metal complex superior
stereoselectivity (up to 94% ee) in the hydrosilylation reaction.
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93

Figure 1.7 Rhodium complex 9355 of ligand 92
In 2005, Sigman56 reported the application of his proline-oxazoline ligands
97's to the Nozaki-Hiyama-Kishi allylation of benzaldehyde (Scheme 1.20).

Scheme 1.20

Application of the proline-oxazoline ligands to the
Nozaki-Hiyama-Kishi allylation

As shown in the scheme, a set of diastereomers of the ligands 97's were
prepared and tested in the chromium-catalysed allylation reaction. Ligand 97d
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was found to be the most promising one, providing 95% yield and 92% ee of the
desired allyl alcohol 96. Also, these results had clearly revealed the profound
influence of the orientation of the chiral element of the ligand. This is clearly
demonstrated by the performance of ligands 97b and 97c where inversion of the
configuration at one site led to a huge swing in the stereoselectivity of the
reaction.
1.2.3.2 Applications of N,P-ligands
As described earlier, the phosphine-oxazoline ligands with N,P coordination
sites have become one of the most successful types of unsymmetrical ligands.
Early applications of these ligands were mainly to the asymmetric allylic
alkylation reaction. In recent years variations of the ligand have been made by
varying the oxazoline unit, the backbone and also the phosphine moiety. These
variants have allowed the ligands to be applied to many other catalytic
reactions.32,34

Scheme 1.21

The application of ligand 46 and 100 to an asymmetric allylic
alkylation reaction

In 1998, Helmchen57 reported the successful application of ligands 46's and
100's to the palladium catalysed asymmetric allylic alkylation reaction (Scheme
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1.21). The key feature of these ligands is the bulky substituents they bear on the
oxazoline moiety which, it is thought, bring the crucial P-Ph group closer to the
allyl group of the substrate.57 In testing, excellent catalytic performances (up to
97% yield and 89.5% ee) were observed. Reactivity and stereoselectivity was
highly encouraging in these reactions using less reactive substrates like the
1,3-dimethylallyl acetate.
The author highlighted ligand 100a in particular. The phenyl substituent on the
oxazoline moiety was held rigidly as it was fused to the five membered ring
attached to the oxazoline. This had the effect of maximizing its steric interaction
with the metal ion and thus maximizing its influence over the incoming reagents
to the reactive site.57 In comparison with the 46a, where the phenyl group is
attached as a standard R group on the 4-position of the oxazoline ring, ligand
100a gave a considerable increase (20%) in selectivity. Ligand 100a gave rise to
the highest ee at room temperature (76%) and indeed when the reaction was
conducted at -40oC an ee of 89.5% was observed. Increase of the ring size, thus
increasing flexibility, resulted in a slight negative effect on the selectivity, as can
be seen by comparing the results reported for 100a and 100b.
In 1997 Pregosin58 reported an interesting "3,5-dialkyl-meta effect", where
ligands incorporating with the meta dialkyl substituents (Figure 1.8) tended to
give higher ees in catalysis than those ligands without the meta substituents.

Figure 1.8

Fragment of the 3,5-dialkyl phenyl group on phosphine ligand

Both X-Ray analysis and NMR spectral studies of 101 indicated that the bulky
tert-butyl groups on the diphenyl phosphine resulted in restricted rotation about
the P-C bond. This led to a more rigid "chiral pocket" that the authors thought led
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to an improved interaction between the substrate and catalyst.59 Later in 2004,
this effect was tested by the same group with the phosphine-oxazoline ligands
102a and 102b in several catalytic reactions (Scheme 1.22).59

Scheme 1.22

Application of metal complexes of ligands 104's to several
catalytic reactions

As shown in the scheme, two variations of ligand 102 were synthesized, 102a
with a straightforward diphenyl phosphines and 102b where the phenyl groups
are disubstituted as indicated above. Both of these ligands were tested in a range
of catalytic reactions. Comparison of the two ligands across a few reactions
showed that this "meta-effect" was reliable in giving over 15% improvements in
enantiomeric excess in most cases. In some cases the rate of the reactions did
suffer.
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In 2006, phosphine-oxazoline ligands 112's were reported by Morken60 (Table
1.1). The performance of these ligands were examined in the standard Pd
catalysed allylic alkylation reaction using 1,3-diphenylallylic acetate and
dimethyl malonate.

Ligand

R1

R2

R3

Yield (%)

ee (%)

112a

H

H

Me

64

62

112b

H

H

Et

71

48

112c

H

H

H

58

58

114d

H

i-Pr

Me

61

46

112e

i-Pr

H

Me

88

97

112f

Me

Me

Me

80

89

112g

Ph

Ph

Me

79

75

Table 1.1 Application of the ligand 112 family to an allylic alkylation reaction
The parent ligand 112a, with no chirality on the oxazoline ring but chirality on
the backbone gave a 64% yield and 62% ee in this reaction. As shown in the
scheme, replacement of the backbone methyl groups with other substituents, like
hydrogen or ethyl groups (ligand 112b and 112c), didn't have a significant effect
on the enantioselectivity. In contrast to this altering the oxazoline substituents led
to more significant performance changes. Replacing the hydrogen group on the
R1 and R2 position of the parent ligand with methyl or phenyl groups brought the
ee up from 62% to 89% (112f) and 75% (112g) respectively. More interestingly,
ligand 112e, which has an additional chiral center, gave the highest ee (97%) of
the desired product. Ligand 112d, with the opposite chirality on the oxazoline
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ring but the same chirality on the backbone, gave the lowest selectivity observed
46% ee. In order to interpret these results both X-ray analysis and NMR
techniques were applied to study the metal complex.

Figure 1.9

NMR analysis of the Pd-ligand complexes

As shown in Figure 1.9, the phosphine and oxazoline moieties are coordinated
to palladium with the backbone substituents oriented away from the metal centre.
There is not much flexibility in the system to bring these substituents close to the
metal. Thereby it's not surprising that the replacement of these substituents does
not bring any change in performance regarding enantioselectivity. Notably, in the
crystal structure of ligand 112a one of the benzylic hydrogens on the backbone is
very close to the palladium metal centre (2.315 Å). The author suggests that there
could be an agostic interaction between that benzylic C-H bond and the
palladium, as the signal of Ha atom is shifted significantly downfield in the 1H
NMR spectrum from 6.03 ppm (uncomplexed ligand) to 9.42 ppm (complexed
ligand). Also, a similar shift is observed in ligand 112d with the Ha signal
residing at 9.74 ppm.
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However, the Ha signal of ligand 112e is found at 7.67 ppm, indicating the
perturbation of this benzylic hydrogen’s chemical shift is much smaller. This
means that the Ha atom of ligand 112e, in its palladium complex, is in a different
environment than in the corresponding complex of 112a and 1142.60 The author
suggests that this is very likely caused by the strong interaction between the
isopropyl group and the phenyl ring of the phosphine. This interaction forces the
complex to adopt a different conformation than in the original one and, as a result,
influences the catalytic performance of the catalyst.
1.2.3.3 Applications of N,O-ligands
A number of N,O-ligands have been reported to give one example, the
application of mono-oxazoline N,O-ligands with planar chirality has been
reported extensively in recent years particular in the addition reactions of
diethylzinc reagents61-64. In the last decade, Hou65,66 introduced several planar
chiral ligands which derive from [2,2]paracyclophane (Table 1.2).
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Ligand

R

R1

R2

Yield (%)

ee (%)

115a

C(Ph)2OH

H

i-Pr

96

93

115b

CH2OH

H

i-Pr

94

91

115c

C(Ph)2OH

H

t-Bu

37

32

115d

CH2OH

H

t-Bu

93

94

116c

C(Ph)2OH

H

t-Bu

13

7

116d

CH2OH

H

t-Bu

46

36

Table 1.2 Application of ligands 115's and 116's to the addition of Et2Zn to
benzaldehyde
Generally speaking, the catalytic performance of planar chiral ligands are
closely related to their structural rigidity.66 Therefore the elements that introduce
extra rigidity, in this case the diphenylhydroxylmethyl group, are generally
favorable in the structural optimization of these planar chiral ligands. However,
the results reported above (Table 1.2) do not seem to follow that principle. In
fact, ligands with the diphenyl hydroxylmethyl substituent give lower yields and
ees than their counterparts with a less bulky hydroxylmethyl group. For example,
the ligand 115c affords 56% lower yield and 62% lower ee than its counterpart
115d, while those of 116c were 33% and 29% lower than 116d.
With these interesting observations the author made a preliminary suggestion
that the additional rigidity from the diphenylhydroxylmethyl group was making
the ligand too rigid to adopt a favorable conformation for the approaching
substrate. In order to prove this theory, a more sterically demanding substrate and
the same ligands were used in a Ni-catalyzed asymmetric 1,4-addition reaction of
diethylzinc reagent to chalcones (Table 1.3).
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Ligand

R

R1

R2

ee (%)

115a

C(Ph)2OH

H

i-Pr

0

115b

CH2OH

H

i-Pr

52

115c

C(Ph)2OH

H

t-Bu

0

115d

CH2OH

H

t-Bu

63

Table 1.3 Application of ligands 115's to the 1,4-addition to unsaturated ketone
In this case, results which gave rise to clear conclusions were obtained. The
ligands with diphenylhydroxyl methyl group demonstrated no selectivity in the
reaction while their counterpart gave 52% and 63% ees respectively. This was in
agreement with the earlier theory and thus supported the ideas that the additional
rigidity was detrimental for this type of ligands and led to the reduced selectivity
in the reactions.

1.3 Asymmetric catalytic reactions
1.3.1 Asymmetric allylic alkylation reaction
Asymmetric allylic alkylation is a very useful method for the construction of
stereocentres. Unlike many other catalytic reactions that only form specific
bonds, allylic alkylation and its related reactions allows the formation of
multiple-types of bonds (C-C, C-S, C-N, etc) with a single catalytic system.
Since this reaction was established in 1960s, much research has been done to
exploit its full potential in asymmetric catalysis. In reality however it was the
mid 1990s before this reaction developed into an efficient system where high
enantioselectivities were achieved with a wide range of substrates in a
predictable fashion.67 Since then, a considerable number of variations have been
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reported including varying the metals, ligands and nucleophiles.
A large numbers of transition metals have been tested in the allylic alkylation
reaction like nickel, rhodium, ruthenium, copper and iron, etc, but palladium is
still the most popular due to its outstanding catalytic performance in this reaction.
Apart from the metal, the influence of the chiral ligand in this reaction has also
been widely studied. The potential for tuning the enantioselectivity by a simple
change in ligand structure has resulted in enormous interest in the design and
screening of new chiral ligands.67
In 1977, Trost68 described the application of a well-known phosphine ligand
122 (DIOP) in the asymmetric allylic alkylation (Scheme 1.23). However, the
palladium complex of ligand 122, which had proven to be highly stereoselective
in catalytic hydrogenation, only achieved a modest success (46% ee) in this
reaction. In fact, similar results were observed in many reports of the use of these
"privileged" phosphine ligands like the CHIRAPHOS 123 and BINAP 124.67

Scheme 1.23 Application of DIOP ligand 122 in allylic alkylation
Since then, there has been a rapid development in the application of phosphine
ligands to the allylic alkylation with many of them been designed specifically for
the reaction. The phosphine-oxazoline ligand 46 with N,P-coordination sites
(Scheme 1.11) is one of the most successful. As mentioned in Section 1.2.1, this

33

ligand has a unique coordination chemistry with its electronically non equivalent
binding atoms. This non equivalence was transmitted to the allylic termini
through the metal, making one of the termini more reactive toward the addition
and, ultimately, led to the formation of one specific enantiomer in excess. In the
allylic alkylation reaction shown in Scheme 1.11, the ligand 46 gave the product
in 99% yield and 99% ee with the diphenyl substrate, and also showed excellent
performances with a range of dialkyl substrates giving 88-98% yields and 69-96%
ees of the allylic products.

Scheme 1.11

Asymmetric allylic alkylation with phosphineoxazoline ligands

In 1987, Akermark69 successfully monitored the above effect via the 13C NMR
spectral chemical shift of specific carbons in the allylic complexes. It is
suggested that there is a relation between the

13

C NMR chemical shift of the

signal due to a carbon and the relative charge at the allylic terminus at which it
resides. Therefore the electronic non equivalence created at the allylic terminus
of the complex 125 (Table 1.4) can be monitored by the 13C NMR technique.
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13C

Ligands

NMR Chemical shifts (ppm)

C1

C2

C3

(1) L1 = L2 = py

61.4

135.9

61.4

(2) L1 = L2 = PPh3

78.6

138.2

78.6

(3) L1 = PPh3, L2 = py

58.8

137.5

80.0

Table 1.4

13

C shifts of the complexed allylic terminus

As shown in Table 1.4, coordination of the allylic substrate to the palladium
complex carrying two different ligands (entry 3) results in different chemical
shifts for the allylic carbons trans to these ligands. The terminus trans to the
acceptor atom (phosphorus) is shifting downfield and the terminus trans to the
donor atom (nitrogen) is shifting upfield. The different chemical shifts monitored
by the

13

C NMR imply that the allylic carbons become electronically non

equivalent upon the coordination to the complex with N,P coordination sites.
This observation provides the experimental evidence for the above hypothesis
that the electronic non equivalence of a bidentate N,P ligand can be transmitted
to the allylic terminus, making one of the termini more reactive toward the
nucleophilic addition and ultimately leading to the desired regioselective
alkylation reaction.
Apart from research in the area of the chiral ligand, the research on the
nucleophiles used in the allylic alkylation reaction has also attracted enormous
interest. The use of different nucleophiles in the reaction allows the chemists to
incorporate different types of bonds and structural features into the target
molecule, greatly enhancing the scope of this reaction.
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Scheme 1.24

Application of asymmetric allylic alkylation in the total
synthesis of Jasmonnoids 128

Dimethyl malonate is certainly one of the most widely-used carbon
nucleophiles. In 2002, Helmchen70 described the use of this nucleophile in an
allylic alkylation in the total synthesis of Jasmonnoids 128 (Scheme 1.24).
Together with a palladium complex of his 3rd-generation phosphine-oxazoline
ligand 129, this system afforded an impressive 93% yield and 95% ee of the
desired allylic product 127, which was recrystallized in a later step to give over
99.9% ee and converted to the final natural product 128 in 10 steps.
Meanwhile, carbon nucleophiles other than dimethyl malonate were also
studied. In 1997, Trost71 applied several β-ketoesters to the asymmetric allylation
reaction catalysed by the palladium complex of ligand 133 (Table 1.5). This
method is attractive as the structural diversity of the nucleophiles can be
transferred to the corresponding products. With these functional groups (allyl,
ketone and ester), the resulting chiral product can be readily converted to a wide
range of molecules which have great synthetic flexibility.
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Tetralone

Allylic ester

Time (h)

% yield

% ee

130a

131a

0.25

94

89

130b

131a

1

98

91

130a

131b

3

81

95

130a

131c

1.5

80

94

Table 1.5 Asymmetric allylic alkylation of β-ketoesters
Reactions with these non-symmetrically functionalized substrates leading to
construction of a quaternary carbon chiral centre presents multiple challenges to
this catalyst system. However, this system is found to be highly reactive (80-94%
yields) and selective (89-95% ees), tolerating the use of varying allylic substrates
and nucleophiles. The excellent catalytic performance, wide substrate scope and
possibility for further structural elaboration makes this method a promising
synthetic approach for future use.71
At the same time, work was reported on the use of non-carbon nucleophiles,
especially by Prof. Trost who researched the use of a range of different oxygen,
nitrogen and sulfur nucleophiles.
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Entry

R of ROH

(R1)3B

Time (h)

% yield

% ee

1

CH3

-

18

0

-

2

CH3

(C2H5)3B

3

88

94

3

CH2=CHCH2

(C2H5)3B

3

83

95

4

p-CH3OC6H4CH2

(C2H5)3B

3

91

94

5

CH3COCH2

(C2H5)3B

18

77

98

Table 1.6 Borane assisted allylic alkylation with alcohol nucleophiles
In 1998, Trost72 reported a number of reactions using oxygen nucleophiles in
which he applied several trialkylborane reagents (Table 1.6). These borane
reagents were found to be effective in activating a selection of alcohols which
went on to be efficient nucleophiles in the addition to vinyl epoxides, as shown
as 135. In entries 2-4, this catalytic system gave impressive yields (> 83%) and
ees (> 94%) of the allylic alcohol 136 within a very short period of time. The
reaction was unsuccessful without the trialkylborane reagents (entry 1), even
after an extended reaction time of 18 hours.
Nitrogen nucleophiles were found to be more reactive. As shown in Scheme
1.25 (1), a catalytic system based on a palladium complex of the diamido
diphosphine 133 introduced by Trost73 successfully mediated the addition of a
nitrogen nucleophile to an allylic epoxide 137 in 87% yield and 82% ee.
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Scheme 1.25 Application of nitrogen and sulfur nucleophiles in
allylic alkylation
Later, Trost74 also reported the successful use of a sulfur nucleophile (sodium
benzenesulfonate) in reactions with allyl acetates 139 using the same catalytic
complex [Scheme 1.25 (2)]. These reactions were performed under a two-phase
system with the tetrahexylammonium bromide (THAB) as a phase-transfer
catalyst. Again, this system turned out to be effective for a range of different
substrates, giving 73-94% yields and 85-99% ees of the allylic product 140.
1.3.2 Asymmetric cyclopropanation reaction
The cyclopropane motif is one of the most widely-found structural elements in
nature. By the end of 2008, more than 4,000 natural isolates and therapeutic
agents were found to carry the cyclopropane moiety, making the synthesis of this
motif a perfect platform for the development of new asymmetric technologies.75
The cyclopropane motif has also proved useful in synthetic chemistry. Due to
ring strain, molecules carrying this structure can be readily converted into a
variety of other molecules through different ring-opening reactions76. The
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cyclopropane is a useful intermediate for the synthesis of several functionalized
cycloalkanes77, such as the synthesis of cycloheptadiene through the
divinylcyclopropane rearrangement reaction (Scheme 1.26).

Scheme 1.26 Divinylcyclopropane rearrangement
In recent decades, much of the synthetic effort in this area has focused on the
asymmetric synthesis of this motif.77 There are many new and efficient methods
evolving, like the transition-metal-catalysed decomposition of diazoalkanes,
which is one of the most extensively studied areas. Other methods like SimmonsSmith cyclopropanation will also be covered in this section.
Many efficient catalytic systems for the decomposition of diazoalkanes are
established to date. Many of these systems are based on ruthenium, palladium,
copper and rhodium. A general catalytic cycle for these systems is given below.

Scheme 1.27 Catalytic cycle of metal-catalysed cyclopropanations with diazo
compounds75
As shown in Scheme 1.27, the catalytic cycle is initiated with the interaction
of the metal catalyst and the diazo compound, giving a metallocarbene complex
146 as the central intermediate of the catalytic cycle. This intermediate then
reacts with the alkene substrate 148 to form the cyclopropane 147 with the
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regeneration of the metal catalyst. The key feature of this catalytic system is that
it converts the explosive diazo compound to a non-explosive metal carbenoid
complex, but maintains the high reactivity of the starting diazo material.78 The
latter one is crucial for the cyclopropanation reaction as it involves the formation
of a highly ring strained cyclopropane.
In the mid 1990s, Nishiyama79 reported the application of his pyridine-bisoxazoline (PYBOX) ligands to ruthenium catalysed cyclopropanations (Table
1.7). In general, the ruthenium based catalysts are not as reactive in this reaction
as those derived from copper or rhodium, but improvements in yield are seen in
the application of this new PYBOX ligand 92 with a range of substituted diazo
compounds.77

N2CHCO2R, R

Yield (%)

Ratio 154:155

% ee (154)

% ee (155)

Me

74

90:10

88

70

Et

73

91:9

89

79

t-Bu

65

97:3

94

87

l-Menthyl

83

97:3

96

80

Table 1.7 Application of PYBOX ligand 92 to the ruthenium-catalysed
cyclopropanation
As shown in Table 1.7, medium to high (65-83%) yields and excellent
enantioselectivities of the trans product (> 88%) were achieved with this
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catalytic system. More importantly, the selectivity between the cis and trans
products, which is usually more difficult to control in this reaction, is highly
impressive here. The ratio of 150:151 ranged from 90:10 to 97:3, which is much
better than the commonly observed 60:40 to 75:25.

Entry

R1

R2

Time (h)

% yield

% ee

1

CH3

C6H5

2

38

13

2

CH3

CH2CH(CH3)2

12

55

36

3

CH3

C(CH3)3

19

82

78

4

CH3

C(CH3)2OSi(CH3)3

19

70

92

Table 1.8

Intramolecular cyclopropanation using bis-oxazoline ligands 36's

Intramolecular cyclopropanation is also possible when the diazo and alkene
units are in the same molecule. In 1996, Shibasaki80 described the coppercatalysed cyclopropanation of unsaturated diazocarbonyl compounds (Table 1.8).
From the results reported in entries 1-3, the author noticed that high
enantioselectivity was achieved with bulky R2 substituents on the bis-oxazoline
ligand. Increased size of R2 substituent resulted in an increase in the ee’s from 13%
when the R2’s were phenyl substituents to 36% and 78% respectively when
iso-propyl and tert-butyl analogues were used. An even bigger group was
introduced later to further optimized the catalyst (92% ee, entry 4), although
there was unsurprisingly a consequent reduction in the yield.

42

The Simmons–Smith reaction is another effective system used to form
cyclopropanes from olefins using an activated zinc catalyst. In recent years, the
main focus of research into this reaction is on its asymmetric applications,
especially in the reaction of allylic alcohols.81

Scheme 1.28 Simmons-Smith reaction using ligand 156
As shown in Scheme 1.28, the Simmons-Smith reaction of the allylic alcohol
154 is efficient using the zinc-based catalyst with ligand 156, giving the
cyclopropane product 155 in 95% yield and 94% ee.
The main feature of these reactions is to utilize the directing effect of the
oxygen of the allylic alcohols. By coordinating to the zinc catalyst, the allylic
alcohol can reside closer to the metal centre for improved stereocontrol and
reaction rate. However, the reaction becomes sluggish if these directing groups
are removed from the olefins as they have an activating and directing effect. In
fact, asymmetric Simmons-Smith cyclopropanation of unfunctionalized olefins
remained a challenge for many years with limited reports appearing in the
literature. In 2003, an advance in this reaction was achieved by Shi81, who gave a
preliminary report of the use of a dipeptide catalyst in this reaction (Table 1.9).
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Entry

Substrate

% yield

% ee

1

71

72

2

83

75

3

83

90

4

71

91

5

84

78

Table 1.9 Asymmetric Simmons-Smith Cyclopropanation of Unfunctionalized
Olefins
As shown in the table, this system provided encouraging results for the
cyclopropanation of different unfunctionalized olefins, especially for those
trisubstituted alkene substrates where up to 91% ee was achieved (entries 3-5).
The use of greater than stoichiometric amounts of "catalyst" was found necessary
in this system, a significant issue. Using the same substrate as was used in entry
3, the reaction only achieved 57% yield and 52% ee, compared to the original 83%
yield and 93% ee, when the catalyst used was reduced from 1.25 equiv to 0.25
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equiv (Entry 1, Table 1.10) albeit this does indicate the reaction is catalytic to
some extent at least.
It was suggested that the lower ee obtained was largely due to the enhanced
background reaction from the Zn(CH2I)2 intermediate via the racemic route. To
fix this problem, the use of achiral additives in the reaction was introduced by the
same group (Table 1.10).82

Entry

Additive

% Conversion

% ee

1

None

57

52

2

85

78

3

65

87

4

73

89

5

68

88

Table 1.10 Effects of different additives in Simmons-Smith Cyclopropanation
of Unfunctionalized Olefins
It was suggested that these additives coordinate to the Zn(CH2I)2 intermediate
in the reaction and, as a result, suppress the addition of the coordinated
intermediate to the olefin 160 via the racemic route. In the presence of these
additives, improvements in both conversions and ees were achieved (compared
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entries 2-4 to entry 1). The reactions with catalytic amounts (0.25 equiv) of
catalyst provided results (up to 89% ee) that were comparable to those obtained
with stoichiometric catalyst usage without additive.
1.3.3 Asymmetric reactions involving hypervalent silicate intermediate
Asymmetric hydrosilylation of prochiral ketones and imines represents one of
the main strategies to obtain chiral alcohol and amine building blocks (Scheme
1.29). Since the first report of catalytic asymmetric hydrosilylation in early 1970s,
this reaction has showed a steady and continuous growth over the last few
decades, driven mainly by the demands from the production of pharmaceuticals,
fine chemicals and biologically active compounds.83

Scheme 1.29 Asymmetric hydrosilylation of prochiral ketones and imines
The application of metal complexes was highly successful during the
development of this methodology. These chiral complexes, which usually acted
as Lewis acids, facilitated the reaction through the activation of electron
acceptors such as the carbonyl groups.84 One example of these metal complexes
is the zinc based complexes of chiral diamines which are usually used with
polymethylhydrosiloxane (PMHS) as effective systems for the reduction of
prochiral ketones. Examples of this zinc catalysed hydrosilylation are shown
below with PMHS as the reducing agent to transform acetophenone to
1-phenylethanol (Scheme 1.30). 85,86
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Scheme 1.30 Hydrosilylation of acetophenone using Zn-based catalysts83
As shown in Scheme 1.30, excellent results were achieved with the zinc
complexes of the above ligands, giving yields/conversions ranging from 90-99%
and ees from 75-88%. In fact, this zinc-catalysed hydrosilylation of carbonyl
derivatives was one of the major advances in the history of asymmetric
hydrosilylation and was developed into a reliable and economically viable
system for commercial application.83
Recently, the developments in silicon-based chemistry open the door for new
asymmetric reactions, where hypervalent silicon acts as the reaction centre in the
bond-forming processes.87 This removes the need for a metal based reaction
center which introduces huge potential advantages. The key feature of these
transformations is the change of the silicon valency.
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Scheme 1.31 Valency at silicon in organosilicon compounds.87
As shown in Scheme 1.31, a tetra-coordinated silicon atom 175 expands its
coordination sphere to form the relatively stable hypervalent silicate compounds
176 and 177. In these penta- or hexa-coordinated compounds, the hybridization
state of silicon changes from the original sp3 to sp3d (176, pentavalent) and
finally sp3d2 (177, hexavalent). Thereby, the electron density at silicon decreases
with the reduced s-character of the orbital combination.87 In other words, the
silicon centre becomes more positively charged with each additional ligand,
making it a better Lewis acid in the catalytic reaction; while the ligands L and R
become more negatively charged during the same process. It is notable that the
hexacoordinated silicon is not Lewis acidic, as any further extension of its
coordination sphere is unusual.88
Therefore, one important application of these hypervalent silicon species is
their use as Lewis acid catalysts. These silicon-based catalysts include several
tetravalent organosilanes, such as the trimethylsilyl halides (Cl or I, etc) or the
analogus triflate, which are activated to their hypervalent states through the
in-situ coordination with Lewis basic substrates or ligands. In 2000, Ghosez89
reported the application of his silicon catalyst to the asymmetric Diels-Alder
reaction (Scheme 1.32).
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Scheme 1.32 Asymmetric Diels-Alder reaction with silicon Lewis acid catalyst
As shown in Scheme 1.32, good yields (83%) and endo:exo ratios (99:1) were
obtained with the silicon-based catalysts 181a and 181b, although only modest
enantioselectivities were achieved. Interestingly, the oxygen of the OMe
substituent on 181b was found crucial for the stereocontrol of this reaction.
Removal of this atom resulted in a 47% difference in ee between the performance
of 181a and 181b in the reaction. The author suggested, this difference was
caused by a weak coordination between the silicon centre and the neighboring
methyl ether group, which created a penta-coordinated silicon compound of
increased Lewis acidity.
However, application of hypervalent silicon compounds as Lewis acid catalyst
has yet to exploit the full potential of these silicon species. In fact, activation of
the tetravalent silicon compound 175 (Scheme 1.31) to its hypervalent state
brings about another relevant reaction mode: hypervalent silicon compounds 176
and 177 are excellent carbon nucleophiles and hydride donors in the catalytic
reactions.87 This unique reactivity is largely due to the added metalloid character
at the silicon centre and the increased negative partial charges at the R moiety
with each additional coordinating ligand. These two features jointly facilitate the
transfer of the R group to other acceptors like the carbonyl or imine groups.
The hydride transfer from hypervalent silicon is one of such transformations.
In 2004, Malkov and Kocovsky90 had reported an efficient system for reducing a
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prochiral imine with trichlorosilane using catalytic amount of chiral diamides as
ligands to induce asymmetry (Table 1.11).

Catalyst

R

% yield

% ee

184a

Ph

49

92

184b

4-MeOC6H4

62

70

184c

3,5-(MeO)2C6H3

81

82

184d

3,5-Me2C6H3

70

89

184e

3,5-(CF3)2C6H3

88

53

Table 1.11

Imine reduction with trichlorosilane and diamide ligands 184's

This chiral diamides 184 function as promoters of the tetravalent silane
reagent, and the resulting hexavalent silicon intermediate acts as catalyst and
hydride transfer agent in the reaction. The reaction was conducted successfully
with a number of amide catalysts (184a-184e), giving up to 92% ee which is a
level of selectivity that matches those of transition-metal-catalysed protocols90.
Based on the experimental data, it was suggested that the electronic interactions
between the catalyst and the substrate, including hydrogen bonding and
π-stacking, were the key elements for the stereocontrol of this reaction.
The transfer of allyl groups from the silicon compounds is also an area of
some interest. In 2002, Hayashi91 described the asymmetric allylation of an
aldehyde with the allyltrichlorosilane (Table 1.12).
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Entry Catalyst Cat. loading (mol %)

Time (h)

% yield

% ee

1

187a

1

0.25

96

94

2

187a

0.1

2.5

96

94

3

187a

0.01

12

68

94

4

187b

0.1

2.5

22

85

5

187c

0.1

2.5

20

75

Table 1.12 Asymmetric allylation of aldehyde with allyltrichlorosilane
As shown in Table 1.12, 187a was found to be the most reactive catalyst,
which afforded the allyl alcohol 186 with up to 96% yield and 94% ee in a short
period of time. Notably, a reasonable reaction rate was achieved even with very
low catalyst loading of 0.01 mol % (entry 3). Many other catalytic systems
normally require 5-10 mol % loading to achieve an acceptable reaction rate in
this reaction.92,93 Again, a π-stacking effect of the chiral ligand with the reagent
was also observed here leading to the control of both stereoselectivity and
reaction rate. Removal of the aromatic ring on ligands resulted in noticeable
decreases on both yields and ees, which was evidenced by the results of entry 4
and 5.
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CHAPTER 2
RESULTS AND DISCUSSION
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2.1 General introduction
A numbering scheme independent of the one used in Chapter 1 is used from
this point onwards.
A series of novel mono-oxazoline ligands (Scheme 2.1) are synthesized in this
study. The discussion of these ligands will be broke down into two parts: 1) The
synthesis and application of pyridine substituted oxazoline. 2) The synthesis and
application of proline substituted oxazolines.

Scheme 2.1 Retrosynthetic analysis of the oxazoline ligands in this thesis
The initial aim of the first project was to synthesize the pyridine substituted
oxazoline 3 (Scheme 2.1). After that a variety of R1 substituents with varying
features were introduced to this "parent" ligand. We aimed to study the effect of
variations of the R1 substituent in ligands 4 on their catalytic performance, as
organocatalysts or in combination with metals as complexes, over a wide variety
of asymmetric catalytic reactions. Further optimization of these ligands was also
performed base on the preliminary results. The ultimate aim of this project is to
maximize the catalytic performance of the pyridine substituted oxazoline ligands,
to identify those reactions in which they perform best, and to study the structureselectivity relationship for this catalyst type in specific catalytic reactions.
In the second project, the synthesis of the proline substituted oxazolines 6 was
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developed using two different synthetic routes. Due to the limited time available,
only one attempt was made to modify the parent alcohol ligand of this class.

2.2 Pyridine-based oxazoline ligands
The pyridinyl oxazolines are one of the best known types of mono-oxazoline
ligands. Since their first application in 1986,1 the original ligand has been
modified and re-designed extensively to make this type of ligand more reactive
and selective in different reactions.

Figure 2.1 Re-design of pyridinyl-oxazolines by Nuber2, Chelucci3
and Brunner4
An effective modification of these ligands, and probably the most widely-used
one, is variations in the sidearm attached to the chiral center on the oxazoline
moiety (Figure 2.1). The effects, of these groups on the chiral center, have been
used to maximize selectivity in individual reactions.5 The variation of the chiral
center substituent is often studied in tandem with the effects of other novel
features in a chiral ligand.
The "R group effects" of the ligands shown in Figure 2.1 were studied jointly
with other modifications like added chiral centers (8 and 9), specific structural
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features such as polycyclic aromatic systems in place of the simple pyridine (10
and 11) and ligands bearing groups which changed the overall electronics like
that bearing a pyridinium group (13). It was found that in some reactions the
selectivity could be altered to some extent by these modifications. However, the
commonly used substituents were usually limited to alkyl or aryl groups which
did not contain a heteroatom. In fact, much of the research to date where
heteroatom containing substituents were used was on some non pyridine based
ligands. In particular of these heteroatom-containing substituents the hydroxyl
ones were most common. Examples of these ligands included some phenyl
oxazolines 14 and 15 (Figure 2.2), which were designed to catalyse the
diethylzinc addition to aldehydes6,7 and aldimines8,9

Figure 2.2 Phenyl-oxazolines with hydroxyl sidearm7,9
With this in mind the target molecule of this project was a novel pyridinyl
oxazoline with a hydroxyl sidearm. We hoped that this compound would be able
to provide some different coordination chemistry to other pyridinyl oxazolines.
We also hoped that the hydroxyl group would allow for easy functionalisation of
the sidearm on the chiral center to generate a family of ligands.
Previously a few compounds with similar structural features to this ligand
were synthesized. The most similar one, to the best of our knowledge, was
described by Balavoine10 in 1989 (Scheme 2.2). This family of compounds was
designed for the asymmetric hydrosilylation of aromatic ketones and was later
tested in the asymmetric allylic alkylation reaction11.
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Scheme 2.2 Synthesis of the pyridinyl-oxazoline 19
As shown in Scheme 2.2, the oxazoline 18 was synthesized in 83% yield from
the cheaply available 2-cyanopyridine 16 and the (1S, 2S)-2-amino-1-phenyl-1,
3-propanediol 17. From ligand 18, ligands 19A-E with varying sidearms were
then developed. This was a similar methodology to that which we applied. The
catalytic performance of 18 and 19A-E in two test reactions are shown in Table
2.1.
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Asymmetric hydrosilylation
Entry

Ligand

R of ligand 18 and 19

%Conversion

%ee

1

18

-OH

65

37

2

19A

-OMe

64

11

3

19B

-OPh

93

61

4

19C

-OC(Ph)3

100

80

5

19D

-SH

60

11

6

19E

-SPh

60

18

Asymmetric allylic alkylation
Entry

Ligand

R of ligand 18 and 19

Time (h)

%Yield

%ee

7

18

-OH

2.25

75

24

8

19A

-OMe

3

90

2

9

19B

-OPh

5

85

4

10

19C

-OC(Ph)3

2

84

25

Table 2.1 Applications of the pyridinyl-oxazoline ligands to two catalytic
reactions
In the first table of Table 2.1, it appeared that the enantioselectivity was
strongly related to both the steric and electronic properties of the R substituents.
As can be seen in entries 2 and 4, changing the R substituent from the OMe
group to the bulkier OC(Ph)3 group brought a sharp increase to the ee from 11%
to 80%. In entries 3 and 6, the ee dropped from 61% with the OPh group to 18%
with the SPh group, in which the heteroatom (S) was less electronegative and
slightly bulkier than the O on the OPh group. The author suggested that this
substituent on the sidearm attached to the chiral center was an important
component and "could be a third but temporary anchoring point" for the metal
centre.10
However, the catalytic results from the entire group of ligands were not always
satisfactory. The introduction of the sulfur-containing groups (entries 5 and 6),
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which thought to improve the coordinating properties, led to decreases in both
reactivity and selectivity. The best catalytic performance of these ligands was
reported with ligand 19C (entry 4) in the hydrosilylation reaction, where 100%
conversion and an 80% ee were obtained. The author believed that the increased
size of the R moiety compared to ligand 19A (entry 2) was key to this improved
performance. However, a growing number of reports indicate that the π-stacking
between the ligand and substrate can play a key role and this may be another
dominating factor in this case.12-14 The allylic alkylation reaction (Table 2.1,
entries 7-10) was also catalysed by Pd complexes of these ligands. The catalytic
systems were found to be active (>75% yield) but their selectivity was not as
impressive (2-25% ee).
During the course of this study we became aware of a report by Christoffers15
where oxazoline 26 (Scheme 2.3) was synthesised. This is the same compound
as our oxazoline 3 (Scheme 2.1) but is the opposite enantiomer. This compound
was a synthetic intermediate in the synthesis of ligand 27, and has not been used
as ligand in any catalytic reactions.

Scheme 2.3 Oxazoline compounds reported by Christoffers
Independently at this stage we had designed the retro-synthetic pathway of the
pyridinyl oxazoline ligand 30 (Scheme 2.4) based on the method described by
Balavoine10.
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Scheme 2.4 Retro-synthetic analysis of pyridinyl oxazoline 28
The synthetic pathway would thus start from L-serine 30 which was much
cheaper than diol 17 (Scheme 2.2). 2-Cyanopyridine would provide the source of
the pyridine ring. Due to carboxylic acid present in L-serine, extra synthetic steps
were required to initially protect the acid as the ester and ultimately to reduce the
oxazoline ester 29 to the alcohol 28. The ester group also provided opportunities
to expand the diversity of the ligands available, for example, via the addition of
Grignard reagents.7,16
2.2.1 Synthesis and Characterization of the oxazoline alcohol

Reagents and conditions: (a) Thionyl chloride, MeOH, 0 oC-r.t, 2 h, then reflux overnight,
99% (b) Na metal, MeOH, r.t, 24 h (c) DCM, reflux, 2.5 h, 78% (d) LiAlH4, Et2O, 0 oC-r.t,
4 h, 31% (e) NaBH4, MeOH, 0 oC-r.t, 4 h, 72% after crystallization.

Scheme 2.5 Synthetic routes to the pyridinyl oxazoline ligand 28
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As shown in Scheme 2.5, the first step involved the reaction of L-serine 30 to
give its methyl ester 31 using 1 equivalent of thionyl chloride in methanol. The
resulting mixture was refluxed overnight. After isolation the solid crude product
was washed in stirring diethyl ether for 1.5 hours to give the purified methyl
ester 31 in 99% yield. The structure of 31 was confirmed by comparison of IR,
1

H and 13C NMR spectra with the published data.16 In the 1H NMR spectrum the

presence of the OCH3 signal as a singlet at 3.87 ppm and in the

13

C NMR

spectrum the presence of the OCH3 signal at 53.7 ppm were strong evidence for
the formation of 31.
0.4 equivalents of sodium methoxide was generated in-situ with sodium metal
and anhydrous methanol. The resulting mixture was reacted with the 2-cyanopyridine 33. Once the imidate 32 was isolated and its structure was confirmed by
comparison with published data17 (1H and 13C NMR spectra), it was used directly
in the next reaction.
Following this, the crude carboximidate 32 was reacted with the methyl ester
31 to form the key intermediate of this synthesis, the oxazoline ester 29. The
reaction was performed in refluxing dichloromethane and the crude product was
purified by column chromatography on silica gel using gradient elution of
petroleum ether: ethyl acetate. The oxazoline ester 29 was isolated in 78% yield.
This reaction scaled up well and has been carried out successfully where up to 9g
(60 mmol) of 31 was used.
The oxazoline ester 29 is a novel compound and the structure of 29 was
confirmed by 1H and

13

C NMR spectral analysis (Figure 2.3). In the 1H NMR

spectrum, the OCH3 signal of the ester appeared as a singlet at 3.57 ppm. The
characteristic oxazoline protons showed up as a doublet of doublets at 4.80 ppm
(J = 10.8, 8.2 Hz) for the CH signal, and as two triplets at 4.55 ppm (J = 8.5 Hz)
and 4.46 (J = 9.0 Hz) for the OCH2 signal. The 4 pyridine CH signals appeared
as two doublets at 8.46 (J = 4.7 Hz) and 7.85 (J = 7.9 Hz) ppm, a triplet of
doublets at 7.56 (J = 7.8, 1.2 Hz) and a multiplet at 7.23-7.15 ppm.
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Figure 2.3

1

H and 13C NMR spectra of oxazoline ester 29

In the 13C NMR spectrum, the atom positions of the carbons were assigned with
the aid of DEPT experiment. The formation of the oxazoline was clearly indicated
by the C=N signal at 165.2 ppm. The other two oxazoline carbons gave signals at
70.1 ppm for the OCH2 signal and 68.6 ppm for the CH signal. The C=O signal
of the ester was present at 171.1 ppm with the adjacent OCH3 group giving rise
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to a signal at 52.6 ppm. The signals at 149.7, 145.8, 136.7, 126.0 and 124.3 ppm
were due to the five pyridine carbons. In the IR spectrum the bands at 1737 cm-1,
due to the C=O, and 1636 cm-1 due to the C=N, were strong evidence for the
formation of 29.
Reduction of the ester group of compound 29 was attempted using lithium
aluminum hydride (1.2 equivalents) in diethyl ether.18 The reaction was quenched
with water and 2 M aqueous sodium hydroxide. The obtained crude product was
purified by column chromatography on silica gel to give alcohol 28 in 31% yield.
Another quenching method, the use of Glaubler's Salt (Na2SO4•10H2O), was also
attempted but no significant improvement was achieved. The structure of 28 was
confirmed by 1H (Figure 2.4) and 13C NMR spectral analysis.

Figure 2.4

1

H NMR spectrum of oxazoline alcohol 28

In the 1H NMR spectrum, the key features which confirmed the transformation
had been carried out successfully were the disappearance of the ester OCH3
signal of ester 29 and the presence of a new OH signal as a triplet (J = 6.4 Hz) at
2.45 ppm. The CH2 group on the sidearm gave rise to two multiplets at 4.03-3.95
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ppm and 3.74-3.65 ppm. The signals due to the oxazoline protons are a multiplet
at 4.57-4.45 ppm due to the CH signal, a doublet of doublets (J = 9.7, 7.3 Hz) at
4.58 ppm and a triplet (J = 7.4 Hz) at 4.41 ppm due to the OCH2. No significant
changes were observed for the pyridine CH signals compared to the starting
material.
The characteristic signals due to the ester group were also absent from both
13

C NMR and IR spectra. A broad band appeared at 3288 cm-1 in the IR spectrum

due to the newly formed OH group. From this point onward, as the compounds
contain largely similar backbones, only significant changes in the spectral
features which support their characterization will be pointed out.
Due to the modest yield obtained in the reduction when lithium aluminium
hydride was used, an alternative reduction method using sodium borohydride/
methanol was later attempted.19 The ester 29 was treated with 2.0 equivalents of
sodium borohydride in methanol. After the work-up, the oily crude product was
purified by crystallization (DCM/EtOAc) to give alcohol 28 as a white powder in
72% yield. Due to the easy work-up process and the fact it was high-yielding this
reduction method was subsequently used for the synthesis of 28 in this study. The
product prepared by this method gave identical spectral characterization.
2.2.2 Preliminary modifications of ligands and the catalytic results
With the oxazoline 28 in hand, three variations of the sidearm were developed
(Scheme 2.6). These modifications aimed to investigate the effect of varying the
group attached to the chiral center particularly to see what, if any, changes would
induce increased interactions between the ligand and the catalytic centre. The
increased interactions may give catalytic systems with better selectivity. Ligand
34 with ether functionality and ligand 35 with a pyridine ester where expected to
demonstrate different coordination chemistry in the reaction both to each other
and the original ligand 28. The benzoate ester 36, a similar compound to 35, was
also synthesized to help establish the coordination effects and catalytic outcomes
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attributable to the pyridine nitrogen on 35. The ligands 34-36 prepared from 28
are all novel compounds.
The performance of these ligands was then tested in a few well-established
asymmetric reactions including allylic alkylation reactions, cyclopropanation
reactions and the trichlorosilane-assisted hydrosilylation reactions. The aim of
these tests was to obtain some preliminary feedback on these ligands to inform
our further elaborations of the ligand structure.

Reagents and conditions: (a) NaH, MeI, THF, 0 oC to r.t, 3 h, 76% (b) 2-picolinic acid,
4-DMAP, dicyclohexylcarbodiimide (DCC), DCM, 0 oC to r.t, 4 h, 53% (c) benzoyl chloride,
Et3N, DCM, 0 oC to r.t, 3 h, 88%

Scheme 2.6 Preliminary modification of oxazoline alcohol 28
The synthesis of the methyl ether 34 was carried out via a SN2 addition of the
alkoxide derived from 28 to methyl iodide. The alcohol 28 was deprotonated by
1.6 equivalents of sodium hydride in tetrahydrofuran. The resulting mixture was
reacted with 1.2 equivalent of methyl iodide. The crude product was purified by
column chromatography on silica gel to give the methyl ether 34 in 76% yield.
The 1H and

13

C NMR spectra of 34 were similar to those of 28 due to the

structural resemblance of the compounds. In the 1H NMR spectrum, the absence
of the OH signal and the presence of the signal due to OCH3 as a singlet at 3.39
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ppm were strong evidence that the transformation was successful. In the

13

C

NMR spectrum an extra signal was present at 59.4 ppm due to the OCH3. The
other oxazoline carbon signals were shifted slightly (2-5 ppm) to the lower field
due to the conversion of the alcohol to the ether group.
The synthesis of the picolinate ester 35 was first attempted via the addition of
the alcohol 28 to the acyl chloride in the presence of an organic base. The acid
chloride of 2-picolinic acid was prepared by treating the acid with excess thionyl
chloride under reflux condition. The resulting acyl chloride (1.2 equivalents) was
reacted with the alcohol 28 in the presence of 1.5 equivalents of triethylamine.
The crude product was purified by column chromatography on silica gel.

35

CH

CH2O

28

Unknowns+35

Figure 2.5

1

H NMR spectra related to the synthesis of 35

The 1H NMR spectrum of the isolated product was recorded in Spectrum 1
(Figure 2.5). The complicated shape and the integration of the aromatic signals
indicated the presence of aromatic impurities in the sample which were not
isolated in the column chromatography. Kugelrohr distillation was attempted to
further purify the product. Due to the high boiling point of 35 it proved difficult
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to distill. Even at 100 oC under high vacuum (0.2 mm Hg) the compound did not
distill and decomposed above that temperature.
Due to the unidentified side product and the problem purifying the desired
ligand, a coupling reaction of the acid with the alcohol mediated by dicyclohexylcarbodiimide (DCC) was then attempted. To the solution of alcohol 28 in
dichloromethane was added 1.1 equivalents of dicyclohexylurea (DCC), 1.1
equivalents of 2-picolinic acid and 0.1 equivalent of 4-dimethylaminopyridine.
The crude product, once isolated from the DCU side product, was purified by
column chromatography on silica gel to give the picolinate ester 35 in 53% yield.
The structure of 35 was confirmed by 1H NMR (spectrum 3, Figure 2.5) and
13

C NMR spectral analysis. Comparison of the 1H NMR spectrum of 35 with the

similar spectrum of 28 (spectrum 2, Figure 2.5) showed the signals due to the
protons adjacent to the ester group have moved considerably. The CH and CH2O
signals were shifting downfield by 0.3 and 0.6-0.9 ppm. The integration and
shape of the aromatic signals (7.3-8.8 ppm) compared to the starting material
showed the presence of the required second aromatic ring in the product 35. In
the 13C NMR spectrum a signal showed up at 164.8 ppm due to the newly formed
C=O of the ester group. In the IR spectrum, a band appeared at 1732 cm-1 due to
the newly formed ester carbonyl further confirming the construction of the ester
group.
Having isolated a pure sample of 35, we noticed from the 1H NMR spectrum
of the impure sample generated from the addition to the acyl chloride (Spectrum
1, Figure 2.5) that the shape and integration of the oxazoline signals (4.4-4.8
ppm) in Spectrum 1 is highly similar to those of Spectrum 3, which is the
spectrum of the purified 35. This suggested that the impurities possessed a
similar oxazoline structure to the desired ester product 35. Therefore it was
hypothesised that the pyridinium 37 (Figure 2.6) have been the side product in
this addition reaction. The pyridinium may originate from the formation of acyl
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chloride, in which thionyl chloride was used and HCl was released as a side
product.

Figure 2.6 Possible side product 37 of the acyl chloride addition
The benzoate ester 36 was prepared following the method described above for
the reaction of the acyl chloride with the alcohol to form the picolinate ester 35,
except that benzoic acid was used instead of 2-picolinic acid. The crude product
was purified by column chromatography on silica gel giving the product 36 in 88%
yield. Due to the structural resemblance between 35 and 36, the characterisation
of 36 was similar to those described above for 35. In the 1H NMR spectrum the
downfield shifting of the sidearm CH2O signal by 0.6-0.9 ppm indicated the
successful transformation of an alcohol to the ester. In

13

C NMR spectrum a

signal showed up at 166.4 ppm due to the ester C=O group. In IR spectrum a
band appeared at 1717 cm-1 due to the ester group further confirming this
transformation.
The preliminary testing of the ligands 28, 34-36 in catalysis will be discussed
in the following three sections. These discussions will give brief introductions to
similar ligands being used in these areas, methodologies applied in this project
and the catalytic results obtained in the test reactions. These initial results were
used to decide on other ligands which we would target as generation 2. Further
analysis of the catalytic results in conjunction with those of generation 2 of the
ligands will be included later.
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2.2.2.1 Preliminary tests of novel ligands in the Asymmetric Allylic Alkylation
reaction
As introduced earlier in Chapter 1, the allylic alkylation reaction (Scheme 2.7)
is synthetically a useful reaction and as such is a popular asymmetric reaction for
research investigations of novel chiral ligands. In recent years, many pyridinyl
oxazoline ligands have been tested in this reaction. The steric and electronic
properties of these ligands were studied over a range of allylic alkylation
reactions.

Scheme 2.7

Palladium-catalysed allylic alkylation reaction

In 2000, Canal11 reported the application of ligands 18 and 43 (Scheme 2.8) to
the allylic alkylation reaction. In this report the effects of chelate ring size were
investigated using the palladium complexes of ligands 18 and 43. These ligands
have electronically similar coordinating atoms and identical chiral centers at the
oxazoline, but different sizes of chelate ring upon coordination with metal.

Scheme 2.8 Effects of chelate ring size on the allylic alkylation reaction
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As shown in Scheme 2.8, the palladium complex of 43 showed better activity
and selectivity than that of 18, giving 20% higher yield and 20% higher ee of the
allylic product 42 in a shorter reaction time. The result indicated a six-membered
chelate ring of this type of ligands is superior to a five-membered chelate ring in
the palladium catalysed allylic alkylation. The palladium complex having the
six-membered chelate ring showed better activity and selectivity in the reaction.
The study of steric effects of ligands 44 and 45 in a similar allylic alkylation
was described by Chelucci3. Soon after this report the author published the study
of electronic effects of substituents on ligands 46a and 46b in the same reaction.
Different electron donating or withdrawing groups were introduced to the
4-position of the pyridine moiety for comparison of performance in catalysis
(Scheme 2.9).

Scheme 2.9

The studies of steric and electronic effects on asymmetric
allylic alkylation reaction

As shown in Scheme 2.9, a simple methyl group at the 6-position of 44 made
a big difference on its performance. The palladium complex of 44b provided 46%
higher ee than that of 44a in the reaction. A fused phenyl group at similar
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position of aromatic system on 45 achieved the same effect. The complex of 45
gave a 62% ee in the reaction, although in both cases the extra substituents on the
pyridine moiety resulted in slower reactions. Besides, the electronic modification
of the pyridine moiety of a similar ligand was found to have strong effect on the
catalytic activity of the metal complex. The complex of the OMe substituted
ligand 46b achieved full conversion in 0.45 hour. Changing the OMe group to
the Cl group resulted in a much slower reaction in which the complex of 46a
produced just a 40% conversion after 168 hours. Based on the experimental data,
the author concluded that the catalytic activity of the ligand was strongly
dependent on its electronic properties, whereas its stereo-differentiating ability
appeared to be mainly determined by its steric properties.3
Methodology in our study
Many variations of allylic alkylation reactions have been studied in the past.
These studies involved the uses of different allylic substrates, nucleophiles, metal
pro-catalysts and bases. Here, we decided to investigate the allylic alkylation
reaction of dimethyl malonate 39 and (±)-(E)-1,3-diphenyl-3-acetoxyprop-1-ene
41 (Scheme 2.11) using allylpalladium(II) chloride dimer as metal pro-catalyst,
bis(trimethylsilyl)acetamide (BSA) and a catalytic amount of potassium acetate
as base.

Reagents and conditions: (a) NaBH4, CeCl3.7H2O, MeOH, 0 oC-r.t, overnight, 62% (b)
Ac2O, DMAP, pyridine, 0 oC-r.t, overnight, 47%

Scheme 2.10

Synthesis of substrate 41 for the allylic alkylation reaction

The two-step synthesis of the substrate (±)-(E)-1,3-diphenyl-3-acetoxyprop1-ene 41 that we employed from the commercially available trans-chalcone 47 is
shown in Scheme 2.10. Trans-chalcone 47 was reduced with sodium borohydride
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in the presence of cerium trichloride heptahydrate (1 equivalent) in methanol.
The crude product was purified by column chromatography on silica gel to give
48 in 62% yield. The structure of 48 was confirmed by comparison with the 1H,
13

C and IR spectra of the published data.20 In 1H NMR spectrum the presence of

the OH signal as a singlet at 2.09 ppm and in 13C NMR spectrum the absence of
the original C=O signal at 190.4 ppm indicated the successful transformation of
the ketone to an alcohol. In IR spectrum a band showed up at 3264 cm-1 due to
the hydroxyl group with concomitant loss of C=O stretch at 1664 cm-1 further
confirming this transformation.
The alcohol 48 was then acetylated using acetic anhydride (3 equivalents) and
a catalytic amount of 4-dimehtylaminopyridine in pyridine. The crude product
was purified by column chromatography on silica gel to afford the acetate 41 in
47% yield. The structure of the product was confirmed by comparison with the
1

H,

13

C and IR spectra of the published data.20 In the 1H NMR spectrum the

presence of the acetate CH3 signal as a singlet at 2.14 ppm and in the 13C NMR
spectrum the presence of the acetate C=O signal at 170.2 ppm proved the
formation of 41. In the IR spectrum the a band appeared at 1735 cm-1 due to the
acetate carbonyl group further confirming the transformation of the alcohol to an
acetate.

Scheme 2.11

Palladium-catalysed allylic alkylation using ligand 28, 34-36.

The asymmetric palladium-catalysed allylic alkylation reaction was performed
according to the published procedure.3 As shown in Scheme 2.11, 6 mol % of the
appropriate ligand 28, 34-36 and 2.5 mol% of allylpalladium(II) chloride dimer
were stirred in dichloromethane at room temperature for 30 min. To this mixture
was added rac-(E)-1,3-diphenyl-3-acetoxyprop-1-ene 41 (1 equivalent), dimethyl
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malonate 39 (3 equivalents), bis(trimethylsilyl)acetamide (3 equivalents) and
potassium acetate (3.5 mol%). The resulting reaction mixture was stirred at room
temperature for 18 hours, leading to the formation of the allylic product 42. At
that point the reaction was quenched with ammonium chloride solution. The
aqueous layer was isolated and washed with diethyl ether. The combined organic
layers were dried (Na2SO4) and concentrated to give the crude product
A 1H NMR spectrum of the crude product was recorded to determine the %
conversion achieved in this reaction21 [unreacted rac-(E)-1,3-diphenyl-3hydroxy-prop-1-ene signal at 2.14 ppm (3H), product signal at 4.27 ppm (1H)].
The crude product was then purified by column chromatography on silica gel to
give 42. The enantiomeric excess (ee) of the purified product was measured by
chiral HPLC [DAICEL Chiracel OD, hexane: iso-propanol, 98:2, 0.5 mL/min,
signal detection at 254 nm]. The (R) product eluted at ~25.0 min and the (S)
product eluted at ~27.0 min.
The catalytic results obtained with ligands 28 and 34-36 are recorded in Table
2.2.
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Ligand

% Conversion

% ee

80

24 (R)

96

20 (R)

96

28 (R)

93

17 (R)

28

34

35

36
Table 2.2

Catalytic results obtained using the ligands 28, 34-36 in an allylic
alkylation reaction.

As shown in Table 2.2, the palladium complex derived from the alcohol 28
showed a good activity (80% conversion) in this reaction. The modifications to
the sidearm in ligands 28 were found to have positive effects on the activities of
the catalysts. The complexes of ligands 34, 35 and 36 all demonstrated improved
conversions (96%, 96% and 93% respectively) compared to that of ligand 28.
The stereoselectivity achieved in these reactions however were modest at best.
The complex of the picolinate ester 35 achieved the highest enantioselectivity,
with an ee of 28% obtained. Interestingly, the lowest ee (17%) was produced by
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the complex derived from the structure related benzoate ester 36. All of these
ligands favoured the (R) enantiomer of the product.
The enantioselectivities of the reactions do not appear to be hugely affected by
the modifications on the chiral sidearm. The full discussion of the results will be
presented later in the following sections by comparison with other similar ligands
either being synthesized in this project or reported by others.
2.2.2.2 Preliminary tests of novel ligands in the Asymmetric Cyclopropanation
reaction
Cyclopropane moieties are frequently seen in therapeutic agents and natural
products making the synthesis of this motif (Scheme 2.12) an important research
aim for asymmetric catalysis. Therefore there are many reports in recent years
studying the catalytic performances of different pyridinyl oxazoline ligands in
this reaction.

Scheme 2.12 Asymmetric cyclopropanation reaction
In 2000, Chelucci22 investigated in the cyclopropanation reaction the catalytic
performance of a range of oxazoline ligands (Scheme 2.13). The modifications
of these ligands were performed by introducing substituents with different steric
(ligands 44, 45) and electronic (ligand 46) properties to the pyridine ring. The
modified ligands were tested in the cyclopropanation reaction.
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Scheme 2.13

The studies of steric and electronic effects on asymmetric
cyclopropanation reaction

As shown in Scheme 2.13, the enantioselectivities achieved by the copper
complexes of 44a-c were related to the steric bulkiness of the R1 substituent on
this ligand. The complex of 44a only produced a 9% ee of the cis product. The
complexes of 44b and 44c, which have more sterically demanding R1 groups
(methyl and tert-butyl), achieved better 39% and 50% ees respectively. The R1
substituent of the ligand also has small effects on the diastereoselectivity and
activity of the catalyst. A fused phenyl ring at a similar position of the ligand
appeared to have the same effect as a methyl substituent. The complex of 45 gave
very similar diastereoselectivity (31:61 cis: trans) and identical enantioselectivity
(39% ee of cis product) as the complex of 44b. Overall a bulky substituent at the
6-position of the pyridine ring was beneficial in achieving a higher selectivity in
the reaction, although it scarcely affected the activity of the complex.
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The electronic modification of the pyridine moiety did not, unfortunately,
achieve the desired effect. The copper complex of the Cl substituted ligand 46a
obtained 88% yield of the cyclopropane with 35: 65 cis: trans ratio and 3% ee of
the cis product. Replacing the electron-withdrawing Cl group with an
electron-donating OMe group at the same position resulted in a reduced yield in
the reaction, although the ee was slightly increased. The complex of the OMe
substituted ligand 46b gave 75% yield of the cyclopropane with 36: 64 cis: trans
ratio and 19% ee of the cis product in the reaction.
Methodology in our study
The copper(I) catalysed reaction of styrene and ethyl diazoacetate (Scheme
2.14) to give the cyclopropanes 54 and 55 is the standard test reaction used by
many research groups to test the catalytic systems in cyclopropanation. It was
thus chosen as the model for the evaluation of the efficiency and selectivity of
ligands 28 and 34-36 in the asymmetric cyclopropanation of olefins.

Scheme 2.14 Copper-catalysed Cyclopropanation using ligand 28 and 34-36
As shown in Scheme 2.14, 1.2 mol % of ligand 28, 34-36 and 1.0 mol% of
copper(I) triflate benzene complex were stirred in dichloromethane for 90 min.
To this mixture was added a solution of styrene (5 equivalents) in
dichloromethane. Ethyl diazoacetate (1 equivalent) in dichloromethane was then
added over 6 hours via syringe pump. Once addition was complete the reaction
was further stirred for 12 hours to give the crude product a mixture of 54 and 55.
The percentage conversion of the reaction was determined using a 1H NMR
spectrum of the crude product [integration of unreacted ethyl diazoacetate signal
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at 4.72 ppm (1H), cis product at 3.87 ppm (2H) and trans product at 4.17 ppm
(2H), byproduct diethyl fumarate at 6.84 ppm (2H) and diethyl maleate at 6.22
ppm (2H)]. This spectrum was also used to determine the cis: trans ratio of the
product [integration of the cis product signal at 3.87 ppm (2H) versus the trans
product signal at 4.17 ppm (2H)]. The crude product was purified by column
chromatography on silica gel to isolate the cyclopropanation products from the
other side products. The purified product was still a mixture of cis and trans
products. The enantiomeric excess (ee) of the purified product was measured
using chiral GC (Cyclodex-β, 100 oC hold 5 min, ramp 1 oC/min to 165 oC, hold
5 min). The (1S, 2R) product eluted at around 41 min and the (1S, 2S) product
eluted at around 45 min.
The catalytic results obtained in this reaction using ligands 28, 34-36 are
recorded in Table 2.3. As the signals due to enantiomers of the trans product are
not fully resolved in the chiral GC, the ee of the trans product is not reported.
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Ligand

% Conversion

Cis:trans

% ee (cis)

8

56:44

14

73

30:70

5

70

31:69

14

72

31:69

5

28

34

35

36
Table 2.3

Catalytic results obtained using ligand 28 and 34-36 in a
cyclopropanation reaction

As shown in Table 2.3, the copper complex derived from ligand 28 showed
very little activity and diastereoselectivity for the reaction, giving only 8%
conversion and a cis:trans ratio of 56:44. The modified ligands 34-36 all
performed considerably better in terms of activity and diastereoselectivity, giving
the conversions of about 70% and cis: trans ratios of about 30:70, reversing the
major diastereomer compare to ligand 28. Interestingly, the steric and electronic
variations within this series of modified ligands did not appear to make
noticeable differences in the activities and diastereoselectivities. The ee's
83

obtained with these ligands were poor. The highest ee seen in these tests (14%)
was achieved twice using ligands 28 and 35.
Again, we will leave the full discussion later in the chapter until more results
are available.
2.2.2.3 Preliminary testing of the novel ligands in the trichlorosilane-assisted
hydrosilylation reaction
The metal-mediated hydrogenation, hydroboration and hydrosilylation are the
commonly used catalytic methods for the reduction of prochiral imines and
ketones.17 The Rhodium-catalyzed asymmetric hydrosilylation of acetophenone
with diphenylsilane is an example (Scheme 2.15).23

Scheme 2.15 Rhodium-catalyzed hydrosilylation of acetophenone using 58
As shown in Scheme 2.15, the rhodium complexes of ligands 58a-c showed
outstanding activities (71-94% conversion) and selectivities (75-89% ee) in the
hydrosilylation reaction. The complex of 58c was found to be the best catalyst,
giving 94% conversion and 89% ee of the alcohol 57.
Recently, the asymmetric hydrosilylation of ketones and imines with
trichlorosilane, catalysed by chiral Lewis bases, emerged as an efficient reaction
capable of competing with the effective metal-catalysed protocols.14 In this
reaction the bond-forming process occurred on the hypervalent silicon centre,
which was generated by the coordination of the Lewis basic organocatalyst to the
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tetravalent trichlorosilane. The major catalyst types used in the hydrosilylation
reaction included the chiral formamides (6112, Scheme 2.16) and picolinamides
(6224).

Scheme 2.16 Asymmetric reduction of imine 59 via organo-catalysed
and metal-catalysed reactions
As shown in Scheme 2.16, the catalysts 61 and 62 demonstrated outstanding
efficiency in the hydrosilylation of imine, giving the amine 60 in 88-94% yield
and 92% ees. These organocatalysts showed comparable catalytic activities in the
reduction of imine to those reported by Pfaltz using the Iridium-based catalyst
derived from ligand 63.25 Under high pressure of hydrogen gas, the
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hydrogenation catalysed by the Iridium complex of 63 gave a 100% conversion
and a 71% ee of the reduction product
Recently, Malkov14,17 reported the design of a series of organocatalysts based
on the pyridinyl oxazoline core (Scheme 2.17). These novel catalysts showed the
potential to catalyse the hydrosilylations of both ketones and imines, whereas
previously described organocatalysts or transition metal catalysts were more
often designed to target only one of the substrates.

Scheme 2.17 Hydrosilylations of prochiral ketone and imine catalysed by
oxazoline ligands 64-66
As shown in Scheme 2.17, the oxazoline-based catalysts 64-66 demonstrated
encouraging catalytic performances in the reaction, giving up to 85% conversion
and 78% ee in the reduction of ketone and up to 94% conversion and 87% ee in
the reduction of imine. Overall ligand 66 was found to be the best organocatalyst
considering its performances in both reactions. The catalyst 66 gave 80%
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conversion and 76% ee in the reduction of the ketone and 65% conversion and 87%
ee in the reduction of the imine.
Methodology used in this study
In this study we decided to investigate the hydrosilylations of acetophenone 56
(Scheme 2.19) and N-(1-phenylethylidene) aniline 59 using trichlorosilane and
ligands 28 and 34-36.

Reagents and conditions: (a) p-toluenesulfonyl acid (cat), toluene, reflux with Dean-Stark,
overnight, 62% after Kugelrohr distillation

Scheme 2.18 Synthesis of substrate 59 for hydrosilylation of imine
The synthesis of the substrate N-(1-phenylethylidene) aniline 59 (Scheme 2.18)
was achieved using the commercially available acetophenone 56 and aniline 67.
Acetophenone (1 equivalent) and aniline (1 equivalent) were refluxed in toluene
in the presence of catalytic amount (1.0 mol%) of p-toluenesulfonyl acid. The
water generated during the reaction was collected by a Dean-Stark apparatus.
The reaction mixture was filtered and the filtrate was concentrated to give the
crude product of 59. The crude product was purified by Kugelrohr distillation (bp:
90 ºC at 0.5 mmHg) to give 59 in 62% yield. The structure of 59 was confirmed
by comparison with the 1H and 13C NMR spectra of the published data.26 In the
1

H NMR spectrum the CH3 signal of 56 as a singlet at 2.58 ppm was absent and

the CH3 of 59 appeared as a singlet at 2.26 ppm. In the

13

C NMR spectrum the

absence of the C=O signal of 56 at 197.3 ppm and the presence of the C=N
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signal of 59 at 165.2 ppm further confirmed the transformation of a ketone to the
imine.

Scheme 2.19 Trichlorosilane-assisted hydrosilylations of ketone 56 and
imine 59
The hydrosilylation reactions of both ketone 56 and imine 59 were performed
following identical procedures with the obvious exception of the use of different
starting materials for reduction and different reaction temperature. The procedure
described below was used for the hydrosilylation of acetophenone 56. As shown
in Scheme 2.19, trichlorosilane (2.1 equivalents) was added to a solution of
acetophenone (1.0 equivalent) and 20 mol% of the appropriate ligand 28, 34-36
at -20 oC in dichloromethane (2 mL).
The reaction was stirred for 24 hours during which time 1-phenylethanol 57
was formed. The reaction was quenched by aqueous sodium hydrogen carbonate
and the resulting mixture was extracted with dichloromethane. The combined
organic layers were dried and concentrated to give the crude product. A 1H NMR
spectrum of the crude product was recorded to determine the % conversion of
this reaction. [signal due to CH3 of the unreacted ketone at 2.58 (3H) versus
signal due to CH3 of the product at 1.52 (3H)]. The crude product was purified by
column chromatography on silica gel to afford the product 57. The formation of
57 was confirmed by comparison with the 1H and

13

C NMR spectra of the

published data.27 The characteristic CHOH signal showed up at as a multiplet at
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4.93 ppm in the 1H NMR spectrum. In the 13C NMR spectrum the CHOH signal
appeared at 70.4 ppm confirming the formation of 57. The enantiomeric excess
(ee) of the purified product was measured using chiral GC (Cyclodex-β, 120 oC
hold 20 min). The (R) product eluted at around 11 min, and the (S) product eluted
at around 12 min.
The hydrosilylation of the imine 59 was carried out in a similar manner.
N-(1-phenylethylidene) aniline 59 was used instead of acetophenone 56, and the
reaction was performed at 0 oC instead of -20 oC. A 1H NMR spectrum of the
crude product 60 was recorded to determine the % conversion of this reaction.
[signal due to CH3 of the unreacted ketimine at 2.26 (3H) versus signal due to
CH3 of the product 60 at 1.43 (3H)]. The crude product was purified by column
chromatography on silica gel to give the product 60. The formation of 60 was
confirmed by comparison with the 1H and

13

C NMR spectra of the published

data.28 The characteristic CHNH signal showed up at as a quartet (J = 6.6 Hz) at
4.41 ppm in the 1H NMR spectrum. In the 13C NMR spectrum the CHNH signal
appeared at 52.4 ppm confirming the formation of 60. The ee of the product 60
was measured using chiral HPLC (DAICEL Chiracel OD, 254 nm, hexane:
iso-propanol, 94:6, 0.5 mL/min). The (S) product eluted at around 13 min and the
(R) product eluted at around 17 min.
The catalytic results obtained in these two reactions using ligands 28 and
34-36 are recorded in Table 2.4.
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Hydrosilylation of Acetophenone 56
Ligand

% Conversion

% ee

99

42 (R)

91

41 (R)

20

28 (R)

99

62 (R)

28

34

35

36
Hydrosilylation of N-(1-phenylethylidene) aniline 59
Ligand

% Conversion

% ee

28

99

28 (R)

34

99

10 (S)

35

99

14 (R)

36

99

4 (R)

Table 2.4 Catalytic results obtained using ligand 28 and 34-36 in the
hydrosilylation reactions
As shown in Table 2.4 for the hydrosilylation of acetophenone, the alcohol
ligand 28 showed outstanding activity, giving 99% conversion to the desired
product. The modified ligands were also highly efficient in catalysing the
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reaction with the exception of ligand 35, where a significant drop in activity was
observed (20% conversion).
The enantiomeric excesses obtained with these ligands ranged from 28-62%.
The transformation of the hydroxyl sidearm to its methyl ether counterpart (28 to
34) did not appear to make a difference on the enantioselectivity achieved in the
reaction. The highest ee (62%) was achieved using ligand 36, and interestingly,
the lowest one (28%) was produced by the structure related ligand 35 where the
phenyl ring on the sidearm was replaced by a pyridine.
In the hydrosilylation using ligand 35, it was observed that some precipitate
was gradually formed during the addition of trichlorosilane. It was speculated
that the hypervalent silicate compound generated from the silane and ligand 35
precipitated due to its reduced solubility at low temperature (-20 oC). If that was
the case, the reaction was catalysed by the reduced amount of homogeneous
catalyst or if the precipitated silicate complex was also a catalyst, the catalysis
was performed with both homogeneous and heterogeneous catalysts. We believe
that these changes in the complexes behaviour were part of the reason for the
poor catalytic performance of 35.
In the hydrosilylation of N-(1-phenylethylidene) aniline 59, the activities of
the ligands were excellent, with 99% conversions obtained in all cases. The
enantioselectivities achieved in this reaction were not as good as in the
hydrosilylation of acetophenone. The highest ee (28%) was obtained with the
alcohol ligand 28 favoring the (R) enantiomer. Interestingly, changing the
sidearm from the OH group to the OMe group resulted in a significant change of
selectivity. Ligand 34 obtained a 10% ee favoring the (S) enantiomer, which
means a 38% difference compared to the ee obtained by ligand 28. Thereby it
was speculated that the OH sidearm of ligand 28 was playing a role
mechanistically. As this was not seen in the hydrosilylation of acetophenone, it
was likely that the proton of the OH sidearm was having an interaction, e.g
hydrogen-bonding, with the imine substrate. Replacing the OH group of 28 with
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the OMe group would prevent this interaction and caused a significant change of
selectivity.
2.2.2.4 Conclusion of the preliminary tests
The ligands acted as organocatalysts demonstrating consistently high activities
in the hydrosilylation of a ketone and imine. The exception was ligand 35, which
produced a 20% conversion in the hydrosilylation of ketone, possibly due to the
solubility issue as was discussed. In the transition-metal catalysis, the metal
complexes of these ligands showed good efficiency in catalysing the reactions,
where up to 96% conversion was obtained. The exception was the Cu complex of
the alcohol 28, which gave 8% conversion in the cyclopropanation reaction. The
sidearm modifications were found to be beneficial for the activities of the metal
complexes of these ligands. In all cases the complexes of modified ligands gave
higher conversions than that of the original alcohol 28.
The enantiomeric excesses obtained in the transition-metal catalysis did not
appear to be significantly affected by the sidearm modifications. In the allylic
alkylation reaction, the palladium complex of the original alcohol 28 obtained a
24% ee, while those of the modified ligands produced 17-28% ees. In the
cyclopropanation reaction, the copper complex of the alcohol 28 gave a 14% ee,
while those of the modified ligands achieved 5-14% ees.
The ee's obtained in the hydrosilylation of acetophenone were improved by the
modifications. The ees obtained in this reaction increased from 41% using the
original alcohol 28 to 62% using ligand 36. However, the ee's obtained in the
reduction of N-(1-phenylethylidene) aniline were adversely affected by the
modifications as the highest 28% ee was produced by the alcohol 28.
Based on these preliminary results, we decided the hydrosilylation of
acetophenone had given the most promising results with the initial ligands and
thus was the best reaction to test more ligands with a view to investigating the
structure selectivity relationship of these pyridinyl oxazoline ligands.
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2.2.3 Optimization of pyridinyl oxazoline ligands and the catalytic results
In general the optimization of chiral ligands for the hydrosilylation reaction
focused on tuning the steric and/or electronic properties of the ligands. The focus
of this project was on the steric perspective. The electronic tuning was performed
by another researcher (Nadine Cleary) in the group. In this chapter we will also
report, for comparison purposes some of the significant results obtained by
Nadine working in this area.
The following modifications were decided upon based on the results obtained
in the hydrosilylation of acetophenone. In the initial study of the hydrosilylation
reaction, it appeared that ligands bearing a carbonyl group on the sidearm tended
to give better stereocontrol in the reaction. For instance, the benzoate ester 36
obtained the highest 62% ee in the hydrosilylation, 21% higher than that obtained
with the alcohol 28. Thereby we postulated that the carbonyl group was involved
in coordination to the silicon centre. In fact, this type of coordination has been
reported previously in many other silane-mediated reactions. In 2004 Malkov12
proposed the transition-state 69 (Figure 2.7) for the trichlorosilane mediated
hydrosilylation of an imine, in which the chiral formamide catalyst coordinated
with the silicon centre via the two carbonyl oxygen's.

Figure 2.7

Transition-states 69 and 70 of the silane-mediated reactions

Similar coordination was also reported by Zhang29 in the allyltrichlorosilanemediated allylation of benzaldehyde. As shown in transition-state 70, a structure
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was proposed where the tartrate-derived ligand bound to the silicon via two
oxygen's and additionally coordinated via the carbonyl oxygen.
The design of ligands with ester sidearms thus became the main focus in the
following part of this project. The pyridinyl oxazolines 72-77 shown in Scheme
2.20 are novel compounds.

Scheme 2.20 Retro-synthetic analyses of the second generation ligands
We planned to make four more variations of the ligand family. The pivalate
ester 72 was designed to bring increased steric hindrance to the sidearm. The
pyridinyl methylene ether 73 was designed to further investigate the "carbonyl
effect" and the ester’s 74 and 75 were designed to introduce extra chiral centers
to the sidearm.
As shown in Plan 2, the other focus of the steric modification was to introduce
an extra chiral centre to the oxazoline moiety giving ligand 76. The ester 77, as a
key intermediate, was synthesized using L-threonine as the starting material.
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2.2.3.1 Synthesis and characterization of the modified ligands
The ligands 72-75 (Scheme 2.21) were synthesized following similar methods
described above for the initial ligands (Scheme 2.6).

Reagents and conditions: (a) pivaloyl chloride, Et3N, DCM, 0 oC to r.t, 3 h, 81% (b) NaH,
2-(bromomethyl)pyridine hydrobromide, THF, 0 oC to r.t, 3 h, 68% (c) (S)-2-methylbutyric
acid, 4-DMAP, dicyclohexylcarbodiimide (DCC), DCM, 0

oC

to r.t, 4 h, 71% (d)

(S)-2-phenyl- butyric acid, 4-DMAP, DCC, DCM, 0 oC to r.t, 4 h, 75%

Scheme 2.21

Synthetic routes to ligands 72-75

The pivalate ester 72 was prepared by treating the alcohol 28 with pivaloyl
chloride in the presence of triethyl amine. The crude product was purified by
column chromatography on silica gel to give 72 in 81% yield. The structure of 72
was confirmed by 1H and

13

C NMR spectral analysis. In the 1H NMR spectrum

the presence of the signal due to the CH3’s of the tBu as a singlet at 1.13 ppm
integrating for nine protons along with the signal due to the CH2 on the sidearm
as a doublet of doublets (J = 11.3, 5.2 Hz) at 4.24 ppm indicated the formation of
the pivalate ester. The structure was also confirmed by the

13

C NMR spectrum

with the C=O signal presented at 178.3 ppm and the two carbon signals of the
C(CH3)3 group at 38.9 and 27.2 ppm. In the IR spectrum the signal presented at
1726 cm-1 due to the C=O group confirmed the formation of 72.
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To synthesize the ether 73, the alcohol 28 was deprotonated by sodium hydride
and reacted with 2-(bromomethyl)pyridine hydrobromide in anhydrous
tetrahydrofuran. After the reaction the solid residue was filtered off and the
filtrate was concentrated. The resulting mixture was partitioned between water
and dichloromethane and the organic layers were dried, filtered and concentrated
to give the crude product. The crude product was purified by column
chromatography on silica gel to give 73 in 68% yield. The structure of 73 was
confirmed by 1H and

13

C NMR spectroscopy. The upfield shifting of the signal

due to the CH2O group attached to the oxazoline and the presence of the signal as
a multiplet at 4.71-4.60 ppm due to the CH2 group attached to the sidearm
pyridine indicated the successful transformation of the hydroxyl to the ether
group. In 13C NMR spectrum the presence of a signal at 74.4 ppm due to the CH2
group attached to the sidearm pyridine supported this deduction.

Figure 2.8

1

H NMR spectrum of 74

The butanoate ester 74 was synthesized via the DCC coupling reaction. The
alcohol 28 was reacted with (S)-2-methylbutyric acid, dicyclohexylcarbodiimide
and 4-dimethylaminopyridine to give 74. The crude product was purified by
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column chromatography on silica gel to give 74 in 71% yield. The structure of 74
was confirmed by 1H (Figure 2.8) and 13C NMR spectral analysis.
Again, the characteristic ester C=O signal appeared at 176.6 ppm in 13C NMR
spectrum and a band appeared at 1731 cm-1 in the IR spectrum due to the C=O
group which is consistant with the formation of 74. In the 1the CH adjacent to the
carbonyl group appears as a sextet (J = 7.0 Hz) at 2.36 ppm. This must mean that
the coupling constant between the CH and the CH2 and that between the CH and
the CH3 are coincidentally the same leading to the sextet. The CH3 on the chiral
center connected to the above CH appeared as a doublet (J = 6.9 Hz) at 1.08 ppm.
The CH2CH3 protons appeared as two doublet of quartets (J = 14.0, 7.3 Hz) at
1.61 and 1.42 ppm for the CH2 signal, and as a triplet (J = 7.5 Hz) at 0.84 ppm
for the CH3 signal.
The ester 75 was synthesized and purified following the procedure described
above for the synthesis of 74, except that (S)-2-phenylbutyric acid, instead of
(S)-2-methylbutyric acid, was used. The product was obtained in 75% yield. Due
to the structural resemblance between 74 and 75, the characterisation of 75 was
similar to those of 74 and was achieved using 1H,

13

C NMR and IR spectral

analysis. In a 1H NMR spectrum the signal appeared as a multiplet at 3.40-3.49
ppm due to the CH adjacent to the carbonyl group and in the 13C NMR spectrum
the characteristic ester C=O signal appeared at 173.9 ppm indicating the
formation of 75.
The preparation of oxazoline alcohol 76 was performed via a synthesis based
on the retro-synthesis outlined in Scheme 2.20 Plan 2. The synthesis was similar
to that of 28 with L-threonine used as the starting material instead of L-serine.
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Reagents and conditions: (a) thionyl chloride, MeOH, 0 oC-r.t, 2 h, then reflux overnight, 99%
(b) imidate 32, DCM, reflux, 2.5 h, 75% (c) NaBH4, MeOH, 0 oC-r.t, 4 h, 81%

Scheme 2.22 Synthesis of alcohol 76 from L-threonine
As shown in Scheme 2.22, L-threonine 78 was treated with thionyl chloride in
methanol to form the methyl ester 79 in 99% yield. The structure of 79 was
confirmed by comparison with the 1H and

13

C NMR spectra of previously

published data.30 The OCH3 signal appeared as a singlet at 3.84 ppm in 1H NMR
spectrum and the OCH3 signal appeared at 53.7 ppm in

13

C NMR spectrum

which are consistant with the formation of 79.
The methyl ester 79 was then reacted with the imidate 32 (Scheme 2.5) to
afford the oxazoline ester 77. The crude product 77 was purified by column
chromatography on silica gel to afford the product in 75% yield. The structure of
77 was identified by 1H (Spectrum 2, Figure 2.9) and

13

C NMR spectral

analysis. In the 1H NMR spectrum the characteristic ester OCH3 signal was
present as a singlet at 3.78 ppm and the signal due to the oxazoline CH3 turned
up as a doublet (J = 7.8 Hz) at 1.56 ppm. In the 13C NMR spectrum the presence
of the oxazoline C=N signal at 164.6 ppm confirming the formation of 77.
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CHCO
CH3CH

Figure 2.9

1

H NMR spectra of 77 (spectrum 2) and 76 (spectrum 1)

The oxazoline ester 77 was then reduced with sodium borohydride in methanol
to give the ligand 76. The crude product was purified by column chromatography
on silica gel to give 76 in 81% yield. The structure of 76 was confirmed by 1H
(Spectrum 1, Figure 2.9) and

13

C NMR spectral analysis. As can be seen in

Figure 2.9, the ester OCH3 signal was absent from the spectrum of 76. The
signals due to the oxazoline protons of 76 had shifted to higher field compared to
the spectrum of starting material. Corresponding changes in

13

C NMR spectrum

were found to confirm the transformation of the ester 77 to the alcohol 76. The
carbonyl signal at 171.2 ppm of 77 was absent in the spectrum of 76 and a signal
was present at 64.1 ppm due to the CH2 on the sidearm.
With the second alcohol oxazoline 76 at hand, we prepared the methyl ether 80
and benzoate ester 81 (Scheme 2.23). This would allow us to compare the
performance of these ligands with the earlier methyl ether 34 and benzoate ester
36 ligands. Ligand 80 was prepared following the procedure described above for
the synthesis of 34. The alcohol 76 was deprotonated with sodium hydride and
then reacted with methyl iodide to form the methyl ether 80. The crude product
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was purified by column chromatography on silica gel to afford 80 in 70% yield.
The structure of 80 was confirmed by analysis of the 1H and 13C NMR spectra. In
the 1H NMR spectrum the presence of the ether OCH3 signal as a singlet at 3.39
ppm and the disappearance of the OH signal at 2.45 ppm were strong evidence
for the formation of 80. In

13

C NMR the presence of the OCH3 signal at 59.4

confirmed the transformation of an alcohol to ether.

Reagents and conditions: (a) NaH, MeI, THF, 0 oC to r.t, 3 h, 70% (b) benzoyl chloride,
Et3N, DCM, 0 oC to r.t, 3 h, 85%

Scheme 2.23 Structural modification of oxazoline 76
Ligand 81 was prepared according to the procedure described above for the
synthesis of 36. The alcohol 76 was reacted with benzoyl chloride in the presence
of triethyl amine to give the benzoate ester 81. The crude product of 81 was
purified by column chromatography on silica gel to give the product in 85%
yield. The structure of 81 was identified via 1H and

13

C NMR spectral analysis.

This transformation was confirmed by comparison with the 1H and

13

C NMR

spectra of the benzoate ester 36. In 1H NMR spectrum the downfield shifting of
the sidearm proton signal (0.7 ppm) and in

13

C NMR spectrum the presence of

the ester C=O signal at 166.4 ppm confirmed the transformation of the alcohol to
the ester.
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2.2.3.2 Catalytic results obtained in the hydrosilylation reaction
The ligands 72-75, 76, 80 and 81 were tested in the trichlorosilane-assisted
hydrosilylation according to the procedure reported in Section 2.2.2.3. The
catalytic results obtained with ligands 72-75 are recorded in Table 2.5.

Ligand

% Conversion

% ee

99

57 (R)

85

40 (R)

98

52 (R)

99

55 (R)

72

73

74

75
Table 2.5 Catalytic results obtained using ligands 72-75 in hydrosilylation
of acetophenone
The second generation of ligands 72-75 proved to be equally active as the first
generation ligands 28 and 34-36, giving conversions to the chiral product ranging
from 85-99%. The ee obtained with the pyridinyl methylene ether 73 (40%) was
similar to the one obtained with the alcohol ligand 28 (42%). This result further
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confirmed that the carbonyl group was a key feature required to achieve high
enantioselectivity using this type of ligands. The similar ee's achieved in the
reaction by ligands 28 and 73 also indicated that the coordination of the sidearm
pyridinyl nitrogen to the silicon centre was unlikely. This is may be due to the
excessive flexibility of the ether sidearm but it seems clear that there is no huge
driving force for such coordination.
Interestingly, varying the steric bulk of the group attached to the carbonyl
group did not appear to have the desired effects on enantioselectivity. In fact,
ligands bearing different ester sidearms achieved similar enantioselectivities in
the reactions. The pivalate ester 72 delivered the highest ee (57%) among the 4
modified ligands. Ligands 74 and 75 bearing a chiral group on the ester exhibited
similar enantioselectivity (52% and 55%) to pivalate ester 72 (57%). It had been
hoped that this chiral ester group would show a substantial additive (or reductive)
effect on the stereoselectivity.
To rationalize the selectivity of ligands 72-75 in this reaction, as well as those
being tested earlier (ligands 28, 34-36), the following issues have to be taken into
account.
1) Ligands without the ester sidearm are likely coordinated via the
N,N-chelation. This is in agreement with the model 82 (Figure 2.10) proposed by
Malkov14 for the hydrosilylation of acetophenone using similar oxazoline ligands
64 and 65.

Figure 2.10

N,N-chelation of the pyridinyl oxazoline 64 and 65
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The N,N-chelation of the trichlorosilane by the ligand generates an activated
hypervalent silicon complex which is crucial for catalysing the hydrosilylation.17
A ligand that coordinates solely with one nitrogen atom does not catalyse the
reaction, as indicated by the works of another group member.31 As shown in
Scheme 2.24, the hydrosilylations catalysed by ligand 83 and 84 were attempted
using an identical procedure to ours but produce 0% conversion to the alcohol
product. Comparing the structure of 83 and 84 to that of our ligand 36 it is
reasonable to assume that the dramatic changes in the activity of the ligands are
caused by the positioning of the pyridine nitrogen. As the pyridine nitrogen
moves from the 2-position to the 4-position, a N,N-chelation via the oxazoline
and pyridine nitrogen's is impossible. It is more likely that the ligand 84 is
coordinated to the silicon centre in a mono-dentate manner using either the
oxazoline nitrogen or the pyridine nitrogen. However, this type of coordination
does not appear to activate the silicon centre and thus results in a reduced activity.
It is unlikely to be an electronic effect as electronically ligands 36 and 84 are
very similar.

Scheme 2.24 Hydrosilylation of acetophenone catalysed by 83,84 and 36
Once the activated silicon complex is formed, the role of the chiral sidearm on
the ligand can be attributed to the shielding of one of the faces on the silicon
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complex. Thus the incoming substrate is more likely to approach from the less
hindered face, which encourages a specific facial selectivity in the catalysis.
2) Ligands with the ester sidearm are likely coordinated via N,N,O-chelation.
In this type of ligands the Lewis basic carbonyl oxygen is also coordinated to the
silicon centre. Similar coordination via the carbonyl oxygen is discussed
previously in Section 2.2.3 and the evidence supporting this argument are shown
again here in Figure 2.7.

Figure 2.7

Transition-states 69 and 70 of the silane-mediated reactions

As shown in the transition-states 69 and 70 (Figure 2.7), coordination of the
carbonyl oxygen's to the silicon center is possible using a chiral formamide and a
tartrate-derived ligands. It is notable that the tartrated-derived ligand is
coordinated in a tridentate manner. In our case we assumed that the ester
containing ligand is coordinated via the N,N,O-chelation using the nitrogen's of
the pyridine and oxazoline and also the carbonyl oxygen of the ester group. This
coordination attaches an extra anchoring point of the sidearm to the silicon center
which reduces the flexibility of the system and creates a larger and more defined
shielding at the silicon centre. The ester sidearm is found to be beneficial in
achieving high enantioselectivity in catalysis. Beyond the use of any ester
variation of the structure of the ester sidearm does not appear to have a huge
effect on the stereoselectivity.
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3) The carbonyl oxygen of the substrate is coordinated to the silicon centre in a
similar manner to that outlined above for the ester carbonyl. Transition-states
involving this type of coordination are reported in literature on the silane-assisted
hydrosilylations such as the examples we discussed previously (Transition-state
70 in Figure 2.7 and transition-state 82 in Figure 2.10).
4) The arene-arene interactions between the aromatic substrate and the pyridyl
moiety of the silicon complex may play a role mechanistically. Malkov17 reports
that the hydrosilylation of a non-aromatic ketone 85 catalysed by ligand 65 gives
67% conversion to the racemic product (Scheme 2.25), whereas the
hydrosilylation of acetophenone 56 catalysed by the same ligand under the same
reaction condition results in 85% conversion and 78% ee as shown earlier in
Scheme 2.17.

Scheme 2.25 Hydrosilylation of non-aromatic substrate
The magnitude of the interaction is assessed by a computational analysis of the
pyridine-acetophenone model complex.17 The distance between the two planes is
detected at 3.8 Å, and the lowest interaction energy found by the potential-energy
surface scans is at -6.3 kcalmol-1. The author suggests these values are
sufficiently large to suggest the involvement of the arene-arene stacking in the
transition- state of the catalysis.
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Figure 2.11

Transition-states in the hydrosilylation of acetophenone

According to the above four factors, we propose the transition-states A and B
(Figure 2.11). The structure A represents the transition-state of ligands without
the ester sidearm as may be expected with the ligands 28, 34 and 73. For these
ligands the following mechanistic pathway can be envisaged: the N,N-chelation
of the trichlorosilane by the ligand creates an active silicon intermediate, which
then coordinates with the carbonyl group of the approaching substrate to form A.
The transition state A can be stabilized by the arene-arene interactions acting as a
second anchoring point between the substrate and the silicon complex. The
arrangement of A is consistent with the experimentally observed si-facial
selectivity of the reaction in which the (R) product is favored.
The structure B represents the transition-state which may be expected with
ligands with the ester sidearm, like the ligands 35, 36, 72, 74 and 75. Compared
to A, the ligand is co-ordinated in a tridentate fashion in B. This has the effect of
binding the ligand to the silicon more tightly. On co-ordination of the reactant
ketone, hydride transfer occurs to just one face of the ketone. Rigidity within the
complex would be expected to result in higher facial selectivity in the hydride
transfer, and also selectivity as to which face of the NSiN plane the ketone
approaches. This is supported by the experimental data that ligands with the ester
sidearms give higher ee's than the ones without, apart from the picolinate ester 35
which suffered from the possible solubility issue. As the modifications of R2
substituent on the ester group do not give the desired effect, we speculate that the
R2 group is pointing away from the silicon reactive centre upon coordination,
thus having a negligible effect on the selectivity of the reaction.
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Ligand

% Conversion

% ee

45

40 (R)

99

42 (R)

17

40 (R)

91

41 (R)

99

55 (R)

99

62 (R)

76

28

80

34

81

36
Table 2.6 Catalytic results obtained using 76, 80 and 81 in the hydrosilylation
compared to the results obtained by 28, 34 and 36
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The effects of the additional chiral centre on the oxazoline ring (ligands 76, 80
and 81) were also investigated under the same conditions.
As shown in Table 2.6, the additional chiral center on the oxazoline was
detrimental to the activities of the ligands compared to those ligands which lack
these methyl groups. Ligands 76 and 80 showing poorer conversions in these
reactions than their structurally related ligands 28 and 34. Ligand 81 gave similar
conversion of the alcohol product to its counterpart 36.
The methyl group on the additional chiral center on ligand 81 appeared to
assist the formation of the (S) product, which worked against the original chiral
centre at the oxazoline. Based on the TS B in Figure 2.11, it was speculated that
the methyl group positioned at the bottom face created, on that face, extra steric
hindrance for the incoming substrate. This additional hindrance reduces the
energy difference between the approach of the incoming ketone from the upper
or lower face of the NSiN plane, neutralizing the shielding effects from the chiral
sidearm and leading to a drop in selectivity. Such change of selectivity was not
seen with ligands 76 and 80, which coordinate to the silicon centre in a bi-dentate
manner. It may be surmised that the tri-dentate coordination of the ligand to the
silicon forced the complex to adopt a slightly different conformation from that of
ligands coordinated in a bi-dentate fashion (like the complexes of 76 and 80).
The different conformations of the complexes resulted in different effects the
additional chiral center had on the selectivity of the reactions.
After testing all the novel ligands, ligands 36 and 72, the ones having the best
catalytic performance in this reaction, were selected to test at lower temperature
to maximize their selectivity (Table 2.7).
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Temp (oC)

Ligands

Time (h) % Conversion

% ee

−20

24

99

62 (R)

−40

24

99

53 (R)

−20

24

99

57 (R)

−40

24

96

65 (R)

−78

6

14

70 (R)

36

72

Table 2.7 Catalytic results obtained using 36 and 72 at lower temperature
As shown in Table 2.7, ligand 36 was highly active even at -40 oC, although
its enantioselectivity was slightly reduced at that temperature. In fact, during the
addition of trichlorosilane a precipitate was observed in the solution. It was
speculated that the hypervalent silicon intermediate generated from the
trichlorosilane and ligand 36 precipitated due to its reduced solubility under low
temperature (-40 oC), which resulted in the decline of selectivity in the reaction.
This is similar to what is seen previously in the reaction using ligand 35 at -20oC.
Ligand 72 also demonstrated impressive activity in this reaction. When the
reaction was running at -40 oC a slight drop (3%) in conversion was observed
compared to the reaction at -20 oC. At -78 oC this ligand was still reasonably
active as 14% conversion was achieved in 6 hours. During the tests with ligand
72, improvements in selectivity were seen as the temperature was reduced. The
ee's ranged from 57% at -20 oC to 65% at -40 oC and finally 70% at -78 oC.
Overall the results were close to those obtained by Malkov14 using his in similar
reaction (Scheme 2.26). Interestingly, in his study, when the temperature of the
reaction lowered down from -20 oC to -30 oC, the conversion of the reaction

109

increased (85% to 95%) but the ee did not change (78%). At -40 oC, a drop in ee
(9%) was observed as compared to the reaction at -20 oC and -30 oC. This was
similar to what we observed in the reaction using ligand 36, in which the ee
dropped by 11% going from reaction at -20 oC to -40 oC. In the case of ligand 65,
a significant decrease in conversion was also observed, but the author didn't give
explanation as to why the changes in conversion and ee occurred.

Scheme 2.26 Hydrosilylation at low temperature using ligand 65
2.2.3.3 Application of ligands to other reactions involving silicon reagents
Application of ligands to trichlorosilane-assisted hydrosilylation of an imine
The catalytic performance of our ligands was also studied in other reactions
involving silicon based reagents including the hydrosilylation of an imine and the
allylation of an aromatic aldehyde. The hydrosilylation of an imine was already
investigated with ligands 28 and 34-36 in a previous section. Here ligands 72 and
75 were selected for the test using the procedure described earlier (Table 2.8).
Ligand 28 was selected to test at a lower temperature due to its high selectivity in
the previous test.
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Ligand

Temp (oC)

% Conversion

% ee

0

45

10 (R)

0

99

18 (R)

0

99

14 (R)

0

99

28 (R)

−10

99

33 (R)

72

75

35

28
Table 2.8 Catalytic results obtained using ligands 28, 35, 72, 75
The catalytic results obtained with these ligands are shown in Table 2.8, as are
those previously reported for ligand 28 and 35 for comparison. Interestingly, the
ester sidearms on the ligands were found to have a negative impact on the
enantioselectivity, which is contrary to the observation in the hydrosilylation of
acetophenone. The parent ligand 28 was selected as a ligand to study at lower
temperature and a 5% increase in ee of product obtained was observed. Based on
the results obtained from both hydrosilylation reactions, the transition-states C-E
(Figure 2.12) can be postulated if you consider the reaction as being similar to
the hydrosilylation of acetophenone.
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Figure 2.12

Transition-states C-E of hydrosilylation of an imine

A similar mechanism as in the reaction of acetophenone can be envisaged here.
However, the coordination of the substrate to the silicon centre is not as stable as
those previously discussed A and B17 (Figure 2.11). In this case coordination of
the imine leads to the formation of a very crowded environment. When the ester
is present it may lead to an unfavourable interaction as shown in D which is
energetically disfavored. If that is the case, the clash brought by the sidearm is
somewhat cancelling its "shielding effect" during the catalysis, which makes the
reaction less selective. This accounts for poorer performance of the ester ligands.
Additionally one could imagine the other  interactions between the ligand
aromatic and the other aromatic of the imine (that derived from the aniline) lead
to the formation of transition state E. In general having a reaction which can go
via multiple transition states or complexes leads to poor selectivity. This proposal
is consistent with the experimental data that the ee obtained with the ligand 28 in
the reaction of imine (28%) is lower than that in the reaction of acetophenone
(42%), although the si-facial selectivity is still seen from the catalytic results.
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We also consider that should the reaction happen in a substantially different
manner to that with acetophenone. The hydroxyl proton of ligand 28 may have
an interaction, e.g hydrogen-bonding, with the imine substrate giving rise to a
different transition-state, similar to the one (87) shown in Figure 2.13 as reported
by Markov.12 It is speculated that the arene-arene interaction between the silicon
complex and the imine still acts as an anchoring point of these compounds, but
the second anchoring point is more likely the hydrogen-bonding between the
imine nitrogen and the hydroxyl proton of ligand 28. These two anchoring points
again stabilize the transition-state of ligand 28. As the limited experimental data
available from the hydrosilylation of imine catalysed by ligands bearing a
hydroxyl sidearm, we are not able to provide a definite assessment of the
potential transition states.

Figure 2.13

Transition-state proposed by Malkov12 in hydrosilylation of an
imine

Application of ligands to allyltrichlorosilane-assisted allylation of aromatic
aldehyde
The next reaction to which these ligands were applied is the allylation of
benzaldehyde with allyltrichlorosilane. The procedure for this reaction was
similar to those of the hydrosilylations except that a co-catalyst diisopropylethyl
amine was required.
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Scheme 2.27 Allylation of benzaldehyde with allylatrichlorosilane
Allyltrichlorosilane (1.2 equivalents) was added to a solution of benzaldehyde
88 (1.0 equivalent), diisopropylethylamine (2.0 equivalents) and 15 mol% of
ligand 28/34/36/72/74/75 at 0 oC in dichloromethane (2 mL), and the reaction
was stirred at 0 oC for 24 hours to give 89 (Scheme 2.27).
A 1H NMR spectrum of the crude product was recorded to determine the %
conversion of this reaction32 [CHO signal of the unreacted aldehyde at 10.00
ppm (1H) versus CH2 signal of the product at 2.55 ppm (2H)]. The crude product
was then purified by column chromatography on silica gel to give alcohol 89.
The enantiomeric excess of the purified product was measured using chiral
HPLC (DAICEL Chiracel OD, 210 nm, hexane: iso-propanol, 99:1, 0.3 mL/min).
The major product eluted at around 9 min and the minor product eluted at around
11 min.
The catalytic results obtained in the reaction using ligands 28, 34, 36, 72, 74,
and 75 are shown in Table 2.9.
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Ligand

% Conversion

% ee

<1

--

11

12

7

5

7

25

7

20

7

22

28

34

36

72

74

75
Tbale 2.9 Catalytic results obtained using ligands 28, 34, 36, 72, 74, and 75 in
allylation of benzaldehyde
The conversions obtained with these ligands were low in general with ligand
28 showing minimal catalytic activity in the reaction. The ether ligand 34 did
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show some reaction but the ee was very low at 12%. The introduction of the ester
sidearms gave slightly better ee's, with the exception of the reaction catalysed by
ligand 36. The highest ee (25%) was obtained using ligand 72. A longer reaction
time (48 h) was used with ligand 36, but the conversion was not hugely improved
(11%). Use of a different solvent system (DCM/THF) in a reaction using ligand
72 gave a similar result to the standard system (6% conversion, 20% ee). The full
experimental data of these reactions will be reported in the experimental part
(Chapter 3) of the thesis.
2.2.4 Application of the novel ligands to other metal-catalysed reactions.
Application of ligands to Asymmetric Allylic Alkylation reaction
The performance of the ligands was also studied in other asymmetric metalcatalysed reactions, including allylic alkylation and cyclopropanation reactions,
which were tested previously with the earlier ligands, as well as the reduction of
conjugated ketone and transfer hydrogenation.
The asymmetric allylic alkylation was already investigated with ligands 28 and
34-36. Here ligands 72 and 75 were selected for the test using the procedure
described previously, and the result obtained earlier with ligand 35 is included
for comparison purpose.
As shown in Table 2.10, this type of ligands again demonstrated very high
activity in the allylic alkylation, giving over 96% conversions in both cases. The
ee's obtained with these ligands were modest and were scarcely affected by the
modifications of the sidearm structure. The palladium complex of ligand 35 was
found to be the most selective of all the modified ligands giving 28% ee of the
allylic product 42. The complexes of 72 and 75 produced product in 20% and 24%
ees.
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Ligand

% Conversion

% ee

96

20 (R)

97

24 (R)

96

28 (R)

72

75

35
Table 2.10 Catalytic results of ligands 72,75 and 35
Comparing the performance of ligand 28 to the structural related 18 reported
by Canal11 (Figure 2.14), we found that the phenyl group attached to the
5-position of the oxazoline and thus making an additional chiral center on that
carbon did not appear to make a difference on its catalytic performance in the
allylic alkylation.

Figure 2.14 Results obtained using ligands 28 and 18 in allylic alkylation
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The palladium complex of 28 and 18 gave the same ee (24%) in the same
catalytic system. They favored the formation of different enantiomers of the
product due to the different chirality of the sidearms bearing the hydroxyl group.

Scheme 2.28 Catalytic results obtained using ligand 19C, 43 and 44, and the
crystal structure of Pd/19C
Ligand 19C derived from ligand 18 was reported by the same group (Scheme
2.28). The palladium complex of 19C produced the product in 84% yield and 25%
ee in the same reaction, which was close to the results we obtained. From the
crystal structure of the Pd complex of 19C, it was believed that the introduction
of a substituent at the 6-position of the pyridine [the H(1) position] may be the
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key to improve the selectivity. The work reported by Chelucci3 supported the
hypothesis, in which a methyl substituent at that position of a pyridinyl oxazoline
ligand (44b) brought a sharp increase to the ee of the allylic product from 24% to
70%.
Canal attributed the low selectivity of 18 and 19C to the size of chelate ring. It
was suggested that a six-membered chelate ring brings the stereocentre closer to
the metal sphere, and thereby the allylic fragment. The quinolinyl oxazoline 43, a
structural related ligand to 18, was synthesized and tested to study that effect.
The change of structure increased the ee from 24% ee with 18 to 44% ee with 43.
Application of ligands to Asymmetric cyclopropanation reaction
The asymmetric cyclopropanation of styrene was also studied. In the
preliminary test (Section 2.2.2.2), ligands carrying an ester sidearm showed
better activities in the cyclopropanation reaction. We were thus interested to see
if the pyridine methylene ether 73 which has similarities to the best performing
picolinate ester 35, would perform well in the reaction. Ligand 75 was also
selected to study the effects of the additional chiral centre beside the ester group.
The catalytic results obtained using ligand 73 and 75 are shown in Table 2.11,
the result obtained previously with ligand 28, 35 and 36 are also included for
comparison purpose.
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Ligand

% Conversion

Cis:trans

% ee (cis)

<1

--

<1

--

8

56:44

14

70

31:69

14

72

31:69

5

73

75

28

35

36
Table 2.11 Catalytic results obtained using ligands 73, 75, 28, 35 and 36 in
cyclopropanation reaction
Surprisingly, the copper complex of ligands 73 and 75 demonstrated minimal
activities in the reaction. Together with the results obtained previously, it seemed
that the ester sidearms with a less sterically demanding group gave highest
activities in the cyclopropanation reaction (75 vs 35, 36). The increased steric
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hindrance at the ester sidearm (75) appeared to fully shut off the reaction. To
better understand the coordination chemistry of the above copper complexes,
crystallization of the complexes with ligands 28 and 35 were attempted using
CuBr2 and CuI2, but no crystals were obtained.

Scheme 2.29 Application of ligands 44a and 44b in a cyclopropanation
reaction
Chelucci22 reported that substituent on the 6-position of the pyridine moiety of
ligand 44 (Scheme 2.29) was crucial for achieving high stereocontrol in the
cyclopropanation. The tert-butyl group on that position of 44c was found to
improve the ee by 41% (9% of 44a to 50%) compared to the ligand without this
group at that position.
Application of ligands to Asymmetric reduction of a conjugated ketone
The ligands were also tested in the asymmetric reduction of a conjugated
ketone. This reaction is an important method for the construction of chiral
building blocks with a β-stereocentre. In 2005, Christian33 reported the
application of azabis oxazoline ligands to this reaction (Scheme 2.30).
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Scheme 2.30 Reduction of conjugated ketone with ligands 92a and 92b
Ligands 92a and 92b were found to be the most selective of the ligands
studied, giving the product 91 in over 82% yields and 96% ee's. It was concluded
that electron-rich nitrogen donor atoms were the key factors for these ligands to
achieve high activities, while the bulky chiral substituents were responsible for
obtaining high enantioselectivities.
The report prompted us to test our ligands in this reaction, as the pyridine
nitrogen was believed to be better donor atom than the oxazoline one.11 The
synthesis of substrate 90 is shown in Scheme 2.53.

Reagents and conditions: (a) triphenylphosphine, toluene, refluxed, overnight, then 1M
aqueous NaOH, r.t, 30 min, 80% (b) acetophenone, toluene, refluxed, overnight, 62%

Scheme 2.53 Synthesis of substrate 90
As shown in the scheme, the ylide 94 was prepared using ethyl bromoacetate
93 and 1.0 equivalent of triphenylphosphine in refluxing toluene. The precipitate
was filtered, dried and stirred for 30 min in 1 M aqueous sodium hydroxide and
dichloromethane (1:1). The mixture was extracted with dichloromethane and the
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combined organic layers were washed with brine, dried (Na2SO4), filtered and
concentrated to give the ylide 94 as a white solid in 80% yield. The ylide 94 was
used in the next reaction without further purification. The formation of 94 was
confirmed by comparison of our data with the 1H and

13

C NMR spectra in

published report.34 In the 1H NMR spectrum the signal appeared as a multiplet at
7.43-7.67 ppm due to the Ph groups and the signal appeared as a singlet at 2.92
ppm due to the CH adjacent to the carbonyl group were strong evidence for the
formation of 94. In the

13

C NMR spectrum the signals appeared between 129.0

and 133.7 ppm due to the Ph groups supporting this deduction.
The substrate 90 was synthesized by reacting the ylide 94 and acetophenone in
refluxing toluene. The crude product was purified by column chromatography on
silica gel to give 90 in 62% yield. The structure of 94 was identified by
comparison with the 1H and 13C NMR spectra in previously published report.35 In
the 1H NMR spectrum the alkene CH signal appeared as a quartet (J = 1.2 Hz) at
6.02 ppm confirmed the formation of 90. In the 13C NMR spectrum the presence
of signals at 142.3 and 155.4 ppm due to the two alkene carbons supporting this
deduction.
The tests of the ligands were performed following the reported procedure.33
2.5 mol % of ligand 28, 34-36, 72 or 74 and 2.5 mol % of cobalt dichloride
hexahydrate were used to generate a homogeneous complex that acted as the
catalyst, as indicated by the color change (deep blue) of the solution. To this
catalyst was added a solution of ethyl (2E)-3-phenylbut-2-enoate (0.5 mmol) in
ethanol (0.5 mL)/diglyme (1.0 mL) and sodium borohydride (2.5 equivalents) at
0 oC to give the crude product 91.
A 1H NMR spectrum of the crude product was recorded to determine the %
conversion of this reaction36,37 [CH2 signal of the unreacted ester at 4.21 ppm
(2H) versus the CH3 signal of the product at 1.18 ppm (3H)]. The crude product
was then purified by column chromatography on silica gel to give the purified
ester 91. The enantiomeric excess of the purified product was measured by chiral
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HPLC (DAICEL Chiracel OD, 210 nm, hexane: iso-propanol, 98:2, 0.5 mL/min).
The major product eluted at around 10 min and the minor product eluted at
around 15 min.

Ligand

% Conversion

% ee

89

20

52

16

95

12

99

12

55

8

45

7

28

34

35

36

72

74
Table 2.12

Catalytic results obtained using ligands28, 34-36, 72 and 74 in
reduction of a conjugated ketone
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The catalytic results obtained using ligands 28, 34-36, 72 and 74 are shown in
Table 2.12.
As shown in Table 2.12, ligands 28, 35 and 36 showed comparable activity
with the best performing reported ligands 92a and 92b giving conversions of
89%-99% to the product 91. The activities of ligands 34, 72 and 74 were
moderate. Having sacrificed the C2-symmetric property of the oxazoline ligand,
the enantioselectivity was reduced. The highest 20% ee was obtained with the
cobalt complex of ligand 28.
Application of ligands to Asymmetric transfer hydrogenation

Scheme 2.31 Application of ligands 28 and 35 to asymmetric transfer
hydrogenation
Ligands 28 and 35 were also applied to the asymmetric transfer hydrogenation
reaction (Scheme 2.31), which was a well-established protocol within the group.
Ligand 28 produced < 1% conversion and ligand 35 gave 11% conversion and 12%
ee in the reaction. The full reaction procedure will be reported in the
experimental part (Chapter 3) of the thesis.
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2.3 Proline-based oxazoline ligands
In the previous section, we designed and tested a series of novel pyridinyl
oxazoline ligands. The catalytic results were analyzed and compared with those
achieved by other similar ligands in the same reactions. In this process and
having reviewed literature reports we made a number of conclusions and we
hoped to use these in the design of the next mono-oxazoline ligand. Namely:
(1) In some cases the ester sidearms appeared to have positive effects on the
activities of the pyridinyl oxazoline ligands. The stereoselectivities achieved by
these ligands or the metal complexes of these ligands are affected by the ester
sidearms if the sidearm carbonyl groups are coordinated to the reaction centre.
(2) In the palladium catalysed allylic alkylation reactions, metal complexes
with six-membered chelate rings often demonstrate superior enantioselectivities
than their structural analogues with five-membered chelate rings. Electronically
nonequivalent coordinating sites of the ligand are beneficial for achieving high
stereoselectivity.
(3) In some cases modification of the pyridine moiety of the ligand brings a
sharp effect on the selectivity in the catalytic reaction.
(4) An additional chiral centre at the 5-position of the oxazoline does not
appear to have a substantial effect on the enantioselectivity.

Figure 2.15 Design of new mono-oxazoline ligand
Therefore, it is desirable that the new ligand 95 (Figure 2.15) would (1)
maintain the sidearm structure, (2) be further modified or functionalized at R 1

126

and R2 substituents, (3) have electronic non equivalent coordinating atoms and
form six-membered chelate rings upon coordination. It may also be beneficial to
have an additional chiral centers within the metalocycle formed on coordination
of metals.
Base on the above ideas, we targeted the prolyl oxazoline 6 as the initial ligand
to be prepared which would act as a parent for this family of ligands. The proline
structure of ligand 6 provides an additional chiral centre in the ligand. Upon
coordination this chiral centre would be inside the chelate ring which may affect
the stereochemical outcome of the reaction. Functionalisation of the amine group
in the proline would allow us to combine other heteroatoms into the ligand (eg
phosphines), introducing the desired electronic non equivalence of the
coordinating groups and a six-membered chelate ring upon coordination. The
ligand 96 derives from the "parent ligand" 6 was a target ligand in this project.
Enantiopure proline and its derivatives are important organocatalysts having
wide application in a range of catalytic reactions.38-40

Scheme 2.32 Asymmetric aldol reaction catalysed by proline and its derivatives
As shown in Scheme 2.32, proline and its derivatives showed good catalytic
performance in the asymmetric aldol reaction, giving 68-85% yield and 74-78%
ee of the product 99.41 The proline-based organocatalysts were also applied to the
asymmetric Michael addition reaction (Scheme 2.33).40
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Scheme 2.33 Asymmetric Michael addition catalysed by proline and its
derivatives
As shown in Scheme 2.33 proline 100 was not a very efficient catalyst giving
only 44% yield and 28% ee of the addition product 105. The derivatives 106 and
107 afforded much better results, giving the product in 72-80% yield and 99%
ees. The syn: anti ratios obtained with all these catalysts were excellent (93:7 to
95:5). In 2002, Gilbertson synthesized the proline-base phosphine-oxazoline 108
and applied it successfully to the metal-catalysed asymmetric allylic alkylation
reaction and hydrogenation reaction (Scheme 2.34).42,43

Scheme 2.34 Applications of oxazoline ligand 108 to asymmetric allylic
alkylation and hydrogenation reactions
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As shown in the scheme, the palladium complex of ligand 108 demonstrated
excellent performance in the allylic alkylation reaction giving 96% yield and 94%
ee of the allylic product 42. The iridium complex of 108 showed the same level
of activity (99%) and good enantioselectivity (70% ee) in the hydrogenation of
aromatic olefin 109. Following this, Guiry44 reported the application of the prolyl
oxazoline 111 to the ruthenium-catalysed transfer hydrogenation of acetophenone
56 (Scheme 2.35). The complex derived from ligand 111 demonstrated medium
to good performances in the reaction, giving up to 76% yield and 63% ee of the
alcohol product 57.

Scheme 2.35 Application of prolyl-oxazoline 111 to the transfer hydrogenation
2.3.1 Plan for the synthesis of prolyl oxazolines
The methods reported for the syntheses of prolyl oxazolines are similar to
those we introduced previously in the introduction section for the synthesis of
mono-oxazolines. The synthetic process reported by Guiry44 is selected here as
an example.
As shown in Scheme 2.36, the CBZ-protected L-proline 112 was converted to
its acyl chloride derivate using thionyl chloride in refluxing benzene. The
resulting acyl chloride was then treated with a series of chiral amino alcohols
113's under basic conditions to afford the corresponding amides 114's in 57-92%
yield. After that the amides 114's were activated and ring closed with
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diethylaminosulfur trifluoride (DAST) to form the CBZ-protected oxazolines
115's in 75-98% yield. The group of CBZ protected compounds 115's were then
deprotected using Pd/C and cyclohexene in refluxing methanol to give the prolyl
oxazolines 111's in 40-89% yield.

Scheme 2.36 Synthesis of prolyl oxazoline 111
Based on this reported synthetic process and the experience we gained from
our previous work, we conducted a retro-synthetic analysis of the prolyl
oxazoline ligand 6 (Scheme 2.37).

Scheme 2.37 Retro-synthetic analysis of ligand 6
The synthesis based on this retro-synthesis would use the protected L-proline

130

112 as the starting material. The key intermediate, the oxazoline ester 116, would
be obtained via the ring closure of the β-hydroxyl amide 117. The ester group
could then be reduced and CBZ group removed to afford the prolyl oxazoline
ligand 6. The main difficulty in this synthesis would be the ring closure reaction
given there is a possible side reaction, shown in Scheme 2.38. As the β-hydroxyl
group of 117 is activated as a leaving group, it could undergo an E2 elimination
with the acidic α-proton in the presence of base to form the conjugated alkene
119 as a side product.

Scheme 2.38 Possible side reaction in ring closure reaction
Similar side reactions occurring during oxazoline ring closure have been
reported. These reactions result either in a reduced yield or the full conversion to
the elimination product (Scheme 2.39).45,46

Scheme 2.39 Side reaction occurred during the ring closure step
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As shown in Scheme 2.39, the amide 120 is ring closed using tosyl chloride in
the presence of base. This reaction gives both the desired ring closed product 122
and the alkene side product 121, but the author Pirrung46 didn't give the yield of
the reaction or the ratio of 121:122. Despite these reports there is a successful
example in the literature, in which DAST reagent is used to convert the
compound 117 to 116 in 73% yield (Scheme 2.40).47

Scheme 2.40 Ring closure of amide 117 using DAST reagent
2.3.2 Attempted synthesis of prolyl oxazoline ester

Reagents and conditions: (a) Benzyl chloroformate, 1 M NaOH solution, 0 oC for 30 min
then r.t overnight (b) L-serine methyl ester hydrochloride 31, 4-dimethylaminopyridine
(DMAP), dicyclohexylcarbodiimide (DCC), DCM, 0 oC to r.t, 4 h, 61%.

Scheme 2.41

Synthesis of amide 117 from L-proline 5

As shown in Scheme 2.41, the first step of the synthesis involved the
protection of the proline amine group. L-proline 5 was reacted with 1.1
equivalents of benzyl chloroformate in ice-cold aqueous sodium hydroxide (1 M).
The mixture was warmed to room temperature and stirred overnight. After
isolation via aqueous extraction the crude protected proline 112 was used in the
next reaction without further purification. The formation of 112 was confirmed
by comparison with the IR, 1H and

13

C NMR spectra in previously published
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reports.48 The aromatic signals appeared at 7.20-7.30 ppm in the 1H NMR
spectrum and 128.0-136.3 ppm in the 13C NMR spectrum proving the protection
of the proline amine group.
After that, the crude protected proline 112 was reacted with 1 equivalent of
L-serine methyl ester hydrochloride 31, 10 mol% of 4-dimethylaminopyridine
and 1.1 equivalent of dicyclohexylcarbodiimide in ice-cold dichloromethane. The
crude product was purified by column chromatography on silica gel to give the
amide 117 in 61% yield. As the compound 117 contained the carbamate and
amide groups rotations of single bonds adjacent to these groups were restricted
giving rise to rotamers. Multiple signals due to rotamers were observed in the
NMR spectra at room temperature (signal broadening in 1H NMR spectrum and
signal splitting in both 1H and

13

C NMR spectra). The structure of 117 was

confirmed by comparison with the IR, 1H and

13

C NMR spectral data in

published reoports.49 In the 1H NMR spectrum, the OCH3 signals appeared at
3.73 and 3.65 ppm as singlets and the amide C=O-NH signals showed up at 7.21
and 6.93 ppm as broad singlets consistent with data available on the compound
117. The amide carbonyl signals/band showed up at 172.6 and 172.1 ppm in 13C
NMR spectrum and 1668 cm-1 in IR spectrum again supporting the proposed
structure .
Following this several methods were attempted to ring close the amide 117.
The reactions were attempted on a small scale in which 1.5 mmol of 117 was
used (Scheme 2.42).
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Reagents and conditions: (a) Diethylaminosulfur trifluoride (DAST), DCM, -78 oC, 1 h,
then K2CO3, -78 oC to r.t, (b) SOCl2 , THF, -20 oC, 2 h, 4 oC, overnight (c) MsCl, Et3N, DCM,
0 oC to r.t, 3 h (d) PPh3, diisopropyl azodicarboxylate (DIAD), THF, r.t, 4 h

Scheme 2.42

Attempted synthesis of oxazoline ester 116

The method used in attempt (a) was from a reported synthesis of an identical
molecule.47 The amide 117 was treated with 1.1 equivalents of DAST reagent at
-78 oC in dichloromethane. After an hour, 1.5 equivalents of potassium carbonate
was added and the reaction was allowed to warm to room temperature. After
quenching the reaction, the starting material was found to be fully consumed but
only the side product 119 (Scheme 2.38) was presented in the crude product. The
presence of alkene 119 was identified by the disappearance of the amide NH
proton signals at 7.21 and 6.93 ppm and the presence of the alkene signals at 5.85
and 6.55 ppm as two singlets in the 1H NMR spectrum. As the article47 in which
this compound was previously reported was in a communication format with
limited experimental details given, we were not able to use it to compare our
results. The reaction was later performed at 0.5 and 3.0 mmol scale but the result
was the same.
The method applied in attempt (b) was from a reported synthesis of a similar
molecule.50 The amide 117 was treated with an excess of thionyl chloride (5
equivalents) in tetrahydrofuran at -20 oC. After 2 hours, the reaction was warmed
up to 4 oC and left stirring overnight. After quenching the reaction no ring closed
product 116 was obtained and another side product was present in the crude
product. In the 1H NMR spectrum the protons adjacent to the β-hydroxyl group
of the starting material 117, the CHCH2OH signals, were shifted downfield by
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0.1-0.2 ppm with the signals of the remaining parts largely unchanged. It seems
likely that the β-hydroxyl group of 117 was replaced by a chlorine. If that was the
case it is likely that the reaction stopped at the point when the β-chloro-amide
124 was formed, or the ring closed product 116 initially generated was
subsequently ring opened by a chloride (Scheme 2.43).

Scheme 2.43 Possible side reaction in the synthesis of ester 116
As shown in Scheme 2.43 we postulate that the oxazoline ring was strongly
activated toward the nucleophilic attack by protonation (originating from the HCl
generated in the previous ring closure step) facilitating the ring-opening reaction
to give the side product 124. Ring opening reactions of similar substrate at low
temperature (0 oC to -20 oC) were reported by Malkov14, in which the oxazoline
125 decomposed in the presence of a catalytic amount of HCl to form 126.
Later we monitored the same reaction using 1H NMR spectroscopy to identify
if the ring close product was formed during the reaction. 1H NMR spectra were
recorded at intervals during the reaction (hour 2, 4, 48) but these spectra were
similar to that obtained previously, in which no desired product was found. An
attempt was also made to ring close the chloro-amide 124. The isolated amide
124 was stirred in dichloromethane in the presence of 1 equivalent of triethyl
amine but only the alkene side product 119 was obtained. This was confirmed in
the 1H NMR spectrum by the characteristic alkene signals at 5.81 and 6.53 ppm.
The method applied in attempt (c) was from a reported synthesis of a similar
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molecule.43 The amide 117 was treated with 1.1 equivalents of methanesulfonyl
chloride in the presence of 1.2 equivalents of triethylamine. The outcome of the
reaction was similar to attempt (a), in which the starting material was consumed
but only the alkene side product 119 was produced. This was confirmed by the
1

H NMR spectrum. Later the reaction was repeated using the same method but a

bulkier base diisopropylethylamine. The aim of this study, was to try to achieve
selectivity in deprotonation between the amide proton and the α-proton which
was is in a more stericcally demanding position. This attempt did not give a
different outcome in the reaction.
The method applied in attempt (d) was adapted from a reported synthesis of a
similar molecule.51 The amide 117 was treated with 1.5 equivalents of
triphenylphosphine and 1.5 equivalents of diisopropyl azodicarboxylate. After
the reaction a 1H NMR spectrum of the crude product was recorded. The
spectrum was complicated with multiple signals appearing in the area (3.5-5.0
ppm) where the oxazoline signals are generally found. We isolated several
components from the crude product by column chromatography, but none of
them was the desired product and we were not able to identify the structure of the
side product(s) in this reaction.
2.3.3 Ring closure of the prolyl oxazoline alcohol

Scheme 2.44 Retro-synthetic analysis of oxazoline alcohol 127
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Another synthetic pathway was designed due to the difficulties find in the ring
closure step. The retro-synthetic analysis of this pathway is shown in Scheme
2.44. The key of the pathway is to remove the ester group on the amide which
adversely affects the cyclisation reactions. This ester group was transformed to
the hydroxyl group before the ring closure step to facilitate the formation of the
oxazoline ring. In the synthesis we designed, based on the retro-synthesis in
Scheme 2.44, the oxazoline 127 is synthesized by the cyclisation of the amide
128. It was expected that this cyclisation would proceed smoothly without the
presence of the ester group. The amide 128 could be obtained by coupling the
amine 129 with the CBZ-protected proline. The alcohol 129 would be prepared
by reduction of the ester 130 which itself is obtained by replacing the hydroxyl
group of 31 with a chloride atom. The synthesis of the oxazoline 127 is broken
into two sections, the synthesis of the key intermediate 129 is summarised in
Scheme 2.45.

Reagents and conditions: (a) PCl5, CHCl3, 0 oC to r.t, 22 h, 91% (b) NaBH4, MeOH, 0 oC to
r.t, 4 h (c) LiAlH4, Et2O, 0 oC to r.t, 4 h (d) (Boc)2O, Et3N, DCM, r.t, overnight, 87% (e)
LiAlH4, Et2O, 0 oC to r.t, overnight, 60% (f) acetyl chloride, MeOH, 0 oC to r.t, overnight,
85%

Scheme 2.45

Synthesis of amino alcohol 129 from L-serine methyl ester 31
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As shown in Scheme 2.45, the hydroxyl group of ester 31 was replaced by the
chloride atom using 1.9 equivalents of phosphorus pentachloride in chloroform.
The resulting solid was filtered, washed and dried to give the chloro-ester 130 in
91% yield. The solid crude product was used in the next reaction without further
purification. The formation of 130 was confirmed by comparison of our results
with IR, 1H and

13

C NMR spectral data in previous reported synthesis of this

compound.52 In the 1H NMR spectrum the downfield shift (0.2-0.4 ppm) of the
CH2CH proton signals adjacent to the chloride compared to the spectrum of the
starting material and in the 13C NMR spectrum an upfield shift (5-12 ppm) of the
CH2CH carbon signals confirmed this transformation.

Figure 2.16

1

H NMR spectrum of the crude product containing 133 and 134
after NaBH4 reduction of ester 130
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After that, reduction of the chloro-ester 130 was attempted with the sodium
borohydride (1.5 equivalents) and methanol reducing system. After quenching a
1

H NMR spectrum of the crude product was recorded (Figure 2.16). It was found

that the NaBH4/MeOH system did not reduce the ester group as hoped but
instead resulted in the formation of side products 133 and 134. The key
diagnostic signals for the presence of 133 were those that appeared as singlets at
5.70 and 6.14 ppm due to the alkene protons of 133 and the signal that appeared
as a singlet at 3.82 ppm due to the OCH3 group of 133. For compound 134, the
CH signal adjacent to the ester group showed up as a broad singlet at 4.70 ppm,
the CH2 signals appeared as two doublet of doublets (J = 11.2, 3.0 Hz) at 3.96
and 3.83 ppm, the OCH3 signal appeared as a singlet at 3.80 ppm.
It was speculated that in this reducing system sodium borohydride reacted with
methanol, forming sodium methoxide as a strong base in the solution. This strong
base could cause the E2 elimination of HCl from 130 to generate the conjugated
alkene 133. The base may also facilitate the nucleophilic attack of the amine
group to the β-carbon, forming the aziridine product 134. Due to these side
reactions a different reducing system was applied to the reaction using 1.2
equivalents of lithium aluminium hydride with diethyl ether as solvent. After the
reaction a 1H NMR spectrum of the crude product was recorded, which was
complicated with multiple signals appeared between 3.4-4.0 ppm. We isolated
several components of the crude product using column chromatography and
sought, in the 1H NMR spectra of these components, signals due to the CH2
group adjacent to the OH of the desired 129 which should appear at 3.55-3.75
ppm as reported in literature.53 However we did not find this signal in the 1H
NMR spectrum of any of these components. The synthesis of 129 in this project
is different from what was reported in the above literature, in which a different
starting material was used in their synthesis of 129.
As the amine group was involved in the formation of one of the side products
we decided to protect the amine group with a Boc group before the reduction, as
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shown in Scheme 2.45. The ester 130 was treated with 1.1 equivalents of
di-tert-butyl dicarbonate and 1.0 equivalent of triethylamine in dichloromethane.
The crude product of the reaction was purified by column chromatography on
silica gel to give the Boc-ester 131 in 87% yield. The formation of 131 was
confirmed by comparison with the 1H and

13

C NMR spectral data in previously

published reports.18 In the 1H NMR spectrum the C(CH3)3 signal of the Boc
protecting group appeared at 1.40 ppm as a singlet and in the 13C NMR spectrum
the C(CH3)3 signal appeared at 28.2 ppm which were strong evidence for the
formation of 131.
Following this the ester group of 131 was reduced with 1.2 equivalents of
lithium aluminium hydride in diethyl ether. The crude product of the reaction
was purified by column chromatography on silica gel to give the Boc-alcohol
132 in 60% yield. The formation of 132 was confirmed by comparison with the
IR, 1H and

13

C NMR spectral data in previously published reports.54 In the 1H

NMR spectrum the disappearance of the OCH3 signal as a singlet at 3.73 ppm
and the presence of the CH2OH signal as a multiplet at 3.55-3.8 ppm provided
confirmation that this transformation was successful. The disappearance of the
signal due to the ester C=O at 169.6 ppm in

13

C NMR spectrum and an

absorption band appeared at 3353 cm-1 in IR spectrum also supporting this
deduction.
The Boc protecting group of alcohol 132 was removed using 2.5 equivalents
of acetyl chloride in methanol (Scheme 2.45). The crude product of the reaction
was purified by column chromatography on silica gel to give the amino alcohol
129 in 85% yield. The formation of 129 was confirmed by comparison with the
1

H NMR spectral data in previously published reports.53 In the 1H NMR

spectrum the disappearance of the C(CH3)3 singlet at 1.42 ppm and in 13C NMR
spectrum the disappearance of the C(CH3)3 signals at 80.2 and 28.3 ppm were
key confirming the transformation was successful.
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Reagents and conditions: (a) dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine,
CBZ-proline 112, DCM, 0 oC to r.t, 4 h, 58% (b) KOH, MeOH, 4 h, 62%

Scheme 2.46 Synthesis of oxazoline alcohol 127 from amino alcohol 129
As shown in Scheme 2.46 the amide 128, which is a key intermediate in our
synthesis, was obtained by a coupling reaction using the amine 129 and the
protected proline. The amine 129 was reacted with 1 equivalent of CBZ-proline
112,

10

mol%

of

4-dimethylaminopyridine

and

1.1

equivalents

of

dicyclohexylcarbodiimide in dichloromethane. The crude product of the reaction
was purified by column chromatography on silica gel to give the amide 128 in 58%
yield.
The amide 128 is a novel compound and its formation was confirmed by IR,
1

H (Figure 2.17) and

13

C NMR spectra. As the amide 128 contains carbamate

and amide groups rotations of single bonds adjacent to these groups were
restricted. Signals of rotamers were observed in the NMR spectra at room
temperature [signal broadening in 1H NMR spectrum and multiple signals
appearing for single nuclei in both 1H (Figure 2.17) and

13

C NMR spectra]. As

shown in Figure 2.17 the CH2CH2CH2N signals of the proline appeared between
1.80 and 2.32 ppm, the CH2N signal formed part of the multiplet signal at
3.34-3.78 ppm, the CHCO signal appeared at 4.31 ppm. The signals due to the
CBZ protecting group were detected at 4.99-5.23 ppm for the CH2Ph, and 7.34
ppm for the aromatic ring.
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Figure 2.17

1

H NMR spectrum of amide 128

For the amide moiety the NH gave rise to two singlets at 6.97 and 6.47 ppm,
the NHCH signal appeared at 4.13 ppm, the ClCH2 and CH2OH signals formed
part of the multiplet signal at 3.34-3.78 ppm and the OH gave rise to two singlets
at 3.17 and 2.77 ppm. The amide carbonyl gave rise to signals at 172.7 and 172.2
ppm in the 13C NMR spectrum and 1692 cm-1 in the IR spectrum confirming the
formation of the amide 128.
The amide 128 was reacted with 1M methanolic potassium hydroxide solution
to complete formation of the oxazoline ring. The crude product of the reaction
was purified by column chromatography on silica gel to afford the oxazoline
alcohol 127 in 62% yield. The alcohol 127 is a novel compound and its formation
was confirmed by analysis of IR, 1H and 13C NMR spectra. Rotamers of 127 was
again observed in the 1H and 13C NMR spectra due to the carbamate group. The
key evidence that the oxazoline had formed was the disappearance of the NH
signal at 6.97 and 6.47 ppm the presence of the oxazoline OCH2 signal from
4.05-4.36 ppm in the 1H NMR spectrum. In the

13

C NMR spectrum the

disappearance of the amide C=O signal at 172.7 and 172.2 ppm, present in the
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starting material, and the presence of the oxazoline C=N signal at 169.6 and
168.6 ppm confirmed the structure of the product to be that of oxazoline 127.
2.3.4 Ring closure of the prolyl oxazoline ester

Reagents and conditions: (a) N,N-diisopropylethylamine, triphenylphosphine, MeCN/DCM
(4:1), 0 oC, 1.5 h, then CCl4, 0 oC to r.t, 6 h, 68% (b) NaBH4, MeOH, 4 h, 81%

Scheme 2.47 Synthesis of oxazoline alcohol 127 from amide 117
Later, another method was attempted to complete the ring closure of the amide
117 (Scheme 2.47), which had previously proved impossible by other methods.
The method applied here was adapted from a reported synthesis of a similar
molecule having the oxazoline core but differed in the remaining part.55 The
amide 117 was treated with 1.6 equivalents of N,N-diisopropylethylamine and
1.5 equivalents of triphenylphosphine in acetonitrile/dichloromethane (4:1). The
oxazoline 116 was present in the crude product which was purified by column
chromatography on silica gel to give oxazoline 116 in 68% yield.
The formation of 116 was confirmed by comparison with the IR, 1H and

13

C

NMR spectra of previously published data.56 The key evidence that the product
had formed was the disappearance of the NH signal in the 1H NMR spectrum at
7.21 and 6.93 ppm and the downfield shifting of the OCH2 signal compared to
that in the starting material by 0.4 ppm. In the
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13

C NMR spectrum the OCH2

signals due to amide 117 was absent at 62.9 and 62.4 ppm and the OCH2 signal
due to oxazoline 116 was presented at 70.2 and 69.8 ppm, confirming the
transformation from the amide to the oxazoline.

OCH3
18 oC
40 oC
60 oC
80 oC
100 oC

18 oC

100 oC

Figure 2.18 Variable-temperature NMR studies of ester 116 in DMSO-d6
Variable temperature 1H and

13

C NMR spectral studies of ester 116 dissolved
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in DMSO-d6 were conducted (Figure 2.18). In the 1H NMR spectrum of ester
116 at 18 oC (Spectrum 5), the integration of the two OCH3 signals at 3.63 and
3.59 ppm showed that the relative proportion of the major (3.59 ppm) and minor
rotamers was 1.00: 0.85. The clear duplication of the OCH3 signals indicated that
there was an energy barrier resulting in rotamers. The restricted rotation is likely
about the N-C single bond of the carbamate group (Figure 2.19). This is due to
the partial double bond character of the N-C bond originating from the
delocalization of the nitrogen electron lone pair to the carbonyl centre.

Figure 2.19 Possible restricted rotation of the N-C single bond
The variable-temperature NMR spectral studies were performed to confirm the
hypothesis. As shown in the 1H NMR Spectrum 5 (Figure 2.18), the OCH3
signals of the two rotamers were individually detected and the splitting of the
other signals at 4.2- 5.1 ppm were relatively clear as the exchange of rotamers at
18 oC was slow. At 40 oC (Spectrum 4), due to faster exchange of rotamers the
two OCH3 signals were broadened and moved closer but were still detected
individually as were other signals. At 60 oC (Spectrum 3), the two OCH3 signals
coalesced to a single peak and the splitting of other signals disappeared
completely. The coalescence of signals was also observed in the other areas of
the 1H NMR spectrum. Interestingly, when the 1H NMR spectra were recorded at
higher temperatures, the splitting of signals was observed again (1H NMR
spectra 1 and 2).
The 13C NMR spectra of the sample were also recorded at 18 °C and 100 °C.
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These spectra showed similar trends to those observed in the 1H NMR spectra.
The signals due to the same carbons of rotamers moved closer or coalesced to a
single peak when the temperature increased. The above studies confirmed the
hypothesis that duplication of signals in the 1H and

13

C NMR spectra at 18 oC

was due to the existence of multiple rotamers of ester 116.
Following this, the ester group of 116 was reduced using 2 equivalents of
sodium borohydride in methanol. The oxazoline alcohol 127 formed was an
identical compound to that obtained by the ring closure of the chloro-amide 128.
It was thus characterised by the same procedure as described previously.

Scheme 2.48 Synthesis of oxazoline alcohol 127 via two synthetic pathways
As shown in Scheme 2.48, two synthetic pathways have been used to prepare
the oxazoline alcohol 127. Pathway 1 is preferable as it used fewer steps and did
146

not involve protection and deprotection steps in the synthesis. Among those
prepared in these syntheses compounds 127 and 128 are novel.
2.3.5 Further modification of prolyl oxazoline alcohol
Following this the oxazoline alcohol 6 was synthesized as a chiral ligand for
comparison with the pyridinyl oxazoline alcohol 28 (Scheme 2.49). We also
attempted the synthesis of the phosphine-oxazoline ligand 137. As both the
available materials and time were limited, we did not achieve the synthesis of
ligand 137 though we made some strides in that direction. The compounds 6, 127,
135, 136 and 137 shown in Scheme 2.49 are novel.

Reagents and conditions: (a) Pd/C (10 wt%), cyclohexene, MeOH, refluxed, 3.5 h, 44% (b)
TBSCl, imidazole, DMF, r.t, 1 h, 87% (c) Pd/C (10 wt%), cyclohexene, MeOH, refluxed, 3.5
h (d) ClPPh2, Et3N, THF, 0 oC to r.t, 3 h

Scheme 2.49 Synthesis of 6 and attempted synthesis of 137
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As shown in Scheme 2.49, the CBZ protecting group of 127 was removed
using 25 wt% of palladium on carbon (10 wt%) and an excess of cyclohexene
(15 equivalents) in methanol. The crude product of the reaction was purified by
column chromatography on silica gel to give the ligand 6 in 44% yield. The
ligand 6 is a novel compound and its structure was confirmed by analysis of the
IR, 1H and

13

C NMR spectra. The key evidence for this deprotection in the 1H

NMR spectrum was the disappearance of the CBZ CH2Ph signal between 5.00
and 5.18 ppm and also the absence of aromatic signals between 7.25 and 7.35
ppm. In the

13

C NMR spectrum the disappearance of the CBZ C=O signal at

154.9 and 154.4 and in IR spectrum the disappearance of the band at 1701 cm-1
confirmed the transformation was successful. Interestingly, rotamers of 6 were
still observed in the NMR spectra even when the CBZ group, which was thought
to cause this issue, was removed. Signal broadening was seen in the 1H NMR
spectrum and signal splitting was seen in both 1H and 13C NMR spectra.

Figure 2.20 Rotamers caused by hydrogen-bonding and similar example
reported in the literature
As shown in Figure 2.20 we postulate that intramolecular hydrogen-bonding
between the amine proton and the oxazoline nitrogen created an energy barrier to
the rotation about the C-C bond connecting the two rings restricting the rotation
and resulting in a pair of rotamers of 6. In fact a similar effect was reported in the
literature44 in which rotamers were reported in a molecule of similar structure
(ligand 138).
TBS-oxazoline 135 was prepared by protecting the hydroxyl group of 127
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using 1.5 equivalents of tert-butylchlorodimethylsilane and 2 equivalents of
imidazole in dimethylformamide. The crude product 135 was purified by column
chromatography on silica gel to give the product in 87% yield. The oxazoline
135 is a novel compound and its structure was confirmed by analysis of the IR,
1

H and 13C NMR spectra. In the 1H NMR spectrum the presence of the Si(CH3)2

signal at 0.02 ppm as a doublet (J = 11.7 hz) and the C(CH3)3 signal at 0.85 ppm
as a doublet (J = 6.1 Hz) were consistant with the structure of oxazoline 135. In
the

13

C NMR spectrum the Si(CH3)2 signal showed up at -5.3 ppm and the

C(CH3)3 signals showed up at 18.3 and 25.9 ppm again consistant with the
required product. In both spectra the signals due to the backbone were largely
unchanged as one would expect. In IR spectrum the disappearance of the OH
band at 3371 cm-1 further confirming the silylation had occurred.

Mixture of 6 and 136

Figure 2.21

13

C NMR spectrums of ligand 6 and a mixture of 6 and 136

Following that the CBZ protecting group of 135 was removed according to the
procedure described above for the formation of oxazoline 6. The oxazoline 136 is
a novel compound. After the reaction a 1H NMR spectrum was record of the
crude product but it was not possible to absolutely confirm the formation of the
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desired product 136 as the spectrum was complicated. Column chromatography
was performed to isolate the main components from the obtained crude product
however a mixture was still obtained albeit simpler than the crude product. 1H
and 13C NMR (Spectrum 1, Figure 2.21) spectra of this mixture were recorded.
The signals in the 1H NMR spectrum were clearer than that of the crude product
and indicated the presence of more than one compound in the sample. The

13

C

NMR spectrum of this sample indicated the possible formation of oxazoline 6
and the desired product 136.
Ligand 6 was identified as a possible component in the mixture by comparing
the 13C NMR spectrum of 6 with that of the mixture (Spectrum 1, Figure 2.21),
in which identical signals appeared. This deduction was supported by the mass
spectrum recorded of the mixture in which the molecular ion peak of 6 (m/z =
216.1395, M+2Na+) showed up, and also the IR spectrum of the same sample in
which a broad band at 3313 cm-1 due to the OH group appeared.
Compound 136 was identified as another possible component. The absence of
the CBZ aromatic signals between 7.20 and 7.37 ppm in the 1H NMR spectrum
and between 127.6 and 136.8 ppm in

13

C NMR spectrum indicated the full

consumption of the starting material 135. Therefore it was likely that the
characteristic TBS signals in the 1H NMR spectrum of the mixture were due to
the product 136. The molecular ion peak of 136 (m/z = 285.1968, M+H+)
recorded in the mass spectrum supported this speculation. If that was the case, by
integrations of the signals in 1H NMR spectrum, the ratio of 6:136 was calculated
as 39:61, which mean about 40 mol% of the generated product 136 underwent a
further deprotection of TBS group during the hydrogenation reaction to form 6 as
the side product.
Unfortunately, our store of compound 135 was used up at that stage, the last
portion being used in the deprotection reaction in which the mixture of 6 and 136
(40 mg of the mixture) were obtained. As the amount of material available was
small there was a considerable risk of losing the last bit of compound 136 if we
150

further purified this mixture and characterized the 136. Therefore we decided to
use the mixture of 6 and 136 directly in the synthesis of our target ligand, the
phosphine-oxazoline 137. It was hoped to see if it was possible to functionalize
the proline amine into a N-P(Ph)2 group as was planned at the start of the project.
The mixture of 6 and 136 was treated with about 2.0 equivalents (based on the
calculated 60% composition of 136) of chlorodiphenylphosphine in the presence
of 2.5 equivalents of triethylamine in tetrahydrofuran. Not surprisingly, given we
used impure starting material, we did not achieve the synthesis of 137. This was
confirmed by analysis of the 1H NMR spectrum and mass spectrum of the crude
product. In the mass spectrum we did not find the molecular ion peak of the
desired product 137, nor that of the starting material 136.

Scheme 2.50 Synthesis and application of similar phosphine-oxazoline 140
Recently, synthesis of a similar phosphine-oxazoline ligand 140 was reported
by Sigman57 (Scheme 2.50). This synthesis used a similar addition system except
that the chlorophosphite was used instead of the chlorodiphenylphosphine.
Although this addition system did not afford a satisfactory yield of ligand 140, it
showed the potential of achieving a direct nucleophilic addition of the amine
group to the phosphorus atom in a similar ligand. In other words, if we were to
repeat the attempt at this transformation with the purified starting material we
would certainly consider this alternative method.
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The ligand 140 was tested in an Iridium-catalysed hydrogenation reaction. The
Iridium-base complex of 140 demonstrated excellent performance in the reaction,
giving 95% conversion and 93% ee of the desired product 142.
2.3.6 Preliminary test of prolyl oxazoline ligand

Scheme 2.51 Catalytic results obtained using ligand 6 and 28 in asymmetric
cyclopropanation and hydrosilylation reactions
We wished to compare the performance of ligand 6 with that of ligand 28 in
some catalysed reactions (Scheme 2.51). The number of reactions was limited by
the amount of ligand we had available. These catalytic reactions were performed
according to the procedures described in previous sections of this thesis. As
shown in Scheme 2.51, the pyridinyl oxazoline 28 performed better than the
prolyl oxazoline 6 in both reactions. In the asymmetric cyclopropanation reaction,
the copper complex of 28 gave 8% conversion, 56:44 cis: trans ratio and 14% ee
of the cis product, while the copper complex of 6 showed minimal activity (< 1%
conversion) in the reaction. In the asymmetric hydrosilylation reaction, the

152

catalyst based on ligand 6 demonstrated good activity but low enantioselectivity,
giving 70% conversion and 4% ee of the product 60. The catalyst based on ligand
28 gave better conversion (99%) and ee (28%) of the product.
We speculate that the differences of catalytic performance between 6 and 28
are caused by their electronic or (and) structural differences. Firstly, the amine
nitrogen of 6 is not as strong donor as the pyridine nitrogen of 28. Thus if both of
these nitrogen coordinate to the reaction centre the pyridyl oxazoline 28 binds
tighter with the reaction centre, bringing the centre closer to the chiral chelate
ring to provide better stereocontrol of the reaction. This speculation is consistent
with the experimental data that ligand 28, or the copper complex of 28, gives
better enantioselectivities in both reactions than ligand 6. Alternatively, the amine
nitrogen of 6 could fully bond to the reactive site (e.g via oxidative addition) by
losing the amine proton.
Secondly, upon coordination the conjugated chelate ring of 28 may be
important. Conjugation of the oxazoline ring with the aromatic system of course
forces the whole backbone to be planar allowing the chiral center to effectively
cause the shielding of one face.

Scheme 2.52

Effects of the conjugated chelate ring in cylcopropanation
reaction
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The report of Wu58 in 2000 indicates the significance of the conjugated chelate
ring in a copper-catalysed cyclopropanation (Scheme 2.52). The ligands 146 and
147 have electronically similar binding atoms and the same chiral centre at the
oxazoline moiety. The copper complexes of these ligands give similar yield (77%
and 75%) and cis:trans ratio (24:76 and 23:75) of the cyclopropane products.
However the copper complex of 147, which has a conjugated chelate ring, gives
much better enantioselectivity of the cis product (55% ee) than the complex of
146 (12% ee), which does not have the conjugated chelate ring.
This example indicates that the differences in the stereoselectivity achieved
with our ligands may be caused by the same reason.

2.4 Conclusions of project 1 and project 2
In Project 1 we have synthesized 13 novel pyridinyl oxazoline compounds.
Two of these compounds were synthetic intermediates and the other eleven were
used as chiral ligands in the catalytic reactions. The synthesis of the "parent
ligand", the oxazoline alcohol 28, was achieved in 3 synthetic steps from the
enantiopure L-serine. From this "parent ligand" 28 we developed another 7 novel
oxazoline ligands (34-36, 72-75) by further modifying the hydroxyl sidearm at
the chiral centre of the oxazoline moiety. Later we brought in a methyl group into
the 5-position of the oxazoline moiety, creating an additional chiral centre on the
oxazoline ring. The "parent ligand" 76, which has an additional chiral centre, was
a structurally-related compound to ligand 28. The synthesis of 76 was achieved
according to the procedure developed for the synthesis of 28, except that
L-threonine was used as the starting material. Ligands 80 and 81 were developed
from ligand 76 by further modifying the hydroxyl sidearm.
These novel ligands were selected to test in different metal-catalysed reactions.
In the asymmetric cyclopropanation reaction, up to 73% conversion and 14% ee
of the cis product was achieved. The highest ee (14%) was achieved twice by the
copper complexes of ligand 28 and 35. In the asymmetric allylic alkylation
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reaction, the palladium complexes of the ligands were found to be highly active,
giving 80-97% conversions of the allylic product. The highest stereoselectivity of
28% ee in this reaction was achieved by the palladium complex of 35. In the
asymmetric reduction of a conjugated ketone, 45-99% conversions were
achieved. The cobalt complex of ligand 28 produced the highest stereoselectivity
(20% ee) in the reaction.
These ligands were also tested in a range of organo-catalytic reactions. The
ligands demonstrated excellent activities in the hydrosilylation of acetophenone.
Eight of the eleven tested ligands achieved over 91% conversions in the reactions.
At -20 oC the ligand 36 gave the product in 62% ee, the highest seen in our work
in this reaction under our standard conditions. When the reaction was performed
at lower temperature ligand 72 gave the product in up to 70% ee. In the
hydrosilylation of an imine the ligands provided even better activities. Five of the
six tested ligands gave conversions of 99%. Ligand 28 produced the best ee (28%)
in this reaction. In the allylation of benzaldehyde, the activities of these ligands
were not as good, only achieving up to 11% conversion. The best ee in this
reaction (25%) was achieved by ligand 72.
In Project 2, we developed two synthetic pathways to prepare the prolyl
oxazolines 127 and 6. Pathway 1 was preferable as it contained fewer steps and
did not involve the protection and deprotection in the synthesis. We then
attempted the synthesis of the phosphine-oxazoline ligand 137. Although this
synthesis was not completed, due to time constraints, it demonstrated the
potential of synthesizing a novel phosphine-oxazoline ligand in a flexible manner
(via two synthetic routes). The hydroxyl sidearm of this ligand allows the
possibility of it undergoing further structural elaboration to obtain the variants.
Comparison of the ligands 6 and 28 in some benchmark reactions proved that
ligand 28 was more effective. In the asymmetric cyclopropanation and
hydrosilylation reactions, ligand 28 showed better activity and selectivity than
ligand 6.
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CHAPTER 3
EXPERIMENTAL
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3.1 General experimental conditions
All procedures were carried out under an atmosphere of nitrogen unless
otherwise stated. All solvents were distilled prior to use as follows:
dichloromethane and acetonitrile were distilled from calcium hydride, toluene and
tetrahydrofuran were distilled from sodium benzophenone ketyl or dried through
an Innovative Technology Pure Solv PS-MD-5 Purification System.1 Organic
phases were dried using anhydrous magnesium sulphate or sodium sulphate. All
chemicals were purchased from Aldrich Chemical Company, Fisher Scientific or
Acros Organics and were used without further purification. All asymmetric
reactions were carried out using standard schlenk line techniques and all schlenk
tubes were heat dried under vacuum to remove moisture prior to use.
Melting points were measured on a Stuart Scientific SMP3 or SMP11 apparatus.
IRspectra were measured on a Perkin Elmer Spectrum One FT-IR, in which liquid
samples were measured as thin films and solids were measured directly. Optical
rotations were measured on a Uniplol L1000 polarimeter at 589 nm (Na) in a 1 dm
cell; concentrations (c) are expressed in g/100mL. [α]D is the specific optical
rotation of a compound and is measured in units of deg cm2 g-1. Thin layer
chromatography (TLC) was carried out on pre-coated silica gel plates (Merck 60
F254); column chromatography was carried out using Apollo Scientific silica gel
40-63 micron. Visualisation was achieved by UV (254 nm) light detection,
vanillin stain or ninhydrin stain.
High resolution mass spectra were carried out using electronspray ionisation
(ESI) on a Walters LCT Premier XE spectrometer by manual peak matching.
1

H NMR (400 MHz) and

13

C NMR (100 MHz) were recorded on a JEOL

ECX-400 NMR spectrometer. All spectra were recorded at probe temperatures
(~20 ºC) in deuterated chloroform (CDCl3) unless otherwise stated, using
tetramethylsilane (TMS) as an internal standard. Chemical shifts are expressed in
parts per million (ppm) and coupling constants in Hertz (Hz), unless indicated all
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coupling constants represent 3 bond couplings.

13

C NMR spectra were assigned

with the aid of DEPT experiments. Compounds which were assigned with the aid
of DEPT experiments were assigned by identifying both the carbon, e.g. (CH3,
CH2, CH or C), and also the atom position of the carbon, for example, (CH,
CH2CH). HMQC (Heteronuclear Shift Multiple Quantum Coherence) establishes
links between protons and the attached carbons. COSY (Correlated Spectroscopy)
established links between protons of the adjacent carbons.
All chiral HPLC analysis was carried out on a Varian Prostar instrument, with a
UV/Vis detector at the specified wavelength, with a CHIRACEL OD 0.46 cmΦ x
25 cm column under conditions described for each experiment. All chiral GC
analysis was carried out on a Varian 3900 instrument, using helium as the mobile
phase and a FID (Flame Ionisation Detector), with a CYCLODEX-β 0.25 mmΦ x
30 m column under conditions described for each experiment.
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3.2 Synthesis of pyridinyl oxazoline ligands
Methyl L-serinate hydrochloride 312

Thionyl chloride (4.4 mL, 60 mmol) was added dropwise to an ice-cold
suspension of L-serine (6.34 g, 60 mmol) in anhydrous methanol (60 mL). The
mixture was allowed to warm up to room temperature and stirred for a further 2
hours at r.t. The reaction was then refluxed overnight. The solvent was removed
under reduced pressure and the resulting solid residue was stirred in diethyl ether
until fine powder was presented, which was then filtered and dried under vacuum
to yield the ester 31 (9.33 g, 59.9 mmol, 99%) as a white powder.
1

H NMR spectroscopic data was in accordance with the literature.2,3

1

H NMR (D2O): δ 4.29 (t, J = 3.8, 1H, CH2CH), 4.08 (m, 2H, CH2CH), 3.87 (s,

3H, OCH3);
C NMR (D2O): δ 169.0 (C=O), 59.3 (CH2CH), 54.7 (CH2CH), 53.7 (OCH3)

13

IR (cm-1): 3349 (br), 2943, 1749 (s), 1512, 1258, 1041;
Mp 158-160 °C (lit.,3 161-162 °C).
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Methyl L-threoninate hydrochloride 79

Methyl L-threoninate hydrochloride 79 was prepared according to the
procedure described above for compound 31 using thionyl chloride (4.4 mL, 60
mmol) and L-threonine (7.14 g, 60 mmol). After refluxed overnight, the solvent
was removed under reduced pressure to give the ester 79 (10.10 g, 59.76 mmol,
99%) as a colorless oil after ether wash.
All spectroscopic data was in accordance with the literature.4,5
1

H NMR (CD3OD): δ 4.27 (dq, J = 6.5, 4.2 Hz, 1H, CH3CH), 3.92 (d, J = 4.2 Hz,

1H, CHCO), 3.84 (s, 3H, OCH3), 1.31 (d, J = 6.5 Hz, 3H, CH3CH);
C NMR (CD3OD): δ 169.6 (C=O), 66.3 (CH3CH), 59.9 (CHCO), 53.7 (OCH3),

13

20.5 (CH3CH);
IR (cm-1): 3407 (br), 2967 (m), 1745 (s), 1592, 1038;
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Methyl (4S)-2-pyridin-2-yl-4,5-dihydro-1,3-oxazole-4-carboxylate 297

Sodium metal (560 mg, 24 mmol) was added to anhydrous methanol (60 mL),
the mixture was stirred until the effervescence ceased before the addition of
2-cyanopyridine (6.24 g, 60mmol). After stirring for 24 hours, the solvent was
removed under reduced pressure and the residue was transferred to the
suspension of ester 31 (9.33 g, 59.9 mmol) in anhydrous dichloromethane (60
mL). The reaction mixture was then refluxed for 2.5 hours, cooled and the
precipitate was filtered off after which the solvent was removed under reduced
pressure. The filtrate was washed with water (2 x 50 mL), dried (Na2SO4) and
concentrated to give the crude product, which was then purified by column
chromatography [silica gel, EtOAc-PE (40-60 oC), 80:20] to yield oxazoline ester
29 (9.66 g, 46.8 mmol, 78%) as a yellow oil.
[α]D20 +96.8o (c 0.50, CHCl3);
1

H NMR(CDCl3): δ 8.46 (d, J = 4.7 Hz, 1H, ArH), 7.85 (d, J = 7.9 Hz, 1H, ArH),

7.56 (td, J = 7.8, 1.2 Hz, 1H, ArH), 7.23 – 7.15 (m, 1H, ArH), 4.80 (dd, J = 10.8,
8.2 Hz, 1H, CH2CH), 4.55 (t, J = 8.5 Hz, 1H, one of CH2CH), 4.46 (t, J = 9.0 Hz,
1H, one of CH2CH), 3.57 (s, 3H, OCH3);
C NMR(CDCl3): δ 171.1 (C, C=O), 165.2 (C, C=N), 149.7 (CH, ArC), 145.8

13

(C, ArC), 136.7 (CH, ArC), 126.0 (CH, ArC), 124.3 (CH, ArC), 70.1 (CH2, CH2CH),

68.6 (CH, CH2CH), 52.6 (CH3, OCH3);

IR (cm-1): 2954, 1737 (s), 1636 (s), 1570, 1204;
ESI-HRMS calcd for C10H10N2O3 207.0770 [M+H+], found m/z 207.0768.
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Methyl(4S,5R)-5-methyl-2-pyridin-2-yl-4,5-dihydro-1,3-oxazole-4-carboxyla
te 77

Methyl(4S,5R)-5-methyl-2-pyridin-2-yl-4,5-dihydro-1,3-oxazole-4-carboxylate
77 was prepared according to the synthesis of oxazoline ester 29 reported above
using sodium metal (560 mg, 24 mmol), 2-cyanopyridine (6.24 g, 60mmol) and
ester 79 (10.10 g, 59.76 mmol). The crude product was purified by column
chromatography (silica gel, EtOAc-PE, 70:30) to yield oxazoline ester 77 (9.94 g,
45.2 mmol, 75%) as a yellow oil.
[α]D20 +89.2o (c 0.49, CHCl3);
1

H NMR (CDCl3): δ 8.69 (ddd, J = 4.6, 1.6, 0.9 Hz, 1H, ArH), 8.14 – 8.06 (m,

1H, ArH), 7.76 (td, J = 7.8, 1.7 Hz, 1H, ArH), 7.43 – 7.35 (m, 1H, ArH), 5.12 –
5.00 (m, 1H, CH3CH), 4.50 (d, J = 8.0 Hz, 1H, CHCO), 3.78 (s, 3H, OCH3), 1.56
(d, J = 7.8 Hz, 3H, CH3CH);
C NMR (CDCl3): δ 171.2 (C, C=O), 164.6 (C, C=N), 149.8 (CH, ArC), 146.3

13

(C, ArC), 136.7 (CH, ArC), 126.0 (CH, ArC), 124.4 (CH, ArC), 79.8 (CH,
CH3CH), 75.3 (CH, CHCO), 52.7 (CH3, OCH3), 21.0 (CH3, CH3CH);
IR (cm-1): 2954, 1740 (s), 1634 (s), 1570, 1204;
ESI-HRMS calcd for C11H12N2O3 221.0926 [M+H+], found m/z 221.0929.
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[(4R)-2-pyridin-2-yl-4,5-dihydro-1,3-oxazol-4-yl]methanol 28

Method 18
Lithium aluminium hydride (455 mg, 12 mmol) was added portionwise to an
ice-cold solution of the oxazoline ester 29 (2.06 g, 10 mmol) in anhydrous
diethyl ether (100 mL). After the addition, the reaction was allowed to warm up
to room temperature and stir for a further 4 hours. At that point the reaction was
quenched at 0oC with water (0.5 mL) and 2M aqueous sodium hydroxide (1 mL)
successively and the mixture was stirred for 20 min. The undissolved residue was
filtered and washed with diethyl ether (2 x 30 mL) and the combined organic
layers (filtrate and washes) were dried (Na2SO4) and concentrated under reduced
pressure. The resulting crude product was then purified by column
chromatography (silica gel, MeOH-EtOAc, 10:90) to yield the oxazoline alcohol
28 (551 mg, 3.1 mmol, 31%) as a colorless oil.
Method 29
Sodium borohydride pellets (1.52g, 40 mmol) were added to an ice-cold
solution of oxazoline ester 29 (4.12 g, 20 mmol) in methanol (200 mL). After
effervescence had ceased, the reaction was allowed to warm up and was stirred
for 4 hours at room temperature. The solvent was then removed and the resulting
solid residue was partitioned between water (50 mL) and dichloromethane (50
mL). The layers were separated and the aqueous layer was extracted with
dichloromethane (3 x 50 mL). The combined organic layers were dried (Na2SO4),
filtered and concentrated under reduced pressure. The resulting crude product
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was purified by crystallization (DCM/EtOAc) to yield oxazoline alcohol 28 (2.55
g, 14.3 mmol, 72%) as a white powder.
All spectroscopic data was in accordance with the literature.10
[α]D20 +63.5o (c 0.51, CHCl3);
1

H NMR(CDCl3): δ 8.69 (ddd, J = 4.8, 1.6, 0.9 Hz, 1H, ArH), 7.93 (dt, J =7.9,

1.2 Hz, 1 H, ArH), 7.76 (td, J = 7.8, 1.6 Hz, 1H, ArH), 7.35 (ddd, J = 7.6, 4.8, 0.9
Hz, 1 H, ArH), 4.58 (dd, J = 9.7, 7.3 Hz, 1H, one of CH2CH), 4.57 – 4.45 (m, 1H,
CH2CH), 4.41 (t, J = 7.4 Hz, 1H, one of CH2CH), 4.03 – 3.95 (m, 1H, one of
CH2OH), 3.74 – 3.65 (m, 1H, one of CH2OH), 2.35 (t, 1H, J = 6.4 Hz, OH);
C NMR (CDCl3): δ 164.5 (C, C=N), 150.0 (CH, ArC), 146.3 (C, ArC), 136.8

13

(CH, ArC), 125.8 (CH, ArC), 124.0 (CH, ArC), 70.0 (CH2, CH2CH), 68.5 (CH,
CH2CH), 64.2 (CH2, CH2OH);
IR (cm-1): 3288 (br), 2927 (w), 1664 (m), 1360 (s), 1199;
ESI-HRMS calcd for C9H10N2O2 179.0821 [M+H+], found m/z 179.0826;
Mp 89-92 °C.
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[(4R,5R)-5-methyl-2-pyridin-2-yl-4,5-dihydro-1,3-oxazol-4-yl]methanol 76

[(4R,5R)-5-methyl-2-pyridin-2-yl-4,5-dihydro-1,3-oxazol-4-yl]methanol

76

was prepared according to the synthesis of oxazoline alcohol 28 (Method 2)
described above using sodium borohydride pellets (1.52g, 40 mmol) and
oxazoline ester 77 (4.40 g, 20 mmol). The crude product was purified by column
chromatography (silica gel, EtOAc-MeOH, 95:5) to yield oxazoline alcohol 76
(3.11 g, 16.2 mmol, 81%) as a colorless oil.
[α]D20 +74.5o (c 0.57, CHCl3);
1

H NMR (CDCl3): δ 8.68 (d, J = 4.6 Hz, 1H, ArH), 7.98 (d, J = 7.5 Hz, 1H, ArH),

7.76 (td, J = 7.7, 1.6 Hz, 1H, ArH), 7.38 (dd, J = 7.5, 4.9 Hz, 1H, ArH), 4.80 –
4.74 (m, 1H, CH3CH), 4.03 – 3.91 (m, 2H, CHCH and one of CH2OH), 3.69 (dd,
J = 10.9, 3.9 Hz, 1H, one of CH2OH), 2.45 (s, 1H, OH), 1.50 (d, J = 6.3 Hz, 3H,
CH3CH);
C NMR (CDCl3): δ 163.7 (C, C=N), 149.9 (CH, ArC), 146.6 (C, ArC), 136.8

13

(CH, ArC), 125.8 (CH, ArC), 124.0 (CH, ArC), 79.5(CH, CHCH), 75.8 (CH,
CHCH), 64.1 (CH2, CH2OH), 20.8 (CH3, CH3CH);
IR (cm-1): 3339 (br), 2927, 1638 (s), 1583, 1113;
ESI-HRMS calcd for C10H12N2O2 193.0977 [M+H+], found m/z 193.0978.
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(4R)-2-pyridin-2-yl-4,5-dihydro-1,3-oxazol-4-yl pyridine-2-carboxylate 3511

Dicyclohexylcarbodiimide (680 mg, 3.3 mmol) was added portionwise to an
ice-cold solution of oxazoline alcohol 28 (534 mg, 3 mmol), 2-picolinic acid
(406 mg, 3.3 mmol) and 4-dimethylaminopyridine (36.5 mg, 0.3 mmol) in
anhydrous dichloromethane (20 mL). After stirred for 10 min, the reaction was
allowed to warm up to room temperature and further stirred for 4 hours. The
mixture was filtered and concentrated under reduced pressure. The resulting
crude product was then purified by column chromatography (silica gel,
DCM-MeCN, 95:5) to yield picolinate ester 35 (453 mg, 1.6 mmol, 53%) as a
colorless oil.
[α]D20 +70.5o (c 0.49, CHCl3);
1

H NMR (CDCl3): δ 8.75 (ddd, J = 15.7, 4.3, 1.8 Hz, 2H, 2 x ArH), 8.14 – 8.05

(m, 2H, 2 x ArH), 7.87 – 7.76 (m, 2H, 2 x ArH), 7.52 – 7.39 (m, 2H, 2 x ArH),
4.79 – 4.90 (m, 1H, CH2CH), 4.74 – 4.64 (m, 2H, CH2O), 4.57 (dd, J = 11.2, 6.5
Hz, 1H, one of CH2CH), 4.50 (dd, J = 8.8, 7.6 Hz, 1H, one of CH2CH);
C NMR (CDCl3): δ 164.8, 164.5 (2 x C, C=O and C=N), 149.9 (CH, ArC),

13

149.8 (CH, ArC), 147.5 (C, ArC), 146.2(C, ArC), 137.0 (CH, ArC), 136.7 (CH,
ArC), 127.0 (CH, ArC), 125.8 (CH, ArC), 125.3 (CH, ArC), 124.2 (CH, ArC),
70.8 (CH2, CH2CH), 66.9 (CH2, CH2O), 65.6 (CH, CH2CH);
IR (cm-1): 3422 (br), 2964 (w), 1732 (s) 1640 (m), 1583, 1133;
ESI-HRMS calcd for C15H13N3O3 284.1035 [M+H+], found m/z 284.1034.
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(4R)-2-pyridin-2-yl-4,5-dihydro-1,3-oxazol-4-yl (2R)-2-methylbutanoate 74

(4R)-2-pyridin-2-yl-4,5-dihydro-1,3-oxazol-4-yl(2R)-2-methylbutanoate

74

was prepared according to the synthesis described above for picolinate ester 35
using dicyclohexylcarbodiimide (680 mg, 3.3 mmol), oxazoline alcohol 28 (534
mg, 3 mmol), (S)-(+)-2-methylbutyric acid (336 mg, 3.3 mmol) and 4-dimethylaminopyridine (146 mg, 1.2 mmol). The crude product was purified by column
chromatography (silica gel, EtOAc-PE, 90:10) to yield butanoate ester 74 (558
mg, 2.13 mmol, 71%) as a colorless oil.
[α]D20 +67.7o (c 0.20, CHCl3);
1

H NMR (CDCl3): δ 8.70 (d, J = 4.8 Hz, 1H, ArH), 8.02 (d, J = 7.9 Hz, 1H, ArH),

7.77 (td, J = 7.6, 1.4 Hz, 1H, ArH), 7.43 – 7.35 (m, 1H, ArH), 4.67 – 4.52 (m, 2H,
CH2CHCH2 and one of CH2CHCH2), 4.38 – 4.29 (m, 2H, one of CH2CHCH2 and
one of CH2CHCH2), 4.25 (dd, J = 11.3, 5.1 Hz, 1H, one of CH2CHCH2), 2.36 (h,
J = 7.0 Hz, 1H, COCH), 1.61 (dq, J = 14.7, 7.4 Hz, 1H, one of CHCH2CH3),
1.42 (dq, J = 14.0, 7.3 Hz, 1H, one of CHCH2CH3), 1.08 (d, J = 6.9 Hz, 3H,
CH3CH), 0.84 (t, J = 7.5 Hz, 3H, CHCH2CH3);
C NMR (CDCl3): δ 176.6 (C, C=O), 164.4 (C, C=N), 149.9 (CH, ArC), 146.4

13

(C, ArC), 136.7 (CH, ArC), 125.8 (CH, ArC), 124.1 (CH, ArC), 70.5 (CH2,
CH2CHCH2), 65.8 (CH, CH2CHCH2), 65.2 (CH2, CH2CHCH2), 41.0 (CH,
COCH), 26.7 (CH2, CHCH2CH3), 16.6 (CH3, CH3CH), 11.6 (CH3, CHCH2CH3);
IR (cm-1): 2968 (m), 1731 (s), 1642 (m), 1582, 1150;
ESI-HRMS calcd for C14H18N2O3 285.1215 [M+Na+], found m/z 285.1215.
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(4R)-2-pyridin-2-yl-4,5-dihydro-1,3-oxazol-4-yl (2S)-2-phenylbutanoate 75

(4R)-2-pyridin-2-yl-4,5-dihydro-1,3-oxazol-4-yl(2S)-2-phenylbutanoate 75 was
prepared according to the synthesis described above for picolinate ester 35 using
dicyclohexylcarbodiimide (680 mg, 3.3 mmol), oxazoline alcohol 28 (534 mg, 3
mmol), (S)-(+)-2-phenylbutyric acid (541 mg, 3.3 mmol) and 4-dimethylaminopyridine (146 mg, 1.2 mmol). The crude product was purified by column
chromatography (silica gel, EtOAc-PE, 90:10) to yield butanoate ester 75 (730
mg, 2.26 mmol, 75%) as a colorless oil.
[α]D20 +28.9o (c 0.55, CHCl3);
1

H NMR (CDCl3): δ 8.72 (dd, J = 5.6, 0.9 Hz, 1H, ArH), 7.99 (d, J = 8.3 Hz, 1H,

ArH), 7.79 (td, J = 8.0, 2.0 Hz, 1H, ArH), 7.46 – 7.37 (m, 1H, ArH), 7.28 – 7.18
(m, 5H, 5xArH), 4.61 – 4.50 (m, 1H, CH2CH), 4.48 – 4.39 (m, 1H, one of
CH2CH), 4.36 – 4.22 (m, 2H, CHCH2), 4.22 – 4.14 (m, 1H, one of CH2CH), 3.49
– 3.40 (m, 1H, COCH), 2.13 – 1.99 (m, 1H, one of CH2CH3), 1.85 – 1.71 (m, 1H,
one of CH2CH3), 0.83 (t, J = 7.4 Hz, 3H, CH2CH3);
C NMR (CDCl3): δ 173.9 (C, C=O), 164.4 (C, C=N), 149.8 (CH, ArC), 146.4

13

(C, ArC), 138.8 (C, ArC), 136.7 (CH, ArC), 128.6 (CH, ArC), 128.0 (CH, ArC),
127.3 (CH, ArC), 125.8 (CH, ArC), 124.1 (CH, ArC), 70.3 (CH2, CH2CH), 65.6
(CH, CH2CH), 65.4 (CH2, CH2OCO), 53.4 (CH, COCH), 26.4 (CH2,
CHCH2CH3), 12.1 (CH3, CHCH2CH3);
IR (cm-1): 3375 (w), 2965, 1732 (s), 1673 (m), 1584, 1160;
ESI-HRMS calcd for C19H20N2O3 325.1552 [M+H+], found m/z 325.1557.
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(4R)-2-pyridin-2-yl-4,5-dihydro-1,3-oxazol-4-yl benzoate 36

Benzoyl chloride (510 mg, 3.6 mmol) was added slowly to an ice-cold solution
of oxazoline alcohol 28 (534 mg, 3 mmol) and triethyl amine (450 mg, 4.5 mmol)
in anhydrous dichloromethane (20 mL). The reaction was allowed to warm up to
room temperature and further stirred for 3 hours before it was quenched by water
(2 mL). The resulting mixture was washed with water (2 x 15 mL), dried
(Na2SO4) and concentrated under reduced pressure to give the crude product,
which was then purified by column chromatography (silica gel, EtOAc-PE, 90:10)
to yield benzoate ester 36 (744 mg, 2.64 mmol, 88%) as a light yellow oil.
[α]D20 +16.7o (c 0.28, CHCl3);
1

H NMR (CDCl3): δ 8.72 (dd, J = 4.8, 1.7 Hz, 1H, ArH), 8.06 (d, J = 8.0 Hz, 1H,

ArH), 7.99 (dd, J = 8.1, 1.1 Hz, 2H, 2xArH), 7.79 (td, J = 7.8, 1.8 Hz, 1H, ArH),
7.57 – 7.48 (m, 1H, ArH), 7.45 – 7.34 (m, 3H, 3xArH), 4.83 – 4.71 (m, 1H,
CH2CH), 4.66 (dd, J=9.8, 8.6 Hz, 1H, one of CH2CH), 4.59 (dd, J = 11.3, 4.3 Hz,
1H, one of CH2O), 4.53 – 4.44 (m, 2H, one of CH2CH and one of CH2O);
C NMR (CDCl3): δ 166.4 (C, C=O), 164.5 (C, C=N), 149.8 (CH, ArC), 146.3

13

(C, ArC), 136.7 (CH, ArC), 133.1 (CH, ArC), 129.7 (CH, ArC), 128.5 (CH, ArC),
126.0 (CH, ArC), 124.2 (CH, ArC), 70.6 (CH2, CH2CH), 66.1 (CH2, CH2O), 65.8
(CH, CH2CH);
IR (cm-1): 2969 (w), 1717 (s), 1640 (m), 1582, 1110;
ESI-HRMS calcd for C16H14N2O3Na 305.0902 [M+Na+], found m/z 305.0904.
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[(4R,5R)-5-methyl-2-pyridin-2-yl-4,5-dihydro-1,3-oxazol-4-yl]methyl
benzoate 81

[(4R,5R)-5-methyl-2-pyridin-2-yl-4,5-dihydro-1,3-oxazol-4-yl]methylbenzoate
81 was prepared according to the synthesis described above for benzoate ester 36
using benzoyl chloride (510 mg, 3.6 mmol), oxazoline alcohol 76 (576 mg, 3
mmol) and triethyl amine (450 mg, 4.5 mmol). The crude product was purified
by column chromatography (silica gel, EtOAc-PE, 90:10) to yield benzoate ester
81 (754 mg, 2.55 mmol, 85%) as a light yellow oil.
[α]D20 +21.3o (c 0.76, CHCl3);
1

H NMR (CDCl3): δ 8.75 – 8.69 (m, 1H, ArH), 8.06 (d, J = 8.0 Hz, 1H, ArH),

7.99 (dd, J = 8.1, 1.1 Hz, 2H, 2xArH), 7.78 (td, J = 7.8, 1.8 Hz, 1H, ArH), 7.53 (t,
J = 7.3 Hz, 1H, ArH), 7.44 – 7.35 (m, 3H, 3 x ArH), 4.83 (p, J = 6.4 Hz, 1H,
CH3CH), 4.60 (dd, J = 11.3, 4.4 Hz, 1H, one of CHCH2), 4.44 (dd, J = 11.3, 6.1
Hz, 1H, one of CHCH2), 4.26 (td, J = 6.5, 4.5 Hz, 1H, CHCH2), 1.55 (d, J = 6.2
Hz, 3H, CH3CH);
C NMR (CDCl3): δ 166.4 (C, C=O), 163.8 (C, C=N), 149.9 (CH, ArC), 146.6

13

(C, ArC), 136.7 (CH, ArC), 133.2 (CH, ArC), 129.8 (C, ArC), 129.7 (CH, ArC),
128.5 (CH, ArC), 125.8 (CH, ArC), 124.1 (CH, ArC), 80.0 (CH, CH3CH), 72.4
(CH, CHCH2), 66.0 (CH2, CHCH2), 21.0 (CH3, CH3CH);
IR (cm-1): 2975 (w), 1717 (s), 1637 (m), 1583, 1109;
ESI-HRMS calcd for C17H16N2O3 297.1239 [M+H+], found m/z 297.1248.
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(4R)-2-pyridin-2-yl-4,5-dihydro-1,3-oxazol-4-yl pivalate 72

(4R)-2-pyridin-2-yl-4,5-dihydro-1,3-oxazol-4-yl pivalate 72 was prepared
according to the synthesis described above for benzoate ester 36 using trimethyl
acetyl chloride (432 mg, 3.6 mmol), oxazoline alcohol 28 (534 mg, 3 mmol) and
triethyl amine (450 mg, 4.5 mmol). The crude product was purified by column
chromatography (silica gel, EtOAc-PE, 90:10) to yield the pivalate ester 72 (637
mg, 2.43 mmol, 81%) as a light yellow oil.
[α]D20 +22.9o (c 0.34, CHCl3);
1

H NMR (CDCl3): δ 8.73 – 8.67 (m, 1H, ArH), 8.03 (d, J = 7.8 Hz, 1H, ArH),

7.78 (td, J = 7.8, 1.8 Hz, 1H, ArH), 7.44 – 7.35 (m, 1H, ArH), , 4.67 – 4.51 (m,
2H, CH2CH and one of CH2CH), 4.40 – 4.29 (m, 2H, one of CH2CH and one of
CH2O), 4.24 (dd, J = 11.3, 5.2 Hz, 1H, one of CH2O), 1.13 [s, 9H, C(CH3)3];
C NMR (CDCl3): δ 178.3 (C, C=O), 164.4 (C, C=N), 149.9 (CH, ArC), 146.4

13

(C, ArC), 136.7 (CH, ArC), 125.8 (CH, ArC), 124.0 (CH, ArC), 70.5 (CH2,
CH2CH), 65.8 (CH, CH2CH), 65.3 (CH2, CH2O), 38.9 [C, C(CH3)3], 27.2 [CH3,
C(CH3)3];
IR (cm-1): 2972, 1726 (s), 1642 (m), 1582, 1111;
ESI-HRMS calcd for C14H18N2O3 285.1215 [M+Na+], found m/z 285.1211.
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2-[(4R)-4-methoxy-4,5-dihydro-1,3-oxazol-2-yl]pyridine 34

Sodium hydride (60% dispersion in mineral oil, 192 mg, 4.8 mmol) was added
to an ice-cold solution of oxazoline alcohol 28 (534 mg, 3 mmol) in anhydrous
tetrahydrofuran (20 mL). After the bubbling caused by gas evolution ceased,
methyl iodide (511 mg, 3.6 mmol) was added slowly and the reaction was
allowed to warm up to room temperature. After stirring the mixture for a further
3 hours, the precipitate was filtered off and the filtrate was concentrated under
reduced pressure. The resulting residue was partitioned between water (15 mL)
and dichloromethane (15 mL), and the separated aqueous layer was further
extracted with dichloromethane (2 x 15 mL). The combined organic layers were
dried (Na2SO4), filtered and concentrated under reduced pressure to give the
crude product, which was then purified by column chromatography (silica gel,
EtOAc-MeOH, 95:5) to yield the methyl ether 34 (437 mg, 2.28 mmol, 76%) as a
light-yellow oil.
[α]D20 +40.0o (c 1.00, CHCl3);
1

H NMR (CDCl3): δ 8.69 (ddd, J = 4.6, 1.6, 0.9 Hz, 1H, ArH), 8.04 (d, J = 7.8

Hz, 1H, ArH), 7.76 (td, J = 7.8, 1.8 Hz, 1H, ArH), 7.43 – 7.34 (m, 1H, ArH), 4.62
– 4.48 (m, 2H, CH2CH and one of CH2CH), 4.41 – 4.33 (m, 1H, one of CH2CH),
3.73 – 3.64 (m, 1H, one of CH2O), 3.54 – 3.45 (m, 1H, one of CH2O), 3.39 (s,
3H, OCH3);
C NMR (CDCl3): δ 164.0 (C, C=N), 149.8 (CH, ArC), 146.6 (C, ArC), 136.7

13

(CH, ArC), 125.7 (CH, ArC), 124.1 (CH, ArC), 74.6 (CH2, CH2O), 71.2 (CH2,
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CH2CH), 66.6 (CH, CH2CH), 59.4 (CH3, OCH3);
IR (cm-1): 3412 (br), 2901, 1641 (s), 1583, 1113;
ESI-HRMS calcd for C10H12N2O2 193.0977 [M+H+], found m/z 193.0975.
[(4R,5R)-5-methyl-2-pyridin-2-yl-4,5-dihydro-1,3-oxazol-4-yl]methylhydrope
roxide 80

[(4R,5R)-5-methyl-2-pyridin-2-yl-4,5-dihydro-1,3-oxazol-4-yl]methylhydropero
xide 80 was prepared according to the synthesis described above for the methyl
ether 34 using sodium hydride (60% dispersion in mineral oil, 192 mg, 4.8
mmol), oxazoline alcohol 76 (576 mg, 3 mmol) and methyl iodide (511 mg, 3.6
mmol) in anhydrous tetrahydrofuran. The crude product was purified by column
chromatography (silica gel, EtOAc-MeOH, 95:5) to yield the methyl ether 80
(432 mg, 2.10 mmol, 70%) as a light-yellow oil.
[α]D20 +76.8o (c 0.53, CHCl3);
1

H NMR (CDCl3): δ 8.71 (t, J = 4.7 Hz, 1H, ArH), 8.06 (t, J = 7.2 Hz, 1H, ArH),

7.79 – 7.73 (m, 1H, ArH), 7.42 – 7.35 (m, 1H, ArH), 4.76 – 4.66 (m, 1H,
CH3CH), 4.10 – 3.98 (m, 1H, CHCH2), 3.68 (dd, J = 10.3, 3.8 Hz, 1H, one of
CHCH2), 3.50 – 3.44 (m, 1H, one of CHCH2), 3.39 (s, 3H, OCH3), 1.49 (d, J =
6.3 Hz, 3H, CH3CH);
C NMR (CDCl3): δ 163.3 (C, C=N), 149.8 (CH, ArC), 146.9 (C, ArC), 136.6

13

(CH, ArC), 125.6 (CH, ArC), 124.0 (CH, ArC), 80.5 (CH, CH3CH), 74.5 (CH2,
CHCH2), 73.2 (CH, CHCH2), 59.4 (CH3, OCH3), 21.0 (CH3, CH3CH);
IR (cm-1): 3708, 2973 (m), 1637 (m), 1583, 1052;
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ESI-HRMS calcd for C11H14N2O2 207.1134 [M+H+], found m/z 207.1132.
2-({[(4R)-2-pyridin-2-yl-4,5-dihydro-1,3-oxazol-4-yl]oxy}methyl)pyridine 73

2-({[(4R)-2-pyridin-2-yl-4,5-dihydro-1,3-oxazol-4-yl]oxy}methyl)pyridine 73
was prepared according to the synthesis described above for the methyl ether 34
using 2-(bromomethyl)pyridine hydrobromide (910 mg, 3.6 mmol), oxazoline
alcohol 28 (534 mg, 3 mmol) and sodium hydride (60 % dispersion in mineral oil,
300 mg, 7.5 mmol) in anhydrous tetrahydrofuran. The crude product was purified
by column chromatography (silica gel, EtOAc-MeOH, 90:10) to yield pyridyl
methylene ether 73 (549 mg, 2.04 mmol, 68%) as a light- yellow oil.
[α]D20 +20.8o (c 1.00, CHCl3);
1

H NMR (CDCl3): δ 8.73 – 8.67 (m, 1H, ArH), 8.56 – 8.50 (m, 1H, ArH), 8.05

(dd, J = 7.9, 0.9 Hz, 1H, ArH), 7.77 (td, J = 7.7, 1.5 Hz, 1H, ArH), 7.66 (td, J =
7.7, 1.4 Hz, 1H, ArH), 7.45 – 7.35 (m, 2H, 2 x ArH), 7.17 (dd, J = 7.2, 5.2 Hz,
1H, ArH), 4.76 – 4.56 (m, 5H, CH2CH and CH2CH and OCH2), 3.88 (dd, J = 9.6,
3.5 Hz, 1H, one of CH2O), 3.72 – 3.63 (m, 1H, one of CH2O);
C NMR (CDCl3): δ 164.1 (C, C=N), 158.2 (C, ArC), 149.8 (CH, ArC), 149.1

13

(CH, ArC), 146.6 (C, ArC), 136.8 (CH, ArC), 136.7 (CH, ArC), 125.7 (CH, ArC),
124.1 (CH, ArC), 122.5 (CH, ArC), 121.5 (CH, ArC), 74.4 (CH2, OCH2), 72.7
(CH2, CH2O), 71.2 (CH2, CH2CH), 66.7 (CH, CH2CH)
IR (cm-1): 2902 (w), 1642 (m), 1590, 1112;
ESI-HRMS calcd for C15H15N3O2 270.1243 [M+H+], found m/z 270.1247.
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3.3 Synthesis of prolyl oxazoline ligands
Methyl 3-chloro-L-alaninate hydrochloride 13012

L-serine methyl ester 31 (3.10 g, 20.0 mmol) was added to an ice-cold
suspension of phosphorus pentachloride (8.0 g, 38.4 mmol) in chloroform (120
ml). After stirring for 22 h at room temperature, the solvent was filtered and the
resulting solid residue was washed (chloroform, 2 x 100 ml) and dried under
vacuum to yield the chloro-ester 130 (3.14 g, 18.2 mmol, 91%) as an off-white
powder.
1

H NMR spectroscopic data was in accordance with the literature.13

1

H NMR (D2O): δ 4.69 (dd, J = 4.5, 3.5 Hz, 1H, CH2CH), 4.21 (dd, J = 13, 4.5

Hz, 1H, one of CH2CH), 4.07 (dd, J = 13, 4.5 Hz, 1H, one of CH2CH), 3.89 (s,
3H, OCH3);
C NMR (D2O): δ 167.7 (C=O), 54.1 (CH2CH), 53.8 (OCH3), 41.7 (CH2CH);

13

IR (cm-1): 3015 (m), 1751 (s), 1518, 1206;
Mp 138-140 °C (lit.,13 142-144 °C).
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Methyl N-(tert-butoxycarbonyl)-3-chloro-L-alaninate 13114

To the suspension of the chloro-ester 130 (2.60 g, 15 mmol) in anhydrous
dichloromethane (150 mL), triethylamine (1.52 g, 15 mmol) and di-tert-butyl
dicarbonate (3.60 g, 16.5 mmol) in dichloromethane (20 mL) were added
successively. After stirring overnight, the reaction was quenched with saturated
sodium hydrogen carbonate solution (30 mL). The organic layer was separated
and washed with brine (80 mL), dried (Na2SO4) and concentrated under reduced
pressure. The resulting crude product was then purified by column
chromatography (silica gel, EtoAc-PE, 1:6) to yield the Boc--chloro-ester 131
(3.10 g, 13.1 mmol, 87%) as a white solid.
All spectroscopic data was in accordance with the literature.8,15
1

H NMR (CDCl3): δ 5.37 (d, J = 7.5 Hz, 1H, NH), 4.65 (m, 1H, CH2CH), 3.90

(dd, J = 16.2, 3.0 Hz, 1H, one of CH2CH), 3.78 (dd, J = 15.5, 3.5 Hz, 1H, one of
CH2CH), 3.73 (s, 3H, OCH3), 1.40 [s, 9H, C(CH3)3];
C NMR (CDCl3): δ 169.6 (CH-C=O), 154.9 (NH-C=O), 80.5 [C(CH3)3], 54.4

13

(CH2CH), 52.9 (OCH3), 45.5 (CH2CH), 28.2 [C(CH3)3];
IR (cm-1): 3362 (br), 2982, 1721 (s), 1294;
Mp 67-68 °C (lit.,8 62-64 °C).
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Tert-butyl [(1R)-2-chloro-1-(hydroxymethyl)ethyl]carbamate 1328

Lithium aluminium hydride (455 mg, 12 mmol) was added portionwise to an
ice-cold solution of the Boc-chloro-ester 131 (2.37 g, 10 mmol) in anhydrous
diethyl ether (100 mL). After the addition, the reaction was allowed to warm up
to room temperature and stir overnight. At that point the reaction was quenched
at 0oC with water (0.5 mL) and 2M aqueous sodium hydroxide (1 mL)
successively and the mixture was stirred for 20 min. The undissolved residue was
filtered and washed with diethyl ether (2 x 30 mL) and the combined organic
layers (filtrate and washes) were dried (Na2SO4) and concentrated under reduced
pressure. The resulting crude product was purified by column chromatography
(silica gel, Et2O-PE, 1:4) to yield the Boc-chloro-alcohol 132 (1.25 g, 6.0 mmol,
60%) as a colorless gum.
All spectroscopic data was in accordance with the literature.8,15
1

H NMR spectral signals are broadened due to the existence of rotamers.

1

H NMR (CDCl3): δ 4.94 (s, 1H, NH), 3.86 (brs, 1H, CH2CH), 3.8 – 3.55 (m, 4H,

CH2CH and CH2OH), 1.42 [s, 9H, C(CH3)3];
C NMR (CDCl3): δ 155.6 (C=O), 80.2 [C(CH3)3], 62.0 (CH2OH), 52.5

13

(CH2CH), 44.2 (CH2CH), 28.3 [C(CH3)3];
IR (cm-1): 3353 (br), 2978, 1689 (s), 1190.
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(2R)-2-amino-3-chloropropan-1-ol 12916

Acetyl chloride (1.17 g, 15.0 mmol) was added dropwise to an ice-cold
solution of the Boc-chloro-alcohol 132 (1.25 g, 6.0 mmol) in anhydrous
methanol (40 mL). After stirring at room temperature overnight, the solvent was
removed under reduced pressure and the resulting crude product was purified by
column chromatography (silica gel, MeOH-EtOAc, 25:75) to yield the amino
alcohol 129 (739 mg, 5.1 mmol, 85%) as a colourless oil.
1

H NMR spectroscopic data was in accordance with the literature.17

[α]D20 –8.8o (c 0.69, CH3OH)；
1

H NMR (D2O): δ 3.80 – 3.62 (m, 4H, CH2Cl and CH2OH), 3.58 – 3.53 (m, 1H,

CH2CH);
C NMR (D2O): δ 59.2 (CH2, CH2OH), 53.5 (CH, CH2CH), 41.6 (CH2,

13

CH2CH);
IR (cm-1): 3362 (br), 1548, 1396, 1330;
ESI-HRMS calcd for C3H8NO 110.0373 [M+H+], found m/z 110.0375.
Benzyl (2S)-2-({[(1R)-2-chloro-1-(hydroxymethyl)ethyl]amino}
pyrrolidine-1-carboxylate 12811

carbonyl)

Benzyl chloroformate (938 mg, 5.5 mmol) was added slowly to an ice-cold
solution of L-proline (575 mg, 5 mmol) in 1M aqueous sodium hydroxide (10
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mL). After stirring for 30 min, the reaction was allowed to warm up to room
temperature and left to stir overnight. The reaction was then quenched with 1M
aqueous hydrochloric acid (12 mL) and the resulting mixture was extracted with
ethyl acetate (3 x 15 mL). The combined organic layers were washed with brine,
dried (Na2SO4) and concentrated under reduced pressure. The resulting CBZprotected proline crude product was used in the next reaction without further
purification.
Dicyclohexylcarbodiimide (1.13 g, 5.5 mmol) was added portionwise to an
ice-cold solution of the amino alcohol 129 (730 mg, 5 mmol), CBZ-protected
proline (1.25 g, 5 mmol) and 4-dimethylaminopyridine (60.8 mg, 0.5 mmol) in
anhydrous dichloromethane (40 mL). After stirring for 10 min, the reaction was
allowed to warm up to room temperature and stirred for a further 4 hours. At that
point the white precipitate was filtered and the filtrate was concentrated under
reduced pressure to give the crude product, which was then purified by column
chromatography (silica gel, EtOAc-PE, 70:30) to yield amide 128 (986 mg, 2.9
mmol, 58%) as a colorless oil.
[α]D20 –27.4o (c 0.50, CHCl3)；
Signals are broadening in 1H NMR spectrum and multiple signals appearing for
single nuclei in both 1H and 13C NMR spectra.
1

H NMR (CDCl3): δ 7.34 (brs, 5H, 5 x ArH), 6.97, 6.47 (2 x brs, 1H, CONH),

5.23 – 4.99 (m, 2H, CH2Ph), 4.31 (brs, 1H, CHCO), 4.13 (brs, 1H, ClCH2CH),
3.78 – 3.34 (m, 6H, ClCH2CH and CH2OH and CH2N), 3.17, 2.77 (2 x brs, 1H,
OH), 2.32 – 1.80 (m, 4H, CH2CH2CH2N and CH2CH2CH2N);
C NMR (CDCl3): δ 172.7, 172.2 (C, C=O-NH), 156.2, 155.2 (C, N-C=O),

13

136.3 (C, ArC), 128.6 (CH, ArC), 128.3 (CH, ArC), 128.0 (CH, ArC), 67.5
(CH2, CH2Ph), 61.5 (CH2, CH2OH), 60.9 (CH, CHCO), 52.1, 51.5 (CH,
ClCH2CH), 47.7, 47.1 (CH2, CH2N), 43.7 (CH2, ClCH2CH), 31.3, 28.9 (CH2,
CH2CH2CH2N), 24.6, 23.7 (CH2, CH2CH2CH2N);
IR (cm-1): 3325 (br), 2955, 1692 (m), 1415, 1119;
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ESI-HRMS calcd for C16H22N2O4Cl 341.1268 [M+H+], found m/z 341.1269.
Benzyl (2S)-2-[(4R)-4-(hydroxymethyl)-4,5-dihydro-1,3-oxazol-2-yl] pyrrolidine-1-carboxylate 127

Method 119
Potassium hydroxide (560 mg, 10 mmol) was added to a solution of amide 128
(408 mg, 1.2 mmol) in anhydrous methanol (10 mL). After stirring for 4 hours,
the solvent was removed and the resulting residue was partitioned between water
(10 mL) and ethyl acetate (10 mL). The aqueous layer was isolated and further
extracted with ethyl acetate (3 x 10 mL). The combined organic layers were dried
(Na2SO4), filtered and concentrated under reduced pressure to give the crude
product, which was then purified by column chromatography (silica gel,
MeOH-EtOAc, 10:90) to yield the CBZ-oxazoline alcohol 127 (225 mg, 0.74
mmol, 62%) as a colorless oil.
Method 29
Sodium borohydride pellets (152 mg, 4 mmol) were added to an ice-cold
solution of the oxazoline ester 116 (664 mg, 2 mmol) in methanol (20 mL). After
the cease of effervescence, the reaction was allowed to warm up to room
temperature and stir for a further 4 hours. At that point the solvent was removed
and the resulting solid residue was partitioned between water (15 mL) and
dichloromethane (15 mL). The aqueous layer was isolated and further extracted
with dichloromethane (3 x 15 mL). The combined organic layers were dried
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(Na2SO4), filtered and concentrated under reduced pressure to give the crude
product, which was then purified by column chromatography (silica gel,
MeOH-EtOAc, 10:90) to yield the CBZ-oxazoline alcohol 127 (493 mg, 1.62
mmol, 81%) as a colorless oil.
[α]D20 –19.8o (c 0.47, CHCl3)；
Signals are broadening in 1H NMR spectrum and multiple signals appearing for
single nuclei in both 1H and 13C NMR spectra.
1

H NMR (CDCl3): δ 7.35 – 7.25 (m, 5H, 5 x ArH), 5.18 – 5.00 (m, 2H, CH2Ph),

4.57 – 4.50 (m, 1H, CHCO), 4.36 – 4.17 (m, 2H, CH2CHCH2 and one of
CH2CHCH2), 4.14 – 4.05 (m, 1H, one of CH2CHCH2), 3.82 (dd, J = 11.6, 2.3
Hz, 1H, one of CH2CHCH2), 3.59 – 3.34 (m, 3H, CH2N and one of CH2CHCH2),
2.93 (brs, 1H, OH), 2.26 – 1.81 (m, 4H, CH2CH2CH2N and CH2CH2CH2N);
C NMR (CDCl3): δ 169.6, 168.6 (C, C=N), 154.9, 154.4 (C, N-C=O), 136.6 (C,

13

ArC), 128.5 (CH, ArC), 128.0 (CH, ArC), 127.8 (CH, ArC), 69.9, 69.7 (CH2,
CH2CHCH2), 67.5, 67.4 (CH, CH2CHCH2), 67.2, 66.9 (CH2, CH2Ph), 63.9, 63.8
(CH2, CH2CHCH2), 55.2, 54.6 (CH, CHCO), 47.1, 46.8 (CH2, CH2N), 31.6, 30.1
(CH2, CH2CH2CH2N), 24.5, 23.6 (CH2, CH2CH2CH2N);
IR (cm-1): 3371 (br), 2955, 1701(s), 1668 (m), 1414, 1116;
ESI-HRMS calcd for C16H21N2O4 305.1501 [M+H+], found m/z 305.1505.
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{(4R)-2-[(2S)-pyrrolidin-2-yl]-4,5-dihydro-1,3-oxazol-4-yl}methanol 620

Cyclohexene (2.84 mL, 28 mmol) was added to 10 wt% Pd/C (162 mg) in an
oven-dried Schlenk tube. A solution of the CBZ-oxazoline alcohol 127 (608 mg,
2 mmol) in anhydrous methanol (2 mL) was then added in and the resulting black
suspension was refluxed for 3.5 hours. After cooling to room temperature, the
reaction mixture was filtered through a pad of celite. The celite was further
washed with methanol (3 x 3 mL) and the combined filtrate was concentrated
under reduced pressure. The resulting crude product was purified by column
chromatography (silica gel, MeOH-EtoAc, 30:70) to yield the oxazoline alcohol
6 (150 mg, 0.88 mmol, 44%) as a colorless oil
[α]D20 –8.5o (c 0.55, CHCl3)；
Signals are broadening in 1H NMR spectrum and multiple signals appearing for
single nuclei in both 1H and 13C NMR spectra.
1

H NMR (CDCl3): δ 4.33 – 3.96 (m, 3H, CH2CHCH2 and CH2CHCH2), 3.85 –

3.73 (m, 1H, CHCO), 3.71 – 3.44 (m, 2H, CH2CHCH2), 3.09 – 2.78 (m, 2H,
CH2N), 2.10 – 1.66 (m, 4H, CH2CH2CH2N and CH2CH2CH2N);
C NMR (CDCl3): δ 170.5 (C, C=N), 70.1 (CH2, CH2CHCH2), 67.4 (CH,
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CH2CHCH2), 63.6, 63.5(CH2, CH2CHCH2), 55.3, 55.1 (CH, CHCO), 46.7 (CH2,
CH2N), 30.3, 30.0 (CH2, CH2CH2CH2N), 25.48 (CH2, CH2CH2CH2N);
IR (cm-1): 3285 (br), 2965, 1659 (m), 1048;
ESI-HRMS calcd for C8H15N2O2 171.1134 [M+H+], found m/z 171.1135.
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Methyl 1-[(benzyloxy)carbonyl]-L-prolyl-L-serinate 11711

Dicyclohexylcarbodiimide (4.52 g, 22 mmol) was added portionwise to an
ice-cold solution of L-serine methyl ester 31 (3.11 g, 20 mmol), CBZ-protected
proline (5 g, 20 mmol) and 4-dimethylaminopyridine (243.2 mg, 2 mmol) in
anhydrous dichloromethane (160 mL). After stirring for 10 min, the reaction was
allowed to warm up to room temperature and stir for a further 4 hours. The white
precipitate was then filtered and the filtrate was concentrated under reduced
pressure. The resulting crude product was purified by column chromatography
(silica gel, EtOAc-PE, 90:10) to yield amide 117 (4.27 g, 12.2 mmol, 61%) as a
colorless oil.
[α]D20 –24.3o (c 1.00, CHCl3)；
Signals are broadening in 1H NMR spectrum and multiple signals appearing for
single nuclei in both 1H and
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C NMR spectra. All spectroscopic data was in

accordance with the literature.21
1

H NMR (CDCl3): δ 7.34 – 7.26 (m, 5H, 5 x ArH), 7.21, 6.93 (2 x s, 1H,

CONH), 5.15 – 5.02 (m, 2H, CH2Ph), 4.63 – 4.49 (m, 1H, OHCH2CH), 4.33 –
4.21 (m, 1H, CHCO), 3.96 – 3.84 (m, 2H, OHCH2CH), 3.73, 3.65 (2 x s, 3H,
OCH3), 3.60 – 3.40 (m, 2H, CH2N), 2.55 (s, 1H, OH), 2.20 – 1.79 (m, 4H,
CH2CH2CH2N and CH2CH2CH2N);
C NMR (CDCl3): δ 172.8, 172.4 (C, C=O-NH or C=O-O), 171.0, 170.8 (C,
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C=O-NH or C=O-O), 155.7, 155.0 (C, N-C=O), 136.4 (C, ArC), 128.5 (CH,
ArC), 128.0 (CH, ArC), 127.8 (CH, ArC), 67.5 (CH2, CH2Ph), 62.9, 62.4 (CH2,
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OHCH2CH), 60.7 (CH, CHCO), 55.1, 54.6 (CH, OHCH2CH), 52.7 (CH3, OCH3),
47.6, 47.1 (CH2, CH2N), 31.3, 29.7 (CH2, CH2CH2CH2N), 24.7, 23.7 (CH2,
CH2CH2CH2N);
IR (cm-1): 3321 (br), 2952, 1745 (m), 1668 (s), 1419, 1121;
ESI-HRMS calcd for C17H22N2O6Na 373.1376 [M+Na], found m/z 373.1382.
Methyl(4S)-2-{(2S)-1-[(benzyloxy)carbonyl]pyrrolidin-2-yl}-4,5-dihydro-1,3oxazole-4-carboxylate 11622

N,N-Diisopropylethylamine (3.20 mL, 19.7 mmol) was added to an ice-cold
solution of amide 117 (4.27 g, 12.2 mmol) and triphenylphosphine (4.78 g, 18.3
mmol) in anhydrous acetonitrile/dichloromethane (4:1, 60 mL). After stirring for
90 min, carbon tetrachloride (1.80 mL, 18.6 mmol) was added slowly and the
resulting mixture was allowed to warm to room temperature and stir for a further
6 hours. At that point the reaction was cooled with an ice bath before being
quenched with saturated sodium hydrogen carbonate (30 mL) followed with the
addition of ethyl acetate (90 mL). The resulting biphasic mixture was diluted
with water (60 mL) and the aqueous layer was isolated and further extracted with
ethyl aceate (3 x 50 mL). The organic layers were combined, dried (Na2SO4) and
concentrated under reduce pressure to give the crude product, which was then
purified by column chromatography (silica gel, EtOAc-PE, 60:40) to yield the
oxazoline ester 116 (2.76 g, 8.30 mmol, 68%) as a yellowish oil. (About 15 mol%
of the triphenyl-phosphine oxide impurity was present in the purified product.
This impurity was carried through the next reaction and was fully isolated in the
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purification step)
[α]D20 –8.4o (c 0.65, CHCl3)；
Signals are broadening in 1H NMR spectrum and multiple signals appearing for
single nuclei in both 1H and 13C NMR spectra.
1

H NMR (CDCl3): δ 7.34 – 7.26 (m, 5H, 5 x ArH), 5.11 (ddd, J = 65.1, 12.6, 2.7

Hz, 2H, CH2Ph), 4.81 – 4.53 (m, 2H, OCH2CH and CHCO), 4.50 – 4.26 (m, 2H,
OCH2CH), 3.75, 3.70 (2 x s, 3H, OCH3), 3.66 – 3.38 (m, 2H, CH2N), 2.26 – 1.83
(m, 4H, CH2CH2CH2N and CH2CH2CH2N);
C NMR (CDCl3): δ 171.8, 171.3 (C, C=N or C=O-O), 170.6, 170.5 (C, C=N or
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C=O-O), 154.8, 154.4 (C, N-C=O), 136.9, 136.7 (C, ArC), 128.6, 128.5 (CH,
ArC), 128.0, 127.9, 127.8 (CH, ArC), 70.2, 69.8 (CH2, OCH2CH), 68.1 (CH,
OCH2CH), 67.0, 66.8 (CH2, CH2Ph), 54.8, 54.4 (CH, CHCO), 52.6 (CH3,
OCH3), 47.0, 46.4 (CH2, CH2N), 31.6, 30.4 (CH2, CH2CH2CH2N), 24.1, 23.5
(CH2, CH2CH2CH2N);
IR (cm-1): 2955, 1742 (m), 1705 (s), 1564 (m), 1196;
ESI-HRMS calcd for C17H20N2O5Na 355.1270 [M+Na], found m/z 355.1259.
Benzyl(2S)-2-[(4S)-4-({[tert-butyl(dimethyl)silyl]oxy}methyl)-4,5-dihydro-1,
3-oxazol-2-yl]pyrrolidine-1-carboxylate 13523

To a solution of CBZ-oxazoline alcohol 127 (305 mg, 1.0 mmol) in dimethylformamide (3 mL) was added tert-butylchlorodimethylsilane (225 mg, 1.5 mmol)
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and imidazole (136 mg, 2 mmol). After stirring for 1 hour, the reaction was
diluted with diethyl ether (10 mL) and the resulting mixture was washed with
saturated aqueous sodium hydrogen carbonate (10 mL), water (10 mL), and brine
(10 mL). The isolated organic layer was dried (Na2SO4), filtered and
concentrated under reduced pressure to give the crude product, which was then
purified by column chromatography (silica gel, EtOAc-Hexane, 30:70) to yield
the TBS-alcohol 135 (364 mg, 0.87 mmol, 87%) as a colorless oil.
[α]D20 –36.8o (c 0.56, CHCl3)；
Signals are broadening in 1H NMR spectrum and multiple signals appearing for
single nuclei in both 1H and 13C NMR spectra.
1

H NMR (CDCl3): δ 7.37 – 7.20 (m, 5H, 5 x ArH), 5.24 – 5.00 (m, 2H, CH2Ph),

4.56 – 4.46 (m, 1H, CHCO), 4.32 – 4.02 (m, 3H, CH2CHCH2 and CH2CHCH2),
3.76 – 3.33 (m, 4H, CH2N and CH2CHCH2), 2.22 – 1.77 (m, 4H, CH2CH2CH2N
and CH2CH2CH2N), 0.85 [d, J = 6.1 Hz, 9H, C(CH3)3], 0.02 (dd, J = 11.7, 3.6
Hz, 6H, Si(CH3)2];
C NMR (CDCl3): δ 168.8, 168.5 (C, C=N), 154.5, 154.4 (C, N-C=O), 136.8 (C,
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ArC), 128.5, 128.4 (CH, ArC), 128.0, 127.9 (CH, ArC), 127.8, 127.6 (CH, ArC),
70.8, 70.5 (CH2, CH2CHCH2), 67.7 (CH, CH2CHCH2), 67.0, 66.8 (CH2, CH2Ph),
64.9, 64.7 (CH2, CH2CHCH2), 54.9, 54.5 (CH, CHCO), 46.9, 46.4 (CH2, CH2N),
31.5, 30.4 (CH2, CH2CH2CH2N), 25.9 [CH3, C(CH3)3], 24.1, 23.4(CH2,
CH2CH2CH2N), 18.33 [C, C(CH3)3], -5.35 (CH3, SiCH3);
IR (cm-1): 2929, 1707 (s), 1670 (m), 1251, 1115;
ESI-HRMS calcd for C22H35N2O4Si 419.2366 [M+H+], found m/z 419.2366.
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3.4 Synthesis of substrates
N-(1-phenylethylidene) aniline 5924

Acetophenone (3.5 mL, 30 mmol) was added to a solution of aniline (2.7 mL,
30 mmol) in anhydrous toluene (30 mL) at the flask equipped with a Dean-Stark
apparatus. The mixture was warmed to 120 ºC before the addition of p-toluenesulfonyl acid (52 mg, 0.3 mmol), and was then left to reflux overnight. At that
point the reaction was allowed to cool down, filter and the resulting filtrate was
concentrated under reduced pressure. The crude product was then purified by
Kugelrohr distillation (bp: 90 ºC at 0.5 mmHg) to yield imine 59 (3.63 g, 62%)
as a yellow solid.
All spectroscopic data was in accordance with the literature.24,25
1

H NMR (CDCl3): δ 8.05 – 8.01 (m, 2H, 2 x ArH), 7.49 – 7.47 (m, 3H, 3 x ArH),

7.42 – 7.37 (m, 2H, 2 x ArH), 7.15 – 7.12 (m, 1H, ArH), 6.87 – 6.84 (m, 2H, 2 x
ArH), 2.26 (s, 3H, CH3);
C NMR(CDCl3): δ 165.2 (C=N), 151.5 (ArC), 139.2 (ArC), 130.3 (ArC), 128.8
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(ArC), 128.2 (ArC), 127.0 (ArC), 123.0 (ArC), 119.2 (ArC), 17.1 (CH3);
IR (cm-1): 3064, 3000 (w), 1636 (m), 1592, 1286;
Mp 39-41 °C (lit.,26 40-41 °C);

190

(±)-(E)-1,3-diphenyl-3-hydroxyprop-1-ene 4827,28

Sodium borohydride pellets (1.2 g, 31.2 mmol) were added portionwise to an
ice-cold solution of cerium trichloride heptahydrate (8.9 g, 24.0 mmol) and
trans-chalcone (5.0 g, 24.0 mmol) in anhydrous methanol (60 mL). After the
cease of effervescence, the reaction was allowed to warm up to room temperature
and left to stir overnight. At that point the reaction was quenched with water (30
mL) and the pH of the resulting mixture was adjusted to 7 with 1M hydrochloric
acid. The aqueous layer was then isolated and extracted with diethyl ether (3 x 30
mL). The combined organic layers were dried (Na2SO4), filtered and
concentrated under reduced pressure to give the crude product, which was then
purified by column chromatography (silica gel, PE-EtOAc, 70:30) to yield allylic
alcohol 48 (3.12 g, 14.88 mmol, 62%) as a white solid.
All spectroscopic data was in accordance with the literature.29
1

H NMR (CDCl3): δ 7.45 – 7.22 (m, 10H, 10 x ArH), 6.69 (d, J = 16.0 Hz, 1H,

CHCHCH), 6.39 (dd, J = 15.8, 6.6 Hz, 1H, CHCHCH), 5.39 (d, J = 6.6 Hz, 1H,
CHOH), 2.09 (s, 1H, OH);
C NMR (CDCl3): δ 142.9 (ArC), 136.6 (ArC), 131.6 (CHCHCH), 130.7
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(CHCHCH), 128.8 (ArC), 128.7 (ArC), 127.9 (ArC), 126.7 (ArC), 126.5 (ArC),
75.3 (CHOH);
IR (cm-1): 3264 (br), 3058, 1493;
Mp 57-59 °C (lit.,30 55-57 °C).
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(±)-(E)-1,3-diphenyl-3-acetoxyprop-1-ene 4127,28

4-Dimethylaminopyridine (151 mg, 1.24 mmol) was added to an ice-cold
solution of allylic alcohol 25 (2.6 g, 12.4 mmol) in pyridine (10 mL). To the
mixture was added dropwise acetic anhydride (3.5 mL, 37.8 mmol) and the
reaction was allowed to warm up to room temperature and left to stir overnight.
At that point the reaction was diluted with diethyl ether (50 mL). The resulting
mixture was washed successively with aqueous copper sulphate (3 x 40 mL),
saturated sodium hydrogen carbonate solution (3 x 40 mL) and water (2 x 25
mL). The organic layer was isolated, dried (Na2SO4), filtered and concentrated
under reduced pressure to give the crude product, which was then purified by
column chromatography (silica gel, PE-EtOAc, 95:5) to the allylic ester 41 (1.47
g, 5.82 mmol, 47%) as a yellow oil
All spectroscopic data was in accordance with the literature.28
1

H NMR (CDCl3): δ 7.44 – 7.23 (m, 10H, 10 x ArH), 6.64 (d, J = 15.6 Hz, 1H,

CHCHCH), 6.45 (d, J = 6.9 Hz, 1H, CHCHCH), 6.36 (dd, J = 16.0, 6.9 Hz, 1H,
CHCHCH), 2.14 (s, 3H, CH3);
C NMR (CDCl3): δ 170.2 (C=O), 139.3 (ArC), 136.3 (ArC), 132.7 (CHCHCH),
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128.7 (ArC) , 128.3 (ArC), 128.2 (ArC), 127.6 (CHCHCH), 127.1 (ArC), 126.8
(ArC), 76.3 (CHCHCH), 21.5 (CH3);
IR (cm-1): 3063, 3030, 1735 (s), 1226;
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Ethyl 2-(triphenylphosphoranylidene) acetate 9431

To a solution of ethyl bromoacetate (1.0 g, 6.0 mmol) in anhydrous toluene (10
mL) was added triphenylphosphine (1.57 g, 6.0 mmol). After refluxing overnight,
the reaction was allowed to cool down to room temperature. The precipitate was
filtered, washed with ethyl acetate (3 x 20 mL) and dried under vacuum to give
the bromophosphonium salt (2.36 g, 5.53 mmol, 92%) as a white solid. 1 M
aqueous sodium hydroxide (12.0 mL) was added to a solution of the above salt
(2.36 g, 5.53 mmol) in dichloromethane (40 mL) and stirred vigorously for 30
min. The resulting mixture was extracted with dichloromethane (3 x 10 mL) and
the combined organic layers were washed with brine (2 x 10 mL), dried
(Na2SO4), filtered and concentrated under reduced pressure to give the ylide 94
(1.67 g, 4.8 mmol, 80%) as a white solid.
All spectroscopic data was in accordance with the literature.32-34
Signals are broadening in 1H NMR spectrum due to rotamers.
1

H NMR (CDCl3) δ 7.67 – 7.43 (m, 15H, ArH), 4.03 (s, 2H, CH2CH3), 2.92 (s,

1H, CHCO), 1.23 (s, 3H, CH2CH3);
CNMR (CDCl3) δ 172.4 (C=O), 133.7 (ArC), 132.1 (ArC), 129.9 (ArC), 129.0
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(ArC), 58.3 (CH2CH3), 30.1 (CHCO), 15.9 (CH2CH3);
Mp 125-127 °C (lit.,35 122-123 °C).

193

Ethyl (2E)-3-phenylbut-2-enoate 9031

Acetophenone (480 mg, 4 mmol) was added to a solution of ylide 94 (1.67 g,
4.8 mmol) in anhydrous toluene (10 mL). After refluxing overnight, the reaction
was mixture was concentrated under reduced pressure to give the crude product,
which was then purified by column chromatography (silica gel, PE-Et2O, 95:5)
to yield the ester 90 (471 mg, 2.48 mmol, 62%) as a colorless liquid.
All spectroscopic data was in accordance with the literature.36
1

H NMR (CDCl3): δ 7.50 – 7.38 (m, 2H, 2 x ArH), 7.37-7.34 (m, 3H, 3 x ArH),

6.02 (q, 1H, J = 1.2 Hz, CHCO), 4.10 (q, 2H, J = 7.2 Hz, CH2CH3), 2.46 (d, 3H,
J = 1.2 Hz, CCH3), 1.18 (t, 3H, J = 7.4 Hz, CH2CH3);
C NMR (CDCl3): δ 166.8 (C=O), 155.4 (CCH3), 142.3 (CHCO), 128.9 (ArC),
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128.5 (ArC), 126.3 (ArC), 117.3 (ArC), 59.8 (CH2CH3), 17.9 (CCH3), 14.3
(CH2CH3);
IR (cm-1): 2981, 1712 (s), 1628 (m), 1164.
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3.5 Asymmetric reactions using novel oxazoline ligands

Figure 3.1

Oxazoline ligands applied in the thesis
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3.5.1 Asymmetric cyclopropanation reaction
General procedure A28,37
All schlenk tubes and round-bottom flasks were flame dried under vacuum and
re-filled with nitrogen gas before being used in this reaction. The ligand (1.2
mol %) was weighed into a schlenk tube and dissolved in anhydrous
dichloromethane (1 mL). The solution was transferred under nitrogen into a
second schlenk tube containing the metal triflate (1 mol %). After stirring for 90
min at room temperature, the undissolved residue was filtered by cotton plug and
the filtrate was transferred to a solution of styrene (5 equiv) in anhydrous
dichloromethane (1 mL). Ethyl diazoacetate (1 equiv) in anhydrous
dichloromethane (4 mL) was then added over 6 hours via syringe pump, and the
reaction was stirred for 12 hours after the addition.
At that point the reaction mixture was filtered through a silica gel plug (0.5 cm)
and the filtrate was concentrated under reduced pressure to give the crude
product. The percentage conversion of the reaction was determined by the 1H
NMR spectrum of the crude product [signals of unreacted ethyl diazoacetate
signal at 4.72 ppm (1H), cis product at 3.87 ppm (2H) and trans product at 4.17
ppm (2H), by-product diethyl fumarate at 6.84 ppm (2H) and diethyl maleate at
6.22 ppm (2H)], so as the cis: trans ratio of the product [signals of cis product at
3.87 ppm (2H) versus trans product at 4.17 ppm (2H)]. The crude product was
then purified by column chromatography (silica gel, PE-EtOAc, 95:5) to yield
the mixture of cis and trans products. The enantiomeric excess (ee) of the
purified product was measured using chiral GC (Cyclodex-β 30 m x 0.252 mm
0.25 µm).

196

Specific example

The reaction was carried out according to the general procedure A using
copper(I)triflate·0.5C6H6 (3.0 mg, 0.012 mmol), ligand 36 (4.0 mg, 0.014 mmol),
styrene (0.69 mL, 6.0 mmol) and ethyl diazoacetate (137 mg, 1.2 mmol). The
conversion of the reaction was 72% with a cis:trans ratio of 31:69. The
enantiomeric excess (ee) of the purified product was measured by chiral GC28
(Cyclodex-β 30 m x 0.252 mm 0.25 µm, conditions: 100 oC hold 5 min, ramp 1
o

C/min to 165 oC, hold 5 min), t(1S, 2R) 41.2 min, t(1S, 2S) 44.9 min. The

enantiomeric excess (ee) of the cis diastereomer (1S, 2R) is 5%.
1

H NMR spectroscopic data was in accordance with the literature.38

The Trans product 1H NMR (CDCl3): δ 7.29 – 7.08 (m, 5H, 5 x ArH), 4.17 (q, J
= 7.2 Hz, 2H, CH2CH3), 2.55 – 2.49 (m, 1H, one of CH), 1.93 – 1.87 (m, 1H, one
of CH), 1.63 – 1.57 (m, 1H, one of CH2), 1.34 – 1.28 (m, 1H, one of CH2), 1.28
(t, J = 7.1 Hz, 3H, CH2CH3).
The Cis product 1H NMR (CDCl3): δ 7.29-7.08 (m, 5H, 5 x ArH), 3.87 (q, J =
7.0 Hz, 2H, CH2CH3), 2.58 (q, J = 8.6 Hz, 1H, one of CH), 2.08 (m, 1H, one of
CH), 1.71 (m, 1H, one of CH2), 1.33 (m, 1H, one of CH2), 0.97 (t, J = 7.1 Hz, 3H,
CH2CH3).
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Reactions catalysed by the copper complexes of ligands 28, 34-36, 73, 75, 6
The reaction was carried out according to the general procedure A. Results and
variation to the general procedure are shown in Table 3.1. 1H NMR spectra of
the products were consistent with the full product characterisation reported
above.
Ligand

Conversion %

Cis: trans

% ee (cis)

28

8

56:44

14

34

73

30:70

5

35

70

31:69

14

36

72

31:69

5

73

<1

-

-

75

<1

-

-

6

<1

-

-

Table 3.1 Catalytic results obtained in the asymmetric cyclopropanation
reactions
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3.5.2 Asymmetric trichlorosilane-assisted hydrosilylation of aromatic ketone
and imine39
General procedure B
All schlenk tubes and round-bottom flasks were flame dried under vacuum and
re-filled with nitrogen gas before being used in this reaction. Aromatic ketone or
imine (1.0 equiv) was added to a solution of ligand (20 mol %) in anhydrous
dichloromethane (2 mL) at appropriate temperature. Trichlorosilane (2.1 equiv)
was then added and the reaction mixture was stirred at that temperature for a
specific period of time.
The reaction was quenched by aqueous sodium hydrogen carbonate (2 mL)
and the resulting mixture was extracted with dichloromethane (2 x 5 mL). The
combined organic layers were dried (NaSO4) and concentrated under reduced
pressure to give the crude product. A 1H NMR spectrum of the crude product was
recorded to determine the percentage conversion of this reaction40,41,24. [For the
reduction of acetophenone, CH3 signal of the unreactive ketone appeared at 2.58
ppm (3H) verse CH3 signal of the product appeared at 1.52 ppm (3H); for the
reduction of N-(1-phenylethylidene) aniline, CH3 signal of the unreactive imine
appeared at 2.26 ppm (3H) verse CH3 signal of the product appeared at 1.43 ppm
(3H)]. The crude product was then purified by column chromatography (silica
gel). The enantiomeric excess (ee) of the purified product was measured using
chiral GC (Cyclodex-β 30 m x 0.252 mm 0.25 µm) or chiral HPLC (DAICEL
Chiracel OD 25 cm x 4.6 mm 5 µm ).
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Specific example 1

The reaction was carried out at −20 °C according to the general procedure B
using ligand 72 (20.8 mg, 0.08 mmol), acetophenone (48 mg, 0.40 mmol) and
trichlorosilane (86 μL, 0.84 mmol). The crude product was purified by column
chromatography (DCM) to give the product as a colorless oil. The conversion of
this reaction was 99% and the enantiomeric excess (ee) of the product was 57%,
measured by chiral GC42,43 (Cyclodex-β 30 m x 0.252 mm 0.25 µm, conditions:
120 oC hold 20 min), t(R) 11.0 min, t(S) 11.6 min.
All spectroscopic data was in accordance with the literature.40
1

H NMR (CDCl3): δ 7.40 – 7.37 (m, 4H, 4 x ArH), 7.34 – 7.23 (m, 1H, ArH),

4.93 (m, 1H, CHCH3), 1.94 (brs, 1H, OH), 1.52 (d, J = 6.3 Hz, 3H, CHCH3).
C NMR (CDCl3): δ 145.8 (ArC), 128.5 (ArC), 127.5 (ArC), 125.4 (ArC), 70.4

13

(CHCH3), 25.1 (CHCH3).
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Hydrosilylation of an aromatic ketone catalysed by ligands 28, 34-36, 72-76, 80,
81
The reaction was carried out according to the general procedure B. Results and
variation to the general procedure are shown in Table 3.2. 1H NMR spectra of
the products were consistent with the full product characterisation results
reported above.
Ligand

Time (h)

Temp (°C)

Conversion %

% ee

28

24

−20

99

42 (R)

34

24

−20

91

41 (R)

35

24

−20

20

28 (R)

36

24

−20

99

62 (R)

36

24

−40

99

53 (R)

72

24

−20

99

57 (R)

72

24

−40

96

65 (R)

72

6

−78

14

70 (R)

73

24

−20

85

40 (R)

74

24

−20

98

52 (R)

75

24

−20

99

55 (R)

76

24

−20

45

40 (R)

80

24

−20

17

40 (R)

81

24

−20

99

55 (R)

Table 3.2 Catalytic results obtained in the hydrosilylation of an aromatic ketone
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Specific sample 2

The reaction was carried out at 0 °C according to the general procedure B
using ligand 28 (14.2 mg, 0.08 mmol), N-(1-phenylethylidene) aniline (78 mg,
0.40 mmol) and trichlorosilane (86 μL, 0.84 mmol). The crude product was
purified by column chromatography (PE–EtOAc, 99:1) to give the product as a
colorless oil. The conversion of this reaction was 99% and the enantiomeric
excess (ee) of the product was 28%, measured by chiral HPLC41,44,45 [DAICEL
Chiracel OD 25 cm x 4.6 mm 5 µm, 254 nm, hexane-IPA, 94:6, 0.5 mL/min, t(S)
13.4 min, t(R) 17.3 min].
All spectroscopic data was in accordance with the literature.41
1

H NMR (CDCl3): δ 7.32–7.18 (m, 4H, 4 x ArH), 7.14 (t, J = 7.1 Hz, 1H, ArH),

7.01 (t, J = 7.6 Hz, 2H, 2 x ArH), 6.56 (t, J = 7.2 Hz, 1H, ArH), 6.43 (d, J = 7.6
Hz, 2H, 2 x ArH), 4.41 (q, J = 6.6 Hz, 1H, CHCH3), 1.43 (d, J = 6.7 Hz, 3H,
CHCH3);
C NMR (CDCl3): δ 146.2 (ArC), 144.2 (ArC), 128.0 (ArC), 127.6 (ArC), 125.8

13

(ArC), 124.8 (ArC), 116.2 (ArC), 112.2 (ArC), 52.43 (CHCH3), 23.98 (CHCH3).
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Hydrosilylation of an aromatic imine catalysed by ligands 28, 34-36, 72, 75, 6
The reaction was carried out according to the general procedure B. Results and
variation to the general procedure are shown in Table 3.3. 1H NMR spectra of
the products were consistent with the full product characterisation results
reported above.
Ligand

Temp (°C)

Conversion %

% ee

28

0

99

28 (R)

28

-10

99

33 (R)

34

0

99

10 (S)

35

0

99

14 (R)

36

0

99

4 (R)

72

0

45

10 (R)

75

0

99

18 (R)

6

0

70

4 (R)

Table 3.3 Catalytic results obtained in the hydrosilylation of an aromatic imine
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3.5.3 Asymmetric allylic alkylation reactions46,47
General Procedure C
All schlenk tubes and round-bottom flasks were flame dried under vacuum and
re-filled with nitrogen gas before being used in this reaction. The ligand (6
mol %) was weighed into a schlenk tube and dissolved in anhydrous
dichloromethane (2 mL). The solution was transferred under nitrogen into a
second schlenk tube containing the allylpalladium(II) chloride dimer (2.5 mol%).
After stirring for 30 min, the undissolved residue was filtered by cotton plug and
the solution was transferred into a round-bottom flask. To this solution,
rac-(E)-1,3- diphenyl-3-acetoxyprop-1-ene (1 equiv) in dichloromethane (2 mL),
dimethyl malonate (3 equiv), bis(trimethylsilyl)acetamide (3 equiv) and
potassium acetate (3.5 mol%) were added successively, and the resulting mixture
was stirred at room temperature for 18 hours.
At that point the reaction was quenched with ice-cold ammonium chloride
solution (10 mL). The aqueous layer was isolated and washed with diethyl ether
(3 x 10 mL). The combined organic layers were dried (Na2SO4) and concentrated
under reduced pressure to give the crude product. A 1H NMR spectrum of the
crude product was recorded to determine the percentage conversion achieved in
this reaction27 [unreacted rac-(E)-1,3-diphenyl-3-hydroxy-prop-1-ene signal at
2.14 ppm (3H) verse product signal at 4.27 ppm (1H)]. The crude product was
then purified by column chromatography (PE–EtOAc, 6:1) to give the product as
a yellow oil. The enantiomeric excess (ee) of the product was measured by chiral
HPLC (DAICEL Chiracel OD 25 cm x 4.6 mm 5 µm ).
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Specific example

The reaction was carried out according to the general procedure C using ligand
36 (6.7 mg, 0.024 mmol), allylpalladium(II) chloride dimer (3.7 mg, 0.01 mmol),
rac-(E)-1,3-diphenyl-3-acetoxyprop-1-ene (100.6 mg, 0.40 mmol), dimethyl
malonate (0.14 mL, 1.2 mmol), bis(trimethylsilyl)acetamide (0.3 mL. 1.2 mmol)
and potassium acetate (1.4 mg, 0.014 mmol). The conversion of this reaction was
93% and the enantiomeric excess (ee) of the product was 17%, measured by
chiral HPLC28 [DAICEL Chiracel OD 25 cm x 4.6 mm 5 µm, 254 nm,
hexane-IPA, 98:2, 0.5 mL/min), t(R) 25.2 min, t(S) 26.9 min].
The 1H NMR spectroscopic data was in accordance with the literature.27
1

H NMR (CDCl3): δ 7.34 – 7.20 (m, 10H, 10 x ArH), 6.47 (d , J = 15.7 Hz, 1H,

PhCH=CH), 6.32 (dd, J = 15.7, 1H, 8.6 Hz, PhCH=CH), 4.27 (dd, J = 10.8, 1H,
8.6 Hz, CH=CHCH), 3.95 [d, J =10.9 Hz, 1H, CH(COCH3)2], 3.70 (s, 3H,
OCH3), 3.51 (s, 3H, OCH3).
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Allylic alkylation reactions catalysed by palladium complexes of ligands 28,
34-36, 72, 75
The reaction was carried out according to the general procedure C. Results and
variation to the general procedure are shown in Table 3.4. 1H NMR spectra of
the products were consistent with the full product characterisation results
reported above.
Ligand

Time (h)

Conversion %

% ee

28

18

80

24 (R)

34

18

96

20 (R)

35

18

96

28 (R)

36

18

93

17 (R)

72

18

96

20 (R)

75

18

97

24 (R)

Table 3.4 Catalytic results obtained in the allylic alkylation reaction
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3.5.4 Asymmetric Reduction of a conjugated ester48
General procedure D
All schlenk tubes and round-bottom flasks were flame dried under vacuum and
re-filled with nitrogen gas before being used in this reaction. The ligand (2.5
mol %) was weighed into a schlenk tube and dissolved in anhydrous ethanol (0.5
mL). The solution was transferred under nitrogen into a second schlenk tube
containing CoCl2· 6 H2O (2.5 mol %) and the mixture was stirred at room
temperature for 15 min until a colored solution was resulted.
A solution of ethyl (2E)-3-phenylbut-2-enoate (0.5 mmol) in ethanol (0.5 mL)
and diglyme (1.0 mL) was then added. The resulting mixture was cooled to 0 oC
before sodium borohydride (2.5 equiv) was added portionwise. After the addition,
the reaction was allowed to warm up to room temperature and stirred for a
further 24 hours. At that point the reaction mixture was diluted with water (10
mL) and the isolated aqueous layer was extracted with dichloromethane (3 x 15
mL). The combined organic layers were washed with water (2 x 10mL), dried
(Na2SO4) and concentrated under reduced pressure to give the crude product. A
1

H NMR spectrum of the crude product was recorded to determine the

percentage conversion of this reaction48,49 [CH2 signal of the unreacted ester at
4.21 ppm (2H) verse CH3 signal of the product at 1.18 ppm (3H)]. The crude
product was then purified by column chromatography (silical gel, PE–Et2O, 95:5)
to give the product as a clear oil. The enantiomeric excess (ee) of the purified
product was measured by chiral HPLC (DAICEL Chiracel OD 25 cm x 4.6 mm 5
µm ).
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Specific example

The reaction was carried out according to the general procedure D using ligand
36 (3.6 mg, 0.013 mmol), CoCl2· 6 H2O (3.0 mg, 0.013 mmol), ethyl
(2E)-3-phenyl- but-2-enoate (95 mg, 0.50 mmol) and sodium borohydride (47.3
mg, 1.25 mmol). The conversion of this reaction was 99% and the enantiomeric
excess (ee) of the product was 12%, measured by chiral HPLC50 [DAICEL
Chiracel OD 25 cm x 4.6 mm 5 µm, 210 nm, hexane-IPA, 98:2, 0.5 mL/min),
tmajor 10.1 min, tminor 14.6 min].
The 1H NMR spectroscopic data was in accordance with the literature.48
1

H NMR (CDCl3): δ 7.33 – 7.14 (m, 5H, 5 x ArH), 4.07 (q, J = 7.1 Hz, 2H,

OCH2CH3), 3.35 – 3.21 (m, 1H, PhCH), 2.61 (dd, J = 15.0, 7.0 Hz, 1H, one of
CH2CO), 2.53 (dd, J = 15.0, 8.2 Hz, 1H, one of CH2CO), 1.30 (d, J = 7.0 Hz, 3H,
CHCH3), 1.18 (t, J = 7.1 Hz, 3H, OCH2CH3).
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Reduction of a conjugated ester using cobalt complexes of ligands 28, 34-36,
72, 74
The reaction was carried out according to the general procedure D. Results and
variation to the general procedure are shown in Table 3.5. 1H NMR spectra of
the products were consistent with the full product characterisation results
reported above.
Ligand

Time (h)

Conversion %|

%ee

28

24

89

20

34

24

52

16

35

24

95

12

36

24

99

12

72

24

55

8

74

24

45

7

Table 3.5 Catalytic results obtained in the reduction of a conjugated ester
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3.5.5 Asymmetric allyltrichlorosilane-assisted allylation of aromatic aldehyde
General procedure E
All schlenk tubes and round-bottom flasks were flame dried under vacuum and
re-filled with nitrogen gas before being used in this reaction. Aromatic aldehyde
(1.0 equiv) was added to a solution of diisopropylethylamine (2 equiv) and
ligand (15 mol %) in anhydrous solvent (2 mL) at appropriate temperature.
Allyltrichlorosilane (1.2 equiv) was then added and the reaction mixture was
stirred at that temperature for a specific period of time.
At that point the reaction was quenched by aqueous sodium hydrogen
carbonate (1 mL) and the aqueous layer was isolated and extracted with
dichloromethane (2 x 5 mL). The combined organic layers were dried (NaSO4)
and concentrated under reduced pressure to give the crude product. A 1H NMR
spectrum of the crude product was recorded to determine the percentage
conversion of this reaction.51 [CHO signal of the unreactive aldehyde at 10.00
ppm (1H) verse CH2 signal of the product at 2.55 ppm (2H)]. The crude product
was then purified by column chromatography (silica gel, DCM) to give the
product as a colorless oil. The enantiomeric excess (ee) of the purified product
was measured using chiral HPLC (DAICEL Chiracel OD 5 cm x 4.6 mm 5 µm ).
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Specific example

The reaction was carried out at 0 °C according to the general procedure E
using ligand 72 (15.7 mg, 0.06 mmol), benzaldehyde (42 mg, 0.40 mmol),
diisopropylethylamine (103 mg, 0.80 mmol), allyltrichlorosilane (70 μL, 0.48
mmol) and dichloromethane (2 mL). The crude product was purified by column
chromatography (silica gel, PE–EtOAc, 95:5) to give the product as a colorless
oil. The conversion of this reaction was 7% and the enantiomeric excess (ee) of
the purified product was 25%, measured by chiral HPLC52,53 (DAICEL Chiracel
OD 5 cm x 4.6 mm 5 µm, 210 nm, hexane-IPA, 99:1, 0.3 mL/min, tmajor 9.1 min,
tminor 11.1 min).
NMR spectroscopic data was in accordance with the literature.51
1

H NMR (CDCl3z): δ 7.39 – 7.29 (m, 5H, 5 x ArH), 5.89 – 5.69 (m, 1H, CH2CH),

5.22 – 5.16 (m, 2H, CH2CHCH2), 4.77 (dd, J = 7.7, 5.5 Hz, 1H, CHOH), 2.57 –
2.52 (m, 2H, CH2CH), 1.91 (s, 1H, OH)
C NMR (CDCl3): δ 144.2 (ArC), 134.7 (ArC), 128.6 (ArC), 127.7 (ArC), 126.1

13

(CH2CHCH2), 118.5 (CH2CHCH2), 73.7 (CHOH), 43.9 (CH2CHCH2);
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Allylation of an aromatic aldehyde using ligands 28, 34, 36, 72, 74, 75
The reaction was carried out according to the general procedure E. Results and
variation to the general procedure are shown in Table 3.6. 1H NMR spectra of
the products were consistent with the full product characterisation results
reported above.
Ligand

Solvent

Time (h)

Temp

Conversion %

% ee

(°C)
28

DCM

24

0

<1

-

34

DCM

24

0

11

12

36

DCM

24

0

7

5

36

DCM

48

0

11

4

72

DCM

24

0

7

25

72

DCM/THF (7:3)

24

0

6

20

74

DCM

24

0

7

20

75

DCM

24

0

7

22

75

DCM/THF (7:3)

24

0

7

21

75

DCM

24

-20

5

20

Table 3.6 Catalytic results obtained in the allylation of an aromatic aldehyde
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3.5.6 Asymmetric transfer hydrogenation reaction54

All schlenk tubes and round-bottom flasks were flame dried under vacuum and
re-filled with nitrogen gas before being used in this reaction. Oxazoline ligand 35
(6.2 mg, 0.022 mmol, 1.0 mol%) was weighed into a schlenk tube and dissolved
in anhydrous methanol (10 mL). The solution was transferred under nitrogen into
a second schlenk tube containing the [RuCl2(p-cymene)]2 (6.8 mg, 0.11 mmol,
0.5 mol%). The resulting mixture was stirred for 3 hours at room temperature.
The solvent was then removed under reduced pressure and the solid obtained was
dried under vacuum. To this solid was added anhydrous iso-propanol (10 ml),
acetophenone (270 mg, 2.25 mmol) and potassium tert-butoxide (38 mg, 0.34
mmol, 15 mol%) and the reaction was stirred at 50 ºC for 16 hours.
At that point the reaction mixture was diluted with dichloromethane (10 ml)
and washed with 1M hydrochloric acid (10 ml). The isolated aqueous layer was
extracted with dichloromethane (2 x 10 ml) and the combined organic layers
were dried (Na2SO4) and concentrated under reduced pressure to give the crude
product. An 11% conversion was measured by the 1H NMR spectrum [CH3
signal of the unreacted acetophenone at 2.60 ppm (3H) verse CH3 signal of the
product at 1.48 ppm (3H)]. The crude product was then purified by column
chromatography (silica gel, Per-EtoAc, 95:5) to give the product as a colorless
oil. A 12% ee was measured using chiral GC (Cyclodex 30 m x 0.252 mm 0.25
m); conditions: 120 oC hold 20 min, t(R) 11.0 min, t(S) 11.6 min.
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