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Abstract

Abstract
A new family of chiral bifunctional phase-transfer catalysts were developed to promote an
enantioselective SN2 reaction for the construction of malleable oxindoles with all-carbon
quaternary stereocenters in high yield and excellent enantioselectivity (up to 97% ee). The
utility of this methodology was demonstrated through the concise and highly
enantioselective synthesis of (-)-debromoflustramine B and (-)-flustramine B.
The newly developed family of chiral bifunctional phase-transfer catalysts, in conjunction
with catalytic amounts of fluoride, were also utilised in a hitherto, unprecedented method
of enantiocontrolled desymmetrisation. A selection of meso-anhydrides were converted to
their corresponding hemiesters with reasonable levels of enantiocontrol. Reaction scope
was demonstrated with the promotion of a nucleophilic catalysis-mediated rearrangement
of O-acylated enolates as well as a nucleophilic catalysis-mediated Curtius rearrangement
to form synthetically useful products.
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Introduction

1. Introduction
1.1

Catalysis: Historical perspective

The first era of catalysis is inextricably linked to the inception of civilisation and the
production of alcohol by means of fermentation. Observations made during this time were
very sporadic in nature and little effort was made to explain these unusual phenomena. A
more systematic approach was adopted by Jӧns Jacob Berzelius who was able to fathom
the principal governing these natural phenomena and introduced the term “catalysis” in
1835.1
During this period it quickly became apparent that catalysis was of major importance in
most industrial processes; the reduction of reaction times and improvement of product
yields meant significant financial gains. The influence of catalysis was summed up nicely
by Wilhelm Ostawld when he stated “there is probably no chemical reaction which cannot
be influenced catalytically”.2
So what is a catalyst? And what role does it play in a catalytic transformation? A catalyst
can be defined as a substance (usually in substochiometric amounts) that alters the rate of
a chemical reaction without being consumed in the reaction itself.3 It usually enhances the
rate of product formation by lowering the reaction initiation barrier. The formed product
dissociates from the catalyst, in turn leaving the catalyst free to promote another reaction,
thereby creating a catalytic cycle.(Figure 1.1) 3

Figure 1.1

General catalytic cycle.
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To comprehend how a catalyst actually enhances the rate of a chemical reaction we need
to look more closely at the potential energy diagram. Figure 1.2 clearly demonstrates that

Figure 1.2

Potential energy diagram comparing the catalysed and uncatalysed
pathways

the catalytic pathway has a lower activation energy than the uncatalysed pathway. 4 The
transition state energy barrier is lower for a catalysed reaction than that of an uncatalysed
one. According to the Arrhenius equation (Equation 1.1) the rate constant (k) is inversely
proportional to the activation energy (Ea).4,5 Consequently, the catalysed reaction
possessing an activation energy lower than the uncatalysed one will have a faster reaction
rate.
𝑘 = 𝐴𝑒

−𝐸𝑎𝑐𝑡
𝑅𝑇

Equation 1.1 Arrhenius equation
Catalysts are extremely variable in structure and can be loosely branded as either
heterogenous or homogenous. Heterogenous catalysts operate in separate phases to the
reactants and their advantages are mainly associated with the ease of catalyst separation
from the product enabling continuous chemical processes.4 Homogenous catalysis refers
to reactions where the reactants and catalyst are in the same phase. Advantages associated
with homogenous catalysis are greater contact between reactants and catalyst which
normally means faster reaction rates. The disadvantages lie with the somewhat difficult
separation of product from catalyst.4
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Chirality: General remarks

Originally, the word chiral derives from the Greek cheir, which means ‘handedness’. The
IUPAC formal definition refers to chirality as follows: “the geometric property of a rigid
object (or special arrangement of points or atoms) as being non-superimposable on its
mirror image; such an object has no symmetry elements of the second kind (a mirror plane,
a centre of inversion, a rotation-reflection axis). If the object is superposable on its mirror
image the object is described as being achiral.6
Molecules can likewise have chirality; each non-superimposable mirror image of a specific
molecule is called an enantiomer. Enantiomers have indistinguishable chemical and
physical properties in an achiral environment the main distinction is their capacity to rotate
in plane-polarised light.7 The majority of chiral molecules in nature occur exclusively as
single enantiomers, a characteristic of paramount importance with regards to molecular
recognition and replication processes. Yet, racemic mixtures are produced in the absence
of a chiral directing template.7 The ability to selectively synthesise enantiopure molecules
is a much sought after methodology due to the salient medicinal and economic benefits. 8
Ethambutol (1), highlighted in Figure 1.3 is an example that illustrates the importance of
effectively synthesising enantiopure compounds. It can exists as a mixture of both the R
and S enantiomer.

Figure 1.3

Different enantiomers of the racemic drug ethambutol (rac)-1

Both of these enantiomers have vastly different pharmacological profiles. The S enantiomer
is used as an effective treatment for tuberculosis

9

while the R enantiomer can cause

blindness.9
1.3

Asymmetric synthesis: A diverse field

The need for enantiopure compounds has undergone an exponential surge in demand over
the past few decades.10 With this demand naturally came a period of intense research
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innovation which resulted in the fine-tuning of three different approaches for the synthesis
and separation of enantiopure molecules.10
The three approaches can be categorised as follows: (1) the resolution or separation of two
enantiomers from a racemic mixture using chemical, physical or enzymatic methods; (2)
the use of chiral starting materials readily available in nature (i.e. “chiral pool”) as starting
materials or chiral auxiliaries to induce chirality into the products; (3) asymmetric catalysis
to convert achiral starting materials into enantiopure products via reactions catalysed by
enzymes or chiral catalysts.
1.3.1 Kinetic resolution
Kinetic resolution (KR) involves the separation of a single enantiomer from a racemic
mixture via an interaction with a chiral reagent or catalyst to generate two diastereomeric
transition states.7 The major drawback associated with KR is the maximum theoretical yield
of 50% for either enantiomer. In some cases the unwanted enantiomer is deemed surplus to
requirements and will be discarded or racemised by means of chemical or enzymatic
reactions. Efforts to address this drawback have been made and now more efficient methods
of KR have been developed such as dynamic kinetic resolution (DKR) which in theory
allows the isolation of a highly enriched nonracemic product in 100% yield,11 if the starting
material can be racemised at an appropriate rate under the reaction conditions.
1.3.2 Chiral pool-based methodologies
Nature itself provides some enantiopure building blocks that belong to the “chiral pool’:
common examples include monosaccharides and amino acids. 12 This strategy is particularly
attractive if the product closely resembles the enantiopure starting material, otherwise,
laborious protecting and deprotecting chemistry as well as functional group
interconversions may be required to synthesise the desired product, where full
diastereocontrol is not guaranteed.9,13 Another deficiency attributed to the chiral pool is
linked to accessibility. Natural products are normally found in one particular configuration
consequently, the synthesis of compounds with configuration opposite to the natural one
presents an onerous task.
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Asymmetric catalysis

Asymmetric catalysis occurs when a catalyst imparts chiral information to a substrate.
These catalysts are extremely important in the field of asymmetric synthesis as there are
virtually no constraints in terms of their molecular design or the multitude of reactions they
can promote effectively.14 A typically well designed process utilises 0.1-20 mol% of
catalyst and allows both enantiomers of the product to be accessible through catalyst
modification. Perhaps the earliest example of asymmetric catalysis was the use of cinchona
alkaloids as catalysts for cyanohydrin formation in 1912. 15 Since then, the field of
asymmetric catalysis has demonstrated enormous potential 16–19 and now encompasses an
array of subdivisions such as enzyme based catalysis, metal based catalysis, and
organocatalysis.
1.3.3.1 Enzyme-based catalysis
Enzyme based catalysis is an exploitation of nature’s synthetic machinery. Advantages
associated with it often include very high product enantioselectivity, mild reaction
procedures and low environmental impact.20 The chemical industries are the main
proponents of this form of asymmetric catalysis

21,22

for the aforementioned reasons

although there are some drawbacks such as substrate scope. This requires the screening of
a large number of enzymes before an effective system is established. An example of the
power of enzyme-based catalysis is illustrated in (Scheme 1.1)

Scheme 1.1

Enzymatic desymmetrisation of triol 2 promoted by lipase AK Amano.

The enantioselective synthesis of the core system of the neocarzinostatin chromophore was
successfully completed via enzymatic desymmetrisation. Lipase AK (Amano) successfully
promoted the transesterification of meso 5-tert-butyldimethylsilyl-oxy-2-cyclopentene1,4-diol (2), furnishing monoester 3 in high yield and with virtual enantiopurity.23
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1.3.3.2 Metal-based catalysis
Metal-based catalysis holds a lofty position in the field of asymmetric catalysis. In 2010,
Akira Suzuki, Richard F. Heck and Ei-ichi Negishi were co-awarded the Nobel Prize in
Chemistry for their work on the development of new cross-coupling reactions promoted by
palladium catalysts.24 Their discoveries paved the way for the synthesis of complex
molecules required in medicine, electronic and agricultural industries.

Scheme 1.2

Asymmetric arylation of 2,3-dihydrofuran (4) with aryl triflates 5.25

The first example of an asymmetric intermolecular Heck reaction was documented by
Hayashi in 1991.25 The asymmetric arylation of 2,3-dihydrofuran 4 with aryl triflates 5
using a Pd/(R)-BINAP catalytic system 6 was achieved in good to excellent yield and
enantioselectivity (Scheme 1.2).
The major issues with metal-based catalytic methodologies are related to sensitivity and
toxicity. The need for strict anhydrous conditions on some ocassions can limit their use in
large scale pharmaceutical processes as well as considering the metal threshold values in
the products. An alternative approach which can circumvent these problems is the use of
organocatalysts.
1.3.3.3 Organocatalysis
The premise of utilising small organic molecules as catalysts for asymmetric syntheses has
historical precedent,15,26,27 however in the past twenty years organocatalysis has become an
exceedingly popular field highlighted by the increased volume of publications during that
time period (over 4143 publications, 1998-2017).28–34 This explosion of interest can be
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explained by the versatility and utility of organocatalysis as a field and its applications in a
vast number of asymmetric reactions.
The fundamental advantages of organocatalysis are associated with saving cost, and energy
as well as simpler experimental procedures. Rather than separating the fields of
organometallic and organocatalytic asymmetric synthesis, they should be viewed as
complementary. Where some (but certainly not all) organometallic systems suffer from
moisture and sensitivity issues, organocatalysis can be used as a viable alternative. Some
typical organocatalysts quinine (9), thioureas 10 and their associated advantages are
illustrated in Figure 1.4.

Figure 1.4

Typical organocatalysts (quinine and thioureas) and their associated
advantages.28

The first noteworthy work in organocatalysis was documented in the early 1970s by Eder,
Sauer and Wiechert,35 and Hajos and Parrish36 who independently disclosed that a catalytic
amount of (S)-proline (12) promoted the intramolecular aldol desymmetrative cyclisation
of triketone 11 to furnish 13 in high yields and with excellent enantioselectivity (Scheme
1.3).
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The Hajos-Parrish-Eder-Sauer-Wiechert reaction and the subsequent
transformation of product 13 to cortisone.

Organocatalysis is a method for performing a plethora of reactions such as as Michael
additions,37 cycloadditions,38 nucleophilic substitutions,39 and aldol reactions,40 to name
but a few. Each one of these reactions can potentially require different modes of activation
of the starting materials from various organocatalytic strategies, for instance enamine,41
iminium42 and phase-transfer catalysis43 which will be analysed in detail in the following
sections.
1.4

Phase-transfer catalysis (PTC): A brief history

The term ‘phase-transfer catalysis’ (PTC) was first introduced in 1971 by Starks to describe
the function of tetraalkylammonium or phosphonium salts (Q+X-) in reactions containing
substances positioned in two immiscible phases. 44 He observed only decomposition of the
starting materials during a SN2 reaction involving 1-chlorooctane (16) with aqueous sodium
cyanide (17) after two weeks. The addition of hexadecyltributylphosphonium bromide (19)
as a phase-transfer catalyst greatly enhanced the rate of this reaction (Scheme 1.4), which
was postulated to be due to the generation of quaternary phosphonium cyanide species
which enabled the cyanide anion to enter the organic solvent; subsequently enhancing its
nucleophilicity.
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Starks postulated mechanism for enhanced cyanide reactivity.

Although, the term PTC was introduced in 1971, it was not the first example of the catalytic
activity of quaternary onium salts;45,46 Makosza, Starks and Brändström, in the 1970s,
independently developed the underpinnings of PTC.47–49 Nowadays, PTC is seen as an
attractive synthetic methodology utilised in numerous fields of organic chemistry as well
as having applications in industry.50
1.4.1

Mode of action: Starks extraction mechanism

Despite its utility in organic synthesis the exact mechanism of PTC is still a subject of
debate.43 The first mechanism postulated was the Starks extraction mechanism represented
in Scheme 1.5. The phase-transfer catalyst (Q+X-) traverses the organic and aqueous phases.
An ion metathesis reaction between the onium salt B and the inorganic base A occurs in
the aqueous phase. This is followed by an extraction of the hydroxide into the organic
phase. The onium hydroxide C then abstracts a proton from the acidic organic compound
E to furnish the reactive intermediate D. The reactive intermediate D is now capable of
reacting with an organic soluble electrophile to furnish the requisite product with
concominant regeneration of the phase-transfer catalyst Q+X-.

Scheme 1.5

Starks extraction mechanism.
-9-
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This mechanism proved useful in explaining reactions with non-lipophilic catalysts,
however highly lipophilic catalysts would experience difficulty entering the aqueous phase.
The exceptional results obtained from the cyanide displacement reaction with a highly
lipophilic catalyst stimulated the search for an alternative hypothesis which involved a
halide-cyanide exchange at the interface between two immiscible phases (Scheme 1.6).51,52

Scheme 1.6

Modification of Starks extraction mechanism with halide-cyanide exchange
occurring at the interface.51

Although both of these mechanisms provided a satisfactory explanation to the enhanced
rate of the displacement reaction highlighted in Scheme 1.4, the extraction of the cyanide
salt from the aqueous phase to the organic phase still seemed an unlikely scenario. Makoza
postulated an entirely different, more complicated mechanism to address this problem. 53
1.4.1.1 Mode of action: Makoza interfacial mechanism
Makosza proposed deprotonation of a pro-nucleophile at the biphasic interface by the
inorganic base. The resulting anionic nucleophile, in the absence of a phase-transfer
catalyst is rendered immobile, unable to migrate into either the organic or aqueous phase
(Scheme 1.7, A).
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Generation of the anionic nucleophilic species at the interfacial region which
is unable to migrate into either phase without the aid of a of a phase-transfer
catalyst; proposed by Makosza (A); interfacial ion exchange between the
phase-transfer catalyst and the nucleophilic salt species (B)

The newly formed nucleophile, after interfacial exchange with the alkyl onium salt (Q + X), is now capable of migration into the organic phase when a phase-transfer agent is
introduced into the reaction. The resulting formed tight ion pair can now react with another
reagent (Scheme 1.7, B).
The phase-transfer catalyst, as opposed to the nucleophile could alternatively undergo ion
exchange in the interfacial region. The resulting formation of the alkyl onium hydroxide
species via interaction with the metal hydroxide would have insufficient lipophilicity to
enter the organic phase (Scheme 1.8, A). The interfacial region now accommodates both
the alkyl onium hydroxide species and the pro-nucleophile. Interaction of these two species
results in deprotonation of the pro-nucleophile and subsequent formation of an anionic
nucleophile-alkyl onium tight ion pair species (Q+R-) that is now capable of traversing into
the organic phase and reacting with an electrophile (Scheme 1.8, B).
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Alkyl onium hydroxide species formed by interfacial ion exchange between
the phase-transfer catalyst and the metal hydroxide has insufficient
lipophilicity to migrate into the organic phase (A); alkyl onium hydroxide
(Q+-OH) can generate an anionic nucleophile-alkyl onium pair species (Q+R) which traverses into the organic phase (B)

In conclusion, the extraction mechanism is a plausible mode of action for reactions using
water soluble anionic nucleophiles (e.g. -CN, -OCl). The nucleophile can be physically
extracted into the organic phase were reactions with hydrophobic reagents are now
possible. In contrast, the generation of the anionic nucleophilic species in situ (e.g. enolate
formation), likely proceeds according to the Makosza mechanism, contingent upon the
affinity of both the anionic nucleophile and the catalyst species for the organic phase. 43 A
very recent publication by Hamkalo and Makoza et al. in Feburary 2018 presented the first
unambigious evidence of the interfacial mechanism by direct observation of the formation
of carbanions in the interfacial region utilising a surface-sensitive spectroscopic method;
second-harmonic generation (SHG).54
1.4.2 PTC reaction rate matrix: influencing factors on reaction kinetics
As previously stated, the primary function of a phase-transfer catalyst is to enable reactions
between two or more reagents that would normally not be able to interact due to their
positioning in separate phases that may be solid or liquid in nature. The interaction of the
nucleophile-alkyl onium ion pair with the electrophile governs the phase-transfer process
as a whole and the rate of the process depends on this specific interaction as well as many
reversible ion-exchanges and migrations.55
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Two main processes can be discussed in an effort to simplify the reaction kinetics; 1) the
transfer of the nucleophile to the organic phase and 2) the intrinsic reaction. Starks believed
these two processes were co-dependant and devised a ‘reaction rate matrix’ to plot the
intrinsic reaction rate versus the transfer rate (Figure 1.5).50

Figure 1.5

Starks reaction rate matrix.

The selection of appropriate reaction conditions is dependant upon the understanding of
how the two aforementioned processes are intrinsically linked. The reaction rate matrix,
composed of four quadrants can be utilised to help select these reaction conditions. The fast
quadrant (top right, Figure 1.5) encompasses reactions where both the transfer rate and
intrinsic rate of reaction are high. Most phase-transfer catalysts will operate effectively
here. Conversely, the slow quadrant (bottom left, Figure 1.5) highlights reaction where both
steps suffer retardation. A common measure taken to address this issue is the use of two or
more phase-transfer catalysts. The remaining two quadrants incorporate an intrinsic ratelimiting step (bottom right, Figure 1.5) and a transfer rate-limiting step (top left, Figure
1.5), if reactions fall into either of these quadrants then physical changes to the reaction
such as rate of agitation, appropriate choice of solvent, catalyst modification and
temperature can greatly influence the reaction kinetics.
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1.4.3 Practical and environmental advantages of PTC
Phase-transfer catalysis technology has a very important role to play in the chemical
industry sector and is deployed in the manufacture of chemicals worth over €10 billion per
year in industries depicted in Figure 1.6.50

Figure 1.6

Commercial chemical production benefiting from phase-transfer catalysis.

The chemical industry views PTC as an attractive synthetic methodology due to its
operational simplicity, mild reaction conditions, inexpensive and environmentally benign
reagents and solvents and the possibility to perform large-scale preparations in process
chemistry.50
The reaction presented in Scheme 1.9 was reported by GE plastics in 1994.56 The use of
excess phosgene (19) was initially required in the synthesis polycarbonate due to
deleterious hydrolysis when triethylamine was deployed as a catalyst. In an attempt to
circumvent this problem, the phase-transfer catalyst (tetrabutyl ammonium hydroxide) was
shown to significantly reduce the amount of excess phosgene required, which drastically
improved the reaction from an environmental standpoint.
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Reduction of excess phosgene required for synthesis of polycarbonate.

A multitude of asymmetric transformations are also possible using chiral phase-transfer
catalysts, with the added benefit of not requiring strictly anhydrous conditions. 43,57
1.4.4

Asymmetric phase-transfer catalysis (APTC)

Two systems have been proposed to explain the mechanistic aspects of APTC. One system
involves the functionalisation of active methylene or methine groups, normally under basic
conditions via the Makoza interfacial mechanism .58

Scheme 1.10 Representative mechanism for the asymmetric alkylation of active
methylene compounds, with a glycine Schiff base used as an example
(Makoza interfacial mechanism).
As represented in Scheme 1.10, the initial step in the alkylation is the interfacial
deprotonation of the α-proton of 22 with base (MOH) to furnish the corresponding metal
enolate 23, which remains at the interface. Successive ion-exchange of the anion with the
catalyst (Q*+X-) furnishes a lipophilic chiral onium enolate 24. This step results in the
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enolate travelling into the organic phase enabling subsequent reaction with the alkyl halide
to afford the monoalkylated product 25, with concomitant regeneration of the catalyst. The
success of this reaction is dependent upon the propensity of the chiral onium species to
undergo ion- exchange, thereby generating the chiral onium enolate 24, and its ability to
shield one of the two enantiotopic faces of the enolate anion.
Another under-examined mechanism of APTC involves the nucleophilic addition of either
an organic or inorganic anion lacking a prochiral centre to prochiral electrophiles. The
Starks extraction mechanism is operative in this process. (Scheme 1.11).44

Scheme 1.11 Asymmetric epoxidation of α,β-unsaturated ketones promoted by chiral
PTC (Starks extraction mechanism).59
The anion in this reaction can either be an aqueous solution or derived from an inorganic
salt and can readily traverse into the organic layer after ion-exchange with the phasetransfer catalyst. The newly formed chiral ion pair can react with the prochiral electrophile
26 with subsequent formation of an epoxide 27, bearing a new stereogenic centre.59
1.4.5 Seminal APTC studies
In 1976, Wynberg et al. carried out an epoxidation of chalcones utilising a chiral, nonracemic, quinine-based, quaternary ammonium salt. The levels of enantiocontrol obtained
were relatively low (25% ee), nonetheless, this represented the first example of asymmetric
phase-transfer catalysis in the literature.60 In 1984 Dolling et al. reported the alkylation of
active methylene compounds in excellent yields of 95% and product enantioselectivities of
up to 92% ee.61 This was the first example of cinchona-derived ammonium salts facilitating
a highly enantioselective reaction (Scheme 1.12).
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The presence of an electron-withdrawing moiety on the para position of the N-benzyl unit
attached to the cinchona-derived ammonium catalyst was postulated to be of great
importance with regards to the enantioselective outcome of the reaction. This hypothesis
was strengthened when catalyst 31, lacking the aforementioned electron-withdrawing
functionality, was deployed in the same reaction. Product enantioselectivities dropped to
as low as 25% ee (Scheme 1.12).61

Scheme 1.12 Asymmetric phase-transfer catalysed alkylation of indanone derivative 28.43
In this detailed publication a rationale for the enolate and catalyst interaction was also
proposed. The enolate formed from 28 associates with the catalyst via ionic interactions
between the positively charged nitrogen atom and the negatively charged enolate ion, πstacking interactions between the aromatic systems are involved and a hydrogen bond
interaction between the OH group on catalyst 30 and the oxygen atom of the enolate is also
postulated to be contributory (Figure 1.7). These interactions all combine to give a pretransition state assembly where the Si-face of the enolate is blocked by the catalyst,
ultimately resulting in the reaction with MeCl occurring exclusively at the Re-face.

Figure 1.7

Pre-transition state for APTC alkylation proposed by Dolling et. al.61
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In 1989 O’Donnell and co-workers reported the first asymmetric synthesis of α-amino acids
using PTC following alkylation of the tert-butyl ester glycine Schiff base 20, using Nbenzyl chinchonium chloride (31) as a phase-transfer catalyst (Scheme 1.13).62

Scheme 1.13 Asymmetric synthesis of protected α-amino acids by alkylation of the tertbutyl ester glycine Schiff base 22.62,63
This reaction is often referred as the benchmark transformation for the evaluation of
catalytic activity of phase-transfer catalysts, as either enantiomer of the protected amino
acid is readily accessible simply by switching the cinchonidine-derived catalyst 33 with its
pseudo-enantiomer 34. A single recrystallisation can also yield virtually enantiopure
alkylated product 32.62
1.4.6 Early catalyst developments for the alkylation of the tert-butyl ester glycine
Schiff base
The unprecedented research carried out by Dolling and O’Donnell paved the way for the
development of a myriad of new catalyst structures capable of promoting the benzylation
of the tert-butyl ester glycine Schiff base 22. O’Donnell et al. developed the hydroxylprotected analogue of the cinchonidinium salt (catalyst 33, Scheme 1.14) which enhanced
product enantioselectivity to 81% ee. Further studies attempting to explain the
stereochemical outcome of the reaction were also carried out and will be discussed in
greater detail in the proceeding Sections.
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Scheme 1.14 Catalyst development by O’Donnell, Lygo and Corey for the alkylation of
the tert-butyl ester glycine Schiff base 22.59,62,64
The next significant breakthrough with regards to catalyst development came in 1997 when
Lygo et al.59 and Corey et al. 64 independently developed a new class of cinchona alkaloid
derived catalysts bearing an N-anthracenylmethyl group (catalysts 35-38, Scheme 1.14).
The synthesis of α-amino acids could now be achieved with much higher enantioselectivity,
with catalyst 36 and 37 promoting the reaction with 89% ee and 91% ee respectively.
Corey’s O-allyl-N-anthracenylmethyl chinconidinium salt 38 also facilitated high
asymmetric induction of 94% ee (Scheme 1.14).
In 1999 Marouka’s aim was to develop a new family of catalysts to address the lack of
structural diversity that at that time existed with all of the aforementioned elaborated chiral
phase-transfer catalysts. The structural motif was limited to cinchona alkaloid-derived
catalysts, which presented difficulties in rationally designing and fine-tuning catalysts.
Maruoka therefore developed a new class of structurally rigid, chiral spiroammonium salts
(e.g. catalyst 37, Scheme 1.15), synthesised from readily available (S)- or (R)-1,1'-bi-2naphthol (BINOL).65 These new phase-transfer catalysts proved very effective and efficient
in the benzylation of 20 with enantioselectivities as high as 99% achieved with as little as
1 mol% of catalyst.65
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Scheme 1.15 Catalyst development by Marouka for the alkylation of the tert-butyl ester
glycine Schiff base 22.
A catalyst screen was carried out and the enantiofacial discrimination was attributed to the
effect of an aromatic substituent at the 3,3’-position of one of the binaphthyl subunits of
the catalyst. The conformation of the E-enolate of tert-butyl glycinate-benzophenone Schiff
base 22 is conducive to binding in the molecular pocket of the chiral catalyst 41, which
renders the si-face of the enolate inaccessible due to shielding by the binaphthyl and the βnaphthyl moieties. Ergo, alkyl halides could only position themselves at the re-face of the
enolate, producing the R isomer 25.65 An added advantage of this family of catalysts is the
availability of both enantiomers of 39, which enables the synthesis of a wide range of
natural and unnatural α-amino acids.
In 2002, Jew and Park et al. carried out a systematic study to investigate the role of the
electronics in cinchona alkaloid-type phase-transfer catalysts.66 Previous studies
determined the importance of the ion pair of the quaternary ammonium cation and the
anionic substrate for securing high enantioselectivity.59,61–65,67 It was therefore reasoned
that the electronic characteristics of the N(1)- substituents may also have an influential role
with the level of chiral induction.
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Scheme 1.16 Evaluation of various fluorine substituted catalysts of type 44 for the
alkylation of the tert-butyl ester glycine Schiff base 22.66
Evaluation of the effect of electron-withdrawing groups on the benzylic unit of catalyst 44
(Scheme 1.16) quickly indicated that an ortho-fluoro substituent was imperative for high
enantioselectivity. Further investigation of the electronic parameters resulted in the
development of catalyst 44e, consisting of 2’,3’,4’-trifluorobenzyl group, which promoted
the reaction with an impressive ee of 96% (Scheme 1.16).43,66
Further investigations regarding electronic factors were carried out by the same group in
2005.68 In this seminal publication cinchona alkaloid derived quaternary ammonium salts
bearing 2’-N-oxypyridine 46 and cyanobenzene 47 moieties were synthesised and
evaluated as phase-transfer catalysts in the same benchmark reaction (Scheme 1.17). It was
postulated that hydrogen-bonding effects of the electronic functional groups may have a
role to play in determining enantioselectivity. 69
The

N-1-oxypyridin-2ylmethyl-

cinchonidinium

catalyst

45b,

N-cyanobenzyl-

cinchonidinium catalyst 45d, and the reference catalysts 45a and 45c were synthesised and
tested. The results supported the postulate that hydrogen bond-accepting ability of the
electronic functional groups may have a role to play in determining enantioselectivity, with
catalysts 45b (90% ee) and 45d (92% ee) capable of promoting the reaction with
comparable enantiocontrol to that of the ortho fluoro substituted catalyst 44b. The reference
catalysts 45a and 45c lacking the hydrogen bond-accepting functionality imparted
diminished enantiocontrol (61% ee, 75% ee respectively), to further strengthen this
hypothesis (Scheme 1.17).68
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Scheme 1.17 Further catalyst development by Park and Jew et al. exploring hydrogen
bond-accepting effects of electronic functional groups on enantioselectivity
for the alkylation of the tert-butyl ester glycine Schiff base 22.43
The results support the hypothesis that 2’-F, 2’-N-oxy, and 2’-CN groups might play an
important role by enhancing the rigidity of the catalyst conformation via coordination with
H2O through hydrogen bonding (Figure 1.8), subsequently leading to higher
enantioselectivity. The O-allyl derivatives, 46 and 47, were also found to be highly
efficacious electronically-modified cinchona alkaloid derived phase-transfer catalysts.

Figure 1.8

Coordination of H2O via hydrogen bonding to give more rigid conformation.
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1.4.6.1 Stereochemical considerations regarding enantiofacial discrimination in the
alkylation of tert-butyl ester glycine Schiff base
The alkylation of the benzophenone imine 22 is the benchmark reaction with regards to
catalyst design in the field of asymmetric phase-transfer catalysis. Accordingly, in the last
two decades, several research groups have tried to develop a model accounting for the
origin of the observed enantiofacial discrimination promoted by N-anthracenylmethyl
substituted catalysts.57,70,71 It is generally accepted that the quaternary ammonium ion of
these catalysts can be envisioned at the centre of an imaginary tetrahedron composed of the
four carbon atoms adjacent to the bridgehead nitrogen atom.

Figure 1.9

Quaternary ammonium ion envisioned at the centre of an imaginary
tetrahedron; faces F1 to F3 are not accessible to the enolate of reagent 22 due
to steric hindrance while F4 allows for ionic interactions between the enolate
and the ammonium cation.

Corey et al.64 postulated that a stereoselective reaction could be achieved when the
cinchonidinium phase-transfer catalyst effectively shields three faces (F1-F3) of the
imaginary tetrahedron, thereby leaving only one face, (F4) sufficiently open to enable
interaction between the enolate anion and the ammonium cation of the catalyst. The re-face
of the E-enolate is effectively shielded by the quinoline ring of the catalyst, therefore
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electrophile approach towards the si-face is the only feasible outcome, furnishing the Sform of 25.71
The higher enantioselectivities observed for the benchmark alkylation reaction promoted
by N-anthracenylmethyl catalysts compared with the N-benzyl counterparts was also
attributed to the highly organised transition state generated by the fixed orientation of the
anthracenylmethyl group, and the specific ion-pairing, enabling the close contact of the
enolate oxygen with the sterically least encumbered face of the phase-transfer catalyst.64
Studies conducted by Reetz documented the affinity of α-methylene hydrogen atoms of the
tetraalkylammonium ion to form hydrogen bonds with the basic oxygen atoms of
enolates.72,73 MO calculations of (CH3)4N+ also proffered evidence proving that the positive
charge of tetraalkyl ammonium cations is delocalised onto the adjacent α-carbon atoms (A,
Figure 10) whereas representation B (Figure 10) while easy to draw, is in fact misleading.
This charge distribution is consistent with stabilising hydrogen bonds, between the
hydrogen atoms bound to the α-carbon atoms and enolate derivatives, which are observed
in several X-ray structures of quaternary ammonium-enolate ion pairs.72

Figure 10

Positive charge of tetraalkylammonium ion is delocalised onto the carbon
and hydrogen atoms A. Misleading representation often portrayed in the
literature due to ease of drawing B.

1.4.6.2 Further catalyst development: moving away from cinchona alkaloids
In 2002 the only non-cinchona alkaloid derived family of catalysts available for the phasetransfer catalysed benzylation of tert-butyl ester glycine Schiff base 22 were Maruoka’s
(BINOL) derivatives (catalysts 39-43, Scheme 1.15). Maruoka realised the limitations of
his catalyst design due to the necessity of two different chiral binaphthyl moieties. He
therefore elected to synthesis a novel class of C2-symmetric chiral quaternary ammonium
bromides (i.e. 48, Figure 1.11) with an achiral, conformationally flexible biphenyl
subunit.74
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Selection of structurally diverse phase-transfer catalysts evaluated in the
benzylation of tert-butyl ester glycine Schiff base 22.43,57

The benzylation of 22 was achieved in 95% yield and 92% ee utilising catalyst 48. This
high level of enantiocontrol was accredited to the substantial disparity in the catalytic
activity between the rapidly equilibrated, diastereomeric homo- and heterochiral
catalysts.74
Maruoka et al. also developed catalyst 49 (Figure 1.11) with a symmetrical N-spiro unit in
an effort to circumvent the laborious synthesis of two disparate binaphthyl-modified
subunits. Evaluation of 49 rendered (R)-32 in 87% yield and 97% ee.75
The rigidity of the binaphthyl moiety was still a cause of concern for Maruoka et al. which
inspired them to design catalysts 50 and 51 (Figure 1.11) endowed with flexible straightchain alkyl groups. These catalysts proved highly active and were able to promote the
reaction with as little as 0.01 mol% of catalyst whilst not diminishing the enantioselectivity.
Enantioselectivities of 97% and 96% were obtained respectively.76,77

- 25 -

Chapter 1

Introduction

In 2002 Nagasawa et al. reported the design of a new family of PTCs based on the guanidine
group.78 Guanidine’s inherent ability to function as a strong neutral base,79 that can form
stabilised complex salts with anionic compounds through hydrogen bonding rendered it a
suitable structure for phase-transfer catalysis. Catalyst 52 (Figure 1.11) was developed and
efficiently promoted the benzylation of 22 with a yield of 90% and 81% ee.
Takabe, Mase et al. synthesised the C3-symmetric amine-based chiral PTC 53 (Figure 1.11)
and tested its efficiency in the asymmetric benzylation of 22. Moderate yields and
enantioselectivities were obtained (55% yield, 58% ee).80 The levels of asymmetric
induction were ascribed to the hydrogen bonding interaction between the hydroxyl groups
of the catalyst and the nitrogen atom of the Z-enolate in the conjectured nine-membered
cyclic ionic intermediate. (Figure 1.12)

Figure 1.12

Proposed nine-membered cyclic ion pair in C3-symmetric amine-based
PTC.80

Howard-Jones et al. also synthesised several tetracyclic C2-symmetric guanidinium salts,
of which 54 (Figure 1.11), incorporating a -BF4 counterion, proved to be the most efficient
in promoting the asymmetric benzylation of the glycinate Schiff base 22, yielding the
desired product (R)-32 in nearly quantitative yield and 86% ee.81
Itoh et al. developed a novel class of α,α’-disubstituted chiral pyrrolidinium salts with
stereogenic centres adjacent to the quaternary ammonium nitrogen atom (55, Figure
1.11).82 His main goal was to develop a PTC with a relatively simple structure and still
retain the efficacy and efficiency of previous catalyst families. Unfortunately, catalyst 55
could only promote the benzylation of 22 with an unimpressive yield of 25% with poor
level of asymmetric induction (24% ee).
Denmark and co-workers made a significant contribution to the field of phase-transfer
catalysis with the synthesis of novel quaternary ammonium salts of type 56 (Figure 1.11).
His synthetic strategy incorporated the use of parallel synthesis and yielded more than 160
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new catalyst structures due to the variability of four different groups (R1, R2, R3 and R4, 56,
Figure 1.11).83,84 These catalysts exhibited a wide-range of activity but suffered from
impaired enantioselectivities. Catalyst 57 (Figure 1.11) promoted the benzylation of 22
with a moderate enantioselectivity of 62% ee. Although the levels of asymmetric induction
were not synthetically useful, the substantial new catalyst library served as design criteria
for subsequent development of catalytic, enantioselective systems lacking APTC variants.
Lygo et al. constructed a family of quaternary ammonium salts (i.e. 58, Figure 1.11)
utilising the commercial availability of chiral secondary amines and an catalogue of
conformationally flexible biphenyl units.85 After evaluating the performance of the newly
synthesised catalysts, 58 was determined to be the superior promoter in the asymmetric
benzylation of 22 (89% yield, 97% ee).86
1.4.7

Cinchona alkaloids: A privileged scaffold in asymmetric synthesis

Cinchona alkaloids are a family of approximately thirty alkaloids, extracted from the bark
of a tree known as Cinchona officinalis. The major constituents present in the extract
obtained from the bark of the cinchona tree are quinine (QN-57), cinchonidine (CD-58),
quinidine (QD-59) and cinchonine (CN-60) (Figure 1.13), which are small but relatively
complex molecules.

Figure 1.13

Parent alkaloids

They contain 5 stereogenic centres (N-1, C-3, C-4, C-8 and C-9) with three (N-1, C-3 and
C-4) having identical absolute configuration in all cinchona alkaloids. C-8 and C-9 have
opposite absolute configurations in QN and QD. It is postulated that the C-8 and C-9
stereocentres are responsible for asymmetric induction, therefore QN and QD, but also CD
and CN, are described as pairs of pseudo-enantiomers.87 This pseudo-enantiomerism
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renders cinchona alkaloids as very attractive organocatalysts as both enantiomers of the
desired product are accessible.
1.4.7.1 Cinchona alkaloid derived PTCs: in profundum
Drawing inspiration from the Sharpless dihydroxylation reaction which used ligands with
two independent cinchona alkaloid units attached to a spacer,19 a series of di and trimeric
phase-transfer catalysts were designed by Jew and Park et al.88,89 Catalysts 61 and 62 were
two of the more effective catalysts evaluated in the benzylation of 20 (Scheme 1.18).

Scheme 1.18 Asymmetric phase-transfer catalysed alkylation using dimeric (63) and
trimeric (64) chincodinium PTCs.
The efficiency of catalyst 63 was not limited to the benzylation of tert-butyl ester glycine
Schiff base 22, as demonstrated by the total synthesis of Kurasoin B (68) completed by the
Andrus group in 2009 (Scheme 1.19).90 In this reaction a highly enantioselective alkylation
of an acylimadazole substrate 65 with N-Boc-2-bromomethylindole (66) was promoted by
63 to afford the intermediate 67 (98%, 99% ee) which could be further manipulated to
Kurasoin B (68) in seven steps with an overall yield of 47% and 99% ee.
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Scheme 1.19 Phase transfer catalysed total synthesis of Kurasoin B.
Various other reactions can also be performed with a high degree of enantioselectivity using
phase-transfer conditions. The Michael addition of 28 with methyl vinyl ketone (69) can
be promoted by catalyst 30 to furnish the diketone 70 in 95% yield and 80% ee (Scheme
1.20).91

Scheme 1.20 Asymmetric Michael addition of indanone derivative 28 to MVK carried out
by Merck research group, catalysed by a phase-transfer catalyst 30.91
Arai, Hasegawa and Nishida explored the asymmetric aldol reaction between tert-butyl
diazoacetate and various aldehydes with 37 as the catalyst. Low temperatures of -40 oC and
a 50% aqueous solution of RbOH as the base were required for good levels of asymmetric
induction (Scheme 1.21).92

- 29 -

Chapter 1

Introduction

Scheme 1.21 Asymmetric aldol reaction of diazoesters and aldehydes catalysed by a
phase-transfer catalyst.
The electronic properties of the substituents on the benzene ring of the aldehyde proved to
have a major influence on the levels of achievable enantioselectivity. This methodology
also proved to be robust in handling the reaction of diazoesters and aliphatic aldehydes.
Bernardi93 and Palomo94,95 independently reported a phase-transfer catalysed aza-Henry
reaction. Palomo’s version, depicted in Scheme 1.22 used α-amido sulfones 74 to generate
reactive N-carbamolyimines in situ. Structural modifications to the catalyst highlighted the
necessity of the unprotected hydroxyl group at the C-9 position of 76 for high levels of
enantiocontrol (99% ee). Catalyst analogues without hydrogen-bond donating capability at
this position proved inferior.

Scheme 1.22 Asymmetric aza-Henry reaction catalysed quininium derivative 76.
Bernardi, Marianacci and co-workers documented the enantiocontrolled Mannich reaction
of β-ketoester 77 with in situ generated N-Boc imines catalysed by 79. It was postulated
that the reaction proceeds via the formation of an imine from the α-amido sulfone, followed
by deprotonation of 77 leading to the formation a chiral ion pair with 79 which adds in an
enantioselective manner to the imine (Scheme 1.23).96
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Scheme 1.23 Asymmetric Mannich reaction reported by Bernardi, Ricci et al.96
Herrera, Ricci et al. reported the use of acetone cyanohydrin (80) as a source of cyanide in
the phase-transfer catalysed asymmetric Strecker reaction promoted by catalyst 83. The
formation of α-amino nitriles was achieved in high yield and excellent ee (Scheme 1.24,
85%, 88% ee).97 The Strecker reaction represents the oldest known synthesis for the
preparation of α-amino acids in an economical manner. Asymmetric variants previously
suffered from having to use anhydrous HCN which became problematic during large-scale
applications. Herrera and co-workers hoped to address this problem by using cyanohydrins
as the source of CN-. A structure-activity relationship study was carried out on the catalyst,
which highlighted the indispensability of the free hydroxyl group at C-9. Indeed, catalyst
variants with a protected hydroxyl group promoted reactions which produced racemic
mixtures. The electron withdrawing CF3 group at the ortho position of the N-benzyl unit
was also deemed to be a necessity with para substitution yielding a significantly less
optically pure product (16% ee).

Scheme 1.24 Asymmetric Strecker reaction promoted by catalyst 83.
Gilmour et al. proposed that the fluorine atom at the C-9 position of catalyst 87 (Scheme
1.25)98 imposed rotational restrictions on the possible conformations the cinchona alkaloid
could adopt. The electrophilic fluorination of indanone derivatives using Nfluorobenzenesulfonimide (NFSI) as fluorinating agent was the reaction selected to test the
capabilities of the newly synthesised fluorinated cinchona alkaloid-derived organocatalysts
(Scheme 1.25).
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Scheme 1.25 Asymmetric fluorination of β-keto ester.
Intriguingly, catalyst 87 successfully promoted the enantioselective fluorination of
indanone 84 in a moderately high product yield (i.e. 88%) and with a good degree of
enantiocontrol (i.e. 80% ee) which surpassed results previously reported by Kim and Park,99
who utilised hydroxy protected cinchona alkaloid-based phase-transfer catalysts. Catalyst
87 also proved to be superior than the analogous cinchona alkaloid-based phase-transfer
catalysts, bearing an anthracenylmethyl group at N-1 position, which imparted lower levels
of product ee.100
The structures of cinchona alkaloid based PTCs have undergone structural modifications
since the seminal report by Dolling et al. detailing the use of a first generation PTC.61
Functionalisation of the C-9 hydroxyl group and quaternisation of the bridgehead nitrogen
have been the main structural permutations (Scheme 1.12, Scheme 1.14, vide supra).59,61,64
In 2014, (thirty years since Dolling’s seminal study on asymmetric phase-transfer catalysis)
the group led by Yasuda at Merck, reported the synthesis and evaluation of a new class of
cinchona-based phase-transfer catalyst capable of promoting the construction of a
quaternary stereocentre following an enantioselective intramolecular alkylation reaction. 101
The new catalyst structure consisted of a N,N’-disubstituted cinchona alkaloid wherein both
the quinuclidine nitrogen (N) and the quinoline nitrogen (N’) were quaternised. The newly
synthesised catalyst 90 effectively promoted the reaction and furnished the product in
excellent yield and enantioselectivity (i.e. 88%, 99% ee) in 3 hours with catalyst loadings
as low as 0.3 mol% (Scheme 1.26).
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Scheme 1.26 Asymmetric spirocyclization with new class of doubly quaternised cinchona
based phase-transfer catalysts.
Application of the previous generations of PTC in a small scale reaction also rendered
appreciable levels of enantiocontrol. However, upon reaction scale up these levels
diminished (92% ee to 58% ee), coupled with negative impact on conversion (100% to
80%). Xiang and Yasuda postulated, after extensive spectroscopic analysis, that the
discrepancy in results was due to several impurities now present in the catalyst. These
impurities were hypothesised to have been generated during the preparation of of the
original catalyst, by over-alkylation of the cinchona alkaloid. Spectroscopic analysis
supported a quaternised quinoline nitrogen, therefore, the independent synthesis of a
doubly-quaternised phase-transfer catalyst with the requisite electrophile circumvented this
problem.
In 2017 Houk et al. published a detailed article outlining how density functional theory
(DFT) calculations could be utilised to elucidate the stereochemical rationale in
intramolecular alkylations by N,N’-disubsttuted cinchona alkaloids such as 90.102 Their
findings confirmed some the previous postulates of Dolling61 and Pliego103,104 that the
interaction of the C9-hydroxyl group with the enolate oxygen is important, but he also
verified that the cinchona alkaloid does not act as a steric shield, as Dolling proposed, but
instead stabilises the transition structure by electrostatic interactions with the leaving
chloride ion (Figure 1.14). Houk et al. also established that two more interactions are
required to achieve high enantioselectivity: a chloride−CH interaction associated with the
the leaving group, and a π-π stacking interaction between the pyridine ring of the substrate
and the chiral catalyst (Figure 1.14). The incorporation of the counterion was of paramount
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importance when modelling ion-pair catalysts to predict accurate selectivities. Perhaps
most importantly, Houk’s calculations confirmed that catalyst distortion is responsible for
the differences in energy between the transitions states of the reaction and that substrate
choice is important to ensure favourable electrostatic interactions.

Figure 1.14

Lowest energy pre-transition state assembly for the spirocyclisation reaction
calculated by Houk et al.102

1.4.8 Bifunctional organocatalysts based on the cinchona alkaloid scaffold
In 1981, Wynberg and Hiemstra published a landmark paper highlighting the ability of
cinchona alkaloids to promote the enantioselective addition of thiophenols to cyclic
enones.105 Although the enantioselectivities attained were modest, it was the recognition
that the catalysts were operating in a bifunctional manner making this a remarkable
publication. The authors stated that the catalyst activity and selectivity were dependant on
the presence of both a basic tertiary amine moiety (which deprotonates the thiol
pronucleophile) as well as a hydrogen bond donating hydroxyl group (which activates the
enone electrophile) in a stereochemical arrangement coducive to their congruity in the
reaction transition state. His foresight at the end of the publication predicted the necessary
course of action required to further explore the field of bifunctional organocatalysis “the
scope of the utility of hydroxy amines can perhaps be extended by constructing a catalyst
containing a stronger base or a better hydrogen bond donor. Not only are hydroxy amines
capable of exerting bifunctional catalysis but also other combinations of functional groups
can in principle exhibit such behaviour.”
It was perhaps surprising that it took over twenty years for the eventual acknowledgement
of Wynberg’s assertation and accordingly, Takemoto and co-workers developed a 1,2trans-cyclo-hexyldiamine-derived thiourea catalyst 91 (Figure 1.15),106 which represented
a logical extension of Curran,107 Jacobsen,108 and Schreiner’s109 ideas by incorporation of
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a bifunctionality design element. This catalyst was successfully deployed in the Michael
addition of dimethylmalonate to nitroalkanes under mild reaction conditions.106 Catalyst
analogues bereft of either the amine or thiourea component were also evaluated in the same
reaction and ultimately gave inferior results.

Figure 1.15

Takemoto’s bifunctional catalyst with Lewis acidic thiourea moiety and
basic amine functionality.

In response to Takemoto’s bifunctional catalyst, the development of (thio)urea-substituted
cinchona alkaloid catalysts was achieved by four independent research groups almost
simultaneously.37,110–112 An advantage associated with this strategy is the relative ease at
which the C-9 stereocenter can be inverted to determine the effect of relative
stereochemistry on the stereochemical outcome of the reaction.
The first of these four reports was published by Chen et al.110 who discovered that the
thiourea substituted cinchonidine and cinchonine-derived catalysts 95 and 96 were capable
of performing a enantioselective Michael addition of thiols to ,-unsaturated imides albeit
with poor enantiocontrol (Scheme 1.27).
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Scheme 1.27 The first report of thiourea-substituted cinchona alkaloid bifunctional
catalysts by Chen et al.
Soόs et al. were next to develop a range of thiourea-substituted quine/quinidine-derived
catalysts 99-102 for the asymmetric addition of nitromethane (73) to chalcones (i.e. 97).111
The catalysts were selectively synthesised to investigate the optimal relative
stereochemistry at C-8 and C-9. (Scheme 1.28)

Scheme 1.28 Addition of nitromethanes to chalcones catalysed by thiourea substituted
cinchona alkaloids reported by Soόs et al.
Surprisingly, organocatalyst 100- the thiourea derivative of quinine with natural
stereochemistry- completely failed to promote the reaction, whilst its epimers 99 and 102
furnished the desired product 98 in moderate to good yields and high enantioselectivity
(Scheme 1.28). The relationship between catalyst activity and the relative stereochemistry
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of each catalyst strengthened the premise that bifunctional catalysis was the modus
operandum.
Shortly afterwards, Connon et al.37 and Dixon et al.112 almost simultaneously reported the
use of these catalysts for the Michael addition of dimethyl malonate (103) to nitroolefins
such as 104. Our group deemed that the configuration at C-9 of dehydroquinine derivatives
was an important aspect with regards to catalyst performance, and reported increased
enantioselectivity when the urea moiety at C-9 was replaced with the more Lewis acidic
thiourea. Subsequent investigation revealed that epi-dehydroquinine-derived thiourea
catalyst 102 in loadings as low as 0.5 mol% could promote the Michael reaction furnishing
adduct 105 in high yields and excellent enantioselectivities (Scheme 1.29, A).
Concurrently, Dixon et al. assessed a suite of catalysts all bearing different hydrogen bond
donating moieties and quickly determined the thiourea motif to be the most effective. This
resulted in the synthesis of epi-cinchonine-derived thiourea catalyst 101, and when used at
10 mol% loading could afford Michael adduct 105 with yields and enantioselectivity
comparable to those obtained by Connon et al., albeit with inverted absolute configurations
(Scheme 1.29, B).

Scheme 1.29 Michael addition of dimethyl malonate to nitroolefins promoted by thiourea
cinchona catalyst reported by Connon et al. (A) and Dixon et al. (B).
9-epi-cinchona alkaloids bearing a (thio)urea moiety on C-9 now hold a revered position in
the organocatalytic chemist’s toolbox due to their applicability in a multitude of 1,4- or 1,2asymmetric additions of acidic pronucleophiles to a wide range of substrates. Two
extensive reviews have documented their considerable utility and applications.32,33 The
core cinchona alkaloid structure has also undergone various modifications at a variety of
positions in an effort to explore its catalytic activity. The C-5, C-6 and C-9 substitutions
are among the most common which resulted in the development of novel catalyst structures
capable of promoting a range of transformations such as the Diels-alder113 and Henry
reaction.114
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1.4.8.1 C-2’ modifications
The enhancement of the catalytic performance of cinchona alkaloids is also possible via the
modification of their carbon skeleton at the C-2’ position. The addition of alkyl and aryl
groups at C-2’ has been reported in various studies115–118 and the introduction of a halogen
atom was also explored.119 The substitution at C-2’ alters the steric and electronic properties
of cinchona alkaloids, leading to interference with the conformational equilibria of these
species in solution. The proximity of the installed group to the nitrogen atom of the
quinoline moiety in space, can also result in the retardation of its reactivity as a nucleophile
due to steric hinderance.
Gaunt et al. were the first to use a C-2’ modified cinchona alkaloid as a catalyst for the
promotion of the asymmetric cycloproanation of alkenyl chloroketones 106. Initial
investigations using the quinine derived catalyst 108 furnished products with excellent
enantioselectivities but less than impressive yields, which were not ameliorated upon
optimisation of reaction conditions (Scheme 1.30). The author speculated that the
unsatisfactory yields were due to the alkylation of the quinoline nitrogen atom with 106. In
an attempt to increase the reactivity of the catalyst a methyl group was installed at the C-2’
position of the cinchona skeleton- furnishing 109 - hoping that it would act as a steric shield
which would impair the nucleophilicity of the quinoline nitrogen atom. Its use led to
excellent enantioselectivities and improved yields (Scheme 1.30).

Scheme 1.30 Asymmetric intramolecular cyclopropanation promoted by C-2’ modified
catalyst 109.
1.4.8.2 C-9 squaramide substitution
A relatively recent addition to the family of cinchona-based bifunctional organocatalysts is
the substitution of the (thio)urea moiety for a squaramide functionality. The first example
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of this novel catalyst structure 112 was presented by Rawal and co-workers in 2008.120 The
efficiency of 112 was determined in the Michael addition reaction of 2,4-dicarbonyl
compounds such as 110 to nitroolefin 104. Formation of adduct 111 proceeded in high yield
with excellent levels of enantiocontrol and catalyst loadings as low as 0.5 mol% (Scheme
1.31).

Scheme 1.31 Novel squaramide based cinchona alkaloid 112 promoting Michael addition
reaction.
The excellent catalytic activity displayed by catalyst 112, inspired several research groups
to design new squaramide-based cinchona alkaloid-derived bifunctional catalysts, which
have recently found extensive use in a number of different reactions.117,118,121,122
1.4.9

(Thio)urea and amide derived bifunctional phase-transfer catalysts

In 2010 Lassaletta et al. carried out the unprecedented cyanosilylation of nitroalkenes using
a novel thiourea/tetraalkylammonium bifunctional catalyst. 123 Initial investigations were
carried out using cinchona alkaloids as the scaffold, which resulted in low conversions and
selectivities coupled with partial polymerisation of the nitroalkene. Switching to ‘classical’
thiourea based bifunctional catalysts improved the selectivity of the reaction but low
conversion -after two day reactions- still remined a problem. Taking inspiration from a
Maruoka publication documenting the cyanosilylation of nitroalkenes using phase-transfer
catalysts,124 Lassaletta decided to explore the suitability of said catalysts for their model
reaction. Initial results were encouraging; with the achiral TBAI (tetrabutylammonium
iodide) catalysing the reaction with complete conversion after 32 h. It quickly became
apparent that the nature of the counteranion had a dramatic effect on catalytic activity after
cinchonidinium bromides proved inactive in the model reaction. A rate-limiting anion
exchange was proposed to explain catalytic activity and to obviate this rate-limiting step
the use of ammonium cyanides was investigated. The hypothesis proved correct and the
catalytic activity of the tetraalkylammonium cyanides proved superior. This left Lasseletta
and co-workers with the unusual scenario of bifunctional thiourea based catalysts affording
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higher levels of stereocontrol while the tetraalkylammonium cyanides were proving to be
the most active catalysts. The hitherto unprecedented decision was therefore made to merge
the two families of catalyst to furnish a novel quaternary ammonium cyanide endowed with
hydrogen bonding functionality 113 (Scheme 1.32).

Scheme 1.32 1,4-Addition of cyanide to nitroalkanes catalysed by bifunctional C-6'thiourea-substituted cinchona alkaloid-derived phase-transfer catalyst 113
with proposed mechanism accounting for the concurrent activation of both
the nucleophile and the electrophile.
The bifunctional nature of catalyst 113 enabled the simultaneous activation of the
nitroalkene 114 via hydrogen bond donation and the enabling of an ionic interaction with
the nucleophilic cyanide anion was facilitated by the N-alkylated quinuclidine ring serving
as the required phase-transfer motif (Scheme 1.32).
The study of Fernandez and Lassaletta et al. can be considered as a landmark publication
with regards to catalyst design and application. The novel bifunctional hydrogen bond
donating (thio)urea-based phase-transfer catalysts opened up a new avenue of potential
research, which surprisingly went unnoticed for two years. The revival of interest
proceeded in 2012 with a number publications depicting the use of bifunctional (thio)ureabased PTCs to promote a wide range of transformations.124-136
The next major body of research exploring the capabilities bifunctional (thio)urea-based
PTCs was presented by Dixon and co-workers in 2012. They synthesised several C-9 urea, amide- and sulphonamide-substituted cinchona alkaloid-based bifunctional phase-transfer
catalysts and assessed their efficiency in the nitro-Mannich reaction between α-amido
sulfones 74 and nitroalkanes (Scheme 1.33).125
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Scheme 1.33 Evaluation of C-9 urea-, amide-, sulphonamide-derived cinchona alkaloidbased bifunctional PTCs in the nitro-Mannich reaction between α-amido
sulfones and nitroalkanes as reported by Dixon et al.125
Catalyst 118 possessing a 3,5-bis(trifluoromethyl)benzoylamide unit promoted the reaction
with good reactivity but less than useful enantiocontrol (i.e.78%, 58% ee). Catalyst 119
bearing a sulphonamide group proved to be completely incompetent as a phase-transfer
catalyst, postulated to be due to the increased acidity of the sulphonamide hydrogen, which
could now potentially undergo deprotonation with subsequent catalyst decomposition.
Catalysts 120 and 121 proved to be superior than their single hydrogen bond donating
amide derivatives, and imparted satisfactory levels of reactivity and enantioselectivity
(59%, 80% ee; 91%, 85% ee respectively). In addition, the enantioselectivities could be
further enhanced by changing the solvent from PhCH3 to MTBE and by lowering the
catalyst loading to 5 mol% (Scheme 1.33). Moreover, the authors documented the use of
nitroethane to generate contiguous stereocentres in excellent 94% ee and 24:1 dr. with the
anti-isomer being preferentially selected.
The study by Dixon et al. was followed by those of Smith et al. in 2013 and of Massa et al.
in 2014, which reported the use of structurally similar catalysts to 120 capable of
promoting the asymmetric synthesis of structurally unrelated reactions.126,127 More
recently, as of late 2017, a structurally similar catalyst was reported by Lin and Duan et al.
capable of promoting the aza-Henry reaction of ketimines.128
In 2013 Maruoka et al. reported a new class of chiral bifunctional quaternary phosphonium
salts which possessed an amide group.129 The acidity of the amide (NH) could be easily
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tuned via the introduction of different substituents on the nitrogen atom. The steric
environment could also be manipulated by controlling the size of the amide substituted
group and the aryl methyl group of the phosphorus (i.e. 125, Scheme 1.34).

Scheme 1.34 Asymmetric sulfenylation of 1-oxo-2-indanecarboxylate
with N(phenylthiol)pthalimide promoted by various chiral bifunctional quaternary
phosphonium salts.
The

asymmetric

sulfenylation

of

1-oxo-2-indanecarboxylate

(84)

with

N-

(phenylthiol)pthalimide (122) was chosen as the model reaction to evaluate the capabilities
of this new family of bifunctional phase-transfer catalysts. The postulated reaction
mechanism involved the activation of the β-ketoester of 84 by the phosphonium bromide,
yielding a phosphonium enolate intermediate with concurrent interaction of the carbonyl
groups of N-(phenylthiol)pthalimide (122) with the (sulfon)amide moiety of catalysts 125
and 126.
Catalyst 124 was successful in the promotion of the reaction in good yield and moderate
enantioselectivity (82%, 42% ee). It is worth noting that the hydroxy protected variant of
catalyst 124 proved to be a much inferior catalyst which suggested that the bifunctional
design was abetting the reaction. Evidence supporive of this hypothesis was obtained when
benzamide substituted catalyst 125 promoted the reaction with an excellent degree of
enantiocontrol (92% ee). Further manipulation of the hydrogen bond donating functionality
incorporating a sulfonamide (i.e. 126) proved ineffective as product 123 could only be
formed in low yield and moderate ee (5%, 60% ee, Scheme 1.34).
In 2013 Zhao and co-workers also introduced their version of a novel bifunctional
(thio)urea-ammonium salts as chiral phase-transfer catalysts (127, Scheme 1.35).130 The
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catalyst structure, based on simple acyclic α-amino acids, allows for easy fine-tuning at
different positions to ensure catalyst efficiency. The aza-Henry reaction was chosen as the
model reaction to showcase these novel catalysts potential.

Scheme 1.35 Aza-Henry reaction promoted by novel class of bifunctional (thio)ureaammonium salts as chiral phase-transfer catalysts 127, based on simple
acyclic α-amino acids, and the possible transition state proposed by Zhao et
al.130
The authors reported that both the hydrogen bond donating (i.e. thiourea) and the phasetransfer (i.e. ammonium cation moiety) motifs were of paramount importance in order to
achieve high stereoselectivity. Indeed, by resorting to catalysts lacking the phase-transfer
functionality and the dual hydrogen bond donating group, product 117 was furnished in
equally high yields, albeit in almost racemic form under otherwise identical conditions. The
use of catalyst 127, equipped with the necessary functionalities, promoted the reaction in a
remarkable 99% yield and 96% ee, whilst also forming contiguous stereocentres in 20:1 dr.
Shortly after this publication Zhao and co-workers published an accompanying study that
reported the ability of novel chiral bifunctional thiourea-phosphonium salts to promote the
same aza-Henry reaction.131 A more recent pair of publications in 2017 by the same author
has documented the use of these classes of catalyst (ammonium and phosphonium salts) in
the stereoselective conjugate addition of oxindoles to electron-deficient β-haloalkenes132
and the asymmetric Strecker reaction of ketimines. 133
In 2014 Maruoka et al. further enhanced the structure of his previously developed chiral
bifunctional quaternary phosphonium salt bearing an amide group (i.e. 125, Scheme 1.34,
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vide supra). The new catalyst, now possessing a urea group as a hydrogen bond-donating
functionality, (i.e. 131, Scheme 1.36)134 was able to promote the catalytic asymmetric
synthesis of an unsymmetrical triarylmethane with a chiral all-carbon quaternary centre
130 in excellent yield and enantioselectivity (99%, 91% ee, Scheme 1.36).

Scheme 1.36 Asymmetric arylation of 3-aryloxindoles with 2,4-dinitrofluorobenzene
promoted by novel chiral bifunctional quaternary phosphonium salts
possessing a urea group.134
It was postulated that the urea moiety of 131 interacted with the nitroarene 129 through two
hydrogen bonds, hence establishing a well-organised transition state facilitating a high
degree of sterocontrol. The use of catalysts endowed with only one hydrogen bond donating
moiety (i.e. 125) resulted in diminished levels of enantiocontrol.
2014 Also saw the arrival of new family of chiral bifunctional quaternary ammonium salts
possessing multiple hydrogen bond donating moieties (i.e. 132, Scheme 1.37) synthesised
by Lin and Duan et al.135

Scheme 1.37 Nitro-Mannich reaction promoted by novel catalyst 132 reported by Lin and
Duan et al.
The nitro-Mannich reaction was again chosen to evaluate the efficiency of the new family
of catalysts promoting the reaction of amidosulfones 74 with nitroethane (128). Catalyst
132 performed superbly; product 117 was obtained with a respectable yield of 95%, 96%
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ee and with 15:1 dr (Scheme 1.37). A mechanistic study was also carried out to assess the
role of multiple hydrogen bond donors, and to ascertain the origins of the putative
cooperative catalysis brought about by 132. The same reaction depicted in Scheme 1.37
was again chosen for reproducibility purposes. The use of the hydroxyl protected variant
of 132 resulted in a slower reaction with significantly decreased enantioselectivity (83%,
63% ee). The employment of a non-phase-transfer variant of 132, lacking the quaternary
ammonium centre, promoted the reaction in 75% yield with formation of a nearly racemic
product 116 (7% ee). These results supported cooperative catalysis of the bifunctional
catalysts and illustrated that the hydroxyl substituent on the phenylalaninol moiety of 132
had an important role in this nitro-Mannich reaction.
In 2017 Shirakawa et al. developed the first example of chiral trialkylsulfonium salts and
evaluated their performance in the conjugate additions of 3-substituted oxindoles to
maleimides.136

Scheme 1.38 Conjugate addition of 3-substituted oxindoles 133 to maleimides 134
promoted by novel trialkylsulfonium bifunctional catalyst 136 and the
postulated catalytic cycle.
Catalyst 136 successfully promoted the formation of product 135 in moderate yield with a
high degree of enantio- and diastereocontrol (64%, 91% ee and 92:8 dr). Mechanistic
studies revealed that the mode of action was the same as that associated with a previously
synthesised catalyst bearing a quaternary phosphonium motif (i.e. 131). The reaction
proceeds via a sulfonium enolate intermediate with concurrent activation of the maleimide
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made possible through hydrogen bond interactions with the urea motif of catalyst 136
(Scheme 1.38).
The field of enantioselective synthesis using chiral bifunctional phase-transfer catalysts is
still expanding, January 2018 heralded an arrival of another novel catalyst capable of
promoting a vinylogous amination of 5-alkyl-4-nitroisooxazoles.137

Scheme 1.39 Vinylogous amination of 5-alkyl-4-nitroisooxazoles catalysed by a chiral
dipeptide-based urea-amide-guanadinium (DP-UAG) phase-transfer
catalyst.137
The reaction was catalysed by a novel chiral dipeptide-based urea-amide-guanadinium
(DP-UAG) phase-transfer catalyst (i.e. 140, Scheme 1.39) with NaOAc as the base,
furnishing valuable and synthetically challenging chiral isoxazole derivatives 139 complete
with an α-stereocenter, in high yields and good levels of enantiocontrol. Theoretical studies
also predicted the deprotonation of the isooxazole derivative was due to cooperative
hydrogen-bonding and ion pairing interactions with the catalyst, thereby reducing the
HOMO-LUMO energy gap.
1.4.10 Synthesis of all-carbon stereocentres via SN2 chemistry promoted by phase
transfer catalysis
Construction of all-carbon quaternary stereocenters remains a challenge in asymmetric
synthesis. APTC can offer a versatile and often experimentally simple method of doing so.
A particularly attractive modus operandum for the formation of these contiguous all-carbon
sterocenters exists with the use of hindered nucleophiles in the SN2 nucleophilic reaction.
One of the pioneers of this field, Keiji Maruoka, completed the successful SN2 alkylation
of structurally unrelated groups to create quaternary stereocenters using his broad family
of phase-transfer catalysts. A particularly impressive example was the
alkylation of 2-arylcyclohexanone 141 (Scheme 1.40).138
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Scheme 1.40 Asymmetric alkylation of 2-arylcyclohexanone 143 to generate key
intermediate 145 for the total synthesis of 146 (+)-crinane.
A broad range of alkyl halides such as cinnamyl bromide (142) were used to generate 2alkyl-2-arylcyclohexanones, which are attractive structural motifs used as building blocks
in organic synthesis, in good yields and enantioselectivities (i.e.143, 64%, 93% ee, Scheme
1.40) The synthetic utility of this process was exploited upon the preperation of the
amaryllidaceae alkaloid crinane (144).

Scheme 1.41 Asymmetric construction of a β-quaternary chiral piperidine 148 and
subsequent transformation into (-)-isonitramine 149 139
Park et al. carried out the highly enantioselective alkylation of α-tert-butoxycarbonyllactam
(146), promoted by catalyst 150 to furnish a β-quaternary chiral piperidine core system 148,
complete with a carbonaceous sterocentre. 148 Was further manipulated as a key
intermediate in the total synthesis of (-)-isonitramine 149 (Scheme 1.41).139
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Scheme 1.42 Catalytic ring-opening alkylation of racemic 2,2-disubstituted Aziridines
151 with 3-substituted oxindoles 152 reported by Ooi et al.140
In 2013 Takashi Ooi et al. successfully completed an asymmetric substitution at a
tetrasubstituted chiral carbon in a highly diastereo- and enantioselective manner.140 This
reaction was the first of its kind and represented one of the most fundamental and robust
transformations for constructing contiguous all-carbon quaternary stereocentres. The Nactivated aziridines 151 are considered as pseuduohalides and their ring opening with
carbon nucleophiles can lead to nitrogen containing biologically active molecules such as
153 (Scheme 1.42). Indeed, synthetic utility was demonstrated by the transformation of 153
into a pyroloinodoline derivative, an important core structure found in a multitude of
biologically active natural products.
The 3,3 disubstituted-2-oxindoles formed in this publication are of synthetic importance as
they are the precursors to a host of biologically active natural products based on both
spirooxindoles 156 and pyrroloindolines 155 (Figure 1.16). The subsequent sections will
discuss their importance and methods of synthesis in detail.
1.5

3,3 disubstituted-2-oxindoles: Valuable synthetic targets

An oxindole skeleton bearing a all-carbon quaternary stereocentre at the C-3’-position 157
is a privileged heterocyclic framework ubiquitous in many natural alkaloids and
pharmaceuticals.141–144 The synthesis of these structural motifs still remains a challenge for
synthetic chemists although many advances have been made in this area in recent years. 145–
148

The broad therapeutic potential of the multifunctionalised chiral spirooxindoles and

pyrroloindolines renders them very desirable synthetic targets.
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3,3-disubstituted-2-oxindoles
spirooxindoles.

as a route to pyrroloindolines and 3,3-

A multitude of mechanistically unrelated transformations, including Michael reactions,149
Mannich reactions,150 cycloaddition,151 Morita–Baylis–Hillman152 and cascade reactions153
have been deployed as methods for the synthesis of these highly desirable intermediates.
The extensive coverage of each such reaction is beyond the scope of this thesis, however
the synthesis via SN2-type alkylation reactions of 2-oxindole derivatives containing allcarbon quaternary stereocentres will be discussed in detail in the following Section.
1.5.1

Formation of 3,3-disubstituted-2-oxindoles via SN2 chemistry promoted by
phase transfer catalysis

Since the pioneering studies carried out by Dolling et al.,61 phase-transfer catalysis has
become an efficient methodology for the asymmetric SN2-alkylation of enolates generated
in situ.43,57,154 In 1991 Wong et al. reported the asymmetric cyanomethylation of N-methyl
oxindole derivative 158 (Figure 1.17, A) promoted by catalyst 160 in moderate ee.155
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PTC of the SN2 alkylation of 2-oxindoles. (A) Seminal example by Wong et
al. using 1st generation cinchona alkaloid derived PTC. (B) Chiral 1,2,3triazolium ions-catalysed transformation by Ooi et al. (C) Bicyclic
guanidinium ion-catalysed alkylation by Jiang et al.

A significantly more enantiocontrolled variant was carried out by Ooi and co-workers in
2011,156 using a chiral 1,2,3-triazolium ion-based phase-transfer catalyst 163 (Figure 1.17,
B). Jiang et al. in 2013,157 employed a bicyclic guanidinium ion 171 (Figure 1.17, C) as a
catalyst - in conjunction with a Lewis acid co-catalyst - to promote the alkylation of 3substituted-2-oxindoles 164-166 with activated alkyl bromides such as 167.
More recent examples have been carried out by Maruoka and Ooi in 2014 and 2017
respectively.158,159 Maruoka successfully completed the alkylation of oxindole 172 with
bromoacetonitrile, promoted by a chiral spiro chiral quaternary ammonium bromide 174,
in excellent yield and enantiocontrol (90%, 90% ee, Figure 1.18, A). In 2017, Ooi used
some of his previously developed catalysts (Scheme 1.42, vide supra) to catalyse the
alkylation
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(A) alkylation of 3-oxindole with bromoacetonitrile promoted by spiro
chiral quaternary ammonium bromides by Maruoka et al. (B) asymmetric
alkylation of oxindole 176 with racemic (1-bromoethyl)benzene (177)
catalysed by chiral 1,2,3-triazolium bromide 179. Ooi et al.

of 3-substituted oxindoles with racemic secondary alkyl bromides. This methodology
provided a hitherto unknown method for the asymmetric synthesis of complex compounds
containing all-carbon quaternary and tertiary stereocenters 178 (Figure 1.18, B).
In 2016 our research group reported the first enantioselective alkylative kinetic resolution
of 2-oxindole derived enolates 179 promoted by bifunctional phase-transfer catalysts.160 A
new squaramide-based quaternised cinchona alkaloid derived catalyst 183 was capable of
promoting the reaction with excellent enantio- and diasterocontrol with the concurrent
formation of two contiguous stereocenters (i.e. 182, Scheme 1.43). Optimisation studies
highlighted the necessity of both the catalyst’s squaramide-based hydrogen-bond donating
group and a chiral ammomium ion substituent of significant steric bulk for appreciable
levels of catalysis.
In the main, highly selective examples of these PTC-catalysed alkylation reactions often
involve oxindoles incorporating a simple methyl-, benzyl or aryl-substituents at position 3,
which leaves the product less than ideally placed for further structural modification. It was
our goal to solve this problem, the necessary steps undertaken to do so, will be discussed
in detail in the proceeding chapters.
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Scheme 1.43 Kinetic resolution of chiral enolates generated in situ, promoted by
squaramide-based quaternised cinchona alkaloid derived catalyst.
1.6

Asymmetric organocatalysis with chiral ammonium fluorides

Quaternary ammonium fluorides hold a revered position in organic chemistry for their
status as capacious sources of organic-soluble fluoride ions. The fluoride ion itself has a
vast array of uses in modern organic chemistry due to its partiality to silicon, which can
result in the fluoride-mediated formation of nucleophiles derived from organosilicon
compounds.161 The fluoride ion can also act as a nucleophile or base depending upon
solvent and other variable reaction conditions,162 resulting in the ability to participate in an
array of selective-bond-forming reactions under mild conditions. The absence of metals in
these bond-forming reactions piqued interest in the chemistry community, culminating in
the development of asymmetric versions based on the use of chiral, non-racemic quaternary
ammonium fluorides.
One potential drawback of quaternary ammonium fluorides are their extremely hygroscopic
nature, which renders them difficult to prepare, store and use in synthetic transformations.
A particularly elegant method of obviating this shortcoming is to generate the requisite
chiral quaternary ammonium fluoride in situ, via ion-exchange with a suitable fluoride
source. An excess of metal fluoride is the most common method used for the ion-exchange,
furnishing an chiral catalyst ready for direct use in subsequent enantioselective reactions.
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In situ generation

In 1978 Wynberg et al. reported the Michael addition of nitromethane (73) to chalcone
(184) catalysed by a novel in situ generated chiral quaternary ammonium fluoride (Scheme
1.44).163 Wynberg noticed that the use of chiral amines as catalysts, in aprotic solvents, to
promote the reaction resulted in no product formation. He attributed this lack of reactivity
to the amine not being basic enough. The reaction proceeded well in methanol due to extra
hydrogen bond stabilisation, in good yield yet in nearly racemic fashion.

Scheme 1.44 Asymmetric Michael addition of nitromethane (73) to chalcone (184)
catalysed by an in situ generated chiral quaternary ammonium fluoride.
Wynberg postulated that the addition of large excesses of KF led to an ion exchange with
bromide or chloride. The fluoride anion of the newly formed ammonium fluoride salts
(186b, 187b) could now act as a base and the ammonium cation could function as both a
solubilising agent and a potential director of asymmetric induction. Indeed, the increased
basicity of the fluoride anion led to yields of 50% when catalyst 186a was used and
quantitative yields upon deployment of catalyst 187a. The levels of asymmetric induction
were not synthetically useful (10-23% ee, Scheme 1.44) but Wynberg made the astute
observation that these preliminary results “may lead to an important extension in the field
of catalytic asymmetric synthesis.”
Wynberg’s prediction went relatively unnoticed and it was not until the turn of the century
when Maruoka et al. published the next body of research on the in situ generation of
quaternary ammonium fluorides.164 Maruoka and co-workers successfully synthesised
quaternary ammonium

fluorides

in situ
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hydrogensulfates by treatment with commercially available potassium fluoride dihydrate
(KF.2H2O) in THF. These new fluoride catalysts could subsequently act as a fluoride
source for the generation of carbon nucleophiles from organosilicon compounds (i.e. 188).
The enantioselective Mukaiyama-type aldol reaction was chosen to demonstrate the utility
of these novel catalysts.

Scheme 1.45 In situ generated TBAF-catalysed aldol reaction of enol silyl ethers 188 with
benzaldehyde (189).164
Maruoka wanted to investigate the effect of different tetrabutylammomium salts and their
propensity to undergo anion exchange with potassium fluoride dihydrate in THF.
Monitoring of the reaction illustrated in Scheme 1.45 revealed that the efficiency of the in
situ generation of TBAF was vastly influenced by the anion moiety (X). Optimised reaction
conditions utilising 0.5 equivalents of KF.2H2O and HSO4- as the anion were established
and the new methodology was applied using a C2-symmetric chiral quaternary ammonium
fluoride in place of TBAX.

Scheme 1.46 Asymmetric aldol reaction of 191 with benzaldehyde catalysed by in situ
generated C2-symmetric chiral quaternary ammonium fluoride 193.164
The presence of the 3,5-bis-(trifluoromethyl)phenyl group as the aromatic substituent of
the catalyst was postulated to have a beneficial effect due to its electron withdrawing nature,
resulting in a tighter ion pairing of the ammonium enolate due to a decrease in electron
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density on the nitrogen atom of the catalyst. This optimised catalyst successfully promoted
the reaction of tetralone derived 191 and benzaldehyde to give product 192 in 90% yield
and with excellent diastereo- and enantioselectivities (84% ee, 83:17 d.r., Scheme 1.46).
The in situ generation of chiral quaternary ammonium fluorides from the corresponding
hydrogen sulfates has also found uses in the synthesis of enantioenriched esters via
alkylative kinetic resolution of secondary alkyl halides.165 3-Phenyl-propionic acid (194)
was reacted with 1-(1-beomoethyl)naphthalene (195) in the presence of 2 mol% of catalyst
193, which underwent in situ ion exchange with KF.2H2O. The desired ester was formed
in 98% yield and 58% ee, from which optically active secondary alcohol 197 was obtained
by basic hydrolysis (Scheme 1.47).

Scheme 1.47 Formation of optically active esters promoted by an in situ generated C2symmetric chiral quaternary ammonium fluoride 193.165
1.6.2

Ex situ generation

The preparation of chiral ammonium fluorides ex situ has also been achieved utilising the
various methods depicted in Scheme 1.48, which are predominantly based on ion-exchange
resins. The N-benzylcinchonium salt is normally dissolved in an aliquot of methanol, then
passed through the appropriate resin.
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Scheme 1.48 Various methods employed to synthesise N-benzylcinchonium fluoride 198.
Shioiri et al. synthesised catalyst 198 from the corresponding bromide 31 using all four
methods outlined in Scheme 1.48.166 Methods A and B required the use of the F- forms of
the respective resins followed by evaporation. Method C required the transformation of the
bromide catalyst into the corresponding OH- version with subsequent neutralisation by 1N
HF, then evaporation. In method D, a direct anion transfer was achieved via exchange with
silver fluoride (AgF). In all cases the N-benzylcinchonium fluoride 198 obtained was dried
overnight in a desiccator under vacuum (Scheme 1.48).

Scheme 1.49 Aldol reaction catalysed by catalyst 198 prepared by various methods.
The catalytic activity and efficiency of catalyst 198 was then evaluated in the Mukaiyamaaldol reaction between the enol silyl ether of tetralone 199 and benzaldehyde (189).166
Surprisingly, the yield and enantioselectivity of the reaction seemed to be highly dependent
on the method of preparation of 198 (Scheme 1.49). No insight into the variance in yield
and enantioselectivity was provided by Shioiri et al. but more recent studies on non-chiral
quaternary ammonium fluorides by Christe,167,168 DiMagno,169 Sanford170 and Zafrani171
demonstrate the enhanced reactivity of the fluoride ion once divested from its hydrate. It is
likely that the chiral quaternary ammonium fluorides prepared by Shioiri et al. using
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methods A-D were not entirely anhydrous, therefore leading to inaccuracies in catalyst
loading.
Campagne and Bluet also investigated the use of chiral ammonium fluorides in the
Mukaiyama-aldol reaction.172 Catalyst 198 was again chosen to promote the reaction
between aldehyde 201 and dienol silyl ether 202 (Scheme 1.50).

Scheme 1.50 Chiral ammonium fluoride 200 used to promote the catalytic asymmetric
vinylogous Mukaiyama aldol reaction.
The aldol product 203 was formed in 70% yield with low levels of enantiocontrol, 20% ee
that could be improved to 30% ee upon cooling the reaction to 0 oC (Scheme 1.50). The
addition of electron-withdrawing and electron-donating moieties as well as steric
augmentations were made to the N-benzyl subunit of catalyst 198 in an attempt to influence
the enantiocontrol of the reaction, however these structural modifications proved fruitless,
as useful levels of enantiocontrol could not be obtained.
Corey et al. Synthesised a novel chiral quaternary ammonium fluoride salt 207 bearing a
9-anthracenylmethyl group to catalyse the addition of nitromethane (73) to protected (S)phenylalaninal 204 (Scheme 1.51).173

Scheme 1.51 Nitroaldol reaction promoted by novel catalyst 207, and subsequent
transformation of 205 to amprenavir (206), reported by Corey et al.173
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Catalyst 207 effectively promoted the reaction to furnish product 205 in 86% yield and
with excellent diasteriocontrol of 17:1 dr Product 205 was further transformed into
amprenavir (206)-an important second generation HIV protease inhibitor- in a five step
sequence.
The utility of the chiral quaternary ammonium fluorides was not limited to the aldol
reaction exclusively. Kobayashi and co-workers successfully applied the methodology to
the trifluoromethylation of aldehydes.174 Two new representative ammonium fluorides 210
and 211, both endowed with trifluoromethyl groups in an effort to explore the effect of
electronic manipulation of the N-benzyl substituent of the cinchonium salt, were
synthesised.

Scheme 1.52 Asymmetric trifluoromethylation of aldehydes catalysed by ammonium
fluorides 210 and 211, reported by Kobayashi and co-workers.174
This was the first example of trifluoromethylation mediated by chiral quaternary
ammonium fluorides, the logical expansion of nucleophilic trifluoromethylations catalysed
by TBAF, conducted by Olah et al.175 The activity of the catalysts proved to be exceptional,
as nearly quantitative yields with both iterations of the catalyst were achieved, however the
selectivity was not synthetically useful (i.e. 37% ee and 46% ee). Koybashi astutely claimed
that this “novel reaction should pave the way to the improved and excellent catalytic
asymmetric trifluoromethylation of carbonyl compounds” which was indeed the case as
Caron et al. (10 years later) reported the highly enantioselective nucleophilic addition of a
trifluoromethyl anion to a ketone in 92% ee.176
Although research has been directed towards the preparation of chiral quaternary
ammonium fluorides and their employment in asymmetric synthesis for 40 years, the field
is still vastly underdeveloped. Only limited examples of reactions exhibiting high levels of
enantiocontrol have been reported and this enantioselectivity can normally be ascribed to a
unique catalyst, nucleophile and electrophile combination. Broad applicability with a range
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of structurally diverse compounds has yet to be achieved. A fundamental issue that needs
to be addressed is the synthesis of ‘truly’ anhydrous chiral quaternary ammonium fluorides
completely divested from their hydrates, although this may lead to Hoffman elimination;177
proper catalyst design, taking Bredt’s rule into consideration should circumvent this
problem. In situ generation of the chiral quaternary ammonium fluorides seems to be the
most reliable method to ensure the reactivity of ‘naked fluoride’ can be properly exploited.
The proceeding sections and chapters will discuss, in detail, how we tried to address this
issue using a novel chiral quaternary ammonium fluoride to promote the desymmetrisation
of a range of structurally diverse meso-anhydrides.
1.7

Organocatalytic asymmetric additions to meso-anhydrides

Enantioselective desymmetrisation of meso-anhydrides is a time-honoured method for
generating complexity from relatively simple starting materials. Multiple stereocentres can
be set in one reaction, with the resulting products often highly desirable synthetic
intermediates in natural product syntheses. Rather unsurprisingly, interest in this
methodology has received considerable attention, and the topic has been expertly reviewed
on a number of occasions.178–180 The exact mechanism of the desymmetrisation reaction is
still a subject of debate, with two mechanisms proposed as viable contenders. Reactions
can operate via general-base catalysis or nucleophilic catalysis, with certain reactions
requiring the combination of both mechanisms to achieve product formation. Over the
course of the next chapter we hope to provide sufficient evidence to support our hypothesis,
that nucleophilic catalysis it the modus operandum for our particular reaction, involving
the methanolysis of a meso-anhydride catalysed by a chiral quaternary ammonium fluoride.
1.7.1

The desymmetrisation of meso-anhydrides: Alcoholysis

The organocatalysed ring-opening of meso-cyclic anhydrides promoted by alkaloidderived, Lewis bases (quinine QN and quinidine QD) was first attempted independently by
Oda et al. and Aitken et al.181,182
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Scheme 1.53 Desymmetrisation of meso-anhydrides catalysed by QN and QD reported
by Oda et al.181
Oda’s efforts were mainly directed towards the desymmetrisation of glutaric and succinic
anhydrides, (glutaric depicted in Scheme 1.53) and the effect of the catalyst structure on
the reaction selectivity and achievable levels of asymmetric induction. He obtained
moderate levels of enantiomeric excess (48-67% ee, Scheme 1.53) with methanol as the
alcohol in the presence of 10 mol% of the cinchona alkaloid. The enantioselectivity was
found to be highly reliant on the specific catalyst-substrate combination.

Scheme 1.54 Desymmetrisation of meso-anhydrides catalysed by QN and QD reported
by Atkin et al.182
Atkin and co-workers reported a similar reaction protocol for the desymmetrisation of
norborane-type anhydrides. The methyl hemiesters 215-217 obtained had moderate
enantiomeric excesses (44-67% ee, Scheme 1.54). Interestingly the use of 0.5 equivalents
of catalyst compared to the normal 0.1 equivalents, resulted in a noticeable improvement
in enantioselectivity. Recrystallisation of 215 furnished the desired hemiester in 92% ee.
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Scheme 1.55 Highly enantioselective desymmetrisation reported by Bolm et al.
The first major breakthrough from an enantioselective standpoint was achieved by Carsten
Bolm in 2000.183 He successfully desymmetrised a broad range of substrates (a selection
including 215 and 218-220, illustrated in Scheme 1.55) with nearly quantitative yields and
virtual enantiopurity using the pseudoenantiomeric ability of quinine and quinidine to
furnish both pairs of hemiester product antipodes. Although this synthesis represented an
improvement in product ee compared to previous attempts, some drawbacks still remained.
Stiochiometric amounts of catalyst, coupled with very low temperatures were required to
ensure good levels of enantiocontrol. Tetrachloromethane was also used as reaction solvent
in a 1:1 mixture with toluene, which from a toxicity standpoint, was not ideal.
1.7.1.1 Mechanistic insights
As mentioned previously, the desymmetrisation reaction can occur via general base
catalysis, nucleophilic catalysis or a combination of both mechanisms. A simplification of
the two possible mechanisms is outlined in Figure 1.19.
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Methods of desymmetrisation, general base catalysis and nucleophilic
catalysis.

In the case of general base catalysis, the attack of the pronucleophile (in this case methanol)
on either of the prochiral carbonyl moieties is facilitated by a concerted deprotonation
event, rendering a more nucleophilic species. In the case of nucleophilic catalysis, the chiral
amine attacks one of the two carbonyl moieties and subsequently becomes the leaving
group after nucleophilic attack of the methanol. A sterically hindered base is generally
thought to operate via general base catalysis as it is considered to be too encumbering to
effectively partake in nucleophilic attack, whereas a less bulky base (i.e. DMAP) can
effectively undergo initial nucleophilic attack of the anhydride.
These two pathways represent a gross simplification of any potential reaction transition
state and accordingly, several computational184–186 and NMR spectroscopic studies187,188
have been carried out to elucidate the exact mechanism of action when using cinchona
alkaloid derived catalysts. The catalysts studied in these publications are all endowed with
a free hydroxyl group in the C-9 position of the cinchona skeleton, or protected variants.
Such studies are beyond the scope of this thesis, so, I will therefore focus on
desymmetrisation reactions promoted by bifunctional catalysts with hydrogen bond
donating groups other than the hydroxyl group.

- 62 -

Chapter 1
1.7.2

Introduction

Cinchona alkaloid derived bifunctional organocatalysed desymmetrisations

Desymmetrisation chemistry mediated by bifunctional catalysis is an extended form of
general base catalysis with the benefit of a suitably positioned hydrogen-bond donating
group. The bifunctional catalysts-as its name suggests- has the dual role of directing the
encounter between the pronucleophile and anhydride through the tertiary amine and
hydrogen bonding respectively (Figure 1.20). The term bifunctional organocatalyst
encompasses all catalysts containing a unit capable of hydrogen bond donating interactions
and a second moiety deputed to the activation of the (pro)nucleophile.

Figure 1.20

Desymmetrisation of a meso-anhydride via methanolysis promoted by
bifunctional catalysts.179

Bifunctional catalysis offers a unique advantage over other forms of catalysis for
desymmetrisation reactions. The main improvement is the catalytic control achievable by
the simultaneous activation of both the electrophilic and nucleophilic components of the
reaction, leading to-with proper catalyst design- enhanced reaction kinetics and superior
enantiocontrol. The first three reports documenting the desymmetrisation of mesoanhydrides were presented in 2008.189–191 Connon et al. reported that catalyst 97 could
promote the enantioselective desymmetrisation of succinic and glutaric anhydride
derivatives with methanol with excellent yields and enantiocontrol (Scheme 1.56).189
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Scheme 1.56 Desymmetrisation of a meso-anhydride promoted by bifunctional thiourea
99.
This catalytic protocol represented a distinct improvement in efficiency in comparison to
previous attempts. Catalyst 99 was able to promote the desymmetrisation of meso glutaric
and succinic anhydrides into their corresponding methyl hemiesters 215-224 with excellent
yield and enantiocontrol as illustrated in Scheme 1.56. An unprecedented low catalyst
loading of 1 mol%, in dilute solvent was established as the optimal reaction conditions.
Song and co-workers independently reported the same reaction using the same thiourea
derived catalyst 99.190 Both Connon and Song deduced that the enantioselectivity of the
reaction was highly dependent on concentration, temperature and solvent, due to the ability
of catalyst 99 to form supramolecular hydrogen bonded aggregates through the thiourea
functionality, making the catalyst less available in solution. This issue was successfully
addressed by Song et al191 by replacing the thiourea functionality with a sulphonamide.
This catalyst promoted the same reaction with similar levels of enantiocontrol and its
efficacy was independent of concentration and temperature with catalyst loadings as low
as 0.5 mol%.
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Desymmetrisation by a cinchona alkaloid derived phase-transfer catalyst

In 2011 Harned and co-workers reported a cinchona alkaloid-based phase transfer catalysed
desymmetrisation reaction of prochiral cyclohexadienone 225 using 10 mol% of catalyst
38 and 1 equivalent of external base.192

Scheme 1.57 Desymmetrisation promoted by a cinchona alkaloid derived phase-transfer
catalyst.
Rather surprisingly, the cyclised product 226 was formed in good yield with a moderate
level of enantiocontrol (79%, 50% ee, Scheme 1.57). The fact that the cinchona alkaloid
catalyst was able to differentiate the two enantiotopic olefins solely on the basis of nonbonding interactions was very interesting.
Upon reviewing this publication and the literature precedent set from previous
desymmetrisation attempts of meso-anhydrides, we postulated that perhaps a cinchona
alkaloid derived bifunctional phase-transfer catalyst might be more successful at promoting
such reactions due to the aptly positioned hydrogen-bonding moiety, potentially leaving
the meso-anhydride more conducive to enantiotopic facial differentiation. The use of one
equivalent of external base was not ideal, we therefore hypothesised that a fluoride anion
could

potentially

have

enough

basic/nucleophilic

character

to

promote

the

desymmetrisation due to their partiality towards acyl centres. 193,194 This postulate was not
without literature precedent, as Bunton and Fendler clearly demonstrated that the fluoride
ion catalysed hydrolysis of succinic anhydride (227) was possible in 1966 (Scheme
1.58).193
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Scheme 1.58 Nucleophilic attack of fluoride on succinic anhydride reported by Bunton
and Fendler.
Their results also supported nucleophilic catalysis as opposed to general-base catalysis as
mechanism of action due to the activation entropies and energies calculated. Their results
were further strengthened by a publication from Gold and co-workers shortly thereafter,
who stated that a general base catalysed attack of water upon an acyl centre has a more
negative activation entropy than a nucleophilic attack by an anion upon the same centre.195
The attack of quaternary ammonium fluorides on acyl centres has also been documented
by Hendrick et al.194 who successfully developed a general method for the TBAF-catalysed
functionalisation of cyclic carbonate monomers 230 with a wide variety of alcohols under
mild conditions to furnish a range of esters of type 231 (Scheme 1.59). Nuclophilic catalysis
was also suggested as a viable mechanism for this particular reaction, however, no
experimental proof was provided to support this hypothesis.

Scheme 1.59 Functionalisation of cyclic carbonates 230 via transesterification with
alcohols, promoted by TBAF.
With literature precedent for attack on acyl centres by fluoride anions and quaternary
ammonium fluorides set, the next logical step was to investigate if any chiral derivatives
existed. To the best of our knowledge no such examples exist and would therefore represent
a reasonable avenue of research to focus on. The penultimate chapter will focus on our
attempts to make both, in situ and ex situ chiral quaternary ammonium fluorides, and
investigations into their efficacy in the promotion of desymmetrisation of a range of glutaric
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and succinic meso-anhydrides. We hope also to prove that the mechanism of action for this
particular reaction is involving nucleophilic catalysis, with the hydrogen bond donating
group of the phase-transfer catalyst acting as an effective chiral transporter of fluoride
anions to the requisite acyl centres of the electrophile.
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Results and discussion
As described in Section 1.5, 3,3-disubstituted oxindoles still remain an attractive synthetic
target due to their prevalence in a myriad of natural products/bioactive molecules and
methods for their catalytic asymmetric synthesis are continually sought. The current
literature protocols all result in the formation of 3,3-disubstituted oxindoles that are less
than ideally designed for onward manipulation. We therefore reasoned that the design of a
functional 3-substituted oxindole, equipped with a malleable functional handle should
somewhat alleviate this problem. The insertion of a further malleable subunit via SN2
chemistry, promoted by a novel asymmetric bifunctional phase transfer catalyst would also
ensure product functionality would be obtained.
During this study, the author of this thesis was working alongside fellow researchers and,
unless specified, all of the results reported in the following sections were obtained from
experimentation carried out by the author alone.
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2. Enantioselective alkylation of 2-oxindoles catalysed by a bifunctional
phase-transfer catalyst
As previously stated, the 3,3-disubstituted 2-oxindole scaffold is present in a myriad of
natural products/bioactive molecules and methods for their catalytic asymmetric synthesis
are in high demand. In addition, their facile transformation into pyrroloindoline compounds
- an important subclass of alkaloids that can behave as (inter alia) muscle relaxants,196
potassium channel-blockers,197 and anti-cancer agents198 -(flustramine A (232), flustramine
B (233) and chimonanthine (234) respectively, Figure 2.1, a )- renders them potentially
highly valuable synthetic building blocks.

Figure 2.1

Naturally occurring pyrroloindoline isolates and catalytic asymmetric SN2
chemistry as a route to pyrroloindolines and 3,3-spirooxindoles.

Both classes of pyrroloindolines 155 and spirooxindoles 156 are conceivably available
from key 3,3-disubstituted intermediates 157, which could be prepared from an
enantioselective SN2 alkylation of enolate 235 (Figure 2.1, b). For this strategy to have
general utility the substituents at the 3-position (both existing in the substrate and added
via reaction) should be as malleable as possible to facilitate onward manipulation. While
considerable attention has been directed towards the total synthesis of natural
pyrroloindolines,199–202 including several catalytic asymmetric approaches203,204 we were
surprised to note that the simple, modular and direct approach offered by S N2 chemistry
had been scarcely applied in this context.205–208 We therefore set about the synthesis of a
functional oxindole and subsequently tested it with a range of chiral bifunctional phase
transfer catalysts.
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Synthesis of novel 3-substituted oxindole

The starting point of this project involved the synthesis of the oxindole 242 represented in
Scheme 2.1. It was envisaged that 242 could be synthesised via a Wittig reaction with the
relatively inexpensive starting material isatin (239) and a ylide 238 generated from 2bromoethyl acetate (236) and triphenylphosphine. The resulting oxindole, 240 could then
be protected with di-tert-butyl dicarbonate (BOC) to furnish 241, and subsequently reduced
by means of Pd/C catalytic hydrogenation.

Scheme 2.1

Synthetic route to novel 3-substiuted oxindole 242.

The first step in this reaction sequence was the generation of the phosphonium salt 237
required for the Wittig reaction. This was achieved by reacting triphenylphosphine with 2bromoethyl acetate (236). The reaction was successful and furnished the desired product in
quantitative yield. The treatment of 237, in dichloromethane, with a 0.5 M solution of
sodium hydroxide resulted in the formation of the stabilised ylide 238 in 84% yield;
subsequent addition of isatin (239), in toluene, led to the formation of oxindole 240 in 77%
yield. The next step of the synthesis involved the protection of 240 with di-tert-butyl
dicarbonate, promoted by a catalytic amount of 4-dimethylaminopyridine (DMAP) to
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furnish 241 in 93% yield. Subsequent reduction via catalytic hydrogenation gave the
requisite oxindole 242 in 61% yield.
This sequence of reactions proved to be quite successful, as the desired product 242 was
formed in a satisfactory yield, in a relatively short space of time. The Wittig reaction has
historical precedent and proved to be a robust method of generating alkenes. The geometry
of the resulting alkene depends on the stability of the ylide used. In this instance 238 was
stabilised, therefore furnishing an (E)-alkene.
2.2

Preliminary experiments: proof of concept

We envisioned that the 2-oxindole derivative 242 possessed the requisite malleability
required to allow the synthesis of several bioactive molecules via SN2 alkylation chemistry.
Phase-transfer catalysed alkylation reactions of 3-substituted 2-oxindoles had previously
been undertaken by Dr. Emiliano Sorrentino within our group.209 Encouraged by these
results, we elected to use his optimised reaction conditions in the preliminary catalytic
investigations (Scheme 2.2).

Scheme 2.2

Preliminary studies concerning the alkylation of 3-substituted 2-oxindole
242, promoted by achiral TBAB.

Complete conversion of 2-oxindole 242 to the desired product 243 after 24 h was observed,
indicating that our newly designed reaction system could be employed for the synthesis of
bioactive molecules derived from either the 2-oxindole or the pyrroloindoline scaffold. The
next logical course of action was to determine if the reaction could be performed in an
asymmetric fashion, which required the synthesis of a family of asymmetric cinchona
alkaloid derived phase-transfer catalysts.
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Design of bifunctional hydrogen bond donating asymmetric phase-transfer
catalysts

As demonstrated in (Section 1.4.8), (thio)urea-substituted cinchona alkaloids have the
ability to promote a plethora of C-C bond forming reactions, in a highly stereocontrolled
manner, due to the concurrent activation of both the electrophile and nucleophile.
Nevertheless, the immutable nature, with regards to basicity, of the quinuclidine nitrogen
limits the number of achievable synthetic transformations. A particularly attractive
circumvention of this problem is to alkylate the quinuclidine nitrogen and simultaneously
introduce a source of anionic external base of tuneable strength to the reaction, depending
on the nature of the pronucleophile. This methodology has the added dividend of the
potential creation of a more stereocontrolled transition state depending on the steric and
electronic nature of the newly added alkyl group.

Figure 2.2

Transformation of bifunctional catalyst 244 into their phase-transfer
derivatives 245.

Our goal was to design a family of cinchona alkaloid derived, bifunctional phase-transfer
catalysts (Figure 2.2) amenable to a range of synthetic transformations, some of which
have been highlighted in previous Sections (1.4.8 and 1.4.9). Catalysts with general
structure 245 were chosen as they incorporate both the traditional organic cation component
which binds to an anionic substrate/intermediate and facilitates its traversal across the
interphase in a biphasic system, but also hydrogen-bond donating functionalityappropriately positioned in a chiral environment- so that the catalyst-substrate interaction
in the transition state of the reaction can potentially be more finely tuned and tightly
controlled.
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Initial catalyst synthesis

The catalyst synthetic transformations utilised were modified variants of procedures
previously developed in our laboratory.209

Scheme 2.3

Synthetic scheme for the synthesis of cinchona alkaloid derived phasetransfer catalyst 250.

Starting from quinine (59) the alcohol functionality was converted into the corresponding
azide by means of a Mitsunobu reaction using diphenylphosphoryl azide (DPPA) as the
nucleophile source. An in situ reduction (Staudinger) using PPh3 and water furnished the
amine, which upon extraction with aqueous HCl and concentration in vacuo afforded the
hydrochloride salt 246 in 86% yield. Treatment of 246 with excess NEt3 resulted in
production of the free amine in situ, which was then subsequently reacted with isocyanate
247 to furnish 248 in 75% yield after purification by column chromatography. The last step
involved the alkylation of the quinuclidine ring of 248 with benzyl bromide (249) to give
the final product 250 in low yield after purification by two consecutive column
chromatographies (Scheme 2.3). With a chiral bifunctional phase-transfer catalyst now at
hand, our attention turned to testing its catalytic activity in the promotion of the asymmetric
benzylation of 2-oxindole 242.
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2.4.1 Initial catalyst evaluation
The newly synthesised catalyst 250 and a selection of catalysts previously prepared by Dr.
Sorrentino (251-253) were evaluated in the asymmetric benzylation of oxindole 242.
Table 2.1

Preliminary catalyst screening.

entry

catalyst

conversion (%)a

ee (%)b

1

250

89

38

2

251

84

41

3

252

86

47

4

253

88

42

a

Conversion determined by 1H NMR spectroscopy using para-iodoanisole as an internal standard.bee
determined by CSP-HPLC analysis after isolation by column chromatography.

We began by investigating the alkylation of the potentially malleable oxindole 242 with
benzyl bromide (249) in the presence of an aqueous solution of potassium carbonate and
dichloromethane, to yield 243 with the formation of a quaternary stereocenter. We were
delighted to find that catalyst 250 (Table 2.1, entry 1) was able to promote the reaction with
moderate enantioselectivity, confirming that the functionalised oxindole 242 was amenable
to asymmetric phase-transfer conditions. Catalysis by the urea-substituted ammonium salts
251 and 252, both endowed with electron withdrawing substituents in the 3,5 positions of
the N-benzyl unit, led to marginal increases in enantiocontrol (Table 2.1, entries 2 and 3).
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Installation of electron withdrawing groups in the 2,6-positions of the N-benzyl unit (i.e.
253) also led to catalysis with moderate enantiocontrol (Table 2.1, entry 4). This suite of
catalysts examined the effect of altering the electronic properties of the N-benzyl
substituent in both the 3,5- and 2,6-positions, resulting in no clear indicator as to what might
potentially lead to a more sterocontrolled transition state. The manipulation of the sterics
of the N-benzyl unit, the C-2’ quinoline position and the N-3,5-bis-trifluoromethylphenyl
moiety was next investigated in an effort to produce a catalyst capable of promoting a more
enantiocontrolled reaction.
2.5

Rational catalyst design

We decided to focus our catalyst design on the three main subunits depicted in Figure 2.3.
We proposed that a sterically hindered N-benzyl substituent on the quinuclidine nitrogen
(R1) might potentially shield one of the faces of the imaginary tetrahedron described in
section 1.4.6.1, thereby encouraging the enolate of oxindole 242 to attack exclusively from
one face.

Figure 2.3

Potential areas of modification on cinchona alkaloid derived bifunctional
PTC.

The influence of the H-bond donor was also explored by substituting the urea motif for a
squaramide group with the aim of potentially creating a stronger hydrogen bond interaction
with the carbonyl groups present on the nucleophilic intermediate 235. Both the urea and
squaramide motif were further transformed to incorporate a tert-butyl substituent to act as
a steric shield to another face of the imaginary tetrahedron. The last position of
manipulation was the C-2’ quinoline group, where the introduction of a steric bulk variable
could 1) prevent alkylation of the quinoline nitrogen atom, and 2) act as a further steric
shield to the last face of the imaginary tetrahedron ensuring the enolate of oxindole 242
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should preferentially attack from the least sterically hindered face of the imaginary
tetrahedron (see Section 1.4.6.1).

Scheme 2.4

Synthesis of sterically hindered catalysts 256 and 257.

The first two catalysts synthesised involved the installation of two bulky tert-butyl
substituents on the 3,5- positions of the quinuclidine ring’s N-benzyl subunit (i.e. 256) and
the exchange of the benzyl substituent with a methylanthracenyl group (i.e. 257, Scheme
2.4).
Given the recent emergence of squaramide catalysts as efficient hydrogen-bond donor
systems,160 the employment of such a catalyst containing this subunit seemed appropriate.
The synthesis of the squaramide catalysts began with the esterification of squaric acid (258)
using trimethylorthoformate to furnish the dimethyl ester 259 in good yield. Compound
259 was then functionalised by substitution of a methoxy groups with aniline 260, to allow
for direct comparison between the urea and the squaramide functionality, furnishing
monofunctionalised squaramide 261 in good yield after four days of reaction time at room
temperature (Scheme 2.5).
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Synthesis of the monofunctionalised squaramide coupling portion.

The reaction of 261 with 246 resulted in the formation of a bifunctional catalyst 262 in
moderate yield. Treatment of this catalyst with 254 furnished 263 in relatively low yields,
equipped with the 3,5-di-tert-butylbenzyl substitution to allow direct comparison to
catalyst 256 (Scheme 2.6)

Scheme 2.6

Synthesis of a phase-transfer catalyst endowed with squaramide
functionality as hydrogen bond donating subunit.

The C-2’ quinoline position was the next area we sought to modify. The addition of a
phenyl group was chosen for this position as it may partake in π-π stacking interactions
with the nucleophilic intermediate 235 and possibly prevent the quinoline nitrogen atom
from participating in any base-mediated catalysis. For direct comparison purposes the urea
based catalyst 256 was selected as the template from which to add the phenyl group in the
C-2’ position. Quinine (59) was reacted with a solution of phenyllithium in THF with
subsequent treatment of the 1,2-dihydroquinoline adduct formed with iodine, resulting in
an in situ oxidation furnishing the desired product in moderate yield after extensive
purification by two consecutive base-treated column chromatography operations (Scheme
2.7).
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Modification of the C-2’ quinoline position of quinine via phenyl group
addition.

The resulting product 264 was subjected to the same synthetic strategy outlined in Scheme
2.3 to yield new asymmetric bifunctional catalyst 265 in good yield. Subsequent alkylation
of 265 with alkyl halide 254, furnished the bifunctional phase-transfer catalyst 266 in low
yields but with 42% of the starting material recovered after column chromatography
(Scheme 2.8).

Scheme 2.8

Synthesis of asymmetric phase-transfer catalyst with phenyl substitution in
C-2’ quinoline position.

The last position we deemed important to steric and electronic manipulation was the group
attached to the hydrogen bonding moiety. We hypothesised that replacing the 3,5-bistrifluoromethyl benzyl substituent with a tert-butyl group should highlight if an electronic
factor was necessary, while simultaneously assessing the effect of placing a sterically
hindered group in its place. The synthesis of these new catalysts-both the urea and
squaramide variants- required the use of tert-butyl isocyanate (272) and the squaric
secondary amine 268 respectively; the synthesis of which is outlined below (Scheme 2.9).

Scheme 2.9

Synthesis of squaric secondary amine
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Dimethyl squaric ester 259 was reacted with tert-butyl amine (267) in methanol to furnish
the secondary squaric amine 268 in 80% yield.

Scheme 2.10 Preparation of novel catalysts 271 and 274.
For direct comparison purposes, the squaramide and urea variants alkylated with the 3,5 ditert-butyl N-benzyl motif (i.e. 271 and 274 respectively) were synthesised. Both of these
catalysts had the necessary tert-butyl group attached to their respective hydrogen bond
donating subunit (Scheme 2.10). With a rationally designed catalyst library now at hand,
our attention turned to their evaluation in the benzylation of oxindole 242.
2.5.1

Evaluation of newly synthesised catalysts

In our preliminary studies we observed that catalyst 250 was promoting the alkylation of
242 in 89% yield and 38% ee (Table 2.1, entry 1). In order to ascertain the effect of a
sterically demanding N-substituent, we evaluated the catalytic activity of urea derivative
256. Quite surprisingly, the bulky N-anthracenylmethyl group did not afford the desired
catalytic performance improvement and compound 243 was synthesised in lower optical
purity (Table 2.2, entry 1).
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Table 2.2

Newly synthesised urea derived catalysts evaluated in asymmetric
benzylation of oxindole 242.

entry

catalyst

conversion (%)a

ee (%)b

1

256

77

26

2

275

77

36

3

257

90

56

4

266

90

67

5

274

96

44

a

Conversion determined by 1H NMR spectroscopy using para-iodoanisole as an internal standard.bee
determined by CSP-HPLC analysis after isolation by column chromatography.

The level of asymmetric induction attainable could be influenced somewhat through the
introduction of a phenyl group at C-2’ of the catalyst’s quinoline moiety (i.e. catalyst 275
(prepared by Dr. Sorrentino), Table 2.2, entry 2). It was postulated that the large
anthracenyl group may have caused the catalyst to adopt a conformation less conducive to
asymmetric catalysis. Interestingly, returning to the N-benzyl motif and installing two
bulky tert-butyl substituents at the meta positions, allowed the formation of 243 with
improved selectivity, and again incorporation of the phenyl unit at the C-2’ position proved
advantageous (i.e. catalysts 257-266, Table 2.2, entries 3 and 4). We hypothesised that the
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extra lipophilicity, provided by the incorporation of the two tert-butyl groups enabled the
catalyst to traverse the interface of the biphasic system, into the organic layer more
effectively with subsequent increase in reaction rate. The importance of the 3,5-bistrifluromethylphenyl moiety on the urea unit was illustrated by the poor performance, from
an enantioselective standpoint, of catalyst 274, in which this group has been exchanged
with a tert-butyl substituent (Table 2.2, entry 5).
Table 2.3

Evaluation of newly synthesised squaramide derived catalysts in
asymmetric benzylation reaction of 2-oxindole 242.

entry

catalyst

conversion (%)a

ee (%)b

1

276

15

54

2

277

52

65

3

263

15

52

4

278

15

54

5

271

28

45

a

Conversion determined by 1H NMR spectroscopy using para-iodoanisole as an internal standard.bee
determined by CSP-HPLC analysis after isolation by column chromatography. *Note, catalysis in the
presence of N-benzyl cinchonidium bromide provided the product in 34% conversion and 19% ee.
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In a continuous catalyst structure-activity evaluation endeavour we examined the
capabilities of the squaramide motif as the requisite hydrogen bond-donating unit. Initial
results were promising with catalyst 276 - prepared by Dr. Sorrentino -, the squaramide
analogue of urea 256, promoting the reaction with superior ee (54 vs 26%, Table 2.3, entry
1), albeit with a slow reaction rate. Incorporation of a C-2’ phenyl unit (i.e. catalyst 277,
prepared by Dr. Sorrentino), again proved advantageous; with a marked increase in product
ee, (54 vs 65%, entry 2) unfortunately, reaction rate was still prohibitively slow. From an
enantioselective standpoint, these results were very exciting; the incorporation of an
anthracenylmethyl unit as the N-alkyl moiety- a modification that did not prove fruitful in
the urea based library; was now proving to be very effective. Based on the catalyst
modifications made in the urea series, it was postulated that the addition of the 3,5 tertbutyl substituents on the N-benzyl motif should lead to a catalyst (i.e. 263) capable of
promoting a more enantioselective reaction. Rather disappointingly, the catalyst could only
promote the reaction in 52% ee and with 15% conversion (entry 3). The importance of the
N-3,5-bis-trifluromethylphenyl moiety on the hydrogen bond-donating unit was again
illustrated by the poor performance, from an enantioselective perspective, of catalysts 278
(synthesised by Dr. Sorrentino) and 271, (entries 4 and 5) in which this group has been
exchanged with a tert-butyl substituent.
The contribution from the urea N-3,5-bis-trifluromethylphenyl moiety, the marked
difference in rate between the urea- and squaramide-catalysed reactions and the lack of
enantiocontrol when neither are present, strongly implicates the hydrogen-bond donating
unit as being a key driver of the catalysis.
After the screening process, catalyst 266 was determined to be the best from both kinetic
and stereoselective standpoints. Our attention now turned to the manipulation of different
reaction parameters such as temperature, choice of base and solvent as well as reaction
concentration in an attempt to further augment the levels of enantiocontrol attainable.
2.6

Investigation into effects of temperature, solvent choice, concentration and base
on enantiocontrol

Initial efforts to lowering of the temperature resulted in the basic aqueous layer freezing,
even in temperatures as high as 0 oC. This was rather surprising as we imagined the 10%
aqueous solution of K2CO3 would experience freezing point depression. A potential
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solution to this problem was to use a sample of solid base. Initial experiments were carried
out using two equivalents of K2CO3 with subsequent altering of the reaction temperature to
determine its effect on the enantioselectivity of the reaction.
Table 2.4

Investigations into the use of solid K2CO3 at various lower temperatures.

entry

temp (0C)

time (h)

conv. (%)a

ee (%)b

1

0

48

>98

71

2

-10

48

>98

78

3

-30

48

92

83

4

-50

72

64

83

5

-78

96

31

84

a

Conversion determined by 1H NMR spectroscopy using para-iodoanisole as an internal standard.bee
determined by CSP-HPLC analysis after isolation by column chromatography.

We were happy to observe that catalyst 266 was still able to promote the alkylation reaction
when aqueous base was replaced with solid K2CO3. In addition a concomitant enhancement
of enantiocontrol was detected upon lowering the temperature. A temperature of 0 oC
increased the enantiocontrol of the reaction (67 vs 71% ee, Table 2.2, entry 4 vs Table 2.4
entry 1), while full conversion was still attainable after 48 h. Continuous lowering of the
temperature to -10 and -30 oC, further enhanced the levels of asymmetric induction (78 and
83% ee, Table 2.4, entries 2 and 3). -30 oC was deemed to be the optimal reaction
temperature as further decreases in temperature did not lead to any further increases in
enantioselectivity and only served to retard the reaction rate (entries 4 and 5). Solvent
choice and reaction concentration were next explored in an effort to further enhance
enantioselectivity.
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Studying the influence of solvent and concentration

entry

solvent

concentration (X)

conv. (%)a

ee (%)b

1

MTBE

0.1

80

53

2

EtOAc

0.1

72

54

3

PhMe

0.1

69

58

4

CH2Cl2

0.1

90

67

5

CHCl3

0.1

59

67

6

CCl4

0.1

81

46

7

C2Cl4

0.1

83

55

8

CH2Cl2

0.2

91

66

9

CH2Cl2

0.05

88

66

a

Conversion determined by 1H NMR spectroscopy using para-iodoanisole as an internal standard.bee
determined by CSP-HPLC analysis after isolation by column chromatography.

A variety of common lab solvents were initially evaluated, selected due to their differences
in polarity (Table 2.5, entries 1-4,). Dichloromethane was determined to be the best solvent
in the initial evaluation. This result prompted us to investigate the use of other chlorinated
solvents (entries 5-9, Table 2.5). Chloroform enabled the catalysis of the reaction with
comparable enantioselectivities to CH2Cl2 however, the yield of 59% obtained represented
a significant loss of efficacy (entry 5, Table 2.5). The other chlorinated solvents evaluated
were also not as effective as dichloromethane (entries 6 and 7, Table 2.5). A more dilute
and concentrated reaction were also tested, with no major change in enantioselectivity
observed (entries 8 and 9, Table 2.5). It was hypothesised that the dipole moment of each
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solvent had a significant effect on enantioselectivity. Dichloromethane and chloroform
have similar dipole moments of 1.15 D and 1.60 D respectively, while tetrachloromethane
and the E-isomer of dichloroethene have dipole moments of zero. The best results in terms
of both enantioselectivity and yield were encountered when using dichloromethane and
chloroform as the reaction solvent. Dichloromethane was therefore selected as the solvent
of choice.
Table 2.6

Investigations into the effect of different bases on enantioselectivity.

entry

base

conv. (%)a

ee (%)b

1

Na2CO3

0

-

2

Li2CO3

0

-

3

Cs2CO3

32

76

4

Rb2CO3

47

73

5

KOH

100

22

a

Conversion determined by 1H NMR spectroscopy using para-iodoanisole as an internal standard.bee
determined by CSP- HPLC analysis after isolation by column chromatography.

Sodium carbonate and lithium carbonate were not sufficiently strong enough to promote
the reaction and no conversion was observed (entries 1 and 2, Table 2.6). Caesium
carbonate, rubidium carbonate and potassium hydroxide all effectively promoted the
reaction, but unfortunately a reduction in ee was observed in each case (Table 2.6, entries
3-5,) which we attributed to a background (racemic) reaction independent of the catalyst.
Solid K2CO3 remained the most effective base.
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Ad hoc catalyst design

The benzylation of oxindole 242, promoted by catalyst 266 at -30 oC with 2 equivalents of
solid K2CO3 in dichloromethane, was thus far our optimal reaction conditions (83% ee,
Table 2.4, entry 3). Lower temperatures, different concentrations and changing base could
not enhance the enantioselectivity. We therefore decided to return to catalyst design to
circumvent this problem. The two areas of structural modification that proved most fruitful
in previous design attempts were; the C-2’ quinoline substitution and the addition of bulky
substituents to the 3,5 positions of the N-benzyl quinuclidine moiety. We hypothesised that
the addition of a bulkier group (than phenyl) to the C-2’ position may lead to enhanced
levels of enantiocontrol via the blocking of one of the enantiotopic faces of the nucleophilic
oxindole. A more sterically hindered group in the 3,5 positions of the N-benzyl quinuclidine
moiety could also be advantageous from a stereoselective standpoint.
We decided to focus on the 3,5-positions of the N-benzyl group as the prime area for steric
manipulation based on previous results, where small tweaks had a drastic effect on the
catalyst’s enantiodetermining efficacy. It was envisaged that the addition of a further two
phenyl groups in the 3,5-positions would be a worthwhile endeavour. 3,5 diphenyl-benzyl
bromide was not a commercially available chemical, therefore a synthetic strategy was
required (Scheme 2.11).

Scheme 2.11 Synthetic strategy for the synthesis of 3,5 diphenyl-benzyl bromide.
The first step in this reaction sequence was the esterification of substrate 279 followed by
subsequent bromination of the ortho positions, due to the directing effect of the amine,
yielding 281. The amino group was then removed via diazotisation followed by reduction
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with hypophosphorous acid, furnishing compound 282. The installation of the phenyl
groups in the 3,5- positions was achieved using Suzuki coupling resulting in the formation
of compound 284. Reduction via LiAlH4 to yield 285 was completed in excellent yield with
a subsequent Appel reaction furnishing the desired compound 286 in good yield.

Scheme 2.12 Synthesis of new catalyst 287 with phenyl groups in the 3,5- positions of the
N-benzyl moiety.
Treatment of bifunctional urea based catalyst 265 with the newly formed 286 under
previously determined conditions, yielded the new asymmetric bifunctional phase-transfer
catalyst 287 in good yield (73%, Scheme 2.12).
The assessment of this catalyst was carried out immediately with the benzylation of
oxindole 242. Disappointingly, catalyst 287 was only able to promote the formation of
product 243 in 73% ee, 10% less than our current best catalyst. We therefore, decided to
focus our efforts on a catalyst bearing a bulkier group at the C-2’ quinoline position.
Our initial idea was to install a tert-butyl group in the C-2’ position and we envisaged an
organolithium reaction as a potential method of synthesis. Previous reactions of quinine
with organolithium compounds proved fruitful (e.g. arylation of quinine, Scheme 2.7), we
therefore decided to attempt the reaction with t-BuLi.
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Scheme 2.13 Attempted synthesis of compound 288.
The initial reaction was carried out under strictly anhydrous conditions, with the addition
of t-BuLi occurring at -78 oC. The reaction was left to reach room temperature and 1H NMR
spectroscopic analysis was carried out. The crude reaction mixture showed completely
unreacted starting material and no sign of any product formation. The reaction was left
overnight at room temperature to no avail, with only starting material present the following
morning (Scheme 2.13, A).
Our next attempted synthesis involved heating the reaction mixture at reflux temperatures.
To our disappointment the results were much the same, with the crude reaction mixture
containing predominantly unreacted starting material. One noteworthy difference from this
attempt was the apparent degradation of the staring material once left overnight at reflux
temperatures (Scheme 2.13, B).
At this point we decided to pursue other known C-2’ installations as the optimisation of
this reaction may take considerable time with the overall outcome of the catalyst efficacy
unknown.
The installation of a m-terphenyl moiety in the C-2’ position was next attempted. This
required the initial synthesis of compound 291 which was achieved in good yields over two
steps; the commercially available 2,4,6-tribromoaniline (289) was initially transformed into
1,3,5-tribromo-2-iodobenzene (290) via a Sandmeyer-type reaction,210 this compound was
subsequently reacted with an excess of phenylmagnesium bromide in diethyl ether to yield
1-bromo-3,5-diphenylbenzene (291, Scheme 2.14).210
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Scheme 2.14 Synthesis of the C-2’-m-terphenyl quinine based bifunctional catalyst 294.
The arylation of quinine (59) with 291 was achieved in the presence of tert-butyl lithium
via a halogen-lithium exchange and the 1,2-dihydroquinoline adduct formed was oxidised
in situ with iodine following a methodology already employed for the synthesis of a C-2phenyl-substituted analogue (i.e. 264, Scheme 2.7). The resulting alcohol 292 underwent a
Mitsunobu reaction-Staudinger reduction sequence to form the hydrochloride salt 293.
Subsequent reaction of 293 with isocynate 247 furnished novel bifunctional catalyst 294 in
good yield after purification via column chromatography (Scheme 2.14).
The next part of the synthesis required the alkylation of the 294 with 3,5 di-tert-butyl benzyl
bromide (254). This proved to be quite problematic and the results of multiple attempts are
outlined in Table 2.7.
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Table 2.7

Attempts to alkylate bifunctional catalyst 294 with 3,5 di-tert-butyl benzyl
bromide (254).

a

entry

solvent

conc. (M)

temp (oC)

sm (%)b

prod. (%)

1

CH2Cl2

0.1

25

100

-

2

PhMe

0.4

70

100

-

3

ACN

0.1

82

100

-

4

(CH3)2CO

0.1

50

100

-

Conversion determined by 1H NMR spectroscopy. bRefers to starting material.

The initial reaction conditions tested utilised dichloromethane as the solvent at ambient
temperature which previously gave clean conversion to desired products in previous
catalyst syntheses. Unfortunately, zero product formation was observed under these
conditions (Table 2.7, entry 1). We envisaged a more concentrated reaction coupled with
higher temperatures might lead to reaction initiation and product formation but
unfortunately that was not to be the case, (entries 2 and 3). Our last attempt at synthesising
catalyst 295 involved the use of acetone as a solvent. In previous synthesis attempts the
lack of solubility of compound 294 was evident at room temperature, only upon heating
did the compound totally solubilise. We hypothesised that acetone, - capable of solubilising
294 at room temperature - might enable a reaction initiation due to more particle collisions
of the reactants. Again no product formation was observed (entry 4). We concluded that
the extremely sterically hindered nature of catalyst 294 and electrophile 254 resulted in an
overly congested transition state not conducive to SN2 chemistry.
The next logical step was to try a less sterically hindered C-2’ substitution pattern. We
settled on 1-bromo-3,5-dimethylbenzene (296) as a potential precursor to undergo lithium
halogen exchange with subsequent arylation of quinine (59).
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Scheme 2.15 Attempted arylation of quinine C-2 with m-dimethylphenyl lithiate.
The reaction was initially attempted with tert-butyl lithium to facilitate the lithium halogen
exchange. Analysis of the crude 1H NMR spectrum verified that none of the desired product
298 had been formed (Scheme 2.15, A). We postulated that the high basicity of t-BuLi may
have led to deprotonation of the methyl hydrogen atom and subsequent shut down of the
reaction. To circumvent this problem we elected to use solid lithium as opposed to t-Buli
for the lithium halogen exchange. Regrettably, product formation remained elusive. At this
point it was deduced that perhaps the lithiated species was not being formed in situ at all,
resulting in no reaction. A simple experiment, depicted in Scheme 2.16 was designed to
test this postulate. It was hoped that by reacting 296 with lithium at low temperatures the
expected product 297 would be formed, subsequent treatment of 297 with methanol should
result in the formation of commercially available m-xylene (299). This was indeed the
outcome, allaying our previous misgivings about carbanion formation.

Scheme 2.16 Simple experiment to confirm the formation of lithiate intermediate.
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The installation of a more sterically hindered group in the C-2 position was proving quite
troublesome, with no real experimental evidence presenting itself as to why certain
installations were tolerated and others were not. The substantial increase in
enantioselectivity obtained upon the addition of a phenyl group in this position with
previous catalyst syntheses inspired us to continue down this avenue of research. It was
decided to try 4-bromo-2,6-di-tert-butylphenol (300) as a potential precursor to a viable C2’ arylation group.

Scheme 2.17 Formation of anisole derivative 301 via etherification reaction.
Compound 300 was reacted with strong base (NaH) and an excess of methyl iodide in
DMSO at ambient temperature to yield 301 (Scheme 2.17). DMSO - a polar aprotic solvent
- was chosen as the reaction medium (due to previous literature reports highlighting a
significant rate enhancement of similar etherification reactions in comparison to polar
protic solvents like t-butanol.211 The rate enhancement can be explained due to the much
greater solvation of anions in protic solvents coupled with the enhanced solvation of
polarised charged transition states in dipolar aprotic solvents. Thus, for nucleophilic
reactions the activation energy is less in dipolar aprotic solvents than in protic solvents).
The next step of the synthesis involved the arylation of quinine with the conjugate base of
301 generated in situ following previously developed protocols (Scheme 2.14, vide supra).
This reaction was successful, furnishing arylated quinine derivative 302, albeit in low yield.
The standardised method of bifunctional catalyst synthesis, utilised extensively
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Scheme 2.18 Synthesis of novel asymmetric bifunctional phase transfer catalyst 305.
in our group209,210 was then applied to product 302 resulting in the formation of asymmetric
bifunctional catalyst 304. Alkylation of product 304 with the appropriate benzyl bromide
derivative 254 furnished the novel asymmetric bifunctional phase-transfer catalyst 305 in
good yield after extensive purification via column chromatography (Scheme 2.18).

Scheme 2.19 Optimised reaction conditions using the optimised catalyst structure.
Catalyst 305 was subsequently evaluated in the benzylation of oxindole 242 under
optimised reaction conditions and to our delight, the newly ad hoc synthesised catalyst
effectively promoted the reaction yielding product 243 in 95% isolated yield and 93% ee
(Scheme 2.19). This represented an 11% increase in ee compared to our previous best
catalyst 266.

- 93 -

Chapter 2
2.8

Results and discussion

Substrate scope evaluation

With a suitable catalyst now in hand, attention turned to the issue of substrate scope.
Catalyst 305 could promote the efficient alkylation of 242 at 5 mol% levels with substituted
benzyl bromides. Electron donating, electron withdrawing and disubstituted benzyl
bromide derivatives were all tolerated with high levels of enantiocontrol (entries 1-6, Table
2.8).
Table 2.8

Evaluation of benzyl and allyl bromide derivatives as electrophiles for the
alkylation of 2-oxindole 242

yield (%)a

ee (%)b

1

98

93

2

85

92

3

96

89

entry

electrophile

product
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4

96

93

5

93

93

6

82

92c

7

87

97

8

88

91

9

82

92c

10

79

91c
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11

92

92

a

Isolated yield.bee determined by CSP-HPLC analysis after isolation by column chromatography. cReaction
carried out at -70 oC for 168 h.

Gratifyingly, enantiocontrol was not diminished upon construction of quaternary
stereocenters bearing allylic substituents – with enantiomeric excesses in the 91-97% range.
Terminal- (i.e. 320), conjugated (322), trisubstituted- (324), α,β-unsaturated- (326) and
disubstituted (328) olefin products could be easily prepared (entries 7-11, Table 2.8); with
the densely functionalised oxindole 326 serving as a particularly prominent example of
how highly malleable materials can be quickly and enantioselectively assembled in one pot
using this methodology.
While the reaction did tolerate a range of structurally and electronically different benzyl
bromide and olefin derivatives, various other electrophiles were investigated, resulting in
product formation with diminished enantiocontrol. This was quite surprising and suggested
that the structure of the electrophile was critical to high levels of enantio-induction. We
tried to rationalise this outcome by taking into account Hammond’s postulate, which states;
If two states, as, for example, a transition state and an unstable intermediate, occur
consecutively during a reaction process and have nearly the same energy content, their
interconversion will involve only a small reorganization of the molecular structures.212
The SN2 reaction with alkyl halides tends to follow an exothermic reaction pathway,
applying Hammond’s postulate in this scenario determines that the transition state of this
reaction should be closer in energy to the reactants than the products, therefore, the
transition state would be more geometrically similar to the reactants than the products. If
the structure of the alkyl halide,- a reactant- has a bearing on the geometry of the transition
state, the level of enantiocontrol attainable will thus, also depend on the structure of the
alkyl halide.
The results gleaned from the alkylation of oxindole 242 with a range of electrophiles,
resulting in low levels of enantiocontrol are outlined below in Table 2.9.
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Alkylation of oxindole 242 with low levels of enantiocontrol.

yield (%)a

ee (%)b

1

67

77

2

52

55

3

59

67

4

37

45

5

83

87

entry

a

Results and discussion

electrophile

product

Isolated yield.bee determined by CSP-HPLC analysis after isolation by column chromatography.
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Previous substrate scope evaluations outlined the tolerability of oxindole 242 towards meta
and para substituted benzyl bromides. It was hoped that the synthetic range could be further
extended by evaluating ortho substituted derivatives. This was achieved, albeit with low
levels of asymmetric induction (entries 1 and 2, Table 2.9). Bromoacetonitrile (333) was
also touted as a potential electrophile, as the resulting product would have the necessary
architecture to form the corresponding spirooxindole in a facile manner after reduction of
the nitrile group and subsequent nucleophilic attack on the ethyl ester. However, the
enantioselectivity of the reaction was not synthetically useful (entry 3, Table 2.9).
Oxindoles 336 and 338, if synthesised with high levels of asymmetric induction would
represent highly functionalised malleable materials capable of a plethora of transformation
into synthetically useful products, unfortunately the levels of asymmetric induction
achieved were disappointingly low (entries 4 and 5, Table 2.9). These results strengthened
the hypothesis that the structure of the alkyl halide was of paramount importance with
regards to ensuring high enantioselectivity.
2.9

Absolute stereochemical assignment

The absolute stereochemistry of product 324 was assigned by X-ray diffraction analysis of
a recrystallised sample. This product was chosen as it represented a potential synthetic
precursor to the natural product debromoflustramine B. The results obtained facilitated the
unequivocal assignment of the stereochemistry of 324 (Figure 2.4) as the S enantiomer (7S).

Figure 2.4

Absolute stereochemical assignment of product 324.

The stereochemistry of the remaining 3,3 disubstituted 2-oxindoles was assigned by
analogy.
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Stereochemical rationale

The stereochemistry of product 324 was rationalised based on the calculations made by
Pliego et al.104 concerning the reaction mechanism of the cinchonium ion asymmetric
phase-transfer-catalysed alkylation reaction and recent computional studies carried out
within our group by Trujillo et al.213

Figure 2.5

Stereochemical rationale summary.

Pliego used density functional theory calculations (DFT) to propose that the previous
asymmetry induction mechanism based on π-π stacking interactions61 was incorrect. He
also proposed that the stabilisation of the main reaction pathway involved hydrogen bond
and electrostatic interactions between the cinchonium ion and the leaving group of the
electrophile.
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Trujillo also used DFT calculations to postulate that the C-2’ quinoline substituent was
involved in stabilising hydrogen bond interactions with the oxygen atom of an anhydride
during a cycloaddition reaction with benzaldehyde. We postulated that a similar interaction
may be occurring with the oxygen of the BOC or ester functionalities (or both) of the
oxindole. We also postulated that the C-2’ quinoline substituent could potentially be
blocking one of the faces of the imaginary tetrahedron (see Section 1.4.6.1), leaving this
area inaccessible to the enolate.
Figure 2.5 also attemps to explain why the stereochemical configuration of 324 is S.
Attemps to rationalise the R enantiomer resulted in significant steric clash between the tertbutyl groups of BOC and the 3,5-di-tert-butyl groups of catalyst 305.
2.10 Conclusions
In conclusion we have described a highly enantioselective SN2 alkylation of a 3-substituted
oxindole. The reaction is catalysed by a novel cinchona alkaloid derived phase-transfer
catalyst generating products incorporating a new quaternary stereocenter with excellent
levels of enantiopurity. Optimisation studies identified the catalyst’s urea-based hydrogen
bond donating group, a bulky N-benzyl substituent and a C-2-aryl unit installed at the
quinoline ring as key units for the facilitation of enantioselective catalysis. The process
generates a range of functionalised benzylated and allylated 2-oxindole compounds
equipped with functionality highly amenable to onward manipulation.
The manipulation of these functionalised 2-oxindole derivatives will be discussed in the
following chapter
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3. Enantioselective organocatalytic synthesis of pyrroloindolines
3.1

Retrosynthetic analysis

3,3-Disubstituted 2-oxindoles have always been regarded as useful synthetic targets due to
their prevalence in natural products and potential as pharmaceutical candidates. 141
Moreover, their facile transformation into pyrroloindoline compounds (an important class
of alkaloids found in a myriad of natural products) resulted in considerable attention being
directed towards their total synthesis, which has been undertaken by several research
groups.198-201

Figure 3.1

Pyrroloindoline natural isolates.42

A structural examination of this alkaloid family identified a quaternary stereocentre at the
C(3a) position. We have previously shown that the SN2 alkylation of 3-substituted 2oxindoles, can be promoted by a family of novel bifunctional hydrogen bond donating
phase-transfer catalysts, with a high degree of enantiocontrol. We postulated that oxindole
324, endowed with 3,3 dimethylallyl functionality in the C(3a) position, represented an
ideal synthetic intermediate for the synthesis of pyrroloindoline ring systems, namely, (-)debromoflustramine B and (-)-flustramine B. After carrying out the appropriate
retrosynthetic analysis (Figure 3.2), we deemed it prudent to first attempt the reaction in a
racemic fashion to determine if the synthetic route was robust.
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Retrosynthetic analysis of (-)-debromoflustramine B (339) and (-)flustramine B (233).

It was envisaged that a nucleophilic aminolysis of compound 324 and 343 would furnish
compounds 341 and 344 respectively, both equipped with the necessary architecture for
subsequent reductive cyclisation to give natural products (-)-debromoflustramine B and ()-flustramine B, in a concise synthesis (Figure 3.2).
3.2

Synthesis of oxindole 342

The construction of flustramine B required the synthesis of a new starting oxindole 342
endowed with a bromine in the C-6 position. No literature precedent could be obtained for
its synthesis due to the ester functionality at C-3 and the BOC protecting group. However,
a synthetic procedure reporting the synthesis of the C-5 methoxy derivative, was selected
as a viable starting point.214 We postulated that substituting the starting material of 5methoxyisatin for 6-bromoisatin (345) should furnish the desired oxindole 342 after
subsequent reduction.
The starting material of 6-bromoisatin (345) was initially protected using standard
protection chemistry with BOC anhydride and catalytic amounts of DMAP. In a separate
flask the phosphonium salt 238 was mixed with THF and n-BuLi to generate the reactive
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Attempted syntheses of oxindole 342 using various reduction methods.

ylide. A mixture of the previously generated BOC-protected 6-bromoisatin was then added
in a dropwise manner and underwent the corresponding Wittig reaction to generate
oxindole 346 in moderate yield after purification via column chromatography.
In our previous synthesis of oxindole 242 (Scheme 2.1, vide supra) a catalytic
hydrogenation was carried out to reduce the alkene bond in 241. It was hoped the same
methodology would be sufficient to carry out the reduction of oxindole 346. Unfortunately,
the reaction conditions employed, also removed the bromine atom from the C-6 position,
furnishing the previously synthesised oxindole 242. A thorough literature search was next
carried out to identify alternative reductions of a double bond in the presence of a halide
but regrettably no such reactions seemed to exist. We postulated that a borohydride based
reducing agent may solve our problem as halides have less of an affinity towards boron
than other metal based reducing agents. The reaction was attempted again with PPh3·BH3
at room temperature initially, resulting in unreacted starting material. We next tried heating
the same mixture to 70 oC in an effort to initiate the reaction. This resulted in the
deprotection of 346 furnishing compound 348. Two more borohydride reagents were also
tried, namely sodium borohydride and sodium cyanoborohydride. The former resulted in
complete starting material decomposition even at levels as low as 5% of reducing agent,
and the latter did not promote the reaction at all (Scheme 3.1). It was at this point we
decided to devise a different synthetic procedure.
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Revised synthesis of oxindole 342.

The synthesis of 3-substituted oxindoles had been completed on numerous occasions within
our group, yet the majority of the designed synthetic schemes required the reduction of a
double bond at the final step. Due to the proclivity of substituted oxindoles to undergo
unwanted side reactions during the reduction step, we deemed it prudent to design a
procedure where reduction of said alkene was not required. The direct alkylation of the C3 position of oxindole 350 with the requisite alkyl halide, after BOC protection was
proposed as a potential strategy.
The starting material chosen for this synthetic route was again 6-bromoisatin (345). After
subjecting it to Wolff-Kishner reduction conditions the resulting oxindole 349 was formed
in 87% yield with no need for purification after acidification with concentrated acid,
filtration and washing with deionised water. This was followed by BOC protection to yield
product 350 in moderate yields. Subsequent alkylation of compound 350, in the presence
of strong base, with alkyl halide 238 gave the desired product, albeit in very low yield (i.e.
19%). This low yield was attributed (in part) to the formation of the bis-alkylated oxindole
351. We postulated that KOtBu may have been too strong of a base as it could potentially
result in a second deprotonation of the remaining C-3 hydrogen after the initial alkylation
reaction, thus leading to the bis-alkylated product 351. The reaction was attempted with a
number of weaker bases but no product formation was observed. Finally we attempted a
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phase-transfer mediated alkylation with tetrabutylammonium bromide (TBAB) as the PTC,
again no product formation was detected (Scheme 3.2). Although the yield of the initial
reaction was very low (i.e. 19%) we decided to proceed with the natural product synthesis
and optimise the procedure at a later date if necessary.
3.3

Racemic synthesis of (±)-flustramine B

Oxindole 342 was alkylated with 3,3-dimethyl allyl bromide (323) under phase-transfer
conditions, furnishing 343 in excellent yield (i.e. 92%). This was followed by aminolysis
yielding the corresponding amide 351, in its deprotected form. The aminolysis reaction was
initially carried out in a round-bottomed flask fitted with a reflux condenser but the yields
obtained were prohibitively low.

Scheme 3.3

Racemic preparation of flustramine B

Switching to a sealed tube facilitated an increase in temperature with a marked increase in
yield also observed (i.e. 85%). The next step required the N-alkylation of oxindole 351 with
alkyl halide 323, which proceeded in good yield, resulting in the formation of oxindole 344.
Reductive cyclisation followed, initially performed with LiAlH4 as the source of reductant,
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but regrettably, resulted in the concurrent dehalogenation of the aromatic ring. Revaluation
of the literature proved fruitful and a procedure reporting the use of an alane-N,Ndimethylethylamine complex-mediated reductive cyclisation to form the a tricyclic product
was found. To our delight, the employment of these conditions furnished the requisite
product 352, sans dehalogenation, in good yield. Subsequent reduction of the lactam with
the same alane-complex provided the racemic natural product 233 in 78% yield.
3.4

Enantioselective preparation of (-)-flustramine B

With a robust racemic preparation now at hand, our attention turned to the enantioselective
preparation of (-)-flustramine B.
Table 3.1

Attempts to promote a highly enantioselective alkylative reaction towards ()-flustramine B.

temp. (oC)

conv. (%)a

ee (%)b

1

-30

91

77

2

-60

54

76

3

-78

31

76

4

-30

59c

77

5

-60

11

71

6

-30

100

76

entry

alkyl halide

distilled
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a

Conversion determined by 1H NMR spectroscopy using para-iodoanisole as an internal standard.bee
determined by CSP-HPLC analysis after isolation by column chromatography. cconversion determined after
192 h.

Initial investigations, regarding the enantioselective alkylation of oxindole 342, were
carried out using the previously determined best catalytic conditions. Rather
disappointingly catalyst 305 could only promote the reaction with a less than ideal
enantioselectivity of 77% ee (Table 3.1, entry 1), suggesting that substituted oxindoles may
bind in a way less conducive to enantiofacial discrimination in the reaction transition state.
The temperature of the reaction was lowered to -60 oC and -78 oC in an effort to augment
product ee however, this did not dispel the problem, in fact, the now evident retardation of
reaction rate served as another hindrance (entries 2 and 3). Inspired by a previous study61
reporting enhanced levels of stereo-induction when using alkyl chlorides as opposed to
alkyl bromides, we resolved to try the chloride derivative of 323, regrettably improvement
of ee was not observed and the reactions were markedly slower than those involvng their
alkyl bromide counterparts (entries 4 and 5). Finally, in a rather speculative attempt at
enhancing product ee, 323 was distilled, which resulted in a slight improvement in reaction
rate, however, the enantioselectivity remained less than synthetically useful.

Scheme 3.4

Enantioselective synthesis of (-)-flustramine B.

Not to be discouraged by the less than perfect enantiocontrol, it was decided to proceed
with the total synthesis nonetheless. The enantioselective step was the only difference
between the synthetic scheme outlined above in Scheme 3.4, and that of Scheme 3.3 (vide
supra). Oxindole 343 was formed with a moderate enantioselectivity of 77% ee. The final
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product of (-)-flustramine B was formed in good yield and represented only the second
organocatalytically mediated, and the first phase-transfer mediated synthesis of this natural
product, the other being MacMillian et al. in 2004.42 Other notable syntheses include those
by Kawasaki,215 and Trost.208 The stereochemistry of the natural product was assigned by
analogy from the crystal structure previously obtained of product 324 and comparison of
specific rotation data to those in the literature.42
With the synthesis of (-)-flustramine B achieved, we now set our sights on the
dehalogenated analogue (-)-debromoflustramine B.
3.5

Racemic preparation of (±)-debromoflustramine B

The same synthetic protocol for the racemic synthesis of flustramine B was utilised in this
synthesis. However, a notable irregularity was observed during the formation of amide 353
after treatment of oxindole 324 with a methanolic solution of methylamine.

Scheme 3.5

Racemic synthesis of debromoflustramine B.

Analysis of the purified 1H NMR spectra identified a seemingly rotameric mixture in an
89:11 ratio. We postulated that the new amide bond must be responsible for the
unprecedented results (no such observation could be made in the synthesis of flustramine
B). More surprisingly still, TLC analysis of the purified ‘rotameric’ mixture identified two
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distinct spots, capable of separation by column chromatography. A thorough literature
search was performed and evidence of this unusual phenomenon had previously been
reported.216

Figure 3.3

Intramolecular hydrogen bonding as possible explanation of separable
rotamers.

Janeba et al. reported the separation of planar rotamers via a single intramolecular hydrogen
bond. A potential intramolecular hydrogen bond interaction for our particular reaction was
theorised and is represented in Figure 3.3. We hypothesised that rotation about the amide
bond may be considerably retarded (as an NMR time scale) by a hydrogen bond interaction
with the oxindole carbonyl moiety, similar to the phenomenon of atropisomerism. In an
effort to support our theory, temperature-variable NMR spectroscopic analysis was carried
out on the rotameric mixture, but unfortunately, coalescence of peaks was not observed.
Column chromatography was performed on the rotameric mixture and each rotamer was
successfully isolated (Figure 3.4).
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1

H NMR spectra of each isolated rotamer.

If these isolated compounds were truly rotamers, then theoretically, their individual
reaction with the same compound should furnish identical compounds. We decided to test
this postulate by carrying each rotamer through the next step of the natural product
synthesis; the N-alkylation of oxindole 353. Each rotamer did in fact give an identical
product 341 and upon repeating the synthesis again, this time not separating the rotameric
mixture, the same compound 341 was again formed. At this point it was decided that the
mixture of rotamers would be carried through to the next step without separation during the
enantioselective synthesis.
The remaining steps in the racemic synthesis proceeded without difficulty and
debromoflustramine B was formed in excellent yield. The alane-N,N-dimethylethylamine
complex-mediated reductive cyclisation was chosen over the LiAlH4 derivative due to
increased product yield and faster reaction rates (Scheme 3.5).
3.6

Enantioselective preparation of (-)-debromoflustramine B

Only four catalytic asymmetric total synthesis of debromoflustramine B have been
reported,42,217–219 none of which rely on a simple SN2-based approach or asymmetric phasetransfer catalysis as the promoter of the enantioselective step. 91% ee Is the highest
enantioselectivity reported thus far. It was our goal, using a novel asymmetric bifunctional
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phase-transfer catalyst, to potentially catalyse a more enantioselective reaction than any of
the previously reported examples.
The alkylation of 242 with 3,3-dimethylallyl bromide (323) furnished the requisite oxindole
324 bearing the necessary architecture capable of cyclising to form the pyrroloindoline core
in good yield and excellent enantiocontrol. The aminolysis of adduct

Scheme 3.6

Highly enantioselective synthesis of (-)-debromoflustramine B

324 to amide 353 proceeded smoothly with concurrent BOC-deprotection and no
diminution of ee. Efficient N-alkylation of the oxindole 353 with 323 afforded 341. This
material could either be carried forward, or precipitated using diethyl ether to provide
product with an enantiomeric excess of 99%. Compound 341 then effectively participated
in an alane-N,N-dimethylethylamine complex-mediated reductive cyclisation to form the
tricyclic product 354 in excellent yield. Reduction of the lactam with the same alanecomplex provided the natural product 339 in 95% yield and near optical purity.
3.7

Conclusions

In conclusion, the core problem, previously overlooked by other research groups, in
synthesising a 3,3 disubstituted oxindole capable of onward manipulation, has been
addressed. We were able to construct a quaternary stereocenter via simple SN2 chemistry
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with an excellent degree of enantiocontrol, with substrate malleability exemplified by the
concise enantioselective synthesis of (-)-flustramine B and (-)-debromoflustramine B. Our
initial goal of synthesising an enantiocontrolled variant matching the current literature
benchmark was realised.
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4. Fluoride-catalysed desymmetrisations
The seminal work of Bunton and Fendler, previously discussed in Section 1.7.3, where the
hydrolysis of succinic anhydride was postulated to be catalysed by nucleophilic fluoride
conditions, prompted us to explore the concept of nucleophilic catalysis as a potential mode
of desymmetrisation. Desymmetrisation chemistry has been proposed to operate via two
distinct mechanisms of action i.e. general-base catalysis or nucleophilic catalysis. A more
recent publication highlighting the apparent affinity of fluoride towards carbonyl
moieties,194 strengthened our hypothesis, that an acyl fluoride intermediate may be formed
upon addition of catalytic amounts of fluoride ion to meso-anhydrides (Scheme 4.1) .

Scheme 4.1

Desymmetrisation of meso-anhydride with catalytic fluoride.

We envisioned that fluoride might be able to serve as a strong nucleophile to attack the
carbonyl group of the anhydride to form an acyl fluoride. The resultant intermediate species
could then be trapped by another nucleophile - in this case methanol - to generate the
desired product and release the fluoride to initiate the next catalytic cycle. Our initial goal
was to try a non-chiral variant of this reaction with tetra-butyl ammonium fluoride (TBAF),
and if successful, attempt to design novel asymmetric bifunctional phase-transfer catalysts
equipped with fluoride as the counter-ion. It was envisaged that by designing PTC
analogues of existing successful bifunctional organocatalysts for these reactions, where the
hydrogen-bond donating unit could aid in the initial delivery of nucleophilic fluoride to one
of the enantiotopic groups of the anhydride, while the ammonium ion provides a chiral
environment and also effectively chaperones the fluoride to the electrophile in a two-phase
environment. If these aforementioned catalysts could promote an enantioselective process
it would represent a hitherto, unprecedented catalytic method of desymmetrisation.

- 113 -

Chapter 4
4.1

Results and discussion

Proof of concept: initial experiment

The initial reaction was carried out using 5 mol% of TBAF in THF (1.0 M) as the catalyst.
The reaction was left over the weekend with full conversion to the requisite hemi-ester 215
obtained after 72 h (Table 4.1, entry 1).
Table 4.1

a

Comparison of tetrabutylammonium fluoride (TBAF) to other bases and
quaternary ammonium salts in the methanolysis of anhydride 356.

entry

cat.

loading (x)

time (h)

conv. (%)a

1

TBAFb

5

72

100

2

DIPEA

5

72

20

3

-

-

72

0

4

TBAFb

5

12

100

5

DIPEA

5

24

6

6

TBAFb

1

24

53

7

TBAB

5

24

0

Conversion determined by 1H NMR spectroscopic analysis. bTBAF solution (1.0 M) in THF.

Two control reactions were set up alongside the initial TBAF catalysed experiment.
Hünig’s base - selected for its poor ability to act as a nucleophile - could only promote the
formation of product 215 with 20% conversion after 72 h (entry 2), suggesting that the
fluoride anion of TBAF was not only deprotonating the pronucleophile as we would not
expect fluoride to be more basic than DIPEA in a medium incorporating methanol. The
second control reaction assessed the outcome of the reaction in the presence of no catalyst
and only five equivalents of alcohol. As expected, no methanolysis of 356 was observed
(entry 3). The experiments detailed in entries 4 and 5 determined the rate of the reactions
with multiple samples taken at various time points throughout the day and analysed by 1H
NMR spectroscopic analysis. Full conversion was attainable after 12 h with TBAF as the
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catalyst, while the Hünig’s base catalysed derivative was markedly slower (i.e. 6%
conversion after 24 h). Lowering the loading of TBAF resulted in a slower reaction rate but
it was worth noting that the reaction could still be promoted with catalyst levels as low as
1 mol% (entry 6). Finally, substituting the tetraalkylammonium salt for the bromide
derivative (TBAB), resulted in the complete absence of catalysis (entry 7), further
strengthening the hypothesis that the fluoride ion was the main driving force behind the
catalysis.
With proof of concept established, i.e. desymmetrisation of meso-anhydrides was
achievable with fluoride based catalysis, without any apparent background methanolysis,
our attention turned to the promotion of an asymmetric variant. This required the synthesis
of some asymmetric bifunctional phase-transfer organocatalysts with fluoride as the
counter ion.
4.2

Initial catalyst synthesis

It was decided to start with the simplest - from a structure perspective - chiral bifunctional
phase-transfer catalyst available. This was achieved by completing the benzylation of
quinine (59) to furnish the quininium salt 44a in good yield (i.e. 82%, Scheme 4.2)

Scheme 4.2

Generation of chiral ammonium fluoride 187b.

The conversion of the bromide salt 44a to the fluoride salt 187b was attempted using an
Amberlyst OH- ion-exchange resin followed by neutralisation with an aqueous solution of
HF. The procedure for this ion-exchange went as follows; A column was packed with
approximately 10 g of Amberlyst OH- and a solution of HF was passed through the column
until the washings were deemed acidic (pH ~ 1). This was followed by the addition of water
until the washings were determined to be of neutral pH. A thorough literature search
revealed that the ion-exchange capacity of Amberlyst F- was 2.6 mmol g-1.176 A methanolic
solution of 44a was then passed through a column of Amberlyst F- resin (1 equivalent) to
yield 187b. Unfortunately upon inspection of the
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internal standard, full conversion to the desired fluoride salt was not achieved (<10%). The
procedure was repeated numerous times, with each attempt yielding a mixture of bromide
and fluoride salts. Increasing the equivalents of F- resin also resulted in incomplete
conversion.
At this point we decided to try a variation of the procedure outlined in the literature for the
anion exchange process. We hypothesised that the partial conversion may be due to the
reduced surface area of the F- resin, once packed into a column, leading to insufficient
contact between the solubilised catalyst 44a and the F- anions. In an attempt to address this
issue, catalyst 44a and the F- resin were stirred vigorously in methanol with samples takes
sequentially and analysed by 19 F NMR spectroscopy. After 4 h, very little conversion was
observed so the reaction was allowed to stir overnight resulting in only 20% conversion
being detected after 12 h. We repeated the experiment with six equivalents of the Amberlyst
F- resin to no avail; full conversion still remained elusive. More worryingly still, the six
equivalents of F- resin caused degradation of the quaternary bromide salt 44a.
These results were very discouraging; as multiple publications174,176,220 had reported the
synthesis of 187b using the same and similar methods to those outlined above. Rather
interestingly though, none of these publications reported any conversion issues or provided
any NMR spectra to substantiate their syntheses. It was decided to attempt another variation
of the anion exchange of bromide for fluoride reported by Corey et al.221 In this instance, a
methanolic solution of catalyst 44a was passed through the Amberlyst OH- resin until the
washings were of basic pH. A 1 N HF solution was then added dropwise, to the washings,
until a neutral pH was detected. Subsequent evaporation of solvent and drying overnight,
under vacuum in a desiccator furnished product 187b albeit, with less than 20% conversion
again. This method was immediately discontinued as we now potentially had a mixture of
the hydroxide, bromide and fluoride salts of catalyst 44a.
At this stage, the best conversion to the fluoride catalyst 187b obtained was 81% via stirring
the F- resin with a methanolic solution of catalyst. It was decided to test this catalyst
regardless, to verify if an asymmetric variant of the desymmetrisation reaction was possible
and if so, could any enantioselectivity be obtained.
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Initial catalyst evaluation

Anhydride 356 was reacted with five equivalents of methanol in the presence of 5 mol% of
catalyst 187b at ambient temperature. We were initially delighted to observe formation of
the desired hemi-ester, confirming our hypothesis that this reaction could be promoted by
a chiral quaternary ammonium fluoride salt.

Scheme 4.3

Initial enantioselective desymmetrisation of meso-anhydride 356.

The rate of the reaction was markedly slower (i.e. 90% conversion after 72 h, Scheme 4.3)
than its racemic counterpart, catalysed by TBAF. We attributed this reaction retardation to
the incomplete formation of the quaternary ammonium fluoride from the previous ionexchange methods and the introduction of a hydrogen bond donating group to the reaction,
which could potentially bond to the fluoride and supress its nucleophilicity, ultimately
leading to slower formation of the acyl fluoride intermediate 355.

Scheme 4.4

Functionalisation of hemi-ester 215 with chiral amine.

Hemiester 215 had to undergo a functionalisation protocol via coupling reaction with (R)(+)-1-(1-naphthyl)ethylamine (357), furnishing the corresponding amide 358 in order to
ascertain the ee of the reaction. Delightedly, catalyst 187b successfully promoted the
formation of hemiester 215 with an ee of 12%, proving our hypothesis that enantioselective
desymmetrisation of meso anhydrides was possible with a chiral quaternary ammonium
fluoride. Obviously, an ee of 12% was not synthetically useful, we therefore, carried out an
investigation into the effect of solvent choice and concentration in an effort to enhance the
level of asymmetric induction attainable.
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Investigations into the effect of solvent and concentration variability

A variety of solvents based on polarity were tested in the desymmetrisation reaction.
CH2Cl2 (Table 4.1, entry 1), a solvent of intermediate polarity, resulted in formation of the
desired hemiester 215, but unfortunately with no level of enantioselectivity.

entry

solvent

conc. (x)

conv. (%)a

ee (%)b

1

CH2Cl2

0.1

89

0

2

PhMe

0.1

16

0

3

ACN

0.1

48

0

4

Et2O

0.1

98

14

5

THF

0.1

96

5

6

MTBE

0.2

100

11

7

MTBE

0.05

78

12

a

Conversion determined by 1H NMR spectroscopy.bee determined by CSP-HPLC analysis after isolation, of
functionalised amide 358 by preparatory TLC and by 1H NMR spectroscopy of isolated functionalised amide
358.

The use of non-polar solvent toluene and polar solvent acetonitrile (entries 2 and 3) also
resulted in a completely racemic reaction. Based on previous experiments which
determined MTBE to be the optimal solvent, it was deemed prudent to try some ethereal
based solvents of differing polarity. The use of diethyl ether (entry 4) resulted in the
formation of 215 with a slightly better ee of 14%. One potential drawback of using diethyl
ether was its increased volatility, which made it difficult to maintain reaction concentration,
even in a ‘sealed’ flask. The use of THF, a more polar ethereal solvent than diethyl ether,
resulted in a depletion of product ee (entry 5). Reaction concentration was the next
parameter investigated. Both concentration and dilution of the reaction solvent (MTBE)
did not abet the formation of a more enantiomerically pure product 215 (entries 6 and 7). It
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was decided to continue with MTBE as the solvent of choice due to the volatility of diethyl
ether.
4.5

Further catalyst evaluation

With variation in solvent and concentration not proving fruitful from an enantioselective
standpoint, it was decided to return to catalyst design in an effort to circumvent this
problem. The catalysts presented in Table 4.2 were all synthesised using the previously
explained methodologies outlined in Section 4.2 (the bromide derivative of 359 prepared
by Dr. Emiliano Sorrentino and iodide derivative of 362 prepared by Dr. Sarah Kavanagh).
Unfortunately, full conversion from the bromide salt to the requisite fluoride still remained
elusive. The desymmetrisation of anhydride 356 was nevertheless carried out in an effort
to ascertain the importance of the hydrogen bond donating subunit in catalysts 359-362.
Table 4.2

Catalyst evaluation of newly synthesised chiral quaternary ammonium
fluorides.

entry

catalyst

conv.(%)a

ee (%)b

1

359

51

44

2

360

53

53

3

361

80

66

4

362

64

61
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a

Conversion determined by 1H NMR spectroscopy.bee determined by CSP-HPLC analysis after isolation, of
functionalised amide 358 by preparatory TLC and by 1H NMR spectroscopy of isolated functionalised amide
358.

It was postulated that the addition of a urea functionality to the catalyst would lead to a
more enantioselective reaction, by choosing between the enantiotopic carbonyl groups of
the anhydride via hydrogen bond donating interactions. This seemed to be the case, as
catalyst 359 successfully promoted the reaction with an ee of 44% (Table 4.2, entry 1).
Catalysts 360 and 361, both endowed with bulky substituents in the 3,5-positions of the Nbenzyl quinuclidine moiety, also promoted the reaction with enhanced levels of asymmetric
induction (i.e. 53 and 66% ee respectively, entries 2 and 3), suggesting that steric demand
in these positions was of paramount importance. Intriguingly, catalyst 362, a relatively
simple first generation phase-transfer catalyst, abetted the formation of 215 with a
respectable degree of enantiocontrol (i.e. 61% ee, entry 4). This rather unusual result was
exciting, but also provided no clear trend with regards to high levels of asymmetric
induction. To understand exactly what catalyst substitutions were conducive to ensuring an
enantiocontrolled reaction, we first resolved to resolve the problems surrounding the anion
exchange mechanism.
4.6

Development of a standardised method of anion exchange

As previously detailed, the conversion of the chiral quaternary ammonium bromide salts to
their fluoride derivatives was proving quite troublesome. Incomplete conversion was the
main issue, with all of the previously outlined literature methods proving impotent. It was
decided to develop a standardised method of anion exchange by passing a 0.1 M methanolic
solution of catalyst 250 through 1 , 5, 10 and 20 equivalents of Amberlyst OH-, with
subsequent neutralisation using a 1 N aqueous solution of HF. Catalyst 250 was chosen due
to its already present trifluoromethyl groups which had a known resonance at -63 ppm in
19

F NMR spectra. Theoretically, an integration of 6:1 (the trifluoromethyl groups and

fluoride ion respectively) should be observed if full conversion was achieved.
The reaction was attempted with one equivalent of Amberlyst OH -, with the washings
neutralised to pH 7 by the addition of HF. Analysis of the 19F NMR spectrum indicated that
an excess of fluorination had occurred as the conversion was calculated to be 170% (Table
4.3, entry 1). The presence of extra fluorine peaks in at -139 ppm was also a cause for
concern.
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Table 4.3

Attempts at standardising the method of anion exchange.

entry

equivalents (x)

conversion (%)a

1

1

170

2

5

170

3

10

170

20

210

4
a

19

Conversion determined by F NMR spectroscopy.

Addition of 5, 10 and 20 equivalents of Amberlyst OH - also resulted in excessive
fluorination (entries 2-4). We postulated that the catalyst may be undergoing Hoffman
elimination thereby generating the bifluoride catalyst R4N+HF2-. This tetraalkylammonium
bifluoride is more stable than the parent fluoride and forms via intramolecular interactions
under anhydrous conditions (Scheme 4.5).

Scheme 4.5

Intramolecular Hoffman elimination mechanism.

It should be noted that the rection samples analysed by 19 F NMR spectroscopy, were taken
after the solvent had been evaporated and the catalyst placed under vacuum as low as 1
mbar. These anhydrous conditions may have been conducive to Hoffman elimination. In
an effort to address this issue we elected to take reaction samples directly after
neutralisation. Unfortuntely, this did not solve the problem, as excessive fluorination
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remained an issue. This standardised method was also performed on catalysts 187b and
362, with both of them undergoing incomplete conversion even when the reaction was
attempted with 20 equivalents of Amberlyst OH -. The unsatisfactory nature of the anion
exchange process was further clarified upon inspection of the previously made catalysts
tested in Table 4.2. 19F NMR spectroscopic analysis indicated the absence of the resonance
associated with the fluoride anion with the only resonance observable at -63 ppm, which
correlates to the trifluoromethyl groups. Slight differences in the 1H NMR spectrum were
also observed, which suggested the loss of the fluoride anion over time and possible catalyst
decomposition.
The combination of being unable to develop a standardised method of anion exchange
between bromide and fluoride and the apparent decomposition of catalysts stored under
anhydrous and ambient temperature conditions led us to the decision to pursue the in situ
generation of the chiral quaternary ammonium fluorides. We ardently believe that the
generation of a structurally complex cinchona alkaloid derived quaternary ammonium
fluoride via ex situ means is a worthwhile endeavour based on the preliminary results and
warrants further investigation. An unprecedented method of desymmetrisation has been
reported, but unfortunately reproducibility remains an issue. We hoped to address this
problem of reproducibility, and in the process glean the necessary information from catalyst
design to perform a highly enantioselective reaction promoted by an in situ generated
catalyst.
4.7

Investigations into the possibility of generating in situ chiral quaternary
ammonium fluorides

The idea of adding an external source of fluoride is certainly not a new one. Previous
examples outlined in Section 1.6.1 reported the addition of up to 5 equivalents of KF or
KF·H2O in an attempt to generate the requisite ammonium fluoride. We postulated that a
catalytic amount of fluoride should suffice, as the attack of the nucleophile on the acyl
fluoride intermediate 355 would result in concomitant regeneration of the chiral ammonium
fluoride catalyst. We also hoped that the hydrogen bond donating group of the bifunctional
chiral ammonium fluorides, could potentially act as ‘chiral shuttle’ delivering the catalytic
amounts of fluoride in an enantioselective manner. We decided to test this postulate by
using chiral bifunctional phase-transfer catalyst 266 with catalytic amounts of KF in the
desymmetrisation reaction.
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Table 4.4

Catalytic activity of in situ generated chiral ammonium fluorides and control
reactions.

entry

cat (mol%)

KF (x)

time (h)

conv. (%)a

ee (%)b

1

5

15

48

44

60

2

0

15

48

3

-

3

0

10

48

2

-

4

0

5

96

2

-

5

0

0

48

0

-

a

Conversion determined by 1H NMR spectroscopy.bee determined by CSP-HPLC analysis after isolation, of
functionalised amide 358 by preparatory TLC and by 1H NMR spectroscopy of isolated functionalised amide
358.

The initial results were very encouraging. Catalyst 266 promoted the reaction with a
respectable enantioselectivity of 60% ee (Table 4.4, entry 1). This represented an increase
in enantioselectivity in comparison to the ex situ generated fluoride derivative 360, albeit
with a slightly slower reaction rate (i.e. 44 vs 53% conversion, compare Table 4.2, entry 2,
with Table 4.4, entry 1). A selection of control reactions were next carried out to assess if
catalytic amounts of KF were capable of promoting the reaction without the co-operation
of a phase-transfer catalyst. A varying amount of KF was added to four reactions ranging
from 0-15 mol% (entries 2-5). We were delighted to observe virtually no background
reaction with catalytic amounts as high as 15 mol%. These experiments provided further
evidence to the theory that fluoride was not deprotonating the pronucleophile, but
participating in a form of co-operative catalysis with the chiral bifunctional quaternary
ammonium bromide 266.
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Rational catalyst design and subsequent screening

Inspired by our initial results with catalyst 266, it was reasoned that a catalyst screen would
be the next logical course of action. However, examination of the current stock of
quaternary ammonium bromides at hand, revealed the absence of two key catalysts, namely
catalysts 364 and 366 (Scheme 4.6).

Scheme 4.6

Synthesis of catalysts 364 and 366 by previously developed methods.

In order to perform a thorough catalyst screen, assessing the effects of comparable phasetransfer catalysts, functionalised with urea and squaramide hydrogen bond donating groups,
as well as assessing the importance of the 3,5-bis-trifluromethylphenyl moiety, catalysts
364 and 366 were developed. The synthesis of these catalysts was completed by previously
developed methods outlined in Scheme 2.10. The final steps in both of these syntheses was
quite low-yielding. In an attempt to augment the yield, heat was applied (50 oC) during the
benzylation of 262. Unfortunately this resulted in degradation of the starting material and
no product formation. Using the method outlined above at room temperature a small
amount of product was obtained with 70% of starting material recoverable. Performing the
benzylation of 365 at room temperature resulted in no reaction.
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Our preliminary studies involved the evaluation of several solvents. THF and MTBE
proved to be comparable solvents in terms of both reactivity and enantioselectivity
outcomes using catalyst 266, therefore, we decided to evaluate the use of both solvents in
the initial catalyst screen.
Table 4.5

Catalyst screen.

entry

catalyst

solvent

conv. (%)a

ee (%)b

1

250

MTBE

100

11

2

250

THF

83

17

3

366

MTBE

100

0

4

364

MTBE

88

-18

5

364

THF

100

-20

6

266

MTBE

44

52

7

266

THF

56

60

8

257

THF

66

24

9

276

THF

52

-37

- 125 -

Chapter 4

Results and discussion

10

277

THF

50

-39

11

263

THF

52

-20

a

Conversion determined by 1H NMR spectroscopy.bee determined by CSP-HPLC analysis after isolation, of
functionalised amide 358 by preparatory TLC and by 1H NMR spectroscopy of isolated functionalised amide
358.

Catalyst 250 successfully promoted the reaction albeit, with a ow level of enantiocontrol in
both MTBE and THF (Table 4.5, entries 1 and 2). The importance of the 3,5-bistrifluoromethylphenyl moiety quickly became apparent from the poor performance, from
an enantioselectivity standpoint, of catalyst 366, in which this group has been exchanged
with a tert-butyl substituent, resulting in the formation of a racemic product (entry 3). A
direct comparison between the squaramide and urea hydrogen bond donating moieties was
next carried out by employing catalyst 364. Very interestingly, this catalyst was able to
promote the formation of product 215 with comparable enantiocontrol to its urea
counterpart, but with the formation of the opposite enantiomer. Again THF was the superior
solvent from an enantioselectivity standpoint (entries 4 and 5). The effect of adding a
sterically hindered group to the N-benzyl moiety was next investigated by evaluating the
performance catalyst 266, incorporating two bulky tert-butyl groups in the 3,5 positions.
Rather worryingly, 266 successfully promoted the formation of the desired hemiester with
a reasonable degree of enantiocontrol (entries 6 and 7), but reproducibility seemed to be an
issue, as previous attempts with the same catalyst furnished a more enantioenriched product
(60 vs 52% ee, Table 4.4, entry 1, vs Table 4.5,entry 6). The advantage associated with
installation of a C-2’ aryl unit on the quinoline ring was again observed; as catalyst 257,
bereft of such a substitution, could only promote the formation of product 215 with a
diminished ee of 24% (entry 8). Unfortunately, the advantageous substitutions experienced
with the urea hydrogen bond donating functionality were not homologous with their
squaramide counterparts. Catalysts 276 and 277 (prepared by Dr. Emiliano Sorrentino) and
catalyst 263 could only promote the formation of the desired hemiester with low levels of
asymmetric induction (entries 9-11). The continued trend of squaramide substituted
catalysts facilitating the formation of the opposite enantiomer to the urea-based systems
continued.
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Design of a reproducible reaction

The irreproducibility of the stereocontrol observed using catalyst 266 prompted further
investigation. The reaction was repeated once more, obtaining 51% ee, which represented
the third different result in as many attempts (Table 4.6, entry 1). A series of identical
experiments were therefore designed using the same source of KF, identical stirring bars
and identical 5 mL round-bottomed flasks. Two colleagues, Ms. Mili Litvajova and Ms.
Sarah Cronin also performed the reaction under the aforementioned conditions. The results
were conclusive, with reproducibility identified as a major issue.
Table 4.6

Reproducibility investigations

entry

conversion (%)a

ee (%)b

1

51

51

2

49

49

3c

47

43

4c

41

8

5c

41

2

a

Conversion determined by 1H NMR spectroscopy.bee determined by CSP-HPLC analysis after isolation, of
functionalised amide 358 by preparatory TLC and by 1H NMR spectroscopy of isolated functionalised amide
358.c Reactions performed with a new batch of catalyst 266.

An ee of 49% was obtained upon the fourth attempt of the reaction (entry 2, Table 4.6).
The common trend was; that enantiocontrol was diminishing with each attempt of the
reaction. It was hypothesised that perhaps, the catalyst had become contaminated. 1H NMR
spectroscopic analysis did not support this theory, however a new batch was synthesised

- 127 -

Chapter 4

Results and discussion

nonetheless. Employment of the new batch resulted, once again, in the promotion of a
reaction with depleted enantiocontrol (entry 3). The results obtained by the aforementioned
colleagues unequivocally confirmed that reproducibility with this reaction was problematic
(entries 4 and 5).

Scheme 4.7

Design of new experiment to ensure reproducibility.

We postulated that our purification method may be leading to product racemisation.
Hemiester 215 was purified using column chromatography eluting from a mixture of
CH2Cl2 and MeOH 20:1. If any unreacted starting material (i.e. 356) was left in the reaction
mixture during purification, the enormous excess of MeOH would have the opportunity to
partake in uncatalysed addition, subsequently forming racemic quantities of product 215
and effectively lowering the overall enantiomeric excess.
Theoretically, if this was the issue, reaction conversion and product ee should be codependant. This seemed to be the case (entries 1-5, Table 4.6). Our initial solution to the
problem involved a changing of solvent system for purification. This proved futile as proper
separation of product and catalyst could not be achieved. The addition of pyrrolidine, (a
nucleophilic base) to the reaction after 48 h solved the problem as the unreacted starting
material now rapidly formed an amide and could not undergo racemisation upon
purification (Scheme 4.7). Four consecutive reactions performed using this method gave
40% ee and two subsequent reactions performed by my aforementioned colleagues also
furnished products with an enantiomeric excess of 40%.
4.8.2 Extensive catalyst screen
With a robust synthetic protocol now in hand, our attention turned to an extensive catalyst
screen encompassing a multitude of chiral bifunctional phase-transfer catalysts, with
varying hydrogen-bond donating subunits as well as various N-benzyl substitutions in the
ortho, meta, and para positions.
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Table 4.7

Urea and squaramide derived phase-transfer catalysts evaluated in the
desymmetrisation of meso-anhydride 356.

entry

catalyst

conv. (%)a

ee (%)b

1

364

47

-23

2c

368

46

-21

3c

369

45

-25

4

370

43

-17

5c

371

43

-44

6

366

45

-6

7

250

70

0

8c

372

79

53

9c

373

66

51

10c

374

48

25

a

Conversion determined by 1H NMR spectroscopy.bee determined by CSP-HPLC analysis after isolation, of
functionalised amide 358 by preparatory TLC and by 1H NMR spectroscopy of isolated functionalised amide
358.c Catalysts synthesised and reactions carried out by Ms Mili Litvajova.
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Further catalyst screening, investigating the effects of alternative hydrogen bond-donating
groups was next investigated. Catalyst 364, endowed with a squaramide H-bond donor and
a N-benzyl moiety, successful promoted the reaction with moderate enantioselectivity of 23% ee. (Table 4.7, entry 1). The formation of the opposite enantiomer was once again
observed. Manipulation of the electronic characteristics of the N-benzyl moiety with both
electron donating (i.e. 368) and electron withdrawing (i.e. 369) substituents led to marginal
decrease and increases in ee respectively (entries 2 and 3).Use of Catalyst 370, endowed
with an allyl substituted quinuclidine ring, did not result in any improvement in product ee
(entry 4). The electronic nature of the N-benzyl substituent was again manipulated by
installation of a pentafluoro unit (i.e. 371) which resulted in an augmentation of product ee
(entry 5). The importance of the 3,5-bis-trifluromethylphenyl moiety was evident by the
poor performance, from an enantioselective perspective, of catalyst 366, in which this
group had been exchanged with a tert-butyl substituent, leading to the formation of nearly
racemic product (entry 6). Rather surprisingly, switching to the urea based H-bond donor
(i.e. 250) completely destroyed any enantioselectivity and promoted the formation of a
racemic 215 (entry 7). Simple changes to the electronics of the N-benzyl moiety resulted in
large improvements in enantiocontrol, with the use of both electron donating (i.e. 372) and
electron withdrawing (i.e. 373) substituents proving advantageous (entries 8 and 9). The
importance of either meta or para substituents on the N-benzyl moiety was made apparent
when we observed that the ortho substituted catalyst 374 promoted the formation of a less
enantioenriched product (entry 10).
The conclusions drawn from this catalyst screen highlighted the superiority of the urea
group as the hydrogen bond donating subunit, the contribution from the urea N-3,5-bistrifluromethylphenyl moiety and the lack of enantiocontrol when neither are present. This
combination of results strongly implicated the hydrogen-bond donating unit as being a key
driver of the catalysis. Simple changes to the electronic nature of the N-benzyl substituent
resulted in significant enhancement of enantiocontrol, particularly meta and para
substitutions. Ortho substitutions tended to diminish product ee, but a catalyst combining
all of the substitutions i.e. a pentafluoro substituent seemed to be particularly effective in
the squaramide family of catalysts. It was decided to synthesise the urea variant of this
catalyst, which was completed in 38% yield (378) using previously developed synthetic
protocols (Scheme 2.7 and Scheme 2.8, vide supra).
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Table 4.8

Urea based phase-transfer catalysts, with a C-2 quinoline phenyl
substitution, evaluated in the desymmetrisation of meso-anhydride 356.

entry

catalyst

conv. (%)a

ee (%)b

1c

375

66

60

2c

376

57

46

3c

377

70

43

4

266

44

40

5

378

61

51

6c

379

66

60

7c

380

72

61

8c

381

79

62

9c

382

77

61

a

Conversion determined by 1H NMR spectroscopy.b ee determined by chiral HPLC analysis after isolation,
of functionalised amide 358 by preparatory TLC and by 1H NMR spectroscopy of isolated functionalised
amide 358. c Catalysts synthesised and reactions carried out by Ms Mili Litvajova.

The effect of a C-2’ quinoline substitution, a previously advantageous addition, had not yet
been investigated. A range of catalysts endowed with this functionality formed the basis of
- 131 -

Chapter 4

Results and discussion

our next catalyst screen. An electron withdrawing group on the meta position of the Nbenzyl substituent had previously been identified as a favourable substitution from an
enantioselective standpoint. Catalyst 375 verified this hypothesis by promoting the reaction
with our best level of asymmetric induction yet (i.e. 60% ee, Table 4.8, entry 1). The
addition of a phenyl group in the C-2’ quinoline position was also proving advantageous
(compare Table 4.7, entry 8, and Table 4.8, entry 1). The effect of electron donating
substituents with variable steric bulk was next investigated. It soon became abundantly
clear that electron donating substitutions, regardless of sterics, led to the promotion of a
less enantiocontrolled reaction (entries 2-4). The N-benzyl pentafluoro substituted catalyst
378 was next evaluated and unfortunately could only promote the reaction with a
diminished ee of 51% (entry 5). This result substantiated our previous postulate that ortho
substitution on the N-benzyl moiety led to the promotion of a less enantiocontrolled
reaction, possibly due to steric clash. The last four catalysts employed (i.e. 379-382)
investigated the effect of combining various electron withdrawing groups on the meta and
para positions of the N-benzyl substituent (entries 6-9). Rather disappointingly, the
expected augmentation in ee was not observed, although a noticeable increase in reaction
rate was greatly discernible.
It was decided to conclude the catalyst screening process as we felt every possible area of
potential manipulation, to ensure the promotion of a more enantiocontrolled reaction had
been investigated. Catalyst 381, incorporating a urea hydrogen bond donating group, linked
to the N-3,5-bis-trifluromethylphenyl moiety, a C-2 phenyl quinoline substitution
modification and a quinuclidine-N-benzyl group incorporating electron-withdrawing
groups in the meta and para positions was selected as the optimised structure.
4.8.3 Reaction condition optimisation
A series of optimisation experiments were carried out by Ms. Sarah Cronin in an effort to
determine optimal reaction temperature, reaction concentration and the preferred alcohol.
The reaction concentration was both diluted and concentrated with no corresponding
amelioration in enantioselectivity. The employment of lower reaction temperatures actually
diminished product ee and severely slowed the rate of reaction. Altering catalyst loading
while maintaining the amount of KF constant had no effect on stereocontrol. A suite of
different alcohols consisting of ethanol, tribromoethanol, allyl alcohol and benzyl alcohol
were all tested; and unfortunately, the corresponding alcoholysis products were formed in
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lower ee in each case. Methanol was therefore selected as the alcohol of choice for substrate
optimisation purposes.
4.9

Substrate Scope evaluation

With an optimised catalyst structure now at hand, our attention turned to the issue of
substrate scope. A range of glutaric and succinic anhydrides were selected for evaluation
purposes; with their suitability assessed in a series of control reactions.
Table 4.9

Control reactions of different meso-anhydrides in the absence of PTC.

time (h)

temp (oC)

conv. (%)a

1

48

25

0

2

48

25

98

3

48

25

0

4

48

25

100

5

48

25

0

6

48

25

0

7

a) 24
b) 24
c) 48

a) 25
b) 0
c) -10

72b
15
22

entry

anhydride
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48

25

100

Conversion determined by 1H NMR spectroscopy. b5 mol% of KF used

The control reaction using anhydride 356 had previously been investigated, with no
conversion to the hemiester observed after 48 h (Table 4.9, entry 1). Very surprisingly the
exo diastereomer of anhydride 356 (i.e. 383) underwent full conversion to the
desymmetrised product (entry 2). No hemiester formation was detected upon the use of
anhydride 384 (entry 3) however, employment of anhydride 385, under identical reaction
conditions, unfortunately resulted in full conversion to the corresponding hemiester. (entry
4). Attempts to obviate the background reaction associated with anhydride 385 will be
covered in detail in Table 4.10. A literature search183 identified anhydrides 386 and 387 as
particularly slow reacting species in this alcoholysis reaction. This was verified as both
anhydrides did not form any of the desymmetrised product under standard reaction
conditions (entries 5 and 6). 3-Substituted glutaric anhydrides 388 and 389 were also
investigated. Unfortunately, analysis of the reaction mixture by 1H NMR spectroscopic
analysis indicated significant formation of desymmetrised hemiester 215 (entries 7 and 8).
The effect of decreasing the temperature and amounts of KF were investigated in an attempt
to control hemiester formation derived from 3-methylglutaric anhydride (388). Changing
the catalyst loading to 5 mol% did not alleviate the problem (entry 7a). Unfortunately,
further attempts to control formation of racemic product by manipulating reaction
temperature proved fruitless, as hemi-ester formation was still detected at temperatures as
low as 0-10 oC (entries 7b and c).
Attempts were made to control the rate of hemiester formation derived from anhydride 385
by varying the amounts of KF and MeOH used in the reaction, the results of which are
summarised in table Table 4.10.
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Varying amounts of KF and MeOH in an attempt to obviate the background
reaction.

entry

time (h)

loading (x)

MeOH (y)

conv. (%)a

1

24

15

1

30

2

24

5

5

71

3

24

5

1

48

4

18

1

1

42

5

18

0

5

24

Conversion determined by 1H NMR spectroscopy.

The use of less methanol did not prove advantageous, as hemi-ester formation was still a
problem (Table 4.10, entry 1). Decreasing the quantity of KF was also ineffective, even in
combination with reduced methanol concentrations (entries 2-4). Attempts to control the
reaction were deemed futile after realisation that methanol alone was capable of
desymmetrisation without any promotion from KF (entry 5).
Table 4.11

entry

Substrate scope with optimised conditions and catalyst.

anhydride

product

1
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2

95

44

3

83

33

4

88

51

5

98

54

6

94

39

7

88

6

8

94

0

a

Isolated yield.bee determined by CSP-HPLC analysis after isolation, of functionalised amide 358 by
preparatory TLC and by 1H NMR spectroscopy of isolated functionalised amide 358.

As summarised in Table 4.11, succinic anhydride derivatives 356 and 383-387 could be
smoothly transformed into their corresponding hemiesters in excellent yields and moderate
ee in the presence of 5 mol% of catalyst 387 in conjunction with 15 mol% of KF.
Both the endo and exo-adducts of the sterically demanding tricyclic anhydride (i.e. 356 and
383) were successfully desymmetrised in excellent yields and moderate ee (entries 1 and
2). Oxatricyclic compound 384 was also conducive to desymmetrisation, albeit with low
levels of asymmetric induction (entry 3). Bicyclic anhydrides, such as 385 and 386 proved
amenable to desymmetrisation with reasonable stereocontrol, with the corresponding
hemiesters isolated in excelled yield (entries 4 and 5). Substituted bicyclic anhydride 387
underwent transformation to the desired hemi-ester in excellent yield, however the levels
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of asymmetric induction obtained were not synthetically useful (entry 6). Unfortunately,
utilisation of the optimised reaction conditions with glutaric anhydrides 388 and 389
resulted in the formation of nearly racemic product. We attributed this lack of
enantiocontrol to the uncontrolled background reaction.
4.10 Nucleophilic catalysis: proof of concept
The acyl fluoride generated by the nucleophilic attack of fluoride on cis norbornene-5 6endo-dicarboxylic anhydride (356), is an unknown compound, therefore, identification of
this intermediate in situ would not provide significant evidence for a nucleophilic catalysis
mediated reaction. We therefore elected to use benzoic anhydride (391) as a model
compound. Attack on its acyl centre by fluoride would generate benzoyl fluoride (393,
Scheme 4.8), a known compound, the existance of which in situ could be identified by
spectroscopic methods.

Scheme 4.8

Generation of benzoyl fluoride by nucleophilic attack of fluoride on benzoic
anhydride.

To truly mimic the reaction conditions utilised in Section 4.7 - 4.9, a catalytic amount of
KF would be required in the presence of a chiral bifunctional phase-transfer catalyst. The
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Observation of benzoyl fluoride in the 19F NMR spectrum of reactions both
with and without methanol.
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reaction was carried out with and without MeOH, and in both instances the characteristic
fluorine resonance at ~17.9 ppm was observed albeit, with a much slower rate in the
reaction containing five equivalents of MeOH. This was to be expected as methanol
solvates the fluoride anion, thereby decreasing its nucleophilicity (Figure 4 1).
Two further experiments were performed in an effort to support our hypothesis. The same
reaction, devoid of phase-transfer catalyst and methanol, failed to produce any acyl
fluoride. This result in particular was very exciting as it provided significant evidence for
a nucleophilic catalysis, mediated reaction. The reaction was also attempted using TBAB,
to ascertain the importance of the hydrogen bond-donating subunit in catalyst 305. Rather
surprisingly, acyl fluoride formation was detected, albeit in very small amounts (<2%),
which suggested that hydrogen bond donating moieties were sine qua non for acyl fluoride
generation, however, their incorporation into the phase-transfer catalyst 305 does lead to
enhanced reactivity.
Theoretically, the maximum amount of benzoyl fluoride capable of forming in solution was
15% due the the catalytic amount of KF present. We postulated that if reaction samples
were taken sequentially over a fixed period of time and analysed by 19 F NMR spectroscopic
techniques, evidence of a maximum threshold of 15% should be attainable. We designed
this experiment using one equivalent of fluorobenzene as the internal standard. The results
were conclusive: with 15% of benzoyl fluoride formed after 265 min and the maintenance
of this conversion during a 12 h reaction (Figure 4.2).

Benzoyl Fluoride Formation

Convesion (%)
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5
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Time (min)

Figure 4.2

Formation of benzoyl fluoride over a 12 h period.
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4.10.1 Nucleophilic catalysis mediated rearrangement of O-acylated enolates.
Catalysts that can promote acyl transfer processes, especially in an enantioselective
manner, are important in enantioselective synthesis. To truly assess the capability of the
postulated nucleophilic fluoride reaction mechanism it was decided to attempt a
rearrangement reaction with an O-acylated enolate that could only occur via nucleophilic
catalysis. Oxindole 394 (synthesised by Ms. Litvajova) was selected as a model compound
to test our hypothesis (Scheme 4.9).

Scheme 4.9

Acyl transfer reaction promoted by TBAF.

The reaction was carried out by Ms. Litvajova and the desired rearranged product 395 was
formed in excellent yield. This results confirmed that nucleophilic catalayis was the
operative mechanism of action for this particular reaction. The author’s contribution to the
project was the synthesis of three oxindoles (i.e. 397-399) to be assessed in the
rearrangement reaction.

Figure 4.3

Oxindoles 397-399 synthesised for evaluation in an acyl transfer reaction.

It is worth noting that the rearrangement was not limited to nucleophilic catalysis mediated
by the fluoride anion, as other anions such as acetate, benzoate, azide and cyanide were
also successful in promoting the formation of product 395. Investigations into an
enantioselective variant of this reaction are currently underway.
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4.10.2 Tandem desymmetrisation-lactamisation of meso-glutaric anhydrides
The seminal work by Marburg and Greico,222 where a stoichiometric amount of sodium
azide was added to a suite of cyclic anhydrides, in the hope of converting them to amino
acids, prompted us to explore an organocatalytic mediated derivative. The propensity of
acyl centres to undergo nucleophilic addition of the azide anion is well documented.222–224
We therefore deemed it worthwhile to attempt a nucleophilic addition of azide to 3phenylglutaric anhydride (389), with subsequent Curtius rearrangement leading to
formation of amino acid 400 (Scheme 4.10).

Scheme 4.10 Proof of concept with achiral tetrabutylammonium azide.
The initial results were quite surprising; the desired amino acid was not observed, however,
the formation of lactam 401 was very interesting and warranted further investigation. It was
envisaged that a chiral phase-transfer catalyst such as 44a could aid in the delivery of
nucleophilic azide to one of the enantiotopic carbonyl groups of anhydride 389, while the
ammonium ion could provide a chiral environment and also effectively chaperone the azide
to the electrophile in a two-phase environment. Catalyst 44a, a simple first generation
phase-transfer catalyst, was evaluated initially with a stoichiometric amount of sodium
azide (Scheme 4.11).

Scheme 4.11 Attempted enantioselective variant with 1st generation PTC.
No product formation was detected, with 1H NMR spectroscopic analysis confirming only
unreacted starting material. We postulated that a superior hydrogen-bond donating unit,
other than the hydroxyl group of 44a may be more efficacious in transporting azide to the
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requisite electrophile 389. Chiral bifunctional phase-transfer catalyst 305 was therefore
evaluated.

Scheme 4.12 Attempted enantioselective variant with chiral bifunctional PTC.
Product formation still remained extremely low with multiple uncontrolled side reactions
occurring in tandem, however, lactam 401 could be formed with a moderate
enantioselectivity of 11% ee, confirming our initial hypothesis that an enantioselective
Curtius rearrangement, promoted by an organocatalyst, via a nucleophilic catalysis
mediated pathway was possible. Further investigation regarding reaction mechanism and
the obviation of unwanted background reactions is currently being investigated by Mr.
Simon Nicholas Smith within the group.
4.11 Conclusions
In summary, the first asymmetric reaction involving nucleophilic catalysis by fluoride ion
has been developed. A library of quinine-derived PTCs capable of forming ammonium
fluorides in situ were evaluated in the desymmetrisation of a meso-anhydride by
methanolysis. The presence of a strong H-bond donating unit at C-9 is a sine qua non from
an enantioselectivity standpoint. An N-benzyl moiety equipped with electron-withdrawing
substituents and an arylated quinoline ring are also beneficial. The optimum catalyst
designed was capable of promoting the desymmetrisation of 356 with 61% ee. The
substrate scope was broad, however with less hindered substrates background catalysis by
fluoride attenuated enantioselectivity. Experiments involving the fluoride-catalysed
methanolysis of benzoic anhydride unambiguously demonstrated the formation of the
corresponding acyl fluoride, and in the absence of methanol, quantitative formation of 393
was observed. These systems offer a potential solution to the activity-selectivity
conundrum associated with all chiral nucleophilic catalysts: the chiral information can be
carefully tuned to bind to the transition state without excessive concerns about its steric
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bulk reducing catalyst nucleophilicity, because the small nucleophilic catalyst component
is not covalently bound to it.
Reaction scope was demonstrated with the successful promotion of an nucleophilic
catalysis mediated rearrangement of O-acylated enolates and a tandem desymmetrisationlactamisation of meso-glutaric anhydrides
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5. Experimental procedures and data
5.1

General

Proton Nuclear Magnetic Resonance (NMR) spectra were recorded on Bruker DPX 400
MHz and Bruker Avance II 600MHz spectrometers, using as solvent CDCl3, DMSO-d6 or
D2O and referenced relative to residual CHCl 3 (δ = 7.26 ppm) DMSO (δ = 2.50 ppm) or
H2O (δ = 4.79 ppm). Chemical shifts are reported in ppm and coupling constants (J) in
Hertz. Carbon NMR spectra were recorded on the same instruments (100.6 MHz and 150.9
MHz respectively) with total proton decoupling. Fluorine NMR spectra were recorded on
the Bruker DPX400 machine (376.5 MHz). HSQC, HMBC, TOCSY NOE and ROESY
NMR experiments were used to aid assignment of NMR peaks when required. All melting
points are uncorrected. Infrared spectra were obtained on a Perkin Elmer Spectrum 100 FTIR spectrometer equipped with a universal ATR sampling accessory. ESI mass spectra were
acquired using a Waters Micromass LCT- time of flight mass spectrometer (TOF),
interfaced to a Waters 2690 HPLC. The instrument was operated in positive or negative
mode as required. EI mass spectra were acquired using a GCT Premier Micromass time of
flight mass spectrometer (TOF). The instrument was operated in positive mode. Chemical
Ionization (CI) mass spectra were determined using a GCT Premier Micromass mass
spectrometer in CI mode utilising methane as the ionisation gas. APCI experiments were
carried out on a Bruker microTOF-Q III spectrometer interfaced to a Dionex UltiMate 3000
LC or direct insertion probe. The instrument was operated in positive or negative mode as
required. Agilent tuning mix APCI-TOF was used to calibrate the system. Flash
chromatography was carried out using silica gel, particle size 0.04-0.063 mm. TLC analysis
was performed on precoated 60F254 slides, and visualised by UV irradiation and KMnO4
staining. Optical rotation measurements are quoted in units of 10 -1 deg cm2 g-1. Anhydrous
CH2Cl2, THF, acetonitrile and diethyl ether were obtained by using Pure Solv MD-4EN
Solvent Purification system. Commercially available anhydrous t-butyl methyl ether
(MTBE) and MeOH was used. Analytical CSP-HPLC was performed on Daicel Chiralpak,
AD, AD-H, IA, or Chiralcel OD, OD-H, OJ-H (4.6 mm x 25 cm) columns. The X-ray
crystallography data for crystal sample 324 was collected on a Rigaku Saturn 724 CCD
diffractometer. A suitable crystal from each compound was selected and mounted on a glass
fibre tip and placed on the goniometer head in a 150K N2 gas stream. The data sets were
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collected using Crystalclear-SM 1.4.0 software and 1246 diffraction images, of 0.5° per
image, were recorded. Data integration, reduction and correction for absorption and
polarisation effects were all performed using Crystalclear-SM 1.4.0 software. Space group
determination, structure solution and refinement were obtained using Crystalstructure ver.
3.8 and Bruker Shelxtl Ver. 6.14 software.
5.2

Experimental procedures for Chapter 2

(2-Ethoxy-2-oxoethyl)triphenylphosphonium bromide (237)

A 500 mL round-bottomed flask containing a magnetic stirring bar was charged with
triphenylphosphine (25 g, 71.71 mmol), fitted with a condenser and placed under a
protective argon atmosphere. Toluene (205 mL, 0.35 M) was added via syringe followed
by bromo ethylacetate (8 mL, 95.37 mmol). The reaction was refluxed for 12 h then cooled
to room temperature and the precipitate formed was isolated by suction filtration, washed
with diethyl ether (3 x 50 mL) and dried in vacuo to give 237 as a white solid in quantitative
yield (33.32 g, 100%). M.p.145-150 oC (lit.225 m.p.155-156 0C).
Spectral data for this compound were consistent with those in the literature.225
δH (400 MHz, CDCl3)

7.90-7.85 (6H, m, H-1), 7.78-7.74 (3H, m, H-3), 7.67-7.63
(6H, m, H-2) 5.56 (2H, d, J 13.75, H-4), 4.01 (2H, q, J 7.14,
H-5), 1.04 (3H, t, J 7.14, H-6)

max (neat)/cm-1:

3496, 2741, 1730, 1587, 1463, 1448, 1438, 1391, 1295,
1292, 1206, 1131, 1112, 1015, 995, 880, 844, 684

(E)-Ethyl 2-(2-oxindolin-3-ylidene)acetate (240)
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A 500 mL round-bottomed flask containing a magnetic stirring bar was charged with 46
(11.31 g, 26.4 mmol) and dichloromethane (100 mL). An aqueous solution of NaOH (2.0
M, 100 mL) was added and the reaction was allowed to stir vigorously at room temperature
for 15 min. The organic layer was separated and the aqueous layer extracted with
dichloromethane (3 x 25 mL). The combined organic layers were dried over anhydrous
MgSO4, filtered and concentrated in vacuo to furnish a residue containing the relative crude
ylide 238 (8.75g, 99%) which was dissolved in toluene and transferred via syringe to a 250
mL round-bottomed flask containing a magnetic stirring bar. Isatin 239 (3.5g, 23.79 mmol)
was added to the mixture and the reaction was stirred at room temperature for 12 h. The
reaction mixture was concentrated in vacuo and the residue obtained was purified via flash
chromatography, (Hexane/EtOAc 8:2), to afford 240 as an orange solid. (3.98g, 77%) M.p.
162-165 oC. (lit.226 m.p. 164-165 oC)
Spectral data for this compound were consistent with those in the literature.226
δH (400 MHz, CDCl3)

8.54 (1H, d, J 7.8, H-1), 7.56 (1H, bs, H-8) 7.32 (1H, t, J 7.7,
H-3), 7.04 (1H, t, J 7.74, H-2), 6.86 (1H, s, H-5), 6.82 (1H,
d, J 7.8, H-4), 4.32 (2H, q, J 7.1, H-6), 1.36 (3H, t, J 7.1, H7)

max (neat)/cm-1:

3157, 1704, 1649, 1609, 1461, 1370, 1319, 1194, 1090,
1028, 956, 896, 867, 787, 746, 665

(E)-tert-butyl-(2-ethoxy-2-oxoethylidene)-2-oxindoline-1-carboxylate (241)

A 250 mL round-bottomed flask containing a magnetic stirring bar was charged with 240
(3.1g, 14.28 mmol), DMAP (175 mg, 1.43 mmol). Acetonitrile (50 mL) was added via
syringe followed by a solution of di-tert-butyl decarbonate (3.74 g, 17.14 mmol,) dissolved
in acetonitrile (10 mL) was then added dropwise via syringe over 30 min. The reaction was
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stirred at room temperature for 15 h. The solvent was removed in vacuo and the crude
compound obtained was purified by column chromatography, (Hexane/EtOAc 8:2), to
furnish 241 as a yellow solid (4.22 g, 93%) M.p. 62-65 oC (lit.226 m.p. 65-67 oC)
Spectral data for this compound were consistent with those in the literature.226
δH (400MHz, CDCl3)

8.7 (1H, d, J 6.8, H-1), 7.93 (1H, d, J 8.1, H-4), 7.48-7.44
(1H, m, H-3), 7.22 (1H, t, J 7.7, H-2), 6.94 (1H, s, H-5), 4.36
(2H, q, J 7.1, H-6), 1.68 (9H, s, H-8) 1.41 (3H, t, J 7.1, H-7)

max (neat)/cm-1:

2981, 1756, 1719, 1643, 1600, 1461, 1367, 1329, 1303,
1249, 1205, 1146, 1091, 849, 781, 747

tert-butyl 3-(2-ethoxy-2-oxoethyl)-2-oxoindoline-1-carboxylate (242)

A 100 mL round-bottomed flask containing a magnetic stirring bar was charged with 241
(2.05 g, 6.32 mmol) and palladium on activated carbon (63 mg, 10 mol%). The mixture
was dissolved in EtOAC (20 mL) and the reaction flask evacuated of oxygen by means of
vacuum pump. H2 was then added to the flask (balloon and septa) and the reaction was left
stirring at room temperature for 15 h. The solvent was removed in vacuo and the crude
residue was purified by column chromatography (Hexane/EtOAc 9:1), to afford compound
242 (1.23g, 61%) M.p. 45-47 oC. (lit.227 m.p. 46-47 oC).
Spectral data for this compound were consistent with those in the literature.227

δH (400 MHz, CDCl3)

7.86 (1H, d, J 8.2, H-1), 7.35-7.31 (1H, m, H-4), 7.27-7.25
(1H, m, H-3), 7.16 (1H, t, J 7.5, H-2), 4.18-4.17 (2H, m, H7), 3.93-3.90 (1H, m, H-5), 3.10 (1H, dd, J 4.5, 17.0, H-6),
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2.97 (1H, dd, J 7.0, 17.0, H-6), 1.7 (9H, s, H-9), 1.2 (3H, t, J
7.1, H-8)

max (neat)/cm-1:

2981, 1756, 1719, 1600, 1461, 1367, 1329, 1303, 1249,
1205, 1146, 1091, 849, 781, 747

General procedure I: General protocol for preparation of 9-epi-amine-derivatives
(3.HCl salts) of quinine derived alkaloids
A oven dried 250 mL round-bottomed flask containing a stirring bar was charged with
triphenylphosphine (1.2 equiv.) and the appropriate quinine derivative (10 mmol), fitted
with a septum and placed under an argon atmosphere. Anhydrous THF (65 mL) was added
via syringe and the resulting solution was cooled to 0 °C. Diisopropyl azodicarboxylate
(DIAD, 1.2 equiv) was added dropwise via syringe followed by diphenylphosphoryl azide
(DPPA, 1.2 equiv.), the resulting mixture was allowed to warm to room temperature and
stirred for 16 h, then heated at reflux temperature for 2 h. The so-formed azido species was
reduced in situ via a Staudinger reduction: the reaction mixture was cooled to room
temperature, then triphenylphospine (1.2 equiv.) was added and the solution was heated at
reflux temperature for 5 hours. After cooling the reaction to room temperature, H 2O (20
mL) was added and the reaction was stirred at room temperature for 20 h, followed by
concentration in vacuo with the resulting residue dissolved in CH2Cl2 (30 mL). A 2.0 M
aqueous solution of HCl (30 mL) was added, the aqueous phase was separated and washed
with CH2Cl2 (3 x 20 mL). The aqueous layer was then concentrated under reduced pressure
to obtain the hydrochloride salt of the 9- epi-amine-derivative of the quinine-derived
alkaloid as pale yellow salts.
The 9-epi-quinine-derived alkaloids bearing an amino group at C-9 could be generated by
dissolving the relative hydrochloride salt in a mixture of CH2Cl2 (20 mL) and a saturated
aqueous solution of Na2CO3. The basic aqueous layer was extracted with CH2Cl2 (4 x 20
mL), the organic extracts were dried over MgSO4, filtered and the solvent removed in vacuo
to obtain the relevant free amine base in quantitative yields.
(S)-(6methoxyquinolin-4-yl)((1S,2S,4S,5R)-5-vinylquinuclidin-2-yl)methanamine
(246)
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Prepared according to general procedure I with PPh3 (4.85 g, 18.50 mmol) quinine (5.00 g,
15.40 mmol), DIAD (3.60 mL, 18.5 mmol) and DPPA (3.30 cm3, 18.50 mmol) in THF (65
mL). The Staudinger reduction was carried out using PPh3 (4.85 g, 18.50 mmol)and water
(5 mL). The reaction was then concentrated in vacuo and the residue dissolved in CH2Cl2
(30 mL) and aqueous HCl (2 N, 30 mL). The aqueous phase was separated and washed
with CH2Cl2 (3 x 20 mL), concentrated under reduced pressure and the crude product
recrystallised from EtOAc and MeOH to yield a yellow crystalline solid (5.62 g, 86%).
M.p. 218-220 oC. (lit.117 m.p. 220-222 oC) [α]D20 = +20.0 (c 0.50, MeOH).
Spectral data for this compound were consistent with those in the literature.117
δH (400 MHz, D2O):

9.04 (1 H, d, J 5.8, H-17), 8.29 (1 H, d, J 9.4, H-15), 8.15 (1
H, d, J 5.8, H-16), 7.94 (1 H, dd, J 2.4, 9.4 H-14), 7.84 (1 H,
bs, H-12), 5.90 (1 H, ddd, J 6.8, 10.5, 17.2, H-10), 5.56 (1 H,
d, J 10.6, H-9), 5.32-5.18 (2 H, m, H-11), 4.35-4.23 (1 H, m,
H-8), 4.13 (3 H, s, H-13), 4.04-3.92 (1 H, m, H-6a), 3.85 (1
H, dd, J 10.6, 13.3, H-2b), 3.59-3.45 (2 H, m, H-2a, H-6b),
3.00-2.90 (1 H, m, H-3), 2.17-2.00 (3 H, m, H-4, H-5a and
H-5b), 1.96-1.84 (1 H, m, H-7b), 1.18 (1 H, dd, J 7.2, 14.2,
H-7a).

1-(3,5-bis(trifluoromethyl)phenyl)-3-((1S)-(6-methoxyquinolin-4-yl)-((2S)-5vinylquinuclidine-2-yl)methyl)urea (248)
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A 250 mL round-bottomed flask containing a magnetic stirrer was charged with 246 (1.94
g, 4.48 mmol), flushed with argon, then put under a protective argon atmosphere. CH 2Cl2
(40 mL) was added via syringe and the reaction mixture was cooled in an ice-bath. NEt3
(3.12 mL, 22.4 mmol) was added dropwise via syringe and the resultant mixture was stirred
at 0 oC. After 30 min 3.5-bis-(trifluoromethyl)phenyl isocyanate 247 (930 μL, 5.38 mmol)
was added via syringe and the reaction stirred at 0 oC then warmed to room temperature.
After 16 h, the reaction mixture was filtered and concentrated in vacuo. The crude residue
was purified by flash chromatography (CH2Cl2/MeOH 20:1), to yield 248 as a white solid
(1.94 g, 75%) M.p. 145-148 oC. (lit.228 m.p. 149-151 0C). [α]D20 = +10.8 (c 0.50, CHCl3).
Spectral data for this compound were consistent with those in the literature.228

δH (400 MHz, MeOD)

8.66 (1H, d, J 4.4, H-17), 7.95-7.91 (3H, m, H-19, H-15),
7.82 (1H, d, J 2.0, H-12),7.54 (1H, d, J 4.4, H-16), 7.42 (2H,
m, H-18, H-14), 5.88 (1H, ddd, J 17.1, 10.3, 7.3, H-10), 5.60
(1H, br s, H-9), 5.06-4.98 (2H, m, H-11), 3.99 (3H, s, H-13),
3.47-3.28 (3H, m, H-8, H-6a, H-2b), 2.82-2.80 (2H, m, H6b, H-2a), 2.37 (1H, m, H-3) 1.65-1.57 (4H, m, H-7b, H-5a,
H-5b, H-4), 0.89-0.84 (1H, m, H-7a)

General procedure II: Protocol for the synthesis of bifunctional phase-transfer
catalysts
A round-bottomed flask containing a stirring bar and fitted with a condenser was charged
with the relevant bifunctional organocatalyst (1.0 equiv.), the appropriate alkyl bromide
(1.1 equiv.) and PhCH3 (0.04 M). The reaction mixture was stirred for 60 h at 75 °C, then
cooled to room temperature. Following the addition of Et 2O to the reaction mixture, the
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product precipitated from solution was collected pure by filtration. Alternatively, the
solvent was removed in vacuo and the crude product purified by column chromatography.

(1S,2S,4S,5R)-1-benzyl-2-((S)-(3-(3,5-bis(trifluoromethyl)phenyl)ureido)(6methoxyquinolin-4-yl)methyl)-5-vinylquinuclidin-1-ium bromide (250)

Prepared according to general procedure II, using bifunctional catalyst 248 (0.283 mmol,
164 mg) and benzyl bromide (249) (0.312 mmol, 37 L) in PhMe (7.0 mL). The crude
residue was purified by column chromatography (two consecutive columns: 1. Et 2O/MeOH
10:1, 2. CH2Cl2/MeOH, 20:1) to yield 250 (94.1 mg, 48%) as a pale yellow solid. M.p. 170172 °C (lit.,125 m.p. 177-178 °C). [α]D22 = -57.4 (c 0.4, CHCl3). Lit.,125 [α]D20 = -11.8 (c 1.0,
CHCl3).
H (400 MHz, CDCl3):

8.81-8.75 (1H, m, H-17), 8.7-7.97 (3H, m, H-16, H-18),
7.81-7.75 (2H, m, H-12, H-15), 7.65-7.64 (2H, app. d, H-21),
7.55-7.45 (5H, m, H-14, H-19, H-22, H-23), 6.47 (1H, app.
bs, H-9), 5.98-5.89 (1H, m, H-10), 5.33-5.06 (5H, m, H-11,
H-20a, H-20b, H-8), 4.51 (1H, app. bs, H-6a), 4.05 (3H, s,
H-13), 3.82 (1H, app. t, H-2b), 3.60-3.57 (2H, m, H-2a, H6b), 2.8-2.74 (1H, m, H-3), 2.24-1.97 (5H, m, H-5a, H-4, H5b, H-7b, H-7a)

(1S,2S,4S,5R)-2-((S)-(3-(3,5-bis(trifluoromethyl)phenyl)ureido)(6-methoxyquinolin4-yl)methyl)-1-(3,5-di-tert-butylbenzyl)-5-vinylquinuclidin-1-ium bromide (256)
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Prepared according to procedure II, using bifunctional catalyst 248 (290 mg, 0.50 mmol)
and 3,5 di-tert-butylbenzyl bromide (254) (170 mg, 0.60 mmol) in PhMe (12.5 mL). After
12 h the reaction was allowed cool to room temperature and the solvent removed in vacuo
to give a crude residue purified by column chromatography on silica gel (CH 2Cl2/MeOH;
30:1), followed by recrystallisation in hot EtOH, to furnish 256 (160 mg, 37%) M.p.193195 oC. [α]D20 = -3.6 (c 0.50, CHCl3).
δH (600 MHz, MeOD):

8.83 (1H, d, J 3.78, H-17), 8.14 (2H, br s, H-18), 8.05 (1H,
d, J 9.24, H-15), 7.78 (2H, m, H-12, H-16), 7.62-7.58 (2H,
m, H-19, H-22), 7.53 (1H, dd, J 11.6, 6.7, H-14), 7.36 (2H,
br s, H-21), 6.48 (1H, d, J 10.14, H-9), 5.96 (1H, ddd, J 17.5,
10.2, 3.1, H-10), 5.45 (1H, d, J 12 .7, H-20a), 5.29-5.25 (2H,
m, H-11), 5.00 (1H, m, H-8), 4.74 (1H, d, J 13.4, H-20b) 4.55
(1H, m, H-6b), 4.01 (3H, s, H-13), 3.93 (1H, m, H-2b), 3.62
(1H, m, H-2a) 3.27 (1H, m, H-6a), 2.79 (1H, m, H-3), 2.392.23(2H, m, H-7a, H-5a), 2.13 (1H, br s, H-5b) 2.0 (1H, s,
H-4) 1.33 (1H, m, H-7a), 1.30 (18H, s, H-23)

C (100 MHz,MeOD):

159.0 (q), 154.0 (q), 151.7 (q), 147.1, 144.2 (q), 143.2 (q),
141.2 (q), 136.1, 131.8 (q, JC-F 33.62), 130.7, 127.3 (q), 126.4
(q), 124.2, 123.4 (q, JC-F 272.21), 122.8, 119.5, 118.9, 116.8
(q), 115.3, 101.0, 67.6, 66.4, 60.6, 54.9, 50.6, 48.7, 47.5,
36.9, 34.3 (q), 30.1, 27.2, 26.9, 23.9

δF (376 MHz, MeOD):

-65.2
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2966, 1691, 1621, 1575, 1542, 1508, 1475, 1388, 1273,
1221, 1166, 1125, 1046, 848, 714, 679

HRMS (m/z -ESI) :

Found 781.3916 (M + H: calculated for C44H51N4O2F6:
781.3911)

(1S,2S,4S,5R)-1-(anthracen-9-ylmethyl)-2-((S)-(3-(3,5-bis(trifluoromethyl)phenyl)
ureido) (6-methoxyquinolin-4-yl)methyl)-5-vinylquinuclidin-1-ium bromide (257)

A round bottomed flask containing a stirring bar was charged with bifunctional catalyst
248 (0.518 mmol, 300 mg), and 255 (0.57 mmol, 155 mg) in CH2Cl2 (5.2 mL). After stirring
for 72 h at room temperature, Et2O was added to the reaction mixture until the formation
of a precipitate was observed. The precipitate obtained was collected by filtration and dried
in vacuo to afford catalyst 384 as a yellow solid (316 mg, 72%). M.p. 168-170 °C. [α]D22 =
-23.5 (c 0.3, CHCl3).

δH (400 MHz, CDCl3):

10.74 (1H, bs, H-19), 8.93-8.86 (2H, m, H-18, H-17), 8.66
(1H, d, J 8.2, H-31), 8.48 (1H, d, J 4.0, H-16), 8.39 (2H, bs,
H-20), 8.17-8.14 (2H, m, H-15, H-23), 8.00 (1H, bs, H-27),
7.87-7.84 (2H, m, H-12, H-26), 7.55 (1H, bs, H-21), 7.467.42 (2H, m, H-14, H-25), 7.35-7.34 (1H, m, H-24), 7.05
(1H, d, J 7.0, H-28), 6.65-6.59, (3H, m, H-8, H-9, H-22b),
6.41 (1H, app. bs, H-30), 6.06 (1H, app. bs, H-29), 5.94 (1H,
d, J 14.5, H-22a), 5.61-5.56 (1H, m, H-10), 5.04-5.01 (2H,
m, H-11), 4.72 (1H, app. t, H-6a), 4.29 (1H, app. t, H-2a),
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4.10 (3H, s, H-13), 2.86 (1H, app. t, H-2b), 2.60-2.58 (1H,
m, H-6b), 2.24-2.16 (2H, m, H-5a, H-7b), 1.95-1.90 (1H, m,
H-3), 1.80-1.72 (2H, m, H-4, H-5b), 1.14 (1H, d, J 14.0, H7a)

C (100 MHz, CDCl3):

159.1 (q), 155.7 (q), 148.4, 144.8 (q), 141.6 (q), 134.5, 133.1
(q), 132.8 (q), 132.3 (q, JC-F 33.4), 132.1, 131.7, 131.1 (q),
130.3 (q), 129.8, 128.1, 127.8, 127.5 (q), 127.4 (q), 126.9,
125.1, 124.6, 124.5, 123.6 (q, JC-F 273.2), 123.5, 122.5,
120.6, 118.4, 118.3, 117.6 (q), 115.7, 101.5, 69.0, 59.5, 58.5,
56.0, 50.7, 49.8, 37.6, 27.3, 26.45, 25.3

F (376 MHz, CDCl3):

-64.4

max (neat)/cm-1:

3178, 2966, 1684, 1622, 1566, 1508, 1469, 1391, 1275,
1170, 1130, 882

HRMS (m/z -ESI):

Found: 769.2971 (M + H calculated for C44H39N4O2F6:
769.2977)

3,4-Dimethoxycyclobut-3-ene-1,2-dione (259)

A 25 mL round bottomed flask containing a magnetic stirring bar, was charged with squaric
acid 54 (1g, 8.78 mmol) and placed under a protective argon atmosphere. Dry MeOH (10
mL), trimethyl orhoformate (2.88 mL, 26.3 mmol) and trifluoroacetic acid (200 μL, 1.75
mmol) were then added via syringe. A condenser was fitted and the reaction was left at
reflux temperature for 48 h. The reaction was cooled and the solvent removed in vacuo.
The crude residue was purified by column chromatography eluting in (hexanes/EtOAc 2:1)
to give compound 55 as a white solid (1.15g, 92%). M.p.55-57 oC (lit. 229 m.p. 52-54 oC)
Spectral data for this compound were consistent with those in the literature. 229
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4.35 (6H, s, H-1).

3-((3,5-bis(Trifluoromethyl)phenyl)amino)-4-methoxycyclobut-3-ene-1,2-dione (261)

A 50 mL round-bottomed flask containing a magnetic stirring bar was charged with 259
(500.0 mg, 3.52 mmol) and placed under an argon atmosphere. Dry MeOH (10 mL) and
3,5-bis-(trifluoromethyl)aniline (260) (550 L, 3.52 mmol), were added via syringe. The
reaction mixture stirred at room temperature for 72 h and the solvent was removed in vacuo.
The residue obtained was purified by flash column chromatography (hexanes/EtOAc, 2:1)
which furnished 261 as a white solid (931 mg, 78%). M.p. 192-194 C (lit.230 m.p. 179-181
C);
Spectral data for this compound were consistent with those in the literature.230
H (400 MHz, CDCl3):

7.94 (1H, s, H-4), 7.77 (2H, s, H-1), 7.64 (1H, s, H-2), 4.53
(3H, s, H-3).

3-(3,5-bis(Trifluoromethyl)phenylamino)-4-((S)-(2-phenyl-6-methoxyquinolin-4yl)((2S)-5-vinylquinuclidin-2-yl)methylamino)cyclobut-3-ene-1,2-dione (262)

A 50 mL round-bottomed flask was charged with 246 (1.35 g, 3.01 mmol). CH2Cl2 (15 mL)
followed by NaOH (15 mL, 2.0 M) were added via syringe and the resultant mixture stirred
at room temperature. Water (20 mL) was added after 1 h, and the organic phase was
separated, washed with a saturated solution of NaHCO3 (10 mL) and dried over MgSO4.
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The solvent was removed in vacuo and the residue was dissolved in MeOH (10 mL),
transferred into a 100 mL round-bottomed flask followed by the addition of 261 (1.1 g,
3.24 mmol). The reaction mixture was stirred under an argon atmosphere for 48 h then
filtered to yield 262 as a yellow solid (1.21 g, 66%). M.p 203-205 oC. (lit.231 m.p. 204 oC).
[α]D20 = -122.5 (c 0.50, CHCl3).
Spectral data for this compound were consistent with those in the literature. 231

δH (400 MHz, DMSO-d6):

8.79 (1H, d, J 3.72, H-17), 7.87-7.95 (3H, m, H-15, H-18)
7.69 (1H, s, H-19) 7.64-7.62 (2H, m, H-14, H-16) 7.43 (1H,
d, J 9.1, H-12) 6.01-5.91 (2H, m, H-9, H-10) 5.04-4.99 (2H,
m, H-11) 3.92 (3H, s, H-13) 3.48-3.17 (3H, m, H-2b, H-6a,
H-8) 2.76-2.56 (2H, m, H-2a, H-6b) 2.29 (1H, br s, H-3)
1.64-1.34 (4H, m, H-7b, H-5a, H-5b, H-4) 0.71-0.56 (1H, m,
H-7a)

(1S,2S,4S,5R)-2-((S)-((2-((3,5-bis(trifluoromethyl)phenyl)amino)-3,4-dioxocyclobut1-en-1-yl)amino)(6-methoxyquinolin-4-yl)methyl)-1-(3,5-di-tert-butylbenzyl)-5vinylquinuclidin-1-ium bromide (263)

A 25 mL round-bottomed flask containing a magnetic stirrer was charged with 262 (500
mg, 0.83 mmol) and placed under a protective argon atmosphere. CH2Cl2 (8.5 mL) was
added via syringe followed by 254 (256 mg, 0.9 mmol). After 72 h at room temperature the
solvent was removed in vacuo and the crude residue was purified by column
chromatography on silica gel (CHCl3/MeOH; 30:1) to furnish 263 as a tan powder (660
mg, 60%). M.p.190-192 oC. [α]D20 = -68.0 (c 0.50, CHCl3)
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8.95(1H, br s, H-17), (1H, m, H-19), 8.18 (1H, m, H-16),
8.07 (1H, m, H-14), 7.86 (1H, m, H-15), 7.76-7.65 (3H, m,
H-12, H-18), 7.41-7.34 (3H, m, H-21, H-22), 6.74 (1H, br s,
H-9), 5.96-5.81 (1H, m, H-10), 5.25-5.01 (4H, m, H-11, H8, H-20b), 4.84 (1H, d, J 12.9, H-20a), 4.48-4.31 (1H, m, H6b), 4.28 (1H, br s, H-6a), 3.93 (3H, s, H-13), 3.61 (1H, br s,
H-2b), 3.55-3.48 (1H, m, H-2a), 2.91-2.75 (2H, m, H-5b, H3), 2.48 (1H, br s, H-5a), 2.0-1.93 (2H, m, H-7b, H-4), 1.75
(1H, br s, H-7a), 1.3 (18H, s, H-17).

C (100 MHz, DMSO-d6):

183.1 (q), 180.8 (q), 175.3 (q), 171.0 (q) 159.8 (q), 152.3,
151.9 (q), 137.5, 132.8 (q), 132.3 (q, JC-F 33.5), 132.2, 123.2
(q, JC-F 272.4), 126.9 (q), 126.5 (q), 125.5, 125.1, 122.4,
121.8 (q), 121.2 (q), 120.5 (q), 118.5, 117.5, 115.7, 114.7 (q),
101.4, 68.4, 67.6, 60.1, 56.1, 54.1, 36.4, 31.2, 28.25 (q), 26.1,
25.0, 23.7

δF (376 MHz, DMSO-d6 ):

-67.4

max (neat)/cm-1:

2957, 1791, 1699, 1603, 1550, 1508, 1471, 1430, 1377,
1276, 1777, 1130, 1027, 925, 880, 841, 679

HRMS (m/z -ESI) :

Found 833.3865 (M + H: calculated for C47H51N4O3F6:
833.3853)

(R)-(6-Methoxy-2-phenylquinolin-4-yl)((2S,4S,8R)-8-vinylquinuclidin-2- yl)methanol
(264)
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An oven dried 500 mL round-bottomed flask containing a large stirring bar was charged
with quinine (59) (6.50 g, 20.03 mmol) fitted with a septum and placed under an argon
atmosphere. Anhydrous MTBE (120 mL) was added via syringe and the suspension was
cooled to -10 °C. A solution of phenyl lithium (1.8 M in THF, 34.0 mL, 61.20 mmol) was
added via syringe in two equal portions to the vigorously stirred suspension and the reaction
mixture was stirred at -10 °C for 30 min then warmed to room temperature and stirred for
2 h. Acetic acid (15 mL) was added dropwise via syringe to the reaction at 0 °C, followed
by H2O (50 mL) and EtOAc (50 mL). The reaction was let warm to room temperature, then
solid iodine was added in several portions to the vigorously stirred mixture until the
appearance of a persistent deep brown coloration. A solution of sodium thiosulfate
(Na2S2O3, 3.00 g) in water (50 mL) was added, followed by a concentrated solution of
aqueous ammonia (35%, 30 mL) and the mixture was stirred vigorously for 10 min. The
organic phase was washed with brine and the aqueous phase extracted with CH2Cl2 (3 x 40
mL), the combined organic extracts were dried over MgSO4, filtered and the solvent
removed in vacuo. The crude oily residue was purified by column chromatography eluting
in gradient from (8:1:0.5:0.5 Hex/EtOAc/MeOH/NEt3), (TLC is better visualised using
7:1:1.5:0.5 Hex/EtOAc/MeOH/NEt3) which allows for a better separation of the product
from the starting alkaloid) to obtain 264 (4.30 g, 54%) as a white amorphous solid. M.p
146-150 °C (lit.,117145-147 °C). [α]D20 = -18.7 (c 0.25, CHCl3).
Spectral data for this compound were consistent with those in the literature. 117
δH (400 MHz, CDCl3):

8.08-7.96 (3 H, m, H-15, H-17), 7.84 (1 H, s, H-16), 7.47-7.36
(3 H, m, H-14, H-18, H-19), 7.31 (1 H, dd, J 9.3, 2.5, H-14),
7.13 (1 H, d, J 2.5, H-12), 5.71 (1 H, ddd, J 7.7, 10.2, 17.6, H10), 5.44 (1 H, d, J 3.1, H-9), 4.95-4.85 (2 H, m, H-11), 3.89 (3
H, s, H-13), 3.44-3.31 (1 H, m, H- 2b), 3.16-3.01 (2 H, m, H-
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6a, H-8), 2.72-2.54 (2 H, m, H-2a, H-6b), 2.32-2.19 (1 H, m, H3), 1.82-1.64 (3 H, m, H-4, H-5b, H-7b), 1.59-1.39 (2 H, m, H5a, H- 7a).

(S)-[6-Methoxy-2-phenylquinolin-4-yl][(2S,4S,8R)-8-vinylquinuclidin-2yl]methanamine (264b)

Prepared according to general procedure II, using 264 (4.05 g, 10.11 mmol), PPh3 (3.18 g,
12.12 mmol), DIAD (2.4 mL, 12.19 mmol) and DPPA (2.6 mL, 12.11 mmol) in THF (65 mL).
The Staudinger reduction was performed using PPh3 (3.18 g, 12.12 mmol) and H2O (20 mL)
to obtain the hydrochloride salt 264a (4.12 g, 80%) as a pale yellow solid. After a basic
extraction using CH2Cl2 (3 x 20 mL) and a saturated aqueous solution of Na2CO3, compound
421 could be obtained as a thick oil. The isolated compound exhibited identical spectroscopic
data to those reported in the literature.232 [α] D 20 = + 26.4 (c 0.25, CHCl3).

H (400 MHz, CDCl3):

8.17 (2 H, d, J 7.3, H-17), 8.12 (1 H, d, J 9.1, H-15), 7.98 (1 H,
bs, H-16), 7.70 (1 H, bs, H-12), 7.51 (2 H, app. t, H-18), 7.47
(1 H, t, J 7.4 H-19), 7.42 (1 H, dd, J 2.7, 9.4, H-14), 5.79 (1 H,
ddd, J 7.8, 10.1, 17.0, H-10), 5.10-4.87 (2 H, m, H-11), 4.65 (1
H, bs, H-9), 3.97 (3 H, s, H-13), 3.38-3.06 (3 H, m, H-8, H-6a,
H-2b), 2.91-2.74 (2 H, m, H-2a, H-6b), 2.34-2.24 (1 H, m, H3), 2.08 (2 H, bs, NH2), 1.69-1.52 (3 H, m, H-4, H-5a, H-5b),
1.49- 1.34 (1 H, m, H-7b), 0.92-0.78 (1 H, m, H-7a)

HRMS (m/z -ESI):

Found 400.2392 (M + H calculated for C26H30N3O: 400.2389)

1-(3,5-bis(trifluoromethyl)phenyl)-3-((S)-(6-methoxy-2-phenylquinolin-4-yl)
((1S,2S,4S,5R)-5-vinylquinuclidin-2-yl)methyl)urea (265)
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A 250 mL round-bottomed flask containing a magnetic stirrer was charged with 264a (2.0
g, 3.93 mmol), flushed with argon, then put under a protective argon atmosphere. CH2Cl2
(35 mL) was added via syringe and the reaction mixture was cooled in an ice-bath. NEt3
(2.75 mL, 19.65 mmol) was added dropwise via syringe and the resultant mixture was
stirred at 0 oC. After 30 min 3.5-bis-(trifluoromethyl)phenyl isocyanate 247 (815 μL, 4.71
mmol) was added via syringe and the reaction stirred at 0 oC then warmed to room
temperature. After 16 h, the reaction mixture was filtered and concentrated in vacuo. The
crude residue was purified by flash chromatography (CH2Cl2/MeOH 30:1), to yield 265 as
a white solid (1.70 g, 66%). M.p. 150-152 °C. [α]D22 = +66.9 (c 0.2, CHCl3).
H (400 MHz, CDCl3):

8.79 (1H, bs, H-23), 8.19-8.14 (3H, m, H-15, H-17), 7.93 (1H,
bs, H-21), 7.78-7.75 (3H, m, H-16, H-20), 7.53-7.43 (4H, m, H14, H-18, H-19), 7.34 (1H, bs, H-12), 6.98 (1H, bs, H-9), 5.83
(1H, bs, H-22), 5.64-5.53 (1H, m, H-10), 4.99-4.96 (2H, m, H11), 4.00 (3H, s, H-13), 3.83-3.64 (2H, m, H-8, H-6b), 3.21 (1H,
app. t, H-2b), 2.81-2.72 (2H, m, H-6a, H-2a), 2.42 (1H, bs, H3), 1.84-1.77 (4H, m, H-5a, H-5b, H-4), 1.12 (1H, bs, H-7a)

C (100 MHz, CDCl3):

158.5 (q), 154.7 (q), 154.6 (q), 145.0 (q), 144.0 (q), 140.7
(q), 139.3, 138.6 (q), 132.3, 131.7 (q, JC-F 32.6), 129.3,
128.9, 127.3, 123.2 (q, JC-F 272.9), 122.5, 118.1, 116.3,
115.4, 101.7, 6.3, 55.9, 55.0, 53.5, 50.0, 41.4, 37.8, 29.7,
26.8, 26.1, 25.8

δF (376 MHz, CDCl3):

-63.1

max (neat)/cm-1:

2988, 1670, 1632, 1550, 1473, 1386, 1348, 1272, 1223,
1172, 1129, 1009, 876, 830,
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Found 653.2378 (M - H: calculated for C35H32N4O2F6:
653.2356)

(1S,2S,4S,5R)-2-((S)-(3-(3,5-bis(trifluoromethyl)phenyl)ureido)(6-methoxy-2phenylquinolin-4-yl)methyl)-1-(3,5-di-tert-butylbenzyl)-5-vinylquinuclidin-1-ium
(266)

Prepared according to general procedure I, using bifunctional catalyst 265 (530 mg, 0.81
mmol) and alkyl bromide 3,5 di-tert-butylbenzyl bromide (254) (252 mg, 0.89 mmol) in
PhMe (8.0 mL). After 24 h the reaction was allowed cool to room temperature and the
solvent removed in vacuo to give a crude residue purified by column chromatography on
silica gel (CH2Cl2/MeOH; 60:1), followed by trituration in Et2O and subsequent filtration
to furnish a white solid (340 mg, 45%). M.p. 182-185 °C. [α]D22 = +24.8 (c 0.2, CHCl3).
H (600 MHz, CDCl3):

10.17 (1H, bs, H-27), 8.62 (1H, bs, H-26), 8.43 (1H, s, H-16),
8.29-8.17 (5H, m, H-17, H-20, H-15), 7.69 (1H, s, H-21), 7.537.45 (4H, m, H-18, H-14, H-12), 7.23 (1H, bs, H-24), 6.99 (2H,
bs, H-23), 6.88 (1H, s, H-19), 6.42 (1H, bs, H-9), 5.96-5.58 (2H,
m, H-10, H-5), 5.68 (1H, d, J 12.4, H-22b), 5.24-5.23 (2H, m,
H-11), 4.93 (1H, d, J 12.4), 4.47 (1H, bs, H-6b), 4.13 (3H, s, H13), 3.97 (1H, bs, H-2b), 3.78 (1H, bs, H-6a), 2.95 (1H, bs, H2a), 2.53 (1H, bs, H-3), 2.32-2.16 (3H, m, H-5b, H-5a, H-7b),
1.98 (1H, bs, H-7a), 1.91 (1H, s, H-4), 1.22 (18H, s, H-25)

C (151 MHz, CHCl3):

158.8 (q), 154.5 (q), 154.4 (q), 153.9 (q), 152.3 (q), 141.1
(q), 134.9, 134.8 (q), 132.25, 131.89 (q, JC-F 32.4), 128.82
(q), 128.1, 127.4, 126.3 (q), 124.7, 122.6, 122.1, 122.0 (q, JC-
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274.6), 119.0, 118.2, 117.4, 115.7, 101.4, 77.3, 76.9, 68.3,

68.1, 6.3, 56.0, 50.3, 48.8, 38.0, 34.9, 31.4, 27.5, 27.3, 25.0
δF (376 MHz, CDCl3):

-62.9

max (neat)/cm-1:

3021, 2966, 1791, 1780, 1699, 1601, 1550, 1508, 1471,
1435, 1351, 1276, 1760, 1130, 1028, 896, 841, 679

HRMS (m/z -ESI) :

Found 857.4223 (M + H: calculated for C50H55N4O2F6:
857.4223)

3-(tert-Butylamino)-4-methoxycyclobut-3-ene-1,2-dione (268)

To a stirred solution of 259 (570.0 mg, 4.01 mmol) in MeOH (15 mL) under argon
atmosphere was added t-butylamine (267) (423 L 4.01 mmol) via syringe and the resultant
mixture was stirred at room temperature for 48 h. The solvent was removed in vacuo and
the residue was purified by column chromatography (hexanes:EtOAc, 2:1) furnishing 268
as a white solid (590 mg, 80%). M.p. 99-100 C, (lit.,121 99-100 oC).
The isolated compound exhibited identical spectroscopic data to those reported in the
literature.121

H (400 MHz, CDCl3):

6.09 (1H, bs, H-3), 4.44 (3H, s, H-1), 1.39 (9H, s, H-2).

3-(tert-butylamino)-4-(((S)-(6-methoxy-2-phenylquinolin-4-yl)((1S,2S,4S,5R)-5vinylquinuclidin-2-yl)methyl)amino)cyclobut-3-ene-1,2-dione (270)
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A 25 mL round-bottomed flask was charged with 269 (720 mg, 1.8 mmol). CH2Cl2 (5 mL)
followed by NaOH (5 mL, 2.0 M) were added via syringe and the resultant mixture stirred
at room temperature. Water (7.5 mL) was added after 1 h, and the organic phase was
separated, washed with a saturated solution of NaHCO3 (7.5 mL) and dried over MgSO4.
The solvent was removed in vacuo andto yield residue 264b which was dissolved in MeOH
(7.5 mL), transferred into a 25 mL round-bottomed flask followed by the addition of 268
(300 mg, 1.64 mmol). The reaction mixture was stirred under an argon atmosphere for 48
h then filtered to yield 270 as a white solid (396 mg, 40%). M.p 250 oC decomposition.
[α]D20 = +78.6 (c 0.50, CHCl3).
The isolated compound exhibited identical spectroscopic data to those reported in the
literature.122

H (400 MHz, CDCl3):

9.64 (1H, bs, H-20), 8.71 (1H, bs, H-21), 8.27-8.24 (2H, m,
H-17), 8.06 (1H, app d, H-15), 7.80 (1H, bs, H-16), 7.64 (1H,
app t, H-19), 7.61-7.58 (2H, m, H-18), 7.53-7.46 (2H, m, H12, H-14), 6.23 (1H, app bs, H-9), 6.01-5.94 (1H, m, H-10),
.03-5.07 (2H, m, H-11), 4.00 (3H, s, H-13), 3.71-3,68 (1H,
m, H-8), 3.39-3.36 (1H, app bt, H-6a), 3.27-3.21 (2H, m, H2b, H-3), 2.77 (1H, app bt, H-6b), 1.65-1.56 (4H, m, H-5a,
H-5b, H-4, H-7b), 1.37 (1H, bs, H-22, H-7b)

3-(((S)-((1S,2S)-1-(but-3-en-1-yl)-1-(3,5-di-tert-butylbenzyl)-14-piperidin-2-yl)(6methoxy-2-phenylquinolin-4-yl)methyl)amino)-4-(tert-butylamino)cyclobut-3-ene1,2-dione (271)

A 10 mL round-bottomed flask containing a magnetic stirrer was charged with 270 (130
mg, 0.236 mmol) and placed under a protective argon atmosphere. CH2Cl2 (8.5 mL) was
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added via syringe followed by 254 (74 mg, 0.26 mmol). After 72 h at room temperature the
solvent was removed in vacuo and the crude residue was purified by column
chromatography on silica gel (CHCl3/MeOH; 30:1) to furnish 271 as a yellow powder (55
mg, 28%). M.p.262 oC decomposition. [α]D20 = +267.0 (c 0.1, CHCl3).
*This compound appeared as a rotameric mixture in a 66:33 ratio. Only the major peaks
are reported.
H (600 MHz, CDCl3):

11.16 (1H, bs, H-21), 10.41 (1H, bs, H-20), 8.85 (1H, s, H25), 8.21-8.17 (2H, m, H-17), 8.08-7.94 (2H, m, H-24), 7.77
(1H, app d, H-15), 7.55-7.32 (6H, m, H-12, H-14, H-16, H18, H-19), 7.07 (1H, app bs, H-9), 5.97-5.85 (1H, m, H-10),
5.51-5.49 (1H, app d, H-23a), 5.31-5.26 (1H, m, H-11), 5.235.21 (1H, app d, H-23b), 4.47 (1H, app bt, H-6a), 4.22-4.21
(1H, m, H-8), 4.02 (1H, app d, H-2a), 3.93 (3H, s, H-13),
3.60-3.51 (1H, m H-2b), .44-3.38 (1H, m, H-6b), 2.58 (1H,
app bt, H-3), 2.21-2.05 (2H, m, H-5a, H-5b), 2.00-1.92 (2H,
m, H-4, H-7b), 1.40-1.37 (1H, app bt, H-7b), 1.22 (27H, bs,
H-22, H-26)

C (151 MHz, CHCl3):

184.9 (q), 166.4 (q), 159.3 (q), 152.4 (q), 147.8 147.2, 145.0
(q), 145.9 (q), 140.3 (q), 134.8, 132.3, 128.1, 127.5, 126.2
(q), 124.9, 122.7, 122.0 (q), 119.7, 118.4, 100.3, 69.6, 68.4,
65.0, 59.5, 58.6 (q), 57.8, 56.0, 53.4, 49.1, 37.6, 37.3, 34.7
(q), 31.1, 36.7, 24.8

max (neat)/cm-1:

3056, 2957, 1786, 1705, 1603, 1569, 1510, 1470, 1411,
1377, 1348, 1276, 1770, 1131, 1027, 925, 821, 648

HRMS (m/z -ESI) :

Found 754.4816 (M + H: calculated for C49H61N4O3:
754.4822)

1-tert-Butyl-3-((S)-(6-methoxy-2-phenylquinolin-4-yl)((2S,4S,5R)-5vinylquinuclidin-2-yl)methyl)urea (273)
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An oven dried 25 mL round bottomed flask containing a stirring bar was charged with 269
(500 mg, .1.01 mmol) and placed under a protective argon atmosphere. Anhydrous CH2Cl2
(10 mL) was added via syringe and the reaction was cooled to 0 °C. Freshly distilled
triethylamine (705 µL, 5.05 mmol) was added via syringe and, followed by tert-butyl
isocyanate (120.0 µL, 1.09 mmol). The resulting solution was warmed to room temperature
and stirred for 20 h. The mixture was transferred into a separating funnel, washed with
water (2 x 10 mL), the organic extracts were dried over MgSO4, filtered and concentrated
in vacuo. The residue was purified by column chromatography (EtOAc/MeOH 1:1) to
obtain urea 273 (186 mg, 40% yield) as an amorphous white solid. M.p. 131-134 °C (lit.,233
233
130-132 oC). [𝛼]20
[𝛼]20
𝐷 = -19.2° (c 0.20, CHCl3), [lit.,
𝐷 = -16.5 (c 0.20 CHCl3)].

Spectral data for this compound were consistent with those in the literature.233
H (400 MHz, CDCl3):

8.14-8.06 (3H, m, H-15, H-17), 7.82 (1H, s, H-16), 7.76-7.74
(1H, m, H-12), 7.52 (2H, app. t, H-18), 7.49-7.35 (2H, m, H14, H-19), 6.27 (1H, bs, H-20), 5.71 (1H, ddd, J 7.4, 10.2,
16.5, H-10), 5.43 (1H, bs, H-9), 5.09-5.02 (2H, m, H-11),
4.88 (1H, bs, H-21), 4.01 (3H, s, H-13), 3.66-3.48 (2H, m,
H-6a, H-8), 3.48-3.45 (1H, m, H-2b), 3.08-2.87 (2 H, m, H2a, H-6b), 2.55-2.47 (1H, m, H-3), 1.93-1.71 (3H, m, H-4,
H-5a, H-5b), 1.64 (1H, app bt, H-7b), 1.26 (9H, s, H-22),
1.21-1.14 (1H, m, H-7a).

(1S,2S,4S,5R)-2-((S)-(3-(tert-butyl)ureido)(6-methoxy-2-phenylquinolin-4-yl)methyl)1-(3,5-di-tert-butylbenzyl)-5-vinylquinuclidin-1-ium (274)
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Prepared according to general procedure II using bifunctional catalyst 273 (180 mg, 0.36
mmol) and alkyl halide 254 (112.5 mg, 0.4 mmol). The crude residue was purified via
column chromatography (CH2Cl2/MeOH 19:1) to give a yellow amorphous solid (101 mg,
36%). M.p. 184-186 °C. [𝛼]20
𝐷 = -183.6° (c 0.10, CHCl3),
H (600 MHz, CDCl3):

8.60 (1H, bs, H-25), 8.38-8.41 (2H, m, H-17), 8.24 (1H, app.
bs, H-21), 8.12 (1H, d, J 8.8, H-15), 7.64 (1H, app bs, H-14),
7.55-7.39 (6H, m, H-18, H-19, H-12, H-24), 7.30 (1H, app
bs, H-16), 6.38 (1H, app. bt, H-9), .74-5.73 (1H, m, H-10),
5.58 (1H, app. bs, H-20), 5.44-5.41 (2H, m, H-8, H-23a),
5.27-5.14 (2H, m, H-19, H-23b), 4.61 (1H, app. bt, H-6a),
4.00 (3H, s, H-13), 3.67 (1H, bt, J 10.8, H-2b), 3.46 (1H, app.
bt, H-2a), 3.29 (1H, app.bt, H-6b), 2.55-2.52 (1H, m, H-3),
2.19-2.17 (1H, m, H-5a), 2.05 (1H, bt, J 12.6, H-7b), 1.991.90 (3H, m, H4, H-5b, H-7a), 1.34-1.31 (27H, m, H-22, H26)

C (151 MHz, CHCl3):

158.5 (q), 156.2 (q), 155.6 (q), 152.2 (q), 144.9 (q), 143.8
(q), 139.0 (q), 135.3, 132.4, 129.1, 128.8, 128.0, 127.8,
126.9, 126.1 (q), 124.5, 122.0, 118.6, 118.2, 101.2, 69.8,
68.4, 59.3, 55.8, 50.6 (q), 49.8, 48.7, 37.5, 34.9 (q), 31.4,
29.4, 27.5, 26.8, 25.0

max (neat)/cm-1:

2958, 1686, 1618, 1549, 1381, 1276, 1225, 1210, 1010,
800.47
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Experimental
Found 702.4861 (M + H: calculated for C46H61N4O2:
702.4867)

Synthesis of catalyst 287

methyl 4-aminobenzoate (280)

A 250 mL round-bottomed flask, containing a stirring bar was charged with 4-amino
benzoic acid (5.00 g, 36.46 mmol) in MeOH (87 mL). Thionyl chloride (3.17 mL, 43.75
mmol) was added dropwise and the reaction was stirred at rt for 10 min then heated to a
reflux temperature for 2 h. The reaction was cooled to room temperature, concentrated in
vacuo and the crude residue was washed with Et 2O (200 mL) to yield a white crystalline
solid (5.55 g, 84%). M.p. 111-112 °C, (lit.,234 112-113 oC).
The isolated compound exhibited identical spectroscopic data to those reported in the
literature.235
 (400 MHz, CDCl3):

7.75 (2H, d, J 8.5, H-3), 6.72 (2H, d, J 8.5, H-2), 3.91 (2H,
bs, H-1), 3.86 (3H, s, H-4)

methyl 4-amino-3,5-dibromobenzoate (281)

- 167 -

Chapter 5

Experimental

An oven-dried, round bottomed flask, containing a stirring bar was charged with 280 (3.5
g, 23.16 mmol) and acetic acid (40 mL). Br2 (2.96 mL, 57.89 mmol) was added in a
dropwise manner and the reaction was stirred at rt for 1 h. The excess Br 2 was quenched
by the addition of an aqueous solution of Na 2S2O3 (1.0 M), (10 mL) and the resulting
solution was adjusted to pH 8 by the addition of a saturated aqueous solution of NaHCO 3.
The organic extracts were extracted with CH2Cl2 (2 x 50 mL), washed with brine, dried
with MgSO4, filtered and concentrated in vacuo. The resulting crude residue was washed
with Et2O to furnish product 281 as whte crystalline needles (4.5 g, 70%). M.p. 128-131
°C, (lit.,236 131-132 oC).
The isolated compound exhibited identical spectroscopic data to those reported in the
literature.236
 (400 MHz, CDCl3):

8.07 (2H, s, H-2), 5.00 (2H, br s, H-1), 3.87 (3H, s, H-3)

methyl 3,5-dibromobenzoate (282)

An oven-dried, 500 mL, 3-necked round-bottomed flask, containing a stirring bar was
charged with 281 (4.5 g, 14.56 mmol) and concentrated HCl (45 mL). A thermometer was
fitted to the reaction flask and the mixture was cooled to -10 oC. An aqueous solution of
NaNO2 (1.7 M), (10 mL) was added in a dropwise manner and the temperature was
maintained below 5 oC. The reaction was maintained at 0 oC for 20 min followed by the
dropwise addition of H3PO2 (5 mL). The reaction was allowed to warm to rt over 2 h then
quenched via the addition of H2O (50 mL) and extracted with CH2Cl2(2 x 50 mL), washed
with NaHCO3 (15 mL) and brine (15 mL), dried over MgSO4, filtered and concentrated in
vacuo to furnish a pale yellow solid (2.71`g, 69%). M.p. 65 °C, (lit.,237 62-63 oC).
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The isolated compound exhibited identical spectroscopic data to those reported in the
literature.237
 (400 MHz, CDCl3):

8.10-8.09 (2H, m, H-2), 7.84-7.83 (1H, m, H-1), 3.92 (3H, s,
H-3)

methyl [1,1':3',1''-terphenyl]-5'-carboxylate (284)

A 100 mL, three-necked, round-bottomed flask, containing a stirring bar was charged with
282 (2.9 g, 9.86 mmol), phenyl boronic acid (283) (2.64 g, 21.70 mmol), Pd(PPh3)2Cl (145
mg, 0.21 mmol) and Na2CO3 (2.75 g, 26.0 mmol). The flask was evacuated and regassed
several times via Shlenk techniques, fitted with a condenser and placed under an argon
atmosphere. A mixture of degassed solvent (eDME/H2O 5:1) (36 mL) was added via
syringe and the reaction was heated to 70 oC for 20 h. The reaction was allowed cool to
room temperature then extracted with CH2Cl2 (2 x 25 mL), washed with brine (25 mL),
dried over MgSO4, filtered and concentrated in vacuo to furnish a crude residue purified
via column chromatography (CH2Cl2/MeOH 50:1) to give product 284 as a white powder
(2.0 g, 71%). M.p. 104-107 °C, (lit.,238 110 oC).
The isolated compound exhibited identical spectroscopic data to those reported in the
literature.238
 (400 MHz, CDCl3):

8.24 (2H, d, J 1.7, H-2), 7.98 (1H, t, J 1.7, H-3), 7.67-7.66
(4H, app. d, H-4), 7.47 (4H, t, J 7.8, H-5), 7.41-7.36 (2H, m,
H-6), 3.96 (3H, s, H-1)

[1,1':3',1''-terphenyl]-5'-ylmethanol (285)
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An oven dried, 50 mL round-bottomed flask was charged with 284 (1.7 g, 5.9 mmol) and
placed under an argon atmosphere. THF (10 mL) was added via syringe. A separate 50 mL
round-bottomed flask, containing a stirring bar was charged with LiAlH4 (336 mg, 8.85
mmol), cooled to 0 oC and placed under an argon atmosphere. THF was added via syringe
(5 mL), followed by the solution of 284 in THF. The reaction was stirred at 0 oC for 30 min
then let warm to rt over 2 h, with conversion monitored by TLC. The reaction was quenched
via the addition of an aqueous solution of HCl (1.5 M) (5 mL) followed by H2O (5 mL) and
NaOH (2.0 M) (2 mL). The resulting mixture was filtered through celite and extracted with
CH2Cl2 (2 x 20 mL), washed with brine (10 mL), dried over MgSO4, filtered and
concentrated in vacuo to furnish a white powder. (1.44 g, 94%). M.p. 135-137 °C, (lit.,238
138-140 oC).
The isolated compound exhibited identical spectroscopic data to those reported in the
literature.238
 (400 MHz, CDCl3):

7.72 (1H, app. bs, H-3), 7.64 (4H, app. d, H-4), 7.57 (app d,
2H, H-2), 7.45 (4H, app. t, H-5), 7.38-7.34 (2H, m, H-6),
4.82 (2H, d, J 4.8, H-1)

5'-(bromomethyl)-1,1':3',1''-terphenyl (286)

A 100 mL round-bottomed flask, containing a stirring bar was charged with 285 (1.3 g,
4.99 mmol), CBr4 (4.14 g, 12.48 mmol), PPh3 (3.27 g, 12.48 mmol) and placed under an
argon atmosphere. Dry THF (25 mL) was added via syringe and the reaction was stirred
for 1 h at rt. H2O (15 mL) was added and the mixture was extracted with CH2Cl2 (2 x 25
mL), washed with brine, dried over MgSO4, filtered and concentrated in vacuo to furnish a
crude residue purified by column chromatography (100% hexanes) giving 286 as a white
powder. (2.0 g, 81%). M.p. 81-84 °C, (lit.,238 79-83 oC).
The isolated compound exhibited identical spectroscopic data to those reported in the
literature.238
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7.72 (1H, app. t, H-3), 7.63 (4H, app. d, H-4), 7.58 (2H, app.
d, H-2), 7.46 (4H, app t, H-5), 7.37 (2H, app t, H-6), 4.61
(2H, s, H-1)

(1S,2S,4S,5R)-1-([1,1':3',1''-terphenyl]-5'-ylmethyl)-2-((S)-(3-(3,5bis(trifluoromethyl)phenyl)ureido)(6-methoxy-2-phenylquinolin-4-yl)methyl)-5vinylquinuclidin-1-ium (287)

Prepared according to general procedure II using bifunctional catalyst (265) (405 mg, 0.62
mmol) and alkyl halide 286 (240 mg, 0.75 mmol). The crude residue was purified via
column chromatography (CH2Cl2/MeOH 50:1) with the resulting recipitate washed with
Et2O to furnish a white powder (440 mg, 73%). M.p. 173-176 oC. [α]20D = - 234.7 (c 0.50,
CHCl3).
H (600 MHz, CDCl3):

10.43 (1H, bs, H-21), 10.03 (1H, bs, H-20), 8.44 (1H, app. d.
H-26), 8.30-8.16 (6H, m, H-17, H-27), 7.74-7.72 (2H, m, H25), 7.59-7.55 (3H, m, H-15, H-22), 7.44-7.39 (4H, m, H-12,
H-14, H-18), 7.28-7.24 (6H, m, H-19, H-23, H-28), 6.956.90 (2H, m, H-29), 6.77 (1H, app. bs, H-16), 6.44 (1H, bs,
H-9), 5.85-5.80 (2H, m, H-10, H-24a), 5.43 (1H, app. bd, H24b), 5.25-5.21 (2H, m, H-11), 4.39 (1H, app. bt, H-6a),
4.28- 4.24 (2H, m, H-2b, H-8), 4.12 (3H, s, H-13), 3.71 (1H,
app. bd, H-2a), 3.11 (app. bt, H-6b), 2.50 (1H, app. bs, H-3),
2.39-2.19 (2H, m. H-5a, H-7b), 2.00-1.90 (2H, m, H-4, H5b), 1.17 (1H, app. bt, H-7a)
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158.9 (q), 154.7 (q), 154.4 (q), 143.3 (q), 143.0 (q), 142.9
(q), 141.1 (q), 139.0 (q), 138.2 (q), 135.7, 134.7 (q), 132.1
(q, JC-F 33.0), 131.0, 130.4, 130.3, 128.9, 128.4, 128.1, 127.9,
127.3, 126.9, 126.3, 123.3 (q, JC-F 243.1), 119.0, 118.3,
116.9, 116.4 (q), 115.7, 101.2, 67.6, 59.9, 55.9, 50.4, 49.3,
37.0, 27.4, 27.2, 25.0

δF (376 MHz, CDCl3):

-62.8

max (neat)/cm-1:

2946, 1680, 1621, 1549, 1332, 1276, 1220, 1175, 1149,
1010, 800,

HRMS (m/z APCI+) :

Found: 898.3681 (M+: calculated for C54H47N4O2 F6 :
898.3676)

1,3,5-Tribromo-2-iodobenzene (290)

A 250 mL three neck round-bottomed flask containing a stirring bar and fitted with a
thermometer was charged with 2,4,6-tribromoaniline (289) (10.00 g, 30.32 mmol) and
concentrated aqueous HCl (20 mL) and the suspension was cooled to 0 °C. A solution of
NaNO2 (2.30 g, 33.35 mmol) in water (10 mL) was added dropwise to the reaction mixture
while keeping its temperature below 10 °C and upon completion of the addition the reaction
was stirred at 0 °C for 30 min. A solution of KI (50.33 g, 303.20 mmol) in H2O (75 mL)
was added dropwise to the vigorously stirred reaction mixture at 0 °C, then it was warmed
to room temperature and stirred for 2 h. An aqueous 0.5 M solution of Na2SO3 (20 mL) and
CH2Cl2 (50 mL) were added, the organic layer was separated and the aqueous layer was
extracted with CH2Cl2 (3 x 50 mL). The combined organic extracts were washed with a 2.0
M aqueous solution of NaOH (50 mL), H2O (50 mL) and brine (50 mL), dried over MgSO4,
filtered and the solvent was removed in vacuo. The solid residue obtained was recrystallised
from CH2Cl2/hexane to yield 290 (9.62 g, 72%) as pale yellow needles. M.p. 105-109 oC
(lit.,210 101-103 oC).
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The isolated compound exhibited identical spectroscopic data to those reported in the
literature.210
 (400 MHz, CDCl3):

7.71 (2 H, s, H-1)

1-Bromo-3,5-diphenylbenzene (291)

An oven dried 250 mL round-bottomed flask containing a stirring bar was charged with
freshly ground magnesium (2.74 g, 112.76 mmol) and anhydrous THF (20 mL), fitted with
a condenser and placed under an argon atmosphere (balloon). Bromobenzene (11.8 mL,
112.76 mmol) was added via syringe in two portions at room temperature and the reaction
mixture was heated at reflux temperature for 1 h. The reaction was cooled to room
temperature, followed by the addition of a solution of 290 (9.92 g, 22.51 mmol) in
anhydrous THF (70 mL) via syringe and the reaction mixture was heated at reflux for 1 h,
then stirred at room temperature for 16 h. A 2.0 M aqueous solution of HCl (50 ml) was
added slowly to the reaction, followed by CH2Cl2 (50 mL), the organic layer was separated
and the aqueous layer was extracted with CH2Cl2 (3 x 50 mL). The combined organic
extracts were dried over MgSO4, filtered and the solvent removed in vacuo. The residue
was purified by flash chromatography (100% hexane) to yield 291 (5.92 g, 85%) as a white
solid. M.p. 113-114 oC (lit.,210 107-109 oC).
The isolated compound exhibited identical spectroscopic data to those reported in the
literature.210
H (400 MHz, CDCl3):

7.69 (3H, s, H-1, H-5), 7.60-7.58 (4H, app. d, H-2), 7.47-7.43
(4H, app. t, H-3), 7.37-7.36 (2H, app. t, H-4)

(R)-(6-Methoxy-2-m-terphenylquinolin-4-yl)((2S,4S,8R)-8- vinylquinuclidin-2yl)methanol (292)
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An oven dried 250 mL round-bottomed flask containing a stirring bar was charged with
291 (4.63 g, 14.98 mmol), fitted with a septum and placed under an argon atmosphere.
Anhydrous diethyl ether (10 mL) was added via syringe and the suspension was cooled to
-10 °C. A solution of tert-butyl lithium (1.7 M in pentane, 17.0 mL, 28.90 mmol) was added
via syringe and the reaction mixture was stirred at -10 °C for 30 min then warmed to room
temperature and stirred for 1 h. The reaction was cooled to 0 °C and anhydrous MTBE (30
mL) was added via syringe followed by quinine (1.62 g, 4.99 mmol). The reaction mixture
was stirred at 0 °C for 30 min, at room temperature for 1 h, then heated at reflux temperature
for 2 h. Acetic acid (5 mL) was added dropwise via syringe to the reaction at 0 °C, followed
by H2O (20 mL) and EtOAc (20 mL). The reaction was allowed to reach room temperature
and solid iodine (5.0 g) was added in several portions to the vigorously stirred mixture until
the appearance of a persistent deep brown coloration. A solution of sodium thiosulfate
(Na2S2O3, 1.00 g) in water (20 mL) was added, followed by a concentrated solution of
aqueous ammonia (35%, 20 mL) and the mixture was stirred vigorously for 10 min. The
organic phase was washed with brine and the aqueous phase extracted with CH2Cl2 (3 x 20
mL), the combined organic extracts were dried over MgSO4, filtered and the solvent
removed in vacuo. The crude oily residue was purified via column chromatography eluting
from (8:1:0.5:0.5 Hex/EtOAc/MeOH/NEt3), (TLC is better visualised using 7:1:1.5:0.5
Hex/EtOAc/MeOH/NEt3) which allows for a better separation of the product from the
starting alkaloid), to obtain 292 (1.01 g, 38%) as an off-white amorphous solid. M.p 126128 °C. (lit.,210 128-130 oC). [α]D20 = + 11.0 (c 0.20, CHCl3). [lit.,210 [𝛼]20
𝐷 = +13.2 (c 0.20
CHCl3)].

The isolated compound exhibited identical spectroscopic data to those reported in the
literature.210
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8.29 (2H, s, H-17), 8.11 (1H, d, J 9.1, H-15), 8.06 (1H, s, H16), 7.83 (1H, s, H-18), 7.73 (4H, d, J 7.8, H-19), 7.49 (4H,
app. t, H-20), 7.42-7.31 (3H, m, H-14, H-21), 7.20 (1H, d, J
2.3, H-12), 5.74 (1H, m, H-10), 5.61 (1H, bs, H-9), 4.96 (1H,
d, J 17.2, H-11), 4.91 (1H, d, J 10.3, H-11), 3.91 (3H, s, H13), 3.59-3.46 (1H, m, H-6a), 3.26-3.09 (2H, m, H-2b, H-8),
2.80-2.65 (2H, m, H-2a, H-6b), 2.38-2.25 (1H, m, H-3),
1.89-1.76 (3H, m, H-4, H-5b and H-7b), 1.63-1.41 (2H, m,
H-5a and H-7a).

(S)-[6-Methoxy-2-m-terphenylquinolin-4-yl][(2S,4S,8R)-8- vinylquinuclidin-2yl]methanamine (293)

Prepared according to general procedure I, using 292 (560 mg, 1.013 mmol), PPh3 (320
mg, 1.22 mmol), DIAD (240 µL, 1.22 mmol) and DPPA (262 µL, 1.22 mmol) in THF (12
mL). The Staudinger reduction was performed using PPh3 (320 mg, 1.22 mmol) and H2O
(5 mL). The residue obtained after removal of the solvent in vacuo was taken up with
CH2Cl2 (10 mL) and Et2O (10 mL), concentrated HCl was added and the precipitate formed
was filtered and dried to obtain the hydrochloride salt 293 (483 mg, 72%) as a pale yellow
solid. After a basic extraction using CH2Cl2 (3 x 20 mL) and a saturated aqueous solution
of Na2CO3, compound 293 could be obtained as a tan solid. M.p 124-126 °C. (lit.,210 124125 oC). [α]20D = + 31.2° (c 0.20, CHCl3). [𝛼]20
𝐷 = +33.0 (c 0.20 CHCl3)].
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The isolated compound exhibited identical spectroscopic data to those reported in the
literature.210
H (400 MHz, CDCl3):

8.33 (2H, s, H-19), 8.11 (1H, d, J 9.3, H-15), 8.06 (1H, bs,
H-16), 7.87 (1H, s, H-18), 7.77 (4H, d, J 7.6, H-19), 7.527.48 (5H, m, H-14, H-20), 7.43-7.39 (3H, m, H-12, H-21),
5.81-5.75 (1H, m, H-10), 5.02-4.96 (2H, m, H-11), 4.69 (1H,
bs, H-9), 3.97 (3H, s, H-13), 3.32-3.25 (3H, m, H-8, H-6a,
H-2b), 2.85-2.81 (2H, m, H-2a, H-6b), 2.31 (1H, m, H-3),
1.61-1.47 (4H, m, H-4, H-5a, H-5b, H-7b), 0.91-0.84 (1H,
m, H-7a).

1-((S)-(2-([1,1':3',1''-terphenyl]-5'-yl)-6-methoxyquinolin-4-yl)((1S,2S,4S,5R)-5vinylquinuclidin-2-yl)methyl)-3-(3,5-bis(trifluoromethyl)phenyl)urea (294)

A 50 mL round-bottomed flask containing a magnetic stirrer was charged with 293 (450
mg, 0.69 mmol), flushed with argon, then put under a protective argon atmosphere. CH2Cl2
(5 mL) was added via syringe and the reaction mixture was cooled in an ice-bath. NEt3
(482 µL, 3.45 mmol) was added dropwise via syringe and the resultant mixture was stirred
at 0 oC. After 30 min 3.5-bis-(trifluoromethyl)phenyl isocyanate 247 (143 μL, 0.83 mmol)
was added via syringe and the reaction stirred at 0 oC then warmed to room temperature.
After 16 h, the reaction mixture was filtered and concentrated in vacuo. The crude residue
was purified by flash chromatography (CH2Cl2/MeOH 30:1), to yield 294 as a off-white
solid (451 mg, 81%). M.p 153-158 oC. [α]D20 = + 115.3 (c 0.10, CHCl3).
H (400 MHz, CDCl3):

12.04 (1H, bs, H-25), 8.32 (2H, bs, H-17), 8.19 (1H, s, H18), 8.12 (2H, bs, H-22), 7.87-7.78 (6H, m, H-19, H-14, H- 176 -
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15), 7.52-7.49 (5H, m, H-23, H-20), 7.41-7.38 (3H, m, H-21,
H-12), 6.96 (1H, bs, H-16), 6.51 (1H, bs, H-24), 5.56-5.47
(1H, m , H-10), 4.99-4.95 (2H, m, H-10), 4.59 (1H, bs, H-9),
3.74 (H, s, H-13), 3.44-3.55 (2H, m, H-8, H-6b), 3.14-.02
(2H, m, H-2b, H-6a), 2.67 (1H, bs, H-2a), 2.25 (1H, bs, H3), 2.17-2.12 (1H, m, H-5b), 2.04 (1H, bs, H-4), 1.85-1.80
(1H, m, H-5a), 1.34-1.24 (2H, m, H-7a, H-7b)

C (151 MHz, CHCl3):

156.7 (q), 154.6 (q), 154.3 (q), 142.4 (q), 141.7 (q), 141.3,
140.8 (q), 137.5 (q), 137.2 (q), 136.5 (q), 131.5 (q, JC-F 33.2),
130.7, 129.2, 129.0, 127.9, 127.6, 125.2 (q), 124.8, 124.4 (q,
JC-F 272.6), 121.6, 121.4, 118.7, 114.4, 101.7, 69.9, 59.0,
57.7, 55.8, 48.6, 40.0, 30.5, 27.6, 27.5

δF (376 MHz, CDCl3):

-63.6

max (neat)/cm-1:

3074, 2957, 1791, 1705, 1685, 1550, 1499, 1471, 1431,
1377, 1325, 1276, 1727, 1130, 1027, 925, 880, 841, 679, 658

HRMS (m/z -ESI) :

Found 806.3057 (M + H: calculated for C47H40N4O2F6:
806.3055)

5-bromo-1,3-di-tert-butyl-2-methoxybenzene (301)

A 500 mL round-bottomed flask containing a magnetic stirring bar was charged with NaH
(1.21 g, 50.49 mmol) and hexanes (10 mL) was placed under an argon atmosphere. The
mixture was stirred vigorously for 5 minutes and allowed to settle. The hexanes were
removed via syringe followed by addition of dry DMSO (50 mL). The suspension was
stirred for 5 minutes before the addition of 300 (6.00 g, 21.04 mmol) in one portion and
subsequent cooling of the reaction to 0 oC before the addition of iodomethane (5.24 mL,
84.16 mmol). The reaction was warmed to room temperature and allowed to stir for 3 h,
then quenched with the addition of diethyl ether (100 mL) and water (100 mL). The aqueous
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layer was separated and the combined organic extracts were dried over anhydrous MgSO 4
and the solvent removed in vacuo to yield a crude residue purified by column
chromatography eluting from 100% hexanes to furnish the desired product as a white solid
(6.00 g, 95%). M.p. 48-50 oC (lit.239 m.p. 49-50 oC)
Spectral data for this compound were consistent with those in the literature.239
H (400 MHz, CDCl3):

7.35 (2H, s, H-1), 3.69 (3H, s, H-3), 1.43 (18H, s, H-2)

HRMS (m/z -ESI) :

Found: 298.0922 (M + H calculated for C15H23BrO: 298.0932)

(R)-(2-(3,5-di-tert-butyl-4-methoxyphenyl)-6-methoxyquinolin-4-yl)((1S,2S,4S,5R)-5vinylquinuclidin-2-yl)methanol (302)

An oven-dried 500 mL round-bottomed flask containing a large stirring bar was charged
with 301 (6.00 g, 20.05 mmol) fitted with a septum and placed under an argon atmosphere.
Anhydrous diethyl ether (15 mL) was added via syringe and the suspension was cooled to
-10 oC. A solution of tert-butyl lithium (1.7 M in pentane, 23 cm3, 40.10 mmol) was added
via syringe in one portion and the reaction mixture was stirred at -10 oC for 30 min then
warmed to room temperature and stirred for 1 h. The reaction was cooled to 0 oC, anhydrous
MTBE (40 mL) was added via syringe followed by Quinine (2.17 g, 6.68 mmol) and the
reaction mixture was stirred at 0 oC for 30 min, at room temperature for 1 h, then heated at
reflux temperature for 2 h. Acetic acid (10 mL) was added dropwise via syringe to the
reaction at 0 oC, followed by H2O (50 mL) and EtOAc (50 mL). The reaction was allowed
to warm to room temperature, then solid iodine was added in several portions to the
vigorously stirred mixture until the appearance of a persistent deep brown colour. A
solution of sodium thiosulfate (Na2S2O3, 1.00 g) in water (20 mL) was added followed by
a concentrated solution of aqueous ammonia (35 % 30 mL) and the mixture was stirred
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vigorously for 10 min. The organic phase was then washed with and the aqueous phase
extracted with CH2Cl2 (3 x 20 mL), the combined extracts were dried over MgSO4, filtered
and the solvent removed in vacuo. The crude oily residue was purified via column
chromatography eluting in gradient hexanes:EtOAc:MeOH:NEt 3 80:10:5:5 to obtain 302
as a white solid (1.20 g, 33%). M.p. 137-141 oC; [𝛼]24
𝐷 = -6.0 (c 0.2, CHCl3)
H (400 MHz, CDCl3):

7.91-7.89 (4H, m, H-17, H-14, H-12), 7.13 (1H, d, J 9.1, H14), 7.08 (1H, bs, H-16), 5.87 (1H, bs, H-20), 5.68-5.59 (1H,
m, H-10), 5.27 (1H, s, H-9), 4.97-4.90 (2H, H-11), 3.77 (3H,
s, H-13), 3.70 (3H, s, H-18), 3.20-3.16 (2H, m, H-8, H-6b),
2.80-2.77 (2H, m, H-6a, H-2b), 2.39 (1H, bs, H-3), 1.92-1.89
(3H, m, H-2a, H-4, H-5b), 1.58-1.49 (19H, m, H-19, H-5a),
1.32-1.24 (2H, m, H-7a, H-7b)

C (100 MHz, CHCl3):

160.7 (q), 157.6 (q), 155.4 (q), 146.3 (q), 144.3, 143.8 (q),
140.1, 134.5 (q), 131.8 (q), 125.9, 124.6 (q), 121.5, 116.6,
115.4, 100.6, 64.3, 60.0, 56.1, 53.4, 43.5, 38.9, 35.9 (q), 32.1,
29.7, 27.5, 26.4, 20.5

max (neat)/cm-1:

2953, 1622, 1596, 1551, 1449, 1413, 1390, 1348, 1224,
1814, 1007, 838

HRMS (m/z -ESI) :

found: 543.3563 (M + H: calculated for C35H46N2O3 :
543.3587)

(S)-(2-(3,5-di-tert-butyl-4-methoxyphenyl)-6-methoxyquinolin-4-yl)((1S,2S,4S,5R)-5vinylquinuclidin-2-yl)methanamine (303)
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Prepared according to general procedure I using triphenylphosphine (639 mg, 2.43 mmol)
and 302 (1.10 g, 2.02 mmol), in anhydrous THF (22.5 mL). Diisopropyl azidocarboxylate
(478 µL, 2.43 mmol) and diphenylphosphoryl azide (515 µL, 2.43 mmol) were added via
syringe. The so-formed azido species was reduced in situ via a Staudinger reduction: the
reaction mixture was cooled to room temperature, then triphenylphosphine (639 mg, 2.43
mmol) was added and the solution was heated at reflux temperature for 5 h. After cooling
the reaction to room temperature, H2O (5 mL) was added and the reaction was stirred at
room temperature for 20 h, it was then concentrated in vacuo and the residue was taken up
in CH2Cl2 (10 mL) and Et2O (10 mL), concentrated HCl was added and the precipitate
formed was filtered and dried to obtain the hydrochloride salt 303 (1.10 g, 84%) as a pale
yellow solid. M.p. 215-219 oC; [𝛼]24
𝐷 = -9.0 (c 0.1, MeOH)
H (400 MHz, CD3OD):

8.77 (2H, bs, H-20), 8.38 (1H, d, J 9.4, H-15), 8.09 (2H, s,
H-17), 8.00-7.97 (1H, m, H-12), 7.88 (1H, d, J 9.4, H-14),
7.66-7.65 (1H, m, H-16), 5.99-5.93 (2H, m, H-10), 5.78 (1H,
bs, H-9), 5.39 (1H, d, J 17.2, H-11a), 5.23 (1H, d, J 10.5, H11b), 4.24-4.17 (4H, m, H-18, H-6b), 3.85-3.81 (4H, m, H13, H-2b), 3.75-3.69 (1H, m, H-6a), 3.56-3.51 (1H, m, H2a), 2.96-2.92 (1H, m, H-8), 2.14-2.10 (3H, m, H-4, H-3, H5b), 1.97-1.90 (1H, m, H-5a), 1.59 (18H, s, H-18), 1.29-1.23
(2H, m, H-7a, H-7b)

C (100 MHz, CD3OD):

163.9 (q), 160.9 (q), 153.2 (q), 145.8 (q), 137.3, 132.4 (q),
131.7, 131.6, 128.6, 128.5 (q), 127.6, 126.8 (q) 126.5 (q),
124.4, 116.3, 102.8, 64.2, 59.57, 56.17, 53.0, 42.1, 36.4, 35.9
(q), 31.0, 26.1, 23.7, 23.5

max (neat)/cm-1:

2951, 1618, 1499, 1402, 1349, 1273, 1228, 1142, 1118, 999,
874;

HRMS (m/z -ESI) :

Found: 542.3747 (M + H: calculated for C35H48N3O2 :
542.3734)
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1-(3,5-bis(trifluoromethyl)phenyl)-3-((S)-(2-(3,5-di-tert-butyl-4-methoxyphenyl)-6methoxyquinolin-4-yl)((1S,2S,4S,5R)-5-vinylquinuclidin-2-yl)methyl)urea (304)

An oven dried cm3 round-bottomed flask containing a stirring bar under an argon
atmosphere was charged with 303 (1.1 g, 1.69 mmol). Anhydrous CH2Cl2 (15 mL) was
added via syringe and the reaction was cooled to 0 oC. Freshly distilled trimethylamine
(1.17 mL, 8.44 mmol) was added via syringe and complete solvation of the solid resulted
in the addition of 247 (350 µL, 2.03 mmol). The resulting solution was warmed to room
temperature and stirred for 20 h. The mixture was then transferred into a separating funnel,
washed with water (2 x 10 mL), the organic extracts were dried over anhydrous MgSO4,
filtered and concentrated in vacuo. The residue was purified by column chromatography
CH2Cl2:MeOH 99:1 to obtain urea 304 (900 mg, 67%) as a crystalline white solid.M.p.
165-169 0C. [𝛼]24
𝐷 = +29.5 (c 0.2, CHCl3).
H (400 MHz, CDCl3):

8.09 (1H, d, J 9.2, H-15), 7.89 (2H, s, H-17), 7.76 (2H, s, H22), 7.71-7.69 (2H, m, H-21, H-23), 7.54-7.44 (2H, m, H-12,
H-20), 7.39-7.36 (2H, m, H-14, H-16), 6.44 (1H, bs, H-9),
5.75-5.66 (1H, m, H-10), 5.02-4.98 (2H, m, H-11), 3.97 (3H,
s, H-18), 3.71 (3H, s, H-13), 3.27-3.17 (1H, m, H-6b), 2.862.69 (2H, m, H-2b, H-6a), 2.44-2.28 (1H, m, H-8), 1.75-1.61
(4H, m, H-3, H-5b, H-4, H-2a), 1.49 (18H, s, H-19), 1.271.18 (2H, m, H-5a, H-7b), 1.04-0.99 (1H, m, H-7a)

C (100 MHz, CDCl3):

160.9 (q), 157.9 (q), 155.8 (q), 154.9 (q), 145.0 (q), 144.1
(q), 141.0 (q), 140.2, 134.1 (q), 132.4, 132.3 (q), 132.2, 131.9
(q, JC-F 33.7), 131.8, 128.8, 128.7, 128.6, 125.9, 124.6 (q),
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123.2 (q, JC-F 272.7), 118.1, 115.3, 101.9, 64.4, 60.3, 55.8,
55.3, 41.1, 38.7, 36.0 (q), 32.1, 27.1, 26.4

δF (376 MHz, CDCl3):

-63.0

max (neat)/cm-1:

2950, 1697, 1621, 1550, 1473, 1387, 1348, 1275, 1223,
1172, 1129, 1009, 876, 830, 681

HRMS (m/z -ESI) :

Found: 797.3865 (M + H calculated for: C44H50 F6N4O3:
797.3898)

(1S,2S,4S,5R)-2-((S)-(3-(3,5-bis(trifluoromethyl)phenyl)ureido)(2-(3,5-di-tert-butyl4-methoxyphenyl)-6-methoxyquinolin-4-yl)methyl)-1-(3,5-di-tert-butylbenzyl)-5vinylquinuclidin-1-ium bromide (305)

An oven dried 50 cm3 round bottomed flask containing a stirring bar was charged with 304
(800 mg, 1.12 mmol) and 254 (380 mg, 1.34 mmol), fitted with a condenser and placed
under a protective argon atmosphere. Toluene (17 mL) was added via syringe and the
reaction was stirred at room temperature for 5 min, the resulting solution was heated to 75
o

C and stirred for 20 h. The reaction was allowed cool to room temperature and the solvent

was removed in vacuo to give a yellow residue purified by column chromatography
CH2Cl2:MeOH 99:1 to obtain 15 (865 mg, 71%) as a yellow crystalline solid. M.p. 175178 oC; [𝛼]24
𝐷 = -21.66 (c 0.3, CHCl3)
H (600 MHz, CD3OD):

8.20 (1H, s, H-24), 8.09-8.06 (5H, m, H-15, H-17, H-20),
7.79 (1H, s, H-21), 7.59 (1H, bs, H-16), 7.52 (1H, bs, H-12),
7.47 (1H, dd, J 9.05, 2.26, H-14), 7.41 (2H, bs, H-23), 6.53
(1H, d, J 10.02, H-9), 5.95-5.90 (1H, m, H-10), 5.42 (1H, d,
J 12.61, H-22a), 5.33-5.27 (2H, m, H-8, H-11a), 5.19 (1H, d,
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J 10.67, H-11b), 4.96 (1H, d, J 12.61, H-22b), 4.52 (1H, bt,
J 10.67, H-6a), 4.06 (3H, s, H-13), 3.80 (1H, d, J 8.73, H2b), 3.75 (3H, s, H-13), 2.75-2.74 (1H, m, H-3), 2.26-2.16
(2H, m, H-2a, H-6b), 2.07 (1H, bt, J 11.64, H-7b), 1.95 (1H,
bs, H-4), 1.56 (21H, bs, H-5a, H-5b, H-7a, H-25), 1.29 (18H,
s, H-19)

C (151 MHz, CD3OD):

161.01 (q), 158.91 (q), 156.31 (q), 154.75 (q), 152.02 (q),
144.57 (q), 144.23 (q), 144.00 (q), 141.10 (q), 136.25, 133.56
(q), 131.83 (q, JC-F 33.00, CF3), 131.07, 127.66, 126.66 (q),
126.13, 125.79 (q), 124.27, 123.26 (q, JC-F 272.00, CF3),
122.73, 118.05, 117.78, 116.78, 115.11, 100.96, 67.84,
66.53, 63.78, 60.20, 55.05, 50.12, 48.73, 37.06, 35.64, 34.38
(q), 31.33, 30.29, 27.41, 26.78, 24.17, 20.88 (q)

F (376 MHz, CD3OD):

-64.53

max (neat)/cm-1:

2957, 1686, 1622, 1549, 1387, 1276, 1220, 1175, 1138,
1010, 800, 702, 681

HRMS (m/z -ESI) :

Found: 999.5587 (M+: calculated for C59H73N4O4 F6 :
999.5589)

General Procedure III: Racemic preparation of product (306)
A sample vial containing a magnetic stirring bar was charged with oxindole 242 (100 mg,
0.31 mmol) and tetrabutylammonium bromide (TBAB) (4.83 mg, 0.015 mmol - 5 mol%).
Dichloromethane (3.10 mL, 0.1 M) was added via syringe and the reaction was stirred until
a homogeneous solution was observed. Benzyl bromide (44 µL, 0.38 mmol) was added via
syringe followed by an aqueous solution of K2CO3 (3.1 mL, 0.1 M) and the following
mixture was allowed to stir overnight with the conversion determined by 1H NMR
spectroscopic analysis using para-iodoanisole (73.35 mg, 0.31 mmol) as an internal
standard. The reaction was quenched with an aqueous solution of HCl (5 mL, 1.5 M),
washed with brine and extracted with dichloromethane (2 x 5 mL). The combined organic
extracts were dried over anhydrous MgSO4 and the solvent removed in vacuo to yield a
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crude residue, purified by column chromatography hexanes:EtOAc 90:10, to furnish the
desired product.
General Procedure IV: Catalyst evaluation in the organocatalytic alkylation of
oxindole 242
A sample vial containing a magnetic stirring bar was charged with oxindole 242 (100 mg,
0.31 mmol) and the relevant catalyst (0.015 mmol - 5 mol%). Dichloromethane (3.10 mL,
0.1 M) was added via syringe and the reaction was stirred until a homogeneous solution
was observed. Benzyl bromide (44 µL, 0.38 mmol) was added via syringe followed by an
aqueous solution of K2CO3 (3.1 mL, 0.1 M) and the following mixture was allowed to stir
for 48 h with the conversion determined by 1H NMR spectroscopic analysis using paraiodoanisole (73.35 mg, 0.31 mmol) as an internal standard. The reaction was quenched with
an aqueous solution of HCl (5 mL, 1.5 M), washed with brine and extracted with
dichloromethane (2 x 5 mL). The combined organic extracts were dried over anhydrous
MgSO4 and the solvent removed in vacuo to yield a crude residue, purified by column
chromatography hexanes:EtOAc 90:10, to furnish the desired product.
General Procedure V: Substrate evaluation in the organocatalytic alkylation of
oxindoles 308-328
A carousel tube containing a magnetic stirring bar was charged with oxindole 242 (100 mg,
0.312 mmol) catalyst 305 (16.86 mg, 0.015 mmol – 5 mol%) and a solid sample of K2CO3
(86 mg, 0.624 mmol). Dichloromethane was added (3.1 mL, 0.1 M) via syringe and the
reaction was cooled to the appropriate temperature. The relevant electrophile (0.375 mmol)
was added via syringe and the reaction was stirred for 96-168 h with the conversion
determined by 1H NMR spectroscopic analysis using para-iodoanisole (73.14 mg, 0.156
mmol) as an internal standard. The reaction was quenched with an aqueous solution of HCl
(5.0 mL, 1.5 M), washed with brine and extracted with dichloromethane (2 x 10 mL). The
combined organic extracts were dried over anhydrous MgSO4 and the solvent removed in
vacuo to yield a crude residue purified by column chromatography hexanes/EtOAc 90:10
to furnish the desired product. The enantiomeric excess of each product was determined by
CSP-HPLC
tert-butyl (S)-3-benzyl-3-(2-ethoxy-2-oxoethyl)-2-oxoindoline-1-carboxylate (243)
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Prepared according to general procedure V, -30 oC for 96 h, using benzyl bromide (44.5
µL, 0.375 mmol) as the electrophile. After purification, product 243 was obtained as an
oily residue (122 mg, 95%)
CSP-HPLC analysis. Chiralpak OD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 1.0 mL min1

, RT, UV detection at 254 nm, retention times: 6.31 min (minor enantiomer) and 15.97

min (major enantiomer). [𝛼]24
𝐷 = -3.63 (c 0.22, CHCl3)
H (400 MHz, CDCl3):

7.60 (1H, d, J 8.1, H-4), 7.21 (1H, t, J 17.4, H-3), 7.13-7.05
(4H, m, H-1, H-7, H-8), 7.02 (1H, t, J 17.4, H-2), 6.75 (2H,
d, J 6.9, H-6), 3.84 (2H, m, H-11), 3.24 (1H, d, J 16.5, H-9),
3.01 (2H, q, J 15.9, H-10), 2.93 (1H, d, J 16.5, H-9), 1.56
(9H, s, H-5), 0.94 (3H, t, J 7.1, H-12).

C (100 MHz, CDCl3):

177.5 (q), 169.3 (q), 148.9 (q), 140.2 (q), 134.1 (q), 130.1,
129.1 (q), 128.4, 127.7, 127.0, 123.8, 122.8, 114.9, 83.8 (q),
60.7, 51.6 (q), 45.2, 41.0, 28.1, 13.7

max (neat)/cm-1:

1792, 1768, 1728, 1480, 1465, 1393, 1352, 1292, 1249,
1147, 1090, 1029, 1005, 843, 749, 699

HRMS (m/z -ESI) :

Found 432.1787 (M+Na calculated for: C24H27NO5Na:
432.1785)

tert-butyl (S)-3-(2-ethoxy-2-oxoethyl)-3-(4-methylbenzyl)-2-oxoindoline-1carboxylate (308)
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Prepared according to general procedure V, -30 oC for 96 h, using 4-methylbenzyl bromide
(70.52 mg, 0.375 mmol) as the electrophile. After purification, product 308 was obtained
as an oily residue (130 mg, 98%)
CSP-HPLC analysis. Chiralpak OD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 1.0 mL min1

, RT, UV detection at 254 nm, retention times: 6.6 min (minor enantiomer) and 27.5 min

(major enantiomer). [𝛼]24
𝐷 = -7.33 (c 1.24, CHCl3)
H (400 MHz, CDCl3):

7.67 (1H, d, J 8.2, H-4), 7.26 (1H, t, J 7.9, H-3), 7.13 (1H, t,
J 7.5, H-2), 7.03 (1H, d, J 7.4, H-1), 6.92 (2H, d, J 7.8, H-6),
6.71 (2H, d, J 7.8, H-7), 3.96-3.80 (2H, m, H-11), 3.27 (1H,
app. d, H-9), 3.05-2.94 (3H, m, H-9, H-10), 2.26 (3H, s, H8), 1.60 (9H, s, H-5), 0.98 (3H, t, J 7.1, H-12)

C (100 MHz, CDCl3):

177.69 (q), 169.42 (q), 148.94 (q), 140.29 (q), 136.63 (q),
130.96 (q), 130.05, 129.36 (q), 128.46, 128.35, 123.81,
122.89, 114.90, 83.7 (q), 60.73, 51.6 (q), 44.80, 40.95, 28.06,
21.02, 13.66

max (neat)/cm-1:

2980, 1768, 1726, 1608, 1515, 1480, 1466, 1352, 1294,
1249, 1146, 1086, 843, 819, 752

HRMS (m/z -ESI) :

Found: 446.1948 (M+Na calculated for C25H29NO5Na:
446.1937)
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tert-butyl (S)-3-(2-ethoxy-2-oxoethyl)-3-(4-nitrobenzyl)-2-oxoindoline-1-carboxylate
(310)

Prepared according to general procedure V using 4-nitrobenzyl bromide (80.80 mg, 0.375
mmol) as the electrophile. After purification, product 310 was obtained as an oily residue
(120 mg, 85%), [α]D20 = +21.5 (c 0.4, CHCl3)
CSP-HPLC analysis. Chiralpak OD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 1.0 mL min1

, RT, UV detection at 254 nm, retention times: 13.41 min (minor enantiomer) and 45.42

min (major enantiomer).
H (400 MHz, CDCl3):

7.89 (2H, d, J 8.6 H-7), 7.56 (1H, d, J 8.1, H-4), 7.24-7.13
(3H, m, H-1, H-2, H-3), 6.95 (2H, d, J 8.6, H-6), 3.94-3.80
(2H, m, H-10), 3.27-3.19 (2H, m, H-8, H-9), 3.06 (1H, d, J
13.5, H-9), 2.96 (1H, d, J 16.4, H-8), 1.53 (9H, s, H-5), 0.97
(3H, t, J 7.1, H-11)

C (100 MHz, CDCl3):

176.7 (q), 168.9 (q), 148.2 (q), 147.0 (q), 141.8 (q), 140.1(q),
130.8, 129.0, 128.2 (q), 124.2, 122.8, 122.5, 115.1, 84.3 (q),
60.9, 51.6 (q), 44.6, 41.3, 28.0, 13.6

max (neat)/cm-1:

2988, 1764, 1727, 1606, 1524, 1463, 1346, 1293, 1253,
1183, 1148, 1006, 855, 757, 697

HRMS (m/z -ESI) :

Found: 477.1642 (M + Na: calculated for C24H26N2O7Na:
411.1632)
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tert-butyl (S)-3-(4-cyanobenzyl)-3-(2-ethoxy-2-oxoethyl)-2-oxoindoline-1-carboxylate
(312)

Prepared according to general procedure V using 4-(bromomethyl)benzonitrile (90.00 mg,
0.375 mmol) as the electrophile. After purification, product 312 was obtained as an oily
residue (130 mg, 96%), [α]D20 = +19.8 (c 1.0, CHCl3)
CSP-HPLC analysis. Chiralpak OD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 1.0 mL min1

, RT, UV detection at 254 nm, retention times: 14.37 min (minor enantiomer) and 59.26

min (major enantiomer).
H (400 MHz, CDCl3):

7.56 (1H, d, J 8.1, H-4), 7.33 (2H, d, J 8.3, H-7), 7.23-7.21
(1H, m, H-2), 7.14-7.13 (2H, m, H-1, H-3), 6.85 (2H, d, J
8.3, H-6), 3.93-3.79 (2H, m, H-10), 3.24 (1H, d, J 16.4, H8), 3.15 (1H, d, J 12.8, H-9), 3.02 (1H, d, J 12.8, H-9), 2.94
(1H, d, J 16.4, H-8), 1.54 (9H, s, H-5), 0.96 (3H, t, J 7.1, H11)

C (100 MHz, CDCl3):

176.8 (q), 168.9 (q), 148.4 (q), 140.1 (q), 139.7 (q), 131.4,
130.7, 128.9, 128.3 (q), 124.2, 122.5, 118.6 (q), 115.1, 111.0
(q), 84.2 (q), 60.9, 51.6 (q), 44.9, 41.2, 28.0, 13.6

max (neat)/cm-1:

2228, 2181, 1757, 1727, 1608, 1479, 1466, 1351, 1290,
1249, 1146, 1086, 1022, 943, 828, 754

HRMS (m/z -ESI) :

Found: 457.1745 (M + Na: calculated for C25H26N2O5Na:
457.1745)
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tert-butyl (S)-3-(2-ethoxy-2-oxoethyl)-2-oxo-3-(4-(trifluoromethyl)benzyl)indoline-1carboxylate (314)

Prepared according to general procedure V, using 4-(trifluoromethyl)benzyl bromide
(99.86 mg, 0.375 mmol) as the electrophile. After purification, product 314 was obtained
as an oily residue (144 mg, 96%), [α]D20 = +10.1 (c 1.0, CHCl3)
CSP-HPLC analysis. Chiralpak OD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 1.0 mL min1

, RT, UV detection at 254 nm, retention times: 6.3 min (minor enantiomer) and 24.35 min

(major enantiomer).
H (400 MHz, CDCl3):

7.57 (1H, d, J 8.1, H-4), 7.30 (2H, d, J 8.1, H-7), 7.23-7.21
(1H, m, H-2), 7.15-7.11 (2H, m, H-1, H-3), 6.86 (2H, d, J
8.1, H-6), 3.93-3.79 (2H, m, H-10), 3.25 (1H, d, J 16.4, H8), 3.13 (1H, d, J 12.8, H-9), 3.03 (1H, d, J 12.8, H-9), 2.94
(1H, d, J 16.4, H-8), 1.53 (9H, s, H-5), 0.96 (3H, t, J 7.1, H11)

C (100 MHz, CDCl3):

177.1 (q) , 169.1 (q), 148.5 (q), 140.2 (q), 138.2 (q), 130.3,
129.3 (q, J 32.5), 128.8, 128.6 (q), 124.6, 124.1, 124.0 (q, JCF

272.1), 122.6, 115.0, 84.1 (q), 60.9, 51.6 (q), 44.8, 41.1,

28.0, 13.7
F (100 MHz, CDCl3):

-62.6

max (neat)/cm-1:

2982, 1791, 1729, 1609, 1480, 1466, 1419, 1395, 1352,
1322, 1292, 1250, 1147, 1121, 1067, 1018, 849, 753

HRMS (m/z -ESI) :

Found: 500.1671 (M + Na: calculated for C25H26F3NO5Na:
500.1655)
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tert-butyl (S)-3-(3,5-difluorobenzyl)-3-(2-ethoxy-2-oxoethyl)-2-oxoindoline-1carboxylate (316)

Prepared according to general procedure V, using 3,5-difluorobenzyl bromide (48.74 µL,
0.375 mmol) as the electrophile. After purification, product 316 was obtained as an oily
residue (140 mg, 93%), [α]D20 = -20.5 (c 0.4, CHCl3)
CSP-HPLC analysis. Chiralpak OD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 1.0 mL min1

, RT, UV detection at 254 nm, retention times: 6.12 min (minor enantiomer) and 10.39

min (major enantiomer).
H (400 MHz, CDCl3):

7.67 (1H, d, J 8.1, H-4), 7.30-7.26 (1H, m, H-2), 7.20-7.15
(2H, m, H-1, H-3), 6.59 (1H, tt, J 2.4, 8.9, H-7), 6.35-6.33
(2H, m, H-6), 3.98-3.84 (2H, m, H-10), 3.24 (1H, d, J 16.4,
H-8), 3.10 (1H, d, J 12.4, H-9), 2.99-2.95 (2H, m, H-8, H-9),
1.61 (9H, s, H-5), 1.00 (3H, t, J 7.1, H-11)

C (100 MHz, CDCl3):

176.9 (q), 169.0 (q), 162.3 (d, J 248.5) (q), 162.2 (d, J 245.5)
(q), 148.8 (q), 140.2 (q), 137.9 (t, J 9.2) (q), 128.9, 128.4 (q),
124.2, 122.4, 115.0, 112.8 (d, J 6.6), 102.5 (dd, J 6.6, 18.5),
84.2 (q), 60.9, 51.5 (q), 44.7, 41.2, 27.9, 13.7

F (100 MHz, CDCl3):

-110.4

max (neat)/cm-1:

2985, 1754, 1731, 1624, 1596, 1465, 1373, 1353, 1295,
1254, 1148, 1117, 1091, 1019, 841, 754

HRMS (m/z -ESI) :

Found: 468.1607 (M + Na: calculated for C24H25F2NO5Na:
468.1593)
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tert-butyl (S)-3-(3,5-dimethoxybenzyl)-3-(2-ethoxy-2-oxoethyl)-2-oxoindoline-1carboxylate (318)

Prepared according to general procedure V, using 3,5-dimethoxybenzyl bromide (87.08
mg, 0.375 mmol) as the electrophile. After purification, product 318 was obtained as an
oily residue (120 mg, 82%), [α]D20 = +8.75 (c 0.4, CHCl3)
CSP-HPLC analysis. Chiralpak OD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 1.0 mL min1

, RT, UV detection at 254 nm, retention times: 10.28 min (minor enantiomer) and 22.85

min (major enantiomer).
H (400 MHz, CDCl3):

7.65 (1H, d, J 8.1, H-4), 7.23-7.19 (1H, m, H-2), 7.12-7.06
(2H, m, H-1, H-3), 6.21 (1H, t, J 2.1, H-7), 5.91 (2H, d, J 2.1,
H-6), 3.92-3.74 (2H, m, H-11), 3.57 (6H, s, H-8), 3.22 (1H,
d, J 16.4, H-10), 3.01-2.98 (3H, m, H-9, H-10), 1.56 (9H, s,
H-5), 0.95 (3H, t, J 7.1, H-12);

C (100 MHz, CDCl3):

177.3 (q), 169.3 (q), 160.0 (q), 148.9 (q), 140.4 (q), 136.2
(q), 129.3 (q), 128.4, 123.7, 122.8, 114.9, 107.8, 99.8, 83.8
(q), 60.7, 55.1, 51.6 (q), 45.5, 41.1, 27.9, 13.6

max (neat)/cm-1:

2980, 1769, 1726, 1595, 1465, 1351, 1293, 1249, 1204,
1145, 1066, 840, 753

HRMS (m/z -ESI) :

Found: 492.2007 (M + Na: calculated for C26H31NO7Na:
492.1992)
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tert-butyl (S)-3-allyl-3-(2-ethoxy-2-oxoethyl)-2-oxoindoline-1-carboxylate (320)

Prepared according to general procedure V, using allyl bromide (31.8 μL, 0.376 mmol)
as the electrophile. After purification, product 320 was obtained as an oily residue (87
mg, 87%), [α]D20 = +7.08 (c 0.24, CHCl3)
CSP-HPLC analysis. Chiralpak OD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 0.5 mL min1

, RT, UV detection at 254 nm, retention times: 9.7 min (minor enantiomer) and 17.8 min

(major enantiomer).
H (400 MHz, CDCl3):

7.87 (1H, d, J 8.1, H-4), 7.43-7.30 (1H, m, H-2), 7.20-7.14
(2H, m, H-1, H-3), 5.57-5.46 (1H, m, H-7), 5.08-5.04 (2H,
m, H-8), 3.95-3.80 (2H, m, H-10), 3.14 (1H, d, J 16.5, H-9),
2.89 (1H, d, J 16.5, H-9), 2.51 (2H, d, J 7.2, H-6) 1.68 (9H,
s, H-5) 1.00 (3H, t, J 7.2, H-11)

C (100 MHz, CDCl3):

177.7 (q), 169.4 (q), 149.3 (q), 140.2 (q), 130.8, 129.7 (q),
128.5, 124.2, 122.5, 119.8, 115.1, 84.1 (q), 60.8, 50.2 (q),
43.3, 41.3, 28.2, 13.8

max (neat)/cm-1:

2981, 1768, 1726 , 1480, 1351, 1293, 1249, 1146, 753

HRMS (m/z -ESI) :

Found: 382.1630 (M + Na: calculated for C20H25NO5Na:
382.1628)
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tert-butyl (S)-3-cinnamyl-3-(2-ethoxy-2-oxoethyl)-2-oxoindoline-1-carboxylate (322)

Prepared according to general procedure V, using 3-bromo-1-phenyl-1-propene (73.90 mg,
0.375 mmol) as the electrophile. After purification, product 322 was obtained as an oily
residue (120 mg, 88%), [α]D20 = -34.80 (c 0.5, CHCl3)
CSP-HPLC analysis. Chiralpak OD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 0.5 mL min1

, RT, UV detection at 254 nm, retention times: 18.60 min (minor enantiomer) and 28.70

min (major enantiomer).
H (400 MHz, CDCl3):

7.82 (1H, d, J 8.2, H-4), 7.30-7.11 (8H, m, H-1, H-2, H-3, H9, H-10, H-11), 6.36 (1H, d, J 15.7, H-8), 5.87 (1H, q, J 7.7,
H-13), 3.92-3.77 (2H, m, H-13), 3.15 (1H, d, J 16.5, H-12),
2.91 (1H, d, J 16.5, H-12), 2.66-2.56 (2H, m, H-6), 1.57 (9H,
s, H-5), 0.96 (3H, t, J 7.1, H-14)

C (100 MHz, CDCl3):

177.5 (q), 169.3 (q), 149.2 (q), 140.0 (q), 136.8 (q), 135.1,
129.7 (q), 128.5, 128.4, 127.5, 126.2, 124.2, 122.5, 122.1,
115.1, 84.1 (q), 60.7, 50.4 (q), 42.3, 40.9, 28.0, 13.6

max (neat)/cm-1:

2981, 1765, 1726, 1479, 1351, 1293, 1248, 1146, 1093,
1027, 1004, 967, 842, 744

HRMS (m/z -ESI) :

Found: 458.1953 (M + Na: calculated for C26H29NO5Na:
458.1937)
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tert-butyl (S)-3-(2-ethoxy-2-oxoethyl)-3-(3-methylbut-2-en-1-yl)-2-oxoindoline-1carboxylate (324)

Prepared according to general procedure V, using 3,3-dimethylallyl bromide (37.80 µL,
0.375 mmol) as the electrophile. After purification, product 324 was obtained as an oily
residue (108 mg, 92%), [α]D20 = -20.0 (c 0.20, CHCl3)
CSP-HPLC analysis. Chiralpak OD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 1.0 mL min1

, RT, UV detection at 254 nm, retention times: 9.72 min (minor enantiomer) and 18.83

min (major enantiomer).
H (400 MHz, CDCl3):

7.82 (1H, d, J 8.1, H-4), 7.29-7.27 (1H, m, H-2), 7.14-7.07
(2H, m, H-1, H-3), 4.89 (1H, t, J 7.6, H-7), 3.89-3.76 (2H,
m, H-11), 3.09 (1H, d, J 16.5, H-10), 2.84 (1H, d, J 16.5, H10), 2.41 (2H, d, J 7.7, H-6), 1.63 (9H, s, H-5), 1.60 (3H, s,
H-8), 1.45(3H, s, H-9), 0.94 (3H, t, J 7.1, H-12);

C (100 MHz, CDCl3):

177.9 (q), 169.5 (q), 149.4 (q), 140.0 (q), 137.0 (q), 130.1
(q), 128.2, 124.0, 122.5, 116.3, 114.9, 83.9 (q), 60.6, 50.3
(q), 40.6, 37.4, 28.1, 25.9, 17.9, 13.6

max (neat)/cm-1:

2980, 1769, 1726, 1608, 1480, 1465, 1368, 1351, 1294,
1292, 1196, 1087, 1004, 843, 752

HRMS (m/z -ESI) :

Found: 410.1942 (M + Na: calculated for C22H29NO5Na:
410.1937)
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tert-butyl (S)-3-(2-ethoxy-2-oxoethyl)-3-(4-ethoxy-4-oxobut-2-en-1-yl)-2-oxoindoline1-carboxylate (326)

Prepared according to general procedure V, using ethyl 4-bromocrotonate (52 µL, 0.375
mmol) as the electrophile. After purification, product 326 was obtained as an oily residue
(120 mg, 88%), [α]D20 = -17.5 (c 0.4, CHCl3)
CSP-HPLC analysis. Chiralpak OD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 1.0 mL min1

, RT, UV detection at 254 nm, retention times: 20.17 min (minor enantiomer) and 21.57

min (major enantiomer).
H (400 MHz, CDCl3):

7.87 (1H, d, J 8.2, H-4), 7.36-7.31 (1H, m, H-2), 7.18-7.17
(2H, m, H-1, H-3), 6.70-6.62 (1H, m, H-7), 5.83 (1H, d, J
15.5, H-8), 4.16 (2H, q, J 7.1, H-9), 3.93-3.84 (2H, m, H-12),
3.13 (1H, q, J 16.5, H-11), 2.90 (1H, d, J 16.5, H-11), 2.692.59 (2H, m, H-6), 1.67 (9H, s, H-5), 1.27 (3H, t, J 7.1, H10), 1.01 (3H, t, J 7.1, H-13)

C (100 MHz, CDCl3):

177.0 (q), 169.0 (q), 165.6 (q), 149.1 (q), 140.4, 139.9, 129.8
(q) 128.9, 126.3, 124.2, 122.6, 115.3, 84.4 (q), 60.9, 60.5,
49.6 (q), 41.1, 28.1, 14.2, 13.7

* Two ester carbonyl signals appear to be the same peak (169.0 ppm)
max (neat)/cm-1:

2981, 1768, 1725, 1655, 1606, 1480, 1465, 1369, 1351,
1291, 1249, 1147, 1094, 1037, 842, 754

HRMS (m/z -ESI) :

Found: 454.1850 (M + Na: calculated for C23H29NO7Na:
454.1836)
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tert-butyl (S)-3-(2-ethoxy-2-oxoethyl)-3-(2-methylallyl)-2-oxoindoline-1-carboxylate
(328)

General Procedure: Prepared according to general procedure V, using 3-bromo-2methylpropene (37.80 µL, 0.375 mmol) as the electrophile. After purification, product 328
was obtained as an oily residue (108 mg, 92%) [α]D20 = +22.00 (c 0.20, CHCl3)
CSP-HPLC analysis. Chiralpak OD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 0.50 mL min1

, RT, UV detection at 254 nm, retention times: 11.07 min (minor enantiomer) and 35.63

min (major enantiomer).
H (400 MHz, CDCl3):

7.81 (1H, d, J 8.2, H-4), 7.29-7.26 (1H, m, H-2), 7.17-7.09
(2H, m, H-1, H-3), 4.66 (1H, s, H-8), 4.52 (1H, s, H-8), 3.913.77 (2H, m, H-10), 3.12 (1H, d, J 16.3, H-9), 2.85 (1H, d, J
16.3, H-9), 2.61 (1H, d, J 12.9, H-6), 2.41 (1H, d, J 12.9, H6), 1.62 (9H, s, H-5), 1.38 (3H, s, H-7), 0.95 (3H, t, J 7.1, H11)

C (100 MHz, CDCl3):

179.9 (q), 177.5 (q), 169.2 (q), 140.4 (q), 139.2 (q), 129.7
(q), 128.4, 124.0, 122.7, 116.1, 115.0, 83.9 (q), 60.6, 50.7
(q), 46.5, 42.3, 28.0, 23.9, 13.6

max (neat)/cm-1:

2983, 1767, 1741, 1728, 1607, 1479, 1466, 1353, 1296,
1251, 1145, 1088, 1025, 899, 757, 744

HRMS (m/z -ESI) :

Found: 396.1785 (M + Na: calculated for C21H27NO5Na:
396.1781)
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tert-butyl 3-(2-ethoxy-2-oxoethyl)-3-(2-iodobenzyl)-2-oxoindoline-1-carboxylate (330)

General Procedure: Prepared according to general procedure V, using 2-iodo benzyl
bromide (112 mg, 0.375 mmol) as the electrophile. After purification, product 330 was
obtained as an oily residue (110 mg, 67%) [α]D20 = +26.40 (c 0.50, CHCl3)
CSP-HPLC analysis. Chiralpak OD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 1.00 mL min1

, RT, UV detection at 254 nm, retention times: 10.25 min (major enantiomer) and 6.06

min (minor enantiomer).
H (400 MHz, CDCl3):

7.79-7.73 (2H, m, H-3, H-6), 7.29-7.26 (1H, m, H-2), 7.23
(1H, t, J 7.6, H-7), 7.12-7.10 (1H, app. d, H-4), 7.06 (1H, t,
J 7.6, H-8), 6.92-6.88 (2H, m, H-1, H-9), 3.93-3.80 (2H, m,
H-12), 3.37-3.33 (2H, m, H-10, H-11), 3.24 (1H, d, J 13.6,
H-10), 3.02 (1H, d, J 16.5, H-11), 1.67 (9H, s, H-5), 0.98
(3H, t, J 7.2, H-13)

C (100 MHz, CDCl3):

177.6 (q), 169.3 (q), 149.2 (q), 140.0 (q), 139.9, 137.8 (q),
130.8, 129.0, 128.7, 128.5 (q), 127.8, 124.1, 123.8, 114.8,
103.3 (q), 84.1 (q), 60.8, 51.0 (q), 47.4, 40.7, 28.2, 13.7

max (neat)/cm-1:

2984, 1768, 1726, 1608, 1513, 1480, 1463, 1352, 1278,
1236, 1146, 1084, 819, 752, 510

HRMS (m/z -ESI) :

Found: 558.0755 (M + Na: calculated for C24H26INO5Na:
558.0753)

- 197 -

Chapter 5

Experimental

tert-butyl (S)-3-(2-cyanobenzyl)-3-(2-ethoxy-2-oxoethyl)-2-oxoindoline-1-carboxylate
(332)

General Procedure: Prepared according to general procedure V using 2-cyano benzyl
bromide (73.51 mg, 0.375 mmol) as the electrophile. After purification, product 332 was
obtained as an oily residue (84 mg, 52%) [α]D20 = +16.7 (c 0.20, CHCl3)
CSP-HPLC analysis. Chiralpak OD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 0.50 mL min1

, RT, UV detection at 254 nm, retention times: 83.54 min (major enantiomer) and 28.03

min (minor enantiomer).
H (400 MHz, CDCl3):

7.58 (1H, d, J 8.2, H-4), 7.41-7.36 (2H, m, H-1, H-3), 7.267.19 (4H, m, H-6, H-7, H-8, H-9), 7.12 (1H, app. t, H-2),
3.94-3.80 (2H, m, H-12), 3.88-3.27 (3H, m, H-10, H-11),
3.01 (1H, d, J 16.6, H-10), 1.61 (9H, s, H-5), 0.98 (3H, t, J
7.13, H-13)

C (100 MHz, CDCl3):

177.3 (q), 169.0 (q), 148.8 (q), 139.8 (q), 138.3 (q), 132.6,
132.1, 130.6, 128.9, 127.8, 127.7 (q), 124.3, 127.7, 117.9 (q),
114.8, 114.1 (q), 84.1 (q), 60.9, 51.6 (q), 42.6, 41.2, 28.1,
13.8

max (neat)/cm-1:

2228, 2181, 1757, 1727, 1608, 1479, 1466, 1351, 1290,
1249, 1146, 1086, 1022, 943, 828, 754

HRMS (m/z -ESI) :

Found: 457.1736 (M + Na: calculated for C25H26N2O5Na:
457.1739)
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tert-butyl (S)- 3-(cyanomethyl)-3-(2-ethoxy-2-oxoethyl)-2-oxoindoline-1-carboxylate
(334)

Prepared according to general procedure v, using bromoacetonitrile (26.12 μL, 0.375
mmol) as the electrophile. After purification, product 334 was obtained as an oily residue
(46 mg, 41%). [α]D20 = -76.92 (c 0.13, CHCl3)
CSP-HPLC analysis. Chiralpak OD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 1.0 mL min1

, RT, UV detection at 254 nm, retention times: 23.3 min (major enantiomer) and 38.7 min

(minor enantiomer).
H (400 MHz, CDCl3):

7.94 (1H, d, J 8.2, H-4), 7.48 (1H, d, J 7.5, H-1), 7.43 (1H,
app. t, H-3), 7.25 (1H, app.t, H-2), 4.02-3.90 (2H, m, H-8),
3.17 (2H, s, H-6), 2.94 (1H, d, J 16.7, H-7), 2.67 (1H, d, J
16.7, H-7), 1.69 (9H, s, H-5), 1.08 (3H, t, J 7.1, H-9)

C (100 MHz, CDCl3):

175.0 (q), 168.2 (q), 148.8 (q), 139.6 (q), 130.2, 127.3 (q),
124.9, 123.1, 115.8, 84.8 (q), 61.3, 46.5 (q), 40.7, 29.8 (q),
28.0, 27.1, 14.4

max (neat)/cm-1:

2982, 1791, 1768, 1729, 1608, 1480, 1466, 1370,1349, 1250,
1146, 1091, 840, 752

HRMS (m/z -ESI) :

Found 381.1426 (M + Na: calculated for C19H22N2O5Na:
381.1415)
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tert-butyl (R)-3-(2-(tert-butoxy)-2-oxoethyl)-3-(2-ethoxy-2-oxoethyl)-2-oxoindoline-1carboxylate (336)

Prepared according to general procedure V, using tert-butyl bromoacetate (55.4 μL, 0.375
mmol) as the electrophile. After purification, product 336 was obtained as an oily residue
(59 mg, 37%). [α]D20 = -9.5 (c 0.1, CHCl3)
CSP-HPLC analysis. Chiralpak OD-H (4.6 mm x 25 cm), hexane/IPA: 98/2, 1.0 mL min-1,
RT, UV detection at 254 nm, retention times: 16.85 min (major enantiomer) and 14.28 min
(minor enantiomer).
H (400 MHz, CDCl3):

7.92 (1H, app d, H-4), 7.33 (1H, app. t, H-3), 7.21-7.26 (1H,
m, H-1), 7.15 (1H, app t, H-2), 3.93 (2H, qd, J 2.32, 7.09, H9), 3.06-2.94 (2H, m, H-6, H-8), 2.90-2.79 (2H, m, H-6, H8), 1.67 (9H, s, H-5), 1.37 (9H, s, H-7), 1.05 (3H, t, J 7.2, H10)

C (100 MHz, CDCl3):

177.0 (q), 168.8 (q), 167.7 (q), 149.4 (q), 140.8 (q), 128.9,
128.6 (q), 124.3, 122.9, 115.1, 84.1 (q), 81.6 (q), 60.9, 47.8
(q), 42.8, 29.7, 28.1, 27.4, 13.7

max (neat)/cm-1:

2756, 1791, 1737, 1731, 1611, 1458, 1370, 1323, 1146,
1080, 840,

HRMS (m/z -ESI) :

Found 456.1991 (M + Na: calculated for C23H31NO7Na:
456.1998)
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tert-butyl (S)-3-(2-ethoxy-2-oxoethyl)-2-oxo-3-(3-(trimethylsilyl)prop-2-yn-1yl)indoline-1-carboxylate (338)

Prepared according to general procedure V, using 3-bromo-1-(trimethylsilyl)-1-propyne
(61.26 μL, 0.375 mmol) as the electrophile. After purification, product 338 was obtained
as an oily residue (141 mg, 83%). [α]D20 = -9.63 (c 0.25, CHCl3)
CSP-HPLC analysis. Chiralpak OD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 0.5 mL min1

, RT, UV detection at 254 nm, retention times: 10.50 min (major enantiomer) and 8.96

min (minor enantiomer).
H (400 MHz, CDCl3):

7.86 (1H, d, J 8.2, H-4), 7.36-7.29 (2H, m, H-1, H-3), 7.13
(1H, t, J 7.5, H-2), 3.93-3.80 (2H, m, H-9), 3.10 (2H, s, H6), 2.67 (1H, d, J 16.6, H-8), 2.52 (1H, d, J 16.6, H-8), 1.65
(9H, s, H-5), 0.98 (3H, t, J 7.2, H-10), 0.08 (9H, s, H-7)

C (100 MHz, CDCl3):

176.8 (q), 169.1 (q), 149.2 (q), 140.2 (q), 129.1 (q), 128.8,
124.1, 122.8, 114.9, 100.2 (q), 89.1 (q), 84.2 (q), 60.8, 48.8
(q), 40.4, 30.2, 28.1, 13.6, 0.24

max (neat)/cm-1:

2979, 1799, 1750, 1729, 1601, 1483, 1435, 1424, 1370, ,
1298, 1111, 1083, 840, 752, 632

HRMS (m/z -ESI) :

Found 452.1817 (M + Na: calculated for C23H31NO5NaSi:
452.1864)
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Experimental procedures for Chapter 3

Synthesis of oxindole 342
6-bromoindolin-2-one (349)

A 250 mL round-bottomed flask containing a stirring bar was charged with 6-bromo-isatin
(345) (5.00g 22.12 mmol) and a solution of hydrazine hydrate (50 mL, 0.4 M in H2O). A
condenser was fitted and the reaction was heated to 140 oC for 6 h. The mixture was cooled
to room temperature and poured in to 500 mL beaker containg (250 mL) of ice and acidified
to pH 2 using 6 M aqueous HCl. The mixture was left at room temperature for 48 h, with
the resulting precipitate collected via filtration and purified via washing with deionised
water (100 mL) and subsequent drying in a desiccator overnight, to give a dark yellow solid
349 (4.1 g, 88%). M.p. 207-210 oC. (lit.,240 m.p. 208-212 oC).
Spectral data for this compound were consistent with those in the literature.240
H (400 MHz, CDCl3):

10.44 (1H, bs, H-4), 7.10 (1H, d, J 7.9, H-2), 7.05 (1H, d, J
7.9, H-1), 6.90 (1H, d, J 1.2, H-3), 3.41 (2H, s, H-5)

tert-butyl 6-bromo-2-oxoindoline-1-carboxylate (350)

A 100 mL round-bottomed fask containing a stirring bar was charged with 349 (1.5 g, 7.7
mmol), di-tert-butyl dicarbonate (6.75 g, 63.66 mmol) and Na2CO3 (1.85 g, 8.48 mmol) in
THF (30 mL). A condenser was fitted and the reaction was heated at reflux temperature for
6 h. The reaction was let cool to room temperature followed by the addition of H2O (10
mL), 1.0 M HCl (10 mL) and CH2Cl2 (20 mL). The organic layer was separated using
CH2Cl2 (25 mL), washed with brine (25 mL), dried over MgSO4 and concentrated in vacuo
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furnishing an oily residue purified via column chromatography Hex/EtOAc 9:1 to yield 350
as a white solid (1.32 g, 60%). M.p. 93-96 oC (lit.,241 m.p. 95-97 oC).
Spectral data for this compound were consistent with those in the literature. 241
H (400 MHz, CDCl3):

8.03 (1H, s, H-3), 7.27 (1H, d, J 7.6, H-2), 7.09 (1H, d, J 7.6,
H-1), 3.59 (2H, s, H-5), 1.64 (9H, s, H-4)

tert-butyl 6-bromo-3-(2-ethoxy-2-oxoethyl)-2-oxoindoline-1-carboxylate (342)

An oven-dried, two neck, 50 mL round-bottomed flask containing a stirring bar was
charged with 349 (1.0 g, 3.2 mmol) and placed under an argon atmosphere. DMF (15 mL)
was added via syringe and the reaction was cooled to -5 oC followed by the addition of
KOtBu (377 mg, 3.36 mmol). The reaction was stirred for 5 min followed by the dropwise
addition of a solution of ethyl bromoacetate (389 µL, 3.52 mmol) in DMF (2 mL) over 15
min. The reaction was quenched immediately by the addition of iced-water (10 mL) and
separated using EtOAC (20 mL). The organic layer was washed using brine (20 mL), dried
over MgSO4 and concentrated in vacuo to furnish an oily residue purified via column
chromatography, Hex/EOAc 9:1, to yield 342 as a pink solid (242 mg, 19%).
H (400 MHz, CDCl3):

8.07(1H, s, H-3), 7.27 (1H, app. d, H-2), 7.09 (1H, d, J 7.9,
H-1), 4.09 (2H, q, J 7.1, H-7), 3.81-3.78 (1H, m, H-5), 3.04
(1H, dd, J 7.4, 17.3, H-6), 2.90 (1H, dd, J 6.9, 17.3, H-6),
1.64 (9H, s, H-4), 1.18 (3H, t, J 7.0, H-8)

C (100 MHz, CDCl3):

174.5 (q), 170.3 (q), 141.3 (q), 127.3, 125.8 (q), 124.6, 122.1
(q), 118.6, 106.3 (q), 84.8 (q), 61.2, 42.1, 35.1, 28.0, 14.0
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2981, 1756, 1719, 1600, 1461, 1329, 1249, 1146, 849, 781,
747, 689

HRMS (m/z -ESI) :

Found 420.0415 (M + Na: calculated for C17H20NO5NaBr:
420.0417)

Synthesis of (-)-flustramine B
tert-butyl (S)-6-bromo-3-(2-ethoxy-2-oxoethyl)-3-(3-methylbut-2-en-1-yl)-2oxoindoline-1-carboxylate (343)

Prepared according to general procedure V using oxindole 342 (100 mg, 0.214 mmol) and
3,3 dimethyl allyl bromide (30.0 µL, 0.256 mmol) as the electrophile. After purification
product 343 was obtained as an oily residue. (83 mg, 83%), [α]D20 = -7.0 (c 0.05, CHCl3)
CSP-HPLC analysis. Chiralpak OD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 0.5 mL min1

, RT, UV detection at 254 nm, retention times: 9.72 min (minor enantiomer) and 18.83

min (major enantiomer)
H (400 MHz, CDCl3):

8.06 (1H, s, H-3), 7.26-7.23 (1H, m, H-2), 6.97 (1H, d, J 7.9,
H-1), 4.85 (1H, bt, J 7.7, H-6), 3.91-3.81 (2H, m, H-10), 3.06
(1H, 16.7, H-9), 2.82 (1H, d, J 16.7, H-9), 2.38 (2H, d, J 7.7,
H-5), 1.62 (9H, s, H-4), 1.61 (3H, s, H-8), 1.45 (3H, s, H-7),
0.99 (3H, J 7.1, H-11)

C (100 MHz, CDCl3):

177.3 (q), 169.4 (q), 149.1 (q), 141.2 (q), 137.5 (q), 129.2
(q), 126.9, 123.7, 121.8 (q), 118.5, 115.9, 84.5 (q), 60.8, 50.2
(q), 40.5, 37.3, 28.1, 25.9, 18.0, 13.7

max (neat)/cm-1:

2980, 1769, 1726, 1608, 1480, 1465, 1368, 1351, 1294,
1292, 1196, 1087, 1004, 843, 752
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Found: 488.1043 (M + Na: calculated for C22H28NO5BrNa:
488.1049)

(S)-2-(6-bromo-3-(3-methylbut-2-en-1-yl)-2-oxoindolin-3-yl)-N-methylacetamide
(351)

Oxindole 343 (75 mg, 0.213 mmol) was dissolved in a solution of MeNH2 (3 mL, 33% w/v
in MeOH), transferred into a 10 mL sealed tube and heated to 100 oC for 48 h. The reaction
was cooled to room temperature and the mixture concentrated in vacuo. The crude residue
was purified via column chromatography, dichloromethane: MeOH 95:5 to furnish the
desired product 351 (61 mg, 81%) as an amorphous white powder. [𝛼]24
𝐷 = -2.4 (c 0.1,
CHCl3);

H (400 MHz, CDCl3):

7.38 (1H, br s, H-4), 7.12 (1H, d, J 8.1, H-2), 7.02 (1H, d, J
8.1, H-1), 6.98-6.94 (1H, m, H-3), 5.69 (1H, br s, H-10), 4.85
(1H, t, J 7.5, H-6), 2.80 (1H, d, J 15.0, H-9), 2.66 (1H, d, J
15.0, H-9), 2.64 (3H, d, J 4.6, H-11), 2.49-2.41 (2H, m, H5), 1.59 (3H, s, H-7), 1.47 (3H, s, H-8)

C (100 MHz, CDCl3):

183.94 (q), 171.37 (q), 143.3 (q) 133.2 (q), 131.4 (q), 125.12
(q), 124.75, 116.54, 113.02, 50.66 (q), 41.93, 36.05, 35.49,
26.23, 25.89, 18.00

max (neat)/cm-1:

2967, 2911, 1770, 1721, 1639, 1469, 1369, 1294, 1149, 750, 648

HRMS (m/z -ESI) :

Found: 373.0517 (M + Na: calculated for C16H19N2O2BrNa:
373.0522)

(S)-2-(6-bromo-1,3-bis(3-methylbut-2-en-1-yl)-2-oxoindolin-3-yl)-Nmethylacetamide (344)
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An oven-dried 5 mL round-bottomed flask containing a stirring bar was charged with NaH
(3.7 mg, 0.157 mmol) and purged with argon. Freshly distilled DMF (818 µL, 0.16 M) was
added via syringe and the mixture was cooled to 0 oC. A separate oven-dried 5 mL roundbottomed flask containing 351 (55 mg, 0.131 mol) was placed under an argon atmosphere
and freshly distilled DMF (818 µL, 0.16 M) was added via syringe. The contents of the
flask containing 351 dissolved in DMF was added via syringe to the flask containing NaH
in DMF and stirred for 30 mins at 0 oC. 323 (23.4 µL, 0.157 mmol) was added via syringe
and the reaction mixture was stirred for a further 30 mins then quenched with H2O (1 mL).
The residue was dissolved in EtOAc (5 mL), passed through a plug of celite then
concentrated in vacuo to yield an oily residue 344 which was purified via column
219
chromatography, CH2Cl2:MeOH 80:20 (23 mg, 43%). [𝛼]24
𝐷 = -3.7 (c 0.05, CHCl3), [lit

[𝛼]25
𝐷 = -1.4 (c 1.04 CHCl3)].

Spectral data for this compound were consistent with those in the literature.219
H (400 MHz, CDCl3):

7.13 (1H, dd, J 7.9, 1.7, H-2), 7.06 (1H, d, J 7.9, H-1), 6.88
(1H, d, J 1.6, H-3), 5.95 (1H, bs, H-13), 5.04 (1H, bt, J 6.5,
H-5), 4.74 (1H, bt, J 6.9, H-9), 4.35 (1H, dd, J 15.5, 6.3, H4), 4.16 (1H, dd, J 15.5, 6.8, H-4), 2.76 (1H, d, J 14.6, H-12),
2.67-2.63 (4H, m, H-12, H-14), 2.45 (2H, d, J 7.6, H-8), 1.80
(3H, s, H-7), 1.71 (3H, s, H-11), 1.55 (3H, s, H-6), 1.44 (3H,
s, H-10)

C (100 MHz, CDCl3):

179.3 (q), 169.4 (q), 144.2 (q), 136.9 (q), 136.4 (q), 130.4
(q), 125.1, 124.6, 121.5 (q), 118.0, 116.7, 112.1, 50.5, 42.2,
38.2, 36.0, 26.2, 25.8, 25.7, 18.2, 18.0

max (neat)/cm-1:

3321, 2969, 2914, 1716, 1651, 1605, 1553, 1486, 1440, 1378,
1336, 1165, 812
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Found: 441.1149 (M + Na: calculated for C21H27N2O5BrNa:
441.1154)

(3aS,8aS)-6-bromo-1-methyl-3a,8-bis(3-methylbut-2-en-1-yl)-3,3a,8,8atetrahydropyrrolo[2,3-b]indol-2(1H)-one (352)

An oven-dried round-bottomed flask containing a stirring bar was charged with 344 (15
mg, 0.036 mmol), and placed under a protective argon atmosphere. Anhydrous THF (1.5
mL, 0.024 M) was added and the mixture was cooled to -15 oC followed by the addition of
AlH3.EtMe2N (0.5 M in THF, 360 µL ,0.18 mmol) via syringe. The mixture was stirred for
5 min then treated with THF:H2O, 1:1 (3 mL) at the same temperature and stirred for 15
min, filtered through celite and concentrated in vacuo to give a residue that was dissolved
in EtOAc (5 mL) washed with sat. aq. Na2CO3 (2 mL), dried over MgSO4 and concentrated
in vacuo to yield an oily residue 35 which was purified via column chromatography CH2Cl2
18
42
: MeOH 95:5 (13 mg, 94%). [𝛼]24
𝐷 = -56.5 (c 0.05, EtOH). [lit. [𝛼]𝐷 = -104.2 (c 1.75,

EtOH)].
Spectral data for this compound were consistent with those in the literature.42
H (400 MHz, CDCl3):

6.84 (2H, m, H-1, H-2), 6.59 (1H, s, H-3), 5.17 (1H, t, J 6.3,
H-5), 4.94 (1H, t J 7.2, H-12), 4.70 (1H, s, H-8), 3.97-3.84
(2H, m, H-4), 2.86 (3H, s, H-9), 2.62 (2H, s, H-10), 2.382.27 (2H, m, H-11), 1.74 (3H, s, H-7), 1.72 (3H, s, H-13),
1.68 (3H, s, H-6), 1.52 (3H, s, H-14)

C (100 MHz, CDCl3):

174.4 (q), 152.6 (q), 139.5 (2q), 135.9 131.3 (q), 124.9,
122.6, 121.6, 120.2 (q), 115.7, 111.3, 86.8, 48.8, 46.6, 41.6
(q), 36.8, 31.2, 26.0, 24.8, 18.1
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max (neat)/cm-1:

3020, 2975, 2924, 2849, 1680, 1595, 1493

HRMS (m/z -ESI) :

Found: 402.1310 (M + H: calculated for C21H27N2OBr:
402.1307)

(3aS,8aR)-6-bromo-1-methyl-3a,8-bis(3-methylbut-2-en-1-yl)-1,2,3,3a,8,8ahexahydropyrrolo[2,3-b]indole; [(-)-flustramine B] (233)

An oven-dried 5 mL round-bottomed flask containing a stirring bar was charged with 352
(8 mg, 0.02 mmol), and placed under a protective argon atmosphere. Anhydrous THF (1.7
mL, 0.012 M).was added and the mixture was let stir at room temperature for 5 min
followed by the addition of AlH3.EtMe2N (0.5 M in THF, 48 µL, 0.024 mmol) via syringe.
The mixture was stirred for 5 min then treated with THF:H 2O, 1:1 (3 mL) and stirred for
15 min, filtered through celite and concentrated in vacuo to give a residue that was
dissolved in EtOAc (5.0 mL) washed with sat. aq. Na2CO3 (5 mL) dried over MgSO4 and
concentrated in vacuo to yield an oily residue 233 which was purified via column
18
42
chromatography CH2Cl2 : MeOH 95:5 (7 mg, 92%). [𝛼]24
𝐷 = -79.2 (c 0.05, EtOH). [lit. [𝛼]𝐷

= -103.5 (c 0.75, EtOH)].
Spectral data for this compound were consistent with those in the literature.42
H (400 MHz, CDCl3):

6.77 (1H, d, J 7.7, H-2), 6.72 (1H, dd, J 7.7, 1.60, H-1), 6.48
(1H, d, J 1.4, H-3), 5.10 (1H, bt, J 6.4, H-5), 4.91 (1H, bt, J
7.20 H-13), 4.30 (1H, s, H-8), 3.85 (1H, dd, J 16.2, 5.70, H4), 3.76 (1H, dd, J 16.1, 7.1, H-4), 2.69-2.64 (1H, m, H-10),
2.57-2.51 (1H, m, H-10), 2.46 (3H, s, H-9), 2.37 (2H, d, J
7.2, H-11), 2.09-2.03 (1H, m, H-12), 1.89-1.83 (1H, m, H12), 1.70 (6H, s, H-7, H-14), 1.64 (3H, s, H-6), 1.55 (3H, s,
H-15)
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max (neat)/cm-1:

2965, 2936, 2857, 1595, 1484, 1463

HRMS (m/z -ESI) :

Found: 389.1589 (M + H: calculated for C21H29N2Br:
389.1592)

Synthesis of (-)-debromoflustramine B

tert-butyl (S)-3-(2-ethoxy-2-oxoethyl)-3-(3-methylbut-2-en-1-yl)-2-oxoindoline-1carboxylate (324)

Four identical reactions, in carousel tubes, were set up in parallel each containing oxindole
242 (70 mg, 0.218 mmol), catalyst 305 (11.76 mg, 0.011 mmol – 5 mol%) and a solid
sample of K2CO3 (60.26 mg, 0.436 mmol). Dichloromethane was added (2.2 mL, 0.1 M)
via syringe and the reaction was cooled to -60 oC. 3,3-dimethylallyl bromide (323)
(30.33µL, 0.262 mmol) was added via syringe and the reaction was stirred for 168 h with
the conversion determined by 1H NMR spectroscopic analysis using para-iodoanisole
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(51.02 mg, 0.218 mmol) as an internal standard. The reaction was quenched with an
aqueous solution of HCl (4.0 mL, 1.5 M), washed with brine and extracted with
dichloromethane (2 x 10 mL). The combined organic extracts from each carousel tube were
dried over anhydrous MgSO4 and the solvent removed in vacuo to yield a crude residue
purified by column chromatography hexanes: EtOAc 90:10 to furnish the desired product
324 as an oily residue. (250 mg, 74%). The enantiomeric excess of the product was
determined by CSP-HPLC.
CSP-HPLC analysis. Chiralpak OD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 0.5 mL min1

, RT, UV detection at 254 nm, retention times: 9.72 min (minor enantiomer) and 18.83

min (major enantiomer)
H (400 MHz, CDCl3):

7.82 (1H, d, J 8.1, H-4), 7.29-7.27 (1H, m, H-2), 7.14-7.07
(2H, m, H-1, H-3), 4.89 (1H, t, J 7.6, H-7), 3.89-3.76 (2H,
m, H-11), 3.09 (1H, d, J 16.5, H-10), 2.84 (1H, d, J 16.5, H10), 2.41 (2H, d, J 7.7, H-6), 1.63 (9H, s, H-5), 1.60 (3H, s,
H-8), 1.45(3H, s, H-9), 0.94 (3H, t, J 7.1, H-12);

C (100 MHz, CDCl3):

177.9 (q), 169.5 (q), 149.4 (q), 140.0 (q), 137.0 (q), 130.1
(q), 128.2, 124.0, 122.5, 116.3, 114.9, 83.9 (q), 60.6, 50.3
(q), 40.6, 37.4, 28.1, 25.9, 17.9, 13.6

max (neat)/cm-1:

2980, 1769, 1726, 1608, 1480, 1465, 1368, 1351, 1294,
1292, 1196, 1087, 1004, 843, 752

HRMS (m/z -ESI) :

Found: 410.1942 (M + Na: calculated for C22H29NO5Na:
410.1937)

(S)-N-methyl-2-(3-(3-methylbut-2-en-1-yl)-2-oxoindolin-3-yl)acetamide (353)
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Oxindole 324 (200 mg, 0.526 mmol) was dissolved in a solution of MeNH2 ( 10 mL, 33%
w/v), transferred into a 25 mL sealed tube and left at 100 oC for 48 h. The reaction was
cooled to room temperature and the mixture concentrated in vacuo. The crude residue was
purified via column chromatography, Dichloromethane: MeOH 95:5 to furnish the desired
product 353 (120 mg, 85%) as an amorphous white powder. The enantiomeric excess of
the product was determined by CSP-HPLC. M.p. 87-88 oC; [𝛼]24
𝐷 = -74.0 (c 0.05, CHCl3);
CSP-HPLC analysis. Chiralpak OD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 1.0 mL min1

, RT, UV detection at 254 nm, retention times: 19.60 min (minor enantiomer) and 65.68

min (major enantiomer)
H (400 MHz, CDCl3):

7.18-7.14 (2H, m, H-4, H-3), 6.98 (1H, t, J 7.7, H-2), 6.83
(1H, d, J 7.7, H-1), 6.12 (1H, bs, H-11), 4.87 (1H, t, J 7.4, H7), 2.82 (1H, d, J 14.8, H-10), 2.69 (1H, d, J 14.8, H-10),
2.64-2.62 (3H, m, H-12), 2.56-2.44 (2H, m, H-6), 1.56 (3H,
s, H-8), 1.46 (3H, s, H-9)

C (100 MHz, CDCl3):

182.2 (q), 169.8 (q), 140.8 (q), 136.0 (q), 132.0 (q), 127.9,
123.4, 122.2, 117.1, 109.8, 51.00 (q), 42.2, 35.9, 26.2, 25.8,
17.9

max (neat)/cm-1:

2977, 2911, 1769, 1724, 1647, 1469, 1369, 1351, 1294,
1149, 750

HRMS (m/z -ESI) :

Found: 295.1411 (M + Na calculated for: C16H20N2O2Na:
295.1417)

*Compound 353 exists as a mixture of rotamers (81:19 mixture), only the major rotamer
peaks are reported for 1H and 13C spectra. See appendix for further information.
*NH signal (H-5) is missing. See appendix for further information.
(S)-2-(1,3-bis(3-methylbut-2-en-1-yl)-2-oxoindolin-3-yl)-N-methylacetamide (341)
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An oven-dried 10 mL round-bottomed flask containing a stirring bar was charged with NaH
(11.30 mg, 0.471 mmol) and purged with argon. Freshly distilled DMF (820 µL, 0.16 M)
was added via syringe and the mixture was cooled to 0 oC. A separate oven-dried 5 mL
round-bottomed flask containing 353 (107 mg, 0.393 mol) was placed under an argon
atmosphere and freshly distilled DMF (1.68 mL, 0.16 M) was added via syringe. The
contents of the flask containing 353 dissolved in DMF were added via syringe to the flask
containing NaH in DMF and stirred for 30 mins at 0 oC. 323 (54.5 µL, 0.471 mmol) was
added via syringe and the reaction mixture was stirred for a further 30 mins then quenched
with H2O (1 mL). The residue was dissolved in EtOAc (10 mL), passed through a plug of
celite and concentrated in vacuo to yield an oily residue 341 which was purified via column
chromatography, CH2Cl2: MeOH 80:20 (121 mg, 85%). Addition of Et2O (5 mL) to the
oily residue resulted in a white amorphous solid crashing out in solution, which was
collected via suction filtration with a Hirsch funnel (60 mg, 45%). Spectral data for this
compound were consistent with those in the literature.242 [𝛼]24
𝐷 = -20.0 (c 0.02, CHCl3)
CSP-HPLC analysis. Chiralpak OD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 1.0 mL min1

, RT, UV detection at 254 nm, retention times: 12.05 min (minor enantiomer) and 18.18

min (major enantiomer)
H (400 MHz, CDCl3):

7.24-7.19 (2H, m, H-3, H-4), 7.00 (1H, t, J 7.9, H-2), 6.75
(1-H, d, J 7.9, H-1), 6.40 (1H, bs, H-14), 5.07 (1H, t, J 6.7,
H-6), 4.75 (1H, t, J 7.6, H-10), 4.38 (1H, dd, J 15.5, 6.4, H5), 4.22 (1H, dd, J 15.5, 6.4, H-5), 2.77 (1H, d, J 14.6, H-13),
2.65 (1H, d, J 14.6, H-13), 2.66-2.64 (3H, m, H-15), 2.50
(2H, d, J 7.3, H-9), 1.81 (3H, s, H-8), 1.70 (3H, s, H-12), 1.53
(3H, s, H-7), 1.44 (3H, s, H-11);
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179.6 (q), 170.0 (q), 142.5 (q), 136.7 (q), 135.9 (q), 131.5
(q), 128.0, 123.4, 122.4, 118.5, 117.0, 108.6, 50.6 (q), 42.5,
38.0, 35.9, 26.1, 25.8, 25.6, 18.2, 17.9;

max (neat)/cm-1:

3321, 2916, 1711, 1636, 1642, 1611, 1488, 1464, 1437,
1351, 1307, 1214, 1165, 1103, 751;

HRMS (m/z -ESI) :

Found: 363.2041 (M + Na calculated for C21H28N2O2Na:
363.2043)

(3aS,8aS)-1-methyl-3a,8-bis(3-methylbut-2-en-1-yl)-3,3a,8,8a-tetrahydropyrrolo[2,3b]indol-2(1H)-one (354)

An oven-dried round-bottomed flask containing a stirring bar was charged with 46 (50 mg,
0.147 mmol), and placed under a protective argon atmosphere. Anhydrous THF (6 mL,
0.024 M) was added and the mixture was cooled to -15 oC followed by the addition of
AlH3.EtMe2N (0.5 M in THF, 1.47 mL, 0.734 mmol) via syringe. The mixture was stirred
for 5 min then treated with THF:H2O, 1:1 (25 mL) at the same temperature and stirred for
15 min, filtered through celite and concentrated in vaccuo to give a residue that was
dissolved in EtOAc (15 mL) washed with sat. aq. Na2CO3 (10 mL), dried over MgSO4 and
concentrated in vaccuo to yield an oily residue 47 which was purified via column
chromatography CH2Cl2 : MeOH 95:5 (46 mg, 96%). [𝛼]24
𝐷 = -37.0 (c 0.02, CHCl3).
CSP-HPLC analysis. Chiralpak OD-H (4.6 mm x 25 cm), hexane/IPA: 90/10, 1.0 mL min1

, RT, UV detection at 254 nm, retention times: 11.05 min (minor enantiomer) and 12.03

min (major enantiomer)
Spectral data for this compound were consistent with those in the literature.242
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7.12 (1H, t, J 7.6, H-3), 7.07 (1H, d, J 7.6, H-4), 6.76 (1H, t,
J 7.6, H-2), 6.60 (1H, d, J 7.6, H-1), 5.29 (1H, t, J 6.5, H-6),
5.03 (1H, t, J 7.2, H-13), 4.07 (1H, dd, J 15.6, 6.6, H-5), 3.97
(1H, dd, J 15.6, 7.1, H-5), 2.89 (3H, s, H-10), 2.72 (1H, d, J
17.1, H-11), 2.64 (1H, d, J 17.1, H-11), 2.47 (1H, dd, J 14.6,
8.4 H-12), 2.39 (1H, dd, J 14.6, 6.5, H-12), 1.79-1.77 (6H,
m, H-8, H-14), 1.71 (3H, s, H-7), 1.57 (3H, s, H-15)

C (151 MHz, MeOD):

174.0 (q), 149.3 (q), 135.1 (q), 135.0 (q), 128.4 (q), 123.0,
120.9, 119.0, 118.7, 109.2, 87.8, 50.2, 46.8, 41.7 (q), 37.1,
29.3, 26.6, 24.7, 24.5, 16.8, 16.7;

max (neat)/cm-1:

2913, 1692, 1601, 1486, 1437, 1375, 1294, 1248, 1206,
1151, 1060, 986, 934, 745;

HRMS (m/z -ESI) :

Found: 347.2099 (M + Na calculated for C21H28N2ONa:
347.2094)

*1H signal (H-9) is obscured by water peak at 4.87 ppm and therefore cannot be
characterised accordingly. See appendix for further information
(3aS,8aR)-1-methyl-3a,8-bis(3-methylbut-2-en-1-yl)-1,2,3,3a,8,8ahexahydropyrrolo[2,3-b]indole [(-)-debromoflustramine B] (339)

An oven-dried round-bottomed flask containing a stirring bar was charged with 47 (30 mg,
0.092 mmol), and placed under a protective argon atmosphere. Anhydrous THF (5 mL,
0.018 M).was added and the mixture was let stir at room temperature for 5 min followed
by the addition of AlH3.EtMe2N (0.5 M in THF, 277 µL, 0.14 mmol) via syringe. The
mixture was stirred for 5 min then treated with THF:H 2O, 1:1 (20 mL) and stirred for 15
min, filtered through celite and concentrated in vacuo to give a residue that was dissolved
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in EtOAc (12.5 mL) washed with sat. aq. Na2CO3 (10 mL) dried over MgSO4 and
concentrated in vaccuo to yield an oily residue 48 which was purified via column
chromatography CH2Cl2:MeOH 95:5 (27 mg, 95%). [𝛼]24
𝐷 = -95.6 (c 0.25, CHCl3).
Spectral data for this compound were consistent with those in the literature. 242
H (400 MHz, CDCl3):

7.10 (1H, t, J 7.7, H-3), 6.99 (1H, d, J 7.5, H-4), 6.71 (1H, t,
J 7.5, H-2), 6.45 (1H, d, J 7.7, H-1), 5.21 (1H, t, J 6.8, H-6),
5.01 (1H, t, J 6.8, H-14), 4.34 (1H, s, H-9), 3.95 (1H, dd, J
15.9, 5.9, H-5), 3.82 (1H, dd, J 15.9, 6.8, H-5), 2.74-2.69
(1H, m, H-11), 2.59 (1H, td, J 9.4, 5.9, H-11), 2.53 (3H, s,
H-10), 2.45 (2H, d, J 7.3, H-12), 2.15-2.08 (1H, m, H-13),
1.98-1.93 (1H, m, H-13), 1.74-1.73 (6H, m, H-8, H-16), 1.68
(3H, s, H-7), 1.61 (3H, s, H-16)

C (100 MHz, CDCl3):

151.8 (q), 135.6 (q), 134.3 (q), 133.7 (q), 127.6, 122.9, 121.5,
120.7, 117.6, 107.5, 91.3, 57.1 (q), 52.8, 46.9, 39.0, 38.4,
37.8, 26.0, 25.8, 18.2, 18.1

max (neat)/cm-1:

2926, 1671, 1602, 1486, 1443, 1375, 1344, 1301, 1250,
1156, 1022, 916, 843, 773, 737

HRMS (m/z -ESI) :

Found: 311.2479 (M + H calculated for C21H30N2: 311.2481)
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Experimental procedures for Chapter 4

Catalyst syntheses for chapter 4
(1S,2S,4S,5R)-1-benzyl-2-((R)-hydroxy(6-methoxyquinolin-4-yl)methyl)-5vinylquinuclidin-1-ium (44a)

A 25 mL round bottomed-flask containing a stirring bar was charged with quinine (59) (1.0
g, 3.08 mmol) and MeOH (20 mL). Benzyl bromide (X) (439 µL, 3.70 mmol) was added
in one portion and the reaction was left stirring for 12 h at rt. The crude mixture was added
to a beaker containing Et2O (100 mL) and the resulting precipitate was collected via
vacuum filtration then washed with Et 2O (3 x 25 mL) to furnish pure product 44a (1.2 g
80%). [α]D22 = +173.8 (c 0.2, MeOH). [lit.243 [𝛼]18
𝐷 = +200.5 (c 0.5, MeOH)].
Spectral data for this compound were consistent with those in the literature. 243
H (600 MHz, CD3OD):

8.79 (1H, d, J 4.4, H-17), 8.04 (1H, d, J 8.9, H-15), 7.91 (1H,
d, J 4.4, H-16), 7.72-7.71 (2H, m, H-19), 7.59-7.57 (3H, m,
H-20, H-21), 7.53 (1H, dd, J 9.1, 2.5, H-14), 7.45 (1H, d, J
2.53, H-12), 6.69 (1H, bs, H-9), 5.78-5.73 (1H, m, H-10),
5.44 (1H, d, J 12.6, H-18a), 5.16 (1H, d, J 17.1, H-11a), 5.05
(1H, d, J 10.8, H-11b), 4.78 (1H, d, J 12.6, H-18b), 4.44-4.39
(1H, m, H-6b), 4.07 (3H, s, H-13), 3.96-4.94 (1H, m, H-8),
3.63-3.59 (1H, m, H-2b), 3.56-3.52(1H, m, H-2a), 3.41-3.36
(1H, m, H-6a), 2.74-2.75 (1H, m, H-3), 2.42-2.39 (1H, m, H5b), 2.36-2.32 (1H, m, H-7b), 2.0-2.09 (1H, m, H-4), 1.91
(1H, bt, J 11.1, H-5a), 1.58 (1H, bt, J 11.1, H-7a)

C (151 MHz, CD3OD):

158.68 (q), 146.87 (q), 144.76 (q), 143.39 (q), 137.28,
133.44, 130.47, 130.42, 129.07, 127.26, 126.00 (q), 121.90,
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120.21, 116.23, 101.18, 68.90, 64.53, 64.39, 60.41, 55.09,
51.38, 37.84, 26.83, 24.48, 20.66

(1S,2S,4S,5R)-1-benzyl-2-((S)-((2-((3,5-bis(trifluoromethyl)phenyl)amino)-3,4dioxocyclobut-1-en-1-yl)amino)(6-methoxyquinolin-4-yl)methyl)-5-vinylquinuclidin1-ium bromide (364)

A 10 mL round-bottomed flask containing bar was charged with bifunctional catalyst 262
(320 mg, 0.507 mmol) and CH2Cl2 (10 mL). Benzyl bromide (x) (66.31 µL, 0.558 mmol)
was added in one portion and the reaction was stirred at room temperature for 48 h with
conversion monitored by TLC. Et2O was then added to the reaction mixture in a dropwise
fashion until the formation of a precipitate was observed which was collected via vacuum
filtration and furnished catalyst 364 as a yellow solid (49 mg, 12%). M.p. 178-181 °C dec.
[α]D22 = +119.4 (c 0.25, CHCl3).
The 1H-NMR spectrum of this compound indicates the presence of two rotameric species
(DMSO-d6, 25 °C) in a 72:28 ratio. Only the signals relative to the major rotamer have been
assigned and are reported as follow.
H (600 MHz, DMSO-d6):

10.71 (1H, br s, H-19), 9.31 (1H, br s, H-18), 8.96-8.94 (1H,
m, H-17), 8.12-7.99 (3H, m, H-15, H-20), 7.80-7.64 (5H, m,
H-12, H-17, H-21, H-23), 7.63-7.45 (4H, m, H-14, H-24, H25), 6.76 (1H, br s, H-9), 5.96-5.74 (1H, m, H-10), 5.35-4.81
(5H, m, 5 H, H-22a, H-22b, H-8, H-11), 4.21-3.87 (4H, m,
H-13, H-6a), 3.69-3.68 (1H, m, H-6b,), 3.55-3.51 (2H, m, H2a, H-2b), 2.75 (1H, br s, H-3), 2.22-2.20 (2H, m, H-5a,
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H5b), 1.94-1.92 (2H, m, H-4, H-7b), 1.14-1.00 (1H, m, H7a)

C (151 MHz, DMSO-d6):

184.9 (q), 181.0 (q), 166.5 (q), 165.9 (q), 156.8 (q), 147.9,
145.1 (q), 142.7 (q), 141.1 (q), 135.9, 132.9, 131.5, 131.2 (q,
JC-F 33.5), 130.6, 129.0, 128.0 (q), 126.3 (q), 123.0 (q, JC-F
272.3), 122.4, 120.1, 118.3, 117.1, 115.5, 101.0, 67.3, 66.7,
59.2, 55.7, 53.3, 49.4, 36.3, 26.4, 25.7, 23.9

F (376 MHz, DMSO-d6):

-62.3

max (neat)/cm-1:

3470, 2952, 1798, 1698, 1595, 1418, 1378, 1276, 1172,
1125, 928

HRMS (m/z -ESI):

Found: 721.2605 (M + H calculated for: C39H35N4O3F6 :
721.2613

1-(tert-butyl)-3-((S)-(6-methoxyquinolin-4-yl)((1S,2S,4S,5R)-5-vinylquinuclidin-2yl)methyl)urea (365)

A 250 mL round-bottomed flask containing a magnetic stirrer was charged with 246 (1.94
g, 4.48 mmol), flushed with argon, then put under a protective argon atmosphere. CH2Cl2
(40 mL) was added via syringe and the reaction mixture was cooled in an ice-bath. NEt3
(3.12 mL, 22.4 mmol) was added dropwise via syringe and the resultant mixture was stirred
at 0 oC. After 30 min tert-butyl isocyanate (272) (614 μL, 5.38 mmol) was added via syringe
and the reaction stirred at 0 oC then warmed to room temperature. After 16 h, the reaction
mixture was concentrated in vacuo with the resulting crude residue purified by column
chromatography CH2Cl2/MeOH 20:1, to yield 365 as a white solid (1.8 g, 97%) M.p. 142144 oC. (lit.233 m.p. 149-151 0C). [α]D20 = -23.4 (c 0.10, CHCl3).
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Spectral data for this compound were consistent with those in the literature.233
δH (400 MHz, CDCl3):

8.72 (1H, d, J 4.6, H-17), 8.03 (1H, d, J 9.0, H-15), 7.76-7.75
(1H, m, H-12), 7.39-7.39 (2H, m, H-14, H-16), 5.76-5.67
(2H, m, H-9, H-10), 5.18 (1H, bs, H-18), 5.00-4.95 (2H, m,
H-11), 4.56 (1H, bs, H-19), 4.00 (3H, s, H-13), 3.28-3.22
(2H, m, H-6a, H-2a), 3.07 (1H. app bs, H-8), 2.78-2.67 (2H,
m, H-6b, H-2b), 2.32 (1H, app bs. H-3), 1.68-1.63 (3H, m,
H-5a, H-7b, H-4), 1.41 (1H, app bt, H-5b), 1.21 (9H, s, H20), 1.00-0.95 (1H, m, H-7a)

C (100 MHz, CDCl3):

157.8 (q), 157.3 (q), 147.6, 145.9 (q), 144.8 (q), 141.1, 131.7,
128.4 (q), 121.6, 119.7, 114.8, 102.1, 60.2 (q), 55.9, 55.7,
50.4, 40.9, 39.4, 29.4, 27.7, 27.4, 26.1

HRMS (m/z -ESI):

Found 423.2756 (M + H calculated for: C25H35N4O2 :
423.2754)

1-((S)-((1S,2S,4S,5R)-1-benzyl-5-vinyl-14-azabicyclo[2.2.2]octan-2-yl)(6methoxyquinolin-4-yl)methyl)-3-(tert-butyl)urea (366)

Prepared accoriding to general procedure II using bifunctional catalyst 365 (300 mg. 0.710
mmol) in PhMe (7 mL) and benzyl bromide (101.33 µL, 0.852 mmol) The reaction was
concentrated under reduced pressure then purified via column chromatography
CH2Cl2/MeOH 19:1 to give catalyst 366 as a white solid (97 mg, 23%). M.p. 123-126 oC.
[α]D20 = +73.5 (c 0.15, CHCl3).
δH (400 MHz, CDCl3):

10.25 (1H, d, J 6.0, H-17), 8.65-8.63 (1H, m, H-15), 8.188.16 (2H, m, H-14, H-16), 7.63-7.60 (1H, m, H-12), 7.35- 219 -
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7.60 (5H, m, H-22, H-23, H-24), 6.50 (2H, bs, H-21), 5.955.87 (1H, m, H-10), 5.74-5.68 (2H, m, H-11), 5.08-5.02 (2H,
m, H-9, H-8), 4.07 (3H, s, H-13), 3.77 (1H, app bs, H-6a),
3.53 (1H, app bs, H-2a), 3.56 (1H, app bt, H-3), 3.02-2.99
(1H, m, H-2b), 2.88-2.85 (1H, m, H-6b), 2.40 (1H, app bs,
H-4), 1.78-1.70 (3H, m , H-5a, H-5b, H-7b), 1.27 (9H, s, H20), 0.98-0.87 (1H, m, H-7a)

C (100 MHz, CDCl3):

161.0 (q), 159.6 (q), 158.3 (q), 155.0 (q), 145.1, 135.4, 132.4,
130.3, 129.7, 129.5 (q), 128.5 (q), 127.8, 127.3, 126.1, 123.9,
119.9, 119.7, 118.4, 106, 60.7, 56.7, 55.6 (q), 50.2, 40.2,
36.5, 31.0, 29.4, 29.2

max (neat)/cm-1:

3470, 2952, 1798, 1698, 1418, 1378, 1253, 1169, 1121, 984,
795, 710, 652

HRMS (m/z -ESI):

Found 513.3222 (M + H calculated for: C32H41N4O2 :
513.3224)

* 2 NH proton signals are missing from proton 1H spectrum.
(1R,2S,4S,5R)-1-allyl-2-((S)-((2-((3,5-bis(trifluoromethyl)phenyl)amino)-3,4dioxocyclobut-1-en-1-yl)amino)(6-methoxyquinolin-4-yl)methyl)-5-vinylquinuclidin1-ium (370)

A 10 mL round-bottomed flask containing bar was charged with bifunctional catalyst 262
(200 mg, 0.317 mmol) and CH2Cl2 (3.2 mL). allyl bromide (319) (30.11 µL, 0.348 mmol)
was added in one portion and the reaction was stirred at room temperature for 48 h with
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conversion monitored by TLC. Et2O was then added to the reaction mixture in a dropwise
fashion until the formation of a precipitate was observed which was collected via vacuum
filtration to furnished catalyst 370 as a yellow solid (76 mg, 32%). M.p. 183-185 °C. [α]D20
= +58.2 (c 0.1, CHCl3).
δH (600 MHz, CDCl3):

11.09 (1H, bs, H-19), 10.40 (1H, bs, H-18), 8.87-8.83 (1H, m,
H-17), 8.19-8.12 (2H, m H-20), 8.11-8.08 (1H, m H-18),
7.86 (1H, app. bs, H-21), 7.73-7.70 (1H, m, H-14), 7.48-7.44
(2H, m, H-12, H-16), 6.91 (1H, bs, H-9), 6.32-6.28 (1H, m
H-23), 5.82-5.69 (3H, m H-10, H-24), 5.29-5.24 (2H, m, H11), 5.00-4.94 (2H, m, H-22a, H-8), 4.48-4.36 (2H, m, H22b, H-6a), 4.20-4.16 (1H, m, H-2b), 3.97 (3H, s, H-13),
3.72-3.60 (2H, m, H-6b, H-2a), 2.83-2.79 (1H, app. bs, H-3),
2.06-2.00 (3H, m, H-5a, H-7b, H-4), 1.28-1.22 (2H, m, H5b, H-7a)

C (151 MHz, CDCl3):

184.6 (q), 180.4 (q), 166.7 (q), 166.3 (q), 159.4 (q), 147.9
(q), 146.9 (q), 144.8 (q), 140.4, 134.6, 132.4 (q, JC-F 33.6),
132.3, 130.7, 126.6 (q), 124.6, 123.2, 123.1 (q, J C-F 272.6),
119.9, 119.1, 118.5, 116.3, 100.0, 68.3, 66.3, 61.1, 56.1,
53.1, 50.4, 37.8, 29.7, 26.6, 26.4, 25.0

F (376 MHz, CDCl3):

-63.02

max (neat)/cm-1:

3470, 3140, 2952, 1798, 1723, 1698, 1595, 1418, 1378,
1276, 1211, 1170, 1125, 986

HRMS (m/z -ESI):

Found 671.2454 (M + H calculated for: C35H36N4O3 F6 :
671.2451)

(1S,2S,4S)-2-((S)-(3-(3,5-bis(trifluoromethyl)phenyl)ureido)(6-methoxy-2phenylquinolin-4-yl)methyl)-1-((perfluorophenyl)methyl)-5-vinylquinuclidin-1-ium
(378)
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Prepared according to general procedure II using bifunctional catalyst (265) (150 mg, 0.229
mmol) and pentafluoro benzyl bromide (71.8 mg, 0.275 mmol). The crude residue was
purified by column chromatography (CH2Cl2/MeOH 50:1) with subsequent washing of the
obtained residue with a mixture of Et 2O and HPLC grade hexanes to furnish a white solid
(80 mg, 38%). M.p. 154-157 °C. [α]D20 = -168.4 (c 0.1, CHCl3).
δH (600 MHz, CDCl3):

10.12 (1H, bs, H-21), 8.22-8.19 (3H, m, H-17, H-20), 8.027.94 (3H, m, H-22, H-23), 7.85 (1H, app. t, H-19), 7.57 (1H,
app bs, H-12), 7.43 (1H, app. d, H-14), 7.27 (2H, app. t, H18), 6.68 (1H, bs, H-16), 6.51-6.37 (2H, m, H-9, H-8), 6.20
(1H, d, J 14.7, H-24a), 5.93-5.87 (1H, m, H-10), 5.54 (1H, d,
J 14.7, H-24b), 5.25 (2H, dd, J 16.5, 12.9, H-11), 4.12 (3H,
s, H-13), 3.29 (1H, bt, J 12.5, H-6a), 3.04-2.99 (1H, m, H2b), 2.56-2.53 (1H, m, H-3), 2.38-2.32 (2H, m, H-6b, H-2a),
2.10 (1H, bt, J 12.5, H-5a), 1.94 (1H, app. bs, H-4), 1.321.24 (2H, m, H-5b, H-7b), 1.08 (1H, app bt, H-7a)

C (151 MHz, CDCl3):

158.8 (q), 154.6 (q), 154.2 (q), 147.4 (q), 145.7 (q), 144.9
(q), 144.4 (q), 142.6 (q), 142.2 (q), 140.8 (q), 139.0 (q), 137.3
(q), 134.1, 132.2 (q, JC-F 33.2), 127.9, 27.5, 127.1, 126.2,
123.4 (q, JC-F 272.9), 122.7, 119.5, 118.6, 116.2, 115.9,
103.1, 101.3, 68.0, 59.8, 55.9, 55.2, 50.3, 49.4, 38.4, 29.7,
27.1, 26.7, 24.9

F (376 MHz, CDCl3):

-62.88 (CF3), -134.5 (2F, d, J 17.1 o-F), -146.0 (2F, t, J 20.0,
m-F), -158.17 (F, p-F)
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3204, 3100, 2971, 1697, 1618, , 1473, 1387, 1348, 1275,
1223, 1172, 1148, 1019, 876, 830, 750, 681

HRMS (m/z -ESI):

Found 874.2718 (M + Na calculated for: C43H38N4O2F11Na:
874.2711)

General procedure VI: Desymmetrisation of meso anhydrides – Racemic preparation
An oven-dried 10 mL round-bottomed flask was charged with (100 mg) of the relative
anhydride and tert-butyl ammonium fluoride (10 mol %, 1.0 M THF). The flask was fitted
with a septum, evacuated via Schlenk line and syringe, then placed under an atmosphere of
argon via balloon. THF (0.1 M) was added, followed by dry MeOH (3.04 mmol). The
septum was replaced with a glass stopper under a flow of argon and the reaction was left
stirring at room temperature for 48 h. Conversion was determined via 1H NMR analysis.
General procedure VII: Desymmetrisation of meso anhydride 356 – Catalyst
evaluation

An oven-dried 5 mL round-bottomed flask was charged with cis norbornene-5 6-endodicarboxylic anhydride (356), (50 mg 0.304 mmol), the relative catalyst (0.015 mmol – 5
mol %) and potassium fluoride (2.65 mg 0.046 mmol). The flask was fitted with a septum,
evacuated via Schlenk line and syringe, then placed under an atmosphere of argon via
balloon. THF (0.1 M) was added to the flask followed by dry MeOH (61.5 µL, 1.52 mmol).
The septum was replaced with a glass stopper under a flow of argon and the reaction was
left stirring at room temperature for 48 h. Conversion was determined via 1H NMR analysis.
Pyrrolidine (mmol based on unreacted starting material) was added to quench any
remaining starting material and the mixture was let stir for 1h. The solvent was removed in
vacuo and the crude residue purified via column chromatography eluting from CH2Cl2/
MeOH 19:1 to afford pure compound 215.
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General procedure VIII: Desymmetrisation of meso-anhydrides – Anhydride
evaluation
An oven-dried 5 mL round-bottomed flask was charged with the relative anhydride, (50
mg 0.X mmol), catalyst 387 (0.015 mmol – 5 mol %) and potassium fluoride (2.65 mg
0.046 mmol). The flask was fitted with a septum, evacuated via Schlenk line and syringe,
then placed under an atmosphere of argon via balloon. THF (3 mL, 0.1 M) was added to
the flask followed by dry MeOH (61.5 µL, 1.52 mmol). The septum was replaced with a
glass stopper under a flow of argon and the reaction was left stirring at room temperature
for 72 h. Conversion was determined via 1H NMR analysis.
Pyrrolidine (1.0 equiv.) was added and the reaction was let stir for 1 h, then concentrated
in vacuo to yield a crude residue purified by column chromatography eluting from
CH2Cl2/MeOH 19:1 to furnish the desired hemi-ester. The resulting hemi-ster was further
functionalised according to general procedure IX to ascertain product ee.
General Procedure IX: Determination of the enantiomeric excess of hemiesters from
Table 4.11 by derivitisation

Hemi-ester x (1.0 equiv.) was placed in a 5 mL round bottomed-flask along with DCC (1.1
equiv.) and DMAP (10 mol%). The flask was fitted with a septum, evacuated via Schlenk
line and syringe, then placed under an atmosphere of argon via balloon. CH2Cl2 (0.1 M)
was added via syringe followed by the chiral amine (1.0 equiv.). The reaction was left
stirring for 12 h at rt then diluted with CH2Cl2 (3mL), filtered under gravity and purified
via preparative TLC eluting from CH2Cl2 : EtOAc (5 : 1).
(1R,2S,3R,4S)-3-endo-(methoxycarbonyl)bicyclo[2.2.1]hept-5-ene-2-carboxylic acid
(215)
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Prepared according to general procedure VIII using cis norbornene-5 6-endo-dicarboxylic
anhydride (356), (50 mg 0.304 mmol). The desired monomethyl ester 215 was obtained as
a white solid after purification by flash chromatography (50 mg, 84%). M.p. 76-78 oC; (lit.,
75-78 oC). [α]D20 = +2.34 (c 0.13, CHCl3); lit.,189 [α]Drt = -7.4 (c 1.53, CCl4).
Spectral data for this compound were consistent with those in the literature. 189
61% ee was determined by 1H NMR spectroscopic analysis and confirmed by CSP-HPLC
analysis of the corresponding amide-ester diasterisomeric mixture prepared according to
general procedure IX. CSP-HPLC analysis: Chiralcel AD-H (4.6 mm x 25 cm),
hexane/IPA: 90/10, 0.5 mL/min, RT, UV detection at 220 nm, retention times: 10.25 min
(minor diastereomer), and 16.98 min (major diastereomer)
δH (400 MHz, CDCl3):

6.36 (1H, dd, J 5.5, 3.0, H-4), 6.24 (1H, dd, J 5.5, 3.0, H-5),
3.62 (3H, s, H-1), 3.37 (1H, dd, J 10.0, 3.0, H-7), 3.31 (1H,
dd, J 10.0, 3.0, H-2), 3.15-3.28 (2H, m, H-3, H-6), 1.52 (1H,
app. dt, H-8b), 1.36 (1H, app. br d, H-8a).

(1R,2S,3R,4S)-3-exo-(methoxycarbonyl)bicyclo[2.2.1]hept-5-ene-2-carboxylic acid
(216)

Prepared according to general procedure VIII using cis norbornene-5 6-exo-dicarboxylic
anhydride (383), (50 mg 0.304 mmol). The desired monomethyl ester 216 was obtained as
a white solid after purification by flash chromatography (57 mg, 95%). M.p. 73 oC; (lit.,183
75-78 oC). [α]D20 = +3.25 (c 0.25, CHCl3); lit.183 [α]Drt = +7.7 (c 1.0, CCl4)
Spectral data for this compound were consistent with those in the literature. 183
44% ee was determined by 1H NMR spectroscopic analysis and confirmed by CSP-HPLC
analysis of the corresponding amide-ester diasterisomeric mixture prepared according to
general procedure IX. CSP-HPLC analysis: Chiralcel AD-H (4.6 mm x 25 cm),
hexane/IPA: 95/5, 1 mL/min, RT, UV detection at 220 nm, retention times: 25.37 min
(minor diastereomer), and 27.63 min (major diastereomer)
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6.24-6.21 (2H, m, H-4, H-5), 3.66 (3H, s, H-1), 3.15-3.10
(2H, m, H-7, H-2), 2.68-2.63 (2H, m, H-3, H-6), 2.10 (1H, d,
J 9.1, H-8b), 1.51 (1H, app. dt, H-8a)

(1R,2R,3S,4S)-3-(methoxycarbonyl)-7-oxabicyclo[2.2.1]hept-5-ene-2-carboxylic acid
(221)

Prepared according to general procedure VIII using anhydride 384, (50 mg 0.301 mmol).
The desired monomethyl ester 221 was obtained as a white solid after purification by flash
chromatography (42 mg, 83%). M.p. 111-112 oC; (lit.,189 111 oC). [α]D20 = -8.32 (c 0.30,
MeOH); lit.189 [α]Drt = +8.7 (1.08 X, MeOH)
Spectral data for this compound were consistent with those in the literature. 189
31% ee was determined by 1H NMR spectroscopic analysis of the corresponding amide
ester diastereoisomeric mixture prepared as in Section 4.4.
δH (400 MHz, CDCl3):

6.49-6.45 (2H, m, H-4, H-5), 5.31-5.26 (2H, m, H-3, H-6),
3.71 (3H, s, H-1), 2.90 (1H, d, J 9.0, H-7), 2.84 (1H, d, J 9.0,
H-2)

6-(methoxycarbonyl)cyclohex-3-ene-1-carboxylic acid (222)

Prepared according to general procedure VIII using anhydride 385, (50 mg 0.328 mmol).
The desired monomethyl ester 222 was obtained as a colourless oil after purification by
flash chromatography (53 mg, 88%). [α]D20 = +4.68 (c 0.18, CHCl3); lit.189 [α]Drt = -4.9 (c
1.50, CHCl3)
Spectral data for this compound were consistent with those in the literature. 189
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51% ee was determined by 1H NMR spectroscopic analysis and confirmed by CSP-HPLC
analysis of the corresponding amide-ester diasterisomeric mixture prepared according to
general procedure X. CSP-HPLC analysis: Chiralcel OD-H (4.6 mm x 25 cm), hexane/IPA:
90/10, 0.5 mL/min, RT, UV detection at 220 nm, retention times: 30.07 min (minor
diastereomer), and 25.65 min (major diastereomer)
δH (400 MHz, CDCl3):

5.69 (2H, s, H-4, H-5), 3.70 (3H, s, H-1), 3.10-3.04 (2H,
m,H-2, H-7), 2.61-2.55 (2H, m, H-6b, H-3b), 2.41-2.33 (2H,
m, H-6a, H-3a)

2-(methoxycarbonyl)cyclopropane-1-carboxylic acid (218)

Prepared according to general procedure VIII using anhydride 386 (50 mg, 0.446 mmol).
The desired monomethyl ester was obtained as a colourless oil after purification by flash
chromatography (63 mg, 98%). [α]D20 = +4.42 (c 0.13, CHCl3); lit.189 [α]Drt = -10.0 (c 1.71,
CHCl3)
Spectral data for this compound were consistent with those in the literature. 189
54% ee was determined by 1H NMR spectroscopic analysis and confirmed by CSP-HPLC
analysis of the corresponding amide-ester diasterisomeric mixture prepared according to
general procedure IV. CSP-HPLC analysis: Chiralcel OD-H (4.6 mm x 25 cm),
hexane/IPA: 90/10, 0.5 mL/min, RT, UV detection at 220 nm, retention times: 43.41 min
(minor diastereomer), and 35.93 min (major diastereomer)
δH (400 MHz, CDCl3):

3.72 (3H, s, H-1), 2.16-2.05 (2H, m, H-2, H-3), 1.71-1.67
(1H, m, H-4a), 1.36-1.30 (1H, m, H-4b)

3-(methoxycarbonyl)-2,2-dimethylcyclopropane-1-carboxylic acid (390)
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Prepared according to general procedure VIII using anhydride 387 (50 mg, 0.357 mmol).
The desired monomethyl ester was obtained as a colourless oil after purification by flash
chromatography. (58 mg, 94%) [α]D20 = -3.91 (c 0.17, CHCl3); lit.183[α]Drt = -19.0 (c 4.08,
MeOH)
Spectral data for this compound were consistent with those in the literature. 183
39% ee was determined by 1H NMR spectroscopic analysis and confirmed by CSP-HPLC
analysis of the corresponding amide-ester diasterisomeric mixture prepared according to
general procedure IV. CSP-HPLC analysis: Chiralcel AD-H (4.6 mm x 25 cm),
hexane/IPA: 95/5, 0.5 mL/min, RT, UV detection at 220 nm, retention times: 34.78 min
(minor diastereomer), and 78.96 min (major diastereomer)
δH (400 MHz, CDCl3):

3.71-3.69 (3H, m, H-1), 1.96-1.91 (2H, m, H-2, H-3), 1.37
(3H, s, H-4), 1.25 (3H, s, H-5)

5-methoxy-3-methyl-5-oxopentanoic acid (224)

Prepared according to general procedure VIII using anhydride 388 (50 mg, 0.390 mmol).
The desired monomethyl ester was obtained as a colourless oil after purification by flash
chromatography. (37 mg, 88%) [α]D20 = +1.33 (c 0.07, CHCl3); lit.189 [α]Drt = 1.1 (c 1.36,
CHCl3)
Spectral data for this compound were consistent with those in the literature. 189
6% ee was determined by 1H NMR spectroscopic analysis and confirmed by CSP-HPLC
analysis of the corresponding amide-ester diasterisomeric mixture prepared according to
general procedure IV. CSP-HPLC analysis: Chiralcel OD-H (4.6 mm x 25 cm),
hexane/IPA: 95/5, 1 mL/min, RT, UV detection at 220 nm, retention times: 30.83 min
(minor diastereomer), and 24.81 min (major diastereomer)
δH (400 MHz, CDCl3): 3.67 (3H, s, H-1), 2.51-2.38 (3H, m, H-3, H-4b, H-2b), 2.31-2.24
(2H, m, H-4a, H-2a), 1.05 (3H, d, J 6.5, H-5)
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(R)-5-Methoxy-3-phenyl-5-oxopentanoic acid (213)

Prepared according to general procedure VIII using 3-phenylglutaric anhydride 389 (50
mg, 0.263 mmol). The desired monomethyl ester was obtained and as a white solid after
purification by flash chromatography. (55 mg, 94%). M.p. 93-95 oC; (lit.,244 93-95 oC).
Spectral data for this compound were consistent with those in the literature. 189
0% ee was determined by 1H NMR spectroscopic analysis and confirmed by CSP-HPLC
analysis of the corresponding amide-ester diasterisomeric mixture prepared according to
general procedure X. CSP-HPLC analysis: Chiralcel OD-H (4.6 mm x 25 cm), hexane/IPA:
95/5, 1 mL/min, RT, UV detection at 220 nm, retention times:
δH (400 MHz, CDCl3):

7.32-7.21 (5H, m, H-5, H-6, H-7), 3.65-3.59 (4H, m, H-1, H3), 2.81-2.62 (4H, m, H-2a, H-2b, H-4a, H-4b)

General Procedure X: Procedure for synthesis of 1-diphenylacetyloxindoles
The appropriate oxindole (1.0 equiv.) and diphenylacetyl chloride (1.2 equiv.) were placed
in a 25 mL sealed tube containing a stirring bar and heated to 150 oC for 4 h. The reaction
was quenched by the addition of H2O (2 mL) then let cool to room temperature. CH2Cl2
(10 mL) was added and the mixture was passed through a plug of silica with the resulting
solution concentrated under reduced pressure. The crude residue formed was recrystallised
from EtOH to furnish the desired 1-diphenylacetyloxindole.
General procedure XI: Procedure for synthesis of enol acetates
A 10 mL round bottomed flask containing a stirring bar was charged with he appropriate
1-diphenylacetyloxindole (1.0 equiv.) in THF (0.2 M) and fitted with a septum. NEt 3 (10.0
equiv.) was added via syringe, followed by the dropwise addition of AcCl (5.0 equiv) over
5 min. After 1 h, the solution was poured into a beaker containing H 2O (10 mL) and
extracted with CH2Cl2 (2 x 10 mL), washed with NaHCO3 (10 mL), brine (10 mL), dried
over MgSO4, filtered and concentrated in vacuo. The resulting crude residues were either
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purified via column chromatography Hex/EtOAc 9:1 or precipated using Et 2O and HPLC
grade Hexanes.
3-benzylindolin-2-one (397a)

A 100 mL round-bottomed flask containing a stirring bar and a suspension of indoline-2one (1.5 g, 11.26 mmol), benzaldehyde (189) (1.84 mL, 18.02 mmol) and piperidine (2.22
mL, 22.52 mmol) in absolute ethanol (15mL), was fitted with a condenser and heated to
reflux temperature for 3 h. The reaction was cooled to ambient temperature and the solvent
removed in vacuo. The resulting crude residue was dissolved in EtOH (40 mL) and added
dropwise to a separate flask containing a suspension of NaBH4 (681 mg, 18.02 mmol) in
EtOH (20 mL). The resulting mixture was stirred vigorously for 12 h at rt then quenched
by the addition of saturated NH4Cl (10 mL), concentrated in vacuo and extracted with
EtOAc (2 x 20 mL), dried over MgSO4, filtered and concentrated under reduced pressure
to furnish a crude residue purified via column chromatography CH2Cl2/MeOH 5:1 to give
compound 397a (1.6 g, 64%). M.p. 129-131 oC; (lit.,245 130-131 oC).
Spectral data for this compound were consistent with those in the literature. 245
H (400 MHz, CDCl3):

8.24 (1H, bs, H-5), 7.28-7.14 (6H, m, H-8, H-9, H-10, H-3), 6.90
(1H, t, J 7.5, H-2), 6.82 (1H, d, J 7.5, H-4), 6.75 (1H, d, J 7.5, H1), 3.77-3.74 (1H, m, H-6), 3.49 (1H, dd, J 4.6, 9.1, H-7), 2.95
(1H, dd, J 9.1. 4.6)

3-benzyl-1-(2,2-diphenylacetyl)indolin-2-one (397b)
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Prepared according to general procedure X using oxindole 397a (1.0 g, 4.47 mmol), and
diphenyl acetyl chloride (1.24 g, 5.37 mmol). The crude residue was purified via
recrystallisation form EtOH to give product 397b (600 mg, 32%).
Spectral data for this compound were consistent with those in the literature. 245
H (400 MHz, CDCl3):

8.19 (1H, d, J 8.9, H-4), 7.33-7.31 (6H, m, H-11, H-12), 7.28-7.23
(5H, m, H-10, H-3), 7.16-7.14 (3H, m, H-7, H-9), 7.10 (1H, t, J,
7.6, H-2), 6.97-6.95 (2 H, m, H-8), 6.86 (1H, d, J 7.6, H-1), 6.59
(1H, s, H-13), 3.86-3.82b (1H, m, H-5), 3.54 (1H, dd, J 4.8, 8.9,
H-6), 3.00 (1H, dd, J 8.1, 5.6, H-6)

HRMS (m/z -ESI) :

Found: 440.1632 (M + Na: calculated for C25H23NO2Na:
440.1626)

3-benzyl-1-(2,2-diphenylacetyl)-1H-indol-2-yl acetate (397)

Prepared according to general procedure XI using oxindole 397b (500 mg, 1.20 mmol),
NEt3 (1.97 mL, 11.97 mmol) and AcCl (426 µL, 5.99 mmol). The crude residue was
purified via column chromatography and subsequent precipitation to furnish product 397
(308 mg, 56%).
Spectral data for this compound were consistent with those in the literature. 245
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8.27 (1H, d, J 8.3, H-4), 7.32-7.17 (18H, m, H-7, H-8, H-9, H-10,
H-11, H-12, H-1, H-2, H-3), 5.90 (1H, s, H-13), 3.85 (2H, s, H-6),
1.82 (3H, s, H-5)

HRMS (m/z -ESI) :

Found: 482.1725 (M + Na: calculated for C31H25NO3Na:
482.1732)

3-allylindolin-2-one (398a)

A 100 mL round-bottomed flask containing a stirring bar and a suspension of indoline-2one (1.5 g, 11.26 mmol) in THF (38 mL) was cooled to -78 oC. n-BuLi (2.5 M THF) (9.45
mL, 23.64 mmol) and TMEDA (3.38 mL, 22.52 mmol) were added via syringe and the
reaction was stirred for 2 h. Allyl bromide (1.1 mL, 13.51 mmol) was added in a dropwise
fashion and the resulting solution was warmed to -20 oC and stirred for 1 h. The reaction
was allowed to reach room temperature then quenched with a saturated solution of NH4Cl,
extracted with Et2O (2 x 25 mL), dried over MgSO4, filtered then concentrated in vacuo.
The resulting crude residue was purified by column chromatography CH2Cl2/MeOH 9:1 to
furnish compound 398a (1.53 g, 78%).
Spectral data for this compound were consistent with those in the literature. 245
H (400 MHz, CDCl3):

8.45 (1H, bs, H-5), 7.26-7.25 (1H, app. d, H-4), 7.20 (1H, t, J 7.7,
H-3), 7.00 (1H, t, J 7.7, H-2), 6.88 (1H, d, J 7.7, H-1), 5.84-5.72
(1H, m, H-8), 5.14-5.04 (2H, m, H-8), 3.52 (1H, dd, J 5.3, 2.1, H6), 2.86-2.80 (1H, m, H-7), 2.63-2.55 (1H, m, H-7)

HRMS (m/z -ESI) :

Found: 196.0745 (M + Na: calculated for C11H11NONa:
196.0738)

3-allyl-1-(2,2-diphenylacetyl)indolin-2-one (398b)
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Prepared according to general procedure X using oxindole 398a (1.0 g, 4.47 mmol), and
diphenyl acetyl chloride (1.24 g, 5.37 mmol). The crude residue was purified via
recrystallisation from EtOH to give product 398b (850 mg, 52%).
Spectral data for this compound were consistent with those in the literature. 245
H (400 MHz, CDCl3):

8.26 (1H, d, J 8.2, H-4), 7.33-7.29 (8H, m, H-9, H-10, H-3, H-1),
7.26-7.23 (4H, m, H-8), 7.18 (1H, t, J 7.6, H-2), 6.62 (1H, s, H11), 5.47-5.39 (1H, m, H-7), 4.96-4.88 (2H, m, H-8), 3.62 (1H, t,
J 5.8, H-5), 2.73-2.55 (2H, m, H-6)

HRMS (m/z -ESI) :

Found: 390.1458 (M + Na: calculated for C25H21NO2Na:
390.1470)

3-allyl-1-(2,2-diphenylacetyl)-1H-indol-2-yl acetate (398)

Prepared according to general procedure XI using oxindole 398b (600 mg, 1.63 mmol),
NEt3 (2.27 mL, 16.32 mmol) and AcCl (580 µL, 8.16 mmol). The crude residue was
purified via precipitation to furnish product 398 (250 mg, 37%).
Spectral data for this compound were consistent with those in the literature. 245
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8.29-8.27 (1H, m, H-4), 7.49-7.47 (1H, m, H-3), 7.34-7.23 (12H,
m, H-9, H-10, H-11, H-1, H-2), 5.93-5.83 (2H, m, H-12, H-7),
5.16-5.06 (2H, m, H-8), 3.25 (2H, dt, J 6.3, 1.5, H-6), 1.93 (3H, s,
H-5)

HRMS (m/z -ESI) :

Found: 432.1565 (M + Na: calculated for C27H23NO2Na:
432.1676)

3-isopropylindolin-2-one (399a)

Indoline-2-one (3.0 g, 22.52 mmol), (CH3)2O (8.0 mL, 108 mmol) and piperidine (2.26 mL,
22.52 mmol) were added to a 25 mL sealed tube and heated to 120 oC for 10 minutes. The
reaction was allowed reach room temperature followed by the addition of CH2Cl2 (5 mL),
with the resulting solution passed through a silica plug. The solution was concentrated
under reduced pressure then taken up in MeOH (20 mL), cooled to 0 0C, followed by the
addition of NaBH4 (1.7 g, 19.96 mmol) in one portion. The mixture was stirred for 1 h at 0
o

C, quenched by the addition of saturated NH4Cl (10 mL), extracted using EtOAc (2 x 25

mL), then dried over MgSO4, filtered and concentrated in vacuo. The resulting crude
residue was purified via column chromatography CH2Cl2/MeOH 9:1, furnishing product
399a (2.4 g, 61%). M.p. 109-111 oC; (lit.,245 108-109 oC)
Spectral data for this compound were consistent with those in the literature. 245
H (400 MHz, CDCl3):

8.30 (1H, bs, H-5), 7.26-7.19 (2H, m, H-4, H-3), 7.01 (1H, t, J 7.6,
H-2), 6.87 (1H, d, J 7.6, H-1), 3.40 (1H, d, J 3.5, H-6), 2.54-2.46
(1H, m, H-7), 1.13 (3H, d, J 7.0, H-9), 0.93 (3H, d, J 7.0, H-8)

1-(2,2-diphenylacetyl)-3-isopropylindolin-2-one (399b)
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Prepared according to general procedure X using oxindole 399a (1.9 g, 9.34 mmol), and
diphenyl acetyl chloride (2.58 g, 11.21 mmol). The crude residue was purified via
recrystallisation form EtOH to give product 399b (712 mg, 21%).
Spectral data for this compound were consistent with those in the literature. 245
H (400 MHz, CDCl3):

8.28 (1H, d, J 8.2, H-4), 7.35-7.16 (13H, m, H-9, H-10, H-11, H1, H-2, H-3), 6.65 (1H, s, H-12), 3.45 (1H, d, J 3.2, H-5), 2.402.34 (1H, m, H-6), 0.86 (3H, d, J 7.0, H-8), 0.76 (3H, d, J 7.0, H7)

HRMS (m/z -ESI) :

Found: 392.1629 (M + Na: calculated for C25H23NO2Na:
392.1626)

1-(2,2-diphenylacetyl)-3-isopropyl-1H-indol-2-yl acetate (399)

Prepared according to general procedure XI using oxindole 399b (700 mg, 1.89 mmol),
NEt3 (2.63 mL, 18.90 mmol) and AcCl (743 µL, 9.47 mmol). The crude residue was
purified via column chromatography and precipitation to furnish product x (190 mg, 25%).
Spectral data for this compound were consistent with those in the literature. 245
H (400 MHz, CDCl3):

8.29-8.27 (1H, m, H-4), 7.65-7.63 (1H, m, H-3), 7.39-7.26 (12H,
m, H-9, H-10, H-11, H-1, H-2), 5.92 (1H, s, H-12), 2.92-2.86 (1H,
m, H-6), 1.95 (3H, s, H-5), 1.37 (6H, app. dd, H-7, H-8)
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Found: 434.1736 (M + Na: calculated for C27H25NO3Na:
434.1732)

4-phenylpyrrolidin-2-one (401)

A 5 mL round bottomed flask containing a stirring bar was charged with 3-phenylglutaric
anhydride (389) (50 mg, 0.263 mmol), NaN3 (17 mg, 0.263 mmol), catalyst 305 (14.13 mg,
0.131 mmol) and placed under an argon atmosphere. Dry THF (2.6 mL) was added via
syringe and the reaction was left stirring for 48 h at room temperature. The reaction was
concentrated in vacuo to yield a crude residue that was purified by column chromatography
CH2Cl2/MeOH (9:1). (2.2 mg, 5%).
H (600 MHz, CDCl3):

7.35-7.27 (5H, m, H-1, H-2, H-3), 6.09 (1H, bs, H-7), 3.79 (1H,
dd, J 9.4, 7.4, H-5), 3.71 (1H, app. q, H-4), 3.43 (1H, dd, J, 9.4,
7.4, H-5), 2.74 (1H, dd, J 16.8, 8.9, H-6), 2.52 (1H, dd, J 16.8, 8.9,
H-6)

C (151 MHz, CDCl3):

177.2 (q), 142.1 (q), 128.9, 127.4, 126.9, 40.6, 40.4, 37.9

max (neat)/cm-1:

3245, 2923, 1663, 1495, 1444, 1357, 1258, 1052, 744, 698,
630

HRMS (m/z -APCI) :

Found: 162.0911 (M +: calculated for C10H12NO: 162.0913)
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Crystal Structure Report for 324

A specimen of C22H29NO5, approximate dimensions 0.150 mm x 0.220 mm x 0.270 mm,
was used for the X-ray crystallographic analysis. The X-ray intensity data were measured
at 100(2)K on a Bruker D8 Quest ECO with an Oxford Cryostream low temperature device
using a MiTeGen micromount. See Table 1 for collection parameters and exposure time.
Bruker APEX software was used to correct for Lorentz and polarization effects.

A total of 1155 frames were collected. The total exposure time was 5.29 hours. The frames
were integrated with the Bruker SAINT software package using a wide-frame algorithm.
The integration of the data using an orthorhombicunit cell yielded a total of 14807
reflections to a maximum θ angle of 69.95° (0.82 Å resolution), of which 3956 were
independent (average redundancy 3.743, completeness = 99.3%, R int = 3.52%, Rsig =
3.09%) and 3868 (97.78%) were greater than 2σ(F2). The final cell constants of a =
9.8031(16) Å, b = 13.873(2) Å, c = 15.552(2) Å, volume = 2115.0(6) Å3, are based upon
the refinement of the XYZ-centroids of 9951 reflections above 20 σ(I) with 10.67° < 2θ <
140.0°. Data were corrected for absorption effects using the Multi-Scan method
(SADABS). The ratio of minimum to maximum apparent transmission was 0.966. The
calculated minimum and maximum transmission coefficients (based on crystal size) are
0.7278 and 0.7533.

The structure was solved with the XT structure solution program using Intrinsic Phasing
and refined with the XL refinement package using Least Squares minimisation with Olex2,
using the space group P212121, with Z = 4 for the formula unit, C22H29NO5. The final
anisotropic full-matrix least-squares refinement on F2with 263 variables converged at R1
= 2.93%, for the observed data and wR2 = 7.56% for all data. The goodness-of-fit was
1.044. The largest peak in the final difference electron density synthesis was 0.147 e -/Å3
and the largest hole was -0.179 e-/Å3 with an RMS deviation of 0.036 e-/Å3. On the basis
of the final model, the calculated density was 1.217 g/cm 3 and F(000), 832 e-.

Refinement Note: Flack parameter refined. Chiral Centre: C7, S.
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Table 1: Data collection details for TCD898.
Axis

dx/mm

2θ/°

ω/°

φ/°

χ/°

Width/°

Frames

Time/s

Wavelength/Å

Voltage/kV

Current/mA

Temperature/K

Omega

49.977

108.90

96.00

336.00

-54.74

2.00

67

20.00

1.54184

45

0.6

100

Omega

49.977

108.90

96.00

48.00

-54.74

2.00

67

20.00

1.54184

45

0.6

100

Phi

49.977

-47.74

325.81

60.86

57.00

2.00

91

10.00

1.54184

45

0.6

100

Phi

49.977

109.30

77.63

31.75

-23.00

2.00

120

20.00

1.54184

45

0.6

100

Phi

49.977

-49.30

73.15

0.00

-57.00

2.00

180

10.00

1.54184

45

0.6

100

Omega

49.977

108.90

343.40

168.00

64.50

2.00

69

20.00

1.54184

45

0.6

100

Phi

49.977

-7.14

6.41

16.58

57.00

2.00

68

10.00

1.54184

45

0.6

100

Omega

49.977

108.90

96.00

312.00

-54.74

2.00

67

20.00

1.54184

45

0.6

100

Phi

49.977

79.30

65.73

0.00

-57.00

2.00

180

20.00

1.54184

45

0.6

100

Omega

49.977

-49.30

190.66

192.00

54.74

2.00

67

10.00

1.54184

45

0.6

100

Phi

49.977

109.30

4.12

63.75

23.00

2.00

112

20.00

1.54184

45

0.6

100

Omega

49.977

108.90

96.00

144.00

-54.74

2.00

67

20.00

1.54184

45

0.6

100
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Crystal Data for C22H29NO5 (M =387.46 g/mol): orthorhombic, space group P212121 (no. 19), a = 9.8031(16) Å, b = 13.873(2) Å, c = 15.552(2) Å, V = 2115.1(6) Å3, Z =
4, T = 100(2) K, μ(CuKα) = 0.698 mm-1, Dcalc = 1.217 g/cm3, 14807 reflections measured (8.54° ≤ 2Θ ≤ 139.908°), 3956 unique (Rint = 0.0352, Rsigma = 0.0309) which
were used in all calculations. The final R1 was 0.0293 (I > 2σ(I)) and wR2 was 0.0756 (all data).
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Table 2. Crystal data and structure refinement for tcd898.
Identification code

tcd898

Empirical formula

C22H29NO5

Formula weight

387.46

Temperature

100(2) K

Wavelength

1.54178 Å

Crystal system

Orthorhombic

Space group

P212121

Unit cell dimensions

a = 9.8031(16) Å

= 90°.

b = 13.873(2) Å

= 90°.

c = 15.552(2) Å

 = 90°.

Volume

2115.1(6) Å3

Z

4

Density (calculated)

1.217 Mg/m3

Absorption coefficient

0.698 mm-1

F(000)

832

Crystal size

0.27 x 0.22 x 0.15 mm3

Theta range for data collection

4.270 to 69.954°.

Index ranges

-11≤h≤11, -16≤k≤16, -18≤l≤16

Reflections collected

14807

Independent reflections

3956 [R(int) = 0.0352]

Completeness to theta = 67.679°

100.0 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.7533 and 0.7278
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Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

3956 / 0 / 263

Goodness-of-fit on F2

1.044

Final R indices [I>2σ(I)]

R1 = 0.0293, wR2 = 0.0749

R indices (all data)

R1 = 0.0299, wR2 = 0.0756

Absolute structure parameter

0.01(5)

Largest diff. peak and hole

0.147 and -0.179 e.Å-3
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Table 3. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (Å2x 103)
for tcd898. U(eq) is defined as one third of the trace of the orthogonalized U ij tensor.
________________________________________________________________________________
x

y

z

U(eq)

________________________________________________________________________________
O(3)

5103(1)

2698(1)

8507(1)

22(1)

O(5)

4081(1)

2305(1)

9751(1)

27(1)

O(14)

3723(1)

2692(1)

6642(1)

20(1)

O(23)

6324(1)

5058(1)

6721(1)

26(1)

O(24)

5422(1)

3911(1)

5849(1)

20(1)

N(15)

4406(1)

4224(1)

7112(1)

18(1)

C(1)

7460(2)

2991(2)

8269(1)

32(1)

C(2)

6425(2)

2687(2)

8929(1)

27(1)

C(4)

4015(2)

2508(1)

8998(1)

19(1)

C(6)

2716(2)

2563(1)

8482(1)

21(1)

C(7)

2615(2)

3435(1)

7875(1)

17(1)

C(8)

1159(2)

3468(1)

7476(1)

20(1)

C(9)

1016(2)

4189(1)

6758(1)

21(1)

C(10)

396(2)

5042(1)

6783(1)

21(1)

C(11)

-300(2)

5451(1)

7560(1)

31(1)

C(12)

312(2)

5673(1)

5999(1)

29(1)

C(13)

3635(2)

3360(1)

7130(1)

17(1)

C(16)

4032(2)

4821(1)

7823(1)

17(1)

C(17)

4526(2)

5726(1)

8051(1)

21(1)
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C(18)

3930(2)

6174(1)

8761(1)

22(1)

C(19)

2891(2)

5742(1)

9228(1)

22(1)

C(20)

2415(2)

4831(1)

8991(1)

19(1)

C(21)

2989(2)

4380(1)

8286(1)

17(1)

C(22)

5492(2)

4446(1)

6551(1)

18(1)

C(25)

6542(2)

3942(1)

5200(1)

19(1)

C(26)

6021(2)

3243(1)

4521(1)

23(1)

C(27)

7855(2)

3581(1)

5605(1)

25(1)

C(28)

6685(2)

4951(1)

4830(1)

25(1)

________________________________________________________________________________
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Table 4. Bond lengths [Å] and angles [°] for tcd898.
_____________________________________________________
O(3)-C(2)

1.453(2)

C(7)-C(21)

1.504(2)

O(3)-C(4)

1.338(2)

C(8)-H(8A)

0.9900

O(5)-C(4)

1.207(2)

C(8)-H(8B)

0.9900

O(14)-C(13)

1.201(2)

C(8)-C(9)

1.507(2)

O(23)-C(22)

1.207(2)

C(9)-H(9)

0.96(2)

O(24)-C(22)

1.321(2)

C(9)-C(10)

1.331(3)

O(24)-C(25)

1.4911(19)

C(10)-C(11)

1.498(3)

N(15)-C(13)

1.418(2)

C(10)-C(12)

1.504(3)

N(15)-C(16)

1.430(2)

C(11)-H(11A)

0.9800

N(15)-C(22)

1.410(2)

C(11)-H(11B)

0.9800

C(1)-H(1A)

0.9800

C(11)-H(11C)

0.9800

C(1)-H(1B)

0.9800

C(12)-H(12A)

0.9800

C(1)-H(1C)

0.9800

C(12)-H(12B)

0.9800

C(1)-C(2)

1.503(3)

C(12)-H(12C)

0.9800

C(2)-H(2A)

0.9900

C(16)-C(17)

1.392(2)

C(2)-H(2B)

0.9900

C(16)-C(21)

1.392(2)

C(4)-C(6)

1.507(2)

C(17)-H(17)

0.9500

C(6)-H(6A)

0.9900

C(17)-C(18)

1.394(3)

C(6)-H(6B)

0.9900

C(18)-H(18)

0.9500

C(6)-C(7)

1.538(2)

C(18)-C(19)

1.387(3)

C(7)-C(8)

1.557(2)

C(19)-H(19)

0.9500

C(7)-C(13)

1.534(2)

C(19)-C(20)

1.397(2)
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C(20)-H(20)

0.9500

C(2)-C(1)-H(1B)

109.5

C(20)-C(21)

1.382(2)

C(2)-C(1)-H(1C)

109.5

C(25)-C(26)

1.521(2)

O(3)-C(2)-C(1)

106.91(14)

C(25)-C(27)

1.517(2)

O(3)-C(2)-H(2A)

110.3

C(25)-C(28)

1.520(2)

O(3)-C(2)-H(2B)

110.3

C(26)-H(26A)

0.9800

C(1)-C(2)-H(2A)

110.3

C(26)-H(26B)

0.9800

C(1)-C(2)-H(2B)

110.3

C(26)-H(26C)

0.9800

H(2A)-C(2)-H(2B)

108.6

C(27)-H(27A)

0.9800

O(3)-C(4)-C(6)

111.09(14)

C(27)-H(27B)

0.9800

O(5)-C(4)-O(3)

123.91(17)

C(27)-H(27C)

0.9800

O(5)-C(4)-C(6)

124.99(16)

C(28)-H(28A)

0.9800

C(4)-C(6)-H(6A)

108.5

C(28)-H(28B)

0.9800

C(4)-C(6)-H(6B)

108.5

C(28)-H(28C)

0.9800

C(4)-C(6)-C(7)

114.89(14)

H(6A)-C(6)-H(6B)

107.5

C(4)-O(3)-C(2)

116.80(13)

C(7)-C(6)-H(6A)

108.5

C(22)-O(24)-C(25)

120.35(13)

C(7)-C(6)-H(6B)

108.5

C(13)-N(15)-C(16)

109.74(13)

C(6)-C(7)-C(8)

109.08(14)

C(22)-N(15)-C(13)

126.86(13)

C(13)-C(7)-C(6)

111.62(13)

C(22)-N(15)-C(16)

123.05(14)

C(13)-C(7)-C(8)

107.39(13)

H(1A)-C(1)-H(1B)

109.5

C(21)-C(7)-C(6)

114.15(14)

H(1A)-C(1)-H(1C)

109.5

C(21)-C(7)-C(8)

111.53(13)

H(1B)-C(1)-H(1C)

109.5

C(21)-C(7)-C(13)

102.77(13)

C(2)-C(1)-H(1A)

109.5

C(7)-C(8)-H(8A)

108.8
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C(7)-C(8)-H(8B)

108.8

O(14)-C(13)-C(7)

125.24(14)

H(8A)-C(8)-H(8B)

107.7

N(15)-C(13)-C(7)

107.77(13)

C(9)-C(8)-C(7)

113.59(14)

C(17)-C(16)-N(15)

129.12(16)

C(9)-C(8)-H(8A)

108.8

C(21)-C(16)-N(15)

109.48(14)

C(9)-C(8)-H(8B)

108.8

C(21)-C(16)-C(17)

121.35(15)

C(8)-C(9)-H(9)

112.4(14)

C(16)-C(17)-H(17)

121.4

C(10)-C(9)-C(8)

127.59(16)

C(16)-C(17)-C(18)

117.25(16)

C(10)-C(9)-H(9)

120.0(14)

C(18)-C(17)-H(17)

121.4

C(9)-C(10)-C(11)

124.66(17)

C(17)-C(18)-H(18)

119.0

C(9)-C(10)-C(12)

121.20(16)

C(19)-C(18)-C(17)

122.00(16)

C(11)-C(10)-C(12)

114.12(16)

C(19)-C(18)-H(18)

119.0

C(10)-C(11)-H(11A)

109.5

C(18)-C(19)-H(19)

120.1

C(10)-C(11)-H(11B)

109.5

C(18)-C(19)-C(20)

119.83(16)

C(10)-C(11)-H(11C)

109.5

C(20)-C(19)-H(19)

120.1

H(11A)-C(11)-H(11B)

109.5

C(19)-C(20)-H(20)

120.6

H(11A)-C(11)-H(11C)

109.5

C(21)-C(20)-C(19)

118.88(16)

H(11B)-C(11)-H(11C)

109.5

C(21)-C(20)-H(20)

120.6

C(10)-C(12)-H(12A)

109.5

C(16)-C(21)-C(7)

110.06(14)

C(10)-C(12)-H(12B)

109.5

C(20)-C(21)-C(7)

129.19(15)

C(10)-C(12)-H(12C)

109.5

C(20)-C(21)-C(16)

120.69(15)

H(12A)-C(12)-H(12B)

109.5

O(23)-C(22)-O(24)

127.62(16)

H(12A)-C(12)-H(12C)

109.5

O(23)-C(22)-N(15)

121.91(15)

H(12B)-C(12)-H(12C)

109.5

O(24)-C(22)-N(15)

110.46(13)

O(14)-C(13)-N(15)

126.96(15)

O(24)-C(25)-C(26)

101.80(13)
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O(24)-C(25)-C(27)

109.54(13)

C(25)-C(27)-H(27B)

109.5

O(24)-C(25)-C(28)

110.50(13)

C(25)-C(27)-H(27C)

109.5

C(27)-C(25)-C(26)

111.24(14)

H(27A)-C(27)-H(27B)

109.5

C(27)-C(25)-C(28)

112.49(15)

H(27A)-C(27)-H(27C)

109.5

C(28)-C(25)-C(26)

110.76(14)

H(27B)-C(27)-H(27C)

109.5

C(25)-C(26)-H(26A)

109.5

C(25)-C(28)-H(28A)

109.5

C(25)-C(26)-H(26B)

109.5

C(25)-C(28)-H(28B)

109.5

C(25)-C(26)-H(26C)

109.5

C(25)-C(28)-H(28C)

109.5

H(26A)-C(26)-H(26B)

109.5

H(28A)-C(28)-H(28B)

109.5

H(26A)-C(26)-H(26C)

109.5

H(28A)-C(28)-H(28C)

109.5

H(26B)-C(26)-H(26C)

109.5

H(28B)-C(28)-H(28C)

109.5

C(25)-C(27)-H(27A)

109.5

_____________________________________________________________
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Table 5. Anisotropic displacement parameters (Å2 x 103) for tcd898. The anisotropic
displacement factor exponent takes the form: -22[ h2 a*2U11 + ... + 2 h k a* b* U12 ]
______________________________________________________________________________
U11

U22

U33

U23

U13

U12

______________________________________________________________________________
O(3)

17(1)

28(1)

21(1)

4(1)

-1(1)

-1(1)

O(5)

30(1)

30(1)

22(1)

4(1)

1(1)

-2(1)

O(14)

20(1)

17(1)

23(1)

-4(1)

1(1)

0(1)

O(23)

25(1)

28(1)

25(1)

-6(1)

7(1)

-10(1)

O(24)

19(1)

23(1)

17(1)

-4(1)

4(1)

-3(1)

N(15)

18(1)

16(1)

18(1)

-2(1)

2(1)

-1(1)

C(1)

21(1)

43(1)

34(1)

7(1)

-1(1)

-3(1)

C(2)

20(1)

34(1)

27(1)

6(1)

-4(1)

0(1)

C(4)

24(1)

12(1)

22(1)

1(1)

2(1)

-1(1)

C(6)

19(1)

17(1)

25(1)

1(1)

3(1)

-2(1)

C(7)

16(1)

17(1)

19(1)

-1(1)

1(1)

-1(1)

C(8)

16(1)

21(1)

24(1)

-4(1)

1(1)

-2(1)

C(9)

19(1)

25(1)

20(1)

-4(1)

-1(1)

0(1)

C(10)

18(1)

23(1)

22(1)

-2(1)

-3(1)

-1(1)

C(11)

37(1)

28(1)

28(1)

-2(1)

1(1)

12(1)

C(12)

32(1)

26(1)

29(1)

2(1)

-1(1)

5(1)

C(13)

15(1)

14(1)

21(1)

1(1)

-2(1)

1(1)

C(16)

19(1)

16(1)

17(1)

0(1)

-1(1)

1(1)

C(17)

24(1)

18(1)

21(1)

-1(1)

2(1)

-3(1)

266

Chapter 7

Appendix

C(18)

27(1)

17(1)

23(1)

-4(1)

-1(1)

-1(1)

C(19)

24(1)

22(1)

19(1)

-4(1)

-1(1)

3(1)

C(20)

17(1)

21(1)

18(1)

1(1)

0(1)

2(1)

C(21)

16(1)

17(1)

18(1)

2(1)

-2(1)

1(1)

C(22)

18(1)

18(1)

19(1)

0(1)

1(1)

0(1)

C(25)

18(1)

20(1)

20(1)

0(1)

4(1)

0(1)

C(26)

27(1)

23(1)

19(1)

-1(1)

3(1)

1(1)

C(27)

22(1)

24(1)

28(1)

1(1)

2(1)

1(1)

C(28)

28(1)

22(1)

24(1)

3(1)

4(1)

0(1)

______________________________________________________________________________
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Table 6. Hydrogen coordinates ( x 104) and isotropic displacement parameters (Å2x 10 3)
for tcd898.
________________________________________________________________________________
x

y

z

U(eq)

________________________________________________________________________________

H(1A)

7459

2530

7792

49

H(1B)

8367

3007

8533

49

H(1C)

7229

3634

8053

49

H(2A)

6635

2032

9144

32

H(2B)

6430

3139

9422

32

H(6A)

1935

2583

8886

25

H(6B)

2630

1967

8137

25

H(8A)

926

2820

7254

24

H(8B)

495

3629

7934

24

H(9)

1450(20)

3978(17)

6239(16)

31(6)

H(11A)

-186

5009

8046

46

H(11B)

-1274

5534

7439

46

H(11C)

105

6076

7703

46

H(12A)

-647

5784

5851

43

H(12B)

773

5356

5517

43

H(12C)

756

6292

6117

43

H(17)

5240

6027

7737

26

H(18)

4245

6793

8929

27
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H(19)

2503

6065

9708

26

H(20)

1709

4526

9309

23

H(26A)

5892

2606

4780

35

H(26B)

6686

3198

4053

35

H(26C)

5149

3476

4294

35

H(27A)

8142

4028

6058

37

H(27B)

8567

3541

5164

37

H(27C)

7702

2941

5853

37

H(28A)

5792

5179

4632

37

H(28B)

7322

4937

4344

37

H(28C)

7034

5387

5274

37

________________________________________________________________________________
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Table 7. Torsion angles [°] for tcd898.
________________________________________________________________
O(3)-C(4)-C(6)-C(7)

-44.25(19)

C(8)-C(9)-C(10)-C(12)

-178.54(17)

O(5)-C(4)-C(6)-C(7)

136.86(17)

C(13)-N(15)-C(16)-C(17)

-179.88(17)

N(15)-C(16)-C(17)-C(18)

176.96(16)

C(13)-N(15)-C(16)-C(21)

-2.40(18)

-0.37(18)

C(13)-N(15)-C(22)-O(23)

-159.00(16)

-177.86(14)

C(13)-N(15)-C(22)-O(24)

22.1(2)

N(15)-C(16)-C(21)-C(7)
N(15)-C(16)-C(21)-C(20)
C(2)-O(3)-C(4)-O(5)

-2.2(2)

C(2)-O(3)-C(4)-C(6)

178.89(14)

C(13)-C(7)-C(21)-C(16)

2.70(17)

C(4)-O(3)-C(2)-C(1)

-175.86(15)

C(13)-C(7)-C(21)-C(20)

179.92(16)

C(4)-C(6)-C(7)-C(8)

-172.89(14)

C(16)-N(15)-C(13)-O(14)

-177.77(16)

C(4)-C(6)-C(7)-C(13)

68.60(18)

C(4)-C(6)-C(7)-C(21)

C(13)-C(7)-C(8)-C(9)

-48.94(17)

C(16)-N(15)-C(13)-C(7)

4.09(17)

-47.4(2)

C(16)-N(15)-C(22)-O(23)

13.5(3)

-170.06(14)

C(16)-N(15)-C(22)-O(24)

-165.48(14)

C(6)-C(7)-C(13)-O(14)

55.0(2)

C(16)-C(17)-C(18)-C(19)

0.3(3)

C(6)-C(7)-C(13)-N(15)

-126.82(14)

C(17)-C(16)-C(21)-C(7)

C(6)-C(7)-C(21)-C(16)

123.74(16)

C(17)-C(16)-C(21)-C(20)

-0.2(2)

C(6)-C(7)-C(21)-C(20)

-59.0(2)

C(17)-C(18)-C(19)-C(20)

0.1(3)

C(7)-C(8)-C(9)-C(10)

-105.1(2)

C(18)-C(19)-C(20)-C(21)

-0.5(2)

C(8)-C(7)-C(13)-O(14)

-64.5(2)

C(19)-C(20)-C(21)-C(7)

C(8)-C(7)-C(13)-N(15)

113.67(14)

C(8)-C(7)-C(21)-C(16)

-112.06(15)

C(8)-C(7)-C(21)-C(20)

65.2(2)

C(21)-C(7)-C(13)-O(14)

177.76(15)

C(8)-C(9)-C(10)-C(11)

-0.1(3)

C(21)-C(7)-C(13)-N(15)

-4.07(16)

C(6)-C(7)-C(8)-C(9)

C(19)-C(20)-C(21)-C(16)
C(21)-C(7)-C(8)-C(9)
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C(21)-C(16)-C(17)-C(18)

-0.3(2)

C(22)-O(24)-C(25)-C(26)

-179.26(14)

C(22)-O(24)-C(25)-C(27)

62.91(19)

C(22)-O(24)-C(25)-C(28)

-61.57(19)

C(22)-N(15)-C(13)-O(14)

-4.5(3)

C(22)-N(15)-C(13)-C(7)

177.37(15)

C(22)-N(15)-C(16)-C(17)

6.5(3)

C(22)-N(15)-C(16)-C(21)

-175.99(14)

C(25)-O(24)-C(22)-O(23)

7.6(3)

C(25)-O(24)-C(22)-N(15)

-173.56(13)
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Table 8. Hydrogen bonds for tcd898 [Å and °].
____________________________________________________________________________
D-H...A

d(D-H)

d(H...A)

d(D...A)

<(DHA)

____________________________________________________________________________
C(1)-H(1B)...O(5)#1

0.98

2.79

3.489(3)

129

C(18)-H(18)...O(14)#2

0.95

2.51

3.182(2)

128

C(26)-H(26B)...O(14)#3

0.98

2.58

3.460(2)

149

____________________________________________________________________________
Symmetry transformations used to generate equivalent atoms:
#1 x+1/2,-y+1/2,-z+2

#2 -x+1,y+1/2,-z+3/2

#3 x+1/2,-y+1/2,-z+1
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