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Abstract

Abstract

A newfamily of chiral bifunctional phas#ransfer catalystweredeveloped tpromote an
enantioselective & reaction for the construction of malleable oxindoles witicatbon
quaternary stereocenters in high yield and excellent enantioselectivity (up teed7Phe
utility of this methodology was demonstrated throughe concse and highly

enantioselective synthesis ef-ebromoflustramine Bnd ¢)-flustramine B

The newly developed family of chiral bifunctional phasensfer catalystsn conjunction
with catalytic amounts of fluorideyere also utilised in hitherto, unpecedented method
of enantiocontrolledlesymmetrisatio. A selection ofmneseanhydridesvere converted to
their corresponding hemiesters with reasonable levels of enantiocdeaattion scope
was demonstratedith the promoton ofa rucleophilic catalys-mediated rearrangement
of O-acylated enolateas well as a nucleophilic catalysisediated Curtius rearrangement

to form synthetically useful products.
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Chapter 1 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 duisrtgrie were

very sporadic in nature and little effavas maddo explain these unusual phenomena. A

more systematic approach was adopted™mg Jacob Berzelius wheas able to fathom

the principal governing these natural phen
18351

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. Timluence of catalysis was summed up nicely
by Wil hel m Ost athereis probablyg nolthemicakreadctiendvhidh cannot

be influenced catalyticalty?

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 ambantzlters the rate of

a chemical reaction without being consumed in the reaction.jtkalsually enhances the

rate of product formatioby lowering thereaction initiation barrierThe formedproduct
dissociates from the catalyst, in turn leaving the catalyst free to promote another reaction,

thereby creating a catalytaycle (Figure1.1) *

Active Catalyst

Productr\ Reactant

Catalyst-Reactant

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 diagriigure1.2 cleaty demonstrates that

Uncatalysed Pathway
E, (uncat)

AE A

Catalysed Pathway

Products

Reactants

Reaction Coordinate

Figure 1.2  Potential energy diagram comparing the catalysed and uncatalysed
pathways

the catalytic pathway has a lower activation energy than the uncatalysed phffiney.

transition state energy barrier is lower for a catalysed reaction than that of an uncatalysed

one. According tahe Arrhenius equation (Equation 1.1) tla¢econstantK) is inversely

proportional to the activation energyEd.*> Consequently, the catalysed reaction

possessing an activation energy lower than the uncatalysed bhawe a faster reaction

rate.

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 separateophases t
reactants and their advantages are mainly associated with the ease of catalyst separation
from the product enainlg continuous chemical processesiomogenous 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.
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1.2 Chirality: General remarks

Originally, the word chiratlerivesfrom the Greelcheir, which mean® hand e@he e s s 6

|l UPAC f or mal def i ni ti o nthergeometric property of@a hgidr al i t
object (or special arrangement of panbr atoms) as being nesuperimposable on its

mirror image; such an object has no symmetry elements of the second kind (a mirror plane,

a centre of inversion, a rotatiereflection axis). If the object is superposable on its mirror

image the object is desbed as being achirdl.

Molecules can likewise have chiraligachnonsuperimposable mirror image of a specific
molecule is called an enantiomer. Enantiomers have indistinguishable chemical and
physicalpropertiesn an achiral environment the main distinction is their capacity to rotate
in planepolarised light. The majority of chiral molecules in nature occur exclusively as
single enantiomers, eharacteristic of paramount importance with regards to molecular
recognition and replication processYet, racemic mixtures are produced in the absence
of a chiral directing templateThe ability to selectively synthesise enantiopure molecules

is amuchsought after methodology due to the salient medicinal and economic b&nefits.

Ethambutol(1), highlighted inFigure 13 is an examplethat illustrateghe importance of

effectively synthesising enantiopure compoundsaltexists as a mixture of both tle

andSenantiomer.
! -
H OH /\@H\/\ OH : H : OH
AN NS ' BN SR~
H H | — H H (s) | ” (R)
HO™ HO™ ! HO
(rac)-1 (S,5)-1 ! (RR)-1

Figure 1.3 Different enantiomers of the racemic drug ethambutad)-1

Both of these enantiomers have vastly different pharmacological profileSeraamtiomer
is used as an effective treatment for tubercul@sighile the R enantiomer can cause
blindness’

1.3 Asymmetric synthesis: A diverse field

The need for enantiopure compounds has undergone an exponential surge in demand over

the past few decadésWith this demand naturally came a period of intense research
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innovation which resuitd in the finetuning of three different approaches for the synthesis

and separation of enantiopure molecufes.

The three approaches can be categorised as follows: (1) the resolution or separation of two
enantiomers from a racemic rixe using chemical, physical or enzymatic methods; (2)

the use othiral starting materials readily available in nature.i c hi r a | pool 0)
materials or chiral auxiliaries to induce chirality into the products; (3) asymmetric catalysis
to corvert achiral starting materials into enantiopure produggsreactions catalysed by

enzymes or chiral catalysts.
1.3.1 Kinetic resolution

Kinetic resolution (KR) involves the separation of a single enantiomer from a racemic
mixturevia an interaction with a dtal reagent or catalyst to generate two diastereomeric
transition state$Themajor drawback associated with KR is the maximum theoretical yield

of 50% for either enantiomer. In some casesuthgantecenantiomer is deemed surplus to
requirements and will be discarded or racemised by means of chemical or enzymatic
reactions. Efforto address this drawback have been made and now more efficient methods
of KR have been developed such as dynamic kinetic resolutigiR)@vhich in theory
allows the isolation of a highly enriched nonracemic product in 100%Yi#lthe starting

material can be racemised at an appropretieunder the reaction conditions.
1.3.2 Chiral pool-based methodologies

Nature itself provide some enantiopure building blocks that belong tofitteral poob :
common exmples include monosaccharides and amino déifisis strategy is particularly
attractive if the product closely resembles the enantiopure starting material, otherwise,
laborious protectip and deprotecting chemistry as well as functional group
interconversions may be required to synthesise the desired prodbete viull
diastereocontrol is not guarante¥d.Another deficiency attributed to the chiral pool is
linked to accessibility. Naral productarenormallyfound inone particular configuration
consequentlythe synthesis of compounds witbnfigurationoppositeto the natural one

presents an onerous task.
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1.3.3 Asymmetric catalysis

Asymmetric catalysis occurs when a catalyst imparteacimformation to a substrate.
These catalysts aextremely importanin the field of asymmetric synthesis as there are
virtually no constraints in terms of their molecular design or the multitude of reactions they
can pomote effectively* A typically well designed process utilises €@ mol% of
catalyst andallows both enantiomers of the produitt be accessible through catalyst
modification. Perhaps the earliest example of asymmetric catalysis was the use of cinchona
alkaloids as catalysts for cyanohydrin formation in 1932Since then, the field of
asymmetric catalysis has demonstrated enormousitpait€’ 1° and now encompasses an
array of subdivisions such as enzyme based catalysis, metad asalysis, and

organocatalysis.
1.3.3.1 Enzymebased catalysis

Enzyme based catalysis is an exaitoon o f naturebdés synthetic ma
associated with itoften include very high product enantioselectivity, mild reaction
procedures and low environmial impact® The chemical industries are the main
proponents of this form of asymmetric catalySig? for the aforementioned reasons
although there are some drawbacks sucdulastrate scopd his requires the screening of

a large number of enzymes before an effective system is estabishedanple of the

power of enzymdvased catalysis is illustrated iBdhemel.1)

lipase (Amano AK)
Q vmyl acetate

TBSO 30°C, 13 h TBSO

AcO,,

OH
2 (-)-3 99%, >99% ee

Schemel.l Enzymatic desymmetrisation of tridlpromoted by lipas&K Amano

The enantioseleate synthesis of the core system of the neocarzinostatomophore was
successfully completeda enzymatic desymmetrisation. Lipa&& (Amanqg successfully
promoted the transesterification afeso 5-tert-butyldimethylsilyloxy-2-cyclopentene

1,4-diol (2), furnishing monoested in high yield and with virtual enantiopurity.
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1.3.3.2 Metal-based catalysis

Metalbased catalysis holds a lofty position in the fielcasymmetric catalysisn 2010,
Akira Suzuki, Richard F. Heck and-ihi Negishi were ceawarded the Nobel Prize in
Chemistry for their work on the development of new ciamspling reactionpromotedoy
palladium catalyst& Their discoveries paved the way for the synthesis of complex

moleaules required in medicine, electronic and agricultural industries.

Pd(OAc), (3 mol%) —
Z \S ' Ar-OTf (R)—BINAF’26(6moI%) 1/ B-,,,Ar + <O\Ar>

O > O O

i-ProNEt, benzene
4 5 (R)-7 major (S)-8 minor

OO 73-93% ee 46-67% ee
PPh,
I l PPh,

(R)-6
Ar = CGH5, p-CIC5H4, p-CH3C06H4, p-NCCeH4, 2-C10Hg

Scheme 12 Asymmetric arylation of 2;8ihydrofuran(4) with aryl triflatess.?

The first example of an asymmetric intermolecular Heck reaction was documented by
Hayashi in 1992 The asymmetric arylation of 2@hydrofuran4 with aryl triflates5
using a PdR)-BINAP catalytic systent was achieved in good to excellent yield and

enantioselectivity$cheme D).

The major issues with methhsed catalytic methodologies are related to sensitivity and
toxicity. The need for strict anhydrous conditimmssome ocassioman limit their use in

large scale pharmaceutical processes as webrsdering 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>2%2’however in the ast twenty years organocatalysis has become an
exceedingly popular field highlighted by thereased volumef publications during that

time period (over 4143 publications, 192817)?%3* 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 regxts.

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 synthdébesy should be vieweds
compkmentary. Where some (but certainly not all) organometallic systems suffer from
moisture and sensitivity issues, organocatalysis can be used as a viable altSoaiee.
typical organocatalysts quinin®)( thioureas10 and their associated advtages are

illustrated inFigure1.4.

Air and water stable
7
Easy to use
MeO /Pj ~Lg
H B )J\ Low-cost and simple preperation
, - \n/\N N
""OH H H Readily available form biological
74 \ 0 /N\ sources
N= 9 10
Both enantiomers available

Figure 14  Typical organocatalysts (quinine and thioureas) and their associated
advantage&

The firg noteworthy work in organocatalysis was documented in the early 1970s by Eder,

Sauer and Wiecheftand Hajos and Parrig&hwhoindependently disclosatat a catalytic

amount of(S)-proline (12) promoted the intramolecular alddésymmetrativeyclisation

of triketonel1 to furnish13 in high yields and with excellent enantioselectiviBcheme

1.3).
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1. Q‘COZH

H OH
0 12 (3 mol%) 0

o DMF, rt, 20 h
B —
B —
o 2. p-TSA, CeHg o

I

14

cortisone

Scheme 13 The HajosParrishEderSauerWiechert reaction andthe subsequent
transformatiorof productl3to cortisone.

Organocatalysis ia methodfor performirg a plethora of reactions such ashMishael

additions3’ cycloadditions®® nucleophilic substitution® and aldol reaction®, to name

but a few. Each one of these reactions can potentially require different modes of activation

of the starting materials fromariousorganocatalijic strategies, for instanaanaming’!

iminium*? and phas¢ransfer catalysf§ which will be analysed in detail in the following

sections
1.4 Phasetransfer catalysis (PTC): A brief history

The termphasetransfer catalys@PTC) was firsintroduced in 1971 by Starks to describe
the function of tetraalkylammaum or phosphonium salts (&) in reactions containing
substances positioned in two immiscible phdééte observed only decomposition of the
starting materials during®2 reaction involving ichlorooctane6) with aqueous sodium
cyanide {7) after two weeksThe addition of hexadedylbutylphosphonium bromidel9)
asaphasetransfer catalyst greatly enhaddée rate of this reactiors¢heme 1), which
was postulated to be due the generation of quaternary phosphonium cyarsgdecies
which enabld the cyanide anion to entéhe organic solventsubsequentlgnhaning its

nucleophilicity.
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BUP(CHa)15CH3Br (1.5 mol%)
19

CgH17C| > C8H17CN
NaCN, H,0, 105 °C, 1.8 h
16 17 18 94%
CeHiCl  + — > CgHiCN  + Qo (organic phase)
+l - —_— + -
WNaTCI + QC=N <« NaCN + QcC (interface)™v
NaCl NaCN (aqueous phase)

[Q*: BuP(CHy)15CHs]

Scheme M4 Starks postulated mechanism for enharmehide reactivity

Although, the term PTC was introducedli971 it was not the first example of the catalytic
activity of quaternary onium sajf&*® Makosza, Starks and Brandstrpim the 1%0s
independentlydevelped the underpinnings of PTC# Nowadays, PTC is seen as an
attractive synthetic methodology utilised in numerous fields of organic chemistry as well

as havingapplicationsn industy.>°
1.4.1 Mode of action: Starks extraction mechanism

Despite its utility in organic synthesis the exact mechammémTCis still a subject of
debate*® The firstmechanisnpostulated wathe Starks extraction mechanig@presated

in Scheme &B. The phasdransfer catalyiQ*X") traverseshe organic and aqueous phases.
An ion metathesis reactidmetween the onium sat and the inorganic bas® occurs in
the aqueous phasehis is followed by an exaction of the hydroxidento the organic
phase. The onium hydroxide then abstracts a protorofmthe acidic organic compound
E to furnish the reactive intermediale The reactive intermediate D is now capable of
reacting with an organic soluble electndp to furnish the requisite product with
concominant regeneration of the phasmsfer catalyst X".

RH

QX Q'R <TE- Q*OH"

H D H20 (organic phase)
w H (interface)

MOH + Q*X" MX + Q*OH- (aqueous phase)
A B (o]

Scheme 15 Starks extraction mechanism.

-9-



Chapter 1 Introduction

This mechanism provedseful in explaining reactionsvith nortlipophilic 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 stimulatedhe searctor an alternativenypothesiswhich involved a

halide-cyanideexchange at the interfabetweertwo immiscible phasesSgheme B).51°2

RW—CN

Q'CN’ QX (organic phase)
\ i _
Q*CN"* Na*x Q'x- + Na‘cN-  (interface)
A A
U i
Na*X’ Na’CN"  (aqueous phase)

Scheme 16 Modification of Starks extraction mechanism with hal@anide exchange
occurring at the interfac®.

Although both of these mechanismovided a satisfactory explanation to the enhanced

rate of the displacement reaction highligihin Scheme 1.4the 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.

1.4.1.1 Mode of action: Makoza interfacial mechanism

Makosza proposedeprotonation ofa pro-nucleophile at the biphasic interface by the
inorganic baseThe resulting anionic nucleophilein the absencef a phasdransfer
catalyst issendered immobile, unabte migrate intceitherthe organic or aqueoyhase
(Scheme T, A).

-10-



Chapter 1 Introduction

organic phase +Q7x Ii C+) reaction
—_—
+ - - + interfacial region [ _ -+ .

M OH H,0 aqueous phase M X

Scheme 17  Generation of the anionic nuclelic species at the interfacial region which
is unable tomigrate into either phaseithout the aid of aof a phasdransfer
catalyst proposed by Makosza\jf; interfacial ion exchange between the
phasetransfer catalyst and the nucleophilic salt spe g

The newly formed nucleophile, after interfacial exchange with the alkyl onium satt (Q

), iIs now capable of migration intthe organicphase when a phaseansfer agent is

introduced into the reactiomheresultingformed tight ion pair canowreact with another

reagent cheme T, B).

The phasdransfer catalystas opposed to the nucleophileuld alternativelyundergo ion
exchange in the interfacial regionhe resulting formation athe alkyl onium hydroxide
speciesvia interaction with themetal hydroxidewould have insufficientipophilicity to
enter the organic phas8dheme B, A). The interfacial region now accommodates both
the alkyl onium hydroxide species and the-puzleophile. Iteraction of these two species
results in deprotonation of the pnoicleophile and subsequent formation of an anionic
nucleophilealkyl onium tight ion pair species {Q) that is now capable of traversing into
the organic phase and reacting with an etgattile Scheme B, B).
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[ organic phase +- | reaction

o] k —

- - + = - interfacial region A * 2

M OH M X aqueous phase H,0

Scheme 18 Alkyl onium hydroxide specig®rmed by interfacial ion exchange between
the phasdransfer catalyst and the metal hydroxithas insuficient
lipophilicity to migrate into the organic phas&)( akyl onium hydroxide
(Q"OH) can generate an anionic nucleopfailieyl onium pair species (&

) whichtraversesnto the organic phag®)

In conclusion, the extraction mechanigra plausiblanode of action for reactions using

water soluble anionic nucleophilés.g. CN, "OCI). The nucleophile can bghysically

extracted into the organic phaseere reactions witthydrophobic reagestare now
possible In contrastthe generation of the ani@mucleophilic specieis situ (e.g.enolate
formation), likely proceed according to the Makosza mechanistontingent upon the
affinity of both the anionic nucleophind the catalyst species for the organic ptase.
very recent publication by&inkalo and Makozat al. in Feburary 2018 presented the first
unambigious evience of the interfacial mechanism by direct observation of the formation
of carbanions in the interfacial region utilising a surfaeasitive spectroscopic method,;

seconeharmoric generation (SHGY!

1.4.2 PTC reaction rate matrix: influencing factors on reacion kinetics

As previously statedhe primary function of a phageansfer catalyst is to enable reactions
between two or more reagents that would normally not be able to interact due to their
positioning in separate phagésit may besolid orliquid in nature The interaction of the
nucleophilealkyl onium ion pair with the electrophile governs the pHaaesfer process

as a whole and the rate of the process depends on this specific interaction as well as many

reversible iorexchanges and migratiors.
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Two main processesan 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-a@gendant and devised @eaction rate matrixto plot the

intrinsic reaction ratgersusthe transfer rateF{gure 15).%°

High

Transfer

rate-limiting Fast

Intrinsic
reaction
rate

Intrinsic reaction

Slow rate-limiting

Low

Low High

Transfer rate

Figure 15  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 quadngs can be utilised to help select these reaction conditions. The fast
guadrant (top right, Figure 1.Bncompassereactions Were both the transfer rate and
intrinsic rate of reactiomre high. Most phasetransfer catalystsvill operateeffectively
here.Conversely, the slow quadrant (bottom left, Figure QAighlights reaction Wwere both

steps suffer retardatioA common measure taken to address this issue is the use of two or
more phasetransfer catalystsThe remaining two quadrantscorporateanintrinsic rate

limiting step (bottom right, Figure 1.5) aradtransfer ratdimiting 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 solveatalyst modificationand

temperature can greatly influence the reaction kinetics.
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1.4.3 Practical and environmentaladvantages of PTC

Phasdransfer catalysis technology has a very important role to play in the chemical
industry sector and is deployed in thamfacture o€hemicals worth oveirl0 billion per

year in industrieslepicted inFigure 16.%°

Polymers

Monomers X i
Agricultural chemicals

NS
.

|PHASE-TRANSFER CATALYSIS | /

/ \ Additives
Petrochemicals

Surfactants Explosives Dyes Flavour& Fragrances

Pharmaceuticals

Figure 1.6  Commercial chemical production benefiting from phtaaasfer catalysis.

The chemical industry views PTC as an attractive synthetic methodology due to its
operationakimpilicity, mild reaction conditionsnexpensive and environmentally benign
reagents ad solvents and the possibility to perform lasgale preparations in process

chemistry°

The reaction presented 8cheme B was reported by GE plastics in 9 The use of
excess phosgen€l9) was initially required in the synthesipolycabonate due to
deleterioushydrolysiswhen triethylamine was deployed as a catalyst. In an attempt to
circumvent this problenthephasetransfer catalysttetrabutyl ammonium hydroxide) was
shown to significantly reduce the amount of excess phosgeneaggwinich drastically

improved the reactiofrom an environmental standpaint
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o)
)1\21(1.3 equiv.)
ol al

OH NEt3 (1 mol%)
Polycarbonate
NaOH (50 mol%)
CH,Cl,
CH3
H3C
e}
)1\21 (1.0 equiv.)
Cl Cl
Polycarbonate
+ -
OH BusN OH (1 mol%)
20 NaOH (50 mol%)
CH2C|2

Scheme 19 Reduction of excess phosgene required for synthesis of polycagbonat

A multitude of asymmetric transformans are also possible using chiral phasasfer

catalystswith the added benefit of not requiring strictly anhydrous conditidprs.
1.4.4 Asymmetric phasetransfer catalysis (APTC)

Two systems have beerppiosed to explain the mechanistic aspecSRIFC. One system
involves the functionalisation of active methylene or methine groups, normally under basic

conditionsvia the Makoza interfacial mechanisff

organic

aqueous
MOH H,0 MX

Scheme 110 Representativemechanism for the asymmetric alkylation of active
methylene compounds, with a glycine Schiff base used as an example
(Makoza interfacial mechanism)

As represented irScheme 1.0, the initial step in the alkylation is the interfacial

deprotonation of thé-proton of22 with base (MOH) to furnish the corresponding metal

enolate23, which remains at the interface. Successiveexchange of the anion with the

catalyst Q™ X") furnishes a lipophilic chiral onium enolagd. This step results in the
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enolate tavelling into the organic phase enabling subsequent reaction with the alkyl halide
to afford the monoalkylated produ2®, with concomitant regeneration of the cataly$te
success of this reaction is dependent upon the propensity of the chiral speees to
undergo ion exchangethereby generating the chiral onium enol24e andits ability to

shield one of the two enantiotopic fac#she enolate anion.

Another undefexamined mechanism of APTC involves the nucleophilic additiaitbér
an organicor inorganic anion lacking a prochiral centre to prochiral electrophiles. The

Starks extraction mechanismaperative irthis process.Jcheme 1L1).44

i (:o ) *%Q ' Q
~ A j PP
Ph Ph/ Ph)\(;*kPh Ph Ph
26 27 )
organic
+ - + -
*Q OCI QX *
1 il
” ” interface
+ - + - + - + -
*Q OcCl + Na X — QX* + Na OCI
l H aqueous
+— + -
Na X Na OCI

Scheme 111 Asymmetric epoxidatiorof Ub-unsaturated ketones promoted by chiral
PTC (Starks extraction mechanisth).

The anion in this reaction cairtteer be an aqueous solutionderived from annorganic

salt and camreadily traverse into the organic layer after iexchange with thephase

transfercatalyst.The newly formed chiral ion pair can react witie prochiral electrophile

26 with subsequerformation of an epoxid27, bearinga new stereogenic cenfie
1.4.5 Seminal APTC studies

In 1976, Wynberget al. carried out an epoxidation of chalcones utilising a chiral; non
racemic, quinindased, quaternary ammonium salt. The levels of enantiocontrol obtained
were relatively low (8% e@), nonetheless, this represented the éixstmple of asymmetric
phasetransfer catalysis in the literatufeln 1984 Dollinget al.reported the alkylation of
active methylene compounds in ekent yields of 95% and product enantioselectivities of
up to 92%ee®! This was the first example of cinchedarived ammonium salts facilitating

a highly enantioselective reactiq®cheme 1.2).
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The presence of an electraithdrawing moietyon thepara position of theN-benzyl unit
attached to thecinchonaderived ammonium catalyst was postulated to be of great
importance with regards to the enantioselective outcome of the reaitisnypothesis
was strengthened when catalyal, lacking the aforementioned electrathdrawing
functionality, was defpyed in the same reaction. Product enantioselectivities dropped to

as low as 25%e(Scheme 1.2).5*

Cl

cl o 30 (10 mol %) o 0
ol CHsCl, Me
’ NaOH (50%, aq.)
MeO
MeO PhMe,

20°C,18h
28 29 95%,92% ee

Scheme 112 Asymmetricphasetransfer catalysed alkylation of indanone derivafi8é?

In this detailed publication eationalefor the emlate and catalyst interaction was also
proposed The enolate formed fror®8 associates with the catalygt ionic interactions
between theositively charged nitrogeatomand the negatively charged enolais, " -
stacking interactions between the aramatystemsare involvedand a hydrogen bond
interaction between the OH group on cataB@&and the oxygen atom of the enola@lso
postulated to be contributoffrigure 17). These interactions all combine give a pre
transtion stateassemblywhere theSkface of the enolate is blockday the catalyst,

ultimately resulting in the reaction with MeCl occurring exclusively aiRbéace.

Figure 1.7  Pretransition statéor APTC alkylation proposed by Dollingt. al®!
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IN198906 DonnetlwWoraknedr scoo eported t he -&minoacids asy mme t

using PTCfollowing alkylation of thetert-butyl ester glycine Schiff bas20, usingN-
benzyl chiichonium chloridg31) as aphasetransfer catalys(Scheme 11.3).%2

(e} O
H;0*
PhY N fk o < 3 HoN fko <
—
33/34 Ph Ph Ph

o (10 mol%) )
o N\)J\ )< PhCH,Br (R)-25 75%, 66% ee (R)-32 phenylalanine
i o 50% NaOH
Ph 55 CH,Cl, o} 0
S VAL
Ph N 3 HoN
Py oL Mo
Ph < B
ph ph
(S)-25 85%, 64% ee (S)-32 phenylalanine
=
Cl cr
Y, Y
h
= | "'OH
N s 34

Scheme 113 Asymmetric synthesis giro t e c-anairb acidls by alkylation of thert-
butyl ester glycine Schiff bag®.5263

This reaction is often referred as the benchmark transformation foevidilaation ©

catalytic activity of phaséransfer catalystsas either enantiomer of the protected amino

acid is readily accessible simply by switching the cinchonideved catalysB3 with its
pseudeenantiomer34. A single recrystallisatiorcan also yield virtally enantiopure
alkylated producg2.52

1.4.6 Early catalyst developmentsfor the alkylation of the tert-butyl ester glycine
Schiff base

The unprecedented research car r iwvaydor ihai t
development of a myriad of new catalgstucturescapable of promoting the benzylation
of thetert-butyl ester glycine Schiff bas22. O 6 D o neat a&.lddveloped the hydroky
protected analogue of tleechonidinium salt (catalys33, Scheme 1L.4) which enhanced

product enantioselectivity to 81%ee Further studiesattempting to explain the

by

stereochemical outcome of the reaction were also carried out and will be discussed in

greater detail in the proceedifgctions.

-18-



Chapter 1 Introduction

cat

PhCHQBr % E
base Ph \
solvent

25

3581% ee 36 89% ee
/EJ
o Af5C )
)
37 91% ee 38 94% ee
Scheme 114 Cat al yst devel opment by Oalylationnoe | | , L

thetert-butyl ester glycine Schiff bas,5%:6264

The next significant breakthrough with regards to catalyst development came in 1997 when
Lygo et al>® and Coreyet al.®* independently developed a new class of cinchona alkaloid
derived catlysts bearing amN-anthracenylmethyl group (catalys3§-38, Scheme 1L4).

The synthesisf U-amino acids could now be achieved with much higher enantioselectivity
with catalyst 36 and 37 promoting the reaction with 89%e and 91%ee respectively.

C o r e @-allgl-N-anthracenylmethyl chineadinium salt 38 also facilitated high
asymmetric inductin of 94%ee(Scheme 1.4).

In 1999Mar oukads aim was to develop a new f ami
structural diversity thadt that timeexisted with all of the@forementioneélaborated chiral
phasetransfer cataists. The structuramotif was limited to cinchona alkaloiderived

catalysts which presented difficukes in rationally designing and fineining catalysts
Maruokathereforedeveloped a new class of structurally rigid, chiral spiroammonium salts
(e.g.catalyst37, Scheme 1L.5), synthesised from readily availabl§){ or (R)-1,1-bi-2-

naphthol BINOL).®° These new phasgeansfer catalysts proved very effective and efficient

in the benzylation 020 with enantioselectivities as high as 99% achieved with as little as

1 mol% of catalysf®
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o cat

(0}
PhCH,Br
Ph N\)J\ 2 Ph N o
D e
base Ph
Ph
R)-25

solvent

(R)-

I l A _
r
SOURYSI¢Oune®

(R.R)-39

(S,S)-39
Ph F
F
Ar=H (39) 79% ee
Ar = Ph (40) 89% ee Ph F
41 96% ee 42 98% ee 43 99% ee

Scheme 115 Catalyst development by Marouka foretalkylation of thetert-butyl ester
glycine Schiff bas&2.
A catalyst screen was carried out and the enantiofacial discrimination was attributed to the
effect of an ar o maposition ofandcf tha binaphtmgtibunédstof t h e
the catdyst. The conformation of the-enolate otert-butyl glycinatebenzophenone Schiff
base22 is conducive tdinding inthe molecular pocket of the chiral cataly&t, which
renders thai-face ofthe enolaténaccessible due hieldng by the binaphthyand theb-
naphthyl moietieskErgo, alkyl halides could onlposition themselveat there-face of the
enolate, producing thRisomer25.%° An added advantage of this family of catalysts is the
availability of both enantiomers &9, which enables the synthesis of a wide range of

natural and unnatur&lamino acids

In 2002 Jew and Parlet al. carried out a systematic studyitovestigate the role of the
electronis in cinchona alkaloidype phasdransfer catalyst€ Previous studies
determined the importance of the ion pair of the quaternary ammonium cation and the
anionic substrate fosecuring highenantioselectivity®®16567 |t was thereforereasoned

that the electronicharacteristicef theN(1)- substituents may also have an influential role

with the levelof chiral induction.
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1) cat. (10 mol%) 0

PhCH,B
Ph. _N \)J\ 2 ph N \)J\
Y OtBu Y OtBu

KOH (50%, aq.) :

Ph PhMe/CHCl; (7:3) Ph g
0°C

44a H H H 92 74
44b F H H 93 89

@ 44c H F H 90 74
Z|  44d H H F 92 75

3 44e F F F 90 96

Scheme 116 Evaluation of various fluorine substituted catalysts of tydefor the
alkylation of thetert-butyl ester glycine Schiff bas2?.%®

Evaluation of the effect of electramithdrawing goups on the benzylignit of catalyst44

(Scheme 1L.6) quickly indicatedthat anortho-fluoro substituent was imperativer high

enantioselectivity. Furthemvestigation of the electrorc parameters resulted in the

developmentf catalystdde,c o n s i st i ntgfluavobenZl@roupwhjcHd pdomoted

the reaction with an impressieeof 96%(Scheme 11.6).435¢

Further investigations regarding electronic factors were carried out by the same group in
2005%8 In this seminal publication cinchona alkaloid derivedtgunary ammonium salts

b e ar i-Maxypyddine 46 and cyanobenzend7 moieties were synthesised and
evaluated aphasetransfer catalystim the same benchmark reacti@cheme 1.7). It was
postulated that hydrogdmonding effets of the electronic functional groups may have a

role to play in determining enantioselectivity.

The N-1-oxypyridin-2ylmethyl cinchonidinium catalst 45b, N-cyanobenzy
cinchonidinium catalys45d, and the reference catalydtsa and45c were synthesised and
tested The results supported the postulate that hydrdgerdaccepting abilityof the
electronic functional groups may have a role to plajetermining enantioselectivitwith
catalyss 45b (90% eg and 45d (92% ee capable of promoting the reaction with
compaable enantiocontrol to that of tbethofluoro substituted catalygb. The reference
catalysts45a and 45c lacking the hydrogen bakaccepting functionality imparted
diminished enantiocontrol (61%e 75% ee respectively) to further strengthen ith
hypothesis $cheme 1.7).%8
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Pth/:N\)J\O%

22

PhCH,Br Ph

_

cat (0]

N_*
Y'Y o
base Ph
solvent

pz4

*N—Ar
“'OH
45

46 96% ee

3470% ee

Ar =

45a61% ee  45b 90% ee

T4

45¢c 75% ee  45d 92% ee

47 96% ee

Scheme 117 Furthercatalyst developmenty Park and Jewet al. exploring hydrogen
bondacceptingeffects of electronic functional groups on enantioselectivity
for thealkylation of thetert-butyl ester glycine Schiff bag®.*3

The results support the hypothesis thaE226-N-oxy, and26:CN groupsmight play an

important roleby enhancing the rigidity of the catalyst conformatiacoordination with

H>O through hydrogen bonding (Figure 18),

subsequently leading to higler

enantioselectivity.The O-allyl derivatives,46 and 47, were also found to be highly

efficaciouselectronicallymodified cinchonaalkaloid derivedohasetransfer catalysts

Figure 1.8

Coordination of HO via hydrogen bonding to give more rigid conformation.
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1.4.6.1 Stereochemical considerationsegarding enantiofacial discrimination in the

alkylation of tert-butyl ester glycine Schiff base

The alkylation ofthe benzophenonanine 22 is the benchmark reaction with regards to
catalyst desigin the field of asymmetric phadgeansfer catalysisAccordingly, inthe last

two decadesseveral research groups have tried to develop a model accounting for the
origin of the observed entofacial discrimination promoted bi-anthracenylmethyl
substituted catalys®:’"1 It is generally acceptetthat the quaternary ammonium ion of
these catalysts cdre envisioned at the centre of an imaginary tetrahedron composed of the

four carbon atoms adjacent to the bridgehead nitragem

F, is the only face
accessible for
interactions with
the enolate

Figure 19 Quaternary ammonium ion envisioned at the centre rofimaginary
tetrahedron; faces o Fs are not accessible to the enolate of reag2uiue
to sterichindrancewhile F; allows for ionic interactions between the enolate
and the ammonium cation.
Corey et al® postulatedthat a stereoselective reactiooould be achieved when the
cinchonidinium phasé&ransfer catalyst effectively shields three faces-Hdy of the
imaginary tetrahedron, thereby leaving only one face), gEfficiently open to enable
interaction between the enolate anion and the ammonium cation of the catalystfades

of the E-enolate is effectively shielded by the quinoline ring of the catalyst, therefore
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electrophile approach towards thieface is the only feasible outcome, furnishing e

form of 25.7%

The higher enantioselectiviseobserved for the benchmark alkylation reaction promoted
by N-anthracenylmethyl catalysts compared with tiidenzyl counterparts was also
attributed to thenighly organised transition state generated by the fixed orientation of the
anthracenyhethyl growp, and the specific iopairing enabling the close contact of the

enolate oxygen with the sterically least encumbered face of the-phaster catalyst!

Studies conducted by Reetlacumented the affinity di-methylene hydrogeatomsof the
tetraalkylammonium ion to form hydrogen bonds with the basic oxygen atoms of
enolates?*MO calculations of (Ck)4N* alsoproffered evidence provirthat the positive
charge of tetraalkyl ammonium cations is delocalised onto the adjacarnbon atomgA,
Figure10) whereas representati@(Figure 10) while easy to drawis in factmisleading

This charge distribution is consistent with stabilising hydrogen bonds, between the
hydrogenatoms bound tahe U-carbon atoms and enolate derivatiwehich areobserved

in several Xray structures of quaternary ammoniemolate ion pair$’

HsC cH, H3C\N+/CH3
N \
HC ch HC T
.
57 st
A B

Figure 10  Positive charge of tetraalkylammiam ion is delocalised onto the carbon
and hydrogen atoma&. Misleadingrepresentation often portrayed in the
literature due to ease of drawiBg

1.4.6.2 Further catalyst development: moving away from cinchona alkaloids

In 2002 the only nowinchona alkaloid deved family of catalysts available for the phase
transfer catalysed benzylation w@frt-butyl ester glycine Schiff bas2? were Mauok a 0 s
(BINOL) derivatives (catalyst89-43, Scheme 1.5). Maruwka realised the limitations of
his atalyst design due to the necessity of two different chiral binaphthyl moiklkes.
therefore elected to synthesisiovel class o€.-symmetric chiral quaternary ammonium
bromides (.e. 48, Figure 111) with an achiral, conformainally flexible biphenyl

suburit.”*
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Ar
2 1 _ Ar _
R R .- Ar Br Ar Br
+ /Bu
+N
R2 ‘ R! OO

PO eCROb Y

Ar Ar
48 R' = 3,5-(CgH5),-CgH3, R? = CgHs 49 Ar = 3,5-(CgHs)2-CeH3 50 Ar = 3,4,5-F3-CgHy
OMe
MeO Ar -
O Br oTf
Bu
MeO / OH OH N
+N_ PO
MeO Bu NP N
OH_- HO
F
HO - 4
MeO Ar Ve Me
OMe
51 Ar = 3,4,5-F3-CgH, 53 54

@\I tBu Ar -
MeO"" [~ ~OMe _rR“ O Br
\ Br _ Me

o reor, /N B o N O

R2 R BnO/.. N

r : PH Me

H H Ar

57

OMe
58 Ar = 3,5-CF3-CGH3

tBu

55 56

Figure 111 Selection of structurally diverse phasander catalysts evaluated in the
benzylation otert-butyl ester glycine Schiff bag®.43>’

The benzylation oP2 was achieved in 95% yield and 928 utilising catalyst48. This

high level of enantiocontl was accreditedto the substantialdisparity in the catalytic

activity between the rapidly equilibrated, diastereomeric horand heterochiral

catalysts’

Maruokaet al.also developed catalyd4® (Figure 111) with a symmetricaN-spiro unit in
an effort to circumvent the laborious synthesis of two disparate binaphtidified
subunits. Evaluation of9 renderedR)-32 in 87 yield and 97%e "™

The rigidity of the binaphthyl moiety was still a cause of concern for Marab&hwhich
inspired them to design cataly$i8 and51 (Figure 111) endowed with flexible straight
chain alkyl groupsThese catalysts proved highly active and were able to promote the
reaction with as little as 01 mol% of catalyst whilst not diminishing the enantioselectivity.

Enantioselectivitiesf 97%and 96% were obtained respectively’
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In 2002Nagasawat al.reportedhe design o new family of PTCs based on the guanidine
goup’®Guani di neds i nher e sttongaduirabase®thattao formunct i on
stabilised complex salts with anionic compounds through hydrogen bonding rendered it a
suitable structure for phaseansfer catalysis. Catalys? (Figure 111) was developed and

efficiently promoted the benzylation 22 with a yield of 90% and 81%e

Takabe, Maset al.synthesised th€z-symmetric amindased chiral PTG3 (Figure 111)
and tested its efficiency in the asymmetric benzylation2af Moderate yields and
enantioselectivities were obtained (55% vyield, 58%.2° The levels of asymmetric
induction were ascribed to the hydrogen bonding interaction bettlvedrydroxy groups
of the catalyst and the nitrogen atom of #ienolate in theconjectured ningnembered

cyclic ionic intermediate(Figure 112)

Figure 1.12 Proposed ime-membered cyclic ion pair irfCs-symmetric amindased
PTC®

HowardJoneset al. also synthesised several tetracydiesymmetric guanidinium salts

of which54 (Figure 111), incorporatinga -BF4 counterionproved to be the most efficient

in promotingthe asymmetric benzylation of the glycinate Schiff baggyielding the

desired productR)-32 in nearly quantitative yield and 868!

ltoh et al. developed a novel class oflbdisubstituted chiral pyrrolidinium salts with
stereogenic centres adjacent to the quaternary ammonium niteagen(55, Figure
1.11).82 His main goal was to develap PTC with a relatively simple structure and still
retain the efficacy and efficiency of previous catalyst families. Unfortunately, cabalyst
could only promote the benzylation 82 with anunimpressive yield of 25%ith poor

level of asymmetric induatin (24%eé).

Denmark and cevorkers made a significant contribution to the field of pHssesfer
catalysis withthe synthesis of novel quaternary ammonium salts of §fp@-igure 111).

His syntheticstrategyincorporated the se ofparallel synthesis angelded more than 160
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new catalyst structures due to the variability of four different gréBh<R?, R® and R, 56,
Figure 111).8384 Thesecatalystsexhibiteda widerange of activity but suffered from
impaired enantioselectivities. Catalyst (Figure 111) promoted the benzylan of 22
with a moderate enantioselectivity of 62% Although the levels of asymmetric induction
were notsynthetically usefulthe substantial new catalyst librasgrved as design criteria

for subsequent development of catalytic, enantioselectiveragdacking APTC variants.

Lygo et al. constructed a family of quaternary ammonium séles 58, Figure 111)
utilising the commercial availability of chiral secondary amines and an catalogue of
conformationally flexible bipherynits® After evaluating the performance of the newly
synthesisedtatalyss, 58 was determined to be ttsiperior promotem the asymmetric
benzylation oR2 (89% vyield, 97%e¢).8°

1.4.7 Cinchona alkaloids: A privileged scaffold in asymmetricsynthesis

Cinchona alkaloids are a family of approximately thirty alkaloids, extracted frotvetike

of a tree known a€inchona officinalis The major constituents present in the extract
obtained from the bark of the cinchona tree are qui(@-57), cinchonidine CD-58),
quinidine QD-59) and cinchonine@N-60) (Figure 113), which are small butelatively

complex molecules.

Figure 113 Parent alkaloids

They contain 5 stereogenic centresiN>-3, G4, G-8 and G9) with three (N1, G3 and
C-4) having identical lasolute configuration in all cinchona alkaloids8@nd G9 have
opposite absolute configurations @N and QD. It is postulated that the-& and G9
stereocentres are responsible for asymmetric induction, thef@feadQD, but alsocCD

and CN, are desdbed as pairs opseudeenantiomers! This pseudeenantiomerism
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