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Abstract

This thesis is split into three sections basethoee different areas of research.

In the first section, investigations into thealkylation of ketones using a novel
chiral auxiliary is reported.This chiral auxiliary was synthesisezbntaining a
pyrrolidine ring in the chiral arrand was appliedth the preparation of-alkylated
ketoneswvhich were obtaineth up to 92% eand up to 63% yieldver two steps.
Both 3-pentanone and ppmphenone based ketonesre used in the investigation
with a variety of both alkyl and benzyl based electrophiles. fdweel chiral
auxiliary was also successful when appliedMichael and aldol reactions. A
diamine precursor en route to the chilxiliary was alsoapplied as an
organocatalystin a Michael reactionwith the product obtained in egitent
enantioseledtity, albeit invery poor yield It was also employed aghiral ligand

alongwith sparteinen the .-alkylation ofa carboxylic acid

In the second sectiomvestigations into potential arguorum sensing molecules
are reported The bacteridPseudoranas aeruginosdas an antibiotieresistant
pathogen thatemonstrates cooperative behaviours @mdmunicate usingsmall
chemical molecules in a process termed quorum sensigvariety of G3
analogues of the quorum sensing molecules usedP.bgeruginsa, including
chloro, bromo, iodo, fluoro and methgk well as the quinazolinone analoguere
synthesised Expanding upn previous researchithin the group, investigations
were carried out into alternative pecting group strategies @heptyt4-(1H)-
qguinolonewith the aim of improving the yields of products of crassipling

reactions.

In the third section, investigations into fluorination and trifluoromethylation of 2
pyrones, pyridones and quinolones is reported. The incorporation of a flatmme

or a trifluoromethyl group into a molecule is important in pharmaceutical drug
discovery programmes as it can lead to increagpeglhiilicity and bioavailability,
however late-stage incorporation is rarely reporte@oth direct fluorination and
trifluoromethylation were attemptedEight trifluoromethylated zyrones, five
trifluoromethylated Zpyridones and atrifluoromethylated Zjuinolone were
obtained in a latstage synthesis from thespective iodinated precursors @gsin

methyl fluorosulfonyldfluoroacetate as a trifluoromethylating reagent.
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How would you like to live in Lookinglass House, Kitty? | wonder if theyOd
give you milk in there? Perhaps lookigass milk isnOt good to drinkE

Lewis Carroll

AliceOs Adventures in Wonderland; 1865
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Chapter 1 Introduction

1.1 General introduction

The study of stereochemistry originated in the ed®00s during
investigations by the French physicist J&aptise Biot into the nature of plane
polarised ligh'3 Biot noted that when a beam of plapaarised light passed
through a solution of certain organic molecules, including sucrose and camphor,
the plane of polarisation rotated. The compounds wenmmed optically active.
Little research was cardeout in this area until Louis Pasteur began his work on
the study of crystalline tartaric acid salts derived from wine in 1848n Pasteur
crystallised a concentrated solution of sodium ammonium tartrate belp® B8
made the observation that twatinct types of crystals, which were mirror images
of each other, precipitatéd Pasteur was able to painstakingly separate the two
types of crystaldoy working carefully with tweezers. Although the original
mixture was optically inactive, solutions of each type of crystal were optically
activeand their specific rotations were equal in amount but opposite in Eigs.
discovery of chirality two centuries ago has necessitated that organic chemists
develop methods of forming enantiomerically pure substancdber than
synthesisg a racematand separating the two enantiomers

Chiral compounds are used in a wealth of applications, including
pharmaceuticafsand agrochemicafs. Biological activity of these compounds
arises through theinteraction with an enzyme or receptor, which@estructed
from chiral building blocks such as amino acids or carbohydnateaningthese
sites of action areghemselves chiral. Receptor sites in the body can interact
differently with the two different enantiomers of a chiral compound. Although
there is only a difference in the spatial arrangements of the atoms at a chireal cen
of a compound, this variancan lead to differergffectsin vivo.”®

Synthetic organic chemistry reactions that allow formation of carbon
carbon bonds are an importanasd of transformationglemonstrated by the
numerous reviews published in this af€a! Numerous wetknown reactions
successfully accomplishthis feat, including for example crosscoupling
reactions'? the aldol condensatidhand annulation reactiort$. Methodologies
that allow selectig formation of these bonds while also introducingw
stereocetnes are of particular interemtdrecent publicationsave shown progress

in this ared>18



Chapter 1 Introduction

1.2 Methods of synthesising enantiomerically pure compounds

There ae three mainautes to formenantiomerically pure compounds
based on the pes of starting material usefigure 1.1).*°

The use of chiral pool methodology allows the formation of
enantiomerically pure compounds by the use of cheap, naturally oggurrin
commercially availablehiral starting materials An exampleof this isthe use of
chiral amino acids to direct chirality further in a synthesis, with the chiral starting
material becoming part of the final product through various addition steps.
However, a drawback to this method is that it is only useful when the chiral starting
material is available in stoichiometric quantiteesd is enantiomerically pure.

Alternatively, aracemic mixturecan be synthesised and the desired

enantiomeiindirectly isolated by either crystallisation or chromatgdna This
procedure relies omerivatisationby reactinga mixture of enantiomerwith
enantiomerically pure compousdesuling in diastereomeric compounds which
have different physical properties anchdge separated by the methods previously
mentioned. Dynamic kinetic resolutipKR) is an option whethe reaction can
be carried out in conditions where the enantiomers of a substrate can interconvert
In this case,theoretically all of the substratear be converted to an
enantiomerically pure produgt. If DKR is notan option, then this route suffers
from the major disadvantage thwlf of the mixture is the undesiredantiomer,
which is usually discarded. On reaction scale up, this can be problé&mwidtin
terms ofcost and logistics.

The treatment of adfal substrates with ghiral reagento yield a chiral
product is an attractive means of forming enantiomiyigaure compounds
comparedwith methods previously outlined. This can be performed using
enzymes in the process of biocatalysis or using cbgaipounds such as cai
auxiliaries or asymmetricatalysts. Asymmetric synthesis is of particular
importance in the production of pharmaceuticals, and it has been reported that
more than half of drug calidate molecules have at lease chiral centré The
requirements for a useful asymmetric synthesis include bgra(lygreater than
90%) regio, diastereoand enantioselectiviti€'s.ln an asymmetric synthesis, an
achiral substrate is converted to an unequal mixture of the two enantiomers of a
chiral product, ideally achieving th@ghest possible proportion of the desired

enantiomer.
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Figure 1.1Routes to enantiomerically pure compounds.

-Alkylation of aldehydes and ketones

Development of efficient and highly selective methods for cadashon
and carborheteroatom bondormation has been, and continues to be, a
challenging yet exciting endeavour in organic chemistith new publications in
the areaconstantly availablé® The .-alkylation of aldehydes and ketones is
corsidered one of the most fundamental reactions synthetic organic
chemistry???®  These reactions consist of two steps. Firstly, the carbonyl
compound is deprotonated at thgposition using a suitable base to provide a
stabilised anionalso known asn enolate.Typically, a strong base such as LDA
is used to ensure complete formation of the enol&eprotonation occurs in a
cyclic mechanism* The lone pair on the basictrigen atom of LDA abstracts
an enolisable proton- to the carbonyl moiety of (Scheme 1.1 At the same
time, the lithium coordinates to the oxygen to form the intermediate endtate.
the second stepn&n2 substitution reaction takes place, wittaak of the enolate
on an electrophilic alkyl halide providing aralkylated produc®. Both steps are
usually undertakent low temperatures, typically8 jC. Choice of electrophile
is important to ensure successful alkylation. Those that workteasiethyl, allyl,
primary alkyl and benzyl halides. Secondary alkyl halides can alkylate enolates,
however the reaction tends to be slower than that which occurs when a more

reactive alkyl halide is chosen. Tertiary halides on the other hand do not

3
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participate in alkylation reactions, instead undergoing unwanted E2 elimination

reactions?*

. Q Li®
3 ) :
H 1 Sn2 R1
R1 ; > R2
2

1 i-Pr,NH 2
R2-X
|

Scheme 1.Depiction oftwo-stepprocess in.-alkylation of carbonyl compounds.

Due to the highly electrophilic nature of aldehydes, even with the reaction
being carried out at the low temperatures required, the rate at which deprotonation
takes place is not fast enough to outpace aldoiceelfienstion. Hence the
reaction is more successful with ketones as substfates.

Despite its usefulnesand widespread applicatiom]assical carbonyl
enolate chemistry isitrinsically compl& and problematic. Most of thegblems
encountered ircarbonyl entate chemistry (aldol type setbndensation, diand
poly-alkylation, control of regiochemistry and lack of reactivity of corresponding
enolates) have been solved iant years by the use of nitrogen analogues of
aldehydes and ketones, such as enasjiimines or hydrazones, which ast
synthetic equivalents of the carbonyl compoutfds.

The formation of.-alkylated aldehydes and ketones which also incorporate
a new stereogenic centre are of utmost drtgnce in organic chemistry.
Fortunately over the last four decadeschniques have become available to
effectively allow this transformation, the most common approach of which is the

use of chiral autiaries to induce the asymmetrytime product?

1.4 Chiral auxiliaries

The use of chiral auxiliaries in asymmetric synthesis has been a major
breakthrough towards easy access to enantiomerically pure compounds and it has
bemme one of the preferred methods for carbarbon bond formation in the
synthesis of chiral natural produétdn this approach, prochiral substrateuch

as3, is attached to the enantiomerically pure chiral auxil&argh as/ to yield 4,
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beforereaction with an achiral reaggi@cheme 1.2 The possible productsare
thusdiastereomeric and onefmed in excess due to the difference in activation
energis. The chiral auxiliary isemoved without racemisation to yietlde final
product6 bearing a new stereocentre, with the formation ofarentiomer over

theotherfavoured due to thehirality of theauxiliary.’

HoN-Xc =<
7
X X
o} N- ¢ N- ¢ 0
1 — 1 s 1 | p1, |l — 1l » Rl
R R . RfR fkR
3 4 5 6

X¢ = chiral auxiliary

Scheme 1. Example of biral auxiliary methodology.

For a chiral auxiliary to be considered practically uséfumust be
enantiomerically pure, cheamd easy to obtain in quantity. It mustbmh easy
to attach to thesubstrate and easy to remove from the produdtowit loss of
stereochemical integritgnd it should be separable and recoverable from the final
product?

There are four main faats which direct attack preferentially from one
face The main factor is sterfindranceof the bulk of the chiral auxiliary however
the other factors that need to be considered include the chelatiortadfioms,

hydrogen bonding anelectrostatic interactiors.

1.4.1 Development of chiral auxiliaries for asymmetric alkylation

In 1969, Yamada and ewmorkers reported the first asymmetric synthesis
of .-alkylated cyclohexanonega enamine chemistryusing a chiral auxiliary
based on9)-proline Schemel.3).22 Enamines $)-8a-c were formed by reaction
of cyclohexanone with their respectileproline esters andeacted witheither
methyl acrylate or acrylonitril® afford products)-9a-c. The authors found that
the degree of enantioseledtivof 9 was enhanced with increasing steric bulk of
the ester moietyOn optimisation of the reaction conditions, the authors rtbtd
the best yield for the alkylation ste@d attained in 55% fron8b) was obtained
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whenthe reaction was carried out in ethanoltlge was the solvent of choice for
subsequent alkylationsThe effect of reaction temperature on the asymmetric
induction of 8¢ with methyl acrylate was investigated. Results showeat
increased reaction terapature resulted in increased yield (ZDfor 5 h provided

9b in 17% yield, while reflux for 3 h provide@b in 33% yield), but a decrease in
enantioselectivity (59%nantiomeric excess, egas observed when the reaction
was carried out at 2(C comparedo 43%eewhen the reaction was carried out at

reflux).

O‘COORl xCN 0

N
2
i Oor [ j~\‘\\/R
\)J\o/
(S)-8a-c (S)-Qa-c
8a Rl =CH, 9a R?=CN
8b R = C,H; 9b R?= COOCH;,
8c R!=tBu 9c R?= COOH

Scheme 1.3¥amadaOs enamine based alkylation system.

Another example of the use of proline in asymmetric synthesis is the Eder
SauefWeichertHajos reactin which was more successful thaviamadaOs
previous effort in terms of selectivity, with enantiomeric excess of up to 93% being
achieved in cyclisation reactions used torfesteroid building blockd3

In 1976, Meyergeportedresultsof >95% eein alkylation reactions of
cyclohexanonevia metallated azaenolates using an dcyamincacid based
auxiliary (Scheme 1.413%° Basing their studies on the results published by
Yamada®? the authors proposed that a more rigid metalloenamioald be
necessary to effect an efficient asymmetric alkylatibtydrogenolysis of chiral
oxazoline(4S,59-10to the amid€R)-11 followed by acidic hydrolysis provided
chiral amine(R)-12 in 92% vyield. (R)-12 was reacted with cyclohexanone to
provide imine (R)-13 which was deprotonated, alkylated and hydrolysed to
provide (R)- or (5-14 in excellent selectivity.Chiral auxiliary(R)-12 could be
recovered in good yield (¥85%) by neutralisation of the oxahcid solution after
hydrolysis.
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1. LDA
2.RX
0 3. Pentane/saturated :
R oxalic acid N =
R)-12  + -~ |/\(£
50-80% ~
R = Me, N-Pr, allyl

(R)- Or (S)-14
ee = 82 to >95% (R)-13

Scheme 1.MeyerOs synthesis of alkylated ketones using metallated azaenolates.

Around this time, the use df,N-dimethylhydrazone@©MHSs) as synthetic
equivalents for amenolates came to the fofe® The applicatiorof DMHs had
maja advantages ovdree carbonyl compounds as they are more reactive and
higher regie and stereoselectivity was obsenfédThe efficacy of these DMHs
stems from the high reactivity of the hydrazatezivedorganometallic species, in
particular organolithium derivative$he hydrazone moiety can be easily cleaved
by a variety of methods, allowing regeneratiortraf carbonyfunctionality?>4!

The NN bond is susceptible to reductive cleavage to yield primary arfiines.
Compared to the parent carbonyl compound, the acidity of-thyelrogens of the
hydrazone iga. 10 orders of magnitude lowehé Kaof the hydrazone isa. 30
whereas thelf, of the corresponding ketoneda. 20). Thisis an advantage with
hydrazons, as thdower aciditymeans theiconjugate bases are more reactive
towards electrophiles than the corresponding keto@esadditionof bases such
asLDA, %3 n-BuLi®® andt-BuLi*? to solutions of hydrazonestable metaated
hydrazonesre formediue to thecoordination of the metal, in these cases lithium,

to nitrogen atoms.The low acidity observed with-hydrogens in hydrazones
prevents racemisation of stereogenic centres at this positon by typical bases (such

as carbonates, hydroxides andoaikles) which is in direct contrast with the high
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racemisation rates observed with analogous ketones and aldéhyttes.use of
hydrazones is also advantageous as reltgiosve deprotonation is usually high
and predictablé34* Unless there is an aniestabilising group present at a
competing site, deprotonation will occur at the least substituted carborf®atom.
Alkylation of the metHated azaenolates provides regioselectively functionalised
or branched hydrazones. Importantly, alkylation of hydrazones occurs selectively
at the .-carbon unlike ketones or aldehydesere alkylation of the oxygen often

competes with alkylation at thecarbon?®

1.42 SAMP/RAMP-methodologyin asymmetric .-alkylation

The breakthrough in using chiraluxiliaries to synthesss .-substituted
ketones in good yield and enantioselectivity occurred in 1976, when Enders and
co-workerg® pioneered the now frequently us&AMP/RAMP methodology.
Employing(9- or (R)-1-amino2-methoxymethypyrrolidine SAMP or RAMP)
as the chiral auxiliary, this approach has turned out to be very successfulin the
alkylation of both cglic and acyclic ketones.

Starting from commercially avaible §-proline, the auxiliarySAMP is
available in four steps in 58% yield, whRAMP, the R)-enantiomer is obtainable
in six steps starting fronRf-glutamic acid in 35% yield®4’

The synthesis 06AMP (Scheme 1.% begins with a lithium aluminium
hydride reduction of)-proline (§-15to alcohol(S-16. Subsequent nitrosation
usng ethyl nitrite yields nitreemine(S)-17, methylation is achieved using sodium
hydride/methyl iodide to giv€S-18 and a final lithium aluminium hydride
reduction yields target compourBAMP (S)-19, with excellent yields being
observed for each stép
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LiAIH, EtONO
85% 2% ,

(S)-15 (S)-16 (S) -17

80%| NaH,Mel

LiAIH,
O\/O\ <—THF O\/O\
'Tl 85% \
NH, 0 NO
(S)-19 (S)-18
SAMP

Scheme 1.5-our step gnthesis of SAMP.

SAMP (§-19 can also be obtaineda a six step synthesis, again starting
from (§)-proline §)-15(Scheme 1.5 The first steps the same as for tipgevious
synthesisshown Alcohol (§)-16 is treated with methyl formate to provide
aldehydeprotected amineSj-20 in quantitative yield.Methylation yields §)-21
in excellent yield, whereupon treatment with base regenerates the free §mine (
22. Nitrosation provides)-18, and a final lithium aluminium hydride reduction
as perScheme 1.5provides the desired product SAMB)-(9in high yield#®
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LiAIH,
NN es% N 100% N
HO
(S)-15 (S)-16 (S)-20
100% | NaH,Mel
10% KOH
O\/ Hono O\/ 130 c ©
~
N 86% N
NO 88% ¢Ho
S)-18 S)-22 sy-21
) LiAIH, ) )
&
0,
N
NH,
(Sy19
SAMP

Scheme 1.6ix step synthesis of SAMP.

An alternativeroute, in which the possibly toxic nitrosamir(g)-18
intermediate in the reacticsequence is avoided, wasvelopedy Enderset al
in 1987% The nitrosamineis avoidedby N-aminationof (S)-22 to yield §-23
and subsequertiofmann degradation to provid@AMP in 57% overall yield
(Scheme 1.Y.

KOCI

N N N
H
H 20 CONH, H,0 NH,
(S)-22 (S)-ZS (S)-19
SAMP

57% overall yield

Scheme 1. Hofmann degradation route to SAMP.

(9-Proline is the naturally occurring form of the amino acid and is
available in abundance. However tR-€énantiomer is not agadilyavailable so
RAMP is not synthesisedithe same mannét.Instead, the synthesis begins with

the more commonly available and relatively inexpendRygg(utamic acidR)-24,

10
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which is refluxed in water and purified overian-exchange column to affor&)-
pyroglutamic acidR)-25. Initial results indicated that it was possible to reduce
(R)-25t0 (R)-16in 57% yield;however when the reaction was performed on larger
scales it was noted that the yield dropped dramaticallyca 15%. By
transforming R)-25 into the methyl ester using diazomethane, the subsequent
lithium aluminium hydride reduction of the lactam and ester moiety proceeds in
one step in 76% vyield. From this point, the synthesis is as per tiSANP,
wherely nitrosation with a suitable alkyl nitritprovides R)-17. Subsequent
methylation yields nitraamine (R)-18. A final lithium aluminium hydride
reduction affordRAMP (R)-19in 35% overall yieldScheme 1.34°

0] o)
)J\/\/U\ 1. H,0 reflux OI} OH 1.CH2N2f \ /OH
HO o N T N
H 2. lon exchange H \g 2. LiAH, H
2 THF
(R)-24 (R)-25 (R)-16
EtONO
THF
{ \, o LiAIH, T o 1. NaH /\—j
N w/ - N vy —~ "///OH
NH, THF o 2. Mel N
NO

35% overall yig|d

Scheme 1.&ynthesis of RAMP.

Analogues of SAMP and RAMP chiral auxiliaries with increased steric
bulk havealso been developed. SADE)-26, SAEP (§-27 and SAPP(S)-28
(Figure 1.2) can be prepared i seven step sequence fro8r15.° The even
more sterically demanding RAMBOR)-29 can be obtained from the
corresponding amino acid derivati¥é? following the usual protocolof the

preparation of these chiral auxiliarigs?®

11
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O O ({ (I/ \ /o\
N7

N N N

NH, NH, NH, O NH,
(S)-26 (S)-27 (S)-28 (R)-29
SADP SAEP SAPP RAMBO

Figure 1.2 Sterically demanding analogues of SAMP and RAMP.

1.42.1 Mechanism of.-alkylation of SAMP-hydrazones

Chiral hydrazones are formed good toexcellent yield (785%) by
combining SAMP or RAMP wh the desired ketone or aldehydeder water
separation @nditions(Scheme 1.23! With ketones, th reaction is carried out at
reflux with catalytic amounts ddicid in benzene or cyclohexane. In the case of
aromatic ketones, where carbonyl reactivity is lower, longer reaction times are
necessary and water formed during the reaction must be removed azeotropically
with a DeanrStark trap. In the case of aldehydethe reaction can be carried out
neat at QC.*’

12
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@)
i O\/ oc Q
o N
N
S — 0
NH, 77-96% H
30 (S)-19 (5)-31

R = Me, Et, N-Pr, i-Pr, Hex, Ph

)H . \ -
1 | /
R Rl)\ (@)

'{‘Hz 74-95%
RZ
32 (S)_19 (S)-33

R1 = Me, Et, Pr, Bu, Ph, Bn
R2 = Me, Et, Pr, Ph
or RY, R2=_(CHy)3-, -(CH2)a" -(CH2)5" -(CH2)6» -CH=CH(CH,),

Scheme 1.9Synthesis of chiral SAMIRydrazones from (a) aldehydes and (b)

ketones’!

A lithium base, such as LDAis typically used to deprotonate the
hydrazone leading to an azaenolate intermediate. This can be trapped by an
electrophile to obtain diastomerically enriched productsn the deprotonation
step, four geometrical isomersEccEcn, EccZen, ZecEcn and ZccZen - can
theoretically be generatednvestigations into the geometry of the deprotonation
step showed that in the case of both cyclic ketones and the more flexible acyclic
systems, only thEccZen-species resultScheme 1.1)) as confirmed by trappg
experiment$>47:56.57 gpectroscopic investigatio$® and Xray analysi€®
Further determination of freezing point depression values of lithiated 2
acetylnapthalen€ AMP-hydrazones confirmed the monomeric structure of the
enolatecomplexed by two solvent molecuf¥sin this structure, the lithium atom
of the lithio enehydrazide is locatezh. 20; below the CCNMNplane and is
intramolecularly chelated by the methoxy grodhis is a rigid intermediate and
attack proceeds under high adiereofacial differentiation, yielding highly

diastereomerically enriched hydrazoi3ds

13
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R E
N LDA or ,<N
N Li, Et,NH R-0, N’

| O/ _ R. /:Li/ >_\ 5
R1 R,0O (0] T RI AR

EX

72-96% EX

| E
R!

RZ
34
de = 31-99%

R1=H, Me, Et, Pr; R, = Me, Et, Pr, i-Pr, Hex, Ph

and Rl RZ = -(CH2)3"s -(CH2)4" -(CH2)5™ -(CH2)6™ -CH=CH(CH,),
R = Et, -(CH2)4

E = Me, Et, Pr, Bn, allyl

X =Br, |

Scheme 1.1@rigin of selectivityin SAMP-hydrazone alkylations

Although much emphasis has been placed on the study of thislatedl re
newer approaches both experimentaify’® and theortcally,’:"® the postulated
Se2'-front (metalloretentivemechanism is based solely on the stemeaucal
outcome of theeaction. In this mechanism, the electrophile attacks fromrthre,f
which in thisinstancehas to be the case as the back face is blocked by the steric
bulk of the pyrrolidine ringIn 2011, Kochpublished findings on a computatain
study of the SAMP alkylatio® Theresultsagreedwith the previously postulated
Se2'-front mechanism.Detailed knowledge of the structure of the intermediate
metalated SAMP hydrazone was required in order to understand the mechanism.
The first step in the investigation by Koch was to find a reliable geometry of a
model key intermediat&5, which was formed from acetaldehyde and SAMP.
Koch found that the resulting structures posse&s dbordination as found in the

X-ray structure, but with a varying number of additional contacts to the allylic

14
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carbon atoms and the second hydrazomegen atom~Figure 1.3.”° Compound
35b, with the most coordinationss predicted to be more bta in the gas phase
(62 kJ mot lower in energy compared 854).

Due to the wetknown fact that solvation plays a crucial role in lithium
chemistry’4768%3jt was also considered during these investigati@aculations
on the model lithio azaenolate with either one or two THF molecules coordinated
were performed. Two sets of optimised geometries were deemed to be possible:
one in which the lithium cation sits OaboveO the NNCC moiety and one where it is
displaced to the Obackfthis NNCC semicircleRigure 1.3. When one THF
molecule was addethe energy difference between the two structures is reduced
to less than 30 kJ mal When a second molecule of THF was added, th@ Li
contacts become more inmpant than those to the azaallylic part of the hydrazone,
leading to almost equally stable structural motifs with thre® ldontacts within
8 kJ mof'. The two structures differ only slightly in the distances and number of
azaallylic contactsHigure 1.3). Based on this experimental evidence, Koch stated
that the rateletermining step of the SAM&Kkylation proceedsia intermediate
35b.

Figure 1.3Postulated model lithiazaenolates as key intermediates in the SAMP

alkylation. The disolvate(THF) structures are depictéuthe lower half’®

Added onfirmation that the reaction proceeds by a metalloretenti®e S
front mechanism was attainethen Koch calculated thdransiion states for
several SAMP alkylations with known enantiomeric excesses, covering a wide

range of enantiomeric puritiéd. Koch found that in all but one case, the

15
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metalloretentivesynattack of the electrophile from above onto #figlic moiety

is preferetial and that from all the data obtained, the reaction is likely to be an
Se2'-front or Si-type mechanism, wbh are difftult to distinguish In both cases

a bimolecular mechanism is at play, whereby the new bond forms at the same time
as the old bondrbaks. Attack of the electrophile occurs from the front in both
mechanisms, resulting in retention of configuration. The subtle difference is that
in the Si mechanism, the electrophile may assist in the removal of the leaving
group by forming a bond witit at the same time as the new caretactrophile

bond is being formedIn this case twever, the relatively large distance between
the electrophile and the leaving group suggested that g®idr@t was more
likely. Koch also concluded that the selectivity of the reaction derives from the
internal stabilisation of the transition state (where the electrophile attacks from
above the lithiohydrazone plane) by electrophitldum interactions. It was stated

that stert effects do not contribute to the selectivity.

1.4.3 Methods of cleavage of hydrazone to carbonyl

Over the last number of decades, malgavage methods have been
developed to allow transformation from the hydrazone back to the parent carbonyl
functionality that are compatiblevith other functional group® In general,

cleavage methods can be classified as either oxidative, hydrolytic or reductive.

1.4.3.1Oxidative methods

Oxidative methods include the usé ozone in anozonolysis reaction,
which has been extensively used in the casBMHs and also SAMP/RAMP
hydrazones §cheme 1.11 In this methodology, a gentle stream of ozone is
bubbled through a solution of the desired hydraZ@ie dichloromethane a8
iC. The colour of the solution turns green to blue (indicating exceswiien the
reaction has gone to completion. Nitrogen or argon is then flushed through the
solution as it is allowed to warm to room temperaffirélhis is a very clean
reaction, yielding the desired carbonyl compo@iAdnd the nitrosaming)-18in
guantitative yield, which allows for recycling of the chiral auxilig@®19in up
to 80% yield after separatidoy distillation or chromatography and subsequent
reduction by lithium aluminium hydride. Advantages of this method of cleavage
include the use of relatively mild reaction conditions, the requirement of neutral

pH, short reaction times, the ease of detgcthe end of the reaction, excellent

16
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yields and lack of racemisation of sensitive aldehydes and ketones. However this
method cannot be applied when there are functional groups present which are
incompatible with ozone under the reaction conditiddgeto the high reactivity

of the C=N double bond towards ozotiee parent carbonyl functionality can be
restored chemoselectively, even in the presence of functional groups that are
sensitive to oxidation, such as thioethférsprotected .-hydrazino and
aminoketone& and borangrotected phosphin&sby careful monitoring of the

reaction by TLC or the addition of certain diazo dyes as indicators.

N

\ (e}
\ +
\S\R3 N=0 R2

RZ
36 (S)-18 37
Recycling LiAIH,
oy
NH,
(S)_19

Scheme 1.1Tleavage of hydrazone by ozonolysis.

Although the mechanism of ozonolysis is not exactly known, it is plausible
that oxidative C=N bond cleavage s$sawith intermediates of typ&8a or 38b
(Scheme 1.1 which directly decompose tbe desired carbonyl compoud
and a diazenéS)-39, which is further oxidised under the reaction conditions to
yield the nitrosaming€S)-18. Hence 2 equivalents of ozone are necessary for

complete consumption diydrazame®’

17
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N — \
L, N-o_ N
o) 0.4
R3 e = RO
R2 R2” "R3 R2YOR3
36 38a 38b
-0

O3 O
N |\/G>—\ &Rg
\ Oo— _02 N}\\@ O— + R1
N=QO R2

(S)-18 (S)-39 37
Scheme 1.1Postulated mechanism for ozonolysis.

Another method of oxidative cleavagesed to regenerate the parent
carbonyl compound is the use of singlet oxygen, which has broad applicability for
the regeneration of aldehydes, ketones and aldol aduc®here are two
plausible mechanistic pathwaysr the course of the oxidative cleavafjem
hydrazones40, either an eng¢ype reactionvia a hydroperoxide4l, or a
cycloaddition reactionvia the dioxazetidine42 as an intermediatéo provide
carbonyl compoundd4 (Scheme 1.18 However, the cycloadibn route and
autoxidation process can be ruled out as the dimethylnitros@®isenot formed

and the hydrazonet) do not react in the absence of a sensitiser.
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HOO NR
\N/ 2

. R2

ene-reaction Rl)\/
102

2

R [2+2] R
40 cycloaddition RoN_ -R,N-N=0 44
N-0 43
102 R1 é /
R2
42

Scheme 1.13Possible mechanistic routes for singketygen hydrolysis of

hydrazones.

Other less common oxidative cleavage methods include the gsdiam
perborate (NaB(),8%%° tetrabutylammoniumperoxydisulfate ((TBA)2S:0g),%*
[hydroxyl(tosyloxy)iodo]benzengHTIB),%> magnesium monoperoxyphthaat
(MMPP) % metachloroperoxybenzoic acid (MCPBA], peracetic acit? and
hydrogen peroxid& amongst otherd:

A recent publication by Smitlet al®” has shown that ketone SARI
hydrazones can be cleavedthe carbonyl compound by use of peroxyselenous
acid, generateith situfrom SeQand 30% HO2. The introduction of a pH 7 buffer
was necessary to prevent epimerisation at{pesition of the ketoneThe authos
proposed a mechanism for the reacti®@ctheme 1.14 The first step is the
formation of peroxyselenous aci®. Oxidation of the pyrrolidine nitrogen 86
takes place to genera#s, which activateghe hydrazone towards hydrolysis.
Addition of water with abstraction of hydrogen leadgd pwith the lone pair of
electrons on the oxygen able to initiate fragmentation of the molecule, providing
desired keton87 anddiazengS)-39 asby-product
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H,0, + Se0, =——= e

oy o™
N~ = | R2 NS 2
o— — R
Rl)\( (@] Rl

R3 : R3
36

Rl)J\(RZ O/\ A\Nldl (OH
2
R3 i 1 R
R
R3
37 Oﬂ
©)
N @]

R, R2 R3=alkyl

Scheme 1.14Proposed mechanism for the oxidative hydrolysis of SAMP
hydrazones with Send HO under buffered conditions.

1.4.3.2Hydrolytic methods

A commonly used hydrolytic cleavage method used&AMP/RAMP
methodology is that of methyl iodide/HCI, also known the salt method.
According to Avaroet al, much milder reaction conditions are required for the
hydrolysis of dimethylhydrazones if they are first transformed to their
corresponding trimethylhydrazonium iodid€sThe mnversion oSAMP/RAMP
hydrazones involves a twghase system.

Treatment o086 with excess methyl iodide at §C leads to a quantitative
mixture of methyliodidest8a and 48b (Scheme 1.1)5 which are hydrolysed

without further purification in a biphasic system efi8l HCI andn-pentane to
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afford the parent carbonyl compounds without racemisation in good to excellent
yields in reaction times of 60 min. The resultant carbonyl compounds a
rapidly transferred with vigorous stirring into the pentane layer, which is free of
acid. Chiral aldehydes and ketones which bear a stereocentre in a podition

the carbonyl moiety are surprisingly resistant to racemisation in an acidic
environment However, great care must be taken with glassware as even traces of
base lead to rapid and complete racemisdtion.

The aqueous layer from this biphasic cleavage method contains the
auxiliary in the form of salt§$S)-49a and (S)-49%. When this is neutralised and
extracted, the result is a mixture of SAMP hydraz@0, the hydrazine§)-51
and SAMP(S-19 in a ratio of 1:7:2 with a moderate yield ofE80%. The
ammonium salt4S)-4% remain in the aqueous phase whilst the tssitited
hydrazingS)-50is known to easily undergo oxidation in air to yield formaldehyde
hydrazongS)-51, which is hydrolysed to givi5)-19. In this way, it is possible to
at least partially recycle the chiral auxiliary frahms cleavage metho®s¢heme
1.15.4
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N ON:_ L%

Mel

R1 /N R
\g\Rs

R2 R2 R2

36 48a 48b

Lo Lo ;i
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+ R1

% \NHZO_ * \ o
~ “HHX R?
(S)-49a (S)-49b 37
o
OH
40-50%

SE SN O,
N N
h.

\

H =

(S)-50 air (S)-51 (5)-19
Scheme 1.1%leavage of hydrazonga salt method.

It is possible to carry out an efficient cleavage of the hydrazone to the
parent carbonyl compound without firstamsforming the hydrazone to its
corresponding methyliodide salThe hydrazone is dissolved in a suitable solvent
andstirred vigorously with 31M HCl in a biphasic systemThis was the case in
the synthesis of RP 664734, a potent potassium channeleopr, where
SAMP/RAMP methodology was used to form a quaternary centréo the
carbonyl groug? Using acidic hydrolysis, the key intermediei@ was formed

from 52 without the need dirst converting to saltéScheme 1.1%
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Scheme 1.161Cl cleavage of hydrazone.

The use of acidic reagents for the cleavage of hydrazonde tparent
carbonyl compounds is not ideal when as@hsitive groups are present elsewhere
on the compound. In these cases, alternative methods must be investigated. The
use of silica gel for the cleaga of DMHs yields corresponding ketones with acid
sensitive groups such as THP groups, benzyl ether moieties and acetal groups
remaining intact® This method does appear to have limitations when attempting
to cleave .-branched hydrazoné&:

The hydrolysis of ketomand aldehyde DMsican also be achieved using
Cu(ll) reagentg®? in particular CuCGf?® and Cu(OAc)!** As the resulting
hydrazine is oxidised to the diazene by Cu(ll) the hydrolysis reaction is
irreversible®® The Cu(ll) hydrolysis method is ideal for compounds that contain
functionalities that are sensitive to oxidation or strong acids (for example amines,
alkenes, thiothers, acetals and silyl ethers) as these groups are unaffected under
the conditions employed, aralhigher yieldis obtainedthan when subjected to
other typical procedures such as ozonolysis or the salt methedo associated
side reactions. Endeet al. demonstrated the use of Cu@l the cleavage of
functionalised .-alkylated SAMPhydrazones 55 in a Oone potO
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alkylation/cleavage sequence to affortbranched parent keton&§ in good to
high yield with high enantiopurityScheme 1.1y1%3

o
<va > ag. CuCl, o

N~
| * R R * RZ

Ry 2 52-96% 1

de = 89-96% ee = 89-96%
55 56

Scheme 1.1TCuCk cleavage of hydrazone.

Cleavage of ketone SAMRydrazones55 has been achieved with
saturated aqueous oxalic acid solution in a mild, racemisation free biphasic method
which also allows recycling of the chiral auxilidf¥. The corresponding ketones
56 are available in excellent yields @B%) andhigh enantiomeric purity90b
99% ed. This procedure is particularly suited to compounds that contain
functional groups that are sensitive to oxidatileavage conditions (e.g. alkenes)
or to strong acids (e.g. ketals). Recovery of the chiral auxiliary can be achieved
by treating the corresponding oxalate &altwith sufficient base and extraction
with a mixtureof THF/diethyl ether $cheme 1.18 To increase the recovery
yield, the volume of water must be kept at a minimum due to the water solubility
of the tydrazine. An added advantage tbfs method is that no potentially
carcinogenic nitrosamingy-productis formed, as is the case with otheraslage
methods, and there is no need to use potentially toxic methylating agents, as is
required in the salt method. It must be noteat this method is not suitabler
the hydrolysis of aldehyde SAMP hydrazoA®s.
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ag. oxalic acid

84-98%
O/ /—\
N_ N e)
| SAMP * R,
R 1)T* Rz oxalate ~ Rr

55 recycling 57 56
of

auxiliary

SAMP
hydrazone ag. KOH

method

SAMP

(S)_19

Scheme 1.18®xalic acid method of cleavage of hydrazone.

Other less frequently uségydrolytic cleavage methods includeet use of
catalytic quantities of BiGlin wet THF undemicrowave irradiationvhich allows
hydrolytic cleavage ohie C=N bond of DMH to yield the corresponding ketones
or aromatic aldehydes in good yields #88%) at atmodperic pressure within a
few minutes'®” Using a catalytic amount of Pd(OA(INCb, ketone DMK can
be cleaved to parent ketae moderate to good yields, without the use of acidic
or oxidative reagent®® With this method, it is possible to hydrolyse -
unsdurated ketone DMBI withoutobserving rearrangement. Halogens or nitro
groups are also unaffect when using this methodolog¥he use of BFOEL as
a Lewis acidhas proven to promote thgdrolysis of DMHs1%® In comparison
with ozonolytic cleavage, higher yields were aia but reaction timewere
longer® A method for the selective hydrolysis of ketone hydrazones in the
presencef acetals has been publishiéd.In this methodology, the hydrazone is
dissolved in a biphasic mixture of THF and MHPQ; at pH 4.5 and proved
successful for both cyclic and acyclic hydrazones.

A wide scope b both ketone and aldehydes has begmeratedby
biocatalytic conversion ophenyt and N,N-DMHSs in quantitative yield upon
incubation with bakerOs ye&$t.Another exampl®f enzymatic cleavage the
use of a catalytic amount of porcine pancreatic lipase (PPL) in a biphasic

acetone/water system at room temperature for the deprotection of ketone
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dimethylhydrazone$8 to ketones59 with varying reaction times based on
substrate structurgScheme 1.9).11% Both studies onhie enzymatic hydrolysis

were concerned only with racemic substrates.

~ >N PPL (0]
I >
Rl)\RZ Acetone-H,0O RI)J\RZ
58 59
1=
R*= alkyl, ay! up t0 96%

R2 = alkyl
Scheme 1.1®PL hydrolysis of dimethylhydrazones.

1.4.3.3Reductive methods

Although reductive cleavage procedures have been used to regenerate the
carbonyl functionality from derivatives such as oximes and- 24
dinitrophenylhydrazones, they have rarely been employed in the cleavage of
dialkylhydrazones. Enders and-aworkers synthesised ferrocenylketone SAMP
hydrazones and required aluetive methodo afford thecorresponding ketose
due to the sensitivity of these compounds to oxidative and acidic reaction
conditions'!* The cleavage of the-® bond of oximes and nitro compounds as
well as the SO bonds of sulfoxidesan be agieved with the use of titaniuhh).
Due to the analogous nature of the\Nydrazone bond, it was postulated i
method could be utilised en route riegenerate parent carbonyl functionality.
Trivalent titanium has been employed in theleavage of 24
dinitrophenylhydrazone? with the resulting imines generated from the
reduction being easily hydrolysed to their respective carbonyl compounds TiCl
and SnCb have been used by Enders to successfully convert ferrocenylketone
SAMP hydrazones60 to their parent ketone$l in good vyields and
enantioselectivities as an ahative to ozonolysisgcheme 1.2p'* During the
cleavage, Sn(ll) and Ti(lll) are oxidised to Sn(IV) and M) respectively, which
are rapidly hydrolysed under the reaction conditions. It was noted that slight
racemisation occurred with these cleavage methods, hoakietfunctionalised

ferrocenylketones are obtained with good to high enantiomeric purity.
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Ph Ph
@/Q\ TiCls/SnCl,, DME,
N- H,0, reflux @ Q\O
Fe R —_— Fe R
\— o 73-89% —
|
60 61

ee =71, 90-96%
R =H, alkyl

Scheme 1.2Cleavage of ferrocenylketone SAMP hydrazones.

1.44 .-Alkylation of N-amino cyclic carbamatechiral auxiliar ies

For a number of years, the use of SAMP/RAMP chiral auxiliaries was the
only method of forming asymmetric-alkylated ketones in good yield and
enantioselectivity. The methoagly was successfully employedamumber of
total syntheses of natural produttsDevelopment of this methodology has been
hindered due to some drawbacks. As the dialkylhydraamsexsare only weakly
acidic, longer exposure to LDA is required to ensure complete deprotonation.
There is also the need for extremely low temperatures for alkylafi@d {o-78
iC). Both factors can be problematic and costly on larger scakgsally,
conditions for the removal of the chiral auxiliary to regenerate the parent ketone
must be chosen carefully to avoid undesired reactions with other functional groups
present on the molecuté.

In 2008, Lim and Coltart reported a major advance in the area with the
development of chiraN-amino cyclic carbamate82-65 (ACCs) Figure 1.4),
which were accessible by amination of the corresponding oxazoliditne
Condensationof 62-65 with the desired carbonyl compoungelds chiral
hydrazones. It was noted that alkylation of these hydrazones could take place at
-40 jC with less exposure time to LDA required for complete deprotonation,
making this method more amenable to large sealetions. Importantly, the use
of these chiral auxiliaries allowed the formation of asymmetriebisalkylated
ketones for the first time, due to their unique directing effect which overrides the
inherent selectivity of LDA. Hydrazones6-69 were syniesised by stirring
solution of 3pentanone with each of the auxiliar&s65 and a catalytic amount

of p-toluenesulfonic acid in DCM at reflufigure 1.4).
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=0

o o HNN" N0
HNN-—( - L Len -
@) \\ \‘\ Ph N -
Ph Ph
63 64 65

Figure 1.4 Chiral ACCsand respective hydrazonismed by reaction with-3
pentanone ang-toluenesulfonic acid in DCMJeveloped by Lim and Coltart.

Initial studies on the asymmetric allylation ofp8ntanone ACC
hydrazone$6-69 (Scheme 1.2lshavedthat using chirahydrazones7 resulted
in the produt ketone 74 being formed in excellent yield (90) and good
selectivity of R)- and §-74 in a 76:24 ratio. Repeating threaction with
hydrazone69 resulted in better selectivity (86:14), however a slight decrease in
yield was observed. From these results, it was postulated that if a chiral auxiliary
was utilised that had greater steric bulk closer to the amino function it would result
in greater enaioselectivity. Hdrazone68 was subjected to allylation and
cleavage to providéoth (R)- and §-74 in both excellent yield(93%) and
enanticelectivity (91:9) The more conformationally rigid chiral auxilisé® was
utilised to form hydrazoné&6, which containsa carbonyl group adjacent to the
hydrazone moiety for enhancegproton acidity and tight chelation at the level of
the azaenolate. Under the same reaction conditions usie§ a furthe
improvement to both yield (96) and enantioselectivity §4) was observed
(Scheme 1.2)1116
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R
N~ LDAO, THF R 5. TsOH S o
l 78 C’ 1h | acetone
—_— - + ’)‘J\‘\\\\
allyloromide, N 10 min
66-69 to RT, 2 h 20-73 74 574

Scheme 1.2 Asymmetric allylation of ACC hydrazones.

The authors have demonstrated that excellent enantioselectivites are
available using a plethord electrophiles andmportantly productsare isolated
in high yields Best results were achieved usiBg with excellent yields (up to
99%) and selectivities (up to 98:2) observed in alkylation reactdagrotonation
occurs in 30 min at40 jC and alkylation occurs in R Hydrazone cleavage is
straightforward and efficient with no damage to or loss of the chiral auxiliary.
These factors suggest that this method-afkylation of ketones is amenable to
large-scale reactions'®

Addition of LDA to utnsymmetrical ketone SAMP/RAMRydrazone¥5
and 76 generally results in the removal of the most sterically accessible
proton347117 meaning that controlled asymmetric .-bisalkylation is not
possible This resultan a mixture of alkylated hydrazon&¥a and 77b and
therefore ketoneg8a and78b (Scheme 1.22(a)). In contrastthe use of ACC
hydrazones in a process termed comyphelucedsyndeprotonation (CID) by
Coltart and ceworkers accounts for the .-bisalkylation of ketones observéd
The carbonyl groupin the auxiliary was also intended to influence the
regiochemistry of deprotonation to enable thebisalkylation of letones which
have both.- and .'-protons. Alkylation of 79 occurs to provid&0 with a second
alkylation occurring at the same side to yi@ld Cleavage of the hydrazone results
in one single keton@8b. Interestingly, the regiochemical outcome is dpposite
of that normally observed for LDfediated deprotonation of ke&s and
SAMP/RAMP-hydrazones(Scheme 1.22 (b)). An addedadvantage to this
strategy is that access to either enantiomeric ketone is possible by using a single

enantiomer of the auxiliary and by altering the alkylation sequence.
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@ N LDA !
N~ R2X N~
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Rl Rl RZ
(5)-75 (5)-76
LDA
R3X
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77a 77b
mixture of hydrazones

auxiliary cleavage

3 7 * 1 R3
AN A
Rl RZ Rl R2
78a 78b
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N 5 R2X N R3X N %
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R R! R2? Rl R2
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single hydrazone
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o
R3
Rl R?
78b

single ketone

Scheme 1.22Asymmetric ., .-bisalkylation (a)ia chiral imines and (byia ACC
hydrazones
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The postulated mechanis(®cheme 1.2Bfor the ., .-bisalkylation of
ketones is based alirected deprotonation of the hydrazone, utilising the carbonyl
lone pair on the auxiliary to coordinate with the base, thereby directing
deprotonation to the same side of @eNbond 82: , : ). Providing the
resulting azaenolate83 and 85 were configurationally stable and the
monoalkylated producB4 did not isomerise when formethe process should
result in product keton®6 via CIS-D.116:118

L
0 (@) L
S):/ (6] Li+/ Y 1 S):/’/O
N_( LDA ~~_ N R*X
(N/ \ N~ S N/N-'<\
e . |
<y A )\?
Rl w
82 83 84
configurationally
stable
azaenolate
LDA

/c
-
~

0]
)J\(RZ NS
H3O+ )\

Rl
Rl
86 85
configurationally
stable
azaenolate

S = small substituent; L = large substituent

Scheme 1.2Postulated mechanism foy .-bisalkylation.

Coltartet al carried out mechanistic studies into this reaction to prove the
CIS-D route using entanonalerived ACC hydrazone and alkylating wiph
bromobenzylbromide!!” A single monokkylated product was formed antle
alkylation took place on lhe same ide of the C=N bond as the auxiliary, as
confirmed by Xray crystallography. Theoretical studies also support this method
of alkylation!!® Investigations into thecepe of the monoalkylation reaction with

a variety of alkyl halideshowed that the reactiopsoceeded in high yield and
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selectively provided the-regioisomer. These results provided further evidence

of CIS-D occurring duing formation of the azaenolatas well as confirming the
azaenolate intermediate was configurationally stable under the reaction
conditions!!” Although isomerisation of the hydrazone did not odougitu after
alkylation, the authors noted that if exposed to acidic conditions, the hydrazone
was prone to isomerisatigh’

The incorporation of a second alkyl group at thositionrequires an even
more demanding application of G[than that needed for the first alkylation. In
this case, the ACC auxiliary must completely reverse the inherent preference of
LDA for the removal of the most sterically accesspiiaton of the monoalksited
product and instead direct removal of the less accessipl®ton Further
mechanistic studies proved that a second alkylation occurred on the same side of
the C=N bond as the auxiliary carbonyl, providing thebisalkylation compound

as the majoproduct, confirmed by Xay crystallography?’

1.4.5 Chiral auxiliaries in drug synthesis

Although the use of chiral auxiliaries may seem outdated in light of the
increasing scope of asymmetric catalysis many cases the chiral auxiliary
approach is the only selective methodology available. Chiraliaed also
facilitate purification of products as single enantiomers by standard techniques
including chromatography, recrystallisation and distillafithAs a result, chiral
auxiliaries continue to play a key role dinug discovery and developmenmnt &
variety oftransformations?® With the current emphasis by various regulatory
bodies towards single enantiomer drugs, straightforward access to
enantiomerically pure pharmaceutical intermediates is essential to many drug
discovery programmes, ensuring@ntinued importance for chiral auxiliaries in
drug synthesis. Due to their high predictability in terms of stereochemical
outcome, chiral auxiliaries continue to play an important role in the synthesis of
many drugs, includingtrasentai?! ontazolast?? and rupintrivir??

Chiral auxiliaries have been used in diastereoselective aldol readtons
examplein the synthesis oft)-methylphenidate hydahloride (a mild nevous
system stimulant that is primarily prescribed for the treatment of attention deficit
hyperactivity disorder in childref?f and in the synthesis of an optically pure

trifluoromethyl alcohol which was required by researchers at Boehringer

32



Chapter 1 Introduction

Ingelheim Pharmaceuticals Incas part of a general drug discovery effort in the
areas of inflammation, largic and autoimmune disorders

Asymmetric hydrogenain reactions are quickly becoming one of the most
powerful methods for installing chirality in both medicinal chemistry and process
researcit?® This methodology was first reported by Knowles and Sabacky using
arhodium complex containing chiral tertiary phosphine ligad@sAlthough the
corresponding chiral auxiliary route requires stoichiometric quantities of chiral
reagent, the hydgenation of chiral imines and enamines is an important method
of synthesising optically pure amines required for medicinal chemistry and drug
development?®12° This is demonstrated in the recent syntheses of sitagliptin
approved for the treatment of type |l diabétéand RWJ53308, an orally active
platelet fibrinogen receptor antagonist for the treatmertrofitbotic disorders:

Chiral auxiliarieshave also been employed in conjugate addition reactions
in drug syntheses, for example in the synthesis of tiprah&\ir)-(3R,4R)-3-(4-
imidazolyl}-4-methylpyrrolidine dihydrochloridé®® (3R)-N-methyk2-oxo-[1,4-
bipiperidine}3-acetamid&* andin the synthesis of neurokinih (NK1) receptor
antagonistd3>13¢

It has also been showhat chiral auxiliaries can be used in the synthesis
of drugs in diastereoselective addition reactions to imitlesiastereoselective
addition of trifluoromethyl anioty® and diastereoselective

chloromethylationt39:140

1.4.6 Chiral auxiliaries in natural product synthesis

Chiral auxiliaries have foundpplication in numerous total syntheses of
natural productsa selection of which are outlined below

SAMP (§-19wasused to synthesise an intermed(@&@pg92 (Scheme 1.2}
en roue to €)-callystatin A93'*! a potent cytotoxic polyketide isolated from the
marine spong€allyspongia truncatey Kobayashet al.in 199742 O-protected
4-hydroxybutanal hydrazonesS){87 were methylated by the usual SAMP
alkylation procedure to providéS,R-88. Ozonolysis provided the parent
aldehyde R)-89, which wasreacted with an atysubstituted phosphonate under
modified Horne-WadsworthREmmons conditiont yieldZ- ., -unsaturate@ster
(R)-90. Subsequent reduction with DIBAH provided allylic alcoholR)-91 and
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bromination yieléd the desired intermediat®){92, with the TBDPSgroup
withstanding the reaction conditions. Further synthetic steps furr@hed

N b ~
NI N
0~ A ~_OR Mel o~ )\‘/\/OR

(S)-87 (S,R)-88
R = TBS, TBDPS >95%

o) O3
\I ~0 DCM
(0]
0, s
2 )YVOR
-— H
NaH, THF
(R)_90 (R)_89
R = TBS 85% R = TBS 86%
R = TBDPS 91% R =TBDPS 77%
DIBAL-H

DCM

CBry, PPh;
B ———
CH3CN
(R)_91 (R)_92
R =TBS 95% R =TBS 5%
R = TBDPS 96% R = TBDPS 95%

(-)-callystatin A
93

Scheme 1.24Jse of SAMRhydrazone in the total synthesis ef¢allystatin A
93
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SAMP (9-19 and RAMP R)-19 have also been employed in the
enantioselective synthestf stenusine99 (Scheme 1.2h a propulsion fluid
expelled bythe beetleStenus comm¥? It was envisaged that the stereogenic
centre at the 3 position of the piperidine ring could be edehy stereoselective
alkylation of hydrazones derived from SAMP and RAMP. The electrophile could
then be employed to introduce the side chain of the piperidine together with the
second stereogenic centreithiation of 94 was performed with LDA, followe
by addition of 1 equiv.n-BuLi in order to deprotonate the formed
diisopropylamine. The time required for deprotonation of these hydrazones was
14-16 h, longer than the usual time required for deprotonation of SAMP/RAMP
hydrazone$d’! The formed azaenolate was quenched by addition of broiBjde (
95to yield S,S,$96when using SAMP andR(R,$96 when using RAMP. Both
were produced in high diastereomeric purity (>95% de) and weredaanriough
the next step withoufurther purification due to their instability towards
chromatography. Treatment with excess DIBAH resulted in simultaeous
redudion of the C=Nbond and removal of the silyl ether protecting group, and the
ensuingformal aluminium hydrazidevasquenched with acetyl chloridebue to
the presence of basic conditions, it was postulated that acylation could occur at
either the hydrame or the now unprotected hydroxyl group. However, as the
reaction mixture was treated with potassium carbonate in agueous methanol during
the workup, hydroxyl hydrazidesS(S,$97 and R,R,3-97 were the products
isolated. The acetyl group presen®fwas necessary to act as an activating group
for the removal of the chiral auxiliaryS¥ or (R)-2-(methoxymethyl)pyrrolidine,

SMP or RMP), which was achieved by reaction with lithium in liquid ammonia at
-33jC. The resulting crude acetamides were ectied to a lithium aluminium
hydride reduction, with the acetyl group now acting as a precursor for the required
N-ethyl substituent in the targmolecules. Acylation with Be®© yielded theN-
protected amino alcohol98 with the same diastereomeric pyrias was
determined for the preceding hydrazo@és The final product was furnished by
mesylation of the hydroxy functionalitycleavage of the carbamate group by
treatment with trifluoroacetic acid and anisole which produced a syrupy
ammonium salt, whit cyclised spontaneously upon basic workup to provide
stenusine$,3-99 or (S,R-99.
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N 1. LDA, THF NN OSiMest-Bu

N OSiMe,t-Bu 2. N-BulLi |
H

o— H)\/\) . Br/\/\

= \/\
(S)-95 H
(5)-94 or (R)-94 (5:5:519 O (R R.5).-96
de >95%
1. DIBAL-H, EL,0
2. AcCl
3. K,CO3, MeOH/H,0
L )OL 1. Li, NH o
. Li, NHy
N~ ~Ot-Bu 2. LIAH,, THF N\N)K OH
-~ N
WOH 3. Boc,0, NaHCO; © %\)
MeOH
AN NP

(S,S)_QS 35%
(R,s)_98 45%

(S,S,S)-97 38% over 2 steps
(R,R,S)-97 19% over 2 steps

1. MsCl, EtzN, CH,CI,
2. TFA, anisole, CH,Cl,
then NaOH and Et,0/H,0

N : N :
/ /
(S,S)-99 (S,R)-99

85% _ 96%
stenusine

Scheme 1.2%ynthesis of stenusine using SAMP/RAMP hydrazones.

RAMP has also been utilised in the asymmetric synthestsnoéthyt3-
nonanone 103 the femaleroduced sex pheromone of the caddisfly
Hesperophylax occidental{Scheme 1.25* Both (R)- and(S)-enantiomers can
be easily produced startiigpm RAMP or SAMP respectively, howevéR)-103
has been reported to be much more active thafSjH034° Hydrazone R)-100
was formed in virtually quantitative yield by reaction of propanal with RAR)P (
19. Deprotonation of K)-100 was achieved by treatment with lithium

tetramethylpperidide (LITMP) at GQC. Alkylation with iodopropane in the usual
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manner afforded the alkylated RAMB/drazoneR,R-101in bothexcellent yield

and selectivity$5%de)*’ Cleavage of the hydrazone was successfully achieved
using a biphasic system to provide){L02 Due to the susceptibility of the
liberated aldehyde to further oxidation, cleavage using thekweilvn ozone
method cald not be utilised on this occasioRurther transformations oRJ-102
provided the desired produ®)¢103in excellent yield and enantioselectivifjhe
same route was used in the synthesis epgetinatone using SAMES)-19as the

chiral auxiliary!4®

i
\ I\D 1. LITMP, THF N7 3M HCI, pentane o

- Yy — H

\)'\H ~o”  2.CHl (\)\H :

(R)-lOO (R,R)_lol (R)_102
90%

R)-103
ee = 92%

Scheme 1.2@Jse of SAMP hydrazone in the synthesis -@héthyl3-nonanone.

Compounds containing the benzazepine skeleton are of particular interest
to medicinal chemists as this ring system lies at the heart of a wide range of
constitutionally diverse models exhibiting profound chemotherapeutic
properties*”14® A highly stereoselective route to 3#alkylated2,3,4,5
tetrahydre2-benzazepines using aldehyde SAlMRIrazones has been reported
(Scheme 1.2y**° SAMP-hydrazones$)-104 were prepared bgombining the
desired aldehydes with SAMPS){19. Exposure of $-104 to LDA and
subsequent alkylation with05 or 106 led to the diastereomerically enriched
arylated hydrazone$)-107in moderate yieldobserveds a single diastereomer
by NMR. Further synthetic steps resulted in desired produé&s3{108 in
moderate yield and gh selectivity, with>96%de reportecfter chromatography
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RO \R
N 1. LDA, THF :
R
Ho O , © Br N_
R20 Q
(S)_104 R3 (S,S)-107
R = Me, Et

105 R, R?=-CH,-;R®=H
106 R1 = R2=Me : R3=OMe

R

RO >

R20 H
R3
(R,S)-108

Scheme 1.2Use of SAMPhydrazones in the synthesis of benzazepines.

Many welkknown odourants are chiral compounds and in many cases their
enantiomers exhibit totally different scents. Tropionskan .-branched aldehyde
which is used in many perfumes to provide a fresh, marine $€eimtindustry it
Is produced as a racemic mixture and as a result, nothing was known about the
odour of each enantiomer of TropionalEnders and Backes reported the first
asymnetric synthesis of Tropional and differences in odour of the two
enantiomers was describ®d. Each enantiomer of Tropionalcould be
successfully synthesisedia an efficient four step synthesis using the
SAMP/RAMP-hydrazone methodologyScheme 1.28 (§- or (R)-100 was
deprotonated using LDA and the resulting azaenolate trapped with 5
(bromomethyB1,3-benzodioxolel09 resulting in alkylated hydrazon&lO in
goad yields and selectivity, witB0% de observed Cleavage of the hydrazone
was carried outia a two-stepprocedure. In the first step, theNNbond was
cleaved under oxidative conditions with magnesium monoperoxyphthalate
(MMPP) to provide nitriles111 in good yields. Reduction with DIBAH
provided both enantiomers of Tropiondl12in good yields and selectivityThe

enantioselectivity was determined by reducliig to the corresponding alcohols

38



Chapter 1 Introduction

113 It was noted that the two enantiomers exhibitatferént odour
characteristics, with the odour intensity 8§j-012 about five times stronger than
(R)-112 (S-112exhibited represented the typical odour of the racemic mixture,
whilst (R)-112showed a floral, citrus scent.

N,Q 1. LDA, THF N,N?
H 2.< :©/\Br {
o 0O

(S)_ or (R)-lOO

109 (S,S)- O (R,R)-110
72-76%
MMPP
MeOH
pH7 buffer
o)
OWH DIBAL-H, THF 0 CN
% ST
S). or (R)-112
( )86_ EgF;()y (S)- or (R)-111
0 92-93%
\ BH; Et,0

Y™
]
(S)- Or (R)-113

93-95%
ee = 90%

Scheme 1.28Jse of SAMP/RAMPmethodology in the asymmetric synthesis of
Tropional .

The SAMRhydrazone methalogy has also been utilised in the synthesis
of the principle alarm pheromone of the leatting antAtta texana(9)-(+)-4-
methyk3-heptanonéS)-1161°2 The simple, three step procedusziteme 1.2p
begins with the formation of hydrazon®-{14 by reaction of Jpentanone with
SAMP (9-19. Deprotonation with LDA leads to the azaenolate intermediate,
which is trapped withiodopropaneto provide §,3-115in 90% crude yield
Cleavage of the hydrazone moiety with ozone provided the desired pr&tuct (
116in 56-58% overall yield.
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DA, THF @Vcé
N

-Prl \)I\/\/

S

gas
|

(S)_114 (S)_115
90%

O3, DCM

O

\)J\_/\/

(S)_116
56-58% overall

Scheme 1.2%se of SAMRhydrazone methodology in the synthexi$S)-(+)-4-
methyl3-heptanone.

Other instances where SAMRethodology has been used in the synthesis
of natural products includes in the total synthesis oe¢enophilenolid®® and

(-)-methyl kolaventaté>*

1.5 SAMP/RAMP -methodology in ddol reactions

The aldol reaction is an important carbcarbon bond formig reaction in
organic synthesis, highlighted by coveragerganic chemistry textbooRg>1%¢
In the aldol reaction, aldehydes and ketones which possestirogen atom
are deprotonatedith a suitable basdorming an enolate ion in what the rate
determiningstep of the reaction.This enolate ion then reacts with another
molecule of carbonyl compourtd form the aldol product. Depending on the
conditions, the elimination produenay also formvia an E1cB(unimolecular
conjugate base eliminatiomhechanism. This mechanism is similar to E2
elimination, however in this case the leaving group can be a hydroxide, which is
not the case in E2 eliminatiokVhich product is formed partly depends on reaction
conditions (use of stronger bases, higher temperature®ger reaction times
tend to promote formation of the elimination product) and partly on the structure
of the reagents (some combinations are easy to stop at the aldol stage while some

almost always give elimination product as wéip.
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It was notuntil 1978 that the first asymmetric intramolecular aldol reaction
was reportedutilising SAMRhydrazone methodology Hydrazones(S)-117
were synthesised by combining the respective methyl ketone and SENIPif
the usual manner. Deprotonation wittBuLi and subsequent treatmenith
carbonyl compounds provided-hydroxyhydrazone intermediates In situ
trapping with chlorotrimethylsilangielded protected hydroxyhydrazon&&8
(Scheme 1.3D Two approaches were used to achieve cleavage of the hydrazone
118 the reaction can hgerformedin one step witlhydrogen peroxide at neutral
pH to provide the desired aldol addddt9 directly, or in two steps with singlet
oxygen then dimethyl sulphide and hydrolysiprovide119. Aldol products119
were achieved in moderate to goodigse(3277%) and enantioselectivities 31
62%¢ee.

1. N-BuLi (p}?
N 2. R2R3CO N

" N-" OSiMe,
1)|\ O/ i MRZ
R 3. Me;SiCl Rl »
(S)_ll7 118
H,0,, pH7
or
10,52, (CH3)2S
O OH
RZ
3
119
R1 = Me, Et, i-Pr, t-Bu 32-77%
R2= 1 Me ee = 31-62%

R3 = i-Pr, Bu, t-BU, cyclohexane
Scheme 1.3Rsymmetric aldol reactions using SAMBdrazone methodology.

This methodology has been applied to the synthesis ofa) ¢)-[6]-
gingerol the prindgpal odour compound of gingeBtheme 1.31%° Deprotonation
of (R)-120 with n-BuLi, reaction with hexanal and subsequent trapping with
chlorotrimethylsilane provided sihgrotected hydrazoneR(9-121 in 36% de.
Further synthetic operations yieldey[6]-gingerol §)-122in 36% ee. When the
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reaction was performed with RAMP rather than SAMP as the chiral auxiliary, the

opposite enantiomer was obtained.

N\

0/\3
1. N-BulLi

o) 2. CgHy,CHO
- 3. Me,Sicl
©/\O

(R)_120 \

N

i
"N OSiMe;

©/\ (R,S) 121
de 36%
D/\)‘\/'\CSHM

(+) (S) 122
ee = 36%

CSHll

Scheme 1.3Bynthesis of (+]6]-gingerol using RAMFhydrazone methodology.

The asymmetric alkylation of SAMEthyl hydrazoneqS)-123 with
aldehydes provided trsynaldol adductgS,S,$124with 51-80%de and70-80%
ee WhenadductyS,S,$124 wererecrystallised, pure stereocisomerg $fS, ¥
124 were recovered and subsequent cleavage of the hydrazone moiety resulted in
a variety of diastereomerically and enantiomerically gyrealdol productgS,3-
125 for the first time(Scheme 1.3 The refitive and absolute configurations

were determined by Xay structure analysfs’
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o’ o’
1. LDA
N N
N 2. R?CHO N OH

3. recrystallisation R
(5)-123 (S.8.8)-124

1.04
2. flash
chromatography

- S,S)-125
R = alkyl, aryl de,( ee i >98%
R2 = aryl

Scheme 1.335ynthesis of enantiomerically pusgnaldol adducts.

Other SAMRanalogues have been successfully utilised in aldol reactions.
When SAERS)-27 was used as the chiral auxiliary, the final aldol products were
obtained in high enantiomeric purity;hydroxy .-ketoesters were obtainedtiv
>08% e€®® and the biologically importanisotetronic acid derivates were
provided in >96% e&>*®

The use of titanated azaenolatesSSAMP-hydrazone aldol reactions has
provided H[FH O O HQ W-hyltdXyXyQra¢dhesare formed as singlsyn
diastereomers, resulting inhydroxyketones in up to quantitative yields and with

excellent de and ee valu&s®®

1.6 SAMP/RAMP -methodology in Michael reactions

The Michael reaction is another important carearbonbond forming
reaction in organic chemistt§152 This is a conjugate addition reaction between
a nucleophilic enolate ion and an -unsaturated carbonyl compound@he best
Michael reactions are those that take place when a particstallie enolate ion,
such as that derived from aketo ester or other 1-@carbonyl compound adds to
an unhindered, -unsaturated keton€! The asymmetric version of this reaction
is of particular importance and various metbhaare awilable to carry out this

reaction in an asymmetric fashidfii:*64
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The asymmetric Michael reaction has been extensively investigated using
SAMP/RAMP-methodology. The first reported reactionotved the additiorof
SAMP-hydrazones to., -unsaturated enoatgScheme 1.3B165166 SAMP-
hydrazone $-33 is deprotonated with LDA, reacted with a suitable Michael
acceptor to provide the corresponding-agélucts, with are then cleaved using
ozone to provide carbonyl compour{@S)-126in 38-62% overall yield with high
diasteree and enantiomeric excesse$his methodology has been succesgful
utilised in the synthesis of serine protease inhibitors by the formaficacyl
enzyme complexes with-chymotrypsint®”1¢8as well as in the enantioselective
synthesis of pheromones of the small forestRormica polyctenaand the red

wood antF. rufa.16°

1. LDA
N 2. Q o R O
N R3/\)J\O/
Rl , 3. 03 §2
R
-62%
38 6 0 (S,S)_126

de, ee = 90 to >98%

R =H, alkyl, aryl
R2, R3= gy, ary!

Scheme 1.3RAsymmetric Michaebhdditionsvia SAMP-hydrazones.

A further study into this reactioproved that other Michael acceptors
including 2benzylidenemalonates an2tbenzylidenemalononitrike could be
successfully utilisegScheme 1.331° SAMP-hydrazone (S)-117 is transformed
to the 2substituted 4xo-diesters and dinitrilefR)-127 after oxidative cleavage
of the 1,4adducts by ozonolysis in good overall yields of&06 and high
enantioselectivities.

Numerous other Michael acceptors are tolerated under the reaction
conditionst’*17331  The reaction has also been successful with cyclic
SAMP/RAMP-hydrazones, with resultant ketones being obtained in high yields
and selectivities’**’® A recent publication by Sammet all’’ provides an
insight into the use of both acyclic and cyclic SAMP/RANN\RIrazones as a

traceless auxiliary in the asymmetric-hddition of cuprates to enonts.
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1. LDA « X
N R?——
)l\ O/ Za X'
Rl 3. 03

(S)_117 (R)_127

50-82%
ee = >95%
R1= Me, Et, Ph

R? = H, 3-OMe, 4-OBn, 4-OMe
X =CO,CHs, CN

Scheme 1.34Asymmetric Mich& additionsusng 2-benzylidenemalonates and

2-benzylidenemalononitrikeasacceptors
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Chapter 2 Results and Disgssion

2.1 Background to project

The .-alkylation of ketones is a fundamental reaction in organic synthesis
However thereare few methodologies availaktie carry out this transformation
in an asymmetric manner. The use of SAMP/RAMEthodology almost
exclusivelyaccounts for these transformations. There remains significant scope
for the exploration of new, easily prepared chiral auxiliaries for use in the synthesis
of chiral .-alkylated ketones.

The aim of this project was to investigate if a nitrogen fag of a
pyrrolidine system) could ligate to lithium as effectively as | 8AMP/RAMP
system (where a methoxgroup is utilisedand whether alkylation withbenzyl
based alkylating reagentwhich is rarely reported in this areapuld provide the
desired products in good selectivity.

In the following sectionthe chromatographiree synthesis of a novel
chiral auxiliary incorporating a pyrrolidine ring reported Previous work within
the group had established this noekiral auxiliary as being a viable alternative
to SAMP, however it was thought that improvements to the synthesis could be
made, as well as attempting to improve both the low yields and very limited
substrate scope previously investigatethe chiral hydazine is available in five
steps fromN-protected proline or only two steps from commercially availaBle (
(+)-1-(2-(pyrrolidinylmethyl)pyrrolidine). Subsequent reaction with symmetrical
and unsymmetrical ketones followed by deprotonation, alkylatismgubdh
alkyl andbenzyl electrophiles) and hydrolysis gave valuable chiral ketones in very
good enantiometiexess and moderate yields.

The chiral auxiliary also showed potential in both aldol and Michael
reactions.

The diamine synthesad as an intermediate en route to the chiral auxiliary
and chiral diamine sparteinewere alsoinvestigaté as chiral ligand in .-

alkylations of a carboxylic acid
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2.2 Synthesis of chiral axiliary

The novel chiral auxiliary had previously besynthesised within the
group, however yields in many of the steps were moderate to low and probfematic.
With this in mind, it was postulated that an improved synthetibodetiogy could
be used to afford the desired chiral product.

The novel chiral auxiliary is formed in a five steghromatographyree
sequencgScheme 2.} starting with aN,N'-dicyclohexylcarbodiimide(DCC)
coupling reaction of commercially availab(&)-N-(benzyloxycarbonyl)proline
(9-128 with pyrrolidine to afford amidg9-129 in 81% vyield? Subsequent
hydrogenolysis allows clean removal of the carboxybenzyl protecting group
yielding the free amingS)-130 in 95% yieldwith no further purification regjred
as the byproducts (toluene and carbon dioxide) are remavedcuo? A lithium
aluminum hydride reduction afford$§)-131in 64% yield followed by nitrosation
using ethyl nitrite to yielchitrosamine (9-132in 91% vyield® A final lithium
aluminum hydride reduction yields theovel chiral auxiliary, hydrazings)-133
in 86% vyield.

0] (0]
O)\OH pyrrolidine NN N
N N O
bz

\ DCC 5% Pd/C
Cbz
(S)-128 (S)-129 (S)-13°
81% 95%
LiAIH,
THF
LD i LD s L
N
NH, o
(5)133 (S)-132 (S)-131
86% 91% 64%

Scheme 2.5ynthesis of novel chiral auxiliary.

The mechanism for formation (§)-129(Scheme 2.2begins with the lone
pair of electrons on one of the amine nitrogens in D33 being used to
deprotonate the carboxylic a®él(S)-128to yield the carboxylate. The protonated

56



Chapter 2 Results and Disgssion

DCC now acts as an electrophile and the negative charge on the @{ythen
carboxylateattacks the carbon of the central bond of the protonated DCC, yielding
a good leaving group. The lone pair on the nitrogeeyorolidine can then attack

the carbon of the carbonyl bomd (S-135 forming a tetrahedral intermediate
which collapses to yield the desired ami(®-129 and side productN,N'-
dicyclohexylureal36 which is removed by filtration of the reaction misgwover
Celite . The filtrate is washed with 0.5M HCI, saturated aq. NakG®O and
brine to provide the crude product, which is purified by recrystallisation from ethyl

acetate to provideg-129as a white solid.
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S)-135
134 (5)

(S)-129 136
Scheme 2. Mechanism of formation of5j-129,

The Cbzprotected product§-129was shown to exist as a mixturesyt
and anti-rotamersby NMR spectroscopyScheme 2.3 due to the specific

character of the carbamate@bond*® There is precedence in theeliature for

the free rotation of carbamate bonds of proline derivatives at physiological

temperature$. The lone pair of electrons on the nitrogen atoms are tied up in

conjugation with the carbonyl group, meaning the carbam#@ebNnd has partial

single and doublednd propertyhence the observation of rotamers (two sets of

58



Chapter 2 Results and Disgssion

signals) in NMR spectra, most notable i€ NMR spectrum Kigure 2.1).

Mechanistic studies would be required to determine which rotamer is most stable.

L0 b,
o O s

)

antl-(S)-129 syn-(S)-129

Scheme 2.Depiction ofsyn andanti-(S)-129rotamers.
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O

N
~—a
QS#O
anti-(S)-129
0}
0
T
©j i
syn-(S)-129

O

Figure 2.1 3C NMR spectrum of $-129 with magnification of peaksnd
example of peak doubling due tatamers highlighte@CDClz, 75 MHz).
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Removal of the carboxybenzyl group is achieviachydrogenolysis which
undergoes the folloing series of eventStheme 218 Cbzprotected amidés)-
129coordinates to the palladium catalyst the electrorrich aromatic ring. This
brings the benzylic € bond in close proximity to the palladiubound hydrogen
atoms and it is reduced, resulting in the carboxylic €8l 37 and toluene. The
acid is in eqilibrium with its ionised formwhich collapses to givéS)-130and
carbon dioxide. Because of the dder initial coordination with the cdigst, only
benzylic or allylic carbotheteroatom bonds can be reducég-130was isolated

as a yellow oil with no purification required.

O
" A
o — /N N
©ﬁo (S)-129 il 0«0 O NU

H H H H
Pd catalyst
—
Lz o
L <"
-~ + N (@]
H Ho/go
(S)-137

» »
co, + % - Y@H

O oN
H
(S)-130 @@

Scheme 2.Removal of protecting group bhydrogenolysis.
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The third step in the synthesis of the chiral auxiliary is a standard lithium
aluminium hydride reduction of an amifi®-130to give amingS)-131(Scheme
2.5 ILWKLXP DOXPLQLXP K\GU LGaddibgRhohe datdomofV R XU FH |
the carbonyl group ing)-130 to form a tetrahedral intermediate, which then
collapses to form the iminium iq®)-138 (S)-138is more electrophilic thar§}-
130, so it reacts with a further equivalent of LiAlkb be reduced to secondary
amire (§-131, which was purified by Kugelrohr distillation to yield the pure

product as a colourless oll.

(o 0
H © ® SAlH3LI
(S)-130 H—AIH;Li

&NO w @
N < N
H H © ®
(S)-131 (S)-138  H—AIH,Li

Scheme 2.3.AIH 4 reduction of amideS)-130

Amine (9-131is then reacted with ethyl nitrite (supplied as a2l
solution in ethanol) to form nitraamine(S)-132 (Scheme 2.5 Ethyl nitrite 139
is converted to a nitrosyl cation, which is then able to pick up the lone pair of
electrons on the secondary amine &-131 forming a new NN bond.
Abstraction of the proton providethe target compoun®)(132 Caution was
exercised with(S)-132 dueto the potential toxicity of the compoufid: No

purification was carried out arahly *H and'*C NMR data were obtained
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AN &
odto T %

\
139 EtOH (S)-131 ||\|1® Nitrosyl
e} cation

N .
E}f Q S HY NO
NO -

(S)-132 b

Scheme2.6 Nitrosation of amine§)-131

A lithium aluminium hydride reduction is carried out to convert
nitrosamine (§-132 to the hydrazine chiral auxiliargS-133 via a tetrahedral

intermediate which collapses ¢gove the azo compoun®)¢140(Scheme 2.Y.

0 O J— DEe

H \6—@\«/,\, ~NH
AlH,Li
(S)-132

|

S oIS

N N

\ N

NH, y ‘\ o o
H- AIH,Li

(S)-133 (S)-140

Scheme 2.1iAlH sreduction of §-132to hydrazine.
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2.3 Synthesis of racemic ketones

In order to be able to state enantiomeric excess of chiral compounds with
certainty, it is necessatyg have standards for comparisorgat chromatogrdgy
(GC) traces This can be achieved by synthesising racemic ketones andiogtai
a GC trace prior tattaining the GC trace of the chiral ketone

Racemic ketones42areformed by deprotonation of the desired ketone or
aldehydel41using LDAIn a suitable solvenglkylation of the resulting enolate
using the electrophile of choice and purification Isylica gel column
chromatographyScheme 2.8 A sample of the pure ketone svthen dissolved
in distilled DCM to a concerdtion of 1 mg/mL and subjected®C analysisusing

suitable conditions to allow 2 peaks of equal area to be identified.

1. LDA
0] solvent O
B ———
R)J\/ R)H/
2.R'Br R
141 142

R = alkyl, aryl
R' = alkyl, benzyl

Scheme 2.8~ormation of racemic-alkylated ketones or aldehydes.

The reaction of lithium enolates with alkyl halides is undoubtedly one of
the most important carbesarbon bond forming reactions in organic
chemistry!2® The reaction consists of two steps. The first step involves
formation of the enolate by deprotonation with base. A sufficiently strong base is
required to ensure complete deprotonation of the enolisable proton at the
position of ketones and aldehydes. pBeonation occursnia cyclic mechanism
(Scheme 2.9 with the basic nitrogen atoaf LDA removing the protonf 141as
the lithium s delivered to produce the enolatdn the subsequent step, the
alkylating agent is added dropwise and adds to the ertolarovide142in an
Sn2 fashiont? The reaction conditions employed in the synthesis of racemic
ketones was that typical of enolate formatibdeprotmation was arried out by
additionof LDA dropwise at-78 jC in anhydrousTHF. The alkylating agent is
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added dropwise, also at low temperatu?@ (C), as the lithium enolates may not

be stable at higher temperatures. After allowing the reaction to stir for 3@&min
this temperature, the reaction is allowed to warm to room temperature to increase
the rate of reaction of they3 alkylation. The low yields observed in this type of
reaction may be due to selbndensation of the enolaighich may occur while

the enolate is still forming.

ZT

+ -Pr7 iPr

B
N
R1

. _Li
N 0)
R)Q\(H i-Pr —_— R)ﬁ/—\

R +  LiBr

Scheme 2.Mechanism of deprotonation of ketones and aldehydes.

A number of racemic ketones were syntbed for this projecbased on
either 3pentanondFigure 2.9 or propiophenonéFigure 2.5. A wide variety
of electrophiles waselected to investigate électronic effecthiad anyeffect on
theobservedyields of the reaction

Yields for benzylation of entanoneKigure 2.2) varied from 1255%,
with no obvious correlation betwedre electrophile used arttie yield of ketone
obtained. Spectral characteristics of ketah&3 145 146and148corresponded
with that previoust reported in the literature, with the structure of nowatbkes
144and147 confirmed by spectral analysis. Elemental analysisA@fprovided
additional structural confirmationAllylation of 3pentanone provided product
ketones149151 in low to moderate yieldswith no trend apparent between
electrophile utilised and yiélobtained(Figure 2.2). Spectral characteristics of
149 were consistent with that previously reported in the literatliiee structure
of novel alylated ketonesl50 and 151 was confirmed byfull experimental

analysis.
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e} 1 LDA, THF

R = alkyl, benzyl

o) o o)
F Br
F
F F
F
143 144 145
31% 38% 55%
(0] 0 (0]
\)‘\(@\ / \)‘\(@\
(0] NO, \)A\EQ\K
146 147 148
35% 28% 12%

0 O Q

149 150

38% 25%
151 |
37%

Figure 2.2Racemic .-alkylatedand .-benzylated-pentanone based ketones.

The 13C NMR spectrum ofL44 was particularly interesting due to the

presence of five fluorine atoms on the benzyl ridigre 2.3).
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Figure 2.313C NMR spectrum of 2nethyk1-(perfluorophenyl)pentaB-one144

On closer examination of the aromatic regiBig(re 2.4), it was apparent
that the quaternary carbon thfe benzyl ring appeared as an appateplet of
doubletsat 113.0 ppm, with splitting caused by the neighbouring fluorine atoms.
Similarly, a doublet of triplet of triplets is observed at 139.8 ppm, corresponding
to the carbon atoms to the quaternary carbon of the benzyl ring, with thigtsyg
due to the multiple neighbouring fluorine atomBhe other carbon atoms of the
bereyl ring appeared as doublets of multiplets, with the coupling constants of the
doublets around 250 Hz, typical of that observed for a carbon bonded to a fluorine
atom. The observation of multiplets for these peaks is as expected as it is known
that °F has the property of coupling across several bonds, even in saturated
systems? The 1F NMR spectrum ofl44 consisted oB peaks with theplitting

patterns observeaks expected
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Figure 2.4 Magnified aromatic region of*C NMR spectrum of #nethyk1-
(perfluorophenyl)penta3-one 144

Racemic.-alkylated and.-benzylated propiophenosmsed ketonesere
synthesised as these wewebe investigated using the chiral auxiliary method
described in Chapter. IKetonesl52-155were synthesised in the same manner as
the 3pentanone based ketones, with deprotonation achieved with LDA in THF
and alkylation with either benzyl bromide toopide 152 or allyl bromide to
provide 153155 (Figure 2.5. Spectral characteristics fot52154 were
consistent with previously reported dathe structure of novel alkylated ketone
155was confirmed by full experimental analysiBhe presence of a fhane atom
on the phenyl ring o155 accounted for theloubletsobserved in thé3C NMR
spectrum. Yields ofi52-155 are low, with the exception df55 which was

obtained in a moderate yield.
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0 0
/[:::TJL\// 1. LDA, THF [:::T)L\r/
B ——

2. RBr
« R
X =H, F, OMe

0 o)
©)‘\(\/

152 153

17% 22%

o) o
o ]

~o F

154 155

26% 52%

Figure 2.5Racemic.-alkylated and.-benzylated propiophenone based ketones.

Racemic ketones were formed in low to moderate yields. In many cases,
the product ketone has a small molecular weight and is volatile, so mass may have
been lost whilst removing solvein vacuo (a notable decrease in mass&s

observed that updengthyrotary evaporation

2.4 Synthesis of chiral hydrazones

Chiral auxiliary (§-133 can be combined with either a ketone or an
aldehyde to form the desired chiral hydrazone. Two ketones were usad in th
investigation. 3Pentanone was chosas an alkyl ketonéor its symmetry to
avoid the possible problems of regioselectivity and propiophenone (substituted
and unsubstituted) @ aryl ketone with onlgneenolisable proton

3-Pentanone hydrazor{§)-156is easily formed in 80% yield (46% yield
after purification byKugelrohrdistillation) by reactiorof 3-pentanonevith chiral
auxiliary (9-133in cyclohexanet room temperaturé&stheme 2.1§) which is in
contrast with formation of SAMP hydrazonesish requirs heating for the
reaction to go to completidi.
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i [V\NQ
NNH N
2 cyclohexane

(S)-133 (S)-156
80%
(46% after purification by distillation)

Scheme 2.1@®ynthesis of Pentanondydrazone §-156.

In a similar manner,(S-133 is combined with propiophenong-
methoxypropiophenone ampefluoropropiophenone to afford hydrazon&s-157,
(9-158 and §)-159in 52%, 54% and 48%ields respectively§cheme 2.1}
Purification of §-157was achieved by Kugelrohr distillation, whil§{158and
(9-159were purified using silicgel column chromatography. It was postulated
that the boiling point of)-158and §)-159would be higheven under the vacuum
conditionsused in the Kugetihr distillation. It was therefore decided to purify
these compounds using silica column chromatography rather than expose them to

high temperatures as a precaution against possible degradation.

0]

L

L0 ()

N X . N
NH; cyclohexane

(S)-157

(5)-133 X = H, 62% (52% after purification)
(S)-158
X = OMe, 87% (54% after purification)
(S)-159
X =F, 80% (48% after purification)

Scheme 2.1Bynthesis opropiophenondased hydrazone$§)¢157-159

The mechanism for hydrazone formation is analogous to that for imine
formation. The lone pair on the nitrogen of the hydrazine chiral aux{&$33
attacks the electrophilic carbon of the ketonaldehydel4l, pushing electrons
from the double bond onto the oxygen. The now negatively charged oxygen picks
up a proton from the positively charged nitrogém provide tetrahedral
intermediate $-160. The hydroxy group picks up a proton to formater which

ads a good leavinggroup, drivingthe formation of the carbemitrogen double
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bond. Loss of a proton neutralises the compound to prq@d&56-159 with

concomitantoss of water $cheme 2.1

§ Co— L=
A N‘NH N - ©0 EHZ NQ
\_/" s Q R>ﬂ®

141 -133

R

(S)-160
H,0

H N
N

(S)-156 R = C,Hs
(S)-157 R = CgHs
(S)-158 R = 4-OCH3CgH,
(S)-159 R = 4-FCgH,

Scheme 2.1Mechanism oformation of hydrazones.

2.5 Synthesis of chiral ketones

Chiral ketones are synthesised by deprotonation of the desired chiral
hydrazone, alkylation with a suitable electrophile and cleavage of the hydrazone
to the parent ketone using a siie cleavagenethod.

The first stepin this investigation waso performa solvent screen to
ascertain which solvent gave the best enantioselectivity for the alkylation of the
chiral hydrazone. Téalkylation of 3pentanone hydrazor(&)-156 wascarried
out usingoenzylbromide as thelectrophilen three different solvent§ able 2.1)
to provide alkylated chiral hydrazong{161 Cleavage was implementeding
a biphasic HCl/diethyl ether system to provide desired chiral kel The
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highestenantioselectivity of §-143 was observed when diethyl ether was the
solvent used in the reactighable 2.1, entry 1) and so deemed to be the solvent
of choice for the rest of the investigationThis was asxpected, aSAMP-
hydrazone methodologi@ssousually involve diethyl ether alvert.1>1’

Table 2.1Solvent Screen for alkylation of hydrazone.

1. n-BuLi (1.15 equw)

O/\ DIPA (1.10 equiv.)
N

N solvent
/N
\_& 2. Benzyl bromide d|ethyl ether
(1.20 equiv.)

(5)-156 (S)-161 (S)-143
Entry Solvent Yield (S)-143 ee(95)-143

(%)@ (%)°

1 Diethyl ether 10 89

2 THF 12 66

3 Toluene 15 61

3 |solated yields quoted over 2 stepas determined by chiral GC analysis.

Next, it was necessary to establish how many edents of LDA would
be requiredand at what temperature the deprotonation step was most successful.
A range of equivalents of LDA andmperatures were chosérabple 2.2 for the

alkylation of 3pentanone hydrazor{&)-156with allyl bromide
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Table 2.2Investigation into deprot@tion conditions required for alkylation.

1. n-BuLi (1.15 equiv.)
Of\ DIPA (1.10 equiv.) Of\

N NQ diethyl ether N NQ HCI o
N - N —
\—& 2. Allylbromide Z diethyl ether
(1.20 equiv.) =
(S)-156 (S)-162 (S)-149
Entry Deprotonation LDA Conversior?
Conditions (equiv.) (9-156 : (9-162

1 33iC, 5h 1.1 82%

2 RT, 5h 2.1 100%

3 0iC, 16h 1.1 100%

aAs determinedy 'H NMR.

Two of the conditions investigated achieved 100% conve(Siable 2.2
Entries 2and3). Howeverin the interest of keeping the amount of LDA used at
a minimum, it was decided to proceetth deprotonation conditions usirigl
equivalents of LDA at QC for 16 hfor the rest of the investigation

Various methods for the cleavage ofsubstituted hydrazones to the
corresponding ketone are available. Oxalic acid has been reported as a
convenient, high yielding, racesationfree methodor the hydrolytic cleavage of
SAMP hydrazone&® Two biphasic cleavage methods, oxalic acid/diethyl ether
and the welestablished HCl/diethyl ether, were investigated Wwitth the novel
chiral auxiliary and SAMP. #trazone(S)-157 and the corresponding SAMP
variant(S)-163were prepared and subjected DA and benzybromide Table
2.3). Both alkylated hydrazones were hydrolysed using oxaliddiettlyl ether
and HCl/dethyl ether. Using the SAMP hydrazon&)-163 benzylated
propiophenonéS)-152was obtained in 92%eand 886 ee using oxalic acid and
HCl/diethyl ether cleavage methods, respectiy&pble 2.3 entries 3and4). A
larger variation in enantioselectivity was observed between the two cleavage
methods when hydrazor{&)-157 was employed in the reaction, wi1% and

78% ee observed when using oxalic acid and HCl/diethyl ether cleavage methods,
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respectively(Table 23, entries 1and2). The low yields of benzylated ketones
observed using both the novel chiaaliliary and SAMP refledhe challenges of

this particular transformation.

Table 2.3Racemisation studies of chiral hydrazongs157 and SAMP variant
(9-163.

N OMe
Cr( Q (b) i (b) C(
N (a) O (a) N
©)\/ (C) (C) ©)\/

(S)-157 (S)-152 (S)-163

Conditions: (a) 1.n-BuLi (1.15 equiv.)DIPA (1.10 equiv.) diethyl ether; 2.
Benzyl bromidg1.20 equiv.) (b) Oxalic acid, diethyl ether; (c) 4M HCI, diethyl

ether
Entry Hydrazone Cleavage Yield (S)-152 ee §)-152
method (%)2 (%)°®

1 (9-157 Oxalic acid, 15 51
EtO

2 (9-157 4M HCl, 31 78
EO

3 (9-163 Oxalic acid, 36 92
EO

4 (9-163 4M HCI, 26 88
EtO

3 |solated yields quoted over 2gk:? as determined by chiral GC analysis.

It is possible that the decrease in enantioselectivity was caused by either
epimerisation of the chiral benzylated hydrazone or by racemisation of the chiral
ketone itself. To investigate which of these was the c8s&5Q was exposed to
the oxalic acidcleavage conditions for 28 hné subsequent enantiopurity
determined78% ee) As no change to thealue of the enantiopurit{78% ee)

was observed, this indicates that epimerisation of the dieraylatechydrazone
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occurs when oxalic acid is used ionebinationwith our hydrazone This may be

due to protonation of the pyrrolidine in the chiral arm, resulting in increased
solubility and exposure to the aqueous acidic layer. résidtunderlines the need

for thorough investigation of clgage methods such cases.

With usable hydrolysis conditions in hand, a variety of electrophibes w
reacted with the azaenolatierived from(S)-156. Cleavage of the hydzone
moiety resulted in chiral ketones with good to excellent enantioselectivity, albeit
in low yield (Figure 2.6). In all cases, the alkylated hydrazone was not isolated.

The use of benzyl bromides akectrophiles in hydrazone chiral auxiliary
methodology has been very limited. In fact, no thorough investigation of benzyl
based electrophiles has been reported using chiral hydrazone methodology. A
plethora of electrophiles were used affording ketoi@<443148 and (S)-164
165 all with moderate to higlenantioselectivity. Sulisiited benzyl groups
allowedinvestigationof the effect ofelectron donating and electron withdrawing
groups present othe electrophile. Fronfrigure 2.6, it is apparent tat the
presence of electron withdrawing groups on the benzyl moiety caused a decrease
in enantioselectivity of the resultant ketone when compared to the sinstdal
benzyl bromide ([§-143 89% ee] which is most apparent with the use of
perfluorobenzybromide [S)-144, 48% eelandp-nitrobenzyl bromide (§)-147,

58% ee] The presence of an electron donating group, for example the pse of
methoxybenzyl bromide($)-146 84% eelandt-butylbenzyl bromide (§)-148

87% ee] had little effect on thenantioselectivity observe®#Vhen 2bromobenzyl
bromide was used as the alkylating agent, the final ke®ki6was obtained in

86% ee. This is similar to the enantioselectivity of the ketone obtained when
benzyl bromide is used as the electroph{®-143, which suggests that the
position of the substituent on the benzyl riagwell as the nature of the substituent
itself, is crucial to #ecting the enantioselectivity. The cleavage psf
bromobenzylatedand p-trifluoromethylbenzylatechydrazoneswas carried out
using sat. ag. oxalic acid/diethyl ethatior to the discovery that this method
resulted in racemisatiorthus theenantioselectivity otthiral ketones$)-164and
(9-1650btained cannot be directly compared witht of(S-143 howe\er it can

be speculated that the enantioselectivity obtained would be lower than that
observed for §-143 due to the presencd electron withdrawing groups #he
para-position.
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To the best of our knowledge, the enzymatic cleavage of chirahbhydes
has not been reported. Mino and-workerg® reported the use of porcine
pancreatic lipase (PPL) as an effective method of deprotecting ketone
dimethylhydrazones. The reaction was carried out on achiral substrates and
achieved generally high yields. As a lipasgalyseddeprotection of chiral
hydrazones had not been attempted to date, it was decided to investigate how
successfully this methodology could be applied to our system. Results obtained
from the cleavage of chiral benzylate¢p@tanone hydrazone gave the chiral
product(S-143in 83% ee, albeit in a low yield afa. 10 %over 2 steps Due to
the increasing emphasis on green chemistry in both industry and academia, this
result is promising and encouraging as a method for hydrolysis of chiral
hydrazones as theaction is carried out in a biphasic acetone/water mixture at

ambient temperature.
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1. n-BuLi/DIPA
diethyl ether

N
Q 2. Electrophile
—_—

3. Cleavage

5e;
§

(S)-143-151;
(S)-156 (S)-164-166

O—%O
O]
-n
T n
a M
@)
@

(5)-143 (S)-144 (S)-145
7%, ee = 89%°? 34%, ee = 48%7 21%, ee = 86%°?
10%, ee = 83%?”

:Q_%o
Q_%o
P_%o

o NO
(S)-146 (S)-147 2 (S)-148

24%, ee = 84%° 6%, ee = 58%°7 28%, ee = 87%°%

Q_%o
Q_%o
(%o

Br CF3
(S)-164 (S)-165 (S)-149
19%, ee = 62%° 14%, ee = 73%° 63%, ee = 55%°
23%, ee = 90%°
0] o]
O
\)‘\i)\ |
=
(S)-150 (S)-151 (S)-166
19%, ee = 89%° 15%, ee = 86%7 13%, ee = 92%°7

29%, ee = 82%29

Figure 2.6 Chiral ketones synthesised using novel chiral hydrazone methodology
Yield is calculated over 2 stepsalkylated hydazone not isolated.HCI/Et.O
hydrolysis;? PPL hydrolysis¢sat. ag. oxalic acid hydrolysfst-BuLi used as base.
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Reaction of §-156 with allyl bromide, 3,3dimethylallyl bromide and
geranyl bromide providedS[-149-151 respectively in similar enantioselectivity
(Figure 2.6), suggesting that an increase in alkyl chain lengthrteadetrimental
effect on the enantioselectivity of the product. The reaction-pér3anone
hydrazone $-156 with LDA and pentyliodide provided§-166 in 92% ee
(Figure 2.7), albeit in moderate yield. WherBuLi was employed as the base
instead of IDA, the selectivity dropped slightly to 82% ee, reaffirming that LDA

is the optimum base for the reaction.

: (S)-166

(R)-166

Figure 2.7GC trace oproduct of reaction ofg)-156with n-pentyliodide showing
(9-1660btainedn 92% ee.

Further to these studies, it was decided to investigate the effect of electronic
substituents present on the hydrazone moiety. Propiophenpne,
methoxypropiophenone ampefluoropropiophenone hydrazoney-{L57-159 were
chosen as substratasd subjected to the standard conditions using allyl bromide
as the elecophile. The resultant ketoneEigure 2.8) demonstrate that the
presence of an electron donatindpstituent on the ring §-154, 79% ee) results
in adecrease in enantioselectivity when compareddalttsubstituted ketonegjf
153 89% ee). The presence of an electradhdvawing substituent §-155 90%
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ee) had little dect on the enantioselectivity. It was also noted that an increase in
enantioselectivity was observed when allylboromide was used as the electrophile
((9-153 89% ee) compared to when benzyl bromide was used as the electrophile
((9-152 78% ee) suggestig that the structure of the electrophile may have an
influence on the enantioselectivity of the final prodattiieast when dealing with

propiophenondased hydrazones.

el )
N\N 1. n-BuLi/DIPA
[ diethyl ether
2. RBr
3. Cleavage
R
X

X =H, F, OMe
)-152 )-153
31%, ee = 78%° 25%, ee = 89%°

15%, ee = 51%P

)-154 )-155

29% ee = 79%°? 33%, ee = 90%°?

Figure 2.8 Chiral ketones synthesised using noveta hydrazone methodology.
Yield is calculated over 2 stepsalkylated hydrazone not isolatetHCI/Et.O

hydrolysis;®sat. ag. oxalic acid hydrolysis.

The ketone products)-143-155and §)-164-166 have been assigned as
(S by comparison of the optical rotation value of chiraBwith that reported in
the literaturé! and others by analogy. All ee values were determined using chiral
GC analysis and confirmed by comparison with independently prepared racemic

ketones.
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2.6 Origin of stereoselectivity in alkylation reactions with novel hydrazone

The selectivity of the chiral ketones obtained from the alkylation of novel
hydrazones washserved to be the same as those obtained from the alkylation of
SAMP hydrazones This suggests that a similar azaenolate intermedaters
with an EccZcn configuration resulting on deprotonation with LDA. This rigid
intermediate allows attack of areetrophile to proceed under high diastereofacial
differentiation, yielding highly diasteomerically enriched hydrazones and
ultimately enantiomerically enrichedsubstituted ketones upon cleavage of the
chiral auxiliary. Attack of the electrophile fronthe top(re) face is sterically

disfavoured, so preferential attack occurs from the botsinfaCe.

EX

_N

N ? LDA Et/O ,<N

R N e Bt /L' h
diethyl
ether

(S)-156 R = Et Q
EX

(S)-157 R = CgHs
(S)-158 R = p-OMe-CgH,
(S)-159 R = p-F-CgH, EX

chiral substituted hydrazone
(not isolated)

Scheme 2.13®rigin of selectivity in novel hydrazone alkylations.
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2.7 Application of chiral auxiliary to Michael and aldol reactions

Chiral auxiliaries, in particular SAMP and RAMP, have been successfully
applied inboth asymmetric aldol and Michael reacticisWith this in mind, it
was postulated that the novel chiral auxiliary could also be applied to these

reactions and provide similar resul&heme 2.1%
L0
N
\\<N\ 1. n-BuLi/DIPA
diethyl ether
1. n-BuLi/DIPA

2.
diethyl ether (S)-156 X NO,
2. Benzaldehyde

\ 169
3. Acetone 3. 4M aq. HCI ©

O OH H,0 diethyl ether O H
\)SA© Amberlyst \)J\_/\/NOZ

167 (4S,5R)-168
13%, ee = 84%

Scheme 2.14ldol and Michal reactions carried out using novel chiral auxiliary.

In both cases,§-156was treated with LDA in diethyl ether and allowed
to stir at 0jC for 16 hto ensure complete deprotonatiomo furnish the aldol
product167, a solution of benzaldehyde in diethyl ether was added dropwise to
the reactionmixture The resultant chiral hydrazone was converted@o by
treatment with Amberlyst15 hydrogen form beads in a biphasic acetone/water
mixture?3?4 The crude product was subjected to chiral GC analysis and
enantiomeric excesses of 63% and 15% were obtdmrednti- and syn167
respetively. A diastereomeric ratiof 86:14anti:syn determined by chiral GC
analysis, was identical to that observed'ByNMR spectroscopy. Purification
was attempted using siliggel column chromatographyowever an inseparale
mixture of diastereomers resulted. A point of note was that the relative
stereochemistry observednti) was the opposite to that normally seen in aldol
reactions using SAMPsy).?2

To furnish the Michael product, the deprotonated hydrazone was reacted
with trans- -nitrostyreneand subsequent hydrolysis afforded cru@8which was
subject to chiral GC analysis. Enantiomeric excesses of 84% and 47% were
determined forsyn and anti-168 respectively, with an excellent diastereomeric
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ratio of 94:6 synanti as determined by chiral GC analysis altd NMR
spectroscopy. Purdation by silica column chromatography allowed isolation of
syn168in 84% ee and 13% yield over 2 steps. Again, the relative orientation was
opposite to that usually found when using a SAMP chiral auxiliary in Michael
reactions’

There are no reports in the literature of either the aldMichael reaction
using these specific conditions arehgentsvith SAMP as the chiral auxiliary.
As relative orientatiof the producin both cases was the opposite of what was
expected, it was decided to carry out the Michael reaction ugiMPShased 3
pentanone hydrazon&)(114 (Scheme 2.1p using trans -nitrostyrene as the
Michael acceptor as this has not been used in the literature with Sakstel
hydrazones

1. n-BuLi/DIPA
diethyl ether
[~ s ()
— 2.

3. 4M aq. HCI
diethyl ether

(S)-114 (4S,5R)-168
20% crude yield
dr = 85:15 syn:anti
ee = 30% syn, 46% anti

Scheme 2.15Michael reaction of SAMmhydrazone $-114 with trans -

nitrostyrene.

Gratifyingly, crudel68 was determined to have a diastereomeric ratio of
85:15synanti as determined by chiral GC analysis @8hdNMR spectroscopy,
with enantiomeric excesses of 30% and 46% observedyi®rand anti-168
respectively Figure 2.9). This confirmed that th&yndiastereomer was the major
product obtained, which is in keeping with the result observed when the novel
chiral auxiliary was used for the Michael reaction. It follows that the relative
stereochemistry observed in the aldol reaction using the novel ekixdiary
(anti) should be the same as that which would be obtained if the reaction was
carried out using SAMP. As these results are the opposite selectivity to that

previously reported for these types of reaction in the literature, it suggests that the
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nature of the acceptor molecule (benzaldehydetems -nitrostyrene) and its
interaction with the azaenolates intermediate causes the observed stereochemical

outcome of the reaction.

. o

NO, \)J\/:\/NO2

syn

(4R,55)-168 (4S,5R)-168

anti

anti

Figure 2.9GC trace of product d¥lichael reaction using SAMP.

With respect to the intermediate formed during the Michael reaction of
SAMP-basedhydrazones, little appears to be knoalmout its nature. Athe
product of the Michael reaction using this particular acceptoaing -
nitrostyrene)providesthe synproduct as the major diastereomerwyould appear
that the selectivity is based on the properties of the acceptor rather than the
hydrazone donor. A plausible explanation for the obsesyadelectivity of the
final ketone product is as follows. Deprotonation of the hydrazone with LDA
provides the azaenolate, which will react with the acceptor in the same way it
would with an allylating or benzylating reagent, giving rise to the observed
selectivity at the.-position. Due to the presence of the bulky pyrrolidine ring on
one face of thbydrazone, the phenyl group will be orientated towards the opposite

face as it would be more Vfaured sterically, resulting in the observegn
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selectivity. Further mechanistic work would be required to determine the

intermediate in this reaction sequence

2.8 Organocatalytic Michael reaction using diamine

In a recent paper published by Singh and Chimni, various pyrrolidine based
chiral di and triamines have been successfully utilised as organocatalysts in the
Michael reaction of various ketones witlvariety of nitreolefins in brin€?® The
authors chose to focus on pyrrolidibased chiral amines as the organocatalysts
based on the assumption that the pydiok ring should act as the catalytic site by
forming an enamine with the donor ketones, while the side chain would provide
the chirality of the desired ketone product by appropriately orientating the nitro
olefins due to steric and hydrophobic interacithTheaqueousolvent of choice
was brine rather than water as it has been reported that nitrostyrenes can
polymerise in the presence of amines, however ife¢aetion is carried out in an
electrolyte solution, this polymerisation can be inhibffe@he authors found that
on addition of trichloroacetic acid (TCA) as an acidcetalyst, an improvement
in both yield and enantioselectivity was observedVhen thé& reaction was
carried out with oentanonel70 andtrans -nitrostyrenel69 with catalyst(S)-
171and TCA in brinesyn168was obtained in 64% yielmhd 87%eeafter stirring
for 3 d at 25C (Scheme 2.18.

O#N
; e
H )-171

©/\/NO2
\)J\/\/
Trichloroacetic acid

170 Brine
(4S,5R)-168

64% vyield syn
dr = 97:3 syn:anti
ee = 87% syn

Scheme 216 Organocatalytic Michael reaction usir§{171as catalyst®
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Considering these result$ was postulated that diami§g)-131 (formed
as an intermediate e synthesis of our novehiral auxiliary could be utilised
in this reaction, ag9-131 has not been used by Singh a@timni in their
investigations.Thus3-pentanond 70, trans -nitrostyrenel69and §-131were
added to a solution of brine and TCA and allowed to stir aC2f»scheme 2.1).
The reaction was monitored by TlaDalysisand was deemed to be complete after
36 h. Althoughl68was obtained in a much lower yigiPo) than those observed
by Singh and Chimrf® a gratifyingly high selectivity was attained, both in terms
of diastereomeric ratio (91%/nanti) and enantioselectivity (91% egn 89% ee
anti) (Figure 2.10).

SOCINNS

o ~_No, M (5131 :
\)J\/ + ©/\/ \)J\/:\/NOZ
Trichloroacetic acid H
Brine -
170 169 (4S,5R)-168

4% vyield syn
dr = 91:9 syn:anti
ee =91% syn

Scheme 2.1 Drganocatalytic Michael reaction usirg-{L31as catalyst.

Reaction progress was monitored by TLC, with absendé&®indicating
completion of reactionlt is likely thatdue to the polar nature ©68 product may
have lost in aqueous waskeduring workup of the reaction, resulting in the
observed low yield. The orientation @68 was determined to beSA45R by

comparison of the optical rotation value with the literature v&lue.
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(4S,5R)-168

. anti
syn anti

Figure 2.10GC trace of product of organocatalytic Michael reaction.

2.9 .-and -Allylationsof carboxylic acids

Chiral lithium amides have been successfully utilised as traceless
auxiliaries in thesinglestep .-allylation of arylacetic acidswith allylation of
phenylacetic acid 72 providing ©-173in excellent yield and enantioselectivity
(Scheme 2.18%8 High enantioselectivities were delied with only a slight excess
of chiral amine required (1.03 equiv.) which was easily recoverable from the

aqueous layer of the workup.

NR;'
chiral amine /! (0]
O n-BuLi L allylbromide
THF o OH
OH
0 [ *
-78 °C = O,/LI NR, |

172 B - (S)-173

91% conversion
ee = 93%

Scheme 2.18Allylation of phenylaceticacid using chiral lithium amides as
traceless auxiliarie®,
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With these results in mind, it was postulated that similar results could be
achieved ging chiral diamine(S)-131 and methylated variatio(§)-174 (Figure

2.17).

(S)-131 (S)-174 175
(+)-sparteine

Figure 2.11 Diamines used as traceless auxiliaries.4allylation of carboxylic

acid.

(+)-Sparteinel75 (Figure 2.17) is a chiraldiamine ligand which has
previously been used in the research gfdapd as a supplyas readily available
it wasalso used in the reactiorAs the best published results had been achieved
with phenylacetic acid and allyloromide, these reagentsewusedin the
investigation. The reaction was first carried ousing the conditions outlined by
Stivala and Zakariawith (S)-174and175 (Scheme 2.19 however yields were
disappointingly low when compared with those obtained in the liter&ture.

(S)-174 or 175 0
e} .
©\)J\ n-BuLi
OH THF OH

allylbromide
-78°C |
172 (S)-173
(S)-174: 22%
175: 10%

Scheme 2.19.-All ylation of phenyl acetic acid using chiral diamig-174and
(+)-sparteinel 75,

Derivatisation of the aldated phenyl acetic acidSf-173 was deemed
necessary due to the nature of the chiral GC colawailable. Attempts were
made to onvert the carboxylic acid to a methgster using KCOz and

methyliodide in DCM, however the reaction was unsuccesSicihéme 2.2J)
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Due to thefailure of the esterification angossible potential for r@misation of
the chiral centren basic conditiongit was decided to determine enantioselectivity
by comparison of optical rotation dfie synthesised-alkylated phenyl acetic
acidsagainst racemit73and against literature data.

K,COj

0 Mel o
~
OH DCM o)
(S)-173

Scheme 2.2@Rttempt at conversion of chiral carboxylic acl-(73to ester.

The allylation reaction was repeated using three chiral amines as ligands
(Table 2.49. On comparison of optical rotation dabé (S-173 obtained from
reactions using chiraldands(9-131, (9-174and 175 (Table 2.4 entries 1-3)
with both racemicl73 and the published result from Stivala and Zakatigsimg
.RJIDTV 0DOF4 (@dble 2.4, entries 4 and b our chiral ligands proved
disgppointingin termsof both yield andselectivity It wasalsonoted that in all
three chiral reactions, a significant amount of starting material was prgsamt
analysis of the crude mixtureThis suggests that complete deprotonation has not

occurred, perhaps due to the nature of thentiganvolved.
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Table 2.4 .-Allylation of phenylacetic acid using chiral amines as ligands.

chiral amine
o)
oH THF OH
allylboromide
-78°C |
172 (S)-173
Entry Ligand n-BuLi Yield >. o
(equiv.) (§-173 (CHCI3)
(%)2
1 EVNQ 2.1 22 -1.294
N (c =0.85)
(S)-174
2 EVNQ 3.3 9 -1.667
N (c=0.9)
(S)-131
3 N H 2.2 5 +0.857
B N (c =0.35)
G
175
4 None 2.2 >08 +0.248
(racemic) (c=1.01)
5 G LiNT " NL Q 4.0 84 +77.2
N A pp Ph/'\/N (c = 1.01)
176

2 |solated yield.

5HJL RV HaHRDWLIHagNseBohdary amidesing2.5 equiv. of
(-)-sparteinénas been reporté&cheme 2.21%° The authors found that the degree
of enantioselectivity of the product was dependant on the electrophilevitbed
wide range of electrophiles tolerated under the reaction conditions
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0 1. s-BuLi, THF, H EO
(-)-sparteine N
N~ N~
H 2. Electrophile H
177 (R)-178
Yield = 45-86%
ee = 10-94%

Scheme 2.21Enantioselective -allylation of 3phenylpropanamidéd.74 using

(-)-sparteine as chiral ligand.

With these results in mind, threaction was attempted usikegrboxylic
acid 179rather than the amide as the starting mate@&lpplies of §-131and
(9-174had bee) H[KDXVWHG L-glyRtidrvefgiresylacétiOasid,. so the

-allylation of 3phenylpropanoic acid was attempted with-¢parteinel 75and
.RJID YV DQOPLiteHhiral ligand which gave the best resuiltsStivala and
=D N D U L-dyafion of phenylacetic acitf. Disappointingly in both cases,
al\ODWLRQ RFFXU UpbStionwitd levoandntidséétlivitgetermined
by optical rotation dataeaction withl75 >].'%=+0.58 (c 1.12, CHG); reaction

with 176 >].'W= +3.66 (c 0.56, CHG); lit.! 99% ee: >].'W= +0.58 (c 1.12,
CHCl), suggesting a nitrogen atom may be required to provide a coordination

point for the chiral ligando encourage lODWLRQ WR WDpositicBODFH DW
(Scheme 2.2p

@) 1. s-BulLi, THF, k: 0O
174 or 175 :
OH OH
2. Allylbromide

179

Scheme2.22 Attempts at -allylation of 3phenylpropanoic acidl79.
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2.10 Conclusions and future work

Novel chiral hydrazone athodology has been established involving 3
pentanone and propiophenone based ketwiteghe chiral auxiliary containing a
pyrrolidine ring in the chiral armThe chiral auxiliary has been formed in good
yields in  five steps  from commercially  available 9-\-
(benzyloxycarbonyl)proline §-128 (or only two steps from commercially
availabe (9-(+)-1-(2-pyrrolidinylmethyl)pyrrolidine §-131) without the need
for silica column chromatography purification. Enantiomeric excesses of up to
92% were achieved in thealkylated aliphatic kenes formed and up to 89% in
less studied aromatic ketes. While the overall yields were moderate (in most
cases due to product volatility), comparison studies with SAMP showed
comparable yields. However, given the remarkably few methods available to
access these compounds and the excellent enantiosekestbserved, the novel
chiral auxiliary reported can be considered a viable route to these chiral synthons.

Initial unoptimised studies into the use of the novel chiral auxiliary in
Michael reactions have proven to be successful and further resedrod gétried
out in this area and in its potential in aldol reactions.

Although initial studies into the- D Q @llylation of carboxylic acids
provedunsuccessful, future investigations in the area will invalternative chiral
aminesincluding tertiary diamines and sparteine surrogéteact as ligands in

these reactions.
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Chapter 3 Experimental

3.1 General experimental

Solvents and reagents were used as obtained from commercial sources and without
purification with the following exceptionsTHF and diethyl ether were freshly
distilled from sodium/benzophenone undérogen DCM and diisopropylamine

were distilled from Cabtland stored under nitrogen.

Wet flash column chromatography was carried out using Kieselgel silica gel 60,
0.0409.063 mm (Merk). TLC was carried out on preoated silica gel plates
(Merck 60 PF254). Visualisation was achieved by UV and potassium

permanganate staining.

Melting points were carried out on a tmelt Thomas Hoover Capillary melting

point apparatus

IR spectra were recorded on PerkinElmer FTIR Paragon 1000
spectophotaneter. Liquid sampleswere examined as thin films daCl plates.
Solid samples were dispersediBr and recorded as pressed discs. The intensity

of peaks were expressed as strong (s), medium (m) and weak (w).

NMR spectra were run in CDglsing TMSas the internal andard a0 o unless
otherwise specified*H NMR (400 MHz) spectra ant NMR (300 MHz)spectra
were recorded on Brukéwvance 400 and Bruker Avance 300 NMR spectrometers
respectively in proton coupled modé&r NMR (282 MHz) spectra andF NMR
(470 MHz)wererecorded on Bruker Avance 300 NMR and Bruker Avance 600
NMR spectrometers respectively in proton decoupled médéIMR (150MHz),
13C NMR (125MHz) and*3C NMR (75.5 MHz) spectra were recordedBnuker
Avance 600 Bruker Avance500 and Bruker Avance300 NMR spectrometers
respectively in proton decoupled modAll spectra were recorded at University
College Cork. Chemical shiftg and G are expressed as parts per million (ppm),
positive shift being downfield from TMS; coupling ceasts () are expressed in
hertz (Hz). Splitting patterns ftd NMR spectra @ designated as s (singlet}, b
(broad singlet), d (doublet), ddidublet of doublets)t (triplet), g (quartet), dq
(doublet of quartetsland m (multiplet). Fof*C NMR spectra, the number of
attached protons for each signal was determined using the DEPT pulse sequence
run in the DEPT0 and DEPT135 modes. COSY, HSQC and HMBC
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experiments were routinely performed to aid the NMR assignment of novel

chemical structwes.

LRMS were recorded on a Vil&as Quattro Micro triple quadpole instrunent in

ESI mode using 50% acetonitrilgater containing 0.1% formic acid as eluent;
samples were made up in acetonitolemethanal HRMS were recorded on a
Waters LCT Premier TdfC-MS instrumentn ESImode using 50% acetonitrile
water containing 0.1% formic acid as eluent; samples were made up in acetonitrile

or methanal

Enantiopurity of the chiral compounds was determined by chiral gas
chromatography performed on an Astec IRALDEX™ G-TA, fused silica
capillary column, 20 mu0.25 mm u0.12pum film thickness. GC analysis was
performed on an Agilent Technologies 7820 A GC system. All chiral columns
were purchased from Sigrfddrich Supelco. Conditions for separation were
determined using the following operating conditions as standard, flow rate: 1
mL/min, injection volume: 0.2iL, split ratio: 10 : 1, front inlet temperature: 150
iC, detector temperature: 15&. Samples were prepared for GC analysis by

dissolving in distied DCM to 2 mg/ml and passing through silica gel.

Optical rotations were measure on a Peikimer Polarimeter 341 at 589 nm in a
10 cm cell;concentrationsd) are expressed in g/100 ml.Dp is the specific
rotation of a compound and is expressed in units df d€y cn? gt. Specific

rotations were employed to indicate the direction of enantioselection.

The Microanalysis Laboratory, National University of Ireland, Cork, performed
elementalanalysis using a PerkiBlmer 240 and Exeter Analytical CE440

elemental analysers.

3.1.1 Analysis of known and novel compounds

'H NMR spectra,'3C NMR spectral®F NMR (where applicable), LRMS and
melting point (if solid) analyses were recorded for p@ieviously prepared
compounds. For novel compounds, in addition to the previously mentioned
analysis, IR, HRMS and elemental analysis (if possible) were also obtained.
Optical rotations were used to assign the absolute stereochemistry for known

compounds
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3.2 Procedures forsynthesisof hydrazones

Benzyl (S)-2-(pyrrolidine -1-carbonyl)pyrrolidine -1-carboxylate, (S)-129

To astirred solutiorof (S-N-(benzyloxycarbonyl)proline

o)
NN\D (9-128(74.57 g, 0.3 mol)n DCM (120 mL) was added
N
=0

dropwise a solution of DCC (61.69 g, 0.3 mml)DCM
(130 mL) at QC under a Matmosphere. After stirring for
©) 30 min, a solution of pyrrolidine (24.7 mL, 0.3 mah)

DCM (120 mL) was added dropwise to the reaction mixture

at 0jC via an addition funnel. The reaction mixture was allowed slowly warm
overnight. The precipitate was removed by filtration through a pad of Catite
washedwith DCM to elute the product. The filtrate was washed with 0.5 M HCI
(2 ul50 mL), saturatedg NaHCG solution (150 mL), watefl 50 mL) and brine
(150 mL). The organic layer was dried over MgS€&ncentratedh vacuoand
crude product (86.91 g, 9§ recrystallised from ethyl acetate to yi¢t)-129as

a white crystalline sadi (73.52 g, 8%).

Spectral characteristics were consistent with previously reported?® data.
m.p. 129431 C [lit.? 130433 {C]. [ .]:''=-13.3 (c1.60, MeOH) [lit?[ .] t =
-14.1 (c 1.61, MeOH)EH NMR (300 MHz, CDCJ): Gmixture of rotamers) 1.56
2.20 (8H, m, 4uCHy), 3.258.75 (6H, m, 3uNCH>), 4.39#.54(1H, m, NtH),
4.975.22 (2H, m, OEl2Ph), 7.287.37 (5H, m, 5uCH arom) ppm;**C NMR
(75.5 MHz, CDC?): @mixture of rotamers) 23.8, 23.9; 24.1, 24.4; 26.0, 26.3 (3
UNCH.CHy>), 29.5, 30.5 (NCIEH>), 45.9, 46.0; 46.1, 46.3; 46.7, 47.3§BICH>),
57.7,58.2 CH), 66.9, 67.1 (TQH>), 127.8, 127.9; 128.0, 128.1; 128.4, 128.4u(5
CH arom), 136.7, 136.8 (OOCHC), 154.2, 154.4CHCON), 170.7, 171.0
(NCOO) ppm; MS (ESI)m/z 303 [(M + H), 100%].
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(S)-Pyrrolidin -1-yl(pyrrolidin -1-yl)methanone,(S)-130

To a stirred solution of (§-129 (75.40 g, 250 mmol) in
methanol (350 mL) was added palladium on carbowt(3%

loading 4.78 g). The reaction mixture was stirred under

hydrogen at atmospheric pressure for 22 h while monitoring the
reaction progress by TLC analysis. The crude reaction mixture was filtered
through a pad of Celiteand washedvith methanol to elute the piact. The
filtrate was concentrated vacuoto yield amidgS)-130as a yellow oil (39.84 g,
95%) with no purification required.
Spectral characteristics were consistent with previously reported data.
> W@ -896 (c 1.7, EtOH) [li? > .'& -112.2 (c 1.7, EtOH)'H NMR (300 MHz,
CDCL): @.60£2.02 (7H, m, 3uNCH>CH2, oneof NCHCH>), 2.052.14 (1H, m,
oneof NCHCH>), 2.772.85 (1H, m, 1 of NHE>), 2.93 (1H, bs, N), 3.158.22
(1H, m, 1 of NHGH>), 3.368.57(4H, m, 2 uNCH>CHy), 3.738.77 (1H, dd,) =
6.5, 8.6 Hz, NHE) ppnt *3C NMR (75.5 MHz, CDCY): 4.0, 26.0, 26.5 (&
NCH2CH2), 30.4 (NCHCH>), 45.9, 46.0, 47.7 (NCH>), 59.5 (NCH), 172.7
(C=0) ppm MS (ESI)m/z 169 [(M + H)", 100%].

(S)-2-(1-Pyrrolidinylmethyl) -pyrrolidine, (S)-131

mL) was added a solution of ami(-130(19.02 g, 113 mmol)
in THF (80 mL) dropwise over 3 h at (C under a N
atmosphere. The reaction mixture wiasvdy heated to reflux, then allowed to stir

EV To astirred suspensiaoof LIAIH 4 (15 g, 396 mmol) in THF (140
N
'Y

H

at this temperature for 4 hrhe reaction wasllowed to cool themuenched by
dropwise addition of saturated adgeSQs solution (20 mL) The crude reaction
mixture was then filtered through a pad of Geliand washed witlethyl acetate

to elute the product. The mother liguor was concentriatedcuoto yield the
crude prodat as a yellow oil (14.54 g, 83, which was purified using Kugelrohr
distillation to vyield (9-131 as a colourless oil (11.22g, 64%%).
Spectral characteristics were consistent with previously reported?® data.
> '@ +8.2 (c 2.4, EtOH]lit.* > .'@= +8.9 (c 2.4, EtOH)]*H NMR (300 MHz,

CDCl): @.224.37 (1H, m, onef NCHCH>), 1.614.74 (6H, m, 3uNCH.CH>),

1.764.91 (1H, m, one of NCHE), 2.21 (1H, bs, M), 2.28(1H, dd,J = 5.2,
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11.9Hz, one of NHCH®EIi2N), 2.382.54(5H, m, 2 uNCH>CH> pyrrolidine ring
and one of NHCHE2N), 2.752.83 (1H, m, one of NCH>), 2.882.96 (1H, m,
one of NHCH>), 3.118.20(1H, m, NHQH) ppm;3C NMR (75.5 MHz, CDC4):
G23.4, 25.0 (3uNCH:CHy), 30.1 (NHCHCH,), 46.1 (NHCH>), 54.6 (2 u
NCH2CH: pyrrolidine ring, 57.4 (NHCH), 62.1 (NHCHCH2N) ppm MS (ESI)
m/z 155 [(M + H)", 100%].

(S)-1-Nitroso-2-(pyrrolidin -1-ylmethyl)pyrrolidine, (S)-132

EVN Ethyl nitrite in ethanol 10-20%, taken to be 15%) (5.45 mL,
N \3 8.63 mmol) was added {&)-131 (1.065 g, 6.90 mmol). The
N

o reaction vessel was covered in aluminium foil and alloteed

stir at room temperature with progress monitoredtb){MR spectroscopy. After
45 h, ethanol was remové@dvacuoto yield (S)-132as a yellow oil (1.15 g, 94).
N.B. Due to the potential toxicity of this compound, dilyand'3C spectra were
obtained and the crude reaction mixture used without purification in the next step.
H NMR (300 MHz, CDCY): G..764.81 (4H, m, 2uNCH.CH_:pyrrolidine ring,
1.91#.25 (4H, mNCH,CH2 and NCHGH>), 2.542.67 (4H, m, 2uNCH2CH;
pyrrolidine ring, 2.80 (1H, dd,J = 8.8, 12.2 Hzpne of NCHCH2N), 3.00 (1H, dd,
J=5.1, 12.2 Hzpne of NCHCH2N), 3.528.62 (2H, m, NEl>), 4.594.67 (1H,
m, NCH) ppm; $3C NMR (75.5 MHz, CDGJ): G20.7 (NCH2CH>), 23.5 (2 u
NCH2CH:2 pyrrolidine ring, 28.7 (NCHCH>), 45.6 (NCH2), 54.7 (2 uNCH2CH:
pyrrolidine ring, 59.5 (NCHCH2N), 60.3(NCH) ppm

(S)-2-(Pyrrolidin -1-ylmethyl)pyrrolidin -1-amine, (S)-133

EVN To a stirred suspensiarf LiIAIH 4 (2.611 g, 68.8 mmol) in THF
Q (120 mL) was added a solution(@-132(6.300 g, 34.4 mmol)

N
N in THF (60 mL) at G;C under a Matmosphere. The reaction

H,

mixture was allowed stir at room temperature for 15 min before being heated to
reflux for 4 h, then stirred at room temperature overnight. Reaction progress was
monitored by'!H NMR spectroscopy. The reaction was quenched bgvdse
addition ofsaturated agNaSQ: solution Q0 mL). The crude reaction mixture
was filtered through a pad of Celitavashing with diethylether to elute the

product. The mother liquor was concentratedacuoto yield(S)-133as a yellow
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oil (4.98¢g, 88%) with no purification required.
> '@ -49.4 (c 1.08EtOH); IR (NaCl) Qax 3370 (NH stretch, m), 2961, 2798 {C

H alkyl stretch, s)1459, 1447 (€H alkyl bend, m)1139 (GN stretch, mem 1; *H
NMR (300MHz, CDCk): G..414.54 (1H, m, one of NCHE>), 1.684.85 (6H,
m, 2 uNCHCH: pyrrolidine ring and NCKECH?), 1.932.07 (1H, m, one of
NCHCH>), 2.262.41 (3H, m, one of NCHE>N and NCH>), 2.452.53 (2H, m,
NCH2CHz pyrrolidine ring, 2.542.62 (2H, m,2 uNCH2CH. pyrrolidine ring,
2.87 (1H, ddJ = 6.5, 11.8 Hz, one of NCH&N), 3.228.41 (3H, m, NCH and
NH2) ppm;*3C NMR (150 MHz, CDGJ): @0.6 (NCHCH?>), 23.5 (2uNCH:CH,
pyrrolidine ring, 28.7 (NCHCH>), 54.9 (2 uNCH2CH> pyrrolidine ring, 59.6
(NCHCH2N), 61.5 (NFENCHy), 67.8 (NBNCH) ppm;HRMS (ESI)m/z calcd for
CoH20N3 [(M + H)*]: 170.1657, found 170.1674.

(S)-N-(Pentan-3-ylidine)-2-(pyrrolidi n-1-ylmethyl)pyrro lidin -1-amine,
(S)-156

To a stirred solution 0f9-133 (4.98 g, 29.4 mmol) in

N
E\}A QI cyclohexane (10 mLjvas added -pentanong7.60 g, 88.2
\\/C

mmol) dropwise under a N atmosphere. The reaction

mixture was allowed stir at room temperature ovgrhand

reaction progress monitored B NMR spectroscopy. On completiothe
reaction mixture was poured into a 6:1 DCM:water mixture, shaken and layers
separated. The organic layer was dried over Mg&@ concentrateith vacuoto
give crude produdb.614 g, 896) which was purified usingugelrohrdistillation
to vyield (9-156 as a pale yellow oil (452 g, 6%0).
> '@ +67.3(c 1, EtOH) IR (NaCl) Qax 2874, 2794 (€H alkyl stretch, s)1658
(C=N stretch, s)1460 (GH alkyl bend m), 1146 (CN stretch, mpm 1; *H NMR
(300 MHz, CDC}): @&..06 (3H, tJ= 7.5 Hz, G13), 1.08 (3H, tJ = 7.5 Hz, G3),
1.534.66 (1H, m, one of NHCH>), 1.694.91 (6H, m, NCHCH2, 2 uNCH2CH>
pyrrolidine ring, 2.022.14 (1H, m, one of NCHE»), 2.172.29 (2H, m,
CHsCH>), 2.302.55 (9H, m, CHCH2, NCHCH2N, 2 uNCH2CH: pyrrolidine
ring and one of NEl2), 2.978.10 (2H, m, one of NB2and NGH) ppm;*3C NMR
(75.5 MHz, CDCY): G0.9 (CH3), 11.8 CHa), 21.8 (NCHCH?>), 23.4 (CHCH?>),
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23.5 (2 UNCH2CHa pyrrolidine ring, 28.6 (CHCH_), 28.7 (NCHCH>) 54.8 (2 u
NCH,CH: pyrrolidine ring, 55.0 (NCH2), 61.4 (NCHCH2N), 66.1 (NCH), 173.3
(C=N) ppm; HRMS (ESI)m/z calcd for G4H2gNs [(M + H)*]: 238.2283 found
238.2288

(S)-N-(1-Phenylpropylidene)-2-(pyrrolidin -1-ylmethyl)pyrrolidin -1-amine,
(9)-157

EV To a stirred solution ofS-133(1.21 g, 7.14mmol) in
N
N QI cyclohexane (4 mL) was added propiophenone (2.38 g,

\

N

Y 17.7 mmol) dropwise under a>MNtmosphere. The

reaction mixture was allowed stir at room temperature

overnight and the reaction progress monitoredtyyNMR spectroscopy. On
completion, the reaction mixture was poured into a 6:1 DCM:water mixture,
shaken and layers separated. Theapig layer was dried over MgS@and
concentratedn vacuoto give crude prduct as a brown oil (1.27 g, @ which
was purified by Kugelrohr distillation to yiel@)-157 as a colourless oil (1.0
52%). > .'@= +418.5 (c 1.09, EtOHIR (NaCl) Qax 2965, 2875, 2790 (alkyl-C
H stretch 9, 1608 (C=N stretchw), 1445, 1459 (aromatic C=C stretch),1144
(C-N stretch m), 696 (mono substituted benzene rilegd, s) cmt; *H NMR (300
MHz, CDCk): Gmixture ofE/Zisomers 85:15 major:mingrl.03 and 108 (3H,
2 uoverlappingt, J=7.6Hz, CH3CHy), 1.434.79 (64, m , one of NCHEl>and
2 UNCHxCH:> pyrrolidine ring, 1.822.03 (1.4, m, NCHCH>), 2.082.29
(1.4H4, m, one of NCHEI>), 2.442.68 (7.H, m, NCHH:N, 2 uNCH>CH>
pyrrolidine ring one of NGH2), 2.7022.94 @H, m, CHzCH>), 3.258.40 (H, m,
NCH and one of NE&l>), 7.28%.39 (3H, m, CH arom), 7.67#.71 (1.4, m, (H
arom) ppm;*C NMR (75.5 MHz, CDGJ): Qonly majorisomer reportedl11.7
(CH3), 22.47 (NCH2CH>), 22.50(NCHCH>), 23.5 (2 uNCH2CH2 pyrrolidine
ring), 28.7 (CHCH>), 55.0 (NCH>), 55.3 (2 uNCH2CH> pyrrolidine ring, 61.6
(NCHCH2N), 66.9 (NCH), 126.8, 128.2, 128.6 (§CH arom.), 138.2 (CBC=N),
165.1 C=N); HRMS (ESI)m/z calcd forCigH2gN3 [(M + H)"]: 286.2283, 6urd
286.2288.
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(9)-N-(1-(4-M ethoxyphenyl)propylidene)}2-(pyrrolidin -1-ylmethyl)-pyrro -
lidin -1-amine, (S)-158

To a stirred solution of9-133(0.94 g, 5.57mmol)

in cyclohexane (9 mL) was addedp-

Ry
N
/o\©\/<N\ methoxypropiophenone (0.92 g, 5.57 mmol)

dropwise under a Natmosphere. The reaction

mixture was allowed stir at reflux overhigand the reaction progress monitored
by 'H NMR spectroscopy. On completidhgreaction mixture was poured into a
6:1 DCM:water mixture, shaken and layers separated. The organic layer was dried
over MgSQ and concentrateith vacuoto give crude productsaa dark orange oil
(1.53 g, 8%0) which was purified using silica column chromatographying with
90:10 hexane:ethyl acetate yield (§-158 as an orange oil (0.95 g, %}

> '@ +122.1 (c 1, ED); IR (NaCl) Qax 2965 (GH alkyl stretch, s), 1608 (C=N
stretch, m), 1512 (C=C arom. stretch, s), 1250(&retch, s), 1176 (O stretch,
m) cm?; 'H NMR (300 MHz, CDC)): G(mixture of E/Z isomers, 96:4
major:mino) 1.08 (35H, 2 uoverlapping, J= 7.6 Hz, G13CHz>major and mino,
1.594.70 (L.2H,one of NCHQH>), 1.724.81 (45H, m, 2 uNCH>CH. pyrrolidine
ring), 1.824.93 (23H, m, NCHCH>), 2.092.20 (14H, m, one of NCHE!>),
2.492.63 (8.H, m, one of N&, NCHCH2N, 2 uNCH>CH. pyrrolidine ring,
2.712.89 (H, m, CHCH?2), 2.96 (0.2H, q, CECH2 minor), 3.208.35 (21H, m,
NCH and one of NEl»), 3.83 (3H, s, O83), 3.87 (0.12H, s, OBz minor) 6.88
(2H, d,J =8.9 Hz, 2uCHCOCH), 7.37 (0.1H, dJ = 10.9 Hz,2 uCHCOCH:
minor), 7.65 (2H, dJ = 8.9 Hz, 2uCHCHCOCH;), 7.96 (0.081, d,J= 8.9 Hz,2
UCHCHCOCH;minor) ppm;*3C NMR (75.5 MHz, CDC}) Qonly majorisomer
reported 12.0 CHs), 22.2 (NCHCH>), 22.3 (NCHCH2), 23.5 (2 uNCH2CH:2
pyrrolidine ring, 28.7 (CHCH>), 55.1 (NCH>), 55.2(2 uNCH2CH: pyrrolidine
ring), 55.3 (OCH3), 61.6 (NCHCH2N), 66.7 (NCH), 113.6 (2uCHCOCH:), 128.2

(2 uCHCHCOCH), 130.6 (CHCC=N), 160.2 COCHs), 165.7 C=N) ppm;
HRMS (ESI)m/z calcd for GoH3oNsO [(M + H)*]: 316.2389, found 316.2388.
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(S)-N-(1-(4-Fluorophenyl)propylidene)-2-(pyrrolidin -1-ylmethyl)pyrrolidin -
1-amine, (5)-159

To a stirred solution of5)-133(0.99 g, 5.85 mmol)
E}A'\D in cyclohexane (9 mL) was addedp-
F\©\<‘N\ fluoropropiophenone (0.89 g, 5.85 mmol) dropwise
under a N atmosphere. The reaction mixture was

allowed stir at reflux overnighand the reaction

progress monitored byH NMR spectroscopy. On completiothe reaction
mixture was poured into a 6:1 DCM:water mixture, shaken and layers separated.
The organic layer was dried over Mg&&hd concentrateith vacuoto give crude
product as a brown oil (1.42 g, 8) which was purified by silica column
chromatographyeluting with 90:10 hexane:ethyl acetdteyield (S)-159 as an
orange oil (0.86 g, 48).

> '@ +289.4 (c 1, BO); IR (NaCl) Qax 2969, 2934C-H alkyl stretch, s)1600
(C=N stretch, § 1508, 1460 (C=C arom. stretch, m223(GF stretch, m), 1157
(C-N stretch, m) cnt; *H NMR (300 MHz, CDC#): Gmixture ofmajor and minor
E/Zisomers74:26 major:mingrl.03 and 1.07 (3.3H, 2overlapping, CH3CH>),
1.614.71 (1.9H, m, one of NCEH.), 1.734.81 (5.8H, m,2 u NCH.CH:
pyrrolidine ring, 2.092.20 (1.8H, m, one of NCH{,), 2.462.66 (9.8H, m, one
of NCH2, NCHCH2N, 2 u NCH2CH> pyrrolidine ring, 2.732.90 (2H, m,
CHsCH2 major), 2.948.01 (0.7H, gJ = 7.2 Hz,CH3CH2minor), 3.248.40 (3H,
m, NCH and one of NEl>), 7.03 (2H, tJ = 8.8 Hz,2 uCHCF major), 7.097.15
(0.6H, m,2 uCHCF minor), 7.37 (0H, dd,J=5.6, 8.8 Hz2 uCHCHCF minor),
7.67 (2H, ddJ = 5.5, 8.9 Hz2 uCHCHCF mgor) ppm;**C NMR (75.5 MHz,
CDCl): Gonly major isomer report@dll.7 CH3CH.), 22.4 (NCHCHy), 22.5
(NCHCH), 23.5 (2 uNCH2CH: pyrrolidine ring, 28.6 (CHCH2C=N), 55.0
(NCH), 55.4 (2 uNCH2CH_: pyrrolidine ring, 61.5(NCHCH2N), 66.9 (NCH),
115.1 (d,2Jcr = 21.4 Hz,2 uCHCF), 128.5 (d3Jc.k = 8.1 Hz,2 uCHCHCF),
134.2 @, “Jc.e = 3.2Hz CC=N), 163.3(d, 1Jc.r = 248.7Hz, CF), 163.9 C=N)
ppm; 1°%F NMR (282 MHz, CDGJ): -113.3 (major);113.5 (minor) ppmHRMS
(ESI)m/z calcd for GgH27N3F [(M + H)*]: 304.2189 found 304.2176
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(9)-2-(M ethoxymethyl)}-N-(1-phenylpropylidene)pyrrolidin -1-amine, (S)-163

To a stired solution of g-(-)-1-amino2-
(methoxymethyl)pyrrolidin€S)-19 (0.300 g, 2.30nmol) in

Ey\o/
N
Q\Q cyclohexane (10 mL) was addgdopiophenon€0.309 g,

2.30mmol) dropwise under adatmosphere. The reaction

mixture was allowed stir at 6C overnight and reaction progress monitored by
TLC analysis. On completiorthe reaction mixture was poured into a 6:1
DCM:water mixture andayers separated. The organic layer was dried over
MgSQs and concentrateid vacuaoto givethe crude produ@s an orange oivhich

was purified by silica column chromatography eluting with 90:10 hexane:ethyl
acetate to yieldS)-163as a yellow 0i(300 mg 52%6).

> '@ +651.0 (c 1.3, CHG) [lit 5[ .] = +733.0 (c 1.3, &He)]; IR (NaCl) Quax
2936, 2827 (€H alkyl stretch, s), 1690 (C=N stretch, m), 1460, 1445 (C=C arom.
stretch, s), 1101 (© stretch, s) ek *H NMR (300 MHz, CDCY): Gmixture of

E/Z isomers 86:14majorminor) 1.03 and 1.08 (8H, 2 uoverlappingt, J= 7.6

Hz, CH3CHz major and minoy, 1.484..64 (0.4H, mNCHCH2 minor), 1.674.79
(1.5H, m, one of NCHEl2> major and NCHCH> minor), 1.844.95 (2H, m,
NCH2CH2 majon), 2.012.12 (1H, m, one of NCHE2 major), 2.212.29 (015H,

m, oneof NCH2 minor), 2.492.68 (1.4, m, one ofNCH2 major and minoand

one of CHsCH2 minor), 2.84 (2H, 2uoverlapping ¢qJ=7.7 Hz, CHCH2>majon,

3.00 (0.14H, qJ = 7.3 Hz,one of CHzCH2 minor), 3.278.43 (3.8H, m, one of
CH>0OCHs major and mingrNCH major and minoand one of NEl> and OCH3
minor), 3.36 (3H, s, O83major), 3.51 (1H, ddJ = 3.7, 8.9 Hz, one of B20CH;
major), 3.61(0.16H, dd,J = 3.7, 8.9 Hz, one of B:OCHs minor), 7.344.36
(3.49H, m, 3 uCH arom. majorand minor), 7.42%.48 (0.13 H, mCH arom.
minor), 7.66%.69 (2H, m, 2uCH arom.major), 7.95#.98 (0.13H, mCH arom.
minor) ppm;*C NMR (75.5 MHz, CDCJ): Qonly major isomer reported)1.8
(CH3CHy), 22.5 (NCHCH>), 22.6 (CHCH>), 26.7 (NCHCH>), 55.6 (NCH2), 59.2
(OCHp3), 66.8 (NCH), 75.6 CH2OCH), 126.8, 128.2, 128.7 (BCH arom), 138.1
(CHsCHC=NC), 165.5 C=N) ppm; HRMS (ESI)m/z calcd forCisH23N20 [(M

+ H)*]: 247.1810, dund 247.1800Anal. calcd forCisH22N20: C, 73.13; H, 9.00;

N, 11.3®6.Found: C, 73.53; H, 9.12; N, 11 %9
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(9)-2-(M ethoxymethyl)}N-(pentan-3-ylidene)pyrrolidin -1-amine, (S)-114

To a stirred solution of  §-(-)-1-amino2-
(methoxymethyl)pyrroliding(S-19 (0.500 g, 3.84 mmol) in
cyclohexane (10 mL) waadded 3pentanone (0.331 g, 3.84
mmol) dropwise under afNatmosphere. The reaction mixture

was allowed stir at 6QC overnight and reaction progress monitored by TLC
analysis. On completiothereaction mixture was poured into a 6:1 DCM:water
mixture and layers separated. The organic layer was dried over Mag®D
concentratedin vacuo to give (9-114 as an orange oil (0.578 g, %

> 1@ +321.5 (c 1.1, CHG) [lit 5[ .] 1" = +297.0 (c 1.0, &He)]; IR (NaCl) Quax
2970, 2877 (€H alkyl stretch, s), 1636 (C=N stretch, m), 1100@Gtretch, s)
cm L 'H NMR (300 MHz, CDCJ): GL.06 (3H, tJ= 7.5 Hz, Gi3), 1.08 (3H, tJ

= 7.5 Hz, G43), 1.604.72 (1H, m, one of NB>), 1.774.87 (2H, m, NCHCH>),
1.952.07 (1H, m, one of NB>), 2.172.28 (2H, m, CHCH>), 2.322.54 (3H, m,
CHsCH2and one of NEly), 3.018.16 (2H, m, N& and one of NCHE&), 3.21
(1H, dd,J=9.2, 7.0 Hz, one of CH&0CHz), 3.33 (3H, s, GH3), 3.39 (1H, dd,
J=9.2, 3.9 Hz, one of CHE20OCHs) ppm; G (CDCls, 75.5 MHz)10.9 CHa),
11.8 CHa), 21.9 (NCHCH>), 23.5 (CHCH>), 26.6 (NCH>), 28.7 (CHCH>), 55.0
(NCH>), 59.1 (GCHs3), 66.0 (NCH), 75.4 CH2OCHs), 178.5 C=N) ppm; HRMS
(ESIl)m/zcalcd for GiH23N20 [(M + H)*]: 199.1810, dund 199.1812.

3.3 General procedure forsynthesis of racemicr-alkylated ketones for use

as GC standards

To a stirred solution afommercially available 1.6 M LDA (1.1 equiv.) in freshly
distilled THF (5 mL) in a Schlenk tube undbk atmosphereavasadded ketone
(1.0 equiv.) dropwise at78jC and the reaction was stirred at this temperature for
30 min. A solution of the electroghi (1.2 eqiv.) in THF (3 mL) was added
dropwise at78 jC and reaction allowed to stir at this temperature for 1 h. The
reaction was allowed warm to room temperature overnight. Saturated sl NH
solution (10 mL) was added and the crude product extradth ethyl acetate or
diethyl ether (3u 15 mL). The organic layer was dried oviglgSQs and
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concentratedn vacuoto yield crude product, which was purified by column

chromatography on silica gel.

2-Methyl-1-phenylpentan-3-one 143

3-Pentanone (91 mg, 1.06 mmol) was alkylated with benzyl

o)
bromide (200 mg, 1.17 mmol) as per general procegiGrend
purified bysilica column chromatography 30hexane:diethyl
ether to yield 143 as a pk yellow oil (58 mg, 3%).

Spectral characteristics were consistent with previously reported .bdata
'H NMR (300 MHz, CDCJ): @.97 (3H, tJ=7.3 Hz, Gi3CH), 1.08 (3H, d,]J =

6.9 Hz, GH3CH), 2.192.32 (1H, m, one of C§CH2), 2.372.50(1H, m, one of
CHsCH2), 2.57 (1H, ddJ = 7.2, 13.2 Hz, one of G&HCH2), 2.84 (1H, m,
CHsCH), 2.97 (1H, ddJ = 7.2, 13.2 Hz, one of GE&HCH>), 7.12#.16 (2H, m,

2 uCH arom.), 7.187.21 (1H, m,CH arom), 7.244.30 (2H, m, 2uCH arom)
ppm; 3C NMR (75.5 MHz, CDC}): G7.6 (CHsCH,), 16.6 CHsCH), 35.2
(CHsCHy), 39.3 (CHCHCH), 47.9 (CHCH), 126.2 CH arom), 128.4 (2uCH
arom), 128.9 (2uCH arom), 139.9 (CHCHCH:C), 214.8 C=0) ppm;MS (ESI)
m/z 177 [(M + H)", 2%)].

2-M ethyl-1-(perfluorophenyl)pentan-3-one, 144

0 3-Pentanone (155 mg, 1.8 mmol) was alkylated with
F pentafluorobenzyl bromide (520 mg, 2.0 mmol) as per
F1 general procadre 3.3 and purified by silica colunn
F r|] chromatograpy 90:10 hexanéiethyl ether toyield 144 as
F a yellowv oil (136 mg, 2806). IR (NaCl) Qax 2980 (CGH
alkyl stretch, m), 2941 (€l alkyl stretch, m), 1717 (C=0 stretc), 1503, 1522
(C=C arom. stretch, s)124 (GF stretch, m) cnt; *H NMR (300 MHz,CDCly):
GL.06 (3H, tJ = 7.3 Hz, Gi3CHp), 1.11 (3H, dJ = 6.9 Hz, G3CH), 2.372.64
(2H, m CHCH2), 2.712.91 (2H, m, CHCHCH>), 2.978.03 (1H, m, CHCH)
ppm; 3C NMR (125 MHz, CDGJ): G7.7 (CHsCH), 16.1 CHsCH), 25.1
(CH3CHCHy), 34.2 (CHCHy>), 45.1(CHsCH), 113.0(apparent tdJ = 3.8 17.5
Hz, CHiCHCH:C), 136.3A4.36.6, 138.31.38.7 (dm,J = 248.8 Hz, 2uCH>CCF),
139.8(dtt, J = 5.0, 13.8, 256.3z, CH.CCFCFKCF), 144.14144.4, 146.1146.3
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(dm, J = 247.5 Hz, 2uCH,CCFCF), 212.7 C=0) ppm °F NMR (470MHz,
CDCl): G442.7 (dd,J = 4.7, 18.8 Hz, 2uCCFCFCF), 456.8 (t,J = 18.8 Hz,
CCFCF@), 462.6 (m, 2 u CCFCGFCF) ppm; HRMS (ESI) m/z calcd for
C12H12Fs0 [(M + H)']: 267.0808, found 267.0821.

1-(2-Bromophenyl)-2-methylpentan-3-one, 145

3-Pentanone (860 mg, 10 mmol) was alkylated with 2

o)
gr | bromobenzyl bromide (2.750 g, 11 mmol) as per general
procedure3.3 and purified by silica column chromatogrgph
40:1 hexanethyl acetat to yield 145as a yellow oil (1.40 g,

55%). Spectral characteristics were consistent with previously reported data
H NMR (300 MHz, CDCY): ®.98 (3H, tJ=7.3 Hz, G13CH>), 1.09 (3H, d,) =

6.9 Hz, GH3CH), 2.28 (1H, dgJ = 7.3, 17.8 Hz, one of G§&H>), 2.47 (1H, dq)

= 7.3, 17.8 Hz, one of GY&H>), 2.68 (1H, ddJ = 6.9, 12.8 Hz, one of CH{),
2.958.13 (2H, m, CHCH and one of CHE>), 7.04#.09 (1H, m,CH arom),
7.13%.23 (2H, m2 uCH arom), 7.53 (1H, ddJ = 1.2, 7.9 HzCH arom) ppm;

13C NMR (75.5 MHz, CDGJ): G7.6 (CH3sCHy), 16.5 CH3CH), 35.3 (CHCH>),

39.3 (CHCH>), 45.4 (CHCH), 124.6 CBr), 127.3 CH arom.), 128.0C¢H arom.),
131.6 CH arom.), 132.9CH arom), 139.2 (CHCHCH.C), 214.5 C=0) ppm;

MS (ESl)m/z 256 [(M + HY), 6%].

1-(4-M ethoxyphenyl)}2-methylpentan-3-one 146

¢} 3-Pentanone (223 mg, 2.71 mmol) was alkylated with 4
methoxybenzyl bromide (600 mg, 2.98 mmol) as per
general procedur8.3 and purified by silica column
o~ | chromatograpy 20:1 hexanesthyl acetate to yield46as

a pale yellow oil (194 mg, 356 Spectral characteristics were consistent with
previously reported dafa.

'H NMR (300 MHz, CDGJ): @.97 (3H, tJ= 7.3 Hz, G3CHy), 1.07 (3H, dJ =

6.8 Hz, GH3CH), 2.24 (1H, dgJ = 7.3, 17.9 Hz, one of G&H2), 2.42 (1H, dg,)

= 7.3, 17.9 Hz, one of (4&H2), 2.51 (1H, ddJ = 6.9, 13.1 Hz, one of CH&L,),
2.80 (1H, m,CH), 2.90 (1H, ddJ = 7.3, 13Hz, one of CHE&,), 3.78 (3H, s,
OCH3), 6.81 (2H, dJ = 8.7 Hz, 2uCH arom), 7.05 (2H, dJ = 8.6 Hz, 2uCH
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arom) ppm;*C NMR (75.5 MHz, CDGJ): 7.6 (CH3sCH2), 16.6 CHsCH), 35.3
(CHsCH>), 38.5 (CHCH2), 48.1 (CHCH), 55.2 (QCHs), 113.8 (2 uCH arom),
129.9 (2uCH arom), 131.9 (CHCHCH:C), 158.0 COCHg), 215.1 C=0) ppm;
MS (ESI)m/z 207 [(M + HY, 10%)].

2-Methyl-1-(4-nitrophenyl)pentan-3-one, 147

\

O 3-Pentanone (172 mg, 2.0 mmol) was alkylated with 4
nitrobenzyl bromide (475 mg, 2.2 mmol) as per general

procedure 3.3 and purified by silica column

NO,| chromatograph0:10 rexane: diethyetherto yield 147

as a ctourless oil (124 mg, 28%

IR (NaCl) Qax 2975 (GH alkyl stretch, m), 2937 (@l alkyl stretch, m), 1712
(C=0 stretch, s), 1519 (N@symmetric stretch, s), 1346 (N€/mmetric stretch,
s)cml; *H NMR (300 MHz, CDCY): @0.99 (3H, t,J = 7.3 Hz, G43CHy), 1.13
(3H, d,J=7.0 Hz, G43CH), 2.26 (1H, dgJ = 7.3, 17.9 Hz, one of Gi&H>), 2.50
(1H, dq,J = 7.3, 17.9 Hz, one of (4&H>), 2.68 (1H, ddJ = 6.8, 13.4 Hz, one of
CHCH>), 2.88 (1H, mCHsCH), 3.11 (1H, dd,) = 7.6, 13.4 Hz, one of CHy),
7.31 (2H, d,J = 8.8 Hz, 2u CH arom), 8.14 (2H, dJ = 8.8 Hz, 2uCH arom)
ppm; 3C NMR (75.5 MHz, CDGJ): G7.6 (CHsCHy), 17.0 CHsCH), 35.1
(CHsCH2), 38.6 (CHCH2), 47.5 CHsCH), 123.7 (2 uCHCNO,, 129.8 (2 u
CHCHCNQ,) 146.6 (CHCHCH.C), 147.9 CN), 213.6 C=0) ppm;HRMS (ESI)
m/zcalcd for G2H16NO3 [(M + H)™]: 222.1130, found 222.1122nal. calcd for
C12H1sNOs: C, 65.14; H, 6.83; N, 6.33%. Found: C, 65.28; H, 6.77; N, 6.41%.

1-(4-(tert-Butyl)phenyl)-2-methylpentan-3-one, 148

0 3-Pentanone (200 mg, 2.32 mmol) was alkylated with 4
t-butylbenzyl bromide (631 mg, 2.78 mmol) as per
general procedur&.3 and purified by silica column
chromatograph®0:10 hexanethyl acetateo yield 148

as a pke yellow ol (63 mg, 12%

Spectral characteristics were consistent with previously reported® data.
H NMR (300 MHz,CDCls): @®.98 (3H, tJ=7.3 Hz, Gi3CH;), 1.08 (3H, d]) =
6.9 Hz, H3CH), 1.30 (9H, s, 3uCHas), 2.29 (1H, dqJ = 7.3 17.8 Hz, one of
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CHsCHy), 2.44 (1H, dqJ = 7.3, 17.8 Hz, one of Gi&H>), 2.53 (1H, dd,]) = 7.4,
13.3 Hz, one of CECHCH>), 2.82 (1H,m, CHsCH), 2.95 (1H, ddJ = 6.9, 13.3
Hz, one of CHCHCHy>), 7.06 (2H, dJ = 8.4Hz, 2uCH arom), 7.29 (2H, dJ =

8.4 Hz, 2uCH arom) ppm;*3C NMR (75.5 MHz, CDGJ)): 7.6 (CHsCH.), 16.6
(CH3CH), 31.4 (3uCHpas), 34.4 C(CHza)s), 35.0 (CHCH?2), 38.7(CH3CHCHy),

479 (CHCH), 125.3 (2 u CH arom), 128.6 (2 u CH arom), 136.7
(CHsCHCH:C), 149.0 CC(CHg)3), 215.0 C=0) ppm;MS (ESI)m/z 233 [(M +
H)*, 16%].

4-M ethylhept-6-en-3-one, 149

0 3-Pentanone (0.800 g, 9.29 mmol) was alkylated with

\)J\C/ allyloromide(1.349 g, 11.15 mmol) as per general proce@use
ZJ and purified by silica column chromatography 90:10

hexanediethyl etherto yield 149as ayellow oil (0.441 g, 38%
Spectral characteristics were consistent with previously reported tata.
IH NMR (300 MHz, CDCJ): GL.04 (3H, tJ= 7.3 Hz, G13CH>), 1.08 (3H, d,) =
7.0 Hz, GH3CH), 2.042.17 (1H, m, one oEH3CHCH?2), 2.34%.42 (1H, m, one
of CHsCHCH?), 2.46 (2H, m CHsCH2), 2.61 (1H, m CHCH), 4.985.07 (2H,
m, CH; alkene), 5.655.79 (1H, m, @ alkene) ppm;*C NMR (75.5 MHz,
CDCl): G7.7 (CH3CHy), 16.2 CHsCH), 34.4 (CHCHy), 37.2 ( CHCHy), 45.7

(CHsCH), 116.7 CH2 alkene), 135.8CH alkene), 214.5G=0) ppm;MS (ESI)
m/z 127 [(M + H), 20%].

4,7-Dimethyloct-6-en-3-one, 150

o 3-Pentanone (0.600 g, 6.97 mmol) was alkylated with 3,3
dimethylallyl bromide (1.140 g, 7.67 mmol) as per general
\)KQK procedure3.3 and purified by silica columehromatography
90:10 hexaneliethyl ether toyield 150 as a pale ydbw oil (0.265 g, 25%
IR (NaCl) Qax 2972, 2935 (€H alkyl stretch, s), 1714 (C=0 stretch, s), 1458
(C=C alkene stretch, m) cim'H NMR (300 MHz, CDCJ): GL.03 (3H,tJ=7.3
Hz, CH3CH), 1.06 (3H, dJ = 6.9 Hz, G43CH), 1.60 (3H, s, Eizalkene), 1.68

(3H, s, Hzalkene), 2.0@.10 (1H, m, one of C4#CHCH>), 2.242.34 (1H, m,
one of CHCHCH»), 2.45 (2H, qJ = 7.3 Hz, CHCH>), 2.57 (1H, mCH), 5.04
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(1H, m CH alkene) ppm{3*C NMR (75.5 MHz, CDCJ): G7.7 (CHsCHy), 16.1
(CHsCH), 17.7, 25.7 (2uCHs alkene), 31.6 (CKCHCH>), 34.5 (CHCH.), 46.3
(CHsCH), 121.5 CH alkene), 133.5 (O2(CHs)2), 215.2 C=0) ppm; HRMS
(ESI)m/zcalcd for GoH160 [(M + H)]: 155.1436 found 155.1432.

4,7,12Trimethyldodeca-6,10dien-3-one, 151

o 3-Pentanone (0.860 g, 10 mmol) was alkylated with geranyl
bromide (2.170 g, 10 mmol) as per general proce@u8e

| and purified by silica column chromatography 90:10
hexanediethyl etherto yield 151 as a colourless oil (0.821
g, 37%). IR (NaCl) Qax 2970, 2932 (cH alkyl stretch, s),
1715 (C=0 stretch, s§671 (C=C stretch, m), 1456 (&€
alkyl bend, m) cmt; *H NMR (300 MHz, CDCY): G1.04 (3H, t,J = 7.3 Hz,
CH3CHy), 1.06 (3H, dJ = 6.9 Hz, G43CH), 1.59 (6H, s, E13CCH3), 1.67 (3H, s,
CH3C=CHCH), 1.932.11 (bH, m, (CH)2C=CHCHCH, and one of
CHsCHCHy), 2.252.35 (1H, m, one of C4#HCH>), 2.44 (2H, q,J = 7.3 Hz,
CHsCH?>), 2.56 (1H, m,CHsCH), 5.02465.09 (2H, m, 2uCH alkene) ppm3C
NMR (75.5 MHz, CDCd): &.8 (CHsCHy), 16.0 CHsCCHg), 16.1 CH3CH), 17.7
(CHsCCHgs), 25.7(CH3C=CHCH), 26.6 ((CH)2C=CHCH3), 31.6 (CHCHCH),
34.6 (CHCH2), 39.8 ((CH).C=CHCHCH2), 46.4 (CHCH), 121.5
(CHsCHCHCH=C), 124.2 ((CH).C=CHCHp), 131.4 (CHCCHg), 137.1
(CH3CHCH.CH=CCHj3), 215.2 C=0) ppm;HRMS (ESI)m/zcalcd for GsH270
[(M + H)"]: 223.2062, found 223.2054; Anal. calcd. forsizeO: C, 81.02; H,
11.79% Found: C, 80.70; H, 12.00%.

2-Methyl-1,3-diphenylpropan-1-one 152

0 Propiophenone (0.500 g, 3.73 mmol) was alkylated with

m benzyl bromide (0.701 g, 4.10 mmol) as per general
O O procedure 3.3 and purified by silica column

chromatography 20:1 hexane:dietlyther toyield 152as a palgellow oil (0.142

g, 1799. Spectral characteristics were consistent with previously reporteddata.
H NMR (300 MHz, CDC#): GL.20 (3H, d,J= 6.9 Hz, Gi3), 2.69 (1H, dd,] =
7.9, 13.7 Hz, one of GI€CHCH?), 3.17 (1H, dd,J = 6.3, 13.7 Hz, one of
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CHsCHCH3), 3.75 (1H, mCHsCH), 7.15%.29 (5H, m, 5uCH arom.), 7.417.47
(2H, m, 2 uCH arom.),7.51&.57 (1H, m, & arom.), 7.91.95 (2H, m, 2uCH
arom.) ppm;**C NMR (75.5 MHz, CDG)): G17.4 (CHs), 39.4 CH), 42.8
(CHsCHCH,) 126.3 (CHCCHCHCH), 128.3(2 uCH arom.) 128.4(2 uCH
arom.) 128.7(2 uCH arom.) 129.1(2 uCH arom.) 133.0(C=OCCHCHCH),
136.4 CC=0CH), 140.0CCH2CH), 203.8 C=0) ppm;MS (ESI)m/z 225 [(M +
H)*, 10%]

2-Methyl-1-phenylpent-4-en-1-one, 153

5 Propiophenone (0.500 @.73 mmol) was alkylated with

_~| allylboromide(0.496 g, 4.10 mmol) as per general procedure
3.3 and purified by silica columrchromatography 90:10

hexane:diethylether to yield 153 as a pale yellow oil (0.141 g, 22%

Spectral characteristics were consistent with previously reported?déta.
IH NMR (300 MHz, CDC#): GL.21 (3H, d,J = 6.9 Hz, Gl3), 2.152.25 (1H, m,
one of CHCHCH>), 2.522.61 (1H, m, one of C¥HCH»), 3.54 (1H, m,
CHsCH), 4.995.09 (2H, m, @i, alkene), 5.725.86 (1H, m, ©& alkene), 7.47
(2H,t,J=7.7 Hz, 2uCHCHCCO), 7.56 (1H,t)=7.2 Hz, (HCHCHCCO), 7.96
(2H, d,J = 7.0Hz, 2 UCHCCO) ppm*C NMR (75.5 MHz, CDGJ)): @7.0 CHa),
37.6 (CHCHCH,), 40.4 CH), 116.8 CHz alkene)128.3 ¢ uCHCHCCO), 128.7
(2 UCHCCO), 132.9 CHCHCHCCO), 135.8 CH alkene),136.5 (CHCHCOC),
203.7 C=0) ppm:MS (ESl)m/z 175 [(M + HY, 100%]

1-(4-Methoxyphenyl)-2-methylpent-4-en-1-one, 154

o} 4-Methoxypropiophenone (0.600 g, 3.65 mmol) was

= alkylated withallyloromide (0.486 g, 4.02 mmol) as

~0 per general proceduB3and purified by silica column

chromatograph®0:10 hexanethyl acetate to yield54as ayellow oil (0.194 g,
26%).

Spectral characteristics were consistent with previously reported“data.
'H NMR (300 MHz, CDC4): G..20 (3H, dJ = 6.9 Hz, G13), 2.132.24 (1H, m,
one of CHCHCH)), 2.502.60 (1H, m, one of C#HCH>), 3.50 (1H, m,
CHsCH), 3.87 (3H, s, O83), 4.9946.09 (2H, m, Ei>alkene), 5.725.85 (1H, m,

110



Chapter 3 Experimental

CH alkene), 6.95 (2H, dl= 8.9 Hz, 2UuCHCHOCH), 7.95 (2H, dJ=8.9 Hz, 2
u CHCOCHs) ppm; 3C NMR (75.5 MHz, CDGJ): G17.2 CHs), 37.8
(CHsCHCH?), 40.0 (CHCH), 55.5 (GCH3), 113.8 (2uCHCOCHs), 116.6 CH2
alkene), 129.4 (CKCHCOC), 130.6 (2 uCHCHCOCH;), 136.0 CH alkene),
163.4 COCH), 202.2 C=0) ppm;MS (ESI)m/z 205.3 [(M + HY, 100%)].

1-(4-Fluorophenyl)-2-methylpent-4-en-1-one, 155

0 4-Fluoropropiophenone (0.600 g, 3.94 mmol) was

Q)W alkylated withallylboromide 0.524 g, 4.33 mmol) as per
F general procedur&.3 and purified by silica column
chromatograpy 90:10 hexanethyl acetate to yield55as ayellow oil (0.392 g,
52%).
IR (NaCl) Qax 2977, 2935 (€H alkyl stretch, s), 1683 (C=0 stretch, s), 1641
(C=C alkene stretch), 1598, 1506 (C=C arom. stretcH 1§83 (CF stretch, s)
cm % 'H NMR (300 MHz, CDC¥): GL.13 (3H, d,J = 6.9 Hz, G13), 2.082.18
(1H, m, one of CBCHCH>), 2.432.53 (1H, m, one of C#CHCH>), 3.42 (1H, m,
CHsCH), 4.925.01 (2H, m, €12 alkene), 5.635.77 (1H, m, @& alkene), 7.07
(2H,t,J=8.7 Hz, 2uCHCF), 7.91 (2Hdd,J = 5.4, 8.9 Hz, 2uCHCHCF) ppm;
13C NMR (75.5 MHz, CDGJ): GL7.1 CHs), 37.6 (CHCHCHy), 40.4 (CHCH),
115.7 (d2Jc-F = 21.9 Hz, 2uCHCF), 116.9 CH. alkene), 130.9 (dJc.r = 9.3 Hz,
2 UCHCHCF), 132.8 (d}Jc.r = 2.9 Hz, CHCHCOC), 135.7 CH alkene), 165.6
(d, Jcr = 254.5 HzCF), 202.0 C=0) ppm;**F NMR (282 MHz, CDCJ): G105.7
(s, F) ppm; HRMS (ESI)m/zcalcd for GoH14OF [(M + H)']: 193.1029, found
193.1034.

3.4 General procedure for synthesis of chiral ketones

3.4.1 General procedure for alkylation of chiral hydrazone

To a stirred solution of freshly distillediisopropylamine (1.1 eaqyv.) in freshly
distilled diethyl ether (4 mL) in a Nbackfilled Schlenk tube a¥8 jC was added
1.6M n-BulLi (1.15 eqiv.). The solution waallowed to stir at QC for 30 min to
generate a solution of LDA. Hydrazone(Q&quiv.) was added dropwise a8

iC and allowed to stir at @C for 16 h. A solution of electrophile (1.2weq.) in
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dry diethyl ether (B mL) in a separate Schlenkhich was previously evacuated
and backfilled with N, was added dropwise to the solution of deprotonated
hydrazone at110jC. The temperature of the reaction was held &0 C for 1

h, then at-70 {C for 5 h before being allowed to warm gradually tmm
temperature overnight. Saturated aq.s8Hsolution (10 mL) was added to
guench the reaction, followed by extraction with diethyl etheu2® mL). The
organic layers were combined, dried oWgSQs and concentrateth vacuoto

yield crude alkylatethydrazone which was hydrolysed without purification.

3.4.2 General procedures for hydrazone cleavage

Method A *HCl/diethyl ether hydrolysis

To a vigorously stirred solution of alkylated hgdone in diethyl ether (5
mL/mmol alkylated hydraza@) wa added 4 M HCI (3 mimol alkylated
hydrazone) and water (3 nthinol alkylated hydrazone). The reaction progress
was monitored by TLC analysis every 10 min. On completion, water (10 mL) was
added, followed by extraction with diethyl ether (25 mL). The organic layers
were combined and washed with water 20 mL), dried over MgS@and
concentratedn vacuoto yield the desired ketone which was purified by silica
column chromatography.

Method B +PPL hydrolysis

To a suspnsion of PPL(100 mg) in water (10 mL) was added a solution of
alkylated hydrazone (1.05 mmol) in acetone (6 mL). The reaction was allowed to
stir at room temperature for 23 h, diluted with diethyl ether (20 mL), washed with
brine (3 ul5 mL), dried over MgS&and comrentratedn vacuato yield the desired

ketone which was purified by silica column chromatography.

Method C xOxalic acid hydrolysis

To a vigorously stirred solution of alkylateddrgzone in diethyl ether (4 imimol
hydrazone) was added satted ag. oxati acid (1.5 mkhmol hydrazone). The
reaction progress was monitored by TLC analysis and on completion was added
water (5 mL) and reaction mixture extracted with diethyl etheu@ mL).
Combined organic extracts were dried over Mg&@dconcentratedh vacuoto

yield desired ketone which was purified by silica column chromatography.
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(9)-2-Methyl-1-phenylpentan-3-one (S)-143

0 Hydrazone(9-156 (195 mg, 0.82 mmo(HCl/diethyl ether
hydrolysis); 250 mg, 1.05 mmol (PPL hydroly}isyas
alkylated with benzyl bromide as per general proce@utd

and hydrolysed using either general procedide2 Method

A to yield (9-143 as a pale yellow 0i(10 mg, 7%over 2 steps8%b eq, or
Method B (19 mg, 10%over 2 steps83% e9.

Spectralcharacteristics were consistent with previously reportecP iz with
racemicl43.

> @ +94.4(c 1.3 CHCE) [lit.°* >.'@& +709 (c 1.1, CHQJ)].
Enantioselectivity was determined by GC analy®lsethod A: 5.3 : 94.7 erg=
25.6 R-enantiomer) and 28.4 mig-€nantiomer) (9QC hold for 33 min, ramp 10
iC/min to 140;C, hold for 5 min). Method C: 8.4 : 91.6 er, rt=7.5 (R
enantiomer) and 7.9 min {&hantiomer) (12QC hold for 10 min, ramp $C/min
to 140;C, hold for 5 min)Note difference in retention times and conditions due
to use of older column for product of Method A and newer cofomproduct of
MethodC.

(S)-2-M ethyl-1-(perfluorophenyl)pentan-3-one, (S)-144

0 HydrazongS)-156(300 mg, 1.26 mmolyas alkylated with
F pentafluorobenzyl bromide as per general proce8uréd

Fl and hydrolysed using general procedBie 2Method A to

E el vield (§-144 as a yellow 0il(115 ng, 34% over 2 steps

F 4% eg. Spectral characteristics were identical to racemic

144

>.'@= +4.7 (c 1, BEO).

Enantioselectivity was determined by GC analysis: 25.3 : 74. 2 er5t9 R-
enantiomer) and 7.7 mitfs{nantiomer) (12QC hold for 10 min, ramp $C/min
to 140;C, hold for 10 min).
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(9)-1-(2-Bromophenyl)-2-methylpentan-3-ong, (S)-145

o HydrazongS)-156(579mg, 2.44mmol)was alkylated with
Br 2-bromobenzyl bomide as per general proced@é.1 and
hydrolysed using general proceduet.2 Method A to
yield (S)-145as a yellow 0i(131 mg21%over 2 steps36%
€e.

Spectral characteristics were congistaith previously reported ddtaand with

racemicl45

> '@ +48.6 (c 1.5, EO).

Enantioselectivity was determined by GC analysis: 7.0 : 93.Gker,18.6 R-
enantiomer) and 19.7 mig-enantiomer) (125C hold for 25 min, ramp §C/min
to 140;C, hold for 5 min)

(95)-1-(4-M ethoxyphenyl}2-methylpentan-3-one, (S)-146

0 Hydrazone(S§)-156 (300 mg, 1.26 mmolyvas alkylated
with 4-methoxybenzyl bromide as per general procedure
3.41 and hydrolysed using general procedi8é.2

o~ | Method A to yield (§-146as a pale yellowil (63 mg,
24%over 2 steps84% €9.

Spectral characteristics were consisteith previously reported ddtand with

racemicl46.

> '@ +0.5 (c 0.1, CKLCL).

Enantioselectivity was determined by GC analysis: 8.2 : 91.& er,23.3 R-
enantiomer) and 23.9 mig-enantiomer) (12QC hold for 15 min, ramp §C/min
to 140;C, hold for 10 min).

(S)-2-Methyl-1-(4-nitrophenyl)pentan-3-one, (S)-147

¢} Hydrazone $-156 (250 mg, 1.05 mmoljvas alkylated
with 4-nitrobenzyl bromide as per general procedure

3.41 and hydrolysed using general proced@d.2

no,| Method A to yield (§-147 as a colourless 0{l13 mg,

6% over 2 steps, 59% ee).
Spectral characteristics were consigtwithracemicl47.

114



Chapter 3 Experimental

> .'@ +10.0 (c 0.3, ED).
Enantioselectivity was determined by GC analysis: 20.5 : 79.7 er/8.5 R-
enantiomer) and 91.8 mis-€enantiomer) (14QC hold for 100 min).

(9)-1-(4-(tert-Butyl)phenyl)-2-methylpentan-3-oneg, (S)-148

HydrazongS)-156 (600 mg, 2.53 mmolyas alkylated

with 4-tert-butylbenzyl bromide as per general

procedure 3.4.1 and hydrolysed using general
procedure3.4.2 to yield (S-148 as a pale yellovll
(164 mg, 28%over 2 steps 86% e¢ Spectral
characteristics were consistevith previously reported
dat& and with racemid 48

> '@ +59.4 (c 1.5, ED).

Enantioselectivity was determindry GC analysis: 6.6 : 93.4 eg t 12.8 R-
enantiomer) and 13.3 mis-€nantiomer) (14QC hold for 25 min).

(S)-4-M ethylhept-6-en-3-one, (S)-149

0 Hydrazone §)-156 was alkylated with either allyl iodide (213
mg, 0.90 mmol) or allyl bromide (295 mg, 1.24 mma¢) per
=) general procedur8.4.1 and hydrolysed using either general
procedure3.4.2Method A (allyl bromide) to yield §-149as a yellow oil (39 mg,
25%over 2 steps90% eg or Method B (allyl iodide) (72 mg, 63%ver 2 steps
55% e@.
Spectral charactetiss were consistémwith previously reported data®and with
racemic149.
> '@ +2.8 (¢ 0.3, ED).
Enantioselectivity was determined by GC analy®lsethod A: 5.1 : 94.9 erg=
2.9 R-enantiomer) and 3.0 mis{nantiomer)Method B: 22.5: 77.5 ergt= 3.1
(R-enantiomer) and 3.2 miis€nantiomer) (9QC hold for 6 min, ramp $C/min
to 140iC, hold for 10 min).
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(9)-4,7-Dimethyloct-6-en-3-one, (S)-150

o Hydrazone $-156 (300 mg, 1.26 mmoljvas alkylated with

3,3-dimethylallyl bromide as per general proced841 and
_ hydrolysed using general procedd®d.2Method A to yield

(9-150as a pale yellow oil (36 mg, 19%ver 2 steps90%

€e.

Spectral characteristics were consistent with racé&ic

> '@ +2.5 (c 0.6, ED).

Enantioselectivity was determined by GC analysis: 4.9 : 95.&rer 9.1 R-
enantiomer) and 9.4 misgnantiomer) (7%C hold for 10 min, ramp §C/min to
140iC, hold for 10 min).

(9)-4,7,12Trimethyldodeca-6,10dien-3-one, (S)-151

0 HydrazongS)-156 (250 mg, 1.05 mmolyas alkylated with
geranyl bromide as per general proced®d.l and
hydrolysed using general proced@ré.2Method A to yield
(9-151as a colourless o{36 mg, 15%over 2 steps86%

ed. Spectral characteristics were consistent with racemic
151 >t = +13.02 (¢ 194, EO)

Enantioselectivity was determined by GC analysis: 7.1 : 92.% er,45.7 R-
enantiomer) and 46.3 mig-enantiomer) (10QC holdfor 40 min, ramp 5C/min
to 140;C, hold for 5 min).

(S)-2-M ethyl-1,3-diphenylpropan-1-oneg (S)-152

0 Novel hydrazone methoddydrazone(S)-157 (146 mg,

O : O 0.51 mmol)was alkylated with benzyl bromide as per
- general procedure8.4.1 and hydrolysed usingither

general procedur8.4.2 Method A (180 mg alkylated hydrazone) or general
procedure3.4.2Method C (120 mg alkylated hydrazong) yield(S)-152as a pale
yellow oil (3.4.2 Method A 52 mg, 48%or 3.4.2 Method C27 mg, 38%.
SAMP hydrazone methodydrazong9)-163(187 mg, 0.76 mmol) was alkylated
with benzyl bromide as per general procedBwe 1 (using SAMP hydrazone in
place of novel diamine hydrazore)d hydrolysed usingithergeneral procedure
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3.4.2Method A (156 mg alkylated hydrazone) or general proce8uteMethod
C (227 mg alkylated hydrazonéd yield (§-152 as a pale yellowoil (3.4.2.
Method A £30 mg, 2956, or 3.4.2 Method C +48 mg, 32%.

Spectral characteristics were consisteithypreviously reported dataand with
racemicl52

> '@= +94.5 (c 2.5, CHG) [it.® >.®= + 88.9 (c 1.1, CHG)].
Enantiosetctivity was determined by GC analysiBable 3.1): tr = 48.7 R-
enantiomer) and 53.1 mig-€nantiomer) (14QC hold for 30 min, ramp §C/min
to 110jC, hold for 30 min).

Table 3.1 GCresults for comparison of novel diamine auxiliary with SAMP and

racemisation investigation.

Entry Hydrazone Hydrolysis Enantiomeric ee

Method ratio (%)

1 (9-157 HCl/diethyl 11.0:89.0 78
ether

2 (9-157 Oxalicacid 235:76.5 53

3 (9-163 HCl/diethyl 4.8:95.2 91
ether

4 (9-163 Oxalic acid 4.6:95.4 91

(5)-2-M ethyl-1-phenylpent-4-en-1-one, (S)-153

0 HydrazongS)-157(175 mg, 0.6Inmol) was alkylated with
Z | allyl bromide as per general proced@ré.1and hydrolysed

using general proceduB4.2Method A to yield (§-153as

a pale yellow 0i(27 mg, 25%0over 2 steps89% eé.

Spectral characteristics were consistent with previously tepdata>'® and with
racemicl53

> '@= +25.5 (c 1.25, CKCl,) [lit.'2 >.'®@= +39.7 (c 1.5, CkCl)].
Enantioselectivity was determined by GC analysis: 5.4 : 94.eer,24.7 R-
enantiomer) and 2%.min S-enantiomer) (10QC hold for 30 min, ramp §C/min
to 140;C, hold for 10 min).
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(9)-1-(4-M ethoxyphenyl}2-methylpent-4-en-1-one, (5)-154

o) HydrazongS)-158(191 mg, 0.61 mmolvas alkylated

/@)W with allyl bromide as per general proced@é.1 and
~0 - hydrolysed using general proceddré.2Method A to
yield (§-154 as a colourlessoil (22 mg, 29% over 2 steps 79% eg.

Spectral characteristics were consistent with pueshoreported datd and with

racemicl54

> '@ +3.8 (c 0.9, CHG) [lit.** > .'@ +31.77 (c 0.93, CDGJ].
Enantioselectivity was determined by GC analysis: 10.6 : 89.4 er/8.0 R-
enantiomer) and 78.6 mig-enantiomer) (11QC hold for 60 min, ramg j C/min
to 140;C, hold for 5 min).

(S)-1-(4-Fluorophenyl)-2-methylpenten-4-en-1-one, §)-155

o Hydrazone(S)-159 (291 mg, 0.96nmol) was alkylated
/@)W with allyl bromide as per general proced®d.1 and

F - hydrolysed276 mg, 0.80 mmol)sing general procedure
3.4.2Method A to yield (§-155as a pale yellowil (51 mg, 33% over 2 steps,
90% e®.
Spectral characteristics were consistent with racé&sc

> '@ +27.2 (c 2.1, ED).

Enantioselectivity was determined by GC analysis: 5.2 : 94.& er,42.0 R-

enantiomer) and 42.5 mis-€nantiomer) (99QC hold for 40 min, ramp BC/min
to 140;C, hold for 10 min).

(9)-1-(4-Bromophenyl)-2-methylpentan-3-oneg, (S)-164

HydrazongS)-156 (300 mg, 1.26 mmohvas alkylated
with 4-bromdoenzyl bromide as per general procedure

3.4.1 and hydrolysed using general procedd.2
Method C to yield (§-164 as a colourless o{69 mg,
23%over 2 steps6Xo eg. > .'@= +22.2 (c 0.9, ED).

Br

IR (NaCl) Qax 2973, 2936 (€H alkyl stretch, s), 1713 (C=0 stretch, s), 1488,
1458 (C=C arom. stretch, 814 NMR (300 MHz, CDCY): .97 (3H,tJ=17.3

Hz, CHsCHs), 1.07 (3H, d,J = 6.9 Hz, G45CH), 2.25 (1H, dgJ = 7.3, 17.9 Hz,
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one of CHCHy), 2.45 (1H, dgJ = 7.3, 17.9 Hz, one of Gi&H), 2.51 (1H, dd,

= 6.9, 13.3 Hz, one of GY&HCH>), 2.80 (1H, mCHsCH), 2.93 (1H, ddJ = 7.4,

13.3 Hz, one of CEKCHCH>), 7.01 (2H, dJ = 8.5 Hz, 2uCH arom), 7.38 (2H,
dd, J = 8.4 Hz, 2 uCH arom) ppm; 3C NMR (75.5 MHz, CDGJ): G7.6

(CHsCHy), 16.7 CH3CH), 35.2 (CHCH>), 38.5 (CHCHCH>), 47.7 (CHCH),

120.2 CBr), 130.7 (2uCH arom), 131.4 (2uCH arom), 138.9 (CHCHCH.C),

214.2, C=0) ppm; HRMS (ESIm/zcalcd for G2H16BrO [(M + H)*]: 255.0384,
found 255.0385Anal. calcd forCi2H1sBrO: C, 56.49; H, 5.9%. Found: C, 56.20;
H, 5.964.

Racemic 164 was prewusly synthesised within  the group.

Spectral characteristics were identical to chigd164

Enantioselectivity was determined by GC analysis: 19.3 : 80.% er16.3 R-

enantiomer) and 17.4 mis-€nantiomer) (14QC hold for 20 min).

(9)-2-M ethyl-1-(4-(trifluoromethyl)phenyl)pentan -3-one, (S)-165

N

Q Hydrazone $-156 (300 mg, 1.26 mmolyas alkylated
with 4-trifluoromethylbenzyl bromide as per general
procedure3.4.1 and hydrolysed using general procedure

CF3] 3.4.2Method C to yield (§-165as a colourless oil (44
mg, 1&%6 over 2 steps72% eg.

Spectral characteristics were consistent with previously reported data.

> '@ +1.0 (c 1, EO); 'H NMR (300 MHz, CDC}): G0.99 (3H, tJ= 7.3 Hz,
CH3CHp), 1.10 (3H, d,J = 6.9 Hz, G43CH), 2.25 (1H, dgJ = 7.3, 17.7 Hz, one
of CHsCHy), 2.47 (1H, dg,) = 7.3, 17.8 Hz, one of G4&H>), 2.62 (1H, dd,) =
7.1, 13.4 Hz, one of G&€HCH>), 2.85 (1H, mCHsCH), 3.05 (1H, dd,J = 7.3,
13.4 Hz, one of CECHCH>), 7.25 (2H, dJ = 7.9 Hz, 2uCH arom.), 7.542H,
d,J=8.0 Hz, 2uCH arom) ppm;*3C NMR (75.5 MHz, CDGJ): .6 (CH3CHb),
16.7 CHsCH), 35.0 (CHCH?2), 38.7 (CHCHCHy), 47.6 (CHCH), 124.3 (qJcr

= 271.7 Hz,CF), 125.6 (q3Jcr= 3.8 Hz, 2uCH arom), 128.6 (q2Jcr = 32.3
Hz, CCRs), 129.3 (2 uCH arom), 144.1 (CHCHCH.C), 213.0 C=0) ppm,;
HRMS (ESI) m/z calcd for GsHi60Fs [(M + H)*]: 245.1153, found 245.1144.
Racemicl65was prewouslysynthesised within thgroup. Spectral characteristics
were identical to chiralg)-165
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Enantioselectivity was determined by GC analysis: 13.9 : 86.% er,10.8 |-
enantiomer) and 12.5 mig€nantiomer) (12QC hold for 10 min, ramp §C/min
to 140;C, hold for 10 min).

(S)-4-M ethylnonan-3-ong, (S)-166

o HydrazongS)-156(250 mg, 1.05 mmoblvas alkylated with 4
iodopentane as per general proceddwel and hydrolysed
using general proceduB4.2Method A to yield (S-166as a
pale yellowoil (22 mg, 13%over 2 steps92% eq. >.'@=

+5.5 (c 0.2, BO); IR (NaCl) Qax 2961, 2932 (€H alkyl

stretch, m), 1714 (C=0 stretch, s), ¢mH NMR (300 MHz,CDCl;): @®.88 (3H,
t,J = 6.8 Hz, G1sCHxCH,), 1.04 (3H, tJ = 7.3 Hz, GsCH:CO), 1.06 (3H, dJ

= 6.9 Hz, G13CH), 1.174.35 (8H, m, 4uCH>), 2.46 (2H, dgJ = 1.5, 7.3 Hz,
CHsCH2CO), 2.482.58 (1H, m, €l) ppm;13C NMR (75.5 MHz, CDGJ): G7.8

(CHsCH,CO), 14.1 CHsCH:CH.CH.CHz), 165 (CHsCH), 22.5
(CHsCHo,CH,.CH:CHy),  27.0  (CHCH:CH:CH,CHy), 31.9  (CHCH-

2CH2CH2CHy), 33.1 (CHCH.CH2CH.CHy>), 34.2 (CHCH.CO), 46.1 CH), 215.7
(C=0) ppm HRMS (ESI)m/zcalcd forCi0H210 [(M + H)*]: 157.1592, found
157.1584.

Racemicl66was previaisly synthesised within thigoup. Spectral characteristics
were identical to chiralS)-166.

The reaction was also carried out employi®uLi as base in place of LDA and
hydrolysis using general proced®d.2 Method A yielding §)-166in 29% over

2 steps, 82% ee.

Enantioselectivity was determined by GC analysis: 4.2 : 95.&e¥,3.6 R-
enantiomer) and 3.9 misnantiomer) (@5 jC hold for 10 min, rampC/min to
140;C, hold for 5 min).
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1-Hydroxy -2-methyl-1-phenyl-3-pentanone,167

0 To a stirred solution of drgiisopropylamine (0.2 mL, 1.39
mmol) indry diethyl ether4 mL) in a N filled Schlenk tube
HO at-78iC was added 1.6M-BuLi (0.91 mL, 1.45 mmol). The
solution was allowed to stir at i@ for 30 min to generate a
solution of LDA. Hydrazon€S)-156 (299 mg, 1.26 mmol) was added dropwise
at-78jC allowed to stir at QC for 16 h. A solution of benzaldehyde (245 mg,

1.64 mmol) in dry diethyl ether (3 mL) in a separate Schieibe which was
previously evacuated and filled withpNvas addediropwise to the solution of
deprotonated hydrazone-atl0iC. The temperature of the reaction was held at
110;C for 1 h, then at70 jC for 5 h before being allowed to warm gradually to
room temperature overnight. Saturated aq4GlHolution (10 mL) was added to
guench the reaction, followed by extraction with diethyl etheu2® mL). The
organic layers were combined, dried odkgSQs and concentratesh vacuoto
yield crude alkylated hydrazone as a dark yellow solid. To edtsolution of
alkylated hydrazone in acetone (8 mL) and water (0.5 mL) was added Amberlyst
15 hydrogen form beatfs'® and reaction allowed stir at room temperature with
progres monitored by TLC analysis. On completion, reaction mixture was filtered
and acetone removéavacuo. The residue was dissolved in diethyl ether (10 mL)
and water (5 mL) and extracted with diethyl etheu(® mL). The organic layers
were combined, dried over Mg%@nd solvent removead vacuoto yield thecrude
ketoneas a mixture ofyn andanti-iosmersas a yellow 0i(165 mg, 68%over 2
steps). Purification by silica column chromatography eluting hwif0:10
hexane:diethyl ether affordedmixture of inseparable diasteroisomers whels
analysed by chiral G0 mg, 3% over 2 steps, 86:13ynanti, 15% eesynl167,
63% eeanti-167).

Spectral characteristics were consistgith previously reported dafd.

> . {@mixture-167= -13.7 (c 0.9, ED); *H NMR (300 MHz, CDCJ): @mixture

of syn andanti-isomers)0.94 (3H, dJ = 7.2 Hz, Gi3CH), 1.04 (3H, tJ=7.2
Hz, CH3CHy), 2.362.62 (2H, m, CHCH_), 2.832.98 (2H, m, CHCH, OH), 4.76
(1H, d,J = 8.3 Hz, GHOH anti), 5.06 (0.16H, d] = 4.0 Hz, GHOH syn), 7.2%
7.36 (5H, m, € arom.) ppm*3*C NMR (75.5 MHz CDCls): &.6 (CHsCHy), 12.6

(CHsCH), 34.6 (CHCH>), 50.8 (CHCH), 63.5 CHOH), 124.7, 125.1, 126.7 (G
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CH arom.), 139.1 (CH:CHOHC), 214.3 c=0) ppm
MS (ESl)m/z 191[(M - H)", 6%)].

Racemicl67was previaisly synthesised within thggoup. Spectral characteristics
were identical to chiral67.

Enantioselectivity was determined by GC analysiss 27.5 gyn), 29.1 anti),
30.7 @nti) and31.0 €yn) min (130 C hold for30min, rampl0jC/min to 14G;C,
hold for 5 min).

4-M ethyl-6-nitro -5-phenylhexan3-one, 168

Method A talkylation of chiral hydrazoneTo a stirred
o © solution of dry diisopropylamine (0.2 mL, 1.39 mmol) in
\)%}VNOZ dry diethyl ether (4 mL) in a Nfilled Schlenk tube at
-78iC was added 1.6M-BuLi (0.91 mL, 1.45 mmol). The
solution was allowed to stir at {@ for 30 min to generate a solution of LDA.

Hydrazone(9)-156 (299 mg, 1.26 mmol) was added slowly dropwise7&tjC
allowed to stir at QC for 16 h. A solution ofrans -nitrostyrene (245 mg, 1.64

mmol) in dry diethyl ether (3 mL) in a separate Schieihe which was previously
evacuated and filled with AN was added slowly rdpwise via cannula to the
solution of deprotonated hydrazoae-110{C. The temperature of the reaction
was held at110;C for 1 h, then at70 jC for 5 h before being allowed to warm
gradually to room temperature overnight. Saturated agCNsblution (10 mL)

was added to quench the reaction, followed by etitia with diethyl ether (3u

20 mL). The organic layers were combined, dried ég50Qs and concentrated

in vacuoto yield crude alkylated hydrane as a dark yellow solid. The crudas
hydrolysed using HCl/diethyl ether to yield the crude ketone as a pale brown oil
(GC analysis of crude obtained) which was purified by silica column
chromatography eluting with 90:10 hexane:diethyl ether affosyerl68 as a
yellow oil (37 mg, 13% \ald, 84% ee).

Method B +Organocatalytic reactionTo a stirred solution of diamin®)-131(50

mg, 0.3 mmol) in brine (10 mL) was added trichloroacetic acid (50 mg, 0.3 mmol)
at 25;C. The solution was allowed to stir at &5 for 2 min. 3-Pentanong741

mg, 8.6 mmol) andrans- -nitrostyrene (426 mg, 2.9 mmolere addecnd the
reaction mixture allowed to stat 25;C for 36 h with reaction progress monitored

by TLC analysis. On completion, the reaction mixture was extracted wigh eth
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acetate (3u15 mL). The organic layer was dried over MgS&hd solvent
removedn vacuoto yield crude productZéd mg, 11%hxs a yellow oil which was
purified by silica column chromatography eluting with 80:20 hexane:diethyl ether
to yield synl68 as a pale yellow oil (30 mg, 4%, 91% ge
Spectral characteristics were consistent with previously reportedoddtathsyn
andanti.18 19

Syn Pale yellow oil. > .'@&syn168= +3.5 (c 0.2, CHG) [lit.?° > .'@&= +8.9(c
0.2, CHCL).]; H NMR (300 MHz, CDCJ): .97 (3H, dJ = 7.1 Hz, G43CH),
1.07 (3H, tJ = 7.3 Hz, Gi3CHy), 2.41 (1H, dg, = 7.3, 18.0 Hz, CECHy), 2.61
(1H, dg,J = 7.3, 18.0 Hz, CECH>), 2.948.05 (1H, m, CHCH), 3.668.73 (1H,
m, CHCgHs), 4.57#4.71 (2H, m, €12NOy), 7.147.17 (2H, m, 2uCH arom.),
7.2947.33 (3H, m, 3uCH arom) ppm; *3C NMR (75.5 MHz, CDQ): G7.6
(CHsCHy), 16.3 CH3CH), 35.4 CH3CH), 46.1 CHCeHs), 48.3 (CHCH), 78.3
(CH2NO), 127.9, 129.0 (5uCH arom), 137.6 (CHCHCHC), 2136 (C=0) ppm;
Anti: white solid. M.p. 6862 iC [Iit.'°61{C]. *H NMR (300 MHz,CDCLk): G
0.83 (3H, tJ = 7.2 Hz, G3CHy), 1.19 (3H, dJ = 7.0 Hz, G43CH), 1.982.12
(1H, m, one of CECH?2), 2.252.38 (1H, m, one of C#CH2), 2.938.03 (1H, m,
CHsCH), 3.748.82 (1H, m, GiCeHs), 4.71 (1H, ddJ = 9.7, 12.6 Hz, one of
CH2NO»), 4.80 (1H, ddJ =5.3, 12.7 Hz, one of i€&2NO»), 7.16#.19 (2H, m, 2u
CH arom), 7.244.33 (3H, m, 3uCH arom) ppm;*3C NMR (75.5 MHz, CDGJ):
G7.3 (CH3CHy), 14.5 CHsCH), 35.8 CH3CH,), 46.0 CHCeHs), 49.1 (2 u
CHsCH), 77.6 CH:NO), 127.85, 127.88, 128.9 (5u CH arom.), 138.0
(CHCHCHC), 212.5 C=0) ppm; MS (ESI) m/z 236 [M + H)*, 20%].
Racemicl68was synthesised 2% yield as per general proced®.8. Spectral
characteristics were identical to chif&8

Enantioselectivity was determined by GC analysiss 49.1(syn), 54.9 (anti),
56.4(syn and 60.0min (anti) (140 C hold for80 min).
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3.5 Alkylation of carboxylic acid
2-Phenylpent4-enoic acid 173

J To a stirred solution ophenylacetic acid (0 equiv.) and
ligand (1.03 equiv.) in THF (0.15 Mvas addech-BuLi (2.1+
OH . . . ,
©)\y( 3.3 equiv) at 0jC. The reaction mixture was allowed to stir at
o)

0 jC for 15 min. The reaction mixture wacooled to-78 jC

and stirred for an additionalrbin. Allyl bromide (40 equiv.) was added dropwise
at-78iC over 10 min. On completion of addition of the electrophile, the reaction
was immediately quenched with a IIHF:MeOH (80 equiv. MeOH) at78 jC.

1M HCI (3 mL) was added after 4 min. The reaction mixture was diluted with
ethyl aetate (8 mL) and water (BL). The agueousyar was extracted with ethyl
acetate 8 u20mL). The combined organic layers were hed with 1M ag. HCI

(20 mL) and brine 20 mL), dried over anhydrous MgS@nd concentrateth
vacuo to vyield the crude product which was purified by silica column
chromatography eluting with 80:20 hexane:ethyl acetate to §iéBdas a pale
yellow oil (Table 3.2.

Spectral characteristics were consistent with previously reported'data.

H NMR (300 MHz, CDC}): @®.422.51 (1H, mone of GHH,CHCOOH), 2.72+
2.82 (1H, mone of GH,.CHCOOH), 3.59 (1H, ddJ = 7.4, 7.5Hz, CHCOOH),
4.93 £5.06 (2H, mCH.alkeng, 5.59 £5.73 (1H, mCH alkeng, 7.18 +7.24 (5H,

m, 5 uCH arom.), 10.42 (1H, bs, ) ppm;*3C NMR (75.5 MHz, CDG): G7.1
(CH2,CHCOOH) 514 (CHCOOH), 117.3(CH. alkene) 1276, 128.1, 128.8 (5u

CH arom), 134.9(CH alkene) 137.8(CCHCOOH) 1798 (C=0) ppm.MS (ESI)

m/z 176[(M + H)*, 58%)].

124



Chapter 3 Experimental

Table 3.2 Optical rotations of.-alkylated phenylacetic acid with different chiral

ligands used in the reaction.

Entry Ligand n-BuLi Yield >.
(equiv.)  (S-173  (CHCI3)
(%)2
1 2.1 22 -1.294
N
L0 :
| (c = 0.85)
(S)-174
2 EV\NQ 3.3 9 -1.667
N =
N (c=0.9
(S)-131
3 N H 2.2 5 +0.857
! N (c = 0.35)
H
175
4 None 2.2 >08 +0.248
(racemic) (c=1.01)
5 LiNT >"ONL 4.0 84 +77.2
N, Ph/k/N (c =1.01)
176
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(S)y1-methyl-2-(pyrrolidin -1-ylmethyl)pyrrolidine, (S)-174

EV To a stirred solution 0fgj-131(0.885 g, 5.74 mmol) in water

N
N\ Q (7 mL) was added formic acid (4.7 mL, 126 mmol) and formalin

(2.3 mL, 63.1 mmol) dropwise at room temperaturdhe
reaction mixture was kwed stir atreflux for 24 h then cooledo room
temperaturgbasified by addition of 10% NaOH to pH 11 and extracted with ethyl
acetate§ u20 mL). The combined organic extracts were dried over MgB0
concentratedh vacuoto yield (§-174as a pale yellow oMvhich did not reque
purification 0.472 g, 49%).

Spectral characteristics were consistent with previously reported data.

[ .]:'S=-84.0(c 0.55 EtOH) [lit??[.] = -84.5 (c 0.53, EDH)]; *H NMR (300
MHz, CDCk): GL.534.85 (7H, m,3 uNCH.CHzand one of NCH#>), 1.95+
2.08 (1H, m,one of NCH®)), 2.122.36 (3H, m,CH3NCH2> and one of
CH3sNCHCH:2N), 2.39 (3H, s, €3), 2.462.54(4H, m,2 uNCH2CH; pyrrolidine
ring), 2.66 (1H, ddJ = 3.9, 11.5 Hzpne of CHNCHCH2N), 3.02:8.08 (1H, m,
CH3NCH) ppm;*C NMR (75.5 MHz, CDGJ): @2.6, 23.53 uNCH.CH>), 31.1
(NCHCHz2), 41.4(CHs), 55.0(2 uNCH2CHz pyrrolidine ring) 57.6(CHsNCH>),
61.6 (CHsNCHCH2N), 64.9 (CHsNCH) ppm. MS (ESI)m/z 169 [(M + H)",
100%)].
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and Michael reactions giving moderate to high selectivity.
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1. Introduction

The a-alkylation of ketones is a fundamental reaction in organic
synthesis. However there exists a very limited number of methods
to carry out this transformation in an asymmetric manner. The use
of SAMP/RAMP methodology almost exclusively accounts for these
types of transformations. * SAMP/RAMP hydrazones have been
widely employed as key steps in the synthesis of numerous natural
products, for example, indanomycine, 2 (+)-eremophilenolide * and
stigmatellin A. * Previous alteration of the basic SAMP/RAMP
framework has included the use of more sterically hindered groups
on the arm to give chiral auxiliaries such as SADP, SAEP, SAPP and
RAMBO® Replacement of the terminal methoxy group with a trim-
ethylsiloxy group showed comparable enantioselectivities to SAMP
in asymmetric a-alkylation reactions and very good selectivities
with aldol reactions. 7 More recently, Coltart has successfully used
chiral N-amino cyclic carbamate hydrazones as an alternative to
SAMP-type hydrazones, allowing the preparation of both  a-alkyl-
ated and a,a-bisalkylated ketones in a convenient and scalable
manner. 8

With such a limited number of routes available to chiral
a-alkylated ketones, there remains signibcant scope for the explo-
ration of new, easily prepared chiral auxiliaries for use in their syn-
thesis. We set out to investigate if a nitrogen (as part of a
pyrrolidine system) could ligate to lithium as effectively as in the
SAMP/RAMP system (where a BOMe group is utilised). We herein
report the chromatography-free synthesis of a novel chiral auxil-
iary incorporating a pyrrolidine ring. The chiral hydrazine is avail-
able in four steps from N-protected proline 1 or only two steps
from commercially available ( S)-(+)-1-(2-pyrrolidinylmethyl)pyr-
rolidine 3. Subsequent reaction with symmetrical and unsymmet-
rical ketones followed by deprotonation, alkylation (using both
alkyl and the rarely reported benzyl electrophiles) and hydrolysis

! Corresponding author. Tel.: +353 21 4902866; fax: +353 21 4274097.
E-mail address: g.mcglacken@ucc.ie (G.P. McGlacken).

0957-4166/$ - see front matter ! 2014 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.tetasy.2014.01.006

gave valuable chiral ketones in very good ee and moderate yields.
The chiral auxiliary can be applied to both aldol and Michael
reactions.

2. Results and discussion

Chiral auxiliary 5 was formed in a bve step sequence from com-
mercially available ( S)-N-(benzyloxycarbonyl)proline 1 via DCC
coupling to provide amide 2 in 81% yield. Two reduction steps
afforded chiral diamine 3 in good yield. Nitrosation gave 4 and a
bnal LiAIH 4 reduction furnished hydrazine 5. Chiral auxiliary 5
was reacted with 3-pentanone to give chiral hydrazone 6 in 80%
yield (46% yield after puribcation by distillation) (  Scheme 1). In a
similar manner, 5 was combined with propiophenone, p-methoxy-
propiophenone and p-fRuoropropiophenone to afford hydrazones
7a, 7b and 7c in 52%, 54% and 48% yields, respectively (Scheme 2).

Chiral hydrazone 6 was then subjected to LDA (5 h, room tem-
perature) deprotonation and alkylated with benzyl bromide (addi-
tionat ! 110 "C, temperature held for1 hat ! 110 "C then for 5 h at
1 70 "C) in either diethyl ether, toluene or tetrahydrofuran. The
resultant alkylated hydrazone 8 was hydrolysed using a biphasic
4 M HCl/diethyl ether system and ketone 9 was analysed for
enantioselectivity using chiral gas chromatography ( Scheme 3).
The use of diethyl ether as the solvent for the alkylation step affor-
ded 9 with very good enantioselectivity (89% ee) in comparison to
toluene and tetrahydrofuran (66% and 61% ee, respectively) albeit
in moderate yields (20030%). °

Improved yields were obtained on extension of the deprotona-
tion time to 16 h and by decreasing the temperature to 0  “C. In
these cases complete conversion to the alkylated hydrazone was
observed. Yields remained moderate, most likely due to the high
volatility of the resulting ketones. *°

Various methods for the cleavage of a-substituted hydrazones
to the corresponding ketones have been utilised. ** Oxalic acid is re-
ported as a convenient, high yielding, racemisation-free method
for the hydrolytic cleavage of SAMP hydrazones. ? However, when
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pyrrolidine
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N DCC N
\ \
Chz Chz
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EtONO
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L0

o

HF

4 91%

Scheme 1. Synthesis of the chiral auxiliary and the corresponding 3-pentanone hydrazone.

we employed oxalic acid as a hydrazone cleavage method only
moderate enantioselectivity was observed in the chiral ketones. 2
We suspected that racemisation was occurring, possibly due to
some protonation of the pyrrolidine and increased solubility and
exposure to the aqueous acidic layer. In order to investigate this
possibility, both chiral hydrazone 7a and the corresponding SAMP
variant 11 were prepared and subjected to LDA and benzylbromide
(Scheme 4). Both hydrazones were hydrolysed using oxalic acid
and HCl/diethyl ether. Using the SAMP hydrazine, benzylated pro-
piophenone 10 was obtained in 92% and 88% ee using oxalic acid

and HCl/diethyl ether cleavage methods, respectively. A larger var-
jiation in the enantioselectivity was observed between the two
cleavage methods when chiral auxiliary 7a was employed in the
reaction (51% and 78% ee). This clearly indicates that racemisation
does occur when oxalic acid is used in combination with our chiral
auxiliary and underlines the need for a thorough investigation of
cleavage methods in such cases. To the best of our knowledge,
the enzymatic cleavage of chiral hydrazones has not been reported.
Porcine pancreatic lipase (PPL) was chosen as an appropriate en-
zyme because of its use in the cleavage of dimethylhydrazones. *
Its use furnished ketone 9 in low (ca. 10%) yield (over two steps)
albeit in 83% ee (Table 1, entry 8). Finally, a biphasic hydrolysis
method (HCl/diethylether) was attempted. Clean conversion from
alkylated hydrazones to ketones was observed with little or no rac-
emisation occurring.

With usable hydrolysis conditions in hand, a variety of electro-
philes were reacted with the azaenolate derived from 6. The reac-
tion of 3-pentanone hydrazone 6 with LDA and pentyliodide gave
ketone 12 with 92% ee, albeit in moderate yield ( Table 1, entry
1). When t-BuLi was employed as the base instead of LDA, the
selectivity dropped to 82% ee (entry 2). Various other aliphatic
electrophiles were employed to afford ketones  13D16 (entries
3Db6) with very good enantioselectivities. We next turned our
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Table 1
Results of alkylation reactions of hydrazones

Entry Hydrazone Electrophile Product ketone % Yield (over two steps) %ee ©
6 SN 12 13 922
2 6 12 29 82ab
3 6 XN 13 63 55¢
4 6 XNNg 14 23 90°
Br
5 6 YVY\/ 15 15 862
6 6 )\A 16 19 892
Br
7 6 Br 9 7 892
8 6 9 10 83¢
F
F.
Br
9 6 17 34 482
F F
F
Br
10 6 18 24 842
~N
(¢}
Br
11 6 @Am 19 21 86°
Br
12 6 20 19 62°
Br
Br
13 6 21 14 73¢
FsC
Br
14 6 22 6 582
O,N
Br
15 6 23 28 87?2
Br
16 7a (jA 10 15 782
17 7a \/\B 24 25 892
18 7b r 25 29 792
19 7c 26 33 90?2

Yield is calculated over two steps; alkylation of the parent hydrazone and hydrolysis of the alkylated hydrazone to the product ketone. Alkylated hyd

2 HCl/diethyl ether hydrolysis.
° t-BuLi used as the base.
Satd aq oxalic acid/diethyl ether hydrolysis.

c

d

analogy.*®

razone is not isolated.

PPL hydrolysis. The ketone products have been assigned as ( S) by comparison of the specibc rotation value of 24 with that reported in the literature and others by

¢ All ee values were determined using chiral GC analysis and conPrmed by comparison with independently prepared racemic ketones.

attention to the use of benzyl bromides as electrophiles. Their use in
hydrazone chiral auxiliary methodology has been very limited. In
fact, no thorough investigation of benzyl based electrophiles has
been reported using chiral hydrazone methodology. A plethora of
electrophiles were used affording ketones 9, and 17823, all with
good enantioselectivity. Substituted benzyl groups allowed us to
probe the effect of electron withdrawing and donating groups pres-
ent on the electrophiles. The presence of electron withdrawing
groups on the benzyl moiety caused a decrease in the enantioselec-
tivity of the resultant ketone when compared to the unsubstituted
benzyl bromide (entry 7, 89%), which is most apparent with the
use of perf3uorobenzyl bromide (entry 9, 48%). The presence of an
electron donating group, for example the use of p-methoxybenzyl
bromide (entry 10, 84%), had little effect on the enantioselectivity
observed.

Further to these studies it was decided to investigate the effect
of the electronic substituents on the hydrazone moiety. Propiophe-
none, p-methyoxypropiophenone and p-Buoropropiophenone
hydrazones 7abc were chosen as substrates and subjected to the
standard conditions using allyl bromide as the electrophile. The
resultant ketones 24B26 demonstrate that the presence of an elec-
tron donating substituent on the ring (entry 18, 79% ee) results in a
decrease in the enantioselectivity when compared to the unsubsti-
tuted ketone (entry 17, 89% ee). The presence of an electron with-
drawing substituent (entry 19, 90% ee), had little effect on the
enantioselectivity.

We then applied our methodology to an aldol reaction
(Scheme 5). Hydrazone 6 was deprotonated using LDA, reacted
with benzaldehyde and hydrolysed using Amberlyst * to afford 27
in 39% yield over two steps. Enantiomeric excesses of 63% and
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1. LDA
diethyl ether \
benzaldehyde
- Y
2. acetone

H,O
Amberlyst

27

1. LDA
diethyl ether
O oy O
\)K/;\/NOZ
2. 4M ag. HCI ;
diethyl ether

Scheme 5. Aldol and Michael reactions. Absolute stereochemistry unknown.

15% were obtained for anti- and syn-27, respectively. A diastereo-
meric ratio of 86:14 anti/syn, determined by GC, was identical to
that observed by 'H NMR.2® The relative stereochemistry observed
(anti) was opposite to that usually seen in aldol reactions using
SAMP (syn).

Our novel chiral auxiliary was then applied to a Michael reac-
tion ( Scheme 5). Hydrazone 6 was treated with LDA and trans-b-
nitrostyrene followed by subsequent hydrolysis to afford crude
28, which was subjected to GC analysis. Enantiomeric excesses of
84% and 47% were determined for syn- and anti-28, respectively,
with an excellent diastereomeric ratio of 94:6 syn/anti as deter-
mined by GC and NMR analysis. Again the relative orientation
was opposite to that usually formed when using a SAMP chiral
auxiliary in Michael reactions. *¢7 Puribcation using column chro-
matography allowed isolation of syn-28 in 84% ee and 13% vyield
over two steps.

3. Conclusion

A novel hydrazone-based chiral auxiliary has been established
involving a pyrrolidine arm. The chiral auxiliary has been formed
in good yields in bve steps from commercially available (  9-N-
(benzyloxycarbonyl)proline 1 (or only two steps from commer-
cially available ( 9-(+)-1-(2-pyrrolidinylmethyl)pyrrolidine 3)
without the need for silica column chromatography puribcation.
Enantiomeric excesses of up to 92% were achieved in the a-alkyl-
ated aliphatic ketones formed and up to 89% in the less studied
aromatic ketones. While the overall yields were moderate (in many
cases due to product volatility), comparison studies with the SAMP
chiral auxiliary showed comparable yields ( Scheme 4). However,
given the remarkably few methods available to access these com-
pounds and the excellent enantioselectivities observed, we are
pleased to report our novel chiral auxiliary as a viable route to
these chiral synthons. Initial unoptimised studies into the use of
our chiral auxiliary in Michael reactions have proven to be
successful.

4. Experimental

4.1. Procedure for synthesis of the chiral auxiliary:
4.1.1. (9-1-[ N-(benzyloxycarbonyl)proly]-pyrrolidine 2 18

To a CH,Cl, solution (120 mL) of ( 9-N-(benzyloxycarbonyl)pro-
line (74.57 g, 0.3 mol) was added dropwise a CH ,Cl, solution
(120 mL) of DCC (61.69 g, 0.3 mol) at 0 "C under a nitrogen atmo-
sphere. After stirring for 30 min, a CH ,Cl, solution (120 mL) of pyr-
rolidine (24.7 mL, 0.3 mol) was slowly added dropwise to the
reaction mixture at 0 "C via an addition funnel. The reaction mix-
ture was allowed to warm to room temperature overnight. The
precipitate was removed by Pltration through a pad of Celite
and washed with CH ,Cl,. The pltrate was washed with 0.5 M HCI
(2" 150 mL), satd ag NaHCOj3 solution (150 mL), H ,O (150 mL)
and brine (150 mL). The organic layer was dried over MgSO 4, con-
centrated in vacuo and the crude product recrystallised from ethyl

#

acetate to yield product 2 as a white, crystalline solid (73.52 g, 81%
yield). %’ %! 13:3 (c 1.60, MeOH) {lit. *° &’ %! 14:1 (c 1.61,
MeOH)}. Mp 123D125 "C [lit. *° 1300130 "C]. dy (CDCk, 300 MHz)
(mixture of rotamers) 1.5602.20 (8H, m, 4 " CH,), 3.25D3.75 (6H,
m, 3" CH,), 4.39D4.54 (1H, m, CH), 4.97D5.22 (2H, m, CH,), 7.28D
7.37 (5H, m, ArH). dc (CDCk, 75.5MHz) (mixture of rotamers)
23.8, 23.9 (CHy), 24.1, 24.4 (CH,), 26.0, 26.3 (CHy), 29.5, 30.5
(CHy), 46.0, 46.0 (CH,), 46.1, 46.3 (CH,), 46.7, 47.3 (CH,), 57.7,
58.2 (CHy), 66.9, 67.1 (CH), 127.8, 127.9 (2" ArCH), 128.0, 128.1
(ArCH), 128.4, 128.4 (2" ArCH), 136.7, 136.8 (quaternary C),
154.2, 154.9 (C@O), 170.7, 171.0 (C@O). m/z (ES+) 303 [(M+H)™,
100%).

4.1.2. (9-2-(1-Pyrrolidinylmethyl)-pyrrolidine 3 20

To a methanol (350 mL) solution of 2 (75.40 g, 250 mmol) was
added Pd/C (5%, 4.78 g). The reaction mixture was then stirred un-
der hydrogen at atmospheric pressure for 22 h while monitoring
the reaction progress by TLC analysis. The crude reaction mixture
was bltered through a pad of Celite # and washed with methanol
to elute the product. The Pltrate was concentrated in vacuo to yield
the crude amide as a yellow oil (39.84 g, 95% yield). 8%’ % ! 89:6
(c 1.7, EtOH) {iit.2* #§° %! 112:2 (c 1.7, EtOH)}. dy (CDCk,
300 MHz) 1.6092.02 (7H, m, 7" CH,), 2.0592.14 (1H, m, CH,),
2.77D2.85 (1H, m, CH,), 2.93 (1H, br s, NH), 3.1593.22 (1H, m,
CH,), 3.36Db3.57 (4H, m, 2" CH,), 3.73b3.77 (1H, dd, J=6.5,
8.6 Hz, CH). dc (CDCk, 75.5 MHz) 24.0, 26.0, 26.5, 30.4, 45.9, 46.0,
47.7 (7" CH,), 59.5 (CH), 172.7 (C@O). m/z (ES+) 169 [(M+H)™,
100%]. A solution of amide (19.02g, 113 mmol) in dry THF
(80mL) was added dropwise over 3h to LIAIH 4, (15.00g,
396 mmol) in dry THF (140 mL) under a nitrogen atmosphere at
0 "C. The reaction mixture was allowed to stir at room temperature
overnight, heated at reBux for 4 h, then allowed to stir at room
temperature overnight. The reaction mixture was quenched by
the dropwise addition of satd aq Na ,SQ, solution (20 mL). The
crude reaction mixture was bltered through a pad of Celite # and
washed with ethyl acetate. The mother liquor was concentrated
in vacuo to give the crude product as a yellow oil (14.54 g, 83%
yield). Additional puribcation was achieved by Kugelrohr distilla-
tion vyielding 3 as a colourless oil (11.22g, 64% vyield).
B % &5:2 (¢ 2.4, EtOH) [iit. 2* 8 % &8:9 (c 2.4, EtOH)]. dy
(CDCE, 300 MHz) 1.22D1.43 (1H, m, CH,), 1.68D1.81 (6H, m, 3"
CH,), 1.82D1.95 (1H, m, CH,), 2.31D2.37 (1H, dd, J=5.2, 11.9 Hz,
CH,), 2.45b2.61 (6H, m, 3" CH,, NH), 2.8192.89 (1H, m, CH,),
2.94D3.02 (1H, m, CHp), 3.1793.26 (1H, m, CH). dc (CDCk,
75.5MHz) 23.4 (2" CH,), 25.0, 30.1, 46.1 (3" CH,), 54.6 (2"
CH,), 57.4 (CH), 62.1 (CH,). m/z (ES+) 155 [(M+H)*, 100%].

4.1.3. (9-1-Nitroso-2-(pyrrolidin-1-ylmethyl)pyrrolidine 4

At brst, 10D20% ethyl nitrite in ethanol (taken to be 15%)
(5.45 mL, 8.63 mmol) was added to 3 (1.065g, 6.90 mmol). The
reaction vessel was covered in aluminium foil and allowed to stir
at room temperature with progress monitored by H NMR
spectroscopy. After 45 h, ethanol was removed in vacuo to yield
4 as a yellow oil (1.159, 91% yield). dy (CDCk, 300 MHz) 1.76D
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1.81(4H, m,2" CH,), 1.9192.25 (4H, m, 2" CH,), 2.54D2.67 (4H, m,
2" CH,), 2.80 (1H, dd, J=8.8, 12.2 Hz, CH,), 3.00 (1H, dd, J=5.1,
12.2 Hz, CHy), 3.52Db3.75 (2H, m, CH,), 4.59P4.67 (1H, m, CH). dc
(CDCh, 75.5 MHz) 20.7 (CH5), 23.5 (2" CH,), 28.7, 45.6 (2" CH,),
54.7 (2" CH,), 59.5 (CH), 60.3 (CH). Since nitrosamines are poten-
tially carcinogenic, no further data was obtained and the crude
reaction mixture was used without puribcation in the next step.

4.1.4. (9-2-(Pyrrolidin-1-ylmethyl)pyrrolidin-1-amine 5

To a solution of LiAIH 4 (2.61 g, 69 mmol) in dry THF (120 mL)
was added dropwise a solution of 4 (6.30 g, 34 mmol) in dry THF
(60 mL) under a nitrogen atmosphere at 0 "C. The reaction mixture
was allowed to stirat0 "C for 1 h, then at room temperature for 1 h
before being heated at reBux for 4.5 h and stirred at room temper-
ature overnight. The reaction progress was monitored by *H NMR
spectroscopy. On completion, the reaction vessel was transferred
to an ice bath and quenched by the dropwise addition of H ,O
(2.6 mL), 3M aq NaOH (2.6 mL) and H ,O (7.2 mL). The reaction
mixture was Pltered through a pad of Celite * using ether to elute
the product. The mother liquor was concentrated in vacuo to yield
5 as a yellow oil (4.98 g, 86%). 8%’ % ! 11:4 (c 1, EtOH). My, /em' *
(KBr): 3306 (NBH stretch, m), 1591 (NBH bending, m), 1137 (CBN
stretch, m). dy (CDCk, 300 MHz) 1.41P1.54 (1H, m, CH,), 1.68D
1.85 (6H, m, 3" CH,), 1.93D2.07 (1H, m, CHy), 2.26D2.41 (3H, m,
2" CHy), 2.45D2.53 (2H, m, CH,), 2.54b2.62 (2H, m, CH,), 2.69b
2.72 (3H, m/br s, CH,/NH,), 2.85D2.91 (1H, m, CH,), 3.22D3.29
(1H, m, CH). dc (CDCk, 75.5 MHz) 20.6 (CH,), 23.5 (2" CH,), 28.7
(CH,), 54.8 (2" CH,), 59.6 (CH,), 61.5 (CH,), 67.8 (CH). Exact mass
calcd for CgH1410, [(M+H) *], 170.1657. Found 170.1674.

4.1.5. (9-N-(Pentan-3-ylidine)-2-(pyrrolidin-1-ylmethyl)pyrroli-
din-1-amine 6

3-Pentanone (9.34 mL, 88 mmol) was added dropwise to a stir-
red solution of 5 (4.98 g, 29 mmol) in cyclohexane (8 mL) under an
atmosphere of nitrogen. The reaction mixture was then allowed to
stir at room temperature overnight and reaction progress moni-
tored by *H NMR spectroscopy. On completion, the reaction mix-
ture was poured into 6:1 DCM/H ,0O and the organic layer
extracted. The organic layer was dried over MgSO 4 and concen-
trated in vacuo to give the crude product as a yellow oil (5.61 g,
80% yield). Puribcation was achieved by Kugelrohr distillation to
yield the product as a colourless oil (4529, 65% yield).
8§ % &114 (c 1, EtOH). My, /om' * (NaCl): 1637 (C@N stretch, s),
1342, 1138 (CBN stretch, m). dy (CDCk, 300 MHz) 1.07 (6H, ¢, 2"
CH;), 1.53b1.66 (1H, m, CH,;), 1.691.91 (6H, m, 3" CH,),
2.02D2.14 (1H, m, CHy), 2.17D2.29 (2H, m, CH,), 2.30D2.55 (9H,
m, 4" CH,, CH), 2.97P3.10 (2H, m, CH,). dc (CDCk, 75.5 MHz)
10.9 (2" CHg), 11.8, 21.8, 23.5, 23.5, 28.6, 28.7, 54.8, 55.0, 61.4
(10" CH,), 66.1 (CH), 173.3 (CN). Exact mass calcd for C14H>7N3
[(M+H) *], 238.2277. Found 238.2283.

4.2. General procedure for synthesis of racemic ketones

To THF (5 mL) was added commercially available LDA (1.1 equiv)
at! 78 "C. The reaction was stirred for 5 min and 3-pentanone was
added dropwise. The reaction was stirred at ! 78 "C for 30 min and
the electrophile (1.1 equiv) was added (in 3 mL THF if solid). The
reaction was allowed to warm to room temperature overnight. Next,
at. aq NH,4Cl solution (10 mL) was added and the crude product ex-
tracted with ethyl acetate orether (3 " 15 mL), dried over MgSO 4 and
concentrated in vacuo to yield the crude product, which was puribed
by silica column chromatography.

4.3. General procedure for HCl/diethyl ether hydrolysis

At brst, 4 M HCI (0.5 mL) and water (0.5 mL) were added to a
vigorously stirred solution of alkylated hydrazone in diethyl ether
(5 mL). The reaction progress was monitored by TLC analysis every

10 min. On completion, water (10 mL) was added, followed by
extraction with diethyl ether (3 " 25 mL). The organic layers were
combined and washed with water (2 " 10 mL), dried over MgSO 4
and concentrated in vacuo to yield the ketone, which was puribed

by silica column chromatography.

4.4. Procedure for PPL hydrolysis

To a solution of PPL (100 mg) in water (10 mL) was added a
solution of alkylated hydrazone (1.05 mmol) in acetone (6 mL).
The reaction was allowed to stir at room temperature for 23 h, di-
luted with diethyl ether (20 mL), washed with brine (3 " 15 mL),
dried over MgSO, and concentrated in vacuo. Puribcation was
achieved using silica column chromatography to yield 9 as a yellow
oil (19.3 mg, 10% vyield over two steps).

4.5. General procedure for oxalic acid hydrolysis

At brst, satd aq oxalic acid (1.5 vol with respect to mmol hydra-
zone) was added to a vigorously stirred solution of alkylated
hydrazone in diethyl ether (4 vol with respect to mmol hydrazone).
The reaction progress was monitored by TLC analysis and on com-
pletion were added water (5 mL) and diethyl ether (3 " 20 mL). Or-
ganic extracts were combined, dried over MgSO 4 and concentrated
in vacuo to yield the ketone which was puribed by silica column
chromatography.

4.6. Example procedure for the alkylation of chiral hydrazone

To a stirred solution of dry diisopropylamine (0.16 mL,
1.16 mmol) in dry diethyl ether (4 mL) inan N, Plled Schlenk tube
at! 78 "C was added 1.6 M n-BuLi (0.86 mL, 1.21 mmol). The solu-
tion was allowed to stirat 0 "C for 30 min to generate a solution of
LDA. Hydrazone 6 (250 mg, 1.05 mmol) was added slowly drop-
wise at ! 78 "C and allowed to stir at 0 "C for 16 h. A solution of
n-pentyl iodide (250 mg, 1.26 mmol) in dry diethyl ether (2 mL)
in a separate Schlenk, which was previously evacuated and Plled
with N , three times, was added dropwise to a solution of deproto-
nated hydrazone at ! 110 "C. The temperature of the reaction was
keptat ! 110 "Cfor 1 h, thenat ! 70 "C for 5 h before being allowed
to warm gradually to room temperature overnight. Next, satd aq
NH,4Cl solution (10 mL) was added to quench the reaction followed
by extraction with diethyl ether (3 " 20 mL). The organic layers
were combined, dried over MgSO , and concentrated in vacuo to
yield the crude alkylated hydrazone as a yellow oil, which was
hydrolysed using HCl/diethyl ether to yield the crude product as
a yellow oil. Puribcation was carried out using silica column chro-
matography eluting with 95:5 hexane/diethyl ether to afford 12 as
a pale yellow oil (22 mg, 13% and 92% ee). ¥’ % &5:5 (c 0.2, E1,0).
Max/cm' 1 (PIm) 2961, 2932 (alkane CH stretches), 1714 (C @O). dy
(CDCk, 300 MHz) 0.88 (3H, t, J=6.8 Hz, CH;3), 1.04 (3H, t, J= 7.3 Hz,
CHs) 1.06 (3H, d, J=6.9 Hz, CHs), 1.17D1.35 (8H, m, 4" CH,), 2.46
(2H, dg, J=1.5, 7.3 Hz, CH,), 2.48D2.58 (1H, m, CH). dc (CDCk,
125 MHz) 7.8, 14.1, 16.5 (3" CHy), 22.5, 27.0, 31.9, 33.1, 34.2 (5"
CH,), 46.1 (CH), 215.7 (C@O). Exact mass calcd for CijoH»;0
[(M+H) ], 157.1592. Found 157.1584. Sample for GC made up at
1 mg/mL in dry dichloromethane and run on Agilent Technologies
7820A GC System using G4513A Injector and Astec Chiraldex G-TA
fused silica capillary column purchased from Sigma Aldrich Supe-
Ico using conditions 105 "C hold 10 min, ramp 10 "C/min to
140 "C hold 5 min, Row 1 mL/min, inj. vol. 0.2 | L, split ratio 10:1,
front inlet 150 "C, detector 155 "C. Retention time: 3.63 min (min-
or), 3.87 min (major).

4.7. Example of the procedure for the Michael reaction

To a stirred solution of dry diisopropylamine (0.2 mL,
1.39 mmol) in dry diethyl ether (4 mL) inan N  , Plled Schlenk tube
at ! 78"C was added 1.6 M n-BuLi (0.91 mL, 1.45 mmol). The
solution was then allowed to stir at 0 "C for 30 min to generate a
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solution of LDA. Hydrazone 6 (299 mg, 1.26 mmol) was slowly
added dropwise at ! 78 "C and allowed to stirat 0 "C for 16 h. Next,
trans-b-nitrostyrene (245 mg, 1.64 mmol) was dissolved in dry
diethyl ether (3 mL), cooledto ! 78 "C and then slowly added drop-
wise to a solution of deprotonated hydrazone at ! 110 "C via a can-
nula. The temperature of the reaction was keptat ! 110 "C for 1 h,
then at ! 70 "C for 5 h before being allowed to warm gradually to
room temperature overnight. Next, satd aq NH ,4Cl solution
(10 mL) was added to quench the reaction followed by extraction
with diethyl ether (3 " 20 mL). The organic layers were combined,
dried over MgSO 4 and concentrated in vacuo to yield a product as a
dark yellow solid, which was hydrolysed using HCl/diethyl ether to
yield the crude product as a pale brown oil (GC analysis of crude
obtained), which was puribed using silica column chromatography
eluting with 90:10 hexane/diethyl ether to afford syn-28 as a yel-
low oil (37 mg, 13% and 84% ee). 8%’ % &3:5 (c 0.2, CHCA). {lit. 2
@B % &8:9 (c 0.2, CHCL)}. dy (CDCk, 300 MHz) 0.97 (3H, d,
J=7.1Hz, CH), 1.07 (3H, t, J=7.3 Hz, CHy), 2.41 (1H, dg, J=7.3,
18.0 Hz, CH3CH,), 2.61 (1H, dg, J=7.3, 18.0 Hz, CH;CH,), 2.94b
3.05 (1H, m, CH5CH), 3.66D3.73 (1H, m, CHAr), 4.57D4.71 (2H, m,
CH,NO,), 7.14D7.17 (2H, m, ArH), 7.2997.33 (3H, m, ArH). dc
(CDCk, 75.5 MHz) 7.6, 16.3 (2" CHy), 35.4 (CH,), 46.1, 48.3 (2"
CH), 78.3 (CH,b), 127.9, 129.0 (5" ArC), 137.6 (quaternary C),
213.6 (C@O). m/z (ES+) 235 [(M+H)*, 78%]. Samples for GC made
up at 1 mg/mL in dry dichloromethane and ran on Agilent Technol-
ogies 7820A GC System using G4513A Injector and Astec Chiraldex
G-TA fused silica capillary column purchased from Sigma Aldrich
Supelco using conditions 140 "C hold 70 min, Bow 1 mL/min, inj.
vol. 0.2 1L, split ratio 10:1, front inlet 150 "C, detector 155 "C.
anti-28 could not be isolated. Retention times: 44.95min (  syn),
51.05 min (anti), 52.40 min ( syn), 55.53 min ( anti).
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Introduction



If you try to eradicate Nature, she will in time rise up silently and
confound your foolish arrogance.

Horace

Epistles 15 century BC
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Chapter 4 Introduction

4.1 Generallntroduction

One of the greatest technological achievements of the@ttury was the
ability to control the growth of pabgenic and unwanted bacte@mpounds that
aim to either kill or inhibit the growth of microorganisms have been applied in
many areas of everyday life. HBE most obvious applications are ifiood
preservation, farming and in the treatment of bacterial infectibogay, it is
impossible to imagine health care systems thahat able to cope with bacterial
infections.Thewidespreadise of antibiotics however, has led to a crisisealth
care systems worldwid&he mode of action of antibiotics is tdlkhe bacteria
they encountebut the resilt of this is that bacteria are under inteissdective
pressure to develop resistanieading to strains of bacteria which are now rulti
drug resisint. These areommonly known as superbugs.

In recent years, there has been a dramatic increase in the arhouwtti-o
drug resistant bacteria, resulting some straingvhich are now unharmed by
nearly all the drugs designed to kill them and as a result, infections that were once
easily treatable are almost untreatable.

Between 1930 and 1962, more than twenty novel classes of antibiotics
were identified, produced and markefed®since then, only two new classes of
antibiotics oxazolidinonesand cyclic lipopeptide$ have been marketedThe
discovery of the newest antibiotic, teixobactin, was reportegip 2015°

In the race against these supgrbwe are already well behindlt is
conceivablehat in a number of years, routimeedical procedures such eancer
chemotherapy and organ transplantrgery will become higher risk as the
available antibiotics arerendered ineffective. Thus here is a need for the
development of alternati\arategies to tackle thproblem of antibiotic resistance.

An ideal approach is to target the control apparatus of the virulence and pathogenic
traits ofbacteriarather than killinghe bacteria. In thiszay, there should be no

naturalselection of mutant strains and henoeresistance.
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4.2 Bacteria

Between fifteen andwenty billion years ago, the universe arose as a
cataclysmic eruption of hot, energgh, subatomic particles, resulting in the
formation of the simplest elements, hydrogen and helium, within se€oksithe
universe expanded and cooled, stars were formed due to the condensing of material
under the influence of gravity. Some stars became superrmtuwado their
incredibly large size, with their explosion releasing the energy required to fuse
simple atomic nuclei into more complex chemical elements. In this manner, over
billions of years, the Earth and all the chemical elements found on it today were
produced. The introductiaof life occurred around four billion years ago, and the
first signs of life were that of simple microorganisms which had the ability to
extract energy from organic compounds or from sunlight which they used to make
a wealth ofimore complex biomolecules from the simple elements and compounds
on the surface of the Eartithese were the early forms of bactéria.

The first observation of bacteria was madel®i76 by Antoine van
Leeuwenhoek. Bldestbed EDFWHULD DV *DQLPDOG&KdAIgY " DQG SX
in a series of letters to the Royal Sociétit. was more han 160 years later that
the term bacterium would be introduced by Christian Gottfried Ehrenberg, in 1838.

The unity and diversity of organisms becomes apparent even at cellular
level. Bacteria (prokaryotes) are singkdled, microscopic organisms, typlty
12 minlength, whereas larger organisms (for example animals and humans) are
multicellular containing many different types of cells, which vary in shape, size
and function. Animal and plant cells (eukaryotes) are typical0B m in
diameter®

All living organisms can be classified into one of three groups that define
three branches of evolution from a common progefifigure 4.1).6 Prokaryotes
can be split into two distinct groups based on their @oubal backgroundt
archaebacteria and eubacteria. Eubacteria can be found in soil and surface waters
and in the tissues of other decaying organisms. Common eubacteria include the
well-studied Escherichia colf Archaebacteria typically inhabit extreme
environmentsuch as salt lakes, hot springs, higitydic bogs and ocean depths.

It is thought that archaebacterial and eubacteria diverged early in evolution and so

are seen as two separate domains, also known as Archae and Bacteria. All
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eukaryotic organisms evolved from the same branch that gave tise Archae,

meaning archaebacterial are more closely related to eukaryotes than bacteria.

Figure 4.1 The three domains of life.

Bacteria can be divided into two main classes, Gpasitive and Gram
negative, based on their different abilitiesrétain an iodinerystal violet stain
when treated with organic solvents. Those that retain the stain are termed Gram
positive while those that do not are Graegative. Response to the staining
technique depends primarily on the composition and morglkalbthe bacterial
cell wall, the fundamental diffence between the two typegshe possession of an

outer membrane within the cell wall of Gramgative bacteriéFigure 4.2).°
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Figure 4.2 Differences between Graposiive and Grarmegative bacteria

Bacterial cells all have certain mmon structural feature&igure 4.3,°
but they also show grougpecific specificationsE. coliis a weltknown bacterial
species which is usually a harmless inhabitatth@human intestinal tract. An
coli cell is about 2 m long and has a diameter of just less thannl The
cytoplasm and nucleoid (containing #ie genetic material of the bacteriyare
enclosed by the inner plasma membrane and the protective outer layer with a layer
of polymers called peptidoglycams betweenthe two layers, giving the cell its
shape and rigidity. These layers form what is known as the cell envelope. The
cytoplasn of bacteria will contain ribosomes1zymes, numerous metabolites;
factors and inorganic ions. The nucleoid contains a single, circular molecule of
DNA, and the cytoplasm contains one or more smaller, circular segments of DNA,
known as plasmids. Inature, some plasmids can confer resistance to toxins and

antibiotics however they are also responsive to manipulation in theataby®
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Figure 4.3 Common structurdfeatures of bacterial cell8.

Bactera are ubiquitous on Earstiith typically 40 million bacterial cells
in 1 g of ®il and 1 millionMmL of fresh water, for example. Overall, there are
approximately 5 nonillion (5u10°%) bacteria on Earth, unsurprisingly forming
PXFK RI WK Wiohastl (Bacfevia play a vital role imany important
processes on Earth, such as putrefaction and in the fixation of nitrogen from the
atmosphere. Interestingly though, most bacteria have not been characterised, and
only about half of the phyla of bacteria have species that can be grown in the

laboratory®
Surprisingly there are ten times moradterial cells than human celfs
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the human body Mog of these bacterial cells apgesent on the skin and in the
gut!! The majority of bacteria in the body are rendered harmless by the protective
effects of the immune systemnin fact, some areequired as they havecaucial,
beneficial effect. However, some species of bacteria have a detrimental effect on
a human host as thare pathogenic and cause infectious diseases, for example the
bacteriumVibrio cholera causes cholera andersinia pestiss the bacterium
responsible for the ubonic plague, to name two In developed countries,
antibiotics are used for the treatmenbatterial infections, however their overuse
has presented the problem of many strains of mutant bacteria which are now
resistant to many, if not all, antibiotics currently availabiBacteria often attach

to surfaces and form dense aggregations knoveioéisns, which can range from

a few micrometres up to half a metre in depth and contain multiple species of
bacteria. Bacteria that live in biofilms display a complex arrangement of cells and
extracellular components and form secondary structures suthicescolonies,
which have the benefit of having networks of channels running through them to
enable better diffusion of nutrients®® The majority of bacteria bound to surfaces

in the natural environment, for example soil or the surfaces of plants, live in
biofilms.1* Bacteria are able to use biofiims as a method of protection against
attack from antibiotics and are often present during chronic bacterial infections
and in infections of impinted medical devices. Treatment of bacteria
encapsulated by a biofilm is mucmore difficdt than unprotectedsolated

bacteriat®

4.2.1 Antibiotics and the rise of antibioti c resistance
The remarkable success of antibiotics in the 1960s and 1970s led to the
misconception that infectious diseases had been conqudmuaever,infectious
diseases are still a major problamd in a report by the World Health Organisation
in 2002 were cited as being tlsecondeading cause of death worldwiéfe.
Antibiotics are unique among pharmaceutical remedies in that they direct
their action selectively towards foreign cells rather than host, ceianing they
can be prescribed less strictly than other pharmaceutiddiss selective action
means that they must target physiological Arathemical differences between
host cells and bacterial cells in order to exert thdagcef Interestingly, it was

noted thatin the search for new antibiotics in moulds and other organisms, for
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example withPenicillium many selective and useful antibiotics were found
(including streptomycin and rifampicin), but others were also found which
although had @ood antibacterial efict, did not exhibit selectivity and so were
deemed unusable for the clinical treatment of bacterial infections.

In many cases, antibiotics are prescribed when signs of infection are
present, without a strict bacterial diagnosis being made, which has contributed
heavily to the unnecessarily large consumption of antibiotics worldide.a
1983 World Health Organisation report, it was estimated that antibiotics are used
by doctors irrationally or inappropriately onyaning between two fifths and two
thirds of all occasion® Indeed, Tomasz reported in 1994 that every year in the
USA, 60,000&#0,000 patients die from hospital infections, half or more of which
are caused by abibtic-resistant supéugs and that hospital edtions costshe
US healthcare systeenminimum of$4.5 billion per annun®®

Bacterial resistance to antibiotics has developed quickly over a short period
of time. This phenomenon can be partially expadi bythe short generation span
of bacteria, which allows them to undergo a Darwinian evoliti@much shorter
timethan is possible for animalgthe smaller and simpler the species, the faster it
can undergo evolution to respond to changes in its envinannAaother aspect
which explains thejuick development of resistance to antibiotics is the fact that
bacteria have the ability to manipulate their own genetic makeup, which leads to a
faster adaption of the toxic effects of antibiotics and hence resestaris can be
seen as the natural genetic engineering of bacteria, including the uptake and
incorporation of resistanemediating genes from related organisms by adaption
of evolutionary old genetic mechanisms to thew environmental situation
involving thepresence of antibiotics.

Antibiotics function by either killing bacteria (bactericidal) or by
preventing them from multiplying (bacteriostatic). Notably, a bacteriostatic drug
can be bactericidal if it is used in high enough dosastibiotics can also be
FODVVHG DV HUSWKHUUX@BRVWBIRFEWURBPSG GHSHQGLQJ RQ \
of bacterial speeis they work againsfThe broadspectrum antibiotics tend to do
the most damage as the risk of developing antibiotic resistant bacteria is much
higher. Penicillins, for example, sabotage the synthesis of the bacterial cell wall,
rupturing the cellHowever, the effectiveness pénicillinshasdecreased quickly

due b the evolution obacteriawhich produced -lactamase or penicillase, which
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attacks the drug and cleavée® -lactam ring?°

A great deal of the earlyrgsperity of pharmaceutical companies was due
to the development of antibacterial drugs, and as a consequence the market
encompasses several of the oldest drug cld$sB®spite the risén the use of
generic antibiotics, there is stijfowth in this area due to increasing sales volume,
as well as the rise of premiupmiced novel treatments for resistant bacteria (for
H[DPSOH 3ILJHUTV =180Rjgur® 4.@.H]R@ Irgason why this
market is still expandg is due tothe growing number of people with depressed
immune systems, including the elderhyman immunodeficiency virugHIV)
patients and organ donors, for exampléntibiotics are an unattractive target for
the pharmaceuticahdustry for various reasons, including the fact that there is the
current problem of antibiotic resistance, meaning drugs have relatively short life
cycles and also that antibacterial therapy is acute rather than chhoteé=d, 10
of the 15 largest pharaceutical companies have either fully abandoned, or
significantly diminished, their discovery efforts in the field of antibiotics since
199922 This has left a niche for smaller companies to take over the drug
development role, both by identifying innovative drugs or formulations, alhy/or
picking up clinical programmes aborted by the larg@npanies. However, the
larger companies in thpharmaceutical industrgften becomeanvolved in the
latter stages of a promising drug as a strong salesforce is the key to sutleess
community atibacterialmarket?!

Q

N

o

Figure 44 31LJHUYV =\YR[ OLQH]ROLG

180

The market for antibiotics can be split itteo distinct groups. fAe larger
community market (estimated at 62% of total antibacterial sales), with a lower
averagedrug price and growth prospecand the smaller but more attractive

hospital market, with a higher average drug price and growth progpects.
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The most widely used antibiotics are penicillins for Giaositive bacteria
and cephalosporins for both Grapositive and Grarmegative bacteria.
Fluoroquinolones are also widely used for Graagative pathogens.

Although there are good treatment ops available for most common
infections, there are sevemaleas where choices are limited, for example there is
a severdack of oral drugs available to tremiethicillin-resistantStaphylococcsi
aureus(MRSA), the prevalence of which has incredsdramécally in recent
years. Others includantibiotic resistant Gramegative bacterial infections, in
particular those frolPseudomonasFew pharmaceuticatompaniesre focusing
on addressing the need for efficient treatment of these batteria

During the last number of decades that antibiotics have been in ever
widening therapeutic use, the development of antibiotic resistaaséollowed.
It is clearthat whenever a new antibiotic, broaggectrum forms of an existing
antibiotic, or a new class of antibiotis introduced into widespread use, clinically
significant resistance appears. This can occur very quickly, even in a matter of
months(Table 4.1). Vancomycin Table 4.1, entry 7 is the exception to the rule
as resistance o@& about 30 years after clinical introduction, most probably due to
the limited use of vancomycin in the first 25 years. However, as it became more
commonly used, resistance fdeveloped>24

Due to the constant, intense exposure of bacteria to antibiotics in a hospital
environment, bacteria become antibia@sistant much more rapidly than the
community. In these microenvironments, there is selective pressure for antibiotic
resistant bacteria to maintain those determinants, survive and even dominate the
bacterial populations. Given a large population of bacteria which are exposed to
a drug, there is a competition between the death of all the bacteria and the
development of rare mutations that confer resistance. Given the short time
required for bacterial division and replication along with a typical frequency of
one error per 1{base as their DNA polymerases copy DNA, then 100 million
bacteria will contain about 10 mutants in the populattoif.these mutations are
randomly dispersed in the genome of a bacterium the siie @dli, with 3000
genes, then 0.3% (10/3000) of the genes will have one mutation. If one of these
gene mutations is a target for an antibiotic and the mutation confers sgree de
of resistance that means the bacteria is less sensitive to the antibiotic, it will have

a selective survival advantage. As its neighbours without the mutation die, it will
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persist and have the advantage of having space to grow and dominate tkee cultur
The resistant strain will continue to be selected for by the continuing presence of

antibiotic in an environment such as a hospital véard.

Table 4.1Evolution of the resistance to antibioticCs.

Entry Antibiotic Year deployed Resistance
observed
1 Sulfonamides 1930s 1940s
2 Penicillin 1943 1946
3 Streptomycin 1943 1959
4 Chloramphenicol 1947 1959
5 Tetracycline 1948 1953
6 Erythromycin 1952 1988
7 Vancomycin 1956 1988
8 Methicillin 1960 1961
9 Ampicillin 1961 1973
10 Cephalosporins 1960s Late 1960s

These findings show that bacterial resistance to antibiotics is an eventuality
in every casesuggesting that there is a constant need for new cycles of antibiotic
discovery and development. As soon as an antibiotic is introduced for widespread
clinical use, selection for resistant strains will occur and hence a finite therapeutic
lifetime will occur before the resistance becomes sufficiently widespread to lessen
the efficacy of the drué’

It is clearthat alternative strafges must be investigated as anothethod
for treatment of bacterial infection, whereby treatment would not involve killing
the bacteria Rather there is a need to develop new drugs that circumvent the

bacterial resistance mechsms or that act on different bacterial targets.
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4.3 Vibrio Fischeri and the discovery of quorumsensing(QS)

Bacteria must constantly monitor their environment for changes tha
require an adaptive respondgacteria are too small to exert their effestadlarge
host if they act as individuals. They must act in a different way in order to exert
their pathogenicit. Bacteriahave achieved this and have developed a method to
communicate with one another using chemical molecules in a process termed
quorumsensing(QS)?%?° QS bacteria mduce,release detect and respond to
chemical signal molecules, termed autoinducers, whose external concentration
increass in proportion to increasing cetlopulation density.Bacteria detect the
accumulation of a minimal threshold stimulatory concentration of these
autoinducers and alter gene expression, and ultimately behaviour, in respomse.
information supplied by #se molecules is critical for synchronising the activities
of large groups of bacteria and allowing themalter their behaviour on a
populationwide scale in response to changes in the number and/or species present
in a community.Most processes thateacontrolled by QS are unproductive when
undertaken by an individual bacterium acting alobut when carried out
simultaneously by a large number of cells it becomes benefitiah sense, QS
blursthe barrier between prokaryotic and eukaryotic behaweuaause it enables
bacteria to act as multicellular organisffs.

The first described QSystem is that of the bioluminescent marine
bacteriumVibrio fischeri which colonises a specially devpetallight organ in the
Hawaiianbobtail squidFigure 4.5.%° In this light organy . fischerigrow to high
cell density and induce the expression of genes required for bioluminestéece.
squid and the/. fisherihave a symbiotic relationship. The squid is a nocturnal
animal that inhabits shallow waters off the coast of Hawaii. On bright nights, the
moonlight can penetrate the depth of the water that the squid lives in, meaning the
squid itself will block the monlight, cast a shadow and prey va#e it coming.

The squid can, however, ue bioluminsence of thé. fischerito its advantage.

The squid has a detector on its back that allows it to detect the amount of moonlight
that is hitting it. It also hashstters over its light organ that it can open and close
as desired. The squid can thus detect the amount of moonlight hitting its back and
open the shutters on its light organ accordingly to allow the same amount of light
to penetrate fnm its undersideatthe sea bed. Thadlowsit to be able to mask its

shadow anaverall, this procesacts as an anfiredation devicé' The bacteria
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benefit from this symbiosis because the light organ is rich in nutrients amgall
proliferation in numbers which watd be unachievable in seawateso the QS
system irV. fischerihas evolved to specifically enable the bacteria to produce light
only under favourable conditisrin which there is a positive selective advantage
for light. This QS system is considered the paradigm for QS int 1GcEM

negative bacteria.

Figure 4.5Hawaiian bobtail squid with large populations\vbfischericolonising

the light organ and showirgoluminescence due to @3.

Studies carried out by Engebrecht and Silvermsginthe standarfbr all
subsegent studies of QS in Granegative bacteri? They identified, cloned and
analysed the genes encoding the luciferase enzyme commex{tlative enzyme
responsible for the bioluminescence) and the genes responsible for its -density
dependent regulatidinom V. fischeri The authors showed that bioluminescence
in V. fischeriis controlled by two regulatory proteins, Luxl and LuxR. Listhe
autoinducer synthase that is responsible for the synthesis of thkcagkerine
lactone (AHL)3-oxohexanoyhomoserine lacton&81 (3-oxo-Cs-HSL) (Figure
4.6). LuxR is the autoinducer receptibNA-binding transcriptional activatpr
which is foundin the cytoplasni* Once the AHL molecules are produced, they
can diffuse freely in and out of the cell. The amount of AHL present increases
with increasing cell densit>. Once the amount of AHL reaches a crucial
threshold concentration, it is bound by LuxR and this complex activates
transcription of the operon encoding luciferdsérhis LuxRAHL complex also
induces expression bfxl as it is encoded in the luciferase operon. This operation
is incredibly important as this regulatory configuration floods the environment
with the signal, creating a positive feedback loop taaises the entire population

to switch into QS mode and produce ligRitgure 4.6).28
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181

Figure 4.6Quorum sensing regulationh fischerivia a LuxIR signalling circuit.
Red triangles indicate the autoinducgoxo-Cs-HSL 181, whichis produced by
Luxl. OM zouter membrane; IMtinner membrane.

Most other Grarmmegative bacteriavhich possess LuxIRype proteins
communicate using AHL signalg molecules’  These systems are
predominantlyusedfor intraspecies communication as exquisite specificity exists
between the LuxR proteins and their related Aditinals. These AHL signals are
synthesised biuxI-type proteinsvhichlink and lactonise the methionine moiety
from Sadenosylmethionine (SAM) to specific acyl chains carried on-acyll
carrier protein$®3® A diverse set of acyl side chains which vary in tang
backbone saturation and sideain substitution are found in AHL signalling
molecules These minor differencesre crucial for signalling specificit{). AHL s
181and 182 for example, are signals used by t&@ which produce light, and
183 and 184 are some of the signalling molecules used Rseudomonas

aeruginosaFigure 4.7).
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Figure 4.7Examples bacylhomoserine lactones usas signalling molecules in

various species of bacteria.

Structural studies carried out ibuxI-type proteins indicate that each
protein possesses a specific aoylding pocket that precisely fits a particular side
chain moigy.***2 This structural feature configures specificity in signal
production. Thismeans that each Luxl| protein can reliably produce the correct
signal molecule.The structures of the LUxR proteins suggest that they too possess
specific acybinding pockets that allow each LuxR to bind and be activated only
by its specific signal®>4* Hence, in an environment where a number of different
bacterial species are present, #melfeforemultiple AHL signal molecules, each
species can easilyiginguish, measure and respond only to the increase in
concentration of its own signalAnother important factor is that bacteria rarely
rely exclusively on one LuxIR QS system but instead useoormaore LuxIR
systemsn collaboration with other typed @S circuits?®

As can be seen froiffigure 4.6, the signal and detector can interact in the
cytoplasm of the bacterial cell and so mechanisms must exist to prevent premature
activation ofLuxIR-type QS circuits.In 1999, Zhu and Winans demonstrated that
one such mechanism is in play in the case of the LuxR homologue TraR in the
plant pathogemgrobacterium tumefaciens/here the stability of the XR-type
proteins increases uptindingof autoinducef® It was noted that in the absence
of autoinducer, the halffe of TraR s only a few minutes. In contrast, when the
AHL molecule is present, the hdife of TraR increase to over 30 minutes.

crystal structure of TraR has been obtained and it predicts that binding of the AHL
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is required for folding of the emerging polypiglet’* Radiolabelling studies
demonstratethat radiolabelled TraR was only stabilised wheas$sociate HL

was added prior to labelling of the protéin.This means that only when the
concentration of AHL accumulates to a significant concentration, both outside and
inside the cell, cafiraR bind it, fold and then initiate the QS cascade. Another
method that prevents premature activation of LuxIR systems is the active export
of AHL moleculest” When a significant concentration of AHL has acciated,
which indicates the presence of a high number of bacterial cells, diffofsAdrL

into the cell oerwhelms export and thus engadiee QS circuit. AHLs which
contain long acyl side chains are thought to require active export in order to
transverséhe bacterial membrarté.

In contrast to Grammegative bacteria, Grapositive bacteria produce
small linear or cyclic peptides for use as signalling moleculdsch can be
customised by chemicahodifications that confer specificity These cyclic
peptides are perceived by a twomponent regulatory system by means of a
phosphorelay cascade to induce changes in gene expr&sSion

The use of QS as a means of cell derdégendent gene regulation is
widely acepted, however two additional models have called into question its
comprehensiveness and suggest alternative explanations as to why bacteria
evolved diffusible signal molecul&€$>* One of these models, known as diffusion
sensing, proposes that signal molecules are inexpensive probes that allow a
bacterium to assess the flux and mass transfer of an environment, which allows the
cell the determine whether production of certainenoles, such as extracellular
proteins and secondary metabolites, is viableThe second method, termed
efficiency sensingzombines the basic views of QS and diffusion sensing. In this
method, flux, mass transfer, cell density and spdisfibution are important for

signalling®

4.4 Pseudomonas aeruginosa

AtthH HQG Rl WKH QLQHWHHQWK FHQWXU\ DIWHU 3I
culture medium, the first description Bseudomonaseruginosaas a distinct
bacterial speciewas reported. The first scientific study Bn aeruginosavas
published by Carle Gessard in 18821 QW LWOHG 32Q WKH EOXH DQG JU
of bandages This characteristic pigmentation, which would later thetaited to
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pyocyanin (a phenaze derivative), is reflected in the oldames Bascillus
pyocyaneusPseudomonas polycoloBakterium aeruginosand Pseudomonas
pyocyaneus As early as 1889, it was noted tlfataeruginosavas able to cause
infections®>® However,P. aeruingosavas not considered to be pathogéhand
in fact was seen as a source of potent antimicrobial substinces.

Prior to 1947, only 91 cases of septicaemia attributable &eruginosa
were reported in the literatur®>’ It was not until the second lhaf the twentieth
century that the importance Bf aeruginosaas a human pathogen, in particular
in hospital patients, was realis&d.

P. aeruginosa(Figure 4.8) is an antibiotieresistant bacterium that is
commonly found in soil and wateit can metabolise a wadrange of carbon
sources and ixapable of growing in conditions of extremdiyw nutrient
content®® With regards to water environmen, aeruginosas not found in
seawater, most probably due to the high salt coratgorrrestricting growth. nl
areas near to sewage outlets atiter types of pollution it can be detect&& It
has beerndentifiedin low concentrations in samples finqorivate homes, schools,
rivers and drinking water sourc#® P. aeruginosénas been isolated from sink
drains, toilets, showers anchet bathroom fixtures, humidifiers and many medical
devices and equipment that work with wafern a stuy carried out in 1989, it
was found that sinks in hospitals are generally more highly contaminate®.with
aeruginosahan those in private hom&sIn newer hospitals, sinks are mostly free
of P. aeruginosanowever they rapidly become contaminatedrhis proves that
humans that are contaminated or infected play an impprtancial role in
transmission. The presenceRf aeruginoséhas #&0 been detected in warmer
aquatic environments, such@sthe recirculation system and filterssimimming
pools and whirlpools, where higher temperatures are conducive to its Gfowth.
Interestingly, it has been shown tiataeruginosacan colonise many different
types of surfaces, including stainless sf&&i. It appears to be almost imsilsle
to purify water to the extent that preveRtsaeruginosdrom growing. Even in
distilled water with a purity of 71,000 ohms, multiplicationRofaeruginosaas,
surprisingly, been observé&8.P. aeruginosaas also been isolated from the soil,
in particular from the rhizosphef2’° It has also been found in a number of plants

and vegetable®
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Figure 4.8 Scanning electron microscopy images Bf aeruginosaisolates
attaching to glass surfaces. Weakly adheRenaeruginosasolated formed a
monolayer (B and D), while theoderate and strongly adherent isolates formed
clumps of cells (A and C) when biofilms were grown glass cover slips.
Microbial attachment first presented as clumps of cells (A and B, 7 and 14 h
respectively after inoculation) and as the biofilm matuhedspaces between the

clumps were covered with a cell lawn (C and D, 20 and 40 h respecftively).

P. aeruginosais classed asn opportunistic human pathogen as it can
exploit a crack in a host defences to instigate an imfectin fact, itis the epitome
of an opportunistic pathogefthe baterium almost never infects uncompromised
tissues but there is hardly any tissue it cannot infect if the defences are in some
way compromisedIndeed,P. aeruginosavas only found in 1.2.3% of faeces
from nonhospitalised, healthy individuai8’2’* However, it is thought than
these cases, the source of tRe aeruginosamay be by ingestion of food
contaminated with this organisfh. Gastric acid and substances produced by
anaerobic bacteria in the gut are thought to be involved in protection against

colonisation byP. aeruginosd® The formation of a biofilm, where the bacterial
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cells on a surface are embedded in apaltiluced polymematrix consisting of
polysaccharide, protein and DNA, is necessanp@sistentchronic infection’’

A bacterial biofilm causes a chronic infectibecause the bacteshow increased
tolerance to antibiotics and they resist phagocytosis, as well as other components
of both the innate and adaptive immune systemP. aeruginosacauses a wide
range of syndromes in humans that caryJ¥eom local to systemic, subacute to
chronic, and superficial and sdilfniting to life-threatening® For example, it is

the etiological agent for eye and ear infections, for sugection of burn wouds

and nosocomial pneumonid. It primarily causes disease in predisposed or
immunocompromised individuals and is one of the most common pathogeals fo
in hospitals>® P. aeruginosas the most common Gramegative bacterium found

in hospitatacquired and lifehreateing infections of immuncompromised
patients’® As it is naturally resistant to many commonly used antibiotics, it can
persist in hospital disinfectants and sanitary facilities, more than likely
contributing to its persistence in hospital environmenthese facts are not
surprising when it is considered thataeruginosas one of the five most common
pathogens isolated in hosp#alde surveillance and is the most common in
intensive care unit&.

In 1986, data fronthe USCentre for Digase Control in Atlanta publicised
thatP. aeruginosavas responsible fdl 1.4% of hospitahcquired infections of all
sites, 12.7% of urinary tract infections, 16.9% of lower respiratory tract infections
and 8.9% of surgical wound infectioflsFrom 1984988 it was reported th&t
aeruginosavent from being the fourth most fregnt pathogen in hospital acquired
septicaemia to being the most frequ&ni.he most probable reason for this trend
is the increased resistance Bf aeruginosato various antibiotics, including
aminoglycosides, cephalosporins and quinol8#&s. Transmission of P.
aeruginosan a hospital setting can occuia a number of routegeither through
patient to patient contact, contact between patients and hospital staff or contact
between the patient and environmental sourcks.particula, there are high
contamination rates in hospital sinks and toilets. In a publication from 991,
was found that when hand washing was performed in a sink contaminatd? with
aeruginosawithout the use of soap, 2400 colony forming units (CFWitf-type
PAOL strain were grown on the filter membrane after the hands were dried and

placed in a sterile plastic bag containing 100 mL of physiological saline. In
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contrast, when soap was used, the result was 1200 PAO1 CFU per 100n¥fsaline.
These results show thitis necessary to use appropriate disinfection while hand
washing in sinks contaminated wifh aeruginosa It follows that patients who

are susceptible to infection are at a high risk of acquiPingeuginosg or other
bacterial infections, when they wash their hands or brush their teeth in

contaminated sinks.

4.4.1QS-signalling molecules inP. aeruginosa

P. aeruginosaises QS in expressingrulence as well as in the production
of biofilm.8” There are two digct but related QS circuits play inP. aeruginosa
Both systems are genetically similar as they consist of genes encoding the
transcriptional activator proteindasR and rhiR, as well as dr the genes
responsible for the production of AHLEsI andrhll 8% These systems are
arranged hierarchically, with thias system on top of the signalling cascade,
positively regulating expression of bathlR andrhll.*®> The QS systesiof P.
aeruginosainvolve two distinct types of signalling moleculetsvo AHLs: N-
butyryl-L-homoserine lactone ¢gHSL) 183 and N-(3-oxododecang)-L-
homoserine lactone {8xo-C1>-HSL) 184 andthe Pseudomonaguinolone ggnal
(PQS) 185 a 2alkyl-4-quinolone (Figure 4.9.%% 2-Heptyk4(1H)-quinolone
(HHQ) 186, the biological precursor of PQS, has also shown to function as a signal
molecule inP. aeruginosa® In addition to HHQ and PQSp. aeruginosa
produces more than 50 ottealkyl-4-quinolones most of which are functionally
uncharacterisetf®’ PQS was first isolated and chemically characterised in 1959
from P. aeruginosaculture supernatants, although its biological role was not
known at this point® AHL-dependent signalling is extensive among Gram
negative bacteri&, however 2alkyl-4-quinolone signalling is more specific, and
so far has only been detected Rn aeruginosaand certainBurkholderia and
Alteromonasspecieg?1%! |nterestingly, the zalkyl-4-quinolones produced by
Burkholderiaspeciegpossess a methyl group at the8@osition and it has been

found that the presencé this methyl group is necessary for signallffy.
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Figure 4.9Signalling molecules used B aeruginosa.

The intercellular signals for thas andrhl QS systems ar€s-HSL 183
and 3-oxo-Ci1-HSL 184, respectively?21%3 These signals have been shown to
control hundreds of genes, representative ofi2Po of the P. aeruginosa
genomé%#1% Stydies have shown that PQ85induces the expression of the
virulence factor elastase arll, the gene which encodes-8SL synthasé?}1%7
suggesting that PQS acts as a connector signal betwdardnerhl QS systems.

In a study carried out by McGra#t al, it was found that transcription pfjsA
and subsequent production of PQS was induced bgglas system but repressed
by therhl QS system® In the same study, it was found that production of PQS
wasdependent on the ratio 64-HSL 183to 3-oxo-C1>-HSL 184, providing more
evidence of its role as a regulatory balance between QS sy$fem

Unlike many QS signals, PQS is only slightly soluble in aqueous solutions,
posing an interesting question as to how it is trafficked between cells. It has been
shown thain vitro, PQS is solubilised by rhamnolipids, which are-@§ulaed
biosurfactants produced By aeruginosdhat increase the solubility of molecules
such as PQS which incorporate long alkyl chatidt was later demonstrated that
outermembrane vesicles (MVs) are used to package and traffic¢¥QsS.

It has been proven th#tte QS-signalling systems oP. aeruginosaare
necessary for virulencand pathogenesi;m multiple models of infectiof
Several animal infection models have highlighted the involvement of QS
regulated virulence factors in the pathogenicityPofaeruginosa The simplest
infection model is that in the nematddaenorhabditis elegana worm which can

feed on bacteria. In the case of an opportunistic pathogen siclaasiginosa
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the worm s often killed within a short period of time after ingestion of the bacteria,
due to the cyanide and phenazines secreted by the bacteria. However, when the
worm feeds on bacteria which possess mutations in the QS regulatory systems, the
worm remains alivé'?1* |t has been shown that QS plays a significant role in
wound infections using the bumhenouse model. The initial stages of chronic
pulmonary infection can be modelled by casth@eruginosanto alginate beads
which are then surgically inserted into the lungs of rats and Yicé/hen mice
are infected with a strain &f. aeruginosdhat have mutations in the QS systems,
the mortality of the mice, horizontal spread of the infection, and dissemination of
the bacteria throughout the body were all greatly redied\dditionally, the
presence of a fully function QS system has been found to be important for both
establishment and reduced clearance Bf aeruginosanfection. Studies has
proven that when animals are infected with QS mutants, the immune response is
faster, the polymorphonuclear leucocytes (PMNs) respond by development of
stronger oxidative bursts and antibodies accumulate faster in the infectédung.
120 studies have found that AHL signalling can ocituvivo in the mouse lung,
and AHL signal molecules are produced Byaeruginosgrowingex vivowithin
sputum samples obtained from patients \@fstic FibrosigCF).1?1:122

The two different types of signalling (that using AHLs and that using PQS)
are regulated differently. Whereas AHL signals are produced at a time of rapid
population growth, PQS is produced maximally in the late stationary plase o
growth1%” These findings suggest that PQS signallisgmportant wherpP.
aeruginosacells are under stressful conditions, which would be typical of the
conditions found during chronic infection in the lungs of a patient witl?€PQS
has been found in sputum samples of CF patients in estimated minimal
concentration o€a.2 M, indicatingthat the presence ofithmolecule may be a
crucial factor in the establishment of chronic infectjars thus may be a unique
drug target for development of new therapies for treafthgaeruginosa

infections!?3

4.4.2 PQS and HHQ as modulators for interspecies and interkingdom
behaviour

As stated previously, signalling moleculased by bacteria are often
speciesspecific, however the abilty oRQH VSHFLHYVY WR EH DEOH WR |
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decipher the messages of a competitive spedieswn as interspecies or
interkingdom signallingjs a valuable asset in communities where a nurobe
microbes coexist, such as those that exist during infection of the CF Tumg.
phenomenon is emerging as a key influence on the outcome of infectious diseases.
In 2006, Diggleet all® examined genome databases and identified
homologues ofthe pgs genes in other bacteria and found tiBatrkholderia
pseudomalleandB. thailandensigontained the complefgsAE operon (termed
hhgAE), as inP. aeruginosa When the authors introduced tBepseudomallei
hhgAandhhgEgenes intd?. aeruginosa pgsAndpgsEmutants, it was observed
that virulerce factor and PQS production was restored. It was also note. that
pseudomallei, B. thailandensis, B. cenocepaa@dP. putidaall produce HHQ but
not PQS. These findings divulge a role for algyinolone signalling in bacterial
cell-to-cell communiation beyond that seen v aeruginosa.A later study by
Vial et all®tidentified twenty nine different-iydraxy-2-alkylquinolinesin three
Burkholderiaspecies, bearing a methyl group at thgo3ition. While the function
of HHQ analogues in these species has yet to be elucidated, strong structural
similarities with theP. aeruginosaignalling molecule HHQ suggest the presence
of a conserved interspecies signalling system
In 2011, Reeet al?*investigated the possibility of HHQ and PQS playing
a role in interspecies communicatiom their study, the authors found that both
HHQ and PQS were modulators ofykghenotypes in Graspositive and Gram
negative bacteria, as well as towards the eukaryotic yeastlida albicans
Motility, which is associated with virulence in several bacterial species, was
repressed in a broad range of bacteria, while biofilm faoman Bacillus subtilis
andCandida albicansvas epressed in the presence of HHQ. From their results,
they were able to provide evidence for the structural requirements that define the
interspecies role of these molecules. particular, the presencétbe alkyl chain

at G2 proved to be fundamental.

4.5 Cystic Fibrosis(CF)

CFis a genetically inherited diseashich affects many organs in the body
but in particular the lung¥® Ireland has the highest incidence of CF in the world
with approximately 1 in 19 people being carriers of the defective fen€he

main symptom of the disease is a buifalofthick, sticky mucus due to a mutation
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in both copies othe gene coding foCF transmembrane conductance regulator
(CFTR) protein, which is expressed in many epithelial and blood c€KIR
functions as a chloride ion transporter across the membrane of cells that produce
mucus, sweat, sah, tears and digestivanzymes, controlling the movement of
water in tissues. A mutation in the CFTR gene disrupts the function of the chloride
channel, preventingormal flow in ad out of cells, resulting in the cells lining the
passageways of the lungs, pancreas and otlgamsrproducing mucus that is
abnormally think and sticky.This is problematic in the lungs in particular as it

leads to bacterial infection and airway obstrucfigigure 4.10.%%’

Figure 4.10Comparison of airway in healthy individual and individual with €.

Patients with CF are particularly disposed to infection fRaraeruginosa
(Figure 4.11) and it is responsible for high rates of morbidity and mortality
associated with the disea$8. The chronic infection byP. aeruginosas also
problematic in that it &s an important psychosocial impact on the quality of life
of the sufferer as the regular doses of antibacterial chemotherapy required to
control the infection are timeonsuming to administéf>13% Airway infections
with P. aeruginoa in CF patients are unique in that they chronically affect a host

who is immunocompetent in terms of cellular and humoral responses but is
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immunocompromised by impaired airway clearati¢éeMost CF patients who
have P. aeruginosainfection become colonised during school age or early
adolescence. Once infection byP. aeruginosahas become established, the
bacteria are notoriously resistant to eradication by chemoth&fapyThe
pseudomonads chronically colonise the bronchiolar lumen and virtually never

breach the epithelial barriét?

Figure 4.11 Comparison ofd) the radiograph of the right lung of adadescent

with CF who has been suffering from chrofic aeruginosanfection for more
than 10 years withb] the left lung of a sexand agematched healthy ne@F
control. The light micrographs show sections franthe bronchus andi) the
alveoli of a lung explant of another CF patient at the time of transplantation and
normal €) bronchus andf) alveoli. Destructive emphysema, fibrosg énd
massive immigration of neutrophild)(are apparent in the remodelled CF tissue
inhabited byP. aeruginosdor more than 20 years. The platp §hows typical
colonies ofP. aeruginosdound in mucus isolated from the sputum of a patient
with CF and growrin vitro for 72 h at 37 C.8°

Genomic fingerprinting has shown that most CF patients become colonised
with a single clone oP. aeruginosathat remains throughout their lifetim&
However, cecolonisatiorwith more than one clone Bf aeruginosaccurs in 20

30% of patients in an either permanent or temporary m&fner.
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Biofilm growth associated witP. aeruginosan the lungs of individuals
with CF is particularly problematic. Due to the nature of the biofilm, chronic
infection with the bacteria is quickly established and the result is an increased
tolerance to antibiotics and the bacteria are also able to resist phagocytosis. A
consequence of this that a pronounceantibody response develops, leadiag
immune complexmediated chronic inflammation, which is the major cause of
lung tissue damage in individuals with CFhe growth ofP. aeruginosaiofilm
in the lungs of individuals with CF is agsated with an increased frequency of
mutations, slow growth and adaption of the bacteria to the conditions in the lungs
and to antibiotic therapy. Low bacterial metabolic activity and increase of the
doubling times of the bacterial cells in CF lungs r@sponsible for some of the
tolerance to antibiotics. Biofilms can be prevented by early aggressive antibiotic
prophylaxis or therapy, and they can be treated by chronic suppressive tHerapy.

In a study by Yooret al!**it was found thaP. aeruginosan the lungs of
CF patients live in anaerobic biofilms and adopt a metabolic pattern and phenotype
that differ significantly from those growim vitro and from those that grow in
aerobic biofilms. These results show not only that aeruginosacan grow in
anaerobic conditions but also that this is the preferred mode of gt&wth.

4.5.1 Treatment of CF-associatedP. aeruginosaairway infections

Antimicrobial chemotherapy is the $ia of all attempts to control bacterial
infections in CF:3® If infection by P. aeruginosds identified at an early stage
while it is still in the initial phase of colonisation, pterm aerosol antibiotgare
anefficient way of eradicating the infectid’ If the infection byP. aeruginosa
is at the chronic stage, treatment with antipseudomondli@ints in two to four
week courses per year is neces§dry?®along withlongterm administration of
aerosolised antibioticsP. aeruginosaco-exists with other species of bacteria in
the airways of CF patients, includifgaphylococcus aurepshich is treated with
antistaphylococcal drugs aBdirkholderia cepaciathe treanent of which is more
difficult due to its intrinsic resistance to a broad range of antimicrobial agents.
Usually treatment requisesynergistic drug combinations in order to be effective.
Other measures taken to treat chronic infection include followihgghcalorie
diet, the correction of nutritional deficits and the application of-arftammatory,

mucolytic or antiobstructive drugs. Sports and physiotherapy sessions help with
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drainage and expectoration of tinéectedbronchial secretion®. The final stge
therapeutic option for patients with esthge lung disease is a lung transplant,
however chronic rejection of the donor lung is a major issue. The average five
year survival after double lung transplantation of individuals with CF at the
Hannover ceme was 70% in 199%

It has been shown that eh CF patients are isolated upon hospitalisation
there is a decrease in the numbeP oferuginosgulmonary infectiond3®13° As
it has been established that spread of BotheruginosaandB. cepaciahas been
demonstrated whenever adequate genotyping has been carrig8 #3140
grouping of patients according to bacteriological status has become a routine
hygienic measure in many hospitals and CF centres. The natural habitat for both
species of bacteria is an aquatic one, and filter devices reducertanination
of water supplies, sinks, and basins with pseudomonads in CF clinics, but thermal
and chemical disinfection are not useful. Care must also be taken when dealing
with moist medical aids to ensucentrol of bacterial infection. Following ése
simple, but timeconsuming and potentially expensive measures significantly
reduce the incidence and prevalence of the major CF path®gd@ihe ability of
P. aeruginosato rapidly develop antibiotic resistance, as well as the severe
consequences it has on ipats with CFand other diseases, has been a driving
force in the search for novel therapeutic targets, such as the intercellular signals
and their synthetic pathway3.14!

4.6 Quorum-sensing inhibitors as antipathogenic drugs

Treatment of a bacterial infection with traditional antibiotics has a major
drawback twhen growth of bacteria is blocked, the bacteria are under harsh
pressure to develop resistana®.highly attractive target for the development of
new alternatives taaditional antibiotics is to interrupt tl@S-signalling systems
of pathogens which use this methodregulate their pathogenicity, known as the
anti-pathogenic drug principfé? By selectively blocking the carol apparatus of
virulence and pathogenic traits of bacteria, the infecting bacteria may fail to adapt
to the host environment and be unable to establish an inféétidminterrupting
the QSsignalling system, bacterial growth and survival are unaffected,
eliminating the immediate risk of development of resise. As bacterial growth

is, therefore, normal, mutations affecting pathogigninhibition are not selected
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The bacterium does not know that itesposed to an inhibitory agent andn
continue to grow as normal but will not switch on the genesding for its
pathogenicity.

There are three different targets in Graggative quorum sensing systems
#he signafeneratorthe signal molecule itself and the signal receptb6creens
can be carried out on compound libraries to investigate if signal molecules can be
prevented from being synthesisedtbg relevanprotein If no signal molecule is
produced then the bacteria will be unable to determine if and when a quorum has
been achievednd QScontrolled genes will not be activatethe signal molecule
itself can be targeted bgither metabolic, chemical or enzymatic degradation,
again preventing accumulation of tlseggnal molecule. The most thoroughly
studied target of the three is that of gignalreceptor. If the signal molecule is
prevented fom binding to the receptorgtein,it is stoppedrom being able to act

as a transcriptional regulator.

4.6.1 Targeting the signal generator

In vitro tests have been performed by Passtedd ° which have shown that
analogues ofSAM 187, a precursor for the AHL signals produced By
aeruginosaarepotent inhibitors of the. aeruginosaAHL synthase, Rhll.Of the
analogues tested, the most effecti@@denosylL.-homocysteinel 88 was found
to lower the activity of Rhll by 97%igure 4.12.

NH, NH>
SN SN
4 4
o X ®7 o o 0
NH3 NH3
® OH OH ® OH OH
S-Adenosyl methionine (SAM) 187 S-Adenosyl-L-homocysteine 188

Figure 4.12Strucures ofS-adenosyl methionine, SAM, a precursor for the AHL
signals produced bly. aeruginosaand the most potent analogue which proved to

be an inhibitor of RhllS-adenosylL-homocysteine.
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4.6.2 Targeting the signal molecule

Unsurprisingly, the homoserine lacwming moiety present in AHLs
(Figure 4.9 is unstable at pH levels above 7At alkaline pH, the molecule
undergoes lactonolysis and the biological activity isistt has been shown that
in stationaryphase cultures dErwinia carotovora P. aeruginosaand Yersinia
pseudotuberculosishich are grownn unbuffered media have high pH levels and
accordingly, only low levels of active AHL molecules are detectddLs which
were introdeed to the system exogausly also rapidly lose their ability to activate
QS systems.It must be noted that pH dependengyot the only factor in play
with regards to the ring opening. Temperature and the nature of the acyl side chain
are factors which must also be considereds would be expected, higher
temperatures increase the rate of ring openinggeneral, AHLswvhich possess
longer acyl side chains take longer to undergo lactonolysis than those which have
shorter acyl side chains. These findings indicate that in order for molecules to be
active at physiological pH, the acyl side chain must be at least fournsaito
length144145 Interestingly, host orgasins appear to take advantage of this
property when they are attacked by bacteria which produce AHL signalling
molecules. Byer®t al. found that plants which are infected with the tissue
macerating pathogek. carotovora which uses QS to control expressiof
virulence factors, increase the pH level at the site of infeétfoiThis alteration
to an alkaline environment leads to inhibition of AHL dependent QS and reduced
the extent of the degradative attack.

The marine algd.aminaria digitag has devised different strategy to
inactivateQS molecules, in this way avoiding biofoulitff. L. digitataproduces
and secretes oxidised halogen compounds including hypochlorous and
hypobromous acids, which have beesed extensively for the eradication of
microbes in industrial settings but they are also capable of reacting with oxidised
AHL signal moleculesQS is known to be involved in the development of biofilms
and their maintenance, and so secretion of compotinad destroy the AHL signal
molecules, blocking QS, may be of benefit to the alga in its competition with
biofouling organismg?®

The identification of acyhomoserine lactonase (AHRctonase) froma
Gramypositive Bacillus specie240B1 brought tdhe fore another method of QS

molecule inactivation?’ This enzyme inactivates AHLs by hydrolysing the
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lactone bond of the molecules, and lowers the amouhioedictive AHL 148149
Indeed, Donget al. demonstrated that complete inactivation of 20 3-oxo-Ce-
HSL can be achieved within two hours by a suspension cdftufEhe virulence
of E. caratovoraowards various plants and vegetaliegreatly diminished when
this enzyme is expressed from a plasmid transformed into the baGtensgenic
tobacco plants that express AHHictonase are much lespe to maceration by
E. caratovorathan their wildtype counterparts, suggesting that production of
AHL -degrading enzymes would be a protective mechanism and an advantage for
plants. Production of lactonases may also be a bacterial strategy in the dmnpeti
with AHL-producing strains in their environment. AHdctonases hold potential
commercial interest, however their application is more than likely limited to
topical use as there are significant problems associated with the delivery of
proteinaceous gents systematically. One must keep in mind the fact that the
reaction is reversible, whether the lactonolysis oceiashemical or enzymatic
methods. In an acidic environment, a ring opened AHL will undergo ring
formation producing the biactive ringcompound which is then able to activate
QS-controlled virulence genés’

Variovorax paradoxusand P. aeruginosaare able to grow on AHL
molecules by using them as a sourceasbon, energy and nitrogen. A correlation
is observed between the length of the acyl side chain of the AHL and the molar
growth yield, indicating that the side chain is used as a carbonesétrThe
bacteria achievéhis by producinganenzyne that cleaves the amidend of the
signal moleculean aminoayclase, which yields a fatty acid and a homoserine
lactone. The acid undergoeoxidation and it can be used as a source of both
carbon and energyThe nitrogen is made available ftretbacteria by the action
of enzymes which release ammofiiam the homoserine lactone ring moiéty.
P. aeruginosgroduces amHL -inactivatingenzyme encoded bpyvdQ When
this gene is expressed in recombin&ntcoli, the culture is able to rapidly
inactivate exogenously supplied AHLs. When the gene is express@d in
aeruginosa the culture does not accumulate AHL molecul¥ghen a straing
used which does not have thedQ gene presen®. aeruginosas still able to
utilise 30x0-C12-HSL as the sole source of carbon, nitrogen and energy. This
suggests th&. aeruginosactually has several systems that it uses for degradation

of AHL moleculest®2
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4.6.3 Targeting the signal receptor

The methodology of using small molecules to block the activation of LUxR
homologues in order tmhibit QS is probably the most thoroughly studied of the
three categoriesUsing a molecule that can be considered analogous to the native
AHL molecules to block the receptor site is a classical pharmacological approach
to receptor antagonism.

In astudy carried out by Schaefetral,'>*analogues of-®xo0-Ce-HSL 181
(Figure 4.13, the signalling molecule used MY fischerj involving substitution
andotheralterations @ the acyl side chajwere identified which couldisplace
3H-labelled 30x0-Ce-HSL from LuxR. It was found that the compounds that were
able to bind to LuxRwvere able to displace the AHL and also activate the LuxR

protein.

3-ox0-Cg.HSL 181

Figure 4.13Signalling molecule used by. fischeri

Another stategy to generate compountisblock the AHL receptor site
has been to replace the HBhg part of the AHL with an alternative ring structure.
In the case oP. aeruginosaalterationgo two of the signal molecules used by the
bacteria3-0xo-C12-HSL 184andCs-HSL 183 (Figure 4.14) weremade whereby
an amino cycloalcohol or amino cycloketone containing either five or six carbon
atoms in the ring were incorporated in place of the reeting(189-196).1°* The
authors of this study identified new agonists of both HSL autoinducers used by
aeruginosa allowing important information about the uniqgue R protein
autoinducer interaction in each cognate pair to be ascertained. It was found that
189and192 were activators of LasR, whiE93and195were activators of RhIR.
Compoundl90was found to be a aderately active antagonist ®84, and191a
strong antagonist, inbiting the QS cascade, which resultededuced expression

of important virulence factors and biofiltef:
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Figure 4.14Structures of autodtucers and analogues.

Inihibitors of QS have been identified by random screening of pure
compound librarie$!* Using he QS inhibitor selector screem number of
compounds were identified that were able to block both Ll LasRbased
QS with 4-nitropyridineN-oxide 197 being the most effective inhibitor of this
group of compoundg¢Figure 4.15. It was found thatl97 significantly down
regulated 37% of the QS regulated gend?.iaeruginosa The genes targeted by
197 were regulated either by RhIR alone or else in conjunction with LasR,
indicating that RhIR is the possible target for this compouiitlis screening
system successfully identifies compounds able to interfere withhaxRologues
protein but as the structure thiese compounds is very different from the native

AHLs, their mode of action is unknowh
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Figure 4.15QS inhibitor 4nitropyridineN-oxide

Halogenated furanond$£8-202 (Figure 4.16 produced k the Australian
macroalgaDelisea pulchrahave been shown to interfere with several AHL
regulated bacterial processes without having any effect on bacterial growth or
geneal protein synthesis pability.1>>1%8 Thecurrent hypothesis is that furanones
act as antagonists of AHL molecules as they compete for the binding site on the
receptor protein. Manefielet al. reported that when halogenated furanones are
present at concentrations similar to that produced bgltieethey are capable of
displacing the native AHL molecules from the LuxR receptor prdtéin.

R1 R R: R4

R3 198 H Br Br Br
R /=Ry
199 H Br H Br
/ 0
Ri o 200 OAc Br H Br

200 OH Br H I

202 H H Br Br

Figure 4.16Halogenated fuamones produced Wyelisea pulchra

With regards td. aeruginosaseveral studies that investigate both QS and
inhibition of QS have shown that furanones can inhibit biofilm formatiom in
vitro experiments$>%1%° One such synthetic furanone is characterised by lack of a
side chain at position 3 tfe furanone ring, lrominesubstituenat the methylene
group and no bromine bstituents on the furanone ring its€B03 Figure
4.17).1° This furanone displays enhanc&HL -antagonistic propertiebas little

to no effect on the growth &f. aeruginosaand is active against thiel QS system.
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Although early formation and attachment of the biofilm was affected by203
when wid-type biofilm was grown in its presendde biofilm failed to mature,
suggesting203 may inhibit expression of the gene responsible for biofilm
maturation. These resudt posed an interesting questidban these types of
compunds be used to render a biofilm more susceptible to antimicrobial
compounds? The answer is yes, demonstrated by Hehtdexhen they reported
that a P. aeruginosabiofilm, when treated with203 was easily killed by
subsequent treatment with tobrasimy suggesting that a combination treatment of
QS inhibitors and antibiotics may prove uséf@l It was also noted that the
furanonetreated biofilm was also more prone to dispersal by the detesgeioim
dodecyl sulfate(SDS. Unfortunately, the halogenated furanones are unsuitable
for clinical use due to their instabilit§?

Figure 4.17 Halogenated furanone that inhibits maturation of biofilmPn

aeruginosa

Due to the coexistence of prokaryotes and eukaryotes over billions of
years, it is unsurprising to find that at least a few eukaryotes have developed
bacterial defence systems based on inhibitors of QS systems. Many plants and
vegetables, including carrots, garlic, habanero (chili) and water lily produce
compounds that intere with bacterial Q$* Garlic extracts contain two
compounds204 and 205 (Figure 4.18 which have shown to be inhibitors of
bacterial QS, however they exist in very low concentration and are not as potent

as other QS inhikirs and use in a clinical setting would therefore be limiféd
& g
204 205

Figure 4.18 QS inhibitors found in garlic extracts
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6LQFH $OH[DQGHU )OHPLQJTVY GLVFRYHU\ RI SHQLF
medically important compmds have been isolated from various fungi.
Rasmusseet all% carried out a screen on a selentof Penicillium speciesand
were able to identify severalrains which produced compounds that acted as
inhibitors of QS. Two of these compounds were identified as pat2(6 and
penicillic acid207 (Figure 4.19, and were found to downregulate 45%l &9%
of QSregulated genes iA. aeruginosaespectvely, indicatingspecificity for QS
regulated gene expression. Despite this readiand207are known mycotoxins,

which limits their pharmaceutical relevan¢é.

OH \o
OH
S (o) =
0X o~ O
206 207

Figure 4.19QS inhibitors isolated frorRenicilliumspecies.

4.6.3.1 Targeting the signal receptor if. aeruginosausing analogues of
PQS

PQS plays a patrticularly important role with regards to the virulenBe of
aeruginosa However there has only been one comprehersietureactivity
relationship(SAR) investigationcarried out on a diverse range of PQS analogues
(208223, with variations on the alkyl chain as wels the anthranilate ring
(Figure 4.20).163

Structureactivity studies prior to this focussed the activity of analogues
with variations in the alkyl chajnn particularwith the effect of these analogues
on membrane vesiclgMV) formationwhich are used to transport hydrophobic
PQS out of the bacterial cell& The authors found that both the hydroxyl group
at the 3position and the alkyl chain at thep@sition are necessary fstimulation
of MV productiont®* In anotherstudy, the degndence oflkyl chain length on
stimulating transcription gbgsAandlecA promoterswvas investigated with only

slight variations in alkyl chain length being toleratéd.
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Figure 4.20 Structures of PQS analogues by Hodgkinson angaters!®?
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From the results of the comprehensive SAR study carried out by
Hodgkinsoret al, it wasdiscovered that the length of the alkyl chain had a strong
effect on the agonism of the compoutmivards PgsR®® PQS and HHQ are
known to activate PgsR, also known as MvfR, the multiple virulence factor
regulator inP. aeruginosahat drives the coordinated expressaimearly 200
genes and is necessary for full viruled®&®> Many of these genes are related to
virulence factors, for examplghzA1G1, which are involved in the biosynthesis
of pyocyanin;hcnAB responsible for the producticof hydrogen cyaniddasB,
which encodes elastase BhIAB, which is involved in the synthesis of
rhamnolipids andecA which codes for Lectin AS%'%7 The production and
formation of biofilm is also controlled by this systé?f.This signalling system is
alsoused to control MMformation. These factorslalontribute to making PqsR
an attractive target for ar®S molecules Where a methyl group was in place at
C-2 (208), it was noted that the compound was effectively inacowards PgsR
As the length of the alkyl chain increased in len@®9@nd210), so too did the
agonism of the compounds. Interestingly, compounds which had alkyl chains of
greater than 7 carbon21(1, 212 and 213 retained substantial agonist activity,
indicating the PQS receptor can accommodate these variants. These results are
consistent with those obtained in an earlier SAR study by Fletcher amorkers,
who noted similar alkyl chain length dependency for agorfSmCompounds
where phenyl groups were present & {D place of the alkyl chair2{4and215
were not tolerated by the binding pocket of the receptor as agonist activity was
eithe dramatically reduced or eliminated. Substituents at various positions on the
anthranilate ring were then investigated. An electmthdrawing chloro
substituent was placed at each of the four available positions on the anthranilate
ring (216-219 howerer a decrease in agonist activity was observed in all cases.
The introduction of an electronegative fluorine atom at position 5 however
appeared to have no effect in comparison with the equivalent chloro an&@gue (
and216respectively). Converselthe introduction of electredonating hydroxyl
or methoxy groups at position @20 and 223) or position 7 222 led to a
significant decrease in activjtguggesting that the electron density of the aromatic
ring may also have an influent®

In 2012, the first antagonistg BqsR which acted as QS inhibitors were

published®® The authors, following a ligardased drug design approach,
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synthesised a set of HHQ and PQS analgguéh variations rade on the alkyl
chain and substitutions made at various positions on the anthranilaté\grige
protein structure for PgsR yet to be determinegihd antagonts of the receptor
have not been identifiedhe researchers used the natural ligands, lwhie
agonists, for the design of possible gataists (liganebased approach) as it has
previously been shown that structural modification of agonists can provide
antagonist$’® Although PQS is the more potent of the two natural ligand
analogues were based on the less potent BPHIiis was chosen for a number of
reasons. Firstly, it has been shown that the hydroxyl group3ainCPQS is
responsible for interaction withelipid A portionof lipopolysaccharides (the lipid

A portion serves as tHeuid anchor and is commonly composed of fatty acids,
sugars and phosphate group?) Synthesising analogues of HHQ, which do not
possess this group at; should therefore exhibit a lower tendency to membrane
association Another reason for this preference with regards to the synthesis of
potential antagonist analogues is the fact that HHQ doesxhditit iron-chelating

or prooxidant properties, and so modifications to HHQ should avoid these
unwanted interactiond?'’* From the analogues synthesisgtpse which
possessedtrong electrorwithdrawing groups such astro, trifluoromethyl or
nitrile (224226, Figure 4.21), exhilated strong antagonistic properties by either
completely or substantialiphibiting PgsR stimulation.

o) o)
O:N FsC
| |
N N
H H
224 225
o)
NC
|
N
H
226

Figure 4.21Analogues with electrewithdrawing groups present atéC

When the position of the electravithdrawinggroup was varied to other
positions on the anthranilate ring, the analogues lost their antagonistic ability.

These results implied that the position of the eleetwghdrawing group, as well
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as the electrowithdrawing effects, are of utmost importanoesiynthesising an
antagonist. Compound 224 was deemed capable of reducing pyocyanin
production inP. aeruginosaPAl14 (a highly virulent strain of the bacteria)
supernatants by 74% at a concentration oM8'®® An important finding was
obtained regarding the growth kinetics of this strain in the prese@5ahd226
+the growth of the bacteria remained unaffected despite the presence of the
antagonists, prong that this methodology of selectively targeting bacterial QS
controlled virulence has no imgtaon bacterial viability and thishould not induce
natural selection pressure.

Although224was highly active towards Pgséhly a moderate reduction
in pyocyanin production was observed. This prompdtedet al. to further
characterise the behaviour of the antagonifR.imeruginosd”™ Investigations
suggested that a biotransformation 284 to 227 may have occurred .
aeruginosaby the action of the enzyme PqsH, which hydroxylates HHQ to form
PQS Figure 4.22. The study proved that this was indeed the case,2a@id

restored PgsR stimulation.

O O
O5N Os5N OH
| PqgsH |
—_—
N N
H H
224 227

Figure 4.22Biotransformation o224by PqsH.

The authors theninvestigated blocking ofthe 3position with an
appropriate functional group which would prevent this biotransformation from
occuring.!™® Of the 3substituted compounds synthesised, carboxargizi:
proved to ke a highly potent, antivirulence agent. This isgai$icant finding and
suggests these compounds could overcome the shortcomings of traditional
antibiotics, which are quickly rendered useless due to the problem of bacterial

resistanceé®®
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Figure 4.23Blocking the susceptible positon 224
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Chapter 5 Results and Discussion

5.1 Background to poject

The aim of this projectvas to synthesssa number of analogues of
communication moleculePQS and HHQ which could potentially aas QS
inhibitors in P. aeruginosa Work focused on introducing atoms tae G3
position of the HHQ frameworés this particular position has beardarstudied
in the literature;® with only one recent publication beginning to probe the 4rea.
In particular, atoms introduced atwere chosen to have similar properties to
those present in the quorum sensing molecules themselves (i.e. a hydroxyl group
in PQS ad a hydrogen in HHQ). These analogues would then be sent for
biological testing in collaboratio LWK 3URI )HUJDO 29Y*DUD LQ WKH
Microbiology in University College Cork.

The first objective of the project was to synthesis HHQ, whichldvba
achievedvia a five-step synthesis.

The second objective of the projewas to synthesise various-3
analogues of HHQincluding 3bromoHHQ, 3-chloroHHQ, 3iodo-HHQ and 3
fluoro-HHQ via electrophilic aromatic substitution using the appropriate reagents.
Installation of a fluone at the Joosition was of particular intest aghe product
would be sterically similar to the native molecule, HH@/hile previous work
within the group has involved the synthesis abr8mo, 3iodo and 3chloro
analoguesit was postulated that altnative methodologiesf the 3bromo and 3
iodo analoguesould provide the desired products in increased yields
analogue with a methyl group at thep@sition would also be synthesised and
tested for biological activitgs this particular compouns known to be produced
by Burkholderiaspecie$ The introduction of a nitrogen atom at the@sition,
rather tharthe usual cdon, was also achieved.

The next objective was to add protecting groups to HHQ ande som
halogenated analogué$ Two protecting groups were installed to HHQ and the3
bromo analogue and the produetsreisolated asO-protected quinolones. A
SuzukiMiyaurareaction wasttemptedn the Cbz protectedt&omo analogue

It was hoped that the angoes synthesised woulidock the binding site
in PgsR and thus prevent the native QS molecules from binéigaré 5.1).
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Chapter 5 Results and Discussion

Figure 5.1 Simple depiction of ative QS signallig molecules (blue triangles)
blocked from the binding site in the receptor (green rectangle) as QS signalling

analogue (orange triangle) is occupying that site.

5.2 Synthesis of HHQ
HHQ canbe isolated as its HCI s&B3via a four step synthesis, starting
from commercially availde 2,2dimethytl,3-dioxane4,6cGLRQH OHOGUXPTV
acid) 229 The HCI sal233 can then be neutralised, as required, to afford free
HHQ 186in excellent yieldScheme 5.1
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0]
0 Octanoyl chloride HO 0
O>< Pyridine _ ><
0] DCM d o
o]
229

230
95%

MeOH
Reflux

[1 CgH:=NH
/\/\/\)NUJ\ T g

p-TsOH
X - /\/\/\)J\)J\ -
O Hexane 0
232 231
99% 35%
Ph,O
Reflux
H* work-up
OH ]
X 2M NaOH |
®_ N
N CHClI,
hoc® H
233 186
27% 94%

Scheme 5.1Synthesis of HHQ.86.

In the firststepof the synthesisa highly acidic proton (pk4.97)° .- to
WKH FDUERQ\O JURXS 220Qvad Heprotahxt@dhy @yrding and
reacted with octanoyl chloride to form a@W HG O0H O G BBR R faimobtF L G
quantitative yielgdwith the producexistingpredominantly in its enol forrh'

-Ketoeste231 was successfully prepared in 35% yield (after purification

by vacuum distillation) by refluxing30in methanol? It was originally thought

that the mechanism prosged via nucleophilic attack ohe of the carbonyls of
WKH DF\O 0HO &QB0OX& falevdleH LtEmperature, with bsequent
fragmentation expellingacetone and carbon dioxide, leaving the desired
ketoesteR31(Schemeb.2(a)).!! In a more recent and detailed study byeXial,

a new mechanism was proposed that does not involve direct attack of the
nucleophile and subsequent fragmentatibiBased on rate laws and monmita
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of the reaction using IR spectroscopy, the authors have shown that heat initiates
GHFRPSRVLWLRQ RI WK R23Difd@n 0okak&dnX $pEAeEBIF L G
which then accepts the nucleophiBcheme 5.2b)).

@ H @

Q" O\ I P o

(0] (0] CH 6H (0] (0] (0] (0]
X ——— DX I e
C7H15 0] C7H15 (0] C7H15 (|)
(0] H
230 ° 0
H* transfer * )J\
keto-enol v CO
O O tautomerism OH O
N
CoHys o~ C7H15)\)J\O/
231
(b)
/H @)
o 0 0 Q o
_ C/
) + COo, + C-H =
Cofhis G )J\ 7M15 Q
© 230 234 s,
CH4OH
©
O O + O O o o))
H™ transfer
- P — = ~
C7H15)J\/U\O/ C7H15)j\@/U\?® C7H15)]\%\C,)®
231 H 0

Schame 5.2(a) Initial mechanisnproposedand (b) curreny accepted mechanism
IRU WKH IUDJPHQWDWLRQ RI DF\O -kKetbes@lU XPYV DFLG DC

The next sp of the synthesis involvéise formation of enamin232 This
was accomplished by refluxing theketoester231 with aniline and a catalytic
amount ofp-toluenesulfonic acidh hexane, affording the crude enamR&2in
almost quantitative yield, which was carried forward to the next step without
purification!* The catalyticp-toluenesulfonic acid is necessary to protonate the
ketone of -ketoester231 and encourage nucleophiliattack by aniline
Subsequent proton transfer allows for loss of water. An acidic proton is removed
to allow the positive charge on the nitrogen to be neutralised to give en2Bine
(Scheme 5.3
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OH o)
~
C/H 0 C/H 0
7H415 7M115 C7H15
231 HZNO

l H* transfer
i NH O i IN @J—KOH?
-
C7H15)\/U\O/ C7H15)\Q/U\O/

C7H15
232 H k%
O\

Scheme 5.3Vlechanism oformation of enamine from-ketoester.

The final step involves formation of HHB6 from enamine232 via a
ConradLimpach quinoline synthes{§cheme 5.1!° A series of tautomerisations
of the enamin@32take place, fistly from the enamine to the imine and then keto
enol tautomerism of the carbonyl of the ester to the enol. This is now a high energy
imine-enol tautomer and is the ultimate substrate for the-detiermining
cyclisation step. A solvent with a very higbiling point must be employed for
the cyclisation to the hemiketal as the aromaticity of the phenyl ring is being
broken in this stef® The typical solvent of choice is diphenyl ether and the
reacton was carried out at 27(C. Once the cyclisation has occurred, aromaticity
is restored by loss of methanol and a final deprotonatidmecd¢idic hydrogen to
provide quinolone produd86. The quinolone was first isolated as HCI salt
233in low yield (27%)and subsequently convertedli®6 by basification.Yields
of the cyclisation step in high boiling point solvents are known tdobeto

moderaté’
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Q. Q

(0] ‘.
- -
> | N | ©fj\
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H3C-0O o)
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| > |
E@) C7H1s N Crhis

186

Scheme 5.Mechanism of Conratlimpach cyclisation

5.3 Synthesis of HHQhalo analogues

The next step of the project involved the synthesianaflogues oPQS
which containedsmall polar groups at the-& position It was hoped thahey
would act as a mimic for theydroxyl group present at-G in PQSbindto PgsR
and hence prevent binding of thative QS signalling moleculeslt was decided
to introduce various halogenoats to this position in an effort to investigate the

effect of electronegative atoms on the biological activity.

5.3.1 Synthesis of bromg chloro- and iodo- analogues
3-Bromo-2-heptylquinolind-one 235 was synthesisedria two routes by
reacting HHQ186 with eitherN-bromosuccinimide to provid235in 37% yield,
or brominein glacial acetic acitb afford235in 76% vyield, in a similar fashion to
the published methodology for the halogenation of pyriddéhe8-Chloro-2-
heptylqunolin-4-one236wassynthesised in moderate yield by reacting HE8B

with sodium dichloroisocyanuratén methanol and watéf  3-lodo-2-
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heptylqunolin-4-one237wassynthesised in moderate yield by reacting H-88

with N-iodosuccinimide in glacial acetic acid, providing the product in moderate
yield after purificsion by silica column chromatograpffycheme 5.5 The yields

in all cases we moderate, perhaps due to the presai@ sterically demanding

alkyl chain at G2.

X=Br: (a) or (b)
O X=ClI: (c) (0]
N N
H H
235 X =Br
186 236 X =ClI
237 X =1

Scheme 5.5(a) NBS(2.0 equiv.) MeOH, 37%; (b) Br(1.1 equiv.) AcOH, 76%;
(c) sodium dichloroisocyanuraf@.55 equiv.) MeOHM20, 46%; (d)NIS (1.02
equiv.) AcOH, 48%.

The mechaism of halogenation using tié-halosuccinimidsis likely to
progress in similar fashio(Gcheme 5.5 Theavailablelone pair of electrons
present on the nitrogen of the quinolgremotes attack of the double bond to the
halogen atom on thi-halosuccinimide, with the new bond formed between the
carbon aposition 3 and the halogextom Aromaticity of the compoungwvhile
it could be suggested that the quinolone bear some aromaticity, certainly its
tautomer, the quinoline, is aromatis)restoredoy abstraction of a proton at®
and subsequent movement of elecsrimnneutralise the nitrogen of the quinolone
Succinimide is formed as a byproduct of the reacti@md is removed in water

washes upon workup.
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o) o)
0 (j\;} o) f\@p
X 0 i o)
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N~ “CsHs ®N" "C7zH4s5
: i

o)
© X
* |
AN N~ >C,H
o) H 7'115

235 X =Br
237 X =1

Scheme 5.8Mechanism of halogenation usihghalosuccinimides.

Due to the electronich nature of the quinolone, it is possiblétominate
using Be in glacial acetic acid at-G without the presence of a Lewis acid catalyst.
The mechanism is similar to that observed when usthglosuccinimides as the
halogen donor, however in this case HBr is the side prd@atteme 5.Y. The
use of glacial acetic acid as solvent is due to its polar, protic naflowing
stabilisation of the intermediate with theddedbenefit that it can be easily

removed in the workup of the reaction.
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O [ 0] feBr
H

Br—Br
T o
” C7H15 C7H15

@

N

186

QO =—— TI-Z

Br
HBr + |
” C7H4s

235

Scheme 5. Mechanisnof bromination using bromine in glacial acetic acid.

Sodium dichloroisocyanurate (sodium -8lghloro-2,4,6trioxo-1,3,5
triazinan1-ide) 240is a solidN-halo imide, usually employed as a source of active
chlorine for water treatment and as a disinfeict&taskun demonstratéd use as
a reliable reagent for the preparation of chlorinated quinolinbnéswvas found
that on treating B-dimethyt4(1H)-quinolinone238 with 0.55 equiv. of sodium
dichloroisocyanurat40 the 3chloro derivative241 was afforded inca. 60%
yield. Similarly, when the starting material possessed a phenyl group @39,
the 3chloro produc42was obained in 71% yield. With these results in mind,
it is proposed that chlorination of HHI{B6 takes placevia the same pathwatp
provide 3chloroHHQ 236in 46% yield(Scheme 5.8
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o |

| — >
N R
H

186 R=C7H15, R1 =H
238 R = R1 = CH3
239 R= C6H5, R1 = CH3

236 R = C7H15, R1 = H, 46%
241 R =R, = CHa, ca. 60%
242 R = C6H5, R1 = CH3, 71%

Scheme 5.&Route for synthesis @&chloro-quinolinone analogues.

Analogues235-237 were found to be insoluble many common organic

solvents. NMR spectra of the final compoundsere obtained in deuterated

DMSO. In all cases the absence of a singlet peak correspomdangroton aC-
3 provided evidencéhat the substitution had succesly taken place. This is
exemplified in comparison @he'H NMR spectraof 186and235(Figure 5.2).
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Br

Iz

235

Figure 5.2Comparison ofH NMR spectra of HHQ86and 3bromoHHQ 235,

5.32 Fluorination attempts

The introduction of a fluorine atom atZis of particulainterest. Due to
IOXRULQHYV VdiNadddteristisQe irdrRddddidsh of even a single fluorine
substituent can have a remarkable effect on the physical and chemical properties
of that moleculé® Replacement of a hydrogen or hydroxyl group in bioactive
compounds with a fluorine atom is a common strategy in the field of medicinal
chemistry. This substitution introdueeminimal steic alterations, and it was
hoped thatinteraction of fluorinated HHQ with the receptor site would be

successful antherebypreventthe nativesignal molecules from binding.

5.3.21 Selectfluor

Fluorination of HHQL86to provide HHQR244was initially attemptedia
electrophilic fluorination with the use of commercially availablereagent
Selectfluor (243, an extremely stable, hazdee, virtually norhydroscopic

crystalline solidScheme 5.p%!

188



Chapter 5 Results and Discussion

Iz ::O
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»
Iz (@)
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186 244

Scheme 5.%Bynthesis of dluoro-HHQ using Selectfluor.

The reaction was carried out using a variety of conditions and solvents
(Table 5.1) howeveroverall results were disappointingln some cases, the
reaction conditions used were not suitable for the reagents. When DBU was added
to a solution 0ofl86and243in acetonitrile, the reaction turned into a viscous black
oil (Table 5.1, entry 10. Similarly when the reaction was atteegusing DMSO
as solvent, it was discovered tH&t3 is not compatible with this solvent and
decomposedTable 5.1, entry 13. Many of thereactions attempted resulted in
complex mixtures of products as determined\NMR (Table 5.1, entries 28,
12ad 17), whilst in others, only starting material was obtaineab{e 5.1, entries
3,4, 6,7,9,13and15). In some cases trace amount d44 was detected by
mass spectrometryhowever the product was not visible byH NMR and
purification of the crudeeaction material was not attemptd@le 5.1, entries 1
and14). When the reactiowas @rried out using 1.2 equiof 243in a mixture
of ethanol and acetonitrile al0 jC for 3 days, the product was successfully
isolated, albeit in &erylow yield of 3% (Table 5.1, entry §. When the reaction
wascariied out using higher equiwef 243in ethanol and the reaction allowed to
stir at room temperature for 1 weé44 was successfully isolated in 8% yield
(Table 5.1, entry 16.
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Table 5.1Fluorination attempts of HHQ using Selectfluor

Entry Selectfluor  Solvent Additive Conditions  Result
(equiv.) (equiv.) (yield)
1 1 EtOH * Reflux, o/n 244
(trace)
1 MeCN * Reflux,o/n CM
3 1 MeCN, 1.1 + Reflux,2d SM
equiv. EtOF
4 1 H2O Sodium 105;C, SM
tetraphenylborate 18 h
5 1.2 MeCN, 10 * -10iC,3d 244
equiv. EtOF (3%)
6 1.2 EtOH DBU (1.2) Reflux,5d SM
7 1.2 EtOH + wave, SM
120iC, 10
min
8 1.2 5% HO in * Reflux,3d CM
MeOH
9 1.2 MeOH H2SQy (1) RT, o/n, SM
50;C, o/n,
65iC,2d
10 1.2 MeCN DBU (1.2) + +
11 1.2 DMSO + + +
12 1.2 95:5 * RT, o/n, CM
MeCN:HO reflux, 3 d
13 6 u0.2 MeCN, 1 * RT,2d SM
equiv. EtO}
14 1.3 MeCN NaBARF (0.275) RT, o/n, 244
reflux, o/n  (trace)
15 1.3 EtOH NaBARF (0.275) RT,o/n, SM
reflux, o/n
16 1.7 EtOH - RT, 1week 17
(8%)
17 2.5 EtOH Reflux,5d CM

SM = Starting material; CM = Complex mixture.

Evidence for the incorporation of fluorine was gleafrech the'H NMR
spectrum oR44 (Figure 5.3, due to the lack of a giet in the alkene regiorAn

interesting point of note is that this analogue appeared to be soluble in dduterate
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chloroform, in contrast t@reviously synthesised-Balo analogues A second
indication that the reaction had been successful is the Hattone peak was
observed if°F NMR spectrunat-143.3 ppm which is typical @ fluorine bonded
to an aromatic carboffFigure 5.4). Splitting was also observed in tfi€ NMR
spectrum consistent witithe presene of fluorine at G3 (Figure 5.5. Further
evidence for successful synthesi®d#iis obtained from the high resolution mass

spectrum, with the mass found witl#r8 ppm of the calculated mass.

Figure 5.3'H NMR spectrum of purified dluoro-HHQ.
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Figure 5.4'°F NMR spectrum of 3luoro-HHQ.
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Figure 5.5Magnified **C spectrum of 3luoro-HHQ showing doublets observed
due to presence of fluorine at3
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5.3.2.2 Alternative electrophilic fluorinating agents

In an effort to synthesise-fBioro-HHQ 244 in better yield, it was
necessary to investigate alternative electrophilic fluorination methdange of
N-fluoropyridinium salts werechosen for this task(Table 5.2. N-
fluorobenzenesulfonime 245 wasthe first of these reagents to be investigated.
Both DCM and THF were used as solveniBaple 5.2 entries 1 and 2, however
results were disappointing, with either a complex mixture being observed when
DCM was employed as solvent, or starting material being observed when THF was
utilised. The use of otheN-fluoropyridinium salts including 2;@8ichloro-1-
fluoropyridinium tetrafluoroborat246(Table 5.2 entry 3) resulted in a complex
mixture of products. Attempts using dluoro-2,4,6trimethylpyridinium
tetrafluoroborate247 (Table 5.2 entry 4) and Xfluoropyridinium triflate 248
(Table 5.2 entry 5) were unsuccessful and only starting material @served by

H NMR spectroscopy.
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Table 5.2 Summary of reactions usimdsfluoropyridinium salts

o N-fluoropyridinium 0
salt
N Solvent N
H H
186 244
Entry Fluorinating agent Solvent  Conditions Result
. DCM RT o/n, CM
1 @ s@ reflux o/n
0]
(.3. '.: o THF RT 48h, SM
2 @ﬁ N— ﬁ@ reflux 48 h
o (0]
245
A DCM RT, o/n CM
3 e,
Cl l}l Cl
F o
BF,
246
DCM RT o/n, SM
4 X reflux 24 h
| @
N
F o
BF,
247
A DCM RT o/n SM
5 e, 5 reflux 24 h
'}l ©
F O_ﬁ_CFg
o
248

5.3.2.3 Fluorination of N-methyl HHQ

Consideringthe limited success in th&uorination of HHQ 186, it was
thought that protectinthe free &\H using a methyl grouppfeviouslyprepared
within the group may give a better resulit was postulad that blocking of the
ANH with a robust groupvould prevent the formation of & compounds N-
methyl HHQ249andSelectfluor 243were dissolved in acetonitrile and allowed
to stir at room temperature. Samples were taken at regular intervals to monitor the

progress of the reaction. After 5 days, althoaghace of product was sérved
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by mass spectrometrygnly starting matéal was observed in théH NMR

spectrum of the crude materigbhcheme 5.1

(0] (@]
dj\/\/\/\ Selectfluor® 243 | F
—X—>
'Tl MeCN llﬂ
249

Scheme 5.1Attempted fluorination oN-methyl HHQ.

Given that luoriQDWLRQ IDLOHG WR RFFXU ZLWK D PHWK\

the nitrogen atom, no further easigmovable groups were tested.

5.3.24 Building block strategy

In an effort to improve the yield of the fluorinated product; attention
then turned to synthesis of the fluorinated analoga@ building block strategy.
It was envisaged that HHQ®44 could be synthesised by firstly deprotonating
ethyl 2fluoroacetoacetat250 using LDA and trapping the formed enolate with
hexyliodide to yield fluorinated -ketoester25122 Reaction with aniline ang-
toluenesulfonic acid in hexan¢o give fluorinated enamin252 and finaly a
ConradLimpach cyclisation of formed enami@8&2 by refluxing in diphenyl ether
would afford244 (Scheme 5.1}

LDA
(0] (0]
THF Q Q
—_—
/\/\/\
F ' F
250 251
CgHsNH,
p-TsOH
Hexane
i L
N /\/\/\)\HJ\O/\
H F
244 252

Scheme 5.1Building block straegy for synthesis of-Buoro-HHQ.
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Formation of fluorinated-ketoesteR51wassuccessfullyachieved in 55%
yield. The reaction required 2.1 equiv. of LDA as there are two sites for
deprotonation However addition of hexyliodidainder kinetic conditions allows
selective addition at the least sterically hindered sitemation of the fluorinated
enamine252 proved to be problematicThe enamine formation wastempted
twice using the same conditions requirgin the synthesis of HHQ. However on
both occasions, only traces of fluorinated enamine were presetti BYMR
(Table 5.3 entries 1 and 2. The reaction was repeated with the additioneof 3
molecularsievesin casewater formation was preventing the reaction from going
to completion However by'H NMR, only starting material was observgihble
5.3 entry 3). There isprecedence in the literature for the formation of enamines
from -ketoesterin solventfree conditionsising ultrasound® This methodology
was attempted using fluorinateketoeste51(Table 5.3 entry 4). The reaction
appeared to go to around 50% completion (as deducéd BYIR); howeveron
workup, this converted back to the fluorinateeketoester, suggesting the
instabiity or reversibilityof 252 may be why it is problematic to synthesise and

isolate.
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Table 5.3Attempts at enamine formation

CoHsNH ©\
o o0 *Acid NH O

Acid
/\/\/\)\H%/\ m’ /\/\/\)ﬁ)%/\
F F
251 252
Entry Conditions Result
1 Aniline, Trace of enamine
p-TsOH, lexane
2 Aniline, Trace of enamine
p-TsOH, lexane
3 Aniline, SM

p-TsOH, hexane,
3» mol. sieves
4 Aniline, AcOH Trace of enamine

Ultrasound

It was postulated that if the crude mixture from formation of fluorinated
enamine252 was carried through to the cyclisation step directly, the high
temperature required may push the reaction to form the cyclised p2ddudthus
thereactions with traces of enamine obtain€dle 5.3 entries 1, 2 and }were
added to refluxing diphenykther, however all reactions resulted in complex
mixturesof products A one-pot synthesis of HHQB44was attempted to convert
the -ketoeste251 directly to 244 however a complex mixture of products was
againobtained.

Alternative cyclisatiormethods were explorad an effort to achiev@44
in good yield Cyclisation of enamines to quinolonesing polyphosphoric acid
has previously been reported in the literafdr@his method was attempted with
our system and although a trace of product watdtifiled by mass spectrometry, a
complex nixture was revealed by4 NMR. Another cyclisation method that has
been reported in the literature is that using diphenyl ether under microwave
conditions?® Results using this methodology were also disappointivith a

complex mixture of products (deducedByNMR) resulting. It has been reported
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that the Conrad.impach cyclisation aabe successfully carried out undetvent
free conditions by heating the desiredketoester and aniline at 1QC with a
catalytic amount ofnCls, acting as a Lewis acfd This method was attempted
using both fluorinated-ketoeste251and -ketoeste231, however in both cases

thereaction was unsuccdgband only starting material wabserved.

5.4 Synthesis of C3 methyl analogue

The synthesis of-Bhethyl HHQ proceeds in a similar fashion to the route
used to Hord HHQ. -KetoesteR31is synthesised as before, however an extra
step is required athis point to afford methylated-ketoester2532’ The
methylated enamin254 and final methylated HHQ produ2b5 are synthesised

via the same routes as per the synthesis of isipeme 5.1p

(@) O
Q Octanoyl chloride HO, O><
>< Pyridine —
(0] —_— (0]
(0] DCM @)
229 230
95%
MeOH
Reflux
K,CO3
i i - b /\/\/\)OJ\/?J\
Acetone
253 231
40% 35%
CgHsNH,
Hexane
L i
NH O Ph,O
N ~ |
(0] Reflux N
H
254 255
79% 10%

Scheme 5.18ynthesis of 3amethytHHQ.
The desired produ@5s5 was afforded in 10% yield after purification by

recrystallisation from methanolvith analysis consistent with that previously
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reportec?® However a recent papepublished after this synthesi$faads 255in
47% yieldand in 2 stepsScheme 5.18%°

0
Octanoyl chloride
Et;N NaOH
— > 254
NH, DCM NH 1 4.dioxane 47%
NN

256 257
98%

Scheme 5.1Rlternative route to 3nethylHHQ.

5.5 Synthesis of N analogue

2-Heptylquinazolird(3H)-one 259 is synthesised in one step from
anthranilamide258 and octanal by refluxing in DMA with sodium bisulfite
(Scheme 5.1% following the procedure published by Imai andveorkers® In
this analogue, a nitrogen is incorporated at tp@4dtion in place of carbonThis
compound willshow theeffect a hydrogettvondinggroupat the 3positionhas on

the phenotypes &?. aeruginosand related species.

Oct I 0
Cltana
NH, NaSO3H @fj\NH
NH, DMA N/)\/\/\/\
(0]
258 259

76%

Scheme 5.18ynthesis of-heptylquinazolind(3H)-one

The reaction proceedsa a direct cyclodehydratiedehydrogenation of
anthranilamid@58with octanain the presence of sodium bisulfit€he presence
of sodium bisulfite is necessary to ensure the desired product is obtained in good
yield. It is known that when aldehydes are reacted with diamines the major
byproducts, and in many cases the major prhduare disubstituted
benzimidazoles, also known as aldehydiftes.lt is predicted that these
disubstituted benzimidazoles arise from the diimines formed in the initial stages
of the reaction. Under the reaction conditions utilised, thendiies undergo a
rearrangement to produce the disubstituted benzimida2dlgl.this knowledge,
it is thought thathe addition of bisulfite will produce the bisulfisglduct of the
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aldehyde Thisis presumed to be less reactive than the free aldehydeshty
allowing more time for ring closure and preventing formation of the disubstituted
benzimidazoles.

On comparison dhe'H NMR spectra of HHQ@86and quinazolinon259
(Figure 5.6), an obvious difference is the lack of a singlet around 612 pp
(highlighted by the green box in thel NMR spectrum ofL86) in the'H NMR

spectrum o259, proving there is nalkene proton present in the molecule

@)

259

(@]
E:ﬁ‘]\/\/\/\

N

H

186

Figure 5.6 Comparison ofH NMR spectra oHHQ 186and produc259.

5.6 Synthesis of protected HHQ analogues

The next stage of the projegas to attempt to add protecting groypPs)
to HHQ and various HHQ analogues to allow furtlienctionalisation of the
molecule(for example Pd mediated cressupling) Previous workn this area
has shown that carbamgpeotection in particular the ws of a carboxybenzyl
group (Cbz).can be aieved in good yield when starting with #)guinolone
260, with the Cbzproduct261formed in 77% yieldScheme 5.1%’ The first step
of the reaction involved deprotonaticsf the amine hydrogen using sodium
hydride follbwed by dropwise adtion of benzyl chloroformate to yiel@61

An additional protection waachievedoy additon of benzylbromide to a
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methamlic solution of potassium hydroxide and Kijfjuinolone260resulting in
262in 42% yield®

oo/\© K@

261 260 262

7% 42%
Scheme 5.15°rotection of 4(H)quinolone. Conditions (a) 1. Na THF, 55;C
15 min; 2. Benzylchloroformat@1 h, RT (b) KOH, MeOH, berylbromide, RT

Benzoylation of a selection of Zsubstituted, and thus sterically
encumberedguindones263 has been successful using a varietp-glubstituted
benzoyl chloridegn good to high yield This was achievealy deprotonation using
trimethylamine in a mixture of anhydrous DCM and DMF and refluxing with the
desired benzoyl chloride for 3dnoviding product264in excellent yieldScheme
5.16.°

0]
O Et;N R
R DCM, DMF |
I 5 N O~
' 0 °
R
R !
263 264
up to 80%
R = H, CH3, OCH3, |
Ry =H, CHj, CI, F

Scheme 5.1@enzoylation of a variety of-2arboxylate quinolones.

With these results in mind, it was postulated that protection of HHQ could
be achieved in a similar manne variety of conditions andeagents were
employed Table 5.4). An interesting observation was that from spectral evidence,
it was apparent that protection occurred at the oxygen of the quinolone in all cases,

rather than the nitrogen, as was expected. When deprotonation occurs at the
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nitrogen, the resultant native charge will be delocalised between the nitrogen
and the oxygen due to the possible resonance forms of the compound. The fact
that protection was only observed at the oxygen suggests that this is the most stable
position for bulky groups to attachThis could be due to the presence of the
sterically demanding alkyl chain present af @Qvhich could make protection at
the neighbouring nitrogen difficult.Initial results were promising, with Chz
protected HHQG65 synthesised in 20% yield using the citiwhs employed by
Shintani and cavorkers (Table 5.4 entry 1).” It was apparent that starting
material was still present at the end of the reaction, as deducéd BWR
spectroscopysuggestingomplete deprotonatianr reaction with the acid chloride
had not taken place. Theptetonation conditions were altered to allow for a
longer deprotonation timeréble 5.4 entry 2), and indeed atincrease to 52%
yield of 265was observedIn an effort to increase the scope of protecting groups
being used, 2nethoxyethoxymethyl chloridd MEM-CI) was thenused in place

of benzylchloroformate under the same deprotonation conditibablg 5.4

entry 3). However results were disappointing and only starting material was
observed by'H NMR spectroscopy.The next step in the investigation was
attempt to protect the haldHQ analogues using similar conditions. Gratifyingly,
3-bromoHHQ 235could be protected to givebzprotected analogugs5in good

yield using the shorter deprotonation time15 min (Table 5.4 entry 4). 3-
Bromo-HHQ 235can also be successfully benzylated using the conditions outlined
by Li et al® to provide267, albeit in a low yield Table 5.4 entry 5). Protection

of 3-iodo-HHQ 237 provedproblemati¢ most probably duto the low solubility

of the compoundTable 5.4 entry 6).
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Table 5.4Summary of protecting grougirategies

o _PG
E:ﬁix/\/\/\ by
—
” N
186 X =H 265 X=H, PG=Cbz
235 X =Br 266 X =Br, PG = Cbz
237 X =1 267 X =Br, PG =Bn
Entry X Deprotonation  Solvent PG Result
Conditions reagent (yield)
1 H NaH (4.7 equiv.) THF  Benzylchloroformate 265
55iC,15 min (1.5 equiv.) (20%)
RT, 21 h
2 H NaH (4.7 equiv.) THF  Benzylchloroformate 265
55iC, 5h (1.5 equiv.) (52%)
RT,21h
3 H NaH(4.7 equiv.) THF MEM-CI SM
55iC, 5h (1.5 equiv.)
RT,21h
4 Br NaH(4.7 equiv.) THF Benzylchloroformate 266
55iC, 15 min (1.5 equiv.) (61%)
RT,21h
5 Br KOH (1.5 equiv.) MeOH Benzylbromide 267
(10.0equiv.) (28%)
RT, overnight
6 NaH (4.7 equiv.) THF  Benzylchloroformate No
55;iC, 15 min (1.5 equiv.) reaction
RT,21h
7 KOH (1.5 equiv.) MeOH Benzylbromide  (<10%}
(10.0equiv.)
RT,21h

2 Product could not be isolated without impurities

When 'H NMR spectra of HHQL86 and Cbzprotected HHQ265 are
comparedFigure 5.7), noticeable shifts are observed for both the protonat C
(highlighted in green) anthe CH group of the alkyl chain dnded to G2
(highlighted in purple).Further investigation using 2NMR methods provided
more evidence that protection occurred at the oxygeh86f Using HMBC
analysis, it was determined that the protons of the £g§tblup were coupling to

the quaterngy carbon at 151.5 ppmvhich was assigned as the carbon in position
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4 of the ring attached to the oxygen. If protection had occurred at the nitrogen
rather than the oxygen, this coupling would not have been obseiee.IR
spectrum oR65showed only ne carbonyl peak at##769 cm, corresponding to

the carbonyl grop present in the Cbz moiety. In the IR spectrunl@d a
carbonyl peak is present at 1640 fnwhich is absent in that d65 again
providing proof that protection has occurred on the oxygen rather than the

nitrogen.

186

Figure 5.7 Comparison otH NMR spectra of HHQ86and Cbzprotected HHQ
265,

Similar conclusions can be drawn whire spectra 0266 and 267 are
examined. In these cases, a direct comparisdil MR of products with 3
bromoHHQ 235 cannot be made due to tddference in NMRsolvents used.
However a comparison can beade betweefH NMR spectra of Cbprotected
HHQ 265 and 3bromo Cbzprotected HHQ266 (Figure 5.8). The spectra are
similar, however for266 a downfield shiftis observed for the CHof the alkyl
chain bonded to @, most probably due to the influence of the bromine-at C
There is a notable absence of a singlet alkene peak, as exgaattékr evidence
for protection occurring at the oxygen rather than the nitrogen is found when the
IR spectrun of 266is taken into account. Similar 265 there is only one carbonyl
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peak present at 1772 dincorresponding to the carbonyl gmin the Cbz

protecting group.

M

0]
@ﬁfr/\/\/\
P

N
266

.
X
P
N
26

L

5

Figure 5.8 Comparison ofH NMR of 265and266.

On changingtte protecting group to a benzyl, there is little difference in
theH NMR spectra o0P66and267 apart from in the aromatic region, which is as
expected(Figure 5.9. 2D-NMR experiments again proved that benzylation
occurs on the oxygen to provi@67, with HMBC analysis showing coupling
between the protons of the Oegfoup and the quaternary carbon at 159.5 ppm
which was assigned as the carbon in position 4 of the ring attached to the oxygen.
If protection had occurred at the nitrogen rather than the oxygen, this coupling
would not have been observe€onfirmation of protection at the oxygewas
obtainedfrom the IR specum, where no carbonyl peaks afeserved.

Overall, the addition of the benzoyl and benzyl groups at the oxygen was
not deemed a problem. Subsequent to a @rospling, for example, reaction
deprotetion could be carried out and the quinolone structure would retarn

isomerisation.
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Figure 5.9 Comparison ofH NMR of 266and267.

A point of note is that when bromination of protected HHQ using bromine
in acetic acid was carried out after the protection step, it was found that the HBr
produced in the reaction causes removal of the Cbz group, necessitating that the

halogen group be in place prior to protection.

5.7 Suzuki reactions

In a recent paper by Cross and Manet&cpalladium crossoupling
reactions were successfully carried out2zamethyt3-halo-quinolones263 using
a Pd/SPHOS catalyst/ligand systewith good to excellent yields afoupled
product269beingachieved Scheme 5.1).

0] (0]

X Pd,(dba)s, SPHOS A

A K3PO,, ArB(OH), A r

| |
Z N Toluene or DMF = N
R’ R’
268 269
up to 99%

Scheme 5.1Palladium crosgsoupling reaction of 2nethyl3-halo quinolones.

Compared to the use of the standard Pd{R[ehtalyst, the reactions were

complete in a shorter period time and gavéigher yields. WhereN-methylated
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guinolones were employed, toluene was found to be the solvent of choite
case where both R and Rorresponded to H, the reaction was found to give a
significantly higher yield of the product when carried ouDiMIF compared to
when the reaabin was carried out in toluene. With these results in mind, it was
decided to test these reaction conditions &ithdo-HHQ 237and 3bromoHHQ

235 (Scheme 5.18 The reaction were carried out as per the literature
procedure’? however the resultant crude prodirctboth casesvas a complex

mixture of products as detemaid by'*H NMR spectroscopy.

o Pd,(dba);, SPHOS
X K3POy4, PhB(OH),
| % -
N\
N
H DMF
235 X =Br
237 X =1

Scheme 5.18Attempt at palladium crossoupling reaction on HHQ using
SPHOS.

Previous work within the group has shown that iodinated RA%Qcan be
easily methylated under standard conditioms grovide 270, which can then
successfully undergo palladium catalysed ciaamsgpling reactionso afford 271
and272(Scheme 5.19°
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0) NaH 0]
| THF |
| Mel N |
N N
H I
237 270
67%
PhB(OH), Styrene
Pd(PPhs), Pd(PPhs),
DMF NMP
2M N32003 Et3N

271 272
50% 52%

Scheme 5.1%alladium crosgoupling reactions dil-methylated HHQ.

Although results for palladium crogsupling withN-methylated dodo-
HHQ 270were promisingthere was scope for investigation into the reaction as it
was envisaged that a better protecting group (which would be easier to remove
after the coupling) coulte utlised as well as usinthe conditions employeby
Cross and Manetsch which gave high yiefd<bzprotected Soromo HHQ266
was subjected to these conditig@eheme 5.2Phowever theeactionresulted in
complex mixture of products as deduced'ByNMR spectroscopy.lt could be
that the steric size of the Cbz protecting group blocks tBgGsition and prevents

the reaction from taking place.

N/
3¢ .
N DMF
266

X
0" O Pd,(dba);, SPHOS
AN Br K3PO4, PhB(OH)2
~

Scheme 220 Attempted crossoupling rection of Cbzprotected doromoHHQ.
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5.8 Biological testing of analogues

In order to assess the importance of th& @osition to the biological
activity of HHQ and PQS, the capacity for analogues functionalised at thi®posi
(with the exception of -Buoro-HHQ 244) to replace the native compoundsHn
aeruginosaZDV LQYHVWLJDWHG LQ FROODERUDWLRQ ZLW
Department of Microbiology, University College Catk

The PQS signalling system is known to control production of a range of
virulence factorsin P. aeruginosaincluding elastase, rhamnolipid and the
phenazine redox compound pyocyafii? It has been reported that plaemes,
in M concentrations, can support anaerobic survivél.aerwginosa typical of
the conditions found in the lungs of CF patg&grassisting in the formation of
biofilms.3> The first investigation on the synthesised analogues was ugisfa
mutant, which is a strain in which the biosynthetic steps{alkl-4-quinolones
have been disrupted and these compounds are not prodilee@nalogues were
assessed for restoration of phenazproduction using this mutant. Whilst HHQ
and PQS bothestored phenazine production in thgsAmutant, the analogues
synthesised were much less effective in triggering production of the pigment, with
259being the least effectivig-igure 5.10 (A). These results suggest that the C
3 position is crucial forantrol of phenazine production v aeruginosa When
the analogues were introduced in equimolar concentration twiteidype strains
which produce bth HHQ and PQS (PAO1 and PAlghenazine production was
not interruptedqFigure 5.10(B)).

o n L < = ) —
= T o o o m o 2 = = ey » ™ ™ pzd
C © W W W O N~ O c c o
S ® ® W ® ® ® b ¥§ [S) 9 w8 = 0
O — <4 N N N N © (&) ~ ~ « ol N

Figure 5.10Influence of 3substituted derivatives on PQigpendent phenotypes
in P. aeruginosa (A) The ability of HHQ and PQS (1QM) to restore phenazine
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production in gpgsAmutant was lost to derivative compounds, indicating that the
C-3 position is crucial in this regardiB) Addition of 10 M concentrations of
derivative componds did not interfere with phenazine production in the Ayifze

PAOL strain. Data presented is representative of three independent experiments
(Student§t-test, **p-YDO XH ”

In P. aeruginosa PQS plays a fundamental role in the formation of
biofilms. Mutant strains which are deficient in PQS have been shown to produce
thin, flat biofilms, which are markedly different to the mushroom shaped structures
produced by the wildype strain®® The addition of the analogsdid not have an
influence on biofilm formation . aeruginosas seen in crystal violet muitrell

assaygFigure 5.11).

Control
186 HHQ
233
++40+&
185 PQS
255 3-Me
235 3-Br
259 NH

Figure 5.11 Crystal violet staining of 18 h cultures grown static in rawiil
plates revealed HHQ interferes wigh subtilisbiofilm formation irrespective of
its tautomeric form. This anbiofilm activity was abolished with -G substituted
derivatives. All compunds were added at a final concentration of ¥Dand
VWDWLVWLFDO VLJQLILFDQFH ZDtst¥R¥YBEBKHEY SDLU
0.001).
Apart from their key role as signalling moleculesPinaeruginosaboth
HHQ and PQS exert distinct influences on the behaviour of a range of microbial
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pathogensmodulating interspecies and interkingdom behavibufhe fact that
these two molecules differ only at the3(positionyet display diverse biological
functionalities suggests the-& position plays a key role in modulating
interspecies microbial behaviourMicrobial swarming motility and biofilm
formation require cooperative multicellular behaviour and provide a mechanism
for bacterial cells to establish and persist during infectionS. larreus motility

was shown to be altered in the presence of HHQ and PQS &nalbicans the
formation of biofilm was found to be repressed in the presence of HBi§ph
phenotypes have been affectedirsubtilis(a bacterial species also found in ¥oil

in the presence of HHQ, and so this organism was chosen as a model organism
upon which to test the interspecies influence of the alkylquinolone analogues.
Unlike HHQ and HHQ.HCI, analogue&35-237 and 259 did not exhibit anti
biofilm activity towardsB. subtilis thus highlighting the importance of the3C
position in underpinning the biological role of these compouiite. influence of
analogue35-237, 255 and 259 on microbial swarming motility was negligible

in comparison to HHQ and P(Bigure 5.12.

Control 186 HHO 233 ++4U0+&0 185 POS

255 3-Me 235 3-Br 236 3-Cl 259 NH

Figure 5.12B. Subtilisswarming motility was assessed after 16 h on 0.3% (w/v)
Trypticase Soy gar (TSA) plates. € substituted analogue®3b, 236, 25%and
259 abolished the anBwarming activity, highlighting the structural specificity

underpinning the biologat activity of these compounds.
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The methyl and halogen substituted analodt&%237 and 255 retained
antimicrobial activity towards arAlgoriphagus marine isolate, which had
previously been shown to be susceptiblevams HHQ, while PQS and
guinazolinone259did not suppress growth of this spediEgure 5.13.

Control 185 POS 186 HHO 233 ++4U+&0

255 3-Me 236 3-Cl 237 3-l 259 NH

Figure 5.13 The ability of HHQ and € substituted analogues to repress the
growth of a marine isolaten Starch Yeast Peptone (SYP) marine agar

Both HHQ and PQS hay®eviously been shown to influence transcription
in a mouse monocyte/macrophage cell ivedowever, although PQS has been
found in the sputum of CF patierifsthe impact of potential cytotoxic effects of
these compounds on airway epithelial cells has not been investidg#i#. PQS
and analogue®35-237, 255and259were tested for cytotoxicity towards a human
airway epithelial cell line (IB3L cells) for 16 h at concentrations ranging from 10
to 100 M by quantification of the lactate dehydrogenase (LDH) release, in
comparison wth treatment by 0.1% Triton 2400, used as a positive control for
cytotoxicity (Figure 5.14. HHQ was found to be cyimtic towards IB31 cells
however PQS did not exhibit any toxicity. Decreasing cytotoxicity of HHQ was
observed with decreasing conaaibns and was less than 10% at M. With
the exception of quinazolinon259 which exhibited a significant level of
cytotoxicity, the G3 substituted analoguez35237 and 235 did not exhibit
cytotoxicity towards IB31 cells, reinforcing the importanoé the G3 position in

the functionality of the native signal molecules. When the concentration of HHQ
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was 100 M, significant cellular damage of IBB cells was observed by cellular
morphological analysis. When analogi¥was used, significant cellal chang

was noted by the same method. PQS and anal@§337 and255caused only
moderate changes to cellular morphology and the plasma membrane remained
intact, consistent with the lack of LDH release, in comparison with 0.1% Triton
X-100.

CONT 185 HHO

186 PQS 258 NH 0.1% Triton X-100
o3
+ ) = _
5 z T < & o o ) o z
%) Q © ™ + n Lo n © N~ (2]
= i 3 &+ 9 & & & & Q

Figure 5.14Substitution at €3 abolishes cytotoxic activity of HHQ. Cytotoxicity

is expressed as a percentage of the total amount of LDH released from cells treated
with 0.1% Triton %X100. The release of LDH was measured in cell culture medium

of IB3-1 cells treatd with methanol or ethanol, or with 1001 of HHQ, PQS or

C-3 substituted analogues. Data (means + SD) are representative of 3 independent
biological experiments. TWoOVDLOHG X Q S DtliéstHas Yenfotraed QAW TV
comparison of IB3L cells treated wit HHQ analogue molecules with 1BBcells

treated with methanol or ethanol (s YDOXH ” p-YDOXH " Phase
contrast microscopy of IB3 cells untreated (CONT) or treated with HHQ, PQS
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or 259at a concentration of 10M for 16 h. TritonX-100 (0.1%) was used as a

control in these studies. Original magnificationu40

Methylation at the €3 position provided analogu55which is a known
signal molecule produced by seveBairkholderiaspecies, which do not have the
capacity to produce PQS. Interestingd5 appeared to have lost its ability to
restore phenazine production or influence interspecies multicellular behaviour,
although it did retain antibacterial activity agaiAtgoriphagusspecies Although
255and PQS are structurally similar, and produced by important pathogens of the

CFlung, their interspecies profiles are distinct.

5.9 Conclusions and future work

Various G3 analogues of HHQ have been sssfully synthesised,
including bromo 235 chloro 236, iodo 237, fluoro 244, methyl 255 and
quinazolinone259.

The results from the biological testing of analog@s237, 255and259
highlight, for the first time, the strict structural requirements at 8 position
which underpin the biological activity of HHQ and PQS. The inability of any of
the analogues to restore phenazine productioR.imeruginosa pgsAnutant
suggests the -G position is crudal for control of phenazine production in this
pathogen When analgues were added to wilype PAOL1 and PA14 strains
which produced both HHQ and P(iBere was no effect on phenazine production,
suggesting they may not be effective inhibitor®iraeruginosa The analogues
were also found not tmterfere with the inital stages of biofilm formation iR.
aeruginosa The correlation between loss of function both witRinaeruginosa
and towards other microbial species upon alteration of #g& g@sition is
remarkable.

If it was the case that a simple electmithdrawing group was required at
the G3 position, then halogenation at this point (analog2&%237) would be
expected to produce molecules with similar biological activity. Alternatively,
introduction of an NH group as in analog@&9 provides a molade with
hydrogen bonding properties at this position, potéptraimicking the hydrogen
atom at this position in HHQ However in both cases the capacity to modulate
eitherP. aeruginosaor interkingdombehaviour was lost with these compounds.
It is therefore clear that the hydrogen and hydroxyl groups preser at BHQ
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and PQS respectively, play a more compler iolthese biological systems.

When a nitrogen was introduced in place of carbonr&{Z59), a complete
loss of biological activity in relation to HHQ was observed. Previous work within
the research group has shown tiwaenan aldehyde group/as present at-G,
intermediate activity in relation to both compounsas observed’ From a
chemical perspective, @rbacterl biosynthesis of PQ8a HHQ and the aldehyde
analogue would go some way to explaining this observation, however the
evolutionary rationale supporting this has yet to be established.

Further investigation into manipulation of the3@osition will be arried
out, with a view towards attaining a deeper understanding of the complex roles of
these molecules in bacterial and fungal speciekermative methodologies for
synttesis of 3fluoro-HHQ will also be investigateth order to attempt to increase

theyield of the reactin and allow subsequent biological testing of the molecule.
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Chapter 6 Experimental

6.1 General experimental

Solvents and reagents were used as obtained from commercial sanctes
without purification with the followng exceptions: THRwas freshly distilled
from sodium/benzophenone der nitrogen. DCM hexane acetone and
diisopropylamine were distilled from CaHnder nitrogen.

Wet flash column chromatography was carrietl iging Kieselgel silica gel 60,
0.0409.063 mm (Merk). TLC was carried out on preoated silica gel plates
(Merck 60 PF254). Visualisation was achieved by Wyht and potassium

permanganate staining.

Melting points were carried out on a tmelt Thoma Hoover Capillary melting

point apparatus

IR spectra were recorded on PerkinElmer FTIR Paragon 1000
spectophotaneter. Liquid samples were examined as thin films interspecsed
NaClplates. Solid samples were disperseldBr and recorded gsressed discs.

The intensity of peaks were expressed as strong (s), medium (m) and weak (w)
and broad (b)

NMR spectra were run in CDg€lsing TMSas the internal standard 20 @
unless otherwise specifiedH NMR (600 MHz) spectra,'H NMR (400 MHz)
spectra andH NMR (300 MHz)spectra were recorded @ruker Avance 600,
Bruker Avance 400 and Bruker Avance 300 NMR spectrometers respectively in
proton coupled mode®F NMR (470MHz) spectra and®F NMR (282 MHz)
were recorded on Bruker Avance 600 NMR aBduker Avance B0 NMR
spectrometers respectively in proton decoupled méi®.NMR (150 MHz)
spectra and®C NMR (75 MHz) spectra were recorded on Bruker AvaiGo®

and Bruker Avance800 NMR spectrometers respectively in proton decoupled
mode All spectra were recorded at University College Cork. Chemical sBifts
and @ are expressed as parts per million (ppm), positive shift being downfield
from TMS; coupling constantg) are expressed in hertz (Hz). Splitting patterns
in 'H NMR spectraare designated as s (singlety fbroad singlet), d (doublet),

dd (doublet of doublets), dt (doublet of tef), t (triplet), g (quartethnd m

(multiplet). For*C NMR spectra, the number of attached protons for each
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signal was determined using th&PT pulse sequence run in the DE®T and
DEPT-135 modes. COSY, HSQC and HMBC experiments were routinely

performed to aid the NMR assignment of novel chemical structures.

LRMS were recorded on a Was Quattro Micro triple quadrofe instrunent in
ESI mode using 50% acetonitrievater containing 0.1% formic acid as eluent;
samples were made up in acetonitolemethanal HRMS were recorded on a
Waters LCT Premier Tof L®AS instrunent in ESI mode using 50%
acetonitrilewater containing 0.1% formic acid akient; samples were made up

in acetonitrileor methanal

The Microanalysis Laboratory, National University of Ireland, Cork, performed
elemental analysis using a Pedgimer 240 and Exeter Analytical CE440

elemental analysers.

6.1.1 Analysis of know and novel compounds

H NMR spectral>*C NMR spectraLRMS and melting point (if solid) analyses
were recorded for all previously prepared compounds. For novel compounds, in
addition to the previously mentioned analys®; NMR (where applicable)R,

HRMS and elemental analysis (if possible) were also obtained.
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6.2 Synthesis of HHQ
5-(1-Hydroxyoctylidene)-2,2-dimethyl-1,3-dioxane-4,6-dione, 230

~ 0 ) To astirredsolution of2,2-dimethy}1,3-dioxane4,6-dione229
"o O>< 0HO G U X P (40.32%L @28 mol) in distilled DCM (350
g O mL) at 0jC under a N atmosphere was added pyridirs.3
mL, 0.56 mol), followed by the dropwisaddtion of octanoyl

chloride 64.6mL, 0.32mol) over 5 min The resulting orange

liquid was allowed stir at QC for 1 h, then roortemperature

for 1 h.The mixture wasvashed with 5%aq. HCI(3 ul110 mL) and water 110
mL). The organic layer was dried eveanhydrous MgS@ filtered, and
concentratedh vacuoto yield DF\O 0H O G UZ8FPf & Hbowin(G(75.164,
9%%), whichwas used in the next step without further purification.

Spectral characteristics were consistent with previously reported data.

'H NMR (300 MHz, CDC4, only signalsof the predominant enol tautomer are
given  0.88 (3H, t,J = 6.7 Hz, CH3CH>), 1.294.44 (8H, m, 4uCH>) 1.62+
1.76 (2H, m,CH2CH,COH), 1.73 (6H, s2 uCCHs), 3.07 (2H, t,J = 7.6 Hz,
CH2COH), 15.30 (1H, bs, 8) ppnt 13C NMR (75MHz, CDCk, only signalsof
the predominant enol tautomer are given14.1 CHs), 22.6, 26.1(2 uCHy),
26.8 (2 u CCHg), 28.9, 29.3, 31.6, 35.84 u CH2), 91.2 (CCOO) 104.8
(C(CHg)2), 160.2, 170.6Z uCOO), 198.3 COH) ppm;MS (ESI) m/z 269 [(M -
H)", 100%).

Methyl 3-oxodecanoate231

A stirred solutionof DF\O OHOGHXPV

O O
wo/] (75.02g, 0.28 mol) in methanol(350 mL) was

heated at reflux for 3.hThe reaction mixture was allowed to cool to reom

temperature andolvent removedn vacuoto yield an orange oil whichkvas
purified by fractional distillabn to afford -keto ester231 as a colourlessil
(45.02 g, 8%).

Spectral characteristics were consistent with previously reported data.

H NMR (400 MHz, CDC#, only the signals of the edominant keto tautomer
are given: (0.86 (3H, t,J = 6.9 Hz, Gi3CHy), 1.224.27 (8H, m, 4 uCHy),
1.534.59 (2H, mCH2CH.CO), 2.50 (2H, tJ = 7.3 Hz,CH2CH.CO), 3.42 (2H,
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s, COGH2CO), 3.71 (3H, s, O83) ppm; *C NMR (75 MHz, CDGs, only the
signals ofthe predominant keto tautomer are give®14.0 CHs), 22.5, 23.4,
28.9, 29.0, 31.6, 43.0 (61CH>), 49.0 (@®OCH2CO), 52.2 (CCH3), 167.7 C=0

ester), 202.8@=0 ketone) ppmHRMS (ESI) m/z calcd for C11H2103 [(M +

H)*]: 201.1491 found201.1482.

Methyl 3-(phenylamino)dec2-enoate,232

231(44.97 g, 0.22nol) in dry hexane (20 mL)
X"~ | was added aniling21.9 mL, 0.24mol) andp-

@\ To a stirred solution of methy3-oxodecanoate
NH O

toluene sulfonic acid0.837 g, 4.4 mmol) and reaction ves$ was fitted with
DeanStark apparatus The resulting reaction mixture was allowed to stir at
reflux under a Matmosphere for 16 h. The reaction mixture was allowed to cool
and the solvent raovedin vacuoto yield 232 as anorange 0il(60.24 g, 99%
which was used in the next step without purification.

IR (NaCl) Qax 2928, 2857 (alkyl €H stretch, s),1736 (C=0O stretch)1623
(alkene C=C stretch, s)500, 1448 (aromatic C=C stretch, 5263 (C-N stretch,

s), 1169 (ester @ stretch, sgm *; *H NMR (400 MHz, CDC}): (.84 (3H, t,J

= 7.0 Hz, G43CHy), 1.144.32(8H, m, 4 uCH>), 1.374.45(2H, m, CH2CH:C),
2.262.30 (2H, m,CH2C), 3.68 (3H, s OCH3), 4.73 (1H, s, &), 7.09 (2H, dJ

= 7.4 Hz, 2uCH arom), 7.15#.19 (1H, m,CH arom.), 7.264.35 (2H m, 2 u
CH arom.), 10.2§1H, bs,NH) ppnt *C NMR (75 MHz, CDCY): GL4.0(CHs3),
22.6, 27.7, 28.7, 28.29.4, 31.6(6 uCH>), 50.7 (OCHzs), 84.5(CHCOOCH),
125.1, 5.6, 129.1 (5uCH arom), 139.2 (CHCHCNH) 163.8(CHCNH), 171.8
(C=0) ppm; HRMS (ESI)m/zcalcd for G7/H2NO- [(M + H)*]: 276.1964 found
276.1964.

2-Heptyl-4-hydroxyquinolin -1-ium chloride, 233

OH To a refluxing solution of diphenyl ether (45 mL,
©\)j\/\/\/\ 0.264 mol) was added enami2&2(61.02 g, 0.22

®_ . . . .

N mol) dropwise over 90 min, ensuring vigorous

|

H c19 reflux was maintained. On completion of

addition, the reaction mixture was allowed to reflux for 1 h. The reaction
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mixture was cooled to roonemperature and the formed metharehovedin
vacua To the ischted residue was aed diethyl ether (120 mL) andWag.
HCl (120 mL) and the reaction mixture was allowed tondtaat room
temperature for 18 h, then the refrigerator for ZTine resulting precipitate was
filtered and washed with diethyl ether to affdfee crude product as a yellow
solid which was purified by recrystallisation from ethyl acetate to yield product
233as a cream solid (16.57 g, 2Y.%

m.p. 110413;C. IR (KBr) Qax 2930, 2738 (alkyl €H stretch, s), 1639C=0
stretch, s), 1594aromatic C=C stretch, s), 14&8lkyl C-H bend, m) cm’; H
NMR (400 MHz, CDC}): .77 (3H, tJ = 6.6 Hz, GH3), 1144.38 (84, m,4 u
CH»), 1.824.87(2H, m CH.CH:C), 3.17(2H, t,J = 7.6Hz, CH2C), 7.61 (1H, t,
J=7.7 Hz,CH arom.),7.64 (1H, s, ®), 7.83(1H, t,J = 7.5Hz, CH arom.),
8.31(1H, d,J = 8.3Hz, CH arom.), 8.541H, d,J = 8.4 Hz, &4 arom.)ppm;**C
NMR (75 MHz, CDC4): G14.0 CHa3), 22.5 28.9, 29.3, 29.8, 31.6, 34.3 (&
CH>), 105.5 CH), 119.6(CHCC=0), 119.9, 123.7, 127.2, 133.9 (#CH arom.),
139.7 (CHCNH), 161.0(CH2CNH), 169.7(C=0) ppm; HRMS (ESI)m/z calcd
for Ci6H2o2NO [(M + H)]: 244.1701, found 244.16961HQ); Anal. calcd for
C16H22CINO: C, 68.68 H, 7.93 N, 5.01%. Found: C68.99 H, 7.91 N, 5.02%.

2-Heptylquinolin-4(1H)-one (HHQ), 186

0 To astirred solution of HHQ HCI 233 (8.01 g,
@fj\/\/\/\ 28.6 mmol) in CHJ (70 mL) was added 2M ag.

N NaOH to pH neutral. The layers were separated

H

and the aqueous layer extracted with CHGlu

40 mL). Organic layers wereombined, dried over MgS@nd concentrateih
vacuoto yield 186as an offwhite solid (6.563, 94%).

Spectral characteristics were consistent with previously reported? data.
m.p. 143446 C [lit.®> 146447 {C]. IR (KBr) Qax 2923, 2850 (alkyl €H
stretch, s), 1640 (C=0 stretct), 1594 (aromatic C=C stretch, s), 1473 (alkyl C

H bend, m) cm'; *H NMR (400 MHz, CDC}): (.81 (3H, t,J = 6.9 Hz, G43),
1.144.30 (8H, m, 4uCHy), 1.684.75 (2H, m,CH2CHxC), 2.69 (2H, tJ=7.7

Hz, CH2C), 6.24 (1H, s, @), 7.30#.34 (1H, mCH arom.), 7.567.60 (1H, m,

CH arom.), 7.75 (1H, dJ = 8.3 Hz, ¢4 arom.), 8.36 (1H, dd] = 1.3, 8.2 Hz,
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CH arom.) 11.97 (1H, bs, N) ppm;**C NMR (75 MHz, CDC}): GL4.0 CHs),
22.6 29.0,29.1, 29.2, 31.7, 34.4 (6 CH,), 108.2 CH), 118.5, 123.6Z uCH
arom.),125.0 (CHCC=0), 1253, 131.8 (2uCH arom), 140.6 (CHCNH), 155.1
(NHCCHy), 1789 (C=0) ppm;HRMS (ESI)m/zcalcd for GeH22NO [(M + H)™:
244.1701 found 244.1707;Anal. calcd forCieH21NO: C, 78.97; H, 8.70; N,
5.76%. Found: C,79.19; H, 8.81; N, 5.83.

6.3 Synthesis of 3methyl analogue
Methyl 2-methyl-3-oxodecanoate253

To a round bottomed flask contaigi dry

O O
‘/\/\/\)%O/I potassium carbonate (2.4§ 17.8 mmol) was

added a solution of-ketoeste231(2.74 g, 13.7

mmol) in dry acetone (35 mL) under a Btmosphere. The resulting mixture

was allowed to stir for 20 min before the addition of methyliodide (1.02 mL, 16.4
mmol). The reaction mixture was alled to stir at reflux for 6 h. The mixture
was removed from the heat, allowed to cool and the solvent renmoveduoto

yield crude product which was purified by silica column chromatography eluting
with 98:2 hexane:ethyl acetate to yi€l@3 as a ple yellow oil (1.17 g, 40%).

IR (NaCl) Qax 2930, 2857 (alkyl €H stretch, s), 1749 (ketone C=0 stretch, s),
1717 (ester C=0 stretch, €204 (ester @ stretch, m) cnt; 'H NMR (300
MHz, CDCk): .86 (3H, tJ=6.7 Hz,CH3CH,), 1.224.28 (8H, m, 4uCH>),

1.32 (3H, d,J = 7.2 Hz, Gi3CH), 1.544.59 (2H, m,CH.CH>CO), 2.452.61

(2H, m, CH2CO), 3.51 (1H, gqJ = 7.1 Hz, CHCH), 3.71 (3H, s, OH3) ppm;

13C NMR (75 MHz, CDCh): G12.8 CHsCH), 14.0 CHs), 22.6, 23.5, 28.98,
29.00, 31.6, 41.4 (&1CH>), 52.3(COCHCO), 52.7 (OCH3), 171.1 C=0 ester),
205.9 C=0 ketone) ppm; HRMSESI) m/z calcd for GzH230s [(M + H)™:
215.1647, found 215.1642; Anal. calcd fotad>:0s: C, 67.26 H, 10.35%
Found: C, 67.15; H, 192%.
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Methyl 2-methyl-3-(phenylamino)dec2-enoate,254

To a stirred solution of methyl 2methyl3-
©\NH o oxodecanoate253 (1.27 g, 5.94 mmol) in dry

NN hexane (30 mL) was added aniline (0.57 mL,

6.24 mmol) ang-toluene sulfonic acid (0.023 g,

0.12 mmol) and reaction vesseis fitted with DeanStark apparatus. The
resulting reaction mixture was allowed to stir at reflux undeg atifdosphere for
16 h. The reaction mixture was allowed to cool and the sohamobvedin
vacuoto yield 254 as an orange oil (1.35 9% which was used in the next step
without purification.

IR (NaC) Qax 2952, 2928 (alkyl €H stretch, s), 1744 (C=0 stretch, s), 1657
(alkene C=C stretch, s), 1612, 1594 (aram@tC stretch, s), 1252 (N stretch,
s), 1229 (GO stretch, s) cnt; *H NMR (400 MHz, CDC4, only signals of
predominant enamine tautomer are give@).84 (3H, t,J = 7.0 Hz, G43CH,),
1.174.29 (8H, m, 4uCHy), 1.374.46 (2H, mCH>CHC), 1.86 (3H, sCH3C),
2.342.38 (H, m,CH2C), 3.72 (3H, s, OEl3), 7.06 (2H, dJ = 7.6 Hz,2 uCH
arom), 7.13%.19 (1H, m, €& arom.), 7.267.35 (2H, m, 2uCH arom.), 10.81
(1H, bs, NH) ppm; ¥*C NMR (75 MHz, CDC, only signals of predominant
enaminetautomer are given GL2.5 CHsC), 14.0 CHas), 22.6, 27.7, 28.7, 28.8,
29.4, 31.6 (6uCHy), 50.7 (CCH3), 90.4 (CHCCO), 125.1, 125.6, 129.1 (BiCH
arom.),140.3 (CHCNH), 163.8 (CHCNH), 171.7 C=0) ppm; HRMS(ESI) m/z
calcd for GgH2eNO2 [(M + H)*]: 290.2120, found 290.211@\nal. calcd for
C1gH27NO2: C, 74.70; H, 9.40; N, 4.84%ound: C, 74.30; H, 9.20; N, 5.20%.

2-Heptyl-3-methylquinolin-4(1H)-one, 255

0 To a solution of refluxing diphenyl ether (45 mL)

m was added enaming54 (1.35 g, 4.68 mmol)
N dropwise over 90 min. Reflux was maintained
H

for 1 h before being allowed to cool to room
temperature. The formed methama@s removedn vacuoto yield crude product
as a brown oil. Purification was achievedregrystallisation from methantb
yield 255as awhite solid (0.010 g, 10%

Spectral characteristics were consistent with previoegigrted daté.
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m.p. 228230 C [lit.* 227228;C]. *H NMR (400 MHz,CDsOD): (.88 (3H,
t, J = 6.8 Hz, G13CHy), 1.304.46 (8H, m,4 uCHy), 1.684.75 (2H, m,
CH2CHC), 2.15 (3H, SCCH3), 2.81 (2H, tJ = 7.9 Hz,CH-C), 7.33 (1H, dddJ
=1.1, 7.1,8.1 Hz, H arom.),7.53(1H, d J = 8.0 Hz,CH arom.),7.604.64
(1H, m, G4 arom.) 8.22 (1H, d, J = 0.7, 8.4Hz, CH arom.)ppm;*3C NMR (75
MHz, CD;OD): GLO.8(CCHs), 14.4(CH3), 23.7, 30.0, 30.2, 30.5, 32.9, 386U
CHo), 116.2(CCHs), 118.7 (CH arom), 124.4(CHCC=0), 124.5, 126.2, 132.7
(3 uCH arom.) 140.6(CHCNH), 153.4(CH.CNH), 1795 (C=0) ppm; HRMS
(ESI)m/zcalcd for GiHNO [(M + H)*]: 258.1858 found258.1849.

6.4 Synthesis of alo analogues
3-Bromo-2-heptylquinolin-4-ol, 235

0 Method A: To a stirred solution of HHQ86
Br (2.094 g, 8.61 mmol) in acetic acid (10 mL) was

|
N added a solution of bromine (0.5 mL, 9.72
H

mmol) in acetic acid (5 mL) dropwise over 30
min. The reaction vessel was covered in aluminium foil and reaction allowed to
stir at room temperature for 5 h. On qaation,thereaction mixture was poured

into 1% aqg.sodium sulfite (100 mL). The precipitate was filtered and washed
with water to yield the crude product as a pale yellow solid which was purified
by recrystallisation from ethanabd yield 235 as a whitesolid (2.113 g, 76%).
Method B: To a stirred solution of HHQ86 (0.50 g, 205 mmol) in DCM (10

mL) and methana2.5 mL) was added-bromosuccinimide (0.73 g, 4.10 mmol)
portionwise and the resulting reaction mixture stirred at room temperature for 24
h with reaction progress monitored by TLC analysis. The solvent was rermoved
vacuo to yield the crude product as a yellow solid which was purifigd b
recrystallisation from ethandb yield 235 as a white solid (0.245 g, 37%).
m.p. 245248C. IR (KBr) Qax 3432 (NH stretch, w), 2926, 2855 (alkyikC
stretch, s), 1631 (C=0 stretch, m), 1582, 1559, 1550 (aromatic C=C stretch, s),
1475 (alkyl GH bend, s), 1353 (@ stretch, m)cm !; *H NMR (400 MHz,
(CDs)2S0): (0.86 (3H, t,J = 6.9 Hz, G13CHp), 1.234.41 (8H, m, 4uCHy),
1.664.74 (2H, m, CH>CH2C), 2.87 (2H, tJ = 7.9 Hz,CH:C), 7.344#.38 (1H,

m, CH arom.)7.58 (1H, dJ=8.2 Hz, G4 arom.), 7.667.70 (1H, m, € arom.)
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8.09 (1H, ddJ=1.2, 8.2 Hz, € arom.) 12.01 (1H, bs, N) ppm;1C NMR (75
MHz, (CDs).SO): G13.9 CHs), 22.0, 27.6, 28.3, 28.6, 31.1 34.5 (6CH>),
105.5(CBr), 117.8 CH arom.), 122.7 (CBC=0), 123.6, 125.2, 131.9 (8CH
arom), 1387 (CHCNH), 152.0 (CHCNH), 171.2 C=0) ppm; HRMS (ESI)m/z
calcd for GeH2:BrNO [(M + H)*]: 322.0807, found 322.0794nal. calcd for
C16H20BrNO: C, 59.64; H, 6.26; N, 4.3%. Found: C59.55; H, 6.11; N, 4.28.

3-Chloro-2-heptylquinolin-4(1H)-one, 236

o To a stirred solution of HH@ICI 233 (0.839¢,
cl 3.0 mmol) in methano(50 mL), was added 2

N | ag. NaOH until neutral pH, followed by water
H . . .
(10 mL). Sdium dichloroisocyanurat®.363g,

1.65 mmol) was added and the reaction allowed to atiroom temperature

overnight The precipitate was filtered and washed with methanol. The filtrate
was acidified to pH 4 and placed in the refrigerator overnight. The resulting
precipitate vas filtered to yield an ofivhite solid which was purified yb
recrystallisation from ethandb yield 236 as a white solid (0.167 g, 46%
m.p. 269272 iC. IR (KBr) Qax 3454 (NH stretch, Yy 2927, 2857 (alkyl €+
stretch, s), 1634 (C=0 stretchn), 1562, 1504 (aromatic C=C stretch, $%77
(alkyl C-H bend, s) 1355 (GN stretch, m)ecm?!; 'H NMR (300 MHz,
(CD3)2S0): @.85 (3H, t,J = 6.7 Hz, CH3), 1264.34 (8H, m, 4uCH>), 1.65+
1.75 (2H, mCH2CH,C), 2.84 (2H, tJ = 7.8 Hz,CH,C), 7.324.37 (1H, m CH
arom.),7.58 (1H, dJ= 7.8 Hz, G4 arom.),7.64%.70 (1H, mCH arom.) 808+
8.11 (1H, m CH arom.), 12.03 (1H, bs, NH) ppm; *C NMR (150 MHz,
(CD3)2S0O): G13.9 CHs), 22.0, 27.5, 28,428.6, 31.1, 32.1 (6uCHy), 113.3
(CCl), 118.0(CH arom.), 123.4CHCC=0), 123.5, 125.1, 131.8 (8CH arom.)
138.6(CHCN), 150.7(CH2CN), 170.9 C=0) ppm; HRMS(ESI) m/z calcd for
Ci6H21CINO [(M + H): 278.1312 found 278.1317; Anal. calcd for
C16H20CINO: C, 69.18; H, 7.26; N, 5.04; CI, 12.9%6 Found: C,68.67; H, 7.14;

N, 5.09; Cl, 12.5%.
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3-lodo-2-heptylquinolin-4(1H)-one, 237

o To a stirred solution of HHQ@86 (0.333 g, 1.37

©\)ji'/\/\/\ mmol) in glacial acetic acid (10 mL) was add¢d
N iodosuccinimide (0.315 g, 1.40 mma@iprtionwise
H

and the reaction mixture allowed to stir at room

temperaturdor 2 h reaction. The precipitate was filtered arashed with acetic
acid and acetonitrile. Purification was achieved using silica column
chromatography elutg with 80:20 ethyl acetateexare to yield237 asa white
solid (0.22 g, 48%

m.p. 221225 iC. IR (KBr): Qax 3419 (NH stretch, w), 2921 (alkyl <
stretch, s), 1627 (C=0 stretch, s), 158iMatic C=C stretch),s1474 @alkyl C-
H bend, s), 135{C-N stretch, mcm %; *H NMR (300 MHz, (CD3).S0O): (.86
(3H, t,J = 6.9 Hz, CH3CHy), 1.274.36 (8H, m,4 uCHy), 1.634.70 (2H, m,
CH2CH2C), 2.90 (2H, tJ = 7.9Hz, CH2C), 7.28%.31 (1H, mCH arom.), 7.55¢
7.64(2H, m,2 uCH arom), 8.06(1H, dd, J = 1.0, 8.2Hz, CH arom), 12.08
(1H, bs, NH) ppm; 3C NMR (75 MHz, (CR).S0): Gl4.4 CHs), 22.5, 28.85,
28.94, 29.4, 31.7, 41.0 (BCH>), 86.7 Cl), 122.2, 122.6 (2uCH arom.),123.0
(CHCC=0), 1256, 130.4(2 uCH arom.),144.0(CHCN), 158.4(CHzCN), 172.4
(C=0) ppm; HRMS (ESI)m/zcalcd for GeH21INO [(M + H)*]: 370.0668, found
370.0670.

3-Fluoro-2-heptylquinolin-4(1H)-one, 244

Method A: To astirredsolution of Selectfluor

0
@fjj/\':/\/\/\ 242(0.154 g, 0.436 mmol) in acetonitril@ mL)

N | and ethanol(0.21 mL, 10 equiv.) was added
: HHQ 186 (0.088 g, 0.363 mmol). The reaction
was allowed to stir atl0 jC for 3 days. The reaction mixture was filtered while

cold and solvent removead vacuoto yield the crude product as a bright yellow
solid. Purification was achieved using silica column chromatographinglut
with 90:10 ethyl acetateexane to yield244 as a white solid (0.003 g, 3%
Method B: To a stirred solution of Selectfluo243 (0.509 g, 1.44 mmol) in
ethanol(6 mL) was added HHQ86 (0.206 g, 0.85 mmol). The reaction was

allowed to stir at room temperature for 7 days. The reaction raixtas filtered
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and solvent removeit vacuoto yield the crude product as a bright yellow solid.
Purification was achieved using silica column chromatography eluting with
90:10 ethyl acetate:hexane to yi@i as a whitesolid (0.018 g, %o).
m.p.152455;C. IR (KBr) Qax 3369 (NH stretch, m)2957, 2928 (alkyl €H
stretch, s), 1694 (C=0 stretch, $515, 1508, 1483 (aromatic C=C stretch, s),
1108 (GN stretch,s) cm %; *H NMR (600 MHz, CDC}): 0.78 (3H t,J = 6.8
Hz, CH3), 1.104.34 (8H, m, 4uCH>), 1.604..76 (2H, mCH2>CH.C), 2.89£.93
(2H, m, CH2C), 7.37 (1H, tJ=7.5 Hz, G4 arom.), 7.62 (1H, tJ= 7.3 Hz, (4
arom), 7.89 (1H, dJ= 7.2 Hz, &4 arom.), 8.44 (1H, dJ = 8.2 Hz, ¢4 arom.)
12.70 (1H, bs, N)) ppm 3C NMR (150 MHz, CDCk): GL4.0 CHa), 22.5, 28.4,
28.7, 28.9, 29.3, 31.6 (6CHy), 119.0, 123.4, 125.0 (@) cr = 4.5 H2 (3 uCH
arom.) 125.8 (d3Jcr = 7.5 Hz,CHCC=0), 131.5(CH arom.) 138.8(CHCNH),
142.9 (d,2J c¢ = 27.2 Hz,CH,CNH), 145.6 (d,}J c.r = 229.5Hz, CF) 168.2 (d,

2J cF = 13.6 Hz,C=0) ppm; F NMR (470 MHz, CDGJ): G143.3(CF) ppm
HRMS (ESI)m/zcalcd for GeH21FNO [(M + H)*]: 262.1607 found262.1601

Ethyl 2-fluoro -3-oxodecanoate, 251

O O To a stirred solution of diisopropylamine
/\/\/\)S/U\O/\ (11.9 mL, 0.085 moal) in THF (210 mL) was
£ addedn-BuLi (60 mL, 0.085 mol) dropwise at

-78 {C. The resulting reaction mixture was allowed to gti® gC for 30 min to
generate a solution of LDA. EthgHluoroacetoacetat250 (4.2 mL, 0.034 mol)
was added dropwise at {@ and allowed to stir at this temperature for 1 h.
lodohexane (5.99 mL, 0.041 mol) was added dropwisé&tC. The resulting
reaction mixture was allowed to warm to room temperature over 14 h with
stirring. 10% ag. HCI (15 mL) was added to the reaction mixture and the layers
separated. The aqueous layer was extracted with diethyl eth@5(81L). The
combined organic extraxtwere dried over MgSQfiltered and concentrated
vacuo to give the crude product which was purified using silica column
chromatography eluting with 90:10 hexane:ethyl acetate to 2ilds a yellow

oil (4.34 g, 55%).

Spectral chateristics were consistent with previously repodath®

'H NMR (400 MHz, CDCJ): (0.88 (3H, t,J = 6.8 Hz, G13CH,), 1.264.34

230



Chapter 6 Experimental

(11H, m,4 uCHzand OCHCHs), 1.584.65 (2H, m, G&,CH,CO), 2.642.70
(2H, m,CH2CO), 4.31 (2H, gJ = 7.2 Hz, O®12CHs), 5.21 (1H,d, Ju.r = 49.5
Hz, CH) ppm;*C NMR (75 MHz, (CDCY): Q4.0 (2 uCHs), 22.5,22.7 (d,3Jc
F= 1.5 Hz), 28.86, 28.89, 31.6, 388} ICH>), 62.6 (QCH2CHs), 91.3 (d, ek =
197.8 Hz,CH), 164.2 (d,2Jcr = 23.9 Hz,C=0 este}, 201.3 (d2Jcr = 22.7 Hz,
C=0 ketong ppm; MS(ESI)m/z 233[(M + H)*, 8%].

6.5 Synthesis of quinazolinone analoge

2-Heptylquinazolin-4(3H)-one, 259

To a stirred solution of anthranilamid258

0
©\)J\NH (2.791 g,20.5 mmol) in DMA (30 mL) was
N/)\/\/\/\ added n-octanal (3.2 mL, 20.5 mmol) and
sodium bisulfite (3.2 g, 30.8 mmol). The

resulting reaction mixture was allowed to stir at reflux for 2 h. The reaction

mixture was poured into water (500 mL) and the precipitate filter@dhe
precipitate was recrystaBd from ethanolto yield 259 as an offwhite
crydalline solid (3.82 g, 76%

m.p. 124427;C. IR (KBr) Qax 2919, 2854 (alkyl €H stretch, s), @74 (amide
C=0 stretch, s), 1616C=N stretch, s), 1470 (alkyl-€8 bend, s), 1341 (®

stretch, mcm *; *H NMR (300 MHz, CDC}): (.88 (3H, t,J = 6.8 Hz, G3),

1.254.51 (8H, m4 uCHy), 1.824.92 (2H, m,CH2CH:C), 2.76 (2H,tJ= 7.7
Hz, CH.C), 7.43#.49 (1H, m, CH arom.)7.70 (1H, d,J = 7.3 Hz,CH arom),

7.744%.80(1H, m, CH arom.)8.29 (1H, ddJ= 1.1, 8.0 Hz, & arom.) 11.74
(1H, bs, NH) ppm; 3C NMR (75 MHz, CDC}): Gl4.0(CHa), 226, 27.6, 28.9
29.2, 31.736.0 (6 uCHy), 120.5 (CHCC=0), 126.2, 126.3, 127.2, 1348 uCH

arom.), 149.§CHCN), 156.9(C=N), 164.2(C=0) ppm; HRMS (ESI)m/zcalcd
for CisHN2O [(M + H)']: 245.1654 found 245.1654 Anal. calcd for
C1sH20N20: C, 73.74; H, 8.25; N, 11.4%. Found: C,73.38 H, 8.20; N, 1138%.
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6.6 Synthesis of protected HHQ analogues
Benzyl (2heptylquinolin-4-yl) carbonate,265

To a stirred suspension 60% NaH 0.605 g,

o)
o)ko“© 25.2 mmol) in dry THF (20 mL) was added a
m\/\/\ solution of HHQ 186 (1.315 g, 5.40 mmol) in
NG dry THF (15 mL) and the resulting reaction

mixture allowed to stirat 55iC for 30 mn. Benzyl chloroformate (1.16 mL,

8.11mmol) was added dropwisandthe reaction mixturallowed to stir at room
temperature for 21 h. The reaction migtwvas quenched by addition of waf@r
mL) and extracted with diethyl ether (8 15 mL). Organiclayers were
combined, dried over MgSfand concentrateith vacuoto yield crude products
a yellow oil which was purified using silica column chromatograglging with
70:30 ethyl acetate:hexane yield 265 as a paleyellow oil (0.385 g, 2@b).
IR (NaCl) Qax 2955, 2856 (alkyl €H stretch, s), 1769 (C=0 stretch, s), 1624
(C=N stretch, m), 1605, 1505 (aromatic C=C stretch, s), 1224 (esPestfztch,
s) cm?; *H NMR (400 MHz, CDCJ): @.87(3H, t,J = 6.8 Hz, G13), 1.264.44
(8H, m, 4 uCHy), 1.764.84(2H, m, H.CH:C), 2.95(2H, dd,J = 7.8, 8.0 Hz,
CH2C), 530 (2H, s, OG12Ph), 7.31 (1H, s, El), 7.33%.45(6H, m, 6 uCH
arom), 7.62%.67(1H, m, CH arom.),7.94(1H, dd,J = 0.8, 8.4 Hz, @& arom.),
8.06 (1H, d,J = 8.4 Hz, CH aron).ppm; *C NMR (75 MHz, CDC}): Gl4.1
(CH3), 22.7, 29.2, 29.5, 29.8, 31.8, 39.6 (&€H>), 70.9 (CCH2Ph), 111.8 CH),
120.4 (CHCCO), 120.9 126.1, 128.6, 128.8, 128.9, 129.0, 13@.QuCH arom.)
1345 (OCH.C), 149.6 (CHCN), 152.4(C=0), 154.3(COCOOCHPh), 164.0
(CH2C=N) ppm; HRMS (ESI)m/z calcd for CoaH2sNOs [(M + H)™]: 378.2069
found 378.2071Anal. calcd forCo4H27NOs: C, 76.36; H, 7.21; N, 3.7Pb. Found:
C,76.37; H, 7.12; N, 3.%%.
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Benzyl (3bromo-2-heptylquinolin-4-yl) carbonate, 266

To astirred suspension of 60% Nala.Q97 g,

0
o)ko“© 4.06 mmol) in dry THF (4 mL) was added a
B solution of 3broma2-heptylquinolin4(1H)-one
NG 235(0.280 g, 0.87 mmol) in dry THF (6 mL) and
the resllting reaction mixture stirred at 5& for 30 min. Benzyl chloroformate

(0.19 mL, 1.31 mmol) was added dropwise and reaction removed from oil bath
and allowed to stir at room temperature for 21 h. The reaction mixture was
guenched by addition of waté8 mL) and extracted with diethyl ether (815

mL). Organic layers were combined, dried over Mg®@d concentrateth
vacuoto yield crude produchs a yellow oil which was purified using silica
column chromatographgiuting with 50:50 hexane:diethgtherto yield 266as a

pale yellow d (0.242 g, 61 %

IR (NaCl) Qax 2927, 2856 (alkyl €H stretch, s), 1772e6terC=0 stretch, s),
1589 (aromatic C=C stretch, m), 1224 (ested Gtretch, s) cnt; *H NMR (300

MHz, CDCk): (0.89 (3H, t,J = 6.7 Hz, G13), 1.26H1.49 (8H, m, 4 uCH)),
1.784.88 (2H, mCH2CH:C), 3.16 (2H, ddJ = 6.1, 7.8 HzCH>C), 5.36 (2H, s,
OCH2Ph), 7.364.53 (6H, m, 6uCH arom), 7.68%.75 (1H, m, €& arom.), 7.80

(1H, dgJ = 0.6, 8.3 Hz, @& arom.), 805 (1H, d,J = 8.4 Hz, G4 arom.) ppm®C

NMR (75 MHz, CDC4): Gl4.1 CHa), 22.7, 28.5, 29.1, 29.6, 31.8, 38.7 (6
CH»), 71.4 (CCHy), 112.2 CBr), 120.8 CH arom.),122.0 (CHCCO), 1271,
128.5,128.8, 128.99, 129.04, 130.3 (8CH arom), 134.4 (OCHC), 147.7
(CHCN), 151.4 C=0), 151.5 COCOOCHPh), 1620 (CH.CN) ppm; HRMS

(ESI) m/zcalcd forCo4H27BrNOs [(M + H)™]: 456.1174 found 456.1176Anal.

calcd for G4H26BrNOs: C, 63.16; H, 5.74; N, 3.07%ound: C, 63.46; H, 5.86;

N, 2.96%.
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4-(Benzyloxy)3-bromo-2-heptylquinoline, 267

To a methanol solution of KOH (0.030 g, 0.53
mmol) and 3bromo2-heptylquinolin4(1H)-one

235(0.114 g, 0.35 mmol) in methanol (c = 1.0
Br M) was added benzyl bromide (0.42 mL, 3.54

NG mmol) in one aliquot and the resulting reaction

o

mixture allowed to stir at room temperature overnight. The precipitate was
removed by filtration, the solvent evaporatmad the resulting residue purified
by silica column chromatograp®uting with 50:50 hexane:diethyl ethteryield
267 as a vinite solid (0.040 g, 28 %

m.p. 6264 {C. IR (KBr) Qax 2927, 2855 (alkyl €H stretch, s), 1577 (C=N
stretch, s), 1356 (ester@ stretch, sgm ; *H NMR (300 MHz, CDCY): (.89
(3H, t, J = 6.7 Hz, G3), 1.264.53 (8H, m, 4uCHy), 1.794.89 (2H, m,
CH2CH:C), 3.17 (2H, dd,) = 7.9. 8.1 HzCH,CH:C), 5.19(2H, s, O®1>), 7.36+
7.48 (4H, m, 4uCH arom.), 7.567.59 (2H, m, 2uCH arom.), 7.647.70 (1H,
m, CH arom.), 7.99 (1H, dd] = 1.0, 8.6 HzCH arom.) 8.03 (1H, dJ = 8.5 Hz,
CH arom.)ppm; 13C NMR (75 MHz, CDCY): Gl4.1 CHg), 22.7, 28.8, 29.2,
29.6, 31.8, 39.0 (uCHy), 76.0 (QCH,), 112.1CBr), 121.9 CH arom.),123.6
(CHCCO), 126.3, 128.3, 128.6, 128.7, 129.0, 129® u CH arom.), 136.2
(COCHC), 148.1 (CHCN=C), 159.5 COCH:Ph), 162.6 (CHC=N) ppm;
HRMS (ESI) m/zcalcd forCasHz7NOBr [(M + H)*: 412.1276 found 412.1270.
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2-Heptyl-3-hydroxy-4-quinolone (PQS) and its precursor 2-heptyl-4-quinolone (HHQ) are key signalling
molecules of the important nosocomial pathoBsaudomonas aeruginaséle have recently reported an
interkingdom dimension to these moleculespiencing key virulence traits in a broad spectrum of
microbial species and in the human pathogenic yeastlida albicansFor the" rst time, targeted

chemical derivatisation of the C-3 position was undertaken to investigate the structural and molecular
properties underpinning the biological activity of these compounésaeruginosaand usingBacillus
subtilisas a suitable model system for investigating modulation of interspecies behaviour.

Microbial populations coordinate cellular behaviour through théronchoalveolar lavageuid and mucopurulerituid from distal
mobilisation of diffusible signal molecules, which activate genairways of end-stage lungs removed at transplamsolates
expression upon accumulation above a threshold or qubrunpbtained from infant CF-patients under 3 years of age overpro-
This phenomenon (quorum sensing), is an essential commumiuce PQS, suggesting that it may be instrumental in adaptation
cation system utilised by a broad spectrum of Gram-negative and P. aeruginosao the airways of young CF-patiertfsTrans-
Gram-positive bacteria, and is a central control mechanism fariptomic and functional genomics studies have provided further
virulence and pathogenegis2-Heptyl-3-hydroxy-4-quinolone, evidence for the importance of PQS and its precursor HHQ
the Pseudomonas Quinolone Signal (PQS) is a key regulator d@firing adaptation to the CF-lulitf® while Kim et al?:??
quorum sensing ifPseudomonas aeruginosd:* P. aeruginosa reported immunomodulation and inhibition of macrophage acti-
is best known as an antibiotic resistant human pathogen assoeation by HHQ and PQS. Digglet al. reported that pathogenic
ated with hospital-acquired infections and is the primary caudgacteria other thaR aeruginosaynthesise 2-alkyl-4-quinolones
of morbidity and mortality in people with cysticdrosis (CFP  (AQs). Burkholderia pseudomallefor example, produces AQs
Controlling P. aeruginosainfection is thus of great clinical and employs a structurally similar molecule to HHQ but does
importanc€® Research into PQS activity has revealed a vastot produce PQ%?® Intriguingly, it has recently been shown
and varied array of biological functioh&*® In addition to con-  that both PQS and HHQ can also control the behaviour of other
trolling expression of key components of the QS regulon, PQBacterial and fungal speci&s* We found that surface-associ-
also modulates bidm formation, secondary metabolite pro- ated phenotypes were repressed in a number of Gram-positive
duction, pigment and virulence factor production, motility andand Gram-negative bacteria as well as in pathogenic yeast in
membrane vesicle formatidtf*>'® 2-Heptyl-4-quinolone response to PQS and HH®Motility was repressed in a broad
(HHQ), the biological precursor of PQS, also possesses range of bacteria, while Bitm formation in Bacillus subtilis
plethora of roles including quorum sensing responsibififles. and Candida albicansvas repressed in the presence of HHQ,
PQS has been detected at 4 in CF samples from sputum, though initial adhesion was unaffected. Furthermore, HHQ
exhibited potent bacteriostatic activity against several marine
species of Gram-negative bacteria, including pathogébito

il
ABIOMERIT Research Centre, Department of Microbiology, University vulnit cus . . . . .
College Cork, Ireland. E-mail: f.ogara@ucc.ie; Fax: +353 21 4903101;  To take advantage of signalling pathways in a clinical setting

bTel: +353 21 4903101 we take two routes: (1) the early detection of biomarkers such as
Department of Chemistry and Analytical & Biological Chemistry 8 ; ; ; ;

Research Facility (ABCRF), University College Cork, Ireland. HHQ and P.Qgﬁm and (2) interference with bacter_lal 5|gna_ls by
E-mail: g.mcglacken@ucc.ie; Fax: +353 21 4274097 the synthe3|§ of molecular analogue; capable o.f.lnterruptmg key
Tel: +353 21 4274097 virulence traits such as Bibn formation and motility. To date,

Electronic supplementary information (ESI) available: Full experimenthe limited structuf&unction analysis performed on HHQ and

tal procedures, biological datdH spectra of novel compounds and ; -
additional crystallographical data are included. CCDC 885400. For E hQS har? ce.r|1tred .O%I_?ﬁ alkyl Qh?lglgﬁjﬁ?nd suhbstltutlonbof
and crystallographic data in CIF or other electronic format see DOF1€ anthranilate ring.The crucial C-3 position has not been
10.1039/c20b26823j investigated, notwithstanding the divergent biological activities
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identl' ed for HHQ and PQS towards other bacterial and fungal Bromo-analogue® was prepared usinijl-bromosuccinimide
pathogens. Therefore, the strucBiwaction analysis detailed in in 37% vyield (after recrystallisation) or using,Bn 47% yield

this study was designed to provide key insights into the activityScheme 3). The 3-chloro-quinolo®6 was synthesised in one

of the HHQ and PQS compounds both witRraeruginosand  step using sodium dichloroisocyanurate (DCiTRRecrystallisa-
also towards non-pseudomonal bacterial and fungal specigmn afforded10 in 46% vyield. lodo-analogu&l was formed in
These included several key cystibrosis pathogens such as the presence dfi-iodosuccinimide in 48% yield (halogenation
Staphylococcus aurewsnd C. albicans for which B. subtilis  yields not optimised).

proved to be a suitable model for single species analysis of Novel 2-heptylquinazolin-4-onk2 was synthesiseda a con-
swarming motility and bitim formation. Assigning the struc- venient one-step synthesis by reaction of anthranilamide with
tural modules of the quinolone compounds to biological funcectanal, and following recrystallisation from ethanol, afforded
tions would provide sighicant insight into their underlying the productin 76% yield (Scheme 4).

mechanism of action. This would form the basis for develop- Given that both the quinolone and quinoline tautomeric struc-
ment of innovative therapies, for example where disruption dures (both structures have been arbitrarily depicted in the litera-
bio" Im formation would expose microbial pathogens to normature®”) of HHQ were accessible, the latter as its hydrochloride
antibacterial action. In this report we present'tudings on the  salt (Fig. 1), we felt it would be valuable to ¢oam that both
biological activity of eight molecules of interest, 2-heptyl-4-

quinolone 8, HHQ), aldehyde4, 2-heptyl-3-hydroxyquinolin-

4(1H)-one B, PQS), 3-methyl analogu8, halogenated versions

9, 10and11 and" nally 12 which possesses a potential hydrogen

donor/acceptor at the 3-position.

Chemical synthesis

HHQ was prepared starting with Meldr@macid (0.14 mol)
which was reacted with octanoyl chloride followed by boiling in
methanol (MeOH), reaction with anilffe and a Conrafl
Umpach cyclisation (Scheme 13 An alternative cyclisation
method reported by Woschek al. failed to give any product in
our hands? As quantities oft and PQS were also required, their
synthesis from HHQ was achieved using conditions described I¢heme 2 Synthesis of 3-Me analog@e Conditions: (a) KCO;, Mel,
Pesci et aP® although an excellent method for the direct syn-€ U, 40%. (b) PhNH, ret ux, 79% (c) PO, rel ux, 10%.
thesis of PQS has recently been repotfethe Duff formylation
of HHQ proved problematic and 2 equivalents of hexamine
(HMTA) was found to be crucial to obtaining decent yieldis.
Reaction of aldehydé with MCPBA gave PQS in 29% yield.
The 3-methyl analogu@ was synthesised in a similar fashion
over"ve steps (Scheme 2)Again Meldrun® acid was reacted
with octanoyl chloride followed by"-ketoester formation.
Methylation was carried out using>®O; and Mel giving 6.
Reaction with aniline gave enamirieand a"nal Conra®  scheme 3 Halogenation of HHQ. Conditions: (a) NBS, MeOH, 37%
Limpach cyclisation in diphenyl ether afforded analogd&>® (b) Bra, ACOH, 47% () DCIC, HO, 46% (d) NIS, AcOH, 48%.

Scheme 1 Synthesis of HHQ and PQS. Conditions: (a) octanoyl chloride, pyridine, DCM (b) MeOlik, r84% over 2 steps (c) PhNHé ux,
79% (d) PRO, rd ux, 33% (e) HMTA, TFA, reux, 56% (f) HO,, NaOH, 29%.

8904 | Org. Biomol. Chem2012,10, 890388910 This journal is© The Royal Society of Chemistry 2012



Published on 26 September 2012. Downloaded by University College Cork on 03/02/2015 1

View Atrticle Online

the free quinolone and quinoline hydrochloride exhibited identiP. aeruginosawas investigated. The PQS signalling system, a

cal biological activities. Both compoun@s(HHQ) and3aHCI
(HHQAHCI) were found to be interchangeable when used
biological systems and exerted a commohuance on inter-
kingdom behaviour. Both motility and Bibn formation were
similarly inl uenced irB. subtilisin the presence & and3aHCI
when tested under physiological pH (Fig. 3 and 4).

Biological studies

In order to assess the importance of the C-3 position to the b
logical activity of HHQ and PQS, the capacity for analogue
functionalised at this position to replace the native compounds

Scheme 4 Synthesis of PQS analogue. Conditions: (a) N&§O
DMA, re! ux, 76%.

Fig. 1 Crystal structure a8aHCI(HHQaHCI).

key component of QS iR. aeruginosais known to control pro-
ouction of a range of virulence factors, including elastase,
rhamnolipid and the phenazine redox compound pyocyarifh.
Therefore, the analogues werest assessed for restoration of
phenazine production in pgsA mutant, in which the biosyn-
thetic steps required for AQ production have been disrupted.
While both HHQ and PQS restored phenazine production in the
pgsAmutant strain, the analogues were sigantly less effec-
tive in triggering production of the pigment, will2 being the
i!)e_ast effective (Fig. 2A), suggesting that the C-3 position is
crucial for control of phenazine production I aeruginosa
?nterestingly, addition of equimolar concentrations of the ana-
|Bgues to the wild-type PAO1 and PA14 strains, which produce
both HHQ and PQS, did not interfere with phenazine production
(Fig. 2B). InP. aeruginosaPQsS also plays a fundamental role
in the structural formation of Bidms and PQS-deient mutants
have been shown to produce thiat bid'Ims, which are mark-
edly different to the mushroom shaped structures produced by
the wild-type straif? However, neither mutation qigsA nor
addition of analogues markedly! menced the initial stages of
bio"Im formation in P. aeruginosaas seen in crystal violet
multi-well assays (ES).

Aside from their key role as signalling compound®immeru-
ginosa both HHQ and PQS exert distinct inences on the be-
haviour of a range of microbial pathogéfsDiffering only at
the 3-position, yet displaying diverse biological functionalities
suggests a key role for the C-3 position in modulating inter-
species microbial behaviour. Microbial swarming motility and
bio"Im formation require cooperative multicellular behaviour
and provide a mechanism for bacterial cells to establish and
persist during infection. While motility was shown to be altered
in S. aureusin the presence of HHQ and PQS, albicans
bio" Im formation was repressed in the presence of HHQ. As we
have previously shown both phenotypes to be affecte8.in
subtilisin the presence of HHQ, this species was chosen as a
model organism upon which to test the interspeciegdnce of
the alkylquinolone compounds.

Fig. 2 In! uence of functionalised derivatives on PQS-dependent phenotypeaaruginosa(A) The ability of HHQ and PQS (10M) to restore
phenazine production inggsAmutant was lost to the derivative compounds indicating that the C-3 position is crucial in this Bgadti{on of
10! M concentrations of derivative compounds did not interfere with phenazine production in the wild-type PAOL1 strain. Data presented is represent

tive of three independent experiments (Studetgst, **p-value! 0.005).

This journal is© The Royal Society of Chemistry 2012
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role of these compounds. Furthermore, the inabilityl@fto
affect bid' Im formation in C. albicans a human pathogenic
yeast and an important CF pathogen (data not shown), underlines
the importance of the C-3 position for biological functionality of
the AQ compounds. Thelimence o6B12 on microbial swarm-

ing motility was negligible compared to HHQ and PQS
(Fig. 3B). Interestingly, the methyl and halogen substituted com-
pounds8BL1 retained antimicrobial activity towards &dgori-
phagus marine isolate, which was previously shown to be
susceptible to HHQ, while PQS and quinazolindrzedid not
suppress growth of this species (Fig. 3C).

HHQ and PQS have previously been shown taience trans-
cription in a mouse monocyte/macrophage cell tthielowever,
although PQS has been found in CF sputtirthe impact and
potential cytotoxic effects of these compounds on airway epi-
thelial cells has not been investigated. Therefore, HHQ, PQS and
compoundsBb12 were tested for cytotoxicity towards a human
airway epithelial cell line (IB3-1 cells) for 16 h at concentrations
ranging from 10 to 100M by quantf cation of the lactate dehy-
drogenase (LDH) release, in comparison with treatment by 0.1%
Triton X-100, used as a positive control for cytotoxicity. Interest-
ingly, HHQ was found to be cytotoxic towards IB3-1 cells while
PQS did not exhibit any cytotoxic activity (Fig. 4). The cytotox-
icity of HHQ decreased with decreasing concentrations and was
less than 10% at 10M (data not shown). As above, the cytotox-
icity of both the quinolone and quinoline compounds towards
IB3-1 cells was comparablé §0%). With the exception of quin-
azolinonel2 which exhibited a sighicant level of cytotoxicity,
the C-3 substituted analogu&®(1) did not exhibit cytotoxicity
towards IB3-1 cells, reinforcing the importance of the C-3 pos-
ition in the functionality of the HHQ and PQS molecules.
Notably, IB3-1 cellular morphological analysis revealed massive
cellular damage caused by HHQ at a concentration of! MO
(Fig. 4) and signiicant cellular change fot2. While PQS
(Fig. 4) and to a lesser exteBBll (data not shown) caused

Fig. 3 Structural variation of the C-3 position interferes with the bio-moderate changes in cellular morphology, the plasma membrane
logical activity ofP. aeruginosaAQ molecules. &) Crystal violet stain-  remained intact, consistent with the lack of LDH release, com-
ing of 18 h cultures grown static in multi-well plates revealed that HHQared to 0.1% Triton X-100.

interferes withB. subtilisbio" Im formation irrespective of its tautomeric
form (HHQone and HHQine). Furthermore, the antl-bio activity of

the HHQ chloride salt was comparable to HHQ. However, this anti- .
bio" Im activity was abolished upon substitution at the C-3 position, irre-ConCIUSIonS

spective of the nature of that substituti@®1(2). All compounds were Th : : - .
. o e eP. aeruginosaAQ signalling molecules are emerging as ke
added at & nal concentration of 10M and statistical sighicance was 9 Q sig 9 ging y

provided by paired Studéat-test (***, p-value! 0.001). B) B. subtilis cpmponents of t.he highly dynamic and bidirectional mo_leqular
swarming motility was assessed after 16 h on 0.3% (w/v) TSA plateg."?ll()gue.'[hat .ex'StS between pathogen and hO.St. and .W'th'r.‘ the
Notably, substitution with methyl and halogen groupdLf) which ~ Mixed microbial populations that are characteristic of infection.
would be sterically consistent with PQS, was enough to abolish the antlhis is the" rst report highlighting the strict structural require-
swarming activity of the parent compounds, again highlighting the strugnents at the C-3 position underpinning the biological activity of
tural specicity underpinning the biological activity of these compounds.HHQ and PQS. The control of phenazine productioR. iaeru-
All images are provided to scal€€)(The ability of HHQ to repress the ginosainvolves a complex interplay between PgsR, AQs and the
growth of a marine isolate on SYP agar was maintained in both tautgast component of the PQS biosynthetic operon, Bg8E*
meric forms, and upon substitution with methyl and halogen groupghe inability of any of the AQ analogues described in this study
(8BL1). However,12 did not exhibit antibacterial activity towards the 1, resiore phenazine production ifPaaeruginosa pgsAnutant
ast three depondent bological eplcates, | SUggests that the C-3 positon is crucial for HHQ and PQS
activity in this important nosocomial pathogen. Interestingly,
addition of the analogues to wild-type cultures did not interfere
Unlike 3 and 34HC| analoguessbl2 did not exhibit anti- with phenazine production, suggesting that they may not be
bio" Im activity towardsB. subtilis (Fig. 3A), highlighting the effective inhibitors inP. aeruginosa Multi-well bio"Im assays
importance of the C-3 position in underpinning the biologicakuggest that the analogues do not interfere with the initial stages
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Fig. 4 C-3 substitution abrogates cytotoxic activity of HHQ. Cytotoxicity is expressed as a percentage of the total amount of LDH released from
cells treated with 0.1% Triton X-100 (given the percentage of 100). The release of LDH was measured in cell culture medium of IB3-1 cells treate
with methanol or ethanol, or with 100M of HHQ, the HHQ chloride salt, PQS, methylated HHQ anal®uwlogenated HHQ analogu@sl1 or
analoguel2. Data (means + SD) are representative of three independent biological experiments. Two-tailed unpai@tHstsideas performed by
comparison of IB3-1 cells treated with HHQ analogue molecules with IB3-1 cells treated with methanol or ethanal(®! 0.01; ***, p-value

1 0.001). Phase-contrast microscopy of IB3-1 cells untreated (CONT) or treated with HHQ, RQ&t arconcentration of 100M for 16 h. Triton

X-100 (0.1%) was used as a control in these studies. Original heagion 40!.

of bio"Im formation inP. aeruginosawhich is perhaps unsur- Interestingly,8 appeared to have lost its ability to restore phen-
prising as attachment and microcolony formation pgsA  azine production or lruence interspecies multicellular behaviour,
mutants have previously been shown to be largely comparable atthough it did retain antibacterial activity agaiAsgoriphagus
wild-type#344  Flow-cell technology and confocal laser sp. Therefore, although both compounds are structurally similar,
microscopy will be required to assess the full impact of thesand produced by important pathogens of the CF-lung, their inter-
analogues of?. aeruginosabio” Im architecture and maturation. species activity pfdes are distinct. Again introduction of a
Notwithstanding this, the correlation between loss of functiomitrogen at C-312) led to complete loss of biological activity
both within P. aeruginosaand towards other microbial species relative to HHQ, while we have previously shown that an alde-
upon functionalisation of the C-3 position is striking. While thehyde substituted analogué) (had intermediate activity relative
molecular mechanism underpinning the response to HHQ arid both compound&® Although from a chemical perspective,
PQS in other microbial species remains to bened, it is inter-  bacterial conversion of HHQ to PQS would go some way to
esting to speculate that some structural conservation may existexplaining this observation, the evolutionary rationale underpin-
If a simple electron withdrawing group was required at C-3ing this has yet to be established. Future structural studies will
then halogenation at this poin®Hl1l) would be expected to involve further manipulation of the 3-site with a view towards
produce molecules with similar biological activity. Alternativelyattaining a deeper understanding of the complex roles of these
introduction of an NH-group as it (another tautomer can exist molecules in bacterial and fungal species.
here also) could mimic theOH group in PQS. However in both
cases the capacity to modulate eitReaeruginosaor interking- . .
dom behaviour was lost in these compounds. Therefore it EXperimental (see ESI for full details)
clear that the 3-H and 3-OH groups in HHQ gnd PQS reSpemlSreparation of 6
vely, play a more complex role in these biological systems.
Methylation of the C-3 position8] led to the generation of a To 3-oxo-methyl-decanodfe(2.74 g, 13.7 mmol) was added
known signal molecule produced by sevemlirkholderia  dry acetone (35 mL). This solution was added t@sk contain-
species, which do not have the capacity to produce PQ$hg dry potassium carbonate (1.76 g, 12.7 mmol) over,a N
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atmosphere. The reaction mixture was allowed stir for 20 miarystalline solid (10.6 mg, 10%)y (CDsOD, 400 MHz) 0.88
before the addition of methyliodide (1.02 mL, 16.4 mmol). Stir{3H, t, J = 6.8 Hz, CH), 1.3®1.46 (8H, m, 4 | CH,),
ring was continued at room temperature overnight before beirfg681.75 (2H, m, CH), 2.15 (3H, s, CH), 2.81 (2H, t,J =
heated at ffeux for 6 h. The mixture was allowed to cool and the7.9 Hz, CH), 7.33 (1H, tJ = 8.1 Hz, ArH), 7.587.55 (1H, m,
solvent was removeth vacuoto yield the crude product as a ArH), 7.6(07.64 (1H, m, ArH), 8.22 (1H, dJ = 7.5 Hz, ArH).
yellow oil. Purl' cation was carried out using silica column"c (CDsOD, 75.5 MHz) 10.8, 14.4 (2! CH), 23.7, 30.0, 30.2,
chromatography to yiel® as a pale yellow oil (1.17 g, 40%). 30.5, 32.9, 33.5 (6 ! CH), 116.2 (quaternary C), 118.7 (ArC),
(Found: C, 67.15; H, 10.2. GH,,03 requires C, 67.3; H, 124.4 (quaternary C), 124.5, 126.2, 132.7 (3 ! ArC), 140.6,
10.35%.) ! max ("Im)/cm 2930 (CH stretch), 2857 (CH 153.4 (2 ! quaternary C), 179.5 (CO), mz (ES) 258
stretch), 1749 (€ O ketone), 1717 (€ O ester), 1456 (CH [(M + H)", 100%)].

scissor, bending), 1204 g0 ester)."; (CDCl;, 300 MHz) 0.88

(3H,t,J=6.7 Hz, CH), 1.2381.27 (8H, m, 4 | CH,), 1.33 (3H,

d, J = 7.2 Hz, CE&CH(CHZ)BCO), 1.5%1.66 (2H, m, Preparation of 3-bromo-2-heptylquinolin-4(H)-one, 9
CH,CH,CO), 2.52 (2H, qt,J = 7.4, 17.2, 27.4, 44.6 Hz,
CH,CO), 3.53 (1H, g,J = 7.1 Hz, C@CH(CHs)BCO), 3.73
(3H, s, OCH). "¢ (CDCls, 75.5 MHz) 12.8, 14.0 (2 | CH),
22.6, 23.5, 28.98, 29.00, 31.6, 41.4 (6 ! GKH52.3 (CA@CHD
CO), 52.7 (OCH), 171.1 (& O ester), 205.9 (€ O ketone).
Exact mass calculated fori,505 [(M + H)'], 215.1647.
Found 215.1642y/z (ES') 215 [(M + H)*, 30%].

Method A.To a stirred solution of3 (0.5 g, 2.05 mmol) in
dichloromethane (10 mL) and methanol (2.5 mL) was added
portionwise N-bromosuccinimide (0.73 g, 4.1 mmol) and the
reaction was stirred at room temperature for 24 h. The solvent
was removedn vacuoand the crude product was pled by
recrystallisation in ethanol yieldias a white solid (0.245 g,
37%).

Method B.To a stirred solution 08 (0.389 g, 1.6 mmol) in
acetic acid (4 mL) was added dropwise over 30 min, a solution
of bromine (0.1 mL, 1.8 mmol) in acetic acid (1 mL). Reaction
To a solution of 2-methyl-3-oxo-methyl-decanoate (1.27 gprogress was monitored by TLC analysis. After 1 h, the reaction
5.94 mmol) in dry hexane (30 mL) was added aniline (0.57 mLmixture was poured into 1% aqueous sodium t&u(100 mL).
6.24 mmol) andp-toluene sulfonic acid (0.023 g, 0.12 mmol). The precipitate wasltered and washed with water yielding the
The reaction mixture was heated atue under a N atmosphere product9 as a white solid (0.245 g, 47%). Mp 28 C
for 16 h. The reaction was allowed to cool and the solvent wa@EtOH). ! max (KBr)/cm?® 3432 (OH stretch), 2926 (CH stretch),
removedin vacuoyielding 7 as an orange oil (1.35 g, 79%). 2855 (CH stretch), 1631 (CN), 1607 (aromatic), 1559 (CN
(Found: C, 74.3; H, 9.2; N, 5.2.,6H,7,NO, requires C, 74.7; H, conjugated), 1475 (CC stretch aromatic), 572 8Br). "4
9.4; N, 4.8%.)! nax ("Im)/cn* 3216 (NH stretch), 2952 (CH ([CD3],SO, 300 MHz) 0.85 (3H, s, Cjj 1.2601.34 (8H, m, 4 !
stretch), 2928 (CH stretch), 2856 (CH stretch), 1744 (O, CH,), 1.70 (2H, m, CH), 2.842.89 (2H, m, CH), 7.337.38
1657 (Gr C), 1612, 1594 (NH bend), 1252§0), 1229 (®0), (1H, m, ArH), 7.587.70 (2H, m, 2 ! ArH), 8.09 (1H, dJ =
1164 (@®0). "y (CDCl;, 400 MHz) 0.84 (3H, tJ = 7.0 Hz, 7.9 Hz, ArH), 12.03 (1H, bs, OH)¢ ([CD3],SO, 75 MHz) 13.9
CHg), 1.181.29 (8H, m, 4 ! CH,), 1.3MB1.46 (2H, m, CH), (CHy), 22.0, 27.6, 28.3, 28.6, 31.1, 34.5 (6 ! GH 105.5
1.59 (1H, s, CH), 1.86 (1H, s, ChH), 2.262.30 (1H, m, CH),  (CEBr), 117.8 (ArC), 122.7 (quaternary C), 123.6, 125.2 131.9
2.342.38 (1H, m, CH), 3.5Z28.75 (4H, m, CH), 7.0&7.10 (3! ArC), 138.7 (quaternary C), 152.0 ({CN), 171.24 (®OH).
(2H, m, 2! ArH), 7.1397.19 (1H, m, ArH), 7.267.35 (2H, m, 2  Exact mass calculated for;&,,NOBr [(M + H)*], 322.0807.

I ArH), 10.81 (1H, bs, OH)." (CDCl, 75.5 MHz) 12.5, 14.0 Found 322.0792)Vz ES' 322.3 [(M + H)", 100%)].
(2 ' CHy), 22.6, 27.7, 28.7, 28.8, 29.4, 31.6 (6 ! GH 50.7
(CHs), 124.8 (quaternary C), 125.1, 125.6, 128.9, 129.1, 129.3
(5! ArC), 160.8 (ArCEN), 163.8 (EN), 171.7 (& O). Exact  Preparation of 3-chloro-2-heptylquinolin-4(H)-one, 10
n
mass calculated for ;gH,gNO, [(M + H)™], 290.2120. Found HHOAHCI 84HC) (0.839 g, 3.0 mmol) was dissolved in

290.2116/z (ES’) 290 [(M + HY', 56%). methanol (50 mL) before addition of 2 M NaOH until neutral
followed by water (10 mL). Sodium dichloroisocyanurate
(0.363 g, 1.65 mmol) was then added to the reaction mixture.
The reaction was allowed stir at room temperature overnight. The
Diphenyl ether (45 mL) was heated atug (270 jC) and the precipitate was Itered and washed with methanol. Thirate
enamine (1.35 g, 4.68 mmol) was added dropwise over 90 minas then acidied to pH 4 and placed in the fridge overnight.
ensuring reux was maintained and the mixture was heated fofhe precipitate wasltered to give an off-white solid. PUF

an additional 1 h. The mixture was then allowed cool to roontation by recrystallisation in ethanol yield&d as a white crys-
temperature and the formed methanol was remavechcuo  talline solid (0.167 g, 46%). Mp 26272 iC (EtOH). (Found:

4 M HCI (6 mL) was then added and the organic layer extracte@, 68.7; H, 7.1; N, 5.1; Cl, 12.5. 6H,0ONCI requires C, 69.2;
with ethyl acetate (2 ! 8 mL) dried over anhydrous MgSO H, 7.3; N, 5.0; Cl, 12.8%.) max (KBr)/cm*! 3454 (OH stretch),
"Itered and the solvent removéadvacuoto yield crude product 2927 (CH stretch), 2857 (CH stretch), 1634/ (C stretch, con-

as a brown oil. Putication was achieved using silica column jugated), 1563 (€ N conjugated), 1504 @C stretch, in ring,
chromatography to yield product as a dark brown solid followe@romatic), 1477 (C C stretch, aromatic), 1356 (CN stretch),
by two recrystallisations from methanol to yidddas a white 584 (GBCI). "y ([CD3],SO, 300 MHz) 0.88 (3H, t) = 6.7 Hz,

Preparation of 7

Preparation of 8
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Published on 26 September 2012. Downloaded by University College Cork on 03/02/2015 1

View Atrticle Online

CHs), 1.201.34 (8H, m, 4 ! CH,), 1.691.75 (2H, m, CH), Acknowledgements
2.84 (2H, t,J = 7.8 Hz, CH), 7.387.37 (1H, m, ArH),
7.577.70 (2H, m, 2 ! ArH), 8.1 (1H, d,J = 8.1 Hz, ArH),  This research was supported in part by grants awarded to FOG
12.03 (1H, bs, OH)!¢ ([CD4],SO, 150 MHz) 13.9 (Ch), 22.0, by the European Commission (FP7-KBBE-2012-6, CP-TP-
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i ) . Research Board (RP/2006/271; RP/2007/290; HRA/2009/146),
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To a stirred solution 08 (0.333 g, 1.37 mmol) in glacial acetic EPA2008-PhD-S-2), the Marine Institute (Beaufort award
acid (10 mL) was added portionwis&l-iodosuccinimide C2CRA 2007/082) and the Higher Education Authorlty of
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acetic acid and acetonitrile. Puration was achieved by silica
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Coated capillary electrophoresis equipped with aboron doped diamond (BDD) electrode was developed
for analysis of chemically synthesised 2-heptyl-3-hydroxy-4-quinolone (HHQ), 2-heptyl-3-hydroxy-4-
quinolone (PQS),and 2-methyl analogues. Detection was then extended to biological samples. PQSand its
biological precursor, HHQ, are two key regulators of bacterial cooperative behaviour known as quorum
sensing in the nosocomial pathogen Pseudomonasaeruginosa. The fused silica capillary was coated with
a thin layer of poly (diallyldimethylammonium) chloride to reverse the electroosmosis, allowing fast
migration of PQSand HHQ with improved selectivity. The four model compounds were baseline resolved
using a50 mM H3PO,DTris, pH 2.0 buffer with 20%(v/v) acetonitrile as buffer additive. With an injection
time of 3 s,the detection limits of four analytes ranging from 60 to 100 nM (S/N =3) were observed when
the BDD electrode was poised at +1.5V vs. 3M Ag/AgCI. As expected, no PQSor HHQ was detected from
the supernatant of the P.aeruginosa (pgsA) mutant. A concentration of HHQ of 247 ! M was detected from
the supernatant of the pgsH mutant, which catalyses the conversion of HHQ to PQSin the presence of
molecular oxygen by monooxygenase. The separation and detection scheme was applicable to follow
the conversion of HHQ to PQSin P.aeruginosa when entering the stationary phase of growth. The results
obtained by coated capillary electrophoresis with BDD detection were validated and compared well with
LCPbMSdata.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

2-Heptyl-3-hydroxy-4-quinolone,

the Pseudomonas Quinolone

biological precursor of PQSand also possesses a plethora of bio-
logical functions including signalling responsibilities [12]. It has
recently been shown that HHQ can also control the behaviour of

Signal (PQS)is a key regulator of bacterial cooperative behaviour

known as quorum sensing in Pseudomonas aeruginosa [1D3]. P.

aeruginosa is best known asan antibiotic resistant human pathogen
associated with hospital-acquired infections and is the primary

cause of morbidity and mortality in cystic bbrosis sufferers [4].
Controlling P.aeruginosa is thus of great clinical importance [5D8].

Research into PQS activity has revealed a vast and varied array
of biological functions [9D15]. 2-Heptyl-4-quinolone  (HHQ) is the
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0021-9673/$ Dseefront matter © 2012 Elsevier B.V. All rights reserved.
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other bacteria species [16] . Diggle et al. reported that pathogenic
bacteria other than P.aeruginosa synthesise 2-alkyl-4-quinolones
(AHQs). Burkholderia pseudomallei,for example, produces AHQs and
employs a structurally similar molecule to 2-heptyl-4-quinolone
(HHQ) as a signalling molecule but does not produce PQS[12,17].
The chain-shortened analogue of PQS,quinolone 2 (Fig. 1) can act
asan important iron entrapment molecule [12] and it is thought to
be utilised by Arthobacter nitroguajacolicus [18] . Thus convenient,
early stage detection of potential biomarkers PQSHHQ and other 2-
alkyl quinolones is of great clinical signibcance. To date, there have
been very few efbcient, simple and inexpensive methods for the
detection of these chemically synthesised, or biologically produced,
quinolones.

Analysis of 2-alkyl quinolones has been carried out by Ortori
et al. using LCDMS/MS [19]. These, along with MS methods
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Fig. 1. Synthesis of quinolones.

developed by LZpine et al., require expensive instrumentation and
the latter depends on the availability of the synthetic deuter-
ated PQSstandard [20] . Fluorometric methods lack selectivity and
others such as chromatographic procedures require sample pre-
treatment, long analysis times and high costs, preventing them
from being applied in routine analysis. Gas chromatographybmass
spectrometry has been used to determine quinolone antibiotics
in food and environmental samples [21] . High-performance liquid
chromatography (HPLC) has also been applied for their separa-
tion and detection [22D25]. A biosensor based detection of PQS
and HHQ has been reported by Wiliams and co-workers [26].
We recently showed that cyclic voltammetry and amperometry
using a boron-doped diamond (BDD) thin-PIm electrode proved
an excellent method for the sensitive detection of HHQ, PQSand
other 3-alkyl quinolones [27]. Although the cyclic voltammetric
system selectively detects PQSin the presence of its biological
precursor HHQ, it is likely that PQSanalogues (containing a 3-OH
group) with shorter or longer C-2 alkyl chains are present in the
supernatant, would not be suppressed, and may contribute to the
response signal. Thus, accurate determination of individual compo-
nents which bear very close similarity to PQSis difbcult. Capillary
electrophoresis (CE)is increasingly being applied to small molecule
separation because of short analysis times and low consumption of
reagents [28D33]. Improved separation can be achieved by judi-
cious alteration of the capillary wall by electrostatic, hydrogen and
hydrophobic interactions [34] .Cationic polymers such aspoly (dial-
lyldimethylammonium) chloride (PDDA) are usually more stable
than neutral polymers [35,36] and make a suitable coating mate-
rial for the capillary wall. PDDA coated capillaries performed very
well for the analysis of peptides and proteins at acidic pH [37D39] .

This work herein describes a new approach for the analysis of
chemically synthesised PQS,HHQ and their 2-methyl analogues
using a PDDA coated capillary coupled to a BDD electrode. The
fused silica capillary is coated with athin layer of PDDA to reverse
the electroosmotic Row (EOF), allowing fast migration and excel-
lent selectivity of chemically synthesised PQSand HHQ and other
quinolones. Extension to biological systems is investigated for the
detection of HHQ and PQSin several supernatant samples from P.
aeruginosa wild-type and mutant strains.

2. Experimental
2.1. Chemical synthesis

Quinolones are synthesised as outlined vide infra.

2.2. Chemicals and materials

Poly (diallyldimethylammonium) chloride (PDDA,
Mw =200,0000350,000, 20 wt% in water), tris (hydroxymethyl)
aminomethane (Tris), acetonitrile (ACN) and phosphoric acid

(H3PO4) and all the standards were purchased from SigmabAldrich
(Dublin, Ireland). The buffer solution for CE contained 50 mM
H3PO, solution adjusted to pH 2.0 with 0.5M Tris solution, 20%
(v/v) ACN. Stock solutions (5.0 mM) of PQSand HHQ were prepared
in 50 MM NaHPO4,BNa;HPO,4, pH 7, 50% (v/v) ACN. All solutions
were prepared in Milli-Q ultrapure water and bltered through a
0.22! m pore size membrane followed by sonication for 5min
prior to use.

2.3. Instrumentation

Amperometric measurement (I/t) and cyclic voltammetry (CV)
were performed using a CHI 1040 electrochemical workstation (CH
Instruments, Austin, TX) at room temperature. The three-electrode
system consists of aboron doped diamond electrode (Windsor Sci-
entibc, Slough, Berkshire, UK), an Ag/AgCl (3M NacCl) reference
electrode (BAS, West Layette, IN) and a Pt wire counter electrode
(Sigma, Dublin, Ireland).

2.4. Electrode preparation

A boron doped diamond (BDD) electrode, 3 mm diameter, 0.1%
doped boron (Windsor Scientibc, Slough, Berkshire, UK) was pol-
ished with polishing paper (grid 2000, Hand American Made
Hardwood Products, South PlainPeld, NJ)and subsequently with
alumina (Buehler, UK) until a mirror Pnish was obtained. After
thorough rinsing with deionised water, the electrode was sonicated
in 2-propanol and deionised water for 5 and 10 min, respectively.
The electrode was cyclised between " 0.5 and +2.0 V versus Ag/AgCI
(3 M NaCl, BAS,West Layette, IN) at 0.1Vs' 1 in 50 mM phosphate
buffer, pH 7 until a stable CV proble was obtained. Capillary elec-
trophoresis with BDD electrode detection setup was as described
previously [40] (see supplementary material ).

2.5. Preparation of the coated capillary

A fused-silica capillary (50! m ID and 365! m OD) purchased
from Polymicro Technologies (Composite Metal, Shipley, UK) was
cut to 30 cm as the effective capillary length for analysis of the
chemically synthesised quinolones. For the biological samples a
longer capillary of 45 com length was needed to facilitate separa-
tion from other supernatant components. The fused-silica capillary
was rinsed with 1.0 M NaOH and deionised water for 15 min each
to expose the maximum number of silanol groups on the silica sur-
face. The preconditioned capillary was then rinsed with the 0.2%
(v/v) PDDA in H,0 solution followed by 15 min of incubation. The
coated capillary was gently rinsed with deionised water for 3 min to
RBush out unsorbed coating materials. Before the brst run, the coated
capillary was equilibrated with the running buffer for 15 min but
only 3min between runs. All these procedures were performed at
25 *#C. For overnight or prolonged storage, the capillary was rinsed
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Fig. 2. Quinolone protonation and tautomerisation with pH variation.

with deionised water for 15 min and then stored with the capillary
ends dipped in deionised water.

2.6. Preparation of the biological samples

Supernatant extracts for PQS analysis were obtained using a
modiPed version of the Fletcher protocol [41]. BrieBy, cultures of
the P.aeruginosa mutant strain were incubated overnight in Luria
Bertani broth at 37 #C (total 40 mL). Culture supernatants were
obtained by centrifugation (5000 rpm for 10 min) and subsequently
blter sterilised using Minisart (Sartorius) 0.2! M blters into clean
centrifuge tubes. An equal volume of acidiPed ethyl acetate (0.01%
(v/v) glacial acetic acid) was added to the cell-free supernatant and
vortexed for 30 s. After centrifugation (5000 rpm for 5min), the top
organic phase was removed and the process repeated afurther two
times to maximise the extraction (total 40 mL). The sample was
then evaporated to dryness using arotary evaporator. The running
buffer (1 mL) was then added to the Rask to dissolve the sample
which was injected into the capillary.

3. Results and discussion
3.1. Chemical synthesis

HHQ was prepared starting with MeldrumOs acid (0.14 mol)
which was reacted with octanoyl chloride followed by boiling in
MeOH, reaction with aniline [42] and a ConradBUmpach cyclisa-
tion (Fig. 1) [43]. An alternative cyclisation method reported by
Woschek et al. failed to give any product in our hands [44]. As
quantities of PQSwere also required, its synthesis from HHQ was
achieved using conditions described by Pesci et al. [45] . The two-
step procedure proved problematic and 2 equivalents of hexamine
(HMTA) in the initial Duff formylation step was crucial to obtain-
ing decent yields [46]. The chained-shortened compound 1 was
prepared by reBuxing ethyl acetoacetate and aniline followed by
cyclisation in refRuxing diphenylether [47]. Quinolone 2 was pre-
pared asdescribed by Hradil et al. [48] . The N-oxide 3 was prepared
by protection of HHQ by esteribcation, followed by reaction with
MCPBA and base hydrolysis (deprotection) [49] . While quinolones
13 may well be involved in bacterial cooperative behaviour, far
more is known about HHQ and PQS.Thus, these two molecules are
the main focus of this investigation.

3.2. Separation of PQSand HHQ on a bare capillary and a PDDA
coated capillary

Capillary zone electrophoresis (CZE)performed at very high and
very low pH values using high ionic-strength buffers is known
to reduce the electrostatic interaction between the capillary wall
and analytes and can aid separation [50]. Initially, basic condi-
tions were tried for the CE separation of chemically synthesised
quinolones HHQ and PQS.However baseline separation was not

Table 1

Estimated pKa values using Marvin 6.8, ChemAxon software.
Analytes pKa ; (4) pKa, (5/6) pKas
PQS 3.43 9.89 13.86
HHQ 3.02 11.46 5]
Qnl 3.57 9.96 13.89
Qn2 3.16 11.49 b

achieved. We next turned our attention to analysis at lower pH val-
ues. The pKa values and solubilities of the analytes were obtained
using the ACD/Structure Designer software (Advanced Chemistry
Development, Toronto, ON, Canada). 2-Alkyl-4-quinolones  (of the
form shown in Figs. 1 and 2, compounds 6) are tautomeric with
2-alkyl-4-hydroxyquinolines (Fig. 2, compounds 5) of which the
predominance of one form is pH dependent [51DP53]. It was rea-
soned by lowering the pH, the molecular structure would take
the quinoline form depicted as 5, and may become protonated as
depicted in form 4, Fig. 2. This would better facilitate separation
based on differentiated pKa values. Based on the pKa calculations
(Table 1) all the analytes are protonated at pH 2.

However, when the normal polarity of CZEwas applied, poor
peak shape and resolution was observed. At pH 2, the positively
charged analytes may have adsorbed onto the untreated anode
capillary wall, leading to decrease in peak efbciency and poor repro-
ducibility [54] (Fig. 3A).

Coating the capillary wall minimises the electrostatic interac-
tion between the capillary wall and analytes [55,56] . Thus the
cationic polymer 0.2% poly (diallyldimethylammonium chloride)
(PDDA) was used to coat the capillary inner wall of the capillary
[57,58] . Importantly this leads to reversion of the surface charge
of the capillary wall. In a previous report [59] we compared the
electroosmotic mobility for bared fused silica and PDDA coated
capillaries. The electroosmotic mobility of a PDDA-coated capil-
lary (! eof), determined with mesityl oxide asthe EOFmarker, was
estimated to be " 3.95$ 10 4“cm?V'1s ! (reversal of the Row)
compared t0 4.63$ 10" 4*cm?2 V' 1s ! for the bare fused silica coun-
terpart. Such a result indicates that the PDDA-coated capillary
become positively charged, owing to the abundance of the qua-
ternary ammonium groups, effecting a reversal of the EOF.It was
expected that at high PDDA concentrations, not all quaternary
ammonium groups of the polymer were engaged in ionic interac-
tions with SiOH of fused silica. As shown in Fig. 3B, all the analytes
are well separated. PQSand HHQ are of higher molecular weight
and are more hydrophobic than quinolones 1 and 2 and migrate
faster in acetonitrile. At pH 2, PQSis more mobile in the EOF
direction compared with HHQ. Interestingly N-oxide 3 shows no
observable peak, perhaps indicative of the need for quinolinium
cation formation for easy detection.
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Fig. 3. Electropherograms obtained using (A) bare capillary, (B) 0.2%PDDA coated
capillary (50! m id and 40 cm effective length) for the separation of 100! M (1)
PQS,(2) HHQ, (3) Quinolone 1 (Qnl) and (4) Quinolone 2 (Qn2). The running buffer
consisted of 50 MM H3PO,-Tris, pH 2, 20% (v/v) ACN. The separation voltage was
applied at " 10 kV with an injection time of 5sat " 10 kV. BDD poised at +1.5V vs
Ag/AgCl, 3M NacCl.

3.3. Buffer condition optimisation

The separation of PQSand HHQ was investigated under differ-
ent buffer conditions to examine the effect of pH. At pH 2, 25 mM
(Fig. 4A(i)), good resolution of PQS,HHQ, quinolone 1 and 2 was
achieved. In order to improve baseline separation for the PQSBHHQ
pair and the HHQDBQn1 pair, the buffer concentration was increased
to 50 or 60 mM (Fig. 4A (ii) and (iii)). As ionic strength increases,
EOF decreases since an increase in buffer electrolyte concentra-
tion has been known to affect the double layer thickness and the
surface charge. The peak current was largely increased with longer
migration time, particularly when the run was performed at 60 mM.
A concentration of 50 mM was chosen as the optimal buffer con-
centration since all four peaks were baseline resolved within a
migration time of %330 s. Fine-tuning of the ideal pH for peak
separation was then carried out using phosphate buffers. Well-
separated peaks were obtained with good sensitivity at pH 1.8 and
2.0, respectively (Fig. 4B (i) and (ii)). The use of buffers with even
slightly higher pH values resulted in poor peak resolution (Fig.4B
(iii)). Considering the hydrophobicity of PQSand HHQ, ACN was an
essential component of the running buffer to improve the mobil-
ity and help avoid precipitation of the analytes in the capillary. 20%
(v/v) ACNproved optimal (Fig.4C(ibiv)). The bnal buffer conditions
were thus optimised as50 mM H3PO,BTris, pH 2.0, with 20% (v/v)
ACN as buffer additive.

To further improve peak shape, efpciency and resolution, sep-
arations were performed at different separation voltages (Fig. 5A)
and injection times (Fig. 5B). Below 7.5kV (Fig. 5A (ii)), migration
times were quite long and peak broadening was observed. At 15 kV,
the baseline noise proved asignibcant problem. The OhmOdaw plot
(Fig. 5A inset) was obtained using the 50 mM H3zPO,DTris, pH 2.0,
with 20% (v/v) ACN as running buffer. Above 10 kV, Joule heating
was observed. Therefore, 10 kV (Fig. 5A (iii)) was selected as the
optimal voltage for further experiments. For the injection time, 7s
gave best results (Fig. 5B (iii)). The detection potential poised at
+0.8V (Fig. 5C (i)) failed to allow detection of quinolones 1 and
2. Although the detection focused on HHQ and PQSin biological
samples, it would be advantageous if all four quinolones could be

Fig. 4. Optimisation of (A) buffer concentration, (B) pH and (C) ACN content. Electropherograms obtained using PDDA coated capillary (50! m id and 30 cm effective length)
for the separation of 100! M (1) PQS,(2) HHQ, (3) Quinolone 1 (Qnl) and (4) Quinolone 2 (Qn2). The separation voltage was applied at " 10 kV with an injection time of 5s

at " 10 kV. BDD poised at +1.5V vs Ag/AgCl, 3M NaCl. (A) Different buffer concentration:

the running buffer consisted of (i) 25 mM, (i) 50 mM, and (i) 60 mM H3PO,DTris,

pH 2, 20%(v/v) ACN. (B) Different pH: the running buffer consisted of 50 mM H3PO,DTris, pH (i) 1.8, (i) 2.0 and (iii) 3.2, 20% (v/v) ACN. (C) Different percentage of ACN: the
running buffer consisted of 60 mM H3PO,DTris, pH 2.0, (i) 5%,(ii) 10%, (iii) 20%,and (iv) 40%(v/v) ACN.
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Fig. 5. Variation of (A) separation voltage, (B) injection time and (C) detection potential. Electropherograms obtained using PDDA coated capillary (50! m id and 30 cm
effective length) for the separation of 100! M (1) PQS,(2) HHQ, (3) Quinolone 1(Qnl) and (4) Quinolone 2 (Qn2). The running buffer consisted of 60 mM H3PO,DTris, pH
2, 20% (v/v) ACN. (A) The separation voltage was applied at (i) " 5kV, (i) " 7.5kV, (i) " 10kV, and (iv) " 15KV with an injection time of 5s. Inlet: OhmOslaw plot. (B) The
separation voltage was applied at" 10 kV with an injection time of (i) 3s, (i) 5sand (iii) 7s.BDD poised at +1.5V vs Ag/AgCl, 3M NaCl. (C) BDD electrode poised at (i) +0.8V,

(i) +1.2V and (i) +1.5V vs Ag/AgCl, 3M NacCl.

detected and separated using acommon optimised process. Finally,
a detection potential of +1.5V (Fig. 5C (iii)) vs. Ag/AgCl gave excel-
lent amperometric detection of all four analytes using the BDD
electrode.

3.4. Limit of detection

Under the optimal separation conditions, each analyte exhib-
ited good linearity (R2>0.99, n=5) between peak height and the
injection time (Table 2). Without loss of resolution, the LODs
(signal-to-noise ratio of 3) of the four analytes range from 60 to
100 nM. The reproducibility values of migration time were lessthan
0.4%.

3.5. Determination of HHQ and PQSin supernatant samples of P.
aeruginosa

3.5.1. PA14pgsAmutant
Synthesis of HHQ proceeds through condensation of anthranilic

acid and a " -keto acid, in a reaction catalysed by the PgsA
enzyme [60] . PgsA is encoded as the brst gene in a quintet operon
pgsA-E, which encodes four enzymatic activities required for HHQ
synthesis, aswell asa bfth activity (PqsE)required for activation of
the PQSmolecule [61]. The pgsA mutant, therefore, does not pro-
duce HHQ or PQS,and typically lacks several virulence factors and
toxins asaresult [61] . Acomparison of the supernatant sample with
a spiked sample conbrms that no HHQ or PQSwas present (Fig. 6).

3.5.2. PAl14pgsH mutant

Conversion of HHQ to PQS proceeds through the activity of
monooxygenase (PgsH) encoded distant to the pgsA-Eoperon [61] .
PgsH catalyses the conversion of HHQ to PQSin the presence
of molecular oxygen [62], and is unique to P. aeruginosa. The
pgsH mutant, therefore, produces HHQ but lacks the capacity to

Fig. 6. Analysis of P.aeruginosa pgsA mutant strain using the PDDA coated capil-
lary (50! m id and 45 cm effective length). (a) pgsA mutant strains diluted 10-fold
with the running buffer. (b) pgsA mutant strains diluted 10-fold with running
buffer spiked with 100! M standard (1) PQSand (2) HHQ. Running buffer, 50 mM
H3PO,DTris, pH 2, 20% (v/v) ACN; separation voltage, " 10 kV; injection time, 5sat
" 10 kV; BDD electrode poised at +1.5V vs. Ag/AgCl.

convert HHQ to PQS(Fig. 7). A concentration of HHQ of 247! M
was estimated from the electropherogram.

3.5.3. PAl4wild type

PA14is aclinical isolate of P.aeruginosa originally obtained from
aburn wound patient and has been shown to be highly pathogenic
in a broad spectrum of animal models [63]. This wild-type clin-
ical isolate converts HHQ to PQSupon entry into the stationary
phase of growth (typically over a period of about 12 h). A sample
taken after 8 h showed a conversion from HHQ to PQS of about
60% (Fig. 8).
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Table 2
Calibration curve and limit of detection.

Compound Linear range (! M) Calibration equation R LOD (nM) Migration time (s)
PQS 19100 I (nA) =0.549 C(! M) +0.445 0.996 65 320
HHQ 19100 I (nA) =0.530 C(' M) " 0.4931 0.990 94 360
Quinolone 1 19100 I (nA) =0.411 C(' M) +1.170 0.984 61 400
Quinolone 2 19100 I (nNA) =0.405 C(! M) +0.474 0.991 79 490

Fig. 7. Analysis of P.aeruginosa pgsH mutant strain using the PDDA coated capil-
lary (50! m id and 45 cm effective length). (a) pgsH mutant strains diluted 10-fold
with the running buffer. (b) pgsH mutant strains diluted 10-fold with the running
buffer spiked with 50! M standard (1) PQSand (2) HHQ. Running buffer, 50 mM
H3PO,DTris, pH 2, 20% (v/v) ACN; separation voltage, " 10 kV; injection time, 5s at
" 10 kV; BDD electrode poised at +1.5V vs. Ag/AgCl.

Fig. 8. Analysis of the P.aeruginosa PA14 wild type mutant strain using the PDDA
coated capillary (50! m id and 45 cm effective length). PA14 wild type cultured 8h
diluted 10-fold with the running buffer, (a) without spiked standard, (b) spiked with
100 ! M standard (1) PQS,(2) HHQ. Running buffer, 50 mM H3PO,DTris, pH 2, 20%
(v/v) ACN; separation voltage, " 10 kV; injection time, 5sat" 10 kV; BDD electrode
poised at +1.5V vs. Ag/AgCl.

3.5.4. PAOlmutant

PAOQOL1, a P.aeruginosa reference strain that was initially isolated
from aninfected burn wound patient [64].The strain was the Prst P.
aeruginosa isolate to have its genome sequenced [65] and has been
the focus of the majority of research studies. This isolate, which
is less virulent than PA14, nonetheless displayed the capacity to
produce HHQ and PQSin asimilar way to PA14, converting HHQ to
PQSupon entry into the stationary phase of growth (Fig. 9). HHQ
and PQSwere also detected in this isolate and a conversion of 83%
was calculated.

Fig. 9. Analysis of the P.aeruginosa PAO1 mutant strain using the PDDA coated
capillary (50! m id and 45 cm effective length). PAO1 cultured 8h diluted 10-fold
with running buffer, (a) without spiked standard, (b) spiked with 100! M standard
(1) PQS(2) HHQ. Running buffer, 50 mM H3PO,BTris, pH 2, 20%(v/v) ACN; separation
voltage, " 10 kV; injection time, 5sat " 10 kV; BDD electrode poised at +1.5V vs.
Ag/AgCI.

Table 3
Comparison of PQSand HHQ concentration detected from CE-ECDand LCDMS?

Mutant Concentration CE-ECD Concentration LCBMS
[((RY)] [((RY)]
PQS HHQ PQS HHQ
PA14 pgsA 0 0 0 0
PA14 pgsH 0 248 0 219
PA14 399 282 323 287
PAO1 212 44 220 43

2 Due to ashoulder peak eluted with PQSthe area was calculated using OriginPro
8.5.1 software.

3.5.5. Comparison with LCBbMSdata

Selected samples were also analysed using LCDMSand were
comparable with the values obtained using CE (Table 3 and
supplementary data Fig. SM5). For PA14 pgsA, no PQSor HHQ was
observed. For PA14 pgsH, a 248 ! M HHQ concentration was deter-
mined by CE-ECDcompared to 219 ! M by LCDMS.PQSwas detected
at a concentration of 399! M in PA14 by CE-ECDand 323! M by
LCBMS.

4. Conclusion

Our recently published report on the detection of quinolone
biomarkers in P.aeruginosa utilised cyclic voltammetry and amper-
ometric detection [27]. While this method proved efbcient and

cost effective for the positive and selective determination of HHQ
and PQS,close analogues could contribute to the signal response
and thus accurate determination of their concentrations is difp-

cult. Herein we describe the use of capillary electrophoresis in
the separation of key biomarkers for the antibiotic resistant bac-
terium P.aeruginosa. Thus interference from other quinolones can
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be greatly reduced. Capillary electrophoresis with amperometric

detection using different electrode materials is a powerful ana-
lytical tool owing to its high sensitivity and tuneable applied
potential for avariety of electroactive compounds. The experiments
presented here illustrated that this technique is capable of satisfac-
torily separating a number of potential P.aeruginosa biomarkers.
CE equipped with amperometric detection can be miniaturised

and used together with solid-phase microextraction to improve
detection sensitivity for clinical applications. A capillary-electrode

holder could be easily constructed for positioning of the detect-
ing electrode at the end of the capillary column without the aid of
micropositioners  or microscopes. The detection limit obtained was
considerably below the normal physiological levels in, for example,
sputum samples of Cystic Fibrosis patients [66] . The applicability of
this technique to clinical isolates is a subject of future endeavour.
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37KH IXU\ RI WKH FKHPLFDO ZRUOG LV WKH H(¢
peacefully in the company with calcium in fluorspar and also in a few
other compounds; but when isolated, as it recently has bderg it
UDELG JDV WKDW QRWKLQJ FDQ UHVL
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Chapter 7 Introduction

7.1 General introduction

Fluorine is the element of extremest is the most electronegative of all
the elementsand consequently, a carbfinorine bond is highly polaand is the
strongest bond in organic chemistryFluorine is the second smallest elemient
the periodic thle with avander Waals radius of.47, only 20% larger than
that of hydrogen ansignificantly lesgshan those of other halogen&Vith regards
to its steric impact, fluorine is the smallest substance that can replace a hydrogen
in a molecule, other than an isotopf hydroger. Due to its similarity in size to
hydrogen, it has been shown thaicroorganisms or enzymes often do not
recognise the difference between a natural substndtésaanalogue where al€
group has been repladeby a GF group* Fluorine is the 18 most abundant
element(and the most abundant halogdn)) WKH (DUWKY{YV FUXVW ZKHUF
as fluoridesn minerals such as fluorite and fluorspar

Despite its relatively high natural abundance, vésw compounds
containing fluorine, have been found in nattir8urprisingly, fluorine has been
identified as a amponent of only fivesecondary metabolit€273-277) produced
in nature(Figure 7.1)8° and around 30 minor lipichetabolites oR77thatare &
fluorinated homologues of long chain fatty acids found ametabolites in the
seeds of the same plamichapaetalum toxicariun® This is in contrast to the
other halogensChlorine, bromine and even iodine fegun ca. 3000 secondary
metabolites producedvia biosynthetic pathways in plants, fungi and
microorganisms! The underlying reason for this scarcity of fluorinated natural
products, compared with the relative abundance of other halogenated metabolites,
is due to the unique chemical attributes of fluorine. Fluorine has very different
properties to those of the other halogens and has even been described as a
HVXSHUKDORJIHQY
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H,N
=N
S N
S o co, F CO, O N~ N
- \/S\O o
273 274 275 Ho  OH
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F/\/\/\/\/;/\/\/\)J\Oe

Figure 7.1 Naturally occurring fluorineontaining compounds.

7.2 Development of organofluorinechemistry

The history 6 fluorine and its compounds a relatively short onenost
likely due to the hazardous nature of hydrofluoric acid and the diffiaaolt
acceswg elemental fluorine itself.The first synthesis of hydrofluoric acid from
fluorspar and sulfuric acietas @rried out in 1764 biylarggrd*® and was repeated
in 1771 byScheelé* Surprisingly, it was over 100 years later that the real
breakthrough in this area of organic chemistry came about, with the first synthesis
of elemental fluorine in 1886 byloissan'>!’ The importance of this synthesis
was highlighted by the Nobel Prizavardin Chemistryto Moissanin 1906"in
recognition of the great services rendered by him in his investigation and isolation
of the element fluorine, andrfthe adoption in the service of science of the electric
furnace called after hirh® The first examples of nucleophilic and electrophilic
fluorinaton were reported in the late " @entury*®*?! howewer the industrial
application of organofluorine compounds did not start until the beginning of the
1930s with the introduction of chlorofluorocarbons (CFCs) as refrigefaritee
major turning point in the use of organofluorine compounds in industry was the
Manhattan Project in 1941, which was the starting point for the development of
nuclear weapons:?* The Manhattan Project required highly resistant materials,
lubricants, coolants and the improvement of technology for handling extremely
corrosive inorganic fluorineontaning compounds. The main precursor for all of
these materials was hydrofluoric acid and as a result, its consumption increased

rapidly during the 19403here was further development in this area with the onset

237



Chapter 7 Introduction

of the Cold War in 194%nd thesubsequen&rms race. After the Cold War,
attention turned to the use of organofluorine compoundgilian materials and
pharmaceutical®

In 1974, a report published by Molina and Rowland predicted the
devastating effects of CFCs on the ozone |&/dheMontreal Protocqll13 years
laterwas the beginning gfhasingout of the use of CFC¥. Some of the CFCs
were replaced with other fluorirntaining chemicals, for example
hydrofluorocarbons, HFCS but on the whole the fluorochemical industry had to
turn their attention to other fields of application, for example fluoropolymers,
fluorosurfactants and fluorinated intermediates for pharmaceuticals and
agrochemical$>?°

A rapidly growing marketor organofluorine compounds involvédse use
of these chemicals as intermddmin the phamaceutical, agrochemicals and
electronics industriesindeed, in 2011, 3 of the 10 bessilling drugs and 7 of the
35 newly approved drugntained fluorine atom¥. As a result, methods for the
introduction of fluorine atoms intoompoundsat both early and late stageka

synthesigs an exciting aspect of modesgntheticorganic chemistry.

7.3 Methods of fluorination

Despite being a relatively new area of organic chemistry, there are many
methodologies available that allowethncorporation of fluorine into organic
molecules. In recent years in particular, many new reagents and synthetic
strategies have come to tfiere which involve easieuse and hadling and
extensive reviews on fluorination methodologiesarailablein the literature’™
3¢ Fluorination procedures are conveniently daddinto methods that involve

electrophilic fluorine and those that invel nucleophilic fluorine

7.3.1 Electrophilic fluorination

Organic chemists have developEtequivalents which allow transfer of
fluorine to an electrosrich centre. Various methodologies have been developed
to allow this transformation, including tluse of elemental fluorin€-F reagents
andN-F reagents.

Shortly after the isolation of elemehfimorine by Moissn in 1886several

reactions were carried out whereby organic substances wered treglte this
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highly reactive ga$&>!’ Disappointingly, these reactions resulted in sometimes
violent explosions, whether they were carried out at room temperature or
extremely low temperatures and no major definedti@agroducts could be
isolated. Thidgs most probably due to the energy released by formation of the
highly stable carbofiuorine bonds (~116 kcal mdé) compared to the energy
required for dissociation of carbamarbon (~83 kcal md) or carborhydrogen
bonds (~99 kcal md). Another contributory factor is the particularly low
homolytic dissociation energy of elemental fluorine (37 kcalpathich permits
swift initiation of uncontrollable radical chain reactions, even at low temperatures
and in the absence of light.

Direct fluorination ofaliphatic compounds was achieved in liquid reaction
media by Bockedler in 193337 By diluting the fluorine gas with either nitrogen
or carbon dioxideand dissolving the organic substrate in a cooled inert solvent
(such as CGlor CRCly), it was possible to control the reaction enthadog
successfily achievedirect fluorination®

Studies carried out by Fredenhagen and Cadertesdribedluorination
of volatile organic substances in the gas phase on contact with a coppef mesh.
This work was further developed by Fulanh and Bigelow, who reported the
successful preparation of polyfluorinated products from aliphatic hydrocarbons,
benzene or aceton@ vapour phase fluorination, however very specific apparatus
was requird to carry out these reactioffs

An improved methodology using a nickel reactor with different
temperature zones and sikawped copper filings as a catalyst was developed in
the early 1970s by Lagoand Margrave, known as the LaMar direct fluorination
process4? In this methodology, the concentration of fluorine to inert igas
slowly increasegdallowingthe energy to bkberated in acontrolled manner.

Selective fluorination of pyridine, quinoline and quinoxaline derivatives
havebeen successfully accomplishesing fluorinetodine mixtures’® In these
caseshydrogen atoms- to the heteroatom wereplaced by florine. Specialised
equipment wa required for this methodology.

Due to the special equipmeand techniques required, as well as their
potentially explosive, toxic, unstable and hygroscopic nature, alternative reagents
for electrophilic fluorination were sought aftemN-fluoropyridoné*4> and N-

alkylarenesulfonamidé$*’ were all successfully developed and although they
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proved much easier to handle than previous fluorination reagents, their reactivity
was considerably lower.N-fluoropyridinium salts were first developed in the
1980s and have become an important source of electrophilic fluorine for
fluorinationreactions*® Studies were carried out by Umemetoal. into various
N-fluoropyridinium reagents where it was found that they functioned as useful
fluorinating agenté®*° Previous work carried out by Meinert showed that when

a dilute solution of Fin N2 was bubbled into a solution of pyridine in CE&l-

80 jC, a moisturesensitive, unstablayhite precipitateta pyridineF; adduct +

was formed. This adduct was found to decompose violently at temperatures
greater than2 jC, leaving a reébrown oil containing Zluoropyridine. Although

no physical or spectralata was reported for the adduct, an ionic structure was
theorisec?! Umemoto and Tomita suggested that the instability of the pyrigine
adduct was due to some nucleophilicity ofrFan ionic form279, and this could

be improved by exchangingfér a nonnucleophilic anion.A variety of methods

were used to transform pyridi@&8into N-fluoropyridinium triflate280(Scheme

7.1) in moderate to good yieff. The results ofthese reactions support the

previous suggestion of Meinert that the pyridfherine adduct exists in an ionic

form>?
(a) or (b) or
| Xy FN, 1:9 | X (c)or(d)or(e) X
©) — > | ®
N©  MeCN N o | MeCN. -40°C, r}f@
|
F F 2h F OTf
278 279 280

Scheme 7.Methods for synthesis M-fluoropyridinium triflate280. (a) Adduct
279 prepared in CFGlthen reacted witiffONa, 67%; (b) TfONa, 71%; (c)
TfOSiMe3, 45%; (d) TfOH, 44%; (eYfONa present with EEN2 mixture, 80%.

N-Fluoropyridinium slts possessing several differenounteranions281-
285 were prepared using these metimogies (Figure 7.2). A series ofN-
fluoropyridinium triflates containg electrondonating or electromvithdrawing
substituentg286-293) was also synthesisdéigure 7.2). It was found that the
electrophilic fluorinating power of these reagents increased with decreasing

electron density of the NF site, which can be controlled by altering substituents
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on the ring itself® All of the N-fluoropyridinium salts werdeemed to be highly
stable under anhydrous condition® In 2003, a crystal structure @80 was
obtained by Bankst al, with the NF bond length established as being 1.357 e,
which suggests strong back donation eklectrons of the fluorine atom to the
nitrogen of the ring?

Although specialised equipment is necessary for the initial fluorination

step in the synthesis of theleluoropyridinium salts® many are commercially

available>*
| AN | A X A A
o o | e o | e
I I 'Tj ) 'Tj © ’Tj
F  BF, F PFg F clo, F SbFg F 0S0,C,Fq
281 282 283 284 285
69% 34% 72% 51% 77%
AN X X
N N N
| © I © I ©
F  OTf FOTf F  OTf F OTf
286 287 288 289
60% 73% 49% 73%
Chox \Ej/ OTf
| @ 2
N
S
F OTf i OTf F OTf
290 291 292 293
79% 41-62% 69% 68-72%

Figure 7.2N-Fluoropyridinium saltsvith alternative counteanions281-285and
N-fluoropyridinium triflates with electromvithdrawing and electredonating
substituent286-293

Fluorination using\-fluoropyridinium salts has been successfully applied
to aromatics, carbanions, enol alkyl ethers, enol silyl ethers, vinyl esters, eaamin
and alkeneg®

These rests led tofurther development ahese classes of electrophilic
fluorinating reagents. In 1984, a publication by Barnette highlighted the tse of
fluorosulfonamide®294as a new class of broaddpplicable fluorinating reagents

that were easily prepared by the reactiomNedlkylsulfonamides with elemental
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fluorine® This finding led the way for development of additional fluorinating
agents of this typencludingN-fluorobis[(trifluoromethyl)sulfonyl]imid&® 295or
N-fluorobenzenesulfonmiide (NFSI)296 (Figure 7.3).°7

W f 2.5 Q0
I
_N. FsC. _N_ _CF
S R 3¥s S 3 S/N\s
(@)

N Za\} 17N

o] 0] 9 0" ogd O
294 295 296
R = Me, t-Bu, cyclohexyl NFSI

Figure 7.3N-Fluoroalkylsulfonamides employed as fluorinating agents

In recent years, structural alteratioms N-fluoropyridinium saltshave
resulted inncreased yield and specificity of fluorinatias well as thelimination
of side reaction® Despite this, it is apparent that on the whol,
fluoropyridinium salts are gradually being replaced by more effective and specific
agents based on the diazabicydtmnemoiety, such ag-chloromethyi4-fluoro-
1,4-diazoniabicyclo[2.2.2]octaneSglectflior or FTEDA-BF4) 243 (Figure
7.4).58:59

AICB/—Cl
® ©
NO/ -
F
243

Selectfluor®

Figure 7.4  Commercially available  -thloromehyl-4-fluoro-1,4-

diazoniabicyclo[2.2.2]octan&g€lectfluor ).

Selectfluor is astable, virtually noshydroscopic crystalline solid that is
particularly easy to handle and store. Indeed, in sasellerating decomposition
test (SADT) carried out to deonstrate its stabilityg 55gallon drum was filled
with Selectfluor and heated to 5& for 7 days. During this time, the temperature
remained constant within +f&.5° Selectfluor has been found to be bta at
temperatures up to 19&, however the inventors warn that when dealing with
bulk samples, caution should be exerted when heating abq@*8Gelectfluor
is commercially available but can be easily prepared in the laboratory in three steps
from 1,4diazabicyclo[2.2.2]octane 297 (DABCO, also known as
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triethylenediamine (TEDA))cheme 7.2 Alkylation of 297 using DCM takes
place in the initial step. Counterion exchange with sodium tetrafluoroborate
provides298, which is fluorinated to giv@99 in goodyield. Subsequent reaction

of 299 with elemental fluorine and sodium tetrafluoroborate affords Selectfluor
243in high yield®®

@ @)
_— _—
[N . [N S N © + NaCl
40 °C Cl MeCN BF4  (precipitate)
20 °C
297 298 299
F2
NaBF,
MeCN
-35°C
AICB/—CI
NaF + ®©/ o
(precipitate) £ 2BF4
243
Selectfluor®
84-92%

Scheme 7.8ynthesis oBelectfluor .

Sincethe introduction of Selectfluorin the 1990s, it has demonstrated a
broad scope of applicatipras demonstrated by a comprehensive review by
Nyffeler et al®®  Selectfluor is soluble in only dew polar solvents, namely,
acetonitrile, DMF and watéf. Nitromethane has also been found to be a suitable
solvent as it is inert and sufficiently polar to dissolve Selectfléof® In reactions
whereacidic conditions must be avoided, the use of nitromethane as solvent is
ideal as it precludes the need for a base or proton spémgje.liquids have also
been successfully used in fluorination reactions involving Selectffité? The
mechanism of electphilic fluorination ofcompounds usindl-fluoropyrimidine
saltshasalso been much debataddtwo possible pathwayaresuggestedor the
reaction: singleslecton transfer (SET) or nucleophilic substitution at the fluorine
atom (%2) (Scheme 7.3 Differding and coworkers have conducted several
studies into the mechanism of the reactions, which supportgha&hanisni®¢’
Vincent et al. reported on the electrophilic fluorinatiahucleophilic addition

reactions of Selectfluoron glycals? Using a hypersensitive radical probe, no
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product characteristic of a radical process was isolated, suggesting no single
electron transfer occurs during the attack of thyeaj on Selectfluor. Borodkin

et al used kinetic isotope effecta studying the reaction a243 and 230 to
establishthat fluorination reactions mediated by Selectfluproceedvia a polar
reaction mechanisto provide302.%8 Carbonfluorine bond formation was found

to be the rateletermining step in the reaction rather than the step involving
formation of the Wheland comple301, based on the small values ofi/ko
observed (0.861.00), meaning no pmary kinetic isotope effect was foundn
contrastwork by Zhan§® and Kraljet al.”® suggest that the reaction proceeids

a SET mechanism.There isprecedence foelectrghilic aromatic substitution
occuring via SET'*"3 and a recerpublication on the reaction of Selectfluand
chloride providesnoreevidence fothe reaction occurringia this mechanisni?

In the most recent mechanistic work, Geeigal. repored on a systematic
theoretical investigation of the fluorination of aromatic compounds using
Selectfluor using computational analysi The results indicating that the SET

mechanism is preferred over the2S

8_
RNve
) o
SEAI’ -R-N F
e SAL NG o] 2N R H
\\ @
N &) _
RNF + X4— | — X A
2 I = / }EB) X_I _—
— 4o
LSET , [RN—F A 5 \© X
300 2 301 302

6\\]@/—0
RNF= /87 o
-

2BF,

243
Selectfluor®

Scheme 7.3Two possible mechanistic routes for fluorination of arbena
compounds using NFeagents, illustrated with Selectfluor

Selectflor KDV EHHQ XVHG LQ MWudhhated QamerylV LV
compounds and thioethef&! glycosyl fluorides? fluorinated aromaic
compounds$?8384 fluorinated alkenes’®-8588:62.63.82.893nd indoles®® vinyl and

alkyl fluoride$?%* and fluorinated pyrimidine®. A recent publication by
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Rangwalaet al. demonstrated the use of Selectflur the direct fluorination of
uracil in the synthesis of radiolabelleeflGorouracil ([21°C]-5-fluorouracil), a
potential diagnostic agent for measurinfubrouracil induced toxicit in cancer
patients’® The synthesis of radiolabelledfliiorouracil was achieved in three
steps starting from reaction dfC]-urea and propiolic acid to provide-{3C]-
pyrimidine-2,4(1H,3H)-ione 303. Selectfluor 243was added ta solution of [2
13C]-pyrimidine-2,4(1H,3H)-ione 303 in distilled water and stirred at 1G& for

16 h. Sodium tetraphenylborate wadtded and the mixture stirred af@ for 30
min to affordintermediate fluorohydrir804, which was converted to the desired
product 305 via fractionatedsublimation §cheme 7.4 Addition of sodium
tetraphenylborate was necessary to separate the spent reagent (consisting of a
mixture of fluoride, bifluoride and tetrafluoroborate salts gthloromethyl}4-

protiotriethylenediamine) from thaqueous solution by conversion to the water

insoluble salt i(chloromethyl4-protiotriethylenediamine
bis(tetraphenylboratéy.
o) o) o)
- + F o F
HN Ph4B'Na HN 220-230°C  HN
S e BN — ]
0”7 °N 0~ "N~ “OH 0~ °N
H H H
303 304 305
41%
*=13C

Scheme 7.4Jse ofSelectfluor in the preparation of radiolabelleeffsiorouracil.

Liu et al. reported thatthe direct fluorination of ketones, ketals and
enamides was accompgiisd using Selectfluor with sulphuric acid as an
additive’” ,Q RUGHU I-Ruodriratiobl &f kadnes to occur, initial formation
of a nucleophilic enol intermediate muake place.The authors surmised that as
acidic conditions promote enol formation, improved rate aind¢HyO SluBrinated
ketonescould be achieved $ Y DU L HMbYind&dd products307 were
synthesisedrom 306 in this manner in good to high yiel8¢heme 7.k
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0 243 (1.2 equiv.) 0]
H2804 (01 equiv.) F
R1 - R!
R2 MeOH or MeCN R2
50°C,16 h
306 307
49-93%
R' = alkyl, aryl
R? = alkyl, aryl

Scheme 7.38ynthesis of.-fluorinated ketones using Selectflucand HSQOs as

an additive.

Fluorination reactions of heterocyclic nitro compounds have also been
accomplshed by irradiation with ultrasound in the presence of ammonium acetate
as a base and Selectflupproviding products in low to good yield in# h%
Similarly, Selectfluor performs well under microwave conditions, with -1,3

dicarbonyl compoundseing successfully fluorinated in 10 min at &%

7.3.2 Nuclephilic fluorination

Fluorine can also be introduced into a molecule in a nucleophilic manner,
in particular inelectrondeficient arenesia nucleophilic aromatic substitution.
The most common methodology for this transformation is a halogen exchange
(halex) reaction, in which halogen atoms serve as leaving groups and inexpensive,
inorganic fluoride sources aresed as nucleophilé8® The most suitable
substrates for halex reactions are arylchlorides due to the higher electronegativity
of chlorine in cormparison to bromine and iodine, however itgiallynecessary
to activatehe chloro group by other moieties on the ring to ensure that substitution
will take place.The rate determining step in this reaction is the addition of fluoride
to 308 to form a Meisenheimer compl&09 as aromaticity is lostRestoration of
aromaticty is achieved by elimination of the leaving group to prov&i®
(Scheme 7.5 The use of high reaction temperatures and ptrassfer catalysts
can increase the efficiency of halex reactions due to the increased solubility of the

fluoride 1°©
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cl CI,,' F E
Spray-dried KF
(Ph)4PBr + KCl
DMI 9
CN 290 °C N CN
L o
308 309 310
(0] Meisenheimer 91%
)L complex
-/
DMI

(1,3-dimethyl-2-imidazolidinone)
Scheme 7.6A typical halex reactiof®

Due to the limitations of halex reactions, alternatives such as
fluorodenitration have been developed. In fluorodenitration reactions, the nitro
group functions as a leaving grolpwever activation by other groups on the ring
is still necessary to ensuassuccessful substitution reactiorbhis isdemonstrated
in the fluorodenitration of 2,3,5;&trachloronitrobenzen811 to provide 312
(Scheme 7.y102

NO, F
mji:[m n-BuPF(HF), mji:[m
THF, 70 °C, 28 h
Cl Cl Cl Cl
311 312

80%
Scheme 7.7llustration of fluorodenitration.

Other leaving groups that are suitable for displacement by fluoride in
nucleophilic fluorination reactions are ammonium substituents. In particular, this
methodology is useful for the introduction of radio labelled fluoritfE.
Trimethylammonium groups tend to be more electrsathdrawing than nitro
groupsand undergo the transformation to fluorinated compounds more effectively
than nitroarene¥®?

Another commonly used nucleophilic fluorinating agent is commercially
available tetrabutylammonium fluroride (TBAR13, which is available as a

trinydrate. The use of tetraalkylammonium as counterions for fluoride results in a
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reduction in the strength of the ionic bond as well as an increase in solubility in
organic solvent$®® In general,the presence of water in the trihydrate is
problematic as it reducése nucleophilicity of the fluoride by hydrogen bonding

and side reactions are more likely to occur due to the presence of a source of
hydroxide. Attempts to dry quaternary ammonium fluorides by heat usually
results in competing E8limination (Hofmann kemination) as fluoride acts as a

strong base under anhydrous conditi®sheme 7.31°°

rll-Bu
N—n-Bu A n-Bu..  _n-Bu _
\_()7)7-Bu \ + N 4 HF
H n-Bu
Fe/‘ 313

Scheme 7.8Hofmann elimination observed when attempting to dry TBAF using

heat.

Due to tle problems associated with generating anhydrous TBAF using
heat, alternative methods were investigated. In 2005, Sun and DiMagno reported
the successful synthesis of anhydrous TBAF dirdotijn hexafluorobenzer#ls
and tetrabutylammonium cyanid44 in aprotic solvent§THF, acetonitrile or
DMS) via nucleophilic aromatic substitution at low temperatu(&sheme
7.9).106.107 The anhydrous TBAF was found to be stable under nitroge85a€C
for weeks, however itetomposed slowly in THF or in the solid state by Hofmann
elimination if warmed above QC. Conveniently, anhydrous TBAF can be
preparedn situ in polar aprotic solvents at room temperature and used without

isolation or purification.

" polar aprotic CN
[
®0O F solvents NC CN
n-BuyNCN + - - TBAF +
F F -35°CtoRT (anhydrous) . CN
F CN
314 315 313
>95%

(70% isolated)

Scheme 7.Methodology for the successful preparation of anhydrous TBAF.
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In generalfluorinationreactions carried out using anhydrous TBAF have
significant advantages over other nugbadic fluorinating agentswith increased
yield of fluorinated products obtained under less harsh conditions. An example of
this is demonstrated in the synthesis of@féioropyridine317. Underregular
halex conditionsthe fluorination of 2,&ichloropyridine316, provided 317 in
56% yieldafter heating for 10 h at 2GC (Scheme 7.10 (3)!°® In contrast, iaen
the same transformation was carried auging anhydrous TBARhe reaction
proceeded much quicker and at a lower temperatitie 317 obtainedin >95%
yield after 1.5 h at 2QC (Scheme 7.1@b)).2%’

(a) KF, Ph,PBr, PhCN

X 200 °C, 10 h N
| »
Cl N™ CI OR F” °"N” °F
316 (b) TBAF 4,1, DMSO 317
20°C,1.5h (a) 56%
(b) >95%

Scheme 7.1@omparison of nucleophilic aromatic substitution under (a) regular

halex conditions and (b) anhydrous TBAF.

Tetramethylammonium fluoride (TMAF) has been successfully used to
provide arylfluroides and has advantage over TBAF in that it lack$ydrogen
atoms(meaning a Hofmann elimination pathway is avoidma) can be obtained
as an anhyus salf-®®

Traditionally, aryl fluorides319 are prepared from aniline%l8 by the
Balz-Schiemann reaction, a special class of nucleophilic aromatic fluorination
reactions involving the pyrolysis of aromatic ztimium tetrafluoroborates
(ArN2'BFs) (Scheme 7.11, (3)''° Diazotisation of an aniline in the presence of
hydrogen tetrafluoroborate (HBFfollowed by either thermal or photochemical
decomposition of theesulting diazonium tetrafluoroborate provides the desired
aryl fluoride. However, due to the acidic conditions, the toxicity of the reagents
and the potential for explosion, this reaction methodology is not itfeah an
alterrative methodology, aryl fluorides possessing eleewdhdrawing groups
321have been prepared by halex reactions, where eled&ficient aryl chlorides
or nitroarene820undergo nucleophilic aromatic substitution at high temperatures
(Scheme 7.11, (B)L°°
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® ©
AN NH, HBF, N N, Aorhv TN XN F
R-#- - R-L- —RT Pz _____’F%J—
/ ! / _N @ I /
2
Fa F3B-F

NaNO, @B
318 319
(b)
X
ewe] ~ KF, A N F
T EVVG‘T_//
320 321
X =Cl, NO,

Scheme 7.11a) BalzSchiemann preparation of aryl fluorides; (b) Halex process

for the preparation of aryl fluorides.

7.3.3Metal-catalysed fluorination

Reactions which are performed in the presence of a catalyst usually require
much milder conditions as they selectively reduce the activation barriers from
starting material to product. It is only recently that metdhlysed crossoupling
fluorination reactons have been reporté. Conceptually, transition metal
complexes have the potential to selectively reduce the barrier of activation for
carbonfluorine bond formation, making a thermodynamically favoured gssc
more kinetically accessible. However due to the high stineogmetaifluorine
bonds, design of appropriate catalysts to overcome the activation barrier to carbon
fluorine bond formation is challenginglt has been reported that the most
challengingstep in crosgoupling aryl fluorinations is the reductive elimination
step, where both carbon and fluorine, initially bound to the metal, expel the catalyst
and form a new carbeftuorine bond*!? In order for redctive elimination of two
specie to take place, there must be sufficient orbital overlap between both metal
ligand Xbonds. Reductive elimination from arylpalladium alkyl complexes
containing an electron withdrawing group occurs moosvlsl than complexes
containing other functional groups.'XH WR IOXRULQHYTV KLJK HOHFWU
small size, metdlluorine bonds are significdly polarised towards fluorine,
meaning that electron density lacking in the region where it is required for
carbonfluorine bond formation.The high polarisation of the metfiiorine bond
results in a significant ionic contribution to the bond, strengthening it and in turn
increasing the energy barrier to oandluorine reductive elimination.

Methodologies which are used to form mdtabrine bonds include ligand
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exchange with nucleophilic fluoride and oxidative addition with electrophilic
fluorination reagent®*

Choice of appropriate transition metals for cadfianrine bond formation
can be directed by assessment of ratt@rine bond strength: early transition
metal fluorides generally have stronger mdéabrine bonds compared tate
transition metals As a result, research into carbfbmorine bond formation
catalysis has largely focused on late transition metal compiéxes.

In 2002, Subramanian and Manzer reported that the electrophilic reagent
CuR had been stcessfully used in the oxidation of benz&28 to fluorobenzene
323, albeit at high temperature (4850 jC).1** In this approach, the copper
reagent can be regenerated after fluorination, however only structurallyesimpl
arenes appear to be amenable to this methodologiso, low regioselectivityhas

beenobserved when substituents are present on the ¢ggdeheme 7.1p

F
CuF, + © _450-850°C ©/ + HF + cu
%(_/

322 323
1/2 0, (400 °C)

H,0 HF
Scheme 7.12Jse of Cuk in the preparation of fluorobenzene.

By using directing groups, regioselective functionalisation of aryl carbon
hydrogen bonds can be achieved using milder conditions. When directing groups
are attached to an aryl ring, they coordinate to a transition metal and preferentially
lower the activatio energy for carbehydrogen bond cleavage by positioning the
transition metal in close proximity to specific cardoydrogen bond$* The first
report on the use of diray groups with transition metal catalysts to afford aryl
fluorides was described in 2006 by Hatlal!'® The authorslescribed the first
Pd-catalysedcarbonhydrogen actigtion/carborfluorine bond formingeaction
achieved under oxidising conditions using electrophilic (rather thaleaphilic)
fluorinating reagentdnitial investigations were carried out om@thylquinoline
as it undergoes facile quinolitirected carbonrhydrogen activation at Bdo

generate akbenzyl Pd species and therefore has proved to be an excellent
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substrate for related Rzhtalysed carbehydrogen ativation/oxidative
functionalisation reactiond!®'® A screen was carried out using ariety of
electrophilic fluorinating reagentand although initially yields were low to
moderate, on carrying out the reaction under microwave irradiation, a vast
improvement in yield was observed. N-Fluoro-2,4,6trimethylpyridnium
tetrafluoroborate325 was deemed to be the most effective dource of those
tested, affording@26 from 324 in 75% yield Scheme 7.18

E ®BF4

R 325 (1.5 equiv.) AN
| _ Pd(OAc), (10 mol%) | —

CeHs
microwave
324 326

75%
(59% isolated)
Scheme 7.13Initial investigations into Pdatalysed fluorination of carben

hydrogen bonds.

The scope of the reaction was then investigated ugiimgline/pyridine
directed benzylic and aromatic substre888. A screen of fluorinating reagents
determinedN-fluoropyridinium tetrafluoroborat@81to be the optimal source of
F" in this case, anchicrowave irradiation under similar conditions to those used
previously provided thertho-fluorinated product829in moderate to good yield
(Scheme 7.1% The methodology is tolerant of many common functional groups,
including aryl halides, nonenolis&bl ketones and esters, trifluoromethyl
substituents and methyl ester§.he methodology is limited due to thiearsh
reaction conditions required as well as the necessityrfoo-directing groups and
the need for blocking groups in thertho'- or meta-postion to avoid

difluorination.
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X
e,
N

"o
£ BFy
281 (1.5-4.5 equiv.)
— — R Pd(OAc), (7-10 mol%) — — R
N\ 7\ 7N\ /
0.5-0.12 mL MeCN in CF3CgHs N
H microwave F
327 328

33-75%

Scheme 7.14Investigation of substrate scope in-&talysed fluorination of
carbonhydrogen bonds.

In 2009, Wanget al.published their work on a similar palladiuratalysed
directed electrophilic fluorination of aromatic carboydrogen bonds oiN-
benzyltriflamide derivative829 to desired product330in moderate to good yield
(Scheme 7.15**° In order for the reaction to proceed in synthetically useful
yields, a new fluorinating reagefluoro-2,4,6trimethylpyridinium triflate288
Pd(OTfr PH.0 and 0.5 equivalents of NMRati to be employed. Although the
reaction conditions required were not as harsh as those used bgt lullthe
requirement of anrtho-directing group andrtho'- or meta- blocking groupwas

still necessary.

N
| @
’\'l eOTf
F
288 (1.5-3.0 equiv.)

< ©/\NHTf Pd(OTf)," 2H,0 - @f\NHTf
Z NMP (0.5 equiv.) -
520 DCE, 120 °C 330

41-88%

R = halide, alkyl, ester, trifluoromethyl

Scheme7.15Pd(OTfy PH.O-catalysedrtho-fluorination.

To improve the scope of aryl fluoride synthesiig authors demonstrated
that triflamide 331 can be readily transformed to a broad range of synthetically

useful functional groups exploiting known reaci®d!?®'?l  These
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trangormations provided access to five major classesoho-fluorinated
synthons including benzylamin&32, benzylazide333, phenylacetonitrile334,
phenylpropanoat835 and benzaldehyd&36 (Scheme 7.1%

o)
C(\ P = | X H
Z > E
332 \ (b) 336
86% q\NHTf 85%
O O
331 ©)
t-BuO Ot-Bu
N N
R— R——
= F a F
333 335
70% R CN 65%
Z > E
334
68%

Scheme 7.1@ransformation of triflamides: (a) (i) Mel Bequiv.), KCOs (1.5
equiv.), acetone, reflux, 8 h; (ii) LIAH2.0equiv.), THF, reflux, 10 h; (b) (ipid;
(i) NaH (3.0 equiv.), DMF, 100GiC, 10 h; (iii) HCI (2N):THF (1:2), reflux, 2 h;
(c-e) (i) NaH (.0 equiv.), T4O (1.0 equiv.), DCM;78iC B iC, 2 h; (ii) NaN,
NaCN or NaCH(CO®Bu)2 (1.5 equiv.), HMPT, 24C, 8 h.

As yet, the mechanism for directed electrophilic fluorination has not been
established. It is thought that after cyclopalladattbe, crucial carboifluorine
bond forming event could occur from a Pd(Il) centre without change in the
oxidation state of the metal (as in the electrophilic fluorination of an aryl Grignard
reagent?>'? or from a higher oxlation state complex (such as Pdtfit)or
Pd(1V)!?>12§ via carbonfluorine reductive eliminationPreliminary mechanistic
studies by Zhangt al.in 20150n Pd(ll)-catalysed fluorination of SgC-H bonds
suggest that the reaction mechanism proceidan inner sphere mechanisfi
The resultswere consistent with direct & reductive elimination from a high
valent intermediate as previously predicted.

Palladiummediated electrophilic fluorination without directing groups has

also been reportedith the carbospalladium bond introduced lsansmetallation
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rather than cyclopalladatici When no directing group ipresent on the
substrate, the potential substrate scope is significantly larger than for directed
fluorinations. However, this methodology does require the prefunctionalisation of
substrates to allow theéransmetallationstep to occur. Oxidation of an
arylpalladium(ll) complex with an electrophilic fluorinating reagent can produce
a hgh-valent arylpalladium(lV) complexvhich can then undergo reductive
elimination to form a carbefluorine bond §cheme 7.1y, The reductive

elimination from Pd(1V) specg&occurs much easier than from Pd(ll) spetigs.

Pd(Il)
F M
@ @ M = B(OR),
SnR3
338 337
Reductive
Elimination Transmetallation
Ph Ph
I
F—Pd(IV)L, Pd(lI)L,,
®
Oxidation
F@

Scheme 7.1%General scheme of Adediated electrophilic fluorination.

A 2012 publication by Fier and Hartwig repaften the fluorination of a
functionally diverse set of aryl iodides with a simple copper reagent and a
nucleophilic fluoride sourc¥® The authors hypothesised that reductive
elimination from an arylcopper(lll) fluoride specie®uld be enabled by a non
coordinating counterion and weakly donating ligands. Initial investigation by the
team showed that when the reaction was carriednotltei absence of copper, no
reaction occurred, meaning a direct reaction between the aryl fluoridargnd
iodide did not take placeThe authors next investigated the effect of nitrile ligands
and counterions on the halex reactiovith the results shawg that reactions
conducted with-BuCN-ligated CuOTf were more reproducible than those carried
out witht-BuCN-ligated CuSbE. Also, in order for the reaction to occur in high

yield, it was necessary to have an excess of AgF in the readtioestigaion of
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substrate scope into the conversion of aryl iodig@into aryl fluorides340
showed that both electrarch and electroipoor aryl iodides are suitable for the
reaction Scheme 7.18 Reactions carried out with sterically hindered aryl iodides
were particularly successful, with corresponding aryl fluorides produced in almost
quantitative yield. Esters, amides, aldehydes, ketones and indole heterocycles
were all well tolerated under the reaction conditiofitie authors proposed that
the reactionoccurs by oxidative addition to form a Cu(lll) intermediate and

carbonfluorine reductive elimination from an arylcopper(ll)fluori¢fé.

(t-BUCN),CuOTf (3 equiv.)

S\ AgF (2 equiv.) ~F
R . R
= DMF, 140 °C, 22 h Z
339 340
40-96%
R = alky, aryl

Scheme 7.1&oppermediated fluorination cdryl iodides.

In 2009, Furuyaet al. reported their findings on silvenediated
fluorination of functionalised argtannane$3°based on literature reports of facile
transmetallatiofrom arylstannanes to silver(l) nitrat&"'3? Initial investigations
using 2.0 equiv. of AgOTf as the Ag(l) source and 1.2 eqfiBelectfluor in
acetone at 23C resulted in the aryl fluoride being isolated in 70% yield after 20
min. When the fluorinating agent-TFEDA-PF 342 was used instead of
Selectfluor, the vyield of fluorinated product increased to 83%. The authors
suggested that the increase in yield observed may be due to arylation of the
tetrafluoroborate anion of Selectfluoby the aryl stannane tafford aryl
borates-3® A wide range of aryl stannane substra3d$ were subjected to the
reaction condions to provide arylfluoride840in good to high yield $cheme
7.19. The silvermediated fluorination tolerates electrnoh, electrorpoor,
ortho,orthadisubstituted and heteeyclic aromatics, as well as protic functional
groups. The authors thenceessfully applied the methodology to lstage

fluorination of biomedically active aromatics suchcamptothecin and quinine.
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,—CI
ko,
NG/ gppd
F

- SnBU3 342 (1.2 equiv.) T
R R—-
= AgOTf (2.0 equiv.) =
Acetone, 23 °C, 20 min
341 340

R = alky, aryl, halide
Scheme 7.1Electrophilic fluorination of aryl stananes.

Preliminary investigations intdvé mecharsm of the reaction suggest that
fluorination may occur from a redox active aryl silver species with the
participation of more than one silver atom per casfthoorine bond formation
event, in a bimetallic oxidatiereductive elimination procesS¢heme 7.2)) The
postulated intermediat@43 was observed byH and'°F NMR but not isolated.

The reductive elimination step could proceed in one of two ways: either in a two
electron process ovia oneelectron redox participation of two silver atoms.
Although the authors did not observe higilent silver fluoride intermediates, the
addition of various radical scavengers did not have an effect on the yield of
fluorinated products obtained, suggegtthat that formation of free radical
intermediates is unlikely.A disadvantage ofhis method is the toxicity of the
organotin compounds and consistent formation e2Q% byproduct, resulting

from photodestannylationvhich can make purification pradhatic.

2?)90“': 243 l': I

A=snuy, — 2 eagiviagiomy — Ar_?ggll_l]n
Transmetallation 343 Oxidation

Reductive

Elimination
ArF + 2Agd

Scheme 7.2®Proposed bimetallic oxidatiereductive elimination.

This silver(l) triflate methodology was then further developed to allow the

fluorination of boronic acidand estersising Selectfluor.3* The reaction uses
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commercially available reagts,does not regue the addition of exogeneous
ligands, displays high functional group tolerane@d results in no detectable
byproducts resulting from carbdrydrogen bond formatio Upon addition of a
methanol solution of sodium hydroxide to arylboronic asiash a844, arylsilver
complexesuch a845 were formedria transmetallation Subsequent evaporation

of methanol and addition of acetomed Selectfluor for the fluorination st
provided arylfluorides such a346 in aone potsynthesigScheme 7.2l Acetone

was deemed to be the best solvent for the fluorination step, however this was not
a suitable solvent for theansmetallatiostep. Methanol was necess&rensure
efficient transmetallatiorbut cannot be used for the fluorination step due to the
formation of aryl methyl ethers instead for arylfluorideBinally, the authors
found it necessary to include 3molecular sieves as the presence of water exbult

in undesired phenol formatiorElectronrich, electronpoor, protic, halogenated
andortho,orthodisubstituted arenes and heterocycles were all tolerated under the
reaction conditions. Unfortunately, the stoichiometric accumulation of the
thermally urstable arylsilver complex proved to be increasingly problematic when
more complex substrates were eged to the reaction conditions, limiting the
methodology somewhailhe authors suggested that the mechanism may proceed

via a highvalent silver speciesom which carborfluorine reductive elimination

can occur.
(HO), NaOH in MeOH, AgOTf, acetone,
\©\ _ AgOTf Ag Selectfluor 243 F
_—
F Transmetallation F Fluorination F
345 346

85%
Scheme 7.2Dnepot fluorination of (4fluorophenyl)boronic acid.

7.4 Methods of trifluoromethylation

The trifluoromethyl group is an important structurabiety which is
present in many classes of bioactive organic molecules, most importantly in
pharmaceuticals and agrochemicdkst*® The «£F group is becoming
increasingly popular in compounds synthesised for biological application due to
its high lipophilicity, powerful electromvithdrawing properties and small
size#137.1%8 |n vivo metabolism of drugs by cytochrome P450 oxidases can be
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problematic as it increases the rate of drug excretion from the'odycommon
strategy to protect againstvivo metabolism is to incorporatke trifluoromethyl
moiety at specific sites afrug candidate moleculé®. When incorporated into
small molecules, the trifluoromethyl group can often enhance drug efficacy by
promoting electrostatic interactions with targets, improving cellular permeability
and increasing robustness towards oxidative metabolism of thel%t(d.
Trifluoromethylation has also found application ihe dye industry, where
trifluoromethylation of chromophores results in increased light fas{resistance

of colours to fading, changing shade or darkening on exposure todgh@ll as

a shift in colour in comparison to their nélnorinated counteartsi4414°
Polymers which contain the trifluoromethyl moiety have been reported to possess
improved chemical and thermal stability, increased solubility dngrse
medianical and electrical properti&s. Methodologies for the
trifluoromethylation of various substrates have been extelysieviewed in the
Iiterature.147'30'148’136'34

The introduction of the trifluoromethyl moiety at a late stage in a synthesis
is particularlychallenging, as many of the synthetic methodolotgiescorpoate
the £Fs grouprequire harsh reaction conditions which can only be applied to
fairly simple molecules. In many casesif more complex rifluoromethylated
molecules are required, & necessary to start from a simple molecule containing
the trifluoramethyl moiety and build the structure arountfSt.

The firstmethod of trifluoromethylatiowasa halexreactiondeveloped by
Swarts in 1898 Here, antimony trifluoride wassed to convert benzotrichloride
347 to benzotrifluoride348 (Scheme 7.2p?' Some years later, it was reported
that anhydrous hydrogen fluorideuld also be used to synthes348 from 347.1%°
A drawback ofthesemethod is that they showow functionatgroup tolerance,
the reagents used are hazardous and environmentally unfriendly and large volumes

of chlorinated waste are formed.
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CCl, CF,
SbFs, 125 °C
B ——
347 348
58-66%

Scheme 7.22 Early uwe of antimony trifluoride as a method of

trifluoromethylation.

Attempts were made to develop alternative reaction conditions for this
transformatiorand aluminium trichloride/fluorotrichloromethaf&!>3 and silver
tetrafluoroborat®* proved to be successful substitutes for the more hazardous
reagents.

In a similar manner, aromatic orthothioesters can be used to synthesise
aromatic trifluoromethyl compounds in two steps by the sequential additiort of 1,3
dibromo-5,5-dimethylhydantoin (DBH) or NBS followed by HF in pyridifh&.

The reaction is carried oata low temperature and yields rangenh moderate to
good (3467%) dependingon thenature of the substrateThe preparation of
aromatic trifluoromethyl compound@b0has also been accomplished in moderate
to good vyield (4077%) by reaction of xenon difluoride and aromatic
dithiocarboxylic @&ids 349 (Scheme 7.28 however theéhigh costand toxicityof

xenon difluoride diminishes the attractiveness of this methoddfSgy.

CS,H CF;
| AN XeF2 | AN
% L =
X X
349 350
40-77%

X =H, Me, OMe, CF;

Scheme 7.23rifluoromethylation of aromatic dithiocarboxylic acids with xenon

difluoride.

Sulfur tetrafluoride has also been successfully utilised for
trifluoromethylation reaction¥,” howeverapplication isratherlimited due tothe
need for specialised egument to minimise exposure to sulfur tetrafluoride and
hydrogen fluoridé® Diethylaminosulfur trifluoride (DAST), a more easily
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handled derivative fasulfur tetafluoride hadeen reported to trifluoromethylate
benzoic acid to provide benzotrifluoride in 50% yieidhe presence of sodium
fluoride.*>®

In the late 1940s, Haszeldine published the first report on
trifluoromethyktion via a radical mechanisd®° In his findings, he states that
trifluoromethyl radicals are generated from iodotrifluoromethane through C
bond homolysis upon irradiation or heatingn the presence of ethenej®&lo-
1,1,k trifluoropropane was derved as the major product from a radical
addition/iodine transfer reactiols¢heme 7.24 The reaction proceeds by the
addition of atrifluoromethyl radical to ethee to form the corresponding adduct
radical, which then abstracts an iodine atom fronstaging iodotrifluoromethane
resulting in the observed product and the trifluoromethyl radical which propagates

the chain.
hvor A
F3C_| —_— FSC\/\I
. ethene
! A
! th /
ethene .
.CF3 """""" > FSC\/

Scheme 7.2Radical trifluoromethyadtion of ethaee published by Haszeldine in
1949.

Due to thegaseous nature of iodotrifluoromethane, it is not a convenient
reagent to work with. It is not easy to control the concentration, in particular when
reactions are carried out at higher temperatures. prommpted the investigation
of more convenient atnatives, including the electrochemical oxidation of
trifluoroacetic acid to allow the clean generatadrtrifluoromethyl radicalt*163
and the use of Barton thiohydroxamic triftomethyl ester as a precursor of
trifluoromethyl radicalg®

7.4.1 Metalcatalysed trifluoromethylation

In 1969, the first crossoupling reaction to form trifluoromethylated
aromatic compounds was reportéd. Upon hating iodobenzene and
trifluoroiodomethane in DMF with activated copper at 380 benzotrifluoride

was obtained in 45% yield. This initial finding prompted more exploratidhein
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area and modifications to reaction conditions and reagents have been
repoted®®1%”  The first coppecatalysed trifluoromethylation ofiromatic
compoundsvas accomplished in 2008sing adiamine ligand to form a copfér
diamine complex®® Electronpoor aryl iodides351 were converted to
benzotrifluorides352 with a catalytic amount of Cul and 1;pbenanthroline
(Scheme 7.2b Although the mechanism of the reaction has not been inaéstig

it is proposed that fitroceed via generation of &ifluoromethykcopper 3& X &)
complext®®1’t followed by oxidative addition to form an arylcopper(lll)

intermediaté.’217°

Cul (10 mol%)

AN ' phen (10 mol%) AN CF;
R-- + CF3SiEty; ——— R--
Z KF, NMP, DMF Z
351 352
63-99%
- 72\ NMR vyield
phen = /

\ N N=

Scheme 7.25First reported copperatalysed trifluoromethylation of aromatic

compounds.

Coppercatalysed trifluoromethylatiorof aryl iodides has also been
accomplished with potassium (trifluoromethyl)trimethoxyborate as a nucleophilic
trifluoromethylation source. This reagent provides benzotrifluorides from aryl
iodides in high yields in mild, badese conditions in the presem of a catalytic
amount of Cul and 1,phenanthroliné’®

Wanget al. recently reported Pd(H3atalysed arene trifluoromethylation
via C-H activation using a directing group strate§glieme 7.26'"’ The authors
found that the use of an electrophilic trifluoromethylating reag&nt
(trifluoromethyl)dibenzothiophenium tetrafluorobor&®4is more reactive with
the ArPd(ll) peciesthan the corresponding triflate reagetFA was identified
as a crucial additive for the success of the trifluoromethyl fonding protocol
and Cu(OAc) (the role of which remains to be elucidatedds found to be
effective for enhancing the catalytic turnover. Electdomating groups on
substrate853were welttolerated, as are moderately electwithdrawing groups
such as Cl. On the other hand, substrates which contained strong electron

withdrawing groups provided trifluoromethylated products in low yield. Various
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heterocycles such as pyridine, pyrimidine, imidazole and thiazole can be used as
the directing group to provide producd$5!’’ Although this methodology
obviates the need for pfanctionalisation, the requirement of a directing group as
well as low functional group tolerance limits the general applicability of the

Qry

reaction.

1 ©
CF3 BF4 = |
354 (1. iv.
(1.5 equiv.) | N \N
Pd(OAc), (10 mol%) R
Cu(OAc), (1.0 equiv.) CF3
DCE/TFA (10 equiv.)
353 110 °C, 48 h 355
53-88%

Scheme 7.2®d-catalysed directed electrophilic A bond forming reaction.

In 2010, Cho et al. reported the first palladiuroatalysed
trifluoromethylation of aryl halidesusing (trifluoromethyl)triethylsilyane
(TESCE) and potassiunfiuoride (Scheme 7.2y’ The authors proposed that
this methodology would have the potential to overcome the limitations associated
with previously reported coppentalysed trifluoromethgtions: Less harsh
reaction conditions are required due e tuse of a trifluoromethyl source as a
transmetdhting agentand awide substrate scope for the reaction is possibl
Previous attempts at this process have proven futile, with several compfexes
type 358 bearing bidentate ligands providingither nd’®® or only trace
amount$®! of benzotrifluoride productd348. Whenchelatingbiphosphine ligands
1,2-bis(diphenylphosphino)ethane (dppe) andldistdiphenylphosphino)propane
(dppp)were employed the results were also disappointiiily benzotrifluoride
348 obtained in 1860% yield after 64 h at 14&.1%° Benzotrifluoride could be
obtained within 3 h via quantitative conversion ofthe complex
XantphosPd(Ph)(GF, however replacement of the Xantphos ligan@58 with
trifluoromethyl ions competes wittransmetallatiorto 358 and as a result, no
catalytic system was reportét#:1®3 Complexes 357 were treated with
(trifluoromethyl)trimethylsilyane and a fluoride source such as (@sEessaryo

activate the silyl group for transmetallatioi®) form complexes358, with the
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driving force of the reaction being the formation dfilicon-fluorine bondt7%18!
When using trifluoromethylsilanes in the presence of fluoffideride-initiated
seltdecomposition of BESICR can occur resulting in RSiIF and
difluorocarbené?®* In catalytic reactions where high temperatures are sanes
to promote reductive elimination frorB58 to 348, transmetallationmust be
significantly faster than this setfecompositiorprocess in order for the reaction

to proceed efficiently

Pd precursor + L

AI"_CF3 L PdO Ar—X
348 ; 56 359
Reductive Oxidative
Elimination Addition
3 3
L,Pd(Il)—CF4 L,Pd(I)—X
358 357
X @ llC FsG)ll

Transmetallation
Ar = aryl
X = ClI, Br, |, triflate
Scheme 7.27 Generalised catalytic cycle for Pdcatalysed aryl

trifluoromethylation.

Previous work by Wanet al. has shown that trifluoromethylated arenes
can be achieveffom pyridine derivativewia C-H activation, oxidation of the
Pd(ll) intermediate with an electrophilic €Fsource and a final reductive
elimination, but the substte scope wasnited to compounds containing specific
directing groups/’ In contrast, the methodologieveloped by Chet al. was
suitable fora wide range of substrates, however thwisie protic functional groups
did not undergo trifluoromethylation, likely due to the fact that such functional
groups accelerate decomposition of TES@faryl(trifluoromethyl)palladium(Il)
and aryl@lladium(ll) fluoride complexe$’® As the nucleophilic trifluoromethyl

group is slowly generated situin the reaction witlfTESCR and KF, the potential
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for the occurrence of side reactions is diminisheld. a typical experiment
(Scheme 7.28, a solution of the palladium source and lig86dor 362in dioxane

was added to spragried KF and the arythloride. TESCEwas added and the
reaction allowed to stir at 12040 ;C for 6 20 h. Due to the hygroscopic nature

of KF, reactions were carried out in a nitrogéled glovebox to prevent the
hydrolysis of TESCEkduring the course of the reactio® wide range oboth
electronrich and electrofpoor substrates360 were exposed to the reaction
conditions to provide trifluoromethylated produ@S2 in good to high yield.
Various heteroaromatic substrates have also been successfully trifluoromethylated
using these reaction conditions, such as indoles, carbazoles, quinolines and
benzofuranes. It was found that substrates containing aldehyde or ketone moieties
were not suitable for this transformatidfurthermore, substrates which contained
unprotectedOH or NH groups proved to be problematic under the reaction
conditions, presumably due to protonation of the @tion to form fluoroform,
reaction at the silicon centre of TESC&nd/or competing protonation #te

palladium centré’®

TESCF,, KF
[(allyl)PdCI], or Pd,dbay

N Cl 361 or 362 (Pd:ligand = 1:1.5) N CF3
RT/ R—./

TESCF3 (2.0 equiv.)

dioxane, 120 - 140 °C 70-94%
6-20 h

o0

~o PCy; O

i-Pr i-Pr PCy,
O -PrO ! Oi-Pr

i-Pr
361 362

Schame 7.28Pd-catalysed trifluoromethylation of aryl and heteroaryl chlorides.

, Q D SXEOLFDWLRQ IURP +DUWZLJITV

methodology for the introduction of a trifluoromethyl group, in this case from a

265

JURX



Chapter 7 Introduction

prefunctionalised iodinated starting mated®l. The authors isolated a
trifluoromethylcopper(l) reagent ligated by 1sfaBenanthroline363 that reacts
with a range of aryl halideg51 in polar, aprotic solvents at mild temperatures (RT
to 50iC) to provide trifluoromethylated producg%2 in good to excellent yield
(Scheme 7.28 Compound363 can be synthesised, isolated and stored under
nitrogen or prepareth situ with similar yields of trifluoromethylated product
obtained in each cas&he reaction conditions are reported to tolerate a wide range

of functional groups, basic hetaycles andubstrates with steric bulk

[(phen)CuCF] 362

N | (1.2-1.5 equiv.) N CF;
R+ R-+
= DMF (0.25 M) =
RT to 50 °C, 18 h

351 352
(0.50 mmol) 69-99%

R = alkyl, aryl, aldehyde, ketone, amine, ester, nitro, heterocycle

Scheme 7.2%# DUWZLJTV WULIOXRURPHWK\ODWLRQ XVLQJ >

An exciting advance in the area of metatalysed trifluoromethylation
was recently reported by Fargg al, who developed a copperdatalysed,
regioselective .-trifluoromethylation of a diverse range of., -unsaturated
carbonyl compound364 XVLQJ 7R JQ L3§vo pPreviald(B)Q68in good to
high yields (Scheme 7.3D'% The authors carried out investigations into the
mechanism of the reaction. Aadical mechanisnwas proposediue to the
significant inhibition of the reactioobservedased on experiments usingadical

scavenger
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