Asymmetric Synthesis of
Functionalised Pyrrolidines
and their Application in Total
Synthesis

Christopher James Maddocks

Doctor of Philosophy

University of York
Department of Chemistry

December 2020



Abstract

The intramolecular azMichael reaction has been used effectively in the synthesis of nitrogen
heterocycles, with several efforts made in recentrget® do so asymmetrically. The selection

of the Michael acceptor can play an important role in both theerahd enantioselectivity of

the reaction. The research in this thesis demonstrates how the use of a chiral phosphoric acid
can catalyse the intrametular asymmetric azilichael reaction of a protected amine with

anh 2 unsaturated thioester. The scope thife reaction was demonstrated in the synthesis

of 2,2 and 3,3spirocyclic pyrrolidines in high yieldsd enantioselectivityJchemel). The
synthesis of an unsubstituted pyrrolidine provided the core of two natural produRts (
bgugaine and R)-irnidine and both succumbed to total synthesi@l-Bgugaine was
synthesized in a 33% overall yield in 6 stepsev{-irnidine was synthesized fdhe first

time in an overall yield of 18% over 6 steps.
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1. Introduction¢ The Enantioselective Syhesis ofPyrrolidines

1.1.Pyrrolidines in pharmaceuticals

A recent report on the number of nitrogen heterocycles present in FDA approved
pharmaceuticals highlights the prevalence and structural diverditthese compounds.
From a database of 1086 unique small molecule drugs, 910 (84%) contained at least one
nitrogen atom with 640 (59%) containing a pigjen heterocycle. Out of these 640, the
aromaticity, ring sie and substitution patterns were analysed to determine the prevalence of
each type of ring system. The most common {iwembered noraromatic nitrogen
heterocycle by fawas the pyrrolidine, whit ranked 8' overall for frequency out of 25
distinct heterogcles! The structure was present in more drugs than all other-finembered
non-aromatic ntrogen heterocycles combined. The report alsoewthat thevast majority
(92%) of pyrrolidine drugs showed substitution on the nitrogen atom with 62% substituted at
the 2-position as the second most common site of substitution. A common motif present
which contains a pyrrolidine ring is that of proliaed is see in many ACE inhibitor drugs
used to treat hypertension, such as captogdri(Figure1).? The application of pyrrolidine
containing drugs is very wide ranging frohetantibioic clindamycirb, antihistamine §9-
clemastine3 and the hepatitis C drug ledipasvir 3 While not used as a drug, the small
molecule {)-kainic acid? is useful in studying mammalian nervagsstem disorders such as
SLIAtSLAe yR 1 KSAYSNDa RA&aSIHasSo
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O = SCO,H
HO— “
‘\\O >/”\,SH N~ NCO,H

O H
1 2
captopril (-)-kainic acid

’ \0\(0
o)

ledipasvir clindamycin

Figurel. Pyrrolidine containingharmaceuticals and biologittg active molecules

A key feature to note in all the structures shownFigurel, is that there is at least one or
more stereocenters othe pyrrolidine ring. Over half (56%) of drugs currently in use are chiral,
with 88% of thee chiral drugs used as a racemé&f8While these drugs aresed effectively

as a racemate, in recent years there has been efforts to understand the effect of different
enantiomers on the body, in terms of efficacy, toxicgl@nd pharmacokinetics® As such,

in 1992 the FDA released a policy statement indicating new measures for the introduction of
chiral drugs involvig the study of various properties of both enantiomers in order to gain
approvall! The policy also suggested ussynthetic methods to prepare single enantiomers

in order to properly assess the properties of both isomers.

There is a clear need and desire to synthesise comg®as a single enantiomer, or otherwise
separate enantiomers for study. Although chiral segti@n techniques exist, if the specific
stereochemistry can be introduceda a synthetic step, separation would not be required.
Due to theprevalence oN-heterocyclesn pharmaceutical compoungthe stereoselective
synthesis of these motifs has beehioterest for several years. &y methods have been

developed to enable effient and stereecontrolled production of pyrrolidines. A selection of

14



these approachess presented below to demonstrate the variety of reactions available in the

literature.
1.2. Chiral pool synthesis

One of the most direct methods of producing compourdsa single enantiomer issing
enantiomerically purestarting material, i.e. using the chiral pool. This typically involves
utilising materials widely available in nature a tstarting material for a synthetic route in
order to form the key chiral sttures of a compound? Some common materials from the
chiral pool includé -amino acids, carbohydrates, terpenes and hydroxy acids. The chiral pool
and derivatives thereof have also besidely used in the field of enantioselective catalysss,

15 for example Lproline has beerused to catalyseasymmetric aldol reactions since the

1970s!6

Building pyrrolidine scabfds from the chiral pool is possible through various synthetic
modifications ad one of the most obvious starting materials for thislgroline” The
functionalisation oflprolinehas been performed in multiple ways to enable its use as a chiral
synthon, such as the Arndtistert homologatiort and the HenryNef reactiont® Due to the

low cost and accessibility dproline it also makes a very useful starting material for large
scde synthesis. A report by Fujieda demonstrates the use of@moline derivative in the
synthesis of a glucokinase activator, a potential treatment for type 3 diabetes, on akitlti
scale Scheme3).?° In the firstgeneration synthesis of the key intermedia®ea racemic
mixture was obtained and an optical resolut was equired to a&cess the desired
enantiomer, making the maximum theoretical yield for that step 50%. To get around this in
later generation synthesed\-Boc Lproline methyl ester6 was functionalised through a
chloromethylation to give thé -chloroketone 7 in 97% yield, followed by alkylation with
methylacetoacetate to give compour@iin 73% yield. The use of a sulfating reagent (in this
OFrasS [FpSaaz2yQa NBI 3 Kyoir tthioghdné RyatkeBls of thdkeyl K S
intermediate9in 57% yield tgive 81.%g of the product.
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1) t-BuMgCl, CICH,CO,Na
o Et;N, THF Mo/
N ~ N cl

Boc o 2) citric acid (aq) Boc 0 K,COj3, Ki
THF/DMF
6 7
97% yield

Lawesson's Reagent

THF N, S
> Boc /
5 N NaOH (aq)
MeOH OH
)

9 (key intermediate)
57% vyield, 81.5 kg scale

73% yield

Scheme. Synthesis of key intermediateaflucokinase activator

The key to the success of this application is that the desired stereochemistry of the product
matcheal that of the naturally occurringlproline which greatly reduces the cost. The
unnatural enantiomer,lproline, can be up to 20x more expensive than thetura
enantiomer, which can severely limit accessibility or feasiFtinother limitation when
using the chiral pool is that functionalisation around the pyrrolidine ring can be more difficult
or involve multistep syntheses. If the functionality of the starting material is not desired in
the product €.g.the carboxylic acid group of an amino acidhen extra synthetic steps may

be required to remove or modify that group. This can make altéveamethods, where
unwanted motifs are never present in the molecule during the forward synthesis, particularly

attractive.
1.3. Chiral auxiliaries

If an umatural enantiomer of a pyrrolidine or specific chemical groups are required for the
synthesis of product, then an alternative asymmetric procedure may be required. A way to
get around this can be through the use of a chiral auxiliary, where a chirgbaxomd is
incorporated into a molecule and then removed later in the synthesis. By having a chiral
auxiliary covalently bound to a molecule, any introduction of stereocenters into the
compound will result in the potential formation of diastereomers. Astdi@omers generally
have different physical properties to each other, separation and purificatanbe much

easier than with enantiomers.
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There are many chiral auxiliaries available for asymmetric synthesis and a number of these
have been used in the sthesis of pyrrolidines. BothR{-phenylglycinol10 and S,%
pseudoephedrinell (Figure2) have both been used in diastereoselective reactions, which
have led tothe production of single enantiomers of substituted pyrrolidines, after sacrificial
loss of the auxiliary?23 Another use for chiral auxiliaries is for the resolution of a racemic
mixture. (+)}Pinanediol 12 (Figure2) has been u=sd to synthesise the boronate ester of
racemicN-Bocpyrrolidine-2-boronic acid, allowing for separation and chiral resolution of the
two enantiomers?* The high price of+)pinanediol12 has also led to the development of

processes to enable effait recycling of the auxiliarp.

ve Ho//'"
() S B OH
WOH ONT HO= = OH
NH OH 1 H
10 11 12

Figure2. Examples of chiral auxiliaries

One common class of chiral auxiliaryhis oxazolidinore, which was popularised by Evans for
the use in enantioselective aldol condensatidhZhisoxazolidinone has also been exploited
in the synthesis of pyrrolidineby setting up stereocemts within a moleculeprior to
cyclisation of a pyrrolidine ring. Using the Evans auyjl&arrenand co-workerswere able

to achieve an asymmetraldol reaction with af -SPhaldehydeto give aldol addition product
14 with high yield and diastereoselectivitp¢hemes).?” Removal of the auxiliary fro the
major diastereomer was achieved throughtransamination procedure with ammonium
chloride and timethylaluminium to give amid&5in 72% vyield. Further transformations led

to the formation of the spirocyclic pyrrolidinks in high enantiomeric excess

17



0] 0) OH O o)
\)kNJ(O 1) Bu,BOTH, i-Pr,NEt WNJ(O NH,CI
\\\v\\/ 2) 9 SPh Me \\\o\\/ MesAl,
Ph QQ Ph 52°C
SPh
13 14
88% yield
>90% de
OH O PhS,,' ‘\Me
—_—
WNHZ — @Q
|
SPh Me iy
15 16
72% yield >98% ee

Schemel. Use of Evans auxiliary in tegnthesis of spirocyclic pyrrolidines

Another example of a wellsed auxiliary is th&l-tert-butanesulfinamide (Ellmaauxiliary),
which was used by Fusteet. al. in a base mediatethtramolecular azaMichael reaction for
the synthesis of pyrrolidines and pipdines(Schemeb).?® The procedure was demonstrated
on both methyl vinylketones andtert-butyl acrylates,but an intgesting selectiity was
observed when varying the temperature of the reaction. The cydalisatf enonel7 with
potassiuntert-butoxide gave a diasterselectivity of 85:15 with pyrroliding8aas the major
isomer and thermodynamic product when the reactivas performedat room temperature.
However, by lowering the temperature tal0 °C, the séectivity was inverted to favour
pyrrolidine 18b as the kineic product in a ratio of 80:20. This inversion of steresulstry
was possible due to the reversibilitf the reaction which was further demonstrated when
the reaction was performed a#0°C then warmed to room temperature and left for 12 hours.
When this was done, the product was isolated as a ratio of 8fot98ato 18b, showing

conversion of the kingc product tothe thermodynamic over time.
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o 0 0
H tBuOK (0.3 eq.) )
Me)W\/N t-Bu Me)J\\‘\ N + Me N

s T, THF St St
o tBu” @ tBy O
17 18a 18b

T=rt, 74% yield, 18a:18b = 85:15
T =-40 °C, 69% yield, 18a:18b = 20:80
T=-40 °C to rt, 64% yield, 18a:18b = 81:19

Schemé. Use of the Ellman auxiliary in the asygtric intramolecular azdlichael reaction

There is cleaprecedent for the use of chiral auxiliaries synthesise enatiomerically
enriched pyrrolidines. The availability of auxiliaries, esglcof both enantiomers, gives a
good access to the desiresiereochemistry of a molecule, and as most reactions teatie
formation of diastereomers, the puritition of a sintg stereoisomer can also be achieved
more easily. However, the inclusiontb& auxiliary in the final product is not always required,
and due to the stoichiometric quantities needed, the atonoeomy of the reaction can be
significantly redced. While sora auxiliaries can be recycled, this is not always the case and

the additionand removal of an auxiliary adds extra steps to a synthédic. p
1.4. Chiral lithium amide bases

Introduction of thespecific stereochemistry needed in a final guat can be achieved in a
single step through the use of other chiral reagents. A valuatgéhod that can do this is
asymmetric induction with chirathium amide bases. These reagents analogous to widely
used bases in organic chemistry, such asulithdiisopropylamide, but contain stereogenic
centres within the structure of the base. Tleere structures can be derived from organic
molecules, suclash -methylbenzylamineand phenylglyane, or can be isolated from natural
sources, as in the case of sfne. These reagents have found various applications in
asymmetric organic synthesis, $uas the deprotonation of prochiral ketones and epoxide
rearrangement to allylic alcohol® For the asymmetric synthesis of heterocyclesarggine

has been widely used in the enantioselective lithiatioWNeBoc pyrrolidine®®

The seninal work by Beaknd coeworkers demonstiated the use of-j-sparteine25 and see
BuLi to deprotonateN-Boc pyrrolidinel9 nextto the nitrogen3! Asymmetric deprotonation

can take place due to the cadination of the lithium cation with the nitrogeatoms of the {
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)-sparteine ligand. The chirabianion formed is also stabilisday coordination of the
carbonyl of the Boc group to the lithium atom, which helps prevent racemisation of the
stereocentre. The lithiated species could then be trapped wih electrophile to give an
isolated product irhigh enantiomeric excess. In theseaofTMSCI, this led to the isolation of

2-trimethylsilykN-Boc pyrroldine21 in 76% vyield and 96% ee. When dimethyl selfatas

used, successive additiswere able to tak place to introduce methyl groups for a double
sparteinelithiation to give a 2,5lisubstituted pyrrolidine24 (Schemeg).3?

L0

s-BuLi/(-)-sparteine O....Li TMSCI O...TMS
N o N > N
\ Et,0,-78 °C,4 h \ \
Boc Boc Boc
19 20 21
76% vyield
96% ee
O 1) s-BuLi/(-)-sparteine O'”CH?’ 1) s-BuLi/(-)-sparteine D.HCH?’
N 2)(CHy),S0, N 2) (CH),SO4 Hye” N
Boc Boc
22 23 24
88% yield 77% yield
95% ee >99% ee
H
B N
(-)-sparteine 25 =
N
H

Schemeés. Sparteine mediated asymmetric lithiation amdpping of NBoc pyrrolidines
Sincethis work, there have been various appD | (0 A 2 y &

. 81104

2 F LIN2 OS R
synthesis of pyrrolidines. Trapping of the lithiated intermediate with electrophiéeskeen

extended to the boron trifluoride assietl ring opening of ethylene epoxide createi -
homoproline derivative$® Transmetalationcan also be performed on the lititied
intermediate to give potential cr@s coupling partners. Beak demonstrated this in the
synthesis of a tributylstannane pyrrolidine with the potential for use in Stikctions3?

Another development of the proceale was demonstrated by Campos in a saretalation

to give a chiral zincat26that then undemwent aNegishi coupling with a variety of substituted

aryl bromidegScheme7).3* This led to the formation df-arylated pyrolidines27 with high
er and good yields reported for alle bromides tested
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1) s-Buli, cat. Pd(OAc), (4 mol%)

O (-)-sparteine O,,,an tBusP.HBF 4 (5 mol%) O...Ar

N N ArB N
Boc 2) ZnCly Boc rer Boc
19 26 27
60 - 87% yield
96:4 er

Schemé. Pdcatalysed arylation of MBoc pyrrolidine

While these demonstrate the utility of sparteinkack of avadbility of the ligand has led to
limitations in its application. lorder to overcome this shortage, the synthesis of sparteine
like chiral diamines has been investigated by several research gto@ue compound that
has matched the synthetic capabilities of sparteine is the sparteine surr@fateveloped

by theh Q. N&A S ySchah®. 8k shirrogate is accessible in two steps from the natural
product ¢)-cytisine 28 extracted laburnum anagyroidesseeds. When tested in the
deprotonation ofN-Boc pyrrolidhe with secBuLi and trapping with TMSCI, the-éparteine
surrogate gave the same enantioselectivity and yields)asp@rteine but with the opposite

absolute stereochemistry.

HN

= | EtsN, MeO,CCl 1) PtO,, Hy, EtOH, rt, 5h

CH,Cly, 1t, 3.5 h 2) LiAlH,, THF, reflux. 16h

(0]
(-)-cytisine 28

H
N
N

(+)-sparteine surrogate 30
86% yield

92% yield

Scheme. Syntheis of sparteine surrogate

The use of these reagents has enabled easy access to both enantiomesul$tuted
pyrrolidines and the lithiated intermediates have wide synthetic applications. However, this
process is not effective in synthemg 3subgituted pyrrolidines, as the stabilisation of the
Boc protecting group is necessary for retaining the enantioselectivity. Similarly, the necessity
of the Boc group can also limit the synthetic procedures used. The stoichiometric quantities
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of the ligand carreduce the atonrefficiency of the reaction, but unlike using chiral auxiliaries,
the ligand does not need to be removed in a separate step and allows for direct introduction
of the desired stereocentre. The use of organometaliagentsalso warrants theuse of
cryogenic temperatures which can hinder some applications and limits large scale industrial

use.
1.5. Asymmetridransition metal catalysis

A way to combat some of the shortcomings of using stoichiometric reagents, such as chiral
auxiliaies and ande bases, is through the use of asymmetric catalysis. With design and
optimisation of catalytic systems, low catalyst loading can be achieved Velaidk to greater

atom efficiency of the reaction. It also enables the modification of the sglgcbf areaction

to gainaccess to multiple stereoisomers by variation of the catalyst.

One branch of asymmetric catalysis is that of transition metal catalysed reactions Wiger
chirality is introduced by a chiral ligand around a metal centre. When synthesising
pyrrolidines, thering system can either be introduced at the start of a synthesis (such as when
using chiral lithium amide bases) or formed in a cyclisation stgmyMisymmetric transition
metal catalysed reactions introduce chirality during this cyclisatiopyorolidines, and this

will be the focus of this section. However, it is worth mentioning an important method that

introduces the chiral centre before the disation.

A widely used enantioselective reactiontie Sharpless epoxidation, whiclses catalyt
guantities of a titanium (V) isopropoxide and a diethyl tartrate ligand with stoichiomietric
BuOOH to form an enantioenriched epoxide from lalyalcohols® This technique was
exploited by Riera to synthesise allylicinas 34 as a single enantiomeS¢hemed).2° The
asymmetric epoxidation of cinnamyl alcdh81 gave epoxide32 in high yields and
enantiomeric excessRing opening ofhe epoxide withallyl amine and Boc protection gave
diol 33in 92% vyield, and s@lequent deaygenation gave the biallylamine34in 72% yield.
Using another catalytic process af ring closing metathesighe bisallylamine 34 was
subjected to Grubbs first generation catalyst to form pyrrolidd®én near quantitative yields.
Furthermanipulatbns gave access to the proline derivat(2§3R 49-3,4-dihydroxyproline
36 (Scheme9).
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(+)-DIPT, Ti(Oi-Pr)g,

t-BuOOH RO 1) allylamine, Ti(Oi-Pr),, CH,Cl,
P " 0H = ph” 0oH
CH2C|2 2) BOCzO, NaHCO3, MeOH
31 32
89% yield
>99% ee
Boc. =
NN 1) CI,CS, DMAP, CH,Cl, Boc. - ~\F Grubbs | (5 mol%)
Ph™ ™7 OH 5 /™ Ph)\/ CH,Cl, 1t, 1h
OH /N\P,N\
33 PR .65°C 34
92% yield 72% yield
0
Boc—N / Boc—N ‘
—_— '//o><
Ph HOOC
35 36
99% yield

Schemd. Synthesis of (2S,3R,834-dihydroxyproline

One of the disadantages othis methodis that the desired stereochemistry is introduced in

the first step of the reaction. If the opposite enantiomer was required, then the whole
synthesis would need to be repeated from the asymmetric epoxidation step. This can make
enantiomeric cerivatives mordifficult to access than methods where the stereochemistry is

introduced at a later stage.

1.5.1. Intermolecular cyclisation

Introduction of chirality in the cyclisation step can be achieved both intermolecularly and
intramolecuhrly. Intemolecular reactins can introduce a large amount of functionality in a
single step, while intramolecular reactions can offer greater control over the reaction, as well
faster rates of reactionin metal catalysed reactions, the coordination efjanic moleules

to the metal centre can have multiple effects on the reaction mechanism and scope. For both
inter- and intramolecular reactions, the coordination of two or more functional groups to the
metal atom can help tether the reactive groups brimggthem inb closer proxinty. This can
promote a faster rate of reaction and, by using chiral ligands, potentially introduce chirality
into the molecule. In some cases, the metal can also act as a Lewis acid, lowering the LUMO
energies of some functiongroups, sul as carbonylsA powerful method for synthesising

ring systems that utilises the coordinating ability of metals is the cycloaddition reaction. Many
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methods have been developddr racemic cyclisatiosy but the introduction of asymmetry
remainschallengiyg. One method tht dominates the field of pyrrolidine synthesis the

azomethine dipolar addition

The dipolar cycloaddition of azomethine ylides onto a dipolarophile can lead to the formation
of a number of nitrogen heterocycles, such as plmes and prrolidines, andhas been
known since the 1960%.Two of the earliestcatalyticasymmetric examples of this reaction

were reported in 2002 byadgensen and Zhang in separate reports but with both using chiral

ligands and a transition metal catalydt2JoNH Sy a Sy Qa YS(iK2R dziAf AaSR

with zinc triflate as the catalyst for the asymmetric cycloaddition of aryl iminoeS8févgith
methyl acrylate38 (Schemel0).** Screening of the reaitin conditions showed that zinc
triflate was imperative in achievirtggh enanioselectivity, as when copper triflate was used

a racemic product was acquired. It was also shown that using that switching to the ethyl
acrylate as the dipolarophile caused aticeable drop in yields and enantiomeric excess,

while tert-butyl acrylate ledto very poor yields and enantioselectivity.

MeOZC
COzMe  ZnOTf (10 mol%), ligand (10 mol%) \R'
AN + | o )
R™ "N~ ~CO,Me J/ R
R Et;N (10 mol%), THF, -20 °C N
N CO.Me
37 38 39
_ ligand = =, 80-93% yield
R =Ar .
o)
R'=H, CO,Me ﬁﬁ up to 94% ee
N  N—
t-Bu +Bu

Schemd0. Jargensen azomethine cycloaddition

Zhang shortly after demonstrated the use of silver acetate with a chiral bidentate phosphine
ligand in thecycloaddition of aryl iminoester0 with dimethyl maleate41 (Schemell). 42

The reaction favoured the endo product to give highly substituted pyrrolidi#gm high

yields and enantiomeric excess. The reaction was also extended to alkyl iminoesters, but
these required extaded reacton times of 48 hours and room temgaure in order to gdo

completion.
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CO,Me

o COMe  AgOAc (3 mol%), ligand (3.3 mol%) MeO,C
R7 N7 >Co,Me * [ > CO,Me

CO,Me i-ProNEt, toluene, 0 °C R H

40 41 42

73-98% yield
up to 97% ee
ligand =
o v/ o=
CX—NH HN Fe
® PAr2 Ar2P

|
Fe

i&)? Ar = 3,5-dimethylphenyl

Scheme 1. Zhang azomethine cycloaddition

In both ofthese cycloaddition reactionghe ylide is formed from an imoesterin situ. In
order to stabilise the ydle and promote the reaction, an electron withdrawing group (such as
a methyl ester) is required on the imine. Not only does this allow for easier abstraction of the
h-proton by the nitrogen, the carbonyl castabilise the ylide through coordination to the
metal catalyst. Since these initi@ports there have been a number of developments into

the asymmetric azomethine cycloaddition, and a selection of recent repogtshown below.

A strategy reported by Sy employs (1,3)lipolar cycloadditions aminoesters44 with an
unusualh X Junsaturated pyraze& amide dipolarophile 43 to produce highly substituted
pyrrolidines45 with goodenantioselectivity chemel 2).43 After screeing multiple ligands,
metal salts, and conditions the group found that the chiral ligaReDM-SEGPHO4 with
silver riflate gave the best combination of yield, diastereoselectivity and enantioselectivity.
The scope of the redion was also tested witharious aryl and ester substituents giving good
to excellent, selectivity. However, when alkyl or alkenyl substituemieewntroduced at the
5-position or groups other than pyrazole were used on the Michael acceptor, the raactio

either did not proceed ngave poorer enantiomeric excess.
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0 CO,Et (R)-DM-SEGPHOS (12 mol%) _
L AgOTf (10 mol%) E\N"/ Ph
CN | ' INk A - N
_ p-xylene, 4A MS
N Ph Ph 25 °C, 24 h Fh N CO4Et
43 44 o 45
{ O yield = 80%
dr = 96:4
(R)-DM-SEGPHOS 46 =  © PAr ee = 88%

@) PAI'Z
<O O Ar = 3,5-M92C6H3

Schemd 2. Enantioselecti (1,3)dipolar cycloadditions of azomethine ylides

A related reaction by Zhang shows a similar cycloaddition reaction of iminod8tesith aryl
enones47 as electrophiles§chemel 3).4* However, he researchers were able to develop an
interesting switching of regioselectivity through variation of the caabhnd caditions. The
switching ability was aided by the electron withdrawing @Bup, which can pull charge from
the double bond of the diparophile. This leads to both carbons of the double bond being
susceptible to nucleophilic attack instead ofsfuthe i -carbon. Utilising ligand. the
cycloaddition led to the GRgroup located in the position of the pyrrolidinet9, while ligand

L> led to the CEin the 4position50. The selectivity was explored through DFT calculations
and experimental dataat invesigate the different coordination modes between the ligands
and enones to the copper atom. In the casd.gtboth the phosphine and nitgen atom of

the oxazolinecoordinate to the nitrogen as a bidentate ligand. This prevents coordination of
the enone cabonyl to the metal leading to the formation of pyrrolidid®. For ligand., the
phosphine still coordinates to the copper, but the NMi@es not, which allows for the enone
carbonyl to interact with the copper atom and drive the selectivity,ng\pyrolidine 50 as

the major product. Application of the methodology to a range of substitution on both the
enone and the iminoester producedvdde variety of pyrrolidine products with four distinct
stereocentres, including two quaternary centres, irgthienarioselectivity for all the

substrates tested.
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Cu(CH3CN), BF4 (7.5 mol%)
L4 (8.3 mol%)

Cu(CH3CN), BF, (5 mol%)
L, (5.5 mol%)

Cs,CO3 (0.5 eq.) Cs,C0O5 (0.2 eq.)
THF/MTBE, -30 °C THF/MTBE, -55 °C

(0]
Rt = CF ( CFans

—aCF3 W IS
R1’qu2 O/ﬁ Me Me DCOzRS

” CO,R; >;”'N >\—NMe2 Ri H R

49 PPh, PPh, 50

48-97% yield Fe Fe 62-99% yield

up to >20:1 dr é é up to >20:1 dr

up to >99% ee = = up to 96% ee
L4 L2

Scheme 3. Asymmetric cycloaddith of iminoesters and enones

1.5.2. Intramolecular cyclisation

While the intermolecular azomethineycloaddition reagon can be very effective in the
asymmetric synthesis of pyrrolidines, the use of intramolecular reactions can offer greater
control over reactivity and selectivity. Indeed, the application of the azomethine
cycloaddition to an intramoleular reaction haslso been widely investigated, with an-in
depth review by Coldham and Hufton on this area of reseé&retowever, while this reaction

is powerful in constructing a pyrrolidine, thereeaother methods available to the synthetic

chemist.

A recent example of anintramolecular cyclisgon used to syntheise pyrrolidines is the
asymmetric alkyne cycloaddition reactioim areport by Tang the Nickelatalysed reductive
cyclizationof N-alkynones 51 was able to produce pyrrolidines containing a tertiary alcohol
52in high enantiomeric io (Schemel4).4® The use of a chiral bidentate ligahgito form a
dimeric nickel complernabled the coordination of two molecules of tiealkynone51 to

the catalyst. When copared to the monodentate version of ligand, the bidentate ligdad

showed enhance reactivity and enantioselectivity. The researchersestegh that the
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formation of the dimer was crucial to this enantioselectivity, due to the increased steric

hindrance duing the cycloaddition step.

Ph Ph
/ Ni(cod), (1 mol%), L3 (0.5 mol%) Y
0]
Et3SiH (3 eq.), dioxane, 12 h OSiEt
N 3 - 3
Ts”~ \)J\ph TS/N ‘Ph
51 52
98% vyield

99:1 er
we O )

OMe,P._O O__P, OMe
By N sy
Ph
&
o
F.’
Ni Ph
Ph._0O.- Nl ,L Oy _Ph
H Ph Ph_ ;|
OSiEt, // N
N N_
Ph Ts Ts
P R
Ph?{ \ [ .Ph
N N
/ \
Ts Ts

Scheméd 4. Nickelcatalysed enantioselective rective cyclization of Mlkynmes

One other powerful method for constructing ring systems, and one that has garnered mu
attention in recent years, iaradical cyclisation. Research performed by Zhang demonstrate
a newly emerging metalloradical approatthsynthesising 5 memberedng systems$! The
approach differs fronatraditional radical cyclisation which procestthrough radical addition
followed by Hatom abstraction to give the desired compounithstead metalloradical

reactions proceed ttough a different process where aetalloradial firsts abstracts a -H
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atom and then undergoes radical substitution to produce the desired compdbicttefnel5).

The use of @hiralporphyrin based cobalt complex asditably bulky R groups on the dia
precursa 53 (aryl, heteroaromatic and cyclohexyl were reported) allows for the production
of 2-substituted pyrrolidiness4 with most examples obtainingnantiomeric excessesf
>85%.Replacing theN-Boc with «xygen, slphur or carbonenabled synthesisf related 5-
membered cyclesand demonstrated good yields anehantioselectivityunder the reaction
conditions. One exception was the formation of a benzyl substituted pyrrolidine Wiadh
significantly lowerenantioseletivity than other substituents. lis also nted that, besides

cyclohexyl, no aliphatic substituents were reported.

H
H H NNHTs (Co(Por)] 3 . Hj>
o(Por mol%
sCO3 (1.5 equiv.), dioxane \
Boc 60 °C, 24 h @ Boc
53 54
93% yield
92% ee
H H NNHTs
H X~
H ? R™ON H
H=— N Co(Por) Boc
R
Boc N,
Radical Radical
Substitution Activation
!300 Boc
R._._N R [\]
HH; H-Atom H
H Abstraction H™ By
Co(Por) Co(Por)

Schemd 5. Metalloradical cyclisation for theynthesis of Bubstituted pyrroliines

Transition metal catalysed aetions hae a clear value in the asymmetric synthesis of
pyrrolidines, allowing for fine tuning of a reaction as well as effecting a large variety of
transformations. However, in recenears there has been a shift tovdsra newly growing

area; organocatysis.

29



1.6. Asymmetric organocatalysis

Metal free acid catalysis has become an area of interest over the past years and offers a few
advantages over metal catalysed reacti§isome of the problems thaome withthe use of
transition metals, such as high price, toxicity, pollution, etc. can be overcome by using
organocatalyst$? These ctalysts canalso demonstratdess sensitivity to moisture and air
often exhibited in transition metal catalysis. The area of asymmetric organocatalysis has been
researched as far back as the 197®sut has been investigated to a much greater degree in
recent years as an attractive and green method of syntH8siRyrrolidines, such as proline,
have been use effectively as organocatalysts émselves, bt methodologieshave been

developed to synthesise pyrrolidines as scaffolds for natural products and drug candflates.
1.6.1. Inermolecular cyclisation

As in the case of transition metal catalysed reactions, organocatalysed reactions can occur
both inter- and intramolecularly.While the transition metal catalysed cychiitions of
azomethine ylides havalready be@ explored in theprevious section, organocatalysts have
also been shown to be efficient in this type of reaction. Research by Vi@rionstrated the

first use of a proline derived catalyst in the cycloaddion of azomethine ylides to ena
through an iminium intemediate Schemel6).5® The presence of the diethyl esters on the
iminoester55aids in the formation and stabilisation of the azomethine ylmsitu Iminium
formation with prolinol catalyst57 and enal 56 both lowers the LUMO emgy of the
dipolarophile and promotes selectivity through attack of the less hindeReface. The
methodology was applied to a range of aryl iminoesters and both alkyl and aryl enals, with
most examples achieving highelgls and enantioselectivity with #ghnendo prodict favoured

in all cases.
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Ph
O%Ph

N OH
H
57(20 mol%) o= R,
j?\ozEt © H,O (4 eq.) -
X + > o
R']/\N COzEt Rz/\)J\H THF, 4 °C R1‘ N COzEt
H CO3Et

55 56 58

57-93% yield
up to 95:5 endo:exo
up to >99% ee

Schemd 6. Asymmetric organocatalysed cycloaddition of azomethine ylides to enals

A later report by Vicario showed thajreater diastereoselectivity could bachieved by
replacing one of the ethyl esters with a nitril8Bahemel?7).>* In the 1,3dipolar addition of
azomethine ylides, the geometry éie starting ylide is exclusively what determines the
relative steeochemistry of any 2 Susbitution on the pywolidine product. However, there is
also a necessity for (mulitiple) electron withdrawing groups on itheoester for theh -
hydrogen to be acid enough to form the ylida situ Byhaving two esters on theriinoester

59, the acidity of thé"-hydrogen is increased but there is also competitive hydrogen bonding
between the two carbonygroups. Replacing onester with a nitrie (60) removes the
competitive hydrogen bondings the nitrile does not take part in-bbnding but maintains
the acidity d the h-hydrogen. This effectively locks the geometry of the ylide as depicted in
Schemel7 through the Hbonding with the single ester unit. As stated, the ylide geometry is
essential for controbver the 2,5relative stereochemistry and the use of the nitrile as an

electron withdrawing group lead to greater control of the diastereoselegtivitthe dipolar

addtion.
H----O N . .
, I | O competitive hydrogen bonding
RN COR R\?'_\J > O/R ; between EWGs, less geometric
/! trol
CO,R" COR" - contro
59
H----O - .
. I | ' non-competitive hydrogen bonding
RVN\(COZR va}rl\%\o/R between EWGs, greater geometric
control
CN CN
60

Schemd7. Electron wthdrawing group effect on azomethine geometry
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Organocatalysed intermolecular reactions aw just limited to azomethine cycloadditions.
An altenative strategy involwig a Mannich cyclisation reaction was investigated by Kuhar
al to synthesise 2 8lisubgituted pyrrolidines 63 (Schemel8).>®> The authors report the
reaction as a formal [3+2] cycloaddition reaction catalysedipyoline with succinaldehyde
62 as a novel 1,8arbon dipole. The proposed mechanism is showSdhemel8 where L
proline formed an enamine with the succinaldehyde, folboMay a Mannich reaction with the
aryl imine61. Cyclisaon onto the second aldehyde formed the pyrrolidine, and removal of
the proline with water gave the hemiaminaiqaluct. In situreduction of the hemiaminal with
sodium borohydride gave the 2d@subgituted pyrrolidine63 in high yields and very high
enartioselectivity for most aryl imines tested. The methodology was sufidesghe reaction
of imines derived fronmelectron poor arylldehydes butimines derived fronelectron rich

aryl aldehydes(such asp-anisaldehydg or alkylaldehydesfailed to produce any desired

product.

1) L-proline (20 mol%) > OH

PMPL [CHO DMSO, 5 °C, 8-10 h O\

+
lKAr CHO 2) AcOH (50 mol%) N~ Ar

NaBH,, MeOH,0Ctort, 3 h LTS

61 62 63
O 56-78% yield
1§ up to 99% ee

HOw(j: CHO
N o [
COLH
pMp N ’ CHO
H,0

|N+ COzH Q‘COzH
s 7
Ar & OHC
¥ CO,H
@)

/N
PMP
L
%/j:kH PMP\N
( r}l Ar IKAr
PMP

Schemd 8. Proline catalysed Mannickaction
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Recently a strategy for the asyminie construction of pyrrolidines from aisothiocyanates
64 with barbiturates65was ceveloped byAlbrecht(Schemel9).°6 Whentreated withachiral
organocatalys66featuring a squaramide core and cinchona alkaloid moketterocyclic ring
systems could be synthesised witligh enantioselectivity This $rategy sets up two
guaternary centres (one of which is chiral) and a sepastteeogeniccentre in a highly
functionalsed spirocyclic pyrrolidine scaffoi¥. Certain abstituents on the barbituraté5
led to reduced stereoselectty or affordedlower yields withnotable examples; NOQGHa
giving a yield of 52% and er of 82.5:17.5 a&fd giving a yield of 40%.

\ O
o) l\ll 0 o MY
Ph s \lé 66 (20 mol%) R N—
)\ 277 R N GRS
MeO,C N ~ toluene (0.25 M) MeO,C:. \O
o rt, 48 h PH N S
40 - 98% yield H
64 65 67
40-98% yield
up to 99:1 er
m CF3 up to >20:1 dr
N 4 BN
CF
o 3
e AN (@]
| 0]
~
N

Schemd 9. Isothiocyanate strategy for the synthesis of spiatic pyrrolidines.

1.6.2. Intamolecular cyclisation

An organocatalysed intramolecular cyclisation offers some benefits to intermolecular
cyclisatons, inthe same way they do when catalysed by transition metals. Greater selectivity
(endo vs exo selecity can be easier to control) dnpotential increasedeaction rate are

some of the advantages that an intramolecular reaction can have. Couplie® wi (INKSSS yaSENE
credentials of organocatalyst, this are of research has been of interest in recent years for
constructing heterocyclic ringés with intermolecwr reactions, there a number of methods
available, but this sectiowill focus on those rea@n whereasymmetry is introduced during

cyclisation.
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A wellstudied reaction in organic chemistry that cae bsed for the construction ofing
systems is the eneeaction. Intermolecular ene reactions are challenging, whereas
intramolecular ene reactionlsave entopic, regie and stereoselective advantagesA highly
enantioselective carbomdne reaction was developed by List for the synthesispirocyclic
pyrrolidines 70 (Scheme20).>8 Asymmetric carbonyéne reations had previously been
reported with transition meal catalpts, but this research demonstrated the first
organocatalysed carbongne reaction. One dhe findings the research group reported was
the necessity forthe dimeric BINOL based cataly$® in order to achieve high
enantioselectivity. When a momaeric BINDL based phosphoric or sulfuric acid catalyst was
used, high conversions and regioseletyiviere achieved but with poor enantioselectivity.
DFT calculatns suggested that the imiddiphosphdae was necessary as both phosphate

groups take part ithe transition stateof the reaction.

“ ,~~Hn
SR !
| \ ,
O PN 69 (5 mol%) HO L
R J\N cyclohexane, rt, 36 h to 11 d R7Z_>
R | R™ N
f \
R’ R'
68 70
R = Me, -C3Hg- 0 HO 77-97% yield
-C4Hg-, -CsH4o- o,/ L.0O up to >20:1 trans:cis

- \N// \O

l l (0] ! ! up to 98:2 er
R' R'

69
R' = 2,4,6-Et3CgH,

Scheme&0. Asymmetric carbonygne cyclisation

Another useful metod for synthesising ring systemstigough halocyclization. Catalytic
enantioselectivevariations of this reaction have been applied®@heterocycle synthesis since
2003, but extension tdN-heterocycles was first reported by Yeung in 2631The application

of a quinuclidne thiocarbamate catalyst2 to N-sulfonylalkenes71 in the presence of an
excess of NBS led to the formation of brogyrolidines73 in high yields and very Hig
enantioselectivity(Scheme?21). The structureof the catdyst waskey to effecting the
cyclisation reaction. In the proposed mechanism the sulfonamide of the starting material

coordinated to the nitrogen of the quinuclidine, whilthe NBS coordinated to the
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thiocarbamate. This led to a controlled geatny of thetransition state and selective site for

the bromination to occur.

EtO OEt

’ 72 (10 mol%)
MN\
R Ns

NBS, CHCl,, -63 °C

Br N

71 73 72
R = aryl, H, methyl 66-99% yield
up to 98% ee

Scheme&1. Asymmetric cyclobromination of gyl amines.

While these reactions &r a flavour ofasymmetric pyrrolidine synttss, onemethod that
has been widely investigated and was of interest to our research group is that of the

intramolecular azavlichael reaction
1.7. Asymmetric htramolecular aza-Michael reactions

The additionof nitrogen containing nucleophiles to Michaatceptas has been widely
explored and has enabled the synthesis of pyrrolidines and piperidines in high
stereoselectivity?®6! The ntermolecular azaMichael reaction has been ed to castruct
chiral amines that can then be used to form pyrrolidines, but a more direct approach is
through the intramolecular azMlichael, as this can introduce chitglin the same step as
heterocycle fomation. This stereaontrol can come from theubstrae itself (.e.from a chiral

auxiliary) or from a chiral catalyst and both methods will be examined.

The Michael reaction is an example of a conjugate additiod,aanearly report by Spalluto
shows aandem intermolecular Michael/intramoleculaiogjugateaddition reaction for the
synthesis of pyrrolidine® While this could be mued as not atrue intramolecular aza
Michael, itdoes demonstrate the simplicity with which ring systems can be constructed using
these methodologies. Using Michael donor/actep 74 and nitroethylene75 as a Miclael

acceptorled to the formation of amitronate intermediate 76 followed by cyclisationa
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produce the substituted pyrrolidineg7 (Scheme2?2). Thetransrelationship of thenitro- and
carbonyisubstituentswas onfirmed by the reduction bthe nitro group b the free amine

and subsequent attempts at lactamisation. These attempts were not met with success,
resulting in the assignment of thieans stereochemistry, as theisisomer would be expected

to cyclise. Ahough this route is not emdioselective, it$ diasteeoselectve with no reports

of the cisisomer being isolated.

J/ 9+ gL J//N ~O B NO,
+ N \O_ _— —_— (j
_NH W N N
8n Bn Bn
74 75 B 76 B 77

Scheme2. Intermolecular conjugate addiin for the synthesis of pyrrolidines

Althoughdiastereoselective reactions are uaein organic synhesis, greater steremntrol in

a reaction can be desirable. One such method was developed by Fustero where
stereoselectivity could be switched dependiog the conditions use® Cbz protected
amines 79 were synthaised as a single enantiomer throughe use ¢ a chial tert-
butanesulfinamide auxiliary. A cross metathesis reaction with methyl vinyl ket8neas
performed in the presence of BBEb as a tandem metathesis/cyclisation reaction to give
the pyrrolidine80 (Scheme23). Oneof the most interesting aspects to this reaction is the
effect of time and heating on the stereochemistry of the pyrrolidine. When the reaction was
heated to a lower temperature of 48 over 4 days, the 2fsans product was isolated, in
good tohigh yietls for he R groups tested. However, when the reaction was heated by a
microwave to 100 C for 20 mins, high yields were still achieved, but thetiséle was
switched in favour of the 2;6isisomer. While theauthors do not comment on the seliaty,

it couldbe conceived that théransisomer is the kinetic product, while th@sisomer is the
thermodynamic product and was only accessible atbkey high temperatures of 10€C.
Reactions were also performeon achiral Cbz amines which led tacemic prrolidine

products in generally high yields.
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0 . g Hoveyda-Grubbs II (5 mol%) R—(j%)oj\
P - N e

Me R BF3*OEt, (1 mol%) Cb/
DCM, A or B z
78 79 80
A=45°
B = jgo (,3(’:4;;:\8@ 20 mins R A yield (trans/cis) | B yield (trans/cis)
i-Pr 97 (3/1) 81 (1/4)
Ph 98 (6/1) 86 (1/2)
4-MeO-CgH, 78 (4/1) 97 (1/2)
CF; 76 (5/1) 97 (1/3)

Scheme3. Tandem metathesis argyclisation reaction of substituted Cbz amines

Building in the desired steochemistry through the use of dical auxliary is a successful
method for producing asymmetric pyrrolidines. However, if the opposite enantiomer is
required, this could potentia} mean a protracted synthetic route that needs to be tailored
to each spcific product. Therefore, introduag the sereochenistry at a later stage can be

advantageous and is most easalghievedwith a chiral catalyst in the cyclisation step.

One catalytianethod by Azumat. al. utilized a dual system of an aryl boronic a&#a and

a chiral aminothioura catalys 82bfor the intramolecularhetero-Michael reactiorwith h > |
unsaturated carboxylic acid&l (Scheme24).6 The reaction was successful in the racemic
synthesis ofpyrrolidines when only the boronic acid was used, although only with
sulfonamide proteted amines, with no reactbn observed for the Cbz protected aminkhe

oxy-Michael reactiorworked wellto give a variety of dihydrobenzofuran scaffoldsichwere

obtained with high enantioselectivity when the chiral aminothiourea cataB2b was

introduced to tre reaction. Howesr, when testing the chiral catalysy-tosyl pyrrolidine83

formation gaveonly moderateS S Q& 6 p /&2 0 | Y R NoLdtheY asyminkti&dz&® & O H pi;
Michael reaction was reportedvhich showsghe significant limitations of this mébdology

in the asymmetric sytesis of pyrrolidines.
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82a (20 mol%)

NHTs 82b (20 mol%) C\IE)CL
WOH MTBE/CCl,, 4A MS OH

rt, 24 h
81 83
25% yield
50% ee
B(OH), MeO S
82a = /@\ 82b = \Q\NJ\HQ
CF3 CF3 Me /N\

Scheme4. Dual aryl boronic acid and aminothiourea catalytic system for heterocycle synthesis.

The poor results from il azaMichael reactim may bedue to both the diffeence in
nucleophilicity of thesulfonamide vs. the hydroxyl grous well as the electrophilicity of the
Michael acceptorfFustero had already demonstrated the capability of methyl vinyl ketone as
a Michael acceptor in a nemsymmetic azaMichael reac®dn.®® In a repat by Yu, the
enhanced reactivity of theenone was explored in thehgal Bronsted acid catalysed
cyclisation of enone carbamaté3A range of aryl and alkyl enon84 were synthesised and
subjectal to the (R-TIPSY catalyst in toluene-20 °C Gcheme25). The cyclised pyrrolidines

85 were isolated in high yields and with good enantioselectivity, although some reactions

required up to 40 hours toeachcompletion.

_P
o _ . @ o) 0~ “OH
HW Ry TEY (T8 mo) N "”)J\R OO
Cbz” R PhCHj3;, -20 °C, 12-40 h Cbz/ R’
84 85 (R)-TiPSY
R = aryl and alky!l 84-97% yield R' = SiPh;
up to 98:2 er

Scheme5. Enantbselective cyclisain of enone carbamates

A related paper by Yandemonstrated another asymmetric ahdichael reaction onto
enones, but utilising a different catalytic systéfiThe cinchona alkaloif-amino-9-deoxy-
epiquinine 87 was used alongside diphenyl hydrogen phosphate (DPP) asatalgst to
effect the azaMichael cyclisation§cheme26). In this study only the methyl enone was used

as the Michael acceptor, but the cyclisation was extended to synthesise both pyrrolidines and
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piperidines, as well as the reél heterocyclespxazolidne, thiazoliding morpholing and
thiomorpholine, all with good enantioselectivi88. The advantage of the cocatalyst system
over that of R-TIPSY, is that these reactions were run at room termpge, SO cryogenic

temperaturesdid not need to be maintaed for extended reaction times.

87 (15 mol%) Q Me ~o Z
H o) DPP (15 mol%) )&3
N , X N
Cbz” ™, \/\)J\Me ( "N

PhCHg, rt, 40 h

Cbz | AN NH2
86 88
N
X =CH,, O, S 55-99% yield =
n=1or2 up to 97.5% ee 87

Scheme6. Cyclisation of enone carbamates withaadalyst system

While these systems demonstrate themication of enones in asymmétr azaMichael
reactions,there are some limitations to therpcedures. The cyclisatisnreported both
require extended reaction times and did not demonstrate any substitution around the ring.
The use of enones also limitise synthetic applications afteryclisation. Any functicadity
needed in a side chain woulgtcessitate incorporation at the beginning of a synthesisiwith

the enone. Other carbonyl derivatives such as esters and aldehydes offer handles that can be
more eady functionalised at a later age. The use of otmeMichael acceptors has been

explored byother research groups to enable this.

An alternative procedure to synthesise pyrrolidines (and piperidines) through a Michael
reaction was reported by Carter usihg>unsaturated aldehyde89 (Scheme27).%” In the
proposed mechanism thproline catalysO0F 2 N a | -ufsktdrdidd fminiunz species

to activate the Michael acceptor and utilises sterically demanding groups to force attack from
one sideof the molecule. The method was applied to the synthesisgemmdimethyl
pyrrolidinesand piperidines91 g A 1 K Y2340 adzomadN)} 0Sa akKz2gAy3
SEOSLIiAz2ya (2 -dikethilpipgridiie whidh gav@dor cohverslon and the

H Z-gindethylpyrrolidine which showed a reduced ee of 79%. Also, in order to prevent
racemigtion or decomposition of the cyclised product, the aldehyde group was reduced to
the alcohol with sodium borohydride after cyclisation. While this loses the carbonyl

functionality, it does still give a useful handle for further synthesis.
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1) 90 (20 mol%), R'

4 R\ R MeOH/1,2-DCE, -25 °C, 48-96 h R |
N R n
Cbz” n\ ~o R
2) NaBH4, 0 °C N OH

R R I
CF; Cbz
89 91
n=1,2 Q CF, 60-67% vyield
R =H, Me 79-85% ee
R'=Me, H 90 = OTMS
N
T (e
CF3

Scheme7. Asymmetric intramolecular heteddichael reaction

While aldehydes have great synthetic utility and ability to undemry large variety of
transformations, the sensitivity of aldehydes towards decomposition and potential for
scrambling of stereocentres can limit their application. Reduction to an alcolsol, a
demonstrated by Carter, followed by an oxidation back to theslydle can help with long
term stability and storage of a compound but this is not an efficient method for synthesis.
However, there have been methods developed that allow for retainingargrfunctionality

without the need for an extratep in the syntbsis.

In a report by Nagorny, the sensitivity of aldehydes was overcome through the use of a novel
Michael acceptor, which enabled the asymmetric synthesis of spirocyclic piperfdifbe
reaction utilised an unsaturated dimethyl ace®d, whichin situformed anUb-unsaturated
oxocarbenium ion with the chiral catalyst via loss of nagtbl. This makes the unsaturated
acetal analogous to a protected enal, showing good reactivity towards Michael addition for
the formation of the piperidine ring. The use of the adegeouppresumably helps to reduce
any racemic background reaction that ynaccur when using the aldehyde equivalent as well
as preventing aerobic autoxidation which mightalso be anticipated of unsaturated
aldehydes.The enol ether produced in the reamh canbe seen as a masked or protected
aldehyde to prevent against sudtecomposition.The methodology was applied to the
synthesis of several substituted piperidin@3 specificallygem-dimethyl, fused phenyl, and

spiro-cyclopentyl and;cyclohexyl examples Scheme28).
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R"

0..-0

/P/
! l O~ “OH
HN Rll
2 (15 mol%) R_/j
R" = 3,5-(CF3),CgH .
N o
X .20 °C, CCl,, 4A MS iy
92 R = H, dimethyl, cyclohexyl, 93
cyclopentyl, fused phenyl 54 - 88% vyield
R'= Cbz, Fmoc, COOPh, Boc 56 - 99% ee
N ZSOMe l\ll ZSoMe | OMe N OMe
Cbz Cbz Cbz
94 95 96 97

Scheme8. Asymmetric synthesis of spirocyclic piperidines and selegtedples of synthesised products

A common trend among the reactis was that extending the reaction time would lead to an
increase in seldwity, at the expense of yield. The authors postulated that the presence of
small amounts of MeOH that were not adbed by the molecular sieves were reacting with
the product93to form a new saturated acetal product. It is also worth noting that these
reactions were performed a0 °C in C@hhich poses both health and procedural concern,
due to the toxicity® of CCJand the feasibility of running reactions at cryogenic temperatures
for long periods of time. The use of ©@buld also make this retion less desirable for use

in industrial settings due to the associatldalth hazards.

One of the stipulations for improving the enantiomeric excess of the reaction reported by
Nagorny, wa the reduction of temperatures to allow for greater selectiviag when
performed at room temperature a significant decrease in the eraectivity was observed

from 71% to 57% ee. This is common in asymmetric reactions, as generally low temperatures
lead to an increase in enantioselectivity. However, lower tempees will also decrease the

rate of reaction, so conditions for increagitthe rate, while maintaining the selectivity are
essential when creating new methodologies. The use of more reaktigbael acceptors,

such as enals and enones, can increase reaatite but can also lead to an increase in
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background racemic reactionH. less reactive unsaturateMlichael acceptors are needed,
GKSY Tt OGSNYIGADBSE Ydzad o Satu@idd/agetaR & N Rptionp | 3 2 NJ
although they are not as easy &mcess as aldehydes and there are limitations to the reaction

as previousf stated.

42



2. Asymmetric synthesis of spirocyclic pyrrolidines

The stereoselective synthesis of heterocycles has la@emtegral research area within the
Clarke group, and has supped efforts towards the total synthesis of natural produéts’*

Due to the prevalence of heterocyclic rings, especially chiral ring systems, ralr@atuducts,
there has been substantial interest in the group to devise new strategies to facilitate the

constructian of these heterocycles.

Expanding on methodologies for the synthesis of tetrahydropyrames/®> the onepot
synthesis of functionalised piperd4-ones 100 was achieved through ring opening of
diketene in the presence of tosgldimines98to give a -amino-ketone intermediated9. This
intermediatewas then inercepted with an alehyde to give thepiperidin-4-one100(Scheme

29).76

OH

M602C
=
N-TS 1) TiCly, CH,Cly, -78 °C o un- " | RcHO rj\

J o MeOZC\)J\)\R R l R

R
O
98 2 /,j 99 100
R = alkyl, aryl up to 98% yield

3) MeOH R' = alkyl, aryl up to 12:1 dr

Scheme&9. Multicomponent Maitlanelapp reactiorior the synthesis of highly substitutpégperidin4-ones

This wasthen later deeloped into a synthesis of spirocyclic piperidines by substituting the
aldehyde for a cyclic ketone to introduce the spirocyclic functionaithéme30).”” The use

of ketones withN-tosyl atlimines inhibited cyclisation of the piperidimader the conditions
shown inScheme29. However, it was found #t the reaction olN-Boc iminesl01generated

in situwith the Weiler dianion allowed for the formatiasf the Boc pretectedi -amino-ketone
intermediate 102 The useof Boc instead ofosyl as the nitrogen protecting group allowed
for reactivity with ketones and facile synthesis of the functionalised piperidif8¢Scheme
30).
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OLi OLi O

B S 5 MeO,C
N“"0¢  MeO 0 HN"P9%| 1.HCI, dioxane P
I - —_— "
R) MeOzCQJ\)\R 2. NaHCO; X N R
O n
101 102 103
R = alkyl, aryl, heteroaryl gk})n up to 97% vyield
X =CH,, O, NCbz, S X upto7:1dr
n=1,2,3

Scheme30. Modification of azéMaitland-Japp reaction for the synthesis of spirocyclic piperidines

Not only does thanethodology allow for the formation of highly functionalised piperidines,
but the introduction of a spocyclic motif increases the amount ofrée-dimensionality, or
sp® character, of the molecules. This has been of interest in the field of fragtveseddrug
discovery a# populatesanunder explored area of chemical spaggh accessible molecules
By introducing more threedimensionality inb a molecule, drug discovery can identify
potential compounds that move away from the more common sp arfdisp systems seen
Ay (GKS YI 22NR3& ¥FE 30 & Ra o

While thisapproach allows for novel, highly functionalised fragments to be synthesigé
good diastereoselectivity, the are limitations when it comes to synthesising other
stereoisomers or single enantiomers. One aregegkarch that has been investigated Inet
Clarke groupis the use of >unsaturated thioesters in intramoleculichael reactions. The
first use ofthioesters within the groupvasemployedfor the stereodivergent synthesis 2f6-
functionalised tetrahydropyrans as a route towards the {CB2 core ofthe phorboxazoles!

In the cyclisatia of precursorl04with buffered TBAF conditions, both the oxand thioeser
led to the formation of the 2@ranstetrahydropyran106. When acidic conditions (CSA or
TFA) were used in an attempt to form the Zj&tetrahydropyranl05, the oxoester showe
either decompositioror no cylisation, while the thioester led to the pduction of thecis

product with highselectivity over thdranswith a 13:1 dr §cheme31).
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OH OH
TFA, TBAF,
CH,Cl,, H,O AcOH, THF
0] Xp-Tolyl 0 0] Xp-Tolyl 0
. .
105 106
X=8,71%,13:1dr X =35, 35%
X = 0O, decomposition X=0,71%

Scheme1. Stereodivergarsynthess of the C2@C32 tetrahydropyran core of ptboxazoles and the C22 epimer

The utility of the thoester moiety and mechanism of reaction was then further explored
through experimental and computational studi€slt was found that the 4ydroxyl group

was essential for the stereodivergence seen in this reaction as, under the buffered TBAF
conditions, the hydroxyl could participate in hydrogen bondinthuhe cyclising alkoxide and

enable a boatlike transition statel07, yielding the 2,8rans-tetrahydropyran Figure3).

Tolsh Oh o)
(e} ) H‘\ TolS N H—\ H;H OH
H™ H™ TolS H—
©0Q ©Q o0
107 108 109
TBAF mediated TBAF mediated TBAF mediated
TS-trans TS-trans TS-trans
9.1 kcal/mol 9.9 kcal/mol 19.4 kcal/mol
(@) H STol H ') H
H H OH
ToISM 2 o)\él‘ 2\ Mt
bt \-0 R
110 111 112
TBAF mediated TBAF mediated TBAF mediated
TS-cis TS-cis TS-cis
10.4 kcal/mol 10.4 kcal/mol 18.7 kcal/mol

Figure3. Computatimal transition states for TBAmediated cyclisatio

Investigaton of the acid mediated cyclisation, where decomposition of the-ester was
observed, showed that the lowest energy transition state was a chiEg where the 4

hydroxyl group did not takeant in the cyclisationKigure4). Therole of the trifluoroacetic
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acid was that of a proton shuttle. Protonation of the thioester group increased the
electrophilicity of the Michael acceptor, wilsimultaneous deprotonation of the alcohol
raised its nucleopilicity. Interestingly, the trangon state energy for the oxoester was 7.6
kcal mof* higher than that of the thioester, making the oxoesteregatf cyclisation much
slower. This would themllow for competing decomposition pathways to occur, hence the

selection of the thioester over thoxoester in the acidic mediated cyclisation.

TolS TolS
® ®
724 72
H-0® Hy —on  H-o® Hy Q7 \\ H 7 OH o” \ H
// \ //)ﬁ— 7 M} © _HH ,HH//)N
’ ! @/ / - @ -7
o Toas” O o Toas” O Ry Q ° e iR
\O —————— \O _______ H |l|/o \o/’, \O/’/ ||_|/O
CF, . CF5 CF
113 114 115 116
TFA mediated TFA mediated TFA mediated TFA mediated
TS-cis-chair TS-cis-boat TS-trans-chair TS-trans-chair
19.3 kcal/mol 25.9 kcal/mol 21.7 kcal/mol 26.3 kcal/mol

Figure4. Computational transition states for TFAedimated cyclisation

With this knowledge of the thioester reactiy, the group then examined theggsibility of
using chiral phosphoric acids (CPAs) as a meando€iig enantioselectivityduring the
Michael reactior’® It was hypothesised thathe CPA could replace the trifluoroacetic acid
used to catalyse the Michael addition, tlugh a similar proton shuttle mechanism. The
cyclisation of 2,2limethyl and unsubstituted alcoholsl17 using R-TRIP as the chiral
catalyst, was examined for the desis of both THFs and THES8 (Scheme32).”®
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(R)-TRIP (20 mol%)

118

R &
R™ oH Yy
o S\ cyclohexane, T °C o7 s
Rl
117
>(oj>\
o~ S

0]
_p-Tolyl _Mes
p-1oly o S
119 120
T =50 °C, conv = 99%, ee = 45% T=50°C, conv =98%, ee = 31%
T=175°C, conv =99%, ee = 46% T=75°C, conv=98%, ee =21%
<oj>\ 0
_p-Tolyl _Mes
o~ 'S i o~ 'S
121 122
T =50 °C, conv =80%, ee = 33% T =50 °C, conv =89%, ee = 10%
T=75°C, conv=97%, ee =40% T=75°C, conv=95%, ee =4%
7(0j>\ 0
_p-Tolyl M
07 g PV 07 g eS
123 124
T=50°C, conv =60%, ee = 13% T =50 °C, conv = 96%, ee = 69%
T=75°C,conv=77%, ee =18% T=75°C, conv=100%, ee = 66%
(0]
o S,Mes
125

T =50 °C, conv =98%, ee = 44%

Scheme2. Asymmaetic Michael reaction for th synthesis of THFs and THPs

When cyclised usindR-TRIP in cyclohexane, it was found that both the ad¢@ubstitution
and substitution of the thioester played important roles in both the conversiand the
selectivity Gcheme32). For the 2,alimethyl THF withp-tolyl as the thioester substituent
(119), full consumption of sirting material was observed at both 80 and 75C with ee of
the THF products being 45%ch46% espectively. However, when a magithioester was

used (20), the ee dropped to 31% for 5 and 21% for 7%C. It was also observed, that
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when unsubstuted alcohols were cyclised, both cargions and ee decreased121 and
122). In the case fothe 22-dimethyl THP synthesis, the ageltion of thep-tolyl thioester
(123) at 50°C led to a lower conversion of 60% and an ee of only 13%. For the sartienmea
with the mesityl thioester124), the conversion reached 96% with an ee of 69%, thedsgh
selectivity achieved in this methodoffy. When the unsubstituted mesityl THP was
synthesised125), the conversion remained high at 98% but ee dropped to 44%.

From this work, we can see that sulbstion around the alcohol tends to increase the
selectvity ofthe reaction for both THFs and T$iRModulating the thioester functionality can
also allow for tuning of the reaction depending on the intended ring $\¢h this knowledge
and previous repds on asymmetric azMichael reactions, we believeddhthioesters could
offer a middle groundof reactivity between aldehydes and oxoesters. Consequenidy,
hypothesised thathe use of a CPA in the formation afrogen heterocycles through aza
Michael addition onto a tlwester may be used effectively in the asymmetric syaglsof

pyrrolidines.
2.1.Comparison othe Michael acceptor reactivity

In order to test the asymmetric azdichael reaction and confirnits viability for the
asymmetric synthesis of functionalisgryrrolidines, a series of questions needed to be

answeaed:

1. Dothioesters offer advantages oveldehydes/ketones or esters in the intramolecular
azaMichael reaction to form pyrrolidines?

2. What swbstrate scope can be used to test the limits of the methatd avhat
functionality can be introduced into the prodis@

3. Doesvarying the reaction conditionsuch as catalyst, solvent and temperature, affect

the yield and selectivity?

The first step to ansering these questions asto synthesise precursors thatould allow for
testing the thioester moiety againsttleer Michael acceptors. To do this, the33jimethyl
precursorsl26 were selectedas we anticipatedhat they would be easly accessible and

should offer enhanced rate of cyclisation due to the Theimgold effect cheme33).7%:80
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The gnthesis of thep-tolyl thioesterwas a weHpracticed pocedure within the group so was
selected for the inial tests and, to allow for a more direct comparison of reactivity, ghe

tolyl ketone andp-tolyl oxoeser were also selected for screening.

Me

Me
H Me_ Me 0 (R)-TRIP (20 mol%) ?j\)(i
NM
Cbz” N R cyclohexane, 80 °C, 24 h N R
]
Cbz
R = p-tolyl - 126a R = p-tolyl - 127a
S-p-tolyl - 126b S-p-tolyl - 127b
O-p-tolyl - 126¢ O-p-tolyl - 127¢

Scheme33. Proposed precursors for the testing of Miehacceptors

The synthesis of the 3@imethyl substituted compounds waadapted from a literature
procedure 8t where isobutyronitrile128 was deprotonated with LDA and alkylated with allyl
bromideto form the quaternary nitrilel29in 48% yield The nitrile washen reduced using
lithium aluminiumhydride to give the free aminavhich wasfollowed by protection with

benzyl chloroformateto afford the Cbz protected amin30in 58% yieldRcheme34).

N . . Cbz
|N| 1)LDA, THF, -78°C  \ /1) LiAH,, EL,0, 0 °C to rt o /
i 2) g NF 2) CbzCl, K,CO3 (aq),
Me™ Me THE. 78 °C Me Me 1,4-dioxane, rt Me Me
128 ’ 129 130
48% yield 58% vyield

Scheme4. Synhesis of 3,3limethytsubstituted precursor

The next precursor compounds required were theacryldes which would act as
intramolecular Michael acceptors wheoupled to the Cbz amine. To this end, end82and
thioacrylate 134 were synthesised using litature proceduresin 22% and 68% vyield
respectively??83 While other methods exist for synthesising the acryld@6, the same
method used for producinthioacrylate134was also fruitful in synthesisirariylate 136in

89%yield (Scheme35).

49



@)
paraformaldehyde
. A
DIPA/TFA (1:1.1), THF, reflux
131 132
22% yield

sH 1) 15% NaOH (aq), NaBH,4 (3 mol%), rt o /@/
S

2) acryloyl chloride, BHT, cyclohexane, 0°C

3

133 134
68% yield

o4 1) 15% NaOH (aq), NaBH, (3 mol%), rt o /@/
oy Y

2) acryloyl chloride, BHT, cyclohexane, 0°C

135 136
89% vyield

Scheme5. Synthesis of acrylates

With the Cbz amines and acrylates in hand, the next step was to form the Michael acceptors
needed for cyclisation through cross mmthesis. Cross metathesis with the relevant
thioacrylate has been performed by the group before, however acrylates pose several
problems when used for metathesis reactions. A report by Grubbs shows that olefins can be
categorked in a geneal model accorohg to the levels of homodimerization observed and the
reactivity of the homodimers when exposed to different metathesis catafjcrylates are
categorised as a Type Il olefin, which means they homodimerize slowlysubgrtted to the
secondgeneration Grubbs catalyatvhile homodimerization of the Cbreneoccursrapidly,

the honodimer itself is still a candidate for metathesis this can then undergo a further

reaction with the slower reacting acrylate to form the desired product.

Previous work in the groufound that when performing a methgesis vith thioacryhtes, 1
equivalent of the condgeneration Hoveyd&rubbs catalytswas required®® However, the
useof 15 mol% coppeiodide allowed for effective cross metathesiith 10 mol% of the
catalyst. This was effect wamiginally reported by Lipshtuz showing that thaclusion of
copper iodide or sodium iodidein conjunction with Grubbs talysts gave a rate
enhancement whe coupling acrylates with other olefi§&This is reported to be due to both
the ablity of coppe () to scaveng the phosphine ligandand the stabilisation effet of the

iodide ion on the catalystn the case of the reaction of the Cbz amii80it was found that
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the addition of 1 equivalent of copper iodide led to facile protion o the " ,i -unsaturated
thioester productl26bin 75% yield§chene 36). This procedure was then also applied to the
acrylate136to yield theh i -unsaturated ested26c¢in 86% yield.

O
_ p-Tolyl
\)J\S p-1oly
134 (3 equiv.)
Hoveyda Grubbs Il (10 mol%),

Me Me : Me Me 0o
H Cul (1 equiv.) H
N X A . N XA pToly
Cbz N 1,2-DCE, 50 °C Cbz S
130 (1 equiv.) 126b
75% yield
(0]

\)J\O/ p-Tolyl

136 (3 equiv.)
Hoveyda Grubbs Il (10 mol%),

Me Me : Me Me o
H Cul (1 equiv.) H
N N XA poly
Cbz PN ; Cbz N Priel
1,2-DCE, 50 °C
130 (1 equiv.) 126¢

86% yield

Schene 36. Cross metathesis procedure for thioacrylates

When Cbz aminé30was submitted to the metathesis conditions with enob&2, the only
compound isolated was the cyclised pyrrolidigg1273a obtained in 88% yield. Thoughis
was unexpected, it does support out initial hypothesis that ketones and aldehydes may be
too reactive, andhave a significant racemic background reactivity, and terefore

unsuitable as electrophiles in tlEsymmetrc intramolecular azélichael reation.

o]
\)J\p-Tolyl
132 (3 equiv.) " Me
e
Hoveyda Grubbs I (10 mol%), o
H Me_Me Cul (1 equiv.)
N N Tolyl
L 1,2-DCE, 50 °C ol p-Toly
130 (1 equiv.) (2)-127a
86% yield

Scheme7. Metathesis reaction of-folyl enone to form ketgyrrolidine
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A report by Fustero shows a similar metathesis reaction of methyl vinyl ketonethedalkyl
enones were coupletb Cbzamines. In the presence of a Lewis acid, and with microwave

heating, they were able to obtain high yields of racemic pyrrolidi8HScheme38).

R
sz
R, R [Ru] ( n
o} 22 Lewis acid
+ NHCbz N
)v = n !
R Solvent, u wave Ri™ X Cbz
137 138 139
R4 = alkyl 55-99% vyield
R,=H, F
n=1,2

Scheme38. Tandemmetathesis IMAMR of enones

When compared to this report, it is perhaps unsurprising that we obtained a cyclieddqt

(¥) 127awhen using thep-tolyl enone under these metathesis conditions. This result also
meant that we were not able to submit the enone tgyametric conditions, as we were
unable to isolate the uncyclised product, which lends credence to using lessecklitihael

acceptors in stereoselective reactions.

As we had ruled out the use of enones as intramolecularMizhael acceptors, the next
comparis;mm we wished to draw was between thej -unsaturated ester 126c and i -
unsaturatedthioester126h. To do tlis, conditions were selected based on the previous work
in the group on the asymmetric synthesis of tetrahydrofur&hdhe combination of
cyclolexane and @®-TRIP had shown to be fruitful iachieving higher yields and
enantioselectivity for the cyclisationf the 5>membered rings. There was also an indication
that higher tamperatures were not detrimental to the enantioselectivity of the reaction bu
did offer increased yields. For example, in the case of thedyzthyl THF synthesian ee

of 45% was achied at 50°C and 46% at 73C. To that effect, initial screening tie
asymmetric reaction wagerformedat 80°C as this would be near reflux forobohexane and
the upper limit for the reaction temperaturen this solvent This would hopefully allow for
enantioselective reactions of thgj -unsaturatedthioester 126bto occur as well as enabling
cyclisation of the, theoretically, less reactivg -unsaturated ester 126¢ When subjected to

these conditions the ester did reabut with a low yield of 20%, however, a high enantiomeric
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ratio of 95:5 was achieved 279. While this yield was lower than we had hoped, it did lend
credence to the hypothesithat the thioesters may offer enhanced reactivity. Gratifyingly,
the cyclistion of the thioester led to the formation of pyrrolidirk27bin a high yield of 83%

and with excellent enantioselectivity of 98:2 eé8cheme39).

Me
Me
H Me Me 0 (R)-TRIP (20 mol%) o
N X A p-Toly _p-Tolyl
Cbz o cyclohexane, 80 °C, 24 h N o PV
Cbz
126¢ 127c
20% yield
95:5 er
Me Me
H Me Me 0 (R)-TRIP (20 mol%) o
N X~ p-Tolyi
Cbz”~ N g POl cyclohexane, 80 °C, 24 h N g-P-Tolyl
Cl:/)z
126b 127b
83% yield
98:2 er

Scheme39. Asymmetric cyclisation 6f -unsaturated thioester antl Funsaturated ester

This result supports our hypothesis that the thioester sits in a middle ground of reactivity
between the ketones/aldhydesand esters. The higher yields observed when using the
thioester over esters demotrste the increased reactivity, while the ability to isolate the-
unsaturatedthioester means having control over the enantioselectivity of the reaction, which

we dd not havewhen using the ketone.
2.1.1.HPLC determination of enantiomeric ratio

Seveal methods can be used to determine the enantiomeric ratios in a chiral mixture, but
the most appropriate and accessible method for this work was the use of chirél. HREe

ratios reported inScheme39 were determined using thisthnique.

In order to determine an enantiomeric ratio, a racemic standard is needed to assign the peaks
of both enantiomers. To do this, a cyclisation was performgidgian excess of ramic )-
camphorsulfonic acid (raCSA), with pyrroliding+)-127b isolated in 90% vyield and an
assumed er of 50:5®¢eme40).
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Me

Me
H Me Me 0O rac-CSA (3 eq.) le\)oj\
CbZ/NMS/P'TO|Y| 1,2-DCE, 50 OC, 24 h N S/p_TOIyI
!

Cbz
126b (*¥)-127b
90% yield
50:50 er

Scleme40. Racemicyxlisaion ofh Funsaturated thioester

With the racemate in hand, screening of chiral BRIonditions could be performed. Initial
screens were performed by testing a series of CHIRAREONKNNS, namely the IA, IB, IC and
IG immobilised polysaccharide coluniidn these columns, the polysaccharide stationary
phase éither amylose or cellulose) has various organic selector molecules bound to the
suaars, and different interaction between the two enantiomers and the selectmables
resolution of the mixture. When developing the method, it was found that varying tiralch
column had a greater effect on improving the resolution of the mixture, whil@nging
solvent ratios (hexane/IPA), flow rate or temperature, gave sonmerobover resolution but
was more useful in finkuning retention times. After screening of catidns, it was found
that the CHIRALPAXB columneluting with hexane/2propanol (%:5) at a flow rate of1.0
mL/min at 25 °C afforded separation ofboth enantiomers in a short timeF{gure5). The
integrated area of both peaks shows a 50:50 ratio confirming that theC&& didndeed

afford a racemic mixture.
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Figure5. HPLC chromatogram for cyclisation of pyrrolidi)el 27bwith racCSA

With the method developed, the enantiomer ratio of the asymmetric reaction could be
determined Submitting the product of theR}-TRIP reaction tdHPLC analysis gave the
chromatogramdepictedin Figure6 with the major peak having a retention time of 7.7 mins,
and the minor peak at a retention time of 8.5 mins. Integrationtlué peaks gave an

enantiomeric ratio of 98:2

dadlA.ch

=7.67

<
0
©

T T T
6.5 7.0 75 8.0 8.5 9.0 95 Retention Time (min)

No. tR Peak Area | Area Percent Width
(Y units*ms)

7.67 10851146.000 97.931 0.302

8.54 229300.266 2.069 0.311

Figure6. HPLC chromatogram for cyclisation of pyrrolidig&bwith (RYTRIP

While this method gave excellent separation aedolution for the 3,&imethyl substituted
pyrrolidine, modification of the conditions or use of alternate chiral columns was easily
performedto improve the HPLC traces on other substrates. This data is reported in the

experimental section of this thesis.
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With these promising resudt the rext step was to see if the cyclisation conditions were
universal for other substituents at the 3gsition, or would other substrates require

screening of the reaction conditions.
2.2.Scope of the reaction for 3;8isubditution

The geminaldimethyl graup offered a simplistic substrate for comparing the different
Michael acceptors, but altering the substitution at thg@sition could offer greater synthetic
complexity and show the limits of the reaction. As discussedieeathe formation of
spirocycle allows for an increase in%gharacter in a molecule and is of interest in the field
of fragmentbased drug discovery. Therefore, the introduction of spirocyclic functionality to

the pyrrolidine was investigated.

To symhesise the spocyclic compoundsthe procedures used in the production of the
geminal dimethyl precursor was used almost directly with only minor modifications required.
To modify the 3,3usbtitution, a range of cycloalkane nitriles, as well as diplaeeybnitrile,

were selected to sehow they tolerate the cyclisation reactioRigure?).

Ly L

140a 140b 140c 140d

Figure?. Nitriles selected to & 3,3subsitutted scope

Following a similar prazure to the dimethyprecursorsthe cycloalkyl nitriles were alkylated
using LDA and allyl bromide to yield the cyallkene. This was then reduced wiithium
aluminium hydrideand protected with CbzQhigood yieldsThe metathesisising Cul with
the p-tolyl thioacrylate gave good yds for the cyclobutyll43a and cyclopentyl143b
precursors (84% and 86% respectively) but a lower yield of 66% for the cycldd@xyl
compound Schemetl).
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/Q 1) LDA , THF, -78 °C ), 1) LiAlH,, Et,0, 0 °C to rt
)
Z n 2) g NF Z X 2) CbzCl, K,CO5 (aq),

N N/
. 1,4-dioxane, rt
140an = 1 THF, -78°C 141an=1,61%
140bn = 2 141bn=2 77%
140cn =3 141c n = 3, 80%

]
_p-Tolyl
\)J\S p-1oly
134 (3 equiv.)
Hoveyda Grubbs Il (10 mol%),

Cul (1 equiv.
coz N\ 1,2-DCE, 50 °C cbz N goP o
142an=1,59% 143an =1, 84%
142b n = 2, 65% 143b n =2, 86%
142c n =3, 78% 143c n = 3, 66%

Schemell. Synthesis of 3;8pirocyclic precursors

For the diphenyl substitutedrpcursor, the synthetic steps proceeded in much the same way,
with the exception that LIHMDS was used for the deprotonation of diphenydadete 140d
instead of LDASchemet2). The decision to change the base was made for both convenience,
as LIHMDS was commercially available as a molar solution, and this specific transformation
was reported in the literature withiHMDS as the bas&Alkylation with allyl bromide yielded

the cyanealkene in141din 90% yield. Reduction and protection to give the Chz arhiriel
followed as for the cyclokyl products with a good yield G8%.However, the metathesis of

the diphenyl compound gave a lower yield of 54%. While this was lower than the other
metathesis reactionst still allowed forenough naterialto be isolatedo testthe cyclisation

procedure
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Ph 1) LIHMDS, THF, -78 °C Ph_Ph 1) LiAIH,, Et,0, 0 °C to rt

N///\ Ph 2) g NF NZ = 2) CbzCl, K,COj5 (aq),
THF. -78 °C 1,4-dioxane, rt
140d 141d
90% vyield
O
_p-Tolyl
\)J\S p-1oly
134 (3 equiv.)
Hoveyda Grubbs Il (10 mol%),
H Ph.Ph Cul (1 equiv.) H Ph. Ph O
~N g M ~P"
Cbz AN 1,2-DCE, 50 °C oz N g PrTol
142d 143d
78% vyield 54% yield

Schemel2. Synthesis of 3;8iphenyl precursors

With the precursors in hand, the conditions that had been successfully used to cyclgé&-the
dimethyl pyrrolidine (cyclohexan (R-TRIP at 80C) were applied tohte substratesKigure
8).

R

R
4 RR 0] (R)-TRIP (20 mol%) le\)?\
CbZ/NMJ\S/p-TonI cyclohexane, 80 °C, 24 h N S/p-TonI
I
Cbz
Ph
Ph
O O O o)
5\] S/p—TonI 5\] S/p—TonI 5\] S/p—TonI \ S/p-TonI
Cbz Cbz Cbz Cbz/
144a 144b 144c 144d
78% vyield 87% vyield 99% vyield 97% vyield
98:2 er 98:2 er 97:3 er 90:10 er

Figure8. Asymmetric cyclisation to forB)3-spirocyclic pyrrolidines.

Fortuitously the ®-TRIP conditios afforded high yields for all the3,3-disubstituted
pyrrolidines, with particularly high yields observed for tB&-cyclohexyl spiropyrrolidine
144c¢(99%)and for the3,3-diphenyl substituted pyrrolidind44d(97%). $ghtly lower yields
of 78% for the B-cyclobutyl and 87% for the 3@&/clopentyl spiropyrrolidine were observed,
but both are good yields and are similar to the yielervedfor the 3,3dimethyl pyrrolidine
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127b (83%). The enantioselecitly of the reactionwas also very high, with both cyblaty!
and cyclopentyl attaining 98:2 er, and cyclohexyl achieving 97:3 er. The enantioselectivity

dropped slightly for thaliphenylpyrrolidine to yield an er 080:10.

The high yields and enantioseletty observedfor the 3,3-disubstituted pyrrolidines whal

using R-TRIP at 80C in cyclohexane were very encouraging. It was decided that further
screening of reaction conditions would not be useful at this point, as any gains in
enantioselectivy or yield would be minimaland the current set of conditioresvoided the

use of toxic solvents or bespoke catalysts. However, it was unknown how these results would

translate to 2,2disubstituted compounds.

2.3. Scope of the reaction for 2;@isubstitution

To mirror the reactionperformed on the 3,3lisubstituted pyrrolidines, initial tests were
performed using the 2,2dimethyl compounds as a representative example. The approach
used to synthesise the 2@methylprecursor was to ulise a Curtius rearrangement, as had
been reportedin the literature®”89The Curtius rearrangement required a carboxylic atid
order to form the intermediate acyl azide, so the first synthetic step was to alkylate ethyl
isobutyrate with 4bromobut-1-ene after deprotonation with LDAS¢heme43). This formed

the alkenyl esterl46 in a good vyield of 70%Subsequent hydrolysis of the ester led to
formation of the carboxylic acit¥7in 64% yield, which was theéreated withDPPAand EtN

to form the intermediate acyl azedl Upon heating, the acyl azide underwent the Curtius
rearrangement to give an isocyaeawith loss of M. In the literature reports, this isocyanate

is then hydrolysed at reflux with water to produce a free amine. Howevereaimtended to
form the Cbz ptected amine at the end of the synthesis, an opportunity for telescoping the
reactionarose.To both bypass the amingynthesis,and to reduce the step count of the
reaction, benzyl alcohavas added to the reaction after isganate formation. Upon heatg,

this underwent nucleophilic additioto the isocyanate to form the Cbz groupsitu with a
yield of 67% over the two stepsltilising the same cross metathesis conditions as used for
the 3,3disubgtituted compounds, gavehie 2,2dimethyl substitutedamino thioesterl49in
89% vyield.
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O o 1) NaOH (aq), MeOH, A

Me%o/a 1) LDA, THF, -78 °C Et\O)SM
2) B~~~ 2) HCI (aq)

Me Me Me
THF, -78 °C
145 146
70% vyield
o 1) DPPA, Et3N, toluene, 90 °C H
N

HO)S(\/\ Cbz”~ AN

M Me 2) BnOH,toluene, 90 °C M(Zie\/\

147 148
64% vyield 67% yield
o]
_ p-Tolyl
s A oo
(3 equiv.)
Hoveyda Grubbs Il (10 mol%), o)
Cul (1 equiv.) H
R CbZ/NMks/p-Tolyl
1,2-DCE, 50 °C Me Me
149
89% yield

Schemel3. Synthesis d?,2-dimethytsubstituted precursathrough the Curtius rearrangement

With the precursorl49 synthesised, the cyclisation could then be &gkt Using the same
conditions as the 3;8isusbsitutted reaction (cyclohexan®-{TRIRat 80°C) gave a good yield

of 77% $chemed4). However, a small drop in er of 96:4 was noted, when compared to 98:2
er for the 3,3dimethyl pyrolidine. While this drop is not large, there was potentially room

for improvement if onditions were modified.

X o Q o Tol (R)-TRIP (20 mol%) Mew o
- P~ > _p-10
Cbz Mj\s cyclohexane, 80 °C, 24 h Me 5\1 S ey
Me Me Cbz
149 150
77% yield
96:4 er

Schemael4. Cyclisation of 3;8imethyl precursor with (RJRIP catalyst

For the screning and optimisation of conditionshere were four parameters that could be
changed asily without modification of the substrateiemperature, time, solvent, and

catalyst.
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The work performed on THFs and THPs used cyclohexane as it was believed takutiby p
of the solvent would prevent solvation of the catalyst and interference withtthasition
state. However, the solubility ehore polar substrates in cyclohexane could be problematic,
especially atlower temperatures. Therefore, toluene and ILXE were selected as
alternative solvents for screening. Both solvents have high bglimgts (110°C and 84C
respectively) whicltould allow for a range of temperatures to be screened and toluene also
offers a safer alternative to benzene as an aromatlvent while 1,2-DCE has toxicity and
carcinogenicity hazards associated with it,wewer it is useful as a high boiling point

chlorinated solvent which couldissolvemore polar substrates.

Catalysts were selected based on their commercial avétiafor two main reasons. Firstly,

it allowed for rapid testing of conditions as CPA getis require multistep syntheses to make;
seondly, if the catalyst can be purchased from a chemical supplier, it becomes more viable
in both research and industriakttings. To that end, the catalysts selected wdeTRIP,R-

TiPSY R)-phen and R-anth as shown irFigure9.

L j o
O. /O
/P\
o i &

R i-Pr
CPA (R)-TRIP (R)-TiPSY (R)-phen R)-anth

Figure9. Structure of CPA catalystsdsn reaction screening

Initial screening was done by variation of tleartperature and theime of the reactionTable
1, entry 1 shows the already tested conditions of cyclohexaRelTRIP at 80C for 24 hours,
which gave 77%ield and 96:4 er. When the temperature was lowered tdG@ ablel, entry
2), the yield nearly halved to 38%, but no increase iwa&s observed. Indeed, the er for the
reaction dropped marginally to 95:5. The decrease in ysehbt particularly surprising as with
lower temperatures, the rate of reaction would albe expected to drop. Extending the
reaction time to 48 h may be expted to increase the yield, but these conditions only saw
small increase in yield to 46&nd a marginal increase in enantioselectiviy 97:3. These

slight differences in enantioselecity are very minor and effectively show that time and
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temperature hare minimal to no effect on the enantioselectivity of the reaction, but they do

have an impact o the yield.

Tablel. Conditions screen fortplyl, 2,2-dimethyl gyrrolidine

/HM o CPA (20 mol%) § Mew o
Cbz M Me S solvent, T °C, t hrs MerZE\I s

149 150
Entry CPA Solvent T/°C |t/hrs |Yield% |er
1 (R-TRIP cyclohexane 80 24 77 96:4
2 (R-TRIP cyclohexane 50 24 38 955
3 (R-TRIP cyclohexane 50 48 46 97:3
4 (R-TRIP toluene 50 24 18 96:4
5 (R-TRIP 1,2-DCE 50 24 12 95:5
6 (R-TIPSY | cyclohexane 80 24 22 79:21
7 (R-phen cyclohexane 80 24 21 73:27
8 (R-anth cyclohexane 80 24 99 81:19

To screen the different solwés in the reaction, the catalyst remained unchanged but the
lower temperature of 50C wasused for 24 hours. The use of the lower temperature would
make for easier comparisons for the effect of solvent on the yield and evsmléctivity. If

any major icreases in yield were observed through varying the solvent, they would be more
apparent wha increasing from 38 % yield (80) than from 77% yield (8C). Any decrease

in yield, while less pronounced when using 38% as thellvees would still be appardrbut

not as important as those conditions would not be pursuks.can beseenwhen compaing
Tablel, Entries2, 4, and5, the effect of solvent had a marked impact on the yield of the

reaction, but a negligibleffect on the enantioselectivity. Cyclohexane at’60gave a yield of
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38%, while both tolane and 1,2DCE saw a drop to 18 and 12% respectivdlye

enantiomeric atio remained at 95:5 for 1;PCE and gave a slight increase to 96:4 for toluene.

Cyclohexaa at 80°C for 24 hours seemed to be the ideal conditions for the reaction to
achievehigh yidds while variation of these conditions did not seem to greatly affeet th
enantioselectivity. While this allows for some flexibility when trying to attagiér yields for
the reaction, it seemed that the only way to affect the enantioselectivity wo@dhvough
catalyst choice.Screening of catalystsTéble 1, Entries 6, 7, and 8) showed moderate
enantioselectivityfor both R-TiPSY79:21 erJand R-phen(73:27 er)but low yields of 22%
and 21% respectivelyR)-anth also showed a moderate ef 81:19but gavean exceptionally
high yield of 99%These results show that the most influential method for affecting
enantioselectivity is the choice of catalyst. While thelds of the reactions were also

affected, atalyst choice gave the most marked change to enantiomeric ratio for the reaction.

This screen shows that our initial conditions used when synthesising ThedBn@hyl
substituted pyrrolidine were fortunateni also providing high yields and enantios¢idties

for the 2,2-diemthyl substituted pyrrolidine. As those initial conditions were based on the
asymmetric synthesis of THFs performed in the gr6up is gratifying to know that the

chemistry can be translated well from the elichael reaction to the azMichael.

Another potential way of affeatig the enantioselectivity of the reaction would be toaciye

the substituent on the thioester. In th€EHF/THP work, changing tpeolyl thiol to mesityl
thiol improved enantioselectivity for the tetrahydropyrans, but led to poorer
enantioselectivity for étrahydrofurans $cheme3?2). As the effects of the thiol substituent
were urknown for the synthesis of pyrrolidines, this seemed to be a prudent choice for
investigation. Mirroring the-tolyl thioacrylate, the mesityl thioaglate 152was synthesised

from 2,4,6trimethylthiophenol to give the product in 69% yielBchemel5).
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sH 1) 15% NaOH (aq), NaBH, (3 mol%), rt 0
_ A
2) acryloyl chloride, BHT, cyclohexane, 0°C S
151 152

69% yield

Schemael5. Synthesis of mesityl thioacrylate

The newly formed mesityl thaxrylate could then be coupled to the 2j@nethyl Cbz amine
148 under the metathesis conditions, artdis proceeded smoothly to give the produt$3
in 92% yield$chemes6).

0]
\)J\S,Mes

152 (3 equiv.)
Hoveyda Grubbs Il (10 mol%),

H Cul (1 equiv.) H Q M
Cbz” X > - 7(\/\)1\ -Mes
RN 1,2-DCE, 50 °C Cbz S

Me Me Me Me
148 153
92% yield

Schemel6. Synthesis of 2;:@imethyl mesityl thioester precursor

Cyclising the mesityl thioestevith (R-TRIP at 80C in cyclohexane gave a very high yield of
94% and an er of 92:8#éble2, entry 1). The high yield of theaetion is very promising, but

the lower enantioselectivity than that of thp-tolyl thioester (er 964) was deemed to be
significant. Therefore, further screening was necessary to see if the selectivity could be
improved upon.As the previous screen demstnated that solvent had minimal effect on
enantioselectivity, and that yields were highest when peried with cyclohexane, it was

decided to continue only with the cyclohexane aswteentemperature, time and catalyst.

As in the case of the-tolyl, reducing the temperature to 50 °C showed a marked decrease in
the yield to 41%, but a slight increaseselectivity to give an er of 93:7dble2, entry 2).
Extending the reaction time to 48 hours did increase tleddyio 68%, but saw a smdlop in

er to 90:10 Table2, ertry 3). This ties in with the results seenTmablel that increasing the
temperature is more beneficial to reaoh rate than extending the reaction time, and that

the temperature has a small but noticeable effectenantioselectivitylt is also worth noting
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that the mesityl thioester showed higher yields but lower enantioselectivity when compared

to the p-tolyl thioesterwhen cyclised withR)-TRIP.

Perhaps the largest difference between tpeolyl and mesitylthioester was seen in the
results for R-TiIPSY R)-phen and R-anth (Table2, Entries 4, 5, and 6). In all cases the yields
and enantiomeric ratios were lower than that of thp-tolyl thioester, and all were
significantly lowethan that of RQ-TRIP. The er of 92:8 recorded whBRrTRIP was used does
still represents a reasmbly high enantioselectivity, though it is a drop fr@®4 when the
same conditions were used in thetolyl thioester. It seems apparent that the addeeric
bulk from the mesityl group does not lead to any significant gairehantioselectivity but

with specific catalysts can give increased yields.

Table2. Conditions screen for mesitg|2-dimethyl pyrrolidine

H 0 CPA (20 mol%) Mew
CbZ/NMJ\S/MeS solvent, T °C, t hrs Me 5\1 S/Mes
e e 153 o 154
Entry CPA Solvent T/°C | Time/hrs |Yield% |er
1 (R-TRIP cyclohexane 80 24 94 92:8
2 (R-TRIP cyclohexane 50 24 41 93:7
3 (R-TRP cyclohexane 50 48 68 90:10
4 (R-TIPSY | cyclohexane 80 24 14 65:35
5 (R-phen cyclohexane 80 24 5 55:45
6 (R-anth cyclohexane 80 24 59 59:41

While the screening of theeaction was necessary, it did demonstrate that the initial
conditions used forhte 3,3disubstitutedpyrrolidines (cyclohexaneR(TRIP, 80C)gavethe

best results. It also demaitrated that the substitution of the thioester could affect the yields
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andenantioselectivity, with the mesityl giving better yields under (ReTRIP conditions than
the p-tolyl, but poorer selectivity. For this reaction, tle@antioselectivitywas giverpriority
over yield and so the-tolyl was selected as théhioester of choice for investigating

substitution at the 2position.

Like the 3,&disubstituted precursors, the 2@isubstituted precursors were synthesised by
replacement of the ethyl isobutyta with the relevant substituted esters. The same
carbocycleand diphenyl functionality was included in the selection of substituents, however
commercial availability of other esters meant we were able to introduce heterocycles into the

precursors, namelg-tetrahydropyranyl andN-Cbzpiperidinyl Eigurel0).

COzMe COZMe COZMe COzMe COzMe COzMe
o0 0 Qg g v
@) N
Cbz
155a 155b 155¢c 155d 155e 155f

FigurelO. Esters selected to test 2disubstitutedscope

These esters were alkylated in tseme mehod as the 2,2limethyl substrate $chemel3)
using LDA and-Bromobut1-ene, althoughn the case of theN-Cbzpiperidinyl esterl55e
LIHMDS wassed as decomposition occurred with LDA and no product was iso(&eldeme
47). Following hydrolysis of the ester to the acid, the Curtius rearrangemest again
employed. In the case of cyclobulyi7a tetrahydropyranyll57d, andN-Cbzpiperidinyl157e
substrates, the additionfacCsCQ alongside the benzyl alcohol led to bettgelds of the Cbz
amineproduct The metathesis proceeded well for most sub#ts, with especially high yields

seen for the carbocyclic precursofibPa 159b, and1599.
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0 1) LDA or LiHMDS, 0
° 1) NaOH (aq), MeOH, A
THF, -78 °C - ) (aq) .
0 A
)n 2) Biu _~_~F )n 2) HCI (aq)
X THF, -78 °C X

155an = 0, X = CH,
155b n = 1, X = CH,
155¢ n = 2, X = CH,
155dn=2,X=0

155e n = 2, X = NCbz

O

HO N
Jn
X

157an =0, X = CH,, 97%
157b n = 1, X = CH,, 55%
157¢c n = 2, X = CH,, 59%
157dn=2,X=0, 76%
157e n = 2, X = NCbz, 60%

0O

s g p-Toly

134 (3 equiv.)

156an = 0, X = CH,, 39%
156b n = 1, X = CH,, 79%
156¢ n = 2, X = CH,, 80%
156d n =2, X = O, 73%
156e n = 2, X = NCbz, 28%

1) DPPA, Et;N, toluene, 90 °C ¥
Cbz~ ) X
n

2) BnOH, toluene, 90 °C or X
BnOH, Cs,CO5 toluene, 90 °C
158an =0, X =CH,, 42%
158b n =1, X =CH,, 62%
158c n =2, X =CH,, 78%
158dn=2,X=0, 75%
158e n =2, X = NCbz, 33%

Hoveyda Grubbs Il (10 mol%), H 0

Cul (1 equiv.) N Tolvl
Cbz” N NgoPTol

1,2-DCE, 50 °C Jn

X

159an = 0, X = CH,, 93%
159b n = 1, X = CH,, 90%
159¢ n = 2, X = CH,, 94%
159d n =2, X = O, 67%
159e n = 2, X = NCbz, 75%

Schemael?. Synthesis d,2-disubstituted precursors

For the 2,2diphenyl esterl55f, LIHMDS was uséor the deprotonation for convenience, and

upon alkylation yielded the alkenyl est&b6fin 42% vyield. Hydrolysis of the esfetlowed

the same procedure as for the other sutzges and gave the carboxylic adis7fin 54% yield.

For the Curtius rearramgnent, CsCQ was also included with the benzyl alcohol, which

generated the Cbz amirkb8fin a good yield of 65%. The meta#fi® conditions also worked

well for this substrateand gave the 2 2liphenyl cyclisation precursd59fin a good yield of

62%.
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o o 1) NaOH (aq), MeOH, A

o Age DM TETOC g L A -
2) B ~F 2) HCI (aq)

Ph Ph Ph
THF, -78 °C
155f 156f
42% yield
O 1) DPPA, Et3N, toluene, 90 °C H
N

HO)S(W Cbz” \

P Ph 2) BnOH, Cs,COg, toluene, 90 °C Pf?ih\/\

157f 158f
54% yield 65% vyield
O
_p-Tolyl
\)J\S p-10oly
134 (3 equiv.)
Hoveyda Grubbs Il (10 mol%), 0
Cul (1 equiv.) H
- CbZ/NW\)J\S/ p'TOlyl
1,2-DCE, 50 °C P Ph
159f
62% yield

Schemel8. Synthesis of 2-&iphenyl precursor

These newly synthesideprecursors were then subjected to theyclisation conditions

previously stated (cyclohexanB{TRIP, 80C)(Figurell).

HW\)OJ\ Tolyl (R)-TRIP (20 mol'%) Rw Tolyl
- - p-1oly > R ~p-1oly
Cbz S cyclohexane, 80 °C, 24 h 5\] S
R R Cbz
5\1 S/p-TonI 5\1 S/p-TonI 5\1 S/p-TonI
Cbz Cbz Cbz
160a 160b 160c
99% vyield 70% vyield 67% yield
96:4 er 95:5 er 95:5 er
@) _ CbzN _
5\] 5P Tolyl 5\1 g P Tolyl  Ph N S/p—TonI
Cbz Cbz Cbz/
160d 160e 160f
61% yield 37% vyield 14% vyield*
96:4 er 70:30 er 76:24 er

*Reaction heated for 48 hours

Figurell. Asymmetric yclisation to form 2,2spirocyclic pyrrolidines.
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In the case of the 2;8isubstituted pyrrolidines the cycloalkyl substitueni$Qa 160b, and

1609 gave good to high yields, while maintaining high enantioselectivity. This reflected the
results seen fothe 2,2dimethyl pyrroldine (Tablel, Entry 5) which gave an er of 96:4 and a
yield of 77%. Gratifyingly, thatroduction of the tetrahydropyranyl spirocycl50d gave a

good yield of 61% whilst maintaining high enantioseléisti(064 er). TheN-Cbzpiperidinyl
160esaw a larger drop in yield to 37% and a substantial drop in er to 70:30. This reduction in
selectivity and yield was also seen for the 2liphenyl pyrrolidinel 60f, with a very pooyield

of 14% and an er of 76:Zttained which was only attained aftean extended reaction time

of 48 hours.

The lower yields and enantioselectivity observed for tighdnyl160f and N-Cbzpiperidinyl

160e pyrrolidines could be due to the increased steric bulk in the transition statéhe
reaction. Our hopes had been that increasing steric bulk would lead to an increase in
selectivity by creating a larger energy dagiween thetransition states of the reactiowhich

lead toeitherthe (R) or (§ enantiomer However, it appears that larger substituents disfavour
cyclsation & well as selectivity. The 2d2phenylpyrroldine 160f gave particularly poor
reaults, which could be a combination of both steric and electronic factors, although it is
unclear as to the degree these different factors affect the reactibmwever the hgh yields

and enantioselectivity observed when synthesising the cycloalkyl armdhigdropyranyl

spiropyrrolidines, was gratifying.

This result coupled with the positive results gained for thedsBibstituted spiropyrrolidines
gave us a robust athodology to move forward with. One substrate that had not been tested
was that of the usubstituted pyrrolidine, and this seemed the madivious compound to

try next.

2.4. Synthesis of an unsubstituted pyrrolidine

The formation of the unsubstituted pracsor was achievedthrough protection of4-penten
1-amine 161 with benzyl chloroformee to give the Cbz aming62in 64% yield. Metathesis
with the p-tolyl thioester gave the unsubstituted precursb83in a high yield of 84%&¢heme
49).
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CbzCl, K,CO; (aq)

H
HoN o~ N~
1,4-dioxane, rt Cbz
161 162
64% vyield
0]
- 'Tol |
\)J\S P VY
134 (3 equiv.)
Hoveyda Grubbs Il (10 mol%),
Cul (1 equiv.) ’ o
1,2-DCE, 50 °C CbZ/N\/\/\)J\S/p—TonI
163
84% vyield

Schemel9. Synthesis of the unsubstituted precursor

As before the precursdt63was subjected to the cyclisation conditions Bf-TRIP at 80C in
cyclohexane. Under these conditiorie substrate cyclised well giving a high yield of 87%,
but the selectiviy dropped significantly to 90:1&G¢hemes0). Despite the screening for the
2,2-dimethyl substrate resulting in the initial conditions proving to be the pést lower
selectivity observed for the unsubstituted pyrrolidine medteanother screen of the

conditions.

HW\)OJ\ Tolyl (RyTRIP (20 mol%) w
Cbz” g P-1oy - N o-P-Tolyl

cyclohexane, 80 °C, 24 h /
Cbz

163 164
87% yield
90:10 er

Schem&0. Cyclisation of the unsubstituted precursor with TRJP

Increasing the stéc bulk through substitution was theorised to favour certain catalyst
transition states, as well as providing a Thoipgold effect to increase the rate of reaction.
Without that substitution, both rates and enantioselectivity could be affdct@rtainly, we

can see that the enantioselectivity dropped when using the prewootimised conditions

S0 o ensure a thorough screen, the conditions selected for the screen mirrored those seen in

Tablel. The screen fothe unsubstitued pyrrolidine synthesis is shownTiable3.
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Table3. Conditions screen fortplyl, unsubstituted pyrrolidine

HV\/\)OJ\ CPA (20 mol%) (j\j\
Cbz/N N S/p-Tolyl - N s p-Tolyl

solvent, T °C, t hrs |

Cbz
163 164

Entry CPA Solvent T/°C | Time/hrs |Yield% |er
1 (R-TRIP cyclohexane 80 24 87 90:10
2 (R-TRIP cyclohexane 50 24 88 91:9
3 (R-TRIP cyclohexane 50 48 43 89:11
4 (R-TRIP | toluene 50 24 42 90:10
5 (R-TRIP 1,2-DCE 50 24 44 88:12
6 (R-TIPSY | cyclohexane 80 24 87 94.:6
7 (R-phen cyclohexane 80 24 73 81:19
8 (R-anth cyclohexane 80 24 97 78:22

Reducing the temperate of the reaction to 50 °T @ble3, entry 2) showed almost no change

to the reaction conducted at 80 °C, both gave comparable yields and a slight inanease
enantioselectivity.Interestingly, when the reaction was conducteal 48 hours Table 3,
Entry3), instead of increasing the yield, there was a significant drop from 87 % for the 24 hour
reaction, to 43%. It as theorsed that while extending the reaction time may lead to an
increase in the amount of product formed f@a more sluggish reaction, extending the time
also leads to competing decomposition pathways, possibly through hydrolysis of the
thioester. For bth toluene and 1,2DCE, yield&ere approximately half of that obtainedith
cyclohexane Table 3, entries 4 and 5). Likewise, enantioselectivity was onlygmally

affected, with 1,2DCE performing slightly paarthan toluene and cyclohexane.
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In screening the catalystéR)-TiPSYTable3, entry 6)achieved ayield of 87% to match that
of (R-TRIPTable3, entry 1),but with anincreaseder of 94:6 (R-phen gave a slightly lower
yield of 73%, buttsowed a significant decrease in er to 81:T@lfle3, entry 7). R-anth
showed a near quantitative yield for but also led to a lower er®2Z ([Table3, entry 8). The
increase in enantioselectivity and high yields fB)-TiPSY suggest that for unsubstituted

compounds it is a better catalyst thaR{TRIP

With the discovery thatR)-TiPSY gave betteesults in the case of thp-tolyl unsulstituted
pyrrolidine, the utility in screening conditions had been demonstrated. One other aspect that
warranted investigation was modification of the thioestahile the use of a mesityl
thioester did not improveon the p-tolyl results for the 2,2limethyl pyrrolidine, it was
deemed ajpropriate to test the effect of the thioester substitution on the cyclisation of the

unsubstituted pyrrolidine.

To do this, the unsubstituted Cbz amifté2 was once again submitted tthe metathesis
conditions, this time with the mesityl thioacrylate. $tgave the cyclisation precursb85in

a high yield of 87%5chemes1).

0]
\)J\S,Mes

152 (3 equiv.)
Hoveyda Grubbs 1l (10 mol%),

H Cul (1 equiv.) H (0]
N g \/\/\)J\
Cbz” "N 15DCE, 50°C coz ™ N g Mes
162 165
87% yield

Schemé1. Synthesis afnsubstituted mesityl thioestggrecursor

As the effect of solvent had agabeen shown to be minimal on yield and selectivity,
cyclohexane was carried forward for thersen, with toluene and 1;DCE not tested.

However, temperature, time and catalyst wesereened, as shown ifable4.
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Table4. Conditions screen for mesityl, unsubstituted pyrrolidine

HV\/\)OJ\ CPA (20 mol%) w
coz”" e Ivent, T °C, th " N 5 s
solvent, ,thrs Cbz/

165 166
Entry CPA Solvent T/°C | Time/hrs |Yield% |er
1 (R-TRIP cyclohexane 80 24 91 85:15
2 (R-TRIP cyclohexane 50 24 62 85:15
3 (R-TRIP cyclohexae 50 48 91 85:15
4 (R-TIPSY | cyclohexane 80 24 36 93:7
5 (R-phen cyclohexane 80 24 10 67:33
6 (R-anth cyclohexane 80 24 89 72:28

When the reaction was performed witR(TRIP a80 °C for 24 hours, a high yield of 91% was
obtained, but an er of onl§5:15 was achieved éble4, entry 1). Reduction of the reaction
temperature to 50 °C did also reduce the gigb 62%, but the enantioselectivity was
uncharged, achieving an er of 85:1bable4, entry 2. Extending the reaction time to 48 hours

at 50 °C did increase the yileb 91% but again, no increase in enantioselectivity was observed
(Table4, entry 3.

Theuse of R-phen and R-anth (Table4, Entries 5 and 6) saw a decrease in both yield and
enantioselectivity when compared taR(TRIP , butR)-TiPSYTable4, Enty 4) showed a
dramatic increase in er to 93:7. This reflects the resséisn for the unsubstitutegb-tolyl
where R)-TIPSY led to a higher enantioselectivity when compareB)tdRIPTable3, Entries

1 and 6). Wfortunately, the yield of the mesityl thioest€B6%) was lowewhen R)-TIPSY
was usegdmeaning any gains from enantioselectivity were outweighed by a lack of synthetic

utility.
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It is also worth noting that when extended reaction times were used foutmibstitutedp-
tolyl thioesters, the yield dropped significantlyaple3, Entry3), possibly due to hydrolysis of
the thioester In the case of the mesityl thioester, extending the reaction time not only
increa®d the yield Table 4, Entry 3), it also matched the results seen for the higher
temperature reaction Table4, Entryl). This suggests that, while less effective at primgd
enantioselectivity, the mesityl thioester does seem to be more stablehydrolysisor
decompositiorthan thep-tolyl. By varying the thioester, it was clear that the cyclisation itself
was significantly affected, but the stability of the resultanto@ster to hydrolysis or

decomposition under the reaction conditions waseault worth considering.
2.5. Functionaliation of pyrrolidines

The pyrrolidine substructure offers two main handles that could be used to introduce
functionalisation; the thioesterand the nitrogen atom. The thioester can be modified in
similar ways toan oxoester, such as reduction, hydrolysis tcansesterification. The
transesterification was of interest as a method for determining the stereochemistry of the
stereogeniaentre formed in the cyclisatiod67 (Figurel2). The sirplest modification of the
nitrogen was deprotection of the Cbz group to reveal the secondary ahtiBewhich could
then go undergo further reactions such as reductive aminations arhBald Hartwig

coupling®°

QA QL
N O,R N S/p-TonI

H

167 168

Figurel2. Potential transesterification and deprotection products

2.5.1 Transesterification and @nfirmation of stereochemistry

One of the aspects of the thioester whi made it especially useful for asymmesigthesis
of pyrrolidines, vas itscomparativelyhigher reactivity than the ester. While the ester gave
lower yields and enantioselectivity than the thioester in the-&kahael reaction, conversion
of the thioeger into an ester would enable access to &mues ofL- -homoproline They

could also serve as a linker unit to attach the pyrrolidine subunit onto a larger molecule.
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Fortunately, methods have been reported in the literature to produce esters from
correspnding thioestersA report by Hanessiagt. al. demonstates aprocessusing AgOTf

in MeOH/CHCLb to convert a thiophenyl ester into a methyl est8rUsing tiese conditions,
the pyrrolidinel64was conveted smathly into the methyl esterl69in 67%yield andwith

minimal change inmantiomeric ratio(Schemes2).

w& Tolyl AgOTI (3 equiv) (j\/?k
N g POV g N OMe

b MeOH/CH,Cl, (1:1) bl

164 169
90:10 er 67% yield, 89:11 er

Schemé2. Transesterification using silveiflate and methanol

The synthesis of the pyolidine methyl esterl69was performed for two main reasons; firstly,
to demonstrate the transesterification procedure, but also to allow for deti@ation of the
absolute stereochemistry of the productin a publicaion by the Clayden groupthey
synthesised §,$-clemastinel 72from Lproline 170through an ArndiEistert extension of the
amino acid! They formed the Cbhmethyl esterprotectedi -amino acid169 as part of the
synthesiswhich matchesthe structure of the product of the transesterification procedure.
(Schemes3).

o 1) (COCl),, DMF, CH,Cl, o
(S) 0°C, 2h () AgOBz, Et;N
N OH %) Me,SiCHN,, Et;N, THF, MeCN N —Na MeOH, rt, 3h
Cbz 0 °C, 5h Cbz
170
(@)
) ) OMe o (S
N )
Me
\Cbz
169 (S,S)-clemastine 172
78% yield

Schemé3. Synthesis of (S;8)f S Y| & (i AayhiBo adidhiriteiediate
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Asthis intermediate in the synthesis was derived fromeamantiomerically pure sourcgl
proline), the value for the optical rotation of the molecule would enable the determination of
configurationin the R-TRIP catalysed cydison. By dsoovering theconfiguration of the
stereogeniccentre formed in the cydation, alternate catalysts could be used, eQETRIP,
depending on which enantiomer is required in further syntheses. It can also allow fgs@nal

of the transition state and mechasim of the reaction through computational studies.

The optical rotabn of the methyl ester synthesised fratime cyclised thioester was recorded
02 op8-2%ah(c80.55, CHlwith the value for the literature sopound asf §°-42.7 (c
1.33, CHG).* Comparison of thesign ofoptical rotationwith the literature value ledo the
conclwsionthat the configurtion of the pyrrolidinemethyl eser 169was(S and therefore the

thioester 164 must also be®- as there appeared to be macemisation of the sterezentre.
2.5.2 Cbz deprotection

One of the most obvious points of functionalisation on the pyrrolidine ring is that of the
nitrogen atam. For functionalisation to take place, the nitrogen must first be deprotected,
and the usuamethods for the removal of a Cbz group is through hydrogenaChbz had
been used since the start of the methodology in preference to Boc, mainlyodtgestahlity
under acidic conditions as the cyclisatiprocedureswere performed using acid catalysts.
However, this stability of the Cbz offers more challenges ireiisoval.Standard deprotection
methods used within the group were the use of ifbl% Pd/Cn methanol under an
atmosphere of hydrogen. When tested on the cyclised pyrrolidi6d, no reaction was
observed,andonly starting materialvasrecovered Table5, entry 1). Replacing the solvent
with one of higher polarity has been a variation employed fparticularly difficult
substrates’® However, when acetic acid was used in place of methanolyé¢balts ofthe
reaction were much the same with only staginmaterial recovered and no deprotection
observed Table5, entry 2). Using an exse of palladium also proved fruitless when 1.1
equivalents of Pd(OHRl)vere used irmethanol Table5, entry 3). Under this set of conditions,
no product or starting material was recovered, with only decompositiadpcts observed

by NMR. Another method for the removal of Cbz groughnsugh transfer hydrogenation.
This replaces gaseous hydrogen with a chemical sourdgjs case ammonium formate, as

the hydrogen donor. This procedure has shown utility in pepsgethesis and has been
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demonstrated in the deprotection of Cbz prolif€To test this reaction, aatalytic anount
of Pd(OHYC with an excess of ammonium formate was refluxed with the pyrrolidi6éin
ethanol. Unfortunately, this was not productive in yielding the deprotectextipct, and only

decomposition was observeddble5, entry 4).

Table5. Hydrogenation conditions tested for the removal of the Cbz protecting group.

(j\)ol\ conditions (j\)ol\
N s p-Tolyl . - ” S/p-TonI

Cbz

164 169

Entry | Pd catalyst (loading) Solvent/temp | Hydrogen source | Result

1 Pd/C (10 mdh) MeOH, rt Hz No reaction
2 Pd/C (10 mol%) AcOH, rt Hz No reaction
3 Pd(OHYC (1.1 eq) MeOH, rt Hz Decomposition

4 Pd(OHYC (10 mol%) | EtOH, reflux NH,CQH (10 eq.) | Decomposition

It was theorised that the some of the decomposition observed may hbeen due to
hydrolysis of the thioester in alcoholic solvents. The liberated sulfur may have then gone on
to poison the palladium on charcoal, rendering it unable to perform the hyehation?* As

none of the palladium catalysed hydrogenation gave viable methods for deprotection,

alternate pocedures were investigated.

One procedure proposed, was the use of boron trichlodimethyl sulphide complex as a
debenzylating reager® Both boron tribromide and boron trichloride have beenedsto
remowe benzyl groups from benzyl protected alcohols and amines. It was reasoned that the
benzyl group of the Cbz may undergo deprotection under these conditions to give the
resutant cartamic acid, which could then break down releasing, @O generat the
depratected amine. Due to material availability, this process was tested on a racemic 3,3

cyclopentyl pyrrolidine(x)-144b. Gratifyingly, when treated with B{IDMS the Cbz was
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removed snoothly to generate the HCI salt of the pyrrolidi@g-173in avery high96% yield
(Schemebd).

. BCl; DMS o
g _p-Tolyl
N o-P-Tolyl CH,Cly, 1t, 12 hours o- s PV
Cbz
(£)-144b (£)-173
96% yield

Schemé4. Cbaleprotection using BEDMS

2.6. Summary of resu#t

The use of | -unsaturated thioesters as Michael acceptors in an intramolecular asymmetric
azaMichael reaction has been demonstratelditial comparisons between oxesters and
ketones showed that the thioester gave better yields and higher enantioselkycthan the
other substrates. When usindR¢TRIP in the synthesis of 3j&ubstitutedand spirocyclic
pyrrolidines, high yields and enantiomeric ratio could be achievkfler a series of
optimisations, it was also shown that these same conditiomstéethe formation of 2,2
disubstitutedpyrrolidines as well, although with an overall slightly reduced selectivity when
compared with 3,3lisubstituted pyrrolidines.lIt is urclear as to the exact reason for the
difference in seletivity, but the proximity @ the substitution, and thus steric bulk, to the
nucleophile could be a facto&creening of the reaction did reveal that the useR{¥TIPSY in
the synthesis of unsubstitad pyrrolidines was beneficial, and led to higher

enantioselectivity, with only @mall loss in yield.

Screening of the reaction conditions showed the extent to which each variable affected the
yield and selectivity of the reactiosolventchoiceaffected the yield of the reactions, with
cyclohexane performig best in all casesuthad little effect on enantioselectivityGenerally,
raised temperatures (80 °C instead of 50 °C) increased yield but did not greatly affect the
enantioselectivity.Increasng thereaction timesrom 24 to 48 hours &0 °Ancreased yields

in the case oftie mesityl thioester but not thefolyl, possibly due to competing hydrolysis

or decomposition reactiond-dowever, when higher temperatures were used (80 °C)pthe

tolyl thioesters gave higher yields and enantioselectivitiesitivaen using mesityl thioésrs.
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The main factor in determining the enantioselectivity of the reaction was in the catalyst
choice, wih (R-TIPSY giving the best selectivity for unsubstituted pyrrolidines, BRORIP

giving the best selectivity for sulistted pyrrolidines.

Through this process of optimisation, we were abledtecide upora general set of conditions
for the asymmetit synthesis of spiropyrrolidine)-TRIP, cyclohexane, 80 for 24 hThese
conditions proved to be productive for symbising a range of spirodiccand disubstituted

pyrrolidines.

Functionalisation of the cyclised products was achieved through aséserification
procedure and deprotection. The transesterification procedure allowed for easy modification
of the thioeser into the corresponding ethyl ester in 67% vyield with nappreciable
racemisation of the stereocentre observed. Comparison obflexificrotation of the methyl
ester allowed for the determination of th@bsoluteconfigurationof the compound, and thus

the stereochemistry of the produof cyclisation, as being th&{enantiomer. Deprotection

of the Cbz group was not possible using tradial hydrogenation conditions, but the use of

BC4.DMS gave the HCI salt of the pyrratelin a very high 96% yield.
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3. Expanding the methodology

With a wide substrate scope demonstrated for thesyanmetric synthesis of substituted
pyrrolidines further attempts to expand the methodology were investigated. The initial scope
gave access to mnge of spirocyclic pyrrolidines, a structural motif whaan increase the
three-dimensionality of a compound. Whedevelopingdrugs or druglike compounds,
changing the shape or form of a molecideone way in which the pharmacokinetics can be
tuned.®® Further modification of potential druiike compound, such as imbduction of

heteroatoms or diastereotopic centres, can also help in the tuning of a drugs properties.

One aea of interest in synthetic and medicinal chemistry is theorporation of fluorine
atoms into drug molecules. Fluorination of organic molecude®ittrivial and the possibility

of introducing fluorine into the pyrrolidine structurels74 and 175 provided an interesting
synthetic challengeRigure 13). Another point of functionalisation was the double bond
where introduction of an R group, such as a methyl, could lead to new enantioenriched
pyrrolidines176 or new diastereomeric pyrrolidined77. These variations could efft the
lipophilicity of he pyrrolidine scaffolds in the case of fluorine, or the branching and steric
interactions with the double bond substitution. Both approaches would lead to a greater
scope for the methodology, adding complexity to the pyrrolidseaffolds available usinbe

cyclisation procedure.

E F
F Me
N N N Ny
Cbz Cbz Cbz Cbz
(@) S 0] S (0] S (@) S

;IJ-TonI rIJ-TonI ;I)-Tolyl ;IJ-TonI
174 175 176 177

Figurel3. Potential new pyrrolidines using existing procedures

3.1. Di#fluorinated pyrrolidines

Fluorine and its properties are of interest toedicinalchemistry for the pharmacokinetic
properties it provides to drugs, and its introduction into organic molecules can be non

trivial.®”%8 The size of the fluorine atom is relatively small (Van der Waalisaof 1.47 A)
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consideringthe size of a hydrogen atoifl.20 A)®° while its electronegativitys 3.98 on the
Pauling scalé? Replacement of hydrogen in a drug molecule with fluorine has been shown
to mimic the steric interactions dfydrogen when binding to a receptor or enzyA&This,
coupled withthe stability of the & bond in comparison to-8, can lead to an increase in
chemical and metabolic stability and enhanced biological acti%4tyVhile the steric
interactions may be small, the electrostatic indetion of the fluorine can also induce a
conformational bias in both ring and aliphatic systems, as well as affecting the pKa of
functional groups both proximal and distal to the flumei®®192The presence of fluare can

also increase the lipophilicity of a compound, a property thet a@fiect the solubilty and
membrane permeability of a drui§.For these reasons, it seerolgar that the introduction of

fluorine to a molecule warrants inves#gon.
3.1.1. Previots route

In order to synthesise the appropriate precursor, the initial plan was to follow the previous
syntheses used for producing the disubstituted pyrrolidine$o begin with
difluoroacetonitrile 179 was selected as a starting maiar for the synthesisof the 3,3
difluoro pyrrolidines $chemesb). First, the alkylation procedure of difluoroacetonitrile was
tested using LDA to deprotonatthe nitrile, followed by addition of allyl bromide.
Unfortunately, no poduct was dserved in the reactionSchemebsb). It was hypothesised,
that the nitrile anion may be stabilised by the adjat fluorine atoms making it less retave
towards nucleophilic addition. Whether this reactivity would Heservel whenusing other

fluorinated starting materials remained to be seen.
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Cbz - F
174 178 179
|N| 1)LDA, THF, -78°C N\(\/
2) g NF FF
F™F
THF, -78 °C
179 180

Schemé5. Retrosynthetic analysis and forwardgyesis of 3,3lifluorinated pyrrolidine

While the nitrile proved unsuwessfl, there was hope that the use of ethyl difluoroacetate
182may be more fruitful in synthesising the Zj#luorinated precursod81(Schemes6). Use
of the nitrile was nokrtrivial due to its low boiling point and high voliy. Consegently, a
new synthesis for the 3;8ifluorinated precursorl78 was conceived, also from ethyl
difluoroacetate182 giving a common starting material to derive both 2zd 3,3-difluoro

compounds $chemes6).

Fw ¥ i
_N
F" N S/p-T0|y| —— Cbz M — EtO)J\(F
F F
F

175 181 182
F
H H,N
— N p— 2 \[M
N g P-To! Cbz” M o
Cb2
174 178 183
o)
F
— EtO)K(
F
182

Schemé6. Retrosynthetic analysis of 2@nd 3,3difluorinated pyrrolidines
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As a forward synthesis, the first conditions tested weh®se previously used when
synthesising 2 2lisubstituted pyrrdidines;LDA m THFat -78 °C followed by addition of 4
bromobut-1-ene (Table6, entry 1). Under these conditions, no product was isolated, and
analysisof the crude material did not discern any identifiable compounds. WhBA wa
replaced with LIHMD&s an alternative nomucleophilic amine base, the only product
observed waghe hydrolysedstarting material Table6, entry 2). Another base commonly
used for deprotonation in the foration of endates is sodium hydride. Under reflux in dry
benzene Table 6, entry 3), the only product recovered was difluoroacetic acid with no
alkylated product seen. It was hypothesised that small amounts of watsr have entred

the reaction and, coupled with high temperagas, resulted in the hydrolysis of the starting
material. To try and combdtydrolysis NaH deprotonation was attempteat -78 °C in dry
THF Table6, entry 4).Unfortunately this methodalso resulted in hydrolysit. wastherefore
concluded that quenching the reactionith water led to the formation of NaOH during

workup which would be the most likely explain the hydrolysis observed.
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Table6. Enolae formation and alkylation with 4romobutl-ene

o . 1) base, solvent, additive‘ o
EtOJ\( EtoJ}(\/\
N
F 2 = Br FF
182 184
Entry | Base Solvent | Temp /| Additive Result Yield
°C %
1 LDA THF -78 - Decomposition | -
2 LIHMDS THF -78 - difluoroacetic 62
acid
3 NaH benzene| 80 - difluoroacetic 63
acid
4 NaH THF -78 - difluoroacetic 76
acid
5 KHMDS| Toluene | -40 18-crown-6 Decomposition | -
(premixed)
6 KHMDS| Toluene | -40 18-crown-6 (after| Decomposition | -
halide)

The lack of product formation may also be due to ghability of the metal enolateas &en

at elevated temperatures, no product was observed. To try and counter this, KHMDS was
used as a base with 4&own-6 added as a potassium ionopleoiVhen KHMDS was premixed
with the crown ether Table6, entry 5), decanposition was observed. The crown ether was
also added after the addition of the bromide to the reactidiafle6, entry 6) to try and break

up the potassium enolate in the presence of the bromiBegretably, deconposition still
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occurred, possibly from sideactions such as setbndensation or condensan with

products.

The results for the reaction i 4-bromobutl-ene were disappointing and seemed to

suggesit may not be possible to synthesiseetdesred productviathis route Howeverwe

hypothesisedreplacement of the dromobut-1-ene with allyl bromide for the synthesis of

the 3,3 substratemay provide different results. This was reasoned as allyl halides undergo

an S2' reaction as opposed to direct Hficleophilic substitution, which my be more

amenable with this enolate.

Table7. Enolate formation and allylatiowith allyl bromide

Q 1) base, solvent, additive 0
Eto)K(F ____________ ar = Eto)W
r
£ 2) o £
182 185
Entry | Base Solvent | Temp /| Additive Result Yield
°C %
1 LDA THF -78 - Deconposition | -
2 LIHMDS THF -78 - difluoroacetic 77
acid
3 NaH benzene| 80 - difluoroacetic 72
acid
4 NaH THF -78 - difluoroaceic 75
acid
5 KHMDS| Toluene | -40 18-crown-6 (premixed) Decomposition | -
6 KHMDS| Toluene | -40 18-crown-6 (after | Decompsition | -
halide)
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When the conditions for the reaction with -Bromobut-1-ene were mirrored with allyl
bromide {Table7), very similar results were observed. When using LDKHWMDS with 18
crown-6 (Table7, entries 1,5 and 6) decomposition occurred again, and when LIHMDS or NaH
was used, the only observable prodweas hydrolysd starting material. Overall, this suggests
the major difficult in performing this reaction is lessdo with the electrophile, but more to

do with the formation and stability of the enolate. Therefore, other methods would be

required in oder to synthesse the difluorinated compounds required.

3.1.2 Synthesisof 2,2-difluoro precursors

Upon investigatiorof the literature, a report by Fusteret al. showed the synthesis of 2;2
difluoro-5-hexenoic acid with the keys step being a difluorioatof anh -keto esterl® This

acid is the same intermediate we were intending to make as a precursor to the Curtius
rearrangenent, makirg this procedure much more synthetically viable than the initial plan of
direct alkylation of ethyl difluoroacetate. Thisute would have an additional step but there

was clear precedent for the synthesis of the desired compound

Following the ame procedresas Fustero, we were able to obtain theketo ester187in
41% yield from diethybxalate(Schemes7). The product of the Grignard additioh84 could

potentially undergofurther addition reactionsexplaining he lower yield.

o BrMg._ ~_.~ Q
OEt
EtoJ\( Eto)k[(\/\
o) THF, -78C o)
186 187
41% yield
Deoxofluor (0.5 M toluene) o
g EtO X
EtOH (20 mol%) O F
DCM, 0Ctort
184
57% yield

Schemés7. Synthesis of difluorinated ester

With theh -keto ester in hand, the fluorination step could be performed. This involved the use

of the nucleophilic fluorinating agerbis(2methoxyethyl)aminosulfur trifluoride (Deoxo
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Fluo®). The reactivity of this reagent is such that it can convedetones and alehydes into
the corresponding geminal difluoride but leave the ester functionality intact. Gratifyingly,
when theh -keto ester was subjected to the fluorination conditmthe difluoroesterl84was
revealed in a 57% yieldith an overall yield of 23% owé¢he two steps $chemes7). While
this gave sufficient material to work witlasthe h-keto ester was prone to decomposition
over time, it was imprative to perform the fluorination soon after isolation. To try and
circumvent this instability, the reaction was telescoped to remove the column
chromatographystepused to purify the -keto ester. Intead, the Grignard reaction was only
treated with anaqueous waok-up and the crude material then subjected to fluorination
conditions. By performing the reaction over two steps, the yield of the difluorinated é8ter
was marginally increased to 26% fr@3% and eliminated the need for chromatography after
the first step (Schemeb8).

)OS(OEt 1) 3-Butenylmagnesium bromide, THF, -78C 0
> X
EtO 2) Deoxofluor (0.5 M toluene), EtO FF
O EtOH (20 mol%), DCM, 0C to rt
186 184
26% vyield

Schemé8. Telescoped reacin for the synthesis if the difluorinated ester

With the ester in hand, the next step was a hydrolysis to giveiBelifluoro-5-hexenoic acid
This was readily accessible from the ester through the use of LiOH in;0H®ith the acid

obtained in a verpigh 89% yield.

O LiOH o
EtO AN . HO X
/S THF/H,0, 0 °C to rt .
184 188
89% yield

Schemé9. Synthesis of 2;@ifluoro-5-hexenoic aid

The acid188 could then be subjected to Curtius rearrangement condititmst had been
previously optimised, with DPPA followed by Bn&dition Scheme60). However when
using these conditions, no idifiable product could e observed. To try and simplify the

reaction, the procedure was performed without the benzyl alcadtdwingfor isolation of
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the isocyanate product, which ctilthen be subjectd to either hydolysis or benzyl alcohol
conditions in a separate step. When the reaction was tested, the only product that was
isolated was the difluorinated phenyl est&B9 with no isocyanate observed. It is believed
that the DPPAormed the acyl amle as expectedbut the intermediatedoes not undergo
decomposition andearrangement. Instead, the acyl aziddikelyintercepted with phenol to

give the phenyl estet89in 34% yield $cheme60). The sources of phehare most likely
from either the DPPA or phosphoryl-pyoducts which may have liberated phenol at the

elevated temperatures.

o 1) DPPA, Et;N, toluene, 90 °C H
HO X Cbz” N
FF 2) BnOH, Cs,CO5 toluene, 90 °C F F
188 181
o DPPA, Et;N, toluene, 90 °C o 0
HO X o) X
F F FF
188 189
34% vyield

Scheme0. Attempts atthe Curtus rearrangement

To try and prevent iie formation of the phenyl ester and to allow for isolation of the
isocyanate, the reaction was modified to remove the DPPA. Instead thezdglwas formed
through the synthesis of acyl chlorid&90 from acid 188 through the use of oxalyl
chloride/DMF bllowed by sodium azide addition to the crude acyl chloride to give a crude
acyl azidel91 (Steme61). Further purification of the acyl chloride or the acyl azide was not
performed to try and prevent hydrolysis bato the starting carboxylic aciékormation of the
acyl azide was confirmed by infrad (IR) spectroscopy with a distinctive azide stretch
observed at 2148 crh The crude acyl azide was then heated in dry toluen200 °Cto try

and effect the Curtius reeangement and isolate the isocyanafeéhis reaction was monitored
by taking aliquots for IR analysis at 1, 13 and 20 hours, with an expeticyanate stretch

of 22752250 cm.
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0] (COCl), (4 equiv.) 0]

HO X Cl X
F CH,Cl,, DMF (cat), rt, 3 h F
188 190
NaNj; (4 equiv.), TBACI (5 mol%) O toluene, 100 °C
_ Ng N _
toluene, H,O, rt, 5 h FF
191

Sdhieme61. Altermative procedure for the Curtius rearrangement

After 20 hours of reaction, the azide peak had completely disappeared, but over the course
of the reactionno isocyanate was observday IR and no free amine was recoveren
workup. Thissuggests thathe GCbond which would normally insert into the nitrene is not
nucleophilic enough, most likely because of the electrophilicity of the difluovapy Due to

this, a Curtius rearrangement approach whlereforelikely beunfruitful for synthesising the
2,2-difluoroamine. Despite investigation of the literature, no alternative procedures were
found that may enable the synthesis of a-2jluoroamine, so fuher attempts at isolating

the 2,2difluoropyrroldine were not purnsed.

3.1.3 Synthesis of 3,&lifluoro precursors

While thisapproach was not feasible for the 2¢#luoroamine, there remained the possibility

of using the Deox&-luo®procedure in the synthesis of the 3d¥fluoroamine. To do this, the
synthesis would eed to be modified to use allylmagnesium bromidaéad of forming the
Grignard reagent from -Hromobutl-ene. Unfortunately, addition of allyl Grignard into
diethyl oxalate was not successful despite multiple attempts, with only decomposition or
multiple side products observed in the reactio&feme62). It was reasoned that the gll
group may undergo a rearrangement to form the conjugated ketone which could then lead

to other side reactions.
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Sheme62. Attempted additon of allylmagnesium bromide to diethyl oxalate

After sarching the literature, an alternative procedure was found the synthesisof the
desred difluoroesterfrom ethyl bromodifluoroacetat 193 The method involved the use of
copper powder and allyltributylstarane, with the authors suggesting the formation of a
tributyl tin radical abstracting the bromide from ethyl bromodifluoroacet&€This radiel
could then react further with the allyltributylstannane to form the desired product. However,
the report gave n@rocedureor quantitiesfor the synthesisFortunately, further literature
investigation found a patent with a very siariimethod to produe the desired estet% The
method employed ethyl iododifluoroacetate and allyl bromide as the coupling reagents,
which wasmuch more appealings it avoided the use of toxic stannanes. Due to availability
of materials, ethyl iododifluoroacetate was replacedth ethyl bromodifluoroacetate193
and the reaction tested. Gratifyingly, the reaction proceeded and the product wasnaat

in 26% yieldSchemes3).

Q allyl bromide (1.2 equiv.) Q
/\O)J\’<F : > /\O)‘W
Br Cu powder (2 equiv.),
F DMSO, 55 °C FF
193 185
26% yield

Scheme3. Allylaion of ethy bromodifluoroacetate

The main difficulty with this reaction was the isolation of the product. The diflutethaster
185was vdatile and could only be isolated through bti-bulb distillation® The following
step in this reaction was the formam of the amidel83 by treatment of the ester with
ammonium hydroxide in THF. To try and prevent loss of the ester, the reaction lessoged
to include the amidatiorof the crude ester after an aqueous workugchemes4). Despie an
additional step the formation of the amidd83was achieved in 40% yield over two steps, a

significant improvement over the isotéon of theester on its own.
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F 1) allyl bromide, Cu, DMSO, 55 °C
/\O&Br 2) NH4OH, THF, rt g HZN)W
F 400, THE F F

193 183
40% yield

Schemes4. Telescoped allylaticend amidation

To olain the desired Cbz protected amine, the amide was reduced usingslaAtHthe
resultant amine trapped as the HE&4It. Theamine hydrochloride was thekerackedwith
K:CQ and subjected to benzyl chloroformate to give the Cbz pre@@minel78in 42%
yield over the 3 stepsThe Cbz amind78 could then be subjected to th metathesis
procedure, as had been donerfmther 3,3disubstituted substrates, which yielded the

metathesis product in a moderate yield of 453chemes5).

(0]
_ 1) LiAlH,, Et,0, 0 °C . Cbz. _
H2N Nw
F E 2) HCl/dioxane, Et;0, rt H F F
3) CbzCl, K,CO5 (aq), dioxane, rt
183 178
42% yield
o
_p-Tolyl
\)J\S p-Toly
134 (3 equiv.)
Hoveyda Grubbs Il (10 mol%),
Cul (1 equiv.) y R F o)
1,2-DCE, 50 °C Cbz/NMJ\S/p -Tolyl
194
45% vyield

Schemes5. Reduction and Cbz protectioh2,2-difluoroamide with subsequent metathesis

With the metathesis product in hand, the cyclisation procedure couldthe tested. To
obtain a racemate of the product for HPLC analysis, thedBl@oro precursor was treated
with racCSA in DCE at 3G Unfortunaely, no reaction was observed, withorproduct
observed in the crude NMR. The reaction was also repeatedbwith (R-TRIP andR)-TiPSY
catalysts in cyclohexane at 8 to test the optimised procedure for the asymmetric
cyclisation. This atsgave no bservable product when analysing theude NMR, with only

starting materiall94 observed §chemes6).
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F
H RF 0 Conditions A, B, or C ?j\)oj\
/N\V)M;V/A\v/ﬂ\ ~p-Tolyl ] )
Cbz N g P-Toly N 5P Tolyl

Cbz

194 174

A. rac-CSA (3 equiv.) 1,2-DCE, 50 °C, 24 h
B. (R)-TRIP (20 mol%), cyclohexane, 80 °C, 24 h
C. (R)-TiPSY (20 mol%), cyclohexane, 80 °C, 24 h

Schemes6. Attempted cyclisgon of 3,3difluoro pyriolidine

The difficulty in trying to cyclise the precursk®4was disappointing and it was reasoned that
thispoor reactivity wagrom electronic effects over steric effects. As stated earlier the relative
size of the fluorine atom is small, dnconsidemg the propensity for sterically bulky
substrates, such as theyclohexyspiropyrrolidine to cyclise, stergffects were ruled ot as

the reason for this lack of reactivity. However, the high electrophilicity of fluorine may have
reduced the €ective niwcleophilicity of the nitrogen atom. From this we can also firiFat

the 2,2difluoro pyrrolidine would also é difficult to cycke as the effects of the fluorine
would be even more pronounced whénto the amine. Therefore, it was concludedatithe

synthesis of difluoro pyrrolidines using this methodology would Io@ possible.
3.2. Methyl substitution on Michael acceptor

Another avenue of interest was the introduction of a methyl group to the deblond of the
Michael acceptor before cyclisan. Methyl substitution at the Eposition of the pyrrolidine
would crede a tetrasubstituted pyrrolidine giving access to novel enantiomers as well as a
new quaternary centre. Introduction of angRoup at he positionalpha to the carbonyl would
resultin new distereomersasanalogues of pharmaceutically relevant compounéiseries

of patents for kinase inhibitors show several drug molecules that use pyrrolidines as a
terminal substructure in the active ogpoundsi®&19Typicaly, the pyrrolidine is synthesised

as an analogue dfi -homoproline which is then coupled to the core of the drug through the

carboxylicacid. Some examples of these pyrrolidine -suiits are shown ifrigurel4.
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Figurel4. Intermediates irthe synthesis of kinase inhibitors

While these examplesainonstrate an aryl substitution at the-position, using methyl as an
initial substituentwould serve as a benchmark foeactionfeasibility and the possibilityfo

further substitution.

To introduce the methyl group, the prodare for the synthesisvould have to be modified
Toensure both good conversion denantioselectivity, it was decided to begin by testing the
3,3-dimethyl precursor, as teihadgiven some of the best results in the initial cyclisation
procedure.In order to poduce a tetrasubstituted pyrrolidin200, the allyl bromide used in
the alkylation of isobutyronitrile128 would have to be replaced witt8-bromo-2-
methylpropene. Thigould then be subjected to the metathesis conditions with fh¢olyl
thioacrylate to gve the double bond with methyl substiti A 2 Y Ipdsitiod # She |
OFNb2yef & LyiNRRdzO ipasiion of2hg cailbdag woudlé ie and through § K S
modification of the thioester. Replacing acryloyl chloride with metlyéxyl chloride would
enable the synthesis of thp-tolyl 2-methyl-thioacrylate203to give the correct substitution
(Schem&s7).
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Me Me \)J\S/p-Tolyl Br/\’/

Mo 134 1 Me_ Me Me Me NS Me
N 0 > _N p—
| Cbz Me
Cbz S—p-Tolyl
200 201 128
0]
_p-Tolyl
- P-Toly
Me Me _
0 203 4 Me_ Me Br~ N\\\(Me
- ’ _N
N o P-Toly! NN T r
Cbz Me
202 130 128

Schemés7. Retrosynthetic analysis for the inthaction of a methyl group onto cycligat precursors

For the forward synthesis, the modified allylation of isobutyronitrile witromo-2-
methylpropene gave a modematyidd of 50% for the nitril204 (Scheme68). Subsequent
reduction with lithium alunmium hydride and protection with benzyl chloroformate gave the

Cbz protected amin201in 57% yield over the 2 steps.

N N . o Cbz
Jl\ 1) LDA, THF, -78 °C N 1) LiAlH,4, Et,0, 0 °C to rt HN
2) 2) CbzCl, K,CO3 (aq),
Me” Me Br/\’/ Me Me 1,4-diox§ne,3rt Me Me
128 THF, -78 °C 204 201
50% yield 57% yield

(over 2 steps)

Schemés8. Forwardsynthesis of methydubstituted Cbz amine

Similarly, the mdification of the thioacrylate synthesis proved fruitful, giving then@thyl
thioacrylate203in a high yield of 86%&¢hemes9). The yield of this product was noticeably
higher than that of the unsubstituted thicaylate (68%), possibly due to less side reactions
of the thioacrylate product. The unsubstituted thioalete shows a certain aount of 1,4
addition byproduct from attack of thep-thiocresol during the reaction, buthis is not

observed in the methyl sudtituted thioacrylate.
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/©/ 1) NaBH,, 15% NaOH (aq), rt o /©/
HS o) Yks
o
203

2) BHT, cyclohexane, 0°C 86% yield

Scheme9. Forward syritesis of methyl substited thioacrylate

With the methyl substituted precursors in hand, the next step wasntmitor how each
compound performed under # optimised metathesis conditions. Unfortunately, neither

metathesis reaction yielded any of the desiredguct Schemer0).

O
_ p-Tolyl
\)J\S p-1oly
134 (3 equiv.)
Hoveyda Grubbs Il (10 mol%),

H Me_Me Me Cul (1 equiv.) H Me_Me Me O
_N _N X _p-Tolyl
Cbz 1,2-DCE, 50 °C Cbz S
201 (1 equiv.) 205

No product observed
(0]

_p-Tolyl
ijsp oly

203 (3 equiv.)
Hoveyda Grubbs Il (10 mol%),

Me Me : Me Me )
H Cul (1 equiv.) H
N\M NM /p_T0|y|
7 e \
Cbz S 42.CE, 50°C Cbz S
Me
130(1 equiv.) 206

No product observed

Schemé& 0. Attempted metathesi of methyl substituted precursors

This result was disappointing but perhaps unsurprisingdis@ibstituted olefins ar&nown
to be kess reactive than other monosubstituted olefins, as 'afeunsaturated olefins, both
of which are present in the precursdtsNo further attempts wee made to obtain the methyl
substituted precursors using this method ag tmetathesis di not seem feasible with these
substrates. Other synthetic routes for introduction of a methyl groogy bepossible but
would likely involve substantial reworking tfie current synthetic route and were not

investigated.
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3.3. Summary of radgts

Attempts d introducing fluorine around the pyrrolidine ring were not successful. The
synthesis of the 2;8lifluoro precursor was not possible with the methods attempted, gt t
3,3difluoro precursor was synthesised after extensive testing of canditand literéure
research. However, when attempting cyclisation under racemic or asymmetric conditions, no
product was observed. This lack of reactivity was reasoned to be duthetohigh
electronegativity of the fluorine atom affecting the nucleophijicof the nitrogen atom,
rendering cyclisation difficult. Introduction of methyl groups to the double bond was also met
with limited success. Both the methyl substituted thioested methyl substituted Cbz amine
were synthesised readily using previoudgveloped methds, however both compounds

failed to undergo the necessary metathesis reaction to produce the cyclisation precursor.
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4. Total Synthesis of Natural Products

The presace of pyrrolidine structures in pharmaceuticals has been documented and,
according to onestudy, the pyrrolidine was the most prevalenit®emberedN-heterocycle

in FDA approved small molecule drdgsPyrrolidines also featur@rominently in many
alkaloids which have been the target of total synthe¥es%111To demonstrate the utility of

the pyrrolidinethioesters that have beesynthesised total synthesis of a natural product
seemed a good demonstration. After literature examination, two candidates d¢al t

synthess were targeted:R)-bgugaine207and ®)-irnidine 208 (Figurels).

(WW

Me Mé
207 (R)-Bgugaine 208 (R)-Irnidine

Figurelb. Natural products (R)gugaine and (Riynidine

Both R-bgugaire and R)-irnidine were isolated from the tubers @éfrisarum vulgarea plant
widespreal in Moroccot'*'14 In the initial isolation, these compounds were shown to be
toxic in the brine shrimp bioassay 6.6f 1.0 and 1.5ug/ml respedively), with ®)-bgugaine
demonstrating both antibacterial and antifungaboperties!*?>13Subseqgently, (R-bgugane

was shown to have affinity for binding to DNA as well as being a strong hepatotoxin in both
rat liver cells and the human hepatoblastoma cell linp@&e!*>116The cytotoxicity effects of
bguanine have also been demonstrated in the mouse mastocytoma cell line P815, and the
human laryngeatarcinana ell line Hep for both theR)- and the §- enantiomer!!’ The I1Go
valueswere recadedfor the mastocytoma P815 as 10 angrél™ for (R) and § respectively,

with carcinoma Hep requiring 5 and 1ptI? for (R and § respectivelylt should be noted

that the (R-isomer is the natural occurring isomer of bgugaine, and Swerfantiomer used

in this study was acquired through enantioselective synthesis. This makes investigation into
methods for asymmetric synthesis particularly fudelue to the lack of natural source for the
(9-enantiomer, which has also been investigassgaratelyfor its cytotoxic effects on MRC

5 fibroblastst'® While a few racemic and asynetric syntteses have been developed for the

synthesis of bgugaine, there are no reports of the asymmetric synthesis of irnidine.
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The racemic synthesis of bgugaiwas achieved by Naito through a radical addition and ionic
cyclisation of oxime ether209 (Scheme71).1’® The reactio utilised triethyl borane as a
radical initiator to generate an alkyl radical from the alkyl iodide. This radical was then able
to add to the oximea produce a nitrogen centred radicahich was quenched by triethyl
borane. The nitrogefborane ionic addet could then cyclise by displacing the tosylate group
with loss of the borane. One of the limitations of the reaction is it uses a large excess of
reagents to achieve cyclisation, wil® equivalents of the alkyl iodide required for only 30%

yield.

C14H29l (20 €q.)

Et;B (6 eq.)
TsO Jj BF; OEt, (4 eq) (j\
N > N N
; CH,ClI,, rt ] CigHog / C14H29
BnO BnO Me

209 210 (x)-bgugaine
30% yield

Scheme&1l. Radtal oxime route tdhe racemic synthesis bfjugaine

Another synthesis waseported by Huang starting from the lactar@ll (Schene 72).
Activation of the amide was achieved usingdriflic anhydride and 2.4li-tert-butyl-4-
methylpyridine(DTBMP)This led to an Qulfonated iminium intermediat@212that enabled
addition of the Grignard reagent. After the addition, the intermediate triflae8 was then
reduced with lithium aluminium hydride to yield the natural product in 75% yield aggoh

procedurel??

(l 1) Tf,0, DTBMP, CH,Cl,, -78 C° (j\
N N

M 0 2) C44H20MgBr, -78 °C to rt Me Ci14Hzg
3) LiAlH,, rt, 1h
21 (+)-bgugaine
75% yield

(Nlow _ (NjTCMHzg

Me B me  OTf

212 213

Schene 72. Onepot reductive alkylation of lactams aswethod fa the synthasisof racemicbgugaine
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Foranasymmetric synthesis of bgugaine there have been 3 m&itnods of introducing the
desired sterecentre: using a chiral sting material, a chiral auxiliary, archiral ligand during

a synthetic step. fie use of chiral startingnaterial was demonstrated by Tilet.al. through

the use of §-N-carboethoxyprolinal214, a derivative oflproline Schemer3).121 Through a

Wittig condensation, the alkyl chain required fé®)-pgugaine was installed ia 50% yield

with subsequent transformations yielding the natural product. Wthis method is useful in
providing the R-enantiomer of bgugaine, th€S enantiomer could be more difficult to

obtain in larger quantities using this strategy it would regire starting frorrlproline. This

OFy RR SEGNI O2 &itiametcan bé up$o twentzifngsimbrézékpehse Sy |

than Lproline.

(jy C1,HsPPhyBr (j\ijzs (j\
N _0 N _— — N C.iH
/ 141129

BuLi, Et t
EtOOC NBULLERO. T Eood Me
214 215 (R)-bgugaine
50% yield

Schem&’3. Asymmetric approach to the synthesis oftfB)gaine from chiral starting material

Another method forthe introduction d the desired stereoentre, is the use of achiral
auxiliary during the synthesis which is then later removed. One of the main advantages of this
method is that the option forythesizing opposite enantiomers can be more readily available
than when using chiral starting material3he earliest exanple of the synthesis ofR}-
bgugaine was reported by Jossagigal. where 4oxooctadecanoic aci@16 underwent a
condensation reactio with (R-phenylglycinol to form the bicyclic lactagi7in 89% yield
(Scheme74).122 Treatmentof LiAIH/AICE simultaneously reduced the lactam carbonyl and
selectively ringppened the oxazole to afford pyrrolidin&l8in 75% yield. Removal of the
auxilary andN-methylation led to R-bgugaine. Thisnethodology has alsoden employed

in the synthesis of th (§-enantiomer to test the biological activity of the unnatural

isomer!17118
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F)h"'ﬁOH

Ox,C1aH29 NH, Ph""(o.ncmHzg LiAIH,/AICI, 0 CiaHao
HOOC toluene, A THF, -78 °C Q
0
216 217 218
89% yield 75% yield
p— /N C14Hog
Me

(R)-bgugaine

Schemé&4. Asymmetric approaches to the synthesis ofb@Rigane usinga chiralauxiliary

An alternative approach has been to form chiral amines through nucleophilic addition to
chiral imines. One example by Endeend Thiebes utilized the Sf1-amino-2-
methoxymethylpyrrolidine (SAMP) chiral auxiliary tonflohydrazone219 (Scheme75).1%3
Tetradecyl lithium was then udeas a nucleophile to give the hydide 220 in high
diastereoselectivity96% de) and yield (85%). Successive manipulations led to the natural
product while maintaining the selectivity in the addition, wit-pgugainesynthesisedwith
¥96% ee. The sarsynthetic steps were used to sheisise §-bgugainewith an ee of 92%

by using the opposite enantiomer of the chiral auxiliary, RAMP.

N,N C1gqHoglii HN/N
| o B N C H
TBSO THF, -85 °C TBSO / 14H29
o ove 5 “CrapOMe Mo
219 220 (R)-bgugaine
85% yield >96% ee
>96% de

Schemé&5. SAMP approach symmetric synthesis of (Ryugaine

Another auxiliary used in thesynthesis of chiral amines is th&#llmanQ (R-tert-
butylsulfinamideauxiliary. This approach was exploited by Séual. with an asymmetric
Grignard addition to thealdimine 221, to isolate sulfinamide€22in 84% vyield & a single
diastereomer $cheme76).12412> Removal ofthe auxiliary and replacement with a tosyl
protecting group gavéhe chiral homopropargyl amid223in 78% yield over the two spes.
This product could then undergo a gold catalyzed oxidative cyclisation to yield the 22#am
in a moderate 56% yield. Rher synthetic steps were taken to isolat®{bgugaine as a dife
enantiomer.
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t-Bu MgBr t-Bu
_Se = / & 1) HCI, MeOH, 0 °C
|N \O > HN \O/ >
CH20|2, -48 °C 7 2) TSCl, Et3N, CH20|2, rt
CiaHz2g C14H29)\/
221 222
84% yield
Ts (4-CF3Ph)sPAUNTf, (5 mol%)
NH 85% m-CPBA (1.5 eq.) 0 (1
)\// MsOH (1 eq.), DCE, rt, 5h /N C14H29 /N C14H29
C1aHag Ts Me
223 224 (R)-bgugaine
78% vyield 56% vyield
99% ee

Scheme 6. Ellman auxiliary route to the asymmetric synthesis eb(Rpaine

The only other asymmetric synthesis ()-bgugaine was reported by Takahattal. and
employed a Shatpss asymmetric dihydroxylation and epoxidation to give épexide225.

This could then undergo selective ringening with tridecanylmagnesium bromide to give
the hydroxy phthalimide226 in 75% vyield, which was subsequently deprotected and
reprotected to give the Cbz amin227 in 79% yield. Further transformans led to the
isolation of the natural product and, by modification of the Sharpless asymmetric

dihydroxylation catalyst sysin, (9-bgugaine was also isolated.

0 0
0 C13H27MQB|"/CU| QH
7/, -
2 N CisHpra A ~_N
LS THF, -30 °C to 0 °C 13t
225 © 226 ©
75% yield
1) NaHy, EXOH, A oH (j\
2) CbzCl, NaOH (aq), 0 °C ~ C13Harn o AN y N™ YCigHzg
e
227 (R)-bgugaine

79% yield

Schemé&'7. Asymmetric approach tine synthesis of (Rjgugaine through ring opening of a chiral epoxide

As stated earlier, the asymmetric synthesis of irnidias not been achieved, but a racemic
synthesis has been reportéthanget.al.2612"The key step in the formation of the pytidine
ring was a base catalysed intramolecular hydroaminatiboamjugated enyn&€28to give

allene229in 95% yield $cheme78). An alkyne zippereaction was then used to give the
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terminal alkyne230in good yi¢d. Sonogashira coupling ofi@doanisole and reduction of the

alkyne led to the formation of racemic irnidine in reasonable yields.

AN KH (5 eq.)
\6/\/] n-BuLi (20 mol%) /99\/ /\? HzN CHa)3NH; //®7\O
5 HN N

| THF, -78 °C THF, rt Me”
Me
228 229 230

95% yield 81% yield
@OMG
|

S eq. H2 Pd/C
Pd(PPh3)4 (1.5 mol%) MeOH rt
Cul (2.5 mol%)

EtsN/THF (4:1) 231 |rn|d|ne
55% yield 57% yield

Schemé&’8. Racemic synthesis of irnidine

While there are a fewexamples for the asymmetric synthesis of bgugaine, most intredue
stereocentrewith chiralauxiliaries, and the only catalytic system still required stoichiometric
guantities of oxidant. The chir@hosphoric acid catalysed cyclisation reported irs tthesis
offers the opportunity to create a novel caydic method for theasymmetric synthesis oRf-
bgugaine and the first asymmetric synthesisRfinidine from a common intermediateln
order to achieve the highest possible enantiomeric ratio, thesubstitued pyrrolidine was
synthesised usingRJ-TiFESY as the chiral alyst to give an er of 94:6 for all starting

pyrrolidines in this section.

4.1. Wittig route

The pyrrolidine thioestel64 can supply the core of botlbgugaine207 and irnidine 208.
Therefoe, the main transformations required in tisgnthesis are the tinoduction of the alkyl
chain to the 2position and the conversion of Cbz to Birmethyl group. Access to thk-
methyl should le simple, as Cbz can be converted directly into ahyletia reduction with
LiAlH. Another process can bedlremoval of the Chiollowed by reductive amination with
formaldehyde. The more problematic part of the synthesis is the installation of thehsigec
Initially, it was hoped that the molecule coub@ synthessed via a Wittig reactiorSchene

79). Reduction of the thioestet64to the corresponding aldehyd234 could then allow for
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a Wittig reaction to give alken&32and 233. Further reductions of the alkene and Cbz could

then leadto the natural products.

o] 0

|
<P\/\/R:> <Nj\/\/R:> (Nj\): (Nj\/U\S/P-TOM
Me

|
Cbz Cbz Cbz
207, 208 232, 233 234 164

207, 232, R = Cy4Hyps
208, 233, R = (CH,)sCsH,OMe

Schere 79. Retrosynthetic analysis via aldehyde formation and Wittig reaction

The transformation of thioestrs into aldehydes offer a few synthetic challenges, mainly
controlling the level of reduction, as it can Ip@ssible to over redce the more reactive
aldehyde and obtain an alcohol. To try and counter this, methods of reduction have been
investigated to educe thioesters which stop at the aldehyde without over reductOne of

the earliest methods reported the Fukuyama reduatn using triethylsilane as the reducing
agent, and was developed as an approach for accessing aldehydes from carboxylic acids
without reduction to the alcohol and subsequent oxidatiFAln the presence of catalytic
paladium in acetone, triethylsilane was altle reduce ethyl thiesters to the aldehyde in
good to excellent yields. However, when this procedure was attempted on thio&6temo
aldehyde wa formed and only decomposition was observ&ti{eme80). Another similar
method wasdeveloped shortly fier by Sonoda to reduce aryl thioesters in the presence of
thioalkenes using tributyltin hydride and a palladium cataly®gain the conditions \ere
tested on thioested 64 but failed to yield any product with 86% of starting material recovered
(SchemeB0).
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(j\j\ Tolyl EtsSiH (2 eq.) w
N S/p' oly N H

Pd/C (5 mol%),
/ ( °) Cbz

Cbz acetone, rt
164 234

decomposition

(j\/(i BusSnH (2.4 eq.) w o
N S/p'TO|yI N S/p_ Oly

Pd(PPH,), (4 mol%),
Cbz (PPHs)a ( 0) Cbz

benzene, rt
164 164

86% recovered SM

Scheme30. Attempts at palladium catgbed reduction of tleester

As the palladium reactions were unsuccessfulaliernative approach was considered. The
use of DIBAH to reduce estes to aldehydes is well practiced in organic synthesis, and there
have also been reports of this approachrmpiapplied to thioetrs.'3° The main difficultyin
using this reagent is DIBALcan also be used to reduce esttw alcohols if conditions are
not cortrolled. However, § maintaining cryogenic temperatures and using controlled
addition of the reducing agent, DIBALwas able to reduce the thioes 164to the aldehyde
234in 33% yield which matched literatudata 3! While the reduction was successful, the

low yield forthis reaction was not encouraging and this route was not ingastd further.

wl\ Tolyl DIBAL-H (3 eq.) w
N S/p_ Oly N H

CH,Cl,, -78 °C
Cbz 272 Cbz

164 234
33% yield

Y

Scheme31. Reduction of thioester to aldehydéth DIBAEH
4.2 LiebeskindSrogl couplingoute

As the Wittig route ad been abandoned, other methods for the introduction of the shuBEn
were researched. One such reactiothis LiebeskineSroglcoupling, a cross coupling reaction
between thioesters ad aryl boronic acids to synthesise ketorté&The reaction has also been
modified to introduce alkyl chainsybreplacing the boronic acid with B-alkyl9-BBN
derivative'* By using the modified proceduiteshould be possikelto couple the correct side
chains for the natural produts, and then remove the ketone through a deoxygenation

procedure Scheme82).
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(0] (0]

Mé Cbz Cbz

207, 208 235, 236 164
207, 235, R = C;Hys
208, 236, R = (CH,)sCgHsOMe

Scheme32. Retosynthetic analysigia LiebeskineSrogl coupling and deoxygenation

The alkyl boron reagent can be synthesised igada the hydroboration of theelevant
alkene using BBN under inert conditions to preventidation to the alcohol. To install the
sidetain of bgugaine, th alkene required is commercially availablelddecene, but the
alkene required for irnidine reded to be synthesised. This washievedhrough lithiation of
2-bromoanisole237 with s-BuLi folloved by alkylation with 14libromobuane to give
bromide 238in 33% yield SchemeB3).13* This low yields likely due to overreaction witthe
lithiated anisole giving a double additio product as well as difficulties in separating the
starting material and product with chromagraphy. The low yield was offset by the reaction
being performedon a multigram scale to give godoguantities of material for fuher
reactions. The bromid@38 the underwent nucleophilic substitution with allylmagnesium

bromide to give the alken239in 47% yield.

©:O\ 1) s-BuLi (1.3 eq.), THF, -78 °C @O/\\/\
Br 2) Br(CH,)4Br, (1.4 eq.), THF, -78 °C to rt Br

237 238
33% yield
\/\MgBr (1.5 eq.) ONG
THF/Et,0, 0°C to rt AN
239
47% vyield

Scheme33. Alkene synthesfer irnidine sidechain

With thealkene in hand, the Liebeskir&togl coupling could be tested. As mentioned earlier,
the alkenes could beonverted easily ird the B-alkyt9-BBN derivative through addition of 9

BBN.This solution of the boron reagent washen added to a degassed solutioof the
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thioester with CuTC, &3Q and the palladium catalyst. The reaction proceeded smoothly for
both reagents, with the dodecyl pduct 235 isolated in 77% vyield and the -(2
methoxyphenyl)alkyl prduct236isolated in 736 yield.

(j\/‘i\ &3\/@5/ (1.2 eq). (UW
N S/p-TonI > N S
/

CuTC (1.2 eq.),

/
Cbz Cs,COs (1 €q.), Cbz
164 Pd(PPhs), (5 mol%) 235
THF, 45 °C 77% yield
) m 1 2 eq
N S/p Tolyl
CuTC (1.2 eq.)
CbZ C32C03 (1 eq. ) CbZ
164 Pd(PPhs), (5 mol%) 236
THF. 45 °C 73% yield

Scheme4. Liebeskinebrogl coupling to install the alkyl sidechains of bgugaine and irnidine
4.2.1Alcohol deoxygenation

Once the ketones were synthesised, the hetep was deoxygenatigrfor which multiple
methods exst in the literature. The first of these that was investigated was a Barton
McCombie deoxygenation of a xanthate est&The deoxygenation occurs when tributyltin
hydride and AIBN are used tdeft a homolytic cleavage of the@bond of a xanthate ester.
Quenching of the carbon dical by hydrogen atom transfahen leads to the overall
replacement of a €O bond with €H. In the case of the Liebeskisaogl coupled products,
the ketone must beeduced to the secondary alcohol in order to then form the reedir

xanthate ester.

As te natural product had mN-methyl group, the global reduction using lithium aluminium
hydridewould allow for the synthesis of both the secondary alcohol and¢dection of the
Cbz.This was done with a large excess of reducgenaand the product usewithout further
purification. The secadary alcohol was deprotonated using sodium hydfiikdazole and
intercepted with carbon disulfide to form the xanthasediumsalt, whichwas thenalkylated

using methyl iodidd¢o form the xanthate ester. However the excess of metjl iodidealso
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produced the quaternary ammonium salt240 and 241 through over alkylation of the

nitrogenin low to moderate yieldschemes5).

(j\j\/@\/ 1) LIAIH, (5 eq), THF, 0 °C to rt (Ufé\/
N S N

Cbz/ 2) NaH (2 eq.), im (2 mol%), 1\ 9
CS, (5 eq.), Mel (5 eq.),
235 240
THF, rt s
56% yield
s~
@]
o - 1) LiAIH, (5 eq), THF, 0 °C to rt o*s
5\‘ 5 2) NaH (2 eq.), im (2 mol%), - N* 3
Cbz CS, (5 eq.), Mel (5 eq.), 7\ o
236 THF, rt 241 ~
36% yield

Scheme85. Formation of xanthate esters

While this reaction wasinforeseenijt did indicate that aglobal reduction strategy would not
be useful. Therefore, separate reductio steps would be required, and thieetone was
reduced using sodm borohydride This preceded smoothly givingear quantitativeyields

for both substrate42(98%) and®43(100%) $cleme 86).

%\/ NaBH, (2 eq.) OH
N 5 N

MeOH, 0 °C

/
Cbz /
235 Cbz 542
98% yield
/O (6]
O NaBH,4 (2 eq.) w
N 5 MeOH, 0 °C N N
Cbz
236 Cbz 243
100% yield

Scleme86. Reduction of ketone with sodiumerohydride

With the s=condary alcohols in hanthe formation d the xanthatewas tested using the same
conditions as beforédeprotonation withNaH trapping withCS, and nethylation with Mel).
Whileformation of aquaternaryammoniumwas not observedanother product vas formed

instead of tle xanthateester. Duringdeprotonationof the secondary alcohs]a cyclization

107



of the alkoxideonto the Mzprotecting groupoccurredto form the cycic carbamate44and
245(Schemed7). The location of tle alcohols meant that a-éxo-trig ring closurecould occur

preferentially to an intermolecular reaction with carbon disulfide.

OH NaH (2 eq.), im (2 mol%),
CS, (5 eq.), Mel (5 eq.)
5\1 ° THF, rt
Cbz '
242
OH _O NaH (2 eq.), im (2 mol%),
CS, (5 eq.), Mel (5 eq.)
N 5 THF, rt
Cbz
243 245

63% yield

Schemed7. Attempted formation of xanthate ester dmesultant carbanate cyclisation

The cyclisation of alcohols tma Cbz group has been reported before by Cossy and Pardo as
a method of determining the relative stereochemistry of triftomethyl pyrrolidinest3® The

use of DAST and pyme in dichloromethane led to the formation of a bicyclic system from
trifluoromethyl pyrrolidines246 and 248 (Scheme88). NOE studies allowed the agno to
determine the relative stereochemistry of the trifluoromethyl group to tipeoton of the

pyrrolidine.

(j\)o\"' _ DAST pyr
N CF4

T chCl, g
Cbz 22 ° ’H
CF,
246 247
71% yield
w"' DAST, pyr
5\1 CF4 CH,Cl, no NOE
Cbz
248 249

67% yield

Scheme38. Studies by Cossy and Pardo ife telative stereochemistry of trifluoromethyyrrolidines.
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Comparison of théH NMR data for the bicyclic produ@47and249reported by Cossy and
Pardo enabled easier assignment of the bicyclic carbasnaimthesised irScheme87.
Attempted formation of xanthate ester @hresultant carbenate cyclisationFigurel6 shows
a seetion of the 'H NMR of produc®44 with the key GH peaks fo the bicyclic product
highlighted. The protons assigned a4 ldllowfor a determination of the diastereomeric iiat
of the sodium borohydride reduction as 6:1, although further NOE studiestermée the
relative stereochemistry were not performed, #@isis was deemed unnecsary for the

purposes of the total synthesis.

NO N © MANOTMAN-HODONNLN
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Figurel6. 'H NMR spectrum of bicyclic carbama#l showing key ientifying peaks

This result meant that any steps involvirtgetdeprotonation of aralcohol would likely be
unproductive when tryig to remove the alcoholTo try and courgr this, an alternative
approach was tested through thedgation of alcohnoR42and243. Aspyridine is used in this
reaction it does not depotonate the alcoholbut acts as a basé@o sequester HCI as a -y
produd. Unfortunately, no productvas isolated fro this reaction and starting material was

recovered(Schemed9).
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p-TsCl (2.5 eq.) OH

OH
pyr (3 eq.)

5\1 9 DCM, rt 5\1 9

Cbz Cbz
242 242
o) p-TsCl (2.5 eq.) o)

5\1 5 DCM, rt 5\1 5

Cbz Cbz
243 243

Scheme39. Attempted tosylation of alcohol

As the alcohols hagroved resistant to deoxygenation, efforts veeinstead focused orhe

manipulation of the ketone for a more direct removaltbé oxygen.

4.2.2 Dithiolane synthesis

One method that can be used to reduce &eés to an alkane is through a desulfurization
reaction, which proceeds via the formation afdithioacetal, followd by reduction with
Rane®Nickel under a hydrogen atmosgte.!®” The desulfurization is seen as a milder
version to aher related reductions such as the Clemmensen or \AKihner reductions
which gnerally require more forcing conditions (stroragids or bases, and heat). The
desulfurizaton conditions (Ran&Nickel/H) may also lead to deprotection of the Cbz group,
but as there are methods for introduction of tiemethyl, this reaction would naaffect the

overall step count.

The formation ¢ the thioacetal of ketones235 and 236 was performed using 1,2
ethanedithiol with boron trifluoride diethyl etherate as theWwis acid'*® Dithiolanes250and
251 were isolated in 30% and 33% yield respectiv8lgheme90). It was theorised that the
low yields were due to side aetions of the BFELO with the Cbz group, a<ClB had been
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previously shown to deprotect thpyrrolidine. As the yields were particularly low, this route

was not investigadd further.

0]
(A T e {8
N 5 N

BF3°Et,0 (1.2 eq.)

9

/
Cbz /
DCM, rt
235 Cbz o5
30% yield
P SH o)
i e (885 1
N 5 BF5;+Et,0 (1.2 eq.) N >
Cbz DCM, rt Cbz/
236 251

33% yield

Schem@0. Synthesis of dithiolanes

4.2.3 WolftKishner rediction

An alternative to the desulfurizatioraction that can be used to reduce a ketone to an alkane
is the WolffKishner reluction!3® This reaction is generally performed through timesitu
generation of a hydrazone from a ketoneé an aldehyde using hydrazine hydrate. The
hydrazone is then heated in the presence of a strong base to generate the alkaoglhoss

of No. While this can be effective in deoxygenating the relevant campgo the forcing
conditions can be unsuitable faertain substrates, and functional group &whnce can be
low. To circumvent this, a number of modifications have been deeeldhat can use lower
temperatures or milder reagents to effect the same resOibe such procedure is the Caglioti
modification,which useg-tosyl hydrazide in place of hgakine hydrate and replaces the base
with a hydride sourcé?°The original conditions tested the deoxygenation of various steroids
by forming thetosylhydrazone which was then refluxed in THE 16) in the presence of
lithium aluminium hyride to afford the alkane. These conditions were appealing for the
synthesis obgugaine and irnidine, as the use of LiANbuld provide a telescoped reaction
where both the ketone could be removed and the @oaup could be converted into thi-

methyl goup required in the product.

To test this, the tosylhydrazone of ketor#35 was formed through addition ofp-tosyl
hydrazide in MeOH with a catalytic amountaxfetic acid. The formation of the hydrazone

was nonitored by TLC and, once all the ketone Haeken consumed, the reaction was
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guenched.After an aqueous work up the crude hydone waspassed through ailicapad
filtration to removeexceess hydrazidand the tosyl hydrazone was used without purification.
Subjecting the hydrazone to LiAlebnditions resulted in multiple decomposition products,
with no isolatable quantity of prduct (Scheme91). This reaction was only tested on the
dodecyl ketone235due to availability of material
0 1) p-TsNHNH, (1.5 eq.), AcOH (cat),
(A MeOH,
5\1 9 2) LiAIH4 (10 eq.), THF, 0 °C to A (M/
Cbz Me
235 207

Schem®1. Attempted WolffKishner reduction using lithium alurim hydride ér global reduction

As the LiAllhad not been successful, it wasefeed prudent to test the reaction in a
sequentialmanner by performing the WoHKishner redutton with a milder reducing agent
first, and then convert the Cbz to tidmethylin a separate step. The reaction was tested o
both the dodecyl 235 and (2-methoxy-pheny)-heptanyl 236 ketones with sodium
borohydride used as the reducing agent in THEIHWhile the reaction failed to yield product
for the dodecyl ketone, the irnidinprecursor253was isolated in 33% yiel&¢hemed?2).

0 1) p-TsNHNH, (1.5 eq.), AcOH (cat),
M Moo 1 (M/
N
N 9 2) NaBH,4 (10 eq.) 11

/

\

Cbz Cbz
1), A
235 THF/H,0 (4:1), 252
(0] 1) p-TsNHNH (1.5 eq.), AcOH (cat), (0]
N 5 2) NaBH, (10 eq.) N >
Cbz THF/H,0 (4:1), A Cbz
236 253

33% yield

Schemé2. WolfKishner reduction usg sodium borohydride in THR®I

It is unclear as to why this reaction did notrkdor the dodecyl substrate, but the results for
the irnidine precursor were praising. Upon literature investigation, a report Kim showed
the use of zinanodified cyanobeoohydride as a selective reduciagent that could be applied
to the deoxygenatin of aldehydes and ketonesa tosylhydrazoned?! This reducing gent

has also been applied to the constructiohllbogaalkaloids by Sames for the deoxygenation
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of sterically hindered tosylhydrzones'* Application of this method on dodecy! kete 235
resulted in a very good eld of 81% for bgugaine precursdb2, while kebne 236 gave a
minor improvement over the sodium borohydride reduction with agief 40% the irnidine
precursor 253 (Scheme93). While the improvemst for the irnidine precursor was not
substantial, the ability to isolate the bgaine precursor in a high yield using this reaction

procedure gives more synthetviability to this route than the other approaes tested.

0 1) p-TsNHNH, (1.5 eq.), AcOH (cat),
M MeOH, rt
N S N
11

2) NaBH3CN (5 eq.), ZnCl, (2.5 eq.)

/
Cbz
A
235 MeOH, 252
81% yield
_0O 1) p-TsNHNH (1.5 eq.), AcOH (cat), _0O
o) MeOH, rt W
N 5 2) NaBH5CN (5 eq.), ZnCl, (2.5 eq.) 5\1 >
Cbz MeOH, A Cbz
236 253

40% yield

Schem3. WolffKishner reduction using sodium cyanaiftydride

Reduction of the Cbz group with LiAl&d already been demonstrated wh attempting the
BartonMcCombie deoxygenationr@viously. Following the same method with ercess of
LiAIH in THF, revealedR(-bgugaine207in 68% yield andR)-irnidine 208 in 88% yield with

both compounds matching sgtroscopically to the literaturéScheme94) 112113

% LiAH, (10 eq.) %
N - N
1 11

THF, 0 °Ctort

Mé
252 (R)-bgugaine 207
68% yield
) 0]
N ; THF, 0 °C to rt N ;
Cbz Me
253 (R)-irnidine 208

88% vyield

Schemdé4. Cbzreduction to reveal the natural products
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Optical rotations can beised as a mease for the enantiomeric purity of a synthesised
compound through calculation ofhe enantiomeric ratio. The natural products were
synthesised from the starting pyrrolidiri4 cyclised by theR)-TiPSY with an enantiomeric
ratio of 94:6. Raamisation of he chiral centre of the pyrrolidine was not expected in any of
the synthetic step, but comparison of the optical rotation witheHiterature reported values
would provide agood confirmation. The values measured for each product are list€dble

8 along with the literature values and form these the enantgric ratio calculated. FORJ-
bgugaine, the ehad apparently dropped from 94:6 to 92(8ntry 1), while for R-irnidine
the er had increased to 95:5 (entry 2). While tlacalated values do not exactly match those
expected, the difference is not greatnd error in either measuring the optical rota or the
concentration of the product&nganalysed could account for those errors. Importantly, both
compounds rotated theplane of polarised light in ahrotary direction, indicated by the
negative sig. Both the measured and literature values demate a negative sign, which

shows that he g/nthesised compounds were both thB) (enantiomers.

Table8. Optical rotations of the natural products compared to literature values

Entry | Compound | Measuredo 8 | Lit. ¢ 1?8 Calulated er | Expected er
1 (R-bgugaine | -35.9°MeOH -42.5MeOH*3 | 92:8 94:6
2 (R-irnidine | -18.2°CHG] -20.0°CHG1:® | 95:5 94:6

NMR analysis confirmed the synthesis of tlaunal products. In the case oRf¢bgugaine the

'H NMR shwed an integration of 39 protons correspding to the number of protons in the
natural product Figurel?). A triplet with an integration of 3H was observed at 0.84 ppm,
alongside a large peak 4t34¢ 1.06 ppm which integrated t®5H. Both of these peaks are
indicativeof a long aliphatic chain, as seen R-bgugaine. The e group is alsdalistinctly
visible at 2.29 ppm integrating to 3H, while the @ibtons in the pyrolidine ring" - to the
nitrogen are indicated by the pealat 3.05 and 2.10 ppm. Theseigasentsare supported

by literature assignments performed during the initial isolatiéh.
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Figurel7. 'H NMR spectrum of (fRgugaine

For R-irnidine assignments of thtH NMR were performed in a similar way ®)-bgugaine
and the'H NMR spectra folRj-irnidine is shown ifrigure18. Upon integration of the peaks,
the total number of protons was calculated as 35, equal to the number of protori®-in (
irnidine. The NMe peak was observed at 2.29 ppm, analogous to thaRsb@gugaineand
the additional Cklpeak for the GMe was assigned as the singlet at 3.81 intégrg to 3H.
The aromatic protons are shown as a zoomed in regioRignre18, and splitting pattern
analysis supports the assignment of an orubstitution pattern on the aromatic. The €H
protons in the pyrrolidine ring - to the nitrogen are indicated by the peaks3a05 and 2.13
ppm, again analogous to those seenRtl§gugaine. Another indicative peak of the side chain
is the triplet at 2.58 integrated to 2H, which corresponds to @t¢adjacent to the aromatic.
Conparison with the literature supports these assigents and indicates successful synthesis

of the natural product’®
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Figure18. 'H NMR spectrum of (Rhidine

4.3. Summary of results

(R-Bgugain€07was synthesized in a 33% overall yield in 6 steps from a simple Cbz pdotecte
aminel162while R-irnidine 208 was synthesized for the first time in an overall yield of 18%
over 6 steps. After research into routesa a Wittig olefination, a Barton McCongb
deoxygenation, and a desulfurization reaction proved unproductive, thenasstric total
synthesis of R-bgugaine 207 and R-irnidine 208 was achievedvia a metathesis and
asymmetric cyclisation reaction to give a pyrrolidine core for both moleculéseleskine
Srogl coupling allowed for the selective installation of the staken required for each natural
product. Fine tuning of a WeKishner reaction enabled and deoxygenation in moderate to
high yields and subsequent LiAlie¢duction allowed accss to the natural products in high
yields. Analysis of the products and compan with literature data confirred the

enantioselective synthesis of the natural products, for both natural enantiomers.
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5. Desymmetrisation of Prochiral Amines

The total synthsis of R-bgugaine andR)-irnidine demonstrated a viable synthetic pathway

to produce pyrrolidine alkaloidssing our methodologyWhile this is useful for synthesising
alkaloids that contain a single pyrrolidine core, there remained the possibilityntifiesising
another class of alkaloids containing a pyrrolizidine core ukisgnethodology. Pyrrolizidine
alkaloids are widely found in nature in plants, microorganisms and anittfalhey have a
range of biological activity and often show toxicity in humans and this activity has been
exploited in the develpment of pharmaceuticals, which will be discussed lat&iSome
general motifs observed for pyrrolizidine alkaloids are showRigurel9, and the general
atomic numbering shown on compou2$4.14° Substitution around the pyrrolizide can vary

but the 1,2unsaturatd 255 structures show a general trend of enhanced toxicity from
cytochrome P450 3A4 mediated metabolic pathwayé. The metabolites of various
pyrrolizidine alkaloids were shown to induce toxicity in human, pig, rat, and mouse liver

microsomes, with humasbeing particularly susceptible hepatotoxicity4’

9
R R R
6 2 \
j N ; Gy
5 4 3 -
o R R
254 255 256 257

1,2-dihydro 1,2-unsaturated N-oxide 1,2-dihydro
alternative subsitution

Figurel9. Structural motifs of pyrrolizidine alkaloids

Despite the toxicity of pyrrolizide alkaloids, there are a humber of examples that show
pharmacological prperties, including antmicrobial, antinflammatory, anticancer and ani
HIV activityt** Usaramine258 (Figure20) is a pyrrolizidine alkaloid isolated froGotalaria
retusaseeds and its aatity againstbiofilm formation of Staphylococcus epidermidigas
studied1#® While the usaramine didat significantly impact the growtbf the bacteia, the
formation of biofilm was inhibited by 50% with a dosage of 1 mdfhin the sane study,
another related alkaloiadnonocrotalire 259 (Figure20) was extracted fronC. retusaseeds
which showed activity against the parasitic protozoamchomonas vaginalisTreatment of

the protozoan with monoataline 259at a dosage of 1 mg/nkilled 74% of the parasitic cells
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whilst showing no cytotoxicity to vaginal epithelial cells, making it a potential topical

treatment for the diseasé?®

iPr oH
HO O . o
N\ O
N+
|
o
258 259 260
usaramine monocrotaline indicine N-oxide

V4

O O 0

HO
OH
O—
HO N

261

Figure20. Pyrrolizidine alkaloids with pharmacological applications.

A potential anticancer compound that has attracted interest in thedatment of leukaemia

is indicineN-oxide 260 (Figure20).14%150In one sudy of 22 patients with acute and chronic
leukaemia, the use of indicifé-oxide260 with a dos@e between 3.68.75 g/n? over 5 days
resulted in complete remission for 3 patients and partial remission for 2 patiétittowever,

one patient of the22 suffered liver failure and higher doses were shdwrincrease the
incidence of severe hepatotoxicity. In a phase Il clinical trial of 46 patients, lower doses of 2.0
2.5 dm? were given ovea 5 day period but showed a reduced response against theecanc
when compared to the 3.0 g/fdosaget® The trial concluded that, while indicifé-oxide

260is active in the treatmendf acute lympholdstic leukaemia in children, the hepatotoxicity
and narrow theapeutic index mean long term administration of the gnmay be unsafe. The

researchers also suggested that the development of new pyrrolizidine alkaloids, that
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demonstrate anileukemic effectswvhilst reducing hepatotoxicity, would be required before

they oould be incorporated into treatments for leukaentiz.

A series of pyrrolizidine alkaloids extracted franparis nervosavere screened fotheir
ability to inhibit nitric oxide production in macrophageshich plays a role in the immune
responset>!While all the compounds screened showed some level of inbibtt nitric oxide
production, alkaloi®61 (Figure20) showed the strongest inhibitory effect with andGf 2.16
+ 0.57 uM, whilst showing no cytotoxicity towards theatrophage. The range of alkaloids

wasalsotested for potential anticancer activity, but no inhibitiowasobserved!:

It is apparent that having synthetic tools that can enable thenfation of novel pyrrolizidine
alkaloids can bevery useful from a medicinal chemistry perspective. The synthesis of
pyrrolizidine alkaloids has been of interest to chemists for a number of years, with several
reviews published on recent methodologit¥8:15%1530ne possible method for synthesising
pyrrolizidines is through intramoleculaaza-Michael reactions and this method was
demaonstrated by the Stockman group in the synthesis ofd@shbstituted pyrrolizidines
(Scheme5).1>4Through a ongoot reductive amination of keton262and subsequent double

Michad addtion, pyrrolizidine266was synthesised 1% yield over 3 step§¢hemeds).1>4

CO,Et CO,Et NH.. TiORL CO,Et CO,Et
N o = 3 I( )4 X NH+/ NaBH4
EtOH 2
262 - 263
CO,Et CO,Et 1) Acet CO,Et —CO,Et
cetone N
N NH, = N N —
2) AcOH, 75 C, 48 h
H
264 265 -

EtO,C— —CO,Et

266
71% vyield over 3 steps

Schemd5. Tandem reductive aminatietiouble Michael addition synthesis of pyizalines
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While the initial approach demonstratdtie use ofh i -unsaturated ethyl esters as Michael
acceptors, the group also stved an alternative procedure utilisifgi -unsaturated ketone
(enone) functionality. The use of the enone meant that the presioeductive amination
strategy was not feasibJeso amine functionality was introduced before the formation of the
enone throudp the synthesis of Boc amir#67 (Schemed6). Through a ongot metathesis
with enone268 and TFA mediated double cyclisation, the pjizidine269was synthesised
in 72% yield. The choice opEnten-3-one as the metathesis couplinggtner was important,
as the number of carbons on the side chains of pyrrolizid&6@ formed the core of he
natural product alkaloidcis223B 27115515 Through formaibn of dithiolane 270 and
subsequent reduction with Ran@®MNickel, the natural produc271was isolaéd in excellent
yields Gcheme96).1%4

0
268 \)\1 \\/K/
Boc\NH 1) HGII (7.4 mol%), CH,Cl,, 6 days @3
\/\)\/\/ 2) TFA, 55 °C, CH,Cl,, 24 h L
267 269
72% yield

HS~gh \s,;\Z: i/<\|s/ \\\? \///

Raney® Nickel :

. A
CH,Cl,, 18 h EtOH, 80 °C, 3 h

H A
270 271
85% yield 98% vyield

Schemé6. Double Michael addon and synthesis aflkaloid cis223B

hyS RAAGAYOGA2Y G2 y20S lo2dzi { G201 Yies6Qa
compound. If chirality was introduced during the first cyclisation, it woléhtke lostduring

the second cyclisation. Vilk this is not detrimatal to the synthesis of alkalotls223B271,
there are some cases where enan@arichment may be beneficial. A later paper published
by the group shows an adaptation of the reduet@mnation strategy to synthesise another
alkabid @)-xenovenine274 as well as alkaloidis223B271 (Schemed7).15’ This procedure

features a triple reductee amnation which allowed for the isolation ot xenovenine74in
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24% yield as a single diastereomer. The natural product is mesmcompound (there is no
plane of symmetry) so an asymmetric reaction could theoretically produce a single
enantiomer.However, the conditions used do not allow for thias there is no chiral catalyst

or auxiliary that could give the desired stereochemistry.

0 R4 R
NH,OAc (1.6 eq. ; “
NaBH3;CN (2 eq.), o
O O MeOH, rt, 14 h =
272 R1 = R2 = C4H9 271 R1 = R2 = C4H9, 40% yleld
273 R»] = Me, R2 = C7H15 274 R»] = Me, R2 = C7H15, 24% yleld

Schem@®7. Reductive amination strategy feynthesisinglkaloid cis223B and£) xenovenine

While thesestrategies were unable to produce single enantiomers, the possibility for the
asymmetric synthesis of bicyclic amines has been demonstrated by the Fustero group in the
total synthesis of-j-hippodamine278through a desymmetrisation reactiorfs¢heme98).158

The use of a chiral sulfinamide enable@ tsynmmetric intramolecular azdichael reaction

of amine275to give 2,6substituted piperidine276in 89% yield with a 3:1 cis/trans ratio.
Removal of the chiral auxiliary withQtidioxane andreatment ofthe salt with KCQ led to

a second cyclisation tawg qunolizidine277in 85% yield and >99% eeéhelTuse of thet-Bu

ester was essential in achieving high enantioselectivity, as when the corresponding ethyl ester
was used the edropped to 90%. Further transformations gave access to the natural product
(-)-hippodamine278.158

121



COzt Bu

t-BuO,C gBu CO,t-B NaH t-BuO,C
-BuL; HN” S0 2t-bu ut; t-Bu .S
| | THFrt
275 276

89% yield
3:1 cis/trans

1) HCI, dioxane, 0 °C
2) K,CO4

277 278
85% yield (-)-hippodamine
>99%% ee

Schem®8. Asymmetric synthesis oj-(hippodamine

The formation of a single enantiomer of quinolimé 277 shows the asymmetric synthesis of
bicyclic amines through a desymmetrisation procedure to be possible. In the synthégis o
hippodamine the enantioselectivity was induced through the use of alchindliary %8 The
work from Stockman showed that these of enones as Michael acceptors could be used in a
metathesis/Michael reaatin to effect the synthesis of the racemic pyrmtlines®>*1>7It was
hypothesised that by replacing the enone with a thioacrylate and application of a chiral

catalyst would be effective in the asymmetric synthesis of pyrrolizidines.
5.1. Synthesis of Precursors

In the work of Stockmanthe metathesis reaction of Beamine 267 with 1-penten-3-one

gave a mix of uncyclised and cyclised products, and so wasttakergh as a mixture to the
deprotection/second cyclisation step to obtain thgrrolizidine269 (Schemed6).1%* In order

to perform an asymmetric desymmetrisatioeaction with &-TRIP, the cyclisation precursor
280 needed to be isolatedScheme99). The use of #hioacrylate in a metathesis reaction
with alkeryl amines without cyclisation has been shown to give high yields in this thesis, and
it was decided to use this procedure in the desymmetrisation reaction. To employ the
methodology in line with previous retons, the Cbz protected amin281 was required

through protection of amin@82 (Schemed9).
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_NH
S—p-Tolyl Cbz
279 280
/\/YW /\/\(\/\
— _NH — NH,
Cbz
281 282

Schemd9. Retrosynthetic analysis for the desymmetrisaticaction

Amine 282 was prepared using literature pcedures and proteetd with benzyl
chloroformate to give Cbz amin281 in 86% yield $chemel00).1%° Using an excess of
thioacrylate 134, the metathesis reaction was performed using Hove@tabbs second
generation catalyst and copper iodide tpve the cyclisation precurso80in 77% yield

(Schemel00).

O
_p-Tolyl
\)J\S p-l1oly
134 (6 eq.)
m CbzCl, K,CO3 (aq) /\/YW HGII, Cul
NH 1,4-di ,rt _NH 1,2-DCE, 50 °C
2 l0Xane Cbz
282 281
86% vyield
(0] O
-Tolyl _p-Tolyl
p-Toly \S)K/\/Y\/\/U\S p-loly
_NH
Cbz
280
77% yield

Schemd00. Synthesis ddchiral pyrrolizidine precursor

5.2. Asymmetric Cyclisation

With the prochiral amine280in hand, the cyclisation &s tested with bothrac-CSA andR)-
TRIP to give racemic and enantioenriched pyrrolidines and allow for HPLC analysis. Under the
racemic coditionsA, pyrrolidine279was isolated in 60% yield as a mixtufelmdereomers
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(92:8 dr), while asymmetric cortitins B gave a slightly higher 77% yield and a dr of 92:8
(Schemel0l).

O
)vv//,
O O ? ’
conditions A or B p-Tolyl N
? = A ? > CbZ/ O
-Tolyl NH -Tolyl
p-Toly Cbz” p-1oly S—p-Tolyl
280 279
A =rac-CSA (3 eq.), 1,2-DCE, 50 °C, 24 h A 60% yield, 92:8 dr
B = (R)-TRIP (20 mol%), cyclohexane, 80 °C, 24 h B 77% vyield, 92:8 dr

Schemd 01 Cyclisation and desymmisistion reaction to give 2;8isubsituted-pyrroldine

To determine both the diastereomeric ratio and enantiomer ratios actiemehe reaction,

the mixture was analysed by chiral HPLC. Initial screening for the HPLC conditions was
performed using the rammic substrate, as each diastereomer should hage 50:50
enantiomeric ratio, which allows for easier determination of produeéks. After screening
several HPLC conditions, the CHIRARPKX column gave good separation of both
diastereomers, as well asg@rating each diastereomer into individual enasmers Eigure

21). In the chromatogram, the two peaks for the minor diastereomer are indicated as peaks

1 and 2 while the major diastereomer peaks shown as pe&kand 4. Fom this the
diastereomeric ratio was caltated asbeing 92:8, based on the assumption that both

diastereomers wouldhave aUV absorption at 254 nm.
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Figure21. HPLC chrontagram for cyclisation of pyrrolidingt)-279with racCSA

No. tR Peak Area | Area Percent Width
(Y units*ms)

1 29.01 510349.719 4.152 1611

2 31.41 530868.500 4.319 1.745

3 57.62 5641569.000 45.899 3.349

4 62.46 5608441.500 45.630 3.531

As a secondary confirmation of the diastereomeric ratio, the NMR spectrum of the

diastereomeric mixture was analysed for key peaks. The complexity of the NMR analysis was

increased dueo the preserce of rotamers from the Cbz groupor examplethe protonH-14

is expected to have a splitting pattern of a doublet after coupling to the only adjacent proton

H-13 (Figure22). However, the alkene signal at &® ppm which corresponds td+14

showed two largedoublets, each with dvalue of 15.5 Hz, a magnitude indicative dfans

alkene. The presence of these two doublets is expetbed mixture of diastereomers and

the two larger doublets might be assighas a 50:50 dr for the mixture. However, the

presence of smaller overlapping peaks at-6.0 ppm suggest that these smaller peaks

correspond to the minor diastereomer (assigned ldsl4b), and the larger doublets

correspond to the major diastereomer (agsed as H-144) (Figure22).
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Figure22. NMR spectrum of the mixture of diastereomers of cyclised pyrroidiée

The assignments for the alkene protbkl3 showed even greater evidence for the presence
of rotamers and diastereomers. The signal at-8.8 ppm, can be split into two doublet of
triplet signals, a splitting pattern that corresponds with thiel3a proton. Like theH-14a
proton, these two signalsocrespond to a 50:50 mixture of rotamers, but theeaks for the
minor diastereomeH-13bwere not visible in this regio€OSY analysis revealed a minor peak
at 5.95.8 ppmwhich showed coupling to theH-14bproton and was assigned tbé alkene

proton for the minor diastereomet-13b (Figure23).
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Figure23. COSY NMR spectrunttoé mixture of diastereomers of cyclised pyrrolid27®

With two distinct peaks for thed-13 protons, the dastereomeric ratio could be confirmed.
Integration of all the peaks between 6630 ppm and normalisation of the integration value
to 100 was usedo encompass all the rotameric and diastereomeric sigral$if14 (Figure
22). Integration of theH-13aandH-13b peak gave a ratio of 92.0:6.28 which aligned with the

value for the diastereomeric ratio of 92:8 dr measured by HPLC.

Confirmation that the peald-13b correspanded to the minor diastereomer and that the
minor diastereomer peaks were overlapping pedk4 wasachievedby isolating the major
diastereomer through flash column chromatography. In the initial analysis, the mixture of
diastereomers was isolated as aglefraction during chromatography and was compated

the NMR spectrum of the crude reaction mixture to ensure no loss of either diastereomer.
Repeating the chromatography allowed for isolation of the major diastereomer in order to
compare peak data. Theeaks & 5.9-5.8 ppm for protort-13b and at 6.16.0 ppm for proton
H-14b are no longer observed in the NMR spectrum of the major diastereorikegurie24)

confirming the assignment of the major and minor diastereosnéralso confirms that the
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two doublets observe for H-14 correspond to rotamers and not to diastereomeRdure
24).
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Figure24. NMR spectrum of the nar diastereomer of cyclised pyrrolidi2&9

With the HPLC conditions decided upon and diastereomeric ratio confirmatidaiacemic
reaction, the product of the R-TRIP reaction could be analysed for enantioselectivity.
Integration of the chromatogrant{gure25) showeda diastereomeric ratio of 92:8, the same

as the racemic reaction. Calculation of enantioselectivity showed the major diastereomer
having a high enantiomeric ratio of 93:7, with the minor diastereoimeing less selective
with a 56:44 er. This re#t was vey gratifying and demonstrated the potential for this

reaction in the asymmetric synthesis of pyrrolizidines.
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2 31.34 574038.750 4.232 1.736

3 57.64 834827.313 6.155 3.106

4 61.86 11709307.000 86.332 3.516

Figure25. HPLC chromatogram for cyclisation ofrplidine 279with (R}TRIP

5.2.1 Determination of stereochemistry

With high diasteree and enantioselectivity achieved, the relative stereochemistry of the
reaction needed to be determined. To do this, N&DElies were performed on the molecule
to see ifthere wasanythrough spacenteraction between proton$+-10andH-7 (Figure26).

In the case of &#ansconfiguration 79%trans), no NOE would be observed betgreH-10and

H-7, whereas acis configuration 279-cis) should show an NOE signal due to the closer

proximity of the hydrogen atoms.
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Figure26. 3D structures and expected N@Bonance for cis and tranliasereomers

This method has been used in fid¢ure reports to assign the relative stereochemistry for
structurally similar 2,5lisubstituted pyrrolidine283+trans and 283-cis (Figure27).1¢% In the
caseof pyrrolidine 283-transno NOE was observed, wdhan NOE was measured between H

2 and H5 for pyrrolidine283-cis, although no valugvas reported.

CO,Et CO,Et

EtOzc/M EtOZC/A\\<
“4 CO,Et

0 Ph ) Ph

283-trans 283-cis

Figure27. Literature examples of 2disubstiuted pyrrolidines.

The peaks in the NMR spectruassociated witiH-7 andH-10 are seen at 4.32 ppm and 3.87
ppm respectively Kigure28). When each signal is individually excited, no NOE was seen
between the two CHprotons as indiated inFigure28. H-10 showed an NOE with the €H
protons at theh -position to the thioester (3.8.0 and 2.72.6 ppm) as well as NOEs to the
CH protons in the pyrrolidine ring (2-:3.8 ppm).H-7 showed NOEs to the Chbrotons in the
pyrrolidine and to the CH protons in the alkenyl side chain (2134 ppm). Due to the
overlapping multiplets in the GHegion, the individual signals were not assigned to specific

protons, but this was not necessany fdetermining the stereochemistry.
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Figure28. NMR spectrum and NOE studies of major diastereafgyrrolidine279

The lack of an NOE betweéh7 and H-10 suggest that the major diastereomer foed was

the 2,5trans pyrrolidine. It was also asimed that the stereochemistry fd#-7 (which was
formed from the intramolecular Michael addition of the Gbminewas §. This was the same
stereochemistry as that observed for the unsubstituted pyrrokdi64, as both reactions
used R-TRIP as the afal catalyst. Due to time constraints, the deprotection and cyclisation

to form the pyrrolizidine was notteempted.

p-Tolyl —S
\
[NE R
NEy) Q
Cbz"  : _p-Tolyl

H, S

279

Figure29. Assigned stereochastry for pyrrolidine279
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6. Conclusions

A novelasymmetric synthesis of spirocyclic pyrrolidines has been presented through an
intramolecular azaMichael reaction catalysed by a chiral phosphoric aci);TRIP. The use

of anh j -unsaturated thioester aa Michael acceptor provided higher yields tharetlester
analogue, and better enantioselectivity than the enone analogue. The scope of¢hsation

was demonstrated through the synthesis of a range of- Z8d 3,3spirocyclic and
disubstituted pyrrolidnes. Generally high yields and enantioselectiggwere observed for
cycloalkyl substituents, with heterocyclic adgbhenyl substituentgiving poorer yields and
selectivity. Deprotection and transesterification conditions were found for the pyrrolidines

and formation of the methyl ester enabled thebaolute stereochemistry to be assigned as

S.

Adaptation of the synthesis of the cycligat precursors enabled the introduction of 3,3
difluoro functionality, although cyclisation of the fluorinated presur was ultimately
unsuccessful. This was hypotiieed to be due to the high electronegativity of the fluorine
atoms reducing the nucleoghtity of the nitrogen. Attempts at introducing methyl group
onto the double bond of the Michael acceptor were uosessful during the metathesis
reaction used to rake the cyclisation precursors. Alternative approaches to install a methyl
group were notattempted due to time constraints and this avenue of research was

considered a lower priority.

The formation of an usubdituted pyrrolidine was achieved using{TiPS\as a catalystThis
unsubstituted pyrrolidine was an analogue iofhomo-proline and cald form the core
structure of several pyrrolidine alkaloids. To that end, the total synthesidifgugaine and
(R-irnidine was accomplished ové steps in33% and18% yield respectively. This was
achieved through a Liebeski®rayl couplingo instal the relevant sidechain of the natural
product followed byWolff-Kishner reduction and LiAHeduction to yield both natural
products. This marksnly the second catalytiasymmetric synthds of R-bgugaine and the

first asymmetrc synthesis off)-irnidine.

The application of the methodology towartlse synthesis ohatural products was extended

to a desymmetrisation reaction for the asymmetric synthesis of pyrrolizidines. Initial work
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demonstrated that the asymmetric cyclisatimould be applied to @ prochiralamine and
resulted in isolation of the pyrrolidine in high yieldsliastereoselectivity and
enantioselectivity. The relative stereochemistry was determined through NMR and NOE
analysis of the major diastereomer which inded a trans relationisip between the CH

protons at the 2,5 positions of the pyrrolidine.
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7. Future work

With promising initial work having been completed with the desymmetrisation procedure,
the next step would be to investigate the deprotection and secowndisation to formthe
pyrrolizidine 285. Deprotection could be performed with BGls this was shown to be
effective in removal of the Cbz group for the spirocyclic pyrrolidines. Alternatively,
replacement of the Cbz with Boc may allow for a milder dégzstion and secondyclisation

(Schemel02).

o) p-Tolyl—g g—p-Tolyl
S)W/"' §/<
| BC|3 or TFA (0] (0]
p-Tolyl _N N
R O
S—p-Tolyl H
R = Cbz, 279 285
R = Boc, 284

Scheme 02 Possible deprotection/cyclisation conditions to faynrolizidines

The key to this synthesis wille the determination of the stereochemistry of the final
pyrrolizidine. If the pyrrolizidine formed ismmesocompound, then anghirality installed in

the first cyclisation will be lost. This may be prevenbgdising a chiral catalyst in the second
cyclsation to force a specific chirality at the cyclisation position, but this may be a kinetically
disfavoured reaction. An alternative would be to functionalise the pyrrolidine before the
second cyclisation on enof the thioester groupgSchemel03). This should be possible
through exploitation of the thioester v&, -unsaturated thioester reactivity. A report by
Fujioka thatutilises PPhiand TMSOTTf to form an situprotecting group for an enone whilst
reducing a ketone on the s@& molecule'®! The simila reactivity of thioesters to ketones
should allow for a similastrategy to selectively reduce the saturated thioester. Following
deprotection and second cyclisation, tieewould be no plane of symmetry in the molecule,

eliminating the posdility of forming the meso product.
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Schemd 03, Functionalisation through selective thioester reduction

Attempts to install a rathyl group onto the double bond or fluorine around the pyrrolidine
ring were not méwith success. However, the possibility of introduciagher substitution,
especially fluorine, into the pyrrolidine is still of interest from a medicinal chemistry

pergective. This could be potentially be done before or after cyclisgahemel04).

R R
R R R R
Zj\/i """ p— coz NP
N S/p—TonI 5\] S/p-TonI

Cbz Cbz s o

I
p-Tolyl

287 289 288

Scheme 04. Indallation of a heteroatom onto the pyrroldine

Another area of interestsi the application of thé >unsaturated thioester as a Michael
accefqtor in the cycisation of piperidines chemel05). The selectivity observed in the
pyrrolidine cyclisation have the potential to form enantioenriched piperidines, although
modificationsmay be required to the procedure. Changifg tsubstitutionof the thioester

may be necessary in order to improve yields or selectivity, but this tuning ability is what makes

the thioester an appealing motif.

Schemel05. Potential applicatio of theh >unsaturated thioester Michael acceptor in the synthesis of piperidines.
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