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1. Abstract

Two-directional synthesis is asffective strategy employed in the symsis of 3,&lisubstitued
pyrrolizidine and indolizidine alkaloids. This thesis reports the use of aliwotional approach
02dzLl) SR ¢Qa®f §¢ aYOSAK2R2f 238 (2 Ivia@Sasynmeaick S L8
pathway. The method involves clipping a linear protected andieme with anh,j -unsaturated
thioesterviaa double alkene cross metathesis, falked by an asymmetric intramolecular Michael
cyclisationcatalyzedby a chiral phosphoric acid catalySR(TRIP). The use of ari -unsaturated

thioester as the Michael acceptor in the intramolecular -dfiahael reation allowed the chiral
pyrrolidines tobe obtained with high enantioselectivities and yields. Subsequent deprotection and

cyclisation led to the formation of mesapyrrolizidine with aciscisconfiguration.
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8. Introduction

8.1. Pyrrolizidine anddolizidine Alkaloids

Natural products have become an appealstgrting pointfor the discovery and development of

new drug molecules. This is mainly due to their structural and chemical diversity and seemingly
abundant occurrence iMature, asnew natural products are discovered frequentlwithin many

of the drugs currently in use today-heterocycles are the most commonly observed moiety,
contributing to 59% of U.S. FDA approved pharmaceutidalgood example is the anticancer drugs
Vincrigine and Vinblastine extracted from the Madagascar Periwinkle plRigue .2 Both
compounds contain a piperidine (green), an indole (blue), an indoline (purple) and an indolizidine
(red). Often it is difficult to extract natural products on a large wgto scale to meet medical

demands, and so synthetic routes for pharmaceutically important molecules must be established.

Vincristine Vinblastine

Figurel. Anticancer drugs Vincristine and Vinblastine

Herein, the focussi on the synthesis of the pyrrolizidine and indolizidine moiety found in many
naturally occurring alkaloids. Pyrrolizidines have two-fivembered rings fused together whereas
indolizidines have a fivmembered ring fused to simembered ring, with both miifs sharing a
common nitrogen atom. Pyrrolizidine and indolizidine alkaloids have been isolated from a wide

range of sources iNature, from poison dart frogs and ants to plants and tre€égijre 3.*
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Figure2. Representative examples of naturally occurring pyrrolizidine and indolizidine alkaloids

Many of these natural producthave been shown to exhibit significant biological activity and have
therefore garnered interest within the pharmaceutical industry as potential lead compounds for
new drug discovery.Mitomycin C,castanospermine and its analogeelgosivirare examples of

the potential of small molecule pyrrolizidine and indolizidine alkaloids with medicinal properties
(Figure 3. Mitomycin C has been used to treat a number of cancers due to its antitumor and
antibiotic activity® Castanospermine has beerasvn to inhibit the dengue virus found in
mosquitoes’ whereascelgosivir is gpotential treatment for the hepatitis C virusNumerous
synthetic strategies have been developed for the synthesis of natural and unnatural pyrrolizidine

and indolizidine alloids?
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S ©
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Mitomycin C Castanospermine Celgosivir

Figure3. Pyrrolizidinemitomycin C and indolizidinemstanospermine andelgosivir
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8.2. Synthesis & 5-disubstituted Pyrrolizidine and Indolizidine Alkaloids

As a large number of pyrrolizidine and indolizidine alkaloids have now been isolateétome
and many of themexhibit biological activities of interest to the pharmaceutical industty,
numerous methodologies towards the total synthesistioése important alkaloids have been
developed® Herein, we discuss a selectionsyhthetic approachesmployed in theotal synthesis

of 3,5-disubstitutedpyrrolizidine and indolizidine alkaloids.

A commonstrategyto enantioenriched alkaloidis the use othiral pool synthesjawvhich utilizes
enantiomerically pure starting materials that are cheap and readily availabNatire. Amino
acids, hydroxy acids, carbohydrates and terpenes are the most frequentlynaseelly occurring
molecules for this methodologylhe strategy involves carrying forward teucture andinbuilt
chirality of the starting material to the target molecufeThe amino acid proline has been shown

to be an effectivechiral synthorin the s/nthesis of grrolizidines and indoliziding'$

Lhommetet. al. demonstrate the use ofg-proline for thetotal synthesis of-§-indolizidine 19583
Thefirst key stepinvolvesan anodic" -methoxylationat the 5 position on the Cbz protecte8<
proline methyl esterl to form 3, which proceeds via iminium ion intermedis2¢Scheme R The
second key step is the boron trifluoride mediated coupling of peahyl copper to generatd,
which was achieved ith a high diastereoselectivity towards thieans diastereomer 96:4). To
install the butyl functionality located at the 3 position of(-)-indolizidine 195B, compound
underwentchemoselectivaeductionof the methyl ester using sodium borohydrittegivealcohol

5. At this stage the diastereomers could be separated allowingrémesisomer to be obtained in a
73% yield. Alcohdb was then tosylated t® before undergoing homologatioby nucleophilic
displacement of the tosylate group in th@resenceof exces-PrCulLito give7. This gave the
desired butyl group at the 2 position of the pyrrolidine whilst the chirality of the stereocenter had
been retained.Compound?7 was then conveded into (-)-indolizidine 195B in two steps Frstly,
oxidation ofthe terminal alkene to form keton8 viathe Wacker processSecondlydeprotection

of the Cbz groupia hydrogenolysis usingztdnd Pd/CG which lel to the intramolecular cyclization
to form (-)-indolizidine 195B with an 81% yieldOverall,9 was obtained with a 19% yield over 7

stepsstarting from1.
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\N COQMe

Cbz
2 CH,=CH(CH,),Cu
O\ MeOH, Et,NOTs w& BF,.OFt, &
N COzMe MeO N COzMe B — /\J\\“ N COQMe
Cllbz Electrolysis, -5 °C ébz -78°Cto rt = (IIbZ
1 3 4
75% yield 79% yield

(trans:cis [/ 96:4)

NaBH,, CaCl, O\/OH TsCl O\/OTS nPr,Culi
[ ——— /\J“ ’}l I /\J\‘ ’}l N
THF, EtOH, -5°C Cbz BN, it Cbz Et,0, -20 °C

5 6
74% yield 96% yield
(trans isomer)

0,, Cucl H, (1 atm)
1),
@\ PdCl,(PhCN), o O\ cat. Pd/C '
/\J\‘ N nBu — 5 A N nBu s N3
= Chbz H,0/DMF (7:1) Coz MeOH :
7 60 °C 8 9
75% vyield 77% yield (-)-Indolizidine 195B

81% yield

Schemes. Total synthesis df)-indolizidine 195Borm (9-proline'®

Alternatively Takahataand ceworkershave accomplished thiotal synthesis of the pyrrolizidine
alkaloid (+)xenovenine using {lanine as a chiral synthdf.Thar synthesis beganrédm N-
alkenylurethanell which is readily available from-&aninel0 (Scheme % Again, the chirality of
11is carried through the synthesis to the final product and in thig casfurther manipulations to
the methyl group were required he first step involved the intramolecular cyclizatiod bfo form
the organomercury pyrrolidinel2 using mercury acetate. The reaction was found to be
stereoselective towards th&rans diastereomer, as after demecuration of2 via oxidation gave
only thetrans diastereomer of alcohal3 with a 75% vyieldPrimary éohol 13 then underwent
oxidation to aldehydel4 using the ParikiDoering oxidation method® Without purification
elongation ofaldehydel14 was achievedvia a HornerWadsworthEmmons reactiongeneratng
compoundl5in an overall yield of 49% from alcoH@with selectivty towards theEalkene(EZ/
8:1). Compoundl5 then underwentsimultaneousChbz deprotection and alkerteydrogenationof

the h >unsaturated ketone using H with palladium hydroxide as a catalysthis led to the
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stereoselective intramolecular cyclization to form-kenoveninel6 with a yield of 58%Overall,

16was obtained with a 21% yield over 5 steps starting fidm

1. Hg(OAc),
0 THF, 18 h, rt 0,, NaBH
- Me" NH Me" N -
Me™ S\, Cpy 2 NaBr/NaHCO, Sbz DMF, 4 h, rt
10 11 THF, 2 h, rt 12
D-(-)-alanine 87% vyield
Il
H3CO-P
O\/OH Py-SO5, DMSO, Et;N O\ H,CO (CH,)gCH3
Me"" N Me"" N CHO
| | o
bz CH,Cl,, 2 h, rt Cbz NaH, THF, 2 h, 0 °C
13 14
75% yield
H
M(CHz)ecHs H,/Pd(OH), C@
Me\\“ N 0 _— 3 N /
Cbz MeOH ME  (CH,)sCHs
15 16
49% vyield (+)-Xenovenine
(E:Z/ 8:1) 58% vyield

Schemed. Totalsynthesis of (+xenoveningrom D-alanine*

Another approach utilized for the synthesis of indolizidines is the application of[4hg]
cycloadditionreaction in forming sixmembered rings. The intramolecul4+2] cydoaddition
reaction has been shown to be a useful method employed insihethesis of natural products.
Watanabeget. al. report the total synthesis offj-monomorine using mintramolecular nitrosg4+2]
cycloadditionreaction as a keystep in the reactionsequence $cheme %!’ Starting from
hydroxamic acidl8, obtained in 5 steps fromE[-2-heptenoate 17, the bicyclicoxazine20 was
obtainedvia anin-situ [4+2] cycloadditionX9) after periodate oxidationOxazine20 wasisolated
as asingle diastereomewith a good yield of 82%1ere the nitroso group acts as the dienophile in
the [4+2] cycloadditiorreaction. Oxazin@0 is then converted to oxazin2l by hydrogenation of
the alkene using Hwith Pd/C as the catalyst.o nstall the methyl functionality located at the 5
position of monomorine |, oxazin2l underwent a Grignard reaction with methyl magnesium

bromide followed by catalytic hydrogenation to give oxazZ22eas a single isomewith a yield of

15



71%. Redudive cleavage of the D bond using zinc dust in aqueous acetic dewito the
stereoselectiveformation of the 2,6disubstituted piperidine 23, which had the desirectis
configuration Piperidine23wasthen Cbz protected with benzyl chloroformate before undergoing
a Collins oxidation of the secondary alcohol to form the ket@. With the ketae functionality
installed, Cbz deprotection of piperidin@5 using H with Pd/C as the catalysllowed for the

intramolecular cyclization to form monomorin@® racemically, with a yield of 71%.

5 steps H n-Pr,N(10,)
= OEt —— X N.
_ n_BUW OH
o] o) CHCl;, 0 - 5°C
17 18
H, (1 atm)
</(| (4+2] cat. Pd/C
NJ H
Ne) n-Bu —_— R AN
o MeOH, 3 h n-Bu
19
82% yield
1. MeMgBr H 7n CbzCl (1.5 eq)
Et,0 : AcOH (60% aq.) Na,CO; (aq)
—_— ‘\\H - —_—
2.H, (Latm) n-Bu  60°C,9h CH,Cl,, 4 h, rt
cat. Pd/C Me
MeOH, 4 h 22_ .
71% yield 68% yield
,~\OH H, (1 atm) ';'
n-Bu CrOs2Py n-Bu  cat. pd/C T
—_— 5 N3
CH,Cl,
MeOH, 8 h -B
5->10°C, 1h Me MU
26
53% vyield 96% vyield (+)-Monomorine |
71% yield

Schemeb. Total synthesis offf-monomorine Iviaa[4+2] cycloadditiomeaction'’
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Recently, Glorius and amorkers havenvestigateda more direct route to indolizidines via catalytic
hydrogenation of substituted indolizinessing a chiral ruthenium complex with &hheterocyclic
carbene ligand They have demonstrated the effectiveness of this strategy in the asymmetric
synthesis of unatural ¢)-monomorine |(Scheme §!® The use of chiral ligan@8 with the
ruthenium complex allowed the hydrogenation eb8tyl-5-methylindolizine27to form compound
29in near quantitative yield. The reaction is both regioselective, only thensixbeaed ring is
hydrogenated, and stereoselective generat2@gwith an enantiomeric excess of 94@ompound
29was then subjected to a second catalytic hydrogenatisimg H and Adams catalyst (platinum
oxide) to generate monomorine 30 in near quantitative yield with high diastereoselectivity

(95:5:2:1 dr)The major product was determined to ltiee unnatural €)-monomaorine I30.

Me

><

v

Ru

©BFy \ \

—~ |

ST |
Ru(COD)(2-methylallyl),

N

Me
28

H, (100 atm) H
P Ru(COD)(2-methylallyl), = H, (20 atm), PtO, O}
s N/ - N/ - N

Me n-Bu KOtBU, n-hexane, rt I\ille h-By ACOH, EtOH, 16 h, rt I\i/Ie %—Bu
27 29 30
99%, 94% ee (-)-Monomorine |

99%, 95:5:2:1 dr

Schemeb. Synthesis of\-monomorine lvia catalytic hydrogenatio?

Another strategy widely employed for the synthesis of pyrrolizidines and indolizidines is the use of
transition metalgo catalyzethe intramolecularcyclizationreaction to form sixmembered or five
memberedN-heterocycles with a high degree of stereoselectivityis method iparticulaty useful

for the stereocontrolled formation of new - bondsrequired for the synthesis of pyrrolizidines
and indolizidine$. Livinghouseet. al. have reported a diastereoselective synthesis of){
xenovenine using a scandium complexcatalyze an intramolecular hydroamination cyclization
(Scheme Y.!° Starting fromhydrazone31, ketone 32 was obtainedvia a 3 stepone-pot reaction
involvinglithiation with LDA followed by alkylation and finally hydrolysis of the hydrazdée®mne

32 was then coupled with &thylthiophene2-boronic acid 83) to form ketone 34, which was
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obtained as a mixture & andE- isomers (4:1 The cyclization precurs@swas then acquiredia
reductive amination o84. The importance of the alkylthiophene substituent becomes apparent
during the second intramolecular cyclization, it not only activates the alkene allowing the cyclization
to proceed at a lower temperature and reaction time, but also can be reduced to give the alkyl

chain present in xenovenine.

gt

1. LDA, THF, -78 °C Et™ ~g~ "B(OH);
\[M //\/\[M 33
= Br
NNMe, Br @) Pd(PPh;),, LiCl, Na,CO,
31 2. Br 32 1,2-DME, reflux
3. HCl (aq), CH,Cl,, rt 94% vield

Na,OAc, NaBH;CN cat. Sc complex 36

MeOH, rt 35 Toluene-dg, 10°C, 12 h
Et  66% yield Et 85% yield
(Z:E/ 4:1)
H H
cat. Sc complex 36
HN = N P
\__ 7/ NPT
Me Tol -dg, 60°C, 18 h Me
Et | S oueneds \ N E 'Sc—N(TMS),
37 Et S 38 N i-Pr
95% yield 86% vyield
(trans:cis / 49:1) 36
H
H, (1 atm), Raney® nickel 39
> N (£)-Xenovenine
EtOH, rt 98% yield

Scheme7. Synthesis of{)-xenoveninevia transition metal catalyzed hydroaminatith

Treatment of precursoB5 with the scandium comple&6 in deuterated toluene at 10C allowed
the diastereoselective intramolecular cyclization to form pyrrolidé7en a high yield of 95%, with
the trans-diastereomer as the major productrdns.cis/ 49:1). The second cyization to form
pyrrolizidine38 from pyrrolidine37 was achieved by increasing the reaction temperature from 10

°C to 60°C, they also noted th&8 could be obtained directly frorB5 by running the reactiordrom
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the startat 60 °C. Finally, reduction of the alkylthiophene substituent using RRnékel gave
xenovenine39 racemically in a 98% vyiel@verall, £)-xenovenine39 was synthesized with a 44%

yield in 5 steps starting fromydrazone31.

Makabe et. al. have reported an asymmetric synthesis efn@flomorinevia a diastereoselective
intramolecularaminopalladatior?® Intramolecular aninopalladation involveshe activation of an
alkene by coordination of a palladium complex, tesultingalkenepalladium complexan then
undergo nucleophilic attack by the nitrogen to form a heterocycle. This method has been shown to
be a useful strategy in the synthesisheterocycles in particular pyrrolidines and piperidirés.
Makabe and coworkers utilize the intramolecular aminopalladation method to form a 2,6
disubstituted piperidine 41) diastereoselectively as the key step in the synthesis of {+)

monomorine | §chene §).

cl
|
HyC~C=N-Pd-N=C—CHjy
Cl
Cl,pd(MeCN),

1. 2-chloropyridine, Tf,0
HO\/W/ Cl,Pd(MeCN), (20 mol%) /(Nj\/ CH,Cl,, rt, 15 min

- |
HN. g, CHyCly, 5h Boc 2. BnOH, Et;N
40 a1 CH,Cl,, rt,1h
63% yield

(cis:trans / 98:2)

=

o) 5
HG-II (10 mol%) H,, Pd(OH),/C
/(Nj\/ /E,},j\/\”/\/\ N

Cbz CH,Cl,, 20 h, reflux Cbz o MeOH, 18 h
42 43 44
78% yield 62% yield (+)-Monomorine |
67% yield

SchemeB. Asymmetric synthesis of (rR)onomorine lvia diastereoselective aminopalladatiéh

The reaction time was found to be an important factor in achieving the desired stereochemistry of
the piperidine When the reaction was run for 30 npiperidine41was obtained in a ratio &7:33

in favor of thecisdiastereomerwith a 49% yield. Wereas increasing the reaction time to five
hours allowed the formation of piperiding&lin a ratio of 98:2 in favor of theisdiastereomemwith

a 63%yield. They rationalizethis result by proposing two transition states whaate in equilibrium
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as shown irFigure 4 Transition state45is more stable due to the chelation between the oxygen
atom of the Boc group and the alcohol group with palladium and the absence of any steric clash
between these groups shown in transition sta4é, which led to the2,6-trans-piperidine 47.
Therefore, the favored route is via transition sta4® leading to the formation of the 2:6is

piperidine41as the major product.

OH
b, ¥ |
Me ~Pd o Me NH._ <
[ ="
N H o0 on
non /,\ )ﬁ \
45 46
/([\I]j\% /(l\llj"’//
Boc Boc
41 47
2,6-cis 2,6-trans

Figure4. Preposed transition states ftine selective formation of the 2;6is-piperidine®

The Boayroup on piperidinetl was then converted to a Cbz group to give piperidi2e Cross
metathesis of piperidind2 with 2-octen-4-one, usingHoveydaD NHz6 6 & / | fendradiangii u H Y
gave the desired chain elongation to form piperid4® Simultaneous alkene hydrogenation and
deprotectionof 43using HIF Y Rt S NI Y IPy(QHYC) @lloviel fordttee (intratnolecular
cyclization to form (+imonomorine 144 with a 67% yieldThe reason for changing the protecting

group was because when the Boc protected piperidine was carried forward through the metathesis
and subsequent alkene reduction, Boc deprotection and intramolecular cyclization a complex

mixture was formed.
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8.3. TweDirectional Synthesis 8f5-disubstituted Pyrrolizidines and Indolizidines

Two- directional synthesis is a strategy employed for extending the chain of a linear sub#tisite
can be done sequentially, from either end of the substrate, or simultaneously, extending both ends
via the same reactionKigure5). The twadirectional strategy has been shown to be a useful

approach in the synthesis of natural produéts.

1. Sequential two-directional synthesis

R1’\ Rz’\
IS T RTINS T RITNINTNTR2

2. Simultaneous two-directional synthesis

R1/\
SN T RITONNNT R

Figure5. Twadirectional synthesis of a linear substrate

An effective method utilized for the simultaneous twlirectional synthesis is the double alkene
cross metathesis reaction of linear dienfseestigations into the twalirectional cross metathesis
reaction conducted by Stockmaat. al.?® showed that the reaction can beatalyzedoy Hoveyda
DNXz0 6 & / | @eénératiéniabroom yeRperature for a number of different alkenes. Their
results demastrated that the corresponding metathesis products could be obtained in high yields

with selectivity towards thdz E-dienes Scheme).

0]
HG-Il (2 x 2.5 mol%)
/\/\)J\/\/\ EtOZCW\)J\/\/\/COZEt
a8 CH,Cl,, rt, 120 h 49

90% Yield

Scheme9. Representative example fortao-directional cross metathesis

The example irbcheme9 shows the twedirectional double alkene cross metathesis between
symmetrical diend8and 6 equivalents of ethyl acrylate, with 5 mol% of Hovepddtizo 6 & / I G F f ¢

2ndgeneration to generate ketodster49 with an excellent yield of 90%. It is worth noting that
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due to the long reaction time (5 days) they found that adding the catalyst in two portions (2nd

portion after 24 h) gave the best results.

Stockman and cavorkers have developed a strategying the twodirectional cross metathesis
method coupled with tandem cyclisation reactions to accessdgabstitued pyrrolizidines and
reportedthe first total synthesis of pyrrolizidine alkalait-223B2* For the initial method towards
3,5disubstitied pyrrolizidines they utilized a tandem reaction involving a reductive amination
followed by a double intramolecular ahdichael cyclation over three steps in one poS¢heme

10).

O
\/\)J\/\/ O3 ot /\/\)W
N ~ - EtO,C ~ = CO,Et
50 CH,Cl,, rt, 9 days 51
66% Yield
NH,, Ti(OEt),
EtOH, rt, 18 h
CO,Et :/COzEt 1. Acetone CO,Et CO,Et NaBH, CO,Et CO,Et
N HN Ny ONH, P —— Y O, P
2. glac. AcOH rt, 8h
75°C, 48 h
54 53 52
71% Yield
over three steps EtOzc\1 :/COzEt
a
55

Schemel 0. Tweodirectional synthesis coupled with a tandem reductive aminationble
Michael addition for the synthesis of pyrrolizididés

The forward synthesis proceedeth a two-directional double alkene cross metathesis between
symmetrical dienés0 and ethyl acrylatecatalyzedoy HoveydeD NXzo 6 & / | Qdndradigni u  H Y
¢ KA& AyadlhbsatBared diekth§l estesias the Michael acceptors required for the
intramolecdar cyclzations. Although the ketodiestes1 was isolated with a good yield of 66% a

drawback to the metathesis would be the long reaction time of 9 days. They achieved the reductive
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amination step by treating ketodiestérl with ammonia which undergoesucleophilic attack at
the ketone to form a hemiaminal followed by elimination of water to form the iminium5an
These steps aneversibleand so titanium ethoxidevas added to remove the water and drive the
reaction towards the iminium iowhich was then reduced with sodium borohydride to form amine
53. Excess sodium borohydride was remowsdreacting it with adde@cetone before amin®3
underwent a double intramolecular addichael cycliation catalyed by glacial acetic acithiswas
accomplished at a high temperature of 76 over a period of 48 hours. The resultimgsc
pyrrolizidine55 was isolated as a single diastereomer withigcisconfiguration with respect to

the substituents and the bridgehead hydrogamd in a yield of 71% over the three steps.

For the total synthesis of pyrrolizidine alkal@i$-223B they changed the Michael acceptor to an
enone in order install a diketone functionality to the pyrrolizidine which could then be reduced to
form the akaloid. As a result, they surmised that the tandem reductive aminatahael addition
method would not be appropriate due to the similar reactivity of the enones and the ketone

Instead they chose to use a Boc protected arviliene Schemell).

(0]
Boc\NH \)J\/ Boc\NH
\/\)\/\/ HG Il (7.4 mol%)
X = - /\[(\/\)\/\/\[(\
CH.Cl,,6d
56 2+l > GaYS o} 57 o}
34% yield
+
H 0]
B TFA, 55 °C \)J\/\/
= /,
- .
2
: 3 CH,Cl,, 24 h N o
/»/\ /\(\ Boc
O 5 O (£)-58
62% yield 62% yield

Schemell. Twaodirectional synthesis coupled with a tandem acid catalyzed double Michael
addition for the synthesis of pyrrolizidirs**

Interestingly, the metathesis between amhidiene 56 and tpenten3-one gave the racemic
pyrrolidine58as the majorproducRS Y2y A G N> GAy 3 (GKS Ay-OisBuraed R NB |
1SG2yS 02 YLl Nbs&urate@ diethyl Ssterhwhén used as Michael acceptors. The
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subsequent deprotection and cyclisation®f and 58, catalyzedby trifluoroacetic acid, generated
the meso-pyrrolizidine59as a single diastereomer. Pyrrolizidine alkamsP23B61 was obtained

from the reduction of the diketone functionality5¢hemel?2). This was achieved by converting
diketone 59 to dithioacetal60 followed by reduction using Ran@yickel. The total synthesis of

pyrrolizidine alkaloidtis223B61was accomplished in 7 steps with an overall yield of 43%.

H :
/Y\ ’\\{\ CH,Cl, rt, 18 h /s>( 8743\
0 o) J

59 60

85% yield
H
Ni (20 eq.) @3
N -

EtOH abs., 80 °C, 3h N z

61
Alkaloid cis-223B
98% vyield

Schemel 2. Reduction of diketon&9to give pyrrolizidine alkaloidis223B6124

Thus far the two-directional tandem cyclisation methodology has led to the formation of
symmetrical fnesg pyrrolizidines. Stockmagt. al. has also reported a twdirectional approach
coupled with a tandem triple amination for the total synthesis of unsymmetricatZgbstituted
pyrrolizidines® The strategy was used for the diastereoselective synthesist)efeqovenine
(Schemel3). The key steps involve the simultaneous formation of Weinreb diar6dltollowed

by sequential Grignard reactions to install the alkyl chain at one end and a methyl group at the
other, formingtriketone 65. Triple reductive amination &5 using ammonium adate and sodium
borohydride generated the racemic pyrrolizidirenovenine39as a single diastereomer. The total

synthesis off)-xenovenine39was achieved in 4 steps with an overall yield of 5%.
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0] Lo
/\)J\/\ PPTS (@] 0]
EtO,C CO,Et EtozcwcozEt
62 toluene, reflux 12 h 63
Dean-Stark 100% yield
"o
1. C,H,:MgBr
NH N [ \ e 7°°15
iPrMgcl 0 o. O 0 2. MeMgBr
- /NMN\ >
THF, -15°Cto rt THF, -60 °C to rt
o 64 O 3. 4M HCl (aq)
77% yield
H
0 NH,OA ;
40Ac, NaBH,CN
C7H15WW N \/\/\/
MeOH, rt E
(0] 0] = =
65 39
27% yield (+)-Xenovenine
24% yield

Schemel 3. Total synthesis oftf-xenovenine39via a triple reductive aminatich

Springet. al. havealso demonstrated the use of a twdirectional approach to synthesize 3,5
disubstituted pyrrolizidines and indolizidin&f-or the pyrrolizidines they use the same method as
Stockman and cwvorkers used for Boc protected amiuutienes?* with the differerce being the

choice of the Michael acceptor utilized for the intramolecular doulit&Michael cyclizations
LyaidSIR 2 Fdad&lAydENIiyS R 3 S i 2uisiturétdd Sigthylozste®IRherney” h 3 |
14). Interestingly this led to the formation of twafterent sterecisomers, théranstrans mese
pyrrolizidine67 and thetrans-cispyrrolizidine68 with the latter being the major product. Also, the

cross metathesis was accomplished with a shorter reaction time of 24 hours with an excellent yield

of 96% ad without the formation of the racemic pyrrolidine.
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Boc-. \)J\O/\ Boc.

NH NH

HG 1l (3 mol%)
W - VOMOV
96% yield
H
TFA d}
B — N - +
N ~ O\/
CH,Cl,, rt, 24 h \/Ow/\ ’\\<
o] 67 o
trans-trans trans-cis
34% yield 53% yield

Schemel4. Twaodirectional synthesis coupled with a tandem acid catalyzed double Michael
addition for the synthesis gfyrrolizidines®

For the synthesis of the indolizidindgwis acids were used toatalyzethe intramolecular double
azaMichaelcyclizationto achieve a degree diastereoselectivity, wiach reaction generating a

mixture of diastereomersSchemelb).

Boc.
(0] NH
/\O)W)\/\/\[(Ov
69 e}
a. AICl; (1.1 equiv) b. Sn(OTf), (0.5 equiv)
CH,Cl,, rt, 24 h MeCN, reflux, 24 h
H H
N
- o/ + o/
\/O\[(_ \/O
(@] (0]
(0] (0]
70a, 55% yield 71a, 30% yield 72a, 8% vyield
70b, 10% yield 71b, 69% yield 72b, 15% vyield
cis-trans trans-cis cis-cis

Schemel5. Lewis acid catalyzed cyclization for the synthesis of indolizidines
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When the unsymmetrical amindiene 69 was treated with aluminium trichloride thecistrans
indolizidine 70a was generated as the major product (55% yieldhhereastreating 69 with
scandium triflate gave thrans-cisindolizidine71b as the major product (69% yield). In each case
the ciscisindolizidine72a-b was isolated as a minor product, suggesting that the formation of the

trans-fused indolizidines were more thermodynamically stable thexfused indolizidine.

The work reported by Stockmaat. al.>#?°> and Springet. al.?® has demonstrated successfullyet
diastereoselective synthesis of Jlsubstituted pyrrolizidines and indolizidines using a two
directional approach. However, to synthesi3,5-disubstituted pyrrolizidines and indolizidines
asymmetrically using this methodology would pose a greatefl@hge. Introduction of a chiral
reagent would be needed tcatalyzethe first intramolecular azdichael reaction and control the
enantioselectivity of the resulting chiral pyrrolidine. The choice of Michael acceptor would also be
critical as to avoid théormation of the racemic pyrrolidine from the metathesis step and the effect

it has on the enantioselectivity of the intramolecular czatiion.

A recent report by Fusteret. al. showed that it is possible to synthesize enantiomerically pure
quinolizidires asymmetrically using a chiral sulfinyl amasea chiral auxiliary and a source of
nitrogen The asymmetric reactionnvolves desymmetrization of a linear substrateia an
intramolecular azavlichael cychliation.?” The method was utilized for the total synthesis (ef
hippodamine and (+&pi-hippodamine. The symmetrical cyation precursor wasynthesizedy
firstly installingd f f YchisdlQukiliarywiareductive amination of ketodiené3followed by a twe
directional double alkene cross metathesis wight-butyl acrylate to give the diestét4 (Scheme
16).

1. (R)-NH,SOt-Bu 0
Ti(OEt),, THF _S.
o 2. NaBH,, MeOH tBu™ NH
/\/\)J\/W - t-BUOzC\/\/\)\/\/\/COZt-BU
73 3. HG-II (10 mol%) 74

48% vyield

Ak

Schemel6. Synthesis of quinolizidine cyclization precut$or
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The initial intramolecular cyclisation using sodium hydride gave a mixture d,éheisand 2,6-
transdisubstituted piperidine§6and 77 (3:1), with thecisas the major product. Although the two
diastereomers could be separated by flash column chrogpaphy, this was not necessary as
further cyclisation of both diastereomers led to the enantiomerically pure quinolizicBi§cheme
17). Further manipulations of quinolizidiné8 over 3 steps gave access to a mixture ()f

hippodamineand (+)epi-hippodamine?’

Q
S.
t-Bu”  "NH
t-BUOzC Z N COzt-BU
75
NaH
THF, rt
t‘BU\S//O t'BUgS//O
N N
/\/\/’/,' o o
£BUO,C™ X @ ScontBu Y t-BuOZC/\/\/\Ej Co,t-Bu
6;'/5'72'(1 1. HCI, Dioxane, 0 °C trans-77
oy 2. K,CO, 22% yield

H

tBuO,C~ CO,t-Bu
78
85% yield
(ee >99%)

Schemel7. Asymmetric synthesis of quinoliziding&?’

The importance of the selectivity from the first intramolecular @ation was not thecisor trans
stereochemistry, but the fact that both diastereomers shared the same stereochemistry at the 2
position on the piperidine ring and the stereochemistry at the 6 position did not affect the second
intramolecular cyclisation. The stereoselectivity of thestfiintramolecular cycation was
rationalized by two proposed transition states which showedface attack of the nitrogen
nucleophile and the importance of the sulfinyl auxiliary in directing the stereochem&tiye(ne

18). The majocisproduct arisesrom the bulkytert-butyl group (R) being in the equatorial position.
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1-Bu 1-Bu

o—9= o o=
O\\\ ! /N O\\\ ! /N
EtO == | EtO == 1
H R
lsi face attack lsi face attack
(®) +-Bu (®) \t-Bu
@O—§—-: @O—?—-:
N (s)R N (R)H
6 6
) (s)
Et0,C" 2 b Et0,c~ 2 !
cis-76 trans-77
(major) R = (CH,);CH=CHCO,Et (minor)

Schemel8. Proposed transition states for the formation of piperidiré&and 772

An alternative method for the synthesi§ N-heterocyclesvia an asymmetric intramolecular aza
Michael reaction is the use of chiralddstedacid catalysts to induce enantioselectivityagorny

et. al. reported an enantioselective synthesis of functionalized chiral piperidines using,jan
unsaturated dimethyl acetal, as the Michael acceptor, and a chiral phosphoric acid (CPA) to catalyze

the intramolecularazaMichael cyclization $chemel9).28

O\P//O
Ty
2
NHR' R
R? = 3,5-(CF,),C¢H, R

G, 2

R OMe _ l\ll //\OMe
X-"oMe 4Awms,ccl, -20°C R'

R = H, dimethyl, cyclohexyl, cyclopentyl, fused phenyl 54 - 88% yield
R! = Cbz, Fmoc, COOPH, Boc 56 - 99% ee

Schemel9. General scheme for the CPA catalyzed synthesis of chiral pipeffdines

The enantioselectivity of the resulting chiral piperidines was found to be highly dependent upon
the polarity of the solvent, the temperature and the catalyst loading. Nonpolar solvents and low

temperatures gave the best selectivity and yields. Using catbachloride as the solvent a20
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°C with a catalyst loading of 15 mol8ére found to be the optimal conditions for these reactions.
The procedure was found to be tolerant of substitution at the 4 and 5 positions on the piperidine

ring (79d-g) and chages to the protecting grouy@a-b), generating high yields and eésgure6).

4
O
6 2 ‘e, /
NT N Z>0OMe
H Cbz
79a
24 h, 74%, 88% ee
30 h, 71%, 90% ee

N > OMe N > OMe
Cbz Cbz

79d 79e

Boc

79
24 h, 79%, 79% ee
48 h, 65%, 82% ee

79f

('T'j"”/\owle 7(Nj”’//\ow|e

|
Cbz

79c
18 h, 22%, 83% ee
30 h, 54%, 56% ee

N > OMe
Cbz
79g

24 h,78%, 92% ee
30 h, 73%, 93% ee

14 h, 73%, 95% ee 8 h, 77%, 93% ee
24 h, 66%, 99% ee 12 h, 71%, 95% ee

24 h,76%, 92% ee
30 h, 74%, 93% ee

Figure6. Representative examples for the CPA catdysynthesis of chiral piperidinés

Interestingly, increasinghe reaction time led to enantioenrichment in all cases except for
substitution at the 6 position 79c), which led to an increase in yield but a decrease in
enantioselectivity. The enantioenrichment was assumed to arise from ac&@izedreaction
between the minor enantiomer and methanol (a-pysoduct of the reaction) leading to the
formation of an aceta(80). This was demonstrated by subjecting racei®a to the optimized

reaction conditions $cheme20). Chiral piperidine79a was recoered with an increase in
enantiomeric excess (53% ee).

Ol 2 D - QL
N~ oMe N~ P> 0oMe N OMe

| ccly, -20 °C | .
Cbz Cbz Cbz

(£)-79a 79a 80
41%, 53% ee 50%, 41% ee

Scheme20. Enantioenrichment of racemit9a®
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DFTcomputational analysis determined that the cyclisation proceadla a two-step mechanism
involving the formation of a mixed chiral phosphate acetal first which then undergoes a concerted
asynchronous w8l fike mechanism to yield the chiral piperidin€sAlthough high yields and
enantioselectivities were achieved, the method is not without its disadvantagels aghe use of

undesirable reaction conditions20 °C) and the high toxicity of carbon tetrachloride.

8.4. BenstedAcid Catalyzed Synthesis of Chiral Pyrrolidines

To investigate the potential of chiral phosphoric acid catalysts (CPAs) for the asymmetric synthesis

of N-heterocycles, Clarket. al. have developedral 48 YY S (i Mye®t &§6f AMUINI G S3e
synthesis of2,2- and 3,3disubstituted pyrrolidines and spiropyrrolidinéd.¢ KS -@®OOM §&
methodology involve<lipping a Cbprotected amine with artj -unsaturated thioestewia an

alkene cross metathesisatalyzedoy HoveydeD NHz6 6 & / | @dndradian iTHs is HolfoRed

by an asymmetric intramolecular akéichael cyclisationcatalyzedby a CPA, to generate chiral

pyrrolidines in high yields and e8cheme21).

— CLIP &= CYCLE
RR%—_\: cat. HG-I RR _ cat. CPA RR{UJ\
NH NH N Sp-Tol

0] | Sp-Tol |
Cbz Cbhz O Cbz
\)J\Sp-w ,
62-92% vyield
80-96% ee

R = H, dimethyl, cyclobutyl, cyclopentyl, cyclohexyl

Scheme2l. General scheme forthe QOB It S¢ aeyiKSaiA® 2F OKANI

Selection of thé" ,j -unsaturated thioester as the Michael acceptor was critical for achieving high
yields and enantioselectivities. Alternative Michael acceptors were tested for their suitability
(Scheme22). Chzprotected amine81 was clipped separately with ani -unsaturated ketone, an

hJ -unsaturated oxoester and dni -unsaturated thioester before being cyclized with the CRA (
TRIP. The, -unsaturated ketone was found to be far too reacteducing the corresponding
racemic 3,3disubstitited pyrrolidine82 directly from the cross metathesis. The -unsaturated
oxoester gave the metathesis prodi&3in a high yield (86%) but upon cyalion only generated

the 3,3disubstitied pyrrolidire 84with a yield of 20%, despite having a good enantiomeric excess
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of 90%. However, thé j -unsaturated thioester gave a godshlance between reactivity and
selectivity generating the metathesis produgb with a yield of 75% and th8,3-disubstitued

pyrrolidine 86 with a yield of 83% and amnantiomeric excess of 96%.

O

R? i-Pr
oo -
___ HG-Il (10 mol%) O\P/O -
o ~oH R"= ,
1,2-DCE, 50 °C O‘ i-Pr
(R)-TRIP

2
(i) -82 R
86%

A

o (R)-TRIP
___ HG-II (10 mol%) (20 mol%) /©/

1,2-DCE, 50 °C Cyclohexane

-Z o O-Z o O-Z
T "‘S‘I "‘E‘I

CbZ (@) 80 °C
84
86% 20%, 90% ee
(0]
\)J\S (R)-TRIP
_ HG-II (10 mol%) (20 mol%) /@/
1,2-DCE, 50 °C Cyclohexane
Cbz bz O 80 °C
81 86
75% 83%, 96% ee

Scheme2d [/ 2 YLI NR&2Y 2F ai OrKIesxt SO0 GSLYiiKNSES AT2 NI Tl KCE

The optimal conditions utilized to achieve high yields and ees for the chiral pyrrolidines from the
asymmetric cyclisation were the result of extensive screening within the Clarke rdine
solvent, temperature, reaction time and CPA catalyst were ralestigated using cyclisation

precursor87 to form the 2,2dimethyl substituted pyrrolidin®8 (Tablel and Figure?).
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CPA (20 mol%) Nj\ /@/
7[;|-|\_>/,, N S

| S Solvent, T°C, th |
Cbz O Cbz
87 88
CPA Solvent Temperature| Time Yield ee
(20 mol%) 0 (h) (%) (%)
1 (R-TRIP Cyclohexane 80 24 77 92
2 (R-TRIP Cyclohexane 50 24 38 90
3 (R-TRIP Cyclohexane 50 48 46 94
4 (R-TRIP Toluene 50 24 18 92
5 (R-TRIP 1,2-DCE 50 24 12 90
6 (R-TiPSY Cyclohexane 80 24 22 58
7 (R-phen-cat | Cyclohexane 80 24 21 46
8 (R-anth-cat | Cyclohexane 80 24 99 62

Tablel. Reaction conditions screened for the cyclizatio®6¥

The change in temperature resulted in a dramatic effect on the yield but only a minor effect on the
ee. UsingRR)-TRIB9 at 80°C gave a 77% yield whereas running the same reaction 4 §ave a

38% vyield (entries 1 and 2). Increasing the reaction tilicenot result in a significant change in
either yield or ee when the reaction was run at ®Dfor 24 hours and 48 hours (entries 2 and 3).
Entries 2, 4 and 5 show that the CPA catalyzed reaction favoreegpwian solvents with
cyclohexane generating thieighest yield (38%) compared to toluene (18%) andDICE (12%).
Interestingly the solvent had little effect on the enantioselectivity. However, changing the CPA had
an effect on both the yields and ees. FA-TiPS¥®0and R)-phencat91 a substantial tbp in both

yield and ee was observed when comparedRsTRIRB9 (entries 1, 6 and 7). Wherea®){anth-

cat 92 showed a significant increase in yield but a decrease in ee when comparBdTRIFP39

(entries 1 and 8). Overall, it was determined thaings®-TRIP89in cyclohexane at 8@C for 24
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Figure7. Chiral phosphoric acids tested for the asymmetric cyclization
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spiropyrrolidines to be synthesized with good yields and high easglectivitieswhich was

demonstrated for a range of substitutions at the 2 and 3 positions on the pyrrolidineRigaré

8).2° For the synthesis of unsubstituted chiral pyrrolid®@(R-TiPS¥0was used as the catalyst

to give the highest ee. The methodology could also be used as an effective strategy for the total

synthesis of natural products. Pyrrolidine alkaloi@®-{gugaine96 and ®)-irnidine 97 were

synthesized enantioselectively in 6 ggewith overall yields of 33% and 18% respectively.
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The absolute stereochemistry of the CPA catalyzed cyclisation was determined by converting the
unsubstituted chiral pyrrolidin®@3to a methyl estewia transesterification using silver triflate in
methanol Scheme 23).32 As there was noerosion of the ee from the functional group

transformation, comparison of the optical rotation ®8with that of the same compound reported

in the literature confirmed the stereochemistry to b§) for the major enantiome#?

w /©/ ABOTT 3 eauiv
N S ~ N o~

\ MeOH/CH,Cl, (1:1) \

Cbz Cbz
93 98

80% ee 67% yield 79% ee
[aly%® -25.4 (c 0.55, CHCl)

Scheme23. Transesterification @3 to form the methyl estet’

DFTcomputation analysis of the CRaatalyzedcyclization has been conducted within the Clarke
group?® The results showed that the CPA actsagsoton shuttle and proceedgia an aminoenol
which tautomerizes to give theyclizedproduct. The intermediate aminoenol can adopt either an

S,Econfigurationor anR,Zconfiguration. As shown iAgure 9, the SE pathway is lower in energy
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than theR,Zpathway and therefore théavoredroute for the cyclisation. This was attributed to the
steric effect of the thioestelr-proton which points inward, towards the catalysicket, for theR,Z

pathway and outwards for th&sEpathway.Overall the CPAatalyzectyclizatiorwasdetermined

84

to be the rate and stereochemistrgleterminingstep.

Predicted -  86% ee S
Experimental - 92% ee /"\9
H :\/ H~~~~(')@O
C P >(R)-TRIP
®N-H--_4 ©

S,E-enol TS

15.4 R,Z-enol TS

R,Z-enol

AG, kcal/mol

Favoured Disfavoured
pathway complex pathway

S prod. - cat

R prod. - cat
complex

B3LYP/6-31G**//M06-2X/def2-TZVP, solvent - SMD (cyclohexane) complex

Figure9. Computational analysis for the asymmetric cyclis&fion

8.5. Background Work

Encouraged by the higinantioselectivitiesachieved for the synthesis of 2&nd 3,3disubstituted
pyrrolidines andspiropyrrolidinesg 2 N Kl & 0SSy R2yS gAGKAY (GKS /
Oe O0f S¢ YSGK2R2f 238 TNehtbrabyclBsO he' sir&e§yiidvalves2ttie CRA O & O
catalyzed desymmetrization of an achiral symmetrical precursor to formralamsymmetrical

product, which could then undergo further cyclisation to form a bicyclic heterocycle. The initial

approach for the synthesis of the desymmetrization precursor is outlined b&oheme24). The
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synthesis beagn by treating ethyl formate99 with 4-butenyl magnesium bromid€Grignard
reagent) to give the secondary alcoi6lOin a near quantitative yield of 99%. Alcoi60was then
converted to aminediene 101 over 2 steps in one pot. The procedure involves treafiQwith
methanesulfonylichloride (MsCI) to form an alkyl mesylate, which then undergoes nucleophilic
attack from ammonia to generate amiri®1 and mesylate (excellent leaving group). Amirtd
was isolated in a very low yield of 12%enzyl chloroformate was then used to Cbatpct 101
before undergoing a twalirectional doublealkenecrossmetathesis with ar' >unsaturatedp-

tolyl thioester, to give thedesymmetrization precursdO3with a 77% yield.

B 1. MsCl, pyr,
) Mg, lodine (cat) OH CH,Cl,, 0°C, rt NH,
<07 H W W
THF, rt 100 2. NH,OH, 101
99 99% Yield MeOH, rt 12% Yield
CbzCl
K,CO5 (50% w/w aq)
o /@/ 1,4-dioxane, rt
NS
Cbz \)J\S Cbz
“NH HG-II, Cul “NH
p-TolS MSp-TOl - W
1,2-DCE, 50°C, 24 h
o) 103 e} 102
77% Yield 86% Yield

Scheme24. Synthesis of the desymmetrization precurSet

The optimized conditions used for the cross metathesis were previously developed in the Clarke
group for the synthesis &,2- and 3,3disubstituted pyrrolidines andpiropyrrolidines’® Hoveyda
DNUzo6a /lFaGrteadu HyR ISYSNIGA2Y ¢l a dzaSR (2
iodide cocatalyst. Studies conducted by Lipshetzal. have demonstrated the importance of the
addition of copper iodide in crogmetathesis reactions when using acrylatéghe addition of
copper iodide allowed the Hoveydarubbs Catalyst to be used in catalytic quantities (10 mol%)
and also aided in increasing the rate of the reacfidfihis was attributed to the ability of tHedine

ion to stabilize the catalyst, as well as the ability of copipéo scavenge the phosphine ligand.

Precursorl03was thencyclizedusing theoptimizedconditions (R-TRIP (20 mol%) in cyclohexane
at80°C for 24 hours3cheme25). The2,5-disubstitied pyrrolidinel04was obtained as a mixture

of diastereomers (92:8) with a yield of 77% and the mdjastereomerwas determined to have
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an enantiomeric excess of 86%. As the same asymmetric cyclisation conditions had been used for
the syrthesis 0f2,2- and 3,3disubstituted pyrrolidines and spiropyrrolidines, the stereochemistry

wasassignedas the § configuration at the 2 position for the major diastereomer.

(R)-TRIP

.Cb 9
N CP? (20 mol%) )J\/\///"(R)

p-TolS o~ _Sp-Tol ——————— pTolS ;
Cyclohexane N5 o

O 103 O 80 OC, 24 h CbZ

104 Sp-Tol
77% Yield, 92:8 dr, 86% ee

Scheme25. Asymmetric cyclisation df03using R-TRIF®

Determination ofthe stereochemistry at the positionand to ascertairwhether or not the major
diastereomerof pyrrolidine 104 has acis or trans configurationhas yet to be accomplished.
However, a literature comparison has been done between a -gjSubstiuted pyrrolidine
previously synthesized in the Clarke grdlup dza A y 3 -GieKGH Scé O f YAQah&asingaf 2 3 & 0
compound reported by Farwiakt. al.® (Figure 10). Pyrrolidine106 reported in the literature was

Boc protectedand was determined to have #@ans configuration, whereas pyrrolidine105
synthesized in the Clarke group was Cbz protectdwe process involved synthesizitige Chz
protected pyrrolidinelO5using the procedre reported by Farwick and egorkers andcomparing

the 'H NMR data to the Boc protected pyrrolidih@s. TheH NMR data asfound to beconsistent

and so the protecting group did not affect the stereochemistry of the chiral pyrrolidine being
formed in the reactionComparison of théH NMR data of both Chmyrrolidines (synthesized using
GOHNRIDE S¢ YSGiK2R2ft 238 YR (K SonsiStenNgadyésfing thal2 OS R
pyrrolidine 105 has a trans configuration. Although this does not confirm the absolute
stereochemistry of pyrrolidine 104, we can surmise that thedrans configuration forms
LINEBFSNEBYyGAL @ FNRY (K &yclede O S\l K- 20asiefard dd A v 3
stereochemistry for pyrrolidinedl04 can be assigned as shown $theme25 with a degree of

confidence, however definitive proof would need to be obtained throXghy crystallography

QR QR
Ve (A
@ N o~ @ N o~

/ /
Cbz Boc
105 106

FigurelO. Chiral pyrrolidines used for determining the cis or trans stereocheynistr
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8.6. Aim and Scope of the Project

The aim of the prgct is to continue working towards synthesizing bicyclic heterocyites two-
RANBOGAZ2Y It | LILIN®ROK Sdzi ¥SAIKRRAt aRE &KSOSEI2 LISR
Work within the group has shown that 2gbsubstituted pyrrolidines can be genated with high

yields aml enantioselectivitie¥*” and the potential for further cyclisatiorto the bicyclic
heterocycleshas yet to be investigated:he focus will be on the synthesis of the pyrrolizidine and
indolizidine motifsviaan asymmetric pathwaysing linear substrates and determining the absolute

stereochemistry ofesulting3,5-disubstitited pyrrolizidinres and indoliziding (Scheme26).

p-TolS PN QQ(
N 0 — o) 0
R Y

Sp_To| p-TOIS Sp-TOl
Pyrrolizidine

p-TolS W\///" N
— O
0] N
R O - OY

Sp-Tol
Sp-Tol Sp-Tol
R =Cbz or Boc Indolizidine

Scheme26. Deprotectioncyclisation to form pyrrolizidines and indolizidines

Attempts will also be made to selectively functionalize the saturated thioester formed from the
initial asymmetric cyclisation to the pyrrolidine, to enablecess to naturally occurring 3,5

disubstitued pyrrolizidine and indolizidine alkaloidsymmetricallyFigurell).

H H H
N - ) %
CsHaq N C7H1s E ~
Pyrrolizidine 195F Pyrrolizidine 2510 Indolizidine 195B Indolizidine 223AB

Figurell Potential pyrrolizidine and Indolizidine alkaloid targets
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9. Results and Discussion

9.1. Retrosynthetic Analysis of the Pyrrolizidine Precursor

Retrosynthetic analysis of the cysliion precursor demonstrates a synthetic routea
commercially available starting materialBcheme27). Cyclisation precursof3and 107 can be
synthesizedrom the protected amined02 and 56 usingthioacrylate 108 via a two-directional
double alkene cross metathesis reaction. Acylation of th@¥ with acryloyl chloridel10 can be
used to prepare thioacrylat®08. Functional groujnterconversion of secondary alcohdO0to the
primary aminel01 canbe achievediia a Mitsunobu reactionthe aminecan then be Cbz or Boc
protected. Secondary alcoh@lD0 can be easily obtained from a Grignard reaction between two

equivalents of metalated-fromobutenellland ethyl formate99.

QSMSQ

103, R=Cbz

107, R=Boc Cross metathesis

o]

R SH
rr\’_r’\rer W
W + S Acylation (o)
—
108 109

102, R=Cbz
56, R=Boc
H 110
NH, FGI OH
101 100
Grignard reaction
O
SN /\O)J\H
111 929

Scheme27. Retrosynthetic analysis of cyclisation precursd3and 107
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9.2. Synthesis of Pyrrolizidine Precursors

CKS FT2NBINR 38ydKS&Aa o0 Sanbayirawgdp-iblfl thidekiér108usipgli K S & A

a previously published procedur&¢heme28).3° The method involved treating-thiocresol 109

with an aqueous solution of NaOH to form the sodium $aR, this was done in the presence of
sodium borohydride to prevent the formation of disulfides. The sodium salt then underwent
acylation after being added to a solution of acryloyl chloride and BHdyclohexane, which
generated thioesterl08 in a moderate yield of 53%. BHT was added at this stage and during
purification to prevent radical polymerization. Althoughethbroduct was contaminated with BHT,

it was found that it did not interfere with ossmetathesis reactions and the yield was easily

calculated from théH NMRspectrum

0] 0]
_ \)J\
SH S~ Na* \)\m s
NaBH,, 15% NaOH (aq) BHT, Cyclohexane
rt,1h 55 °C, 35 min
109 112 108
53% Yield

Scheme28d { & y i K $risdtuiiate@ golylthibéster108

The next step was to synthesize the symmetrazainodiene101via a 3-step synthesis based on

a literature procedurdScheme29).4°

NP DEAD, PPh,
O Mg, lodine (cat) OH Phthalimide O~ >N\" 0
~ 0" K HE s~ Ao~ Sz
’ 100 THF, rt 113
99
N,H, in H,0
EtOH, reflux
NH.,
S~
101

Scheme29. Literature procedure for the synthesis of amit@1*°
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This procedure was utilized in preference to thethod already employed by the Clarke groap
previously discusse@cheme24).3* This was due to the poor yield of ami®1(12%)and theneed
to increase the available material for subsequent reactiortse forward synthesishegan with a

Grignard reaction betweer-butenyl magnesium bromidand ethyl formate99 to generate

alcohol100in a good yield of 86%&cheme30).

NN B DEAD, PPh,
) Mg, lodine (cat) OH Phthalimide 0>\ 0
~N0" H s~ Ao~ S~ A~
THF, rt 100 THF, rt, 24 h 113
99 86% Yield 58% Yield
1.N,H, in H,0
EtOH, reflux
102. ChzCl 2. 2M HCl (aq)
R. K,CO; (50% w/w aq)
NH 1,4-dioxane, rt NH,.HCI
NN NN
102, R=Cbz, 81% Yield 56. Boc,0, Et3N 114
56, R=Boc, 68% Yield THF, 0-40°C, 2 h 90% Yield

(@] HG-II (10 mol%) R
\)J\ Cul, 1,2-DCE N_ N
Sp-Tol
50°C, 24 h T
Cl

HN R cI-Rux
p-TolS \[(\/\)\/\/\H/Spﬁol ‘
\(O

o 103, R=Cbz, 74% Yield o

107, R=Boc, 57% Yield .
Hoveyda-Grubbs Catalyst™ 2nd generation

Scheme30. Synthesis opyrrolizidine cyclisation precursot®3and 107

Converting alcohol00 to the amine saltt14 was achieved through a Mitsunobu reaction. The
Mitsunobureaction is more commonly used for the conversion of primary and secondary alcohols
to esters (esterification), with inversion of the stereochemistig a S2-mechanism, which can

then be hydrolyzedto give the inverted alcohdt Herg the Mitsunobu mehod is utilized to

42



generate a tertiary amine from a secondary alcohol usipgthalimideas theN-nucleophile. The
reaction proceeds by activation of the alcoi@l0and phthalimide by a zwitterionic intermediate
formed from diethyl azodicarboxylate (DEPA&Nd triphenylphosphine. The resulting nucleophilic
substitution generatedN-alkyl phthalimidel13in a moderate yield of 58% and triphenylphosphine

oxide as dyproduct

N-Alkyl phthalimide113 then underwent hydrazinolysis with hydrazine hydrate, uding Ing
Manske proceduré?to generate the free amine. Due to the high volatility of the amine, a 2M HCI
aqueous solution was used during workup to form the amine Ebdtwhich was isolated with an
excellent yield of 90%. Amine salt4was then either Cbprotected™ with benzyl chloroformate

or Boeprotected* with di-tert-butyl dicarbonate This allowed for the investigation into the effect

of the protecting group orthe Brgnsted acidatalyzedcyclisation reactions. Th€bzprotected
aminel02was isolated with a good yield of 81% whereas the-Botected amineséwas isolated

with a lower yield of 68%.

CKS FAYLFE a0SLI Ay @2t SR 102ahds6mitp-yol thioegsterlo8wiaS LINE
a two-directional double alkenecrossmetathesis reaction using the@ptimized conditions
developed in the Clarke grodp.The double crosmetathesis was performed using Hoveyda
DNXzo 6 & / | @dndradian {i1@ maio4) Bnd Cul as acatalyst, with 6 equivalents gf-tolyl
thioester108in 1,2dichloroethane at0 °C for 24 hoursThe double cross metathesis was found

to be selective towards th&Edienes? Thiswasclearlyobserved in théH NMR spectruswhich
showedcoupling constarstof Jx14.4 Hz forl03and J=15.5 Hz fod07 due tothe Jtrans coupling

of the alkene protonsThe Cbzamino thioesterl03was obtained in a much higher yield of 74%
than the Boeamino thioesterl07 with a yield of 57%. Each metathesis reaction was run for 24
hours and although we observed complete conversion of the starting material in both reactions (by
TLC), the mass speatfor the Boeamino thioester 107 showed the presence of the mono
metathesis product. Running the reaction for 48 hours had little effect on the yield, so we surmised
the that the catalyst was no longer active and increasing the catalyst loading may increase the yield
of the desired prodat. With the cyclisation precursors successfully prepared our attention turned

to the Brgnsted acidatalyzeccyclisation reactionstilizedA y (1 k@& GfO3 A LYS (I K2 R2f 2
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9.3. Bpnsted AcidCatalyzedyclisation of Pyrrolizidine Precursors

With the cyclisation precursors hand and applying theptimizedconditions established in the
Clarke groug®we advanced with th8rgnsted acidatalyzedlesymmetrisatiorcyclzations. These
proceededvia anintramolecular azavlichael reaction to generate the corresponding pyrrolidines
racemically and asymmetrically. Firstly, each precursorayelizedwith racemic camphorsulfonic

acid (CSA), in order to establish the HPLC conditions required to separate the two enantiomers of
the major diastereomer. This would enable the determination of the enantiomeric excess (ee)
obtained from each asymmetric cyclisation. Secondly, each precursocywbzedasymmetrically

using the chiral phosphoric acid catalyR:-TRIP.

The Cbzprotected precursorl03 was investigated firstPrecursor103 was cyclised using 3
equivalents of CSA ih2-dichloroethane ab0 °C for 24 hoursScheme31). Complete conversion
to the corresponding racemic pyrrolidii®4was observed and wasisolated in a good yield of
75% for the major diastereomePyrrolidine 104 is shownto havetrans stereochemistryfor the
major diastereomeralthoughat this stage we did not knowhetherthe major diastereomer was
transor cis However,after the second cyclisatioand NMR analysis of the resultipgrrolizidine

(asdiscussedn section 9.4)we could confirmthat 104formed withtrans stereochemistry

0
(+/-) CSA (3 eq) )J\/\//z,
HN/CbZ 1,2-DCE p-TolS f
p-TolS \H/\/\)\/\/\H/Sp-Tol - Cbz’ 2
50°C, 24 h
o] 103 o) (+)-104 Sp-Tol
75% Yield

Scheme31. Racemic cyclisation @b3using CSA

The enantiomers were separateda chiral HPLC analysis using a CHIRALPAK IG column with a
hexane/IPA (50:50) solvent system, 2& °C and a flow rate of 0.7 ml/min. This gave good
separation of the enantiomers with retention times of 52 min and 59 min and peak areas of 50.7%
and 49.3% rgzectively, indicating a racemic mixtueigurel2, Table2). Small Peaks at 38 min and

50 min were shown in the HPLC tradhese may have been due to small amounts of the minor
diastereomer being preseimiut this did not affect our ability to iderfif the retention times for the

enantiomers of the major diastereomer.
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Figurel2. HPLC trace of the racemic €dyzrolidine104

20

52.762

59:259

60

Peak Retention Time Area
(min) (%)
1 52.762 50.7031
2 59.259 49,2969

Table2. HPLC retention times and peak areas for the racemiep@ivalidine 104

Precursorl03was then cychied asymmetrically withR)-TRIP (20 mol%) in cyclohexan&@tC for
24 hours $cheme 32). Under these conditions we achieved a 100% conversion to the

corresponding Cbpyrrolidine104, which wagsolated in an excellent yield of 83%

R i-Pr
seE
oop0  R=
g g O 'OH i-Pr
R (R)-TRIP
(R)-TRIP j\/\/
7,,(R
un-CP? (20 mol%) p-TolS = 2
p-TolS o~ _Sp-Tol — = c N~ o
Cyclohexane bz
0 103 o) 80°C, 24 h 104 Sp-Tol

83% Yield, 85% ee
[a]p?°-16.2 (c 0.95, CHCl,)

Scheme32. Asymmetric cyclisation df03using (RTRIP
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The enantiomers were again separatéd chiral HPLC analysis using the same conditions as for the
racemic cyclisation, CHIRALPAK IG column with a hexane/IPA (50:50) solvent sy25@, aatd

a flow rate of 0.7 ml/min. This gave retention times of 53 min for minor enantiomer and 59 min for
the major enantiomer, with peak areas of 7.3% and 92.7% respectively, giving an enantiomeric
excess of 85%-{gurel3, Table3). The stereochemistry fgpyrrolidine 104 can be assigned as the
trans pyrrolidine with an R, configuration for the majodiastereomer as shown irscheme32.

The assignment i line with the work conducted in the Clarke group for determining the
stereochemistryof substituted pyrrolidinessynthesized using the same CRAnditions as

previously discusse®cheme23 andFigure10).3037

mAU 1

|
59,179

300
200
00

0o 10 20 30 40 50 60 70 80 min

Figurel3. HPLC trace of the chiral pyrrolidih@4

Peak Retention Time Area
(min) (%)
1 53.767 7.3342
2 59.179 92.6658

Table3. HPLC retention times and peak areas for the chiral pyrrolitide

NMR analysis was used to confirm thathesis of pyrrolidiné04. The'H NMR analysis was made
more complicated due to the mixture of rotamers (1:1 ratio) observed in the spectrumhwige
caused by the Cbz group. The assignment of the aromatics and thegi@Hps were
straightfoward. The aromatics gave a multiplet betweéh43 ppm and7.18 ppmfor 13 protons
(H-1,2,3,9,10,24,25and the Cklgroups gave a singlet @37 ppm for 6 protons(H-7,27)(Figure
14). The Chifrom the Cbz group could also bes#p assigned athe multiplet between5.30ppm
and5.07 ppm(2 protons,H-5), since there wasio couplingobserved for thisCH in the 2D COSY
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spectrum Figurel?). The other CkHgroups were assigned to the multiplets between 2pg@n and
1.37 ppm for 8 protons (#5,16,18,19), with the exception of the €kt H21 which willbe

discussed later.

P B B D B P T P T P T P P B P

ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ

e ———d —— R e e — e
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I| 7 /
;.-" B . 8 0 . // / Ve
11~g12™
+ : H-7,27
27
H-1,2,3,9,10,24,25 -
| H-5
' I H-CH; (15,16,18,19)
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Figurel4. *H NMR spectrum for pyrrolidinE04
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Figurel5. 'H NMR spectrum for pyrrolidine04showing the splitting for the alkene protons

The alkene protons appeared as mix of rotamers in a 1:1 rktgufe15). H13 showed as two
doublets at6.22ppm (H13a) and 6.12 ppm (#3b) each with a coupling constant #15.6 Hz,
which is due to théJtrans coupling with H14. H14 gave two doublet of triplets &.96ppm (H
14a) and 6.86 ppm @4b) with coupling constants df15.7 Hz for théJtrans coupling to H13,
and J6.6 Hz for théJcouplingto H-15 (CHj).

In order to assign the peaks betwer86ppm and 2.59 ppmRigurel6), we needed to look at the
guatemary carbons at each carbony6CC12 and €2. Each quaternary carbon produces two
peaks close together in thé€C spectrun{due to rotamersiand a 2D HMBC spectrum wasedto
assign themKigure 18). The peaks at 159.9 ppm and 156.1 ppm were assigned@@a€£they
correlate to theChH of the Cbzgroup (H5). The peaks at 188.4 ppm and 188.6 ppm were assigned
to G12 as they correlate to the alkene protonsld and H14. The peaks at 195.9 ppm and 106
ppm can be assigned toZ2 and they correlate to the peaks betwe886ppm and 2.59 ppm in
the 'H NMR spectrum, which can now be assigned-21HCH). As the H21 protons are next to a
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stereocentrethey are nonequivalent and so generate double detl they are also shown in
figure 16 as a mix of rotamers (1:1 ratio). One2l proton produces a double doublet at 3.36 ppm
and 3.07 ppm (F21a and F21b) which have &lcoupling constant of=14.8 Hz (coupled to-Bil)
and a*Jcoupling constant of=32 Hz(coupled to H20). The other F21 proton produces a double
doublet at 2.67 ppm and 2.59 ppm-@i.c and F21d) which have &lcoupling constant o=15.0
Hz (coupled to F21) and a®Jcoupling constant 0§=9.8 HZAcoupled to H20). From the 2D COSY
spectrum Figurel?), H21 couples to the mutiplet between 4.37 ppm and 4.25 pwitich can
now be assigned as-B0. By process of elimination the mutiple¢tween 3.91 ppm and 3.78 ppm

must be assigned to-#7.
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Next, we investigated the cyclisation reactions for the-Bamtected precursoi07. Precursoil07
wascyclisedracemically using the same conditions, 3 equivalents of C$&-dichloroehane at

50°C for 24 hoursScheme33). A 100% conversion pfecursorl07to the corresponding racemic
Bocpyrrolidine115was observed by TLC, howevdbwas isolated in a much lower yield of 48%
for the major diastereomer. We surmised that the acidic conditions of the reaction may have been

strong enough toemovethe Boeprotecting group, which would lead to further cyclisation to the

pyrrolizidine.
(0]
(+/-) CSA (3 eq) )J\/\/,
-Boc 1,2-DCE p-TolS
HN ’ N

p-TolS N ~__Sp-Tol — = Boc” o

50°C, 24 h
0 107 o} (+)-115 Sp-Tol
48% Yield

Scheme33. Racemic cyclisation @D7using CSA

The enantiomers were separateda chiral HPLC analysis using a CHIRALPAK IG column with a
hexane/IPA (90:10) solvent system, 286 °C and a flow rate of 0.7 ml/min. This gave good
separation of the enantiomers with retention times of 55 min and 59 min and peak areas of 49.4%

and 50.6% rgzectively, indicating a racemic mixturgigurel9, Table4).
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Figurel9. HPLC trace of the racemic pyrroliditb
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Peak Retention Time Area
(min) (%)
1 55.117 49.4286
2 59.991 50.5714

Table4. HPLC retention times and peak areas for the racemic pyrrolidibe

The racemic Bepyrrolidine115was not isolated cleanly from the flash column chromatography
(Figure20) and this would account for the number of small pedakat show up in the HPLC trace.
However these peakslid not affect our ability to identify the retention times for the enantiomers

of the major diastereomer anshowthat 115had been generated racemically.
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Precursorl07was then cyclised asymmetrically wiR{TRIP (20 mol%) in cyclohexan8@tC for

24 hours $cheme34). 100% conversion to the correspondicigral pyrrolidine115was achieved

with a good yield of 79% for the major diastereomer. The enantiomers were again sepaiated

chiral HPLC analysis using the same conditions as for the racemic cyclisation, CHIRALPAK IG column
with a hexane/IPA (90:10) solvent systen?2atCand a flow rate of 0.7 ml/min. This gave retention

times of 55 min for minor enantiomer and 59 min for the major enantiomer, with peak areas of

8.6% and 91.4% respectively, giving an enantiomeric excess oF&f%ep1, Tableb).

R i-Pr
o9
o._.0
P, R*
‘ O OH i-Pr
R (R)-TRIP
(R)-TRIP j\/\/
HN/BOC (20 m0|%) p-TOlS = //,'(R)
p-TolS X = Sp-Tol — = N—ls o
Cyclohexane Boc
O 107 (0] 80°C, 24 h 115 Sp-Tol
79% Yield, 83% ee
[a]p?°-17.3 (c 0.99, CHCI;)
Scheme34. Asymmetric cyclisation df07using (RTRIP
mAU 3
1 N
300 3
200
] b
100 5
U-’ I - - — L/.\“-r".. \“r'
o 0 2 30 B - | 60 70 min

Figure21. HPLC trace of the asymmetric pyrroliditis

Table5. HPLC retention times and peak areas for asymmetric pyrrolidife

Peak Retention Time Area
(min) (%)
1 55.404 8.5719
2 59.744 91.4281
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We were pleased to observe that the asymmetydisationswere consistent for both the Cbz and

Boc precursors, with only a small reduction in yield @@ for the Boc protected pyrrolidinkl5.

This showed that the protecting groups employed had little effect on the asymmetric cyclisation

when using R-TRIP as the cataly§the NMR analysis for the Bpgrrolidine was the same as for

the Cbzpyrrolidinewith the exception of additional rotamers caused by the Boc group. The protons

at each stereocenter (6 and H19) now gave a mix of rotamers with a 1:1 rattag(ire22). The

methyls from the Boc group also show as rotamers, generating two singlet4@&ppm and 1.51

ppmfor the 9 protons
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9.4. Cyclisation from the Pyrrolidine to the Pyrrolizidine

With the asymmetric cyclisation to pyrrolidiné®4and 115in high yields and ees accomplished,
we turned our attention to the deprotection and subsequent intramolecular -sizhael
cyclisation to form the pyrrolizidine motif found in 3dsustituted pyrolizidine alkaloids. We
envisaged this could be achieveida onepot deprotectiorrcyclisation reaction.Since at this stage
we did not know whethefl0O4had trans or cis stereochemistrjyree possible diastereomers could
be generatedrom the deprotectioncyclisation reaction Figure23). In relation to the bridgehead
proton, two meo-pyrrolizidinesl16and 117 with ciscisor transtrans configurationsand a chiral
pyrrolizidine 118 with a trans-cis configuration are the possible diastereomers. In order to
determine whichof these pyrrolizidines is obtained from the deprotectioycisation we would

need to analyze the relationship between the bridgehead proton and the protons at each

stereocentre
H H
N N
(0] (@] (@) O
p-TolS Sp-Tol p-TolS Sp-Tol
116 117 118
cis-cis trans-trans trans-cis

Figure23. Possible pyrrolizidine diastereomers

The deprotection of the Cbz protecting group posed the greatest challenge as traditional methods
of cleaving the Cbz group could not be used due to the functionality present in pyrroliithe
Hydrogenolysis with Hover a palladium catalystould also lead to competitivereduction of the
alkene,which would preventhe desired intramolecular cyclisation form the pyrrolizidine. In a

similar fashion HBrouldundergo electrophilic addition to the alkene.

The strong Lewis acid tmn trichloride (BG) has been shown to cleave the benzyl ether (OBn)
protecting groug® and was successfullitilizedwithin the Clarke group in the studies towards the
synthesis ohexacyclinic acié® This was done in the presence of an alkene and estectifonal
groups. The benzyl ether protecting group is also more commonly removed usiRg/& or HBr.

We envisaged that B€tould be used in the same way to deprotect the Cbz grdupating
pyrrolidine 104 with a 1M solution of Bgin DCM was successful in cleaving the Cbz group. The

55



subsequentyclisation to pyrrolizidind16was achieved with a yield of 38% ahtbwas isolated

as a single diastereomébcheme3b).

o] H
)J\/\/”':
p-TolS 1M BCl; in CH,Cl, N
Cbz/N o g Q 0
CH,Cl,, 0°C-rt, 24 h
Sp-Tol p-TolS Sp-Tol
104 116
38% Yield

Scheme35. Cbz deprotection and cyclisation of pyrrolidine6using BGI

The'H NMR spectrum for pyrrolizidingl6 (Figure 24) showed a quintet at 3.62 ppm for the
bridgehead proton(H11) and a multipletat 3.27 ppm for the protons atachstereocentre(H
8,14) This was comparable to the data reported by Stocknenal.?* for the diethyl ester
pyrrolizidine55, with the bridgehead proton giving a quintet at 8.ppm andthe protons at the
stereacentresgiving a multiplet at 3.18 ppririgure25).
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Figure24. 'H NMR spectrum for pyrrolizidiriel6
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3.59 ppm (quintet) 3.62 ppm (quintet)

Hi 3.18 ppm (multiplet) 3.27 ppm (multiplet)
o H" \''H o \'H o
/° > -
55 116
cis-cis cis-cis

Figure25. Comparison of the diethyl ester pyrrolizidiB&with pyrrolizidinel16

Pyrrolizidine 116 also gave an"[p reading of zero, therefore we initially assumed the
stereochemistry to be that of thenesopyrrolizidine with aciscisconfiguration. If this assumption
wascorrect,it meant that theee of pyrrolidine104, achieved through the asymmetric cyclisation,

was inconsequential when fornmgrthe mesapyrrolizidinel16.

Deprotecting the Boprotected pyrrolidinel15was more straightforward, as the Boc group can be
easily removedusing anacid. Pyrrolidine 115was treated with 4M HCI in ldioxane under dry
conditions This also generated theameciscispyrrolizidinell6as a single diastereomer with a
yield of 35%%cheme36). The'H NMR spectrurfor the Boc deprotectiortyclization matched with
the *H NMR spectrum for the Cbz deprotectioycliation, therefore the same pyrrolizidine

diastereomer was forming in each case.

0] H
)J\/\/”',
p-TolS 4M HCl in 1,4-dioxane N
BOC/N o) >~ o) o)
rt, 24 h
Sp-Tol p-TolS Sp-Tol
115 116
35% Yield

Scheme36. Boc deprotection and cysidition of pyrrolidinel15using 4M HCI idioxane

To confirm the stereochemistry gfyrrolizidine 116 we decided to synthesize the diethyl ester
pyrrolizidine 55 and compare our data with that previously published in the litera. Three
diastereomers for theliethyl ester pyrrolizidindave been reportedFigure26). Stockmaret. al.?*
reported the ciscispyrrolizidine55 and Springet. al.?® reported the trans-trans 67 and thetrans-

cis68pyrrolizidines.
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Figure26. Reported diastereomers of the diethyl ester pjizidine

The diethyl ester pyrrolizidine was obtainedla a two-step onepot synthesis involving the
treatment of pyrrolidine115 with 4M HCI in 1,4lioxane to form pyrrolizidind 16, followed by
transesterification of the thioesters using a 1M solution of sodium ethoxide in E3OkEMe37).

The diethyl ester yrrolizidine55was isolated as a single diastereomer with a good yield of 54%.

O H
)J\/\//,,, 1.4M HCl in 1,4-dioxane
p-TolS rt, 24 h N
Boc/N 0 g 0 O
2. 1M NaOEt in EtOH
Sp_T0| EtOH, rt, 24 h (e} (0]
115 /[ 55 N\
54% Yield

Scheme37. Boc deprotection and transesterification of pyrrolidibh&s

The'H NMR data fothe diethyl ester pyrrolizidin&5wasassigned as shown Figure27. The ethyl
groups were assigned firstith H-1 and H15giving a triplet at 1.25 ppiwith a®Jcoupling constant
of J=7.3 Hzfor 6 protons and H2 and H14 giving a quartet at.41 ppm with aJcoupling constant
of =73 Hzfor 4 protons The multiplets at 1.45 ppm and 1.96 were assigned to the dZblips

around the pyrrolizidine ring @d,7,9 am 10). The 2D COSY spectrigre28) shows that the
single proton at 3.58 ppm couples to the &jrbups to give a quintet with @ coupling constant of
J6.5 Hz therefore this proton was assigned as the bridgehead proteéh Hhe multiplet at 3.18
ppm was assigned to the protons at each stereocentef &hd H11, as theycouple to the CH

groups and the peaks at 2.24 ppm and 2.54 pfie remaining protons at-¥l and H12 are

assigned to the double doublets at 2.24 ppm and 2.54 ppm which Rks@upling constants of
JF15.0, 8.2 Hz and:15.0, 6.0 Hz respectively. Thglitting paternof H4 and H12 is due to the

protons being nonequivalent dkere is astereocentrein the molecule
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We then proceeded to compare otiH and*C NMRlata with the data reported in the literature
for the three possible pyrrolizidinesTdble 6). Straight away we could rule out the chiral
pyrrolizidine with the trans-cis configuration (highlighted orange), as there are significant
differences betweemur data and the reported data he three differences that stand out the most
are shown in entries 4, 5 and 6:44and H12 give four double doublet® the *H NMRand two
peaksin the *C NMR for thérans-cispyrroliziding whereas our data gives two dble doublets in
the 'H NMR and one peak in théC NMR (Entry 4Yhe protons at the stereocenters fHand H

11) give a multiplet at 3.18 ppm in ot NMR data, but they are split into two peaks at 3.37 ppm
(pentet)and 3.55 ppm (multiplet) for therans-cispyrrolizidine (Entry 5}-6, 7, 9 and 1@ive four
multiplets and one triplet of doublet of doublets the *H NMR andour peaks in the*C NMR for
the trans-cispyrrolizidine, whereas our data gives twaultipletsin the 'H NMR andwo peaksin

the 1°C NMR (Entr§).

The data comparisobetween our data and the twonesopyrrolizidines ¢iscisand trans-trans)
were very similar with only two minor differencésighlighted blue) Thetrans-trans pyrrolizidine
gives a pentefior the protons at the stereocenters-bland H11, and a multiplet for the bridgehead
proton H8, whereas our data and the data for thiescispyrrolizidine give a multiplet for 43 and
H-11 and a pentet for 8. Although our data matches best with that the ciscispyrrolizidine we
cannot say for certain thate have not fornedthe trans-transpyrrolizidine.ln order to distinguish
between the twomesapyrrolizidines we ran @D NOSEY experimetat analyze the relationship
between the bridgehead proto and the protons at the stereocentergor the transtrans
pyrrolizidine we would expect to see through space interactions between these protons whereas
the ciscispyrrolizidine would show no NOE interactioifie NOESY spectruor pyrrolizidine55
(Figure 29) showed no NOE interactions between the bridgehead prdté8) and the protons at
the stereocenterdH5 and H11), and so we are confident in reporting the stereochemistry of

pyrrolizidine55 as themesapyrrolizidinewith a ciscisconfiguration.
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o 5 11 o N N
»3/4 12?3( O>/ (o] O O
(o) 14
O\\ls //O O\\ //O O\\ //O O\\ //O O\\
(our data) (cisciy (trans-trans) (trans-cis)
Assignment H 15C H 15C 1H 13C 1H 3C
(ppm) | (ppm) | (ppm) | (ppm) | (pPM) | (pPM) | (ppm) | (Ppm)
1 and 15 1.25t 14.4 1.26t 14.2 1.26t 14.6 1.26 t 14.6
60.7
2and14 | 411g | 60.3 | 4139 | 60.2 | 413g | 60.6 | 4.16m 0
172.4
3and 13 N/A 172.5 N/A 172.2 N/A 172.0 N/A
172.5
2.27 dd
dand 12 2.24 dd 41.7 2.24 dd 41.4 2.25 dd 42.0 2.33dd | 37.0
2.54 dd 2.54 dd 2.55 dd 2.53dd | 42.7
2.85 dd
3.37p | 55.1
5and11 | 3.18 m| 63.0 | 3.18m| 629 | 3.20p | 63.3
3.55m | 58.6
1.38 m
30.5
1.62 m
6.7.9 and 10 145m| 31.2 | 146m| 311 ]147m| 316 188 m 324
196m| 315 )] 197m| 31.3]1198m| 31.8 32.6
2.02m
34.4
2.12tdd
8 358p| 645 ] 359p | 643 | 3.59m| 64.8 | 3.65m | 66.5

*t -triplet, q - quartet, p - pentet, dd - double doublet, tdd ¢ triplet of doublet of doubletand m- multiplet

Table6. 'H NMR and®*C NMR data comparison
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9.5. Selective Reduction of the Saturated Thioester

With the synthesisof a pyrrolizidine successfully accomplished, we turned are attention to
attempting to selectively reduce arfdnctionalizethe saturatedthioester. This was to negate the
problem ofgenerating anescpyrrolizidinefrom a chiral startingnaterial with a high eand to
install the functionality found in 3;8isubstitited pyrrolizidine alkaloidsOnce the saturated
thioester had beetrfunctionalizedScheme38), we could proceed with the deprotectietyclization
which would generate an unsymmetriadiiral pyrrolizidire 120. The thioester on pyrroliziding20

can then be functionalized to generate3gb-disubstitited pyrrolizidinealkabid 121 For this part

of the investigationwe decided that the Boc protected pyrrolidiril5would be taken forward
This was to avoid the use of B@lue to its acute toxicity and the ease with which the Boc group

can be removed.

0] (0]
P-ToIS)J\/\/ p-Tols)J\/\/
Sective functionalization
N 0 N
Boc Boc 1
R
115 Sp-Tol 119
H H
Deprotection-cyclization N Functionalization . N 3
(0]
R’ R? R!
p-TolS 120 121

Pyrrolizidine alkaloid

Scheme38. Seletive functionalization for the synthesis of pyrrolizidine alkaloids

Thechallengewe were faced with for this functional group transformation was how to selectively
reduce the saturated thioester in the presence of the unsaturated thioester. Work published by
Fujiokaet. al*” presented us with a possible solutiofheir work demonstrged the selective
reduction of carbonyl functionalities in the presencengf -unsaturated ketones. The twstep
procedure involved thein-situ protection of the enone using PPland TMSOTf to form a
phosphonium silyl enol ether. The other carbonyl funeéibgroup could then be treated with the
desired nucleophile, and once the reaction was complete the temporary protection could be easily

removed duringvork-up (Scheme39).
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OOTf
PPh3 ® Nu”
TMSOTf O  PPh;OTMS | Workup

(0] (0] OH (0]
n n Nu n

Scheme39. General scheme for the-gitu protection and reduction methodology reported by
Fujioka et. af’

We attempted the reduction using 1.5 equivalents of P&id TMSOTf in DCM@fC, to form the
in-situ protection, followed by 3 equivalents of DIBAL7& °C $chemed(). Disappointinglythe
mass spectra of the crude reaction material did not show the presence of aldd2p@and the'H
NMR spectrum showed no sign of an aldehyde peak in tb@ Bpm region. We surmised that the
in-situ protection was nobccuringwhich may be due to the sterically hindered position of the
enonein relation tothe Boc group and the bulky PPRhe enonesitilized by Fujiokeet. al.were

all sterically unhindered.

O O

)J\/\///,' )J\/\///,,
p-TolS 1. PPh,, TMSOTf, CH,Cl,,0°C  Pp-ToIS

N N
Boc” 0o X ) Boc” o
2. DIBAL (3 equiv), -78 °C

Sp-Tol

115 122

Schemed0. Selective reduction of the saturated thioester to the aldehyde

An alternative method was to use a palladiwatalyzedcrosscoupling reaction developed by
Liebeskind and Sroffl. The reaction involves a palladiucatalyzedcrosscoupling of a thioester
with a boronic acid, mediated by a copper-catalyst to generateghe corresponding ketone
(Schemetl).

cat. Pd,(dba);
CuTC, TFP

0] O
R1JJ\S/R2 + R%B(OH), R1JJ\R3

THF, 50 °C, 18 h

Schemedl. General scheme for the palladium catalysed camspling reaction reported by
Liebeskind and Sroffl.
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The Liebeskindroglreaction was successfully utilised in the Clarke group for the synthesis of
diospongin A?° where they used a procedure reported by Fuetaal.>® to convertthe saturated

thioester to an aryl ketoneScheme42).

cat. Pd,(dba),, PhB(OH),
CuTC, (Et0),P

/©/ THF, rt, 2.5 h
S

Scheme42. LiebeskineSrogl reaction utilised for the synthesis of diospongdih A

Diospongin A

Following the same procedure, we attempted to convert the saturated thioester to the aryl ketone.
This was done using 10 mol% of tris(dibenzylidee&ane)dipalladium(0) (R¢(dba}, 3 equivalents
of copper(l) thiophen&-carboxylate (CuTC) and 1 equivalent of phenylboronic dbiglstarting

material was consumed &5 hours as shown by T{(&hemet3).

(e}
p To|s)J\/\/
N
123 Boc” 2

Or

o cat. Pd,(dba);,
p-TolS PhB(OH),
CuTC, (Et0),P
N 3
Boc” o — BOC
s SpTol | THF 1t 25h B Sp-Tol |

Schemed3. LiebeskineSrogl crossoupling reaction using phenylboronic acid

Unfortunately, the reaction was not selective towards the saturated thioester, the mass spectra of
the crude reaction mierial showed that the crossoupling had taken place at the unsaturated

thioester as well as the saturated thioestgiving the double addition product25. The mass
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spectra also showed that we had formed a single addition product, which could be the
functionalization of the saturated thioestet23 or the unsaturated thioestel24 or a mixture of
both. Disappointingly, we were unable to separate timéxture of compounds by flash column

chromatography.

Unable to selectivelyfunctionalize the saturated thioeste we turned our attention to the
unsaturated thioester(Scheme44). Oxidative cleavage of the alkeire115 should lead to the
aldehydel26 which could then undergo intramolecular cyclisation on removal of the Boc group
This would generatthe iminiumion intermediate127which could be treated witlan appropriate

nucleophile to install functionality at the 5 position on the pyrrolizidine i2§.

(0] (0]
ToIS)J\/\/ H)K/
N Oxidative cleavage N
Boc” o Boc” o
115 Sp-Tol 126 Sp-Tol
H H
Deprotection-cyclization =N Nu- 5 N 3
- @ 0 - . 0
Nu
Sp-Tol Sp-Tol
127 128

Schemet4. Poposed oxidative cleavage of the unsaturated thioester

Initially we performed the oxidative cleavage using tlemieuxJohnson oxidatioi® Following a
literature procedure? pyrrolidine115was treated with osmium tetroxide (0.5 mol%) and sodium
metaperiodate (2 equiv) in a mixture of THF and water (2:1) for 1 Haciémel5). Benzyl triethyl

ammonium chloride (BTEAC) was added to aid the reactionghdsic conditions.

(0] @)
p-TolS J\/\/ . 0s0,, NalO,, BTEAC H)K/ .
Bog 0 g Bog 0
oc THF/H,0 (2:1),rt, 1 h oc
115 Sp-Tol 126 Sp-Tol

27% Yield

Schemed5. Oxidative cleavage @fl5via a Lemieuwdohnson oxidation
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The two step reaction proceeds via dihydroxylation of the alkene by osmium tetroxide to form the
diol, followed by oxidative cleavage with sodiunetaperiodate to form thealdehyde Sodium
metaperiodate also reoxidisesosmium tetroxide from Os(VI) to O4(l) and so theosmium
tetroxide can be used in catalytic amounts. Although the reaction was succesg@llydel26was
isolated with a27%yield.

In an attempt to increase the yield of aldehyti26and avoid using thgolatile and toic osmium
tetroxide, we decided to use an Upjohn dihydroxylation reacfiom form the diol, before adding
sodium metaperiodate to cleave the diol and form the aldehyde. Here osmium tetroxide is
generatedin-situ from potassium osmate by the oxidising ageN-methylmorpholineN-oxide
(NMO), which also rexidisesosmium tetroxide from Os(VI) to Os(VIlFollowing a literature
procedure®* pyrrolidine 115 was added to potassium osmate (10 mol%) and a stoichiometric
quantity of NMO in a THF and water mixdu#:1) at room temperature. The reaction was followed
by TLC and took 72 hours for the starting material to be consumed. SoutEperiodate (2 equiv)

was then added and the reaction run for a further 72 hours at room temperatchdmet6).

0] )

p-TolS )J\/\//,,' 1. K,0s0,(0H),, NMO H)K///"

THF/H,0 (4:1), rt, 72 h

N N
Boc” o Boc” o
2.NalO,, rt, 72 h
115 Sp-Tol 126 Sp-Tol
23% Yield

Schemet6. Oxidative cleavage &fl5via an Upjohn dihydroxylation and sodium metaperiodate

After 72 hours the reaction was stopped because the mass spectra of the crude reaction mixture
showed that over oxidation of126 to form the peroxyacid was occurring. Unfortunately,
considering the long reaction time, aldehyde6 was only isolated with ayield of 23%.
Alternatively, the diol formed from the dihydroxylation step could be isolated and purified before
being treated withsodium metaperiodate. Studies into the cyclisation 26 will bethe subject of

future work.
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9.6. Synthesis difie Indolizidine precursor

The twoRANBOUA2Y | f -OBGIVYSINBOKZ®2A2AE SYLX 28SR K
pyrrolizidines can be extended towards the synthesis of indolizidiftes.strategy would involve

using an unsymmetrical chiral precursoroff the CPA catalyzed intramolecular adichael
cyclizationto form the chiral pyrrolidine, which could then undergo further cyclization to the
indolizidine As the chiral precursor iscemic, kineticresolution studies would need to be
performed in orde to generate an enantienrichedCPA cyclized product. Kinetic resolutions are
dependent upon one enantiomer of theubstratereacting faster than the otheand so as the

reaction proceeds an enantiopure product is formed while the enantiomeric eXee3®f the

chiral precursor increasésldeally running the raction to 50% conversion will give an x@9%for

both the product and the recovered starting materiaiith a maximum yield of 50%igure30).

Kr = Kiast ks = Ksiow Sg:Ss = Substrate enantiomers
Sk Pr Ss > Ps

Chiral catalyst Chiral catalyst Ps,Ps = Product enantiomers

Chiral catalyst

SR + SS > PR + SS krel=s=kfast/kslow
50% conversion

Figure30. Catalytic kinetic resolutich

The sfactor, which equates to the relative rate of reactiok.(), is a measure of the selectivity of

the kinetic resolution, and is calculated by dividing the rate of reaction of the substrate enantiomer

that reacts fastKsi) by the rate of reaction of the substate enantiomeatheacts slow Ksiow). A
highs-factoris required to generate the product with a high éamother consideration that needs

to be made is the potential of the unsymmetrical chiral precursalizing to the piperidine as well

as the pyrrolidin@ ! OO2 NRA Yy 3 {P2both thef Fexofriy €cizatidzd ©@n the
pyrrolidine and the &xo+trig cyclisation to form the piperidine afavored Although5-membered

rings areslightlyless stablehan 6-membered rings due to ring strain, we would expect the 5
membered ring to form irpreference to the @membered ring as a result of kinetic control. The
activation energyarriernG’ (Gibbs free energy) f&-membered rings is lower thaméenG’ for 6-

membered ring. This can be explained by the relationfud’to i KS Sy ( KI f L3 agdF | O .
0KS SY(iNRLR SHERADRGAD NB2INB A S Gl SHRTNE BAstliere Ba S1j dzl
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small difference betweenthpH' @ £ dzS§ F2NJ p YR ¢ YSYOSNBR NAy3:
value.There is more disorder in the chain that cyclizes to thménbered ring than the chain that
cyclizego the 5-membered ring and so thpS is larger and negative for the formation of the 6
membered ring S+ RA y 3 ({52 TheS-mermbBiEISiNg bging the kinetic product will form

faster than the6-membered ring which would be the thermodynamic product.

The brward synthesigor unsymmetrical chiral precursor required an extra step compared with

that of the pyrrolizidine precurspas 5hexenall30was not commercially availab{cheme47).

Schemed7. Synthesis oihdolizidine cyclisation precursot85a-b

The synthesis began with a Swern oxidation converting primary alcbP®lio aldehyde130
following a literature proceedurg’ The reaction proceed&a acylation between DMSO and oxalyl

chloride to form a chlorosulfonium ion which then reacts with the alcohol. The resulting
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