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Kurzfassung

Seit der Isolierung von (#spidospermidin 1) im Jahre 1961, isier Naturstoff zu einem
Prifstein neuer Synthesemethoddreim Zugang zuAspidospermailkaloiden geworden
Allylische Substitutionseaktionen sind potente Transformationen in dextalytisch
asymmetrische Chemie Das Ziel der vorliegenden Arbeit bestand darin, erstmals eine
enantioselektive R#atalysierte allylische Substitutiarsktion mit einem 3-substituierten

Indolderivatin der Totalg nt h e s eAspidogpernjidin()ll) zu etablieren

Bei der Untersuchung der allylischen Substitutionsreaktion wurde eine neue Klasse von
allylischen Alkylierungssubstraten entdeckt, die den Anwendungsbereich defigienten
Reaktionerweitert. Die allylische Substitutionsreaktion wurde zunéchst in racemischer Form
entwickeltund im weiteren Verlauf asymmetrisch ausgearbétetvon 91:9).Mittels dieser
enantioselektive allylischen Substitutionsreaktion wuednicht nur das erste quaternare
KohlenstoftStereozentrundes Naturstoffs aufgebaut, sondern auch das Gesamtgerist von
Aspidospermidin (1) assemblierDie pentacyclische Architektur wurde dabiei einer
effizienten diastereoselektiven Sequenz bestehengs ainer Redoxgetriebenen
Doppelbindungsmigration, einer AddichaelAddition und einer Enolatalkylierung

aufgebautEinefinale Desoxygenierungieferte erfolgreickdenNaturstoff (1).

Die hier beschriebene Totalsynthese ist mit sieben linearen Stusgeheend von kommerziell
erhaltlichen Ausgangsverbindungen, digirzeste bisherbeschriebeneenantioselektive
Synthese von Aspidospermidid)( Den Schlisselschritt der Sequenz stellt aiglische
Substitutionsreaktiondar: De weiteren Stereozentren dedNaturstoffs wurden unter
Substratkontrolle etabliert. Dartiber hingstdiesdie erste Anwendung einer {Rdtalysierten
allylischen Substitutionmit einem 3substituierten Indolderivain der Synthese von
Aspidospermidin 1) und im weiteren Sinne voAspdospermaAlkaloiden. In zuklnftigen
Arbeiten konnte dieser Ansdilr effiziente enantioselektive Synthesen anderer Mitglieder der

Aspidospermahlkaloidfamilie genutzt werden.

Cl

Boc, _/_/ PayL,  BOeTN
N O OH Boran y N
—_—
+ B — o/
\ ii) Base o
N N

N
H HH HH

(-)-Aspidospermidin (1)
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Abstract

Since the isolation of (+aspidopermidine(1) in 1961, its synthesis has become the proving
ground for the development of novel synthetic methodologies to access members of the
Aspidosperma alkaloid family. Allylic substitution reactions representpowerful
transformations in catalyti@asymmetricchemistry The aim of this work was to apphn
enantioselective Rdatalysed allylic substitution reaction with-&@8bstituted indole derivative

for thefirst time in thetotal synthesis of aspidospermidirig.

From studies into the key ally substitution reaction, aovel substrate class of allgl
alkylation substrates was uncoverethus expanding the scope of this powerful chemical
transformationThe allylic substitution reaction was initially developed in a racemic manner
and then retlered enantioselectivge.r. of 91:9).The enantioselective allylic substitution
reaction not only constructed the first quaternary carbon stereocentre but also assembled the
entire framework of aspidospermidinB.(The pentacycli@rchitecturevas then onstructed

in an efficient and diastereoselective sequence, featuring a rddeen double bond
migration, amzaMichael addition and an enolate alkylatidnfinal deoxygenation furnished

the natural produdtl).

This culminatedin the shortesénantioselective synthesis of aspidospermidinedported to
date, in seven linear steps from commercially available starting matéritis pathway, the
allylic substitutionreaction acted as the key stereo defining.stée remaining stereocenters
of the natural product were then established under substrate cBattbermorethis strategy
is the first application of Rd-catalysedllylic substitutionreactionwith a 3-substituted indole
derivative in the synthesis dspidospermidinelj and nore broadly ofAspidosperma
alkaloids. It is envisiored that this novel strategy could be employed fafficient

enantioselective syntheses of other members dAspalospermalkaloid family.

Cl
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N O OH borane Y N
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\ ii) base (0]
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(-)-aspidospermidine (1)
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Introduction

1 Introduction

1.1 Aspidospermidine

1.1.1 Background

Alkaloids are naturally occurringitrogenrcontainingbasiccompoundsThey are mostly of
plant origin, but are found to a lesser extent in animals and microorgdhféiikaloids are
classified according to tlre nitrogencontaining structures, with those containing indole
moieties known as indole alkaloiffs! Indole alkaloids are one of the largest alkaloid classes
and contain a vast array of natural products with diverse biological acti¥ftiéscluding

antimalaridf! and antiviral propertiel§! thus representing an area of great synthetic intéf@st.

Aspidospermanlkaloids are the largest family afonoterpenoidndole alkaloids, with over
250 known compound8:1% The Aspidospermdamily is composed o$even subclassethe
structural framework of each subclass is exemplified ibyy parent compound
aspidospermidia (1) aspidofractinine %), quebrachamine 3}, vincadifformine 4),

vindolinine (5), meloscine &) and kopsine®) (Figure1).l!

N
\
N
H

(+)-aspidospermidine (1) (-)-aspidofractinine (2) (-)-quebrachamine (3)

N

N \ )\ (o)
N "X
H CO,Me CO,Me OH
(-)-vincadifformine (4) vindolinine (5) meloscine (6) (-)-kopsine (7)

Figurel. Parent compounds of tihespidospermalkaloid subclasses.

AspidospermidineX) is the parent compound of the largest subc¢taghie aspidospermidine
subclass has a pentacyclic framework characterised by the [6.5A8BE08)E ring system,
with four contiguous stereoceasr (Figure 2).*Y13 The aspidospermidine subclass are
composed of a tryptaminé8) unit and a @ or Cio unit derived from the terpenoid

secologanir(9) (Figure2).l8l
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Qf E/E octc |

MeO,C

tryptamine (8) secologanin (9

Figure 2. ABCDE pentacyclic frameworkand numberingof aspidospermidine subclass
according to Spiteller and ceworkers™® tryptaminederived unit in red and £
secologanirderived unit in blueStructure of tryptamine(8) and secologanin9) shown in

insert.Glc = glucogl.

The construction of the pentacyclic framewofkhe aspidospermidine subcldsss attracted
significant attentiofi*¥! there has been a particularly intense interest in the esistiof the
parent compound, aspidospermidin®.i{?>*56l Novel synthetic methodoldgs towards
Aspidospermalkaloidsare often exemplified by a synthesis of aspidospermidineds the

most popular target within thespidosperméamily.[1+:17]

1.1.2 Isolation and Structural Elucidation

Aspidospermidine 1) was first isolated from the bark of the South American tree
Aspidosperma quebracho blanty Spiteller and ceworkersin 19611819 A, quebracho
blanco is a rich source ofAspidospermaalkaloids and approximately twenty alkaloids
in c | u d taspigosgeimnelQ) a n-quebfachaminell) were isolated in the same study
(Figure 3). Fifteen of the isolated alkaloids were furtheweéstigated with their structural
elucidation performed by UVis and mass spectroscop§l.In 1963,Spiteller and ceworkers
named isolated alkaloid 6 a s pi d o s plre thansamhdyeare Smith and ceworkers
determinedhe specific rtation of isolated aspidospermidin® ( | +17°, in ethanoly?”
The absolute configuration of th&spidospermdramework wasproposedby Schmid and
co-workers in1963 by correlation of the molecular rotations Aspidospermalkaloidswith
related strychnine alkaloid®! This was further supported loytical rotatory dispersiorueve
studiesin 19652 The proposed absolute configtion was then confirmed by -day
diffraction in 1968%% (+)-Aspidospermidine 1) has since been isolated from other plant
species, includingspidospermahombeosignatufff! andalbunt?® andMelodinus morsef®!
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.. N": \

N

¥ N y

(+)-aspidospermidine (1) (-)-aspidospermine (10) (-)-quebrachamine (11)
Figure3. Structures oAspidospermalkaloidsisolated fromAspidosperma quebracho blanco
(+)-aspidospermidinelf , -agpidgsperminél0) a n-guebfachaminell).

1.1.3 Biological Activity

(+)-Aspidospermidinel (i in Tablel) and othestructurallyrelatedAspidospermalkaloids
were shown to exbit antiplasmodial activity against two strainsRiasmodium falciparum
the parasite responsible for the most severe forms of m&lafiae resistance . falciparum
to traditional antimalarialtreatments, such ashloroquine {2), has driven the search for
antimalarial compounds of natural origin. Within this study,Abpidospermailkaloids with
an ethyl group, composed of C20 and C#1y, vii andviii) were found tdhavelower 1Cso
values and hencehigher antiplasmodial actiwi#s against a chloroquireesistant and a
chloroquinesensitive strain oP. falciparum Whereasthe Aspidospermaalkaloids with a
fusedtetrahydrofurar{THF) ring, containingC20 and C21, and a hydroxy group at Q7
xii) were found to havbkigher IGovalues and hendewer antiplasmodial activity against both
testedstrains ofP. falciparum In order todetermine whether thEHF ring, in place of the Et
group, or theénydroxy group at ClWwasresponsible for the lowemtiplasmodial activitythe
methoxy group a€17 in aspidspermine\{) was demethylatediving a phenol group at C17
in derivativevi. The antiplasmodial activity of derivatiwe wasfoundto be similar to that of
the more active alkaloids with the free Et grouvi{i). Thereforejt was proposed that the
replacement of the free Et group by thesed THF ring was responsible for the lower
antiplasmodial activityof the alkaloidsagainst the twaestedstrains of P. falciparum
Additionally, alkaloidsiii andv were tested for theichloragquinepotentiating activities and
were both found todisplay a chloroquingotentiating effect when used together with
chloroquing(12) against the chloroquineesistant strain o®. falciparum ZechesHanrot and
co-workersproposedhattheantiplasmodial activity obtherAspidospermalkaloids, and their
derivatives, should be evaluatied use as antimalarial agents and, potentially, for uagests

for the reversal of chloroquiresistancé’!
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Table 1. Structures ofAspidospermaalkaloids evalated for their antiplasmodial activity

against two strains &lasmodium falciparuntructure of chloroquinel@) shown in insert.

R3 /’N 21
R? 21;"
Chloroquine- Chloroquine-sensitive
_ resistant (445 nM)? (79 nM)2
Alkaloid R! R?
ICsoe Mt sd ICsoe Mt sd
24 h 72 h 24 h 72 h
iP H H H 16.3+29 38+0.7 11.0+1.7 4605
i H H OCHs 195%+7.2 3209 13.1 5.1
ii CHO H H 161+3.0 56x0.7 220+7.1 59zx15
\Y CHO OCHs H 11.8+09 41+06 93+x24 6614
223+
vP C(OCH OCH: H 56+1.3 n.d. n.d.
11.6
vi C(O)CH: OH H 15.1+19 122+52 215+65 20.3+6.2
Vil C(O)CHs H H 7.4 6.2 34.0 15.4
viii C(O)C2Hs OCHs H 154+42 12.7+4.2 27.2 8.7
_ 28.5 +
iX C(OCHs H H 17.7+4.9 13.0 40.8+3.8 22.6+25
X C(O)C2Hs OCHs H 528+7.1 25.6+2.7 1131 55.3
_ 904 +
Xi C(O)C2Hs OCHs OCHs 43.7 59.2+54 44.4 28.0
149.7 =
Xii C(O)CH OCHs H 97 6 495+3.7 169.3 57.3

aChloroquineresistant and chloroquirsensitive strains with I§g values for chloroquine of
445 nM and 79 nMrespectively®In the publicationalkaloidsi andv were both nameds
aspidospermine, howeveraccording to thie substituents alkaloid i is in fact
(+)-aspidospermidin€l) and alkaloidv is ( 1-aspidosperminél0).

Since aspidospermidind)(possesssthe core framework of its subclasss synthesis has

become the proving ground for the developmemnibekl synthetic methodolgdo access other
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members of théspidospermdamily,** which may exhibit important biological activiti€3!

Bisindole Aspidospermalkaloids(+)-vinblastine(13) and (+}vincristine (L4), which contain

the ( 1-appidospermidinelf and quebrachamindl) frameworlsinth ei r éd monomer i c (
(Figure 4), both display amtcane@r activity andhad early clinical succes&nfortunately,
(+)-vinblastine 13) and (+}vincristine (L4) both display serious sieffects. Howeverthe

synthesis of vinblastinel8) allowed for studies into its mode of action, which led to the
developmenbf its derivative: vinorelbine (navelbine)5).?8 Vinorelbine (L5) is used as a

chemotherapy druip the treatment of lung and breast cané&érs.

YN N\

., “'u/ \"' “"u/
MeO,C N MeO,C N It

MeO [ H Cco,Me MeO I\I/IeH CO,Me
R = Me, (+)-vinblastine (13) vinorelbine (15)

R = CHO, (+)-vincristine (14)

Figure4. Structures of (+yinblastine {3), (+)-vincristine (L4) andvinorelbine (5) with the
( appidospermidinelj and quebrachaminell) frameworks shown in red and blue,

respectively.

1.1.4 Biosynthetic Hypothesis

As aforementioned,he framework of the aspidospermidine subclessomposed of a
tryptaminederived unit anda G or Cio secologanirderived unit Figure 2). The terpenoid
secologanin ) is produced from the nemevalonate pathwagMEP) in plantsi3®3l The
tryptaminederived unit originates from the amino acidryptophan 16), which isproduced
from the Shikimate pathway plantsandmicroorganismg¢Schemel).?? L-Tryptophan {6)
is converted to tryptamin@) by theenzyme tryptophan decarboxyldde.
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OH i
: %
' HO :
 HO i
l ‘ OH i
Glc =Gl Lo
CO,H NH, " c T oy .
{ of  —
N L-tryptophan N
H decarboxylase H
L-tryptophan (16) tryptamine (8)
strictosidine
o H = synthase
MeO,C
Non-mevalonate OGlc
pathway (MEP) ’ strictosidine (17)
(0}
MeO,C X

Ho—// ~CO2Me

4,21-dehydrogeissoschizine (21)

'
§

secologanin (9)

Ho_/ ~COzMe

4,21-dehydrocorynantheine
aldehyde (20)

strictosidine
deglucosidase

O [H
' [H]
/=
NQ\\/ N@ﬁ "
)u - - - - - - - - - - - -
N\ - \ ) )(OAC N OH
N > :
H  COMe H  COMe COo,Me H  Co,Me
dehydrosecodine (29) 28 27 stemmadenine (26)

(+)-aspidospermidine (1)

Schemel. Proposed biosynthetic pathwayy(+)-aspidospermidinelj. Glc = glucosyl.

A stereoselective PicieBpengler condensation between tryptamB)eafd secologanirdj,
catalysed by strictosidine synthase, gives the inteated strictosidine X7).13338l
Strictosiding(17) is then deglycosylated, by strictosidine deglucosidase, forming a reactive

hemiacetal intermediat&8 that opens to give the aldehyde intermediag Intramolecular

6
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nucleophilic attack from the secondary amine to the aldehyde intermddiajeves the
iminium ion 4,21dehydrocorynantheine aldehyd#0). Isomerisation of the terminal double
bond in 4,21-dehydrocorynantheine aldehyde 20( affords the conjugated
4,21-dehydrogeissoschizin@1).2® Subsequenteductionwould thengive intermediate22,
which would undergo arelectrophilic addition at the-Bosition of the indolegenerating
indolerinium 23. An enol addition at the-Rosition would thenconstructthe pentacyclic
intermediate24, the framework is however proposed to spontaneously fragweetst Grob
fragmentatiorthus restoring aromaticity in iminium id&b. Reduction of the iminiuman and
aldehyde moietiesould yield stemmadenine26). Acetylation of the hydroxy group arah
exo-to-endodouble bond isomerisatiowould result inthe opening of the macrocyclé\n
isomerisatiorwould thengive the acrylic ester dehydrosecodi2€)(1*%4%41|t is proposedhat
dehydrosecodine2@) could undergo mintramolecular DielsAlder reaction to construct the
Aspidospermaentacyclic framework; however, there is not yetewigence for this occurring

in plants® Subsequent ester hydrolysis, decarboxylatiod aeduction would furnish
aspidospermidinél). Although extensive studies into the biosynthetic pathways to
Aspidospermaa | kal oi ds were conducted in the 1960
construction of theAspidospermaramework from 4,21-dehydrogeissoschizine2l) were

identified 3942

From the Aspidospermaramework, all Aspidospermaalkaloids can be obtained through
appropriate transformations. Thisobynthetic pathway exemplifies the efficiency and

el egance of nat ur e 6 sAspilospeenalgatonls; thus,tthera hasligegn t o we
substantial interest in harnessing these aspects in a divergent, biomimetic route towards

Aspidospermailkaloids!*®

1.1.5 Previous Synthetic Approaches

The foundations for the synthesisAgpidospermalkaloids were laid by Stork and Dolfini in
1963, with their total syntheses of {a3pidosperminel(Q) and (x}quebrachaminelQ)
(Scheme?).[*344 Their strategy of constructing the pentacyclic framework through a Fischer
indole synthesisvith phenylhydrazine derivatives araminoketoneintermediate310 the

Stork intermediai@ has dominatedysthetic routs to Aspidospermailkaloidst*®!
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Cl
MeOZC 35
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N
H NHZ
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Scheme2. Total synthesis of (xaspidosperminelQ) and (x}quebrachaminel() reported by
Stork and Dolfini*?!

In this synthesis,mainoketone31 wasproduced from butan#B?2) in 14 stepsTwo sequential
Stork enamine alkylationsf butanal (32) with methyl acrylate and methyl vinyl ketone
afforded esteB3, crucially with the first quaternary carbon stereocentre formed. B8teras
converted to the correspondiog-fusedamine 34, via an aminolysis amidereductionand
azaMichad additionsequenceA piperidineN-acylation withchloraacetylchloride (35) and
subsequentyclisationconstructed théricyclic framework in amide36. An amide reduction
then yielded the aminoketor34, which was submitted tine keyFischerindole synthesisin
which, employing2-methoxyphenylhydrazin€37) gave pentacycl&8, which uponimine
reduction and acetylation afforded (x)-aspidospermine 10). Whereas, using
phenylhydrazing40) gave pentacycle4l, which upon reductive cleavag&rnished

(¥)-quebrachaminel(l).
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Since the seminal work of Stork and Dolfithe related compounaspidospermidinel] has
become a popular synthetic target witispidospermalkaloids,with over fifty reported
synthese@ both racemic and enantioselectiastion™”#448 Many of hese syntheses can be
broadlydivided into three main strategieSchemes):[15161

Strategy | : Storkdés Fischer indole synthe
Strategy Il: HarleyMa s on 6 s eeartahgmer t i o n

Strategy | I-dtapelDNhggaswes 6 | at e
/’N/\‘\ Strategy | N/j Strategy n
Q/ Stork's Fischer Magnus Late-Stage
(0] Indole Synthesis H H D Ring Closure

31 ()1

Harley—Mason's
Strategy Il M Cyclisation-Rearrangement

Schemes. Three main strategies for the synthesis of aggidanidine 1). Adapted froni!5:16]

Strategy | has been employed in numerous total syntheses of aspidosperf)idimigh(
alternative routes to preparing Storkemhediate31, followed bythe Fischer indole synthesis
with phenylhydrazing€40) and subsequent reduction to afford aspidosperm{dji&144962

Strategy Il was first reported in 1967 by Hail®ason and cevorkers in the synthesis of
(+)-aspidospermidinelj from preparedaldehyde44 (Scheme4).6364 Aldehyde 44 was
alkylated with allyl bromide via the pyrrolidine enamine and then converted to the
corresponding dimethyl acetd5. Ozonolysis followed by borohydride reduction gave
alcohol46. An acidpromotedcyclisationrearrangement sequence betwedsohol 46 and
tryptamne (8) was performedin which the carbon directly bonded to the activated hydroxy
group underwentan S2 displacemenfrom the 2position of the indole. AL,2-shift then
construckd the CDE rings in pentacycle 49. A final reduction furnished
(+)-aspidospermidin€l).[*"¢4 Strategy 1l has since been utilised in other syntheses of

aspidospermidin&® 7
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1) pyrrolidine
aIIyI bromide
o H )H /HzO tryptamine (8)
3) CH OCH3) 2) NaBH4 AcOH, A
O — > HO
oM
(+)-44 (+)-45 (+)-46 (+)-42
H,SO4 (40%) or BF3+OEt,
100 °C
o
N\ _ o
[ LiAIH, N S
- //’ i 0 - (‘D\?\l -
C: /:)\/ N ~
N
H Z
H N
(+)-1 (+)-49 (+)-48

Schemet. Synthesis of (aspidospermidinel] via Strategy 1164

Strategy lll features latstage D ring formation, after construction of &iBCE ring system.
Strategy Il was originally reported by Magnus anelarkers in 1982 in their totalynthesis
of (x)-aspidospermidinelf (Scheme5). Their synthesis began with the condensation of
3-formyl-2-methylindole(50) with 2-(phenylthiol)ethylamin€51), giving imine52. Treatment
of imine 52 with the mixed anhydridé3 resulted in aaucleophilicacyl substitution followed
by a Diel§ Alder reaction stereoselectively constructing this-fused E ringn tetracycles4.
Oxidation of thesulfide in tetracycleb4 afforded the corresponding sulfoxi@i® as a mixture
of diastereomers. Upon treatment with trifluoroacetic anhydride, sulf®ddenderwent a
Pummerer rearrangemeribrming theU-acyloxy-thioether56, which cyclisedin stu via a
nucleophilic attack from the indole@sition, thus installing the D ririg intermediatés7. A
desufurisationandfinal reductionthenyielded (+}aspidospermidinelf.l’X! Strategy Il has
been emplged in various syntheses of aspidospermidit)e With alternative strategies for
constructing thé\BCE ring system and for latstage installation of th® ring.[*172 &

10
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PhS
PhCI \\\ mCPBA, NaHCO;  py/ \L
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(£)-1 (£)-58 (£)-57 L (£)-56

54%

Schemeébs. Total synthesis of (zaspidospermidinel] via Strategy 111[71]

There are alsceportedsyrnthesef aspidospermidinelf that do nofall into strategies |, 1l or

111. 128:84 881 Remarkably outof all of the reported syntheses to aspidospermidiha¢latively

few employ catalytic enantioselective stratedie® 73747881891 Examples that employ
asymmetrictransitionmetal catalysed transformat®mclude Pd-catalysed decarboxylative
asymnetric allylic alkylation (DAAA) strategie¥38192%1 gand Zhang and cavor ker s 0

Ir-catalysedallylic substitutionand homeMannichsequenc&*

The firstenantioselective synthesis of aspidospermidineiat employed the Pchtalysed
DAAA methodology was reported by Shao andnmarkers in 2013. In which thed-catalysed
DAAA methodology was adaped for carbazolone substratesising the chiral
phosphinooxazoline(PHOX) ligand §)-L1. Upon submiting carbazolon&9 to their
Pd-catalysed DAAA procedurethe tricyclic intermediaté0 was obtainedwith the key
guaternary carbon stereocentre Sthemes). A mild hydrolysis of the nitrile groupo the
corresponding amide, followed laychemoselective ketone reduction selectively constructed
the cis-fused teracyclel. The ethyl chain was then installed bysagquentialoxidation,
mercaptalation andesufurisationto give intermediaté2. Amide reduction, deprotection and
selective piperidin&-acylation withchloraacetylchloride(35) provided tetracycl3.Y The
endgame oHeathcock and Toczkeas then applied! In which a Finkelstein reaction of the
acyl chloride63 with sodium iodide gave the corresponding acyl iodide. Treatment with silver

triflate then induced an@ displacement from the indolepgdsition to the alkyl iodide resulting
11
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in the latestage construction of the D ring. A final reduction furnished
( T-aspidospermiding).[2181]

[ o
PPh, n}\)

(S)-L1 (6.3 mol%) o
o] Y
o [Pdy(dba)s] (2.5 mol%) o0 7
o/\/ PhMe, 70 °C, 13 h \/ 2 steps HN
: e L. /§
\ ) CN )
CN 93% N \
gn 93% ee Bn N
Bn
(£)-59 60 61
l 3 steps
O (@]
N a L.
J/ 3 steps N 3 steps HN
- b/ 2/
N H ) \
H N N
H Bn
(-)-1 63 62

Scheme6. Pd-catalysed dechoxylative asymmetric allylic alkylatiorwith carbazolone
substrates applied in the total synthesis ofi )-gspidospermidine 1j.8%
dba= transtrans-dibenzylideneacetone.

In 2019, Chang and eworkers employed the conditions of Shao anewookers with
carbazoloné4 to obtain tricyclic intermediaté5 (Schemer). A hydroboratioroxidation of

the double bond in tricyclic intermedigi with subsequertixidationgaveketo-aldehydes6.

This was followed by a key reductive animatiorcarbonyl
reductiondehydrationintramolecular conjugate addition cascatte give tetracycle67.
Deprotectionand selectivepiperidine N-acylation with bromoacetyl bromidéen afforded
intermediate68, which was also subjected to the endgame of Heathcock and Toczko to give

(+)-aspidospermidinetj.[tt.7l

12
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[ o
PPh, r\}\\7

(S)-L1 (6.3 mol%) o
O / 0,
o [Pd,(dba)g] (2.5 mol%) V/ \)\\
o/\/ PhMe, 70 °C, 13 h Q—b{/ 2 steps Q. H
EE—— ’
N\ 82% \
82% ee N
Bn H
(2)-64 65
BnNH, (1.2 eq.)
AcOH (1.2 eq.)
NaBH(OAc); (3.0 eq.)
THF, 30 °C, 24 h
63%
1) Na/NH3 (1),-78 °C, 1 h
/\\ 0 then Pd/C, NH4HCO,, MeOH, reflux /\\
N Br 2) bromoacetyl bromide (1.0 eq.) BnN
[ 30 3 steps \)]\N/\\ EtsN (1.5 equiv.), CHoCly, rt, 2 h L
o 44% over 2 steps -
N ¢ o N ¢
H H N™ = BnH
H H
(+)-1 68 67

Scheme7. Total synthesis of (+aspidospermidinelf, via a Pdcatalysed decarboxylative
asymmetric allylic alkylation and a reductive animatcarbonyl
reducton-dehydratiorintramolecular conjugate addition cascéde.

Zhangandcavor k er s 6 wdicular inteiesto ueak thgy amployed an-catalysed
allylic substitution reaction with 3-substituted indolederivative 69, followed by a
homaoMannich reaction, in which thie situ generatedndoline iminium ion71 was trapped
by the tethered cyclopropand@¢heme8).®Y! They applied conditions reported by You and
co-workers for the asymatric allylic substitutionstep andusedscandium(lll) triflatefor
promotion of the sequential horMannich reactionto give hydrocarbazole72, thus
stereoselectivelyxonstructing the quaternary carbon stereoceatrthe 3position and the
vicinal sterecentre at the -position®**! Treatment ofhydrocarbazolerl2 wi t h  Co mi ns 6
reagentafforded the enol triflatg3. An Upjohn dihydroxylationof the double bond in enol
triflate 72followed byoxidativecleavageand reductive animation gairdermediateé’4, which
was submitted t@ Pdcatalysed hydroformylation to give en&. Under basic conditions
enal75 underwent a 1 4onjugateadditionralkylation forconcurrentis-construcion of the D
and E rings in pentacycle76. A Wittig methylenationand deprotection then afforded
(+)-aspidospermiding€l) over two stepdrom pentacycler6. This work fom Zhang and
co-workerswas pivotal in the field of allylic substitutiochemistrywith 3-substituted indole

derivativesas itwasthe first example of an unactivated methylene nucleophile cyclising onto

13
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the in situ generated indoline iminium ioA@1* As in allylic substitution reactions with
3-substituted indolalerivatives,the generatedndoline iminium ionis typically trapped by
pendent nitrogeandoxygen nucleophiles armnder basic conditions activated methylene
nucleophilessuch astt h eposttionin amaloric ester® 102

>P—-N
: OO 0 |
' (S)-L2
P "oH
70 (3.0 eq.)
[Ir(cod)Cll, (5.0 mol%)
(S)-L2 (11 mol%) o o
OH Fe(OTf), (1.0 eq.) — Sc(OTf)s (1.0 eq.) —
W EO. 1 12h N ; EtzO, 1t 1h 7 o(?sd
\ o k) a T Ky
N —0 82% @,
Bn N ¢ 97% ee N
Bn H Bn
over 2 steps
69 70 7
al o KHMDS (3.0 eq.) o
— Comins reagent (2.0 eq.) —
/NH oo 3 steps /\/ oTf THF, =30 °C, 30 min ) o
o -
O 6 \ 90% \
P N 2 N 2
En H BnH N H
74 73 72
[PA(PPhs)4] (10 mol%)
LiCl (5.0 eq.)
Et;SiH (1.8 eq.)
CO, DMF, rt, 12 h
84%
e
NaOH (7.0 eq.) N\ N\
/NHeno DMF, 100 °C, 1 h [ 2 H 2 steps [
% _ —_— Q—Q/
O 6 61% N ° NS
Bn H Bn HH
75 76 ()1

SchemeB. Total synthesis off)-aspidospermidinelf, by an Ircatalysed allylic substitution

and homeMannich sequendé&’]

The broadvariety of synthetic approachds aspidospermidinelj reported over the past 60
years, demonstrates that aspidospermidihesfnains the gold standandthin Aspidosperma

alkaloidsfor the application oémerging synthetic methodologies.
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1.2 Allylic Substitution Reactions

1.2.1 General Features

Transitionmetal catalysedreactions are key for the formation of carbmarbon and
carbonheteroatom bond&® Of theseallylic substitution reactions have emerged as powerful
transformations in catalytic asymmetric chemisagyd have consequentifipund many
applications in natal product synthesig€310!

The generatomponent®f an allylic substitution reaction agetransitioametal catalyssuch
asPd an allylic substrate as the electrophile arwddoon or heteroatomucleophile(Scheme
9). Depending on the system, other additives sudiaaesfor generation of the nucleophile,
maybe be required® Additionally, chiral ligands can bemployed to render this

transformation asymmetric

€]
Nu  or
PdOL, LGp ) Nu-H (+ Base)
AN PdL, I — - AR
R LG ———> P R Nu
R
LG = OCO3R, OAc, OH, etc. n-allylpalladium complex

Schemed. General scheme &fd-catalysedallylic substitution reaction

The allylic substrate has a leaving group at an allylic pos{t@meme9). Allylic substrates

with agoodleaving group such as carbonate or acetatealledactivated allylic substrates.
Whereasallylic substratewith a poor leaving group such as hydroxy groups, as in allylic
alcohols, are called unactivated allylic subtsaand require activation by additives such as
Lewis acidd?®! Based on the nucleophile employed, aedse range of bonds can be
constructed in an allylic substitution reaction. This is a unique feature amongst asymmetric
metalcatalysed reactions, which are typically limited to forming only one type of bond, for
example CH or G O.%] The net result of an allylic substitution reaction is the substitution
of aleaving groupat an allylic positiorby a nucleophilé! This net reaction at esp’ centre

is notcommonlyencountereth asymmetric metatatalysed reactionsvhich typically feature

net reactions at $gentred!®’!

Although other transitioimmetals such as Ni, Rh and Fe have been applied as catalysts in allylic
substitution reaction$%! the use of Pdand Ircatalysis has dominated. The key difference
between Pdand Ircaalysed allylic substitution reactions is the regioselectivity of the
nucleophilic attack o n  t-&ll@ complex Under Pdcatalysis,the nucleophilic attack

preferentially occurs at the least substituaéigl terminus giving the linear produdVhereas

15
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under Ir-catalysis the nucleophilic attackpreferentiallyoccurs at the most substitutadyl
terminus to give the branched produtttus generang a new stereocentr@hen R | 2R
(Schemel 0).[19%1%% Notably, underPd-catalysis the nature of thricleophilecan also affect

the linearto branched product ratio; with soft nucleophiles, such as malonates and amines,
giving higher ratios of lineato branched product compared to hard nucleopHifsOther
factors mayalsoaffect the linear to branched ratio of the prodsath as the bulkiness of the

nucleophild!!! therigidity of the ligand'? or even thesolvent choicé!'% 114l

4Nu

R1
M=Ir 22*/ + RZJ%/\NU

o
branched product linear product
R ML, . (,'—2(;5 Nu major product minor product
R'm*2)L
_— n
NS .-
RZJ\/\LG M =Pd or Ir RzJ\l/ . "
LG = OCO,R, OAc, OH, etc. M = Pd + R
- - F
n-allyl complex ‘ RZJ%/\Nu Rz*/
linear product branched product
soft Nu major product minor product
hard Nu minor product major product

Schemél 0. Regioselectivity of allylisubstitutiorunder Ir or Pdcatalysis Adapted fromi*1°,

It was originally proposedthat the linear regioselectivity obtained in-&atalysed allylic
substitution reactions was duettee nucleophilic attack preferentially occurring at the least
sterically hindered allyl terminus and was therefore dugdric factors. Whereas the branched
regioselectivity observed underdatalysis wagproposed to belue to electronic effects, in
which the positive charge formed upon ionisation is better stabilised at the most substituted
allyl terminus, hence nuclebpic attack occurring preferentially at this terminus to afford the
branched product?!

Many studies have been conducted twaverthe origin of this observed regioselectivity.
Theories for the linear regioselectivity obtained undec&dlysis include nucleophilic attack

at the terminus with the longer carboretal bond!*® with the greater positive char§é®! or

trans to the softer P donor when using émdate ligands with P and N dondf$:17123]
Furthermore, in systems with amine nucleophiles it has been shown that the kinetic branched
product can be initially formed ariden isomerised to the thermodynamic linear product during
the allylic substitution reactidf?**?° Early theories for the branched regioséigty under
Ir-catalysis similarly included nucleophilic attack at the terminus with the longer earétah
bond*?®! or with the greater positive chargé’*?¢ The HelmcherGroup carried out DFT
studies to investigate therigin of the regioselectivity for allylicanimations under

Ir-catalysid'?>*3% Whilst the DFT calculations supported the expected branched
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regioselectivity, no evidence was found to explaingreferentialformation of the branched

product.

In 2015, Hartwig and ceworkers conducted detailed investigations into the orajirthe
regioselectivity of allylic substitution reactiomgith oxygenrcontaining nucleophilesnder

Ir- and Pd-catalysis. Experimental and computational studies witoinplexes with cod
ligands suggested that nonvalent attractive H---O interactionsbetweenthe vinyl Ci H

bond of the cod ligands and the O atom of malonate ester and alkoxide nuclegupléelsa

major rolein the preferential nucleophilic attack at the most substituted allyl terminus. These
non-covalent attractive H---O interactionsvere observed in the transition state to form the
branched product and were proposed to dominate overfatiters such as thearbonmetal

bond length or the presence oftrans P-donor. Computational studies of allylpalladium
complexes with PRHigandsand either trifluoroacetate as a hard nucleophile or the dimethyl
malonate anion as a soft nucleophile were then conducted to investigate whether these
stabilising GH---O interactions played a role in determining the regioselectivity under
Pd-catalysisDFT calculations showed that a higher linear to branched ratio was obtained with
the dimethylmalonate soft nucleophile compared to with the hard trifluoroacetate nucleophile.
NBO seconebrder perturbation analysis was employed to measure the attraétive-Q
interactions betweeni® bondsof thePPh ligands and the O atom of the nucleophiles present

in the transition states leading to branched or linear products. With trifluoroacetate as the hard
nucleophile, the attractive interactions in the transisitaie leading to the branched product
were larger than those in the transition state leading to the linear product. Whereas with
dimethyl malonate as the soft nucleophile, the attractive interactions in the transition state
leading to the linear productere larger. These results suggested that thecowealent
attractive CH---O interactions are also a major factor in determining the regioselectivity of

allylic substitution reactions under fdtalysis with oxygefontaining nucleophileé'®

However, the corresponding naovalent attractive H---N interactiors werenot observed
in the allylic animation studies by the Helmchen grBé&ipt? Thus, a general explanation for
the differencen the experimentally observed regioselectivity underdpdr-catalysis remains

to be found.

In our systemthe linear product from the allylic substitution reacteas requiredasshown

in Planned Synthetic Approagcive therefore focused on Rzhtalysis.
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1.2.2 Pd-Catalysed
1.2.2.1Mechanistical Aspects

Thegeneral catalytic cycle & Pdcatalysed allylic substitution reaction is showrSicheme
11. The active Pd? catalyst| coordinatesto the double bond in the allylic substrdte
generatingthe d>" -allylpalladiumf® complex Ill . Oxidative additionthen occurswith
dissociationof the leaving grougo give two equilibratingenddexo 3" -allylpalladiun™
complexes|V, whichcan exist asynor anti isomers(shown asynin Schemel 1).[9%.107.1311
The oxidative addition and leaving group dissociation gtegommonly referred to as an
fionisatiord in the literature due to the generation of the iondf-" -allylpalladiun"
complexIV .Y Theionisation occurs with inversion, in which the idtalis on the opposite
face ofthe” -allyl unitto the leaving group3! Nucleophilicattackt o - hadlylpa]ladiuni"
complex|V forms the d>" -allylpalladium® complexV. Decomplexatiorthen releaseghe
substitutedporoductVI and regenerasghe Pd? catalyst!3!!

R/\/\Nu PdOL, R/\/\LG
Vi 1 ]
Decomplexation Coordination
RSy RT"16
PdOL, PdOL,
\" 1]
— ®
L,Pd™
| .
e
- exo o
Nucleophilic Attack lonisation
Nu@ “ LGe
®
L,Pd®
R&In
endo

Schemell. General catalytic cycle of Pchtalysed allylic substitution reactioAdapted

from [107],

With soft nucleophiles, those with conjugates acids witiKa<®5, the nucleophilic attack
occurs at t he -allylprotsiheRY rMetloia anmitesphdreemechanism.

This nucleophilic attack therefore proceeds with inversion of stereochemistry, resulting in a net
retention of the stereochemmgt(Schemel2). Whereas, hard nucleophiles, those with
conjugate acids with aka > 25, attack the P metal directly and the subsequent reductive
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elimination proceds via an innesphere mechanism with retention of stereochemistry,

resulting in a net inversion of stereochemistry in the allylic substitution reafid#!

R)\/\R'
PdOL, l lonisation with inversion of stereochemistry

®@pdiiL,

soft Nu hard Nu
RN R

Nucleophilic attack and Nucleophilic attack and
reductive elimination with reductive elimination with
inversion of stereochemistry retention of stereochemistry

R)\/\R, R/"\/\R,

net retention of stereochemistry net inversion of stereochemistry

Schemel2. Mechanism for the net stereochemistry of the allylic substitution reaction with soft

or hard nucleophilef\dapted from*°4,

Thesynanti nomenclaturef thed>-" -allylpalladium{’ complexIV refers to theonfiguration
of the substituents at thednd 3positions on the?-" -allyl ligandrelativeto the 2substitutent,
as illustrated ifFigure5.1*°” For 1,3disubstitutedi-" -allylpalladiun") complexeshesyrsyn
conformation is usually thenore stable and hena®minant conformationdue toreduced

steric interactions between the %substituents and with the Pd métat114

anti anti
11.©..]3
syn oY syn
H

Figure5. Synantin o me n c | a4 -allyl égandsnrelatjve to the-8ubstitutent Adapted

from [132],

T h €-" -glylpalladiun” complexIV has a square planar geomedtythe metal centravith

two coordination sites occupied by ttfg" -allyl ligand and the remaining two coordination
sites occupied by Lewdsasic ligands.This complexlV may have various stereogenic
elements, depending on the substitution of the allyl ligand and/or this-basic ligands used
(Figure6). When the Lewidbasic ligands that are coordinated to the Pd are identical, as shown
in A, then thed®-" -allylpalladium complexIV has no stereogenic element. Whereas when
the coordinated Lewibasc ligands are different as in B, then the Pd atom is the stereogenic
element in thef®-" -allylpalladium complexIV , whichexist as enantiomers. When the allyl
ligand is unsymmetrically substituted, as in C, then the allyl plane is the stereogenic element
and thed- -allylpalladiumf” complexIV exist as enantiomers. When both the coordinated
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Lewis-basc ligands are different ahthe allyl ligand is unsymmetrically substituted, then there
are two stereogenic elements: the Pd atom and the allyl plane as in D. The
d3-" -allylpalladium complexIV then exis$ as fourisomers: two diastereomeric pairs of
enantiomers. Ftinermore, lheallyl liganditself can also act as the stereogenic elemesnds
andexoisomers as in E, therefore the complexexists as two diastereométs! Crucially,

when chiral ligands are appliedhe enantiomér complexesexist as diastereormer

complexeg!d

/*\_%“(lﬁ) R\/”\_%(h) ::'/'-,%n) AN

At c t ent-C

No stereogenic unit One stereogenic unit: allyl plane

A Ok N

/A\_%‘(h) L"'P®d“M\ /\*_p'eul) \\/_—p'{j(ll)
v gl N L

B - ent-B Eexo Eendo

One stereogenic unit: Pd atom One stereogenic unit: allyl ligand

RA B L"‘%H)_A\/R RV N I
\L i v \L i A
b ent-D' D2 ent-D?
Two stereogenic units: Pd atom and allyl plane

Figure 6. Stereogenic elements presentdh” -allylpalladium{”’ complexes and possible
isomers thereol. andL represent different ligandAdapted fromi*1,

The d3-" -allylpalladium{” complexesIV can interconvert between theespective isomeric

formsby various mechanisnis!!

i.  d>d'-d® isomerisation
ii.  ligand association
iii.  ligand dissociation
iv.  nucleophilic attack by Fd

The occurrence of these isomerisation mechanisms depends upon the reaction conditions.
These mechanisms can redala switch of the face dhe allyl ligand that is coordinated to

the Pd metd@ with or without asynranti switch of the allyl substituerdsor an apparent allyl
rotationof the allyl ligand with respect to the Pallyl axis**!l These various isomerisation
mechanisms can play a significant role in the stereoselectivity of the allylic substitution

reaction when their rate constants are faster than that of the nucleophilic attack.

During the d3-d*-d® isomerisation  t -dlly ligand undergoes a hapticity clgnfromd? to
d%, followed by arotation aroundhe Q C bond of the allyl ligandbefore reforming the
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d®-" -allylpalladium comple®) (Scheme 13). This isomerisation results in aynanti
isomerisationof the substituents at the allyl teinus that was coordinated to thd in the
d -allylpalladiun complexanda switch of the allyl ligand face that is coordinated to the Pd
metal This isomeristion is particularly prevalent when bott Bnd R = H.1*1Y Notably, this

synanti isomerisation is not possible for cyclic substrassstheyare locked as thanti,anti

isomert107]
c-C
' bond rotation n’-n'
R'pdML, L pdih R’ L pgMR' RZpd(L,
PN = "N, T T X = A&
R R R R
n°-n-allylpalladium n'-allylpalladium n'-allylpalladium n3-n-allylpalladium
R' = anti R'=syn
R? = syn R? = anti

Schemel3. d>-d*-d° Isomerisationof a d-" -allylpalladium complex resulting insynanti

isomerisation of Rand K. Adapted froni*%],

During ligand associatioan incoming ligand adds tihe complex forming an intermediate
with an increased coordination numpéius changing the coordination geomé8ghemel ).

An outgoing ligand then dissociates from the intermediate, regenerating the original
coordination number of the complebut with the coordinated ligands in inverted positions
Whereas duringidand dissociationthe outgoing ligand first dissociates frahme complex
forming an intermediate with a decreased coordination numberemaining ligargican then
switch betweenhe coordinationsites An incoming ligand then adds to this intermediate and
thus regenerates the original coordination number of the commléxvith the coordinated

ligands in inverted positiors™!

Ligand association (upper pathway)

X
1 = 2

< 7. Lz\ |
X@ pq(l —_— pq(l _X@
/ N T

LL® .12 12® L' LL® 12
Pd:(") pq(”) P(_i(")
RPN Iy R R
exo endo

e o Y
L L
\ \Pq(”) pq(y /
RV\\:'/’\RZ RW/\‘:’/’\RZ

Ligand dissociation (lower pathway)

Schemel4. Mechanisms of ligand association (upper pathway) and liganocthsi®n (lower
pathway. Adapted from®3,
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The electrophilicd®-" -allylpalladiun” complexcan alsoundergo nucleophilic attack from
Pd? complexes, effectively resulting in a switch of the allyl ligand face that is coordinated to
the Pd metal Scheme15).[114134 |f the faces of the allyl ligand arenantiotopicthen
nucleophilic attack to the different facaffects the enantioselectivity of the reactiéit! This
phenomenon was reported by Tsuji aneharkers, when they observed thatteg Pdcatalyst
loading kd to a reduced enantioselectiVi§! This isomerisation event can be mitigated by
using low Pecatalyst loadings and is generally assumed to be slower than the nucleophilic
attack to theslectrophilicd®-" -allylpalladiunt complex!*t

®R /\Pdm)Ln R®
L PR — RNAL png
PdOL,

Schemel5. Pd9-catalysed allyl exchang@dapted from*6l,

T h é-"-allylpalladiumf” complexesV can also interconvert betwethreirenddexoisomers,

in an apparent allyl rotatidf®! This apparent allyl rotation can occur via threéfedent
mechanisms: ligand association, ligand dissociation of-af-d°isomerisation, in which the
“-allyl ligand undergoes a hapticity change frgio d, subsequent rotation around thieRd
bondoccursbefore reforming the?-" -allylpalladium” complex*' Additionally, endeexo
isomerisation can also occur when a bidentate L-basic ligand exists as two separate
rotamers above and below thei Byl axis, for example this phenomenon has been reported
with the Trost DACH-phenylligandL 3 (Schemel 6).1**¢ Theendoisomers are generally more
stablel!¥”! Crucially, theenddexoisomers may display different reactivitits nucleophilc

attack, potentially leading to enantioenriched product form&ttdn.

Schemel6. Exo/endo isomerisation withthe Trost DACHphenyl ligand §S-L3 as a

bidentate liganexistingas two separate rotamers. Adapted ffoth

In addition to the interconversion of thf-" -allylpalladium” complexes affecting the
stereoselectivity of the allylic substitution reactidimere are five different opportunities for
enantiodiscrimination in a Pchtalysed asymmetric allylic substitut reactionwhen using

chiral ligandg(Schemel 7).*3 These opportunities for enantiodiscrimination occur at each of
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the stages in the allylic substitution catalytic cycle, apart from the redwttiwmation step,

as the stereochemistry is already set prior to thisl'$té@he multiple enantiodiscrimination
opportunites are a unique feature of allylic substitution reactions; as other asymmetric
metalcatalysed reactions are typically limited to one source of enantiodiscrimin&ion
instancdlifferentiation of enantiotopic faces 6funsaturationas in a carbonyl group or a

double bond!38

Mechanism A: enantiotopic faces of double bond Mechanism B: enantiotopic leaving groups
R’ LG © LG
o) * (I«
i J\/\LG PdOIL, o PdL,
4(9» f or 1 ®
O+ dinati e ZpdiL
PdOL, coordination LG LG n
R R! LG PAOL,* (’(?I)
Pd"L,*
—_— P n
RZJ\%:_‘\LG or RZJ\//\\LG LGJ\/\R @ PN
PdOL ¥ PdOL,* LG R
Kk ionisation
! where k;>k, Mechanism C: enantiotopic termini of
n3-m-allylpalladium complex
® LG PdOL,* @
R! E’d(”)Ln* )\/\ _@» Ed(”)l—n*
R? [l R R -LG R/\\:,/'\R
Mechanism D: enantioface exchange in the n3-m-allylpalladium complex Mechanism E: enantiotopic faces
on a prochiral nucleophile
R : R B
RN L 5 RN P
PdOL,* -Lc° PdOL,* -Lc° (?I
PAOIL,* PdL,*
NN g ——— P
® ns_nl_nz ® ) 113—711—113 —LGe
R Ed(”)l—n* _— R l;d(ll)l-n* i R l:d(”)Ln* ~—
R27 X fast RN g fast
: B
K nucleophilic P nucleophilic P A €C
! attack where ki>ky " attack where ki=ky 2

Scheme 17. Mechanisms of enantiodiscrimination in -Patalysed allylic substitution

reactionsAdapted fromi*31:139

In mechanism A,coordination to one enantiotapiface of the allyl substrate forms a
diastereomeria®" -allylpalladium{® complex that has a faster rate of ionisation than the
diastereomericomplex formedfrom coordinaion to the opposite enantiotopallyl face
Additionally, the rate of the nucleophilic attattkthed®-" -allylpalladium") complexess faster
than that of thed3-d*-d® isomerisationbetween thediastereomericd®" -allylpalladiur"
complexes'®I Mechanism B occurs whehe allyl substrate isiesoor gemdisubstituted with

two enantiotopic leaving groups/hich become diastereotopic in the presence of a chiral

ligand**! In mechanism Chie allyl substrate is a chiral racemate that upon ionisation forms
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amesod>-" -allylpalladiun” complex(*®”1 In the presence of a chiral ligand, the termini of the
allyl ligand are diastereotopamnd consequently exhibit different reactivities to the nucleophilic
attack. Therefore, the regioselectivity of the nucleophilic attack can be controlled by a chiral
ligand, to form the desired enantioenriched product. This mechanism therefore allows for
erantioenriched product to be obtained from a chiral racemic starting material, via a dynamic
kinetic asymmetric transformation (DYKAT} In mechanism D, upon ionisation two

di ast er ¥ alylpalladien” domplexesare formed, whose interconversion via the
d3-d’-d® isomerisation is faster than the rate of the nucleophilic atfilok asymmetric
induction is determinedfrom either the different rates ofiucleophilic attack tahe two
diastereomeric>-" -allylpalladium® complexesor when theeratesare approximately equal

then by the equilibrium ratio of the diastereomerimomplexesin this mechanismthe allyl
substrate can be eithachiral orchiral. When a chiral racemate is appliezhantioenriched
product ca be obtained and thus constituteD¥KAT .[*%8 Finally, the nucleophilic attack

from one of the enantiotopic faces of the prochiral nucleopbéle alsoact as the
enantiodiscriminating mechanisms in mechanism.E% This generates a new stereocentre on
the prochiral nucleophile. Since for soft nucleophiles, the nucleophilic attack occurs via an
outersphere rechanismandthenucleophile is outwitlthe coordination sphere of the metal

can bechallengingto achieve high asymmetric induction via this enantiodiscriminating

mechanisnt3!]

In mechanisms A and B, the ionisation stefhéenantiodiscriminatingtep with often a faster

rate of nucleophilic attack compared to the isomerisation &ffe di as t-alyl e o mer i
complexed!'t138 Whereas in mechanisms, ©® and E the nucleophilic attack is the
enantiodiscriminating step!®®®  Furthermore, tiese mechanisms show that the

enantiodiscrimination everain occur at eitheéhe electrophile or the nucleophile or botfy]

Mechanism C requires a chiral allyl substrate and mechanismibvaave on€el*® The ability

of allylic substitution reactions to convert chiral racemic starting matet@énantioenriched
or even enantiopure material, througither amesointermediate, as in mechanism C,aor
DYKAT, as in mechanism Dis rarely observed in other asymmetric metalalysed

reactiong10”]
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1.2.2.2Ligand Design

As aforementionedhestereo defining ionisation and nucleophilic attémksoftnucleophiles
occus on the opposite face of theallyl unit to the Pd metal and thwsitwith the chiral
environment of the ligand. This presetta challengewhen designingchiral ligand for
asymmetric allylic substitutiong o this end, inspiration wasought from nature. Trost and
co-workers hypothesised thttinduce high asymmetric inductiptneligand required &hiral
pocketto embrace theubstratesanalogous to that @n enzyme active site. Thepstulated

that this could be achieved by usmbidentate liganthatcreatesaconstrictecthiral space*®!

For the Lewisbasic ligands ithePd-catalysed allylic substitution reaction, donor liganashs

as phosphines are requiredincrease the electron densitytbe Pd centregfor promoton of

the oxidative additiof*!! Hence Petatalysed asymmetric allylic substitution reactions often
employ chiral phosphine ligand8! Thereof Tr o st 6 s | i g a enjoyed theamvost ar g u
successwith the DACHphenyl ligandL 30 the standard Trost ligaddbeing the ligand of

choice for total syntheses featuriigicatalysedasymmetric allylic substitution reactis
(Figure7a).[*% The Trost ligandsoordinate to the metal centre through their two phosphorous
atoms and are thus bidentgEgure 7b).°! The phenyl groupsttached to the phosphorus
atomsform the walls and flapsf the chiral pockeand the chiral NCi Ci N scaffoldthe roof

thereofl'38 asreminiscent of an enzyme active Sit&!

Structural modifications to the standard Trost ligar8lhave been made over the yeans,
attemps$ to enhance its asymmetric inductié?f! These modifications included increasing the
Ni Ci Ci N dihedral angleas in the DACHanthracené& 5 and stilbene diamink6 derivatives
(Figure 7a), which resukdin a larger PPd P bite anglé'®® A larger B Pd P bite angle is
often assoiated with a deepechiral pocket, whichwas postulated to enhance the chiral
recognition and thus the asymmetric inductigdhrough more effectively embracing the

substrate§08.140l

Studiesto investigatethe asymmetric induction dhe Trost ligandsn Pdcatalysed allylic
substitution reactionsthrough direct characterisation of the intermediates by NMR
spectroscopy or Xay crystallography were unsuccessful. Therefore, the working model for
the stereoselectivity proposed by Trost anewookers is based on indirect experimental
evidenceThe wallandflap model of the Trost ligandssshown inFigure 7b was based on

molecular modelling studies f -allylpalladium complexewith the Trost ligang**3!
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Q ;
(S,S)-L3 =Ph
(SS) L4 = Naph
b)
(o] O

Cﬁ Jj@
—

flap <> P\pd/P
Z >ﬂap

@ wall

Figure 7. a) Selected Tr ost l i gands;-andifigp mddel owith &tree  wal |
(RR)-DACH-phenyl ligand_ 3.1

wall

| n talypalladium complex, the Pd metel locatedabove theanti-substituentof the
“-allyl ligand, consequelytthe allyl ligand cants away from the Pd metal at an angléX5%

to reduce unfavourable steric interactions betweeamtissubstituentaind the Pd metaF{gure

8 top).[**3 In the allylic substitution reaction, both the ionisation and nucleophilic attak
proposed taccurexoto the Pd metalas this allows forrmangle close t480° between the
leaving group and theacoming nucleophiléo the Pd metalNotably, n the ionisation step,
Pd? is the nucleophile whereas in the substitution stef) Rdthe leaving groupWith the
Trost ligands, the nucleophilic attack must occur through one of the front quadrants, for it to
beexoto the Pd metal. Of the two possiblerft@uadrants, entry of the nucleophile under the
flap is sterically favoured as opposed to beside the (Weure8 middle). In the case of the
unsymmetrically substt u t-aly ligand |, upon ionisation thekinetically preferred
di ast er ealylpaladiunc complex !l is formed, which canundergo d3-d*-o®
isomerisationo thethermodynamically prefeedd i a s t e r -allgpaladiumcomplexXil
(Figure8 bottom) Th e di a s t-allylpal@adiuenrconplexl is thermodynamically
favoured as the R substituent is located close to the flap, as oppbssditohe wall as in the
“-allylpalladium complex! .Fort h e di a s takylpatladionecomptex! , favouredexo
attack of the nucleophile under the flap in the front riggadd quadrant would give the favoured
or oOmat c hed?o06lV,lwheneasaurdvoyredexanuctedphile attack along the wall

would give the branched unfFRavowedaxcatthckmfrthed mi s me

26



Introduction

2 AL
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hu sAH
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Figure8. Exoandendoi oni sati on and n-allygpaladumtaomipléxe
(top); possibleexon u c | e o p h i |-allgpalladium aanklexes nvith thdR(R)-Tros!
ligands (middle); matched and mismatched nucleophilic attack pathways betwe

diasteremeric” -allylpalladium complexes with th&(R)-Trost ligand (bottom)**3l

nucleophile under the flap in the front rigtindquadraniof the diastereomeric complé

woul d give the f &dranchedpmdlct\d.rThisdifferdnae hire prodluct
formationhighlightsthe importance ofhe relative rate of th 3-df-d® isomerisation between

t he di as tallyipalladmra complexes compared that of the nucleophilic attack.
Furthermore, this model shows how the Trost chiral ligands affect not only the stereoselectivity

but also the regioselectivity ofgrallylic substitution reactiof*!
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1.2.2.3Development

The seminapublicationon Pdcatalysed allylic substitutioreactionswas reportedy Tsuji
and coeworkersin 1965 in which theyreported thafPd(allyl)Cl]. (78) underwent nucleophilic
attack by carbanionsof diethyl malonate(77) and acetoacetatdo yield the respective
Umono and diallylated products79 and 80 (as demonstrated wittiethyl malonatg77) in
Schemel8). Additionally, it was shown thatin enamine could be employed ascarbon
nucleophilein the allylic substitution reactiom which the enamine waallylated andthen
hydrolysed to afford the respectiveUallylated ketone.This work demonstrated that
“-allylpalladium complexes, such as [Pd(allyl)Xt8), could undergo nucleophilattackwith
carbon nucleophiles to form a carboarbon bond and give the allylated derivatiV&s.

’ ,CI\ A\
<—Pd\ /Pd—>
\Y Ci 7

78 o o o o
o o Na, EtOH:DMSO, rt O -
> + EtO OEt
EtOJ\/U\OEt
77 | Z X
79 80

34% 36%

Schemel8. Nucleophilic attack ofdiethyl malonatg77) to [Pd(allyl)Cl]2 (78) to give the

mono and diallylated derivative§9 and80.144

This work was then further developed by Trost an@vodkers in 1973In which, they prepared

various alkyl-substituted” -allylpalladium complexes from the correspondialiyenesand

[PdCh] (conditions aor b in Schemel9); however, no reaction with the diethyl malonate
carbanion was observeconditions ¢ irSchemel9). Upon addition of triphenylphosphine the

reaction proceeded within minute®nditions d irSchemel9). Interestingly thenucleophilic

attackwas shown to occur preferenti alylpalladam t he |
complex 82 to give linear alkylated derivatives83 and 84, over the branchedlkylated

derivative85 thatresulted frormuclemhilic attackat the more substituteadlyl terminus!'4?!
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C2Hs
a) [PACl,], NayCOg, CH,Cly

o LI
/\)I\/\ L n—C3H74§—Pd Pd—)—n-C3H;
N N

b) [PdCl,], NaCl, NaOAc, AcOH Ci
CoHs

81 82

d) CH(CO,Et),, Na, PPh

o o o o
o o
EtO OEt EtO OEt
N , EtO OEt
83 84 85

c) No reaction
d) Formation of isomeric mixture 83:84:85 (54:34:12), 68%

l ¢) CH(CO,Et),, Na

Schemel9. Allylic alkylation reactionof alkyl-s u b s t iatlylpdlladidm complex82 with
diethyl malonatg77).1242

Due to tlesepioneeringcontributions of Tsuji and Trosthe Pdcatalysedallylic substitution
reactionwith soft carbon nucleophiles v i-alylpalladium complexjs calledthe Tsuji
Trost reactiod®* Allylic substitution methodologyremainsa research area of significant
interestand isthus continuoushadvancing®!

1.2.2.43-Substituted Indole Derivatives as Nucleophiles

Over the last two decades;sBbstituted indole derivatives hawmeged as attractive
nucleophilsin allylic substitution reactiong$\s whentheyareapplied asiucleophilest their
3-positiors, a quaternarycarbon stereocentrean be generatedin the 3,3disubstituted
indolenine product (Scheme 20). The asymmetric constructim of quaternary carbon
stereocentres remains a significant challenge within synthetic chemnmigtryimited methods

to accomplish tE[143144 Notably, when usng 3-substituted indole derivatives in allylic
substitution reactionthe NIpositionmay also acts a nucleophilélhis competng C3 and

N1 nucleophilicity is an issue of chemoselectiVit§! The regioselectivity of the nucleophilic
at t ac k -albylpalladilmecomplexto deliver the branched or linear substituted product
also needs to be considerédirthermore,n asymmetrigorotocolsthe stereoselectivitijas to
beinducedby an appropriate chiral ligan@onsequently, the need for the precise control of
the chemo, regio and stereselectivity means that this transformatiamth 3-substituted
indole derivativess na straightforward Furthermore, when-8ubstituted indolelerivatives
are used as nucleophiles at theipdsitions, this results in a dearomatisation of the indole
system, which has a thermodynamic ¢&St Nonetheless, allylic substitution reactions
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employing 3substituted indole derivatives as nucleophiles air tBgositiors have been
reported,both in a nonstereoselective and asymmetric manner. Tpasing the way for
efficient access tandole alkaloid natural productswhich display interesting biological

activities146]

/\/LG

R [PdJIL,* R 1
\ e A
N 7
H N

Scheme20. 3-Substituted indole derivatives as nucleophiles at thgiosdtions in allylic

substitutions reactions.

The first useof a 3-substitutedndole derivativein a Pdcatalysedallylic substitution reaction
was reported byamaru and cavorkers in 2005They reportedhata[Pd(PPh)4]-EtsB system
with simplealkyl substitutedallyl alcoholsandsubstitutedndole derivatives selectivelyave
the corresponding-8llylated indole derivatives. Crucially;r@ethylindole(86) was one of
their substrates, which afforded the correspondingethyt3-allylatedindolenine88 in a
yield of 75% (Scheme21).[*4¢ |n their previous related work;amaru and cevorkers had
proposed thahe coordination oEtsB to the hydroxy group iallyl alcohol(87), activates the
allylic substrateto oxidative addition by PY to give the corresponding -allylpalladium

complex*47]

A~OH
87 (1.0eq.)
[Pd(PPh3)4] (5.0 mol%)

Et3B (30 mol%.) /
THF, rt,2 h
\ > .
N 7
[ 75% N
86 (*)-88

Schemel. First reported Pdatalysed allylic substitution reaction with &@bstituted indole

derivativell48l

This work attracted the attention of Trost andworkers, whohypothesised that their Trost
ligands could be used to render this transformation enantioselective, as the reaction appeared
togov i a-allglpalladiumcomplex They employed gPd(dbajA C HsEDACH-anthracene

ligand L5 system with 3-substituted indole derivativeand allyl alcohol(87) to give the
corresponding 3;8isubstituted indolenines in high yields and enantiomeric egsE€Ssheme

22). Substrates with a pendent nucleophile cyclised ontmte#ugeneratedndoline iminium

ions furnishing the correspondings-fused indolinesin their optimisation studies, it was
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shown thatncreasing the steric bulk of the borane addifreen E&B to 9-BBN-hexyl (89)
and performing the reaction at a lower temperature of 4 °C lesulted inhigher
enantioselectivies Interestingly, further increasing the steric bulk of the borane adddive
dicyclohexylboranéhexyl (90) decrease the yield andenantioselectivity, or in the case of
disiamylboranehexyl (91) inhibitedthe reaction completelirhey believed thathis suggested
that the borane playga role in the enantiodiscriminating stépough its coordination to the
indole nitroged in additionto activating the allyl alcohq87). This coordination was also
thought toexplain the chemoselectivity for €8lylation over Niallylation [°°!

/\/OH
87 (3.0 eq.)

[Pd,(dba);*CHCI3] (2.5 mol%) Y-
? (S,S)3-L5 (7.?3 mol%) : O‘(ﬁ

9-BBN-hexyl (1.1 eq.)

2 : . :

RN CHCly, 4 °C, 20 h 4 1 Q N :
N 1 R H H

N \ » RNV ' N :

=N 85-95% - : H :

_ P : ,

; N : PPhZPhZP :

60-90% ee

T

00 !
87 (3.0 eq.)

[Pdy(dba)z*CHCl3] (2.5 mol%)
(S,S)-L5 (7.5 mol%)

X 9-BBN-hexyl (1.1 eq.) >
)i CH,Cl,, 4°C, 20 h )iz /
\ o @, : Vg
N 84-93% N —X

H 72-90% ee @F}’Rs H H

X = NHBoc, OH, CH(CO,Me),*
*addition of ethanolamine required for cyclisation

Sterically bulky boranes applied

é/\/\/ (\/\/
=N 0 SN
9-BBN-hexyl (89) dicyclohexylborane-hexyl (90) disiamylborane-hexyl (91)

Scheme22. First reportedenantioselectivdPd-catalysed allylic substitution reaction with
3-substituted indole derivatigé®!

Rawal and ceworkers sought conditions for the fedtalysedallylic substitution with
2,3-disubstituted indolesThey initially tested th conditions reported by Tamaru and Trost
with a 2,3fused indoleand allyl alcohol (87); however, the corresponding-allylated
indoleninewas only obtainedin modest yieldsof 20% and 52%respectively From their
optimisation studies, they found that[Pd(dba}]-P(2furyl)s system withactivatedallyl
methyl carbonateselectively gave the-8llylated indolenine inquantitative yield These

conditions werethen shownto be applicable to a broad scopk 2,3-disubstituted indole
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derivatives(Scheme23), with additional5-substituents and varying carband heterocycle
fused ring tolerated The allyl substrates wemdsoextended tavariousalkyl substitued allyl

methyl carbonate$?®!

Rie~COMe
(2.0 eq.)
[Pdy(dba)s] (2.5 mol%) WR*
R s P(2-furyl)z (5.0 mol%) !
R CH,Cly, 1t R!

- 3

N, - @
H R 63-99% PR

#)

Scheme?23. Pdcatalysed allylic substitution reaction with ZJBubstituted indolesand

activated allyl methyl carbonat&4?!

Du and ceworkersthenemployedtheir expertis@n chiral olefin ligands to develop a suitable
chiral ligand for the Pdatalysed enantioselectiadlylic substitution with3-substituted indole
derivativesand activated allyl carbonateScheme24). From their optimisation studies, chiral
phosphoramiditelefin ligand (S)-L 7 was shown to give the indolenipeoductin the highest
yield andwith the highest enantioselectivityhe substrate scope was thexpandedn terms

of the R3-substituent in theallyl carbonate and th&- and 5substituentson the indole
derivative.When the indole derivative had a pendent nucleophile, cyclisation ontotihky
formed indolenineoccured The undesired N4allylated productavere also observed under
these basic conditiong/hena 2,3-fused indoladerivative was submitted to these conditions,

the corresponding indolenine was only obtaintth 34% ed?”]

R NA"co et jremee s .
(1.2 eq.) : Oe {
1 [Pd(allyl)Cll, (2.5 mol%) i Ocp_y ~Ph
R ) (S)-L7 (5.0 mol%) 3 : o N :
Q_SR K,COs (1.2 eq.), PhMe, 50 °C Rl 2 _J R ; Bn |
\ > > ;
N 89-97% P ;
H 34-87% ee N : (S)t7

Scheme 24. Enantioselective PRdatalysed allylic substitution of -&ubstituted indole

derivativeswith activated allyl carbonaté¥]

You and ceworkers therefore souglhthiral ligandsto enablehigh enantioselectivitiem
Pd-catalysed allylic substitution reactions with-2,&ed indoé derivativesFrom their studies,

allyl methyl carbonates arj3-disubstituted indole derivatives with fused cy@opmneunits

were found to give indolenines that were unstable to silica gel column chromatography

(Scheme25). The indolenines were therefore protedtedituand subsequently isomerised to

32



Introduction

give the corresponding stable enamsin€he chiral phosphoramidite ligandS)-L8 was
reportedto give he enaminag with the highest enantselectivities The substrate scope was
then evaluatedsterically hindered-phenyl allyl carbonates were shown to be welérated.

With respect to the 2;8ised indole derivative, additional substituents at the54 ard
6-positions andarger fused carbacycles, from cyclohexane to cyclooctane, were tolerated.
Interestingly, he indolenines with 6 7- and 8membered fused carbacyclegre stable to

purification4°!

R2
}\/ocone
(1.3 eq.)
[Pd,(dba)s] (2.5 mool%) AcCl (3.0 eq.)
; (Sa)-L8 (11 mol%) pyridine (4.0 eq.) RN
RN { CH,Cly, rt R2 CH,Cly, rt $/
— > R/ AN —_—
s N
N L) 89-99% Ac
N 87-94% ee
R2
__0CO:Me

(1.3eq.) e .

[Pd,(dba)s] (2.5 mol%)

R e (s )cl:fi é: o) R2g o\P—N'Ph E

R p :

Rz 2~ O :
T ) \ )13 Ph>_Ph
= N B 69-98% )i :
78-98% ee :

Scheme5. Enantioselective allylic substitution reaction with-2,8ed indole derivativesith
2-substituted allymethyl carbonateé*

In the same yealou and ceworkersreported a [Pd(prenyl)Gllandchiral phosphoramidite
olefin ligand (R)-L 9 systemwith basic conditiongor the enantioselectivallylic substitution
and subsequent cyclisatiaf 3-substituted indol@lerivatives with a pendent nucleophite
give the fused polycyclic indoline produc{Scheme26). Methyl prenyl carbonatéd2) was
usedas the allylsubstrate, thus introducingpaenyl group at the $ositiors of the indole
derivatives Nitrogen, oxygen anactivatedcarbonpendent nueophiles were successfully
employed to give the polycyclic prenylated products in high yields anagith high
enantioselectivitiesWith the indole derivatives containing nitrogen pendent nucleophile
variousN-protecting groups and 45 and 6substituats were wekltolerated®!
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A/\ocone

92 (1.5 eq.)
[Pd(prenyl)Cl], (5.0 mol%) ------------------------------- \5
(R)-L9 (5.0 mol%) ; OO Ph 5
X Cs,C05 (1.5 eq.) \ : o, )Phi
R )i PhMe, 0 °C : ~P—N :
\// \ \ - )1—2 0 \—\:
=N 63-99% X 5 N
5 82-98% ee N H :

X = NHPG, OH, CH(CO,R?), et ;

Scheme26. Enantioselective Rdatalysed allylic substitution and subsequsmisation with

3-substituted indoles derivatives with a pendent nucleoffiile.

You and ceworkers also reportedan enantioselectiventramolecularPd-catalysedallylic
substitution reaction with -8ubstituted indolederivativeswith an allyl methyl carbonate
tetheredat the 4position (Scheme27). From their optimisation studiefPd@llyl)Cl]> with
chiral PHOX ferrocenébased ligandS $y)-L10 under basic conditionsyas shown to givéhe
C3IC4 fused indolenine derivative in the hghest yield and with the highest
enantioselectivies Thesubstratescope of the reaction was shown to tolerate methyl, allyl and
substituteebenzyl groupsat the 3position. When a pendent nucleophile was present at the
3-position,subsequentyclisation onto the initially formedC3i C4 fusedindolenine product

occurredo afford the polycyclic indolinderivativeg®®

R [Pd(allyl)CI], (5.0 mol%) [P .
(S.Sp)-L10 (11 mol%) :

[
N
N\OCOZMe KOAc (1.0 eq.), THF, 50 °C
R? >
\ 56-74%
35-78% ee
N
H

Bn
[

[Pd(allyl)CI], (5.0 mol%)

N "oco,me (5,5,)-L10 (11 mol%)
)ios KOAc (1.0 eq.), THF, 50 °C
Ny X -
56-72%

N 35-63% ee

X = OH, CH(CO,Me),

Scheme27. Enantioselective intramolecular Rdtalysed allylic substitution reaction with
3-substituted indole derivatives with an allyl methyl carbonate tethered afpibsitibn[®®!

Wang and ceworkersrecentlyreported a sequentiBld-catalysed asymmetraubstitutionand
Uiminol rearrangementvith 3-substituted indolederivatives possessinga cyclobutanol
tethered at the-Rositionto afford 2spirocyclic3,3-disubstituted indolinderivative§Scheme

28). This elegant sequence construdtedvicinal quaternary carbon stereocentf@®mtheir

34



Introduction

optimisation studieghey developed [Rd(allyl) Cl].-EtsB systemwith chiral phosphoramidite
ligand (SR,R)-L11 anda racemic branched allylic alcohfdr enantioselectiv&3-allylation

of the indole derivativeghusgeneraing anisolable tetrahedral boron complé¥! The rok of

the EtsB was threefoldto activatethe allylic alcohol**” to coordinate to the N and O atoms

in the boron complexthus inhibiting competing N/O-allylation and to enhancethe
“-nucleophilicity of the indole substrdté® S u b s e gimiaohrearabgement of the boron
complex under acidic conditiortBastereoselectely yielded the2-spirocyclicindoline The
substrate scopeavas investigatedA variety of aryt and heteroarysubstituted branched
racemic allylic alcoholsvere shown to be compatébNotably, substituentst all positions on

the indole benzne ring were tolerated. Whereas,in the trialkyloorangoromoted Trost
procedureno conversion was observed fiodole derivatives with7-substituentsthis was
assumedo be dudo the 7substituent preventing the coordination of the borane to the indole
nitrogen®® In Wang and cavo r k e r s 6 arious sibistibudntson the cyclobutanol ring
and at the 3position of the indole derivative were alsompatible Interestingly, wherthe
3-substituents were larger than methyl h e-imindl derivatives with opposite
diastereoselectivitwere obtainedStudies revaled that the allylation step proceeded with the
sameenantioselectivity h o we v -mingl reardargement proceed with the opposite
facial selectivity.This was attributedlo thelarger 3substituentslirecting thel,2-shift in the
Uiminol rearrangment tooccur onthe opposite face. Tgain mechanistical insighito the
allylic substitution control experiments were conducted, whschportedakinetic resolution

of theracemic branched allylic alcohol rather than a dynamic kinetic resoftittbn.

OH RS
Pz
RS \§
R? = Me
(*) (3.0 eq.) { R?
— R1\/ A K RO
[Pd(allyl)Cl], (4.0 mol%) 50-85% i
(S,R,R)-L11 (16 mol%) R® 83-99% ee =N Rt
Et;B (1.5 eq.), 3AMS d.r. >18:1.0 H
\ R?
R? . K,CO3 (1.2 €q.) ®
RN R 4 MeCN, 5 °C R2 H
d T
—{ \_7
H OH

R2=Et, Pr \
Bn, Ph
e R1\/ N3
31-81% _ R4
32-94% ee
d.r. >4.0:1.0

Scheme&8. Sequentiaénantioselectiv®d-catalysed allylic substitution amtiastereoselective
Uiminol rearrangement with -8ubstituted indole derivatisepossessing a cyclobutanol
tethered at th&-position!*5"
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From exanmation ofthe conditions empieed in the reported systenfiar the Pdcatalysed

allylic substitutionwith 3-substituted indole derivatives, it can be seen that the Trost Ligands
and phosphoramidite ligands are most commonly used. It appears that the Trost ligands are
more effective in systems with unactivated allylic alcohtlgether withtrialkylborane
addtives, whereas phosphoramidite ligands are more suitable with activated allylic substrates,

such as allyl carbonat&s}
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2 Planned Synthetic Approach

Based onthe ongoing interest in asymmetric allylic substitution methodology with
3-substitutedndole derivativel$®? as well as natural product syntheisighe Stark Groupa
novel enantioselectiv®d-catalysed allylic substitittn strategy for the total synthesis of

aspidospermidinél) was proposed

The retrosynthetic analysis is outlinedScheme29. Aspidospermidinel) would be obtained
from a deoxygenation of -dxo-aspidospermidine I. The Kketegroup in
4-oxo-aspidospermidinewould be aesidual functionalityrom the preceding), finsaturated
ketonell I, which would be the bipolar functional handle for establishibgth the D and E
rings of aspidospermidin€l). The E ringin 4-oxo-aspidospermidiné would be installed via
an intramolecular enolate alkylation from ketohe The D ringin ketonell would be
established via &l-deprotection and concomitaazaMichael addition from the preceding
U -binsaturated ketonH |. Importantly, both the D and E rings should be installed in a
diastereoselectiveissmanner.The essentiadndayclic enone functionalityshould arise from
an exoto-endodouble bond migration fronthe exocyclic enonelV. Two strategies were
devised to obtaiexaenonelV . In the first strategythe exaenonelV would be formed from
an ester hydrolysis and decarboxylation of tricyélelhe tricycleV would be obtained from
thekey enantioselective allylic substitution reaction between tryptamine derivétj\as the
3-substituted indole derivativeand b-keto esterVIl as theallylic alkylation substrate
Crucially, underthe non-neutral conditionsof the allylic substitution eaction,an in situ
trapping of thegeneratedndoline iminium ion(not shown)y the activated methylershould
occur via an intramolecular diastereoselective Mannich reaction to construat-fased
Cring in tricycleV. Thus, two vicinal stereocentr@vould be installed in this key stdp.the
second strategy, thexoenonelV would be formed from an intramolecular Mannich reaction
of indolenineVIll . IndolenineVIll would be obtained from thieey enantioselective allylic
substitution reaction betwedhe tryptamine derivative/l and either of theregioisomeric
U ,-umsaturated ketonéX or X as theallylic alkylationsubstrate

It is worth noting thatn both strategiethe keyenantioselectivallylic substitutionreactiors
shouldnot only construct thérst quaternary carbon stereocentre, but also assemble the entire
framework of aspidospermidinel)( in a single step.Since the four stereoceeasr in
aspidospermidinéelf are contiguous, it heoretically possible to establish the correct absolute
stereochemistry by defining the first stereocerdand using this to guide the correct

stereochemistry at theicinal positionsi?®! However, theformation of quaternary carbon
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stereocentrés especially in a catalytic manr@eremains anchallengingtransformation in

synthetic chemistr{p2144

LG

PG-N
IE E :jl ii Deoxygenation l! E :jl il Intramolecular : 7\—‘ :jé: Deprotection and l! [ ;! Ii
enolate aza-Michael
alkylation addition
(—)-aspidospermidine (1 n
Strategy 1: LG
LG
PG _/—/ LG Double-bond
N Z PG~ migration
—F—— TT————
Y
Q_g_/ 0 Allylic Ester hydrolysis
N RO 0 substitution and o and decarboxylation
H intramolecular N LG
" Vil Mannich H H o
reaction RO
\"

PG—-N

Strategy 2: LG Y
f
(0]
LG
(o) H

Iz

OR —— Pe-N T/
\ Allylic V/ Intramolecular
N LG substitution Mannich
H P (e} reaction
Vi N
o Vil

Scheme29. Retrosynthetic analysis of (-Bspidospermidinelj via two enantioselective

Pd-catalysed allylic substitution strafeg

Thereare,however, several challenges associated kathallylic substitutiorreaction First,

there is the chemoselectivity issue, in which both theastl C3positions in the tryptamine
derivative VI may act as competing nucleophileéSecond, the regioselectivity of the
nucl eophi | i calypalladaum komplex, tot afioed theedired linear substituted
product, needs to be considered. Thingre is the challenge of asymmetric induction in which

the stereo dictating quaternary carbon stereocentre should be constructed on the prochiral
nucleophileVl, which may be outwith thehiral environment of the ligandtinally, there is

the unprecedentedpplication ofa carbonylcontainingallylic alkylation substratewith a
3-substituted indole derivatiyeas reportedPd-catalysed allylic substitution methods with
3-substituted indole deivatives employ simple allyl carbonaf&§°148:149 or allyl

alcohol$?:146.15055 theallylic substrats.

38



Planned Synthetic Approach

2.1 Project Aims

Herein, we reporthedevelopment of a novelantioselectivé’d-catalysedallylic substitution

strategyfor the construction ofAspidospermaalkaloids, as exemplified by a efficient

asymmetric total synthesis of 1()-aspidospermidine(1). This requird the following

milestones:

1.

Preparation ofhe tryptaminederivativeVI andallylic alkylation substrate VII, 1X
andX

Screeningof the allylic alkylationsubstratesand optimisatiorof conditions for the

Pd-catalysedllylic substitutionreaction

Screeningof chiral ligandsand optimisatiorof conditions torender thePd-catalysed

allylic substitutionreactionenantioselective

Investigationof alternative pathways for trexoto-endodoublebond migration from
exaenoneV to endeenondlll

Performingthe diastereoselective D/E riafpsing sequence

Performingthe deoxygenatiornreaction toafford aspidospermidinel
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3 Results and Discussion

3.1 Preparation of the 3-Substituted Indole Derivative

The synthesis commenced with the preparation of the tryptamine deri94iagereported by
Zheng and cavorkers(Scheme30).'5? In this procedure tryptamin@) was used in slight
excess (2.2 eq.) anddtomao-3-chloropropane was the limiting reagentyptamine 8) was
selectively monelkylated with 1bromo3-chloropropane to give the alkylated
intermediate93 in a yield of 82%.A subsequenN-Boc-protecton afforded the tryptamine
derivative94 in a yield of71%. The tryptamine derivativé4 was therefore obtained in an
overall yield of 58% over two steps frooommercially availablaryptamine(8). For the
Boc-protection stepstandardconditions withdi-tert-butyl dicarbonateBoc,O, and EgN in
CH.CIl> at room temperature were also testéthder these conditionghe tryptamine
derivative94 was obtainedin a lower yield of 59% from the alkylated tryptamif

potentially due to elimination of the primary chloride via an E2 mechanism.

1-bromo-3-chloropropane (1.0 eq.)
THF

i) 35°C, 2h Cl Cl
NH; ii)45°C,6 h _/—/ Boc,0 (1.2 eq.) Boc, _/—/
: T—‘ iiiyrt, 15 h HN THF, 0to 60 °C, 2 h N
\ o o

N 82% \ 71% \

H [970 mg] N [830 mg] N
H H

8(2.2eq.) 93 94

58% over 2 steps
Scheme30. Preparation of tryptamine derivati®d over two steps from tryptamin8)(

We were intrigued to see whether the alkylation and-fBotection sequence could be
performed as a ongot transformatiorfTable2). Notably, it was not possible to monitor the
conversion of the -bromao3-chloropropane limiting reagent kifin layer chromatography
(TLC) analysis;therefore,after the reaction was stirreat room temperature for 15 the
presence of the alkylated tryptamine intermed®tevas confirmed by TLC analysiprior to
addtion of Boc,O for the protection stedhe conditions reported by Zheng andweorkers
were initially applied for the onpot transformation; the tryptamine derivati@éwas obtained
in a yield of 57% over two steps from tryptamir& (Table 2, entry 1). In this ongot
sequence, Botryptamine @5) was formed as a side produdhe separation of this side
product 95 from the tryptamine derivativ®4 required repeatedolumn chromatography
purification. Therefore, to reduce the amount of Byptamine 95) produced and hence
facilitate the purification process, fewequivalentsof BooO were used to test whether the

alkylated tryptamine intermedia® was preferentially Boprotected compared to the excess
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tryptamine 8). Although the alkylated tryptamir@ was more sterically hinded due toits
two alkyl substituents, the electrolonating inductive effect of teetwo alkyl substituents
meant that the pendenitrogenatom in the alkylated tryptamine intermedi@&shouldbe
more nucleophilic than the pendemntrogenatom in trypamine g). However, using fewer
BocO equivalentgesulted in a lower yield of the tryptamine derivat®4of 41% (Table2,
entry 2). Another idea tdacilitate the purification was to use fewer equivalents of
tryptamine(8), by replacing the excess tryptamin8) (with EtN (Table 2, entry3).
Unfortunately, the tryptamine derivati®d wasthenobtained in an even lower yield of 33%.
Therefore, the conditions reported by Zheng andiotkers were further used the modfied
onepot procedurePleasingly, upon scalgp the tryptamine derivative4 wasobtained in a
yield of 72% [Table2, entry 4).

Table 2. Saeening of conditionsfor the onepot alkylation and Bogrotection of

tryptamine(8).

1-bromo-3-chloropropane
(1.0 eq.)
THF — A

)35°C,2h Cl Boc,0 o T s .
NH, ||)iii£;5rt’?,86hh HN—/_/ 6(2) hC B \N_/_/é NHBOCi
| o o of
t‘i N N : H :
H H ! 95 !
8 (2.2 eq.) B 93 ] 94 e ;
Entry Reagents (eq.) Yield (%)

1 8(2.2), BoeO (2.5) 57

2 8(2.2), BoeO (1.3) 41

3 8(1.1), EtN (1.1), BoeO (1.3) 33

42 8(2.3), BoeO (2.8) 72

Unless stated otherwise, adbctions were performed on a scale of 0.5 mfRdaction scale
of 12 mmol.

41



Results and Dis@sion

3.2 Preparation of the Allylic Alkylation Substrate Strategy 1

With the tryptamine derivativ®4 in hand wethenturned our attention to the synthesis of the
b-keto estewIl as the allylicalkylation substrate in strategy MNotably, theb-keto estewIl
contains an additionalarbonatom incorporatedwithin the ester groupthan ispresentin
aspidospermidinelj (Scheme31). The additional esteg r o u p  4iketo estenivél wéas
requiredfor activation ofthe methylene group at the-position to the ketona theindoline
iminium ion. Under the nomeutral conditions of the allylic substitution reaction,
deprotonation of the activated methylegeupwas proposed to result in ansitutrapping of
thegenerated indoline iminium ioffhus, two vicinal stereocentres wouldibstalledin this
key step The superfluous ester group in tricy®ewould then be cleaved through an ester

hydrolysis and decarboxylatida give theexaenonelV .

LG LG LG LG
PG _/—/
\
f f N
PG-N PG—-N
PEN — — p— Q_g_/ LG
Y . Y Y , N %
Ester hydrolysis Allylic H
and decarboxylation o @, o substitution Vi o
N
N H &)
H H .
H ro” © | RWBRO 0 RO” S0
v \" Vil

Scheme31. Retrosynthetic analysis ekcenonelV according to sategy 1

There are two maiapproacheo the synthesis of thie-keto esteMIl as shown irscheme32.
In apprach A, an electrophilic chloroformate ester would beused with a nucleophilic
U ,-umsaturated methyl ketotie In approactB the electrophilic and nucleophiliomponents
are reversedn which a nucleophilicacetateesteriii would beappliedwith an electrophilic
U ,-umsaturated compourin. Approach A was first investigated fdret synthesis of thie-keto
esterVil .

o O

e
Mo
C

o)
ROJ\X +
i
o)
vl ROJ\ v x

=z
OPG
ii
=z
OPG
iii iv

Scheme 32. Retrosynthetic analysis ob-keto esterVIl via approaches A and B.
Where LG= OPG.
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3.2.1 Approach A
3.2.1.1Route 1

The retrosynthetic analysis of tlieketo esterVIl according toapproach A is outlined in
Scheme33. The b-keto esterm would be obtained from a nucleophilic acyl substitutiora of
chloroformate estewith the U ,-umsaturated methyl ketone. The protectedb-hydroxy
ketoneb would be prepared in a deprotecti@mprotection sequence from the
benzoaterotectedb-hydroxy ketoned. The benzoateprotected allylic alcohotl would be
obtained from &\2' Mitsunobureaction of the allylic alcohd®6 with a benzoic acid. A
Moritai Baylisi Hillman reaction between methyl vinyl keton87f and acetaldehyde9®)
would afford the addu@6.

o} o}
k)‘\(\ = — =
Nucleophilic acyl Protection

substitution OPG OH
b c

U Transesterification

)H J\ )kﬁ\ 7
Morita—Baylis—Hillman Sn2'

OBz
(+)-96 Mitsunobu d

Scheme33. Retrosynthetic analysis ttie b-keto estea in route 1

Under the basiconditions of the nucleophilic acyl substitution reaction, it was proposed that
t h eposition of the allylic benzoaté could be deprotonated to form the thermodynamic
dienolatee, which would eliminate the benzoat&c¢heme34). This elimination should be
prevented by exchanging the benzoate ester with another hydroxy protecting grasipdhat

a good leaving groupia a deprotectiomeprotection sequence.

Scheme34. Proposedelimination from theallylic benzoated, via the thermodynamic

dienolateeu p o-deprotonation.
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Thesynthesis began with tiéoritai Baylisi Hillman reaction to afford thadduct96in a high
yield of 83% Schemeds).1*58

CH3CHO (1.2 eq.)
DABCO (10 mol%)

0 0°Ctort, 15 h O OH
)Jm — )l\ﬁ\
4.0
97 [4.04l (£)-96

Scheme35. Preparation oMorital Baylisi Hillman adduct96 from methyl vinyl ketone 47)
and acetaldehyd®9).

The proposedSy2' Mitsunobu reaction was based anregio and stereoselectivend
Mitsunobu method reported by Charette and -emrkers Their procedure used various
3-hydroxy-2-methylenealkanoates and benzoic acids to givedhmisomericSy2' and &2
products(Scheme36a). The S2' products were exclusively formed thg (E)-stereassomers
which wasaccounted foby the proposed transition state showisaheme36b. In which he

oxophosphonium | eaving group is l|locatled perg

d* overlap upon nucleophil i c A andB.iMbdeldrs, gi vi
disfavoured due teteric repulsion between the methyl ester and R substituent. This repulsion

is reduced in mode\, which is therefore favoureahd results in the stereoselective formation

of the E)-isomerit54159]

a) O

HO |\

4

R? 0

X
PPh3, DEAD, solvent (varying) MeO' R | ¢
O  OH temperature (varying), time (varying) R2

®
OPPh;3 PPh;O
E --—0 H., COo,M MeO,C M — Z
- oMe or €0y N~
}( RN—""H “R H »{
steric
repulsion
Nu A B Nu

Scheme 36. Mitsunobu reactionreported by Charette and cworkers a) between
3-hydroxy-2-methylenealkanoates and benzoic adwgive $i2' and §2 productgd!®415
b) proposed transition state, adapted ft&tH. DEAD = diethyl azodicarboxylate

In our studies into the Mitsunobu reactidrethyl azodicarboxylattbEAD) wasreplacedvith

diisopropyl azodicarboxylate (DIAD) aa safer azodicarboxylatédditionally, Charette and
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co-workers reported that yields and selectivities were not affegtedswitching from DEAD
to DIAD.[*55:1%6] Although it was reported thaiemploying 4-nitrobenzoic aciq101) in the
Mitsunobu reactiomave the lowest&':Sv2 productratics, the products wereeportedto be
easier to purifigompared tevhen benzoic aciL02) or 2,4,6trimethylbenzoic acig103) were
used. Therefore, 4nitrobenzoicacid (L01) was initially applied in our systenThe low
temperature control that Charette anewamrkershad reported to givéhe highest &":S:2
productratios in their systemwith 4-nitrobenzoic acid101) was also employed to favour
formation of the desire8x2' product(Schemes7).% Unfortunately, when submittinglylic
alcohol96 under these conditionthe desired &' praduct104was obtained in yield of <73%
with reduced DIAD as an inseparable impurdfter repeated column chromatography
Attempts to further purifghe Si2' productl04 by recrystallisation fronpetroleum ether 40
65/EtOAC(1:1), asdescribed by harette and cworkers for the related compound$>® were
ineffective Theundesired & productlO5wasobtained in a yield of ¥5%, with inseparable
impuritiesafter column chromatography asdbsequemnecrystallsation frompetroleum ether
40i 65/EtOAC (1:1). Benzoic acid 102 was then used in place ofvtrobenzoic acidX01), as
Charette and cworkers hadeported that benzoic ac{d02 gave the highest\@' product
yieldsin their systeni*>*1%Fortunatelythe puredesired §2' productlO6was then obtained
in a yield of 67%, with the undesiregZproduct107 obtained in trace amountS¢heme37).

(0]

HO | A
N
R
(1.3 eq.)
101 R = 4-NO,
102R=H [0}

X
PPh; (1.4 eq.), DIAD (1.3 eq.) 7 |
O  OH THF, —40 °C to rt ’\R
)YK - 0 .
o o7
10134 o X
1021h |
(£)-96 X

104R = 4—N02R (£)-105 R = 4-NO,

<73% [990 mg] <15% [140 mg]
106 R = H (#)-107R=H

67% [440 mg] <1% [2.2 mg]

Scheme37. Mitsunobu reaction betweallylic alcohol 96 and 4nitrobenzoicacid (101) or
benzoic acid 102 to give the Sy2' products104 and 106 and &2 products105 and 107,

respectively

Transesterification of the allylic benzodi@6gave the allylic alcohdl08 albeit in a low yield
with inseparable impurities, which wepresumedto be from methoxide addition to the

Michael systeno f t {uresatucthfe® ketorf6. Thereforean al t er n at ikatoe
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ester VII according to approach A, which circumvedt the transesterification of an

U ,-umsaturated compound was sought.

(0]

)J\(\ K,CO3 (2.2 eq.) o
MeOH, rt, 2 h
0 —_— =
<33%
o [8.8 mg] OH
108

106
Scheme38. Transesterification dhe allylic benzoat&06to give the allylic alcohol08
3.2.1.2Route 2

By reversing the order of thrucleophilic acyl substitutioand Mitsunobu reactionas shown
in theretrosynthetic analysisf theb-keto esteain route2 (Scheme39), the transesterification
step could be avoide&urthermore, benzoates have been reported as leaving graljytién
substrates irPd-catalysed allylic substitution reactiofld. T h e-ketb estera would be
obtained from aitn2' Mitsunobu reactioof allylic alcoholb with a benzoic acidThe allylic
alcoholb would be provided from a deprotection of the F@®tected allylic alcohat, which

in turn would be obtained from a nucleophilic acybstitution of a chloroformate ester with
theU ,-umsaturated methyl ketod®9. Thetert-butyldimethylsilyl (TBS)ether109would be
provided from a protection of the hydroxy group in the allylic alc@®IProtection of the
hydroxy groupasthe basestable TBS ethet09was requiredo prevent side reactions with
the nucleophilic alkoxide #t would otherwise be generated under the basic conditions of the

nucleophilic acyl substitution reaction.

O O OH O O OTBS
N —T——) —
RO RO RO
OBz . Sn2' Deprotection
a Mitsunobu (t)-b (t)-c
Nucleophilic acyl
substitution
OH (o] OTBS
Protection
(£)-96 (£)-109

Scheme39. Retrosynthetic analysis of tifieketo ester in route2.

The hydroxy group ithe allylic alcohoB6was protected wittert-butyldimethylsilyl chloride
TBSCI|, to afford the TBS ethed09 (Scheme40). In the subsequennucleophilic acyl
substitution reactionsobutyl chloroformate 110 wasapplied agheelectrophile The desired
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b-keto esterl11 was obtainedn a yield of<38%, <49%brsm (brsm= based on recovered
starting material)with impurities that were notrivial to separatevenafter repeated column
chromatographylt was proposed that thiow yield of thenucleophilic acyl substitution was
due to quenching of tHaghium diisopropylamide(LDA) base by thé-keto ester produdtl1],
asits Urhydrogensatoms(shown inredin Schemet0) weremore acidic than h enydtdgen
atoms to the ketonia the starting material 09. Using more than two equivalents of the base
may have resulted in complete conversion of the TBS @08 However, as we had sufficient
quantities of thé-keto ested 11 in hand we proceeded with theextsteps

0]
i BuO)LCI
110
imidazole (5.9 eq.) DIPA (1.3 eq.), n-BuLi (1.2 eq.)
TBSCI (2.4 eq.) THF, -78 °C, 15 min
O  OH CH,Cl,, 1t, 3 h o OTBS then 110 (1.2 eq.), -78 °C tort, 25 h o O OTBS
- > iBuO
53% <38%, <49% brsm H H
4.1 gl [750 mg]
()-96 (£)-109 (#)-111

Schemel0. TBS-protection of allylic alcoha®6 and subsequentioleophilic acyl substitution

to giveb-keto ested 11 DIPA = diisopropylamine.

Conditions for the deprotection of tHdBS-protected allylic alcoholl11 were then sought
(Table3). Tetran-butylammonium fluoride (TBAFvas first useds a fluorde source Table
3, entry 1) however decomposition was observAdmixture of TBAF and acetic acid.:1)
was then applie@Table3, entry 2), to neutralise the basicity of the TBAF! Decomposition
was again observed. When acetic acid was employed alommeactionvas observedTable
3, entry3).1%8 Camphorsulfonic acid (CSAyas then used as a stronger aidble 3,
entry4).'5% Unfortunately, decompositionwas observed Applying sodium periodatealso
resulted indecomposition(Table 3, entry5).12¢% HF-pyridine was then employe(Table 3,
entry6).*1 From TLC analysis, aewproductand complete conversion of tiBS-protected
allylic alcohol 111 were observed. From analysis of thel NMR spectrum of the crude
product,an upfield shift of the methylidene signals was observed that was suggestive of
formation of the deprotected produdi2 After purification by silica gel column
chromatography the fipld shifted methyldenesignalswereonly observed as tracggnals
which suggested decompositiontbt allylic alcohol 112 on the silica gel despite2D TLC

analysis of the crude product indicatitgt it was stable to silica.
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Table3. Screening otonditions for the deprotection of ti8S-protected allylic alcohal1l

[¢] (0] OTBS conditions, rt O (0] OH

i—BuOW """""""" > i—BuOW
(#)-111 (£)-112
Entry Reagent(eq.) Solvent Time Scale € mol) Result
1 TBAF (1.2) THF 23 h 120 decomposition
TBAF:AcOH N
THF 3d 60 decomposition
(1.2;1:1)
3 AcOH (1.7) MeOH 3d 60 no reaction
CH,Cl:MeOH
4 CSA(1.0 21 h 60 decomposition
(1:1)
5 NalG, (3.2) THF 4d 60 decomposition
HF-pyridine
by THF 3h 60 crude11?
(0.15 mL?)
7 HCOOH (67) THF:H.O (6:1) 18h 60 crudel1?
8 BFs-OEt (2.0) CH:ClIz 3h 60 crudel1?
9 BFs-OE® (2.1) CHxCl 2h 150 crudel1?

8ot possible to determine equivalents as-pyFidine is a complexObserved by TLC
analysisandby analysis of théH NMR spectrum of the crude product.

To circumvent thesilica gelcolumn chromatography purificatioit, was decidedto use the
crudeproductl12directly in the subsequent Mitsunobu reaction. Although sigmal€ative
of the allylic alcohol112were observed in thtd NMR spectrunof the crude produatvhen
using HFpyridine (Table 3, enty 6), large quantities of pyridinevere also observed
Therefore alternativedeprotection conditiongere soughtFormic acid(HCOOH) (Table3,
entry 7)1%2 and BFsAOEL (Table 3, entry8) were then tested in paralféf®! Under both of
these conditions, a nepvoductthat waspresumedo be the allylic alcohal12was observed
by TLC analysis. Additionally, frortH NMR analysis of both of the crude products, the
upfield shiftedmethyidenesignals were observed and the spectmatained fewer impurities
thanunderthe HF-pyridine conditions Under the BE-OEt conditions, full assignment of the
signalsfrom the deprotected produdti2 was possible by analysis of the and*C NMR
spectra othe crude produciThe deprotection usinBFs-OEt wasthen repeated on a larger

scale(Table3, entry 9), to obtain material for the subsequent Mitsunobu reactioabNghe
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cyclic b-keto esterfrom a lactonisatioof the allylic alcoholl12 was not observed under any

of the deprotection conditions.

The crudeallylic alcohol 112 was then submitted tthe S$2' Mitsunobu reaction, with
4-nitrobenzoic aci@101) and the low temperature control as employed in rb(Bchemell).
Although there was complete conversion of the allylic alcdi@ neither of the Mitsunobu

producs 113 nor 114 were obtained

(0]

!
NO, NO,

101 (1.4 eq.) 0 0

PPh; (1.3 eq.), DIAD (1.7 eq.)  iByo z
O O OH THF, ~4o to 0 °C, 3h
. > o ’
i-BuO Lngr
NO,

(#)-112 113 (£)-114

Scheme 41 Unsuccessful Mitsunobu reaction between crude allylic alcdi® and

4-nitrobenzoic acid¥01).

Due to challenges associated wittie purfication of the allylic alcohol112 and the
unsuccessful Mitsunobu reactiowe attempted to synthesisec y c |-keto esfeas an
alternative allylic alkylation substrate.

3.2.1.3Route 3

The retrosynthetic analysis of they ¢ |-ket@ estbd 15 is outlined inSchemed2. Thecyclic
b-keto ested 15 would be obtained from a Dieckmann condensation oatyelic diester.
Under thebasic conditions of the Dieckmann condermatithe acetate group in theyclic
diestera would be deprotonatedenerang the corresponding enolate, which would then act
as the nucleophile in the condensation reacfidve alkyl ester group in the acyclic diester
would be the electrophiia the condensatioreaction compared t@a chloroformate esteasin
routes 1 and ZThe acetate estest would be formed from a®n2' Mitsunobu reaction with
acetic acid as thpronucleophilefrom the allylic alcohob. The allylic alcoholb would be
prepared from a Moritd Baylisi Hillman reaction between an alkyl acrylatec and
acetaldehyd€98).
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o]

0]
Ro)k(\ O OH
z > P —
. . o . ROJH(K
0o Dieckmann condensation /g Sn2' Mitsunobu

o)
115 a #)-b

U Morita—Baylis—Hillman
o

o)
RZOH * HJ\

c 98
Schemel2 Ret r osynt heti c aketadsteddSirsroue3. t he cycl i c

Themethyl esteMoritai Baylisi Hillman adductl17 was preparettom methyl acrylate1(16)

and acetaldehyd®®) and then submitted to the Mitsunobu reaction, giving the desiy2d S
product118in a yield of 62% $cheme43a) 154155184 Crycially, in the Mitsunobu reaction
more than two equivalents of acetic acid were required. The Mitsunobu reaction commences
with nucleophilic atick of the triphenylphosphine on tleodicarboxylate generating a
zwitterionic intermediate. When only one equivalent of acetic acid is applied, it is fully
deprotonated by the zwitterionic intermediate forming the acetate ion, Wieohttacks the
phosphonium ion(Scheme43b). The newly formedO-acyl phosphonium iorundergoes
nucleophilic acyl substitution from theartially reducedazodicarboxylate resulting in
N-acetylation of th@zodicarboxylateConsequently, the Mitsunobu reactdoes not proceed
However, when two or more equivalents of acetic acid are used, only one equivalent is fully
deprotonated and a-bbnded species between theetatdon and the second equivalent of
acetic acid iproposed to formThis Hbonded species moposed to bkess nucleophilithan

the acetate ion and therefore does not attiaelphosphonium iorrhus,N-acetylation of the
azodicarboxylatés prevented ahthe desired Mitsunobu reaction proceéef! Notably, when

less than two equivalents ofndtrobenzoic aciq101) werelater applied with the analogous
ethyl ester Moritai Baylisi Hillman adduct 121 (Scheme 45), N-benzoylation of the
azodicarboxylatewas not observedlIt was proposed thathe electrorwithdrawing
4-nitrophenylsubstituent in 4itrobenzoic acidX01) renders it less nucleophilic than acetic
acid, consequently therditrobenzoate desnot attack the phosphonium ion.
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CH3COH (1.0 eq.) PPh; (1.5 eq.)
a) DABCO (89 mol%) AcOH (3.5 €eq.)
1,4-dioxane:H,0 (1:1) DIAD (1.5 eq.) o
o n,7d O OH THF, 0°C, 1 h O  OAc
—_—
MeO MeO MeO z * MeO
| 69%
16 [990 mg] OAc
(2.7 eq.) (#)-117 18 (£)-119
62% 17%
[160 mg] [68 mg]
b) © (g
N o gz K
RO™ AN RO NN R j\ N or
(~FPhsO — o —> RO N+ O=PPhy
€]
(¢]
\n/o o\@ AO
 PPh3
o 1€
AcOH<2.0 eq. T
(0]
TS
RO NG, — > PRE( 9) _» Ro Ny R
O) ® © )
o PPh; O
: PPhy \H/\J\H ®
(o
AcOH22.0 eq. l
Q ) i
H _PPhj
H
Ro)ltr\r’“\n/oR RO)\\N,N\H,OR ? D o
|
[ EPNs0 o) Meo)kfﬁ)\ Meok(\
o O OH OH%/PPhs ‘\e OAc
Y weot S D'
o) o) MeO g g

Scheme43. a) Moritai Baylisi Hillman and Mitsunobu reaction sequertcegive the desired
Sv2' and undesiredn® productsl18and119, respectively. bMechanism of the Mitsunobu
reaction of thaallylic alcohol 116 with acetic acigdas dependent on the equivalents of acetic

acid usedformation of the & product is not showradaped from!2%l,

Basic conditions for the Dieckmann condensation of the acyclic digi@@rere then screened
(Table4). Unfortunately, none of the applied conditioyesvethe desired lactong&l5 nor the
recovered starting materiall8 It was proposed that under the applied basic conditions, the
o-carbon ofthe allylic acetatel18 could havebeen deprotonated to form the thermodynamic
dienolate, whichcould then eliminate the acetateomparablewith the analogousbenzoate

compoundn Scheme34.
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Table4. Screening of condition®r the Dieckmann condensation of theyclic diested 18

(0]
" O
MeO)‘\(\ conditions, THF
— z
(6]
Ao

o~ O

118 115

Entry Base (eq.) T (°C) Time (h)  Scale (mmol) Result
1 t-BuOK (2.3) 0 0.5 0.15 decomposition
2 LIHMDS (1.3) 178t00 1 0.12 decomposition
3 LIHMDS (2.2) 178t00 1 0.12 decomposition
DIPA (2.4) N
4 . 178100 3 0.17 decomposition
n-BuLi (2.2)

Due to theunsuccessfus y nt h e s i -keto esterVit hyeroutes 13 in approach A

approacltB was then investigated for synthesis of bHeeto estewIl .
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3.2.2 Approach B
3.2.2.1Route 4

Theinitial retrosynthetic analysis diie b-keto esteNIl according to approach B outlined
in Schemetd. T h eketb estea would be obtained from @laisen condensatidretweerthe
U ,-umsaturateeésterb and an alkyl acetat@he protected-hydroxyesterb would be formed
by a deprotectiomeprotection sequence from the benzgataected-hydroxyesterd. In the
benzoaterotectedd-hydroxyesterd, the benzoate ester would be the more electrophilic than
t h e-uridatubated ester, therefore a deproteatipmotectiorsequencef the hydray group
with a nonelectrophilic protecting group was required for the desired chemoseleetivig
U ,-umsaturated est@r the Claisen condensatiofheU ,-umsaturateésterd would be formed

from a &i2' Mitsunobureactionof theallylic alcohole with a benzoic acid

O O (e} o
wal\(\ > R207 NF — R2o)‘\(\
OPG Claisen condensation OPG Protection OH
a b c

U Transesterification

(0]

O OH
2 =
R20 — o)‘\(\
Sn2’ Mitsunobu

OBz
(¥)-e d

Schemed4. Retrosynthetic analysis of tifieketo ester in route4.

Theethyl esteMorital Baylisi Hillman adductl 21 waspreparedrom ethyl acrylateX20) and
acetaldehyd¢€98) in a yield of 52% (Scheme45).[*5°1 The Mitsunobureaction betweethe
allylic alcohol 121 and 4-nitrobenzoic aciq101) afforded the desired N\@' Mitsunobu
product122in 48% yield. The undesireck® Mitsunobu product23was obtainedh 7%. The
transesterification of thei-nitrobenzoate estér22 afforded t h e -uridatubated methyl
ester124['54 Notably, the transesterification of thenitrobenzoic estefl22 proceeded in
higher yield than when the related benzoate edéwas cleaved§cheme38), due to the
betterd-nitrobenzoate leaving gro}5® The hydroxy group in thesterl24was then protected
as arBS etherl26. Notably, for the allylic substitution reaction the silyl group would have to
be exchanged for an appropriate leaving groumlterndively deprotection of therBS
etherl26 after the Claisen condensatimould give an unactivated allyledkylationsubstrate.
For the subsequent Claisen condensatintyl acetatet-BuOAc, wasselectedasthe alkyl

acetateas the steric bulk of the-butyl group shouldprevent itsselfcondensatiofs”]
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Unfortunately the desiredb-keto ested 27 was only obtained in trace amounts in thai§#n

condensation.

0
0
CH4CHO (1.0 eq.) NO. NO
3 .0 eq. >
DABCO (1.0 eq.) 101 (1.4 eq.) 0
1,4-dioxane:H,0 (1:1) PPh;3 (1.4 eq.), DIAD (1.4 eq.) EtO Z
0 1, 16 h O OH THF, 40 to0 0 °C, 2h

> > O +
EtO)H R Eto)ﬁﬁ\
| [5256] o)\@\ o oo
59
120 (3.1 eq. (£)-121
o sa) PSS

122 (#)-123
48% 7%
[960 mg] [150 mg]

l K,CO3 (1,2 eq.)

MeOH, rt, 2 h

DIPA (7.0 eq.)
n-BuLi (5.5 eq.)

t-BuOAc (3.8 eq.) imidazole (5.0 eq.)

o o THF, -78 °C, 15 min 0 TBSCI (3.9 eq.)

then 126, -78t0 0 °C, 2 h CHZCIZ rt, 3 h

t-BUO)k)J\(\ L Meo)‘\(\ - )‘\(\ )\@\
<5% 68%
124
127 126 85% 1%
[110 mg] [81 mg]

Schemeds. Sy nt h &eta estedd/in rofite4.

It was proposed thédlhe yield of thekey carborcarbon bond formingtep could be increased

by using the more electrophiltorresponding ,-umsaturatedldehydeyin place of the estdy
(Schemet6). Notably, when employing treddehydeg as the electrophile, other carboarbon

bond formhg reactions such as an aldol addition or a Reformatsky reaction would be required.
These reactions would give thenydroxyesterf. A subsequent oxidation would then provide

the correspondinfg-keto esteg. It was proposed that the aldehygleould be dtained byan

oxidationreduction sequence from the edter

o O O OH (0]
R1OJ\)‘\(\ — R10J\)\(\ S H)k(\
OPG Oxidation OPG Aldol addition or OPG
Reformatsky reaction
a (*)-f g
U Oxidation
OH
)k(\ _
Reduction

OPG

Schemed6. Retrosynthetic analysis of tifieketo ester via aldehyden.
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The r educt iumsaturated estdr®beasingdiisbbutylaluminium hydridgDIBAL)
gavethe allylic alcohol 128 in quantitative yield $cheme47). Oxidation with Des§ Martin
periodinane( D MP ) provi de donsattrated dldeBydt?9enda yield of 82%.
Unfortunately, the aldehyd&29 was prone to rapid autoxidation to the corresponding

carboxylic acidL30. Therefore, the aldehyd®29had to be used immediately after purification.

DIBAL (2.0eq) oy DMP (2.1 eq.)
PhMe, rt, 1 h CH,Cl,,0°Ctort, 1h [0]
)k(\ _ )k(\ Ho)k(\
quant.
OTBS [280 mg] OTBS OTBS OTBS
128 129

82%
[160 mg]

Scheme47. Reductioro x i dat i on s e qu e ruosaturated aldelfydeEa9 end t h e

subsequent autoxidation to the carboxylic d&60.

We thenturned our efforts to the carb@arbon bond formig reactions t@ive the b-hydroxy
esterl31(Table5). LDA was initially used as the basethe crossed aldaldditionwith t-butyl
acetateUnfortunately, decomposition was obsery&dble5, entry 1). LIHMDS was then used
asa weaketase and the desirédhydroxy esterl31 was obtained, albeit in traces anmts
(Table5, entry 2). N¢ably, prior to performing the ald@lddition we were not aware of the
susceptibilityof the aldehydel29 to autoxidation Therefore the yield of the b-hydroxy
esterl31obtainedirom the aldoladditionwasmaostlikely inaccurateif the aldehydd.29had

already partly oxidised to the corresponding carboxylic 480l

In addition to the aldoladdition a Reformatsky reaction between thi-unsaturated
aldehydel29 andthe zinc enolatedd 33 of t-butyl bromoacetate was proposed to afford the
b-hydroxy estel31 The zinc enolaté33was prepared by addition wrt-butyl bromoacetate

to a solution of the Rieke zind.he Rieke zindZn*) was prepared based on a reported
procedure, in whicZnCl, wassubstitutedor ZnBr, %8 Typically, the Reformatsky reaction

is performed oder reflux. However, Rathke and-amrkers proposed that basatalysed side
reactions of the carbonyl substratgth the zinc alkoxidesgenerated irthe Reformatsky
reaction, could lower the yield of tlehydroxy ester, particularly at elevated tempearas.

They proposed that Lewis acids, such as trimethyl borate, B(§)kt®)ld be used in room
temperature Reformatsky reactions to provide a weakly acidic medium, thus avoiding side

reactions by neutralising the basic zinc alkoxidgshemet8).16%
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Table5. Screening of condition®r the carboncarbon bondormingreactiorsto give eithetthe b-hydroxy ested.31or the b-keto ested 32

0 conditions & OH R o
HJ\(\ ------------- - t—BuOJ\)\(\ or EtOJ\)‘\(\ t-BuOJ\/2nBr:
OTBS OTBS OTBS 133
129 (£)-131 132 e
_ Time
Entry  Reaction Type Reagentgeq.) Solvent T (°C) Scale ¢mol) Result (%)
N DIPA (1.2), n-BuLi (1.1) N
1 aldol addition THF 178t00 2 40 decomposition
t-BuOAc (1.2)
N LIHMDS (5.0)
2 aldol addition THF 178t00 21 110 131(8)
t-BuOAc (3.0)
3 Reformatsky zinc enolatel33(3.07 THF rt to reflux 50 80 decomposition
zinc enolatel33(3.07 .
4 Reformatsky THF rt to reflux 50 130 decomposition
BFsAEL (2.0)
SnCk (1.3)
5 cat. SnCl . CH:Cl2 rt 4 100 132(<3)
ethyl diazoacetate (1.4)
SnCk (1.0) N
6 cat. SnC CH:Cl2 rt 23 240 decomposition

ethyl diazoacetate (1.2)

aFormed fromRieke zinc Zn*) andt-butyl bromoacetate
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Therefore, two Reformatsky reactions were performed in parallel, with the Lewis acid
BFsf0Et added to one reaction for neutralisation of the basic @kuxide133(Table

5, entries 3 and 4)Notably, in the presence of BROEL the deprotection of the TBS gup

could have occurred, as the deprotection of the TBS group irb-ketoesterl1l had
previously been performed with BIOE®L (Table3, entries8 and9).1%% In both Reformatsky
reactionsformation of the desireb-hydroxy estefl31was not observed when performing the

reactiors at room temperature nor under reflux.

Rso)j\/x
l Zn*
(o]
€]
ZnX
o R3OJI\/ n o o,ZnX B(OMe); o O,B(OMe)3 ?X H*/H,0 o oH
------------------- > Rt = 1) GEEEPTTRREET
R1J\R2 R3OMR2 RaoMRZ RsoMRz

R1

Schemed8. Reformatsky ractiongeneratinga basic zinc alkoxide, which igroposed to be

neutralised byhe B(OMe)s Lewis acidaccording tdRathke and cevorkers!!6l

Since the aldol addition ariRleformatskyreactiors either afforded thé&-hydroxy ested31in

trace amounts or not all, alternative carbeuoarbon bond forming reactions were sougtie

were inspired by conditions reported by Roskamp ardaders for the direct conversion of
aldehydes td-keto estersvith ethyl diazoacetatel85) and tif") chloride SnCh, as a Lewis

acid catalystt’™ Furthermore, the substrate library includedthe Upb-unsaturated
aldehydel 34 (Scheme49).17% Upon applying these conditions, the desibeketo esterl32

was obtainedalbeit in trace amounts with impurities remaining after colehmomatography
(Table5, entry5). Due to the small amount of material obtained, further purification was not
performed. Upon repeating the reactionadarger scalehe desired-keto ested32was not
obtained(Table5, entry 6).

o
EtO)J\é N2

135 (1.2 eq.)

SnCl, (10 mol%)
CH,Cly, 1t

/(l)j\)\ j\/loj\)\
B ————
H Z 60% EtO Z
134 136

Schemet9. Direct conversion obb-unsaturated aldehyde4 to b-keto ested.36, with ethyl
diazoacetatel(35), repated by Roskamp and emorkersi*’
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Althoughthe yield of the key carbecarbon bond forming reion was increased by applying
the more electrophilic aldehyde9 in place of the estet26, the rapid autoxidation of the
aldehydel29 meant that it was not a viable intermedidt@vas thought that the autoxidation
of the Ub-unsaturated aldehyd9to the corresponding carboxylic adi80was the reason
for the low yield obtained in the aldol additiohaple5, entry 2). Therefore, neithéurther
optimisationof the aldoladditionnor investigation of alternative reactions to afford either the

b-hydroxy estefl 31 or theb-keto ested 32wereperformed
3.2.2.2Route 5

In parallel toroute4, an alternative route to thé,-umsaturated aldehyaevasinvestigatedas

shown inthe retrosynthetic analysis of rolien Schemes0. As in route4, theb-keto estern

would be obtainel r om an oxi dat i o n-hydrdxy estbbewhichowouldeirs p o n d i
turnbef or me d f ruosaturdted aldehygdfy acarboncarbon bond forming reactipn

such as arossed aldol additiomh e -whsafurated aldehyaavould againbeprovided from

an oxidation of the allylic alcoha. However the adlylic alcohol d would be formed frona

partial deprotection of theiol e. The olefine would be afforded frona Wittig olefinationof
theketonef. The ketond would be formed by a Malaprade reactafrihe b-amino alcohob,

which would be furnished rbm an acetalisation ofris(hydroxymethyl)aminomethane
hydrochloride(TRIS hydrochloride) 137).

o O O OH

RO Z —— Yo J\(\ KE\ %
OPG Oxidation OPG Aldol addition PG Oxidation
a (£)-b
U Reduction
HO NH;CI o
S — PG :>L\ — PG :>: e— :>=\

HO OH Acetalisation Malaprade Wittig 0

137 g f olefination e

Scheme50. Retrosynthetic analysis of tieketo estera v i a -uridatubated aldehydein

routeb.

The acetatiation, Malaprade reaction and Wittig olefination sequence was based upon related
work by Ritter Scheme51).171 In which TRIS hydrochloride 137) was acetasied with
p-anisaldehyde dimethyl acétél38) under acidcatalysisto give theb-amino alcoholl39;
oxidative cleavage by Blalaprade reactiowith sodium periodatand subsequent hydrolysis
afforded the ketone140. A Wittig olefination with ketone140 introducedthe methylidene
groupto giveolefin 141. A partialreductionof acetall41 with DIBAL gave allylic alcoholL42.
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o_
veo— Y~
o_

138 (1.0 eq.)

KH,PO, (1.0 eq.)
CSA (5.0 mol%), DMF NalO4 (1.0 eq.)
HO NH;CI 30 mbar, 23 °C, 17 h o) NH, H,0, 0 °C to rt, 25 min 0
P o O e ases
HO OH 70% 0] OH 79% o]
137 139 140
MePPh3Br (1.5 eq.)

t-BuOK (1.3 eq.)
THF, 23°C,2h

then 140, 0 to 23 °C, 18 h
50%

OH DIBAL (1.2 eq.)
Meo‘@ﬂ CH,Cly, 0 °C, 25 min o
= [e] - MeO
> o

OPMB HO 94%
142 141

Schemé 1 Synthesis ofllylic alcohol142 reported by Rittef:"

This reported routevas therefore adaptédr the preparation ainalogous allylic alcohdl44,

which had an ethylidene group in place of the methylidene group. The satedaliof TRIS
hydrochloride {37) with p-anisaldehyde dimethyl acetatE38) gaveb-amino alcoholl39in

a yield of 619%dSchemés2). Notably, his reaction was performed under reduced pressgitine
a rotary evaporator to remove the methabgiproduct The Malaprade reactiomand
subsequent hydrolysefforded the ketoe 140 in excellent yield.

O_
Meo©_<
O_
138 (1.0 eq.) KH,PO, (2.2 eq.)

CSA (5.0 mol%) NalO,4 (2.2 eq.)
DMF, 40-50 mbar H,O0,0°Ctort

HO— NHsCl 0— NH, o
:>L\ t, 18 h MeO < >_< :>L\ 30h MeO—< >—< :>=O
HO OH > ol oOH —————————> o
139 140

61% 90%
137
[5.8 0] [4.5 9]

Schemeb2. Synthesis oketonel40 from TRIS hydrochloride X37).

The Wittig olefinationof ketane 140 with ethyltriphenylphosphonium bromide was then
performedt-BuOK was initially applied as the baggchemeb3), as in the analogous Wittig
reaction reported by RitteHowever, neither the desired produdi43 nor the starting
material140 were obtained. It was thought that thgedt-BuOK had absorbed atmospheric
moisture n-Butyllithium, n-BuLi, wasthenemployed ashe baseandthe desirelefin 143
was obtainedh a yield of 5%.
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a) EtPPh3Br (1.5 eq.), +-BuOK (1.3 eq.), THF, 0°Ctort, 2.5 h
then 140, THF, 0 °Ctort, 18 h
b) EtPPh3Br (1.5 eq.), n-BuLi (1.3 eq.), THF, =78 °C tort, 3 h

o then 140, THF, =78 °Ctort, 1 h O
ol ¢ o - o O~ =\
0 (6]
140

a) decomposition
b) 75% [3.4 g] 143

Scheméb3. Wittig olefination of ketme 140 to giveolefin 143.

Thepartialreductionof acetall43 with DIBAL was initially carried out if€©H2Cl>» as reported

by Ritter and afforded the allylic alcohbd4 in avery good yield of B% (Scheméb4). Since
DIBAL was used as @hMe solution, the partiateductionwas also performed iPhMe
Pleasingly, the allylic alcohol44 was obtained in aear quanitative yield The allylic
alcohol144 was obtained as an inseparable mixture/@fdiastereomersiowever,asa double
bond migration of the ethylidene double bamaisrequired at a later stage, as discussed in the

Planned Synthetic Approactine configuration of the double bond was irrelevant.

a) DIBAL (1.3 eq.), CH,Cl,, 0°C, 2 h

HO OH
o b) DIBAL (1.8 eq.), PhMe, 0 °C. 2 h :>=777
O -
o Meo—©—/

a) 85% [25 mg] d.r. 1.3:1.0 (E)/(2)
b) 98% [3.4 g] d.r. 1.8:1.0 (E)/(Z) OPMB
143 144

Scheméb4. Thepartialreductionof acetall43 to afford allylicalcohol144.

The oxidation of the allylic alcohd44t o t h e c o r -unsaupatechattiehpdglswds b
then carried ouManganese dioxide, MnQwas initially used as thexidising agen{Scheme
55 . The dinsatirated dldetydeb wasobtained as separadi#Z diastereomers in
a combinedmoderateyield of 48%.When DMP was employed as the oxidising agethie

U ,-umsaturated ldehydes 145 were obtained in a highecombinedyield of 83%. Upon
scaleu p, t-umsaturdted faldehysd45 wereobtained in an excellembmbinedyield of
94% with a d.r. of 1.8.0 (2)/(E). It is worth noting that theée/Z assignment of the
diastereomers is reversed between the allylic alcal a n d t fumsaturdtedd
aldehydel45, as the aldehyde group has a higher priority than the -PiMicted
hydroxymethyl group Importantly, autoxidation of the®MB-protected U ,-umsaturated
aldehyds 145 to the corresponding carboxylic asidvas not observedTherefore, it was
proposed that the TB Sunspturaied aldehyde?Owasmgspansilppe i n t
for the autoxidation.The Uh-unsaturated aldehydd 45 weretherebre viable intermediate
for the syd+dkdatoesteni s of the D
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oH a) MnO, (19 eq.), CH,Cly, tt, 27 h
b) DMP (2.0 €q.), CHyCly, 0 *C to t, 1 h
K(\
a) 48% [24 mg] d.r. 1.0:1.2 (Z)/(
OPMB b) 70% [42 mg] d.r. 1.3:1.0 (Z)( OPMB OPMB
144 94% [3.1.g] d.r. 1.81.0 (Z)(E (2)-145 (E)-145

d.r. 1.8:1.0 (E)/(2)

Scheme 55. Oxidation of allylic alcohok 144 to t h e Cor r e supsataratedn g U,
aldehyded 45.

The subsequent reactions were performed with the separated diastereomers of the
Uh-unsaturated aldehyd&d5. The aldoladditionwith theU ,-umsaturated aldehysl&45 gave

t h enydfoxy esterd46in good yield{Schemes6). This further supports the hypothesis that

the low yield obtained in the aldahddition with the TBSp r ot e c-tinsaturatdd, b
aldehydel29 was due to itgrior autoxidation to the carboxgliacid 130. The subsequent
oxidation with DMP-ketocesterdaieproceeded ire gogddonedcelleng b
yields.Since there was no literature precedence of RiviBected alcohols as allylatkylation
substrates in Rdatalysed allylic substition reactions?>5!a deprotectiorderivatisationof

t he hydr ox y-ket esterff/ wasrequired Ehe PMB-protectedb-keto esterd 47

were deprotected witB,3-dichloro-5,6-dicyancel,4-benzoquinon€DDQ) to give the allylic
alcohols148. Unfortunatelythe allylic alcoholsl48 were observed to hestable andjuickly
decomposd asobservedy TLC analysis and analysis of thé NMR spectraThe material

that was obtained after purification was there directly submitted to the subsequent
derivatisationstep.Notably, no formation of thec y ¢ I-ket@ estbd 15 from lactonisationof

the allylic alcoholsl48 was observe{iSchemes6).

LIHMDS (1.5-3.1 eq.)

t-BuOAc (1.2-2.5 eq.) DMP (2.0 eq.)
THF, —=78°C, 15 min CH,Cl,
Cf then 145, -78t0 0 °C, 1-5 h Q oH 0°Ctort,2-4 h Q Q
K(“\ > -BuO =z _— t-BuOJ\)‘\("‘
E=78%[1.34d] E=95%[1.24]
OPMB Z=60% [1.8 g] OPMB  7=76%[1.3q] OPMB
145 146 147
DDQ (1.5 eq.)
CH,Cly:H,0 (20:1)
0°Ctort,2h
E = 74% [190 mg]
Z =79% [200 mg]
0O O O
= <«—>X——  tBuO =z
lactonisation
0~ O OH
115 148

Scheme&6. Sy nt h e-ketosstersl#8f 6 o m tumsaturaibd &dehydéds.
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In Pd-catalysed allylic substitution reactions witts@bstituted indole derivativesnactivated
allylic substrates such as allylic alcol$1$*:1%0and activated allylic substrates wigood
leaving group such as carbonat$°®14814%gr gcetatéd>1% have been appliedherefore,
the allylic alcohad 148 could have been applied as an unactivated abiykglationsubstrate
in the allylic substitution reaction. Howevsmcethe use of actated allylic substratés more
commonlyreported we attempted to prepare the carboaatdacetate derivativaof theallylic

alcohok 148 (Table6).

For formation othet-butyl carbonatd 49, basic conditions were employed. Two equivalents

of Li HMDS wer e used, -hydrogens atams thh allyliecrabcohell48a c i d i ¢
guenching the first equivalent thfe base(Table 6, entry 1) Under these conditionghe
Boc-protected tricarbonyl compourthO was obtained. Althougtthere was dot of steric

hi nder a n-positiomrtthepradect Z)I150, it wasproposedo still be a suitable allylic

alkylation substrate for the allylic substitution reaction; in fabe additionalt-butyl ester
groupwas expected t o e nihamgereatomhhes wauld bedbenefigial o f t h
asdeprotonatiorat theU-positionis required for the intramolecular Mannich reaction onto the
indoline iminiumion toconstruct the C ringf aspidospermidinelf. When the Bogrotection

was repeated wittheallylic alcohol(Z)-148 butwith 1 equivalenbf BocO, to see if the more
accessible alkoxide could be preferentially Bwotected, formation of thB o c-ketb ester

(2)-150 was observed withncomplete conversion of the starting mate(igt148 (Table 6,

entry2). Unfortunatelydecomposition of the crude product was observed by TLC analydis
theBoc-protected tricarbonylZ)-150was notobtained. Only the starting mater{@)-148 was

recovered in trace amountEhe original conditions were then repeateth freshly purified

allylic alcohol (2)-148 (Table 6, entry 3). Unfortunately, the Boc-protected tricarbonyl
product(Z)-150was only obtained in a yield &fl6%, with impurities.

Theprepaation ofthe acetate derivative of the allyitcohol148 was then attempte&tandard
conditions of acetic anhydride (A@) and 4-dimethylaminopyridine(DMAP) were first
employed(Table6, entry4), unfortunately neither the Agrotected allylic alcohdl51 northe
allylic alcohol148 were obtainedSub-stoichiometric scandiuff triflate, Sc(OTf}, was then
appliedas a Lewisacid catalyst with AgO (Table6, entry5),1172173lagain neither thdesired
product 151 nor starting materiall48 were obtainedClasscal conditions, with AgO in
pyridine were tested(Table 6, entry 6); however decomposition was observéd’ An
enzymatic acylation of the allylic alcohd#8 wasalsoattempted using rizolipase and vinyl

acetate Table6, entry7);"% which also resulted in decomposition.
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Table6. Screening of condition®r thederivatisatiorof the allylic alcoholsl48.

@ @ conditions Q0 T T T N
tBuO A — t—BuO)‘\)‘\(\‘ )E?\%
i t-BuO H
OH OPG ; :
148 149 PG = Boc i tBuO” TO "OBoci
151 PG = Ac P (2-150 i
Time  Scale
Entry E/Z Reagents (eq.) Solvent T (°C) Result (%)
(h) (€ mo
LIHMDS (2.2)
1 z THF 178tort 18 97 150 (42)
Boc,0 (2.6)
LIHMDS (2.2)
2 Z THF Otort 1 93 148 (4)
Boc,0 (1.0)
LIHMDS (2.4)
3 Z THF 178tort 15 99 150 (<16)
Boc,0 (2.4)
Ac,0 (1.5)
4 z CH.CI, rt 1 94 decomposition
DMAP (1.4)
Ac,0 (1.5)
5 E MeCN rt 3 95 decomposition
Sc(OTfk (0.10)
6 E Ac,0 (50) CsHsN rt 24 110  decomposition
Rizolipase
THF:MTBE -
7 E (10wt.%) 21 25 98 decomposition

) (1:1)
vinyl acetate (2.0)

MTBE = methyltert-butyl ether

Although route5f ur ni s h ed -tinkatratedtaldhyd@46, U ,wbhi c h -kptav e
estersl48, the multistep synthesis andhstabilities of theb-keto esters148 and the
Boc-protected tricarbonylproduct (2)-150 rendered them unfeasible allylic alkylation
substrates. Consequenthn alternative strategy for the synthesished keyexoenonelV

intermediate en route @spidospermidingl) was sought.
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Results and Discussion

3.3 Preparation of the Allylic Alkylation Substrate: Strategy 2

In strategy 2, aalternativepathwayfor the synthesis of thexaenonelV wasenvisioned To
this end we aimedto prepare th& ,-umsaturated ketonX as theallylic alkylationsubstrate
in the key Pecatalysed allylic substitution reacti¢g8chemes?). In comparisorto theb-keto
esterVIl in strategyl, theU ,-umsaturated ketonX contains the correct number of carbon
atoms for construction of the adpspermidineX) framework.Moreover, the synthetic route
to theU ,-umsaturated ketonkX was expected to be significantly shorter than toftketo
esterVIl . The allylic substitutiorreactionbetween tryptamine derivatinél andthe allylic
alkylation substratéX would afford indoleniné/Ill . Notably, without the superfluous ester
group, theU-position to the keton@ the generatedhdoline iminium ionis notsufficiently
activatedfor the in situ trappingto occur. Asubsequenintramolecular Mannich reaction of
the indolenineVIll would however give thexacenonelV, thusconstructing the C ring of

aspidospermidinel.

PG—N
PG-N .
— PG=N — p — @Z_f_/
V Mannich Y Allylic N\
H

LG
reaction substitution
o o @, o Z
N N Yo vi
H H R';B o

Schemés7. Retrosynthetic analysis ekoenonelV according to strategy 2.

Theallylic acetatel 52 was initially proposed as ttalylic alkylation substratéX . The allylic
acetatel 52 would be formedn a Sy2' Mitsunobu reactiorirom the allylic alcohoB6, with

acetic acid as thgronucleophileas shown irschemes8.

o}

O OH
)J\(\ > )J\[H\
Sn2' Mitsunobu

OAc
152 (£)-96

Schemeb8. Retrosynthetic analysis tieallylic acetatel 52.

The Sy2' Mitsunobureactionwith the allylic alcohol 96 and acetic acid gavehe allylic
acetatel52 in a yield 0f41% (Schemeb9).
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PPh; (1.2 eq.)

AcOH (2.8 eq.)
DIAD (1.2 eq.) o
O OH THF, 0°C, 1h
. )‘\(\
41%
[370 mg] OAc
()-96 152

Scheme59. Preparation ofallylic acetatel52 by an $2' Mitsunobu reactiowith allylic
alcohol96.

It wasproposed thathe allylic alcohol 96 itself could also be used as a regioisomeric allylic
alkylationsubstrate in the RPdatalysed allylic substitution reaction. Agon ionisationit was
hypothesised thdioth theallylic alcohol96 andallylic acetatel 52 would preferentiallyform
theanti o*- -allylpalladiunf complexC (Schemes0). UnderachiralPd-catalysiswith a soft
nucleophile asis the case in our systewith anindole derivative (a < 25),7% nucleophilic
attack would then preferentially occurat the least substitutedllyl terminus of theanti

" -allylpalladium complexC to afford the(E)-linear substitutecproducte 11!

(0]

(0]
Pd(O)Ln Nu
= —_— e e =
Spaing,

LG ® Nu
A Cc E
(E)-linear allylic substrate anti n-allylpalladium (E)-linear
complex substituted product

(0] LG Pd(O)Ln
)J\[H\ n3ntm?
(*)-B

branched allylic substrate
1,2-steric interactions

o} 0
)\? Nu _
4 —_—
S pgin,

® Nu
D F
syn r-allylpalladium (2)-linear
complex substituted product

Schemes0. Proposed geferential rmation of theanti o*-" -allylpalladium{” complexC from

either the linear or branchedlylic alkylationsubstrate A andB, respectively.

Allylic acetatel52 is alinearallylic substrat€A in Schemes0), as the leaving group @ the
carbon atom that becoméhe least substitutedllyl terminus uporionisation Whereasthe
allylic alcohol96 is a brancheadllylic substratgB in Schemes0), as thdeaving group i$n
the carbon atom that becomes tmest substituted allyl terminus upaanisation. The
(E)-linear allylic substrateA would beexpected to initially form thanti “-allylpalladium

complexC. Whereas the branched allylic substrBtevould be expected to initially give a
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mixture ofanti andsyn’ -allylpalladium complexe€ andD, respectivelyIn both cases the
synandanti " -allylpalladium complexewould be expected to rapidiyterconverthrough the
d3-d*-d® isomerisation*' For allylic substrateswithout a 2substituent the syn
“-allylpalladiumcomplex isgenerallyfavoured due tdhe destabilisingallylic strain (Al
between the allyl termini substituents in theti complex’! Whereas when the allyt
substrate has asubstituent, destabilisirny2-steric interactions between thes@bstituent and
the allyl termini substituentgn the syn” -allylpalladium complexmay dominate and thus
favour formation of theanti complex!'?77 Crucially, the size of the -Bubstitutent plays a

role in theratio of thesynfanti " -allylpalladiumcomplexeg’’]

Trost and ceworkers reported thatith allylic substratel53 with a 2cyano substituent, the
linear productl1l56 was obtained exclusively Wi Z-configumtion (Scheme6l). This
configuration is expected to be obtained from nucleophilic attack teytihe-allylpalladium
complex. Whereaswith allylic substate 157 with an ester2-substituent, thgE)-linear
substituted produd59 was obtained, which is expected to be formed from nucleophilic attack
to the anti "-allylpalladium complex. This switch insynanti conformation between the
“-allylpalladium complexes of the&-cyano and2-ester substituted allylic substrates was
explained by the difference in size between the cyano and ester substitnetie
“-allylpalladiumcomplex with the smaller, line&-cyano substituentheallylic strainin the

anti complexwasmore destabilising, thuswvouiing formation ofthe syncomplex. Whereas

i n tallylpalladiumcomplex with the larger ester group, the-&t@ricinteractiors between

the ester and the-dropyl substituentin the syn complex were more dstabilising and
consequently thanti complex dominat™*’” Importantly, the rate of the nucleophilic attack
relative to the ate of thesynanti isomerisation also affects the product outcome. When the
rate of nucleophilic attack is slower than that of sgganti isomerisationthen the product

distribution will represent the equilibrium ratio of thganti isomers.
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HO—@—OMe

154
[Pd,dbag*CHCI3] (1.0 mol%) R .

(S,9)-L6 (3.0 mol%) ;
OCO,Me CH,Cl, rt OPMP N : «_CN
CN > - CN + N : P
/\/\n/ : Pd”!

OPMP i syn m-allylpalladium complex
153 155 (2156 TTTTTmTmmmemmmmmemmmeses
71%, 93% ee 15%
HO—@—OMe
153
[Pd,dbas*CHCI3] (1.0 mol%)
S,S)-L6 (3.0 mol?  emmmmmmmmmmemeeeae—aaaa. .
(5828 (3.0 mol) ; COEt

0CO,Me CH,Cly, rt OPMP COEt ! N
H AN H A
/\)\H/COZEt - /\/'\”/COZEt + : Pd”|

OPMP \ anti t-allylpalladium complex :

157 158 (E)-159
64%, 92% ee 18%

Schemesl. Pd-catalysed allylic substitution ofQubstitutedallylic substrated53and157 as
reported by Trost and emorkers.Adapted fromf*’”). OPMP =para-methoxyphenol.

It wasthereforeproposed thathe allylic alcohol 96 could serve as an unactivated branched
allylic alkylation substrateto also give the desired indolenine prodwdtl in the allylic
substitution reactionPd-catalysed Wylic substitution reactions between activated allylic
carbonateg$?114178land acetatéd¥ 18l derived fromMoritai Baylisi Hillman adductswith
nucleophiles:phenol derivative§!?114 amineg'’® Me | d r u m&% enaanmes® and
indole derivatived” 81 have been reportetiowever, to the best of our knowlediritai
Baylisi Hillman adduct®or carbonate or acetate derivatives thereof in@verbeen applied in

a Pdcatalysed allylic substitution reactiomth a 3-substitutedndole nucleophile Moritai
Baylisi Hillman adducts are unique allylialkylation substrates as thefprm 2-acceptor
substituted -allylpalladiumcomplexesin whichit is proposed thahe 2carbonyl substituent

cancoordinaéto the Pd metdt4177]

Since activated allyi substrates are more commonly reported inc&dlysed allylic
substitution reaction€3! conditions br preparation ofhe carbonatelerivatives of theallylic
alcohol96 weresought(Table7), to produ@ an activated branchedlylic alkylationsubstrate
for screening,in addition to theallylic alcohol 96 and allylic acetatel52 To this end,
conditions inspired by Trost and-emrkers were applietbr preparation otheallylic methyl
carbonatel60 (Table 7, entry1).*4 After 1 h at (°C, a newproductwith a higher Rvalue
than theallylic alcohol 96 was observedwhich waspresumedto be the desired methyl
carbonate derivativé60. Howeverjncomplete conversioof thestarting materiad6 wasalso

observedUpon warming to room temperature, decomposition of the presaltyid methyl
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carbonatel60 was observedlhe reaction was then repeated under the same conditions while
maintaining a temperature of’C (Table7, entry 2). Formation of the presumgebduct160
was observedfter 30 min and 1 h; however, decomposition was already observed at 1 h. Upon

purification, theallylic methyl carbonaté60was obtained in a low yield of 20%.

Table7. Screening of condition®r the derivatisation ahe allylic alcohol96.

)Oj\[ﬁoi conditions O  OCOzR
(£)-96 (+)-160 R = Me
(£)-161 R = t-Bu
Entry Reagents (eq.) Solvent T (°C) Time (h) Result (%)
DMAP (8 mol%), pyridine (1.1) 96and
12 CHCl, Otort 17 N
methyl chloroformate (1.6) decomposition
DMAP (10 mol%
2 pyridine (1.1) CH:Cl2 0 1 160 (20)
methylchloroformate (1.6)
DIPEA (1.2) _
3 THF Otort 18 no reaction
methyl chloroformate (1.2)
DMAP (1.2) 96and
4 CHCl, Otort 18 N
methyl chloroformate (1.4) decomposition
t-BuOK (0.20) 0 to _
5 ) ' 40 no reaction
dimethyl carbonate (5.0) 80
t-BuOK (1.2) N
6 _ ' rt 2 decomposition
dimethyl carbonate (5.0)
TBD (0.10) N
7 _ ' 80 1 decomposition
dimethyl carbonate (7.5)
unknown side
8 DMAP (0.10), BogO (1.2) CHCl. Otort 19

product

Unless stated otherwise, all reactions were performed on a scale of 0.5FReaotion scale

of 2.0 mmol.

Alternative basedor deprotonation of the secondary oxonium ion formed after nucleophilic
acyl substitutiorwere applied, such &N-diisopropylethylaminéDIPEA) and DMAP Table
7, entries 3 and 4Neither of theseonditionsgave the desired produt60. Stronger bases

were then used for deprotation of the alcohd®6, with dimethyl carbonatesedin place of
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methyl chloroformateApplying 0.20equivalents ot-BuOK resulted in no reactioat room
temperature naxpon heating{able7, entry 5):821 However, usind..2 equivalents dtBuOK

at room temperatuted torapiddecompositionTable7, entry 6) Applying sub-stoichiomnetric
1,5, *triazabicyclo[4.4.0]de&-ene (TBD) also resulted in decomposition Téble 7,
entry7)*8l |t is worth noting thatfithe allylic methyl carbonatd60 was generated under
thesestrong basic conditiongTable 7, entries 6 and 7)rapid elimination of the rethyl
carbonatevia an E2 mechanism may have occur@ahditions to afford thallylic tert-butyl
carbonatd 61 with BocO and DMAP weralsotried (Table7, entry 8). However, this resulted
in the formation of an unknown side produéithough preparation of thallylic methyl
carbonatd.60proved nortrivial, we had material in hand fartestallylic substitution reaction

with an activated branched allyladkylationsubstrate
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3.4 Pd-CatalysedAllylic Substitution Reaction

3.4.1 Non-Stereoselectivallylic Substitution Reaction

To investigate the general feasibility of the-&dalysed allylic substitution reaction,
nonstereoselective conditions with achiral ligands were initially soijretto theease of the
preparation of thallylic alcohol 96, we were interested to seeitifcould be appliedas an
unactivatedallylic alkylation substratewith the tryptamine derivativéd4 in the allylic
substitution reactionFor which, conditions reported by Tamaru and-workers for the
Pd-catalysed allylic substitution reactidretween idole derivatives and @activated allyl
alcoholswere envisioned(Scheme21 on page30).146! A testreaction wadirst performed
betweenallyl alcohol 87), as themodelallylic substrateeported by Tamaru and -weorkers
andthetryptamine derivativé®4 (Schemes2), to assess if the tryptamine derivatBgwas a
suitable nucleophile under these conditiofise desired &llylated indolenine produc62
was obtained in a reasonable yield of 52% (60% br§h®.borane additivéEt:B, wasapplied
as a Lewis acid for activation of the allyl alcoho87), but also tosuppresscompeting
N-allylation*4”! The borane was proped to tightly coordinate to the indole nitrogen atom
thus prevenhg the N1 position from serving as a nucleophile in the allylic substitution
reaction*#>184 Although stoichiometric equivalents tfie boranewvere used, traces of the
presumedN-allylated producfl63 were observed by analysis of thé NMR spectum of the
by-product

/\/OH
87 (3.0 eq.) Cl

Cl [Pd(PPhg3)4] (6.6 mol%) Boc, f
Boc, f EtsB (1.2 eq.) N
N THF, 50 °C, 16 h

Boc—N +
\
\
N N H
H P
N \

94 (£)-162 163
52% (60% brsm) presumed traces
[12 mg]

Scheme62. Test allylic substitution reaction between tryptamine deriva@deand allyl
alcohol(87).

The allylic alcohol 96 was then appliedh the allylic substitution reactionTéble 8). Upon
applying the conditions reported by Tamaru andvookers the desired indleninel164 was
obtained in trace amoun($able 8, entry 1) The reaction was initially performed at room

temperature as Tamaru andworkers had performed theiragtion with 3methylindole 86)
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at room temperature, whereas the reactions with the other indole deriviaislebeen
performed at 50 °C. Upon performing the reaction at 50 °C, the indol&6iwas obtained

in an increased yield of 33% &ble 8, entry 2). In both of these reactions, 3.6 equivalents of
the borane were used, as Tamaru anavarkers, had reported that with sterically hindered
allyl alcohols excess amounts of the beravere required to give thealylated product in
reasonable yield$*®l However, under neither of these conditions was full conversion of the
tryptamine derivativ®4 observed Table8, entries 2 and 3). When the allylic sate152 was
applied under the same conditioiglfle8, entry 3, the indolenine produdi64was obtained

in a comparable yield of 31%. Again, incomplete conversiah® tryptamine derivativé4
was observed. Therefore, the use of the allylic methyl carbdi@@ewvas investigated.
Conditions reported by Rawal and-workersfor the Pdcatalysed allylic substitution reaction
with activated allyl methyl carbonategreapplied, but with 1,glichloroethane as the solvent
in place ofCH:Cl,, in case heating above 40 °C was requifEable 8, entry 4)48 Full
conversion othe allylic methyl carbonate60was observed; however there was no formation
of the desired indolenine produts4 Furthermore, incomplete conversion of the tryptamine
derivative94 was observedilthough the allylic alkylation substrat®6 and152 afforded the
indoleninel64in comparable yields, the allylic alcori® was selected as the allylic alkylation
substrate best suited for our system due to its ease of preparat#oallylic alcohol96 was
prepared in a single step with a high yiel@8%.Whereashe allylic acetaté52 was prepared

in an overall yield of 34% over two steps. Furthermore, uiegllylic acetatel52in place

of the allylic alcohol96 in the substitution reaction would have increhee longest linear
sequence ofhe synhesis of aspidospermidiri&) by one stepUpon performing theallylic
substitutionreaction on a larger scaleith the allylic alcohol96, the indoleninel64 was
obtained in a preparatively useful yield of 67%%8b6rsm)(Table8, entry 5).
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Table 8. Screening of conditions for the allylic substitutiogaction between tryptamine

derivative94 and allylicalkylationsubstrate®6, 152 and160.

Cl

(£)-96 or 152 e n e nens ;

Cl or (£)-160 (2.0 eq.) o LG 0 .

BOC\N_/_/ [Pd]/Ln{::dltIVeS Boc—N )HH\ )‘\(\

\ o | (£)-96 LG = OH 152 |

H N’ LG OO
94 (£)-164

Entry  Allylic substrate  [Pd])/Ln and additives Solvent T (°C) Result @)

1 96 [Pd(PPh)4], EtsB? THF rt 6

2 96 [Pd(PPhb)4], EtsB? THF 50 33

3 152 [Pd(PPB)4], EtsB? THF 50 31

4 160 [Pcx(dbay], P(2furyl)s® (CH.Cl)2 rt

5e 96 [Pd(PPhb)4], EtsB? THF 50  67(86 brsm

Unless otherwise stated, all reactions were performed onO.lBmmol scale
3Pd(PPh)4] (5.0 mol%), EtB (3.6 equiv.). [Pdx(dba}] (5.0 mol%), P(2furyl)s (10 mol%).
‘Reaction scale of 1.0 mmol.

Notably, the (E)-indolenine productl64 was obtainedin all cases indicating that the
nucleophilic attack tdoccurred to thanti “ -allylpalladiumcomplex™’” This suppordour
hypothesis that the sanaati " -allylpalladiumcomplex would bereferentiallyformed from
either the E)-linear allylic substraté or branched allylic substrai(Schemes0).

Since full conversion of the tryptamine derivati®é was not observed under any of these
conditions (Table 8), optimisation through varying the equivalents of the reagents was
attempted(Table 9). The ratio of the boranadditive to the combined equivalents of the
tryptamine derivativéd4 and the allylicalcohol 96 was maintainedat 1.21.0. Increasing or
decreasindghe equivalents of the allylialkylation substrate6 resulted in lower yields, even
with prolonged reaction timed éble 9, entries 2 and 3). Therefore, 2.0 equivalents of the
allylic alcohol96 wasfound to beoptimal. Reducing the relative equivalents of therane
additiveled to a lower yieldTable9, entry 4).When he reactiorwas performeaen a larger

scale, the indolenine produt®4 was obtainedh areduced yieldTable9, entry5).
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Table9. Optimisation ofeagent equivalesin the allylic substitution reaction.

O OH

a8

(%)-96
(varying eq.) Cl

Cl [Pd(PPhs),] (5.0 mol%) <
Boc varying eq.
\N—/_/ Et3l‘?’l-(|F, 50°C “ Boo=N
o /
N \ /=o
N
94 (2)-164
Entry 96 (eq.) Et,B (eq.) Time (h)  Scale (mmol) Yield (%)
1 2.0 3.6 15 1.0 67 (86 brsm)
2 4.0 7.2 42 1.4 56 (86 brsm)
3 1.2 24 40 1.2 38 (72 brsm)
4 2.0 24 22 0.63 40 (n.d.brsm)
5 2.0 3.6 22 7.5 43 (54 brsm)

n.d. = not determined.

Upon repetition of the allylic substitutioeaction with the optimal conditions, the indolenine
productl64 was obtained in varying yields. It was proposed thatompetingb-hydride

el i mi nat i oallylpdlladiumm coinglegD could occur $cheme63). The b-hydride
elimination product] was proposed texhibit an enhanced chelating ability the Pdmetal,

due to its additional coordinatirgrbonylgroup*4177:184Thys, effectively deactivating the
Pd-catalyst and inhibiting furtheronversiorof the tryptamine derivative4.18% In an attempt

to circumvent this, the allylic alcoh®6 was added as a diluted solution over 2.5 h to the
reaction mixtue. This was intended to maintain a high relative concentration of the nucleophile
wi t h r es p-allylpaladiusm cdmplexD and thus favour the nucleophilic attack.
Although this was found to give more reproducible yields of the indol@isdull conversion

of the tryptamine derivativ@4 was still not observed. Further addition of the Pd catalyst, also

did not result in full conversion of the tryptamine derivatve

The proposed catalytic cycle for the allylic substitution reaction shows thealeabdf the
borane additive BRs (Scheme63). First, one equivalent othe borane @ordinaes to the
hydroxy group in the allyt alcohol 96, activaing the allylic alkylation substrate96 to
oxidative additionby Pd? into the allylic Q O bond™*”1 Second another equivalent of the

boranecoordinaesto thenitrogen atom of the indolderivative givng intermediatdes, in which
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the acidity of the Nilhydrogen atomis significantly increaseld®®¥ Deprotonation of
intermediate E by the [EtsBOH]' complex then affords the activated nucleophile:
N-indolyltrialkylborate F.'84 The coordination of the borane to the indolzagen atom is
also proposed to be key to the chemoselectivity of the readhomigh supressingthe
competingN-alkylation*4>184 Furthermore the formationof this Lewis acidbase complex
i ncr e asecleophilibitg of thendole derivativd**®! Regioselective ucleophilic attack
of the bulky N-indolyltrialkylborate F to the least substituted allyl terminus of thati
“-allylpalladium comple)® thenaffordsthe E)-linear substituted produ@, which is released

upon decomplexation

o ®
HJIZ.BR3
(0] (@) R.B (0] OH
)J\(\ © s
-
Nu Pd(o)'—n Activation
H A B 96

Decomplexation Coordination

R R
0 \ H® BR,
- y\ — €) 0 0@
"‘-P 4O N N, )H(K
n 4+ H H BR
Nu RyB 3 .I...pd(0)|_n

N

Nucleophilic
Attack

—

1
OBR,4
lonisation

F
o RsBOH]™ i i
[R3 ] )kp/i§ )Hr/\,\ [R3BOH,]
EN b "
1ePdOL, [ -[RsBOH,] '53 ko] p-Hydride ' l(DDd 5
I D

Elimination
J

Scheme63. Proposed catalytic cycle with allylialcohol 96 and a 3-substitited indole

derivative.

3.4.2 EnantioselectiveAllylic Substitution Reaction

We then attempted to render the key allylic substitution reaction enantioselective by applying
chiral ligands. We were initially drawn to thelatedsystem reported by Trost and-workers

in which the (§SS-DACH-anthracene ligand.5 was applied with 3substitutedindole
derivatives and allyl alcohol87) (Scheme22 on page3l). It was reported thathe
DACH-anthracene ligandL5 gave the highest enantioselectivitiesn preliminary
experiment$®® At the outsetof the enantioselective studies, we did not have the
DACH-anthracene ligand L5, but instead the (S9-DACH-phenyl L3 and
(S9-DACH-naphthyl L4 ligands. A test reaction was first performedetween allyl
alcohol(87), as themodelallylic substrataeported by Trost and esorkers and tryptamine
derivative94, to investigate théeasibility of the tryptamine derivative4 as the nucleophile
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under these condition$S¢heme64). The indoleninel64 was obtained in near quantitative
yield, albeit with low enantioselectivity.

87 (3.0 eq.)
[Pdy(dba)3*CHCI3] (3.7 mol%) Cl P L L CEEEEEELEEEEEL LD .

. (S,5)-L4 (10 mol%) 0 )

Boc _/_/ Et3B (1.3 eq.) ! N ‘o :

\ CH,Cly, 1t, 2 h : :

N 272 - Boc—N H O H H O :

> : PPh, Ph,P :

\ 98% : (S,S)-L4 5

. [23 mg] _ N . :
H

e.r. 67:33

94 ()-162

Schemés4. Testenantioselectivallylic substitution reaction between tryptamine derivafide

and allyl alcohol 87).

Theallylic alcohol96 was then useih the enantioselective allylgubstitutiorreaction Table

10). The conditions as reported by Trost anewarkerswith 1.1 equivalents of the borane,
Et:B, at room temperatutaut with the(SS-DACH-phenylL 3 and(SS)-DACH-naphthylL 4

Trost ligandswere initially applied Table10, entries 1 and 2}However,no formation of the
indolenine productilé4 was observedfter prolonged reaction time, increasing the borane
equivalents nor upon heating the reaction to 35 FRerefore, alternative ligands were
screened(+)-2,2-bis(diphenylphosphine},-binaphthyl (BINAP) (£)-L 12 was chosenas a
bidentatediphosphine ligad that served as donor ligand fopromotionof the oxidation
addition step and with the potential to render the reaction enantioselective through the use of
the enantiopureligand L12.**Y No formation of the indolenind64 was observed upon
performing the reaction at room temperature nor upon heating at(@ab@10, entry 3).The
Carreira phosphoramidite olefin liganR){L 2 was therselected as a chiral phosphoramidite
olefin ligand[*8¥l As hemilabile chiral phosphoramidite olefin ligands have been employed in
allylic substitution reactionswvith 3-substituted indolederivatives and activated allylic
substrates under Rehtalysi€’°® and under hcatalysidi® Again, no formation of the
indolenine164 was observed upon performing the reaction at room temperature nor upon
heatingo 50 °C(Tablel0, entry 4. Notably, the reactions with the ()12and R)-L 2 ligands

were performed in THF, as this allowed for heating to 5Q &€ in the optimised
nonstereoselective conditionsndasthe nonstereoselective allylic substitutioeactiors had

been performed in THF.

75



Results and Discussion

Table 10. Optimisation of reaction conditions for the enantioselective allylic substitution of

allylic alcohol96 with tryptamine derivativé4.

O OH

28 5 e |

Cl (%)-96 (2.0 eq.) (\/\/\/
Boc\N_/—/ [Pd,(dba)s] (2.5 mol%) Boc—N

ligand (7.5 mol%), borane 3 6 eq
Q_g_/ Q%\ﬁ i 9-BBN-octyl (165) !
N5 U S N2 SR

H

94 164
3O 8 0F
L / U O (oN :
LN N “ . N PPh, o’P_N :
: H H PPh, :
' PPh, Ph,P PP th O O :
; (S.5)-L3 = Ph :
: (S,S)-L4 = Naph (S,S)-L5 (£)-L12 (R)-L2 '

Entry Ligand Borane Solvent T (°C) Time (h) Yield (%) e.r.[R:S)
1*  (S9-L3  EtB  CHLCI, rtto35 71
®  (S9-L4 EtB  CHCL rtto35 71

3P (#)-L12 EtB THF rt to 50 18

&£  (R-L2 EtB THF  rtto 50 23

5d (S9-L3 E B THF 50 4 8 49 26: 7

60 (S9-L4  EtB THF 50 48 23 19:81

7 (S9-L3 16 THF 50 15 22 14:86
(S9-L3 16 THF rt 15 37 9:91
(S9-L3 16 THF 4 15 18 30:70

10¢ (§9-L3 16 THF rt 15 23 18:82

11° (. S9-L3 16 THF rt 15 25 14:86

12 ( R)-L3 16 THF rt 15 12 56:44

13 (S9-L3 16  CHCl rt 15 0 '

14  ( R)-L3 16 PhMe 1t 15 0

15 ( R-L3 16 THF rt 24 36 90:10

16  (S9-L5 16 THF rt 15 26 37:63

17" ( R)-L3 16 THF rt 15 42 91:9
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Unless stated otherwise, all reactions were performed on a 0.1 mmoP&gass (3.0 eq.),
EtsB in THF (3.3 eq.)”(2)-L 12 (5.0 mol%),EtsB in THF (2.4 eq.).[Pdx(dba}] (5.0 mol%),
(R)-L 2 (10 mol%), EtsB in THF (2.4 eq.) Additional (+)-96 (2.0 eq.)were added after 15 h.
®(+)-96 (4.0eq.)./(+)-96 (1.5eq). 9 R)-L3(15 mol%) andPd(dba)] (5 mol%). "Reaction

scale oft.0mmol.

The conditions inspired by Trost andworkers when again tested but with THF as the solvent
in place of CHCI.®® To our surprise, the enantioenriched indolenine prodédt was
obtained(Table 10, entries 5 and 6)After 15 h, incomplete conversion of the tryptamine
derivative94 but nearcomplete conversioaf the allylicalcohol96 was observed. Therefore,
an additional 2.0 equivais of the allylicalcohol96 wereaddedto each reactiorF-rom TLC
analysis of the reaction mixture directly after the second addition of the allgtibol96 and

31 h later, ndurther conversion of théryptamine derivativ®4 nor of the allylic alcotol 96
was observeddowever, it is worth noting thatLC analysis is only gualitative measurement
of reaction progressAlthough Trost and cavorkers reported formation of the indolenine
productin their related systenm comparable yields in solventshet than CHCI», including
THF, they reported that nerpordinating solvents such as PhMe andClkigave the best
enantioselectivitie8®! It was proposed that coordinating solvents, such as, TH&y
competitivelycoordinateto the borane additive and thus disrtip¢ formation of the Lewis
acid-base complex between the borane additive and the indole nitrogeH&tevhich isnot
only essential for the chemand stereoselectivity of the reactidhi*>184 put also for
promotingthe readbn through increasing the-nucleophilicity of theindole derivatives'#!
With noncoordinating solvents such as &Hp, this competitive coordinatiometween the
solvent and the boraneould not be preserdt®”! Since the indolenin&64 was obtained in
comparable enantiomeric ratios (e.r.) with DACH-phenylL3 and DACH-naphthyl L4
Trost ligands, but in a higher yield with the DAGHHenylL 3 ligand, ligandL 3 was taken
forward in the optimisation studies, due to difficulties previously encountered in yield

optimisation when performing the reaction rgiereoselectively.

In their related system, Trost andworkers had reported that increasing the steric bulk of the
borane additive from EB to 9BBN-hexyl (89 had resulted in an enhanced
enantioselectivity?® This was also observed in our systeas replacing Et:B with
9-BBN-octyl (1 6) led to an increased enantioselectivityt a reduced yield Table 10,
entry7).
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Trost and ceworkers had initially performed their related allylic substitution reaction at room
temperature and reported that performing the reaction & 4esultedin an increased
enantioselectivity?® While in our systemlowering the temperaturfom 50 °C to room
temperature was found to increase both the enantioselectivity and yield, further coéli@y to
was shown to be detrimental with respecbth the yield and enantioselectivitydble 10,
entries 8 and )@ Sincetheallylic alcohol96 forms an unsymmetrically substituted allyl ligand
upon ionisation $cheme60 on page65), the allyl plane isa stereogenic element in the
d3-" -allylpalladium complex whichexissas enantiomers in the presence of an achiral ligand
(C in Figure6 on page20).[**Y However when a chiral ligand, such as B¥%CH-phenylL 3
Trost ligand is applied therthe " -allylpalladiumcomple)esexist as diastereomerandll in
Scheme65. Out of the potential enantiodiscriminating methods inc&@lysed allylic
substitution reactions, it wasitially proposed that mechanism D was present in our system
(Schemél7 on page2d). In which therate of interconversion between tineo diastereomeric
“-allylpalladium complexesv i a 3tdhd@ isodperisation is faster than the rate of the
nucleophilic attack!®! The asymretric induction canthen be under kinetic control and
determined from the different rates of the nucleophilic attack to the two diastereomeric
“-allylpalladiumcomplexesor when the rates of nucleophilic attack are approximately equal
then the asymmetriaduction can be under thermodynamic control. In which, the equilibrium
di stributi on o talylpdiasiundcongplexedeteenmesehe stereoselectivity
of the reactior:*® In our system, the allylialcohol96was employed as a racemate. Therefore,
the diastereomerianti " -allylpalladium complexe$ and Il were initially formed in equal
amount s. H o wel'vd® isgmerisatiolo the djstribution of the diastereomeric
complexed andll varies from thanitial 50:50 ratio, due to either kinetic or thermodynamic
control. Upon cooling the reaction from %0 to room temperature, it was proposed that the
rate of the nucleophilic att adi4d isoneedsatidnecr e as
Henceal | owi ng t he -alyipadaitine complered and t to ‘equilibratevia
d3-d*-d* isomerisation, prioto nucleophilic attack, thugsulting in a higher enantioselectivity.
Whereas upon further cool i ng3dedfisomdrisationwas ct i on
proposed to be slowed relative to the rate of the nucleophilic afthekdore the nucleophilic
attackwouldoccur bef or e t-diypallddiua somgeaxesandilewereable to
equilibrate via the d>-d*-d® isomerisation, hencéecreasingthe enantioselectivity of the
reaction’” While this could explain # difference in the enantioselectivity of the reaction
when the stereocentre would be generatetherelectrophilic allylic substratéor example if

the branched substituted produttin Schemes5 would be formed; at this stage it is unclear
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how thetemperaturelependentelative rates of th¢®-d*-d° isomerisation and the nucleophilic
attack would affect the enantioselectivity of the reaction, when the stereocentre is generated on
the prochiral nucleophiée as is the case in our system. In which the quaternary stereocentre is
constructedht the 3position of thenucleophilicindole derivative. It was therefore revisibet
mechanism E isn fact the enantiodiscriminatingnechanismn our system $chemel?7 on
page23). In this mechanism, the stereoselectivity of the reaction is determined from which
enantiotopic face of the prochiral nucleophile undergties nucleophile attackWhile
temperature variation could account for the difference in the relative rates df-the®
isomerisation and the nucleophilic attack, it remains unclear how it would affect the facial
selectivity of the nucleophilic attackrom the prochiral nucleophile and hence the

enantioselectivity of our system.

borane
—_—
)J\[H\ o - pg l n37nlin3

v
(E)-linear substituted product

Scheme65. Wall-andflap model of theanti diastereomeric -allylpalladium complexes
andll with the (RR)-Trost ligands and allylic alcohol 96. The analogoudess favoured

syncomplexes are not shown.

Varying the equivalents of the allylatcohol96 from the previously optimised 2€quivalents

was found to decrease both the yield améntioselectivity Table 10, entries 10 and 11).
Doubling the catalyst and ligand loading significantly decreased the vyield and
enantioselectivityTable 10, entry R). This wasinitially believedto be due to nucleophilic
attack from the P& complexes to the diastereomeriallylpalladium complegs, effectively
resulting in @ isomerisatiorof the " -allylpalladium complegs Schemel5o0n page22) 111134
Whenthe faes of the allyl ligand n  tahlykpalladium complexesre enantiotopic then
nucleophilic attack to the different faces results inghiestitutedoroduct being obtained as

79



Results and Discussion

enantiomersand consequently affects tapanticelectivity of the reactiaR*Y! Notably, this
isomerisation can be mitigated by using lowddalyst loadings and is generally assumed to
be slower than the nucleophilic attack to thallylpalladium compleX'l However, it is
unclear how the isomerisation of thediastereomeric”-allylpalladium complegs by
nucleophilic attack from the B complexes would affect which enantiotopic face of the
prochiral n u c | altylpaladiimeconaplex, therebysinducingethe asymnuetri

induction in this reaction.

The use of CECl2 and PhMe as neooordinating solvents with the optimised conditions
resulted in no formation of the desired indolerii6é (Table10, entries 12 and }3Extending

the reaction timef the optimised condition® 24 h was shown to have smnificanteffect

on the yield nor on the enantioselectivityTable 10, entry B). Further supporting the
hypothesis thatthe Rdat al yst i s dhydidetelimnationeududt (Echénfree b
63). Switching to theDACH-anthraceneTrost ligandL5, which was reported to give the
highest enantioselectivities for the related system reported by Trost -anatkers®® led to

a diminished vyield andenantioselectivity(Table 10, entry 16). Finally, the optimised
enantioselective conditions were shown to be scalable with the indolErabtained ina

reasonablgield of 42%with high enantioselectivity (e.81:9) (Tablel0, entry 7).

The gtimisation of the enantioselective allylic substitution reaction wdislly performed
with the §9)-configuredTrostligands. However, to synthesise {@9pidospermidinelf we
switched to the (RR)-configured ligand, (RR)-L3, based on extrapolation of the
stereochemical results reported by Trost anevotkersl®® As when the (S)-L5 ligandwas
applied in the related system of Trost andwawkers, the indolenine products from
nucleophilic attack bthe Siface of the prochiral nucleophitet h ellylpalladium complex
were obtainedTherefore, upon extrapolating these stereochemical results to our system it was
expected that by switching from th§%)- to the R R)-configured Trost ligands, thdhe
nucleophilic attack would then come from tRe face of the prochiral nucleophild.o
synthesise (+aspidospermidinelf, the nucleophilic attack should come from Reface of
the prochirahucleophile Therefore, we switched to tliR,R)-configured ligand, R R)-L 3 to
synthesise the natural enantiomer of aspidospermidjnéi¢wever, pon completion of the
synthesisof ( T-aspidospermidinel], the enantiomer of the natural produas obtained.
Therefore, it was determined that using @RgR)-configured ligands iour allylic substitution

reactiongave R)-indoleninel64, from nucleophilic attackof the Si face of the prochiral

80



Results and Discussion

nucleophile Therefore, it was not possible to extrapolate the stereochemical results from Trost

and ceworkersto our systent’®

Trost and ceworkers had reported that the products obtained from the allylic substitution
reaction wih cyclohexenyl carbonatesd 2substituted estaryclohexenyl carbonatésd the
opposite absolute stereochemistf.1 n  talykpalladium complex, the-position of the

allyl ligand normally cants away from the Pd metal. However, when there is a coordinating
group at the osition, for example an ester gm this group is proposed to coordinate to the
Pd metal, t hus c halyhligand This tvduld then aesutt in @ dwitch ih the
facial sel e-alyl ligand toythe mdcleophhice attacdk*1"7 1841 |t was initially
thought that this could explain the switch in enantioselectivity in our system to that reported
by Trost and cavorkers, as the allylic alkylation subate 96 employed in our system has a
coordinating ketone at thegbsition which is absent in tlalyl alcohol(87) used by Trost and
co-workerst® While this could explain the switch in the enantioselectivity of the allylic
substitution reaction when the stereocemtr@uld be createdon the electrophilic allylic
substratd as in the example with tleyclohexenyl carbonatésat this stage it is unclear how

t his change i rallyltlijaed wowdnswitchowhichtehastiotopic face of the
prochiral nucl eatlyligant and herice revesktte canflywation of the

stereocentre generated on the nucleofhds is the case in our system.

It was proposed thatybapplying the walandflap model for the Trost ligands to our system,
the enantiotopic facial selectivity ofamucleophilic attack and hence the enantioselectivity

of the allylic substitution reactiéncould be explained=rom which it was determined that
there are four different possible approaches of the pro®iradolyltrialkylboratenucleophile

t o tallyfpalladium complex $cheme66). It was thought that approach would be
disfavoured due to steric repulsion between the phenyl ring of the nucleophile and thedtfront
wall of the Trost ligand®! With sterically bulky borane additives in the
N-indolyltrialkylborate it was believed that steric repulsion between the borane additive and
back right wall of the Trost ligand would disfavour approachesdd. Therefore, it was
proposed that approathwould be the least disfavoured, in which S8i¢ace of the prochiral
nucl eophi | ealykpdlddianc cosplex dne gives th&)(indolenine produci64.
While this model could account for the enantioselectivity obtained in our allylic substitution
reaction; this alone still does not explain vihg opposite stereochemistry was obtained in our
system as would be expected from extrapolation of the results reported by Trost and

co-workers!® Notably, when we applied th&§)-configured Trost ligands, the formation of
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the ©-indoleninel64 was favoured {able 10, entries 8 and5). Therefore, in our system
switching between the enantiomers of the Trost ligawdiched the enantioselectivity of the
allylic substitution reactiorby switching which enantiotopic face of the prochiral nucleophile
attacked thé-allylpalladium compgx. It remains unclear how applying tfRR R)-Trost ligands

in our systenand the §S)-Trost ligands in the related system reported by Trost awbeckers

bothresulted in nucleophilic attack from tB&face of the prochiral indole nucleophiles.

b)

l Si face

(R)-164 (S)-164

Scheme66. Possible approaches of the prochi¥aindolyltrialkylborate nucleophile to the
“-allylpalladium  complex with the RR)-configured Trost Iligand. Where
R = (CH.).NBoc(CH)sCl and thereforéas lowest priority upon assignmenR#andSifaces
of the prochiraN-indolyltrialkylboratenucleophile

It was proposed thalhé¢ wall-andflap model of the Trost liganduldalsobe used to explain

the regioselectivity obur systen(Schemes5). Upon ionisatiorof the allylicalcohol96, two
diastereomericanti " -allylpalladium complegs with the keto group at the -@osition
coordinating to the Pdhetal are generatedt!417"1841These diastereomericallylpalladium
complexes can interconvert via ttef-d*-d® isomerisation Complex| is thermodynamically
favoured as the methyl substituent is located close to the flap, as oppbssutigthe wall as

in complexll . However, thdocation of themethyl substituenin the frontright quadrantn
complex| may impede thesxo approach of he nucleophile under this flaglthough in
complexll thelocation of the methyl substituent beside the wall may result in unfavourable
steric interactionsthere is less steric hinderance to e approach of the nucleophile.

Therefore, complex! is kinetically favoured. Since the methyl group is a relatively small

82



Results and Discussion

substituent, it was proposed that the steric interactions in coriplearenot significant and

that the regioselectivity of the allylic substitutiaras instead under kinetic control, which
steric hinderance to thexo nucleophilic attaclwasthe determining factofTherefore, less
steric hinderance to the nucleophilic attamkcomplex|l, results in a faster rate dhe
nucleophilic attack to this complex @rthe linear substitutedrgduct IV is preferentially
formed over the branched produdit , which would result frormucleophilic attack to the
thermodynamic complek While this model ould explain the obtaiedregioselectivity of the
allylic substitution when applying the chird@fost ligands, it is worth noting that the linear
substituted produdty was also obtained when the achiral triphenylphosphine ligands were
used.Therefore, it is proposed that the regioselectivity of the allylic substitution reaction was
rather controlledby the attack of the soft, bulky-indolyltrialkylboratenucleophile to the least
substituted al |-aflylpalladiern complex,sto givé théndaresubstituted
productl164.
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3.5 Mannich Reaction

With the key Pecatalysed enantioselective allylic substitution successfully performed, we
turned our attention to the next steps in the synthetic rimateleninel64 was cyclised tdhe
cis-fused tricycle 166 in a high yield of 83% using-BuOK (Scheme67a). Applying
1,8-diazabicyclo[5.4.0]lunde@-ene (DBU) as the base resulted in no conversion of the
indoleninel64. Whereas usingjiHMDS gavethe tricycle166 in a much lower yield of 18%
along with side products with lower; Ralues,presumablyfrom elimination of the primary
chloride via an E2 mechanistdpon construction of the C ririg tricycle 166 a [4.3.0] fused
bicyclic system was formehown in red irSchemes7a), for which cis stereochemistrys
more stablé!®”! Furthermore, fom analysis of the NOESY spectrum toicycle 166, the
strongestNOE correlations were observed betweehditd HLO and between H2 andH11,
which indicatecthe expectedis stereochemistrjpetweenH2 and the alkyl chain at C3 and
hence the formation of theis-fused tricycle166 (Scheme67b). Thus the C ring was
established in highly diastereoselective intramolecular Mannich reaction

We were interested to see if the allylic substitution and Mannich reaction could be performed
as a ongot process, in whict-BuOK would be added after observed formation of the
indolenine produciié4 by TLC analysisafter 15 h.This wasshownto be successfukhen
performing the allylic substitution reaction both r&tereoselectiy and enantioselectively
(Scheme67c). However,the tricycle166 was obtained in a higher yield when the allylic
substitution and Mannich reaction were performed separakblg. allylic substitutbon and
cyclisation sequence between tryptamine deriva@i¥end allylic alcohol 96 installed two

vicinal stereocentresf aspidospermidin€lj. In addition, it is worth noting that this approach
offers a fairly general and straightforward access diensely functionalised chiral
hexahydracarbazoles from simple -Qubstituted indole derivatives and MoriBaylisi

Hillman adducts.
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a) cl cl i b)

t-BuOK (1.7 eq.) ;
—78°C,1h _ :
Boc—N Boc—N :

> H 10

Y% 83% 7 11{

d.r. >20:1 :

P 0 © \2

N NH § H

164 166 : 166

°) to (+)-164: cl K
cl [Pd(PPh3)l (5 mol%)
Boc, _/—/ Et;B (3.6 eq.) t-BUOK (6.0 eq.)
N O OH THF, 50 °C, 15 h ~78°C,1h Boc—N

(R,R)-L3 (7.5 mol%)

" - Boc—N
Q_g_/ to (-)-164: y Y,
N [Pdy(dba)s] (2.5 mol%)
H P o ©

9-BBN-octyl (3.6 eq.) N H
THF, it, 15 h H
94 (£)-96 164 (£)-166 48% (68% brsm), d.r. >20:1
(2.0 eq.) — — (-)-166 19%, d.r. >20:1

Schemes7. Synthesis ofricycle 166: a) Mannich reaction from irdeninel164, with [4.3.0]
cis-fused bicyclic system shown in rel) onepot allylic substitution and Mannich reaction

sequencérom tryptamine derivativé4,; c) StrongesNOE correlations observed from analysis

of the NOESY spectrum aficycle 166.
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3.6 Exo-to-Endo Double Bond Migration

The ensuing exoto-endo doublebond migration presented a significant challengéth

reported methods for directxoto-endo enone double bond migratiobeing scarce
Wakamatsu and eworkersreportedu s i ng Wi datklystilé7p fR&GGE(PPh)s], and
substoichiometric triethylsilandor theexoto-endod oub |l e b on d -athkylidemeat i on
cyclic carbonyl compound§Scheme68a). Notably, whensuperstoichiometritriethylsilane

was used, the corresponding hydrogenatedpoundvas obtaineés themajorproduct This
transformation was proposed to occur viahydrosilylationrdehydrosilylation sequence
(Schemeb8b). Oxidative additive ofriethylsilanet o Wi | k i n s(167) Gegeratethe a |l y st
activecomplexl. Hydrosilylation ofexaenonédl with complex| gives silyl enol ethelrV, via
intermediatd Il . This system is in equilibrium andh&n the concentration of #iH is low,

the equilibriumpositionshifts tofavour regeneration of E3iH. Therefore, dehydrosilstion

of silyl enol ethetV via intermediatéll occurs. Cruciallyupon formation of intermediatd ,

the dehydrosilylationcan occutby either elimination oH to regenerate thexacenonell or

with elimination ofH to form thethermodynamically favoureendeenoneV 1%
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a)
[RhCI(PPhg)3] (3.0 mol%)
Et;SiH (7.0 mol%)
0o PhMe, reflux, 14 h o

B X - X
~C s7-0u% )
X =0, (CHy),
b) Et,SiH
+
PhgPs__WPPhs
RH
cl”  PPh,
/ 167 \\\\
SiEty SiEts
PhsPu | WH Phap,,\RIh&\H
c1” | “Pph, c1” | >pph
3 3
o
(¢} I H[Rh] I H 0]
- X -
< R <
~Cr O

m
[Rh] = [RhSIEt;CI(PPhj),]

|

y  OSiEty

2
R X

v

Scheme68. Exoto-endo double bond migration reported by Wakamatsu andvaidkers
a)wi t -hlkylidene cyclic carbonyl compounds; b) proposed mechanism thereof, adapted

from [199],

When theseonditions were applied &xoenonel66, no conversion was observEhblell,

entry 1). It washoughtthat the active compldxmay betoo sterically demandintp coordinate
to the double bond iexaenonel66. However, pon increasing thiwadingof the EtsSiH, the
hydrogenated sidproduct169 was obtaineqTable 11, entry 2), which suggestdtat the
active canplex | was able tacoordinateto the double bond iexcenonel66. It wasthen
thoughtthatcompetingcoordination of the indoline nitrogen atomeroenonel66 to the Rh
centre in the active compléxcould be problematicTherefore, the indoline nitrogen atom
exaenonel6t was Boeprotected to gividN-Boc exaenonel70, which waghensubmittedto

thedoublebond migratiorreaction(Table11, entry 3. Unfortunatelyno reactioroccured.
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Tablell Screeningf conditionsfor the Rh-catalysedxoto-endodouble bond migration.

Cl Cl Cl
Boc—N PhMe, reflux Boc—N ! Boc—N
X ; :
Y%
°© O 6 o i o
R H N H E N H
Boc,0 (2.3 eq.) (#)-166R=H (¥)-168 L (9169 ‘
THF, reflux,37h | T
%% L #)170R=Boc

Entry Exo-enone  Reagents (mol%) Time (h) Scale( € mc Result (%)
[ Rh CI) PR

1 166 _ 4 50 no reaction
EfSi H (8
[ Rh Cl){ PR 169 (36,
2 166 _ 20 140
EfSi H (5 d.r. 1.2:1.0)
Rh CIl) PR
3 170 [ PR 4 42 no reaction
EfSi H (8

A multi-step redox strategy for thexoto-endodouble bond migration was therefore sought
A hydrogenatiordehydrogenation sequene&s initially investigatedHydrogenation of the
exaenonel66 with Pd/C under a hydrogen atmospheetivered the saturated ketoh@& in
a yield of88% Schemes9). Dehydrogenation methods cyclic ketores to enonesypically
require multistep sequences or the stoichiometric use of reag&hor this reasorwe were
initially drawn to a catalytic direct dehydrogenation methodf cyclic ketonesto the
corresponding enonesderPd"-catalysisas reported by Stahl and Dig®cheme70a).[*%%
The optimised reaction conditionsedacetic acid as the solvent. Undeeseacidic conditions,
Boc-deprotection would have been expected witle saturated ketone69. Although,
Boc-deprotection was required for tlsebsequenazaMichael addition,milder conditions
with [Pd(OAc}] in DMSO at 80 °C under an oxygen atmospheese initially applied
(conditions a inScheme69). As Stahl and Diao reported thttese conditionglsogavethe
dehydrogenated produt®5, albeit in a lower yieldconditions b irSchemer0a). Under these
conditions, complete conversion of teaturated keton&69 was observedbut the desired
product168 was not obtained/e were then attracted t@mditionsreported by Wang and
co-workers(Schemer0b). In which [Pd(OAc)] andstoichiometrictrifluoracetic acid (TFA)

were usedin DMSO[8® These conditions had been employed in the total synthesis of
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penicibilaenes\ and B, in which performing theeaction at 60 °C instead of 80 °C was found
to give the dehydrogenated prodti80in higher yield(Schemer0c).*%? Upon applyinghese
conditionsat 60 °Cwith saturated keton&69, decomposition was observécbnditionsb in
Schemes9).

Cl
a) [Pd(OAc),] (33 mol%) <
0O,, DMSO, 60 °C, 20 h Boc—N

cl C| b) [Pd(OAC),] (30 mol%)

TFA (1.4 eq.), O, O
DMSO, 60 °C, 20 h
Pd/C (10 Wt.%), Hy
MeOH i, 24 h

Boc—N Boc-N
— (i)-168
88% cl
d.r. 2:0:1:0
IBX (2.0 eq.)
PhMe:DMSO (2:1)
75°C,1h Boc—N
(t)-1 66 (t)—1 69 >
24%
d.r. 7.0:1.0
Boc,0 (1.9 eq.) (0]
THF, reflux, 17 h N
84% H
d.r. 2:0:1:0 (i)-171
CI Cl
IBX (2.0 eq.)
PhMe:DMSO (2:1)
Boc—N 75 °C, 21 h Boc—N
Qﬁcf ok
N H
Boc
(i)-1 72 (¥)-173

Schemes9. Attempted lydrogenatiordehydrogenation sequersdeom excenonel66.
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a) a) [Pd(TFA),] (5.0 mol%)

Q DMSO (10 mol%), O, (1 atm) Q OH
AcOH, 80°C,12h
+
b) [Pd(OAc),] (5.0 mol%)

+Bu 0, (1 atm), 80 °C, 12 h +Bu +Bu

174 175 176
a)91% a) 8%
b) 63% b) 14%

b) [Pd(OAc),] (5.0 mol%)
o TFA (1.0 eq.), O, (1 atm) o

DMSO, 80°C,12h
- =
78%

177 178
c) [Pd(OACc),] (30 mol%)
TFA (1.0 eq.), O, (1 atm)
DMSO, 24 h
Me a) 60 °C Me
b) 80 °C
a) 38% (45% brsm)
o b) 32% (46% brsm) o
179 180

Scheme70. Direct Pd"-catalysed dehydrogenatianethods of cyclic ketones to enones
a) reported by Stahl and emorkerst*®! b) reported by Wang and weorkerst€® ¢) employed

in the total synthesis ofgmicibilaenes and B9

Alternative dehydrogenation conditions were therefore sodyjbblaou and ceworkershad
reported adirect dehydrogenation method ofrbonyl compounds$o the corresponding
U ,-umsaturated compoundssing 2-iodoxybenzoicacid (IBX) (183) as astoichiometric
oxidant Notably, b i s met hod wa s r epor tsatitutboro and sub st
nitrogencontaining functional groupsS¢heme71).1%1 When saturated keton&69 was
submitted to these conditionsthe undesiredl but thermodynamically favouréd
regioisomeic endeenonel7l was obtained§cheme69). During this reaction there was a
significant change in the diastereomeric ratio from 2.0:1.0 in the starting maé8rial7.0:1.0

in the productl7l. This was proposedo be due toan enolisation ofeither the saturated
ketonel69 or theendeenonel 71 by the acidic IBX(183).[**4 TheN-Boc saturated ketorfer2
was synthesised to withdraw electron density from the indoline nitrogentatdisfavourthe
formation of the thermodynamendaenone regioisomet71. Interestingly, when th&l-Boc
saturated keton&72 was submitted to #h IBX-mediated dehydrogenation conditiptisere

wasno conversion
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IBX (2.0 eq.) !
o PhMe:DMSO (2:1) o ; %, O
75°C, 4 h ;©:\<\O ;
O)‘\ - O)‘\ ; { é
181 182 L Bx(183) |

Scheme71. IBX-mediated dehydrogenation carbonylcompounds to the corresponding

U ,-umsaturated compoundsreported by Nicolaou and aegorkers(*%!

An ionic mechanism(Schemer2a) wasoriginally proposed for the IBXnediated Nicolaou
oxidation; however, due tmechanisticinvestigations of other IBXnediated reactionat
elevated temperatura singleelectron trangr (SET) mechanism was then proposed to be
morelikely (Scheme&’2b). Thiswassuypported bya ringopening radical clock experiment with
a b-cyclopropylaldehydesubstrateand by a Hammett analysi§.he SEFbased mechanism
shown in Scheme72b was proposed by Nicolaou and-workerst® however, other

mechanistic pathways may be possible.

Scheme72. Proposed mechanisms for the IBXediated dehydrogenation of carbonyl
compounds to t hansaucated ecompoundsdNicolapu dnd Gworkers
a)ionic mechanism; bET-based mechanism. Adapted fré?l.
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Multi-stepdehydrogenatiomethods weréhensought The first thereof waa regioselective
Ussubstitutionof the saturated ketoris9 followed by eliminationFor this, a method for the

d i r engdtoxyldtion of branched cyclic ketoneith nitrosobenzenasreported by List and

co-workers was of intere§t® The proposed mechanism begins with ¢héoroacetic acid

selectively protonating the nitrogen atom of the nitrosobenz&hé¢hereby activating the

oxygen atomof the nitrosobenzento nucleophilicaddition from the thermodynamically

favoured enoll (Schemer3). Thechloraacetate then deprotonates the dhpforming the

U-aminoxy ketondll . The second equivalent of the nitrosobenzene undergoes nucleophilic
addition from t he-amnbxy ketorndl nA sabsequent prdton tramséer U
affords the intermediat®/, whichundergopes NO bond heterol ayglioxy t o af
ketoneV and therans-azoxybenzen¥|. The nitrosobenzene oxidant was therefore proposed

to have a dual role in this transformationt he f i r st equi v-gdsigonof t her €
the ketond through an aminoxylation and the second equivalent reducesitBebbind in

intermediatdV via a heterolytic cleavagt®l

o}
r o)]\ccn3 o}

_H V/-\“
' 0

o} O N.
'L _Ph H Ph
R = R N R |
—~— 1l O’N\Ph
9] aminooxylation
O

1 I} - )J\ m

HO™ CCly

H
]
0 o o 0 N0 :yPh
R 0.8@.ph N
+ N - R "I‘
OH N. N-O bond heterolysis O'~Ph

Schemé& 3. Proposed reaction mechanisnoff r enydtoxyldtion of branched cyclic ketones.

Based upoft®7:198l

It was proposed that this method would regioselectively install a hydroxy group at the branched
U-positionto the ketone in theasurated keton&69 and thata subsequeneliminationwould

then generate thdesiredendeenonel68. However,uponsubmitting saturated ketori€9 to

these conditions, the undesireddcenonel7l was obtained Table 12, entry 1. It was
believedthat the hydroxylatiomsteadoccurred via the kinetadly favouredenol of169, with
subsequent eliminationunder the acidic reaction conditiongiving the undesired

endeenonel7l.
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Table12. Screening of conditions for the regioselectiysubstitution of saturated ketoh9

or from exo-enonel66.

Cl Cl Cl
Boc—N Boc—N conditions Boc—N
OR —K—> N
Y
N H N H N
(£)-169 (%)-166 ()-184 X = OH
d.r. 2.0:1.0 (¥)-185 X = Br
""""" o o o e T
Boc—N Boc—N Ni Boc—N
Br (0]
%
oL L ot of%
(2)-171 (£)-186 (2)-187 ()-188
Starting T Time Scale
Entry _ Reagents (eq.) Solvent Result (%)
Material °C) (h) (emol)
CI,CCOOH (3.3) 171 (24,
1 169 PhMe rt 22 57
PhNO (2.6) d.r. 2:0:1:0
mixture of
80to : ,
2 169 NBS (1.1) CsH:Cl 22 45  dibrominated
reflux a
products
HBr 33 wt.% in unknown
3 166 CH,CI, 0 0.5 46
ACOH( 20 ° ¢ product
30 % HO2 (10)
presumed
4 166 ag. LiOH (0.50 M) MeOH rt 66 47 a
188
(0.10)
30 % HO2 (60)
. unknown
5 166  ag.LiOH (0.50 M) MeOH rt 142 140
products
(0.60)

20bserved by ESMS analysiof the purified materiaPNot possible to determine equivalents

as is a solution.

Conditionsfor regioselectivé}brominationat the branched position were then sougbit this,
condi t i on s -bromirmaton &t thecbraficoed posltion efi2thylcyclohexanone with
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N-bromosuccinimide (NBS) were employé#f! In which, NBS wasa bromine radical source
under heatin&® Appling these conditions with saturated ketdi® resulted in a complex
mixture of dibrominated product3dble 12, entry2). It was assumed that bromination also
occurred at the-positionof the saturated ketori®9 to affordthedibrominated compounigo,
due to stabilisation of the tertiary radicl the 2position by lone pairresonancdrom the
adjacent indoline nitragn atom. In spite of this, the double elimination reaction wib® at

80 °C in DMF was attempted with the complex mixt{¥8 Under these conditions, meaction

was observed.

Methodsf or t he r esghstiusosfiors theekxoenenellds were also investigated.
Treatment of theexoenone 166 with HBr was proposed as an alternative strategy for
regi os ebramnationvae thelbranched positiofable 12, entry 3). However, from
electrospray iorgation mass spectrometry (E®S) analysis of the purified material the
characteristic bromine isotope peak pattern was not obsdngtelad a baspeak that would
correspondo the [M+H] peak of theBoc-deprotecte@xoenonel87 was observed. However
the 'H NMR spectrum of the purifiedhaterial did not match that of the Bdeprotected
exaenonel87, which was obtained under standard Bleprotection conditionsee pagé&95

for the method).

Epoxidation ofexaenonel66 followed by reductive opening of the epdes 183 at the least
substituted position with LiAllwas pr oposed a-Bydraxytatiom $trategy nat i v
(Scheme 74).12012021 Notably, the LiAIHk would dso reduce the ketone in
2,3-epoxyketons 188 to give the vicinal dioll89. Upon performing a test epoxidation reaction

on a small scalé®!two products with lower Rralues than thexoenonel66 were observed,

which were presumed to be the two diastereomertha®,3-epoxyketonel88 (Table 12,

entry4). Additionally, the [M+H] peaks corresponding to the &Boxyketonesl88 were
observedn the ESI spectra of the purified products. From analysis oHIéMR spectra of

both of hie products, the signal of the vinylic hydrogen atom oétteeenonel66 at 6.59 ppm
wasabsenthighlighted in red irSchemer4), and a new signal at 2.20 ppm withiategral of

1 was observed, which could correspond to the hydrogen atom at the least hindered position of
the epoxide irthe 2,3-epoxyketons 188 (highlighted in blue inScheme74). Therefore, the
characterisation data strongly suggested the formation of thep@)3/ketons 183; however,

since thee producs were obtained in small quantgs, full NMR characterisatiorwas not
performed at this stage. Upon repeating the reaction on a larger scale, excess reagents and

prolonged reaction times were required for complete conversion ekthenonel66. Upon
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purification, the two products were only isolated in trace ansoantl theitH NMR spectra
did not match those from when the reaction was performed on a small scale. Due to the
difficulties associated with the scalp of the epoxidation reaction, this strategy was not

further pursued.

Cl Cl Cl

30% H,0, (10 eq.)
aq. LiOH (0.5 M, 0.10 eq.)

Boc—N MeOH, rt, 66 h Boc—N LiAIH, Boc—N
......................... = I
H
yH 32% ° °
d.r. 2.0:1.0
(o) [6.9 mg] o) OH

N N N
HH H H

(£)-166 (£)-188 (£)-189

Schemer4. Proposed epoxidation and reductive epoxigening sequence foegioselective
U-hydroxylationfrom exoenonel 66

An alternative strategy to the desireddeenonel68 from the saturated ketori9, via an
oxidation of thantermediatehermodynamic silyl enol eth@®0was therenvisagedScheme

75). To this end, conditions for the regioselective formation of the thermodynamic silyl enol
ether190 were requiredFor this, conditions reported by Dunogues anewvookers were
applied with the saturated ketoh€9 (conditions a infSchemer5).2%4 No conversion of the
saturated keton®69 was observed at room temperature nor upon heating under rEfius.

a different strategy to the thermodynamic silyl enol ethh®0 was sought. Treatment of the
saturated ketont69 with a substoichiometriqquantityo f L i HMD S shmuldgenétage A C
the correspondingkinetic enolate which upon warming to room temperaturghould then
deprotonate the residual ketah® to give thethermodynamic enolate arrdgenerateghe
ketone169.2%! Subsequentdaition of trimethyisilyl chloride TMSCI, should then yield the
thermodynamic silyl enol ethé©0. However, @ conversion of the saturated ketd&® was

observed under these conditions (conditions $dnemers).

Cl Cl

a) EtzN (1.4 eq.), TMSCI (1.5 eq.), Nal (1.5 eq.)
CH3CN, rt to reflux, 51 h

Boc—N Boc—N
b) LIHMDS (0.70 eq.), THF, =78 °C tort, 1 h
then TMSCI (0.90 eq.), 1t, 17 h
(0] OTMS
N H N H
(£)-169 (£)-190

Scheme75. Unsuccessful anditions for the regioselective formation of tteermodynamic
silyl enol ether190.
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An alternative 1,4hydrosilylation strategy to the thermodynamic silyl eztbler that made use

of the existing double bond in tlexoenonel66 was then proposedhis wasinspiredby a
method reported by Hashimoto andworkers, in which dirhodiuf¥ catalysts were employed
forthe 1,4h y d r o s i | ydursdtuiratech carbdnyl ddmppunds to give the corresponding
silyl enol ethergScheme76). From their studiesgirhodium(ll) tetrakis(perfluorobutyrate),
[Rhz(pfb)s], wasfoundto be the most effective dirhodilfncatalyst in terms of activityDther
dirhodium" catalysts including [RI§OAC)s] were also shown to be effective but reqdise
higher catalyst loading for completion of the reactiofvithin the substrate scope,
(E)-2-ethylidenecyclohexanon€193) was of particular interest as thisesembled the

substructure obur substraté 66.120¢!

a) [Rhy(pfb),] (0.010 mol%), Et3SiH (1.2 eq.)
CH,Cl,, reflux, 1 h
o b) [Rhy(OAc),] (0.10 mol%), Et3SiH (1.2 eq.)
CH,Cl,, reflux, 1 h
@ a) 96%

b) 95%

OTES

191 192
[Rha(pfb)s] (0.010 mol%), Et3SiH (1.2 eq.)
o CH,Cl,, reflux, 30 min OTES
= >
94%
193 194

Schemer6.1,4Hy dr o s i | y lumsaturated cadbdnyl ¢bmfiounds to the corresponding

silyl enolethers, as reported Iashimoto and cavorkers!2%!

The conditions reportebly Hashimoto and cavorkerswith [Rha(OAc)4] as the catalyswvere
initially applied with excenonel66 (Table 13, entry 1). Under these conditions, there was
incomplete conversion axaenonel6s; howevertwo productswith higher R valuesthan
exaenonel66 were observedTheproductwith the highesRs value wagpresumedo be the
desired thermodynamic silyl enol etli&5 andtheintermediatgroductwaspresumedo be
the saturated ketori&9 from hydrolysis of thesilyl enol etherl95. From ESFMS analysisof
the crude product, [M+H]peakscorresponding tthe exaenonel66, thesilyl enol etherl 95
and thesaturated keton&69 were observedAfter purification of the crude product by silica
gel column chromatography, thexcenonel66 and the saturated ketodé&9 were obtained
but notthe silyl enol ethet95. It was thought that the silyl enol etti€35 had decomposeah
the acidic silicagel. Since incomplete conversion of tk&cenonel66 wasobserved under
these conditiondf was proposed that a higher reaction temperature magduogred for full
conversion. Therefore, the solvent was changed taliti®oroethangasit had also been
shown to be an effective solvefdr the 1,4hydrosilylationin the optimisation studies
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performed by Hashimoto and -eeorkersi?°®! When performing the reaction at 40 °C, no
conversion of theexaenonel66 was observed. Upon heating under reflux, the saturated
ketonel69 was observed via TLC analysaasd ESIMS analysis of the crude produdtable

13, entry 2)

It was proposed that coordination of the indoline nitrogen atoexcenonel66 to the Rh
atomin thecatalyst could beroblematidor the reaction. TherefortheN-Boc exaenon€el70

was submitted under the same reaction conditidrable 13, entry 3).Upon performing the
reaction at 40 °C, noonversion was observethe reaction was then heataaderreflux, and

after 4 haproductwith a higher Rvalue that wapresumedo be theN-Bocsilyl enol etherl 96

was observedhowever, incomplete conversion of tNeBoc exaenonel70 was observed
After a further 17 h, newroductswith intermediate Rvalues were observeavhich were
presumedo bethe N-Boc saturated ketorie’2 and theN-Boc silyl etherl97, from hydrolysis

and transfer hydrogenation of theBoc silyl enol etherl96, respectively Furthermore, the
[M+Na]* peaks corresponding to the-Boc silyl enol ether196, the N-Boc saturated
ketonel72and theN-Boc silyl etherl97 were observed in the EBilassspectrum of the crude
product It was then proposethat the reaction should be directly heated to reflux to afford the
N-Boc silyl enol ethef 96, which should then benmediatelyisolated to prevent its hydrolysis
and hydrogenatiarFurthermore, column chromatography should be performed on aluminium
oxide to prevent decomposition of the silyl enol eth®s on silica gel This was employed in
entry 4 inTable13in whichtheN-Boc silyl enol ethet 96 was obtained iahigh yield 0f83%.
Notably, at least Z2quivalents of the ESiH were required for full conversion of tieBoc
exaenonel70. Finally, these conditions were shown to be scalable with a lower catalyst
loading,in which the N-Boc silyl enol ethefl96 obtained in a yield of 82% on a gresnale
(Tablel3, entry 5).
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Table13. Optimisationof reaction conditions for Rbatalysed 1 4ydrosilylation of exaenonesl66 and170.

Cl Cl Cl Cl
[Rhy(OAc),] (varying mol%) f :
Boc—N Et3SiH (varying eq.) Boc—N i Boc—N Boc—N
/ j '
o} O ‘ OTES o] OTES
R H R H R H R H '
166 R=H 195R=H 169 R=H 197 R = Boc
170 R = Boc 196 R = Boc 172 R = Boc )
Catalyst Loading  Et;SiH .
Entry Exo-enone Solvent T (°C) Time (h)  Scale (mmol) Result (%)
(moloe) (eq.)
169 (18%, 23%brsm,
1 166 10 2.4 CH:ClI2 reflux 47 0.050 a
d.r. 1.0:1.0)presumed. 9%
2 166 21 2.3 (CHxCI)2 40 to reflux 30 0.054 169°
3 170 10 1.3 (CHxCI)2  40to reflux 22 0.035 presumed 96:172: 197"
4 170 15 2.6 (CH2CI)2 reflux 1 0.41 196 (83)
5 170 2.5 2.5 (CHCI): reflux 1 3.0 196 (82)

@0bserved by TLC analysendESFMS analysis of the crude product
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A catalytic cycle for theRh"-catalysedselectivel,4hy dr os i | y |-undaturated o f
ketones with monohydrosilanes was proposed by Zheng and Stiaen(er7).2°"! Oxidative
addition of tle monohydrosilandél to the Rh) metall occurs, generating specits. The

U ,-umsaturated ketonk/ coordinateso speciedll t h r o tcgptdinafionof the oxygen
atomt o t he si | i coondinatort of the doolde bond to the Rietal in
intermediateV. Insertion of the carbonyl into the R&i bond results in a rearrangement that
affordsthe silyl enol ethespecies/I. Reductive elimination releases the silyl enol etfiér

and regenerates tlaetive Rn" catalystl 2972081t was proposed that in the method reported

by Hashimoto and cavorkersthe monohydrosilane §3iH also served as a hydride source and
thus reduced the Rhfrom the [RR(OAc)s] complex to the active R# catalyst?°?

H  OSiR3
L,Rh R3SiH
Vil | 1]
Reductive Elimination Oxidative Addition
[
L,Rh  OSiR3
SiR3
LaRhT
"H
1]
\'!
(0]
/\é
. H L
Insertion 1 . Coordination
L,Rh—SiR;3
. v
HEO)
X

Scheme 77. Proposed catalytic cycle for th&h("-catalysed 1,4-hydrosilylation of
U ,-umsaturated ketones with monohydrosilanes by Zheng and Chan. Adaptéd%rom

With the thermodynamic silyl enol eth&66 in hand, he ensuing @&idation reaction was
investigated. ASaegusiato oxidationwas initially envisagedsaegusilto oxidationprotocols
typically use trimethylsilyl (TMS) enol ethers, however triethylsilyl (TES) enol ethers have
also been reportecs substrated'¥2 The conditions originally reported b§aegusaand
co-workers with stoichiometric [Pd(OAg]) were first applied(Table 14, entry 1)?*%1 No
conversion of the silyl enol eth&B6 was observed at room temperature, nor upon heating to
60 °Cl?*0 Saegusand ceworkers hadalsoreported thasubstoichiometrigPd(OAc)] could

be used witl,4-benzoquinon€l198) asa co-oxidantto regeneratthe active P& catalyst?*dl
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Tablel4. Screening ofeaction conditions fahe Saegusito oxidationof silyl enol ethed 96.

cl cl : cl

Boc—N [Pd(OAc),] (varying eq.) Boc—N i Boc—N :
N - ! .
Q{CC ff

N N 198
Béc Béc ' BBC
196 173 : 172
[Pd(OAC)] Reagents Time Scale
Entry Solvent T (°C) Result (%)
(eq) (eq.) (h) (& mc
1.0 ' MeCN rtto60 24 49 no reaction
2 0.67 198(0.57) MeCN rt 23 30 no reaction
196 with
rt to
3 1.7 Na,CO, (1.4) MeCN 75 30 presumed
reflux a
172traces
172 (69,
5 1.2 ' DMSO rtto80 47 75
d.r. 13:1.0)
presumed
6 1.8 O, (Latm) DMSO 80 26 30 ab
172

40bserved by TLC analysi8Observed by ESMS analysis of the crude product

Under these conditionsio conversion of the silyl enol eth&86 was observedTable 14,
entry?2). The addition of base was then tes{&dble14, entry3).?'% This had been reported
to be successfulhen the standard procedurad failed?*” presumably by neutralisation of
the acetic acid formed in the reactié#f! When performing the reaction at room temperature,
no conversion was observed. Upon heating under retthexpresumedaturated keton&72
wasobservedy TLC analysig?!8 However, incomplete conversion of the silyl enol et
was also observed solvent change to DMSO wéssted Table14, entry 5) as this had been
reported forwhen the reaction failed to proceedMeCN.?**! No conversion was observed
when performing the reaction at room temperatline reaction \@sthenheated to 80 °Cas
Larock and ceworkersreportedhat trisubstituted silyl enol ethers that were unreactive at room
temperature underwent conversion at 80?%% Unfortunately the saturated ketoh&2 was
obtained, presumably due to hydrolysis of #ilgl enol etherl96, despitegreat carebeing
taken to perform the reaction under anhydrous conditiéinglly, the Larock modification
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using oxygen as the coxidant was tried Table 14, entry6).?'® However, the presumed

saturated keton&72 was obtained

A Pd"-catalysed oxidation method of silyl enol ethers to the corresponding enones reported
by Corey and cavorkers wagsheninvestigated Crucially the substrate scope included the
Ussubstituted thermodynamic silyl enol ethd99, which regioselectively gave eh
thermodynami@endoeenone200(Schemer8). In this method, the triisopropylsilyl (TIPS) enol

ethers were employed due to their stability under the basic reactioitiaasg>’

Pd(OH),/C (5.0 mol%)

t-BUOOH (5.0 eq.)

Na,HPO, (1.0 eq.)
OTIPS CH,Cly, 1t, 48 h 0
199 200

Schemer8. Pd"-catalysed oxidation method of silyl enol ethers todhreesponding enones,

reported by Corey and aworkers(?2l

The formation of the TIPS silyl enol eti2d1via the 1,4hydrosilylation method fromN-Boc
exaenone 170 was unsuccessful, presumably due to too much steric hinderance in the
triisopropylsilane $cheme79a). Therefore, theN-Boc triethylsilyl enol ethe 196 was
submitted to the F8-catalysed oxidation metho®¢heme79%). Since this reaction was
performed on a small scate2-dichloroethane was used as the solvent in pla€dhClo, as

the CH2Cl2 quickly evaporated. A new product with a lowanglue was observed, that was
presumed to be thé-Boc endeenonel 73, however incomplete conversion of tReBoc silyl

enol etherl9 was observed, even upon prolonged reaction time and further addition of
tert-butyl hydroperoxidg TBHP).
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a) cl cl
[Rhy(OAC)4] (20 mol%)
(i-Pr)3SiH (2.5 eq.)
Boc—N (CH,Cl),, reflux, 3 h Boc—N
Y
O O ‘ OTIPS
Y H Y H
Boc Boc
170 201
b) Cl Cl

Pd(OH),/C (100 mol%)
t-BuOOH (15.0 eq.)
Na,HPO,4 (1.2 eq.)

Boc—N (CH.CI),, rt, 6d Boc—N
.......................... >
suspected traces observed
via TLC analysis
OTES (0]

VH N hH

Boc Boc
196 173

Scheme 79. a) Unsuccessful 1;Aydrosilylation of N-Boc exoenone 170 with

triisopropylsilane; b) Attempted Bi-catalysed oxidation df-Boc triethylsilyl enol ethet 96.

Alternative conditions for the oxidation of the silyl enol ethE®6 to the desired
endoeenonel 73 were therefore soughf method employing DDQ as a hydride abstracting
reagent witl2,6-di-tert-butyl-4-methylpyriding(DTBMP) (202 was of interest, as it had been
reported for the oxidation of TE&! and TB¥?! enol ethersf cyclohexanone substrates
This oxidationwasproposed to occur via allylic hydride abstraction by DDQ to give an allylic
cafon, which upon aqueous workup provides the ef3#é*l Under theseconditions, he
endeenon€l 73 was obtained, albeit in trace amouf8sheme30). However, due texcessive
side productformation alternativeoxidation methods were sought.

Cl Cl

DDQ (4.3 eq.), DTBMP (4.4 eq.) . '

Boc—N MeCN, rt, 21 h Boc—N : | \ H

- H Z H

> ; N :

7% : :

1.0 i H

O ‘ OTES (1.0 mel O 6 0 . DTBMP (202) !
Y H N H
Boc Boc
196 173

Scheme30. DDQ-mediated oxidation of silyl enol eth&86 to endeenonel73.

Nicolaou and cavorkers had extended theilBX-mediated oxidatiorto silyl enol ethers
substratedp afford the corresponding enonésthismodifiedmethod either IBX183) or the
| B X A Ménplex(204) (MPO =4-methoxypyridineN-oxide)could be applieds theoxidant,
with afaster oxidation reported fahe latter(SchemeB1). Furthermore, the triethylsilyl enol
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ether 192 was reported as a substratgcifeme8la). Not abl vy, ‘substitated t h e
thermodynamic silyl enol ethe206 was submitted to thisprotocol a mixture of the
enonex207:208209 was obtained with a higher selectivity for thexaenone208 (Scheme
81b).?241 This was interesting asxocenone 208 was selectively formed over the
thermodynamically favoureégndeenone207. This preference for thexaenone208 was
thought to beunderstatisticalcontrol due tothe availability of threé-protonsat the methyl

group to afford theexaenone208 compared to only two availabkeprotonsto afford the
endeenonex207and209. Themechanism of this transformation with the silyl enol ethas
proposed to be analogous to that with the geakrated from the carbonyl compoyB8dheme

72). However, based on this proposed mechanism it is unclear how the undesired

endeenone209wasformed.

! y OMe':
_ IBX (4.0 eq.), MPO (4.0 eq.) O/ ;
5%53 DMSO:CH,Cl,4, rt, 1-8 h é é 160 5

Mo 00 :

192

a)

IBX-MPO (204)
b)
EtsN (1.2 eq.), TMSCI (1.2 eq.) ) IBX (1.5 eq.), MPO (1.5 eq.)
* Nal (1.2 eq.). MeCN, rt, 30 min OSiMe, DMSO:CH,Cl,, 1t, 1 h N Q 9
- » + +
é/ 6/ 94% over 2 steps é/ & é/
207:208:209 = 3:5:1
205 206 207 208 209

SchemeB1. IBX-mediated Nicolaou oxidatiowith silyl enol ether substratea) with TES
enol ethen92; b ) -subistituted thermodynamic silyl enol etl2®6 ®When the substrate
was not fully soluble in DMSO, Ci€l> was addeddropwise until a clear solution wa

obtained.

Crucially, when substratescontaining heteroatoms such as nitrogen were used, the
corresponding saturated ketones weq@rtedlyobtained as major inseparable side products.
This was proposed to be due to coordination of the heteroatoms I®Xh@83), therefore
additional equivalents of IBX183) were required. This unproductive coordination was
proposed to result in @ower rate of the desired oxidation reactiaiative to thecompeting
hydrolysis of the silyl enol ethethusgiving the saturated ketones in a higher yiéitl. This
highlights the importance of thE-Boc-protection in silyl enol ether96.

Silyl enol etherl96 was submitted under the conditions reported by Nicolaou atwebdcers
usi ng | @0QXTIBIEDS, entry 1) and IBX(183) (Tablel5, entry 2) as the oxidasit
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Tablel5. Optimisation ofreaction conditions fahe IBX-mediatedNicolaouoxidationof silyl
enol etherl%6.

Q

Cl

f

Q

Cl

Boc—N conditions Boc—N Boc—N Boc—N
—_— + P +
o @zﬁcﬁ
\ H Y H Y H N
Boc Boc Boc Boc
196 173 170 210
Reagents . Scale
Entry Solvent T (°C) Time (h) Result (%)
(eq.) ( € mol
IBX (4.2)
DMSO rt 94 42 173 (5)
MPO (4.5)
2 IBX (4.3) DMSO rt 67 42 173 (9)
DMSO:CHCI, 173:170:210
3 IBX (2.1) 55 22 89
(3:1) (30:2086)
DMSO:CHCI, 173:170
42 IBX (1.5) rt 44 89
(3:1) (41:17)
DMSO:CHCI, 173:170
5 IBX (2.0 55 21 660
(3:1) (32:13)
"With freshly preparetBX.

Gratifyingly, both of these reaction conditions gave the desinglibenonel?73 as the major
product As these test reactions were performed on a small scale, the minor side products were
not isolated at this stag®inceusing IBX(183) as the oxidant afforded the desired produ&

in a higher yield and with a shorter reaction time, IBP83) was taken forward in the
optimisation studies. When performing the reaction on a larger scal€|Giras added to the
reaction mixture for fultissolution of the substral®6 (Tablel5, entry 3).Since the addition

of CH.Cl, was reported to slow the reaction r&té the reaction was heated to 55 °C, as in the
Nicolaou oxidation with carbonyl substrat&€s! Under these conditions,he desired
endeenonel73 was obtained in a higher yield 00%. Additionally, theexaenonel70 and

the undesired regioisomer@mdeenone210 were determined to be the minor products. The
exo-enonel70 could be resubmitted to the 1drosilyation reaction. When freshly prepared

IBX (183) was applied the reaction could be performed at room temperature and the desired
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endeenonel73 was obtained in a yield of 41%¢blel5, entry 4).When the IBX(183) was
not freshly prepared and the reaction was performed on a larger(¥ahle 15, entry 5),
heating of the reactiono 55 °C and 2.0equivalents of IBX (183) were required the
endeenonel 73 was then obtained ia slightly lower yield of 32%Although these oxidation
reactions were also performed in DMSO, the saturated k&#hwas not obtained under any
of these conditionsompared tovhen DMSO was used as thelaent for the SaeguiHo
oxidation(Tablel4, entries 5 and 6)t was thought that in the Nicolaou oxidation the oxidation
of the slyl enol etherl96 was fastertitan the competing hydrolysis

After investigating multipleapproachedor the exoto-endodouble bond migration, it was
eventually found that a muistep redox strategyia a 1,4-hydrosilylation of the N-Boc
exaenonel70 followed by anIlBX-mediated Nicolaou oxidation of ttsdyl enol ether196

afforded the desired-Bocendeenonel73
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3.7 Ring-Closing Sequence

With the desiregendeenonel?3 in hand, we turned our efforts to the ralgsing sequence
for the construction of the @&nd E rings of aspidospermidinelj. N-deprotection and
concomitantaizaMichael addition proceeded smoothly in the presence of trifluoroacetic acid,
furnishing the tetracyclic produ2t.1lin 75% yieldwith high diastereoselectivifscheme3?2).
Upon construction of the D ring a [4.3.0] fused bicyclic system in tetra@jdlevas formed
(shown in red irSchemeB2), for which cis stereochemistry is more stabi®’! From analysis

of the NOESY spectrum aétracycle211, NOE correlations wereot observed betweenld

and H nor between H9 andH5, whichindicatestrans stereochemistrpetween H9 and H2

and between H19 and HScheme32). FurthermoreNOE correlations were observed between
H19 and one H2( the ethyl group at C5, thusdicatingcis stereochemistrypetween H19
and theethylgroupat C5.The ethylsubstituent at C5 occupies the thermodynamically favoured

pseudoequatorial positian the cyclohexanone C rirgf tetracycle211

s G
oy } H 20 K
2H -’
G
H

Cl

211 212
Boc—N TFA (21 eq.) cl

CH,Cl, +-BUOK (1.4 eq.) N

0°Ctort,2h N THF, i, 2 h /
\s\ "1
_— ~ —_—

O 6 0 75% o 76% 0

NN, d.r. >20:1 d.r. >20:1 N H

1 N H
Boc H H
173 211 212
BF3°OEt, (8.6 eq.), CH,Cl,,0°Ctort, 2 h
then t-BuOK (13 eq.), THF, rt, 3 h, 71% d.r. >20:1

Scheme32. Ringclosing sequence froendeenonel 73 over one or two-pot transformations
with [4.3.0] cis-fused bicyclic system in tetracyclEll shown in red and observed NOE

correlations for tetracycl2lland pentacycl@12shown

The final E ringin pentacycle212 was establishefly an intramolecular enolate alkylation
using t-BuOK as the baséScheme82). Again high stere@ontrol over the newly formed
guaternary carbon stereocentre was adugthus, completing the assembly of the pentacyclic
framework.From analysis of the NOESY spectrum2d®2, thestrongest NOEorrelation was

observed between19 and toone Hs, which suggestedis stereochemistrjpetween them.
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However, weaker NOEorrelations were also observed betweeld ldnd one 20 and
between H19 anH21.

Conformational analysis of pentacy@&2with cis- andtrans-fused E rings was performed in
Chem3D with MM2 energy minimisatiofrigure9). In bothisomerghe E ring was calculated
to have a twisboat conformation Kigure 9 middle). However, in tb transfused
pentacycle213 destabilisingsynpentaneinteractions betweehl20 and H10 and Hltere
present(hydrogens involved arshown in yellow inFigure 9 lower right). Crucially, these
synpentananteractionsvereabsent in theis-fused pentacycl212 (Figure9 upper right) It
was proposed that tliestabilisingsynpentane interactions would already emerge during bond
formation en route to thigansfused isomef13 but not to thecis-fused isomel12 which
could account for the high diastereoselattiof the intramolecular enolate alkylation reaction
for the cis-fused produc12 Furthermore,n the cis-fused pentacycl12 the calculated
distanceof 4.0 A betweenH19 andone H6 means that although these hydrogens hisves
stereochemistrit is still expected that &lOE correlation would be observeetweenthem

(Figure9 upper righ}.

N2y
e
NH
212

10 N/j
& S
20
(0]
N H
213

Figure9. Conformational analysis @is- andtransfused pentacycle212 and213 (uppe

and lower, respectively) in Chem3D with MM2 energy minirti@a calculate
conformation of the piperidine E ring for both isomers (middle); calculated bond dist
4.0 A between H9 andoneH6 in the cis-fused isome®12 (upper righ); hydrogen aton
involved in thesynpentaneinteractions in thdransfused isomei213 shown in yellov

(lower right).
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We were intrigued to see if the D/E ring closures could be performed as aponhe
transformationIn which the enolate, formed upon #eaMichael additionis not protonated
and can thereforeindergo thesubsequentntramolecular enolate alkylatioTo this end,
neutral or norBrgnstedacidic conditions for théN-deprotection ofendeenonel73 were
sought(Table 16). Ceric ammonium nitrate (CANyas employed foN-Boc deprotection
under neutral conditior$® In this method, CAN was pposed to act as a oméectron
oxidant for the formation of radical cations frotsbutoxycarbonyl groups?25226l A
stoichiometric quantity of CAN was ramged for complete conversion of teedeenonel73
(Table16, entry 1) t-BuOK was then added to the reaction mixtie@rmation of rither the
tetracycle211nor the pentacycl21l2 wasobservedIt was then proposed thatter complete
conversion of thendeenonel73, the reaction solvent could lexchangd from MeCN to
THF to increase thaolubility of thet-BuOK. Again, formation ofneither the tetracycl2ll
nor the pentacycl2l2wasobserved Tablel6, entry 2).

Boc-deprotection methods employing Lewis acid catalysts were then looked to. In which
coordination of thelLewis acid to the carbonyl group in the carbamate induces
fragmentatior??”! Zinc bromidewas first applied Table16, entry 3) as it was reported as a
mild Lewis acid for the selective Baieprotection of secondary amin&8:?>’ However, no
conversion of thendeenonel73 was observedTrimethylsilyl iodide, whichhad also been
reported as a Lewis acid for the deprotetted carbamates, was then employ&dlfe 16,

entry 4)230.23l\while complete conversion of tiéBoc endoenonel 73 was olserved under

these conditions, formation of neither the tetracgdl&nor pentacycl12was observed.

BFsA O Ehiad also been reported as a Lewis acid for thedgprotection of aming&32233l|n
these reported conditiorBFsA O Ewas used in excess. Therefore; BuOK would be added
directly to the reaction mixturafter Boedeprotection, thetBuOK would also be required in
excess as the Lewis adicise complex between Bk O Eandt-BuOK would initially form.
Consequently, THF was chosen as the reaction solvenbdhe high solubility ot-BuOK
therein(?®* Conversion of thé\-Boc endoenonel73 was only observed upon heating under
reflux (Tablel16, entry 5. This was believed to be due to competing coordination of the THF
to the BRA O E Upon complete conversion d&-Boc endeenonel73, excess-BuOK was
added to the reaction mixture. The desired penta@ld&vas obtained with minor impurities.

Due to the small quantity of material isolated, further purification was not performed.
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Tablel16. Screening ofeaction conditions fathe onepot ring-closing sequence

Cl

Boc—N

conditions "\ ~~./
O - 4
Bé)cH H H
173 212
i Tim Sca
Entry  Reagents (eq.) Solvent T(AC) Resul t
(h)(mol
_ ) reflux i) 19
i) CAN (3.3) " , .
MeCN ii) rtto i) 3 6.0 decomposition

ii) t-BUOK (5.1) )
retiux

i) CAN (4.4) i) MeCN ) reflux i) 2 N
3.9 decomposition

i) t-BuOK (14) i) THF ii) rt i) 3
3 ZnBr2 (7.6) CH:Cl2 rt 21 21 no reac
4 TMSI (9.8) MeCN 0 1 10 decomposition
i)0to
i) BFsA O E(24) ) i) 2
i THF reflux B 10 212(<71p
i) t-BuOK (120) . i) 0.5
ii) reflux
. i) Otort .
i) BFsA O E(6.0) ) i) 2 presumed11
-~ PhMe i) rtto - 5.3
ii) t-BuOK (53) ii) 62 and212°
reflux

i) BFsA OE(8.6) i)CHxCl. i) Otort i) 2

, " " 9.4 212(71%)
i) t-BuOK (120) i) THF i) rt i) 3

aWith minor impurities?Observed by TLC analysis

To circumvent the presumed competing coordination oT e to the BEA O E thereaction
solvent was changed to PhMe as a-noardinating solvent in whichBuOK is soluble Table
16, entry 6)234 Notably, the complete conversionfBoc endeenonel 73 occurred at room

temperature. Upon addition 6BBuOK, a product with the same Walue as tetracycl2llwas
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observed. However, complete conversiontha presumedetracycle211 to pentacycle212
was not observed upon addition of excess ,bakieh eventually resulted in solubility issues,
nor upon prolonged heating under reflux. Finally, the-Beprotection with BEA O Ewas
performed in CHCI2, as anon-coordinating solvent. The solvent was then to be exchanged for
THF, due to the high solubility ¢fBuOK therein, which was crucial due to the use of excess
base. Complete conversion of tieBoc endaenonel 73 was observed under these conditions
(Tablel6, entry 7). The CbLCl> solvent was removeghder reduced pressuiiéhe residue was
then dissolved in THF and exceasBuOK was added to the reaction mixture. Biegly, the
desired pentacycl2l2 was obtainedn a yield of 7196 which was higher than the yield of
56% over two steps when the riopsures were performed separately. Gratifyingly, both the
azaMichael addition and intramolecular enolate alkylation tieas proceeded with high
diastereoselectivitywhen performed over oner two-steps, due to the high substratduced

stereocontrol.
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3.8 Deoxygenation

For the final step in the synthesis to aspidospermidi)@ the deoxygenatiah a Wolffi
Kishner reduction was envisagetihe HuangMinlon modification of theWolffi Kishner
reduction was applied for deoygenation of the ketone 214 to give
10-oxo-aspidospermidiné€15 in the penultimate step of the synthesis of
(+)-aspidospermidinelj by Marino and ceworkers (Scheme83a) #6194 Based on these
conditions, he deoxygenation of -dxo-aspidospermidiné212) was performed toyield

( appidospermidinelj in a yield of 54%(Schemed3b). In ourreaction diethylene glycol
was used as the reaction solvent in place of ethylene glycdledsotling point of ethylene
glycol of 197 °@3® is lower thanthe temperature &10°C that wasusedin the N liberation
stepin the methodreported by Marino and eworkers(?*®! Whereas the boiling point of
diethylene glycols 245°C.[2%7]

a) N,H4eH,0 (240 eq.)
Na (180 eq.)
ethylene glycol
i) 160 °C, 1 h
Q o]
N ii) 190 °C, 1 h N
?"/\\ iii) 210 °C, 3 h 10 ‘/\\
NG NG
214 215
b) N,H4+H,0 (250 eq )
Na (180 eq.)
dlethylene glycol
i) 160 °C, 19 h
ii) 190 °C, 0.5 h
iii) 210 °C,2.5h 19
O 0 O ﬁ 7
54%
[9.4 mg]

(-)-aspidospermidine (1

Scheme3. Wolffi Kishner reductiona) of ketone214as reported by Marino and-e@eorkers
in the synthesis of (+aspidospermidinel]; ¥ b) of 4-oxo-aspidospermiding212) to furnish
( T-appidospermidinelj.

The spectroscopidata ofthe obtainedspidospermidinelf were in accordance with reported
values(Table17 andTable18).8¢1 Furthermore,om analysis of the NOESY sgpteum ofthe
final product (), thestrongest NOEorrelation was observed betweefh%and toone H20,
which suggestectis stereochemistrybetween H19 and the ethylgroup (Scheme83).
Interestingly, from measurement of the optical rotation vﬁlme[r 117(c0.065, CHCY),
lit. 1881 » . t20.5 €0.6, CHC})) it was determined thathe unnatural enantiomer of

aspidosprmidine () had been synthesisethereforeas discussed in secti@.2 it was not
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possible to extrapolate the stereochemical results from the relatedtdyded allylic

substitution method reported by Trost andasarkers to our systeff!

I n c o n c | -aspidospermidind(1) was synthesised in seven linear steps from
commercially available starting materials; this represents the shatesttioselective
synthesis of aspidospermidin&) (reported to dateMoreover, this synthesis has a high
efficiency with three construction steps (ofmot alkylation and Bog@rotection of
tryptamine(8); onepot allylic substitution and cyclisatiomith tryptamine derivativé®4; and
onepot ringclosing sequence ofendeenone 173), two strategic redox reactions
(1,4-hydrosilylation of 170 and Wolffi Kishner reduction of pentacycl2) and only two
concession steps\{Boc protection of indolinel66 and Nicolaou oxidation 0196). This
resulted in an overall ideality of 71% for our synthetic route to aspidospermidiiféfl(in

this synthesis, the herein developed enantioselectivaatadlysed allylic substitutioreaction
acted as the key stereo defining step. The remaining three stereocentres of the natural product
were then established under substmatkiced stereocordl. This work representsot onlythe
first application of aPd-catalysed allylic substitutiomeactionwith a 3-substituted indole
derivative in the synthesis of aspidospermidifje but more broadly ofAspidosperma

alkaloids
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Table17. Comparison of synthetic aspidospermidifie'd NMR data

Marinobds S Our Synthetic oL
_ Cpl.(UoursI
Entry (+)-1 [ppm] ( I-l)[ppm] UMarino‘s)
(500 MHz)®! (600 MHz) [ppm]*
. 7.08 (dd,J=7.4, 1.3 Hz, oot
— | V.
7.09 (d,J=7.5 Hz, 1H) 1H)
7.01 (dddJ=7.6,7.6,1.3
2 7.03 (t,J= 7.5 Hz, 1H) 10.02
Hz, 1H)
6.73 (dddJ=7.4,7.4,1.0
3 6.74 (t,J=7.2 Hz, 1H) 1001
Hz, 1H)
4 6.65 (dJ=7.5Hz, 1H)  6.64 (dJ=7.7 Hz, 1H) 1001
3.52 (ddJ=11, 7.0 Hz, 3.51(ddJ=11.1, 6.2 Hz,
5 1001
1H) 1H)
6 3.157 3.12 (m, 1 H) 3.161 3.09 (m, 1H)
7 3.08 (br fiJH; 10.5 Hz, 3.087 3.02 (m, 1H)
8 2.351 2.22 (m, 2H) 2.341 2.23 (m, 2H)
9 2.24 (s, 1H) 2.22 (s, 1H) 1002
10 1.997 1.92(m, 2H) 2.007 1.90 (m, 2H) '
11 1.817 1.71(m, 1H) 1.797 1.68 (m, 1H)
12 1.68i 1.62(m, 2H) 1.671 1.59 (m, 2H)
13 1.547 1.47(m, 2H) 1.557 1.43 (m, 3H)
1.39 (dddd,) = 14.4, 13.2,
14 1.42i 1.36(m, 1H)
11.1, 3.6 Hz, 1H)
1.11 (td,J = 13.6, 13.6, 4.7
15 1.26 (m, 1 H)
Hz, 1H)
1.06 (ddd,J = 13.5, 3.7 Hz,
16 1.167 1.05 (m, 1H)
1H)
17 0.92i 0.84 (m, 1H) 0.927 0.82 (m, 1H)
0.64 (ddJ=7.5, 7.5 Hz,
18 0.64 (t,J = 6.6 Hz, 3H) 3y 0

1 A systematic shift is present. Oyrextra were referenced usithg residual solvent peatf CDClz at7.26 ppm.
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Table18. Comparison of aturaland synthetic aspidospermidir {C NMR data

He 6 N Mari nc Our 0 ol 0 ol
eods ¢ a i a i
Synthetic Synthetic qo_ o q? o
Entry (+)-1 [ppm] ~ Unatural)2 UMarino's )
(125MHzZ) 29 ()-1[ppm]  ( F1)[ppm] ppr] ppr]
(125 MHz)® (151 MHz)
1 149.3 149.6 149.6 0.3 0
2 135.6 135.9 135.9 0.3 0
3 127.0 127.3 127.2 0.2 10.1
4 122.7 123.0 123.0 0.3 0
5 118.8 119.2 119.1 0.3 10.1
6 110.1 110.6 110.5 0.4 10.1
7 71.1 715 71.4 0.3 10.1
8 65.4 65.9 65.8 0.4 10.1
9 53.7 54.1 54.0 0.3 10.1
10 52.9 53.9 53.5 0.6 104
11 52.9 53.2 53.2 0.3 0
12 38.7 39.0 39.0 0.3 0
13 35.5 35.8 35.8 0.3 0
14 34.3 34.7 34.6 0.3 10.1
15 29.8 30.2 30.1 0.3 10.1
16 28.1 28.3 28.3 0.2 0
17 23.0 23.2 23.2 0.2 0
18 21.6 22.0 21.9 0.3 10.1
19 6.6 7.0 7.0 0.4 0

2 A systematic shift is present. Oyrestra wereeferenced usinthe solvent peakof CDCl; at77.16 ppm
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4  Summary and Outlook

4.1 Summary

The aim of this work was to appéy enantioselective Rdatalysed allylic substitution reaction
with a 3substituted indole derivatidefor the first timed in the total synthesis of

aspidospermidinelj.

This work commenced with preparation of the substrates for the allylic substitution reaction.
The tryptamine derivative94 was prepared in a mdaid onepot procedure by a
mona-alkylation andN-Boc protection of tryptamine) (Scheme34a). Theb-keto esterd 48,
which were theroposed allylialkylationsubstratein strategy 1, werénally obtained over
8 stepsfeaturinga Wittig olefination andaldol additionreactiors (Schemed4b). Although the
b-keto estes148 could have been used as unactivated allgliylation substrates, the
carbonate derivativdl50 was also prepared as an activated allglkylation substrate.
Unfortunately,the b-keto esterd48 were unstableDue tothe instability andlong syntheses
of the b-keto esterd 48, an alternative strategy was sought. In strategy 2Jthensaturated
ketone®6, 152and160were prepared as thdylic alkylationsubstrateasingMoritai Baylisi
Hillman and $2' Mitsunobu reactionéScheme34c).

From screening of the allylic substitution reaction with thgtamine derivativ®4 andthe
allylic alkylation substrate®6, 152 and 160 under norstereoselective conditions, both the
allylic alcohol96 and allylic acetat&é52 were shown to afford thé&f-indolenine product 64
(Scheme85a). Theallylic alcohol96 was determined to be the allyhtkylationsubstrate best
suited for our strategy, due to the ease opiitparatiorand delivering the indoleninks4 in

the highest yield.

From screening studies the allylic substitution reactionith chiral ligands, it was found that
the Trost ligand®ACH-phenylL 3and DACHnaphthylL 4 bothafforded the enantioenriched
indoleninel64, with the DACH-phenylL 3 ligand giving the indolenind64 in the highest
yield (SchemeB85b). From optimisation studieshe& enantioselectivity of the transformation
was shown to increase upon increasing the steric bulk of the borane additive {Boto Et
9-BBN-octyl (1 6) and byloweringthe reaction temperature from 50 °C to room temperature.
Interestingly, formation of the indolenine produ&4 was only observed when the reaction
was performed in THF. Thedoleninel64 wasfinally obtainedwith high enantioselectivity
(e.r.91:9) andn a reasonable yield of 42%urthermore, the allylic substitution reaction was

shown to proceed with excellent chenamd regioselectivitylt is worth noting that tis key
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step of the synthesis not only constaatthe stereo dictating quaternary cartsb@reocentre,

but also assemhddahe entire framework of aspidospermidiig

a) cl cl .

_/_/ Boc, _/—/ : PG _/_/
NH, HN N ; "

N N
H H H
8 93 94 \
— - 72% in two-step, one-pot M. iieeeeeeaaa-
b o o0 o O ST T T \
) HO—, NH,Cl _ P 09 :
——>»  {-BuO = —» t-BuO H H
+ RO i
HO OH  8steps 42% ] '
OH t-BuO O OBoc LG
137 (E)-148 22% over 8 steps (2)-150 : Vil :
(Z)-148 14% over 8 steps N L
unstable
c) o e
> )‘\(\ : )K(\

OH OAc : LG !

o o .
)H —> — 152 S
| E

97 (£)-96

(£)-160 L x

Scheme84. Preparation of substrates for the allylic substitution reactiortry@lamine
derivative94; b) b-keto esterd 48 and150; c) U ,-umsaturated keton&s, 152 and160.
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a) Cl
(£)-96 or 152
cl or (£)-160 (2.0 eq.)

Boc, _/—/ [PdJ/L, {
N additives, 15 h Boc—N

> Y
\ 96 33%, 67%7
N
H

152 31% P o

160 no reaction N
94 (+)-164

b) (£)-96 (2.0 eq.) cl
[Pd(dba)s] (2.5 mol%)

Cl (S,S)-L3 (7.5 mol%) § : '

Boc _/_/ 9-BBN-octyl (3.6 eq.) . o] o] :

N THF, rt Boc—N 5 P :

> / i H o H E

\ 42% ; PPh, Ph,P :

N [ H
H

919eur (o)

94 164

Scheme 85. Pdcatalysed allylic substitution reaction with tryptamine derivat4

a)screening of allylicalkylation subgrates 96, 152 and 160 under norstereoselective

conditions; b) optimised enantioselective reaction conditiovith allylic alkylation
substrate6.

A highly diastereoselective intramolecular Mannich reaction of indolettdeafforded the

cis-fused tricyclel66 (SchemeB6a). The allylic substitution and Mannich reaction could also

be performed as a ot procesgScheme36b), albeit with diminished yield.

a

Boc—N

Boc—N : _f Boc—N
N _— Boc—N ——
83% Y Y
(6}
7 N
164 166

cl cl : b) ~ cl 7 cl
cl

—/_/ (£)-96

N H H
164 (%)-166 48% (68% brsm)
— - (-)-166 19%

Scheme86. Intramolecular Mannich reaction tfford thecis-fused tricyclel66: a) from

indoleninel64; b) from tryptamine derivativ®4 in a onepot allylic substitution cyclisation

sequence.

The ensuingexcto-endo double bond migration presented a significant challebgesct

double bond migration medds from the exacenonel66 and N-Boc exaenonel70 were

unsuccessful An IBX-mediated Nicolaou oxidatiomand an U-substitutiorb-elimination

strategy from the saturated ketdr® both afforded the undesire&éndeenone 171.

A SaegusdAto oxidationfrom the thermodynamic silyl enol etherasthenenvision@. The

117





































































































































































































































































































































































