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Abstract

A programme of work towards the total synthesis of thiarahproduct sesquithuriferone has
been performedwith significant advances towards the realisation of this overall goal
achieved

sesquithuriferone

From this perspective, two main synthetic strategies have inwestigatedtowards the
synthesis of a common eaidyage intermediate, critical to the construction of the core
tricyclic scaffold. In this regard, both of these preparative pathways were explored
simultaneously, with the aim of developing a robust and versatile route thimtiyh nnatural

product target.

The first of these approaches involvede tdevelopment of a novel [3+8ijgmatropic
rearrangement, to provide access to range of substituted cyclopentanones. Towards this aim,
significant progress has been achieved, with isge compounds having been prepared.
Initial studies concentrated specifically on the synthesis of a ndkstone key to the
synthesis of sesquithuriferon&dditionally, a novel strategy to access a range of substituted
systems of structural similarity has been developed aittlin the body of this research, a
number of preparative pathways designed tesethese systems have been explored. As
each of the individual routes haveeen investigated, short optimisation studies have been

pursued

The second route towards the sydis of the common intermediate/olved an umpolung
conjugate addition strategyfowards this aim, a robust and versatile set of protocols have
been developed to provide access to both the racemic and asymmetric variants of this

compound.

Towards the construction of the key tricyclic core of sesquithuriferone, a PEbsoid
approachwas pursued. In this regard, a wide range of structural derivatives were synthesised
and examinedundera spectrum oftandard protocols, to identify an optimal structure to

facilitate this key organometalli@nnulation Upon completion of this optimisah
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programme, a range of synthetic strategies were explored towards the completion of the
desired natural target. Significant progress towards this goal has been achieved, with the
preparation of several late stage compounds completed. In addition,htlih@udevelopment
of this route towards sesquithuriferone, several points of diversity have been identified and
investigated with the aim of assessing if the identified synthetic strategy under investigation
could be applicable to the synthesis of othemipers of the same family of natural

compounds.
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1 ResearchAims

Over recent years, studies within our laboratory have focused on the development of new
organometallic techniques and their direct application in organic synthesis. Indeed, at present
projects involving oganochromium, cobalt, iridium, magnesiuand palladium processes

are being explored within both synthetic methodology and total synthesis contexts. Towards
this aim, he basis of this PhD programme sae total synthesis afesquithuriferond, a

key menber of thecedrendamily of natural products

sesquithuriferone

Critical to the success of this project svéhe PauseKhand reaction and its ability to
generatehigh levels ofstructuralcomplexity from relatively simple and accessibtarting
materials. Using the vast array of knowledge in the development and understanding of the
PausorKhand reaction, we hoddo notonly complete the synthesis sésquithuriferond,

but also identify a generalised synthetic strategy to allow atocéle variog core structures

present in thisvider family of naturalcompounds.

The following sectiorwill begin byproviding key backgroundnformationon the specific
molecule of interest, before outlining tpeevious attempts to synthessesquithuferone 1
within the literature Following this a detailed account gdrevious work within the group
will be reviewed to demonstratenow theseinvestigatios have influenced the synthetic
approachadopted. Finally, before entering into discussions suding the strategies
attempted towards the synthesissesquithuriferoné as part of this body of worla review

of the PausoiKhand reaction itselfs presentedto provide a clear understanding of the
fundamental principles surrounditige scope and @plicability of thisreaction ando relate
why we feel thisprocess haconsiderable potentias a synthetic tool in modern natural

product synthesis.
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2 Introduction

2.1 Sesquiterpenes and the Cedrene FanufyNatural Products

Sesquiterpenes are a classompound consisting dhreeisoprene units, fifteen carbons in
size. Derived from farnesyl pyrophosphatgclisation of this core structuteas been shown
to generatenore than 300 skeletal structuresd account$or more than 10,000 individual
compainds’ Isolated from various higher order organisms including fungi, marine knima
and flowering plants, sesquiterpeniesve revealed their participation in a vast array of
biological functionssuch asacting as insect attractants, phytedans pheromones, juvenile
hormonesand as components of essential dildt is this variety in structural arrangement
and function which makes them particulaimyerestingaslead compounds ithe medimal
and agrehemicalindustries Indeed polygodial 2 andparthenolide3, amongst otars have
beeninvestigatedand proved active ggotentialfungicides and cancer treatmeriEgure
1)_41'9

polygodial parthenolide

Figure 1 Absolute configuration of polygoial and parthenolide

In relation to this general fieldhe cedenefamily of sesquiterpenes has been identified as

one of the major componeritsthe essential oils of cedar wood. Found in many varieties of

the Juniperiusspeciescedrenewas originally isolated by Walter h 8 41 as a -mi xtur
cedreneta n dcedbenes (Figure 2).'°

H H
4 5
a-cedrene B-cedrene

Figure 2. Absolute configuration o f -cetrenea n d-cedrene

Since the initial discovery of cedrenehowever, improved analytical and spectroscopic
techniques have allowed the identification of many closely related composigdificantly

expanding the known structuratray of molecules within th natural productamily. In
15



200Q Barrero and cavorkers conclusively elucidated the structure of several new members
of the cedrenefamily (Figure 3).** The key structuralrrangement, common to all the
productsis a fused tricyclic coregontainingring sizesrangingfrom five to sevencarbon
units.Indeed, 1 was thiscommonstructural arrangemettiat was oparticularinterest to our
researchgroup. From a synthetic perspectivey directmethods are cuently available to

generate such complex fused scaffolds in a concise manner.

i

8
2-epi-o-cedren-3-one a-cedrene 1,7-diepi-a-cedrenal a-cedren-4-one

o H

-
~

sesquithuriferol sesquithurferone  2-epi-duprezianen-3-one p-duprezianene

Figure 3. Various structural derivatives within the cedrene family of natural compounds

It was from this perspective that we hoped to dermatesthat byimplementinga Pauson
Khand strategy towards the synthesis of thesa@ecules significant improvements in
preparativesfficiency could be achievethdeed, to datehe syntheseof U-cedrene4 and2-

1214 In an

epiU-cedren3-one6 have been completasing thistype ofapproach ide infra).
effort to further exemplify the advantagesf applying thisstrategyand expand the potential

substrate scopéhe synthesis adesquihuriferonel wastargeted

Importantly, sesquithuriferonkehas a subtle change in structural arrangement comparative to
the previos targets, containing a [5,6;f]sed ring system, aspposed to the previous
[5,5,6}s y s t e ncedrenelt and2-epi-U-cedren3-one 6 (Figure 4). It was immediately
recognised that if this methodology could be employed to synthesise these various fused ring
systems, the strategy could prove applicable to access a wide range of compthindkis/

family of natural products.
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a3

a-cedrene 2-epi-a-cedren-3-one sesquithurferone

u u M
axy

[5,5,6]-fused [5,5,6]-fused [5,6,5]-fused
ring system ring system ring system

Figure 4. Notation used to describéhe fused ring systems

2.2 Sesquithuriferone

Following the structural elucidatioby Ralph and cavorkers in 1976 sesquithuriferonel
and theclosely relatedsesquithuriferol9 (Figure 5), have been discovered in a wide variety
of plant speciesas a common component of essential plant'difst. presentlittle is known
of the biological roleof sesquithuriferonevithin the plant, though recent biologicareening

has identified cytaixicity and antimicrobial activity.

sesquithuriferone sesquithuriferol

Figure 5. Absolute configuration of sesquithuriferone and sesquithuriferol

Taking a closer look at the structuoé sesquithurifeone 1 reveals thatit contains four
stereogenicentres, three of which are contiguous. Itisbaomposed of a fused [5,6/%hg

system, containing only omaajor functional group: a ketone present in the sixembered
ring. It was this level of both coplexity and simplicity that makesesquithuriferond such a

challenging substrate to synthesise in a concise manner.
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2.3 Biosynthdic Pathway and Stereochemical&cidation

In 2009 Hong and cworkers formally resolved the biosynthetic pathway respoasdsl the
formation of various sesquiterpenes, includingt ofsesquithuriferoné& and fsquithuriferol

9, from farnesyl pyrophosphate? (Schemel).*®

13 12

6,1
cyclisation

10,6
cyclisation

17 16

11,2
cyclisation

1

H 23 =
alkyl shift
Sy 6
vVl 293
1
20

Schemel. Biosynthetic synthesis ofasquithuriferone 1

Starting from farnesyl pyrophosphal®, it was believedthat an initial 1,3diphosphate
rearrangement vgakey to the initiationof the overall cyclisatiorsequence This process
occured primarily to facilitate thenitial olefinic migrationto 14 and seondly, to allow the
key rotation tol5, which promotes the subsequent cyclisation cascd#aat follows. Closure
of the first sixmembered ring ir16 effectively sets up thBrst cationic ntermediate required
to promotetwo further consecutive clisations to form the fused [563;ring system in20.
Following al,2-alkyl shift of the bridging methylene ig0, the required [5,6]-ring system
was establishedn 21, which promoteshe additon of water to fam sesquthuriferol as a
mixture of two stereoisomeBsand22. Completon of the biosynthetic pathway wachieved
througha final oxidationto provide ssquithuriferond (Scheme 1L
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Further information obtained from the biosynthetic path demonstrategist how closely
linked each of the individual compounds within the family of natural productdtasefrom
the same common starting intermedia@ that cedrend-5, cedrol25-26, duprezianenél
and 24, and 1zaene31-33 are all reaily accessiblethrough subtle changes the direction

of thealkyl shiftsand the points at which the intermediates are quen@utme2).

H
[2,3] alkyl shift S _ /

X

233
//11 2@3 11 ®

20
H
21 \fo 20

sesquithuriferone 1 ]

|H sesquithuriferol 9
H,O H,O

P
4

V11 3 V49 233

5
o-cedrene B-cedrene  (3S,7R,10S)-cedrol  (3R,7R,10S)-cedrol

[4.2]
alkyl shift

! 11,3] !
® [4.2] 131
H 3 alkyl shift alkyl shift
/ — N 9
by 2 4 |3
1 [11,3]
H methyl shift
1 /[ W)
H V11 2 4
24
/ a-duprezianene
A (7R,108)-
" ! prezizaene
B-duprezianene . ‘ / 30
1/ 27y 4
31 33
(7R,10R)-zizaene (7R)-isozizaene

Scheme2. Biosynthetic link betweenthe various members of the edrene family of natural products

With such a close biosynthetic link was hoped thathe synthetic strategy used to accébks
cedrened, could be applicable tthe synthesis o$esquithuriferonel and other members of
the same family.
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2.4 PreviousSynthegs of Sesquhuriferone

To date there have be two successful synthessof esquithuriferonel; the first completed
in 1994 bySelvakumar and cworkers Scheme3).*’

— EtOC

37
sesquithurferone M

0 OH : 5 : B
OMe OMe o
34 35 36

Scheme3. Retrosynthetic strategy towards thesynthesis of esquithuriferone

From the outsetthe Selvakumarmroup had envisionethe constuction ofthe tricyclic core
in 36, from known ketone34.® Key to this processwas a Lewis acidpromoted
rearrangemertf alcohol 35, to provide36. Although thisprocessshould resulin the desired
formation of abicyclo[3.2.Joctanepottion in 36, the moleculewould still containa six-

membered ring adjacent to thisustture, instead of the desired fimeemebered ringiil. To

circumvent this issuand install the desired methyhe Selvakumargroup proposedthat

through a series of simple transformatiotie sixmembered ring couldebfirst fragmented
to form 37 andthen cycli®d to provide 38. From this point sesquthuriferone1 could ke

accessed througtequential removal of the ketoreenzyldeprotectionanda final oxidation

(Scheme 3.

Upon implementation of the proposed route, the Selvakumar group immedia@i@iyised
that stereocontrol playedsagnificant rolein determimng product formationThefirst step in

the synthetic sequence involved floemationof alcohol35 (Scheme 4. This was achieved
throughthe addition of MeLi taketone34, resuling in a1:1 (endoexd mixture ofalcohols

35. The absece of facial selectivity in the first step was not initially deemed problematic
since the proposed Lewis agiomoted rearrangemeot 35 should involve the formation of

a tertiary carbocatiorat this position(36Y 37). However, teatment of the mixture of
diastereomers with BIOEt%L was found to promotenot just theexpectedmigration of the
bridging ethylene sectiorto formthe desired produ@8, but also a novel transformation to
isolate40 via a migration otthe vinylgroup Schemes).
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S

BF
o HO o’
j@g MeLi @O BF,-OEt, H=Q :
34 35 MeO™ 3¢ o Ty
(1:1, endo:exo) J J
~— | Mec
0 © o
40 39 38

Schemed. Synthest of 38 and 40 through Lewis acid-promoted rearrangement of alcohol35

Following separation of the two diastereomers36f it wasrevealed thatreatment ofthe
exaalcohol 35 with BRsTOEL predominantly formed compourtD, whilst rearrangement of

theendoalcohol35 preferentiallyprovided38 (Schemes).**

@®_0
(@) o
= ; -— 7
(0]
40 40

T 86% T
o
OMe H BF
oMe | BFs0Et, 0@ OMe 5
7 \ —_— @
4 E—— BF; 4 Y
ex0-35

OMe

OoM OMe

| BF,-0Et, ; g
col /0
BF _
&' H-O

{
|
SR

38

Schemeb. Products ofthe Lewis acidpromoted rearrangementof exo-35 andendo-35

This result indicated that the rearrangement appeared to be more concextéidnmhan
previouslyenvisioned with the migration of the alkyl portiodargelydictated by the relative

orientation éndoor exg of the startindhydroxylin 35. Crucially, a comprehensive screening
21



of reaction conditions revealed thay refluxing 40 in the presence dF;TOEL, a second
Lewis acidpromoted rearrangementould be achieved, to providg8 almost exclusively
(Scheme6). Whilst the divergence of product formation in the early stages of the proposed
sequence was not ideal, the adaption of this additional protocol did solve the key selectivit

issues surrounding the addition of MeLi prior to the formatio88of

Schemeb. Lewis acid-promoted rearrangement of40to provide 38

It was from 38, following a series of ring openings and functional group changas t
sesquithuriferonel was isolated'Scheme7). Thi s process was i-niti at
alkylation of the enone moiety, followed by reduction of the ketone and protection of the free
alcohol as the benzyl derivativEl. By following this sequence of eqis, the preferential

migration of the Kkene moiety into the unwanted smembered ring could be achieved,

ultimately allowing the formation of ketor# through hydroboration and oxidation.

1) KO'Bu, Mel

5 2) DIBAL-H 1) BH3-OEty, H,0,  +,,
g 3) NaH, BrCH,Ph " 2)PCC
o BnO 77% BnO

72%
38 41 42 O
1) NaOH, furfural
2) 03, ACOH, H202

i 3) CH,N
1) DIBAL-H 1) KO'Bu ) CHoN,
2) Barton-McCombie 2) NaH, Ph.SeCI, H0, 78% o
3) Hy,, Pd/C 3) Me,CulLi
4) PDC ‘ 4) DABCO OMe
85% BnO 65% BnO OMe
1 44 43 ©

Scheme?. Synthesis of esquithuriferone 1 from 38
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To achieve the desired ring fragmentati@m initial condensatiorof 42 with furfural,
followed by ozonolysis and esterificatiovas pursuedo isolate43. This provided an ideal
substrate to allow Deékmann condesation to providethe required fivemembered ring.
However the newly instated ring system still lacked the methyl requice complete the
synthesis of esquithuriferond.. Fortunately, enone formation using selenium methodologies
provided an excellent opportunity to atlds substituent in the desired positi¢fallowing
this, aldition of the methyl substituentusing the correspondingmethyllithium-derived
cuprate not onlyproved successfubut alsoselective Subsequentlya final decarboxylation
provided44. To complee the synthesis afesquithuriferond, deoxygenation of ketoné4
was required. This was achieved following saquential reduction/BartoAiMicCombie
protocol, todeliver the corresponding fused cyclopemta with deprotection andxmlation

providing £squthuriferonel.

In 1995 Selvakumar and eworkersrevised thesynthesis of sesquithuriferorig this time

from amuch simpler and inexpensive starting matet&{Scheme8).° In this approachthe
authors proposed that if the corresponding Lewis -pmidnhoted rearrangement proved
succestl with the fivemembered ring already in place, a significant simplification of the
synthetic route could be achieved. Crucially, instead of requiring a laborious ring
fragmentation/cyclisation protocol, sesquithuriferohecould instead be accessada
hydrogenation and sequential alkylatioh48. Whilst it was recognised that the synthetic
route under investigation wouldfford target moleculel as a mixture of epimerghe
described strategghould alsoprovide a concise route through to sesquithuofee 1 upon

accessing an enantioenriched forn#bf

:&(I:@;I
0 H 0 o)
49 48

H

1

OMe
© 7
R — &——— OH
MeO MeO
45 46 47

Scheme8. Retrosynthetic strategy towards the synthesis ofesquithuriferone 1
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Accordingly, 45 was subjected to Birch reductioorditionsto facilitate the initial grtial
reduction (Scheme 9). Subsequenexposure of the resultant product to KNkh NH3
provided 50. Whilst the Diels-Alder reaction that followed showed high levels of

regioselectivity product51 was once agaiabtained as mixture of diastereomers.

1) Na, NH; OM
/(;Eg 2) KNH,, NH5 /@:; CH,=C(CI)CN ; &N
- Cl
MeO 100% MeO

64%
45 50 51

Schemel. Synthesis ob1via a DielsAlder strategy

The conversion of51 to the ketoned6 proved relatively facilethrough hydrolysis in the
presence of KOH in DMS@Qurnishing the desired product iryeeld of 50% (Scheme 10. In

a changdrom addition protocols previously examined, the installation of the desired tertiary
alcoholwas achievedhrough the use of MeMghstead of MeLi. Importantly, this subtle
changein reagentincreased the levels of facial selectiyityith a 2:1 mixture ofendoexo
tertiary alcoholgl7 isolated from the reaction mixture.

OMe OM b OMe O'V'eOH
7 'KOH, DMSO. _MeMgl 7 4
cl OH *
50% 88%
51

endo-47 exo-47

2:1 ratio, endo:exo

Schemel0. Synthesis of keytertiary alcoholsendo47 and exo-47

Following separation of the tertia alcohols47 by column chromimgraphy, each of the
separate compounds were subjected tgIBEL, under standard condition&cheme 1)L
Crucially, a similar and predictable reactivity pattern was observed evitle47 leading to
48, whilst exa47 affordedpredominantlys2. Subsequentreatment o652 with BFsTOEL also

proved successful, allowing the majority of the material to be converted to desired compound

48.
oM
7 BF3 OEt, :@:? BFy Ot @5 BF5-OEt,
72% 68%

exo-47 endo-47

Schemell. Lewis acid-promoted rearrangement of tertiary alcohols47
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It is from this pant that the synthds becomes much more conciséien compaed to
previous attempteSchemel?2). Importantly, atalytic hydrogenatiom the presence d?d/C

proved selectivewith the hydrogen addeekclusivelya ¢ r o s dacetptowding#9 in the

correct orientation to that required in sesquithuriferdh&as proposedhat approach from

the b-face of the moleculevasunfavoured due to thgresence of the ethylene bridging unit.
Finally, double alkylation to insert the requirgemdimethyl was compled by stirringd9in

a suspension of NaH and Mel to provide sesquithuriferone as a mixture of epimers. Despite
the obvious simplification of the synthetic route to sesquithuriferone using this approach, no

attempts have been made to date to repeat tleeilaes protocols using an enantioenriched

form of 45.
o 98% O i 65%
48 49 1

mixture of epimers
of sesquithuriferone

Schemel2. Completion of the synthesis of esquithuriferone 1 as a mixture of epimers
2.4.1 Synthesis of BepiSesquithuriferone
To date Selvakumarand ceworkers are tb only researchgroup to have completeda

selectivesynthesises of sesquithuriferone However, n 2004 Goekeet al reported the

successful synthesis of the closely relatezpBsesquithuriferong3 (Figure 6).%

Figure 6. Absolute configuration of 5-epi-sesquithuriferone

It should be noted that the synthetic eggzh followed by Goeke and -weorkers was
desgned towards théotal synthesis of esquithuriferonel. Unfortunately, as the synthetic
sequence progressed,bécame clear that control of the selectivitedscertain key points

could not be achieved, rd8ng in 5-episesquithuriferon&3 as the major product.

More specifically, e synthetic strategy involved accessto the tricyclic core in
sesquithuriferonevia an intramolecular cyclisation fros8, which in turn could be formelly
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an alumnium-mediatel rearrangement db7 (Scheme13). Access to57 was envisioned
through alkylatiorbetweerb6 and55, ultimately synthesised from compoubdi

MeO2C

6

sesquithuriferone

eOQC

0
)J\/\H/OMe —— Br
54 ©

Schemel3. Synthetic strategy towards the synthesis afesquithuriferone 1

Synthesis of sidechain 55 involved a three step protocélom commercially available
ketoesters54 (Scheme 13 Thefirst of these stepsvolved nucleophilic attack o064 with
vinyl Grignard to form an initial tertiary alcohol, which d¢iged in situ to provide 59.
Following sequential reaction with KOH and Mehe corresponding open chain esterswa

formed, whichupon exposure tBBr; provided5s.

1) KOH, MeOH
o) N then DMF, Mel MeO,C
gbr (0) 2) PBrj, pyridine
)WOMG WO 3 Br N
o) 54%, 62% over
54 59 3 steps 55

Schemel4. Synthesis of side chai5

Following the successful formation tife sidechain55, subsequenglkylation was achieved
through base mediated deprotonatiod@ffollowedby addition of55, to isolates7in a 76%

yield. From this point, the proposed cyclisation to fdima bicycloB.2.Joctane portion of
sesquithurifernein 58 could bepursied Subsequent exposure BT to EtAICI; in toluene at

80 °C facilitated the formation &8in an 87% vyield after purification.

O,C
MeO,C LDA, THF MeO, EtAICI,
_-78°C _ toluene, 80 °C
76% 87% EtO,C

Schemel5. Synthesis 068 through sequential alkylation and aluminium-mediated cyclisation

58

Analysingthis key stegn moredetail revealsthat following the ceordination of the Lewis

acidic EtAIChL to the enone moiety, the electrophilicity of this functional group is increased
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sufficiently to promote the desired,4addiion and cyclisation, through a cationic
intermediate60 (Scheme 1% Subsequent to the initial cyclisation and prior to the enone
moiety reforminga 1,2hydride shift occurs testablisithe more stabilised carbocati6fh.*?
However, due to this 1;Bydride shift the cyclisaton is no longer reversible and instead
results in the transfer of the alkyl groppeviously part of the initial ssmembered ringto
form a secondkinetically favoured fivemembered ring58. As expected,little or no
selectivity was observed with regaalthe methybn the alkyl portion of theidechain with

a 32 mixture of diastereomeiseingisolatedafter purification

e)
o “AICI,Et
O MeO,C EtClL,AI._® Q
2 EtAICI, 2 \o) MeO,C
toluene, 80 °C |
\ —_— —_— H
a A
57 ~ S
[F1O0C g0
1,2-H shift
_ N _
_AICLEt
o)
N OH
3:2 mixture of
diastereoisomers |EtO,C 61 _

Schemel6. Proposed mechanism ofhe aluminium-mediated cyclisation to form58

Towards the sythesis 0f63, initial attemps to facilitate the basenediated cyclisation prode
somewhat problemati¢Scheme17). When the reaction was carried ausing LDA, a
complex mixture of diastereocisomenas isolated, of which62 was the major component
contahing atransrelationship between ¢hester and the bridgehelagdrogen.However by
switching the base to KBu, a higher level otontrol could be achievesith a preferential
syn relationshipobtained as the major compon&& In an effort to resolvehe complex
mixture of diastereomers B3, a range of crystallisation methods weraployed Towards
this aim the highestlevels of enrichmentereobtainedfollowing fractional crystallisation of
the free acid,providing a purity of 98% d.e. to be takenforward to for future steps.
Subsequent radical decarboxylation&¥ allowed the formation 064 in a yield of 78%.
Surprisingly however, all attempts to hydrogenate the olefi64mesulted in the addition of

the hydrogen preferentially onto, what v@wappear to be, the most hindered face of the
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molecule. Despite a wide range of conditions screened, none installed the desired
configuration at the bridgehead hydrogen; heb@pisesquithuriferoné3 was isolated as

the major product.

KO'Bu, THF LDA, THF
60 °C, Mel -78 °C, Mel
(@) s
EtO,C 58% H Co,H
62
Major isomer
66%
1) Recrystallisati_oq
Z)gutz(ooﬁg))g' pyridine - . Hydrogenation
(@) o) - =
H Cco,H 78% 94%
63 64 . 53 . .
98% d.e. 5-epi-sesquithuriferone

Schemel?. Synthesis ofs-episesquithuriferone 53

To date no other attemgt have been made to synthesissgsithuriferone within the
literature. However,he examplespresentechighlight just what a challenge it is to achieve
the sekctive synthesis of smaltomplex natural product§Vith the aim ofadding a novel
approach to the published methodologiesl improving selectivities at specific points in the
synthesesa PausofKhand strategy appeared idealthough the proposed apm@mch had as
yet not been attempted towards the synthesis of sesquithuriferangignificant amount of
precedent had been estabdidiwithin theKerr group towards the syntheses of closelated

fused ring systemd-cedrenet and2-epi-U-cedren3-ones.

2.5 Previous Syntheses &fCedreneand 2-epi-U-Cedren3-one

To date there dve been several formal syntes of Ucedrened si nce t & 1950¢
including one from our own research gradp’ The complex faed tricyclic core has prome

to bea significant challenge for théevelopmenbf synthetic methodology, with variety

approaches attempted, including various cycloaddiftffis and radical methods.

Surprisingly it was not until 2001 when Kerr and -emrkers firstdemonstratedhat the
PausonKhand (PK) reactioncould beused asan efficient and desirablsynthetic strategy

towards thesynthesiof U-cedrene4 (Scheme 1313
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o-cedrene B-cedrene cedrone

i i | |
X
@ — ij%oza — o = " CoCON
O O o O O O o O
\/ / -/
66 67

-/

65 68

Schemel8. Retrosynthetic strategy towards the synthesis df-cedrene 4and b-cedrene5

Analysing the strategy taken by Kerr andweo r k er s, it i mmedi at el vy
cedrened, -cé&drenes, and edrone70 are all readily accessible from common intermediate

69, formed by the KX ring closure 068. Importantly, by incorporating thiatramolecular P

K reaction at an advanced stage in the reaction sequence, high levels of complexity can be
avoided in the early stages of the synthesis, allowing a rapid build up of the basic structural

scaffoldfrom a simpleand readily accessib&aring material65.'%*3

From a synthetic point of view, twiey areas werglentified ascritical to the overall suaess
of this strategy. Firstlypbtainingthe desirectonfiguration with respect to the methatl the
C7-positionin 69 and secondlythe RK cyclisation itself to rapidly build up complexity
within the moleculdSchemel9). In the originalsyntheticsequencedevised by Kerr and eo
workers it was proposedhat by embedding the desir&lgeometryin 68 (C1 4 Y @, the

transrelationshipwith respect to theC14 am C1l-positionscould be maintained in the
product to provide the correcelative orientation of the methgt the C7positionin 69.

P-K

14
1 4( cyclisation 0
Cop(CO)g  --------- -~ O C ]
o)
69

Schemel9. Synthesis 0f69 by P-K cyclisation

However, before attemptinthe proposed olefinationt was recognised that controlling
selectivity of the olefin presented a major challengeoking more closely at ketor&s, it

immedately becomes clear that theresnam inherent lac&f steric discrimination talevelop
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selectivityin one direction or the otheDespite this, the authodevelopeda moderatel\E-
selective protocolproviding an inseparable mixture of geometric isonwdré7, in anE:Z
ratio of 24:1 (Scheme20).

i |
EtPPhBr, THF
co,et ~ NaHMDS, 0°C CO,Et
77%
O\ /O 241EZ Q0
66 67

Scheme20. Synthesis of67 by Wittig olefination

With the olefin in placethe P-K reaction could be attemptedrollowing a systematic
screening ofpromoters optimised conditionsvere identified involving the use of sulfide
additives (4.3 eq"BuSMe) to provide a 24:1 diastereomeric mixture &9 and 71 in an

impressive 95% yiel@Scheme 2L

/Coz(Co) conditions o go j+ o go j

0" o
/ 9 eq. TMANO.2H,0, 91%
68 8 eq. NMO.H,0, 84% 5411
241, E:Z 4.3 eq."BuSMe, 95% diastereomeric

3.6 eq. polymer-supported sulfide, 80% mixture of 69:71

Scheme21. Synthesis 069 and 71by P-K reaction

Fortunately, from thestand point of atom emomy, Kerr and cevorkers were able to
develop conditiongo allow the effective epimerisation of71, to the desired targef9,
ultimately compensating for any loss in olefinic selectivity in the formatio®©{Scheme
22).

LiOH
THF/H,0

9:1 ratio, 69:71

Scheme22. Effective gpimerisation of 71 to provide69

In 2001 Kerr and covorkers successfully comgtied the synthesis di-cedrene4 in an
impressive 14 steyp with an overall yield of 11%glearly demonstrating the significant

benefits of the KK approach towards the synthesis of ttesplexclass of compounds.
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Following the successful synthesis Bicedrene4, Kerr et al looked to expand th®-K
synthetic strategy tother members of thiamily of natural productsTowards this aim, the
synthesis oP-epiU-cedren3-one6 was completed in 200Gcheme23).'

o EtPPh,Br
THF, "BulLi | |
-196 °C — -90 °C y
CO,Me co,Me  —» 7
95%
Q7 9:1, Z.E QP e 9
66 72 73

Co,(CO)g (20 mol%)
MWI,PhMe, 10 min

85%

= 0

2-epi- a—cedren 3-one

Scheme23. Synthetic stategy towards the synthesis of 2pi-U-cedren-3-one6

The critical difference between the syesis ofU-cedrenet and2-epi-U-cedren3-one6 was
the reversal of the stereochemistry at @veposition(6, Scheme 2R From the outset it was
recognised that torpvide the opposite orientatipra Z-selective olefinationof 66 was
requiredto afford72. Crucially, cespite the lack of steric discrimination adjacent to ketone
66, asubsequentemperaturestudy revealedhat theZ-olefin could beeffectively promoted

at lowtemperature, without eroding producinversios (Table 1).

(0] EtPPh;Br
THF,"BuLi ‘
temperature
CO,Me CO,Me
o O o O
\/
66 72

Table 1. Synthesis oiZ-selective olefin72through a low temperature Wittig olefination

Entry Temperature (°C) Yield (%) Selectivity Z:E)

1 r.t. 92 2:1
2 -78 99 4:1
3 -1 96 -9¢ 95 9:1
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As can be seen frofiable 1, a decreasdrom room temperature te/8 °C promoted a
appreciablencrease irthe Z:E ratio from 2:1to 4:1(Entries 1 and 2)However, he highest
Z:E selectivitieswere observed when the reaction w@Esiated at -196 °C, rising to-90 °C

with a9:1ratio beingachievedin an impressive 95% vyield.

Crucially, the authors also demonstrated that additional improvements to efficiency ef the P
K reaction were possibl#rough tle use of microwave promotiqi®deme 24). Optimised
conditions highlighted thatnetal loadings as low as 20 moléould beemployed whilst

maintaining a comparable yield of 85%.

| Co,(CO)g (20 mol%)
4/ MWI, PhMe, 10 min 7 o
o~ L, X ]
o
Q0 85%
71

Scheme24. Catalytic P-K synthesisof 71

It was due tahe successf emgoying a PausofKhand strategy towards the synthesidJof
cedrenet and2-epi-U-cedren3-one6 that we hoped téurther expand the number afatural
products that this synthetic approach could be used to access. Towards this aim,
sesquithuriferoné was icentified as an ideal synthetic targedntaining a [%,5]-fused ring
system as opposed to the [5,5;86¢affolds previously synthesised.

2.6 Proposed Synthetic Strategy to Access Sesquithuriferone

Following the synthetic strategy previoustientified towards the synthesis dfcedrene

and 2-epiU-cedren3-one 6, it was envisionedthat once again complexity could be
introduced at advancedtagen the synthetic sequence usiagintramoleculaP-K reaction
(Scheme25).
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sesquithuriferone

OH
75

Scheme25. Synthdic strategy towards the synthsis of £squithuriferone 1

Accordingly, it was envisioned thaesquithuriferonél could beconstructedrom the enone
motif present in77, which in turn would beaccessiblevia a RK reaction from 76.
Preparation of76 was proposedthrough aZ-selectiveolefination of ketone75, ultimately

synthesised from thehemaelectiveaddition of thealkynyl side-chainto 74.

Critical to the success of this pragsal strategy were two key areéisstly, embedding &-
selective olefinn 76 and secondly, from an asymmetric point of view, embedding the correct
chiral configuration in74, to promote a diastreoeselectiveKReaction With respect to the
Z-selective olefinationit was proposed that following the successful implementati@nlow
temperature protocol in the synthesiafpi-U-cedren3-one6 (Table 1), a similar approach

could bepursuedo embed the correct geometric isonmer6.

Towards the synthesis of compourdl bothasthe racemic and enantioenriched fqrtwo

main synthetic approachegere envisioned(Scheme26). The first of these involvedhe
conjugate addion of a masked aldehyde ton3ethylcyclopentenoner8. This synthetic
strategy was expected to be the more concise and selective route, providing the best
opportunity of embedding high levels of enantioenrichment4. However, a second and
much more elaborate route 7d was alsgproposedinvolving the transformation of9in a

three step protocol to form4. Key to the success of this approach veasovel [3+3]-
sigmatropic rearrangemeras will be discusseth due courseWhilst this route was much

more speculative, mvould also providethe opportunity to destop methodologies towards

the synthesis of novel lactoi@® andketo-aldehyder4.
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Conjugate o)

addition
H —
o

74 78
[3+3] 0

sigmatropic
rearrangement o)

79

Scheme26. Proposed strategies to@essr4

Having stated the above, and befaliscussing thespecific reactionsequences attempted
towards the synthesis of sesquithuriferdnen comprehensive review of the Paugdrand
reaction was undertaken. With regards to the content of the remielear emphasis as
placed on the cobaihediated FK reaction. Whilst other metal system® &nown within the
literature to promote the trai@smation, our research group have beemarily interested in

the developmerdandpromotion of the K reactia using the Cg£CO)s complex.
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2.7 The PausonKhand Reaction

In 1971 lhsan U. Khand and Peter L. Pauson first reported the synthesis of cyclopentenones
via a cobalt mediated annulatidh®! Formally a [2+2+1] cylwaddition, the Pausekhand

(P-K) reaction involves the coupling of an alkyne, alkemed carbon monoxide to furnish
cyclopentenones in a single tsfiormation®? “° Although initial investigations concentrated
primarily upon the usage of stoichiometric amouwit€obalt, as illstratedin Scheme27,

subsequent developments have alloweedlgit protocols to be achievedide infrg).*!*2

O
R'—=R? + /~\ _ R ) R’

CO2(CO)6 R1>R2 R3/4 R2
80 81 82

Scheme27. Dicobalt octacarbonyl mediated PausofKhand reaction
2.8 Alkyne-CobaltComplexes

Preparation of cobalt complex such a84, can be reliably obtained by stirring alky88
with the octacarbonyldicobalt compldo(CO)), generallyin an inert solvent, such as
petrol or chlorinatedmedia(Scheme28). As the cobalt complex eordinates to the alkyne,
two bridging carbon monoxide ligands are displaced, forming typically eeprown solids
or oils*

Co(CO)g
RI—=R? \\ RI—==—F*

COz(CO)G
83 2xCO 84

Scheme28. Alkyne-dicobalt complex formation

Once formed from this simple geedure, alkyneobalt complexesuch as84 have shown
remarkable stability; surviving chromatographic purification, indefinite storage under a N
atmosphere at20 °C, and short to medium term exposure to air. The stability of the
complexes are furthezxemplified in the Nicholas reactio(Scheme29).*¥® Crucially, as

the reaction prgressesgobalt complex86 not only survivesudnctional group exchanges, but
is alsoproposedo stabilisecationicintermediatef90Y 91) involved in the transformation,

without significant degradaticH.
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Ph

SiBu
BnO HO // o} 1) BF3*OEt,
HO z C0y(CO)g 2) CAN BnO, > __—Ph
G Nt . =
(8) "SBu SBu  74% —CO(/
OBn nO
85 87

Proposed mechanism

LA
—4Co(CO),

gg  Co(CO)

LA = Lewis acid
Nu = Nucleophile

Scheme29. Nicholas reaction stabilised by alkynalicobalt complexes

In relation to the structure&-ray crystal analysis of compleg such a83 has identified two

d? bridging bonds between the cobaloms and the carbons of the alkyRegure 7). Within

the complexthe carbon atoms of the alkyne are observed to have a distorted tetrahedral
geometry, whilst each of the individual cobalt atoms assumes a distorted octahedral
geometry. As a consequendbe resultant @Co, arrangement forms pseudetetrahedral
geometry; with the alkyne carbons arranged perpendicular to H&®ond. Crucially, this
means that if the complexed alkyne is unsymmetrical, the two cobalt atoms become

enantiotopic and the oxal complex becomes prochir&.

pseudo-tetrahedral
C,Co, cluster 93

Figure 7. Crystalographic structure of the alkyne-dicobalt complex

36



At this stage it is important to highlighie critical role that the crystal structuref the
alkynecobalt complexd3 has played toward$i¢ overall understanding of tiieK reaction.

It is from this basic model that the fundamestaf subsequent rationalisations have been
derived when attempting to explain the complex reactivity observed during product

formation.

Beginning withthe alkyne componermf thecomplex itself, it is essential to note the changes
occurring when moving &ém the free alkyne statéo that when compieed to the dicobalt
system. It wa through the understanding of how this subtle change in structural arrangement
and electronics occurdhat inferenceswere made that begin to explain the observed

regioselectrities in isolated products.

The first important characteristic to note is the comparison of the alkyne bonding before and
after complexation. Crystallographic studies have shown @&tC i nt er at omi ¢ d
within the complex are increased from ~1.20
to that of ~1.35 Aafter complexationmuch closer to that observed in double bdfidghis

change in bond length is most easily rationalised through the eamudtalalkyne bonding.

As the al kyne bondsdarma ttYdrondfhéalkyneairtotthe sngtad t e m,
centres promotes complexation. At the same time due to the efficient orbital overlap of the
perpendicular complex, simultaneous back damafrom the metal to the alkynel{ =~ * )

also occurs, reinforcing and strengthening the nestddon bonding and stabilising the

overall complexX’Si nce back donation from the metal t
orbitals of the alkyne, the overall CIC bon
t h e-orbital.

A second notable distortion of the alkyne moiety within the complex conttegnsbserved

bond angles. Within the complethe substituents adjacent to the alkyne moiety deviate from

the expected linear arrangement, typicasptbonding. The reasoning behind this effect is
much more compl ex than s iomial ofthebakyn&althdughn at i on
thereappears to bsome correlation between the increased deviation from linearity and both

t he | e-doadtian ard f*back donation to the alkyne substitugfigure 8).>
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Free alkyne Co,(CO)g-alkyne complex  C(sp)C(sp)R
R = H, bond angle = 139.0°

R—== R = Ph, bond angle = 141.3°
J R = SiPh3, bond angle = 144.8°
C(sp)C(sp)R R _/ R i tCHZOH, bond an_gle = 1213.9°
bond angle = 180° R ='Bu, bond angle = 143.9

R =CO,H, bond angle = 136.9°

Figure 8. Relative bond angles of various groups within alkyn€€o complexes

Finally, *C NMR studies of the carbons inved in GCo bonding show that there appears to

be an overall increase in the polarity of unsymmetrical alkynes within the complex. Hence,
although the overall complex is stabilised through favourable bonding interactions, the alkyne
component appears to betivated towards directed insertion through the increpetarity

of theC [ ®ond. The extent to which this polarisation occurs is again entirely dependent on
the substituents presentjtlihe observed chemical shifts appeeaindicate that the larger the
electron donation from the substituent to the metal centre, the msheslded the alkyne

carbon become¥,

Up to this point it is clear that the alkyne component within the comiplesubstantially

affected by the extent of alkysmmaetal bonding. However, it is also important to note that

bonding within the cobalt congpentis also subtly changed through this complex bonding
arrangement IR spectral analysis of complexes suchBahave shown that the observed

ClO stretches are in fact nonequivalent and
the complex directly affects the strength o
t h adonatibnfrom the alkyne componewnf the complex is thought timcrease the relative

back donation to the CO ligands, strengthening then@@al bond ad making them harder

to remove Redrawing compleX@3 as 94 or 95 illustratesthat there areawo distinct CO

environments within the complethat ofaxial andequatoial positions(Figure 9).5%°3
R 1 co
R ocC
CO eq B eq eq trans N7
v, [ CO oC = co 0C (CQ _CO ey ais
I/,/ K \ / N \/ q
R2’<ilyco\ = ax OC"‘COACO"‘CO ax — @
Co cO / W \CO
1\ ocC i
ocgd  co eq R2 eq R R2

R‘l < R2 coO
93 94 95

Figure 9. Alt ernative representations of the dicobakalkyne complex

The two distinct environments agedirect consequence of tpheeudeoctahedral geometry
around the central cobalt atom. Furthermatae to steric interactions and relative back

donation within thecomplex, theequatorial positions can be further subdivided into
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equatorial cis andtrans with respect to théigher prioritysubstituent present on the alkyne
moiety. Whilst IR studies cannot identify directly whidf the CO ligands are affected most

by complexation, inferences can be made using DFT computational studies and by
monitoringthe substitution of CO ligands for Lewlsasicadditives>® The relative ease with
which each of the CO ligandsan be substituted has direct consequences towards
regioseletvity, as will be discussed iBection2.10 Current understanding would suggest
that the twoequatorialpositions are more labile than thrial position, especially that dhe

trans equatorid CO ligand. However, cystallographic studie®f substituted complexes,
seem to contradict thisdicatingthat substitution of CO ligands for Lewbasiccompounds

such as phosphingsccurs preferentially aheaxial position?®

2.9 Reaction Mechanism

The conclusive mechanism involved irKPreactionremains as yet elusiyéhough in 1985

Magnus proposed the generally accepted mechaasshown irScheme30.>°

R R R' R R' &
-CO \—/
“‘ Cox(CO)s  OC._ C _co oc_ /i * =/ _ oc_ 77
0o—Co_ — C C = .
2CO  oc” | | “co oc” | | >co | “1CO
' CoO CoO CO CcoO CO co
96 97 98 99
Where R > R' L
L = CO or additive
* = vacant co-ordination site
R' R’
O R R' R R
- , ~ -~ A0z
(©0C),cd’ (0C)Co~, oc" e
R | (|) oc” / N\ O CO /\ co
L,(OC)Co oL oc L
103 102 101 100

Scheme30. Proposed mechanism of Pausekhand reaction

Starting from the hexacarbonyl compl&x, the initid step in the reaction mechanism
involves the endothermic loss ofC0 ligand to form comple®@8. This step is thought to be

an equilibrium process favouring the-oodinatively saturated complé&¥. As dissociation of

a CO ligand occurs in comple®7, a vacant cerdination site is exposeavhich can be
reversibly occupied by an alkene, forming com@8xAlkene ceordination vas proposed to
occurtransto the larger group anads to the smaller substituent present on the alkyne, hence
developing the regioselectivity observed in product formatioth wespect to the alkyne
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moiety (vide infra). From complex99, the formation of mtermediatel00 is achievedvia
alkene insertion into the alkyne carboobalt bond with the least steric hindrance.
SubsequentCO insertion allows the formation of carbocycl®l, followed by reductive
elimination to form102 Finally, decomplexatiorof the cobalt complex furnishes the desired

cyclopentenoné&03

It should be noted thathroughout the description of the reaction mechanism no mention was
made of the rate determining stefhi3 is due to the fact that it may change depending on the
reactionconditions. With regard to the thermal reaction, DFT calculations have proposed that
the loss of CO to form®8, requires the largest amount of energy in a single step and is the

561

slowest stegScheme31).”®*® However the useof additives ms in fact alter the equilibrium

and hence change the rate determining step to that of the alkene insg0tfeide infra).

(0€);Co—Co(CO); oG co
)A( (0C):Co——C3.
H H )A’\L N .‘/ PO
' O% co H H  (0C);Co——Co~CO
+33.5 * L. %
\\(OC)?,CO /Cq K .
N / +285 .
7 (18.5) », H H
(OC);Co——Co(CO); ; (33.5) H H \
e , — 1
)& ; +12.0 +14.1 |
’ ' . oc. CO
" — }(0C)Co——CoCO
VRN
0.0 .|
Ligand Substitution Cobaltacycle Formation

Scheme31. DFT analysis of the PK reaction, PérezCastellset al*°

At present few, if any, of the reaction intermediates have been isolated and conclusively
identified However, over recent years several pieces of evidence have been discovered to
support the described mechanism. In 19E8afft and ceworkersprovided the first suctural
evidence to support the initial dissociation ofC® ligand. During studiestowards the
directedintramolecular K reaction the authors isolateagh alkyneCo,(CO) complex105,

stabilised internally by the alksidechaincontaining a sulfr atom Scheme32).%°

i

106

Scheme32. Structural evidence for CO dissociation in PK reaction
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Further isolation and characterisation of allk@®(CO), complexedas proven a significant
challenge to many groups, due to the inherent instability of therdinatively unsaturated
intermediate. Howver, some success has been accomplished using alternative techniques,

such as IR and mass spectroscdfy (Figure 10).>%°*

Ph
oC-. )?\\ ,CO
C?*CO +

% PPh
Ph,P 2
~ m/z 781.1
107

Figure 10. Mass spectroscopy evidender alkene ccordination

More recently, Evans and McGlinchey reported the¥ crystalstructure ofL10, an alkyne
Co,(CO) complexinvolving anintramolecular coordinatedlkene (Scheme33).>?> Whilst
intermediate110 lends weight tothe proposed cordination of alkenes following CO
dissociation, the inherent structural arrangement prevents further reaction to allow alkene

insertion.

Y
O‘O Co,(CO)g OH .

Ph

CO
// OH //C|°\ co
Ph oc-Cqg CO
oc¢ co
108 109

Scheme33. Structural evidence for alkene ceordination

Finally, a recent publication by Pallerla and-workers has elucidated the first proposed

intermediatel 14involving alkene insertio(Scheme34).

CO,Et
A EtO,C
Me T™MS
111 NMO EtO,C,,. T™S
= @) +
+
TMS Me\\\\
T™MS
oSS
CO CoO
12 19% 13%

Scheme34. Products isolated from theintermolecular P-K reaction of 111and 112

The authors reported the unexpected isolatiorll ™ during investigations towards the

intermolecuar PK reaction @ 111 and112 Following the general mechanism proposed by
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Magnus inScheme 30the authors state that tHermation of113and114can be depicted as

shownin Schemea 35 and36.

With respect to product13 following CO dissociation irl12, alkene ceordination can

occur, in the form of a cyclopropene udill Subsequent alkene insertion at the least
hindered carbon of both the alkene and alkyne components, leads to one of two possible
intermediates115 and 116 Following this, carbonylation, reductivelirination and

decomplexation reveals the expected cyclopentenone protiB(Scheme 3h

CO,Et
T™MS Me,
CO,Et Lo
- C [—
A oCCo— 0 co
Me ™S / od \
111 EtO,C,,, TMS

+ TMS o)

oC CcO
OC CO \ Me\\\‘
oC (0] TMS
113
T™MS

T™MS 116
Scheme35. Proposed mechanism towards the formation of13

However, if regioselectivitywas reversedvith regard to the alkeneomponent,114 was

formed preferentially$cheme36).

EtO,C.,
CO,Et Me S
Me ™S
111
+
oG co
oc co
oC co
™S

112

T™S 114
Scheme36. Proposed mechanism towards the formation of14

It was suggested that just as with the formatiod1¥ the first two stepsf the mechanism
proceeed acording to thepathway predicted bagnus, involving CO dissociation and
alkene ceordination. However, following insertioof 111 at the most hindered carbohthe
alkene componertb form 117, instead otthe reaction following the normal pathway to form

regioisomerl18 an unexpected fragmentation of the cyclopropene unit gdeading to the
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formation of 114 Whilst the conclusive rational behind this unexpected fragmentation has
not been fully elucidated, it was proposed that inherent stabilisatio o f -cartoe U

adjacent to the silyl groumay be responsibfg.

To date no further reaction intermediates have been conclusively identified. This is due to
the fact that CO dissociation and alkene insertion are the steps requiring the highdgiractiva
energy. Accordingly, following alkene insertion, subsequent steps progress largely
exothermicallyrendering isolation of further intermediates extremely difficBttieme 3}

2.10 Regioselectivityn the P-K Reaction

2.10.1 Alkyne Component

In generalthe regioselectivity of the K reaction is highly predictablevith regard to the
alkyne componentin most caseghe larger of the twsubstituentgpresentin the molecule
will be incorporate@djacent to the carbonyl of the developing cyclopentenibigethought
that gerics are the werriding factor determining thebserved selectivitywith alkenes such

as 119inserthginto the carbon with least hindran@cheme37).54%

EO Toluene
t 70 °C,2h
Ab + >—=—R
EtO
119 120

EtO OEt
R=H, 52%, 1:0, 121:122 121
R =Me, 75%, 10:1, 121:122
R ="Pr, 85%, 1:1, 121:122

Scheme37. Regioselectivty with regard to alkyne component

However wherethere iglittle differentidion in stericsbetween the two substituentsixing

of alkyne regioselectivitys expected tmccur. The most notablexampleswherea reversal

in regioselectivity has been obseryede when strongly electronwithdrawing substituents
are present on thalkyne As shown inScheme 38the observed reversal of regioselectivity
may suggest that whilst sterics are typically theoverriding factor determining

regioselectivity electronic may alsoplay a role in determining product formatih.
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R=H, 43%, 1:10125:126
R =Me, 78%, 1:0 125:126

Scheme38. Reversal of egioselectivity due to electrorwithdrawing substituents

In an attempt to further rationalise the observed regioselectivity with regards to the alkyne
componentmany goups have revisited the proposed reaction pathwathis regard, DFT
computational studies have proven extremely useful when attemptirguéotify the
energetics andetermine theorder ofeach of the individual steps withthe reactionlt is

with this additional computational information that a-emaluation of the proposed

mechanism has been attempt&d®

As previously statedthe CO ligands within the complex are apparently-equivalent in

terms of IR stretching frequencyhib indicatesthat each of th€O ligands are subjeetito a

varied amount of back donation from the cobalt atcepending ortheir relative position

within the complex. The direct consequence of this is that the greater the extent of back
donationtothe COdiand, the | onger the CI O bw@abdon and
bond to the CO ligand. As the strength of the mesabon bond increases between the
complex and the CO, exchange of this ligand becomes less facile and hence less activated

towards pagntial substitution with an alkene component.

DFT studies have indicated thahergetically, the twequatorial CO ligands incur a lowe
energy barrier to eliminatiothan theaxial CO ligand within the complex. As a direct
consequence of this, tleguabrial CO ligands are more likely to be substituted by an alkene

in the first step of the reaction pathway. Importantly, DFT studies have also indicated that the
trans equatorial CO ligand is the most labile of the tveguatorial positions, although there
appears to be little difference in energy compared to that afisfeguatorial CO ligand®’ It

is at this stage that the effects of sterresnforce the proposed electronic factors in
determining the regioselectivity. Accordinglg/kene co-ordination and insertion is more

favourableadjacento the alkyne carbon caainhing least steric hindrand7 (Figure 11).
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Figure 11. Preferential co-ordination and insertion of alkene in thetrans-equatorial position

It is important to note that, whilst DFT calculations have provided a quantifradht into

the relative ease with which each of the CO ligands can be removed from the complex, the
mechanism of how this effect is generated is as yet not fully understood. 11G286deand
co-workerssuggested that may be due to aanseffect®® In that caseback donation to the
alkyne componentoccurring through the d %y? orbitals simultaneously weakenthe
bonding to thgpseudoequatorial CO ligands and hence induces the [@fands to be more

labile 129130 (Figure 12). This overall effect is importanes it may well explairthe
electronic bias determining the reversal in product regioselectivityen electron

withdrawingsubstituentarepresenbn the alkyne moiety

CO eq trans
ax OC
\ ’: o+ R1
eq cis / """ =
oc Yo
‘\ /—\ oq cis \‘: eq trans
, most & CO\‘””‘CO
R labile CO 1
R2 CcoO
\_/ oCc ax
eq cis
R'=R?
129 130

Figure 12. Relative position of most labile CO due tdrans-effect

In a follow up paperGreene and cworkers poposedhatan alternativeaxial pathwaymay

also be in actior® In this regard, itwas propose that althoughthe CO ligands are more
labile in the equatorial positions, the barrier t@seuderotation within the complex is
relatively low, opening up the possibility of alkene-amination occurring in both the
equatorialand axial posiions. In fact, when comparing energetics of the various pathways,
DFT calculations would suggest that alkene insertion may be more facile froaxitie
position. Furthermore from the axial position steric discriminationagain determines the
favourable msertionof the alkenecomponeninto the least sterically hindered alkyne carbon
132(Figure 13).
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Figure 13. Alternative axial pathway

Whilst DFT studies have provided a significant step forward in tlienstanding othe RK
reaction,they also clearly highlight the levels of complexifywolved when attempting to
understandhe reaction pathway in the absence of known intermediates

2.10.2 Alkene Component

Regioselectivityis much harder to predict with regard to theeak component. At the outset

it was envisioned that sterics should play a pivotal role in regioselective discrimination.

However, alkene regioselectivity is not simply dependent on the substitution pattern of the
alkene, but also the alkyne portion. In theample showra product mixturef 1:40 135136

was isolategdfollowing the RK reaction between33 and134 (Scheme39).*° Importantly,

in this caseregioselectivity could be achieved due to the steric bulk present on the internal
alkyne. However, as the sizes of the substituents gresealkyne are reduced, a significant

mixing of alkene regioselectivity is expected to occur.

0 0 OMOM
Coy(CO)s To5eRe ph Ph
Ph—==—Me + _~_OMOM .
41%,
Me Me
133 134 1:40, 135:136 135 ~ OMOM 136

Scheme39. Alkene regioselectivity in the PK reaction.

This effectis especially pronounced in terminal alkynasch asl37, wherethe structural
differenceswithin the alkynemay not be significant enough toeducethe predicted steric

clastesto control insertion, resulting in 1:1 mixtures of produst®and141(Scheme40).”
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Scheme40. Regioselectivity with regard to the alkene component

In an attempto counteracthis obvious shortcomind<rafft and ceworkers investigated the
use of secondary interactionas a means to control regioselectivityDuring their
investigationsthe authorsdemonstratethathomo andbishomeallylic sulfide alkenes, such

as 143 almost exclusively formed cyclopentenones, with the heteroatom containing
s ub st itothedavelopldg carbong#5(Scheme1).5% 172

Toluene

Co,(CO
W\S/ N | 0,(CO)s reflux
H—=="Ph e

143 144
18:1, 145:146
Schemedl. Use of secondary interactions to promote regloselectlwty in the-R reaction

Following the sucess of this approach, a range of Lew&sc directing groups have been
succesfully employed, includingllyl phosphonatesuch asl48 (Scheme42),”® extended

phosphoates™ and amines.

~OEt
o MeCN:DCM (1:3) \OEt
Co,(CO)g I reflux
e R-OEt
Ph—== T =/  OFt

82%, 1:11, 149:150 EtO- p\\

EtO
147 148 149 150

Schemed2. Allylphosphonate alkenes as directing groups in the intermolecularK reaction

To explain this change in regioselectivigrafft proposed that a direct @rdinationof the
lone pairs presenton Lewis basic groups was occurring to the cobalt complex. This
tethering effect could thedirect the alkene for insertiothrough a preferred orientation
within the complex. Evidese for a similar mode of action had already been established
through analysis of substituted alkyne complexes containing heteroaarhsaghatshown
in complex104°°
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With regard to104, crystallographic analysis demonstratedttthe ceordination of the
sulfide provided a stabilising effect on pentacarbonyl complekégu(e 14). However, in
the caseof allylic sulfides it was clear that coordation of these substratesould occur
though one of two possiblatermediatesl51or 152 Althoughthe structural arrangemeint
151 appeargo beentirely feasible, currentinderstandingvould suggesthat mononuclear
152 is most likely to be thereactve species where there are no physical constraints
disfavouring this arrangemefft’?

/

-~ / cO
Z, 0% o />’/\S | CO
! , or . -

. J\ CO CoCo. CoCo.
ah SIS Co /I co
oc-3°Ce-co oc” PN oc” PN
oc co H  Ph H  Ph
104 151 152

Figure 14. Proposed intermediates involving sulfide containing alkene substrates

Furthemore, Krafft proposed that key tihe high levels of selectivityvas not only the
formation of 152 (Figure 14), but also the conformation that the alsilechain adopted
within the complex itself. From this perspective, the preferred orientation oflyheside
chainwas proposed to be that of intermedia&3 due to physical and steric constraints
(Scheme43).”

R
R, co RL /CO L /COCO
/_co —CO R Co_
Co R Co s\% <
Re~—7""c0 ~—— 1.7 >co C({/ co
Co oc~ %~ = ~co
7L LTk L~
ocC
153 J 154
\ Rl /CO e} 0
cb—CO
Rs 2 ~co R L R
Co
R¢ R L
0 155 156
L Major Minor

Schemed3. Proposd mononuclear bidentate arrangement to induce regioselectivity

In general,all issuesregardingregioselectivity can be resolved through tethering of the
alkene component to the alkyseich as inl57 (Scheme44).”®"" In this case structural
constraints within the molecule dictate that only oegioisomercan be formegthat of158

The clear benefit of this approach is that, not only can a highly controlled and predictable
product be formed, but also that thkyne regioselectivity can be reversedmparative to

the intemolecular variantthrough the syhtesis of a suitable precurstsy.
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Scheme44. Intramolecular P-K reaction

From a synthetic point of view, the intramoleculaK Peaction has proved to be one of the
most important of the early reaction developmentsoiligih incorporation of this strategy

relatively rapid access to compldused ring substrates can be achieved a single

transformatior(Scheme45).
BocHN
NHBoc
1) Con(CO)g, THF, r.t. H
2) TMANO-2H,0
DCM, r.t. o CH
oH HO

70%

160

Schemed5. Synthesis ofLl60by intramolecular P-K reaction

In the exarple showmabove Hoshino and Ishizalsuccessfully utilised thmtramolecular P
K reactionon an internal alkynel59, towardsthe formal total synthesis of Magellaniffe
Through implementation of the intramoleculaKReaction,Hoshino and Ishizakinanaged
to develop an angular fused tricyckystem containing three contiguous chiral centers in a

single step.

2.11 General Reactivityf Alkyne and AlkeneComponents

When designing a synthetic strategy involving & Peaction, it is always important to
consider the inherent reactivity of both #i&ene and alkyne components. In general terms,
there does appear to be a subtle change in reactivity, with regards to each component,

depending on both the substitution and stpa@sentvithin the starting materiaf§:>*

With regard tathe alkyne portion of the ¥ reaction,internal alkyne®oftenappear to exhibit

a reduction in reactivity, comparative to the equivalemial alkyne systenil@ble 2).%°
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Table 2. Reactivity profile of alkynes in the RK reaction

Entry R Yield (%) Product ratio 163164)
1 H 45 1:.2.5
2 Me 22 0:1

In the example shown, ivas observedhat by moving fromthe terminal alkyne, tathe
correspndinginternal alkyne, a significant reduction in conversion is observed, from 45% to
22% (Table 2 Entries 1 and 2)This apparent chaegin substitution accounts for
approximatelys50% reduction in reactivity, simply by adding in the extra substitueiot thie
alkyne component. Whilst this apparent reduction in reactivity initially appears to
significantly limit the potential sulimte scope of the-R reaction,any loss in reactivity can
often be compensated by employing an intramolecular variant, éxgetine reaction times

or through the addition of a range of reaction promotade (nfrg).

With regards to the alkene component, a similar reactivity pattern is observed, with the least
substituted alkenes generally showing thenbgy reactivity. Fuhermore, aecentstudy by

Millet and coworkers has identified a link between the reactivity of the alkene component
and both the strain and bond angle generated within the starting nfdt&iaing their
investigations, the authors observe that as the bond angle within the alkene molecule
decreases, an apparent increaseeactivity is observed, through lowering of the LUMO
energy of the alkene starting material. This observation goes some way to explaining the high
levels of reactivity of strained cyclic alkensgch as norbornene derivativd$e results in

Table 3 illustratethat as the bond angle of 107° in norborneras increased to 128° in
cyclohexene, a significant increase in the LUMO energy is observed, corresponding to an
appreciable reduction in overall conversidrem 59% to 3% yieldTable 3, Entries 1 and

3), albeit under a variety of differing reaction conditions.
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165 166 167

Table 3. Reactivity of various cyclic alkenes in the intermolecular K reaction

Entry Alkene Angle®  LUMOP ¢o0rq Conditions Yield (%)

1 Norbornene  107° -0.087eV Mesitylene, 6670°C, 4 h 59
2  Cyclopentene 112°  +0.203eV Toluene, 160€C, 80 atm, 7 h 47
3 Cyclohexene 128° +0.336 eV Toluene, reflux, 6 h 3

#angle refers to the C=C angle.
LUMO coord refers to the cal cthooadnateltoghe metajoentre.f t he ol

DFT calculations hee attributed this lowering of the energy of the LUMIDd subsequent
increase imeactivity, to the factthat alkenes such as norbornene participate in a larger degree
ofback @ nati on t horbitalsty %It ig believed that this results a better match

of HOMO-LUMO orbital energy levels, increasing their oak reactivty towards alkene

i nserti on. -drbita) oflthd BIEin i§ pafticularly important, since it is not only
involved in back donatiofrom the cobalt complef68 but also involved in the formation of

the new CC bondin cobaltacyclel69 (Figure 15).

L8
"y 4

T acetylene

168 169
Figure 15. Orbital interactions during P-K cyclisation

C-C

2.11.1 1,3-Conjugated Diene Roducts

Of all the akene systems investigated witagardto the RK reaction, electroweficient
alkenes have proveto be some of the mosproblematic(Scheme46). Frequently when

these substrates are involved, complex mixtures of products are isolated, of which 1,3
conjugated diene$73 are oftenthe major component. In these cases, it would appear that a
c o mp et thydride eelimibation pathway is significantly faster than the desired

carbonylation step to form the desired cyclopenteridide®
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Schemed6. Reactivity of alkenes containing electrorwithdrawing substituents in the PK reaction

However, @spite the fact that 1-@njugated diees are widely accepted as being formed
through ab-hydride elimination pathway, the exact mechanismainsas yet unclear. In an
effort to elucidatethe mechanisinKrafft designed a series of deuteration experiments
involving compoundsl75 and 177 (Scheme47).% It was envisioned that bgnalysing the
different products formedhe resulting positions of the deuterium would helpd&velopa
clearer picture ohow the diene products were being formaedder reaction condition3he
results of the study showed thahen?D-labelled 175, with deuterium incorporated on the
terminal posibns of the starting alkengas heatedpo migrationwas observedHowever
whenthe deuterium wagpresent orthe internal position ofhe alkeneas in177, complete
transfer was observed the newly formed alkeni@ product178 Surprisingly in all of the
cases examined cis-olefin was formed iproducs 176 and178 as opposed to the expected

trans-olefin (Scheme47).

D D
‘\]/ 1) C02 Co)g
> T™MS 2) Toluene, reflux

. 7
HI/ 60%

OH

\L 1) Cox(CO)g

" D/TMS 2) Toluene, reflux. d
., =

" 63%
H H OH

Scheme47. Deuterium enriched substratesl75and 177to probe elimination pathway

In an effort toexplain these findingsKrafft and ceworkers proposedhat two possible
competing pathwaymay be occurring in the reaction mixtuees depicted irSchemes48
and49.2° The generally accepted mechanism towardsileBe formation involves the initial
cyclisation of179to afford cobaltacycle 180, followed byb-hydride elimination to regenerate

the terminal alkene inl81 (Scheme48). From this point two possibleathways are
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accessible; either throughieductive eliminationto 182 followed by decomplexatignor
similarly decomplexatiomo afford 183 followed by reductive eliminatioto release the 153
diene specied84. Whilst, the mechanismshown inScheme 48s widely accepted as the
pathway explaining the generationtrdns-selective 1,3lienes, it does not provide a suitable

explaration to account for the formation of compouddéand178

_seucon oo qj
¢ L <9 co
R b / co / €o
| oc *co OC eo
170 180 / 181 \
] R H. R
— /” iy Qﬁl/ﬂ . CO
P Q/\;CW%L Tco
H-Go-co Co(COnLx
184 183 CO
major product -

trans-product

Scheme48. -Hiydride elimination pathway to trans-olefin 184

To explain this apparent shift in product formatidrafft and coeworkers began taoe-
evaluate if this mechanismwas the only possible outcoméo r ef f-bydride v e
elimination to occur in80, the mbalt atom present in carbocydias to align itselfynand
parallel to the migrating protofScheme 48 The authors proposethat dueto spatial
constrainsaround the complexhis may not be favoured and that instead an alternbtive
hydride eliminatio and retrocyclisationmay be competingo form the cis-1,3-diene
productsas shownn Scheme49.

Revisiting intermediatd 80 it quickly became clear th&thydride elimination can occur in
two possible diections, primarily as described 8theme48, but also througli85to form an
allylic-type ®bdtacycle 186. Krafft proposed thatin certain cases, substrates may
preferentially adopt this conformation, promoting the formation of this alternative
intermediate186. From 186, again two possible pathwayme accessiblg either through
retrocyclisationof 188 to provide 189, followed by reductive eliminatignor reductive
elimination of 186 to afford 187, followed by retrocyclisatiorto afford 190. Crucially, the
mechanismillustrated inScheme 4%xplainsthe preferential formation of products such as

176and178containing ais-olefin (Scheme 4Y.
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Scheme49. Alternative retrocyclisation pathway to cis-olefin 190

The feasibility of this alternative mechanisprovides animportant addition to the
understanding of the-R reaction, explaining the formation of 1,8nd 1,4dienes through
conformationakestrictions instructural scaffoldshat are not electredeficient such asl75
and 177. However,the existence of yet ather competing pathwafrther exemplifieghe
fact that there areften multiple reaction pathwayaccessibleduring the PK reaction and

that product determination is often not as expectedsaoftensubstrate dependefit.

2.12 Reaction Conditions and Prooters of the PK Reaction

From the original conception of the-K° reaction, promotig cyclisation wasbased on
thermal conditions Classically this entailethe prolonged heatingf the alkyne complex
with excess alkenm hydrocarbon solvent&Jnfortunaely, in many casegyoor to moderate
yields were isolatedwith the formation of multipldy-products, requiring lengthgeaction
times andpurification protocols Due to the obvious practical difficulties of this approach,
many of the recent K developnents haveconcentrated orthe modification of reaction

conditions tamprove efficiency and remove the need for comlesificationprocedures
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2.12.1 Dry-state Alsorption

The first major advance ipromotingthe RK reaction involved adsorption of the reagent
onto a solid surface such as silica, zeolites, or aluffitducleophilic sites on the solid
surface acting as Lewis basgare thought to cordinate to the complexpromotingthe
initial loss of a CO ligand=urthermore, these Lewis basic siesreproposedo be involved

in subsequenstabilisaation of cobaltintermediatesreducingdecompositiornof the complex
prior to reaction completionThe most dramatic reductism reaction timesvere observed
when a heteroatom was present in the startingemmgtsuch asn 191 (Scheme 5. It was
proposed thatwith these substrategn particular secondary interactions between the

heteroatom and the solid surface aid bindomgromote cyclisation.

In the example shownit was demonstratedhat through imfementation of dry state
adsorption protocojsan appreciable increase in yield to 769492 could be achieveth 30

min, comparative to 29%ver 24 hfollowing classicathermal promotior{Scheme50).2

Y
o o=
c|302(CO)6

191 192

Thermal conditions: iso-octane, CO, 60 °C, 24 h, 29%.
Dry state absoption: SiO,, O,, 45 °C, 30 min, 75%

Schemes0. Promotion of the RK reaction using dry-state adsorption

2.12.2 Microwave Promotion

Despite the extensive development of microwave technology in modern organic syiitthesis
was not until 2002 when Evans andworkers reported therit microwave promoted-R
reactiongScheme 512 Variations in solvent,leyne complex, and alkene were all analysed
with results in general showing moderate to excellent yields, in remarkably short reaction
times.Throughout all of the examples investigatieidh tempeaturesproved criticalto attain

thedesiredrate enhancements.

As shown inScheme51, both polafDCE) andnonpolar (toluene) solvents proved effective
in promoting product formation. However, in the majority of cases, toluene proved the most

effective ®lvent, with yields of up to 97%eingobtained after just 5 min.
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COz(CO)G
MesSi—==—H +

193 194 ex0-195 endo-195

Toluene, 90 °C, 5 min, 97%, 95:5, exo:endo
DCE, 120 °C, 200 s, 93%, 95:5, exo:endo

Schemeb1. Microwave promotion of the P-K reaction

2.12.3 Ultrasound Promotion

Exposure ofthe reaction media to ultrasound (sonication) is thought to fommnstent,
localised areasfdhigh pressure and temperat@irdt is within thes small pockets of high
pressure and temperature thia¢ cleavage of met&O bondsis thoughtto occur Initial
investigationsby Pauson and eaorkersdemonstratedhat low power ultrasound could be

usedeffectivelyto induce moderate cyclopentenoneemsions°

Subsequent developments by Keand coeworkers utilising high pwer ultrasound, in
conjunction withchemicalpromoters, have shown remarkable improvements in both yield
and reaction tim& In the example shown iBcheme52, Kerr et al. demonstrated that yields

of up to 62%of compoundl98 could be achieved simply by sonicating the reaction mixture
for 10 min. However, the most dramatic improvements in yieldse vadrserved when
ultrasound promotion was used in conjunction \athineN-oxides, where conversions could

be effectively increased to B¥%of 198in less than 1 h
0

Ph—=F . @ ____ Ph
COZ(CO)G
197

196 H 198

Ultrasound, 10 min, 62%
Ultrasound, Et3N, 45 min, 94%
Ultrasound, TMANO, 10 min, 97%

Schemeb2. Effect of ultrasound on the promotion of theP-K reaction
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2.12.4 Amine N-Oxides

One ofthe most importanand widely used promoteirs modern PK reactiors areamineN-
oxides®*® Initially used as decomplexation agents remove the hexacarbonyl cobalt
complexfrom unreacted alkyne# wasenvisioneahat their addition to the reaction mixture
could lead to the igversible loss of a CO liganda oxidation, to release nero-ordinating
CO,. Amongst the most popular and commonly used reagents are trimethylsroxide
(TMANO), and N-methylmorpholineN-oxide (NMO), which can be used eithess the
anhydrous or hydratforns. In general the hydratel forms of TMANO or NMO appeato be
required to avoid premature alkyne decomplexation. Whilst the hydrated formeechae
the observed rate of reaction, excellent overall yields are often obtdiésialso important
to note that the addition @mineN-oxidesoften allows the fK reaction to be carried out
under remarkably mild conditions, with reaction temperatures reduced to ambient
temperaturéScheme53).%*

Ph—=3= N oh :
Co,(CO)s .

A

199 200 201

Thermal: toluene, 60 °C, 4 h, 45%
N-oxide: DCM, TMANO-2H,0, r.t., 3 h, 80%

Scheme53. N-oxide promotion of the P-K reaction

Amine N-oxide additives are thought to have a dual role within th€ feéaction. Looking
more closely at the proposed mechanigncan be seen that in the conversiond8¥ 100

and 100Y 101, an additional ligand is required to stabilise the complex, to maiatam
ordinatively saturatedconfiguration (Scheme 54). This is normally achieved by e
complexation of &0 ligand or through the donation of a lopair from an addive ligand.
Hence, ace theamineN-oxide has reacted as an oxidant, relea€i@y, its reduced form is
then free in solution to eordinate to the complex to aid the stabilisation of the subsequent

Co-intermediates.
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- ", %, - _Co- ~,
(OC);Co” ™ (OC)sCO~7, oc” 1 ~Co_
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L,(OC)Co % L oC L
103 102 101 100

Scheme 54. Proposed mechanism of Pausekhand reaction

In 1999 Kerr and cavorkers demonstrated that this technique coutthér be incorporated
into userfriendly polymer supported resissich a204 (Table 4).> Remarkably, it was also
noticed that th@polymersequestered most of the cobalt residues formed-asdalycts in the
reaction mixture, simplifying prodtuigsolation significantly. Recycling of the desired resins
could then be achieved by simple washing, with little or no erosion of aciivityyieldsof

205 consistentlyemainingabove 90%after fivecycles(Table 4).%

O
Co,(CO H
HO _|_2( 3 . @ 204, DCM, r.t. M

202 203 00 H

( 205
@Nw

Table 4. Polymer supportedamine N-oxide promotion of the P-K reaction

Run 1 2 3 4 5
Time (h) 2.5 5 5 6 5
Yield (%) 100 97 95 94 90
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2.12.5 Amines, Sulfoxides and Sulfides

A third and \ery important approach towards the promotion of th€ Raction involves
attempted stabilisation of thalkynecomplex intermediatesThis approach is somewhat
complementary to the dual role that amiexides exhibit, only without the initial oxidation
of a CO ligand to free up a <@wdination site.Ligands such as sulfides and amires
thought toact as Lewis basgdonating electron density into the complex promotimg loss
of CO, providing steric shielding and thus preventing the collapse of ecmplermediates

as cyclisation occurs.

The development of Lewis basic additives in thK Reaction is thought to have originated
from | andmark papers publ i s h eworkérsi**Thioegh 1 97 06 ¢
their investigations into ligand effects within low valent transition metals, they successfully
showed that hard Lewis bases such as amines and alcohols promoted CO ligandioiissociat
It was proposethat the electron donatn from the lone pairs ohard Lewis bases increase

the electron density on the metal centre, weakening the -@é@al-bdnd. Furthermore, ti

was alsoenvisionedhat due to theis-effect observed in mononuclear transition metiat
addition of Lewis basic additiganto the dicobalt compleshould prorote the dissociation

of a CO ligandoredominantly on the cobalt atom to which it@sordinated(152 Figure 14,
Section 2.10.9. Towards this aimthe first examples of Lewis basadlditives within the i
reaction were those of amines, mainly due tdr theailability and low cost® Adaption of

this basic premise into the dicdbaystem immediately proved successiuth high levels of
conversions readily obtaingelvenat relatively low temperatures of 35 °Sohemeb5).

35°C, 72 h Gox(CO)
THF, EtOH or Et;N ==Pn
\:
205 (99%)
COz(CO)G Co,(CO
= 35 °C, 5 min a0k Ph
in Et,NH =—Ph
N o}
N N\
205 205 (23%) 206 (46%)
35 °C, 5 min Ph
in CyNH,
o}
206 (72%)

Schemeb5. Amine promotion of the P-K reaction
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Initial investigations showed fairly mixed succesdth the addition of tertiary amines
returning only starting materml Switching the Lewis basic additive farimary and
secondary amingsroved more successfulith 46%yield of 206isolated in the presence of
Et,NH and 72%yield with CyNH..

Despite the initial success of cheap and readily available amines such asxgyaloire

and ammonia in the promotion ofKreactions, it was still believed that more effective
alternatives could be found. The main driving force behind this was the development of
catalytic protocols, of which aminggspecially primary and secondagrjrad an inherent
disadvantage, in that they were suspected of degrading fre€€@g through redox
processe®® Towards this goakulfides were identified as possibleesitatives. Sulfidesra

t hought t edonbra n @d o b-adedpterdigarids than amines. It was believed that
although | ess electron density wdaanatidnthbe pust

i ncr e-laskaahatiorshouldhave the sameverall effect in promoting CO dissociation.

The use of sulfides and sulfoxides as promoterthe RK reactionwas first reported by
Jeong and cevorkers in 1997 and later by Werz in 200848 During investigations towards
thering closureof 207, it was noticed that the addition of a mixture of DMS &SSO to
the reaction mixture had a positive effemt conversionswith 80% yield of 208 being
isolated upon reaction completi¢®cheme56).%’

Cox(CO)s DMSO (10 eq.)

| DMS (10 eq.)

/T C,Hg, 60 °C, 6 h

S 26 > S 0
AN

80%
207 208

Schemeb6. Promotion of the P-K reaction using DMS and DMSO

Further investigation and developments by Sugikae identified thathe presence alkyl
sulfides, such a%utylmethyl sulfide BuSMe), wassufficient to effectively promte the P
K reactionof substrates such 840 (Scheme57).%

209 210 211

Thermal : Toluene, 48 h, 23%
N-oxide : NMO-H,0 (6.3 eq.), DCM, 10 min, 0%
Sulfide : "BuSMe (4 eq.), 1-2,DCE, 83 °C, 90 min, 85%

Schemes7. Comparison of sulfide andamine N-oxide additives as promoters in the FK reaction
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Importantly, it appears that sulfidefien exhibita complementary effect to that amineN-
oxide additiveswith sulfidesfrequentlypromotingthe successful cyclisation of substrates
where conversions are poor usiagine N-oxides. In the example shown iScheme57
Sugihara demonstrated that whilst NMO proved completely ineffective as a pramtie
formation of211, the addition of sulfides providétl1lin an excellent 85% vyieldn fact the
most recent research would suggest that therdmation of sulfides into the complex

actually promotes alkene insertith.

Unfortunately the use of stides hassome major drawbackshey areoften expensive,
requirehigh reaction temperatureand the distinctive noxious smell makes handling difficult
and unpleasant. To address some of thesees Kerr and ceworkers devealped two
practical alternatives. The first of these wasrecyclable and highly efficient poher

4 100

supported sulfid1 During investigations towards the promotion of the intermolecular

P-K reaction Kerr et al denonstrated tha214 wascapable of multiple reaction cycles with

little erosionin activity (88%yield after fivecycles),as shown iTable 5.

1,2-DCE Q H
Co,(CO)g 90% 2

213 H
O—CH20(0H2)4SMe
214

215

Table 5. Polymer supported sulfide additives in the FK reaction

Run 1 2 3 4 5
Time (Min) 30 30 30 30 30
Yield (%) 89 92 87 86 88

Complementary to the heterogeneous polymer supported s@fidevas the development of
dodecylmethyl suifle (DodSMe) an odourless solution phase sulfffe As shown in
Schemeb8, DodSMe proved a highly efficient alternative to conventional sulfide additives,

with isolated yields 017 up to81% upon reaction completion.

COz(CO)G
DodSMe (3.5 eq.)

/—_ _ o .
d 1,2-DCE, 83 °C, 30 min omzo
\\ 81%

Schemes8. OdourlessDodSMe protocol towards the promotion of the RK reaction
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Importantly, the development of DodSMe did not just provide a solution to the noxious smell
but also provideda much more cost effective-®® promoter, since this reagent sva

significantly cheapethan"butyl metyl sulfideand easily prepared on a large scale.

2.13 Catalytic PausorKhand Reactions

The stoichiometric K reaction has proved to be of enormous synthetic versatility, especially
when used in conjunction with the recent developments in additi@sever,the use of
stoichiometric amounts of cobalt, mbined with the necessity to pferm and ofterpurify

the hexacarbonyl complearemajor drawbacks tthis metalmediated protocol. Howeven i
recentyears a concerted efforto improve atom efficiency ahsimplify the reaction to an

actual onepot, catalytic procedureasintensified

2.13.1 Homogeneou<atalysis

To date, investigations towards the development oétalytic PK reactionhas coverec

wide range of approaches includingcreening cdigands, varying the CO pressure and

changing thdorm of the cobalt ®mplexwithin the reaction medi&.'?However it was not
until 1994 when Jeong and -wmrkers publibed the first reliable and uskrendly

protocol'®*% During their investigationsthe authorsobservedthat by increasing the
pressure ofCQO, significant improvements in vyielsl could be achieved (Scheme 59).

Optimised conditions involved CO pressuregaitm, in the presence of £G0O)s (3 mol%)

and triphenyl phosphitél0 mol%), to generate 9066 2190ver a 24 period

C0,(CO)g (3 mol%)
P(OPh); (10 mol%)
120 °C, 24 h, DME

EtO,C :// CO (3 atm) EtO,C o
EtO,C — EtO,C
o,
218 90% 219

Schemeb9. Catalytic P-K reaction at elevated pressures of CO

With such low catalyst and additive loadings CO atmosphere became crucial to
maintainng the coordinatively saturated complexo promote catdyst recycling and

turnover.However, under current conditignthe rate determining step should also be the
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dissociation of &0 ligand from the complexo facilitate alkene ceordination. This detail
was refleted in the investigations of Jeget al who discovered that very delicate balance

in CO pressure was required to facilitate reaction progf&ss.

2.13.2 CobaltComplexDevelopment

Initial investigationsaimed at identifying a suitable catalyspeces for the RK reaction
were based solely on the use oL@D). From the outseit wasproposedhat theCo,(CO)
complex was the most reactive species and essentigfféctive turnover. This premise
originated from the analysis of reaction ixtures taken from failedP-K reactions The
discovery and identification dfigher ordercobaltaggregatessuch as C4CO),, led to the
hypothesis that these speciwesre responsiblefor the deactivation of the catalytic species
However, subsequent investigatsby Krafft'> and Chun{f® demonstratethat that was not
the case and thahds higher order clusters could be used as excellent catalysts, capable of
highly efficient turnovers under forcing conditioris.the example shown i8cheme60 as
little as 0.5 mol¥Cay(CO),» proved effectiveaowardsthe formation o22in a yield of %
under 10 atm of CO.

C0,4(CO); (0.5 mol%) 0

CO (10 atm), DCM H

=——Ph + @ 150 OC, 90 min Ph\@
97% H
220 221 222

Scheme60. Catalytic P-K reaction using Cq,(CO)4, cluster

Following on from tis pioneering work, Sugihara and Yamagudemanstratedthat the
Coy(CO)12complexcould be further improved througbplacement of a Co(C@Wunit with a
methylene bridgeas in complex224 (Scheme 8).1°"'%Remarkably, this subtle change
the structure othe catalyst clustamnot onlyprovidedefficient catalysis of botthe intra- and
intermolecular K reactions, butlso conferred air and moisture stabilign the resultant

complex.
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223 225 \_\
H N\

/5
(OC)3CO{ "/"CO(CO)3

Co
224 (CO)s

/_/ 224 (2 mol%), Toluene o o
CO (7 atm), 120 °C, 10 h
O
\;\ \
- > (0]
(e}

Scheme6l. Catalytic P-K reaction promoted by stabilised Co cluster 224

Despite the successf various higher order cobalt specias the catdytic P-K reaction
commercially available GOCO) remains the masiesirable and widely used cobalt source.
However,one of the major limitationsf this reagent was the neéat an ultra-high purity
sourcein orderto ensure effective catalytic turnover. In 198@afft provided the solution to
this problem, demonstiag that 10 mol% unpurified GCO)s could be utilised as an
effective catalystwhen prepared in baseashed glasswar@’ Encouraged by the success of
this initia protocol Krafft and ceworkers later reported that the addition of 2 equivalents of
cyclohexylamine to the reaction mixture was sufficient to enseffecient catalytic

turnover**°

An alternative approach deloped by Livinghouse involved the use of a preformed an
purified, shelfstablecomplex227 (Scheme62).'** Livinghouse observed thathen227 was
added tahe reaction mixture gssentiallyactedas a precatalyst releasing the active form of

the cobalt complein situ. Following the described protogdlivinghousedemonstrated that

up to 69%of 228 could be isolated using as little 2 mol% pre-catalyst227. This approach
though highly desirable, still required the separate formation and purification of the cobalt

complex227.

227 (5 mol%), DME
Et;SiH, CyNH,

E10,C /j CO (1atm), 70 °C, 4 h EtOzC><:|;>:o
EtO,C — 69% EtO,C
226 228

|
HO  Co,(CO)g
227

Scheme62. Catalytic P-K protocol developed by Livinghouse and cavorkers

Complementary to the Livinghouse approach, Krafft anevotkers confirmed that efficient
catalysiscould also be achievedusing a catalytic amount of sacrificial-R substrate230
(Scheme 632 It was proposed that followinthe initial cyclisationof 230, the residual

cobalt complex wa released into theeaction mixturen situ, providing recyclable amounts
64



of complex to allowcatalytic turnoverKrafft and ceworkers designe@30 specifically to
maintain a difference in produpblarity to facilitate theseparation of the two cyclic products
under investigationThrough the implementation of this appch Krafft was able to isolate

231in ayield of 92%with aslittle as 10 mol% preatalyst230within the reaction mixture

230 (10 mol%), DME

E10,C >d/ CO (1 atm), 70°C, 1 h E10,C ><:E>:
o)
EtO,C — 92% EtO,C
229 231

Vi
Ts—N/_/ OH
\—7_—<

230 Co,y(CO)g

Scheme63. Catalytic cobalt species in the form of acrificial P-K substrate 230

Many of the catalytic methods describeddatehave one major practicdifficulty, they all
require fairly high pressures @O, promoting reincorporation of the CO back into the

complex to stabilise intermediates and regenerate the catalyst active species.

Pioneering development of the catalyti&KReaction by Sugihard® Hashimoto:** Joeng:®®
Chen*® and Jian{'® has allowed the incorporation of additives as stabilising ligands to
maintainthe active catalyst species in solution, whilst requiring drdgmof CO. A range of
additives have proven fairly successful includingntbutylphosphine sulfide, DME, 40,
triphenylphosphate, tetramethylthiourea (TMTWAnd triphenylphosphin€/*® In the
example shown irscheme @, as little as 5 mol% of a preforméBPh)Co,(CO); conmplex
provided 97%yield of 234underl atmof CO.**’

(PPh3)C0,(CO); (5 mol%)
1,2-DCE, 75 °C, 4 h o)

Ph—— . CO (1 atm)
T Ph
96%

232 233 234

Scheme64. Additives as promoters of the catalytic RK reaction

From a practical poitof view, it was thisincrementalreduction inCO pressure which has
helped toacceleratesubsequentadvancements in the catalytickPreaction and open its

accessibility as a modern synthetic reaction.

65



2.13.3 Heterogeneou<atalysis

Development ba heterogeeousprotocol is clearly desirable frorthe point of view of
purification, scaleup, and recycling of the cobalt source. The first reported system capable of
highly efficient conversions was published by Chuwtgal in 2000 using a cobalt source

depositel on mesoporous silica (SBE6) (Scheme 65°

Co-SBA-15 (9-10% Co)

o __ CO (20 atm), 130 °C
>< - DCM, 6.5 h O
5 X 0
o)
235 A 236

96%

Schemet5. CoSBA stabilised heterogeneous catalyst in the R reaction

The success of this protocol immediately became clear on product isolatio96¥tyield
of 236isolatedupon reaction completion. Remarkably, analysi236 by ICP-EAS analysis
showed that nometal leechingwas occurring ito the isolated productFurthermore,
following catalyst isolation repeat experimentslemonstrated thathe catalyst system
incurredno significant loss in reactivitpver fourseparateuns. Unfortunatelythe described
catalyst system did not prove applicable to the internudecPK reaction with poor
conversion®btained evemnderelevated temperature apdessures of CO

With the aim of increasing the accessibility of these systems to large scale sy@hasig
and ceworkers havedeveloped several alternatives basedtransition metak loaded on
charcoal®® This approach proved highly advantageous, with sigmificeductions in cost,

increased air stabilitgndall without any appreciable loss in recyclability or activity.

More recently,with the aim of reducinghe high pressures afO required for efficient
cyclisation, Chung and eworkers have developed heterebimetallic Ru/Coco-catalyst
supported on charcodlScheme ®).'** Although thesecatalyst systems are capable of
moderate to excellent conversions eKRproduct (98% vyield 0f239), the most important
change inthe describedorotocols was the incorporationof alternative sources of CO

121

Towards this aim, Bung demonstratedhat 2pyridimethyl formate238" and olefinic

aldehyde¥? can be effectivelpddedasCO surrogates.
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~ oo
_N 238
y RUCNC, THF
EtO,C : 15h,130°C EtO,C o
EtO,C = "By 98% EtO,C

n
B
237 239 u

RuCNC = Ru and Co nanoparticles immobilised on charcoal

Scheme66. Alternative Ru/Co heterogeneous catalyst

2.14 Asymmetric PausofKhand Reactions

One of the most difficult challenges facing modern organic chemists is the development of
efficient synthetic method® inducehigh levels of stereoselectivity. ThekPreactionis no
exception, with many successful protocols alreadyder developmentTo date the
asymmetric FK reactionhas beempproached from four main synthetic strategies: chiral
precursorsgchiral auxiliaries,chiral amineN-oxides andthroughthe use of a chiral £o;,

complex core.

2.14.1 Chiral Precursa Approach

The first and most straight forwastrategy toward# the asymmetricK reaction is to start

from a chiral precursd>*?*Hoveyda and cavorkers used this approach to excellent effect,
creating three cdiguous chiral centres in a single stegvith excellent levels of
diastereoselectivity reported8% yield of 241, 96%d.e, Scheme67).2?* It is important to
highlight thatin the example showrthe established chiral centire 240 directly influences

the diastereoisomeric outcome. Remarkably, high levels of facial selectivity were observed in

241, despite the relatively free conformation of the initial open chain subgtate

=
COz(CO)g, DCM
H r.t, NMO-H,0 0
\ Y

0 0 S H =
78%, 96% d.e. o ~0Bn
240  OBn 241

Ho—"

Scheme67. Synthesis of 24Via an asymmetricP-K reaction
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Whilst chiral pool substrates suchasino acids have receivéittle attention apotential P

K precursors carbohydrates have beendely used for the syntlses of chiraltargets An
important contribution by Pal and eworkers elegantly incorporatesan
isopropylidenedioxyfuranosidscaffold in242 to promote the exclusive formation 43

using NMO promotion$cheme 8).*2° Despite the success of this approach towartlighly
selective FK reaction, the synthesis of subsequent derivatives of the basic scaffold proved
variable. During their investigations, the authors observed that the efficiency of the reaction
was highly dependent on the levels of substitution ptes@ the alkene moiety, with
excellentyields of 876 of 243-C and 93% 0f243 D attained only when aryl substituents

were presentn the alkene moiety

R 0 1) Cox(CO)g
o 2) NMO
L

Ra—=—/ 07

242-(A-D) 243-(A-D) 244
242-AR"' = H, R2 = H, 44% 243-A
242-B R' = Me, R? = H, 35% 243-B
242-C R' = Ph, R2 = H, 87% 243-C
242-D R' = (4-OBn-3-OMe)Ph, R? = H, 93% 243-D

Scheme 8. Synthesis of 244 from carbohydrate chiral precursors

2.14.2 Chiral Auxiliaries

One of the classical approaches to induce asymmetry in megetimesiss throughthe use
of chiral auxiliaries. However,he success of this approadomes with significant
disadvantageschiral auxiliaries areoften expensiveand are stachiometric reagents,
requiring additional synthetic steps to both attach and rentwweaforementioned group
Thus any synthetic routeautilising auxiliaries must address if thebservedselectivities

compenste the additionatost anccomplexity requiredo accesshedesiredtarges.

Many of the first reported uses of chiral auxiliaries in thK Reaction were applied to the
intramoleculavariant When planning this approadhwasobserved that the highdswvels of
selectivity were achievedwhen the chiral auxiliary was in closeproximity to the alkyne
cobalt complex To this extentboth the alkene and the alkyne components of tKeelRyne

wereidentified as feasible sites for the attachment of the auxilfary.
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In 1999 Adrio and Careterro successfully utilised the incorporatioa dfiral sulfoxde in
245 A-B, with 65% yield of 246-A and 98:2d.r. achieved when the terminal alky(®=H)
was investigated (Scheme 69).122 %% |mportantly, 246B was not observed when the

correspondingnternal alkyngdR=Ph)was subjected to identical reaction conditions

©)

0o 0 ‘Bu

| \\\tBU \S‘\\
S, H P~. Zn, NH,CI H

.  MeCN, 80°C THF

o o
=R 94%
0,

C02(C0)6 R 96% e.e. H
245-(A-B) 246-(A-B) 247

245-A R =H, 65%, d.r. 98:2 246-A
245-B R = Ph, 0% 246-B

Schemeg9. Incorporation of chiral sulfoxides asdirecting groups

Theresultsdescribed abovkighlight an importantrendthatappeardo dominatethe overall
success of this approach as a synthetic strdtédtywould appear that substitution patterns
on the alkene and alkyri@mponentsffecta critical role ininfluencing the level of product
conversion From this perspectivegn appreciable reduction iield is often observedas
increasing substitution is incorporated into gharting substratéSection 2.1). Despite the
potentialcompromise in yieldsthe high levels of selectivitieschievedto datecontinue to
draw attention tathis approach as a feasible ségy towardsthe selective synthesisof

complextargets

At present, an extensive range of chiral auxiliaries have proven succestiwariety of
directing group employedncludingfunctionalties suchasethes, thioethes, sulfoxides,and
Evarsd and camphostype ligands>?*3* In this respect,Pericas and cworkers has
highlighted the variety of groups capable of the described transformiiiongh the elegant
incorporation ofOp p o | z @mané §,2suttam?™ In the example showin Scheme 70
Pericas demonstratedthat through caful choice of auxiliary both high yietls and
selectiviies areachievablg78%yield of 249and a800:1d.r.).

] §)
C0,(CO)g, NMO-H,0,
N 0°C, 18 h
7\

™s oS
o 78%, d.r. 800:1
248

Scheme70.l ncor por at i on 2sUltamQpdpestithe asynimetricIRK reaction
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Despite the relative success reported within this area of asymmetrieesignthe main
challenge facing chemist®day continues to be addressinghe delicate balance between

achieving high levels of selectivitgndproduct conversions.

2.14.3 Chiral C,Co, Core Approach

A third and importantmethod of inducing asymmetmn the RK reactioninvolves the
formation of a chiralC,Co, complex As previously mentioneh Section 2.8, complexation
betweenCao,(CO) andan unsymmetrical alkyneesults in a complex whicidoptsa pseude

tetrahedral geometry, whereby the complex becomesietagmt and each of the Co(C9)
units become prochiraF{gure 16). Redrawing comple®250as251 highlightsan imaginary

chiral centrawithin the pseudetetrahedrafrrangement?

R'I

Co(CO)s
RZ/K \

Co(CO
ol )e;\/ prochiral
Co(CO);

251 centres

Imaginary chiral centre at the centre of the
pseudo-tetrahedral C,Co, cluster

Figure 16. Schematic representation of imaginary chiral centre in @Co, complexes
As a direct result of this conformatiospntrolled ligand exchange allowtke potential

induction of selectivity within the RK reactionthrough employmentof chiral complexes
such a252 or 253 (Figure 17).

R R2 | R2 R’
/ | "
oc_ L, _CO i oC._ % €0
Co Co 1 Co Co
oc” | | L | | | ~co
cO coO ! cO cO
|
i
R? | R?
“‘\\\\CO(CO)zL ! L(OC)ZCO///,,,
R’ ' ' 1
Co(CO)s | (OC)sCo R
252 ' 253

R'#R2

Figure 17. Schematic representation of enantiomers of chiral €0, complex
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Early devéopment by Pauson and -weorkers confirmed this concept by successfully
exchanging a singl€0O ligand with a chiral phosphineR)-(+)-Glyphos separating the
diastereoisomers by crystallisatibii*®’ Subsequent investigations by Keret al
sucessfully demonstrated that the synthesis of chiral complexes sug2b5asould be
significantly improvedthe use ofamine N-oxides Gcheme 7). Through theaddition of

T MA N B,D, a racemic Glyphos complé&65was successfully synthesised, in an excellent
81% vield**®*°Following separation of the two diastereomers by HPLC, employment of the
enriched complexurnished cyclopentenon@&b6in >99% e.e Key to the impressive levels

of selectivity in 256 was the additional employment aimine N-oxides to promote the
asymmetric K reaction.Critically, through addition of these newly developed promoters,
reaction temperatures could be reduced to room tempemtidow avoiding the elevated

temperatures suspected of inhibiting high levels of selecfitfty*

O H ppn,
Co,(CO)g + jv
(0]
254

TMANO.H,0O, 1 h
81%
1:1 mixture

separated by HPLC @

Ph Ph H  Ph

\ / NMO (6 eq.) N H
o) H ~. O DCM, 6 h, rt. :
‘7/\ el Ph
o ~ | \CO R
C

o 79%, > 99% e.e. H
255 256

Scheme 1. Asymmetric P-K reaction promoted by chiral C,Co, complex

Since these original findings range of avel protocols have emergeskhibiting various
degrees of success including NHC replacementacEO ligand*? and mixed metal
systems*?14¢ One the most successful protocols to have been developed in recent years
originated from the laboratories of Verdaguer andvookers(Scheme 2).24"**! Through

the employment of chiral bidentate ligands such 288 Verdaguer and cworkers
demonstrated that up to 92&te can beestablshedin a range ofproductssuch as260.
Unfortunately, just as with the corresponding monodentate systems descriateme 70
separation of the resultant diastereomeric mixtures of complexes s @eved essential

to obtain the desired levels sélectivity in the resultant products.
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Scheme 2. Asymmetric P-K reaction promoted by a chiral bidentate ligand

2.14.4 Chiral Amine N-Oxides

The final approachliscussed hertowards theindudion of asymmetry in the K reaction
was through the utilisation of chira@mineN-oxides Previous investigationsy Bender and
Petrowitschestablishedhat chiralamineN-oxides could be successfullyilised to influence
the stereochemical outcoroé decarbonylation reactiortd?**>*From this perspectiveiwas
envisionedthat exposureof a chiral oxidantto a prochiral complexwould result in the
selective decarbonylatioandin situ desymmetrisation of the complekurthermore, tiwas
proposedthat incorporation of the resultant chiramine to thecomplex should not only
stabilise cobalt intermediats, but also aid in the enhancement ddelective alkene

incorporation and product formation

The introduction of chiral amine N-oxides in the RK reaction immediately showed

promie.”>***° To date, he most successful dfie substrates examined wasicineN-oxide

(BNO), where a selectivitgpf 89:11 e.r. anda 63% yieldof 263 was achievedScheme73).
BNO (6 eq.), DME O H

>L__: . @ -60 °C, 5 days %

HO Clloz(CO)e 63%, 89:11 e.r. HO F|

261 262 263

BNO = brucine N-oxide

Scheme73. Asymmetric P-K reaction promoted bybrucine N-oxide (BNO)

Crucially, the introduction of chirahmine N-oxidesas promoters in the-R reactionhas
provided the first ong@ot asymmetrigrotocolthat did not involve the ladyious separation

of a chiral C,Co, complex before attempting the desired transformatiDrespite a slight
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reduction in selectivity comparative to tberrespondingnantioenriched compleamineN-
oxides represent a clear advancemantthe development foan asymmetric process
Furthermore, tucine N-oxide has also proved extremely effective in inducing
desymmetrisation when preparing chiral complexesgjch as phosphinedicobalt

complexes®®¥

2.15 Catalytic Asymmetric Pausehand Reaction

From the outseit was envisioned thdahe developments in thetoichiometricasymmetric P

K reactionwould be adaptable to a catalytic system, improving both atom efficiency and
maintaining selectivity fomainstream synthetic usdowever, nany of themajor advances

in catalyst developmenthave been achieved through thecorporationof a variety of
alternative metals such as rhoditti2® titanium®¥**® and iridium*®* From a more
classical point of viewthe developmenbdf the correspondingobaltmediatedP-K reaction

hasprovedonly moderatelysucceshl.

Towards this goalthe first highly selective protocol was developed by Hiroi in 260G
During investigations towards the catalytic asymmetrieKk Preaction a range of
commercifly available ligandsvere screened to determine if selectivity could be achieved.
The authors reported that in gendhad majorityof theligand additivesinvestigated provided
poor selectivitiesHowever,significantsuccess wasbservedvhenincorporaing a catalytic
amount of(S)-BINAP and Co(CO), providing 265 in a 53% yield and90% e.e (Scheme

74).

C0,(CO)g (20 Mol%)
(S)-BINAP, DME

EtO.C — 14-17 h, reflux. Et02C>Cli>:
o
BOC . 53%, 90%ee  EOL
H

264 265

Schemer4. Asymmetric induction through addition of chiral ligands

Further developmestby Buchwald and Sturla ir2002 reported thatchiral diphosphite
ligands could also be used to good effd@ot promoteincreasedyields®’ Unfortunately,
despite the increase in catalyst turngweesignificart erosion in product selectivityas also

observed
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To date, nducing asymmetry in the catalytickPreaction has proved to lmme of the most
challenging objectives, with the majority of cobalt catalysedreactions providing only

moderate to podevels d bothselectivity ancconversion®®

2.16 The PausornKhand Reactionin Natural Product Synthesis

Five-membered ring as independent unjter aspart of acomplexfused ring systemare
common place in naturallgccurring molecules. The ability of theKPreaction todevelop
complexity and stereospecificity in a single transformatias increasethe popularity of

this strategyas a modern synthetapproacti?*®®When used in combination with the wide
ranging protocols currently availab(eide suprd, chemists haveliscoveredthat there is
normally anefficient protocolavailablefor most substrate functionalities or ring system
investigated In the following section a range of natural product targets have been
highlighted to exemplify just how far the development of the reaction has progressed and to

emphasis¢heimportance of th@-K reaction as a modern synthetic tool.

The first examplehighlighted isKr af f t 6 s synt he 2695Scherhe Bast er i s
During their investigationghe authorlegantlydemonstratéiow the PK reaction could be

used todevelopa functionaliseccyclopentenon68, later embedded in a fused ring system

2691"° An excellent 92%yield of 268 was achieved through the useNf10, allowing the

formation of ahighly functionalised cyclopentenonahich would require multipldinear

steps by any other synthetic strategy.

0
— — 1) Con(CO)sg OTBDMS
/= o+ BOL—= 2) NMO —
TBDMSO 92% ‘y
266 267 268 CO2E

Scheme75. P-K reaction to build the core cyclopentenone oésteriscanolide269

In 2002 Zard reported the synthesis olyaopodiumalkaloid 13deoxyseratin@72, utilising
a diastereoselective intramoleculaiRreaction(Scheme 8)."* Through the use cdmine
N-oxide promotion, the authors successfidiybeddecda highly functionalised4.3]-fused
ring systemin 271. The efficiency demonstrated by tbescribedP-K reaction allowed the

total synthesiof 272to be achieved in ampressive 10 steps wigmoverall yield of 12%.
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1) Co5(CO)g
« 2)NMO
A
89%
THPO
270 OTHP 274

Scheme76. Synthesis of[4.3]-fused ring system Z1 by P-K reaction

Also in 2002 Mukai and coeworkers utilised the efficiency and selectivity of the
intramolecular FK reaction to complete the synthesis of}8ydroxystreotazolone75
(Scheme 7).'"?Interestingly in this specific casehe alkene componenof the RK reaction
is an oxazolone, further illustrating the versatility and functional group toleraintieis
reaction The formation of a [3.2.2fused ring systenn 274 also demonstratetthe ability of

the RK reactionto embed hgh levels ofcomplexity in a single transformation.

OTBS

COz(CO)g
S TMANO
(\/ -10 °C, toluene (I—EQ:O H “1OH
N/\> N k% - N &%
60% H H
p ° )0
(0] (@) (0]
273 274 275

Scheme77. Synthesis of core 24 towards the synthesis o8-U-hydroxystreotazolone 25

Following on from the successful synthesis di-Bydroxystreotazolon&75, Mukai and ce
workersfurther demonstrated tHanctional group tolerancef the P-K reaction through the

ring closure 0f276 containing an allenéScheme B)."® Using this specific approackhe
authors were abléo completethe synthesis otincommonsesquiterpenoidssolatedfrom
Jatropha neopauciflor@78 with remarkable efficiencymportantly in this specific casehe

P-K reactionwasmediated by a rhodium complex, illustrating that alternative metals are also

excellent organometallic systertsfacilitate cyclopentenone formation

[RhCI(CO),]»
CO (5 atm)
TBSO... toluene, reflux
74%
MOMO CO,Et o
276 2

Scheme78. Synthesis of uncommon sesquiterpenesa a P-K strategy

In 2006 Mukaiet al, continuing the development of# methodology towards impssive

natural product synthesi identified alkynecarboiimid®79 as a potential P-K substrate

75



(Scheme ®).'"* During the synthesisof physostigmine 281 the authors not only
demonstratethe vesatility of the PK reaction in the formation of complex ring systerhut
alsoexpandedhe range oknownfunctionality capable of participating in thekPreaction.

COz(CO)g

TMTU, CO ™S
— TMS benzene, 70 °C
= Qe —. %
N=C=N_ 55% N~ N NV N
Me Me / H \
279 280 281

Scheme79. Synthesis of physostigmine by K strategy

In onefinal example Shea and cavorkers completed the synthesis of several novel oxygen

75 Analysingthe route taken towardbe

containingheterocyclesuch a285 (Scheme 7%
targetmoleculesidentifies twokey transformations delivered by the cobalt comple2&3.
The first of thesénvolved intramolecular ringlosure ofcomplex283 only possible because
of the deviation fromsp linearity developed within the complex. Following thi234
underwentan intermoleculaP-K reaction to provide85in a yield 0f91% and a ratio of
72:28transcis. In this exampleShea and cavorkers not onlyprovidedan elegant route to
the target molecue but clearly demonstradethe stability of the &lyne complex and its

tolerance for functional group transformations without degradation

HO
S %%&C?%s (00)300{7’—00(00)3 BF;-OEt, (OC);Co;

7,

DCM, 0 °C K
93%

/O NN 95%

282

NMO, DCM, 0 °C

91%
72:28, trans:cis

285-trans 285-cis

Scheme79. Synthesis of 28%ia a P-K strategy

2.17 The Challenges Ahead

From the preceding literature review it is clear that whatestain its conception as an
ingenious, if inefficiety organometallic transformatiothe PK reaction has developed into

an important and powerful tooh organic synthesisKey to ths development wa the
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expansion of théundamental knowledge @ach ¢ the individual steps through intermediate
isolation and DFT studies. It wafrom this basis thasubsequenmodel systemswere

identified to expandhe boundarieandscopeof the reaction

Despite all of the advancements andiepth investigatios pusued to date, many challenges

still remain. The most important of these are fidentification of a catalytic system and a
reliable asymmetrizariant Key to future developmentsf the RK reactionis the stability

and versatilityof the cobalt compleXWhilst significant advancebavebeenmade towards
stabilising the abalt sourcethe lack of commercial availabilityf these alternative systems
often deters widespread useCompounding the problem is the need to use an atmosphere of
highly toxic CO. Athough this can be avoided through the use of CO surrogates, access to
the CO within these systems requitlee use of rhodiumnsignificantly increasing the cost of

any reaction. The future of the reaction must lie in the formation of a stabilised complex
capable of catalytic turn over without significant degradativhilst this stillappears to be

some time awaythe development of its application remains important.

However it should be noted that whilst the use of stoichiometric amsoaf cobalt is nb
ideal, the atom economy provided by many of tHescribedtransformations certainly
justifiesthe incorporation of a-R strategyinto the reaction sequendeis towards thisaim
that we hope todemonstratéhat significantenhancementesf certain syntetic approaches

canbeachievedhrough adopting PK strategytowards the synthesis of sesquithuriferdne
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3 Towards theSynthesis of Sesquithuriferone

3.1 Retrosynthéc Analysis

As previously described irBection 2.5 a significant amount of prcedent has been
established towards the synthesis of the related fuiisgdsystems of cedreneand 3epk
cedren3-one 6, incorporating a i strategy*>*’® It was anticipated that by following a

similar approach towards the synthesis of sesquithuriferone, many of the identified
techniques could be applied, to promote selectivity. Additionally,dmp®ng this approach

we hoped to assess if the identified sequence was applicable as a general strategy to access
the various structural manifolds contained within the entire family of natural products.

With these aims in mind, it was envisioned tbagjuithuriferonel could be quickly built up
from the enone motif present ¥, which in turn isaccessiblevia a RK reactionfrom 76.
Preparation of76 was proposedthrough aZ-selectiveolefination of ketone75, ultimately

synthesised from thehemaeledtive addition of thealkynyl sidechainto 74 (Scheme 85

sesquithuriferone

OH
75

Scheme85. Retrosynthetic analysis of sesquithuriferone

From the outset of this project it was recognised thattéealie success of this approach was
the introduction ofhigh levels of complexityat an advanced stage tbe synthetic sequence.
Towards this goal, thE-K reaction is idealembedding two additionatereogenicentres in
the formation of77, from a relatively simple and accessibanpoundr6 (Scheme 8§.

78



77 1
sesquithuriferone

Scheme86. Proposed PausofKhand cyclisation

The benefit of this approach is that the early stages of the synthetic sequend@ot be
encumbered by high levels of complexity, allowing a rapid constructionh® basic
framework Additionally, from an asymmetric point of view, the quaternary centre established
in 74 should promote a diastereoselectiveK Preaction to embed the desired chiral
configuration in77. However, from a synthetic point of view, a patial problem was lao
identified concerning chemselectivity, upon addition of th@dechainto 74 (Scheme87).

O (]
Chemoselective
addition

Z-selective
olefination

OH
75

Scheme87. Proposed strategy towards 76

Although aldehydes are inherently more electrophilic than ketdhegelatively high steric
demand around this site may not promote the predicted reactivity profile. Secondly, following
the addition of thesidechain it was recognised that if high levels of Feldhn control

could not be achieved, structural andlgti@al analysis of the resultant produts could be

hindered by diastereomeric mixtures. This in turn, would make analysis &:Eheatio
increasingly difficult, following the olefination of5. However, it should be noted, that the
alkanol stereogenicentre in75-77 would ultimately be removed by oxidation at a later stage

in the synthetic sequence and hence, any loss of selectivity would mainly be of analytical
concern, rather than synthetic. Despite these underlying questions surrounding thécsynthet
sequence, the described strategy was seen as an excellent starting point to construct the basic

structural framework i’7.

With a general strategy ihand, attention turnedowards the synthesis af4, both in a
racemic and enantioenriched form. Regnathetic analysis of74 identified two main

synthetic approacheS¢heme38).
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SchemeB8. Proposed strategies to access 74

The first and most favoured approach, involved the conjugate addition of an umpolung
reagent. Though the use of this technique, the addition of what is essentially an electrophilic
functionality could be achieved as a masked reagent, before revealing it at a later stage. This
should not only allow for a concise synthesis, but @lstentially provide an asymmetric

variant and a level of synthetic flexibility.

A second and much more elaborate strategy was also identified, involving a Claisen
rearrangement to generate the desired quaternary cenire M literature search quickly
identified that thé route was much more speculative, comphaxd certainly appeared to
provide a greater challenge when developing a highly selective asymmetric variant.
Importantly though, this route did provide the opportunity to develop novel methodologies,
not only towards the synthesis of 3sRibstituted cyclopentanones such 7&s but also

towards unsaturatddlactones such az9.

The following sections will provide an overview of the synthetic strategies applied when
attempting to synthesise compourdiby both these approaches. It is important to note that
investigations towards both of these routes werdechiout simultaneously, although they

will be presented as individual sections.

3.2 Claisen RearrangementtBategyTowards the Synthesis of 74

The first approacipresentedowards the synthesis @# involved a Claisen rearrangement
strategy $cheme89). It was envisionedthat, following the olefination ofactone79, a
Claisen rearrangement of enol eti290 would furnish cyclopernone 291 containing the
desired quaternary centBo complete the sequence, ketdehyde74 would be revealedia
oxidative cleavage, to provide the desired starting material required to continue the synthesis

of sesquithuriferone.
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O]
sigmatropic oxidative
o oleflnatlon rearrangement cleavage
H —_—
291

74 O

sesquithuriferone
Scheme89. Proposed synthesis of key ketaldehyde 74

Based on the substratadopting a chairlike transiton state 292, the sigmatropic
rearrangement can be depicted as showBchemed0. However, acloser examination of the
transition state reveals that 280to attain the desired chair conformatior292, significant
eclipsing of the & and GH bonds n the bridging sectiomust occur Having stated this
when taking into account thenergetic driving forcedue to the formation of a carbonyl,
combined with the release in strain wheaving from an unsaturated severembered ring

it was anticipated thaonditions could be found to promote the desired transformation

O
0 I~ —_0 __
— = —
— H H K "/H ’
290 292 293 291

Scheme90. Proposed Claisen rearrangement of 290

To date there is no literature precedent for the proposed transformation. Holedaed
Claisen reamngemats of severmembered rings are often thought to octiuough boat
transition states, where-C and GO eclipsingeffectsarealsoobserved $cheme91).17" 182

Care must be tan, when omparing the transition state 95 with that of our desired
transformation sincethe proposed transition stafg92, Scheme90) was notpredictedto
adopt a boat configuration and the eclipsing effects are significantly different to those
observed in th example shown2@5 Scheme9l). Despite this, ti was hoped that the
tolerance of eclipsing effects observed in boat transition states could offer some limited

evidence that the proposed transformationldstill be possible.

OTBDMS H oy TBOMSO 0
MeCN, 5 d
>0 TMSO%\/ P
— o o 77% _
204 295 296

Scheme9l. Proposed boat transition states of sevemembered enol ethers

Alternatively, whilst the chailike transition state provides a suitable model to depict the

proposed transformation, the inherent transannular strain generated fronmgrdtatexc
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olefin back into the ring system, combined with the resulting eclipsing effects, may render
this model unrealistic. Should this be the case, a more disconcerted mechanism may be more
plausible. From this perspective, the formation of a terttanpocatior298 would facilitate

the partial fragmentation of the ring, before kinetically favoured formation of cyclaperd

291through intramolecular attack of enol2®9, as depicted ilschemed2.

LA
@O - O
. O.LA
o _ o; LA S o
— e J j y
® ®
290 297 298 299 291

Scheme92. Alternative transition state in the formation of 291

With the aim of gaining insight into which of the presented mechanisms would predominate,

a second lacton800 was identified as an interesting targ8tlieme93). It was envisioned

that by exposing00 to identical rearrangement conditions, changes in reactivity would be
observed to provide some insight into the mechanistic pathiwalyis regard, the absence of

the methyl functionality on the olefin would result in a secondary carboc&bdn(as
opposedo the more stabilised tertiary carbocatR98 Scheme 2). It was proposed that this
should have a greater effect on the rate of reaction of the disconcerted mechanism than on the

chairlike transition state.

0]
)
I 3 0
O  olefination 0] L (
—————————— > —— L R
— — /H vy
H H H
300 301 302 H 305
; P
v
@O,LA
&
LA
Oy ... .
LA = Lewis acid ‘/
o @
303 304

Schemed3. Comparison of proposed mechanistic pathways to 305

It should be noted, that it is unlikely that this reaction would conclusively indicate which of
the two proposed mechanisms were more probable. However, it was anticipated that through
this initial examnation the substitution pattern on the olefin, some indication of how to
design subsequent derivatives more capable of differentiating between the mechanisms could

be elucidated.
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With two potential working models for the proposed transformation, attetutinad towards
accessing the required starting materi&®sand 300. From this perspectiveg number of
strategieshad been envisioned involving both intend intermolecular processéScheme
94).

Wittig O

__ JOH Heck oIeflnatlon o
— & \/\PPh3Br
311 (e}
306
Ring Julia-Kociensky
expansion olefination N=N
Q/NYN
© RCM —ee
o BF, 0=5=0
+ Ph <§<] O
(@] 2 o\/\ 0
310 309
0 (@]
308 307

Schemed4. Synthetic grategies towards 79

3.3 Synthesio f-Lationes

With a preliminary set of synthetic targets identifieattention turned towardsthe
development of methodologies for the preparatio?®and 300 on a multigram scale. A
comprehensive literature search ealed few suitable methods for the preparation of
unsaturated sevemembered lactones, similar to those under investigatide {nfra). With

this in mind, it was decided that the preparative strategy should begin with the synthesis of
lactone300. Indeed from a synthetic point of view, the disubstituted olefin appeared to be a
more facile target to access.

Pleasingly, a recent publication by the Craig group highlighted a step wise route towards the
sy nt h e-subdituteBlactdthes $cheme95).2%? The published procedure involvean

initial desymmetrisation o€is diol 312 through reaction with trimethyl orthoformate and
DIBAL-H, to form key compound14 It was from this point that a sequentialstgp
protocol involving mesylation, displacement, and lactonisation provided atzdastone

316. Preliminary analysis of this strategy identified that this approach would be ideal to gain
a ¢ ¢ e s-lmctone800, due to the reported high yields and the simple starting materials
involved in the described transformations. It was alscogeised that relatively few
alterations to the synthetic sequence would be required to provide the desire8arget
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MeO™ "OMe o DIBAL-H
OH OH ,TsA DOM,rt o-~p oluene,78°C OH 0 >0~
312 313 314
1) MsCl, Et;N, DCM, r.t.
2) NaH, THF r.t.
'‘BuO,C.__Ts
57% over 2 steps
o)
Ts 1) 2 M HCI 'BuO,C.__Ts
O  2)DIC, DCM, Et;N 2 o o~
— 63% over .
316 2 steps 315

Schemed 5 . Sy nt-helss tsi-lactbned sy Crdig and ceworkers.

Towards this aim, a moddd protocol was quickly designed that involved an alternative
malonate displacement, followed by Krapcho decarboxylation. It was from this poiBDthat

could be isolated, through sequential hydrolysis and lactonisas@hown irScheme96.

o @)
OMs OMOM 1) Displacement 1) Hydrolysis
( J 2) Decarboxylation MeO OMOM  2) Lactonisation o
Y L e >
317 318 300

Scheme96. Proposed synthesis of 300

Following the procedures described by Craig antodkers, compoun8l14was synthesised
by condensation ofis diol 312 with trimethyl orthoformate under acidic conditions in a
yield of 88%. Sbsequentdesymmetrisationthrough low temperature reduction with
DIBAL -H provided314in an excellent yield of 91%5¢heme97).183184

OMe

O/ DIBAL-H
MeO~ "OMe toluene

OH OH ,1sA DCM, rt. oJ\o -78°C—>rt.  OH OMOM

\:/ 88% K:) 91% K:)

312 313 314

Schemed7. Desymmetrisation oftis-diol 312

The next task involved the synthesis of malonate diévey819. To begin the sequence, an
initial mesylation was carried out according the procedure described byeE=if? It was
at this point that the synthetic route begaddwsiate from the published protocols. The crude

mesylate 0f314, was then added to a preformed solution of dimethyl malonate and NaH,
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facilitating the efficient displacement of the mesylate group to prad®idan an 82% vyield
over the two stepsStheme98).

1) MsCl, EtzN
DCM, r.t. (@] O
2) NaH, THF, 0 °C
OH OMOM dimethyl malonate MeO OMe
. 82% o OMOM
314 over two steps 319

Schemed8. Synthesis of dicarbonyl compound 319

With significant quantities 0819in hand,initial attemptsto isolate320 could be attempted.
Preliminary investigations indicatedat Krapcho decarboxylation was i@eal approachor
the synthesis oB18 with yields in excess of 70%eing isolated. Optimised conditions
involved refluxing319in a suspension of Kl in DMF to provid18in a reproducible 74%
yield (Scheme99). To complete the sequence, compo@2d was obtained through the
double hydrolysis of both the MOM and ester fundiiitres under acidic conditiont

provide320in an excellent 81% yield.

o O Kl, DMF o) 2 M ag. HCI o)
reflux
MeO OMe _ reflux oMe THF, rt. o
OMOM 74% OMOM 81% OH
319 318 320

Schemed9. Synthesis of compound 320

From the outsetf this approachthe synthetic strategy had always been to complete the
synthesis oB0OOusing a coupling agent; therefore a screening of conditions was performed to

optimise the desired ring closurEaple 6).

0 o)
OH Coupling agent o
OH
320 300

Table 6. Attempted ring dosing of acid alcohol 320

Entry Coupling agent Solvent Yield (%)
1 p-TSA Toluene /
2 DIC DCM 81
3 DCC DCM 45
4 Py.S, benzene 0
5 HATU DCM 83
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The first set of conditions explored towards the synthesB)0fvasthrough acidcatalysed
condensationTable 6, Entry 1). Unfortunately, despite numerous attempts, this approach
proved somewhat problematic. Although the desired product was isolated in low quantities, a
representative yield could not be determined due to the low boiling poir@0af
Conformation of the successful formation 800 was achieved through GCMS analysis of

the crude reaction mixture. To avoid these isolation issues all future attempts to synthesise

300were carried out in a losv boiling point solvent.

Following the DIC procedurset out by Craig and emorkers towards the synthesis3i6 a
significant increase in yield o800 was immediately observedTdble 6, Entry 2).
Furthermore, by carrying out the reaction in DCM, product isolation proved much more
facile with an isolatedigld of 81% oltained Subsequent attempts using DCC andGbeey
Nicolaou coupling reageht® proved somewhat disappointingith significantly reduced
yields observed in both cas€gable 6, Entries 3and 4) However, a slight improvement in

yieldto 83% 0f300 was observed when using the coupling agent HATable 6, Entry 5).

Having identified a suitable set of conditiomsfacilitate the synthesisf 300, the remaining
material was brought through in a reproducible yield of 83% using the H#gBegd protocol,
providing significant quantities of material to attempt the subsequent olefination reactions.

Whilst the early sueess towards the synthesis of lact@@® showed promise, two key faults
were recognised with thiapproach Firstly, from a practical point of view, the strategy
required a linear sequence of seven steps, and whilst eaclseiintigidual transformations
proved to be fairly robust and reproducible, it i@s long a sequence to be desirable as a
gener al a-fagtanes.aSedondly, the ifiltial steps of the reaction sequence involved
the desymmetrisation of & Gymmetrical diol312 significantly reducing the possibilities of

diversification into othederivatives such ago.

To overcome these issues, aekaluation of the approach had to be pursued. Key to the
success of any new approach would not only be a reduction in the linear sequence of
synthetic steps, but also the identification of a metinad would provide several points of

diversity.

The following sections will provide a brief outline of each of the synthetic strategies pursued

towards the synthesis @P.
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3.4 Olefination Strategies Towards they&thesis of Lacton&9

From the outset of tise investigations, the primary aim was to develop a route that required
the minimum number of synthetic steps, with high levels of selectivity. To achieve this, an
intramolecular reaction was envisioned involviiigelective intramolecular olefination from
precursorg806or 307to deliver lacton&9 (Schemel00).

0 PhN-N, JuliaKociensky o Witig o
o )QN/ olefination o  olefination o
)J\/\[( \/\,/S\\ [ ——— = )W ~ PPh,Br
o oo =S 0
307 79 306

Schemel00. Olefination strategy to access 79

3.4.1 Wittig Olefination Strategy Towardsthe Synthesis of Lacton&9

With regard to this approacthere wadimited literature precedent. n 1989 Le FIl oc
co-workers published a preliminary study describing the relationship between chain length

and product oligomerisationtowards the formation ofJ ,-umsaturatedcyclic lactones
(Scheme101).%® The esultsof the study demonstratetiat the intramolecular closure of
seveamembered ringby Wittig olefinationwasfavoured,with a 7®% yield of 322 isolated
Importantly, the authors observéaht as the alkyportion was systematicallyincreasedn

length beyond21, an appreciabldecreasén the formation of thenonomeric species was
observed resulting inpreferentialdimerisationand oligomesation thereafter. To achieve
these i mpressive results an pwherdby ansoldtienofdi | ut i
phosphonium salt was sldyvdripped into a refluxing solution of B in MeCN. It was

hoped that bydllowing a similar approacko the described procedutiee synthesis o9

could be achieved.

o o}
Et3N, reflux 0 .
(o) MeCN, 170 h (@]
BrPhsp/}( N ] .
(0] o o
321 322 323
70% 15%, E.E

Schemel01. Wittig ring closing strategy by Le Flod let al
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To synthesise the desired Witpgecursor a twestep protocol was envisione8ghemel02).
The proposed sequence would involve an initial esterification, followededgtion with
triphenylphosphingo furnish the desired Wittig sé306.

o Esterification 0 Witg salt 7
OH o) formation o
)W .......... > )W V\Br —————————— > )W \/\PPthr
(e} O (@]
324 325 306

Schemel02. Proposed synthesis of Wittig precursor 306

Accordingly,a solution of leuvilinic acid24 and 2bromoethanol were refluxed under Dean
Stark conditions, in the presence of a catalytic amounp-®SA. Upon workup ad

purification, a yield of 85% a825was obtained§cheme 108

/\/Br
o) HO o)
)J\/\H/OH toluene, p-TSA )J\/\H/O\/\Br
(@) (@)
324 85% 325

Schemel03. Synthesis of bromeester 325

With gram quantitie®f 325 now in hand, attention could be turned to the synthesis of the
requisite Wittig salt306. Towards this aim, a range of conditions were explored, including
thermal and microwave promotiomgble 7).

PPh;, MeCN
o temperature @)
(¢) time O~
~"Br PPh,Br
0] (0]
325 306

Table 7. Synthesis of Wittig salt 306

Entry Solvent Promotion PPRk(eq.) Temperature (°C) Time (h) Yield (%)

1 Toluene thermal 1.2 reflux 12 15
2 MeCN thermal 1.2 reflux 12 33
3 MeCN thermal 2 reflux 12 81
4 MeCN  microwave 2 80 2 36
5 MeCN  microwave 2 100 4 78
6 MeCN  microwave 2 110 4 0
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Initial investigations began with the formation of the desired phasium salB06in a non

polar solvent (toluene). It was expected thaB25was refluxed in the presence of a slight
excess of PPRh the phosphonium salt would crash out of solution, allowing the
straightforward isolation 0B06. Rather unexpectedly,lattempts to form Wittig precursor
306 by this method proved largely unsuccessiidi{le 7, Entry 1). However, it was observed
that by increasing the polarity of the solvent to MeCN, a slight increase in isolated yield
could be achievedvia a homogeneoueeaction mixture Table 7, Entry 2). Significantly,
yields increased dramatically when a larger excess of Wédadded to the reaction mixture
providing306in an 81% vyield(Table 7, Entry 3).

Despite an appreciable increase in the yiel@@8, it was felt that further improvements to

the procedure could be made, to bring through the gram quantities of material required to
investigate the proposed ring closure. In an effort to increase conversions, microwave
promotion was investigatedccordingly, a solutionof PPh and325in MeCN were heated
undermicrowavepromotion conditions for various lengths of tinkéeating the solution at 80

°C for 2 h immediately showedomesuccess, with a moderate 36feld isolated upon
trituration of the reaction mixter(Table 7, Entry 4) However a significant increase in yield

was observed when increasing the temperature to 100 °C for 4 ha W& yield of 306
isolated(Table 7, Entry 5) Unfortunately, no further increases in product conversion could
be achievedwith degradation of theeaction mixtureoccurring above 100 °CTéble 7,

Entry 6). Although microwave promotion provided a significantly faster reaction time, the
improvements in yield and efficiency that were initially desired could not be achiewvess It

with these results in mind that all further attempts to optimise the reaction further were

suspended.

With the requisite phosphonium s@06 prepared inacceptale yields, theintramolecular
cyclisation could now be attempted. Towards this aim, a eraofy conditions were

investigatedasshownin Table 8.
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(0]
0 base, MeCN @)
" PPhBr
S _
306 79

Table 8. Attempted ring closure of 306 by Wittig olefination
Entry Base Temperature (°C) Time (h) Solvent  Yield (%)

1 Etz:N reflux 216 MeCN 0
2 KO'Bu rt. 60 THF 0
3 "BuLi oY r.t. 48 THF 0

To begin the screening of reaction conditions, an initial attempt was carried out following the
procedures set out by e F | o c 6vmworkessiiTdble 8,0Entry 1)'® Accordingly, a
solution of306 wasadded by syringe punip a refluxing solution oEtsN in MeCN over48

h and then refluxed for a further 7 days. Unfortunatafgr this timdactone79 could not be
detected within the reaction mixture. Insteadcomplex range of productgas formed, of

which triphenylphosphine oxideas present in small quantsgie

In a second attempt to promote the desired ring clpsamealternative protocol was
envisioned. This adapted approach involveddineultaneous addition cfeparate solutions

of KO'Bu and306 into a reaction vessel containing a large volume of Téier a 48 h
period (Table 8, Entry 2) It wasenvisionedthat the increased strength of the base would
enhance the rate of deprotonation, hshihigh dilution would avoid competitive
oligomerisation Unfortunately, lacton@9 was not detected even after a pwaged reaction
period. Importantly, triphenylphosphine oxide was again detected within the complex

mixture, indicating that Wittig olefination was occurring within the reaction.

In the final attempt "BuLi wasused aghe basgTable 8, Entry 3) Following theprotocol
described foEntry 2 separate solutions 8BuLi and 306 were dripped inta large volume

of THF at 0 °C over 36 hDisappointingly, as with the previous two attempts, a complex
mixture of products was formeith, whichlactone79 was notdetected.

Clearly, the results presentedTiable 8 indicate that phosphonium s&8®d6is not a suitable
precursor for the synthesis of lactoffeby intramolecular ring closure. However, throughout
the reaction conditions investigated, the isolationiph&nylphosphine oxide would suggest
that Wittig olefination was taking place. Despite this, the complex range of products formed

indicated that even if lactor¥® was formed in low yields, the efficiency of the proposed ring
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closure was too low to justiffurther examination. Athis pointalternativeand moreviable
routes towards the synthe®f key intermediates wepioritised

3.4.2 Julia-KocienskyOlefination Strategy Towards the Synthesis of Lactor®®

Concurrent and complementary to the intramdiaciVittig strategy, a second olefination
approach was also investigated involving the corresponding-Kodieensky reagen807.

Whist this olefination technique has enjoyed a wealth of success throughout literature, it is
only more recently that this astegy has increased in popularity as a ring closing
methodology®’ Importantly, to date most of the examples within the literature have involved
the dosing of larger macrocycles, with no direct precedent available for smaller cyclic

systems such &9.'88189

Using common intermediat825, the synthesis 0807 was envisioned following a similar
approach to Wittig sal806. Accordingly, from325 it was proposed that the corresponding
sulfide 327 could be synthesised through2Sdisplacement and subsequent oxidation to
provide sulfoneB07 (Schemel04). This should provide a simple and scalable route through
to gram quantities 0of307, required for @irther investigations towards the proposed

intramolecular ring closure.

o o Et;N, MeCN O Ph
326, reflux S
)W ~ Br _ 326, reflux \H/\)J\O/\/ \W N/\/N

(@] o, -
325 97% (0] 327 N-N
mCPBA, DCM
NaHCOg, r.t.
85%
0] O\\S/’O ,\’Th
N N
\ﬂ/\)J\O \W N
o 307 N-N

Schemel04. JuliaKociensky strategy to access lactone 307

Synthesis of the corresponding sulfide proved relatively facile under basic conditittna, w
97% vyield of327 isolated. Subsequent oxidatianth excesanCPBA provided sulfon&07

in an excellent yield of 85%.
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Following the successful synthesis 307, a short screening of olefination conditions was
carried out to assess the suitability30f7 towards intramolecular ring closurégble 9).

0 o N Conditions o]

o 307 79

Table 9. Attempted synthesis of 79 by Julidociensky olefination

Entry Solvent Base Temperature (°C) Yield (%)
1 DMF:THF:H,O CsCO; 70 0
2 THF "BulLi 20 Y r 0
3 THF KHMDS 20 Y r 0

When attempting to identify a suitable set of reaction conditions to complete the synthesis of
lactone79, attention was drawn to a recent example developed by the Dixon'§f@uring
investigatios towards the synthesis of Nakadomarin A, the authors successfully utifsed a
selective JuligKociensky olefination to provide an eigitembered ring systen329

(Schemel05).
4
(@] Q DMF:H,O:THF Q
N \i/ Cs,C0O3, 70 °C N
O\\S//()%N\ _

N 56%
328 NN 329

Schemel05. Zselective synthesis of 329 byixon and coworkers

The conditions used to achieve this impressive result involved a mild base, combined with a
highly polar solvent, in an o6infinite dilutdi
between329 and 79, these conditions appea to be an excellent starting point for these
investigations. Importantly, the polar reaction media should help to prafredéectivity,

whilst the high dilutions shift the effective molarity towards an intramolecular reaction.
Accordingly, following tre protocols set out by the Dixon group, a solutioB@fwas added

to a refluxing solution 0€sCO; over 10 h (Table 9, Entry 1). Unfortunately, an extremely

complex range of unknown products was formed, with no individual component isolated in

significant quantities.
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In two further attempts to promote cyclisation, slight adaptions of the reaction conditions
were pursued. This alternative protocol involved the separate and simultaneous addition of
bases'BuLi or KHMDS and307to a large volume of THF aR0 °C, before warming to r.t.
(Table 9, Entries 2 and 3). However, a complex mixture of compounds was again formed, in
which lactone79was not detected By NMR, TLC or GCMS analysis.

Despite the identification of an efficient route 367, all furtherinvestigationstowardsthe
formation of 79 proved unsuccessful. Importantly,sabsequent publication by Blakemore
and ceworkersfollowing a similar approach towards the synthesis of medium sized lactones
concluded thatmonomeric ring closure appears tobe disfavoured,with dimerisation

identified ashe most likely resuft®

It was clear from the results describedSiaction 3.4that accessing lactone systems such as
79 by an intramolecular olefination was not a feasible option. At present it is unclear why the
intramolecular reaction is so disfavoured and all attempts to rationalise the outcome have not
led to a definite conclusion. However, current thinking points towards a combination of an
unfavourable increase in transannular strain during the formation of thetitransiate,

combined with an unfavourable conformational bias, as will be described in the next section.

3.5 Ring Closing Metathesis (RCM$ptrategy Towards the Synthesis of Lactor¥®

Following the unsuccessful attempts to synthesi&® by intramolecular a@fination, an
alternative strategy had to be pursued. This required teealeation of the retrosynthetic
approach from the target lactoi®. In this regard, RCM was identified as a potential and

concise approactsthemel06).

0]
O
) — MO\/\
_g_ o
79 308

Schemel06. RCM strategy towards the synthesis of 79

Having stated this, a literature seasmed specifically atleterminingthe suitability of the
proposed RCMstrategyidentified important, if seemingly contradictory results. In 2a66
Yadav group reported the successful synthesis of an unsaturated seven membere83hactone
using Grubbs lcatalyst*** The transformation was germed under dilute conditionsith

no adverse dimerisation or side produejported(Schemel07).
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jl\o Grubbs Il (5 mol%)
B DCM, 25 °C (¢}
= OTBDPS z OTBDPS
72 % \

/

330 331

SchemelO7.Yadavb s RCM strategy towards the synthesi

Further investigationidentified a number ofdditional groups that had published similar
findings, indicating that yields of 512% were possiblevith similar substrate¥? % In
several of the reported synthedesvever, competitive oligomeristionas also described
indicating that high dilution wasritical to the success of this approaealith concentrations
of 0.050.002 M proving optimal for these sigsns.

Converselyin 2008 Pentzer and amorkers publishedhe synthesis ofeveral examples of
medium sized cyclic lactonesf comparable structural similarity ©0.*°’ In their landmark
paper the authorspropose that when attempting the ring closursudfstrates such &32

that dimerisationto 334 is the most probable outcome, rather than the formation of

monomeric produc333(Scheme 18).

DCM, 45 °C o
Grubbs Il (@]
ATPH (1.05 eq. /T N\—,
\

S PN 0

Ph [ Ph

332 333 0 334 Al
o™o
10 mol% Grubbs II, 0:100 333:334
Ph Ph

10 mol% Grubbs 11, Ti(O'Pr), (1.05 eq.), 0:100 333:334
10 mol% Grubbs II, ATPH (1.05 eq.), 90:10 333:334 ATPH

Schemel08. EncapsulationrRCM by Pentzer and ceworkers

In an attempt to rationalise their findings tnethorsproposedhat dimerisatiorwas a direct
consequence of conformational biagssulting fromthe open chain ester preferentially
adoptingthe S-cis conformation335 (Schemel109).1981%°

/; /7,

~—0 —0
O - o

S-cis 5-10 kcal/mol S-trans

335 336

Schemel09. Proposeds-cis and S-trans conformations of esters

DFT analysis has shown théiet extrainherent stability of thé&-cis conformationis thought
to be generated by favourable orbital interactions between thep#rsson the oxygen and
both the G* and ~* oFiquiet®*®s of the carbonyl
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Figure 18. Orbital interactions involved in determining ester conformation

Although this orbital interaction provides extra stabilisation, the difference in energy hetwee
the S-cis and Strans conformations was estimated at arountlO5kcal/mol, which is easily
overcome at room temperature. However, as proposed by Pentzer, this conformational pre
organisation may be sufficient to shift the effective molarity away from iraimal
intramolecular reaction and hence reduce the overall yield of the monomeric species, to
promote dimer and oligomer formatidn.2002 a publication by Jansen and-workers also
seemed to concur with these findings, stating that when attempgnginp closure of
medium sized lactas) the same conformational biassagufficient to prevent effective ring

closure®®?

Despte thevaried reported successf the closureof sevemmemberedactones of similar
structure to79, it was felt that an initial exploration of reaction conditions could quickly
identify the suitability of308for this synthetic approacln the event thatirect RCM of the
proposed precurs@08 could not be achievetivo options remained: firstly, modification of
the substrate to activate the olefins for ring closure (#BIEM); and secondly, an
encapsulatiofRCM processlescribed by the Pentzer grougelieme 108.

3.5.1 Synthesis andcreeningof RCM Precursors

With three direct methods identified to facilitate the proposed ring closure, substrate
synthesis and reaction screening could be initiated. The first substrate of choice was
compound308 (Schemel10). Synthesis of this substrate was proposed through a two step
protocol involving an initial esterification, followed by Wittig olefination to embed the
second olefinFrom the outset, théescribedeaction sequence proved highly efficient, with
both theesterification 0f324under Dean Stark conditions provide339and the subsequent

Wittig reactionto afford308, achievedn excess of 90%ield.
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Schemel10. Two step protocol to synthesise diene 308

With significant quantities of308 in hand, preliminary attempts at ring closure could be
attempted. A search through the vast array of literature covering the field of RCM
immediately highlighted that a huge range of variables were capable of determining the
outcome of tk reaction, including: solvent, functionality, temperature, concentration, and

additives?? 2% With this in mind, a systematic study was initiated.

Due to the suspected volatility of thegat moleculer9 (inferred from the volatility oB800),
preliminary investigations were carried out in DCIWVRble 10). It was also noted that mass
analysis of the products would be crucial, since cyclic monomers and dimers would show
little or no differentation in the NMR spectra, provided they were head to tail products.
Taking these factors into account, bdtie crude and purified reactioproducts were

examined by GCMS to confirm the identity of the compounds formed.

DCM, Grubbs Il

temperatu.re (o) 0 o
concentration o 340
O

MO\/\ Ti(O'Pr)4, 24 h O O

° Y

308 79 o

341 O

Table 10. Attempted synthesis of 79 by RCM in DCM
Entry Catalyst Temperature Dilution Ti(O'Pry 79 (%) Side product

(mol%) (°C) (mmol) (eq) 3400r 341 (%)
1 5 r.t. 0.1 / 0 340(67)
2 10 r.t. 0.02 / 0 340(63)
3 10 r.t. 0.02 0.3 0  340(62), 341(26)
4 10 r.t. 0.02 3 0  340(34),341(57)
5 10 reflux 0.02 0 340(62)
6 10 reflux 0.02 0.3 0  340(55), 341(28)
7 10 reflux 0.02 3 0  340(21), 341(71)
8 20 reflux 0.0@ / 0 340(58)

420 mol% catalyst added dsur separate batches of 5 Bioevery6 h.
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From thepreliminary resultsshown inTable 10, several general trends became apparent.
Crucially, despite a wide range of conditions examined, no desired pro@uwas isolated
(Table 10, Entries 18). Following a closer examination of theaction mixtures340or 341

were identified as the major components formed under all of the conditions examined.

The isolation 0f340 was notentirely unexpectedsince it was the result of hetathead
dimerisation of the monosubstituted olefin. Howeuwhe fact that it was present in such
substantial amounts was alarming. Interestingly, concentration did not seem to have a
significant effect on the formation 8#0, with isolated yields consistently in the range of 58
67%, despite dilutions varyingdm 0.:0.002 M {Table 10, Entries 1, 2, 5 and 8). Similarly,
temperature did not appear to affect yields significartgb({e 10, Entries 2 and 5). These
results suggest that one, or all, of three critical factors were responsible in determining
product famation: (a) the allylic functionality was having an activating effat the olefin,
promoting heado-head dimerisation, (b) the substitution pattern on the reacting olefins was
influencing product formation, or (c) monomeric ring closure was inhibitgdtHe

conformational effects proposed by PentZér.

However, the isolation d341 was completely unexpectedable 10, Entries 3, 4, 6 and 7).
The large quantities 0841 isolated would suggest that in the presenceTi¢®'Pr), an
unexpected transesteriittonwas occurring, largely shutting down the RCM process through
removal of the second olefin. Importantly, these effects appeared to be much less prevalent
where 0.3 equivalents dfi(O'Pr), waspresent in the reaction mixture (26% 341, Table

10, Enties 3 and 6). However, a significant increas84t was observed when 3 equivalents
of Ti(O'Prk was added to the reaction mixture {BI%, Table 10, Entries 4 and?).
Furthermore, it would appear that the transesterification process was further pramnoted
higher temperatures, with yields increasing from 57%4dfat room temperature, to 71% of
341 at reflux (Table 10, Entries4 and 7). At present, the reasoning behinid unexpected
transesterifickon process remains unclear and to date, to the dfestir knowledge, no

literature precedent for similar transformations exists.

Following the disappointments of the reaction in DCM, a comparative study was carried out
in toluene Table 11). The benefit of switching to toluene was that significantly higher
temperatures could be reached under reaction conditions. It was envisioned that by increasing
the overall energy within the reacting system any potential conformational effects would be

reduced, promoting monomeric ring closure.
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concentration 340
Ti(O'Pr)4, 24 h o
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308 79 e}
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Table 11. Attempted synthesis of 79 by RCM in toluene
Entry Catalyst Temperature Dilution Ti(O'Pry 79 (%) Side product

(mol%) (°C) (mmol) (eq) 3400r 341 (%)
1 5 r.t. 0.1 / 0 340(58)
2 10 r.t. 0.02 / 0 340(52)
3 10 r.t. 0.02 0.3 0 340(57), 341(23
4 10 r.t. 0.02 3 0 340(22), 341(56)
5 10 reflux 0.02 0 340(54)
6 10 reflux 0.02 0.3 0 340(56), 341(28)
7 10 reflux 0.02 3 0 340(9), 341(88)
8 20 reflux 0.0@ / 0 340(59)

420 mol% catalyst added disur separate bakes of 5 mol% everg h.

Unfortunately, as with the previous DCM protoc®hble 10), in all of the cases examined
lactone79 was not detected and in general, a similar reactivity profile was obsdrabté (

11, Entries 18). Again, concentration seemewdhave little effect onneduct formation, with

the heado-head dimer340 isolated as the major product in the absenc@i@'Pr) (52-

59%, Table 11, Entries 1, 2 and 8). Temperature also seemed to have little effect on isolated
yields, with 52% 0f340 isolated at room temperature compared to 54984dfat reflux
(Table 11, Entries 2 and 5). Importantly, isolated yields 30 were observed to be
approximately 5% lower in toluenewhen compaed to the previous DCM system
investigated Tables10and11l).

The addition ofTi(O'Pr) to the reaction mixture had a similar effect to those observed in the
DCM protocols, with the formation of both the dimeric speB#8and the transesterification
product341 beingthe only products detected throughout. Furtheanthre ratio of products
followed a similar trend, with the dimeric produetOisolated in higher yields from reactions
containing 0.3 equivalents @fi(O'Pr) and temperature having little effect on these results
(Table 11, Entries 3 and 6). However, tperature again had a significant effect on the

formation of341in the presence of a large exces§i¢O'Pr). It was observed that at reflux
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88% of341 was formed, compared only 56% at room temperaflablé 11, Entries 4 and

7). To put this into furthecontext, the temperature effect becomes more pronounced when
compared to the isolated yields 8#1 in refluxing DCM. This shows that as reflux
conditions rise from 45 °C in DCM, to 110 °C in toluene, yield84frise appreciably from
71% to 88% Table 10, Entry 7,Table 11, Entry 7).

As demonstrated by the results shownTables 10 and 11, diene308 is not a suitable
precursor to facilitate effective ring closure under the conditions investigated. However, one
final trend in reactivity could be detained through careful examination of the products
formed. Namely that, in all cases, no cyclic dimerisation or oligmaigon was observed,

only headto-head dimerisation produ@40. Importantly, this would indicate that the 4,1
disubstituted olefin reained unreactive in the presence of Grubbs Il catalyst throughout all

of the conditions examined.

In an attempt to indirectly address this problem without deviating from the current strategy,
an initial solution was proposed that involved varying the tsukisn pattern on the allylic
olefin. It was envisioned that by increasing the number of substituents on this olefin, a
reduction in the activity of this moiety would be ebged, slowing the rate of he&athead
dimerisation and hencg@romote monomericing closure. Towards this aim, a modified
substrate343 was proposedScheme 111 To synthesis&43 an identical strategy to the
previous synthesis o808 was envisioned, involving an initial esterification with an
alternative allylic alcohol, followedy Wittig olefination. In this way a range of allylic
substitution patterns could be accessed without increasing the complexity of the synthetic

sequence.
O O Wittig
Esterification )W 1 olelfination o) R
OH OW R M M\/
——————————— > AN EE e X
2 2
234 © © 342 R O 343 R

Schemelll. General two step protocol to synthesise substitutededes

Esterificationof 243 with the corresponding crotyl alcohol proved facile, with an excellent
91% vyield of 344 isolated under Dean Stark conditions. Following this, olefination with
MePPhBr and KOBu provided the corresponding RCM precur8di5 in an 86% yield
(Scheme 112
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Schemell2. Two step protocol to synthesise diene 345

Having completed the synthesis 345 a comparative study to the ring closure306B was
initiated, to determine if the additional subsgibt in the olefin had a significant influence on

monomeric ring closuréTable 12).

DCM (0.02 M) ﬁ_ \
Grubbs 11 O 0O o)
t.emperatu re o 340
O _Xy~ Ti(OPr), 24h O o
3 _
345 79 Y

o

341 O

Table 12. Attempted synthesis of lactone 79 by RCM in DCM
Entry Grubbs Il Temperature Ti(O'Pr)y 79(%)  Side product 3400r

(mol%) (°C) (eq) 341 (%)
1 10 r.t. / 0 340(59)
2 10 r.t. 0.3 0 340(61), 341(27)
3 10 r.t. 3 0 340(32), 341(55)
4 10 reflux / 0 340(63)
5 10 reflux 0.3 0 340(57), 341(28)
6 10 reflux 3 0 340(21), 341(69)
I 20 reflux / 0 340(61)

®20mol% catalyst added dseparate batches of 5 mol% evéily. Reaction concentration 0.002

Unfortunately, the results imable 12 indicate that the addition of an extra methyl on the
allylic olefin had no positive effect on the formation ™. Furtrermore, the additional
substitution appeared to result in no appreciable change in reactivity, with the ratio of
products remaining fairly consistent compared to the corresponding allylic sy88m
(Tables 10 and 11). In this regard, the major product ihe absence ofi(O'Pr), was the
headto-head dimef340 (Table 12, Entries 1, 4 and 7). Additionally, increasing yields3d4i

were observed with increasing amoufi§O'Pr) and elevated temperatureSable 12,
Entries 2, 3, 5 and 6).
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Despite these disapmting results, compour@id5was also subjected to similar conditions in

toluene Table 13).
toluene (0.02 M) r‘JJ_ 1
Grubbs I 9 Mo OM
temperature
. 340
)L/\WO\/\/ Ti(O'Pr)y, 24 h < 0 0

o}
345 79 W

341 O

Table 13. Attempted synthesis of lactone 79 by RCM in toluene
Entry  Grubbs Il Temperature Ti(O'Pry 79(%) Side product340or

(mol%) °O (eq) 341 (%)
1 10 r.t. / 0 340(54)
2 10 r.t. 0.3 0 340(57), 341(25)
3 10 r.t. 3 0 340(26), 341(62)
4 10 reflux / 0 340(57)
5 10 reflux 0.3 0 340(53), 341(29)
6 10 reflux 3 0 340(11), 341(86)
7 20 reflux / 0 340(61)

420 mol% catalyst added &sur separate batches of 5 mol% every ®baction concentration 0.002

Unfortunately,as Table 13 clearly demonstrateg9 was not detected throughout the various
RCM conditions examined in toluene. Once again, a simdactivity profile was observed
whencompaedto the corresponding unsubstituted sys®08 (Table 11). With regards to

the product distribution340 was the major product in the absenceTgD'Pr) (Table 13,
Entries 1, 4 and 7) and upon addition & 6quivalents oTi(O'Pr) 341began to be detected
as the minor produciré@ble 13, Entries 2 and 5). Again, as the equivalent$i¢®'Pr), were
increasd a correspondingse in341was observed, with 62% at room temperature and 86%
at reflux observedTable 13, Entries 3 and 7).

Before continuing any further, additionalestigationinto the formation of side produdél
was required. Theoreticall§f;i(O'Pr), was proposed to act as a Lewis acidoodinating to
the carbonyl and preventing the formatiof potentially norreactive carbenoid intermediates
346and347 (Schemel13).2982%9
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Schemel13. Proposed cerdination of Ti(O 'Pr),in RCM reactions

However throughout all of the conditions examined, containing either substoichiometric or
excess amounts @i(O'Pr), side producB41was observed. To further understand if this was
simply a result of the reaction 808 or 345with Ti(O'Pr), or some unknowprocess in the
presence of Grubbs Il catalyst, a series of control reactions were carried out. Towards this
aim, RCM precursor808and345were stirred separately in refluxing solutionsTefO'Pr),
monitoring product change after 6 h in order to deteentihe stability of the RCM precursor

in the presence of the additive.

solvent, reflux

6 h, Ti(O'Pr),
O~ R Ow/
o}
341

o)
308, R=H
345 R = CH;

Table 14. Control reactions to determine effect of Ti(CPr),

Entry R Solvent  Ti(O'Pr) (eq.) Yield (%)
1 308 DCM 3 28
2 308 Toluene 3 41
3 345 DCM 3 27
4 345 Toluene 3 45

From the results shown ihable 14, it immediately becomes clear that diei3€8 and 345

are unstable in the presenceTafO'Pr): at reflux. Closer analysis of the levels of conversion

to 341reveals an increase in the tranedafitation process at higher temperaturéshle 14,
Entries 2 and 4). Additionally, these results appear to concur with the product distributions
observed in previous examples containing both the additive and Grubbs Il calaly&ts(

10-13). Interestigly, the substitution pattern on the allylic olefin did not significantly
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influence the rate of formation @41 Crucially, this effect was sufficiently pronounced to
justify the removal ofli(O'Pr), as an additive in all future investigations to syntses9.

With the formation of341attributed to the presence'bi‘(OiPr)4, attention turned towards the
formation and reactivity of head-head dimer340. In 2001 Furstner and c@orkers
obsenred that when attempting to clolsegemacrocyclesuch a352, an initial heaeto-head
dimerisation was occurringp form 351, which upon prolonged reaction timgormed the

desired ring closing produg62 (Schemel14).2*°

0
0

o o)

" 0

—_— P —_—
=
Pz
350 \CO 352
351 ©

10 mol% Grubbs |, DCM, reflux, 17 h: 79% 351
10 mol% Grubbs Il, DCM, reflux, 40 h: 65% 352

Schemell14. Intermediate dimer 351 detected during the ring closure of 35E{irstner et al

Whilst the presence af9 had never been detected, it could not be ruled out that dimerisation
to 340 was simply an intermediate compound and that prolonged reaction times may produce
the desired monomeric ring closing to delivé To ascertain ithis process was occurring,
acyclic dimmer340 was subjected teextendedreaction times in the presence d&rubbs I
catalystto verify if the desiredite backcould occur Table 15.

— Solvent 0.02 M, reflux O ﬂ
/_“H| Grubbs 1l (20 mol%) o

0]
MO OM reaction length (h) o - o]
— /
340 79 353

O O

Table 15. Attempted ring closure of asymmetric dimer 340
Entry? Solvent Reaction length (h’ 79 or 353 (%)

1 DCM 24 0
2 DCM 48 0
3 Toluene 24 0
4 Toluene 48 0

4n all cases 20 mol% of catalyst was added over 24 h at 6 h intervals.
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Unfortunately, all of the conditiongvestigatedfailed to promote the formation of9.
Additionally, no dimerisation to form the larger-t#embered macrocyclg53 was detected
and in all cases, a quantative return of the starting d8#@mwas observed. These results
indicated that the formation of 79 (or 353 was likely to be unfavourable due to a
combination of the proposeticis conformational bias and theesic demand of forming a #ri

or tetrasubstituted olefin

Disappointingly, despite a wide range of conditions investigated to date, all attempts to form
79 by RCM have proved unsuccessful. However, some important questiere answered.
Firstly, headto-head dimer340 was the major product formed in the absence of additives.
Secondly, the addition ofi(O'Pr) to the reaction mixture causetle formation ofan
unexpected transesterification prod3etl, altering the initial RCM precursor and largely
shuting down the reactive system. Thirdly, the proposed RCM reaction did not form an
intermediate dimeB40, before subsequent monomeric ring closure/%o Finally, in all
instances, the 1;disubstituted olefin remained unchanged or unreactive to the datalys
system. It was this final key point that determined the direction of further investigations.
Whilst it was recognised that there remained a huge variety of substitution patterns that could
be added to the allylic olefin in order to change the reactofityhe system, it was felt that

activation of the 1-Hisubsituted olefin could be more befigal.

3.5.2 RelayRCM Approach

With the aim of promoting reaction at the ZXdisubstituted olefina subtle change of
approach was envisionethrough the incorpor@tn of relayRCM. In 2004 Hoye and ce
workersdemonstratedhat ths strategycould be effectivelyemployed to promote the ring
closureof particularlyunreactivesystemssuch as354 (Scheme115).2** Mechanistically, it
was proposed thatan initial highly favoured fivanembered ring closure promotes
incorporation of the ruthenium catalyst oritee moststerically demanding olefin, before

affectingring closureto 357.*2
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M/J\ Grubbs |

rubbs | Q

356

Schemell5. 1,1disubstituted olefin activation by relayRCM, by Hoye and ceworkers

It wasenvisionedhat by following a similastrategytowards the synthesaf 79, the reactive
ruthenium species could be effectively directed onto ihkdisubstituted olefin360,

promotingRCM through substrate activatioBghemel16).

I g O | .
N -

Schemell6. Relay RCM strategy to access lactone 79

It was also recognised that if ring closure was stiBuccessfuby this method, it was likely
that the proposedng closurewas limited by the unfavourefi-cis ester conformation, as
opposed to the substitution patterns present on the olefins hindatalgst incorporation. A
synthetic strategy was immediatelyesigned with the aim of utilising the common

intermediates synthesised in the previous routes under investigatioaniell?).

Schemell7. Proposed synthetistrategy to access 358

It was envisioned that the relay substra®s8 could besynthesisedrom 344 via a Wittig

olefination with phosphonium salB62 ultimately synthesised from the commercially
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available alkyl hade 361 From the outset, the length siflechainwas chosen specifically

to ensure the formation of a cyclopentene side product. By following tipioagh, the
formation of a fivemembered ring should be sufficiently favourable to promote access to the
sterically demanding trisubstituted fife in 358 The volatility of the cyclopenteneby-
productwas also idealsince its low boilng point should ensure that it svaffectively
removed from solution under reflux conditions, thus maintaining an entropic driving force.
Intermediate8358wasinitially chosen ashe most suitable starting point, since the differences
in substitution patterns present on the separate aolsfiasld ensure that theidechainwas

the most reactive site, slowing apgtentialcompetitive macrocyclisatioor dimerisaion.

The first step towards theynthesisof 358 involved the formation of phosphonium sag2
From previous experiende synthesising simple alkyl phosphonium salts, it was known that
362 should be readily accessible by refluxing the alkyl haBéé in the presence d?Ph

(Table 16.

PPh,
MeCN, reflux
Br™ ™ TN BrPhsP” > X
361 362

Table 16. Synthesis of Wittig salt 362
Entry PPh(eq) Yield (%)

1 11 84
2 15 93
3 2.0 99

An initial attempt usingstoichiometricamountsof PPh proved successful, with a yielof
84% of 362 isolated Table 16, Entry 1) Upon further investigatiorthe conversiorof 362
could be effectively increased to 99%, by increasing the relative amo@Rtpivithin the
reaction mixture Table 16, Entry 3) Unfortundely in all cases, isaltion of the desired
product proved problematic, witepeated trituration of the product required to remove all of
the exces®Ph.

With the requisite phosphonium s8B2now in hand,preliminaryinvestigations towards the
addition of the sidechain through Wittig olefination was attemptedTable 17). Initial
attempts involvedhe reaction of 1.1 equivalents of phosphonium 8&R with 344, to
provide 358 in a moderate yield of 43%Tlable 17, Entry 1) However, by increasing the
relative amount of ylidén the reaction mixture to 2 equivalents, the yiefas significantly

improved to an acceptable 6§%able 17, Entry 3)
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1:2 ratio of E:Z

Table 17. Synthesis of triene 358 by Wittig olefination
Entry 362(eq) Yield (%)

1 11 43
2 15 56
3 2.0 68

It should be noted thasince both th&- andZ-isomer of the trisbistituted olefin358 should

exhibit similar reactivity, no attempts were made in the preparatory phase to control

selectivity and hence, an inseperable mixture R E:Z geanetric isomers was obtained.
Whilst isolation of the desired compound proved relatively straightforwsectroscopic
characterisation of the compound proved somewhat more challenging. Due to thesoixture
compoundgformed, mass characterisation becam&sential to confirm the correct product

waspresent

Towards theoutlined relayRCM strategy,compound363 was also synthesised. It was
envisionedthat by comparing therpducts formed in this reactiado that of the equivalent
relayRCM involving 358 arny changes in overall reactivity duettee substitution pattern on
the allylic olefin could bebservedAccordingly, @mpound363 was synthesised ia yield
of 63% from theWittig reaction 0f339with 2 equivalents 0862, as showrnn Schemel18

=
| KOBu, r.t.
(@] THF |
NN
Mo ¥ BrPhgP X ‘
N 63% (@]
339 362 363 O

1:2 ratio of E:Z
Schemel18. Synthesis of triene 363 by Wittig olefination

Having successfully synthesiséte two relay substrate358 and 363 initial investigations
towardsthe proposedelayRCM process could be attemptedndWledge obtaied from
previousRCM investigationgSection 3.5) indicatedthat despite the pposedactivation of

the 1,Xdisubstituted olefinthe second intramoleculayclisation was likely to be slow, with
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the ADMET (acyclic diene methatesis) pathway predominagingigher concentrations. In
an attempt to address this potential prohlaghdilutionsof 0.01M were initially identified
as a suitable starting poingble 18).

H/ Grubbs Il (20 mol%) @ —
DCM (o 01 M) o ﬁ
O 340 O

358, R = CH3
363, R=H

Table 18. Attempted synthesis of lactone 79 by relay R@
Entry  Triene 79(%)  340(%)

1 358 0 58
2 363 0 56

& Catalyst added in 5 mol% portions evérk.

Accordingly, a solution 0858 0r 363was added in a single portion to a refluxing solution of

5 mol% of Grubbs Il catalyst in DCM. The resultingwtmn was then refluxed for 24 h.
During the 24 h period an additional 3 portions of 5 mol% Grubbs Il were added to the
solution after 6 h, 12 h and 18 h, to ensure catalyst degradation was not hindering reaction
progressDisappointingly, all attempts tiorm 79 via the relayRCM protocol failed, with

acyclic dimer340 identified as the major component upon reaction complefiaiblé 18,

Entries 1 and 2

A similar result was akervedby Percy and cevorkers in 2009 when attempting the
cyclisation of a liorinated eight membered keto®8 (Scheme 119.2** During their
investigations, the authordescribea cappingoff effect to rationalise the unexpected
regeneration othe nonrelay starting materiaB66. It was proposed that the initial five
membered ring closureccurred as expe&d to promote olefin activatio8 6 5 Y 3 6 7
However, subsequent ring closuoé the less favoured eigimembered ring tdB68 was
thought to be ficiently slow that an intermolecular reaction siasteadfavoured, capping

off the activated olefirB67Y 366. Effectively, this resukdin the removal of the additional

sidechain to regenerate the ngrlay substrat866in situ.
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Schemel19 Proposedin situ regeneration of non relay diene366

From this premise and the fatttat the acyclic dimeB40 was formed throughoutit is

believedthat two possible pathways may be occurimghe reaction mixtureScheme 12

Firstly, an

initial reaction of the sidechain in 363 to regenerate 308 in situ

(371Y 372Y 308, which then forms the acyclic dime340. Alternatively, the allylic

functionality may have an activating effect, promoting theadto-head dimerisation

(369Y 370), before a secondary cappioff of theside-chainoccursto form340Q. It is unclear

from the results, if one or both of these proposed pathways are responsible for the resultant

formationof 340 However, failure to form any of the desired lact@®avould suggest that

despite attempted substrate activation, the mimrmational bias of t# ester wa the

predominant barrier to the RCM process.
{/
/
Grubbs I
/E/\H/O f’ |
—\

— Ru

¥

(e}
363 O L (e}
Ph 371
:\
Ph Grubbs Il
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head
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3

intermolecular
reaction
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intermolecular
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O
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Hor Cng

NN

~

Schemel20. Synthesis of 340 through two proposed competing mechanistic pathways
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In one final attempt to promote thelay-RCM closure of compoun858and363 the tienes
were reacted un dEable16).iltnvas recoghised that theuintranmlealar (
(RCM) and intermolecular (ADMET) processes are competitive and that dilution can directly
affect the relative rate of each of these reactions. Thus, loyvialy the principles often used

in macrocyclisation$'* a slow addition of the triene to a dilute solution of catalyst, over a
prolonged period of ti@, should change the effective molarity in favour of the intramolecular
RCM process.

=
8 i =
Grubbs II rﬁ—
| DCM, reflux (@] o S
o —_—
O 340 o
79

358, R=CH,; O
363, R=H

Table 19. Attempted synthesis of lactone 79 by relay RCM
Entry* Triene Yield 79(%) Yield 340(%)

1 358 0 41

2 363 0 43

425 mol% ofcaalyst was added in 5 mol% portions.

Accordingly, a solution of Grubbs Il catalyst was refluxed in a large volume of DCM, before
the slow addition of triene258 or 363 over a36 h period. As in previous attempts,
additional portions of 5 mol% Grubliswere added to ensure an active catalyst system was
present in the reacting mixture. In these cases, portions of catalyst were added after 6 h, 12 h,
24 h and finally 36 h, bringing the total catalyst loading to 25 mol% over the analysed period.
Unforturately, producB40 wasagainisolated as the majaeactioncomponenin yields of

41-43% regardless of the triene starting matexdded(Table 19, Entries 1 and 2)

3.5.3 EncapsulatedRCM

To conclude the RCM investigations, it was necessary to attemgynhtigesis of79 utilising
an encapsulatiorprotocol describedby Pentzeret al (Scheme121).®’ From a series of
crystal structureby Yamamotoit was elucidated thahe aluminium ligand syster(ATPH)
surroundshe diene in a propellelike arrangerent asin 373%'° Co-ordination of the ligand

was poposed to shield th®CM precursorfrom potential intermolecular reaction, whilst
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disrupting theS-cis ester conformation, pushing the two reacting olefins together, increasing
the probability oimonomeric ring closure
ATPH

DCM., rt. 5
O~ ATPH, 30 min o)
—_— ———
o 0 _
308 H 79
373 |

Ph

Grubbs I Ff—
ATPH = Al(OAr); Ar=0 DCM, reflux
) o)
0,
Ph 374 47% S 340§

Schemel21. Attempted synthesis of lactone 79 by RCM encapsulation

Accordindy, diene308 was stirredin a solution of the aluminium ligan@TPH) at room
temperature prior to the addition Gfubbs Il catalysin a single portionDisappointingly, all
attempts to facilitate the ring closure 808 proved unsuccessfulith 340 isolated as the
major producin a yield of 47%This result was rather surprising since it was envisioned that
the encapsulation system described by Pentzer amidaers should féectively promote the
monomeric ring closure @08 Importantly however, in all of the systems described within
this publication, no trisubstituted olefin products were ever synthesised. The failure of this
approach may indicate that the steric deman@ik simply too high for the investigated

catalyst systems.

It was at this stge thatinvestigations towards synthesis ©® by RCM were concluded.

From all of the results shown in this section, RCM is not a viable approach towards the
synthesis of79. In the majority of conditions investigated, dimeric prodB40 was isolated

as the major product. Additionally, the substrates under investigation did not appear to be
stable to the presence @i(O'Pr), with an unexpected transesterification prodaet,
formed throughoutAlthough a conclusive explanatiofor the failure of this approach
remains as yet elusiyé was likely thata combination of unfavourab®cis conformational
effects and the challenging steric demand of both incorporation of thlystanto a 1,4

disubstituted olefin and the formation of the desired trisubstituted olefia responsible
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3.6 Ring ExpansionStrategyTowards theSynthesis of79

Following the disappointments of the olefination and RCM strategies to provide a concise
synthesis of79, a new approach had to be taken. Since it was clear that all attempts to
synthesise the olefin ifi9 as a final ring closing step was too problematic, it was proposed
that lactonisation from precurs8v5 may be a viable alternativ€¢hene 122).

o} 0

> HO
<§O > OH

79 375
Schemel22. Lactonisation strategy to access 79

From a synthetic point of view, this strgte provided two main challengega)
intramolecular ring closure and (b) selective formation @alefin. With regardto these
issues, it was recognised that the intramolecular ring closuB¥®tontaining aZ-olefin

should be significantly faster than intermolecular transesterification. However, failure to
develop high levels af-selectivity at the alkene moiety, cdulead to increasingly complex
mixtures of products formed at this key step, rather than the desired ring closure. In the
knowledge that the selective synthesiSo5was not going to be facile, it was decided that a

much more precedented route shoulcatiempted.

Following a comprehensive literature searcmo&el and much more elaborate approach to
the synthesis off9 was discovered, utilising a ring expansion and Grob fragmentation
protocol?*® Initially developedby Trostet al, this route povided a concispathway towards
unsaturated est&78(Scheme 128

O

T

© g, dimsyl sodium LiBFg, r.t. NaOMe
DME, -30 °C benzene rt MeOH
ths~<]
71% 83% 58%
310 37
3:4 mixture of 3:2 mixture of . N
diastereoisomers diastereoisomers 3:2 ratio Z:E

Schemel23. Synthesis of 378 by ring expansion/Grob fragmentation, Trost al

It was envisioned that from est&r8 hydrolysis and subsequent riclgsure with a coupling
agent, would provid&9 (Schemel24).
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Schemel24. Proposed strategy to access 79 from ester 378

In the original paperTrost and ceworkers described tha&76 could be accessed through
CoreyChaylovsky reaction between310 and 309, to provide 376 as a 3:4 mixture of
diastereomergScheme125).%'® Upon exposure d876to LiBF4 a Lewis acidpromoted ring
expansion wa observed, tafford 377 as a3:2 mixture of diastereomers. Finally, addii of
an alkoxidenucleophileto 377 promoteda Grobtype fragmentationto provide 378 as an

inseperabl&:2 mixture of Z:E isomers.

) (0]
BF,4 5 % 00~ ® o)
ths~<] _Base | o o Vﬁlgphz . (ﬁ
(0]
310 Ph,S
381 282 376
3:4 ratio
diastereoisomers
®Na jLiBF4
Some Li Li
NaOMe 0 OI) ((')
BN/ :r é \/
(@)
377 384 383
3:2 ratio
diastereoisomers
(0]
@O’\, OMe o,Me
(‘ _—
s . OH
O
386 378
3:2 ratio Z.E

Schemel25. Proposed mechanism of ring expansion/Grob fragmentation protocol

Although this route provided access 8Y8 the overall selectivity was poor, with a 3:2
mixture of Z:E geometricisomersobservedIt was proposed that this lack of selectivity was
due to the creation of tertiary carbocation intermed8&(Schemel25). Clearly, any future
attempts to modify the described protocols to develop incregsedelectivity would be
hindered by this suspected key intermediate. However, despite the apparent disadvantages of
this strategy, it was felt that this approach would allow #@waluation of the final
lactonisation step and hence determine if lower levelsBselectivity could be tolerated.

113



Before attempting the described synthetic sequence, starting ma@éfalad310had to be
synthesised in gram quantities. Followingliterature search, two direct methods were
identified.

The first of the two starting materials synthesised was epoxy ke30fe Isolation of
significant quantities 0f309 proved relatively straightforwardfollowing the literature

217

proceduredescribed byYao and ceworkers=" Accordingly, methyl vinyl ketone (MVK)

390 was added to a basic solution ofC to afford309in a 78%yield (Scheme 12Y).

NaHCO3, H202

o 0°C Srit. o
H,O, MeCN
| o)
78%
390 ° 309

Schemel27. Synthesis of epoxy ketone 309

With gram quantities 0809in hand, attetion turned to the synthesis of cyclopropyl sulfide
salt 310 Accordingly, a twestep protocol was initiatechvolving an initial silver sait
promoted halide displacement with dgnyl sulfide, followed by baseduced cyclisation
(Scheme 128 Following the procedures described byostand ceworkers, the synthesis of

310 was achieved on a significant scale, to provide gram quantities of the desired sulfide
218

salt:
Ph,S, MeNO, ©BF, NaH, THF ® ©BF,
N AgBF,, r.t. thg g rt. Ph,S _<]
391 89% 392 88% 310

Schemel28. Two step protocol to synthesise 310

With reagents309 and 310 successfully preparedgynthesis of oxaspirang76 could be
attemptedTowards this aim, two separate sets of deprotonation conditions were investigated

to facilitate the formation of the sulfinium ylid®3

Following the literature procedures set dy Trost and cevorkers, a preliminary attempd

form oxaspirane376 was performed using dimsyl sodium. Accordingly, to a stirred
suspension 0810at-40 °C in DME, was added dimsyl sodiucheme 129 Immediately

a colour change was observed indiogtthe suspected formation of the ylide. A solution of
309 was then added, before allowing the reaction mixture to rise to room temperature.
Unfortunately, despitéH NMR conformation thaB76 had been successfulfprmed all
attempts to isolate oxaspm@a376 using silica gel chromatography proved unsuccessful, with

376not detected. In all cases the major compound obtained was cyclobugattpireyields

114



of 5-25%. It appeared that oxaspiraBigé was not stable to the Lewaidic silica, with the
descibed ring expansion occurring during chromatography. Whilst this could have been an
extremely favourable outcome, removing the need for a second reaction to promote the
desired ring expansion ®¥7, isolated yields proved to be too low and variable ttfjuthe

synthesis oB77in this manner.

0
©pBF, Dimsyl sodium, 309 A
@ DME, - 40 °C -40°C > rit.
Ph,S Ph,s=<| o o
376 377

310 393

5-25%
Schemel29. Attempted gnthesis of oxaspirane376

To overcome these isolation issues, a modified protocol was envisioned toZtteghout
purification. Accordingly, followng the formation of oxaspirargr 6, the crude mixture was
diluted with benzene and stirred in an excess of LiEBtheme 13) Importantly, by
following this approach the yields 877 could be effectively increased to-25% over the

two steps. Unfortunaty, throughout all of reactions investigated, reproducibility proved
problematic and an alternative procedure was required, to provide a robust method to access
377.

Schemel30. Modified protocol to access 377 using dimplssodium

In the original 1978 publication, Trost and -workers also describe an alternative
deprotonation protocol to acce386, involving sulfinium ylide formation in the presence of
KOH in DMSO?2*® From previous experience gained throughftirenation376 using dimsyl
sodium, it was envisioned that a similar modified protocol could be used to i83late
(Scheme 13). Accordingly, to a solution 0809 and310in DMSO, was added KOH in a
single portion at room temperature. Almost immediatéhg solution turned to a brown
suspension, slowly darkening over a 4 h reaction period. Upon isolation, the crude mixture

was diluted with benzene before the addition of LiBRonitoring progress byH NMR.

Initial investigations following the describgarocedure attempted to wash out all of the

DMSO from the first step, before the addition of LiB& promote the desired ring expansion

to 377. Towards this aim, yields of 305% 377 were isolated, with suspected losses
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