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Abstract

This thesis describes the development and applicatiogyathetic methodologies based on various
aspects of organosulfur and organophosphorus chemistith a focus on understanding the
underlying features and synthetic application.

The first chapter systematically compiles and reviews, for the first timesyhthetic and mechanistic

aspects of sulfonyl migrations over the last twenty years. Notdhby fact thatthese reactions are

(E <p vSoC c E] e ZUVHUeM O[U Zpuv% E vs [U Zpuv A% § [U
authors, highlights that thesgotentially synthetically powerful transformations remain only partially
understood. This introductory chapterxploresthe synthetic utility of sulfonyl migrations, while
significant attention is afforded to the efforts made to elucidate ithenderlyingmechanisms. This
literature review was inspirely $Z } ¢ €A 3]}v }( Vv Zuv % Etcarbondl,2§ulfordl } v
migration in our workwhichis discussed in detail in Chapter 2.

The second chapter describes thse } ( -thio- t-chloroacrylamides, a series of highly functionalised
sulfur containing compounds pioneered in our gro@s, versatile dipolarophiles in [3+2] dipolar
cycloaddition reactionsThe [3+2] dipolar cycloaddition of highly reactiwdiazoalkanes with a range

of dipolarophiles is well explored in the synthesis of pyrazolines and pyrazoles, however, analogous
cycloadditions of electron deficient terminal diazo compounds such =aazoacetates, =
diazosulfones and=diazoacetamides remains significantly lesgdgtd despite the synthetic and
biological importance of ester, sulfone and amide moieties.

The reactivityof these =thio- >chloroacrylamidesat each of the sulfide, sulfoxide and sulfone
}/E] 3]}v o A o+ A]3Z o -8ifEdacetatep, JandSreied derivatives, is explored in the
formation of densely functionalised pyrazole derivatives that would otherwise be difficult to obtain
via traditional methodsObservation of an unprecedented 1¢2rbon to carbon sulfonyl migration is

of particular inteest. Significant attention is afforded to the elucidation of the tautomeric composition
of the 3,4,5substituted pyrazole productswhile the synthetic versatility of these producis
demonstrated via a series of derivatisations

Chapter three details th *]Pv v % E % & S]}v }( «c&hpxy rjucleostleo] r
phosphonate derivativesnvisaged to possess awiral and/or anticancer properties. This chapter
details the use of Mitsunobu coupling and transition metal catalyséd Dsertion mebhodology as

key synthetic steps in the formation of these biological targets. This work was conducted in
collaboration with ProfDr. Christa Mller and Prof. Jan Balzarini.

The fourth chapter explores in detail synthetic challenges in the copatlys@& asymmetric sulfur
oxidation of aryl benzyl sulfides. Significant attention is afforded to the conceptetif
disproportionation of enantiomer§SDE), an underappreciated phenomenon despite being known in
the literature, but also to the observation tdcalised partitioning of enantiomers in the solid state
evenin the absence o8DE, which can lead to erroneous determination of enantiopurity.

Each of chapters & is concluded with the associated experimental details, including spectroscopic
and analytichdata, for compounds synthesised during this work.
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Chapter 1 Introduction

1.1. Introductionto Sulfonyl Migrations

Retrosynthetic analysis, formalised by E. J. Corey in the 1989wk ogic of Chemical Synthesis
revolutionised the art of total synthesis of complex organic molectlasg coupled with an ever
increasing number of efficient and selective synthetic methodologies with predictable outcomes
across a diverse substrate range, has delivered elegant total synth@sgsal to success is the ability

to accuratelyanticipate the reactivity of molecules under different conditions, which requires an
excellent understanding of functional group chemistry including identification of trends in reactivity
that are both predictable and readily rationalisable.

Numerous repdESe } « EA]JVP Zuvpsp o[U Zpuv% E v [U Zuv E% § [ Vv
attracted our attention, following observation of an unanticipated sulfonyl migraitioour work(see

Chapter 2for details)?> What became clear from a survey of the literature is that sulfonyl migrations

remain only partially understood despitdeir potential synthetic utility. Sulfores*** and related

specie$®!’ are widely used as activating groups and / or protecting groups and offer substantial
synthetic versatility Accordingly sulfonyl migrationsare potentialy valuablefrom a synthetic
perspective, provided they are sufficiently understood to enable their use in a predictive manner.

While most sulfonyl migrations prior to the beginning of thé'2&ntury were originally discovered as

side reactions, and regularly a®lated cases, the last 20 years has seen a significant increase in the
number of reports focusing on the utility of incorporating a sulfonyl molecular handle capable of
UJPE S]}vX ¢ ep ZU 88 U%Se 8§} pv E+S v SZ u Z v]maetignissSZ « }(8
have garnered significant recent attentiphowever, the ability to observe formal 1;21,3, 1,4,

1,5, 1,6 or 1,7-sulfonyl migrations, in an inteor intramolecular fashionpccurring through either

radical or polar processes, highlights the difficulty accurately predictinghe outcome of such

reactions. Bearing thisomplexityin mind, it is not surprising thathe current knowledge in this field

is not sufficiently developed to enabilecorporaion of sulfonyl migration into a retrosynthetic plan.

In thischapter, sulfonyl migrationseported overthe last two decades (up to early 2019) are compiled
andtheir synthetic and mechanistic developmeistdescribed; the sulfonyl migrations azkassifed
basd on the migration type, namely nitrogararbon,nitrogen-oxygen, nitrogertnitrogen, oxygen
carbon (including anionic and nemionicthia-Fries rearrangements), oxygexygen and carbon
carbon.Particular emphasis &fforded to theefforts made toelucidake the mechanisic pathwayfor
the migrations.

1.2. Nitrogen to Carbon Sulfonyl Migration
1.2.1. Transitionmetal catalysed reactions
1.2.1.1.Gold-catalysed sulfonyl migration

Nakamuraet al. reported the goldand indiumcatalysed synthesis of and 6sulfonylindoles from
ortho-alkynytN-sulfonylanilinesl (Scheme 11).1%1° In the presence of catalytic Au3a 1,3sulfonyl
migrationwasobserved, to afford Sulfonylindoles2 in good to high yield§up to 95%) with minor
amounts ofthe regioisomers3 and 4 also observedInterestingly, using InBas catalyst the major
products are €sulfonylindoles5 which were isolatedin up to 99%yield, indicating that an
unprecedented 1,%ulfonyl migration has occurred. The presence of a methorymmat the 6
position of theortho-alkynytN-sulfonylanilines proved crucial in yielding the -$pifonyl migration
products.
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Chapter 1 Introduction

Schemel.1: Gold and indiumcatalysed synthesis of and 6sulfonylindoles fronortho-alkynytN-
sulfonylanilines, via 1;&and 1,7sulfonyl migration

In order to probe themechanism of thesulfonyl migration crossover experiments were performed
which determined that both the goldand indiumcatalysedeactions wera@ntramolecular processes.
Interconversion of the reaction products was eliminated as a possibility by stirring a mixture of the
3-, 4- and 6sulfonylindole products in the presence of catalyst for a further two hdurs change in
product distribution was observed.

The following mechanism was postulated in accordance with the observed r¢Schemel.2).
Coordination of the Lewiacidic transition metal to the alkyne df (}E&ues §Z ]Jv3§ Eoomgle¥ «
7. Nucleophilic addition of thaitrogento the electronrrdeficient alkynyl moiety leads to the cyclised
intermediate 8, which can undergo two diverging pathways depending on the metal catalyst
employed. For the goldatalysed process, intramolecular 4s@Ifonyl migration occurs followed by
elimination of AuBsto afford the 3sulfonylindole product®. Alternatively, for the indiuntatalysed
process, a consecutive 1stlfonyl migration and 1 roton shift occurs. Elimination of InByields

the 6-sulfonylindole products5. Notably, the formaion of indole 2 is the first example of
sulfodemetalation, in which the vinyAu intermediate is capturedntramolecularlyby the sulfonyl
group(Schemel.2, 8to 2).
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Chapter 1 Introduction

Schemel.2: Proposed mechanistic cycle for tgeld- and indiumcatalysed synthesis of and
6-sulfonylindoles

In an earlier communication the authodescribed the reaction dfi-methoxymethyi2-(1-pentynyl}
N-tosylanilinel2in the presence of catalytic PdBto give the indolel3in 33% yieldwith only trace
amountsof the tosyl migration producfi4 observed(Schemel.3).° Interestingly, repeating this
reaction using the optimised AuBcatalystafforded exclusivelyl3 albeit in 10% yield® Therefore,
regardlesof the catalystspeciesthe migratoryaptitude of the migrating groupappears to be crucial
to the outcome. Specifically, in this instance, thethoxymethyl group has a greatability to migrate
than the tosyl groupSimilarly, in a separate repofirstnerand Davies observed than allyl group
preferentially migratedn the presence of enesyl grougdor the platinumcatalysed transformation of
15to 16 (Schemel.3).2*

5|Page



Chapter 1 Introduction

Schemeél.3: Migratory aptitude oftosyl andmesyl groups relative to methoxymethyl and allyl groups
respectively

In 2011, he Chan group described the gaidtalysedtandem 1,3migration/[2+2]-cycloaddition of
1,7-enyne benzoate49 to azbicyclo[4.2.0]oct5-enes20 (Schemel .4, Catalyst 17).22 Interestingly,
during optimisationstudies, the gold(l) carbene compleb8 catalysedthe cycloisomerisation of 1;7
enyne esterl9 to afford the 3-sulfonyt1H-pyrrole 22in 20% yieldSchemel .4, Catalyst18). Inspired
by this fortuitbusresult, andrecognising that the reaction pathway mhgve involved a deaurative
1,3-sulfonyl migration, thewuthors setout to investigate the rearrangement process.

Schemel 4: Goldcatalysed tandem 1;&igration/[2+2}cycloadditon of 1,7enyne benzoates to
azabicyclo[4.2.0]oeb-enes; observation of potential deaurative 1,3ulfonyl migration

In their continuation of these studieshe authors reasoned that thehemical yield othe process
could be enhanced byse of the corresponding 1-gnyne alcohol®3 as substrate (Schemel.5),
presumably due to ease of water eliminatiofheNHCtgold(l) compleX 8 wasdeterminedto be the
optimal catalyst with moderate to excellent yields dhe rearranged pyrrole24 obtained?® An
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Chapter 1 Introduction

intramolecular 1,3sulfonyl migration wapostulated based on the resultd crossover experiments,
and thefact that pyrrole 25 was recovered unchanged after exposurepttoluenesulfonyl chloride
under the optimised reaction condition§he reaction mechanism was postulated pgoceed via
activation of the propargylic alcoh@3 through coordination of the gold catalyst with the alkyne
moiety to give the Au(Pntermediate 26. An intramoleculaaminocyclisation is triggeredvolving
anti addition of theN,N-disubstitutedamino moiety to the triple bondffording the vinyl gold complex
27. Dehydration of this specidsads to the formation of the cationic pyle tgold adduct28, which
subsequentlyundergoes an intramolecular X&ilfonyl migrationresulting in deauration and
generation of the pyrrole produc4 (Schemel.5, path A). Alternatively the vinyl gold compleg7
undergoeghe deaurative 1,3ulfonyl migration firsto afford the 2,3dihydro-1H-pyrrol-3-ol adduct
29that upon dehydrative aromatisation affordise pyrrole24 (Schemel.5, path B)

Schemeél.5: Goldcatalysed domino aminocyclisation/sBilfonyl migration oN-substitutedN-sulfonyt
aminobut3-yn-2-ols to 1-substituted 3sulfonyt1H-pyrroles

The Shin groupeported the goldcatalysed synthesis of@yrrolidinones31 and nitrones32 from N-
sulfonylhydroxylamines30 via oxygertransfer redox and 1;3ulfonyl migration(Schemel.6).2* In
the case oterminal alkynesa goldcatalys& 5-exo-dig addition of thehydroxylamine moietyo the
alkyneoccurs through the oxygetschemel.6). Cleavage of the KD bond is ratdimiting, and the
presence of the electrowithdrawing sulfonyl moietyacilitates the overall reactioprocesgo afford
3-pyrolidinones31 in moderate to good yields.
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Chapter 1 Introduction

Schemel.6: Goldcatalysed synthesis off@yrrolidinones and nitrones frorN-sulfonyl hydroxylamines via
oxygentransfer redox and 1;8ulfonyl migration

However,to the surprise of the authors, when internal alkynes are utiliaedifferent mechanistic
pathway occurs resulting in the formation oB-sulfonylnitrones32. In this instancethe nitrogen of
the hydroxylamine moiety is the preferred nucleophiehich allows for a®ndodig cyclisation to
occurgiving36 (Schemel.7). Subsequent 1;3ulfonyl migratiorleads to37. Lossof the gold catalyst
and tautomersation of the resulting vinyl hydroxylamine leads to thiecone 32. Theidentity of the

nitrone products32 were confirmedby trapping with dipolarophiles via [3+2lipolar cycloaddition
(Schemel..6).

Schemel.7: Access t@-pyrrolidinones and nitrones vis-sulfonyhydroxylamines

Liuet al recentlydevelopeda goldcatalysed cascade reaction of diynami®&4o generate a series
of sulfone containg pyrrolo[2l-alisoquinolines 39 featuring the core structural motif of the
lemellarin alkaloids(Scheme1.8).2° Notably, all three functional moietiesn the nitrogen of the
ynamide participate in the cascade transformation, with a formal-slilonyl migration a key
mechanistic stepA crossover experimentvith two different sulfonyldiynamides did not lead to
crossover productsindicating that themigration of thesulfonyl groupoccurs in an intramolecular
fashion.DFT studiesuggestedthat the formal 1,4sulfonyl migration is in fact twsequential 1,2
sulfonyl shifts(Schemel.8). The alternativel,3-sulfonyl shift wasconsidered to be an unlikely
mechanistic route as the transition statéor both the suprafacial and antarafacial -5 dfonyl shifts
are 24.0 and 22.6 kcal/mol higher in energy than thatff86(Schemel..8).
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Chapter 1 Introduction

Schemel.8: Cascade reaction of diynamides and relevant section of the DFT reaction coordinate for sulfonyl
migration

The Sahoo group recently developed a regioselective sulfonyl/sulfinyl migmtaisomerisation
cascade of alkyntethered ynamides40 in the presence of XPhosgold catalystafford a series of
novel4-sulfinylated pyroles41in yields up to 85%Schemel.9).2° Notably, this reaction process i

the first example of a generfil,3]-*po(}vCo u]P& S]}v (E}lu §Z v]Scaheh ef VvSE
ynamides, followed by umpolungéndodig C o]e S]}v }( $Z -canbon jatonr to the gold
activated alkyneand final deaurative [1,5ulfinylation.Control experiments in conjunction with DFT
calculations weraisedto deduce an operative reaction pathway.

The desulfinylated pyrrolegl5and46 were generatedrom N-mesyl protected yng/namides42 and
43 respectively under the optimised conditio(Schemel.9, a), highlighting therole of adventitious
water in theprotodeauration of the organ@\u intermediate44. Furthermore, the transformation of
43in the presence of I afforded [D37 indicating that adeuterium quench ofi4is preferred to the
consecutivemigration of the methyl sulfinyl cation motif in the pyrrole rirfycrossover experiment
between42 and48 (1:1) generatedt9 and 50 exclusively, indicating thdtoth the [1,3]-sulfonyl and
[1,5]-sulfinyl migration are intramolecular procesg&chemel.9, b). No sulfinylated pyrrol&3 was
observed wherthe pyrrole 45 wasreactedin the presence o061, highlighting thatintermolecular
deaurative sulfinylation is unlike{gchemel .9, c). The reaction 064 in the presence of-®O}-labelled
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Chapter 1 Introduction

H,O under the optimised conditions did not yield th&Q}Habelled56, with 55 instead exclusively
formed, indicating thaanintramolecular oxygen transfeould beutilised in the mechanistic pathway
(Schemel .9, d).

Schemel.9: Control experiment$or mechanism elucidation

DFT calculationproved useful in further understanding the mechanistic features of the cascade
process(Schemel.10). The gold compleiM1) was chosen as reference for the free enenghile
coordination of the gold catalyso the ynamide affords thesomerisedallenetype complex(IM2).
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Chapter 1 Introduction

Attack of thesulfonyloxygen}vs} §Z Cv -adrbori yields the cyclic sulfoniminiuf3), while
extrusion of the sulfinylium ion PhS@ffords the heterodienesomplex(IM4). Migration of Aul to
the propargyl triple bond generates a 1a2zadiengketinimine) corgIM5), while sibsequent 5endo
dig cyclisationgenerates the Bpyrrole complex(IM6), which isis strongly exergonic by 27.0 kcal
mol?. Migration of the PhSOto the nitrogen atom of the pyyrole ringffordsIM7, which liesvery low
on the potential energy surface5@.3 kcal mot'). The sulfoxide oxygen is utilised as a base to shuttle
one of the hydrogen atoms of the ggfroup to the nitrogen atom of the pyrrole rirtg afford IM10,
despite being energetically unfavourablehe sulfonimidateoxygen assisted 1;M shift viaTS s at
>25.2 kcal mof wasfound to befeasibleaffordingIM8. Subsequenfl,2}-migration of the [PhSOH]
moiety, followed by [1,5H shiftgeneratedM10, while axtarafacial [1,4]S shift of the PhS@o afford
IM11 was observedo be favourablerequiring 9.8 kcal mdl of free enegy. To complete the
transformation a suprafacidll,2]-S shift affords théM12 located at >76.6 kcal mot on the PES.

Schemel.10: Calculated energy profile of the umpolung cycloisomerisation migrat@cade process Guos,
kcal mof)
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1.2.1.2 Silvercatalysed sulfonyl migration

The synthesis of pyrazoleS8/59 via the silver(Hcatalysed rearrangement of propargy-
sulfonylhydrazone§7, involving a 1,3or 1,5sulfonyl migration, wadescribedby the Chung group.

Using this methodology efficient and regioselective synthesis elabh@ 1,5disubstituted and 1,3,5
trisubstituted pyrazols can beachievedin moderate to excellent yieldéSchemel.11). Notably, in

the absence of a sulfonyl moiety no pyrazole formation is observed. An intermolecular sulfonyl
migration was elucidated by means of crossover experiments. Interestingly, deuteronporation
studies highlighted an unexpected scrambling of deuterium at the C(4) and C(5) positions in the
pyrazole producbl; this wagationalisedthrough thesilver(l) allenéntermediate63 (Schemel.11).
Lossof a deuteriumion pe « S Zntermediate 62 to rearrange to a silvesubstituted allene
intermediate 63. Subsequentlyrecombination with63 affords intermediate 64, which can isomerise

§} & P v & -#itedrediate65, which when cyclised gives pyrazole derivatiwéth deuterium
incorporatedat both the C(4) and C(5) positicinsaddition to C(3)

Schemel.11: Silver(lJcatalysed synthesis of pyrazoles from propahggulfonylhydrazones via 1,8r 1,5
sulfonyl migration Proposition of a silver@ubstituted allene intermediate

Taking the above into accounhe following mechanism was postulatg@chemel.12). Upon
coordination of the electrophilic silver source to the alkyne moietyb@f nucleophilic cyclisation
occurs yielding the silver(l) intermedia®@. Deprotonation leads to elimination of the sulfonyl moiety
affording the ion pair§8. The sulhate anion attacks theslectrophiliciminium carbon completing the
1,3-sulfonyl migration. In instances in which the imine substituent is extended by conjugttn
epo(}v 8§ v]}v §S§-chrsbosdeading to 15ulfonyl migration being preferred. Finally
protodemetallationof 69 regenerates the catalytisilverspecies and gives the pyrazole produs8s
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Schemel.12: Postulated mechanism for théhwer(l)-catalysed synthesis of pyrazoles from propabdy!
sulfonylhydrazones via 1,8r 1,5sulfonyl migration

The Wan group subsequently reported the silvecfldalysed cyclisation ofN-sulfonyl
propargylamides/0 for the synthesis of 4sulfonylmethy)oxazoles71 in moderate to good yields
(Schemel.13).28 The introduction of ararylacyloxydirecting group proved crital in realising the key
silvermediated [3,3Jrearrangement Crossover experiments indicated that the sulfonyl migration
may occur in both an intraand intermolecular manner. The following plausible mechanism was
presented (Scheme 1.13). Coordination ofthe silver(l) cation to the alkyne moiety of the
propargylamide70 ¢« A oo =« §Z Co}EC ]E 3]vP -PolEjed%2. Pug tRhé « $Z
increased electrophilicity of the alkyne moiety an intramolecular nucleophilic attack of the amide
oxygen occws via a éendodig cyclisation giving the intermedia#8. Subsequent collapse of the
cyclic intermediater3 affords the allene intermediaté4. Nucleophilic attack of the nitrogen atom on
the allene affords the Bnembered cyclic zwitterionic intermediaféb. It is envisaged that the 1,3
sulfonyl migration occurs at this poirh both an intra and intermolecular manner, to give the
rearranged 4(sulfonylmethyl)oxazol&1.
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Schemel.13: Silvercatalysed cyclisation of propargylamides in the generation of functionalised oxazoles via
1,3-sulfonyl mgration

The Wan group further demonstrated that silver catalysis can be used in conjunction with
trifluoromethyl-substituted 3azal,5-enynes 76 to generate highly functionalised pyrroles?
containing a trifluoromethyl group at the-Rosition in a seldééve manner(Schemel.14).2° Analogous

§} §Z PE}U%[* % E A]}ueoC usudhymMmigrafiotap@nsddcursi Bith electroch

and electrondeficient aryl moieties were well tolerateat R, however, the reaction does not work
with alkyl substituents at this positionh& alkynyl substituent could be readily diversified, with both
alkyl and aryl groups tolerated. Crossover experiments indicated an intermolecular process for the
sulfonyl migration, whilea deuterium incorporation experiment was consistent with the abseofce
CtH bondcleavageat the G4 position As a resultthe following mechanism was proposé€8cheme
1.14). Initial azaClaisen rearrangement g% affords the intermediate’8, which upon isomerisation
gives the allener9. Coordination of the silver(l) caist with the allene intermediat&9 leads to
cyclisation of the silver compl&0, affording the cationic pyrrol8l. Cleavage of the b6 bond ensues
affording the intermediate82 and the sulfinate anion. Regioselective recombination displaces the
silver(l) cation in an intermolecular manner and in doing so generates the rearranged pgrrole
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Schemel.14: Generation oR-trifluoromethyt5-(arylsulfony)methyl pyrroles viailvercatalysedL,3-sulfonyl
migration

1.2.1.3 Transition metaicatalysed sulfonyl migratiomsingN-sulfonylhydrazones

N-Sulfonylhydrazonesundergo a range of transitiometalcatalysed and transitiometalfree
transformations The bredth of reactivityand synthetic apjtationof this family of compounds has
been reviewed extensively recentyears®*3? however, the overwhelming majority of reportgwolve
either retention of the sulfonyl moiety atitrogen or decomposition with elimination of the sulfonyl
moiety. Notwithstanding, N-sulfonylhydrazones haveecently been observed to besynthetically
useful precursorsa both allyl and vinyl sulfonesitilising sulfonyl migration in atoraconomical
synthesesin this section, recent advances in the reactivity of these compounds utilising trarsition
metal catalysis, incorporating sulfonyl migratievill be considered.

1.2.1.3.1 Coppercatalysed sulfonyl migration usiny-sulfonylhydrazones

Mao et al. developed a higlyielding stereoselective synthesis of terminal  r Wibhsaturated B-

vinyl sulfones84 from N-sulfonylhydrazone$3 via a radical pathwaySchemel.15).3® Theradical
pathway was confirmed by the addition of TEMPO to the standard reaction conditions, which
completely inhibited the formation of the sulfonyl migration product. The role of the sulfonyl free
radical was further confirmed by the addition of ddibhenylethylene (DPE), an alternative radical
scavenger, witl85 isolated as the major product in 72% yieldmpletely replacing formation @4.
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A small amount of water was required for an efficient transformation to occur; when anhydrous
Cu(OAc)was used a 35% reduction in yield was observe®BfofR = R = Ph) when compared to
when one drop of water was added. The mechanism is postulated to proceed via isomerisation of the
N-tosylhydrazone83 to 86. Coordination of the copper catalyst to thdkene promotes the
decomposition o087, with concomitant extrusion afiazeneand the free tosyl radical affording the
complex88. Recombination 088 and the tosyl radical affords the carbend®, which undergoes

OtH insertion with water to affordite alcohoBO. Transelimination of water stereoselectively affords

the desired(E}vinyl sulfone.

Schemel.15: Coppercatalysed stereoselective synthesis Bfyinyl sulfones via the radical reactionf
tosylhydrazones

The Zhang group reported the op®t generation of Zulfonylmethyl H-indenes93 in moderate
yields via a coppemediated sulfonyl radicedénabled cyclisation ofN-arylsulfonyl hydrazones
(Sheme 1.16).3* A radical process was confirehéhrough the suppression of the reaction pathway
on the addition of the radical scavengers TEMPO orbé&zoquinone (BQ)Starting with the
benzaldehyde94, in the absence of either CuBr or DTBIfe major product isolated was the
N-sulfonylhydrazone95, highlighting the key role of the copper salt and oxidant in the reaction
process. Stopping the reaction after 5 minutes afforded exclus@&lyith complete consumptiomf
starting material. TheN-tosylhydrazone€95 was demonstrated to afforthe indenel00on treatment
with TsNHNKRunder the standard conditions. In the absence of a second equivalent of TshéNH
desired product was afforded in 10% yield, highlightihgt tefficient sulfonyl radical attack at the
terminal vinyl carbomequiresthe second equivalent of TSNHNH

Considering this the following mechanism was proposed. Condensation of TsiNtiiNtHe aldehyde

94 affords the N-tosylhydrazoned5. A tosylradical is generated in situ via the DTBP and copper
mediated oxidative decomposition of the second equivalent of TsNHSBlbsequent addition of the
sulfonyl radical to the terminal alkenyl carbof®5affords the intermediate radic&6. Intramolecular
5-exotrig cyclisation and hydrogen abstraction affoi@f which loses dinitrogen and a tosyl radical
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to give99. Finally, a coppemediated single electron transfer oxidation, and subsequedimination
A] -H abstraction byert-butoxide affords the idene product100.

Schemel.16: Access to sulfonylmethyHtindenes via coppemediated sulfonyl radicegnabled 5exotrig
cyclisation of alkenyl aldehydes

The Wang group described the coppen@dtalysed onestep crosscoupling of terminal alkyne$01
with N-sulfonylhydrazone402 §} ( (} (&disubdtituted vinyl sulfone$03in moderate to excellent
yields(Schemel.17).2°* Notably, the reactioproceeds readily for variol$-tosylhydrazones with both
electrondonating and electrotwithdrawing groups tolerated on the aryl ring, alb@itlower yield
when electronwithdrawing groups are presenBoth naphthyl and alkysulfonytierivatives are also
well tolerated, while both the ester substituent and the electronics of the aryl ring of the terminal
alkyne can readily be altered with no deleterious effect. A radimadliated transformation was
excluded based othe absence ofnhibition of the reaction on addition of TEMPO or BHT to the
optimised reaction medium. Both the alkydd0 and allenell1 afforded the desired product12
when treated withp-toluenesulfinate in the presence of triethylamine. Notably, the alkya® did

not furnish any product in the absence of base, confirming the role of the allene intermedidie

the reaction cascade.

In light of these findings and previous reports the authors postulated the following mechanism
(Schemel.17). Basemediated decompositin of theN-tosylhydrazonel04 affords the tosylate anion

and diazo compound05. Subsequent reaction df05 with the copper acetylidel07 affords the
carbenoidl08 AZ] Z uyv EP} » ul]PE $}EC Jve ES]}v }(-Gamontogvet®® u}] $C &
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intermediate109. Protonation ofL09releases the copper cation which becomes available for the next
catalytic cycle and generates the internal alkyii®. Deprotonation with triethylamine affords the
allene intermediatel 11which reacts with the tosyl aon in a regios&ctive manner, completing the
sulfonyl migration, and affording the produdtl2 The stereoselectivity of the reaction can be
explained by the steric hindrance between the tosyl and phenyl moieties that inhibits the formation
of the Zisome 113

Schemel.17: Onestep copper(Fcatalysed crossoupling of terminal alkynes witR-sulfonylhydrazones
affording r Udisubstitutedvinyl sulfones

The Ji group described a copper(ll)/silvecddalysed domino reaction of anthranitkl4 with
N-sulfonylhydrazone&15to afford a series of-aryl-3-sulfonyl disubstituted quinoline derivativd46

in moderate yields §chemel.18).2® To elucidate a mechanism the authararried out a series of
control experimentsThe presence of TEMPO suppressed the reaafohil4 and 117 affording the
desired productl18in only 16% yield, while also forming the decomposition prodii® and the
quinoline120. Additionally, in the presence of the alternative radical scavengertb®Eapped vinyl
sulfone product85 was observed by RIS confirming the presence of a suifyl radical in the
mechanistic pathway. Wheft14 and 122 were reacted in the presence of the quinolii23 no
formation of 118was observed highlighting that the sulfonyl migration occurs prior to the formation
of the quinoline skeleton.
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Schemel.18: Copper(ll)/silver(Katalysed formation of aryl 3sulfonyl disubstituted quinoline derivatives
via the reaction oN-sulfonylhydrazones and anthranils

In light of the above the authors proposed that the zwitteribbvd reacts with theN-tosylhydrazone

126 under thermal conditions to afford the diazo intermediat27 with expulsion of a tosyl radical
(Schemel.19). Loss of nitrogen fromhe diazo compound 27 effected by the copper catalyst gige

the carbenoid128 which subsequently coordinates with the anthrariill4 to give 129. Carbene
migratory insertion ensues to for30, while the following NO bond cleavage affords the tautomer
pair 131 and 132 Addition of the tosyl radical to the terminal alkenyl carbwinl32 leads to the
intermediate 133, which cyclises in the presence of the AgOTf catalyst to yield the rearranged
quinoline125.
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Schemel.19: Proposed mechanism for the copper(ll)/silveg@talysed formation of -aryt3-sulfonyl
quinolines

Xu and ceworkers recently reported the synthesis ofidethyl ZH-chromene derivatived 35 from
alkyne tetheredN-sulfonyl hydrazoned434 using copper catgisis(Schemel.20).5” Notably, in the
absence of copper spirdH-pyrazoles(e.g.139) are instead the major products. Monitoring of the
reaction progress biH NMR allowed the identification of theHgoyrazole137, which was isolable.
Furthermore, reactind.37 with one equivalent of Cul under thermal conditions gd@8and 139in

44% and 55% conversion respectively, highlighting that ti@yazolel37is a key intermediate in
both potential transformations. The formation df38 in this instance, which doesoh require a
catalyst, suggested that dintrogen extrusion could grecededby anion exchange (Tis) and/or
coordination of the copper catalyst with37. As such, using CuOTf as catalyst, both the copper
complex140 and the triflyl addition producii41were observed by E®MS. Crossover experiments
indicated not only that the sulfonyl migration is an intermolecular procesalmgithat it is likely that

the counter ion is either in close proximity or associated to the intermediate during the
transformaton, and that the catalytic rate of reaction is faster than the counter ion exchange; this is
as a result of observing that the less nucleophilic nosyl anion afforded a significantly higher combined
yield than that of the tosyl anior{Schemel.20). Isolation of the deuterated productD]-138
rationalised the protonation after recombinatiowith the tosyl anion. Further evidence for the
reaction pathway was obtained via the identification of the intermedidté¢sand 146 by *H NMR and
HRMYseeSchemel.21).
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Schemel.20: Coppercatalysed synthesis dfmethyl 2H-chromenesalkyne tethered\-sulfonyl hydrazones

Considering this the following mechanism was proposgicheme 1.21). KCQ-mediated
deprotonation of theN-sulfonyl hydrazonel44 affords the potassium salt45 Subsequent ion
exchange affords the copper compledd6, which undergoes a [3+2] cycloaddition/dinitrogen
extrusion/sulfonyl anion recombination to give the desired prodddi8 via 147. Alternatively,
dissociation of the copper catalyst could occur legdio the rearranged spirproduct 150 via van
AlphenHuttel rearrangement 0149.
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Schemel.21: Proposed mechanism foine coppercatalysedransformation of alkyne tetheredil-sulfonyl
hydrazones tal-methyl 2H-chromene derivatives

1.2.1.3.2.Palladiumcatalysed sulfonyl migration usiny-sulfonylhydrazones

Allylic sulfonesre accessible via palladingatalysed crossoupling ofaryl andvinyl iodides 151and
154 with N-sulfonylhydrazone452and 155, involving carbene migratory insertion and regioselective
addition of the released sulfonyl aniotScheme1.22).%¢3%° For example, sing Pd(OAg)and
triphenylphosphie as catalyst, and BTAC as phtnaasfer additive, a series of allylic sulfonEst
were generated in moderate to high yields, with electdeficient and electrosrich aryl rings all well
tolerated, as well as a range of sulfonyl moieties. The reasticzbelieved to proceed via initial base
mediated decomposition of thé-tosylhydrazonel59 to afford the diazol60 with concomitant
release of the tosylate salt. The diak®60reacts with the vinylpalladium iodide compl&és8to form
the carbenoidl61, which undergoes migratory insertion to afford thg-allylpalladium intermediate
162 Isomerisation to thef-allylpalladium comple63is followedby selective nucleophilic addition
of the tosylate anion to giv&64as the exclusive product.
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Schemel.22: Generation ofallylic sulfones vipalladiumcatalysed crossoupling ofaryl iodides and
N-tosylhydrazones

1.2.14. Miscellaneous metatatalysed sulfonyl migration

The introduction of a sulfonyl group to theCposition of indoles can be achieved in moderate to
good yields through the aluminium trichlorideediated regioselective 1;8ulfonyl migration ofN-
sulfonylindoles165(Schemel .23).4° The sulfonyl migratiowas found toproceed smoothlyvhen an
electrondonating group was presg at the G5 position 0f165 however the regioselectivity of the
transformationwas attenuatedy the presence of electrowithdrawing groups wittsome formation

of the 3-sulfonyl indole observed. The presencetbé bulky tert-butyl group at the C2 position
appears to assisthe cleavage of the &6 bondallowingthe sulfonyl migration to occumhen an-
butyl substituentwas present at C2o migration was observed despte the acylation readily
occurring In the absence of acyl chloride the sulfonyl migration still readily oeduhighlighting the

key role of AlGlin the reaction The mechanism was proposed to involvenan-concerted,
intermolecular sulfonyl migratiobhased on the outcome of crossover experiments. Thus, the reaction
seems to proceed via Alcissisted activation of the indolyl double bond followed by cleavage of the
N tS bond to givd68which subsequently undergoes sulfonylation at the C7 positiorivie Iy 1 via

170, completing the sulfonyl migration.
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Schemel.23: AICkmediated 1,3sulfonyl migration ofN-sulfonyl indoles; access tesulfonyl indoles

The Zhan group reported theopper(l}catalysed stereoselective synthesis o, @B-2-sulfonyl1,3-
dienes173from N-propargylic sulfaylhydrazonesl72involving a stereoselective sulfonyl migration
(Schemel.24).** When employing catalytifCu(PPh)]sin refluxing toluene yields of 592% were
achieved, with electrofpoor sulfonylhydrazonesleading to higher yields tharelectronrich
analogues Aryl grops at both R and R bearing electrorwithdrawing and electrosdonating
substituentswere alsowell tolerated.

Crossover experiments in@died that the migration of the sulfonyl group is an intermolecular process.
Based on these observations thathors hypothesised that the mechanism involir@tial 6-endo-dig
addition of the sulfonylhydrazoneonto the copper(Balkyne complex174 to generate the
intermediate 175 which collapsego the allenic intermediatel76, completing the initial [3,3]
rearrangement. Intermediaté&76is unstable and readilpses dinitrogenleavingon pairl77. Finally,
the tosyl anion regioselectively and stereoselectively attacks the cesyprbon atom of the allenic
moiety, with subsequent electon transfer affordinge (1E3B-2-sulfonytl,3-diene 173 (Scheme
1.24). Therelease of nitrogen is most likely thegger for thesulfonyl migration
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Schemel.24: Copper(lcaalysed stereoselective synthesis oE@E)-2-sulfonytl,3-dienes utilising migration
of the sulfonyl group

Zhan and cavorkers reported the zinc chloride mediated synthesis efsdifonylymethyl1H-
pyrazolesl79in excellent yields froniN-allenic sulfonylhydrazonek78via a formal 1,4itrogento
carbon sulfonyl migratiorfSchemel.25).4> Crossover experiments utilising two differeNtallenic
sulfonylhydrazones highlighted an intermolecular process for the sulfonyl migration. Mesyl, tosyl and
benzenesulfonysubstituents were tolerated. The authors postulated that coordination of Ztd®Br
the azomethine nitrogen atom df78induces a nucleophilic addition of the cedteallenyl carbon to
the azomethine carbon to give exclusively-182 Formation of )-181 is inhibited due to steric
hindrance between the fand R substituents. Bromide assists thetSlbond scission to generate the
intermediate183and tosyl bromide, which then reacts with thgaeyclic alkene moiety to complete
the formal 1,4tosyl migraion, and in doing so generatd84. Tautomerisation affords the rearranged
aromatic pyrazold.79.
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Schemel.25: Selective synthesis of(@ulfonylymethyl1H-pyrazoles fronN-allenicsulfonylhydrazones via
1,4-nitrogen to carbon sulfonyl migratiofsee als&schemel.66)

1.2.2. Single electrommediated sulfonyl migration
1.2.2.1. Radicaimediated sulfonyl migration

The Maulide group observed an unexpected nitrogen to carborsdlfdnyl migration of a tosyl group
when attempting to expand the scope of electrophilic Claisen rearrangements tdesizatives.
While alkyl and alkenyl oxygdrased substrates underwentrsightforward Claisen rearrangement
to afford a series of hydrocoumarins, agerivatives185t187 did not afford the A& %o §-
substitutedlactams191, but instead the amidinium derivativels38t190 (Schemel.26).*® Both the
allyl and benzyl derivativeis85and186underwent tosyl migration, while the propargy! deriivae 187
underwent an additional cyclisation with concurrent tosyl migrationvds postulated that the tosyl
migration occurs as a result of a radical pathway, with homolytic cleavaget®fidm in the
intermediate 193. It wassuggestedhat recombinaton of the radical pait94to afford 188 maybe
faster than diffusionand that this process mmore favourableenergeticallythan migration of the allyl

group.
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Schemél.26: Generation of amidinium derivatives vig3-tosyl migration

The thermal 1,3 and 1,5sulfonyl migrations ofN-arenesulfonylphenothiazinesl95 and N-
arenesulfonylphenoxazine%96 were realised by the Xu grou@Bchemel.27).** Under neutral,
thermal conditions a series of sulfonyl substitd phenothiazinel97/199 or phenoxazine derivatives
198/200 are afforded with moderate yields and regioselectivities. Crossover experiments indicated
that the sulfonyl migration was an intermolecular process while a radatital coupling reaction
mechanism was proposed based on competitive trapping experiments using eledttorl,4
dimethoxybenzene, which ultimately allowed the ruling out of a possiblgoeinmechanism. As such,
homolytic cleavage of the t§ bond affords the free radicaD3 and a sulfonyl radical. The radical
intermediate 203 can readily interconvert between the resonance structu€gl and 205 through
electron delocalisation. Recombination of the sulfonyl radicish 204 or 205, leads to formal 1,3
and 1,5sulfonyl migrationsto give intermediates206 and 207. Finally, isomerisation of these
intermediates affords the rearranged phenothiazine or phenoxazine prodi®at£200. The formation
of the dissociation produst201/202 via abstraction ofa hydrogenatom from a neighbourng
molecule, such as solvent, provides further supportive evidence for the radical mechanism.
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Schemel.27: Radicakadical coupling reaction mechanism for the-138d 1,5sulfonyl migrations of
N-arenesulfonyphenothiazines and phenoxazines

The She group developed a sequential catalysed cycloadditioN-todterocyclic carbene (NHC)
activated 1,3dioxoisoindolin2-yl 2-phenyl acetate210 v r Wihsaturated imine209in which the
N-hydroxyphthalimide (NHPI) kgyroduct 212 of the first reaction catalysed a further nitrogen to
carbon 1,3sulfonyl migration of the tosyl grougScheme 1.28).#° Notably, the enantiomeric
composition of the major product211 from the cycloaddition stepwas retained through the
subsequent sulfonyl migration to afford the desired prod&t3 in moderate yields and high
enantioselectivities. The efficiency of the NHC/NHPI catalytic cascade pnaeisundo bestrongly
dependant onthe electronicnature of the R substituent, with electron donating groups on the
aromatic ring affording final products in significantly higher yields after 2 steps. While the mechanism
of the sulfonyl migration is not fullynderstood, a radical mechaniswas deemed most likely, as the
addition of the radical scavenger TEMPO completely irgdliiie migration.

Schemel.28: Application of upstream bproduct NHPI as catalyst for sequential-&i8fonyl migration
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Wanget al. reported the ditert-butyl peroxidemediated radical rearrangement df-sulfonytN-aryl
propynamide214to afford 3sulfonyt2-(1H)-quinolinones215in moderate to good yields with good
functional group compatibilitieswith a 1,3sulfonyl migration from nitrogen to carbon a key step
(Schemel.29).%6 Crossver experiments indicated the involvement of an intermolecular process,
while a radical pathway was postulated based on the inhibition of the reaction cycle upon the addition
of the radical scavengers TEMPO, BiH{alvinoxyl. The intramolecular and intermoldar kinetic
isotope effect (KIE) was determined to be 1.08 and 1.04 respectively, indicating that the rate
determining step was unlikely to involve the cleavage of the aromatitliond, while also suggesting
that either a radical or electrophilic aromatsubstitution pathway was involved. Considering this the
authors proposed tat homolytic scissionof the NtSQ bond leads tothe radical216 and a sulfonyl
radical. Addition of the sulfonyl radical to the alkyg®upof radical216generates the diradad 217,

which abstracts dydrogen atomfrom the solvent,to give the radicaR18 A 6endodig cyclisation
affords the cyclised radic&ll9, which on abstraction of hydrogenby atert-butoxyl radical affords

the 3-sulfonyl2-(1H)-quinolinone215.

Schemel.29: Ditert-butyl peroxide mediated radical rearrangementNsulfonytN-aryl propynamides;
observation of a formal 1;8ulfonyl migration

1.2.2.2. Photoinduced sulfonyl migration

Photochemical irradiation ofN-sulfonyl anilines220 was found to promote thiaFriestype
rearrangemens to affordmixtures of regioisomeriortho- and paraaminophenyl sulfone derivatives
221and222in moderate yields, i nitrogen to carbon 1;3r 1,5sulfonyl migration(Schemel.30).#’
N-Alkylation of the silfonanilides220 increase the yield of the rearranged products, while the
presence of electronvithdrawing groups on the aromatic ringdchot greatlylower the yields
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Schemel.30: Photochemical thidriestype rearrangement oN-sulfonyl anilines

In their efforts to establish a total synthesis of the kopsifoline alkaloid frame@®skPadwa and co
workers observed an unanticipated desulfonylation 223 while attempting to carryout a
photochemical rearrangement. The desulfonylation proceeded efficiently, affo&itdgn 90% vyield
(Schemel .31).484°

Schemel .31: Photoinduced desulfonylation strategy toward the synthesis of the kopsifoline alkaloid
framework

Due to theefficiencyof this reaction and the mild conditions required, the authors sought to extend
the scope of the reaction to series of related indole®26, however a significant reduction in yield
was observed for this class of compoutge to the competing formation of botbrtho- and para-
photo Friesrearrangement product228 and 229 (Schemel.32). In most instances theara
rearrangementby-product 228, the result of a formal 1;Sulfonyl migrationwas the major isomer
formed. The reaction is likely initiated by single electron transfesm triethylamine to the
electronically excited indol@26* leading tothe triethylamine radical cation and the indoledical
anion231(via the indole radica30). Proton transfer from theadical cation of triethylamine affords
the desired desulfonytad indole227. In competing processes, the phenylsulfonyl radical can also add
to the aromatic framework of the radical ani@31to afford the transient intermediate232or 233,
Subsequent electron transfer fro@82and233to the triethylamine radicatation affords theortho-
and para-sulfonylated indole228and 229. The competing thidries pathway can be suppresdey
addition of rRBusSnH, which allows capture tife sulfonyl radical via hydrogen atom transfer.
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Schemel.32: Mechanism for the photoinducethia-Fries type rearrangement of indoles

Smith and coworkers reported the first selective exampleaohitrogen to carbon 1;3ulfonyl
migration of dihydropyridone&34viaprolonged storage and heating, howeysrost notabé wasthe
quantitative isomerisatiombserved under photochemical conditis(Schemel.33).5%%1 Highlights of

the methodology include a high degree of tolerance for bithand Gsubstituent diversification
around the dihydropyridinoneéng, to afford the corresponding rearrangees@ifonyl product235in
moderate to high yields with no erosion of stereochieat irtegrity. Significant efforts to rationalise

the mechanism of the sulfonyl migration were made by the authors. Crossover experiments elucidated
an intermolecular event, while adding TEMPO under the standard conditions led to complete
suppression of the suhyl transfer,indicating aradical mechanism. Rather than a straightforward
homolytic NtS bond cleavage to givea sufonyl radical and radical 236
followed by recombination at carbon to give the rearranged prod2@5, electron paramagnetic
resonance (EPRpectroscopyindicated the presence of a larger radical that was assigned as the
intermediate benzyt radical237. Therefore the authors proposed that after the homolytic cleavage,
the sulfonyl radical adds to the dihydropyridino884 generating the benzyt radical237 which can
extrude a sulfone radicab generate the neutral imin€238 Tautomerisation o238 affords the
rearranged dihydropyridinon235.
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Schemel.33: Photoisomerisation oN-sulfonyldihydropyridinones; observation of a visible light induced 1,3
sulfonyl migration

The Rutjes group discovered the first example of a photoinduced rearrangementlodrizdthiazole
1,1-diones240to form 3-amino-1-benzohiophenel,l-dione derivative41in excellent yieldsiaa
nitrogen to carbon 1,3ulfonyl migration(Schemel.34).>2 Based on literature precedent for the
photoinduced cleavage of sulfonamides the authors postulatedfollowing radical mechanispi>®
Irradiation 0of240induces homolytic cleavage of thet8l bond with generates thali-radical242
Recombination of th sulfinateradical with the @erminus of the enaminyl radicgenerates the imine
243, which subsequently tautomerises to generate the rearrangesntho-1-benzothiophenel, 1-
dione 241 The requisite wbstrates240for the photoinduced sulfonyl migration were demonstrated
to be accessible through a palladitcatalysed regioselective and highly stereoselective
intramolecular hydroarylation of sulfonyl ynamin239.

Schene 1.34: Photochemical rearrangement of enzothiazolel,1-diones to 3amino-1-benzothiophene
1,1-diones; observation of a nitrogen to carbon k@fonyl migration
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Torti et al. described the use dfl-arylsulfonimides244 as potential nonionic photoacid generators
able to photorelease up to twaquivalentsof sulfonic aciddor each mole of substrateinder
deaeratedconditionsin acetonitrile®”*® The product distribution of the reactionnder deaerated
conditionsproved to be complex with all compounds formed arising from theage of theStN
bondto afford both photo thiaFries rearrangement product6, 247, 249or 250and desulfonylated
products245or 248 (Schemel.35).

Schemel .35: Irradiation ofN-aryl sulfonimides; observation sfngle and double photo thikries
rearrangement

In order to further understand th@hotoreactivity of theN-arylsulfonamide®44, and b investigate
secondary photochemical pathwayaser flasiphotolysis (LFP) and eteon paramagnetic resonance
(EPR) spectraspy experiments were performed. Considering thupporting evidence of these
studies the authors tentatively proposéie following mechanisniSchemel.36). Initialirradiation of
244 causes excitation to the singlet stat®44, which undergoes homolytic cleavage of théSNoond
to generatethe sulfamido251 and sulfonyl252 radicak, the presence of which were confirmed by
both time-resolved absorption and ERRBectroscopypath A). Once formedthe radical251and252
can undergo eithethia-Fries rearrangemenrds a result of recombinatiofpath D) to afford 246 via
intermediate 253, or escape from the solvent cage release sulfonic acidslhe photoreactie
sulfonamide246 can undergo a second thkries rearrangement to generathe rearranged aniline
249 (path D93, howeverdesulfonylationappears to have no roléath D). In contrast,hydrogen
abstractionby the sulfamido radic&51from the reaction medium affords theulfonamide245(path
C) The favoured pathway, betwegrath CandD, isdependenton both the functional groups present
on the aryl ring and the reaction mediuifhe single thidries rearrangement produ#6is preferred
in less polar solvents and in the preserafeelectrondonating groups (NMg OMe) on the aromatic
ring.

The N-arylsufonamide 245 is also photoactive and can undergo both thides rearrangement to
afford the rearranged anilin47 (path C3, or desulfonylation to giv@48 (path C). The thiaFries
rearrangements favoured for electromich sulfonamideswhile for unsubstitutedN-arylsulfonamides
245(FG = Hyoth desulfonylatiorto generate anilin@48or thia-Fries rearrangement to give thpara-
substituted aniline250can occur
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Schemel.36: Mechanism for thgphotochemical reactivity d-arylsulfonimides under inert and aerated
conditions

1.2.2.3.Non-metal-catalysed radicamediated sulfonyl migration oN-sulfonylhydrazones

In 2014, the Prabhu group reported the generation Bf\inyl sulfone255from the reaction ofN-
tosylhydrazone254 with cyanogen bromide and TBAByolvingl,2-tosyl migrationfor derivatives
bearing a methyl or aryl substituent at EBSchemel.37).%° The reaction is thought to proceed via
generation of a bromine radical from the reaction of CNHBAB, which adds 1854 affording the
bromo-azosulfone256, whichreleases dinitrogen and a tosyl radicéd afford 257. Recombination of
the tosyl radical and257 affords the isolable intermediate258 which undergoes either
dehydrohalogenation to give the vinyl sulfoBB9when R = H, or a 1,aulfone migration in addition
to elimination of HBr to affor@55. Crossover experiments were used to confiam intermolecular
tosyl migration.

34| Page



Chapter 1 Introduction

Schemel.37: Generation of vinyl sulfones vilae reaction ofN-tosylhydrazones witlcNBr and aliphatic
guaternary ammonium salt®bservation of an intermolecular tosyl migration

Luo et al. described a Phl(OAahediated stereoselective synthesis d&)-{inyl sulfones261 from
aliphatic and aryIN-sulfonyl hydrazone60 in moderate to high yield§Scheme1.38).%° Both
electronwithdrawing and electrordonating aryl moieties at Rwere well tolerated, while the
methodology was further applied to a range of aromatic heterocyclic derivativesdical mechanism

was envisaged based on the inhibition of the reaction on the addition of the radical scavenger TEMPO.
As such, the authors postulated that the hypervalentinedntermediate 263 forms in the presence

of Phl(OAe) which undergoes hooiytic NtS bond cleavage to afford a sulfonyl radical &6d.
Subsequent elimination of dinitrogen frork64 affords the radical intermediat@65, which on
recombination with the sulfonyl radical affor@68 (or 266 when R = H). Basenediated reductive
elimination 0f266/268 ((}@& <« ]S Z- EESi#bstituted vinyl sulfone267or 269.
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Schemel.38: Phi(OAg}ymediated synthesis oH-vinyl sulfones from aliphatic and aromabiesulfonyl
hydrazones

~

Deagostino and cworkers described the first visiblght-u ] § SE ve(}EuU S}}v }( rut
unsaturatedN-sulfonylhydrazone270 to allylic sulfones271 with optimal results achieved using
[Ru(bpy}]CE6H:0O as photocatalys{Scheme1.39).5 Tosyl, mesyl, and triflyl moieties wenreell
tolerated. Interestingly, on addition of TEMPO, to the standard reaction condit®ti&yas isolated
confirming that the process involves a vinyl radical intermediate. A radical chain mechanism was
excluded based on observation that no reaction osduarthe presence of AIBN, while the use of the
more reactive benzoyl peroxide produced a complex mixture of products. In light of these results the
authors postulated the following mechanism. Treatment of fkéosylhydrazone272 with base
affords the anbn 273, Visiblelight promotes the excitation of the photocatalyst, and it is the excited
state *[Ru(bpyj]?* that induces the single electron oxidation2#3to give theN-centered radica74.

A formal 1,5sulfonyl migration, suggested to occur via-snémbered transition state, leads to the
expulsion of dinitrogen and the formation of the vinyl tosylate rad&¥8. Abstraction of a hydrogen

atom from the solvent, as confirmed via deuterium incorporation studies using:Gi2@Gerates the

final product276and a CGradical that promotes the regeneration of the photocatalyst [Ru(bpy)
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Schemel .39: Visiblelight-mediatedphotocatalytictransformation } ( r WnsaturatedN-sulfonylhydrazones
to allylicsulfones

1.2.3. Non-metal-catalysedsulfonyl migration

In 199, the Tanaru group reported the thermal [2+2] cycloaddition of allendsnbmides with
electron deficient alkenes and alkynes to yield substituted cyclobutene derivatives, for example the
reaction of277with methyl acylate afforded the cyclobutan279in 73% yieldSchemel 40, X = Hf?
In an exension of this study, the authors were surprised to find that when the allerrstratewas

v v}o §Z EU -u Zmethoxy@dr@aie278(X= OMe) that a completely different pathway
was operational, with the tetrahydropyriding80isolated aghe major productandno evidence for
the expected cyclobutane produ¢Gchemel.40, X = OMe)%® Notably, this pathway involved an
unexpeced 1,3 nitrogen to carbon sulfonyl migratioiwhile enol ethersincludingacyclic and cyclic
aldehyde enol ethers and acyclic and cyclitoke-enol ethers allreacted similarly Using this
methodology highly functionalised tetrahydropyridines could beessed irmoderateto excellent
yields(Schemel .41).54
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Schemel.40: Novel additioncyclisationreaction of 4vinylidenel,3-oxazolidin2-ones and enol ethers;
observation of a 1,3ulfonyl migration

The reaction mechanism is believed to proceed through the transition 28t&in which the
cumulative effect of the electron density of the QT2akene bond being pushed into the
sulfonamide moiety and the electron density being drawn away from thdvatmate through

JvipP 8]}v Al3ZCI§Z old }v <]Pv](] v3oC t8 bdnd,-al&ingHor the 1;3
sulfonyl migration and the generation otmns-1-azabutadien@85. Subsequent isomerisation of the
terminal double bond to €is285, allowsfor a facile hetereDielstAlder reaction witithe enol ether
282to afford the tetrahydropyridine produc@83(Schemel 41, path A). In certain instances the enol
ether was observed to isomerise during the reaction with thereesulfonamidef81 with both E
and Z-isomers recoverablehowever no isomerisation was observed in the absence28iL In
contrast, the denesulfonamide281 readily isomerisedo 3-tosyh4-vinyl4-oxazolin2-one under
thermal conditionsvia a 1,3H shiftin the absence of enol ethdrighlighting thatallenesulfonamide
281promotes the isomerisation dhe enol ether, while the enol ether is crucialjgromoting the 1,3
sulfonyl migration.For enol ethers that are highly electratonating (e.g., ketone enol ethers and
furans)it is possible that pathway B could be operational to some extent due to being more able to
stabilise the zwitterionic speci&s86.

Schemel 41: Possible mechanistic pathways for the selective formation of tetrahydropyridines
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Subsequent studies by the group highlighted that allyl silamekhydrosilanegeact in an analogous
manner, albeit with reducedefficiency,despite being much poorer nuclpbiles than enol ether®
Further extension to hetermucleophiles includinglcoholsand thiols afforded both 1,3sulfonyl
migration products in addition to significant amoumtsnon-sulfonyl migration productas a result of
*Ju%o 0 151}v 8} ®d@nd Indoleswere observed to underga similar reaction profile
however the addition occurshtough thealkenyl carbon, rathethan the nitrogen atom,akin to an
electrophilicaromatic substitutiorf*

Waudl reported the first example ofreuncatalysedL,3-sulfonyl migration from &ufonamide287to

a keeneimine 288under thermal condition$® Notably, the rearangement of the ynamid287, which

proceeds cleanlgither in the melt or in solution at 10iTi U JvA}oA « §Z u]PE 3]}v }( }5
tosyl group and thgg-u $Z}/&EC VvICo ~WD « PE}u% (E}u §Z vic@moPtov 3S}u S}
afford the nitrile291in an isolated yield of 92%. Variable temperattifeNMR was readily used to

follow the progress of the rearrangement in the raromatic solvent decalin. This demonstrated that

the rearrangement occurs via tleservablantermediate289, which also demonstrates that the 1,3

sulfonyl migratioroccurs first The identity of the keteneimine intermediag38was further inferred

as it hydrolysed readily on contact with water to afford the an2@2, which was characterised by X

ray crystallgraphy Quantum mechanical calculations suggest #tabng resonance stabilisation of

the transition state facilitateshe sulfonyl migration(Schemel .42). Both rearrangement processes

were calculated to be thermodynamically favoured.

Schemel .42: 1,3-Qulfonyl migration of a sulfonyl group from sulfonamide toéwmimine

The Zhang group described the thermal-&4aisen rearrangements dFallyl ynamide293to allyt
keteneimine intermediate295via the azaClaisen transition stat294, with subsequent spontaneous
1,3-sulfonyl migrations affording quaternary nitril@96 in moderate yields (7 examples, %)
(Schemel.43).” The sulfonyl migration was not observed wheh=RTIPS, with the generated silyl
keteneimine 298 sufficiently stable to not undgio subsequent sulfonyl migration. Monitoring of the
reaction progress bH NMR did not reveal any of the alkdteneimine intermediate295, suggesting
rapid sulfonyl migration § iii X
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Schemel 43: Thermal azaClaisen rearrangement df-allyl ynamides and subsequent 3s8lfonyl migration

The authors attempted to extend this methodology to ynamidésy/pe 299 possessing propargylic
stereocenterwith the possibility to underga stereoselective 1;8ulfonyl migratiorleading toeither
3020r 302 (Schemel .44). They easonedhat the conformational preference of the alldeteneimine
intermediate 301 or 301 ;would dictate the level of selectivitywith the A-2strain present in301
potentially meaning that the conforme301 ;would be preferred. If so, this preference cougult in
facialy selective 1,3sulfonyl migration to give302; They further hypothesised thasuitable
modification of the protecting gnap (P) could lead to the conformational preference shown3i@3;
in which anchimeric assistance could atssult in facialy selective 1,3sulfonyl migration.In the
event, howeveythe highest distereamer ratio achievedwas 2:1.

Schemel 44: Attempted dastereoselective Mo-C 1,3sulfonyl migration
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The Wan group reported the highly regioselective sulfonyl group migration in the synthesis of
functionalised pyrrole§® A significant feature of the work is that the regioselecyiwif the sulfonyl
ul]PE& s]}v v Suv  Al3Z Z]PZ « o 3]A]3C-(VE{aFsulfpag)methyly }(
pyrroles 306 and 305 in excellent yield{Schemel.45). Under thermal conditions, the azaenyne
derivative 304 is transformed into307 via an azeClaisen rearrangement. Due to the electron
withdrawing character of both the double bond and the sulfonyl group the nitrogen atom is rendered
electrophilic, leadingo ring closire to afford the zwitterionic intermediat&08through nucleophilic
attack of the allene moiety. Cleavage of thé\bondeads tothe ion pair309, which recombines to
complete the 1,3sulfonyl migration. The presence of the ipair 309, ard the intermolecular nature

of the migration was confirmed by crossover experimehtaally isomerisation o810affords $Z - r
(arylsulfonymethyl pyrrole306.

In the presence of base, namely CsOQ(arylsulfonyl)methyl pyrrole805 were the favoured
rearrangement products indicative of an alternate mechanism for the transform#&Bohemel 45).
Under basic conditions thpropargyl groupof 304 is convertedto the allene intermediate312 via
protonation of 311 Subsequent ring closingfafds the zwitterionic intermediate313, with the

0 SE}% Z]o] & } S]fovthpvmigrogenvatom. Akin to the thermal reaction an
intermolecular sulfonyl migration was elucidated, hence elimination of the sulfonyl moiety gives the
ion-pair 314, which on recombination completes the isdilfonyl migration. Isomerisationf 315

((}E& -+ Sa@rylsulfonyl)methyl pyrrole305 The group subsequently reported thathis
methodology could be extended to the synthesidfifluoromethyl-4-(arylsulfonylinethyl pyrroles
305 (R = CE), with crossover and competition experiments indicatitige likelihood of thesame
mechanism however in this instanceCsOPiwas the optimabase(Schemel .45).2°
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Schemel45:1,3and1,4«po(}vCo u]PE S]}v Jv §Z R w Hagjduifohyl)nmetidyl pyrroles
under thermal and basic conditions respectively

Using this precedent, the authors reasoned that the replacentérihe alkenyl group with an acyl
group could provide a route towards baseatalysed cycloisomerisation to access sulfonylmethyl
substituted oxazoles. With this in mind the authors reacted a seridssofifonyl propargylamide316

in the presence of catalytic DBU affording varioy(s@fonylmethylpxazoles317in up to 98% yiel&®

The allene interradiate 318was determined to be a key intermediate in the mechanistic cycle, while
monitoring of the conversion process by HPLC highlighted the presence of a further intermediate, that
despite not being isolable, the authors reasoneds the zwitterionic pecies319. Key to the
mechanistic cycle is a formal isdlfonyl migration which by means of crossover experiments was
determined to be an intermolecular process. While not fully understood, the DBU is likely pertinent
to facilitating the dissociation dhe sulfonyl grougdSchemel .46).
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Schemel .46: DBUcatalysed cycloisomerisation Bfsulfonyl propylargylamides via stilfonyl migration

In a further extension to this methodology the group rationalised that incorporating an additional
methylene group at the € position of 3azal,5enynes could be utilised in complex heterocycle
synthesis. Accordingly, a series adZabicyclo[3.2.0]hep2-enes 325 were synthesised via base
catalysed cycloisomerisation of the requisite substrad®8 in moderate yieldScheme1.47).°
Similar to their previous studiea 1,3sulfonyl migration was observed. Consistent with the results of
deuterium labelling experiments the following mechanism was formulated. Deprotonation of the less
sterically hindered € position (compared to the more acidic4Cproton) generates theallene
intermediate 326. [2+2] Cycloaddition affords the bicyclic intermediat827, which undergoes
sequential [1,3H shift and 1,3sulfonyl migration to afford the desired@zabicyclo[3.2.0]hep2-ene

325. Interestingly, when the &ubstituent in323is a phenoxy group the product formed is the vinyl
substituted pyrrole324, with 14-sulfonyl migration a crucial stgfschemel.47). The mechanism for

this transformation isthought to be $Z + u e SZ }v % E ¢ VvS§ (}& 82 +CvsSZ
(arylsulfonylmethyl pyrroles305 in Schemel.45. Once the pyrroleé829 is formed elimination of
phenol affords the vinyl group in the produg24.
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Schemel 47: Basecatalysed selective synthesis eh2abicycl{B8.2.0]hept2-enes and sifonyl vinyt
substituted pyrroles from &zal,5-enynes via 1,3and 1,4sulfonyl migratios respectively

The synthesis of tetrasubstituted imidazol@33 via a twostep onepot approach from the three
component reaction of propargyl amin880, sulfonyl azide832and alkynegl41utilising 1,3sulfony!l
migration has been describg@chemel .48).” Initially, the ketemimine 334is generated in situ by
means of a copper catalysed azakkyne cycloaddition between the alkyrend tosyl azide.
Nucleophilic addition of the propargyl amiB85to the ketenimine334affords the intermediate336.

In the second step, the aller&87is generated through the deprotonation of the propargyl moiety,
AZ]1 Z ep e+ <p v30C pv -GeRtfE}v o< SE} C o] E]H#CR) o} GveE the~ 0«
zwitterionic structure338. Finally, an intramolecular 1gulfonyl migration completes the process
affording the imidazole produ@®39. Crossover experiments supported the intramolecular nature of
the sufonyl migration.
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Schemel 48: Onepot synthesis of tetrasubstituted imidazoles utilising intramolecularsuBonyl migratio

Following the Zhan group seminal report regarding the reactivity ofN-propargylic
sulfonylhydrazones in the presence of copper catalysts, they further demonstrated that compounds
of this type could undergo Lewis base catalysedction to give4-sulfonyt1H-pyrazoles341 in
moderate to good yields, with allenic $ahamide formation and 1;3ulfonyl migration key steps in

the transformation (Scheme1.49).”> DMAP in a mixed solvent system of tetrahydrofuran and
SE] $ZCo ulv & 61 % E}A 3§} §Z }%SJu o }v ]S8]}lve (}JE& S§Z SE&
92% achieved. As per their initial optimisation study, thkerac sulfonamide342 was formed
exclusively at room temperature in 0.5 h indicating that it is likely a key intermediate in the cascade
process. This was confirmed by reacting the allenic sulfonaB¥@einder the optimised conditions

with the pyrazole341 formed in 97% yield. Notably, in the absence of DMAP no reaction occurred at
room temperature indicating that both the allenamide formation and cyclisation reactions are
catalysed by DMAP.

Consideringhis the authors proposed the following mechani§gthemel.49). The propargylic amide
moiety 0f340is transformed into the allenic sulfonamide intermedi&42 in the presence of DMAP.
Nucleophilic addition of the Lewis base to the? $prminus of the dlene moves electron density
towardsthe sulfonamide moiety to give the transition sta?d3, leading to the breakage of thetS
bond forming344, completing an intramolecular 1-@ifonyl migration as supported by crossover
experiments. Elimination of thee A]e . ((}E& -eunsdturatdd imine345 which undergoes
intramolecular 1,4additionto formthe zwitterionic specie846. Finally,1,3-hydride shift and electron
transferoccurto give the rearranged pyrazoB1
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Schemel 49: Lewis base catalysed synthesis &fuffonyt1H-pyrazoles involving 1;8ulfonyl migration

The basemediated decomposition ad series obicyclic amidesubstituted furfuryltosylhydrazones

347 was observed tolead to formal nitrogen to carbon 1;Sulfonyl migration afforthg sulfone
derivatives 348 with the furan ring remaining intac(Scheme1.50).”® Competition experiments
suggested that the sulfonyl migration most likely proceeds in an intermolecular manner. The authors
postulated that the mechanism proceeds via the basediated generation of thanion 349 which
decomposs to the diazo compoundB50 with concomitant extrusion of the tosyl groujoss of
nitrogen fromthe diazo moiety affords the electrophilic carbe®®&l1, which mediates ring opening of

the furan ring to generate the enynigbtoamide352 Regbselective nucleophilic addition of the gl
PE}u% S}-ubZaturdied system dd52regenerates the furan ring givirBp3which is converted

to the final rearranged produ@48following protonation and aromatisation.

46| Page



Chapter 1 Introduction

Schemel .50: Observation of d,5-nitrogen to carbon tosyl migration to afford sulfone derivatiyiesn
furfuryl tosylhydrazones

Li reported the diamination of the domino aryne precur8&4’ "> with sulfonamidesaffording 1,3
diaminobenzene856in moderate to good yieldéSchemel .51).78 Interestingly, in theiinvestigation

to ascertain theorigin of the proton at the 2position, a deuteriurdabeling experiment in MeGhbk
indicated that the proton comes from both the solvent and théHNbond of the amine starting
material (25% deuterium incorporation, compouB88). The authors therefore rationaéid that this
methodology could be further applied to the synthesis of 1-#2ifubstituted benzenes357 by
capturing an electrophile rather than a proton. Indeed, by carrying out the reaction in the inert solvent
toluene, and in the presence ot®Q and 18-crown-6 as activating agents, a formal 1,3 nitrogen to
carbon sulfonyl migration of theriflyl group readily occurred in good yields. Extension of the
methodology to the migration of a tosyl group proved unsuccessful.
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Schemel.51: 1,3-sulfonyl migration via aryne precursors

< Ilp Z][* 8 u A 0}%o «f@nciichakdedgroximes360 via nitrooallenes363’ a

group of compounds pioneered by the gro(is? through a fluoridemediated deprotection of the

silyl moiety and tandem elimination of sulfinat®m N-sulfonylhydroxylamine359 (Schemel.52).
Recombination of the sulfinate with the electrophilic moiety of the all@&®®, compleesa formal
intermolecular 1,3sulfonyl migration, with subsequei@® % E}S}v S]}v gQif@ny] eRoximes

360in high yieldsln someinstances, where all substituents on thesalylamides359were aryl groups,
2-isoxazoline861were afforded as major products derived from the cyclocondensaifdhe initially

fomed vinylsulfones360. The group further established that by adding an azodicarboxylate as a
epo(]Jv 8 « A VP & 3Z 8§ 3Z % E}5} }o }upo S v  Positiom}A (pv 3]
by various nucleophiles in moderate to excellent yigsmpound 362).

Schemel.52: *"Cv3SZ -]-substituted enoximes via fluoride mediated deprotection of nitrosoallenes

The utility of triflic anhydrideu ] § uj $]A 3]}v }( -amir@midesi64 to generate
tetrasubstituted imidazole865 in moderate yields was demonstrated to proceed via a mechanistically
intriguing [2,3}sigmatropic rearrangement of a sulfinate intermediate, promoting a formal 1,2
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sulfonyl migration from nitrogen to carbo(Bchemel.53).8° Quantumchemical calculations were
used torationalise the overall mechanistic transformation. Initially, triflic anhydride activation of the
r-aminoamide364 and subsequent nucleophilic addition of acetonitrile to the kefieminium ion366
affords intermediate367. A Zendodig cyclisation 0867 via nucleophilicattack of the stfbnamide
oxygen ontahe nitrilium moiety gives the intermediatg68. Cleavage of the b6 bond ensues giving
the sulfinate 369 which subsequently cyclises @70 which then undergoes a [2,3Jjgmatropic
rearrangement, reminiscent of a retidislow tEvanstype rearrangement! to complete the formal
1,2-sulfonyl migration to giv871. Deprotonation of intermedige 371 affords the final rearranged
imidazole365 through aromatisation. While the compuianal analysis indicated that theénhdodig

C o] 8]}v ] v €EP}Up kealimdl), the subsequent cleavage of thetN }v 4=
>25.8 kcal mot) and the [2,3]*]Pu SE}%] & & GpewP>21.4 kcal 4of) provides
significant thermodynamic stabilisation.

Schemel .53: Generation otetrasubstituted 5aminoimidazoles via formal Lgulfonyl migration

The Bharatam group reported a mechanisticallyerasting1,3-sulfonyl migration from nitrogen to
carbon within the pyrrole framework, the first example of such a rearrangement for this hetegocycl
class. They demonstrated thisitsulfonyt2-arylpyrroles373 undergo a 1,3sulfonyl migration in pivalic
acidto afford 2-aryl-3-sulfonypyrroles374in moderate to excellent yield€ They further realised that
this sulfonyl migration could be incorporated into a gpat tandem palladiurcatalysed oxidative
arylation of the 2position of N-sulfonylpyrroles372, followed by regioselective sulfonyl migration
(Schemel .54).

While further clarity is required, the authors tentatively proposed an operative intramolecular
nucleophilic displacement pathway based on a series of experimental observations and computational
results. An intermolecular process was deemed unlikely based on crossgartments. The addition

of CsF, benzylsulfonate or benzenesulfodgloride to the N-sulfonylpyrroles375, 376 and 377
afforded neither381 or 382, which would be expected if an intimate ig@ir mechanism were
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operational. The sulfonyl migration occurs readily in the presence of TEMPO, suggesting that the
reaction does not involve the formation of a freadical. Interestingly, wheN-tosylpyrroles383 t385

(ie. unsubstituted, Zubstituted or 2,Edisubstituted without an aryl substituent) were heated under

the optimised conditions no reaction was observed. Notably, the reaction was found to be completely
inhibited in the absence of an aryl groupthé 2-position, while blockage of thertho-position of the

aryl ring, as seen for the reaction Nftosyt2-pentafluorophenylpyrrole389, had the same effect.
Deuterium incorporation studies indicated thattd bond breaking was unlikely to be involvedhn
sulfonyl migration, but that an aryl group at thepdsition is crucial for the migration to occur, which
suggests an intramolecular-ZC aryl group assisted sulfonyl migration is operational for this
transformation.

Schemel .54: Onepot tandem oxidative arylation and sulfonyl migration of pyrroles; mechanistic
studies supporting an intramolecular nucleophilic displacement mechanism

Javorskis and Orentas described the chemoselective deprotection of neutral and eldefraent
sufonamides391 under acidic conditions using trifluoromethanesulfonic a(&themel.55, A).83
Interestingly, when this deprotection strategy was applied to electioh N-arylsulfonamide893a
completely different reaction profile was observed, with a-&8fonyl migration preferre¢Scheme
1.55, B). Notably, mesyl, tosyl and nosyl substituents were well tolerafedindependent crossover
experiment confirmed that this sulfonyl migrationnsost likely an intramolecular procesdn the
basis of the mechanism proposed for the hydrolysis of neutral and electrordeficient N-
arylsulfonamideswhich involves thdormation of the mixed anhydridé899 as a sideproduct, the
authors hypothesised thathe high reactivity of the mixed anhydrid899 may facilitate an
intermolecular sulfonyl group migration. Verification of this assumption veahieved via
deprotection of the electrordeficient aniline395 in the presence of electrerich arenes 1,3
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dimethoxybenzene andn-xylene,which afforded the sulfone896 and 397 respectivelythrough a
FriedeltCrafts sulfonylation. In subsequent optimisation studies Msulfonylated urea398 was
determined to undergo desulfonylation much more readily, allonaggess to the mixed anhydride
399under more facile conditions.

Schemel .55: Chemoselective deprotection of $ahamides under acidic conditions; observation of a 1,3
sulfonyl migration

The Hoye group reported the generation of tetrahydroquinolid@2 from hexadehydreDielstAlder
substrates400through a cascade cyclisation and sulfonyl migraffolror substrategt00 bearing a
trimethylene linker between the alkyne and sulfonamide a newly fused piperidine ring is generated,
with a formal 1,3sulfonyl migration of a tosyl group also observed (6 exampled9B% vyield)
(Schene 1.56). Variation of the sulfonyl group in certain instances led to suppression of the sulfonyl
migration (Scheme 1.57). For mesyl substituted substrates 400, the desulfonylated
tetrahydroquinolines406 were generated, through elimination of sulfene from the zwitterionic
intermediate405. Substitution with a nosyl group afforded the expected rearrangement progiLi@t

as the major product, but its formation was accompanied by the generation opthierophenyt
substituted biaryl compoundl09 in which sulfur dioxide has been eliminated. This variant of the
TrucetSmiles rearrangemefitis thought totake placevia ipseattack para to the nitragroupin 407.

The zwitterionic intermediaté08 loses Sexo form 409. Interestingly, incorporation ahe shorter
dimethylene tether between the diynemoiety and the sulonamide of403 afforded exclusively
desulfonylated indolineg04regardless of the sulfonyl moiety (mesyl and tosyl both studi@dheme

55). This was attributed to the increased strain in the triéiom state that would lead to the 5
membered zwitteriord11, and hence the produetl2was not formed Schemel.57).
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Schemel.56: Synthesis ofetrahydroquinolines and indolinemccompanied by, 3-sulfonyl migration or
desulfonylation visufonamidetrapping reactions of thermally generated benzynes

Schemel.57: Mechanistic rationales fadesulfonylation of mesyl groups, migrationmhitrobenzene from
nosyl group andhhibition of sulfonyl migratiorior indoline derivatives

Selvaraj and Swamy reported the generationofgo (}vC o «p «&drbolisesAibvia a Bronsted
acidmediated reaction of Zulfonamidoindolinegl14and propargylic alcohok13, via a formal 1,6
tosyl migration(Schemel.58).8° Despite the moderate yields achieved (20%), and the selective
(}Eu 3]} warbolinesA17via competing 1,aryl migration, this was the first example of the direct
introduction of a sulfonyl moiety to the-&€ position of the indole framework in the absence of a metal
catalyst. A crossover experiment between the conjugated sulfonamidoindélif¢R, R = Tol; R=

Ph, R= H) and sodium benzenesulfinate did not lead to the incorporation of the sulfonyl moiety at
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the G6 position of the indole system, while the migration product was acquired wiiBnvas heated
to reflux in the presence gf-toluenesulfonic acid. Considering this, the authors suggested that the
incorporated tosyl moiety has exclusively migrated from the indole framework.

Schemel.58: Regioselective tosyl group migration from indote@6-position

In light of these observations the authors proposed the following mechanism to account for the
observed tosyl migratiofSchemel.59). The allenic carbocatiofl18 is formed via Bronsted &t

mediated MeyeitSchuster rearrangement dfL3, which undergoes a Friedirafts reaction with the

indoline 414 to afford the conjugated intermediatd19. Subsequent [1,5hydride shift affords the
tosylimine415U AZ] Z A « ]e<}o-electd$cyclio g closure, followed by elimination of the

tosylate anion gives the carbocati@®21 which can undergo two divergent pathways. Firstly, and
preferentially, a [1,2pryl shift affords422 AZ] Z u%}v @E}u §] §]}v Pldarboliga€ u i}E r
product 417. Alternatively, regioselective addition of the tosylate to thes@osition of the indole

affords423, with subsequent elimination of an aryl group affording the aromatised prodl6t
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Schemel.59: &} E u $§] }:cajlfolimesrom the reaction of propargyl alcohols asdlfonamideindoles;
observation of an unexpected k6syl migration

Shenret al. reported the coupling of carboxylic acdfd4and ynamided25to form r-acyloxyenamides
428 with subsequent 1:3ulfonyl migration and Mumm rearrangement observed at high
temperatureseading toimides426in moderate to excellent yieldSchemel .60, A).” In the presence

of base, the functionalised imides undergdditional E E & vP u v 5-kéth dhijidesdR7 in
moderate to good yields in a oot procesgSchemel.60, B) Crossover experiments demonstrated
that the thermally induced 1;3 po(}vCo u]P E Sa¢yoRyeramidei28involves cleavage of
the NtS bond, generating an ion pdi29that undergoes intermolecular rearrangement to afford the
intermediate430(Schemel.60).
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Schemel.60: Coupling of carboxylic acids with ynamidesfford imides and amides via sulfonyl migration
and subsequent rearrangement

Sulfonyisubstituted trifluorodaninederivatives434 can be accessed almost quantitative yieldsia
nitrogen to carbonl 2-sulfonyl migration fronthe reaction ofvicind sulfonylimina@arboxylatest32
and phosphites433 (Schemel.61).88 Monitoring the progress ofhe reaction by*!P and*F NMR
spectroscopyrevealed the presence of twpentacoordinate phosphorumtermediateswhich were
transformed over time to the iminophosphora84. Based on the NMRata the authorsassigned
the intermediate sterecisomeric phosphorané35, generated through the 1:4ycloadditon of 432
and 433 Accordindy, it was proposed that the transformation from the intermediad@5 to 434
involves intramolecular nucleophilic attack of thg-hybridisedcarbon on the sulfonyl moiefwhich
is favoured by the cumulativeffect of the alkoxy and hpsphoryloxy substituentswhich on
subsequent breakdown completes a formal -s#fonyl migrationReplacement of the ester moiety
by a trifluoomethyl group completely inhibits the reaction, supgag the likelihood of intermediate
435being generated via cycloaddition.
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Schemel.61: Access tasulfonytsubstituted trifluroalanine derivatives via tgycloaddition and 1;2ulfonyl
migration

1.3. Nitrogen to Nitrogen Sulfonyl migration

Michaelidou and Koutentis observed a surprising- hifrogen to nitrogen tosyl migration in their
attempts to detosylate the indole437 under basic conditions3-(N-tosylamino)indolesA38 were
isolated in moderate to good yieldSchemel.62).2° While several mechanistic pathways can be
considered to explain the transformation, the authors favoumgath B, in which baseatalysed
elimination of tosylate affords the iminé40(Schemel.62). Their preference was for the ambidentate
tosylate to directly add to the indolimine at theZposition through the oxygen atom to afford the
sulfinate ester442 Subsequent isomerisation via eitheerconcerted 2,3igmatropic rearrangement
or a stepwise ion pair process affords the desired product, completing the formahitrdgen to
nitrogen tosyl migration. This proposed pathway was preferrecpath Cwould involve a less
favourable fourmembered transition state to complete the 1-&lfonyl migration, compared to the
five-membered analogue required fgrath B while intermediate442 would also be less sterically
crowded than443 at the G2 indole position(Schemel.62). The direct addition ofdsylate to the
indolimine440 (path A) was disfavoured due to electrophilicity of the nitrogen atom being offset by
the conflicting local dipole and lone pair repulsiantered at that atom.
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Schemel.62: Basemediatedl,4-nitrogen to nitrogertosyl migrationof 3-amino-1-tosylindole2-carbonitriles

The Lewis acid mediated tandem reaction of propargy! alcahblsaind N-sulfonylhydrazoned45to
afford dihydropyrazoles46 in moderateto good yields via a nitrogen to nitrogen Xgulfonyl
migration was reported by Wang and-emrkers(Schemel .63).°° Lewis acid mediated conversion of
the tertiary alcohol444to the allenic carbocatiod48 occurs byMeyertSchuster rearrangemerit.
The allenic carbocatiofd8is trapped byN-sulfonylhydrazond45to afford theN-sulfonylallenamide
449, Cyclisatiorvianucleophilicaddition of the intenal carbon of the allene to thelectrondeficient
carbon of the hydrazoneanbe envisaged to construct the cyclised intermedid®. The sequence
is completed byntramolecular 1,2sulfonyl migratiorto afford the dihydropyrazold46via451 The
intramolecular nature of the sulfonyl migration was confirmed by the additioscafiump-toluene
sulfinate to the standard reaction conditions, with no incorporation of thg/ktgroup observed.
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Schemel .63: Formation ofdihydropyrazoles fronthe Lewis acigtatalysedandem reaction ofN-sulfonyl
hydrazones and propargyl alcohols Witamolecular 1,2nitrogen to nitrogen sulfonyl migration

In 2013, the Dong group reported the regioselective synthesigobfsubstituted 4amino- and 6
amino-2-iminopyridines 452 via coppercatalysed threecomponent reaction of sulfonyl azides,
alkynes, and -(amino)methylene]malononitrile$? Subsequently, during examination of the
synthetic potential of these substrates, tikamegroup observed that that these pyridine derivatives
readily undergo basenediated regioselective ring opening to afforeb%o-pent-3-enimidamidest53

in high yields® Under thermal conditionsiearrangement involving a rare nitrogeéa-nitrogen 1,3
sulfonyl migration affords -4minopyridines454in excellent yield§Schemel.64). It is thought that
455; the enol tautomer of 453 being a polyep *3]3us 1 SE] v U pv- EP} «
azaelectrocyddiatior?*®® at high temperatures to give the tdhydropyridine intermediate456.
Subsequently, a 1;8itrogento-nitrogen tosyl migration generates the aromatieahinopyriine
454, after loss of wate(Schemel.64).
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Schemel.64: Thermal rearrangement of-6xo-pent-3-enimidamides to daminopyridines via 1;Bitrogento-
nitrogen sulfonyl migration

The thermal ring expansion of-g2ilfonylimidoyil-phthalimidoaziridines457 to generate N-
sulfonylimidazolegl58, involving a 1,3itrogen to nitrogen sulfonyl migration, in moderate to good
yieldshas beerdescribedSchemel.65).%” Toconfirmthe nitrogen to nitrogen sulfonyl migration the
N-labelled aziridinet62was prepared, which wheheated afforded thé®N-labelled imidazolet63

with the tosyl group on the unlabelled nitrogen. By virtue of crossover experiments the sulfonyl
migration was determined to be an intramolecular process. The mechanism is postulated to involve
ring opening ofthe aziridine ring of457, which affords the azomethine ylidd59. A 1,5
electrocyclisation to imidazolind60 precedeselimination of the phthalimide moiety to give the
sterically hindered imidazok61 Isomerisation via an in intramolecular 4s8Ifonyt migration affords

the less sterically hindered rearranged imidaz4fs,
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Schemel.65: Thermal ring expansion ofgulfonylimidoyil-phthalimidoaziridines intdN-sulfonylimidazoles
involving 1,3nitrogen to nitrogen sulfonyl migration

Interestingly, while the Zhan group observed adi#togen to carbon sulfonyl migration for the ZpCl
mediated reaction oN-allenic sulfonylhydrazoneks’8(seeSchemel.25),%?a 1,2nitrogen to nitrogen
sulfonyl migration wa®bservedin the presence oFe( as a catalyswvith the same substrate class
(Schemel .66).4? As with the zinecatalysed reactiorintermolecular sulfonyl migration was supported
by crossover experiments. Analogous to the Zrcakalysed reactionthe intermediate 469 is
generated in the same manner froA®5, however, under this set of conditions elimination of ReCl
facilitates direct nucleophilic addition of the nitrogen atom to tosyl chloride completing a formal 1,2
nitrogen to nitrogen sulfonyl migration to give the rearranged pyrazge
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Schemel.66: Selective synthés of §-4,5-dihydro-1H-pyrazoles fromN-allenic sulfonylhydrazones via 1,2
nitrogen to nitrogen sulfonyl migration

The Beak group reported the application of the endocyclic restriction test in the evaluation of the
geometries of nucleophilic substitutions at the sulfonyl moiety of aryl sulfonandid#/st72to afford

alkyl sulfonamide#t73 474 via basecatalysed nitroge to nitrogen migration(Schemel.67).%¢ By
incorporating a short mlecular tether (X = GH472) linking the nucleophilic amine and the sulfonyl
leaving group, the geometry is restrained. Therefore, the simultaneous apical entering of the
nucleophile and leaving of the sulfonyl moiety affording a trigonal biypyramidal transition state
structure isdisfavoured;hence an intermolecular migration is stdikely. In contrast a long tether [X

= O(CHh)11, 471 which is much more flexible would make such a transition state more likely, and as a
result an intramolecular migration may become the operativehpaty.

To test this assumption a doublabelled crossover experiment was performed between an equimolar
mixture of unlabelledd71and labelled471-dip at 0.1 and 0.01 M. Following isolation and analysis of
the isotopic composition of the products by FABiM®as determined that at a concentration of 0.1
M the sulfonyl migration occurs in both an intrand intermolecular manner. However, at a dilution
of 0.01 M a significant increase in intramolecular substitution is obsdi%eldemel.67). Thisincrease

at higher dilutionis consistent with a firsbrder (intramoleculaj reaction which becomes competitive
with a seconebrder (intermolecular)reaction which occurs more readilgt higher concentrations.
Repeating the doubKabelled crossover experiment with the less flexible arylsulfonamid@sand
472-dqp at 0.01 Mdetermined thatthe sulfonyl migration is instead an intermolecular process. These
results are consistent withhe requirement of an almost linear arrangement of the nucleophile and
leaving group at sulfur in the transition state, with a trigonal bipyramidal strucdiffewith a large
bond angle between the incoming and leaving groups a reasonable candidate toartk@ion state

for such reactions.
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Schemel.67: Evaluation of the geometries of nucleophilic substitutions at the sulfonyl moiety of aryl
sufonamides using the endocyclic restriction test

1.4. Nitrogen to Oxygen Sulfonyl migration
1.4.1. Transition metalcatalysed sulfonyl migration

Boominathan et al. described the irortatalysed cascade generation ofH-benzop]carbazole
derivatives477 utilising an intramolecular 1;ditrogen to oxygen sulfonyl migratiqi®chemel .68).%°

The following mechanism wasntatively suggestedy the authors. Kete&nol tautomerisation of the
ketone 476 occurs, with subsequent coordination of the iron catalyst to the allkd/n@facilitating a
5-exadig cyclisation and protodemetallation to afford the vinylidene intermedid?®. Ketaenol
tautomerisation of this intermediate generates the erd80, which after 0 <electrocyclisation gizs

the ringclosed intermediate481 Aerial oxidative aromatisatido??!?® gives the hydroxy 13-
benzop]carbazole intermediat&82, which was isolable. Coordination of the iron catalyst with the
sulfonyl group of intermediate 482 gives the intermediate483 which due to the increased
electrophilicityat sulfur undergoes an intramolecular nuggilic attack of the phenolic OH giving the
5-membered intermediatet84. Finally, the irordriven scission of the M6 bond completes the 1,4
sulfonyl migration from nitrogen to oxygen. The intramolecular nature of the sulfonyl migration was
supported by the results of crossover experiments. Notably, no sulfonyl migration was observed for
the reaction of the intermediate482in the absence of the iron catalystighlighting that the catalyst

is required for both the cascade process and the sulfonyl migration.
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Schemel.68: Iron-catalysed cascadgeneration of benzdjjcarbazoles followed by 1-ditrogen to oxygen
sulfonyl migration

The Blanc group reported the synthesis ehZabicycloalkane derivativet87 via a goldcatalysed
desulfonylative cyclisatiof?* Notably,N-sulfonyl azacyclic ynone derivativé85can readily undergo
two divergent reaction pathwayshe pathway followeds strongly dependant owhether a suitable

protic oxygennucleophileisadded and the ability of the substrate to enoligechemel.69).

Schemel.69: Overview of gld(l)-catalysedN-desulfonylationor regioseéctive 1,5-sulfonyl migration
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In the presence ofCyPAUCIJAgBR as catalyst and an excess mfnitrophenol, the azabicyclic
products490 were generated in moderate to good yields Wedesulfonylation of the ammonium
intermediate 486 (Schemel1.69/1.70 A). Expanding the scope of the reaction to more flexible
substrates, which are more readily enolisable, an alternativenitytbgen to oxygen sulfonyl migration
occured in the presence of triphenylphosphine gold(l) triflimidagad in the absence of external
nucleophile. Using this approach pyrrolizine or indolizine deriva#®@svere accessible in moderate
to high yield{Schemel.70, B). Crossover experiments unambiguously confirmed that thestijfonyl
migrations proceeds intramolecularly. Notably, esation could be used asswitch between theN-
desulfonylation pathwayss demonstrated by theubjection of enolisablecompound493 and non-
enolisable compund 494to the optimiseddesulfonylation condition§Schemel.70, C) As expected
the N-desulfonylation productt96 wasobtained from norenolisable394, while the enolisable493
readily afforded the 1,5ulfonyl migration produc#95in 90% yield

Schemel.70: Gold(l}catalysed\N-desulfonylation versumitramolecularl,5-nitrogen to oxygersulfonyl
migrationand the role oenolisationon the reaction outcome

Thesamegroup subsequently extended their getatalysed cycloisomerisatidaulfonyl migration
cascade strategy to the fmation of the key pyrrole ring in the total synthesis of the anticancer
monoterpenoid indole alkaloid rhazinilaf00 (Scheme1.71).1% The required extension of the
methodology to incorporate varioudl-alkylated N-sulfonyl taminobut3-yn-2-ones 497 proved
successfulhis timewith the JohnPhosAuN:lfiroving more efficienthan the Gagosz catalyftr both
acyclic and cyclic substrateUsing this methodology the substrat487 formed the desiredL,2,4
trisubstituted pyrrolyl sulfonate498in high yieldsyp to 93%)in less tharlO minutes. Crucial to the
total synthesis was the subsequent palladigatalysed coupling of the pyrrolidsylates and related
sulfonates with boronic acids, a first-class example of a challenging Suzikyaura coupling of
pyrrolyl sulfonates.
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Schemel.71: Total synthesis of Rhazinilam through go#talysed cycloisomerisatidgaulfonyl migration and
palladiumcatalysed SuzukMiyaura coupling of pyrrolyl sulfonates

1.4.2. Non-metal-catalysed sulfonyl migration

In studies on the Diel#\lder cycloadditions of anethyl and 2,3dimethyt1,3-butadienes with 1
arylsulfonyt2(1H)-pyridones503as dienophiles, Fujita and -@eorkers observedignificant amounts
of the 1,3nitrogen tooxygensulfonyl migration byproducts505 (Schemel.72).1% In a later study,
the Yang group observed that the thermally driven sulfonyl migration of pyrided@san completely
supress cycloaddition when using dienophiles such as dimethyl acetylenedicarb®d2ataethyl
vinyl ketone513, ethyl vinyl ether514 or methyl methacrylates15, whereas when methyl acrylate
507 is employed the cycloadiion is favouredalbeit with significant amounts of sulfonyl migration
product510also observedSchemel.73).1%7

Schemel.72: Generation of sulfonatby-products 505via thermal 1,3nitrogen to oxygen sulfonyl migration
in DielstAlder cycloadditions betweet-arylsulfonylpyridones andienes
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Schemel.73: Selective 1,3itrogen to oxygerosyl migration of pyridones in the presencediénophiles
under thermal conditions

Perryand coA}EI E« + E] v }E] 3]A . U JvA}oA]vP wvupyE] 3]1A @&
sulfonamides516, acidcatalysed aromatisation and a formal 4sdlfonyl migration from nitrogen to

oxygen to generate-3ulfonyloxypyridine$18in modemte to excellent yield§Schemel.74).1% The

authors propose that aromatisation of the pyridinoB&7 occurs via acigatalysed dehydration and

enolisation to give the pyridinium salt intermediat®18. Addition of triethylamine is believed to

mediate the intermolecular 1;4ulfonyl migrationWhen the reaction was quencheuth methanol

the 3-hydroxypyridine519 was instead the major producgnd sulfonyl migrationproduct was not
observed(Schemel.74).

Schemel.74: Synthesis of ¥ uo (}VCO}EC% CE] Jv » A] }A&] -Siyhsul@Edanides@nit ve]}v }( r
formal 1,4-sulfonyl migration

The Smith group developed an isothioweatalysed, ongoot synthesis of 2,4;8ubstituted pyridines
523bearing a Zsulfonate moiety, amenable to further transformations, from (phenylthiejacacid
522 v E vP JunsatUried ketimines 521 (Scheme 1.75).1%° This reactioninvolves
intermolecular Michael addition/lactarformation, elimination of thophenol, andinally 1,3- N-to O
sulfonyl migration. The results of crossover studies indit#tat the sulfonyl migration is consistent
with an intramolecular process
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Schemel.75: Isothioureamediated onepot synthesis of functionalised pyridines via-hj8ogen to carbon
sulfonyl migration

The group later exdnded this methodology by incorporating alkyla2yl(tosylimino)methyl]acrylates

526 as Michael acceptors tprepare 2,3,6pyridine tosylates529 (Schemel.76).12° h§]o]e}vP r
substitutedpheylthicacetic acid$27in combination with Mich o %08} E -SEfstiRient t
also facilitated the generation of 2,3,5f6nctionalised pyridines529. In these reactionsthe
elimination of PhSHIiid not occurin either the presence of base or at elevated temperatures. To
circumvent this an addiional oxidative step was added to the reaction sequence to generate the
sulfoxide whichunderwentelimination much more readilyThermal conditions proved sufficient to
enable the finaN- to O-sulfonyl migration to afford théunctionalised pyridine$29in yields of 44

69% across three steps.

Schemel.76: Synthesis of dj tri-, and tetrasubstituted pyridines from (phenylthio)carboxylic acids and 2
[aryl(tosylimino)methyl]acrylates

During a study relating to the sulfonylation of quinazol#(@H)-ones and related
tetrahydrobenzothieno[2,3]]pyrimidin-4(3H)-ones, Gutschow and cevorkers observed an
unexpected nitrogen to oxygen silfonyl migrationduring the cyclisatiorof 531 under thamal
conditions; the Gsulfonylated isomeb33was isolated as the major prodt) rather than the expected

532 (Schemel.77).1'! The sulfonyl migration was further proved by heatB@p in acetonitrile and
monitoring the reaction progress by HPLC. The sulfonyl migration was determined to proceed readily
via first order kinetics to give the-&ulfonylated product33 Howeverthe heating o0f534, bearing a
hydrogen substituent at the -position, resulted in no reactionThese results support that this-

67| Page



Chapter 1 Introduction

sulfonylated products are the thermodynamically favoured isomers when thgosition is
unsubstituted, while for substituted derivatives tl@sulfonylated isomers are thermodynamically
favoured. Crossover experiments indicated that the -dyfonyl migraion is most likely an
intramolecular process.

Schemél.77: Generation ofO-sulfonylatedthieno[2,3-d]pyrimidinesvia unexpected thermal intramolecular
1,3-sulfonyl migration

Chi and ceworkers developed ane-step, cheme, sterec and enantioselectiveascade reaction to
synthesisemulticyclic oxoquinolingype heterocycles$38 via anN-heterocyclic carbene catalysed
§]1A 3]}v }( ®Szarbone&em ofthe ester 536 as akey step (Scheme1.78).1*2 During
derivatisation of the oxoquinolinB38, the group demonstrated that a 1J8- to O-sulfonyl migration
proceeds readily under thermal conditions to afford the quinoline derivai8@in 92% yieldThe

enantiomeric and diastereomeric ratios remaahintact through the migration.

Schemel.78: Access to oxoquinoline heterocycles Midieterocyclic carbeneatalysed ester activation for
selective reaction with an enone

Trisubstituted pyridines542, bearing a ulfonate moiety amenable to further synthetic
manipulation are accessible via a DMAPS o0 C e §]A 3dhleropceticester 540 in the
presence of unsaturated imings41 containing a tosyprotecting groupthat undergoes a thermal
nitrogen-to oxygen 1,3sulfonyl migration(Schemel.79).1*2 Optimal results were achieved usifg1
bearing electrorwithdrawing substituents, with a significant reduction in yield observed when
electrondonating substituents were incorporated. Imines containing heterocyclic moieties also
E JoC % ES] % & v 8Z & §]}branciepkhlarcd@ceités AlS 72} (aikyl
substituent completely inhibited the reaction pathwayhe mechanism postulated involveise
reaction of theDMAR $]A $-chloroacetic este640with the unsaturated iminé41 leading to

the lactam intermediaté43. E2elimination affords the addudi44which undergoes No O-sulfonyl
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migration at elevated temperature to give the desired prodGd®. It is likely that the driving force
for the sulfonyl migration is the aromatisation of the heterocyclic ring.

Schemel.79: Access to pyridines via DMAPS o C 1A £hlovoddetic ester with unsaturated
imines

1.5. Oxygen toCarbon sulfonyl migration

1.5.1 Photoinducedsulfonyl migration

The photoinitiated radical fragmentation and rearrangement of vinyl tosyleteslting inefficient
formation ofaromatic and aliphatid-ketosulfoness46and549wasreportedby Xieet al.'** Aromatic
vinyl tosylatesb45 and aliphatic vinyl tosylateS48 both underwent these visibkight promoted
transformations with excellent and modse to good yields respectively, albeit with different
photoinitiators in each instance. EosB 547 proved optimal for the aromatic series, while 9
fluorenone550was preferable in the case of aliphatic vinyl tosyldeshemel.80).

Schemel .80: Photoinduced rearrangement of vinyl tosylatest-ketosulfones via 1;3ulfonyl migration

A trapping experiment, using the radical scavenger TENM&@aled complete suppression of the
reaction, and 99% recevy of the starting materialindicative of a radical mechanism. Crossover
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experiments indicated that the 1;8ulfonyl migration is an intermolecular process. A photoinduced
chain mechanism was deemed likely as a result of quantum efficiency calculations, while DFT
calculations for the initiation procesgere compatible withenergy transfer between the initiator and
the vinyl tosylate substrate. Considering thike putative mechanistic pathwaywas presented
(Schemel.81). Homolytic cleavage of the 1S bond in the vinyl tosylatgé51 occurs through energy
transfer from the excitegbhotosensitiser, to generate an enol radi&&82and a sulfonyl radical. The
sulfonyl radical adds to another vinyl tosylai1 affording the intermediate553 which on
oJu]v 8]}v }( (LESZ & -po(}vC-Hhet@ulfdned54 ahY Gulfongladical for the
subsequent reaction cycle.

Schemel.81L W&} %} u Z v]eu (}E& SZ %Z}S}]v U E E E KkPtosulfose3( AJvCo 5}
via 1,3sulfonyl migration

The Feng group reportedharidium-catalysedvisiblelight promoted oxesulfonylation of ynamides
555with sulfonic acid$56, leadingto(uv §]}v o-bulfonylated amide$57 in moderate to good
yields (Schemel.82).1*> Generally ynamides bearingn electronrich aromatic ringdelivered the
desired products in good yieldshile substrates withan electron-deficient aromatic ring gave lower
yields Aryl halidesfused aromatics and heterocyclic substituents were well toleratedlile both
electronrich and electrorpoor alkyl and aromatisulfonic acidderivativescould be incorporated to
furnish ]A Ee+ E -s@fonylated amides
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Schemel.82: Visiblelight promoted oxesulfonylation of ynamides with sulfonic acids

In order to garner information regarding the mechanism théhors carried out a series of control
experiments(Schemel.83). Toluenesilfonic acid readily reacted with the ynami@®9to give the
vinyl tosylate560in almost quantitative yieldSchemel .83, A). This vinyl tosylate could be converted
]vs8} §ZAulfonylated amidéb61 under the standard reaction conditions in high yields, confirming
its role as an intermediate in the tandem reaction pathw@ghemel.83, B) Performing the reaction

in the presene of TEMPO, a radical scavenger, completely inhibited the reaigoporting the
generation of a radical intermediate in the rearrangement gt8phemel .83, C) A radical mechanism
wasadditionally confirmedhrough the reaction 0660with dilauroyl peoxideas aradical initiator in
place of theiridium photocatalyst558 which also ledo 561, albeit in a significantly lower vyield
(Schemel .83, D) Crossover experiments indicated that the sulfonyl migration was an intermolecular
process.

Schemel.83: Control experimentsupportinga radical mediated oxygen to carbon sulfonyl migration in the
synthesis ofr-sulfonylated amides
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In further investigation othe working mode of the photocatalygsingle electron transferscenergy
transfer), cyclic voltammetry experimenisdicatedthat the vinyl tosylate intermediat&60 has a
higher reduction potential than the excited state of the photocatalyst (PC*), indicating that a single
electron transfer cannot occur under the standard conditions. Stéaimer quenching experiments
confirmed thd the vinyl tosylatés60, and not the ynamid&59or tosic acidcouldquench the excited
photocatalyst.A DFT calculationfdhe triplet energy o560 was calculated to b&00.1 kJ mol, a
value that iswithin the range expectetb be accessed by the iridium photocataly260.3 kJ mdi) as

a triplet sensitiser These results in combination support an energy transfer mechanism for the
photocatalystg working modeFurthermore, a light on/off experimentonifirmed that the reaction
requires continuous irradiatioto achieve reaction completignwhile the quantum yield ofL0.0 for

the rearrangement 0660to 561 indicated aradical chain propagatiomechanism

In light of these findings thillowing mechanism was proposé8chemel.84). Electrophilic addition

of sulfonic acid to ynamidB55 gives vinyl sulfonat®62 in a regioselective manner. Subsequgnt
activation of the sulfonate562 occurs through the energy transfer process from thecited
photocatalyst (PQ. Homolytic cleavage of thetS bond of the activated vinyl sulfon&&é2generates
the sulfonyl radical and enol radicah3. Selective addition of the sulfonyl radical to the electron rich
alkenegroupof vinyl sulfonates62leads to § Z -sulfonylated amidé57 A ] -stission of the radical
intermediate564, which regeneratea sulfonyl radical enabling a radical chain propagation.

Schemel.84: Proposed mechanisiior the visiblelight-promoted oxasulfonylation of ynamides with sulfonic
acids

1.5.2. Thia-Fries rearrangement

The thiaFries rearrangement is sulfur basedsub-class of thewell-known Fries rearrangemenin
which aromatic sulfonatgor sulfonanilidesrearrange to afford ortheor parasubstitutedhydroxy or
amino sulfones respectivelyhe rearrangementnamed after Karl Friesvho published the seminal
reportin 1908 has subsequently been denstratedunder cationic, anionic anédicallight-induced
conditions. Notably, over the last 20 years the most significant highlight in this area was the
development of the anioniethia Fries rearrangemenfor sulfonates at both aromatcs and
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organometallicsAn overviewof the anionic Fries rearrangemenhcluding the thiaFries sukclass
was recentlyundertakenby Korb and Lantf® This section will further describanionicand non-
anionicthia-Fries rearrangement

1.5.2.1.Anionic thiaFries rearrangement

While attempting the palladiuntatalysed crossoupling of chloro-2-naphthalene triflate565with

a pyridyl zinc halide, generated situusing LDA/Zngla notable side produavasidentified as the
ortho-hydroxyarylsulfone566. This result, reported byloydJonesin 2003 described the first
example of an anionic thikries rearrangement of aryl triflaté$’ Further optimisation revealed that
it is in fact LDA, and hence a base, that mediates the rearrangemeith the ortho-
hydroxyarylsulfone566 obtained in 64% yield(Scheme1.85). Aryl triflates bearing moderately
electronwithdrawing groups, particularlprtho to the triflate, readily underwent the thidries
rearrangement, whereas analogues containingelectrondonating groups at theortho-position
favoured aryne generatiorNotably, solvent effects are crucial in controlling the reactioatcome.
For exampleg-chlorophenyl triflate567 exclusivelaffords the thiaFries rearrangement produéz0

in the presence of THF, however, the use of DIPA which is an effapfive scavenger gives a mixture
of both the mone and bisanilines568 and 569 (Schemel.85). However,even in instances in which
excess DIPA ot employedone must contend with the generation of DIPA from the deprotonation
of the aryl triflate

Schemel .85: Discovery of the first anionic thisries rearrangement

In order to rationalisghe reactivityof aryltriflates towardsthia-Fries rearrangemenrdr elimination,
Lioyd-Jones and cavorkerscarried outcomputational studies and labelling studi&8Gas phase and
single point calculationdncluding a continuum description of the THF solvent, were perforfoed
the pathways leading to the rearrangement and eliminatiofiGHOTf] (Schemel.86). The sulfonyl
migration waspredicted to bea highly exothermigrocess(62.0 kcal mot), while a 1,2oxethietane
intermediate576 could not be locatednstead, the sulfonyl migration was observed to proceed via a
single and early transitiontate 574 in which theCtSand SO bond distances shorten and lengthen
respectively, relative to theeferencestarting material571 The sigrficantly lower energy othe
rearranged phenolat&75relative to the referencesubstrate571excludes retreFries rearrangements
as anoperative mechanismAlternatively, the loss of triflates predicted to be only mildly exothermic
(10.2 kcal mo¥). Interestingly, the similar energies of the transition stat&® and 574 indicate that
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a thermodynamiaather than a kinetigprocess may be operationadue to reversibleslimination of
triflate.

Schemel .86: Computed relative energies (in kcal riolor the elimination orthia-Fries rearrangement &71
in a THF continuum

To test whethereversible addition/elimination of the triflate grouw the arynewasoccurring *0O-
labelledtriflate 577 wasreacted under the standard conditionsowever, only ¥O-labelled phenol
578, generated through the expectednionic thiaFries rearrangement was obtained, with no
evidence for the'®0/*®0 scrambling producs79 that would be expected via a reversibpgocess
(Schemel.87, A). A crossover experiment betweéht-lablelled triflate 580 and **Slabelled triflate
581did not generate any of théH/**Slablled phenob84anticipatedif an intermolecular mechanism
was operatbnal, hence the sulfonyl migratiomas deemed to be an intramolecular procéSsheme
1.87, B).

Schemel .87: a) 180-scrambling experimergliminating reversiblaryne formation mechanisniy) Crossover
experiment indicating an intramoleculaulfonyl migration

The potential for asulfinite based mechanism, in which one could consider an intramolecular attack
of an anionidriflate at the sulfonyl oxygen to afford a trifluoneethylsulfinite 586, via intermediate
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585, was also investigated as a plaulsi route (Scheme1.88).1® As organosulfinitesundergo

isomerisation to sulfong via heterolytic iompair recombination, it would be expected that
isomerisation would readily occur for tafluoromethylsulfinite and a phenolat&86.*° However,

anionic thiaFries rearrangement of thdeuterium labelled588 afforded exclusively589, with no

evidence for isomerisation effectively ruling out thessibility of a sulfile-based mechanism.

Schemel.88: Evidencalisconfirming thdikelihood of a sulfinitdbased mechanism for the anionic tHraies
rearrangement

Notably, while both the elimination and rearrangement processes nominally produce
diisopropylamine (DIPA)om the reaction between the aryl triflate and LPtAe concentation of free
base can have aignificant impacton the course of the reaction outcomelue to the strong
complexation of the DIPA to the lithium cation in the rearranged prodscivell asts consumption
by the aryne to produce AriNRr). Interestingly carrying out the reactiorf 588 in the presence of
DIPAfree LDAaffords therearrangement producb89in 30% yieldandthe arynederived amines90

in 44% yield Schemel.89).1® Repeating the reaction in the presencelg8-diphenylisobenzylfuran
(DPIBF; an aryne trapping reagent, affordee naphthyneDPIBF cycloaddu&91in 99% vyield with
no thiaFries rearrangement produ&89 observedas a result oDPIBMbypassing DIPA consumption
which leads to a rise in BAconcentration (Schemel.89). Therefore,the presence of a metalated
compound required for aryne generation, is favouredhen the lithium cation is stabilised by the
amine. The amine, in this instance DIB&n be formedhrough eitherthe deprotonationprocessor
by beingemployedin excessThis finding, that DIPA catalyses ar§yoamation, is in agreement with
Huisgenand* p E[+ Eo] & A} E lofarydeornjitioffom ArtXwhichhighlighted that
HNR catalysesrtho metalationefficiently.*?

Schemel.89: Effect of concentration of free DIPA anionic thiaFries rearrangemerdand aryne generation
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As a result of these findinga/o disparate mechanistic pathways are operational for the reaction of
aryl triflates with LDAnamely an anionic pathway leading to anionic #hiées rearrangement and
DIPAcatalysed metalation pathway leading to aryne generat®chemel.90).1*8In the first instance,
the anion593which can adopt two conformatiorsf similar energiegplays a key role irthe sulfonyl
group migration.Forunsubstituted aryl triflates (X = Hh)e cisoid conformation that is required for
rearrangement islightly higher in energf# 0.4 kcal mdi) than its transoid counterparhowever this
can be overcome tlmugh the incorporation of electron withdrawing moietiegho (andpara) to the
triflate groupwhichinhibits competing metalationin contrastmeta substituents activelgestabilise
the aryl anion593 which favours eliminatioio 596 via 595, while the employment of excess DIPA
further facilitateselimination to generate the aryng&96, with a concomitant decrease in the tHraies
rearrangement producb94.

Schemel.90: Proposed mechanistic pathways for the reaction of aryl triflates with Bbi&nic thiaFries
rearrangement and aryne generation

In light of the clear evidence thatetalation favours aryne generation the authors postulated tiat
use ofmore weakly coatinating metal cationssuch as the larger potassium catievguld instead
favourrearrangement. As suchy using potassium hexametldisilazangKHMDSas base in place of
LDAhe aryl tosylate$97t600which had previouslgxclusivelyafforded arynebased products with
LDA(as well adiHMDSpfforded the thiaFries rearrangement produc®03t606 albeit in lowto
moderateyields highlighting the key role that the metal cation playsdistinguishing between the
two pathways(Schemel.91).1*8In certain instanceghe non-ionic basgphosphazen&07,'% proved
suitable in inducing thiaFries rearrangemenhowever stringently dry conditions are requirexnt
competingside reactiongan occur.
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Schemel . 91: Inhibition ofaryne pathvay via use of less coordinatingetal cations; anionic thi&ries
rearrangement in the presence of KHMDS phdsphazen&07

Notably, Lloyedones and cavorkers have successfully utilised the aniethia Fries rearrangement
in the developmentof sulfone containing BINOL and BINAPHOS ligands for use in catalytic
enantioselective indiunmediated allylation¥?and palladiurrcatalysed hydrophospholations!?3

The first example of the application of the anionic thides rearrangement in heteroaromatic
compounds was reported by Shibata andweorkers in 2012 Using LDA as base a series of
rearrangednitrogen containing heterocycles including oxind6l@8, pyrazolone609, quinoline610

and pyridinetriflones 611 was synthesised in moderate to good vyields, with all products existing as
the enoktautomer rather than the amido formas confirmed by NMR dtiies (Schemel.92). This
transformation proceeds in highegpieldsthan those inthe pioneering work of blyd-Jones for the
rearrangemenof phenyl and naphthy! triflatest’

Schemel.92: Regioselective synthesis of heteroaryl triflones via-big8liated anionic thigries
rearrangement

In their studies on the reactivity of-tBiflyloxybenzyne616, the Hosoya group observed that in the
absence of an arynophilé16reacted with the solventather than dimerizindSchemel.93).12° Thus
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the reaction in THF afforded thehlorobutoxy triflone619. The reaction proceeds by regioselective
nucleophilic addition of THF to the benzy®&6 to afford the zwitterionic intermediaté17, which
subsequently undergoes anionic tHraies rearrangement to givel8 Ring opening of thexmnium
ion via addition of chloride from the Grignard reagent affords the rearranged trif@ir@upon
protonation of the phenoxide anio(Schemel.93). The methodology was amenable to variation of
the nucleophile; rearranged zwitterionic aryl triflone&l3 and 614 were generated through
regioselective nucleophilic addition of PRimd PhS to 3triflyloxybenzyne616, while BaS afforded
the nonrionic triflone615, following debenzylation

Schemel.93: Generation of aryl triflones via thigries rearrangement

To broaden the applicabilityf 3-triflylbenzyne, the group further explored the reactivity Dielst
Alder cycloadditionsof 3-triflyloxyarynes bearing an additional functiaisable group,such as a
halide!?® However, their initial attempt to generate the cycloadd1 from the triflate 620 and
furan did not proceed efficiently using the previously optimised conditions, avehmilar amounbf
the triflone 622being generated via competing anionic tikides rearrangemer(Tablel.1, Entry 1).
The authors, therefore, screened for conditidngry to inhibit the thiaFries rearrangement pathway.
A significantimprovement was attained by utilising ngaolar solvents such as hexane and toluene,
with further increases in yield and selectivity observed by increasing the amount of activator and
decreasing the reaction temperatu(€ablel.1, Entries 6and7). While not fully understood, it is likely
that the nonpolar solvents destabilise the anionic intermediate required for tHraies
rearrangement while enhancinghe MgtC bond formation which facilitates the elimination to the
aryne.
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Tablel.1: Influence of solvenon inhibition of thiaFriesrearrangement

Entry TMSCHhMetal Solvent Temp Yield621 Yield622 621:622
(Equiv) (°C) (%) (%)

1 TMSCEMQCI (1.5) EtO -30 44 44 -

2 TMSChbLi (1.5) EtO -30 32 24 57:43

3 TMSCEMgCI.LICI (1.5) EtO -30 25 19 57:43
4 TMSCEMQgCI.LICI (1.5) Toluene -30 54 4 93.7

5 TMSCEMgCI.LICI (1.5) n-hexane -30 67 7 91:9

6 TMSCBEMQgCI.LICI (2.4) Toluene  -50 70 4 95:5

7 TMSCEMgCI.LICI (2.4) n-hexane -30 83 4 95:5

In a subsequent publication the Blaya group reported the isolation dfe thia-Fries rearrangement
by-product626in significant amounts (up to 32%hen usinghe 5,6-thienobenzyneprecursor624
in cycloaddition reactiongScheme1.94).1?" It is likelythat this side reactioris facilitated by the
strongly electrorwithdrawing trifluoromethyl group, which contributeby stabilising the anionic
intermediate generatedvia the iodinemagnesium exchange reactiomterestingly,the analogous
cycloadditions 06, 7-thienobenzyne prearsorsunder the same conditiongroceed with significantly
greater selectivity, with no evidence for thkxies rearrangement observed.

Schemel.94: [4+2] cycloadditions db,6-thienobenzyne precursorgspmpeting anionic thideries
rearrangement of the phenylene ring

In 2013, Greaney and agorkers reported a tandem anionic thkries rearrangementyclisation of
2-(trimethylsilyl)phenyl trifluoromethanesulfonate benzyne presors629 to form phenoxathiine
dioxide derivative$30in moderate yields as single regioisomé@shemel .95).*28 The phenoxathiine
derivatives were only afforded when halagsubstituents werepresentortho to the triflate moiety,
a result which is in line with Lloy@bnedearlier work that demonstrated that electrewithdrawing
groups orthoto the sulfonate are crucial for anionic thfaies rearrangement’ However, in this
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instance the halogenated triflate$29 can undergo both thiaFries rearrangement and aryne
generation in the same reacticemd further reacttogether in a tandem manneiThis obseration is
in direct contrast with Lloydonegqobservation that the two processes are orthogonal to each other
at low temperatures. Considering thitie following mechanismwvas postulated Schemel.95): CtSi
bond cleavage is mediated by treatment with fluoride, which induces an anionicFtiga
rearrangement of the resulting aniof31 to form the phenolate632 The aryne633, generated
through the fluoride mediated elimination of the triflate and trathylsilyl moieties, reacts with the
phenolate632to generate the anionic intermediaté34. Cyclisation 0634 via nucleophilic addition
of the phenyl anion onto the trifluoromethane sulfonate moiety affords fiteenoxathiinedioxide
product 630. The dualmode of the triflate starting material629 with respect to anionic thidries
rearrangement and aryne formation in the one pot was supported via crossover experiments

Schemel.95: Formation of phenoxathiingioxide derivatives via tandem anionic tHfaies rearrangement
cyclisation of Ztrimethylsilyl)phenyl trifluoromethanesulfonate benzyne precursors

1.5.2.2. Remote anionic thid&ries rearrangement

The NaHmediated remote aninic 1,5thia-Fries rearrangement, which constitutes a formal-1,5
sulfonyl migration from oxygen to carbon, allowing the regioselective synthesis -@ 2
hydroxyphenyh3-indole triflones and 3ulfonyl indoles636 was described by the Shibata group
(Schene 1.96).1%° Notably, this first example of a remote anionic tfiges rearrangement tolerated
both electronwithdrawing and electrordonating groups at various positions on the phenyl ring, while
also tolerating the presence of bromand chloresubstituents due tathe reaction not requiring
strong alkyllithium basesStrong base is not required for this reaction because, unlike conventional
anionic Fries rearrangement, which isigied by a carbanion, this method is initiated by a nitranion.

No migration was obsged with eitherN-methylindole639or 3-methylindole640when subjected to
the optimised conditions while competition experiments demonstrated the likelihood of an
intramolecular 1,5sulfonyl migration. Therefore, the following mechanism was propqSsdeme
1.96). Deprotonation 0635by NaH affords the nitrogen anid87, which undergoes intramolecular
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1,5-sulfonyl migration to give intermediat638, which following protonation and tautomesation
affords the rearranged indol&36.

Schemel.96: Remote anionic Fries rearrangement of sulfonates: Regioselective synthesis of indole triflones

The Shibata group also demonstrated the synthesis of a series of vinyl trilé@esa stereoselective
manner via remote anionic thiries rearrangement from a series gémdibromovinyl substrates
(Scheme 1.97).*° Employing two equivalents ofi-BulLj the requisite substrates541 afforded
exclusivelyEvinyl triflones 642 in moderate to good vyields, vi&,5triflyl migration, with both
electrondonating and electroswithdrawing substituents on the aryl ring well tolerated. The triflyl
moiety was crucial to the transformatipnno migration was observed for the analogous
methanesulforates Interestingly, the indole derivative43 also readly underwent rearrangement,
and is the first example of an anionic 4yigration. The methodology could also be utilised in a
tandem reaction with methyl formate as an electrophilic partner which led to cyclisation after the
rearrangement, affording hetearyl triflones646in moderate yields.
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Schemel.97: 1,5 and 1,6triflyl migration ofgem-dibromovinyl compounds

Based on these results the authors postulated that lithianomine exchange of the substra6il
and n-BuLi affords the anior647 (Scheme1.98), which undergoes remote anionic thkxies
rearrangement, induced by the electramthdrawing nature of the trifluoromethyl group, to afford
the phenolate648 The presence of the electremithdrawing triflyl moiety activates the remaining
bromine in648to undergo lithiumtbromine exchange with the second equivalenneBuL.i to afford

the intermediate649 which rapidly isomerises to the more thermodynamically stable intermediate
650. This isomerisation explains the stereoselective generation oEthieyl triflones 642 and the
cyclised product§46.

Schemel .98: Proposed mechanism fohe 1,5triflyl migration ofgem-dibromovinyl compounds
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1.5.2.3. Anionic thiaFries rearrangemendf organometalliccomplexes

In 2006, as part of $Z J&E ((}ES- §} °ArymelEhrémiumfricarbonyl complexes, the
Butenschéngroup studied the reactions of chronmuricarbonyl complexes of arene triflates. They
were surprged to find that none of the expected produéb62 was oberved under standard basic
conditions. Instead, they uncovered the first examples of anionic-Rhies rearrangement of
organometallic substrates to afford a series of ortGfluoromethylsulfonyl)phenol chromium
complexes653in high yieldfSchemel.99).23! Notably, thereaction tolerates both electromnich and
ortho-substituted substrate§51that would normally be expected to favour elimination of the triflate.
The preference for the thi&ries rearrangement is likely attributable to the electwithdrawing
effect ofthe chromiumtricarbonyl moiety, which is better satisfied by the formation of the rearranged
phenolate. The methodology was subsequently applied to the structurally complex esbfohe
(Schemel.99). Under standard basic conditions regioselective thig@s rearrangement occurred to
afford the phenolic estrone compléb5in 77% yield. lodinenediated decomplexation afforded the
desired steroids56in 97% yield.

Schemel.99: First example of an anionic thkies rearrangement airganometallics

In an attempt to compensate for the highdjectronwithdrawing tricarbonylchromium moiety, which
was believed tdbe the main factor inhibiting aryne generation, the authors hypotbedithat the
introduction of further stronglyelectronrdonating groupsmay generatemore electronrich triflates
more suscetible to elimination®2 Therefore the triflate 657, bearing two methoxy substituentaas
prepared andsubjected to basic conditioria the presence o2,5-dimethylfuranas trapping reagent
(Schemel.100). The desired cycloaddud@58 was isolatedn quantitative yield demonstiting the
suitability of triflate 657 to undergo basemediated triflate elimination.On the other handthe
analogousreaction of thetricarbonylchromium comple®59 instantaneouslyafforded the anionie

thia Fries rearrangenmd product660exclusivelyanduponacylationthe product661was isolated in
quantitative yield.As part of the same investigation, two (triphenylphosphine)dicarbonylchromium
complexesp62and663were investigated. Despite the fact that it has beenwhdhat replacement

of one carbonyl ligand by triphenylphosphine reverses the eleewithdrawing effect of the
chromium moiety!*® when 662 or 663 were treated with LDA in THF a78°C in the presence of
trapping reagents, the anionic thigries rearrangement was again the exclusive pathway, leading to
664 and 665 in almost quantitative yieldéSchemel.100).2*2 As a result it can be concluded that
electronics do not exert a significant effect on the outcome of the reaction, with organochromium
complexes favouring anionic thkeries rearrangement.
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Schemel.100: Attempted compensation of the electron withdrawing effect of tirecarbonylchromium
complex; no inhibition ofhe anionic thiaFries rearrangement observed

In a further attempt to favour aryne formation, thButenschéngroup attempted to useferrocene
derivativesin lieu ofchromium complexeshopingthat the more electrorrich ferrocenederivatives
might circumvent the problems encountered when using the highly eleewithdrawing
tricarbonylchromium groupHowever,in spite of the more electromich substrate, ferrocenyl triflate
666 underwent ahighly efficient anionic thidries rearrangement insteadf triflate elimination
(Schemel.101).1** Lowering the temperature of the reaction fron78°C to as low a$l17°Cdid not
lead to any formation of ferrocyn@roduct. Thiswas the first example of an anionic tHraies
rearrangemenin a fivemembered ringThe remarkable efficiency of the transformation wagher
demonstrated bythe reaction of the more electropoor ferrocene triflate 670, whichalso readily
undemvent rearrangement in quantitative yieldSchemel.101).

Schemel.101: Attempted use of electromich ferroceryl triflate derivatives toachieveferrocyne formation;
first example of anionic thi&riesrearrangement in a fivenembered ring
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Interestingly when 1,1-ferrocenediyl ditriflate673was treated with 2.2 equivalents of LRAt78°C
a double anionithia-Fries rearrangemeraccurred givingg76in 85% yield* Althoughthis reaction
could yieldtwo diasteromeric rearrangement productsnese676 and rac-677, only the meso
diastereomerwas observedi.e.the reaction proceeds with complete diastereoseledtyiiScheme
1.102). To further probe this exceptional diastereoselectivity the authors attemptedbtain the
singleanionic thiaFries rearrangement produ&75 by instead using 1 equivalent of LOMowever,
the reaction gavean almost equimolar mixture of the starting materié’3 and the double
rearrangement produc674after acylation highlighting thathe rate of the second anionic thiries
rearrangement is significantly faster than that of the fi{fSthemel.102).

Schemel.102 Double anionic thidries rearrangement of U-f¢rrocenediyl ditriflate673

In order to probethe effect of ortho-lithiation on the reaction outcomehe authors prepared?-
(trimethylsilyhferrocenyl triflate678 for comparison Upon treatment withTBAF in acetonitrile at
25°G exclusiveanionic thiaFries rearrangement occurred immediately to aff@d9 in 84% vyield
(Scheme1.103).1% Metalation of the ortho-position was considered as an alternative to anion
formation, hence theributylstannyl compoun&80was treated witn-Buli to induce metal exchange
to the respective lithio compoundHowever, &clusive anionithia-Fries rearrangement was again
observedaffording679in quantitative yield Schemel.103). Thiswas described athe first example
of an anioniethia Fries rearrangement induced bytho metalation.

Schemel.103: First example of anionic thieries rearrangement induced loytho metalation

In light of the anionic thidries rearrangement occurrinfpr ferrocenyl triflates upon bottortho
deprotonation as well asrtho metalation the authors sought to determinedw electronrich the
ferrocenyl triflate can beailored to still allow the reactionEventhe more electronrich methoxy
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derivative 681 also afforded exclusie the anionicthia Fries rearrangemenproduct 683 in
quantitative yieldSchemel.104).1% Therefore, it is clear that excess electron density in the ferrecen
systemdoes not prevent rearrangement. Sterics wérgpothesisedo be a possible factor that nya
favour ferrocyne formation via elimination, howeyératment of the trimethyl derivative684under
standardbasicconditions in the presence of anthracene @gloaddition trapping reagent afforded
exclusivelfthe anionic thiaFries rearrangement produ@85 (Schemel.104). Notably, while triflate
elimination is the most prominent method for the generation of arynibre is little correlation
between aromatic systems and their analogous organometallic derivatifss.a result the
procurement of organometallic arynes remains an ongoing research pursuit

Schemel.104: Exclusive anionic thiBiries rearrangemertf ferrocenyl triflatesdespiteincorporation of
electrondonating groups

Prior to LloydJonedqdiscovery of the anionic thikries rearrangement in 2003, the hdimi group
observed an oxygen to carbon is8lfonyl migration of bothphosphonates and sulfonates in
cyclohexadiene systen{Schemel.105).2%¢ Notably, iron coordination to the 1;8ienewith either a
phosphate or sulfonate moiety all@wortho deprotonation of the €3 position, which facilitates the
overall 1,3sulfonyl migration.The rearrangement proceedsapidly and efficiently under basic
conditions with689 and 690 afforded in high yields after five minutes. However, when the migrating
group contaired acidc protons, e.g.a methanesulfonyl group, no migratiowas observedand the

iron dienol complex691 was favoured instead Crossover experiments for the phosphonate
derivativesdetermined that the migration is likely an intramolecular process.

Schemel.105: O-to G1,3-sulfonyl migratiorin iron-complexed noraromatic cyclohexadienes
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1.5.2.4.Non-anionic thia-Fries rearrangement

While the last two decades he seen considerable attentiodevoted to the development othe
understanding othe anionic thiaFries rearrangemensignificantly less attention has been afforded
to thia-Fries rearrangemestvia metal catalysisnicrowave or photoirradiation techniques.

Moghaddam and Daslmost simultaneously reported thieigh yelding thiaFries rearrangement of
aryl sulfonate692in the presence oanhydrousaluminium trichlorideunder microwave conditions
(Schemel.106, A)1*"%8 D} P Z ule u 37} etlwdihg an AletZnCl supported on silica gel

in conjunction with microwave irradiatiowith similar efficiencies and yield®asalso demonstrated
that the methodology could readily be used for the analogous reactioargf sulfonanilides with
similar efficiencies and yields obtainedlhen Moghaddanet al. later attempted to extend their
methodology to incorporatearyl benzylsulfoates, a pseudahia-Fries rearrangement was instead
observed,with the ortho- and para-benzylated phenol$94, and the dbenzylated phenol$95
isolated!®® Unlike the photochemicathia-Fries rearrangement, which is known to proceed via a
radical mechanismhie authors postulated that the reaction occurs via initial heterolytic cleavage of
the OtS bond to generate phenolate anda benzysulfonyl cation which decomposéy elimination

of SQ to afford the active benzyl catioSchemel.106). The cationic mechanism was supporteg
the capture of the hypothesised benzyl cation by the cation scavengertyiees to afford 702
Furthermore, no evidence for the presencetloé benzyl radical coupling produdiphenylethaner03
was observedalso supporting theationic mechanisnBensoret al. subsequently reported the Al
mediatedthermal thiaFries type rearrangement afyl sulfamate$96to generatearyl sulfmamides
697and698in moderate to high yieldéSchemel.106, B)'4°

Schemel.106: Non-anionic thiaFries rearrangement
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Sharghiet al. reported the use of ADJ/MeSQH ! and subsequently graphite/MeSB**? mixtures
asnovel reagents foa solventfree thermal thia-Fries rearrangement aryl tosylates704to afford
hydroxy aryl sulfone$n high yields(Schemel.107, A). An intermolecularionic mechanism was
presented by the authors, witthe presenceof a sulfonykationintermediate confirmed viatrapping
of the cation withelectronrrichm-xylene Furthermore electrorpoor meta- andpara-nitro derivatives
704failed to undergo rearrangememiroviding further evidence fathe proposed mechanism

Crevatiret al. reported the photothia-Fries rearrangemerfor a series of B-carbazol2-yl-sulfonates
707 to afford the respectivealkyt and arysulfoes 708 and 709 (Scheme1.107, B).1*3 Under
photoirradiation, regardless of reaction solventilised (MeCN, MeOH, benzene, cyclohexarb
ortho-rearranged productg08and 709were obtained in a molar ratio of approx. 2:Mith 708always
being the favoured isomeSemiempirical andab initio optimisation of the2-hydroxy9H-carbazole
radical were used toationalise the regioselectivity of the reactiowith a slightly higher chaeg
density observed at C(1) when compared to CFBythermore hydrogen bonding with the carbazole
NtH may assiswith the migration to €l1); this is not possible for rearrangement to C(3) due to
geometry.

Schemel.107: Non-anionic thiaFries rearrangement

1.6. Oxygen to Oxygen Sulfonyl Migration

Cavazza and Pietraported the first examplgof fluxional sulformtes in whicha formalthermal 1,4-
oxygen to oxygen sulfonyl migratidor tosyl and mesyubstituentswasobservedfor troponoid 710
and colchicinoid712 derivatives(Schemel.108).144 In all instances an equilibriunvasobserved.For
examplewhen §Z S}e C o -thujgnlidine710was heatedn DMF at 100°@ 1:1.09 mixture o710
and 2tosyloxy-6-isopropytropone 711 was afforded after 2.5 hourssolation of pure711, followed
by heating under the aforementioned conditionsagain afforded a 1:0.9 mixture of710:711
confirmingthe equilibriumprocessA similar effect was observed ftire colchicine712isocolchicine
713 system amongst othererivatives,in this casehe equilibrium favoued the isomer bearing a
double bondbetween C7a and C12&1(2713ca.1:2.4) (Schemel.108).
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Schemel.108: Fluxionabulfonyl derivatives of troponoids and colchicinoids; observaticm fofrmal 1,4
oxygen to oxygen sulfonyl migration

Themechanism can be rationalised via an intramolecuolagleophilic addition of the carbonyl oxygen
atom to the eletron-deficient sultir atom of the sulfonyl moietygenerating a trigonal ipyramidal
intermediate bearing negativelkgharged oxygen atomeccupyingthe apical positios. Molecular
mechanics calculati@indicate that such an intermediate wouldve low strain, which is in contrast
with the high strain that would be expectenf a trigonal bipyramidal transition statermed viaa
concerted entering and leaving tfe respectiveoxygen atomsAlsq the highy polarisedcharacter
of the ratedeterminingtransition stateis borne out bythe fact thata higher rate of reactionvas
observed in DMF than toluene.

In their efforts to access the aglaroxin C analo@aé, of the rocaglate family of natural products,
Zhanget al. hypothesised that the tosy@nol rocaglate/ 14 could undergo basenediated conjugate
addition with benzamidine, followed by elimination of the tosyl moiety to give the enaifildevhich
upon ring absure would afford the desired pyrimidinone produtt6 (Schemel.109).14° When the
reaction was carried outising NaH as basthe isolated product was in fact the anmg-rocaglate
721 The authors attributed this transformation to an intercepted reMazarov reaction.
Deprotonation of714 affords the anionic intermediat&17 which undergoes an intramolecular 1,4
oxygen to oxygen tosyl migration to give the enola®8 Elimination of the tertiary tosylate
generates the stabilised oxyallyl catiofl9. Nucleophilic addition of amidine and subsequent
cyclisation affords the piuct 721 Using this methodology, a series of amidiand aminerocaglates
were synthesised (46 examples, up to 93% yield).
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Schemel.109: Generation ofamidinorocaglate derivatives vian intercepted retreNazarov reaction;
observation of d,4-oxygen to oxygen sulfonyl migration

1.7. Carbon to Carbon sulfonyl migration
1.7.1.N-Heterocyclic carbeneatalysed sulfonyl migration

Atienzaet al. described theN-heterocyclic carbene (NHC) catalysed-dyffonyl migration of 1,4
bis(sulfonyl)ethylene derivative®2and their subsequent reactivity with kdpoles (predominantly
nitrones 723) to generate a series of highly functionalised isoxazolidine derivaii2dsas single
diastereomers in good to excellent yielBchemel.110).24¢ Mechanistic studies informed that the
sulfonyl migration was anniermolecular process as supported by crossover experiments.
Furthermore, the NHC catalygR5 was not necessary for the [3+8]polar cycloaddition to occur,
however its presence was crucial for the isomerisation of thebis(sulfonyl)ethylene derivatg/722

to the rearrangedrans-1,2-bis-alkene731as illustrated irSchemel.110. In addition **Glabelling of
732highlighted that the 1,Zulfonyl migration occurs prior to the cycloaddition step as evidenced by
isolation of a mixture of labelled prodig?34and 735. Notably, if only thé3CGlabelled vinyl sulfone
isomer was present at the cycloaddition step isotopic labelling would only be observed at one position
in the product.
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Schemel.110: N-heterocyclic carbeneatalysed 1,&ulfonyl migration of vinyl sulfones

Yamada and cworkers described the N-heterocycliecarbenemediated cyclisation of
sulfonylalkynol§36with concomitant 1,2sulfonyl migration to afford 5and 6membered oxacycles
737in high yield{Schemel.111).24” While N-formylalkynamides cyclised smoothly under the same
conditions, Nsulfonylalkynamide derivatives required the use of NH4Qin conjunction with proton
sponge as the baseThe mechanism is belieddo proceed via the allenyl sulfone intermediatd2
which is generated in situ on reaction of the sulfonylalkyfd with base. Applying this intermediate
to the standard reaction conditions led to isolation of the desired product in high Weldleophilic
addition of the NHC t@42, followed by a proton transfer affords the intermediaté3which cyclises
with accompanying tosylate extrusion to givé4. This tosylate reacts with another equivalent of the
allene intermediate742 to give the intermedite 745, which completes the formal 1-gulfonyl
migration. A final cyclisation affords the desired vinyl sulfaf#6. That tosylate initiates the
productive cycle was supported by carrying out the reaction in the presenpaatfienesulfinate (2
mol%) in the absence of the NHC mediator. This experiment afforded the desired prddict83%
yield. The isolation of the disulfong49 when the propargyl sulfon@47 was reacted under the
standard conditions (in fluxing toluene)supports the formation o745 as an intermediate in the
reaction pathway. The group subsequently reported that the reaction can be carried out with either
catalytic triphenylphosphine or DMAP in place of Meterocyclic carbené’®
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Schemel.111: NHGmediatedcyclisation of sulfonylalkynols formimmxacycles with accompanyidg2-sulfonyl
migration

1.7.2. Triphenylphosphinecatalysed sulfonyl migration

Lu et al. described the triphenylphosphirgatalysed 1,Zulfonyl migration of electromeficient
allenes751in their reaction with active methylene compounds to give vinyl sulfones in moderate
yields(Schemel.112).14°While mechanistic studies were noebdertakenthe authors postulated that

the migration occurs via the in situ generation of the sulfinate anion as described in Sth2nhpon

its formation it is readily conceivable that the nucleophilic sulfinate could add to the al&héo

form the vinyl anion766, which can deprotonate the active methylene compouf@® to form the
allylic sulfone767. Subsequent addition of the aniof63to 767 leads to elimination of the allylic
sulfone, generating the desired rearranged proddés.
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Schemel.112: Triphenylphosphineatalysed 1,Zulfonyl migration of electrowleficient allenes in their
reaction with active methylene compounds affording vinyl sulfones

Hampton and Harmata reported the use of triphenylphosphine as a nucleophiidyst in the
isomerisation of allenic sulfoné$69to afford 2-arylsulfonyl 1,3dienes with catalytic phenol used as
a proton shuttle (Scheme1.113).3*° The formal carbon to carbon ZXgulfonyl migration was
rationalised by the following mechanismas previously described nucleophilic addition of

SE]% Z vCo0% Z}e%earbon of }hes Allene substratés1 affords 772 which is protonated by
phenol to gve the phosphonium salt73, the phenoxide anion deprotonate&/3which leads to the

oJu]v 8]}v }( 8Z 8}*Co § Vv]}vU AZ] Z pnv EP} ecarhowoolthezlere 18]} v
substrate 771 affording the anionic intermediaté/75 subsequent prdonation by phenol, and
deprotonation of 776 releases tosylate for the next catalytic cycle while generating the desired
product777.
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Schemel.113: Isomerisation of allenic sulfones affordinga®/Isulfonyll,3-dienescatalysed by
triphenylphosphine

In a subsequent report the authors provided a series of supporting experiments confirming the
likelihood of the presented mechanisifScheme1.114)! Crossover experiments indicated an
intermolecular sulfonyl migration, while the reaction was observed to proceed in the absence of
triphenylphosphine when an external source of sulfinate anioas added in the presence of the
proton shuttle phenol. While the phosphonium salt intermediates did not prove amenable to
isolation, tentative evidence for the presence of eitl/@8 or 779was providedoy 3P NMR for the
reaction of the allen&71with one equivalent of triphenylphosphine. In this reaction, the proposed
intermediate, the disulfon&@80was isolated in 12% yield. To ensure that this intermediate could lead
to the dienyl prodict 777, it was prepared independently and treated with in situ generated sodium
phenoxide which affordd the desired product777 in 91% vyield. The authors were able to
independently synthesise the phosphonium $&82, which compared favourably to tf#éPNMR data

for the proposed intermediate/78 or 779. To prove unequivocally that this salt was indeed an
intermediate of the proposed reaction pathway it was reacted with the allé@&in a crossover
experiment in the presence of in situ generated sodiumemoxide. Notably, botd83and 777 were
formed consistent with the phosphonini salt 778 being an intermediate in the migratory process.
DFT studies carried out by the Li group were consistent with thembta P E } uptepesed
mechanism for this process, and particularly support the role of phenol as proton shittle.
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Schemel.114: , u%S}tv v , Eu § [« «itebiod (& IHevroposed mechanism for the
triphenylphosphinecatalysed isomesiation ofallenic sulfones t@-arylsulfonyl 1,&dienes

1.7.3. Miscellaneous sulfonyl migration

Krasovsket al. developed a novel electrophiliE P viflliotoacetyketene diphenyldithioacetal
S,Stetroxide 783, that allowed access to a range of previously undescribdqltrifluoro-4-aryl3-
(phenylsulfonyl)bui3-en-2-ones 584 1586, 788 and 790 via Michaellike additionsof electronrich
aromatic derivative$Schemel.115).1% The highly electrophilic reageiB3readily reacted with 1,3
dimethoxybenzene and-ghethylthiophene to affordthe ketones5841586in high yieldaunder mild
conditions Notably, the reaction occurs via an unustig-sulfonyl migratiorand elimination of one
sulfonyl moiety As suchthe electrophilc ketone783isa synthetic equivalent fahe cationic synthon
791in reactions with electrosrich aromaticsinterestingly, reaction o783 with the more electron
rich 2-methylindole andN-methylpyrrole occurredwith rearrangementbut no elimination at low
temperaturesto afford a mixture of diastereomeric keton@87 and 788with good stereoselectivity.
Elimination of thet-phenylsulfonyl moietgould be induced thermally for pyrrole derived ketor?,
whereasbasic conditios were required for the analogous reaction of the indolyl derivatix@9.
Mechanistic studies were not part of this investigation.
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Schemel . 115: t-trifluoroacetylketene diphenyldithioacet&,Stetroxide as a synthetic equivalent fgi91in
electrophilic aromatic substitutiorgbservation of a 12arbon to carbon sulfonyl migration

In their studies on the reactivity of carbanions E]A  ( Gubstitutedmethyl tolyl sulfoneswith
quinone methides792 as Michael acceptorsGroszek and Lemeatbserved an unusual syl
migrationwhen apara-nitro substituentwas incorporated on the phenyl ring of the quinone scaffold
792(Schemel.116).1°4The authorgentatively proposed the formation of thepirodienone799as an
unstableintermediate whichundergoes a divergent reaction pathweye the electronrwithdrawing
nature of the nitro groupThisnitro moiety significantly increases the acidity of the benzylic proton
relative to the othersubstituents studied4=H, NMe, OMe).In the presence of excess babe nitro
group facilitates deprotonationallowing the anion800 to cyclise to the hypervalent sulfur
intermediate 801 via nucleophiliaddition to the sulfur of the sulfonyl moiety* 1%°1°¢ Subsequent
ring-opening and protonation leads to aromatisation and the acquisition of the rearrapgealict
795.
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Schemel.116: Observation of a formal 1;2ulfonyl migration from carbon to carbon via hypothesised
hypervalent sulfur intermediat801

Following their success achieving the enantioselective generation of chiral cyclopropenes from ethyl
diazoacetate and various terndh alkynes using the RIOAc)(DPT)catalystl®’ the Corey group
sought to extend this methodology to include tosyl derivatives to further study the effects of strain in
unsaturated cyclopropenes. Using the highly selectiiedium catalyst the chiral tosyl substituted
cyclopropenesd04t806 were afforded in 91%, 94% and 78% ee respecti{®ghemel.117).1%8
Interestingly, when the -h-amyt2-cyclopropenyl 4olyl sulfone804waspurified bychromatograply

on silica gelor allowed to stir with silica gel in benzeneonplete racemisation was observed.
Measurements of the kinetics of the thermal racemisation86# at 70°C in each of the solvents
benzene, cyclohexane and acetonitrile afforded very similardirger rate constants, indicating that

a polar dissociation nehanism via the formation of a cyclopropenium toluesdfinate ion pair was
unlikely. Instead, a reversible [2;8jgmatropic rearrangement wasoposedby the authorScheme
1.117). Thereverse process, that is a sulfinagalfone allylic rearrangement, is w&thown in the
literature.
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Schemel.117: Reversible 2 3ulfonesulfinate allylic rearrangement; formal ts2ilfonyl migration

Bvidence supporting the reversible [2;8fgmatropic rearrangement @04 in the solution phase was
provided by carrying out a trapping experiment with anhydrous@I§Schemel.118). Methanolysis

of 804<or ent-804<produced theisolable deuterated methyl toluenesulfinate 810, and the
cyclopopenol 808, which despite being too unstable to isoldésl S} §2 wps E § -endl309

and the deuterated methyl acetél11l These results unequivocally support the generation of the
sulfinate 804 < formed via thefirst 2,3-sulfonesulfinate allylic rearrangement. The instability of the
cycloprogenol 808is a direct consequence of high ring strain (approx. 55 kcal/mol) and the availability
of a carbonyforming elimination process that can alleviate the strain. Ring strain can also explain the
ring cleavage process that converts the sulf@@t =t the deuterated methoxy sulfone813 via
intermediate812 It is likely that the silica ged¢cting asa weak protic acid, catalyses the racemisation
through hydrogen bondingwith one of the oxygenatoms of the migrating sulfonyl group in the
transition state.
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Schemel.118: Trapping experiment with GDD confirming the sulfinat804[ is an intermediate, evidence
supporting a 2,3ulfonesulfinate allylic rearrangement

dZ <Cv3Z 8] A op }( *po(}vCo u]PE 3]}ve A « p3Jole v « 1Z E}A[-
of lycopodine820.1%%16°The observed 1;3ulfonyl migrationwasthe first example of aearrangement

of this type involving anr-sulfonyl imine.The proposed mechanism for the rearrangement is as
follows (Schemel.119). Treatment of the silyl enol ethe814with zinc triflate likely affords the zinc
complex815 which can tautomerise to the metalenamine816, whichis consideredo be the
intermediate that undergoes the I1;®igration of the sulfonyl moiety from C8 to Cl14&his
rearrangement might occur through (i) heterolytic or homolytic cleavage of tt&ond to yield an
intimate ion-pair or radical pair respectivelfollowed by recombination at the C14 positidii) [2,3}
sigmatropic rearrangement to a sulfinate estvhich reorganise® the sulfone817; or (iii) formation

of a 1,kdioxothietaneintermediate and subsequent ring openingrotonation of the enamine in a
diastereoselective fashiomnd epimerisation at Cl4eneratesintermediate 818 which via an
intramolecular Mannich reaction yieddhe tricyclc product819.
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Schemel.119: The utilisation of a 1;8ulfonyl migration in the enantioselective total synthesis of lycopodine

The Robina group reported a sulfonyl moiety catalysed anionic [3+2] cycloaddition of allenyl sulfones
751 and sulfonyl imine821 to afford 2arykt4-phenylsailfonyl-3-pyrrolines 822 in moderate yields
(Schemel.120).11 A nucleophilic mediator, in this instance NajN®@as required for the reaction to
occur. The authors suggested that in order to rationalise the high regioselectivity of the
transformation that the intermediaté826 must be involved in the process. They reasoned that this
could be achieved via conjugageldition of in situ generated benzenesulfinate anion to the allenyl
sulfone751 Nucleophilic addition of the anionic intermedia&823to the N-sulfonylimine824forms

the nitranion 825. A 5endocSE&]P C o] S]}vU v -elminatienu of thetsulfayl moiety
affords the desired rearranged pyrrolin€22 The route toward the initial formation of
benzenesulfinate is unclear, however it is believed to be promoted by addition of the nucleophilic
mediator NaN®@to 751, which could then react via sevegthways to afford the necessary sulfinate
anion.
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Schemel.120: Sulfonyl moietycatalysed anionic [3+2] cycloaddition of allenyl sulfones and sulfonyl imines
affording 2-aryt4-phenylsulfonyl3-pyrrolines

Alexakis reportedan intriguing 1,Zarbon to carbon sulfonyl migration resulting from nucleophilic
addition to bis activated vimgulfones828162163 various nucleophiles including aldehydes, ketones,
malonates, keteesters and nitreesters activated by different organocatalytic sources (enamine,
Brgnsted base, thiourea) can promote this migration in moderate to excellent yields and
enantioselectivitiegSchemel.121). The authors reasoned that the mechanism likely proceeds via an
anionic intermediate, formed upon Michael addition of the nucleophile dodbly activated vinyl
sulfone. Indeed, anion trapping, by performing the reaction usiisg.,2-bis(phenylsulfonyl)ethene
832in the presence of deuterium oxidhighlighted the existence of such an intermedi&t&7, with

the products834t836 displaying ded E]Jupu v }E %} E -8}Hw  Spasifions in 31%, 13%
and 41% respectivelfschemel.122). A control experiment using :His(phenylsulfone)ethen@33

0 S} HuS E]JHu ]Jv }E%I@® Spositioss 8rdy irr 63% and 64% respectively.

Schemel.121: Organocatalyst mediated I-@arbon to carbon sulfonyl migration resulting from nucleophilic
addition to bis activatd vinytsulfones
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Schemel.122: Mechanistic studies supporting the formation of the anion intermediae

Considering these observations, the following mechanism was postulated. Michael adufifi2h2]
cycloaddition affords the anionic intermediat®&39. Depending on the substrate and the relative
conformation of the sulfone and the adjacent anion, twapdirate mechanistic outcomes can be
considered. If the lone pair and the sulfone moiety are prefelyt antiperiplanar after aranti-
addition, as can be seen in the Newman projectiBA8, the elimination of sulfinic acid will be
favoured. Alternatively, if the lone pair is in the proximity of the sulfonyl moiety afmaaddition

as is the case fo846, then the 1,2sulfonyl migration will preferentially occuiSchemel.123).
Protonationof the rearranged intermediate affords the desired product. Notably, the observation that
the selectivity for the sulfonyl migration is enhandagdutilisinglarger nucleophiles is consistent with
the proposedmechanism.

Schemel.123: Proposed mechanism for the ts@ilfonyl migration; stereochemistry of the transient anion
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Subsequently, Rios demonstrated the application of thissbjfonyl migration in the asymmetric
organocatalytic Michael addition adzlactones850 to cis1,2-bis(phenylsulfonyl)ethend832 as a
eCv8Z 8] o00C pe (MO U SZ} (}E SZ P v E SJIVI( 1€ S %E&- PE-}E-
alkyk r-amino acid851 (Schemel.124).1% Thethioureabased catalyst of Takeoto and ceworkers
(S,SB52wasdetermined to be the optimal catalyst for the transformatiéfi producingyieldsof up
to 82% and enantiomeric excess#sip to 95%.

Schemel.124: Application of a 1,ulfonyl migration in theynthesis of diregbrecursors to enantioenriched
<u § E v-dkyEr-amino acids

2-(Sulfonylmethyl)arylpyrrole855 A E } « EA 3§} « ollyb t-ke@sulfonesB53via

a PdGICuCHNH,OAcmediated domino Wacketype aminocyclisation viaselective 1,4sulfonyl
migration with moderate to good yieldsSchemel.125).%¢ Regardless of the conditions employed
through optimisation, no evidence for the pyrro863 derivedfrom a 1,3sulfonyl migration was
observed. Complexation of the PdlCluC}-catalyst system to the olefiB54 was found to yield the
Wacker oxidation producB856. Condensation 0856 with NH/OAc affords intermediat857, which
subsequently undergoes desaiffylation, cyclisationand tautomerisatiorto give860. Elimination of
ammonia leads to the generation of the fulvene skele®érd, which undergoes regioselective addition

of the sulfinate, which gives the pyrrole produg%2 via protonation 0f861, complding the overall
1,4-sulfonyl migration. Crossover experiments, whereby both the aryl group and the sulfonyl group
were varied, supported the intermolecular nature of the sulfonyl migration and the presence of the
fulvene skeletor861as a key intermediate.
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Schemel.125: PACJ/CuCHNHsOAcmediated domino WackeS C %  u]v} C o] -alfl}kefosuffones
via selective 14ulfonyl migration

The Yu group developed a copgmtalysed cyclisation of allenoat864 with activated isocyanides
865, that invloved 1,3sulfonyl migration, leading to €or tri-substituted pyrrole866in moderate to
good vyields(Scheme1.126).1¢” The authors poposed that the transformation starts with gD
mediated GQH bond activation of the isocycani@é7to give the coppeisocyanide comple@68with
concomitant formation of kD. Subsequent [3+&]ipolar cycloaddition of this intermediate with the
allenoate 869 affords the intermediate870, whichfollowing protonolysis lead to the formation of
871and the regeneration of the copper catalystcApperassisted elimination of tggate produces
the cationic intermediat&72 which upon recombination affords the rearranged pyrrole compléX
The intermolecular nature of the sulfonyl migration was further established by means of crossover
experimentsProtonolysis 0873leads to he final pyrrole produc874and regeneration of the copper
catalyst.
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Schemel.126: Coppercatalysed cyclisation of allenoates with activated isocyanides featuring a casbban
1,3-sulfonyl migration

Bi and ceworkers described the silvaratalysed generation of 1,4ffisubstituted imidazole877via
isocyaniddisocyanide [3+2flipolar cycloaddition in which a }Bsyl migration was observed
(Scheme 1.127).1%8 Notably, both electronrich and electrordeficient aryl groups on the aryl
isocyanides75, as well as sterically demanding groupere well tolerated with moderate to high
Cl]oee}S]v ]Jv 00 ]vesS v X &UESZ Eaubshtuted thsyfmetlyisocyanideo |C o r
derivatives876 reacted readily. The addition of either TEMPO or BHT did not inhibit the reaction,
indicatingthat the mechanism does not proceed via a radical pro¢8shemel.127). When the
reaction was carried out in the presence of(D) 74% deuterium incorporation was observed,
highlighting that trace amounts of water in the solvent may provide a protoherirhidazole products
877. No deuterated imidazole [E§80 was isolated when the substrate HBY9 was reacted under
standard conditions, confirming that the active methine group is involved in proton abstraction.

105| Page



Chapter 1 Introduction

Schemel.127: Silvercatalysed formation of 1,4;8isubstituted imidazoles via isocyanitisocyanide [3+2]
dipolar cycloadditiorwith accompanyingd.,2-tosyl migration

The authors postulated that coordination of the silver catalyst to the isocyard@&sand 879
generates the silver complex@81 (following abstraction of a proton and concurrent generation of
AgHCG) and882, which subsequently undergo [3+@ipolar cyabaddition to give the cyclic nitrilium
ion 884 (Schemel.128). 1,2Tosyl migration affords the carbocation intermedia®85 followed by
loss of the silver cation and subsequgmbtonation forms the rearranged imidazole880 with
concomitant regeneration of theilver catalyst

Schemel.128: Proposed mechanism for silveatalysed formation of 1,4;&isubstituted imidazoles via
isocyaniddisocyanide [3+2flipolar cycloaddition
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The Xu grouplisclosed the first example of the preparatiofn ortho-alkylary! triflones889 via the
insertion ofarynes intoCtSQCE bonds through a tandem nucleophilic attdickramolecular carbon
to carbon 1,3sulfonyl migration(Schemel.129).1%° UsingkF/18crown-6 as fluoride source series
of ortho-alkylaryl triflones889 were generated in moderate to high yieldsith the presence of an
eledron-withdrawing substituent onthe benzyl triflones888 essential for efficientreaction A
plausible mechanism involvéise fluoridemediated generation of the aryn@0and carbanior891,
which upon nucleophilic addition forms the intermedi&@82 (Schemel.129). Subsequentarbon to
carbon 1,3sulfonyl migration of the trlf/l group, presumably via an intramolecular progesdn to
an anionic thiaFries rearrangementffords the rearragedortho-alkylaryl triflone889. Notably, the
correspondingreaction of substituted benzyl methanesulfonedid not afford the desired aryl
methanesulfones, highlighting the importance of thdlytigroup in the transformation.

Schemel.129: Preparation obrtho-alkylaryl triflones via insertion of SQCE bonds into arynes through a
tandem nucleophilic attack/intramolecular carbon to carbon-&u8onyl migration

Access to novel atropisomerict8sytl-enylcyclopropydiphenylphosphine oxide derivative396
and897via a onepot transition metal free copling ofN-tosylhydrazone€94and phosphinyl allenes
895wasrecently developed by Wu and eworkers!’° Notably, the multistep cascade reaction occurs
by initial radical hydrazonyl K6 bond cleavage, followed by sequential radical (€ bond
cleavage, carbon to carbon 1s8Ifonyl migration and atropisomeric cyclopropanation to afford the
desired products in moderate to high yields in excellent diastereoselec{8@ithemel.130). The
initial radical cleavage of the hydrazonyt®bondis enabled by the combination of catalytic 1;10
phenanthroline and potassium carbonatend while significant attention was afforded to the
elucidation of the mechanism for this step it is beyond the scope of this review. Consequently, we will
focus exclusely on the attempts to elucidate the mechanism for the sulfonyl migration step. For
clarity, the full proposed mechanism is include®sithemel . 131.
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Schemel.130: Proposed mechanism for sulfonyl migration including experimental evidence

A radical mechanism was invalidated by the addition of TEMPO, under otherwise standard conditions,
to the isolable intermediate898 which afforded the rearranged produ@&99 with no inhibition
observed Schemel.130, A). A goichiometricamount ofK:CQ was shown to be necessary for optimal
conversion to rearranged product, with a reduction in the amount of basébiting the cascade
process(Schemel.130, B) This finding stronglsuggests that the base promotes the sulfonyl
migration. A crossover experiment betwee808 and sodium 4methoxybenzenesulfinate900
afforded a statistical mixture of produc899and901supporting an intermolecular sulfonyl migration
(Schemel1.130, C) A kinetic isotope effect valu&ky{kp) of 1.5 was determined for the parallel
reactions 0f904 and 904-D° under standard conditions, witm¢orporation of deuterium observed
over all the #&enyl positions(Schemel.130, D) This KIE suggests that the raketermining step
probably involves the sulfonylearrangement butdoes not involve the previous Cpi bond
cleavage. With this experimental evidence in mind the following mechanismsisilpted (Scheme
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1.130, E) Base induced elimination of the tosyl moiety affords the tosyl anion and the d@ée
which isomerises t®07 in the presence of stoichiometric bas€.Nucleophilic addition of the tosyl
anion promotes the elimination of the base andmpletes the formal 1;3ulfonyl migratiorto afford
899

Schemel.131: Overall proposed mechanism for tegnthesis of atropisomerig-tosyl1-enykcyclopropy
diphenylphosphine oxide derivatives

1.8. Summary and Outlook

In thisintroductory chapter we havecomprehensivelfcompiledreports of sulfonyl migrations over
the past 20 yeardyighlightedthe development of insight int@ynthetic and mechanistiaspectsof
these sulfonyl shifts, and ategorisedthem basedon the migration type, namely nitrogecarbon,
nitrogen-oxygen, nitrogemitrogen, oxygenrcarbon,oxygeroxygenand carboncarbon.While most
sulfonyl migrationgrior to the beginningf the 215 centurywere discovered as side reactions, and
regularly as isolated casethe last 20 years has seen a significant increase in the number of reports
focusing ondevelopment of synthetic ntbodology based orthe sulfonyl migration Efforts to
understandthe mechanisms ofhese often dnexpected[reactionshave garnered significantecent
attention including by means of crossover studies, competition experimetgstopiclabelling,
density functional theory calculations and electron paramagnetsonancespectroscopyalthough
many sulfonyl migrations are only partially understood at this pddd@spite progress in this arghe
potential for formal 1,2, 1,3, 1,4, 1,5, 1,6 and 1,7sulfonyl migrations both in an inter- and
intramolecularfashion,via both radical and polar processesnder challenging the predictionf the
outcome of such reaction;n a manner that wouldfacilitate their predictable use in synthesis
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Notwithstanding the clear evidencéliscussedereinfor the utility of sulfonyl migration, particularly
in the synthesis of highly functionalised heterocggland notably in total synthesibjghlights the

synthetic potential of sulfonyl migrations Therefore,we believe thatsignificant attention will be
afforded to this expandinfield of research in years to come.
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Chapter 2 Resuls & Discussion

2.1 Introduction

The focus of this work was to utilise [3+2] dipolar cycloaddition methodology for the synthesis of
structurally diverse sulfur containing pyrazole derivatives. Specifically, this work investigates the use
of electron deficient terminal r-diazocarbonyl compunds, and related =diazosulfones, as
functionalised 1,3lipoles in conjunction with unique dipolarophilic scaffolds pioneered in our group,
=thio- >chloroacrylamides,=sulfinyl >chloroacrylamides and=sulfony}t >chloroacrylamides. This
JVEE} p 81}V }pudo]v ¢ (JE+30C }UE P EFihtso pehlordaddrymmifles idch@ig }( $Z
the elucidation of its complex reaction mechanism &id-chlorosuccinimide mediated chlorination
cascade. Secondly, the syntiteapplication of these compounds is described, highlighting their
considerable synthetic potential, with particular emphasis afforded to their application in the
synthesis of heterocyclic scaffolds.

2.1.1Project backgroundt ]+ }A & C }{ThiaZt-ChloroacrylamideReactionCascade

/v i80671U -ladamu was required as part of a synthetic research programme in our laboratory
(Scheme2.1)! €& SE}*CvsZ §] V 0Ce]e }( SZ]e-chiaiodmifle? asvd b(tablesZ r
precursor that could undergo intramolecular electrophilic aromatic substitution in thegiree of a

Lewis acid catalyst.

Scheme2.1: Retrosynthetic analysis oflactam1

Indeed, McKervewgt al. had previously reported the intermolecular electrophilic aromatic alkylation
betweenp-hydroxy dihydrocinnamat8 and methyi2-(butylthio)propanoatet in the presence of zinc
chloride to give the@actone5 (Scheme 2).22 With this in mind, attention turned to the generation
of =chloroamide2.

Scheme2.2: Intermolecular electrophilic aromatic alkylation usisghloroester4

d Z -ahlorination of sulfides with numerous chlorinating agents is described, with the ude of
chlorosuccinimide (NCS) particularly attractive due to its ease of handling and facile removal of the
reaction byproduct succinimidé® Consequently, NCS was initially screened to chlorinate
thioamide 6, however,in addition to the formation of the expected-chloroamide2, a much more
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complex reaction pathway was uncovergtheme2.3), with the stereoselective formation of the
thio- >chloroacrylamidé of particular interest’

As illustrated irScheme 2.3it was established that careful control of the reaction parameters could
be utilised to obtain a variety of products with significant synthetic potential. For example, theabrigi
=chloroamide2 of interest, was formed exclusively when thethioamide 6 was treated with one
equivalent of NCS in carbon tetrachloride at 0°C. Further investigations led to the observation that at
room temperature, after 24 h, the same amount of N§aSe an essentially equimolar mixture of
chloroamide2 andacrylamider. When the number of equivalents of NCS was increased to two, under
otherwise identical reaction conditions, the major compound formed was the dichi&iathough
minor amounts ofthe acrylamide7 were also present. Most interestingly, is that when this crude
reaction mixture was treated with an excess of zinc chloride in a mixture of
nitromethane/dichloromethane two major products were observed and isolated, tkhio- >
chloroacylamide9 and =5 >dithioacrylamidelO.

Scheme 2.3tnitial observation of theinexpectedNCS mediatelighly stereoselectivéormation of =thio- >
chloroacrylamide

The serendipitous discovery ofthio- >chloroacrylamide9 SSE § JLWE PE}I}U% [+ S5 vs]}
synthetically versatile intermediate, potentially undergoing a range of different transformations
depending on the reaction conditions. Ultimately, these compisiwere considered to be potentially

valuable highly functionalised acrylamide derivatives, bearing an exceptionally electroptalibon

due to the combined electromwithdrawing character of the amide and chlorine moieties. Accordingly,

a range of syritetically powerful reaction pathways were envisaged with these highly functionalised
derivatives including Diet#lder cycloaddition§[3+2] dipolar cycloaddition%® sulfur oxidationt*13

and nucleophilic substitutiofiamongst many others. These transformations will be discussed in detail

in Section 2.1.2

Accordinglyan extensive programme of researichs ben undertaken within our group to optimise

the yield of this transformation, explore its scope and investigate the mechanism of this unexpected
transformation. The singlstep transformation of =thioamides to =thio- >chloroacrylamides has
since been optnhised within the group for a wide range of substituents, offering a simple
stereoselective route to the novekchloroacrylamides in good yields and purit{€sheme2.4).” 1516
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Scheme2.4 WE A]}pueoC }%3]u]e Sthifo-¢-Chicr@acrylan}ifles

Notably, the single stepnepot SE ve(}Eu S$}kZ]}(ut < HHo-t-chloroacrylamides
converts an unreactive $gybridised t-carbon to a highly activated $pybridised t-carbon with

excellent stereocontrol and sidficant synthetic potential. As a resitihe reaction mechanisrof this

stereoselective transformatiohas been extensively investigated within our gr¢@eheme2.5).

Scheme2.5: Overview of NCS mediated chlorination pathway=tfiioamides. Mechanistic pathway
highlighted in green determined by Murpley al.,” **mechanistic pathway highlighted in purple determihe
by Foleyet al.,'” and mechanistic pathway highlighted in red determined by Cackeak?
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Chlorination of the=thioamide(i) by the first equivalent of NCS generates the chlorosulfonium ion
(i), which readily undergoes I-@imination of hydrogen chloride to generate the resulting sulfur
stabilised catior{iii). Subsequent nucleophilic addition of chloride at tkgosition of(iii) generates
the =chlorosulfide(iv). A second elimination dfydrogen chloride forms the acrylami¢é. A second
equivalent of NCS chlorinates the sulfur substituent on the acrylanfigegenerating the
chlorosulfonium ion(vi). With no =proton available to trigger elimination of hydrogen chloride,
nucleophilic addition of chloride at the-position occurs promoting chloride elimination to form the
>chloro- =sulfonium ion (vii). Further chloride addition at the=position of (vii) generates the
dichloride (viii), with subsequent elimination of hydrogen chloride producing thethio- >
chloroacrylamide(ix) in a stereoselective manner. Thethio- >chloroacrylamide(ix) can also be
generated directly through deprotonation of the~chloro- =sulfonium ion (vii). Through careful
tailoring of the reaction conditions to enhance the formation of a particular compound in the cascade,
each of the intermediate@v), (v), (viii) and (xiii) has been isolated and identifi¢d>

In the presence of an additional equivalent of NCS further chlorination of #ihio->
chloroacrylamidescaffold can occur to generate the chlorosulfonium {&h Addition of chloride at
the >carbon promotes elimination of chloride to form thexdichloro- =sulfonium ion (xi).
Subsequent chloride addition at thescarbon generates the trichloridéxii). It is plausible that
elimination of HCI from the trichoridgiii) could form the more stable=dichloride(xiii). Alternatively,
abstraction of a proton on the>carbon of(xi) can be envisaged, leading to thedichloride(xiii). To
date the trichloride(xii) has not been isolated pure and has only been tentatively assigned.

Subsequent studies by Foleyal. using'H ReactNMR and ReacttRsitumonitoring enabled direct
observation of each of the intermediates in thethio- >chloroacrylamide cascade pathway, including
those that had proved too labile to isolaté.Notably, this work highlighted the formation of a
previously unobserved reaction byproduct when the reaction was carried out in carbon tetrachloride
at 25°C, namely the dichlorosulfonium id2 [Figure2.1 and Scheme 2.5 (xi¥) Interestingly, once
formed the dichlorosulfonium iorl2 does not undergo further transformations and hence is a
competitive pathway that is a reactiod e ¢ that has impliations in terms of yield reduction.
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Thioamide (Exp6 ®  Chlorosulfonium ion (Expll
Chlorosulfide (Exp2 Dichloride (Expt8
Dichlorosulfonium ion (Expf)2 - e NCS (Expd3

Thioamide (Cal® Chlorosulfonium ion (Calll 3
Chlorosulfide (Cali2 Dichloride (Cal@
Dichlorosulfonium ion (Call2 ’ NCS (Caldg
Dichlorosulfonium Intermediate (Ca 3

30 40 50 60 70 80

Figure2.1: Reaction profileof NCS mediated transformation efthioamide6 in carbon tetrachloride at 25°C
using React NMR technoladyxperimental data are displayed as symbols and the corresponding
computationally optimised data are displayed as solid likigurereproduced from referencé’

Synthetically important was the obsenia that the chlorosulfonium ioi1 and dichlorosulfonium

ion 12 were only detectable when the reaction was carried out in carbon tetrachloride, but not in
toluene-ds or acetonitrileds.r” Therefore, the rate of hydrogen chloride elimination and the
subsequent elimination step is solvent dependant, presumably due to diffeesimcsolvent polarity.

It is postulated that in carbon tetrachloride that thesulfonium ion(iii) undergoes an additional
reaction with NCS to form the dichlorosulfonium igiv) (Scheme 2.5 In addition, itshould be noted

that an elevation of temperature to 40°C was determined to be necessary to promote hydrogen
chloride elimination from the dichloridgvii) to form the desired=thio- >chloroacrylamid«ix).t’

Cacheux also demonstrated that the acrylamide intermedi@ can be used to access
chlorosulfidegxvi)with careful control ofthe reaction conditiongScheme 2.5} Using 1.1 equivalent

of NCS in carbon tetrachloride (or in certain instances toluene) at room temperaturetthieamide

(i) is converted to a mixture of the acrylamiig and >chlorosulfide(xvi), however, these compounds
proved inseparable by columrhromatography. While the mechanism of this transformation is not
known, and requires further investigation, Cacheux hypothesised that any potential mechanism would
utilise the acrylamidgv) as the starting point. Accordingly, two mechanisms have beepgsed.
Firstly, addition ofn situgenerated hydrochloric acid to the acrylami@e could directly produce the
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>chlorosulfide(xvi). Alternatively (or in addition), the mechanism could proceed via an episulfonium
ion intermediate(xvii) formed by atta& of the electron rich sulfur atom. Subsequent ripyening by
attack at the terminal carbon gives the aMiarkovnikov >chlorosulfide (xvi). Interestingly, the
Markovnikov product,=chloro- >thiopropanamide(xviii), was also observed in this work, highlighting
the likelihood of an episulfonium ion intermediate.

As mentioned above, the protocol for the batch synthesis=tfiio- >chloroacrylamides has been
previously optimised within our grou(Scheme2.4). Notably, ] A « (}Juv 3Z § ZZ}8 %oopuvP
crucial in ensuring the efficiency of the NCS mediated chlorination cagéaa®rding to this method,
immediately following the addition of NCS, the reaction vessel was plunged into a pre heated oil bath
at the requisite temperature. By doing so, rapid heating of the reaction mixture could be ensured,
which allows optimal transformation of thesthioamide®6, to the acrylamide/, the dichloride8 and

finally the =thio- >chloroacrylamid® (seeScheme2.5). Although this protocol performs well, giving
91% vyield on a ca. 5g scale, the rapid heating reduineits the scalability of the transformation. With
poor heat transfer, less rapid transformation of intermediates occurs, giving rise to elongated reaction
times and/or higher recovery of intermediates, which consequently reduces the yield of the reactio
Considering this Dennelst al. investigated the use of continuous flow processing as an alternative
means of scale up for the=thio- >chloroacrylamide cascade, due to its improved capacity for
excellent temperature contro® Following optimisation, continuous flow processing was successfully
applied to the transformation of=thioamide 6 to =thio- >chloroacrylamide9 on a 30 g scale
(Scheme2.6). Advantageously, this method obviates the need for chromatography and affords the
final product9 on more than three times the scale that can be obtained in batch over the same
reaction time.

Scheme2.6: Optimisedscaleupof E ~ u ] § Z 0 } CE ] vthiogghidé 6 usingcontinuousflow
processing

2.1.2 Project background dZ ~CvsSZ S]] hdhwS@lofdacrylamides

=Thio- >chloroacrylamides are a synthetically versatile, highly functionalised class of compounds that
can undergo a large range of transformations due to the electronic character of their substituents.
Particularly important is the combined electronic effectstivdé amide and chloride groups, that in
addition lead to an exceptionally potent electrophilizcarbon. Due to the rich functionality
incorporated on the=thio- >chloroacrylamide scaffold several synthetically useful reaction pathways
can be envisaged,on limited to a) radical additionp) 1,2-reduction,c) [3+2] dipolar cycloadditioff,

10 d) DielstAlder cycloadditiorf,e) desulfurisationf) reductive dichlorinationg) sulfur oxidationt*12

andh) addition-substitution(Scheme2.7).14
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Scheme2.7. W}S v8] o «CvsSZ §] -higlo-¢BIQroa¢rydammide scaffold

Murphy investigated the reactivity of the=thio- >chloroacrylamides as Michael acceptors in
nucleophilic addition/substitution reactions. Conjugate addition readily occurs for a range of carbon,
nitrogen, oxygen and sulfur based nucleophii8sheme2.8).1**° In most instances, the nucleophile
replaces the chloro substituent to give mono substitution with retention of stereochemistry. Reaction
with alkoxides, however, favour a second addition which leads to the generation of acals:&°

and Kissané! extended the scope of the nitrogdmased nucleophiles by exploring their reactivity
with the sulfoxide and sulfone derivatives respectivelor ntrogen based nucleophiles, the
stereochemistry of the resulting enamine derivatives is strongly dependent amattuee of the amine
employed, the degree of sulfur oxidation of the >chloroacryamide as well as their
substituents!* 202! Notably, of all the addition/substitution reactions investigated in our group it is
only the enamine derivativesf the =thio- >chloroacrylamides that display a significant degree of
interconversion betweere and Z-isomers, with the thermodynamic equilibrium depending on the
derivatives substitution pattern'# 2021
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Scheme2.8: Summary of nucleophilic addition/substitution reactions using oxygen, nitrogen, carbon and
sulfur nucleophiles.

The synthetic potential of the sulfur negy was initially explored by Murphy with chemaselective
oxidation to the racemic sulfoxide readily achieved, a process subsequently optimised by Lynch
(Scheme2.9).121® vuu @& }( *Cv3Z 8] u 8Z} » (}E& 8Z v v§]}e-thio-3]A }A&E] 8
chloroacrylamides were examined, including the Kagan and Bolm oxiddtisimg titanium catalysis,
Lynchdemonstrated that the Kagan method affords moderate enantioselectivity (up to &3%
Chopra subsequently demonstrated that the Bolm method, particularly when using vanadium
catalysis in conjunction with Schiff base ligands, leads to improveatieralectivities (up to 71%e)

for this family of sulfur compound8.mCPBA was demonstrated to be the only oxidant to result in
oxidation of the sulfoxideto the sulfone, howeverisolation of analytically pure samples proved
challenging due to instability attributable to their significant Michael acceptor character. Kissane
circumvented this issue by adding morpholine to the crude sulfongggedring an addition
substitution process to the>amino derivatives which are readily isolable as pure compounds
(Scheme2.9).12 21
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Scheme2.9: Z u}e o 3]A v v v3]}e o 3]AthipA¢hicdaarylpmides

Kissane later investigated the diastereoselective sulfur oxidation of a ranger-thfo- t-
chloroacrylamidelerivatives containing some simple chiral amide auxiligGeseme 2.1 2!Using
Oxone® as oxidant in acetone and water at rdemperature, diastereoselectivitiesf up to 53%de

were achieved, with the highest levels of diastereoselection observed in systems constrained by
intramolecular hydrogen bonding. The effect of amideifiary on diastereoselective sulfur oxidation

is summarised ischeme 2.10

Scheme 2.10Effect of amide auxiliary of diastereoselective oxidatior=tfio- >chloroacrylamides
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Kissane also demonstrated that diastesetective sulfur oxidation of related=thio->
chloropropenyloxazolidi2-ones occurs in modest diastereocontrblowever, via a combination of
diastereoselective oxidation and subsequent kinetic resolution via selective oxidation of the minor
sulfoxide17b to the sulfonel8, diastereoselectivities of up to 94%e can be achievedScheme
2.11).1321

Scheme2.11: Diastereoselective oxidation db)¢16 with subsequent kinetic resolution

% E oJu]v EC JVvA «3]P 3]}v C D pEHhicZ chloroderylia@Ede®3, cdrfaising
an inbuilt oxygenbased nucleophile can undergo intramolecular addisastitution to generate
the oxathiin 25.2°> Cacheux further optimised the generation of h¥athiin, demonstrating how
D Pu]J@® [+ E]"Su -dhlorination methodology can be used in the synthesis of biologically
relevant heterocycle¢Scheme2.12,highlighted in red)2 Sinilarly, the 1,4thiazine can be generated
using similar condition§Scheme 2.12highlighted in blue). Crucially, it was observed that unlike for
the oxathiin series Boc protection of the amine was critical to generate=titoamide27. Extension
of thismethodology to benzothiazines and dithiins was unsuccessful.

Scheme2.12 1,4-Oxathiin and 1,4hiazine formation using NCS mediated chlorination cascade

>Cv Z A%0}E §Z ] v} % Z]o]-thioZt-€BlorGadiylarhides 4n the Dielalder
cycloaddition with cyclopentadieng&cheme2.13).% *Initial attempts to achieve cycloaddition at the
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sulfide oxidation level under thermal conditions proved unsuccessful. Activation of=the- >
chloroacrylamide scaffold toward cycloaddition was achieved through oxidation to the sulfoxide
derivatives, following which a mixture of two diastereomeric cycloadducts with negligible
diastereoselectivity was observed under thermal conditions, allveijood to excellent combined
yields. Notably, the addition of Lewis acid catalysts, such as @ @l(OTfwas observed to improve

the diastereoselectivity to synthetically useful ratios. Considering this, Lyne&xamined the
cycloaddition with thesulfide derivatives in the presence of CuGhterestingly, although the
cycloaddition occurred, albeit with prolonged reaction times, poor diastereoselectivity was observed
indicating the importance of the sulfoxide moiety in establishing diastereosetecontrol.

Scheme2.13 DielsAlder cycloadditionsf =sulfenyt and =sulfinyl >chloroacrylamides under thermal,
catalytic and microwave conditions

Kissane, later attempted to extend this methodology to #uyclic diene 2;8limethy}1,3-butadiene,
however neither thermal conditions or Lewis acid catalysis proved succés&fuhterestingly,
however, the microwave assisted Didislder cycloaddition with =sulfinyl >chloroacrylamides
proved very successful, with complete conversion to the trisubstituted aromatic adducts observed
(Scheme2.13). Extension to the less reactive $déf derivatives using microwave conditions efficiently
formed cyclohexene cycloadducts in synthetically useful yields.

Kissane explored the use of boththio- >chloroacrylamides and=sulfinyt >chloroacrylamides as
dipolarophiles in [3+2{lipolar cycloadditions with benzonitrile oxide and nitrorié<! Notably, the
cycloadditions with benzonitrile oxid&0 were highly regioselective, as well as being exceptionally
stereoselective, with the isoxazoline cycloadducts obtained as a single diasterearhen{e2.14, a).
Cycloadditions witmitrone 31 and =sulfinyl >chloroacrylamides were explored using both thermal
and microwave conditions, with similar yields achieved under both conditions, however the
microwave mediated reactionsvere advantageous due t