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Abstract

Oxonium ions ar@erceived to be hightgactive electrophiles, thtr&aryloxonium ionfave

been underutilised in synthesis despite their remarkable Staisitidy ofwork exploresovel
applications of triaryloxonium io@hapter 1 demonstrates their utility as benzyne precursors,
activated with weak bases to achieve broad functional group tadfieximog acomplementary
approacho alternativarynegenerating methods. Thisugherillustrated by their compatibility

with adiverseange ofrynophiles.

B = (o=

BF,

Inspired bythese findings, Chaptea&sessdhkeir potential application as hetaryne precursors.
Synthetic routes towards heteroarortatntaining triaryloxonium ioss well as methods to
enhance their stability awaluated/arious heteroaromatic triaryloxonium ions exhibit-fkgne
reactivity in the presence of base and aryngphiégling the firenembered hetaryne, 2,3

benzothiophyne.

@ L, o o

Beyond aryne generatithe Smith group hdmrnessettiaryloxonium iont generat¢hefirst

chira)] nonracemicand configurationally stable molecule in which the oxygen atom is the sole
stereogenic cestr This work probes the configurational stabilityf this oxonium ion by
conducting kinetic analysistioé enantienriched oxonium tmeasug the inversion barrier of

the stereogenic oxygen centre.
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1 Chapter 1: Aryne Generation from Triaryloxonium lons
1.1 Introduction

1.1.1 Trialkyloxonium ions

Oxonium ions are highly reactive electrophilic species and theftefoi@nly exist as fleeting
intermediatesHo we v e r trial kyl ox onisalts) are kineteally stalmleo wn &
and are amongst the most powerful alkylating reagents®Ridere r wei n6s r eagent
triethyloxonium tetrafluorobora®ewhich is readily prepared from diethyl ethe©Q@&#F;, and
epichlorohydrirl (Schemel).* Meerwein salts are highly electrophilic and alkylate even weak
nucleophiles, however, this reactivity also limits their utility in the synthesis of functionalised

molecules.

2 Et,0

30 Cl 4 Et,0'BF; EtOEF_ s /o
|> /] — +
3 Et3 4 < \(\OEt>
3

1 2 3

Scheme 1Sy nt hesi s of M@&er weinbs reagent

1.1.2 Triaryloxonuim ions

Triaryloxoniumons first reported bilesmeyanov and coworkers in 19&fegeneratettom
O-arylation of diphenyl ethgwith phenyl diazonium sadtsviathe loss oN, in very low yields
(2%)>°® The resuing triaryloxoniunsalts exhibitedsignificantly higherdecomposition
temperatures (>130 Cpmparedo their alkyl counterpaytas well as stability towards weak

nucleophiles such as@H(Scheme2).



. -
N, BF,

Acetone, A ©/+\©

6
(16 eq.) 2%

P T

Scheme 2:Intermolecular synthesis of triphenyloxonium tetrafluorobodatea O-arylation of diphenyl
ether5 with phenyl diazonium salds

Two years later, Nesmeyanov and cowatkensnstrated that triaryloxonium igogtaining a
dibenzofuran scaffolcbuld be readily made with significamtiyperyieldviaintramolecula®©-

arylatio.” A similarobservation was made by Hellwinkel and cowdnk&®y (Scheme 38

L 1.0
O \© O HSO,

7 8
63%

Scheme 3:IntramoleculalO-arylation to afford triaryloxonium sa&lt

1.1.3 Arynes

Arynes ardnighly reactivéentermediategenerated by the removal of two substituents on an
aromatic ringDespite being proposed more than a century ago bsn&t@ad Kahlefttheir
existence was not experimentally validated until 1953 where &abeoiworkerperformed a

1C labelling experimefit’C Labelled chlorobenze®ewas treated with potassium amide in
ammonato give a 1:1 mixture of tigseandorthesubstituted aniline$landl12respectively
providing evidence foine electronically neutral and symmetrical aryne internigi{aoheme

4.



Cl  KNH2/NH; NH,
r J a
-33°C NH;
9 10 11 12
=14c (1:1 mixture)
Scheme 4:14C labelling experiment to probe the existence of berizyne

1.1.4 Arynegeneration

In general, the synthesis afthearyne intermediates requires the removal of two vicinal
substituents on an aromatic ring. This can be achiaye@protonatiorthao a leaving group,

or ii) concurrent elimination of a neighbouring accepting group and a leavingojiempes).

Typically, monosubstituted precursors, which are activated by deprotonation, are more readily
synthesised and provide better atom economy wherdamihs?ituted precursors are activated

under milder conditions.

LG i) (strong) base | ii) actlxzétmn of g
H LG

LG = leaving group
AG = accepting group

Scheme 5:General approaches torthearyne synthesis from i) monosubstituted precursors ii} 1,2
disubstituted precursors.

1.1.4.1 Deprotonation of aryl halides

The earliest postulated arynes were reported to be generated from monosubstituted aryl halides
via orthdeprotonation with strong base, as demonstrated in the labelling experiment described in
sectionl.1.3(Schemed4). In 1902, Stoermer and Kahlert first proposed the existei2cg of
benzofuryne 14 after observing the formation a?-ethoxybenzofuranl5 when 3

bromobenzofurat3was heated in the presence of base and etBaneh{e §° The existence



of this intermediate has since been brought into quédtiomwever, its significance within aryne

chemistry persists.

Br
KOH, EtOH
(0]
13 14 15

Scheme 6:The first postulated aryrel, generated froB-bromobenzofurani3.

Requiring strong bases to generate the arynes restrict the functional group compatibility of this
precursor, prompting the development of milder methods for aryne generation to enhance its
utility in organic synthesis. Therefore, the subsequent gemnéatyoe precursors shifted focus

to the 1,isubstituted variant to reduce the reliance on strong bases.
1.1.4.2 Benzenediazonium carboxylates

For instance, in 1960 Stiles and Miller demonstrated that benzenediazonium cadoxylate
decomposed to generate benZyheathe evolution of C@and N.** Heating the precursor in

the presence of furan yielded the corresponding [4+2] cycloaddition p8idditating the
formation of an aryne intermedia#€Scheme?). However, the explosive nature of the precursor

imposes some limits its practical utility.

¢ o

18

Scheme 7:The generation and trapping with furan of benzZlyfhfeom benzenediazonium carboxylat



1.1.4.3 Aminobenzotriazoles

The generation of arynes from aminobenzotirazoles is also driven by the evolutitn of gas.
Canpbell and Rees reported that upon treatment with Pb{Carhinobenzotriazol&9 is
oxidised and subsequently fragments with the loss of two moleculés affddd benzyné&7
(Scheme 8. In the absence of an alternative trapping agent, bdayineerises to afford
biphenylen0in good yield60%) However, the explosive nature of the precursor, along with

the toxicity of the oxidising agent, limits the practicality of this method.

Pb(OAC),

N
‘\N CGH6,55°C =
OO S5 [y o
\
NH 4N,
19 17 20

60%

Scheme 8:Generation and dimerization of benzyrvdrom 2-aminobenzotrizaol&9.

1.1.4.4 The Kobayashimethod

The fluoridemediated aryne generatioethodirom orthesilyl aryl triflateeported by Kobayashi
and coworkers in 1983 represented a signifieaalopmenn the chemistry available for aryne
generatioff The precursor can be reagilgparedrom 2-bromophenoRland the use of fluoride

for activation of the precurs28allowed for compatibility with a much broader array of trapping
agentstherebyacceleratg the incorporation odrynes ito modern organic synthe¢gcheme

9)." However,the synthesis of the precursequiresorgananetallic regentdimiting the

versatility of accessible as/finem this precursor
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@E

800

22

OSiMe;

Br

i) "BuLi, THF
-100 °C
_—
ii) Tf,O
-80 °C

OTf
/ F source
>

SiMe;

23

= 0]

Scheme 9:Synthesis of Kobayashi precur@8rand the generation of benzyheusing a fluoride source.

1.1.4.5 Hexadeyhdro DielsAlder reaction

More recentlin 2012Hoye and coworkers developed 6 r e agen't

freebd

met hod

viaan intramolecular Hexadehydro Didider (HDDA) reactioff which built on early reports

from both Johnson and coworkéendUedaand coworkef&in 1997The reaction proceedis

a [4+2] cycloaddition betwea,3diyne tethered to an alkyne to giverdmbenzyneavhich is

subsequently trapped by an appropriate trapping(8gbeetmelQ. This methodology gives

access to a diverse range of complex benzenoid ptdwiltts. no external reagent is required

to activate the reaction, the incorporation of the tether in the final product/subsequent steps to

remove it imposes some limitations to this methodology.

.

4

H

~

O.

TBSO

24
o 0 0
~TBS ZX TS Z
25

N

120 °C

48h

PhMe

86%

TBS

Scheme 10HDDA aryne generation and intramolecular trappiagnsertion into the @Si Bond.



1.1.4.6 Pd(Il) -catalysed CH activation of benzoic acid

Greaney and coworkers developed a method to generate arynes usicafaBa@id €
activation from readily available monosubstituted benzoié' &itteeC-H activation of28
generates oxapalladacy2®eand subsequent decarboxylation yields palladium coordinated

aryne/metallocyclopropeB8which trimerized to form triphenylei(Schemell).

Pd(OAc),
0 Ligand O _ _
oo s Ty
PdL,
Pd !
HX /L co,
28 29

50— 10

31 30

Scheme 11The Pd(ll}catalysed @ activation of benzoic aci28 to generate coordinated aryd@ and
its [2+2+2] trimerisation produ@&l

1.1.4.7 Oni um $&admanes,-chlkranes, andodanes

A recent resurgence in the fiel d-bronfanegni um ¢
chloranes, andodanes has led to an increase in the development of monosubstituted aryne
precursors under milder conditions. The excellent leaving group ability of hypervalent halogens
facilitates aryne generation using considerably weakerthba those required for the
corresponding aryl halides. Wezdbrd and coworkers have pioneered the use of cyclic diaryl
ke-bromane®€?a n d-chlierane® to generate arynes using weak Beeeel?. While the

milder conditions allow the potential to have a broader range of substituents on thetayl ring,
resultant aryne incorporates the halogenatedrb@eyy. Thus, simple monoaryl arynes are not

readily accessible from these precursors.



9 g ]
E/) (1.2 eq.) Br ; \E/)_(ms eq.) ol
O Cs,COs (3 eq.) O : O K,CO3 (3 eq.) O
e Bl S 5 ‘j’ § LIS
Br OMs  CHyCly, 18h,rt. @ E Cl oms  CHC, 16h, rt. @

32 32 : 33 34

82% ' 90%
Scheme 12T he generation of arsypmesafhescnlarangs. ki ¢ bi aryl K

Unlikek®-b r 0 ma n é6 h la o rPaodemes havekhad widespread usegimic synthest.
However, their use as aryne precursors had been limited until the disclosure of publications from
Li,* Han?" and Stuaff*° demonstrating the generation of arynes from iodonium salts using mild
bases. Stuart and coworkexsorted the broadest functional group tolerégrcarynesusing
aryl(TMP)iodonium salts, enabled using weak base, potassium ptgdprate {8 However,

the efficient generation of aryne requires the presencemaft@ubstituted inductively
withdrawing group. Additionally, the incorporation of sensitive functional groups, such as an
alcohol37or an esteB8 occurs through tethered aryl moieties, réthe direct attachment to

the aryne, thereby limiting the range of functionality directly on the aryne ring.

K3PO4 (2 eq.)

OTs
| —_—
+\TMP

L) Q) °
/Bu /Bu
N N
\ \
O o
35 36 37 38
92% 20% 48% 68%
55°C,1h 55°C,1h rt., 24 h rt., 24 h

Scheme 13Aryne generation and trapping from aryl(TMP)iodonium salts.



1.1.5 Aryne generation from triaryloxonium ions

In 1972, Hellwinkel and Seifert treated triaryloxoniu®9saith excess Phin the presence of
D0 to yield productgtland43 which were consistent with trapping of aryne intermediates,
and17respectiveliSchemel4 ' The two proposed aryne intermediates were likely genirated
deprotonatiororthao the positively charged oxygen followed by cleavage of the neigl@ouring
O bond. Subsequent nucleophilic attack of phenylate and quenchiBgOwéfforded the
trapped aryne products in a 1.04149 distribution demonstrating poor selectivitythe

deprotonation step.

\Ph Fh
(\%i O |> D20 O b
Ph —

41

H<-  E,0,rt, 24h 44%

O g Ph—Li
20 Ph
39 —>
D

43
41% 41%

Scheme 14Generation of aryne40 and17from triaryloxonium sal39 using PhLi.

Over a decade later, Tolstaya coworkers provided further evidence in support of aryne
generation from triaryloxonium icAsTri-paratolyloxonium tetrafluoroborate sal4 was
refluxed in the presence of sodium hydroxide in water to yield bis(arfjaatdea 1:1 mixture

of paraandmetaresols47 and48 respectivelyScheme 1b The distribution of products was

consistent with trapping electronically neutral aryne interrd@dhatte water.



éF NaOH \ OH /@H
4 +
le) H,O, reflux, 15 h /E: ijL /@ /@EH OH
JONOY
44 45 46 47 48
1 : 1

Scheme 15Aryne generation fronri-paratolyloxoniumtetrafluoroborate sat4 and its trapped products,
47 and 48, with H,O.

Furthermore, triaryloxonium sdd was refluxed in benzene in the presence of weak base,
potassium acetate, and tetraphenylcyclopentadienone totetfegdenylnaphthaled® in
excellent yield (95%pdheme 15* This reaction was proposed to proceeda [4+2]
cycloaddition between an aryne intermed&éand the diene followed by rearomatisation by

extrusion of carbon monoxide.

= KOAc
BF, /@/ \©\ /©|
)©/O CeHe, reflux, 24 h
QL

44 45 46

Ph

Ph
Ph Ph
L, o
Ph Ph
Ph co Ph

50 49
95%

Scheme 16Aryne generation frontri-paratolyloxonium tetrafluoroborate sal#4 and trapping with
tetraphenylcyclopentadiermfollowed byloss of CO.
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1.1.6 Previous work within the group

Since these reports over 20 years ago, triaryloxaalisheve been absent in modern aryne
synthesislt was postulated that given their remarkable stalaildpg with the potential to
generate arynes using mild Basaryloxonium ions could be harnessed as mild aryne precursors

to broaden the scope of synthetically accessible arynes.

To achieve this,synthetic route was\adoped in the Smith groby Owen Smitto generate
triaryloxonium ions from commercially available building Bt@asylationis achievediaan

SVAr reaction where the desired aryl group can be incorporated)eititiein an aryl fluoride

bearing an electramithdrawing grauor ii) within a phenol$chemel?. It was observed that

the presence of a strong electron withdrawing grargbo the oxygen prevented oxonium
formation. Therefore,lven the O-arylationvasachieved usirB, hydrogenation and acetylation

of the nitro group was required to facilisalesequergxoniumformation. In addition, blocking

methyl groups were strategically installed to ensure selective deprotonation of the pendent aryl

rather than the & bonds on the dibenzofuran core.

1 eq.)
/@ KzCO3 2 eq /@ ‘

DMF, 110 °C, 16 h
51 52

Br

1 eq.) then Hy, Pd/C (2.5 mol%)
/C( EtOAc,rt, 16h 0 @
KzCOg 2 eq
DMF, 110 °C, 16 h then Ac,0 (3 eq.) AcHN

CHzC|2, rt., 4h
54 55

Scheme 170-arylationvia SyAr with i) an aryl fluoride bearing an electron withdrawing group or ii) a
phenol.
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The biaryl bond, whiatonnectshe aniline moiety, tiseninstalledriaa SuzukiMiyaura coupling

with aniline containing pinacol bor&6é* The key bond disconnection to generate the oxonium

tetrafluoroborate sai9or 60 can be achieved by diazotisatiotheaniline 57 or 58 followed

by loss of Mand intramolecul&@-arylationSchemel8§."®

JoQCRPeS

52

BPin
NH,
(1.5€eq.)

HBF4 (48% aq., 5 eq.)

56
Pd(dppf)Cla(5 mol%)

Br
ﬁ?(o
AcHN
55

Na,COj (4 eq.) NH, BUONO (5 eq.)
> o >
PhMe/H,0 (1:1) O 0°C, 15 min
95°C, 16 h R then r.t. 36-48 h
57 R =Me
58 R = NHAc

Scheme 18Synthetic route to triaryloxonium salts frbm@ryl) ethers.

59 R =Me
60 R = NHAc

Furthermore, ra optimised set of conditions to genemymes under mild conditiongas

developed. Upon treatment watlveak bas@otassium phosphate,acetonitrile triaryloxonium

salt6lgeneraidan arynavhich was subsequently trapped by furan téGgiwveexcellenyield

(9799 (Schemel9. Notably, the use of weak base allows the reaction to proceed under air without

additional dryingf the solvent making it operationally simple.

furan (5 eq.)
K3PO4 (5 eq)

o or QI
0 MeCN, rt., 16 h
o

61 62
97%

NO,

Scheme 19The generation and trapping of a benzyne from triaryloxoniur6lsaith furan.
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1.1.7 Project aims

This project aimed to use the synthetic routes developed within the group to generate a broad
range of triaryloxonium salts. Subsequently, we would assess their potential to generate the
corresponding arynes under the ambient conditions outl®eteimelQ It was envisioned that

this might developraethod complementary to existing aryne literature, benefitting from the mild
conditions employed for both oxonium synthesis and aryne generation. This approach aimed to
accommodate sensitive functional groagdressing limitations present in other aryne generation

methods.

1.2 Results and discussions

1.2.1 Synthesis obis(aryl) ethess

To achieve this goal, we initially set out to syntbexiseyl) etherusing the two synthetic routes
described in sectidh1.6 Pleasingly, a broad range of aryl fluorides beativgand para
substituted electron withdrawing groafisrdedthe correspondiniis(aryl) etherin moderate

to good yieldScheme20).

* The full scope has been added for completeness and substrates synthesised by Owen Smith are labelled within
schemes. Full details of their synthesis will not be included in the supporting information.
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1 eq. )
/@( K2CO3(2 eq.) /C( \‘

DMF, 110 °C, 16 h

51 52
T T o T O
NO, NHAc o o Cl
63* 64*8 65 66* 67+
92% 83% (3 steps) 35% 57% 47% (3 steps)
8 2 NO, CN OMe
: “S0,Me \©\/°H \© \© \©
68* 69*2 70 71* 72%4
32% 57% (2 steps) 89% 51% 24% (3 steps)

Scheme 20:Synthesis olbis(aryl) ethers from electron deficient aryl fluorides. *Synthesised by Owen Smith.
' Synthesised using a modified procedure.

Furthermore, a range afthg meta andparasubstituted phenols reacted witArrecursob3

under basic conditions to generate {titnataining ls@ry) ethersn moderate to very good yield
(Scheme2)). To furtherdemonstrate the broad applicability of the route to triaryloxonium salts,
we subjectethe antinflammatory dru@iflunisal86 and natural product Capsaigiito the
synthetic route antb afford the correspondindpis(aryl) ethers85 (40%) and 87 (84%)
respectivelyl he diflunisal adduct was modified by esterification of the carboxylic acid to prevent

deprotonation upon treatment with potassium phosfhate.
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1 eq.)
KZCO3 (2eq.) /f:( \‘

DMF, 110 °C, 16 h

53 54
SR o e I )
CO,Et Ph \© O
73 74 75 76* 77*
69% 73% 73% 75% 79%
’:e ) Fe - \©\/\ \©\/\

\©/ \©/ CO,Me CO,Me

78* 79* 81 82

57% 76% 88% 65% 79%

O _O"Pr Os_OH

A
Cheon T QL = O

83 84 85 86
66% 78% 40% Diflunisal
< HO I
H N
\D\/HW\ from ~ D\/NW\)\ fé‘\@/ =
O (6]
5 5
0 (0]
89
84% Capsacin 32%

Scheme 21Synthesis of bis(aryl) ether oxonium ion precursors from the corresponding phenols.
*Synthesised by Owen Smith

1.2.2 Triaryloxonium salt synthesis

The bis(aryl) ethers were then subjected to S¥gwkira coupling followed by diazotisation to
generate the triaryloxonium salts. Using the bis(aryl) ethers derived from aryl fluorides, the cross
coupling reactions proceeded in moderate to very gobd4Ees82%) while the oxonium
formation from the aniline intermediateas generally achieved in higher yield {85%)

(Scheme22).

15



BPin

i) NH;
(1.5eq.)
Pd(dppf)Cly (5 mol%) i) HBF4 (48% aq., 5 eq.) S
B NayCOj (4 eq.) 'BUONO (5 eq.) O 4
o) - NH; -
> > +
/@; PhMe/H,0, 95 °C, 16 h 0 CH,Cl,/IPA O
rt., 36-48 h O
52 57 59
NHA cl
NO; ¢ 0 0
90*, 61* 91*, 92* 93*, 94+4 95*, 96*4 97*, 98*
63%, 65% 46%, 92% 43%, 80% 74%, 87% 74%, 87%
& 2 NO, CN OMe
: “S0,Me \©\/OH \© \© \©
99*, 100* 101*, 102* 103*, 104" 105*, 106* 107*, 108*
72%, 77% 82%, 73% 64%, 85% 67%, 69% 54%, 95%

Scheme 22:Synthesis of triaryloxonium tetrafluoroborate salts. Yields are denoted X% -(Siyawka
coupling), X% (oxonium formation) *Synthesised by Owen SiBbneratedviaa triazine to prevent
condensation of the aniline moiety with the carbonyl groups.

The modified route containing additional steps to transform a nitro groupl iatmetyl group

was applied to the bis(aryl) ethers generated from phenolic starting ‘GakenaésZp Smooth
reduction of the nitro groups to the corresponding anilines followed by acetylation was observed
for all the substrates and resultant amides were used crude without further purification in the
SuzukiMiyaura coupling. Therefore, the yield forahiéine formation is reported over three

steps.
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i) Pd/C (2.5 mol%), H, (1 atm)
EtOAc, rt., 3 h

Br ii) Ac20 (3 eq.) O HBF (48% aq., 5 eq) -
o CHoCly, rt, 3 h NH, BUONO (5 eq.)
o -
ON BPin O CH,Clo/IPA +0
2 -
iii)) NH, ACHN r.t., 36-48 h O
1.5eq. AcHN
54 ( ) 58 60
56

Pd(dppf)Cl, (5 mol%)
Na,COj3 (4 eq.)
PhMe/H,0, 95 °C, 16 h

c. o v S «E

109, 110 11, 112 113, 114 115%, 116* 117%, 118*
59%, 66% 38%, 74% 63%, 82% 66%, 72% 87%, 64%
f } ’:‘) - ’:r‘ ’f\@\/\ £\©\/\
=
\©/ \©/ CO,Me CO,Me
119+, 120* 121%, 122* 123,124 1255, 126 127,128
68%, 68% 88%, 62% 54%, 55% 50%. 73% 55%, 74%
Os_0O"Pr
S < S . £
CO,Me < - D\/H
L :
F o
129, 130 1314, 132 133, 134 135, 136
98%, 78% 52% (2 steps), 84% 45%, 43% 41%, 86%

------------------------------------------------- unsuccessful substrate *===========-==-c=cccccccccccccccooccooooooooone

|

:"‘)\@/N\
137,138
62%, 0%

Scheme 23:Synthesis of triaryloxonium tetrafluoroborate salields are denoted X% (yield over three
steps, i, ii, iii), X% (oxonium formatiomMSynthesised by Owen SmithGenerated using a modified
procedure.

All the bis(aryl) ethers, with the exception89fformed the corresponding anilines and
subsequently oxonium salts in moderate to very goodSgiedang 2R On average, oxonium
formation proceeded in slightly lower yield compared to those derived from aryl fluorides.

modified procedungaan iron mediated reduction8ifwas required to ensure selective reduction
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of the nitro group® Furthermore, to prevent sulfur poisoning of the palladium cHtétgst,

reduction o84 was also achieved using iron instead of pallatiraniline derived from 3

(dimethylamino)phend37was unsuccessful in forming the corresponding triaryloxsaltum
138upon diazotization. This could be a result of the nucleaptdigenlone paireactingvith

the diazonium.

1.2.3 Arynesscope

Having synthesised a broad range of triaryloxonium salts, we subjected them to the optimised
aryne trapping conditions developed usingdhaitro oxonium61with furan as the model
arynophilecheme24). Pleasingly, almost all the substrates gave the desired furan [4+2] adducts

in excellent yield.

Several tricycles containpagasubstitutecdarbonykontaining functional groups were afforded
including amidel39 (91%), ested40 (94%), ketonel41(96%), and aldehydet2 (93%)
respectively. The chlotd3(94%) and sulfoxide44(94%) products were also obtained in very

good yield. The use of weak base facilitated the generation and trapping of an aryne with furan
bearing a free OH group to gihin excellent yield (96%). The tricycle with a pendent aryl group
146was also obtained (86%). The unsubstituted va8arg#ts generated with a slightly lower

isolated yield (81%) due to the volatility of the product.
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O BF4 furan (5 eq.)
K3PO4 (5 eq)

0 e (B
O ¥ MeCN, rt., 16 h

R
PO OO
NO, NHAc CO,Et Z
622 139%" 140° 1417 142"
97% 91% 94% 96% 93%
'Is 'i ~Cl 'l: l “SO,Me “\/‘ac OH "= ‘G Nph .@O
143" 1442 145" 146° 18°
94% 94% 96% 86% 81%

Scheme 24:The generation and trapping of benzynes with furan from triaryloxoniuma&aberation
from oxoniums where R = MéGeneration from oxoniums where R = NHAc. *Synthesised by Owen Smith.

A range oforthesubstituted arynes were also compatible with the condgidmsme 2h
Notably, orthenitro [4+2] addct 147 was obtained in very good yi€81%), where the
correspondin@rthesilyl triflate precursor undergoethiaFries rearrangement upon treatment
with fluoride® In the presence of potassium phosphatkfuran thertheyano147(97%),
methyl149(95%) methoxyl 50(98%), and naphthib1(97%) products were isolated in excellent

yield.
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O BF, furan (5 eq.)
KsPO, (5 eq.)

%) e (I
O * MeCN, rt., 16 h

R

o5 o5 00 e o

147 148 149" 150" 151%"
91% 97% 95% 98% 97%

Scheme 25The generation and trapping of benzynes with furan from triaryloxoniuma&ateration
from oxoniums where R = MéGeneration from oxoniums where R = NHAc. *Synthesised by Owen Smith.

Severainetaubstituted oxoniums probed the rsgiectivityf the reaction. The fluoemdCF;
oxoniums,120and 122respectivelyexclusively gave the cycloaddition prodi&2¢80%) and
153(84%). The reverse regiochemistry was observed for the oxonium beataeythutyl

groupl24to givel54(87%) Scheme 2k

The more densely functionalisedlunisal and Capsaicuterived oxoniumsl34 and 136
respectively, also proceeded to form the desired prb8d@8%) and 58(31%). Difficultien

purification were attributed to the lower isolated yielbtor

The oxonium bearing paraCH.CO.Me group 130 was unsuccessful in generating the
corresponding tricycl®9 This is likely due to preferential deprotonation at the benzylic position.
The analogous oxonium with an additiona} @t separating the ester and aryl gii2
successfully gave the desired prabhin 54% yield. Additionally, the oxonium containing the
nucleophiligparaSMe groud32also failed to generate the corresponding trit§01d his is

potentially attributed to preferential revétgtof the sulfide with the aryiie.
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O BF, furan (5 eq.)
K3PO4 (5 eq)

() e (P
O * MeCN, r.t., 16 h

R
F CF;
.
152b" 153" 154° 155°
80% 84% 87% 86%

Os_O"Pr
OMe

0. 00 By

156° 157° 158°
54% 88% 31%
-------------------------------------- unsuccessful substrates ------=====-ccccccceaccccocccaaaaaaan
PO . QO
159° 160°
0% 0%

Scheme 26:The generation and trapping of benzynes with furan from triaryloxoniumagab®eration
from oxoniums where R = MéGeneration from oxoniums where R = NHAc. *Synthesised by Owen Smith.

1.2.4 Arynophile scope

We then sought to explore the versatility of these aryne precursor by varying the nature of the
arynophile. A range of trapping agents successfully yielded the corresponding trapped products

upon treatment with oxoniums in the presence of potassium phosphbatenitrile.

6,6Dimethylfulvene underwent a [4+2] cycloaddition evitinitro oxonium104to give the
tricycle 161 (59%)° N-Diphenylnitrone reacted withrthecyano oxoniuml06 via a [3+2]

cycloaddition to yield bicycl®2 (71%):* 3,4Dihydro-2H-pyranreactedviaa formal [2+2]
cycloaddition witlorthenitro oxonium104to afford163in excellent yield (92%)Benzyl azide

underwent a [3+2] cycloaddition with oxonilifto givel64in 84% yield® Anthracene reacted
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with the precurso8lviaa [4+2] cycloadditioto give nitresubstituted TriptycenE55(83%)

(Scheme 2y*

O BF4 trapping agent X

KsPO, (5 eq.)
O _——
O * MeCN, r.t., 16 h v
R
R = Me, NHAc
: : NO
N02 H Ph CN ' H 2
/ 104 : 4P 106 : 0 104 O\ __:
R 1 ' Ph—N+ —_— ' | R
< : o Ph—N :

: s : B

: © : H
161* : 162* : 163*
59% 71% 92%

N : O,N ' NO,
14 NG : 61 : o 104
P > \ . > , —_ z
o N A : : )\)
{ : b : S

P LI °
164 ' 165* ' 166*
84% 83% 94%

Scheme 27:Trapping of arynes generated from triaryloxonium salts with trapping agents. *Synblyesised

Owen Smith.

Orthenitro oxonium 104 also reacted witnucleophiles imidazole amdmethylaniline to

exclusively givaetaubstituted regioisomdr87(87%) and.68(74%) respectively. Furthermore,

oxonium 114reacted with enamink69to form an imine which, upon hydrolysis, yields

cyclohexanon&70containing a quaternary stereocenter in 71%°y@ldlohexene underwent

an AldefEne reaction with oxoniufi®4to yield171(62%)(Scheme 28*

The aryne generated frdr4reacted with bisfuraki2viaa tandem [4+2]/[4+2] cycloaddition
to give exgexepolycycle173 (47%) 1,3Dimethyt2-imidazolidinone(DMI) reacted with

oxonium104to give sigma bond insertion reaction protledin moderate yield (37¥%®9cheme

2 &_48
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O BF4 trapping agent

K3PO, (5 eq.) X
O _——
O + MeCN, rt., 16 h v
R
R = Me, NHAc
NO2 E N02 EBI’] 0
H 104 H : H 104 H v NH 114 Ph
N ' : CO,Et
I > — H N\ — H COZEt—>
/ . “ "“Ph ~ '
N (/\ N : N :
= : bh :
167 ' 168 ' 169 170
87% 74% 71%
NO, § OO 5 Me O NO,
104 H ; 114 ; ? 104 N
@ O : : MeNJ{NM &
. . e
YT ey DO w
D=/ \= g : Me
H A :
171 172 173 174*
62% 66% 37%

Scheme 28:Trapping of arynes generated from triaryloxonium salts with trapping agents. *Synthesised by
Owen Smith. See supplementary information for the synthes69ahd172

1.3 Conclusionand future work

Two routes developed within the group have been applied to a broad range of phenols and aryl
fluorides bearing electron withdrawing groups to generate triaryloxonium salts in good yield.
Through treatment with weak base, these oxoniums serve as exyabemregursors,
exemplified by their efficient trapping with a broad range of arynophilesmetinal
demonstrates tolerance for a broad spectrum of functionalised arynes, beyond that of any existing
method in the literature, and thereby expanding rikieeyg potential of aryndsuture work

would bok to develop a more convergeynthetic route tthe aryne precursors along with

determining whethetherhetarynere accessihlsingthis methodology.
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2 Chapter 2: HetaryneGeneration from Triaryloxonium
lons
2.1 Introduction

Hetarynes descrilmethalehydroaromatic compounds containing a heteroatom in the aromatic

ring. Compared to arynes, hetaryne generation poses a greater challenge due to enhanced ring
strain, side reactions with nucleophilic heteroatoms, and increased complexity in syminesis of t
precursors, thereby limiting their development and practical*?utliiypetheless, new
methodologiesn aryne generatidhroughout the last century has enatiledsynthesis of a

variety of hetarynes.
2.1.1 Computational model for hetaryne energy

In 2012, Paton, Houk, Garg, and coworkers conducted a computational study to predict the
synthetic utility of hetarynes by calculating arene dehydrogenatios*tb@miecomparison

with experimentally validated hetarynes, a useful model for predicting the feasibility of generating
various hetarynes was establisbeldgme29). When thealculated energsas less than 115 kcal
mol*the aryne was readily generated. An energy difference @ kbal mdlsuggested aryne
generation is possible but challenging. An energy difference greater than 130 \eal mol

indicative of an energetically inaccessible aryne.
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Energy difference = <115 kcal mol™

O o o
N
N
N N
3,4-pyridyne 175 benzyne 17 6,7-indolyne 176

101 kcal mol™! 104 kcal mol™! 101 kcal mol™

Energy difference = 115 - 130 kcal mol™”

an 0 0
S S S
2,3-benzothiophyne 177  2,3-thiophyne 178 3,4-thiophyne 179

120 kcal mol™ 121 kcal mol™ 129 kcal mol™

Energy difference = >130 kcal mol™

cy o Q9

2,3-indolyne 180 2,3-benzofuryne 14  1,2-indolizyne 181
140 kcal mol™ 149 kcal mol™ 134 kcal mol™

Scheme 29:Examples of calculated dehydrogenation energy of various hetarynes from a computational
study. Energy of dehydrogenation = (energy of aryne + energy) 6f(einergy of parent arene).

In general, the model predictsmmembered hetarynes, such ap@idynel75and 6,7indolyne

176 to be energetically accessible (<115 kcé) witle fivemembered hetarynes, for example
2,3indolynel40and 2,3enzofurynd 49 typically fall within the energetically inaccessible region
(>130 kcal md). However, the fivmembered thiophyneks/7 178 and179 arepredicted to be
accessible but challenging to form-3Gkcal md). This is likely due to the longe8bond

length providing a degree of relief in ring strain.
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2.1.2 Experimental evidence for hetaryngeneration

The inherent reactivity of hetarynes means observing these apedtlerefore proving their
formation is challenginj.Determining whether a reaction procegda hetaryne is typically

looked for in the distribution of products it forms with trapping agents whose reactivity with
arynes is knowiowever, interpreting these results requires caution, as products may also arise

through alternative mechanisms.

For example, the nucleophilic substitution of heteroaromatics can practheede main
mechanisms. Firstly, the eliminaaddition mechanism, which proceedis a hetaryne
intermediatd 75to give a mixture of regioisomel83and184(Scheme30).125*Alternatively
183can be formed through an additelimination reactiomiaan anionic intermediafie85
(Scheme 30).125°5* Nucleophilic substitution can also occur through an abnormal addition
elimination mechanism where a nucleophile @dds a leaving group, followed bine

elimination to afford the produt88(Scheme 3)**52

Elimination-addition

(X _ Nu

\n H/\Base \\ H-Nu X N Nu
() — () — ) - C

N N

182 175 183 184

Addition-elimination

N Nu

—_—
| &

~Z

N

X |:é Nu

182 185 183

Abnormal addition-elimination

H Nu
H-Nu Nu
S Br
(e} S S
02 02
187 188

2

186

Scheme 30:Mechanisms for nucleophilic substitution of heteroaromatic compounds.
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Therefore, observation of the expected product of a nucleophilic substitution reaction of a
hetaryne is not considered sufficient evidence of the reaction prodaaualizwyne intermediate.
Both cycloaddition reactions with conjugated dienes and isotopic labelling experiments are more

informative, though not without their own limitations.

Efforts to directly observe hetarynes have been MachandLeroiprovided evidence for 3,4
pyridynel75generation when they irradiated@ddine dicarboxylic anhydriti89in a N
matrix3® The resulting IR spectrum showed a peak at 208%xlcaracteristic @hn aryneC-C

triple bond $cheme31).>*

O
(j:io A > 340 nm Z
N~ Ny~
(¢}
189

175
IR wavenumber:
2085 cm™"

Scheme 31lirradiation of189led to observation of a peak at 20851cm the resulting IR spectrum,
suggested to be due to the proposed hetaryne intermédite

2.1.2.1 2,3Benzofuryne

As discussed Bhapter 1 the first proposed aryne intermediate walsepBfurynel4when
Stoermer and Kahlert observed the formatior2-ethoxybenzofurarl5 after heating -3
bromobenzofurai3in the presence of hydroxide in ethaBochéme32 i)? However, the
existence of this high energy intermediates been disputed and an alternative voade
additionelimination reaction with tracéddmobenzofuratt90has been proposeSaheme32
ii).** Furthermore, the calculated energy of dehydrogetwmfmm 14was reported to be 149

kcal mal, supporting the unlikelihood of its generation and trappingl&&m
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KOH, EtOH [m] ©\/\>—oa
0

15

KOH, EtOH . _B
o OEt o

191 15

@
@G

Scheme 32i) The first postulated aryne, generated frofar@dnobenzofuranl3 and ii) a proposed
alternative additioelimination pathway from-Rromobenzofurai90to explain the observed reactivity.

2.1.2.2 Cumulenes: 3,4hiophyne, 3,4pyrrolyne, and 3,4furyne

The generation of 3thiophynel79 3,4pyrrolynel92 and 3,4urynel93 requires the removal
of orthesubstituents arourasingle bond, leading to the formation of cyclic cumulgdesnie
33. These intermediates, characterised by three consecutive double bonds, and are isoelectronic

with the corresponding Zy@tarynes and are often collectively referrechitaynes.

R
S, N O
) VY
179 192 193
3,4-thiophyne 3,4-pyrrolyne 3,4-furyne

Scheme 33:.Cumulenes: 3;thiophynel79 3,4pyrrolynel82 and 3,4furyne193

In studies by Wong and coworkers, the generationluétagnes frorarthesilyl aryl iodonium

triflates was investigated. The precursor fah®ghynel94was treated with potassium fluoride,

and in the presence of a large excess of arynophiles such as furan, the corresponding trapped aryne
products were formed, albeit in low to moderate yi@tig] Scheme34, i)>* This outcome

indicated the presence of-By#phynel79as a reactive intermediate. Similarly, the precursor for

N-Boc protecte®,4pyrrolynel96 in the presence of potassium fluoride and excess arynophiles,
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formed products consistent with a@ydrolyne intermediale’9 however in very low yield (1
2%) Scheme34, ii)>* When the equivalent precursor forfB¥nel99was subjected to similar
conditions in the presence of dienes, none of the desired\B&lproducts were observed

(Scheme34, iii) >’

KF 0
L} 18-crown-16 s E/) | S
. > _ = /
" Messi CH,Cl, [ IT/)

I~oTt
PH
194 179 195
31%
0 0
OBu o) 4
y KF o) . D yo Bu
N 18-crown-16 »’OBU | / N
i) M - | N — [
Me;Si CH,Cl, W/)
/I\OTf
PH
196 197 198
1%
% o v,
| 18-crown-16 o / | 0,
if) P —x— | [y | > /
MesSi CH,CI />
/1=oTf 212
PH
199 193 200

Scheme 34:Studies into the generation and trapping with furan of i)h8ogphynel79ii) N-Boc protected
3,4pyrrolynel97and iii) 3,4furynel193

The trend of reactivity is consistent with the calculated energy to generate eacti \kicinyne,

in turn, reflects the ring strain anti€eroatontond lengths in the parent &wsgicompounds?

2.1.2.3 2,3Thiophyne and 2,3benzothiophyne

Several attempts have been made to generate andtiregpBy®1el 78and 2,3enzothiophyne

177intermediates. Howeversome instancemechanistic studies reactions yieldirgoducs

29



consistent with hetarymetermediatefiavereveatd alternative pathways responsfblethe

observed reactivity.

For instance in 1961, Wittig and coworkers hdag€8iodothiopher2-yl)mercury201with
tetraphenylcyclopentadiendadorm tetraphenylbenzothiophe®@3(Scheme35).> Initially, a
DielsAlder cycloaddition with 2{Biophynel78andtetraphenylcyclopewianonefollowed by
elimination of carbon monoxide was proposed as a potential mechelnesneds i). However,

a mechanistic investigation indicated that the more likely pathway involved the thermal
decomposition oR01to 3iodothiophene204 followed by a [4+2] cycloaddition with 3

iodothiophen®04(Scheme35, i) °

S F»%

Ph

| s Ph |
JHHI ———— —
Q-)E 240 °C Ph

S H ph PH  pph
201 ii) S 203
RN Q

Scheme 35:Proposed mechanistic pathways for the transformati@®bfo 203 viai) 2,3thiophynel78
and ii) 3iodothiophene204

In 1976 Reinecke and coworkers proposed the generationtlubgh@nel78from the
thiophene cyclic anhydride5(Scheme 3§ In a flow vacuum thermolysis reaciiBwT) in

the presence of a large excess of thiophene, benzothip@hisnebtained in 59% yield which

was proposed to formaa [4+2] cycloaddition witt/8followed by elimination of sulfur. Other
trapping agents were also successfully converted to corresponding products under similar

conditions to give the desired aryne trapped products in very low to moderat@Afeld (1
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Scheme 36:Generation and trapping with thiophene of-thidphynel78from 205

In 1981 Reinecke and coworkers conducted a similar study in which benzothiophene cyclic
anhydride 208 underwent a flow vacuum thermolysis reaction with thiophene to give

dibenzothiophen210in 35% yield

S

5500 | =~ 0 T

208 177 210

35%

Scheme 37:Generation and trapping with thiophene of-Behzothiophynd77from 208

Recently in 2013, Perez and coworkers attempted to gendtatplzyBel78usingorthesilyl

aryl triflate precurs@11(Scheme 38°% Treatment o211with caesium fluoride in the presence

of tetraphenylcyclopentadienaféordedtetraphenylbenzothiopheB63 While the formation

of 203 was consistent with the generation ofttidgpbhyne 178 a detailed mechanistic
investigation proposed a more likely pathway involving a ketocarbene inte@fh2diate
Furthermore, wheBl1l1lwas treated with caesium fluoride in the presence of other dienes, the

cycloaddition products, typical of proceediagn aryne intermediate, were not observed.
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Scheme 38:Proposed mechanistic pathways for the transformatid@ilbtfo 203 viai) 2,3thiophynel78
and ii) theketocarben®12

2.1.2.4 4 5Pyrimidyne

Similaly to thiophynes, there has been limited research into the existence and reactivity of
pyrimidynes. In 1968, Van Der Plas and coworkers conducted a deuterium labelling experiment
to explore whether 4gyrimidyne intermediagi5was generated in the amination of bromo
pyrimidine214using potassium amide in ammaoB&éme39) % If the reactiorproceedsiaan

aryne, deuterium should not be incorporated in the aminated product while an addition
elimination mechaniswa217 should result in deuterium incorporatidrerefore, the complete

absence of deuterium in the prodiidisuggested the aryne pathway was more likely.

via aryne
Bu
)\ Bu
’\t/ N N H 100%
[ S
BU 649 NT 'kN/ "
D
N KNH,/NH3 215 2
|k _ —_— 216
N Br -75°C Bu 50% yield
214 N D
m- Br
N NH,

217
via addition-elimination

Scheme 39:Proposed mechanistic pathways for the aminatid@iléwith KNH2/NH 3.
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In 1992, Promel and coworkers also reported the generatiopyrimi@yne intermediafd 5

viathe oxidation of tetrazoB 8using lead tetraaceta®elfeme 40°° This was evidenced by the
formation of DielsAlder cycloaddition producgl,9and22Q in the presence of dienes, furan and
tetraphenylcyclopentadienarspectively. Analogous to the trapping ethZophynel78and
2,3benzothiophynel 7742 achieving moderate yields of the desired products required a

substantial excess of trapping agent, indicativemfrggbdynes being high energy hetarynes.

)I\ Z
Bu” N
N
L o] 347y
t )\ ~ N' ¢ )\\ 7 i °
Bu” N \ Bu N Ph
NH, X Ph
218 215 5 M * co

t,
Ph Bu N Ph
e 20
Ph 24%

Scheme 40:Generation and trapping of 4pyrimidyne215from 218using Pb(OAx) *Variation of yield
based on the eq. of furan.

Garg and coworkeettempted to generate pyFimidyne fronorthesilyl arytriflate 221upon
treatment with a fluoride sour@clieme 41°° However,221readily underwent thiaFries
rearrangement in the presence of fluoride to &f#tahd no products consistent with formation

of an aryne intermediate were observed.

trapping agent /\/E )

oTf CsF 222
N& N - 0%
Z o
N SiMe3 MeCN,6O C
221 F O OH
—— 2 | — O
SIEt SO,CF3
F
223 224
thia-Fries rearrangement 75%

Scheme 41Attempted 4,5yrimidyne generation fro@2land the observethiaFries rearrangement.
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2.1.2.5 2,3 and 3,4Pyridyne

In the computational study by Paton, Houk, Garg, and coworkegrgri®yhel75and 2,3
pyridyne225were the only hetarynes (where the heteroatom resides in the same ring as the arynic
bond) predicted to be readily generdfedtably, 3,4yridynel 75101 kcal md) was calculated

to be slightly lower in energy than benZyh@ 01 kcal mad), whereas 2f3/ridyne225was
calculated to be slightly higher (105 kcal)ri@theme42). These calculations are refledtgd

the extensive studies exploring the synthetic utility of pyridynes, as well as their reported formation

viaa broad range of aryne generating methods.

4 N
< | L,
N N

3,4-pyridyne 175 benzyne 17 2,3-pyridyne 225
101 kcal mol" 104 kcal mol! 105 kcal mol!

Scheme 42:Calculated energies of dehydrogenation op@ridynel75 benzynel7, and 2,3pyridyne225

3,4Pyridyne 175 can be generated from a range of methods for example: the thermal
decomposition of diazonium carboxyl&26°’ treatment of dalopyridine227 with strong
basé?® the oxidation oN-aminotriazokpyridine228with lead tetraacetatézrignardexchange
and eliminationusing 2bromo4-(phenylsulfinyl)pyridin@29° and the fluoridenediated

elimination obrthesilyl pyridine triflate230(Scheme43).”

0s_0 Os..Ph
. N=N ~s SiMe;
N~
| X N, N Cl X NH, | X Br | X OTf
N N N N N
226 227 228 229 230
Thermal Strong base Oxidation Grignard F source
decomposition insertion

Scheme 43:Examples of 3pyridyne precursors and their methods of activation.
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Furthermore, 2;Byridyne225has also been reportedly forrfrech a variety of precursors such
as lithium halogen exchange using-diRaBide pyridin@31’> deprotonation of -Balopyridines
232 (with strategic blocking groups to preventp@riélyne generatiotf)oxidation of N-
aminotriazolgyridine233with lead tetraacetafend fluoridanduced elimination afrthesilyl

pyridine triflate234(Scheme 447

Me

N Br SN Br X N\ N SiMej;
N N~ N N~ ~oTf
NH;

N Cl
231 232 233 234
Lithium-halogen Strong base Oxidation F- source

exchange

Scheme 44Examples of 3pyridyne225precursors and their methods of activation.

Notably, theorthesilyl pyridine triflate precurs@30and234are commercialpvailablelueto
their broad functional group tolerarfaesulting in their application in the synthesis of complex

molecule®

2.1.2.6 Arynes fused to a heteroatorgontaining ring

Arynes in which the triple bond resides in a ring fused to a heteroataiming ring are
commonly categorised as hetarynes. The effect of the heteroatom on the energy of the hetaryne is
diminished when it is located outside the ring containing the mowdi® This facilitates the

efficient generation and trappinghesenetarynesliminating the need for a substantial excess

of trapping agent and expanding their syniinitg.

In this domain, 4;55,6, and 6,4ndolynes235 236 andl76respectively, have emerged as the
most extensively employed hetary@sethdgme 4% and early reports provided experimental
evidence for the formation of these intermediaf&sarg's advancement of the Kobaybagie

precursors significantly enhanced their efficiency, rendering them valuable intermediates in the
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total synthesis of complex moleclf&Garg and coworkers also developgtiesilyl aryl

triflateswhich serve as efficient-4@énzofuryn®37and 6,#thiophyne238precursor&>

R
/ /
D D o D O
3 e SN

235 236 176 237 238
4,5-indolyne 5,6-indolyne 6,7-indolyne 4,5-benzofuryne 6,7-thiophyne

Scheme 45:Arynes fused to a heteroatarontaining rings.

2.1.3 Project aims

Having established triaryloxonium ions as excellent mild aryne precursors, our next endeavour
aimed to explore their potential utility as hetaryne precursors. Heterocyclic compounds are present
in more than 90% of new drdgsherefore, unlocking the unique reactivity offered by aryne
intermediates could prove invaluable in devising new approaches to functionalise heterocycles. W
proposed leveraging triaryloxonium ions' compatibility in forming arynes witHuhetisel

groups to improve the efficiency of hetaryne generation and to access novel hetarynes.
2.2 Results and discussion

2.2.1 2,3Pyrazyne

In the pursuit of generating novel hetarynegy2azyn40was initially targeted as a potential

aryne that could be accessible from triaryloxonium Soshenje 4% Pyrazines have been
extensively used across various industrial sectors, including pesticides, insecticides, dyes, and
pharmaceutical$ Hence, devising new methodologies to functionalise pyrazines could hold

significant synthetic value.
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2,3-pyrazyne

Scheme 46:Target 2,3pyrazyne240generation from oxonium ions.

A route was devised to generate the target pyrazine triaryloxoni@di ising a pre
functionalised biaryl precurs®3 (Scheme 4} Utilising the reactivity of chloro/fluocro
pyrazines with nucleophildaSiAr reaction$§? O-arylation might be achieved using a phenolic
precurso43 Howevermodification of the aniline functional group to preieatylation was
therefore alsmecessary. Similarly to the benzyne precursors, methyl blocking groups were
introduced for selective deprotonation of the pendant aryl. We proposed that, if an appropriate
precursor could be synthesised on scale, triaryloxonium ions could be syvithegise

convergent route potentially increasing their practicality as aryne precursors.

blocking groups to
ensure
deprotonation of
endant aryl
p . 4 synthetic handle to
............. . facilitate SyAr reaction

e ’
aniline REEETEe .
synthesis Y SnAr

~ Na
T ) — A Lo T
N/ “‘.

e T e

241 242 243 244

modificaiton of the aniline to
ensure selective O-arylation

Scheme 47:Design of a convergent synthetic route towards pyrazine triaryloxonium ion pr@ddrsor

A nitro-group was chosen as an appropriate functional group that could undeigoeaTiHon
without reacting with the electrophilic heterocycle and could be readily reduced to the desired

aniline followingd-arylation. Nitrephenol248 was synthesised by oxidation of br@mitine245
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usingmCPBA to afford nitrdoenzen@46in 62% yield® Pinacol boran247was then generated
viaa SuzukMiyauracoupling and used crude assuming full conversion in theaurpbsg

reactiorwith phenoR48to give the target molec@i8 in 45% yield§cheme48).3*

B,Pin, (1.5 eq.)
Pd(dppf)Cl, (3 mol%)

_— > —_—
NH NO NO
2 CH,Cly, rt., 48 h 2 1 4-dioxane, 95 °C, 16 h 2

Br Br BPin 247 (1.5eq.)
245 246 247 Pd(dppf)Cl, (5 mol%)
62% Na,CO; (4 eq.)

-~ NO,
PhMe/H,0, 95 °C, 16 h OH
Br O
o
| 248
45%

51

Scheme 48:Synthesis of biary@l48.

The modification of the aniline moiety reduces the oymldllof248 Therefore, pursuing a
convergent pathway through this precunsas unlikely to enhance the efficiency of
triaryloxonium synthesis. Neverthel@48 was used in subsequent steps towardtatet

oxonium251(Scheme 4%

Phenol248was treated with base and ex2addoropyrazine to give the bis(aryl) eB4é&in

83% yield. Smooth reduction of the nitro group using palladium on carbon and hydrogen gas
afforded the anilin50which was used crude assuming full convef@otetermine whether
pyrazine oxonium formation was viap)was diazotised and monitoredthyNMR for 24 h,

however, the desired oxoni@Bilwas not observed.
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CI Ny Pd/C (5 mol%)
O \E /] 2 ea) O Hy (1 atm) O
NO, N NO, NEt; (2.2 eq.)
OH  KpCO3(2eq.) ONNS Eton, rt, 18 h
O DMF, 90 °C, 16 h O \E j T
~
N
248 249
83%

O BF4 HBF, (48% aqg., 5 eq.)

‘BUONO (5 eq.)

+ N -
O—¢ \\> -« 75
O <\ CH,CL/IPA, r.t., 24 h

251
0%

Scheme 49:Attempted synthesis of the pyrazine oxonium Z&lt

We hypothesised that the absence of oxonium generation might be attributed to the reactivity of

the orthenitrogen on the pyrazine with the diazonium where a potential pathway is depicted in

Scheme50. Therefore, we turned our attention to heterocycles @aeyation could occur at

the metaor pargposition relative to the heteroatom.

(L~

N2
_______________ \ N
oN > 7
N BF,
252 253

Scheme 50:Potential reactivity of diazoniu2s2

2.2.2 4,5Pyrimidyne

Pyrimidine, an isomeric diazine to pyrazine, is present in three nucleobase254\togimee

255 and urac56(Schemes]). Pyrimidine derivatives have exhibited diverse biotmgicidies,

including antimicrobidil anticancet: antiHIV,* and antithyroid effectsamongst others. Due
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to the medicinal significance of pyrimidines, pyrimidynes were selected as target hetarynes to

generate from triaryloxonium ions.

NH, (e} (0]
[N \(LNH [N

N/go N’go N’go

H H H

254 255 256
cytosine thymine uracil

Scheme 51Nucleobases containing pyrimidines.

2.2.2.1 Triaryloxonium salt synthesis

PotentialO-substitutions on pyrimidine were considered auth&itutior259 where both the
nitrogen atoms are situatedtao the pyrimidin@xonium bond, was identified as the optimum

target scaffoldScheme52).

;----target scaffold ----

o= Oo- " O™

+ N + H + N
O 0*(/@ ) O O~y
N= CI N=/ : =N !
257 258 H 259

2-substitution 4/6-substitution E 5-substitution

* no ortho-deprotonation * nitrogen atom is ortho to temmmmmmmmmmmmmmmee '
« nitrogen atoms are ortho to the oxonium
the oxonium

Scheme 52:Potential pyrimidine oxonium scaffolds.

The established & route used to generate benzyne precursors could not be employed to achieve
O-arylation at the-position of the pyrimidine. Therefore, an alternative synthetic route was
designed according to a patent in which the pyrimidine was constructed onto a preformed aryl

ether®
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Firstly, phenol51 underwent an \@ reaction withethyl 2-bromoacetateto give ethyl
phenoxyaceta60in excellent yield (98%)ompound60was then deprotonated with sodium
hydride and treated with ethyl formate to afford a salt which was subsequently refluxed with a
methyl amidinium chloride and potassium carbtmaggnerate pyrimidor&61%° To prevent
deprotonation of the pyrimidoneH\in the aryne generating s2@lwas methylatedagentle

heating in the presence of iodomethane and potassium carbonaké-toajtvdated pyrimidone

262 Under the standard crassupling condition¥,aniline263was formed in 42% yield, which,

upon diazotisation gave the desired oxoniur2azhit 81% yield§chemes3).

o NaH (1.1 eq.),
(1.2eq.)
Br\)]\ EtOCHO (1 eq.)
OEt Et,0, rt., 16 h
Br K,COs (2 ) Br OEt then
OH 2L03 (2 €q. o)
/@( —_— \/go
Acetone, 56 °C, 16 h
NHZCI (11e
51 260 H2 2601
98% K2CO3 (1.5 eq.) 44%
MeCN, 80 °C, 18 h Mel (1.5 eq.)
KoCO3 (2 eq.)
BPin DMF, 40 °C, 16 h
NH,
(1.5eq.)
56 Y
BF4 HBF4 (48% aq., 5 eq.) O Pd(dppf)Cly*CH,Cl, (5 mol%) Br 0
\& ‘BuONO (5eq.) NayCO3 (4 eq.) /CC)\ELN/
+o \ ~ I
7 CH,CI,/IPA, r.t. 36 h O fL PhMe/H,0 (1:1), 95 °C, 16 h N/)\
264 263 262
81% 499 89%

Scheme 53:Synthesis of pyrimidine oxonium sa6t

Oxonium sal64was then subjected to the oxonium generating and trapping conditions using
furan. Unfortunately, a complex reaction mixture was obtained and none of the desired

cycloaddition produ@65was observe®&¢hemeb4).
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D (5eq.)
BF, Q
K3POy4 (5 eq.) ‘\)‘\
+o

\<\§/>“ MeCN. r.t., 16 h AL

264 265
0%

Scheme 54:Attempted 4,5yrimidyne generation and trapping with furan fag4d

4,5Pyrimidyne215 reportedly generated by both Van Der Plas and coworkers Promel and
coworker$;®contained &ertbutyl group positioned between the two nitrogen a®oheihe
39and40. It was hypothesised that the steric hinderance imposedtérhihiyl group could

i mpede the reactivity of the hetaryneds n
modified by exchanging the methyl amidinium chloride téotbatyl amidinium chloride, to
afford tertbutyl pyrimidone€66in 41% yield§chemeb55). Interestingly, employing the same
methylation conditions resultedimethylation rather tharmethylation of pyrimidor66to
give267in 77% yieldThe standard cros®upling conditions afforded anil@@8(47%) and,

upon diazotization xonium sal269was isolated in 50% vyield.
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NaH (1.1 eq.),
EtOCHO (1 eq.)

Br OEt Et,O, r.t., 16 h Br 0 Mel (1.5 eq.)
T o)
O\/go then o /@/\ \fLNH KzCOs (2eq.)
Z DMF, 40 °C, 16 h
N
NH,CI (11 eq.) )\K
260 H2N 266 267
41Y% 9
K,CO3 (1.1 eq.) ° %
MeCN, 82 °C, 16 h
BPin
NH,
(1.5eq.)
56
o/ BF, HBF, (48% aq., 5 eq.) O - Pd(dppf)Cly*CH,Cly (5 mol%)
N 'BUONO (5 eq.) NHz O Na,COj3 (4 eq.)
N CH,C/IPA, rt. 36 h | PhMe/H,0 (1:1), 95 °C, 16 h
N
269 268
50% 47%

Scheme 55:Synthesis of the pyrimidine oxonium <416

Pleasingly, when the oxoni@9was stirred in the presence of furan and potassium phosphate,
the desired [4+2] cycloaddition prod@gtiwas obtained in 20% vyield, consistent with the
generation of 4;pyrimidyne intermedia®¥0(Schemeb56). The discrepancy in the reactivity of

the oxoniums264and269 could be a consequence of the relative energies of the corresponding
hetarynes or the steric blocking of the nucleophilic nitrogen atoms imposéertytilegroup

in27Q

269 270 271
20%

Scheme 56:Generation of 4 jyrimidyne270and its trapping with furan.
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While this result was promising, synthesisgup&ituted pyrimidine oxoniums was practically
challenging. Therefore, recognisertputyl pyrimdyn®70was likely accessibleg aimed to
synthesise the alternative precltgdwhereirthe oxonium is substituted at thgasition rather
than the Eposition of the pyrimidin&¢heme 5Y. Synthesis of this precursor could offer a more
efficient route to the desired hetaryne andwbsthertriaryloxonium ions bearingrtho

substituted heteroatorage acessible

To achieve thigl,6dichloropyrimidin@ 72 underwent any@r reaction with sodium methoxide
yielding thed-chloro6-methoxypyrimidin@73 in quantitative yiel®&¢heme 5y° Compound

273 was subsequently heated with pha#&dndsodiumtertbutoxide, however, the product was
only obtained in 5% vyield, with 90% of the starting m&®@iedcovered. The presence of the
mesomerically donating methoxy group likely decreases the rate &73vhiodergoes
nucleophilic attack, accounting for the poor y@eichpaind248 was then reduced to give aniline
275 andused crude assuming full conversleampoun® 75 was treated with HBRnd'BuONO

and monitored byH NMR. Clean conversion to the diazonium was observed. However, a
complex reaction mixture was obtained in which the desired oxsati@@® could not be

detected.
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Cl Cl Cl o 248
A z ~
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NN NN PN
- - > O W
MeOH, 65 C, 30 min DMF, 100 QC, 16 h N/\/FN

272 273 274
>99% 5%

Pd/C (5 mol%)

Hj (1 atm)
NEt; (1.5 eq.)
EtOH, r.t., 18 h

O O— HBF4(48% aq., 5 eq.)
,,\(=< 'BUONO (5 eq.)
o) - e
\ N <
O st\ DCM/IPA, rt., 24 h

aV

Scheme 57:Attempted synthesis of pyrimidine oxonium 23I&

2.2.2.2 4,5Pyrimidyne generation

Having established tH&t6was not a viable precursor to hetatewe focused our efforts on
optimising the generation and trappihgyoimidyne271from oxonium sal69 (Scheme 58
Changing the solvent from acetonitrile to dichloromethane resulted in a complete shut down in
reactivity due to the insolubility2®9 (Entry 2). Increasing thamountof furan from 5 eq. to

0.02 M gave the biggest increase in yield from 23% {&9%01-5). Conducting the reaction

at an elevated temperature E3)(Entry 6), or a reduced temperature LY Entry 7), both
variations led to reductions in the yield, 68% and 51% respectively. Switchiagkier base,
potassium carbonatentry 8) or a stronger base, sodimbutoxide Entry 9) led toreductions

in the yield in both instances, 24% and 48% yield respelctiaélyhe reactions, the oxonium
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was completely consumed, and we were unable to identify for any side products other than

dibenzofurar277.
O
, -
O Q NBFA Base ( 5eq \ o
+O{N/>\€ solvent, temp., 16 h
269 271 277
Entry Solvent Furan Conc. Base Temp. Yield*
(M) 271
1 MeCN 5eq 0.05 K3POq r.t. 23%
2 CH:Cl 5eq 0.05 K3sPO, r.t. 0%
3 MeCN 20 eq 0.05 KsPO, rt. 40%
4 MeCN furan:MeCN(1:2) 0.03 KsPO, r.t. 58%
5 MeCN furan:MeCN(2:1) 0.03 KsPO4 r.t. 71%
6 MeCN furan:MeCN(2:1) 0.03 KsPO, 30 68%
7 MeCN furan:MeCN(2:1) 0.03 KsPO, 10 51%
8 MeCN furan:MeCN(2:1) 0.03 K2COs rt. 24%

9 MeCN furan:MeCN(2:1) 0.03 NaOBu rt. 47%

Scheme 58:Optimisationof the generation of 4,pyrimidynefrom 269and its trapping with furanBy 1H
gNMR using dibromomethane as an internal standard.

The conditions used Entry 5 afforded the highe&t gNMR yield thereforghe reaction was
performed on a 0.2 mmol sc¢alesulting in the isolation 871in 39% yieldScheme59).
Notably, the isolated yield was significantly knaltheNMR yield observed in toptimisation
however,generatingufficientoxonium 269 to further optimse this reactiowas practically

challengingConsequently, the synthesis of pyrimidine triaryloxonium iams lvager pursued
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A small scope exploring the reactivigG8with potassium phosphate and nucleophilic trapping
agents was conduct&easingly tieanol, imidazole, amttmethylaniline all reacted w2iBoto

generate théesiregroducts in moderate yig¢chemeb9).

/ BF4 trapping agent
KsPO, (5 eq.) f\
\
+0 .
‘{)\é MeCN, rt, 16h .
269
0.2 mmol
0 — ‘\* oo —= J@
MeCN:furan MeCN:EtOH
(1:2, 0.05 M) 271 (1:2, 0.05 M) 278
39% 38%
o~
H
O — @r PSR
5eq. 5 eq. @
279 280
55% 24%

Scheme 59:Scope for the reactivity @69 with a range of nucleophilic trapping agents.

Future investigations would look to exphiternativeneeroaromatic triaryloxonium iothsat

can be readily synthesised and serve as efficient hetaryne precursors.

2.2.3 3,4Coumaryne

Similarly to 2;yrazines, 3;doumarynes have not been reported in the literature. Coumarin is a
natural product renowned for its sweet odour. Its derivatives have demonstrated diverse
pharmacological activities, including-eamtcef! antiHIV,% anticoagulan{Scheme 6§
antibacteridf® and antinflammatory propertié$.We aimed to employ triaryloxonium ions to

generate 3;doumarynes as a novel approach for coumarin functionalisation.
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281 282
3,4-coumaryne Warfarin - anticoagulant
drug

Scheme 60:3,4Coumaryne283and the anticoagulant coumardantaining drug, Warfarizg4.

2.2.3.1 Triaryloxonium salt synthesis

4-Bromocoumarins readily undergdiSeactions with phenols which served as a good starting
point to synthesise the bis(aryl) ether mag#’> Commercially availablehydroxycoumarin
283was brominated using tetrabutylammonium bromide and phosphorous pentoxide-to yield 4
bromocoumarir284in 92% yield®® Subsequently, refluxi@gg4with phenols1andpotassium

carbonate ga&85in good yield (61%$¢heme6).2*

Br

OH
(1.1 eq.)
TBAB (1.5 eq.)
@fl P,05 (2 eq.) m cho3 2eq) /@(
0 PhMeQOCSh 0 MeCN 82°C, 16 h
284 285

92% 61%

Scheme 61Synthesis of the bis(aryl) etl2&5from 4-hydroxycoumarir283

The SuzukMiyaura coupling conditions used in prior syntheses of triaryloxonium ions using
Pd(dppf)CG were applied t@85 (Scheme 62** However, the desired anili@86 was not
observed. Therefore, alternative conditions reported by Kwon-amdkeos using PEPh),

wereemployed and pleasingB6was affordn 43% yield®

48



BPin
NH,
(1.5eq.)

56

Br Pd(dppf)Cl (5 mol%) O
o) Na,COj3 (4 eq.) NH;
| A4 - (o)
: > -
0 PhMe/H,0, 95 °C, 16 h O | S
0
0
285

286
complex reaction
mixture, no product
NH2 observed

(1.5€eq.)

BPin
56

Br Pd(PPhs)s (5 mol%) O
o} K,CO3 (4 eq.) NH,
| < o
0 DME/H,0, 85 °C, 16 h O | S
0
0
285

286
43%

Scheme 62:.Crosscouplingreactionso generate86from 285

Aniline286was then treated with HEhd'BuONO and maintained at room temperature for 36
h. Purification by trituration afforded triaryloxonium 2&iftin 23% vyield and analysis of the
filtrate obtained in the trituration found a complex mixture containing the aryl #86&adehe
major component which was isolated in 5% Beltefme 6R The optimised trapping conditions
using furan as the arynophile were then applied @8%thdhe desired [4+2] cycloaddition
product288 consistent with the genation of 3,£oumaryne intermedi281 was afforded in

good yield (73%).
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O 0~ ~0
o}
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L,
%
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5%

Scheme 63Triaryloxonium sal287formation and generation of 3¢céumaryne&8land its trapping with
furan to give288

With this result in hand, our focus shifted to optimising the synthesis of the coumarin

triaryloxoniunsalt287to establish a practical method for generatirgp8marynes.
2.2.3.2 Stability of the coumarincontaining triaryloxonium salts

When stored as a solid at room temperature, cotgoatainingtriaryloxonium sal87was
stable for over one week. However, in sol@&8¥slowly degrades to give a complex reaction
mixture. The major degradation product was identified as the arylZB8@wdhech likely formed
vianucleophilic attack from the tetrafluoroborate counterion onto the dibenzofur&cloenes

64). Notably, the alternative aryl fluo2@dandthe dibenzofura@77 which would result from

nucleophilic attack on the pantd coumarin, were not obsen@dnemet4).
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Scheme 64:Synthetic routes to aryl fluorid289and291from aniline286

2.2.3.2.1 NMR study

To investigate the generation and degradati287an NMR study was conducted to monitor
the yields of the components of the reaction at ove(Scheme 6% Aniline 286was treated
with HBF, andBuUONO to afford diazoniur@90which was dissolved in C&hd maintained
at room temperature in an NMR tube. The yields of diaz@8ioxoniun87 and aryl fluoride

289were monitored b1 qNMR.

The initial measurement at 2 h showed agBi@&&asfully consumed with the major component
being diazoniur@90(77%).0Oxonium287and aryl fluorid@89were also present in 7% and 1%
yield respectivelRiazonium290was gradually consumed as oxor@8@and aryl fluorid@89
were generated. Betweefl @B h the yield of oxoniu87remained between-38%suggesting

therate of formation and consumptioh287werecomparableThe yield of oxoniur287then
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gradually decreased while the yield of aryl fl@88mntinued to increase for the duration of

the experimer(Gcheme6h).

BF, BF,
O 'BUONO (5 eq.) O . O o) O
NH, HBF,4 (5 eq.) N +/J o F
O. —_— O. — O — O.
O |5 cHCL IPA O |} O O |}

rt

o then CDCly o (o]
286 290 287 289
diazonium oxonium aryl fluoride
—0— 0 —0—

Yield (%)
N w N o1 (o] ~l (o]
O O O O o o o

[EnY
o

0 20 40 60 80 100 120 140 160
Time (h)

—0— Diazonium —0— Oxonium —@— Aryl fluoride

Scheme 651H NMR experiment showing the yields of the components of the reaction over time. Yields
are measured H qNMR using dibromomethane as an internal standasdO h corresponds to the time

at which theBuONO was added to the reaction.

Plotting InP9Q as a function of time give a straight Behéme66) indicting that the decay of
290isa F' order process which is consistent with the oxonium formation being an intramolecular

process. The gradient of the 1H0e)228§ corresponds to the rate constant of the red€tion.
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Scheme 66:The correlation between BY0] and time.

The BalzSchiemann reaction is a process wherein an aryl fluoride is generated from an aryl
diazonium tetrafluoroboraf®. This occurs through either thermal or photochemical
decomposition ahearyl diazonium tetrafluoroborate to the aryl cation, followed by nucleophilic
addition from the tetrafluoroborate counterion to produce the aryl fluBodene 267).

Thermal decomposition for this reaction typically proetémdged temperatu@d.03 170E),

however’® we have demonstrated thiaiaryloxonium formationis possibleat ambient
temperaturé?® Therefore, we reasoned that reasoned that aryl fluoride formation at room
temperature is likely attributed exclusively to nucleophilic attack of o28niasnopposed to

the BalzSchiemann reaction pathw@ghiemet7).
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Scheme 67:Proposed mechanistic pathways to generate aryl flu@88efrom the aryl diazonium
tetrafluoroborate90

The maximum observed yield for oxon®7was 35%makingthis method impractical for
efficient generation of 3gbumarynes. As a result, we turned our attention to strategies aimed at

enhancing the stability of the oxonium.

2.2.3.2.2 Counterion effect

Having established the role of the tetrafluoroborate counterion in the degradatiniuof salt
287 it was proposed that an alternative the counterion might improve the stability of the oxonium
ion. To investigate this, a screen of commercially available acids containing alternative counterions

was conducted.

The diazonium salts were generated through treatment with the appropriate'Bac@NaDd

The salts were isolated, dissolved in ¢R@4 their conversion was monitoredHbyand *F
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NMR spectroscopy. Oxonium formation can be identified by a characteristic chan in the
NMR spectrum: the four methyl resonances in the diazthiNiMR spectrum merge into two,
indicating that the tworthenethyl groups and twmaramethyl groups were now in the same
chemical and magnetic environment. Additionally, &m&NMR peak at approximatels0

ppm, corresponding to the tetrafluoroborate ion, is observed upon oxonium formation.

To ascertain the potential formation and stability of each triaryloxonium salt, we looked for
evidence of oxonium formation and its stability in solution by closely monitoring the
correspondingH and*F NMR spectra$cheme68). Unfortunately, none of the counterions
were successful in generating a stable coumarin triaryloxoniGivesalttetrafluoroborate and
hexafluorophosphate are weakly coordinatingsatfiore reasoned that a weaker coordinating

counterion would be necessargrevent reactivity witihe oxoniumon.

X
O ‘BUONO (5 eq.) O + O 0
NH, HX (5 eq.) Ny CD4CI + /%
O B — oLy~ ------- » O
O | L cHCh 1PA O |} rt. O

rt

O (0]
e dissonium oxonium
X Stable oxonium formation?

CRCO; No

CRSG No

Cl No

HSO, No

paral'sO No

Pk No

Scheme 68:Screening of counterions to ascertain the stability of the corresponding cecoméaining
triaryloxonium salts.
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Fluorinated tetraarylborates are amongst the weakest coordinating anions and have therefore been
used to facilitate the study of highdactive catits'*'!* Tetrakis(pentafluorophenyl)borate
[B(GFs)4,**? belonging to this class, was tested as a potentiatawtive anion witthe
electrophilic triaryloxonium iofo synthesise thdesired oxonium sdt94 tetrafluoroborate
diazoniun290was generated and underwent a counterion metathesisexitbss df B(GFs).

to obtain diazonium [B{E)s salt293(Scheme 639 After 16 h at room temperature, diazonium
293wasfully consumed, yielding the desired oxor@@4in 81% yieldThe tetrafluoroborate
resonance was absent in tf/e NMR spectrum and three new resonances were observed
corresponding to the fluorinated tetraarylborate anion, indicated complete anion lexshange
occurredCompoun@®94was stable solution for an additional two dalsstrating its enhanced

stabilitycompared to tetrafluoroborateonium287.

BF
) B(Cer
BUONO (5 eq.)
NHz HBF4 (5eq.) KB(CgFs)4 (1.62 €q. ) N
CHZCIZ/IPA CDClj, r.t., 5 min
0 °C, 15 min
293
Cer
\;4% CDCly, rt. 16 h

294
81%

Scheme 69:Synthesis of tetrakis(pentafluorophenyl)borate oxoniun2&alt

We next assessed whetk@4 could serve as a gidumaryne precurscCompound294was
subjected to the optimised aryne generating and trapping conditions with furan, drdwever

trace of the desired [4+2] cycloaddition prod88tvas observed.
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K3POy4 (5 eq.)

O
+ | MeCN, r.t,, 16 h
O

288
<1% NMR yield

Scheme 70:Attempted 3,4coumaryne€8lgeneration and trapping with furan fr@®@4.

Efforts to improve the stability of the coumarin by modifying the counterion while maintaining
its efficiencyas a3,4coumaryne precursor were unfruitful. Therefore, we next explored

modification to the oxoniustaffold in hopes of achieving this goal

2.2.3.2.3 Substituent effect

We proposed varying the substituents on the backbone of the triaryloxonium could reduce its
susceptibility to nucleophilic attack. The methoxy group was chosen as an appropriate substituent
to reduce the electrophilicity of the triaryloxonium ion throwgomeric donation of its lone

pairs. A synthetic route was devised to generate mstistiyuted triaryloxonium ions utilising
Vershinin, Pappo, -aamlysedosidatve trasmping of phenolg and e s e
anilines®® Using this procedure, methesgbstituted biaryl296 and 297 were successfully

synthesised in moderate to good yields (44% and 64% resp&xtivetye (711

OH
/@: (1.5 eq)
R OMe
OMe MR[TPPICI (1 mol %) MeO
MeO UHP (0.375 mmol)
> NH,
HFIP (0.5 M), 18 h, r.t.

NH, O OH

R

295 296 R = Me 33%
297 R = OMe 64%

Scheme 71Synthesis of the methosybstituted biaryl296and297.
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Using296and297 two methods to modify the aniline functional groups to ensure sé&ective
arylation were explored. FirsB9g6was oxidised usimyCPBA in moderate yield (30%) to give
298(Scheme 72 Refluxing298with 4-bromacoumarin28 and potassium carbonate afforded
the desired produ@99in very good yield (93%). Finally, the rgbmup was reduced to give

aniline300in excellent yield (99%).

Br

(1.5eq.)
OMe Me Me
MeO MeO 234 MeO
O m-CPBA (3.86 eq ) KoCO3 (1.2 eq.)
NH, No2
OH CH2CI2 rt, 18 h Acetone, 56 °C, 48 h
208 299
30% 93%

OMe
MeO

o -
I

O
300
99%

AcOH/THF, rt., 4 h

O NH, Zn (6 eq.)

o)

Scheme 72:Synthesis of anilin@0Q

The aniline moiety in biaB@7was selectively protected using Boc anhydride gengbatmg
70% yield* Refluxing301in the presence dfbromacoumarin284 and sodiuntertbutoxide
generatethe desired produ@02in moderate yield (55%). DeprotectiorB@2was achieved

using TFA yielding03in good yield72%)(Scheme73) 1
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Scheme 73:Synthesis of anilin@03

Br

OMe 0o~ ~O
MeO 284
O NaO'Bu (1.5 eq.)
NHBoc
CL

OMe

l OMe

P BocHN
THF, 66 °C, 4 days

OMe OMe
(0]
301 302
70% 55%
OMe
MeO
O NH, TFA (3 eq.)
o -
O | CH,Cl,, rit., 2 h
O
OMe
(e}

303
72%

To form the corresponding oxoniums, anilB@and303were treated with HBENd'BuONO.

For methysubstituted anilin®Q within 1 h the diazonium had been consumed and the desired

oxonium salB04was afforded in good yield (8089Heme74, i). However, methosubstituted

aniline 83did not yield the target oxonium. Instead, after 1 h the pyrid@Zinas isolated in

98% yieldgcheme74, ii). This transformation likely proceedaducleophilic attagkarao the

methoxy group onto the termiin@trogen of the diazonium, followed by rearomatisation by

deprotonation.
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Scheme 74i) oxonium salB04generation ii) proposed mechanism for pyrida30iegeneration.

Oxoniumsalt304was then subjected to @gne generating and trapping conditions using furan
as the trapping agent. A complex reaction mixture was afforded containing none of the desired
cycloaddition product from deprotonation of the pendant coud@aan the dibenzofuracore

308(Scheme75).

60



OMe
MeO OMe
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D Dy C
O 0 KsPO, (5 €q) O A o
| 5 » 0 o O | 5
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Scheme 75:Attempted aryngeneration and trapping fro394

To explain this milt we hypothesised thetabilisatiorirom the methoxgroups reduces the
ground state energy of oxonilBf4 relative to 3:4oumaryne intermedia31 Thereby
increasing barrier to forB81to where it is no longer energetically feasible. To offset this effect,
we proposed using the weaker mesomerically el@otrating groupl-acetyl groupo stabilise

the oxonium relative to the tetrafluoroborate anion mihil&aining energetic accessibili8y4o

coumaryn@8i

A synthetic route tdl-acetydsubstituted oxonium sd@f3wasdevisedadopting the protocol

used for generating triaryloxonium ions from phenalscitionl.2.1 4Hydroxycoumarir283

was reacted witli-bromo-2-chlore3-methyi5-nitrobenzenes3 and potassium carbonate

afford 309in poor yield (13%)Scheme76). The low yield was likely attributed to the poor
nucleophilicity of the alcohol group. TWecetylgroup was then afforded by reduction and
subsequent acetylation of the nitro group. The biaryl bond was in&all€dizukMiyaura

coupling to giv812in moderate yield (27%8)Aniline312was treated with HBERnd'BuONO

and the corresponding diazonium was dissolved in; @mCinonitored byH NMR over two

days. The diazonium was consumed to give a complex reaction mixture, inconsistent with the

generation of a stable oxonium salt.

61



OH

(O e}
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Cl K,CO5 (1.5 eq.) o
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O,N DMF, 110 °C, 3days  O,N

Pd/C (5 mol%), i
—»
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o]
53 309 310
13% 62%
Ac,0 (3 eq.)
NH, (1-5€d.) CH,Cly, rt.,, 3 h
BPin
56
'BUONO (5 eq.) NH Pd(PPh3)s (5 mol%)
HBF4 (5eq) 2 K,COs (4 q.) /@/\
+o -<
CHZCIZ IPA AGHN DME/H,0, 85 °C, 16 h  AcHN
BF4
AcHN +0 rt,1h
313 then 312
oxonium was not CDCl3, 48 h 27% (2 steps)

stable in solution

Scheme 76:Attempted synthesis of coumarin oxonigait313

Despite extensive studies towards improving the stability of triaryloxonium salts containing the
coumarin moiety while maintaining their utility as@®isharyne precursors, our efforts were
unsuccessful. We therefore shifted our attention back to dedtadiate oxonium s&87given

its potential as a 3gdumaryne precursor, despite its inherent instability.

2.2.3.3 Triaryloxonium salt synthesis

Until this point, the substituents on the dibenzofuran moiety and the nature of the counterion had
been varied. Our subsequent goal was to synthesise a variety of tetrafluoroborate coumarin
triaryloxonium salts with different substituents on the coumackbdne. We hoped to
understand how these variations affect both the stability of the oxonium and the generation of

3,4coumaryne.

A range of functionalisdehydroxycoumarins were synthesised using a method outline by Litinas

and ceworkersin which athehydroxyacetophenones were refluxed in the presence of
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diethylcarbonate and sodium hydride to generate the correspomgigxjicoumarins
(Scheme 7Y**All the desired-fiydroxycoumarins were successfully made in good to very good
yield with the exception of thérile-substrat&19 Difficulties in purification meant the phenyl

substrat@15was carried through as a crude mixture and purified in the subsequent step.

o}
M (15eq)
o Et0” “OEt

OH
NaH (5 eq.)
> A
PhMe, 0 °C to 100 °C, 3 h
OH 0~ ~O
OH OH
L OO CO
0~ ~0 0o~ "0 0~ ~0
315

314
67%

OH OH

o "0 o” "0 o "0
317 318 319
81% 93% 0%

Scheme 77:Synthesis of-4ydroxycoumarins.

Using the protocol developed to synthex#&§{Scheme6land62), the 4hydroxycoumarins
were converted into the corresponding aniiaaromination'?® S,Ar reaction withphenols],

and SuzukMiyaura coupling witiinilinecontaining pinacol borabé(Scheme 7§'%
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iil)
(1.1eq) i) Bromination

319a Ar = 6-methoxy: 50%

OH i) TBAB (1.5 eq.) 320a Ar = 6-phenyl: 73%
‘\)1 P205(2 eq.) ‘\)l K,CO3 (2 eq.) 321a Ar = naphthyl: 72%
@ 322a Ar = 7-methyl: 77%

0 PhMe 90°C,3h 0 MeCN 82°C,16h 323a Ar = 6-fluoro: 59%

ii) SNAr
319a-323a 319b- 323b 319b Ar = 6-methoxy: 91%
320b Ar = 6-phenyl: 70%
(1.5-2.5eq.) 321b Ar = naphthyl: 78%
NH, 322b Ar = 7-methyl: 78%
i) BPin 323b Ar = 6-fluoro: >99%
O 56 ii) Cross-coupling
NH, Pd(PPhs), (5 mol%) 319c Ar f 6—meth0).<y: 707%
@ K,CO3 (4 eq.) 320c Ar = 6-phenyl: 85%
o 2 3 — . o,
-« 321c¢ Ar = naphthyl: 91%
O | 0 DME/H,0, 85 °C, 16 h 322c Ar = 7-methyl: 81%
323c Ar = 6-fluoro: 40%
319c¢-323c

Scheme 78:Synthesis of coumaricontaining aniline319¢323c¢c

A 'H NMR studywas then conduct@donitoring oxonium formation over time to determine how
themaximum oxonium yield, and the time at which this occurredywtr the electron density
of the coumarirThe unsubstitute®86 methoxy319¢ pheny 320¢ and fluore323ccoumarin
anilines were diazotised, dissolved in ¢@ad the yields of the corresponding oxonwens

monitored over timeScheme79).

The yields of the unsubstitut@87 methoxy319d and phenyB20doxoniums exhibited similar

trends, reaching a maximum at approximately 41 Metrsooxyoxonium319dshowed the

highest yield, reaching 52% at 42 hdurs.suspectedubro-oxonium323dappeared briefly,

with a yield of 2% after approximately 4 hours, but was no longer detectable by the subsequent
measurement at 18 hours. These findings suggest that increased electron density of the oxonium
enhances its stability to the tetrafluorolasaion, consistent with previous substitution studies
(sectior2.2.3.2.3 and the proposed mechanism for oxonium degradéatiarcleophilic attack

(Scheme 621
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Scheme 79The yields of oxoniums287 319d 320d and 3239 generated from diazotisation of the
corresponding aniline2§6, 319¢ 320d and323d over time. Time = 0 h corresponds to the time at which
'‘BUONO was addedYields are measured By qNMR using dibromomethane as an internal standard.

The anilines were then subjected to the oxonium generating conditions and maintained at room
temperature for 41 hours. Meth@xpstituted oxoniur@19dwas afforded in the highest yield

(49%) and as expectedone of the electredeficient fluoresubstituted oxoniun323d was

obtained $cheme 8D The remaining oxoniung20d322d were obtained in moderate yield,

with the naphthydubstituted oxoniurB21dbeing isolated in notably lower yield (29%). Due to
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the instability of the oxoniums and the presence of unreacted diazonium, multiple triturations were
often required in the purification step, resulting in diminished yields, which could explain the lower

isolated yield fa21d

O HBF, (48% aq., 5 eq.) Q BFs
NH, @ BUONO (5 eq.)
° > 0 @
O - CH,Cl,, IPA O i
rt, 41h 0
© o}
_ BF, BF,
S ()1 (X
o o o)
Y™ ™Y ™Y
o o o
o) o) o)

287 319d 320d
42% 49% 44%
SSUNE s s
(LI : ;
+ | + | + |
O O O
0] 0] (0]
321d 322d 323d
29% 44% 0%

Scheme 80:Scope for coumarinontaining triaryloxonium salt formation.

2.2.3.4 3,4Coumaryne generation

The oxoniums were then subjected to the aryne generating and trapping conditions using furan

and pleasingly, all the [4+2] cycloaddition products were generated in g&uhgiakeB().
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Scheme 81Scope for generation and trapping of-8eéimarynes with furan from oxonium salts.

These results suggest that triaryloxomuasican effectively serve asc®dmaryne precursors.
However, further investigations employing alternative trapping agents and isotopic labelling
experiments would offer more definitive insights into whether this reaction pvoecteds
proposed hetaryne mechanism. While we were encouraged by the reactivity of coumarin oxonium
ions, the practical utility of this method is constrained by their inherent instability. Therefore, we

continued our efforts focusing on alternative hetaaygets.

2.2.4 Five-membered hetarynegeneration

The generation of fivmembered hetarynes presents a significant challenge to chemists due to
their strairt!’ Having successfully demonstrated the mild preparation of functidreiizgies
and novel simembered hetarynes from triaryloxonium iSnge envisioned their potential

application in generating fiembered hetarynes.
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To test the limits of triaryloxonium ions as hetaryne precursors, we targetadd?Bynd 4

and 2,2enzothiophyné&77generatiorniaoxonium ionsgcheme82). The computational model

by Paton, Houk, and Garg predictedi2Bzofurynd.4to be energetically inaccessible (149 kcal
molY), while the generation of b@nzothiophyn&77was expected to be potentially viable (120

kcal mol).*

oo Ao
2,3-benzofuryne 14  2,3-benzothiophyne 177
149 kcal mol™! 120 kcal mol!

Scheme 82:Calculated dehydrogenation energy ofb2@®zofurynel4and 2,3benzothiophynd 77

2.2.4.1 2,3Benzduryne

2.2.4.1.1 Triaryloxonium salt synthesis

In designing a benzofuraantaining triaryloxonium ion scaffold, we opted fosab8tituted
329 rather than-8ubstituted3Q heterocycle to avoid the benzofuran oxygen being positioned

orthdo the oxonium bondScheme83).

- target scaffold - -,

: \_O

: P : P 0)
: 329 ; 330

i 3-substitution 1 2-substitution

Scheme 83:Potential substitution patterns of benzofuramtaining triaryloxonium ions.
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Based on a recent pat€htve postulated that oxonium scaff8Bcould be accessetha
benzofuran bis(aryl) ether, which could be constructed by the reaction of benz@82amoine

a suitable electrophilic aryl reagéaoihé me34).

Benzofuranon@32was prepared using an A@bmoted intramolecular Fried@&afts acylation

of 2-phenoxyacetic ac881 as outlined by Chae and coworkBchéme84).}%° 332was then

heated with commercially availableromo-2-fluoro-3-methylbenzen833in the presence of
potassium carbonate at high temper&tlifdie desired produ@36was notobtained, which

might be attributed to thsterically hindered-Ebond situated betweémo orthesubstituents.

We proposed that a more strongly activated electrophile might improve the desired reactivity.
Therefore l-bromao-2-chloro3-methyi5-nitrobenzen&3 used in prior synthesessemployed

and the desired bis(aryl) etB@rwas obtained in low yield (8%). With this in mind, we turned to

the even more activated and commercially available prédanmoo-2-fluoro-3-nitrobenzene

338and pleasingthe corresponding bis(aryl) etB8®@was afforded in significantly higher yield

(70%)

69



F
Br mmTTmmTmmmmmmmmmmmmey 1
(0.5 eq.) : Lixiang and coworkers
O v CN114524837A :
F | : 2022 ;
333 0 s -
K>CO3 (3 eq.) B o
—>
NMP, 100 °C, 12 h |
O

Br
F
(1eq.)
335 Br
K,COj3 (3 eq.) CCJ
————> |
NMP, 150 °C, 3 h (o]

336

no product,
complex reaction
AICI5 (10 eq.) 0, Br P

mixture
O\)I\OH —_— —_— Cl
CH.Cly, r.t., 1h % (1eq.)
OyN

331 332 53
25% K2003 (1.5eq.) \EQ
DMF 100 °C, 16 h

337
Br 8%

F
(e
338
| €05 2ea) @[ \E@

DMF 110 °C, 16 h

339
70%

Scheme 84:SyAr reactions with benzofuranoB882to generate bis(aryl) ethers.

Anticipating that the electron withdrawing rgiroup may destabilise the oxonium ion derived
from 339 we attempted to moderate its electronic influence by reduction and acetylation.
However, wheB39was stirrewvith palladium on carbon in an atmosphere of hydrogen a complex

reaction mixture was obtained and none of the desired 24hnas isolated.
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Pd/C (5 mol%), Br

Br
Or@ H, (1 atm) o
——
\ ro) EtOAc, r.t., 16 h \ d
Scheme 85:Attempted reduction 0339

Therefore 339 was carried througio the next step to determine whetherrédduction and
acetylation steps were necessary for this oxonium system. Using the previously employed cross
coupling condition$® aniline341was obtained in 50% yiekhiline 341was then treated with
HBF,and 'BUONO and after 16 hours the corresponding oxoniunB4aivas afforded in

excellent yield (95%). Interestingly, the-sillistituent was tolerated in the oxonium generation,
unlike the phemdontaining triaryloxoniunf8.We reasoned that mesometimation by the

oxygen lone pair of the enol ether mdik&yy contributes to the stability32f2

(1.3 eq.)
NH,
BPm
Br Pd(PPh3)4 (5 mol%), HBF, (48%. aq, 5 eq.)
O K2CO;3 (4 eq.), NH ‘BUONO (5 eq.)
2 >
\ [ +0 \
NO, O DME/H,0, 85 °C, 16 h CH,Cl,/IPA, r.t., 16 h O o)
0 NO, BF,
339 341 342
50% 95%

Scheme 86:Synthesis of oxonium s&42

2.2.4.1.2 2,3Benzofurynegeneration

Oxonium salB42was then subjected to the trapping conditions develagedion?.2.2.Aising

a large excess of furan and potassium phosphate. After stirring o3di2ygd, consumed to
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afford a complex reaction mixture and nortbeotlesired produBé3or dibenzofura@44were
observed. The same result was obtained where potastiutoxide was employed as the base.

BF,

furan:MeCN
(2:1,0.05 M) 0 O
+0 X > O Y * o)
O \_0  K;PO,0rKOBU (5 eq.) O
NO, rt, 16 h

342 343 344

Scheme 87:Attempted 2,3benzofuryne generation frod42

This result is consistent with the prediction 14ds an energetically inaccessible hetdryne
Therefore, we continued our pursuit of-fivembered hetaryne generation focusing on the lower

energy hetaryne, 2y8nzothiophyné&77

2.2.4.2 2,3Benzothiophyne

2.2.4.2.1 Synthetic routes to triaryloxonium salts

Following asimilar approach to tlegynthesis of thbenzofurarcontainingriaryloxoniurs, we
designed benzothiophet@ntaining triaryloxoniums wherein the oxonium was substituted at the
3-position of the heterocycle. Various synthetic routes to the target bis(aryl) eth&48naety
consideredScheme 88 According to literature precedent, benzothiophene (bis)aryl ethers have
been generatadacoppercatalysed crogsupling reactions betweeirdmobenzothiophene
345and phenolsScheme89) ?*2?Alternatively, oxidation of sulfur to form sulfoxddécould
facilitate nucleophilic addition from a phenol to install the desired functiSchkné€s8).'%

The bis(aryl) ether might also be generated in a similar fas388mgmgbenzahiopherone

347and an electredeficient chloro/fluorearyl ether§cheme88.**
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345
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346
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(0]
347

X

HO

Cross-coupling

blocking group to ensure
selective deprotonaiton

SNAr (reverse
polarity)

348

handle to facilitate
Suzuki-Miyaura
.-=" coupling

target bis(aryl) ether moiety

Scheme 88:Proposed synthetic routes to generate the target bis(aryl) ether moiety.

We initially explored the crassupling pathway due to the ready availability of the starting

materials, involving the coupling3dbwith a suitable phenol beariadlocking group and a

synthetic handle to connect the anilifleese requirements presented two challenges: the

generation of a sterically encumbered bis(aryl) ether and the requirement focthgbngso

be sel ecti

catalysd etherification of3-bromobenzothiophen845 which demonstrated tolerance for

vV e.

To

addr ess

t

he

atter

c h-al

selective crosmupling of 4hlorophenol349to afford bis(aryl) ethe350 (Scheme89).'%*

Therefore, we propos@ethlora4,6dimethylphenaB51might be tolerated as coupling partner

eng

with 345under this method. However, wigband351were subjected to Suga andvaor k e r s 0

optimised conditionthe desired produ@52was only obtained in 9% yie®tlieme 89'**

Furthermore, the major product in this case was the dehalogenateBpBbatated in 19%

yield. The presence of tmdhesubstituents evidently reduces the efficiency of this redlocéion

are no such examples in the original reaction. scope
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HO.
\©\ (1.5 eq.)
Cl

349
Cu(acac), (5 mol%)

Fe(acac)z (5 mol%) S
S POPh; (0.4 eq.) e )
/ K,CO3 (2 eq.) Y 1+ Suga and coworkers !
—_— 5 H 2018 H
Br PhMe, 145 °C, 24 h Q\CI

Cu(acac), (5 mol%)
Fe(acac)z (5 mol%)
S POPh3 (0.4 eq )

/ KZCO3 (2eq.)
Br  PhMe, 145 C 24 h @\ Q

345 352 353
9% 19%

Scheme 89:Synthesis of bis(aryl) etheriscoppercatalysedrosscoupling reactions.

The next avenue explored wasatthditiorelimination of phenol intsulfoxideB46(Scheme9l).
Qulfoxide346was afforded upon treatmentbeinzahiophene345with H,O; in the presence of
TFA in 90% yiel¢F*Compound346was then heated with phebiin the presence of potassium
carbonate to give bis(aryl) etB&4in very good yield (92%). DIBAL was then employed to
reduce the sulfoxide genera®®®in 53% yial.'** SuzukiMiyaura coupling with6é then gave
aniline356in 61% yield® which, upon diazotisation and gentle heating for d4ohded the

desired oxoniumsalt357in 90% vyield.

74



Br

OH
(1.5eq.)
) Jo S
@ TFA (0.5 M) S |<2co3 (1.5eq.) 5 DIBAL- H(1 25 eq.) / Br
[EE— r
L, CHoCla, rit, 3h 7 DMF 100 °C, 16 h @\ PhMe, 65 °C, 5 h O@\
Br

345 346 354 355
90% 92% 53%

" 2\ ;mto

(1.5 eq)
Hz
BPin
56
Pd(PPhs)4 (5 mol%)

K,CO3 (4 eq.)
DME/H,0, 85 °C, 18 h |

. S
[ HBF, (5 eq.) ©1/8
5 O 'BUONO (5 eq.) 5 O

-

<
-

_ O CH,Cl,/IPA, 16 h, 30 °C
BFs Q NH,

357 356
90% 61%

Scheme 90:Synthesis of benzothiophenentaining oxonium sa857.

Compound357 was then stirred with potassium phosphate and a large excess of furan in
acetonitrile. Pleasingly, the cycloaddition pr@#k&tvas isolated in 25% vyield, which was

proposed to fornviathe fivemembered aryne intermedibi&

furan:MeCN

(2:1,0.05 M) S S
) CK

K3POy4 (5 eq.) / Q

BF4 rt., 16 h

357 177 358
25%

Scheme 91Generation and trapping of 2b&nzothiophynd77with furan from357.
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We proceeded to evaluate the feasibility of this synthetic approach with substituted
benzothiophenes. -Bromobenzothiophenes361 were synthesised from halogenated
benzothiophenes359 which underwent cressupling reactions to form substituted
benzothiophen&6( followed by brominatios¢hemed2). However, we were unable to reliably

obtain pure dromobenzothiophen@61due to challenges in purification.

Cross- couplmg CHCI3 rt., 18 h

1 R2

359 360 361

Scheme 92:General synthetic route to substituBtdromobenzothiopherse361

Therefore, we investigated the alternative va8eAr usingoenzothiophenor@47and electron

deficient chloro/fluorearyls $cheme 93). Considering the stability of timéro-substituted
benzofurarcontaining oxonium342 we were intrigued whether the corresponding
benzothiopheneontainingopxonium365would exhibit similar stabyliBenzothiophenond47

was efficiently generated (99%a an intramolecular Friedetafts acylation of2-
(phenylthio)acetyl chlori®s2 with AICE (Scheme 93'* Subsequenty8r reaction withl-
bromo-2-fluoro-3-nitrobenzen@&38afforded bis(aryl) ethd63in good yield (73%). Employing

the standard crossupling conditions t863'* aniline364wasobtained in 65% yieldniline

364 was subjected to the diazotisation conditions and monitorédl INMR. Clean
transformation to the corresponding diazonium was observed, however gradual conversion over

48 h to give aomplex reaction mixture suggested oxoniur@Gta#t unstable in solution.
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Br
F
(1.5€q.)

NO,

o 338 S,
s Ack(t0eq) (:E:} KoCOs (1.5 eq) 7 &
Cl = > Y
©/ CHyCly, 3h,0°Ctorit. Y DMF, 110 °C, 16 h ~©
(1.5eq)
NH,

BPin
56
Pd(PPhs), (5 mol%)
K,COj (4 eq.)
Y DME/H,0, 85°C, 18 h

O,N
362 347 363
99% 73%

S

. HBF, (48% aq., 5 eq.) @OZN
0O 'BuONS/(Seq.) lo) Q
- X
- CH,CL,/IPA, 16 h, r.t.
BF, O Ze ' O NH
2

365 364
oxonium not stable in 65%
solution

Scheme 93:Attempted synthesis of oxonium sa&5

In hopes of generating a stable benzothioptmmaining oxonium salt, we reasoned a less
electron withdrawin@l-acetylgroup could be used. Niawyl ether363 was reduced and
acetylated, and then directly converted into &®@fgthout intermediate purificatidBoheme

94). Aniline367was obtained in 62% vyield fr@66 Aniline 367was treated with HBRand
‘BUONO and the resultant diazonium was monitoréd B§MR. However, decomposition to a
complex mixture was observed over 48 h, sugd&ggisginstable in solutiowe hypothesised

that the instability of368 is likely due to steric repulsion between Nhacety and

benzothiophengroup
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(1.5eq)
NH,

BPin

s s 56
Hy, Pd/C (5 mol%
2 B 2o ( e h°> D Pd(PPhs), (5 mol%) O
tOAc, rt, KCOj3 (4 eq.) NH,
—_— ’
o o - o
then Ac,0 (3 eq.) DME/H,0, 85 °C, 18 h \
CH,Cly, rt., 3h 5

OoN AcHN NHAc

363 366 367
62% (3 steps)

BF,

O HBF, (48% aqg. 5 eq.)
+0 4 ‘BUONO (5 eq.)
™

CH,Cl,/IPA, 16 h, r.t.

NHAc

368
oxonium not stable in
solution

Scheme 94:Attempted synthesis of oxonium saé8

Given efforts to employ the commercially available electibpholeo-2-fluoro-3-nitrobenzene
338to construct a stableenzothiophenexonium were unsuccessfug explored alternative
electrophiles, namelghloronitro-benzene 53 and fluoro-nitro-benzene 3692 Heating
benzothiophenong&47with 53afforded bis(aryl) eth@70in low yield (11%) while the reaction
with 369 generated370 in significantlyhigher yield(80% (Scheme 95). Although 369
demonstrated superiefficiency in formin@7Q its synthesis wdsemed impractical, requiring
heating of a diazonium at 1BD under reduced pressure. As a result, our focus shifted to

optimising the reaction using the chlorinated electréghile
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Br

R
(1eq.)
O3N

2

Br

53R =Cl s
369R=F /
S, K,CO3 (2 eq.)
L (e}
DMF, 110 °C, 16 h NO,

(0]

347 370

11% when R = Cl
80% when R =F

Scheme 95:SyAr reactions obenzothiophenon847with 53and369to generate bis(aryl) eth&ro

The SAr reaction of benzothiophenoB47with 53 (Scheme96) was optimised by varying the
base, temperature, and duration of readtlofortunately 53 could not be added in excess
because it was challenging to separate3ff@rinerefore all the reactions were carried out using
one equivalent &3 Employing potassium carbonate as the base & 141016 hoursEntry

1) the desired product was obtained in 11% yield and none of the starting 3%@tesal

recovered. Using a stronger base, saéidutoxide, led to a reduction in yigéo) (Entry 2).

Reducing the temperature toBB@Entry 3) afforded370in 33% yield and reducing it further to

35 (En@y 4 and t he(dntry25hredéc€d the yield of the product, 20% and 15%
respectivelybut decreased the conversion of benzothioph&4dn€herefore, the reaction was
maintained at 40 °C un®#7was undetectable by TLC. After 4 daggwas fully consumed,

and the product was isolated in 45% yield. While reducing the temperature and extending the
reaction time would likely further increaseyiblel, it was deemed impractical to prolong the

reaction beyond 4 days.

79



X

347

Entry Temp ( Base Time  Yield 370 Recovered347
1 110 K2COs 16 h 11% 0%
2 110 NaOBu 16 h 3% 0%
3 60 K2COs 16 h 3% 0%
4 35 K2COs 16 h 20% 2%%
5 25 K2COs 16 h 15% 3%
6 40 K2COs 4 days 45% 0%

Scheme 96:Optimisation table for thex®&r reaction betwee®47and53to afford370 Yields are measured
by 'H gNMR using dibromomethane as an internal standard.

With an improved procedure to synthesise bis(arylBéthee then reduced and acetylated the

nitro-group followed by installing the aniline to give the oxonium pre8id&ar45% yield.

Subsequent treatment3f2with HBF,and'BuONO and gentle warming gave the oxonium salt

373in 80% yield.
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(1.5eq)

NH,
s . s BPin
D B Hz, Pd/C (5 mol%) P Pd(PPhs), (5 mol%)
EtOAc, r.t,, 16 h f K,CO3 (4 eq.) NH,
—_—
(6] (0] R (o)
NO, then Ac,0 (3 eq.) NHAG DME/H,0, 85 °C, 18 h 1
CH.Cly, rt.,, 3h ACHN IS
370 371 372
45% (3 steps)
BF,

O HBF,4 (48% aq., 5 eq.)
+0 A 'BUONO (5 eq.)
G

CH,CI,/IPA, 16 h, 30 °C
AcHN

373
80%

Scheme 97:Synthesis of oxonium s&73

2.2.4.2.2 2,3Benzothiophynegeneration

The benzothiophersontaining oxonium saB73 was subjected to the trapping conditions
developed isectior?.2.2.2and pleasingly, the desired cycloaddition product was obtained in 38%

yield Gcheme9§).

BF,
furan:MeCN
O (2:1,0.05 M) s O S
/
5O\ ) KsPO, (5 eq.) @E}/ @
O rt., 16 h
AcHN
373 177 358

28%

Scheme 98Trapping of 2,3enzothiophynd77with furan usin@73

We then sought to optimise the trapping rea@icme(med9). Altering the concentratidar(try

2 and 3) resulted in diminished yields. Chantijia solvent to 1;dioxane, toluene, and HFIP
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(Entry 4-6) similarly decreased the yield of prodG8ivhile using dichlorometharien(ry 7)

led to a slight increase in yield (31%). Increasing the temperature to 40°C or decreasing it to 0°C
both reduced the yield 868(Entry 8 and 9. Adjusting the furan to dichloromethane ratio to

3:1 marginally increased the yield to 32%, and further adjustment to 935@iel88&6 Entry

1213. Finally, varying the base using sodium carbonate, dediomoxide, potassium
hydroxide, and cesium carbon&igry 1518 revealed that using soditertbutoxide resulted

in an increased yield of 37%. These optimised conditions were subsequently employed in further

reactions.
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AcHN

BF,
furan:MeCN O
(X:1, conc. M) O S o
// +
_
+0 \Y s base (5 eq.) %
O temp °C, 16 h
AcHN
373 358 374

Entry Base Solvent Conc. Furan:MeCN temp Yield Yield Conversion

(5eq.) (M) oreq. of 358 374 (%)
Furan* (%) (%)
1 KsPO, MeCN 0.05 2:1 r.t. 28 88 100
2 KsPO, MeCN 0.1 2:1 r.t. 22 39 100
3 KsPO, MeCN 0.01 2:1 r.t. 14 16 100
4 KPO, T* 005 2:1 rt. 27 97 100
dioxane

5 K3sPOy, PhMe 0.05 2:1 r.t. 23 77 100
6 KsPO, HFIP  0.05 2:1 r.t. 0 0 34
7 KsPO, CHXCL 0.05 2:1 r.t. 31 98 100
8 KsPO, CHXCL 0.05 2:1 40 24 93 100
9 KsPO; CHLCL 0.05 2:1 0 E 7 44 100
10 KsPO, CHXCL 0.05 5 eqr r.t. 3 82 100
11 KO, CH.LCL 0.05 1:1 rt. 24 60 100
12 KsPO, CHXCL 0.05 3:1 r.t. 32 69 100
13 KsPO, CHXCL 0.05 9:1 r.t. 30 54 100
14 K:CO; CH.CL 0.05 31 r.t. 15 50 100
15 NaCO; CHLL 0.05 3:1 r.t. 0 0 40
16 NaOBu CH:Xl, 0.05 3:1 r.t. 37 97 100
17 KOH CH.CL 0.05 3:1 r.t. 32 97 100
18 CsCO; CHXCL 0.05 31 r.t. 31 96 100

Scheme 99:Optimisation table for 2;Benzothiophynd77trapping with furan using73
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2.2.4.2.3 Triaryloxonium salt synthesis

Having established th&73is a stable oxoniursalt that canpotentiallyserve as 2,3
benzothiophyneprecursor our next goal was to assess thaerance of substituted
benzothiophenedathis synthetic rout&ubstitutedbenzdhiophenonesvere synthesisdéiem

the corresponding thiophenols according to a literature pro¢@chamel00.'%°

0O

Br\)J\OH (1.1eq.)

SOCl, (1.2 eq.)
NaOH (6 eq.)

0 . S,
SH 79°C,2h @
- S -
- -
H,0, 60 °C then AICI;3 (3 eq.)

CH,Clp, 0°Ctort, 3h ©

Scheme 100Synthetic route to benzothiophenones.

Initially, a range of thiophenols were treated with bromoacetic acid and sodium hydroxide to afford
the desire®-(phenylthio)acetic acidis good to excellent yiel@gheme10). The reaction
durations and temperatures were modified according to the solubility of the thiophenols (see
supplementary information for full detail®).avoid hydrolysis of the ester grqugraCO.Me
substrate894was synthesised under famueous conditiorsnd using potassium carbonate as

the base
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(0]

B (1.1 eq.)
r\)LOH
o)
SH NaOH (6 eq.)
_ s
PN
H,0, temp °C, time h
0 0 o)
@:S\)J\OH /©/S\/U\OH /©/S\/U\OH
cl F
375 376* 377+
88% 94% 97%
0
0 o
s
S
S\)J\OH o OH @[ \)I\OH
OMe
378 379 380
75% 80% 78%
: ; A
S
s OH
o o g
O,N AcHN CF
3
390 391 392
91% 69% 94%
0 (1.5eq.)
.5 eq.
B
r\)j\OH o
SH
\(©/ K,CO, (2 eq.) s\)LOH
MeO >
MeCN, 82 °C, 6 h MeO
o)
o
393 394

81%

Scheme 101Scope for the synthesis of ghenylthio)acetic acids. *Synethesised by Dima Petropavlovskikh.

The 2-(phenylthio)acetic aciagere then refluxed in thionyl chloride to generate acyl chlorides
followed by stirring with Algdo form the correspondingenzothiophenoneSchemel03.
Pleasingly, the chler®95 COMe 396 fluoro 367 methyl 398 and naphthyl 399
benzothiopheoneswere generated in very good yield. Howéeezothiophenonelsearing
mesomerically electron donating groups, specifically retbbapndN-acetyl 403 products,

were only afforded in moderate yield, 24% and 35% nresigeEtirthermore, products
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containinghe acyt 40Q nitro- 402 and CE 404groups wer@ot obtainedTheseresultswvere
attributed to the electremithdrawinggroups deactivating the aryl ring towards F@déis

acylation, which proceedaa cationic intermediate.

SOCl, (1.2 eq.)

(e} o S
79°C,2h
s A -
OH -
then AICI; (3 eq.)

CH,Clp, 0°Ctort, 3h ©

Cl

S, S IS O S,
S
MeO
o] F O 0
o) o)
\ o)
395 396 367* 398+ 3994
88% 85% 87% 75% 70%
oM
s © s s F4C s
S
O,N
0 o o] NHAc O o]
o)
400 401 402 403 404
0% 35% 0% 24% 0%

Scheme 102Scope for the synthesis difenzothiophenones*Synthesisedby Dima Petropavloskikh.
'Generated using an alternative procedure.

Thebenzothiophenonesgere then subjected to the optimisedr $onditions to afford bis(aryl)
ethers $chemel03. The chlore4®, COMe- 406, fluoro- 407, methy 408, and naphthy409
substitutedbis(aryl) ethers were successfully synthésided to moderate yield ¢58%).
However, the bis(aryl) etheesaring more strongly mesomerically donating gibgesty 10

and methoxy11, were not obtained.
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cl
(1eq.) Br
S O.N o @
K,CO3 (2 eq.) /@( \[’
—_— S

O,N
O  DMF 40°C,4days -

(0]
OMe
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jsq ) joq: L o g
| | |
OoN s O2N S “ O,N S

370 405 406
41% 50% 19%
F (2
Br Br Br
(@) (0] (o) O
\ S \ S \ S
OoN O,N OoN
407* 408* 409
56% 40% 29%
------------------------------------------ unsuccessful-=============-=cc-csccccccccocccoocoooono-
AcHN
Br Br
° O\[Q
| g | IS OMe
O,N OoN
410 411
0% 0%

Scheme 103Scope for the synthesis of bis(aryl) ethers. *SynthdsisednaPetropavloskikh.

The bis(aryl) ethers were then successfully converted into the corresponding oxowiam salts
reduction and acetylation of the rigroup, crossoupling with thaniline pinacolborark'%°

and diazotization with gentle heat®Bcheme 104
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i) Hyp, Pd/C (5 mol%)
EtOAc, r.t., 16 h
then

Ac,0 (3 eq.)
Br CH,Cly, rt., 3h O
(o) @ then NH,
[ g o )
O,N S O |

(1.5-25e€q)) g
NH2 AcHN
BPin
56
Pd(PPh 5 mol¥
i) Reduction, acetylation and cross- (KQCCS)?((4 en(;?) %)
coupling DME/H,0, 85 °C, 18 h
412a Ar = unsubstituted 45%
413a Ar = 7-chloro: 77%
414a Ar = 5-CO,Me: 64% éFA

415a* Ar = 5-fluoro: 31%

416a* Ar = 5-methyl: 30% .
417a Ar = naphthyi/' 51% s @ iiy HBF, (48% aq., 5 eq.)
' ‘BUONO (5 eq.)

ii) Oxonium formation +0 \ B
412b Ar = unsubstituted 80% s =
413b Ar = 7-chloro: 69% CHZClo/IPA, 16 h, 30 °C.

414b Ar = 5-CO,Me: 74% AchN

415b* Ar = 5-fluoro: 22%
416b* Ar = 5-methyl: 48%
417b Ar = naphthyl: 88%

Scheme 104Synthesis of benzothiopheneontaining oxoniums salts. *Synthesisdy Dima
Petropavloskikh412a417ayields reported over three steps: reduction, acetylation, andcougdmg.
412b417byields reported for oxonium formation.

2.2.4.2.4 2,3Benzothiophynesscope

The benzothiophene triaryloxoniums were then subjected to the optimised trapping conditions
usingsodiumtertbutoxideand a large excess of fuiaohemel0§. All the xoniumsaltsyielded

the corresponding [4+2] cycloaddition products in moderate yield, indicative of the trapping of
2,3benzothiophyne intermediates. Additionally, the formal [2+2] cycloaddition products were
obtained as minor products for all substrates, excetitefarapthytsubstrate422h Since
pericyclic [2+2] cycloadditions are mytmy forbidden by Woodwaktbffmann rules, this
transformation likely proceedma stepwise mechani§hThe regiochemistry of the [2+2]
cycloaddition product is ambiguous from NMR data alone. However, predicted regi@semers
been denoted, considering the observed regioselectivity with alternative argeepbdeson
2.2.4.2.% Trace amounts of the suspected [2+2] cycloaddition minor regioisomer were observed

in the™H NMR. To confirm this, trapping reactions would need to be performed on a larger scale.
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furan:CH,Cl, 3:1 (0.05 M)[

NaOBu (5 eq.) ' s
rt., 16 h [

a

(]

oy 62,
O,

S,
O / 74
) |
O
358 358b 418a 418b
37% 10% 28% 6%
L, S y S
/ ¢ O / 7
oKD oo Ry ANG ARy
o) o)
419a 419b 420a 420b
26% 5% 34% 2%
s S X
O ¢ | O O |
o) O o)
421a 421b 422a 422b
31% 5% 43% 0%

Scheme 105Trapping scope of 2;Benzothiophynes witfuran.

2.2.4.2.5 Arynophile scope

We next aimed tassess the compatibilitythe oxoniunmsaltswith alternative arynophiles to

provide more conclusive evidence of alikaeeactivity. To successfully 2enzothiophyne

with furan, a substantial excess of trapping agent was necessary. Therefore, we directed our

attention to arynophiles with sufficiently low boiling points that they can be removed under

reduced pressure.

Initially, our focus centred on trapping agents with the potential to undergoing cycloaddition

reactions with the proposed hetarny®ehémel06and 107. Oxonium373reacted with 255

dimethylfuran, yielding the [4+2] cycloaddition prod2&in 16% yield(Scheme 106



Treatment oB73with N-Bocpyrrole yielded tricyc24ain 16% yield, along with the424b

and 3 424c pyrrole substituted thiophenes 286 and 5% yield respectively. A proposed
mechanism for the generatiod2fiband424cis outlined irschemel06whereirN-Bocpyrrole
undergoes electrophilic addition withi#&Bzothiophyne at the C2 or C3 position of the hetaryne,
followed by rearomatisation of the pyrrole, Boc deprotection, and protonation of the hetaryl. The
formation of the pyrrole derivativé2lb and424cis indicative the trapping of an asymmetric

hetaryne intermediate.

BF, trapping agent:CH,Cl,

O 3:1 (0.05 M)
p NaOBu (5 eq.) (:ES?-
O \_s rt, 16 h / L

AcHN
373
0.3 mmol
S,
(o) 373 O /
()= == 9
423
16%
rearomatisation and
Boc deprotection H H
S, N S, N
>~ —— 77—\
424b
0,
S H(A\r-) 2%
N/
Bot

Boc S,

N 373 O p
) — !
Boc
424a
NBoc
e

16%
S
N _
/ /
; / NH / NH

rearomatlsatlon_and 424¢
Boc deprotection 5%

Yy

S
/

H

S

Scheme 106Trapping reactions of 2f8enzothiophynes with dienes.
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In the presence of thiophene, fluos@mnium salt16bproduced the dibenzothiopheti®a in
18% vyield, likelyiaa [4+2] cycloaddition reaction followed by extrusion of s@&hefe
107 .°+%2Additionally, the-Bhiophenesubstituted benzothiophe#25bwas isolated in 4% yield
presumably formed similarly to the pyrrole derivd#e Unfortunatelypon treatment 373
with nitrone 426 and pentamethylcyclopentadied28 we were unable to isolate the any

cycloaddition product427and429respectively.

§F4 trapping agent:CH,Cl,
3:1(0.05 M) i
NaOBu (5 eq.) s
+0 /X N
O \_s rt, 16 h \, :
AcHN -
0.3 mmol

— o A0

425a

s
ES) 416b )" 18%
| ) ——> F -
PR )
Qi,\
\} S, S
Ve H+ Y/ H
F - . F
;+ 72 72
H = =

rearomatisation 425b
4%
---------------------------------------------- UNSUCCESSTUl + == vemmmccc e ececececcccccecceeaes
Eh 373 s : 373 s
r/+\O_ + %Ph N + /
Ph : /;
O’N\Ph : D)
426 427 ! 428 429
(10 eq.)

Scheme 107Trapping reactions of 2f8enzothiophynes with dienes.
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Pleasingly, carrying out the reaction in DMI gave the desired ring expansiod30odLdeo
yield 6chemel0§. The regiochemistry 480was determined by'td-‘H NOESY correlation

between the neamide NMegroup and the proximal aromatic hydrogen atom.

BF, DMI:CH,Cl,

O 3:1 (0.05 M)
@ NaOBu (5 eq.) s @Ese_(o
+0 / —
C CL \
O S rt, 16 h L 7 | /N\/
AcHN
373 177 430
0.3 mmol 14%
CU o Cr-
S - S, O
|\/|N/[(z 4 /S/<O_‘>—>©/\2§2/—> 7 N—
e NM — N
L NQ/N~ ;N\Q) H /N\)

Scheme 108Ring expansion reaction of DMI with the -b@&nzothiophynd 77

The nuteophilic trapping agents ethanol &kthethyl aniline also reacted \@i#t3to afford the

trapped products $chemel09. Ethanolreactedo exclusively give thes8bstituted aryl ether

431in 47% yieldN-methyl aniline was added in a smaller excess, due to its higher boiling point,
to give an inseparable mixture of then®l 2substitutedN-arylated thiophene&32aand432h

in 15% and 3% yield respectively. This result is consistent with the trapping of a polarised hetaryne

intermediate
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Conditions i:
EtOH:CH,CI, 3:1 (0.05 M)

BF, NaOBu (5 eq.)
O rt, 16 h
or s S
+0 /X
l ——
O Conditions ii: Y
N-methyl aniline (20 eq.
AcHN v (20eq.)
373 NaO'Bu (5 eq.) 177
0.3 Mol CH,Cl, (0.05 M)

rt, 16 h
: s

373 S ' 373
' H S Ph

EtOH —3 Y ; \prh - ©:/e_ . @_N
' \
OFEt ' N-pp,
: d H
431! E 4322’ : 432b
47% : 5.5 1

' 15% 3%

Scheme 109Trapping reactions of 2f8enzothiophynd77with nucleophilic trapping agentssynthesised
using conditions. ii: synthesised using conditians

2.2.4.3 Conclusions and future work

This work provides evidence that benzothiophene triaryloxoniums underjkeargaetivity in

the presence of base and trapping agémsinefficiency of theeaction is consistent with the
calculated energy of the hetafylilegly nearing the synthetically accessible limit for arynes. While
acknowledging the methodds | imitations, it
memberedhetarynes is significantly limited. Moreover, there are several examples where
conventional aryne precursors fail in producing analogous hétét$tragure workwould
investigate whethttre observed regioselectivityassistent with that predicted by computational
calculationsin addition, futher invetigationsvould look to determine if the fivenembered

hetarynes 2siophyne and 3;thiophyne are accessible using this methodology.
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3 Chapter 3: ChiralT riaryloxonium lons
3.1 Introduction

3.1.1 Pyramidal inversion of trivalent compounds

Pyramidal inversion is the process in which pyramidal moleculesiareveptanar trigonal
transition state, effectively turning inside out. The energetic barrier associated with this process
has been extensively studied to understand the factors affecting the optical stability of asymmetric
trivalent compound$2When the inversion barrier is low, compounds with a stereogenic centre
rapidly racemise. However, pyramidal compounds with high inversion barriers, such as phosphines
(126185 kJ md)**° and sulfonium ions (140 kJ mel)P®* can exhibit configurational

stability under ambient conditions and therefore can be isolated as single enditi®mers.
stability, seen in chiral phosphines and sulfoangat room temperature, is harnessed in various
applicationsincluding the use of chiral phosphine ligands in asymmetric c¥thlysimtrast,

amines possess lower inversion barrie25(R0 mol) therefore the enantiomers of stereogenic
amines rapidly interconvEftHowever, when constrained within bicyclic scaffolds, as seen in
cinchona alkaloids, their conformation can be locked, rendering them configurationally stable and

useful in applications such as asymmetric organoca@alysimdl110.*
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Scheme 110Approximate inversion barriers of trivalent amines, sulfoniums, and phosphines as well as the
configurational stability of their enantiomers at room temperature.

3.1.2 Pyramidal inversion of oxoniums

Similarly to amines, oxonium ions generally have low barriers to iffeksiovever,
investigations into the inversion of trivalent oxygen has been limited due to trialkyloxonium ions
being highly reactive towards weak nucleophiles. The only measured barrier to inversion of an
oxonium ion was reported by Lambert and Johnsonthsirgpoxide derived trialkyloxonium

434" Using low temperatutel NMR, the coalescence temperature of the ring hydrogen atoms
was determined and from this, the barrier of inversion was calculated to be 4@&Gkiana

111

Scheme 111The measured inversion barrierd®4

As well as being powerful alkylating agents, trialkyloxonium ions also exist as reactive intermediates

in biological processes. Burton and coworkers synthesised and characterised tricyclic oxonium ion
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