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Abstract 

Oxonium ions are perceived to be highly reactive electrophiles, thus, triaryloxonium ions have 

been underutilised in synthesis despite their remarkable stability. This body of work explores novel 

applications of triaryloxonium ions. Chapter 1 demonstrates their utility as benzyne precursors, 

activated with weak bases to achieve broad functional group tolerance, offering a complementary 

approach to alternative aryne-generating methods. This is further illustrated by their compatibility 

with a diverse range of arynophiles. 

 

Inspired by these findings, Chapter 2 assesses their potential application as hetaryne precursors. 

Synthetic routes towards heteroaromatic-containing triaryloxonium ions as well as methods to 

enhance their stability are evaluated. Various heteroaromatic triaryloxonium ions exhibit aryne-like 

reactivity in the presence of base and arynophiles, including the five-membered hetaryne, 2,3-

benzothiophyne.  

 

Beyond aryne generation, the Smith group has harnessed triaryloxonium ions to generate the first 

chiral, non-racemic, and configurationally stable molecule in which the oxygen atom is the sole 

stereogenic centre. This work probes the configurational stability of this oxonium ion by 

conducting kinetic analysis of the enantioenriched oxonium to measure the inversion barrier of 

the stereogenic oxygen centre. 
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1 Chapter 1: Aryne Generation from Triaryloxonium Ions 

1.1 Introduction  

1.1.1 Trialkyloxonium ions 

Oxonium ions are highly reactive electrophilic species and therefore often only exist as fleeting 

intermediates.1 However, trialkyloxonium ions, known as Meerweinõs salts, are kinetically stable 

and are amongst the most powerful alkylating reagents known.2,3 Meerweinõs reagent refers to 

triethyloxonium tetrafluoroborate 2 which is readily prepared from diethyl ether, Et2OāBF3, and 

epichlorohydrin 1 (Scheme 1).4 Meerwein salts are highly electrophilic and alkylate even weak 

nucleophiles, however, this reactivity also limits their utility in the synthesis of functionalised 

molecules.   

 

Scheme 1: Synthesis of Meerweinõs reagent 2.  

 

1.1.2 Triaryloxonuim ions  

Triaryloxonium ions, first reported by Nesmeyanov and coworkers in 1957, were generated from 

O-arylation of diphenyl ether 5 with phenyl diazonium salts 4, via the loss of N2, in very low yields 

(2%).5,6 The resulting triaryloxonium salts exhibited significantly higher decomposition 

temperatures (>150 ĚC) compared to their alkyl counterparts, as well as stability towards weak 

nucleophiles such as H2O (Scheme 2). 
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Scheme 2: Intermolecular synthesis of triphenyloxonium tetrafluoroborate 6 via O-arylat ion of diphenyl 

ether 5 with phenyl diazonium salts 4. 

 

Two years later, Nesmeyanov and coworkers demonstrated that triaryloxonium ions containing a 

dibenzofuran scaffold could be readily made with significantly higher yield via intramolecular O-

arylation.7 A similar observation was made by Hellwinkel and coworkers in 1972 (Scheme 3).8  

 

Scheme 3: Intramolecular O-arylat ion to afford tr iaryloxonium salt 8. 

 

1.1.3 Arynes 

Arynes are highly reactive intermediates generated by the removal of two substituents on an 

aromatic ring. Despite being proposed more than a century ago by Stoermer and Kahlert,9 their 

existence was not experimentally validated until 1953 where Roberts and coworkers performed a 

14C labelling experiment.10 14C Labelled chlorobenzene 9 was treated with potassium amide in 

ammonia to give a 1:1 mixture of the ipso- and ortho-substituted anilines, 11 and 12 respectively, 

providing evidence for the electronically neutral and symmetrical aryne intermediate 10 (Scheme 

4).  
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Scheme 4: 14C labell ing experiment to probe the existence of benzyne 10.  

 

1.1.4 Aryne generation  

In general, the synthesis of ortho-aryne intermediates requires the removal of two vicinal 

substituents on an aromatic ring. This can be achieved by i) deprotonation ortho to a leaving group, 

or ii) concurrent elimination of a neighbouring accepting group and a leaving group (Scheme 5). 

Typically, monosubstituted precursors, which are activated by deprotonation, are more readily 

synthesised and provide better atom economy whereas 1,2-disubstituted precursors are activated 

under milder conditions.    

 

Scheme 5: General approaches to ortho-aryne synthesis from i)  monosubstituted precursors i i) 1,2-
disubsti tuted precursors. 

 

1.1.4.1 Deprotonation of aryl halides 

The earliest postulated arynes were reported to be generated from monosubstituted aryl halides 

via ortho-deprotonation with strong base, as demonstrated in the labelling experiment described in 

section 1.1.3 (Scheme 4). In 1902, Stoermer and Kahlert first proposed the existence of 2,3-

benzofuryne 14 after observing the formation of 2-ethoxybenzofuran 15 when 3-

bromobenzofuran 13 was heated in the presence of base and ethanol (Scheme 6).9 The existence 
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of this intermediate has since been brought into question,11ð13 however, its significance within aryne 

chemistry persists.  

 

Scheme 6: The first postulated aryne 14, generated from 3-bromobenzofuran 13.  

 

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 generation of aryne precursors shifted focus 

to the 1,2-disubstituted variant to reduce the reliance on strong bases.  

1.1.4.2 Benzenediazonium carboxylates 

For instance, in 1960 Stiles and Miller demonstrated that benzenediazonium carboxylate 16 

decomposed to generate benzyne 17 via the evolution of CO2 and N2.
14 Heating the precursor in 

the presence of furan yielded the corresponding [4+2] cycloaddition product 18 indicating the 

formation of an aryne intermediate 17 (Scheme 7). However, the explosive nature of the precursor 

imposes some limits on its practical utility.  

 

Scheme 7: The generation and trapping with furan of benzyne 17 from benzenediazonium carboxylate 16. 
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1.1.4.3 Aminobenzotriazoles 

The generation of arynes from aminobenzotirazoles is also driven by the evolution of gas.15 

Campbell and Rees reported that upon treatment with Pb(OAc)4, 2-aminobenzotriazole 19 is 

oxidised and subsequently fragments with the loss of two molecules of N2 to afford benzyne 17 

(Scheme 8). In the absence of an alternative trapping agent, benzyne 17 dimerises to afford 

biphenylene 20 in good yield (60%). However, the explosive nature of the precursor, along with 

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

 

Scheme 8: Generation and dimerization of benzyne 17 from 2-aminobenzotrizaole 19.  

 

1.1.4.4 The Kobayashi method  

The fluoride mediated aryne generation method from ortho-silyl aryl triflates reported by Kobayashi 

and coworkers in 1983 represented a significant development in the chemistry available for aryne 

generation.16 The precursor can be readily prepared from 2-bromophenol 21 and the use of fluoride 

for activation of the precursor 23 allowed for compatibility with a much broader array of trapping 

agents, thereby accelerating the incorporation of arynes into modern organic synthesis (Scheme 

9).17 However, the synthesis of the precursor requires organometallic regents, limiting the 

versatility of accessible arynes from this precursor. 
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Scheme 9: Synthesis of Kobayashi precursor 23 and the generation of benzyne 17 using a f luoride source. 

 

1.1.4.5 Hexadeyhdro Diels-Alder reaction 

More recently in 2012, Hoye and coworkers developed a ôreagent freeõ method for aryne generation 

via an intramolecular Hexadehydro Diels-Alder (HDDA ) reaction18 which built on early reports 

from both Johnson and coworkers19 and Ueda and coworkers20 in 1997. The reaction proceeds via 

a [4+2] cycloaddition between a 1,3-diyne tethered to an alkyne to give an ortho-benzyne which is 

subsequently trapped by an appropriate trapping agent (Scheme 10). This methodology gives 

access to a diverse range of complex benzenoid products.18 While 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. 

 

Scheme 10: HDDA aryne generation and intramolecular trapping via insertion into the O-Si Bond. 
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1.1.4.6 Pd(II) -catalysed C-H activation of benzoic acid 

Greaney and coworkers developed a method to generate arynes using Pd(II)-catalysed C-H 

activation from readily available monosubstituted benzoic acids.21 Ortho-C-H activation of 28 

generates oxapalladacycle 29 and subsequent decarboxylation yields palladium coordinated 

aryne/metallocyclopropene 30 which trimerized to form triphenylene 31 (Scheme 11). 

 

Scheme 11: The Pd(II)-catalysed C-H activation of benzoic acid 28 to generate coordinated aryne 30 and 

its [2+2+2] tr imerisation product 31. 

 

1.1.4.7 Onium salts: ǩ3-bromanes, -chloranes, and iodanes 

A recent resurgence in the field of onium chemistry, in particular hypervalent ǩ3-bromanes, -

chloranes, and -iodanes 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 weaker base than those required for the 

corresponding aryl halides. Wencel-Delord and coworkers have pioneered the use of cyclic diaryl 

ǩ3-bromanes22,23 and ǩ3-chloranes24 to generate arynes using weak base (Scheme 12). While the 

milder conditions allow the potential to have a broader range of substituents on the aryl ring, the 

resultant aryne incorporates the halogenated biaryl moiety. Thus, simple monoaryl arynes are not 

readily accessible from these precursors. 
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Scheme 12: The generation of arynes from cyclic biaryl ǩ3-bromanes and ǩ3-chloranes. 

 

Unlike ǩ3-bromanes and ǩ3-chloranes, ǩ3-iodanes have had widespread use in organic synthesis.25 

However, their use as aryne precursors had been limited until the disclosure of publications from 

Li,26 Han,27 and Stuart28ð30 demonstrating the generation of arynes from iodonium salts using mild 

bases. Stuart and coworkers reported the broadest functional group tolerance for arynes using 

aryl(TMP)iodonium salts, enabled using weak base, potassium phosphate (Scheme 13). However, 

the efficient generation of aryne requires the presence of a meta-substituted inductively 

withdrawing group. Additionally, the incorporation of sensitive functional groups, such as an 

alcohol 37 or an ester 38, occurs through tethered aryl moieties, rather than direct attachment to 

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

 

Scheme 13: Aryne generat ion and trapping from aryl(TMP)iodonium salts. 
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1.1.5 Aryne generation from triaryloxonium ions 

In 1972, Hellwinkel and Seifert treated triaryloxonium salt 39 with excess PhLi in the presence of 

D2O to yield products, 41 and 43, which were consistent with trapping of aryne intermediates, 40 

and 17 respectively (Scheme 14).31 The two proposed aryne intermediates were likely generated via 

deprotonation ortho to the positively charged oxygen followed by cleavage of the neighbouring C-

O bond. Subsequent nucleophilic attack of phenylate and quenching with D2O afforded the 

trapped aryne products in a 1.07:1 (41:43) distribution demonstrating poor selectivity in the 

deprotonation step.  

 

Scheme 14: Generation of arynes 40 and 17 from triaryloxonium salt 39 using PhLi. 

 

Over a decade later, Tolstaya and coworkers provided further evidence in support of aryne 

generation from triaryloxonium ions.32 Tri-para-tolyloxonium tetrafluoroborate salt 44 was 

refluxed in the presence of sodium hydroxide in water to yield bis(aryl) ether 45 and a 1:1 mixture 

of para- and meta-cresols, 47 and 48 respectively (Scheme 15). The distribution of products was 

consistent with trapping electronically neutral aryne intermediate 46 with water. 
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Scheme 15: Aryne generat ion from tr i -para-tolyloxonium tetraf luoroborate salt 44 and its trapped products, 

47 and 48, with H2O. 

 

Furthermore, triaryloxonium salt 44 was refluxed in benzene in the presence of weak base, 

potassium acetate, and tetraphenylcyclopentadienone to afford tetraphenylnaphthalene 49 in 

excellent yield (95%) (Scheme 16).32 This reaction was proposed to proceed via a [4+2] 

cycloaddition between an aryne intermediate 46 and the diene followed by rearomatisation by 

extrusion of carbon monoxide. 

 

Scheme 16: Aryne generation from tri -para-tolyloxonium tetraf luoroborate salt 44 and trapping with 

tetraphenylcyclopentadienone followed by loss of CO. 
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1.1.6 Previous work within the group 

Since these reports over 20 years ago, triaryloxoniums salts have been absent in modern aryne 

synthesis. It was postulated that given their remarkable stability,6 along with the potential to 

generate arynes using mild base,32 triaryloxonium ions could be harnessed as mild aryne precursors 

to broaden the scope of synthetically accessible arynes. 

To achieve this, a synthetic route was developed in the Smith group by Owen Smith to generate 

triaryloxonium ions from commercially available building blocks.33 O-Arylation is achieved via an 

SNAr reaction where the desired aryl group can be incorporated either: i) within an aryl fluoride 

bearing an electron-withdrawing group or ii) within a phenol (Scheme 17). It was observed that 

the presence of a strong electron withdrawing group para to the oxygen prevented oxonium 

formation. Therefore, when the O-arylation was achieved using 53, hydrogenation and acetylation 

of the nitro group was required to facilitate subsequent oxonium formation. In addition, blocking 

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

rather than the C-H bonds on the dibenzofuran core. 

 

Scheme 17: O-arylation via SN Ar with i)  an aryl fluoride bearing an electron withdrawing group or i i) a 
phenol.  
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The biaryl bond, which connects the aniline moiety, is then installed via a Suzuki-Miyaura coupling 

with aniline containing pinacol borane 56.34 The key bond disconnection to generate the oxonium 

tetrafluoroborate salt, 59 or 60, can be achieved by diazotisation of the aniline, 57 or 58, followed 

by loss of N2 and intramolecular O-arylation (Scheme 18).7,8  

 

Scheme 18: Synthet ic route to triaryloxonium salts from bis(aryl) ethers. 

 

Furthermore, an optimised set of conditions to generate arynes under mild conditions was 

developed. Upon treatment with a weak base, potassium phosphate, in acetonitrile triaryloxonium 

salt 61 generated an aryne which was subsequently trapped by furan to give 62 in excellent yield 

(97%) (Scheme 19). Notably, the use of weak base allows the reaction to proceed under air without 

additional drying of the solvent making it operationally simple.  

 

Scheme 19: The generation and trapping of a benzyne from triaryloxonium salt 61 with 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 outlined in Scheme 19. It was envisioned that 

this might develop a method 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 groups, addressing limitations present in other aryne generation 

methods. 

1.2 Results and discussions  

1.2.1 Synthesis of bis(aryl) ethers 

To achieve this goal, we initially set out to synthesise bis(aryl) ethers using the two synthetic routes 

described in section 1.1.6.* Pleasingly, a broad range of aryl fluorides bearing ortho- and para-

substituted electron withdrawing groups afforded the corresponding bis(aryl) ethers in moderate 

to good yield (Scheme 20).  

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

 

Furthermore, a range of ortho-, meta-, and para-substituted phenols reacted with SNAr precursor 53 

under basic conditions to generate nitro-containing bis(aryl) ethers in moderate to very good yield 

(Scheme 21). To further demonstrate the broad applicability of the route to triaryloxonium salts, 

we subjected the anti-inflammatory drug Diflunisal 86 and natural product Capsaicin 88 to the 

synthetic route and to afford the corresponding bis(aryl) ethers, 85 (40%) and 87 (84%) 

respectively. The diflunisal adduct was modified by esterification of the carboxylic acid to prevent 

deprotonation upon treatment with potassium phosphate.35 
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Scheme 21: Synthesis 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 Suzuki-Miyaura 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 good yield (46%-82%) while the oxonium 

formation from the aniline intermediates was generally achieved in higher yield (65%-95%) 

(Scheme 22).   
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Scheme 22: Synthesis of tr iaryloxonium tetrafluoroborate salts. Yields are denoted X% (Suzuki-Miyaura 
coupling), X% (oxonium formation) *Synthesised by Owen Smith. ǃGenerated via a triazine to prevent 
condensation of the anil ine moiety with the carbonyl groups.  

 

The modified route containing additional steps to transform a nitro group into a N-acetyl group 

was applied to the bis(aryl) ethers generated from phenolic starting materials (Scheme 23). 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 

Suzuki-Miyaura coupling. Therefore, the yield for the aniline formation is reported over three 

steps.  
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Scheme 23: Synthesis of tr iaryloxonium tetraf luoroborate salts. Yields are denoted X% (yield over three 
steps, i,  i i,  i i i) , X% (oxonium formation). *Synthesised by Owen Smith. ǃ Generated using a modified 

procedure.  

 

All the bis(aryl) ethers, with the exception of 89, formed the corresponding anilines and 

subsequently oxonium salts in moderate to very good yield (Scheme 23). On average, oxonium 

formation proceeded in slightly lower yield compared to those derived from aryl fluorides. A 

modified procedure via an iron mediated reduction of 81 was required to ensure selective reduction 
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of the nitro group.36 Furthermore, to prevent sulfur poisoning of the palladium catalyst,37 the 

reduction of 84 was also achieved using iron instead of palladium. The aniline derived from 3-

(dimethylamino)phenol 137 was unsuccessful in forming the corresponding triaryloxonium salt 

138 upon diazotization. This could be a result of the nucleophilic nitrogen lone pair reacting with 

the diazonium.  

1.2.3 Arynes scope  

Having synthesised a broad range of triaryloxonium salts, we subjected them to the optimised 

aryne trapping conditions developed using the para-nitro oxonium 61 with furan as the model 

arynophile (Scheme 24). Pleasingly, almost all the substrates gave the desired furan [4+2] adducts 

in excellent yield.  

Several tricycles containing para-substituted carbonyl containing functional groups were afforded 

including amide 139 (91%), ester 140 (94%), ketone 141 (96%), and aldehyde 142 (93%) 

respectively. The chloro 143 (94%) and sulfoxide 144 (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 give 145 in excellent yield (96%). The tricycle with a pendent aryl group 

146 was also obtained (86%). The unsubstituted variant 18 was generated with a slightly lower 

isolated yield (81%) due to the volatility of the product.  



 

19 
 

 

Scheme 24: The generat ion and trapping of benzynes with furan from tr iaryloxonium salts. aGeneration 
from oxoniums where R = Me. bGeneration from oxoniums where R = NHAc. *Synthesised by Owen Smith.  

 

A range of ortho-substituted arynes were also compatible with the conditions (Scheme 25). 

Notably, ortho-nitro [4+2] adduct 147 was obtained in very good yield (91%), where the 

corresponding ortho-silyl triflate precursor undergoes a thia-Fries rearrangement upon treatment 

with fluoride.38 In the presence of potassium phosphate and furan the ortho-cyano 147 (97%), 

methyl 149 (95%), methoxy 150 (98%), and naphthyl 151 (97%) products were isolated in excellent 

yield.  
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Scheme 25: The generat ion and trapping of benzynes with furan from tr iaryloxonium salts. aGeneration 
from oxoniums where R = Me. bGeneration from oxoniums where R = NHAc. *Synthesised by Owen Smith.  

 

Several meta-substituted oxoniums probed the regioselectivity of the reaction. The fluoro and CF3 

oxoniums, 120 and 122 respectively, exclusively gave the cycloaddition products 152 (80%) and 

153 (84%). The reverse regiochemistry was observed for the oxonium bearing a meta-tert-butyl 

group 124 to give 154 (87%) (Scheme 26).  

The more densely functionalised Diflunisal and Capsaicin derived oxoniums, 134 and 136 

respectively, also proceeded to form the desired products 157 (88%) and 158 (31%). Difficulties in 

purification were attributed to the lower isolated yield for 158.  

The oxonium bearing a para-CH2CO2Me group 130 was unsuccessful in generating the 

corresponding tricycle 159. This is likely due to preferential deprotonation at the benzylic position. 

The analogous oxonium with an additional CH2 unit separating the ester and aryl group 128 

successfully gave the desired product 156 in 54% yield. Additionally, the oxonium containing the 

nucleophilic para-SMe group 132 also failed to generate the corresponding tricycle 160. This is 

potentially attributed to preferential reactivity of the sulfide with the aryne.39 
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Scheme 26: The generat ion and trapping of benzynes with furan from tr iaryloxonium salts. aGeneration 
from oxoniums where R = Me. bGeneration 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 phosphate in acetonitrile. 

6,6-Dimethylfulvene underwent a [4+2] cycloaddition with ortho-nitro oxonium 104 to give the 

tricycle 161 (59%).40 N-Diphenylnitrone reacted with ortho-cyano oxonium 106 via a [3+2] 

cycloaddition to yield bicycle 162 (71%).41 3,4-Dihydro-2H-pyran reacted via a formal [2+2] 

cycloaddition with ortho-nitro oxonium 104 to afford 163 in excellent yield (92%).42 Benzyl azide 

underwent a [3+2] cycloaddition with oxonium 114 to give 164 in 84% yield.43 Anthracene reacted 
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with the precursor 61 via a [4+2] cycloaddition to give nitro-substituted Triptycene 165 (83%) 

(Scheme 27).44 

 

Scheme 27: Trapping of arynes generated from tr iaryloxonium salts with trapping agents. *Synthesised by 
Owen Smith.  

 

Ortho-nitro oxonium 104 also reacted with nucleophiles imidazole and N-methylaniline to 

exclusively give meta-substituted regioisomers 167 (87%) and 168 (74%) respectively. Furthermore, 

oxonium 114 reacted with enamine 169 to form an imine which, upon hydrolysis, yields 

cyclohexanone 170 containing a quaternary stereocenter in 71% yield.45 Cyclohexene underwent 

an Alder-Ene reaction with oxonium 104 to yield 171 (62%) (Scheme 28).46 

The aryne generated from 114 reacted with bisfuran 172 via a tandem [4+2]/[4+2] cycloaddition 

to give exo,exo-polycycle 173 (47%).47 1,3-Dimethyl-2-imidazolidinone (DMI) reacted with 

oxonium 104 to give sigma bond insertion reaction product 174 in moderate yield (37%) (Scheme 

28).48 

https://en.wikipedia.org/wiki/1,3-Dimethyl-2-imidazolidinone
https://en.wikipedia.org/wiki/1,3-Dimethyl-2-imidazolidinone
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Scheme 28: Trapping of arynes generated from tr iaryloxonium salts with trapping agents. *Synthesised by 

Owen Smith. See supplementary information for the synthesis of 169 and 172. 

 

1.3 Conclusion and 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 excellent aryne precursors, 

exemplified by their efficient trapping with a broad range of arynophiles. This method 

demonstrates tolerance for a broad spectrum of functionalised arynes, beyond that of any existing 

method in the literature, and thereby expanding the synthetic potential of arynes. Future work 

would look to develop a more convergent synthetic route to the aryne precursors along with 

determining whether other hetaryne are accessible using this methodology.  
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2 Chapter 2: Hetaryne Generation from Triaryloxonium 

Ions   

2.1 Introduction  

Hetarynes describe ortho-dehydroaromatic 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 synthesis of their 

precursors, thereby limiting their development and practical utility.12 Nonetheless, new 

methodologies in aryne generation throughout the last century has enabled the synthesis 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 dehydrogenation energies.49 Upon comparison 

with experimentally validated hetarynes, a useful model for predicting the feasibility of generating 

various hetarynes was established (Scheme 29). When the calculated energy was less than 115 kcal 

mol-1 the aryne was readily generated. An energy difference of 115 - 130 kcal mol-1 suggested aryne 

generation is possible but challenging. An energy difference greater than 130 kcal mol-1 was 

indicative of an energetically inaccessible aryne. 
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Scheme 29: Examples of calculated dehydrogenation energy of various hetarynes from a computational 

study. Energy of dehydrogenation = (energy of aryne + energy of H2) ð (energy of parent arene). 

 

In general, the model predicts six-membered hetarynes, such as 3,4-pyridyne 175 and 6,7-indolyne 

176, to be energetically accessible (<115 kcal mol-1) while five-membered hetarynes, for example 

2,3-indolyne 140 and 2,3-benzofuryne 149, typically fall within the energetically inaccessible region 

(>130 kcal mol-1). However, the five-membered thiophynes, 177, 178, and 179, are predicted to be 

accessible but challenging to form (115-130 kcal mol-1). This is likely due to the longer C-S bond 

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

The inherent reactivity of hetarynes means observing these species, and therefore proving their 

formation, is challenging.12 Determining whether a reaction proceeds via a hetaryne is typically 

looked for in the distribution of products it forms with trapping agents whose reactivity with 

arynes is known. However, interpreting these results requires caution, as products may also arise 

through alternative mechanisms. 

For example, the nucleophilic substitution of heteroaromatics can proceed via three main 

mechanisms. Firstly, the elimination-addition mechanism, which proceeds via a hetaryne 

intermediate 175 to give a mixture of regioisomers, 183 and 184 (Scheme 30).12,50,51 Alternatively 

183 can be formed through an addition-elimination reaction via an anionic intermediate 185 

(Scheme 30).12,50,51 Nucleophilic substitution can also occur through an abnormal addition-

elimination mechanism where a nucleophile adds cine to a leaving group, followed by cine 

elimination to afford the product 188 (Scheme 30).12,52 

 

Scheme 30: Mechanisms for nucleophilic substitut ion 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 proceeding via an aryne 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 made. Nam and Leroi provided evidence for 3,4-

pyridyne 175 generation when they irradiated 3,4-pyridine dicarboxylic anhydride 189 in a N2 

matrix.53 The resulting IR spectrum showed a peak at 2085 cm-1, characteristic of an aryne C-C 

triple bond (Scheme 31).54 

 

Scheme 31: Irradiation of 189 led to observat ion of a peak at 2085 cm-1
 in the result ing IR spectrum, 

suggested to be due to the proposed hetaryne intermediate 175. 

 

2.1.2.1 2,3-Benzofuryne 

As discussed in Chapter 1, the first proposed aryne intermediate was 2,3-benzofuryne 14 when 

Stoermer and Kahlert observed the formation of 2-ethoxybenzofuran 15 after heating 3-

bromobenzofuran 13 in the presence of hydroxide in ethanol (Scheme 32, i).9 However, the 

existence of this high energy intermediate 14 has been disputed and an alternative route via an 

addition-elimination reaction with trace 2-bromobenzofuran 190 has been proposed (Scheme 32, 

ii).11 Furthermore, the calculated energy of dehydrogenation to form 14 was reported to be 149 

kcal mol-1, supporting the unlikelihood of its generation and trapping from 13.49 
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Scheme 32: i) The first  postulated aryne, generated from 3-bromobenzofuran 13 and ii) a proposed 

alternative addition-elimination pathway from 2-bromobenzofuran 190 to explain the observed react ivi ty.  

 

2.1.2.2 Cumulenes: 3,4-thiophyne, 3,4-pyrrolyne, and 3,4-furyne 

The generation of 3,4-thiophyne 179, 3,4-pyrrolyne 192, and 3,4-furyne 193, requires the removal 

of ortho-substituents around a single bond, leading to the formation of cyclic cumulenes (Scheme 

33). These intermediates, characterised by three consecutive double bonds, and are isoelectronic 

with the corresponding 2,3-hetarynes and are often collectively referred to as hetarynes. 

 

Scheme 33: Cumulenes: 3,4-thiophyne 179, 3,4-pyrrolyne 182, and 3,4-furyne 193.  

 

In studies by Wong and coworkers, the generation of 3,4-hetarynes from ortho-silyl aryl iodonium 

triflates was investigated. The precursor for 3,4-thiophyne 194 was 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 yield (7-31%) (Scheme 34, i).55 This outcome 

indicated the presence of 3,4-thiophyne 179 as a reactive intermediate. Similarly, the precursor for 

N-Boc protected 3,4-pyrrolyne 196, in the presence of potassium fluoride and excess arynophiles, 
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formed products consistent with a 3,4-pyrrolyne intermediate 179, however in very low yield (1-

2%) (Scheme 34, ii).56 When the equivalent precursor for 3,4-furyne 199 was subjected to similar 

conditions in the presence of dienes, none of the desired Diels-Alder products were observed 

(Scheme 34, iii).57 

 

Scheme 34: Studies into the generation and trapping with furan of i) 3,4-thiophyne 179 i i) N -Boc protected 
3,4-pyrrolyne 197 and i i i) 3,4-furyne 193. 

 

The trend of reactivity is consistent with the calculated energy to generate each hetaryne,49 which 

in turn, reflects the ring strain and C-heteroatom bond lengths in the parent hetaryl compounds.58 

2.1.2.3 2,3-Thiophyne and 2,3-benzothiophyne 

Several attempts have been made to generate and trap 2,3-thiophyne 178 and 2,3-benzothiophyne 

177 intermediates. However in some instances, mechanistic studies on reactions yielding products 
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consistent with hetaryne intermediates have revealed alternative pathways responsible for the 

observed reactivity. 

For instance in 1961, Wittig and coworkers heated bis(3-iodothiophen-2-yl)mercury 201 with 

tetraphenylcyclopentadienone to form tetraphenylbenzothiophene 203 (Scheme 35).59 Initially, a 

Diels-Alder cycloaddition with 2,3-thiophyne 178 and tetraphenylcyclopentadienone followed by 

elimination of carbon monoxide was proposed as a potential mechanism (Scheme 35, i). However, 

a mechanistic investigation indicated that the more likely pathway involved the thermal 

decomposition of 201 to 3-iodothiophene 204, followed by a [4+2] cycloaddition with 3-

iodothiophene 204 (Scheme 35, ii).60   

 

Scheme 35: Proposed mechanist ic pathways for the transformation of 201 to 203 via i) 2,3-thiophyne 178 
and ii) 3-iodothiophene 204. 

 

In 1976 Reinecke and coworkers proposed the generation of 2,3-thiophyne 178 from the 

thiophene cyclic anhydride 205 (Scheme 36).61 In a flow vacuum thermolysis reaction (FVT) in 

the presence of a large excess of thiophene, benzothiophene 207 is obtained in 59% yield which 

was proposed to form via a [4+2] cycloaddition with 178 followed 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 moderate yield (1-32%). 
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Scheme 36: Generation and trapping with thiophene of 2,3-thiophyne 178 from 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 

dibenzothiophene 210 in 35% yield.62 

 

Scheme 37: Generation and trapping with thiophene of 2,3-benzothiophyne 177 from 208. 

 

Recently in 2013, Perez and coworkers attempted to generate 2,3-thiophyne 178 using ortho-silyl 

aryl triflate precursor 211 (Scheme 38).63 Treatment of 211 with caesium fluoride in the presence 

of tetraphenylcyclopentadienone afforded tetraphenylbenzothiophene 203. While the formation 

of 203 was consistent with the generation of 2,3-thiophyne 178, a detailed mechanistic 

investigation proposed a more likely pathway involving a ketocarbene intermediate 212. 

Furthermore, when 211 was treated with caesium fluoride in the presence of other dienes, the 

cycloaddition products, typical of proceeding via an aryne intermediate, were not observed. 
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Scheme 38: Proposed mechanistic pathways for the transformation of 211 to 203 via i) 2,3-thiophyne 178 
and ii) the ketocarbene 212. 

 

2.1.2.4 4,5-Pyrimidyne 

Similarly 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 4,5-pyrimidyne intermediate 215 was generated in the amination of bromo-

pyrimidine 214 using potassium amide in ammonia (Scheme 39).64 If the reaction proceeds via an 

aryne, deuterium should not be incorporated in the aminated product while an addition-

elimination mechanism via 217, should result in deuterium incorporation. Therefore, the complete 

absence of deuterium in the product 216 suggested the aryne pathway was more likely. 

 

Scheme 39: Proposed mechanist ic pathways for the amination of 214 with KNH 2/NH 3. 
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In 1992, Promel and coworkers also reported the generation of 4,5-pyrimidyne intermediate 215 

via the oxidation of tetrazole 218 using lead tetraacetate (Scheme 40).65 This was evidenced by the 

formation of Diels-Alder cycloaddition products, 219 and 220, in the presence of dienes, furan and 

tetraphenylcyclopentadienone respectively. Analogous to the trapping of 2,3-thiophyne 178 and 

2,3-benzothiophyne 177,61,62 achieving moderate yields of the desired products required a 

substantial excess of trapping agent, indicative of 4,5-pyrimidynes being high energy hetarynes. 

 

Scheme 40: Generation and trapping of 4,5-pyrimidyne 215 from 218 using Pb(OAc)4.  *Variat ion of yield 
based on the eq. of furan. 

 

Garg and coworkers attempted to generate 4,5-pyrimidyne from ortho-silyl aryl triflate 221 upon 

treatment with a fluoride source (Scheme 41).66 However, 221 readily underwent a thia-Fries 

rearrangement in the presence of fluoride to afford 224 and no products consistent with formation 

of an aryne intermediate were observed. 

 

Scheme 41: Attempted 4,5-pyrimidyne generat ion from 221 and the observed thia-Fries rearrangement. 
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2.1.2.5 2,3- and 3,4-Pyridyne 

In the computational study by Paton, Houk, Garg, and coworkers, 3,4-pyridyne 175 and 2,3-

pyridyne 225 were the only hetarynes (where the heteroatom resides in the same ring as the arynic 

bond) predicted to be readily generated.49 Notably, 3,4-pyridyne 175 (101 kcal mol-1) was calculated 

to be slightly lower in energy than benzyne 17 (101 kcal mol-1), whereas 2,3-pyridyne 225 was 

calculated to be slightly higher (105 kcal mol-1) (Scheme 42). These calculations are reflected by 

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

via a broad range of aryne generating methods. 

 

Scheme 42: Calculated energies of dehydrogenation of 3,4-pyridyne 175,  benzyne 17, and 2,3-pyridyne 225. 

 

3,4-Pyridyne 175 can be generated from a range of methods for example: the thermal 

decomposition of diazonium carboxylates 226,67 treatment of 3-halopyridine 227 with strong 

base,68 the oxidation of N-aminotriazole-pyridine 228 with lead tetraacetate,69 Grignard exchange 

and elimination using 3-bromo-4-(phenylsulfinyl)pyridine 229,70 and the fluoride-mediated 

elimination of ortho-silyl pyridine triflates 230 (Scheme 43).71 

 

Scheme 43: Examples of 3,4-pyridyne precursors and their methods of activation. 
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Furthermore, 2,3-pyridyne 225 has also been reportedly formed from a variety of precursors such 

as lithium halogen exchange using a 2,3-dihalide pyridine 231,72 deprotonation of 3-halopyridines 

232 (with strategic blocking groups to prevent 3,4-pyridyne generation),12 oxidation of N-

aminotriazole-pyridine 233 with lead tetraacetate,69 and fluoride-induced elimination of ortho-silyl 

pyridine triflates, 234 (Scheme 44).73  

 

Scheme 44: Examples of 3,4-pyridyne 225 precursors and their methods of activation. 

 

Notably, the ortho-silyl pyridine triflate precursors 230 and 234 are commercially available due to 

their broad functional group tolerance,74 resulting in their application in the synthesis of complex 

molecules.49 

2.1.2.6 Arynes fused to a heteroatom-containing ring 

Arynes in which the triple bond resides in a ring fused to a heteroatom-containing 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 arynic bond.49 This facilitates the 

efficient generation and trapping of these hetarynes, eliminating the need for a substantial excess 

of trapping agent and expanding their synthetic utility. 

In this domain, 4,5-, 5,6-, and 6,7-indolynes, 235, 236, and 176 respectively, have emerged as the 

most extensively employed hetarynes (Scheme 45) and early reports provided experimental 

evidence for the formation of these intermediates.75,76 Garg's advancement of the Kobayashi-type 

precursors significantly enhanced their efficiency, rendering them valuable intermediates in the 
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total synthesis of complex molecules.77ð84 Garg and coworkers also developed ortho-silyl aryl 

triflates which serve as efficient 4,5-benzofuryne 237 and 6,7-thiophyne 238 precursors.85,86  

 

Scheme 45: Arynes fused to a heteroatom-containing r ings. 

 

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 drugs,87 therefore, unlocking the unique reactivity offered by aryne 

intermediates could prove invaluable in devising new approaches to functionalise heterocycles. We 

proposed leveraging triaryloxonium ions' compatibility in forming arynes with diverse functional 

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

2.2 Results and discussion 

2.2.1 2,3-Pyrazyne 

In the pursuit of generating novel hetarynes, 2,3-pyrazyne 240 was initially targeted as a potential 

aryne that could be accessible from triaryloxonium ions (Scheme 46). Pyrazines have been 

extensively used across various industrial sectors, including pesticides, insecticides, dyes, and 

pharmaceuticals.88 Hence, devising new methodologies to functionalise pyrazines could hold 

significant synthetic value. 
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Scheme 46: Target 2,3-pyrazyne 240 generation from oxonium ions. 

 

A route was devised to generate the target pyrazine triaryloxonium ion 241 using a pre-

functionalised biaryl precursor 243 (Scheme 47). Utilising the reactivity of chloro/fluoro-

pyrazines with nucleophiles via SNAr reactions,89 O-arylation might be achieved using a phenolic 

precursor 243. However, modification of the aniline functional group to prevent N-arylation was 

therefore also necessary. 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 synthesised via a more 

convergent route potentially increasing their practicality as aryne precursors. 

 

Scheme 47: Design of a convergent synthet ic route towards pyrazine triaryloxonium ion precursor 241. 

 

A nitro-group was chosen as an appropriate functional group that could undergo an SNAr reaction 

without reacting with the electrophilic heterocycle and could be readily reduced to the desired 

aniline following O-arylation. Nitro-phenol 248 was synthesised by oxidation of bromo-aniline 245 
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using m-CPBA to afford nitro-benzene 246 in 62% yield.90 Pinacol borane 247 was then generated 

via a Suzuki-Miyaura coupling and used crude assuming full conversion in the cross-coupling 

reaction with phenol 248 to give the target molecule 248 in 45% yield (Scheme 48).34 

 

Scheme 48: Synthesis of biaryl 248. 

 

The modification of the aniline moiety reduces the overall yield of 248. Therefore, pursuing a 

convergent pathway through this precursor was unlikely to enhance the efficiency of 

triaryloxonium synthesis. Nevertheless, 248 was used in subsequent steps towards the target 

oxonium 251 (Scheme 49). 

Phenol 248 was treated with base and excess 2-chloropyrazine to give the bis(aryl) ether 249 in 

83% yield. Smooth reduction of the nitro group using palladium on carbon and hydrogen gas 

afforded the aniline 250 which was used crude assuming full conversion. To determine whether 

pyrazine oxonium formation was viable, 250 was diazotised and monitored by 1H NMR for 24 h, 

however, the desired oxonium 251 was not observed.  
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Scheme 49: Attempted synthesis of the pyrazine oxonium salt 251. 

 

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

the ortho-nitrogen on the pyrazine with the diazonium where a potential pathway is depicted in 

Scheme 50. Therefore, we turned our attention to heterocycles where O-arylation could occur at 

the meta- or para-position relative to the heteroatom. 

 

Scheme 50: Potent ial reactivity of diazonium 252. 

 

2.2.2 4,5-Pyrimidyne  

Pyrimidine, an isomeric diazine to pyrazine, is present in three nucleobases: cytosine 254, thymine 

255, and uracil 256 (Scheme 51). Pyrimidine derivatives have exhibited diverse biological activities, 

including antimicrobial,91 anticancer,92 anti-HIV,93 and antithyroid effects,94 amongst others. Due 
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to the medicinal significance of pyrimidines, pyrimidynes were selected as target hetarynes to 

generate from triaryloxonium ions. 

 

Scheme 51: Nucleobases containing pyrimidines. 

 

2.2.2.1  Triaryloxonium salt synthesis  

Potential O-substitutions on pyrimidine were considered and 5-substitution 259, where both the 

nitrogen atoms are situated meta to the pyrimidine-oxonium bond, was identified as the optimum 

target scaffold (Scheme 52).  

 

Scheme 52: Potent ial pyrimidine oxonium scaffolds.  

 

The established SNAr route used to generate benzyne precursors could not be employed to achieve 

O-arylation at the 5-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.95 
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Firstly, phenol 51 underwent an SN2 reaction with ethyl 2-bromoacetate to give ethyl 

phenoxyacetate 260 in excellent yield (98%). Compound 260 was 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 carbonate to generate pyrimidone 261.95 To prevent 

deprotonation of the pyrimidone N-H in the aryne generating step, 261 was methylated via gentle 

heating in the presence of iodomethane and potassium carbonate to give N-methylated pyrimidone 

262. Under the standard cross-coupling conditions,34 aniline 263 was formed in 42% yield, which, 

upon diazotisation gave the desired oxonium salt 264 in 81% yield (Scheme 53). 

 

Scheme 53: Synthesis of pyrimidine oxonium salt 264. 

 

Oxonium salt 264 was then subjected to the oxonium generating and trapping conditions using 

furan. Unfortunately, a complex reaction mixture was obtained and none of the desired 

cycloaddition product 265 was observed (Scheme 54).  
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Scheme 54: Attempted 4,5-pyrimidyne generat ion and trapping with furan from 264.  

 

4,5-Pyrimidyne 215, reportedly generated by both Van Der Plas and coworkers Promel and 

coworkers,64,65 contained a tert-butyl group positioned between the two nitrogen atoms (Scheme 

39 and 40). It was hypothesised that the steric hinderance imposed by the tert-butyl group could 

impede the reactivity of the hetaryneõs nitrogen lone pairs. Therefore, the synthetic route was 

modified by exchanging the methyl amidinium chloride for a tert-butyl amidinium chloride, to 

afford tert-butyl pyrimidone 266 in 41% yield (Scheme 55). Interestingly, employing the same 

methylation conditions resulted in O-methylation rather than N-methylation of pyrimidone 266 to 

give 267 in 77% yield. The standard cross-coupling conditions afforded aniline 268 (47%) and, 

upon diazotization, oxonium salt 269 was isolated in 50% yield. 
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Scheme 55: Synthesis of the pyrimidine oxonium salt 270. 

 

Pleasingly, when the oxonium 269 was stirred in the presence of furan and potassium phosphate, 

the desired [4+2] cycloaddition product 271 was obtained in 20% yield, consistent with the 

generation of 4,5-pyrimidyne intermediate 270 (Scheme 56). The discrepancy in the reactivity of 

the oxoniums, 264 and 269, could be a consequence of the relative energies of the corresponding 

hetarynes or the steric blocking of the nucleophilic nitrogen atoms imposed by the tert-butyl group 

in 270.  

 

Scheme 56: Generation of 4,5-pyrimidyne 270 and its trapping with furan.  

 



 

44 
 

While this result was promising, synthesising 5-substituted pyrimidine oxoniums was practically 

challenging. Therefore, recognising tert-butyl pyrimdyne 270 was likely accessible, we aimed to 

synthesise the alternative precursor 277 wherein the oxonium is substituted at the 4-position rather 

than the 5-position of the pyrimidine (Scheme 57). Synthesis of this precursor could offer a more 

efficient route to the desired hetaryne and test whether triaryloxonium ions bearing ortho-

substituted heteroatoms are accessible. 

To achieve this, 4,6-dichloropyrimidine 272 underwent an SNAr reaction with sodium methoxide 

yielding the 4-chloro-6-methoxypyrimidine 273 in quantitative yield (Scheme 57).96 Compound 

273 was subsequently heated with phenol 248 and sodium tert-butoxide, however, the product was 

only obtained in 5% yield, with 90% of the starting material 273 recovered. The presence of the 

mesomerically donating methoxy group likely decreases the rate at which 273 undergoes 

nucleophilic attack, accounting for the poor yield. Compound 248 was then reduced to give aniline 

275 and used crude assuming full conversion. Compound 275 was treated with HBF4 and tBuONO 

and monitored by 1H NMR. Clean conversion to the diazonium was observed. However, a 

complex reaction mixture was obtained in which the desired oxonium salt 276 could not be 

detected.   
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Scheme 57: Attempted synthesis of pyrimidine oxonium salt 276. 

 

2.2.2.2 4,5-Pyrimidyne generation 

Having established that 276 was not a viable precursor to hetaryne 270, we focused our efforts on 

optimising the generation and trapping of pyrimidyne 271 from oxonium salt 269 (Scheme 58). 

Changing the solvent from acetonitrile to dichloromethane resulted in a complete shut down in 

reactivity due to the insolubility of 269 (Entry 2). Increasing the amount of furan from 5 eq. to 

0.02 M gave the biggest increase in yield from 23% to 71% (Entry 1-5). Conducting the reaction 

at an elevated temperature (30 ĚC) (Entry 6), or a reduced temperature (10 ĚC) (Entry 7), both 

variations led to reductions in the yield, 68% and 51% respectively. Switching to a weaker base, 

potassium carbonate (Entry 8) or a stronger base, sodium tert-butoxide (Entry 9) led to reductions 

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

dibenzofuran 277. 

 

Entry Solvent Furan Conc. 
(M)  

Base Temp. Yield* 
271 

1 MeCN 5 eq. 0.05 K3PO4  r.t. 23% 

2 CH2Cl2 5 eq. 0.05 K3PO4  r.t. 0% 

3 MeCN 20 eq. 0.05 K3PO4  r.t. 40% 

4 MeCN furan:MeCN(1:2) 0.03 K3PO4 r.t. 58% 

5 MeCN furan:MeCN(2:1) 0.03 K3PO4 r.t. 71% 

6 MeCN furan:MeCN(2:1) 0.03 K3PO4 30 ĚC 68% 

7 MeCN furan:MeCN(2:1) 0.03 K3PO4  10 ĚC 51% 

8 MeCN furan:MeCN(2:1) 0.03 K2CO3 r.t. 24% 

9 MeCN furan:MeCN(2:1) 0.03 NaOtBu r.t. 47% 

Scheme 58: Optimisation of the generation of 4,5-pyrimidyne from 269 and its trapping with furan. *By 1H 

qNMR using dibromomethane as an internal standard. 

 

The conditions used in Entry 5 afforded the highest 1H qNMR yield therefore, the reaction was 

performed on a 0.2 mmol scale, resulting in the isolation of 271 in 39% yield (Scheme 59). 

Notably, the isolated yield was significantly lower than the NMR yield observed in the optimisation 

however, generating sufficient oxonium 269 to further optimise this reaction was practically 

challenging. Consequently, the synthesis of pyrimidine triaryloxonium ions was no longer pursued. 



 

47 
 

A small scope exploring the reactivity of 269 with potassium phosphate and nucleophilic trapping 

agents was conducted. Pleasingly, ethanol, imidazole, and N-methylaniline all reacted with 269 to 

generate the desired products in moderate yield (Scheme 59).  

 

Scheme 59: Scope for the reactivity of 269 with a range of nucleophilic trapping agents. 

 

Future investigations would look to explore alternative heteroaromatic triaryloxonium ions that 

can be readily synthesised and serve as efficient hetaryne precursors.  

2.2.3 3,4-Coumaryne  

Similarly to 2,3-pyrazines, 3,4-coumarynes 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 anti-cancer,97 anti-HIV,98 anticoagulant (Scheme 60),99 

antibacterial,100 and anti-inflammatory properties.101 We aimed to employ triaryloxonium ions to 

generate 3,4-coumarynes as a novel approach for coumarin functionalisation. 
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Scheme 60: 3,4-Coumaryne 283 and the anticoagulant coumarin-containing drug, Warfarin 284. 

 

2.2.3.1 Triaryloxonium salt synthesis  

4-Bromocoumarins readily undergo SNAr reactions with phenols which served as a good starting 

point to synthesise the bis(aryl) ether moiety 285.102 Commercially available 4-hydroxycoumarin 

283 was brominated using tetrabutylammonium bromide and phosphorous pentoxide to yield 4-

bromocoumarin 284 in 92% yield.103 Subsequently, refluxing 284 with phenol 51 and potassium 

carbonate gave 285 in good yield (61%) (Scheme 61).104  

 

Scheme 61: Synthesis of the bis(aryl) ether 285 from 4-hydroxycoumarin 283. 

 

The Suzuki-Miyaura coupling conditions used in prior syntheses of triaryloxonium ions using 

Pd(dppf)Cl2 were applied to 285 (Scheme 62).34 However, the desired aniline 286 was not 

observed. Therefore, alternative conditions reported by Kwon and co-workers using Pd(PPh3)4 

were employed and pleasingly 286 was afford in 43% yield.105 
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Scheme 62: Cross-coupling react ions to generate 286 from 285. 

 

Aniline 286 was then treated with HBF4 and tBuONO and maintained at room temperature for 36 

h. Purification by trituration afforded triaryloxonium salt 287 in 23% yield and analysis of the 

filtrate obtained in the trituration found a complex mixture containing the aryl fluoride 289 as the 

major component which was isolated in 5% yield (Scheme 63). The optimised trapping conditions 

using furan as the arynophile were then applied to the 287. The desired [4+2] cycloaddition 

product 288, consistent with the generation of 3,4-coumaryne intermediate 281, was afforded in 

good yield (73%).  
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Scheme 63: Triaryloxonium salt 287 formation and generat ion of 3,4-coumaryne 281 and i ts trapping with 
furan to give 288. 

 

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

triaryloxonium salt 287 to establish a practical method for generating 3,4-coumarynes.  

2.2.3.2 Stability of the coumarin-containing triaryloxonium salts 

When stored as a solid at room temperature, coumarin-containing triaryloxonium salt 287 was 

stable for over one week. However, in solution 287 slowly degrades to give a complex reaction 

mixture. The major degradation product was identified as the aryl fluoride 289, which likely formed 

via nucleophilic attack from the tetrafluoroborate counterion onto the dibenzofuran core (Scheme 

64). Notably, the alternative aryl fluoride 291 and the dibenzofuran 277, which would result from 

nucleophilic attack on the pendant coumarin, were not observed (Scheme 64). 
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Scheme 64: Synthet ic routes to aryl f luorides 289 and 291 from ani line 286. 

 

2.2.3.2.1 NMR study  

To investigate the generation and degradation of 287, an NMR study was conducted to monitor 

the yields of the components of the reaction at over time (Scheme 65). Aniline 286 was treated 

with HBF4 and tBuONO to afford diazonium 290 which was dissolved in CDCl3 and maintained 

at room temperature in an NMR tube. The yields of diazonium 290, oxonium 287, and aryl fluoride 

289 were monitored by 1H qNMR. 

The initial measurement at 2 h showed aniline 286 was fully consumed with the major component 

being diazonium 290 (77%). Oxonium 287 and aryl fluoride 289 were also present in 7% and 1% 

yield respectively. Diazonium 290 was gradually consumed as oxonium 287 and aryl fluoride 289 

were generated. Between 45-100 h the yield of oxonium 287 remained between 30-35% suggesting 

the rate of formation and consumption of 287 were comparable. The yield of oxonium 287 then 
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gradually decreased while the yield of aryl fluoride 289 continued to increase for the duration of 

the experiment (Scheme 65).   

 

 

Scheme 65: 1H NMR experiment showing the yields of the components of the reaction over time. Yields 
are measured by 1H qNMR using dibromomethane as an internal standard. T = 0 h corresponds to the time 
at which the tBuONO was added to the reaction. 

 

Plotting ln[290] as a function of time give a straight line (Scheme 66) indicting that the decay of 

290 is a 1st order process which is consistent with the oxonium formation being an intramolecular 

process. The gradient of the line, -0.0228 s-1, corresponds to the rate constant of the reaction.106   

0

10

20

30

40

50

60

70

80

0 20 40 60 80 100 120 140 160

Y
ie

ld
 (

%
)

Time (h)

Diazonium Oxonium Aryl fluoride



 

53 
 

 

Scheme 66: The correlation between ln[290] and time.  

 

The Balz-Schiemann reaction is a process wherein an aryl fluoride is generated from an aryl 

diazonium tetrafluoroborate.107 This occurs through either thermal or photochemical 

decomposition of the aryl diazonium tetrafluoroborate to the aryl cation, followed by nucleophilic 

addition from the tetrafluoroborate counterion to produce the aryl fluoride (Scheme 267). 

Thermal decomposition for this reaction typically proceeds elevated temperatures (110 ð 170 ĚC), 

however,108 we have demonstrated that triaryloxonium formation is possible at ambient 

temperature.109 Therefore, we reasoned that we reasoned that aryl fluoride formation at room 

temperature is likely attributed exclusively to nucleophilic attack of oxonium 287, as opposed to 

the Balz-Schiemann reaction pathway (Scheme 67). 
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Scheme 67: Proposed mechanistic pathways to generate aryl fluoride 289 from the aryl diazonium 

tetraf luoroborate 290. 

 

The maximum observed yield for oxonium 287 was 35%, making this method impractical for 

efficient generation of 3,4-coumarynes. 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 degradation of oxonium 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 acid and tBuONO. 

The salts were isolated, dissolved in CDCl3, and their conversion was monitored by 1H and 19F 
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NMR spectroscopy. Oxonium formation can be identified by a characteristic change in the 1H 

NMR spectrum: the four methyl resonances in the diazonium 1H NMR spectrum merge into two, 

indicating that the two ortho-methyl groups and two para-methyl groups were now in the same 

chemical and magnetic environment. Additionally, a new 19F NMR peak at approximately -150 

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 

corresponding 1H and 19F NMR spectra (Scheme 68). Unfortunately, none of the counterions 

were successful in generating a stable coumarin triaryloxonium salt. Given tetrafluoroborate and 

hexafluorophosphate are weakly coordinating anions,110 we reasoned that a weaker coordinating 

counterion would be necessary to prevent reactivity with the oxonium ion.  

 

X Stable oxonium formation? 

CF3CO2 No  

CF3SO3 No 

Cl No 

HSO4 No 

para-TsO No 

PF6 No 

 

Scheme 68: Screening of counterions to ascertain the stabil ity of the corresponding coumarin-containing 

triaryloxonium salts. 
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Fluorinated tetraarylborates are amongst the weakest coordinating anions and have therefore been 

used to facilitate the study of highly reactive cations.110,111 Tetrakis(pentafluorophenyl)borate 

[B(C6F5)4]
-,112 belonging to this class, was tested as a potential non-reactive anion with the 

electrophilic triaryloxonium ion. To synthesise the desired oxonium salt 294, tetrafluoroborate 

diazonium 290 was generated and underwent a counterion metathesis with an excess of KB(C6F5)4 

to obtain diazonium [B(C6F5)4]
- salt 293 (Scheme 69). After 16 h at room temperature, diazonium 

293 was fully consumed, yielding the desired oxonium 294 in 81% yield. The tetrafluoroborate 

resonance was absent in the 19F NMR spectrum and three new resonances were observed 

corresponding to the fluorinated tetraarylborate anion, indicated complete anion exchange has 

occurred. Compound 294 was stable in solution for an additional two days, illustrating its enhanced 

stability compared to tetrafluoroborate oxonium 287. 

 

Scheme 69: Synthesis of tetrakis(pentafluorophenyl)borate oxonium salt 294. 

 

We next assessed whether 294 could serve as a 3,4-coumaryne precursor. Compound 294 was 

subjected to the optimised aryne generating and trapping conditions with furan, however, only a 

trace of the desired [4+2] cycloaddition product 288 was observed.   



 

57 
 

 

Scheme 70: Attempted 3,4-coumaryne 281 generation and trapping with furan from 294. 

 

Efforts to improve the stability of the coumarin by modifying the counterion while maintaining 

its efficiency as a 3,4-coumaryne precursor were unfruitful. Therefore, we next explored 

modification to the oxonium scaffold 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 through mesomeric donation of its lone 

pairs. A synthetic route was devised to generate methoxy-substituted triaryloxonium ions utilising 

Vershinin, Pappo, and coworkersõ manganese-catalysed oxidative cross-coupling of phenols and 

anilines.113 Using this procedure, methoxy-substituted biaryls, 296 and 297, were successfully 

synthesised in moderate to good yields (44% and 64% respectively) (Scheme 71).  

 

Scheme 71: Synthesis of the methoxy-subst ituted biaryls 296 and 297. 
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Using 296 and 297, two methods to modify the aniline functional groups to ensure selective O-

arylation were explored. Firstly, 296 was oxidised using m-CPBA in moderate yield (30%) to give 

298 (Scheme 72). Refluxing 298 with 4-bromocoumarin 284 and potassium carbonate afforded 

the desired product 299 in very good yield (93%). Finally, the nitro-group was reduced to give 

aniline 300 in excellent yield (99%).114 

 

Scheme 72: Synthesis of anil ine 300. 

 

The aniline moiety in biaryl 297 was selectively protected using Boc anhydride generating 301 in 

70% yield.115 Refluxing 301 in the presence of 4-bromocoumarin 284 and sodium tert-butoxide 

generated the desired product 302 in moderate yield (55%). Deprotection of 302 was achieved 

using TFA yielding 303 in good yield (72%) (Scheme 73).116  
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Scheme 73: Synthesis of anil ine 303. 

 

To form the corresponding oxoniums, anilines 300 and 303 were treated with HBF4 and tBuONO. 

For methyl-substituted aniline 300, within 1 h the diazonium had been consumed and the desired 

oxonium salt 304 was afforded in good yield (80%) (Scheme 74, i). However, methoxy-substituted 

aniline 303 did not yield the target oxonium. Instead, after 1 h the pyridazine 307 was isolated in 

98% yield (Scheme 74, ii). This transformation likely proceeded via nucleophilic attack para to the 

methoxy group onto the terminal nitrogen of the diazonium, followed by rearomatisation by 

deprotonation. 
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Scheme 74: i) oxonium salt 304 generation i i) proposed mechanism for pyridazine 307 generation. 

 

Oxonium salt 304 was then subjected to the aryne 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 coumarin 288 or the dibenzofuran core 

308 (Scheme 75). 
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Scheme 75: Attempted aryne generation and trapping from 304. 

 

To explain this result, we hypothesised that stabilisation from the methoxy-groups reduces the 

ground state energy of oxonium 304 relative to 3,4-coumaryne intermediate 281. Thereby 

increasing barrier to form 281 to where it is no longer energetically feasible. To offset this effect, 

we proposed using the weaker mesomerically electron-donating group N-acetyl group to stabilise 

the oxonium relative to the tetrafluoroborate anion while maintaining energetic accessibility to 3,4-

coumaryne 281. 

A synthetic route to N-acetyl-substituted oxonium salt 313 was devised, adopting the protocol 

used for generating triaryloxonium ions from phenols in section 1.2.1. 4-Hydroxycoumarin 283 

was reacted with 1-bromo-2-chloro-3-methyl-5-nitrobenzene 53 and potassium carbonate to 

afford 309 in poor yield (13%) (Scheme 76). The low yield was likely attributed to the poor 

nucleophilicity of the alcohol group. The N-acetyl group was then afforded by reduction and 

subsequent acetylation of the nitro group. The biaryl bond was installed via a Suzuki-Miyaura 

coupling to give 312 in moderate yield (27%).105 Aniline 312 was treated with HBF4 and tBuONO 

and the corresponding diazonium was dissolved in CDCl3 and monitored by 1H NMR over two 

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

generation of a stable oxonium salt.   
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Scheme 76: Attempted synthesis of coumarin oxonium salt 313. 

 

Despite extensive studies towards improving the stability of triaryloxonium salts containing the 

coumarin moiety while maintaining their utility as 3,4-coumaryne precursors, our efforts were 

unsuccessful. We therefore shifted our attention back to tetrafluoroborate oxonium salt 287 given 

its potential as a 3,4-coumaryne 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 coumarin backbone. We hoped to 

understand how these variations affect both the stability of the oxonium and the generation of 

3,4-coumaryne. 

A range of functionalised 4-hydroxycoumarins were synthesised using a method outline by Litinas 

and co-workers in which ortho-hydroxyacetophenones were refluxed in the presence of 
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diethylcarbonate and sodium hydride to generate the corresponding 4-hydroxycoumarins 

(Scheme 77).103 All the desired 4-hydroxycoumarins were successfully made in good to very good 

yield with the exception of the nitrile-substrate 319. Difficulties in purification meant the phenyl-

substrate 315 was carried through as a crude mixture and purified in the subsequent step.   

 

Scheme 77: Synthesis of 4-hydroxycoumarins. 

 

Using the protocol developed to synthesise 286 (Scheme 61 and 62), the 4-hydroxycoumarins 

were converted into the corresponding anilines via a bromination,103 SNAr reaction with phenol 51, 

and Suzuki-Miyaura coupling with aniline-containing pinacol borane 56 (Scheme 78).105 
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Scheme 78: Synthesis of coumarin-containing anil ines 319c-323c. 

 

A 1H NMR study was then conducted monitoring oxonium formation over time to determine how 

the maximum oxonium yield, and the time at which this occurred, varies with the electron density 

of the coumarin. The unsubstituted- 286, methoxy- 319c, phenyl- 320c, and fluoro- 323c coumarin 

anilines were diazotised, dissolved in CDCl3, and the yields of the corresponding oxoniums were 

monitored over time (Scheme 79).  

The yields of the unsubstituted- 287, methoxy- 319d, and phenyl- 320d oxoniums exhibited similar 

trends, reaching a maximum at approximately 41 hours. Methoxy-oxonium 319d showed the 

highest yield, reaching 52% at 42 hours. The suspected fluoro-oxonium 323d appeared 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 tetrafluoroborate anion, consistent with previous substitution studies 

(section 2.2.3.2.3) and the proposed mechanism for oxonium degradation via nucleophilic attack 

(Scheme 64).  
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Scheme 79: The yields of oxoniums (287, 319d, 320d, and 323d) generated from diazot isat ion of the 
corresponding ani lines (286, 319c, 320d, and 323d) over t ime. Time = 0 h corresponds to the time at which 
tBuONO was added. Yields are measured by 1H 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. Methoxy-substituted oxonium 319d was afforded in the highest yield 

(49%) and as expected none of the electron-deficient fluoro-substituted oxonium 323d was 

obtained (Scheme 80). The remaining oxoniums, 320d-322d, were obtained in moderate yield, 

with the naphthyl-substituted oxonium 321d being 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 for 321d. 

 

Scheme 80: Scope for coumarin-containing triaryloxonium salt formation. 

 

2.2.3.4 3,4-Coumaryne 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 good yield (Scheme 81). 
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Scheme 81: Scope for generation and trapping of 3,4-coumarynes with furan from oxonium salts. 

 

These results suggest that triaryloxonium ions can effectively serve as 3,4-coumaryne precursors. 

However, further investigations employing alternative trapping agents and isotopic labelling 

experiments would offer more definitive insights into whether this reaction proceeds via the 

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 hetaryne targets. 

2.2.4 Five-membered hetaryne generation   

The generation of five-membered hetarynes presents a significant challenge to chemists due to 

their strain.117 Having successfully demonstrated the mild preparation of functionalised benzynes 

and novel six-membered hetarynes from triaryloxonium ions,118 we envisioned their potential 

application in generating five-membered hetarynes.  
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To test the limits of triaryloxonium ions as hetaryne precursors, we targeted 2,3-benzofuryne 14 

and 2,3-benzothiophyne 177 generation via oxonium ions (Scheme 82). The computational model 

by Paton, Houk, and Garg predicted 2,3-benzofuryne 14 to be energetically inaccessible (149 kcal 

mol-1), while the generation of 2,3-benzothiophyne 177 was expected to be potentially viable (120 

kcal mol-1).49 

 

Scheme 82: Calculated dehydrogenation energy of 2,3-benzofuryne 14 and 2,3-benzothiophyne 177. 

 

2.2.4.1 2,3-Benzofuryne  

2.2.4.1.1 Triaryloxonium salt synthesis 

In designing a benzofuran-containing triaryloxonium ion scaffold, we opted for a 3-substituted 

329, rather than 2-substituted 330, heterocycle to avoid the benzofuran oxygen being positioned 

ortho to the oxonium bond (Scheme 83). 

 

Scheme 83: Potent ial substitut ion patterns of benzofuran-containing triaryloxonium ions. 
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Based on a recent patent,119 we postulated that oxonium scaffold 329 could be accessed via a 

benzofuran bis(aryl) ether, which could be constructed by the reaction of benzofuranone 332 and 

a suitable electrophilic aryl reagent (Scheme 84). 

Benzofuranone 332 was prepared using an AlCl3-promoted intramolecular Friedel-Crafts acylation 

of 2-phenoxyacetic acid 331, as outlined by Chae and coworkers (Scheme 84).120 332 was then 

heated with commercially available 1-bromo-2-fluoro-3-methylbenzene 333 in the presence of 

potassium carbonate at high temperature.119 The desired product 336 was not obtained, which 

might be attributed to the sterically hindered C-F bond situated between two ortho-substituents. 

We proposed that a more strongly activated electrophile might improve the desired reactivity. 

Therefore, 1-bromo-2-chloro-3-methyl-5-nitrobenzene 53, used in prior syntheses, was employed 

and the desired bis(aryl) ether 337 was obtained in low yield (8%). With this in mind, we turned to 

the even more activated and commercially available precursor 1-bromo-2-fluoro-3-nitrobenzene 

338 and pleasingly the corresponding bis(aryl) ether 339 was afforded in significantly higher yield 

(70%). 
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Scheme 84: SN Ar reactions with benzofuranone 332 to generate bis(aryl) ethers. 

 

Anticipating that the electron withdrawing nitro-group may destabilise the oxonium ion derived 

from 339, we attempted to moderate its electronic influence by reduction and acetylation. 

However, when 339 was stirred with palladium on carbon in an atmosphere of hydrogen a complex 

reaction mixture was obtained and none of the desired aniline 340 was isolated. 
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Scheme 85: Attempted reduction of 339. 

 

Therefore, 339 was carried through to the next step to determine whether the reduction and 

acetylation steps were necessary for this oxonium system. Using the previously employed cross-

coupling conditions,105 aniline 341 was obtained in 50% yield. Aniline 341 was then treated with 

HBF4 and tBuONO and after 16 hours the corresponding oxonium salt 342 was afforded in 

excellent yield (95%). Interestingly, the nitro-substituent was tolerated in the oxonium generation, 

unlike the phenyl-containing triaryloxoniums.109 We reasoned that mesomeric donation by the 

oxygen lone pair of the enol ether moiety likely contributes to the stability of 342. 

 

Scheme 86: Synthesis of oxonium salt 342. 

 

2.2.4.1.2 2,3-Benzofuryne generation  

Oxonium salt 342 was then subjected to the trapping conditions developed in section 2.2.2.2 using 

a large excess of furan and potassium phosphate. After stirring overnight, 342 was consumed to 
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afford a complex reaction mixture and none of the desired product 343 or dibenzofuran 344 were 

observed. The same result was obtained where potassium tert-butoxide was employed as the base.   

 

Scheme 87: Attempted 2,3-benzofuryne generation from 342. 

 

This result is consistent with the prediction that 14 is an energetically inaccessible hetaryne.49 

Therefore, we continued our pursuit of five-membered hetaryne generation focusing on the lower 

energy hetaryne, 2,3-benzothiophyne 177.  

2.2.4.2 2,3-Benzothiophyne 

2.2.4.2.1 Synthetic routes to triaryloxonium salts 

Following a similar approach to the synthesis of the benzofuran-containing triaryloxoniums, we 

designed benzothiophene-containing triaryloxoniums wherein the oxonium was substituted at the 

3-position of the heterocycle. Various synthetic routes to the target bis(aryl) ether moiety 348 were 

considered (Scheme 88). According to literature precedent, benzothiophene (bis)aryl ethers have 

been generated via copper-catalysed cross-coupling reactions between 3-bromobenzothiophene 

345 and phenols (Scheme 89).121,122 Alternatively, oxidation of sulfur to form sulfoxide 346 could 

facilitate nucleophilic addition from a phenol to install the desired functionality (Scheme 88).123 

The bis(aryl) ether might also be generated in a similar fashion to 339 using benzothiophenone 

347 and an electron-deficient chloro/fluoro-aryl ether (Scheme 88).124 
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Scheme 88: Proposed synthetic routes to generate the target bis(aryl) ether moiety. 

 

We initially explored the cross-coupling pathway due to the ready availability of the starting 

materials, involving the coupling of 345 with a suitable phenol bearing a blocking group and a 

synthetic handle to connect the aniline. These requirements presented two challenges: the 

generation of a sterically encumbered bis(aryl) ether and the requirement for the cross-coupling to 

be selective. To address the latter challenge, we were inspired by Suga and coworkersõ copper/iron-

catalysed etherification of 3-bromobenzothiophene 345 which demonstrated tolerance for 

selective cross-coupling of 4-chlorophenol 349 to afford bis(aryl) ether 350 (Scheme 89).121 

Therefore, we proposed 2-chloro-4,6-dimethylphenol 351 might be tolerated as coupling partner 

with 345 under this method. However, when 345 and 351 were subjected to Suga and co-workersõ 

optimised conditions the desired product 352 was only obtained in 9% yield (Scheme 89).121 

Furthermore, the major product in this case was the dehalogenated product 353, isolated in 19% 

yield. The presence of two ortho-substituents evidently reduces the efficiency of this reaction - there 

are no such examples in the original reaction scope. 
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Scheme 89: Synthesis of bis(aryl) ethers via copper-catalysed cross-coupling reactions. 

 

The next avenue explored was the addition-elimination of phenol into sulfoxide 346 (Scheme 91). 

Sulfoxide 346 was afforded upon treatment of benzothiophene 345 with H2O2 in the presence of 

TFA in 90% yield.123 Compound 346 was then heated with phenol 51 in the presence of potassium 

carbonate to give bis(aryl) ether 354 in very good yield (92%). DIBAL-H was then employed to 

reduce the sulfoxide generating 355 in 53% yield.123 Suzuki-Miyaura coupling with 56 then gave 

aniline 356 in 61% yield,105 which, upon diazotisation and gentle heating for 16 h, afforded the 

desired oxonium salt 357 in 90% yield.  
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Scheme 90: Synthesis of benzothiophene-containing oxonium salt 357. 

 

Compound 357 was then stirred with potassium phosphate and a large excess of furan in 

acetonitrile. Pleasingly, the cycloaddition product 358 was isolated in 25% yield, which was 

proposed to form via the five-membered aryne intermediate 177. 

 

Scheme 91: Generation and trapping of 2,3-benzothiophyne 177 with furan from 357. 
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We proceeded to evaluate the feasibility of this synthetic approach with substituted 

benzothiophenes. 3-Bromobenzothiophenes 361 were synthesised from halogenated 

benzothiophenes 359, which underwent cross-coupling reactions to form substituted 

benzothiophenes 360, followed by bromination (Scheme 92). However, we were unable to reliably 

obtain pure 3-bromobenzothiophenes 361 due to challenges in purification.  

 

Scheme 92: General synthetic route to subst ituted 3-bromobenzothiophenes 361. 

 

Therefore, we investigated the alternative route via SNAr using benzothiophenone 347 and electron 

deficient chloro/fluoro-aryls (Scheme 93). Considering the stability of the nitro-substituted 

benzofuran-containing oxonium 342, we were intrigued whether the corresponding 

benzothiophene-containing oxonium 365 would exhibit similar stability. Benzothiophenone 347 

was efficiently generated (99%) via an intramolecular Friedel-Crafts acylation of 2-

(phenylthio)acetyl chloride 362 with AlCl3 (Scheme 93).125 Subsequent SNAr reaction with 1-

bromo-2-fluoro-3-nitrobenzene 338 afforded bis(aryl) ether 363 in good yield (73%). Employing 

the standard cross-coupling conditions to 363,105 aniline 364 was obtained in 65% yield. Aniline 

364 was subjected to the diazotisation conditions and monitored by 1H NMR. Clean 

transformation to the corresponding diazonium was observed, however gradual conversion over 

48 h to give a complex reaction mixture suggested oxonium salt 365 is unstable in solution. 
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Scheme 93: Attempted synthesis of oxonium salt 365. 

 

In hopes of generating a stable benzothiophene-containing oxonium salt, we reasoned a less 

electron withdrawing N-acetyl-group could be used. Nitro-aryl ether 363 was reduced and 

acetylated, and then directly converted into amide 366 without intermediate purification (Scheme 

94). Aniline 367 was obtained in 62% yield from 366. Aniline 367 was treated with HBF4 and 

tBuONO and the resultant diazonium was monitored by 1H NMR. However, decomposition to a 

complex mixture was observed over 48 h, suggesting 368 is unstable in solution. We hypothesised 

that the instability of 368 is likely due to steric repulsion between the N-acetyl- and 

benzothiophene-group. 
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Scheme 94: Attempted synthesis of oxonium salt 368. 

 

Given efforts to employ the commercially available electrophile 1-bromo-2-fluoro-3-nitrobenzene 

338 to construct a stable benzothiophene oxonium were unsuccessful, we explored alternative 

electrophiles, namely chloro-nitro-benzene 53 and fluoro-nitro-benzene 369. Heating 

benzothiophenone 347 with 53 afforded bis(aryl) ether 370 in low yield (11%) while the reaction 

with 369 generated 370 in significantly higher yield (80%) (Scheme 95). Although 369 

demonstrated superior efficiency in forming 370, its synthesis was deemed impractical, requiring 

heating of a diazonium at 150 ĚC under reduced pressure. As a result, our focus shifted to 

optimising the reaction using the chlorinated electrophile 53.   
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Scheme 95: SN Ar reactions of benzothiophenone 347 with 53 and 369 to generate bis(aryl) ether 370. 

 

The SNAr reaction of benzothiophenone 347 with 53 (Scheme 96) was optimised by varying the 

base, temperature, and duration of reaction. Unfortunately, 53 could not be added in excess 

because it was challenging to separate from 370, therefore all the reactions were carried out using 

one equivalent of 53. Employing potassium carbonate as the base at 110 ĚC for 16 hours (Entry 

1) the desired product was obtained in 11% yield and none of the starting material 347 was 

recovered. Using a stronger base, sodium tert-butoxide, led to a reduction in yield (3%) (Entry 2).  

Reducing the temperature to 60 ĚC (Entry 3) afforded 370 in 33% yield and reducing it further to 

35 ĚC (Entry 4) and then 25 ĚC (Entry 5) reduced the yield of the product, 20% and 15% 

respectively, but decreased the conversion of benzothiophenone 347. Therefore, the reaction was 

maintained at 40 °C until 347 was undetectable by TLC. After 4 days, 347 was fully consumed, 

and the product was isolated in 45% yield. While reducing the temperature and extending the 

reaction time would likely further increase the yield, it was deemed impractical to prolong the 

reaction beyond 4 days. 
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Entry Temp (ĚC) Base Time Yield 370 Recovered 347 

1 110 K2CO3 16 h 11% 0% 

2 110 NaOtBu 16 h 3% 0% 

3 60 K2CO3 16 h 33% 0% 

4 35 K2CO3 16 h 20% 29% 

5 25 K2CO3 16 h 15% 75% 

6 40 K2CO3 4 days 45%  0% 

 

Scheme 96: Optimisation table for the SN Ar reaction between 347 and 53 to afford 370.  Yields are measured 
by 1H qNMR using dibromomethane as an internal standard. 

 

With an improved procedure to synthesise bis(aryl) ether 370, we then reduced and acetylated the 

nitro-group followed by installing the aniline to give the oxonium precursor 372 in 45% yield. 

Subsequent treatment of 372 with HBF4 and tBuONO and gentle warming gave the oxonium salt 

373 in 80% yield. 
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Scheme 97: Synthesis of oxonium salt 373. 

 

2.2.4.2.2 2,3-Benzothiophyne generation 

The benzothiophene-containing oxonium salt 373 was subjected to the trapping conditions 

developed in section 2.2.2.2 and pleasingly, the desired cycloaddition product was obtained in 38% 

yield (Scheme 98).    

 

Scheme 98: Trapping of 2,3-benzothiophyne 177 with furan using 373. 

 

We then sought to optimise the trapping reaction (Scheme 99). Altering the concentration (Entry 

2 and 3) resulted in diminished yields. Changing the solvent to 1,4-dioxane, toluene, and HFIP 
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(Entry 4-6) similarly decreased the yield of product 358 while using dichloromethane (Entry 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 of 358 (Entry 8 and 9). Adjusting the furan to dichloromethane ratio to 

3:1 marginally increased the yield to 32%, and further adjustment to 9:1 yielded 358 in 30% (Entry 

12-13). Finally, varying the base using sodium carbonate, sodium tert-butoxide, potassium 

hydroxide, and cesium carbonate (Entry 15-18) revealed that using sodium tert-butoxide resulted 

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

reactions. 
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Entry Base 
(5 eq.) 

Solvent Conc. 
(M)  

Furan:MeCN 
or eq. of 
Furan* 

temp Yield 
358 
(%) 

Yield 
374 
(%) 

Conversion 
(%) 

1 K3PO4 MeCN 0.05 2:1 r.t. 28 88 100 

2 K3PO4 MeCN 0.1 2:1 r.t. 22 39 100 

3 K3PO4 MeCN 0.01 2:1 r.t. 14 16 100 

4 K3PO4 
1,4-

dioxane 
0.05 2:1 r.t. 27 97 100 

5 K3PO4 PhMe 0.05 2:1 r.t. 23 77 100 

6 K3PO4 HFIP 0.05 2:1 r.t. 0 0 34 

7 K3PO4 CH2Cl2 0.05 2:1 r.t. 31 98 100 

8 K3PO4 CH2Cl2 0.05 2:1 40 ĚC 24 93 100 

9 K3PO4 CH2Cl2 0.05 2:1 0 ĚC 7 44 100 

10 K3PO4 CH2Cl2 0.05 5 eq.* r.t. 3 82 100 

11 K3PO4 CH2Cl2 0.05 1:1 r.t. 24 60 100 

12 K3PO4 CH2Cl2 0.05 3:1 r.t. 32 69 100 

13 K3PO4 CH2Cl2 0.05 9:1 r.t. 30 54 100 

14 K2CO3 CH2Cl2 0.05 3:1 r.t. 15 50 100 

15 Na2CO3 CH2Cl2 0.05 3:1 r.t. 0 0 40 

16 NaO tBu CH 2Cl2 0.05 3:1 r.t. 37 97 100 

17 KOH CH2Cl2 0.05 3:1 r.t. 32 97 100 

18 Cs2CO3 CH2Cl2 0.05 3:1 r.t. 31 96 100 

Scheme 99: Optimisation table for 2,3-benzothiophyne 177 trapping with furan using 373. 
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2.2.4.2.3 Triaryloxonium salt synthesis 

Having established that 373 is a stable oxonium salt that can potentially serve as a 2,3-

benzothiophyne precursor, our next goal was to assess the tolerance of substituted 

benzothiophenes via this synthetic route. Substituted benzothiophenones were synthesised from 

the corresponding thiophenols according to a literature procedure (Scheme 100).126   

 

Scheme 100: Synthet ic route to benzothiophenones. 

 

Initially, a range of thiophenols were treated with bromoacetic acid and sodium hydroxide to afford 

the desired 2-(phenylthio)acetic acids in good to excellent yield (Scheme 101). The reaction 

durations and temperatures were modified according to the solubility of the thiophenols (see 

supplementary information for full details). To avoid hydrolysis of the ester group, para-CO2Me 

substrate 394 was synthesised under non-aqueous conditions and using potassium carbonate as 

the base.  
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Scheme 101: Scope for the synthesis of 2-(phenylthio)acet ic acids. *Synethesised by Dima Petropavlovskikh. 

 

The 2-(phenylthio)acetic acids were then refluxed in thionyl chloride to generate acyl chlorides 

followed by stirring with AlCl3 to form the corresponding benzothiophenones (Scheme 102). 

Pleasingly, the chloro- 395, CO2Me- 396, fluoro- 367, methyl- 398, and naphthyl- 399 

benzothiophenones were generated in very good yield. However, benzothiophenones bearing 

mesomerically electron donating groups, specifically methoxy- 401 and N-acetyl- 403 products, 

were only afforded in moderate yield, 24% and 35% respectively. Furthermore, products 
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containing the acyl- 400, nitro- 402, and CF3- 404 groups were not obtained. These results were 

attributed to the electron-withdrawing groups deactivating the aryl ring towards Friedel-Crafts 

acylation, which proceeds via a cationic intermediate. 

 

Scheme 102: Scope for the synthesis of benzothiophenones. *Synthesised by Dima Petropavloskikh. 
ǃGenerated using an alternative procedure. 

 

The benzothiophenones were then subjected to the optimised SNAr conditions to afford bis(aryl) 

ethers (Scheme 103). The chloro- 405, CO2Me- 406, fluoro- 407, methyl- 408, and naphthyl- 409 

substituted bis(aryl) ethers were successfully synthesised in low to moderate yield (19-56%). 

However, the bis(aryl) ethers bearing more strongly mesomerically donating groups, N-acetyl 410 

and methoxy 411, were not obtained.  
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Scheme 103: Scope for the synthesis of bis(aryl) ethers. *Synthesised by Dima Petropavloskikh. 

 

The bis(aryl) ethers were then successfully converted into the corresponding oxonium salts via 

reduction and acetylation of the nitro-group, cross-coupling with the aniline pinacolborane 56,105 

and diazotization with gentle heating (Scheme 104). 
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Scheme 104: Synthesis of benzothiophene-containing oxoniums salts. *Synthesised by Dima 
Petropavloskikh. 412a-417a yields reported over three steps: reduction, acetylation, and cross-coupling. 
412b-417b yields reported for oxonium formation.  

 

2.2.4.2.4 2,3-Benzothiophynes scope 

The benzothiophene triaryloxoniums were then subjected to the optimised trapping conditions 

using sodium tert-butoxide and a large excess of furan (Scheme 105). All the oxonium salts yielded 

the corresponding [4+2] cycloaddition products in moderate yield, indicative of the trapping of 

2,3-benzothiophyne intermediates. Additionally, the formal [2+2] cycloaddition products were 

obtained as minor products for all substrates, except for the naphthyl-substrate 422b. Since 

pericyclic [2+2] cycloadditions are symmetry forbidden by Woodward-Hoffmann rules, this 

transformation likely proceeds via a stepwise mechanism.127 The regiochemistry of the [2+2] 

cycloaddition product is ambiguous from NMR data alone. However, predicted regioisomers have 

been denoted, considering the observed regioselectivity with alternative arynophiles (see section 

2.2.4.2.5). Trace amounts of the suspected [2+2] cycloaddition minor regioisomer were observed 

in the 1H NMR. To confirm this, trapping reactions would need to be performed on a larger scale. 
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Scheme 105: Trapping scope of 2,3-benzothiophynes with furan. 

 

2.2.4.2.5 Arynophile scope 

We next aimed to assess the compatibility of the oxonium salts with alternative arynophiles to 

provide more conclusive evidence of aryne-like reactivity. To successfully trap 2,3-benzothiophyne 

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 hetaryne (Scheme 106 and 107). Oxonium 373 reacted with 2,5-

dimethylfuran, yielding the [4+2] cycloaddition product 423 in 16% yield (Scheme 106). 
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Treatment of 373 with N-Boc-pyrrole yielded tricycle 424a in 16% yield, along with the 2- 424b 

and 3- 424c pyrrole substituted thiophenes in 2% and 5% yield respectively. A proposed 

mechanism for the generation of 424b and 424c is outlined in Scheme 106 wherein N-Boc-pyrrole 

undergoes electrophilic addition with 2,3-benzothiophyne 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 derivatives 424b and 424c is indicative the trapping of an asymmetric 

hetaryne intermediate. 

 

Scheme 106: Trapping react ions of 2,3-benzothiophynes with dienes.  
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In the presence of thiophene, fluoro-oxonium salt 416b produced the dibenzothiophene 425a in 

18% yield, likely via a [4+2] cycloaddition reaction followed by extrusion of sulfur (Scheme 

107).61,62 Additionally, the 3-thiophene-substituted benzothiophene 425b was isolated in 4% yield, 

presumably formed similarly to the pyrrole derivative 424c. Unfortunately, upon treatment of 373 

with nitrone 426 and pentamethylcyclopentadiene 428, we were unable to isolate the any 

cycloaddition products, 427 and 429 respectively. 

 

Scheme 107: Trapping react ions of 2,3-benzothiophynes with dienes.  
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Pleasingly, carrying out the reaction in DMI gave the desired ring expansion product 430 in 14% 

yield (Scheme 108). The regiochemistry of 430 was determined by a 1H-1H NOESY correlation 

between the non-amide NMe-group and the proximal aromatic hydrogen atom.  

 

Scheme 108: Ring expansion reaction of DMI with the 2,3-benzothiophyne 177. 

 

The nucleophilic trapping agents ethanol and N-methyl aniline also reacted with 373 to afford the 

trapped products (Scheme 109). Ethanol reacted to exclusively give the 3-substituted aryl ether 

431 in 47% yield. N-methyl aniline was added in a smaller excess, due to its higher boiling point, 

to give an inseparable mixture of the 3- and 2-substituted N-arylated thiophenes, 432a and 432b, 

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

intermediate. 
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Scheme 109: Trapping reactions of 2,3-benzothiophyne 177 with nucleophil ic trapping agents. i :  synthesised 
using condit ions i . i i : synthesised using condit ions i i . 

 

2.2.4.3 Conclusions and future work  

This work provides evidence that benzothiophene triaryloxoniums undergo aryne-like reactivity in 

the presence of base and trapping agents. The inefficiency of the reaction is consistent with the 

calculated energy of the hetaryne,49 likely nearing the synthetically accessible limit for arynes. While 

acknowledging the methodõs limitations, it is noteworthy that precedent for generation of five-

membered hetarynes is significantly limited. Moreover, there are several examples where 

conventional aryne precursors fail in producing analogous hetarynes.59,60,63 Future work would 

investigate whether the observed regioselectivity is consistent with that predicted by computational 

calculations. In addition, further investigations would look to determine if the five-membered 

hetarynes 2,3-thiophyne and 3,4-thiophyne are accessible using this methodology.  
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3 Chapter 3: Chiral Triaryloxonium Ions 

3.1 Introduction  

3.1.1 Pyramidal inversion of trivalent compounds  

Pyramidal inversion is the process in which pyramidal molecules invert via a planar 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 compounds.128 When the inversion barrier is low, compounds with a stereogenic centre 

rapidly racemise. However, pyramidal compounds with high inversion barriers, such as phosphines 

(120-185 kJ mol-1)129 and sulfonium ions (100-130 kJ mol-1),130ð133 can exhibit configurational 

stability under ambient conditions and therefore can be isolated as single enantiomers. This 

stability, seen in chiral phosphines and sulfonium ions at room temperature, is harnessed in various 

applications, including the use of chiral phosphine ligands in asymmetric catalysis.134 In contrast, 

amines possess lower inversion barriers (20-25 kJ mol-1) therefore the enantiomers of stereogenic 

amines rapidly interconvert.128 However, 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 organocatalysis (Scheme 110).135  
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Scheme 110: Approximate inversion barr iers of trivalent amines, sulfoniums, and phosphines as well as the 
configurational stabi lity of their enantiomers at room temperature. 

 

3.1.2 Pyramidal inversion of oxoniums  

Similarly to amines, oxonium ions generally have low barriers to inversion.136 However, 

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 Johnson using the epoxide derived trialkyloxonium 

434.136 Using low temperature 1H NMR, the coalescence temperature of the ring hydrogen atoms 

was determined and from this, the barrier of inversion was calculated to be 42 kJ mol-1 (Scheme 

111).  

 

Scheme 111: The measured inversion barr ier of 434. 

 

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 
















































































































































































































































































































































































































































