
 
 

 
 

 

 

 

 

 

"ÉÓÍÕÔÈɉ6Ɋ -ÅÄÉÁÔÅÄ 
ÍÅÔÁȤ!ÒÙÌÁÔÉÏÎ 

 

 

Aaron Senior  

4305911 

 

Dr Liam T. Ball 

School of Chemistry  

 

 

 

Thesis submitted to the University of Nottingham for the degree of 

Doctor of Philosophy, January 2022 

 



i 
 

 

Table of Contents  

 
Table of Contents ............................................................................................................ i 

Abstract .......................................................................................................................... iii 

Acknowledgements ....................................................................................................... iv 

List of Abbreviations ...................................................................................................... vi 

1 Introduction ........................................................................................................... 1 

1.1 Bismuth in Organic Synthesis ........................................................................ 2 

1.1.1 Bi(I) and Bi(II) Chemistry ........................................................................ 2 

1.1.2 Bi(III) Chemistry ............................................................................................ 5 

1.1.3 Bi(V) Chemistry ...................................................................................... 6 

1.1.4 Bi(V) Arylation Chemistry.............................................................................. 8 

1.2 Cyclohexadienones and their Synthesis via the Dearomatisation of Phenols.

 21 

1.3 Project Aims and Outlook ............................................................................ 28 

2 meta-Arylation of phenols ................................................................................... 30 

2.1.1 Direct meta-Functionalisation of Phenols ........................................... 30 

2.1.2 De Novo Approaches to meta-Aryl Phenols ........................................ 39 

2.1.3 The Dienone-Phenol Rearrangement .................................................. 41 

2.2 Project Strategy ........................................................................................... 45 

2.3 Process Optimisation ................................................................................... 47 

2.3.1 Transmetallation and Oxidative Arylation. .......................................... 47 

2.3.2 1,2-Aryl Migration ................................................................................ 50 

2.3.3 Three-Step One-Pot Procedure ........................................................... 60 

2.4 Substrate Scope ........................................................................................... 68 

2.3.1 Boronic Acid Modifications. ................................................................. 68 

2.3.2 Phenol Modifications ........................................................................... 74 

2.4 Mechanistic Investigations into the 1,2-Aryl Migration .............................. 95 

2.4.1 Intermolecular Competition Hammett Plot ......................................... 97 

2.4.2 Kinetic Isotope Experiments .............................................................. 102 

2.5 Derivatization Chemistry ........................................................................... 110 

2.5.1 O-Functionalisation ς Synthesis of an Analogue of Mexiletine. ........ 111 



ii  
 

2.5.2 N-Functionalisation - Synthesis of Analogues of Lidocaine and 

Dimethachlor ..................................................................................................... 112 

3 meta-Arylation of Anilines ................................................................................. 126 

3.1.1 Aniline Synthesis via Phenol deoxygenation ..................................... 126 

3.1.2 Dienimine-Aniline Rearrangement .................................................... 130 

3.1.3 meta-Arylation of Anilines ................................................................. 133 

3.2 Project Strategy ......................................................................................... 136 

3.3 Deoxyamination-Migration Optimisation. ................................................. 137 

4 Conclusion and Future Work ............................................................................. 155 

5 Experimental ...................................................................................................... 158 

5.1 General Experimental ................................................................................ 158 

5.2 Procedures and Data for Compounds in Chapter 2 ................................... 160 

5.2.1 Organobismuth Compounds .............................................................. 160 

5.2.2 General Screening Procedures .......................................................... 164 

5.2.3 Starting Material Synthesis ................................................................ 166 

5.3.4 2,4-Cyclohexadienones and meta-Arylated Phenols ......................... 187 

5.3.5 Procedures and Data for Mechanistic Investigations ........................ 257 

5.3.6 Procedures and Data for Derivatisation Chemistry ........................... 267 

5.4 Procedures and Data for Compounds in Chapter 3 ................................... 274 

6 References ......................................................................................................... 276 

 

  



iii  
 

Abstract  

Despite offering many options for functionalisation, unattractive synthetic routes 

have left 2,4-cyclohexadienones relatively unexplored. Reported methods to make 

these substrates are marred by poor regio- and chemoselectivity, toxic reagents, 

and inefficient processes. The work detailed in this thesis aims to remove barriers 

to implementation by presenting a synthetic method for their preparation that is 

selective and predictive, uses benign reagents, and offers excellent yields. To 

showcase their applicability in synthetic organic chemistry, they will be used as 

intermediates in the synthesis of meta-substituted phenols and anilines. 

A three-step process was developed to access the elusive meta-position of phenols 

and is described in Chapter 2. Here, a straightforward procedure was developed to 

access a 6,6-disubstituted 2,4-cyclohexadienone from a single, universal bismuth 

precursor and a phenol. Following the isolation and full characterisation of the 

2,4-cyclohexadienone, a Lewis acid mediated 1,2-aryl migration was optimised to 

provide the meta-arylated phenol.  

An extensive substrate scope showed that this methodology is applicable to 

phenols and arylboronic acids bearing a range of electronic descriptors and is 

permitting of highly functionalised handles poised for subsequent diversification 

chemistry. In addition to this, the selectivity of the arylation step was assessed and 

found to be influenced more by electronics than sterics, occurring ipso to the most 

electron rich position. A comprehensive mechanistic study was undertaken on the 

1,2-aryl migration step: passing through a phenonium ion intermediate. Using this 

chemistry to access meta-substituted phenols, analogues of mexiletine, lidocaine, 

and dimethachlor were synthesised in excellent yield to showcase how this 

chemistry can be applied to the targeted synthesis of important biologically active 

molecules. 

Chapter 3 builds on this work, developing a route to meta-arylated anilines. Using 

Bi(V) mediated synthesis of 2,4-cyclohexadienones developed in Chapter 2, a 

deoxyamination reaction step was implemented to deliver a 

2,4-cyclohexadienimine. This was found to be competent in a similar 1,2-aryl 

migration step, yielding the meta-arylated aniline. This method not only describes 

a means to access these contra-electronic products, but also a formal phenol to 

aniline conversion ɀ a highly sought-after transformation.   
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1      Introduction  

Bismuth is the 83rd element of the periodic table, a post-transition metal belonging 

ÔÏ ÔÈÅ ÐÎÉÃÔÏÇÅÎÓȢ )Ô ÏÃÃÕÒÓ ÎÁÔÕÒÁÌÌÙ ÉÎ ÔÈÅ %ÁÒÔÈȭÓ ÃÒÕÓÔ ÁÔ ÁÐÐÒÏØÉÍÁÔÅÌÙ Ô×ÉÃÅ 

the abundance as gold, where it is most commonly obtained as a by-product from 

smelting and refining other metals ɀ including silver and gold, as well as lead, tin, 

and copper.1 This makes it relatively cheap and accessible; and, alongside other 

properties such as its low toxicity* and radioactive stability,ɖ,2ɀ4 it is generally 

ÃÏÎÓÉÄÅÒÅÄ ÔÏ ÂÅ Á ȰÇÒÅÅÎȱ ÅÌÅÍÅÎÔȢ5,6  

Although there is evidence of its use throughout history in alloys,7 it was not 

identified until 1753 when it was characterised by Claude François Geoffroy who 

named it bismuth from the German Wismut meaning white mass.5 It has since 

found uses in medicines,8 cosmetics, paint pigments, and as a high and low 

temperature superconductor.9,10 

Its electronic configuration is [Xe]4f145d106s26p3, and can access all oxidation 

states from -3 to +5. However, most synthetic uses for bismuth occur in its more 

stable (III) and (V) oxidation states, with a few notable examples of Bi(I) and (II) 

species ɀ all of which have been extensively reviewed.11ɀ16 

Bismuth is a versatile tool for organic synthesis: not only does it perform different 

chemistries in each of its oxidation states, but it  is also able to easily navigate 

between redox states. These properties, shared by many d-block elements, have 

resulted in transition metal catalysis being one of the central pillars of the 

ÓÙÎÔÈÅÔÉÃ ÃÈÅÍÉÓÔȭÓ ÔÏÏÌÂÏØȢ !ÌÔÈÏÕÇÈ ÔÈÅ ÓÁÍÅ ÐÏÐÕÌÁÒÉÔÙ ÉÓ ÎÏÔ ÓÈÁÒÅÄ ÂÙ 

organobismuth chemistry, these assets have been used to develop a variety of 

different chemical transformation enabled by bismuth and its complexes ɀ which 

are discussed herein.  

 

 
* Although the toxicity of elements generally increases as you go down a group, bismuth is 
considered to be non-toxic, attributed to its low absorption though cell walls, specifically 
in the GI tract.2,3 However, organobismuth thiolate complexes have recently been used as 
potent antimicrobials ɀ raising the point that organobismuth complexes should not be 
considered safe solely based on their metal centre.239 
ɖIn 2003, 209Bi was found to emit difficult to detect, low energy ɻ-particles ɀ resulting in a 
calculated half-life of 1.9 ± 0.2 × 1019 years (compared to the age of the universe ɀ 1.4 × 
109 years).4  
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4ÈÉÓ ÉÎÔÒÏÄÕÃÔÉÏÎ ×ÉÌÌ ÂÅÇÉÎ ÂÙ ÉÎÆÏÒÍÉÎÇ ÔÈÅ ÒÅÁÄÅÒ ÏÆ ÂÉÓÍÕÔÈȭÓ ÁÐÐÌÉÃÁÔÉÏÎÓ ÉÎ 

organic transformations across its oxidation states. The second section will 

introduce the reader to the synthesis and applications of cyclohexadienones and 

will aim to highlight benefits of using organobismuth chemistry towards a general 

synthesis of this class of compounds.  

 

1.1 Bismuth in Organic Synthesis  

In this section, the utility of bismuth compounds in organic chemistry will be 

discussed. This will cover applications of bismuth in different oxidation states, 

firstly discussing Bi(I)/(III) as a redox catalyst and Bi(III) as a transmetallation 

partner.17,18 Finally, the section will look more in depth at Bi(V) compounds as 

arylating agents for ketones, diones,19 and phenols,20 before arriving at their 

application towards the synthesis of 2,4-cyclohexadienones.21 

 

1.1.1 Bi(I) and Bi(II) Chemistry  

Interest in Bi(I) species is growing, but this area of organobismuth chemistry is 

still less explored than the +3 and +5 oxidation states. A reason for this is the 

requirement for bespoke ligand frameworks to be designed to stabilise these Bi(I) 

compounds.22 Dostál et al. isolated the first monomeric Bi(I) species in this manner 

in 2010.23 The key step of which is a reductive dehydrocoupling reaction that 

follows halogen displacement with K-selectride (Scheme 1-1). The Bi(I) species is 

stabilised two-fold: N-coordination through its pincer ligands and its large rigid 

structure.  

 

Scheme 1-1: Synthesis of a monomeric Bi(I) complex by Dostál et al.23 
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Cornella et al. applied this chemistry towards a Bi(I)/Bi(III) catalytic system, 

mediating a transfer hydrogenation reaction using ammonia-borane as a hydrogen 

source (Scheme 1-2).17 

 

Scheme 1-2: Bi(I) /Bi(III)  as a catalyst for transfer hydrogenation of nitro- or azo-arenes.17 

 

The Bi(I)/Bi(III) system is able to reduce azoarenes to hydrazines and nitroarenes 

to hydroxylamines in excellent yields with aryl groups bearing both electron 

donating and electron withdrawing substituents. However, the yields drop when 

the aryl group is sterically hindered ɀ giving a 22% yield for the reduction of 2,6-

dimethylnitrobenzene.  

The group then progressed this work to facilitate the catalytic activation of nitrous 

oxide ɀ reducing it to dinitrogen (Scheme 1-3).24 N2O is a potent greenhouse gas, 

so research into methods preventing its escape into the atmosphere are important. 
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Scheme 1-3: Bismuth mediated catalytic reduction of N2O to N2.24 

A rare example of Bi(II) in synthesis is a Bi(II)/(III) system to facilitate the 

oxidative synthesis of TEMPO silyl ethers;25 the first reported example of such a 

reaction taking place using a main group element. Similar to the strategies 

employed by Dostál and Cornella (Scheme 1-1 and Scheme 1-2), the bismuth 

intermediates require sterically congested ligands to stabilise transient oxidation 

states. This further emphasises the importance of effective ligand design. 

 

Scheme 1-4: Proposed catalytic cycle for the formation of TEMPO-silane complexes mediated by 
Bi(II).25Ar = 2,6-iPr2C6H3. 

 

Together, these examples show that access to unstable bismuth complexes is 

possible through the selection of appropriate ligands, which in turn enables the 

discovery of new uses for organobismuth chemistry that were previously 

inaccessible.  

 

 



5 
 

1.1.2 Bi(III ) Chemistry  

Bismuth(III) compounds occur frequently in literature due to their function as a 

Lewis acid.15 These complexes facilitate a multitude of different transformations 

in low catalyst loadings, whilst being both compatible with water and performing 

synergistically with other catalysts.16 This topic has been comprehensively 

reviewed and will not be discussed here.11,14ɀ16 

In conjunction with its popular use as a Lewis acid, Bi(III) reagents have also been 

used as a transmetallating partner in both copper and palladium cross-coupling 

chemistry. Originally conceived by Barton in 1988,26,27 the Gagnon group expanded 

the scope of this methodology using triarylbismuthines in tandem with modern 

palladium strategies ÉÎ ÔÈÅ ςπππȭÓ ɉScheme 1-5).18,28 In addition to this, Gagnon 

included trialkylbismuthines as transmetallation partners in sp2-sp3 coupling 

reactions.29 

 

Scheme 1-5: Transmetallation of alkyl (top) and aryl (bottom) moieties in cross-coupling reactions 
using organobismuth chemistry.18,28 

 

Notably, 0.4 equivalent of triarylbismuthine is required for near quantitative 

conversion in some cases. This is rationalised by considering that the bismuth 

reagent can donate three arenes into the cross-coupling cycle, providing a 

stoichiometric excess of 1.2 equivalents with respect to the aryl group. 

Trialkylbismuthines do not share this property, instead requiring an excess with 

respect to Bi (and therefore 3.3 equivalents of the given alkyl group) for the 

reaction to proceed.30 Moreover, the trialkylbismuthines are made in situ due to 

poor stability to both air and moisture.31 This approach was used in the first 

reported method of N-cyclopropanation of heterocyclic amines.30 
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1.1.3 Bi(V) Chemistry  

Bismuth(V) is very electrophilic and is somewhat unstable, with its stability 

determined to a large extent by its counterion. For example, where Ar3BiX2 is 

generally stable for X = F, Cl, OAc, spontaneous ligand coupling reactions occur 

when X = I,32 or exothermic decomposition where  

X = Ph.33 It is therefore predominantly made in situ from the oxidation of Bi(III). 

While this decomposition pathway is detrimental to the stability of Bi(V), resulting 

in its reduction to Bi(III), it is also the basis for much of its applied reactivity ɀ 

facilitating bond forming reactions by ligand coupling chemistry.34  

Bi(V) was originally synthesised as Ph5"É ÕÓÉÎÇ ÃÈÌÏÒÉÎÅ ÇÁÓ ÂÙ 7ÉÔÔÉÇ ÁÎÄ #ÌÁÕɼ ÉÎ 

1952 (Scheme 1-6).11,33 The halogens present in the Bi(V) complex are readily 

displaced by aryl-nucleophiles, such as aryl lithium or Grignard reagents, to 

achieve penta-aryl organobismuth compounds. The authors note that penta-

arylbismuth(V) is unstable to air and moisture, exploding when heated.  

 

Scheme 1-6: Synthesis of penta-ÁÒÙÌ ÂÉÓÍÕÔÈɉ6Ɋ ÂÙ 7ÉÔÔÉÇ ÁÎÄ #ÌÁÕɼ ÉÎ υύωφȢ33 

 

Bismuth(V) complexes are hypervalent, containing a three-centre four-electron 

(3c-4e) bond between the two axial ligands and the central bismuth atom.35ɀ37 This 

results in the complex residing in a trigonal bipyramidal geometry, with the most 

electronegative ligands sitting in the apical positions.  

Initially, bismuth(V) reagents were employed catalytically in the oxidative 

cleavage of ɻ-glycols (Scheme 1-7).38 Here, bismuth transitions between its +3 and 

+5 oxidation states with remarkable efficiency, allowing catalyst loadings as low 

as 1 mol%.  

 

Scheme 1-7: Ph3Bi catalysed oxidative cleavage of ɻ-glycols.38 
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Access to Bi(V) is achieved with N-bromosuccinimide (NBS) in the presence of 

potassium carbonate and water, much milder conditions to those originally used 

ÂÙ 7ÉÔÔÉÇ ÁÎÄ #ÌÁÕɼȢ33 Further exploration into this chemistry has been performed 

by Cornella et al., testing dinuclear bismuthanes towards similar oxidative 

cleavage reactions (Scheme 1-8).39 Despite adding a second reaction centre by 

including two bismuth nuclei, the reaction failed to improve on the yields originally 

achieved by Barton.38 In addition to this, the synthetic routes required to access 

these dibismuthine catalysts are low yielding, bringing into question the synthetic 

utility of these complexes beyond the study of new areas of chemical space. 

 

Scheme 1-8: Dinuclear bismuthines towards the catalytic oxidative cleavage of ɻ-glycols.39 areaction 
performed at 5 and 2 mol% catalyst loadings.  

 

Bi(V) is also able to facilitate C-X bond forming reactions. Whilst navigating 

between its +3/+5 oxidation states, it has been shown to catalyse transformations 

including the fluorination and sulfonylation of aryl boronic esters and acids 

(Scheme 1-9).40,41  
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Scheme 1-9: Bismuth catalysed fluorination and sulfonylation of arylboronate esters and aryl boronic 
acids.40,41 

 

Low catalyst loadings and high yields show that Bi(V) can be easily accessed from 

Bi(III) in situ. Additionally, these transformations employ milder oxidants than 

chlorine gas, which was originally used, showing that reactions mediated by Bi(V) 

complexes can be made to be both more accessible and tolerant of functional 

groups and substrates.  

 

1.1.4 Bi(V) Arylation Chemistry  

"Éɉ6Ɋ ÍÅÄÉÁÔÅÄ ÁÒÙÌÁÔÉÏÎ ÉÓ ÔÈÅ ÃÏÒÎÅÒÓÔÏÎÅ ÏÆ 0ÒÏÆȢ 3ÉÒ $ÅÒÅË "ÁÒÔÏÎȭÓ 14-part 

series of papers investigating organobismuth chemistry. These are titled Ȱ4ÈÅ 

#ÈÅÍÉÓÔÒÙ ÏÆ 0ÅÎÔÁÖÁÌÅÎÔ /ÒÇÁÎÏÂÉÓÍÕÔÈ 2ÅÁÇÅÎÔÓȱ ÁÎÄ ×ÅÒÅ ÐÕÂÌÉÓÈÅÄ ÂÅÔ×een 

ÔÈÅ ρωψπȭÓ ÁÎÄ ωπȭÓȢ19,20,42ɀ49 

This arylation reaction was discovered serendipitously whilst working on other 

systems using Bi(V) reagents.43 While attempting to oxidise quinine to quininone, 

the group isolated a quantity ÏÆ ÔÈÅ ɻ-aryl analogue (Scheme 1-10).  
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Scheme 1-10: Tandem oxidation-ÁÒÙÌÁÔÉÏÎ ÏÆ ÑÕÉÎÉÎÅ ÔÏ ɻ-aryl quininone using arylbismuth(V).43 

 

!Ó ɻ-aryl quininone was isolated as a mixture of its two diastereomers, the group 

hypothesised that the product is formed through an enolate intermediate present 

after the successful oxidation of the alcohol. To confirm this, they successfully 

arylated ethyl acetoacetate under similar reaction conditions, yieÌÄÉÎÇ ÅÔÈÙÌ ɻ-

phenylacetoacetate in a modest 59% yield.  

This reaction was well received, offering a safer alternative to organolead(IV) 

chemistry while maintaining high ɻ-selectivity.2,20 Aryl lead(IV) reagents are 

marred by both neurotoxicity and the synthetic route requiring transmetallation 

from aryl-mercury or stannane precursors.50,51  

"ÁÒÔÏÎȭÓ ÓÅÒÉÅÓ ÏÆ ÐÁÐÅÒÓ ÓÈÏ×ÃÁÓÅÄ ÔÈÅ ÄÉÖÅÒÓÉÔÙ ÁÎÄ ÔÈÅÒÅÆÏÒÅ ÐÏÔÅÎÔÉÁÌ ÏÆ 

organobismuth chemistry, and included the arylation of  ketones, 1,3-diones, 

hydroxyarenes, and indoles (Scheme 1-11).19,20,45ɀ49,52 The entirety of the work is 

excellently summarised in two reviews written by Barton and Finet towards the 

end of their investigations.21,53  

Alongside penta-substituted bismuth reagents, charged tetra-arylbismuthonium 

salts are also capable arylating agents.44,46 These tetra-coordinate systems are 

formed preferentially in the presence of a non-coordinating fifth ligand, which acts 

as a counterion. This complex was shown by Barton to perform similar chemistry 

to pentavalent bismuth species, whilst being isolable as a shelf stable solid.  
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Scheme 1-11: Organobismuth(V) arylation chemistry.19,20,45ɀ49,52 

 

Bi(V) mediated arylations are not restricted to these transformations. A notable 

example is in a Morita-Baylis-Hillman type reaction developed by Koech and 

Krische.54 This methodology was subsequently used in the key step towards a 

Synthesis of paroxetine (PAXIL), a blockbuster anti-depressant marketed by GSK 

(Error! Reference sourc e not found. ).55 

 

Scheme 1-12: Synthesis of paroxetine using Bi(V) reagent as the electrophile in a Morita-Baylis-
Hillman reaction.55 Ar is p-fluorophenyl. 

 

The ortho-arylation of phenol is of particular interest. It is a formal C-H activation 

reaction which provides excellent ortho-selectivity over para-arylation, despite 

both positions being electronically activated. However, side-reactions are 

observed resulting in di-arylation or O-arylation to give the ether product (Scheme 

1-13).53  
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Scheme 1-13: Proposed mechanism for the ortho-arylation of phenol, including the formation of the 
over-arylated terphenol.47 

 

The proposed mechanism for the arylation of phenols proceeds as shown in 

Scheme 1-13, pathway a. First, a ligand is displaced by the phenolate anion, before 

an intramolecular ligand coupling reaction results in the transfer of the aryl group 

to the carbon adjacent to the hydroxyl ɀ which acts as a masked enolate. The 2,4-

cyclohexadienone then undergoes rapid tautomerisation to the rearomatised 

phenol product. The position of arylation depends heavily on the electronic nature 

of the phenol substituents: electron withdrawing groups on the phenol favour O-

arylation, whereas electron rich groups favour C-arylation at the ortho-

position.21,48 

Although a single-electron reaction pathway was considered for this mechanism, 

EPR spectroscopy indicated that only trace amounts of phenyl radicals were 

formed, and that these were the co-products of competing decomposition 

processes.47 In addition to this, the yield of the desired arylation reaction was not 

affected in the presence of large excesses of radical traps, such as 1,1-

diphenylethylene. Together, this suggests that if there are any aryl radicals present 

in the reaction mixture, they are unlikely to be competent intermediates in the 

favoured reaction pathway.  
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Despite the detail of work undertaken by Barton and his colleagues, there are still 

many problems which have prevented organobismuth mediated C-H arylation 

reactions from entering mainstream chemistry the same way palladium or copper 

chemistry has: 

¶ as only one of the arenes is transferred from ArnBiX5-n (n = 3-5), the 

maximum yield with respect to the aryl group on bismuth is only 33%-

20%. This becomes a bigger problem when valuable arenes are used; 

¶ individual aryl bismuth species are not trivial to prepare, requiring 

multiple steps from commercially available starting materials. Each linear 

synthesis must be performed for organobismuth(V) reagents bearing 

different aryl groups;  

¶ competing O-arylation chemistry depends heavily on the electronic effects 

of the substituents on the phenol, such that there is substrate-control over 

chemoselectivity; 

¶ reaction rates are largely determined by the identity of the aryl group on 

the bismuth centre. This has made the identification of general reaction 

conditions extremely challenging.  

 

 

Scheme 1-14: Comparison between the ortho-arylation procedure developed by Barton et al, with the 
method used in the Ball group.53,56 
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Addressing these drawbacks, the Ball group has developed a system that 

transforms Bi(V)-mediated arylation into a more useful and accessible 

technology.56 By employing a bidentate ligand, only one valuable aryl group is 

required, increasing the theoretical yield to 100% relative to the arene. 

Additionally, this exocyclic aryl group can be installed onto bismuth using 

arylboronic acids under mild conditions and in excellent yields, allowing for easy 

derivatisation compared to the linear route previously used.21 The chemistry can 

be performed in a formal three-step one-pot process and shows complete 

selectivity to ortho-arylation, providing a much more reliable route to the biaryl 

product. Finally, the bismuth containing by-product can be recovered and reused 

ɀ thus reducing waste. 

The bidentate ligand system employed by the Ball group is inspired by work caried 

out by Suzuki and colleagues in ÔÈÅ ÅÁÒÌÙ ρωωπȭÓ (Figure 1-1).34 The compound was 

designed and synthesised as part of a series of heteroaromatic bismuth 

compounds, specifically exploring the effect of the bridging atom on the 

ÃÏÍÐÏÕÎÄÓȭ ÓÔÁÂÉÌÉÔÙ ÁÎÄ ÒÅÄÏØ properties. 

 

Figure 1-1: Heteroaromatic bismuth compounds synthesised by Suzuki et al. and applied as a 
transmetallation agent in a palladium cross-coupling reaction. R = Cl or tol.34 

 

For bismacycles with R = Cl, only the sulfone-bridged analogue was found to be air 

and moisture stable, suggesting some extra stability offered by the oxygen atoms 

on sulfur. This was corroborated in X-ray crystallography studies, which showed 

the O-Bi bond to be 2.979(7) Å, longer than the covalent radii (2.10 Å) but shorter 

than the Van der Waals radii (3.72 Å) ɀ supporting evidence for a transannular 

interaction.  

Upon exploring the redox properties of these compounds, Suzuki found that the 

key bismuth(V) reagent can be accessed and even isolated as a relatively stable 
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solid upon oxidation with sulfuryl chloride ɀ in comparison to bismacycles with 

other bridging atoms. Heating this complex in CH2Cl2 resulted in decomposition to 

chlorotoluene and bismacycle chloride via a reductive ligand coupling reaction 

(Scheme 1-15ɊȢ 4ÈÉÓ ×ÏÒË ÒÅÐÒÅÓÅÎÔÓ ÔÈÅ ÉÎÓÐÉÒÁÔÉÏÎ ÆÏÒ #ÏÒÎÅÌÌÁȭÓ ÓÅÍÉÎÁÌ ×ÏÒË 

on bismuth catalysed fluorination reactions (Scheme 1-9, top).41 

 

Scheme 1-15: First reported oxidation of the sulfone-bridged bismacycle to its +5 state, followed by its 
decomposition.34 

 

Suzuki et alȢ ÔÈÅÎ ÒÅÐÏÒÔÅÄ ÔÈÁÔ ÔÈÉÓ ÒÅÁÇÅÎÔ ÓÈÏÕÌÄ ȰÓÅÒÖÅ ÁÓ ÁÎ ÅØÃÅÌÌÅÎÔ ÁÒÙÌÁÔÉÎÇ 

ÁÇÅÎÔȱ ÆÏÒ Á ÖÁÒÉÅÔÙ ÏÆ ÎÕÃÌÅÏÐÈÉÌÅÓ ÂÁÓÅd on its unique stability in both its +3 and 

+5 oxidation states.34 In 2007, the group started to investigate this towards the 

synthesis of aryl sulfonate esters.57,58 

 

Scheme 1-16: Synthesis of aryl sulfonate esters with aryl bismacycle(V) chemistry.57,58 OmCB = meta-
chlorobenzoate 

 

Indeed, the investigation does show the aryl bismacycle(V) as a competent 

arylating agent (Scheme 1-16), proceeding through a proposed ligand coupling 

reaction between the aryl group and sulfonate coordinating to a Bi(V) 

ÉÎÔÅÒÍÅÄÉÁÔÅȢ 4ÈÉÓ ÃÈÅÍÉÓÔÒÙ ÉÎÓÐÉÒÅÄ #ÏÒÎÅÌÌÁȭÓ ÃÁÔÁÌÙÔÉÃ ÓÕÌÆÏÎÙÌÁÔÉÏÎ Ïf aryl 

boronic acids (Scheme 1-9, bottom).40 However, these aryl bismacycles employed 

by Suzuki are still synthesised through a linear route from bismuth chloride, failing 

to progress from the non-convergent strategies pioneered by Barton.21  
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The Ball group developed a derivatising transmetallation reaction to overcome 

this problem, transforming the bismacycle-tosylate into a universal precursor to 

other aryl-bismacycle reagents. This was achieved by employing a tosylate group 

as the exocyclic ligand using aryl boronic acids as the aryl source.56 An in-depth 

substrate scope then showed that this reaction is very high yielding, producing 

quantitative yields of the pro-arylating aryl-bismacycle for a variety of highly 

functionalised aryl-boronic acids.  

The Ball group proceeded to decipher the mechanism for the transmetallation step 

(Scheme 1-17).56 Bisismacycle-tosylate (Bi-OTs) is first hydrolysed under the 

basic aqueous conditions of the reaction, resulting in an equilibrium between the 

monomeric Bi-OH and dimeric Bi-O-Bi species in the presence of water. These 

intermediates were isolated and fully characterised by performing the reaction 

without the arylboronic acid. Then, resubmitting these compounds back into the 

reaction, the group found that the reaction of Bi-OH and Bi-O-Bi with an aryl 

boronic acid occurs at a faster rate than the bismacycle-tosylate species, showing 

the kinetic importance of these intermediates. A similar Bi-O-B complex has 

previously been reported by Dostál et al. on other aryl group migrations onto 

bismuth complexes,59 and has been described as being analogous to the proposed 

Pd-oxo pathway in Suzuki-Miyaura cross-coupling.60 
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Scheme 1-17: Proposed mechanism for the transmetallation of aryl boronic acids onto the 
bismacycle.56 

 

The authors undertook an in-depth oxidant screen, leading to the selection of 

mCPBA for the transformation of the pro-arylating Bi(III) species to the active 

Bi(V) species. This oxidant not only facilitates rapid quantitative oxidation, but it 

is also a common, easy to handle solid that can be used in the presence of water 

and air.  

The proposed mechanism for the electrophilic arylation step is shown in Scheme 

1-18. mCPBA oxidises the aryl bismacycle, forming I, before the hydroxide is 

displaced by the phenol. Its hypothesised that, following a rearrangement, the 

phenol ligand resides in the axial position in proximity to the arene II .61 This 

arrangement leads to a reductive ligand coupling reaction between the ortho-

position of the phenol and the exocyclic arene, leading to 2,4-cyclohexadienone III . 

When the ortho-position is unsubstituted, the dienone tautomerises rapidly to the 

thermodynamically stable fully aromatised phenol. The final procedure was 

developed into a telescoped two-step one-pot process (Scheme 1-19). 

 



17 
 

 

Scheme 1-18: Proposed mechanism for the oxidative arylation of phenol using the developed aryl 
bismacycle.. OmCBA = meta-chlorobenzoate. 

 

The reaction proceeds in excellent yields despite the presence of reactive 

functional groups including alkenes, esters, and basic nitrogen atoms. In addition 

to this, the chemistry is compatible with aryl iodides and aryl boronic esters on the 

ÐÈÅÎÏÌ ÍÏÉÅÔÙȟ ÏÆÆÅÒÉÎÇ ÓÙÎÔÈÅÔÉÃ ÈÁÎÄÌÅÓ ÆÏÒ ÆÕÒÔÈÅÒ ÆÕÎÃÔÉÏÎÁÌÉÓÁÔÉÏÎȭȢ  

During the investigation of this chemistry, it was found that whilst some substrates 

give the expected phenols (Scheme 1-19), others give 2,4-cyclohexadienones. This 

occurs when there is a substituent present in the ortho-position of the phenol 

starting material, on the arylation position. This prevents the rearomatizing 

tautomerisation from III to the phenol product shown in Scheme 1-18. 
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Scheme 1-19: Two-step one-pot procedure optimised for the ortho-arylation of hydroxyarenes.56 

 

This was first observed in the arylation of eugenol: arylation occurs ipso to the 

electron donating methoxy group in preference to the unsubstituted position in a 

remarkable 87% yield (Scheme 1-20).62 

 

 

Scheme 1-20: Oxidative arylation of eugenol leading to a 6,6-cyclohexadieoneone.62 
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This dearomatisation is consistent with observations made by Barton in his series 

of papers on pentavalent organobismuth reagents. Barton et al. reported the 

dearomatisation of 2,6-dialkyl substituted phenols on exposure to penta-

ÁÒÙÌÂÉÓÍÕÔÈ ÉÎ ÔÈÅ ÐÒÅÓÅÎÃÅ ÏÆ "ÁÒÔÏÎȭÓ ÂÁÓÅ ɉ"4-'Ɋ ɉScheme 1-21).20,63 

 

Scheme 1-21: Oxidative arylation performed by Barton et al. using penta-arylbismuth(V) reagents.20,63  

 

In a separate experiment carried out by the Ball group,64 a tetra-arylbismuthonium 

salt successfully arylated 2,6-dimethylphenol in the presence of a base. After 

dearomatisation was complete, the reaction was quenched with an excess of 

trifluoroacetic acid (TFA) resulting in a 1,2-aryl migration and subsequent 

rearomatisation to the meta-arylated phenol (Scheme 1-22, R=H).  

 

Scheme 1-22: tetra-arylbismuthonium salt mediated oxidative arylation of 2,6-disubstituted phenols. 

 

The reaction was then repeated under the same conditions with mesitol (Scheme 

1-22, R = Me). In agreement with observations made by Barton,47 ortho-arylation 

led to the formation of the dearomatised 2,4-cyclohexadienone. Unlike its 2,6-

dimethylphenol analogue, addition of TFA did not result in a 1,2-aryl migration, 

suggesting that more work and optimisation needs to be undertaken to fully 

exploit this transformation. These initial observations indicate a novel two-step 

route to access meta-functionalised phenols ɀ an elusive point of C-H activation 

(see later).65 
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The Bi(V) oxidative arylation strategy takes advantage of the redox properties,42 

excellent selectivity,56 ÁÎÄ ȰÇÒÅÅÎÎÅÓÓȱ ÏÆÆÅÒÅÄ ÂÙ ÏÒÇÁÎÏÂÉÓÍÕth chemistry,5 

while utilising a modern synthetic approach developed in the Ball group.56 The 

reaction to form 2,4-cyclohexadienones is likely to show similar functional group 

tolerance with a broad substrate scope as the previously-reported ortho-selective 

C-H arylation chemistry. There are but a few general methods to access these 

2,4-cyclohexadienones (discussed in the next section), and therefore their 

chemistry remains undeveloped. A reliable route to these interesting moieties will 

allow for their chemistries to be studied, and their synthetic potential realised. 
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1.2 Cyclohexadienones and their Synthesis via  the 

Dearomatisation of Phenols.  

There are two isomers of cyclohexadienones: 2,5- and 2,4- (Figure 1-2). Although 

organobismuth(V) chemistry almost exclusively makes 2,4-

cyclohexadienones,20,48 the 2,5- isomer is more heavily explored. 

 

Figure 1-2: 2,5- vs 2,4-cyclohexadienones. 

 

Exploration into 4,4-dialkyl substituted 2,5-cyclohexadienones peaked in the 

middle of the 20th century where they found an important place in early physical 

organic chemistry.66ɀ72 Here,73 Marx et al. identifies 2,5-cyclohexadienones as ideal 

systems to determine relative migratory aptitudes (Scheme 1-23) when employed 

in the dienone-phenol rearrangement:74ɀ77 

¶ The substituents reside in identical rigid steric environments, eliminating 

stereochemical competition;78  

¶ the reaction is initiated by protonation of the ketone, avoiding 

complications arising from ring opening steps or leaving group ability ;*,78 

¶ charge density generated at the migration terminus by protonation can 

be estimated using 1H NMR or UV spectroscopic analysis;70,79 and 

¶ the migration step has been shown to be rate-determining and 

ir reversible.67,68  

 

Scheme 1-23: An example 2,5-cyclohexadienone system used to determine relative migratory aptitudes 
of two different R groups. 

 
*Migratory aptitudes have been measured using systems based upon Wagner-Meerwein 
rearrangements initiated by dehydration or epoxide opening reactions - both containing a 
potentially kinetically competent step before the migration step. .  
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In contrast, 2,4-cyclohexadienones bearing 2 C-C bonds on the di-substituted 6-

position seldom appear in the chemical literature, mainly due to inefficient 

synthetic strategies. Although they have, for example, been shown to undergo ring 

opening reactions to the corresponding ketene under photochemical irradiation 

(Scheme 1-24);80 these electrophiles are susceptible attack from a variety of protic 

nucleophiles. 

 

Scheme 1-24: Photochemical ring opening of 2,4-cyclohexadienones.80 

 

There are few reported methods to form 6,6-disubstituted 2,4-cyclohexadienone 

structures through the installation of an arene. The available methodologies can 

be confined to the areas of organobismuth(V), organolead(IV) and hypervalent 

iodine(III) chemistry and are summarised below. 

Organobismuth(V) species have been shown to oxidatively arylate 2,6-dialkyl 

substituted phenols,20,63  resulting in dearomatised 2,4-cyclohexadienones. This 

has been briefly investigated by Barton (Error! Reference source not found. ) 

and discussed previously.  

Notably, dearomatisation is observed as a by-product in the over-arylation of 2,4-

dimethylphenol (Error! Reference source not found. , far right). The 

monoarylated phenol product is still a good candidate for arylation, and so 

undergoes a second oxidative arylation which occurs ispo to the methyl group.  
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Scheme 1-25: Bismuth mediated oxidative arylation of phenols leading to 6,6-disubstituted 
cyclohexadienones performed by Barton et al.20,63 

 

This chemistry requires the use of penta-phenylbismuth(V), which is air and 

moisture sensitive and explodes upon heating.33 This strategy also requires a 

stepwise linear synthesis to the Bi(V) reagent, with the yield relative to the aryl 

group capped at 20%, as 4 of the 5 phenyl groups are  wasted at the end of the 

reaction.  

Dearomatisation by addition of an aryl group has also been performed using 

aryllead(IV) triacetate in the presence of pyridine.2 Although this strategy is more 

efficient, transferring all available aryl groups, stoichiometric amounts of a 

neurotoxic metal are used. 

 

Scheme 1-26: Oxidative arylation of mesitol with aryllead(IV) triacetate.2 

 

Only briefly discussed by the authors, it is postulated that the ligand coupling 

pathway of the phenol-lead(IV) complex to the dearomatised product occurs via a 

phenoxylate anion and aryl cation.2,81 This competing intermolecular pathway 

leads to a notable amount of the 4,4-disubstituted 2,5-cyclohexadienone isomer 
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(4:1 ratio favouring the ortho-arylated product). In organobismuth(V) mediated 

oxidative arylation, small quantities of the para-substituted cyclohexadienone are 

formed only in extreme circumstances ɀ where the ortho-positions are substituted 

with tert -butyl groups (Scheme 1-27, entry D). Notably, the de-tert -butylated 

product is isolated in this case.  

 

Scheme 1-27: Comparison of oxidative addition products of aryl+ reagents with mesitol (left) and 2,6-
di-tert -butyl-4-methylphenol. Data collated from Barton (entry A53 and D48), Bell (entries B and E)2 
and Quideau (entries C and F).82 *de-tert -butylated phenol product isolated, presumably from an 

elimination reaction of iso-propene. 

 

Poor ortho-selectivity is also observed for diaryl iodonium salt mediated oxidative 

arylations.82 There are three postulated reaction pathways for phenol 

dearomatisation using hypervalent iodine reagents, all of which have the potential 

to generate regioselectivity issues.83 These have been defined by Quideau et al. as 

occurring via either associative or dissociative pathways (Scheme 1-28), or a 
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ligand coupling type pathway which is analogous to the proposed mechanism for 

the Bi(V) mediated arylation (Scheme 1-18).83 The dominant pathway is largely 

dependent on reaction conditions: the nucleophilicity of the ligands and 

intermediate species (determined by ligand properties), the substitution pattern 

and electronic properties of the phenol starting material, the reactivity of the 

intermediate species, and even the solvent used.  

 

Scheme 1-28: Potential mechanistic pathways for I(III) mediated dearomatisation of phenols.83 

 

Despite this, dearomatisation strategies using hypervalent iodine(III) to install an 

alkoxy group  has made 2,4-cyclohexadienone synthesis more accessible. As such 

it is widely used in target-oriented strategies, and its utility in natural product 

synthesis has recently been reviewed.83ɀ85 An example of this alkoxy-

dearomatisation strategy is the tandem oxidative arylation-cycloaddition reaction 

developed by Taneja and Peddinti (Scheme 1-29).86 
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Scheme 1-29: Oxidative dearomatisation of phenols leading to complex 3-dimensional structures.86 

 

The cyclohexadienone produced from the dearomatisation of guaiacol is a potent 

diene for [4+2] cycloaddition reactions. As these 3-dimensional structures are 

obtained from two predominantly sp2 hybridised molecules, this strategy 

represents a neat way to build complexity.  Similar strategies have been used in 

the synthesis of natural products (Scheme 1-30).87 

 

Scheme 1-30: Synthesis of calicheamicinone by Magnus et al. using a dearomatisation strategy.87 

 

In contrast, oxidative arylation strategies through I(III) mediated aryl transfer are, 

as yet, not as thoroughly explored ɀ due to poor selectivity observed in the 

coupling reaction (Scheme 1-27).  

 

There are therefore three methodologies in which 2,4-cyclohexadienones can be 

formed by the installation of an aryl group: hypervalent iodine(III) chemistry, 



27 
 

lead(IV) chemistry, and organobismuth(V) chemistry. Approaching this problem 

with hypervalent iodine chemistry brings with it a two-fold selectivity problem: 

regioselectivity towards oxidative arylation as well as Ar1 vs Ar2 

chemoselectivity.82 Whilst aryllead(IV) triacetate offers only one possible arene to 

be transferred, it is both toxic and offers decreased regioselectivity when 

compared to organobismuth chemistry (Scheme 1-27).2  

On the other hand, organobismuth chemistry developed by Barton offers excellent 

regoiselectivity towards ortho C-arylation;20,48 however, its atom economy is low 

as multiple aryl groups are not transferred. This can also complicate 

chemoselectivity when not all the aryl groups are the same.45 The Ball group has, 

ÈÏ×ÅÖÅÒȟ ÕÔÉÌÉÓÅÄ Á ÂÉÓÍÕÔÈ ÃÅÎÔÒÅÄ ÈÅÔÅÒÏÃÙÃÌÅȟ ÈÅÎÃÅÆÏÒÔÈ ÒÅÆÅÒÒÅÄ ÔÏ ÁÓ ȬÔÈÅ 

ÂÉÓÍÁÃÙÃÌÅȭȟ ×ÈÉÃÈ ÉÓ ÄÅÓÉÇÎÅÄ ÔÏ ÁÌÌÅÖÉÁÔÅ ÔÈÅÓÅ ÐÒÏÂÌÅÍÓȢ 

Despite their interesting functionality, relatively unexplored reactivity, and use as 

an intermediate to achieve molecular complexity, 2,4-cyclohexadienones lack the 

attention they deserve. This is an artifact of poor and unreliable synthetic methods 

that are plagued by unreliable selectivity, the use of toxic metals, and poor atom 

economy. Therefore, the development of a general and robust method to 

synthesise these structures which solves these issues will enable a better 

understanding of their reactivity, thus providing a route to discover novel 

chemistry centred around these moieties.  
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1.3 Project Aims and Outlook  

It has been shown that 2,4-cyclohexadienones can be accessed through 

ÏÒÇÁÎÏÂÉÓÍÕÔÈɉ6Ɋ ÃÈÅÍÉÓÔÒÙȟ ÁÌÂÅÉÔ ÁÓ Á ÎÏÔÅÄ ȰÓÉÄÅ-ÒÅÁÃÔÉÏÎȱ ÉÎ ÐÒÅÖÉÏÕÓ ÓÔÕÄÉÅÓ 

with no investigation of reaction scope. There was little known about the 

chemistries of this reaction or the product. However, it did indicate that these 

transformations were possible.  

 

Scheme 1-31: Proposed procedure of the Bi(V) mediated synthesis of 2,4-cyclohexadienones. 

 

The primary aim of this project was to develop a general method for the synthesis 

of 2,4-cyclohexadienones through an oxidative arylation reaction mediated by 

organobismuth(V) chemistry developed in the Ball group. In addition to 

optimising a general procedure to access these moieties, investigations into their 

chemistries would be undertaken. This would include an investigation into using 

these 2,4-cyclohexadienones as precursors to meta-arylated phenols via a 

dienone-phenol rearrangement (chapter 2) and the development of a procedure 

to access meta-arylated anilines through a tandem deoxyamination 1,2-aryl 

migration process (chapter 3). 

Adopting this approach to access 2,4-cyclohexadienones has two key advantages 

for the overall project goals: as well as offering better selectivity than I(III) or 

0Âɉ)6Ɋ ÃÈÅÍÉÓÔÒÙ ÁÎÄ ÂÅÉÎÇ ÍÏÒÅ ÓÙÎÔÈÅÔÉÃÁÌÌÙ ÕÓÅÆÕÌ ÔÈÁÎ "ÁÒÔÏÎȭÓ 0È5Bi 

approach, its reaction pathway has been investigated through mechanistic studies. 



29 
 

In addition to this, the procedure is tolerant of reactive functional groups, as shown 

by previous work.56 

To achieve these outputs in a way that would fully exploit the potential of this 

chemistry, a series of project goals were outlined. These include: 

¶ A method to perform the steps of the reaction in tandem in a single pot, 

reducing time and waste; 

¶ A procedure to recover the bismuth containing by-product, and a means to 

reuse this material; 

¶ A broad tolerance towards functional groups and the electronic nature of 

both the phenol starting material and the exocyclic arene; and 

¶ A greater understanding about the reactions, through mechanistic 

investigations and information obtained within the substrate scope.  

These goals will also be applied in application of this chemistry in a route towards 

the synthesis of meta-arylated anilines and phenols. Discussed later, these 

strategies aim to offer route to access these moieties which is complementary to 

current methodology.  

Upon realisation of these combined goals, a powerful strategy to explore novel 

chemistry will be developed. Although this project aims only to explore 2,4-

cyclohexadienones towards the synthesis of elusive meta-arylated anilines and 

phenols, the development of a facile synthesis of these dienones will offer 

countless opportunities for molecular diversification from these dienones.  
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2      meta-Arylation of phenols  

The meta-CH functionalisation of phenols is a difficult transformation to achieve. 

Typically, a developed strategy must overcome both electronic and steric 

disadvantages: 

¶ Electronically: the electron donating effect of the phenolic alcohol results 

in SEAr chemistry to be directed solely to the ortho- and para- positions, 

and SNAr chemistry is deactivated in all but the most extreme conditions 

due to the increased electron density of the overall aromatic system;88 and 

¶ Sterically: directing group chemistry is difficult due to the distance of the 

meta-position from the alcohol.  

Despite these complications, methodologies have been developed which overcome 

these problems to access to this conventionally unreachable position. These 

methods for direct phenol meta-functionalisation are typically built around 

directing groups, employing exotic auxiliaries or using innovative strategies ɀ the 

first part of this introduction will discuss these approaches. The second part will 

introduce de novo strategies towards the synthesis of meta-arylated phenols. 

These strategies have arisen to avoid the electronic and steric disadvantages posed 

by phenols, offering an alternative approach to selective functionalisation starting 

from acyclic or non-aromatic precursors.  

 

2.1.1 Direct meta-Functionalisation of Phenols 

An example of the direct meta-CH activation performed using auxiliary is towards 

the meta-olefination of phenols by Jin-Quan Yu (Scheme 2-1).89 The Lewis-basic 

ÄÉÒÅÃÔÉÎÇ ÇÒÏÕÐ ɉȰÔÅÍÐÌÁÔÅȱɊ ÉÓ ÄÅÓÉÇÎÅÄ ÔÏ ÁÃÈÉÅÖÅ ÔÈÅ ÂÅÓÔ ÐÏÓsible selectivity 

towards C-H palladation at the meta-position, building on previous work towards 

the CH activation of remote positions using directing templates.90 The bridging 

carbon between the phenolic ether and the amide is di-substituted with methyl 

groups; this results in the directing nitrile moiety to be in the vicinity of the 3-

position due to the Thorpe-Ingold effect.91 The nitrile was identified to favour 

directed palladation towards the meta-position due to its linear geometry and also 

the ability to increase the electrophilicity at the metal centre. The latter increases 

its reactivity, aiding the C-H activation step. 
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Scheme 2-1: Palladium catalysed meta-functionalisation of phenols bearing a directing template 
developed by Jin Quan Yu.89 

 

In order to circumvent the use of these large and exotic directing groups, smaller 

auxiliaries can be employed towards the meta-CH arylation of phenol derivatives 

by employing a modified Catellani reaction.92ɀ94 Here, the directing group is used 

to facilitate an initial C-H palladation onto the ortho-position, permitting a smaller 

template, albeit with superstoichiometric equivalents of norbornene and oxidant.  

This strategy has been used towards the meta-functionalisation of a phenol 

bearing a directing template in a paper published by Jin Quan Yu in 2016 (Scheme 

2-2).92 
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Scheme 2-2: Methodology developed by Yu et al. towards the synthesis of meta-arylated phenols using 
a modified Catellani reaction.92 ArI = methyl 2-iodobenzoate. 

 

The methodology provides high yields of the meta-aryl product with good 

selectivity against ortho-/ para- substitution. The reaction is also tolerant of aryl 

chlorides, providing a strategy that is compatible with subsequent derivatisations 

via transition metal strategies. However, this chemistry is limited to substrates 

with specific substitution patterns. For example, arylation cannot occur at the 3-

position of a 2-substituted phenol; the 2-position is temporarily occupied during 

the reaction pathway and therefore must remain unsubstituted in the starting 

material (Scheme 2-3). Phenols must also contain at least one substituent, as non-

substituted arenes undergo a second arylation resulting in a mixture of the 

biphenol and terphenol. In addition to this, para-substituted phenols result in 

lower yields, postulated by the authors to be due to a sterically congested reaction 

site.  
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Scheme 2-3: Mechanism for the modified Catellani reaction using an aryl iodide as the coupling 
partner.92 

 

The reaction mechanism is proposed to follow a similar pathway to the Catellani 

reaction (Scheme 2-3).93 A pyridine directing group causes palladation ortho to the 

directing group affords intermediate [II] , before migratory insertion with 

norbornene produces a 5 membered palladacycle [III]  resulting in palladium 

residing on the meta-position. Oxidative addition of the aryl iodide affords [IV]  

followed by reductive elimination of the aryl group [V]  onto the ring and 

subsequent extrusion of norbornene places palladium back to the ortho-position 

[VI] . Hydrodemetalation releases the product. 

This can be referred to as regiodiversional strategy:  the regiochemically expected 

intermediate is intercepted and the active site diverted to access an otherwise 

unreachable product. This approach has been expanded to include the 

meta-arylation of anisoles (Scheme 2-4),95 using a complex catalytic system to 

promote regioselective C-H activation directed by the electronically active sites of 

the anisole. The strategy therefore relies on the alkoxy group being an ortho-/ para- 
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director for electrophilic C-H palladation, using a norbornene derivative to divert 

the palladium to the desired meta-position. The authors highlight the need for a 

dual catalyst system, and postulate that the active palladium species involved in 

the C-H activation step is coordinating to both ligands. They suggest, based on 

×ÏÒË ÃÁÒÒÉÅÄ ÏÕÔ ÂÙ ÓÁÍÅ ÇÒÏÕÐ ÔÏ×ÁÒÄÓ ÔÈÅ ɼ-arylation of Weinreb amides,96 that 

occupation of a coordination site by an electron poor 3-pyridylsulfonic acid ligand 

preserves the electrophilicity of the palladium centre ɀ more so than if both 

coordination sites are occupied by the quinoxaline. 

 

Scheme 2-4: Electronically directed CH activation of anisoles developed by Jin-Quan Yu.95 ArI = methyl 
4-iodobenzoate. 

 

Moderate to high yields are observed for this procedure, although aryl iodides 

bearing electron donating or ortho-substituents are omitted, showing the 

sensitivity of this chemistry to the electronic and steric nature of the substrates.   
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As well as anisoles, the chemistry tolerates other alkoxy-arenes, including 

siloxanes and cyclic ethers. It is also apparent that oxidative addition occurs 

selectively at the C-I bond over a competing C-Cl position in the aryl-iodide moiety, 

offering further derivatisation opportunities. The chemistry does not proceed in 

the presence of substituents ortho- to the arylating position: steric factors can 

become more influential and therefore inhibit reactivity for congested positions.  

Although these factors restrict the substrate scope, the methodology marks an 

important step towards the direct meta-arylation of phenols. By utilising the 

inherent directing properties of the phenol in combination with a regiodiversion 

strategy, wasteful directing groups are no longer required. The strategy adopts the 

inherent electronic properties of the phenol moiety, rather than struggling against 

them. 

Loh et al. has employed a method for the meta-arylation of phenols using catalytic 

copper and diaryliodonium salts in place of palladium and aryl iodides, with a 

notably smaller carbamate directing group (Scheme 2-5).97 The work builds upon 

a method for the meta-arylation of anilines originally developed by Phipps and 

Gaunt in 2009 which will be discussed in more detail in Chapter 3.98  

 

Scheme 2-5: Copper mediated meta-CH arylation of phenols with a simple dimethyl carbamate 
direction group.97 

 

The chemistry developed here works best using mono ortho-substituted 

hydroxyarenes such that metalation/arylation occurs at the 5-position, adjacent to 

the unsubstituted ortho-position; this template provides the meta-arylated 

products in excellent yields. The methodology is also compatible with halogen 
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substituents such as bromines and chlorines, key sites for further derivatisation 

reactions. However, over arylation is prevalent with symmetrical phenols bearing 

a single para-substituent or no substituent; in these cases, the second meta-site is 

not blocked and is therefore still susceptible to arylation.  

More economical traceless directing groups have been employed. An elegant 

example of this was developed by the Larrosa group, who successfully applied 

carbon dioxide as a transient directing group (Scheme 2-6).99 High pressures of 

CO2 and high temperatures provides a mixture of the ortho- and para- substituted 

benzoic acids. The carbonyl then acts as an effective directing group for ortho-CH 

activation before decarboxylation to furnish the product.  

 

Scheme 2-6: Transient carboxylate directing group chemistry, resulting in the meta-arylation of free 
phenols.99 

 

This atom economical approach allows the efficient installation of electronically 

diverse arenes in the meta-position of predominantly mono ortho- and meta-

substituted phenols. However, the reaction fails for phenols containing only a 

para-substituent ɀ with only a 11% yield of the para-fluorophenol product 

calculated by quantitative 19F NMR spectroscopy. Upon installation of the 

carboxylate, a para-substituent results in a very sterically congested site at the 

meta-position which the authors state is detrimental to the success of the reaction. 

This reasoning can be extended to explain the omission of ortho-substituted aryl 

iodides and di-ortho substituted phenols.  
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Access to the meta-halogenated phenol is a similarly useful transformation, 

providing a site of derivatisation through standard transition metal cross coupling 

chemistry. Shi et al. furthered the development of the Catellani style meta-

arylation protocol towards the meta-chlorination of anilines and phenols bearing 

a directing group using a sulfur based chlorinating agent (Scheme 2-7).100 

 

Scheme 2-7: meta-Chlorination of meta-cresol.100 

 

This chemistry provides access to a wide variety of products, taking advantage of 

the highly functionalisable nature of an aryl chloride bond towards C-N, C-S, and 

C-O coupling reactions as well as biaryl synthesis.101 However, this literature only 

includes one example of this transformation taking place on a phenol moiety, 

occurring in a moderate (60%) yield with a variety of examples performed on 

aniline substrates in higher yields (93% for an aniline bearing the same 

substitution pattern as Scheme 2-7.  

An alternate approach to the synthesis of 3-halophenols involves a 

borylation/oxidation protocol, installing a hydroxy group onto the meta-position 

of halo-benzene. Maleczka et al. has developed a tandem C-H borylation/oxidation 

process using an iridium catalyst in the presence of HBpin, followed by the 

addition of aqueous Oxone (Scheme 2-8).102 The methodology relies the iridium 

mediated C-H activation occurring at the least sterically hindered position,103 

favouring meta-borylation for 1,3-di- and 1,2,3-trisubstituted arenes.  
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Scheme 2-8: Tandem C-H borylation/oxidation reaction to access meta-halogenated phenols.102 

 

The strategy omits examples of arenes containing groups larger than a fluoride on 

the ortho-position, resulting in over hydroxylation and lower yields. Nevertheless, 

it represents a simple way to access early-stage building blocks which can lead to 

the synthesis of complex meta-arylated products.  

The examples above illustrate some key challenges that limit the generality for 

direct meta-functionalisation of phenols: only mono-ortho substitution is 

permitted, over-arylation occurs unless a blocking group is installed, and steric 

congestion adjacent to the reacting C-H centre is deleterious to the reaction. Also, 

methods to directly arylate phenols at the meta-position exclusively use aryl 

iodides, which are the least common and accessible aryl halide utilised in 

cross-coupling chemistry.104 
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2.1.2 De Novo Approaches to meta-Aryl Phenols  

To overcome the abovementioned problems, methodologies that do not involve 

the C-H activation of phenols have been explored, leading to the development of de 

novo approaches. 

Qian et al. developed a bottom up approach to 3,5-disubstituted phenols (Scheme 

2-9, top).105 The reaction proceeds via a one-pot Robinson annulation of ɻ,ɼ-

unsaturated ketones with ɻ-fluoro-ɼ-ketoesters followed by defluorination and 

tautomerization to yield the phenol product. A second equivalent of Cs2CO3 and 

higher temperatures (120 °C) facilitates the decarboxylation leading to the 3,5-

disubstituted phenol. In a similar constructive approach, Auvinet et al. has 

expanded the Danheiser benzannulation reaction to synthesise 3-boronic ester 

substituted phenols;106,107 these are poised for standard transition metal cross-

coupling strategies (Scheme 2-9, bottom).  

 

Scheme 2-9: Top: carbonyl chemistry to facilitate a bottom-up approach to meta-functionalised 
phenols.105 Bottom: modified Danheiser benzannulation to synthesise phenols primed for meta-

arylation.106 

 

These strategies utilise mild and simple conditions to facilitate the benzannulation, 

providing the products in a high yield. However, de novo approaches result in 

products containing pre-determined substitution patterns that are specific to the 

reaction pathways. Furthermore, in the case of the modified Danheiser 

benzannulation reaction (Scheme 2-9, bottom), regioisomers can occur resulting 

in the boronic ester residing on the ortho-position of the product.106 
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The Stahl group has developed an oxidative route to phenols starting from 

cyclohexanones or cyclohexenones (Scheme 2-10).108 The system relies on a 

palladium catalysed aerobic dehydrogenation reaction, where the mechanism is 

postulated to proceed through an initial ɻ-CH activation of the ketone. This is 

followed by ɼ-hydride elimination to the cyclohexadienone before 

tautomerization to the energetically favoured aromatic system. The palladium(0) 

species is re-oxidised by air, completing the catalytic cycle. 

 

Scheme 2-10: Aerobic aromatisation of 4-substituted cyclohexanones developed by Stahl.108,109 

 

This particular de novo approach allows for a predictable regiochemical outcome 

as aromatisation occurs as a separate step, after the phenol template is formed. 

This added control results in a single regioisomeric product, contrary to other 

bottom-up approaches, and prevents over-arylation observed in many C-H 

activation strategies.  
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Whilst it is true that these de novo approaches offer an alternative tactic than direct 

C-H functionalisation strategies that precludes their inherent problems, they come 

with a fundamental disadvantage: phenols are not used as the starting material. 

This often results in restrictive or step heavy synthetic routes to the starting 

materials as well as missing out on the benefits of starting with phenols (such as 

their ease of functionalisation*,110 and availability from sustainable sources such 

as lignin111,112). 

 

2.1.3 The Dienone-Phenol Rearrangement  

A relatively unexplored approach to meta-substituted phenols is using the 

dienone-phenol rearrangement. The dienone-phenol rearrangement typically 

describes the acid mediated 1,2-migration of a group from the 4-position of a 2,5-

cyclohexadienone, initiating a rearomatisation step that yields a phenol.77 The 

migrating group resides on the meta-position of the phenol product. 

 

Scheme 2-11: The first reported Dienone-Phenol rearrangement: synthesis of desmotroposantonin 
from santonin. 77,113 

 

Although first described briefly in 1893 for the synthesis of desmotroposantonin 

from santonin (Scheme 2-11) and confirmed by Clemo et al. in 1930,77,113 the 

ÒÅÁÃÔÉÏÎ ×ÁÓÎȭÔ ÓÔÕÄÉÅÄ ÉÎ ÄÅÔÁÉÌ ÕÎÔÉÌ ρωτχȢ76 Here, Arnold et al. performed the 1,2-

migration of a methyl group at the 4-position in 4,4-dimethylnapthalenone 

resulting in the rearomatisation to the corresponding naphthol (Scheme 2-12, 

top). Sandoval et al. expanded this work to include 2-naphthalenones, showing this 

rearrangement is not limited to structures described by Arnold et al (Scheme 

2-12, bottom).74 

 
* Phenol functionalisation is well explored, and as a consequence, many different methods 
have been developed offering different regio- and chemo-selectivity. A selection of these 
strategies have been compiled by Huang and Lumb in a recent review.65 



42 
 

 

Scheme 2-12: Early dienone-phenol rearrangements.74,76 

 

Arnold et al. later performed a competition reaction between the migration of a 

methyl and phenyl substituent and found that the sole product was acetylated 

3-phenylnaphthol formed from phenyl migration in a 92% yield (Scheme 2-13, 

top).114 This observation is consistent with migratory aptitudes described for 

other 1,2-migration reactions which proceed through a cationic intermediate.115 

Marvell and Magoon proceeded to describe methyl migration for 6,6-dimethyl  2,4-

cyclohexadienones in 1954, using sulfuric acid in acetic anhydride.116 

 

Scheme 2-13: Dienone-phenol rearrangements as proof of concept for the work described herein this 
thesis.114,116 
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More recently, the Pappo group proposed a dienone-phenol rearrangement 

towards the synthesis of electron rich polyaromatic compounds.117,118 The adopted 

strategy uses an iron(III) catalyst with superstoichiometric equivalents of both 

oxidant and arene. After an initial para-arylation, secondary arylations occur on 

the ortho-position where, if the position is occupied by a methyl group, a transient 

2,4-cyclohexadienone is formed. The iron catalyst has a secondary function, in 

which it acts as a Lewis acid to catalyse an in situ 1,2-aryl migration, resulting in 

the poly substituted aromatic species. As such, this is an excellent method to 

synthesise poly substituted phenols by installing an arene that is not pre-

functionalised. 

 

Scheme 2-14: meta-CH arylation leading to polyaromatic phenols.118 

 

The chemistry relies on a single electron oxidation of the phenol moiety to access 

the phenoxy radical cation which is then attacked by an arene; this must be 

electron rich to participate in the SEAr type reaction. Additionally , 2-alkoxy 

substituted phenols promote O-arylation, providing the diaryl ether product, and 

over arylation is favoured as the arylated product is always more electron rich 

than the starting material.  

 



44 
 

The reaction pathway is still heavily influenced by steric factors, meaning arylation 

occurs preferably at an unsubstituted ortho-position over a substituted one. 

Together, this restricts functional group tolerance to simple alkyl (methyl and tert -

butyl), methoxy, and ethoxy substituents throughout the molecule and restrict s 

the application of this chemistry to simple regioisomeric products. 

Notably, the chemistry developed by Pappo does show a single example of a mono 

meta-arylated phenol from mesitol ɀ albeit in a 32% yield (Scheme 2-14, 

bottom).118 Here, a mono-substituted anisole is required, further exemplifying the 

restrictions associated in this chemistry. 

Combined, the above examples show that meta-arylated phenols can be accessed 

using the dienone-phenol rearrangement ɀ although, as previously discussed, 

synthesis of 2,4-cyclohexadienones is yet to be rendered general. An efficient 

synthesis of these dienones will therefore enable a method to further expand the 

dienone-phenol rearrangement, allowing for a better understanding of the 

limitations of this reaction. As a result, a combination of these two strategies may 

provide access to meta-arylated phenols  and therefore 1,2,3,4- and 1,2,3,4,5-

polysubstituted benzenoid rings, with additional functionalisation opportunities 

arising from the phenolic hydroxyl group.101,119,120 These polysubstituted 

benzenoid moieties have been highlighted in a recent paper by Nilova et al. as 

being severely underrepresented in medicinal chemistry: they correspond to a 

combined total of 4% of benzenoid rings in approved APIs, despite an equivalent 

ȰÄÒÕÇÌÉËÅÎÅÓÓȱ ÔÏ ÍÏÒÅ ÁÃÃÅÓÓÉÂÌÅ ÁÎÄ ÂÅÔÔÅÒ ÅØÐÌÏÒÅÄ ÓÕÂÓÔÉÔÕÔÉÏÎ ÐÁÔÔÅÒÎÓȢ121  

The properties of this envisioned strategy means that this oxidative arylation-aryl 

migration approach may be selective to mono-arylation, does not require a 

directing group, and utilises phenols as starting materials. In addition to this, the 

proposed methodology is complimentary to current state-of-the-art arylation 

approaches: arylation occurs adjacent to a substituted ortho-position. If successful, 

this methodology will offer a powerful new technique to explore chemical space. 
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2.2 Project Strategy  

The preceding discussion highlights the limitations of current methodologies for 

the meta-arylation of phenols. For direct C-H arylation strategies, this includes 

exotic directing groups and complex catalytic systems, and requires the arylation 

site to be non-sterically congested. Alternative de novo approaches aim to solve 

these issues, although these strategies start from acyclic precursors which are not 

readily available in comparison to phenols. This chapter discusses work undertake 

to address these challenges by employing a stepwise strategy towards the meta-

arylation of phenols starting with phenols.  

The hypothesised route occurs in a three-step process, first through the 

derivatisation of the bismacycle-tosylate precursor via transmetallation with an 

aryl boronic acid in a similar strategy to Jurrat et al.56 This is followed by its 

oxidation to the active Bi(V) arylating species, leading to the ortho-selective 

oxidative arylation of a 2-substituted phenol producing the 2,4-cyclohexadienone. 

Initiation of the dienone-phenol rearrangement was proposed to proceed via acid 

coordination to the ketone, producing the desired meta-arylated phenol. 

 

Scheme 2-15: Bismuth mediated oxidative arylation of 2,6-disubstituted phenols, and the proposed 
route to meta-arylation  

 

To reduce time and waste, attempts were made to perform the transformation in 

a three-step one-pot process whilst simultaneously employing a method to 

recover the bismacycle. Both goals were desired to be achieved in a single process: 

performing the transmetallation and oxidative arylation step in tandem, analogous 

to Jurrat et al.,56 followed by the addition of an acid to the crude mixture to initiate 

the 1,2-aryl migration. Initially, optimisation of the individual steps were carried 

out with the aim to optimise each step to be competent with the others. Then, the 

processes were combined and optimised for a multi-step one-pot procedure, 

followed by an in-depth substrate scope varying both the phenol moiety and the 

arene.  
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With the process developed and substrate tolerances understood, mechanistic 

studies were performed to elucidate a potential reaction pathway for the dienone-

phenol rearrangement.  
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2.3 Process Optimisation  

This section will discuss the optimisation of the total process. Initially by individual  

optimisations of the three separate steps, before combination and optimisation of 

the overall three-step one-pot process.  

 

Scheme 2-16: Envisioned three-step one-pot approach to meta-arylated phenols. 

 

Optimisation reactions were performed using reagents bearing a fluorine atom. 

This allowed for accurate in situ calculation of yields by quantitative 19F NMR 

spectroscopy against an internal standard, 4,4'-bis(trifluoromethyl) -1,1'-biphenyl. 

To ensure the accuracy of this process, the relaxation delay (D1) was set to 30 

seconds to allow for complete spin relaxation.  

 

2.3.1 Transmetallation and Oxidative Arylation.  

Although previous work towards the ortho-arylation of hydroxyarenes involved 

the development, and therefore optimisation, of the transmetallation step,56 

further optimisation studies were undertaken for this project. Using p-

fluorophenyl boronic acid and bismacycle-OTs 1a as the model substrates, an 

initial solvent screen was performed. A selection of solvents was chosen to cover a 

variety of classes and properties, and the reactions were performed with 5 v/v% 

water as an additive. Previous work showed that water acts as an essential reagent 

in this step, with mechanistic investigations implying that it is intimately involved 

as a component in the transmetallation pathway (Scheme 1-17).56  
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Entry  Solvent Yield of 2a (%)  

A chloroform 82 

B dichloromethane 91 

C tert-butanol 43 

D dimethyl carbonate 75 

E ethyl acetate 21 

F acetonitrile 63 

G THF 92 

H xylenes 95 

I toluene 93 

Table 2-1: Effect of solvents on the yield of the transmetallation step. Yield calculated via quantitative 

19F NMR spectroscopy against 4,4'-bis(trifluoromethyl)-1,1'-biphenyl as an internal standard. 

 

Unfortunately, solvents regarded as being more sustainable such as tert-butanol, 

ethyl acetate and dimethyl carbonate produced notably lower yields than CH2Cl2, 

THF, toluene and xylenes which have already been highlighted as suitable media 

for this transformation.122 Although xylenes is noted for being a more sustainable 

alternative to toluene, its high boiling point makes it less appealing for this 

chemistry. 2,4-Cyclohexadienones have been reported to degrade or undergo 

homo Diels-Alder coupling reactions under high temperatures and extended times 

which could prove to be incompatible with the removal of xylenes from the 

reaction.123,124    
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With the solvent unchanged, further optimisation by a colleague* showed that the 

reaction could be performed in the presence of a milder base (NaHCO3) and at a 

higher concentration (0.1 M) whilst producing the same yield. It was hoped that 

these conditions would be compatible with the subsequent oxidative arylation 

step: small quantities of water and excess base present should not inhibit the 

reaction as the oxidant mCPBA (obtained commercially) contains both water and 

3-chlorobenzoic acid for stability.125 

Next, optimal conditions for the oxidative arylation step were sought. Initially, the 

effect of stoichiometries between Bi(V) and the phenol were investigated. Test 

reactions using isolated aryl bismacycle 2a showed that this species is completely 

oxidised to Bi(V) with 1.0 eq. of mCPBA, and so the equivalents of the oxidant was 

kept equimolar to bismacycle 2a (Table 2-2). 

 

 Equivalents   

Entry  Bismacycle 2a mCPBA Phenol Yield  of 3a 

(%)  

A 1.0 1.0 1.0 89 

B 1.1 1.1 1.0 87 

C 1.0 1.0 1.1 87 

Table 2-2: Investigation into the effects of reagents stoichiometries on yields of cyclohexadienone 3a. 

Yields calculated via quantitative 19F NMR spectroscopy against 4,4'-bis(trifluoromethyl)-1,1'-biphenyl 

as an internal standard. 

 

The yields of the reactions were comparable despite altering the stoichiometries 

of the transient Bi(V) intermediate or the phenol. It was therefore decided that 

performing the reaction with 1.0 eq. of each reagent would be most beneficial 

towards the yield and economics of the transformation.  

  

 
* Undertaken by Katie Ruffell of the Ball group.  
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2.3.2 1,2-Aryl Migration  

The dienone-phenol rearrangement resulting in a 1,2-aryl migration was initially 

observed in preliminary work upon addition of an excess of TFA into a reaction 

mixture containing dienone 3a (Scheme 2-17, top).64 This is in agreement with 

previously reported conditions for the dienone-phenol rearrangement developed 

by Arnold et al., which utilises sulfuric acid to promote the rearrangement.76,126 

Concurrent to this observation made within the Ball group, a different strategy 

using bismacycle based arylation reagents was used to form the 

2,4,6-trisubstituted cyclohexadienone 4a (Scheme 2-17, bottom). Upon addition of 

acid to the crude mixture, no rearrangement was observed.62 

 

Scheme 2-17: Top: Reaction leading to the successful 1,2-aryl migration observed in preliminary 

work.64 Bottom: Unsuccessful reaction using bismacycle 2a.62  

 

Using these preliminary results, a series of Brønsted acids were screened to 

investigate the 1,2-aryl migration step. The original model reaction chosen 

employs 2,4,6-trimethylphenol derivative 4a; where 3a was shown to be 

competent in the 1,2-aryl migration step upon exposure to an acid in preliminary 

work, 4a did not. Therefore, optimising conditions of the latter substrate, which 

appears to react less readily, would result in more general procedure for the 

reaction. The rearomatisation screen was performed in situ both to mimic the 

preliminary results observed in the group and to align with a telescoped strategy: 

the acid was added into a portion of the crude reaction mixture containing 2,4-

cyclohexadienone 4a. 
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A series of Brønsted acids were chosen based on their varying pKa values. These 

include trifluoromethylacetic acid (TFA) (as used in the initial reaction) and the 

ȰÇÒÅÅÎȱ ÁÃÉÄ (3PO4 (as rated by the GSK sustainable acid guide),127 anhydrous HCl, 

and p-toluenesulfonic acid (TsOH) as a solid and a solution in both CDCl3 and MeOH 

(due to poor solubility in toluene).  

 

Entry  Acid Yield of 4b (%)  

A HCl (2 M Et2O) 0 

B TsOH.H2O 0 

C TsOH.H2O (3 M in MeOH) 0 

D TsOH.H2O (3 M in CDCl3) 0 

E TFA 0 

F H3PO4 0 

Table 2-3: Initial Brønsted acid screen towards the synthesis of 4b. Yields calculated by quantitative 

19F NMR spectroscopy against 4,4'-bis(trifluoromethyl)-1,1'-biphenyl as an internal standard. 

 

Unfortunately, the reaction did not proceed in any case, with  4b recovered in 

quantitative yields (Table 2-3). The reaction was repeated changing the 

stoichiometries of TsOH which was chosen as it was hypothesised that, under the 

reaction conditions in a large excess, bismacycle-tosylate 1a could be reformed via 

a salt metathesis reaction from its meta-chlorobenzoate (OmCB) analogue 1b and 

collected as a precipitate to be recycled (Table 2-4, top).  
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Entry  Eq. of TsOH Yield of 4b (%)  

A 1 0 

B 2 0 

C 5 0 

D 10 0 

Table 2-4: Effect of different equivalents of TsOH on the 1,2-aryl migration reaction, and its 

hypothesised role to reform the bismacycle-tosylate. Yields calculated via quantitative 19F NMR 

spectroscopy against 4,4'-bis(trifluoromethyl)-1,1'-biphenyl as an internal standard. 

Unfortunately, employing 1, 2, 5, or 10 equivalents failed to initiate the migration 

of the aryl group or led to the successful recovery of 1a. In all cases, the dienone-

phenol rearrangement was not observed even when the reactions were heated to 

60 °C. 

The screen was then repeated using 3a derived from 2,6-dimethylphenol which 

has been shown to be competent in the 1,2-aryl migration reaction (Scheme 2-18). 

TFA was added into the reaction medium after formation of cyclohexadienone 3a 

using either the bismacycle 2a or bismuthonium salt.  
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Scheme 2-18: In situ 1,2-aryl migration attempts with 3a. 

 

However, the migration did not occur under either set of conditions (Scheme 

2-18). To discount the possibility of a side-product of the initial oxidative arylation 

reaction inhibiting the subsequent migration, reactions were repeated on isolated 

3a ɀ this was also unsuccessful (Scheme 2-19).  

 

Scheme 2-19: General scheme describing the conditions repeated in an attempt to access 3b. 

 

From these results, it is evident that this dienone-phenol rearrangement could not 

be reliably reproduced (Scheme 2-17, top), despite a previous member of the 

group successfully employing this strategy to isolate and characterise 3b.64 In 

addition to this, it is apparent that 2,4-cyclohexadienones investigated in this 

project do not migrate as readily as the 2,5-cyclohexadienone isomers that are 

typically used in the dienone-phenol rearrangement.74 To explain the latter point, 

ÔÈÅ ÐÏÓÉÔÉÖÅ ÃÈÁÒÇÅ ÉÓ ÄÅÌÏÃÁÌÉÓÅÄ ÏÖÅÒ ÍÏÒÅ ʌ-bonds upon activation of the 

carbonyl, possibly preventing a large enough cationic build up on the 5-position to 

initiate the migration step. 
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As an alternative to Brønsted acids, Lewis acids were explored as a means to 

induce the 1,2-aryl migration. Initiation of the 1,2-aryl migration reaction from 

Lewis acid-carbonyl coordination is postulated by the Pappo group in the iron 

catalysed synthesis of polyaryls.118  

With this in mind, a selection of Lewis acids spanning a range of oxophilicity were 

employed (Table 2-5),102,128ɀ130 initially in  stoichiometric amounts. 2,4-

Cyclohexadienone 3a was used as the model substrate, allowing for the reaction to 

be monitored by quantitative 19F NMR spectroscopy comparing to a pure sample 

of phenol product, 3b. The initial screens were undertaken using isolated 3a, 

allowing reactivity to be directly assigned to the Lewis acid, with no possible 

intervention from the by-products of the preceding arylation reaction. The 

reactions were performed under anhydrous and inert conditions in chloroform-d 

to allow for non-invasive in situ NMR spectroscopic analysis. 
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Entry  Lewis Acid  Temperature  Yield of 3b 

(%)  

A BF3·Et2O RT 0 

B B(C6F5) RT 12 

C TMSOTf (1 h)  RT 100 

D AlCl3 (1 h) RT 100 

E Tf2O RT 0 

F Tf2O and 2,6-luitidine  RT 0 

G Yb(OTf)3 RT 0 

H Bi(OTf)3 RT 0 

I Sc(OTf)3 RT 0 

J Yb(OTf)3 60 °C 0 

K Bi(OTf)3 60 °C 100 

L Bi(OAc)3 60 °C 0 

M Sc(OTf)3 60 °C 100 

N - 60 °C 0 

Table 2-5: Initial screening of Lewis acids. Yields calculated via quantitative 19F NMR spectroscopy 

against 4,4'-bis(trifluoromethyl)-1,1'-biphenyl as an internal standard. 

 

Two boron-containing Lewis acids were initially employed: BF3·Et2O (Table 2-5, 

entry A) and tris(pentafluorophenyl)borane (BCF) (entry B), which is considered 

to be more oxyphilic.129 Where the reaction with BF3.Et2O showed no consumption 

of starting material 3a, BCF successfully initiated 1,2-aryl migrati on which 

resulted in a promising 12% yield of 3b. 
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Based on this observation, stronger oxyphilic Lewis acids (TMSOTf and AlCl3; entry 

C and D) were employed.102,131 Pleasingly, both Lewis acids showed quantitative 

conversion to the desired product in under one hour.  

Triflic anhydride was then used with and without 2,6-lutidine (entries E and F). It 

was theorised that a successful dienone-phenol rearrangement would result in the 

aryl triflate, which could either be deprotected during work up to 3b or used as a 

pseudo halide in subsequent cross-coupling reactions. Unfortunately, no reaction 

was observed.  

Although Bi(OTf)3, Yb(OTf)3,and Sc(OTf)3 were unreactive at room temperature 

(entries G, H and I), rearrangement/ rearomatisation was observed for Bi(OTf)3 

and Sc(OTf)3 at 60 °C after 18 hours (entry K and M) but not for Yb(OTf)3 or 

Bi(OAc)3 (entry J and L). 

The regiochemical outcome of the 1,2-migration reaction was confirmed following 

isolation of the reaction product. Hypothetically, either the methyl or the aryl 

group could undergo the 1,2-aryl migration reaction (Scheme 2-20); although 

previous studies around 1,2-migration reactions indicate that methyl has a lower 

migratory aptitude than a phenyl group,132 spectroscopic experiments were 

undertaken to confirm this unequivocally.  

 

Scheme 2-20: Possible rearrangement products from the Lewis Acid initiated 1,2-migration reaction. 

 

Selective 1D nOe and 2D NOESY NMR spectroscopic experiments on the isolated 

product 3b showed a strong through-space interaction between the CHb
3 and both 

the phenolic OHa and the aromatic CHc
 present on the p-fluorophenyl moiety 

(Figure 2-1).  
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Figure 2-1: Selective 1D nOe of 3b. 2.16 ppm (corresponding to Hb) selected as reference. 

 

 

Figure 2-2: Selective 1D nOe of 3b. 2.30 ppm (correlating to Hd) selected as reference. 

 

Additionally, selecting the frequency of the other methyl peak (CHd
3; 2.30 ppm) 

showed a through space interaction with both the phenol OHa and aromatic He, 

confirming both methyl peaks are ortho to the phenolic alcohol (Figure 2-2). 
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With the structure confirmed, the reaction conditions were optimised. 

Bismuth(III) and scandium(III) triflate were initially identified as possible Lewis 

acids for this transformation to be taken forward: they are both safer and easier to 

handle than aluminium(III) chloride and TMSOTf, and have been employed in the 

presence of water and air for other transformations.16,133 The latter point indicates 

that the reagents could be compatible with the idealised one-pot three-step 

system, in which water is required for the transmetallation step, and is present as 

a stabiliser in mCPBA in the oxidative arylation step. With this in mind, Bi(OTf)3 

was initially selected for further optimisation.  

 

Entry  Solvent Yield of 3b (%)  

A CDCl3 (anhydrous and inert) 100% 

B PhMe (anhydrous and inert) 100% 

C PhMe  100% 

Table 2-6: Solvent screen for the 1,2-aryl migration of 3a with Bi(OTf)3. Yields calculated via 

quantitative 19F NMR spectroscopy against 4,4'-bis(trifluoromethyl)-1,1'-biphenyl as an internal 

standard. 

 

Pleasingly, the migration occurs quantitatively in toluene (Table 2-6, entry B). This 

is ideal for the realisation of a three-step one-pot process, in which a consistent 

solvent must be used across all three steps. It was subsequently shown that the 

reaction proceeded in reagent-grade toluene without the exclusion of oxygen or 

water (entry C).  

As Lewis acids are often employed catalytically, an investigation into using sub-

stoichiometric equivalents of Bi(OTf)3 was undertaken. 
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Entry  Eq. of Lewis acid Yield of 3b (%)  

A 0.20 100 

B 0.10 100 

C 0.05  100 

D 0.01 100 

Table 2-7: Optimisation of the equivalents of Lewis acid. Yields calculated via quantitative 19F NMR 

spectroscopy against 4,4'-bis(trifluoromethyl)-1,1'-biphenyl as an internal standard. 

 

Initially, the reaction with 0.2 equivalents of Bi(OTf)3 provided quantitative 

conversion to 3b, proving that the Lewis acid can indeed be employed in sub-

stoichiometric quantities (Table 2-7, entry A). Following this, the catalytic loading 

was decreased to 0.1, 0.05, and 0.01 equivalents, all providing quantitative 

conversion to 3b (entry B, C, and D).  

From these experiments, optimal conditions for this transformation were 

identified (Scheme 2-21). 

 

Scheme 2-21: Preliminary optimised conditions for the 1,2-aryl migration of 6,6-disubstituted 
cyclohexadienones 
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2.3.3 Three -Step One-Pot Procedure  

As noted in the project goals, an ambitious three-step one-pot procedure was 

desired. With the three individual steps optimised to be compatible with each 

other (all using the same solvent and reagents selected which are compatible with 

other steps), a final multi-step optimisation study was conducted. The desired 

overall process is shown below (Scheme 2-22). 10 mol% Bi(OTf)3 was used in 

place of the optimised 1 mol% to increase the robustness of the final 

rearrangement, where a reoptimisation of catalyst loading would be undertaken 

after proof of concept was achieved.  

 

 

Scheme 2-22: Initial proposed three-step one-pot procedure.  

 

The reaction was attempted in one pot without isolation of any intermediates and 

monitored by 19F and 1H spectroscopy against 4,4'-bis(trifluoromethyl) -1,1'-

biphenyl as the internal standard (Figure 2-3). 
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Following a quantitative transmetallation of the bismacycle-tosylate 1a to 2a, 

addition of 1 equivalent of mCPBA resulted in two products alongside remaining 

2a: the desired cyclohexadienone 3a (52%), and p-fluorophenol (42%). This 

shows that the excess boronic acid used in the transmetallation step is oxidised to 

the corresponding phenol preferentially over 2a.134 An extra 0.4 equivalents of 

mCPBA was subsequently added to the reaction mixture to ensure full 

consumption of the remaining aryl-bismacycle 2a. Upon completion of the 

oxidative arylation, 10 mol% of Bi(OTf)3 was added and the mixture was heated to 

60 °C for 18 h, but no 1,2-aryl migration was observed. 

 

 

Figure 2-3: 19F NMR data following the reaction from Scheme 2-22. Spectrum 1 is the transmetallation 

step to form 2a. Spectrum 2 is the oxidative arylation to 3a. Spectrum 3 is following further addition 

of mCPBA (0.4 equiv.) to oxidise remaining 2a. Internal standard is 4,4'-bis(trifluoromethyl)-1,1'-

biphenyl. 
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Direct conversion of the arylboronic acid to the phenol gives rise to two key issues:  

¶ mCPBA is consumed in this reaction, meaning an excess must be added to 

facilitate full oxidation of the pro-arylating aryl-bismuthine(III) species to 

Bi(V); and 

¶ the resulting p-fluorophenol side-product is susceptible to the oxidative 

arylation reaction itself, meaning it can act as a competing species to the 

ortho-substituted phenol. This results in lower yields of the desired 2,4-

cyclohexadienone 3a and complicates isolation of the desired product. 

Additionally, the arylated product of the newly-formed phenol is capable 

of undergoing up to two more oxidative arylation reactions,20 further 

complicating the reaction.  

Theoretically, only one equivalent of boronic acid is necessary for the 

transmetallation reaction and previous investigations from the Ball group showed 

this to be possible with boronic acids that are not electron deficient.62  However, 

more electron deficient boronic acids require more time to react, meaning 

unreasonably long reaction times would be required if only one equivalent of the 

boronic acid was to be used. As the aim of this optimisation was for a general 

method to be developed, a transferrable procedure was desired. To achieve this, 

we continued employing 1.1 eq. of the boronic acid and introduced a general work 

up procedure to remove excess boronic acid before addition of mCPBA. 

This ȰÍÉÎÉ ×ÏÒË-ÕÐȱ was designed to be used after the transmetallation reaction is 

complete: 2 M sodium hydroxide is added to the reaction mixture at room 

temperature and stirred for 5 mins, followed by removal of the organic layer which 

is then passed through a pad of magnesium sulfate. The sodium hydroxide 

converts boronic acid to the corresponding boronate salt, which is water soluble. 

The organic portion  is then passed through the drying agent to ensure all the boron 

species, as well as excess water, is removed.  
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Scheme 2-23: Quantification of different work-up methods for the transmetallation and isolation of 

the aryl-bismacycle. Ȱ3ÔÁÎÄÁÒÄȱ ×ork up refers to a generic basic aqueous wash (see experimental).  

Although this reaction can no longer be described as a one-pot synthesis, the same 

solvent used in the arylation step is used in the transmetallation reaction ɀ 

meaning less waste than if the aryl bismacycle 2a is isolated. To test the 

effectiveness of this work up, the transmetallation step was performed followed 

by the work up described above before the solvent was removed to isolate 2a from 

the reaction (Scheme 2-23). 

This method produced 2a in a yield (98%) similar to that achieved through a 

standard separatory aqueous work up (99%). Additionally, the isolated method 

successfully removed excess arylboronic acid, and provided the product in an 

equally high (>95%) purity, as determined by 1H NMR spectroscopy.  

The whole procedure was then revised employing the post-transmetallation work -

up conditions (Scheme 2-24).  

 

Scheme 2-24: Three-step reaction incorporating a basic work-up to remove excess boronic acid.  
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Figure 2-4: 19F NMR Stepwise monitoring for the reaction presented in Scheme 2-24. Spectrum 1 is 

post transmetallation. Spectrum 2 is post workup. Spectrum 3 is oxidative arylation to 3a. Spectrum 4 

is 18 h post 1,2-arylmigration to 3b. Internal standard is 4,4'-bis(trifluoromethyl)-1,1'-biphenyl. 

As shown by previous experiments (Scheme 2-23), excess boronic acid was 

removed when the aq. NaOH wash was performed post-transmetallation (Figure 

2-4, spectrum 1). This provides an 80% yield of 3a by quantitative 19F NMR 

spectroscopy. However, upon addition of 10 mol% of Bi(OTf)3 into the reaction 

mixture for the 1,2-aryl migration reaction, only a 45% yield of 3b was achieved 

with 21% of 3a remaining ɀ showing a 34% loss of mass by 19F NMR spectroscopy. 

Leaving the reaction for a further 18 hours showed no further conversion.  

A series of test reactions were performed to investigate why the telescoped 

dienone-phenol rearrangement was unsuccessful. These involved performing the 

reaction with isolated 3a and 20 mol% bismuth(III) triflate in anhydrous toluene 

(Table 2-8). The reactions were dosed with 1.0 equivalents of a single additive to 

mimic the telescoped reaction conditions. 20 mol% of Bi(OTf)3 was used due to the 

small scale of the reactions.  

Analysis of the oxidative arylation step led to the identification of a series of by-

products and other species which could be present in the reaction mixture 

(Scheme 2-25). This includes any unreacted mCPBA, the compounds that make up 
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the commercial mCPBA mixture (water and meta-chlorobenzoic acid, mCBA), and 

the known bismuth containing by-product, 1b. Another compound that was 

identified to be present in the reaction medium is unreacted 2,6-dimethylphenol; 

however, as the product of the desired 1,2-aryl migration reaction is a phenol, and 

the reaction proceeds quantitatively from the isolated cyclohexadienone 3a, it is 

assumed that 2,6-dimethylphenol does not act as a poison for the Lewis acid.  

 

Scheme 2-25: Identification of possible co-products of the oxidative arylation reaction still present in 

the following dienone-phenol rearrangement. 

While the reaction proceeds unaffected in the presence of mCPBA and mCBA 

(Table 2-8, entry A and B), water was shown to inhibit the reaction for 2 hours 

(entry C). However, when left for a further 16 hours, the reaction progressed to a 

quantitative conversion of 3b. This is rationalised by classifying water as a 

reversible poison: although it interacts with part of the reaction pathway, it was 

hypothesised that the azeotropic removal of water from toluene means that its 

overall concentration gradually drops throughout the reaction.135 Once the 

concentration of water is low enough, the reaction could proceed.  

 

 

Entry  Additive  Conversion to 3b (%)  

A mCPBA 100 

B mCBA 100 

C Water 0 (100)a 

D [Bi] -mCB, 1b 0 

Table 2-8: Investigation into possible poisons for the 1,2-aryl migration reaction. Reactions monitored 

by 19F NMR spectroscopy against 4,4'-bis(trifluoromethyl)-1,1'-biphenyl as an internal standard. aAfter 

18 h.  
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No 1,2-aryl migration was observed in the presence of bismacycle-OmCB 1b (entry 

D). This suggests that 1b poisons the Lewis acid catalyst, inhibiting the reaction. It 

is known that  arylbismuth(III) halide and pseudo halide compounds can undergo 

both aryl and anion exchange processes;136 this is used productively in the 

synthesis of ArBiBr2 en route to bismacycle 1a (Scheme 2-26). Examples of these 

ligand metathesis reactions have been collated and detailed by Gagnon et al.137 By 

undergoing ligand scrambling, the bismuth centre loses Lewis acidity, thwarting 

the 1,2-aryl migration.* 

 

Scheme 2-26: Bismuth(III) compounds undergoing a ligand metathesis reaction. 

 

The bismacycle-OmCB 1b is an inherent and unavoidable by-product of the 

oxidative arylation reaction. As such, there is no easy way to engineer the dienone-

phenol rearrangement to proceed after the oxidative arylation reaction in a 

multiple -step one-pot procedure. 

The procedure was therefore optimised as follows: transmetallation of aryl 

boronic acid to the aryl bismacycle species, followed by a sodium hydroxide wash 

to remove excess boronic acid; the aryl-bismacycle is then used as a solution in 

toluene in the oxidative arylation step forming the 2,4-cyclohexadienone which 

can be isolated by silica gel column chromatography. Finally, purified 2,4-

cyclohexadienone is converted to the meta-arylated phenol on addition of a Lewis 

acid.  

 
* optimisation of this step showed that the effectiveness of the bismuth centred Lewis acid 
depends heavily on its ligands (Table 2-5, entry L (Bi(OAc)3 0% yield) vs Entry K (Bi(OTf)3 
100% yield))  
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Scheme 2-27: Optimised conditions for the meta-arylation of phenols. 

 

Although not the idealised 3-step one-pot method, the final synthetic procedure 

holds many benefits over a simple three step sequence. The telescoped solution of 

aryl-bismacycle reduces the total volume of solvent used by eradicating the work -

up step. Although silica gel column chromatography is required after the oxidative 

arylation step, the 1,2-aryl migration reaction proceeded quantitatively, with a 

highly pure product being isolated after a work-up or recrystallisation. If the three 

step one-pot method was employed, chromatography would have been required 

at the final stage, therefore both procedures require one chromatography step. 

Finally, by isolating the 2,4-cyclohexadienone, more information is obtained 

regarding the characteristics and stability of these compounds; subjecting this into 

the dienone-phenol rearrangement as a pure material enables additional reaction 

information to be obtained that can help to troubleshoot failed reactions.  

This procedure was optimised to use mild conditions without recourse to an inert 

atmosphere, with the aim to make it as general as possible. Although the reaction 

proceeds in high yields for the model substrate, an in-depth substrate scope was 

then required to explore the electronic and steric limitations of this chemistry.  
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2.4 Substrate  Scope 

A comprehensive investigation of substrate scope was designed to explore the 

compatibility of this methodology with  a sterically- and electronically diverse 

range of functional groups, using the procedure optimised in the previous chapter 

(Scheme 2-28). This was achieved by altering the exocyclic arene originating from 

the boronic acid moiety as well as the ortho-substituted phenol. 

 

Scheme 2-28: Initial three-step route to meta-arylated phenols. 

 

 

2.3.1 Boronic Acid Modifications.   

To ensure that the optimised conditions tolerated both electron rich and electron 

poor aryl boronic acids, 4-methoxy-, 4-bromo-, and 4-trifluoromethyl - substituted 

phenyl groups were subjected to the reaction conditions. 

In all cases, 2,6-dimethylphenol successfully undergoes the oxidative arylation 

reaction with the Bi(V) species (Figure 2-5). Where less electron poor arenes 

(pOMe 5a and pF 3a) undergo a 1,2-aryl migration when subjected to the 

optimised conditions, 4-Br 6a and 4-CF3 7a proved unreactive (Figure 2-5). 

However, subjecting these dienones to TMSOTf as the Lewis acid in anhydrous 

toluene afforded the migration products 6b and 7b in good to excellent isolated 

yields.  
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Figure 2-5: Initial exploration into electronic compatibility of substrates. *represents yields calculated 

by quantitative 19F NMR spectroscopy. 

Although it is sensitive to water, TMSOTf offers a clear advantage over Bi(OTf)3, 

promoting rearrangement for a broader range of aryl groups. It was therefore 

decided to replace Bi(OTf)3 with TMSOTf as the Lewis acid for the final migration 

step.  

With the new optimised conditions in hand, the substrate scope was continued, 

with substrates in Figure 2-5 repeated with TMSOTf as the Lewis acid (Figure 2-6).  

Arenes containing electron-donating and -withdrawin g substituents in both the 

para- and meta-positions are transferred during the oxidative arylation reaction 

in good yields (Figure 2-6). Previous work by Jurrat et al. showed that, under these 

reaction conditions, transmetallation occurs in quantitative yields suggesting that 

the subsequent oxidation or arylation reactions are the cause for any detriment to 

yields.56 This is in agreement with Finet et al. who observed a decrease in yield 

when oxidising triarylbismuthanes containing strongly electron rich or poor 

arenes.138 Pleasingly, the subsequent 1,2-aryl migration occurred in excellent 

yields, furnishing the meta-substituted phenols which could all be obtained 

without recourse to chromatographic purification ɀ successfully being isolated 

pure after work up or recrystallised.  



70 
 

 

Figure 2-6: Initial alterations of the arene moiety towards the synthesis of meta-substituted phenols. 

Quoted yields are of the isolated products. 

 

Through synthesis of these substrates, it was observed that electron poor 

cyclohexadienones were generally more stable than their electron rich 

counterparts: electron rich arenes appear to increase the reactivity of the 

cyclohexadienones, both towards the desired 1,2-aryl reactions and to 

decomposition. This effect is observed both in shorter reaction times required for 

rearrangement of electron rich arenes, and their shorter shelf life.* It is also in 

accordance with the migratory ability observed in the preliminary substrate scope 

ɀ electron poor arenes 6a and 7a require a stronger Lewis acid to promote 

migration (Figure 2-5). 

 

 
* Cyclohexadienones containing electron rich arenes degrad over a short period of time 
when stored in the freezer, whereas electron poor counterparts are stable at room 
temperature for a number of months. 
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Pleasingly, 3-acetamido 12a, and 3- and 4-Br (11a and 6a) substituted arenes 

produce high yields in all steps of the reaction ɀ offering important sites for further 

derivatisation and functionalisation. Halogens such as bromine are excellent 

handles for classical transition metal cross-coupling chemistry,104 showcasing this 

methodologÙȭs complementarity to other functionalization approaches. 

Although arenes with a smaller ortho-substituent, such as 2,3-difluorophenyl and 

1-naphthyl, (13 and 14) successfully undergo the transformation to the meta-

substituted phenol in moderate to good yields, larger groups (15 and 16) were 

found not to be compatible with the oxidative arylation step.139ɀ141 Although some 

dienone was observed by mass spectrometry for 15, these could not be isolated. 

2,3-difluorophenylboronic acid used in the synthesis of 13 is unstable towards 

proto-deboronation under classical Suzuki conditions,142 highlighting how this 

methodology can be used to access chemical space inaccessible through standard 

cross coupling procedures.  
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Figure 2-7: Heterocycles and other sp2 centres explored towards the substrate scope. Isolated yields 

are quoted. * Yields are of the crude material due to instability. a 20 mol% Bi(OTf)3 / 20 mol% Et3N 

used in place of TMSOTf. 

 

5-Indolyl 17a and 3-thienyl 18a both undergo oxidative arylation good yields 

(57% and 72% respectively). However, where 3-thienyl migrates with excellent 

efficiency (93% yield, 18b ), the 5-indolyl example degrades upon exposure to 

TMSOTf. To mitigate against unproductive reactivity, TMSOTf was replaced with 

20 mol% Bi(OTf)3 / 20 mol% Et3N to produce the biaryl 17b  in a good yield (83%) 

(the development of these conditions will be discussed later). In contrast, 2-thienyl 

and 3-pyrrol o heterocycles do not successfully yield the cyclohexadienones 18a 

and 22a.  
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Although 3-pyridyl  boronic acid provides access to cyclohexadienone 20a in a 

good yield (80%), 1,2-aryl migration proved unsuccessful. It was noted that upon 

addition of TMSOTf, a precipitate formed, and although non-invasive in situ 

reaction analysis by 1H NMR spectroscopy indicated that the starting material 20a 

had been consumed, post work-up analysis of the crude material showed 

reformation of the dienone 20a. It is postulated that an initial  coordination event 

between the pyridyl-nitrogen and the TMSOTf 21a-TMS reduces the overall 

electron density of the ring,143,144 preventing the migration from occurring 

(Scheme 2-29). This is consistent with further attempts to promote the reaction: 

addition of excess Lewis acid (2 or 5 eq.), at elevated temperatures (60 °C), or 

performing the reaction in chloroform-d all proved unsuccessful.  

 

Scheme 2-29: Possible reason for the failure of 20a to undergo 1,2-aryl migration. 

 

When styrenyl boronic acid was subjected to the reaction conditions, the 

presumed cyclohexadienone 21a was found to be extremely unstable, although 

spectroscopic and spectrometric analysis of the crude material indicated its 

presence: a peak at 225.1279 m/z in HRMS (theoretical mass 225.1274 (m+H)+) 

and peaks at 6.20 ɀ 6.40 ppm in 1H NMR spectroscopy, indicative of the presence 

of a cyclohexadienone. Addition of TMSOTf resulted in a complex mixture which 

was not investigated further. Cyclohexadienones have been shown to act as potent 

dienophiles and dienes in cycloaddition reactions, as both inter- and 

intramolecular components.145  
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2.3.2 Phenol Modifications  

Investigations into the effects of substitution on the phenol moiety encompass 

many points of functionalisation: altering the substitution at the 4-position gives 

insight into the effects of electronic properties in the oxidative arylation step, and 

steric boundaries in the migration step; variation of the ortho-substituents 

provides information regarding the electronic and steric limitations of both steps.  

4-Substituted phenols are well tolerated, including towards the synthesis of the 

terphenyl 23b (Figure 2-8; 76% over two steps). Additionally, 4-Br (24; 71% and 

94%) and 4-CO2Me (25; 82% and 70%) substituted phenols were arylated 

efficiently, reinforcing this methodologÙȭs compatibility towards subsequent 

diversification strategies. 

 

Figure 2-8: Modifications of the 4-position of the phenol. Isolated yields are quoted. aThe reaction was 
performed in CHCl3; b2.0 equivalents of TMSOTf were required. 

 

Disappointingly, arylation of a phenol bearing a boron handle 26  was 

unsuccessful. Although the cyclohexadienone intermediate was observed in situ by 

both HRMS and 1H NMR spectroscopy, the product was unstable and so isolation 

was not achieved. Attempting to perform the 1,2-aryl migration in situ with 1.1 

equivalents of Bi(OTf)3 or TMSOTf again led to the rapid decomposition of 26a 

rather than formation of the rearrangement product 26b .  
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The high yielding meta-arylation of a densely functionalised precursor to the BET 

inhibitor apabetalone 27b  (81% over two steps) showcases how this reaction 

could be used as a late-stage CH functionalisation strategy.146 To achieve the meta-

arylated analogue 27b , 2 equivalents of Lewis acid were required, presumably due 

to multiple Lewis basic sites on the quinazolinone moiety. Secondly, toluene was 

replaced by chloroform as the solvent in the oxidative arylation step 27a due to 

solubility issues. The tolerance of this reaction to solvent variations highlights its 

flexibility: a less restrictive set of optimised conditions allows for a broader 

substrate scope range. 

Next, steric limitations of the 4-position were explored, initially  by attempting to 

arylate two 2,6-dimethyl-4-tert -alkylphenols, where 1-adamantyl or tert -butyl  

occupy the 4-position.  

 

Scheme 2-30: Initial attempts to arylate phenols with a sterically incumbered 4-position. 

 

However, the dealkylated tri -substituted phenol 3b was isolated in near 

quantitative yields for both examples. Closer inspection of the crude reaction 

mixture for 28 showed the formation of a co-product, 4-adamantyl toluene 30, 

which was confirmed by reference to literature.147  

It was hypothesised that the unproductive reaction pathway was caused by a 

retro -Friedel Crafts reaction occurring between the 4-tert -alkylphenol products 

28b or 29b  and triflic acid (HOTf). The electronically active 4-position of the 

phenolic product is susceptible towards SEAr through resonance with the phenolic 

alcohol; this is promoted by formation of a stable tert -alkyl carbocation which can 

then undergo a sequential EAS with the solvent, toluene (Scheme 2-31). 
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Scheme 2-31: Possible undesired reaction pathway leading to 3a and 30. 

 

As the speculated reaction pathway proceeds via the desired product 28b  before 

dealkylation, it was hypothesised that, by altering the conditions, the unproductive 

reaction pathway could be avoided.  Theoretically, this could be achieved simply 

by adding a base to quench triflic acid. A reoptimisation study was therefore 

undertaken aiming to prevent the retro-Friedel Crafts reaction from occurring. 

28b  was subjected to a series of conditions varying both the base and the Lewis 

acid, and the ratio of the two phenols, 28b  and 3b, was calculated through 

quantitative 19F NMR spectroscopy (Table 2-9). 
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Table 2-9: Reoptimisation for acid sensitive substrates. *reaction was performed at 80 °C. Yields 

calculated by 19F NMR spectroscopy 

 

Adding Et3N to the previously optimised conditions (Table 2-9, entry A) resulted 

in no conversion, perhaps due to preferential coordination of the Lewis acidic 

TMSOTf to the Lewis basic triethylamine.148 The Lewis acid was therefore changed 

to Bi(OTf)3 which has been shown to facilitate the 1,2-aryl migration in previous 

optimisation studies (Table 2-5). Promisingly, Bi(OTf)3 without the presence of a 

base (entry C) in non-anhydrous/inert  conditions provided access to the desired 

28b , albeit as the minor product. Following this result, a series of sterically 

congested, non-nucleophilic bases were selected: 2,6-di-tert -butyl-4-methyl 

pyridine, 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD), and Et3N. All 

three bases successfully provided 28b , with both MTBD and Et3N (entry E and F) 

reaching >90% conversion and the latter producing the highest selectivity of 28b  

over 3b.  

Entry  Lewis Acid  (eq.)  Base (eq.)  Conversion   (%) ( 28b : 3b) 

A TMSOTf (1.0) - >99 (0 : 100) 

B TMSOTf (1.0) Et3N (1.0) 0 

C Bi(OTf)3 (1.0)  >99 (22 : 78) 

D Bi(OTf)3 (1.0) 2,6-di-tert -butyl-

4-methyl 

pyridine  (1.0) 

81 (85 : 15) 

E Bi(OTf)3 (1.0) MTBD (1.0) >99 (79 : 21) 

F Bi(OTf)3 (1.0) Et3N (1.0) 93 (87 : 13) 

G Bi(OTf)3 (1.0) Et3N (1.2) 81 (85 : 15) 

H Bi(OTf)3 (0.2) Et3N (1.2) 0 

I Bi(OTf) 3 (0.2)  Et3N (0.2) 95 (85 : 15)  

J* Bi(OTf)3 (0.2) Et3N (0.2) >99 (81 : 19) 
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Et3N was therefore selected to continue optimisation: it offers good conversion 

with promising selectivity, and it is cheap, easy to access, and ubiquitous in 

laboratories.  

A small excess of Et3N (entry G) was employed in an attempt to further improve 

the 85 : 15 ratio of alkylated : dealkylated products; this was unsuccessful, instead 

increasing the formation of 3b (entry F). If the equivalents of Bi(OTf)3 were 

reduced to a catalytic 20 mol%, the reaction was inhibited unless the equivalents 

of Et3N were also reduced, suggesting that a large excess of base poisoned the 

catalyst (Entry H and I). However, reducing the loading of both Bi(OTf)3 and Et3N 

to 20 mol% increased conversion to 95% over 18 h, with a modest ratio of 85 : 15 

in favour of the desired phenol 28b (entry I). Increasing the temperature to 80 °C 

(entry J) did result in a quantitative conversion, albeit with a detrimental effect on 

the ratio. It was therefore decided that employing 0.20 equivalents of Bi(OTf)3 and 

Et3N in toluene at 60 °C would be used as the optimised conditions for acid 

sensitive substrates ɀ and was successfully applied to the substrate bearing a 5-

indolyl arene 17b  discussed earlier (Figure 2-7). 

Applying these conditions to the synthesis of 28b and 29b  successfully furnished 

the penta-substituted phenols in excellent isolated yields (Table 2-9). These 

conditions were also applied in the 1,2-aryl migration of the unreactive 3-pyridyl  

compound 20a; an alternate theory for its inertness to the originally optimised 

TMSOTf conditions (Table 2-5) is that the pyridine could be protonated rather than 

coordinating to the Lewis Acid. However, the substrate proved unreactive under 

these conditions, reaffirming the Lewis base-Lewis acid coordination hypothesis. 
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Figure 2-9: Yields of sterically demanding meta-arylated phenols using reoptimised conditions. * Yield 

obtained from quantitative 19F NMR spectroscopy.  

To expand the generality of this methodology and explore the selectivity of the 

reaction, phenols bearing ortho-substituents other than methyl groups were then 

explored. Initially, ortho-alkoxy substituents were explored (Figure 2-10).  

 

Figure 2-10 Oxidative arylation of 2-alkoxy substituted phenols. Yields calculated in situ by 

quantitative 19F NMR spectroscopy and HRMS. *product isolated and characterised by Mark Jurrat.62 



80 
 

In agreement with the electrophilic nature of the Bi(V) complex, arylation occurs 

ipso to the most electron rich position with  complete regioselectivity (Figure 2-10). 

This is underlined in the arylation of ortho-alkoxy substituted phenols, with 

reactivity occurring solely ipso to the O-substituted 2-position, as certified by in 

situ 1H NMR spectroscopy and HRMS, although these complexes were found to 

degrade upon work-up or silica-gel column chromatography. Despite this, a small 

quantity of 32a was successfully isolated, albeit in low quantity (22%) in 

comparison to the in situ yield obtained from quantitative 19F NMR spectroscopy 

(65% against 4,4'-bis(trifluoromethyl) -1,1'-biphenyl as an internal standard).  

In order to determine whether 1,2-aryl migration could be undertaken with this 

class of compound, an in situ process for the dienone-phenol rearrangement was 

sought. From previous work exploring the possibility of a three-step one-pot 

process, employing a catalytic amount of Lewis acid resulted in incomplete and 

unreliable yields to the meta-arylated phenol product. To achieve this, the Lewis 

acids were selected based on their known compatibility with water and employed 

in 1.1 equivalents to give the reaction the best chance of success. Upon realisation 

of a proof-of-concept for this approach, further optimisation would be undertaken 

to identify idealised conditions.  

 

Figure 2-11: Investigations into 1,2-aryl migrations of ortho-alkoxy substituted phenols. 
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Initially , Bi(OTf)3 was employed as the Lewis acid. However, addition to ortho-

alkoxy substituted cyclohexadienones resulted in decomposition and loss of mass 

intensity by quantitative 19F NMR spectroscopy. 32a Was then subjected to the 

same reaction conditions but employing Sc(OTf)3 and La(OTf)3 as Lewis acids. 

Again, these reactions resulted in the decomposition of 32a, despite Sc(OTf)3 

successfully facilitating the reaction for 3b. As such, further investigations into 2-

alkoxy phenols were discontinued: the observation that this class of compounds 

degrades upon exposure to a Lewis acid, including silica gel, suggests that an 

unproductive pathway is favourable over the desired migratory chemistry.  

These examples, however, offer an important insight into selectivity of the 

oxidative arylation reaction with respect to the electron substituents on the 

phenol: arylation does occur on the most electron rich position.  

This observation holds for the examples 37 and 38, where arylation occurs ipso to 

ÔÈÅ ÍÅÔÈÙÌ ÇÒÏÕÐ ÓÅÌÅÃÔÉÖÅÌÙ ÏÖÅÒ ÅÉÔÈÅÒ ÔÈÅ ÔÒÉÆÌÕÏÒÏÍÅÔÈÙÌ ÏÒ ɻ-amido 

substituent (Figure 2-12). Notably, no other regioisomers were detected. 

Attempting the reaction on acetophenone resulted in a complex mixture, as 

determined by 19F and 1H NMR spectroscopy.  

 

Figure 2-12:  2,6-disubtituted asymmetrical phenol scope providing an insight into the selectivity 

favoured in the arylation step. a Reaction performed at 60 °C 
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Arylation to 39a resulted in two new peaks in 19F NMR spectrum at a ratio of 1 : 

0.25. In addition to this, two sets of characteristic cyclohexadienone peaks 

appeared in 1H NMR spectroscopy at the same ratio , and the desired mass was 

detected in HRMS positive mode. This is consistent with the formation of two 

products from the oxidative arylation reaction, 39a and 41a. The reaction was 

investigated further from the isolated aryl-bismacycle 2a (Scheme 2-32). 

 

Scheme 2-32: Investigation into the oxidative arylation of 2-chloro-6-methylphenol. 

Attempts to isolate the mixture or separate the regioisomers were unsuccessful, 

with the major peak degrading into unknown products on silica. Addition of 1.1 

equivalent of Bi(OTf)3 to the reaction mixture again resulted in the consumption of 

both peaks, with a new peak appearing at -115.10 ppm; the shift of this peak is 

consistent with other 2-methyl-3-phenyl phenols isolated post dienone-phenol 

rearrangement (consistently appearing between -115.0 and -116.5 ppm). 

From these observations it is evident that the major product is unstable towards 

Lewis acids, whereas it can be assumed that the minor product undergoes a 

productive rearrangement reaction. With this evidence, it is hypothesised that the 

minor product is likely to be 39a, and so attempts were made to promote the 

formation of this and confirm this hypothesis. However, alteration of the 

temperature, solvent, and concentration of the reaction mixture failed to change 

the ratio of products formed in this step. Further investigations were not 

attempted, and the substrate not taken forward due to the low yielding productive 

pathway.  

During these studies, a precipitate formed when performing the oxidative 

arylation reaction in Et2O, which was isolated as the pure bismacycle-OmCB 1b. 

Furthering this, addition of 9 relative volumes of pentane (a 9:1 ratio of pentane : 

Et2O) aided the precipitation, resulting in a >90% recovery of 1b (Scheme 2-33, 

top).  
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Scheme 2-33: Top: initial observation regarding the recovery of an analogue of the bismacycle, 1b. 
Bottom: previous procedure employed to recover bismacycle material.56 

 

The previous method to recover the bismacycle employed silica-gel column 

chromatography, where acetic acid is used as both the eluent and reactant to 

recover the bismacycle-acetate (Scheme 2-33, bottom).56 Although successful, 

carrying this large mass through the work-up and into purification can prove 

troublesome: forming emulsions, and requiring larger sizes of column to facilitate 

the extra crude material. Therefore, recovery of an analogue of the bismacycle 

through precipitation before bulk purification is helpful, reducing time spent and 

material used in performing the reaction.   

Inserting this bismacycle recovery procedure into the optimised process was 

initially attempted directly by addition of pentane to the standard reaction 

mixture. This resulted in a 68% recovery of 1b, the lower recovery yield assigned 

to the solubility of 1b in a solvent mixture containing toluene. To further increase 

the efficiency of recovery, a solvent swap was implemented at the end of the 

reaction. By removing toluene under reduced pressure before adding methyl-tert -

butyl ether (MTBE) (a more sustainable alternative to diethyl ether122) followed 

addition of pentane, the bismacycle analogue 1b could be recovered in a 93% yield 

(Scheme 2-34). In turn, 3a is isolated in 85% yield after silica gel column 

chromatography ɀ comparable with the previous isolated 89% yield. 
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Scheme 2-34: new method to recover 1b using MTBE-pentane mix. Isolated yields are quoted. 

 

The bismacycle-OmCB 1b was then shown to be competent in the transmetallation 

step directly (Scheme 2-35, right), or alternatively is readily converted back to the 

universal precursor 1a (Scheme 2-35, left) in a quantitative yield through salt 

metathesis with p-toluenesulfonic acid. 

 

Scheme 2-35: left: regeneration of 1a; right: 1b as the transmetallation precursor. 

Unsymmetrical phenols bearing an unsubstituted ortho-postion were next 

explored, providing  further insight into the selectivity of the oxidative arylaiton 

reaction (Figure 2-13). Oxidative arylation to 42a occurs in a 49% yield, selectively 

ipso to the methyl group over the H, whereas the 2,6-dimethyl analogue 43a shows 

no selectivity between the two positions, despite the steric interference of the 

adjacent iPr group. This suggests that the reaction is much more dependent on the 

electronic nature of the phenol than steric properties, preferentially arylating ipso 

to a larger weakly electron donating group (methyl) over an unsubstituted 

position. In contrast to this, 44a, which is derived from musk tonalid, is arylated 

with  complete selectivity ipso to the methyl group ɀ with the other isomer not 

detected. TMSOTf facilitated the subsequent 1,2-aryl migration to 44b , despite the 

tert -alkyl substituent present in the para-position which has been seen to undergo 

retro-Friedel Crafts type alkyl elimination in previous studies (see Scheme 2-31: 

28a and 29a). However, in the case of 44a, the retro-Friedel Crafts product could 

be proceeded by re-alkylation, driven by the Thorpe-Ingold effect.149 
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Figure 2-13: Mono-ortho  substituted phenols. rr is the regioisomeric ratio of arylation at the two 

ortho-positions. Yields are of the single desired isolated regioisomer. 

 

Poor selectivity offered in the synthesis of 45a and 46a lead to low isolated yields. 

Subsequent 1,2-aryl migration to access the phenol 45b  and 46b were not 

attempted.  

ortho-Benzyl substituted phenol showed good selectivity towards arylation para- 

to the tert -butyl  47a, although some ortho C-H arylation product was isolated 

(13%, see SI). This contrasts the selectivity imposed by the tert -alkyl group in 44a, 

which showed complete selectivity towards arylation ipso to the methyl over the 

unsubstituted position. This lower (albeit still relatively high) selectivity could be 

attributed to a larger weighted sterimol associated with a benzyl group in 

comparison to a methyl group present in 44a.150  
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However, when exposing the dienone 47a to the Lewis acid, the desired meta-

arylated product was not observed, instead forming 47b  as the major product with 

the debenzylated product 49 alongside a mixture of ortho- and para- benzylated 

toluene, confirmed through comparison to literature.151ɀ153 This anomaly also been 

observed in other dienone-phenol rearrangements of 2,4-cyclohexadienones 

bearing a benzyl substituent.154 

It appears that, upon coordination of the Lewis acid, the benzyl is eliminated 

preferentially over migration of the electron rich heterocycle, quenching the 

positive charge on the phenol moiety (Scheme 2-36). The benzyl cation then 

undergoes an EAS at the free ortho-position of 49, resulting in 47b . This 

hypothesised pathway is supported by isolation of 49 alongside an electronic 

analysis of the reactive compounds. Firstly, the migratory aptitude of a benzylic 

substituent is two times smaller than a methyl group,155 suggesting that if the 

reaction pathway involves a migration reaction, the aryl group would 

preferentially migrate. 

 

 

Scheme 2-36: Possible reaction pathway to 47b. 
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Secondly, if the benzyl group does migrate preferentially over the arene, the meta-

position where it would reside is electronically deactivated towards electrophilic 

aromatic substitution (Scheme 2-37),110 discounting the possibility that the benzyl 

group undergoes protodealkylation with TfOH post-migration. 

 

 

Scheme 2-37: Alternative but unlikely route towards the formation of 49. 

  

A strongly electron donating group para- to the methyl group offers excellent 

selectivity towards 2,4-cyclohexadienone synthesis, an example of this effect is 

towards the arylation of 2-methyl-5-methoxyphenol to access 48a (Figure 2-13). 

In this case, however, no reaction was observed upon exposure to Lewis acidic 

conditions such as TMSOTf (at room temperature or 60 °C, and at 2 equivalents) 

or Bi(OTf)3 (in an excess of 1.1 equivalents, or with triethylamine at 

0.2 equivalents). Analysis of the electronic structure of cyclohexadienone 48a 

ÆÏÕÎÄ Á ȰÐÕÓÈ-ÐÕÌÌȱ ÓÙÓÔÅÍ ×ÈÉÃÈ can quench a build-up of partial positive charge 

on the Lewis acid-ketone intermediate I (Scheme 2-38).  
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Scheme 2-38: Push-pull system preventing the formation of 48b. 

The added resonance structure arising from electron donation by the methoxy 

group can stabilise the cyclohexadienone-Lewis acid coordination complex, II . This 

redirects the positive charge away from the reactive carbon in III , inhibiting the 

1,2-aryl migration. A similar effect is presumably operating for 50a, where the 

positive charge can be delocalised across the second benzene ring present in 

naphthol examples (Figure 2-14). 

 

Figure 2-14: arylation of naphthol substrates. *Yields calculated by quantitative 19F NMR 

spectroscopy.  
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For both 2-methylnaphth-1-ol and its regioisomer 1-methylnaphth-2-ol, oxidative 

arylation to 50a and 51a occurred quantitatively and with complete selectivity 

ipso to methyl group. However, no reactivity was observed upon addition of a 

variety of Lewis acids, and the cyclohexadienones were recovered unchanged. The 

extra resonance stemming from the conjugation of the adjoining aryl group 

presumably limits the positive charge build up at the required position. It may be 

possible to circumvent this limitation by employing a more electron rich arene, 

which undergoes the 1,2-aryl migration more readily ɀ although it has not been 

explored for these examples in the scope of this project. This strategy was 

successfully employed towards the meta-arylation of 2,4,6-tr iethylphenol (Scheme 

2-39). 

 

Scheme 2-39: Arylation of 2,4,6-triethylphenol. 

 

Initially, the para-fluorophenyl group was employed as the arylating agent. 

Although the 1,2-aryl migration initially appeared to be successful, resulting in a 

phenolic product with the correct mass observed by HRMS, closer inspection of 2D 

NMR spectra (including NOESY experiments) showed that the isolated product 

52b was in fact the result of the ethyl group migrating (Scheme 2-39). This 

observation agrees with computational models derived by Feng et al. towards the 

dynamic effects on migratory aptitudes in carbocation reactions.156 Using methods 

designed to remove steric and electronic bias, Feng calculated that an ethyl group 

has a lower barrier to migration than its phenyl counterpart. As cyclohexadienones 

have been described as idealistic systems to measure relative migratory 

aptitudes,73 it stands to reason that observed experimental migratory aptitudes 

agree with computational studies designed to eliminate bias. 
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The meta-arylation of 2,4,6-triethylphenol was reattempted with a more electron 

rich arene, predicting that a more electron dense aryl will have a higher migratory 

aptitude (Figure 2-15).  

 

Figure 2-15 meta-arylation of ortho-alkyl substituted phenols. Yields are of the single isolated 

regioisomer a 2.0 equivalents of TMSOTf were required. 

 

As expected, adding electron density to the exocyclic arene resulted in preferential 

1,2-aryl migration over alkyl migration ɀ producing an 83% yield of the highly 

congested meta-arylated phenol 53b . This was then applied towards the synthesis 

of 54b : the moderately yielding arylation of 3-tert -butyl-6-n-propylphenol (59%) 

followed by dienone-phenol rearrangement requiring 2 equivalents of Lewis acid 

provided the desired product 54b  in a 50% yield over the two steps. 

The selectivity of the oxidative arylation was investigated by measuring the 

regioisomeric ratios of phenols with two different alkyl groups: methyl vs ethyl 

and methyl vs iso-propyl (Figure 2-16). 
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Figure 2-16: investigation into alkyl vs alkyl selectivity in the oxidative arylation step.Yields quoted are 

of the combined regioisomers. 

 

Arylation of 2-ethyl-6-methyl phenol results in a 1 : 1 regioisomeric ratio of 55a 

and 56a, with the products isolated as an inseparable mixture in a combined 64% 

yield. Addition of TMSOTf promoted 1,2-aryl migration resulting in an inseparable 

mixture of 55b  and 56b. 

Arylation of 2-methyl-6-iso-propylphenol produced a regioisomeric mixture of 

57a and 58a in a ratio of 1 : 2.5, favouring arylation ipso to the methyl group over 

the more sterically demanding but electron donating iso-propyl group. Although 

arylation typically occurs ipso to the most electron rich substituent ɀ which would 

be iPr in this case ɀ arylation is favoured ipso to the smaller methyl group in 58.150 

4ÈÉÓ ÓÕÇÇÅÓÔÓ ÔÈÁÔ ÓÔÅÒÉÃ ÆÁÃÔÏÒÓ ÁÒÅÎȭÔ ÃÏÍÐÌÅÔÅÌÙ ÉÎÎÏÃÅÎÔ ÉÎ ÔÈÅ ÓÅÌÅÃÔÉÖÉÔÙ ÏÆ ÔÈÉÓ 

reaction. 

Bi(OTf)3 and Et3N were employed as the Lewis acid system for the aryl migration 

step as the dioxolane protecting group is sensitive to strong acids.157 This 

successfully provided 58b , in a 97% isolated yield with 57a fragmenting into a 

complex mixture ɀ a known process with 1,2-migrations of substrates bearing an 

iPr group arising from the elimination of an iPr+ equivalent.73 
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Having gained a good understanding of this reaction while undertaking 

investigations into the substrate scope, the synthetic route to an intermediate of 

an analogue of a promising LTB4 antagonist 59 (Scheme 2-40).  

 

Scheme 2-40: Retrosynthetic route to LTB4 antagonist 59. 

It was hypothesised that the synthesis could be carried out with  two sequential 

meta-arylations starting from 2,6-dimethylphenol ɀ with the second arylation 

being directed by the first electron rich arene analogous to the effect seen in the 

synthesis of 48b . Furthermore, the bismacycle-OmCB 1b recovered from the first 

step (Scheme 2-34) is employed in the second step giving a practical example of 

the bismuth recovery. 

Pleasingly, the synthesis of cyclohexadienone 60a proceeded in a 70% yield, with 

the bismacycle-OmCB 1b recovered in a 92% yield (Scheme 2-41). The 1,2-aryl 

migration step yielded the mono meta-arylated phenol 60b  in a 94% yield (66% 

over 2 steps).  
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Scheme 2-41: Route to LTB4 antagonist 59 using recovered bismacycle-OmCB 1b. Isolated yields are 

quoted.  
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The recovered bismacycle-OmCB 1b was used directly in the transmetallation step 

with 3-thienylboronic acid. Subsequent oxidative arylation yielded a 1:1 mixture 

of 61 and 62, isolated as an inseparable mixture. Unsurprisingly, no selectivity was 

observed in this arylation step as both remaining ortho-positions are in 

conjugation with the electron donating ability of the dioxolane group. In spite of 

this, bismacycle-OmCB 1b was successfully recovered once again in a similar yield 

(90%) to the first arylation. The cyclohexadienone mixture (61 and 62) was 

subjected to the beforementioned acid-sensitive Lewis acidic conditions, allowing 

for the isolation of the desired product 59 alongside 62 by silica gel column 

chromatography. Using this route, 59 was synthesised in a total yield of 26.8%, 

with the low yield attributed to the poor selectivity in the synthesis of 61 and 62 

in the second oxidative arylation step.  

In addition to this, previous substrates have shown that, although steric 

interference does play a part, electronically directing properties have the 

dominating influence in the overall regioselectivity. This is most obviously in the 

observed selectivity of 42a and 43a. The addition of the second electron donating 

methyl group ortho to the iso-propyl reduces the selectivity in 43a, despite the 

added steric hindrance vs H in 42a (Figure 2-13).  

Performing this reaction on a large selection of phenols containing a variety of 

different aryl boronic acids has shown this methodology is compatible with 

electronically and sterically diverse substrates. This includes functional groups 

such as esters and amides, as well as halogens ɀ all of which can act as points of 

molecular diversification. The boundaries and limitations of this methodology 

have also been explored, and incompatible substrates have been identified; where 

possible, altered conditions have led to tolerance of acid sensitive groups offering 

bespoke conditions for particular substrates. In addition to this, the selectivity of 

the oxidative arylation reaction has begun to be explored, and it is found that 

arylation occurs on the most electron rich phenolic ortho-position ɀ where 

electronics appear to be more influential than steric properties. Along the way, a 

method to recover and reuse the bismuth species was realised and applied in the 

synthesis of an analogue of a LTB4 antagonist intermediate. 
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2.4 Mechanistic Investigations into the 1,2 -Aryl Migration  

Attention then turned to the identification of a plausible reaction pathway by 

which 1,2-aryl migration reaction proceeds. Alongside previous studies 

investigating the mechanism of the dienone-phenol rearrangement,67ɀ69 

qualitative observations made while performing optimisation reactions and the 

substrate scope led to the proposal of a plausible reaction sequence (Scheme 2-42).  

 

Scheme 2-42: Initial mechanistic proposal for the Dienone-Phenol rearrangement. 

 

An initial coordination event between the Lewis acid and the 2,4-

cyclohexadienone yields complex I which, as illustrated in resonance structure II , 

features increased positive charge on the 5-position. This results in the aryl group 

migrating through some intermediate, producing structure III where the positive 

charge resides on the 6-position. Following this, proton elimination quenches the 

positive charge, producing IV, forming triflic acid which is able to deprotect the 

TMS-phenol thus furnishing the meta-arylated phenol product.157 
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To investigate this hypothesis, three mechanistic experiments were designed: 

(1)  a Hammett plot derived from measuring the relative rate of migration of 

the exocyclic aryl groups against their electronic profile (Scheme 2-43, 

top);  

and two separate kinetic isotope effect (KIE) experiments:  

(2)  labelling the 5-position with deuterium to investigate whether the 

selectivity determining step involves a rehybridization event (consistent 

with II  to III ) or deprotonation (consistent with III to IV)  

(3)  installing Me-d3 at the 6-position ipso to the aryl group to seek evidence 

for a build-up of positive charge apparent in II  to III (bottom).  

 

 

 

Scheme 2-43: Designed mechanistic experiments. Top: Hammett plot by intermolecular competition. 
Middle: kinetic isotope experiment, labelling the 5-position. Bottom: Kinetic isotope experiment, 

labelling the Me group. 
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2.4.1 Intermolecular Competition Hammett Plot  

The Hammett equation describes the linear free-energy relationship between a 

substituent constant, which is used to quantify the moleculeȭs electronic 

properties, and the rate of reaction. In this experiment, the para-position of the 

migrating aryl group is altered with substituents offering different electron 

donating or withdrawing properties.158 These constants are plotted against the 

logarithm of the relative rate of migration against a reference substrate ɀ 

4-fluorophenyl substituted 2,4-cyclohexadienone 3a.  

 

Scheme 2-44: General scheme for the intermolecular competition Hammett plot reactions. 

 

As pure samples of the cyclohexadienones and phenol products had been 

previously isolated during the substrate scope, the progress of the reactions was 

monitored by quantitative NMR spectroscopy by comparison of identified peaks to 

pure samples.  

Preliminary experiments showed that the rates of reaction for electron rich 

substrates are too fast to observe directly by real-time NMR spectroscopic 

analysis. To circumvent this, samples were taken at intermittent times and 

quenched with saturated aqueous sodium bicarbonate. This ensured that the 

reaction was halted and any triflic acid was quenched to prevent subsequent 

reactions. It was also found that the differences in rates of migration between the 

extremities (-OMe, 5a and -CF3, 7a) and the standard (-F, 3a) was too large to 

accurately measure by NMR spectroscopy. The study was therefore modified so 

that reactions were only performed between substrates bearing the closest 

electronic properties (Figure 2-17), with their migratory aptitude relative to 3a 

extrapolated by comparison between the data. 
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Figure 2-17: Reactions designed to calculate the relative rate of migration of highly electronically 
active substituents against the F substituted species.158 

  

The reactions were performed in toluene under anhydrous and inert conditions to 

mimic the general conditions applied during the reaction. Additionally, a 5-

equivalent excess of each 2,4-cyclohexadienone relative to TMSOTf was used to 

ensure pseudo-first order conditions. The consumption of starting materials was 

calculated relative to an internal standard, 1,3,5-trimethoxybenzene, which was 

found to be inert to TMSOTf under the optimised reaction conditions.(Scheme 

2-45). This was shown in an independent reaction, where TMSOTf, 1,3,5-

trimethoxymenzene, and an inert internal standard, 1,3,5-triethylbenzene, were 

subjected to standard conditions.  Here, no 1,3,5-trimethoxymenzene was 

consumed.  

 

Scheme 2-45 Test reaction confirming the inertness of the internal standard towards the reaction 

conditions. 

The reactions were quenched before 50% conversion, and the consumption of the 

competing substrates were determined as a ratio. The rate of the reaction relative 

to 3a was determined by either a direct comparison or by extrapolation with the 

relative rate of a competing substrate ɀ see supplementary Information for further 

details.  
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Entry Group  ̀ ˋ+ krel Log10(krel) 

A OMe -0.27 -0.778 35.1 1.55 
B Me -0.17 -0.311 7.45 0.872 
C F 0.06 -0.073 1.00 0 
D Br 0.23 0.15 0.0876 -1.06 
E CF3 0.54 0.612 0.00372 -2.43 
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Graph 1: Hammett plots of the log10 ÏÆ ÒÅÌÁÔÉÖÅ ÒÁÔÅÓ ÁÇÁÉÎÓÔ ʎ ɉÔÏÐɊ ÁÎÄ ʎ+ (bottom).  



100 
 

4ÈÅ ÒÅÌÁÔÉÖÅ ÒÁÔÅÓ ×ÅÒÅ ÐÌÏÔÔÅÄ ÁÇÁÉÎÓÔ ÂÏÔÈ ÔÈÅ ʎ ÁÎÄ ʎ+ ÖÁÌÕÅÓȟ ×ÉÔÈ ÔÈÅ ʎ ÐÌÏÔ 

offering a marginally better fit (R2 = 0.9953 vs R2 = 0.9663 respectively). Analysing 

these data, a rho value was -4.86 is obtained; the large, negative rho value is 

consistent with a significant increase in positive charge on the migrating aryl 

group during the selectivity determining step. This agrees with the proposed 

mechanism (Scheme 2-42) and suggests that the selectivity determining step 

occurs before III Ą IV. The selectivity determining step being III Ą IV is 

discounted as it  contains the quenching of a positive charge, resulting in an 

increase of electron density: this would therefore be expected to give a positive 

rho value. Additionally, the phenyl group would be insulated from the change in 

electron density by virtue of beÉÎÇ ÏÕÔ ÏÆ ÃÏÎÊÕÇÁÔÉÏÎ ×ÉÔÈ ÔÈÅ ÃÈÁÒÇÅÄ ʌ-system, 

resulting in smaller rho value being observed.  

Similar large migratory aptitudes have been observed by the Jacobsen group for 

the Wagner-Meerwein rearrangement (́  = -3.7, R2 = 0.99; ́ + = -2.9, R2 = 0.96).159 

Jabobsen attributes the large rho value to the development of a significant amount 

of positive charge on or around the migrating aryl ring, and proposes the 1,2-aryl 

migration proceeds via a phenonium intermediate (Scheme 2-46).  

 

Scheme 2-46: Hammett experiment performed on the Wagner-Meerwein rearrangement towards the 
fluorofunctionalisaiton of 2-arylstyreneyl moieties.159 Ar = p-NO2Ph; X = pCH3, H, pBr, mBr, pCF3. 

 

Large differences in migratory aptitudes have also been calculated for acid 

catalysed pinacol rearrangements of p-anisyl substituted diols78,115 One particular 

study undertaken by Pocker et al. shows that an electron rich arene (anisyl) 

migrates 1000x faster than an unsubstituted phenyl group.78 
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0ÏÃËÅÒȭÓ ÒÅÓÕÌÔ ÉÓ ÉÎ ÁÇÒÅÅÍÅÎÔ ×ÉÔÈ ÑÕÁÌÉÔÁÔÉÖÅ ÏÂÓÅÒÖÁÔÉÏÎÓ ÍÁÄÅ ÄÕÒÉÎÇ ÔÈÅ 

substrate scope in this study: electron rich arenes migrate at much higher absolute 

rates than their electron poor counterparts; and, electron poor groups require 

stronger Lewis acids (TMSOTf vs Bi(OTf)3 for pCF3 or pBr phenyl, 7a and 6a) to 

migrate.   

Furthermore, these data provide an explanation for the reticence of the 3-pyridyl -

4-methoxy group in 20a towards migration (Scheme 2-47). N-Coordination 

between the Lewis acid and 20a would result in a 3-pyridinium  salt, the sigma 

value of which has been previously calculated to surpass 2.00 ɀ over 3 times the 

value of pCF3 ɉʎ Ѐ πȢυτɊȢ68,143 Inserting this value into the acquired Hammett 

equation, the projected relative rate is calculated to be 3.7 × 10-10  compared to the 

p-fluorophenyl reference 3a.  

 

Scheme 2-47: Lewis acid to pyridyl coordination preventing aryl migration. 

 

 

  



102 
 

2.4.2 Kinetic Isotope Experiments  

 

The first KIE experiment was designed to explore changes in hybridisation at the 

5-position during the selectivity determining step. By labelling a reacting carbon 

centre with deuterium and subjecting the resulting molecule to a competition 

reaction against its hydrogen isotopologue, hybridisation changes in the selectivity 

determining step can be detected.160 This effect relies on the difference in atomic 

mass of 1H and 2H (D) and its impact on the difference between zero-point 

vibrational energies at the sp3 or sp2 centre and the transition state.161 It is 

understood that the zero-point energy difference between a sp3 centre and a 

transition state containing a mix of sp3 and sp2 character is larger for a C-D bond 

than and C-H bond, resulting in a larger activation energy.162 This results in the 

non-deuterated isotopologue reacting faster than its deuterium labelled 

counterpart, producing a 
Ὧ
Ὧ ρ ɀ denoted as a normal ɻ-secondary KIE  

(KIE  > 1). Parallel to this, the zero point energy difference between a sp2 centre 

and the sp2-sp3 containing transition state is smaller for a C-D bond, resulting in a 

smaller activation energy and a  
Ὧ
Ὧ ρ ɀ denoted as an inverse ɻ-secondary 

KIE (KIE < 1).163 

To perform this experiment on 3a, a mixture of isotopologues 63a and 64a were 

synthesised. 

Scheme 2-48: Synthesis of isotopologues 63a and 64a. 

 

Access to the inseparable mixture of the isotopologues 63a and 64a was achieved 

in a 1 : 1 ratio from the oxidative arylation of 2,6-dimethylphen-3-d-ol with  2a. It 

was anticipated that selective deuteration of the 2,4-cyclohexadienone 3a at the 5-

position would not be easy, and was therefore decided to install the deuterium on 

the phenol starting material.* Oxidative arylation would then provide access to the 

desired mixture of isotopologues. It was assumed that the deuterium atom in 

 
* 2,6-dimethylphen-3-d-ol was synthesised by Katie Ruffell.  
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isotopologue 63a is remote from the reaction centre, avoiding the induction of a 

kinetic isotope effect during the aryl migration.  

With the mixture of isotopologues at hand, the kinetic isotope experiment was 

undertaken using the standard reaction conditions albeit with 0.2 equivalents of 

TMSOTf to mimic a pseudo-first order system. The consumption of the 

cyclohexadienones was measured by quantitative 1H NMR spectroscopy using 

1,3,5-trimethoxybenzene as the internal standard (Scheme 2-49).  

 

 

Scheme 2-49: Kinetic Isotope Experiment between 63a and 64a. 

 

The relative rates of aryl migration give an inverse ɻ-secondary KIE of 0.89. This 

suggests that the selectivity determining step does indeed involve a sp2 to sp3 

rehybridisation event at the labelled position, which agrees with the preliminary 

mechanism (Scheme 2-50, II to III ). Furthermore, the increase in p character at this 

position could also arise from the formation of a phenonium cation (II -a), the 

proposed reactive intermediate of the Wagner-Meerwein rearrangement studied 

by the Jacobsen group (Scheme 2-46).159  

 

Scheme 2-50: Mechanistic proposals consistent with the ɻ-secondary KIE value of 0.89. Pathway A 
results in the formation of a cationic intermediate. Pathway B results in the formation of a phenonium 

intermediate.  

 

Ὧ
Ὧ πȢψω 
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The observed KIE value also eliminates the possibility of the final proton 

elimination step (Scheme 2-42: III to IV) being the selectivity determining step. If 

this was the case, the selectivity determining step would directly involve the 

breaking of a C-H/D bond, producing a primary KIE and a  
Ὧ
Ὧ  ͯ ψ.164 

The second kinetic isotope experiment was designed to confirm whether a 

carbocation is formed ipso to the remaining alkyl group in the selectivity 

determining step (Scheme 2-42, III ). If a carbocation forms adjacent to the labelled 

Me-dσ ÐÏÓÉÔÉÏÎ ÉÎ ÔÈÅ ÓÅÌÅÃÔÉÖÉÔÙ ÄÅÔÅÒÍÉÎÉÎÇ ÓÔÅÐȟ Á ɼ-secondary kinetic isotope 

effect would be observed. This effect arises from the different extent in which C-H 

and C-D bonds can stabilise carbocations through hyperconjugation, resulting in 

reaction rates for the isotopologues leading to a KIE.165  

 

Scheme 2-51 Synthesis of isotopologues 65a and 66a. 

 

As with the synthesis of 63a and 64a, the isotopologues were synthesised from the 

oxidative arylation of 2,4-dimethyl-6-methyl -d3-phenol* (Scheme 2-51). However, 

as the deuterated site is in the vicinity of the reaction centre in the oxidative 

arylation step, a small KIE of 0.982 was observed, resulting in a 0.98 to 1.00 

mixture of starting materials. With this in mind, the reaction was designed to be 

quenched before reaching 50% completion using an excess of 65a and 66a. The 

minor  difference in equivalents of starting materials was therefore assumed to be 

negligible and would not induce a kinetic isotope effect in the key migration 

reaction.  

 
* 2,4-dimethyl -6-methyl-d3-phenol synthesised by Katie Ruffell 
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Scheme 2-52: ɼ-Secondary kinetic isotope experiment experiment 

 

Upon quenching the reaction, the ratio of the two isotopologues were the same ɀ 

indicating no ɼ-secondary kinetic isotope effect (Scheme 2-52). The selectivity 

determining step is therefore not likely to proceed via an intermediate containing 

significant carbocationic character in the 2-position. 

Discounting a cationic build up on the ortho-position of the phenol ring in the 

selectivity determining step suggests that the initial proposed mechanism is 

incorrect, instead implying that the reaction pathway proceeds via a phenonium 

cation (Scheme 2-50, pathway B). As well as being a key intermediate for the 

Wagner--ÅÅÒ×ÅÉÎ ÒÅÁÒÒÁÎÇÅÍÅÎÔÓ ÏÆ ɼ-aryl styrenes reported by Jacobsen 

(Scheme 2-46),166 similar arenium ions have been postulated as a reactive 

intermediate in related migratory transformations such as the Pinacol 

rearrangements,167,168 Lewis aÃÉÄ ÒÉÎÇ ÏÐÅÎÉÎÇ ÏÆ ɼ-aryl epoxides,169 and even aryl 

migrations on graphene.170 More recently, computational studies have shown that 

these bridged intermediates are viable low energy transition states in 

rearrangement reactions.171 

The phenonium intermediate agrees with the experimental data obtained within 

this mechanistic study. KIE data suggests that the selectivity determining step 

must involve the 5-position gaining p-character, whilst not resulting in a build-up 

of positive charge on the 6-position. Additionally, the data obtained from the 

Hammett plot implies that there is a decrease in electron density on the migrating 

aryl moiety during the selectivity determining step.66 

Ὧ
Ὧ ρȢππ 
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Scheme 2-53 Proposed mechanism for the 1,2-aryl migration of 6,6-disubstituted cyclohexadienones. 

 

From intermediate II a, breaking of the C-C bond and proton elimination results in 

the silyl phenol ether IV*, consequently forming triflic acid. This agrees with 

observations made in the substrate scope: retro-Friedel Crafts chemistry results 

in de-adamantylation (protodealkylation), a process requiring the presence of a 

strong acid. This acid is capable of de-silylating the phenol, furnishing the meta-

arylated product.  

The now in-depth understanding of the electronic nature in the selectivity 

determining step was exploited in the synthesis of the two regioisomers: 67 and 

68. It was hypothesized that either isomer could be accessed by carefully selecting 

the electronic nature of the masked 4-hydroxyphenyl boronic acid: the more 

electron rich arene would migrate preferentially over competitor (Scheme 2-54). 

 
* This step could be initiated by either the breaking of the C-C bond leading to a carbocation 
followed by proton elimination or ÉÎ ÁÎ Ȱ%ςȱ ÔÙÐÅ ÐÁÔÈ×ÁÙ ÁÓ Ôhe proton is anti-peri planar 
to the C-C bond being broken. This step will therefore be left ambiguous as further 
mechanistic studies are required to elucidate.  
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Scheme 2-54: A prior i reaction design. [OH] refers to a masked or protected phenol. 

 

Assuming that the Hammett plot can be projected onto this system - which 

involves an intramolecular, rather than an intermolecular, competition step - two 

electronically differing masking groups were selected: pOBn as the electron rich 

species to produce isomer 68, and pCHO as the electron deficient group, predicted 

to form isomer 67Ȣ 5ÓÉÎÇ ÔÈÅ ÓÔÁÎÄÁÒÄ ʎ ÖÁÌÕÅÓ ÆÏÒ ÔÈÅÓÅ ÓÕÂÓÔÉÔÕÅÎÔÓȟ ÔÈÅ (ÁÍÍÅÔÔ 

plot (Graph 1, top) gives predicted ratios of 20:1 in favour of the migration of the 

O-Bn substituted arene 68, and 1 : 0.03 for 4-formyl substituted phenyl group in 

67.158    

The cyclohexadienone intermediate 69a was isolated in a 71% yield from the 

terphenol (Scheme 2-55). From here, the standard rearrangement conditions 

resulted in the isolation of both 69b  and 68, along with benzylated toluene. 

 

Scheme 2-55: Employing the electron rich OBn substituted arene to synthesise isomer 68. 



108 
 

This side-reaction is consistent with methodologies developed to perform benzylic 

deprotection chemistry.170 Okano et al., utilised Lewis acidic BCl3 to cleave the 

benzyl-oxygen bond, where the benzylic cation is scavenged by 

pentamethylbenzene; in the case of the reaction shown in Scheme 2-55, the 

scavenger is the solvent toluene. Analysis of the crude reaction mixture showed 

that both ortho- and para-benzyl substituted toluene was present through 

confirmation by reference to literature.172 

From this observation, it was evident that the deprotection could be performed in 

situ via a two-step one-pot reaction to 68.  

 

Scheme 2-56: Tandem 1,2-aryl migration - O-benzyl cleavage to 68. 

 

From the isolated cyclohexadienone, 1,2-aryl migration led to full consumption of 

69a in under an hour by in situ 1H NMR spectroscopic analysis. The reaction 

mixture was then heated at 50 °C for 16 h, facilitating the benzyl deprotection in 

an 86% isolated yield of 68 over the two steps. The regiochemistry of 68 was 

confirmed by 2D NMR spectroscopy, including HMBC and NOESY experiments.  

As for the electron poor masked phenol moiety, 4-formylphenyl boronic acid was 

ÉÄÅÎÔÉÆÉÅÄ ÁÓ Á ÓÕÉÔÁÂÌÅ ÃÁÎÄÉÄÁÔÅȡ ÉÔ ÈÁÓ Á ʎ-value of 0.42,158 and is readily 

converted to the corresponding phenol using the Dakin oxidation.173 

The phenol 70b  was synthesised in a 73%, giving a 9 : 1 regioisomeric ratio 

favouring migration of the unsubstituted phenyl group in preference to the 

electron poor formyl-substituted phenyl moiety (Scheme 2-57).  
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Scheme 2-57: Synthesis of 70b. 

 

From here, treatment with mCPBA provided the formyl ester intermediate which 

could be hydrolysed in situ with methanol and aqueous HCl to give the phenol 67 

in a 77% yield (Scheme 2-58). A stepwise oxidation-hydrolysis process was 

preferred over the alternative basic method due to possibilities of overoxidation 

to the conjugated diketone.172 

 

Scheme 2-58: Dakin oxidation to the diphenol 67. 

 

The mechanistic studies described within this chapter have shed light onto a 

proposed reaction pathway, which is likely to proceed through a phenonium 

intermediate. A Hammett plot indicated that the selectivity determining step 

involves a decrease in electron density on the migrating aryl moiety. The KIE 

experiments suggest that the 5-position undergoes a sp2 to sp3 rehybridization 

event, whilst significant carbocationic character does not develop at the 6-position 

in the selectivity determining step.  
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This mechanistic understanding was then exploited in the design of a concise and 

selective process to make two difficult-to-synthesise regioisomers, 67 and 68, 

from a single starting material ɀ giving an application to the data obtained within 

this study.  

 

2.5 Derivatization Chemistry  

To explore the applicability of this methodology towards real world examples, 

previously unreported meta-substituted analogues of biologically active 

compounds were synthesised. These include analogues of mexiletine, lidocaine, 

and dimethachlor.  

 

Figure 2-18: Derivatization targets 

 

Although these specific targets may have no added biological activity upon 

modification, their preparation showcases how this meta-arylation methodology 

could be incorporated into synthetic strategy.  
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2.5.1 O-Functionalisation ɀ Synthesis of an Analogue of Mexiletine.  

The synthetic route to the meta-arylated analogue of mexiletine 71 was designed 

to be performed in two steps from 3b. Alkylation of the phenol was envisaged to 

ÏÃÃÕÒ ×ÉÔÈ ÁÎ ɻ-haloacetone electrophile as per previous synthetic routes, 

ÃÏÎÓÉÓÔÅÎÔÌÙ ÁÃÈÉÅÖÉÎÇ Á ÙÉÅÌÄ ÉÎ ÅØÃÅÓÓ ÏÆ ψυϷ ×ÉÔÈ ɻ-chloroacetone.174,175 The 

subsequent reductive amination has been previously reported with ammonium 

acetate and sodium cyanoborohydride in an 81% yield.176  

 

Figure 2-19: Retrosynthetic route to a (±)-mexiletine analogue. 

 

Although previous literature procedures react 2,6-dimethylphenol directly with ɻ-

chloroacetone, it was predicted that higher yields of the ether 74 could be achieved 

by employing Finkelstein conditions. Indeed, potassium carbonate and catalytic 

potassium iodide in acetone furnished the intermediate 74 in a 90% yield which 

was obtained pure from the reaction mixture and as such was used directly in the 

next step. Notably, the revised conditions allow for the reaction to be performed 

in acetone rather than NMP, which is reprotoxic and is therefore a REACH 

substance of very high concern.122 

 

Figure 2-20: Synthetic route to meta-arylated (±) Mexiletine 71. 
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The subsequent reductive amination reaction was performed using literature 

conditions,176 provid ing access to the primary amine product 71 in an 83% yield ɀ 

a 75% yield over the two steps. 

 

2.5.2 N-Functionalisation  - Synthesis of Analogues of Lidocaine and 

Dimethachlor  

The synthesis of lidocaine and dimethachlor must proceed via a deoxyamination 

reaction through an aniline moiety. This was initially envisioned to occur through 

a C-N coupling reaction from the activated phenolic hydroxyl and either an amide 

(to access Lidocaine: Scheme 2-59, top) or an amine (to access dimethachlor: 

Scheme 2-59, bottom). 

 

Scheme 2-59: Top: retrosynthetic pathway to lidocaine analogue 72. Bottom: retrosynthetic route to 

dimethachlor analogue 73. 

To confirm the feasibility of the key C-N bond forming step, commercial 

2,6-dimethylphenol was used in place of the more valuable meta-arylated 

analogue 3b. It was assumed that 2,6-dimethylphenol is electronically and 

sterically similar to 3b, thus providing an indication as to whether the projected 

synthetic route was viable. For the same reason, commercially available 

2-phenoxyacetamide is used in place of 2-(diethylamino)acetamide for initial test 

reactions.  
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Taking conditions optimised by Dooleweerdt et al. in 2010 (Scheme 2-60),177 a 

tBuBrettPhos-G3 palladium system was employed in the presence of sodium tert -

butoxide to facilitate the C-N coupling reaction. 

 

Scheme 2-60: C-N forming amidation between model substrates to assess the feasibility of the 
proposed synthetic strategy. Conditions as reported by Buchwald.177 

 

Analysis of the crude material showed that no aryl mesylate 77 remained, although 

the major product in the reaction was the desulfonated 2,6-dimethylphenol. This 

unproductive reactivity could be the result of sulfone hydrolysis with hydroxide 

presumed to be present in the sodium tert -butoxide. It was therefore decided to 

repeat the reaction with caesium carbonate, which was identified by the authors 

as a suitable alternative to tert -butoxide. Despite this change, no amidation 

product was observed by 1H NMR spectroscopy or HRMS. 

Concurrently, a similar process was attempted towards the synthesis of 73. The 

conditions were extrapolated from methodology reported by the Buchwald group 

in 2008 (Scheme 2-61).178 As with the C-N amidation undertaken towards the 

synthesis of lidocaine shown in Scheme 2-60, the 2,6-dimethylphenol mesylate 77 

was used in place of its meta-arylated analogue to conserve material.  
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Scheme 2-61: C-N coupling test reaction assessing the feasibility of the route to dimethachlor.178  

 

The reaction was first performed with sodium tert -butoxide at 80 °C for 20 hours, 

resulting in hydrolysis of the mesyl group. Similar to the reaction shown in Scheme 

2-60, the C-N coupling was attempted with potassium carbonate as the base (a 

feasible alternative according to the authors),178 although the aniline was not 

observed by 1H NMR spectroscopy or HRMS.  

Closer inspection of the substrate scope within the abovementioned literature 

shows the omission of both ortho-substituted aryl mesylates and amines/amides 

bearing additional heteroatoms.177,178 These properties could disrupt the desired 

reactivity. To circumvent these problems, an alternative route was designed to 

simplify the transformation: a deoxyamination step was envisioned to access the 

unsubstituted aniline, which would act as a key intermediate for the synthesis of 

both lidocaine and dimethachlor (Scheme 2-62). 

By simplifying the transformation to diverge from a common intermediate, the 

development of two different reactions to facilitate the C-N bond forming steps 

was avoided. 

 

Scheme 2-62: Retrosynthetic analysis of analogues of Lidocaine 72 and Dimethachlor 73 proceeding 
via the key aniline intermediate 78.  
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Aminodeoxygenation Strategy  

With sights set on the synthesis of the aniline, some key palladium catalysed 

aminodeoxygenation routes were identified. These proceed via a palladium 

catalysed C-N bond forming step with aryl sulfonates which are readily accessible 

from the phenol. Again, test reactions were performed using 2,6-dimethylphenyl 

sulfonates in place of the more valuable 3b.  

Initially, direct C-N bond forming reactions with aryl-sulfonates were explored. A 

transformation developed by the Hartwig group in 2009 uses aryl tosylates in the 

presence of ammonia to access anilines.179 According to the substrates reported in 

the scope, similar sterically congested phenol derivatives, such as 2,4,6-

trimethylphenyl tosylate, undergo the deoxyamination reaction in good yields 

(Scheme 2-63, top).  

 

Scheme 2-63: Direct deoxyamination reaction between an aryl tosylate and ammonia. Top: literature 
reported conditions;179 Bottom: attempted conditions.  

 

Due to the availability of chemicals and practicality of the process, the procedure 

was modified slightly: ammonia was purchased as a 0.4 M solution in 1,4-dioxane 

rather than manually preparing the solution prior to the reaction; and a pre-

formed third-generation palladium complex, Pd[CyPF-tBu)-G3*, was used. 

 
* Synthesised by Martyna Ostrowska within the Ball Group.  
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Although it was assumed that the procedural changes would not interfere with the 

reaction pathway, no reaction occurred, and the starting material was recovered 

from the reaction mixture. 

It was then decided to attempt a derivative of this chemistry developed later by 

Hartwig in 2014 (Scheme 2-64).180 The updated method uses ammonium salts as 

more accessible sources of ammonia, which is generated in situ in the presence of 

base. Here, both ammonium acetate and ammonium sulfate were shown to be 

excellent nitrogen sources.  

 

Scheme 2-64: Deoxyamination reactions using solid sources of ammonia. Top: sterically congested 
example from the literature. Bottom: attempted reaction in this work.180 

 

The reaction was attempted using 2,6-dimethylphenyl tosylate 79: the employed 

palladium system has been shown to successfully undergo oxidative addition with 

aryl tosylates (Scheme 2-63, top),179 thus it was assumed that similar aryl-tosylates 

would be competent in this method. The reaction was initially performed with 

ammonium acetate as the nitrogen source, although this was unsuccessful. 

Ammonium acetate is hydroscopic, forming acetic acid upon decomposition with 

water. As the reaction is performed in a basic medium, acidic impurities could 

interfere with stoichiometries of the base and therefore be detrimental to the 

success of the reaction.  

Despite this, repeating the reaction with a new bottle of anhydrous ammonium 

sulfate also resulted in no reaction, with complete recovery of starting material.  
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With direct synthesis of the free aniline proving unsuccessful, processes were 

identified that could provide access to the aniline via a C-N bond forming reaction 

with a protected nitrogen source, designed to be easily cleaved. Initially, a route 

developed by Buchwald which couples aryl triflates with sodium isocyanate and 

an alcohol was identified.181 Promisingly, examples from the literature include 2,6-

dimethyl aryl triflates ( Scheme 2-65, top) ɀ a suitable analogue of the phenol 

starting material identified in this route.  

 

Scheme 2-65: Examples of deoxyamination reactions from a 2013 paper published by the Buchwald 
group.181 

 

The reactions proceeds via an aryl isocyanate intermediate, allowing for different 

nucleophiles to be used to vary the carbamate product. This allows the authors to 

synthesise Boc-protected anilines by using tBuOH as the solvent, an obvious 

precursor to the free aniline targeted in this project (Scheme 2-65, bottom). 

However, applying these conditions to 2,6-dimethylphenyl triflate 80 failed to 

produce the Boc-protected aniline (Scheme 2-66, top). Although the 

2,6-dimethylphenyl triflates were shown to successfully couple with isocyanate 

and primary alcohols, no examples were shown with sterically congested aryl 

triflates reacting with secondary or tertiary alcohols ɀ such as tBuOH attempted 

here.  
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Scheme 2-66: Top: Attempts to synthesise Boc-protected aniline. Bottom: Synthesis through isocyanate 
81 to access 2,6-dimethylaniline.181 

 

Attempts were then made to halt the reaction at the aryl isocyanate intermediate 

81 (Scheme 2-66, bottom) ɀ accessible in the absence of a nucleophile.181 It was 

theorised that exposure of the crude mixture to aqueous acidic conditions would 

hydrolyse the isocyanate to the aniline.  

Despite full consumption of 80, analysis of the crude material by 1H NMR 

spectroscopy showed a complex mixture. Subsequent attempts at hydrolysis did 

show the formation of the desired 2,6-dimethylaniline product, albeit in minor 

amounts. The reaction was not investigated further. 

An alternative approach to this strategy was identified: employing a C-N bond 

ÆÏÒÍÉÎÇ ÒÅÁÃÔÉÏÎ ×ÉÔÈ ÂÅÎÚÏÐÈÅÎÏÎÅ ÉÍÉÎÅ ÔÏ ÐÒÏÖÉÄÅ Á 3ÃÈÉÆÆȭÓ ÂÁÓÅ 82 which, in 

turn, could be hydrolysed to the aniline under acidic conditions. This was 

developed by the Buchwald group in 2003, using 2,6-dimethylaryl nonaflate 81 as 

the aryl coupling partner (Scheme 2-67).182 
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Scheme 2-67: C-N coupling between aryl nonflate 81 and benzophenone imine.182 

 

Agreeing with reported literature, a low yield (58%) was observed for the 

synthesis of the aryl nonaflate 81 (Scheme 2-68).182 Despite this, employing 81 

alongside benzophenone imine distilled over 4 Å molecular sieves, and using 

freshly made sodium tert -butoxide furnished 82. Without isolation, 82 was 

hydrolysed to 2,6-dimethylaniline under mild acidic conditions in an 86% isolated 

yield over 2 steps (Scheme 2-68). The product was confirmed by comparison to a 

commercial sample of 2,6-dimethylaniline.  

 

Scheme 2-68: Deoxyamination reaction of 81 to synthesise 2,6-dimethylaniline. 
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With a viable route at hand, the procedure was employed towards the meta-

arylated analogue 78. Firstly, suitable conditions for the synthesis of aryl nonaflate 

83 were sought.  

Optimisation of the nonaflation was initiated by applying higher reaction 

temperatures, accessed by employing toluene as the solvent. Despite this, a similar 

yield of 60% was calculated by quantitative 19F NMR spectroscopy (Table 2-10, 

entry B). 

 

 

Entry  Conditions  Yield of 83 (%)  

A NfF (2.0 eq), DMAP (0.1 eq), DIPEA (1.1 eq) 

CH2Cl2, 40 °C, 96 h 

60  

(92% BRSM) 

B NfF (3.0 eq), DMAP (0.1 eq), DIPEA (1.1 eq) 

PhMe, 100 °C, 24 h 

60 

C NfF (1.5 eq), NaH (1.05 eq) 

THF, rt, 18 h 

35 

D NfF (1.5 eq), NaH (1.05 eq) 

THF, 60 °, 18 h 

38 

E NfF (1.5 eq), NaH (1.05 eq) 

1,4-dioxane, 110 °C, 18 h 

35 

F NfF (3.0 eq), DBU (3.0 eq) 

PhMe, rt, 1h 

81 

Table 2-10: Identification of nonaflation conditions to 83. Yields determined by quantitative 19F NMR 
spectroscopy. 
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Following this, a different approach was adopted: instead of employing a mild base 

with a nucleophilic acylation catalyst to activate the sulfonate moiety, activation of 

the phenol was sought through complete deprotonation. Initially, NaH was 

employed in THF at room temperature, then 60 °C (Table 2-10, entry C and D), 

followed by 1,4-dioxane (entry E) to access higher reaction temperatures ɀ all 

resulting in low yields. Next, a non-nucleophilic organic base, DBU, was employed 

in toluene (entry F), providing access to the aryl nonaflate 83 in an 81% yield. 

Although these conditions could be further optimised with respect to the 

stoichiometries, this was not investigated in the scope of this project.  

 

 

Scheme 2-69: Synthesis of 78. 

 

With the meta-arylated aryl nonaflate at hand, the palladium catalysed 

deoxyamination reaction successfully furnished the desired aniline 78 in an 88% 

yield over two steps (Scheme 2-69).  
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Transition metal free deoxyamination approach ɀ Smiles rearrangement.  

Although the palladium catalysed deoxyamination route provided access to 78 in 

an excellent yield, the reaction suffers from several drawbacks: 

¶ the benzophenone and nonaflate auxiliaries have high molecular masses, 

and both end up as waste; 

¶ the reaction uses palladium, highlighted as an unsustainable finite 

resource;183 and,  

¶ the reaction is very sensitive to water, with distillation of benzopheonone 

imine and freshly made sodium tert -butoxide essential for good yields.  

A transition metal free route to the aniline was therefore desired, with the Smiles 

rearrangement being identified as a suitable approach.  

 

Scheme 2-70: Smiles rearrangement followed by in situ hydrolysis developed by Shang and 
colleagues.184 

 

The method developed by the Shang group in 2013 proceeds from the 

aryloxamide, through an amido intermediate which is hydrolysed to give 2,6-

dimethylaniline .184 The group obtained a 50% yield for the 2,6-dimethylphenyl 

example (Scheme 2-70). 

Extending this strategy for the meta-substituted example required the initial 

alkylation to occur at elevated temperatures in 1,4-dioxane through the phenolate 

anion which is generated in situ (Scheme 2-70). This provided a quantitative yield 

to 85 determined by quantitative 19F NMR spectroscopy. 
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Scheme 2-71: Top: alkylation of 3b; Bottom: Smiles rearrangement and amide hydrolysis to 78. Yields 
are calculated through quantitative 19F NMR spectroscopy against 4,4'-bis(trifluoromethyl)-1,1'-

biphenyl as an internal standard. 

 

The crude aryloxamide 85 was used directly in the subsequent Smiles reaction 

after a solvent swap from 1,4-dioxane to DMSO-DMPU (3:1). Employing the 

literature conditions of 2.0 equivalents of KOH resulted in quantitative conversion 

to a new species, presumed to be 86 from in situ 1H NMR analysis alongside a 

corresponding peak in the negative mode of HRMS. Consumption of the newly 

formed compound was slow with the reaction frequently stalling when monitored 

through quantitative 19F NMR spectroscopy. This resulted in an additional 8.0 

equivalents of KOH added to the reaction mixture over the following 96 h.  

Despite this, amide hydrolysis forming the aniline 78 proceeded in a moderate 

yield,And was subsequently confirmed by comparison to a known sample of the 

aniline. Theoretically, this could be prevented by finding alternative hydrolysis 

conditions, thereby avoiding long reaction times under harsh conditions ɀ this was 

not explored in the scope of this project. 

This route is preferred over the alternative palladium catalysed C-N reaction on 

sustainability grounds. Although an auxiliary is required to mediate the Smiles 

rearrangement en route to the aniline, 2-bromopropanamide possesses a lower 

molecular weight (151 Da) than either benzophenone imine (181 Da) or NfF (302 

Da) and is used in less of an excess. Additionally, the method requires only one 

purification step (of the aniline product 78) compared to three for the cross-

coupling route (purification of the aryl nonflate 83 and the aniline 78 product is 

required, as well as benzophenone imine immediately before use). 
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With a route to the aniline 78 at hand, attention was turned to the synthesis of 

meta-substituted lidocaine 72 and dimethachlor 73.  

 

Synthesis of Lidocaine 

The synthesis to the meta-substituted analogue of lidocaine was inspired by a two-

step one-pot industrial process described in a patent.185 Following the amide 

coupling reaction between the aniline 78 and chloroacetyl chloride, the 

temperature is raised for 1 hour before diethylamine is added. The patent states 

that the elevated temperatures are required to evaporate HCl from the reaction 

mixture, which is then recovered and reused in a process to isolate the product as 

the chloride salt.  

 

Scheme 2-72: 2-step 1-pot process to the meta-substituted analogue of lidocaine 72.185 Yields 
determined by quantitative 19F NMR spectroscopy with reference to 4,4'-bis(trifluoromethyl)-1,1'-

biphenyl as the internal standard. 

 

Employing these conditions towards the synthesis of the meta-arylated analogue 

of lidocaine successfully produced 72 in a 91% yield over the 2 steps.  
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Synthesis of Dimethachlor 

The analogue of dimethachlor 73 was also synthesised in a 2-step 1-pot process. 

Addition of n-BuLi provided access to the anilide, which undergoes an N-alkylation 

upon addition of 2-bromoethyl methyl ether. From here, the intermediate was 

telescoped through to the amide product via acylation with 2-chloroacetyl 

chloride.  

 

Scheme 2-73: Synthetic route to the meta-substituted analogue of dimethachlor 73. Yields determined 
by quantitative 19F NMR spectroscopy with reference to 4,4'-bis(trifluoromethyl)-1,1'-biphenyl as the 

internal standard. 

 

To showcase the importance of this chemistry towards the development of 

improved and novel biologically active molecules, meta-arylated derivatives of 

three common pharmaceuticals and agrochemicals were synthesised. To access 

the derivatives of lidocaine and dimethachlor, a deoxyamination reaction 

procedure was implemented. As well as a palladium-catalysed C-N bond forming 

reaction between the nonaflate-activated phenol and benzophenone imine, a metal 

free route was developed using the Smiles rearrangement. Although these 

analogues will not be assessed for biological activity, their facile access 

demonstrates the utility of the present methodology in target-oriented synthesis. 
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3      meta-Arylation of Anilines  

The second section of this project is the development of a reaction that converts a 

phenol to a meta-substituted aniline (Scheme 3-1). The methodology builds upon 

the understanding of the preceding meta-arylation of phenol strategy by diverting 

the cyclohexadienone to a cyclohexadienimine analogue via a deoxyamination 

reaction. This intermediate can then undergo a similar dienimine-aniline 

rearrangement to furnish the meta-substituted aniline product.  

 

Scheme 3-1: Proposed phenol to meta-arylated aniline procedure. 

 

3.1.1 Aniline Synthesis via  Phenol deoxy genation  

Deoxyamination reactions are typically well known and understood.186 In their 

most archetypal form, a deoxyamination reaction is the condensation of an amine 

onto a ketone forming an imine. This is the foundation for a variety of chemical 

transformations, from a reductive amination which is one of the most performed 

reactions in the field of medicinal chemistry,187 to organocatalysts ɀ pioneered by 

3ÔÏÒË ÉÎ ÔÈÅ ρωφπȭÓȢ188,189 This field quickly progressed to asymmetric catalysis 

using proline derivatives,190,191 and is the area in which the 2021 Nobel prize in 

chemistry was awarded.  

In its simplest form, the strategy described in this Chapter is a conversion from a 

phenol to an aniline. This class of deoxyamination reaction is an important and 

desired transformation: where phenols can be obtained from renewable 

resources,111,192 anilines are often obtained through a multistep synthesis from 

petrochemicals (nitration/reduction etc). 193  

Direct phenol to aniline transformations using N-arylation strategies and Smiles 

rearrangements have been discussed previously (See section 2.5 ɀ Derivatisaiton 

Chemistry) but other strategies to perform this reaction exist and will be discussed 

herein. 

The use of an intramolecular heteroatomic rearrangement to perform a phenol to 

aniline conversion dates as far back as 1925 when the Chapman rearrangement 
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was first reported.194 This describes the rearrangement of phenyl 

N-phenylbenzimidate to the corresponding amide (Scheme 3-2, top).   

 

Scheme 3-2 Top: Chapman reaction.194 Bottom: quinazoline mediated phenol to aniline 
transformation.195 

 

Scherrer et al. has developed a general approach to convert phenols to anilines 

through a quinazoline auxiliary (Scheme 3-2, bottom).195 The key step is the 

thermal rearrangement of the 4-aryloxy substituted quinazoline, which can be 

accessed through an SNAr reaction between the phenoxide and the 

chloroquinazoline. The authors reported that the N-arylated product is readily 

hydrolysed to release the free aniline.  

A more recent dearomatisation strategy developed by Lardy et al. uses N-centred 

radicals to drive a similar rearrangement (Scheme 3-3).196  
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Scheme 3-3: phenol to aniline transformation proceeding through a deoxygenative N-centred radical 
substitution reaction.196 SA is salicyloyl (2-hydroxy benzoyl). HAT is Hydrogen Atom Transfer 

 

The key step in this reaction is the single electron addition of the N-amidyl moiety 

ipso to the phenolic oxygen, giving a resonance-stabilised arene radical. 

Rearomatisation to the aniline occurs through breaking of the C-O bond, which is 

weaker than its C-N competitor. From here, hydrogen atom transfer (HAT), 

potentially from the hydroxylamine in the starting material, gives the aniline 

product which the authors state can be hydrolysed under acidic conditions. The 

reaction proceeds in an intramolecular fashion through a 6-membered transition 

state, which is proposed by the authors to be the reason for the excellent functional 

group tolerance and high yields.  

These heteroatomic rearrangements, although selective and with broad functional 

group tolerance, require a large auxiliary which exits the reaction as non-reusable 

waste. More atom economical approaches have therefore been designed. The most 

efficient of which occur directed with ammonia. 

Typically, direct intermolecular phenol-aniline transformations require high 

temperatures (>200 °C) and an excess of gaseous ammonia and hydrogen.197 
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However, a seminal paper published by Qui et al. in 2019 shows that hydrazine in 

the presence of Pd/C is able to mediate a direct phenol-aniline transformation 

through a dearomatised cyclohexadienone intermediate (Scheme 3-4).197,198 The 

reaction is performed at more accessible temperatures and pressures without the 

use of the specialist equipment required for systems employing high pressures of 

hydrogen and ammonia. 

 

Scheme 3-4: phenol-aniline deoxyamination strategy developed by Qui et al.197 

 

The proposed mechanism passes through a dearomatised cyclohexenone 

intermediate, where its condensation with hydrazine is the proposed key 

deoxyamination step. Enamine tautomerisation followed by palladium catalysed 

dehydrogenation generates a diphenylhydrazine intermediate, which provides 

access to the free aniline through a reductive N-N bond cleaving reaction. The 

harsh redox conditions achieved through elevated temperatures result in a limited 

substrate scope: many examples revolve around alkyl substituted phenols, 

although few examples of N-heterocycles and amido functional groups are 

included.  
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This methodology relies upon a key deoxyamination reaction on a cyclohexanone 

intermediate. This is loosely equivalent to the key step proposed in the procedure 

investigated in this chapter (Scheme 3-1): a deoxyamination reaction leading to a 

cyclohexadienimine. In addition to other imine formation reactions on cyclic 

ketones,199 it provides evidence for the key deoxyamination step proposed in this 

investigation.  

3.1.2 Dienimine -Aniline Rearrangement  

Upon a successful deoxyamination reaction between an amine and a 

cyclohexadienone, it is envisioned that a subsequent 1,2-aryl migration reaction 

will provide the meta-arylated aniline. This reaction is proposed to proceed in a 

similar fashion to the dienone-phenol rearrangement discussed previously.77 

In 1953, Beringer and Ugelow performed a migration-aromatisation reaction 

transforming a cyclohexenone to an aniline (Scheme 3-5).200 

 

Scheme 3-5: One-pot process towards the synthesis of 2,3,5-trimethylaniline acetate from 3,5,5-
trimethylcyclohexeneoxime.200 

 

The transformation is reported to occur in one pot through a postulated cationic 

intermediate: heating a di-acetylated oxime results in the elimination of an acetyl 

group, which generates a positive charge on the alpha-position. The carbocation 

then triggers a 1,2-methyl migration, resulting in the aniline product after 

tautomerisation.  

More recently, Bouillon and Meyer have developed an aniline-promoted 

dienamine-aniline rearrangement of ipso-benzidines (Scheme 3-6).201 From a 2,5-

cyclohexadienimine salt under acidic conditions, a 1,2-aryl migration occurs 

leading to the aniline product. However, the chemistry requires the presence of an 

aniline as an additive; it is postulated that the rearrangement can only occur 

through the aminal. This is because the imine is not basic enough to be protonated 

under the reaction conditions and is thus unable to promote the rearrangement-

rearomatisation process. 
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Scheme 3-6: Aniline promoted dienimine-aniline rearrangement.201 

 

A deoxyamination-rearomatisation strategy has been developed by Shi et al. in 

2018 (Scheme 3-7).202 It is employed as a key step in a multi-component synthesis 

of trifluo romethylated arylamines. By condensing pyrrolidine onto a 

4-trifluoromethyl -p-quinol, the charged iminium intermediate is poised to 

undergo an aromatisation reaction upon eliminating trimethylsilanol.  

 

Scheme 3-7: Deoxyamination-rearomatisation strategy employed by Shi et al.202 
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The reaction is driven by the carbon ipso to the trimethylsilyl ether acting as an 

electron sink, aided by the electron withdrawing capabilities of the trifluoromethyl 

substituent. This, alongside the acidity of the protons alpha-to the iminium ion and 

the thermodynamic driving force provided by aromaticity gain,203 results in the 

facile rearomatisation of the intermediate iminium ion to the aniline.  

The route investigated in this Chapter is an umpolung approach to the chemistry 

developed by Shi et al.: rather than gaining aromaticity by adding electrons into 

the cyclohexyl ring,202  the hypothesised route withdraws electron density. This 

facilitates a rearomatisation step which is analogous to the dienone-phenol 

rearrangement ɀ inclusive of the 1,2-migration step (Scheme 3-8). 

 

Scheme 3-8: general proposed method for the deoxyamino-meta-C-H arylation of phenols, highlighting 
the 1,2-aryl migration step leading to aromatisaiton 

 

Although no direct examples of a dienimine-aniline rearrangement of 6,6-

disusbstituted cyclohexadienimines have been reported, the above methodologies 

hint at the feasibility of the reaction. Chemistry developed by Beringer and Ugelow 

shows that dienimines can undergo aromatisation to the aniline through a cationic 

intermediate (Scheme 3-5),200 and this can occur via a 1,2-aryl migration step 

(Bouillon et al.; Scheme 3-6).201 Additionally, Shi et al. shows that amines can be 

condensed onto 2,5-cyclohexadieoneones (Scheme 3-7).202 Combined, these 

chemistries provide evidence that the proposed transformation (Scheme 3-1) 

could occur, producing the meta-arylated aniline.  
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3.1.3 meta-Arylat ion of Anilines  

The transformation is a formal C-H activation reaction, achieving the meta-

arylated aniline product from a pre-functionalised phenol starting material and an 

amine.  

The synthesis of meta-substituted anilines is not as difficult as the synthesis of 

their phenol counterparts. A general precursor, the nitroarene, is meta-directing 

towards electrophilic substitution.204,205 This provides a logical route to the meta-

substituted anilines, albeit step-inefficient and potentially functional group 

intolerant. In addition to this, nitroarenes are sourced from petrochemicals and 

therefore methods to synthesise anilines from renewable resources (such as 

phenols) are highly sought.59,111,192,193 Analogous to the meta-arylation of phenols 

described in the previous chapter, this transformation is designed to furnish 

1,2,3,4- and 1,2,3,4,5- poly-substituted benzenoid rings, permitting  ortho- and 

para- substituents. When realised, this methodology will provide a facile route to 

difficult to access anilines, that is complimentary to other molecular diversification 

strategies such as transition metal cross coupling chemistry.  

The direct meta-arylation of anilines has been developed to proceed in similar 

processes as the meta-arylation of phenols (See chapter 2). This includes the 

development of a Catellani-type reaction by Jin-Quan Yu towards the arylation and 

chlorination of anilines bearing a directing group (Scheme 3-9).92,95,100,206  

 

Scheme 3-9 Top: ligand-norbornene directed meta-C-H arylation of anilines.92 Bottom: ligand-
norbornene directed meta-C-H chlorination of anilines.100 
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Phipps and Gaunt have developed a copper catalysed meta-C-H arylation of 

anilides.207 The system is the basis for the copper catalysed meta-arylation of 

phenols developed by Loh et al. (Scheme 2-5).97 Using aryl iodonium salts as 

equivalebts of aryl  cations, the methodology facilitates the meta-arylation of a 

variety of anilines, including ortho- and meta-halogenated substrates, for which 

arylation occurs on the least hindered side of the molecule. The chemistry can be 

performed on 2,4,6-trimethyaniline derivatives, although over-arylation occurs in 

this case and of other symmetrical molecules. 

 

Scheme 3-10: copper catalysed meta-arylation of anilides.98 Mes = mesityl. 

 

Unsymmetrical iodonium salts could be used, with complete selectivity for the 

transfer of the least sterically hindered aryl group. Therefore, by using 

aryl(mesityl)iodonium triflate, the 3 - or 4-substituted phenyl groups could be 

transferred selectively over the mesityl group: this enables more valuable arenes 

to be employed without losing 75% of the yield with respect to the arene (note: 2.0 

equivalents of iodonium salt used, so 4.0 equivalents of arene).  

DFT calculations performed later by Chen et al. in 2011 indicate that the 

mechanism proceeds through a 4-membered Heck-like transition state, resulting 

from the carbonyl directing the aryl-cuprate to the 2- and 3-positions of the anilide 

(Scheme 3-11).208 The proposed reaction pathway proceeds through a partially 

dearomatised transition state, where calculations suggest that the aniline ring 

remains benzene-like: it is planar and the Cortho-Cmeta bond lengths are extended by 

only 0.015 Å. 
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Scheme 3-11: Proposed mechanism based on DFT calculations.208 

 

Assuming the methodology targeted herein provides a similar selectivity and 

functional group tolerance to that described in chapter 2, many of the observed 

setbacks will be solved. Over-arylation is reduced (for di-ortho-substituted 

examples) as the cyclohexadienone products are inert to further oxidative 

arylation; more sustainable starting materials ɀ phenols ɀ are used in place of 

anilines; arylation occurs on the same side of the ortho-substituent in mono-ortho-

substituted phenols as electronic factors dominate selectivity. Additionally, if 

substituted amines can be used to perform the deoxyamination reaction, another 

class of substrates could be explored ɀ offering an additional point of 

diversification.  

A reaction that can access meta-arylated anilines from phenol starting materials 

would solve many problems described herein, providing a route to convert 

phenols to anilines, and facilitate a meta-C-H-arylation reaction.   
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3.2 Project Strategy  

The envisioned route for the conversion of phenols to meta-substituted anilines 

was expected to proceed in a similar fashion to that investigated in chapter 2: 

bismuth mediated oxidative arylation to a 2,4-cyclohexadienone, a 

deoxyamination reaction to the cyclohexadienimine, and a 1,2-aryl migration step 

to furnish the final meta-arylated aniline product.  

As the synthesis of 2,4-cyclohexadienones is understood and investigated, this 

chapter will  focus on work undertaken to develop and understand the final stage 

of this transformation: deoxyamination and 1,2-aryl migration. 

 

 

Scheme 3-12: Strategic plan investigated in this chapter. 

 

From knowledge gained in the previous project, certain considerations were made 

when optimising this reaction. 

¶ A Lewis acid may be required to aid the deoxyamination step, although 

Lewis acids have been shown to facilitate a direct dienone-phenol 

rearrangement to provide the phenol as a side-product; 

¶ 2,4-cyclohexadienones have been found to degrade over time at ambient 

temperatures, indicating their temperature sensitivity. Therefore hotter 

reactions may be detrimental to yields; and 

¶ There are other electrophilic sites available for amino attack on the 

cyclohexadienone, potentially resulting in competition reactions.  

Therefore, it was understood that conditions would have to be selected with these 

factors in mind.  
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3.3 Deoxyamination -Migration Optimisation.  

To achieve the desired transformation, a process was envisioned using 3a. This 

was identified as the model substrate for two reasons: the aniline 78 has 

previously been isolated (Chapter 2) and the substrate bears a fluorine atom 

allowing for non-invasive reaction monitoring by quantitative 19F NMR 

spectroscopy.  

 

Scheme 3-13: proposed deoxyamination reaction to a meta-substituted aniline. 

 

All reactions were performed at [3a] = 0.1 M and under anhydrous conditions, 

designed to promote the key condensation reaction. Yields were determined by 

quantitative 19F NMR spectroscopy against 4,4'-bis(trifluoromethyl) -1,1'-biphenyl 

as the internal standard.  

Initially, a series of amines were selected to assess the viability of this reaction. 

This included ammonia as a solution in 1,4-dioxane, as well as benzylamine as a 

primary amine and diethylamine as a secondary amine ɀ both with 3 Å molecular 

sieves to aid in the imine condensation part of the reaction. The reactions were 

performed in a sealed container under the exclusion of water, at 50 °C and again at 

100 °C (Table 3-1). 
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Entry  Amine  Temperature (° C)  Conversion of 3a (%)  

A 

NH3
a 

50 0 

B 100 0 

C 
BnNH2 

50 b) 0 

D 100 b) 0 

E 
Et2NH 

50 b) 0 

F 100 b) 0 

Table 3-1: Initial deoxyamination attempts. a) 0.4 M in dioxane; b) with 3 Å MS. Yields determined via 
quantitative 19F NMR spectroscopy against internal standard 4,4'-bis(trifluoromethyl)-1,1'-biphenyl.  

 

Even with the strict exclusion of water and a large excess of amine, no reaction was 

observed either by 1H NMR spectroscopy, 19F NMR spectroscopy, or HRMS. The 

reactions were then repeated in the presence of 10 mol% of scandium(III) triflate 

as a Lewis acid. It was theorised that the Lewis acid could have a dual role, 

coordinating both to the carbonyl, thus aiding the deoxyamination step, and the 

proposed cyclohexadienimine intermediate, facilitating the 1,2-aryl migration 

(Table 3-2).  
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Entry  Amine  Conditions  Conversion of 3a (%)  

A NH3 (0.4 M 

dioxane) 

rt  0 

B  100 °C 0 

C BnNH2 RT °C 0 

D  100 °C, 3 Å MS 0 

E HNEt2 rt, 3 Å MS 0 

F  100 °C, 3 Å MS 0 

Table 3-2 Sc(OTf)3 facilitated deoxyamination reaction. Yields determined via quantitative 19F NMR 
spectroscopy against internal standard 4,4'-bis(trifluoromethyl)-1,1'-biphenyl.  

 

However, performing all reactions at room temperature and again at 100 °C 

resulted in no reaction. A series of Lewis acids was then screened, employing 

diethylamine as the nitrogen source. It was envisioned that the iminium salt 

produced from the secondary amine, diethylamine, would promote the sequential 

1,2-aryl migration due to the charge present in the molecule. The reactions were 

performed at both room temperature and 100 °C (Table 3-3). 

  



140 
 

 

Entry  Lewis Acid  Conversion of 3a (%)  

A CeCl3·7H2O 0 

B Yb(OTf)3 0 

C La(OTf)3 0 

D BF3·Et2O 0 

E Bi(OTf)3 0 

Table 3-3: Lewis acid screen for the deoxyamination reaction to 89. Yields determined via quantitative 
19F NMR spectroscopy against internal standard 4,4'-bis(trifluoromethyl)-1,1'-biphenyl. 

 

Despite selecting a variety of different Lewis acids, the reactions failed ɀ resulting 

in complete recovery of the starting cyclohexadienone 3a. Lithium diethylamide 

which was formed in situ was then used in the presence of BF3 to facilitate the 

aminodeoxygenation reaction (Scheme 3-14). However, a complex mixture was 

instead observed, possibly a result of a mixture of 1,2-, 1,4- and 1,6-addition 

reactions, and the diastereomers thereof. This approach was not investigated 

further. 

 

Scheme 3-14: Lithium diethylamide as a nucleophile for the deoxyamination of cyclohexadienone 3a. 

 

Previous work by Beringer and Ugelow showed that hydroxylamine could be 

condensed onto a cyclohexenone in quantitative yields. From here, the resultant 

cyclohexenone oxime was used as precursor for a successful 1,2-migration 

reaction leading to an aniline (Scheme 3-5).200 The hydroxylamine is a more potent 

nucleophile than an amine duÅ ÔÏ ÔÈÅ ɻ-effect,209 which can be extended to 

substituted hydroxyamines as well as hydrazine and its derivatives. With this in 

mind, a series of nitrogen-ÃÏÎÔÁÉÎÉÎÇ ÍÏÌÅÃÕÌÅÓ ÂÅÁÒÉÎÇ ÁÎ ɻ-heteroatom were 

employed towards this transformation with the conditions taken from literature 

(Scheme 3-15).210  


















































































































































































































































































