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Abstract

Despite offering many options forfunctionalisation, unattractive synthetic routes
have left 2,4cyclohexadienones relatively unexplored. Reported methods to make
these substrates are marred by poor regioand chemoselectivity, toxic reagents,
and inefficient processes. The work detailedi this thesis aims to remove barriers

to implementation by presenting a synthetic methodor their preparation that is
selective and predictive, uses benign reagents, and offers excellent yields. To
showcase their applicability in synthetic organic chemisty, they will be used as

intermediates in the synthesis oimeta-substituted phenols and anilines.

A three-step process was developed to access the elusiveta-position of phenols
and is described in Chapter 2. Here, a straightforward procedure wagveloped to
accessa 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 L&yl 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 diersification
chemistry. In addition to this, the selectivity of the arylation step was assessed and
found to be influenced more by electronics than sterics, occurringsoto the most
electron rich position. A comprehensive mechanistic study was undertakeon the
1,2-aryl migration step: passing through a phenonium ion intermediate. Using this
chemistry to accesaneta-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 toneta-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-cydohexadierimine. This was found to be competent in a similar 1;aryl
migration step, yielding themeta-arylated aniline. This method not only describes
a meansto access these contralectronic products, but also a formal phenol to

aniline conversionz a highly soughtafter transformation.
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SA salicyloyl (2-hydroxy benzoyl)
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1 Introduction

Bismuth is the 834 element of the periodic table, a postransition metal belonging
Ol OEA DPITEAOICATO8 )OO T AAOOO 1 AOOOATT U EIT
the abundance as gold, where it is most commonly obtained as apsoduct from
smelting and refining other metals z including silver and gold, as well as lead, tin,
and copper?! This makes it relatively cheap and accessible; and, alongside other
properties such as its low toxicity and radioactive stabilityd24 it is generally
Al T OEAAOAA O AR A OCOAAT 6 Al Al Al 08
Although there is evidence of its use throughout history in alloys,it was not
identified until 1753 when it was characterised by Claudé-rancois Geoffroy who
named it bismuth from the German Wismut meaning white masslt has since
found uses in medicine$, cosmetics, paint pigments, and as a high and low

temperature superconductor?.10

Its electronic configuration is [Xg4f145d106s26p3, and can access all oxidation
states from-3 to +5. However, most synthetic uses for bismuth occur in its more
stable (lll) and (V) oxidation states, with a few notable examples of Bi(l) and (I1)

speciesz all of which have been extensively reviewedfz16

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

chemistries in each of its oxidation statesbut it is also able to easily navigate

between redox states. These properties, shared by manyhilock elements, have

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

OuUl OEAOEA AEAI EOCOGO0 Oii1 AT @8 1!'1 OEi OCE OE
organobismuth chemistry, these assets have been used to develop a variety of

different chemical transformation enabled by bismuth and its complexeg which

are discussed herein.

* Although the toxicity of elements generally increases as you go down a group, bismuth is
considered to be nontoxic, attributed to its low absorption though cell walls, specifically
in the GI tract23 However, organobismuth thiolate complexes have recently been used as
potent antimicrobials z raising the point that organobismuth complexes should not be
considered safe solely based on their metal centf&?

din 2003, 209Bj was found to emit difficult to detect, low energy, -particles z resulting in a
calculated halflife of 1.9+ 0.2 x 1019 years (compared to the age of the universe 1.4 x
10° years)2
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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 applicatios of bismuth in different oxidation states,
firstly discussing Bi(l)/(Ill) as a redox catalyst and Bi(lll) as a transmetallation
partner.17.18 Finally, the section will look more in depth at Bi{YY) compounds as
arylating agents for ketones, dione$? and phenols20 before arriving at their

application towards the synthesis of 2,4&yclohexadienones!

1.1.1 Bi(l) and Bi(ll) Chemistry

Interest in Bi(l) species is growing, but this area of organobismuth chemistry is
still less explored than the +3 and +5xidation states. A reason for this is the
requirement for bespoke ligand frameworks to be designed to stabilise these Bi(l)
compounds?2 Dostalet al. isolated the first monomeric Bi(l)species in this manner

in 2010.22 The key step of which is a reductive dehydrocoupling reaction that
follows halogen disphcement with K-selectride (Schemel-1). The Bi(l) species is

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

structure.

Dostal et al., 2010

na B P

2K[B(iBu)3H] H l

BiCl, E— Bi —— Bi
=N ; =N ; ;

Schemel-1: Synthesis of a monomeric Bi(l) complex by Dot al.23




Cornella et al. applied this chemistry towards a Bi(l)/Bi(lll) catalytic system,
mediating a transfer hydrogenation reaction using ammonidorane as a hydrogen

source (Schemel-2).17

- H
AN AT B',fl',)jBE"(:')?'gleq' AN AT 95 - 99%
r =M 1.0 €4, r H (9 examples)
_NO, H20 1 eq. K. 22 - 94%
Ar THF, 35°C Ar OH (9 examples)
_N—Bi=—N_
tBu “H tBu
H ?
H Bi(Ill) N< .R n
B-N RN 9 R0
H H
H
H H | H
H-B—N-H NGR o 9
; . R N _NH
H H H R

ammonia-borane

_N—Bi=—N_
u tBu

B
Bi(l)

Schemel-2: Bi(l)/Bi(lll) as a catalyst for transfer hydrogenation of nitrcor azo-arenest?

The Bi(l)/Bi(lll) 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, theyields drop when
the aryl group is sterically hinderedz 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 z reducing it to dinitrogen (Schemel-3).24 N,O is a potent greenhouse gas,

so research into methods preventing its escape into the atmosphere are important.



tBu” ~tBu
Bi(l)
HOBPIn N,O
HBPin N,
ammonia-borane | |
sV PN
O/ u
Bi(lll)

Schemel-3: Bismuth mediated catalytic reduction of 40 to N.24

A rare example of Bi(ll) in synthesis is a Bi(Il)/(lll) system to facilitate the
oxidative synthesis of TEMPO silyl ethergs the first reported example of such a
reaction taking place using a main group lement. Similar to the strategies
employed by Dostal and Cornellagchemel-1 and Schemel-2), the bismuth

intermediates require sterically congested ligands to stabilise transient ogiation

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

PhSi(H),(OTEMP)

O\ _—NT
Si
\S|/N\B|
PhSiH; ’Ar ¥
0.5 H,

O\ —N~
Si
\SI/N\BI

I Ar OTEMP = /N\
Bi(lll) /SJAr Bi

. Bi(ll)
TEMPO

Schemel-4: Proposed catalytic cycle for the formation of TEMR@ane complexes mediated by
Bi(ll).25Ar =2,6-iPr2GsHa.

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.



1.1.2 Bi(lll ) Chemistry

Bismuth(Ill) compoundsoccur frequently in literature due to their function as a
Lewis acidi5 These complexes facilitate a mititude of different transformations
in low catalyst loadings, whilst being both compatible with water and performing
synergistically with other catalyststé This topic has been comprehensively

reviewed and will not be discussed heré1.1416

In conjunction with its popular use as a Lewis acid, Bi(lll) reagents have also been
used as a transmetallating partner in both copper and palladium crossoupling
chemistry. Originally conceived by Barton ir1988,26.27the Gagnhon group expanded
the scope of this methodology using triarylbismuthines in tandem withmodern
palladium strategiesE 1 OE A SchenteIx5).®28 Ij addition to this, Gagnon
included trialkylbismuthines as transmetallation partners in sp-sp® coupling

reactions2®
Gagnon, 2010 Ar-X
Pd(PPhg), 5mol%
BiCl; 0.3 eq. M,CO3 2.0 eq.
Alk—MgX (Alk}Bi Alk—Ar
THF, 0 - 65 °C, 11eq. DMF, 110 °C, 18 h

30 mins M = K/Cs

46 - 77% (15 examples) X = Hal/lOTf

Gagnon, 2016
Pd(PPh3)s 5 mol%

052003 2.0 eq.
X Cul 0.4 eq. =
Ar—X F'o— S |
A SN
3 Bi DMF, 80 °C, 6 h F" r

0.4 eq. 98 - 20% (12 examples)

Schemel-5: Transmetallation of alkyl (top) and aryl (bottom) moieties in crogoupling reactions
using organobismuth chemistrig.2s

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 crossoupling cycle, providing a
stoichiometric excess of 1.2equivalents with respect to the aryl group.
Trialkylbismuthines do not share this property, instead requiringan excess with
respect to Bi (and therefore 3.3 equivalents of the given alkyl group) fothe
reaction to proceed3 Moreover, thetrialkylbismuthines are madein situ due to
poor stability to both air and moisture3! This approach was used in the first

reported method of N-cyclopropanation of heterocyclic amines?



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 £BiX; is
generally stable forX = F, ClI, OAc, spontaneous ligand coupling reactions occur
when X = [32 or exothermic decomposition where

X = Ph3 It is therefore predominantly madein situ from the oxidation of Bi(lll).
While this decomposition pathway is detrimental to the stabity of Bi(V), resulting

in its reduction to Bi(lll), it is also the basis for much of its applied reactivityy

facilitating bond forming reactions by ligand coupling chemistry4

Bi(V) was originally synthesisedasPif E OOET ¢ AEI T OET A CAO AU
1952 (Schemel-6).1133 The halogens present in the Bi(V) complex are readily
displaced by arytnucleophiles, such as aryl lithium or Grignard reagents, to
achieve pentaaryl organobismuth compounds. The authors note that penta

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

PhLi 3eq. Ph.__Ph Cl, Ph, ! PhLi 2.0 eq. Ph, PN

BiCl3 —_— Bi . Bi-Ph — "% Bi—Ph

-3 LiCl Ph PH &) -2 LiCl PH b,

Schemel-6: Synthesis of pent OUT AEOI OOEj 6 qQ AU 3EOOEC AT A #1 /

Bismuth(V) complexes are hypervalent, containing a threeentre four-electron
(3c-4e) bond between the two axial ligands and the central bismuth ato@z37 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] -glycols (Schemel-7).38 Here, bismuth transitions between its +3 and
+5 oxidation states with remarkable efficiency, allowing catalyst loadings as low

as 1 mol%.

PhgBi 1 -10 mol%

NBS 1.1eq.
OH
% K,CO3 11.0 eq. 1)
2
OH MeCN (1 viv% H,0), rt )J\

54 - >99% (16 examples)

Schemel-7: PhsBi catalysedoxidative cleavage of -glycols38



Access to Bi(V) is achieved with Mdbromosuccinimide (NBS) in the presence of
potassium cabonate and water, much milder conditions to those originally used
AU 7 E OOE 3 FArihgk exgloralidd jni® this chemistry has been performed

by Cornella et al, testing dinuclear bismuthanes towards similar oxidative
cleavage reactions $chemel-8).3° Despite adding a secondeaction centre by

including two bismuth nuclei, the reaction failed to improve on the yields originally
achieved by Bartorsg 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.

BiCat 5 mol%

OH NBS 1.2 eq.
Ph K,CO3; 5.0 eq. 0
Ph 2 J
OH MeCN, rt Ph

BiCat substrates

L)

Bi Bi i i i
P ph PR P Bi. Bi. ph-Bi Bi-p P _Bi.
h h Ph h Ph"""Ph Ph"~ “Ph h Ph pH h Ph"""Ph Ph"" "Ph

>95% >95% 55% >95%?

Schemel-8: Dinuclear bismuthines towards the catalytic oxidative cleavage|efllycols3® areaction
performed at 5 and 2nol% catalyst loadings.

Bi(V) is also able to facilitate €< 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
(Schemel-9).40.41



F3C,

/,N ,BF3
0=S.__Bi—F

) 0

Cornella et al., 2020 10 mol%
[ClopyrFIBF, 1.0 eq | X
N BPin NaF 5.0 eq N F _

R T C™ el ©
= CDCl;, 90°C, 16 h = © F
BF,

28 - 90% (8 examples) [ClpyrFIBF
2 4

Cornella et al., 2020 i o R FO\\S//O
0=S.__Bi—O0OSO,R 3 \
Y\ ONa
FFF F
10 mol%
NaONf

[ClopyrFIBF, 1.0 eq.

(j/B(OH)Z NaOSO,R 1.1 eq. ©/osozR
Z NazPO, 2.0 eq. =

CHCI3, 5AMS,60°C, 16 h

R

=
2y
=

42 - 96% (NaOTf; 20 examples)
82 - 97% (NaONf; 5 examples)

Schemel-9: Bismuth catalysed fluorination and sulfonylation of arylboronate esters and aryl boronic
acids40.41

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

"Ej6Qq I AAEAOGAA AOUI AGETT EO OEAI14hart0O1 AOOOI
series of papers investigating organobismuth chemistry. These are title® 4 E A

#EAT EOOOU 1T &£ 0AT OAOGAT AT O / OCAT T AE@EnOOE 2A.
OEA powynd@z®l A wndO8

This arylation reaction was discovered serendipitous} whilst working on other

systems using Bi(V) reagent43 While attempting to oxidise quinine to quininone,

the group isolated a quantityl /£ GaBE/lanalogue Schemel-10).



% _ % _ %
N N Phw/N
Ph3Bi(OAC), Ph;Bi(OAC),
HO I N 1) X (0] I N
N | _N ~.N
MeO MeO MeO
Quinine Quininone a-aryl quininone
Schemel-10: Tandem oxidatiorA OU1T AOET T  Tam qiinthénk EsinglaryBismuth(vy3

I O-aryl quininone was isolated as a mixture of itswo 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, yie AET ¢ -AOE UI

phenylacetoacetate in a modest 59% yield.

This reaction was well received, offering a safer alternative to organolead(lV)
chemistry while maintaining high J-selectivity.220 Aryl lead(IV) reagents are
marred by both neurotoxicity andthe synthetic route requiring transmetallation
from aryl-mercury or stannane precursorsi05t

"AOOI T80 OAOEAO 1T &£ PAPAOO OEIT xAAOAA
organobismuth chemistry, and included the arylation of ketones, 1;8iones,
hydroxyarenes, and indoles $chemel-11).19204%49.52 The entirety of the work is
excellently summarised in two reviews written by Barton and Finet towards the

end of their investigations21.53

Alongside pentasubstituted bismuth reagents, chargedetra-arylbismuthonium

salts are also capable arylating agentd.46 These tetracoordinate systems are
formed preferentially in the presence of a norcoordinating fifth ligand, which acts
as a counterion.This complexwas shown by Barton to perform similar chemistry

to pentavalent bismuth species, whilst being isolable as a shelf stable solid.

OEA



PhLi 3.0 eq.
BiX; —M— » Ph;Bi("

Ph;BiV)X,

Ph,BiV)*

Schemel-11: Organobismuth(V) arylation chemistry9.20.4%49,52

Bi(V) mediated arylations are not restricted to these transformations. A notable
example is in a MoritaBaylis-Hillman type reaction developed by Koech and
Krische54 This methodology was subsequently used in the key step towards a
Synthesis of paroxetine (PAXIL), a blockbuster antilepressant marketed by GSK
(Error! Reference sourc e not found.).55

PBuz 10 mol%

Q (Ar)sBiCl, 1.1 eq. 0 <
iProNEt 1.0 eq. Ar 6 steps
| pg—
BnN

CH,Cl-tBUOH (9:1), 25°c  B™N

79% (+/- Paroxetine)

Schemel-12: Synthesis of paroxetinesing Bi(V) reagent as the electrophile in a Moriaylis-
Hillman reaction5s5 Ar isp-fluorophenyl.

The ortho-arylation of phenol is of particular interest. It is a formal €H activation
reaction which provides excellentortho-selectivity over para-arylation, despite
both positions being electronically activated. However, sidereactions are

observed resulting indi-arylation or O-arylation to give the ether product Scheme
1-13).53

10



OH

? H
Ph
Ph, X Ph,X¢ P
OH ph'Bu’i_Ph . Bi—-Ph a
X ey ST
\© Ph3BiXZl
tBu. b _Ph

. \
I} i on
SNTONT Ph Ph
I
BTMG

Schemel-13: Proposed mechanism for thartho-arylation of phenol, including the formation of the
over-arylated terphenol4?

The proposed mechanism for the arylation of phenols proceeds as shown in
Schemel-13, pathwaya. First, a ligand iglisplaced by the phenolate anion, before
an intramolecular ligand coupling reaction results in the transfer of the aryl group
to the carbon adjacent to the hydroxyk which acts as a masked enolate. The 2,4
cyclohexadienone then undergoes rapid tautomeridg®on 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 €arylation at the ortho-

position.21.48

Although a singleelectron reaction pathway was considered for this mechanism,
EPR spectroscopy indicated that only trace amounts of phenyl radicals were
formed, and that these were the ceproducts of competing decomposition
processest” In addition to this, the yield of the desired arylation reaction was not
affected in the presenceof large excesses of radical traps, such as 4,1
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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Despitethe detail of work undertaken by Barton and his colleagues, there are still
many problems which have prevented organobismuth mediated -6 arylation
reactions from entering mainstream chemistry the same way palladium or copper

chemistry has:

1 as only one ofthe arenes is transferred from ArBiXs.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;

9 individual aryl bismuth species are not trivial to prepare, requiing
multiple steps from commercially available starting materials. Each linear
synthesis must be performed for organobismuth(V) reagents bearing
different aryl groups;

1 competing Garylation chemistry depends heavily on the electronic effects
of the subsituents on the phenol, such that there is substrateontrol over
chemoselectivity;

9 reaction rates are largely determined by the identity of the aryl group on
the bismuth centre. This has made the identification ofieneral reaction

conditions extremely chalenging.

Barton et al. procedure

2 steps to “
e
reagents

wasted OH
3 x PhM Ar, $0,Cl; A, §! PhOH Ar, ¢! Ar
B.(m) ¢l —> B|('“) Ar ———> ﬁ'i(v)’A’ - E\"WLAr
A AL A" OPh - BiMAr,CI
Early aryl instalment
Common —_—

Ball group, 2020 and Three-step
(e Established One-pot ( )

Universal B(OH), Reagents | Procedure ;:;::l:il:i‘;

Precursor

_ eagemts OH
//O\\ i OH
o8 mi Delay| o ozs@ o S
@/ T mia éj/ T wmia @Bi” @
Conditions Conditions |
F

Bidentate
Trar llation
Conditions

Backbone

\O

( Recyclable
Bismacycle

Bi—[0]

Schemel-14: Comparison between thertho-arylation procedure developed by Bartoet al, with the
method used in th®all group53.56
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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
technologys® By employing a bidentate ligand, oyl 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 foeasy
derivatisation compared to the linear route previously used! The chemistry can
be performed in a formal threestep onepot process and shows complete
selectivity to ortho-arylation, providing a much more reliable route to the biaryl
product. Finally, the bismuth containing byproduct can be recovered and reused

Z thus reducing waste.

The bidentate ligand system employed by the Ball group is inspired by work caried
out by Suzuki and colleaguem OE A A A O [Figuredl )3T Ie ©ompound was

designed and synthesised as part of a series of heteroaromatic bismuth
compounds, specifically exploring the effect of the bridging atom on the

AT 1 BT O1T AOG8 OOApoRertiEsOU AT A OAAT @

@;;3@ @;3@

o)

A\ //O
0
Bli
R

diphenylsulfone
bismacycle

0. 2979 A
VR
0=8__ Bi—R

Figure 1-1: Heteroaromatic bismuth compounds synthesised by Suatkil. and applied as a
transmetallation agent in a palladium crossoupling reaction. R = Clrdol.34

For bismacycles with R = Cl, only the sulforeridged analogue was found to be air
and moisture stable, suggesting some extra stability offered by the oxygen atoms
on sulfur. This was corroborated in Xray crystallography studies, which showed
the O-Bi bond to be 2.979(7) A, longer than the covalent radii (2.10 A) but shorter
than the Van der Waals radii (3.72 Ay 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 z in comparison to bismacycles with
other bridging atoms. Heating this complex irCH:.Ck resulted in decomposition to
chlorotoluene and bismacycle chloridevia a reductive ligand coupling reaction
(Schemel-15q8 4 EEO x| OE OADPOAOAT 6O OEA ET OPEOA

on bismuth catalysed fluorination reactions Echemel-9, top)4:

- { . SOzclz /O - l .
0=S__ \B|\ Tol /S\/\ 0=S__ \B|\ (¢]]
hexane, 1 min 10 CH,Cl,
';||3|_C| reflux, 5 mins
R ClI

Schemel-15: First reported oxidation of the sulforridged bismacycle tits +5 state, followed by its
decompositior4

Suzukietald OEAT OADPI OOAA OEAO OEEO OAACAT O OEI
ACAT 06 &1 O A OAOE Adnlis uhighe dtabilikyl infbbtiits E3laddd0 A A OA
+5 oxidation states34 In 2007, the group started to investigate this towards the

synthesis of aryl sulfonate esters?.58

" mCPBA 1.1 eq.
0=8 Bi—Ar N &/
> PN Ar___S.
o R OH CH,Cl TOTTR
-78 -0 °C, 10 min
then reflux, 4h _ — .
aryl bismacycle R = aryl, alkyl via
48-89% (21 examples) 0
2.8 eq N
"'I|3i—OmCB
Ar O
Oo.1.0
§/
L R _

Schemel-16: Synthesis of aryl sulfonate esters with aryl bismacycle(V) chemistfp OmCB =meta-
chlorobenzoate

Indeed, the investigation does show the aryl bismacycle(V) as a competent
arylating agent (Schemel-16), proceeding througha proposedligand coupling
reaction between the aryl group and sulfonate coordinating to a Bi(V)

ET OAOIi AAREAOAS ET OfagIO A A
boronic acids Schemel-9, bottom).40 However, these aryl bismagcles employed

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

#1

to progress from thenon-convergentstrategies pioneered by Bartor?!
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The Ball group developed a daévatising transmetallation reaction to overcome
this problem, transforming the bismacycletosylate into a universal precursorto
other aryl-bismacycle reagents. This was achieved by employing a tosylate group
as the exocyclic ligand using aryl boronic ads as the aryl sourceé An in-depth
substrate scope then showed that this reaction is very high yielding, producing
guantitative 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
(Scheme1-17).56 Bisismacycletosylate (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 speciesin the presence of water These
intermediates were isolated and fully characterised by performinghe reaction
without the arylboronic acid. Then, resubmitting these compounds back into the
reaction, the group found that the reaction ofBi-OH and Bi-O-Bi with an aryl
boronic acid occurs at a faster rate than the bismacyctesylate species, showing
the kinetic importance of these intermediates. A similarBi-O-B complex has
previously been reported by Dostélet al. on other aryl group migrations onto
bismuth complexess® and has been described as being analogous to the proposed

Pd-oxo pathway in SuzukiMiyaura crosscoupling .60
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o
& K,CO3 1.2 eq. {
O7P~ BI—OTs  Ar—p(oH),

PhMe-H,0 (99:1), 60 °C, 2 h
1.1eq

91-99% (26 examples)

_& K L /8
0= Bi—0Ts 2208 0=S.__ Bi—OH ) Bi” Ss=0
| @} “foed S
Bi-OTs Bi-OH Bi-O-Bi
<. OH
HO 5
Ar
4 ® B(OH)Ar
0 0=S.__Bi—0O
Al S\ H
0=8_ Bi—Ar ~——————— @/
Bi-0-B
Bi-Ar

Schemel-17: Proposed mechanism for the transmetallation of aryl boronic acids onto the
bismacycles

The authors undertook an irdepth oxidant screen, leading to the selection of
MCPBA for the transformation of the prearylating Bi(lll) 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 i8cheme
1-18. mCPBA oxidises the aryl bismacycle, forming; before the hydroxide is
displaced bythe phenol. Its hypothesised that, following a rearrangement, the
phenol ligand resides in the axial position in proximity to the arendl .61 This
arrangement leads to a reductive ligand coupling reaction beteen the ortho-
position of the phenol and the exocyclic arene, leading to 2@yclohexadienondll .
When theortho-position is unsubstituted, the dienone tautomerises rapidly to the
thermodynamically stable fully aromatised phenol. The final procedure was

developed into a telescoped twestep onepot process Schemel-19).
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0
=g mCPBA 1.0 eq.
0=S.__Bi—Ar o OH q N OH
S\
éj/ e PhMe, rt, 10 min e

OH
g o2 o
0=S.__Bi—Ar  mCPBA =S S
-y !
omCB (o)
Aryl bismacycle \©

Schemel-18: Proposed mechanism for the oxidative arylation of phenol using the developed aryl
bismacycle.. @CBA =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
PEATT1 1T TEAOUR T £ZEAOET ¢ OUI OEAOEA EAT Al AO
During the investigation of this diemistry, it was found that whilst some substrates

give the expected phenols$chemel-19), others give 2,4cyclohexadienones. This

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

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

tautomerisation from Il to the phenol product shown inSchemel-18.
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Jurrat et al., 2020

C|)H OH
B.
OH N
1.1 eq. A 1.0eq.

OH
P K2CO;3 1.2 eq. 9 mCPBA 1.5 eq.
0=s__ _B—-OTs — . |O=S___Bi—Ar N Ar
T PhMe-H,0 (99:1) T t, 30 min R
60 °C, 2h
55 - 96% (29 examples)
Selected examples
R
N F
® @ »
\
F Y
O QT QU QO
R NMe, 76% 89% 59% 81% 62%
Vinyl  89%
cl 90%
CF;  96%
OH
OH OH
OO —
COZMe
R | 94% 90% R Br 55% 58%
BPin 74% Ph 68% Cannabiniod
mimetic

Schemel-19: Two-step onepot procedure optimised for thertho-arylation of hydroxyarenes$

This was first observed in the arylation of eugenol: arylation occurfpsoto the
electron donating methoxy group in preference to the unsubstituted position in a
remarkable 87% vyield (Schemel-20).62

OH |
(0]
_J 0 CPBA
@ CDCI3, rt, 5 mins
7 87%

eugenol

Schemel-20: Oxidative arylation of eugenol leading to a 6@yclohexadieoneong
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This dearomatisation is consistent with observations made by Barton in his series

of papers on pentavalent organobismuth reagents. Bartoret al. reported the
dearomatisation of 2,6dialkyl substituted phenols on exposure to penta-

AOUl AEOI OOE ET OEA bDOAOAihdmkl-d)es" AOOT T80 A,

OH

BTMG ? Ph
PhsBi
CGHGv rt, 3h

75%

Schemel-21: Oxidative arylation performed by Bartoet al. usingpenta-arylbismuth(V) reagents0.63

In a separate experiment carried out by the Ball groug# atetra-arylbismuthonium
salt successfully arylated 2,&imethylphenol in the presence of a base. After
dearomatisation was complete, the reaction was quenched with an excess of
trifluoroacetic acid (TFA) resulting in a 1,2aryl migration and subsequent

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

OH

0 OH
@0 DBU Ar TFA
Ar 4Bi BF, . B LE AT O
R
O
R F
R H >99%
Me -

Schemel-22: tetra-arylbismuthonium salt mediated oxidative arylation of 2@isubstituted phenols.

The reaction was then repeated under the same conditions with mesito¢heme
1-22, R = Me). In agreement with observations made by Bartéhprtho-arylation
led to the formation of the dearomatised 2,4yclohexadienone. Unlike its 2,6
dimethylphenol analogue, addition of TFA did not result in a 1;aryl migration,
suggesting that more work and optimisation needs to be undertaken to fully
exploit this transformation. These initial observations indicate a novel twestep
route to accessmeta-functionalised phenolsz an elusive point of GH activation

(see later)ss
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The Bi(V) oxidative arylation strategy takes advantage of the redox propertiesg,
excellent selectivityss AT A OCOAAT 1T AOO6 | mEAl@AidrysA U
while utilising a modern synthetic approach developed in the Ball groupf The
reaction to form 2,4-cyclohexadienones is likely to show similar functional group
tolerance with a broad substrate scope as the previoustyeported ortho-selective
G-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. Aeliable 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 cyclohexdienones: 2,5 and 2,4 (Figure 1-2). Although
organobismuth(V) chemistry almost exclusively makes 2:4

cyclohexadienones 2048 the 2,5 isomer is more heavily explored.

O (0]
R
ji R
R R
2,5-cyclohexadieneone 2,4-cyclohexadieneone

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

Exploration into 4,4-dialkyl substituted 2,5-cyclohexadienones peaked in the
middle of the 20h century where they found an important place in early physical
organic chemistry86z72 Here 3 Marx et al. identifies 2,5cyclohexadienones as ideal
systems to determine relative migratory aptitudes Schemel-23) when employed

in the dienone-phenol rearrangement7477

1 The substituents reside in identical rigid steric environments, eliminating
stereochemical competition?8

1 the reaction is initiated by protonation of the ketae, avoiding
complications arising from ring opening steps or leaving groupbility ;78

9 charge density generated at the migration terminus by protonation can
be estimated usingtH NMRor UV spectroscopic analysig?7®and

9 the migration step has been shown to be ratdetermining and

ir reversible 67,68

0 OH OH
H+
Vs
R? R'
R! R?

R'R?2

2,5-cyclohexadienone

Schemel-23: An example 2,5yclohexaienonesystem used to determine relativaigratory aptitudes
of two different R groups.

“Migratory aptitudes have been measured using systems based upon Wagsideerwein
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, 2,4cyclohexadienones bearing 2 {€ bonds on the disubstituted 6-

position seldom appear in the chemical literature, mainly due to inefficient
synthetic strategies. Although they have, for exame] been shown to undergo ring
opening reactions to the corresponding ketene under photochemical irradiation
(Schemel-24);80 these electrophiles are susceptible attack from a variety of protic

nucleophiles.

Quinkert et al., 1997 (0]

O O
R R 5
R' h ‘IRZ =
—V> _ | OMe R1
XX Rz
R

2,4-cyclohexadienone

Schemel-24: Photochemical ring openig of 2,4cyclohexadienone®

There are few reported methods to form 6,&disubstituted 2,4-cyclohexadienone
structures through the installation of an arene. The availablenethodologies can
be confined to the areas of organobismuth(V), organolead(lV) and hypervalent

iodine(lll) chemistry and are summarised below.

Organobismuth(V) species have been shown to oxidatively arylate 2gBalkyl
substituted phenols20.63 resulting in dearomatised 2,4cyclohexadienones. This
has been briefly investigated by Barton Error! Reference source not found. )

and discussed prevously.

Notably, dearomatisation is observed as a bgroduct 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 occurispoto the methyl group.
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MezN NM92

i

N.tBu

BTMG Ph
PhgBi
benzene, rt, 3 h

R

R=H-75% 83% 21%
Me - 21%

Schemel-25: Bismuth mediated oxidative arylation of phenols leading to &lBubstituted
cyclohexadienones performed by Barten al.20.63

This chemistry requires the use of pentgphenylbismuth(V), which is air and
moisture sensitive and explodes upon heatingg 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 pyridine2 Although this strategy is more
efficient, transferring all available aryl groups, stoichiometric amounts of a

neurotoxic metal are used

o)
Pb(OAC); OH o OMe
pyridine ‘
CHClj, rt O O
OMe

major minor

OMe

Schemel-26: Oxidative arylation ofmesitol with aryllead(IV) triacetate?

Only briefly discussed by the authors, it is postulated that the ligand coupling
pathway of the phenotlead(lVV) complex to the dearonatised product occursvia a
phenoxylate anion and aryl catior?81 This competing intermolecular pathway

leads to a notable amount of the 4lisubstituted 2,5-cyclohexadienone isomer
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(4:1 ratio favouring the ortho-arylated product). In organobismuth(V) mediated
oxidative arylation, smdl quantities of the para-substituted cyclohexadienone are
formed onlyin extreme circumstances where the ortho-positions are substituted
with tert-butyl groups (Schemel-27, entry D). Notably, the de-tert-butylated

product is isolated in this case.

PhgBi
OH or PhsPb 0 (0]
or Ph,ICI Ph

Conditions
Ph

A Barton 1987 PhsBi 88% n.d.
PhH, reflux

B Bell, 1979 PhPb(OAC)s, Pyr  75% 20%
CHCl3, rt

C Quideau, 2005 Ph,ICI, tBuOK 42% 7%

tBuOH, rt
63% ArOH

PhsBi
OH or PhyPb 0 o}

Bu Bu o PhCl  m, B tBu Bu
_ >
Conditions

Ph

D Barton 1988 PhsBi 20%* 22%
PhH, reflux

E Bell, 1979 PhPb(OAc),, Pyr n.d. 30%
CHClj, rt

F Quideau, 2005 Ph,ICI, tBuOK n.d. 94%
tBuOH, rt

* Isolated broduct from entry D

? B OH
Bu Ph H+ Bu Ph

-r

Schemel-27: Comparison of oxidave addition products of aryl+ reagents with mesitol (left) and 2,6
di-tert-butyl-4-methylphenol. Data collated from Barton (entry®Aand D'8), Bell (entries B and E)
and Quideau (entries C and FR*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 issueg? These have been definedypQuideauet al. as

occurring via either associative or dissociative pathways $chemel1-28), or a
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ligand coupling type pathway which is analogous to the proposed mechamn for

the Bi(V) mediated arylation (Schemel-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.

OH =1 o)
Ar 0 Associative 0
R ArlL, D R Path Nu
’ ™
Nu
R Rv Nu
0 o)
Dissociative ® o
Path Nu
®
L\I/L
o< o) o]
3 /R Ligand L Ligand |/L
Coupling Coupling v\L
R
(0]
Ligand Q
Coupling
-
L ( T\/L
L/

Schemel-28: Potential mechanistic pathways for I(Ill) mediated dearomatisain of phenol$3

Despite this, dearomatisationstrategies using hypervalent iodine(lll) to install an
alkoxy group has made 24£yclohexadienone synthesis more accessible. As such
it is widely used in targetoriented strategies, and its utility in natural product
synthesis has recently been revieweézs An example of this alkoxy-
dearomatisation strategy is the tandem oxidative arylatiorcycloaddition reaction
developed by Taneja and PeddintiYchemel-29) 86
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OH 0 XY
R oMo Phl 1.0 eq. R OMe XTY R
3 mCPBA 1.5 eq. 3 OMe Ro 3 5
/
R2 MeOH, rt R2 R OMe
Ry R4 ! OMe

47 - 96% (20 examples)

Selected examples

MeOC MeO,C Ph MeOC
o MeO,C o o o
7 / / 7
MeO,C oM oM MeOC oM oM
96% 47% 78% 87%

Schemel-29: Oxidative dearomatisation of phenols leading to complexiignensional structure$$

The cyclohexadienone produced from the dearomatisation of guaiacol is a potent
diene for [4+2] cycloaddition reactions. As these 3limensional structures are
obtained from two predominantly sp? hybridised molecules, this strategy
represents a neat way to build complexity Similar strategies have been used in

the synthesis of natural productySchemel-30).87

1) ene-di-yne Z —
0
oH OMe 2) TBAF HOQ 7 onre \
OMe PIDA 3) TESCI
o OMe BRI Ohe
MeO CO,Et MeOH  MeO CO,Et MeO CO,Et
87% 63% (3 steps) l
Li l
Z
| =
HO, & N\
AN N //_\SSSMe
TIPS /)
Ene-di-yne o}
_NH
MeOZC OH

calicheamicinone

Schemel-30: Synthesis of calicheamicinone by Magretsal. using a dearomatisation strategs.

In contrast, oxidative arylation strategies through I(I1l) mediated aryl transfer are,
as yet, not as thoroughly exploredz due to poor selectivity observed in the

coupling reaction (Schemel-27).

There are therefore threemethodologiesin which 2,4-cyclohexadienones can be

formed by the installation of an aryl group: hypervalent iodine(lll) chemistry,
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lead(1V) 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 A¥ vs AR
chemoselectivity82 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 E&chemel-27).2

On the other hand, organobismuth chemistry developed by Barton offers excellent
regoiselectivity towards ortho C-arylation;2048 however, its atom economy is low

as multiple aryl groups are not transferred. This can also complicate
chemoselectivity when not all the aryl group are the same?® The Ball group has,

El xAOAOh OOEI EOAA A AEOI OOE AAT OOAA EAOAC
AEOI AAUAT A6h xEEAE EO AAOGECT AA O1 Al 1 AOGEA
Despite their interesting functionality, relatively unexplored reactivity, and use as

an intermediate to achieve molecular complexity, 24yclohexadienones lack the

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

that are plagued by unreliable selectivity, the usefaoxic 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.

27



1.3 Project Aims and Outlook

It has been shown that 2,4&yclohexadienones can be accessed through

I OCATT AEOI OOEj 6 q AEAI EOROUANOEATTAA BEG  ABGD MO ET
with no investigation of reaction scge. There was little known about the

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

transformations were possible.

OH
. -B(OH), J
R4 R |
= N
//O /,O O
0=S._ Bi—OTs NaHCO, 0=5._ Bi—Ar mCPBA
toluene / water (5 v/v%) R:_/ Ar
60 °C
OH
Chapter 2
X
R
(0] = Ar
R;—/ Ar
®NR2 NR;

Chapter 3
| —_— ] N
Ri- Ar R~ P
= Ar

Schemel-31: Proposed procedure of the Bi(V) mediated synthesis ofc¥@lohexalienones.

The primary aim of this projectwasto develop a general method for the synthesis
of 2,4cyclohexadienones through an oxidative arylation reaotin 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. Thiswould include an investigation into using
these 24-cyclohexadienones as precursors tometaarylated phenols via a
dienone-phenol rearrangement (chapter2) and the development of a procedure
to accessmeta-arylated anilines through a tandem deoxyamination 1zaryl

migration process (chapter3).

Adopting this approach to access 2:4yclohexadienones has two key advantages
for the overall project goals: as well as offering better selectivity than I(lll) or
0Aj)6Qq AEAI EOOOU AT A AAETC i1 OA BUT OEAOI

approach, its reaction pathwg has been investigated through mechanistic studies.
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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:

1 A method to perform the steps of the reaction in tandem in a single pot,
reducing time and waste;

1 A procedure to recover he bismuth containing byproduct, and a means to
reuse this material;

1 A broad tolerance towards functional groups and the electronic nature of
both the phenol starting material and the exocyclic arenegnd

1 A greater understanding about the reactions, throgh 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
cyclohexalienones towards the synthesis of elusiveneta-arylated anilines and
phenols, the development of a facile synthesis of these dienones will offer

countless opportunities for molecular diversification from these dienones.

29



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:

9 Electronically: the electron donating effect of the phendt alcohol results
in SAr chemistry to be directed solely to theortho- and para- positions,
and SJAr chemistry is deactivated in all but the most extreme conditions
due to the increased electron density of the overall aromatic systef;and

9 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 ox@me
these problems to access to this conventionally unreachable position. These
methods for direct phenol meta-functionalisation are typically built around
directing groups, employing exoticauxiliaries or using innovative strategiesz the
first part of this introduction will discuss these approaches. The second part will
introduce de novostrategies towards the synthesis ofmeta-arylated phenols.
These strategies have arisen to avoid the electronic and steric disadvantages posed
by phenols, offering an #iernative approach to selective functionalisationstarting

from acyclic or non-aromatic precursors.

2.1.1 Direct meta-Functionalisation of Phenols

An example of the direcimeta-CH activation performed using auxiliary is towards
the meta-olefination of phenols by JinQuan Yu §cheme2-1).8° The Lewisbasic
AEOAAOET ¢ COI Ob j OOAI PI AOA G QsibE GeleddiitY ECT A A
towards GH palladation at themeta-position, building on previous work towards
the CH activation of remote positions using directing template®. The bridging
carbon between the phenolic ether and the amide is diubstituted with methyl
groups; this results in the directing nitrile moiety to be in the vicinity of the 3
position due to the Thorpelngold effect?! The nitrile was identified to favour
directed palladation towards themeta-position due to its linear geometry and also
the ability to increase the eletrophilicity at the metal centre. The latter increases

its reactivity, aiding the GH activation step.

30



J.-Q. Yu, 2013

Pd(OAc), 10 mol%

mono 60% (m:others 95:5)
di 29% (m+m'".others 96:4)
EtO,C

|
o\DG

MeO

86% (m:others 98:2)

(Et0),0P

|
O\DG

Br

Ac-Gly-OH 20mol% WG ‘
AgOAc 3.0 eq.
0. (ON
DG EWG R DG
‘ HFIP, 90 °C, 24 h
R
52 - 91% (25 examples)
Selected examples o NC
EtO,C 5
: 5 O
- EtO,C CN
. J
O.
DG
:\ DG
CO,Et

77%; m:others 87:13 83%; m:others 89:11

Scheme2-1: Palladium catalysedneta-functionalisation of phenols bearing a directing template
developed by Jin Quan ¥u

In order to circumvent the use of these large and exotic directing groups, smaller
auxiliaries can be employed towards theneta-CH arylation of phenol derivatives
by employing a modified Catellani reactior?z?4 Here, the directing group is used
to facilitate an initial GH palladation onto theortho-position, permitting a smaller

template, albeit with superstoichiometric equivalents of norbornene and oxidant.

This strategy has been used towards theneta-functionalisation of a phenol
bearing a directing template in a paper published by Jin Quan Yu in 2018cheme
2-2).92
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Pd(OAc), 10 mol%
Ligand 10 mol%
AgOAc 3.0 eq.

O\pg A NBE-CO,Me 1.5 eq. Opg
r—I
CHCls, air, 95 °C, 24 h

42-91% (12 examples)

Selected examples

oo o o FaC - NHAC
DG DG i coMe |
N “OH
Ar Ar NBE-CO,Me Ligand
91% 42% NHA
(o}
;i L
Ar. < . %
s b6 % N
DG
Ar Ar
78% 81%

mono:di=1:1

Scheme2-2: Methodology developed by Yai al.towards the synthesis aheta-arylated phenols using
a modified Catellani reactiodz Arl = methyl 2iodobenzoate.

The methodology provides high vyields of themeta-aryl product with good
selectivity againstortho-/ 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 2substituted phenol; the 2position is temporarily occupied during
the reaction pathway and therefore must remain unsubstituted in the starting
material (Scheme2-3). 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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Scheme2-3: Mechanism for the modified Catellani reactiausing an aryl iodide as the coupling
partner.92

The reaction mechanism is proposed to follow a similar pathway to the Catellani
reaction (Scheme2-3).93 A pyridine directing group causes palladatiorortho to the
directing group affords intermediate [ll], before migratory insertion with
norbornene produces a 5 membered palladacycl@ill] resulting in palladium
residing on the meta-position. Oxidative addition of the aryl iodide affordgIV]
followed by reductive elimination of the aryl group [V] onto the ring and
subsequent extrusion of norbornene places palladium back to thertho-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 hasbeen expanded to include the
meta-arylation of anisoles (Scheme2-4),% using a complex catalytic system to
promote regioselective CGH activation directed by the electronically active sites of

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

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

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

the GH activation stepis coordinating to both ligands. They suggest, based on

x]T OE AAOOEAA 1 60 AU -adtiok of gvéiréd Bmidedsshat O A O
occupation of a coordination site by an electron poor-pyridylsulfonic acid ligand
preserves the electrophilicity of the palladium centrez more so than if both

coordination sites are occupied by thejuinoxaline.

Pd(OAc), 15 mol%
L1 30 mol% L2 15 mol%
AgOAc 3.0eq

OR NBE-CO,Me 1.5eq OR
Ar—I
HFIP, air, 95 °C, 20 h
28-77% (47 examples)

Selected examples

ST

FaC . SOsH
CF3  77% 28% 48% U

N
0 OTBS OMe L2
,@Eq\ ol
Ar o ArFP Ar
56% 52% <5%

[ :@ F3C\(j/803'

— N
a NPd vs N, SNep
|

@ She @ @ OAc©

More electrophilic at Pd

Scheme2-4: Electronically directed CH activation of anisoles developed byQiran Y5 Arl = methyl
4-jodobenzoate.

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 alkoxgrenes, including
siloxanes and cyclic ethers. It is also apparent that oxidative addition occurs
selectively at the Gl bond over a compéing C-Cl position in the arytiodide moiety,
offering further derivatisation opportunities. The chemistry does not proceed in
the presence of substituentsortho- 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 theneta-arylation of phenols using catalytic
copper and diaryliodonium salts in place of palladium and aryl iodidesyith a
notably smaller carbamate directing group §cheme2-5).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 Chaptex.o

T. -P. Loh et al., 2021

O
Ph2|+BF4- 1.2 eq.
. . or

Cu(OTf), 10 mol% NaOH

his
N (0]
| I
DCE, 70°C, 24 h EtOH, 80 °C, 12 h
Ph
Ph

19 - 88% (19 examples)

Selected examples

OH OH OH OH OH
Ph Ph MeO Ph Ph Ph Ph
Et

74% 88% 19% 60% 60%

Scheme2-5: Copper mediatedaneta-CH arylation of phenols with a simple dimethyl carbamate
direction group?®?

The chemistry developed here works best using monoortho-substituted
hydroxyarenes such that metalation/arylation occurs at the Eposition, adjacent to
the unsubstituted ortho-position; this template provides the meta-arylated

products in excellentyields. 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 singlepara-substituent or no subsituent; in these cases, the seconaheta-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, wheuccessfully applied
carbon dioxide as a transient directing group $cheme2-6).%° High pressures of
CQ and high temperatures provides a mixture of thertho- and para- substituted
benzoic acids. The carbonyl then acts as an effective directing group fotho-CH

activation before decarboxylation to furnish the product.
Larrosa, 2014
OH KOH 3eq OH PEPPSI-IPr 2 mol% OH
PhMe, 50 °C, 10 min cO., Ag,CO3 0.5eq
2 Ar—I
then CO, (25 atm), 1.0 eq AcOH, 130 °C, 16 h
neat, 190 °C, 2 h Ph
3.0eq 11 - 77% (29 examples)

Selected examples

OH OH OH OH OH
tBu/@Ar ©\/—\r Br/©\Ar \©\Ar O O
F
R
7% 1% 60% 60% R OMe 63%
Br 61%
CHO 50%

Scheme2-6: Transient carboxylate directing group chemistry, resulting in tmeeta-arylation of free
phenols?

This atom economical approach allows the efficient installation of electronically
diverse arenes in themeta-position of predominantly mono ortho- and meta-
substituted phenols. However, the reaction fails for phenols containing only a
para-substituent z with only a 11% vyield of the para-fluorophenol product
calculated by quantitative °F NMR spectroscopy. Upon installation of the
carboxylate, apara-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 oftho-substituted aryl

iodides and diortho substituted phenols.
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Access to themeta-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 stylemeta-

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

a directing group using a sulfur based chlorinating agentScheme2-7).100
J.-Q. Yu, 2016
o)
CI\S// Pd(PhCN),Cl, 10 mol%
o O// ~0 Ligand 10 mol% o
DG PhCN 20 mol% DG
AgOAc 2.0eq.
- Cl
H Ar0SO,Cl NBE-CO,Me 1.5eq.
2.0 eq.

PhMe, N,, 110 °C, 14 h

60%

.
OMe of CFs
N S N Son F
DG

Ligand

Scheme2-7: meta-Chlorination ofmeta-cresol00

This chemistry provides access to a wide variety of products, taking advantage of
the highly functionalisable nature of an aryl chloride bond towards @, GS, and
C-0 coupling reactions as well as biaryl synthesig! However, this literature only
includes one example of this transformation taking place on a phenol moiety,
occuring 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 Scheme2-7.

An alternate approach to the synthesis of -Balophenols involves a
borylation/oxidation protocol, installing a hydroxy group onto the meta-position
of halo-benzene. Maleczkat al. has developed a tandem-& borylation/oxidation
process usingan iridium catalyst in the presence of HBpin, followed by the
addition of aqueous Oxone $cheme2-8).102 The methodology relies the iridium
mediated GH activation occurring at the least sterically hindered positiorio3

favouring meta-borylation for 1,3-di- and 1,2,3trisubstituted arenes.
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R. E. Maleczka et al, 2003

HBPin 2.0 eq.
(Ind)Ir(COD) 2 mol% :
X dmpe 2 mol% X BPin Aqg. Oxone 1.0 eq. X OH
—_— —_—
R 150 °C R’ , 25 mins R
X' X' X'

Selected examples

OH
Br OH pBr OH ClI OH F F cCl O
|
cl HO OH Q
Cl Cl F Cl
81% 83% 89% 51% 64%

Scheme2-8: Tandem GH borylation/oxidation reaction to accesmeta-halogenated phenol92

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 accessarly-stagebuilding blocks which can lead to

the synthesis of complexmeta-arylated products.

The examples above illustrate some keyhallenges that limit the generality for
direct metafunctionalisation of phenols only mono-ortho substitution is
permitted, over-arylation occurs unless a blocking group is installed, and steric
congestion adjacent to the reacting < centre isdeleterious to the reaction. Also,
methods to directly arylate phenols at themeta-position exclusively use aryl
iodides, which are the least common and accessible aryl halide utilised in

cross-coupling chemistry04
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2.1.2 De NovoApproaches to meta-Aryl Phenols
To overcome the abovementioned problems, methodologies thalo notinvolve
the GH activation of phenols have been explored, leading to the developmentdef

novoapproaches.

Qianet al. developed a bottom up approach to 3;8isubstituted phenols (Scheme
2-9, top)1o% The reaction proceeds via a ongot Robinson annulation of |-
unsaturated ketones with J -fluoro-1 -ketoesters followed by defluorination and
tautomerization to yield the phenol product. A second equivalent of @SQ 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-l®ronic ester
substituted phenols106.107 these are poised for standard transition metal cross

coupling strategies Scheme2-9, bottom).

Qian et al., 2015

OH O
/\)o]\ (0] o Cs,CO; 1.0eq /@\)kOR
AN
R R2 MOR MeCN, 70 °C, 30 min  R2 R
F 75 -94%
Auvinet et al., 2011
0 ) OH
BPin Ni(cod), 10 mol% 2
=z R
) 7
R R Et,0,0°C-rt, 16 h
R! BPin
55-92%

Scheme2-9: Top: carbonyl chemistry to facilitate a bottorrup approach tometa-functionalised
phenolstos Bottom: modified Danheiser benzannulation to synthesise phenols primedneta-
arylation.106

These strategies utilise mild and sirple conditions to facilitate the benzannulation,
providing the products in a high yield. Howeverde novoapproaches result in
products containing pre-determined substitution patterns that are specific to the
reaction pathways. Furthermore, in the case ofthe modified Danheiser
benzannulation reaction Scheme2-9, bottom), regioisomers can occur resulting

in the boronic ester residing on theortho-position of the product 106

39



The Stahl group has deveped an oxidative route to phenols starting from
cyclohexanones or cyclohexenonesScheme 2-10).108 The system relies on a
palladium catalysed aerobic dehydrogenation eaction, where the mechanism is
postulated to proceed through an initial|-CH activation of the ketone. This is
followed by r-hydride elimination to the cyclohexalienone before

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

species is reoxidised by air, completing the catalytic cycle.

Stahl, 2011, 2013

o) Pd(TFA), 5 mol% OH
Conjugate addition Ligand 10 mol%
Robinson Annulation |- - > R{i\ R@\
Diels Alder ' 0, (1 atm.) N
Heck A" DMSO, 80 °C, 24 h Ar

52 - 96% (14 examples)

0 o} o} OH
—_— —_—
Ar (PdIX, Ar - [Pd]"HX Ar Ar
-HX
-H202 /(
[Pd]°

_0
2hx [PANG “Hx

O,

Selected examples

OH OH OH OH
R F MeO
R H

OMe
89% 91% 85% 73%
CHO 52%
OH 83%

Scheme2-10: Aerobic alomatisation of 4substitutedcyclohexanonesleveloped by Stalip8.109

This particular de novoapproach allows for a predictable regiochemical outcome
as aromatisation occurs as a separate step, after the phenol template is formed.
This added controlresults in a single regioisomeric product, contrary to other
bottom-up approaches, and prevents ovearylation observed in many GH

activation strategies.
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Whilst it is true that thesede novoapproaches 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 nmgsing out on the benefits of starting with phenols (such as
their ease of functionalisatiori,110 and availability from sustainable sources such

as lignint11.112),

2.1.3 The Dienone-Phenol Rearrangement

A relatively unexplored approach to meta-substituted phenols is using the
dienone-phenol rearrangement. The dienonghenol rearrangement typically
describes the acid mediated 1,2Znigration of a group from the 4position of a 2,5
cyclohexalienone, initiating a rearomatisation step that yields a phenol? The

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

Santonin Desmotroposantonin

Scheme2-11: The first reported Dienond’henol rearrangemat: synthesis of dsmotroposantonin
from santonin.77.113

Although first described briefly in 1893 for the synthesis of desmotroposantonin

from santonin (Scheme2-11) and confirmed by Clemoet al. in 1930,77:113 the
OAAAOETT xAOT 60 OO ®K&d Aokt al pefiddvetithe 181 OET p o
migration of a methyl group at the 4position in 4,4-dimethylnapthalenone

resulting in the rearomatisation to the corresponding naphthol G&cheme2-12,

top). Sandovakt al. expanded this work to include 2naphthalenones, showing this
rearrangement is not limited to structures described by Arnoldet al (Scheme

2-12, bottom).74

*Phenol functionalisation is well eyplored, and as a consequence, many different methods
have been developed offering different regioand chemaselectivity. A selection of these
strategies have been compiled by Huang and Lumb in a recent reviéd.
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Arnold et al, 1947

OAc i OH
H,S0, alkaline

I l ACZO l * hydrolysis

Sandoval et al, 1951

TsOH Pd/C

_— _—

Scheme2-12: Early dienonephenol rearrangementg4.76

Arnold et al. later performed a competitionreaction 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 Scheme2-13,
top).114 This observation is consistent with migratory aptitudes described for
other 1,2-migration reactions which proceed through a cationic intermediat&1s
Marvell and Magoon proceeded to describe methyl migration for 6;8imethyl 2,4-

cyclohexalienones in 1954, using sulfuric acid in acetic anhydide 116

Arnold et al., 1949

Ac alkaline
H,SOy4
A020 hydroly3|s

Ph Ph

Marvell and Magoon, 1954

e H,SO0, alkaline OH

ACQO hydroly3|s

Scheme2-13: Dienonephenol rearrangements as proof of concept for the work described herein this
thesist14.116
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More recently, the Pappo group proposed a dienonphenol rearrangement
towards the synthesis of electron richpolyaromatic compounds?!17.118 The adopted
strategy uses an iron(lll) catalyst with superstoichhiometric equivalents of both
oxidant and arene. After an initialpara-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 dn 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.

Pappo, 2016
MeO OMe MeO OMe
(; 3-5 eq [; 3-5 eq
OMe OMe
OH FeCly 15 mol% OH FeCly 15 mol% 0
TBHP 3-5eq TBHP 3-5eq Ar
HFIP, rt HFIP, rt
Ar Ar
5 | FeCl; | 58%
5 35 eq 5
E OMe E
! ! OH
| OH FeCl; 15 mol% OH !
; TBHP 3-5eq -
; HFIP, rt Ar | Ar
Ar

Scheme2-14: meta-CH arylatin leading to polyaromatic phenolst8

The chemistry relies on a single electron oxidation of the mnol moiety to access
the phenoxy radical cation which is then attacked by an arene; this must be
electron rich to participate in the SAr type reaction. Additionally, 2-alkoxy
substituted phenols promote Qarylation, providing the diaryl ether product, ard
over arylation is favoured as the arylated product is always more electron rich

than the starting material.

43



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 andert-
butyl), methoxy, and ethoxy substituents throughout the molecule andestricts

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 z albeit in a 32% yield Scheme 2-14,
bottom).118 Here, a monesubstituted anisole is required, further exemplifying the

restrictions associated in this chemistry.

Combined, the above examples show thateta-arylated phenols can be accessed
using the dienonephenol rearrangement z although, as previously discussed,
synthesis of 2,4cyclohexadienones 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 strategienay
provide access tometa-arylated phenols and therefore 1,2,3,4 and 1,2,3,4,5
polysubstituted benzenoid rings, with additional functionalisation oppatunities
arising from the phenolic hydroxyl group10l119.120 These polysubstituted
benzenoid moieties have been highlighted in a recent paper by Nilovet al. as
being severely underrepresented in medicinal chemistrythey correspond to a
combined total of 4% of benzenoid mgs in approved APIs, despite an equivalent
OAOOCI EEAT AGOGGO O 11 0A AAAAOGOEAIL Axn AT A
The properties of thisenvisioned strategy means that this oxidative arylatioraryl
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 stateof-the-art arylation
approaches: arylation occurs adjacent to a sstituted ortho-position. If successfu)

this methodologywill offer a powerful newtechnique to explore chemical space.

44

AAO



2.2 Project Strategy

The preceding discussion highlights the limitations of current methodologies for
the meta-arylation of phenols. for direct G-H arylation strategies, this includes
exotic directing groups and complex catalytic systems, and requires the arylation
site to be nonsterically congested. Alternativede novoapproaches aim to solve
these issues, although these strategies stdrom acyclic precursors which are not
readily available in comparison to phenols. This chaptatiscusses work undertake
to address these challenges by employing a stepwise strategy towards theta-

arylation of phenolsstarting with phenols.

The hypothesised route occursin a three-step process, first through the
derivatisation of the bismacycletosylate precursor via transmetallation with an
aryl boronic acid in a similar strategy to Jurratet al56 This is followed by its
oxidation to the active Bi(V) arylating species, leading to thertho-selective
oxidative arylation of a 2substituted phenol producing the 2,4cyclohexadienone.
Initiation of the dienone-phenol rearrangementwas proposedto proceed via acid

coordination to the ketone, producing the desiredneta-arylated phenol.

. B(OH),
0 RO/ dieneone-phenol OH
0=8S__ Bi\—OTs = o rearrangement

I _rearrangement
@ OH \©<Ar 1,2-aryl migration \©E
1f '

bismacycle-tosylate

Scheme-15: Bismuth mediated oxidative arylation of 2;8isubstituted phenols, and the proposed
route to meta-arylation

To reduce time and waste, attemptsvere made to perform the transformation in
a three-step onepot process whilst simultaneously employing a rathod to
recover the bismacycle. Both goalwere desiredto be achievedn a single process:
performing the transmetallation and oxidative arylation step in tandem, analogous
to Jurrat et al. 26 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. Thethe
processeswere combined and optimised for a multistep onepot 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
studieswere 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 procesgnitially by individual
optimisation s of the three separatesteps,before combination and optimisation of

the overall three-step onepot process.

0 o Dieneone-Phenol OH
0=S.__Bi—OTs Ar-B(OH), Ar Rearrangement
7\ R R
OH R'—i/ R—F P
N R Ar
1a R , mCPBA
N

Scheme2-16: Envisioned threestep onepot approach tometa-arylated phenols.

Optimisation reactions were performed using reagentdearing a fluorine atom.
This allowed for accurate in situ calculation of yields by quantitative 19F NMR
spectroscopy againsan internal standard,4,4'-bis(trifluoromethyl) -1,1-biphenyl.
To ensure the accuracy of this process, the relaxation delay ijDwvas 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$6
further optimisation studies were undertaken for this project. Using p-
fluorophenyl boronic acid and bismacycleOTs 1a as the model substrates, an
initial solvent screen wasperformed. A selection of solvents wschosen to cover a
variety of classes and properties, and the reactions were performed with 5 v/iv%
water as an additive Previous work showed that water acts asraessentialreagent
in this step, with mechanistic investigations implying that it isntimately involved

as a componenin the transmetallation pathway (Schemel-17).56
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(0] (0]
/, /,
0=S_ BI—OTs /©/F K,CO3 1.5 eq. 0=8_ BiOF
d s . T\
éj (HO),B solvent /5 v/v% water, 0.033 M éj

60°C,2h

1a 2a

‘ CF3

4,4'-bis(trifluoromethyl)-1,1'-biphenyl

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

Table2-1: Effect of solvents on the yield of the transmetallation step. Yield calculated via quantitative

19F NMR spectroscopy againgt4-bis(trifluoromethyl)-1,1-biphenylas aninternal standard.

Unfortunately, solvents regarded as being more sustainable such set-butanol,
ethyl acetate and dimethyl carbonate produced notably lower yields tha@H.Cb,
THF, toluene and xylenes which have already been highlighted sisitable media
for this transformation.122 Although xylenes is noted for baig 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 colleagueshowed that the
reaction could be performed in the presence of a milder base (NaHg@nd at a
higher concentration (0.1 M) whilst producing the same yield It was hoped that
these conditions would becompatible with the subsequent oxidative arylation
step: small quantities of water and excess base preseshould not inhibit the

reaction as the oxidantmCPBA (obtained commercially) contain®oth water and
3-chlorobenzoic acid for stability12s

Next, optimal conditions forthe oxidative arylation stepwere sought Initially, the
effect of stoichiometries between Bi(V) and the phenol were investigated.est
reactionsusing isolated aryl bismacycle2a showedthat this speciesis completely
oxidised to Bi(V) with 1.0 eg. of mCPBA, and sthe equivalents of the oxidant was

kept equimolar to bismacycle2a (Table 2-2).

O F
0=8_ ) B{OF 0" mCPBA i O
d \©/ PhMe, rt, 30 mins O
2a 3a
Equivalents
Entry Bismacycle 2a mCPBA Phenol Yield of 3a
(%)
A 1.0 1.0 1.0 89
B 11 11 1.0 87
C 1.0 1.0 11 87

Table2-2: Investigation into the effectsf reagents stoichiometries on yields of cycloheienone3a.
Yields calculated via quantitativé®F NMR spectroscopy againgt4-bis(trifluoromethyl)-1,1-biphenyl

as aninternal 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 dienonephenol rearrangement resultingin a 1,2aryl migration was initially
observed in preliminary work upon addition of an excess of TFA into a reaction
mixture containing dienone 3a (Scheme2-17, top).54 This is in agreement with
previously reported conditions for the dienone-phenol rearrangementdeveloped
by Arnold et al., which utilises sulfuric acid to promote the rearrangement6.126
Concurrent to this observation made within the Ball group a different strategy
using bismacycle based arylation reagents was used to form the
2,4, 6trisubstituted cyclohexadienone4a (Scheme2-17, bottom). Upon addition of

acid to thecrude mixture, no rearrangement was observe?

OH 0

Arf OH
® 0O DBU 1.0 eq. TFA in excess
Arf4Bi BF, - > >
MeCN-d3, rt, 30 min O
3a 3b F

(0]
_ mCPBA Arf TFA OH
BI ———
d PhMe, rt, 30 mins O
4a 4b F

Scheme2-17: Top: Reaction leading to the successful 388/ migration observed in preliminary

work .84 Bottom: Unsuccessful reaction using bismacy2ke.62

Using these preliminary results, a series of Brgnsted acids were screened to
investigate the 1,2-aryl migration step. The original model reaction chosen
employs 2,4,6trimethylphenol 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, optimsing conditions of the latter substrate, which
appears toreact less readily, would result in more general procedure for the
reaction. The rearomatisation screen was performedn situ both to mimic the
preliminary results observed in the group and to alig with a telescoped strategy
the acid was added into a portion of the crude reaction mixture containing 254

cyclohexadienoneda.
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A series of Brgnsted acids were chosen based on their varyingvalues These
include trifluoromethylacetic acid (TFA) (asused in the initial reaction) and the
OCOAAT éPQLad atdd by the GSK sustainable acid guid&),anhydrous HC]
and p-toluenesulfonic acid (TsOH) as a solid andsmlution in both CDC and MeOH

(due to poor solubility in toluene).

OH 2a 1.0 eq.
mCPBA 1.0 eq. Brensted Acid 75 eq.

(0]
PhMe, rt, 30 min O O O
F

OH

L,

4a 4b
Entry | Acid Yield of 4b (%)

A HCI (2m Et,0) 0
B TsOH.HO 0
C TsOH.HO (3Min MeOH 0
D TsSOH.HO (3min CDCY) 0
E TFA 0
F HsPQy 0

Table2-3: Initial Brgnstedacid screen towards the synthesis4ff. Yields calculatethy quantitative

19F NMR spectroscopy againdt4-bis(trifluoromethyl)-1,1-biphenylas aninternal standard.

Unfortunately, the reaction did not proceed in any caseayith 4b recovered in
quantitative yields (Table 2-3). The reaction was repeated changing the
stoichiometries of TsOHwhich was chosen as it was hypothesised that, under the
reaction conditionsin a large excess, bismacychosylate 1a could be reformedvia
a salt metathesisreaction from its meta-chlorobenzoate (GnCB) analoguelb and

collectedasa precipitate to be recycled Table 2-4, top).
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1 O : O
1 7 /,

I O}LL E O=S/\ Bi\—OmCB TsOH.H,0 xx eq. O=S/\ Bi\—OTs
1 by ;é N

c -HOmCB
: I !
:~........_o_'_n_(_:l_3 _____ : 1b 1a
OH 2a 1.0 eq OH

mCPBA 1.0 eq. TsOH.H,0O xx eq.

(0]
—_— —
PhMe, rt, 30 min O O O
F ®
F

4a 4b
Entry Eq. of TSOH Yield of 4b (%)
A 1 0
B 2 0
C 5 0
D 10 0

Table2-4: Effect of different equivalentsf TsOHon the 1,2aryl migration reaction, and its
hypothesised role to reform thieismacycletosylate. Yields calculated via quantitativéSF NMR

spectroscopy against,4-bis(trifluoromethyl)-1,1-biphenylas aninternal standard.

Unfortunately, employing 1, 2, 5, or 10 equivalents failed to initiate the migration
of the aryl groupor led to the successful recovery ofa. In all cases, the dienone
phenol rearrangement wasnot observed even when the reactions were heated to
60 °C.

The screen was therrepeated using 3a derived from 2,6-dimethylphenol which
has been shown to be competent in the 1;@ryl migration reaction (Scheme2-18).
TFA was added into the reaction medium after formation of cyclohexadienorga

using either the bismacycle2a or bismuthonium salt.

52



0 OH PBA * OH
0=S_ BiOF m TFA 15 eq.
7\ —_— —_—
b | O
F ArF

2a 3a 3b
©)
BiH Cé)a OH 9 OH
DBU TFA 15 eq.
E—— ——
F \ MeCN O O )
F Ar
3a 3b

Scheme2-18: In situ 1,2-aryl migration attempts with 3a.

However, the migration did not occur under either set of conditiongScheme
2-18). Todiscountthe possibility of a sideproduct of the initial oxidative arylation
reaction inhibiting the subsequent migration,reactions wererepeated on isolated

3a z this was also unsuccessful§cheme2-19).

TsOHeH,O 10 eq.

0] ArPF or TFA 10 eq. OH
~ i ~ or AcOH 10 eq.
CDCl3, rt-60°C, 18 h O O
3a 3b F

Scheme2-19: General scheme describing the conditions repeated in an attempt to a@tess

From these results, it is evident that this dienonghenol rearrangement could not
be reliably reproduced Scheme2-17, top), despite a previous member of the
group successfully employing this strategy to isolate and ehnacterise 3b.64 In
addition to this, it is apparent that 2,4cyclohexadienones investigated in this
project do not migrate as readily as the 2yclohexadienone isomers that are
typically used in the dienonephenol rearrangement?4 To explain the latter point,
carbonyl, possibly preventing a large enough cationic build up on the-position to

initiate the migration step.
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As an alternative to Brgnsted acidsl.ewis acidswere 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 polyarylg18

With this in mind, a selection of Lewis acidspanning a range of oxophilicitywere
employed (Table 2-5)10212&130 jpijtially in stoichiometric amounts. 2,4-
Cyclohexadienone 3a was used as the model substrate, allowing for the reaction to
be monitored by quantitative 1°F NMR spectrosopy compairing to a pure sample
of phenol product, 3b. The initial screens were undertaken usingisolated 3a,
allowing reactivity to be directly assigned to the Lewis acidwith no possible
intervention from the by-products of the preceding arylation reaction. The
reactions were performed underanhydrous and inert conditions in chloroform-d

to allow for non-invasive in situ NMR spectroscopic analysis.
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0 OH

Lewis Acid 1.0 eq. E
O O CDCl3, No, 18 h
F
F
3a

3b
Entry | Lewis Acid Temperature Yield of 3b

(%)
A BF:-Et2O RT 0
B B(GsFs) RT 12
C TMSOT#(1 h) RT 100
D AICk (1 h) RT 100
E Tf20 RT 0
F Tf,O and 2,6luitidine RT 0
G Yb(OTf)s RT 0
H Bi(OTf)s RT 0
| Sc(OTf RT 0
J Yb(OTfs 60 °C 0
K Bi(OTf)s 60 °C 100
L Bi(OACk 60 °C 0
M Sc(OTf 60 °C 100
N - 60 °C 0

Table2-5: Initial screening of Lewis acids. Yields calculated via quantitati¥e NMR spectroscopy

against4,4-bis(trifluoromethyl)-1,1-biphenylas aninternal standard.

Two boron-containing Lewis acids were initially employed: BR-Et,O (Table 2-5,
entry A) and tris(pentafluorophenyl)borane (BCF) (entry B) which is considered
to be more oxyphilic12® Where the reaction with BEEt,Oshowed no consumption
of starting material 3a, BCF successfully initiated 1,2aryl migration which

resulted in apromising 12% yield of3b.
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Based on this observationstronger oxyphilic Lewis acids (TMSOTf and Al Eentry
C and D were employed?102.131 Pleasingly, both Lewis acids showed quantitative

conversion to the desired product inunder onehour.

Triflic anhydride was then usedwith and without 2,6-lutidine (entries Eand F). It
was theorised thata successful dienonghenol rearrangementwould result in the
aryl triflate, which could either be deprotectedduring work up to 3b or used as a
pseudohalide in subsequentcross-coupling reactions. Unfortunately, no reaction

was observed.

Although Bi(OTf), Yb(OTfi,and Sc(OTH were unreactive at room temperature
(entries G, H and I) rearrangement/rearomatisation was observed for Bi(OTf)
and Sc(OTf) at 60 °C after 18 hours (entry K and M) but not for Yb(OTfpr
Bi(OAck (entry J and L)

The regiochemical outcome of the 1;Pigration reaction wasconfirmed following
isolation of the reaction product. Hypothetically, either the methyl or the aryl
group could undergo the 1,2aryl migration reaction (Scheme2-20); although
previous studies around 1,2migration reactions indicate thatmethyl has a lower
migratory aptitude than a phenyl group32 spectroscopic experiments were

undertaken to confirm this unequivocally.

Ha
0 o Hip
Lewis Acid (1.0 equiv) " 1IHb
C -
O CDCl3, Ny, 18 h
! )
F
3a 3b

Scheme2-20: Possible rearrangement products frorthe Lewis Acid initiated 1,2nigration reaction.

Selective 1DnCe and 2D NOESY NMR spectroscopic experiments on the isolated
product 3b showed a strong throughspace interaction between the @b; and both

the phenolic OHa and the aromatic GHe present on the p-fluorophenyl moiety
(Figure 2-1).
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Ha
He
T T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5 0.0
f1 (ppm)

Figure 2-1: Selective 1D nOe 8b. 2.16 ppm ¢orrespondingto H) selected as reference.

He Ha

Hd

T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5
f1 (ppm)

Figure 2-2: Selective 1D nOe 8b.2.30ppm (correlating to H!) selected as reference.

Additionally, selecting the frequency of the other methyl peak@Hds;; 2.30 ppm)
showed a through space interaction with both the phenol ®2and aromatic He,

confirming both methyl peaks areortho to the phenolic alcohol Figure 2-2).
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With the structure confirmed, the reaction conditions were optimised
Bismuth(lll) and scandium(lll) 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(lll) chloride and TMSOTf, and have beeemployedin the
presence of water and air for other transformations6.133 The latter point indicates
that the reagents could be compatible with the idealised onpot three-step
system, in which water is required forthe transmetallation step, and is present as
a stabiliser in mCPBA in the oxidative arylation stepWith this in mind, Bi(OTf}

wasinitially selected for further optimisation.

0 OH
Bi(OTf)3 1.0 eq.
solvent, 60 °C, 18 h O
: ® F
3a 3b
Entry | Solvent Yield of 3b (%)
A CDCl4 (anhydrous and inert) 100%
B PhMe (anhydrous and inert) 100%
C PhMe 100%

Table2-6: Solvent screen for the 1@yl migration of 3a with Bi(OTf)s. Yields calculated via
quantitative 1F NMR spectroscopy againét4-bis(trifluoromethyl)-1,1-biphenylas aninternal

standard.

Pleasingly, the migration occurs quantitatively in toluengTable 2-6, entry B). This
is ideal for the realisation of a threestep onepot process, in which a consistent
solvent must be used across all three step#. was subsequently shown that the
reaction proceededin reagentgrade 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} was undertaken.
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0 OH

Bi(OTf); eq. O
O O PhMe, 60 °C, 18 h
F
F

3a 3b

Entry Eq. of Lewis acid Yield of 3b (%)
A 0.20 100
B 0.10 100
C 0.05 100
D 0.01 100

Table2-7: Optimisation of the equivalents of Lewis aciields calculated via quantitativéSF NMR

spectroscopy against,4-bis(trifluoromethyl)-1,1-biphenylas aninternal standard.

Initially, the reaction with 0.2 equivalents of Bi(OTf} provided quantitative
conversion to 3b, proving that the Lewis acidcan indeed be employed in sub
stoichiometric quantities (Table 2-7, entry A). Following this, the atalytic loading
was decreased to 0.1, 0.05, and 0.01 eqalents, all providing quantitative

conversion to3b (entry B, C, and D).

From these experiments, optimal conditions for this transformation were
identified (Scheme2-21).

Bi(OTf)3 1 mol%

R PhMe, 60 °C, 18 h

Scheme-21: Preliminary optimised conditions for thé&,2-aryl migration of 6,6-disubstituted
cyclohexalienones
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2.3.3 Three-Step One-Pot Procedure

As noted in the project goals, an ambitious threstep onepot 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 multistep optimisation study was conducted. Thalesired
overall processis shown below Scheme2-22). 10 mol% Bi(OTf)s was used in
place of the optimised 1 mol% to increase the robustness of the final
rearrangement, where a reoptimisation ofcatalyst loading would be undertaken

after proof of concept wasachieved.

OH

B(OH),
/©/ 1.1 eq. \©/1.0 eq.
F
o} O

0
0=8'__Bi—0Ts NaHCO; 1.1 eq. 0=8"__Bi—ArF mCPBA 1.0 eq.

-\ _—— -\ _—
éj/ PhMe-water (5 v/v%) d ArPF

60 °C
1a 2a 3a

Bi(OTf)3
0.1 eq.

OH

i iAr”F

3b

Scheme2-22: Initial proposed threestep onepot procedure.

The reaction was attempted in one pot without isolation of any intermediates and
monitored by °Fand 'H spectroscopy against4,4-bis(trifluoromethyl) -1,1'-

biphenyl as theinternal standard (Figure 2-3).
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Following a quantitative transmetallation of the bismacycletosylate 1a to 2a,
addition of 1 equivalent of mMCPBA resulted in two products alongside remaining
2a: the desired cyclohexdienone 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 over2a.134 An extra 0.4 equivalents of
mMCPBA was subsequentlyadded to the reaction mixture to ensure full
consumption of the remaining arytbismacycle 2a. Upon completion of the
oxidative arylation, 10 mol% of Bi(OTf} was added and the mixture was heated to

60 °C for 18 hbut no 1,2-aryl migration was observed.

3a

\ p-fluorophenol L3

80 42
3a p-fluorophenol
\ / L2
2a
\A
37 52 42
Internal
standard 2a
F1
~— p-fluorophenyl /

boronic acid

T T T T T T T T T
-10 -20 -30 -40 -50 -60 -70 -80 -90 -100 -110 -120 -130 -140 -150
f1 (ppm)

Figure 2-3: 19 NMR data following the reaction frorBcheme2-22. Spectrum 1 is the transmetallation
step to form2a. Spectum 2 is the oxidative arylation tBa. Spectum 3 is following further addition
of MCPBAQO.4 equiv.)to oxidiseremaining 2a. Internal standard is4,4-bis(trifluoromethyl)-1,1*-
biphenyl
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Direct conversion of the arylboronic acid tothe phenol gives rise to two key issues:

1 mCPBA is consumed in this reactigimneaning an excess must be added to
facilitate full oxidation of the pro-arylating aryl-bismuthine(lll) species to
Bi(V); and

9 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 inlower yields of the desired2,4-
cyclohexadienone 3a and complicates isolation of the desiredproduct.
Additionally, the arylated product of the newly-formed phenol is capable
of undergoing up to two more oxidative arylation reactiong° further

complicating the reaction.

Theoretically, only one equivalent of boronic acidis necessary for the
transmetallation reaction and previous investigations from he Ball group showed
this to be possible with boronic acids that are not electron deficien$2 However,
more electron deficient boronic acids require more time to react, meaning
unreasonably long reaction timeswould be required if only one equivalent ofthe
boronic acid was to beused. As the aim of this optimisatiorwas for a general
method to be developed, a transferrable procedurgas desired. To achieve this,
we continued employing 1.1eq. of the boronic acid and introduce@ general work

up procedure to remove excess boroniacid before addition ofmCPBA.

ThisOI ET E-O®weé®désigned 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 organitayer which

is then passed through a pad of magnesium sulfate. The sodium hydroxide
converts boronic acid tothe correspondingboronate salt, which is water soluble.
The organicportion is thenpassedthrough the drying agent to ensure all the boron

speckes, as well as excess water, is removed.
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F
/©/1.1 edq.
(HO),B
0 NaHCO; 1.1 eq. 0
0=§.__Bi-OTs _— 0=S.___Bi F
2\ 0 (GEAN
éj PhMe-water (5 v/v%) éj

60 °C
1a 2a

Standard work up: 99%
NaOH work up: 98%

Scheme2-23: Quantification of different work-up methods for the transmetallation and isolation of

the aryl-bismacycle® 3 O AT AoAk@piréfers<to agenericbasic aqueous wasfsee experimental

Although this reactioncanno longerbe described as onepot synthesis, the same
solvent used in thearylation step is used in the transmetallation reactionz
meaning less waste than if the aryl bismacycl@a is isolated. To test the
effectivenessof this work up, the transmetallation step was performed followed
by the work up described above before the solvent was remodeo isolate 2a from
the reaction (Scheme2-23).

This method produced?2a in a yield (98%) similar to that achieved through a
standard separatory aqueouswvork up (99%). Additionally, the isolated method
successfully removed excess arylboronic acid, and provided the product in an

equally high (>95%) purity, as determined bytH NMR spectroscopy.

Thewhole procedure was thenrevised employing the posttransmetallation work -

up conditions (Scheme2-24).

1.1eq. 1.0 eq.
F e
/9 /9 Q
0=S.__Bi—OTs NaHCO; 1.1 eq. 0=8__Bi—Ar* mCPBA 1.0 eq.
(SN _— 7\ _
d PhMe / water (5 viv%) d ArPF
60 °C
1a then 2 M aq. NaOH 2a 3a
wash and MgSOy, (Asa0.083 M
iltrati solution in PhMe
filtration. ) BI(OTR,
0.1 eq.
OH
i :Ar"F
3b

Scheme2-24: Threestep reactionincorporating a basic workup to remove excess boronic acid.
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3b

3a / r4

F[

17 36

3a

80

Internal Standard
6
/ . 2a L,
p-fluorophenyl
boronic acid‘*l

I\
32 100

100

T T T T T T T T T T T T T T T T T T T T
15 -50 -55 -60 -65 -70 -75 -80 -85 -90 -95 ~-100 -105 -110 -115 -120 -125 -130 -135 -140 -145
f1 (ppm)

Figure 2-4: 19F NMR Stepwise monitoring for the reaction presentedSicheme2-24. Spectrum is
post transmetallation. Spectrun® is post workup. Spectrum 3 is oxidative arylation3a. Spectrum 4

is 18 h post 1,arylmigration to 3b. Internal standard is4,4-bis(trifluoromethyl)-1,1-biphenyl

As shown by previous experiments $cheme2-23), excess boronic acidwas
removed when the ag. NaOH washwas performed post-transmetallation (Figure
2-4, spectrum 1). This provides an 80% yield of 3a by quantitative 1°F NMR
spectroscopy. However, upon addition of 10 mol% of Bi(OTf)into the reaction
mixture for the 1,2-aryl migration reaction, only a 45%yield of 3b was achieved
with 21% of 3a remaining z showing a 34% losf mass by°F NMR spectroscopy.

Leaving the reaction fora further 18 hours showed no further conversion.

A series of test reactions were performed to investigate why thdelescoped
dienone-phenol rearrangementwas unsuccesful. These involvel performing the
reaction with isolated 3a and 20 mol% bismuth(lll) triflate in anhydrous toluene
(Table 2-8). The reactions were dosed with D equivalents of a single additive to
mimic the telescopedreaction conditions. 20 mol%of Bi(OTf); was useddue 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 specieswhich could be present in the reaction mixture

(Scheme2-25). This includes any unreactedmCPBAthe compounds that make up
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the commercialmCPBA mixture (water andmeta-chlorobenzoic acid nCBA) and
the known bismuth containing byproduct, 1b. Another compound that was
identified to be present in the reaction medium is unreacte@,6-dimethylphenol;
however, as the product of the desired 1;2ryl migration reaction is a phenol, and
the reaction proceeds quantitatively from the isolated cyclohexdienone 3a, it is

assumed that2,6-dimethylphenol doesnot act as a poison for the Lewis acid.

P OH  mCPBA (inc. nCBA/H,0) 1.0 e 2 P
0=5._ Bi—Ar" : 20) 1.9 €q. 0=S___Bi—OmCB
éj \©/ PhMe, rt, 30 mins AP m
2a 3a 1b

Scheme2-25: Identification of possible cproducts of theoxidative arylationreaction still present in

the following dienonephenol rearrangement.

While the reaction proceeds unaffected in the presence oinCPBA andmCBA
(Table 2-8, entry A and B), water was shown to inhibit the reaction for 2 hours
(entry C). However, when I for a further 16 hours, the reaction progressedo a
gquantitative 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 removhof water from toluene means that its
overall concentration gradually drops throughout the reactiont3® Once the

concentration of water islow enough, the reactioncould proceed.

o Bi(OTf); 0.2 eq. oH

ArPF Additive 1.0 eq.
PhMe, 60 °C, 2 h
ArPF

3a 3b

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 1ayl migration reaction. Reactions monitored
by 19F NMR spectroscopy againdi4-bis(trifluoromethyl)-1,1-biphenylas aninternal standard.2After
18 h.
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No 1,2aryl migration was observed in the presencef bismacycleOmCB1b (entry
D). This suggests thalb poisons the Lewis acid catalyst, inhibiting the reaction. It
is known that arylbismuth(lIl) halide and pseudo halide compounds can undergo
both aryl and anion exchange processeggé this is used productively in the
synthesis of ArBiBe en routeto bismacyclela (Scheme2-26). Examples of these
ligand metathesis reactions have been collated and detailed by Gagreiral.137 By
undergoing ligand scrambling, the bismuth centre loses Lewis acidity, thwarting

the 1,2-aryl migration.*

Br _Br Ar JAr Br JAr
> \Bli \Bli - . 3 \Elsi

Br Ar Br

Scheme2-26: Bismuth(lll) compounds undergoing a ligand metathesis reaction.

The bismacycleOmCB 1b is an inherent and unavoidable byproduct of the
oxidative arylation reaction. As such, there is no easy way to engineer the dienene
phenol rearrangement to proceed after the oxidave arylation reaction in a

multiple -step onepot procedure.

The procedure was therefore optimised as follows: transmetallation of aryl
boronic acid tothe aryl bismacycle species, followed by a sodium hydroxide wash
to remove excess boronic acid; the anfhismacycle is then used as a solution in
toluene in the oxidative arylation step forming the2,4-cyclohexadienone which
can be isolated by silica gel column chromatographyFnally, purified 2,4-
cyclohexadienone ionverted to the meta-arylated phenol onaddition of a Lewis
acid.

* optimisation of this step showed that the effectiveness of the bismuth centred Lewis acid
depends heavily on its ligandsTable 2-5, entry L (Bi(OAc} 0% yield) vs Entry K (Bi(OTf}
100% yield))
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R
=z
L 1.0 eq.
Ar/B(OH)z 1.1 eq. o R©/

O
/) /)
0=S_ Bi—OTs NaHCO; 1.1 eq. 0=8_ Bi—Ar mCPBA 1.0 eq. R
1 1 O
d PhMe / water (5 v/iv%) d then AT _ Ar

60 °C silica gel column
chromatography

1a then 2 M aq. NaOH (?St'a O:OSF?h'\I\//II
solution in e
wash and MgSO, Bi(OTf)3 1 mol%
filtration. PhMe, 60 °C, 18 h

)
W,

Ar

Scheme2-27: Optimised conditions for theneta-arylation of phenols.

Although not the idealsed 3-step onepot method, the final synthetic procedure
holds many benefits over a simple three step sequence. The telescoped solution of
aryl-bismacycle reduce the total volume of solvent used by eradicatinghe work -
up step. Although silica gel column chematography is required after the oxidative
arylation step, the 1,2aryl migration reaction proceeded quantitatively, with a
highly pure product being isolated after a workup or recrystallisation. If the three
step onepot method was employed, chromatogrphy would have been required
at the final stage therefore both procedures require one chromatography step.
Finally, by isolating the 2,4cyclohexadienone, more information is obtained
regarding the characteristics and stability of these compounds; subjeang 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 procedurewas 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 idepth substrate scopewas

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
(Scheme2-28). This was achieved bwltering the exocyclic arene originating from

the boronic acidmoiety as well asthe ortho-substituted phenol.

OH
A -BOH) J_r
RT 1.1 eq. R— || 1.0eaq.
= X
% NaHCO; 1.1 $ P
0=5._ Bi—OTs aHCO; 1.1 eq. 0=§._ Bi—Ar mCPBA 1.0 eq. R
4 _— 7 - T G
d toluene / water (5 viv%) d R'— _ Ar
60 °C
1a then 2 M aq. NaOH (as a0.083 M
wash and MgSO, solution in PhMe Bi(OTf)3 1 mol%
filtration. PhMe, 60 °C

Ar

Scheme2-28: Initial three-step route tometa-arylated phenols.

2.3.1 Boronic Acid Modifications.
To ensure that the optimised conditiongolerated both electron rich and electron
poor aryl boronic acids, 4methoxy-, 4-bromo-, and 4trifluoromethyl - substituted

phenyl groups were subjected to the reaction conditions.

In all cases, 2,&imethylphenol successfullyundergoes the oxidative arylation
reaction with the BIi(V) species (Figure 2-5). Where less electron poor arenes
(pOMe 5a and pF 3a) undergo a 1,2aryl migration when subjected to the
optimised conditions, 4-Br 6a and 4-Ck 7a proved unreactive (Figure 2-5).
However, subjecting thee dienonesto TMSOTT as the Lewis acid in anhydrous
toluene afforded the migration products 6b and 7b in good to excellentisolated

yields.
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OH

B(OH), \©/1.0 eq.
/©/ 1.1 eq.
0 X o A) Bi(OTf)3 1 mol% OH
0=s___Bj—0OTs NaHCO;1.1eq. mCPBA 1.0 eq. B) TMSOT 100 mol%
7\ —_—
d PhMe / water (5 v/v%) ArX PhMe, 60 °C, 18 h
60 °C ArX

Figure 2-5: Initial exploration into electronic compatibility of substrates. *represents yieltaculated

by quantitative 19F NMR spectroscopy

Although it is sensitive towater, TMSOTfoffers a clear advantagever Bi(OTf)s,
promoting rearrangement for a broader range of aryl groups. It was therefore
decided to replace Bi(OTH with TMSOTTf as the kwis acid for the final migration
step.

With the new optimised conditions in hand, the substrate scope wasontinued,
with substrates in Figure 2-5 repeated with TMSOTT as the Lewis acidrigure 2-6).

Arenes containing electrondonating 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 Jurratet 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
yields5¢ This is in agreement with Finetet al. who observed a decrease in yield
when oxidising triarylbismuthanes containing strongly electron rich or poor
arenes!s8 Pleasingly, the subsegent 1,2-aryl migration occurred in excellent
yields, furnishing the meta-substituted phenols which could all be obtained
without recourse to chromatographic purification z successfully being isolated

pure after work up or recrystallised.
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e e .
R'5- P 11 eq. .0eq.
% 0 OH
0=S.__Bi—OTs  NaHCO;1.1eq.  mCPBA 1.0 eq. TMSOTf 1.0 eq.
T _—
d PhMe / water (5 vIv%) AT e 181
60 °C "

then 2 M NaOH wash

1a
(o] F OH
O t‘ 30— T
L O Cr
13a 13b
3a F  89% F >99% 79% 79%
5a OMe 69% 5b OMe 92%
6a Br 84% 6b Br >99%
7a CF; 72% 7b CF; >99% o
8a Me 73% 8b Me 91% O ‘
9a H  87% 9b H  90% O O O
R 14a 14b
59% 72%
R
() O R M !o ¢
OCF3
10a OEt 76% 10b OEt 94%
11a Br  82% 11b Br  94% 15a 16a
12a NHAc 77% 12b NHAc 90% <5% 0%

Figure 2-6: Initial alterations of the arenemoiety towards the synthesis ofieta-substituted phenols.

Quoted yields are of the isolated products.

Through synthesis of thesesubstrates, 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
cyclohexalienones, both towards the desired 1,Zaryl reactions and to
decomposition. This effect is observed both in shorter reaction times required for
rearrangement of electron rich arenes, and their shorter shelf lifelt is also in
accordance withthe migratory ability observed in the preliminary substrate scope
Z electron poor arenes6a and 7a require a stronger Lewis acid to promote

migration (Figure 2-5).

* Cyclohexadienones containing electron rich arenedegrad over a short period of time
when stored in the freezer, wheras 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 yieldsin all steps ofthe reactionz offering important sites for further
derivatisation and functionalisation. Halogens such as bromine are excellent
handles for classical transition metal crossoupling chemistry 194 showcasingthis

methodologUsicomplementarity to other functionalization approaches.

Although arenes with a smallerortho-substituent, such as2,3-difluorophenyl and
1-naphthyl, (13 and 14) successfullyundergo the transformation to the meta-
substituted phenol in moderate to goodyields, larger groups (5 and 16) were
found not to becompatible with the oxidative arylation step13%141 Although some
dienone was observed by mass spectrometry fol5, these could not be isolated
2,3-difluorophenylboronic acid used in the synthesis oflL3 is unstable towards
proto-deboronation under classical Suzuki condition$42 highlighting how this
methodology can be used to access chemical space inaccessible through standard

cross oupling procedures.
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OH

1.0 eq.
o r-BOH): 4 4 oq. A ) TMSOTf 1.0 eq.
o] B ) Bi(OTf)3 20mol%  OH

7, 3

0=8._ Bi—OTs NaHCO3 1.1 eq.  mCPBA 1.0 eq. EtsN 20 mol%
& _—
9 R

éj PhMe / vf\;gt?(r:(5 vIV%) PhMe, 18 h

then 2 M NaOH wash

NH
OH o _— OH
S
— T —
0 0
” s
17a 17b 18a 18b
57% B 83% 72% A 93%
OMe
o “ OH o OH
N ~__Ph
—%> s
A
| \
20a 200 N OMe 21a 21p Ph
80% A/B 0% 55%* A 0%
o o} —
l \ ~ NBoc
S
19a 22a
0% 0%

Figure 2-7: Heterocycles and other 8gentres explored towards the substrate scope. Isolated yields
are quoted. * Yields are of the crude material due to instabilit20 mol%Bi(OTf)s/ 20 mol% E&N
used in place of TMSOTT.

5-Indolyl 17a and 3-thienyl 18a both undergo oxidative arylation good yields
(57% and 72% respectively) However, where 3thienyl migrates with excellent
efficiency (93% vyield, 18b), the 5indolyl example degrads upon exposure to
TMSOTfTo mitigate againstunproductive reactivity, TMSOTfwas replaced with
20 mol% Bi(OTf)s/ 20 mol% EtsN to produce the biaryl17b in a good yield(83%)
(the development of these conditions will be discussed latgrin contrast, 2-thienyl

and 3-pyrrol o heterocyclesdo not successfully yield the cyclohexadienogs 18a
and22a.
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Although 3-pyridyl boronic acid provides access to cyclohexadienon20a in a
good yield (80%), 1,2aryl migration proved unsuccessfullt was noted that upon
addition of TMSOTIf, a precipitate formed, andlthough norrinvasive in situ
reaction analysisby 'H NMR spectroscopyndicated that the starting material20a
had been consumed,post work-up analysis of the crudematerial showed
reformation of the dienone20a. It is postulated thatan initial coordination event
between the pyridyl-nitrogen and the TM®Tf 21a-TMS reduces the overall
electron density of the ringi43144 preventing the migration from occurring
(Scheme2-29). This is consstent with further attempts to promote the reaction:
addition of excess Lewis acid (2 or 5 eq.), at elevated temperaturés0 °C), or

performing the reactionin chloroform-d all proved unsuccessful

OH
o Z OMe
\ TMS-OTf
N —_——

H,0 | X

~

N OMe
20a 20a-TMS 20b

Scheme2-29: Possible reason for thiailure of 20a to undergo 1,2aryl migration.

When gyrenyl boronic acid was subjected to the reaction conditions, the
presumed cyclohexalienone 21a was found to be extremely unstable although
spectroscopic and spectrometric analysis of the crude material indicated sit
presence: a peak at 225.1278n/z in HRMS (theoretical mass 225.1274 (m+H)
and peaks at 6.2@ 6.40 ppm intH NMR spectroscopy, indicative ahe presence
of acyclohexadienone. Adition of TMSOTT resulted in a complex mixture which
was not investigated further.Cyclohexadienoneshavebeen shown to act as potent
dienophiles and dienes in cycloaddition reactions, as both inter and

intramolecular components45
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2.3.2 Phenol Modifications

Investigations into the effects of substitution on the phenol moiety encompass
many points of functionalisatiort 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 stericlimitations of both steps

4-Qubstituted 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-CQMe (25; 82% and 70%) substituted phenols were arylated
efficiently, reinforcing this methodologUs compatibility towards subsequent

diversification strategies.

OH

1.0 eq.
ArPF
B(OH), 1.1 eq.
0 (OH), q R o on
0=8___Bi—0Ts NaHCO31.1eq.  mCPBA 1.0 eq. TMSOTf 1.0 eq.
_——

m PhMe / water (5 viv%) ArPF PhMe. 18 h i

60 °C ArP

R R

then 2 M NaOH wash

1a
F OH (e} OH

9 ‘ PhF

R R O . HNTSN HN SN
42 Me 81% 4 Me  >99% °)t©\ °)j©\
23a Ph 81% 23b Ph  95% < _ < ~
24a Br 1% 24b Br  94% o o from o °
25a CO,Me 82% 25b CO,Me 70% apabetalone
26a BPin  <50% 26b BPin 0% 27a 27bb

54% 93%
87%*

Figure 2-8: Modifications of the 4-position of the phenol. Isolated yields are quote@lhe reaction was
performed in CHGJ P2.0equivalents of TMSOTf were required.

Disappointingly, arylation of a phenol bearing a boron handle26 was
unsuccessful. Although the cyclohexadienone intermediate was observiedsitu by
both HRMS andH NMR spectroscopythe product was unstable and sdsolation
was not achieved Attempting to perform the 1,2aryl migration in situ with 1.1
equivalents of Bi(OTf} or TMSOTf agairled to the rapid decomposition of 26a

rather than formation of the rearrangement product26b.
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The high yieldingmeta-arylation of adensely functionalisedprecursor to the BET
inhibitor apabetalone 27b (81% over two steps) showcases how this reaction
could be used as a latstage CH functionalisation sttegy.146 To achieve themeta-
arylated analogue27h, 2 equivalents of Lewis acid were requiredpresumablydue
to multiple Lewis basic sites on the quinazolinonanoiety. Secondly, toluene was
replaced by chloroform as the solvent in the oxidative arylation ste@7a 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 4position were explored, initially by attempting to
arylate two 2,6-dimethyl-4-tert-alkylphenols, where l-adamantyl or tert-butyl

occupy the 4position.

OH
1.0 eq.
ArPF
B(OH), 1.1 eq. R
/O (0] OH
0=§__Bi—0Ts NaHCO31.1eq.  mCPBA 1.0 eq. TMSOTf 1.0 eq.
_—
m PhMe / water (5 v/v%) ArPF PhMe, 18 h )
60 °C ArP
then 2 M NaOH wash R .
1a 28a 1-Ad 87% 3b >95%
29a By 89% 3b >95%

Scheme2-30: Initial attempts to arylate phenols with a sterically incumberedgosition.

However, the dealkylated tri -substituted phenol 3b was isolated in near
quantitative yields for both examples.Coser inspection of the crude reaction
mixture for 28 showed the formation ofa coproduct, 4-adamantyl toluene 30,

which was confirmed by reference to literaturel4?

It was hypothesised that the unproductive reaction pathway wasaused bya
retro-Friedel Crafts reaction occurring between the 4ert-alkylphenol products
28b or 29b and triflic acid (HOTf). The electronically active 4position of the
phenolic product is susceptible towardsSAr through resonance with the phenolic
alcohol; this ispromoted by formation of a stable tert-alkyl carbocaton which can

then undergo a sequential EAS with the solvent, toluen€Scheme2-31).
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OH
‘ TMSOTf O TfOH
B —— —_— O

Aen SHIPTRELENS
F
N L g,
28b

28a
R TMS orH

@

@ PhMe
—_— >

[Ad]*
30

Scheme2-31: Possible undesirectaction pathway leading ta3a and 30.

As the speculatedeaction pathway proceedsvia 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 studywas therefore
undertaken aiming to prevent the retro-Friedel Crafts reaction from occurring.
28b was subjected to a series of conditions varyinpoth the base andthe Lewis
acid, and the ratio ofthe two phenols, 28b and 3b, was calculated through

guantitative 1°F NMR spectroscopyTable 2-9).
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F R
o ~0
O Lewis Acid OH
O Base O
_
PhMe, temp O

S\ e T
28b

28a 3b

Entry | Lewis Acid (eq.) Base(eq.) Conversion (%) (28b : 3b)
A TMSOT{(1.0) - >99 (0 : 100)
B TMSOTT (1.0) EtN (1.0) 0
C Bi(OTf)3(1.0) >99 (22 : 78)
D Bi(OTf)3(1.0) 2,6-di-tert-butyl- 81 (85 : 15)

4-methyl

pyridine (1.0)
E Bi(OTf)s (1.0) MTBD (1.0) >99 (79 : 21)
F Bi(OTf)z(1.0) EtsN (1.0) 93 (87 : 13)
G Bi(OTf)s (1.0) EtsN (1.2) 81 (85 : 15)
H Bi(OTf)3(0.2) EtsN (1.2) 0
| Bi(OTf) 3(0.2) EtsN (0.2) 95 (85 : 15)
J* Bi(OTf)z(0.2) EtsN (0.2) >99 (81 : 19)

Table2-9: Reoptimisation for acid sensitive substrates. *reaction was performed at 80v&s

calculated by!9%F NMR spectroscopy

Adding E&N to the previously optimised conditions {Table 2-9, entry A) resulted
in no conversion perhaps due to preferential coordination of the Lewis acidc
TMSOTfto the Lewis basic triethylaminel4¢ The Lewis acid was therefore changed
to Bi(OTf); which has been shown to facilitate the 1 Aryl migration in previous
optimisation studies (Table 2-5). Promisingly, Bi(OTf} 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 ddterically
congested, non-nucleophilic bases were selected: 2;8i-tert-butyl-4-methyl
pyridine, 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene(MTBD), and EiN. All
three bases successfully provide@8b, with both MTBD and EfN (entry E and F)
reaching >90% conversionand the latter producing the highest selectivity of 28b

over 3b.
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EtsN was therefore selected tacontinue optimisation: it offers good conversion
with promising selectivity, and it is cheap, easy to access, and ubiquitous in

laboratories.

A small excess of BN (entry G) was employed in an attempt to further improve
the 85 : 15 ratio ofalkylated : dealkylated products, this was unsuccessfuinstead
increasing the formation of 3b (entry F). If the equivalents of Bi(OTf} were
reduced to a catalytic 20mol%, the reaction was inhibited unless the equivalents
of EtN were also reduced, suggesting that rge excess of base poisoned the
catalyst (Entry H and ). However, reducing the loading ofboth Bi(OTf); and E&N
to 20 mol% increased conversion to 95% over 18 h, with a modest ratio of 85 : 15
in favour of the desired phenolR8b (entry I). Increasingthe temperature to 80 °C
(entry J)did result in aquantitative conversion, albeit with a detrimental effect on
the ratio. It was therefore decided that employing 0.20 equivalents of Bi(O&fnd
EtsN in toluene at 60 °C would be used as the optimised cdtidns for acid
sensitive substratesz and was successfully applied to the substrate bearing a 5

indolyl arene 17b discussed earlier Figure 2-7).

Applying these conditions to the synthesis 028b and 29b successfullyfurnished
the pentasubstituted phenols in excellent isolated yields (Table 2-9). These
conditions were ako applied in the 1,2aryl migration of the unreactive 3-pyridyl
compound 20a; an alternate theory for its inertness to the originally optimised
TMSOTT conditiong Table 2-5) is that the pyridine could be protonated rather than
coordinating to the Lewis Acid. However, thesubstrate proved unreactive under

these conditions reaffirming the Lewis basel.ewis acid coordination hypothesis.
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OH
1.0 eq.

ArPF
B(OH), 1.1eq.

R
e 0 Bi(OTf); 0.20 eq OH
0=S.__Bi—0Ts NaHCOz1.1eq.  mCPBA 1.0 eq. Et;N 0.20 eq
_—
m PhMe / water (5 viv%) ArPF PhMe, 18 h ]
60 °C ArP
R R

then 2 M NaOH wash

& ¢ ® > O
) L7 F
28b 29a

28a
87% 81%*

29b
89% 85%

Figure 2-9: Yields of sterically demandingeta-arylated phenols using reoptimised conditionsYfeld
obtained from quantitativel®F NMR spectroscopy.

To expand the generaty of this methodology and explore the selectivity of the
reaction, phenolsbearing ortho-substituents other than methyl groups were then

explored. Initially, ortho-alkoxy substituents were explored Figure 2-10).

OH
_~_OR
(PF R || 1.0eaq.
“B(OH), 1.1eq. X
? 2 TMSOTf 1.0 e oH
0=S___Bi—0Ts NaHCOs;1.1eq. mCPBA1.0eq. OR 0 eq. [ _OR
|
PhMe / water (5 v/v% R ArPF R
( ) L PhMe, 18 h = AP

60 °C
then 2 M NaOH wash

o/ o/ o/
o (e} (e} (e}
Br

31a 32a 33a
66% 65% 29%
(22% isolated)
o/ o Fn
0 o]
O O
A
34a 35a
53% 0%

(44% isolated)*

Figure 2-10 Oxidative arylation of 2alkoxy substituted phenols. Yields calculatedsitu by
quantitative 19F NMR spectroscopy and HRMS. *product isolated and characteriséblbly Jurrat62
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In agreement with the electrophilic nature of the Bi(V) complex, arylation occurs
ipsoto the most electron rich positionwith completeregioselectivity (Figure 2-10).
This is underlined in the arylation of ortho-alkoxy substituted phenols with
reactivity occurring solely ipsoto the O-substituted 2-position, as certified byin
situ 'H NMR spectroscopy and HRMS, althoughetse complexes were found to
degrade upon wak-up or silica-gel column chromatography Despite this, a small
quantity of 32a was successfully isolated albeit in low quantity (22%)
comparison to thein situ yield obtained from quantitative 1°F NMR spectroscopy
(65% against4,4'-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, amn situ process for the dienonephenol rearrangement was
sought. From previous work expbring the possibility of a threestep onepot
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 compatility with water and employed

in 1.1 equivalents to give the reaction the best chance of success. Upon realisation
of a proofof-concept for this approach, further optimisation would be undertaken

to identify idealised conditions.

OH
R
1.0 eq.

R' o

R
e mCPBA 1.0 eq. £ | Lewis Acid (1.1 eq)
0=8___Bi Fe————— E—
éj/ A\ PhMe, 30 min PhMe. 60 °C. 2 h

R'

S, M, 5, E5, O,

32b 33b 34b 36b
Bi(OT); 100% 0% 0% 0% 0%
Sc(OTf);  100% 0%
La(OTf); 0% 0%

Figure 2-11: Investigations into 1,2aryl migrations ofortho-alkoxy substituted phenols
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Initially , Bi(OTf)s was employedas the Lewis acid However, addition to ortho-
alkoxy substituted cyclohexadienonesesulted in decomposition and loss of mass
intensity by quantitative 1°F NMR spectroscopy32a Was ten subjected to the
same reaction conditions but employingSc(OTf} and La(OTf); as Lewis acids
Again, these reactions resulted in the decompositionof 32a, despite Sc(OTH
successfully facilitating the reaction for3b. As suchfurther investigations into 2-
alkoxy phenols were discontinued the observation that this class of compounds
degrades upon exposure toa Lewis acid, including silica gel, suggests thain

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 eletron substituents on the

phenol: arylation does occur on the most electron rich position.

This observation holds for the example87 and 38, where arylation occursipsoto
OEA 1 AOGEUI cCOi 6 OAI AAGEOGAT U 1 éakd AEOEA
substituent (Figure 2-12). Notably, no other regioisomers were detected.
Attempting the reaction on acetophenone resulted in a complex mixtureas

determined by 19F andH NMR spectroscopy.

OH

rPF 1.0 eq.
B(OH), 1.1 eq.

O
0-§___pi—oTs NaHCOs1.1eq. mCPBA 1.0 eq. _ TMSOTr10ea
d@ PhMe / water (5 v/v%) PhMe, 18 h

60 °C

OH

then 2 M NaOH wash

39a 39b 40a
17%* 0% 0%

Figure2-12: 2,6-disubtituted asymnetrical phenol scopgroviding an insightinto the selectivity

favoured in the arylation steppReaction performed at 60 °C

81



Arylation to 39a resulted in two new peaks in1F NMR spectrum at a ratio of 1 :
0.25. In addition to this, two sets of characteristic cyclohexadienone peaks
appeared intH NMR spectroscopy athe sameratio, and the desired mass was
detected in HRMS positive modeThis is consistent with the formation of two
products from the oxidative arylation reaction 39a and 41a. The reaction was

investigated further from the isolated aryltbismacycle2a (Scheme2-32).

0 OH o F F o
- 4 P F

0=S___ Bi—Ar" C'\©/ mCPBA 1.0 eq. cl O O ¢!
d PhMe, rt, 30 min O O

2a 39a 41a
17%* 58%*

Scheme2-32: Investigation into the oxidative arylation of Zhloro-6-methylphenol.

Attempts to isolate the mixture or separate the regioisomers were@insuccessful,
with the major peak degrading into unknown products on silica. Addition of 1.1
equivalent of Bi(OTf}to the reaction mixture again resulted in the consumption of
both peaks, with a new peak appearing at115.10 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 itis evident that the major product is unstable towards
Lewis acids,whereas it canbe 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, andso attempts were made to promote the
formation of this and confirm this hypothesis However, dteration 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 prodttive

pathway.

During these studies, aprecipitate formed when performing the oxidative
arylation reaction in ELO, which wasisolated as the purebismacycleOmCB1b.
Furthering this, addition of 9 relative volumes d pentane (a 9:1 ratio of pentane :

Et,O) aided the precipitation resulting in a>90% recovery of 1b (Scheme2-33,
top).
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0 OH
0=$._ Bi—Ar"  CI mCPBA 1.0 eq 39a 41a
—_— 17%* 58%*
Et,0, rt, 30 min 6]

2a then pentane d@]

1b
91%
Jurrat et al., 2020 OH
7
Are R@ 1.0 eq.
B(OH), 1.1 eq.
O OH 0
0=S__Bi—OTs Na,CO3 1.2 eq. mCPBA 1.5 eq AT 0=S___Bi—OAc
PhM 9 R-T
e/vggt?éﬁ VIV%) then L
silica gel column
chromatogr_aphy Bismacycle-acetate
1a (AcOH elution) 91%

Scheme2-33: Top: initial observation regarding the recovery of an analogue of the bismacyldie,
Bottom: previous procedure employed to recover bismacycle mateéfial.

The previous method to recover the bismacycleemployed silica-gel column
chromatography, where acetic acid is used as both the eluent and reactant to
recover the bismacycleacetate (Scheme?2-33, bottom).56 Although successful,
carrying this large mass through the workup and into purification can prove
troublesome: forming emulsions, and requiring largesizesof 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 procedureinto the optimised process was
initially attempted directly by addition of pentane to the standard reaction
mixture. This resulted in a68% recovery of 1b, thelower 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 implementedt the end of the
reaction. By removing toluene under reduced pressure before adding methiart-
butyl ether (MTBE) (a more sustainable alternative to diethyl ethe#22) followed
addition of pentane, thebismacycleanaloguelb could be recoveredn a 93% yield
(Scheme 2-34). In turn, 3a is isolated in 8% vyield after silica gel column

chromatography z comparable with the previous isolated 89% vyield.
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ArPF \©/1'0 9
“B(OH), 1.1eq.
0

O o)
0=8"__Bi—OTs NaHCO; 1.1 eq. mCPBA 1.0 eq 0=58"__Bi—OmCB
m toluene / water (5 v/v%) ArPF m

then

60°C MTBE:pentane (1:9)

then 2 M NaOH wash
1a 3a 1b

85% 93%

Scheme2-34: new method to recovetb using MTBEpentane mix. Isolated yields are quoted.

The bismacycleOmCB1b was then shown to be competent in the transmetallation
step directly (Scheme2-35, right), or alternatively is readily converted back to the
universal precursor la (Scheme2-35, left) in a quantitative yield through salt

metathesis with p-toluenesulfonic acid.

ArPF

B(OH), 1.1 eq.

rY 0 g
0=S___Bi—OTs TsOH.H,01.1eq. 0=§_ Bj—omcB NaHCOsl.1eq.  o=g  pj—ArF
- - .
Et,0, rt, 2h toluene / water (5 v/iv%)
60 °C
then 2 M NaOH wash
1a 1b 2a

99%
Scheme2-35: left: regenerationof 1a; right: 1b as the transmetallation precursor.

Unsymmetrical phenols bearing an unshbstituted ortho-postion were next
explored, providing further insight into the selectivity of the oxidative arylaiton
reaction (Figure 2-13). Oxidativearylation to 42a occurs in a 49% yield, selectigly
ipsoto the methyl group over the Hwhereasthe 2,6-dimethyl analogue43a shows
no selectivity between the two positions, desjte the steric interference of the
adjacent'Pr group. This suggests that the reaction is much more dependent on the
electronic nature of the phenol than steric properties, preferentially arylatingipso
to a larger weakly electron donating group (methyl) @er an unsubstituted
position. In contrast to this, 44a, which is derived from musk tonalid is arylated
with complete selectivity ipso to the methyl group z with the other isomer not
detected. TMSOTT facilitated the subsequent &yl migration to 44b, despite the
tert-alkyl substituent present in thepara-position which has been seen tandergo
retro-Friedel Crafts type alkyl eliminaton in previous studies (seeScheme2-31.:
28a and 29a). However, in the case ofi4a, the retro-Friedel Crafts product could

be proceeded by realkylation, driven by the Thorpe-Ingold effect149
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Figure 2-13: Monc-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 offeredin the synthesis of45a and 46a lead to low isolated yields.
Subsequent 1,2aryl migration to access the phenol4d5b and 46b were not

attempted.

ortho-Benzyl substituted phenol showed good selectivity towards arylatiorpara-
to the tert-butyl 47a, although someortho G-H arylation product was isolated
(13%, see SI) This contrasts theselectivity imposed bythe tert-alkyl group in 44a,
which showed complée selectivity towards arylation ipsoto 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 pregnt in 44a.150
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However, when exposing the dienonel7a to the Lewis acid, the desiredneta-
arylated product was not observed, insteadiorming 47b as the major product with
the debenzylated product49 alongsidea mixture of ortho- and para- benzylated
toluene, confirmed through comparison to literature.151z153 This anomaly also been
observed in other dienonephenol rearrangements of 2,4cyclohexadienones

bearing a benzyl substiuent.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 moity (Scheme2-36). The benzyl cationthen
undergoes an EAS at thefree ortho-position of 49, resulting in 47b. This
hypothesised pathwayis 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 groupss suggesting that if the
reaction pathway involves a migration reaction, the aryl group would
preferentially migrate.

Lewis Acid O O O
_—-—
F

47b
63%

_—

7
= PhMe Me—4— _
ortho-/para-

Scheme2-36: Possible reaction pathway td7b.
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Secondly, if the benzyl group does migrate preferentially over the arene, theeta-
position where it would reside is electronically deactivated towardselectrophilic
aromatic substitution (Scheme2-37),110 discounting the possibility that the benzyl

group undergoes protodealkylation with TFOHpostmigration.

OH O S
O
% ool
.... _—
QF g

47a

Seuy

Scheme2-37: Alternative but unlikely route towards the formation o49.

49

A strongly electron donating grouppara- to the methyl group offers excellent
selectivity towards 2,4-cyclohexadienone synthesisan example of this effect is
towards the arylation of 2-methyl-5-methoxyphenolto accessA8a (Figure 2-13).
In this case, howeverno reaction was observed upon exposure to Lewis acidic
conditions such as TMSO{at room temperature or 60 °C and at 2equivalents)
or Bi(OTf)s (in an excess of 1.1 equivalents, or with triethylamine at
0.2 equivalents). Analysis of the electronic structure of cyclohexadienoné8a

on the Lewis acid-ketone intermediate | (Scheme2-38).
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Scheme2-38: Pushpull system preventing the formation cf8b.

The added resonance structure arising fronelectron donation by the methoxy
group can stabilise the cyclohexadienonéewis acid coordination complexll. This
redirects the positive chargeaway from the reactivecarbon in Il , 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).

OH

R—/I 1.0 eq.
N

o
mCPBA 1.0 eq TMSOTf 1.0 eq CE
E—. X
. R ArPF R
PhMe, rt 30 mins > PhMe, 18 h O ArPF

e (O s

Figure 2-14: arylation of naphthol substrates. *Yields calculated by quantitatittgs NMR

spectroscopy.
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For both 2-methylnaphth-1-ol and its regioisomer Emethylnaphth-2-ol, oxidative
arylation to 50a and 51a occurred quantitatively and with complete selectivity
ipso to methyl group. However, no reactivitywas observed upon addition of a
variety of Lewis acts, and thecyclohexadienones were recovered unchangedThe
extra resonance stemming from the conjugation of the adjoining aryl group
presumably limits the positive charge build up at the required positionlt may be
possible to circumvent this limitation by employing a moreelectron rich arene,
which undergoes the 1,2aryl migration more readily z although it has not been
explored for these examples in the scope of this project. Thistrategy was
successfully employed towards theneta-arylation of 2,4,6-triethylphenol (Scheme
2-39).

OH

1.0 eq. nOe

rPF
B(OH), 1.1 eq.

0 (@) OH =
O:S//\ Bi—OTs NaHCO3 1.1 eq. mCPBA 1.0 eq. TMSOTF 1.0 eq. HC\ J
- S —_—
PhMe / water (5 v/v%) AT bhMe, 18 h
60 °C
then 2 M NaOH wash
1a 52a 52b
83% 78%

Scheme2-39: Arylation of 2,4,6triethylphenol.

Initially, the para-fluorophenyl group was employed as the arylating agent.
Although the 1,2aryl migration initially appeared to be successful, resulting in a
phenolic product with the correct mass observed bY1RMS closerinspection of 2D
NMR spectra (includingNOESYexperiments) showed that the isolated product
52b was in fact the result of theethyl group migrating (Scheme2-39). This
observation agrees with computational models derived by Fenet al. towards the
dynamic effects on migratory aptitudes in carbocation reaction&s Usingmethods
designed to remove steric and electronic biagengcalculated thatan ethyl group
has a lower barrier to migration than its phenyl counterpart. As cyclohexadienoes
have been described as idealistic systems to measure relative migratory
aptitudes,’? 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 thata more electron denseryl will have a higher migratory
aptitude (Figure 2-15).

OH
% R
ArPF R'f || 1.0eq.
OH), 1.1e
0 B(OH), q. o
0=s'__Bi—OTs NaHCO3 1.1eq.  mCPBA 1.0 eq. (5< TMSOTf 1.0 TMSOTY 1.0 eq. [ &
|
PhMe / water (5 v/v%) — PhMe, 18 h R
60 °C N
then 2 M NaOH wash
1a
H
O % (L,
OMe O OMe
53a 53b 54a 54b?
83% 83% 59% (2.9 : 1 rr) 84%

Figure 2-15 meta-arylation of ortho-alkyl substituted phenolsYields are of the single isolated

regioisome 2 2.0equivalents of TMSOMererequired.

Asexpected adding electron density to the exocyclic arene resulted in preferéal
1,2-aryl migration over alkyl migration z producing an 83% yield of the highly
congestedmeta-arylated phenol53b. This was then applied towards the synthesis
of 54b: the moderately yielding arylation of 3tert-butyl-6-n-propylphenol (59%)
followed by dienone-phenol rearrangement requiring 2 equivalents of Lewis acid

provided the desired product54b in a 50% yieldover 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 vsiso-propyl (Figure 2-16).
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o o OH OH
‘L 0 > U g
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64% (1:1rr) A 73% A 83%
0 0 OH
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57a and 58a 58b
68% (1:2.5 rr) B 97%?

Figure 2-16: investigation into alkyl vs alkyl selectivity in the oxidative arylation st¥jelds quoted are

of the combined regioisomers.

Arylation of 2-ethyl-6-methyl phenol results in a 1 : 1 regioisomeric ratio ob5a
and 56a, with the products isolated as an inseparable mixture in @ombined 64%
yield. Addition of TMSOTpromoted 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 ipsoto the methyl group over
the more sterically demanding but electron donating iso-propyl group. Although
arylation typically occursipsoto the most electron rich substituentz which would
beiPr in this casez arylation is favouredipsoto the smaller methyl group in58 .150
AEEO OOGCGCAOOO OEAO OOAOEA ZEAAOT OO0 AOAT 60 1
reaction.

Bi(OTf); and E&N were employed as the Lewis acid system for the aryl migration
step as the dioxolane protecting group is sensitive to strong acidg5’ This
successfully provided58b, in a 97% isolated yield with57a fragmenting into a
complex mixture z a known process with 1,2migrations of substrates beaing an

iPr group arising from the elimination of aniPr+equivalent.”
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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 goromising LTB4 antagonist59 (Scheme2-40).
OH OH
OH
e = Wl =
s o o
59 60b

LTB4 antagonist
analogue

Scheme2-40: Retrosynthetic route to LTB&ntagonist59.

It was hypothesised that the synthesis could be carried owith two sequential
meta-arylations starting from 2,6-dimethylphenol z with the second arylation
being directed by the first electron rich arene analogous to the effect seen ithe
synthesis of48b. Furthermore, the bismacycleOmCB1b recovered from the first
step (Scheme2-34) is employed in the second stepgiving a practical example of

the bismuth recovery.

Pleasingly, the synthesis of cyclohexadienor@a proceeded in a 70% yield, with
the bismacycleOmCB1b recovered in a 92% yield(Scheme2-41). The 1,2aryl
migration step yielded themono meta-arylated phenol 60b in a 94% yield (66%

over 2 steps)
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Scheme2-41: Route to LTB4 antagonisi9 using recovered bismacycl@mCB1b. Isolated yields are
quoted.
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The recovered bismacycleéOmCB1b was used directly in the transmetallation step
with 3-thienylboronic acid. Subsequent oxidativearylation yielded a 1:1 mixture
of61 and62, isolated as an inseparable mixturdJnsurprisingly, no selectivity was
observed in this arylation step as both remainingortho-positions are in
conjugation with the electron donating ability of the dioxolane goup. In spite of
this, bismacycle OmCB1b was successfully recovered once again in a similar yield
(90%) to the first arylation. The cyclohexadienone mixture §1 and 62) was
subjected to the beforementioned aciesensitive Lewis acidic conditions, allowing
for the isolation of the desired product59 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 061 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 propertieshave the
dominating influence in the overall regioselectivity. This is most obviously in the
observed selectivity of42a and 43a. The addition of the second electron donating
methyl group ortho to the iso-propyl reducesthe selectivity in 43a, despite the
added steric hindrance vs H im2a (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 halogenall of which can act as points of
molecular diversification. The boundaries and limitations of this methodology
have also been explored, and incompatible sutrates 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 xplored, and it is found that
arylation occurs on the most electron rich phenolicortho-position z 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 diggd 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 rearrangements7z69
qualitative observations made while performing optimisation reactions and the

substrate scope led to the proposal of gplausiblereaction sequence(Scheme2-42).

Scheme2-42: Initial mechanistic proposal for the DienonrBhenol rearrangement.

An initial coordination event between the Lewis acid and the 2,4-
cyclohexadienoneyields complex! which, as illustrated in resonance structurell,
features increasedpositive charge on thes-position. This results in thearyl group
migrating through some intermediate producing structure lll where the positive
charge resiceson the 6-position. Following this, proton elimination quenches the
positive charge producing IV, forming triflic acid which is able to deprotect the

TMSphenol thus furnishing the meta-arylated phenol product157
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Toinvestigate this hypothesis three mechanisticexperiments were designed

(1) a Hammett plot derived from measuring the relative rate of migration of
the exocyclic aryl groups against their electronic profile $cheme2-43,
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 1l to IIl') or deprotonation (consistent with Ill to V)

(3) installing Me-d3 at the 6-position ipsoto the aryl group to seek evidence

for a build-up of positive charge apparent irl to lll (bottom).

TMSOTTf (0.20 eq)
PhMe, rt, 30 min
R = OMe, Me, F, Br, CF3

F F OH OH
O a o O TMSOTF (0.20 eq)
B
O O PhMe, rt, 30 min ‘ D O
D D
63a 64a F 63b 3b F

F
(0] (0]
CD3 TMSOTf (0.20 eq) CDj3 CDj4
RO, O O
F —_—
O O PhMe, rt, 30 min
65a 66a

Scheme2-43: Designed mechanistic experiments. Top: Hammett fptintermolecular competition.
Middle: kinetic isotope experiment, labelling thegosition. 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 fre@nergy relationship between a
substituent constant which is used to quantify the molecule® electronic
properties, and the rate of readion. In this experiment, thepara-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 z

4-fluorophenyl substituted 2,4-cyclohexadienone3a.

TMSOTF 0.2 _TMSOTf0.2eq.
PhMe rt

R -OMe 5a 3a R -OMe 5b
-Me 8a -Me 8b
-Br 6a MeO OMe -Br 6b
'CF3 7a 'CF3 7b

Scheme2-44. General scheme for thetermolecular competition Hammett plot reactions

As pure samples of the cyclohexadienones and phenol products chdeen
previously isolated during the substrate scope, thgrogress of thereactions was
monitored by quantitative NMR spectroscopyy comparison of identified peaks to

pure samples.

Preliminary experiments showed that the rates of reaction for electron rich
substrates are too fast toobserve directly by real-time NMR spectroscopic
analysis To circumvent this, samples were taken atintermittent times and
quenched with saturated agueous sodium bicarbonate. This ensutethat 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 -CF;, 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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Electron Electron
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Figure 2-17: Reactions designed to calculate the relative rate of migration of highly electronically
active substituentsagainst the F substituted speciés

The reactions were performed in toluene undeanhydrous and inert conditions to
mimic the general conditions applied during the reaction Additionally, a 5
equivalent excess of eacR,4-cyclohexadienone relative to TMSOT#vas used to
ensure pseudafirst order conditions. The consumption of startingmaterials was
calculated relative to an internal standard, 1,3/ rimethoxybenzene, whichwas
found to beinert to TMSOTf under the optimised reaction condition§Scheme
2-45). This was shown in an independent reaction, whereTMSOTf, 1,3,5
trimethoxymenzene, andan inert internal standard, 1,3,5triethylbenzene, were
subjected to standard conditions. Here, no 1,3,5trimethoxymenzene was

consumed.

OMe
TMSOTf 0.2 eq.

PhMe, rt
Et

Et i Et

Scheme2-45 Test reactionconfirming the inertnessof theinternal standard towards the reaction

MeO OMe

conditions.

Thereactionswere quenched before 50% conversionand theconsumption of the
competing substrates were determined as a ratidl he rate of the reaction relative
to 3a was determined by either a direct comparison oby extrapolation with the
relative rate of acompeting substratez see supplementary Information for further

details.
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offering a marginally better fit (R = 0.9953 vs R= 0.9663 respectively). Analysing

these data, a rho valuewvas -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 Scheme2-42) and suggests that the selectivity determining step

occurs before lll A 1V. The selectivity determining step beinglll A IV is

discounted asit 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 vitueofbee T ¢ 1T OO0 T £ Al 1 EOCA§&IM xEOE
resulting in smaller rho valuebeing observed.

Similar large migratory aptitudes have been observed by the Jacobsen groigp

the WagnerMeerwein rearrangement ( =-3.7, R=0.99; " =-2.9, R = 0.96)15°

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 tayl

migration proceeds via a phenonium intermediate $cheme2-46).

AN Arl 20 mol% £ F £ F
X mCPBA 0.5 eq. Ar/'\_)< Ar/‘\_)<
vs o Z H vs :
e X pyr.9HF (20 eq HF) N
Ar Ar CH,Cl,, 24 h, -35 °C s X

p=-3.7,R2=0.99; p+ = -2.9, R = 0.96

|
Bn0,C_O OYCOZBn N 1 ’ (@ / Foepr
Bn Bn 2
CO,Me X_@
Arl proposed intermediate

Scheme-46: Hammett experiment performed on the Wagnéteerwein rearrangementowards the
fluorofunctionalisaiton of 2arylstyreneyl moieties59 Ar =p-NQ:Ph; X pCH;, H,pBr, mBr, pCk.

Large differences in migratory aptitudes have also been calculated for acid
catalysed pinacol rearrangements op-anisyl substituted diols’8115 One particular
study undertaken by Pockeret al. shows that an electron rich arene (anisyl)

migrates 1000x faster than an unsubstituted phenyl grouf®
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substrate scope in this study: electron rich arenes migrate at mudtigher absolute
rates than their electron poor counterparts; and, electron poor groups require
stronger Lewis acids (TMSOTTf vs Bi(OT$)for pCF or pBr phenyl, 7a and 6a) to

migrate.

Furthermore, these data provide an explanation for the reticence of the@yridyl -
4-methoxy group in 20a towards migration (Scheme 2-47). N-Coordination
between the Lewis acid and20a would result in a 3-pyridinium salt, the sigma
value of which has been previously calculated to surpass 2.@Q0over 3 times the
value of pPCRj A E s¢e8lpnsertipg this value into the acqured Hammett
equation, the projected relative rate is calculated to be 3.7 x 20 compared to the

p-fluorophenyl reference 3a.

"OTf TMS., -
TMS\O+ p I OMe 0 OTf
| . _ .
N*

XN 1us
“oTf mll N
~

~ +l}l OMe

c>2.00 oTf TMS

Scheme2-47: Lewis acid to pyridyl coordindbn preventing aryl migration.
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2.4.2 Kinetic Isotope Experiments

Thefirst 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® This effect relies on the difference in atomic
mass ofH and 2H (D) and its impact on the difference between zerpoint
vibrational energies at the spgor sp? centre and the transition statels! It is
understood that the zeropoint energy difference between a spcentre and a
transition state containing a mix of sp and sp? character islarger for a CD bond
than and CH bond, resulting in a larger activation energyé2 This results in the

non-deuterated isotopologue reacting faster than its deuterium labelled

counterpart, producing a Q o PZ denoted as anormal |-secondary KIE

(KIE > 1) Parallel to this, thezero point energy difference between a spcentre

and the sp@-sp3 containing transition state issmallerfor a GD bond, resulting in a

smaller activation energy and a Q o PZ denoted as aninversej -secondary

KIE (KIE < 1)163

To perform this experiment on 3a, a mixture of isotopologues3a and 64a were

synthesised.
o OH mCPBA 1.0 eq
O=S\ B|\ F
éj PhMe, rt, 30 min
D
72%
2a 63a 64a

Scheme2-48: Synthesis of isotopologué8a and 64a.

Access to the inseparable mixture of the isotopologudi3a and 64a was achieved
ina 1l : 1 ratio from the oxidative arylaton of 2,6-dimethylphen-3-d-ol with 2a. It
was anticipated that selective deuteration of the 2 4yclohexadienone3a 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 migraton.

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 pseudafirst order system. The consumption of the
cyclohexadienones was reasured by quantitative tH NMR spectroscopy using

1,3,5trimethoxybenzene as the internal standard $cheme2-49).

F F

O 9 9 O TMSOTf (0 20 eq)

!!II] lll!! PhMe, rt, 30 min Eilll ll'ii
D D

63a 64a

MeO OMe Q o TWow

Scheme2-49: Kinetic Isotope Experiment betwedBa and 64a.

The relative rates of aryl migration give annversej-secondary KIE of 0.89. This
suggests that the selectivity determining step does indeed involve a 3 sp3
rehybridisation event at the labelled position, which agrees with the preliminary
mechanism Scheme2-50, I to lll ). Furthermore, the increase irp character at this
position could also arise from the formation of a phenonium cationl(-a), the
proposed reactive intermediate of the WagneiMeerwein rearrangementstudied
by the Jacobsen groupScheme2-46).159

™S i via

Il-a

Scheme-50: Mechanistic proposals consistent with thesecondary KIE value of 0.89. Pathway A
results in the formation of aationic intermediate. Pathway B results in the formation of a phenonium
intermediate.
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The observed KIE value also eliminates the possibility of the final proton

elimination step (Scheme2-42: Il to IV) being the selectivity determining step. If

this was the case, the selectivity determining step would directly involve the

breaking of a GH/D bond, producing a primary KIE and aTQ o X e

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 (Scheme2-42, 111 ). If a carbocation forms adjacent to the labelled

Medoc BI OEOEIT ET OEA OAIl Adcandaykitetc ishtdp®A O ET E
effect would be observed. This effect arises from the diffent extent in which GH

and CD bonds can stabilise carbocations through hyperconjugation, resulting in

reaction rates for the isotopologues leading to a KIE5

OH
2 CcD, MCPBA 1. Oeq  oos
0=S.___Bi F CDs O O
T\
éj/ PhMe, rt, 30 min
2a

65a 66a
0.98 1.00

Scheme2-51 Synthesis of isotopologuéba and 66a.

As with the synthesis 063a and 64a, the isotopologues were synthesised from the
oxidative arylation of 2,4-dimethyl-6-methyl-ds-phenol* (Scheme2-51). However,
as the deuterated site is in the vicinity of thereaction centre in the oxidative
arylation step, a small KIE 0f0.982 was observed, resulting in a0.98 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 &fa and 66a. The
minor difference in equivalents d starting materials wastherefore 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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F
Q ? co, TMSOTF (0.20 eq CD, CD;
S exYa O O
O O PhMe, rt, 30 min

MeO OMe Q ""Q p8r T

Scheme-52: 1 -Secondarykinetic isotope experimeneéxperiment

Upon quenching the reaction, theatio of the two isotopologues were the same
indicating no 1 -secondary kinetic isotope effect(Scheme2-52). The selectivity
determining step is therefore notlikely to proceed via an intermediate containing

significant carbocationic character in the 2position.

Discounting a cationic build up on theortho-position of the phenol ring inthe

selectivity determining step suggests that the initial proposed mechanism is
incorrect, instead implying that the reaction pathway proceeds via a phenonium
cation (Scheme2-50, pathway B). As well as being a key intermediate for the
Wagner- AAOx AET  OA A OO AiylCslyiendes @ported By Jacobsen
(Scheme 2-46),166 similar arenium ions have been petulated as a reactive

intermediate in related migratory transformations such as the Pinacol
rearrangementsi67168Lewis A EA OET C -arf dpbxitlés® arid &very aryl

migrations on graphenel?0 More recently, computational studies have shown that
these bridged intermediates are viable low energy transition states in

rearrangement reactionst7

The phenonium intermediate agrees with the gperimental data obtained within
this mechanistic study. KIE data suggests that the selectivity determining step
must involve the 5position gaining p-character, whilst not resulting in a buildup
of positive charge on the éposition. 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®é
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Scheme2-53 Proposed mechanism for the2taryl migration of 6,6-disubstitutedcyclohexalienones.

From intermediate Il a, breaking of the GC bond and proton elimination results in
the silyl phenol ether IV*, consequently forming triflic acid. This agrees with
observations made in the substrate scope: retrériedel Crafts chemistry results
in de-adamantylation (protodealkylation), a process requiring the presence of a
strong acid. This acid is capable of dsilylating the phenol, furnishing the meta-

arylated product.

The now indepth understanding of the electronic nature in the selectivity
determining step was exploited in the synthesis of the two regioisomer$7 and
68. It was hypothesized that either isorer could be accessed by carefully selecting
the electronic nature of the masked 4ydroxyphenyl boronic acid: the more

electron rich arenewould migrate preferentially over competitor (Scheme2-54).

" This step could be initiated by either the breaking of the € bond leading to a carbocation
followed by proton eliminationorET AT  O%¢ 6 OheprdtorBs/adiHperi AlaharA O O
to the GC bond being broken. This step will therefore be left ambiguous as further

mechanistic studies are required to elucidate.
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OH

Electron Poor Ph Ph Electron Rich
(HO)ZBOIOH] (H%B@[OH]

1a, mCPBA, TMSOTf
then
Deprotection

1a, mCPBA, TMSOTf
then
Deprotection

HO OH OH
Ph : Ph
HO I

68
Scheme2-54: A prior i reaction design[OH]refers to a masked or protected phenol.

Assuming that the Hammett plotcan be projected onto this system which
involves an intramolecular, rather than an intermolecular, competition step two
electronically differing masking groups were selectedpOBn as the electron rich
species to producesomer 68, andpCHO as the electron deficient group, predicted
toformisomer678 5 OET ¢ OEA OOAT AAOA £ OAI OAO
plot (Graphl, top) gives predicted ratios 0f20:1 in favour of the migration of the
O-Bn substituted arene68, and1 : 0.03 for 4-formyl substituted phenyl group in

67 .158

The cyclohexadienone intermediate69a was isolated in a 71% vyield from the
terphenol (Scheme2-55). From here, the standard rearrangement conditions
resulted in the isolation ofboth 69b and 68, along withbenzylated toluene.

J "
0=S B{— OTs

N
O § ;
Ph\©/Ph Ph R
ArB(OH),, NaHCO3 O Q OBn

then mCPBA

69a
1%

H H
Q G OH O OH
o 3 TMSOTf Ph o
(oo rmenzn ®
OBn O OH

69a 69b 68
66% 27%

Scheme2-55: Employing the electron rich OBn substituted arene to synthesise is@@er
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This side-reaction is consistent with methodologies developed to @rform benzylic
deprotection chemistry170 Okano et al., uilised Lewis acidic B4 to cleave the
benzyl-oxygen bond, where the benzylic cation is scavenged by
pentamethylbenzene; in the case othe reaction shown in Scheme2-55, the
scavenger is the solvent tolueneAnalysis 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 deprotedon could be performedin

situ via a two-step onepot reaction to 68.

H OH H OH H
o G TMSOTf Ph 50°C Ph
Ph s PhMe, rt, 1 h O 16 h O
PRa: C »
OBn OH

69a 69b 68
1% >99% 86%

Scheme-56: Tandem 1,2aryl migration - O-benzyl cleavage t&8.

From theisolated cyclohexadienone, 1,2ryl migration led to full consumption of
69a in under an hour byin situ tH NMR spectroscopic analysis. The reaction
mixture was then heated at 5¢°C for 16 h, facilitating the benzyl deprotection in
an 86% isolated yield of68 over the two steps. The regiochemistry 068 was

confirmed by 2D NMR spectroscopy, including HMBC and NOESY experiments.

As for the electron poor masked phenol moiety,-formylphenyl boronic acid was

EAAT OEEZEAA AO A OOE Ovald & 0.48¥sTakdEid\ hadiyd E O
converted to the correspondingphenol using the Dakin oxidation173

The phenol 70b was synthesised in a 73%, giving a 9 : 1 regioisomeric tia
favouring migration of the unsubstituted phenyl group in preference to the

electron poor formyl-substituted phenyl moiety (Scheme2-57).
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/r
0=S.__Bi—OTs H

> (GEA\
OH
Ph. i Ph O

Ph S
ArB(OH),, NaHCO, O Q o

then mCPBA

0 TMSOTf Ph
Ph s o O
O <D PhMe, t, 16 h O
H
Scheme2-57: Synthesis of0b.

From here, treatment with mCPBA provided the formyl ester intermediate which
could be hydrolysedin situ with methanol and aqueous HCI to givéhe phenol 67
in a 77% vyield (Scheme?2-58). A stepwise oxidatiorhydrolysis process was
preferred over the alternative basic method due to possibilities of overoxidatio

to the conjugated diketonet?

(o}

OH
OH ‘ H OH O
Ph O 1) mCPBA
O 2) aq. HCI O
H MeOH, 60 °C, 24 h H

70b 67
7%

Scheme2-58: Dakin oxidation to the diphendd7.

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 elecbn density on the migrating aryl moiety. The KIE
experiments suggest that the Eposition undergoes asp? to sp? rehybridization
event, whilst significant carbocationic character does not develop at the gosition

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 difficukto-synthesise regioisomers,67 and 68,
from a single starting materialz 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.

NH2 Et2N CI
N/\/OMe
MeX|I|t|ne derlvatlve leocalne derlvatlve Dlmethachlor derivative
sodium channel blocker anaesthetic pre-emergence herbicide

Figure 2-18: Derivatization targets

Although these specific targets may have no added biological activity upon
modification, their preparation showcases low this meta-arylation methodology

could be incorporated into synthetic strategy.
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2.5.1 O-Functionalisation z Synthesis of an Analogue of Mexiletine.

The synthetic route to themeta-arylated analogue of mexiletine71 was designed

to be performed in two steps from3b. Alkylation of the phenol was envisaged to

I AAOO x Enalgacetdrie elgctrophile as per previous synthetic routes,

AT T OEOOAT 01 U AAEEAOET ¢ A-chldrBaddioAel“Ef§ TheA GAA OO
subsequent reductive amination has been previously reported with amonium

acetate and sodium cyanoborohydride in an 81% yiel&s
NH, o}
\[ \E o

0 0
® (] . ®

O (J F
F F

71 74 3b

Figure 2-19: Retrosynthetic route to a (£mexiletine analogue.

Although previous literature proceduresreact2,6-dimethylphenol directly with 4 -
chloroacetone, it wagpredicted that higher yields of the ether74 could be achieved
by employing Finkelstein conditions. Indeed, potassium carbonate and catalytic
potassium iodide in acetone furnished the intermediaté’4 in a 90% yield which
was obtained pure from the reaction mixture and as such was used directly ingh
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 concera22

o NH,

OH Kl 0.1eq. NH,OH 10 eq.
K,CO5 1.05 eq. O NaBH,CN 1.0 eq. O
O acetone, reflux, 18 h O MeOH, rt, 96 h O
O 90% F 83% F
3b 74 71

F

Figure 2-20: Synthetic roué tometa-arylated () Mexiletine71.
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The subsequentreductive amination reaction was performed using literature
conditions,176 provid ing access to the primary amine produc?l in an 83% vyieldz

a 75% yield over thetwo 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 CGN coupling reaction from the activated phenolic hydroxyl and either an amide
(to access LidocaineScheme2-59, top) or an amine (to access dimethachlor:
Scheme2-59, bottom).

Et,N

OMs

O~ 'NH C-N 0
coupling
p— HoN J\/ NEt,
L, L,

Lidocaine analogue
anaesthetic
CI

OM OM
/\/ e HN/\/ e Ms

Dlmethachlor analogue
pre-emergence herbicide

Scheme2-59: Top: retrosynthetic pathway tdidocaine analoguer2. Bottom:retrosynthetic route to

dimethachlor analoguer3.

To confirm the feasibility of the key GN bond forming step, commercial
2,6-dimethylphenol was used in place of the more valuableneta-arylated
analogue 3b. It was assumed tht 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-phenoxyacetamideis used in place oR-(diethylamino)acetamide for initial test

reactions.
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Taking conditions optimised by Dooleweerdtet al. in 2010 (Scheme2-60),177 a
tBuBrettPhosG3 palladum system was employed in the presence of sodiutert-

butoxide to facilitate the GN coupling reaction.

tBuBrettPhos 1 mol% ;\
OMs o tBuBrettPthos-GS 1 mol% o NH
NaO'Bu 1.4 eq.
HzN)J\/OPh

1.2 eq

BUOH, 110 °C, 20 h

l OMe
MeO

P(tBU)z

iPr P\, _ OMs
O Pd
A
H,oN O
iPr O

tBuBrettPhos Pd G3

77

Scheme-60: GN formingamidation between model substrates tssess théeasibility of the
proposed synthetic strategyConditionsas reported byBuchwald1??

Analysis of the crude material showed that no aryl mesylaté7 remained, although
the major product in the reaction was the desulfonated 2 &limethylphenol. This
unproductive reactivity could be the result of sulfone hydrolysis with hydroxide
presumed to be present in the sodiuntert-butoxide. It was therefore decided to
repeat the reaction wih caesium carbonate, which was identified by the authors
as a suitable alternative totert-butoxide. Despite this change, no amidation
product was observed by*H NMR spectroscopy or HRMS.

Concurrently, a similar process was attempted towards the synthesis @3. The
conditions were extrapolated from methodology reported by the Buchwald group
in 2008 (Scheme2-61).178 As with the GN amidation undertaken towards the
synthesis of lidocaine shown irScheme2-60, the 2,6-dimethylphenol mesylate77

was used in place of itsneta-arylated analogue to conserve material.
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tBuBrettPhos 1 mol%
OMs {BuBrettPhos-G3 1 mol% HN O

H N/\/O\ Base 1.4 eq.
2 -
Dioxane, 80 °C, 96 h

Scheme2-61: GN coupling test reaction assessing the feasibilitfythe route todimethachlor178

77

The reaction was first performed with sodiumtert-butoxide at 80°C for 20 hours,
resulting in hydrolysis of the mesyl group. Similar to the reaction shown iBcheme
2-60, the GN coupling was attempted with potassium carbonate as thbase (a
feasible alternative according to the authors}78 although the aniline was not

observed by!H NMR spectroscopy or HRMS.

Closer inspection of the substrate scope within the abovementioned literature
shows the omission of bothortho-substituted aryl mesylates and amines/amides
bearing additional heteroatomst?77.178 These properties could disrupt the desired
reactivity. To circumvent these problems, an alternatie route was designed to
simplify the transformation: a deoxyamination step was envisioned to access the
unsubstituted aniline, whichwould act as a key intermediate for the synthesis of
both lidocaine and dimethachlor Scheme2-62).

By simplifying the transformation to diverge from a common intermediate, the

development of two different reactions to facilitate the @ bond forming steps

was avoided.
Et,N C'
;\ NH, o N OMe
o NH
o= L |
> C,
72 F 78
Lidocaine Key intermediate Dlmethachlor
.
OR

L,

Scheme2-62: Retrosynthetic analysis of analogues of Lidocaifizand Dimethachlor73 proceeding
via the key aniline intermediat&’8.
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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 GN bond forming step with aryl sulfonates which are readily accessible

from the phenol. Againtest reactions were performed using 2,&dimethylphenyl

sulfonates in place of the more valuabl8&b.

Initially, direct C-N bond forming reactions with arylsulfonates were explored. A
transformation developed by the Hartwig group in 2009 uses aryl tosylats in the
presence of ammonia to access aniliné® According to the substrates reported in
the scope, similar sterically congested phenol derivatives, such a3,4,6
trimethylphenyl tosylate, undergo the deoxyamination reaction in good yields
(Scheme2-63, top).

Hartwig, 2009

Pd[(P(o-tol)3], 2 mol%
OTs CyPF-t-Bu 2 mol%

NH,
NaOtBu 1.4 eq
NH3
1,4-dioxane, 50 °C, 24 h
5e
a 65%
This work
OTs CyPF-t-Bu - G3 2 mol% NH
NaOtBu 1.4 eq 2
NH3
1,4-dioxane, 50 °C, 24 h
0.4 M dioxane
79

I ‘Y, F'e P/C; H2N
& S5 4
6Ms

CyPF-t-Bu

CyPF-t-Bu - G3

Scheme2-63: Direct deoxyamination reaction between an aryl tosylate and ammonia. Top: literature
reported conditionst’® Bottom: attempted couitions.

Due to the availability of chemicals and practicality of the process, the procedure
was modified slightly: ammonia was purchased as a OM solution in 1,4-dioxane
rather than manually preparing the solution prior to the reaction; and a pre

formed third-generation palladium complex, Pd[CyP#Bu)-G3, was used.

* Synthesised byMartyna Ostrowskawithin 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 (Scheme2-64).180 The updated method uses ammonium salts as
more accessible sources of ammonia, which is generatgdsitu in the presence of
base. Here, both ammonium acetate and ammonium sulfate were shown to be

excellent nitrogen sources.

Hartwig, 2014

Pd[(P(o-tol)3], 0.5 mol%
Cl CyPF-tBu 0.5 mol%

NH,
Ph NH,OAc 3 eq. NaOtBu 4.5 eq. Ph
or
(NH,),S0, 1.5eq.  1,4-dioxane, 100 °C, 12 h
98%
This work
Pd[(P(o-tol)3]> 0.5 mol%
OTs CyPF-tBu 0.5 mol% NH
NH,OAc 3 eq. NaOBu 4.5 eq. 2
or
(NH4)2S02 1.5 eq. 1,4-dioxane, 100 °C, 24 h \©/
79

Scheme2-64: Deoxyamination reactions using solid sources of ammonia. Ttgrically congested
example from the literature. Bottom: attempted reaction in this wotk

The reaction was attempted using 2 @&limethylphenyl tosylate 79: the employed
palladium system has been shown to successfully undergo oxidative addition with
aryl tosylates (Scheme2-63, top) 17 thus it was assumed that similar arytosylates
would be competent in this method. Thereaction 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 impuies 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 tarting 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-@ bond forming reaction
with a protected nitrogen source, designed to be easily cleaved. Initig a route
developed by Buchwald which couples aryl triflates with sodium isocyanate and
an alcohol was identifieds Promisingly, examples from the literature include 2,6
dimethyl aryl triflates (Scheme2-65, top) z a suitable analogue of the phenol
starting material identified in this route.

Buchwald, 2013

OPh
Pd,dbas 0.75 mol% 0 J/
OTf tBuBrettPhos 1.7 mol% HN)J\O
Et3N 25 mol%
HO\/\oph NaOCN
PhMe, 110 °C, 16 h
0,
1.2 eq. 2 eq. 4%
oTf Pd,dbaz 0.75 - 1.5 mol% NHBoc
R =m-/p- EWG tBuBrettPhos 1.8 - 3.6 mol%
heterocycle R;— ~ NaOCN R—: N
= tBuOH, 110 °C, 16 h Z
2 eq. 60 - 94%

Ny
e,

aryl isocyanate
intermediate

Scheme2-65: Examples of deoxyamination reactions from a 2013 paper published Bichwald
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 Boeprotected anilines by usingtBuOH as the solvent, an obvious
precursor to the free aniline targeted in this project Scheme2-65, bottom).
However, applying these conditions to 2&limethylphenyl triflate 80 failed to
produce the Boeprotected 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 withsterically congested aryl
triflates reacting with secondaryor tertiary alcohols z such astBuOH attempted

here.
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Pd,dbas 2 mol%
oTf 20033 £ Molve NHBoc

tBuBrettPhos 4 mol% H,0*
NaOCN ———————X———> "X e -
tBuOH, 110 °C, 16 h

80 2 eq.
Pd.dbaz 1 mol% o
oTf tBuBrettPhos 2.5 mol% N//.é NH,
EtzN 25 mol% ag. HCl
NaOCN > - .
PhMe, 110 °C, 16 h THF, 60 °C, 18 h
80 2eq. 81

Scheme2-66: Top: Attempts to synthesise Barotected aniline. Bottom: Synthesis through isocyanate
81 to access 2@8imethylaniline.181

Attempts were then made to halt the reaction at the aryl isocyanate intermediate
81 (Scheme2-66, bottom) z accessible in the absence of a nucleophitéd. It was
theorised that exposure of the crude mixture to agueous acidic conditions would

hydrolyse the isocyanate to tle aniline.

Despite full consumption of 80, analysis of the crude material by!H NMR
spectroscopy showed a complex mixture. Subsequent attempts at hydrolysis did
show the formation of the desired 2,6dimethylaniline product, albeit in minor

amounts. The raction was not investigated further.

An alternative approach to this strategy was identified: employing a-® bond

£l Ol ET ¢ OAAAOGET 1T xEOE AAT UIT PEMRwWhHchAInEl ET A
turn, could be hydrolysed to the aniline under acidic condibns. This was

developed by the Buchwald group in 2003, using 2;@imethylaryl nonaflate 81 as

the aryl coupling partner (Scheme2-67).182
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Buchwald, 2003

Pd,dbaz 1 mol% Ph
ONf (+) BINAP 2 mol% PhAN
)NJ\H NaOtBu 1.4 eq.
Ph™ “Ph PhMe, 105 °C, 4 A MS, 16 h \©/
1.2 eq
81 97% 82
@
RFO o HsO ™ |
FsC s :
& \
FFFF

NH,
Nonflate CI)
Nf-
Ph)\Ph

Scheme2-67: GN coupling between aryl nonflat81 and benzophenone iminks2

Agreeing with reported literature, a low yield (58%) was observed for the
synthesis of the aryl nonaflate81 (Scheme2-68).182 Despite this, employing81
alongside berzophenone imine distilled over 4 A 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 Scheme2-68). The product was confirmed by comparison to a

commercial sample of 2,6dimethylaniline.

OH DMAP 0.1 eq.

. DIPEA 1.2 eq. ONf
Nf~ >
CH,Cly, 40 °C, 96 h
1.1eq 54% 81
Pd,dbag 1 mol% Ph
ONf (x) BINAP 2 mol% PhAN
)N]\H NaO?Bu 1.4 eq.
Ph™ “Ph PhMe, 105 °C, 4 A MS, 16 h
1.2 eq
81 82

aq. HCI (2 M) | ggos
THF, 0°C -rt, 18 h

Scheme2-68: Deoxyamination reaction 081 to synthesise 2:@imethylaniline.
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With a viable route at hand, the procedure was employetbwards the meta-
arylated analogue78. 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 solvenedpite this, a similar

yield of 60% was calculated by quantitativel®F NMR spectroscopy Table 2-10,

entry B).
OH ONf
O conditions O
_F
Nf
3b 83
2
Internal Standard
Entry | Conditions Yield of 83 (%)
A NfF (2.0 eq), DMAP (0.1 eq), DIPEA (1.1 e 60
CHCb, 40 °C, 96 h (92% BRSM)
B NfF (3.0 eq), DMAP (0.1 eq), DIPEA (1.1 e 60
PhMe, 100 °C, 24 h
C NfF (1.5 eq), NaH (1.05 eq) 35
THF, rt, 18 h
D NfF (1.5 eq), NaH1.05 eq) 38
THF, 60°, 18 h
E NfF (1.5 eq), NaH (1.05 eq) 35
1,4-dioxane, 110 °C, 18 h
F NfF (3.0 eq), DBU (3.0 eq) 81
PhMe, rt, 1h
Table2-10: Identification of nonaflation conditions t@3. Yields determined by quantitativéSF 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 thesulfonate moiety, activation of
the phenol was sought through complete deprotonation. Initially, NaH was
employed in THF at room temperature, then 60C (Table 2-10, enty C and D),
followed by 1,4-dioxane (entry E) to access higher reaction temperatureg all
resulting in low yields. Next, a nomucleophilic organic base, DBU, was employed
in toluene (entry F), providing access to the aryl nonaflat®3 in an 81% vyield.
Although these conditions could be further optimised with respect to the

stoichiometries, this was not investigated in the scope of this project.

Pd,dbaz 1 mol% Ph
ONF (+) BINAP 2 mol% PhAN
)NJ\H NaOtBu 1.4 eq.
o PR PhMe, 105 °C, 4 A MS, 16 h \CE
Ar 1.2 eq. ArPF
83 84

aqg. HCI (2 M)
THF, 0°C-rt, 18 h

88%

NH,

ArPF
78

Scheme2-69: Synthesis o78.

With the meta-arylated aryl nonaflate at hand, the palladium catalysed
deoxyamination reaction successfully furnished the desired aniling8 in an 88%

yield over two steps Scheme2-69).
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Transition metal free deoxyamination approach z Smiles rearrangement.
Although the palladium catalysed deoxyamination route provided access #8 in

an excellent yield, the reaction suffers from several drawbacks:

1 the benzophenoneand nonaflate auxiliaries have high molecular masses,
and both end up as waste;

I the reaction uses palladium, highlighted as an unsustainable finite
resource;s3 and,

9 the reaction is very sensitive to water, with distillation of benzopheonone

imine and freshly made sodiuntert-butoxide essential for good yields.

A transition metal free route to the aniline was therefore desired, with the Smiles

rearrangement being iderified as a suitable approach.

Shang, 2013
OH
Os_NH, I
io KOH 2.0 eq. O™ 'NH KOH 2.0 eq. NH,
DMSO-DMPU (3:10) \©/ \©/
140 °C
50%
Smiles Hydrolysis
rearrangement

Scheme2-70: Smiles rearrangement followed by situ hydrolysis developed by Shang and
colleaguesis4

The method developed by the Shang groupn 2013 proceeds from the
aryloxamide, through an amido intermediate which is hydrolysed to give 2;6
dimethylaniline 184 The group obtained a 50% vyield for the 2.&limethylphenyl

example Scheme2-70).

Extending this strategy for the meta-substituted example required the initial
alkylation to occur at elevated temperatures in 1,4lioxane through the phenolate
anion which is generatedn situ (Scheme2-70). Thisprovided a quantitative yield

to 85 determined by quantitative 1F NMR spectroscopy.
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oH (0] NH,
(0]
NaH 1.05 eq. i
\/U\NHz - O
Ao Br 1,4-dioxane, rt - 140 °C, 30 min
r

>99% ArPF
3b 1.1eq 85
o) KOH 2.0 eq. HN” S0 KOH 10.0 eq. NH,
DMSO-DMPU (3:1) DMSO-DMPU (3:1)
A\ 140°C, 1 h Ao 140 °C, 96 h A o
85 >99% 86 63% 78

Scheme2-71: Top: alkylation of3b; Bottom: Smiles rearrangement and amide hydrolysis7®. Yields
are calculated through quantitativel®F NMR spectroscopy againéi4-bis(trifluoromethyl)-1,1-
biphenylas an internal standard.

The crude aryloxamide85 was used directly in the subsequent Smiles reaction
after a solvent swap from 1,4dioxane to DMSEDMPU (3:1). Employing the
literature conditions of 2.0 equivalents of KOH resulted in quantitative conversion
to a new species, presumed to b86 from in situ IH NMR analysis alongside a
corresponding peak in the negative mode of HRMS. Consumption of the newly
formed compoundwas slow with the reaction frequently stalling when monitored
through gquantitative 1°F NMR spectroscopy. This resulted in an additionad.0

equivalents of KOH added to the reaction mixture over the following 96 h.

Despite this, amide hydrolysis forming the aniline78 proceeded in a moderate
yield,And was subsequentlyconfirmed by comparison to a known sample othe
aniline. Theoretically, this could be prevented by finding alternative hydrolysis
conditions, thereby avoiding long reaction times under harsh conditiong this was

not explored in the scope of this project.

This route is preferred over the alternative palladium catalysed @l reaction on
sustainability grounds. Although an auxiliary is required to mediate the Smiles
rearrangement en routeto the aniline, 2bromopropanamide possesses a lower
molecular weight (151 Da) than either benzophenone imine (181 Da) or NfF (302
Da) and is sed 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 benzphenone 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 dimethachlor73.

Synthesis of Lidocaine

The synthesis to themeta-substituted analogue of lidocainavas inspired by atwo-
step onepot industrial process described in a patent8s 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 HCI from the retion
mixture, which is then recovered and reused in a process to isolate the product as

the chloride salt.

Cl
;\
NH 1.05 eq. H
2 I/U\/CI q 0~ °N

E O PhMe, 0 - 100 °C, 1h O O
F

L F

78 87

Eto,NH 5.0 eq.
100 °C, 18 h

X

(0]

91% (2 steps)

Et,N

NH

U

72

Scheme2-72: 2-step Epot process to theneta-substituted analogue of lidocain@2.185 Yields
determined by quantitativel9F NMR spectroscopy with reference4gl-bis(trifluoromethyl)-1,1-
biphenylas the internal standard.

Employing these conditions towards the synthesis of theneta-arylated analogue

of lidocaine successfulf produced72 in a 91% vyield over the 2 steps.
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Synthesis of Dimethachlor

The analogue of dimethachlof73 was also synthesised in a-3tep 1-pot process.
Addition of n-BuLi provided access to the anilide, which undergoes andkylation
upon addition of 2-bromoethyl methyl ether. From here, the intermediate was
telescoped through to the amide product via acylation with Zhloroacetyl

chloride.

MeO

1)n-Buli 1.0 eq. \L
NH,

NH
2) g >OMe 4 1 ¢q.
O THF, -15°C-rt, 1 h O
F

L,

78

76
(0]
rt.2h
Cl)J\/Cl o
2.0 eq. 1% (2 steps)
MeO\L /ECI

N~ ~O
L,

73
Scheme2-73: Syntletic route to themeta-substituted analogue of dimethachlor3. Yields determined
by quantitative 1F NMR spectroscopy with reference4gt-bis(trifluoromethyl)-1,1-biphenylas the
internal standard.

To showcase the importance of this chemistry towardshe development of
improved and novel biologically active moleculesmeta-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 palladiurcatalysed GN bond forming
reaction between the nonaflateactivated phenol and benzophenone imine, a metal
free route was developed using the Smiles rearrangement. Although these
analogues will not be assessed for iblogical activity, their facile access

demonstrates the utility of the present methodology in targeriented 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 ameta-substituted aniline (Scheme3-1). The methodology builds upon
the understanding of the precedingneta-arylation of phenol strategy by diverting
the cyclohexadienone to a cyclohexadienimine analogue via a deoxyamination
reaction. This intermediate can then undergo a similar dienimin@niline

rearrangement to furnish the meta-substituted aniline product.

R ® R dienimine-
Bismuth o N aniline H,

OH N
Chemist HNR
emistry Ar 2 | Ar rearrangement
Ar

Schemes-1: Proposeghenol tometa-arylated aniline procedure.

3.1.1 Aniline Synthesis via Phenol deoxy genation

Deoxyamination reactions are typically well known and understoodsé 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 chemistryi87” to organocatalystsz pioneered by
301 OE ET 168 Anis fidd@uidklp @ogressed to asymmetric catalysis
using proline derivatives190.191 and is the areain 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
resourcesii192 anilines are often obtained through a multistep synthesis from

petrochemicals (nitration/reduction etc). 193

Direct phenol to aniline transformations usingN-arylation strategies and Smiles
rearrangements have been discussed previoushSgesection 2.5z Derivatisaiton
Chemistry) but other strategies to perform this reaction exist and will be discussed

herein.

The use of an intramolecular heteroatomic rearrangement tperform a phenol to

aniline conversion dates as far back as 1925 when the Chapman rearrangement
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was first reported.l®4 This describes the rearrangement of phenyl

N-phenylbenzimidate to the corresponding amide Echeme3-2, top).

Chapman rearrangement, 1925

Ph<
N on, SO
BN L
Ph O 270-300 °C
Ph

phenyl N-phenylbenzimidate

Scherrer et al., 1972

OAr (0]
N ArONa N Heat N,Ar 1) -OH Ar
R — R — — H.N*
N/)\Ph ~ N/)\Ph 2) H30*

42 - 72% (4 examples)

Scheme3-2 Top: Chapman reactiof?4 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 (Scheme3-2, bottom).1% The key step $ the
thermal rearrangement of the 4aryloxy substituted quinazoline, which can be
accessed through an &\r reaction between the phenoxide and the
chloroquinazoline. The authors reported that theN-arylated product is readily

hydrolysed to release the freaniline.

A more recent dearomatisation strategy developed by Lardgt al. usesN-centred

radicals to drive a similar rearrangement Scheme3-3).19%
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5y o "o e A
1 eq.
e L
P DCE, 90 °C, 24 h _

26 - 99% (32 examples)

~_Ph
| Y |
_N _N _N _N
SA \©\ SA D SA \© SA D\J
tBu Br \O
99% 95% 26% 53%

Select Examples

Proposed Mechanism R

R R
°5MNon o5 No P(OEt); o
o) o)
\QL \@ -OP(OEt); \©

N evi O pes

Schemes-3: phenol to aniline transformation proceeding through a deoxygenatNeentred radical
substitution reaction19 SA is salicipyl (2-hydroxy benzoyl). HAT is Hydrogen Atom Transfer

P a—

-

The key step in this reaction is the single electron addition of thid-amidyl moiety
ipso to the phenolic oxygen, giving a resonanestabilised arene radical.
Rearomatisation to the aniline occurs though breaking of the GO bond, which is
weaker than its GN 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 acidiconditions. The
reaction proceeds in an intramolecular fashion through a-®nembered transition
state, which is proposedy the authorsto be the reason for the excellent functional

group tolerance and high yields.

These heteroatomic rearrangements, althogh selective and with broad functional
group tolerance, require a large auxiliary which exits the reaction as nereusable
waste. More atom economical approaches have therefore been designed. The most

efficient of which occur directed with ammonia.

Typically, direct intermolecular phenolaniline transformations require high

temperatures (>200°C) and an excess of gaseous ammonia and hydrod&n.
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However, a seminal paper published by Qut al. in 2019 shows that hydrazine in
the presence of Pd/C is abléeo mediate a direct phenolaniline transformation
through a dearomatised cyclohexadienone intermediateScheme3-4).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.

Qiu et al., 2019
Pd/C 7 mol%

H 0,
P N OH LiOH 40 mol% P N NH,
Ry NH,;NH,eH,0 Ry
Z 4AMS. =

1,4-dioxane, 170 °C

2 eq.
25 - 85% (32 examples)

Select examples

NH NH
—
o 0 N

85% 25% 70% 45%

Proposed Mechanism

on Nefls - Mo o NaHa  H0 N. //@
o <o —=u
HPd'"H  Pd° l
d d HPd"H Pd°

Schemes-4: phenotaniline deoxyamination strategy developed by Catial.197

The proposed mechanism passes through a dearomatised cyclohexenone
intermediate, where its condensatbn 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 Nl bond cleaving eaction. The
harsh redox conditions achieved through elevated temperatures result in a limited
substrate scope: many examples revolve around alkyl substituted phenols,
although few examples ofN-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 Scheme3-1): a deoxyamination reaction leading to a
cyclohexadienimine. In addition to other imine formation reactions on cyclic
ketones9 it provides evidence forthe key deoxyamination stepproposed 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 gyl migration reaction
will provide the meta-arylated aniline. This reaction is proposed to proceed in a

similar fashion to the dienonephenol rearrangement discussed previously?

In 1953, Beringer and Ugelow performed a migratioraromatisation reaction

transforming a cyclohexenone to an aniline§cheme3-5).200

Beringer and Ugelow, 1953

HO. AcO. _Ac
Y ey ) i )
yridine
= I )@L
—_— —_— —_—
65-100 °C

88% (3 steps)

Scheme3-5: One-pot process towards the synthesis of 2;&fnethylaniline acetate from 3,5,5
trimethylcyclohexeneoxim@?o

The transformation is reported to occur in one pot through a pstulated cationic
intermediate: heating a diacetylated oxime results in the elimination of an acetyl
group, which generates a positive charge on thapha-position. The carbocation
then triggers a 1,2methyl migration, resulting in the aniline product ater

tautomerisation.

More recently, Bouillon and Meyer have developed an anilingromoted
dienamine-aniline rearrangement ofipso-benzidines (Scheme3-6).201 From a 2,5
cyclohexadienimine salt under acidic conditions, a 1;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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Ph
NH NH HN NH,

(1= (7 == )

O NH, O NH,

35% 47%

Schemes-6: Aniline promoted dienimineaniline rearrangement20t

A deoxyaminationrearomatisation strategy has been developed by Shit al. in

2018 (Scheme3-7).202 |t is employed as a ky step in a multtcomponent synthesis
of trifluoromethylated arylamines. By condensing pyrrolidine onto a
4-trifluoromethyl -p-quinol, the charged iminium intermediate is poised to

undergo an aromatisation reaction upon eliminating trimethylsilanol.

CuBr 15mol% %

0]
— Ry
) () == Q
PhMe, 180 °C, 20 min I
H R _
CF3

Shi et al., 2018

TMSO CF
* 42 - 64% (11 examples)

Select Examples

N T N T N T
CqqHzs
CF, CF, CF,
64% 42% 54%

Postulated Mechanism

0] L)
N
H

{rz@

L
g

2as

TMSO CF TMSO CFs CFs CFs

Schemes-7: Deoxyaminationrearomatisation strategy employed by Sht al.202
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The reaction is driven by the carbonipsoto the trimethylsilyl ether acting as an
electron sink, aided by the electron withdrawing capabilities of the trifluoromethyl
substituent. This, alongside the acidity of the protonalpha-to the iminium ion and
the thermodynamic driving force provided by aromaticity gain2o3 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 Shiet al.: rather than gaining aromaticity by adding electronsnto
the cyclohexyl ring202 the hypothesised route withdraws electron density. This
facilitates a rearomatisation step which is analogous to the dienorghenol

rearrangementz inclusive of the 1,2migration step (Scheme3-8).

o R{ﬁfR NRo
Ar HNR, | fr ~ t j
NZ Ar

Schemes-8: general proposed method for the deoxyaminteta-G-H arylation of phenols, highlighting
the 1,2aryl migration step leading to aromatisaiton

Although no direct examples of a dieniminaniline rearrangement of 6,6
disusbstituted cyclohexadienimines have been reported, the abowveethodologies
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 (Scheme3-5),200 and this can occur via a 1:ryl migration step
(Bouillon et al.; Scheme3-6).201 Additionally, Shiet al. shows that amines can be
condensed onto 2,5cyclohexadieoneones $cheme 3-7).202 Combined, these
chemistries provide evidence that the proposed transformation $cheme3-1)

could occur, producing themeta-arylated aniline.
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3.1.3 meta-Arylat ion of Anilines
The transformation is a formal GH activation reaction, achieving themeta-
arylated aniline product from a pre-functionalised phenol starting material and an

amine.

The synthesis ofmeta-substituted anilines is not as difficult as the synthesis of
their phenol counterparts. A general precursor, the nitroarene, imeta-directing
towards electrophilic substitution.204.205 This provides a logical route to themeta-
substituted anilines, albeit stepinefficient 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?.111.192,.193 Apnalogous to themeta-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 accessanilines, that is complimentary to other molecular diversification

strategies such as transition metal cross cqling chemistry.

The direct meta-arylation of anilines has been developed to proceed in similar
processes as themeta-arylation of phenols (See chapter2). This includes the
development of a Catellantype reaction by JinQuan Yu towards the arylation and

chlorination of anilines bearing a directing group §cheme3-9).92,95,100,206

J.-Q. Yu, 2016
Pd(OAc), 10 mol%
B Ligand 20 mol% B
|°C AgOAc 3.0 eq |°C
~ N NBE 1.5eq N
N Ar—I R
Z N7 | DCE, air, 100 °C, 24 h Z N7 |
H A Ar AN
OMe 20eq 64 - 98% (23 examples) OMe
SN NHAc
J.-Q. Yu, 2016 Pd(PhCN),Cl, 10 mol% | _
Ligand 10 mol% N” "OH
PhCN 20 mol% Ligand
Boc iPr AgOAc 2.0 eq Boc
AN ©10802CI 2-NBE-CO,Me 1.5 eq AN
RT RT
Z N7 | Pr PhMe-cyclohexane Z N7 |
N5, 100 °C, 14 h
H ’ ’ Cl
N oMe  20eq N NoMe
53 - 93% (27 examples)

Scheme3-9 Top: ligandnorbornene directedneta-G-H arylation of anilines?2 Bottom: ligand
norbornene directedneta-G-H chlorination of anilinesto0
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Phipps and Gaunt have developed a copper catalysemheta-G-H arylation of
anilides 207 The system is the basis for the copper catalysedheta-arylation of
phenols developed by Lohet al. (Scheme2-5).97 Using aryl iodonium salts as
equivalebts of aryl cations, the methodology facilitates themeta-arylation of a
variety of anilines, includingortho- and meta-halogenated substrates, for which
arylation occurs on the least hindered side of the molecule. The chemistry can be
performed on 2,4,6trimethyaniline derivatives, although over-arylation occurs in

this case and obther symmetrical molecules.

tBu tBu
HNSO  ppyioT Cu(OTf), 10 mol% HN™ "0
R b Ar(M Or)IOTf i Rt S
- r(Mes ° - I
L DCE, 70 °C, 24-48 h T
H Ar
20eq 11 - 93% (20 examples)

Select Examples

tBu tBu tBu tBu B

c

HNAO HNAO HNAO HNAO HNAO
Me0\©\ Me028\©\ Br:
Ph Ph Ph Ph Ph PhPF
93% 1% 67% 44% 93%

Scheme3-10: copper catalysedneta-arylation of anilides8 Mes = mesityl.

Unsymmetrical iodonium salts could be used, witttomplete 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 valuablarenes
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 Cheret al. in 2011 indicate that the
mechanism proceeds throgh a 4membered Hecklike transition state, resulting
from the carbonyl directing the arylcuprate to the 2 and 3-positions of the anilide
(Scheme3-11).208 The proposed reaction pathway proceeds through a partially
dearomatised transiton state, where calculations suggest that the aniline ring
remains benzenelike: it is planar and the Gino-Gretabond lengths are extended by
only 0.015 A.
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HNTS HN" S0

o)
N H 3
\EJ Cu(OTh, — > \‘ --Cu(OTf),

H

CMe, )\Mes

HN™ S0

HN” SO H 3
Cu(OTf),

Ph

Scheme3-11: Proposed mechanism based on DFT calculatiéfgs.

Assuming the methodology targeted herein providesa similar selectivity and
functional group tolerance to that describedin chapter 2, many of the observed
setbacks will be solved. Ovearylation is reduced (for di-ortho-substituted
examples) as the cyclobxadienone products are inert to further oxidative
arylation; more sustainable starting materialsz phenols z are used in place of
anilines; arylation occurs on the same side of thertho-substituent in mono-ortho-
substituted phenols as electronic factorsdominate selectivity. Additionally, if
substituted amines can be used to perform the deoxyamination reaction, another
class of substratescould be explored z offering an additional point of

diversification.

A reaction that can accesseta-arylated anilines from phenol starting materials
would solve many problems described herein, providing a route to convert

phenols to anilines, and facilitate aneta-G-H-arylation reaction.
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3.2 Project Strategy

The envisioned route forthe conversion ofphenols to meta-substituted anilines
was expectedto proceed in a similar fashion to that investigated in chaptel:
bismuth mediated oxidative arylation to a 2,4cyclohexadienone, a
deoxyamination reaction to the cyclohexadienimine, and a 15@ryl migration step

to furnish the final meta-arylated aniline product.

As the synthesis of 2,&£yclohexadienones is understood and investigated, this
chapter will focus onwork undertaken to develop and understandhe final stage

of this transformation: deoxyamination and 1,2aryl migration.

R \IG\?, R Dienimine-aniline

| rearrangement
--------------- E B e o
Ar

Scleme3-12: Strategic plan investigated in this chapter.

From knowledge gained in the previous projectertain considerationswere made

when optimising this reaction.

1 A Lewis acid may be required to aid the deoxyamination step, although
Lewis acids have been shown tdacilitate a direct dienonephenol
rearrangementto provide the phenol as a sideproduct;

1 2,4-cyclohexadienones have been found to degrade over time at aiabt
temperatures, indicating their temperature sensitivity. Therefore hotter
reactions may be detrimental to yields; and

1 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 beselected with these

factors in mind.
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3.3 Deoxyamination -Migration Optimisation.

To achieve the desired transformation, a process was envisioned ngi3a. This
was identified as the model substrate dr two reasons: the aniline 78 has
previously been isolated (Chapter2) and the substrate bears a fluorine atom

allowing for non-invasive reaction monitoring by quantitative 1°F NMR

spectroscopy.
o] F RoNH ®NHR2 NR;
caghahes Lo
— —_—
ArPF
3a
R=H;78

Scheme3-13: proposed deoxyamination reaction toraeta-substituted aniline.

All reactions were performed at Ba] = 0.1M and under anhydrous conditions,
designed to promote the key condensation reaction. Yields were determined by
quantitative 19F NMR spectroscopygainst4,4'-bis(trifluoromethyl) -1,1-biphenyl
as the internal standard.

Initially, a series of amines were skected to assess the viability of this reaction.
This included ammonia as a solution in 14ioxane, as well as benzylamine as a
primary amine and diethylamine as a secondary aming both with 3 A molecular
sieves to aid in the imine condensation part ofhte reaction. The reactions were
performed in a sealed container under the exclusion of water, at 5€ and again at
100 °C(Table 3-1).
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@y R, NR;

O
ArPF RoNH 5.0 eq. ArPF
R,NH ——> —_—
PhMe
ArPF

3a

Entry Amine Temperature (° C) Conversion of 3a (%)

A 50 0
NHsa

B 3 100 0

C 500 0
BnN

D H 100" 0

E 50b 0
EtNH

F 100b 0

Table3-1: Initial deoxyamination attempts. a) 0.41in dioxane; b) with 3A MSYields determinedvia
quantitative 19 NMR spectroscopy against internal standaddd-bis(trifluoromethyl)-1,1-biphenyl

Even with the strict exclusion of water and a large exces$ amine, no reaction was
observed either byH NMR spectroscopyi®F NMR spectroscopy, or HRMS. The
reactions were then repeated in the presence of 10 mol% of scandium(lll) triflate
as a Lewis acid. It was theorised that the Lewis acid could have a dualero
coordinating both to the carbonyl, thus aiding the deoxyamination step, and the
proposed cyclohexadienimine intermediate, facilitating the 1,zZaryl migration
(Table 3-2).
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o R,NH 5 eq. ONHR, NR2

ArPF Sc(OTf)3 10 mol% ArPF Sc(OTf)3 10 mol%

\[ j/ R;NH —————> —_—
PhMe
ArPF
3a
Entry Amine Conditions  Conversion of 3a (%)
A NHz (0.4 M rt 0
dioxane)

B 100 °C 0
C BnNH; RT°C 0
D 100 °C, 3 A M< 0
E HNEL r, 3AMS 0
F 100 °C, 3 A M< 0

Table3-2 Sc(OTf} facilitated deoxyamination reation. Yietls determined via quantitativeF NMR
spectroscopy againghternal standard 4,4'-bis(trifluoromethyl)-1,1-biphenyl

However, performing all reactions at room temperature and again at 100C
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 secondaryamine, 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).
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(0] Et,NH 5 eq. ®NEt2 NEt,

ArpF LA 10 mol% ArpF
Et,NH ———— B —
PhMe, rt/100 °C
ArPF

3a 88 89
Entry Lewis Acid Conversion of 3a (%)
CeC4-7H:0 0
B Yb(OTfg 0
C La(OTfy 0
D BR:-Et20 0
E Bi(OTf)s 0

Table3-3: Lewis acid screen for the deoxyamination reaction88. Yields determined via quantitative
19F NMR spectroscopy againstternal standard 4,4-bis(trifluoromethyl)-1,1-biphenyl

Despite selecting a variety of different Lewis acids, the reactions failedresulting
in complete recovery of the starting cyclohexadienon&a. Lithium diethylamide
which was formed in situ was then used in the presence of BRo facilitate the
aminodeoxygenation reaction Scheme3-14). However, a complex mixture was
instead observed, possibly a result of a mixture of 1;21,4 and 1,6-addition
reactions, and the diasteeomers thereof. This approach was not investigated

further.

Schemes-14: Lithium diethylamide as a nucleophile for the deoxyamination of cyclohexadiengene

Previous work by Beringer and Ugelow showed that hydroxylaminecould be
condensed onto a cyclohexenone in quantitative yields. From here, the resultant
cyclohexenone oxime was used as precursor for a successful -iniyration

reaction leading to an aniline Scheme3-5).200 The hydroxylamine is a more potent
nucleophile than an amine dd OI -efdetd° which can be extended to
substituted hydroxyamines as well as hydrazine and its derivatives. With this in

mind, a series of nitrogerAT T OAET ET C 1 1T 1 A Aé&droatdm wekA OET C
employed towards this transformation with the conditions taken from literature
(Scheme3-15) 210
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