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Bicyclo[1.1.1]pentanes (BCPs) have emerged as useful hieisssfor arenes in
medicinal chemistry, demonstrating improved pharmacokinetic properties compared to
the parent drugs. However, many syntheses still require the use of harsh conditions that
are unsuitable for industrial applications. This thesis desctle development of new
catalytic methodologies for the synthesis of -difubstituted BCPs, under mild
conditions. Chapter 2 describes a photorecltalysed atom transfer radical addition
between (hetero)aryl iodides and tricyclo[1.1!fjpentane (TCP accessing -lodo-3-
aryl-BCPs in a mild and efficient manner, and representing the first photoredox catalysed
functionalisationof CC & bonds. Chapt eatalysed Kumadaarossb e s t h ¢
coupling between (hetero)aryl Grignard reagents amtld3-substituted BCPs. This
established the first general crassupling in which BCPs act as the electrophilic cross
coupling component, as well as the first example of a Kumadacoogding of tertiary
iodides. Chapter 4 describes the investigationaufpgoercatalysed borylation of-bbdo-
3-substituted BCPs and their subsequent oxidation to access BCP alcohols, representing
the first conversion of BCP iodides to BCP alcohols without the neeterfbbutyl

lithium.
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1. Introduction

Introduction

1.1 Bioisosterism

The concept of isosterism was first described by Langmuir in 9d/Bp expanded upon

hi s 6 o c®®notetthatehe nuynider and arrangement of electrons in the nitrogen
molecule and carbon monoxide molecule were the same, and thessiocols\possessed

very similar physical properties. He theorised that other isoelectronic compounds should
also have similar properties, and applied this idea to nitrous oxide and carbon dioxide;
analysis of published data on their physical properties shdhadthey did indeed
conform to his theory. He therefore classified compounds or groups of atoms with a

relationship sucliabe$l.t hese as O0i sosteresd (

Type Isosteres
1 H°, He, Li
0%, F, Ne, Nd&, Mg?*, AI®*
%, CI, Ar, K*, c&*
Cu, Zn?*
Br, Kr, Rb", SF*
Ag*, CcP*
I, Xe, C$, B&*
N2, CO, CN
CHs, NH4*
10 COz, N2O, N5, CNO
Table1.17 Some groups of isosteres identified by Langmt

O 00 ~NO Ul WDN
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In 1925 Grimm expanded on the concept of isosterism with the HyDigjpgacement

LawPl Thislawsth es [ At oms anywhere up to four plac
an inert gas change their properties by uniting with one to four hydrogen atoms, in such

a manner that the resulting combinations behave like pseudoatoms, which are similar to
elementsin he groups one to four places respecti

atom bonded to a hydrogen atom will have similar properties to the atom with an atomic

mass greater by one, anTabléelPdese are called 0
C N @) F Ne Na
CH NH OH FH -

CH> NH- OH> FH,*

CHs NHs OHs*

CHy NH4*

Table1.2- Group of ‘pseudoatoms' according to Grimm's Hydride Replacement Law

Erl enmeyer built upon Grimmdéds definition in
in which theperipheral layers of electrons can be considered to be identical are termed

i s os t@hisegyeatly expanded what atoms or groups could be considered isosteric

as, by this definition, all ements in the same periodic group are isosteres, as well as

sulphur and HC=CH within an aromatic ringgple 1.3.5!

Number of Peripheral Electrons

4 5 6 7 8
N* P S Cl CIHH
P* As Se Br BrH
S Sb Te I IH
As’ PH SH SH
Sb PH, PHs

Table 1.3- Isosteres according to Erlenmeyer based on the number of peripheral electrons
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In 1933 Erlenmeyer was the first to investigate isosterism in a biological setting,
synthesising a series of isosteric antigens which all had similar antigenic prdferties.
Building on his hypothesis that S and HC=CH would be isosteric in an aromatic ring, he
substituted a benzene ring in antigefor a thiophene grouB) andreported that it was

not possible to differentiate between the two compouRigife 1.1). He also showed

that the thiophene isosteres of cocaine, eucaine A and novocaine also showed little change

in activity.

o) o)
@—{ ,N—Horse serum m ,N—Horse serum
HNON s HNON

2 3
Figure 1.1- Thiophene antigen isostere shown by Erlenmeyer to have very similar antigenic properties

The term O0bioisostered was first used by F
definitions of isostesm, who termed compounésb-i e ost eri co i f they Af
definition for isosteres andHemotethatfoe s ame
two compounds to be bioisosteric they needed to act on the same biological target via the

same mechanism. The definition was further adapted and redefinati@¥ellowing 40

years; Thornber generalised the concept f ul
molecules which have chemical and physical similarities producing broadly similar

bi ol ogi c af Thornberelaboratéders this definition to list properties of a lead
compound that could be affected when making a bioisosteric substitution, namely size,

shape, electronic distribution, lipid solubility, water solubility, pKa, chemical reactivity

andhydrogen bonding capacity.

I n 1991, Burger further expanded this defir
groups that possess neajual molecular shapes and volumes, approximately the same

distribution of electrons, and which exhibit similar ygltal properties such as
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hydrophobicity. Bioisosteric compounds affect the same biochemical systems as agonists
or antagonists and thereby produce Biologic
This bioad definition is the most useful for describing the wide range of bioisosteres that

exist, and so is the one that is most appropriate for the context of this thesis.

Bioisosteres can be classified into two groups: classical angtlassical. Classical
b oi sosteres are described by Langmuiros de
or Erl enmeyerdés i sosteres, and can gener all

divalent, trivalent, tetravalent and ring substitutagire 1.2).

Monovalent Divalent Trivalent
—F —H
—OH —SH
—OH —NH - - = = -5 N=
2 c=C C=N c=0 C=Ss H
—F —OH —NH; —Me c-c-c C—H—c c-0-C C-S-C
—P= —As=
—Cl —Br —SH —OH
Tetravalent Ring substitutes
- <0 U
N
® ® ® 4@ \_7
—NMeg —CMe; —PMe; —AsMe;

—] ﬂo %\IH
Figure 1.2 - Classes of classical bioisosteres

Non-classical bioisosteres cover a broader range of compounds that do not fit into the
steric or electronic criteria of a classical bioisostere, but still maintain the electronic and
sterc properties necessary for the retention of biological activity. -tNassical
bioisosteres can be divided into two categories: cyclic vs acyclic structures, and
exchangeable group§'? The former involve the macement of cyclic groups with
acyclic groups that have similar electronic or steric properties, while the latter involve
bioisosteres that are replacements for functional groups that can have different structure

and electronic properties. Examples of +otessical bioisosteres are shownHigure

1.3[11.1318]
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benzene isosteres

=)t

4 5 6
carboxylic acid isosteres
?;WO H
(0]

¥, OH ¥, OH
ol

OH

BOH

piperidine isosteres

4-CF,

pyrazine isosteres

,§<:N,§,

t-butyl isosteres

4-SFs

;J{L};,
%EN%

CF3

>R

Figure 1.37 Some examples of nafassical bioisosteres.

Of these many examples of rolassical bioisosteres, one of the most explored classes

is that of p-disubstituted benzene

isosteres, which can be substituted with

bicyclo[1.1.1]pentanes (BCP4), bicyclo[2.2.2]octanes (BCQS) or cubaneg6). The

presene of aromatic rings in drug candidates has been shown to generally limit

developability, with more than three aromatic rings markedly increasing risk of

compound attritiot® A more general trend has been shown for increggisaturated

compounds, which are more likely to have higher solubility, lower melting points, and to

successfully transition from clinical trials to drug®.Therefore making bioisosteric

replacements of flat, unsaturatechbene rings with saturated, three dimensional units

such as BCPs, BCOs and cubanes could improve the pharmacokinetic properties of a drug

or drug candidate, a hypothesis that has been validated in many circumgtdrices.
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Arguably themost useful of these bioisosteres is bicyclo[1.1.1]pentane (B}, RyHich

is discussed in more detail in the following section.

1.2 Bicyclo[1.1.1]pentane as a Bioisostere

Bicyclo[1.1.1]pentan® have been employed as bioisoster®or multiple functional
groups for example, as tert-butyl group in BCPbosentary; an alkynyl group in BCP
tazarotend, and as a 1;4ubstituted arene in BGarapladit® (Figure 1.4a). Of these

its use as a 1;dubstitded arene is of most intergas it maintaing substituent geometry

of 18C, albeit with a slightly shorteunit length Eigure 1.4b). As noted above, the
presence of énzene ringsn drug candidatesan be a major reason for attritidnring
development®! andtherefore replacement with an alicyclic group such as a BCP can

offer benefit during the drug discovery process.

a)

F
o (0]
/O N
5- - ] ° F B
o’ NH (o) N/ F. N)\S
‘ N\w)\N/ o s
N K/OH

N\/\N/\
7, BCP-bosentan 8, BCP-tazarotene 9, BCP-darapladib

b)

‘ ! ‘ |

Distances

between L 28A LOLTA
carbon atoms ' ' ' '
57A 47A

Dihedral angles @— @—
180 ° 180 °

Figure 1.471 a) Examples of BCPs used as bioisosteres-8u tgroups (BCFbosentan), alkynyl groups
(BCP-tazarotene) and 1;disubstituted arenes (BG#arapladib).b) i Comparison of factional group
size and dihedral angles in tisubstituted arenes and idsubstitued BCPs.
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The first example of the use of a BCP as aalghe bioisostere was reported by Pellicciari

et al. in 1996, who synthesisefll as a BCP analogue of (carboxyphenyl)glycine
derivative10 which is an antagonist for mGluR1a metabotropic glutamateceptor
involved in important central nervous system functigfigure 1.5).?Y) They noted that

while the coplanarity of the substituents either side of the arene in this class of compounds
was generally accepted to be crucial for activity, no investigations had been performed
into whether the aromaticity ofeéhbenzene ring was itself important. The BCP analogue

11 maintains the linearity of its substituents, and was found to maintain good potency as
an mGIuR1 antagonist. This suggested that thatkede inLOact as a spacer unit rather

than contributing tahe biological activity through other effects.

Pellicciari, 1996

COLH H NH,

HO,C - HO,C

A NH, COH

10, (S)-4CPG 1"

Figure 1.57 The mGIuR1 antagonist (@CPG and its BCP analogue.

Since then there have been many examples of the use of BCPs as bioisosteres in drug
discovery: perhaps the most notable is the use of a BCP as a fluorophenyl replacement in
the o-secretase inhibitor Avagacestat, demonstrated by Stepaml. in 2012

(Table 1.4).221 The BCP containing analogi8 was found to maintain a similar level of
o-secretase inhibition, indicating thdte fluorophenyl group was once again largely
functioning as a spacer unit and may not be involved in specific interactions with the
enzyme. As well as maintaining linearity of the oxadiazole and sulfonamide substituents,
13 exhibited improved aqueous sbility and passive permeability compared 18,

resulting in a significantly higher level of oral absorption. This was attributed to the BCP
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disrupting the planarity of the compound and'tls¢gacking of the aromatic rings between

molecules.
Cl
Cl
i .
W \ 0=$=0 \O\‘\‘ 0=8=0
Nl\\/CF3 N)ZQVN o _CFs
F 0”7 "NH, O;LNHz
12, y secretase inhibitor 13, BCP analogue
12 BCP-13
ICs0 (ADaz, NM) 0.225 0.178
Kinetic solubility (pH 6.5gM) 0.60 216
Thermodynamic solubility (pH 6.8M) 1.70 19.7
RRCK Papp (A to B) (10° cm/ s) 5.52 19.3

Table1.47 comparison of pharmacokinetic data betweesecretase inhibitdr2
and its BCP analogu#3.

Subsequently, Measoet al.found similar benefits arose from substitution of an aromatic
ring in darapladib with a bicyclo[1.1.1]pentangable 1.5.2%! Darapladib {4) is a
known LpPLA: inhibitor which shows excellent potency, however it suffers from low
aqueous solubility and high lipophilicity. Measahal. synthesised BCP analogié

and foundthat, when compared to the parent drug, high potency was maintained with
kinetic soulbility increasing 9old, and permeability also improving. While the
substitution of an aromatic ring for a BCP did not improve all desired physiochemical
properties in this instance, an overall improvement was still exhibited compared to the

original conpound.

BCPs have been implemented in a range of pharmaceutically active compounds as
bioisosteres for 1;4ubstituted arenes. Maintaining the 18@gle between substituents
but with a slightly shorter unit length has made them suitable for bicisogjglacements

of arenes in many circumstances. However, care must be taken if the arene ring being
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N\/\N/\ N\/\N/\

14, darapladib 15, BCP-darapladib

14 BCP-15

pICso 10.2 9.4

CLND (uM) 8 74

FaSSIF (ug/ mL) 399 >1000

AMP (nm/s) 230 705

ChromLogD .4 6.3 7.0

PFI 10.3 10.0

Table 1.51 Comparison of pharmacokinetic properties betwe
darapladib and BCRlarapladih

replaced is involved in important interactions between the drug molecule and its target

protein.

Stepan and eworkers investigated the effect of various bipisosteric replacements of
a 1,4substituted benzene ring in the leukaemia drug imatidu¢ e 1.6).2%! Imatinib
(16) has a very low aqueous solubility of 0.01 mg/ mL and relatively high lipophilicity

(clog Pi 4.53).

O N™ 0 N
\Nﬁﬁ*r«@g*@@ hg waﬁ\:g*p\@
A H H g LN H H g

16, imatinib 17, BCP-imatinib

Figure 1.67 Imatininb and its BCP analogue.
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As previous studies had shown that bioisosteric replacements with BCPs could improve

the aqueous solubility of a drug compared to the parent compsUBLP analogud7

was synthesised. Although the BCP analdbjuighowed a greater than 8mprovement

in aqueous solubility, and decreased the lipophilicity to a clogP of 1.93, no sghific
improvement in metabolic stability was observed. Furthermore, the inhibitory potency

against ABL1 kinase (the target of imatindgcreasedrom an IGo of 371 nM for the

parent compound,toandédf 30 e M. Thi s | arge | wributedi n bi nc
to the disruption of key hydrogebonding interactions between the drug and residues in

the protein active site as a result of the shorter unit length of a BCP compared to an arene,

as well as the loss of hydrophobic interactions between theylphieg of the parent

compound and the protein.

Despite these and other examples of BCPs being successful bioisosteric replacements for
arenes, there is currently no consensus on exactly how the properties of a drug molecule
will change upon substitutigor when a BCP is suitable. While BCPs appear to be fairly
reliable in improving the solubility of a drug compared to the parent compound, other
properties such as the metabolic stability and potency of the compound have been shown
to either increase oredrease depending on the specific exaipRé! In general, it
appears that if the arene unit replaced is not involved in key interactions in the active site,
the BCP unit is less likely to decrease potency. Overall, bioisosteric replacement is
currently still a case of trial and error, but despite this,BCP motif has been validated

as a useful replacement to explore during the drug discovery process and has become a

popular target.

10
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1.3 Synthesis and structure of bicyclo[1.1.1]pentane

Bicyclo[1.1.1]pentane itselBCP, 18) was firstsynthesised in 1964 by Wib&d in 4
steps fromexomethylene cyclobutan®d (Schemel.la). Addition of HBr to the alkene

of 19, followed by hydrolysis of the methyl ester formed carboxylic atidHunsdiecker
reaction o1 gave dibromid&2, which on reaction with Na in a Wurtz coupling reaction
formed BCP18, albeit in only 1% vyield. Over the next few years Wiberg reported two
more syntheses of BCP: a similar Wurtz couplingiéising Li(Hg) instead of Na gave
BCP 18in a slightly higher 6% yield§chemel.1b),?®! and a carbenaddition into the
central bond of bicyclo[1.1.0]buta28 using diazomethan&¢hemel.1lc) gave BCP in

~1% vyield[?”]

a) Wiberg, 1964

Br Br
HBr H20
%}COzMe —_— L<}cozlv|e — L<}cozH
20 21

19

50%

H% &H < Na_ Br
dioxane Br
18 %

1%

\ HgO, Br,

22
b) Wiberg, 1966 c) Wiberg 1965

Br f
Li(H CHoN
S P H% &H S H%%H
dioxane decalin, -50 °C
22 6% 18 23 hv 18
~1%

Schemel.1li a) The first synthesis of bicyclo[1.1.1]pentane by Wiberg from dibrog#ided Na. b)

Wi bergbds synt RanvhlLEHgRd ) BWiPbdmrg@dns synt hesis of BCP froc

with diazomethane.

Foll owing Wibergods of other syatheses & BOR weye alao

published including the mercury photosensitized internal cycloaddition-gehtadiene

11
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24 (Schemel.2a) by Srinivasali®, the mercury photosensitized ring contraction of
ketonebearing bicyclo[2.1.1]hexan@5 by Dimmel Scheme 1.2b),?® and the

electrochemical Wurtz coupling of dibromiélé by Rifi (Schemel.2c).E%

a) Srinivasan, 1967 b) Dimmel, 1967 c) Rifi, 1969

Hg sensitized electrochemical

H gas phas‘e reduction
9 photolysis Br —MM
Y —, H H — "+ H H g/ HMPA H H
v
o ~16% n-BuyNCIO,
24 18 25 18 26 18

Schene 1.2 Early synheses of BCP using a) photosensitized internal cycloaddition. b) Hg sensitised ring
contraction. c) electrochemical reduction/cyclisation.

Since these early reports of the synthesis of BCP, many reactions have been developed
for the synthesis of monand disubstituted BCPS! as well as bridge subsiied

BCPs*2 While a number of approaches have been used, by far the most common method
of synthesising BCPs is from reactions with tricyclo[1.1:3|@entane (TCP), also known

as [1.1.1]propellane.

1.4 Reactivity of Tricyclo[1.1.1.0"%|pentane

Tricyclo[1.1.10%®]pentane (TP, 1) belongs to a class of molecules called propellanes,
which consi st of a central single bond
het eroat oms bonded t o t he Obridgeheadéd
(Figure 1.7a). The nomaclature of propellanes was coined by Ginsburg in 1¥6ény

given propellane is given the name [x.y.z]propellane where x, y andresesp the
number of atoms in each of the bridges respectively (and are greater than zero). TCP,
which only has one carbon in each of its bridges, is also called [1.1.1]propellane, and is

the smallest of the propellanes. Small ring propellanes inevitairtain an unusual

12

it

at



1. Introduction

Oinvertedd tetrahedr al geometry around

reactivities.

Z%x o432
U T

OHC

27 marasmic acid 28 sterepolide 29
[4.3.1]propellane [4.3.1]propellane modheph
ene

[3.3.3]pro
QH Mgellane

ety
A e

' ' ' '
- !

1.594 A 1.524 A

[x.y.z]propellane

30 canataxpropellane 30 canataxpropellane
TCP, 1 [3.3.2]propellane [4.4.2]propellane

Figure 1.7 7 a) The general structure and nomenclature for [x.y.z.]propellanes. b) A selectiatuoél
products containing propellanes. c) The comparison of bond lengths between the central bond of TCP and
the @ C bond in ethane.

While smaller propellanes (x/y/z < 3) are often reactive and unstable, the larger ring
propellanes are often inert. Thkerger bridging ring lengths allow the bridgehead atoms
to possess a more favourable geometry compatbeéitesmaller ring counterparts. There

are several instances of natural products containing larger propéifngge
[4.3.1]propellane motif can be found in marasmic &idand sterepolid®8, and the
[3.3.3]propellane motif can be found in modheph@08gwhile canataxpropellang0
remarkably contains both a [3.3.2]propellane and a [4.4.28ieoy® Figure 1.7b).[55361

While naturallyoccurring®”! the larger bridging ring lengths of these higher propellanes

do not confer the same interesting structural properties and reactatitgsults from the

t

he

6strainedd centr al bond of TCP. The centr al

has been the subject of much investigation. Its structure has been studied by both low
temperature Xay diffractiort®® and gas phase electron diffractiétand from this, the

distance between the bridgehead atoms is found to be 1.5%imilar to the length of

13
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theQC bond in e th@&gue 1.7c)l This 2igtance )s short enough to
suggest the presence of a bond between the two bridgehead atoms, and many studies have

been published investigating its exact nature.

In 1982, Wiberg calculated the bond energies of various small ring propeffdnes:
[1.1.1]propellane was calculated to have a bond energy of ~65 kcal, mblereas
[2.1.1]propellane and [2.2.1]propellane had bond energies of ~30 and ~Edkal
respectively. It was therefore predicted that the central bond of [1.1.1]propellane was
significantly more stable than those of other small ring propellanes. However the bond
was shown to be nelponding*? with electron density depien in between the two
bridgehead atoms at the critical pditit.The central bond was therefore described as a
charge shift bond where stabilisation occurs througbonance between repulsive

covalent and attractive ionic structur&gure 1.8a).44

a) b) c)
’ ﬁ A
A AN o0 ROA
= |o* + "
Resonance forms contributing 5 4 -
to charge shift bond °

Figure 1.8 - a) The central bond of TCP as a charge shift bond consisting of covalent and ionic
contributions. b) Delocalisation of electrons from the bridgehéatl or b i t a-$ystemmottoe t he
bridging carbons. c) TCP undergoes lateral compression in ordemtamise overlap of these orbitals.

Recently, Sterling, Duarte and Anderson used fuiitheilico experiments to show that

electron density from the centre of the 'cage' can be delocalised onto the bridge carbon
atoms Figure 1.8b): electrons from the cet r a | bond a4 orbital part
orbital, which is able to overl ap®™with the
order to maximise this overlap, the propedlarage is compressed laterally, lengthening

the C1 C3 central bond and shortening the distance from C2 td~@diré 1.8c). The

overall effect of this is a decrease in Pauli repulsion between the electrons in the central

14
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bond and the bridging bonds, aslivas stabilising the propellane against fragmentation

along the bridging (Q1C2) bonds.

The unusual electronic structure and stabilisation of TCP leads to interesting reactivities.

TCP is omniphilic: it is able to react with radicals, anions and cafi$ina/hile neat
[1.1.1]propellane (TCP) polymerises spameously in the liquid phase above 0 °C, and

is only stable for a few minutes in the gas phase 11#Fi€js possible to store TCP as

a solid in liquid ftrogen*” or, more conveniently, as a solution in various solvents
(usually ethers). In the | atter, ne°@ligible
for severaimonths. This isn contrast to [2.1.1]propellane and [2.2.1]propellane, which

are unstable above 1T223maki€ and must be i sol

1.4.1 Synthesis of tricyclo[1.1.1.8%pentane

TCP was first synthesised by Wiberg in 1982 by reacting dibi®@B 31 with t-BuLi
(Schemel.3a). “Y However, it was not isolated, they instead analysedstiution of

TCP andt-butyl bromide formed on reaction in the reaction solvent. In 1985, Szeimies
reported a very efficient route to TCP starting from cyclopro@@&chemel.3b).l*e]

On adlition of 2.2 equivalents ofi-BuLi, 32 underwent two sequential cyclisations
following lithium/halogenexchange with the bromide substituents, and the resultant
mixture was distilled to give a solution of TCP in pentane/ether as the distillate. While
only a modest yield of ~34% was obtained, this reaction has since been optimised, most
recently by Baran, to give much higher yielt#6This methodology is now suitable for
relatively large (muldl00 g) scale syntheses of TCHhemel.3c), and several groups
have demonstratats use as a method of synthesis for some byaddpstituted analogues

(Schemel.3d) which hadalsobeenshownearlier by Szeimie8% 52!

15
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a) Wiberg, 1982 b) Szeimies, 1985 c) Baran, 2016
Br. Br Br. Br
t-BuLi t-BuLi (2.2 equiv.) PhLi (2.2 equiv.)
Br Br ———— Cl —_— Cl —_—
pentane/Et,0 pentane/Et,0, -50 °C Bu,0, -40t0 0 °C
Cl ~34% Cl 78 - 95%
3 32 yield determined by 32

reaction with PhSH

d) Szeimies, 1996 Baran, 2021 Ma, 2020
Br. Br Br. Br OR Br. Br
< cl MeLi (2 equiv.) MeL| PhLi cl
g EtZO -40 °C Et20 -78°C MTBE, -78 °C
cl 16 - 52% OMOM OR “
e) Szeimies, 1996 f) Reforming TCP from BCP

R R "
organolithium

Br: O iR MeLi (1.3 equiv) R%&X organolhum, ﬁ

Cl R

Et,0, -25 °C

20 - 82% R=X=SPh R=X=|
R=H X=Br R=Cl,X=I
R =OMe, X =1

Schemel .31 Methods for the synthesis of tradg[1.1.1.0-pentane

Other methods of TCP synthesis have since been developed involving intramolecular
carbene addition t@xomethylene cyclobutan&d (Scheme1.3e), and analogues of
Wi bergbés original synt hesi §3dedbstifitedmBCRs0 r k |, r

(Schemel .3f).[5457]

1.4.2 Reactions of TCP with Cations

The reaction of TCP with cationa$ not been explored as thoroughly as its anionic and
radical reactions. This is largely due to its propensity to spontaneously fragment upon
formation of a partial positive charge at the bridgehead carbon atoms to give-an exo
methylene cyclobutane cati@3 (Schemel.4).“558 The most common mechanism for

this to occur is through charge transfeamfr TCP to a cation. This process is barrierless,

and withdraws el ect r on “bausirgnlosg of fhe &ilisingt he 6 c a
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0 T -delocalisation due to a reduction of Pauli repulsion, resulting in the TCP cation

undergoing fragmentation.

®
L —

Schene 141 Spontaneous fragmentation of the TCP cage on reaction with a cation to give the methylene
cyclobutane cation.

This fragmentation is demonstrated experimentally in the reaction of TCP with acetic acid
to form methylene cyclobutane acet@é (Scheme1.5a).®°! Fragmentation is also
observed in the coppeatalysed synthesis of exocyclic allenic cyclobutanes on reaction
with terminal alkyne&€% and the nicketatalysed cyclopropanation of TCP to form spiro

compound®® (Schemesl 5b and1.5¢, respectively).

a) Wiberg 1985

OAc

% AcOH /[j

34
b) Tolnai, 2019

Cul (10 mol%)
% + \/O\Ar DIPEA (2 equiv.) A O,
THF/ Et,0, -20 °C to rt m

21 examples, 81 - 94%

c) Aggarwal, 2019
Ni(cod), (10 mol%)
SIMes+HCI (12 mol%)

ﬁ . o~ LiOMe (20 mol%)
ZN
toluene, rt or 50 °C, 20 h

35 examples, 28 - 91%

Mes ~ A -Mes
SIMes = NN

Schene 1.5 1 Reactions of TCP with cationic species.
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1.4.3 Reactions of TCP with Anions

The reactivity of TCP with anions has been explored to a greater extent than that of
cations, as it offers a useful route to substituted bicyclo[1.1.1]pentanes without cgmpeti
fragmentatiort®*%6! However, these reactions often require high temperatures and long
reaction times in spite of the beneficiabtmodynamic 'strainelease’ associated with

breaking the central bond of TCP on addition of an anion.

The use of anionic reactions with T@Rs been shown to form a diverse range of
unsymmetrical 1, Rlisubstituted BCPs. Based on early reports of theéiadaf Grignard
reagents across the central bond of TCP by SzelfAffsde Meijere demonstrated the
addition of aryl Grignard reagents across TCP over several dayS@t8%ive the BCP
Grignard reagent85, which weresubsequently crossoupled under both nickel and

palladium catalysed conditions in moderate yiefishemel .6a).[64

a) de Meijere, 2000

RX, NiCl,dppe
6 examples, 11 - 41%

or RX, PdCl,(dppf)

4 examples, trace - 76%
% ArMgBr Ar Q MgX P 6
Et,0, 35 °C
(1.1 equiv.) 3-7days 35 Electrophilic trapping A v
r é }
11 examples 13 - 99%

b) Knochel, 2017

1) ZnCly, THF
2) ArX (2.1 equiv.)
PdCl,(dppf)*CH,Cl,

40 or 65 °C

ArMgX (2 equiv.) 18 examples, 47 - 91%
- | Ar MgX
Et,0, 100 °C

35 CICOOEt (4 equiv.)

-78°Ctort
10 examples 47 - 92%

Scheme 1.61 Reactions of TCP with organomagnesium species.
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Knochel later expanded this work, forming BGieignard intermediate35 after treating
TCP with aryl Grignard reagents at high temperaturesgiwsignificantly reduced the
time needed for the reactioBc¢hene 1.6b).5% These intermediates can themused to
either trap electrophiles such as CKEDor alternatively can be transmetallated to form
a BCRzincate species which can subsequently be subjected to Negishtcupdisg

with aryl halides to form 1;8iaryl BCPs.

Similarly, Knochel has reported the addition of both allylic zinc halidezisecenolates
across TCP to directly form BG&rganaincs36and37 (Schemel.7); these can undergo

a variety of transformations including cressupling or electrophilic trappin§®

Knochel, 2020

R_A~_ ZnX-LiCl

(2 equiv.) — E-Y (2.5 equiv.) =
ZnX E
THF/Et,0, rtto 50 °C R 17 examples, 55-97% R

3-20h 36

E = aryl, heteroaryl, ketyl
N-allyl, SMe, SPh, allyl

ZnX

o o ZnX , o) E
% )\; % E-Y (3.5 equiv.) %
SN _ > _ >
R E,0,0°C,05-2h | R R
R R R

37

Schemel.7 7 Reactions of TCP with organozinc species.

Nitrogen anions have also been demonstrated to add to TCP. Baran demonstrated an
efficient synthesis of terminaminaBCPs by reacting TCP with turkamides at high
temperaturesSchere 1.8a).571 While the conditions used are not particularly mild, it
demonstrated the firsgeneral, scalable synthesis of these compounds. Gleason has
recently expanded upon this work, where the BCP magnesiate intermediates were formed
on addition of turbo amides across TCP. They hypothesised that the BCP Grignard
reagents had limited stabylitat high temperatures over extended periods of time, and
indeed found an improvement in yield upon lowering the temperature used, with room

temperature proving optimal. The BCP Grignard intermediates were then subjected to a
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coppercatalysed alkylation whh a range of alkyl halides to giveakyl BCP amine

substrates in a ofeot procedure§chemel .8b).[68!

a) Baran, 2018

R! R’
\ \

ﬁ N-MgCl-LiCl Nﬁ
J Et,0, rt to 90 °C, overnight 4

2 2
R 28 examples, 12 - 84% R

R' = R? = benzyl/alkyl/allyl
R' = benzyl, R? = alky!

b) Gleason, 2019
RoNMgCI-LiCl (2 equiv.)

R
% Et,0/ THF, rt, 16 h N Q -
then R'-X, Cul (10 mol%) R

rtto 50 °C, 24 h

R = Bn or alkyl
R' = alkyl, allyl, benzyl,

Schemel .81 Addition of turbeamides across TCP.

Walsh and ceworkers demonstrated the addition ehZaallyl aniongo an excess of

TCP, using LIHMDS to form BCP benzyl amineSchemel.9a),%% with the view to

their potential use as bioisosteres for diaryl methanamines. Walsh later reported the
addition of 2aryl-1,3-dithianes to TCP using NaHMDSS¢eme 1.9b), accessing
bicyclopentylated dithiane38 in high yields which could subsequently urgtefurther

transformations, including deprotection to the BCP ketone derivaf/éy

a) Walsh, 2018

Ph THF, rt, 45 minto 16 h Ph
(2 equiv.) 24 examples, 41 - 97%

% + Ph\(/N\/Ar LiIHMDS (2 equw.) Ph\(/N Ar

b) Walsh, 2019
30% H,0,

ﬁ ﬁ 1 (0.05 equiv.)
+ NaHMDS (2.5 equiv.) SDS (0.2 equiv.) O
S._S S._S
JNSS
r H

DME, 80 °C, 16 h Ar THF:H,0 (3:1) 5,
(2 equiv.) 25 examples, 54 - 96% rt, 24 h

38 39

Schemel 971 Addition of anionadjacentto heteroatoms, to TCP.
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1.4.4Reactions of TCP with Radicals

The addition of radicals across TCP has been explored more thoroughlyg tieactions

with electrophiles or nucleophiles, and has been used to synthesise many highly
substituted BCPs. Some of the first radical additions across TCP were discovered by
Wiberg in 1986(Scheme 1.10)."Y1 A variety of halides, aldehydes, disulfides and
diselenides reacted with the central bond of TCP, with some requiring the addition of
benzoyl peroxide as a radical initiator. While no yseleere reported for these reactions,
they demonstrated the ability of TCP to react readily with radicals. Wiberg later reported
additional radical bicyclopentylations of ketones, ethers and amithedthough the
products were often isolated as mixtures with the associated [n]staffanes, where [n]
number of additional TCP molecules are trapped by the intiattped BCP radical

intermediate before the reaction terminates / propagates.

Wiberg, 1986
|ﬁ»|
(0] OH
D CcCl, %
cDCly? 2 MeCHO?

rre— (O som - THSSSST L3 T BCOl g ca

BrCN@
PhSSPh ‘t—BuOCI
Phsf i»sph Br%a—é&CN
t-Buof A»u

@ With (PhCOO), as a radical initiator

Schene 1.107 Early additions of radicals to the central bond of TCP, discovered by Wiberg.

Michl showed that diacetyl reacts with TCP under UV irradiation witteecury lamp to
give 1,3diketo-BCP 40 (Schemel.11a); this product can be further transformed to the

diacid 41 on reaction with NaOB¥?3! Diacid 41 has since proved to be a very valuable
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building block for the synthesis of more complex BCP compolifidand is one of the
few commercially available BCPs. Recently, the addition of diacetyl to TCP has been
optimised in a flow setip, where large quantities db could be prepared on a short

timescalgSchene 1.11b).["%l

a) Michl, 1988

_ NaOBr Q 0
)S( 8“/ d|oxane/water HO OH
(1]

0°C, 90%
M

b) Booker-Milburn, 1988

400 W, Pyrex

20 mL min '

o
% . )S( (70 min run) 9 O
—_—
I 51.8 g (58%) /\ é& /\

40

Schemel.111 Reactios of TCP with diacetyl to form-darbonyl BCPs.

Under irradiation, alkyl halides were shown to undergo radical addition to TCP by Michl
and coeworkers to give Jhalo-3-substituteeBCPs Gcheme 1.12a), which were
subsequently activated with B&nH and aded to a variety of alkenes, ketones and

diacetyl traps in moderate yield§.

a) Michl, 1991
BusSnH
hv radical trap
reflux, 1 h
9 examples, 21 - 49%

R' = alkyl, a-carbonyl
X =Br, I radical trap = alkene, ketone, diacetyl

b) Anderson, 2018
t-BulLi
BEt3 (10 mol%) then E
+  R-X R X —— T R E
25 examples, 38 - 99%

R = alkyl, benzyl, a-carbonyl
X =Br, 1

Scheme 1.127 Addition of alkyl halides across TCP using a) irradiation, and b) triethylborane initiation.
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More recently Anderson and-eeorkers reported a mild triethylborairatiated addition
of a variety of halides to TCP in goodeld (Schemel.12b).’”l These iodo-3-
substituted BCPs (BCP iodides) were also shown to undergo furtheotraasbns with

t-BuLi followed by electrophilic trapping or cressupling.

Since the early demonstrations of heteroatom radical additions to TCP by Wiberg (see
Scherre 1.10), there have been many more reports etefoatomaindergoing radical
additions tothe central bond of TCP. In 1985, 8nees first reported the addition of
thiophenol to TCP#®l this reaction occurs spontaneously and in almost quantitative
yields, and indeed is so reliable that it has be used to determine the concentration of TCP
solutions Gchenme 1.134).'27 More recently B#se expanded this reaction and

successfully added a range of alkyl and aryl thiols across $€fefre 1.130).I78]
a) Szeimies, 1985

pentane/Et,0
+ Ph§-H ————— PhS H
34%

b) Brése, 2018

% RS—H pentane/Et,O RS éz H
rt, 15 min

29 examples, 16 - 100%

R = aryl, alkyl

Schene 1.137 Radical addition of thiols to TCP.

1.5 Synthesis of arytbicyclo[1.1.1]pentanes

Despite many reported reactions of TCP with electrophiles, nucleophiles, and radicals
over the past 40 years, few methods exist for the synthesis of aryl substituted BCPs.
Formation of BCPRaryl species has involved high temperatures and organometallic

reag nt s, such as Knochel s addition of aryl
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TCP (which requires heating an ethereal solution to kD% or the addition of
organozinc complexes to TCP followed by subsequens-cmspling with aryl halidd!
(Schere 1.14a, seeChapter 3.2.1for further discussion). These harsh conditions make

these approackepoorly suited to late stage functionalisations or industrial applications.

a) Knochel, 2017

Ar—MgX + ﬁ - Arﬁ»MgX
ether, 100 °C, 45 min - 3h

b) Michl, 1992

hv

Ph—1 + ﬁ Ph 1
8h

n

(3 equiv.)

c) de Meijere, 2000

hv

R%: >—I + & R{ >—ﬁ &»l
1-4h

R=H, 21%

=Me, 10%

Schene 1.14 7 Formation of arylsubstituted BCPs through a) addition of Grignard reagents, b) c)
irradiation with a mercury lamp.

Aryl-BCPs lave also been accessed through the irradiation of iodobenzene with a
mercury lamp. In 1992 Michl reported the formation ebdo-3-phenytBCP in low
yields along with a mixture of [n]staffanes which were difficult to separate and had to be
used in subse@mt steps as the crude mixtu&chemel.14b)."?l In 2000, de Meijere
reported a similar approach and was able to isolate very low yields ofiwdn-B-aryl

BCPs Gchene 1.14c), however they noted that they saw a considerable decrease in yield

on scaling up the reactict!
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1.6 Project overview

As discussed above, few methods exist for the synthesis e$urgtituted BCPs. Of
these, nonés applicable for industrial use as they require harsh / unscalable reaction
conditions. To further explore the bioisosteric replacement otlisibstituted arenes
with 1,3-disubstituted BCPs in a pharmaceutical context, new, mild and scalable

methodology for theynthesis of diverse BCPs is required.

7\ .
—N
O Ny SO
EX R Pl a e
0 o WYY

N 0 = o]
e \;)kOH O

o z

N iln F
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Figure 1.97 Drug compounds containing biaryl groups.

This thesis details the development of new, catalytic and 'indirsndly’ methods for

the synthesis of angubstituted BEPs, with a particular focus on the synthesis and
applications of dodo-3-carbeBCPs(Figure 1.10). One key area we sought to further
develop was the use of the iodide functionality of these compounds in further

transformations.

Chapter 2 describes the use of photoredox catalysis to add (hetero)aryl iodides to the
central bond of TCP to form-ibdo-3-(hetero)aryl BCPs. The work presented in this

chapter constitutes the first use of this mode of catalysis to functionalte @ bond s .
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1. Introduction

Chapter 3 discusses the development of the ioatalysed Kumada croessupling of
iodo-3-substituted BCPs with (het®aryl Grignard reagents. This represents the first
general crossoupling of BCPs where the BCP is the electrophilic component, as well as
the first Kumada crossoupling of tertiary alkyl iodidesChapter 4 reports the use of
copper catalysis for the bdation of Xiodo-3-substituted BCPs to form BCP boronate
esters, and their subsequent oxidation to form the corresponding BCP alcohols. This work
represents the first general conversion of BCP iodides to BCP boronates without the need

for tert-butyllithium.

Photoredox-catalysed ATRA

& (Het)Ar—| —— (Het)Ar¢ ?I

Iron-catalysed Kumada cross-coupling

R%| —— R%(Het)Ar

Copper-catalysed borylation/oxidation

Figure 1.107 Methodologies developed and detailed in this thesis.
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2. Photoredoxcatalysed atom transfer radical addition

Photoredoxcatalysed atom transfer

radical addition

2.1 Photoredox catalysis

Interest in photoredox catalysis has increased dramatically over the past decade as it offers
mild and selective means to perform a wide range of chemical transformations in a more
environmentally friendly and functional group tolerant way than previciesnative
methods. The use of transition metal photoredox catdlyettivated by visible light is
particularly attractive, given the ability to finely tune the combination of metal and

ligands to adjust the redox potential of the catalyst.

One of theearliest examples of visible light photoredox catalysis was demonstrated by
Kellogg and ceworkers in 1978, using the photocatalyst [Ru(bj@i to accelerate the
reduction of sulfonium ions big-substituted 1,4lihydropyridines $chene 2.1a).8% In

1981, Pac and eworkers demonstrated the use of the same ruthenium photocatalyst and
the reductant BNAH to reduce electrpaor alkenesSchene 2.1b), demonstrating the
ahility of photoredox catalysts to perform reactions under mild conditféhe 1990

Fukuzumi demonstrated one of the first examples of a reductive halogenatidn of
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2. Photoredoxcatalysed atom transfer radical addition

bromacarbonyl compounds, also using Ru(k@f) as a photoredox catalyst for the
activation of halidesSchene 2.1c), and obtaining the reduced products in excellent

yields®?

a) Kellogg, 1978

o o oo MeO,C CO,Me Ru(bpy),Cl o)
3vi2
N

MeCN, hv
\ 99%

a) Pac, 1981
(0]
CO,Me Ru(bpy)3Cl, (2 mol%)
2 || NH pyridine CO.Me

‘ YNy Me0,C~ "2

CO,Me Bn MeOH

visible light
BNAH 96%
b) Fukuzumi, 1990
0o Ru(bpy)sClz (2 mol%) o}

X AcrH, (33 mol%)
MeCN
R visible light R

5 examples, 84 - 100%
R =H, CN, Me
X =Br, Cl

Schene 2.17 Early examples of photoredox catalysis involving a) the reduction of electron poor alkenes
and b) the reductionfaJbromocarbonyls.

The interest in photoredox catalysis increased dramatically after 2008, upon the
development of a number dfey reactions that demonstrated powerful chemical
transformations which greatly expanded the scope of what was possible using photoredox
catalysis. Firstly, in 2008 Macmillan and-amrkers published the asymmetric alkylation
reaction of aldehydes withesdtron deficient halides a reaction which had previously

been elusivé using dual enamine catalysis and photoredox catalysis under visible light,
forming products in both high yield and high e $clfene 2.23).8% Around the same

time Yoon and cavorkers demonstrated the ability of photoredox catalysis to facilitate

the [2+2] cyclisation of dienones under mild conditiongmiog cyclised products in
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2. Photoredoxcatalysed atom transfer radical addition

excellent yields and good d.iS¢herre 2.2b).24 The following year, Stephenson used

photoredox catalysis to reductively cleave aliphatic halides witheuteed for toxic tin

a) MacMillan, 2008
Ru(bpy)3Cl; (0.5 mol%)
(0]

R2 Organocatalyst (20 mol%)
+ 2,6-lutidine )H/'\
H )H Br)\ FG H FG

R! DMF, rt, 15 W bulb R!
12 examples, 63 - 93%, 88 - 99% ee

R =1°,2° 3°alkyl
Oy 7

R? = ester, ketone
organocatalyst =/2>N HOTf

FG = ester, H .
N
H
b) Yoon, 2008
Ru(bpy)3Cl; (5 mol%)
o) o) LiBF, (2 equiv.) 0 0
R R DIPEA (2 equiv.) R! R2
I« \ MeCN, rt, 275 W light H H
13 examples, 54 - 98%
X
R' = R? = Ph, 4-MeOPh, 4-CIPh, 2-furyl
R' = Ph, R2= Me, OEt, NEt,
X = CH,, CMe,, O
¢) Stephenson, 2009
Ru(bpy)sCl, (2.5 mol%)
X Br DIPEA (10 equiv.) x H
CO,M ’ CO,M
@JQ, oMe HCO,H (10 equiv.) Q—p’ Me
N N
f\‘l H \COZMG DMF, rt, 4 -24 h N H \COZMG
PG hv PG

10 examples, 78 - 99%
X =H, Br PG =Boc, CO,Me

ji o OH Q R = 4-BrPh, 2-IPh
o NMR R=P, i-Pr R/\O)S/Ph CH,CHCHI,
X X = Br, CI ¢l CH,CCH
Bn

Schene 2.2 1 Seminal publications on the use of photoredox catalysts for organic transformations
involving a) Asymmetric alkylation &Faldehydes using dual organo/photoredox catalysis. b) Phatared
catalysis [2+2] cyclisations. ¢) Reduction of aliphatic halides.

reagents which had commonly been used for such transformBtiofibe reaction
showed excellent functional group tolerance and gave high yields of the reduced products
(Schene 2.2c). Following these seminal studies, interest photoredox catalysis

increased rapidly and a large number of papers have been published on the topic spanning

a wide range of transformatioff& %!
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2. Photoredoxcatalysed atom transfer radical addition

Photoredox catalysts interact with a substrate via one of two pathways: oxidative or
reductive quenching. The ground state catalyst isdksited by the wavelength of visible
light necessary to initiate a metatligand charge transfer (MLCT) to a singketcited

state $(Figure2.1).

e electron acceptor

Sy —— S 4 - )
K Oxidative quenching
, \\
S

- electron donor
+e
Reductive quenching

W e A

Figure 2.17 Excitation of ground state photocatalyst followed by syetem crossing and then oxidative

or reductive quenching, by the donation or accepting of an electron, respectively.

This then undergoes intersystem crossing to the lowest energy-éxpletd state (1)

which is sufficiently longived to be able tondergo electron transfer processes. This
excited state photocatalyst can then either donate or accept an electron and is quenched

in the process.

In oxidative quenchingHigure 2.2a) the excited catalyst donates an electron to a
molecule of starting matedt or an oxidant present in the reaction mixtuke)(and is
itself oxidised to PC. This oxidised catalyst can then accept an electron from a neutral
radical species, or a reductant present in the rea®wnqreform the initial ground state
catalyst species. In reductive quenchiRigi(re 2.2b) the excited state catalyst can accept
an electron from a molecule of starting material or a redudiahiafd is itself reduced

to PCL. This can subsequently donate electron to a radical species or to an oxidant
(A2) in order to return the starting cataly&tredox potential is associated with each step

in the catalytic cycle, indicating the ease of oxidising or reducing each species. The
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2. Photoredoxcatalysed atom transfer radical addition

pathway involving the masfavourable redox potentials is likely to dominate the

guenching pathway employed by the catalyst.

Aq D,
PC’
A~ D, "

a) Oxidative . b) Reductive
Quenching PC* Pk PC Quenching
Pathway = Pathway
D, I
PC
D, A,

Figure 2.2 i General mechanism of photoredox catalysis ajaoxidative quenchingor b) reductive
guenching

Iridium- and rutheniurrcentred catalysts are commonly used in photoredox reactions
(Figure 2.3) as the ligands surrounding these metals can be subtly tuned to increase or
decrease the reductive and oxidative capabilities of the cataffsantt RG" cented
catalysts are generally considered to act via oxidation of the metal or reduction of the
ligands.

Iridium Copper

cr
t-Bu N t-Bu / \
oF |r oF PMP \/ PMP
6 ‘ 6 PMR CU  PMP
-N N,
N
t-Bu ‘ N t-Bu \ y
S
fac-Ir(ppy)s (Ir[dF(CF3)ppylx(dtbpy))PFe [Ir(dtbbpy)(ppy)2]PFs Cu(dap),Cl
Ruthenium Organic
p @
. N,
?L ‘ J Fo Ty
+ 2
g Nﬁ 5
Nj)y
[Ru(bpz)3](PFg), Ru(bpy)sCl, Rhodamine 6G 2,4,6-Triphenylpyrylium

tetrafluoroborate

Figure 2.37 A range of commonly used iridium, copper, ruthenium and organic photocatalysts.

31



2. Photoredoxcatalysed atom transfer radical addition

TheEeqhalf-reactions describing the reduction potential for these complexes reflect these
effects: the more electresionating the ligands, the more electrarh the metal centre in

the complex, and the more easily it is oxidised. This results in greaterrrgqhaver for

the complex, or in other wordgedM3"/M?"] is less positiveRigure 2.4a). In addition,

the more electron dense the ligands in the complex, the easier they are to oxidise, and

therefore the greater the reducing power of the compl&.4¥ 2*/M*] is more negative

(Figure 2.4b).
a)
=z ] N
~oNo,, ‘
A
‘ \N/ ‘ \N/N\
7 'R =
(Wi
[Ru(bpy)(pz),]* [Ru(bpy)sl>* [Ru(bpz)3]>*
Ereq(ll/I1) = 0.30 V Ereq(ll/ll) = 1.26 V Ereq(ll/I) = 1.86 V

electron density on metal ]

L oxidative power

b)

[Ru(dmb),]* [Ru(bpy)s]* [mer-Ru(4-O,N-bpy)s]*
Ereq(Ill) = -1.45 V Ereq(Il/l) = -1.35 V Ereq(Il/l) = -0.63 V

electron density of ligand ]

reductive power 1

Figure 247 The effects of electron density of a) the metal centre and b) the ligand on the oxidative or
reductive powers of Ruphotocatalysts. Reduction potentials givense&CE. Figure adapted fromw.
Tucker and CR. J.Stephenson, J. Org. Cheg@12 77, 1617 1622.

Therefore, by adjusting the combination of metal centre and surrounding ligands, the

redox potentials of photocatalysts can be tuned. In photoredalysiaf the reduction
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2. Photoredoxcatalysed atom transfer radical addition

potentials of the excited states of the catalyst must also be considered, as these are the
species undergoing oxidative or reductive quenching. These danotasured directly
however, and instead are estimated by addingthend state potential to the zezero
excitation energyHo,0), which is defined as the energy difference between tbtate of

the excited photocatalyst and the ggound state of the photocatalyst. The zsem
excitation energy can be estimatedday = h(clem) whereaemis the maximum emission

of the catalyst and can be measured by emission spectroscopy. These estimated reduction
potentials of excited state photocatalysts can be matched to the desired chemical reaction

by comparing with the redtion potential of the reactant bond in question.

2.2 Atom transfer radical additions

Atom transfer radical additions (ATRA) are a class of reactions where a molécile R

is added across double or triple carbmarbon bonds, either through a radicalicha
pathway, or under photoredox catalysis. ATRAs allow for highly efficient
difunctionalisations, and when X is a halide, install a synthetic handle for further
functionalisations. ATRA reactions are sometimes referred to as Kharasch reactions due
to his £minal work on this reaction type in 1945 on the reaction of carbon tetrachloride
with various alkenes when heated in the presence of a small amount of diacetyl or
dibenzoyl peroxide as a radical initiatG&chene 2.3a).°t However, it was not until 1994

that the Barton group published the first example of a photoredox method of a group
transfer radical addition reactioB¢hene 2.3b).°? The group used catalytic Fapy)Clz

under irradiation to initiate a chain reaction beginning with reducing the wé&kifead

in Tsi SePh, in an oxidative quenching process.
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2. Photoredoxcatalysed atom transfer radical addition

a) Kharasch, 1945

Cl
(AcO),
R/\ + CCly _— )\/CC|3
heat R
R = aliphatic
b) Barton, 1994
Ru(bpy)s?* SePh
ROTN + phse—Ts ————> T
MeCN, hv RO
R = alkyl 5 examples, 80-93%

Schene 2.3 T Early examples of ATRA reactions. a) The first report of ATRA reaction. b) The first
photoredox catalysed group transfer radical addition

Despite photoredox catalysis gaining popularity and the number of publications in this
area increasing dramaticglithe first general photoredox catalysed ATRA of halides
across alkenes was not published until 2011 by Stephehab©®pting for iridium rather

than ruthenium, they used Ir[(dF(&)ppy)r(dtbbpy)]PFk with two equivalents of both an
activated alkyl bronde and LiBr to add across various alken®shene 2.4a).° LiBr

had previously beeamployed by Yoon and eworkers in the photocatalytic reduction

of enone$® who suggested that the lithium cation can function as ad ewid to
activate the enone through coordination to the carbonyl groups. In this case, the LiBr
likely similarly activated the carbonyl groups on the alkyl halides, promoting the
reduction of the carbémalogenbond. The reaction also toleratgéhalocarionyls and

alkyl halides as well as GF and proceeded in good yields. The authors suggested a
radical mechanism that proceeds via oxidative quenching of the excited catalyst with the
alkyl halide, however they could not definitively determine whethemrdaetion then
progressed as a chain reaction or a radocdhr crossover reaction. Stephenson
continued work in this area to introduce several slightly altered reaction conditions,
varying catalyst/additive combinations to widen the substrate scopduderahlorides,
perfluoroalkyl iodides and more hindered alkenes as well as alk§obsife 2.4b),%4

and demonstrating that the reaction was possible inffbWhe same year, Reiser et al.
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2. Photoredoxcatalysed atom transfer radical addition

developed a coppaatalysed photoredox ATRFeactionusing green light irradiation to
perform additions of a limited range of activated albgdmides across various alkenes
(Scheame 2.4¢).°6l Howeverhealso improved otthis the next year to extend the scope to

benzyl bromide&€? and perform the reaction in a flow g4t in 20157

a) Stephenson, 2011

Ir(dF(CF3)ppy)2(dtbbpy)PFg (1 mol%)

LiBr (2 equiv. Bril
R'™ + RZBr or CFyl (2 equiv.) R2
(2 equiv.) DMF/H,0 (1:4) R!
R = alkyl R2 = C(CO,Et), visible light, 24 h
’ - o,
C(COLEDHF, 16 examples, 67 - 99%
C(CO,Et)F,
b) Stephenson, 2012
CCly
Cl |
T I
Lb/ ) m%—( >—/CC ’ CSF16\)M(OEt
Br (0]
75% 90%, dr > 95:5 65% 94%
¢) Reiser, 2012
Cu(dap),CI Br/l
RS + RZBr or nGCyfl &, j\/Rz
R
R'=alkyl, aryl R2= CBrs CH,Cl,, green LEDs
’ ’ 11 examples, 38 - 98%
C(CO,Et),,
C(CO)Ph
d) Melchiorre, 2014
p-anisaldehyde (20 mol%)
2,6-lutidine (1 equiv.) Br/Cl/l
R+ RZ-X R2
2 MeCN, 25 °C, 23 W CFL R!
R = alkyl, X =Cl, R®=CCls 31 examples, 60 - 99%
X=1, R?=CgFq3
X = Br, R? = a -carbonyl,
C(Br),CH,0H,
CH,CN
e) Martin, 2017
R—— [Ir(ppy)2(dtbbpy)]PFg (1 mol%)
7 DIPEA (1 equiv.) R
t-BuCN, rt, blue LEDs ,J o G
| 30 examples, 44 - 95%
R = alkyl, aryl, heteroaryl
f) Guo, 2019
0]
@ @ photosensitizer (5 mol%) @.@ O O
S
|
\\ CH,Cly, rt, purple LEDs 5 ‘ OMe
3 15 examples, 59 - 95% A photosensitizer

Schene2.41 Atom transfer radical additions of alkyl and aryl halides across unsaturated bonds.
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2. Photoredoxcatalysed atom transfer radical addition

While transition metal catalysts are commmdor performing these reactions,
organocatalysts can also be employed. In 2014, Meleh@iral. developed an elegant
metalfree ATRA reaction using -catalytig-anisaldehyde in combination with
stoichiometric 2,dutidine, under irradiation by a compdictorescent lamp, to efficiently

add electrogpoor alkyl halides to a range of alken8sliene 2.4d).1°!

The aforementioned procedurnesre largely limited to activated alkyl bromides and a
few iodides. However, in 2017 Martin and-wworkers reported an iridiuroatalysed
photoredox atom transfer radical cyclisation (ATRC) reaction of unactivated alkyl
iodides, with stoichiometric DIPEArpsent as a sacrificial reductaBchene 2.4¢).
Cyclisatiors onto both alkenes and alkynes were demonstrated as well as a double
cyclisation. In 2019, Guo and-aeorkers demonstrated the first exple of an ATRC of

aryl iodides across alkynes using an organic photosensitizer and purple light to form vinyl

iodides in high yields§chene 2 .4f).

As noted, the ATRA reactions discussed above largely focused on bromides, often next
to electron withdrawig groups such as carbonyls. Meanwhile the reaction of iodides
remained largely underdeveloped, only predominantly fluoroalkyl iodides. While
addition across double and triple bonds were demonstrated by multiple authors, the
functionalisation of single bais remained elusive until the ATRA reaction of iodides

with tricyclo[1.1.1.8-pentane (TCP, or [1.1.1]propellane) was reported by our group.

2.2.1 Atom transfer radical additions with [1.1.1]propellane

Previously, the Anderson group developed an efficient ATRA reaction of alkyl iodides

and activated alkyl bromides across TCP to giveiodb, 3substituted
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2. Photoredoxcatalysed atom transfer radical addition

bicyclo[1.1.1]pentanesSchene 2.5).'"] The reaction is metal free, conducted at room
temperature (or below) under air, and reactions were generally cermpbe little as 15

min, in high yields. A wide range of alkyl iodides including benzylic &kzhrbonyl
iodides were successfulliyansformedin the presence of aldehydes, chlorides, free
alcohols, amides and sulfonyl groups. While this was effectivih&synthesis of many
BCPs, the use of the pyrophoric triethylborane as a radical initiator is somewhat
hazardous, and the reaction displayed a number of substrate limitations. For example,
benzyl iodide itself, and molecules containing free amines wesecgessful in the
reaction;andno aryl or heteroaryl iodides could be used, as the ethyl radical generated
by triethylborane in the presence of oxygen is unable to break aryl iodide bonds in order
to initiate the reactioR®” due to the stronger $pybridised G| bond strengths compeut

to sp’ Ci | bondsttY
Anderson, 2018

BEt; (10 mol%)
R-X + R X
in air, 15min -6 h

25 examples, 42 - 99%

(2 equiv.)
X =1 R = alkyl, a-carbonyl, benzyl

X = Br R = malonyl

Schene 2571 Triethylborane initiated ATRA of iodides and bromides across TCP.

While radical species are generally able to add efficiently to ¥&E°! the addition of

aryl or heteroaryl iodides requires a different method of generating the requisite-carbon
centred radical. Photoredox catalysts are able to reach (high) redox potentials that could
be strong enough to reduce thid Gond in these substrates and in doing snegse the

aryl radicals necessary to perform these ATRA reactions. While photoredox catalysts
have been utilised to add a plethora of different radical species to double and triple

carboii carbon bonds, photoredmatalysed addition of radicals@io b chaddhst been
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2. Photoredoxcatalysed atom transfer radical addition

demonstrated at this point. However, given the success of the triethyHhoiteated
ATRA methodology, there was good reason to hypothesise that photoredox catalysis
could be employed successfully in ATRA reactions of (hetero)aryl iodidis MGP.
Moreover, as photoredox catalysis has been shown to activate aryl Fafiee¥lthe

synthesis of 4odo-3-arylbicyclo[1.1.1]pentanes could be possit8el{ene 2.6).

hv pC* Ar—I

Ar./\ﬁ T =

Photoredox
PC  catalysis

K/PCH

Schene 2.6 Proposed photoredox catalysed pathway for ATRA of aryl iodides across TCP

2.3 Optimisation of photoredox catalysed atom transfer radical
addition of (hetero)aryl iodides with TCP

Optimisation began with-tbdobenzonitriled2 as a representative aryl iodide that was

unreactive under the triethylborametiated conditions Table 2.1). A range of

photoredox catalysts were screened in the reaction, stirring under blue LED irradiation

for 24 h. Two equivalents of TCP were used, and the reaction was #BUilDN as a

solvent as this had been shown to be a suitable solvent in the Mlartou p 6 s wor k o

ATRA reaction of alkyl iodideand alkenes or alkynes, using an iridium photocat&f/st.

Pleasingly, a number of iridium, ruthenium and organic catalysts proved successful under
thee conditions, giving moderate amounts of the desired BCP id@i{1-51%). The

iridium catalystfac-Ir(ppy)s performed best in the reaction, giving 51%48fentry 1), it

also has the highest reduction potential of the catalysts screened when undergoing
oxidative quenching af1.73 V (vs SCE), and therefore was able to reduce the starting

material42 most easily. A general trend was observed that the yied®@ decreased as
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2. Photoredoxcatalysed atom transfer radical addition

the reduction potential of the catalysts used decreased, with the weakesst cataly
[Ru(bpy)](PFs)2 with a reduction potential of 0.81 V(vs SCE) only forming 17% yield
of 43 (entry 6).

catalyst (2.5 mol%)
NC I+ NC | NC |
t-BuCN, rt, blue LEDs, 24 h
42 ( 43 43s

2 equiv.)

Entry Catalyst Eiz (M*YM")  Yield#% 43:43s
1 fac-Ir(ppy)s 1173V 51 1:0.17
2 [I{dF(CF3)ppy}2](bpy)PFs 11.00V 30 1:.0.21
3 [Ir(dtbbpy)(ppy}]PFs 10.96 V 21 1:0.18
4 Rhodamine 6G 1095V 16 1:0.02
5 [I{dF(CF3)ppy}2](dtbpy)PFs 10.89V 35 1:0.15
6 [Ru(bpy)](PFs)2 10.81V 17 1:0.17

Table2.17 Optimisation of the identity of the catalyst used in the ATRA reaction betwee
iodides and TCP? Yields calculated bjH NMR spectroscopy using mesitylene as an inte
standard.

Interestingly, [I{dF(CRE)ppy}:](dtbpy)PF was an exception tohis trend; it has a
reduction potential of only0.81 V(vs SCE) however gave 35% yield48. The organic
catalyst Rhodamine 6G gave the lowest yield of the catalysts screened in the reaction,
giving only 16% yield o3 despite not having the lowest reduction potential (entry 4).
Theundesired staffane byprodut@swas also formed in all cases, where the BCP radical
adds across another molecule of TCP before it is able to react-witloldenzonitrile in

order to propaate the reaction. The ratio alesired product3 to staffane43svaried

with the catalyst; the organometallic photocatalysts gave staffane in a ratio of between
1:0.15 to 1:0.21, whereas the organic catalyst gave a ratio of 1:0.02, albeit with a poor
yield of desired product. There did not appear to be any clear reason for the varying

amounts of staffane formation between catalysts.

As it was unknown whether this reaction was proceeding via an oxidative or reductive

quenching pathway, these six catalystsre then screened in combination with one
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2. Photoredoxcatalysed atom transfer radical addition

equivalent of N,N-diisopropylethyl amine (DIPEA) in order to promote reductive

qguenching of the catalystéble 2.2).

catalyst (2.5 mol%)

DIPEA
NC@I + NCMI NCMI
t-BUCN, rt, blue LEDs, 24 h
42 ( 43 43s

2 equiv.)

Entry Catalyst Eiz(M'M" Y Yield®%  4343s
1 [Ir{dF(CF3)ppy}2](bpy)PFs 1.68 42 1:0.19
2 [I{dF(CF3)ppy}2](dtbpy)PFs 1.21 48 1:0.18
3 [Ru(bpy)k](PFs)2 0.77 3 -
4 [Ir(dtbbpy)(ppy)]PFs 0.66 49 1:0.29
5 fac-Ir(ppy)s 0.31 40 1:0.19
6 Rhodamine 6G -b 10  1:0.02

Table2.27 Investigations into the effect oftertiary amine additive on the ATRA reacticrYields

calculated by*H NMR spectroscopy using mesitylene as an internal stanél&eduction potentia
unknown.

A different set of reduction potentials asssociated with the reductive quenching
pathway of the catalysts, with the most strongly reducing catalyst now being
[Ir[dF(CF3)ppy}2l(bpy)PFs with Ex (Ir(11ID*/Ir(ll) = 1.68 V (vs SCE), which gave 42%
yield of BCP43 (entry 1). This demonstrated an improvement in yield compared to the
use of the catalyst without DIPEA presemheredid not appear to be a correlation
between the reduction potential of the catalyst and the observed yéadvben DIPEA

was used howeve[Ir{dF(CF3)ppy}:](dtbpy)PF and [Ir(dtbbpy)(ppy}]PFs gave the
highest yields of 48% and 49%48, respectively (entries 2 and 4, respectively) despite
having significantly lower reduction potentials. Although they gave very similar yields
of 43, [Ir{dF(CFs3)ppy}2](dtbpy)PF produced aignificantly lower proportion of staffane
(1:0.18 vs 1:0.29) and therefore was the most successful catalyst in the presence of

DIPEA.
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2. Photoredoxcatalysed atom transfer radical addition

Whether the presence of a tertiary amine was beneficial was still unclear, thiznefane
investigations were performed into the nature of the tertiary amine in the reaction with
the two catalysts that produced the highest vyields Ir(ppy): and
[I{dF(CF3)ppy}2(dtbpy)]PF. Both catalysts were submitted to the reaction in the
presence fo DIPEA, Triethylamine (EN) or tributylamine (BeN), however no
improvement in yield was seen in any cadthoughDIPEA performed better than &t

or BN (Table 2.3, entries, 16). The equivalents of amine in the reaction were also
explored.Photoredox activation of aryl halides can require several equivalents of amine
for efficient reaction, however these are usually overall reductive processes to give the
Ci H bond, rather than redox neutf&f! Reducing the equivalents to 0.5 (entry 7) resulted

in a drop in yield from 40% to 34%, however, increasing thevadgnts to 2.5 or 5
(entries 8 and 9, respectively) also resulted in significant decreases in yield. Overall, the
use of Ir(ppy3 gave the highest yield and addition of amine appeared to offer no benefit,

suggesting an

catalyst (2.5 mol%)
amine (X equiv.)
NC I+ NC ! NC 1
t-BuCN, rt, blue LEDs, 24 h
42 ( 43 43s

2 equiv.)

Entry Catalyst Amine X YieldP% 43:43s
1 Ir(ppy)s DIPEA 1 40 1:0.19
2 EtsN 1 35 1:0.16
3 BusN 1 38 1:0.17
4 [Ir{dF(CF3)ppy}](dtbpy)PFs  DIPEA 1 48 1:0.18
5 EtsN 1 46 1:0.13
6 BusN 1 46 1:0.19
7 Ir(ppy)s DIPEA 0.5 34 1:0.13
8 DIPEA 2.5 29 1:.0.13
9 DIPEA 5 26 1.0.14

Table2.37 Optimisation of amine additive for ATRA reaction ebdobenzonitrile with TCP?2
Yields calculated b¥H NMR spectroscopy using mesitylene as an internal standard.
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oxidative quenching mechanism is present. However, for catalysts such as
[I{dF(CF3)ppy}2](dtbpy)PFs, where an improvement in yield is observed on addition of
amine, it is not possible to rule out that an alternative mechanism is in action in which

reductive quenching does occur.

While Ir(ppy)k was identified as the best catalyst for this reactionmpdete conversion

and the formation of staffand3s continued to present a problem. Therefore, an
investigation into the effects of reaction concentration and equivalents of TCP was
performed. To attempt to limit staffane formation, the reaction concemtraas reduced

from 0.1 M to 0.075 MTable 2.4, entry 1); however the yield of the reaction decreased
from 51% to 44% and no reduction in staffane production was observed.

fac-Ir(ppy)s (2.5 mol%)
NC@I + ﬁ NC%I NCMI
t-BUCN (y M)
43 43s

rt, blue LEDs, 24 h

42 (x equiv.)

Entry ;oacentratlon TCP equiv. YieldP % 43:43s
1 0.075 2 44 1:0.17
2 0.15 2 54 1:0.18
3 0.2 2 54 1:0.22
4 0.3 2 55 1:0.22
5 0.1 1 44 1:0.(@
6 0.1 15 49 1:0.15
7 0.1 3 45 1:0.36
8 0.15 15 38 1:0.11
9 0.15 1 37 1:0.04

Table 2.4 1 Optimisation of reaction concentration and TCP equivalents for A’
reaction of 4iodobenzonitrile with TCP2 Yields calculated byH NMR spectroscop
using mesitylene as an internal standard.

Conversely, increasing the reaction concentration increased the yield (et)yied Q.15
M the yield increased to 54% with a minimal increase in staffane formation. Increasing

the concentration further did not increase the yield of the reaction hotlieyamoportion
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of staffane did increase. Using fewer equivalents of TCP reduced the amount of staffane
produced, however these reactions also suffered from a reduction in yield (entries 5
and6). Increasing the equivalents of TCP from 2 to 3 did not ingosaeld but led to a

large increase in staffane formation (entry 7). To attempt to balance increasing the yield
without increasing staffane formation the reaction was run with 1.5 equivalents of TCP
at 0.15 M; while lower staffane formation was observed ratio of 1:0.11, there was

also a significantlrop in yield to 37%. Finally, as starting material remained in all cases,
the equivalents of the iodide and TCP were inverted to make TCP the limiting reagent
(entry 9). While staffane formation was nowyéow, the reaction yield was also reduced

to 37%.

The range of photocatalysts tested for this reaction was subsequesmtmaed using

the optimised concentration and stoichiometries of reag€aldg 2.5).

catalyst (2.5 mol%)
e A O O
tBUCN, rt, blue LEDs, 24 h
42 43 43s

(2 equiv.)

Entry Catalyst E1z (M*Y/M) Yield?% 43:43s
1 [Ir(ppy)2(bpy)]PFs -b 44 1:0.16
2 Ir(4'-CFsppy)s T1.70 V 41 1:0.15
3 Ru(d(Me)bpy}(PFs)2 T1.43 V 10 1:0.14
4 Ir[(3,4'-dMeppy}(dtbbpy)] PFs 1T0.87 V 18 1:0.11
5 Ir[(dF(CFs)ppyk(d(CR)bpy)]PE T 0. 69 V 35 1:0.14
6 orauoroborate 255V o -
eI 208 o -

Table 2.51 Further screening of catalysts in the ATRA reactibiields calculated byH NMR
spectroscopy usingnesitylene as an internal standartl.Reduction potential unknows.Value
reported is for B (S*/3).

Of these[Ir(ppy)2(bpy)]PFs gave the highest yield of 44% 48, however its reduction

potential is unknown (entry 1). The highest known reduction potentials of the transition
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metal catalysts was(4'-CRsppykwith Ei2 = 1.7 V (vs SCE), which gave BCBin the
next highest yield of 41% yield (entry Zterestingy, the two organic catalysts screened
showed no reaction under these conditions, despite having high redox potentials (entries

6 and 7). Overalfac-Ir(ppy) still remained optimal for this reaction.

Following this, the effect of solvent on the reaction was explored. Solubility of the
catalysts in-BuCN appeared somewhat limited which could be hindering the reaction by
preventing penetration of light. Therefore, more polar solvents such as DMSO,2MF a
MeOH were screened éble 2.6). While improved solubility was observed in the cases

of DMSO and DMF, the yield of the reaction significantly decreased in all three cases.
MeCN was also screened and a slight increase in yield to 56% was observed. However
the ratio of staffane also increased significantly to 1:0.27, and theteBW€N was
judged to be the optimal solvent.

fac-Ir(ppy)s (2.5 mol%)
solvent, rt, blue LEDs, 24 h
42 43 43s

(2 equiv.)

Entry  Solvent Yield?% 43:43s
1 t-BUCN 54 1:0.22
2 DMSO 35 -
3 DMF 24 -
4 MeOH 10 -
5 MeCN 56 1:.0.27

Table2.67 Optimisation of solvent in the ATRA reactic
2 Yields calculated by!H NMR spectroscopy usin
mesitylene as an internal standard.

To investigate the necessity of the light in the reaction (i.e., to determine whether the
light/catalyst combination acted solely as an initiator or as a genuine catalyst), a light
6on/ of fé6 experiment was performed in which

regular intervals over 6 h, and the yield of BCP product measured at each-pping (
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2.5). While the LED was turned on, an increase in yield was observed, while no such
increase was seen when the light was turned off. This suggests light is necessary for the
reaction to proceeidpresumably through excitation of the photoredox gatalAlthough

there is a very slight increase between 3 and 3.5 h from 41% to 42%, this could be due to
a chain propagation after the light was turned off, or due to error in the NMR integration.
However, it is clear that light is still required and beciafifor efficient progress of the
reaction. The rate of reaction also appears somewhat inconsistent throughout the reaction:
in the first hour, the reaction rate is relatively slow, only giving 8% yield in this time, then
increasing between 1.5 and 3 hmuFollowing this, the reaction rate progressively
decreases between 3.5 and 4.5 hours and then 5 and 6 hours, only increasing by 4% in the

last hour. This could be a result of the TCP degradation over the course of the reaction.

On/off light experiment for the reaction
of 4-iodobenzonitrile with TCP

80

60 - off On

Conversion (%)

Time (h)

Figure 25 1 Light on/off experiment for the reaction ofigdobenzonitrile over 6 hours. Conviars
measured byH NMR spectrosopy in comparison to an internal standard.

In all reaction conditions screened thus far, starting material remained. Given the potential
instability of TCP at room temperature, it was considered whether the degradation of TCP

over the course of the reaction was leading to incomplete reaction, and moreover it was
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questioned whether Ir(ppyavas facilitating this degradation. Therefore, TCé&s\stirred
in t-BUCN in the presence of blue LEDs both with and without Ir(gpshd the
concentration of TCP in the mixture measured at several time points over 24 h

(Figure 2.6).

Degradation o

0.8 .
-o- With Ir(ppy);

0.6 -m Without Ir(ppy),

0.4

Conc (M)

0.2+

0.0 I I I I I
0 4 8 12 16 20 24

Time (h)

Figure 267 Degradation of TCP over time measured by the decrease of concentration of TCP in a solution
of +-BUCN, stirred under blue LED lights both with and without Ir(apyesent. Concentration measured
by *H NMR spectroscopy in comparison to an internal stadd

In both cases, the concentration of TCP decreased over the 24 h, although the degradation
was accelerated in the presence of the catalyst. The concentration of TCP reduced from
0.58 M to 0.34 M after 24 h with no catalyst but reduced to 0.16 M iprésence of the

catalyst. This would account for the reaction slowing significantly with time.

Control reactions were conducted to confirm whether irradiation or photocatalyst was
necessary in the reactioBcghemne 2.7). In the absence of catalyst, &22¥ield of43was

observed which appears consistent with light on/off experiment. This suggests that
another mechanism is possible that does not require excitation of the photocatalyst /

reduction of the € bond for initiation. The blue light may be off§aiently high energy
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to cause some homolytic fission of thel®ond, or alternatively the central C bond

of TCP may be able to homolytically break on excitation with light and initiate the
reaction by abstracting iodine from a molecule of the stadigjiodide. In the absence

of light, a very small amount of product formation was observed. This could be due to the
small amount of light exposure that occurs between completion of the experiment and
acquiring the NMR spectrum, as although care wastak&eep the sample away from
light during this time, it was not possible to entirely eliminate it.

no catalyst
NC@I * NC |
tBuCN, rt, 24 h, blue LEDs
42

279
% 43

fac-Ir(ppy); (2.5 mol%)
NC%i :>f| + NC |
tBuCN, rt, 24 h
42 reaction perfo;gzed in the dark 43

Scheme 2.7 Control reactions performed for the ATRA reaction -addobenzonitrile with TCP.

2.4 Reaction scope

With optimised conditions now in harid using 2.5 mol% offac-Ir(ppy)s with two
equivalents of TCP ikBuCN, under irradiation by blue LED lightrf@4 hi the scope

of the reaction was explordBigure 2.7). Aryl iodides possessing electravithdrawing
groups were most successful under the reaction conditions, giving moderate to good
yields of produc(4371 47,407 60%). More electrordeficient aryl iodides gave higher
yields of the desired BCP iodide, presumably due to the lower redox potentials of these
Cil bonds as the more electrdeficient system is easier to reducelo@opyridine

reacted very efficiently to give BZ48 in 84% vyield, and both electron donating and
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withdrawing groups were tolerated well on the pyridine givingdJbstituted pyridine
49 and CRs-substituted pyridinés0 in 87% and 81% yield respectively. The greater
success of the pyridines is potengiatiue to stabilisationof the radical formed on
reduction of the starting material by electdonation from the adjacent pyridyl
nitrogent’®”! Also successful in the reaction were &d 4iodopyridines, albeit in
reduced yields of 40 and 49% %f and52 respectively.

- 0,
Ar—I ﬁ fac-Ir(ppy)s (2.5 mol%) A |
tBUCN, rt, 18 h ééx

blue LEDs

aryl iodides

| )
MeO
F3C

4-CN, 43, 50%*

0, 0, 0/ *
2-CN. 44, 55%* 45,51% 46, 40% 47, 60%

heteroaryl iodides

| X | X | 1
N/ R N/ = ‘ @/%
I ! SN el Nx

48, 84% R=Me 49,87%° 51, 40%* 52, 49%*
R = CF; 50, 81%*

A I |
‘\Br SN
~
N
! ~ ] ]
NS NS
| cl N

N
53, 75% 54, 66% 55, 52%*P 56, 36%*
OH O
) | ® _
N = N N
1 Cl 1 I |
i 57, 53% 58, 29% 59, 62% 60, 56%°

Figure 2.71 Scope of aryl and heteroaryl iodides in the Ir(pmbotoredox catalysed ATRA reaction with

TCP. Yields reported are for BCP product; in examples were staffane was produced and inseparable, this
has been taken into account in the reported yields. * Isolated as a mixture of product and staffane, for full
staffane data, see experimensgction7.3.3 2 Reaction performed by Dr Jeremy NugeéhReaction
performed by Dr James Mousse&d.equivalents TCP used.
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Quinoline and isoquinoline iodide substrates showed a similar preference for the 2
position. 2lodoquinolineproducedb3in 75% yield, while 4odoquinolinegyaves5and

56in 52% and 36%ield respectively, and ani®doquinoline bearing ester and hydroxyl
groups gavé7in 53% yield. This preference in reactivity for thg@sition over others
couldalso be exploited in the mosimcyclopentylation of 2 Sliiodopyridineto give 59

in 62% yield, and the bibicyclopentylation of 2 &liiodopyridineto give 60 in 56%

yield. For the bisbicyclopentylated produd0, a mixture of the bis and mono reacted
products was formed in a 4.5:1 ratio when 2.5 equivalents of TCP were used, but when 4
equivalents of TCP were used this ratio increased to 9:1. Quinagaleuld also be

isolated in a modest 29% yield.

Bromidebeaing quinoline 53 and chloridebearing pyridine51, quinoline 56 and
quinazole58 were formed showing only activation of thé IGond in the respective
starting materials, with the other halides present remaining inert under reaction

conditions.

A number @& aryl and heteroaryl iodides reacted poorly in the reaction, with low
conversion and/or producing complex inseparable mixtufegie 2.8). 1-Fluoro-4-
iodobenzene was not sufficiently electron poor to enable efficient reduction of the C

bond, forming6lin only 27% vyield.

While NO is significantly more electron withdrawing, only 5%6# was formed, with

the remainder being returned starting material. Photoredox catalysts have been used to
reduce aryhitro groups to amines in the presence of pretmurcesi®® it is possible

that the nitro group in this instance is also able to quench the photocatalyst before it can
reduce the @ bond. Aryliodides bearing electron donating or neutral groups generally

gave very poor conversion and produced messy, inseparable mig@ies§), although
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unsubstituted63 formed in 45% yield but could not be separated from byproducts.
Heteroaryl groups thatftured Emembered rings also gave no or poor reaction under

the standard condition§7to 70).

poor substrates

61, 27%" 62, 5%* 63, 45%"* 64, 17%*
1
| A
1
4
W § "
o] | N
H
65, 30%" 66, 29%"* 67, 27%" 68, 13%*

unsuccessful substrates

/ I 0
N | N.__Cl I
| N H N el r‘q o} CO,H

69 70

Figure 2.87 Poor and unsuccessful substrates in thelfgupy)s photoredox catalysed ATRA reaction with
TCP. *Yields calculated b{4 NMR spectroscopy using mesitylene as an internal standard.

2.5 Mechanism

While exploring the scope of aryl and heteroaryl iodides, it was clear that the catalyst was
beneficial for he reaction, but not how it might be turned over. However, when 4
iodopyridine was submitted to the reaction conditions, a methylene cyclobutene
byproduct71 (Schene 2.8) was also isolated alongside the desired product. The presence
of this ringopened poduct gives insight into the mechanism of the reaction, both in terms
of a potential catalyst turnover step, and in affording evidence for the oxidative quenching
mechanism. We propose that the Ir(lll) is initially excited to Ir(ll)* by the blue LED

light, and subsequently this excited state photocatalyst can donate an electronito the C
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s* orbital of a molecule of the starting iodid®, in doing so reducing theiCbond to

give the aryl radical and an iodide ion. The aryl radical can then be trappaddigcule

of TCP to give the ArBCPAradical73. The BCP radical can then propagate the reaction

by abstracting iodine from another molecule of starting material to give a molecule of the
BCP iodide product and another molecule of aryl radical. Thistlvan continue to
propagate the reaction via a standard chain mechanism, or could reduce the catalyst back

from Ir(1V) to Ir(ll1), and in doingsobe oxidised to the BCP catigi.”

Photoredox

oxidative ATRA

quenching Ir(1V) cycle

71, R = 4-py

iy R
<

Scheme2.81 Proposed mechanism for the ATRA reaction with isolated methylene cyclobutane byproduct
7L

Computational work by Alistair Sterling showed that if the BCP cation is formed, its
fragmentation to give the methylene cyclobutene tertiary cabis barrigless!*? This
cation can then be trapped bytd give the tertiary iodid&6, which can then undergo a
further ATRA reaction with TCP to give the observed quaternary BQPThis

compound was isolated in6% yield.

As part of a wider project, the reaction conditions had also been applied to a range of
alkyl iodides by Dr Jeremy Nugent, Dr Carlos Arrgrizarie Wong, Dimitri Caputo,
Helena Pickford and Benjamin Owe?! Quantum yield experiments were perfad

by Dr Jeremy Nugent and Alistair Sterling in order to investigate the extent of photoredox

* |t is also possible that the iodide ion could turn overdéiglystby being «idised to the adine
radical Small anountsof |, could therefore be forned in the reaction which could be the source
iodine picked up by BCP radic@B. This process would give an outcome equivalent to an ATRAS1
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catalysis vs radical chain reaction involved in the mechanism. At least some chain process
was suspected, as the Ir(IV) oxidation of the BCP radical alone wwoeldude the
formation of any BCP iodide product. The quantum yield was therefore measured for a

range of iodidesTable 2.7).

lodide t/'s Conversion a
Ethyl iodoacetate 10 64% 682
2-lodopyridine 900 56% 7.4
4-CR Benzyl iodide 600 42% 7.4
Benzyl iodide 1200 13% 1.4

Table2.717 Quantum yield experiments for various iodides. Experiments perfo
by Alistair Sterling and Dr Jeremy Nugent.

For ethyl iodoacetate, a quantum yield of 682 indicates a very efficient chain process, and
so the photocatalyst appears to act predomyast an initiator in this instance. This
reaction is also rapid, giving a 64% yield of product in just 10 s. Batd@yridine and

4-CRs benzyl iodide had quantum yields of 7.4, indicating the presence of some chain
process, but with far less efficieptopagation than ethyl iodoacetate; this implies that
some level of catalysis is also necessary. This less efficient reaction is also demonstrated
through the lower conversions of these two iodides even with significantly longer reaction
times of 900 and@ s. Benzyl iodide exhibited a quantum yield of 1.4 indicating a poor
chain process, with inefficient propagation. Here, catalysis is important for efficient
reaction progression. The poor propagation of benzyl iodide is also reflected in the low
converson of only 13% in 1200 s which could also indicate why this substrate is not

successful under triethylborairatiated conditions.
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2.6 Applications

Having developed an efficient and mild route to aryl and heteroaryl BCPs, the utility of
this reactionwas demonstrated in the formal synthesis of BfaRapladib. In 2017,
Measomet al. at GSK published a synthesis of B&Rrapladib in order to evaluate its
pharmacokinetic properties in comparison to the parent comptlifitiey synthesised

this analogue in 10 steps, longest linear sequence, from commercial cyclobutznone

(Schene 2.9).

a) GSK synthesis of BCP-darapladib

4-bromotrifluorotoluene
’ HO,
THF, -78 °C to rt PhMe, rt sonification
COOH 77% 75%
77 FsC FaC
HCI, MeOH
1,4-dioxane, rt
quant.
¢l el sodium trichloroacetate Cl O
o tetrachloroethylene 0 NaH
F3C FsC - OMe
OMe diglyme, 120 °C to 140 °C OMe THF, rt
38% 98%
80 79 F3C
TTMSS
ACNH (@]
PhMe, 110 °C N H—F
T4% \
o N S
N (0]
o) LiOH c /\:\/ C EO /<N
- F —_— S~
FoC i:: /Q\ tOM 1,4-dioxane, rt s OH " FC 4\>N
e 95% /\:\/ ﬁ & —
78
7 steps 15% overall yield BCP-darapladib

ACNH = 1,1'-azobis(cyclohexanecarbonitrile)

b) New synthesis of BCP-darapladib

ﬁ t-BulLi
fac-Iri then CO O
FiC <:> | (PPY)3 F\C < > Q | 2(9) F.C < > Q /<
t-BuCN, rt, 18 h Et,0, -78 °C, 30 min OH
51%
81 ’ 45 73% 78
2 steps, 37% overall yield

Schene 2971 a) Synthetic route to BGBarpladib by GSK. Intermediaté8 synthesized in 7 steps. b)
formal synthesis of BGRarapladib via synthesis of intermediat&in two steps.
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They synthesised key intermediate BCP carboxylic @8ith seven steps, including a
low vyielding dichlorocarbene insertion to bicyclo[1.1.0]butd®eto give the dichloro
bridgesubstituted BCRBO, which then necessitated radivaédiated reduction of the
dichloro functionality. Overall, intermedia# was synthesised in 15% yield oubese
seven steps. From there, three further steps were required to giveaB&iPadib in 5%
yield over ten steps. However, by using the photoredox methodology developed here, the
same intermediatéd could be synthesised in just two steps frofi&.iodobenzenel
(Scherre 2.9b). Under the photoredox reaction conditions, BCP iodislevas accessed

in 51% yield; from here, simple lithiation witkBuLi, followed by trapping with Cg))
(from dry ice) gave the desired intermedia8en 73% yield, or 37% yield over two steps.
This reduces the length of the synthesig&iby five steps and halves the number of steps

in the overall synthesis, while more than doubling the overall yield to 12% over five steps.

2.7 Investigations towards ATRA of aryl bromides across TCP.

Given the success of adding aryl and heteroaryl iodides across TCP, investigations began
into the possibility of an ATRA reaction of aryl bromides with TCP. Alkyl bromides can
undergo photoredox catalysed ATRA under a variety of condit@msthis includes
reactionswith TCP*2l Activation of aryl bromides using photoredox catalysis is also
well known, alttough largely for reduction of the bromide in the presence of an H atom
source such as a tertiary amigeliere 2.10a).[1%51%IAryl and heteroaryl bromides have

also been shown to add to double bonds in an dwegctive process, both intfd3l

and intermoleculari4! (Schenes2.10b and2.10c, respectively), but no ATRA of aryl

bromides using photoredox catalysis has been demonstrated.

54



2. Photoredoxcatalysed atom transfer radical addition

a) Reduction - Francis 2019
o] [Ir(ppy),(dtbbpy)]PFg (1.5 mol%) o]

MeO NEt; (10 equiv.) MeO
MeCN, rt, blue LEDs
Br H

99%

b) Intermolecular addition to alkenes - Jui, 2018

[Ir(ppy).dtbbpy]PFg (1 mol%)
Hantzsch ester (1.3 equiv.)

n-hex
& A CySH (5 mol%) mhex
SN Br F TFE, 23 °C, blue LEDs SN F

2.5 equiv. 65%

c) Intramolecular addition to alkenes - Stephenson, 2016

[Ir(ppy)2(dtbbpy)IPFg (0.5 mol%)

"I\'ls DIPEA (2.2 equiv.) N
@: ~x TTMSS (2.2 equiv.)
Br MeCN, open to air, rt, blue LEDs
H

82%

Schene 2.10 7 Examples of photoredox activation of (hetero)aryl bromides to perform a) reductions, b)
intermolecularadditionto alkenesand c) intramoleculaaddition to alkenes

Stephenson and eamorkers utilised 2 equivalents of DIPEA with 2 equivalents of
TTMSSas a hydrogen atom source with the reaction performed undéflaiteanwhile
Francis and cavorkers did not include TTMSS and instead used 10 equivalents ef NEt
as their hydrogen atom source, performing the reaction under nit88efihe
combination of [Ir(pg)2(dtbbpy)]PFk with a tertiary amine in acetonitrile was common

to both of these high yielding reactions, and so this served as a good starting place for

investigating the possibility of an ATRA or HAT reaction of aryl bromides with TCP.

Our explorationof the addition of GBr bonds to TCP commenced with the exact
conditions of Table2@ lerrm k).Adidason of the beomidg2 was
efficient with no starting material remaining after 18 h, however the major product was
the direct reductio of the bromide to give 43% of acetophen88eA small amount of
addition to TCP with overall reduction to give 14% of the terminal B&®ccurred,

along with 4% of the reduced staffai4s, none of the expected ATRA product was
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observed. Given TCP islatile, and only a small amount of bicyclopentylated products
wereobserved, the reaction was then set up under air, but sealed before stirring for 18 h
(entry 2), however this resulted in a reduction of all product formation. The same reaction
was therperformed under nitrogen, and interestingly a very similar yield and distribution

of products was observed (entry 3). The equivalents of TCP used were then increased
from 2 equivalents to 5 and the reaction performed both under air (entry 4) and under

nitrogen (entry 5).

o [Ir(ppy)2(dtbbpy)IPFg (1 mol%)

Amine (y equiv.) o o) 16}
)K@\ & TTMSS (2.2 equiv.)
Br MeCN, rt, blue LEDs, 18 h
H
84 H 84s

X equiv.

82 83
y
X . . Yield/2 %

ENY  (oquivy  AMine (eq{liv_) TTMSS? AiflN2 —g>—aoa7gae
1 2 DIPEA 2.2 Yes Air 0 43 14 4
20 2 DIPEA 2.2 Yes Air 0O 15 5 2
3 2 DIPEA 2.2 Yes N2 0 45 17 1
4 5 DIPEA 2.2 Yes Air 0 24 34 8
5 5 DIPEA 2.2 Yes N2 4 37 31 13
6° 2 DIPEA 2.2 Yes Air 7 26 12 2
7 2 DIPEA 2.2 No Air 0O 5 18 6
8 2 DIPEA 2.2 No N2 0 21 17 5
9 5 DIPEA 2.2 No Air 30 15 18 2
10 5 DIPEA 2.2 No N2 16 22 22 10
114 2 DIPEA 2.2 Yes Air 0 52 14 2
12 2 NEts 2.2 Yes Air 0 5 3 0
13 2 NEt3 10 No N2 0O 36 18 7
14 2 DIPEA 10 No N2 0 14 8 2
15° 5 DIPEA 2.2 Yes Air 60 10 12 10

Table2.81 Investigations towards the ATRA reaction of aryl bromides with T&ields calculatec
byH NMR spectroscopy using mesitylene as an internal standd&daction vial was sealed aft
set upSReaction performed at a higher concentratidnl equiv TTMSS used ¢fac-Ir(ppy)s was
used instead.
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In both cases, a significant increase in the amount of &fBrmation was observed
(34% and 31% respectively), along with an increase in staffane formation (8% and 13%,
respectively). However in both cases a significant amount of the premature reduction of
the aryl bromide to acetophenone was also observed. ASSETiBl an efficient H atom
donor in these reactions and early reduction of the aryl bromide is problematic, the
stoichiometry of TTMSS was halved to 1.1 equiv. (entry 6); while a decrease in
acetophenone formation was observed, some starting material ednaait only 12% of

the BCP was formed. Removing TTMSS entirely caused a large decraeas&éiphenone

yield under air (entry 7) and a smaller reduction to 21% under nitrogen (entry 8). The
reaction was therefore performed with 5 equivalents of TCP witRibMSS, both in air

and in nitrogen (entries 9 & 10) in order to promote bicyclopentylation while limiting
premature reduction of the aryl bromide. However in both instances, a significant amount
of starting material was unreacted, and only 18% and 22%®C# 84 was formed
respectively. To promote aryl radical capture by TCP the reaction was run at a higher
concentration (entry 11), however this also preferentially promoted radical capture by
TTMSS, producing 52% of acetophenone. Switching the tertiaryeansied from DIPEA

to NEt gave very poor yield of any products under the conditions from Stephenson (entry
12), however on employing the conditions from Francis with 10 equivalents of amine
under nitrogen with no TTMSS (entry 13) increased the overallarsion, however only

18% of BCP84, and 36% of acetophenoB8. Using DIPEA instead of NEtlecreased

the yield (entry 14). Finallyfac-Ir(ppy): was employed as this had been successful for
aryl iodides and some alkyl bromides, however this largely retuumreacted starting

material with only small amounts 88, 84 and84s present.

After these investigations, no ATRA product was ever observed and acetophenone proved

to be the major product. Small amounts of the terminal BCP could be formed with a
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maximum of 31% yield, but in combination with inseparable staffane. Given terminal
aryl BCPs can be accessed in a variety of other ways in high yields, including forming
the aryl iodide followed by reducti6f, as well as addition of Grignards to T€Pthis
method appeared to be an inefficient way to access theH-B@Bduct, and investigations

ceased.

2.8 Conclusiors

A mild and efficient method was developed for thgnthesis of dodo, 3Jaryl
bicyclo[1.1.1]pentanes through photoredmtalysed atom transfer radical addition
reactions $chene 2.11a). Both electrordeficient aryl iodides and a wide range of
heteroaryl iodides were suitable for the reaction with trificl.1.3-]|pentane, which
proceeded selectively in the presence of other halides to form products that had previously
been inaccessible through the triethylborane methodology. In collaboration with co
workers, this reaction was extended to a large nurobatkyl iodides and activated
bromides including more complex drug and agrochemical analogues, demonstrating the
reaction’s high functional group tolerance and suitability fordtdge functionalisations
(Schene 2.11b). The application of this methoaa)y to the formal synthesis of BEP
darapladib in significantly higher yield and fewer steps than the previous published
approach further demonstrates the utility of this reaction for bioisosteric replacements in
pharmaceuticals. Importantly, by exploititige high reactivity of TCP towards radicals,

this reaction demonstrated the first photoredatalysed activation of ai€ -ibnd.The

work presented in this chapter was published@8 Catalysisn 2019112

58



2. Photoredoxcatalysed atom transfer radical addition

a) Aryl/heteroaryl iodide

@ Ir(ppy)3 (2.5 Mol%)
I+ |
t-BuCN

blue LEDs
18 examples, 29-87%

b) All halides

| 2.5 mol%
fex . % r(ppy)3 (2.5 mol%) R éé X
£BUCN

blue LEDs
90 examples, 29-99%

Schene 2.11 i a) PhotoredoxcatalysedATRA of aryl/heteroaryl iodides with TCP
catalysed ATRA or iodides and bromides with TCP.

. b) Photoredox
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3. Iron-catalysed Kumada crosupling

Iron catalysed G C Kumada cross

coupling

The use of ironsalts to perform chemical transformations has become increasingly
popul ar as a Agreener o, more sustainable al
noble metals such as palladilft?! Many iron salts are typically readily available and
cheap as well as significantly less toxic than their heavier counterparts: drug substances
can tolerate up to 1,300 ppm of residual iron compared@iéhppm for most transition
metals*'®l |ron is a versatile transition metal with formal oxidation states spainiing

+VI, allowing it to perform both one and two electron transfergdluctive and oxidative
processes, and to act as a Lewis acid in transformations such as the-Gradigel
reaction’*'”! As a result, iron salts have been used to accomplish an extremely wide range
of reactions that have been well documented and utilised. One of the most widely
explored uses of iron salts is in crasaipling reactions, for which a number atalytic

systems have been developéd 1

The first example of an ireocatalysedCi C crosscoupling was reported by Kochi and
co-workers in 1971129 They found hat reaction oih-hexylmagnesium bromide and
vinyl bromide in the presence of Fe@hve the crossoupled producB5 (Schene 3.1),

although this catalyst failed to catalyse the cimmgpling of alkyl Grignard reagents with

alkyl halides.
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3. Iron-catalysed Kumada crosupling

FeCly

/\/\/\MgBr + ZOBr _— NSNS
THF, 0 °C,

83% 85

Schene 3.17 First example of an iron catalysed C crosscoupling by Kochi

Since this seminal discovery, there has been much work performed to develep cross
couplings using iron, one of the most useful of which is thecaialysed Kumada cross

coupling using Grignard reagents.

3.1 Iron-catalysed crosscouplings of alkyl halides with aryl
Grignard Reagents

The first example of an ireoatalysed crossoupling between alkyl halides and aryl
Grignard reagents was reported in 2004 by Nakamura amebdersi*?t They used
catalytic amounts of Feg€and a stoichiometric amount of an additive in THF to cross
coupk various secondary alkyl chlorides, bromides and iodides with aryl Grignard
reagentsWhile optimising the reaction between bromocyclohep@®and PhMgBr,

they investigated a number of amine and phosphine additives, and found that the identity
of this alditive had a large influence on reaction conversion as well as the distribution of
products Table 3.1). Both tertiary monoamines and monophosphines gave large amounts
of elimination producB8 (entries2, 3 and8) and very low yields of the desired pradu

87. The use of DABCO (entr#), NMP (entry7) or dppe (entry9) almost entirely
prevented formation of the elimination product; however, formatid@vafas also low.
When the diamine TMEDA was usefi{ was produced in 71% yield with 19% of the
elimination product obtained (entr); however the use of the structurally similar
TEEDA gave a poor yield (ent). Various other iron catalysts gave very variable results

(0-32%), with the use of Fegyenerdly giving the best yield by a considerable amount

61



3. Iron-catalysed Kumada crosupling

Br

O

FeCl; (5 mol%)
PhMgBr (1.2 equiv.)
additive (x equiv.)

THF
-78 °C to 0°C, 30 mins

OO
87 88

O Ph—Ph

86 89 920
\ Et Ph
[}j \"‘l/\/N\ Ean >Ny @o Phep > Popy
N - \ Ph
DABCO TMEDA TEEDA NMP dppe
" Additive Yield¥/ %
Entry  Additive equiv. 87 88 8 86 PhPh
1 - - 5 79 0 4 6
2 EtN 1.2 3 78 0 11 5
3 N-methyl morpholine 1.2 8 72 0 4 5
4 DABCO 1.2 20 2 0 75 3
5 TMEDA 1.2 71 19 3 Trace 10
6 TEEDA 1.2 23 48 1 11 9
7 NMP 1.2 15 3 Trace 79 4
8 PPh 0.1 6 70 Trace 6 7
9 dppe 0.05 4 8 0 81 8

Table3.1-2Yield determined by GC with decane as internal standard

(71%). In all cases some horaoupling of the Grignard reagent was observed, although

typically in less than 10% vyield. A significant increase in yield was observed when the

Grignard reagentvas added slowly~1.4 mL/ min); this mode of addition limits the

amount of homeoupling of the Grignard reagent by keeping its concentration relatively

low. Using the optimised conditions of entsy a range of alkyl halides were cress

coupled with aryl Grignard reagents in high yiel@lene 3.2a). Secondary alkyl

chlorides, bromides and iodides were all successfully used in the reaction, with iodides

giving the best yield (8B9%). Electrorrich and neutral aryl Grignard reagents reacted

much faster than those bearing electwothdrawing groups, which gave a coresidbly

lower yield. While the use of primary alkyl iodides and secondary alkyl halides was
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3. Iron-catalysed Kumada crosupling

reported, there are no instances of tertiary halides being subjected toaupbsg under

these reaction conditions.

Later the same year, several other papers pablished on irowcatalysed Kumada cross
coupling between aryl Grignard reagents and akyl halides. Hayashi reported an ke(acac)
catalysed crossouplindg*??! (Schene 3.2b) based on the reaction conditions previously
described by Cahi€Z® for crosscoupling alkyl Grignard reagents and #ajienyl
halides. Fe(acagyvas used without additives, and the reaction mixture was heated under
reflux; however, these reaction conditions generally resulted in lower yields of the cross

coupled product compared to the methodology reported by Nakamura.

a) Nakamura 2004
Scope

FeClsz (5 mol%)

TMEDA (1.2 equiv.) R =1°/2° alkyl, X = Cl, Br, |
R-X BrMg R @
THF, -78 °C to 0 °C, 30 min

(1.2 equiv.)* 21 examples, 45 - 99% Ar = Ph, 4-OMe, 4-Me
4-CF3, 1-/2-napthyl

* slow addition of premixed ArMgBr and TMEDA

b) Hayashi 2004
Scope

R =1°alkyl, X =CI, Br I, OTs
Fe(acac); (5 mol%) R =2° alkyl, X = Br
Et,0, reflux, 30 min
: ’ ’ Ar = 2-/4-MePh, 4-OMePh,
(2 equiv.) 11 examples, 32 - 73% 4-F, 2,4,6-Me
¢) Furstner 2004
Scope

R =1°alkyl, X =CI, Br, |

[Li(TMEDA)Jo[Fe(C3H4)a] (5 mol%) R = 2° alkyl, X = Br, |
R-X Bng R R = vinyl, X = CI
THF, -20 °C, 5 min
: § ) Ar = Ph, 4-OMe, 4-Cl, 4-Ph
2.4 equiv. 4 les, 61 - 979 ) ) )
( quiv.) 34 examples, 61 - 97% Mo, 2. 4. Mo,

3-(Me;Si),N

Schene 3.21 Early Kumada crosgouplings between alkyl halides and aryl Grignard reagents.

Shortly after, a crossoupling was reported by Furstner using [Li(TMEDA}Ee(GHa4)4]

(Schene 3.2c) which contains &ighly reduced Fé(l) centrel’?¥ Building on theories
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3. Iron-catalysed Kumada crosupling

that ironmagnesium clusters of composition [Fe(MgX)played an important role in
Kumada crossouplingsit?>1%lthey selectedhis iron catalyst due to its highly reduced
metal centre with weakly coordinated ethylene ligands and a strong interaction between
the lithium cations and ferrate anions. This system proved successful for the cross
coupling of various alkyl and vinyl hakd in high yields (6197%) including with
primary alkyl iodides, however tertiary halides did not react under these conditions. The
reaction showed good functional group tolerance, including towards ketones, esters and

trimethylsilyl groups.

In 2007, Calez andco-workersnoted the large excess of TMEDA used by Nakamura in
the FeCYTMEDA catalytic systent?!l and the need to heat.Bx under reflux in
Hayashi 6s methodol ogy, and sought to i mprov

more suitable for large scale applicatio8st{ene 3.3).1*27]

Cahiez 2007

Fe(acac); (5 mol%)
TMEDA (10 mol%)

- . HMTA (5 mol%) RWQRZ
R'- BrM %: >7R
9 THF, 0 °C, 45 min

(1.3 equiv.)* 19 examples, 39 - 94%

R'=1°alkyl, X = Br,
R'=2°alkyl, X = Br, |
R? = H, OMe, NMe,

*added dropwise over 30 mins

Fe(acac); (5 mol%)

)\/ @MgBr TMEDA/HMTA (10 mol%/5 mol%) 2_@

0 °C, THF, 45 min
94%

N
HMTA =

V( 1
N[N
LNT

Schene 3.31 Kumada crascoupling of alkyl halides and aryl Grignard reagents using TMEDA/HMTA
additives.

They favoured the use of Fe(aca@s FeG gave irreproducible yields and was not

suitable for use on a large scale given its hygroscopicity. In contrast to the results reported
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3. Iron-catalysed Kumada crosupling

by Nakamura, they found that Fe(agaeas a suitable catalyst for the crasaipling of
primary and secondary alkyl dés and aryl Grignard reagents. Similarly to the
Nakamura protocol, addition of the Grignard reagent dropwise over 30 mins was
beneficial. This method still required the use of 50 mol% of TMEDA to obtain high yields
(90%) of the crossoupled products, arhence the group sought to reduce the loading of
this additive. They discovered that a combination of 10 mol% of TMEDA and 5 mol% of
HMTA enabled the reaction betweerdobutane and phenylmagnesium bromide to

proceed in 94% vyield

Bedfordet al.reportel a Kumada crossoupling of secondary halides with aryl Grignard
reagents using an iron(l1) sakeype catalyst:?® building on work form Erstner and co
workers who had previously used similar iron complexes for the Kumadaaogkng

of aryl halides with alkyl Grignard reagefit®! The scope reported for this system was
limited, however they also conducted a study into the effect of varyingdligtancture

on yield Schene 3.4a). Increasing the diamine linker length or replacing it with an
aromatic group caused a large decrease or total inhibition of catalytic aci4/i\p7).

The addition of-butyl groups on the aromatic rings of the lig&88) gavethe same yield

as the unsubstituted equivale®d), however this also led to a change in the distribution
of products an increase in the hortupling of the cyclohexyl bromide to gi@8, but

a decrease in the amount of cyclohexa@® formed from reduction of the halide. The
use of a ketonéerived Schiff base ligand proved beneficial with a significant increase in
yield when using.00and101, giving 72% and60% vyields of thecrosscoupledproduct

91 respectively. The following year, Bedtbexplored a range of simpler amine ligands
in similar Kumada crossoupling reaction83% and found that using NEtTMEDA and
DABCO afforded high yields of crossupled produc®1, with DABCO being optimal

when secondary alkyl iodides were us8dh{ene 3.4b).

65



3. Iron-catalysed Kumada crosupling

a) Bedford, 2004

catalyst (1 mol%)
COrx —)weer O<o- O O
Et,0, 45 °C, 30 min
91 92 93

(2 equiv.)
X =Br
7N Nf 7N Nf fN Nf
C§ o) <§%%><§ QD(ﬁ s
/ \
Bu t-Bu
94, 52% 95, 51% 96, 1% 97, 1%
R R

;N N: :_N Ni: :/; ;\: '\ i
R=H 98a,9%

99, 09 100, 729 101, 609
R = Me 98b, 2% 0% 72% 60%

X=1,76%
b) Bedford, 2005
X=1 Ligand = (NEtg),, 75%

TMEDA, 90%
DABCO, 100%

Schene 3.471 Investigation into the effect of a) the diamine ligand linker lengths and b) simple amine
ligands on Kumada crossouplings.

Following this exploration of amine ligands, Bedford then investigated a rangenof mo
and bidentate phosphine ligands in the same -cmsgling reaction chene 3.5).131

When comparing monodentate ligands, they found that @Z%o0) was superior to aryl
phosphines such as d?ol); (53%) and PPk (72%). After screening a range of
monodentate phosphine ligands it was concluded that there were no speniis
between electronic or steric effects of the ligand and reaction yield. Monodentate
phosphite ligands also performed well, with the more sterically bulky f{&Z4-tBuy)3

giving 82% vyield, a substantial increase from the 67% yield achieved when using
unsubstituted P(OP#)This trend was not mirrored when using the alkyl phosphite
ligands: P(OMey) and P(@-Pr) both gave 83% of crosoupled produc®l, however

P(OEt} only gave 69% yield.
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3. Iron-catalysed Kumada crosupling

Bedford 2006

FeCl3 (5 mol%)

Mg
Et,0, reflux, 30 min

(2 equiv.) 91

X'=Br monodentate ligand (10 mol%)

PPhg PCys P(o-tol)3 P(OPh)3 P(OCgH3-2,4-t-Buy)s P(OMe); P(OEt);3 P(Oi-Pr)3
72% 87% 53% 67% 82% 83% 69% 83%
X=1,75% X=1,85%

X = Br bidentate ligand (5 mol%)

PhoP.__PPh, thP\(v),Pth thP\(v),Pth PhZP\(\/rPth thP\(v),Pth thP\(vrPth Ph P/—\PPh
1 g A B B 2 2

60% 66% 88% 75% 87% 91% 82%
X=1,81%

Schene 3.571 Investigation into the effect of a) the substituents on monodentate phosphine ligands and b)
the diphosphine ligand linker length on Kumada crossplings.

When examining bidentate phosphitigands however, a much clearer trend was
established. As the chain length increased between the two phosphine groups, the yield
increased. The yield increased smoothly from 60% with a chain length of gnen&H

up to 91% with a chain length of six €Hnits, with the exception of the chain length of
three, where a higher yield than expected was observed of 88%. Finally they noted that
the more rigidcis-PhhP(CH=CH)PPh gave a higher yield (82%) than its saturated
equivalent PHP(CH)PPh (66%). While these trends were established when using
cyclohexyl bromide as the electrophile coupling partner, three of the best ligr®ys (
P(OCsH3-2,4t-Buz)zsand PhP(CHy)sPPh) werealso tried with the respective iodide, and

all gave crosgoupled produc®lin good yields (75%, 85% and 81% respectively).

Noting the hygroscopic nature of FeGInd requirement of Fe(acadp be used in
conjunction with amine additives, Kozak andworkers sought to synthesise a non
hygroscopic single component catalyst to carry out Kumada-conggings under mild
reaction condition83? They were able to synthesise an iron arbisgphenolate)

complex ingood yield, using Mannich condensations to form lighddScheme 3.B
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3. Iron-catalysed Kumada crosupling

This catalyst efficiently performed Kumada crasaipling reactions at room temperature
between various alkyl halides, includingadopropane and-bdocyclohexane, and aryl

Grignard reagents igood yields and short reaction times.

Kozak, 2008

Ros FeCIL1 (5 mol%) Ro(—
Ri—X \ /MaBr \ /R

Et,0, 25 °C, 30 mins
(2 equiv.) 26 examples, 22 - 99%

X =Br/Cl/I Ry =1°, 2° alkyl

L1
R, = 4-Me, 2-Me, 4-OMe t-Bu t-Bu
/©/\O/H }_f)/\©\
N
Me Me
b

Kozak, 2011 Kozak, 2011 Hor, 2011

Ry R4
+B +B oHHo N =
-Bu -Bu

N\_N.__N__N_/

OH HO N NN

Ry ! R,
R3 N
t-Bu t-Bu /N

N

‘ 8 examples, 12 - 97%

n-Pr
L2 L3 Ry = R, = t-Bu, Ry = CH,CH,NMe, L6
29 examples, 19 - 99% L4 Ry = t-Bu, Ry = Me, R3 = CH,CH NMe;
L5 R1 = Rz = t-Bu, R3 = CHZCHZOMS 26 examples, 61 - 99%

some required microwave irradiaition | g R, = +-Bu, R, = Me, R3 = CH,CH,0Me
L7 Ry = Ry = Me, Rz = CH,CH,OMe

Schene 3.61 Use of amine tripodal ligands Kumada crassuplings.

Following this, the group developed a number of similar ligands, varying the substituents
on the aryl groups and the identity of the third substituent on the amine (ligartds
L7).1133134 These ligands could be used to perform camssplings in good yield

(121 99%), although in some specific instances, microwave irradiation was necessary to
obtain good coversion. Hor and caworkers also synthesised an amine tripodal ligand
L8 with pyrazolyl groups rather than phenolBg&. This complex was successful in
coupling primary and secondary bromides and iodides with simple aryl Grignard reagents

in good yields (61.99%).
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3. Iron-catalysed Kumada crosupling

A number of studies have been published on the Ug&GL]' ferrate complexes, often

in combination witiN-heterocyclic carbene (NH@yands, for the crossoupling of aryl
Grignard reagents with alkyl halides. First reported by Gaertner anaid@rs in 2006
using a relatively simple NHC ligari® (Schene 3.7a),*36 the group were able to cross
couple primary and secondary alkyl halides with simple aryl Grignard reagents in just 10
minutes, okaining good yields (A9%). This sparked further interest into similar keX
NHC catalysts, with Zhang and-emrkers publishing several effective reactions of this
typel*37139 exploring both reactivity and mechanism between 22003 Gcheres

3.7 1 3.7d). More recently, Yamaguchi published a Kumada comespling reaction
using a different type of ferrate catalyst with an  unusual
bis(triphenylphosphoranylidene)ammonium catiSol{ene 3.7¢).14% This iron complex

is both air and moisturestable and successfully catalysed the reaction of secondary and

primary alkyl halides with aryl and benzyl Grignard reagents

a) Gaertner, 2006

=Rz Feci,Lxx (5 mol%) = Re A\
R—X BrMg—\ / Ri—\ NN~

Et,0, 0 °C, 10 min ®
(1.5 equiv.) 11 examples, 20 - 89% L9
X=Br,Ry=1°,2°
X=1/Cl, Ry =2°
R, =H, 4-Me, 4-Ph, 4-F
b) Zhang, 2010 ¢) Zhang, 2013 d) Zhang, 2012
i-Pr i-Pr, [FeCl,I [FeCly]
. OH OH OH OH
AN
t-Bu AN t-Bu - a
N - N NN t-Bu N/@\N t-Bu
— \—/
i-Pr i-Pr
=IPr t-Bu t-Bu t-Bu t-Bu
Fe(IPr)Br3](HIPr).C;H
[Fe(IPr)Bra](HIPr).C7Hg 17 examples, 5 - 97% 13 examples, 45 - 90%

1 example, 96%

e) Yamaguchi, 2019

PPh, .
[FeCly] ( N2 ) (5 mol%)

— R —
> R2 PPh; D¢

Ri—X BrMg N\ / R4 \

CPME, rt, 1 h

(1.2 - 1.5 equiv.) 13 examples, 30 - 95%

R;=1°, X =Br/l, R;=H, 4-Me, 4-OMe,
=2°, X=ClBr/l 4-NMe,, 4-F, 2-Me

Schene 3.771 Use of iron ferrate complexes in Kumada croesiplings
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3. Iron-catalysed Kumada crosupling

In 2011, Nakamura and agorkers reported a Kumada cressupling using an iron(ll)
complex possessing a bulky biphosphine ligab#io( Scherre 3.8).1241 Building on

reports by Nagashima that suggested the active iron species adopts a tetrahedral
conformatiori**?! they developed the bulky ligand to maintain the desired gepme
around the iron centre during transmetallation with aryl Grignard reagents. This catalyst
system gave crossoupled products in consistently high yields, and the eroapling of

octanyl iodide with a mesityl Grignard reagent afford®@ in an excellent 93% yield.

More impressively, the use of this ligand enabled the Kumada -coogding of
adamantyl bromide with PhMgBr to git@3in 81% yield, in a rare example of a Kumada

crosscoupling using a tertiary halide.

Nakamura 2011

i/RZ
Bng \ /
FeCly(L10) (0.5 - 3.0 mol%)

R—X Lxx (0.5 - 3.0 mol%) (1.5 equiv. dropwise addition) —xRa
! THE, 0°C rtor 40 °C, 20 min - 3 h TN/

R;=1°, X=Br, I 10 examples, 74 - 98%

Ry=2°, X=CI, Br, |

Ry =3° X=Br
! t-Bu Q tBu !
; t-Bu’@ /@\t-su }

s ! tBu P“Fe’P t-Bu
/= 1
L tBU Ch al tBu
102, 93% 103, 81%

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Schene 3.8 7 Use of a bulky biphosphine ligand by Nakamura andvodkers for the Kumada cross
coupling of 2, 2°, and 3 alkyl halides with aryl Grignard reagents.

While most reports of Kumada cressuplings of alkyl halides with aryl Grigrér
reagents focused on the exploration of alkyl bromides, in 2014 Cossy anarlcers
reported an effective crosoupling of both protected iodoazetidines and
iodopyrrolidines using Fe€l an unusual example of an Fe(ll) complex being utilised as
precatdyst instead of its Fe(lll) counterpdrtalong with R,R-tetramethylcyclohexan

1,2-diamine [ 11) (Schene 3.93).14%1 A range of electron rich and electron poor aryl
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3. Iron-catalysed Kumada crosupling

Grignard reagents underwent crasaipling in good yield, and notably ap¥ridyl

Grignard reagent was also sassful in the reaction, cressupling with azetidind 04

in an excellent 90% yield, and with the corresponding pyrrolidine in 51% yield. Rueping

and ceworkers followed this work with a protocol for the Fe(agadyIEDA catalysed

crosscoupling of protected iodoazetidines with a range of aryl, heteroaryl, alkyl and vinyl

Grignard reagents under mild conditioiBcliene 3.%).144 The reaction proceeded at

120°Cin 2 h, however, 3 equivalents of the Grignard reagent and TMEDA were required

I considerably more than the 1.2 equivalents used by Gzisaly Nevertheless, th

simple catalyst system enabled the ciomspling of a much larger range of Grignard

reagents than its predecessors, in moderate to excellent yiel@¥¢3Rincluding aryl,

heteroaryl, alkyl and vinyl Grignard reagents.

Cossy 2014

BocN;%l
n

104
n=1or2

Rueping 2015

PG*N&I

PG = CHPh,,
Cbz,
Boc

Schene 3.97 Kumada crosgoupling of cyclic alkyl iodides with aryl Grignard reagents.

FeCl, (10 mol%)
L11 (10 mol%)

BocN&(Het)Ar
n

THF, 0°Ctort,2h

(1.2 equiv.) 15 examples, 21 - 91%
X=N,R=H T T
X=C, R =4-Me,
2-Me,
4-NMe;, Me,N NMe,
4.F, L1
4-CF;  Mmmmmmemmmeeeeeeeed
3-OMe
Fe(acac)z (10 mol%)
TMEDA (3 equiv.)
BrMg—R PG*Ni}R
(3 equiv.) THF, -20°C, 2 h

20 examples, 32 - 96%

R = aryl, heteroaryl,
alkyl, vinyl

71



3. Iron-catalysed Kumada crosupling

3.2 Kumada crosscoupling of tertiary alkyl halides

While the Kumada crossoupling of primary and secondary alkyl halides has been
extensively explored with plethora of efficient and diverse catalyst/ligand systems, the
crosscoupling of tertiary halides remains a challenge. At the time of our investigation,
only two reports had been published containing isolated examples. The first was a cross
coupling of a@mantyl bromide by Fe@SciOPP)(FeCbL10),*4! discussed in the
previous section irscheme 3.8. To the best of our knowledge, the only other report on
tertiary halides involved the cressupling of adamantyl chloride anéebutyl chloride

with phenylmagnesium bromide, under copper catalySishénme 3.10.124% While
adamantyl chloride gave05in 78% vyield, tha-butyl productl06 was only formed in

38% yield and both reactions required heating t®@dor 18 h. No Kumada cross

couplings of tertiary iodides were known.

Liu 2017

Cul (10 mol%)
R-CI BrMg - R@
Toluene, 80 °C, 18 h
(2.4 equiv.)
(in 2-MeTHF)

ESY)

105, 78% 106, 38%

Schene 3.107 Coppercatalysed Kumada crosoupling of 3 alkyl chlorides with PhMgBr.

With a large number dCP iodides in handvia photoredox catalysiséeChapter 2.4)
or triethylboranenitiation (seeChapter 2.2.1), it was hoped that these could be used as
substrates in an irecatalysed crossoupling with aryl Grignard reagents in order to

provide another route to arglbstituted BCPs.
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3. Iron-catalysed Kumada crosupling

3.2.1Cross-coupling of bicyclo[1.1.1]pentanes

Bicyclo[1.1.1]pentanes have previously been demonstrated to undergecaupdisg

with aryl groups, however this has largely involved the use of the BCP compound as the
nucleophilic, organometallic component. For example, in 2017 Messh al.
demonstrated a Negishi cressupling of BCPzinc reagents with aryl, heteroaryl and
vinyl halides 6chene 3.11).54 Starting from the BCRodide 107, t-BuLi was used to
perform a lithium/halogen exchange followed by transmetallation with 2Za@brding

108 as the nucleophilic component in the crossipling reaction. Using Pd&tippf) as
catalyst, Negishi crossouplings with various gpodides and bromides were performed

to afford 1,3disubstituted BCPs in moderate to good yields. While a good rangkd# ha
coupling partners were tolerated, reaction times were relativelyi |86dr or moré and

the use of-BuLi makes this methodology unappealing from a safety perspective, as well
as unsuitable for large scale reactions or-$aaége functionalisationand therefore

problematic for industrial applications.

de Meijere, 2000

Ar—X
t-BuLi ZnCl, PdCl,(dppf) (2 mol%)
R I — + R i ——2—> R zZncl ————— > R Ar
Et,0, -78 °C 25°C, 1h THF, 25°C, 24 h
107 108
N=—
Phﬁ—ﬁ :/> n-BuMF Ph
N
61% 43% 50%
13% 79%

Schene 3.117 Negishi crossoupling ofBCP iodides.
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3. Iron-catalysed Kumada crosupling

Knochel and ceworkers also developed a Negishi crossipling of zincated BCP
compounds with aryl Grignard reats®® Their approach began with heating TCP with

2 equiwalents of the Grignard reagent in dietbtther at 100 °C in a sealed tube to afford

the BCRGrignard addition produ@5 (Scheme 3.12). With this intermediate in hand,
transmetallation with ZnGformed the zincated BCP, which could then be submitted to
Negishi crosscoupling with aryl halides to afford kdsubstituted BCP products in
moderate to good yields. Aryl and heteroaryl halides were well tolerated in the reaction,
and although this procedure avoids the use of the pyroghBtiti, the need to éat the
Grignard reagents with TCP at elevated temperatures in order to access the
organometallic BCP component hinders the applicability of this methodology to large

scale industrial processes, and limits the scope of the-coogding to aryl BCPs only.

Knochel, 2017

Ar—MgX (2 equiv.) 1) ZnCl,, THF
_— Arﬁ»ng Arﬁm’
100 °C 2) Ar—X (2.1 equiv.)

35 PdCly(dppf).CH,Cl,
400r65°C,1t0 18 h
19 examples, 40 - 91%

TMS
L) O DA

71% 55% 57%

TMS

AN
DRI O
3
Me

61% 47%

Schene 3.127 Negishi crossoupling of BCPGrignard reagents.

Although there are no generalised methods for the -cmgsling of BCPs where the BCP
component acts as the electrophilic partner, two isolated examples did exist. Baran

demonstrated that the cressupling of redox active esters with diaryl zinc species,
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catalysed by Fe(acag)vas also applicable to BCE9to afford arytBCP productl10

in 35% yield Gcherre 3.13).1246]

Baran, 2016
o

HO-N ZnPh; (1.5 equiv.)
Fe(acac)z (10 mol%)

o o 0 Meozcﬁ—{ dppbz (2O molh)
e e
2 2 NEts, HATU THF, 25 °C, 1 h z

Ph 110, 35%

Ph
dppbz =
pe>e @:/Ph
P

Ph

Schene 3.137 Crosscoupling of BCP redox active esters.

More recently Lalic and cworkersdemonstrated the use of a photoinduced copper
catalysed coupling of alkyl iodides with terminal alkynes in good yie®ishéne
3.14.1%1They demonstrated the mettwogy on a range of alkyl iodides including three

tertiary iodides; bicyclopentyl, bicyclooctyl, and adamantyl iodides to affdfgl 112,

andl113respectively.
Lalic, 2018
CuCl (10 mol%)
Rl = (), L12 (20 mol%) R——= 1),
CO,Me K,COj3 (3 equiv.) CO,Me
MeCN/MeOH (3:1), 48 h
blue LEDs

Meoﬁ—:—é\% =),
CO,Me CO,Me
111, 53% 113, 81%
=10,

ﬁ CO,Me

112, 43%

Schene 3.147 Copper catalysed crosoupling of a BCP iodie with alkynes.
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While 113was produced in 81% yield12and111suffered a drop in yield, giving 43%
and 53% respectively. While this methodology provided an isolated exampBGR a
iodide acting as the electrophilic component in a crosspling reaction, it was only

applicable to the use of terminal alkynes.

Giventhe lack of a generalised cressupling methodology usinBCP iodides, and the
extensive precedent of Kumada crassiplings with alkyl halides, it was desirable to

develop an irorcatalysed crossoupling ofBCP iodide with aryl Grignard reagents.

3.3 Kumada crosscoupling of BCP iodides with (hetero)aryl
Grignard reagents

Investigations into the optimisation of an iroatalysed Kumada crog®upling reaction
using benzyBCP iodidel14and 4MeO-PhMgBr were started by DPhil student Dimitri
Caputo, ad are described in his DPhil the8f8! The key findings from these initial

optimisations are summarisedliables3.2and3.3.

Caputo's development of this reaction began using 3 equivalents of the Grignard reagent,
20 mol% of an iron catalyst and 40 mol% of a ligand, with the reabgorg carried out

in THF at room temperature for 30 minutes. The optimal iron catalyst in the absence of
any additives was first exploreddble 3.2, entries 13). Fe(acag)proved to be the best
catalyst, giving a 42% yield of crossupled product115 with 23% of
hydrodehalogenatetl6also being formed. Other iron catalysts such as Fzetdl FeBs

did not perform as wellforming significantly less 115 and instead favouring the
formation of116 A wide range of amine and phosphine ligands were theeised under

these conditions that had been shown to be successful in other Kumaedeoomisgys

(seeChapter 3.2), however none of these additives improved the yield at all compared
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to using the catalyst on its own. Given reports of several Kutradacouplings where
dropwise addition of the Grignard reagent proved crucial to obtaining good
yields[t?:127.141gn ypdated protocol was used in subsequent experimentdying
addition of the Grignard reagent to the reaction mixture with a syringe pump at 1.8 mL/
h. With dropwise addition of the Grignard reagent but without additional ligands, the

yield was significantly worse, forming only 9% of desired prodiid but 45% of116

(entry 4).
Catalyst (20 mol%) R
O R T Hr ﬁ
FiC 114 (3 equiv.)
: a
gﬂf A b O
deypt DMEDA PMDTA 1,3,5-TCH
Entry  Catalyst Ligand Yield/® %
114115:116
1 Fe(acaq - 0:42:23
2 FeCk - 0:17:35
3 FeBr - 0:17:35
42 Fe(acaq - 0:9:45
52 Fe(aca® dcypt 0:59:22
62 Fe(acaq) NEts 0:12:46
7 Fe(acaq DMEDA 0:18:49
S Fe(acaq) TMEDA 0:66:9
9?2 Fe(aca® PMDTA 0:17:37
107 Fe(aca® 1,3,5 0:12:45

Table 3.27 Reactions performed by Dimitri CapufoGrignard
addeddropwisevia syringe pump at 1.8 mh/® Yields determinec
by 'H NMR spectroscopy using 1,3rimethoxybenzene as &
internal standard.

A number ofbidentate phosphine ligands were then screened and while many did not
improve the yield by much, the use of dcypt proved very effective, giliign 59%

yield with 22% 0f116 (entry 5). Mone, bi- and tridentate amine ligands were all also
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screened, anathile monodentate NEbnly gave 12% yield o115 (entry 6), the use of
secondary bidentate ligand DMEDA increased the yield slightly to 18% (entry 7), and
tertiary bidentate TMEDA caused a dramatic increase in yield to 66A%o#ith only

9% of116(enty 8). Stronger chelating ligands PMDTA and 1;3GH however did not
perform well in the reaction giving only 17% and 12% d56respectively (entries 9 and

10).

Having identified Fe(acagith TMEDA as the optimal catalyst system, the effects of
the solent, temperature, reaction concentration and Grignard reagent equivalents on the
reaction were exploredréble 3.3). A number of solvents worked well in the reaction
(entries 13) with THF giving the best yield. Increasing the temperature did not improve
the yield ofl15(entry 4) and cooling the reaction temperature 16 @aused a reduction

in yield to 58% (entry 5).

Fe(acac); (20 mol%)
: TMEDA (40 mol%) OMe
BngOOMe
solvent (y M), T °C, 30 min
114 ;

FsC Temuh

Entry Solvent T/ °C yl M X (equiv.) Yield/? %

114115116
1 THF rt 0.2 3 0:66:9
2 Toluene rt 0.2 3 0:61:5
3 ELO rt 0.2 3 0:57:5
4 THF 45 0.2 3 0:67:3
5 THF 0 0.2 3 0:58:12
6 THF rt 0.4 3 0:66:3
7 THF rt 0.8 3 0:73:4
8 THF rt 1.0 3 0:73:2
9 THF rt 1.0 1.6 complete
10 THF rt 1.0 1.4 incomplete

Table 3.3 - Reactions performed by Dimitri Caputd Yields determined byH NMR
spectroscopy using 1,3tEmethoxybenzene as an internal standard.
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A large concentration effect was seen, where increasing the reaction concentration from
0.2 M through to 1.0 M (entries-8) caused an increase in yield to 73% d5with only

2% of 116 being formed. Finally, the equivalents of the Grignard reagent redreced

until the reaction no longer reached completion: full reaction conversion was achieved
with 1.6 equivalents (entry 9), however lowering this further to 1.4 equivalents led to an

incomplete reaction (entry 10).

To begin the investigations in thiset$is, the optimisation of the reaction conditions as
developed by Caputo for the cressupling was revisited. On repeating the previous
optimised conditions, but increasing reaction time from 30 minutes to 1 h, an 82% yield
of crosscoupled product15was obtainedTable 3.4, entry 1). The scale of the reactions
was then reduced from 0.5 mmol to 0.2 mmol for easier handling, but on doing so a
noticeable drop in yield was observed from 82% to 77% (entry 2). Maintaining the same
rate of addition of the Gritard reagent (1.8 mL/h) on a smaller reaction scale meant that
proportionally more Grignard is added to the reaction per droplet. Therefore, the rate of
Grignard addition was slowed down to 0.7 mL/h to compensate for this reduced overall

addition time, andhe yield of the reaction increased significantly to 86% (entry 3).

Fe(acac); (20 mol%) O
1
TMEDA (40 mol%) OMe
BngOOMe
THF, rt, 1 h
14

115

FsC (1.6 equiv.) FoC
Entry Reaction scale Rate of Grignhard Yield/ %
mmol addition/ mL/ h
1 0.5 1.8 82
2 0.2 1.8 77
3 0.2 0.7 86

Table3.471 Effect of the rate of Grignhard reagent addition.
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Given the supestoichiometric amount of TMEDA used by Nakanitfd and
Rueping!* and the benefit observed by Cahiez of using a combination of
TMEDA/HMTA, [*27] the effect of ligand stoichiometry was next investigated with the
crosscoupling of BCP iodides (Table 3.5. When using 160 mol% of TMEDA as
opposed to 40 mol%, a decrease in yield was seen to 78% (entry 2). Nakamura also noted
that pemixing TMEDA with the Grignard reagent before addition was beneficial,
however when applied to the BCP crassipling, only a trace amount of product was
observed, with largely unreacted starting material remaining (entry 3). Use of HMTA
either on its ow or in combination with TMEDA decreased the yield to 68% and 74%

respectively (entries 4 and 5).

Fe(acac)s (20 mol%) O
I
Ligand (x mol%) OMe
Bng—@OMe
THF, rt, 1 h
114

115

FsC (1.6 equiv.) F3C
Entry Additive x/ mol%  Yield/*%
1 TMEDA 40 86
2 TMEDA 160 78
3 TMEDA (premixed with Grignard) 160 Tracé
4 HMTA 40 68
5 TMEDA/HMTA 40/20 74

Table3.57 Effect of TMEDA/HMTA equivalentsYields determined byH NMR
spectroscopy using 1,3tBmethoxybenzene as an internal standatdviostly
starting materialremaining.

Althoughsuperstoichiometric TMEDA offered no benefit on the yield of the reaction, it
was noted that a high catalyst loading of 20 mol% was still necessary. Reducing the
catalyst loading to 10 mol% also caused a significant drop in yield to ©abbe(3.6,

entries 1-4). There have been reports of cases of erosplings that required high iron
catalyst loadings in fact being catalysed by small amounts of copper impurities. To test

the possibility that traces of copper could be responsible for thiscpogpting,Fe(aca®
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of 99.9% purity as used in the reaction (entry Bjgher than the sample used previously
which was of 97% purity to see if this would decrease the yield of the reaction.
However, the yield of the reaction was unchanged, still forming 828toafuct. Lastly
reactions were run with Fe(acaeap well as 5 mol% of various copper additives (entries
6-9); interestingly, a significant reduction in yield was observed and in the cases of CuO
and CuO, the reaction did not go to completion. None of #widence suggests copper

impurities were responsible for the crasaipling rather than Fe(acadgelf.

Fe(acac); (20 mol%)

TMEDA (40 mol%)
! Copper Additive (5 mol%) q O OMe
BngOOMe
THF, rt, 1 h
114 15

F3C (1 .6 equiv.) F3C

Fe(aca® Grignard addition

Entry ourity/ % x/ mol% rate/ mL/ h Additive Yield/? %
1 97 20 1.8 - 82
2 97 10 1.8 - 69
3 97 20 0.7 - 86
4 97 10 0.7 - 62
5 99.9 20 1.8 - 82
6 97 20 0.7 Cul 65
7 97 20 0.7 Cu(acag 58
8 97 20 0.7 CuO Incomplete

reaction
9 97 20 0.7 CwO Incomplete
reaction

Table3.61 Investigations into whether copper impurities were involved in catalysing the
crosscoupling.? Yields determined b4 NMR spectroscopy using 1,3jfimethoxybenzene a:
an internal standard.

With these additional results obtained, a rangkgahds and solvents were-sereened
under the improved protocolTéble 3.7). These experiments were performed in
collaboration with Dr Jeremy Nugent. Screening secondary bidentate amine DMEDA
(entry 1) gave very poor yield, as did tertiary bidentate amiddCD (entry 2). Tertiary

bidentate phosphines 1[2PE (entry 3) and dcypt (entdy gave moderate yields of 46%
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and 55% respectively, however some starting material remained and a small amount of

the reduced BCP byproduti6was also formed. TMEDA agaproved to be the best

ligand by a significant margin (entry 5), giving 90% vyield (86% isolated yield)16f

with no starting material remaining and only 2% reduced BGWRe2HF, MTBE and

toluene all gave good yields bi5(entries 68) however THF stilproved optimal. Using

the LiIiCl O6turbodé Grignard adduct in the rea
Grignard reagent (entry 9), while the use of Cu(acslelit down the reaction entirely

(entry 10). Therefore, the conditions in entry 5 wakeh as the optimised conditions for

this crosscoupling.

catalyst (20 mol%)
! ligand (40 mol%) OMe H
BngOOMe
solvent, rt, 1 h
114 115 116

Entry Catalyst Additive Solvent Yield./a%

(20 mol%) (40 mol%) 114115116
1 Fe(acaq) DMEDA THF 22:5:9
2 Fe(acaq TMCD THF 76:9:1
3 Fe(aca® 1,2-DPE THF 33:46:8
4 Fe(aca® dcypt THF 20:55:11
5 Fe(acac) TMEDA THF 0:90:2 (86)
6 Fe(aca® TMEDA 2-MeTHF 15:71:2
7 Fe(acao TMEDA MTBE 16:70:2
8 Fe(aca® TMEDA Toluene 0:79:3
QP Fe(acaq) TMEDA THF 0:86:4 (79)
10 Cu(acag) TMEDA THF 100:0:0

Table3.77 Rescreen of conditiorisYields determined by4 NMR spectroscopy
using 1,3,8trimethoxybenzene as an internal standaRkaction performed using
4-MeOPhMgBr.LiCl Reactions performed by Dr Jeremy Nugent.
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3.4Scope

With optimisedconditions in hand, the scope of the reaction was explored. The range of
aryl Grignard reagents were fitgtstedin the reactionKigure 3.1). These experiments
were performed in collaboration with Dr Jermey Nugent Sachmer studenfrank

Nightingale who are credited where appropriate

Fe(acac); (20 mol%)

TMEDA (40 mol%) (Heh)A
(Het)ArMgBr (1.6 equiv.) ShAr
BocN% BOCNM (Het)Ar
THF, rt, 1 h

114 FsC

L )ome W (e }rk’ WA ;‘A—’ W
0, o/ @ o/ @ 0,
115, 86% Fol 118, 53% Fol 119, 78% Pl 120, 71%

SR

F3C

a
F 121, 73% Fol 124, 70%
Q)
J BocN BocN OMe BocN OEt
W o
FiC 125, 72%2 126, 83%° 127, 80% 128, 7%
OPh Mé
129 85% 130, 82% 131, 79% 132, 86%25
BocNQMt-Bu BocNmF BocNmTMSBocN
o)
133, 81%° 134, 61% 135, 81%¢, 90%° 136,55%° O__J
\ /
137, 81%

Figure 3.17 Scope of aryl Grignard reagents in the Kumada cromspling of BCP iodides: Reaction
performed by Dr Jeremy NugehAReaction performed at 4%. ¢ Reaction performed on 1 g scale.
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BCP iodides114and117 were crossoupled with a wide range of aryl Grignard reagents
in good to excellent yiekl Aryl Grignards bearing electrenich or neutral para
substituents were Weolerated in the reaction of bottil4 and 117, providing cross
coupled productd15137in 53/ 86% yield. Alkyl and alkoxy substituents all gave good
yields of between 779428 and 86% 114, 132), while NMe substitutecaryl BCP118
was formed in a slightly lower yield of 53%. Mildly etemn withdrawing groups could
be tolerated, with 4PhMgBr giving 71% and 61% df20and134respectively. More
electronwithdrawing substituents were unfortunately aotommodatedAryl Grignard
reagents bearing meta substituents were also tolerated in the reaction giving good yields
of cross coupled producfi?l and131in 73% and 79%yield respectively, while 1;3
dioxolane substitutetil3éwas formed in a slightly lowsfield of 55%. Orthesubstitued
Grignards were also successful in this reactit? ( 123 and 132, however in these
cases, the reaction required gentle warming t¢@54TMSPhMgBr crossoupled
efficiently with 117to give135in 81%,andpleasingly when scalinthis reactiorto 19

of 117(2.7 mmol), the yield of the reaction increased to 90%.

Having successfully crossoupled a wide range of aryl Grignard reagents, the scope of
heteroaryl Grignards was investigatédgure 3.2). A number of these substrates were
tolerated in the reactiod88to 146), although these generally required warming t6@5
3-pyridyl Grignard was initially submitted to the cressupling with117, however only

27% of138was formed, and the reaction required heating tto@ith rapidaddition of

the Grignard reagent due to its instability. However on substitutingplyeidy| Grignard

with an electron donating group, the yield increased dramatically, giving 49% and 55%
of 139and140respectively. The electremch 4-pyridyl Grignardalso crossoupled to

give 141 in a slightly lower yield of 35%, however-@ridyl Grignards were not

successful under the reaction conditions, largely undergoing dcooping of the
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Grignard instead. Itis worth noting that 3 equivalents of the sutestipyridyl Grignard
reagent are required to obtain a good yield. The benzofuryl Grignard-ooagked
efficiently in the reaction to giveé42in 67% yield without the need for excess equivalents
of Grignard reagent or heating-heterocyclic product$43 to 146 were also formed in
good yield (46%65%), with the reaction with the indazole Grignard proceeding at room

temperature, forming44in 46% vyield.

Fe(acac); (20 mol%)
TMEDA (40 mol%)

(Het)ArMgBr (1.6 equiv.)
BOCNMI BocN (Het)Ar
THF, 45°C,1h

117

OMe
138, 27%2 139, 49%° 140, 55%"°
OMe
NS N
141, 35%b¢ 142, 67% 143, 48%"
N
BocN N\ BOCNW BocN Ph
NBoc
b,d
144, 46% 145, 65%" 146, 65%"

Figure 3.27 Scope of heteroaryl Grignard reagents in the Kumada ecospling of BCP iodides.
Reaction performed at 6%, rapid addition of Grignard reagentReaction performed by Dr Jeremy
Nugent® Reaction performed using 3.0 equivalents of Grignard read&teaction performed at room
temperature.

With a wide range of aryl and heteroaryl Grignards successfully-congded, a selection

of BCP iodides were submitted to the reaction conditions wittM&O-PhMgBr
(Figure 3.3). Boc-protected azetidinel47 was formed in 73% vyield, and sulfone
containingl48was successfully formed in 67% vyield. Ethyl esté®was formed in an
excellent 95% yield, showing no undesirable addition of the Grighard reagent into the

ester functionality. However, the more electritip ester group iri50did suffer from
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Fe(acac); (20 mol%)
TMEDA (40 mol%)

4-MeOPhMgBr (1.6 equiv.)
Rﬁ»l R OMe
THF, tt, 1 h
o)
11_0
Ph—87
BOCNWOMe Mom

147, 73%* 148, 67%3

0
EtO

F owe (AL )ome
F =N

150, 34% 151, 69%

MeO,C MeQO
o)
153, 83%° 154, 40%2

Figure 3.31 Scope of BCP iodides in the Kumada crosapling with PhMgBr2 Reaction performed by
Dr Jerermy Nugent Reaction performed by Mr Frank Nightingale.

competing addition of the Grignard reagent, and consequently a large decrease in yield
was observed to 34%:-Ryridyl substitutedBCP iodidecrosscoupled in 69% vyield to

form mixed aryl BCPL51, and a doublerosscoupling of the bisbicyclopentylateds0

was successfully performed to give 64%l1l62 More compleXBCP iodides were also
successful under the reaction conditions, giving 83% of the quirtdiBand 40% of the

nicotinic acid derivatived.54.

While a large range of aryl and heteroaryl Grignard reagents were well tolerated in the
reaction, there were several classes of Grignhard reagents that were not successful
(Figure 34). Whereas para-fluorophenyl substituents were tolerategaraCFs
substitutedl55was too electroipoor to undergo successful crassupling. Theortho-

fluoro substituted Grignard reageiri6was unsuccessful in the reaction, probably due to

instability of the Grignard which can collapse to form a benzyne intermédfat?!
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More sterically demanding aryl Grignard reagents such as méSifyivere unable to
undergo crossoupling with theBCP iodide and 5membered heterocycles suchl&s8
and159also produced no cros®upled product. As noted;®ridyl Grignard reagents
such asl60were unstable and underwent heowupling rather than reacting with the
BCP iodide Disappointingly, vinyl {61 and 162) and alkyl (63 and 164) Grignard

reagents alb showed no reactivity in the reaction.

CF3 F BrM
/@ :@ Bng\Q ' Q\C'N
N
BrMg BrMg BrMg \
156 157 158

155 159

BFMQO JMgBr ngBr }MgBr Me—MgBr
N

160 161 162 163 164

Figure 3.4 7 Unsuccessful Grignard reagents.

3.5 Applications

This crosscoupling methodology was successfully combined with the atom transfer

radical addition chemistry, and@jed to the synthesis of two drug analogues

(Schene 3.15). These syntheses were performed by Mr Dimitri Caputo, Dr Jeremy
Nugent and Mr Frank Nightingale and will therefore not be discussed in detail; in short,
BCP-flurbiprofen 166 was efficiently synthesised in two steps from ethyl 2
iodopropanoatd 65 and a BCFbrequinar analogu#68 could also be synthesised in 2

steps from quinolind67.
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Fe(acac); (20 mol%)

ﬁ TMEDA (40 mol%)
o PhMgBr (1.6 equiv.) o
I BEt3 (10 mol%) THF, rt, 1 h
E‘O)H/ T 0°C 5min then NaOH/MeOH EtO
80% 78%
165 166, BCP-flurbiprofen
F
@ I Fe(acac); (20 mol%)
MeO,C N | MeO,C N TMEDA (40 mol%) MeO,C
| N fac-Ir(ppy)s (2.5 mol%) | N 4-FPhMgBr (1.6 equiv.)
= =
t-BuCN, 24 h, 30 °C THF, rt, 1 h
E qugSI_O}EDs F 66% E
167 ’ 168, BCP-brequinar analogue

Scheme 3.15 7 Synthesis of BGRurbiprofen by Dr Dimiti Caputo and synthesis of B&Requinar
analogue by Dr Jeremy Nugent and Frank Nightingale.

TMS substituted 35could be successfully synthesised on a large scale in high yields (see
Figure 3.1), enabling further derivatisation througpso-substitution. As a result,
functional groups that were incompatible with the cramspling conditions could be
accessedJchene 3.16). Use of KBr and NCS gave bromidé9in 69% vyield, and use

of ICI provided the iodidel70in 64% yield. A FriedelCrafts acylation could also be

employed to forml71in 67% vyield.

KBr (1.5 equiv.)

NCS (1.2 equiv.)
BocN T™MS BocN Br
AcOH/MeOH, 60 °C, 2 h

69%

135 169
ICI
BocN T™MS BocN !
CH,Cl, 0°C, 1h
0,
135 64% 170
AICl5 (3 equiv.)
AcCl (3 equiv.) 0
BocN T™MS BocN
CH,Cl,, 0°C to rt, 16 h
67%
135 171

Schene 3.167 Further functionalisations of crossoupled products.
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3.6 Mechanistic investigations

While many ironcatalysedcrosscouplings have been developed, elucidation of the
mechanism of these reactions has remained challenging and-dewidoped. The
difficulty in studying these systems is due to several factors. Firstly, organoiron
intermediates formed during the réantcan be unstable and sensitive to both air and
temperature. Moreover, iron is able to undergo many different redox processes via both
one and two electron transfers, forming intermediates with a variety of oxidation states
as well as spin states, many which are paramagnetic and therefore difficult to
characterise using NMR spectroscéfl. It is also common for multiple reactive iron
complexes tdorm over the course of the reaction, all of which may be able to catalyse
the reaction with varying rates, and so identifying the predominant species and/or most
effective catalytic complexes can be challenging. Many studies have looked into
identifying potential iron intermediates and elucidating the mechanisms of these cross
couplings, but the mechanism is highly dependent on the identity of the electrophile, the
Grignard reagent, the ligands, the solvent, and the speed of Grignard addition, and so

appling any observations to other systems must be done with c&atidtf!

Several investigations into the mechanignren-catalysed Kumada crossuplings of
aryl Grignard reagents and alkyl halides using TMEDA as an additive have been
conducted. Nagashima studied the BAGNIEDA catalysed crossoupling of a mesityl
Grignard reagent with-bromooctane which gave 32%eid of the crossoupled product
172 after 18 h Schene 3.17a).*42 When FeQ and TMEDA were mixed with 3
equivalents of mesityl Grignard, they isolated (TMEDA)Fe(itgBs (173, which upon
resubmission to reaction conditions with 2 equivalents -difronooctane formed

(TMEDA)Fe(mesityl)Br (74) (Schene 3.17b). Reaction ofL73with another equivalent
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Nagashima, 2009
a)
FeCl3 (5 mol%)
TMEDA
1-bromooctane + mesityl—MgBr octyl—mesitylene
THF, rt, 18 h 172
slow addition of Grignard
32%

S

1-bromooctane ocytl-mesitylene
172

TMEDA /7 \ _ /\
MesityIMgBr (3 equiv. N N >N, NC
FeCl, yIMgBr (3 equiv.) ~ ‘e ~ P S
mesityl‘ mesityl B

173 174

-

MgBr; mesityIMgBr

Fe’

mesityl

AN
4
r

Schene 3.177 Initial proposed mechanism for the FeTIMEDA catalysed Kumada cressuplings of 1
bromoocatane with mesityl Grignard by Nagashima anevodkers.

of 1-bromooctane proceeded at a faster rate than thai4With 1-bromooctanel74
also reacted withanother equivalent of the Grignard to refod73 Radical clock
experiments showedldromo5-hexene treated with73gave the crossoupled product

175but no cyclised/crossoupled product76(Schemne 318).

— hexenyl
BI’/\/\/\ + - E VRN -
AN THF, 30 °C, 18 h
mesityl  mesityl

“_/

173 175, 63% 176, 0%
butenyl
N N
/—< + o NCONS - -
Br Fe. o
AP THF, 30 °C, 18 h
mesityl  mesityl
173 17% 55%

Schene 3.187 Radical clock experiments performed by Nagashima andar&ers.
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However, reaction of bromomethylcyclopropane gave a mixture of -coagsing

products, where most of the cyclopropane niwdid ring opened prior to cressupling.

This suggsted the formation of a shdited radical during the oxidation of Fe(ll) to

Fe(lll).

Bedford looked further into this mechanism and found that on performing the control

reaction where TMEDA was left out of the crasmupling reaction, a slightly improde

yield of 172 of 36% was obtained, but a smaller amount of unreacted bromooctane (and

more octane and octene side products) were obsEfethis suggested that TMEDA

was not necessary for the ssxoupling mechanism itself but may help prevent other

undesirable pathways from proceeding that form thesepsamiiucts. They also found

that while173is formed with low Grignard loadings, increasing the equivalents instead

formstheh o mo | e p tompiex1d 7 Scleede 3.¢9) until it is the only paramagnetic

complex when 8 equivalents of the Grignard (with respect to iron) are used.

Bedford, 2015

octBr oct—mes

no TMEDA
oct-mes
o%

§® RO TMEDA
BY Me;
178

177 N
Fe
/ N\

Me, %
N
mesMgBr [ N

173

Schene3.19T Pr oposed mechanism invol vi ng-workes.n

FeBr(mes) =, Fe(0) nanoparticles

6atebd
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3. Iron-catalysed Kumada crosupling

177 reacts more efficiently with -bromooctane to give cros®upled 172 and a
paramagnetic species suggested tdlB& The group therefore suggedtthat cross
coupling proceds vial77and178 andl73andl174instead stabilise offycle species as
TMEDA adducts to prevent other pathways that could lead tepsmtiict formation, for

example, through the formation of iron nanoparticles.

The group also noted that reactionsngsbulky mesityl Grignard reagents are not
representative of most aryl Grignard reagents. This difference between bulky and non
bulky aryl Grignards was demonstrated visibly, as the reaction mixture with
FeCb/TMEDA and MesMgBr stays a clear orange colaungreas with Me-PhMgBr

turned an opaque black suggesting the formation of iron nanoparticles, although these
may themselves be active gratalysts. Bedford later found when investigating other
amine ligands that the use of less labile ligands inrbsepce of excess benzyl Grignard

led to a decrease in the catalytic activity of the iron comiptef the ligands were not
displaced by the excess benzyl Grignard at all, then very poor activity was seen and the
reaction appeared homogenous throughout, whereas the reaction mixtece bdiack

using labile ligands, again suggesting iron nanoparticle formation.

Neidig also found the formation of homol ept
with excess equivalents of Grignard in the absence of additives, and characterised them

using SCG-XRD (Scheme 3.20).'%81 They also found distinctive colour changes taking

place with each additional equivalent of Grignard added. On reacting Fefathane

equivalent of Grignard the reaction turned red, and comipi@was isolated; on a second

equivalent of Grignard, theeaction turned yellow and while this complex could not be

isolated, on addition of a third equivalent of Grignard reade3iwas formed and was

isolated alongside a colour change to orange. The addition of a fourth equivalent of

Grignard forms a red &dtion and the dimeric compouri@1was isolated.
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3. Iron-catalysed Kumada crosupling

Neidig, 2018

4-F-PhMgBr F
(1 equiv.)

Fe(acac);

THF, -30 °C F
4—F—PhMgBr gives complex Br
(1 equiv.) ;o’ ‘Oj (not isolated) B ,Fe --Fe
THF, -80 °C then 4-F-PhMgBr
(1 equiv.) F

THF, -80 °C
179 F

red complex 180

trans-[Fe(acac),(THF), complex

[FeBr(4-F-Ph)(u-4-F-Ph)],*"

(1 equiv.)

4-F-PhMgBr
THF, -80 °C

181
red complex

Feq(u-4-F-Ph)s(THF), [Fe(4-F-Ph)y(u-4-F-Ph)],%-

Schene 3.207 Observed and identified iron complexes on reaction on Fe(await) 4-F-PhMgBr by
Neidig and ceworkers.

181 appears similar to a dimeric version of honpble complex177 proposed by
Bedford, which was shown to be catalytically active in camspling reactions with
alkyl halides. The crossouplings ofBCP iodides with aryl Grignard reagents saw very
similar colour changes as the Grignard reagent wasda@igure 3.5). 0.2 equivalents

of Fe(acag) and 1.6 equivalents of Grignard were necessary for the reaction to go to
compl etion which would also align with

equivalents of Grignard (respective to iron) had kegied thal 81 started to form.

Time (mins) 0 5 10 1 90
Equiv. added 0 0.29 0.58 0.6 1.6

Figure 3.57 Observed colour changes on slow addition-0ddOPhMgBr to a mixture of BCP iodidd4
and Fe(acaey TMEDA in THF at room temperature. Photos taken by Dr Jeremy Nugent.
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3. Iron-catalysed Kumada crosupling

After these 3 equivalents with respect to iron had been added, the reaction turned black,

suggesting the formation of iron nanoparticles.

Very recently, Neidig and eworkers published a further paper reinvestigating the iron
species formation and mechanig the FeB# TMEDA -catalysed crossoupling of aryl
Grignard reagents with alkyl halidé8” They noted that the role of TMEDA is still
unclear in these reactions, and that most previous studies had made use of the mesityl
Grignard reagent which may not be representative or applicaiertogeneral Kumada
crosscoupling using smaller nucl eophil es. The
Bedford might in fact be a part of a less efficient catalytic pathway correlating with the
low yield observed for the crog®upling. They also notedahdifferent iron species had

been shown to form with mesityl Grignard reagents compared to phenyl Grignard
reagents when bisphosphine ligands were emplBS&8” Therefore Neidig used a
combination of xray diffraction,>’Fe Mdssbauer spémscopy, EPR spectroscopy and
detailed reaction/kinetic studies to elucidate the structure of active catalytic complexes
and the role of TMEDA in the reaction. While the exact role that TMEDA plays, and its
precise contribution to the catalytic pathwayneened ambiguous, they were able to
demonstrate that for less sterically bulky Grignard reagents such as phenylmagnesium
bromide, TMEDAbound iron complexes are involved in the primary catalytic pathway
(Scherre 3.21), stabilising a monomeric iron species. They found 1fidtwas involved

in the crosscoupling pathway whilel73 is a radical initiator that can also lead to
homocoupling of the Grignard reagent. They noted that while the formation of any
homoleptic ironcomplexes was not observed, these could contribute to the initiation of
the catalysis in addition th73 Overall, a mechanism was suggested that involves an
Fe(l)/Fe(ll)/Fe(l) cycle where catalysis is initiated by reaction of alkyl halide With

to give alkyl radical and complek82 which can undergo reductive elimination to give
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3. Iron-catalysed Kumada crosupling

Neidig, 2022

Schene 3.21 i Recently proposed mechanism for Kumada coosspling of alkyl halides with aryl
Grignard reagents using an iron catalyst ahtEDA additive by Neidig and e@orkers

the homocoupledarignardproduct and complet83 The alkyl radical can recombine

with 174to give complexL.84 which can undergo reductive elimination to form the cross
coupled producti86 and complex1i83 This Fe(l) complex is now able to react with
another alkyl halide to give the alkyl radical and comgdl@xwhich on reaction with the

Grignard reforms complek74.

This mechanism could reasonably be applied to the-camgsliing ofBCP iodide with

aryl Grignard reagents under Fe(agdAdYIEDA catalysis, except it would require an
extra equivalent of Grignard with respect to the iron catalyst to initiate the reaction
compared to the FeBsystem studied by Neidig. This fits with the 0.2 equivalents of
Fe(acagused and 0.6 equivalents of Grignard reagent needed to be added until the
reaction turns a black colourwhich could indicate the homoleptic complEXL having

been formed and the reaction being initiated.
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3. Iron-catalysed Kumada crosupling

To gain more insight into the mechanism of the camgpling ofBCP iodides and aryl
Grignard reagents, a series of competition experiments were carried out. A premixed
solution of PhMgBr and4KPhMgBr was dded at once to a solutionBCP iodidell7,
Fe(acag) and TMEDA in THF, and then the ratio of crassupled products was
measured by NMR spectroscopy using an internal standard. These product ratios were
then compared to the Hammett constant for thetfonal group, X Table 3.8), and
plotted on a graphFgure 3.6). Three equivalents of both Grignard reagents were used
and were added at once, to ensure there was an excess of both throughout the reaction.
. - HOMgBr (3 equiv.) F:Ségfzs(‘(éomrzfol/:/;) BOCNQMH

THF, rt

17 XOMgBr (3 equiv.) BocNQ—&—@X

X 6iX Prod)li/clfiatlo.
OMe 10.27 0.3
OEt 10.24 0.4
t-Bu 10.20 0.7
Me 10.17 0.6
TMS 10.07 1.0
OPh 10.03 0.7

F 0.06 0.38
2-Py 0.17 0.7

mOPh 0.25 0.7
OCRK 0.35 0.11

Table 3.87 Comparison of Hammett substituent consta
and product ratios for competition experiments betw
PhMgBr and XPhMgBr. Product ratios calculated usiiht
NMR spectroscopy in comparison to an internal standar
1,3,5trimethoxybenzene. Reported ratiase an average
taken from three experiments. Substituents are-parkess
indicated otherwise

Surprisingly, the Hammett plot showed that both eleetrcm and electroipoor
Grignard reagents reacted at a slower rate than PhMgBr, with enSPhMgBr

reacting at the same rate. For electron rich Grignard reagents there is a positive correlation
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3. Iron-catalysed Kumada crosupling

Hammett Plot of Kumada Cro€2oupling of lodeBCPs and Aryl
Grignard Reagents

log(CX/CH)
T™S .
& o H X
1 P 2-py 1
t-Bu® " @ p-OPh m-OPh
®..Ne
R2=0.7354 .
.~'® OEt =
® OMe
R2 = 0.4631
OCF3

Figure 3.6 7 Hammett plot for the Kumada cressupling ofl17with X-PhMgBr.

between the Hammett constant and rate of reaction, giving a positive sensitivity (reaction)
constant of = 1.57. This correlation is relatively strong, giving &wRlue of 0.73. The
most electron donating grotipOMe 1 gave the slowest rate and being formed in a ratio
of 0.3:1 (OMe:H) compared to the reaction with unsubstituted PhMgBr. Notably, this
does not correspond to the observed reaction efficiency vitid-PhMgBr which gave

one of the highest yields of 86% (d&gure 3.1). For substituents with positive Hammett
constants (electrewithdrawing groups) however, the sensitivity constant is negative
G= T1T1.82). Tdbfieiente Grignarek edgents ronlyive a weak negative
correlation however, with an’Ralue of 0.46. Norrby and emorkers also looked at the
correlation between substituents and reaction rate in the@papéing of aryl Grignard
reagents with bromocyclohexane and found a negativelaton for all substituents,
however they found that halide substituents gave outlying ré¥8ltsor the cross

coupling ofBCP iodides, if 4F-PhMgBr is also treated as an anomalous result then a far

better correlation is seen with ad & 0.83. The inverted shape of the graph suggests
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3. Iron-catalysed Kumada crosupling

that there is a change in mechamior a change in the rate determining step between
electrondonating groups and electravithdrawing groups. This provides significant
insight into the reaction, and suggests there is the potential for further investigation into

the precise mechanism inet future.

3.7 Investigations towards tandem ATRA/crosscoupling
reactions

Having developed an ATRA reaction of a wide variety of iodides with TCP toB&hm
iodides as well as a general methodology for their subsequent-awapting, the

possibility d combining these two processes into a-poereaction was considered.

Kang and ceworkers previously showed that FeGtould catalyse the tandem
cyclisation/Kumada crossoupling of iodidel87 with 4-MeOPhMgBr to form188in
71% yield Gchene 3.22), aswell as cyclised products89and190in 20% and 6% yield

respectively6l
Kang, 2015

FeCl, (5 mol%)
/. Bng ome - cCl2(Bmoh)
THF, 0°C,2h

(2.2 equiv.)
187 188, 71% 189, 20% 190, 6%

Scheme 3.227 Iron-catalysed tandem cyclisation/cressupling with aryl Grignard reagents by Kang and
co-workers.

To explore the mechanism of the iroatalysed crossoupling, Gutierrez used the
tandem radical cyclisation/Kumada crassipling of U-chloro esterl91 and PhMgBr
using Fe(acag)and a chiral phosphine ligandSd¢hene 3.23) as a radical clock

mechanistic prob&%2! After 1 h at 0°C, a mixture of the direct cros®upled product
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3. Iron-catalysed Kumada crosupling

192 (12%yield and 85:15 er), and the racemic tandem cyclisedfcmsgsled product

193(40% vyield) was formed.

0 Fe(acac); (3 mol%) 0
OR . BMa—ph BenzP* (6 mol%) . OR OR
rvig— t
cl THF, 0°C, 1h Ph Ph

‘ (2 equiv.) ‘

191 192, 12% 193, 40%
85:15 er racemic
R = theptyl
tBu Me

Me “t-Bu
BenzP*

Schene 3.2371 Iron-catalysed tandem cyclisation/cressupling as a radical clock probe by Gutierrez and
co-workers.

Given the precedence for the formation of radicals using iron catalysis in the above
examples, and the efficient capture of radicals by TCP whenaedey triethylborane
catalysis or photoredox catalysis (S8kapter 2), investigations were initiated as to
whether iron could catalyse a tandem radical addition of iodides across TCP followed by
a Kumada crossoupling of the resulting BCP radical wistnyl Grignard reagents. This
would enable the two methodologies developed so far to be combined intestepne
procedure. lodid&é87was used as an example substrate that has been shown to undergo
both a photoredokatalysed ATRA reaction with TCP to for194,!2 and tandem
cyclisation/crossoupling to form188¢Y Therebre, the reaction df87 with TCP and

4-MeOPhMgBr was investigated éble 3.9).

The initial conditions in entry 1 used 5 mol% of Fe(agaith 2.2 equivalents of-MeO-
PhMgBr added at once to the reaction, and stirred for 1 If@t The structures df95

and 194 were verified through authentic samples of each compound. Pleasingly no
starting material remained after this period, however none of the desired gir88uets
observed. A very small amount of tBEP iodideATRA product194was formed along

with 50% d cyclised/crosscoupled produci88 Slow addition of the Grignard using a
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3. Iron-catalysed Kumada crosupling

syringe pump at 0.7 mL/ h (entry @ave darge increase in formation BICP iodide194
to 30%, anda reduction ofl88to 24% however, nal95was observedlhe addition of
10 moPb6 of TMEDA (entry 3) led to a large decrease in conversion with 50% of unreacted

starting material 87 remaining and only 13% and 17%X84and188respectively.

/ catalyst (y mol%)
Z g & . BngO __ Additive
THF, 0°C, 1h

(x equiv.)
187

Entry Catalyst Additive y/ X (equiv.) Grignard Yield/® %
mol% Addition 187 195 194 188
1 Fe(acaq) - 5 2.2 Rapid 0 0 3 50
2 Fe(acaq) - 5 2.2 Slow 0 0 30 24
3 Fe(acaq TMEDA 5 2.2 Slow 50 0 13 17
4 Fe(acaq) TMEDA 20 2.2 Slow 0O O 31 85
5 Fe(acaq) - 20 2.2 Slow 13 0 42 45
6 FeCb - 5 2.2 Slow 0O O 100 O
7 FeCk TMEDA 5 2.2 Slow 0O O 68 9
8 FeCb/Fe(aca TMEDA  5/20 2.2 Slow 16 O 5 62
o° FeCb/Fe(acag TMEDA  5/20 2.2 Slow 17 0 24 47
10 FeCb - 5 0.2x5 Rapid 12 0 62 22
11 FeCbh - 5 0.2x5 Rapid 46 0 10 23
12 FeCb - 5 2.2 Slow 0O 0 82 0

Table 3.9 7 2 Yield calculated by'*H NMR spectroscopy using an internal standasfl 1,3,5
trimethoxybenzené 0.2 equivalents of Grignard added at once, the reaction stirred for an hour
Fe(acac) and TMEDA were added ardfurther2 equivalents of Grignard added via syringe pufitp2
equivalents added at start of reaction then another 0.2 equivalentd asidey hour for a total of 5 hour
d Reaction run at room temperatureéReaction started at 6C then allowed to warn to rlProduct
appeared to be a mixture 894 and another BCP containing compound that could not be identified
total yield equding 82% measured by integration of the two BCP peaks

Increasing the catalyst loading to 2@1% increased theombinedyield of 194and188
both with andwithout TMEDA (enties 4 and 5,respectively, the former of which
significantly favoured théormation of crossoupled product (85% yieldnterestingly,
on switching the catalyst to Fe£1100% conversiomf 187 to theBCP iodideproduct

195was observegentry 6) however addition oTMEDA decreased the e (entry 7).
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3. Iron-catalysed Kumada crosupling

To promote both the ATRA and cressupling reactionsthe reaction was performed

with both iron salts presefgntry 8) At the end of reaction, 16% of unreacted starting
material remained, 5% df94 had formed but the majority had been srosupled to

form product188in 62% vyield To prevent premature cressupling of the ATRC
product before the capture of TCP, several experiments were performed with portionwise
addition of theGrignard reagentsoth at 0°C and room temperatentries9 i 12). In

all cases however, no tandem ATRA/crassipled was observed.

It appeared that once tBELP iodidel94was formed, the iodide could not be reactivated

by the iron catalyst to undergo a further croespling under the reaction conditions.
However, the primary radical formed by cyclisation prior to the capture of TCP appears
to be very reactive and can umngle efficient croscoupling with the Grignard reagent
before the BCP can form. The reaction of the bromide equiva#§tb iodide187was
therefore subject to the reaction conditions as bromides undergo far less efficient ATRA
and therefore, if formedthe BCPRradical may be longer lived and so have more
opportunity to subsequently undergo crosesipling. Unfortunately, formation of the

desired product95was not observedsEherne 3.24).

THF, 0°C,1h
(2.2 equiv.) Ts

Br
/ FeCl, (5 mol%) OMe
+ ﬁ + Bng—@OMe —_— X
N
Ts N
196

Schene 3.24 7 Unsuccessful use alkyl bromidel96in the tandem cyclisation/crog®upling reaction
with 4MeO-PhMgBr.

The tandem reaction was also attempted with-jpigeridinel97which has been shown
to undergo ATRA reaction with TCP efficiently under triethylborane initiation or
photoredox catalysis, and the secondary radical formed on iodide abstraction would be

more stable and therefore could reduce premature-coaggding. TheBCP iodidel17
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3. Iron-catalysed Kumada crosupling

has also been shown to undergo cimmgpling with aryl Grignard reagents in high yield
lodo-piperidine 197 was therefore subjected to the reaction with FéStheme3.25)
and Fe(acag) however only low amounts of the ATRA product was observed in both

cases, and no cressupling products were formed.

FeCl, (5 mol%)
197

THF, 0°C, 1h
(2.2 equiv.) 117, 36%

THF, 0°C,1h
(2.2 equiv.) 117, 38%

Fe(acac); (5 mol%)
BOCNQI + * BngOOMe - BocN%l
197

Schene 3.2517 Unsuccessful use @B7in tandem ATRA/crossoupling reaction with MeOPhMgBr.

Throughout these experiments none of desired prdietvas ever observed even in
trace amounts. While iron salts could bedisseperform ATRC/ATRA reactions to form

the BCP iodide or ATRC/crossoupling reaction to form the prematurely crossipled
product, these two reactions did not occur sequentially under any of the conditions

investigated.

3.8 Conclusions

An efficient Kumada crossoupling of BCP iodides with a large range of aryl and
heteroaryl Grignard reagents was developed, giving high yields of thecosied
products. The catalytic system used cheap and readily available Fefmacao)bination

with TMEDA as a additive, and most reactions proceeded at room temperature within
an hour. Aryl Grignard reagents substituted wittho-, meta or para-substituents were
tolerated as well as other functionalities, including ester and sulfonyl groups. Grignard

reagentdbearing electromonating, neutral and mildly withdrawing substituents could be
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3. Iron-catalysed Kumada crosupling

used as well as a range of heteroaryl Grignard reagents. This methodology performed
better on a larger scale and its utility was demonstrated through the synthesis of the BCP
analogues of flurbiprofen and brequinar. This is the first general methodology for the
crosscoupling of BCPs as the electrophilic component, and the first example of the
Kumada crosgoupling of a tertiary iodide. The work presented in this chapter was

pubished inAngewandte Chemia 202053

Although attempts to combine this methodology with an ATRA reaction of an iodide with
TCP to functionalise both bridgeheads of TCP in one pot were unsuccessful, achieving
sucha tandem reaction could be a valuable focus area for future work, as well as further

study of theability of iron catalysts to promote addition reactions to TCP.
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4. Borylation and oxidation

Borylation and oxidation of 1-iodo-3-

substituted-bicyclo[1.1.1]pentanes

Alkylboronates are valuable compounds as precursors to a wide range of functional
groupsi® and in turn these boronates have been accessed in many ways, including
photocatalytic methods, decarboxylative or deaminative borylations, and transition metal
assisted borylatior%® A particularly valuable method is through the catalytic cross
coupling of alkyl halides. In particulaoppercatalysed reactions have demonstrated the
ability to borylate a wide range of alkyl halides including alkyl iodides and tertiary

halides, which is discussed in the following section.

4.1 Copper-catalysed borylation of alkyl halides

One of the first oppercatalysed borylations of unactivated alkyl halides was developed

by Liu and ceworkers in 2012!%%! Based on previous work developed by Mareteal.

demonstrating the coppeatalysedborylation of aryl halide8%! a n d Li wbs Cros
coupling of alkyl electrophiles and aryl boronic esters using similar conditfShhey

used a Cul catalyst along with PPhiOMe and Bpin to form alkyl-Bpin species in

good yields from primary and secondary alkyl halideshene 4.1a).
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4. Borylation and oxidation

a) Liu, 2012
Cul (10 mol%)
PPh; (13 mol%)
LiOMe (1.5 equiv.)
R-X + Bopin R—Bpin
: 225 2 ) DMF, rt, 18 h P
< equiv. 29 examples, 48 - 87%
R =1°alkyl, X=Cl, Br, I, OTs
R =2°alkyl, X = Br, |
b) Ito, 2012
CuCl (3 mol%)
Xantphos (3 mol%)
R-X + B,pin, KOt-Bu (1 equiv.) R—Bpin

(1.2 equiv.) THF, rt, 4 -48 h
17 examples, 17 - 93%

R =1°2°alkyl X=CI, Br, |
R = benzyl, adamantyl, X = Br

c) Ito, 2019
[Cu(MeCN),4]BF4 (5 mol%)
cl (S)-Quinox-t-BuAd, (5 mol%) Bpin
+ B,pin, KOMe (1.2 equiv.) PS8
Ar R 12 . Ar R
(1.2 equiv.) Et,0, 30 °C, 24 -48 h
18 examples, 18 - 78%, 62 - 92% ee

Ar = Ph, naphthyl, benzofuran N\ P(Ad),

benzothiophene, indole (S)-Quinox-t-BuAd, = ©: I
R = 1° alkyl N Py

A

Schene 4.1i Copper(l}catalysed borylations of alkyl halides

Around the same time, It al.reported a similar borylatioreaction of alkyl halide$®®!

They also used a copper(l) catalyst, phosphine ligand and a base to perform the
transformation, but were able to use lower catalyst loadings, although extended reaction
times were sometimes necessafchiene 4.1b). Notably, they demonstrated the
borylation of a tertiary halide: adamantyl bromide was successfully borylated over 48 h,
although only 17% of the product was obtained. Ito later built on this work, using a chiral
bisphosphine ligand in ordeo tperform the enantioconvergent borylation of various

racemic benzyl chlorides in good yields and hegitSchere 4.1c).270

Copper(ll) catalysts have also been shown to catalyse the borylatiorylohalikes. In
2015. Deng and eworkers reported the borylation of alkyl halides using Cy8Ck).

and either Bpin. or bis(heopentylglycolato)dibora®8to form primary and secondary
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borylated products in moderate to good yielfishene 4.23).27Y They used an amino

acid based ligand dimethylglycine (proline, alanine, phenylalanine and cystine were
alsosuccessfulas a cheap and environmentally beni ¢
In 2016, Marder reported the useCiChb with an NHC ligand to catalyse the borylation

of alkyl halides $chene 4.20).172l Notably, the reaction was performed in air and a

number of tertiary chlorideand bromides were successfully borylated, although higher

catalyst loadings, elevated temperatures and prolonged reaction times were necessary.

a) Deng, 2015

Cu(CF3S03), (10 mol%)
Dimethylglycine (13 mol%)
R-Br + B,piny LiOt-Bu (2 equiv.)
(1.5 equiv.) DMF, rt, 18 h
6 examples, 68 - 80%

R—Bpin

R =1°,2°alkyl

Cu(CF3S03), (10 mol%)
Dimethylglycine (13 mol%)

o 0 ! , o
R-Br + >C 5—g :>< LiOt-Bu (2 equiv.) g }<
/ \
(1.5 equiv.) (e} o} DMF, rt, 18 h N

6 examples, 40 - 80%

R =1°,2°alkyl

b) Marder, 2016
CuCl; (1 mol%)
Ligand (1 mol%)
KOMe (1.2 equiv.)

R-X  + Bopiny R—Bpin
THF, rt, 0.5-1h

(1.2 equiv.) (open to air)
45 examples, 3 - 98%
iz ;: i : g: :r | Ligand = Ar*NvaAr
= 3y = il rv
R =37, X =Cl7Br? Ar = 2,3,6-MePh or 2,6-i-PrPh

@ Reaction required 10 - 20 mol% catalyst and ligand, 60 °C, and extended reaction times

Bpin
@\Bpin @\Bpin Bpin ©/\i;n
X =Br, 74% 76% 3% 4%

X =Cl, 66%

Schene 4.27 Copper(ll}catalysed borylations of alkyl halides.
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4. Borylation and oxidation
4.2 Synthesis of 1bicyclo[1.1.1]pentyl alcohols

The synthesis of -bicyclo[1.1.1]pentyl alcohols is desirable for their use as phenol
bioisosteres in the drug discovery process, as phenalsmraonly found in biologically

active moleculesHigure 4.1).1173175]

SO0 H

fenofibrate dobutamine

T

o O
| 2
o
T

OH
_ OH
A o]
P X, N
I [
(o]

OH
Nifuroxazide resveratrol

Figure 4.17 Phenolcontaining drug compounds.

The synthesis of a hydroxylated BCP as a drug analogue was first demonstrated by
Adsool and ceworkers in 2017 $cheme 4.3), who synthesised BCRsveratrol in 11

steps from the commercially available BABA!"8! Five steps were required just to
install the hydroxy group on the BCP unit. This began with hydrolysis of the ester group
in 200to give carboxylic aci@01, followedby the formation of the Weinreb amide and
addition of PhMgBr to form the ketor2®2 A BaeyerVilliger oxidation then converted

the keton€02to the ester iR03usingm-CPBA. After several other transformations, the
protected alcohol i204 could be demtected using MeLLiBr to give BCRresveratrol

with the unprotected alcoh@2D5in an overall 8% yield over 11 steps.

While this synthesis benefitted from using the commercially available BIBRs the
starting material, converting this to the alcohobuiees many functional group

transformations and changes of oxidation levels. An alternative approach that requires far
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fewer steps to install the hydroxyl group at the BCP bridgehead position is to oxidise BCP

boronic esters. This is discussed in the sextion.

Adsool, 2017
o o 1. oxalyl chloride . T.BSCI o
>\ é 2 ( cat. DMF, DCM, rt, 1h (0] imidazole é E /<
HO OEt  2.NaBHy,, MeCN, rt, 16 h / ZQK /< DCM, rt, 2 h TBSO OEt
97% over two steps HO OEt 98%
199 ° P 200
NaOH

MeOH, 60 °C, 1 h
81%

1. CH3NHOCH;.HCI,

o EDCI, cat. HOBt, DIPEA o)
ﬁ&»ogz m-CPBA W DCM, rt 16 h
o mereR / ZQ& Z
TBSO TBSO Ph TBSO OH

DCM, 50 °C, 27 h 2. PhMgBr
203 85% 202 THF, 0°C to rt 201
66% over two steps

TBAF
THF, rt, 2 h LiQ

92% PPhy
/
H ) HO
Q OBz DMP %osz LiO J 0Bz
HO DCM, ‘r)1 1h O THF, =78 °Ct0 0 °C, 1.5 h
84% 31% 204
HO

MeLisLiBr
THF, 0°Ctort,1.5h
80%

HO
: ﬁ &OH
/
HO
205, BCP-resveratrol
8% overall yield over 11 steps

Scheme 431 Synthesis of BGlResveratrol by Adsool and emorkers.

4.21 Synthesis and oxidation of pinacolato boransubstituted
bicyclo[1.1.1]pentanes

There have been several recent reports of the synthesis of bicyclo[1.1.1]pentanes
substituted with pinacolatoboron (Bpin) groups from a variety of starting materials. The
subsequent oxidation of these B&pin compounds to BCRIcohols is demonstrated in

most reports, although typically as an individual exemplary reaction rather than an
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4. Borylation and oxidation

optimised procedure. In 2020, Aggarwal andwarkers reported the addition of
Grignard eagents across the central bond of TCP followed by the addition of various
boronic esters in a8omponent reaction to form B&#ronate complexds’”! The main
focus of this work wasising alkenylboronic esters to form BCPoronate complexes
which could undergo 1;higration and boron elimination upon addition of iodine and
sodium methoxide to give alkerBICPs. However, they also demonstrated an example
of adding a tolyl Grignard regnt to TCP, followed by addition of HBpin to form the
BCP-Bpin intermediate. Following treatment with sodium hydroxide and hydrogen

peroxide, they were able to access the Bti®hol206in 95% vyield Gchene 4.4).

Aggarwal, 2020

@MgBr HBpin, HCI (54
THF, -78 °
ﬁ MgBr ,—78°Ctort oH
Et,0, 100 °C, 1 h then NaOH/H,0,

H,0, 0°C,4 h
95% 206

Schene 447 Borylation and subsequent oxidation of BGIFignard reagents.

The following year, several more procedures for the synthesis ofE@Pcompounds
were reported. Building on their previous work on the synthesis of BCP benzylamines
(see Chapter 1.4.3 Scheme1.9),17® Walsh described a threeompment reaction
between 2azaallyl anions, TCP and a large excessi-6frOBpin to form a range of

benzylamine BCoronates$chene 4.5).117

Walsh, 2021

1) LDA (1.1 equiv.) A
Ph\r/NvAr THF, -78 °Cto rt A’> Q Bpn  NaBOs (3 equiv) r) ;2 oH
Ph 2) i-PrOBpin (5 equiv.) N\fph THg;lzo N\%Ph
(1.4 equiv.) Ph Ph
t16-48h Ar = 3,5-F-Ph

16 examples, 35 - 70%

Schene 451 Synthesis and oxidation of benzylamine Hioionates.
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4. Borylation and oxidation

They demonstrated a range of further functionalisations of the boronate products,

including an oxidation using NaB@o form the alcohol in 78% yield.

Based on previous work using redox active esters and copper catalysis to form a wide
range of alkyiBpin compound$:8% Baran and cavorkers demostrated the ability to use

an electrochemical decarboxylative borylation to form a wide variety of -Biiyl
products, including a Bpisubstituted BCP in reasonable yieRthene 4.6).181 While

it offers a fast and scalable route to boronates, 4 equivalents of pinacol were required, and
only one BCP example was demonstratedisapplicability to a wider range of BCP

compounds is uncertain.

Baran, 2021

Bocat, (1.5 equiv.)

o Q LiBr (0.3 equiv.) ,
MeO,C MeO,C Bpin
O-N DCM/DMF (9:1), 0.241 mA/mm?2, 2 F/mol

(+)graphite/graphite(-);
(0] then pinacol (4 equiv.), EtzN
55%

Schene 4.61 Electrochemical decarboxylative borylation of BCP redox active esters.

Qin and ceworkers accessed a diverse range of BCP boronic esséeas innovative
intramolecular coupling of highly substituted cyclobutanor®@eéme 4.7).11821 By
initially forming a sulfonyl hydrazone intermedi&@8from the cyclobutanon207, they

were able to perform a bapeomoted intramolecular cychasion to directly form the
BCP-Bpin 209, which could be substituted both at the bridgehead and the bridge
positions, building complex BCPs quickly and in good yields. They demonstrated a
number of further functionalisations of the Bpin group including mdation using

NaOAc and 10 equivalents ok8; to obtain the alcohol in good yield.

110



4. Borylation and oxidation

Qin, 2021

R! MesSO,NHNH, (1.2 equiv.) R! Cs,CO; (3 equiv.)
X x 2~ -3 1 :

R& ) 9 dioxane, rt, 3- 12 h R%.|_ NNHSO.Mes 100°C, 3h R Bpin

$ Bpin 1 Bpin 26 examples, 35 - 90% s
R 207 R R? R®

208
209

R?=R3=Me, H
R2 = H, R® = alkyl, aryl

R = (hetero)aryl, alkyl, carbonyl,
amide, vinyl, alkynl

Ph Bpin

H,0, (10 equiv.)
_NaOAc (2 equiv) | Ph
THF, 0°C,1.5h
78%

Schene 4.7 7 Synthesis and oxidation of B@®ronates via intramolecular coupling of sulfonyl

hydrazones.

4.2 2 Oxidation of iodo-bicyclo[1.1.1]pentanes

Very few methods exist for the synthesis of B&@lEohols fromBCP iodides. In 2017,

Auberson and cwvorkers denonstrated a mulstep synthesis of the amino acid BCP

alcohol210from iodide211en route to making their desired BCP4 (Schene 4.8).11%

They employed SnB#i as a radical initiator along with biacetyl to form the acetyl BCP

212 From there, they employed a similar strategy to Adsool andotkers'® (see

Chapter 4.2, Schene 4.3) in performing a BaeyeYilliger reaction withm-CPBA to

form the esteR13 followed by acid hydrolyis to form the BCP alcoh@10.

Auberson, 2017

Biacetyl (3 equiv.)
1 SnBusH (3 equiv.)

BocHN o MeCN, rt, BocHN o
2vie mercury lamp irradiation 2vie
211 68% 212
OH
FmocHN
CO,H
214

O,

0 —
m-CPBA (2.2 equiv.) (o]
_—
CHyCly, rt, 3 d BocHN oM
67% 2ne
213
HCI (4 M)
1,4-dioxane
rt, 24 h,
then HCI (6 M)
24 h, 40 °C
FmocOSu (1 equiv.)
NaHCOj3 (5q) (1.6 equiv.) OH
H,oN
THF/aq. buffer pH 7.0 CO,H
8% over two steps 210

Schene 481 Synthesis of a BGRIcohol from aBCP iodideby Auberson and eworkers.
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4. Borylation and oxidation

The Anderson group previously demonstrated astep reaction fronBCP iodidel14

to form the corresponding BEdtcohol215in good yield 6cherre 4.9).771 They used-

BuLi to perform a lithiunhalogen exchange reaction with the iodide followed by
guenching with a mixed boronic ester. The borylated intermediate could then be oxidised
by sodium perborate to gi#i5in 61% yield. While this method provides a fast route to
the BCRalcohol in goodyield, the use of-BulLi limits the applicability of this method

and its scalability.

Anderson, 2018

t-BuLi (1.15 equiv.)
I i-PrOBpin (1.1 equiv.) OH
PhMe/THF (4:1), -78 °C,1h
then NaBO3.H,0 (3 equiv.)
THF/H,O (1:1), rt, 21 h

F3C FsC
3 114 61% 3 215

Schene4.91 Synthesis of a BCGRIcohol through lithiation and borylation of RCP iodide

Given that there is good precedent demaisty the ability of copper catalysts to
borylate alkyl halides, a similar catalytic system could provide a significantly milder and
more scalable method for the borylationBEP iodides. In particular, copperatalysed
borylations have been successfully demonstrated with tertiary halides and therefore could
be suitable for the BCP iodide system, which could subsequently be oxidised to afford

desirable BCRalcohols.

4.3 Optimisation of the coppercatalysed borylation ad
oxidation of iodo-bicyclo[1.1.1]pentanes

Investigations into the optimisation of a coppatalysed borylation / oxidation of iodo

BCPs was initially started by collaborators at Merck, who provided us with details of their
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4. Borylation and oxidation

preliminary studies. Their wh is credited in scheme legends where appropriate. They
began by investigating the copgeatalysed borylation of the protected amino acid iodo
BCP derivative211 (Schene 4.10), using conditions b-ased
catalysed borylation (se&cheme4.2b).*7? Although they tried a variety of copper(ll)
catalysts, phosphine and NHC ligands, and bases in all possible combinatityns

unreacted starting matatiwas observed in all instances.

Bopin, (1.5 equiv.)
Catalyst (2 mol%)

Ligand (20 mol%)
M M
COzMe Base (2.5 equiv.) cO-Me

BocHN—/, BocHN—/,
j &»l THF, 60 °C, 12 h ’%&Bpin

21

Catalysts Ligands Bases
e CuCl, o dtbbpy e LiOMe
e Cu(OTf), e SIMes * NaOMe
* Xantphos e -BuONa
e -BuOK

no reaction in all cases

Schene 4.10 1 Investigations by Merck towards a coppergBtalysed borylation of BCP iodides. All
combinations of catalyst, ligand and base were screened. No reaction seen in all cases. All reactions
performed by Merck.

Having not seen any success with coppeddtalysts, they then explored the borylation
using Cul as a copper(l) catalyst and using conditions similar to those used by Liu (see
Schene4.14).1*%% They used Bpinz and LiOMe with Cul as a talyst, and tested a range

of phosphine ligands in the reaction in DMF at°@sfor 12 h Table 4.1). They found

that a mixture of products was observed including the desiredEGP216 as well as

the boronic acid17 (although this was suspected tosarfrom216 being hydrolysed
during analysis of the reaction mixture performed through mass spectroscopy), and the
reduced BCR218 The highest combined yield observed2d6 and217 was obtained

when either dppf oBPhoswere used as ligands (entries 1 & respectively), giving a

combined yield of 48%. Almost as successful in the reaction were, PRly; and
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4. Borylation and oxidation

BINAP, which gave 42%, 41% and 39% combined yields respectively (entries 3, 4 and

5, respectively). PRtad given a sufficiently high yield compal to the reaction with

dppf andSPhos but is also significantly cheaper and, therefore, was chosen to investigate

alargescalereaction.

BocHN—,
j i»l

Bopin, (1.5 equiv.)
Cul (10 mol%)
Ligand (15 mol%)

coaMe LiOMe (2.5 equiv.) BocHNJ.COZMe E;ocHNJ.COZMe BocHNJ.COZNIe
DMF, 45°C, 12 h —"ﬁ»Bpin :"&»B(OH)z —"‘%»H
211 216 217 218
i 0,
Entry Ligand 211 216 217 Iegesfzﬂ 218
1 dppf 0 40 8 48 23
2 SPhos 0 37 11 48 22
3 PPhs 0 32 10 42 21
4 PCy 0 28 13 41 36
5 BINAP 0 30 9 39 33
6 Xantphos 0O 36 O 36 17
7 CataxiumAPd G2 O 26 10 36 12
8 P(-Bu)s 0 17 5 23 16
9 XPhos 0 21 9 30 27
10 (PdCbAmMPhog, 0 0 17 17 44

Table4.171 Investigations by Merck towards a copperntBtalysed borylation of
BCP iodides. All reactions performed by Merck.

The CbzprotectedBCP iodide219was chosen for the largeeale reaction; submitting

40 g (93 mmol) of the starting material to the reaction conditions gave 40 g of the

unpurified BCPBpin 220after an aqueous work uc¢hene 4.11). This compound was

then redissolved in THF and submittedan oxidation using 1.2 equivalents each of urea

hydrogen peroxide (UHP) and NaOAc, similar to the conditions used by Aggarwal and

Qin [}77182ltg afford the BCP alcoh@?21in 54% yield (50 mmol) over two steps.
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4. Borylation and oxidation

Bopin, (1.5 equiv.)

Cul (10 mol%)

PPh3 (15 mol%) UHP (1.2 equiv.)
COzMe LiOMe (2 equiv.) COMe NaOAc (1.2 equiv.) CO.Me

CbzHN—/, CbzHN—/, CbzHN—/
’ﬁ»l DMF, 35 °C, 12 h ’ﬁ»spin THF, 0t0 30 °C, 4 h "&»OH
54%

(2 steps, 16 g, 50 mmol)

219 220 221

Schene4.117 Large scale coppecatalysed borylation / oxidation of a BCP iodide by Merck.

To begin the investigations in this thesis, the reaction of thep@iiected BCP iodide

219 was repeated (although both reaction steps were left for 18 h to promote full
conwersion), and a 54% isolated yield of BCP alcak@l was obtained matching the

yield observed by Merck. From here, a number of alternative boronate dimers were first
investigated in the reaction, but all produced very low yields of the al2@hcbmpaed

to Boping (Table 4.2, entries Ii 4). Using 2 equivalents of2Binz instead of 1.5 reduced

the yield of221to 44% (entry 5), and using 20 mol% of Cul was also detrimental to the
yield (entry 6). The four phosphine ligands that had produced the béid jnethe
experiments performed by Merck were then also investigated in the reactiod1®ith
Using dppf produced a significantly lower yield2#1lthan PPh(23%, entry 7), whereas

the use of BINAP, SPhos and PGl gave similar good yields of betwe&0 55%

(entries & 10). The use of PRIas a ligand still proved to be optimal for this reaction in

our hands.
Boron Dimer (x equiv.)
Cul (10 mol%)
Ligand (15 mol%) UHP (1.2 equiv.
_fOMe LiOMe (2 equiv.) _ fO:Me NAOAC (1.2 Equiv).) ~ fO:Me

CbzHN— CbzHN—, . CbzHN—,

’ﬁ»l DMF, 35 °C, 18 h ’ﬁ»spin THF, 0to 30 °C, 18 h ’ﬁOH

219 220 221

Entry  Boron Dimer  x (equiv.) Ligand Yield/? %

1 B2pinz 1.5 PPh 64(54)

2 Bo(caty 15 PPR 8

3 B2(OH)4 1.5 PPh 5

4p Bis(neopentyl 1.5 PPh 7
glycolato)diboron

5 B2pin: 2 PPh 44

6° B2pin: 1.5 PPh 34
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4. Borylation and oxidation

7 B2pinz 15 Dppf 23
8 B2pinz 1.5 BINAP 50
9 Bopinz 15 SPhos 55
10 B2pinz 1.5 PCys 51

Table 4.27 Optimisation of boron dimer and ligandsYields calculated by
NMR spectroscopysing 1,3,5trimethoxybenzenas an internal standard
Yields in parentheses are isolated yield20 mol% of Cul was used.

The effect of the identity of the base dretreaction was next investigated. To avoid
transesterification of the methyl ester of the amino acid BCPpiperidineBCP iodide
117was used instead. The use of LiOMe gave the-BICBhol produc22in 64% yield
(Table 4.3 entry 1). The use dért-butoxide bases proved to be detrimental, with both
the lithium and potassium salts giving 25% yield2@®2 (entries 2 and 3). The use of
silanolate bases gave increased yield$ 8@, entries 4 and 5) compared to ted-
butoxide bases, but these yieldgre still significantly lower than the reaction with

LiOMe.

Bopin, (1.5 equiv.)
Cul (10 mol%)

PPh3 (15 mol%)
Base (2 equiv.)

BOCN%l

117

DMF, 35°C, 18 h

UHP (1.2 equiv.)
NaOAc (1.2 equiv.)

THF, 0to 30 °C, 18 h

BocNMBpin BOCNMOH

222

Entry Base Yield/? %
1 LiOMe 64
2 LiOt-Bu 25
3 KOt-Bu 25
4 NaOSiMg 38
5 KOSiMes 30

Table 4.3 1 Investigations into the effect of tf
identity of the base in the coppeatalysed
borylation of BCP iodides? Yields calculated by
NMR spectroscopy using 1,3fmethoxybenzen:
as an internal standard.

The effects of the reaction temperature anchtion on the borylation d19were also

investigated. At both 38C and 45°C, the borylation was stopped at a series of time
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4. Borylation and oxidation

points over 44 hours, and then submitted to the oxiddfigu(e 4.2, yields reported are

for the BCRalcoho). At 35 °C, the reaction proceeded rapidly over the first 4 h, before
slowing and reaching the maximum yield of 65% at 20 h. Between 20 h and 44 h, the
yield of 221 decreased to 44%, suggesting that there may be some competing
decomposition of the bororeproduct over time, although no identifiable decomposition
products could be isolated. At 46, the reaction initially proceeded much more quickly,
reaching a maximum yield of 56% after 6 h. From 6 h to 44 h, there was a decrease in
yield to 46%, similato that observed at 3%. Temperature clearly has a strong effect

on the rate of the reaction; the maximum vyield obtained significantly decreases at the

higher temperature of 48C, accompanied by a much sharper switch to product

degradation.

Bopin, (1.5 equiv.)

Cul (10 mol%)
PPh3 (15 mol%) UHP (1.2 equiv.)
CO,M CO,M ; CO,M
ChHN—, LioMe (20quiv) _ gppun—/ o NaOAG (12equiv) o SONE
”*&I DMF, T °C, t/h ”‘%Bpin THF, 0t0 30 °C, 18 h "ﬁOH
219 220 221
35°C 45 °C
70
60
50
X
2 40
S
o)
< 30
20
10
0
0 10 20 30 40 50

t/'h

Figure 4.2 1 Investigations into the effects of temperature on the borylation of BCP iadRlever 44
hours.
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As the reaction at 3%C had formed the maximum yield 221 at 20 h, the reaction was
investigated at a range of temperatures for 2Gigufe 4.3). The highest yield was
observed after 20 h for the reaction at I5 (64%) , with a decrease in yield at
temperatures both above and below this optimal temperature 6830). The yield
decreases more rapidly at higher temperatures (betwee@ 8545°C) than at lower
temperatures (between rt to %), which may agaireflect the more rapid decomposition

of the oxidation product at higher temperatures.

Bopin, (1.5 equiv.)

Cul (10 mol%)

PPh3 (15 mol%) UHP (1.2 equiv.)
COMe LiOMe (2 equiv.) £O.Me NaOAc (1.2 equiv.) £0Me

CbzHN—/, CbzHN—/, e e oA CbzHN—,
’ﬁ»l DMF, T°C, 20 h ’«&»Bpin THF, 010 30 °C, 18 h ’«&»OH

219 220 221
70
60
50
S 40
S
Q
b 30
20
10
0
rt 30 35 40 45
T/°C

Figure 4.31 Effect of temperature on the copgeatalysed borylation of BCP iodides.

Finally the length of time needed for the @aiion of the BCHBpin intermediate was
investigated. After the borylation step, intermed22€ was subjected to the oxidation
conditions with 1.2 equivalents of both UHP and NaOAc for increasing lengths of time
(Table 4.4). The oxidation occurs rapidlyithin the first two hours, giving 57% of the

BCP alcohol. The yield of the reaction increased to 64% over the next two hours, but did
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not increase any further between 4 and 20 hours. Therefore 4 hours seems to be sufficient

for the oxidation reaction t@ke place.

B,pin, (1.5 equiv.)

Cul (10 mol%)

PPh3 (15 mol%) UHP (1.2 equiv.)
COzMe LiOMe (2 equiv.) COMe NaOAc (1.2 equiv.) COzMe

CbzHN—/, CbzHN—/, e A e CbzHN—,
*ﬁ»l DMF, 35 °C, 20 h ’ﬁspin THF, 01030 °C, t/h ’ﬁOH

219 220 221
Entry t/ h Yield/* %
1 2 57
2 4 64
3 20 65

Table4.47 Progression of the oxidatiol
of the BCP boronate ester with tinfe
Yields calculated by NMR spectrosco
using 1,3,8trimethoxybenzene as ¢
internal standard.

4.4 Scope of the borylation/oxidation of bicyclo[1.1.1]pentyl
iodides

With the optimised reaction conditions in hand, investigations began to explemiie

of BCP iodides tolerated in the reactidfigure 4.4). The scope of the reaction was
investigated in collaboration with an MRes student, Nils Frank. As discussed in section
4.3 iodides219and117could be subjected to the reaction to ob2#ttand 222 in 54%

and 64% vyield, respectively. Est@23and224could also be formed in 56% and 45%
yield respectively, as well as sulfo825 which was made in 50% yield. Benzyl BCP
alcohol226 could be isolated i41% yield and heteroary8CP iodides also successfully
underwent borylation and subsequent oxidation to give the py@ay) énd quinoline

(228 BCP-alcohol products in 48% and 25% vyield respectively.
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Bopin, (1.5 equiv.)
Cul (10 mol%)
PPh3 (15 mol%) UHP (1.2 equiv.)

LiOMe (2 equiv.) . NaOAc (1.2 equiv.)
R I R Bpin R OH
DMF, 35°C, 20 h THF, 30 °C, 4 h

_ COaMe o oH o) OH
CozHN— BOC,\,MOH EtO%
OoH EtO
FF
221, 54% 222, 64% 223, 56%° 224, 45%¢
o ~ CO,Me
oH
W I o -
Ph” -
oH F N
FaC OH
225, 50%° 226, 41% 227, 48% 228, 25%

Figure 4.41 Investgations into the scope of the coppmatalysed borylation and subsequent oxidation of
BCP iodides? Reaction performed by Nils Frank.

Interestingly, when substrates bearing a BCP unit atitarbonyl position of aaryl-
or heteroarykubstituted ketone were used, such2&9 or 230 (Schene 4.12), a
rearrangement occurs during the borylation step. Instead of undergoing direct borylation,
the BCP group fragments and the tertiary Bauitbstituted exanethylene cyclobiane

231was isolated ir89% vyield instead (see Sectidrb for mechanistic discussion).

B,pin, (1.5 equiv.)
Cul (10 mol%)
PPh3 (15 mol%)

o | LiOMe (2 equiv.)
S ] DMF, 30 °C, 18 h
\ 39%

229
Bpin, (1.5 equiv.)
Cul (10 mol%)

PPh; (15 mol%) Ph O
W' LiOMe (2 equiv.)
Ph DMF, 30 °C, 18 h Bpin
230 232

Schene 4.12 i Observed fragmentation and subsequent borylation of BCP iodides bearing
(hetero)aromatiesubstituted ketones under gegp(l)-catalysed conditions.

With the phenysubstituted ketone substr280, 'H NMR analysis of a sample of the

reaction mixture after aqueous weug showed the characteristic signals associated with
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the terminal alkene and cyclobutane protons ottreesponding methylene cyclobutane

fragmentation produ@32 However, this product could not be isolated.

While the scope of the reaction was being explored, it was noted that during some of the
oxidation steps, large amounts of an impurity tdoatld not be separated from the desired
product was observed. This was identified as the oxidised THF compound
tetrahydrofurar2-ol, where the solvent was being oxidised preferentially to the-BCP
Bpin intermediate. Two sources of THF solvent had been fagegerforming these
oxidations, one of which contained THF stabilised with butylated hydroxytoluene (BHT)
and the other contained ngmabilised THF. When nestabilised THF was used,
oxidation of the solvent was observed. However, if stabilised THF wed, solvent
oxidation was almost entirely supressed, suggesting that a radical oxidation of THF was
taking place in the absence of BHT. Copper has previously been shown by Kwong and
co-workers to catalyse oxidativei @ aminations of THE4 and it is therefore psible

that THF oxidation could be catalysed by traces of copper remaining from the initial

borylation step.

More BCP iodides will be screened using these reaction conditions to further explore the
scope of the borylation/oxidation. An exploration of alédive oxidation conditions that
do not require THF, in order to eliminate the competitive oxidation of the solvent, is also

planned.

4.5 Mechanistic studies of the borylation reaction

The mechanism of the coppeaitalysed borylation of alkyl halides i®tyto be fully
elucidated; however, multiple radical clock experiments have been performed using

various reaction conditions that suggest a radivadliated pathwaly®6:169.172]
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4. Borylation and oxidation

Further mechanistic investigations were performed by Ito avadockers while they were
exploring an enantioconvergent borylation, and this is now the generally accepted
mechanism” They performed the borylation reaction between benzyl chi@88and

Bopin in the presence of different amounts of the base KOBdadne 4.13a). Using

one equivalent of KOMe relative to the copper(l) salt, ligand, aptBafforded poorer
reactivity and enantioselectivity (39%, 5@ than in the optimised reaction conditions
using 1.2 equivalents of base (70%, 868 When two equivalents of KOMe were used,
however, the reactivity and enantioselectivity were much improved (71%¢e84%his
suggests that use of an excess of base is important for the generation of the catalyti
species. From these studies, combined with computational studies investigating the origin
of the enantioselectivity in the transition state, they proposed the mechanism shown in

Schenme 4.13b.

Schene 4.13 7 Experiments to probe reaction stoichiometry and the proposed mechanism of the
enantioconvergent coppeatalysed borylation of benzylic chlorides by Ito andnarkers.
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