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Bicyclo[1.1.1]pentanes (BCPs) have emerged as useful bioisosteres for 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 describes the development of new 

catalytic methodologies for the synthesis of 1,3-disubstituted BCPs, under mild 

conditions. Chapter 2 describes a photoredox-catalysed atom transfer radical addition 

between (hetero)aryl iodides and tricyclo[1.1.1.01,3]pentane (TCP), accessing 1-iodo-3-

aryl-BCPs in a mild and efficient manner, and representing the first photoredox catalysed 

functionalisation of CïC ů bonds. Chapter 3 describes the iron-catalysed Kumada cross-

coupling between (hetero)aryl Grignard reagents and 1-iodo-3-substituted BCPs. This 

established the first general cross-coupling in which BCPs act as the electrophilic cross-

coupling component, as well as the first example of a Kumada cross-coupling of tertiary 

iodides. Chapter 4 describes the investigation of a copper-catalysed borylation of 1-iodo-

3-substituted BCPs and their subsequent oxidation to access BCP alcohols, representing 

the first conversion of BCP iodides to BCP alcohols without the need for tert-butyl 

lithium. 
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1 
 Introduction  

 

1.1 Bioisosterism 
 

The concept of isosterism was first described by Langmuir in 1919,[1] who expanded upon 

his óoctet theoryô[2] to note that the number and arrangement of electrons in the nitrogen 

molecule and carbon monoxide molecule were the same, and these compounds 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 showed that they did indeed 

conform to his theory. He therefore classified compounds or groups of atoms with a 

relationship such as these as óisosteresô (Table 1.1). 

Type Isosteres 

1 H-, He, Li+ 

2 O2-, F-, Ne, Na+, Mg2+, Al3+ 

3 S2-, Cl-, Ar, K+, Ca2+ 

4 Cu+, Zn2+ 

5 Br-, Kr, Rb+, Sr2+ 

6 Ag+, Cd2+ 

7 I-, Xe, Cs+, Ba2+ 

8 N2, CO, CN- 

9 CH4, NH4
+ 

10 CO2, N2O, N3
-, CNO- 

Table 1.1 ï Some groups of isosteres identified by Langmuir. 
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In 1925 Grimm expanded on the concept of isosterism with the Hydride Displacement 

Law.[3] This law states ñAtoms anywhere up to four places in the periodic system before 

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 

elements in the groups one to four places respectively to their rightò. In other words an 

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

mass greater by one, and these are called ópseudoatomsô(Table 1.2) 

C N O F Ne Na 

 CH NH OH FH - 

  CH2 NH2 OH2 FH2
+ 

   CH3 NH3 OH3
+ 

    CH4 NH4
+ 

Table 1.2 - Group of 'pseudoatoms' according to Grimm's Hydride Replacement Law. 

Erlenmeyer built upon Grimmôs definition in 1932 to state ñAtoms, ions, or molecules 

in which the peripheral layers of electrons can be considered to be identical are termed 

isosteresò.[4] This greatly expanded what atoms or groups could be considered isosteric 

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

sulphur and HC=CH within an aromatic ring (Table 1.3).[5]  

Number of Peripheral Electrons 

4 5 6 7 8 

N+ P S Cl ClH 

P+ As Se Br BrH 

S+ Sb Te I IH 

As+  PH SH SH2 

Sb+   PH2 PH3 

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 properties.[6] 

Building on his hypothesis that S and HC=CH would be isosteric in an aromatic ring, he 

substituted a benzene ring in antigen 2 for a thiophene group (3) and reported that it was 

not possible to differentiate between the two compounds (Figure 1.1). He also showed 

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

in activity.  

 

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

The term óbioisostereô was first used by Friedman in 1951 when reviewing the various 

definitions of isosterism, who termed compounds ñbio-isostericò if they ñfit the broadest 

definition for isosteres and have the same type of biological activityò.[7] He noted that for 

two compounds to be bioisosteric they needed to act on the same biological target via the 

same mechanism. The definition was further adapted and redefined over the following 40 

years; Thornber generalised the concept further, stating that ñbioisosteres are groups or 

molecules which have chemical and physical similarities producing broadly similar 

biological propertiesò.[8] Thornber elaborated on 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 

and hydrogen bonding capacity.  

In 1991, Burger further expanded this definition, stating ñbioisosteres are compounds or 

groups that possess near-equal molecular shapes and volumes, approximately the same 

distribution of electrons, and which exhibit similar physical properties such as 
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hydrophobicity. Bioisosteric compounds affect the same biochemical systems as agonists 

or antagonists and thereby produce biological properties that are related to each otherò.[9] 

This broad 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 and non-classical. Classical 

bioisosteres are described by Langmuirôs definition, Grimmôs hydride replacement rule 

or Erlenmeyerôs isosteres, and can generally be classified into five groups: monovalent, 

divalent, trivalent, tetravalent and ring substitutes (Figure 1.2). 

 

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 

steric properties necessary for the retention of biological activity. Non-classical 

bioisosteres can be divided into two categories: cyclic vs acyclic structures, and 

exchangeable groups.[10ï12] The former involve the replacement 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 non-classical bioisosteres are shown in Figure 

1.3.[11,13ï18]  
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Figure 1.3 ï Some examples of non-classical bioisosteres. 

 

Of these many examples of non-classical bioisosteres, one of the most explored classes 

is that of p-disubstituted benzene isosteres, which can be substituted with 

bicyclo[1.1.1]pentanes (BCPs, 4), bicyclo[2.2.2]octanes (BCOs, 5) or cubanes (6). The 

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

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

compound attrition.[19] A more general trend has been shown for increasingly saturated 

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

successfully transition from clinical trials to drugs.[20] Therefore making bioisosteric 

replacements of flat, unsaturated benzene 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 circumstances.[15,17] 
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Arguably the most useful of these bioisosteres is bicyclo[1.1.1]pentane (BCP) (4), which 

is discussed in more detail in the following section.  

 

1.2 Bicyclo[1.1.1]pentane as a Bioisostere 
 

Bicyclo[1.1.1]pentanes have been employed as bioisosteres for multiple functional 

groups: for example, as a tert-butyl group in BCP-bosentan 7; an alkynyl group in BCP-

tazarotene 8, and as a 1,4-substituted arene in BCP-darapladib 9 (Figure 1.4a). Of these, 

its use as a 1,4-substituted arene is of most interest, as it maintains a substituent geometry 

of 180°, albeit with a slightly shorter unit length (Figure 1.4b). As noted above, the 

presence of benzene rings in drug candidates can be a major reason for attrition during 

development,[19] and therefore replacement with an alicyclic group such as a BCP can 

offer benefit during the drug discovery process.  

 

Figure 1.4 ï a) Examples of BCPs used as bioisosteres for t-Bu groups (BCP-bosentan), alkynyl groups 

(BCP-tazarotene) and 1,4-disubstituted arenes (BCP-darapladib). b) ï Comparison of functional group 

size and dihedral angles in 1,4-disubstituted arenes and 1,3-disubstituted BCPs. 
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The first example of the use of a BCP as a 1,4-arene bioisostere was reported by Pellicciari 

et al. in 1996, who synthesised 11 as a BCP analogue of (carboxyphenyl)glycine 

derivative 10 which is an antagonist for mGluR1 ï a metabotropic glutamate receptor 

involved in important central nervous system functions (Figure 1.5).[21] 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 of the benzene ring was itself important. The BCP analogue 

11 maintains the linearity of its substituents, and was found to maintain good potency as 

an mGluR1 antagonist. This suggested that the 1,4-arene in 10 acts as a spacer unit rather 

than contributing to the biological activity through other effects.  

 

Figure 1.5 ï The mGluR1 antagonist (S)-4CPG 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 ɔ-secretase inhibitor Avagacestat, demonstrated by Stepan et al. in 2012 

(Table 1.4).[22] The BCP containing analogue 13 was found to maintain a similar level of 

ɔ-secretase inhibition, indicating that the 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 solubility and passive permeability compared to 12, 

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 the  ́stacking of the aromatic rings between 

molecules.  

 

 12 BCP-13 

IC50 (Aɓ42, nM) 0.225 0.178 

Kinetic solubility (pH 6.5, ɛM) 0.60 216 

Thermodynamic solubility (pH 6.5, ɛM) 1.70 19.7 

RRCK Papp (A to B) (10-6 cm/ s) 5.52 19.3 

Table 1.4 ï comparison of pharmacokinetic data between ɔ-secretase inhibitor12 

and its BCP analogue 13. 

 
 

Subsequently, Measom et al. found similar benefits arose from substitution of an aromatic 

ring in darapladib with a bicyclo[1.1.1]pentane (Table 1.5).[23] Darapladib (14) is a 

known LpPLA2 inhibitor which shows excellent potency, however it suffers from low 

aqueous solubility and high lipophilicity. Measom et al. synthesised BCP analogue 15 

and found that, when compared to the parent drug, high potency was maintained with 

kinetic solubility increasing 9-fold, 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 compound.  

BCPs have been implemented in a range of pharmaceutically active compounds as 

bioisosteres for 1,4-substituted arenes. Maintaining the 180° angle between substituents 

but with a slightly shorter unit length has made them suitable for bioisosteric replacements 

of arenes in many circumstances. However, care must be taken if the arene ring being  
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14 BCP-15 

pIC50 10.2 9.4 

CLND (µM) 8 74 

FaSSIF (µg/ mL) 399 >1000 

AMP (nm/ s) 230 705 

ChromLogD7.4 6.3 7.0 

PFI 10.3 10.0 

Table 1.5 ï Comparison of pharmacokinetic properties between 

darapladib and BCP-darapladib. 

  

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

protein.  

Stepan and co-workers investigated the effect of various sp3 bioisosteric replacements of 

a 1,4-substituted benzene ring in the leukaemia drug imatinib (Figure 1.6).[24] Imatinib 

(16) has a very low aqueous solubility of 0.01 mg/ mL and relatively high lipophilicity 

(clog P ï 4.53).  

 

Figure 1.6 ï 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 compound,[22]  BCP analogue 17 

was synthesised. Although the BCP analogue 17 showed a greater than 80 × improvement 

in aqueous solubility, and decreased the lipophilicity to a clogP of 1.93, no significant 

improvement in metabolic stability was observed. Furthermore, the inhibitory potency 

against ABL1 kinase (the target of imatinib) decreased from an IC50 of 371 nM for the 

parent compound, to an IC50 of ι 30 ɛM. This large loss in binding affinity was attributed 

to the disruption of key hydrogen-bonding 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 the phenyl ring 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 substitution, or 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 or decrease depending on the specific example.[22ï24] 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, the BCP motif has been validated 

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

popular target. 
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1.3 Synthesis and structure of bicyclo[1.1.1]pentane  
 

Bicyclo[1.1.1]pentane itself (BCP, 18) was first synthesised in 1964 by Wiberg[25] in 4 

steps from exo-methylene cyclobutane 19 (Scheme 1.1a). Addition of HBr to the alkene 

of 19, followed by hydrolysis of the methyl ester formed carboxylic acid 21. Hunsdiecker 

reaction of 21 gave dibromide 22, which on reaction with Na in a Wurtz coupling reaction 

formed BCP 18, albeit in only 1% yield. Over the next few years Wiberg reported two 

more syntheses of BCP: a similar Wurtz coupling of 22 using Li(Hg)x instead of Na gave 

BCP 18 in a slightly higher 6% yield (Scheme 1.1b),[26] and a carbene addition into the 

central bond of bicyclo[1.1.0]butane 23 using diazomethane (Scheme 1.1c) gave BCP in 

~1% yield.[27]  

 

Scheme 1.1 ï a) The first synthesis of bicyclo[1.1.1]pentane by Wiberg from dibromide 22 and Na. b) 

Wibergôs synthesis of BCP from 22 with Li(Hg)x c) Wibergôs synthesis of BCP from bicyclo[1.1.0]butane 

with diazomethane. 

 

Following Wibergôs initial report, a number of other syntheses of BCP were also 

published including the mercury photosensitized internal cycloaddition of 1,4-pentadiene 
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24 (Scheme 1.2a) by Srinivasan[28],  the mercury photosensitized ring contraction of 

ketone-bearing bicyclo[2.1.1]hexane 25 by Dimmel (Scheme 1.2b),[29] and the 

electrochemical Wurtz coupling of  dibromide 26 by Rifi (Scheme 1.2c).[30]   

 

Scheme 1.2 ï Early syntheses 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 mono- and disubstituted BCPs,[31] as well as bridge substituted-

BCPs.[32] While a number of approaches have been used, by far the most common method 

of synthesising BCPs is from reactions with tricyclo[1.1.1.01,3]pentane (TCP), also known 

as [1.1.1]propellane.  

 

1.4 Reactivity of Tricyclo[1.1.1.01,3]pentane 
 

Tricyclo[1.1.1.01,3]pentane (TCP, 1) belongs to a class of molecules called propellanes, 

which consist of a central single bond with three óbridgesô of one or more carbon or 

heteroatoms bonded to the óbridgeheadô atoms either side of the central bond 

(Figure 1.7a). The nomenclature of propellanes was coined by Ginsburg in 1966:[33] any 

given propellane is given the name [x.y.z]propellane where x, y and z represent 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 inevitably contain an unusual 
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óinvertedô tetrahedral geometry around the bridgehead atoms, which leads to unusual 

reactivities. 

 

Figure 1.7 ï a) The general structure and nomenclature for [x.y.z.]propellanes. b) A selection of natural 

products containing propellanes. c) The comparison of bond lengths between the central bond of TCP and 

the CïC bond in ethane. 

 

While smaller propellanes (x/y/z < 3) are often reactive and unstable, the larger ring 

propellanes are often inert. The larger bridging ring lengths allow the bridgehead atoms 

to possess a more favourable geometry compared to their smaller ring counterparts. There 

are several instances of natural products containing larger propellanes.[34] The 

[4.3.1]propellane motif can be found in marasmic acid 27 and sterepolide 28, and the 

[3.3.3]propellane motif can be found in modhephene 29, while canataxpropellane 30 

remarkably contains both a [3.3.2]propellane and a [4.4.2]propellane (Figure 1.7b).[35,36] 

While naturally occurring,[37] the larger bridging ring lengths of these higher propellanes 

do not confer the same interesting structural properties and reactivity that results from the 

óstrainedô central bond of TCP. The central bond and structure of [1.1.1]propellane (TCP) 

has been the subject of much investigation. Its structure has been studied by both low-

temperature X-ray diffraction[38] and gas phase electron diffraction,[39] and from this, the 

distance between the bridgehead atoms is found to be 1.594  ï similar to the length of 
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the CïC bond in ethane (1.524 )[40] (Figure 1.7c). This distance is 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 propellanes:[41] 

[1.1.1]propellane was calculated to have a bond energy of ~65 kcal molī1, whereas 

[2.1.1]propellane and [2.2.1]propellane had bond energies of ~30 and ~5 kcal molī1 

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 non-bonding,[42] with electron density depletion in between the two 

bridgehead atoms at the critical point.[43] The central bond was therefore described as a 

charge shift bond where stabilisation occurs through resonance between repulsive 

covalent and attractive ionic structures (Figure 1.8a).[44]  

 

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 bridgehead ů* orbital into the ˊ-system of the 

bridging carbons. c) TCP undergoes lateral compression in order to maximise overlap of these orbitals. 

 

Recently, Sterling, Duarte and Anderson used further in silico 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 central bond ů orbital partially populate the ů* 

orbital, which is able to overlap with the ˊ system of the bridging carbon atoms.[45] In 

order to maximise this overlap, the propellane cage is compressed laterally, lengthening 

the C1ïC3 central bond and shortening the distance from C2 to C4 (Figure 1.8c). The 

overall effect of this is a decrease in Pauli repulsion between the electrons in the central 
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bond and the bridging bonds, as well as stabilising the propellane against fragmentation 

along the bridging (C1ïC2) 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 cations.[46] While neat 

[1.1.1]propellane (TCP) polymerises spontaneously in the liquid phase above 0 °C, and 

is only stable for a few minutes in the gas phase 110 °C,[41] it is possible to store TCP as 

a solid in liquid nitrogen,[47] or, more conveniently, as a solution in various solvents 

(usually ethers). In the latter, negligible decomposition is observed when stored at ī20 °C 

for several months. This is in contrast to [2.1.1]propellane and [2.2.1]propellane, which 

are unstable above ī223 ÁC and must be isolated in a N2 matrix. 

 

1.4.1 Synthesis of tricyclo[1.1.1.01,3]pentane 

 

TCP was first synthesised by Wiberg in 1982 by reacting dibromo-BCP 31 with t-BuLi 

(Scheme 1.3a). [41] However, it was not isolated, they instead analysed the solution of 

TCP and t-butyl bromide formed on reaction in the reaction solvent.  In 1985, Szeimies 

reported a very efficient route to TCP starting from cyclopropane 32 (Scheme 1.3b).[48] 

On addition of 2.2 equivalents of n-BuLi, 32 underwent two sequential cyclisations 

following lithium/halogen exchange 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 yields.[49] This methodology is now suitable for 

relatively large (multi-100 g) scale syntheses of TCP (Scheme 1.3c), and several groups 

have demonstrated its use as a method of synthesis for some bridge-substituted analogues 

(Scheme 1.3d) which had also been shown earlier by Szeimies.[50ï52]  
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Scheme 1.3 ï Methods for the synthesis of tricyclo[1.1.1.01,3]pentane 

 

Other methods of TCP synthesis have since been developed involving intramolecular 

carbene addition to exo-methylene cyclobutanes[53] (Scheme 1.3e), and analogues of 

Wibergôs original synthesis of TCP work, reforming TCP from 1,3-disubstituted BCPs 

(Scheme 1.3f).[54ï57]  

 

1.4.2 Reactions of TCP with Cations 

 

The reaction of TCP with cations has 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 cation 33 (Scheme 1.4).[45,58] The most common mechanism for 

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

and withdraws electron density from the ócageô of TCP,[45] causing a loss of the stabilising 
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ůīˊ-delocalisation due to a reduction of Pauli repulsion, resulting in the TCP cation 

undergoing fragmentation.  

 

Scheme 1.4 ï 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 acetate 34 (Scheme 1.5a).[59] Fragmentation is also 

observed in the copper-catalysed synthesis of exocyclic allenic cyclobutanes on reaction 

with terminal alkynes,[60] and the nickel-catalysed cyclopropanation of TCP to form spiro-

compounds [61] (Schemes 1.5b and 1.5c, respectively).   

 

Scheme 1.5 ïReactions 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 competing 

fragmentation.[31,46] However, these reactions often require high temperatures and long 

reaction times in spite of the beneficial thermodynamic 'strain-release' associated with 

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

The use of anionic reactions with TCP has been shown to form a diverse range of 

unsymmetrical 1,3-disubstituted BCPs. Based on early reports of the addition of Grignard 

reagents across the central bond of TCP by Szeimies,[62,63] de Meijere demonstrated the 

addition of aryl Grignard reagents across TCP over several days at 35 °C to give the BCP 

Grignard reagents 35, which were subsequently cross-coupled under both nickel and 

palladium catalysed conditions in moderate yields (Scheme 1.6a).[64] 

 

Scheme 1.6 ï Reactions of TCP with organomagnesium species. 
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 Knochel later expanded this work, forming BCP-Grignard intermediates 35 after treating 

TCP with aryl Grignard reagents at high temperatures, which significantly reduced the 

time needed for the reaction (Scheme 1.6b).[65] These intermediates can then be used to 

either trap electrophiles such as ClCO2Et or alternatively can be transmetallated to form 

a BCP-zincate species which can subsequently be subjected to Negishi cross-coupling 

with aryl halides to form 1,3-diaryl BCPs.  

Similarly, Knochel has reported the addition of both allylic zinc halides and zinc enolates 

across TCP to directly form BCP-organozincs 36 and 37 (Scheme 1.7); these can undergo 

a variety of transformations including cross-coupling or electrophilic trapping.[66] 

 

Scheme 1.7 ï Reactions of TCP with organozinc species. 

Nitrogen anions have also been demonstrated to add to TCP. Baran demonstrated an 

efficient synthesis of terminal amino-BCPs by reacting TCP with turbo-amides at high 

temperatures (Scheme 1.8a).[67] While the conditions used are not particularly mild, it 

demonstrated the first general, 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 stability at 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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copper-catalysed alkylation with a range of alkyl halides to give 3-alkyl BCP amine 

substrates in a one-pot procedure (Scheme 1.8b).[68] 

 

Scheme 1.8 ï Addition of turbo-amides across TCP. 

 

Walsh and co-workers demonstrated the addition of 2-azaallyl anions to an excess of 

TCP, using LiHMDS to form BCP benzyl amines (Scheme 1.9a),[69] with the view to 

their potential use as bioisosteres for diaryl methanamines. Walsh later reported the 

addition of 2-aryl-1,3-dithianes to TCP using NaHMDS (Scheme 1.9b), accessing 

bicyclopentylated dithianes 38 in high yields which could subsequently undergo further 

transformations, including deprotection to the BCP ketone derivatives 39.[70] 

 

Scheme 1.9 ï Addition of anions adjacent to heteroatoms, to TCP. 
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1.4.4 Reactions of TCP with Radicals 

 

The addition of radicals across TCP has been explored more thoroughly than its reactions 

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).[71] 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 yields were 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 amines,[72] although the 

products were often isolated as mixtures with the associated [n]staffanes, where [n] 

number of additional TCP molecules are trapped by the initially-formed BCP radical 

intermediate before the reaction terminates / propagates.  

 

Scheme 1.10 ï Early additions of radicals to the central bond of TCP, discovered by Wiberg. 

 

Michl showed that diacetyl reacts with TCP under UV irradiation with a mercury lamp to 

give 1,3-diketo-BCP 40 (Scheme 1.11a); this product can be further transformed to the 

diacid 41 on reaction with NaOBr.[73] Diacid 41 has since proved to be a very valuable 
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building block for the synthesis of more complex BCP compounds,[74] and is one of the 

few commercially available BCPs. Recently, the addition of diacetyl to TCP has been 

optimised in a flow set-up, where large quantities of 40 could be prepared on a short 

timescale (Scheme 1.11b).[75] 

 

Scheme 1.11 ï Reactions of TCP with diacetyl to form di-carbonyl BCPs. 

 

Under irradiation, alkyl halides were shown to undergo radical addition to TCP by Michl 

and co-workers to give 1-halo-3-substituted-BCPs (Scheme 1.12a), which were 

subsequently activated with Bu3SnH and added to a variety of alkenes, ketones and 

diacetyl traps in moderate yields.[76] 

 

Scheme 1.12 ï Addition of alkyl halides across TCP using a) irradiation, and b) triethylborane initiation. 
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More recently Anderson and co-workers reported a mild triethylborane-initiated addition 

of a variety of halides to TCP in good yield (Scheme 1.12b).[77] These 1-iodo-3-

substituted BCPs (BCP iodides) were also shown to undergo further transformations with 

t-BuLi followed by electrophilic trapping or cross-coupling.  

Since the early demonstrations of heteroatom radical additions to TCP by Wiberg (see 

Scheme 1.10), there have been many more reports of heteroatoms undergoing radical 

additions to the central bond of TCP. In 1985, Szeimies first reported the addition of 

thiophenol to TCP;[48] 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 (Scheme 1.13a).[72] More recently Bräse expanded this reaction and 

successfully added a range of alkyl and aryl thiols across TCP (Scheme 1.13b).[78]  

 

Scheme 1.13 ï Radical addition of thiols to TCP. 

 

 

1.5 Synthesis of aryl-bicyclo[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 BCP-aryl species has involved high temperatures and organometallic 

reagents, such as Knochelôs addition of aryl Grignard reagents across the central bond of 
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TCP (which requires heating an ethereal solution to 100 °C),[65] or the addition of 

organozinc complexes to TCP followed by subsequent cross-coupling with aryl halides[66] 

(Scheme 1.14a, see Chapter 3.2.1 for further discussion). These harsh conditions make 

these approaches poorly suited to late stage functionalisations or industrial applications.   

 

Scheme 1.14 ï Formation of aryl-substituted BCPs through a) addition of Grignard reagents, b) c) 

irradiation with a mercury lamp. 

 

 Aryl -BCPs have also been accessed through the irradiation of iodobenzene with a 

mercury lamp. In 1992 Michl reported the formation of 1-iodo-3-phenyl-BCP in low 

yields along with a mixture of [n]staffanes which were difficult to separate and had to be 

used in subsequent steps as the crude mixture (Scheme 1.14b).[79] In 2000, de Meijere 

reported a similar approach and was able to isolate very low yields of two 1-iodo-3-aryl 

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

on scaling up the reaction.[64]  
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1.6 Project overview 
 

As discussed above, few methods exist for the synthesis of aryl-substituted BCPs. Of 

these, none is applicable for industrial use as they require harsh / unscalable reaction 

conditions. To further explore the bioisosteric replacement of 1,4-disubstituted arenes 

with 1,3-disubstituted BCPs in a pharmaceutical context, new, mild and scalable 

methodology for the synthesis of diverse BCPs is required.  

 

Figure 1.9 ï Drug compounds containing biaryl groups. 

 

This thesis details the development of new, catalytic and 'industry-friendly' methods for 

the synthesis of aryl-substituted BCPs, with a particular focus on the synthesis and 

applications of 1-iodo-3-carbo-BCPs (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 1-iodo-3-(hetero)aryl BCPs. The work presented in this 

chapter constitutes the first use of this mode of catalysis to functionalise C-C ů bonds. 
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Chapter 3 discusses the development of the iron-catalysed Kumada cross-coupling of 1-

iodo-3-substituted BCPs with (hetero)aryl Grignard reagents. This represents the first 

general cross-coupling of BCPs where the BCP is the electrophilic component, as well as 

the first Kumada cross-coupling of tertiary alkyl iodides. Chapter 4 reports the use of 

copper catalysis for the borylation of 1-iodo-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.  

 

Figure 1.10 ï Methodologies developed and detailed in this thesis. 
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2 
2. Photoredox-catalysed 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 previous alternative 

methods. The use of transition metal photoredox catalysts ï activated by visible light ï 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 the earliest examples of visible light photoredox catalysis was demonstrated by 

Kellogg and co-workers in 1978, using the photocatalyst [Ru(bpy)3]Cl2 to accelerate the 

reduction of sulfonium ions by N-substituted 1,4-dihydropyridines (Scheme 2.1a).[80] In 

1981, Pac and co-workers demonstrated the use of the same ruthenium photocatalyst and 

the reductant BNAH to reduce electron-poor alkenes (Scheme 2.1b), demonstrating the 

ability of photoredox catalysts to perform reactions under mild conditions.[81] In 1990 

Fukuzumi demonstrated one of the first examples of a reductive halogenation of Ŭ-



2. Photoredox-catalysed atom transfer radical addition 

 

28 

bromocarbonyl compounds, also using Ru(bpy)3Cl2 as a photoredox catalyst for the 

activation of halides (Scheme 2.1c), and obtaining the reduced products in excellent 

yields.[82]  

 

Scheme 2.1 ï Early examples of photoredox catalysis involving a) the reduction of electron poor alkenes 

and b) the reduction of Ŭ-bromocarbonyls. 

 

The interest in photoredox catalysis increased dramatically after 2008, upon the 

development of a number of key reactions that demonstrated powerful chemical 

transformations which greatly expanded the scope of what was possible using photoredox 

catalysis. Firstly, in 2008 Macmillan and co-workers published the asymmetric alkylation 

reaction of aldehydes with electron deficient halides ï a reaction which had previously 

been elusive ï using dual enamine catalysis and photoredox catalysis under visible light, 

forming products in both high yield and high e.e. (Scheme 2.2a).[83] Around the same 

time Yoon and co-workers demonstrated the ability of photoredox catalysis to facilitate 

the [2+2] cyclisation of dienones under mild conditions, forming cyclised products in 



2. Photoredox-catalysed atom transfer radical addition 

 

29 

excellent yields and good d.r. (Scheme 2.2b).[84] The following year, Stephenson used 

photoredox catalysis to reductively cleave aliphatic halides without the need for toxic tin  

 

Scheme 2.2 ï Seminal publications on the use of photoredox catalysts for organic transformations 

involving a) Asymmetric alkylation of Ŭ-aldehydes using dual organo/photoredox catalysis. b) Photoredox 

catalysis [2+2] cyclisations. c) Reduction of aliphatic halides. 

 

reagents which had commonly been used for such transformations.[85] The reaction 

showed excellent functional group tolerance and gave high yields of the reduced products 

(Scheme 2.2c). Following these seminal studies, interest in photoredox catalysis 

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

a wide range of transformations.[86ï90]  
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Photoredox catalysts interact with a substrate via one of two pathways: oxidative or 

reductive quenching. The ground state catalyst is first excited by the wavelength of visible 

light necessary to initiate a metal-to-ligand charge transfer (MLCT) to a singlet-excited 

state S1 (Figure 2.1).  

 

Figure 2.1 ï Excitation of ground state photocatalyst followed by intersystem 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 triplet-excited state (T1) 

which is sufficiently long-lived to be able to undergo electron transfer processes. This 

excited state photocatalyst can then either donate or accept an electron and is quenched 

in the process. 

 In oxidative quenching (Figure 2.2a) the excited catalyst donates an electron to a 

molecule of starting material or an oxidant present in the reaction mixture (A1) and is 

itself oxidised to PC+1. This oxidised catalyst can then accept an electron from a neutral 

radical species, or a reductant present in the reaction (D1) to reform the initial ground state 

catalyst species. In reductive quenching (Figure 2.2b) the excited state catalyst can accept 

an electron from a molecule of starting material or a reductant (D2) and is itself reduced 

to PC-1. This can subsequently donate an electron to a radical species or to an oxidant 

(A2) in order to return the starting catalyst. A redox potential is associated with each step 

in the catalytic cycle, indicating the ease of oxidising or reducing each species. The  
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pathway involving the most favourable redox potentials is likely to dominate the 

quenching pathway employed by the catalyst. 

 

Figure 2.2 ï General mechanism of photoredox catalysis via a) oxidative quenching or b) reductive 

quenching. 

Iridium- and ruthenium-centred 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 catalyst. Ir3+ and Ru2+ centred 

catalysts are generally considered to act via oxidation of the metal or reduction of the 

ligands.

 

Figure 2.3 ï A range of commonly used iridium, copper, ruthenium and organic photocatalysts. 
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The Ered half-reactions describing the reduction potential for these complexes reflect these 

effects: the more electron-donating the ligands, the more electron-rich the metal centre in 

the complex, and the more easily it is oxidised. This results in greater reducing power for 

the complex, or in other words, Ered[M
3+/M2+] is less positive (Figure 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 complex, or Ered[M
2+/M+] is more negative 

(Figure 2.4b).  

 

Figure 2.4 ï The effects of electron density of a) the metal centre and b) the ligand on the oxidative or 

reductive powers of Ru3+ photocatalysts. Reduction potentials given are vs SCE. Figure adapted from J. w. 

Tucker and C. R. J. Stephenson, J. Org. Chem. 2012, 77, 1617 ï 1622. 

 

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

redox potentials of photocatalysts can be tuned. In photoredox catalysis, the reduction 
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potentials of the excited states of the catalyst must also be considered, as these are the 

species undergoing oxidative or reductive quenching. These cannot be measured directly 

however, and instead are estimated by adding the ground state potential to the zero-zero 

excitation energy (E0,0), which is defined as the energy difference between the T1 state of 

the excited photocatalyst and the S0 ground state of the photocatalyst. The zero-zero 

excitation energy can be estimated by E0,0 = h(c/ɚem) where ɚem is 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 reduction 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 molecule RïX 

is added across double or triple carbonïcarbon bonds, either through a radical chain 

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 seminal 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 initiator (Scheme 2.3a).[91] However, it was not until 1994 

that the Barton group published the first example of a photoredox method of a group 

transfer radical addition reaction (Scheme 2.3b).[92] The group used catalytic Ru(bpy)3Cl2 

under irradiation to initiate a chain reaction beginning with reducing the weak SeïS bond 

in TsïSePh, in an oxidative quenching process.  
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Scheme 2.3  ï 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 dramatically, the first general photoredox catalysed ATRA of halides 

across alkenes was not published until 2011 by Stephenson et al. Opting for iridium rather 

than ruthenium, they used Ir[(dF(CF3)ppy)2(dtbbpy)]PF6 with two equivalents of both an 

activated alkyl bromide and LiBr to add across various alkenes (Scheme 2.4a).[93] LiBr 

had previously been employed by Yoon and co-workers in the photocatalytic reduction 

of enones,[84] who suggested that the lithium cation can function as a Lewis acid 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 carbonïhalogen bond. The reaction also tolerated Ŭ-halocarbonyls and 

alkyl halides as well as CF3I, 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 whether the reaction then 

progressed as a chain reaction or a radicalïpolar crossover reaction. Stephenson 

continued work in this area to introduce several slightly altered reaction conditions, 

varying catalyst/additive combinations to widen the substrate scope to include chlorides, 

perfluoroalkyl iodides and more hindered alkenes as well as alkynes (Scheme 2.4b),[94] 

and demonstrating that the reaction was possible in flow.[95] The same year, Reiser et al. 
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developed a copper-catalysed photoredox ATRA reaction using green light irradiation to 

perform additions of a limited range of activated alkyl bromides across various alkenes 

(Scheme 2.4c).[96] However he also improved on this the next year to extend the scope to 

benzyl bromides,[89] and perform the reaction in a flow set-up in 2015.[97]  

 

Scheme 2.4 ï Atom transfer radical additions of alkyl and aryl halides across unsaturated bonds. 
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While transition metal catalysts are common for performing these reactions, 

organocatalysts can also be employed. In 2014, Melchiorre et al. developed an elegant 

metal-free ATRA reaction using catalytic p-anisaldehyde in combination with 

stoichiometric 2,6-lutidine, under irradiation by a compact fluorescent lamp, to efficiently 

add electron-poor alkyl halides to a range of alkenes (Scheme 2.4d).[98]  

The aforementioned procedures were largely limited to activated alkyl bromides and a 

few iodides. However, in 2017 Martin and co-workers reported an iridium-catalysed 

photoredox atom transfer radical cyclisation (ATRC) reaction of unactivated alkyl 

iodides, with stoichiometric DIPEA present as a sacrificial reductant (Scheme 2.4e).[99]  

Cyclisations onto both alkenes and alkynes were demonstrated as well as a double 

cyclisation. In 2019, Guo and co-workers demonstrated the first example of an ATRC of 

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

iodides in high yields (Scheme 2.4f).  

As noted, the ATRA reactions discussed above largely focused on bromides, often next 

to electron withdrawing 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 bonds remained elusive until the ATRA reaction of iodides 

with tricyclo[1.1.1.01,3]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 give 1-iodo, 3-substituted 
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bicyclo[1.1.1]pentanes (Scheme 2.5).[77] The reaction is metal free, conducted at room 

temperature (or below) under air, and reactions were generally complete in as little as 15 

min, in high yields. A wide range of alkyl iodides including benzylic and Ŭ-carbonyl 

iodides were successfully transformed in the presence of aldehydes, chlorides, free 

alcohols, amides and sulfonyl groups. While this was effective for the 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 were unsuccessful in the 

reaction; and no 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 reaction,[100] due to the stronger sp2 hybridised CïI bond strengths compared 

to sp3 CïI bonds.[101]  

 

Scheme 2.5 ï Triethylborane initiated ATRA of iodides and bromides across TCP. 

 

While radical species are generally able to add efficiently to TCP,[102,103]  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 the CïI bond in these substrates and in doing so, generate 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 

carbonïcarbon bonds, photoredox-catalysed addition of radicals to ů bonds had not been 
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demonstrated at this point. However, given the success of the triethylborane-initiated 

ATRA methodology, there was good reason to hypothesise that photoredox catalysis 

could be employed successfully in ATRA reactions of (hetero)aryl iodides with TCP. 

Moreover, as photoredox catalysis has been shown to activate aryl halides,[88,104,105] the 

synthesis of 1-iodo-3-arylbicyclo[1.1.1]pentanes could be possible (Scheme 2.6). 

 

Scheme 2.6 ï 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 4-iodobenzonitrile 42 as a representative aryl iodide that was 

unreactive under the triethylborane-initiated 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 run in t-BuCN as a 

solvent as this had been shown to be a suitable solvent in the Martin groupôs work on 

ATRA reaction of alkyl iodides and alkenes or alkynes, using an iridium photocatalyst.[99]  

Pleasingly, a number of iridium, ruthenium and organic catalysts proved successful under 

these conditions, giving moderate amounts of the desired BCP iodide 43 (21-51%). The 

iridium catalyst fac-Ir(ppy)3 performed best in the reaction, giving 51% of 43 (entry 1), it 

also has the highest reduction potential of the catalysts screened when undergoing 

oxidative quenching of ī1.73 V (vs SCE), and therefore was able to reduce the starting 

material 42 most easily. A general trend was observed that the yield of 43 decreased as 
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the reduction potential of the catalysts used decreased, with the weakest catalyst  

[Ru(bpy)3](PF6)2 with a reduction potential of  ī0.81 V (vs SCE) only forming 17% yield 

of 43 (entry 6).  

 

Entry Catalyst E1/2 (M
+1/M*) Yield/a % 43:43s 

1 fac-Ir(ppy)3 ī1.73 V 51 1:0.17 

2 [Ir{dF(CF3)ppy}2](bpy)PF6 ī1.00 V 30 1:0.21 

3 [Ir(dtbbpy)(ppy)2]PF6 ī0.96 V 21 1:0.18 

4 Rhodamine 6G ī0.95 V 16 1:0.02 

5 [Ir{dF(CF3)ppy}2](dtbpy)PF6 ī0.89 V 35 1:0.15 

6 [Ru(bpy)3](PF6)2 ī0.81 V 17 1:0.17 

Table 2.1 ï Optimisation of the identity of the catalyst used in the ATRA reaction between aryl 

iodides and TCP. a Yields calculated by 1H NMR spectroscopy using mesitylene as an internal 

standard. 

  

Interestingly, [Ir{dF(CF3)ppy}2](dtbpy)PF6 was an exception to this trend; it has a 

reduction potential of only ī0.81 V (vs SCE) however gave 35% yield of 43. The organic 

catalyst Rhodamine 6G gave the lowest yield of the catalysts screened in the reaction, 

giving only 16% yield of 43 despite not having the lowest reduction potential (entry 4). 

The undesired staffane byproduct 43s was also formed in all cases, where the BCP radical 

adds across another molecule of TCP before it is able to react with 4-iodobenzonitrile in 

order to propagate the reaction. The ratio of  desired product 43 to staffane 43s varied 

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 catalysts were then screened in combination with one 
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equivalent of N,N-diisopropylethyl amine (DIPEA) in order to promote reductive 

quenching of the catalyst (Table 2.2).  

 

Entry Catalyst E1/2 (M
*/Mī1) Yield/a % 43:43s 

1 [Ir{dF(CF3)ppy}2](bpy)PF6 1.68 42 1:0.19 

2 [Ir{dF(CF3)ppy}2](dtbpy)PF6 1.21 48 1:0.18 

3 [Ru(bpy)3](PF6)2 0.77 3 - 

4 [Ir(dtbbpy)(ppy)2]PF6 0.66 49 1:0.29 

5 fac-Ir(ppy)3 0.31 40 1:0.19 

6  Rhodamine 6G -b 10 1:0.02 

Table 2.2 ï Investigations into the effect of a tertiary amine additive on the ATRA reaction. a Yields 

calculated by 1H NMR spectroscopy using mesitylene as an internal standard. b Reduction potential 

unknown. 

 

A different set of reduction potentials are associated with the reductive quenching 

pathway of the catalysts, with the most strongly reducing catalyst now being 

[Ir[dF(CF3)ppy}2](bpy)PF6 with E1/2 (Ir(III)*/Ir(II) = 1.68 V (vs SCE), which gave 42% 

yield of BCP 43 (entry 1). This demonstrated an improvement in yield compared to the 

use of the catalyst without DIPEA present. There did not appear to be a correlation 

between the reduction potential of the catalyst and the observed yield of 43 when DIPEA 

was used however; [Ir{dF(CF3)ppy}2](dtbpy)PF6  and [Ir(dtbbpy)(ppy)2]PF6 gave the 

highest yields of 48% and  49% of 43, respectively (entries 2 and 4, respectively) despite 

having significantly lower reduction potentials. Although they gave very similar yields 

of 43, [Ir {dF(CF3)ppy}2](dtbpy)PF6 produced a significantly 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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Whether the presence of a tertiary amine was beneficial was still unclear, therefore further 

investigations were performed into the nature of the tertiary amine in the reaction with 

the two catalysts that produced the highest yields ï Ir(ppy)3 and 

[Ir{dF(CF3)ppy}2(dtbpy)]PF6. Both catalysts were submitted to the reaction in the 

presence of DIPEA, Triethylamine (Et3N) or tributylamine (Bu3N), however no 

improvement in yield was seen in any case, although DIPEA performed better than Et3N 

or Bu3N (Table 2.3, entries, 1-6). 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 

CïH bond, rather than redox neutral.[106] Reducing the equivalents to 0.5 (entry 7) resulted 

in a drop in yield from 40% to 34%, however, increasing the equivalents to 2.5 or 5 

(entries 8 and 9, respectively) also resulted in significant decreases in yield. Overall, the 

use of Ir(ppy)3 gave the highest yield and addition of amine appeared to offer no benefit, 

suggesting an  

 
Entry Catalyst Amine x  Yield/a % 43:43s 

1 Ir(ppy)3 DIPEA 1 40 1:0.19 

2   Et3N 1 35 1:0.16 

3   Bu3N 1 38 1:0.17 

4 [Ir{dF(CF3)ppy}2](dtbpy)PF6 DIPEA 1 48 1:0.18 

5   Et3N 1 46 1:0.13 

6   Bu3N 1 46 1:0.19 

7   Ir(ppy)3 DIPEA 0.5 34 1:0.13 

8   DIPEA 2.5 29 1:0.13 

9   DIPEA 5 26 1:0.14 

Table 2.3 ï Optimisation of amine additive for ATRA reaction of 4-iodobenzonitrile with TCP.  a 

Yields calculated by 1H NMR spectroscopy using mesitylene as an internal standard.   
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oxidative quenching mechanism is present. However, for catalysts such as 

[Ir{dF(CF3)ppy}2](dtbpy)PF6, 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)3 was identified as the best catalyst for this reaction, incomplete conversion 

and the formation of staffane 43s 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 concentration was reduced 

from 0.1 M to 0.075 M (Table 2.4, entry 1); however the yield of the reaction decreased 

from 51% to 44% and no reduction in staffane production was observed.  

 

 

Conversely, increasing the reaction concentration increased the yield (entries 2-4): at 0.15 

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 however the proportion 

Entry 
Concentration 

y/ M 
TCP equiv. Yield/a % 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 1:0.02 

6 0.1 1.5 49 1:0.15 

7 0.1 3 45 1:0.36 

8 0.15 1.5 38 1:0.11 

9 0.15 1 37 1:0.04 

Table 2.4 ï Optimisation of reaction concentration and TCP equivalents for ATRA 

reaction of 4-iodobenzonitrile with TCP.  a Yields calculated by 1H NMR spectroscopy 

using mesitylene as an internal standard.   
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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 

and 6). Increasing the equivalents of TCP from 2 to 3 did not improve yield 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 in a ratio of 1:0.11, there was 

also a significant drop 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 now very low, the reaction yield was also reduced 

to 37%. 

The range of photocatalysts tested for this reaction was subsequently re-examined using 

the optimised concentration and stoichiometries of reagents (Table 2.5).  

 

Entry Catalyst E1/2 (M
+1*/M) Yield/a % 43:43s 

1 [Ir(ppy)2(bpy)]PF6 -b 44 1:0.16 

2 Ir(4'-CF3ppy)3 ī1.70 V 41 1:0.15 

3 Ru(d(Me)bpy)3(PF6)2 ī1.43 V 10 1:0.14 

4 Ir[(3,4'-dMeppy)2(dtbbpy)] PF6 ī0.87 V 18 1:0.11 

5 Ir[(dF(CF3)ppy)2(d(CF3)bpy)] PF6 ī0.69 V 35 1:0.14 

6 
2,4,6-triphenylpyrylium 

tetrafluoroborate 
2.55 Vc  0 - 

7 
9-mesityl-10-methylacridinium 

tetrafluoroborate 
2.08 Vc 0 - 

Table 2.5 ï Further screening of catalysts in the ATRA reaction. a Yields calculated by 1H NMR 

spectroscopy using mesitylene as an internal standard. b Reduction potential unknown. c Value 

reported is for ES (S*/SÅī). 

 

Of these, [Ir(ppy)2(bpy)]PF6 gave the highest yield of 44% of 43, however its reduction 

potential is unknown (entry 1). The highest known reduction potentials of the transition 
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metal catalysts was Ir(4'-CF3ppy)3 with E1/2 = 1.7 V (vs SCE), which gave BCP 43 in the 

next highest yield of 41% yield (entry 2). Interestingly, the two organic catalysts screened 

showed no reaction under these conditions, despite having high redox potentials (entries 

6 and 7). Overall, fac-Ir(ppy)3 still remained optimal for this reaction. 

Following this, the effect of solvent on the reaction was explored. Solubility of the 

catalysts in t-BuCN appeared somewhat limited which could be hindering the reaction by 

preventing penetration of light. Therefore, more polar solvents such as DMSO, DMF and 

MeOH were screened (Table 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 therefore t-BuCN was 

judged to be the optimal solvent. 

 

Entry Solvent Yield/a % 43:43s 

1 t-BuCN 54 1:0.22 

2 DMSO 35 - 

3 DMF 24 - 

4 MeOH 10 - 

5 MeCN 56 1:0.27 
Table 2.6 ï Optimisation of solvent in the ATRA reaction. 
a Yields calculated by 1H NMR spectroscopy using 

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 

óon/offô experiment was performed in which the blue LEDs were turned on and off at 

regular intervals over 6 h, and the yield of BCP product measured at each point (Figure 
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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 proceed ï presumably through excitation of the photoredox catalyst. Although 

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 beneficial for 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 hours. Following 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.  

 

 

Figure 2.5 ï Light on/off experiment for the reaction of 4-iodobenzonitrile over 6 hours. Conversion 

measured by 1H 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 

On/off light experiment for the reaction 

of 4-iodobenzonitrile with TCP 

on 

on 

on 

on 

off 

off 

off 



2. Photoredox-catalysed atom transfer radical addition 

 

46 

questioned whether Ir(ppy)3 was facilitating this degradation. Therefore, TCP was stirred 

in t-BuCN in the presence of blue LEDs both with and without Ir(ppy)3, and the 

concentration of TCP in the mixture measured at several time points over 24 h 

(Figure 2.6).  

  

Figure 2.6 ï Degradation of TCP over time measured by the decrease of concentration of TCP in a solution 

of t-BuCN, stirred under blue LED lights both with and without Ir(ppy)3 present. Concentration measured 

by 1H NMR spectroscopy in comparison to an internal standard. 

 

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 in the presence 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 reaction (Scheme 2.7). In the absence of catalyst, a 27% yield of 43 was 

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 CïI bond for initiation. The blue light may be of sufficiently high energy 

Degradation of TCP over time 
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to cause some homolytic fission of the CïI bond, or alternatively the central CïC 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 starting aryl iodide. 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 was taken to keep the sample away from 

light during this time, it was not possible to entirely eliminate it. 

 

Scheme 2.7 ï Control reactions performed for the ATRA reaction of 4-iodobenzonitrile with TCP. 

 

 

2.4 Reaction scope  
 

With optimised conditions now in hand ï using 2.5 mol% of fac-Ir(ppy)3 with two 

equivalents of TCP in t-BuCN, under irradiation by blue LED light for 24 h ï the scope 

of the reaction was explored (Figure 2.7). Aryl iodides possessing electron-withdrawing 

groups were most successful under the reaction conditions, giving moderate to good 

yields of product (43 ï 47, 40 ï 60%). More electron-deficient aryl iodides gave higher 

yields of the desired BCP iodide, presumably due to the lower redox potentials of these 

CïI bonds as the more electron-deficient system is easier to reduce. 2-Iodopyridine 

reacted very efficiently to give BCP 48 in 84% yield, and both electron donating and 
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withdrawing groups were tolerated well on the pyridine giving Me-substituted pyridine 

49 and CF3-substituted pyridine 50 in 87% and 81% yield respectively. The greater 

success of the pyridines is potentially due to stabilisation of the radical formed on 

reduction of the starting material by electron-donation from the adjacent pyridyl 

nitrogen.[107] Also successful in the reaction were 3- and 4-iodopyridines, albeit in 

reduced yields of 40 and 49% of 51 and 52 respectively.  

 

Figure 2.7 ï Scope of aryl and heteroaryl iodides in the Ir(ppy)3 photoredox 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 experimental section 7.3.3. a Reaction performed by Dr Jeremy Nugent. b Reaction 

performed by Dr James Mousseau. c 4 equivalents TCP used.  
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Quinoline and isoquinoline iodide substrates showed a similar preference for the 2-

position. 2-Iodoquinoline produced 53 in 75% yield, while 4-iodoquinolines gave 55 and 

56 in 52% and 36% yield respectively, and an 8-iodoquinoline bearing ester and hydroxyl 

groups gave 57 in 53% yield. This preference in reactivity for the 2-position over others 

could also be exploited in the mono-bicyclopentylation of 2,5-diiodopyridine to give 59 

in 62% yield, and the bis-bicyclopentylation of 2,6-diiodopyridine to give 60 in 56% 

yield. For the bis-bicyclopentylated product 60, 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. Quinazole 58 could also be 

isolated in a modest 29% yield.  

Bromide-bearing quinoline 53 and chloride-bearing pyridine 51, quinoline 56 and 

quinazole 58 were formed showing only activation of the CïI bond in the respective 

starting materials, with the other halides present remaining inert under reaction 

conditions. 

A number of aryl and heteroaryl iodides reacted poorly in the reaction, with low 

conversion and/or producing complex inseparable mixtures (Figure 2.8). 1-Fluoro-4-

iodobenzene was not sufficiently electron poor to enable efficient reduction of the CïI 

bond, forming 61 in only 27% yield.   

While NO2 is significantly more electron withdrawing, only 5% of 62 was formed, with 

the remainder being returned starting material. Photoredox catalysts have been used to 

reduce aryl-nitro groups to amines in the presence of proton sources;[108ï111] it is possible 

that the nitro group in this instance is also able to quench the photocatalyst before it can 

reduce the C-I bond. Aryl iodides bearing electron donating or neutral groups generally 

gave very poor conversion and produced messy, inseparable mixtures (63 to 66), although 
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unsubstituted 63 formed in 45% yield but could not be separated from byproducts. 

Heteroaryl groups that featured 5-membered rings also gave no or poor reaction under 

the standard conditions (67 to 70). 

 

Figure 2.8 ï Poor and unsuccessful substrates in the fac-Ir(ppy)3 photoredox catalysed ATRA reaction with 

TCP. *Yields calculated by 1H 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 the reaction, but not how it might be turned over. However, when 4-

iodopyridine was submitted to the reaction conditions, a methylene cyclobutene 

byproduct 71 (Scheme 2.8) was also isolated alongside the desired product. The presence 

of this ring-opened product 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(III) is initially excited to Ir(III)* by the blue LED 

light, and subsequently this excited state photocatalyst can donate an electron to the CïI 
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s* orbital of a molecule of the starting iodide 72, in doing so reducing the CïI bond to 

give the aryl radical and an iodide ion. The aryl radical can then be trapped by a molecule 

of TCP to give the ArïBCPÅ radical 73. 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. This can then continue to 

propagate the reaction via a standard chain mechanism, or could reduce the catalyst back 

from Ir(IV) to Ir(III), and in doing so be oxidised to the BCP cation 74.*  

 

Scheme 2.8 ï Proposed mechanism for the ATRA reaction with isolated methylene cyclobutane byproduct 

71. 

 

Computational work by Alistair Sterling showed that if the BCP cation is formed, its 

fragmentation to give the methylene cyclobutene tertiary cation 75 is barrierless.[112] This 

cation can then be trapped by Iï to give the tertiary iodide 76, which can then undergo a 

further ATRA reaction with TCP to give the observed quaternary BCP 71. This 

compound was isolated in 4-6% 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 Arroniz, Marie Wong, Dimitri Caputo, 

Helena Pickford and Benjamin Owen.[112] Quantum yield experiments were performed 

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

*  It is also possible that the iodide ion could turn over the catalyst by being oxidised to the iodine 

radical. Small amounts of I2 could therefore be formed in the reaction which could be the source of 

iodine picked up by BCP radical 73. This process would give an outcome equivalent to an ATRA. 
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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 would preclude the 

formation of any BCP iodide product. The quantum yield was therefore measured for a 

range of iodides (Table 2.7).  

Iodide t/ s Conversion ū 

Ethyl iodoacetate 10 64% 682 

2-Iodopyridine 900 56% 7.4 

4-CF3 Benzyl iodide 600 42% 7.4 

Benzyl iodide 1200 13% 1.4 

Table 2.7 ï Quantum yield experiments for various iodides. Experiments performed 

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 predominantly as an initiator in this instance. This 

reaction is also rapid, giving a 64% yield of product in just 10 s. Both 2-iodopyridine and 

4-CF3 benzyl iodide had quantum yields of 7.4, indicating the presence of some chain 

process, but with far less efficient propagation 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 600 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 

conversion of only 13% in 1200 s which could also indicate why this substrate is not 

successful under triethylborane-initiated conditions.  
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2.6 Applications  
 

Having developed an efficient and mild route to aryl and heteroaryl BCPs, the utility of 

this reaction was demonstrated in the formal synthesis of BCP-darapladib. In 2017, 

Measom et al. at GSK published a synthesis of BCP-darapladib in order to evaluate its 

pharmacokinetic properties in comparison to the parent compound.[23] They synthesised 

this analogue in 10 steps, longest linear sequence, from commercial cyclobutanone 77 

(Scheme 2.9). 

 

Scheme 2.9 ï a) Synthetic route to BCP-darpladib by GSK. Intermediate 78 synthesized in 7 steps. b) 

formal synthesis of BCP-darapladib via synthesis of intermediate 78 in two steps. 
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They synthesised key intermediate BCP carboxylic acid 78 in seven steps, including a 

low yielding dichlorocarbene insertion to bicyclo[1.1.0]butane 79 to give the dichloro 

bridge-substituted BCP 80, which then necessitated radical-mediated reduction of the 

dichloro functionality. Overall, intermediate 78 was synthesised in 15% yield over these 

seven steps. From there, three further steps were required to give BCP-darapladib in 5% 

yield over ten steps. However, by using the photoredox methodology developed here, the 

same intermediate 78 could be synthesised in just two steps from 4-CF3-iodobenzene 81 

(Scheme 2.9b). Under the photoredox reaction conditions, BCP iodide 45 was accessed 

in 51% yield; from here, simple lithiation with t-BuLi, followed by trapping with CO2(g) 

(from dry ice) gave the desired intermediate 78 in 73% yield, or 37% yield over two steps. 

This reduces the length of the synthesis of 78 by 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 conditions, and this includes 

reactions with TCP.[112] Activation of aryl bromides using photoredox catalysis is also 

well known, although largely for reduction of the bromide in the presence of an H atom 

source such as a tertiary amine (Scheme 2.10a).[105,106] Aryl and heteroaryl bromides have 

also been shown to add to double bonds in an overall reductive process, both intra-[113] 

and intermolecularly[114] (Schemes 2.10b and 2.10c, respectively), but no ATRA of aryl 

bromides using photoredox catalysis has been demonstrated.  
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Scheme 2.10 ï Examples of photoredox activation of (hetero)aryl bromides to perform a) reductions, b) 

intermolecular addition to alkenes and c) intramolecular addition to alkenes. 

 

Stephenson and co-workers utilised 2 equivalents of DIPEA with 2 equivalents of 

TTMSS as a hydrogen atom source with the reaction performed under air.[113] Meanwhile 

Francis and co-workers did not include TTMSS and instead used 10 equivalents of NEt3 

as their hydrogen atom source, performing the reaction under nitrogen.[106] The 

combination of [Ir(ppy)2(dtbbpy)]PF6 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 exploration of the addition of CïBr bonds to TCP commenced with the exact 

conditions of Stephensonôs work (Table 2.8, entry 1). Activation of the bromide 82 was 

efficient with no starting material remaining after 18 h, however the major product was 

the direct reduction of the bromide to give 43% of acetophenone 83. A small amount of 

addition to TCP with overall reduction to give 14% of the terminal BCP 84 occurred, 

along with 4% of the reduced staffane 84s; none of the expected ATRA product was 
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observed. Given TCP is volatile, and only a small amount of bicyclopentylated products 

were observed, 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 then performed 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).  

 

 

Entry 
x 

(equiv.) 
Amine 

y 

(equiv.) 
TTMSS? Air/N2 

Yield/a % 

82 83 84 84s 

1 2 DIPEA 2.2 Yes Air  0 43 14 4 

2b 2 DIPEA 2.2 Yes Air  0 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 

6c 2 DIPEA 2.2 Yes Air  7 26 12 2 

7 2 DIPEA 2.2 No Air  0 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 

11d 2 DIPEA 2.2 Yes Air  0 52 14 2 

12 2 NEt3 2.2 Yes Air  0 5 3 0 

13 2 NEt3 10 No N2 0 36 18 7 

14 2 DIPEA 10 No N2 0 14 8 2 

15e 5 DIPEA 2.2 Yes Air  60 10 12 10 

Table 2.8 ï Investigations towards the ATRA reaction of aryl bromides with TCP   a Yields calculated 

by 1H NMR spectroscopy using mesitylene as an internal standard.  b Reaction vial was sealed after 

set up. c Reaction performed at a higher concentration. d 1.1 equiv. TTMSS used.  e fac-Ir(ppy)3 was 

used instead. 
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In both cases, a significant increase in the amount of BCP 84 formation 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. As TTMSS is 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 remained and only 12% of 

the BCP was formed. Removing TTMSS entirely caused a large decrease in acetophenone 

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 without TTMSS, 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% of BCP 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 tertiary amine used from DIPEA 

to NEt3 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 overall conversion, however only 

18% of BCP 84, and 36% of acetophenone 83. Using DIPEA instead of NEt3 decreased 

the yield (entry 14). Finally, fac-Ir(ppy)3 was employed as this had been successful for 

aryl iodides and some alkyl bromides, however this largely returned unreacted starting 

material with only small amounts of 83, 84 and 84s 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 reduction[77], as well as addition of Grignards to TCP,[65] this 

method appeared to be an inefficient way to access the BCP-H product, and investigations 

ceased. 

 

2.8 Conclusions 
 

A mild and efficient method was developed for the synthesis of 1-iodo, 3-aryl 

bicyclo[1.1.1]pentanes through photoredox-catalysed atom transfer radical addition 

reactions (Scheme 2.11a). Both electron-deficient aryl iodides and a wide range of 

heteroaryl iodides were suitable for the reaction with tricyclo[1.1.1.01,3]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 number of alkyl iodides and activated 

bromides including more complex drug and agrochemical analogues, demonstrating the 

reaction's high functional group tolerance and suitability for late-stage functionalisations 

(Scheme 2.11b). The application of this methodology to the formal synthesis of BCP-

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 exploiting the high reactivity of TCP towards radicals, 

this reaction demonstrated the first photoredox-catalysed activation of a CïC ů-bond. The 

work presented in this chapter was published in ACS Catalysis in 2019.[112] 
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Scheme 2.11 ï a) Photoredox catalysed ATRA of aryl/heteroaryl iodides with TCP. b) Photoredox 

catalysed ATRA or iodides and bromides with TCP. 
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3 
3. Iron catalysed CïC Kumada cross-

coupling 

 

The use of iron salts to perform chemical transformations has become increasingly 

popular as a ñgreenerò, more sustainable alternative to reactions classically performed by 

noble metals such as palladium.[115] 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 with Ò10 ppm for most transition 

metals.[116] Iron is a versatile transition metal with formal oxidation states spanning īII to 

+VI, allowing it to perform both one and two electron transfers in reductive and oxidative 

processes, and to act as a Lewis acid in transformations such as the Friedel-Crafts 

reaction.[117] 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 cross-coupling reactions, for which a number of catalytic 

systems have been developed.[117ï119] 

The first example of an iron-catalysed CïC cross-coupling was reported by Kochi and 

co-workers in 1971.[120] They found that reaction of n-hexylmagnesium bromide and 

vinyl bromide in the presence of FeCl3 gave the cross-coupled product 85 (Scheme 3.1), 

although this catalyst failed to catalyse the cross-coupling of alkyl Grignard reagents with 

alkyl halides.    
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Scheme 3.1 ï First example of an iron catalysed CïC cross-coupling by Kochi 

 

Since this seminal discovery, there has been much work performed to develop cross-

couplings using iron, one of the most useful of which is the iron-catalysed Kumada cross-

coupling using Grignard reagents.  

 

3.1 Iron-catalysed cross-couplings of alkyl halides with aryl 

Grignard Reagents 
 

The first example of an iron-catalysed cross-coupling between alkyl halides and aryl 

Grignard reagents was reported in 2004 by Nakamura and co-workers.[121] They used 

catalytic amounts of FeCl3 and a stoichiometric amount of an additive in THF to cross-

couple various secondary alkyl chlorides, bromides and iodides with aryl Grignard 

reagents. While optimising the reaction between bromocycloheptane 86 and PhMgBr, 

they investigated a number of amine and phosphine additives, and found that the identity 

of this additive 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 product 88 (entries 2, 3 and 8) and very low yields of the desired product 

87. The use of DABCO (entry 4), NMP (entry 7) or dppe (entry 9) almost entirely 

prevented formation of the elimination product; however, formation of 87 was also low. 

When the diamine TMEDA was used, 87 was produced in 71% yield with 19% of the 

elimination product obtained (entry 5); however the use of the structurally similar 

TEEDA gave a poor yield (entry 6). Various other iron catalysts gave very variable results 

(0-32%), with the use of FeCl3 generally giving the best yield by a considerable amount  
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Entry Additive 
Additive 

equiv. 

Yielda/ % 

87 88 89 86 PhïPh 

1 - - 5 79 0 4 6 

2 Et3N 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 PPh3 0.1 6 70 Trace 6 7 

9 dppe 0.05 4 8 0 81 8 

Table 3.1 - a Yield determined by GC with decane as internal standard.  

 

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

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

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

amount of homo-coupling of the Grignard reagent by keeping its concentration relatively 

low. Using the optimised conditions of entry 5, a range of alkyl halides were cross-

coupled with aryl Grignard reagents in high yields (Scheme 3.2a). Secondary alkyl 

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

giving the best yield (87-99%). Electron-rich and neutral aryl Grignard reagents reacted 

much faster than those bearing electron-withdrawing groups, which gave a considerably 

lower yield. While the use of primary alkyl iodides and secondary alkyl halides was 
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reported, there are no instances of tertiary halides being subjected to cross-coupling under 

these reaction conditions.  

Later the same year, several other papers were published on iron-catalysed Kumada cross-

coupling between aryl Grignard reagents and akyl halides. Hayashi reported an Fe(acac)3 

catalysed cross-coupling[122] (Scheme 3.2b) based on the reaction conditions previously 

described by Cahiez[123] for cross-coupling alkyl Grignard reagents and aryl/alkenyl 

halides. Fe(acac)3 was 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.  

 

Scheme 3.2 ï Early Kumada cross-couplings between alkyl halides and aryl Grignard reagents. 

 

Shortly after, a cross-coupling was reported by Furstner using [Li(TMEDA)]2[Fe(C2H4)4] 

(Scheme 3.2c) which contains a highly reduced Fe(īII) centre.[124] Building on theories 
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that iron-magnesium clusters of composition [Fe(MgX)2]n played an important role in 

Kumada cross-couplings,[125,126] they selected this 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 halides in high yields (61ī97%), 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, Cahiez and co-workers noted the large excess of TMEDA used by Nakamura in 

the FeCl3/TMEDA catalytic system,[121] and the need to heat Et2O under reflux in 

Hayashiôs methodology, and sought to improve on this in order to find a set of conditions 

more suitable for large scale applications (Scheme 3.3).[127]  

 

Scheme 3.3 ï Kumada cross-coupling of alkyl halides and aryl Grignard reagents using TMEDA/HMTA 

additives. 

 

They favoured the use of Fe(acac)3, as FeCl3 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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by Nakamura, they found that Fe(acac)3 was a suitable catalyst for the cross-coupling of 

primary and secondary alkyl halides 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 cross-coupled products, and hence 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 between 2-iodobutane and phenylmagnesium bromide to 

proceed in 94% yield. 

Bedford et al. reported a Kumada cross-coupling of secondary halides with aryl Grignard 

reagents using an iron(III) salen-type catalyst,[128] building on work form Fürstner and co-

workers who had previously used similar iron complexes for the Kumada cross-coupling 

of aryl halides with alkyl Grignard reagents.[129] The scope reported for this system was 

limited, however they also conducted a study into the effect of varying ligand structure 

on yield (Scheme 3.4a). Increasing the diamine linker length or replacing it with an 

aromatic group caused a large decrease or total inhibition of catalytic activity (94 - 97). 

The addition of t-butyl groups on the aromatic rings of the ligand (95) gave the same yield 

as the unsubstituted equivalent (94), however this also led to a change in the distribution 

of products ï an increase in the homo-coupling of the cyclohexyl bromide to give 93, but 

a decrease in the amount of cyclohexane (92) formed from reduction of the halide. The 

use of a ketone-derived Schiff base ligand proved beneficial with a significant increase in 

yield when using 100 and 101, giving 72% and 60% yields of the cross-coupled product 

91 respectively. The following year, Bedford explored a range of simpler amine ligands 

in similar Kumada cross-coupling reactions,[130] and found that using NEt3, TMEDA and 

DABCO afforded high yields of cross-coupled product 91, with DABCO being optimal 

when secondary alkyl iodides were used (Scheme 3.4b). 
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Scheme 3.4 ï Investigation into the effect of a) the diamine ligand linker lengths and b) simple amine 

ligands on Kumada cross-couplings. 

 

Following this exploration of amine ligands, Bedford then investigated a range of mono- 

and bidentate phosphine ligands in the same cross-coupling reaction (Scheme 3.5).[131] 

When comparing monodentate ligands, they found that PCy3 (87%) was superior to aryl 

phosphines such as P(o-tol)3 (53%) and PPh3 (72%). After screening a range of 

monodentate phosphine ligands it was concluded that there were no specific trends 

between electronic or steric effects of the ligand and reaction yield. Monodentate 

phosphite ligands also performed well, with the more sterically bulky P(OC6H3-2,4-tBu2)3 

giving 82% yield, a substantial increase from the 67% yield achieved when using 

unsubstituted P(OPh)3. This trend was not mirrored when using the alkyl phosphite 

ligands: P(OMe)3 and P(Oi-Pr)3 both gave 83% of cross-coupled product 91, however 

P(OEt)3 only gave 69% yield.  
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Scheme 3.5 ï Investigation into the effect of a) the substituents on monodentate phosphine ligands and b) 

the diphosphine ligand linker length on Kumada cross-couplings. 

 

When examining bidentate phosphine ligands 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 one CH2 unit, 

up to 91% with a chain length of six CH2 units, 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 rigid cis-Ph2P(CH=CH)PPh2 gave a higher yield (82%) than its saturated 

equivalent Ph2P(CH2)2PPh2 (66%). While these trends were established when using 

cyclohexyl bromide as the electrophile coupling partner, three of the best ligands (PCy3, 

P(OC6H3-2,4-t-Bu2)3 and Ph2P(CH2)6PPh2) were also tried with the respective iodide, and 

all gave cross-coupled product 91 in good yields (75%, 85% and 81% respectively).  

Noting the hygroscopic nature of FeCl3 and requirement of Fe(acac)3 to be used in 

conjunction with amine additives, Kozak and co-workers sought to synthesise a non-

hygroscopic single component catalyst to carry out Kumada cross-couplings under mild 

reaction conditions.[132] They were able to synthesise an iron amine-bis(phenolate) 

complex in good yield, using Mannich condensations to form ligand L1 (Scheme 3.6). 
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This catalyst efficiently performed Kumada cross-coupling reactions at room temperature 

between various alkyl halides, including 1-iodopropane and 1-iodocyclohexane, and aryl 

Grignard reagents in good yields and short reaction times. 

 

Scheme 3.6 ï Use of amine tripodal ligands Kumada cross-couplings.  

 

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 (ligands L2 to 

L7).[133,134] These ligands could be used to perform cross-couplings in good yield 

(12ī99%), although in some specific instances, microwave irradiation was necessary to 

obtain good conversion. Hor and co-workers also synthesised an amine tripodal ligand 

L8 with pyrazolyl groups rather than phenolate.[135] This complex was successful in 

coupling primary and secondary bromides and iodides with simple aryl Grignard reagents 

in good yields (61ī99%).  
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A number of studies have been published on the use of [FeCl4]
ī ferrate complexes, often 

in combination with N-heterocyclic carbene (NHC) ligands, for the cross-coupling of aryl 

Grignard reagents with alkyl halides. First reported by Gaertner and co-workers in 2006 

using a relatively simple NHC ligand L9 (Scheme 3.7a),[136] the group were able to cross 

couple primary and secondary alkyl halides with simple aryl Grignard reagents in just 10 

minutes, obtaining good yields (20ī89%). This sparked further interest into similar FeX4-

NHC catalysts, with Zhang and co-workers publishing several effective reactions of this 

type,[137ï139] exploring both reactivity and mechanism between 2010ï2013 (Schemes 

3.7b ï 3.7d). More recently, Yamaguchi published a Kumada cross-coupling reaction 

using a different type of ferrate catalyst with an unusual 

bis(triphenylphosphoranylidene)ammonium cation (Scheme 3.7e).[140] This iron complex 

is both air- and moisture-stable and successfully catalysed the reaction of secondary and 

primary alkyl halides with aryl and benzyl Grignard reagents. 

 

Scheme 3.7 ï Use of iron ferrate complexes in Kumada cross-couplings 
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In 2011, Nakamura and co-workers reported a Kumada cross-coupling using an iron(II) 

complex possessing a bulky biphosphine ligand (L10, Scheme 3.8).[141] Building on 

reports by Nagashima that suggested the active iron species adopts a tetrahedral 

conformation,[142] they developed the bulky ligand to maintain the desired geometry 

around the iron centre during transmetallation with aryl Grignard reagents. This catalyst 

system gave cross-coupled products in consistently high yields, and the cross-coupling of 

octanyl iodide with a mesityl Grignard reagent afforded 102 in an excellent 93% yield. 

More impressively, the use of this ligand enabled the Kumada cross-coupling of 

adamantyl bromide with PhMgBr to give 103 in 81% yield, in a rare example of a Kumada 

cross-coupling using a tertiary halide. 

 

Scheme 3.8 ï Use of a bulky biphosphine ligand by Nakamura and co-workers for the Kumada cross-

coupling of 1°, 2°, and 3° alkyl halides with aryl Grignard reagents. 

 

While most reports of Kumada cross-couplings of alkyl halides with aryl Grignard 

reagents focused on the exploration of alkyl bromides, in 2014 Cossy and co-workers 

reported an effective cross-coupling of both protected iodoazetidines and 

iodopyrrolidines using FeCl2 ï an unusual example of an Fe(II) complex being utilised as 

precatalyst instead of its Fe(III) counterpart ï along with (R,R)-tetramethylcyclohexan-

1,2-diamine (L11) (Scheme 3.9a).[143] A range of electron rich and electron poor aryl 
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Grignard reagents underwent cross-coupling in good yield, and notably a 3-pyridyl 

Grignard reagent was also successful in the reaction, cross-coupling with azetidine 104 

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

and co-workers followed this work with a protocol for the Fe(acac)3/TMEDA catalysed 

cross-coupling of protected iodoazetidines with a range of aryl, heteroaryl, alkyl and vinyl 

Grignard reagents under mild conditions (Scheme 3.9b).[144] The reaction proceeded at 

ī20 °C in 2 h, however, 3 equivalents of the Grignard reagent and TMEDA were required 

ï considerably more than the 1.2 equivalents used by Cossy et al.. Nevertheless, this 

simple catalyst system enabled the cross-coupling of a much larger range of Grignard 

reagents than its predecessors, in moderate to excellent yields (32ï96%) including aryl, 

heteroaryl, alkyl and vinyl Grignard reagents.  

 

Scheme 3.9 ï Kumada cross-coupling of cyclic alkyl iodides with aryl Grignard reagents.  
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3.2 Kumada cross-coupling of tertiary alkyl halides 
 

While the Kumada cross-coupling of primary and secondary alkyl halides has been 

extensively explored with a plethora of efficient and diverse catalyst/ligand systems, the 

cross-coupling 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 adamantyl bromide by FeCl2(SciOPP) (FeCl2L10),[141] discussed in the 

previous section in Scheme 3.8. To the best of our knowledge, the only other report on 

tertiary halides involved the cross-coupling of adamantyl chloride and t-butyl chloride 

with phenylmagnesium bromide, under copper catalysis (Scheme 3.10).[145] While 

adamantyl chloride gave 105 in 78% yield, the t-butyl product 106 was only formed in 

38% yield and both reactions required heating to 80 °C for 18 h. No Kumada cross-

couplings of tertiary iodides were known. 

 

Scheme 3.10 ï Copper-catalysed Kumada cross-coupling of 3° alkyl chlorides with PhMgBr. 

 

 
With a large number of BCP iodides in hand via photoredox catalysis (see Chapter 2.4) 

or triethylborane-initiation (see Chapter 2.2.1), it was hoped that these could be used as 

substrates in an iron-catalysed cross-coupling with aryl Grignard reagents in order to 

provide another route to aryl-substituted BCPs. 
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3.2.1 Cross-coupling of bicyclo[1.1.1]pentanes 

 

Bicyclo[1.1.1]pentanes have previously been demonstrated to undergo cross-coupling 

with aryl groups, however this has largely involved the use of the BCP compound as the 

nucleophilic, organometallic component. For example, in 2017 Messner et al. 

demonstrated a Negishi cross-coupling of BCP-zinc reagents with aryl, heteroaryl and 

vinyl halides (Scheme 3.11).[64] Starting from the BCP iodide 107, t-BuLi was used to 

perform a lithium/halogen exchange followed by transmetallation with ZnCl2, affording 

108 as the nucleophilic component in the cross-coupling reaction. Using PdCl2(dppf) as 

catalyst, Negishi cross-couplings with various sp2 iodides and bromides were performed 

to afford 1,3-disubstituted BCPs in moderate to good yields. While a good range of halide 

coupling partners were tolerated, reaction times were relatively long ï 20 h or more ï and 

the use of t-BuLi makes this methodology unappealing from a safety perspective, as well 

as unsuitable for large scale reactions or late-stage functionalisation, and therefore 

problematic for industrial applications. 

 

Scheme 3.11 ï Negishi cross-coupling of BCP iodides. 
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Knochel and co-workers also developed a Negishi cross-coupling of zincated BCP 

compounds with aryl Grignard reagents.[65] Their approach began with heating TCP with 

2 equivalents of the Grignard reagent in diethyl ether at 100 °C in a sealed tube to afford 

the BCP-Grignard addition product 35 (Scheme 3.12). With this intermediate in hand, 

transmetallation with ZnCl2 formed the zincated BCP, which could then be submitted to 

Negishi cross-coupling with aryl halides to afford 1,3-disubstituted 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 pyrophoric t-BuLi, the need to heat 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 cross-coupling to aryl BCPs only.  

 

Scheme 3.12 ï Negishi cross-coupling of BCP-Grignard reagents. 

 

Although there are no generalised methods for the cross-coupling of BCPs where the BCP 

component acts as the electrophilic partner, two isolated examples did exist. Baran 

demonstrated that the cross-coupling of redox active esters with diaryl zinc species, 
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catalysed by Fe(acac)3, was also applicable to BCP 109 to afford aryl-BCP product 110 

in 35% yield (Scheme 3.13).[146] 

 

Scheme 3.13 ï Cross-coupling of BCP redox active esters. 

 

More recently Lalic and co-workers demonstrated the use of a photoinduced copper-

catalysed coupling of alkyl iodides with terminal alkynes in good yields (Scheme 

3.14).[147] They demonstrated the methodology on a range of alkyl iodides including three 

tertiary iodides; bicyclopentyl, bicyclooctyl, and adamantyl iodides to afford 111, 112, 

and 113 respectively.  

 

Scheme 3.14 ï Copper catalysed cross-coupling of a BCP iodide with alkynes. 
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While 113 was produced in 81% yield, 112 and 111 suffered a drop in yield, giving 43% 

and 53% respectively. While this methodology provided an isolated example of a BCP 

iodide acting as the electrophilic component in a cross-coupling reaction, it was only 

applicable to the use of terminal alkynes. 

Given the lack of a generalised cross-coupling methodology using BCP iodides, and the 

extensive precedent of Kumada cross-couplings with alkyl halides, it was desirable to 

develop an iron-catalysed cross-coupling of BCP iodides with aryl Grignard reagents. 

 

3.3 Kumada cross-coupling of BCP iodides with (hetero)aryl 

Grignard reagents 
 

Investigations into the optimisation of an iron-catalysed Kumada cross-coupling reaction 

using benzyl BCP iodide 114 and 4-MeO-PhMgBr were started by DPhil student Dimitri 

Caputo, and are described in his DPhil thesis.[148] The key findings from these initial 

optimisations are summarised in Tables 3.2 and 3.3.  

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 reaction being carried out 

in THF at room temperature for 30 minutes. The optimal iron catalyst in the absence of 

any additives was first explored (Table 3.2, entries 1-3). Fe(acac)3 proved to be the best 

catalyst, giving a 42% yield of cross-coupled product 115, with 23% of 

hydrodehalogenated 116 also being formed. Other iron catalysts such as FeCl3 and FeBr3 

did not perform as well, forming significantly less 115 and instead favouring the 

formation of 116. A wide range of amine and phosphine ligands were then screened under 

these conditions that had been shown to be successful in other Kumada cross-couplings 

(see Chapter 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 Kumada cross-couplings where 

dropwise addition of the Grignard reagent proved crucial to obtaining good 

yields,[121,127,141] an updated protocol was used in subsequent experiments, involving 

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 product 115 but 45% of 116 

(entry 4).  

 

Entry Catalyst Ligand Yield/b %  

114:115:116 

1 Fe(acac)3 - 0:42:23 

2 FeCl3 - 0:17:35 

3 FeBr3 - 0:17:35 

4a Fe(acac)3 - 0:9:45 

5a Fe(acac)3 dcypt 0:59:22 

6a Fe(acac)3 NEt3 0:12:46 

7a Fe(acac)3 DMEDA 0:18:49 

8a Fe(acac)3 TMEDA 0:66:9 

9a Fe(acac)3 PMDTA 0:17:37 

10a Fe(acac)3 1,3,5-

TCH 

0:12:45 

Table 3.2 ï Reactions performed by Dimitri Caputo. a Grignard 

added dropwise via syringe pump at 1.8 mL/ h. b Yields determined 

by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an 

internal standard. 

 

A number of bidentate phosphine ligands were then screened and while many did not 

improve the yield by much, the use of dcypt proved very effective, giving 115 in 59% 

yield with 22% of 116 (entry 5). Mono-, bi- and tridentate amine ligands were all also 



3. Iron-catalysed Kumada cross-coupling 

 

78 

screened, and while monodentate NEt3 only gave 12% yield of 115 (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 66% of 115 with only 

9% of 116 (entry 8). Stronger chelating ligands PMDTA and 1,3,5-TCH however did not 

perform well in the reaction giving only 17% and 12% of 115 respectively (entries 9 and 

10). 

Having identified Fe(acac)3 with TMEDA as the optimal catalyst system, the effects of 

the solvent, temperature, reaction concentration and Grignard reagent equivalents on the 

reaction were explored (Table 3.3). A number of solvents worked well in the reaction 

(entries 1-3) with THF giving the best yield. Increasing the temperature did not improve 

the yield of 115 (entry 4) and cooling the reaction temperature to 0 °C caused a reduction 

in yield to 58% (entry 5).  

 

Entry Solvent T/ °C y/ M x (equiv.) Yield/a % 

114:115:116  

1 THF rt 0.2 3 0:66:9 

2 Toluene rt 0.2 3 0:61:5 

3 Et2O 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 Caputo. a Yields determined by 1H NMR 

spectroscopy using 1,3,5-trimethoxybenzene 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 6 -8) caused an increase in yield to 73% of 115 with only 

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

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 this thesis, the optimisation of the reaction conditions as 

developed by Caputo for the cross-coupling was revisited. On repeating the previous 

optimised conditions, but increasing reaction time from 30 minutes to 1 h, an 82% yield 

of cross-coupled product 115 was obtained (Table 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 Grignard 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, and the yield of the reaction increased significantly to 86% (entry 3). 

 

Entry Reaction scale/ 

mmol 

Rate of Grignard 

addition/ mL/ h 

Yield/ % 

1 0.5 1.8  82 

2 0.2 1.8 77 

3 0.2 0.7 86 

Table 3.4 ï Effect of the rate of Grignard reagent addition.  
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Given the super-stoichiometric amount of TMEDA used by Nakamura[121] and 

Rueping,[144] and the benefit observed by Cahiez of using a combination of 

TMEDA/HMTA, [127] the effect of ligand stoichiometry was next investigated with the 

cross-coupling 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 premixing TMEDA with the Grignard reagent before addition was beneficial, 

however when applied to the BCP cross-coupling, only a trace amount of product was 

observed, with largely unreacted starting material remaining (entry 3). Use of HMTA 

either on its own or in combination with TMEDA decreased the yield to 68% and 74% 

respectively (entries 4 and 5). 

 

Entry Additive x/ mol% Yield/a % 

1 TMEDA 40 86 

2 TMEDA 160 78 

3 TMEDA (premixed with Grignard) 160 Traceb 

4 HMTA 40 68 

5 TMEDA/HMTA  40/20 74 

Table 3.5 ï Effect of TMEDA/HMTA equivalents. a Yields determined by 1H NMR 

spectroscopy using 1,3,5-trimethoxybenzene as an internal standard. b Mostly 

starting material remaining. 

 

Although super-stoichiometric 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 62% (Table 3.6, 

entries 1-4). There have been reports of cases of cross-couplings 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 this cross-coupling, Fe(acac)3 
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of 99.9% purity as used in the reaction (entry 5) ï higher than the sample used previously 

which was of 97% purity ï to see if this would decrease the yield of the reaction. 

However, the yield of the reaction was unchanged, still forming 82% of product. Lastly 

reactions were run with Fe(acac)3 as 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 Cu2O, the reaction did not go to completion. None of this evidence suggests copper 

impurities were responsible for the cross-coupling rather than Fe(acac)3 itself. 

 

Entry 
Fe(acac)3 

purity/ % 
x/ mol% 

Grignard addition 

rate/ mL/ h 
Additive Yield/a % 

 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 CuI 65 

7 97 20 0.7 Cu(acac)2 58 

8 97 20 0.7 CuO Incomplete 

reaction 

9 97 20 0.7 Cu2O Incomplete 

reaction 

Table 3.6 ï Investigations into whether copper impurities were involved in catalysing the 

cross-coupling. a Yields determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as 

an internal standard. 

 

With these additional results obtained, a range of ligands and solvents were re-screened 

under the improved protocol (Table 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 amine TMCD (entry 2). Tertiary 

bidentate phosphines 1,2-DPE (entry 3) and dcypt (entry 4) 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 byproduct 116 was also formed. TMEDA again proved to be the best 

ligand by a significant margin (entry 5), giving 90% yield (86% isolated yield) of 115 

with no starting material remaining and only 2% reduced BCP. 2-MeTHF, MTBE and 

toluene all gave good yields of 115 (entries 6-8) however THF still proved optimal. Using 

the LiCl óturboô Grignard adduct in the reaction did not improve the yield over a standard 

Grignard reagent (entry 9), while the use of Cu(acac)2 shut down the reaction entirely 

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

this cross-coupling. 

 

Entry 
Catalyst 

(20 mol%) 

Additive 

(40 mol%) 
Solvent 

Yield/a % 

114:115:116 

1 Fe(acac)3 DMEDA THF 22:5:9 

2 Fe(acac)3 TMCD THF 76:9:1 

3 Fe(acac)3 1,2-DPE THF 33:46:8 

4 Fe(acac)3 dcypt THF 20:55:11 

5 Fe(acac)3 TMEDA  THF 0:90:2 (86) 

6 Fe(acac)3 TMEDA 2-MeTHF 15:71:2 

7 Fe(acac)3 TMEDA MTBE 16:70:2 

8 Fe(acac)3 TMEDA Toluene 0:79:3 

9b Fe(acac)3 TMEDA THF 0:86:4 (79) 

10 Cu(acac)2 TMEDA THF 100:0:0 

Table 3.7 ï Rescreen of conditions a Yields determined by 1H NMR spectroscopy 

using 1,3,5-trimethoxybenzene as an internal standard b Reaction performed using 

4-MeOPhMgBr.LiCl. Reactions performed by Dr Jeremy Nugent. 
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3.4 Scope 
 

With optimised conditions in hand, the scope of the reaction was explored. The range of 

aryl Grignard reagents were first tested in the reaction (Figure 3.1). These experiments 

were performed in collaboration with Dr Jermey Nugent and Summer student Frank 

Nightingale, who are credited where appropriate.  

 

Figure 3.1 ï Scope of aryl Grignard reagents in the Kumada cross-coupling of BCP iodides. a Reaction 

performed by Dr Jeremy Nugent. b Reaction performed at 45 °C. c Reaction performed on 1 g scale. 
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BCP iodides 114 and 117  were cross-coupled with a wide range of aryl Grignard reagents 

in good to excellent yields. Aryl Grignards bearing electron-rich or neutral para-

substituents were well tolerated in the reaction of both 114 and 117, providing cross-

coupled products 115-137 in 53ï86% yield. Alkyl and alkoxy substituents all gave good 

yields of between 77% (128) and 86% (114, 132), while NMe2 substituted aryl BCP 118 

was formed in a slightly lower yield of 53%. Mildly electron withdrawing groups could 

be tolerated, with 4-FPhMgBr giving 71% and 61% of 120 and 134 respectively. More 

electron-withdrawing substituents were unfortunately not accommodated. Aryl Grignard 

reagents bearing meta substituents were also tolerated in the reaction giving good yields 

of cross coupled products 121 and 131 in 73% and 79% yield respectively, while 1,3-

dioxolane substituted 136 was formed in a slightly lower yield of 55%. Ortho-substituted 

Grignards were also successful in this reaction (122, 123 and 132), however in these 

cases, the reaction required gentle warming to 45 °C. 4-TMSPhMgBr cross-coupled 

efficiently with 117 to give 135 in 81%, and pleasingly when scaling this reaction to 1 g 

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

Having successfully cross-coupled a wide range of aryl Grignard reagents, the scope of 

heteroaryl Grignards was investigated (Figure 3.2). A number of these substrates were 

tolerated in the reaction (138 to 146), although these generally required warming to 45 °C. 

3-pyridyl Grignard was initially submitted to the cross-coupling with 117, however only 

27% of 138 was formed, and the reaction required heating to 60 °C with rapid addition of 

the Grignard reagent due to its instability. However on substituting the 3-pyridyl Grignard 

with an electron donating group, the yield increased dramatically, giving 49% and 55% 

of 139 and 140 respectively. The electron-rich 4-pyridyl Grignard also cross-coupled to 

give 141 in a slightly lower yield of 35%, however 2-pyridyl Grignards were not 

successful under the reaction conditions, largely undergoing homo-coupling of the 
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Grignard instead.  It is worth noting that 3 equivalents of the substituted pyridyl Grignard 

reagent are required to obtain a good yield. The benzofuryl Grignard cross-coupled 

efficiently in the reaction to give 142 in 67% yield without the need for excess equivalents 

of Grignard reagent or heating. N-heterocyclic products 143 to 146 were also formed in 

good yield (46%ī65%), with the reaction with the indazole Grignard proceeding at room 

temperature, forming 144 in 46% yield. 

 

Figure 3.2 ï Scope of heteroaryl Grignard reagents in the Kumada cross-coupling of BCP iodides. a 

Reaction performed at 65 °C, rapid addition of Grignard reagent. b Reaction performed by Dr Jeremy 

Nugent. c Reaction performed using 3.0 equivalents of Grignard reagent. d Reaction performed at room 

temperature.  

 

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

of BCP iodides were submitted to the reaction conditions with 4-MeO-PhMgBr 

(Figure 3.3). Boc-protected azetidine 147 was formed in 73% yield, and sulfone 

containing 148 was successfully formed in 67% yield. Ethyl ester 149 was formed in an 

excellent 95% yield, showing no undesirable addition of the Grignard reagent into the 

ester functionality. However, the more electrophilic ester group in 150 did suffer from  
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Figure 3.3 ï Scope of BCP iodides in the Kumada cross-coupling with PhMgBr. a Reaction performed by 

Dr Jerermy Nugent. b Reaction performed by Mr Frank Nightingale.  

 

competing addition of the Grignard reagent, and consequently a large decrease in yield 

was observed to 34%. 2-Pyridyl substituted BCP iodide cross-coupled in 69% yield to 

form mixed aryl BCP 151, and a double cross-coupling of the bis-bicyclopentylated 60 

was successfully performed to give 64% of 152.  More complex BCP iodides were also 

successful under the reaction conditions, giving 83% of the quinoline 153 and 40% of the 

nicotinic acid derivative 154.  

While a large range of aryl and heteroaryl Grignard reagents were well tolerated in the 

reaction, there were several classes of Grignard reagents that were not successful 

(Figure 3.4). Whereas para-fluorophenyl substituents were tolerated, para-CF3 

substituted 155 was too electron-poor to undergo successful cross-coupling. The ortho-

fluoro substituted Grignard reagent 156 was unsuccessful in the reaction, probably due to 

instability of the Grignard which can collapse to form a benzyne intermediate.[149,150] 
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More sterically demanding aryl Grignard reagents such as mesityl 157 were unable to 

undergo cross-coupling with the BCP iodide, and 5-membered heterocycles such as 158 

and 159 also produced no cross-coupled product. As noted, 2-pyridyl Grignard reagents 

such as 160 were unstable and underwent homo-coupling rather than reacting with the 

BCP iodide. Disappointingly, vinyl (161 and 162) and alkyl (163 and 164) Grignard 

reagents also showed no reactivity in the reaction. 

 

Figure 3.4 ï Unsuccessful Grignard reagents. 

 

 

3.5 Applications 
 

This cross-coupling methodology was successfully combined with the atom transfer 

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

(Scheme 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-

iodopropanoate 165, and a BCP-brequinar analogue 168 could also be synthesised in 2 

steps from quinoline 167. 
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Scheme 3.15 ï Synthesis of BCP-flurbiprofen by Dr Dimitri Caputo and synthesis of BCP-brequinar 

analogue by Dr Jeremy Nugent and Frank Nightingale. 

 

TMS substituted 135 could be successfully synthesised on a large scale in high yields (see 

Figure 3.1), enabling further derivatisation through ipso-substitution. As a result, 

functional groups that were incompatible with the cross-coupling conditions could be 

accessed (Scheme 3.16). Use of KBr and NCS gave bromide 169 in 69% yield, and use 

of ICl provided the iodide 170 in 64% yield. A Friedel-Crafts acylation could also be 

employed to form 171 in 67% yield.  

 

Scheme 3.16 ï Further functionalisations of cross-coupled products. 
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3.6 Mechanistic investigations 
 

While many iron-catalysed cross-couplings have been developed, elucidation of the 

mechanism of these reactions has remained challenging and under-developed. The 

difficulty in studying these systems is due to several factors. Firstly, organoiron 

intermediates formed during the reaction can 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 of which are paramagnetic and therefore difficult to 

characterise using NMR spectroscopy.[118] It is also common for multiple reactive iron 

complexes to form 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 

applying any observations to other systems must be done with caution.[151ï154]  

Several investigations into the mechanism of iron-catalysed Kumada cross-couplings of 

aryl Grignard reagents and alkyl halides using TMEDA as an additive have been 

conducted. Nagashima studied the FeCl3/TMEDA catalysed cross-coupling of a mesityl 

Grignard reagent with 1-bromooctane which gave 32% yield of the cross-coupled product 

172 after 18 h (Scheme 3.17a).[142] When FeCl3 and TMEDA were mixed with 3 

equivalents of mesityl Grignard, they isolated (TMEDA)Fe(mesityl) 2 (173), which upon 

resubmission to reaction conditions with 2 equivalents of 1-bromooctane formed 

(TMEDA)Fe(mesityl)Br (174) (Scheme 3.17b). Reaction of 173 with another equivalent  
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Scheme 3.17 ï Initial proposed mechanism for the FeCl3/TMEDA catalysed Kumada cross-couplings of 1-

bromoocatane with mesityl Grignard by Nagashima and co-workers. 

 

of 1-bromooctane proceeded at a faster rate than that of 174 with 1-bromooctane. 174 

also reacted with another equivalent of the Grignard to reform 173. Radical clock 

experiments showed 1-bromo-5-hexene treated with 173 gave the cross-coupled product 

175 but no cyclised/cross-coupled product 176 (Scheme 3.18).  

 

Scheme 3.18 ï Radical clock experiments performed by Nagashima and co-workers. 
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However, reaction of bromomethylcyclopropane gave a mixture of cross-coupling 

products, where most of the cyclopropane motif had ring opened prior to cross-coupling. 

This suggested the formation of a short-lived radical during the oxidation of Fe(II) to 

Fe(III).  

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

reaction where TMEDA was left out of the cross-coupling reaction, a slightly improved 

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

more octane and octene side products) were observed.[154] This suggested that TMEDA 

was not necessary for the cross-coupling mechanism itself but may help prevent other 

undesirable pathways from proceeding that form these side-products. They also found 

that while 173 is formed with low Grignard loadings, increasing the equivalents instead 

forms the homoleptic óateô complex 177 (Scheme 3.19) until it is the only paramagnetic 

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

 

Scheme 3.19 ï Proposed mechanism involving iron óateô complex by Bedford and co-workers. 
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177 reacts more efficiently with 1-bromooctane to give cross-coupled 172 and a 

paramagnetic species suggested to be 178. The group therefore suggested that cross-

coupling proceeds via 177 and 178, and 173 and 174 instead stabilise off-cycle species as 

TMEDA adducts to prevent other pathways that could lead to side-product formation, for 

example, through the formation of iron nanoparticles.  

The group also noted that reactions using bulky 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 

FeCl2/TMEDA and MesMgBr stays a clear orange colour, whereas with 4-Me-PhMgBr 

turned an opaque black suggesting the formation of iron nanoparticles, although these 

may themselves be active pre-catalysts. Bedford later found when investigating other 

amine ligands that the use of less labile  ligands in the presence of excess benzyl Grignard 

led to a decrease in the catalytic activity of the iron complex.[155] If 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 mixture turned black 

using labile ligands, again suggesting iron nanoparticle formation. 

Neidig also found the formation of homoleptic óateô complexes when reacting Fe(acac)3 

with excess equivalents of Grignard in the absence of additives, and characterised them 

using SC-XRD (Scheme 3.20).[156] They also found distinctive colour changes taking 

place with each additional equivalent of Grignard added. On reacting Fe(acac)3 with one 

equivalent of Grignard the reaction turned red, and complex 179 was isolated; on a second 

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

isolated, on addition of a third equivalent of Grignard reagent, 180 was formed and was 

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

Grignard forms a red solution and the dimeric compound 181 was isolated. 
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Scheme 3.20 ï Observed and identified iron complexes on reaction on Fe(acac)3 with 4-F-PhMgBr by 

Neidig and co-workers.  

 

181 appears similar to a dimeric version of homoleptic complex 177 proposed by 

Bedford, which was shown to be catalytically active in cross-coupling reactions with 

alkyl halides. The cross-couplings of BCP iodides with aryl Grignard reagents saw very 

similar colour changes as the Grignard reagent was added (Figure 3.5). 0.2 equivalents 

of Fe(acac)3 and 1.6 equivalents of Grignard were necessary for the reaction to go to 

completion which would also align with Neidigôs observation that it wasnôt until 3 

equivalents of Grignard (respective to iron) had been added that 181 started to form.  

 

Figure 3.5 ï Observed colour changes on slow addition of 4-MeOPhMgBr to a mixture of BCP iodide 114 

and Fe(acac)3/TMEDA in THF at room temperature. Photos taken by Dr Jeremy Nugent. 
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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 co-workers published a further paper reinvestigating the iron-

species formation and mechanism in the FeBr2/TMEDA-catalysed cross-coupling of aryl 

Grignard reagents with alkyl halides.[157] 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 applicable to more general Kumada 

cross-coupling using smaller nucleophiles. Therefore the óateô complex suggested by 

Bedford might in fact be a part of a less efficient catalytic pathway correlating with the 

low yield observed for the cross-coupling. They also noted that different iron species had 

been shown to form with mesityl Grignard reagents compared to phenyl Grignard 

reagents when bisphosphine ligands were employed.[158,159] Therefore Neidig used a 

combination of x-ray diffraction, 57Fe Mössbauer spectroscopy, 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 pathway remained ambiguous, they were able to 

demonstrate that for less sterically bulky Grignard reagents such as phenylmagnesium 

bromide, TMEDA-bound iron complexes are involved in the primary catalytic pathway 

(Scheme 3.21), stabilising a monomeric iron species. They found that 174 was involved 

in the cross-coupling pathway while 173 is a radical initiator that can also lead to 

homocoupling of the Grignard reagent. They noted that while the formation of any 

homoleptic iron complexes was not observed, these could contribute to the initiation of 

the catalysis in addition to 173. Overall, a mechanism was suggested that involves an 

Fe(II)/Fe(III)/Fe(I) cycle where catalysis is initiated by reaction of alkyl halide with 173 

to give alkyl radical and complex 182, which can undergo reductive elimination to give  
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Scheme 3.21 ï Recently proposed mechanism for Kumada cross-coupling of alkyl halides with aryl 

Grignard reagents using an iron catalyst and TMEDA additive by Neidig and co-workers 

 

the homocoupled Grignard product and complex 183. The alkyl radical can recombine 

with 174 to give complex 184 which can undergo reductive elimination to form the cross-

coupled product 186 and complex 183. This Fe(I) complex is now able to react with 

another alkyl halide to give the alkyl radical and complex 185 which on reaction with the 

Grignard reforms complex 174.  

. 

This mechanism could reasonably be applied to the cross-coupling of BCP iodides with 

aryl Grignard reagents under Fe(acac)3/TMEDA catalysis, except it would require an 

extra equivalent of Grignard with respect to the iron catalyst to initiate the reaction 

compared to the FeBr2 system studied by Neidig. This fits with the 0.2 equivalents of 

Fe(acac)3 used and 0.6 equivalents of Grignard reagent needed to be added until the 

reaction turns a black colour ï which could indicate the homoleptic complex 181 having 

been formed and the reaction being initiated.  
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To gain more insight into the mechanism of the cross-coupling of BCP iodides and aryl 

Grignard reagents, a series of competition experiments were carried out. A premixed 

solution of PhMgBr and 4-XPhMgBr was added at once to a solution of BCP iodide 117, 

Fe(acac)3, and TMEDA in THF, and then the ratio of cross-coupled products was 

measured by NMR spectroscopy using an internal standard. These product ratios were 

then compared to the Hammett constant for the functional group, X (Table 3.8), and 

plotted on a graph (Figure 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. 

 

X ůX 
Product Ratio: 

X/H 

OMe ī0.27 0.3 

OEt ī0.24 0.4 

t-Bu ī0.20 0.7 

Me ī0.17 0.6 

TMS ī0.07 1.0 

OPh ī0.03 0.7 

F 0.06 0.38 

2-Py 0.17 0.7 

m-OPh 0.25 0.7 

OCF3 0.35 0.11 

Table 3.8 ï Comparison of Hammett substituent constants 

and product ratios for competition experiments between 

PhMgBr and XPhMgBr. Product ratios calculated using 1H 

NMR spectroscopy in comparison to an internal standard of 

1,3,5-trimethoxybenzene. Reported ratios are an average 

taken from three experiments.  Substituents are para- unless 

indicated otherwise 

 

Surprisingly, the Hammett plot showed that both electron-rich and electron-poor 

Grignard reagents reacted at a slower rate than PhMgBr, with only 4-TMSPhMgBr 

reacting at the same rate. For electron rich Grignard reagents there is a positive correlation  



3. Iron-catalysed Kumada cross-coupling 

 

97 

 

Figure 3.6 ï Hammett plot for the Kumada cross-coupling of 117 with X-PhMgBr. 

 

between the Hammett constant and rate of reaction, giving a positive sensitivity (reaction) 

constant of ɟ = 1.57. This correlation is relatively strong, giving an R2 value of 0.73. The 

most electron donating group ï OMe ï 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 with 4-OMe-PhMgBr which gave 

one of the highest yields of 86% (see Figure 3.1). For substituents with positive Hammett 

constants (electron-withdrawing groups) however, the sensitivity constant is negative 

(ɟ = ī1.82). These electron-deficient Grignard reagents only give a weak negative 

correlation however, with an R2 value of 0.46. Norrby and co-workers also looked at the 

correlation between substituents and reaction rate in the cross-coupling of aryl Grignard 

reagents with bromocyclohexane and found a negative correlation for all substituents, 

however they found that halide substituents gave outlying results.[160] For the cross-

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

better correlation is seen with an R2 of 0.83. The inverted V-shape of the graph suggests 
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that there is a change in mechanism or a change in the rate determining step between 

electron-donating groups and electron-withdrawing groups. This provides significant 

insight into the reaction, and suggests there is the potential for further investigation into 

the precise mechanism in the future. 

 

3.7 Investigations towards tandem ATRA/cross-coupling 

reactions 
 

Having developed an ATRA reaction of a wide variety of iodides with TCP to form BCP 

iodides as well as a general methodology for their subsequent cross-coupling, the 

possibility of combining these two processes into a one-pot reaction was considered. 

 Kang and co-workers previously showed that FeCl2 could catalyse the tandem 

cyclisation/Kumada cross-coupling of iodide 187 with 4-MeOPhMgBr to form 188 in 

71% yield (Scheme 3.22), as well as cyclised products 189 and 190 in 20% and 6% yield 

respectively.[161] 

 

Scheme 3.22 ï Iron-catalysed tandem cyclisation/cross-coupling with aryl Grignard reagents by Kang and 

co-workers. 

 

To explore the mechanism of the iron-catalysed cross-coupling, Gutierrez used the 

tandem radical cyclisation/Kumada cross-coupling of Ŭ-chloro ester 191 and PhMgBr 

using Fe(acac)3 and a chiral phosphine ligand (Scheme 3.23) as a radical clock 

mechanistic probe.[162] After 1 h at 0 °C, a mixture of the direct cross-coupled product 
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192 (12% yield and 85:15 er), and the racemic tandem cyclised/cross-coupled product 

193 (40% yield) was formed.  

 

Scheme 3.23 ï Iron-catalysed tandem cyclisation/cross-coupling 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 when generated by triethylborane 

catalysis or photoredox catalysis (see Chapter 2), investigations were initiated as to 

whether iron could catalyse a tandem radical addition of iodides across TCP followed by 

a Kumada cross-coupling of the resulting BCP radical with aryl Grignard reagents. This 

would enable the two methodologies developed so far to be combined into a one-step 

procedure. Iodide 187 was used as an example substrate that has been shown to undergo 

both a photoredox-catalysed ATRA reaction with TCP to form 194,[112] and tandem 

cyclisation/cross-coupling to form 188.[161] Therefore, the reaction of 187 with TCP and 

4-MeOPhMgBr was investigated (Table 3.9). 

The initial conditions in entry 1 used 5 mol% of Fe(acac)3 with 2.2 equivalents of 4-MeO-

PhMgBr added at once to the reaction, and stirred for 1 h at 0 °C. The structures of 195 

and 194 were verified through authentic samples of each compound.  Pleasingly no 

starting material remained after this period, however none of the desired product 195 was 

observed. A very small amount of the BCP iodide ATRA product 194 was formed along 

with 50% of cyclised/cross-coupled product 188. Slow addition of the Grignard using a 
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syringe pump at 0.7 mL/ h (entry 2) gave a large increase in formation of BCP iodide 194 

to 30%, and a reduction of 188 to 24%, however, no 195 was observed. The addition of 

10 mol% of TMEDA (entry 3) led to a large decrease in conversion with 50% of unreacted 

starting material 187 remaining and only 13% and 17% of 194 and 188 respectively.  

 

 

Increasing the catalyst loading to 20 mol% increased the combined yield of 194 and 188, 

both with and without TMEDA (entries 4 and 5, respectively), the former of which 

significantly favoured the formation of cross-coupled product (85% yield). Interestingly, 

on switching the catalyst to FeCl2, 100% conversion of 187 to the BCP iodide product 

195 was observed (entry 6), however addition of TMEDA decreased the yield (entry 7). 

Entry Catalyst Additive y/ 

mol% 

x (equiv.) Grignard 

Addition 

Yield/a % 

187 195 194 188 

1 Fe(acac)3 - 5 2.2 Rapid 0 0 3 50 

2 Fe(acac)3 - 5 2.2 Slow 0 0 30 24 

3 Fe(acac)3 TMEDA 5 2.2 Slow 50 0 13 17 

4 Fe(acac)3 TMEDA 20 2.2 Slow 0 0 31 85 

5 Fe(acac)3 - 20 2.2 Slow 13 0 42 45 

6 FeCl2 - 5 2.2 Slow 0 0 100 0 

7 FeCl2 TMEDA 5 2.2 Slow 0 0 68 9 

8 FeCl2/Fe(acac)3 TMEDA 5/20 2.2 Slow 16 0 5 62 

9b FeCl2/Fe(acac)3 TMEDA 5/20 2.2 Slow 17 0 24 47 

10c FeCl2 - 5 0.2 × 5 Rapid 12 0 62 22 

11cd FeCl2 - 5 0.2 × 5 Rapid 46 0 10 23 

12 FeCl2 - 5 2.2 Slow 0 0 82e 0 

Table 3.9 ï a Yield calculated by 1H NMR spectroscopy using an internal standard of 1,3,5-

trimethoxybenzene. b 0.2 equivalents of Grignard added at once, the reaction stirred for an hour, then 

Fe(acac)3 and TMEDA were added and a further 2 equivalents of Grignard added via syringe pump. c 0.2 

equivalents added at start of reaction then another 0.2 equivalents added every hour for a total of 5 hours. 
d Reaction run at room temperature. e Reaction started at 0 °C then allowed to warn to rt. Product 

appeared to be a mixture of 194 and another BCP containing compound that could not be identified, with 

total yield equalling 82%, measured by integration of the two BCP peaks.  
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To promote both the ATRA and cross-coupling reactions, the reaction was performed 

with both iron salts present (entry 8). At the end of reaction, 16% of unreacted starting 

material remained, 5% of 194 had formed but the majority had been cross-coupled to 

form product 188 in 62% yield. To prevent premature cross-coupling of the ATRC 

product before the capture of TCP, several experiments were performed with portionwise 

addition of the Grignard reagents both at 0°C and room temperature (entries 9 ï 12). In 

all cases however, no tandem ATRA/cross-coupled was observed. 

It appeared that once the BCP iodide 194 was formed, the iodide could not be reactivated 

by the iron catalyst to undergo a further cross-coupling under the reaction conditions. 

However, the primary radical formed by cyclisation prior to the capture of TCP appears 

to be very reactive and can undergo efficient cross-coupling with the Grignard reagent 

before the BCP can form. The reaction of the bromide equivalent 196 to iodide 187 was 

therefore subject to the reaction conditions as bromides undergo far less efficient ATRA 

and therefore, if formed, the BCP-radical may be longer lived and so have more 

opportunity to subsequently undergo cross-coupling. Unfortunately, formation of the 

desired product 195 was not observed (Scheme 3.24). 

 

Scheme 3.24 ï Unsuccessful use of alkyl bromide 196 in the tandem cyclisation/cross-coupling reaction 

with 4-MeO-PhMgBr. 

 

The tandem reaction was also attempted with iodo-piperidine 197 which 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 cross-coupling. The BCP iodide 117 
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has also been shown to undergo cross-coupling with aryl Grignard reagents in high yield. 

Iodo-piperidine 197 was therefore subjected to the reaction with FeCl2 (Scheme 3.25) 

and Fe(acac)3, however only low amounts of the ATRA product was observed in both 

cases, and no cross-coupling products were formed. 

 

Scheme 3.25 ï Unsuccessful use of 197 in tandem ATRA/cross-coupling reaction with 4-MeOPhMgBr. 

 

Throughout these experiments none of desired product 195 was ever observed even in 

trace amounts. While iron salts could be used to perform ATRC/ATRA reactions to form 

the BCP iodide or ATRC/cross-coupling reaction to form the prematurely cross-coupled 

product, these two reactions did not occur sequentially under any of the conditions 

investigated.  

 

3.8 Conclusions 

 
An efficient Kumada cross-coupling of BCP iodides with a large range of aryl and 

heteroaryl Grignard reagents was developed, giving high yields of the cross-coupled 

products. The catalytic system used cheap and readily available Fe(acac)3 in combination 

with TMEDA as an additive, and most reactions proceeded at room temperature within 

an hour. Aryl Grignard reagents substituted with ortho-, meta- or para-substituents were 

tolerated as well as other functionalities, including ester and sulfonyl groups. Grignard 

reagents bearing electron-donating, neutral and mildly withdrawing substituents could be 
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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 

cross-coupling of BCPs as the electrophilic component, and the first example of the 

Kumada cross-coupling of a tertiary iodide. The work presented in this chapter was 

published in Angewandte Chemie in 2020.[163] 

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 

such a tandem reaction could be a valuable focus area for future work, as well as further 

study of the ability of iron catalysts to promote addition reactions to TCP. 
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4 
4. 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 

groups,[164] and in turn these boronates have been accessed in many ways, including 

photocatalytic methods, decarboxylative or deaminative borylations, and transition metal 

assisted borylations.[165]  A particularly valuable method is through the catalytic cross-

coupling of alkyl halides. In particular copper-catalysed 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 copper-catalysed borylations of unactivated alkyl halides was developed 

by Liu and co-workers in 2012.[166] Based on previous work developed by Marder et al. 

demonstrating the copper-catalysed borylation of aryl halides,[167] and Liuôs cross-

coupling of alkyl electrophiles and aryl boronic esters using similar conditions,[168] they 

used a CuI catalyst along with PPh3, LiOMe and B2pin2 to form alkyl-Bpin species in 

good yields from primary and secondary alkyl halides (Scheme 4.1a).  
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Scheme 4.1 ï Copper(I)-catalysed borylations of alkyl halides. 

 

Around the same time, Ito et al. reported a similar borylation reaction of alkyl halides.[169] 

They also used a copper(I) catalyst, phosphine ligand and a base to perform the 

transformation, but were able to use lower catalyst loadings, although extended reaction 

times were sometimes necessary (Scheme 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 order to perform the enantioconvergent borylation of various 

racemic benzyl chlorides in good yields and high ee (Scheme 4.1c).[170]  

Copper(II) catalysts have also been shown to catalyse the borylation of alkyl halides. In 

2015. Deng and co-workers reported the borylation of alkyl halides using Cu(CF3SO3)2 

and either B2pin2 or bis(neopentylglycolato)diboron 198 to form primary and secondary 
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borylated products in moderate to good yields (Scheme 4.2a).[171] They used an amino 

acid based ligand ï dimethylglycine (proline, alanine, phenylalanine and cystine were 

also successful) ï as a cheap and environmentally benign ligand for a ógreenerô reaction. 

In 2016, Marder reported the use of CuCl2 with an NHC ligand to catalyse the borylation 

of alkyl halides (Scheme 4.2b).[172] Notably, the reaction was performed in air and a 

number of tertiary chlorides and bromides were successfully borylated, although higher 

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

 

Scheme 4.2 ï Copper(II)-catalysed borylations of alkyl halides. 
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4.2  Synthesis of 1-bicyclo[1.1.1]pentyl alcohols 
 

The synthesis of 1-bicyclo[1.1.1]pentyl alcohols is desirable for their use as phenol 

bioisosteres in the drug discovery process, as phenols are commonly found in biologically 

active molecules (Figure 4.1).[173ï175]  

 

Figure 4.1 ï Phenol-containing drug compounds. 

The synthesis of a hydroxylated BCP as a drug analogue was first demonstrated by 

Adsool and co-workers in 2017 (Scheme 4.3), who synthesised BCP-resveratrol in 11 

steps from the commercially available BCP 199.[176] Five steps were required just to 

install the hydroxy group on the BCP unit. This began with hydrolysis of the ester group 

in 200 to give carboxylic acid 201, followed by the formation of the Weinreb amide and 

addition of PhMgBr to form the ketone 202. A Baeyer-Villiger oxidation then converted 

the ketone 202 to the ester in 203 using m-CPBA. After several other transformations, the 

protected alcohol in 204 could be deprotected using MeLi·LiBr to give BCP-resveratrol 

with the unprotected alcohol 205 in an overall 8% yield over 11 steps. 

While this synthesis benefitted from using the commercially available BCP 199 as the 

starting material, converting this to the alcohol requires 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 next section. 

 

Scheme 4.3 ï Synthesis of BCP-resveratrol by Adsool and co-workers. 

 

 

 

4.2.1 Synthesis and oxidation of pinacolato borane-substituted 

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 BCP-Bpin compounds to BCP-alcohols is demonstrated in 

most reports, although  typically as an individual exemplary reaction rather than an 
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optimised procedure. In 2020, Aggarwal and co-workers reported the addition of 

Grignard reagents across the central bond of TCP followed by the addition of various 

boronic esters in a 3-component reaction to form BCP-boronate complexes.[177] The main 

focus of this work was using alkenyl boronic esters to form BCP-boronate complexes 

which could undergo 1,2-migration and boron elimination upon addition of iodine and 

sodium methoxide to give alkenyl-BCPs. However, they also demonstrated an example 

of adding a tolyl Grignard reagent 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 BCP-alcohol 206 in 95% yield (Scheme 4.4). 

 

Scheme 4.4 ï Borylation and subsequent oxidation of BCP-Grignard reagents. 

The following year, several more procedures for the synthesis of BCP-Bpin compounds 

were reported. Building on their previous work on the synthesis of BCP benzylamines 

(see Chapter 1.4.3, Scheme 1.9),[178] Walsh described a three-component reaction 

between 2-azaallyl anions, TCP and a large excess of i-PrOBpin to form a range of 

benzylamine BCP-boronates (Scheme 4.5).[179]  

 

Scheme 4.5 ï Synthesis and oxidation of benzylamine BCP-boronates. 
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They demonstrated a range of further functionalisations of the boronate products, 

including an oxidation using NaBO3 to form the alcohol in 78% yield.  

Based on previous work using redox active esters and copper catalysis to form a wide 

range of alkyl-Bpin compounds,[180] Baran and co-workers demonstrated the ability to use 

an electrochemical decarboxylative borylation to form a wide variety of alkyl-Bpin 

products, including a Bpin-substituted BCP in reasonable yield (Scheme 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 demonstrated, so its applicability to a wider range of BCP 

compounds is uncertain. 

 

Scheme 4.6 ï Electrochemical decarboxylative borylation of BCP redox active esters. 

Qin and co-workers accessed a diverse range of BCP boronic esters via an innovative 

intramolecular coupling of highly substituted cyclobutanones (Scheme 4.7).[182] By 

initially forming a sulfonyl hydrazone intermediate 208 from the cyclobutanone 207, they 

were able to perform a base-promoted intramolecular cyclisation 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 an oxidation using 

NaOAc and 10 equivalents of H2O2 to obtain the alcohol in good yield.  
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Scheme 4.7 ï Synthesis and oxidation of BCP-boronates 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 BCP-alcohols from BCP iodides. In 2017, 

Auberson and co-workers demonstrated a multi-step synthesis of the amino acid BCP-

alcohol 210 from iodide 211 en route to making their desired BCP 214 (Scheme 4.8).[15] 

They employed SnBu3H as a radical initiator along with biacetyl to form the acetyl BCP 

212. From there, they employed a similar strategy to Adsool and co-workers[183] (see 

Chapter 4.2, Scheme 4.3) in performing a Baeyer-Villiger reaction with m-CPBA to 

form the ester 213, followed by acid hydrolysis to form the BCP alcohol 210.  

 

Scheme 4.8 ï Synthesis of a BCP-alcohol from a BCP iodide by Auberson and co-workers. 
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The Anderson group previously demonstrated a one-step reaction from BCP iodide 114 

to form the corresponding BCP-alcohol 215 in good yield (Scheme 4.9).[77] They used t-

BuLi to perform a lithium/halogen exchange reaction with the iodide followed by 

quenching with a mixed boronic ester. The borylated intermediate could then be oxidised 

by sodium perborate to give 215 in 61% yield. While this method provides a fast route to 

the BCP-alcohol in good yield, the use of t-BuLi limits the applicability of this method 

and its scalability. 

 

Scheme 4.9 ï Synthesis of a BCP-alcohol through lithiation and borylation of a BCP iodide. 

 

Given that there is good precedent demonstrating the ability of copper catalysts to 

borylate alkyl halides, a similar catalytic system could provide a significantly milder and 

more scalable method for the borylation of BCP iodides. In particular, copper-catalysed 

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 BCP-alcohols. 

 

 

4.3 Optimisation of the copper-catalysed borylation and 

oxidation of iodo-bicyclo[1.1.1]pentanes 
 

Investigations into the optimisation of a copper-catalysed borylation / oxidation of iodo-

BCPs was initially started by collaborators at Merck, who provided us with details of their 
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preliminary studies. Their work is credited in scheme legends where appropriate. They 

began by investigating the copper-catalysed borylation of the protected amino acid iodo-

BCP derivative 211 (Scheme 4.10), using conditions based on Marderôs copper(II)-

catalysed borylation (see Scheme 4.2b).[172] Although they tried a variety of copper(II) 

catalysts, phosphine and NHC ligands, and bases in all possible combinations, only 

unreacted starting material was observed in all instances.  

 

Scheme 4.10 ï Investigations by Merck towards a copper(II)-catalysed 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 copper(II) catalysts, they then explored the borylation 

using CuI as a copper(I) catalyst and using conditions similar to those used by Liu (see 

Scheme 4.1a).[166] They used B2pin2 and LiOMe with CuI as a catalyst, and tested a range 

of phosphine ligands in the reaction in DMF at 45 °C for 12 h (Table 4.1). They found 

that a mixture of products was observed including the desired BCP-Bpin 216, as well as 

the boronic acid 217 (although this was suspected to arise from 216 being hydrolysed 

during analysis of the reaction mixture performed through mass spectroscopy), and the 

reduced BCP 218. The highest combined yield observed of 216 and 217 was obtained 

when either dppf or SPhos were used as ligands (entries 1 and 2, respectively), giving a 

combined yield of 48%. Almost as successful in the reaction were PPh3, PCy3 and 
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BINAP, which gave 42%, 41% and 39% combined yields respectively (entries 3, 4 and 

5, respectively). PPh3 had given a sufficiently high yield compared to the reaction with 

dppf and SPhos, but is also significantly cheaper and, therefore, was chosen to investigate 

a large-scale reaction.  

 

Entry Ligand 
 Yield/ % 

211 216 217 216+217 218 

1 dppf 0 40 8 48 23 

2 SPhos 0 37 11 48 22 

3 PPh3 0 32 10 42 21 

4 PCy3 0 28 13 41 36 

5 BINAP 0 30 9 39 33 

6 Xantphos 0 36 0 36 17 

7 CataxiumA Pd G2 0 26 10 36 12 

8 P(t-Bu)3 0 17 5 23 16 

9 XPhos 0 21 9 30 27 

10 (PdCl2AmPhos)2 0 0 17 17 44 

Table 4.1 ï Investigations by Merck towards a copper(I)-catalysed borylation of 

BCP iodides. All reactions performed by Merck. 

 

The Cbz-protected BCP iodide 219 was chosen for the large-scale reaction; submitting 

40 g (93 mmol) of the starting material to the reaction conditions gave 40 g of the 

unpurified BCP-Bpin 220 after an aqueous work up (Scheme 4.11). This compound was 

then redissolved in THF and submitted to an oxidation using 1.2 equivalents each of urea 

hydrogen peroxide (UHP) and NaOAc, similar to the conditions used by Aggarwal and 

Qin,[177,182] to afford the BCP alcohol 221 in 54% yield (50 mmol) over two steps.  
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Scheme 4.11 ï Large scale copper-catalysed borylation / oxidation of a BCP iodide by Merck. 

To begin the investigations in this thesis, the reaction of the Cbz-protected BCP iodide 

219 was repeated (although both reaction steps were left for 18 h to promote full 

conversion), and a 54% isolated yield of BCP alcohol 221 was obtained ï 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 alcohol 221 compared 

to B2pin2 (Table 4.2, entries 1 ï 4). Using 2 equivalents of B2pin2 instead of 1.5 reduced 

the yield of 221 to 44% (entry 5), and using 20 mol% of CuI was also detrimental to the 

yield (entry 6). The four phosphine ligands that had produced the best yields in the 

experiments performed by Merck were then also investigated in the reaction with 219. 

Using dppf produced a significantly lower yield of 221 than PPh3 (23%, entry 7), whereas 

the use of BINAP, SPhos and PCy3 all gave similar good yields of between 50ï55% 

(entries 8 ï 10). The use of PPh3 as a ligand still proved to be optimal for this reaction in 

our hands. 

 

Entry Boron Dimer x (equiv.) Ligand Yield/a % 

1 B2pin2 1.5 PPh3 64(54) 

2 B2(cat)2 1.5 PPh3 8 

3 B2(OH)4 1.5 PPh3 5 

4b Bis(neopentyl 

glycolato)diboron 

1.5 PPh3 7 

5 B2pin2 2 PPh3 44 

6b B2pin2 1.5 PPh3 34 
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7 B2pin2 1.5 Dppf 23 

8 B2pin2 1.5 BINAP 50 

9 B2pin2 1.5 SPhos 55 

10 B2pin2 1.5 PCy3 51 

Table 4.2 ï Optimisation of boron dimer and ligands. a Yields calculated by 

NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard. 

Yields in parentheses are isolated yields.  b 20 mol% of CuI was used.  

 

The effect of the identity of the base on the reaction was next investigated. To avoid 

transesterification of the methyl ester of the amino acid BCP 219, piperidine BCP iodide 

117 was used instead. The use of LiOMe gave the BCP-alcohol product 222 in 64% yield 

(Table 4.3, entry 1). The use of tert-butoxide bases proved to be detrimental, with both 

the lithium and potassium salts giving 25% yield of 222 (entries 2 and 3). The use of 

silanolate bases gave increased yields (30ï38%, entries 4 and 5) compared to the tert-

butoxide bases, but these yields were still significantly lower than the reaction with 

LiOMe.  

 

Entry Base Yield/a % 

1 LiOMe 64 

2 LiOt-Bu 25 

3 KOt-Bu 25 

4 NaOSiMe3 38 

5 KOSiMe3 30 

Table 4.3 ï Investigations into the effect of the 

identity of the base in the copper-catalysed 

borylation of BCP iodides. a Yields calculated by 

NMR spectroscopy using 1,3,5-trimethoxybenzene 

as an internal standard. 

 

The effects of the reaction temperature and duration on the borylation of 219 were also 

investigated. At both 35 °C and 45 °C, the borylation was stopped at a series of time 
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points over 44 hours, and then submitted to the oxidation (Figure 4.2, yields  reported are 

for the BCP-alcohol). 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 boronate product over time, although no identifiable decomposition 

products could be isolated. At 45 °C, 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%, similar to that observed at 35 °C. Temperature clearly has a strong effect 

on the rate of the reaction; the maximum yield obtained significantly decreases at the 

higher temperature of 45 °C, accompanied by a much sharper switch to product 

degradation. 

 

 

Figure 4.2 ï Investigations into the effects of temperature on the borylation of BCP iodide 219 over 44 

hours. 
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As the reaction at 35 °C had formed the maximum yield of 221 at 20 h, the reaction was 

investigated at a range of temperatures for 20 h (Figure 4.3). The highest yield was 

observed after 20 h for the reaction at 35 °C (64%) , with a decrease in yield at 

temperatures both above and below this optimal temperature (48 ï 63%). The yield 

decreases more rapidly at higher temperatures (between 35 °C to 45 °C) than at lower 

temperatures (between rt to 35 °C), which may again reflect the more rapid decomposition 

of the oxidation product at higher temperatures. 

 

 

 

Figure 4.3 ï Effect of temperature on the copper-catalysed borylation of BCP iodides. 

 

Finally the length of time needed for the oxidation of the BCP-Bpin intermediate was 

investigated. After the borylation step, intermediate 220 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 rapidly within 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 to take place.  

 

 

Entry t/ h Yield/a % 

1 2 57 

2 4 64 

3 20 65 

Table 4.4 ï Progression of the oxidation 

of the BCP boronate ester with time. a 

Yields calculated by NMR spectroscopy 

using 1,3,5-trimethoxybenzene as an 

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 explore the scope 

of BCP iodides tolerated in the reaction (Figure 4.4). The scope of the reaction was 

investigated in collaboration with an MRes student, Nils Frank. As discussed in section 

4.3, iodides 219 and 117 could be subjected to the reaction to obtain 221 and 222  in 54% 

and 64% yield, respectively.  Esters 223 and 224 could also be formed in 56% and 45% 

yield respectively, as well as sulfone 225 which was made in 50% yield. Benzyl BCP-

alcohol 226 could be isolated in 41% yield and heteroaryl BCP iodides also successfully 

underwent borylation and subsequent oxidation to give the pyridyl (227) and quinoline 

(228) BCP-alcohol products in 48% and 25% yield respectively.  



4. Borylation and oxidation  

 

120 

 

Figure 4.4 ï Investigations into the scope of the copper-catalysed borylation and subsequent oxidation of 

BCP iodides. a Reaction performed by Nils Frank. 

 

Interestingly, when substrates bearing a BCP unit at the Ŭ-carbonyl position of an aryl- 

or heteroaryl-substituted ketone were used, such as 229 or 230 (Scheme 4.12), a 

rearrangement occurs during the borylation step. Instead of undergoing direct borylation, 

the BCP group fragments and the tertiary Bpin-substituted exo-methylene cyclobutane 

231 was isolated in 39% yield instead (see Section 4.5 for mechanistic discussion).  

 

Scheme 4.12 ï Observed fragmentation and subsequent borylation of BCP iodides bearing 

(hetero)aromatic-substituted ketones under copper(I)-catalysed conditions.  

 

With the phenyl-substituted ketone substrate 230, 1H NMR analysis of a sample of the 

reaction mixture after aqueous work-up showed the characteristic signals associated with 
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the terminal alkene and cyclobutane protons of the corresponding methylene cyclobutane 

fragmentation product 232. 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 that could not be separated from the desired 

product was observed. This was identified as the oxidised THF compound 

tetrahydrofuran-2-ol, where the solvent was being oxidised preferentially to the BCP-

Bpin intermediate. Two sources of THF solvent had been used for performing these 

oxidations, one of which contained THF stabilised with butylated hydroxytoluene (BHT) 

and the other contained non-stabilised THF. When non-stabilised THF was used, 

oxidation of the solvent was observed. However, if stabilised THF was used, 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 oxidative CïH aminations of THF,[184] and it is therefore possible 

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 alternative 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 copper-catalysed borylation of alkyl halides is yet to be fully 

elucidated; however, multiple radical clock experiments have been performed using 

various reaction conditions that suggest a radical-mediated pathway.[166,169,172]  
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Further mechanistic investigations were performed by Ito and co-workers while they were 

exploring an enantioconvergent borylation, and this is now the generally accepted 

mechanism.[170] They performed the borylation reaction between benzyl chloride 233 and 

B2pin2 in the presence of different amounts of the base KOMe (Scheme 4.13a). Using 

one equivalent of KOMe relative to the copper(I) salt, ligand, and B2pin2 afforded poorer 

reactivity and enantioselectivity (39%, 50% ee) than in the optimised reaction conditions 

using 1.2 equivalents of base (70%, 86% ee). When two equivalents of KOMe were used, 

however, the reactivity and enantioselectivity were much improved (71%, 84% ee). This 

suggests that use of an excess of base is important for the generation of the catalytic 

species. From these studies, combined with computational studies investigating the origin 

of the enantioselectivity in the transition state, they proposed the mechanism shown in 

Scheme 4.13b.  

 

Scheme 4.13 ï Experiments to probe reaction stoichiometry and the proposed mechanism of the 

enantioconvergent copper-catalysed borylation of benzylic chlorides by Ito and co-workers.  




































