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Abstract 

Transition metal-catalysed reactions are ubiquitous in chemical processes. Their applications 

in small-molecule activation are observed across a range of industries however there are issues 

associated with their use. Platinum-group catalysts dominate homogeneous catalysis despite 

issues associated with their scarcity. First-row transition metals have received much attention 

for their reactivity, and their increased abundance provides an advantage over second and 

third-row metals. Stringent regulations on the presence of trace metals in pharmaceutical 

products, however, means that any metal-catalysed process has an associated cost with 

removing trace metals completely. Main-group elements offer potentially transition metal-free 

catalytic systems, avoiding the need to remove residual metals. Two-electron processes, highly 

developed for d-block catalysis, are difficult to apply to p-block elements due to their lack of 

d-orbital electrons. As such, for efficient metal-free catalysis to be developed, a different 

approach is necessary.  

There are reports on the use of borane reagents as catalysts for hydroboration and borylation, 

proceeding through a transborylation mechanism. Transborylation is the redistribution of 

groups around boron atoms, akin to transmetalation. This mode of reactivity is an alternative 

turnover-enabling step to traditional oxidative addition, transmetalation and reductive 

elimination associated with transition metal-catalysts.  

The generation of boronic esters by alkene and alkyne hydroboration has been reported using 

H-BR2 catalysts and H-B(OR)2 turnover reagents such as pinacolborane. Mechanistic 

investigations propose that these systems proceed through an initial hydroboration of the 

substrate, by the catalyst, before a transborylation step where a C-BR2/H-B(OR)2 exchange 

occurs to regenerate the catalyst. Reported systems rely on harnessing established 

stoichiometric activity for catalysis. For borane catalysis to become widespread, however, 

transborylation must be utilised in a range of reactions.  

An investigation into enantioselective hydroboration, catalysed by a borane species, has been 

reported in this work. By harnessing the established reactivity of stoichiometric borane species 

for catalysis, a method for the enantioselective hydroboration of ketones has been developed. 

This system demonstrated transborylation for O-BR2/H-B(OR)2 exchange. Further, an 

enantioselective borane catalyst for alkene hydroboration has been identified and investigated. 

Initial examples of transborylation as a method for enantioselective main-group catalysis have 

been described, providing evidence that main-group catalysis has the potential to complement 

the reactivity of established platinum-group catalysts.  
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Figure 1: Transborylation for catalysis 

 

 

 

 

 

 

 

The focus of this work is metal-free catalysis however abundant first-row transition metals 

also offer advantages over platinum-group metals, due to the reduced environmental impact 

associated with their use. Here, the development of iron-catalysed systems for small-molecule 

catalysis and materials applications is also described. A mechanistic investigation into a Heck-

type alkenylation catalysed by a simple iron salt is discussed and the initial development of an 

iron-catalysed cross-coupling system for poly-3-hexylthiophene synthesis is reported. These 

projects have investigated the use of iron as a sustainable alternative to third-row transition 

metals in catalysis, further demonstrating the catalytic potential of elements across the periodic 

table, with an aim toward improving the sustainability of chemical industries. 
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Lay Summary 

Synthetic chemistry is everywhere in modern society. Drugs, agrochemicals and cleaning 

products are all synthesised in the chemical industry, along with materials such as plastics that 

can be found everywhere from electronic screens to kitchen utensils. The production of these 

chemicals requires catalysts. Catalysts are components that enable the transformation of one 

chemical species into another. They do this by lowering the energy required for a reaction to 

happen and, importantly, they remain unchanged at the end of the process. 

Industrial processes rely on catalysts because they reduce the energy input required in a 

synthetic procedure and as, theoretically, they can be recovered after a reaction, the associated 

waste is reduced. The development and application of catalysts within the chemical industry 

has enabled an increase in efficiency and sustainability across the sector. However, catalysis 

is dominated by rare, precious transition metals such as palladium, rhodium and platinum. This 

is a problem due to the difficulties in mining and transporting these elements and the associated 

risks and costs. For chemical industries to increase their sustainability, elements of  greater 

abundance should be depended on. 

Rare metals are largely used as catalysts because they have established reactivity and are 

therefore predictable and reliable. Research into abundant metals and main-group elements 

lags behind because their reactivity is not understood to the same degree. To allow catalysis 

to have the greatest positive impact, a selection of elements should be capable of industrial 

transformations, both in the fine chemical and materials industry. 

This work investigated the reactivity of boron, an element that is often used in chemical 

processes, and its efficiency in catalysis for a selection of reactions that are currently carried 

out using rare, expensive metals. Gaining fundamental understanding of its reactivity is 

important, not only for its use in catalysis, but for furthering understanding of how other, 

similar, elements may react. This information expands the repertoire of elements that can be 

used as catalysts, increasing the long-term sustainability of the chemical industry and reducing 

the impact rare metal catalysis has on the environment. 
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1. Introduction 

Catalysis underpins the chemical industry, worldwide. From drug synthesis to agrochemicals, 

catalysts allow challenging transformations to be realised, reducing the carbon footprint of 

industrial processes.1,2 Catalysis is dominated by transition metals, particularly those in the 

platinum group.3,4 The established chemistry of metals such as palladium and rhodium ensure 

they are used widely in chemical production.3,5 These rare metals pose a problem for chemists, 

however. They are in limited supply causing an increased cost, greater environmental impact 

when mining, and they are not always recycled after use.3,5,6 For catalysis to be sustainable 

long-term, a plethora of methods should be available, employing elements across the periodic 

table. 

Efforts have been made to mimic the reactivity of third-row transition metals with first-row 

alternatives such as iron, manganese, and cobalt.7-9 While success has been achieved in small- 

molecule activation using these metals, their activity often requires strong reductants, 

preventing them becoming widespread.8,9 Stringent regulations on the presence of trace metals 

in pharmaceutical products means that any metal-catalysed process has an associated cost with 

removing trace metals completely.4,10  

Main-group elements offer potentially metal-free catalytic systems, avoiding the need to 

remove trace metal. Two-electron processes, highly developed for transition metal chemistry, 

cannot be applied to p-block elements due to their lack of outer shell d-orbital electrons.11,12 

As such, for efficient metal-free catalysis to be developed, a different approach is necessary. 

Borane catalysis is emerging due to its use in FLP chemistry.13,14 Boron chemistry has a variety 

of applications, however its potential in catalysis has yet to be fully explored.13,15 By further 

developing and understanding how organoborane compounds interact, main-group catalysis 

may be better understood and employed more widely, complementing the reactivity of 

transition metal catalysts. 

1.1 Hydroboration  

The development of the hydroboration reaction provided a method to functionalise alkenes 

and alkynes with a handle that could react in a variety of transformations (Scheme 1.1)16-18. A 

carbon-boron bond could be transformed in a single step and this versatility has made boron 

chemistry particularly relevant in synthetic procedures19,20. 
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Scheme 1.1: Transformations of borane intermediates 

 

Hydroboration is the addition of a boron-hydrogen bond across an unsaturated functional 

group.21,22 Brown reported the hydroboration of alkenes17,18,23 and later, alkynes24 however the 

chemistry can also be applied to carbonyl and imine functionalities.25 Brown reported the 

stoichiometric reaction of an unsaturated carbon-carbon bond with BH3 or B2H6 to produce an 

alkylborane intermediate that was oxidised to the corresponding alcohol.17,23 This chemistry 

was expanded to the synthesis of enantioenriched alcohols by stoichiometric hydroboration 

with enantioenriched borane species (Scheme 1.2).19,20,26 
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Scheme 1.2: Stoichiometric alkene hydroboration reactions and organoboranes for 

enantioenriched alcohol synthesis 

 

The initial product of a hydroboration reaction was not air stable therefore conversion of the 

trialkylborane intermediate to an isolable product, such as an alcohol, was required. As an 

alternative to BH3, Brown developed catecholborane (HBcat) 11, a 1,3,2-dioxaborolane 

species that was reactive toward unsaturated bonds.27-29 Under heating, stoichiometric alkene 

hydroboration was observed (Scheme 1.3). The products were not air and moisture stable so 

were isolated as the boronic acids, after ester hydrolysis.28 

Scheme 1.3: Catecholborane as a reagent for hydroboration 
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In 1992, a new 1,3,2-dioxaborolane, pinacolborane 14, was reported by Knochel (Scheme 1.4). 

Pinacolborane (HBpin) was developed as an alternative, stable reagent to replace HBcat.30 

HBpin was synthesised through the addition of dimethylsulfide borane complex 13 to pinacol 

12, generating the dioxaborolane that was used without further purification. The 

pinacolboronic ester products were stable to column chromatography conditions, allowing 

them to be easily isolated. Product stability, in conjunction with the stability of the reagent, 

facilitated widespread use of HBpin for the generation of isolable functional intermediates.31,32  

Scheme 1.4: Pinacolborane as a reagent for hydroboration 

 

 

 

HBpin was initially reported as being capable of adding across an unsaturated bond at room 

temperature however later control reactions suggest a catalyst is required for the 

transformation.33-35 The initial catalysts for alkene and alkyne hydroboration with HBpin were 

zirconium- and rhodium-based however many catalysts now exist.36 First-row transition 

metals have been used for the hydroboration of carbon-carbon double- and triple-bonds in 

addition to carbonyl and imine hydroboration.35 Main-group catalysts also have been 

developed for hydroboration; however, they are far less numerous in comparison with the d-

block.37,38  

A potential explanation for the lack of research into main-group catalysts, compared with first-

row transition metals, is the difficulty in translating traditional oxidative addition, 

transmetalation and reductive elimination mechanisms to main group elements, due to their 

lack of available d-electrons.11,12 A different approach is required; this has been explored for 

borane catalysis.  

Although boron cannot react in a way that mimics transition metals, it does take part in 

exchange-type reactions.39,40 This was noted by Brown in a method for synthesising 

catecholboronic esters from B2cat3 16 and a trialkylborane, as an alternative to synthesising 

HBcat 11 independently for reaction with alkenes.41 This observation was also used to develop 

an alternative synthetic route to HBcat 11, from B2cat3 16 and borane 13; the groups bonded 

to the boron atom redistribute at elevated temperatures42 (Scheme 1.5).  
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Scheme 1.5: Brown’s use of redistribution in HBcat synthesis 

 

1.2 Redistribution Reactions Facilitating Hydroboration 

Periasamy reported the borane-catalysed hydroboration of alkynes. Alkynes were reacted with 

stoichiometric HBcat 11 and 10 mol% BH3 18 at 25 ºC to give product in yields of 80-98%.43,44 

The work was inspired by Brown’s redistribution observation and supplied a suitable 

alternative to Wilkinson’s rhodium catalyst, for alkyne hydroboration. The proposed 

mechanism describes an initial hydroboration reaction, followed by a redistribution reaction 

to generate the boronic ester product (Scheme 1.6). The method could not be applied to alkenes 

and it was noted no gem-diborylated product was formed. This led to the conclusion that 

alkenyl transfer from alkyl borane to HBcat 11 (Scheme 1.6) is faster than the second 

hydroboration of the alkene.44 Periasamy demonstrated the utility of a stoichiometric reagent 

in catalysis. Initial stoichiometric activity was harnessed and used in a catalytic system. 
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Scheme 1.6: Periasamy’s report on alkyne hydroboration with HBcat 

 

Burgess reported that titanium-‘catalysed’ alkene hydroboration systems were more likely 

titanium-initiated systems, where the titanium degrades a borane species to generate BH3, 

B2H7, and [BH4]-  complexes (Scheme 1.7, 2)45 The work proposed that Ti(OiPr)4 20 reacts 

with HBcat 11, resulting in iPrO-Bcat 27, BH3 24, and a dicatechol titanium species 29 

(Scheme 1.7, 3). The substrate 19 can react with the BH3 24 formed in situ and the 

hydroboration product 30 can undergo a redistribution reaction with HBcat 11 to generate the 

alkenyl boronic ester product 21. Burgess concluded that it is important to differentiate 

between metal-catalysed and metal-initiated hydroboration; the formation of boronic ester 

products is not evidence of catalysis.  
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Scheme 1.7: Titanium-initiated hydroboration 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Arase reported systems which used stoichiometric hydroboration reagents as catalysts.46 The 

rate of the reaction between alkynes and HBcat was increased by a dialkylborane catalyst 

(Scheme 1.8). For terminal alkyne 31, 5 mol% dicyclohexylborane [(Cy)2BH] 32 produced 

the alkenylboronic ester product 33 in up to 96% yield. For internal alkynes, H-B-9-BBN 36 

was the superior reagent for the reaction; 4-octyne 34 reacted to produce 92% alkenyl boronic 
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ester 35 compared to the 50% achieved using (Cy)2BH. The reaction was proposed to occur 

by transfer of the alkenyl group from dialkylborane to HBcat, generating product and 

regenerating the dialkylborane catalyst.  

Scheme 1.8: Dialkylboranes as hydroboration catalysts 

 

 

 

 

 

 

 

 

 

 

 

In addition to its catalytic reactivity for alkyne hydroboration with HBcat, Hoshi also reported 

the hydroboration of haloalkynes with H-B-9-BBN 36, using dicyclohexylborane 32 as a 

catalyst (Scheme 1.9).47 Using 5 mol% Cy2BH 32 with an alkyne and stoichiometric H-B-9-

BBN 36, the alkenyl-BBN product was quantitively generated in 4 hours. Uncatalyzed, the 

reaction took 50 hours at room temperature. The proposed intermediate 37 was isolated and 

treated with H-B-9-BBN 36 and, after oxidation, 1-(5-hydroxy)cyclooctyl-l-one 38 was 

produced. This confirmed the proposed hypothesis that a displacement reaction occurred 

between the bulky cyclohexyl groups and smaller H-B-9-BBN. After oxidation, cyclooctyl 

group transfer and bromo-anion elimination occurred.  
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Scheme 1.9: Hoshi’s investigations using Cy2BH as a catalyst for alkyne hydroboration 

via a redistribution event  

 

In further exploration of this chemistry, Hoshi reported that stoichiometric MeO-B-9-BBN and 

an alkenylborane intermediate, formed from the reaction of Cy2BH and an alkyne, will 

exchange at 0 ºC (Scheme 1.9).48 Hoshi stated the products formed suggest a stereoretentive 

exchange of the boron atom, as the stereochemistry of the product was the same as the 

intermediate.  

A system for Cy2BH catalysed terminal alkyne hydroboration with HBpin was later reported 

by Hoshi. This was the first example of borane-catalysed hydroboration using HBpin. A 

mechanism was proposed where an initial hydroboration event is followed by alkenyl 

intermediate exchange with HBpin (Scheme 1.10).49 To confirm the hypothesis, the 

intermediate 40 was synthesised and used as a catalyst for the reaction. The reaction yield 

matched that achieved with Cy2BH, therefore it was concluded that this was a reaction 

intermediate. 
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Scheme 1.10: Proposed reaction intermediates in HBpin hydroboration 

 

 

 

 

 

1.3 Highly Lewis Acidic Boranes as Hydroboration Catalysts 

Bis(pentafluorophenyl)borane (Piers borane ©) 51 was reported in 1995 by Piers as a highly 

electrophilic hydroboration reagent.50 The Lewis acidic borane reacted with alkenes and 

alkynes with high selectivity, and faster than other existing reagents, such as H-B-9-BBN. The 

reagent was synthesised from the chloro-analogue 49 and crystallised as the dimer for storage 

(Scheme 1.11).  

Scheme 1.11: Synthesis of HB(C6F5)2 and reaction with alkynes and alkenes 

 

In solution with a substrate, product was formed in a quantitative yield in 2 minutes, with 

>98% anti-Markovnikov regioselectivity. Alkenyl-B(C6F5)2 substrates did not react with 
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HB(C6F5)2 51 efficiently. The steric hindrance and the electron-withdrawing nature of the 

B(C6F5)2 group made the alkenyl group less susceptible to further hydroboration. 

This stoichiometric reagent was used in catalysis by Hoshi, as an extension of the previous 

work using Cy2BH as a catalyst.51 An alternative synthesis to the literature procedure was 

reported, where a redistribution reaction occurs between tris(pentafluorophenyl)borane 

[B(C6F5)3] 52 and Me2S∙BH3 13 to generate (C6F5)2HB∙SMe2 53 complex that could be readily 

isolated. (C6F5)2HB∙SMe2 was applied in catalysis for the hydroboration of terminal alkynes 

with HBpin (Scheme 1.12). The products were generated after 6 hours, compared to the 18 

hours required for the conversion of alkynes to alkenylboronic esters using Cy2BH. As with 

previous work on borane-catalysed hydroboration,49 the proposed alkylborane intermediate  

was isolated and was successfully used as a catalyst for the reaction. Therefore, Hoshi 

concluded that the catalysis proceeded by an initial hydroboration followed by concurrent 

hydride transfer to the borane catalyst as the alkenyl product was generated. 

Scheme 1.12: Alkyne hydroboration catalysed by Piers borane © 

  

 

 

 

 

 

 

 

Stephan reported a similar system to Hoshi for alkyne hydroboration using HBpin with 

HB(C6F5)2 as a catalyst.52 CH2Cl2 was used as the solvent instead of hexane and the scope was 

slightly expanded, including internal alkynes, however a different mechanism was proposed. 

Instead of a direct exchange of the intermediate with HBpin, Stephan proposed that the 

HB(C6F5)2 51 acts as a precatalyst to generate active catalyst A in situ from the alkyne substrate 

(Scheme 1.13). This bisborylated alkyl species was proposed to be the active catalyst. It 

coordinates to an alkyne substrate to generate a boronate intermediate B that activates the 

alkene for hydroboration with HBpin. A σ-bond metathesis C occurs to regenerate the catalyst 

and release the pinacol ester product. 
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Scheme 1.13: Stephan’s proposed mechanism for Piers’ borane-catalysed alkyne 

hydroboration 

  

Ingleson reported a borane-catalysed trans-hydroboration of alkenes using B(C6F5)3 52 as a 

catalytic activator to form borenium cation 57 that reacted stoichiometrically (Scheme 1.14).53 

The borenium cation 57 was generated in situ through the reaction of B(C6F5)3 52 and NHC-

ligated-H-B-9-BBN 56 to generate the active borane species. This occurred through an 

abstraction; the hydride was transferred from NHC-ligated-H-B-9-BBN 56 to B(C6F5)3 52. The 

borenium 57 reacts with the alkene to generate a carbocation intermediate D. This abstracts 

hydride from another equivalent of NHC-ligated-H-B-9-BBN 56 to give trans-hydroboration 

product E and active borenium 57. This method was applied across a substrate scope, 

tolerating halides, electron-withdrawing, and electron-donating groups. Although this is an 

example of redistribution for borane catalysis, the mechanism differs from other borane-

catalysed hydroboration reactions. Hydride transfer allows trans-hydroboration to occur. The 

redistribution of boron groups occurs for catalyst activation rather than regeneration.  
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Scheme 1.14: trans-Hydroboration of alkynes with B(C6F5)3 as a catalytic activator  

 

 

 

 

 

 

 

 

 

 

 

 

Various highly Lewis acidic boranes have been used as hydroboration catalysts (Scheme 

1.15).54,55 These systems are believed to react through a type of exchange reaction.  

Scheme 1.15: Lewis Acidic boranes as catalysts for hydroboration 

 

 

 

 

 

Oestreich used tris[3,5-bis(trifluoromethyl)phenyl]borane (BArF
3) 59 as a precatalyst for the 

hydroboration of alkenes.54 The reaction of BArF
3 59 with HBpin 14 generated the proposed 

active hydroboration reagent H-BArF
2 61 through a σ-bond metathesis. After catalyst 

generation, the proposed mechanism proceeded by hydroboration to generate alkyl borane 63. 

A redistribution, or ligand exchange, event between HBpin 14 and alkylborane 63 gave pinacol 

boronic ester 64 with simultaneous regeneration of the catalyst 61 (Scheme 1.16).  
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Scheme 1.16: Ligand exchange for catalyst regeneration 

 

Melen reported tris(2,4,6-trifluorophenyl)borane 60 as an active catalyst for alkyne 

hydroboration.13 The system tolerated a wide range of functional groups; an advantage over 

previous catalysts reported by Stephan and Oestreich. The catalyst was applied to aldehyde 

and aldimine reduction as well as alkyne hydroboration. A mechanism for the hydroboration 

of unsaturated carbon-carbon bonds was not proposed. 

1.4 Transborylation for Catalysis 

In 2018, Thomas showed that BH3 complex was an active catalyst for the hydroboration of 

alkenes and alkynes with HBpin.56 THF∙BH3 and Me2S∙BH3 was originally reported by Brown 

as a stoichiometric hydroboration reagent, but in this work, it was transformed into a catalyst 

to generate isolable products. In 2020, the group reported ‘hidden borane catalysis’ where 

several nucleophiles were demonstrated to react with HBpin to generate BH3 in situ which 

catalysed the hydroboration reactions.57 The report proposed that many catalysts merely 

promote the decomposition of HBpin to BH3, akin to Burgess’ titanium-initiated 

hydroboration. 

Thomas and Lloyd-Jones reported a detailed mechanistic study exploring the mechanism of 

Arase and Hoshi’s alkyne hydroboration with Cy2BH and H-B-9-BBN.39 The work explored 

four possible mechanisms for the catalyst regeneration step that have reported by various 

groups: direct boron-atom exchange, ligand redistribution, dehydroboration and ionic pairs. 

The work concluded that the reaction proceeded through a direct boron-atom exchange, or 

transborylation (Scheme 1.17). Transborylation is a subset of σ-bond metathesis reactions and 

it has been used to facilitate catalysis in hydroboration reactions. The conclusion that 
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transborylation was the turnover step of the mechanism was reached through a series of density 

functional theory, kinetic experiments, and isotopic labelling. 

Scheme 1.17: Transborylation enabling catalysis in Arase-Hoshi alkyne hydroboration 

 

 

 

 

 

 

 

 

In addition to alkene and alkyne hydroboration, transborylation has been used to facilitate 

borylation using a borane catalyst, as an alternative to platinum group metals.10,58 Fontaine 

reported the borylation of heteroarenes using frustrated Lewis pair (FLP) catalysis.10,59,60 

Stoichiometric reactions showed that a C-H activation occurred when aminoborane F was 

reacted with a heteroarene 6558 to produce borylated intermediate G and that, upon addition 

of HBpin, F was reformed with generation of the borylated product 66.10 It was proposed that 

this occurred through a σ-bond metathesis between the HBpin 14 and activated arene G. The 

stoichiometric reactions were translated into a catalytic system (Scheme 1.18) and applied 

across indoles, thiophenes and furan substrates generating products generally borylated at the 

2-position in yields up to >99%.  
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Scheme 1.18: Transborylation reactions reported by Fontaine 

 

Further work published by the Fontaine group investigated similar systems for the 

hydroboration of indoles. Using F in conjunction with HBpin 14 yielded isolated products in 

up to 93% yield.61 Here, a different mechanism of action was proposed. Initially, a 

hydroboration occurs, generating an alkylborane species I that then undergoes a ligand 
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rearrangement with HBpin 14, according to DFT studies. While the redistribution of boron 

species is observed, it is not a direct exchange as described for alkyne transborylation. 

In addition to mono-alkyne hydroboration, Thomas recently reported a borane-catalysed 

diborylation strategy.62 Using H-B-9-BBN 36 as a catalyst and an excess of HBpin 14 at 

elevated temperatures, gem-diborylalkanes were synthesised from terminal alkynes through 

sequential hydroboration and transborylation steps (Scheme 1.19). Mechanistic studies 

supported that a direct transborylation is responsible for catalyst regeneration, as reported for 

alkyne mono-hydroboration. This report was the first of C(sp3)-B/B-H exchange and the 

substrate scope of the reaction tolerated a range of functional groups.  

Scheme 1.19: H-B-9-BBN catalysed diborylation strategy 

 

 

 

 

 

 

 

 

 

A similar mechanism was proposed by Ingleson for the triborylation of terminal alkynes using 

a zinc catalyst.63 The nucleophilic zinc 69 species is responsible for the initial borylation, then 

acts as an initiator. HBpin 14 is decomposed to generate borane species which catalyse the 

subsequent hydroboration reactions at elevated temperatures (Scheme 1.20). 
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Scheme 1.20: Synthesis of triborylated alkanes 

 

 

 

 

 

 

1.5 Conclusions and This Work 

Since Brown’s initial hydroboration report, organoborane chemistry has massively advanced. 

Multiple systems exist where stoichiometric hydroboration reagents have been used as 

catalysts to synthesise stable boronic esters as functional intermediates in synthesis. As 

alternatives to transition metals, main-group catalysts are developing but their mode of 

reactivity cannot be readily compared to d-block elements. 

It has been demonstrated that boron-containing compounds can be used as catalysts through 

their ability to exchange with other boron atoms. Brown described the phenomenon as a 

redistribution during HBcat synthesis however further research has identified various 

applications and potential mechanisms for this ‘transborylation’ reaction. 

Thomas and Lloyd-Jones’ mechanistic studies into borane-catalysed alkyne hydroboration 

concluded that a direct boron-atom exchange is responsible for catalytic turnover at C(sp2)-B 

bonds, as initially proposed by Hoshi. Fontaine’s borylation, facilitated by transborylation also 

proceeds through direct boron-atom exchange at the C(sp2)-B bond however the reported 

heteroarene hydroboration was proposed to react through a ligand redistribution, according to 

DFT. This suggested C(sp3)-B bonds do not exchange boron atoms, directly. This was 

contradicted by the experimental evidence reported by Thomas for a diborylation strategy 

using H-B-9-BBN where isotopic labelling demonstrates a direct exchange. 

While differing mechanisms appear to exist for different functionalities, transborylation is 

clearly emerging as a useful tool for main-group catalysis. Hydroboration of alkenes and 

alkynes is established, as is double hydroboration and borylation of aromatic groups.  

This work explores the development of transborylation as a catalytic methodology. The use of 

main-group elements in catalysis requires capability across a range of transformations. In 
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particular, asymmetric borane catalysis is under-developed. Here, a selection of stoichiometric 

reagents with established reactivity in hydroboration are synthesised and their capability in 

catalysis is explored. Asymmetric carbonyl reduction is initially investigated and the first 

example of asymmetric boron-oxygen transborylation in catalysis is realised. Asymmetric 

alkene hydroboration is also explored; existing stoichiometric reagents were synthesised and 

tested in conjunction with various borane reagents to synthesise enantioenriched boronic 

esters. 

Furthering the collective understanding of transborylation and its application to main-group 

catalysis would enable a range of alternatives to platinum-group catalysts to be realised. This 

work focusses on transborylation for catalysis, with the principal aim of making chemical 

synthesis sustainable. To this end, the use of iron in catalysis has also been investigated; its 

abundance and benign nature make it a good alternative to third-row transition metals. Here, 

it has been used for carbon-carbon bond forming reactions.  
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2. Enantioselective Carbonyl Hydroboration 

2.1 State of the Art at the Outset of the Project 

2.1.1 Enantioselective Ketone Hydroboration by Stoichiometric Reagents 

Various syntheses rely on carbonyl reduction to generate alcohols for use in chemical 

transformations.64 The reduction of carbonyl groups, such as aldehydes and ketones often use 

hydrides such as LiAlH4 and NaBH4 71, as stoichiometric reductants. Hydride attack at the 

carbonyl group generates an alkoxide intermediate that is quenched upon addition of a proton 

source (Scheme 2.1).65,66  

Scheme 2.1: Carbonyl reduction using hydride as a stoichiometric reductant 

 

 

 

Organoboranes are established stoichiometric reductants, particularly for carbonyl reduction.67 

H-B-9-BBN 36 will directly reduce ketones, aldehydes, esters and carboxylic acids (Scheme 

2.2 A), whilst dicyclohexylborane 32 can be used for the 1,4-reduction of an α, β-unsaturated 

carbonyl (Scheme 2.2 B).67-69  

Scheme 2.2: 1,2- and 1,4-Carbonyl hydroboration using organoborane reagents 

 

Carbonyl hydroboration developed to include enantioselective ketone hydroboration.26,70-73 A 

selection of di- and trialkylboranes exist for the stoichiometric reduction of a ketone to an 

enantioenriched alcohol. Brown developed diisopinocampheylborane [(Ipc)2BH]74 and later 

diisopinocampheylchloroborane [(Ipc)2BCl]75 for enantioselective carbonyl hydroboration 
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while Midland reported a selection of terpene-derived organoboranes for a similar purpose 

(Scheme 2.4).71,76,77  

Scheme 2.3: Reagents developed by Brown for enantioselective carbonyl hydroboration 

 

 

 

 

Brown’s (Ipc)2BH 4 was developed using borane complex 1 and α-pinene 72 in THF (Scheme 

2.3). The dialkyl reagent was reacted with a selection of prochiral ketones to generate 

enantioenriched alcohols.74 This organoborane had previously been used for enantioselective 

alkene hydroboration, by Brown and co-workers,26 however the same success was not 

observed for ketone reduction. Although both aryl and alkyl ketones were tolerated, at 

temperatures as low as ‒30 ºC, high enantiomeric excess could not be generated. The best 

result reported was an e.e. of 37%. Nevertheless, it was a demonstration of enantioenriched 

boranes facilitating enantioselective ketone reduction. Later, Brown went on to expand this 

work through the development of (Ipc)2BCl 74.75 

Scheme 2.4: Reagents developed by Midland for enantioselective carbonyl 

hydroboration 

 

 

 

 

 

Midland’s investigation into enantioselective ketone hydroboration focused on trialkylborane 

reagents.71 Terpenes were reacted with H-B-9-BBN to generate enantioenriched 

trialkylboranes. Camphene, α- and β-pinene and 3-carene have all been used, as their H-B-9-

BBN derivative, for the enantioselective reduction of carbonyls.71,78 Perhaps most 

significantly, B-isopinocampheyl-9-borabicyclo[3.3.1]nonane 76 was synthesised by the 

reaction of α-pinene 72 and H-B-9-BBN 36. It is commercially available under the name 

Alpine-borane® and used, predominantly, for the reduction of prochiral, propargylic 
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ketones.71 Both enantiomers of Alpine-borane® can be synthesised from the appropriate α-

pinene, allowing the reagent to find use in total syntheses.79  

The reduction of propargylic ketones with Alpine-borane® 76 gave the corresponding alcohol 

with e.e. exceeding 98%, and good yields (up to 98%).70 Prochiral ketones with greater steric 

bulk were poorly tolerated under standard conditions. After 7 days, acetophenone 80 was 

reduced (85% e.e., 68% yield) but alkyl ketones were not reduced with good 

enantioenrichment77. However, at 6000 atm, acetophenone 80 was reduced over 24 hours (92 

% e.e., 80% yield) and alkyl ketones were also reduced although the enantiomeric excess was 

lower (58 % e.e. using 2-octanone 82) (Scheme 2.5).77 

Scheme 2.5: Stoichiometric reactivity of Alpine-borane® 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The enantioenriched trialkylboranes developed by Midland are established for reaction with 

substrates that have low steric bulk. Alpine-borane® is generally used due to its commercial 

availability and good e.e. however other reagents offer advantages. NB-Enantrane 77 was 
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synthesised from nopol benzyl ether and H-B-9-BBN.76 It reacted slowly with selected 

substrates, compared to Alpine-borane, although increased enantioselectivity was observed in 

many cases.80 The increased reaction time was explained by its increased bulk, which affects 

the proposed mechanism of reduction.71 

Scheme 2.6: Meerwein-Ponndorf-Verley type transition state for ketone reduction 

 

The stoichiometric reduction of a ketone by Alpine borane® 76 is proposed to occur through 

a Meerwein-Ponndorf-Verley type mechanism.81 A six-membered transition-state structure 

forms, allowing a β-hydride transfer from the trialkylborane 76 to the carbon of the reactive 

carbonyl group (Scheme 2.6).71,77 A boat-type transition-state structure prevents the clash of 

sterically bulky groups, making the reduction enantioselective.77 With NB-Enantrane, the 

benzyl group hinders the coordination of the boron atom to the oxygen of the carbonyl, making 

the transition-state structure higher in energy and less favourable. The transition-state structure 

also explains why the substrate scope is limited to unhindered ketones; alkyl and phenyl groups 

clash with the methyl group of Alpine-borane preventing facile reduction with good 

enantiomeric excess.  

Another trialkylborane developed by Midland for ketone reduction was myrtanyl borane 75, 

which was synthesised by the hydroboration of β-pinene 85 with H-B-9-BBN 36 (Scheme 

2.7).82 Although this reagent was advantageous over Alpine-borane® 76 for some, sterically 

hindered, propargylic ketones, enantioselectivities were not as high as those reached with 

Alpine-borane®, as the stereogenic centre is further away from the boron atom.71 Exceptions 

were reported for some aliphatic ketones, however. 
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Scheme 2.7: Synthesis of trialkylboranes using H-B-9-BBN and pinene derivatives 

 

 

 

 

 

 

 

 

Myrtanyl borane 75 is not commercially available, although its synthesis is straightforward 

and is, in fact, faster than that of Alpine-borane® 76. Alpine-borane® was generated over 16 

hours whereas myrtanyl borane was prepared in 4 hours. The faster reaction time was 

attributed to H-B-9-BBN 36 reacting more rapidly with a 1,1-disubstituted alkene (β-pinene) 

than a trisubstituted alkene (α-pinene).83 Unfortunately, as the hydroboration of 1,1-

disubstituted alkenes occurs faster, dehydroboration was more likely to occur (Scheme 2.8)84 

which prevented the storage of this organoborane species and therefore its commercial 

availability. 

Scheme 2.8: Dehydroboration of myrtanyl borane to generate free H-B-9-BBN 

 

 

 

 

 

 

 

Dehydroboration regenerated H-B-9-BBN which may react directly with carbonyl groups in a 

1,2-unselective reduction (Scheme 2.2.).71,84 This background reaction, if uncontrolled, 

reduces the enantioselectivity of the reaction, compared to Alpine-borane®.  
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Masamune developed an enantioenriched 2,5-dimethylborolane 9 for the enantioselective 

hydroboration of alkenes.85 The use of the reagent in ketone reduction was also reported, and 

for alkyl ketones, high enantiomeric excess was observed (Scheme 2.9).86 The reaction of aryl 

ketones was not reported, however. While the enantiomeric excesses were impressive, this 

method was not widely adopted. This was potentially due to the complex synthesis of the 

organoborane reagent. The seven-step synthesis involved two resolutions and each 

intermediate was air- and moisture-sensitive. Further to that, the reduction was slow and 

required low temperatures that had to be maintained for the entire duration of the reaction. 

Scheme 2.9: 2,5-Dimethylborolane for asymmetric ketone reduction 

 

 

 

Another organoborane reported for asymmetric carbonyl reduction was the next iteration of 

Brown’s (Ipc)2BH reagent: (Ipc)2Cl 74 (Scheme 2.3).87 It was proposed that the increased 

Lewis acidity of the boron centre, due to the chloride group, would allow for faster reaction 

times than (Ipc)2BH.75 The reagent was reacted with both aryl and alkyl ketones in THF at −25 

ºC and, within 5 hours, complete conversion to the alcohol product was observed. The method 

had mixed success with alkyl ketones; however, for aryl ketones, (Ipc)2Cl 74 reacted to 

produce alcohols with excellent enantiomeric excess (90-98%) (Scheme 2.10).  
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Scheme 2.10: Stoichiometric reactivity of (Ipc)2Cl  

 

Brown investigated the effects of halide substituents on enantioenriched borane reagents and 

proposed a similar transition-state structure for ketone reduction as that previously reported 

by Midland (Scheme 2.6).88 As the boron atom is less hindered in Brown’s reagent, ketones 

with larger groups are still tolerated. The reagent is commercially available, and its reaction 

time gives it an advantage over both methods reported by Midland and Masamune. 

There are disadvantages in using stoichiometric organoborane reagents for enantioselective 

reduction. An increase in awareness around the sustainability of chemical processes has 

increased the use of catalysts for small molecule transformations.3 Catalytic methods generally 

allow the use of milder conditions and can also reduce waste while increasing atom economy.89 

Using organoborane systems developed by Brown, Midland or Masamune provide the desired 

reactivity but result in the complete destruction of the stoichiometric reagent. In theory, α-

pinene is regenerated in carbonyl reduction using (Ipc)2Cl and Alpine-borane however, in 

practice, the α-pinene goes to waste and the boron-containing portion is destroyed upon 

hydrolysis.  

2.1.2 Catalysed Enantioselective Ketone Hydroboration 

Many catalytic protocols have been developed for the enantioselective reduction of ketones, 

either through hydrogenation or hydroboration, largely using transition metal catalysts.  
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Perhaps the most widely adopted method for asymmetric carbonyl reduction is Noyori’s 

ruthenium-based hydrogenation (Scheme 2.11).90 The broad scope and high enantiomeric 

excess facilitated by BINAP containing catalysts 90 have led to their widespread use.90 

Scheme 2.11: Noyori’s hydrogenation method for asymmetric ketone reduction 

 

 

 

 

Transition metal-catalysed enantioselective ketone hydroboration is an established alternative 

to asymmetric hydrogenation for the synthesis of enantioenriched alcohols. DiMare and 

coworkers initially developed a titanium alkoxide system for ketone hydroboration, where 

HBcat 11 or BH3 24 were used in conjunction with a titanium catalyst for enantioselective 

reduction.91,92 A titanium-TADDOL 91 catalyst was trialled for enantioselective hydroboration 

with acetophenone 80 and a poor e.e. (24%) was achieved.91 Titanium-based catalysts were 

later published independently by Wandrey93 and Frejd94 for enantioselective carbonyl 

hydroboration; temperature reduction and alternative solvents allowed titanium alkoxide 

complexes 93 to generate alcohols with e.e. exceeding 90% (Scheme 2.12),95 a development 

on DiMare’s initial report. Mechanisms for these transformations were not reported. 

Scheme 2.12: Titanium-catalysed enantioselective hydroboration of acetophenone 

 

 

 

 

 

Transition metal-catalysed enantioselective ketone hydroboration reactions have been 

developed38 however available main-group catalysts for enantioselective ketone hydroboration 

are limited. Compared to transition metals, this area is underrepresented.  

Woodward and coworkers developed a gallium catalyst 94, which is used with HBcat 11 for 

enantioselective ketone reduction (Scheme 2.13).96 The catalyst was generated from LiGaH4 
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and 2-hydroxy-2’-mercapto-1,1’-binapthyl and it proposed that an initial gallium-hydride 

addition to the carbonyl formed an enantioenriched intermediate. The oxygen-gallium bond 

formed in this step, exchanged with HBcat 11 and the production of an alkoxyboronic ester 

regenerated the gallium-hydride species. Good e.e. and yields were reported using this method 

however the temperature had to be carefully controlled; above ‒20 °C, poor enantioselectivies 

were reported and if the temperature was too low, the hydride addition across the carbonyl was 

slow. The gallium species had to react at a faster rate than the background hydroboration of a 

carbonyl with HBcat therefore temperatures lower than ‒20 °C were unsuitable. The reaction 

also relied on the use of pyrophoric LiGaH4. 

Scheme 2.13: Woodward’s method for catalytic enantioselective hydroboration 

 

While a selection of stoichiometric borane reagents exist for the enantioselective reduction of 

ketones, there are few examples of enantioenriched borane reagents used in sub-stoichiometric 

quantities. The Corey-Bakshi-Shibata (CBS) reduction is such a reaction. A chiral 

oxazaborolidine 95, is used as a catalytic chiral ligand, in conjunction with stoichiometric BH3 

complex 24 or HBcat 11 to reduce ketones enantioselectivity, at reduced temperatures.97,98 

This has been proposed to go through a mechanism involving coordination of BH3 24 to the 

oxazaborolidine 95, with the coordinated complex 96 carrying out the reduction (Scheme 

2.14).97,99  
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Scheme 2.14: Corey-Bakshi-Shibata ketone hydroboration 

 

 

 

 

 

 

 

 

 

There are two potential pathways for the regeneration of the catalyst. Mechanism 1 proposes 

a 4-membered transition-state structure B will release the oxazaborolidine 95 to further react 

with BH3 24 to form the active species 96. Mechanism 2 suggests BH3 24 coordination occurs 

before the product is released, regenerating the active catalyst 96. Neither mechanism has been 

determined. The CBS reduction is popular in synthesis due to its broad scope and ease of use.  

The reaction was inspired by the stoichiometric reduction developed by Itsuno for aromatic 

ketones (Scheme 2.15).100 Chiral amino alcohols, derived from amino acids, were reacted with 

THF·BH3 to develop a stoichiometric alkoxy-amine-borane complex 97 that reduced 

carbonyls with e.e. reaching 60%.  

Scheme 2.15: Itsuno reagent for the enantioselective reduction of aryl ketones 

 

 

 

The development of the CBS reduction was an example where an enantiopure borane catalyst 

could enantioselectively reduce ketones when used in conjunction with a stoichiometric 

reductant. The method is dependent upon the catalyst acting as an auxiliary. Other examples 

of enantioenriched stoichiometric reductions using BH4
‒ in conjunction with a stoichiometric 

borane auxiliary to achieve enantioselective hydroboration have been reported.101  
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2.2 Project Aims 

An investigation into the application of transborylation at boron-oxygen bonds has been 

carried out with the aim of establishing a method for catalytic, enantioselective carbonyl 

hydroboration. Transborylation at boron-carbon bonds has been established for catalysis at 

both sp2- and sp3-hybridised carbons and is an emerging method for borane catalysis.56,62 

Previous work has taken reagents used for stoichiometric hydroboration and transformed them 

into catalysts, used in conjunction with HBpin to generate stable boronic esters.49,56  

This project aimed to establish a method for the transformation of carbonyls to enantioenriched 

alcohols, in good enantiomeric excess, using a reagent with stoichiometric activity as a 

catalyst, in conjunction with HBpin. Importantly, the catalytic reaction had to mimic the 

reactivity of the stoichiometric reagent. As well as increasing the number of available group 

13 catalysts, a successful system would further demonstrate the potential of transborylation in 

main-group chemistry as an alternative to transition metal-catalysis, for a selection of 

transformations. 

As with boron-carbon transborylation, it was supposed that an initial hydroboration step could 

occur with a stoichiometric reagent, forming an enantioenriched borinic ester. HBpin would 

then react with this intermediate to generate a trialkoxyborane species and liberate the 

enantioenriched borane, maintaining the stereocentre established. If successful, the 

enantioenriched borane could be used substoichiometrically. A selection of enantioenriched 

borane species were synthesised and screened for their reactivity with ketones and 

stoichiometric HBpin, an easy to handle, commercially available reagent. 

Scheme 2.16: Project aim: transborylation facilitating turnover of an enantioenriched 

borane catalyst 
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2.3 Results and Discussion 

2.3.1 Initial Screens 

Initially, screens were carried out with Alpine borane® 76. This established reductant is 

commercially available, and its mode of action is well understood. The trialkylborane reagent 

gave a good yield and e.e. when used stoichiometrically, following the method reported by 

Midland.77 4-Phenyl-3-butyn-2-one 78 was reduced to 4-phenyl-3-butyn-2-ol 79, in 90% yield 

and 82% e.e., following the literature procedure. 

The catalytic system for this transformation aimed to use stoichiometric HBpin 14 as a 

turnover reagent in conjunction with a trialkylborane catalyst. The yield and enantiomeric 

excess achieved had to be comparable those achieved with the stoichiometric reagent. To do 

this, it was proposed that initially, Alpine borane® 76 would react with propargylic ketone 78, 

as it is known to do. The reduction would occur, forming enantioenriched borinic ester 84 with 

the release of α-pinene 72. In the stoichiometric reaction, this would be hydrolysed to give an 

enantioenriched alcohol 79, concurrently destroying the alkylborane. Here, it was proposed 

that HBpin 14 will react with the borinic ester 84 to form a trialkoxyborane species 100 and 

regenerate H-B-9-BBN 36. The free H-B-9-BBN 36 could react with the α-pinene 72 in 

solution to reform Alpine borane® 76 via a hydroboration reaction. This would complete a 

catalytic cycle, allowing Alpine borane® 76 to be used substoichiometrically (Scheme 2.17).  

Scheme 2.17: Proposed mechanism of Alpine borane® catalytic enantioselective ketone 

reduction 
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To test this hypothesis, 4-phenyl-3-butyn-2-one 78 was reacted with stoichiometric HBpin 14 

and 10 mol% Alpine borane® 76 in THF at 0 ºC (Table 2.1). Although the yield was 

maintained, the enantiomeric excess was not: the product was racemic. Increasing the catalyst 

loading to 30 mol% improved the e.e. to 20% however this was not comparable to the 

stoichiometric result.  

Table 2.1: Initial test for catalytic enantioselective hydroboration shows e.e. not 

conserved 

 

 

 

 

 

 

It was noted that the yield of product did not dramatically decrease although the e.e. was not 

conserved. In the proposed mechanism, there are three potential reductants: Alpine borane® 

76, HBpin 14 and H-B-9-BBN 36 (released after transborylation). If HBpin 14 and H-B-9-

BBN 36 react directly with the substrate before Alpine borane® 76, an unselective reduction 

will occur at detriment to the enantiomeric excess. The background reactions were 

investigated; each reductant was reacted stoichiometrically for 16 hours and the yield was 

recorded (Table 2.2). Significant background reactions were observed. 

 

 

 

 

 

 

 Catalyst loading (mol %) Yield (%) e.e. (%) 

1 100 90 82 

2 10 69 0 

3 30 81 20 
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Table 2.2: Background reactions of reductants present in the catalytic system at 0°C 

 

 

 Reductant Yield (%) 

1 Alpine borane® 85 

2 H-B-9-BBN 36 

3 HBpin (distilled) 21 

 

To circumvent the background reaction of HBpin (Table 2.2, 3), reduced temperatures were 

tested for the reaction. A decrease in temperature slowed the reaction between the catalyst and 

the substrate (Table 2.3). In the system there would be substoichiometric H-B-9-BBN available 

to react unselectively. Although not negligible, its effect on the decreasing enantiomeric excess 

was less so than that of the stoichiometric HBpin.  

Table 2.3: Temperature effect on enantiomeric excess 

 

 

 

 

 

Temperature (ºC) Yield (%) e.e (%) 

25 75 9 

0 81 24 

‒10 74 31 

‒40 18 24 

 

H-B-9-BBN was key in controlling the different reaction rates. For the proposed mechanism 

to be viable, the reaction rates must be balanced.  

1. The reaction of the trialkylborane catalyst 76 with the substrate 78 must be faster than 

the unselective reaction with HBpin 14.  
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2. HBpin 14 should react with the borinic ester 84 before the ketone substrate 78, to 

facilitate transborylation and release H-B-9-BBN 36 for catalyst regeneration.  

3. H-B-9-BBN 36 should react faster with the alkene 72 than with the carbonyl 78 to 

prevent a decrease in e.e. as well as to keep the catalyst 76 at the highest possible 

concentration to outcompete the HBpin 14. 

The initial results suggest that it was not possible to control the background HBpin reaction 

without slowing the rate of hydroboration by the Alpine borane® catalyst and the rate of 

transborylation to facilitate regeneration. 

2.3.2 Myrtanyl Borane 

Myrtanyl borane is another trialkyborane reported by Midland.82 It is synthesised from β-

pinene and H-B-9-BBN and is not commercially available, due to its enhanced likelihood to 

undergo retrohydroboration. It was hypothesised that in this case, myrtanyl borane may be 

more effective as a catalyst for enantioselective ketone hydroboration because β-pinene is a 

1,1-disubstituted alkene. H-B-9-BBN will react faster with a 1,1-disubstituted alkene than a 

trisubstituted alkene, such as α-pinene.  

H-B-9-BBN and β-pinene were stirred together in THF to form myrtanyl borane 75, then 

stochiometric 4-phenyl-3-butyn-2-one 78 was added at 0°C. The e.e. obtained in the 

stoichiometric reaction was lower than that achieved with Alpine borane® however it was 

concurrent with the values reported by Midland. For the substoichiometric reaction, 20 mol% 

myrtanyl borane 75 was formed in situ, before the substrate 78 and stoichiometric HBpin 14 

were added (Scheme 2.18). 

Scheme 2.18: Initial comparison of catalytic reduction with stoichiometric reduction 
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The activity of stoichiometric myrtanyl borane 75 (76% yield, 80% e.e.) was matched using 

20 mol% myrtanyl borane in conjunction with HBpin 14, maintaining both the yield and e.e 

(70% yield, 82% e.e.). The faster reaction of H-B-9-BBN 36 with β-pinene 85 allowed the 

catalyst to regenerate after transborylation. The HBpin hydroboration reaction was 

outcompeted and the free H-B-9-BBN in solution remained low. 

To demonstrate the utility of transborylation in catalysis, it was important that the catalytic 

system reflected the reactivity of the stoichiometric reagent. To quantify this, the term 

enantiofidelity was employed. Established by dividing the enantiomeric excess of the 

substoichiometric reaction by that achieved using the stoichiometric enantioenriched borane, 

enantiofidelity is a percentage measuring the conservation of enantiomeric excess between 

reactions. In this case of the initial, reaction, e.f. = >99%. 

𝑒. 𝑓. =
𝑠𝑢𝑏𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑒. 𝑒.

𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑒. 𝑒.
 × 100 

The system was applied to a selection of propargylic ketones, and the e.f. recorded to 

demonstrate that transborylation allowed an organoborane species to be used as a catalyst for 

enantioselective ketone hydroboration without compromising its reactivity. 

2.3.3 Substrate Scope 

The scope of the catalytic reduction was explored. As the purpose of the transformation was 

to demonstrate the utility of transborylation in catalysis, it was important to match the 

reactivity of the stoichiometric reagent. The e.f. was considered in the scope and substrates the 

reagent is known to react with were focussed on. A range of propargylic ketones were 

synthesised and enantioselectively reduced using the novel catalytic system. Importantly, the 

reactivity observed matched the stoichiometric reduction in several cases (e.f. >99%). 
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Scheme 2.19: Substrate scope of the borane-catalysed ketone reduction 

 

A variety of substituents were tolerated on the phenyl ring of the ketone substrate. An 

unsubstituted phenyl ring 79 permitted retention of enantiomeric excess in the product; >99% 

e.f. A 4-fluoro-substituent on the phenyl ring 101 was well tolerated however the e.f. of the 4-

methoxy-substituted ketone 102 was relatively poor. Ester groups are expected to react with 

boranes however the ester in ketone 103 remained intact. The steric bulk in the R2 position 

strongly affected the e.f. With an isopropyl group 105 instead of methyl, the e.e. was not 

maintained. The enantiomeric excess established with the stoichiometric reduction was low 

(56% e.e.) suggesting this substrate was not suited to the reagent. Bulky groups were likely to 

slow the formation of the boat transition-state structure,71 preventing myrtanyl borane from 

competing with the background HBpin reduction.  
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Scheme 2.20: Expanded substrate scope of the catalytic reduction 

 

The substrate scope was further investigated by Kieran Nicholson (Scheme 2.20). A nitrile 

group was tolerated as an alternative to the alkyne group (Scheme 2.20, 123). It was not 

reduced by the borane species; amine and amide functionalities were also tolerated (Scheme 

2.20, 112, 124) displaying good chemoselectivity for the reaction. Ethers and a thioether were 

all effectively reduced under reaction conditions giving products in good yield and 
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enantioselectivity (Scheme 2.20, 110, 117-119). Substituing the R2 position with fluorine 

atoms reduced the e.e. of the products however the e.f. was maintained, suggesting the 

stoichiometric reduction was inefficient in these cases (Scheme 2.20, 115-116). Electron-

donating groups were not tolerated in the catalytic reduction (Scheme 2.19, 102) nor sterically 

encumbered (Scheme 2.19, 105, Scheme 2.20, 114). This was potentially due to an increased 

background reduction rate with HBpin. To improve the e.f., the rate of HBpin addition was 

reduced using a syringe pump (reaction performed by Kieran Nicholson). An improvement 

was observed in e.f. for 5-phenyl-3-pentyn-2-one 125 (Scheme 2.21), confirming the 

hypothesis that the e.f. is affected by the unselective background reaction when substrates are 

unsuited to the Midland reduction. 

Scheme 2.21: Slow addition of HBpin improved e.f. of the reaction  

 

 

 

 

 

 

Unfortunately, not all substrates were effectively reduced using myrtanyl borane as a catalyst 

(Scheme 2.22). Most substrates that were not tolerated were attributed to steric hindrance, 

confirmed by a lack of reactivity in the stoichiometric reduction. Phenyl rings adjacent to the 

carbonyl prevented reduction, both for propargylic ketone 127 and acetophenone 80. Midland 

reports the reduction of acetophenone over 7 days using stoichiometric myrtanyl borane.82 

This was unsuitable in this system as the background reduction with HBpin was too fast.  

Scheme 2.22: Unsuccessful substrates for catalytic enantioselective reduction 

 

 

 

Despite the limitations to the scope, it is clear the reactivity established in this catalytic system 

replicates that of the stoichiometric method. This comparison suggests that transborylation for 
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catalysis is a suitable alternative to stoichiometric reagents and this novel reactivity shows 

transborylation for catalysis is not limited to boron-carbon bonds. 

2.3.4 Mechanistic Investigations 

Single-turnover-experiments were carried out to observe the intermediates involved in the 

reaction. Stoichiometric reagents were sequentially reacted and the changes followed by 11B 

NMR spectroscopy (Scheme 2.23). Initially, an equal amount of H-B-9-BBN 36 and β-pinene 

85 were reacted in THF. A peak at 87 ppm representing the trialkyborane, myrtanyl borane 

75, was observed. 4-Phenyl-3-butyn-2-one 78 was added and at 56 ppm, the enantioenriched 

borinic ester 84 generated from Midland’s reduction could be observed with consumption of 

the trialkylborane peak. Finally, HBpin 14 was added and the conversion of the borinic ester 

84 to boronic ester 100 (22 ppm) occurred. Importantly, concurrently the resonance at 87 ppm 

was regenerated, suggesting transborylation had liberated H-B-9-BBN 36 to react with the free 

β-pinene 85 in solution, regenerating the catalyst. 
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Scheme 2.23: 11B NMR trace of single turnover reactions  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Two transition-state structures were proposed for transborylation; boron-atom exchange and 

substituent rearrangement. (Scheme 2.24). To determine the mechanism of transborylation, an 

isotopic labelling experiment was carried out by Kieran Nicholson in the Thomas group. The 

reaction confirmed direct boron-atom exchange was responsible for the transborylation. 

H10Bpin was used as the turnover reagent with H-B-9-BBN. The 11B NMR showed only 

trialkyborane and borinic ester resonances whereas 10B NMR spectrum contained a peak at 22 

ppm suggesting all trialkoxyborane product contained the labelled HBpin. If this were not the 

case, and ligand exchange occurred, a mix of all species would be present in both 11B and 10B 

NMR. 
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Scheme 2.24: Proposed mechanisms for transborylation 

 

 

 

 

 

 

 

 

 

2.3.5 Alternative Organoboranes Tested in Catalysis 

Myrtanyl borane proved to be a successful catalyst for the enantioselective reduction of 

propargylic ketones. The catalytic system emulates the reactivity of the stoichiometric reagent, 

showing the utility of transborylation, however there are limits to the scope. Further 

investigation was carried out, into the reactivity of R2BH reagents with prochiral ketones, 

particularly aryl ketones that are too sterically hindered for the myrtanyl borane system.  

Scheme 2.25: R2BH reagents for enantioselective carbonyl reduction 

 

 

 

A selection of R2BH reagents (Scheme 2.25) were synthesised and tested for their 

substoichiometric reactivity with various ketones. At 0 ºC, using (Ipc)2BH 4, a 75% yield was 

obtained using 20 mol% catalyst and stoichiometric HBpin 14 however the product was 

racemic. This is in contrast to the 9% e.e. achieved with the stoichiometric reagent (Table 2.4, 

1). Although this was low, it matched the selectivity reported by Brown. Reducing the 

temperature to increase enantiomeric excess was not a useful solution as it was observed in 

previous reactions that transborylation is slow at sub-zero temperatures. This would allow the 

background reaction to dominate. Using a propargylic ketone with (Ipc)2BH 4 gave slightly 
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higher e.e. in the stoichiometric reaction however the yield was very low (Table 2.4, 3). The 

catalytic version increased the yield to the detriment of the e.e. (Table 2.4, 4).  

Table 2.4: Alternative enantioenriched boranes for ketone reduction 

 

 

 

 Substrate Borane Mol % Yield (%) e.e (%) 

1 acetophenone 4 100 70 9 

2 acetophenone 4 20 75 - 

3 4-phenyl-3-butyn-2-one 4 100 7 45 

4 4-phenyl-3-butyn-2-one 4 20 26 17 

5 acetophenone 128 100 74 - 

6 4-phenyl-3-butyn-2-one 128 100 65 24 

8 4-phenyl-3-butyn-2-one 128 20 18 24 

9 1-phenylacetone 9 20 43 - 

 

Soderquist’s reagent 128 and 2,5-dimethylborolane 9 were unsuccessful for catalytic ketone 

reduction. Soderquist’s reagent has not been reported for the reduction of ketones however 

using a propargylic ketone, an enantiomeric excess was observed in the product. The reagent 

did not turnover, potentially due to the size of the Me3Si- group (Table 2.4, entry 8). Using 

acetophenone, only racemic product was isolated so this was not tested substoichiometrically. 

2,5-Dimethylborolane was reacted with phenylethanone substoichiometrically, with HBpin as 

a turnover reagent. Conversion was observed however no e.e. was achieved. This is likely 

because the hydroboration of ketones using the borolane takes 48 hours, at 0 ºC86 and this slow 

hydroboration allowed the unselective HBpin reaction to outcompete the asymmetric 

reduction. 

2.4 Conclusions and Future Outlook 

A system for the enantioselective reduction of propargylic ketones with an organoborane 

catalyst has been successfully developed. Transborylation has been used to facilitate catalyst 

regeneration; using pinacol borane in conjunction with the trialkyborane catalyst allows a 

stoichiometric reagent to be used as a catalyst. Here, it has been demonstrated that 
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transborylation has the potential to become an established method for a variety of reactions, 

not just at boron-carbon bonds.  

By taking commercially available β-pinene and H-B-9-BBN, myrtanyl borane was synthesised 

in situ. The trialkyborane reagent reacts with a propargylic ketone, as previously reported, to 

generate an enantioenriched borinic ester. The addition of HBpin facilitates transborylation at 

the boron-oxygen centre of the borinic ester to generate a trialkoxyborane product and release 

H-B-9-BBN to regenerate the organoborane as a catalyst. This proposal was supported by the 

mechanistic studies that were carried out. 

After optimisation, the method was applied across a range of propargylic ketones and various 

functional groups were tolerated. The priority was demonstrating that this system, enabled by 

transborylation, was comparable to using the stoichiometric reagent. Enantiofidelity was used 

to establish a scope and show that the catalytic system was as effective as the stoichiometric 

reagent. 

Scheme 2.26 Conclusions 

 

Although this system established boron-oxygen transborylation and successfully emulated the 

reactivity of the stoichiometric reagent, the organoborane used had a limited scope. To try and 

expand this, other organoboranes were synthesised at tested for their use in the reduction of 

aryl and alkyl ketones. Unfortunately, success with other types of ketones was not achieved.  

Future work may involve the development of an enantioenriched borane species for aryl and 

alkyl carbonyl reductions. The species could have enhanced Lewis acidity in order to speed 

up its reaction with the ketone, so the HBpin will react with the borinic ester before the 

carbonyl. Alternatively, a different terpene may be used as an alternative to pinene for the 

synthesis of an enantioenriched trialkyborane.  
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3. Catalytic Enantioselective Hydroboration of Prochiral Allkenes 

3.1 State of the Art at the Outset of the Project 

3.1.1 Stoichiometric Enantioselective Hydroboration 

In the hydroboration reaction reported by Brown, a stoichiometric borane reagent such as 

THF·BH3 1 added across an unsaturated carbon-carbon bond (Scheme 3.1).16 An air- and 

moisture-sensitive trialkylborane was produced which was oxidised to an isolable alcohol.  

Scheme 3.1: Stoichiometric hydroboration reaction 

 

 

 

A selection of enantioenriched organoboranes have since been reported that can be used for 

the enantioselective hydroboration of alkenes.19,102 Prochiral alkenes that have been targeted 

for hydroboration can be divided into 4 types: 1,1-disubstituted, cis- and trans- di-substituted 

and tri-substituted alkenes (Scheme 3.2).102 The reaction of an enantioenriched organoborane 

with a prochiral alkene generates an enantioenriched trialkylborane species that can be 

oxidised to an enantioenriched alcohol. 

Scheme 3.2: Four types of alkenes as hydroboration substrates 

 

 

 

Brown developed diisopinocampheylborane [(Ipc)2BH] 4 as a reagent for stoichiometric 

enantioselective hydroboration (Scheme 3.3).103 Synthesised from α-pinene 72 and THF·BH3 

1, the dialkylborane species reacted with cis-disubstituted alkenes (type II). cis-3-Hexene 129 

was converted to 3-hexanol 130 in an 81% yield, with 91% e.e. The procedure was also applied 

to norbornene (62%, 83% e.e.); however, hindered alkenes, such as trans-disubstituted and tri-

substituted alkenes were not suitable substrates for the reaction. 

 

 



45 

 

Scheme 3.3: Diisopinocampheylborane as a reagent for enantioselective hydroboration  

Brown later reported alternative borane reagents for enantioselective hydroboration. 

Monoisopinocampheylborane (IpcBH2) 6 was used for the enantioselective hydroboration of 

hindered alkenes (Scheme 3.4).104-106 On reaction with 1-methylcyclohexene, 72% e.e. was 

achieved, at ‒25 ºC. When directly compared with (Ipc)2BH, IpcBH2 largely increased the e.e. 

of the resultant alcohols for type III and IV alkenes (Table 3.1).106  

Scheme 3.4: Synthesis of monoisopinocampheylborane as an alternative hydroboration 

reagent 
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Table 3.1: Comparison of enantioselectivities using mono- or di-isopinocamphylborane 

 

 Substrate (Ipc)2BH (% e.e.) IpcBH2 (% e.e.) 

1 

 

14 53 

2 

 

22 55 

3 

 

- 72 

IpcBH2 was also used for the enantioselective hydroboration of phenyl-substituted alkenes.104 

The e.e. approached 100% in some cases however an explanation for its greater affinity to 

phenylsubstituted alkenes remains elusive. The synthesis of IpcBH2 6 is more demanding than 

that of (Ipc)2BH 4 and it was not applicable to cis-alkene hydroboration; potentially due to 

these reasons, it was not widely adopted. 

Brown reported dilongifolylborane (Lgf2BH) 5 for enantioselective hydroboration.107,108 As it 

is less sterically encumbered than (Ipc)2BH 4 but larger than IpcBH2 6, it was hypothesised 

that this reagent could be successfully applied to cis-disubstituted, trans-disubstituted and tri-

substituted alkenes.108 Lgf2BH 5 is synthesised from (+)-longifolene 140, a sesquiterpene that 

is a 1,1-disubtituted alkene (Scheme 3.5). On reaction with H3B·SMe2 13, this forms an 

unhindered boron-hydrogen bond that can, theoretically, react with sterically demanding 

alkenes. 

Scheme 3.5: Synthesis of dilongifolylborane 

 

 

 

Lgf2BH 5 was reacted with various types of alkene to generate moderate to high e.e. in the 

corresponding alcohols (Table 3.2). The enantioselectivities achieved are perhaps not as high 

as (Ipc)2BH 4 because the stereogenic centres are further from the reactive borane centre. It is 

useful for the hydroboration of type IV, hindered alkenes, however. Another limitation of 
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Lgf2BH 5 is that only (+)-longifolene is available from nature, meaning only one enantiomer 

can be produced; (‒)-longifolene would be necessary to form the opposite enantiomer. 

Table 3.2: Reaction of prochiral alkenes with Lgf2BH 

 Substrate Yield (%) e.e. (%) 

1 

 

71 78 

2 

 

83 63 

3 

 

76 75 

 

Brown observed that the size of the substrate could be matched to the borane reagent, in order 

to achieve the alcohol with greatest enantiopurity.107 This work on enantioselective 

hydroboration was the benchmark for future organoborane reagents. 

From limonene 141, Jadhav developed limonylborane (LimBH) 7, a bicyclic enantioenriched 

borane (Scheme 3.6).109 Although moderate enantioselectivities were achieved at ‒25 ºC, they 

did not match those achieved by any of Brown’s reagents. The cyclic motif in LimBH was 

novel for enantioselective hydroboration reagents, however. The highest e.e. was reached 

using 2-methyl-2-butene 136 as the substrate (66% e.e.); though, as with previously reported 

reagents, 1,1-disubstituted (type I) alkenes were not tolerated in the system. 

Scheme 3.6: LimBH, developed by Jadhav for alkene hydroboration 

 

 

 

 

Masamune reported a C2-symmetric 2,5-dimethylborolane 9 for the enantioselective 

hydroboration of type II, III and IV alkenes.85 While not suitable for 1,1-disubstituted alkenes, 

very high e.e. were reported for a selection of substrates, with stereoinduction reaching >99% 

in some cases (Table 3.3). The dihydride analogue 143 of the borolane was synthesised and 
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stored as a solution in Et2O. Through the addition of methyl iodide 144 or dimethylsulfate 145, 

the borohydride was converted to the borane analogue in situ and used as such (Scheme 

3.7).85,110 

Scheme 3.7: 2,5-Dimethylborolane generated in situ from the dihydride analogue 

 

 

 

 

Table 3.3: Yields and enantioselectivity of alcohols synthesised using Masamune’s 

borolane 

 

 

 

 Substrate Yield (%) e.e. (%) 

1 

 

85 - 

2 

 

83 99.9 

3 

 

83 99.5 

4 

 

90 97.6 

 

The 5-membered boracycle 9 was able to react with hindered alkenes (type III and IV). This 

was proposed to be a result of its small size.111 The stereogenic centres were adjacent to the 

reactive boron-hydrogen bond, giving high enantioenrichment in the products. Good 

stereoinduction was not achieved with type I alkenes due to the proposed transition-state 

structure (Scheme 3.8).85 To prevent steric clashing, the carbon-hydrogen bond of the alkene 

substrate must be positioned toward the borolane 9. The carbon-alkyl groups of the substrate 

must therefore be positioned away from the borolane 9, resulting in high selectivity. If two 
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hydrogen atoms were on the same carbon, as in type I alkenes, poor selectivity was observed, 

as either carbon-hydrogen bond could be positioned toward the borolane.85 

Scheme 3.8: Proposed transition state structure for 2,5-dimethylborolane hydroboration 

 

 

 

 

 

 

The 2,5-dimethylborolane gave high e.e. in the hydroboration products across a range of 

substrates; however, its synthesis was complex. Seven air-sensitive steps must be carried out, 

including two resolutions. This prevented its widespread use, despite the results achieved using 

the method.  

Brown reported a modified synthesis; however, it was non-trivial and still involved 

considerable handling of sensitive intermediates and resolutions in order to achieve the 

required enantioenrichment.112,113 Other C2-symmetric boracycles have since been reported;114-

116 however, they did not achieve selectivity comparable to the 2,5-dimethylborolane. This was 

due to size or the distance of the reactive boron-hydrogen bond from the stereogenic centre. 

Soderquist reported the synthesis of two enantioenriched 9-borabicyclo[3.3.2]decanes 128, 

147 that could be used for type I, II, III and IV alkenes.117 Whilst not as useful as Masmune’s 

2,5-dimethylborolane for type IV alkenes (74% e.e. compared to 97% for 2-methyl-2-butene 

136), respectable e.e. was still achieved across all reported substrates (Scheme 3.9).  
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Scheme 3.9: Substrates and enantiomeric excess generated in the products using 

Soderquist’s reagent 

 

 

 

 

 

 

 

Two versions of the reagent were reported, phenyl- 147 and trimethylsilyl-substituted 128. 

The synthesis of these compounds was straight-forward, compared to 2,5-dimethylborolane 9, 

and was carried out in 3 steps. 9-Borabicyclo[3.3.2]decanes 128, 147 reacted with alkenes to 

form enantioenriched trialkylborane intermediates which were oxidised to chiral alcohols or 

directly used in Suzuki coupling reactions.117 

It is apparent that there is a selection of organoborane reagents for stoichiometric 

enantioselective hydroboration; however, their use is not necessarily widespread today. There 

are many reasons for this: the enantiomeric excess generated is not always high enough, the 

reagents are difficult to synthesise, and the substrate must be matched to the appropriate 

reagent. However, the most likely reason that these reagents are not commonly used is because 

of catalysis. Many transition metal-catalysts now exist for enantioselective hydroboration and 

their ease of use and higher atom economy have made them more attractive than stoichiometric 

borane reagents.102,118 

3.1.2 Boronic Esters in Hydroboration 

Organoboranes can be converted into a large selection of functional groups and the 

stereocentres formed in enantioselective hydroboration are maintained in further 

transformations.19 Unfortunately, the trialkylborane species synthesised in stoichiometric 

hydroboration reactions are air- and moisture-sensitive, presenting handling difficulties. 

Boronic esters are R-B(OR)2 compounds that have increased stability compared to R3B 

compounds, due to π-donation of electron density from the oxygen atoms to the empty p-

orbital of the boron atom.32 This increased stability allows these compounds to be isolated.  
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Modern synthetic chemistry relies on catalysis for hydroboration reactions. Two reagents have 

been instrumental in the development of catalytic hydroboration to make boronic esters: 

catecholborane 11 and pinacolborane 14. 

Brown reported catecholborane (HBcat) in 1970 as a reagent for selective hydroboration.28 

The 1,3,2-benzodioxaborole 11 was synthesised by the reaction of catechol 10 and THF∙BH3 

1.  It reacted to form monoalkyl borane species rather than di- and trialkyl species that form 

with reagents such as BH3 24 (Scheme 3.10).29 The reaction required harsh conditions; 100 ºC 

was necessary to achieve a good yield. The products were sensitive to acid so were generally 

isolated as boronic acids. 

Scheme 3.10: Catecholborane: synthesis and reaction with alkenes 

 

 

 

 

 

 

 

 

 

 

Knochel reported pinacolborane (HBpin) 14, a 1,3,2-dioxaborolane that can be used to 

synthesise boronic esters, in 1992 (Scheme 3.11).30 This offered an alternative to HBcat 11 

and gave products that could be isolated using column chromatography. The reagent was 

reported to react directly with alkenes; however, subsequent control reactions have shown that 

stoichiometric hydroboration of alkenes with HBpin does not occur without elevated 

temperatures.57,119 Several catalysts have since been developed for hydroboration with 

HB(OR)2 reagents. 

 

 



52 

 

Scheme 3.11: Pinacolborane, developed by Knochel 

 

 

 

Metal-catalysed alkene hydroboration was reported by Männig and Nöth in 1985.120,121 HBcat 

reacted at room temperature with an unsaturated carbon-carbon bond to give an alkylboronic 

ester, in the presence of a rhodium catalyst. An oxidative addition and reductive elimination 

mechanism was proposed (Scheme 3.12). HBcat 11 oxidatively added to rhodium complex B 

to generate a metal-boryl species C. A migratory insertion then occurred across the alkene D 

before the boronic ester product E was reductively eliminated.  Now, various catalysts across 

the periodic table exist for alkene hydroboration to prepare boronic esters. While transition 

metal-catalysts dominate, main-group systems also exist. Notably, group 13 catalysts have 

been reported to react through an exchange-type mechanism.39,49 

Scheme 3.12: Mechanism of rhodium-catalysed alkene hydroboration 

 

 

 

 

 

 

 

 

 

 

Boron-based hydroboration catalysts have been reported where the catalyst has been 

previously established as a reagent for stoichiometric hydroboration.39,49,51,56,122 A σ-bond 

metathesis, or transborylation, is proposed as the turnover step in the catalytic cycle (Scheme 
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3.13). As with the transition metal-catalysed reactions, the method may be adopted to generate 

boronic ester products that are useful intermediates in organic synthesis. 

Scheme 3.13: Catalytic reactivity of stoichiometric hydroboration reagents 

 

 

 

 

 

 

 

3.1.3 Catalysts for Enantioselective Boronic Ester Synthesis 

Enantioenriched boronic esters are predominantly synthesised using an enantioenriched 

catalyst in conjunction with HBpin 14 or HBcat 11. The first reported example of catalytic 

alkene hydroboration to generate an enantioenriched boronic ester was by Burgess and 

Ohlmeyer in 1988 using a rhodium catalyst 153 and HBcat 11 (Scheme 3.14).123 Using 

established, enantioenriched diphosphine ligands 152, type I alkenes were successfully 

transformed into their corresponding boronic esters in e.e. reaching 69%. This provided a 

method for the enantioselective hydroboration of 1,1-disubstituted alkenes, impossible using 

organoborane reagents at the time.118 Moderate e.e. was achieved for norbornene (57%); 

however, the internal alkene 1,2-diphenyl-1-propene was less well tolerated with poor 

enantioenrichment (19% for Z-isomer, E-isomer 0%) despite a good yield. Nevertheless, this 

pioneering report allowed further development in enantioselective hydroboration to occur. 
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Scheme 3.14: Rhodium-catalysed enantioselective hydroboration using HBcat  

 

Further developments were made using cationic rhodium-phosphine complexes; in the main, 

they completed the reactivity of the stoichiometric reagents. A selection of rhodium-phosphine 

systems for enantioselective hydroboration were reported with anti-Markovnikov selectivity 

and gradually increasing e.e. as the chemistry was developed.34,118,124 In 1989, Hayashi and Ito 

reported the first rhodium-catalysed Markovnikov-selective hydroboration with high yields 

and selectivity125; other systems were subsequently reported by other groups.34,118,124,126 The 

differing selectivity was investigated, and the mechanism explained by the cationic rhodium 

species F forming a cationic η3-benzylrhodium intermediate I with styrene derivatives 

(Scheme 3.15). The same regioselectivity was not observed with alkyl olefins and when 

neutral rhodium complexes were used with styrene derivatives, anti-Markovnikov selectivity 

dominated. Later, neutral rhodium complexes were shown to be active if the ratio of phosphine 

ligand to metal centre was adjusted; in the absence of phosphine ligands, only linear selectivity 

was observed.124  
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Scheme 3.15: Rhodium-catalysed anti-Markovnikov hydroboration 

 

Rhodium dominated metal-catalysed enantioselective hydroboration however the systems 

generally required the use of HBcat, generating products that could not be isolated as boronic 

esters. A range of complexes and ligands were applied across different substrate classes to 

generate products of high enantioselectivity. Often these were substrate controlled, with 

allylamines and allylalcohols being of particular interest.34 Two examples of iridium-catalysed 

enantioselective hydroboration were reported;127,128 however, the e.e. generated was lower than 

when the rhodium complexes were used. Metal-catalysed hydroboration offered methods to 

control hydroboration more easily than stoichiometric reactions both in terms of 

regioselectivity (Markovnikov and anti-Markovnikov) and chemoselectivity (alkene 

hydroboration over carbonyl).  

In 2009, copper-catalysed systems were reported by Hoveyda and Yun for alkene 

hydroboration with HBpin. Hoveyda used an enantioenriched NHC-ligand to generate 

products with good e.e. (up to 96%)129 and Yun used a copper-phosphine complex for 

Markovnikov hydroboration of styrenes with HBpin.130 This gave pinacolboronic esters with 

e.e. reaching 95%.  

Yun proposed that a copper hydride catalyst K is generated in situ by transmetallation with 

HBpin. This then reacts with the alkene to form an alkyl copper intermediate L that reacts with 

HBpin 14 in another transmetallation step to generate the product 158 (Scheme 3.16). This 

redox neutral cycle differs from those reported for cationic rhodium species; the 



56 

 

stereochemistry is set through the addition of the enantioenriched copper species to form alkyl 

copper intermediate L. 

Scheme 3.16: Copper-catalysed alkene hydroboration with HBpin 

 

 

 

 

 

 

 

Copper-catalysed enantioselective hydroboration was limited to aryl substrates until Hartwig’s 

report in 2016.131 A copper-phosphine system was reported to proceed in a mechanism akin to 

Yun’s report; however, it had a broader scope, generating alkylboronic esters reaching 97% 

e.e. 

Most recently, a cobalt-catalysed alkene hydroboration was reported by Lu (Scheme 3.17).132 

In 2019, pinacol boronic esters were synthesised using Co(OAc)2 160 and an imidazoline 

phenyl picoliamide ligand 161. The enantioselectivities generated were excellent; 9 products 

were reported with 99% e.e. and a further 22 reported with >80% enantioselectivity. Although 

broad, the system did not tolerate α-methylstyrene, suggesting type I alkenes were not suitable 

substrates.  

Scheme 3.17: Cobalt-catalysed alkene hydroboration 
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The mechanism proposed mimics that for copper; an initial transmetallation between the 

precatalyst and HBpin generates the active cobalt-hydride catalyst that undergoes 

hydrometallation with the alkene to form an enantioenriched centre. This is the only example 

of enantioselective alkene hydroboration catalysed by a cobalt complex. 

Enantioselective hydroboration for the generation of boronic esters is dominated by transition 

metals. Despite their differing mechanisms, all reported systems for the synthesis of 

enantioenriched boronic esters require enantioenriched ligands and transition metals to 

facilitate the transformations. Catalytic systems offer different reactivity to those of the 

stoichiometric reagents and are now prevalent in asymmetric synthesis.  

3.2 Project Aims 

As an alternative to transition metals in catalysis, main-group catalysts are of increasing 

interest. The synthesis of boronic esters from alkenes has been demonstrated with a selection 

of group 13 catalysts; however, an enantioselective method for the transformation has not been 

developed. Here, transborylation was applied with the aim of using an enantioenriched 

organoborane as a catalyst, in conjunction with a 1,3,2-dioxaborolane, for enantioselective 

hydroboration. An initial hydroboration of the alkene substrate by the enantioenriched borane 

would generate an enantioenriched trialkylborane. This could be followed by a transborylation 

step, upon addition of HBpin or HBcat, to produce an enantioenriched boronic ester and 

regenerate the enantioenriched catalyst (Scheme 3.18). 

Scheme 3.18: Proposed project: enantioselective hydroboration followed by 

transborylation for enantioenriched boronic ester synthesis 

 

 

 

 

 

To realise this aim, a selection of known enantioenriched organoboranes were synthesised and 

their susceptibility to transborylation explored. Their use in catalysis depended upon: 

1. Transborylation occurring at an internal alkene 

2. Transborylation being a stereoretentive process 
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3. The catalyst maintaining enantioenrichment on regeneration after 

transborylation. 

The successful use of an enantioenriched organoborane reagent as a catalyst, would be the first 

example of a main-group-catalysed enantioselective alkene hydroboration. It would also 

further demonstrate the utility of transborylation in main-group catalysis. 

3.3 Results and Discussion  

3.3.1 Organoborane Syntheses and Initial Results 

A number of enantioenriched borane species exist for the stoichiometric hydroboration of 

alkenes to generate an enantioenriched alcohol via a trialkylborane intermediate (Scheme 

3.19). None are commercially available and were synthesised according to the literature 

procedures. The initial aim was to observe transborylation between the enantioenriched, 

trialkylborane, hydroboration product and HBpin (Scheme 3.20). HBpin was the turnover 

reagent of choice as it is easy to handle, commercially available and allows the synthesis of 

stable boronic esters that may be isolated. 

Scheme 3.19: Organoboranes considered as catalysts for enantioselective hydroboration 

 

  

 

 

 

 

 

Transborylation tests were carried out in an NMR tube and followed using 11B NMR 

spectroscopy; the stoichiometric reagent was reacted with a substrate and when the reagent 

was converted to a trialkylborane, HBpin was added. If transborylation occured, a boronic 

ester peak would form.  
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Scheme 3.20: Initial aim; identify transborylation between a trialkyl intermediate and 

HBpin 

 

 

 

Brown’s (Ipc)2BH 4 was initially chosen to test for transborylation. This was due to its single-

step synthesis and high e.e. with appropriate substrates. According to the literature procedure, 

it was synthesised and reacted with cis-3-hexene 129 in THF.75 A trialkylborane peak was 

observed by 11B NMR spectroscopy. The addition of HBpin 14, however, did not trigger 

transborylation and a boronic ester peak was not observed in the NMR spectrum (Scheme 

3.21, 1).  

Yamamoto proposed that ethereal solvents coordinate to trialkylboranes generated during 

hydroboration.133 This prevents group 13 exchange occurring at reduced temperatures. While 

elevated temperatures are acceptable to drive exchange in unselective reactions, temperature 

increase can reduce the enantioselectivity of a reaction. Dramatically increasing the 

temperature of the reaction was therefore not a likely solution in this case. A solvent screen 

was carried out, to find alternatives to THF for the reaction. The formation of the boronic ester 

product was observed in less-coordinating solvents such as CH2Cl2 and hexane; however, Et2O 

and THF were not conducive for transborylation (Scheme 3.21, 2). 

In CH2Cl2, 20 mol% of (Ipc)2BH 4, cis-3-hexene 129 and stoichiometric HBpin 14 were 

reacted and the products isolated. The major product of the reaction was α-pinenyl boronic 

ester 162 (Scheme 3.21, 3), suggesting that although transborylation had occurred, it was not 

selective for the boron-carbon bond of the substrate and also occurred on the boron-carbon 

bond of the catalyst. (Ipc)2BH 4 was therefore ruled out as a potential catalyst as the reagent 

cannot regenerate if the α-pinene 72 is consumed by transborylation. Unselective 

transborylation was also observed for Lgf2BH 5 and IpcBH2 6 (Scheme 3.21, 4).  

  

 

 

 

 



60 

 

Scheme 3.21: Terpene based reagents as catalysts for transborylation 

 

Although transborylation was observed, selectivity was the constraint of the terpene-based 

systems. It was proposed that cyclic species may be suitable alternatives. The backbone of a 

cyclic species could induce selectivity for transborylation at the accessible boron-substrate 

bond. LimBH 7 was therefore the next organoborane synthesised for its use in catalysis 

(Scheme 3.22).109  

Scheme 3.22: Synthesis of LimBH* 

 

*Reaction performed by Andrew Bage 
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At room temperature, stoichiometric LimBH 7 was reacted with cis-3-hexene 129, trans-4-

octene 146 and α-methylstyrene 150, then HBpin 14 was added (Scheme 3.23). Hydroboration 

of the alkenes was observed however no transborylation occurred after 16 hours. After 4 days 

at 60 ºC, the formation of a boronic ester was observed for α-methylstyrene however on 

isolation, no enantiomeric excess had been obtained in the reaction. The lack of e.e. could be 

because LimBH 7 is not particularly effective for type I alkenes.109 However, the 

stoichiometric hydroboration of an alkene with LimBH 7 is carried out at −25 ºC therefore 

increasing the temperature to 60 ºC likely reduces the e.e. further.  

Scheme 3.23: Attempted transborylation with LimBH* 

 

 

 

 

 

 

 

 

 

*Reactions performed by Andrew Bage 

LimBH 7 was not further investigated due to the temperature required for an enantioselective 

hydroboration. Transborylation does not occur at ‒25 ºC therefore LimBH was not a suitable 

catalyst for the transformation. 

Soderquist’s borane 8 was the next borane tested for transborylation. The cyclic borane is 

particularly useful for reaction with type I (1,1-disubstituted) alkenes.117 The reagent is used 

at room temperature therefore it was a more suitable candidate for transborylation than LimBH 

7. The synthesis is more complex than that of the previous enantioenriched boranes; however, 

(±)-H-B-Me3Si-9-borabicyclo[3.3.2]decane 128 was synthesised successfully (Scheme 3.24). 

(±)-H-B-phenyl-9-borabicyclo[3.3.2]decane 147 was not synthesised due to the hazards 

associated with the synthesis of phenyldiazomethane.  
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Scheme 3.24: Synthesis of Soderquist’s borane 

 

The reagent was synthesised from H-B-9-BBN 36 following literature procedure117 and a 28% 

yield was achieved over four steps to the dihydride 173. The dihydride 173 was converted to 

the borane reagent 128, in situ, using trimethylsilylchloride 174. Due to the multi-step 

synthesis of Soderquist’s borane 128, H-B-9-BBN 36 was used as an analogue to explore 

transborylation conditions however, as with LimBH 7, 60 °C was required to observe 

transborylation with H-B-9-BBN 36 as the reagent (Scheme 3.25). 

Scheme 3.25: H-B-9-BBN as an analogue for Soderquist’s borane   

 

There is precedent for group 13 exchange occurring for alkene and alkyne 

hydroboration.39,133,134 It was proposed that this concept could allow for a ‘boron cascade’ type 

reaction (Scheme 3.26). Initially, the enantioenriched catalyst would react with the substrate 

to form an enantioenriched trialkylborane. This could exchange with a reactive boron or 

aluminium species, which could then exchange with HBpin 14, to give a stable boronic ester 

product. Using an intermediate may help facilitate transborylation on a secondary centre. 
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HBpin 14 is relatively stable therefore a more reactive compound may exchange more readily 

with the trialkylborane intermediate.  

Scheme 3.26: Group 13 cascade for enantioselective hydroboration catalysis 

 

α-Methylstyrene 150 was reacted with a stoichiometric amount of H-B-9-BBN 36 to form a 

trialkylborane compound M that could be used to investigate transborylation. The substrate 

was reacted with HBpin 14 and an additive at room temperature (Scheme 3.27). As with 

(Ipc)2BH 4 screens, 11B NMR spectroscopy was used to analyse reactivity. 

Scheme 3.27: Additive screen for transborylation conditions using H-B-9-BBN as an 

analogue for Soderquist’s borane 

 

Initially, it appeared that a group 13 cascade could be an effective way to facilitate 

transborylation. Selected aluminium species permitted the formation of a boronic ester from 

the trialkylborane (Scheme 3.27, 179, 180, 181). When control reactions were carried out, 

however, HBpin 14 mixed with the aluminium additives resulted in decomposition to generate 

BH3 24 and B2pin3 182 (Scheme 3.28). This was undesirable because BH3 24 is known to 

catalyse alkene hydroboration to generate boronic esters.56,57 This background reaction could 

outcompete the enantioenriched reaction, converting the substrate to a racemic boronic ester 
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product. For this reason, the aluminium species tested could not be used in this enantioselective 

system. 

Scheme 3.28: Decomposition of HBpin to produce BH3: an unselective catalyst 

 

 

 

No success was achieved with borane compounds (Scheme 3.27, 11, 176). 1,3,2-

Dithiaborolane (Scheme 3.27, 178) was the only species where conversion from the 

trialkylborane species to boronic ester was observed. Reaction of the dithiaborolane 178 with 

HBpin 14 did not result in decomposition product and boronic ester did not form upon alkene 

addition. Therefore it was concluded a trialkylborane species was required. Enantioenriched 

Soderquist 128 was tested (Scheme 3.29). α-Methylstyrene 150 was used as the prochiral 

substrate and was reacted with stoichiometric Soderquist dihydride 173 and TMSCl 174 in 

CH2Cl2. Stoichiometric 1,3,2-dithiaborolane 178 and HBpin 14 were added; however, a 

boronic ester product was not observed by 11B NMR spectroscopy. 

Scheme 3.29: Soderquist test reaction, using 1,3,2-dithiaborolane to facilitate 

transborylation* 

 

*Reaction performed by Kieran Nicholson 

It was unexpected that no boronic ester 175 was generated using Soderquist’s borane 128 in 

combination with 1,3,2-dithiaborolane 178 and HBpin 14, particularly as transborylation was 

achieved using the H-B-9-BBN 36 analogue. The most likely reason for this is the steric bulk 

caused by the trimethylsilyl-group, preventing the 1,3,2-thiaborolane 178 species from 

reacting.  

Despite attempting various conditions, it was not possible to use Soderquist’s borane 128 as a 

catalyst for enantioselective alkene hydroboration with HBpin 14. Although cyclic, potentially 
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increasing the selectivity of transborylation to occur at the substrate, the size interfered with 

the transborylation that was necessary for catalyst turnover. Another enantioenriched borane 

was required that was cyclic, reacted at room temperature and was smaller than Soderquist’s 

borane for enantioselective catalysis. 

Masamune’s borolane 9 has three key features that potentially make it a suitable candidate for 

transborylation-facilitated catalysis: 

1. It is a cyclic borolane, perhaps directing transborylation selectivity, unlike 

(Ipc)2BH 4. 

2. The stoichiometric hydroboration reaction occurs at 25 ºC, allowing a broader 

temperature range to be employed for transborylation, unlike LimBH 7. 

3. The reagent is much smaller than the other organoboranes tested; the size could 

make transborylation easier, unlike Soderquist’s reagent 8. 

Scheme 3.30: Literature synthesis for enantioenriched 2,5-dimethylborolane 

 

This reasoning drove the synthesis of 2,5-dimethylborolane 9, following the literature 

procedure (Scheme 3.30). The starting di-Grignard reagent 183 is not commercially available, 

nor is 2,5-dibromohexane 196. This increased the synthesis from seven to nine steps. 1,5-

Hexadiene 194 was reacted with HBr 195 to give the Markovnikov hydrobromination product, 

2,5-dibromohexane 196, at elevated temperature. Initially, the reaction was not selective, and 

the anti-Markovnikov product was present. It was proposed that this was due to the presence 
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of oxygen or heat, allowing radicals to form.135 To increase the rate of reaction without losing 

selectivity, tributylhexadecylphosphonium bromide 193 was used as a phase-transfer 

catalyst.136 This allowed the reaction to proceed at room temperature with good Markovnikov 

selectivity (Scheme 3.31). The reaction was successfully scaled-up to 2 mol, with yields 

reaching 80%. 

 Scheme 3.31: 1,5-Hexadiene to di-Grignard to begin literature synthesis 

 

Magnesium turnings 197 were reacted with 2,5-dibromohexane 196 in THF to synthesise the 

di-Grignard required 183 (Scheme 3.31).137 The exothermic reaction reached reflux and on 

completion, was filtered. Initially, yields for this reaction were between 10 and 20%, 

calculated from the concentration of the final solution. Increasing the scale from 100 to 300 

mmol and modifying the filtration procedure, from glass wool to a Schlenk frit, allowed an 

average yield of 35% to be attained. A limitation of this synthesis was the solubility of the 

Grignard reagent 183. It readily crystallised out of THF at concentrations above 0.42 M and 

could not be used in the next step.  

Scheme 3.32: Synthesis of N,N-diethylaminodichloroborane 

 

 

N,N-Diethylaminodichloroborane 184, required for the initial step of the procedure, also had 

to be synthesised. The reagent was synthesised from the reaction of BCl3 48 with diethylamine 

198. An adduct forms instantly and on addition of triethylamine 199, aminodichloroborane 

184 was released due to NEt3∙HCl salt formation 200 (Scheme 3.32).138 The literature 

procedure for its synthesis (Table 3.4, 1) was effective; however, it was performed in benzene. 

Benzene proved difficult to remove during the purification procedure, due to the similar 

boiling points of the solvent and product, resulting in a diminished yield. BCl3 48 is 

commercially available in solutions of both CH2Cl2 and hexane and both were trialled, both 

resulting in low yields. As an alternative to benzene, toluene was trialled; however, the 

addition of NEt3 199 did not result in conversion of the adduct to product. This was potentially 
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due to solubility of the adduct as, even at elevated temperatures, the solid did not dissolve in 

toluene. Finally, using BCl3 48 in a solution of hexane and adding neat NEt3 199, after adduct 

formation, generated product. Initially the reaction was heated to 60 ºC after NEt3 199 addition 

and full conversion to product was observed, by 11B NMR spectroscopy. Hexane was removed 

under reduced pressure, and the yellow liquid remaining was confirmed to be product. Further 

optimisation suggested the reaction did not need to be heated past room temperature for NEt3 

199 to react. When scaled-up to 200 mmol, 50-80% yields were obtained. 

Table 3.4: Conditions trialled for the aminodichloroborane synthesis 

 

The literature procedure was followed for the synthesis of the aminoborolane 185 and 

consequent methanolysis of the boron-nitrogen bond (Scheme 3.30). At this point, the 

methoxyborolane 186, as a mixture of cis- and trans- isomers, was converted to the dihydride 

salt (±)-143 to explore transborylation. This was achieved using LiAlH4 166 in Et2O, as 

reported by Masamune.85 The dihydride salt (±)-143 was tested initially with cis-3-hexene 129. 

Transborylation screens with alternative organoboranes suggested ethereal solvents inhibited 

the process so pentane was chosen. 2,5-Dimethylborolane 9 has been used for enantioselective 

ketone reduction in pentane, confirming its solubility.  

Methyl iodide 144 was added to the dihydride salt (±)-143, in pentane, and the borolane 

formation 9 was observed by 11B NMR spectroscopy (31 ppm). cis-3-Hexene 129 was then 

added and a trialkylborane peak was observed (87 ppm). HBpin 14 was added when the 

borolane peak had been completely consumed and the reaction was monitored for 12 hours. 

Immediately after addition, no conversion to boronic ester 163 was observed; however, after 

24 hours at 40 ºC, conversion of the trialkylborane to boronic ester 163 (34 ppm) was observed, 

along with the regeneration of the borolane 9 (Scheme 3.33).  

 

 

 Solvent (BCl3) Solvent (NEt3) Temperature (ºC) Yield (%) 

1 Hexane Benzene 80 12 

2 CH2Cl2 Benzene 80 24 

3 CH2Cl2 Toluene 100 - 

4 Hexane neat 60 70 

5 Hexane neat r.t 78 
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Scheme 3.33: 11B NMR of initial transborylation observation using Masamune’s 

borolane 

 

 

3.3.2 Enantioenriched 2,5-Dimethylborolane and Initial Results 

2,5-Dimethylborolane 9 was a promising candidate for enantioselective hydroboration as 

transborylation occurred between the trialkyl-intermediate N and HBpin. Although an 
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increased temperature was necessary for significant conversion, enantioselective 

hydroboration with the stoichiometric reagent was carried out at 25 °C85 so perhaps a balance 

could be established between reaction rate and enantioenrichment of the product. The 

synthesis of the enantioenriched 2,5-dimethylborolane 9 was therefore continued. 

There are three isomers present in the methoxyborolane 186 mixture, cis-, (R,R) and (S,S). For 

the diastereomeric resolution, N,N-dimethylaminoethanol 187 was added to complex the cis-

borolane 186. Following the literature procedure an aminoalcohol complex 188 formed, with 

the cis-borolane 186 and gave the free trans-methoxyborolane (±)-186 (Scheme 3.34).85 The 

ratio of cis- and trans-isomers present in the free borolane (±)-186 could be measured by 1H 

NMR spectroscopy (trans-:cis-, 80:20). 

Scheme 3.34: Resolution of the meso- and trans- methoxylborolanes 

 

 

 

 

The cis-complex was stored and later converted to the dihydride precursor 143. Optimisation 

of the conditions for transborylation could be carried out with this cis-borolane 9. The trans-

methoxyborolane (±)-186 was resolved according to the literature procedure.85 L-Prolinol 189 

was used to form the (R,R)-complex 190, leaving the free (S,S)-methoxyborolane (S,S)-186 

(Scheme 3.35). 1H NMR spectroscopy showed that the (R,R)-prolinol complex 190 contained 

5% cis-borolane 186. The free (S,S-)borolane (S,S)-186 was a mixture of trans- and cis-

borolanes (trans-:cis-, 65:35). 

Scheme 3.35: Resolution of the trans- methoxyborolanes 

 

 

 

 

The synthesis of Soderquist dihyride 173 involved making an activated aluminium hydride 

using EtOAc 201 which converted the resolved complex directly to the dihydride 173 (Scheme 

3.24, 172-173).117 This was attempted with the complex 188 to avoid the synthesis and 
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isolation of the sensitive methoxyborolane species 186. The aminoalcohol complex 188 

remained stable to the hydride source, however (Scheme 3.36). The literature procedure was 

therefore followed to synthesise the dihydride salts 143 from the prolinol complex 190, via the 

methoxyborolane 186 (Scheme 3.30). 

Scheme 3.36: Attempted synthesis of dihydride from aminoalcohol complex 

 

 

The enantiopurity of the reagent was tested. A portion of the dihydride salt 143 was oxidised, 

following the reported procedure.85 The 2,5-hexanediol 202 was isolated and Mosher’s ester 

was used to determine the enantioenrichment (Scheme 3.37). From 1H NMR, the ratio of 

isomers in the borolane 9 was established by comparison to literature data139 (R,R: S,S: cis-,  

87:0:13).  
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Scheme 3.37: Moshers analysis to identify isomers in the product 

 

 

 

 

 

 

Before trialling the enantioenriched reagent, the cis-complex 188 was transformed to the 

dihydride salt 143 and various conditions were tested. The cis-dihydride salt 143 was 

converted to the active reagent 9 in situ using either methyl iodide 144 or dimethylsulfate 145 

(Scheme 3.30). Using dimethylsulfate 145 in a non-coordinating solvent, such as CH2Cl2 or 

pentane seemed to produce most transborylation product, according to 11B NMR. This may be 

because the dimethylsulfate 145 enables transborylation or it may react faster to form the 

active borolane 9, compared to methyl iodide 144. The transborylation was still slow, however.  

As an alternative turnover reagent, HBcat 11 was tested in a stoichometric reaction that was 

monitored by 11B NMR spectroscopy. After trialkylborane synthesis, using 1-

methylcyclopentene 137, dimethylsulfate 145 and the cis-dihydride salt 143, HBcat 11 was 

added and immediately, boronic ester product was observed (Scheme 3.38). This faster 

turnover may be down to the reduced steric hindrance or the decreased stability of the boron 

centre in HBcat. Due to conjugation of the phenyl ring electrons and the oxygen lone pairs the 

boron centre is less stabilised compared to HBpin, where the electrons in the oxygen p-orbitals 
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are free to donate to the boron-oxygen bond. This makes HBcat more reactive; however, it 

does make the products less stable and prone to proto-deborylation. 

Scheme 3.38: Modification to reaction conditions, after optimisation 

 

 

 

 

 

 

 

 

 

 

 

HBcat 11 is known to react with alkenes alone, at increased temperatures,28 so it was important 

to confirm the background reactivity would not interfere with the enantioselective 

hydroboration. The background reactions of HBcat 11 and HBpin 14 with 1-methylpentene 

137 was monitored (Table 3.5). It was observed that HBpin 14 remained stable at 60 ºC 

although HBcat 11 decomposed slightly at this point. At 25 ºC, however, no alkene 

consumption was observed and HBcat 11 remained completely intact. Provided the 

enantiomeric excess of the stoichiometric reaction was maintained at 40 ºC and that 

transborylation is stereoretentive, increasing the reaction temperature was a possibility, to 

increase the reaction rate.  
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Table 3.5: Background reactivity of 1,3,2-dioxaborolanes with 1-methylcyclopentene 

 

 

 

 

 

1-Methylcyclopentene 137 was reacted with 15 mol% of (R,R) dihydride complex (R,R)-143 

(87:01:13), 15 mol% dimethylsulfate 145 and stoichiometric HBcat 11 in pentane to give 2-

methylcyclopentyl-1,3,2-benzodioxaborole 203 (40% yield by internal standard in 1H NMR 

spectroscopy) and showed further alkene consumption. The reaction was oxidised and 

converted to an ester 206 to generate a chromophore (Scheme 3.39). This was then analysed 

by HPLC and the product was confirmed as having 73% e.e.   

Scheme 3.39: Conversion of product to UV-active ester for analysis 

 

 

 

 

 

 

 

 

 

 

 Temperature (ºC) HBpin 14 (%) HBcat 11 (%) 

1 25 0 0 

2 40 0 trace 

3 60 0 16 
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The initial result demonstrated that 2,5-dimethylborolane 9 has catalytic potential for 

enantioselective hydroboration. Optimisation was required to increase the yield and ensure a 

high enantioenrichment was maintained throughout the reaciton. It was proposed that the 

transborylation step is the limiting factor in the catalysis as literature precedent exists for the 

initial hydroboration reaction. To improve the yield, the cis-borolane 9 was used for reaction 

optimisation.  

3.3.3 Optimisation with 2,5-Dimethylborolane System 

The reaction set-up was improved immediately upon the observation that HBcat 11 will 

exchange directly with the methoxyborolane 186 to generate the active borolane catalyst 9 in 

situ (Scheme 3.40). This removed two steps from the catalyst synthesis: the conversion of 

methoxyborolane 186 to dihydride 143 and the in situ conversion of dihydride 143 to borolane 

9 (Scheme 3.30, 143-9). The methoxyborolane 186 can be stored as an enantioenriched 

complex 190 or 192 until required, where a single step will synthesise the catalyst.  

Scheme 3.40: Catalyst formation via transborylation 

 

11B NMR was used to track this exchange, under reaction conditions (Scheme 3.41). A 

substoichiometric amount of methoxyborolane 186 was added to an NMR tube, in pentane, 

and its resonance observed at 60 ppm. Upon addition of HBcat 11 (1.2 equivalents relative to 

the substrate), formation of the borolane dimer 9 was observed at 31 ppm and a 

trialkoxyborane species 207 (22 ppm). Immediately, on addition of an alkene substrate 137, 

the borolane 9 was consumed and new resonances appeared at 88 ppm and 36 ppm, 

representing the trialkylborane O and boronic ester product 203, respectively.  
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Scheme 3.41: 11B NMR tracing exchange of methoxyborolane with HBcat in catalysis 

 

 

 

 

 

 

 

 

 

Optimisation was carried out using cis-methoxylborolane 186 as a catalyst. 1-

Methylcyclohexene 138 was used as the substrate for optimisation because it was a known 

substrate for the stoichiometric reaction and the initial results demonstrated that an 

enantiomeric excess could be achieved with trisubstituted alkenes, substoichiometrically 

(Scheme 3.39). To make analysis easier, the catecholboronic esters were reacted with 1,8-

diaminonapthalene (dan) 208 to make the B(dan) analogues. The products were stable to air 

and moisture, and importantly, ensured a chromophore was present for HPLC analysis for 

optimising enantiomeric excess.  
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Using cis-methoxyborolane 186 as the catalyst and 1-methylcyclohexene 138 as the substrate, 

initial reaction optimisation was carried out to investigate solvent and concentration (Table 

3.6). 

Table 3.6: Optimisation table for reaction yield 

 

 Solvent  Substrate 

concentration 

(mM) 

HBcat eq. Yield* (%) 

1 none - 1.5 42 

2 dimethylsulphate 20 1.5 37 

3 CH2Cl2 20 1.5 55 

4 toluene 20 1.5 28 

5 pentane 20 1.5 32 

6 CH2Cl2 10 1.5 29 

7 CH2Cl2 5 1.5 20 

8 CH2Cl2 2.5 1.5 16 

9 CH2Cl2 1 1.5 4 

10 CH2Cl2 20 1.75 52 

11 CH2Cl2 20 2.0 36 

12 CH2Cl2 20 2.5 32 

 

A solvent screen was carried out confirming that less-coordinating solvents were better suited 

to transborylation, as observed with previous organoboranes. CH2Cl2 was deemed the best 

solvent for the system (Table 3.6, 3). The concentration of the reaction was investigated next; 

enantiomeric excess can be affected by concentration therefore it was important to understand 

if an effect could be seen. Decreasing concentration reduces the reaction yield (Table 3.6, 3, 

6-9). Reported borane-catalysed hydroboration systems agree with this.  

*Reactions perfomed in conjunction with Andrew Bage 
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The equivalents of HBcat 11 were then varied (Table 3.6, 10-12). Increasing from 1.5 to 1.75 

equivalents had little effect however further increasing the equivalents reduced the yield. This 

may be linked to substrate concentration being reduced. 

Thus far, the system does not give product in good enough yields to be a suitable method. 

Catalyst loading may be increased slightly as the catalyst is being regenerated, albeit slowly. 

An additive may be used to force transborylation. Additives tested with Soderquist’s borane 8 

were unsuitable; however, this borolane 9 is more reactive toward transborylation so may also 

react with an additive. The temperature may also be increased although this may reduce the 

selectivity of the enantioselective hydroboration step.  

Following initial yield optimisations with the cis-methoxyborolane 186, test reactions were 

carried out with (R,R)-methoxyborolane (R,R)-186 (R,R-:S,S-:cis-, 95:0:5) (Scheme 3.42). 1-

Methylcyclopentene 137 and 1-methylcyclohexene 138 were successfully reacted with 10 

mol% catalyst and isolated as the B(dan) products. In both cases, turnover was observed and 

good e.e. were achieved. cis-2-Hexene 212 and β-methylstyrene 211 were also tested however 

no product was isolated. There was no literature precedent for these substrates, however.  

Scheme 3.42: Selection of substrates tested 
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3.4 Conclusions and Future Outlook 

Initial developments for an enantioselective borane-catalysed alkene hydroboration have been 

made. Through the synthesis and screening of a range of enantioenriched organoborane 

reagents, 2,5-dimethylborolane 9 has been identified as a suitable catalyst for the 

transformation. Its success was likely due to the cyclic shape and size, allowing for selective 

transborylation at the boron-carbon bond at the substrate. By modifying the turnover reagent 

from HBpin 14 to HBcat 11, a faster system was established. Initial screens suggest the catalyst 

was slow to regenerate however e.e. was maintained over the longer reaction time, probably 

because there were no competing background reactions. Good e.e. has been reported for initial 

substrates and a method for isolating the boronic ester products has been identified. The 

catalyst synthesis has been optimised and shortened, due to the observation that boron-

hydrogen/boron-oxygen transborylation can be used for catalyst formation in situ. 

Scheme 3.43: Conclusions 

 

 

 

 

 

 

 

 

 

 

 

 

 

The e.e. observed in the products were good. Future work may include comparing the 

stoichiometric result with the substoichiometric result to confirm the enantiofidelity of the 
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system between the stoichiometric and substoichiometric reaction. Further information about 

the nature of the transborylation may be established by 10B labelling, as reported for other 

transborylation systems.  

2,5-Dimethylborolane 9 synthesis is long and air-sensitive but its use as a catalyst makes it 

more worthwhile. Masamune reported the isolation of the borolane after ketone hydroboration, 

by the addition of an aminoalcohol to coordinate and precipitate the reagent.86 If a similar 

system could be developed in this case, the utility of the reagent as a catalyst would be even 

greater. 
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4. Iron-Catalysed Heck-Type Alkenylation of Alkyl Halides  

4.1 State of the Art at the Outset of the Project 

4.1.1 Palladium-Catalysed Heck Reaction 

The Heck reaction is a palladium-catalysed cross-coupling reaction developed by Richard F. 

Heck in 1972.140 It is a cross-coupling between alkenes and aryl or vinyl halides, to generate 

internal alkenes. Since its development, it has found application in over 100 natural product 

syntheses and in the fine-chemicals industry;141,142 it is employed in the large-scale synthesis 

of pharmaceuticals such as Naproxen, an anti-inflammatory drug141,143.  

The Heck reaction proceeds through a Pd(0/II) catalytic cycle (Scheme 4.1).140,144 Initially, 

oxidative addition of the organohalide to Pd(0) A occurs, generating a Pd(II) intermediate B. 

The alkenyl substrate can then coordinate to the complex, allowing a carbopalladation to take 

place C-D. This step determines the regioselectivity of  the product.144 A β-hydride elimination 

occurs to release the product. For this step to occur, the β-hydride and palladium must be syn-

orientated which results in predominantly E-alkene products.145 Isomeration can occur, 

however, due to the reversible nature of this step.144,145 Finally, a base-mediated reductive 

elimination releases a halide salt and regenerates the Pd(0) catalyst A, propagating the cycle. 

Scheme 4.1: Heck reaction and proposed mechanism 
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The scope of the Heck-reaction is wide, many functional groups are tolerated, and the 

development of intramolecular Heck reactions have enabled its use in the synthesis of cyclic 

compounds.141,146 However, it is not particularly tolerant of alkyl halides. This is, in part, 

because oxidative addition does not readily occur onto the metal centre with sp3- hybridised 

alkyl halides.147,148 Furthermore, β-hydride elimination can occur on the substrate, consuming 

it before the reaction begins (Scheme 4.2).149,150 

Scheme 4.2: Reaction of alkyl halides with palladium complex 

 

Palladium is a rare metal. The cost of palladium has increased tenfold over the last decade as 

demand has increased on the limited supply.151 This makes it unsustainable long term. To 

increase the sustainability of this chemical process, alternative methods for catalysis are 

required. An interest in using Earth-abundant metals to mimic the reactivity of precious 

platinum-group metals has been realised in recent years.3,89 Particularly, first-row transition 

metals have been investigated for their use in small molecule catalysis, however many 

challenges are involved as their reactivity is quite different to 3rd row transition-metals.35,89  

4.1.2 Iron as a Catalyst 

An investigation into whether iron may be used as an alternative to palladium for a Heck-type 

reaction was carried out.152,153 This would demonstrate the possibility of moving away from 

platinum-group metals in catalysis, toward more abundant, sustainable first-row transition 

metals. Iron is the fourth most abundant element in the earth’s crust and is therefore readily 

available.154 The availability means that it is inexpensive and it is also a benign metal, with 

low toxicity, to both the environment and human life.154 This makes it an ideal candidate for 

catalysis. 

Iron catalysts have successfully been developed for single-electron chemistry, specifically in 

radical polymerisation chemistry.155 Atom transfer radical polymerisation (ATRP) is a type of 

controlled radical polymerisation that was first reported by Sawamoto.156  

ATRP consists of three steps: initiation, propagation and termination. A selection of iron 

catalysts have been synthesised for use in ATRP systems (Scheme 4.3).155 The initiation event 

occurs by metal halogen abstraction which generates a carbon-centred radical.157 The stability 

of the radical is determined by the substrate; for tertiary halides, carbon-halogen bond cleavage 
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happens more readily than for that of a primary halide.158 The carbon radical generated in this 

event is then able to react with an electrophile, often an alkene, to form a carbon-carbon bond 

and a propagating radical. The propagation step continues until two radicals combine, 

terminating the polymerisation (Scheme 4.3).155,157 

Scheme 4.3: ATRP initiation mechanism 

 

 

 

 

 

 

 

 

It was proposed that to use iron as a catalyst for Heck-type reactivity ATRP catalysts could be 

adopted. The radicals initiated by the catalysts may be employed in small-molecule catalysis 

instead of polymer synthesis. An ideal candidate would be a catalyst that successfully initiates 

ATRP, allowing carbon-halide bond cleavage for radical generation, but that cannot efficiently 

propagate the intermediates for polymerisation. The radicals could then be trapped with 

electrophiles. 

4.1.3 Radical-Mediated Heck-Type Reactions 

Using radical chemistry to emulate Heck reactivity has been reported for various metals. 

Radical reactivity has been proposed with cobalt-,159-161 palladium-162-164 and nickel-based165,166 

catalysts, among others.167-169 These single-electron systems (Scheme 4.4) offer 

complementary reactivity to the palladium-catalysed reaction.170 Alkyl halides are tolerated, 

as oxidative addition and β-hydride elimination will not occur. Initial halogen abstraction 

occurs with oxidation of a metal centre F, generating a carbon-centred radical H. The addition 

of this radical to an alkene 62 generates a carbon-carbon bond and another carbon-centred 

radical. This can then abstract a halide from the system, which can then be eliminated using a 

stoichiometric base, regenerating the unsaturated carbon-carbon bond. 
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Scheme 4.4: Radical reactivity controlled by single-electron transfer at a metal centre  

 

 

 

 

 

This reactivity was reported by Oshima in 2002 using a cobalt catalyst 215.161 The 

(dppb)CoCl2 215 catalysed system was tolerant of alkyl bromides, iodides and chlorides for 

coupling to styrene derivatives, as well as for the development of an intramolecular Heck 

reaction. Their mechanistic investigations suggested radical intermediates were involved, 

along with a β-hydride elimination (Scheme 4.5). A palladium system reported by Alexanian 

and coworkers proposed a similar mechanism, where a radical intermediate reacted with the 

metal 217 before β-hydride elimination occurred to generate the Heck type product (Scheme 

4.5).162  

Scheme 4.5: Cobalt-catalysed alkenylation, proposing β-hydride elimination after 

radical addition. Palladium-catalysed intramolecular Heck-type reaction with β-hydride 

elimination after radical addition. 
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Nickel- and copper-catalysed systems have also been developed for this radical Heck-type 

reaction. Lei165 and Nishikata,168 respectively, reported systems in which tertiary halides could 

be reacted with alkenes in a cross-coupling reaction however their reported mechanisms were 

slightly different. Instead of a β-hydride elimination, the intermediate carbon-centred radical 

combined with a free-halide radical and abstracted a proton from the system to generate an 

organohalide intermediate. This was eliminated by the stoichiometric base used, to give the 

unsaturated product (Scheme 4.6). 

Scheme 4.6: Proposed mechanism for nickel- or copper-catalysed radical alkenylation 

 

4.1.4 Iron-Catalysed Heck-Type Reaction 

With literature precedent for a radical Heck-type alkenylation with various transition metals 

initiated by metal halogen exchange, it was proposed that it was possible to carry out a similar 

reaction using iron catalysts previously used for ATRP. In 2016, Kailong Zhu screened various 

iron catalysts used in ATRP for reactivity in alkenylation.152,153 A system was successfully 
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developed and optimised; it was concluded the simple iron dichloride salt 218 in 

dimethylformamide (DMF) with sodium carbonate (Na2CO3) 219 at 100 °C was most effective 

(Scheme 4.7).  

Scheme 4.7: Conditions for an iron-catalysed Heck-type reaction  

 

 

 

This system tolerated a variety of substrates and, importantly, allowed for the reactivity of 

alkyl halides with alkenyl substrates, an advantage over a traditional Heck reaction. Various 

styrene derivatives were coupled with alkyl halides that, in most cases, had an electron-

withdrawing group. A substrate scope described 24 examples produced using this system. A 

selection of styrene derivatives with different electronic groups were tolerated (Scheme 4.8). 

Mono- di- and tri-substituted styrenes were able to undergo cross-coupling as well as 

secondary and tertiary halides. Initial mechanistic studies suggested a radical mechanism was 

involved.153  
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Scheme 4.8: Existing substrate scope by Kailong Zhu for iron-catalysed Heck-type 

reaction 

 

On exploration of the substrate scope, there was an unexpected result. Using 4-methoxystyrene 

244 and 2-bromoethylbenzene 245 as substrates under reaction conditions, a dimer of 4-

methoxystyrene 246 was observed instead of the expected product (Scheme 4.9).153 This 

reactivity suggested an iron hydride perhaps plays a role in the mechanism.152 
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Scheme 4.9: Unexpected dimerisation product observed instead of formal Heck product 

 

4.2 Project Aims 

A Heck-type system using iron as a catalyst had been developed at the outset of this project 

and the aims involved gaining a further understanding of the mechanism of the reaction. An 

expansion of the scope was explored to see if it was possible to extend it to primary halides 

and therefore increase the utility of the method. 

Further to this, an aim was to determine if the reaction mechanism is likely to involve an iron 

hydride. Literature precedent exists for both base-mediated elimination, for nickel and copper, 

and for β-hydride elimination, in the case of cobalt and palladium. To propose a mechanism 

for this iron-catalysed system, a deuterium labelling study was carried out. 

Scheme 4.10: Project aims 

 

 

 

 

 

4.3 Results and Discussion 

4.3.1 Substrate Scope Expansion 

A wide range of styrene derivatives were tolerated in this Heck-type system however the scope 

of the alkyl halides was smaller. An expanded scope of alkyl halides was desirable as a radical-

based system tolerates these substrates in a Heck-type reaction, unlike the 1972 palladium-
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catalysed Heck reaction. A selection of primary alkyl halides was screened for reactivity in 

the reaction with 4-methoxystyrene (Scheme 4.11). 

Scheme 4.11: Unsuccessful primary alkyl halides screened for reactivity 

 

The initial substrates tested did not demonstrate any reactivity in the system. This is likely due 

to the required formation of a primary, carbon-centred radical which is unfavourable.157 The 

metal-halogen abstraction that initiates the reaction in ATRP does not occur. When 

(bromomethyl)cyclopropane 263 was used as a substrate, no reactivity was observed; the 

cyclopropane ring remained intact suggesting no free-radicals had formed.171  

The initial results of this investigation suggested that primary alkyl halides may be outside the 

range of this reaction however there was an exception. Using cinnamyl bromide as a substrate 

resulted in the Heck-type product forming in low yield for both 4-methoxystyrene and 3,4-

dimethoxystyrene (Scheme 4.12).  

Scheme 4.12: Additional products from the iron-catalysed Heck-type alkenylation 
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Although low yields of product were obtained, it was possible to couple a primary halide with 

styrene derivatives. A possible explanation for the success of this substrate is the conjugation 

present. The alkene allows for delocalisation of the sp2 electrons, stabilising a radical more 

efficiently than a simple primary carbon centre. The scope has not been dramatically expanded 

however these products do demonstrate the possibility of applying this cross-coupling reaction 

in highly conjugated systems. 

4.3.2 Proposed Mechanism 

Following the expansion of the substrate scope, a mechanistic study was carried out (Scheme 

4.13). Mechanism A suggested the proposed mechanism for the reaction involved an initial 

metal-halogen abstraction which facilitates radical addition to the alkenyl substrate to form a 

stabilised secondary radical. Base-mediated elimination can then occur and product is formed. 

Mechanism B proposes an initial metal-halogen abstraction process however, instead of the 

alkyl-metal species reacting, an iron hydride is eliminated. The iron hydride then reacts 

similarly to cobalt and palladium, with a β-hydride elimination releasing product.  
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Scheme 4.13: Proposed mechanisms for iron-catalysed Heck-type alkeynlation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As the dimerization of 4-methoxystyrene 246 was observed (Scheme 4.9), this suggests 

mechanism B is occuring. After the formation of iron hydride species H, it will react with the 

styrene substrate to form alkyl iron intermediate I. This can then mediate radical cross-

coupling with an alkene. This alkene could be either from the alkyl halide or could be the 

styrene substrate. They react to form an intermediate J that undergoes β-hydride elimination 

to give product and regerate the hydride. Why a dimerization is only observed for this substrate 

is unclear. Potentially the alkyl bromide substrate undergoes an elimination reaction with the 
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stoichiometric base, consuming it before the reaction (Scheme 4.14). This means the 

competing dimerization can dominate.   

Scheme 4.14: Base-mediated elimination to produce styrene 

 

 

 

To establish if an iron hydride is involved in the reaction mechanism, as proposed, 1-

phenylethyl-2,2,2-d3 bromide d3-245 was synthesised and the position of the deuterium traced 

in the product. If an iron-hydride is involved, deuterium incorporation should be observed in 

the dimer. The initial formation of an iron-deuteride from the alkyl halide d3-245 should cause 

deuterium incorporation from scrambling as the iron-deuteride reversibly adds and eliminates 

across the unsaturated carbon-carbon bonds. Deuterated styrene d2-62 should also be 

observed. It is important to confirm that this styrene d2-62  is a result of hydride formation and 

does not occur via base-mediated elimination of the starting material. This could be confirmed 

if the alkyl halide substrate is recovered d3-245 along with the dimer 246. 

4.3.3 Synthesis of deuterated substrate for labelling study 

1-Phenylethyl-2,2,2-d3 bromide d3-245 was synthesised. This was carried out in two steps 

(Scheme 4.15). Initially, d3-methylmagnesiumbromide 267 was added to benzaldehyde 266 to 

form 2,2,2-trideuterio-1-phenylethanol d3-81 (82% D incroporation) in 75% yield. 

Transforming the secondary alcohol to a secondary bromide proved more challenging, 

however and a short optimisation screen was carried out. Using neat TMSBr gave 1-

phenylethyl-2,2,2-d3 bromide d3-245 in 85% yield. 

Scheme 4.15: Synthesis of substrate required for deuterium labelling experiment 

 

 

 

 

 

javascript:
javascript:
javascript:
javascript:
javascript:


92 

 

Table 4.1: Conditions tested for the conversion of secondary alcohol to secondary 

bromide 

 Reagents Solvent Yield (%) 

1 CBr4, PPh3 CH2Cl2 - 

2 PBr3 CH2Cl2 64 

3 TMSBr neat 85 

4 KBr, P2O5 MeCN - 

 

4.3.4 Deuterium Labelling Study 

1-Phenylethyl-2,2,2-d3 bromide d3-245 was reacted with 4-methoxystyrene 244 under 

standard conditions (Scheme 4.16). The products were isolated and 1H and  2H NMR confirmed 

the presence of deuterium in the dimerised product. The alkyl halide d3-245 was almost 

completely recovered at the end of the reaction; deuterated styrene d2-62 coeluted on 

purification giving a quantitative yield.  

Scheme 4.16: Reaction of deuterated substrate with 4-methoxystyrene 

 

The deuterium incorporation in the product provides evidence that an iron hydride is the active 

catalyst in this reaction, suggesting this transformation mimics the reactivity of palladium or 

cobalt as opposed to the nickel and copper radical-based systems. Why dimerization was only 

observed with this substrate is unclear. As the starting material was recovered and not 

destroyed by stoichiometric Na2CO3 219, it can be concluded that a base-mediated elimination 

does not destroy the substrate (Scheme 4.14). If this were the case, the dimerization may 

always be a competing reaction and was observed here because the substrate was consumed 

before the reaction was complete. 
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Surprisingly, deuterium incorporation was observed in three positions in the product. This 

suggests that hydrogen scrambling occurs throughout the reaction, suggesting an iron hydride 

adds and eliminates across alkenes in the reaction (Scheme 4.17). While deuterium 

incorporation on the methyl group and styrenyl carbon was expected (Scheme 4.17, C), the 

proton on the carbon adjacent to the methyl group was also deuterated. Potentially iron hydride 

added in an anti-Markovnikov fashion to the alkene before the reaction (Scheme 4.17, D). The 

substrate could not have formed dimer in this manner however it would permit deuterium 

incorporation. Regardless of the exact mechanism, the scrambling of deuterium confirms the 

activity of an iron hydride species. 

Scheme 4.17: Iron-hydride addition and elimination across the substrate 
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4.3.5 Further Exploration of this Radical Initiation Event 

To further utilise this system for carbon-carbon bond formation, attempts were made to react 

alkyl halides with aldimines, of varying electronic properties (Scheme 4.18). Despite variation 

in reaction conditions and iron based ATRP catalyst, the aldimines remained stable. Perhaps 

a stronger radical initiator was required. 

Scheme 4.18: Attempt to couple aldimines and alkyl halides 

 

 

 

4.4 Conclusions and Future Outlook 

A Heck-type reaction using a simple iron salt was developed and this work explored the 

reactivity in more depth. An investigation into the substrate scope provided further evidence 

of a radical-mediated mechanism. The attempted expansion highlighted the limitations 

associated with a radical-based mechanism such as poor reactivity for primary alkyl halides. 

Nevertheless, two substrates were added to the scope, tolerated due to the extra conjugation, 

which stabilised radical intermediates. A deuterium-labelling study was carried out to 

investigate an unusual dimerization observed. Tracing the deuterium suggests the involvement 

of an iron hydride species. This is in line with reported literature in cobalt and palladium-based 

systems and suggests an iron-hydride mediates the radical reactivity. Attempts at harnessing 

the reactivity of the alkyl halide/iron system for further transformations were unsuccessful, 

with aldimines remaining unreactive under reaction conditions.  

Scheme 4.19: Conclusions: expanded scope and proposed iron hydride mechanism 

 

The result of the mechanistic investigation suggests that FeCl2, in combination with an alkyl 

halide, generates an iron hydride in situ. This chemistry could potentially be manipulated for 

different reactivity with alternative electrophiles.   
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5. Iron-Catalysed Poly-3-hexylthiophene Synthesis 

5.1 State of the Art at the Outset of the Project 

5.1.1 Polymers 

Society relies on polymers for everything from carrier bags to mobile phones.172 They exist in 

nature; however, there is also a huge synthetic polymer industry for the synthesis of plastics 

found in clothing, electronic devices and medical equipment, for example.173 These plastics 

are made of high molecular mass polymers, consisting of multiple repeating units. The 

repeating units are monomers and polymers can consist of identical monomers or of multiple 

different monomers (Scheme 5.1).174 Polymers are useful because of the range of properties 

that can be modified. By changing the structure of monomers and their resulting polymers, 

properties such as strength, biodegradability and even colour can be controlled.172,174  

Scheme 5.1: Polymers made up of repeating monomer units 

 

 

The molecular weight of a polymer indicates its size and is measured in Daltons (Da, g mol-

1).175 Varying the molecular weight of a polymer is one way to change the properties it exhibits. 

Within a single polymer sample, different chain lengths, with different molecular weights will 

exist. This is quantified using dispersity (Ð), which is the distribution of the molecular weight 

in a polymer sample.174,175 Controlling polymer dispersity is another way to regulate its 

properties.176 

Ð is defined by dividing the weight average molecular weight (Mw) by the number average 

molecular weight (Mn).174 It is a measure of the statistical variation of the molecular weights 

therefore the closer to 1, the less variation in chain length across the polymer sample.176  

Both Ð and molecular weight can be measured using gel permeation chromatography (GPC); 

a form of size-exclusion chromatography. Larger polymers elute before smaller oligomers and 

unreacted monomers.177 This technique provides vital information for polymer production 

because trends in properties in relation to molecular weight can be established.  

An ability to control polymer strength and reaction to external stimuli is necessary in order to 

create the best functional products. Through the use of different catalysts, ligands, and reaction 

conditions, polymers of varying molecular weight, Ð and monomer composition can be 
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synthesised and their properties characterised to ensure the material is fit for purpose.173,174 

The capacity to tune polymer synthesis is the reason for their abundance in daily life. 

5.1.2 Conjugated Polymers 

Conjugated polymers are a class of compounds that have a backbone composed of delocalised 

electrons. The delocalisation comes from overlapping p-orbitals that allow π-electrons to travel 

along the backbone. This overlap is often from alternating double and single bonds (Scheme 

5.2); however, heteroatom incorporation also enables p-orbital overlap. These conjugated 

polymers receive much attention due to their conducting properties.  

Scheme 5.2: π-Electron delocalisation in conjugated polymers 

 

 

 

 

Research into conjugated polymers gained recognition in the 1970s, with a Nobel Prize being 

awarded to Shirakawa, MacDiarmid and Heeger for their investigations into conducting 

polymers.178 The polymers form thin-films, which conduct electricity when they are ‘doped’. 

Doping is the addition of iodine or bromine to oxidise the polymer backbone, inducing 

electricity conduction.175 Initially of academic interest, the potential advantages of these 

organic materials over metal conductors has driven their development and now they are 

present in many electrical applications. 

Conjugated polymers have found use in electronics such as organic photovoltaics (OPVs), 

light-emitting diodes (LEDs) and batteries.179 Furthermore, they are used in solar cells and 

various sensors such as those found in smart watches. These polymers have advantages over 

traditional metal-based conducting devices; it is possible to chemically change their properties 

using chemical synthesis, they are much lighter for use in hand-held electronic devices and, 

importantly, the mining process for traditional metal-conductors has a large negative impact 

on the environment which may be avoided using organic polymers.178  

A library of conjugated polymers now exist. Significantly, conjugated polymers are soluble in 

organic solvents, allowing facile modification of their structure to tune their properties. By 

varying the monomer composition, the molecular weight, and Ð of conjugated polymers, the 

conducting properties can be explored.   
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5.1.3 Poly-3-hexylthiophene 

Polythiophene 270 is a conjugated polymer finding application in light emitting diodes (LEDs) 

and field-effect transistors. However, polythiophene 270 is insoluble in most organic solvents 

making it difficult to manufacture industrially.180 Its poor solubility can be attributed to its 

high crystallinity.181 The rigid backbone allows for highly efficient π-stacking, making it an 

efficient, but insoluble, conductor (Scheme 5.3).181 Conjugated polymers must be soluble to 

be used as conducting thin-films. Insolubility also creates issue around polymer synthesis; only 

very low molecular weights can be reached before it precipitates out of solution. To increase 

the solubility of polythiophene, a selection of alkyl-substituted analogues have been 

developed, to reduce the π-stacking of the backbone. The alkyl chains order the π-stacking of 

the polymer chains to increase solubility while still maintaining conductivity.181 Poly-3-

hexylthiophene (P3HT) 271 is the model example of conducting polymer. It is soluble in 

organic solvents and has good electrical conductivity.182 

Scheme 5.3: Alkyl chains increase solubility of polythoiphene 

 

 

 

 

 

 

 

 

 

 

 

3-Hexylthiophene 272 is an unsymmetrical monomer therefore different regioregularities can 

be observed in the polymer (Scheme 5.4). In regioregular P3HT 271, a consistent coupling 

pattern occurs, with the 2-position coupling to the 5-position each time (head to tail/ HT 

coupling).179 This establishes a regular stacking pattern (Scheme 5.3) allowing interaction 
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between the different chains. If coupling occurs between two, 2-positions or 5-positions (head 

to head/tail to tail), stacking is less efficient, reducing interactions and therefore affecting the 

conducting properties.179 Control of the synthesis can ensure HT coupling occurs, allowing for 

optimal conductivity. 

Scheme 5.4: Types of coupling in P3HT synthesis 

 

 

 

 

 

 

5.1.4 Nickel-Catalysed P3HT Synthesis 

P3HT was initially synthesised by electrical or chemical oxidation, previously used for 

polythiophene synthesis.183 This was not selectivite for HT coupling, however. Furthemore, 

oxidation using FeCl3 required a large excess of the iron salt which made residual iron difficult 

to remove from the product.  

McCullough reported the first HT regioregular synthesis of P3HT 271 in 1992, (Scheme 

5.5).184 From 2-bromo-3-hexylthiophene 273, a Grignard was formed at the 5-position 276 and 

using a nickel catalyst 277, 91% regioregular P3HT 271 formed. Rieke and Chen later reported 

a method using Rieke zinc (Zn*) 279 and 2,5-dibromohexylthiophene 278 (Scheme 5.5).185 

The synthesis relied on the regioselective Zn* 279 insertion at the 2-position and the 

regioregularity was dependent on the catalyst used. With Ni(dppe)2Cl2 281 the regioregularity 

reached 99% however using palladium catalysts reduced the regioregularity; in some cases the 

product was regiorandom. The development of these syntheses promoted transition metal-

catalysis as a useful way to control P3HT synthesis. It offered advantages over the oxidative 

and electrochemical syntheses previously employed.183 
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Scheme 5.5: Initial reports of transition-metal-catalysed P3HT synthesis in 1992 

 

There are multiple examples of nickel-catalysed P3HT synthesis; however, the mechanism is 

generally a catalyst-transfer polymerisation (CTP) or Grignard metathesis (GRIM).179,183 A 

metal-polymer π-complex B forms which permits ‘chain-walking’ of the catalyst, to allow 

intramolecular oxidative addition (Scheme 5.6).186,187 This is in contrast with step-wise growth, 

where a single monomer is added sequentially. CTP allows more control over the 

polymerisation than step-wise growth and results in greater regioregularity.186 This is because 

the affinity of the catalyst to the polymer prevents early termination or catalyst deactivation.179 
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Scheme 5.6: CTP or GRIM polymerisation 

 

Nickel-based literature methods utilise CTP to generate polymers with Mn ranging between 

10 kDa and 50 kDa and some of these are used in industrial settings.183 Optimised systems 

have been applied to other functionalised thiophenes; the Mn reached dramatically vary 

depending on the alkyl group. The dispersity achieved using nickel catalysts also widely 

varies. In some cases, the dispersity was >3.00;183 further understanding of the relationship 

between different catalysts and different substrates is required. 

Kumada-coupling catalysts dominate nickel-catalysed polymerisation systems however there 

have been examples of other cross-coupling techniques used for P3HT 271 synthesis (Scheme 

5.7). Fuji reported a Murahashi-coupling which used 2-chloro-3-hexylthiophene 284 as a 

premonomer to generate P3HT 271 in 12.5 kDa with Ð = 1.35.188 Examples of Suzuki-189 and 

Negishi-couplings190 have also been reported.183 Negishi reactions use 2-bromo-5-iodo-3-

hexylthiophene 288 as monomers allowing the zinc species 289 to selectively insert at the 5-

position.190 Suzuki couplings are particularly useful in polythiophene synthesis because a 

Grignard functional handle is not required. Boronic ester functionalities tolerate a range of 

functional groups meaning that a selection of polythiophenes can be synthesised, not just 

P3HT. 
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Scheme 5.7: P3HT synthesis via alternative Nickel catalysed cross-couplings 

 

The Knochel-Hauser base 291 was utilised to generate P3HT 271 in Mn >100 kDa.  Knochel-

Hauser base or TMPMgCl∙LiCl (chloromagnesium 2,2,6,6-tetramethylpiperidide lithium 

chloride) 291 is used for selective deprotonation, particularly in the presence of sensitive 

functional groups.191,192 The report by Tamba and co-workers used TMPMgCl∙LiCl 291 to 

deprotonate the 5-position of 2-bromo-3-hexylthiophene 273 with [CpNiCl(SIPr)] 292 as a 

catalyst for P3HT 271 synthesis (Scheme 5.8).191 This report was not the first polythiophene 

synthesis employing the Knochel-Hauser base183 however it was the first P3HT synthesis. The 

base was proposed to increase the Mn dramatically because the magnesium amide side product 

does not interfere with polymer propagation and was more selective than stronger RLi species 

which may cause undesired side reactions.  
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Scheme 5.8: Knochel-Hauser base in P3HT synthesis 

 

5.1.5 Palladium-Catalysed P3HT Synthesis 

While initial methods for P3HT synthesis relied on nickel catalysts, palladium systems have 

become commonplace. A large number of palladium-catalysed cross-coupling reactions have 

been developed, facilitating a broad substrate scope for polymerisation.  

The Stille coupling was investigated for its use in polymer synthesis throughout the 1990s.193 

3-Hexyl-2-iodo-5-(tributylstannyl)thiophene 295 can be isolated and is air- and moisture-

stable, allowing for it to be isolated before the reaction.179 This is an advantage over Grignard 

functionalities and lithiated monomers which are generated in situ, providing greater 

opportunity for side-reactions. Using Pd(PPh3)4  217 as a catalyst, Iraqi and Barker reported 

P3HT 271 could be synthesised in Mn up to 16000 Da with Ð as low as 1.2.194 Importantly, 

the HT coupling was very high (>96%), likely due to the isolated starting material. Since the 

initial report, advances in palladium-catalysed Stille couplings have been reported, for a 

variety of monomers; however, the synthesis of the monomers involves the use of toxic tin 

compounds. 

The Suzuki-Miyaura cross-coupling reaction has been used to synthesise P3HT 271 from 

boronate functionalised thiophene monomers 298.179,183 Higgins and coworkers reported the 

use of boronic esters as coupling partners (Scheme 5.9).195 Using these functionalised 

thiophenes generated P3HT in Mn of 16000 Da and allowed for much research into the use of 

Suzuki coupling for polythiophene synthesis. 
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Scheme 5.9: Palladium-catalysed P3HT synthesis 

 

The formation of monomers without using strong reductants, such as organolithiums and 

Grignard reagents, increased the scope of possible polymers. Research by Noonan and 

coworkers showed that 3-hexylthiophene-3-carboxylate 301 was tolerated by palladium and 

nickel catalysts with phosphine-based ligands for polymer synthesis.189 The broader scope of 

monomers allows for better understanding of how different side chains affect the packing and 

therefore conducting properties. 

Scheme 5.10: Potential of ester functionalised thiophene monomers as a result of Suzuki 

type reactions 

 

As an alternative to traditional cross-coupling chemistry, direct arylation polymerisation 

(DArP) has evolved for P3HT 271 synthesis.196-198 This method uses a palladium catalyst 302 

and stoichiometric base 303 with 2-bromo-3-hexylthiophene 273. Less waste is produced than 

for Stille or Suzuki couplings, as the monomer does not require prefunctionalisation with tin 

or boron. There is also a higher functional group tolerance than with Grignard or lithium 

systems, due to the absence of strong reductants. Ozawa and coworkers reported the first 

example with Mn up to 30600, Ð = 1.60 and high regioregularity (up to 98%) in an almost 

quantitative yield (99%).199  
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Scheme 5.11: Directed Arylation Polymerisation  

 

 

 

 

 

 

 

As DArP systems have been developed and optimised, they have reduced the cost of 

optoelectronic fabrication by 35%.200 It is clear that both palladium- and nickel-based systems 

are highly developed for P3HT synthesis. Originally, nickel-catalysed systems dominated but 

as the advantages of palladium-catalysed systems have become apparent, their use has become 

more popular due to the high functional group tolerance of the systems.183  

5.1.6 Iron as a Catalyst 

There are disadvantages associated with palladium and nickel catalysis. Palladium is rare 

metal; the British Geological Society named it in the top ten elements at risk of supply 

disruption.3,201 For long term, sustainable catalysis, alternative elements must be used to reduce 

the risk to supply. Nickel is a first-row transition metal and inherently more abundant than 

palladium however it is a carcinogen and efforts are being made to remove it from the 

environment.202 This means, after its use in catalysis, all trace nickel must be removed if the 

products are to be used safely.  

Iron is a non-toxic, abundant metal making it a good candidate for catalysis.203 It is the fourth 

most abundant element in the Earth’s crust and 1300 ppm iron is acceptable in drug candidates, 

compared to <10 ppm for the majority of transition metals.204 Despite these advantages, it 

remains comparatively underdeveloped as a catalyst.203 

Systems have been developed for the formation of carbon-carbon bonds using iron catalysts. 

In many cases, Grignard reagents are required as a functional handle for the reaction, 

Conditions for iron-catalysed cross-coupling have been reported and selected reviews 

highlight the advantages and disadvantages of each method.205,206 Proposed mechanisms 

involve reduction of an iron salt to an active catalyst that reacts in a two-electron cycle.205 Thus 
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far, none of these conditions have been applied to P3HT synthesis, despite the advantages 

acknowledged when using iron in catalysis. 

Scheme 5.12: Iron-catalysed cross-coupling Scheme  

 

 

 

 

  

 

 

 

 

5.2 Project Aims 

The purpose of this project was to test iron-catalysed cross-coupling systems for their utility 

in polymerisation catalysis (Scheme 5.13). This would be the first example of an iron-

catalysed synthesis of P3HT. Currently, P3HT is commercially available with a minimum Mn 

of 25 kDa although Ð varies.207 By screening and optimising existing methodologies for iron-

catalysed cross-coupling, a Mn reaching that of commercially available P3HT may be 

obtained, demonstrating the applicability of iron-catalysis as a sustainable alternative to 

palladium and nickel in condensation polymerisation. While a low Ð is attractive, it was not 

an aim in this project because a range of values have been reported for P3HT. Future work 

may focus on improving this property.  

Scheme 5.13: Project aims 
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5.3 Results and Discussion 

A selection of monomers have been used for P3HT synthesis. Due to the limitations of iron-

catalysed cross-coupling methods, monomers containing a Grignard functionality were 

required. Both 2,5-dibromo-3-hexylthiophene 278 and 2-bromo-5-iodo-3-hexylthiophene 288 

have been regularly used in nickel- and palladium-catalysed P3HT 271 synthesis as pre-

monomers, before Grignard formation.179,183 The reagents were synthesised, and a selection of 

literature conditions, for iron-catalysed cross-coupling, were tested.208  

5.3.1 Monomer Synthesis 

2-Bromo-5-iodo-3-hexylthiophene 288 was synthesised from 3-hexylthiophene 272 (Scheme 

5.14). An SEAr reaction was carried out using N-bromosuccinimide 304 in THF, producing 2-

bromo-3-hexylthiophene 273. After distillation, the product was reacted with N-

iodosuccinimide 305, in acetic acid 306 and chloroform to generate 2-bromo-5-iodo-3-

hexylthiophene 288 (80% yield).  

Scheme 5.14: Synthesis of 2-bromo-5-iodo-3-hexylthiophene 

 

 

 

The 

unsymmetrical monomer was chosen to increase selectivity in Grignard formation. A 

magnesium insertion into a carbon-iodine bond is more favourable than into the carbon-

bromine position,209 promoting HT coupling as a result of the two different handles. Isopropyl 

magnesium chloride (iPrMgCl) 307 was used to form the monomer 276 for polymerisation 

(Scheme 5.15). 

Scheme 5.15: Grignard exchange for monomer formation 

 

 

During initial screens, the Grignard exchange was initiated, and a portion was quenched with 

H2O to confirm complete magnesium/halide exchange had occurred. The solvent was then 

removed under reduced pressure and a solution containing catalyst was added. This was 

deemed unnecessary, and perhaps some substrate was lost as the Grignard did not always 
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completely redissolve. Providing the exchange had gone to completion, the solvent was 

incorporated into the calculated concentrations. 

5.3.2 Initial Screens 

Initial screens for iron-catalysed P3HT synthesis were carried out with 2-bromo-5-iodo-3-

hexylthiophene 288, using conditions reported for iron-catalysed cross-coupling (Table 5.1). 

1,3-Dimethyl-2-imidazolidinone (DMI) and Fe(acac)3 produced polymer with the highest 

molecular weight of 10 kDa (Table 5.1, 5). This was a significant result as it was the first 

reported iron-catalysed P3HT synthesis.  

Table 5.1: Initial polymerisation screens 

 

 Iron salt Additive Solvent Time (h) Mn (Da) 

1205 FeCl3 - Et2O 24 - 

2210 Fe(acac)3 NMP THF 24 1210 

3211 FeBr3 - TMBE/THF 48 1710 

4 Fe(acac)3 NMP THF 48 3210 

5212 Fe(acac)3 DMI THF 48 10700 

 

 

 

This result was used as a starting point for further optimisation, in order to reach molecular 

weights comparable to nickel- and palladium-catalysed systems. Alternative iron salts were 

tested under the existing conditions. Fe(acac)3 was the best salt for the system (Table 5.2, 1).  

 

 

 

Reactions carried out under Ar at room temperature. 10 mol% of catalyst and 20 mol% of 

additive was added. Concentration of substrate 0.1 M. NMP is N-methyl-2-pyrrolidone, DMI 

is 1,3-dimethyl-2-imidazolidinone. Mn established by GPC analysis relative to polystyrene 

standards. 
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Table 5.2: Iron salt screening 

 

 

 

Control reactions using Fe(acac)3 310 were carried out (Table 5.3). Reducing the catalyst 

loading decreased the Mn of the polymer therefore the catalyst loading was kept at 10 mol% 

for future screens. Increasing the catalyst loading was undesirable due to the difficulty in 

removing iron salts from P3HT at the end of the reaction.179 To investigate if the catalyst was 

deactivated during the reaction, the polymerisation was continued for 96 hours.  A slightly 

increased Mn was observed, suggesting the catalyst was still active although the reaction rate 

had decreased. Another factor was likely preventing the Mn increasing significantly.  

 

 

 

 

 

 

 

 

 Iron salt Cat. Loading (mol%) Time (h) Mn (Da) 

1 Fe(acac)3 10 48 10700 

2 Fe(acac)2 10 48 9150 

3 Fe(OTf)2 10 48 2190 

4 FeCl3 10 48 6940 

5 FeCl2 10 48 6980 

Reactions carried out under Ar at room temperature in THF. 10 mol% of catalyst and 20 

mol% of DMI was added. Concentration of substrate 0.1 M. Mn established by GPC 

analysis relative to polystyrene standards. 
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Table 5.3: Control reactions for Fe(acac)3 and 1,3-dimethyl-2-imidazolidinone catalysed 

polymerisation 

 

 

 

 

A potential cause for lower molecular weights is the insolubility of P3HT 271. In THF, at 

higher molecular weights, P3HT becomes  insoluble.182 A dark precipitate was observed in 

many of the reactions before quenching, suggesting the polymer was precipitating out of 

solution and preventing the reaction from continuing.  

To increase the solubility of P3HT in THF, the substrate concentration and temperature were 

monitored (Table 5.4). Mn increased when the concentration of the starting material was 

reduced. This suggested higher concentrations facilitated P3HT precipitation and therefore 

polymerisation termination. Reducing the concentration by half increased the Mn (Table 5.4, 

2) however even lower concentrations did not significantly change the Mn (Table 5.4, 3). 

Perhaps if left for over 48 hours, a higher molecular weight would have been achieved. 

 

 

 

 

 

 Iron salt Cat. Loading 

(mol%) 

Time (h) Mn (Da) 

1 Fe(acac)3
a 10 48 - 

2 Fe(acac)3 10 48 10700 

3 Fe(acac)3
b 5 48 6580 

4 Fe(acac)3 10 96 14800 

ano additive present. Reactions carried out in THF at 0.10 M, under Ar, at room 

temperature using 20 mol% DMI. b5 mol% catalyst, 10 mol% DMI. Mn established by 

GPC analysis relative to polystyrene standards. 
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Table 5.4: Concentration and temperature monitoring of the reaction 

 

 

 

It was also postulated that increasing the reaction temperature would increase the solubility of 

P3HT. The temperature was increased to 60 ºC however this did not significantly change the 

Mn observed at 25 ºC. 

Despite reducing the concentration and increasing the temperature of the reaction, the Mn 

remained below 20 kDa. To check the purity of the monomer and confirm that Grignard 

termination did not occur, a comparison with the industrially used Ni(dppe)Cl2 catalyst was 

carried out. Using the synthesised 2-bromo-5-iodo-3-hexylthiophene premonomer and 

iPrMgCl to form the active monomer gave P3HT with a Mn of 29 kDa, indicating the issue 

was not with the starting material. 

Scheme 5.16: Nickel catalysed P3HT synthesis using 2-bromo-5-iodo-3-hexylthiophene 

 

 

 

With a greater understanding of temperature and concentration effects, attempts to vary the 

additive were carried out. During the initial screens, it was observed that nitrogen containing 

ligands were more suited to polymerisation (Table 5.1, entry 4, 5) when compared to 

phosphorus or ethereal based additives. A selection of ligands was screened, in conjunction 

with Fe(acac)3 (Table 5.5).  

 Iron salt Concentration (M) Temperature (ºC) Mn (Da) 

1 Fe(acac)3 0.10 25 10700 

2 Fe(acac)3 0.05 25 12600 

3 Fe(acac)3 0.025 25 12000 

4 Fe(acac)3 0.05 60 11900 

Reactions carried out under Ar, in THF for 48 hours. 10 mol% of catalyst and 20 mol% of 

DMI was added. Mn established by GPC analysis relative to polystyrene standards. 
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Table 5.5: Additive screen for P3HT synthesis 

 

 

 

 

 

 

 

 

The ligands showed no advance compared to DMI. No further optimisation was carried out 

based around this system. The first aim of this project was realised; a system for iron-catalysed 

P3HT synthesis was identified, however, it was not possible to develop an iron-catalysed 

system for P3HT synthesis that could rival existing systems using 2-bromo-5-iodo-3-

hexylthiophene 288.  

5.3.3 P3HT Synthesis Using 3-Chloro-5-iodo-3-hexylthiophene 

Initial attempts to develop a system for iron-catalysed P3HT synthesis were unsuccessful using 

2-bromo-5-iodo-3-hexylthiophene 288 however an alternative method was proposed. Some 

iron-catalysed cross-coupling systems use chloride substituted substrates, instead of 

bromide.210,213 A notable example was reported by Nakamura where carbene-ligated iron-

catalysts expedited sp2-sp2 cross-coupling of aryl chloride and aryl Grignard substrates 

(Scheme 5.17).213 Bromo-substituted arenes were not well-tolerated. 2-Chloro-5-iodo-3-

hexylthiophene 317 was therefore synthesised to be tested for its suitability in polymerisation.  

 Additive (20 mol%) Mn (Da) 

1 DMI 12600 

2 311 5590 

3 312 3160 

4 313 - 

5 314 4302 

Reactions carried out under Ar, in THF at 0.05 M, 10 mol% of catalyst at rt for 48 h. Mn 

established by GPC analysis relative to polystyrene standards. 
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Scheme 5.17: Iron-catalysed cross-coupling reported by Nakamura 

 

Initially, the procedure for 2-bromo-3-hexylthiophene 273 synthesis was followed to 

synthesise this monomer. Using N-chlorosuccinimide under the reaction conditions for NBS 

304 was unsuccessful, only starting material remained. As an alternative, sulfuryl chloride 318 

was used and the reaction proceeded.214 Following the literature procedure, however, produced 

2,5-dichloro-3-hexylthiophene in addition to the desired product. The products could not be 

separated by distillation but, on cooling the reaction to 0 ºC, only 2-chloro-3-hexylthiophene 

284 was produced which could be separated from the starting material by distillation. Using 

NIS 305 to substitute the 5-position was successful and 2-chloro-5-iodo-3-hexylthiophene 317 

was synthesised (Scheme 5.18). 

Scheme 5.18: Synthesis of 2-chloro-5-iodo-3-hexylthiophene 

 

 

 

 

Nakamura’s iron-catalysed cross-coupling used NHC ligands for arylchloride 

functionalisation. For this reason, imidazolium salt 312 was tested with 2-chloro-5-iodo-3-

hexylthiophene 317 as a substrate, following the conditions used with the bromide monomer 

(Scheme 5.19). P3HT was synthesised with a Mn of 26500 Da, a significant improvement on 

the previous monomer. This matched the commercially available Mn for P3HT; the second 

aim of the project. 
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Scheme 5.19: Initial screens with 2-chloro-5-iodo-3-hexylthiophene 

 

 

 

A comparison of this ligand with alternative carbenes was carried out. Additive 320 was 

screened however no polymer was obtained (Table 5.6, 3). This was unanticipated and 

suggested that not all carbenes are suitable ligands for this reaction. Additive 312 is 

unsymmetrical and an investigation into if this is important was explored. To investigate if the 

pyridine substituent had an effect, pyridine was used as an alternative to the carbene additive 

(Table 5.6, 6). No polymer was obtained. Using symmetrical additive 320 in conjunction with 

pyridine also gave no product (Table 5.6, 7). Additive 321 was tested and found to be 

successful in polymerisation (Table 5.6, 4).  

Table 5.6: Additive screens using carbene ligands 

 

 

 

 

 

 

 

 

 Additive (20 mol%) Mn (Da) 

1 312 26500 

2 312a 25500 

3 320 - 

4 321 14400 

5 320a - 

6 pyridine - 

7 320 + pyridine - 

Reactions carried out under Ar, in THF at 0.05 M, 10 mol% of catalyst at rt for 48 hours. 
aAdditives ligated to iron before polymerisation. Mn established by GPC analysis relative to 

polystyrene standards.  
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It was believed that the imidazolium salts 312 and 320 were deprotonated by the Grignard-

functionalised monomer 319 and coordinated to the metal centre to facilitate polymerisation. 

Carbene 321 can coordinate before Grignard addition, however. As imidazolium salts 312 and 

320 reacted differently, they were also tested as iron complexes. The FeCl2 218 complex of 

carbene 320 is commercially available and was screened however only low Mn polymer was 

produced. Attempts to synthesise and isolate the complex of Fe(acac)3 were unsuccessful 

therefore the complex was synthesised in situ, by addition of iPrMgCl 307 before addition to 

the chloride monomer. The reaction proceeded with no significant change.  

In condensation polymerisation, ‘turbo-Grignard’ is a complex used to facilitate Grignard 

exchange.183,209 It is often used when initiating Grignard formation in P3HT synthesis with 

palladium and nickel systems. Its exact mechanism of action is not known however some 

literature reports it increases the solubility of the polymer.183 Using iPrMgCl∙LiCl 322 to 

initiate the formation of the monomer from 2-chloro-5-iodo-3-hexylthiophene increased the 

Mn to 32 kDa. Increasing the temperature did not increase the Mn and increasing the 

concentration decreased the Mn, as observed in earlier screens. At this point, no further 

optimisation was carried out, however the initial aims had been realised. The mass of this 

polymer, with the highest molecular weight was 105 mg. This is a 56% yield suggesting the 

reaction yield requires further optimisation. 

Table 5.7: The use of ‘turbo-Grignard’ in P3HT synthesis 

 

 

 

 

 

 

 Grignard (1.2 eq) Concentration (M) Temperature (ºC) Mn (Da) 

1 iPrMgCl 0.05 25 26500 

2 iPrMgCl∙LiCl 0.05 25 32400 

3 iPrMgCl∙LiCl 0.05 60 28600 

4 iPrMgCl∙LiCl 0.10 25 9,660 

Reactions carried out under Ar, in THF, 10 mol% of catalyst for 48 hours. Mn established 

by GPC analysis relative to polystyrene standards.    
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5.3.4 Possible Mechanism and Attempted Complex Isolation 

The role of the ligand in the polymerisation of 3-hexylthiophene is unclear. It has been 

proposed that the imidazolium salt 312 is activated by the Grignard monomer 319 to form a 

carbene in situ. The carbene coordinates to the iron centre, displacing the ligands. A catalytic 

cycle can then occur based on existing mechanisms for iron-catalysed cross coupling in the 

literature (Scheme 5.2).  

It was expected that imidazolium salt 320 would generate P3HT product, if this mechanism 

were accurate; however, a discussion about the mechanism of iron-catalysed cross-coupling 

by Neidig described a range of potential mechanisms in a single iron-catalysed cross-coupling 

reaction.215 A selection of physical-inorganic techniques have identified a number of reactive 

species in a single iron-catalysed system. They concluded that very slight changes in substrate, 

solvent and concentration produced dramatically different iron species that could be active in 

catalysis.215 Perhaps it is therefore less surprising that slightly changing the carbene ligand 

dramatically reduced the efficiency of the reaction. 

For further evidence around the mechanism of this reaction, attempts were made to isolate the 

carbene species however they were unsuccessful. When preformed complex was added (Table 

5.6, 2) there was no significant change in the Mn however the complex could not be isolated.  

5.3.5 Initial Investigation into Dispersity and Regioregularity 

Information on the properties P3HT is likely to exhibit can be gained from characterisation 

techniques before its application. Varying the dispersity of the polymer has been suggested as 

a way to control its conductivity. A report by Balasubramanian detailed the effects of varying 

the dispersity of P3HT and concluded that between 1.05 and 1.10, P3HT most effectively 

transported charge because the molecules could orientate themselves easily in solution.216 

Initially the aims of this project did not include an investigation into dispersity however the 

dispersities of selected higher molecular weight polymers (Table 5.8), were compared.  

 

 

 

 

 

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Balasubramanian%2C+Ganesh
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Table 5.8: Dispersities of selected polymers 

 

 

 

The results show that the dispersity of the iron-catalysed P3HT is relatively high. Using 

iPrMgCl∙LiCl 322 to initiate the Grignard formation, however, decreases the dispersity 

significantly (Table 5.8, 4-5). It would be interesting to consider if this is to do with the 

Grignard formation or due to the catalyst activation. Further investigation into dispersity trends 

for iron-catalysed P3HT synthesis is required as the different ligands give different dispersities 

in the polymer product (Table 5.8, 1-3).  

The regioregularity of the polymer was not carefully monitored however the final polymer 

appeared to have good regioregularity (Scheme 5.20). A comparison between P3HT 

synthesised using nickel and the iron system with each Grignard initiator (Table 5.8, 3, 4) was 

carried out. Although slightly lower than the nickel standard, there was a degree of selectivity 

observed by comparing 1H NMR data to literature reports.217 

 

 

 

 

 

 

 

 Grignard (1.2 eq) Additive (20 mol%) Temperature (ºC) Mn (Da) Ð 

1 iPrMgCl DMI 25 10700 2.92 

2 iPrMgCl 6 25 14400 2.17 

3 iPrMgCl 2 25 26500 4.02 

4 iPrMgCl∙LiCl 2 25 32400 1.66 

5 iPrMgCl∙LiCl 2 60 28600 1.44 

Reactions carried out under Ar, in THF, 10 mol% of catalyst for 48 hours. Mn and Ð 

(Mw/Mn) established by GPC analysis relative to polystyrene standards. 
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Scheme 5.20: 1H NMR section comparing regioregularity of polymer samples 

 

5.4 Conclusions and Future Outlook 

The first method to synthesise P3HT using an iron catalyst has been developed. Known 

methods for iron-catalysed cross-coupling were tested for their efficiency in polymer 

formation. Optimisation of the best method allowed P3HT to be synthesised in Mn = 32 kDa, 

matching the commercially available product synthesised using nickel.  

Modifications were based around the solubility of P3HT at higher molecular weights, with 

lower concentration and the use of a ‘turbo-Grignard’ making the system more effective. The 

best ligand for the system was an unsymmetrical imidazolium salt that likely forms a carbene 

complex with the iron salt to make the active catalyst. 

Attempts to isolate the complex formed in situ were unsuccessful therefore a mechanism could 

only be postulated based on current literature. Future work could be carried out to understand 

the exact mechanism occurring in the reaction. Alternative methods for isolating the complex 

could be attempted, such as making the complex with different iron salts to assess the role of 
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Fe(acac)3 specifically. It may also be possible to isolate an activated complex after reaction 

with a Grignard although this would be a challenging task. 

Scheme 5.21: Iron-catalysed P3HT synthesis 

 

This project was focussed on synthesising P3HT to a good molecular weight however further 

polymer characterisation is required. An initial examination of Ð suggests that iron-catalysed 

P3HT results in a broad range of values for dispersity which will affect the conducting 

properties. Trends should be evaluated between concentration, temperature and ligand effect 

and dispersity.  

P3HT is used as a thin-film, in optoelectronic applications. It is therefore important to 

understand how the different syntheses affect its absorption and conducting properties. Studies 

have been carried out with P3HT to correlate its thermal stability with its conducting 

properties.178,179,218 Diffraction scanning colourimetry (DSC) analysis provides this 

information and suggests how efficiently stacked the polymer is; the higher thermal stability, 

the more efficient π-stacking and therefore the polymer is a better conductor.219 DSC analysis 

should be carried out on some of the polymers synthesised using the iron systems described. 

UV-vis analysis is also generally reported for new P3HT syntheses.189,218 The absorbance 

spectrum of the polymer can provide information on the packing of the chains; the more 

twisted the backbone, the more blue-light absorbed. It is important that the polymer can absorb 

light for its photovoltaic applications. 

The first example of iron-catalysed P3HT synthesis has been reported with good molecular 

weights achieved and good regioselectivity. Further investigation into the dispersity of the 

polymer and its physical properties are required however the molecular weights compete with 

the current nickel- and palladium-catalysed systems. 
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6. General Conclusions and Future Outlook 

This work explored sustainable alternatives to platinum group metals for catalysis. Increasing 

the range of elements available for use in catalysis lowers the demand for rare metals, reducing 

the environmental impact of chemical processing. Four different transformations were 

investigated.  

6.1 Transborylation for Catalysis 

Emerging systems for main-group catalysis focus on exploring alternative mechanisms to 

those established for transition-metal chemistry. Particularly, in recent years, a focus on boron-

based catalysis has examined transborylation, a class of sigma-bond metathesis, to drive 

catalyst turnover. This work focussed on expanding the repertoire of main-group catalysis by 

applying transborylation in enantioselective transformations.   

A method for enantioselective ketone reduction was developed and applied (Scheme 6.1, A), 

harnessing the stoichiometric reactivity of an enantioenriched organoborane 75 for use as a 

catalyst, with HBpin 14 as the turnover-enabling reagent. Success of the reaction depended 

upon balancing the rates of unselective background reactions with catalyst generation. A scope 

was investigated and it was concluded that the catalytic system emulated the reactivity of the 

stoichiometric reagent. 

Enantioselective alkene hydroboration was also investigated and while not optimised, it can 

be concluded that it is possible to use an enantioenriched organoborane as a catalyst to generate 

enantioenriched boronic esters (Scheme 6.1, B). The synthesis and screening of a selection of 

enantioenriched organoboranes led to the development of a system for enantioselective alkene 

hydroboration using 2,5-dimethylborolane 9 as the catalyst. This investigation confirmed the 

importance of steric bulk and size when envisaging the transition-state structure of 

transborylation. The system requires further optimisation and application across a range of 

substrates however the high enantioenrichment observed in the intial substrates is promising. 

This is the first example of a main-group element catalysing enantioselective alkene 

hydroboration. 

The first applications of transborylation in enantioselective catalysis have been described. It 

has been demonstrated that transborylation is not limited to boron-carbon bonds in catalysis 

and that stereochemistry is conserved during the transborylation event. From the findings in 

this work, it is clear transborylation can be used as a platform for catalysis. Future work may 

explore transborylation at heteroatoms, such as at boron-nitrogen bonds. The retention of 
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stereochemistry may allow transborylation to lend itself to transformations in complex 

molecules.  

 6.2 Iron as a Catalyst 

Two investigations into iron-catalysed carbon-carbon bond forming reactions have been 

reported. A further exploration into a radical-mediated Heck-type alkenylation was carried 

out, concluding that an iron-hydride was an active intermediate in the system (Scheme 6.1, C). 

Secondly, an investigation into whether compounds designed for small-molecule catalysis 

could be applied in polymer synthesis was undertaken. Through the optimisation of reported 

literature conditions for iron-catalysed cross-coupling, the first method for iron-catalysed 

P3HT synthesis has been described (Scheme 6.1, D). The results suggest iron could be a 

potential alternative to nickel- and palladium-catalysed P3HT synthesis. 

These projects both demonstrate that iron can be used in catalysis, as alternatives to rare, third-

row metals. The different modes of reactivity highlight that to replicate the activity of the third-

row requires consideration of alternative mechanisms to the established two-electron cycles 

through which many third-row transition metals react. Future research into abundant, first-row 

transition metals for catalysis must consider the importance of a range of systems in order to 

ensure the chemical industry does not rely on unsustainable resources. 
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Scheme 6.1 Conclusions; four alternative catalysts to platinum group metals 
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7. Experimental Details 

7.01 General Experimental Information  

Reaction Setup: All reactions were performed in oven (180 °C) dried glassware under an 

atmosphere of argon, unless otherwise indicated. All air- and moisture sensitive reactions were 

carried out using standard vacuum line and Schlenk techniques, or in a glovebox with a 

purified argon atmosphere. All glassware was cleaned using base (KOH, iPrOH) and acid 

(HClaq) baths. All reported reaction temperatures correspond to external bath temperatures. 

Room temperature (r.t) was approximately 20 °C. “Brine” refers to a saturated solution of 

sodium chloride in H2O.  

NMR Spectroscopy: 1H, 11B, 13C, 19F and 29Si NMR spectra were recorded on BrukerAvance 

III 400 and 500 MHz; Bruker AVI 400 MHz; BrukerAvance I 600 MHz spectrometers. 

Chemical shifts are reported in parts per million (ppm). 1H and 13C NMR spectra were 

referenced to the residual solvent peak (CHCl3: 7.27 ppm, 77.00 ppm; CH2Cl2: 5.32 ppm, 

54.00 ppm; d8-THF: 1.73 ppm, 25.37 ppm; CD3CN: 1.94 ppm, 1.39 ppm). Multiplicities are 

indicated by app. (apparent), br. (broad), s (singlet), d (doublet), t (triplet), q (quartet), quin. 

(quintet), sext. (sextet), sept. (septet), non. (nonet). Coupling constants, J, are reported in Hertz 

and rounded to the nearest 0.1 Hz. Integration is provided. 

Mass Spectrometry: Mass spectrometry (MS) was performed by the University of Edinburgh, 

School of Chemistry Mass Spectrometry Laboratory. High resolution mass spectra were 

recorded on a VG autospec, or Thermo/Finnigan MAT 900, mass spectrometer. Data are 

reported in the form of m/z (intensity relative to the base peak = 100). 

High Performance Liquid Chromatography (HPLC): HPLC data was gathered using an 

Agilent 1100 series chiral HLPC. Hexane and propan-2-ol were used as eluting solvents for 

the mobile phase. ChiralPak columns, AD-H, OD-H, AS-H and IC were used as the stationary 

phase. The resolution times and intensities were detected with lamps with frequencies of 210 

nm, 220 nm, 254 nm and 280 nm. 

Gas Permeation Chromatography (GPC): Gel permeation chromatography (GPC) was carried 

out in THF at a flow rate of 1.00 mL min−1 at 35 °C on a Malvern Instruments Viscotek 270 

GPC Max triple detection system with two mixed-bed styrene/DVB columns (300 × 7.50 mm). 

The molecular weight was calculated through a conventional method. 

Melting Points: Melting points (mp) were determined on a Stuart Scientific SMP10, or Griffin 

Gallankamp melting point apparatus in capillary tubes and are uncorrected.  



123 

 

Chromatography: Analytical thin-layer chromatography was performed on aluminium-backed 

silica plates (Merck 60 F254). Pet. ether refers to petroleum ether 40-60. Product spots were 

visualised by UV light at 254 nm, and subsequently developed using potassium permanganate 

solution if appropriate. Flash column chromatography was performed on silica gel (Merck 

Kielselgel 60, 40-63 μm).  

Solvents: All solvents for air- and moisture sensitive techniques were obtained from an 

anhydrous solvent system (Innovative Technology). Anhydrous d8-tetrahydrofuran was 

distilled from sodium/benzophenone.  Reaction solvents tetrahydrofuran (THF) (Fisher, HPLC 

grade), ether (Et2O) (Fisher, BHT stabilized ACS grade), and dichloromethane (CH2Cl2) 

(Fisher, unstabilised HPLC grade) were dried by percolation through two columns packed with 

neutral alumina under a positive pressure of argon. Toluene (ACS grade) was dried by 

percolation through a column packed with neutral alumina and a column packed with Q5 

reactant (supported copper catalyst for scavenging oxygen) under a positive pressure of argon. 

Solvents for filtration, transfers, chromatography, and recrystallization were dichloromethane 

(CH2Cl2) (ACS grade), ether (Et2O) (Fisher, BHT stabilised ACS grade), ethyl acetate 

(EtOAc) (Fisher, ACS grade), hexane (Optima), methanol (MeOH) (ACS grade), pentane 

(ACS grade), and petroleum ether (40–60°C, ACS grade).  

Chemicals: All reagents were purchased from Sigma Aldrich, Alfa Aesar, Acros Organics, 

Tokyo Chemical Industries UK, Fluorochem, Fisher Scientific UK and Apollo Scientific or 

synthesised within the laboratory. β-Pinene for ketone reduction: (1S)-(-)-beta-pinene, 98%, 

Acros Organics, Cas: 18172-67-3, Lot: A0386886, 92% e.e. confirmted by GC in the 

laboratory. 
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7.02 Synthesis of Carbonyl Substrates 

General Procedure A for the synthesis of prochiral, propargylic ketones: 

 

 

 

 

By modification of the method of Dos Santos,220 n-butyl lithium (15.0 mL, 1.60 M in hexanes, 

24.0 mmol, 1.20 eq.) was added dropwise to a stirred solution of alkyne (20.0 mmol, 1.00 eq) 

in THF (100 mL) at −78 °C. The mixture was allowed to warm to 0 °C, over 40 minutes. The 

mixture was cooled to −78 °C and a solution of zinc(II) chloride in THF (28.0 mL, 0.7 M in 

THF, 19.6 mmol, 1.00 eq.) was added dropwise using a syringe over approximately 5 minutes. 

The mixture was allowed to warm to room temperature over 15 minutes. The mixture was 

cooled to −78 °C and acyl chloride (20.0 mmol, 1.00 eq.) was added dropwise with a syringe 

over approximately 1 minute. The solution was allowed to warm to room temperature over 1 

hour. The solution was diluted with n-hexane (25.0 mL) and washed with NaOH (2.00 M in 

H2O, 25.0 mL), brine (3 × 25.0 mL), then dried (MgSO4), filtered and concentrated in vacuo. 

The crude product was purified by flash column chromatography (SiO2). 
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4-Phenyl-3-butyn-2-one 

 

 

 

According to general procedure A, phenyl acetylene (2.20 mL, 20.0 mmol), n-butyl lithium 

(1.60 M in hexanes, 15.0 mL, 24.0 mmol), zinc (II) chloride (0.70 M in THF, 28.0 mL, 19.6 

mmol) and acetyl chloride (1.43 mL, 20.0 mmol) were reacted. The product was purified by 

flash column chromatography (80.0 g SiO2, 50.0 mm Ø, hexane/diethyl ether 20:1) to give 4-

phenyl-3-butyn-2-one (1.23 g, 8.54 mmol, 43%) as a yellow oil.  

1H NMR:  (500 MHz, CDCl3)  

7.62-7.58 (m, 2H, ArH), 7.51-7.46 (m, 1H, ArH), 7.44-7.38 (m, 2H, ArH), 

2.48 (s, 3H, CH3). 

13C NMR:  (126 MHz, CDCl3)  

184.6 (CO), 133.0 (ArC), 130.7 (ArC), 128.6 (ArC), 120.0 (ArC), 90.3 (C), 

88.3 (C), 32.8 (CH3). 

The spectroscopic data were consistent with those reported.221  
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4-(4-Fluorophenyl)-3-butyn-2-one 

 

 

 

According to general procedure A, 4-fluorophenylacetylene (2.29 mL, 20.0 mmol), n-butyl 

lithium (1.60 M in hexanes, 15 mL, 24.0 mmol), zinc (II) chloride (0.70 M in THF, 28.0 mL, 

20.0 mmol) and acetyl chloride (1.43 mL, 20.0 mmol) were reacted. The product was purified 

by flash column chromatography with (80.0 g SiO₂, 50.0 mm Ø, hexanes/diethyl ether 95:5) 

to give 4-(4-fluorophenyl)-3-butyn-2-one (1.43 g, 8.80 mmol, 44%) as a yellow liquid. 

1H NMR:  (400 MHz, CDCl3)  

7.62-7.58 (m, 2H, ArH), 7.13-7.09 (m, 2H, ArH), 2.47 (s, 3H, CH3). 

13C NMR:  (126 MHz, CDCl3) 

184.5 (CO), 164.0 (d, J = 235.8 Hz, ArC), 135.4 (d, J = 8.9 Hz, ArC), 116.2 

(d, J = 22.3 Hz, ArC), 89.2 (C), 88.2 (C), 32.68 (CH3).  

19F NMR:  (376 MHz, CDCl3) 

˗106.5. 

The spectroscopic data were consistent with those reported.221 
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Methyl 4-(3-oxobut-1-yn-1-yl) benzoate  

 

 

 

 

By a modification of the method of He,222 to an oven dried N2 filled flask, were added 3-butyn-

2-one (0.78 mL, 10.0 mmol), bis(triphenylphosphine)palladium(II) dichloride (0.35 g, 0.50 

mmol), copper(I) iodide (142 mg, 0.75 mmol) and methyl-4-iodobenzoate (2.62 g, 10.0 mmol) 

with THF (30.0 mL) and triethylamine (10.0 mL). The reaction was stirred for 16 hours at 

room temperature. The residue was poured into brine and extracted with Et2O (3 × 50.0 mL). 

The combined organic extracts were filtered through celite then concentrated in vacuo. The 

product was purified by flash column chromatography (40.0 g SiO2, 50.0 mm Ø, petroleum 

ether/diethyl ether 4:1) to give methyl 4-(3-oxobut-1-yn-1-yl) benzoate (606 mg, 3.00 mmol, 

15%) as orange needles. 

MP:   97-100 °C (petroleum ether) 

1H NMR:  (400 MHz, CDCl3)  

8.09-8.07 (m, 2H, ArH), 7.67-7.64 (m, 2H, ArH), 3.96 (s, 3H, OCH3), 2.49 (s, 

3H, CH3). 

13C NMR:  (126 MHz, CDCl3)  

184.3 (CO), 166.1 (COO), 132.8 (ArC), 131.8 (ArC), 129.7 (ArC), 124.4 

(ArC), 89.9 (C), 88.5 (C), 52.5 (OCH3), 32.8 (CH3). 

The spectroscopic data were consistent with those reported.223 
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6-Phenylhex-3-yn-2-one  

 

 

 

According to general procedure A, ethyl 4-phenyl-1-butyne (2.81 mL, 20.0 mmol), n-butyl 

lithium (1.60 M in hexanes, 15.0 mL, 24.0 mmol), zinc (II) chloride (0.70 M in THF, 28.0 mL, 

20.0 mmol) and acetyl chloride (1.43 mL, 20.0 mmol) were reacted. The product was purified 

by flash column chromatography with (80.0 g SiO₂, 50.0 mm Ø, petroleum ether/diethyl ether 

90:10) to give 6-phenylhex-3-yn-2-one (1.59 g, 9.24 mmol, 46%) as a colourless liquid. 

1H NMR:  (500 MHz, CDCl3)  

7.36-7.33 (m, 2H, ArH), 7.27-7.23 (m, 3H, ArH), 2.29-2.90 (t, J = 7.5 Hz, 

2H, CH2), 2.69-2.66 (t, J = 7.5 Hz, 2H, CH2), 2.31 (s, 3H, CH3). 

13C NMR:  (126 MHz, CDCl3) 

184.8 (CO), 139.7 (ArC), 128.6 (ArC), 128.4 (ArC), 126.7 (ArC), 92.9 (C), 

81.9 (C), 34.0 (CH2), 32.7 (CH2), 21.1 (CH3). 

The spectroscopic data were consistent with those reported.224 
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4-(4-Methoxyphenyl)-3-butyn-2-one  

 

 

 

According to general procedure A, 4-ethynylanisole (2.60 mL, 20.0 mmol), n-butyl lithium 

(1.60 M in hexanes, 15.0 mL, 24.0 mmol), zinc (II) chloride (0.70 M in THF, 28.0 mL, 19.6 

mmol) and acetyl chloride (1.43 mL, 20.0 mmol) were reacted. The product was purified by 

flash column chromatography (80.0 g SiO2, 50.0 mm Ø, hexane/ethyl acetate 10:1) to give 4-

(4-methoxyphenyl)-3-butyn-2-one (1.30 g, 7.47 mmol, 37%) as an orange liquid.  

1H NMR:  (500 MHz, CDCl3)  

7.55 (dt, J = 9.1, 2.7 Hz, 2H, ArH), 6.92 (dt, J = 9.1, 2.7 Hz, 2H, ArH), 3.87 

(s, 3H, OCH3), 2.45 (s, 3H, CH3). 

13C NMR:  (126 MHz, CDCl3)  

184.6 (CO), 161.7 (ArC), 136.1 (ArC), 114.4 (ArC), 111.7 (ArC), 91.5 (C), 

88.3 (C), 55.4 (OCH3), 32.6 (CH3). 

The spectroscopic data were consistent with those reported.225 
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4-Methyl-1-phenylpentyn-3-one  

 

 

 

According to general procedure A, phenylacetylene (2.20 mL, 20.0 mmol), n-butyl lithium 

(1.60 M in hexanes, 15.0 mL, 24.0 mmol), zinc (II) chloride (0.70 M in THF, 28.0 mL, 20.0 

mmol) and isobutyryl chloride (2.10 mL, 20.0 mmol) were reacted. The product was purified 

by flash column chromatography with (80.0 g SiO₂, 50.0 mm Ø, petroleum ether/diethyl ether 

90:10) to give 4-methyl-1-phenylpentyn-3-one (948 mg, 5.51 mmol, 28%) as a yellow liquid. 

1H NMR:  (600 MHz, CDCl3)  

7.61-7.60 (m, 2H, ArH), 7.48-7.47 (m, 1H, ArH), 7.42-7.40 (m, 2H, ArH), 

2.81-2.76 (m, 1H, CH), 1.30 (d, J = 7.0 Hz, 6H, CH3). 

13C NMR:  (126 MHz, CDCl3)  

192.3 (CO), 133.0 (ArC), 130.6 (ArC), 128.6 (ArC), 120.2 (ArC), 91.6 (C), 

86.9 (C), 43.1 (CH), 31.6 (CH3), 22.7 (CH3). 

The spectroscopic data were consistent with those reported.226 
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5-(Benzyloxy)pent-3-yn-2-one 

 

 

According to general procedure A, benzyl propargyl ether (2.92 g, 20.0 mmol), n-butyl lithium 

(1.60 M in hexanes, 15.0 mL, 24.0 mmol), zinc (II) chloride (0.70 M in THF, 28.0 mL, 20.0 

mmol) and acetyl chloride (2.10 mL, 20.0 mmol) were reacted. The product was purified by 

flash column chromatography with (80.0 g SiO₂, 50.0 mm Ø, petroleum ether/diethyl ether 

95:5) to give 5-(benzyloxy)pent-3-yn-2-one (1.43 g, 7.61 mmol, 38%) as a yellow liquid. 

1H NMR:  (600 MHz, CDCl3)  

7.40-7.34 (m, 5H, ArH), 4.64 (s, 2H, CH2), 4.35 (s, 2H, CH2), 2.39 (s, 3H, 

CH3). 

13C NMR:  (126 MHz, CDCl3)  

184.0 (CO), 136.8 (ArC), 128.6 (ArC), 128.2 (ArC), 128.1 (ArC), 87.4 (CH2), 

85.8 (CH2), 72.2 (C), 57.0 (C), 32.6 (CH3). 

The spectroscopic data were consistent with those reported.227 
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4-Oxo-4-phenyl-but-2-ynoic acid 

 

 

 

 

According to general procedure A, ethyl propiolate (2.03 mL, 20.0 mmol), n-butyl lithium 

(1.60 M in hexanes, 15.0 mL, 24.0 mmol), zinc (II) chloride (0.70 M in THF, 28.0 mL, 20.0 

mmol) and benzoyl chloride (2.32 mL, 20.0 mmol) were reacted. The product was purified by 

flash column chromatography with (80.0 g SiO₂, 50.0 mm Ø, petroleum ether/diethyl ether 

97:3) to give 4-oxo-4-phenyl-but-2-ynoic acid (1.00 g, 4.95 mmol, 25%) as a colourless liquid. 

1H NMR:  (600 MHz, CDCl3)  

8.07 (dd, J = 8.4, 1.3 Hz, 2H, ArH), 7.58 (t, J = 7.4 Hz, 1H, ArH), 7.46 (dd, J 

= 8.1, 7.4 Hz, 2H, ArH), 4.41 (q, J = 7.1 Hz, 2H, CH2), 1.42 (t, J = 7.1 Hz, 

3H, CH3). 

13C NMR:  (151 MHz, CDCl3)  

220.7 (CO), 166.7 (COO), 132.8 (ArC), 130.5 (ArC), 129.5 (ArC), 128.3 

(ArC), 60.9 (CH2), 31.6 (C), 22.7 (C), 14.3 (CH3). 

The spectroscopic data were consistent with those reported.228  
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7.03 Enantioselective Carbonyl Hydroboration Products 

General Procedure B for stoichiometric enantioselective hydroboration: 

 

 

 

Propargylic ketone (0.50 mmol) was added to a stirred solution of H-B-9-BBN (1.00 mL, 0.50 

M THF, 0.50 mmol) and (S)-β-pinene (78.0 µL, 0.50 mmol) at 0 °C under an argon 

atmosphere. After 16 hours the reactions were quenched with SiO2 (0.30 g, excess), filtered 

and concentrated in vacuo. The product was purified by flash column chromatography (SiO2) 

and enantiomeric excess determined using chiral HPLC or by derivitisation to Moshers ester 

and using 19F NMR spectrosopy. 

 

General Procedure C for substoichiometric enantioselective hydroboration: 

 

 

 

 

Propargylic ketone (0.50 mmol) and HBpin (87.0 µL, 0.60 mmol) were added to a stirred 

solution of H-B-9-BBN (0.20 mL, 0.50 M THF, 0.10 mmol) and (S)-β-pinene (15.0 µL, 0.10 

mmol) at 0 °C under an argon atmosphere. After 16 hours the reactions were quenched with 

SiO2 (0.30 g, excess), filtered and concentrated in vacuo. The product was purified by flash 

column chromatography (SiO2) and enantiomeric excess determined using chiral HPLC or by 

derivitisation to Moshers ester and using 19F NMR spectrosopy. 
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(S)-4-Phenyl-but-3-yn-2-ol  

 

 

 

According to the general procedure B stoichiometric reaction, 4-phenyl-3-butyn-2-one (72.0 

µL, 0.50 mmol), H-B-9-BBN (1.00 mL, 0.50 M in THF, 0.50 mmol) and (S)-β-pinene (78.0 

µL, 0.50 mmol) were reacted. According to the general procedure C sub-stoichiometric 

reaction, 4-phenyl-3-butyn-2-one (72.0 µL, 0.50 mmol), HBpin (87.0 µL, 0.60 mmol), H-B-

9-BBN (0.20 mL, 0.50 M in THF, 0.10 mmol) and (S)-β-pinene (16.0 µL, 0.10 mmol) were 

reacted. The product was purified by flash column chromatography (20.0 g SiO2, 25.0 mm Ø, 

hexane/ diethyl ether 5:1) to give 4-phenyl-but-3-yn-2-ol, for stoichiometric (58.0 mg, 0.41 

mmol, 82%) and sub-stoichiometric (58.4 mg, 0.40 mmol, 80%)  reaction as a colourless oil. 

1H NMR:  (500 MHz, CDCl3)  

7.47-7.43 (m, 2H, ArH), 7.35-7.32 (m, 3H, ArH), 4.82-4.75 (app. m, 1H, CH), 

1.58 (d, J = 6.6 Hz, 3H, CH3). 

13C NMR:  (126 MHz, CDCl3)  

131.7 (ArC), 128.4 (ArC), 128.3 (ArC), 122.6 (ArC), 90.9 (C), 84.0 (C), 58.9 

(COH), 24.4 (CH3). 

[𝜶]𝑫
𝟐𝟎 +22.7 (c 0.22, CHCl3). 

Data were in accordance with those previously reported.225  

Stoichiometric 

HPLC: 81% e.e. [Chiralpak ODH (0.46 × 25.0 cm), particle size = 5.00 µm hexane/2-

propanol = 80:20, ν = 1.00 mL min-1, λ = 280 nm, t (major) = 5.05 min, t 

(minor) = 9.01 min.] 

Sub-stoichiometric  

HPLC: 80% e.e. [Chiralpak ODH (0.46 × 25.0 cm), particle size = 5.00 µm hexane/2-

propanol = 80:20, ν = 1.00 mL min-1, λ = 280 nm, t (major) = 5.43 min, t 

(minor) = 10.30 min.] 
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(S)-4-(4-Fluorophenyl)but-3-yn-2-ol 

 

 

 

According to the general procedure B stoichiometric reaction, 4-(4-fluorophenyl)-3-butyn-2-

one (62.0 µL, 0.50 mmol), H-B-9-BBN (1.00 ml, 0.50 M in THF, 0.50 mmol) and (S)-β-pinene 

(78.0 µL, 0.50 mmol) were reacted. According to the general procedure C sub-stoichiometric 

reaction, 4-fluoro-3-butyn-2-one (76.0 µL, 0.50 mmol), HBpin (87.0 µl, 0.60 mmol), H-B-9-

BBN (0.20 ml, 0.50 M in THF, 0.10 mmol) and (S)-β-pinene (16.0 µL, 0.10 mmol) were 

reacted. The product was purified by flash column chromatography (20.0 g SiO2, 25.0 mm Ø 

hexane/ diethyl ether 5:1) to give 4-(4-fluorophenyl)but-3-yn-2-ol, for stoichiometric (59.0 

mg, 0.36 mmol, 72%) and sub-stoichiometric (54.2 mg, 0.33 mmol, 66%) reaction as a yellow 

oil.  

1H NMR:  (600 MHz, CDCl3)  

7.44-7.42 (m, 2H, ArH), 7.04-7.01 (m, 2H, ArH), 4.79-4.75 (m, 1H, CH), 1.57 

(d, J = 6.6 Hz, 3H, CH3). 

13C NMR:  (126 MHz, CDCl3)  

162.6 (d, J = 249.3 Hz, ArC), 133.6 (d, J = 8.5 Hz, ArC), 118.7 (d, J = 3.5 Hz, 

ArC), 115.6 (d, J = 22.0 Hz), 90.7 (C), 83.0 (C), 58.9 (CH), 24.4 (CH3). 

19F NMR  (196 MHz, CDCl3)  

−110.9. 

 [𝜶]𝑫
𝟐𝟎 −44.0 (c 0.80, CHCl3) 

Data were in accordance with those previously reported.229 

Stoichiometric 

HPLC: 77% e.e. [Chiralpak ODH (0.46 × 25,0 cm), particle size = 5.00 µm hexane/2-

propanol = 95:5, ν = 1.00 mL min-1, λ = 254 nm, t (major) = 7.05 min, t (minor) 

= 10.56 min.] 
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Sub-stoichiometric  

HPLC: 67% e.e. [Chiralpak ODH (0.46 × 25.0 cm), particle size = 5.00 µm hexane/2-

propanol = 95:5, ν = 1.00 mL min-1, λ = 254 nm, t (major) = 7.55 min, t (minor) 

= 10.22 min.] 
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(S)-Methyl-4-(3-hydroxybut-1-yn-1-yl)benzoate 

 

 

 

According to the general procedure B stoichiometric reaction, methyl 4-(3-oxobut-1-yn-1-yl) 

benzoate (50.0 mg, 0.25 mmol), H-B-9-BBN (0.50 mL, 0.50 M in THF, 0.25 mmol) and (S)-

β-pinene (78.0 µL, 0.25 mmol) were reacted. According to the general procedure C sub-

stoichiometric reaction, methyl 4-(3-oxobut-1-yn-1-yl) benzoate (50.0 mg, 0.25 mmol), 

HBpin (44.0 µL, 0.30 mmol), H-B-9-BBN (0.10 mL, 0.50 M in THF, 0.05 mmol) and (S)-β -

pinene (8.00 µL, 0.05 mmol) were reacted. The product was purified by flash column 

chromatography (12.0 g SiO2, 25.0 mm Ø petroleum ether/ ethyl acetate 5:1) to give methyl 

4-(3-hydroxybut-1-yn-1-yl)benzoate, for stoichiometric (45.0 mg, 0.22 mmol, 88%) and sub-

stoichiometric (40.8 mg, 0.20 mmol, 80%) reaction as an orange oil.  

1H NMR:  (600 MHz, CDCl3)  

8.01-7.99 (m, 2H, ArH), 7.51-7.49 (m, 2H, ArH), 4.80 (q, J = 6.6 Hz, 1H, 

CH), 3.94 (s, 3H, OCH3), 1.59 (d, J = 6.6 Hz, 3H, CH3). 

13C NMR:  (151 MHz, CDCl3)  

166.5 (COO), 131.6 (ArC), 131.6 (ArC), 129.7 (ArC), 129.5 (ArC), 129.4 

(ArC), 127.3 (ArC), 90.9 (C), 83.3 (C), 58.8 (OCH3), 52.3 (COH), 24.3 (CH3). 

[𝜶]𝑫
𝟐𝟎 −8.80 (c 0.50, CHCl3). 

Data were in accordance with those previously reported.230 

Enantiomeric excess determined through derivitisation with Mosher’s acid [(S)-α-methoxy-α-

trifluoromethylphenylacetic acid]. The resulting diasteremeric ratio was determined through 

19F NMR spectroscopy, the spectra were referenced against unreacted Mosher’s acid (‒71.2 

ppm).  

Stoichiometric:   84% e.e. 

Substoichiometric:  62% e.e. 
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4-Trimethylsilyl-3-butyn-2-ol 

 

 

According to the general procedure B stoichiometric reaction 4-trimethylsilyl-3-butyn-2-one 

(72.0 µL, 0.50 mmol), H-B-9-BBN (1.00 mL, 0.50 M in THF, 0.50 mmol) and (S)-β-pinene 

(78 µL, 0.50 mmol) were reacted. According to the general procedure C sub-stoichiometric 

reaction 4-trimethylsilyl-3-butyn-2-ol (72 µL, 0.50 mmol), HBpin (87.0 µL, 0.60 mmol), H-

B-9-BBN (0.20 mL, 0.50 M in THF, 0.10 mmol) and (S)-β-pinene (16.0 µL, 0.10 mmol) were 

reacted. The product was purified by flash column chromatography (12.0 g SiO2, 25.0 mm Ø 

petroleum ether/ ethyl acetate 4:1) to give 4-trimethylsilyl-3-butyn-2-ol, for stoichiometric 

(60.0 mg, 0.43 mmol, 85%) and sub-stoichiometric (53.0 mg, 0.38 mmol, 75%) reaction as a 

yellow liquid.  

1H NMR:  (500 MHz, CDCl3)  

4.54 (q, J = 6.6 Hz, 1H, CH), 1.47 (d, J = 6.6 Hz, 3H, CH3), 0.19 (s, 9H, 

SiMe3). 

13C NMR:  (126 MHz, CDCl3)  

107.7 (C), 88.4 (C), 58.8 (COH), 24.3 (CH3), 0.14 (Si-C). 

 [𝜶]𝑫
𝟐𝟎 −30.0 (c 0.2, CHCl3) 

Data were in accordance with those previously reported.231 

Enantiomeric excess determined through derivatisation with Mosher’s acid [(S)-α-methoxy-α-

trifluoromethylphenylacetic acid]. The resulting diastereomeric ratio was determined through 

19F NMR spectroscopy, the spectra were referenced against unreacted Mosher’s acid (−71.2 

ppm) and compared with racemate. 

Stoichiometric:   63% e.e. 

Substoichiometric:  59% e.e. 
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6-Phenylhex-3-yn-2-ol 

 

 

According to the general procedure B stoichiometric reaction, 6-phenylhex-3-yn-2-one (74.0 

µL, 0.50 mmol), H-B-9-BBN (1.00 mL, 0.50 M in THF, 0.50 mmol) and (S)-β-pinene (78.0 

µL, 0.50 mmol) were reacted. According to the general procedure C sub-stoichiometric 

reaction, 6-phenylhex-3-yn-2-ol (74.0 µL, 0.50 mmol), HBpin (87.0 µL, 0.60 mmol), H-B-9-

BBN (0.20 mL, 0.50 M in THF, 0.10 mmol) and (S)-β-pinene (16.0 µL, 0.10 mmol) were 

reacted.  The product was purified by flash column chromatography (12.0 g SiO2, 25.0 mm Ø 

petroleum ether/ ethyl acetate 7:3) to give 6-phenylhex-3-yn-2-ol, for stoichiometric (54.0 mg, 

0.31 mmol, 62%) and sub-stoichiometric (46.0 mg, 0.26 mmol, 53%) reaction as a colourless 

liquid.  

1H NMR: (600 MHz, CDCl3)  

7.33-7.31 (m, 2H, ArH), 7.25-7.23 (m, 3H, ArH), 4.54-4.50 (m, 1H, CH), 2.84 

(t, J = 7.3 Hz, 2H, ArCH2), 2.52 (t, J = 7.6, 1.9 Hz, 2H, CH2), 1.44 (d, J = 6.6 

Hz, 3H, CH3).  

13C NMR:  (151 MHz, CDCl3)  

140.6 (ArC), 128.5 (ArC), 128.4 (ArC), 126.3 (ArC), 83.9 (C), 83.0 (C), 58.6 

(COH), 35.1 (CH2), 24.7 (CH2), 20.9 (CH3).  

 [𝜶]𝑫
𝟐𝟎 −28.6 (c 0.7, CHCl3) 

Data were in accordance with those previously reported.232 

Stoichiometric 

HPLC: 83% e.e. [Chiralpak ODH (0.46 × 25.0 cm), particle size = 5.00 µm hexane/2-

propanol = 80:20, ν = 1.00 mL min-1, λ = 210 nm, t (major) = 5.84 min, t 

(minor) = 9.34 min.] 

Sub-stoichiometric  

HPLC: 54% e.e. [Chiralpak ODH (0.46 × 25.0 cm), particle size = 5.00 µm hexane/2-

propanol = 80:20, ν = 1.00 mL min-1, λ = 210 nm, t (major) = 6.05 min, t 

(minor) = 9.59 min.] 
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4-(4-Methoxyphenyl)but-3-yn-2-ol 

 

 

 

According to the general procedure B stoichiometric reaction, 4-(4-methoxyphenyl)-3-butyn-

2-one (76.0 µL, 0.50 mmol), H-B-9-BBN (1.00 mL, 0.50 M in THF, 0.50 mmol) and (S)-β-

pinene (78.0 µL, 0.50 mmol) were reacted. According to the general procedure C sub-

stoichiometric reaction, 4-(4-methoxyphenyl)-3-butyn-2-one (76.0 µL, 0.50 mmol), HBpin 

(87.0 µL, 0.60 mmol), H-B-9-BBN (0.20 mL, 0.50 M in THF, 0.10 mmol) and (S)-β-pinene 

(16.0 µL, 0.10 mmol) were reacted.  The product was purified by flash column 

chromatography (20.0 g SiO2, 25.0 mm Ø hexane/ diethyl ether 5:1) to give 4-phenyl-but-3-

yn-2-ol, for stoichiometric (58.1 g, 0.33 mmol, 66%) and sub-stoichiometric (48.0 mg, 0.27 

mmol, 54%) reaction as a colourless oil. 

1H NMR:  (500 MHz, CDCl3)  

7.43-7.31 (m, 2H, ArH), 6.90-6.81 (m, 2H, ArH), 4.82-4.71 (m, 1H, CH), 3.83 

(s, 3H, OCH3), 1.55 (d, J = 6.5 Hz, 3H, CH3). 

13C NMR:  (126 MHz, CDCl3)  

159.7 (ArC), 133.1 (ArC), 114.7 (ArC), 113.9 (ArC), 89.6 (C), 83.9 (C), 58.9 

(COH), 55.3 (OCH3), 24.9 (CH3). 

 [𝜶]𝑫
𝟐𝟎 +23.1 (c 0.13, CHCl3) 

Data were in accordance with those previously reported.233 

Stoichiometric 

HPLC: 80% e.e. [Chiralpak ODH (0.46 × 25.0 cm), particle size = 5.00 µm hexane/2-

propanol = 80:20, ν = 0.40 mL min-1, λ = 254 nm, t (major) = 5.86 min, t 

(minor) = 13.93 min.] 

Sub-stoichiometric  

HPLC: 40% e.e. [Chiralpak ODH (0.46 × 25.0 cm), particle size = 5.00 µm hexane/2-

propanol = 80:20, ν = 0.40 mL min-1, λ = 254 nm, t (major) = 5.86 min, t 

(minor) = 13.66 min.] 
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4-Methyl-1-phenyl-pent-1-yn-3-ol 

 

 

According to the general procedure B stoichiometric reaction 4-methyl-1-phenyl-pent-1-yn-

3-one (50.0 µL, 0.50 mmol), H-B-9-BBN (1.00 mL, 0.50 M in THF, 0.50 mmol) and (S)-β-

pinene (78.0 µL, 0.50 mmol) were reacted. According to the general procedure C sub-

stoichiometric reaction, 4-methyl-1-phenyl-pent-1-yn-3-one (74.0 µL, 0.50 mmol), HBpin 

(87.0 µl, 0.60 mmol), H-B-9-BBN (0.20 mL, 0.50 M in THF, 0.10 mmol) and (S)-β-pinene (16 

µL, 0.10 mmol) were reacted. The product was purified by flash column chromatography (12.0 

g SiO2, 25.0 mm Ø petroleum ether/ ethyl acetate 6:1) to give 4-methyl-1-phenyl-pent-1-yn-

3-ol, for stoichiometric (60.9 mg, 0.35 mmol, 70%) and sub-stoichiometric (50.5 mg, 0.29 

mmol, 58%) reaction as a yellow liquid.  

1H NMR:  (600 MHz, CDCl3)  

7.54-7.39 (m, 2H, ArH), 7.45-7.30 (m, 3H, ArH), 4.42 (d, J = 5.6 Hz, 1H, 

COH), 2.04-1.95 (m, 1H, CH), 1.10 (dd, J = 8.6, 6.7 Hz, 6H, CH3). 

13C NMR:  (121 MHz, CDCl3)  

131.7 (ArC), 128.4 (ArC), 128.3 (ArC), 122.8 (ArC), 88.9 (C), 85.6 (C), 

68.4 (COH), 34.7 (CH), 18.1 (CH3), 17.6 (CH3).   

[𝜶]𝑫
𝟐𝟎 −2.28 (c 0.7, CHCl3) 

Data were in accordance with those previously reported.233  

Stoichiometric 

HPLC: 56% e.e. [Chiralpak IB (0.46 × 25.0 cm), particle size = 5.00 µm hexane/2-

propanol = 80:20, ν = 1.00 mL min-1, λ = 254 nm, t (major) = 4.48 min, t 

(minor) = 6.13 min.] 

Sub-stoichiometric  

HPLC: 22% e.e. [Chiralpak IB (0.46 × 25.0 cm), particle size = 5.00 µm hexane/2-

propanol = 80:20, ν = 1.00 mL min-1, λ = 254 nm, t (major) = 4.03 min, t 

(minor) = 5.15 min.] 
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7.04 Single Turnover Experiments for Carbonyl Hydroboration Investigation 

In an oven dried, Young’s tap NMR tube, under an argon atmosphere, H-B-9-BBN (1.00 mL, 

0.50 M in THF, 0.50 mmol) and (S)-β-pinene (78.0 µL, 0.50 mmol) were reacted for 2 hours 

at room temperature then a 11B NMR spectrum was recorded. 4-Phenyl-3-butyn-2-one (72.0 

µL, 0.50 mmol) was added to the NMR tube, under an argon atmosphere. After 12 hours 11B 

NMR spectrum was recorded. HBpin (87.0 µL, 0.60 mmol) was added, under an argon 

atmosphere and after 1 hour, 11B NMR spectrum was recorded. 

  

87 ppm 

87 ppm 

56 ppm 

22 ppm 



143 

 

7.05 Borane Syntheses 

 7.05.1 Diisopinocampheylborane 

 

 

Borane dimethylsulfide complex (1.89 mL, 20.0 mmol) was dissolved in THF (20.0 mL) at 0 

°C and stirred under an inert atmosphere. ɑ-Pinene (6.35 mL, 40.0 mmol) was added dropwise 

over 30.0 minutes. The solution was kept at 0 °C and stirring was stopped. Colourless crystals 

formed and the remaining solvent was removed via filter cannula. The residual crystals were 

washed with THF (2 ×10.0 mL) then dried under reduced pressure. This resulted in colourless 

crystals (201 mg, 14.3 mmol, 72%). 

MP:   88-92 °C (THF). 

1H NMR:  (500 MHz, d8-THF)  

2.47-1.58 (m, 15H), (1.34-0.89) (m, 20H). 

13C NMR:  (126 MHz, d8-THF)  

144.3, 115.9, 49.0, 48.8, 48.5, 48.2, 48.1, 47.0, 42.2, 42.1, 42.0, 41.9, 41.5, 

41.4, 41.4, 40.8, 40.5, 39.7, 39.2, 39.1, 38.8, 38.8, 38.7, 38.6, 38.1, 37.7, 37.3, 

37.2, 35.9, 34.5, 33.9, 33.8, 33.6, 33.6, 32.9, 31.9, 31.5, 31.1, 31.0, 30.9, 30.7, 

29.6, 29.6, 29.3, 28.9, 28.8, 28.2, 28.0, 27.9, 27.9, 27.8, 25.7, 25.4, 24.8, 24.7, 

24.6, 24.5, 24.4, 24.3, 24.3, 24.2, 24.0, 23.1, 23.1, 22.6, 22.6, 22.2, 22.2, 22.2, 

22.1, 22.0, 21.9, 21.7, 21.4, 20.2, 13.5.  

11B NMR: (160 MHz, d8-THF) 

  41.8, 37.3, 18.5, 10.2. 

Data were in accordance with those previously reported.234 Multiple species observed in 

solution.  
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 7.05.2 Soderquist’s Borane  

(±)-B-Methoxy-10-trimethylsilyl-9-borabicyclo[3.3.2]decane 

 

 

 

According to the method of Soderquist,117 under N2 atmosphere, trimethylsilyl azide (22.0 mL, 

2.00 M in hexanes, 44.0 mmol) was added dropwise to a stirred solution of H-B-9-BBN (40.0 

mL, 1 M in hexanes, 40.0 mmol). The reaction was heated under reflux for 16 hours then 

allowed to cool to room temperature. The solution was distilled under reduced pressure (80 

°C, 1.5 × 10-1 mbar) to give (±)-B-methoxy-10-trimethylsilyl-9-borabicyclo[3.3.2]decane 

(4.02 g, 42%) as a colourless oil. 

 

1H NMR:  (500 MHz, C6D6) 

  3.33 (s, 3H, OCH3), 1.72-1.45 (m, 15H), 0.23 (s, 9H, (CH3)3Si). 

13C NMR: (126 MHz, C6D6) 

52.2 (OCH3), 33.3, 32.8, 31.6, 27.9, 27.6, 25.4, 24.5, 24.4, 21.9 (6 CH2, 3 

CH), 0.78 ((CH3)3Si). 

11B NMR: (160 MHz C6D6) 

  55.2. 

Data were in accordance with those previously reported.117  
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(+)-B-((1S,2S-Pseudoephedrinyl))-(10R)-trimethylsilyl-9-borabicyclo[3.3.2]decane 

 

 

 

According to the method of Soderquist,117 (±)-B-methoxy-10-trimethylsilyl-9-

borabicyclo[3.3.2]decane (4.02 g, 16.8 mmol) and (1S,2S)-(+)-pseudoephedrine (1.42 g, 8.40 

mmol) were stirred in acetonitrile (25.0 mL) under an inert atmosphere. The reaction was 

heated under reflux for 16 hours to give a yellow solution. The solution was cooled to room 

temperature and the supernatant was removed via cannula filtration and the residue was 

washed with anhydrous hexane and dried under reduced pressure to give (+)-B-((1S,2S-

pseudoephedrinyl))-(10R)-trimethylsilyl-9-borabicyclo[3.3.2]decane (2.22 g, 5.98 mmol, 

71%) as colourless discs. 

1H NMR:  (500 MHz, C6D6) 

7.48-7.18 (m, 5H, ArH), 4.36 (d, J = 9.2 Hz, 1H), 2.66 (app. br s, 1H, CHN), 

2.00 (s, 3H, NCH3), 1.80-1.38 (m, 16H), 0.49 (d, J = 6.4 Hz, 3H, CH3), 0.41 

(s, 9H, (CH3)3Si). 

13C NMR: (126 MHz, C6D6) 

141.9 (NCH3), 128.0 (ArC), 127.2 (ArC), 127.1 (ArC), 126.9 (ArC), 80.5 

(CHN), 65.5 (CO), 39.2, 35.0, 33.7, 31.1, 29.9, 28.0, 27.8, 23.2, 22.9, (6 CH2, 

3 CH), 14.3 (CH3), 2.1 ((H3C)3Si). 

11B NMR: (160 MHz C6D6) 

  17.6, 55.5. 

Data were in accordance with those previously reported.117 
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Lithium-B-H2-(10R)-trimethylsilyl-9-borabicyclo[3.3.2]decane 

 

 

 

According to the method of Soderquist,117 anhydrous EtOAc (245 µL, 2.50 mmol) was added 

dropwise at 0 °C to LiAlH4 (189 mg, 5.00 mmol) dissolved in anhydrous Et2O (5.00 mL) 

(solution A). (+)-B-((1S,2S-Pseudoephedrinyl))-(10R)-trimethylsilyl-9-

borabicyclo[3.3.2]decane (1.85 g, 5.00 mmol) was dissolved in Et2O (5.00 mL) under an inert 

atmosphere and cooled to 0 °C (solution B). Solution A was added dropwise to stirred solution 

B at 0 °C and allowed to warm to room temperature over 16 hours. Stirring was stopped, and 

the white precipitate settled. The supernatant was transferred by cannula to a receiver flask. 

The solvent was removed under reduced pressure to give lithium-B-H2-(10R)-trimethylsilyl-

9-borabicyclo[3.3.2]decane (959 mg, 4.44 mmol, 88%) as a white powder. 

1H NMR:  (500 MHz, C6D6) 

  1.62-1.11 (m, 17H), 0.19 (s, 9H, (H3C)3Si). 

11B NMR: (160 MHz C6D6) 

  ˗17.08 (t, J = 69.3 Hz). 

Data were in accordance with those previously reported.117  
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7.05.3 2,5-Dimethylborolane Synthesis 

2,5-Dibromohexane 

 

 

By modification of the method of Rolla,136 tributylhexadecylphosphonium bromide (6.09 g, 

12.0 mmol) and 1,5-hexadiene (36.0 mL, 300 mmol) were stirred in a 3-neck round-bottom- 

flask fitted with a dropping funnel and base bubbler under N2. Hydrogen bromide in acetic 

acid (180 mL, 33% w/w solution, 1.05 mol) was added dropwise to the stirring solution via 

the dropping funnel. The reaction progress was monitored by 1H NMR spectroscopy and 

reached completion in 3 hours. The reaction mixture was poured into water (500 mL) and 

extracted  with Et2O (3 × 100 mL). The combined extracts were washed with aqueous NaHCO3 

(sat. 2 × 100 mL) and the solvent removed under reduced pressure. The remaining biphasic 

mixture was separated, and the top layer of acetic acid was discarded. The bottom, orange 

layer was dissolved in Et2O and washed with NaHCO3 (2 × 50.0 mL) then the solvent was 

removed under reduced pressure. The remaining orange liquid was distilled under reduced 

pressure (95-100 ºC, 30 mbar) to give 2,5-dibromohexane (45.2 g, 62%) as a colourless liquid. 

 

1H NMR:  (500 MHz, CDCl3)  

4.19-4.11 (m, 2H, CH), 2.12-1.90 (m, 4H, CH2), 1.76 (d, J = 6.7Hz, 6H, 

CH3). 

13C NMR:  (126 MHz, CDCl3)  

50.9 (CH), 50.4 (CH), 39.5 (CH2), 38.8 (CH2), 26.6 (CH3), 26.5 (CH3). 

Data were in accordance with those previously reported.235 
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2,5-Di(magnesiumbromide)hexane 

 

 

By modification of the method of Whiteside,137 magnesium turnings (13.4 g, 550 mmol) were 

kept at 180 °C overnight then stirred under vacuum for 5 hours in a three-necked flask fitted 

with a condenser. Stirring was stopped, and the turnings were put under a nitrogen atmosphere. 

THF (10.0 mL) was added to cover the turnings. 2,5-Dibromohexane (1.00 mL) was added 

dropwise and when effervescence was observed, the suspension was stirred. 2,5-

Dibromohexane (14.4 mL, 100 mmol) and THF (100 mL) were added in portions, maintaining 

effervescence throughout the addition. The Grignard solution was left to stir for 1 hour, until 

it had cooled to room temperature. Using a frit funnel, the suspension was filtered into a 

distillation flask. The residue was washed with THF (approximately 60.0 mL) until the filtrate 

was colourless. The concentration was calculated by titration against 2-hydroxybenzaldehyde 

phenylhydrazone (0.26 M in THF, 42%). 
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N,N-Diethylaminodichloroborane 

 

 

In a three-necked round-bottom flask fitted with a base bubbler (NaOH, 2 M), under N2, BCl3 

(200 mL, 1.00 M in hexanes, 200 mmol) was stirred at ‒78 ºC. Diethylamine (18.0 mL, 200 

mmol) was added dropwise and a white salt formed immediately. The reaction was allowed to 

warm to room temperature then triethylamine (28.0 mL, 200 mmol) was added dropwise. After 

2 hours, stirring was stopped and the white precipitate allowed to settle. The supernatant was 

transferred by cannula into a receiver flask and the precipitate was washed with anhydrous 

hexane (3 × 10.0 mL) and added to the flask. The solvent was removed under reduced pressure 

to give N,N-diethylaminodichloroborane (23.8 g, 156 mmol, 78%) as an orange liquid. 

1H NMR:  (500 MHz, C6D6) 

  2.97 (dd, J = 21.3, 2.7 Hz, 4H, CH2), 0.96 (t, J = 7.0 Hz, 6H, CH3). 

13C NMR: (126 MHz, C6D6) 

  42.4, 14.9. 

11B NMR: (169 MHz C6D6) 

  29. 

Data were in accordance with those previously reported.236 
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1-(N,N-Diethylamino)- 2,5-dimethylborolane 

 

 

According to the method of Masamune,85 N,N-diethylaminodichloroborane (3.60 g, 24.0 

mmol) was dissolved in anhydrous Et2O (80.0 mL). The stirred solution was cooled to ‒78 °C 

and 2,5-di(magnesiumbromide)hexane (155 mL, 0.18 M in THF, 28.0 mmol) was added by 

cannula at a rate where the temperature of the external bath remained between ‒78 °C and ‒

70 °C. The reaction warmed to r.t over 16 hours then stirring was stopped and the solids 

allowed to settle. The supernatant was transferred by cannula to a receiver flask and the solid 

residue washed with pentane (3 × 10.0 mL) and combined with the supernatant. The solvents 

were removed under reduced pressure and the solid residue was transferred into a ‒78 °C trap 

by heating under vacuum (200 ºC, 0.9 × 10-3 mbar). The yellow liquid was distilled under 

reduced pressure (103 °C, 55.0 mbar) to give 1-(N,N-diethylamino)- 2,5-dimethylborolane 

(1.72 g, 10.3 mmol, 43%) as a colourless liquid.  

1H NMR:  (500 MHz, C6D6) 

3.15-3.09 (4H, m, N-(CH2)2), 1.89-1.35 (m, 6H, CH/CH2), 1.09 (td, J = 7.1, 

2.3 Hz, 6H, (N-(CH3)2), 0.97 (d, J = 7.6 Hz, 3H, CH3), 0.88 (d, J = 7.8 Hz, 

3H, CH3). 

13C NMR: (126 MHz, C6D6) 

42.4 (N-CH2), 42.2 (N-CH2), 34.1 (CH2), 33.5 (CH2), 23.1, (2C-B), 16.5 

(CH3), 15.7 (CH3), 15.5 (CH3), 15.4 (CH3). 

11B NMR: (160 MHz C6D6) 

  50.4. 

Data were in accordance with those previously reported.85 
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cis- and trans-1-Methoxy-2,5-dimethylborolane 

 

 

 

According to the procedure of Masamune,85 1-(N,N-diethylamino)-2,5-dimethylborolane 

(22.0 g, 131 mmol) and anhydrous MeOH (6.88 mL, 170 mmol) were dissolved in anhydrous 

pentane (200 mL) under N2. The solution was cooled to 0 °C and stirred. Ethereal HCl (131 

mL, 2 N, 65.0 mmol) was added dropwise and the external bath temperature was not allowed 

to exceed 10 °C. The reaction warmed to room temperature over 16 hours then stirring was 

stopped and the white precipitate was allowed to settle. The supernatant was transferred by 

cannula to a receiver flask and the residue was washed (3 × 20.0 mL pentane). The solvent 

was removed by distillation under N2 at atmospheric pressure and the residual colourless oil 

was distilled (52 ºC, 49.0 mbar) to give 1-methoxy-2,5-dimethylborolane (6.67 g, 53 mmol, 

40%) as a colourless liquid. 

For cis-1-methoxy-2,5-dimethylborolane: 

1H NMR:  (500 MHz, CDCl3) 

3.82 (s, 3H, OCH3), 1.78-1.72 (m, 2H, CH2), 1.42-1.35 (m, 2H, CH2), 1.07 

(m, 2H, CH), 0.95 (d, J = 7.7 Hz, 6H, CH3). 

13C NMR:  (126 MHz, CDCl3) 

55.7 (OCH3), 32.7 (CH2), 23.2 (C−B), 13.4 (CH3). 

11B NMR:  (160 MHz, CDCl3)  

58.0. 
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(R,S)-1-(2-N,N-Dimethylaminoethoxy)-2,5-dimethylborolane and trans-

methoxyborolane 

 

 

 

By modification to the procedure of Masamune,85 cis- and trans-1-methoxy-2,5-

dimethylborolanes (6.67 g, 50.0 mmol) were stirred in pentane (40.0 mL) under argon. N,N-

Dimethylaminoethanol (2.39 mL, 23.9 mmol) was dissolved in pentane (10.0 mL) and added 

dropwise to the stirring solution. After 2 hours, at room temperature, stirring was stopped and 

the reaction cooled to −40 °C overnight to allow colourless needles to form. The reaction was 

kept at −40 °C and the supernatant was transferred via cannula to a receiver flask. The residual 

crystals were dried under vacuum to give (R,S)-1-(2-N,N-dimethylaminoethoxy)-2,5-

dimethylborolane (4.23 g, 23.1 mmol, 97%). 

To the remaining supernatant, a further portion of N,N-dimethylaminoethanol (100 μL, 1.00 

mmol) in pentane (1.00 mL) was added and then cooled to −40 °C overnight. The supernatant 

was transferred via cannula at −40 °C to the receiver flask containing the trans-1-methoxy-

2,5-dimethylborolane. The solvent was removed by distillation under N2 at atmospheric 

pressure and the residual colourless oil was distilled (52 ºC, 49 mbar) to give trans-1-methoxy-

2,5-dimethylborolane (1.07 g, 8.50 mmol, 34%, trans-/cis-, 80:20) as a colourless liquid. 

For (R,S)-1-(2-N,N-dimethylaminoethoxy)-2,5-dimethylborolane: 

MP:  60-62 °C (pentane) [lit: 59-60 °C (pentane)] 

1H NMR:  (400 MHz, CDCl3)  

3.95 (t, J = 7.0, 2H, CH2), 2.90 (t, J = 7.0, 2H, CH2), 2.53 (s, 6H, N-CH3), 

1.54-1.46 (m, 2H, CH2), 1.26-1.21 (m, 2H, CH2), 0.87 (d, J = 7.4 Hz, 6H, 

CH3), 0.62-0.57 (m, 2H, CH). 

13C NMR:  (101 MHz, CDCl3)  

59.8 (CH2), 59.4 (CH2), 44.9 (CH3), 35.1 (CH2), 23.2 (C-B), 17.2 (CH3). 

11B NMR:  (128 MHz, CDCl3) 

13.2. 

Data were in accordance with those previously reported.85 

 



153 

 

For trans-1-methoxy-2,5-dimethylborolane: 

1H NMR:  (500 MHz, CDCl3) 

3.84 (s, 3H, OCH3), 2.00-1.05 (m, 6H), 0.95 (s, 6H, CH3). 

13C NMR:  (126 MHz, CDCl3) 

55.3 (OCH3), 33.5 (CH2), 23.8 (C−B), 14.1 (CH3). 

11B NMR:  (160 MHz, CDCl3)  

57.9. 

Data were in accordance with those previously reported.85 

 

1H NMR section to determine cis-/trans- ratio: 
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(R, R)-Prolinol complex and (S, S)-valinol complex 

 

 

 

According to the procedure of Masamune,85 trans-1-methoxy-2,5-dimethylborolane (1.89 g, 

14 mmol) was stirred in pentane (40.0 mL) at 0 ºC, under N2. (S)-(+)-Prolinol (634 μL, 6.50 

mmol), dissolved in anhydrous pentane (1.00 mL), was added dropwise. Immediately, a white 

precipitate formed. The reaction was stirred for 30 minutes at 0 ºC then warmed to r.t and 

stirred for 90 minutes before the precipitate was allowed to settle. The colourless supernatant 

was transferred to a receiver flask and the residual white solid was dried under vacuum to give 

the (R, R)-prolinol complex (1.25 g, 6.40 mmol, 98%) as white cubic crystals. 

To the supernatant, (S)-(+)-prolinol (146 μL, 1.50 mmol) was added at r.t. The reaction was 

stirred for 1 hour then the precipitate settled, and the supernatant was transferred to a receiver 

flask. The solvent was removed by distillation under N2 at atmospheric pressure and the 

residual colourless oil was distilled (52 ºC, 49.0 mbar) to give trans-1-methoxy-2,5-

dimethylborolane (0.63 g, 5.00 mmol, 83%, 80% trans-) as a colourless liquid. 

Prolinol complex: 

MP:  180-185 °C (pentane) [lit: 225-226 (CH2Cl2)] 

1H NMR:  (500 MHz, CDCl3)  

4.22 (br s, 1H, NH), 3.95 (dd, J = 9.2, 6.5 Hz, 1H, CH), 3.71 (td, J = 7.3, 3.5 

Hz, 1H, CH), 3.60 (dd, J = 9.3, 3.4 Hz, 1H, CH), 3.14-2.95 (m, 2H, CH2), 

2.19-2.03 (m, 2H, CH2), 1.82-1.70 (m, 4H, CH2), 0.94 (d, J = 7.3 Hz, 6H, 

CH3), 0.66-0.57 (m, 2H, CH).  

13C NMR:  (126 MHz, CDCl3)  

67.4, 61.5, 48.7, 36.6, 31.2, 27.2, 26.7 (C-B), 18.0 (CH3). 

11B NMR:  (160 MHz, CDCl3) 

11.5. 

Data were in accordance with those previously reported.85 
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1H NMR section to determine cis-/trans- ratio of prolinol complex: 
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Synthesis of (R,R)-methoxyborolane from aminoalcohol complex 

 

 

According to the method of Masamune,85 (R,R)-prolinol complex (1.20 g, 6.50 mmol) and 

anhydrous MeOH (323 μL, 8.00 mmol) were dissolved in anhydrous pentane (15.0 mL) under 

N2. The solution was cooled to 0 °C and stirred. Ethereal HCl (3.50 mL. 2 N, 7.00 mmol) was 

added dropwise and the external bath temperature was not allowed to exceed 10 °C. The 

reaction warmed to room temperature over 16 hours then stirring was stopped and the white 

precipitate was allowed to settle. The supernatant was transferred via cannula to a receiver 

flask and the residue was washed (3 × 5.00 mL pentane). The solvent was removed by 

distillation under N2 at atmospheric pressure and the residual colourless oil was distilled (70 

ºC, 80 mbar) to give (R,R)-1-methoxy-2,5-dimethylborolane (805 mg, 6.30 mmol, 96%) as a 

colourless liquid. 
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(S,S)-, (R,R)- and cis-Dihydro-2,5-dimethylboratacyclopentane etherate 

 

 

 

According to the procedure by Masamune,85,237 1-methoxy-2,5-dimethylborolane (805 mg, 

6.30 mmol) was dissolved in anhydrous Et2O (5.00 mL) and cooled to 0 ºC. To the stirred 

solution, LiAlH4 (25.0 mL, 0.24 M in Et2O, 6.00 mmol) was added dropwise and a gelatinous 

layer formed. The mixture was left to stir for 2 hours, at room temperature. 11B NMR was used 

to confirm the reaction was complete. It was cooled to 0 ºC and MeOH (485 μL, 12.0 mmol) 

was added dropwise. 11B NMR was used to confirm the presence of the dihyride species and 

to confirm if excess MeOH or LiAlH4 was required. When the reaction was deemed complete, 

by 11B NMR, the reaction was filtered using a frit funnel to give a colourless solution. Pentane 

(5.00 mL) was added to the solution and it was filtered again. If the solution was cloudy, the 

process was repeated. Finally, the solvent was removed under reduced pressure to give 

dihydro-2,5-dimethylboratacyclopentane etherate (500 mg, 4.81 mmol, 76% yield, 2 eq. of 

Et2O) as a colourless, amorphous solid. 

For (R, R)-Dihydro-2,5-dimethylboratacyclopentane etherate: 

1H NMR:  (500 MHz, CDCl3)  

3.36-2.95 (m, 4H, OCH2), 2.32 (m, 2H, CH2), 1.56 (m, 2H, CH2), 1.43 (d, J = 

7.0 Hz, 6H, CH3), 1.31 (m, 2H, CH), 1.01 (t, J = 7.0 Hz, 6H, CH3). 

13C NMR:  (126 MHz, CDCl3)  

65.8 (CH2), 38.7 (CH2), 24.0 (CH3), 14.4 (CH3). 

11B NMR:  (160 MHz, CDCl3) 

˗12.9 (t, J = 65.4 Hz). 

Data were in accordance with those previously reported.85 
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For cis-Dihydro-2,5-dimethylboratacyclopentane etherate 

1H NMR:  (500 MHz, CDCl3)  

3.13 (q, J = 7.1 Hz, 4H), 2.05 (br s, 2H, CH2), 1.78 (br s, 2H, CH2), 1.45 (d, J 

= 7.1 Hz, 6H), 1.12 (m, 2H, CH), 0.95 (t, J = 7.1 Hz, 6H, CH3). 

13C NMR:  (126 MHz, CDCl3)  

66.0 (CH2), 38.1 (CH2), 24.2 (CH3), 14.1 (CH3). 

11B NMR:  (160 MHz, CDCl3) 

-10.2 (t, J = 70.9 Hz). 

 

Data were in accordance with those previously reported.237 
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(R,R)-2,5-Dihydroxyhexane 

 

 

According to the procedure of Masamune,85 (R,R)-l-methoxy-2,5-dimethylborolane (14.0 mg, 

0.10 mmol) was dissolved in anhydrous THF (2.00 mL) and cooled to 0 °C under N2 

atmosphere. Ethylene glycol (12.0 μL, 0.20 mmol), NaOH (0.30 mL, 2.00 M in anhydrous 

MeOH, 0.60 mmol) and finally H2O2 (50.0 μL, 30% w/w in H2O, 0.50 mmol). The reaction 

was heated to 50 °C for 2 hours then cooled to r.t and diluted with Et2O (10.0 mL). The solution 

was washed with sat. Na2S2O8 (2 × 10.0 mL), H2O (10.0 mL) and brine (10.0 mL), dried 

(MgSO4), filtered and the solvent removed under reduced pressure to give (S,S)-2,5-

dihydroxyhexane (10.0 mg, 0.08 mmol, 80%) as a colourless oil.  

1H NMR: (500 MHz, CDCl3) 

3.88-3.85 (m, 2H, CH), 1.91 (br s, 2H, OH), 1.64-1.54 (m, 4H, CH2), 1.24 (d, 

J = 6.2 Hz, 1H). 

13C NMR: (126 MHz, CDCl3) 

  68.4 (CH), 35.9 (CH2), 23.9 (CH2), 1.0 (CH3). 

Data were in accordance with those previously reported.139 

The product was dissolved in CH2Cl2 (3.00 mL) and (R)-(-)-α-methoxy-α-

(trifluoromethyl)phenylacetyl chloride (30.0 μL, 0.24 mmol), DMAP (2.00 mg, 0.16 mmol) 

and pyridine (10.0 μL, 0.12 mmol) were added and stirred for 16 hours to determine the 

enantioenrichment85, by 1H NMR139 (R,R)-enantiomer: (R,R-/S,S-/cis-, 95:0:5), (S,S)-

enantiomer: (R,R-/S,S-/cis-, 15:74:11). 
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For enantioenrichment using 1H NMR of Mosher’s ester: 

For (R,R): 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For (S,S):  
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7.05.4 Boranes as Turnover Reagents 

1,3,2-Benzodioxaborole 

 

 

According to the procedure of Brown,28 Me2S∙BH3 (9.50 mL, 100 mmol), dissolved in 

anhydrous Et2O (10.0 mL), was stirred under N2 in a two- necked flask fitted with a dropping 

funnel. In a second flask, catechol (11.0 g, 100 mmol, recrystallised from PhMe) was dissolved 

in anhydrous Et2O (28.0 mL) and the yellow solution was transferred to the dropping funnel. 

The solution of catechol was added dropwise over 8 hours, ensuring minimal effervescence 

occurred. 11B NMR was used to monitor the reaction and a second potion of catechol (10.0 

mmol) was added. On the complete consumption of Me2S∙BH3, vacuum distillation (52 ºC, 

53.0 mbar) was used to isolate catecholborane (5.60 g, 47.0 mmol, 47%) as a colourless liquid. 

1H NMR:  (500 MHz, C6D6)  

6.97 (dd, J = 5.9, 3.3 Hz, 2H, ArH), 6.75 (dd, J = 5.9, 3.3 Hz, 3H, ArH), 5.13-

4.03 (br q, 1H, BH). 

13C NMR:  (126 MHz, C6D6)  

147.5 (CH), 122.8 (CH), 112.6 (CH). 

11B NMR:  (160 MHz, C6D6) 

28.7 (d, J = 192.8 Hz).  

Data were in accordance with those previously reported.238 
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2,3-Dihydro-1H-naphtho[1,8-de][1,3,2]diazaborinine 

 

 

According to the procedure of Suginome,239 1,8-diaminonapthalene (790 mg, 5.00 mmol) in 

CH2Cl2 (15.0 mL) was stirred under N2 atmosphere at 0 °C. Me2S∙BH3 (474 μL, 5.00 mmol) 

was added over 2 hours then the reaction warmed to r.t and stirred for 16 hours. The solvent 

was removed under reduced pressure to give 2,3-dihydro-1H-naphtho[1,8-

de][1,3,2]diazaborinine (445 mg, 2.65 mmol, 53%) as a pink solid. 

1H NMR: (500 MHz, C6D6) 

7.07 – 6.86 (m, 4H, ArH), 5.86 (dd, J = 6.5, 1.9 Hz, 2H, ArH), 4.96 (br s, 2H, 

NH). 

13C NMR: (126 MHz, C6D6) 

  140.6, 136.7, 127.4, 120.8, 118.0, 105.8 (ArC). 

11B NMR: (160 MHz, C6D6) 

  26.3 (d, J = 145.2 Hz). 

Data were in accordance with those previously reported.239 
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7.06 Enantioenriched Alkene Hydroboration Products 

(R,S)-4,4,5,5-Tetramethyl-2-(2-methylcyclopentyl)-1,3,2-dioxaborolane 

 

 

 

1-Methylcyclopentene (63.0 μL, 0.60 mmol) was added to a stirred solution of (R,R)- dihydro-

2,5-dimethylboratacyclopentane etherate (10.0 mg, 0.09 mmol) and dimethylsulphate (5.50 

μL, 0.09 mmol). HBcat (90 μL, 0.85 mmol) was added and the reaction stirred for 48 hours at 

25 °C. Pinacol (212 mg, 1.80 mmol) was added in anhydrous triethylamine (1.60 mL). The 

solution was stirred for 16 hours then washed with water (2 × 10.0 mL) and extracted with 

Et2O (3 × 10.0 mL). The solvent was removed in vacuo and the product was purified by flash 

column chromatography (20.0 g SiO2, 25.0 mm Ø petroleum ether/ EtOAc 90:10) to give 

4,4,5,5-tetramethyl-2-(2-methylcyclopentyl)-1,3,2-dioxaborolane (25.2 mg, 0.12 mmol, 20%) 

as a colourless oil. 

1H NMR: (500 MHz, CDCl3) 

1.89-1.78 (m, 3H), 1.65-1.53 (m, 5H), 1.26 (s, 12H, CH3), 1.04 (d, J = 6.5 

Hz, 3H). 

11B NMR: (160 MHz, CDCl3) 

  34.7. 

Data were in accordance with those previously reported.240 
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trans-2-Methylcyclopentyl benzoate: 

 

 

 

Aqueous hydrogen peroxide (0.75 mL, 7.50 mmol, 30% in water) was added dropwise to a 

stirred biphasic mixture of aqueous sodium hydroxide (3.00 mL, 2M) and 4,4,5,5-tetramethyl-

2-(2-methylcyclopentyl)-1,3,2-dioxaborolane (25.2 mg, 0.12 mmol, 0.20 mmol) dissolved in 

Et2O (10.0 mL) at 0°C. The mixture was stirred at 0°C for 20 minutes, warmed to room 

temperature and stirred for a further 2 hours, diluted with sat. aqueous Na2S2O8 (10.0 mL), 

extracted with Et2O (2 × 10.0 mL), dried (MgSO4), filtered and used in the next step without 

further purification. Pyridine (0.35 mL, 0.4 mmol) and benzoyl chloride (14.0 μL, 0.12 mmol), 

were added to the crude reaction mixture in CH2Cl2 (5.00 mL) at room temperature  and 

reacted for 16 hours. The reaction was quenched with diethyl ether (5.00 mL) and washed with 

brine (5.00 mL), the organic phase was dried (MgSO4) and purified by flash column 

chromatography (20.0 g SiO2, 25.0 mm Ø petroleum ether/ EtOAc 85:15)  to give trans-2-

methylcyclopentyl benzoate (20.4 mg, 0.10 mmol, 83%) as a colourless oil. 

1H NMR: (500 MHz, CDCl3) 

8.05-8.02 (m, 2H, ArH), 7.59-7.54 (m, 1H, ArH), 7.47-7.44 (m, 2H, ArH), 

4.99-4.97 (m, 1H, CH), 2.22-1.99 (m, 7H), 1.09 (d, J = 7.0 Hz, 3H). 

HPLC: 71% e.e. [Chiralpak ODH (0.46 × 25.0 cm), particle size = 5.00 µm hexane/2-

propanol = 95:5, ν = 0.50 mL min-1, λ = 220 nm, t (major) = 7.75 min, t (minor) 

= 8.19 min.] 

Data were in accordance with those previously reported.241 
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General Procedure D for enantioselective alkene hydroboration: 

 

 

 

 

 

 

Prochiral alkene (0.50 mmol) was added to a stirred solution of trans-methoxyborolane (7.00 

mg, 0.05 mmol), HBcat (80.0 μL, 0.75 mmol) and CH2Cl2 (25.0 µL) at 25 °C under an argon 

atmosphere. After 48 hours the reactions were quenched with 1,8-diaminonapthalene (237 mg 

in 2.00 mL NEt3, 0.75 M, 1.50 mmol) and stirred for 16 hours. The reaction was concentrated 

in vacuo and the product was purified by flash column chromatography (SiO2) and 

enantiomeric excess determined using chiral HPLC. 
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2-(2-Methylcyclohexanyl)-2,3-dihydro-1H-naphtho[1,8-de][1,3,2]diazaborinine 

 

 

 

 

According to general procedure D, 1-methylcyclohexene (60.0 μL, 0.50 mmol), a stirred 

solution of (R,R)-methoxyborolane (7.00 mg, 0.05 mmol), HBcat (80.0 μL, 0.75 mmol) and 

CH2Cl2 (25.0 µL) were reacted. The product was purified by flash column chromatography 

(20.0 g SiO2, 25.0 mm Ø petroleum ether/ EtOAc 99:1) to give 2-(2-methylcyclohexanyl)-2,3-

dihydro-1H-naphtho[1,8-de][1,3,2]diazaborinine 

 (21.0 mg, 0.08 mmol, 16%) as a purple oil.  

1H NMR:  (400 MHz, CDCl3)  

7.14-7.07 (m, 2H, ArH), 7.02 (dt, J = 8.4, 1.3 Hz, 2H, ArH), 6.32 (dd, J = 7.3, 

1.0 Hz, 2H, ArH), 5.60 (br s, 2H, NH), 1.79-1.62 (m, 2H), 1.25-0.94 (m, 7H), 

0.85 (d, J = 6.6 Hz, 3H, CH3), 0.60-0.51 (m, 1H, BCH). 

13C NMR:  (126 MHz, CDCl3)  

141.2, 136.2, 127.6, 117.3, 105.5, 36.1, 32.8, 27.3, 27.2, 26.7, 23.2. 

11B NMR:  (160 MHz, CDCl3)  

32.9. 

 [𝜶]𝑫
𝟐𝟎 +142 (c 1.40, CHCl3) 

Data were in accordance with those previously reported.242 

HPLC: 93% e.e. [Chiralpak ODH (0.46 × 25.0 cm), particle size = 5.00 µm hexane/2-

propanol = 99:1, ν = 0.50 mL min-1, λ = 250 nm, t (major) = 34.43 min, t 

(minor) = 47.49 min.] 
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2-(2-Methylcyclopentanyl)-2,3-dihydro-1H-naphtho[1,8-de][1,3,2]diazaborinine 

 

 

 

 

According to general procedure D, 1-methylcyclopentene (52.0 μL, 0.50 mmol), a stirred 

solution of (R,R)-methoxyborolane (7.00 mg, 0.05 mmol), HBcat (80.0 μL, 0.75 mmol) and 

CH2Cl2 (25.0 µL) were reacted. The product was purified by flash column chromatography 

(20.0 g SiO2, 25.0 mm Ø petroleum ether/ EtOAc 99:1) to give 2-(2-methylcyclopentanyl)-

2,3-dihydro-1H-naphtho[1,8-de][1,3,2]diazaborinine (31.0 mg, 0.13 mmol, 25%) as a purple 

oil.  

1H NMR:  (400 MHz, CDCl3)  

7.12 (dd, J = 8.3, 7.3 Hz, 2H, ArH), 7.02 (dd, J = 8.3, 1.0 Hz, 2H, ArH), 6.33 

(dd, J = 7.3, 1.0 Hz, 2H, ArH), 5.62 (br s, 2H, NH), 2.03-1.78 (m, 3H), 1.81-

1.61 (m, 2H, CH2), 1.59-1.48 (m, 2H, CH2), 1.10 (d, J = 6.3 Hz, 3H, CH3), 

0.83-0.73 (m, 1H, BCH). 

13C NMR:  (126 MHz, CDCl3)  

141.4 (ArC), 136.4 (ArC), 127.6 (ArC), 119.7 (ArC), 117.4 (ArC), 105.5 

(ArC), 38.8 (CH2), 36.2 (CH2), 30.1 (CH2), 25.8 (CH2), 20.9 (CH3). 

11B NMR:  (196 MHz, CDCl3)  

32.7. 

IR:  vmax (neat) 2900 (br, s), 2100 (br, w).  

MS:   (HRMS – ESI+) Found 250.16460 (C16H19N2B) required 250.16413. 

[𝜶]𝑫
𝟐𝟎 +124 (c 1.40, CHCl3) 

HPLC: 95% e.e. [Chiralpak ODH (0.46 × 25.0 cm), particle size = 5.00 µm hexane/2-

propanol = 99:1, ν = 0.50 mL min-1, λ = 250 nm, t (major) = 32.72 min, t 

(minor) = 48.03 min.] 

 

javascript:
javascript:


168 

 

7.07 Turnover Experiments for Alkene Hydroboration Investigation 

 

 

cis-3-Hexene (0.50 mmol) was added to a stirred solution of Ipc2BH (7.00 mg, 0.10 mmol), 

HBpin (80.0 μL, 0.75 mmol) and CH2Cl2 (1.00 mL) at 25 °C under an argon atmosphere. After 

16 hours, 11B NMR confirmed the presence of boronic ester product. The reaction was 

quenched with water (2.00 mL) and extracted with Et2O (3 × 2.00 mL). After concentration in 

vacuo, the product was purified by flash column chromatography (20.0 g SiO2, 25.0 mm Ø 

petroleum ether/ diethyl ether 97:3) to give 4,4,5,5-tetramethyl-2-((1R,2S,3R,5R)-2,6,6-

trimethylbicyclo[3.1.1]heptan-3-yl)-1,3,2-dioxaborolane as the major product and trace 2-(3-

hexanyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane. 

For 4,4,5,5-tetramethyl-2-((1R,2S,3R,5R)-2,6,6-trimethylbicyclo[3.1.1]heptan-3-yl)-1,3,2-

dioxaborolane: 

1H NMR: (400 MHz, CDCl3) 

2.34-2.23 (m, 1H), 2.10-1.78 (m, 5H), 1.26 (s, 12H), 1.25-1.19 (m, 6H), 1.05 

(app. br. s, 3H), 0.91 (d, J = 9.5 Hz, 1H). 

11B NMR: (128 MHz, CDCl3) 

  33.8. 

Data were in accordance with those previously reported.243  
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Test reaction of H-B-9-BBN with dithiaborolane and HBpin for transborylation 

In an oven dried, Young’s tap NMR tube, under an argon atmosphere, 9-

borabicyclo[3.3.1]nonane dimer (61.0 mg, 0.50 mmol) and α-methylstyrene (104 µL, 0.50 

mmol) were reacted for 16 hours. 1,3,2-dithiaborolane (0.50 mL, 1.00 M, 0.50 mmol) and 

HBpin (72.0 µL, 0.50 mmol) were added, under argon atmosphere and after 16 hours at room 

temperature, 11B NMR spectrum was recorded.  

  

87 ppm 63 ppm 34 ppm 

(*) 

(*) 
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Single turnover experiment for alkene hydroboration 

In an oven dried, Young’s tap NMR tube, under an argon atmosphere, dihydro-2,5-

dimethylboratacyclopentane etherate (26.0 mg, 0.25 mmol) and methyl iodide (31.0 µL, 0.50 

mmol) were reacted for 30 minutes at room temperature in pentane (0.50 mL) then a 11B NMR 

spectrum was recorded. cis-3-Hexene (31.0 µL, 0.25 mmol) was added to the NMR tube, under 

an Ar atmosphere. After 12 hours a 11B NMR spectrum was recorded. HBpin (43.0 µL, 0.30 

mmol) was added, under argon atmosphere and after 16 hours at room temperature, 11B NMR 

spectrum was recorded. The NMR tube was heated at 40 °C for a further 24 hours and a 11B 

NMR spectrum was recorded. 

  

B2pin3: 22 ppm 

87 ppm 

‒15 ppm 

31 ppm 

28 ppm 

34 ppm 

20 °C 

40 °C 
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Pinacolborane vs catecholborane 

In an oven dried, Young’s tap NMR tube, under an argon atmosphere, dihydro-2,5-

dimethylboratacyclopentane etherate (26.0 mg, 0.25 mmol) and methyl iodide (31.0 µL, 0.50 

mmol) were reacted for 30 minutes at room temperature in pentane (0.20 mL). 2,3-

Dihydrofuran (19.0 µL, 0.25 mmol) and HBpin (108 µL, 0.75 mmol) were added, under an 

argon atmosphere and after 24 hours at room temperature, a 11B NMR spectrum was recorded. 

In an oven dried, Young’s tap NMR tube, under an argon atmosphere, dihydro-2,5-

dimethylboratacyclopentane etherate (26.0 mg, 0.25 mmol) and methyl iodide (31.0 µL, 0.50 

mmol) were reacted for 30 minutes at room temperature in pentane (0.20 mL). 2,3-

Dihydrofuran (19.0 µL, 0.25 mmol) and HBcat (53.0 µL, 0.50 mmol) were added, under an 

argon atmosphere and after 24 hours at room temperature, a 11B NMR spectrum was recorded. 

 

 

HBpin:  

HBcat:  
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 11B NMR reaction monitoring with methoxyborolane and HBcat  

In an oven dried, Young’s tap NMR tube, under an argon atmosphere, cis-methoxyborolane 

(7.00 mg, 0.05 mmol) and HBcat (64.0 µL, 0.60 mmol) were reacted for 1  hour at room 

temperature in pentane (0.20 mL) then a 11B NMR spectrum was recorded. 1-

Methylcyclopentene (53.0 µL, 0.50 mmol) was added to the NMR tube, under an argon 

atmosphere. After 2 hours a 11B NMR spectrum was recorded.  

 

 

 

  

B2cat3 and MeO-Bcat: 22 ppm 

87 ppm

 

60 ppm 

31 ppm 

34 ppm 

28 ppm 
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7.08 Iron-Catalysed Heck-Type Alkenylation Products 

General Procedure E for the Heck-type reaction between styrene and alkyl halides: 

 

 

To a 20.0 mL Schlenk flask, under air, FeCl2 (6.30 mg, 0.05 mmol) and Na2CO3 (29.2 mg, 

0.28 mmol) were added. Anhydrous DMF (1.00 mL), styrene (0.25 mmol) and alkyl bromide 

(1.00 mmol) were consequently added by syringe. The reaction was then stirred under N2 

atmosphere at 80 ºC for 16 hours. On reaction completion, HCl (10.0 mL, 0.50 M in H2O) was 

added and the mixture extracted with Et2O (3 × 10.0 mL). The organic extracts were combined, 

washed with brine (3 × 10.0 mL), then dried (MgSO4), filtered and concentrated in vacuo. The 

crude product was purified by flash column chromatography (SiO2). 

  



174 

 

(E)-1-(4-Methoxyphenyl)-5-(phenyl)-pent-3-ene  

 

 

According to general procedure E, 4-methoxystyrene (33.5 mg, 0.25 mmol), cinnamoyl 

bromide (197 mg, 1.00 mmol), Na2CO3 (29.2 mg, 0.28 mmol) and FeCl2 (6.30 mg, 0.05 mmol) 

in DMF (1.00 mL) were reacted. The product was purified by flash column chromatography 

(12.0 g SiO2, 25.0 mm Ø pentane/ ethyl acetate 4:1) to give (E)-1-(4-methoxyphenyl)-5-

(phenyl)-pent-3-ene (10.0 mg, 0.04 mmol, 16%) as a colourless oil. 

1H NMR:  (600MHz, CDCl3) 

7.43-7.23 (m, 7H, ArH), 6.87 (d, J = 8.7 Hz, 2H, ArH), 6.47 (dd, J = 29.0, 

15.8 Hz, 2H, CH), 6.32 (m, 1H, CH), 6.17 (m, 1H, CH), 3.83 (s, 3H, OCH3), 

3.12 (tt, J = 6.6, 1.5 Hz, 2H, CH2). 

13C NMR:  (125 MHz, CDCl3) 

136.0 (ArC), 136.2 (ArC), 133.9 (ArC), 132.6 (ArC), 131.1 (ArC), 129.0 

(ArC), 128.4 (ArC), 127.9(ArC), 127.6 (ArC), 126.0 (ArC), 125.9 (ArC), 

125.8 (ArC), 71.8 (CH2), 58.2 (OCH3), 36.5 (CH), 35.8 (CH), 33.2 (CH), 31.4 

(CH). 

Data obtained were in accordance with those previously reported.244 
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(E)-1-(3,4-Dimethoxyphenyl)-5-(phenyl)-pent-3-ene 

 

 

According to general procedure E, 3,4-dimethoxystyrene (33.5 mg, 0.25 mmol), cinnamoyl 

bromide (197 mg, 1 mmol), Na2CO3 (29.2 mg, 0.28 mmol) and FeCl2 (6.3 mg, 0.05 mmol) in 

DMF (1.00 mL) were reacted. Yield was determined by 1H NMR using 1,3,5-

trimethoxybenzene as internal standard by comparison with the NMR spectrum reported 

previously (9%). 

1H NMR:  (600 MHz, CDCl3) 

7.49-7.32 (m, 7H, ArH), 6.81-6.66 (m, 2H, CH), 6.50-6.31 (m, 1H, CH), 6.16-

6.07 (m, 2H, CH), 4.88 (s, 3H, OCH3), 4.87 (s, 3H, OCH3), 3.12 (app. t, J = 

6.7 Hz, 2H, CH2).  

13C NMR:  (125 MHz, CDCl3) 

136.7 (ArC), 135.9 (ArC), 134.7 (ArC), 132.6 (ArC), 132.3 (ArC), 129.2 

(ArC), 128.6 (ArC), 128.5 (ArC), 127.1 (ArC), 126.7 (ArC), 126.2 (ArC), 

125.3 (ArC), 70.8 (CH2), 59.8 (OCH3), 56.0 (OCH3), 36.6 (CH), 36.5 (CH), 

33.5 (CH), 31.5 (CH). 

 

MS (GCMS):  Found 280.90 (C19H20O2), requires 280.37. 

Data obtained were in accordance with those previously reported.245 
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7.09 Iron-Catalysed Heck-Type Alkenylation Mechanistic Investigation 

 Substrate synthesis: 

2,2,2-Trideuterio-1-phenylethanol 

 

 

 

In a three-necked round-bottom-flask fitted with a condenser, under N2, benzaldehyde (0.40 

mL, 4.00 mmol) was stirred in anhydrous Et2O (10.0 mL). d3-Methylmagnesium bromide 

(8.00 mL, 1.00 M in Et2O) was added dropwise at room temperature. The reaction mixture was 

heated under reflux for 15 minutes then allowed to cool to room temperature. Saturated NH4Cl 

(10.0 mL) was added and the mixture stirred for 30 minutes. The reaction was extracted with 

Et2O (3 × 10.0 mL). The combined extracts were washed with H2O (10.0 mL), NaHCO3 (10.0 

mL), H2O (10.0 mL) then dried (MgSO4) and concentrated under reduced pressure to give 

2,2,2-trideuterio-1-phenylethanol (375 mg, 3.00 mmol, 75%, 86% D incorporation) as a 

yellow liquid. 

1H NMR:  (500MHz, CDCl3) 

7.42-7.30 (m, 5H, ArH), 4.92 (m, 1H, CH). 

13C NMR: (600MHz, CDCl3) 

  128.5 (ArC), 127.5 (ArC), 125.4 (ArC), 70.3 (CH). 

2H NMR: (61MHz, CHCl3) 

1.52 (d, J = 1.0 Hz, 3D). 

Data obtained were in accordance with those previously reported.246 

1H NMR spectrum for D incorporation: 
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1-Phenylethyl-2,2,2-d3 bromide 

 

 

According to the procedure of Stojan,247 trimethylsilylbromide (264 μL, 2.00 mmol) was 

added to 2,2,2-trideuterio-1-phenylethanol (250 μL, 2.00 mmol) in an 8.00 mL reaction vial. 

The reaction was stirred at room temperature for 16 hours. The resulting brown liquid was 

stirred under reduced pressure to remove volatile side products to give 1-phenylethyl-2,2,2-d3 

bromide (479 mg, 2.55 mmol, 85%) as a yellow liquid. 

1H NMR:  (500 MHz, CDCl3) 

7.76-7.42 (m, 2H, ArH), 7.39-7.36 (m, 2H, ArH), 7.31-7.28 (m, 1H, ArH), 

5.23 (s, 1H, CH). 

13C NMR:  (126 MHz, CDCl3) 

  128.7 (CH), 128.4 (CH), 126.8 (CH), 49.4 (C-Br). 

2H NMR: (61 MHz, CHCl3) 

  2.06 (d, J = 1.1 Hz, 3D). 

Data obtained were in accordance with those previously reported.248 
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(E)-1,3-Bis(4-methoxyphenyl)-1-butene 

 

 

 

According to general procedure E, 4-methoxystyrene (33.5 mg, 0.25 mmol), 1-phenylethyl-

2,2,2-d3 bromide (187 mg, 1.00 mmol), Na2CO3 (29.2 mg, 0.28 mmol,) and FeCl2 (6.30 mg, 

0.05 mmol) in DMF (1.00 mL) were reacted. The product was purified by flash column 

chromatography (12.0 g SiO2, 25.0 mm Ø pentane/ EtOAc 9:1) to give (E)-1,3-bis(4-

methoxyphenyl)-1-butene (25.2 mg, 0.09 mmol, 76%) as a colourless oil. 

1H NMR:  (600MHz, CDCl3) 

7.34-7.33 (m, 2H, ArH), 7.25-7.16 (m, 2H, ArH), 6.89 (dd, J = 15.6, 8.7 Hz, 

4H, ArH), 6.34 (br s, 1H, CH), 3.83 (s, 3H, OCH3), 3.82 (s, 3H, OCH3), 1.40-

1.35 (m, 3H, CH3), 3.63-3.57 (m, 1H, CH). 

13C NMR: (126 MHz, CDCl3) 

159.3 (ArC), 158.7 (ArC), 139.5 (ArC), 132.9 (ArC), 130.6 (ArC), 129.7 

(ArC), 128.7 (ArC), 127.53 (ArC), 114.26 (CH), 114.04 (CH), 55.32 (OCH3), 

40.87 (CH), 21.04 (CH3). 

2H NMR:  (500MHz, CHCl3) 

6.19 (m). 

Data obtained were in accordance with those previously reported.153  
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7.10 Substrate Synthesis for Polymerisation 

2-Bromo-3-hexylthiophene 

 

 

According to the procedure of McNeil,249 N-bromosuccinimide (1.76 g, 9.90 mmol) was 

dissolved in THF (25.0 mL) and cooled to 0 ºC under air. 3-Hexylthiophene (1.78 mL, 9.90 

mmol) was added in portions. The reaction was stirred for 1 hour then warmed to room 

temperature and stirred for 16 hours. The mixture was poured into H2O (40.0 mL) and 

extracted with Et2O (3 × 20.0 mL). The combined extracts were washed with saturated 

Na2S2O3 (20.0 mL), 10% aqueous KOH (20.0 mL) and H2O (20.0 mL) then dried (MgSO4). 

The solvent was removed under reduced pressure to give 2-bromo-3-hexylthiophene (1.73 g, 

7.03 mmol, 71%) as a yellow oil.  

1H NMR:  (400 MHz, CDCl3)  

7.21 (d, J = 5.6 Hz, 1H, ArH), 6.84 (d, J = 5.6 Hz, 1H, ArH), 2.62 (dd, J = 

8.7, 6.7 Hz, 2H, Ar-CH2), 1.75 – 1.52 (m, 2H, CH2), 1.42 – 1.15 (m, 6H, 

CH2), 0.95 (td, J = 4.8, 2.4 Hz, 3H). 

13C NMR: (101 MHz, CDCl3) 

142.0 (ArC), 128.3 (ArC), 125.2 (ArC0, 108.8 (ArC), 31.7 (CH2), 29.8 

(CH2) , 29.5 (CH2), 29.0 (CH2), 22.7 (CH2), 14.1 (CH3). 

Data obtained were in accordance with those previously reported.249 
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2-Bromo-5-iodo-3-hexylthiophene 

 

 

According to the procedure by Staubitz,222 N-iodosuccinimide (2.37 g, 10.5 mmol) was 

dissolved in a mixture of CHCl3 (30.0 mL) and AcOH (15.0 mL) in darkness, under air.  2-

Bromo-3-hexylthiophene (1.73 g 7.03 mmol) was added and the reaction was stirred at room 

temperature for 16 hours. The mixture was poured into H2O (30.0 mL) and extracted with 

hexane (3 × 15.0 mL). The combined extracts were washed with aq. NaOH (20.0 mL, 1.00 

M), sat. Na2S2O3 (20.0 mL), H2O (20.0 mL) and brine (20.0 mL) then dried (MgSO4), filtered 

and concentrated in vacuo. The brown oil was dissolved in hexane (20.0 mL) and washed with 

sat. Na2S2O3 (2 × 10.0 mL) and H2O (10.0 mL). The organic layer was dried (MgSO4), filtered 

and concentrated in vacuo to give 2-bromo-5-iodo-3-hexylthiophene (1.68 g, 4.50 mmol, 64%) 

as an orange oil. 

1H NMR:  (400 MHz, CDCl3)  

6.99 (s, 1H, CH), 2.87 – 2.28 (m, 2H, Ar-CH2), 1.57 (m, 2H, CH2), 1.34-1.31 

(6H, m, CH2) 0.95 – 0.87 (m, 3H, CH3). 

13C NMR: (101 MHz, CDCl3) 

144.3 (ArC), 138.0 (ArC), 111.7 (ArC), 71.0 (ArC), 31.6 (CH2), 29.6 (CH2), 

29.2 (CH2), 28.8 (CH2), 22.6 (CH2), 14.1 (CH3). 

Data obtained were in accordance with those previously reported.222  
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2-Chloro-3-hexylthiophene 

 

 

By modification of the procedure of Fagnou, 3-hexylthiophene (3.50 mL, 19.5 mmol) was 

stirred at at 0 ºC. Sulfuryl chloride (2.56 mL, 19.0 mmol) of sulfuryl chloride was added 

dropwise. The mixture was stirred for 16 hours then the green solution was poured into H2O 

(10.0 mL). The reaction was extracted with Et2O (3 × 5.00 mL) and the combined extracts 

washed with H2O (5.00 mL), aq. NaHCO3 (2 × 5.00 mL) and H2O (5.00 mL). The extract was 

dried (MgSO4), filtered and the solvent was removed in vacuo. Vacuum distillation (40 ºC, 

9.90 × 10−1 mbar) gave 2-chloro-3-hexylthiophene (1.62 g, 8.00 mmol, 42.2%) as a colourless 

liquid. 

1H NMR:  (CDCl3, 400 MHz)  

7.04 (d, J = 5.7 Hz, 1H, ArH), 6.82 (d, J = 5.6 Hz, 1H, ArH), 2.69 – 2.43 (m, 

2H, Ar-CH2), 1.62-1.56 (m, 2H, CH2), 1.38-1.31 (m, 6H, CH2), 0.95 – 0.88 

(m, 3H, CH3). 

13C NMR:  (151 MHz, CDCl3) 

139.2 (ArC), 127.9 (ArC), 124.4 (ArC), 122.0 (ArC), 31.6 (CH2), 29.6 (CH2), 

28.9 (CH2), 27.9 (CH2), 22.6 (CH2), 14.1 (CH3). 

Data obtained were in accordance with those previously reported.214 
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2-Chloro-5-iodo-3-hexylthiophene 

 

 

According to the procedure by Staubitz,222 N-iodosuccinimide (2.85 g, 12.7 mmol) was 

dissolved in a mixture of CHCl3 (30.0 mL) and AcOH (15.0 mL) in darkness, under air.  2-

Chloro-3-hexylthiophene (2.24 g 11.0 mmol) was added and the reaction was stirred at r.t for 

16 hours. The mixture was poured into H2O (30.0 mL) and extracted with hexane (3 × 15.0 

mL). The combined extracts were washed with aq. NaOH (20.0 mL, 1 M), sat. Na2S2O3 (20.0 

mL), H2O (20.0 mL) and brine (20.0 mL) then dried (MgSO4), filtered and concentrated in 

vacuo. The brown oil was dissolved in hexane (20.0 mL) and washed with sat. Na2S2O3 (2 × 

10.0 mL) and H2O (10.0 mL). The organic layer was dried (MgSO4), filtered and concentrated 

in vacuo to give 2-chloro-5-iodo-3-hexylthiophene (2.71 g, 8.25 mmol, 75%) as an orange oil. 

1H NMR:  (400 MHz, CDCl3)  

7.00 (s, 1H, CH) 2.76 – 2.38 (m, 2H, CH2), 1.55 (m, 2H, CH2), 1.34-1.32 (m, 

6H, CH2), 0.90 (m, 3H, CH3).  

13C NMR:  (101 MHz, CDCl3)  

141.5 (ArC), 137.7 (ArC), 68.2 (ArC), 31.6 (CH2), 29.5 (CH2), 28.8 (CH2), 

27.7 (CH2), 22.6 (CH2), 14.1 (CH3). 

Data obtained were in accordance with those previously reported.250  
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7.11 Synthesis of Ligands for Polymerisation 

N’,N’-Bis(2-hydroxy-3,5-dimethylbenzyl)-N,N-dimethylethylenediamine 

 

 

 

2,4-Xylenol (2.40 mL, 20.0 mmol), N,N-dimethylethylenediamine (1.10 mL, 10.0 mmol) and 

formaldehyde (2.10 mL, 28.0 mmol, 33% in H2O) were dissolved in MeOH (15.0 mL) under 

air. The reaction was heated under reflux for 16 hours. It was then cooled to room temperature 

and white crystals formed. The reaction was filtered and the crystals washed with petroleum 

ether (3 × 10.0 mL) and dried under reduced pressure to give N’,N'-bis(2-hydroxy-3,5-

dimethylbenzyl)-N,N-dimethylethylenediamine (3.00 g, 8.42 mmol, 84%) as colourless cubes. 

MP:  175-179 °C (petroleum ether) [lit: 175-177 °C] 

1H NMR: (500 MHz, CDCl3) 

9.44 (br s, 2H, OH), 6.86 (d, J = 2.2 Hz, 2H, ArH), 6.68 (d, J = 2.2 Hz, 2H, 

ArH), 3.59 (s, 4H, CH2), 2.57 (s, 4H, CH2), 2.32 (s, 6H, CH3), 2.21 (s, 6H, 

CH3), 2.21 (overlapping s, 6H, CH3). 

13C NMR: (126 MHz, CDCl3) 

152.6 (ArC), 131.2 (ArC), 128.3 (ArC), 127.4 (ArC), 125.4 (ArC), 121.5 

(ArC), 56.4 (CH2), 56.0 (CH2), 49.1 (CH2), 45.0 (CH3), 20.4 (CH3), 16.1 

(CH3). 

Data obtained were in accordance with those previously reported.251 
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1-(2,4,6-Trimethylphenyl)-1H-imidazole  

 

 

According to the procedure of Diaz-Gonzales,252 2,4,6-trimethylaniline (1.80 mL, 14.8 mmol) 

and glyoxal (40% w/w in water, 2.07 mL, 14.8 mmol) were dissolved in MeOH (50.0 mL) and 

stirred at rt for 40 hours. A yellow precipitate formed. The reaction mixture was then diluted 

with MeOH (20.0 mL) and formaldehyde (35% w/w in water, 3.20 mL, 29.6 mmol) and NH4Cl 

(2.14 g, 29.6 mmol) were added. The reaction mixture was then heated under reflux for 1 hour. 

H3PO4 (2.90 mL, 55.5 mmol) was added dropwise over 10 minutes and the reaction mixture 

heated under reflux for a further 8 hours. The reaction mixture was then cooled to r.t, the 

solvent removed under vacuum and the residue added to ice water. The mixture was 

neutralised with aqueous KOH (~20.0 mL, 1.00 M) until pH 9. The reaction was extracted 

with EtOAc (3 × 30.0 mL) and the combined organic phases washed with brine (40.0 mL), 

H2O (40.0 mL), dried (Mg2SO4) and filtered. The brown filtrate was stirred under vacuum to 

give a brown solid which was purified by column chromatography (160 g SiO2 50.0 mm Ø, 

EtOAc/petroleum ether 2:3) to give 1-(2,4,6-trimethylphenyl)-1H-imidazole (1.88 g, 10.1 

mmol, 68%) as a yellow crystalline solid. 

MP:   117-121 °C (petroleum ether) [lit: 116-118 °C (hexane)] 

1H NMR: (500 MHz, CDCl3) 

7.46 (t, J = 1.2 Hz, 1H), 7.26 (s, 1H), 7.02 – 6.96 (m, 2H), 6.91 (t, J = 1.3 Hz, 

1H), 2.36 (s, 3H), 2.01 (s, 3H). 

13C NMR: (126 MHz, CDCl3)  

138.8, 137.5, 135.5, 133.4, 129.6, 129.0, 120.1, 21.0, 17.3. 

Data obtained were in accordance with those previously reported.253 
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1-(2,4,6-Trimethylphenyl)-3-[2-pyridyl]imidazolium bromide 

 

 

 

 

According to the procedure of Diaz-Gonzales,252 1-(2,4,6-trimethylphenyl)-1H-imidazole 

(465 mg, 2.50 mmol) and 2-bromopyridine (262 μL, 2.50 mmol) were stirred in a sealed tube 

at 150 ºC for 48 hours. The reaction was cooled and Et2O (5.00 mL) was added. A pale brown 

solid precipitated. The reaction was filtered and the solid washed with Et2O (2 × 5.00 mL) 

leaving 1-(2,4,6-trimethylphenyl)-3-[2-pyridyl]imidazolium bromide (264 mg, 1.00 mmol, 

40%) as a pale brown solid. 

MP:  288-292 °C (Et2O) [lit: 205-207 °C] 

1H NMR: (500 MHz, CDCl3) 

11.50 (s, 1H), 9.36 – 9.25 (m, 1H), 8.93 (s, 1H), 8.55 (dd, J = 4.9, 1.5 Hz, 

1H), 8.14 (t, J = 6.9 Hz, 1H), 7.52 (dd, J = 7.4, 4.8 Hz, 1H), 7.35 (s, 1H), 

7.08 (s, 1H), 2.38 (s, 3H, CH3), 2.22 (s, 3H, CH3). 

13C NMR: (126 MHz, CDCl3) 

148.7, 145.9, 141.7, 141.1, 136.5, 134.0, 130.6, 130.1, 125.6, 123.8, 120.2, 

116.7, 21.2, 17.9 

Data obtained were in accordance with those previously reported.254 
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7.12 Poly-3-hexylthiophene characterisation 

 

 

 

In a 30 mL reaction vial, under argon, 2-chloro-5-iodo-3-hexylthiophene (328 mg, 1.00 mmol) 

was stirred at 25 °C. Isopropylmagnesium chloride∙lithium chloride (1.02 mL, 1.00 M in THF, 

1.20 mmol) was added and the solution stirred for 2 hours (solution A). In a separate flask, 

Fe(acac)3 (35.0 mg, 0.10 mmol) and 1-(2,4,6-trimethylphenyl)-3-[2-pyridyl]imidazolium 

bromide (70.0 mg, 0.20 mmol) were dissolved in THF (10.0 mmol) (solution B). After 2 hours, 

solution B was added to solution A and the reaction was stirred for 48 hours at 25 °C. The 

reaction was poured into HCl/MeOH (20.0 mL, 6.00 M) and stirred for 12 hours until a black 

precipitate formed. The mixture was filtered, and the precipitate washed with MeOH until the 

filtrate was colourless. The black residue was dissolved in CH2Cl2 (5.00 mL) which was slowly 

evaporated to give poly-3-hexylthiophene as a thick purple oil (105 mg, 0.56 mmol, 56% Mw: 

32.0 kDa).  

1H NMR: (500 MHz, CDCl3) 

7.00 (br s, 1H, ArH), 2.83 (t, J = 7.9 Hz, 2H, ArCH2), 1.72 (q, J = 7.4 Hz, 2H, 

CH2), 1.46-1.36 (br m, 6H, CH2), 0.94-0.92 (br m, 3H, CH3). 

13C NMR: (101 MHz, CDCl3)  

140.0-120.0 (br, ArC), 31.7 (CH2), 30.5 (CH2), 29.7 (CH2), 29.3 (CH2), 22.6 

(CH2), 14.1 (CH3).  

Data obtained were in accordance with those previously reported.249 
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GPC:   
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