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Abstract 

Within the past few decades, organoboron compounds have become essential 

intermediates in organic and medicinal chemistry due to their unique advantages 

and versatility. Many synthetic approaches have been utilised to prepare these 

useful compounds, including several catalytic systems and diverse hydroborating 

agents. The hydroboration of terminal alkynes is one of the more common routes 

that provides alkenylboron reagents, allowing regio- and stereo-selective 

installation of the boron. 

Alcoholysis of phosphine borane complex to generate a new metastable 

hydroborating agent has been studied. The effect of the alcohol and solvent used in 

the solvolysis reaction have been determined. The use of halogenated solvents 

removed the irreproducibility observed when an ethereal solvent is used on its own. 

Thus having a mixture of both solvents, produces an ideal media to stabilise 

dialkoxyborane species. All kinetic data obtained are consistent with a direct 

SN2-like mechanism. A plausible mechanism has been proposed where an 

inconsistent generation of an ionic active species is likely to be causing the 

irreproducibility in the kinetic stability of the intermediate HB(OEt)2. 

The dicyclohexylborane-catalysed hydroboration of 4-fluoropheny-lacetylene with 

pinacolborane was used as a benchmark. The kinetic profile for all components, 

including intermediates and side-products, have also been established by using in 

situ 19F NMR kinetic analysis and simulation. Isotope entrainment and 

stoichiometric studies employing isotopic labelling were used to characterise key 

steps of the borane-catalysed hydroboration reaction. The experimental evidence 

used to propose a thorough mechanism were also backed up by density functional 

theory (DFT) calculations. The mechanism includes the first true transborylation 

step, responsible of the regeneration of the catalyst (HBCy2) via B-C-B transfer of 

the alkenyl group with retention of (E)-configuration. 
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Lay Summary 

Organoboranes are a versatile class of chemical compounds that have become 

essential intermediates in organic and medicinal chemistry as they possess wide 

applications in these fields. The contribution into this area was recognised with two 

Nobel Prizes awarded in 1979 to Herbert C. Brown and in 2010 to Akira Suzuki 

who both investigated the development of new synthetic tools for the introduction 

of boron atoms into organic molecules. 

There has been plenty of research going into developing new systems to produce 

these types of reagents, especially those hydroboration reactions catalysed by 

expensive metals. Notably, only a few limited studies have been carried out into 

understanding how the accessible and versatile boron-catalyse hydroboration 

works. 

This thesis is focused on the development in a new hydroborating agent by 

understanding the processes affecting its synthesis: nature of reagents and solvents. 

Furthermore, this work shows experimental evidence for a mechanistic proposal 

that accounts for the selectivity observed in the product of the boron-catalysed 

alkyne hydroboration reaction. Additionally, explains the side-products obtained 

and how to mitigate them, as well as the regeneration of the catalyst in the cycle. 
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Chapter 1 Borane Alcoholysis 
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1.1 Introduction: Boron Reagents 

1.1.1 Generalities 

Boron is a group 13 element in the second period, located on the left -hand side of 

carbon in the periodic table. Since atomic boron has three valence electrons 

(2s2, 3p1), neutral boron molecules can generally engage in three sp2
 hybridised 

bonds, resulting in a trigonal planar geometry, and a vacant p-orbital on the boron 

centre orthogonal to the plane (Figure 1.1). This nature dominates the reactivity 

patterns and physical characteristics of all neutral sp2
 boron compounds as 

electron-deficient species in organic and inorganic chemistry fields. 

 

Figure 1.1 – Borane trigonal planar geometry.  

For example, the Lewis acidity of boron-containing compounds have been widely 

utilised for organic chemistry, such as hydroboration chemistry1–3, Lewis-acidic 

boron mediated chemistry4, boron-enolate chemistry5 and Suzuki-Miyaura (SM) 

cross-coupling chemistry6–8. To = synthesise these types of boron-containing 

compounds, a boron-containing chemical bond should be constructed. 

In general, the existence of this empty p-orbital of the boron atom in boron-

containing reagents, cause them to become susceptible towards electron donation 

from Lewis bases. Consequently, it allows nucleophile additions to them to form a 

boron-nucleophile bond. 

Boron-containing reagents have unique advantages: 

• They are inexpensive and readily prepared. 

• Have a broad functional-group tolerance, are relatively stable and generally 

environmentally benign. 
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• Some are thermally stable and inert to water and oxygen, thus easy to handle 

(industry). 

• Transmetalate with a variety of metal compounds under exceptionally mild 

reaction conditions, especially versatile with palladium(II) complexes. 

The use of organoboron compounds is also valued because the inorganic 

byproducts of the reaction are nontoxic and can be easily removed by simple 

workup procedures. 

1.1.2 The Importance of Boron Compounds 

Boron reagents are truly essential in modern synthesis. Due to their versatility, and 

the fact that they exhibit a unique range of physical, chemical and reactivity 

characteristics, chemists have acquired the ability to adapt the reagent for the 

reaction in hand (Figure 1.2). This has allowed their use in the synthesis of a large 

number of natural products, pharmaceutical targets and lead compounds, as well as 

being applied in scale-up for clinical trials, process development and even 

manufacture.9 

The main application of such species has predominantly become as reagents in 

transition metal catalysed cross-coupling reactions, now a routine method for 

discovery chemistry in the pharmaceutical, materials and agrochemical sectors.10 

This has allowed the SM reaction to develop into the most widely-applied transition 

metal catalysed C−C bond formation reaction to date. 
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Figure 1.2 – Some of the most popular boron reagents used directly or 

indirectly in SM coupling reactions. 

The key to the success of the SM coupling reaction resides on the exceptional 

functional group tolerance of the catalyst system and the mild reaction conditions 

that are employed. This originates from the relatively stable, innocuous and 

environmentally benign nature of the boron-containing reagent. Nonetheless, 

transmetallation of organoboron compounds with the appropriate palladium(II) 

complex proceeds rapidly and efficiently. These combined features contribute to 

the practical up-scaling of the reaction and, together with the relatively low cost of 

the reagent, explain its value to the fine industries. Indeed, SM coupling has 

become the “gold standard” for biaryl construction, arguably resulting in the 

ubiquity of this moiety in medicinal chemistry.11 
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1.1.3 Protected Boron Reagents 

Boron reagents often come in “protected” form.12 This is to minimise exposure of 

the reagent to undesired side reactions or storage degradation, such as 

protodeboronation, oxidation and/or polymerisation. Under specific reaction 

conditions, the active species can be released  in situ via solvolysis when required, 

either in series or in parallel with coupling. 

A good example of the use of these reagents are trifluoroborates.13,14 These are 

easily prepared as potassium organotrifluoroborates, which are tetrahedral in 

geometry and not Lewis acidic due to the additional ligand bound to the boron 

centre as depicted in Figure 1.3. This quaternisation with exceptionally strong B−F 

bonds, together with their monomeric solid structure (tend to melt and decompose 

only at very high temperatures), grants them the characteristic to be stable to air 

and aerobic moisture. Accordingly, this not only broadens their availability, but 

also makes them more useful for employment in combinatorial chemistry and in 

multi-step syntheses. 

 

Figure 1.3 – Tetrahedral geometry from a general organotrifluoroborate. 

N-methyliminodiacetic acid (MIDA) boronates are another example of protected 

boron reagents15. Used initially to mitigate side reactions from their boronic acid 

counterparts, these have been evolved to become a powerful and useful strategy for 

the synthesis of complex organic molecules.16 There are formally two B−O 

covalent bonds plus a dative bond that forms from donation of the Lewis basic lone 

pair on nitrogen to the Lewis-acidic boron atom. This donation hybridises boron 

from sp2 to sp3, whilst weakening the B−O bonds and forcing the boron into a 

tetrahedral geometry (Figure 1.4). MIDA boronates have a uniform benchtop 

stability and remarkable capacity for in situ slow release of unstable boronic acids, 
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including 2-heterocyclic, vinyl and cyclopropyl derivatives. Consequently, this 

provides air-stable and highly effective substitutes for all three of these challenging 

boronic acid classes. In the recent years, MIDA boronates have emerged as an 

increasingly general and automated platform for building block-based synthesis of 

small molecules.16 

 

Figure 1.4 – General MIDA boronate structure. 

1.1.3.1 Synthesis of MIDA Boronates 

The MIDA ligand can be synthesised on very large scale at low cost,15 is 

commercially available and is fully biodegradable.17 Many methods now exist for 

preparing MIDA boronates from a wide range of different starting materials 

(Scheme 1.1), including boronic acids,18–22 haloboranes,20,23 boronic esters,24 

trialkoxyborate salts,15,24–27 organohalides,27 organolithium reagents27 and Grignard 

reagents.24,26 

Some disadvantages on current pathways for the synthesis of MIDA boronates are 

the requirement of harsh and/or special specific conditions. Many boronic acids 

can be transformed into their corresponding MIDA boronate by condensation with 

MIDA under Dean-Stark conditions (Scheme 1.1, reaction a).19,21,22,28,29 The 

removal of water by a variety of alternative techniques (e.g. molecular sieves, 

azeotropic drying with acetonitrile, etc.) can also promote full conversion to the 

MIDA boronate product. Typically, this condensation process requires heating to 

at least 40 °C (in some cases up to 130 °C), and the use of dimethyl sulfoxide as 

co-solvent is required to partially dissolve the MIDA ligand. 
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Scheme 1.1 – Preparation of MIDA boronates for some different substrate 

classes. 

Research has also led to the development of several methods that enable the 

preparation of MIDA boronates without the intermediacy of a boronic acid. 

Alkenyl MIDA boronates can be synthesised via bromoboration of an alkyne to 

form the corresponding dibromoborane followed by trapping with MIDA in the 

presence of 2,6-lutidine (Scheme 1.1, reaction c).20 More than 24 hours are needed 

to prepare the dibromoborane precursor (and more than 72 hours to obtain the 

MIDA boronate); three distillations are required and carefully heating the crude 

mixture to 65 °C with risk of triggering a polymerisation reaction of slightly 

overheated. 
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1.2 Dialkoxyboranes: an Alternative Route to Coupling 

Reagents 

1.2.1 Hydroboration 

Hydroboration constitutes one of the most important and facile methods for the 

synthesis of organoboranes from unsaturated compounds. The organoboranes serve 

as valuable intermediates for the synthesis of a wide variety of organic 

compounds.30 For that reason, there is a huge interest in exploring their chemistry 

and in developing new hydroboration reactions of major significance in synthetic 

organic chemistry. 

The facile addition of boron-hydrogen moiety to C−C multiple bonds of 

unsaturated organic derivatives gives organoboranes (Scheme 1.2). The reaction is 

very rapid, usually being completed within a few minutes at temperatures below 

25 °C. 

 

Scheme 1.2 – Hydroboration of unhindered C−C double bonds with diborane 

leading to trialkylboranes. 

1.2.2 Alkyne Hydroboration: Generalities 

Hydroboration of unsaturated carbon bonds by pinacolborane (HBpin) or 

catecholborane (HBcat) without using harsh reaction conditions is difficult, but 

with the addition of a suitable metal catalyst they readily add to alkynes.31,32 

Systems have been reported that employ non-precious metal catalysts33–35 and even 

metal-free catalysts.25,36–38 

The hydroboration of terminal alkynes (Scheme 1.3) allows readily access to 

alkenylboranes and catecholboronic esters,39,40 a process that provided the reagents 

employed by Suzuki and Miyaura for their initial discovery and investigation of 

the SM coupling reaction. In addition, the hydroboration of alkynes is a useful 
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method for the synthesis of 1-alkenylboronate compounds, which are versatile 

intermediates in organic synthesis41 owing to their use as nucleophilic partners in 

C−C bond forming reactions.6,42,43  

 

Scheme 1.3 – General mechanism of hydroboration of alkynes showing the 
transition state where the boron atom adds regiospecifically to the less 

substituted carbon atom.  

The boronate is much more favourable than dialkylboryl group to Pd-catalysed 

cross-coupling reactions due to virtual impossibility of side reactions arising from 

the two alkyl groups on the boron atom. Alkenylboronates can be prepared from 

alkynes directly as well as indirectly. 

1.2.2.1 Synthesis of Alkenylboronates 

Brown and co-workers reported the indirect procedure according to which the 

hydroboration of alkynes with dibromoborane-dimethyl sulfide complex 

(HBBr2·SMe2), followed by alcoholysis or hydrolysis-esterification sequence, 

furnished the corresponding alkenylboronates.44 In addition, they prepared 

(Z)-1-alkenylboronates through hydroboration of 1-bromo-1-alkyne with 

HBBr2·SMe2, followed by a similar esterification and hydrodebromination with 

potassium triisopropoxyborohydride.45 The methodology for the synthesis of 

alkenylboronates using HBr2·SMe2 is general and useful; however, the method 

with alcoholysis was complicated by the formation of Me2S·HBr, and the route 

with hydrolysis-esterification required the isolation of alkenylboronic acids. 

One-pot procedures for preparing (E)-1-alkenylboronic acid pinacol esters were 

achieved by Hoffmann46 and Vaultier47,48 and co-workers. Their methods, however, 

consisted of three steps, namely, hydroboration of 1-alkyne with dialkylborane, 

esterification of the dialkylboryl group and transesterification with pinacol. 
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Hara and co-workers realised the preparation of 2,2-disubstituted 

1-alkenylboronates by means of bromoboration of 1-alkyne with BBr3.
49 Thus, 

esterification of (Z)-2-bromo-1-alkenyldibromoborane gave (Z)-2-bromo-1-

alkenylboronate, which could be cross-coupled with organylzinc chloride in the 

presence of Pd(0) with retention of stereochemistry to afford 2 -organyl-

1-alkenylboronates. 

There are several more procedures for the synthesis of alkenylboronates via alkyne 

hydroboration; these are reviewed in depth in Chapter 2. 

1.2.3 Dialkoxyboranes 

In general, dialkoxyboranes have been scarcely reported, Heinrich Nöth and 

co-workers studied the temperature dependant reactions of Zr(OBu)4 and Zr(OEt)4 

with tetrahydrofuran borane complex in THF that led to HB(OR)2 and B(OR)3.50 

The reactions that were carried away at lower temperatures (−30 °C to 0 °C) 

showed better relative intensities for those products in the 11B NMR spectra. 

A facile method for the generation and application of dialkoxyboranes would be 

desirable. A metastable HB(OR)2 reagent (not commercially available) could be 

used in alkyne hydroboration reactions giving versatile alkenylboronate products. 

For example, the dialkoxyborane-catalysed addition of HBpin to alkynes is a route 

that has been used to prepare alkenyl MIDA boronates51, after laborious exchange 

of the pinacol moiety.24 Thus alkenylboronates would represent an entropically 

favoured route to prepare MIDA boronates after transesterification (Scheme 1.4) 

or other synthetically useful compounds under milder reaction conditions. 

 

Scheme 1.4 – Simplified proposed route for application of metastable 

dialkoxyborane reagent. 
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1.3 Phosphine Borane Complexes: as a Source of 

Borane 

1.3.1 Borane Sources 

Diborane (B2H6), the simplest borane, is a useful reagent with many applications 

but with considerable disadvantages: being pyrophoric, gaseous and not convenient 

to handle. Borane-Lewis base complexes are often found in literature, from these, 

tetrahydrofuran borane complex (THFB) and dimethyl sulfide borane complex 

(DMSB) are the most common ones used as a borane source (Figure 1.5). Both 

reagents are commercially available as a solution, therefore, are easier to handle 

than diborane. A minor drawback is their volatility and flammability. DMSB can 

be obtained in higher molarity than THFB though it has a pungent unpleasant 

odour. 

 

Figure 1.5 – Tetrahydrofuran borane complex and dimethyl sulfide borane 

complex as representative borane sources. 

Unfortunately, there are significant challenges associated with the use of THFB, it 

is unstable and prone to disproportionation unless stored in low concentration at 

low temperatures. THF is a weak Lewis base which coordinates do BH3, forming 

a complex which can equilibrate to dissociated products. One of these dissociated 

products is free diborane, which is a highly volatile and pyrophoric gas known to 

readily ignite when brought in contact with water or air.52 Another important 

degradation pathway, that causes the effective molarity of the THFB solution to 

decrease, corresponds to borane facilitating hydride-mediated ring opening of THF 

producing dibutoxyborane and ultimately tributoxyborane as unwanted byproducts 

(Scheme 1.5). 
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Scheme 1.5 – Ring opening degradation pathway of tetrahydrofuran borane 

complex. 

At or above room temperature THFB degradation is facile, however, the ring 

opening is absent or minimal below 5 °C. On the contrary, DMSB does not suffer 

from this problem due to the neat complex in dimethyl sulfide is very stable. 

However, DMSB releases a stoichiometric amount of highly volatile and 

flammable dimethyl sulfide. These limitations discourage the application of borane 

reactions in large scale processes and create unique problem associated with their 

storage and large scale transportation. 

1.3.2 Phosphine Borane Complexes 

Phosphine borane complexes, which have a broad application in catalysis, 

materials and coordination chemistry, were first reported by Burg and Wagner.53 It 

was shown in as early as 1965 by Frisch and co-workers that triphenylphosphine 

(Ph3P) can easily react with borane to furnish triphenylphosphine borane complex 

(Ph3P·BH3).54 

This strategy, that has been widely utilised to create a robust and stable complex, 

consists in quenching the phosphorus lone pair through coordination to borane. The 

low polarity and polarizability of the P−B and B−H bonds make them rather 

unreactive. This borane protecting strategy affords air and moisture stable 

phosphine borane complexes which are easy to handle and have the advantageous 

characteristic to tolerate aerobic column chromatography.55–57 
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1.3.2.1 Synthesis of Phosphine Borane Complexes 

Phosphine borane complexes are usually prepared by direct reaction between 

phosphines and commercially available solutions of borane complexed to labile 

Lewis bases (Scheme 1.6, method a).58 The most frequent borane sources used for 

this purpose are THFB and DMSB, the latter being more stable and with a higher 

boronating capacity than THFB. The higher Lewis basicity of phosphines 

compared to tetrahydrofuran or dimethyl sulfide causes the migration of the borane 

group to furnish the phosphine borane complex quantitatively. 

 

Scheme 1.6 – Boronation of phosphines. 

Imamoto and co-workers developed a one-pot transformation of phosphine oxides 

into phosphine boranes (Scheme 1.6, method b).59 Starting from optically pure 

phosphine oxides yielded only racemic phosphine borane complexes. Corey and 

co-workers prepared optically pure phosphine boranes by in situ 

desulfurisation-complexation with retention of configuration (Scheme 1.6, 

method c).60 Additionally, Zhou and McNulty reported a simple, general, 

economical and high-yielding synthesis of phosphine borane complexes using 

sodium borohydride as the borane source (Scheme 1.6, method d).61 

1.3.3 Deprotection Methods 

Phosphines would not the suitable if the borane group could not easily be removed. 

Various reliable methods have been developed. One is the treatment of phosphine 

boranes with amines or alcohols, these act as borane acceptors. The first use of an 
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alcohol (ethanol) for deprotection of a phosphine borane was reported by Jugé and 

co-workers in 2000.62 However, ethanolysis only received widespread attention 

after further reports that demonstrated its scope and limitations. 

Another general method includes the use of a nucleophilic amine, although 

phosphine boranes are in general more stable than amine boranes, the presence of 

large excess of amine is frequently sufficient to displace the equilibrium and 

deprotect completely the phosphine. Typical amines used for this transformation 

are diethylamine,63 tetramethylethylenediamine (TMEDA),64 pyrrolidines,65,66 

morpholine,67 and 1,4-diazabicyclo[2.2.2]octane (DABCO).68,69 The reactions are 

usually carried out at room temperature or with moderate heating in neat amine 

with the exception of DABCO, being a solid, it has to be dissolved first (typically 

in toluene). 

Another method of deprotection involves the use of certain acidic conditions. These 

include the use of HBF4, which after hydrolysis with sodium bicarbonate releases 

the free phosphine into solution in quantitative yields.70–72 Following this, other 

acids have successfully been applied in the deprotection including trifluoroacetic 

acid,73,74 and trifluoromethanesulfonic acid.75,76 

1.3.3.1 Alcoholysis of Phosphine Borane Adducts 

Despite it was shown in as early as in the 1960s the analogous hydrolysis of 

triphenylphosphine borane complex, alcoholysis has received relatively little 

attention. 

Jugé and co-workers found that stirring some phosphine borane complexes in 

ethanol was enough to cleave the borane group; contrastingly, classical 

decomplexation with DABCO produced many unidentified byproducts.62 This 

method has been extended, with slight modifications, to other alcohols and 

phosphine boranes.77,78 Not surprisingly, basic trialkylphosphine boranes are not 

deprotected following this procedure. Although no detailed studies on the 

mechanism has been reported, it is thought to involve the formation of tertiary 

borates and hydrogen gas as depicted in Scheme 1.7.77–79 
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Scheme 1.7 – General phosphine borane complex alcoholysis deprotection  

In the Lloyd-Jones group, preliminary kinetic studies of reaction of R3P·BH3 with 

simple alcohols, such as ethanol, have been conducted. The results with ethanol 

(and higher or lower linear alcohols) were very surprising and form the basis of the 

project presented in this thesis. 

1.4 Aims 

Phosphine borane adducts have limited application as reagents for hydroboration; 

an alternative manner of how these are currently used would be desirable. A 

plausible route to this could be the use of stoichiometric hydroboration of alkynes 

with HB(OR)2 in the presence of a suitable catalyst and adequate conditions, 

furnishing the corresponding alkenylboronate in high yields. 

The advantage sought for this reaction is that the dialkoxyborane, in situ generated 

by the alcoholysis of phosphine borane, could be potentially used directly without 

isolation. The resulting alkenylboronate product could be converted into the 

corresponding MIDA boronate (a more useful derivative) via transesterification 

with pinacol. Given the favourable features of this platform, the development of 

highly versatile organoborane reagents represents an important goal. 

Consequently, this project aims to contribute to this growing area of research by 

exploring, whether the in situ deprotection of phosphine borane complex and 

subsequent use of the metastable borane species in alkyne hydroboration, could be 

applicable.  

Furthermore, to propose a plausible mechanism that represents the pathway by 

which the dialkoxyborane is likely produced, and either consumed or stabilised, 
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during the phosphine borane alcoholysis reaction, this by examining how variation 

at the borane source, alcohol and solvents affect the reaction. It is hoped that this 

knowledge will aid in the design of new improved synthetic procedures. 

 



 

19 

1.5 Results and Discussion 

1.5.1 Initial Mechanistic Studies 

1.5.1.1 Phosphine Borane Complexes Solvolysis 

Initial studies focused on obtaining a reaction model to test the kinetics of the 

phosphine borane deprotection by alcohols. This model needed to include a set of 

conditions such as being easy to handle, react on a timescale amenable to 

measurement, and be representative for synthetically useful procedures. With this 

in mind, tris(o-tolyl)phosphine borane complex 1PB was taken as standard substrate 

due to its benchtop stability and nucleofugality (leaving group ability). 

Deprotection by solvolysis can be achieved within a reasonable timescale (suitable 

for in situ NMR spectroscopy monitoring) performing the reaction at a 

concentration of 0.03 M of 1PB with EtOH (5 M) in toluene at 30 °C (Scheme 1.8). 

The resulting homogenous reactions were monitored using 11B{1H} NMR 

spectroscopy where three peaks can be distinguished having distinct chemical 

shifts (discussed in more detail in Section 1.5.1.2 on page 20). 

 

Scheme 1.8 – Reaction conditions used to investigate the kinetic profile of 

alcoholysis reactions; [1PB]0 = 0.03 M and [EtOH]0 = 5 M. 

The consumption of the phosphine borane complex showed a high equilibrium 

constant reaching high conversions of the phosphine product , consistent with 

studies by Van der Eycken78 and in disagreement with Nozaki and Hiyama report 

where the use of molecular sieves (4 Å) are stated as essential for the reaction;77 

this provided a suitable model reaction and a synthetically useful procedure with 

full conversions. 
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1.5.1.2 Intermediate Identification 

A generalised scheme for the theoretical products generated from phosphine borane 

alcoholysis is shown in Scheme 1.9. The final borate is produced after a three-stage 

solvolysis, generated after initial nucleophilic displacement by the alcohol.  

 

Scheme 1.9 – Theoretical products formed during alcoholysis of 1PB. 

Initial mechanistic studies were carried out using ethanol (EtOH) as the solvolytic 

agent of choice due its practicality, low toxicity and price. 11B{1H} NMR temporal 

concentration profiles followed a clean pseudo-first order decay of phosphine 

borane complex 1PB generating the final borate 2 over time, preceded by the 

consumption of an intermediate 2INT (Figure 1.6).  

Correspondingly, monitoring the reaction using 31P{1H} NMR showed only two 

peaks. One corresponding to 1PB being consumed and the second matching the 

release of free phosphine 1P, this process occurring at the same rate as observed by 

11B{1H} NMR, with the difference being that no other species are shown indicating 

that the intermediate (and product) detected by 11B{1H} NMR contains no 

phosphorus (Figure 1.6). 
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Figure 1.6 – Temporal concentration profiles for two different ethanolyses of 

1PB, monitored by 11B{1H} NMR (red circles: 1PB, blue circles: 2INT, green 
circles: 2) and by 31P{1H} NMR (black crosses: 1PB, purple crosses: 1P). 

Conditions: [1PB]0 = 0.03 M, [EtOH]0 = 5 M in toluene at 30 °C. 

11B NMR spectroscopy was used to gain further insight into the nature of the 

intermediate. From the coupling constants and chemical shifts they can be assigned 

to HB(OEt)2 2INT, visible as a doublet at 26.4 ppm (J B-H 162.6 Hz); B(OEt)3 2 as a 

sharp singlet at 16.9 ppm (confirmed by spiking B(OEt)3 in), and phosphine borane 

complex 1PB, a broad signal at −31.4 ppm respectively (Figure 1.7). The 

intermediate can be assigned in accordance to the values generally found for B–H 

coupling in the HB(OR)2 scaffold: [HB(OR)2: 26–28 ppm, 1JB-H 160–168 Hz].80 

The absence of H2BOR in the NMR spectrum indicates the second stage of 

solvolysis is too fast to be followed by standard NMR techniques. 
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Figure 1.7 – 11B NMR spectrum recorded during the ethanolysis of 1PB 

showing three unique species; HB(OEt)2 2INT can be distinguished from its 

distinctive splitting pattern arising from the expected B–H coupling. 

1.5.1.3 Irreproducibility 

Repetition of experiments using in situ 11B{1H} NMR demonstrated a high degree 

of variability regarding the dialkoxyborane intermediate 2INT being accumulated to 

varying degrees (Figure 1.8 b). This inconsistency in the reaction profile within 

runs could be due to a critical event initiating rapid solvolysis of the intermediate 

HB(OEt)2 2INT to final borate B(OEt)3 2. 
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Figure 1.8 – Temporal concentration profiles for four different ethanolyses of 

1PB monitored by 11B{1H} NMR; a) Identical pseudo-first order decay of 1PB 
(red data); b) Irreproducible intermediate 2INT build-up (blue data). Conditions: 

[1PB]0 = 0.03 M, [EtOH]0 = 5 M in toluene at 30 °C. 

This third stage of solvolysis only (nominally) requires an additional alcohol 

molecule, which is in high concentration under the solvolytic conditions. However, 

the direct reaction between EtOH and HB(OEt)2 2INT is clearly very slow causing 

the latter to accumulate. The process that converts HB(OEt)2 2INT into B(OEt)3 2, 

which causes this irreproducibility in this particular system, is investigated further 

on. 

Despite this, the pseudo-first order consumption of 1PB was found to be 

reproducible, supporting that the irreproducibility issues arise from the 

consumption of the intermediate (Figure 1.8 a). 

1.5.2 Effect of Temperature 

The rate of the reaction is dependent on temperature. Performing the model 

alcoholysis reaction at a variety of temperatures provides rate constants (Figure 

1.9 a) that, after being manipulated according to the Eyring equation, provide 

activation parameters. Reactions were performed between 15 and 40 °C inclusive; 

the corresponding Eyring plot is shown in Figure 1.9 b. For the reaction between 

1PB and EtOH, the activation parameters (ΔH‡ = +19.7 kcal mol−1, ΔS‡ = −9.0 cal 
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K−1 mol−1), in particular the negative entropy of activation, suggests an associative 

transition state compatible with an SN2-like mechanism. 

 

Figure 1.9 – a) Pseudo-first order rate constants (kobs) calculated from the 
decay of 1PB at 15 °C (blue data), 30 °C (green data) and 40 °C (red data); 
b) Eyring plot for reaction of 1PB with ethanol; straight lines are least squares 

minimisation to the data, all Pearson R2 values greater than 0.994. Conditions: 

[1PB]0 = 0.03 M, [EtOH]0 = 5 M in toluene at 15, 30 and 40 °C. 

1.5.3 Effect of Solvolytic Agent 

To test the effect of the nature of the alcohol on the rate of deprotection and degree 

of intermediate accumulation, a series of kinetic reactions were performed using 

the same conditions detailed in 1.5.1.1 on page 19, varying the solvolytic agent 

used. 

1.5.3.1 Primary Alcohols 

Kinetics of borane deprotection were performed using saturated straight chain 

alcohols of the general formula CnH2n+1OH (n = 1–4). From the data (Figure 1.10), 

a trend can be visualised between the length of the aliphatic chain on the primary 

alcohol and the stability gained by the intermediate. The maximum concentration 

of HB(OR)2 throughout the reaction increased as the carbon chain grew longer: 

MeOH < EtOH < nPrOH < nBuOH, where the amount of HB(OnBu)2 is almost 10 

times greater than HB(OMe)2. 
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Figure 1.10 – Temporal concentration profiles for alcoholyses of 1PB monitored 

by 11B{1H} NMR showing different degree of the corresponding intermediate 
accumulation as the alcohol is varied. Conditions: [1PB]0 = 0.03 M, 

[ROH]0 = 5 M in toluene at 30 °C. 

1.5.3.2 Secondary and Tertiary Alcohols 

To probe the effect of increased steric bulk of the alcohol, the deprotection kinetics 

were measured when saturated secondary and tertiary alcohols were used under 

analogous conditions. Surprisingly, the maximum concentration of the 

intermediate previously achieved with nBuOH can now be surpassed by using any 

of the tested branched alcohols as the solvolytic agent (Figure 1.11). This increment 

is considerable as it causes the intermediate to accumulate almost quantitatively at 

the expense of a decreased reaction rate, in accordance with an SN2-like mechanism 

where there is a dependence of rate upon the substrate: the higher the steric 

hindrance of the nucleophile, the slower the rate of reaction. 



 

26 

 

Figure 1.11 – Temporal concentration profiles for alcoholyses of 1PB monitored 

by 11B{1H} NMR showing a significant build-up of the corresponding 
intermediate when branched alcohols are used (nBuOH kinetic profile 
displayed for comparison). Conditions: [1PB]0 = 0.03 M, [ROH]0 = 5 M in toluene 

at 30 °C. 

This sterically protected intermediate favours its accumulation and hinders the last 

nucleophilic attack to such degree that the final borate gets almost entirely 

supressed. This is reflected in the time needed for the intermediate to reach its 

maximum concentration, from approximately 90 minutes to more than 6  hours, 

then again, achieving high and more useful concentrations. 

1.5.4 Effect of Solvent 

Choosing the appropriate media, where a chemical reaction takes place in, is 

critical. To probe whether the solvent has an effect on solubility, stability and 

reaction rates, a range of solvents were tested by carrying out  a number of 

experiments using the same conditions detailed in 1.5.1.1 on page 19, varying only 

the solvent used. 

1.5.4.1 Non-halogenated Solvents 

First, non-halogenated solvents were studied, and kinetics recorded. In all cases, 

pseudo-first order decays in 1PB were observed. Rate constants (kobs) were 

determined in each solvent; values are displayed in Table 1.1. 
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Entry Solvent kobs/s-1 krel 

1 toluene 3.56 x 10-4 1.00 

2 benzene 3.04 x 10-4 0.85 

3 benzonitrile 3.50 x 10-4 0.98 

4 1,4-dioxane 3.74 x 10-3 10.51 

5 tetrahydrofuran 2.68 x 10-3 7.53 

6 diethyl ether 9.03 x 10-4 2.54 

7 N,N-dimethylformamide 1.33 x 10-3 3.74 

Table 1.1 – Pseudo-first order constants (kobs) of ethanolyses of 1PB at 30 °C 

in different non-halogenated solvents ([1PB]0 = 0.03 M, [EtOH] = 5 M). 

Aromatic solvents: benzene and benzonitrile were tested as analogues for toluene, 

as they are common aromatic non-halogenated solvents used in chemistry with 

different polarity. Consumption of 1PB was found to be reproducible within 

solvents showing the same pseudo-first order decay (Figure 1.12 a). The 

intermediate 2INT builds up at approximately the same rate whereas its consumption 

is shortened when benzene was used. 

Contrary to this, total absence of intermediate was found with benzonitrile where 

borate B(OEt)3 2 concentration grows at the same rate as 1PB is being consumed 

(Figure 1.12 b).  Overall, there is no evident mechanistic advantage or disadvantage 

(other than different solvent toxicity and price) by using benzene instead of toluene 

as solvent of choice. 
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Figure 1.12 – Temporal concentration profiles for different ethanolyses of 1PB 

monitored by 11B{1H} NMR. a) Equal pseudo-first order decay of 1PB (red data); 
b) 2INT (blue data) and 2 (green data) being produced at different rates (filled 

circles: toluene, outlined circles: benzene, crosses: benzonitrile). 

Ethereal solvents, 1,4-dioxane (referred to just as dioxane from now on), 

tetrahydrofuran (THF) and diethyl ether (Et2O), had a similar effect on the kinetic 

profile obtained for the alcoholysis of 1PB. In every case, the deprotection rate 

constants were remarkably faster than the model reaction (toluene), causing almost 

a 10 fold increase in the case of both dioxane and THF whose kinetic profiles are 

essentially identical (Figure 1.13 a). In contrast to Et2O, the use of either dioxane 

or THF increased the concentration reached by 2INT approximately to 90% of [1PB]0 

before it started to quickly decay to give rise to the final borate 2 (Figure 1.13 b). 

Together with polarity, the presence of an electronegative atom like oxygen might 

play an important role in the intermediate stabilisation as seen by the different 

kinetic profiles obtained. As it is shown, a less polar solvent like Et2O decreased 

the intermediate concentration compared to the more polar dioxane or THF even 

though they all contain oxygen. 
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Figure 1.13 – Temporal concentration profiles for different ethanolyses of 1PB 

monitored by 11B{1H} NMR. a) Pseudo-first order decay of 1PB; b) Faster and 
higher intermediate concentration reached by using ethereal solvents (red 
circles: dioxane, blue circles: THF, green circles: Et2O, black crosses: toluene 

[shown for comparison]). 

Dipolar aprotic solvents: dimethyl sulfoxide (DMSO), acetonitrile (ACN) and 

N,N-dimethylformamide (DMF) were also considered and tested, only to be found 

that only the later could generate an evident homogeneous reaction while DMSO 

and ACN dissolved 1PB only partially, impeding an accurate comparison between 

experiments under these conditions. Deprotection in DMF occurred 4 times faster 

than in standard conditions (toluene). It was comparable to those obtained in 

ethereal solvents with the difference that intermediate accumulation was 

significantly supressed. Moreover, a fourth unknown species arose and remained 

constant throughout the course of the reaction (Figure 1.14). 
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Figure 1.14 – Temporal concentration profile for ethanolysis of 1PB in DMF, 

monitored by 11B{1H} NMR (red circles: 1PB, blue circles: 2INT, green circles: 2), 
yellow circles: unidentified species, black crosses: 1PB in toluene [shown for 

comparison]).  

Hexane proved to be unable to dissolve 1PB, consequently making unable to carry 

out the reaction under the same standard conditions and to be followed by the same 

NMR technique. 

1.5.4.2 Halogenated Solvents 

Second, halogenated solvents were used to study the kinetic profile and effect in 

the alcoholysis reaction. Consistently, pseudo-first order decays in 1PB were also 

observed. Rate constants (kobs) were determined in each solvent; values are 

displayed in Table 1.2. 

Entry Solvent kobs/s-1 krel 

1 chloroform 1.11 x 10-4 1.00 

2 dichloromethane 1.29 x 10-4 1.16 

3 chlorobenzene 2.48 x 10-4 2.23 

Table 1.2 – Pseudo-first order constants (kobs) of ethanolyses of 1PB at 30 °C 

in different halogenated solvents ([1PB]0 = 0.03 M, [EtOH] = 5 M). 
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Following the systematic scope of solvents, chloroform (CHCl3) was chosen to be 

tested next and the results obtained were remarkably different. At first glance, the 

kinetic profile appears to be rather similar to that obtained in toluene, but with a 

distinctive difference, in that the time taken to consume 1PB was significantly 

longer (approximately 13 hours). Thereupon, 2INT remained present throughout the 

course of the reaction reaching a moderately high concentration prolonging the 

final borate 2 formation for more than 24 hours (Figure 1.15). 

 

Figure 1.15 – Temporal concentration profile for ethanolysis of 1PB in CHCl3, 

monitored by 11B{1H} NMR (red circles: 1PB, blue circles: 2INT, green circles: 2, 

black crosses: 1PB in toluene [shown for comparison]). 

Moreover, the formation of the intermediate proved to be reproducible within runs 

regardless whether the solvent was deuterated or not. The observed reproducibility 

could not be achieved with any of the previously tested solvents  (see Appendix for 

temporal concentration profile). 

To test if this slow rate effect was exclusively of CHCl3 or something intrinsically 

to its nature (e.g. polarity, non-aromaticity), dichloromethane (CH2Cl2), and 

chlorobenzene were also used in the alcoholysis of 1PB and their kinetic profiles 

recorded. The non-aromatic CH2Cl2 displayed a similar kinetic profile and rate 

constant to that of CHCl3 while chlorobenzene was to some degree off this trend, 

showing a slightly faster initial rate, but 2INT stalled at the same concentration as 
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the rest of the chlorinated solvents (Figure 1.16). Generally, the delayed 

consumption of 2INT by these halogenated solvents was equally retarded, thus being 

accumulated in all cases. 

 

Figure 1.16 – Temporal concentration profiles for different ethanolyses of 1PB 

monitored by 11B{1H} NMR; only 2INT is plotted.  Retarded 2INT build-up 
regardless of which halogenated solvent was used (blue circles: CHCl3, green 

circles: CH2Cl2, red circles: chlorobenzene). 

1.5.5 Mixture of Solvents 

A correlation between rates (kobs) and solvents parameters such as dielectric 

constants showed no clear trend. This was not totally surprising because ethanol is 

in such a large quantity that is also acting not only as reagent in the alcoholysis but 

also as a co-solvent in the reaction 

Overall, ethereal solvents sped up the reaction and promoted the intermediate 

concentration to rise up significantly, giving a short window for when the 

intermediate might be utilised (e.g. as a hydroborating agent) due to its accelerated 

depletion in this particular system. Contrastingly, the use of chlorinated solvents 

improved reproducibility of the reaction. At the same time, the stability of the 

intermediate was considerably enhanced at the expense of the reaction becoming 

sluggish. The prolonged time needed for the intermediate to reach a suitable 

concentration made the reaction unpractical and not synthetically useful. 
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With this in mind, and without trying to hinder the reaction by using more bulky 

alcohols (as showed in 1.5.3.2 on page 25), a mixture of solvents at different ratios 

were tested in the solvolysis reaction using the same conditions as stated in 1.5.1.1 

on page 19. 

1.5.5.1  Dioxane/Chloroform Mixtures 

Chloroform and dioxane were chosen as initial solvents to test if the two advantages 

previously seen could be merged together bypassing the drawbacks (short lived 

intermediate and prolonged reaction time). This was done by running the standard 

alcoholysis reaction in solvent mixtures of dioxane and CHCl3 in ratios going from 

1:1 to 100,000:1 inclusive. 

The intermediate formation rate was linearly improved as the ratio between 

dioxane/CHCl3 increased from 1:1 to 10:1, further increments of such ratio showed 

no significant effect as they all had already matched the previously observed rate 

for when dioxane is used solely (Figure 1.17). Remarkably, not only the fast 

formation of 2INT was achieved from dioxane present in this mixture, but also the 

stabilisation previously seen from chlorinated solvents. Thus, providing an ideal 

synergetic interaction that rendered an optimal solvent mixture for obtaining the 

desired intermediate in high concentration in a fast and operationally simple 

manner. 



 

34 

 

Figure 1.17 – Temporal concentration profiles for different ethanolyses of  1PB 

in different solvent ratios monitored by 11B{1H} NMR; only 2INT is plotted. 
Synergetic interaction of solvents providing a fast intermediate 2INT build-up 

and high stabilisation (kinetic profile in dioxane shown for comparison). 

Further dilutions on the range of 80,000:1 to 100,000:1 caused the stabilisation of 

the intermediate effect to be lost (as CHCl3 is in such low concentrations), after this 

point, the kinetic profile obtained is similar to that in which only dioxane is used 

as solvent. Moreover, when repetition of experiments at this borderline dilution 

level (~80,000:1) were performed, 2INT reached maximum concentration 

momentarily (Figure 1.18, filled circles). This transient stabilisation lasted for 

several minutes varying each time the alcoholysis reaction was performed, then 

2INT was consumed away to give rise to the final borate B(OEt)3. Notably, this lack 

of reproducibility did not affect the consumption of 1PB, meaning the rate at which 

EtOH is deprotecting the phosphine remains constant while the effect from CHCl3 

is exclusively affecting the intermediate 2INT. 

The observed irreproducibility can be explained as there is a small error in each  

experiment (arising from the measured CHCl3 volume) that varies the solvents ratio 

slightly. It can be inferred that CHCl3 is acting as an inhibitor of some sort of 

catalytic species which may be present in considerably low concentrations; from 

run to run, therefore, the time until when the CHCl3 can inhibit the catalyst too will 

differ. The lack of reproducibility is independent of the chloroform used, either 
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deuterated or not, and varies from run to run (see Appendix for temporal 

concentration profiles). 

 

Figure 1.18 – Temporal concentration profiles for different ethanolyses of 1PB 
in dioxane/CHCl3 (80,000:1) monitored by 11B{1H} NMR; only 2INT is plotted. 

Different transient stabilisation of 2INT observed in each run (filled circles); 2INT 
consumption being interrupted after additional CHCl3 (0.19 mmol) was added 

into the reaction mixture (outlined circles). 

To further prove whether CHCl3 was acting as an inhibitor or not, an experiment 

was set up where the reaction was left to run until the intermediate was being 

depleted but not totally consumed yet, at which point chloroform (0.19 mmol) was 

added; as expected, 2INT regained its stabilisation (Figure 1.18, outlined circles). 

These results clearly showed that there might be an interaction between an 

unknown catalytic species causing the reaction to proceed forward and CHCl3 

preventing this to happen. Additional experiments were performed to try to 

establish the nature of the catalytic species, see section 1.5.6 on page 37. 

1.5.5.2 Other Halogen Sources Mixtures  

To test if the effect seen on the stabilisation of the intermediate is an intrinsic 

property of CHCl3 or if could be achieved by other means, different experiments 

were performed varying the halogen source. Dioxane was chosen to be used in 

conjunction with the tested halogenated solvents or compounds. 
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No appreciable difference was observed from the kinetic profiles when bromoform 

(CHBr3) was used instead of CHCl3 for the solvent mixture (Figure 1.19 a), 

meaning they are interchangeable and the stabilisation effect is not exclusive to 

chlorinated molecules.  

Diluted hydrochloric acid (HCl), ammonium chloride (NH4Cl) and 

tetrabutylammonium chloride (TBAC) were tested (as dioxane solutions) as 

sources of chloride ions in the reaction mixture. This in order to probe if the same 

effect could be achieved by ionic compounds. Addition of HCl (0.5 µM) into the 

reaction mixture was enough to reach the same high accumulation of 2INT with the 

only difference being that its consumption was slightly increased compared to that 

obtained with either CHCl3 or CHBr3. TBAC showed a similar effect but 2INT only 

reached approximately 70% of the concentration obtained in dioxane/CHCl3 

(100:1); water was being unintentionally added into the system due the hygroscopic 

nature of TBAC, since dialkoxyboranes are moisture sensitive, this favoured a 

rapid hydrolysis of borane to give the final borate 2 in the presence of EtOH. 

Consequently, a rapid competition between this process and the catalyst inhibition 

by the chloride source might be occurring at the initial state of the reaction giving 

rise to the observed profile. Finally, an almost identical kinetic profile was 

obtained, to that of dioxane, when NH4Cl was used, as the salt proved to be 

completely insoluble in the reaction conditions (Figure 1.19 b). 
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Figure 1.19 – Temporal concentration profiles for different ethanolyses of 1PB 

monitored by 11B{1H} NMR showing differences in intermediate 2INT build-up 
(black crosses: dioxane, shown for comparison). a) Red circles: 
dioxane/CHCl3 (100:1), outlined purple circles: dioxane/CHBr3 (100:1); 

b) Orange circles: dioxane/HCl, blue circles: dioxane/NH4Cl, green circles: 

TBAC. 

1.5.6 Mechanistic Studies 

Despite the different effect the solvent, alcohol or additives have on the 

intermediate, the pseudo-first order consumption of 1PB was found to be 

reproducible, also matching the initial intermediate production, suggesting that the 

reproducibly issues arise from the consumption of the intermediate. 

An experiment using 2,2,2-trichloroethanol in place of EtOH gave an approximate 

2 fold reduction in the rate constant. This suggests the alcohol is acting as a 

nucleophile, rather than a Brønsted acid, as trichloroethanol is less nucleophilic and 

more acidic (pKa = 12.2 vs 16.0 in aqueous solutions) than EtOH. This effect can 

be greatly enhanced by using perfluoro-tert-butanol where there was practically no 

reaction despite the large excess of alcohol used (Figure 1.20). 
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Figure 1.20 – Temporal concentration profiles for different ethanolyses of 1PB 

monitored by 11B{1H} NMR (red circles: 1PB, blue circles: 2INT, green circles: 2). 
a) Kinetic profile obtained from alcoholysis using trichloroethanol; b) No 
reaction recorded when perfluoro-tert-butanol was used as the solvolytic 

agent. 

 A series of specific experiments were performed to probe for particular 

mechanistic pathways that might have been taking place. 

1.5.6.1 Bubble Surface Effects 

To probe whether surface effects (promoting dihydrogen evolution) play an 

influential role in this process or not, studies were carried out under a system where 

air and nitrogen were bubbled through over the course of the reaction. A set up was 

created that allowed the gas to flow from the bottom of the NMR tube to the surface 

(with a pressure release outlet) at a constant controlled rate. 

Inconclusive results were obtained from these experiments, as bubbling N2 after 

the reaction had started (between 20 and 60 minutes inclusive) seemed to slow 

down the rate of consumption of intermediate, while bubbling either N2 or O2 since 

the beginning of the reaction greatly supressed its formation and sped up the rate 

of formation of the final borate (see Appendix for experimental results). 
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1.5.6.2 Radical Initiation 

Benzoyl peroxide (BPO) can produce radical species under mild conditions and 

promote radical reactions. BPO was used as an additive in the standard alcoholysis 

reaction in concentrations from 5 mol% to 10 mol% inclusive.  

No change from the standard conditions results were observed, as the pseudo-first 

order consumption of 1PB was found to be the same between experiments while the 

concentration and consumption of 2INT showed the same irreproducible results 

from previously discussed experiments. Given these results, it can be inferred that 

it is unlikely that a radical process is taking place in the alcoholysis reaction  (see 

Appendix for temporal concentration profiles). 

1.5.6.3 Boronium   

Another mechanistic possibility could be an ionic catalysed reaction where a 

boronium cationic species, present in low concentrations, is driving the reaction 

forward. This potential catalyst could be inhibited by a halogenated species such 

as CHCl3  or HCl in the appropriate conditions and concentration. 

Boronium cation [THF·BH2·NH3][BArF
4] was tested to see its effect on a standard 

reaction performed in dioxane. The main difference was the maximum 

intermediate concentration reached when the boronium cation was added. 2INT 

reached 76.7% of [1PB]0 when 1 mol% of the boronium was used and only 62% of 

[1PB]0 when 10 mol% was used instead, that is respectively 13.3 and 28% less than 

the standard reaction in dioxane (Figure 1.21). 
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Figure 1.21 – Temporal concentration profiles for different ethanolyses of 1PB  

monitored by 11B{1H} NMR (red crosses: 1 mol% of boronium cation, blue 
circles: 10 mol% of boronium cation, outlined black circles: dioxane). 
a) Matching pseudo-first order decay of 1PB; b) Maximum concentration of 2INT  

diminished with faster consumption rates as boronium percentage increased. 

While these experiments did not confirm the reaction mechanism is going through 

a boronium catalysed pathway, it showed the addition of [THF·BH2·NH3][BArF
4] 

sped up the reaction by shortening the lifetime of the intermediate.  

1.5.6.4 Proposed Mechanism  

From the evidence gathered so far, a plausible mechanism was proposed; a detailed 

stepwise mechanism of phosphine borane alcoholysis is shown in Scheme 1.10. 

The initial nucleophilic attack and subsequent displacement of the phosphine 

ligand is a slow process causing the gradual and reproducible consumption of the 

phosphine borane. The product of this first attack, H2BOEt,  results in the exposure 

of the vacant p-orbital on boron that can accept a pair of electrons from a Lewis 

base causing an almost immediate attack by a second molecule of EtOH; this 

process occurs in such a fast fashion that it cannot be monitored by standard in situ 

NMR spectroscopy technique. A third consecutive attack by EtOH gives rise to 

intermediate HB(OEt)2, 2INT. The accumulation can be explained as the last hydride 

loss occurs via a strained four-membered ring that is unfavoured to some degree: 

H2 elimination is faster the greater the protonic character of the OH hydrogen and 
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the greater the hydridic character of the BH hydrogen (Scheme 1.11, upper 

pathway); the increased steric bulk from more ethoxy groups also plays a role 

interfering with the spatial arrangement needed for the H2 elimination. This 

rationale can also explain the previously observed trend when secondary and 

tertiary alcohols were used as nucleophiles (Section 1.5.3), agreeing with the usual 

interpretation that the acidity of the hydroxylic hydrogen in these alcohols 

decreases in this order: primary > secondary > tertiary. 

 

Scheme 1.10 – Proposed mechanism for ethanolysis of (o-tolyl)3P·BH3 (1PB) 

in ethanol (5 M in toluene) at 30 °C. Intermediate highlighted inside the 

shadowed box (2INT). 

Unfortunately, no definitive cause of the irreproducibility in the kinetic stability of 

the intermediate was established but it was most likely to be an inconsistent 

generation of an ionic active species. A boronium-like species could catalyse the 

last nucleophilic attack, after losing its coordinating ligand, the boronium would be 

capable of speeding up the process where 2INT  gives rise to the final borate 2 driven 

by the ability of the boronium to facilitate the hydride transfer81. This process is 

further promoted by the stability conferred from a six-membered ring intermediate 

(Scheme 1.11, lower pathway). 
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Scheme 1.11 – Proposed mechanism showing two different pathways 2INT can 

take: a slow pathway involving a strained four-membered ring (upper 
pathway), and a faster pathway involving a favoured six-membered ring (lower 

pathway) when a boronium-like species is present. 

1.5.7 Other Borane Sources 

In order to explore and expand the synthetic capabilities of the alcoholysis reaction, 

different sources of borane were investigated. Tetrahydrofuran borane complex 

(THFB) and dimethyl sulfide borane complex (DMSB) were chosen as 

borane-Lewis base complexes, as these reagents are readily available as solution 

and easy to handle. Series of reactions involving the deprotection of 1PB in 

solvolytic conditions using EtOH were performed as stated in 1.5.1.1 on page 19 

but varying the source of borane. 

1.5.7.1 Tetrahydrofuran Borane Complex 

First, THFB was chosen as a promising BH3 source as it lacks the pungent odour 

DMSB has. Higher concentrations of CHCl3 were needed to stabilise the 

intermediate as previously tested ratios of dioxane/CHCl3 (100:1) failed to achieve 

the same observed build-up concentrations discussed in 1.5.5.1 on page 33. 
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The best dioxane/CHCl3 ratio to stabilise the intermediate to a certain extent was 

found to be 1:1, nevertheless, the decay of 2INT was still appreciable. In stark 

contrast, using dioxane accelerated this decay by 14 fold while using just CHCl3 as 

solvent, 2INT was consumed only twice as fast as in the mixture (Figure 1.22). In 

all cases, THFB complex was immediately consumed after the first spectrum had 

been taken, the first steps of the reaction being too fast to be monitored by standard 

NMR techniques; additionally, a limited amount of 2INT was produced (only 33% 

of [1PB]0). This was caused by self-degradation, involving THF ring opening that 

caused accumulation of degradation products like HB(nBuO)2 and B(nBuO)3 that 

reduced the concentration of THF·BH3 available to react with EtOH.82 

 

Figure 1.22 – Temporal concentration profiles for different ethanolyses of 
THFB monitored by 11B{1H} NMR (red crosses: dioxane, blue circles: CHCl3, 
outlined black circles: dioxane/CHCl3 (100:1)). a) Immediate consumption of 

THFB; b) 2INT being formed instantly but reaching a maximum concentration 

of only 33% of [1PB]0 due to reagent deterioration. 

The use of THFB for synthetic purposes was discarded due its stability issues (must 

be stored at 0 °C), concentration does not exceed 2 M in BH3 and that it can 

produce the desired intermediate in only low concentrations. 

1.5.7.2 Dimethyl Sulfide Borane Complex 

Neat DMSB complex solution possess indefinite stability at room temperature, it 

can be obtained in a pure 1:1 adduct form (~10 M in BH3) and by following general 
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precautions associated with its handling, represents a viable alternative as BH3 

source which can be used in a variety of solvents. 

When using DMSB as substrate for the ethanolysis reaction, fast consumption of 

the complex was also observed independently of the tested solvents and alcohols. 

Differences in the kinetic profiles were based on the intermediate stabilisation 

achieved by different solvents or by changing how bulky the nucleophilic alcohol 

was. Firstly, by using toluene as solvent (standard initial conditions), a quick build-

up of 2INT was obtained reaching 80% of [DMSB]0 before it quickly decayed in a 

pseudo-first order fashion as shown in Figure 1.23. Then, by changing the alcohol 

used for nBuOH, the reaction could be stalled by hindering the last nucleophilic 

attack on the intermediate, causing its accumulation almost quantitatively (Figure 

1.23), effect previously observed in section 1.5.3.2 on page 25. 

 

Figure 1.23 – Temporal concentration profiles for different ethanolyses of 

DMSB monitored by 11B{1H} NMR (blue: 2INT, green: 2, outlined circles: EtOH, 

filled circles: nBuOH). 

Secondly, changing the solvent to dioxane allowed to reach a quantitative 

concentration of 2INT, reinforcing how important the choice of solvent is for its 

stabilisation. Regardless of the concentration reached, a decay of 2INT is still 

observed if no halogenated solvent is used in the reaction mixture, being more 

significant during the first 30 minutes of the reaction. Additionally, 
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irreproducibility of the kinetic profile was also observed, as there are no 

halogenated molecules serving as inhibitors for the suspected catalyst that causes 

this variation to occur as seen on Figure 1.24. 

As expected from the use of dioxane/CHCl3 (100:1), stabilisation and quantitative 

formation of 2INT was observed (Figure 1.24), proving the solvent mixture at the 

defined ratio is competent to stabilise the intermediate 2INT regardless of the borane 

source. 

 

Figure 1.24 – Temporal concentration profiles for different ethanolyses of 

DMSB monitored by 11B{1H} NMR (blue: 2INT, green: 2, outlined circles: 

dioxane, filled circles: dioxane/CHCl3 (100:1)). 

1.5.8 Effect of Ligand in Borane-Lewis Base Complex 

From the aforementioned experiments, it can be inferred that the ligand used in the 

borane-Lewis base complexes is playing an important role that determines how fast 

the intermediate can be obtained from the alcoholysis reaction. 

When the ethanolysis of DMSB was carried out in the presence of 1 equivalent 

(equiv.) of free phosphine (o-tolyl)3P (1P) dissolved in the reaction mixture (EtOH 

5 M in dioxane), 2INT was consumed 17 times faster than the reaction under the 

same conditions without added phosphine (see Appendix for temporal 

concentration profile). This could be explained if a background Lewis base 
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displacement reaction was also taking place; 1P has stronger Lewis basicity than 

Me2S and provides a more thermodynamically stable adduct with BH3 than the 

latter.83 Me2S being displaced from its borane adduct (Me2S·BH3) by 1P while 

ethanolysis of BH3 is taking place at the same time resulted in an overall accelerated 

deprotection, though slightly slower than the one starting from the (o-tolyl)3P·BH3 

(1PB) adduct, which is almost twice as fast. 

To further prove a displacement reaction was taking place in the background, two 

individual experiments were carried out; 1PB and DMSB complexes were used as 

borane sources in solvolytic conditions (EtOH 5 M in dioxane), addition of 1 equiv. 

of their counterpart ligand (Me2S and 1P correspondingly), slowed and sped up the 

consumption of 2INT respectively, as showed by the labels in Figure 1.25. After 

addition of the opposite ligand, both reactions, that is the alcoholysis and the ligand 

displacement, reached equilibrium and from this point onwards the consumption 

rate of 2INT was equal between the two reactions. 

 

Figure 1.25 – Temporal concentration profiles for two different ethanolyses of 
a source of BH3 in dioxane monitored by 11B{1H} NMR showing 2INT being 

consumed and the effect of adding free ligand to the ongoing reaction  (blue: 
1PB used as substrate and Me2S added, red: DMSB used as substrate and 1P 

added). 
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1.5.9 Pinacolborane: Alcoholysis Synthetic Application 

From a synthetic point of view, the alcoholysis of borane could afford compounds 

with high relevance, pinacolborane (HBpin) being one of them. Using pinacol as 

the nucleophile in the alcoholysis reaction, a series of experiments were conducted 

to optimise its synthesis, considering the insights gained on stability (due to solvent 

interactions and bulkiness of the alcohol) and the impact of the Lewis base used to 

complexate BH3.  

With the aim of probing the synthesised HBpin and the effectiveness of its 

production, a one-pot dicyclohexylborane-catalysed alkyne hydroboration was 

contemplated as a representative reaction for its use. 

1.5.9.1 HBpin Synthesis from Phosphine Borane 1PB 

First, as the easiest and safest source of borane, 1PB was utilised as reagent to 

synthesise HBpin. In situ 11B NMR spectroscopy was used to monitor and analyse 

the reactions. 

A reaction with 1PB was set up using pinacol (pin) in excess (~9 equiv.), 

dioxane/CHCl3 (100:1) was chosen as the standard solvent mixture as gave the best 

intermediate (RO)2BH stability results, being no different in this case. After a 

second intramolecular nucleophilic attack of the pinacol to the boron atom, HBpin 

was formed and sluggishly accumulated overtime, reaching approximately 50% 

conversion after 19 hours (Figure 1.26). Also seen from the NMR spectra, B2pin3  

was formed as an unwanted side-product, this could be avoided by not using 

pinacol in large excess, but the reaction would be so slow it will not be practical. 
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Figure 1.26 – a) 11B NMR spectra recorded during the alcoholysis of 1PB 

showing a growing doublet corresponding to HBpin; b) Temporal concentration 
profile for alcoholysis of 1PB monitored by 11B NMR reaching only 50% 
conversion after 19 hours (red data: 1PB, blue data: HPpin, green data: B2pin3). 

Conditions: [1PB]0 = 0.03 M, [pin]0 = 0.28 M in dioxane/CHCl3 (100:1) at 23 °C. 

1.5.9.2 HBpin Synthesis from DMSB 

Provided that phosphine complex 1PB was not suitable due to reaction timescale 

constraints, DMSB was chosen as a source of borane. Due to its low molecular 

weight and good solubility, accurate, homogeneous and concentrated solutions can 

be obtained which facilitate an appropriate environment where the reaction can 

take place in an acceptable time. Dioxane/CHCl3 mixtures were used as solvent of 

choice. 

A stoichiometric reaction between DMSB and pinacol at 30 °C in dioxane 

furnished HBpin almost quantitatively. Initially, the substrate was swiftly 

consumed furnishing the product and reaching 50% conversion under the first two 

hours; after three hours of continuous monitoring, the reaction was left to continue 

at room temperature and monitored intermittently until reached completion. 

Despite being slowed down due to temperature change, the reaction progressed 

reaching 87% conversion after 19 hours (37% more than when 1PB was used) and 

continued reacting for 49 h more until DMSB was fully depleted. Contrastingly, 

when pinacol is used in excess (~9 equiv.) in the same solvent system and 
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temperature, aside from greatly enhancing the speed of the reaction, side -product 

B2pin3 is produced in considerable amount throughout the course of the reaction, 

consequently, the procedure becomes synthetically impractical (see Appendix for 

temporal concentration profiles). 

Ethanolysis of DMSB followed by transesterification with pinacol was envisaged 

as a quicker alternative to produce HBpin. DMSB was left to react with 2 equiv. of 

EtOH, when the synthesised 2INT reached maximum concentration, pinacol was 

then added and the expected HBpin was obtained due to being entropically 

favoured (Figure 1.27). Along with HBpin, a slight increase of B2pin3 (side-

product) was also observed. This could have been minimised by timing the addition 

of pinacol more carefully as it was added when some of DMSB had yet not reacted. 

 

Figure 1.27 – Temporal concentration profile for ethanolysis of DMSB at 30 °C 

monitored by 11B{1H} NMR and addition of pinacol giving rise to HBpin via 
transesterification with intermediate 2INT (red circles: DMSB, blue circles: 2INT, 

purple diamonds: HBpin, green circles: 2 and B2pin3 overlapped). 

Despite being a faster way to synthesise HBpin, the abovementioned procedure 

was discarded to be employed in the borane-catalysed alkyne hydroboration, as it 

not only requires additional steps for its synthesis and continuous monitoring, but 

also leftover quantities of EtOH are detrimental for the hydroboration as it would 

degrade the catalyst (dicyclohexylborane) turning it inactive. 
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1.5.10 One-pot Synthesis of Alkenylboronic Acid Pinacol 
Esters 

In order to develop a one-pot transition-metal free catalysed hydroboration, a 

reaction needed to include the synthesis of the hydroborating agent (pinacolborane: 

HBpin) from the previously discussed pinacolysis of DMSB. Additionally, is also 

necessary for the required catalyst (dicyclohexylborane: HBCy2) to be synthesised 

in the same vessel, ideally, without further purification. 

The synthesis of both HBpin and HBCy2 was monitored by in situ 11B{1H} NMR 

spectroscopy. The total amount needed of DMSB to furnish both reagent and 

catalyst was considered. After adding pinacol to a diluted DMSB solution, HBpin 

formation was observed and continuously monitored for over 14 hours, after this 

point HBpin concentration remained constant (meaning all pinacol had been 

consumed); then cyclohexene (Cy) was added which reacted with the excess 

DMSB to produce sufficient HBCy2 to catalyse the subsequent hydroboration 

reaction (Figure 1.28). 

 

Figure 1.28 – Temporal concentration profile for pinacolysis of DMSB at 30 °C 
monitored by 11B{1H} NMR showing the formation of HBpin and subsequently 

addition of cyclohexene to produce HBCy2 (red: DMSB, blue: HBpin, green: 

B2pin3); note the prolonged reaction time was due to NMR scale dilution. 
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Next, a series of reactions were performed where reaction times and reagent 

quantities were optimised. Results are summarised in the table below. Initially, the 

reaction involved 1.055 equiv. of DMSB in respect to pinacol (1 equiv.) for 3 hours, 

due to the stoichiometry of the reaction, 0.055 equiv. of DMSB were left unreacted 

(Scheme 1.12 a). Residual DMSB was quenched with cyclohexene (1:2 ratio) for 

a defined time that furnished HBCy2 and free SMe2 (Scheme 1.12 b). Lastly, 

4-fluorophenylacetylene 3 (F-PhAcetylene) was added as substrate and left to react 

with HBpin in the presence of HBCy2 (catalyst) for 24 hours, ultimately producing 

the alkenylboronic acid pinacol ester E-4pin in a one-pot procedure (Scheme 

1.12 c). 

 

Scheme 1.12 – One-pot synthesis of alkenylboronic acid pinacol ester E-4pin 
dioxane/CHCl3 (100:1) at 23 °C presented as a series of individual reactions 

for clarity purpose. a) Synthesis of hydroborating agent HBpin; b) Synthesis of 

catalyst HBCy2; c) Boron-catalysed hydroboration of alkyne 3. 
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Entry 
DMSB 

(equiv.) 

Cyclohexene 

(equiv.) 

Pinacol 

(equiv.) 

Alkyne 

3 

Time 

“x” 

Time 

“y” 

NMR 

Yield 

(%) 

1 1.055 0.12 1 1 3 0 20 

2 1.055 0.24 1 1 3 2.5 43 

3 1.055 0.32 1 1 17 0.5 64 

4 1.555 0.26 1.5 1 7 0.25 71 

5 1.555 1.555 1.5 1 18 1 77 

Table 1.3 – Optimisation of the reaction conditions for the one-pot synthesis of 

alkenylboronic acid pinacol ester E-4pin. 

Time left between addition of cyclohexene and alkyne 3 proved to be crucial as 

immediate addition of alkyne after cyclohexene addition left not enough time for 

the DMSB to be quenched and synthesised enough catalyst and, therefore the yield 

supressed (Table 1.3 entry 1). Additionally, a prolonged HBpin synthesis reaction 

(Table 1.3 entry 3) and excess of this same reagent (Table 1.3 entry 5), proved to 

be advantageous for increasing the product yield. The addition of freshly 

synthesised HBCy2 in a separate vessel can also be used (instead of its in situ 

synthesis) if DMSB is used in stoichiometric quantity without affecting the yield 

of the reaction. 

1.5.11 Dialkoxyborane: New Hydroborating Agent 

A hydroboration of an alkyne with the metastable intermediate HB(OR)2 (2INT), 

then ligand exchange with N-methyliminodiacetic acid (MIDA), was envisioned as 

a plausible route to generate MIDA boronate esters, R’B(MIDA), under very mild 

conditions (Scheme 1.13), substrates that have proved their synthetic value in 

recent years. 
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Scheme 1.13 – Proposed multistep synthetic route for the synthesis of MIDA 
boronate ester E-4MIDA, involving the generation of 2INT in situ (step i), addition 

of catalyst and substrate 3 (step ii) and lastly, ligand exchange (step iii). 

9-Borabicyclo[3.3.1]nonane (9-BBN) was chosen as alternative catalyst due to 

HBCy2 proved to be not effective towards catalysing the alkyne hydroboration 

when 2INT was used as hydroborating agent. Preliminary reactions with 2INT as 

hydroborating agent were performed, NMR yields of 22 and 15% of E-4(OEt)2 were 

obtained after 24 hours when 10 and 20 mol% of 9-BBN were used respectively 

(Scheme 1.14). A few unidentified species were observed by 19F NMR analysis in 

small quantities. On the contrary, the unreacted starting material always 

represented the major compound in the crude reaction mixture, up to 67% of the 

total yield. Addition of MIDA ligand to the reaction catalysed by 10 mol% of 

9-BBN decreased the NMR yield from 22 to 15% with no appreciable appearance 

of the desired R’B(MIDA) product E-4MIDA. 

 

Scheme 1.14 – Reaction conditions for synthesis of E-4(OEt)2 by 9-BBN 

catalysed hydroboration of 3. 

Due to unsuccessful MIDA ligand exchange from above-mentioned results, an 

analogous substrate of 3 was synthesised from its corresponding boronic acid. 

Compound 5(OEt)2 was used to test whether a simple transesterification would take 

place by subjecting the substrate to a solution containing free MIDA in slight 
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excess (1.1 equiv.) (Scheme 1.15), ruling out low failure of obtaining product 5MIDA 

due to low concentration of substrate present in the mixture or inhibitory effects 

from being in a more complex reaction environment. 

 

Scheme 1.15 – Reaction conditions for MIDA ligand exchange from diethoxy 

phenyl boronate 5(OEt)2. 

Ligand exchange proved to be unsuccessful from substrate 5(OEt)2 as no observable 

change on species was detected over time. Different individual reactions were set 

up in toluene to try to improve solubility, no product was observed at 23 or 50 °C; 

the addition of DMF to one of these reactions completely solubilised the ligand but 

protodeboronated the substrate making it unsuitable for the desired reaction. 

Another approach to obtain alkenyl MIDA boronate E-4MIDA ester was from its 

corresponding alkenyl boronic acid E-4(OH)2 via condensation with 1.2 equiv. of 

MIDA (Scheme 1.16). A reaction was set up and monitored by in situ 19F NMR 

spectroscopy reaching 92% conversion in ~23 hours as shown in Figure 1.29. 

 

Scheme 1.16 – Simple reaction conditions for obtaining alkenyl MIDA 

boronate ester E-4MIDA from its corresponding alkenyl boronic acid E-4(OH)2. 
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Figure 1.29 – Temporal concentration profile for condensation reaction 

between alkenyl boronic acid E-4(OH)2 and MIDA monitored by 19F NMR (red: 
E-4(OH)2, blue: E-4MIDA). Conditions: [E-4(OH)2]0 = 0.05 M, [MIDA]0 = 0.06 M in 

DMF at 40 °C. 

Despite being able to obtain the desired product (not isolated), this alternate 

procedure provided no real advantage from the commonly used route to synthesise 

E-4MIDA. First, alkenyl pinacol boronic ester needs to be obtained by hydroboration 

of 4-fluorophenylacetylene 3 with HBpin, followed by deprotection with sodium 

periodate (NaIO4) and HCl, a step that is preferably avoided as this reaction yielded 

low amounts of the corresponding boronic acid and harsher conditions are often 

required to increase the yield. 
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Chapter 2 Borane-catalysed 
Alkyne Hydroboration  
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2.1 Organoboron Derivatives 

2.1.1 Introduction 

Organoboron derivatives have become truly essential within the past few decades. 

Their use has spread out not only in organic chemistry but also in medicinal 

chemistry to a point where it has greatly affected the way organic chemists envisage 

the construction of C−C bonds, this due to the unique reactivity of the C−B bond 

present in these types of molecules. 

Brown and co-workers discovered the addition of diborane (B2H6) to alkenes in 

ethereal solvents to form trialkylboranes1 and the synthesis of an alkylborane from 

an alkene using NaBH4/AlCl3, NaBH4/BF3 or diborane itself.84 Since then, an 

ongoing interest in this reaction led to development of functional group 

transformations and C−C bond forming reactions that utilised mono-, di-, trialkyl 

and alkenylboranes. This contribution of organoboron chemistry to organic 

chemistry was recognised with two Nobel Prizes awarded in 1979 to Herbert C. 

Brown and in 2010 to Akira Suzuki; both well known for their influence in the 

development of new synthetic tools for the introduction of boron atoms into organic 

molecules that make several unique functional group transformations possible. 

2.1.2 Background 

Diborane is the simplest borane reagent and is a strong Lewis acid; it forms a stable 

complex with BH3 with any Lewis base (being dimethyl sulfide and 

tetrahydrofuran the most common ones). On the contrary, of all the hydroboration 

reagents in both catalysed and uncatalysed hydroboration reactions, catecholborane 

and pinacolborane are amongst the most commonly dialkoxyboranes employed, 

both achieving widespread use in organoboron chemistry. Some other commonly 

used hydroborating agents are shown in Figure 2.1. 
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Figure 2.1 – Most commonly used hydroborating reagents. 

Generally speaking, there are some predictable characteristics when borane reacts 

with alkenes and alkynes.85 Addition of H and B to the π-bond of an alkene or 

alkyne occurs rapidly and quantitatively in most cases, that furnish an alkylborane 

or an alkenylborane, respectively. The reaction proceeds by cis-addition of H and 

B via a four-centre transition state. The boron adds regioselectively to give the 

major product with boron at the less sterically hindered position (anti-Markovnikov 

addition), in the case of bicyclic and polycyclic alkenes, the boron adds 

stereoselectively to the less sterically hindered face. Hydroboration proceeds 

without skeletal rearrangement at normal temperatures. 
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Experiments have shown that there is no intermediate of the hydroboration, so in 

order to explain the regioselectivity observed in this reaction, transition states must 

be examined. As shown in Scheme 2.1, π-electrons of the alkyne can attack the 

borane (being electrophilic) thus leaving either the substituted or the terminal 

carbon of the alkyne electron deficient. The transition state in path a is favoured 

due to the stabilising effect of the alkyl substituent, having lower energy. 

Contrastingly, path b has an important steric interaction between the BH2 moiety 

of the borane and the single alkyl group leading to a higher transition state. 

Ultimately, path a is favoured over path b providing the cis-addition product with 

>90% selectivity.86 

 

Scheme 2.1 – Regioselectivity of the uncatalysed hydroboration. 

Contrariwise, an ever increasing number of mechanisms of newly developed 

catalysed hydroboration reactions have been reported. 

2.2 Hydroboration of Alkynes 

2.2.1 Metal-free Hydroborations 

The uncatalysed cis-hydroboration of terminal alkynes is a straightforward, 

well-understood reaction that has been thoroughly reviewed.87,88 The 

aforementioned characteristics, when borane reacts with alkynes, are however 

altered when unhindered borane reagents are used. This commonly leads to a 
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mixture of mono- and diborylated products as well as regioisomers as unhindered 

boranes generally add to alkynes twice. Another factor that can also affect the 

regioselectivity is the nature of the solvent as well as the substituents on the C−C 

triple bond.89 

Woods and co-workers reported the first hydroboration of alkynes in 1966.90 

4,4,6-trimethyl-1,3,2-dioxaborinane was used for the trans-hydroboration of 

alkynes where heating to 210 °C and 3 days were needed to obtain decent yields 

(Scheme 2.2). 

 

Scheme 2.2 – trans-Hydroboration of terminal alkyne with 4,4,6-trimethyl-

1,3,2-dioxaborinane. 

Brown and Gupta introduced catecholborane (HBcat) in 1972. Prepared from a 

simple reaction between catechol and THF·BH3 (THFB), it was shown that HBcat 

efficiently promotes the mono-hydroboration of alkynes at 70 °C (Scheme 2.3).91,92 

Alkenylcatecholboronates were obtained in near quantitative yields with high 

regioselectivities, internal alkynes usually taking longer than terminal alkynes to 

reach full conversion. 

 

Scheme 2.3 – Alkyne hydroboration with catecholborane. 

Regardless its extensive use in hydroboration reactions, HBcat is nonetheless air 

and moisture sensitive and difficult to purify.93 Additionally, HBcat is also prone 

to decomposition leading to uncontrolled hydroboration products,94,95 and when a 
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transition metal is used to catalyse the reaction, the reaction media is even more 

complicated.96 Brown and co-workers also studied the mono-hydroboration of 

terminal and internal alkynes with different dialkylboranes (HBR2).97 The steric 

requirements of the dialkylborane and temperature were particularly important, 

playing an essential role for an effective mono-hydroboration. 

These disadvantages were however overcome by the work of Knochel and 

co-workers when they reported the use of pinacolborane (HBpin) as an alkyne 

hydroborating agent in 1992.36 While HBcat needs high temperatures to react, 

HBpin is able to hydroborate both internal and terminal alkynes under milder 

conditions affording good yields (Scheme 2.4). Is worth mentioning that HBpin 

does not react with alkynes at room temperature, contrary to what Knochel 

published, at the time, catalytic impurities (e.g. BH3) were present in the prepared 

samples that were responsible for the reactivity found. Nevertheless, HBpin has a 

high functional group tolerance, a good regio- and stereoselectivity furnishing 

(E)-boronates, and most importantly, pinacol esters are stable to chromatography 

and are insensitive to air and moisture.  

 

Scheme 2.4 – General mechanism of uncatalysed hydroboration with 

pinacolborane. 

First reported by Vaultier and co-workers,47 the use of diisopinocampheylborane 

(Ipc2BH) as hydroborating agent, has helped to overcome some cases where 

uncatalysed hydroboration has met mixed successes.98,99 Ipc2BH has some 

attractive features including the inertness to many functional groups (except 

aldehyde and ketone carbonyls), high regioselectivity resulting from its bulkiness 

and the ease of dealkylation to the boronic esters under neutral conditions. Miyaura 

and Suzuki used this latter property to achieve the selective synthesis of 
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functionalised 1-alkenylboronates in cases where they are not readily available, e.g. 

alkynes having electron-withdrawing groups attached directly to the triple bond or 

placed at the propargylic carbon.100 For the total synthesis of apoptolidin A, Roush 

and co-workers used Ipc2BH managing to generate the needed vinylborane via a 

chemoselective hydroboration of a diyne where both HBpin and HBcat proved to 

be unsuccessful using the same reaction conditions (Scheme 2.5).101  

 

Scheme 2.5 – Chemoselective hydroboration with diisopinocampheylborane. 

Di(isopropylprenyl)borane was introduced by Snieckus and co-workers in 2003. 

Synthesised in situ, this organoborane reagent afforded swift access to 

alkenylboronic acids with a high diastereoselectivity (Scheme 2.6).102 The 

alkenylboronic acid was hydrolysed without isolation followed by further 

transformations to produce alkenyl boronic acid derivatives. Similarly, this 

synthetic route proved to be very effective for additional reactions to generate 

trifluoroborates from the corresponding alkenylboronic acids.103 

 

Scheme 2.6 – Alkyne hydroboration with di(isopropylprenyl)borane. 

Chiral boronate esters have been explored in the field of uncatalysed hydroboration 

of terminal alkynes. Pietruszka and co-workers designed a chiral 

1,3,2-dioxaborolane capable of hydroborate terminal alkynes affording chiral 
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boronate esters, which can direct stereochemistry of subsequent transformations on 

the vinylboronate, e.g. cyclopropanation (Scheme 2.7).104 

 

Scheme 2.7 – Alkyne hydroboration with chiral dioxaborolanes. 

2.2.1.1 Borane-catalysed Hydroborations 

In 1995, Arase and co-workers reported a dicyclohexylborane (HBCy2) catalysed 

hydroboration of alkynes with HBcat;105 then in 1997, Hoshi and co-workers used 

the same catalytic system (HBCy2) to perform hydroboration of 1-halo-1-alkynes 

with 9-borabicyclo[3.3.1]nonane (9-BBN).37 It is also shown that carrying the same 

reactions without catalytic amounts of HBCy2 proceeded sluggishly under usual 

hydroboration conditions. It was until 2004 when Hoshi and co-workers described 

that (E)-1-alkenylboronic acid pinacol esters could be obtained via a boron to boron 

alkenyl group transfer,38 the higher reactivity of dialkylboranes over 

dialkoxyboranes was suggested to explain the catalytic process, though no 

evidence for the claimed transborylation mechanism was presented. Nevertheless, 

hydroboration of terminal alkynes with HBpin in the presence of a catalytic amount 

of HBCy2 at room temperature under neat conditions, led to the desired pinacol 

ester products (Scheme 2.8). 

 

Scheme 2.8 – Alkyne hydroboration with pinacolborane catalysed by 

dicyclohexylborane. 
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Since then, this dicyclohexylborane-catalysed hydroboration has been used in 

several total syntheses as well as to obtain diverse (E)-1-alkenylboronic acid 

pinacol esters needed for further synthetic modifications, highlighting the 

importance and ease of this economic synthetic tool.106–111 

Stephan and Glorius demonstrated in 2016 that Piers’ borane (HB(C6F5)2), used in 

catalytic amounts, efficiently converted phenyl acetylene derivatives and terminal 

alkynes into the corresponding (E)-1-alkenyl boronic esters (Scheme 2.9).112 

HB(C6F5)2 acts as pre-catalyst generating a 1,1-diborylated species which are the 

active catalytic species ultimately responsible of the syn-1,2-hydroboration of 

alkynes. Substrates with strongly coordinating functionalities such as 

dimethylamino moieties and alkynes bearing aldehyde or aliphatic ester groups 

were not tolerated. 

 

Scheme 2.9 – Alkyne hydroboration with pinacolborane catalysed by 

Piers’ borane. 

In 2017, Melen and co-workers reported a catalytic protocol for the hydroboration 

of multiple bonds, including alkynes, where tris(2,4,6-trifluorophenyl)-borane 

(2,4,6-BArF
9) was used as catalyst and HBpin as the hydroborating agent (Scheme 

2.10).113 This procedure displayed selective hydroboration of the terminal triple 

bond over the internal unit when a diyne featuring both alkyne groups was used as 

a substrate. Notably, the use of asymmetric internal alkynes led to a single 

regioisomer, which sometimes it can represent an issue in some other catalytic 

systems. Most hydroborations were carried out under 24 hours except in the case 

of sterically encumbered diphenylacetylene that required 7 days to achieve 

moderate yields. 
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Scheme 2.10 – Hydroboration of alkynes with pinacolborane catalysed by 

tris(2,4,6-trifluorophenyl)-borane. 

Simple, commercially available borane adducts, THF·BH3 (THFB) and Me2S·BH3 

(DMSB), have been also reported to catalyse the hydroboration of alkenes and 

alkynes with HBpin to give the alkyl and alkenyl boronic esters respectively with 

excellent control of regioselectivity (Scheme 2.11).114 Slightly higher catalyst 

loadings, longer reaction times and increased temperatures were needed to achieve 

good yields. A slight decrease in regiocontrol was observed with benzyl substituted 

alkynes which worsens when internal alkynes are subjected to hydroboration. 

 

Scheme 2.11 – Alkene and alkyne hydroboration with pinacolborane catalysed 

by THFB or DMSB. 

2.2.1.2 Hydroborations mediated by N-heterocylic Carbenes 

A highly regioselective N-heterocyclic carbenes (NHC)-catalysed hydroboration 

with bis(pinacolato)diboron (B2pin2) of terminal alkynes was reported by Sun and 

co-workers in 2013 (Scheme 2.12).115 The reaction requires a base to activate the 

NHC precursor and a protic solvent to provide the necessary proton for the 

addition, and it can be carried out without oxygen/moisture free environment. An 

example of an internal alkyne was also reported to undergo successful 

hydroboration though higher temperatures were needed. 
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Scheme 2.12 – Hydroboration of alkynes with bis(pinacolato)diboron 

catalysed by N-heterocyclic carbene. 

2.2.1.3 Acid- and Base-catalysed Hydroborations 

A carboxylic acid-catalysed hydroboration of alkynes with HBpin was reported in 

2014 (Scheme 2.13).116 Both terminal and internal alkynes afforded the 

corresponding products in high yields with exclusive regio- and stereoselectivities. 

A series of organic acids successfully catalysed the reaction although some strong 

acids, like trifluoroacetic acid decreased the yield. Moreover, strongly Brønsted 

acidic triflic acid resulted in decomposition without furnishing the desired product. 

Notably, benzoic acids with an electron-donating group at the para-position of the 

benzene ring showed a remarkably high catalytic activity, being 

4-(dimethylamino)benzoic acid the optimum catalyst. The use of nonpolar solvents 

is preferred for obtaining high yields and other hydroborating agents, 9 -BBN and 

HBcat, are incompatible with this procedure. 

 

Scheme 2.13 – 4-(Dimethylamino)benzoic acid-catalysed hydroboration of 

alkynes with pinacolborane. 

In 2016, Yao and Deng published a ligand free hydroboration of terminal alkynes 

with B2pin3 where alkynes were directly activated by base, from which LiOtBu 

provided the best yields (Scheme 2.14).117 Arylalkynes gave better yields than 

alkylakynes regardless of having either electron-withdrawing or electron-donating 
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groups at the para-position. Replacing the cation of the base to NaOtBu decreased 

the yield significantly, thus suggesting Li plays an important role in the reaction 

operating mechanism. 

 

Scheme 2.14 – Lithium tert-butoxide-catalysed hydroboration of alkynes with 

bis(pinacolato)diboron.  

A catalytic hydroboration of alkenes and alkynes initiated by NaOH was reported 

in 2017 (Scheme 2.15).118 HBpin and 9-BBN were used to form adducts with 

nucleophiles, leading to the weakening of the B−H bond which ultimately enhances 

their hydride character thus facilitating the hydroboration processes. Steric 

hindrance affects the reaction yields as proved by the low yields obtained when 

ortho-substituted phenylacetylenes were used, additionally, more challenging 

hydroborations (e.g. diphenylacetylene or methyl-3-phenylpropiolate) only gave a 

trace amount of the desired products even at high temperatures. 

 

Scheme 2.15 – Sodium hydroxide-catalysed alkene and alkyne hydroboration 

with pinacolborane. 

2.2.1.4 Hydroboration of Alkynes Mediated by Borenium Cations 

Curran and co-workers reported in 2013 the hydroboration of silylalkynes by 

borenium shown in Scheme 2.16. The catalyst can be generated in situ by using 

iodine or triflimide as the activator to afford the mono- or the dihydroboration 

products, depending on the structure of the substrate.119 
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Scheme 2.16 – Hydroboration of silylalkynes by borenium. 

In 2016, Ingleson and co-workers reported a highly selective catalytic 

trans-hydroboration of alkynes with 9-BBN catalysed by borenium cations 

(Scheme 2.17).120 The rationale for this procedure is that by using an appropriate 

borenium cation, the alkyne could be activated then followed by intermolecular 

hydride transfer from a borane to the less hindered face of the intermediate giving 

the desired product. Although this protocol affords the desired products, a careful 

sequence of reagent additions and pre-synthesis of the borenium (sometimes taking 

up to 48 hours) are required. 

 

Scheme 2.17 – Hydroboration of alkynes with 9-borabicyclo(3.3.1)nonane by 

borenium cations. 

2.2.2 Metal-catalysed Hydroborations 

Knochel’s pioneering work was an essential influence that led the way to new 

developments in the field of alkyne hydroboration and, some years later, the work 

had expanded at a point where novel reports of transition metal -catalysed 

hydroboration started to be published. 

The wide range of metal complexes that catalyse alkyne hydroboration include 

zirconium (Zr)31,121,122, rhodium (Rh)123–129 and copper (Cu),130,131,140–
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149,132,150,151,133–139 being these the most generally utilised. Some other less 

commonly used transition metals are nickel (Ni),93,123,152  iridium (Ir),124,153–156  

ruthenium (Ru),157,158  iron (Fe),159–162 gold163,164 and earth-abundant metal 

aluminium (Al).165–167  

2.2.2.1 Zirconium-catalysed Hydroborations 

Pereira and Srebnik found that a catalytic amount of Schwartz’s reagent 

(Cp2ZrHCl) could make the reaction proceed at room temperature in the presence 

of a slight excess of HBpin.31 In general, the alkenylboronates were obtained with 

a good E-selectivity, except in the case of alkynes with oxygen in their structure, 

which appear to promote a larger amount of the (Z)-alkenylboronate. 

This difference in stereoselectivity is thought to occur due to the stabilisation of 

the pseudo Z intermediate through a Zr−O interaction happening after the initial 

hydrozirconation (Scheme 2.18). Transmetallation and hydride exchange then 

regenerates the catalyst to afford the alkenylboronate. 

 

Scheme 2.18 – General mechanism for the hydroboration of alkynes with 

pinacolborane catalysed by Schwartz’s reagent. 

Wang and co-workers improved this protocol by performing the reaction at higher 

temperatures (60 °C) by adding NEt3.122 These changes allowed to use 

oxygen-containing alkynes such as ethers and silylethers while maintaining high 

yields and good E-selectivities (Scheme 2.19). 
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Scheme 2.19 – Alkyne hydroboration with pinacolborane catalysed by 

Schwartz’s reagent. 

2.2.2.2 Rhodium-catalysed Hydroborations 

Pereira and Srebnik reported the first rhodium-catalysed hydroboration of 

alkynes.123 The replacement of one triphenylphosphine ligand from Wilkinson’s 

catalyst with carbon monoxide, Rh(CO)(PPH3)2Cl, provided excellent yields and 

good anti-Markovnikov selectivity regardless of the substituent pattern on the 

alkyne (Scheme 2.20). If Wilkinson’s catalyst was used, Rh(PPH3)3Cl, low 

stereoselectivities were obtained suggesting that the selectivity in the 

metal-catalysed hydroborations was clearly influenced by the nature of the ligands. 

 

Scheme 2.20 – Rh-catalysed alkyne hydroboration with pinacolborane. 

Miyaura and co-workers did some mechanistic investigation and discovered that a 

complete reversal of selectivity could be achieved in the presence of a Rh(I)−P( iPr)3 

complex and NEt3. Excess of both the alkyne and NEt3 over the borane reagent are 

needed to obtain highly pure (Z)-alkenylboronate with good yields.124 Also playing 

a major role are the steric and electronic effects of P( iPr)3.  

A completely different catalytic cycle was proposed based on deuterium labelling 

experiments that involves the formation of the vinylidene complex stabilised by 

the phosphine ligand. As shown in Scheme 2.21, the oxidative addition of a B−H 

bond to the coordinatively unsaturated metal centre is followed by alkene 

coordination, insertion and hydride migration onto the coordinated alkene. A 

subsequent reductive elimination furnishes the B−C bond. 
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Carbo and Fernandez, based on DFT and quantum mechanical/molecular 

mechanical ONIOM calculations, proposed a sequence of vinylidene insertion into 

the Rh−H bond followed by reductive elimination of the C−B bond (Scheme 2.21, 

dashed pathway).125 

 

Scheme 2.21 – Mechanism leading to (Z)-alkenylboronate proposed by 

Miyaura and alternative mechanism proposed by Carbo and Fernandez 

(dashed pathway). 

2.2.2.3 Copper-catalysed Hydroborations 

Miyaura and co-workers introduced the copper-catalysed hydroboration of 

alkynes. Reactions were carried out in the presence of CuCl, AcOK and B2pin2 and 

provided the 2-alkenylboronate species preferentially.130 Mechanistic studies 

suggested the formation of a [Cu(Cl)OAc]K complex, which cleaves the B−B bond 

of B2pin2 and leads to a free borylcopper species (Scheme 2.22). The 

metalloboration followed by the hydrolysis eventually affords the 

(Z)-alkenylboronate. 
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Scheme 2.22 – Generation of borylation reagent by reaction of 

bis(pinacolato)diboron with CuCl and AcOK. 

A mechanism for the copper-catalysed formation of alkenylboronates substituted 

by an alkoxycarbonyl group starting from acetylenic esters was proposed by 

Lipshutz and co-workers.139 The reaction provides both good yields and good 

stereoselectivities for (Z)-alkenylboronates independently of the substituents on the 

alkyne (alkyl, aryl, silylether, etc.). The alkyne undergoes a 1,2 addition of CuH 

forming a carbon-bound copper intermediate rather than an oxygen-bound 

intermediate, being the latter significantly less stable by 29.5 kcalmol -1, according 

to high-level ab initio calculations. followed by transmetallation with 

pinacolborane to furnish the desired product (Scheme 2.23). 

 

Scheme 2.23 – Catalytic cycle of the hydroboration of acetylenic ester 

catalysed by PPh3CuH. 

Yun and co-workers reported a copper-catalysed addition of B2pin2 to 

α,β-acetylenic esters (Scheme 2.24).140 The reaction takes advantage from the 

copper-phosphine catalyst, which allows the stereoselective synthesis of 

β-borylated-α,β-ethylenic esters. First, the phosphine ligated copper boryl complex 

adds to the ester and the resulting copper enolate reacts with MeOH to yield the 

protonated product along with the copper alkoxide. The latter then regenerates the 

active catalyst by reacting with B2pin2. 
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Scheme 2.24 – Copper-catalysed hydroboration of acetylenic ester with 

bis(pinacolato)diboron and its mechanism. 

2.3 Aims 

Boronic acid pinacol esters are ubiquitous in Suzuki-Miyaura cross-coupling, 

offering a more air- and bench-stable alternative to boronic acids. The preparation 

of alkenyl boronic acid pinacol esters by the hydroboration of alkynes has been 

exploited using transition metal as catalysts. Diverse complex mechanisms have 

been proposed for these reactions, and special importance should be given that the 

mechanism varies, or completely changes, when using different metals, ligands or 

additives in the reaction mixture. 

The synthesis of (E)-alkenyl boronic acid pinacol esters by the hydroboration of 

1-alkynes with pinacol borane occurs readily in the presence of catalytic 

dicyclohexylborane. A simplistic mechanism has been proposed by Hoshi and 

co-workers without experimental evidence, and despite its diverse and extensive 

application, a thorough investigation has yet not been conducted. 
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Therefore, the aim of the project consists in establishing a kinetic profile for all 

components of the transformation of phenylacetylene to its corresponding 

cis-hydroborated product catalysed by dicyclohexylborane. Additionally, to 

conduct stoichiometric studies employing isotopic labelling to characterise key 

steps of the borane-catalysed hydroboration reaction. 
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2.4 Results and Discussion 

2.4.1 Initial Mechanistic Studies 

2.4.1.1 Hydroboration of 4-Fluorophenylacetylene with Pinacolborane 
Catalysed by Dicyclohexylborane 

A standard reaction model was used for studying the boron-catalysed alkyne 

hydroboration reaction mechanism. For these kinetic experiments, a modified 

procedure of the originally reported reaction by Hoshi in 2004 was employed.38 

Changes include catalyst synthesised in situ prior addition of any other reagent, 

increased concentration in order to obtain a faster reaction to be monitored on a 

timescale amenable to measurement and dioxane/CHCl3 (100:1) was used as 

solvent as this mixture was found to help stabilise disubstituted borane species (as 

discussed previously in Chapter 1 and corroborated from HBpin stability 

experiments showed in 2.4.2 on page 80). 4-Fluorophenylacetylene 3 was chosen 

as standard substrate allowing the reaction to be monitored by 19F NMR 

spectroscopy without using deuterated solvents.  

 

Scheme 2.25 – Standard reaction conditions used to investigate the kinetic 
profile of HBCy2-catalysed alkyne hydroboration; [3]0 = 0.6 M, [HBpin] = 0.6 M, 

[HBCy2] = 0.04 M and [1-fluoronaphthalene] = 0.256 M (IS). 

The reaction reached completion within 5 h when carried out at 0.6 M in 

dioxane/CHCl3 (100:1) at 23 °C with 6.8 mol% catalyst loading (Scheme 2.25). 

Temporal concentrations were calculated relative to the 1fluoronaphthalene 

internal standard (IS) signal in the 19F NMR spectra. 
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Figure 2.2 – 19F NMR spectra recorded during the boron-catalysed 
hydroboration showing the substrate (3) and product (E-4pin) in addition to: a) 

The intermediate E-6Cy2 present while the reaction is ongoing and the 
iso-intermediate (iso-6Cy2); and b) The double addition side-product (7pinCy2) 

appearing after the reaction has finished. Peaks are referenced against IS 

1-fluoronaphthalene. 

Typical spectra from an ongoing reaction are shown above in Figure 2.2 where five 

clearly resolved peaks, excluding the IS, can be distinguished. These  fluorinated 

species correspond to the substrate (3), intermediate (E-6Cy2), product (E-4pin) and 
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side-products (iso-6Cy2 and 7pinCy2) of the reaction, all having distinct chemical 

shifts. 

High conversion of the alkenyl boronate product was obtained with minimal 

formation of side-products that was always limited by the catalyst loading. Higher 

formation of side-products was observed at higher catalyst loadings thus reflected 

on the product yield; this contradictious effect is explained in depth later 

(Section 2.4.3). 

From this initial mechanistic study, and as shown in Figure 2.3, a clean 

consumption of the alkyne 3 was observed and the corresponding increase of 

product E-4pin. A transient species was also observed increasing at the beginning 

of the reaction after a short induction period linked to reactive dissolution of the 

catalyst suspension. Increasing the catalyst loading raised the formation of this 

alkenylborane species. The transient intermediate started to fade away just after the 

substrate had been totally consumed. This species was identified as the 

intermediate E-6Cy2, anti-Markovnikov addition of HBCy2 into the triple bond with 

high regio- and stereochemistry as found by Hoshi,38 whereas Markovnikov 

addition of the catalyst into the triple bond gave rise to an inactive iso-intermediate 

species iso-6Cy2, that sequestered a small percentage of the active catalyst. 

Interestingly, an unwanted species corresponding to a double addition  side-

product, present in low concentrations, only significantly rises after total 

consumption of the substrate, showing the high selectivity of HBCy2 towards a 

triple bond over a double bond. Diboryl 7pinCy2 was consistently generated in 

quantities directly proportional to the catalyst loading. 
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Figure 2.3 – Temporal concentration profile for hydroboration of 3 by HBCy2, 

monitored by 19F NMR spectroscopy (blue circles: 3, outlined green circles: 
E-4pin, red diamonds: E-6Cy2, purple crosses: iso-6Cy2, orange triangles: 
iso-6Cy2). Conditions: [3]0 = 0.6 M, [HBpin] = 0.6 M, [HBCy2] = 0.04 M and 

[1-fluoronaphthalene] = 0.256 M in dioxane/CHCl3 (100:1) at 23 °C. 

2.4.1.2 Hydroboration of 4-Fluorophenylacetylene with Pinacolborane 
Catalysed by Dimethyl Sulfide Borane 

In order to assess the effectiveness of HBCy2 as catalyst against a background 

reaction arising from remaining dimethyl sulfide borane (DMSB), a reaction where 

the catalyst was replaced with DMSB, was performed (Scheme 2.26). 

 

Scheme 2.26 – Reaction conditions used to investigate the degree of 
background hydroboration generated by DMSB; [3]0 = 0.6 M, [HBpin] = 0.6 M, 
[DMSB] = 0.06 M and [1-fluoronaphthalene] = 0.26 M (IS) in dioxane/CHCl3 

(100:1) at 23 °C. 

A similar kinetic profile was obtained (Figure 2.4), and even though the 

hydroboration took place without catalyst, there was a significant difference, the 

DMSB-catalysed reaction was approximately 14 times slower than the catalysed 
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by HBCy2. A reaction without HBCy2 or DMSB was carried out and no product 

was observed after 24 h, proving no hydroboration by HBpin takes place at 23 °C 

under the tested conditions without the aid of another boron species. 

 

Figure 2.4 – Temporal concentration profile for hydroboration of 3 catalysed 

by DMSB, monitored by 19F NMR spectroscopy (blue circles: 3, outlined green 
circles: E-4pin, red diamonds: E-6Cy2, purple crosses: unidentified side-
product). Conditions: [3]0 = 0.6 M, [HBpin] = 0.6 M, [DMSB] = 0.06 M and 

[1-fluoronaphthalene] = 0.26 M in dioxane/CHCl3 (100:1) at 23 °C. 

This background reaction was omitted for the purposes of mechanistic studies and 

kinetic modelling; in every kinetic monitoring of the hydroboration reaction, 

cyclohexene was used in slight excess to quench any DMSB left thus ensuring any 

background reactivity from it should be negligible. 

2.4.2 Stability of Pinacolborane Solution 

To probe the stability of pinacolborane in the chosen solvent mixture for the alkyne 

hydroboration, a series of pinacolborane solutions were prepared and monitored by 

11B NMR spectroscopy at room temperature over time to follow their 

decomposition in a semi-quantitative manner. Results are shown in Table 2.1. 
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  HBpin (%) 

Day Date 
Dioxane/CHCl3 

(100:1) 
Dioxane CHCl3 

0 16/07/2018 98.2 97.3 97.9 

1 17/07/2018 98.3 95.0 98.0 

2 18/07/2018 98.0 94.3 97.9 

3 19/07/2018 98.2 93.4 97.3 

4 20/07/2018 98.1 93.1 97.0 

5 21/07/2018 97.2 92.6 96.5 

6 22/07/2018 98.2 92.4 96.6 

31 16/08/2018 97.4 90.6 95.2 

34 19/08/2018 96.7 90.1 94.9 

38 23/08/2018 97.8 89.8 94.9 

48 02/09/2018 97.4 89.9 95.2 

59 13/09/2018 96.9 89.9 95.1 

Table 2.1 – Percentage of HBpin remaining after monitoring three independent 
HBpin solutions (0.65 M) in dioxane, CHCl3 and dioxane/CHCl3 (100:1), over 

59 days under N2. 

Pinacolborane solution made in dioxane presented the highest decomposition with 

10.1% loss, followed by the one in CHCl3 with only 4.9%; while this loss of 

reactant is not significant over almost a two month period, a mixture of both 

solvents in the chosen ratio (dioxane/CHCl3, 100:1), appreciably helped to stabilise 

HBpin: only 3.1% loss was observed in this case. As it can be seen qualitatively in 

Figure 2.5, the degradation of the borane gave rise to a peak that grew over time 

corresponding to B2pin3.168 From these results it can be appreciated the positive 

effect the combination of solvents have towards the course of the reaction, 
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providing a stable environment towards the reactants in the case of a prolonged 

monitoring of the reaction is required or for any particular synthetic purposes. 

 

Figure 2.5 – Stacked spectra showing decomposition of pinacolborane 

solutions over time (green: dioxane/CHCl3 (100:1), blue: dioxane, red: CHCl3). 

2.4.3 Irreversibility of Product and Side-product Formation 

A cross-over experiment was carried out to verify the transborylation step 

(intermediate → product) was irreversible, Additionally, it provides evidence to 

confirm if the last step on the cycle, double addition side-product formation, was 

also irreversible. 

As shown in Scheme 2.27, a catalytic reaction employing [D4]-3  (1 equiv.) was set 

up and allowed to reach completion. At this point, additional 1  equiv. of a 

differently labelled product, [H4]E-4pin, was then added into the reaction along 

with extra catalyst, resulting in a cross-over of species both giving rise to a mixture 

of double addition side-products 7pinCy2. The variation on all the differently labelled 
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species were monitored by 19F NMR spectroscopy. Corroboration about the 

irreversibility of the product formation is given by the same experiment. 

 

Scheme 2.27 – Cross-over experiment. Conditions: [D4-3]0 = 0.62 M, 
[HBpin] = 0.79 M, [HBCy2] = 0.06 M, [1-fluoronaphthalene] = 0.25 M (IS) in 

dioxane/CHCl3 (100:1) at 23 °C. Further [H4-E-4pin]0 = 0.23 M and 
[HBCy2] = 0.11 M were added along with additional solvent. Note that initial 

concentrations have changed after being diluted by the second addition of 

reagents. 

Once the reaction using [D4]-3 has reached completion (“End point” in Figure 2.6), 

[H4]E-4pin along with HBCy2 were added. No rise in the concentration of the 

intermediate was observed, neither the D4 nor H4 labelled, corroborating there is 

no backward reaction once the transborylation has occurred. Notably, there is a 

consumption of both products, [D4]-3 and [H4]-3, this can only be attributed to the 

excess HBCy2 added confirming it will add to a double bond present in the product 

if deprived from any other source of triple bond. Correspondingly, there is a rise in 

the already present double addition side-product [D4]-7pinCy2 and the analogous 

appearance of double addition side-product [H4]-7pinCy2. Moreover, neither 

[D4]-E-6Cy2 nor [H4]-E-6Cy2 were observed after addition of the extra catalyst, 
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meaning there is no backward reaction that could give rise to any intermediate, 

agreeing with previously discussed results. 

 

Figure 2.6 – Partial temporal conversion profile for hydroboration of [D4]-3 by 
HBCy2, monitored by 19F NMR spectroscopy; “End point” tag marks the 

beginning of the cross over experiment (blue circles: [D4]-3, green circles: 
[D4]-E-4pin, red diamonds: [D4]-E-6Cy2, purple crosses: [D4]-iso-6Cy2, orange 
triangles: [D4]-7pinCy2, black filled circles: [H4]-E-4pin, black filled triangles: 

[H4]-7pinCy2). 

2.4.4 Productivity of the Intermediate 

The kinetic data presented in 2.4.1.12.4.1 on page 7976 suggests the presence of 

an intermediate during the reaction but it does not discriminate between this species 

being peripheral to the productive catalytic cycle (Scheme 2.29, case A) or an 

integral part of it (cases B−D). In order to distinguish between these four 

possibilities, an isotopic entrainment experiment was carried out. 

Preparation of [D4]-3, in which the aromatic ring is perdeuterated results in an 

upfield shift of 0.5 ppm in the 19F NMR signal of [D4]-3, relative to 3, and as well 

as any other species produced as a result of its reaction. As depicted in Scheme 

2.28, a catalytic reaction employing [H4]-3 (0.5 equiv.) was allowed to evolve until 

[H4]-intermediate has reached its maximum concentration. At this point, further 

0.5 equiv. of a differently labelled substrate, [D4]-3, was then immediately added, 

resulting in an isotopic perturbation of the system. At the point that [D4]-3 is added, 
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there has been 26% net conversion of [H4]-E-4pin. However, neither of the products 

(E-4pin or E-6Cy2) yet contain any of the deuterium label: all of this resides in 

unreacted [D4]-3. The key features are the changes in [D4]-population in the 

substrate 3, and entrainment into the intermediate E-6Cy2, and product E-4pin as the 

reaction evolves. This experiment was also useful to obtain additional information 

as the deuterium incorporation also occurs in the iso-intermediate iso-6Cy2 and, 

after the reaction has finished, in the double addition side-product 7pinCy2; this is 

discussed further below. 

 

Scheme 2.28 – Deuterium (D4) entrainment into catalytic cycle. Conditions: 
[H4-3]0 = 0.3 M, [D4-3]0 = 0.3 M added at 26% net conversion of H4-3, 

[HBpin] = 0.67 M, [HBCy2] = 0.06 M, [1-fluoronaphthalene] = 0.25 M (IS) in 

dioxane/CHCl3 (100:1) at 23 °C. 

Irrespective of the pathway (Scheme 2.29, cases A−D) the population in the final 

product must ultimately rise from 0% to 50%, as dictated by the equal proportions 

of [H4]-3 and [D4]-3 added overall. For case A, where the intermediate is off-cycle, 

the isotope population in E-6Cy2 will depend only on that of the final product 

(E-4pin; max 50% D4) and at all stages will be lower or equal to it; moreover, D4 
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population in E-6Cy2 will rise following incorporation in E-4pin. For case B, where 

the intermediate is on-cycle, but is in equilibrium with the substrate, the 

D4-population in 3 will be reduced, in the limit from 71% (Equation 2.1) to 63% 

(Equation 2.2). For cases C and D, where the catalyst addition into the substrate to 

produce the intermediate is irreversible, the isotope population in 3 is constant 

(71% D4) and the D4-content in E-6Cy2 rises from 0% to a maximum of 71% as it 

is repopulated from 3. However, for case C, equilibration of intermediate with 

product E-4pin will attenuate the rise in D4-population in E-6Cy2, in the limit to 50%. 

Only for case D will the D4 isotope population in E-6Cy2 rise, in advance of product 

E-4pin, to reach a maximum 71% D4. 

(
 50% 𝐷4-added 

𝑇𝑜𝑡𝑎𝑙𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒  before entrainment
)  𝑥 100 = 71% 

Where Totalsubstrate before entrainment: 

𝑇𝑜𝑡𝑎𝑙𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 30% 𝐻4-remaining − 10% 𝐻4-intermediate + 50% 𝐷4-added 

𝑇𝑜𝑡𝑎𝑙𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 70%  

(
 50% 𝐷4-added 

𝑇𝑜𝑡𝑎𝑙𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒  after entrainment
)  𝑥 100 = 63% 

Where Totalsubstrate after entrainment (assuming fast equilibration between 

intermediate and substrate): 

𝑇𝑜𝑡𝑎𝑙𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 20% 𝐻4-produced + 10% 𝐻4-intermediate + 50% 𝐷4-added 

𝑇𝑜𝑡𝑎𝑙𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 80%  

Equation 2.2 

 

Equation 2.1 
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Scheme 2.29 – Different theoretical scenarios where the intermediate is either 
off-cycle (case A) or on-cycle (cases B−D), and some of these processes are 

either reversible or not. 

Comparison of the predicted and experimentally determined D4-populations as a 

function of net conversion (Figure 2.7) confirms that E-4pin arises from two 

irreversible sequential reactions where E-6Cy2 is the productive catalytic 

intermediate (case D). There are no significant reversible reactions connecting 3 

with any intermediates or products (on- or off-cycle), 3 remains 71% throughout 

the whole experiment. The isotope ratio in transient intermediate E-6Cy2 grows, 

prior all other species except 3, and quickly reaches the same level of incorporation 

as 3. 

The product E-4pin accumulates D4 after addition of E-6Cy2, rising to 50% after a 

short induction period. The accumulation in the product is thus dependant on the 

growth of D4 in an intermediate that connects it with the substrate 3. 

Additionally, this corroborates the iso-intermediate iso-6Cy2 being a locked-species. 

It is generated in low proportion (1.2% of total product) at a slower rate than E-6Cy2, 

but in advance of E-4pin. It eventually reaches 52% incorporation due to being 

irreversibly generated (iso-intermediate not turning over), this number is 

established by the equal proportions of [H4]-3 and [D4]-3 feeding this species. 
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After the starting material has been consumed, changes in [D4]-populations were 

still recorded mainly for monitoring changes in double addition side -product. As 

expected from the kinetic profile previously recorded, its population only becomes 

relevant after there is no more alkyne left to hydroborate (only 0.5% present 

throughout the first 95% of the reaction evolution), thus giving rise to D4 

incorporation of 7pinCy2 to a maximum of 48%, demonstrating that 7pinCy2 is 

generated from E-4pin. 

 

Figure 2.7 – Entrainment of [D4]-3 into [H4] catalytic cycle. Experimental data 

for [D4]Incorporation (%) plotted as a function of net conversion of [D4/H4]-3 
+ [D4/H4]-E-6Cy2 into [D4/H4]-E-4pin, [D4/H4]-iso-6Cy2 and [D4/H4]-7pinCy2 (%). 

Kinetic simulated data of D4 incorporation showed as dashed black lines.  

2.4.5 Boron-catalysed Hydroboration and Transborylation 

Slow hydroboration at room temperature occurs without HBCy2 when DMSB is 

present in the reaction mixture. Following the same mechanism, both species can 

perform a concerted syn addition of B and H across the triple bond, with the boron 

adding to the less substituted carbon, the difference relies on the intrinsic properties 

of HBCy2 being a disubstituted borane with two bulky alkyl groups which gives 

the later a unique regioselectivity that DMSB does not possess.  
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A reaction without a source of borane (either HBCy2 or DMSB) to catalyse the 

alkyne hydroboration with HBpin does not proceed at room temperature. In order 

to probe the catalyst initially adds into the triple bond, being the hydride source, 

and a real transborylation occurs subsequently furnishing the final product, two 

experiments were carried out using isotopically labelled reagents (DBCy2 or 

H10Bpin) and a sacrificial volatile alkyne as trapping agent (1 -pentyne), thus 

effectively achieving a single turnover under genuine multi-turnover conditions. 

As shown in Scheme 2.30, a stoichiometric reaction between alkyne 3 and HBCy2 

was set up and allowed to react to completion. At this point, 1-pentyne was added 

in excess followed by isotopically labelled H10Bpin. The use of an alkyne 

(1-pentyne) in large quantities ensures the trapping of any unreacted catalyst before 

the addition of the hydroborating agent, this minimises the attack on the product 

thus preventing the formation of the double addition side-product. Additionally, an 

unhindered linear alkyne theoretically reacts faster than 3, therefore, capturing 

newly released catalyst from reaction turning over ensuring the isolated product 

comes effectively from a single turnover of the catalytic cycle. A control reaction 

was also carried out where non-labelled reagents were used instead. 
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Scheme 2.30 – Single turnover experiment to probe transborylation. 

Conditions: [3]0 = 0.19 M, [HBCy2] = 0.19 M, [1-pentyne] = 1.90 M, [H10Bpin] = 

0.20 M in THF at 23 °C. 

Incorporation of 10B in the product was determined and compared against 

unlabelled product 3 using 11B NMR and 10B NMR spectroscopy. Analysis 

comprised qualitatively comparison of the ratios of a natural abundance boron 

containing compound (11B/10B, 4:1) against the labelled and unlabelled products. 

4Fluorophenyltrifluoroborate was used as reference for this purpose. Reaction 

with labelled H10Bpin displayed almost quantitative 10B incorporation in the 

product as reflected on the high intensity signal present in the 10B NMR spectrum 

and a negligible peak when analysed by 11B NMR (Figure 2.8 a).  
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Figure 2.8 – Superimposed 11B NMR (purple) and 10B NMR (green) spectra 

showing 11B/10B ratio of 4:1 present in the reference compound used for 
comaprison; a) Isolated labelled product [10B]E-4pin showing > 98% of 10B 

incorporation; b) Isolated product E-4pin from control reaction displaying typical 

natural abundance 11B/10B isotope ratio of 4:1. 

In contrast, control reaction with unlabelled HBpin furnished product E-4pin 

maintaining the natural abundance 11B/10B isotope ratio of 4:1 (Figure 2.8 b). In 

addition to NMR spectroscopy, electron ionization mass spectrometry was used to 

corroborate incorporation of 10B in the product (see Appendix for details and 

EI-MS spectra).  

Furthermore, [10B]-E-4pin was analysed by HRMS (EI+) where C14H18
10BFO2

+ [M]+ 

found was: 247.14250 m/z, requires: 247.14147 m/z (+1.03 ppm). These results 

prove the operating mechanism from which the product is obtained is an actual 

transborylation where the sp2 carbon migrates from boron to boron to produce the 

desired product. 
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Similarly, a stoichiometric reaction between alkyne 3 and labelled catalyst DBCy2 

was set up and allowed to react to completion as depicted on Scheme 2.31. At this 

point, 1-pentyne was added in excess followed by HBpin. Alkyne (1-pentyne) was 

used in the same way guaranteeing the isolated product comes effectively from a 

single turnover of the catalytic cycle. A control reaction was again carried out 

where non-labelled reagents were used instead. 

 

Scheme 2.31 – Single turnover experiment to probe hydride source. 
Conditions: [3]0 = 0.18 M, [DBCy2] = 0.18 M, [1-pentyne] = 1.90 M, [HBpin] = 

0.20 M in THF at 23 °C. 

Analysis and comparison of 1H NMR spectra of both isolated products (from 

labelled and unlabelled reactions, Figure 2.9) revealed incorporation of deuterium 

in the product only when DBCy2 was used. As shown in Figure 2.9 a, the peak 

corresponding to alkenyl proton Ha is absent due to syn-addition of D−B from the 

catalyst into the triple bond; the recently incorporated deuterium remained in the 

final product after transborylation with HBpin has occurred. Furthermore, 

corroborating the incorporation of 2D in the product was the change in the signal 

arising from proton Hb, from a doublet to a small triplet with a low coupling 

constant (2.3 Hz) as expected from 1H−2D coupling. It is worth mentioning the non-
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complete deuterated product obtained, seen from the residual doublet signal, was 

due to incomplete deuterated THF [D3]-borane complex used for the synthesis of 

DBCy2 (see Appendix for details on experiment).  

 

Figure 2.9 – 1H NMR spectra; a) Isolated labelled product [D1]E-4pin 

highlighting the missing signal from deuterium incorporation; b) Isolated 
product E-4pin from control reaction displaying both alkenyl protons and their 

respective couplings. Remaining 1-pentyne peaks (*) also shown. 

Besides NMR spectroscopy, [D1]-E-4pin was analysed by HRMS (EI+) where 

C14H17DBFO2
+ [M]+ found was: 249.14412 m/z, requires: 249.14412 m/z 

(+0.01 ppm). The obtained results corroborate the productive catalytic cycle where 

HBCy2 serves both as a hydride source and as a genuine catalyst for the 

hydroboration of terminal alkynes with pinacolborane. 
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2.4.6 Kinetic Model for Products 

Based on the kinetic profile previously obtained and when the species appeared in 

the course of the reaction, multi-step temporal concentration data was simulated 

using the model shown in Scheme 2.32 and fitted to experimental data.  

A key step that needed to be included was the incorporation of the catalyst into 

solution as it initially consists of a mostly-insoluble aggregated species (possibly a 

dimer). Once it starts to quickly react with 3, the aggregated species breaks apart 

and goes into solution as the reaction proceeds forward, creating a homogeneous 

solution once it has been added into the triple bond forming the intermediate E-6Cy2 

and iso-intermediate iso-6Cy2, both soluble species. While iso-6Cy2 is a dead end in 

the catalytic cycle, being an unreactive species, E-6Cy2 turns over to furnish product 

E-4pin regenerating HBCy2 back into the catalytic cycle.  

Another pathway that would suppose a dead end for the catalyst, is the competing 

hydroboration of E-6Cy2 by the catalyst furnishing a diborylated product where both 

boron atoms come from HBCy2 generating E-6(Cy2)2. This process was found to be 

negligible as E-6(Cy2)2 was not detected under the reaction conditions. 

After a transborylation step, where the alkenyl carbon transfers from boron to boron 

(B−C−B), and once 3 has been totally consumed, HBCy2 then attacks the double 

bond of the product generating the double addition side-product 7pinCy2 which 

remains in solution sequestering all remaining catalyst. 
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Scheme 2.32 – Model for boron-catalysed hydroboration of 

4fluorophenylacetylene. 

The simulated model was optimised to achieve the best fitting to the experimental 

data set as shown in Figure 2.10. An exceptional good fitting was observed 

including the intricate changes in the species present in low concentrations, as is 

the case of the intermediate and side-products. From this, rate constants were 

obtained using a 95% confidence integral (Table 2.2). 
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Figure 2.10 – Simulated model fitted to experimental temporal concentration 

profile for hydroboration of 3 by HBCy2 monitored by 19F NMR. Expansion 
window shows an amplified view of the intermediate and side-products precise 

fitting (blue circles: 3, outlined green circles: E-4pin, red diamonds: E-6Cy2, 
purple crosses: iso-6Cy2, orange triangles: 7pinCy2, black dashed lines: 

simulated data according to the proposed model). 

Rate Value Units 

k0 1 x 10-3 s-1
 

k1 ≥ 3 mol-1 dm3 s-1 

k1-iso k1 / 89 mol-1 dm3 s-1 

k2 6.6 x 10-3 mol-1 dm3 s-1 

k3 ≥ k1 / 2 x 10-3 mol-1 dm3 s-1 

k4 k1 / 2 x 10-3 mol-1 dm3 s-1 

Table 2.2 – Rate constants used for the modelling of dicyclohexylborane-

catalysed hydroboration of 4-fluorophenylacetylene. 

2.4.7 Mechanistic Proposal 

Taking into account the simplistic catalytic cycle proposed by Hoshi38, the number 

of species observed by 19F NMR spectroscopy and the analysis of the kinetic profile 

obtained from the hydroboration of alkyne 3 and its simulation according to the 



 

97 

model displayed above, a thorough catalytic cycle was proposed. This reaction 

mechanism is further supported by the computed minimum energy pathway (Figure 

2.11). 

 

Figure 2.11 – Computed minimum-energy pathways for transitions states and 

intermediates in both plausible pathways of the dicyclohexylborane-catalysed 
hydroboration of phenylacetylene. Free energies (ΔG) are expressed in 

kcal mol-1.  

The first step on the cycle commences with the catalyst as initially it sits  in its 

aggregated form then it solubilises as it reacts with the terminal alkyne 3, from this 

point onwards, the fate of HBCy2 resides in the regioselectivity of addition into the 

alkyne, giving way to two possible pathways. A productive pathway that will 

ultimately generate the desired product E-4pin, and an inhibition pathway that 

produces an inactive species that sequesters to a certain proportion (k1-iso/k1) the 

available catalyst every cycle (Scheme 2.33). 

The catalyst HBCy2 hydroborates the alkyne 3 to give (E)-isomer intermediate 

E-6Cy2 displaying the right regioselectivity so the attack by HBpin can take place 

next. This regioselectivity provides an adequate spatial orientation for the 
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transborylation to occur through a four-membered ring as showed in Scheme 

2.33 *(a). Accordingly, the alkenyl group of the intermediate is replaced with the 

hydride of HBpin furnishing product E-4pin along with regeneration of HBCy2,  

thus completing a single turnover of the catalytic cycle. The replacement proceeds 

through a quasi-concerted reaction involving an sp2 carbon migration from boron 

to boron and the concomitant transfer of hydride via a transient bridged 

intermediate. Furthermore, the decrease of π-electron density from an 

electron-withdrawing group retards the replacement, this expected effect was 

observed when the substituent on the aromatic ring (F) was changed with a more 

electron-withdrawing group (CF3) that made the reaction 0.6 times slower. 

Contrastingly, the inhibition pathway occurs when HBCy2 hydroborates the alkyne 

in Markovnikov fashion to give a regioisomeric product iso-6Cy2 in small amounts, 

this results in an inadequate structural configuration where the attack by HBpin is 

sterically hindered by the bulkier aromatic ring and HBpin itself, as showed in 

Scheme 2.33 *(b). Therefore, the iso-intermediate iso-6Cy2 acts as a dead end of the 

catalytic cycle secluding and preventing the regeneration of HBCy2. It is important 

to realise this path is unfavoured as the direction of addition is governed by 

polarization of the B−H bond and by combination of steric and electronic effects 

of substituents at the multiple bond, this is reflected by the k1/k1-iso ratio being 

approximately 100; in other words, just 1 for every 100 times the substrate enters 

the catalytic cycle, it will be deviated into the non-productive pathway. 

Once all the substrate has been consumed, the cycle goes into a final degradative 

stage, where the catalyst attacks the double bond in the product to form a double 

addition side-product 7pinCy2 (Scheme 2.33). This process is present during the 

entire course of the catalytic cycle as an almost null background side reaction; the 

relative affinity of HBCy2 towards the triple bond over the double bond can be 

quantitively calculated from the appropriate rate constants, being k1/k4 ratio 

approximately 120,000. This high value indicates why the significant 

concentrations of 7pinCy2 appear only at the end of the reaction. 
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The reaction kinetics were found to be pseudo-zero order in alkyne. Thus, the rate 

is independent of the concentration of the substrate, and first order in both catalyst 

and hydroborating agent, meaning the rate of reaction is directly proportional to 

the concentration of both HBCy2 and HBpin. 

 

Scheme 2.33 – Proposed catalytic cycle for dicyclohexylborane-catalysed 

hydroboration of 4fluorophenylacetylene. 

Stephan and co-workers reported a catalytic hydroboration of alkynes initiated by 

Piers’ borane, HB(C6F5)2. The published work reports the borane acting as a 

pre-catalyst generating dissymmetrically gem-diborylated species which is the 
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active catalyst.112 This species is analogous to the double addition side-product, and 

while it is discussed how this species can catalyse the alkyne hydroboration via 

retro-hydroboration, no evidence of loss of HB(C5F5)2 from the gem-diborylated 

species was presented. This retro-hydroboration proposal diverges from the results 

presented in this work, where it is showed the inability of the double addition 

side-product to undergo a backward reaction. 

An alternative mechanistic proposal from Stephan and co-workers involves the 

gem-diborylated species, or its analogues, as a Lewis acid catalyst which activates 

the alkyne for hydroboration with HBpin.112 The work by Stephan focuses on how 

an electrophilic borane can activate alkynes and a mechanistic proposal for this 

catalytic cycle, but not on the actual hydroboration and subsequent transborylation 

discussed in depth in this thesis. 

2.4.7.1 Hydroboration of 4-Fluorophenylacetylene with Pinacolborane 
Catalysed by 9-Borabicyclo[3.3.1]nonane 

A related secondary borane, 9-BBN, was used as an alternative to the air-sensitive 

HBCy2, as the former is commercially available as a readily-handled solution in 

THF. An analogous reaction using 9-BBN to catalyse the hydroboration of 

4-Fluorophenylacetylene 3 with HBpin was carried out and monitored by 19F NMR 

spectroscopy as shown in Scheme 2.34.  

 

Scheme 2.34 – Reaction conditions used to investigate the kinetic profile of 

9-BBN-catalysed alkyne hydroboration; [3]0 = 0.6 M, [HBpin] = 0.6 M, 

[9-BBN] = 0.06 M and [1-fluoronaphthalene] = 0.256 M (IS). 

The reaction reached completion within 5 h when carried out at 0.6 M in 

dioxane/CHCl3 (100:1) at 23 °C with 6.6 mol% catalyst loading (Figure 2.12). 
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Temporal concentrations were calculated relative to the 1fluoronaphthalene 

internal standard (IS) signal in the 19F NMR spectra. Analysis of the reaction 

revealed a similar but not identical set of intermediates to those found for HBCy2. 

Reaction of 3 with 9-BBN generated intermediate E-6BBN (comparable to E-6Cy2), 

and the double hydroboration product 7(BBN)2, which was also detected during the 

catalytic turnover. 

Since 9-BBN is predominantly dimeric in solution (high association constant), 

there was a much lower pseudo-steady state concentration of intermediate E-6BBN 

than is observed for E-6Cy2. However, using higher catalyst loadings result in 

decreased selectivity for product E-4pin over 7(BBN)2. The anti-Markovnikov 

selectivity in hydroboration of alkyne 3 with 9-BBN is substantially higher than 

that with HBCy2. This is reflected in the absence of Markovnikov addition to 3, 

thus inhibition via this pathway is negligible. 

The rate of transborylation of E-6BBN by HBpin is faster that for E-6Cy2, leading to 

efficient turnover with 9-BBN even though the important dimerisation. 

Contrastingly, the rate of hydroboration of the product E-4pin by 9-BBN is not 

significantly lower than the hydroboration of 3, causing the irreversible generation 

of the double addition side-product 7pinBBN throughout the reaction. As a 

consequence of this, the maximum yield of E-4pin gets significantly reduced under 

these conditions. 
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Figure 2.12 – Simulated model fitted to experimental temporal concentration  

profile for hydroboration of 3 by 9-BBN monitored by 19F NMR. Expansion 
window shows an amplified view of the intermediate and side-product precise 
fitting (blue circles: 3, outlined green circles: E-4pin, red diamonds: E-6BBN, 

purple crosses: 7(BBN)2, orange triangles: 7pinBBN, black dashed lines: simulated 

data according to the proposed model). 

Rate Value Units 

k0 1 x 103 s-1
 

k-0 1.7 mol-1 dm3 s-1 

k1 1.6 mol-1 dm3 s-1 

k1-iso > k2 / 400 mol-1 dm3 s-1 

k2 5.6 x 10-1 mol-1 dm3 s-1 

k3 k1 / 2.9 mol-1 dm3 s-1 

k4 k1 / 4.6 mol-1 dm3 s-1 

Table 2.3 – Rate constants used for the modelling of 9-BBN-catalysed 

hydroboration of 4-fluorophenylacetylene.
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Chapter 3 Conclusions and Future 
Work 
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A mechanism has been proposed for the alcoholysis of tris-(o-tolyl)phosphine 

borane (Figure 3.1). After a slow initial nucleophilic attack, the phosphine ligand 

gets displaced causing a gradual and reproducible consumption of the phosphine 

borane complex. The product of this first attack, H2BOEt, results in the exposure 

of the vacant p-orbital on boron, making it susceptible to a quick attack by a Lewis 

base (EtOH) preventing its accumulation. A third consecutive attack by EtOH 

produces an accumulation of HB(OEt)2, this due to the low-favoured 

four-membered ring configuration the intermediate has to take to be able to achieve 

its last hydride elimination, after from which, B(OEt)3 is obtained. 

 

Figure 3.1 – Proposed mechanism for ethanolysis of (o-tolyl)3P·BH3 (1PB) in 
ethanol (5 M in toluene) at 30 °C. Intermediate highlighted inside the shadowed 

box (2INT). 

A system was developed to obtain and stabilise the dialkoxyborane almost 

quantitatively. The system is highly dependent on the nature of the solvents used, 

where a fine balance of mixture of them are needed to create a synergetic effect on 

dialkoxyborane stabilisation. The desired intermediate was obtained in situ by 

using a dioxane/CHCl3 (100:1) solvent system with a relatively high concentration 

of the solvolytic agent. The cleanest and fastest reaction, that produced the highest 

concentration of the desired dialkoxyborane, was obtained when dimethyl sulfide 

borane complex was used as source of borane. The inconsistent generation of an 

ionic active species is likely to be causing the irreproducibility in the kinetic 
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stability of the intermediate HB(OEt)2, however, it can be mitigated by selecting 

an appropriate solvent mixture. 

A one-pot alkyne hydroboration reaction, where both the hydroborating agent 

(HBpin) and catalyst (HBCy2) were synthesised in situ from DMSB, was 

developed (Figure 3.2). Alkenylboronic acid pinacol ester was obtained in good 

yield and stereoselectivity with reaction times under 24 hours. 

 

Figure 3.2 – One-pot synthesis of alkenylboronic acid pinacol ester E-4pin; 
hydroborating agent (pinacolborane) and catalyst (dicyclohexylborane) 

synthesised in situ from DMSB in dioxane/CHCl3 (100:1) at 23 °C. 

The mechanism of HBCy2 catalysed hydroboration of 4-F-phenylacetylene has 

been investigated by in situ NMR spectroscopy and its kinetic profile has been 

successfully simulated. By performing isotope entrainment, single turnover 

labelling (10B, 11B and 2H) and density functional theory (DFT) calculations, the 

proposed mechanism has been verified. 

HBCy2 hydroborates 4-F-phenylacetylene giving rise to an intermediate that has 

been identified as (E)-1-alkenyldicyclohexylborane. This catalytically active 

species is generated by irreversible anti-Markovnikov addition whose alkenyl 

group is then replaced with the hydride of HBpin to furnish the final product. This 

last step is irreversible and turnover-rate limiting step that regenerates HBCy2 back 

into the catalytic cycle via B−C−B transfer of the alkenyl group with retention of 

(E)-configuration (Figure 3.3, upper cycle). 

A catalyst inhibition pathway caused by a competing and irreversible 

hydroboration by HBCy2 has also been described. This can occur to the alkyne, in 
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a Markovnikov fashion, to produce an inactive iso-intermediate species. It can also 

include HBCy2 addition to the hydroboration product that leads to a double addition 

side-product (Figure 3.3, lower cycle). These processes are reflected into an 

optimum catalyst loading to reduce these undesired reactions. 

The mechanism of HBCy2 was compared to another popular, 

commercially-available catalyst, 9-BBN. Where the subtle differences observed in 

their respective kinetic profiles, resided in the higher anti-Markovnikov selectivity 

of 9-BBN towards a triple bond, the high association constant for dimerisation and 

the rate of transborylation. This led to lower yields and higher side -product 

formation. Lastly, all details explained in this thesis, will aid in the design  of new 

synthetic tools to offer more effective and selective boron-catalysed processes. 

Figure 3.3 – Proposed catalytic cycle for dicyclohexylborane-catalysed 

hydroboration of 4fluorophenylacetylene. 

Further work is needed to develop a catalysed alkyne hydroboration with HB(OEt)2 

and further ligand exchange to produce alkenylboronates in an easy, inexpensive 
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and straightforward fashion (Figure 3.4). A systematic computational study of 

HBR2 and HB(OR)2, allowing testing of the fastest pair of 

hydroboration/transborylation (or most selective), could provide further insight for 

the development of this reaction by testing the species identified that way, 

Additionally, as 9-BBN proved to be ineffective to catalyse the hydroboration 

reaction in the tested conditions,  a wider screening of compatible catalysts (e.g. 

1,8-naphthalenediaminatoborane) might offer a suitable option to carry out the 

desired transformation. 

 

Figure 3.4 – Proposed one-pot synthesis route to obtain MIDA boronate ester 

E-4MIDA after ligand exchange with diethyl vinylboronate. 
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Chapter 4 Experimental 
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4.1 General Experimental 

4.1.1 Techniques 

Unless otherwise stated, all reactions were performed in oven-dried glassware 

under an inter nitrogen atmosphere, using conventional Schlenk-line techniques on 

a vacuum line attached to a double manifold equipped with an oil pump (0.4 torr). 

Where required, needles and other glassware were dried in an oven (200  °C) and 

cooled under vacuum and purged with an inert atmosphere of nitrogen prior to use. 

All NMR tubes used as reaction vessels were prewashed sequentially with aqua 

regia, deionised water and acetone to remove any contaminants. The removal of 

solvents in vacuo was achieved using a Buchi rotary evaporator (with a water bath 

at temperatures up to 40 °C), or at 0.4 torr on a vacuum line at room temperature. 

4.1.2 Reagents and Solvents 

Unless stated otherwise, reagents were purchased from commercial sources (Acros 

Organics, Alfa Aesar, Fisher Scientific, Fluorochem, Sigma-Aldrich or VWR) and 

were used without purification. Triethylamine was distilled from CaH2 and stored 

over 4 Å molecular sieves under nitrogen atmosphere. EtOH was dried over 4 Å 

molecular sieves in a Straus flask under inert nitrogen atmosphere and stored for 

future use. 1,4-Dioxane and chloroform were premixed in a 100:1 ratio, dried over 

4 Å molecular sieves in a Straus flask under inert nitrogen atmosphere and stored 

for future use. Other anhydrous organic solvents were obtained by passage through 

a column of anhydrous alumina using an MBraun SPS-800 system situated in the 

School of Chemistry, University of Edinburgh. Straus flasks fitted with J. Young 

valves were used to collect an anhydrous solvent. Distilled water was obtained 

through a double distillation system. Deuterated solvents for NMR analysis were 

purchased from Sigma-Aldrich. 
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4.1.3 Chromatography 

Analytical thin-layer chromatography was performed on precoated 

aluminium-backed plates (Silica gel 60 F254; Merck) and visualised using a 

combination of UV light (λ = 254 nm) and/or aqueous basic potassium 

permanganate (KMnO4) solution. Flash column chromatography was performed 

using Merck Geduran® Si 60 (40-63 µm) silica gel. 

4.1.4 Analysis 

4.1.4.1 NMR Spectroscopy 

NMR spectra were recorded at 300 K (27 °C) unless stated otherwise; 1H, 13C and 

19F spectra were recorded at 400 MHz, 101 MHz and 377 MHz respectively, using 

a Bruker Ascend spectrometer (400 MHz) with nitrogen cryoprobes. 1H and 

13C{1H} NMR spectra were referenced to TMS contained in CDCl3. For 19F NMR 

spectra used in characterization of compounds, a 30° pulse angle was employed 

with an acquisition time of 1.5 s and relaxation delay of 6 s. 11B and 19F NMR 

spectra recorded in CDCl3 are both reported in ppm relative to BF3·OEt2 and 

13P NMR relative to 85% H3PO4 as an external standard. Coupling constants, J, are 

reported in Hertz (Hz), were calculated using MestReNova 9 or 10 to the nearest 

0.1 Hz. Where reported, the phosphorous-boron coupling constants for phosphine 

boranes complexes were obtained from 11B spectra. In 11B spectra, the coupling 

constants were quoted to the nearest 1 Hz. The following abbreviations (and their 

combinations) are used to label the multiplicities: app (apparent), br (broad), s 

(singlet), d (doublet), t (triplet), q (quartet), p (pentent), sext (sextet), sept (septet) 

and m (multiplet). NMR tubes used to record spectra were made from borosilicate 

glass. 

11B spectra contained large background signals. These were removed by applying 

a backward linear prediction function (MestReNova - Toeplitz method, 0 to 16, 

32k basis points and 24 coefficients). 11B baselines were corrected carefully to 
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ensure integrations were not affected (Whittaker smoother function, typically 

40-80 Hz filter). 

4.1.4.2 Mass Spectrometry 

Electron impact (EI+) spectra were recorded on a ThermoElectron MAT 900 mass 

spectrometer using a double focusing sector field mass analyser and HRMS was 

carried out using a Finnigan MAT 900 XLP high-resolution mass spectrometer, all 

performed by the Mass Spectrometry department at the School of Chemistry, 

University of Edinburgh. Data are reported in the form of m/z. 

4.1.4.3 Melting Points 

Melting points (mp) were determined on a Griffin capillary apparatus in capillary 

melting point tubes and are uncorrected. 

4.1.4.4 Computational Studies 

DFT calculations of dicyclohexylborane-catalysed hydroboration of 

phenylacetylene were performed using M06-2X/6-31+G* level of theory with 

solvation using a polarised continuum model (PCM) for dioxane. These studies 

were performed by Dr Andrew Leach (John Moores University) and were used to 

support various aspects of the experimental data presented in this work. All 

calculations were implemented in Gaussian 09.169  

Kinetic multi-step simulations were performed on DynoChem 5. 

4.2 Reaction Monitoring: Chapter 1 

4.2.1 Borane Complexes Alcoholysis 

The chosen borane complex was added to an NMR tube and dissolved with the 

solvent or mixture of solvents of choice (300 µL) followed by a pre-made solution 

of the chosen alcohol in the same solvent system (300 µL) to give a final borane 

concentration of 0.03 M. The NMR tube was closed and shaken thoroughly, then 
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it was loaded into a preheated NMR spectrometer at the selected temperature. The 

NMR probe was previously tuned (11B) without a deuterium lock by using an 

equivalent mock sample of the borane complex in the same solvent system. The 

kinetic experiment was then initiated with the time between the alcohol addition 

and the first spectrum being recorded measured using a stopwatch. 11B{1H} NMR 

spectra were recorded at regular intervals without ejecting the sample between 

experiments. 

Note: when an additional reagent needed to be added during the course of the 

reaction, the NMR tube was taken out from the spectrometer between data 

acquisitions, such reagent added and mixed into solution and the NMR tube was 

then placed back into the spectrometer to continue monitoring the reaction. 

4.2.1.1 Bubble Surface Effects − Modification 

A modified version of procedure 4.2.1 was utilised to probe bubble surface effects 

on the phosphine borane complex alcoholysis. The deviation from the procedure 

consisted in the bubbling of either air or nitrogen at the chosen times. To bubble 

gas into the reaction mixture, an HPLC tubing attached to an elongated Pasteur 

pipette tip was used, this was fixed to a perforated NMR tube cap, so it reached the 

bottom of the NMR tube. The bubbling rate was adjusted using a manifold 

connected to the gas inlet. 

4.2.2 Phosphine Borane Pinacolysis 

Phosphine borane complex along with pinacol were added to an NMR tube and 

dissolved with dioxane/CHCl3 (600 µL) to give a final concentration of 0.03 M. 

The NMR tube was closed and shaken thoroughly, then it was loaded into a 

preheated NMR spectrometer at 296 K. The NMR probe was previously tuned (11B) 

without a deuterium lock by using a mock sample containing phosphine borane 

complex in the same solvent system. The kinetic experiment was then initiated with 

the time between the alcohol addition and the first spectrum being recorded 

measured using a stopwatch. 11B{1H} NMR spectra were recorded at set intervals. 
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4.2.3 Dimethyl Sulfide Borane Complex Pinacolysis 

Pinacol was added to an NMR tube and dissolved with the solvent of choice (600 

µL). To initiate the reaction, dimethyl sulfide borane complex was lastly added to 

give a final concentration of 0.8 M. The NMR tube was closed and shaken 

thoroughly, then it was loaded into a preheated NMR spectrometer at 303 K. The 

NMR probe was previously tuned (11B) without a deuterium lock by using a mock 

sample containing DMSB in the same solvent system. The kinetic experiment was 

then initiated with the time between DMSB addition and the first spectrum being 

recorded measured using a stopwatch. 11B{1H} NMR spectra were recorded at set 

intervals without ejecting the sample between experiments. After 3 hours, the 

reaction was intermittently monitored in automation leaving the sample at room 

temperature between data acquisitions. 

4.2.4 Boronic Acid and MIDA Condensation 

A small Schlenk flask was charged with boronic acid and 1-fluornaphthalene (IS) 

and then dissolved with DMF (5 mL) to give a final concentration of I.S. of 0.03 M 

and 0.05 of the boronic acid. The reaction was set up under an inert N2 atmosphere 

at 40 °C; a t = 0 sample was taken and analysed to find the true concentration of 

starting material. MIDA ligand was then added over a flow of N2 to start the 

reaction. The mixture was stirred (700 rpm) and monitored by taking NMR aliquots 

and diluting them with DMF. The NMR samples were individually analysed by 

19F NMR spectrometry to construct a multi-point kinetic profile. 

4.3 Reaction Monitoring: Chapter 2 

4.3.1 Dicyclohexylborane-Catalysed Alkyne Hydroboration 

The catalyst, HBCy2, was synthesised in situ; in a Young’s tap NMR tube, 

cyclohexene (10 µL, 0.09 mmol, 0.2 equiv.) was added and diluted with 

dioxane/CHCl3 (600 µL, 100:1) followed by addition of DMSB (4.3 µL, 
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0.045 mmol, 0.1 equiv.) under N2 atmosphere; the tube was then closed, shaken to 

ensure well mixing and left open under N2 atmosphere for 1 h; for these processes, 

a glass adapter was used where the NMR tube can be placed inside a larger, 

evacuable chamber to enable the atmosphere to be removed and replaced with the 

inert atmosphere. After this, HBpin (65 µL, 0.45 mmol, 1 equiv.) was added along 

with 1fluoronaphthalene (25 µL, 0.194 mmol) as internal standard, lastly 

4-fluorophenylacetylene (51.5 µL, 0.45 mmol, 1 equiv.) was added to start the 

reaction. The NMR tube was closed and shaken thoroughly, then it was loaded into 

the NMR spectrometer with a probe temperature of 296 K previously shimmed 

(1H) and tuned (19F) without a deuterium lock by using a mock sample containing 

(E)-2-(4-fluorostyryl)boronic acid pinacol ester and 1fluoronaphthalene in the 

same solvent system. The kinetics experiment was then initiated with the time 

between 4fluorophenylacetylene addition and the first spectrum being recorded 

using a stopwatch. 19F NMR spectra were recorded at different set time intervals 

without ejecting the sample between experiments.  

General considerations: 4-fluorophenylacetylene was kept in a tepid water bath 

prior usage to maintain it in its liquid state (mp 26-27 °C). 

4.3.2 DMSB-Catalysed Alkyne Hydroboration 

A reaction was set up exactly as described in 4.3.1, except that no cyclohexene was 

added. 

4.3.3 9BBN-Catalysed Alkyne Hydroboration 

A reaction was set up exactly as described in 4.3.1, except 9-BBN was used as 

catalyst in the specified concentration. 

4.3.4 Isotopic Entrainment 

HBCy2 was synthesised in situ in a Young’s tap NMR tube, first cyclohexene 

(10 µL, 0.09 mmol, 0.2 equiv.) was added and diluted with dioxane/CHCl3 (600 

µL, 100:1) followed by addition of DMSB (4.3 µL, 0.045 mmol, 0.1 equiv.) under 
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N2 atmosphere; the tube was then closed, shaken to ensure well mixing and left 

open under N2 atmosphere for 1 h. After this, HBpin was added (75 µL, 

0.517 mmol, 1.15 equiv.) along with 1-fluoronaphthalene (25 µL, 0.194 mmol) as 

internal standard, lastly [H4]-4-fluorophenylacetylene (25.7 µL, 0.225 mmol, 

0.5 equiv.) was added to start the reaction. The NMR tube was closed and shaken 

thoroughly, then it was loaded into the spectrometer to monitor the reaction by 

19F NMR spectroscopy as mentioned in the representative procedure 4.3.1, after 

~1800 s, the NMR tube was removed from the spectrometer and 

[D4]-4-fluorophenylacetylene (30.7 µL, 0.225 mmol, 0.5 equiv.) was added under 

N2 atmosphere, the sample was then returned to the spectrometer and the kinetic 

monitoring resumed. 

4.3.5 Cross-over Experiment 

HBCy2 was synthesised in situ in a Young’s tap NMR tube, first cyclohexene 

(10 µL, 0.09 mmol, 0.2 equiv.) was added and diluted with dioxane/CHCl3 

(560 µL, 100:1) followed by addition of DMSB (4.3 µL, 0.045 mmol, 0.1 equiv) 

under N2 atmosphere; the tube was then closed, shaken to ensure well mixing and 

left open under N2 atmosphere for 1 h. After this, HBpin was added (65 µL, 

0.45 mmol, 1 equiv.) along with 1-fluoronaphthalene (25 µL, 0.194 mmol) as 

internal standard, lastly [D4]-4-fluorophenylacetylene (63.5 µL, 0.45 mmol, 

1 equiv.) was added to start the reaction. The NMR tube was closed and shaken 

thoroughly, then it was loaded into the spectrometer to monitor the reaction by 

19F NMR spectroscopy as mentioned in the representative procedure 4.3.1. 

Towards the end of the reaction, the NMR tube was removed and additional HBpin 

(20 µL, 0.095 mmol, 0.2 equiv.) was added to drive the reaction to completion. 

After full consumption of the substrate, the NMR tube was removed from the 

spectrometer and [H4]-(E)-2-(4-fluorostyryl)boronic acid pinacol ester (55.8 mg, 

0.225 mmol, 0.5 equiv.) and freshly prepared HBCy2 (250 µL, 0.112 mmol, 0.25 

equiv) in dioxane/CHCl3 (100:1) were added under N2 atmosphere, the sample was 

then returned to the spectrometer and the kinetic monitoring continued. 
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4.4 Synthetic Procedures 

Tris(o-tolyl)phosphine borane 1PB 

To a N2 purged two-necked round bottom flask was loaded with 

tris(o-tolyl)phosphine (3.0 g, 10 mmol, 1 equiv.) over a flow of 

nitrogen and dissolved with CH2Cl2 (25 mL) followed by 

dropwise addition of DMSB (9.5 mL, 100 mmol, 10 equiv.), the 

reaction was left to stir at room temperature for 24 h. After this, the solution was 

quenched by slowly adding sat. aqueous NH4Cl (50 mL) and left to stir for further 

2 h. A significant amount of effervescence was observed during this period, and 

consequently the vessel was opened to prevent an accumulation of pressure. The 

reaction mixture was then poured onto water (250 mL) and the aqueous phase was 

extracted with CH2Cl2 (3 x 250 mL); the combined organics were washed with sat. 

aqueous NaHCO3 (250  mL) and dried over MgSO4, filtered and solvent removal 

in vacuo. The residue was filtered through a pre-wetted silica gel plug (eluent: 

CH2Cl2) using nitrogen to push the solvent through the column. Evaporation of 

solvent under vacuum yielded the title compound as a white solid (2.8 g, 

88% yield). 1H NMR (400 MHz, CDCl3) δH: 0.95-2.0 (br, 3H), 2.34 (s, 9H), 6.91 

(m, 3H), 7.05 (t, J 7.4, 3H), 7.24 (m, 3H), 7.33 (t, J 7.3, 3H); 13C{1H} NMR 

(101 MHz, CDCl3) δC: 23.12 (d, J 3.6), 125.97 (d, J 8.8), 127.12 (d, J 53.1), 131.34 

(d, J 2.1), 132.11 (d, J 8.9), 133.47 (d, J 7.3), 143.96 (d, J 10.9); 11B NMR 

(128 MHz, CDCl3) δB: −31.96; 31P{1H} NMR (162 MHz, CDCl3) δP: 22.87; 

mp 149-151 °C. 

Data are in accordance with that previously reported.78 
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(E)-2-(4-Fluorostyryl)boronic acid pinacol ester E-4pin 

To a N2 purged Schlenk tube, cyclohexene (20.5 µL, 

0.2 mmol, 0.1 equiv.) was added and diluted with THF 

(2 mL, 100:1) followed by dropwise addition of DMSB 

(9.5 µL, 0.1 mmol, 0.1 equiv.). The reaction was left to 

stir for 1 h at 0 °C then for further 2 h at rt, then HBpin (290 µL, 2 mmol, 1 equiv.) 

was added followed by dropwise addition of 4-fluorophenylacetylene (230 µL, 

2 mmol, 1 equiv.). After 16 h the crude mixture was diluted with hexane (50 mL) 

and poured onto water (20 mL), the organic phase was washed with water 

(3 x 30 mL); the organic fraction was set apart and the combined aqueous fractions 

were extracted with hexane (1 x 30 mL). The hexane fractions were combined and 

dried over MgSO4, filtered and solvent removal in vacuo (300 mbar) to give the 

title product as a pale yellow oil that solidified upon cooling at rt (418 mg, 84.3% 

yield). 1H NMR (400 MHz, CDCl3) δH: 1.23 (s, 12H), 5.99 (d, J 18.4, 1H), 6.94 

(m, 2H), 7.27 (d, J 18.4, 1H), 7.38 (m, 2H); 13C{1H} NMR (101 MHz, CDCl3) δC: 

24.80, 83.38, 115.55 (d, J 21.8), 128.71 (d, J 8.3), 133.75 (d, J 3.3), 148.16, 163.15 

(d, J 248.7); 11B NMR (128 MHz, CDCl3) δB: 30.13; 19F NMR (377 MHz, CDCl3) 

δF: −112.39; HRMS (EI+) C14H18BFO2
+ [M]+ found: 248.13753, requires: 

248.13784 (−0.31 ppm). 

Data are in accordance with that previously reported.170 

[D4]-4-Fluorophenylacetylene [D4]-3  

 To a N2 purged single-necked round bottom Schlenk flask, 

first, PdCl2(PPh3)2 (291 mg, 0.415 mmol, 0.015 equiv.) and 

CuI (158 mg, 0.83 mmol, 0.03 equiv.) were added over a flow 

of nitrogen. THF (3.5 mL), followed by 

[D4]-1-bromo-4-fluorobenzene (4.88 g, 27.3 mmol, 1 equiv.) and triethylamine 

(3.47 mL, 24.9 mmol, 0.91 equiv.) were added; the reaction mixture was degassed 

by three freezepumpthaw cycles. Finally, TMS acetylene (3.45 mL, 24.9 mmol, 

0.91 equiv.) was added and the stirring solution heated at 70 °C for 16.5 h before 
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adding additional TMS acetylene (0.5 mL, 3.6 mmol, 0.13 equiv.) and THF 

(2 mL), the mixture was left to stir for 7 h at 70 °C. Extra TMS acetylene (0.5 mL, 

3.6 mmol, 0.13 equiv.) and THF (2 mL) were added a second time, the reaction 

mixture was left to stir at 70 °C for 17.5 h. The mixture was then poured onto 

HCl(aq) (0.1 N, 20 mL) and the aqueous phase extracted with diethylether 

(3 x 30 mL); the combined organics were washed with water (2 x 20 mL), sat. 

aqueous NaHCO3 (10 mL) and brine (10 mL). The organic layer was dried over 

MgSO4, filtered through celite and solvent removal in vacuo.  

The residue containing the TMS protected [D4]-4-fluorophenylacetylene was 

dissolved in a mixture of MeOH (25 mL) and K2CO3 (0.87 mmol, 120 mg) and 

stirred at rt for 3 h. The mixture was poured onto a sat. aqueous NH4Cl (25 mL) 

and extracted with diethylether (3 x 25 mL); the combined organics were washed 

with brine (25 mL), dried over MgSO4 and concentrated in vacuo (100 mbar). The 

crude material was purified by Kugelrohr distillation under reduced pressure 

(10-1 mbar) at 45 °C to give a clear and colourless oil (902 mg, 84% pure by 

19F NMR, 26.6% yield). 1H NMR (400 MHz, CDCl3) δH: 2.96; 13C{1H} NMR (101 

MHz, CDCl3) δC: 76.96, 82.56, 115.31 (td, J 25.6, 22.2), 117.99, 133.70 (td, J 25.1, 

8.5), 162.76 (d, J 249.7); 19F NMR (377 MHz, CDCl3) δF: −110.67; HRMS (EI+) 

C8H1D4F+ [M]+ found: 124.06269, requires: 124.06209 (+0.61 ppm). 

Data are consistent with that expected based on published data for the same 

compound without deuterium labelling.171,172 

[10B]-Triisopropoxyborane 

Synthetic procedure was followed as previously reported by a 

former group member.173 To a N2 purged two-necked round 

bottom flask equipped with a condenser, [10B]-boric acid 

(4.88 g, 80 mmol, 1 equiv.) and CaH2 (14.47 g, 93% w/w, 

320 mmol, 4 equiv.) were added over a flow of nitrogen. Anhydrous isopropanol 

(18.4 mL, 240 mmol, 3 equiv.) was added dropwise down the condenser and over 

a stream of nitrogen. As the reaction is exothermic, additional isopropanol (20 mL, 
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261 mmol, 3.3 mmol) was required to ensure good stirring as some was evaporated 

during its addition. After bubbling had ceased, the mixture was heated to 90  °C for 

16 h. After cooling to room temperature, volatiles were pumped off in vacuo and 

trapped at −78 °C. The condensate was distilled under reduced pressure: first at 

105-100 mbar and 50 °C to remove a fraction richer in isopropanol and lastly at 

40-20 mbar and 60 °C to give the title compound as a clear and colourless liquid. 

Stored over 4 Å molecular sieves under nitrogen atmosphere. 1H NMR (400 MHz, 

CDCl3) δH: 1.05 (d, J 6.2, 18H), 4.26 (sept, J 6.2, 3H); 13C{1H} NMR (101 MHz, 

CDCl3) δC: 24.31, 64.69; 10B NMR (43 MHz, CDCl3) δB: 17.50. 

 

Figure 4.1 – Superimposed 11B NMR (purple) and 10B NMR (green) spectra 

showing 11B/10B ratios. Isolated labelled product displaying > 98% of 10B 

incorporation while typical 4:1 ratio is present in the reference compound. 

Title compound > 99% pure by 1H NMR (based on isopropanol residual signal). 

10B incorporation was determined using a natural abundance ArBF3K salt (Figure 

4.1) and was estimated to be higher than 98%. Data is consistent with that expected 

based on published data for the same compound with natural abundance 10B/11B 

(20/80).174 
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[10B]-Tris(o-tolyl)phosphine borane [10B]-1PB 

General considerations: Lithium aluminium hydride (95%) was 

used in its pellet form as it allowed a slow release into the 

reaction mixture permitting a gentler and step-wise reduction of 

[10B]-triisopropoxyborane, a key feature for obtaining good 

yields (see Appendix for details on reaction optimisation). 

To a N2 purged two-necked round bottom flask was added tris(o-tolyl)phosphine 

(4.93 g, 16.2 mmol, 1.5 equiv.) over a flow of nitrogen and dissolved with THF 

(22 mL) followed by addition of [10B]-triisopropoxyborane (2.5 mL, 10.8 mmol, 

1 equiv.). The reaction mixture was then cooled down to 0 °C and LiAlH4 (335 mg 

pellets, 8.6 mmol, 0.8 equiv.) was added over a flow of nitrogen. The ice-water 

bath used was left to thaw overnight so the reaction slowly reached room 

temperature. After 16 h the reaction was quenched by adding sat. aqueous 

potassium sodium tartrate (Rochelle salt) dropwise at 0 °C until bubbling ceased. 

Then, the mixture was diluted with CH2Cl2 (100 mL) and additional sat. aqueous 

potassium sodium tartrate (200 mL) added. The aqueous phase was extracted with 

CH2Cl2 (3 x 100 mL); the combined organics were washed with sat. aqueous 

NaHCO3 (100  mL) and dried over MgSO4, filtered and solvent removal in vacuo.  

The crude solid obtained was redissolved with CH2Cl2 (600 mL) in a round bottom 

flask. The solution was treated with aqueous H2O2 (200 mL, 3% v/v) and stirred 

for 3 h; the experimental procedure to oxidise free phosphine was taken from 

literature.175 The aqueous layer was discarded, and the organic fraction was washed 

with sat. aqueous NaHCO3 (200 mL), dried over MgSO4, filtered and concentrated 

in vacuo. The residue was filtered through a pre-wetted silica gel plug (eluent: 

CH2Cl2/petroleum ether 40-60, 1:1) using nitrogen to push the solvent through the 

column. Evaporation of solvent under vacuum yielded the title compound as a 

white solid (the content of free phosphine ranged from 3 to 23% by 31P{1H} NMR 

and crude yields from 52.2 to 71.9%). Representative 31P spectra from samples 

taken during and after the oxidation and purification are shown in Figure 4.2. This 
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procedure was repeated six times to collect enough solid reagent for the H10Bpin 

synthesis. 1H NMR (400 MHz, CDCl3) δH: 1.13-1.79 (br, 3H), 2.32 (s, 9H), 7.13 

(m, 12H); 13C{1H} NMR (101 MHz, CDCl3) δC: 23.12 (d, J 3.7), 126.0 (d, J 8.9), 

254.16 (d, J 53.3), 131.37 (d, J 1.5), 132.16 (d, J 9.0), 133.48 (d, J 7.4), 143.92 (d, 

J 11.4); 10B{1H} NMR (43 MHz, CDCl3) δB: −31.02; 31P{1H} NMR (162 MHz, 

CDCl3) δP: 22.95; mp 149-151 °C. 

 

Figure 4.2 – 31P{1H} NMR spectra showing the fate of the species before (a) 
and after (b) the oxidation step; free phosphine is selectively oxidised in the 
presence of H2O2 (3% v/v) while phosphine borane complex remains 

unaffected, the former is then easily removed by silica gel filtration (c). 

Data is consistent with that expected based on published data for the same 

compound with natural abundance 10B/11B (20/80).78 
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[10B]-Pinacolborane 

Individual batches from [10B]-tris(o-tolyl)phosphine borane 

synthesis were combined and used without further purification. To a 

N2 purged two-necked round bottom flask was added 

[10B]-tris(o-tolyl)phosphine borane (13.5 g, 42.5 mmol, 1.3 equiv.) and pinacol 

(3.86 g, 32.7 mmol, 1 equiv.) over a flow of nitrogen followed by addition of 

dioxane/CHCl3 (23 mL, 100:1). The mixture was left to stir for 16 h at 57 °C. The 

reaction was cooled down to 40 °C and the supernatant was pumped off in vacuo 

(90-60 mbar) and trapped at -78 °C into a dry Schlenk tube; the trapped solution 

was kept under dry nitrogen as a clear and colourless liquid. 1H NMR [400 MHz, 

dioxane/CHCl3 (100:1) spiked with CDCl3] δH: 0.87; 13C{1H} NMR [101 MHz, 

dioxane/CHCl3 (100:1) spiked with CDCl3] δC: 24.12, 82.56; 10B NMR [43 MHz, 

dioxane/CHCl3 (100:1) spiked with CDCl3] δB: 28.05 (d, J 54.8). 

Title compound was obtained in a 1.09 M solution; volume estimated to be 15 mL 

to give a total yield of ~50%. The concentration was calculated by using the newly 

synthesised labelled compound in a standard kinetic reaction where H10Bpin was 

the limiting reagent as explained below. 

First, 1H NMR spectroscopy with solvent signal suppression was used to calculate 

an estimate concentration of the H10Bpin solution. An aliquot of the H10Bpin 

solution (100 μL) was accurately measured volumetrically and added into a 

Young’s Tap NMR tube under N2 atmosphere. Additionally, a solution of 

1,3,5-trimethoxybenzene in CDCl3 (0.133 M, 400 μL) was added as internal 

standard, the tube was then closed and shaken to ensure well mixing and the 

spectrum recorded. Molarity of the isolated H10Bpin solution was calculated to be 

1.53 M based on this experiment (Figure 4.3). 
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Figure 4.3 – 1H NMR spectrum for quantification of [10B]-pinacolborane 
showing the integration of the benzylic protons from the IS (red) against the 

methyl protons from [10B]-pinacolborane (blue). 

To rectify the calculated molarity from the H10Bpin solution, a dicyclohexylborane-

catalysed hydroboration of 4-fluorophenylacetylene 3 reaction was set up and 

monitored as described in the representative procedure in section 4.3.1 on page 

114. For this purpose, the freshly prepared H10Bpin was used (295 μL, 0.45 mmol, 

1 equiv.) using the solution’s molarity estimation previously calculated (1.53 M). 

As depicted in Figure 4.4, only 0.321 mmol of H10BPin reacted based on 

[3]0 = 0.538 M, [3]end = 0.154 M; the reactive molarity of the H10BPin solution can 

then be calculated to be 1.09 M. 
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Figure 4.4 – Temporal concentration profile for hydroboration of 3 by HBCy2 

using labelled H10Bpin showing incomplete consumption of the substrate (blue 
circles: 3, outlined green circles: E-4pin, red diamonds: E-6Cy2, purple crosses: 

iso-6Cy2). 
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5.1 Chapter 1 

 

Figure 5.1 – Temporal concentration profile for ethanolyses of 1PB in CHCl3 
(filled circles) and CDCl3 (outlined circles) showing acceptable reproducibility; 

monitored by 11B{1H} NMR (red circles: 1PB, blue circles: 2INT, green circles: 2). 

Conditions: [1PB]0 = 0.03 M, [EtOH]0 = 5 M at 30 °C. 

 

Figure 5.2 – Temporal concentration profile for ethanolyses of 1PB in 
dioxane/CHCl3 (80,000:1, filled circles) and dioxane/CDCl3 (80,000:1, outlined 
circles) showing highly variable intermediate consumption; monitored by 
11B{1H} NMR (red circles: 1PB, green circles: 2INT). Conditions: [1PB]0 = 0.03 M, 

[EtOH]0 = 5 M at 30 °C. 
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Figure 5.3 – Temporal concentration profile for different ethanolyses of 1PB 

displaying the effect bubbling has on the intermediate 2INT build-up; monitored 
by 11B{1H} NMR. a) Bubbling N2 starting at 20 min (circles), 30 min (diamonds) 
and 60 min (crosses); b) N2 (blue) and O2 (red) continuous bubbling since the 

beginning of the reaction. Conditions: [1PB]0 = 0.03 M, [EtOH]0 = 5 M in toluene 

at 30 °C. 

 

Figure 5.4 – Temporal concentration profile for ethanolyses of 1PB with 
benzoyl peroxide as additive at 5 mol% (filled circles) and 10 mol% (outlined 
circles); monitored by 11B{1H} NMR. a) Reproducible pseudo-first order decay 

of 1PB; b) Irreproducible 2INT build-up. Conditions: [1PB]0 = 0.03 M, [EtOH]0 = 

5 M in toluene at 30 °C. 
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Figure 5.5 – Temporal concentration profile for ethanolysis of DMSB in the 

presence of free phosphine; monitored by 11B{1H} NMR (blue circles: 2INT, 
green circles: 2). Conditions: [1PB]0 = 0.03 M, [(o-tolyl)3P] = 0.03 M, [EtOH]0 = 

5 M in dioxane at 30 °C. 

 

Figure 5.6 – Temporal concentration profile for pinacolysis of DMSB 
monitored by 11B{1H} NMR (red circles: DMSB, blue circles: HBpin, green 

circles: B2pin3). Conditions: [DMSB]0 = 0.03 M, [pinacol] = 0.03 M in dioxane 

at 30 °C for 3 h then lowered to 23 °C. 
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Figure 5.7 – Temporal concentration profile for pinacolysis of DMSB 
monitored by 11B{1H} NMR (red circles: DMSB, blue circles: HBpin, green 

circles: B2pin3). Conditions: [DMSB]0 = 0.03 M, [pinacol] = 0.27 M in dioxane 

at 30 °C. 

5.2 Chapter 2 

 

Figure 5.8 – Pseudo-first order rate constants (kobs) calculated from the decay 
of 4-fluorophenylacetylene (blue data) and 4-(trifluoromethyl)phenylacetylene 

(green data). Conditions: [F-PhAcetylene]0 = 0.3 M, [F3C-PhAcetylene]0 = 
0.3 M, [HBpin] = 0.06, [HBCy2] = 0.06 M and [1-fluoronaphthalene] = 0.253 M 

in dioxane/CHCl3 (100:1) at 23 °C. 
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Figure 5.9 – EI-MS spectrum of product E-4pin from control reaction using 

HBpin; 11B represents the mayor isotope incorporated in the product.  

 

Figure 5.10 – EI-MS spectrum of product [10B]-E-4pin from single turnover 

experiment using H10Bpin indicating enrichment of 10B into the product. 
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5.2.1 Deuteration Efficiency of [D3]-THFB 

In order to assess if the non-complete deuterated product obtained when DBCy2 

was used (Figure 2.9) arose from using an incomplete deuterated THF [D3]-borane 

complex or from the reaction per se, an experiment was set up where [D3]-THFB 

was used in an in situ alkene hydroboration/oxidation reaction (Scheme 5.1). After 

the work up, 1H NMR spectroscopy was used to calculate deuterium content in the 

product. A control reaction was again carried out where non-labelled reagents were 

used instead. 

 

Scheme 5.1 – Alkene hydroboration/oxidation. Conditions: [8]0 = 0.45 M, 

[D3-THFB] = 0.23 M in THF at 50 °C. 

To a N2 purged two-necked round bottom flask, THF [D3]-borane complex was 

added (750 µL, 0.75 mmol, 1 equiv.) and diluted with anhydrous THF (1.2 mL). 

The diluted solution was cooled down to 0 °C followed by dropwise addition of 

4-fluorostyrene 8 (179 µL, 1.5 mmol, 2 equiv.). The reaction mixture was stirred 

at room temperature for 2 h. After that, the reaction was cooled down to 10 °C and 

NaOH solution (3 M, 900 µL) followed by H2O2 (30% in water, 300 µL) were 

sequentially added. The reaction mixture was stirred further at 50 °C for 2 h and 

then let it cool down to room temperature.  

The crude mixture was diluted with ether (20 mL). Then, the organic phase was 

consecutively washed with sat. aqueous Na2S2O3 (10 mL), water (10 mL) and brine 

(10 mL), dried over MgSO4 and filtered and solvent removal in vacuo (300 mbar). 

The residue was passed through a silica gel plug (eluent: ether, 30 mL) to give a 

clear liquid after solvent removal.176 



 

144 

 

Figure 5.11 – 1H NMR spectra; a) Isolated labelled product [D1]9a where 
integration of proton Ha exceeds the expected value by 0.10 due to an 
incomplete deuteration. Minor regioisomer peaks from [D1]-9b are also 

present (♦); b) Isolated product 9a from control reaction displaying matching 
integration values for both protons Ha and Hb. Peaks from unreacted 

4-fluorostyrene are also shown (*). 

In addition to NMR spectroscopy, product [D1]9a was analysed by HRMS (EI+) 

where C8H8DFO+ [M]+ found was: 141.07067 m/z, requires: 141.06947 m/z 

(+1.20 ppm). 

5.2.2 Synthesis Optimisation Summary for [10B]-Tris(o-tolyl)-
phosphine borane 

The challenging reaction for obtaining [10B]-tris(o-tolyl)phosphine borane 

[10B]-1PB in useful purity and good yields, (needed for the non-trivial synthesis of 

[10B]-pinacolborane) required careful optimization of specific conditions that are 
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summarised in Table 5.1. Unlabelled materials were used for these series of 

experiments (Scheme 5.2). 

 

Scheme 5.2 – Reaction conditions for synthesis optimisation for the 

preparation of [10B]-1PB. 

Entry 
equiv. of 

B(iOPr)3 

equiv. 

of 1P 

equiv. of 

LiAlH4 

LiAlH4 

presentation 
Additive 

Quenching 

solution 

Crude 

yielda 

[10B]-1PB 

(%) 

Free 

phosphinea 

(%) 

1b 1 0.77 1.15 1 M solution none 

AcOH/THF    

over 15 min 
70.2 27 

2b 1 0.77 1.15 1 M solution none 
AcOH/THF     

over 30 min 
75.1 16 

3b 1 0.77 1.15 1 M solution none 
AcOH/THF    

over 2.5 h 
44.8 44 

4c 1 0.77 0.77 1 M solution AlCl3 
Sat. aqueous 

Rochelle salt 
40.0 51 

5 1 0.77 0.77 Pellet none 
Sat. aqueous 

Rochelle salt 
70.3 17 

6 1 0.9 0.9 Pellet  none 
Sat. aqueous 

Rochelle salt 
41.2 60 

7 1 1.5 0.8 Pellet  none 
Sat. aqueous 

Rochelle salt 
95.7 36 

Table 5.1 – Optimisation summary for [10B]-1PB synthesis in THF (10 mL). 
aPercentage of free phosphine present in the product calculated from 
31P{1H} NMR. b1.7 equiv. of acetic acid in THF (10 mL). c0.5 equiv. of AlCl3 in 
THF (9 mL) were sequentially added three times to give a total of 1.5 equiv 

used. Changes from the previous entry are shown highlighted. 

Particular importance should be given to LiAlH4 addition into the reaction mixture 

as it takes an overriding role in the triisopropoxyborane reduction. Slow addition 
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allowed a stepwise and more controlled reduction as seen in Figure 5.12. This could 

be achieved by using the required amount of LiAlH4 as solid and slowly dissolving 

it at cold temperatures. Contrastingly, using a solution of LiAlH4 in conjunction 

with AlCl3 produced the more reactive AlH3 which reduced triisopropoxyborane 

affording a borohydride species as the major product (Figure 5.13). This species is 

not capable of coordinating to free phosphine thus lowering the yield of the desired 

product. 

 

Figure 5.12 – 11B NMR spectrum from an ongoing triisopropoxyborane 
reduction reaction using the slow release LiAlH4 pellet. All the distinct species 

are observed in solution before the reaction reached completion indicating a 

controlled stepwise process. 
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Figure 5.13 – 11B NMR spectrum from an ongoing triisopropoxyborane 
reduction reaction using a LiAlH4 solution and AlCl3 as an additive, just the 
product and the borohydride byproduct can be observed suggesting a more 

aggressive reduction taking place. 

5.2.3 Double addition side-product NMR data 

In a N2 purged Schlenk tube, freshly prepared HBCy2 was used to titrate a solution 

of (E)-2-(4-fluorostyryl)boronic acid pinacol ester (2 mmol) in dioxane/CHCl3 

(100:1, 1 mL) in order to increase the concentration of the double addition 

side-product. Aliquots of the crude mixture were taken (0.1 mL) and diluted with 

the same solvent system (0.5 mL) to be analysed by 19F NMR until the highest 

signal corresponded to the desired product. Various NMR experiments were run 

and are shown below. 
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Figure 5.14 – 1H NMR spectrum of double addition side-product titration. 

 

Figure 5.15 – 19F NMR spectrum of double addition side-product titration. 
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Figure 5.16 – 1H-1H COSY  spectrum of double addition side-product titration 
showing aryl protons coupled to each (blue rectangle) other and alkyl protons 

coupled to each other (red rectangle) (being the -CH2- protons diastereotopic 

protons, hence three distinct signals). 
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