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Abstract 

The use of cobalt catalysts for Suzuki-Miyaura cross-coupling reactions that form biaryl products are 

explored in this thesis. Following an introduction that describes the importance of this transformation 

and the desire to steer away from the use of precious-metal catalysts both in academia and industry, our 

developments of the reaction are discussed. 

The limitations of the only few reported examples of cobalt-catalysed Suzuki cross-coupling reactions 

are highlighted, and in Chapter 2, an improved protocol which was previously developed in the Bedford 

group, is introduced. This reaction allowed for a wide range of aryl chlorides to couple with aryl 

boronates, formed using nBuLi to activate arylboronic acid pinacol esters. Basic mechanistic 

experiments revealed the boronate to be capable of reducing the Co(II)-NHC pre-catalyst to a Co(0)-

NHC species, and the stable Co(0) species, (SIPr)Co(nbe)2 (nbe = norbornene) to be a competent pre-

catalyst. Whilst a much more detailed mechanistic investigation is required, the main drawback of the 

methodology, which is the use of nBuLi to form the boronate reagent, was more importantly addressed.  

Chapter 3 describes the findings from our optimisation studies for an alkoxide-promoted cobalt-

catalysed Suzuki cross-coupling reaction. KOtBu was found to be the most effective base – a much 

milder alternative to organolithium reagents. The optimal nucleophilic coupling partners are arylboronic 

acid neopentyl glycol esters, and slight changes in the backbone of the ester resulted in pronounced 

differences in catalytic activity, which could not be accounted for by its thermodynamic propensity to 

transfer the aryl group (assessed by DFT analysis). Under the optimised conditions, which uses a 

CoCl2/IPr·HCl catalyst system, a broad range of functionalised aryl chlorides and arylboronic acid 

neopentyl glycol esters were found to be good coupling partners. However, substrates containing nitro, 

ester and sulphur functionalities are examples of those that were poorly tolerated.  

The following chapter investigates the mechanism of the KOtBu-promoted cross-coupling methodology 

described in the previous chapter. A long induction period was observed, accounting for catalyst 

activation, which we propose to be the formation of an (IPr)Co(I) species. Mechanistic studies, including 

kinetic analysis and DFT computational investigations allowed us to suggest a sensible catalytic cycle 

that features a Co(I)/Co(III) manifold, with a step relating to the coordination of the boronate to the Co 

prior to transmetalation likely to be rate-determining. The possible identity of a catalyst deactivation 

product was determined to be [Co(OtBu)2]n, and a plausible pathway for its accumulation, via 

(IPr)Co(OtBu)2 is suggested. 

Finally, having understood some of the challenges in cobalt-catalysed Suzuki biaryl cross-coupling, our 

attention was drawn towards the work of another research group who reported that the coupling between 

aryl halides and phenylboronic acid is achievable using a variety of cobalt pre-catalysts (bearing Schiff 

base and PNP pincer ligands), with loadings as low as 0.5 mol %, and mild bases such as K2CO3. This 
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led to an examination of the reproducibility of these reports, and others by the same authors which 

describe the iron-, nickel-, and copper-catalysed Suzuki coupling under similar conditions. Our findings, 

discussed in Chapter 5, conclusively show that not only are the cross-coupling reactions irreproducible, 

the synthesis of several of the pre-catalysts could not be achieved. Furthermore, indications of possible 

data fabrication are highlighted, and as a result of our investigation, three of the reports have now been 

retracted by journal editors, to date.1-3 

Subsequently, the use of Schiff-base ligands as alternatives to NHC ligands in the coupling of 4-

bromooanisole with nBuLi-activated phenylboronic acid pinacol ester is explored in Chapter 5, and a 

yield of 49% was achieved. This shows potential for an attractive methodology to be developed that 

allows for the use of bench-stable Co-Schiff base pre-catalysts to be employed, upon further 

optimisation.  
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ImPr 1,3-di(i-propyl)imidazol-2-ylidene 

IPr 1,3-bis(2,6-di-i-propylphenyl)imidazol-2-ylidene 
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J coupling constant 
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NHC N-heterocyclic carbene 
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NMR nuclear magnetic resonance 

OA oxidative addition 
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OTf trifluoromethanesulfonate 

OTs  toluenesulfonate 

PG protecting group 

pin pinacol 

RDS rate determining step 
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SciOPP spin-control-intended ortho-phenylene bisphosphine 

SIPr 1,3-bis(2,6-di-i-propylphenyl)imidazolidin-2-ylidene 

STEM scanning transmission electron microscopy 

TEMPO 2,2,6,6-tetramethylpiperidine 1-oxyl 

THF tetrahydrofuran 

TM transmetalation 

TMEDA tetramethylethylenediamine 

TMS trimethylsilyl 

Tol tolyl 
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1.1 Development of Transition-Metal-Catalysed Cross-Coupling Reactions 

1.1.1 Early Work 

The formation of C-C bonds are undoubtedly one of the most vital transformations in the construction 

of molecules, and the ability to achieve this by the reaction of an electrophilic organic reagent (often an 

organohalide or pseudohalide) and an organometallic reagent via a transition-metal-catalysed process, 

termed cross-coupling, has greatly advanced the field of organic synthesis (Scheme 1.1). Indeed, the 

significance of this was highlighted by Richard Heck, Ei-ichi Negishi and Akira Suzuki being awarded 

the 2010 Nobel prize in chemistry “for palladium-catalyzed cross couplings in organic synthesis”.4  

 

Scheme 1.1. General cross-coupling of electrophile R-X and nucleophile R’-Y in the presence of a transition metal 

catalyst.  

The development of the renowned cross-coupling reaction as we know it today began over a century 

ago, with the realisation that transition-metal compounds enabled the formation of C-C bonds. One of 

the first examples of this is the CuCl-mediated homocoupling of alkynes, described by Glaser (Scheme 

1.2a).5 This was later extended by Ullmann, who showed that homocoupling of aryl halides could be 

achieved with a super-stoichiometric amount of copper (Scheme 1.2b).6 One of the earliest examples of 

nucleophilic homocoupling, of phenylmagnesium bromide, was reported by Bennett and Turner who 

demonstrated that stoichiometric amounts of chromium salt promoted biaryl formation (Scheme 1.2c).7 

 

Scheme 1.2. Early examples of C-C coupling by a) Glaser in 1869, b) Ullmann in 1901 and c) Bennett and Turner in 

1914.5-7 

Progression to the use of sub-stoichiometric quantities of transition-metal salt to achieve cross-coupling 

of two different fragments remained unsolved until later,8-11 with the independent work of Meerwein 

and Kharasch most widely acknowledged as some of the first examples concerning the formation of C-
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C bonds (Scheme 1.3).12-14 However, these methodologies were limited in the substrates that could be 

used. For example, in the reaction reported by Kharasch, a disubstituted alkene at the carbon bearing the 

halogen resulted in poor yield of cross-coupling product, with homocoupling of the nucleophile being 

the major reaction. Even in cases where cross-coupling was achieved (such as that shown in Scheme 

1.3b), the challenge of selectivity was apparent, rendering the methodologies seminal, yet not 

synthetically applicable. 

 

Scheme 1.3. First reports of transition metal-catalysed cross-coupling by a) Meerwein and b) Kharasch.  

The limitations in selectivity were addressed several decades later through catalyst design, for example 

by Corriu and Kumada, who independently utilised nickel catalysts in the coupling of aryl- and alkenyl 

halides with Grignard reagents (Scheme 1.4).15-21 This paved the way for the exploration of new variants 

of transition metal catalysts, organometallic and electrophilic reagents, leading to a surge of publications 

in the field, which encompass almost all classes of organic partners.11, 22-24  

 

Scheme 1.4. Cross-coupling of Grignard reagents and organohalides reported by a) Corriu and b) Kumada. 

1.1.2 Palladium-Catalysed Cross-Coupling Reactions 

The use of palladium-based catalysts quickly became the most popular, replacing first-row transition 

metals that were often used in early examples. This was due to the high activity of palladium catalysts 

with a broader range of coupling partners, as well as the superior selectivity displayed.25 For example, 

Murahashi revealed that the coupling of both alkyl lithium and alkyl Grignard reagents with alkenyl 
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bromides could be achieved in quantitative yield using palladium catalysts, whereas cross-coupling 

using alkyl lithium reagents was previously unattainable when nickel catalysts were employed.26, 27 

Some of the most notable types of cross-coupling reactions were named based on the organometallic 

reagent employed, such as Kumada-Corriu (Grignard reagent),18, 19, 21 Negishi (organozinc),28 Suzuki-

Miyaura (organoboron),29 Stille (organotin)30, 31 etc., or the class of coupling partner, such as 

Sonogashira (alkynes).32-34 The diversity of the substrate scope and functional group tolerance resulted 

in palladium-catalysed cross-coupling reactions revolutionising the techniques for organic bond 

formation (not only C-C, but also C-O, C-N, C-S etc.).25, 35-37 The mechanism of the palladium-catalysed 

process has been well studied, with the generalised catalytic cycle involving three key steps: oxidative 

addition of the electrophilic partner to a Pd(0) active species, which usually occurs via a concerted 2-

electron pathway, forming a Pd(II) intermediate; transmetalation of the nucleophilic substrate in order 

to transfer the organic fragment to the Pd centre; and finally reductive elimination of the organic moieties 

from cis-geometry to yield the cross-coupling product and regenerate the Pd(0) species (Scheme 1.5).38, 

39  

 

Scheme 1.5. General catalytic cycle of a palladium-catalysed cross-coupling reaction, with the ligand(s) omitted for 

simplicity. 

With a thorough understanding of the mechanism, the optimisation of palladium-catalysed cross-

coupling reactions was achieved, leading to extensive applications in industrial settings and in the 

synthesis of natural products.40-42 High functional group tolerance is one of the advantages of cross-

coupling that the chemical industry relies upon, especially in cases where mild nucleophilic reagents are 

used (e.g in Negishi, Suzuki-Miyaura and Hiyama coupling). This allows functionalisation to be 

conducted at a later synthetic stage, as shown by researchers at Eli Lilly who utilised Negishi coupling 

in the last step of the synthesis of a potent 5-HT1A (serotonin) agonist (Scheme 1.6).43 Additionally, the 

high catalytic activity means that palladium loadings lower than 0.001 mol % can be used, 44, 45 which 

helps to reduce the residual palladium content in order to meet regulatory guidelines due to toxicity.46 
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Typically, the use of homogeneous catalysts means that the removal and re-use of the catalyst is 

challenging, however great efforts have been made to find solutions for this in palladium-catalysed 

coupling reactions. An example of this is the use of a ligand that forms a macrocyclic palladium 

complex, which is stable to column chromatography (Figure 1.1).47 The catalyst can then be separated 

from the reaction mixture and subsequently recycled. Overall, this highlights the extensive research in 

the use of palladium catalysts for industrial products, and a large amount is focussed on Suzuki-Miyaura 

coupling.  

 

Scheme 1.6. Negishi cross-coupling used in the final stage of the synthesis of a 5-HT1A agonist.  

 

Figure 1.1. Macrocyclic Pd(0) complex found to be easily recovered by column chromatography, allowing for re-use. 
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1.2 Suzuki-Miyaura Cross-Coupling 

It is not surprising that the Suzuki-Miyaura cross-coupling reaction has been vastly studied and exploited 

in the production of pharmaceuticals, agrochemicals, fine chemicals and natural products, due to its 

numerous benefits when compared to other classes of cross-coupling (Figure 1.2).42, 48 The use of a 

boron-containing coupling partner allows for a wider functional group tolerance and greater selectivity, 

due to the mild nucleophilicity and less polarised carbon-metal bond, particularly in comparison to the 

use of organomagnesium and organolithium reagents. Additionally, there are many routes in the 

preparation of organoboron reagents, making them widely available and enabling a broad scope of 

substrates to be employed.49 Another advantage is the low toxicity of organoboron reagents, especially 

when compared to organotin nucleophiles used in Stille cross-coupling. Accordingly, Suzuki-Miyaura 

coupling has become one of the most utilised methodologies in the construction of C-C bonds, especially 

biaryl moieties, and thought to be one of the causes that led to the rise in more planar pharmaceutical 

substrates in the last several decades.29, 50 

 

Figure 1.2. Application of palladium-catalysed Suzuki-Miyaura cross-coupling in industry.51-54 

1.2.1 Mechanism of Palladium-Catalysed Suzuki-Miyaura Cross-Coupling 

Being such a vital synthetic tool, studies of the mechanism of the Suzuki-Miyaura reaction (following 

the general catalytic cycle shown in Scheme 1.5) have been important in the optimisation of the reaction 

conditions, such as facilitating the rate determining step and hindering undesirable side reactions, 

including protodeboronation and homocoupling. Indeed, the oxidative addition and reductive 

elimination steps are well understood,55 however only more recently has the mechanism of the 

transmetalation process been elucidated. Due to the low nucleophilicity of organoboron reagents 

(compared to organometallic reagents), a base is typically employed in Suzuki-Miyaura coupling to 
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activate the Lewis acidic boron centre. Particular debate over the way in which the base aids 

transmetalation has arisen, generally with two possible pathways having been proposed: path A, often 

referred to as the “boronate” pathway, involves the formation of an activated boronate species; whereas 

path B proceeds via the combination of a palladium hydroxide complex and neutral boronic acid, termed 

the “oxo-palladium” pathway – with both pathways having the possibility to form a common 

intermediate 1 (Scheme 1.7).56, 57  

 

 

Scheme 1.7. The two most considered pathways of transmetalation in a typical palladium-catalysed Suzuki-Miyaura 

cross-coupling reaction.  

Initially, path A was assumed because the requirement for a base suggested that the neutral boronic 

species needed activation first.29, 58 However, Suzuki and co-worker’s study of NaOMe-promoted 

alkenyl-alkenyl coupling led to the proposal of pathway B due to several findings (Scheme 1.8).59 This 

includes the formation of alkene from hydro-dehalogenation of the alkenylbromide, which was thought 

to be generated by a Pd-H species arising from an alkoxo-palladium intermediate after -H elimination 

of methoxide; the ineffectiveness of boronate 6 in cross-coupling; and the stoichiometric reaction of the 

alkenyl boron reagent with isolated oxo-palladium species 8 displaying competent alkenyl transfer, 

unlike the analogous reaction with isolated palladium-chloride species 7 (Scheme 1.8). Despite this, the 

overall consensus from computational studies suggest that pathway A is more likely to be in operation 

due to the energy associated to the formation of the oxo-palladium species (cf. 2).60-63  
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Scheme 1.8. Initial findings by Suzuki and co-workers that led to the proposal of “oxo-palladium” transmetalation 

pathway B.  

Through kinetic studies, a deeper understanding of the transmetalation process was gained, with early 

studies suggesting that the pathway is dependent upon specific conditions and reagents employed.64, 65 

However, more recent kinetic investigations unequivocally demonstrated that pathway B is kinetically 

favoured.66-68 Through the combination of electrochemistry and NMR spectroscopy, Amatore and 

Jutand showed the rate of transmetalation of boronate species with palladium-halide complex (cf. 3) to 

be very slow – whereas, upon addition of hydroxide, the oxo-palladium complex (cf. 2) formed quickly 

(in equilibrium with halide complex, cf. 3), and transmetalation occurred at a much higher rate.66 This 

is in disagreement with previous computational studies.60-63 Meanwhile, Hartwig utilised 31P NMR 

spectroscopy to analyse the rate of decay of both [(PPh3)2PdBrPh] and [(PPh3)Pd(-OH)Ph]2 with 

arylboronate (cf. 4) and arylboronic acid (cf. 5), respectively.68 Transmetalation between the boronic 

acid and oxo-palladium species was observed to be faster by around four orders of magnitude.  

Only in 2016 have the common intermediates of both path A and B, containing Pd-O-B linkages (cf. 1) 

been detected. Due to their short-lived nature, Denmark and co-workers utilised techniques such as low-

temperature rapid-injection NMR in order to characterise the intermediates, providing a more complete 

overview of the transmetalation step.57, 69 Overall, significant progress has been made in the elucidation 

of the transmetalation step in palladium-catalysed Suzuki cross-coupling, with pathway B most widely 

acknowledged to be operative. 



Chapter 1 – Introduction 

 

9 

 

1.2.2. Methodological Development of Palladium- and Nickel-Catalysed Suzuki-

Miyaura Cross-Coupling 

Alongside mechanistic studies, there has been tremendous work on the development of the methodology 

of the palladium-catalysed Suzuki coupling reaction. This includes the expansion of the organic coupling 

partners that can be used, to incorporate not only C(sp2) but also C(sp) and C(sp3). Alkyl-alkyl coupling 

initially proved to be problematic due to the presence of -hydrides and slow oxidative addition, often 

requiring harsher nucleophiles such as those used in Kumada coupling. However, through 

catalyst/ligand design, Fu and co-workers efficiently achieved Suzuki coupling of alkyl bromides at 

room temperature.70 Numerous reviews highlight the impressive synthetic utility of palladium-catalysed 

Suzuki-Miyaura cross-coupling (achieved by mechanistic understanding aiding the optimisation of 

reaction conditions, such as solvent, ligand and use of additive), and Figure 1.3 displays the breadth of 

electrophilic and nucleophilic coupling partners that can be utilised.35, 44, 71-73  

 

Figure 1.3. Reagents and conditions that can be used in palladium-catalysed Suzuki-Miyaura cross-coupling. 

More recent advances include the use of esters as electrophiles to give rise to ketone products,74 and 

nitroarenes as the electrophilic coupling partner (Scheme 1.9).75 The latter offers a solution for the need 

to introduce halide functionality in the starting material – which is often formed by reduction of a 

nitroarene and subsequently the Sandmeyer reaction to generate the aryl halide. 
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Scheme 1.9. Development of the electrophilic coupling partner in palladium-catalysed Suzuki cross-coupling.  

Despite these developments, certain limitations still exist, for example, less electrophilic partners, such 

as inactivated organochlorides do not proceed smoothly in cross-coupling without the use of specifically 

designed ligands to promote oxidative addition. The use of alternative metal catalysts offer the potential 

for improved or previously unattained reactivity, and advances in the field of nickel-catalysed Suzuki-

Miyaura coupling have shown just that.76  

Typically, oxidative addition of alkyl halides in palladium-catalysed coupling proceeds via an SN2 

reaction, leading to difficulties in the use of secondary and tertiary alkyl halide reagents due to steric 

hinderance. However, due to nickel being more likely to partake in single-electron transfers, a radical 

oxidative addition process allows for secondary alkyl halides to be used – opening the window for 

enantioselective reactions, when a chiral nickel catalyst is employed (Scheme 1.10a).77, 78 Furthermore, 

nickel-catalysed coupling of unactivated tertiary alkyl bromide reagents have been reported, however, 

improvements in catalyst loading and functional group tolerance are yet to be recognised (Scheme 

1.10b).79 Another development made by the use of nickel catalysts is the ability to use phenolic 

derivatives as electrophilic partners – both aryl carbonates and carbamates readily couple with 

arylboronic acids or esters, in the presence of a phosphine ligand (Scheme 1.10c).80, 81 These types of 

pseudohalides are generally easier to install and have the advantage of being good directing groups for 

ortho C-H activation prior to cross-coupling, in a multi-step synthetic route.  
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Scheme 1.10. Development of Suzuki coupling using nickel catalysts. 

Furthermore, Nelson and co-workers recently shed light on the contrasting behaviour of nickel and 

palladium catalysts in Suzuki-Miyaura cross-coupling in terms of selectivity.82, 83 They found that Ni(0) 

catalysts exhibit selectivity for the coupling of aryl halides that have either aldehyde or ketone functional 

groups over those that do not have these functionalities. Unlike in palladium catalysis, the interaction of 

the functional group with metal centre was found to determine the selectivity – thus displaying the 

potential application of nickel catalysis in selective Suzuki cross-coupling.  

Collectively, these examples demonstrate the ability of a first-row transition metal catalyst to be viable 

in Suzuki cross-coupling, not just as substitutes for palladium catalysts but instead displaying distinct 

reactivity. Additionally, nickel has the advantage of being more earth abundant than palladium. This is 

an important consideration due to the difficulties in extraction of palladium adding to its high cost (only 

around 6 g of palladium is extracted from one ton of ore), along with being greatly sought after for use 

in competing industries such as automotive and electronic manufacturing. However, despite the 

economical and sustainability-related benefits of using nickel catalysts, its high toxicity poses a problem. 

Therefore, and in order to explore new reactivity, the use of other earth-abundant metals as catalysts for 

cross-coupling is a re-emerging field. 
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1.3 Earth Abundant Metal-Catalysed Cross-Coupling 

1.3.1 Benefits of Earth Abundant Metals in Catalysis 

With the high cost and low earth-abundance associated with precious metals like palladium, along with 

the high toxicity of many nickel salts, the use of transition metals such as iron, copper, cobalt, chromium 

and manganese as catalysts is advantageous – as summarised in Table 1.1.84-86 Having said that, it cannot 

be assumed that Earth abundant metals such as iron are non-toxic, as the toxicity varies according to 

factors such as oxidation state and ligand set – indeed, the LD50 of FeCl2, PdCl2 and CoCl2 are similar, 

yet the cobalt content in pharmaceutical products must be below 5 ppm, due to the high toxicity and 

carcinogenic nature of some cobalt salts. Overall, the abundance and ease of extraction reflected in the 

price make the benefits of these first-row transition metals apparent. Accordingly, there has been a 

growing interest to employ these metals in catalysis, since their initial use in very early examples of key 

catalytic reactions.   

Table 1.1. Comparison of first row transition metals in terms of price, abundance and toxicity. 

Metal Pricea / £/g 

Abundance in 

Earth’s Crust / 

ppm 

Toxicity 

LD50 (oral, rat) 

of MCl2 / mg/kg 

Permitted concentration 

in pharmaceutical 

productsc / μg/g 

Palladium 53.0 0.015 479 10 

Nickel 0.0115 84 105 20 

Copper 0.00498 60 584 300 

Iron 0.0000918* 56300 500 >1000 

Cobalt 0.0252 25 418 5 

Manganese 0.00000365 950 250 - 

Chromium - 102 1870 >1000 

aAccording to the trading price as of 27/08/2020.87 bSafety data sheet provided by Sigma Aldrich is used as the source 

for the oral lethal dose 50% in rats (accessed 21/06/2020). cAccording to ICH Q3D Elemental Impurities guidelines.88 

*Price of iron ore. 

The different reactivity displayed by first-row transition metal catalysts compared with palladium is the 

driving force for academic interest, while in industry, the need to utilise more sustainable metals in 

catalysis has been recognised. In fact, several of the largest companies in the pharmaceutical sector, 

Boehringer Ingelheim, Pfizer and AbbVie have formed a ‘Non-Precious Metal Catalysis Alliance’, with 

the primary aim of facilitating the development of abundant metal catalysis in the synthesis of active 

pharmaceutical ingredients.89 Earth-abundant metal catalysts have recently been applied on large scales 

in the pharmaceutical industry – for example, iron catalysis is involved in the multi-kilogram synthesis 

of Aliskiren, a selective renin inhibitor, used to treat hypertension (Scheme 1.11a).90, 91 Similarly, efforts 

have been made to find alternative synthetic protocols to target drug molecules that employ earth-



Chapter 1 – Introduction 

 

13 

 

abundant metals instead of precious metals, such as in the preparation of Ibuprofen, as shown by Thomas 

and co-workers (Scheme 1.11b).92  

 

Scheme 1.11. Use of iron catalysts in the synthesis of drug molecules a) Aliskiren and b) Ibuprofen. 

Despite the attraction of using Earth-abundant metal catalysts, on the whole, the area of research remains 

largely underdeveloped. The lack of thorough mechanistic understanding is partly accountable for this, 

with complex redox systems, highly air sensitive intermediates and paramagnetic species presenting 

challenges. The next section gives an overview of cross-coupling developments using earth-abundant 

metal catalysts, with a focus on Suzuki biaryl cross-coupling.   

1.3.2 Iron-, Copper-, Manganese- and Chromium-Catalysed Cross-Coupling 

1.3.2.1. Iron-Catalysed Kumada Cross-Coupling 

Although iron-catalysed Kumada cross-coupling was first reported in 1944 by Vavon and Mottez,93 and 

later by Kochi in 1971,94 who described the coupling between alkenyl halides and alkyl Grignard 

reagents, it was not until several decades later that further advancements were made, independently by 

Cahiez and Fürstner (Scheme 1.12a).95, 96 In particular, it was found that use of N-methyl-2-pyrrolidone 

(NMP), supressed undesirable side products in the alkenyl-alkyl coupling, resulting in greater yield and 

the tolerance of functionalities such as ester, ketone and nitrile groups. The use of NMP also allowed 

for the expansion of the methodology to incorporate aryl chloride, bromide, triflate and tosylate 

substrates as coupling partners with alkyl Grignard reagents.  
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Scheme 1.12. a) Initial reports of ligand-free iron-catalysed Kumada cross-coupling and b) the associated mechanistic 

work, conducted much later, by Neidig and co-workers. 

In Kochi’s initial report,94 EPR spectroscopy led to the detection of an iron intermediate with S = ½, 

resulting in the proposal of an Fe(I)/Fe(III) catalytic cycle. It was not until almost half a century later 

that Neidig and co-workers identified the structure of the ‘Kochi complex’ as [Fe8Me12]- – a cluster 

featuring both Fe(I) and Fe(II) centres, which proved to have poor reactivity toward electrophiles 

(Scheme 1.12b).97 Subsequently, the utility of NMP in methodologies using methyl Grignard reagent 

was determined as prevention of the formation of [Fe8Me12]-, and instead favouring the active [FeMe3]- 

species (stabilised by NMP coordination to the magnesium counterion).98 Other catalytic manifolds have 

also been proposed, such as Fe(-II)/Fe(0), however a combination of reasons rule this mechanism as 

unfeasible.96, 99-101 

Expansion of the scope of the ligand-free coupling reaction by Cahiez and Fürstner sparked great interest 

in the ability of iron catalysts. Solutions to cross-coupling that had been difficult to achieve through 

palladium catalysis were discovered, such as the coupling of organochlorides and reducing the amount 

of alkene side-product (from -hydride elimination) in the coupling of aryl Grignard reagents with alkyl 

halides. The latter was well explored, and shown to be possible using a variety of conditions (Scheme 

1.13a).102-107  
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Scheme 1.13. Examples of iron-catalysed Kumada cross-coupling between a) alkyl halides and aryl Grignard reagents 

b) aryl halides and aryl Grignard reagents and c) alkyl halides and alkyl Grignard reagents. 

Biaryl Kumada coupling was first made possible through the use of FeF3 as the pre-catalyst along with 

an NHC salt as the ligand.108 Difficulties in selectivity, arising from the homocoupling of the aryl 

Grignard, were thought to have been suppressed by strongly coordinating fluoride ligands (discussed in 

Section 1.4.1). Duong and co-workers expanded upon this by using Fe-alkoxide or Fe(OTf)2 pre-

catalysts with SIPr·HCl (Scheme 1.13b).109, 110 Although examples of alkyl-alkyl coupling are known, 

challenges still remain in the scope of coupling partners, especially the Grignard reagent (Scheme 

1.13c).111-113 Attempts to elucidate the mechanism of Kumada coupling shed light on the complexity of 

iron-catalysed processes – with distinct mechanistic proposals being made depending on the type of 

ligand employed.101, 114 

1.3.2.2. Iron Catalysis Using ‘Softer’ Nucleophiles 

With the growing popularity of palladium-catalysed cross-coupling using organoboron and organozinc 

reagents, naturally, the activity of ‘softer’ nucleophiles in iron-catalysed cross-coupling were explored. 

In early reports of Negishi coupling of alkyl bromides with either (hetero)aryl or alkenyl zinc reagents, 

good tolerance of functionalities like nitrile, alkynyl and ester groups was shown. However, the synthetic 

utility was hindered by the requirement of a Grignard reagent to form the reactive diarylzinc species and 

the need for added stoichiometric amounts of TMEDA.115, 116 The latter was overcome by Bedford, 
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through the use of bisphosphine ligands.117 The use of ‘softer’ nucleophiles addressed the difficulties of 

alkyl-alkyl coupling, with Nakamura and co-workers presenting the effectiveness of alkylaluminium 

reagents, even with challenging functional groups like non-protected indole.118 

One of the first examples of Suzuki cross-coupling is between alkyl halides and arylboronates (formed 

by the activation of the boronic ester with nBuLi) and requires a catalytic amount of MgBr2 and Fe(II)-

bisphosphine as pre-catalyst (Scheme 1.14).119 Later, Bedford showed that simple bisphosphine ligands 

could be used, rather than the more synthetically challenging alternatives employed by Nakamura, and 

additionally extended the electrophilic partner to benzyl and allyl substrates (Scheme 1.14).120 Several 

years later, a notable improvement was made by Byers and co-workers, who demonstrated that the 

C(sp3)-C(sp2) coupling occurred with neutral arylboronic esters and in the absence of magnesium salts 

(Scheme 1.14).121 Furthermore, Byers also bought attention to the advantages of iron catalysis by 

developing the coupling between heteroarylboronic esters and tertiary alkyl halides – a feat due to the 

coupling of tertiary alkyl halides typically being difficult with the use of palladium (Scheme 1.14).122 

Despite the variance of ligand, base and nucleophilic boron reagent, there is consensus between 

Nakamura, Bedford and Byers that a SET pathway operates, in which an alkyl radical is generated.  

Alongside reports of alkyl-aryl coupling, numerous advances were made by Nakamura and co-workers, 

such as alkyl-alkenyl coupling, alkyl-alkyl coupling and more recently, the regio- and stereoselective 

coupling of propargyl halides with alkenylboronic esters.123, 124 

 

Scheme 1.14. Iron-catalysed aryl-alkyl Suzuki cross-coupling. 
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While a wide array of coupling partners have been used in iron-catalysed Suzuki cross-coupling, the 

formation of biaryls remains a challenge. The first step towards achieving this was observed by Bedford 

and co-workers, who saw some biaryl cross-coupling in the coupling of 2-halobenzyl halides, alongside 

the expected benzyl coupling product. This was accounted for by the ability of the ortho group to activate 

the aryl-halide bond.125 Accordingly, several typical ortho-directing groups were trialled, however 

appreciable yields of cross-coupled products were only observed with N-pyrrole amides (Scheme 

1.15).126 A wide scope of electrophiles could be used, including aryls with nitrile, halide, ketonic, 

trifluoromethyl, and methoxy groups, however, the scope of the nucleophile appears somewhat limited 

to predominantly phenylborate and 4-methoxyphenylborate.  

 

Scheme 1.15. N-pyrrole amide-directed Suzuki biaryl cross-coupling. 

Being the first iron-catalysed Suzuki biaryl coupling reaction, an understanding of how the cross-

coupling operates is vital for further methodology development. Kinetic studies alluded to π-

coordination of the pyrrole facilitating oxidative addition – tentatively proposed to occur via SET. 

Another mechanistic insight that was gained is the role of MgBr2 (or AlBr3, MgCl2, NaBr etc, which 

were also effective). In previously reported examples of iron-catalysed Suzuki-coupling, it has been 

suggested that the role of MgBr2 is to aid transmetalation. However, Bedford and co-workers found this 

was unlikely to be the case, with Zn or Al based nucleophiles in place of the boronate giving poor results. 

Instead, the need for a catalytic amount of MgBr2 was accounted for by its ability to donate bromide 

ions, based on kinetic studies that showed that MgBr2 promoted catalysis at concentrations of  

20 mol % or below. Increasing the concentration of MgBr2 beyond 20 mol %, however, led to a decrease 

in rate of reaction. This was reasoned by the need to remove Br- from the iron centre after the reductive 

elimination step. Together, the mechanistic findings led to the proposal of the simplified catalytic cycle 

shown in Scheme 1.16. 
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Scheme 1.16. The proposed mechanism of the N-pyrrole amide-directed Suzuki biaryl cross-coupling by Bedford and 

co-workers. 

Although the work is seminal, being the only example of iron-catalysed Suzuki biaryl coupling to date,  

the requirement for a directing group as well as the need for tBuLi in the activation of the boron reagent 

detracts from the synthetic ease and application of the reaction. Therefore, this presents the opportunity 

for the development of non-directed biaryl coupling, tending toward boronic ester reagents and milder 

bases rather than activated borate species formed from organolithium reagents. 

1.3.2.3. Copper Catalysis 

Although copper-catalysed coupling has been highly explored,127 few examples of Suzuki biaryl 

coupling exist. Several of the initial reports, with the exception of a copper colloid nanocluster being 

employed as the catalyst,128, 129 use a CuI/DABCO catalytic system,130, 131 however ligand-free catalysis, 

that uses tetrabutylammonium bromide as an additive, is also possible.132 One disadvantage of these 

methodologies is the inability to use electron-deficient and sterically hindered arylboronic acids. 

Another is the requirement of high catalyst loadings and forcing conditions – for example, temperatures 

of 130 °C and 10-20 mol % of CuI/DABCO is necessary in the coupling of simple aryl iodides with 

arylboronic acid, with aryl bromide substrates requiring increased temperatures of 150 °C and in some 

cases, a stoichiometric amount of copper (Scheme 1.17a). This reveals the similarity in reactivity of aryl 

halides with palladium catalysis, as aryl iodides seem to be the most effective coupling partner.  
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Scheme 1.17. Copper-catalysed Suzuki-Miyaura biaryl cross-coupling. 

However, a useful difference in reactivity of palladium and copper catalysts is highlighted by Marder 

and Radius who described coupling highly fluorinated arylboronic esters (Scheme 1.17b).133 Typically, 

with palladium catalysts, transmetalation of a pentafluorophenyl moiety poses issues, often requiring 

stoichiometric amount of Ag2O or well-designed and expensive pre-catalysts, however, the 

transformation was achieved without any additive using a CuI/phenanthroline catalyst.134, 135 

High catalyst loading is one drawbacks of the use of copper catalysts, but this was improved upon by 

Giri and co-workers, who also showed that a range of heterobiaryl products could be formed in good 

yield from either aryl iodide or aryl bromide precursors using only 2 mol % of CuI (Scheme 1.17c).136, 

137 By investigating the stoichiometric reactivity of potential reaction intermediates, a catalytic cycle 

was proposed (Scheme 1.18).138  

 

Scheme 1.18. Proposed catalytic cycle for copper-catalysed Suzuki biaryl coupling. 
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1.3.2.4. Manganese and Chromium Catalysis 

Being the third most abundant transition-metal in the Earth’s crust, manganese is highly attractive in 

catalysis, however, the field of cross-coupling appears underdeveloped, with hardly any examples 

reported using ‘soft’ nucleophiles. However, biaryl coupling using Grignard reagents was realised in 

1999 by Cahiez, and despite being limited to only activated aryl halides, this ligand-free reaction has 

found use in the ton-scale synthesis of Irbesartan, an antihypertensive drug. 139, 140 More recently the 

scope has been improved upon by Madsen and co-workers, who proposed a radical manifold.141  

Similarly, despite chromium catalysts being popular for their use in Nozaki-Hiyami-Kishi reactions 

(which also uses a nickel co-catalyst),142 conventional cross-coupling has only been explored to a small 

extent. Only a few examples of biaryl couplings are known,143, 144 and there appears to be none with the 

use of organoboron coupling partners. This shows that there is much room for the development of 

Suzuki-Miyaura cross-coupling using earth abundant metal catalysts.  
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1.4 Cobalt Catalysis 

In comparison to iron and manganese, cobalt is less abundant, however still represents a sustainable 

alternative to palladium, and has the potential to show interesting and possibly complementary catalytic 

activity. Indeed, cobalt catalysts have found application in an array of key bond forming transformations 

such as C-H activation, hydroformylation, hydroboration and hydrosilylation.145-147 The following 

section discusses cobalt-catalysed cross-coupling reactions, their possible mechanisms and the few 

examples where ‘softer’ nucleophiles are used. 

1.4.1 Kumada Cross-Coupling 

In the years following the pioneering work by Kharasch concerning cobalt-catalysed coupling of alkenyl 

halides with aryl Grignard reagents (Scheme 1.3b),13, 14 little advancement was made to address the 

problems of poor yield (due to large amounts of homocoupling), limited scope and requirement of two 

equivalents of electrophile. However in 1998, inspired by improvement seen by use of NMP in iron- 

and copper-catalysed Kumada cross-coupling, Cahiez and Avedissian achieved good to excellent yields 

in the alkenylation of primary or secondary alkyl Grignard reagents (with stereoselectivity retained), or 

aryl Grignard reagents (Scheme 1.19a).148 Alkenyl bromide and iodide reagents were mostly used, 

however, Cahiez observed coupling of (E)-1,2-dichloroethene, to produce moderate yield of the mono-

substituted product in good stereoselectivity, displaying a divergence in reactivity when compared to 

iron catalysis, wherein di-substituted product is observed (Scheme 1.19b).149 Later, Hayashi 

demonstrated that in the absence of NMP, alkenyl triflates could be utilised in the Co(acac)3/PPh3 

catalysed coupling of aryl Grignard reagents, which offered synthetic ease as alkenyl triflates can be 

prepared from ketone precursors (Scheme 1.19c).150 Under these conditions, alkenyl-alkenyl coupling 

could also be achieved.  

 

Scheme 1.19. Cobalt-catalysed cross-coupling of alkenyl (pseudo)halides.  
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Oshima and co-workers were among the first to show that alkyl halides could couple with C(sp2) 

Grignard reagents under cobalt catalysis (Scheme 1.20).151 However, the use of a very high catalyst 

loading of 40 mol %, the requirement for a large excess of Grignard reagent and the specificity to only 

(trimethylsilyl)ethenylmagnesium bromide deemed the alkyl-alkenyl coupling protocol impractical.151 

In the coupling of aryl Grignard reagents, Oshima first employed a Co-phosphine catalyst, CoCl2(dppp), 

and found that the reaction was highly chemoselective, with functionalities such as ester groups 

remaining intact.152 Limitations including poor steric tolerance on the Grignard reagent, the use of 

secondary cyclic halides resulting in low yield and the need for a large excess of Grignard (3 equivalents) 

were overcome by the use of a diamine ligand instead of the phosphine (Scheme 1.20).153 In fact, this 

improved methodology was applied in the synthesis of a prostaglandin, AH13205.  

 

Scheme 1.20. Coupling between alkyl halides and alkenyl or aryl Grignard reagents reported by Oshima, highlighting 

the difference in activity seen depending on the ligand. 

Further improvements were realised by Cahiez who showed that a cheaper diamine ligand could be used 

in conjunction with Co(acac)3.154 This protocol was complementary to the work of Oshima who 

generally found that alkyl iodides performed the best, as primary and secondary alkyl bromides give 

excellent yield of cross-coupling product. Tolerance to some steric bulk as well as sensitive functional 

groups, such as esters and amides are displayed, and notably, functionalised non-activated secondary 

alkyl bromides smoothly undergo cross-coupling which is in stark contrast to analogous attempts with 

iron catalysts (Scheme 1.21a).155, 156 A more recent development was reported by Časar, who made use 

of the cheap and naturally occurring molecule sarcosine as a ligand with CoBr2 in the cross-coupling of 

functionalised allylic bromides with aryl Grignard reagents, to achieve product in excellent yield.157 The 

same conditions could be applied in the coupling of alkenyl bromides with aryl or benzyl Grignard 

reagents (Scheme 1.21b). 
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Scheme 1.21. Cross-coupling of a) alkyl halides with aryl Grignard reagents and b) allylic or alkenyl halides with aryl 

or benzyl Grignard reagents. 

Mechanistic work by Oshima on the coupling of alkyl halides suggested evidence towards a 

Co(0)/(I)/(II) radical pathway.152 This was based on the presence of radical organic intermediates being 

likely: identical ratio of isomeric products were observed in the coupling of either exo- or endo-2-

bromonorbornane, and the use of Ueno-Stork halo acetals as radical probes resulted in good yield of 

cyclised product, with essentially no enantiomeric excess. The stoichiometric reaction of the alkyl halide 

with a cobalt complex formed from CoCl2(dppe) and an increasing amount of PhMgBr revealed that 4 

equivalents of Grignard reagent with respect to alkyl halide was required for cross-coupling product to 

be observed. Alongside this, one equivalent of biphenyl was observed, which together, led to the 

proposal of Co(0) species 9 as an active species, involved in the suggested catalytic cycle (Scheme 

1.22).158  

 

Scheme 1.22. Catalytic cycle proposed by Oshima for the Co-phosphine catalysed coupling of alkyl halides with aryl 

Grignard. 

Although a SET pathway seems plausible based on their studies, there is no evidence for the identity of 

any catalytic intermediates. Only recently in 2019 did Koszinowski set out to investigate this, through 
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the use of ESI mass spectrometry.159 Evidence for catalyst activation to a low valent species,i single 

electron transfer to form radical anions and subsequent detection of Co(III) cationic species was seen, 

in line with Oshima’s proposed mechanism.  

The C(sp2)-C(sp3) coupling of aryl halides with alkyl Grignard reagents poses difficulties – expansion 

to incorporate coupling partners other than electron-deficient aryl bromides and primary alkyl Grignard 

reagents is yet to be addressed.160 Challenges with alkyl-alkyl coupling relating to facile -H elimination 

and steric hinderance of secondary and tertiary alkyl substrates were overcome by the use of CoCl2/LiI 

catalyst system with isoprene as the ligand (Scheme 1.23).161, 162 

 

Scheme 1.23. Alkyl-alkyl coupling reported by Kambe, allowing for formation of tertiary and quaternary carbon centres. 

The first example of Kumada cross-coupling to form (hetero)biaryl products was reported by Knochel 

and Cahiez, who described a ligand-free system utilising CoCl2 or elemental Co powder.163 Although it 

is impressive that chloride reagents could be used as the electrophilic partner, this was limited to only a 

narrow scope of activated nitrogen-containing heteroaryl chlorides.  

Later, Nakamura modified this protocol to allow for the use of non-activated (hetero)aryl chlorides and 

bromides (Scheme 1.24a).164 The high selectivity for heterocoupling rather than homocoupling was 

attributed to the use of CoF2·4H2O as the pre-catalyst. Mechanistic work investigating the role of the 

fluoride ligands and the superior activity displayed over CoCl2 was conducted. The stoichiometric 

reaction of CoCl2 with PhMgBr gave rise to biphenyl, which suggested reduction to Co(0), whereas the 

analogous reaction with CoF2 did not; from this, the authors assumed that with the pre-catalyst CoF2, 

homoleptic Co(0)-aryl ate complexes do not form. Instead, they proposed that the strongly bound 

fluoride ligand remains on the cobalt centre in catalysis, facilitating a manifold featuring high-valent 

cobalt – a Co(II)/(IV) catalytic cycle (Scheme 1.24b). Key to the high selectivity is the facile reductive 

elimination from unstable high-coordinate Co(IV) species 10, a comparatively slow step in the low-

valent cycle (Scheme 1.24c). Their mechanistic proposal was complemented by computational studies 

showing its feasibility, which led to the suggestion of a spin-crossover from a quartet spin state (S = 3 2⁄ ) 

for [LPhCoIIF2][MgX] to a doublet spin state (S = 1 2⁄ ) for Co(IV) species. 

 
i Neutral species could not be detected by ESI-MS. Instead, the observation of charged species [LnCoI]+ and  

[LnCo-I]- presumably to have arisen from disproportionation of LnCo0 was suggestive of the presence of low valent 

species from catalyst activation. 
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Scheme 1.24. a) Nakamura’s biaryl coupling protocol using CoF2·4H2O as a pre-catalyst in comparison to CoCl2·6H2O. 

b) Proposed high-valent mechanism with CoF2 and c) proposed low-valent mechanism without fluoride ligands. 

Based on Nakamura’s work showing the effectiveness of NHC ligands in Kumada cross-coupling, 

efforts to synthesise Co-NHC complexes and test their activity in catalysis were made (Scheme 1.25). 

Matsubara and co-workers synthesised Co(II) complexes bearing IPr ligands.165 Dimeric, mono-NHC 

complexes (11) were isolated despite addition of an excess of NHC – likely to be due to the bulkiness 

of the IPr ligand. Addition of pyridine induced the formation of stable monomeric complexes (12), 

which were shown to catalyse the coupling of an aryl halide with an aryl Grignard reagent. Similarly, 

Tonzetich and co-workers synthesised two Co(II) complexes – a high-spin complex 13 and a low-spin 

square planar complex 14.166 Complex 13 was found to be a competent pre-catalyst in biaryl coupling, 

however 14 was inactive. From this, Tonzetich suggested that a high-spin, three coordinate dialkyl 

species may resemble intermediates in biaryl cross-coupling reactions catalysed by Co(II) salts and NHC 

ligands. However, their investigation into the reactivity of pre-catalysts does not provide information on 

the identity of the active species in the cycle – i.e. it is possible that properties of pre-catalysts, such as 

spin-state and geometry may not reflect the properties of the active species, once the pre-catalyst is 
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reduced in-situ. Moreover, the different ligands in complexes 13 and 14 may give rise to the distinct 

catalytic activity.  

 

Scheme 1.25. Co-NHC complexes that were used as pre-catalysts by Matsubara and Tonzetich, independently.  

A more recent advance in the methodology of biaryl coupling is from Duong, who showed that high 

activity can be achieved using just 1 mol % of CoCl2 in the NaOtBu-promoted coupling under mild 

reaction conditions.167 Another development is by Jacobi van Wangelin who reported the highly 

chemoselective biaryl coupling of chlorostyrenes with aryl Grignard reagents – stoichiometric additives 

such as bromobenzene and phenol still furnished cross-coupling product in good yield.168 Greater 

synthetic utility has been achieved through the use of alternative electrophilic partners. By employing 

the simple Co-phosphine pre-catalyst, CoCl2(PCy)3, the coupling of arylsulfonic acid salts with aryl 

Grignard reagents could be achieved.169 Furthermore, use of an arylcuprate reagent instead of Grignard 

reagent, meant that aryl fluorides and tosylates (in addition to chlorides and bromides) bearing sensitive 

carbonyl functionalities could be used.170-172 This highlights the advantageous reactivity that can be 

found through use of ‘softer’ nucleophilic coupling partners. Accordingly, the use of organozinc 

reagents have been explored. 

1.4.2 Negishi Cross-Coupling 

A surge of reports describing cobalt-catalysed Negishi cross-coupling has surfaced over the past five 

years, with the groups of Knochel and Gosmini leading developments in the field.173 This encompasses 

the coupling of: (hetero)aryl halides with primary or secondary alkyl-, (hetero)aryl-, or alkynylzinc 

reagents;174-180 alkenyl halides with aryl- or alkynylzinc reagents;176, 177 alkyl halides with alkyl-, aryl- 

or alkynylzinc reagents;181-183 and alkynyl halides with primary or secondary alkyl- or arylzinc 

reagents.178, 184 A particularly exciting development from earlier this year is the ability to form quaternary 

carbon centres, which is often a challenge in medicinal chemistry.185 This was achieved through the 

coupling of tertiary alkyl halides bearing electron-withdrawing groups with mono-organozinc reagents 

(Scheme 1.26a). High chemoselectivity was displayed by a competition reaction of a bromoalkyl ester 

and bromoaryl ester with a benzylzinc reagent, resulting in almost exclusively bialkyl product. This 

illustrates the contrasting reactivity observed by cobalt catalysis compared to other metal catalysts. The 
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field of cobalt-catalysed Negishi cross-coupling has also grown to include the coupling of amide 

derivatives with arylzinc reagents to form ketone products (Scheme 1.26b),186 C(sp2)-C(sp2) coupling 

using alkenyl acetates as the electrophilic partner (Scheme 1.26c),187 and asymmetric coupling of 

fluorinated benzyl bromides with arylzinc reagents formed from boronate precursors (Scheme 1.26d).188 

 

Scheme 1.26. Selection of developments in cobalt-catalysed Negishi cross-coupling. 

Several protocols have been described for Negishi biaryl coupling. The first employed arylzinc chloride 

reagents and was restricted to the coupling of either ortho-activated aryl halides or activated nitrogen-

containing heteroaryl halides (Scheme 1.27a).179 Another drawback to this methodology is the 

requirement for half an equivalent of formate or pivalate salt, thought to act as a ligand, in order to 

improve the yield of cross-coupling. This led to the use of organozinc pivalate reagents, which resulted 

in an increased yield and a more general protocol in which (hetero)aryl halides bearing electron 

withdrawing groups in any position could be used.178 Indeed, in the arylation of 4-bromo-1-

fluorobenzonitrile, the use of arylzinc pivalate when compared to arylzinc chloride gave a yield twice 

as high (Scheme 1.27b). This procedure has been adapted to the gram-scale synthesis of biaryl products, 

using just 1 mol % of CoCl2.177  
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Scheme 1.27. Cobalt-catalysed Negishi biaryl cross-coupling, showing the improvement by use of organozinc pivalate 

reagents (b). 

Although the use of bench-stable zinc pivalates is beneficial, their syntheses require an excess of 

magnesium or Grignard reagent, therefore somewhat offsetting the advantage of using organozinc 

reagents instead of organomagnesium reagents.173 Furthermore, arylzincates have been used in biaryl 

coupling by Shen and co-workers, however their methodology utilises lithium arylboronate precursors 

to access the reactive zincate species that then undergo cross-coupling (Scheme 1.28).174 Not only would 

there be greater synthetic ease if the use of the zinc salt was omitted (Suzuki cross-coupling) but the 

need for an organolithium reagent to form the boronate is a limitation. Having said that, a wide range of 

heteroaryl halides including those with base-sensitive functionalities efficiently undergo cross-coupling. 

Extension of this methodology to broaden the scope of the nucleophilic reagent and allow for the 

coupling of aryl halides rather than only heteroaryl halides are yet to be addressed.  

 

Scheme 1.28. Negishi biaryl coupling employing arylboronate reagents to form the nucleophilic coupling partner, 

arylzincates, in-situ. 
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To date, little is known in terms of the mechanism of cobalt-catalysed Negishi cross-coupling. The 

formation of radical intermediates have been independently suggested in alkyl-alkyl coupling by 

Knochel and Alcázar, and in the coupling of benzyl halides with arylzinc reagents by Shen.185, 187, 188 

This was determined by radical traps either hindering or stopping catalysis, and radical clock reagents 

giving rise to the corresponding ring opened products. Furthermore, Shen and co-workers observed by-

products from the dimerization of benzylic radical species and noticed that addition of 1,4-

dinitrobenzene, a single-electron transfer inhibitor, stopped catalysis.188 However, in the coupling of 

aryl halides with functionalised alkylzinc reagents, addition of TEMPO did not affect the yield of cross-

coupling product.175 Aside from the question of whether a radical pathway is operative, in the coupling 

of alkenyl acetates with arylzinc pivalates, Knochel and co-workers noted that the Co(I) pre-catalyst, 

CoCl(PPh3)3 was efficient.187 However, this does not mean that a Co(I) species is catalytically active, as 

further reduction (or oxidation) could take place before accessing an on-cycle intermediate. Similarly, 

through kinetic profiling, Alcázar and co-workers observed what they thought to be an active species 

and very tentatively assigned this as a Co(0) species. However, this was only based on the 31P NMR 

chemical shift not being similar to other Co(I) species.185 Clearly, there is an overall lack of mechanistic 

information concerning cobalt-catalysed Negishi cross-coupling. 

1.4.3 Suzuki-Miyaura Cross-Coupling 

There are only a handful of reports on cobalt-catalysed Suzuki-Miyaura reactions – all of which describe 

cross-coupling to form (hetero)biaryl products. In 2008, Hor and co-workers found that under extremely 

elevated conditions of 15000 bar and 100 °C, coupling of 4-bromotoluene with phenylboronic acid is 

achieved using a CoCl2/dppy or FeCl3/dppy catalyst system (Scheme 1.29).189 They suggested that the 

main consequence of elevated pressure in the cobalt-catalysed reaction was to accelerate the reduction 

of Co(II) to an active species. The scope and functional group tolerance were not explored, possibly due 

to the conditions deeming the methodology rather impractical. It was not until almost a decade later that 

cobalt-catalysed Suzuki coupling under ambient conditions was realised. 

 

Scheme 1.29. Suzuki biaryl cross-coupling using elevated pressure in the liquid phase. 

With transmetalation to cobalt and iron complexes seeming difficult, indicated by the requirement of 

highly nucleophilic reagents in catalysis, Chirik and co-workers set out to investigate this step. They 

used a Co(I) complex bearing a flexible PNP ligand known to support both tetrahedral and square planar 

geometries – therefore allowing for both high (S = 1) and low (S = 0) spin-states.190-194 From their 

stoichiometric reactions (discussed later, Scheme 1.31), they showed that coupling of aryl triflates with 
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heteroarylboronic acid pinacol esters was possible using the Co(I) pre-catalyst, 15 (Scheme 1.30). As 

part of their preliminary substrate screening, a small selection of aryl triflates were trialled as the 

electrophilic partner. Pleasingly, both trifluoromethyl and methoxy groups in the para position gave a 

good yield of cross-coupling product, showing tolerance for groups with contrasting electronic 

properties. Furthermore, meta-substituted aryl triflates, with acetyl and fluoro functionality were also 

effective in cross-coupling (80% and 50% respectively). Whereas the coupling of 3-

trifluoromethylpyridine afforded a yield of only 30%. Alongside 2-benzofuranyl boronic ester, 2-furanyl 

boronic esters substituted with electron-withdrawing groups (ester or aldehyde) successfully underwent 

cross-coupling. Only trace amounts of product were seen when 2-methylfuranyl boronic ester was used, 

however, by instead employing the more electron-rich 4-pyrrolidinyl-Co complex as the pre-catalyst, 

cross-coupling product was obtained, albeit in only moderate yield.  

 

Scheme 1.30. Suzuki-Miyaura cross-coupling of aryl triflates with heteroarylboronic esters and examples of the scope, 

where R’ = H. 

Interestingly, both benzothiophenyl and N-methylindolyl boronic esters were unreactive in cross-

coupling with phenyltriflate. This is despite transmetalation of the benzothiophene moiety readily 

occurring (Scheme 1.31). This shows that other factors in addition to transmetalation, such as the 

interaction with the electrophilic coupling partner are accountable for the reactivity.  

Stoichiometric reactions probing transmetalation to a range of Co(I) alkoxide complexes were 

conducted. It was found that while phenylboronic acid pinacol ester did not undergo transmetalation, 

benzofuranyl boronic ester did, forming the diamagnetic complex 16 (Scheme 1.31). This was reasoned 

by the available lone pair on the heteroatom assisting transmetalation by coordination to cobalt. 

Furthermore, Chirik suggested that the coordination of the lone pair of electrons could play a role in the 

change of spin state from high- to low-spin, leading to a vacant coordination site, and thus subsequently 

facilitating transfer of the heteroaryl species. This is in line with the lack of cross-coupling when N-

methylindolyl boronic ester is used because there is no available lone pair.  
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The relative rates of transmetalation of 2-benzofuranyl boronic ester to cobalt complexes with different 

groups on the aryloxide ligand revealed that electron-donating substituents promoted transmetalation, 

which is consistent with the build-up of positive charge on the aryloxide ligand. This information, in 

addition to first order kinetics seen for both cobalt complex and boronic ester, led to the proposal of the 

transmetalation mechanism shown in Scheme 1.32.  

 

Scheme 1.31. Stochiometric reactions of possible catalytically active Co(I) species. 

Addition of NaOPh to [(PNP)CoCl] 15, generated [(PNP)CoOPh] 17. However, subsequent addition of 

boronic ester to 17 (in the presence of NaCl) did not simply lead to transmetalation. Instead, 

[(PNP)CoCl] 15 was the sole cobalt species, showing that salt metathesis and formation of boronate 18 

is preferred over transmetalation. This was prevented by use of a bulkier alkoxide base. Lastly, reaction 

of phenylhalide with Co benzofuranyl complex 16 led to the partial formation of biaryl product, with no 

halide complex 15 seen. Instead, when phenyltriflate was employed, there was full conversion to biaryl 

and [(PNP)CoOTf] 19. Taken together, the elegant studies of individual stoichiometric reactions 

allowed insight into the key catalytic steps to be gained (Scheme 1.32), and the development of the 

conditions and reagents that could be used in catalysis, as shown in Scheme 1.30. 
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Scheme 1.32. Mechanistic cycle and transmetalation process proposed by Chirik and co-workers based on their 

stoichiometric studies and kinetic experiments. 

Whilst the mechanistic study is detailed, it displays the limitations of this protocol: catalyst turnover is 

only achieved using aryl triflates, a bulky sodium alkoxide base, and heteroarylboronic acid pinacol 

esters where the heteroatom is in the ortho-position and has a lone pair of electrons. This restricts the 

synthetic application of the reaction. However, the following year, Duong and co-workers reported a 

methodology using a CoCl2/terpyridine catalytic system that allowed for more versatile coupling 

partners to be used (Scheme 1.33). A vast range of heteroaryl chlorides and bromides, most of which 

being substituted 2-halopyridines, were effective electrophiles. Impressively, bromo and chloro 

functional groups were tolerated, with the mono-substituted product being obtained in very good yield 

when there was a slight reduction in the amount of boronic ester used to prevent di-substitution. A fairly 

small scope of arylboronic esters was presented, showing tolerance for strongly electron-donating 

(OMe) and -withdrawing (CF3, CN) groups. Additionally, cross-coupling of 2-thiophenylboronic ester 

with 2-chloropyridine was afforded in good yield (75%), whereas, 2-furanylboronic ester only gave 46% 

yield of cross-coupling product.  
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Scheme 1.33. Duong and co-workers cross-coupling methodology using a terpyridine ligand and selected examples of 

the substrate scope. 

The main drawback of the protocol is that only heteroaryl halides are effective coupling partners. Whilst 

a few biaryls from electron-deficient aryl halides were obtained in good yield, most were poor yielding. 

For example, the coupling of methyl 3-bromobenzoate with phenylboronic ester was achieved in 

moderate yield (65%), whereas use of methyl 2-bromobenzoate instead resulted in only 11% of cross-

coupling product, likely to be due to steric hinderance. Similarly, while both 4-bromobenzonitrile and 

4-chlorobenzonitrile were effective coupling partners, only 4-bromobenzotrifluoride, not the chloro 

analogue, gave good yield of cross-coupling product. The use of phenyl halides as coupling partners 

proved to be challenging, with bromobenzene and iodobenzene affording poor yield of product, and 

chlorobenzene, phenyl tosylate and phenyl triflate resulting in no catalysis, when 4-

methoxyphenylboronic ester was the nucleophile. Duong and co-workers suggested that heteroaryl 

halides performed better due to the ability of the heteroatom to coordinate to the cobalt centre. 

In order to determine whether the aryl halide is involved in the activation of the catalyst, the reaction of 

4-bromobenzonitrile, CoCl2/terpyridine and KOMe in equimolar quantity was conducted. The recovery 

of 4-bromobenzonitrile and absence of benzonitrile (from protodebromination) and 

biphenyldicarbonitrile (from homocoupling) is evidence for the lack of involvement of the electrophile 

in catalyst activation (Scheme 1.34). Electrophile-free stoichiometric reactions revealed that conversion 

to biphenyl only occurred when KOMe was used (Table 1.2, entry 1). From these findings, and based 

on the literature precedent by Thomas that “ate” complexes can form from alkoxides and pinacolborane 

and then act as reducing agents for cobalt complexes,195 it was suggested that methoxide coordinates to 

the boronic ester to form a boronate species (Scheme 1.34b and c). Duong and co-workers deduced that 
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the boronate may reduce Co(II) to an active Co(I) species due to roughly half an equivalent of biphenyl 

being produced, with respect to cobalt (Table 1.2, entries 2-4). 

 

Scheme 1.34. a) Stoichiometric reaction in the absence of boronic ester. b) Boronate complex formed by the addition 

of NaOtBu to pinacolborane, by Thomas and co-workers.195 c) Boronate complex proposed to form in the Suzuki-

Miyaura cross-coupling reaction by Duong and co-workers. 

Table 1.2. Electrophile-free stoichiometric reactions conducted by Duong. 

 

Entry x y Time / h Biphenyl / mmol 

1 0.25 0 16 trace 

2 0.25 0.25 1 0.062 

3 1.25 1.25 1 0.116 

4 1.25 1.25 16 0.117 

 

Following this, work in our group led to improvements in Suzuki-Miyaura biaryl cross-coupling, by 

demonstrating that a broad range of aryl chloride reagents readily undergo cross-coupling with 

arylboronates, which is discussed in Chapter 2 (Scheme 1.35). Subsequently, Duong and co-workers 

extended this methodology to allow for an array of aryl triflates to be utilised (Scheme 1.35). This was 

achieved using CoCl2 and IAd·HBF4, and optimisation of the ligand revealed that bulkier NHC ligands 

were favoured.  

At the expense of a wider scope of electrophilic coupling partners, nBuLi is required to activate the 

boronic ester and form a boronate species. In this protocol, aryl triflates with base sensitive 

functionalities, such as ester and amide groups are well tolerated. Moreover, electron-rich aryl triflates 

could be used, which was a limitation of their previously reported methodology. Sensitivity to steric 

bulk was displayed, with 2-methylphenyl triflate affording product in poor-moderate yield. Similarly, 

the yield of 1-naphthylanisole was lower than 2-napthylanisole, showing the effect of steric hinderance. 

A downside is that coupling of various functionalised electrophiles were all carried out with 4-
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methoxyphenyl boronate as the nucleophilic coupling partner. Therefore, it is not clear whether the 

reaction would be effective with arylboronate reagents that have substituents of different 

stereoelectronic properties. Having said that, Duong and co-workers explored a very small scope of 

arylboronates (including only methoxy, fluoro and methyl functionalities) and both 4-fluoro- and 3-

fluorophenyl boronate are competent coupling partners with phenyltriflate.  

 

Scheme 1.35. Cross-coupling of arylboronates with aryl chlorides, by Bedford and co-workers and aryl triflates, by 

Duong and co-workers. 

Lastly, it should be mentioned that numerous reports of cobalt-catalysed Suzuki biaryl cross-coupling 

have proved to be irreproducible, and as a result, this has led to retractions. Our efforts in addressing the 

reproducibility of these reactions are discussed in Chapter 5.  

Overall, Suzuki-Miyaura cross-coupling using first-row transition metal catalysts, such as cobalt and 

iron is an exciting, yet underdeveloped field, with potential to have great application in industry. At the 

very least, exploration of cobalt catalysis may draw attention to new reactivity that could be 

complementary to what can be achieved by other, more well-studied transition metal catalysts. 

Furthermore, a deeper understanding of the way in which cobalt-catalysed processes occur is important 

in the development of new methodology. 
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2. Cobalt-Catalysed Cross-Coupling of Aryl Chlorides and 

n-Butyllithium-Activated Aryl Boronates 
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2.1 Introduction 

Despite the importance of the Suzuki-Miyaura cross-coupling reaction in building biaryl motifs, the few 

examples that use cobalt catalysts present limitations in both scope and choice of coupling partners, as 

summarised in Scheme 2.1 and discussed in Chapter 1.190, 196, 197 

 

Scheme 2.1. Summary of cobalt-catalysed biaryl Suzuki-Miyaura cross-coupling reactions. Reaction conditions are 

omitted for simplicity. 

In reaction a, developed by Duong and co-workers,196 the products were mostly substituted aryl 

pyridines. In some cases, depending on the functional groups on the pyridine, bromopyridines were 

employed as the coupling partner, and in other instances, chloropyridines were used. However, the 

coupling of chlorobenzene or bromobenzene with the 4-methoxyphenylboronic ester was poor yielding 

(0% and 25% yield respectively). Whilst a handful of activated aryl bromides were competent coupling 

partners, the scope is very small. Despite the later work of Duong overcoming the requirement of a 

halopyridine, the electrophile is limited to being an aryl triflate (Scheme 2.1c).197 Likewise, Chirik and 

co-workers utilised aryl triflates in the cross-coupling with heteroaryl boronic esters and found that 

arylboronic esters could not be employed – the heteroatom was necessary and thought to aid 

transmetalation of the aryl moiety by coordination to the cobalt centre (Scheme 2.1b).190 Only a narrow 

substrate scope was presented, limited mostly to the formation of 2-arylbenzofurans. 

Evidently, improvements to the scope and robustness of cobalt-catalysed Suzuki cross-coupling 

reactions are required, in order to allow for aryl coupling partners to also be used (rather than only 

heteroaryl reagents) and a wide variety of functional groups to be tolerated. In particular, the 

development of a cross-coupling reaction that uses aryl chloride reagents is desirable (over bromides, 

iodides and pseudohalides), due to generally being more commercially available, cheaper and easier to 

synthesise.  

Work in the Bedford group, carried out by Soneela Asghar, addressed the limitations of the 

methodologies previously reported and found that aryl chlorides could couple with nBuLi-activated 
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arylboronic acid pinacol esters, using CoCl2 and the NHC ligand SIPr·HCl to give excellent yields of 

cross-coupled product (Scheme 2.2).198 

 

Scheme 2.2. Cobalt-catalysed Suzuki-Miyaura cross-coupling of 4-chlorotoluene and nBuLi-activated phenylboronic 

acid pinacol ester 20, reported by Bedford and co-workers. 

Optimisation of the reaction showed that the commercially available NHC ligands, IMes·HCl, 

SIMes·HCl, IPr·HCl and SIPr·HCl outperformed phosphine ligands, giving good to excellent yield of 

4-methylbiphenyl (Table 2.1, entries 1-11). Reducing the reaction temperature by only 10 °C resulted 

in a significant reduction in yield, as does lowering the amount of borate to two equivalents (Table 2.1, 

entries 12 and 13). Unlike typical palladium-catalysed Suzuki-Miyaura cross-coupling, the opposite 

trend in reactivity of electrophile was observed (Ar-Cl>Ar-Br>Ar-I), suggesting that, unsurprisingly, 

the reaction proceeds via a different mechanism to that of a palladium-catalysed process (Table 2.1, 

entries 4, 14 and 15). 

Table 2.1. Optimisation of cobalt-catalysed Suzuki Miyaura cross-coupling of 4-chlorotoluene and aryl borate.  

 

Entry X Ligand Temperature / °C Borate (eq.) % Yield 

1 Cl IMes·HCl 60 R = nBu, M = Li (3) 92 

2 Cl SIMes·HCl 60 R = nBu, M = Li (3) 71 

3 Cl IPr·HCl 60 R = nBu, M = Li (3) 99 

4 Cl SIPr·HCl 60 R = nBu, M = Li (3) 99 

5 Cl none 60 R = nBu, M = Li (3) 0 

6 Cl PPh3 60 R = nBu, M = Li (3) trace 

7 Cl dppe 60 R = nBu, M = Li (3) trace 

8 Cl dppp 60 R = nBu, M = Li (3) 0 

9 Cl dppy 60 R = nBu, M = Li (3) 0 

10 Cl dtbpy 60 R = nBu, M = Li (3) 50 

11 Cl XantPhos 60 R = nBu, M = Li (3) 8 

12 Cl SIPr·HCl 50 R = nBu, M = Li (3) 42 

13 Cl SIPr·HCl 60 R = nBu, M = Li (3) 54 

14 Br SIPr·HCl 60 R = nBu, M = Li (3) 60 

15 I SIPr·HCl 60 R = nBu, M = Li (3) 33 
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16 Cl SIPr·HCl 60 R = tBu, M = Li (3) 100 

17 Cl SIPr·HCl 60 R = iPr, M = Li (3) 0 

18 Cl SIPr·HCl 60 R = Et, M = MgCl (3) 20 

19 Br SIPr·HCl 60 R = tBu, M = Li (3) 77 

20 I SIPr·HCl 60 R = tBu, M = Li (3) 35 

Conditions: CoCl2 (0.025 mmol), ligand (0.025 mmol), p-tolylhalide (0.25 mmol), phenylboronate (0.75 mmol) in THF 

(3.0mL) at temp. for 48 h. Yield is determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal 

standard. Optimisation conducted by Soneela Asghar. 

A pre-formed borate was used as the nucleophilic reagent and was synthesised by the addition of nBuLi 

to a THF solution of phenylboronic acid pinacol ester (Scheme 2.3). The borate species formed from 

using tBuLi as the activator was also effective, giving a quantitative yield of cross-coupled product when 

4-chlorobenzene was used as the coupling partner, and only slightly higher yields (in comparison to 

when the nucleophilic coupling partner is the nBuLi-activated borate 20) when 4-bromobenzene or 4-

iodobenzene are employed (Table 2.1, entries 16, 19 and 20). The small improvement in yield does not 

outweigh the difficulties in handling tBuLi due to its pyrophoric nature. Using borates activated by 

milder organometallic reagents, such as iPrLi and EtMgCl resulted in poor yield of product (Table 2.1, 

entries 17 and 18), and therefore nBuLi was the most appropriate boronic ester activator to use. 

 

Scheme 2.3. Formation of the activated borate species 20. 

Under the optimised reactions conditions, a large variety of aryl chlorides and aryl borates could be used 

to attain functionalised biphenyls in good yield (selected examples displayed in Table 2.2). Some steric 

hinderance is tolerated on the electrophile, demonstrated by the formation of 2-methoxybiphenyl, 2-

methylbiphenyl and 1-phenylnaphthalene. Both electron-donating and electron-withdrawing 

functionalities, such as esters, tertiary amines, amides, alkoxides and trifluoromethyl, on either of the 

coupling partners give good to excellent yield of cross-coupled product. Of the few heterocyclic halides 

trialled in the reaction, poor to moderate yields were obtained, which was partly accounted for by 

difficulties in separation from the nucleophilic homocoupling product. Other functional groups that did 

not perform well in the reaction are cyano, nitro, aldehydic and ketonic groups – the latter forming the 

nucleophilic addition product instead. With a reasonably robust methodology at hand, our attention 

turned towards gaining some mechanistic understanding. 
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Table 2.2. Selected examples of the substrate scope. 

 

 

 

  

 

Selected examples 

 

Poor yielding substrates 

 

Conditions: CoCl2 (0.05 mmol), SIPr·HCl (0.05 mmol), aryl chloride (0.5 mmol), arylboronate (1.5 

mmol) in THF (4.0 mL) at 60 °C for 48 h. Isolated yields are given. Conducted by Soneela Asghar. 
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2.2 Mechanistic Studies 

Aside from the following, little is known about the mechanism of cobalt-catalysed Suzuki-Miyaura 

cross-coupling reactions: the independent studies by Duong and Chirik suggest that a Co(I) species is 

the lowest oxidation state of a cobalt intermediate in their respective catalytic cycles (see Chapter 1.4); 

and indications, based on reactivity such as aryl chlorides performing well as coupling partners, that 

cobalt-catalysed cross-coupling protocols are likely to have mechanisms that are vastly different to that 

of the well-established palladium-catalysed Suzuki coupling reaction. Therefore, a preliminary 

mechanistic investigation of the synthetic protocol developed by our group was conducted. 

A key difference of this reaction compared to the methodology in the reports by both Duong196 and 

Chirik190 is the use of a pre-formed borate species rather than a neutral boronic ester and an alkoxide 

base. It is therefore possible that a lower oxidation state may be accessed under the catalytic conditions. 

In order to investigate this, we probed the possibility of a Co(0) species forming in the reaction, using a 

stable, and previously reported Co(0) complex to form the basis of our study. Deng and co-workers 

showed that the low valent cobalt complex 21, bearing an NHC ligand (IMes) and a divinyl ligand, 

dvtms (1,3-divinyltetramethyldisiloxane), forms readily in the presence of potassium graphite as the 

reducing agent (Scheme 2.4a).199 

 

Scheme 2.4. a) Co(0) complex 21 synthesised by Deng and co-workers. b) Synthesis of 22 following an analogous 

procedure to that reported by Deng.199 

Employing Deng’s procedure, we synthesised a Co(0) complex with a SIPr ligand. Characterisation by 

X-ray crystallography revealed that 22 had an analogous structure to 21 (Scheme 2.4b and Figure 2.1). 

The bond length of the coordinated dialkene, C3-C4 and C1-C2 (1.414(2) Å and 1.4180(19) Å 

respectively) is in between that of a typical C-C and C=C bond (1.54 Å and 1.34 Å respectively). This 
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shows that the bonding of the dvtms ligand to the metal has some metallocyclopropane-like character, 

with the hybridisation of the carbon atoms changing significantly from sp2-like, in the free alkene, 

towards having more sp3 character. This is likely to be due to the back-bonding from the electron-rich 

Co(0) centre into the π* orbital of the alkene, reducing the bond order and lengthening the C-C bond. 

 

Figure 2.1. Single crystal X-ray structure of [CoSIPr(dvtms)] 22. Ellipsoids are set to 50% probability and the hydrogen 

atoms are omitted for clarity.  

By exploiting dvtms as a trapping agent for any zero-valent organocobalt species formed, we tested 

whether the phenyl boronate 20, which is used as the nucleophile in the cross-coupling reaction, was 

able to act as a reductant to form a Co(0) species. This was conducted at the same temperature used in 

catalysis and in the absence of aryl chloride: an excess of phenyl boronate 20 was added to a solution of 

CoCl2, SIPr and dvtms (Scheme 2.5). By 1H NMR spectroscopy, it was found that complex 22 formed 

in-situ, and this was accompanied by change in colour of solution from blue to dark green (Figure 2.2). 

Although paramagnetic species in solution cause peak broadening, we observed numerous peaks in the 

1H NMR spectrum that correspond to those of complex 22. 

 

 

Scheme 2.5. Formation of Co(0) complex 22, using borate 20 as a reducing agent. 
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Figure 2.2. a) 1H NMR spectrum of 22 from the procedure shown in Scheme 2.4b after purification. b) 1H NMR 

spectrum of the crude, after filtration and drying, obtained from the reaction shown in Scheme 2.5. Peaks that are 

observed in both spectra are indicated (*). Both spectra are recorded in C6D6. 

Despite the ability of the boronate 20 to reduce Co(II) to Co(0), the diene-containing complex 22 proved 

to be incapable of catalysing the Suzuki cross-coupling reaction (Scheme 2.6a). A possible explanation 

is related to the stability of the dvtms complex 22, and difficulties in the displacement of the diene. 

Convincingly, we observed that a sub-stoichiometric amount of dvtms (with respect to 4-chlorotoluene) 

poisoned the reaction (Scheme 2.6b), which suggests that chelation of the dvtms ligand upon 

coordination to Co results in it being strongly bound. The coordination of dvtms may out-compete the 

binding of the coupling partner(s), and therefore inhibit catalysis.  

 

Scheme 2.6. a) Attempted biaryl cross-coupling using the Co(0) complex 22 as a pre-catalyst. b) Addition of dvtms to 

the standard cobalt-catalysed Suzuki-Miyaura cross-coupling reaction.  

   

* 

* 

* * * 
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Attention was then turned towards synthesising other Co(0)SIPr complexes that may have more labile 

ligands, with the aim to trial these as pre-catalysts in the coupling reaction. Employing an analogous 

synthetic procedure to that shown in Scheme 2.4b, using potassium graphite as a reducing agent, the 

syntheses of the cis-cyclooctadiene complex 23, bis-cyclooctene complex 24 and bis-norbornene 

complex 25 were attempted (Figure 2.3). Despite both [Co(COD)(PMe3)2] and [Co(COD)(CO)3] being 

known in the literature,200, 201 we were unable to identify the product formed in the attempted synthesis 

23 – the 1H NMR spectrum revealed no paramagnetically shifted peaks, and isolation of the product 

resulted in an oily solid which proved challenging to crystallise. Similarly, an oily product was obtained 

in the attempted reaction to form the bis-cyclooctene Co(0) complex 24, meaning that structural 

characterisation of the product was not achieved. Lastly, the bis-norbornene complex 25 was 

synthesised, and dark green crystals, suitable for X-ray diffraction, were obtained by slow evaporation 

of a diethyl ether solution (Figure 2.4). 

 

Figure 2.3. Co(0)SIPr complexes that we attempted to synthesise. 

 

 

Figure 2.4. Single crystal X-ray structure of [CoSIPr(nbe)2], 25. Ellipsoids are set to 50% probability and hydrogen 

atoms are omitted for clarity. 

Back-bonding into the π* orbital of the double bond of norbornene results in lengthening of the bond 

upon coordination to cobalt, with C3-C4 and C1-C2 bond lengths 1.423(5) Å and 1.434(4) Å 
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respectively (compared to the double bond in free norbornene, which has a length of 1.336(2) Å).202 Due 

to the ring strain of norbornene, the typical angle between the alkenic carbons and the bridgehead carbon 

is 110° – almost an ideal sp3 angle (comparatively, C4-C3-C5 angle is 106.8(3)°). The crystal structure 

of 25 shows that when bound to the cobalt centre, there is a reduction of bond order of the alkene and a 

shift towards sp3 hybridisation, which is accompanied by release of strain. For this reason, it is expected 

that norbornene binds strongly to metals.  

Despite this, our findings show that the bis-norbornene Co(0) complex 25 is an effective pre-catalyst in 

the Suzuki cross-coupling reaction (Scheme 2.7). The yield of 4-methylbiphenyl is not as high compared 

to the standard reaction using catalytic amounts of CoCl2/SIPr·HCl and this could be accounted for by 

several possible reasons: the reduced reaction time; competition between the binding of norbornene and 

the coupling partner(s) or impurities in the pre-catalyst resulting to a lower catalytic loading than 

intended. 

 

Scheme 2.7. Suzuki-Miyaura cross-coupling using [CoSIPr(nbe)2] 25 as a pre-catalyst. Yield is determined by 1H NMR 

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

The addition of a stoichiometric amount of norbornene to the standard CoCl2/SIPr·HCl catalysed 

reaction did not affect the yield of cross-coupled product (Scheme 2.8). This suggests that the 

norbornene ligand does not bind as strongly to the Co centre, compared to dvtms (i.e it is possible that 

the influence that the release of strain in norbornene has on the strength of the ligand binding does not 

outweigh that of the chelation of dvtms to Co).  

 

Scheme 2.8. Addition of norbornene to the standard cobalt-catalysed Suzuki-Miyaura cross-coupling reaction. Yield is 

determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard. 

With indications of a Co(0) species being formed under the reaction conditions, albeit no direct evidence 

that this is the lowest oxidation state on cobalt in the catalytic cycle, oxidative addition of 4-

chlorotoluene to the Co(0) complex 25 was investigated. A classical two-electron oxidative addition 

process (as observed in palladium-catalysed cross-coupling reactions) may not occur, as Budzelaar and 

co-workers have shown that binuclear oxidative addition of aryl halides to a Co(0) species takes place 

(albeit with a different class of ligand), forming two Co(I) species (Scheme 2.9).203  
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Scheme 2.9. Binuclear oxidative addition of aryl halides to Co(0), shown by Budzelaar and co-workers.203 

Addition of 4-chlorotoluene to complex 25 was carried out under several different reaction conditions 

(Figure 2.5). It was found that under conditions a or b, within 10 minutes of heating the reaction to 60 

°C, a colour change from green to red was observed, and shortly after (~ 30 minutes) the reaction mixture 

gradually changed back to a green colour. One possible explanation for this is oxidative addition 

occurring followed by facile reductive elimination or decomposition. In an attempt to trap the short-

lived species that gave rise to a red solution, the reaction was repeated in benzene, and cooled to 0 °C 

in order to freeze the solution. Upon gradual warming, a 1H NMR spectrum was recorded of the reaction 

mixture at room temperature, and in addition to some remaining starting material, numerous 

paramagnetically shifted peaks that did not correspond to those of complex 25 were observed (see 

Chapter 7 for spectrum). Once the reaction mixture changed colour to green again, the 1H spectrum 

obtained did not match that of 25, showing that a new species is formed rather than reverting to the 

starting material. The challenges faced relating to the stability of the red species meant that attempts to 

grow crystals suitable for X-ray diffraction were not fruitful. Under both conditions c and d, no colour 

change was observed in the reaction and the 1H NMR spectrum recorded showed the starting material 

25.  

 

Figure 2.5. Attempted oxidative addition reaction of 4-chlorotoluene to complex 25 under a number of different reaction 

conditions. 

Using chlorobenzene-d5 instead of 4-chlorotoluene allowed us to use 2H NMR spectroscopy to detect 

any new deuterium-containing species being formed upon reaction with the Co(0) complex 25 (Scheme 

2.10a). The starting material, chlorobenzene-d5, remained the sole species seen by 2H NMR (recorded 

over a wide ppm range). Whilst we cannot rule out the formation of new Co species that may be NMR 

inactive or have paramagnetically shifted peaks outside of the range recorded, our observations suggest 

that oxidative addition did not take place. In order to probe this further, halide substitution at the oxidised 

cobalt centre was considered – an excess of LiBr was added to see whether the chloride ligand could be 



Chapter 2 – Cobalt-Catalysed Cross-Coupling of Aryl Chlorides and n-Butyllithium-Activated Aryl 

Boronates 

47 

 

replaced with a bromide ligand, and hence, produce bromobenzene-d5 as indication for reductive 

elimination. However, chlorobenzene-d5 was the only deuterated product observed (Scheme 2.10b). 

 

Scheme 2.10. a) Attempted oxidative addition reaction of chlorobenzene-d5 to complex 25. b) Attempt to isolate 

bromobenzene-d5 as a reductive elimination product. 

Additionally, oxidative addition of bromobenzene to complex 25 was attempted, due to the ability of 

aryl bromide reagents to be tolerated in the Suzuki coupling reaction and the weaker bond strength of 

C-Br compared to C-Cl. It was thought that oxidative addition may occur more easily and that the 

resulting oxidised cobalt complex may be more stable due to the less electronegative bromide ligand. A 

colour change of the reaction mixture from green to purple was observed and leaving overnight resulted 

in the formation of feather-like purple crystals, unsuitable for X-ray diffraction. The lack of 

characterisation meant that we were unable to determine whether oxidation addition to the Co(0) 

complex occurred.   
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2.3 Conclusions and Future Work 

A brief investigation into the possible oxidation states of cobalt in the catalytic cycle of the 

CoCl2/SIPr·HCl catalysed Suzuki-Miyaura cross-coupling of aryl borates and aryl chlorides was 

conducted. The borate 20 was capable of reducing the Co(II) starting material to a stable Co(0) complex 

22, featuring the diene dvtms as a stabilising ligand to trap the Co(0) species. Although 22 was 

ineffective as a pre-catalyst, the Co(0) norbornene complex 25 proved to be a competent pre-catalyst in 

place of CoCl2/SIPr·HCl in the cross-coupling reaction, giving good yield of 4-methylbiphenyl. 

Although this does not necessarily mean that a Co(0) species is the lowest oxidation state species in the 

active cycle, it does show that Co(0) can be accessed under the reaction conditions. There is the 

possibility that a Co(0) species could form as a low-oxidation state off-cycle species, not directly 

responsible for product formation. 

Little evidence of oxidation addition to the Co(0) complex 25 is seen, although a reaction is shown to 

take place between 25 and 4-chlorotoluene, forming species that gave rise to a red solution, which could 

not be structurally characterised. Whilst the possibility of facile reductive elimination was not ruled out, 

it seemed unlikely as addition of a bromide source in an attempt to switch the halide at the cobalt centre 

before reductive elimination takes place was not successful, and the reductive elimination product was 

not observed. 

Taken together, our findings tentatively suggest that reduction of the Co(II) pre-catalyst to a Co(0) 

species occurs, however, insights into the possible oxidative addition of Co(0), such as whether it occurs 

classically or in binuclear manner, cannot be drawn without further investigations. Studies into the order 

of the elementary steps of catalysis as well as investigating the reactivity of other Co(0) and Co(I) 

complexes bearing the SIPr ligand would be useful in gaining significant information of the redox 

manifold. Furthermore, a more detailed mechanistic study, including kinetic investigations and 

computational analysis should be conducted. However, with limitations to this reaction apparent, namely 

the use of nBuLi to activate the boronic ester, it seemed more appropriate to focus efforts on the 

advancement of the methodology of cobalt-catalysed Suzuki biaryl coupling, and gain mechanistic 

understanding of an improved protocol.
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3. Alkoxide-Promoted Cobalt-Catalysed Suzuki-Miyaura 

Cross-Coupling 
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3.1 Introduction 

There are numerous factors that make the palladium-catalysed Suzuki-Miyaura cross-coupling reaction 

an appealing method to form biaryl compounds, including: the ability to use widely available and cheap 

arylboronic acids or esters, ligands and bases; high functional group tolerance due to the use of a mild 

nucleophile; high catalytic activity resulting in low palladium loadings; and the tolerance of a breadth 

of reaction conditions, such as the use of a solid support or aqueous solvent (Scheme 3.1). However, a 

precious-metal catalyst is required. On the other hand, methodologies that use more sustainable and 

economical metals as catalysts in the Suzuki reaction, with the general exception of nickel, often do not 

share these same benefits.76, 126, 190, 196-198 In most cases, highly specific reagents and conditions are 

required depending on the type of coupling partners used, hindering the applicability of the reaction. 

Methodologies tend to require well-designed ligands, which are often expensive and outweigh the 

economical benefits of using a cheaper metal. Furthermore, due to the lack of mechanistic 

understanding, conditions are not well-optimised meaning that catalyst turnover numbers are often low. 

Although work in the Bedford group on the development of the cobalt-catalysed Suzuki-Miyaura biaryl 

cross-coupling reaction is a significant contribution to the field of earth-abundant metal catalysis, from 

a synthetic viewpoint, the reaction is far from desirable (Scheme 3.1).198 

 

Scheme 3.1. Comparison of a general palladium-catalysed and Bedford’s reported cobalt-catalysed Suzuki biaryl cross-

coupling reaction. 

The main reasons for this are the requirement of pre-forming the boronate species and the use of a harsh, 

pyrophoric base, nBuLi, as an activator. In terms of synthetic ease, this is unfavourable and limits the 

tolerance of the reaction, for example, to certain functional groups or solvents (such as non-protic 

solvents). Comparatively, one of the most valuable aspects of the palladium-catalysed process is the 

ability to utilise boronic acids/esters and mild bases, both often being bench-stable.72 

Moving forward in our attempts to improve the methodology of the cobalt-catalysed reaction, we sought 

to meet two objectives: firstly, to replace the boronate species with a much more air-stable boronic ester 

and a milder base and secondly, to obtain better functional group tolerance in order to achieve good 

yield with a wider variety of biaryls. An indication that the first aim is achievable was provided by 

Duong and co-workers, who showed that an arylboronic acid neopentylglycol ester and alkoxide base 
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KOMe could be used in the coupling reaction, albeit with a limited range of activated (hetero)aryl 

halides (Scheme 3.2).196 

 

Scheme 3.2. Cobalt-catalysed Suzuki cross-coupling reaction using a boronic ester and alkoxide base, reported by Duong 

and co-workers.196 

We were curious to see the effect of using phenylboronic acid neopentylglycol ester, PhBneop 26 (a six-

membered ring ester) instead of phenylboronic acid pinacol ester, PhBpin. Therefore, the same boronic 

ester and base that was used by Duong and co-workers was employed in the coupling reaction that uses 

CoCl2/SIPr·HCl as the pre-catalyst (Scheme 3.3). Both sets of reaction conditions, used by Duong and 

co-workers a,196 and in the reaction developed in the Bedford group b,198 were trialled. Under conditions 

a, only trace amounts of 4-methylbiphenyl 27 was observed. However, a yield of 24% was attained 

when the reaction was conducted in THF at 60 °C, demonstrating catalytic ability despite the poor yield.  

 

Scheme 3.3. KOMe-promoted cobalt-catalysed cross-coupling of 4-chlorotoluene and PhBneop 26. Yield determined 

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

This preliminary result formed the basis of our subsequent optimisation studies, using 4-chlorotoluene 

and phenylboronic esters as coupling partners in the model reaction throughout the optimisation process. 

It was found that IPr·HCl could be used in place of SIPr·HCl to give the same yield of product, and due 

to its comparative ease of synthesis, it was used instead in the screening of reagents and conditions. A 

standard synthetic procedure of addition of aryl halide and boronic ester to a solution of cobalt pre-

catalyst and ligand, followed lastly by the addition of base was employed. All reagents were dried before 

use and the reaction conducted in an inert atmosphere.  
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3.2 Screening of Base and Boronic Ester 

3.2.1 Optimisation of the Base 

Upon realisation that KOMe could be used as a base in the cross-coupling reaction to form 4-

methylbiphenyl 27, we began to screen several other mild bases (Table 3.1). It was found that KOtBu 

performed better than methoxide and ethoxide analogues, although LiOtBu gave a slightly lower yield 

than LiOiPr (Table 3.1, entries 1 and 5). A general trend in the effectiveness of the metal counter-ion 

was established, with potassium being the best counterion followed by sodium and then lithium, with 

the exception that NaOEt gave a greater yield of 27 compared to KOEt (Table 3.1, entries 1-3 and 5-6). 

KOPh is used as a base in palladium-catalysed Miyaura borylation due to its effectiveness in supressing 

unwanted Suzuki-Miyaura cross-coupling, and therefore it is unsurprising that it does not give any 

product in the cobalt-catalysed cross-coupling (Table 3.1, entry 7).204 

Table 3.1. The effect of varying the base in the cobalt-catalysed Suzuki biaryl reaction.  

 

 
   

Entry Base  % Yield 

1 KOtBu  60 

2 NaOtBu  43 

3 LiOtBu  9 

4 LiOiPr  15 

5 KOEt  20 

6 NaOEt  35 

7 KOPh 0 

8 KOTMS  4 

9 LiNMe2  39 

10 LiNEt2  21 

11 LiHMDS 0 

12 KHMDS 0 

13 NaHMDS 0 

Conditions: CoCl2 (0.025 mmol), IPr·HCl (0.025 mmol), 4-chlorotoluene (0.25 mmol), 

PhBneop (0.375 mmol), base (0.375 mmol) in THF (1.5 mL) at 60 °C for 24 h.  

Yield determined by GC using dodecane as an internal standard. Entries 9-13 were conducted 

by Soneela Asghar. 

A recent report by Denmark and co-workers illustrates that potassium trimethylsilanolate (KOTMS) can 

be used as an effective base in the palladium-catalysed Suzuki cross-coupling of aryl, alkenyl or benzyl 
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halides with aryl boronic esters that have a neopentylglycol backbone (ArBneop) (Scheme 3.4).205 

Intrigued by the possibility of KOTMS to be an effective base when used alongside PhBneop in THF 

solution, we tested its performance in our cobalt-catalysed reaction, however only trace amounts of 27 

were observed (Table 3.1, entry 8). 

 

Scheme 3.4. KOTMS promoted palladium-catalysed Suzuki cross-coupling, reported by Denmark.205 

Knowing that the base used has such a profound effect on the yield, attention was turned towards the 

use of bases other than alkoxides, with base strength (pkaH) between that of metal alkoxides and nBuLi. 

With both of the lithium diamide bases that were trialled, only poor to moderate yields were obtained 

(Table 3.1, entries 9 and 10). Likewise, potassium, sodium or lithium bis(trimethylsilyl)amide bases 

performed poorly, giving no cross-coupling product (Table 3.1, entries 11-13). This was a pleasing 

result, however, as milder and cheaper alkoxide bases are preferential and render the methodology more 

appealing. 

The effect of the counterion is apparent (discussed later in this chapter), as well as a preference for 

alkoxide bases – demonstrating that a greater base strength does not correlate to greater catalytic activity. 

Due to the use of bulky, less nucleophilic bases leading to no cross-coupling (Table 3.1, entries 11-13), 

it is reasonable to suggest that a base that can also behave as a nucleophile is required in the reaction. 

One way in which the base is likely to act as a nucleophile in the reaction is by coordinating to and 

activating the boronic ester by forming a boronate species. 

3.2.2 Investigation of the Boronate Species 

KOtBu was shown to be the best base for the reaction (Table 3.1, entry 1). It was expected that one of 

the roles of the base is to add to the boronic ester, producing a boronate species in-situ that would then 

go on to transmetalate its aryl group to the cobalt centre. Formation of a similar boronate species was 

shown by Nolan and co-workers (Scheme 3.5a), who discussed KOtBu promoted nickel-catalysed 

carboxylation of organoboronic esters.206 They found that the isolated boronate 28 can be used in 

catalysis instead of the boronic ester and KOtBu (Scheme 3.5b).  



Chapter 3 – Alkoxide-Promoted Suzuki-Miyaura Cross-Coupling 

54 

 

 

Scheme 3.5. a) Formation and b) reactivity of 4-fluorophenyl boronate 28 in the nickel-catalysed carboxylation, shown 

by Nolan and co-workers.206 

Similarly, we synthesised K[Ph(OtBu)Bneop] 29, and found that it can substitute PhBneop 26 and 

KOtBu in the reaction to give almost identical yield of cross-coupling product (Scheme 3.6). The crystal 

structure of the THF adduct of boronate 29 revealed an interesting binding mode for the potassium 

counterion – not only an interaction with the oxygen atoms (on the backbone, t-butoxide and THF 

molecules), but also with the π-system of the phenyl ring, in which the length of the C-K interactions 

are 3.1354(15) Å, 3.2172(16) Å and 3.4253(17) Å (Figure 3.1). These interactions may be dynamic in 

solution, with π-coordination and de-coordination possibly occurring, which will likely play a role in 

the transmetalation step wherein the potassium ion is displaced by the cobalt centre. 

 

Scheme 3.6. Cobalt-catalysed Suzuki reaction using boronate 29 as the nucleophilic coupling partner. Yield determined 

by GC, using dodecane as an internal standard. 
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Figure 3.1. Single crystal X-ray diffraction structure of [K·(THF)2][Ph(OtBu)Bneop]. Ellipsoids are set to 50% 

probability and hydrogen atoms are omitted for clarity.  

Differences in the boronate species formed by using NaOtBu or LiOtBu can be seen in their 1H NMR 

spectra and may correlate to the variation of reactivity observed, in which the KOtBu promoted cross-

coupling reaction is far superior when compared to reaction using sodium and lithium analogues (Figure 

3.2). The diastereotopic protons, adjacent to the oxygen atoms, appear as a coalesced peak in the 1H 

NMR spectra of the potassium boronate 29, however as separate peaks in the spectra of the lithium and 

sodium boronates. This suggests that the interaction between the boronate anion and lithium or sodium 

counterion is stronger, giving rise to a more rigid structure of the boronate that does not allow for ring 

flip of the chair conformation to occur on the NMR timescale (Figure 3.2 and 3.3). Contrastingly, the 

softer/more polarisable potassium ion does not have such a tight metal-oxygen interaction, thus resulting 

in more conformational freedom. It is possible that the potassium counterion being easier to displace 

during the reaction is at least partly responsible for the greater effectiveness of the potassium base 

compared to sodium and lithium in this reaction (discussed further in Chapter 4). 
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Figure 3.2. 1H NMR spectra of [Ph(OtBu)Bneop]- with K+, Na+ and Li+ counterions, recorded in THF-d8. Expansion is 

of the region displaying peaks of the diastereotopic methylene protons. 

 

 

Figure 3.3. Conformational ring flip of the boronate, with only the diastereotopic protons displayed. 

Increasing the temperature to 60 °C still results in the 1H NMR spectra of both the sodium and lithium 

boronate displaying non-coalesced signals for the protons on the carbon atoms adjacent to the oxygen 

atoms. This serves to highlight the extent of the tight interaction with the counterions. Repeating the 1H 

NMR experiment in C6D6 revealed a slight difference in the spectra of the potassium boronate 29 – the 

peak is completely coalesced and appears to have singlet multiplicity. One possible cause of this that 

the THF interactions add to the rigidity of the boronate, reducing the ease of ring flip. Another is that a 

different structure is formed when benzene is used as the solvent, such as a dimer or a species involving 

benzene coordination.  
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3.2.3 Optimisation of the Boronic Ester 

Early findings saw that the use of phenylboronic acid pinacol ester (PhBpin) completely stops cross-

coupling from occurring (Table 3.2, entry 1). With this in mind, and the hint that the structure and 

bonding interactions of the boronate species (formed by activation of the boronic ester with KOtBu) 

plays a crucial role in the success of the Suzuki coupling, we set out to screen an extensive range of 

cyclic phenylboronic esters (Table 3.2).  

Five-membered cyclic boronic esters, including those that are bicyclic, performed poorly (Table 3.2, 

entries 1-4). Increasing the ring size of the backbone of the boronic ester  to a six-membered ring offered 

some improvement in yield in certain cases – methyl substitution on the carbon atoms adjacent to the 

oxygen atoms (boronic ester 30) gave rise to a slightly higher yield of 27 (Table 3.2, entries 5 and 6). 

However, having two methyl groups in these positions (compound 31) hinders the reaction, suggesting 

that only a small amount of steric bulk can be tolerated adjacent to the oxygen atoms (Table 3.2, entry 

7). Instead, better performance was seen by boronic esters 32, 33 and 34, who share alkyl substitution 

in the same position (Table 3.2, entries 8-10). Interestingly, the yield was reduced when the cyclopropyl-

substituted boronic ester 34 was used compared to PhBneop 26 (44% and 60% respectively), despite 

having a very similar structure. This serves to highlight how subtle differences in the structure of the 

boronic ester can have a marked effect on the catalytic activity. Increasing the ring size further to a 

seven-membered ring impeded cross-coupling, however the steric bulk adjacent to the oxygen atoms 

could be a factor in this result (Table 3.2, entry 11).  

Cyclic triol boronates can be used in palladium-catalysed Suzuki-Miyaura cross-coupling reactions 

under base-free conditions and often work well with sterically bulky aryl reagents,207 however, boronate 

35 was shown to be unreactive in the cobalt-catalysed coupling (Table 3.2, entry 12). 

Table 3.2. The effect of varying the boron nucleophile. 

 
      

Entry Boron Nucleophile % Yield Entry Boron Nucleophile % Yield 

1 
 

0 2 
 

6 

3 
 

11 4 
 

0 
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5 
 

10 6 

 

22 

7 

 

0 8 

 

23 

9 

 

44 10 

 

44 

11 

 

1 12a  

 

0 

13b 

 

0 14b 

 

0 

15 

 

0 

Conditions: CoCl2 (0.025 mmol), IPr·HCl (0.025 mmol), 4-chlorotoluene (0.25 mmol), boronic ester (0.375 mmol), 

KOtBu (0.375 mmol), in THF (1.5 mL) at 60 °C for 24 h. Yield of 27 determined by GC using dodecane as an internal 

standard. a Base was omitted. b Chlorobenzene (0.25 mmol) used as the electrophile. Entries 2-11 were carried out by 

Gavin Smith. 

A study by Roy and Brown on the relative thermodynamic stability of boronic esters found that five-

membered ring boronic esters are generally less stable than six-membered, with PhBneop 26 being 

considerably more stable than phenylboronic acid ethyleneglycol ester (Scheme 3.7).208 This led us to 

question whether differences in thermodynamic stabilities relating to the boronic ester during the 

transmetalation step could be accountable for the large variance in reactivity observed in the screening 

of boronic esters. 

 

Scheme 3.7. Transesterification reaction employed by Roy and Brown to see the relative stability of boronic esters.208 

Accordingly, the thermodynamic propensity for the boronic ester to transfer the phenyl group was 

investigated. Ingleson and co-workers demonstrated how relative phenyl ion affinities (PhIAs) of neutral 

boronic acids can be calculated by DFT analysis of equilibria energies.209 This was achieved by studying 
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the isodesmic reactions between tetraphenylborate and neutral boronic acids. In a similar manner, we 

calculated the PhIAs of the t-butoxide boronic acid esters by reaction with tetraphenylborate (Table 3.3).  

Although PhBneop 26 outperforms other boronic esters in catalysis, the calculated PhIAs of the cyclic 

boronic esters have little variance (Table 3.3, entries 1-5). In addition, the PhIA of the n-butyl boronic 

acid pinacol ester 37 and the t-butoxide analogue 36 were revealed to be essentially identical (Table 3.3, 

entries 1 and 2). This is despite PhBpin performing excellently in catalysis when nBuLi is used to form 

the activated boronate species, whereas when KOtBu is used as a base, no cross-coupling is observed 

(Scheme 3.1 and Table 3.2 entry 1). This lack of relationship demonstrates that the effect seen by varying 

the cyclic boronic ester cannot be justified by a thermodynamic preference to transfer the phenyl group. 

Instead, differences in the structure and conformation of the boronic ester changing the transition state 

energy of transmetalation might be accountable. Furthermore, a greater PhIA was calculated for the N-

coordinated boronic ester 38 (Table 3.3, entry 6). However, boronates of this class 39, 40 and 41 proved 

to be poor nucleophilic coupling partners when used in the Suzuki cross-coupling reaction (Table 3.2, 

entries 12-14). These findings amplify the possibility that the key differences in activity of boronic ester 

are likely to be due to a kinetic rationale rather than thermodynamic considerations. Another factor that 

may contribute to lack of cross-coupling when the N-coordinated boronates 39, 40 and 41 were used is 

the possible formation of tBuOH upon formation of the potassium salt by deprotonation. The cross-

coupling reaction is highly moisture sensitive, and therefore it is likely that alcohols are also not 

tolerated.  

Table 3.3. Relative phenyl ion affinities of boronic esters, calculated by DFT analysis.  

 

      

Entry RB(OR’)2 PhIA / kcal mol-1 Entry RB(OR’)2 PhIA / kcal mol-1 

1 

 

20.9 2 

 

21.0 

3 
 

18.2 4 
 

20.4 

5 
 

20.4 6 

 

27.9 

DFT analysis was conducted by Prof. Robin Bedford using Spartan 16,210 and employing B3LYP functional,211-213 

with Grimme’s D3 dispersion correction,214 and 6-311+G** basis set.215 THF solvation was modelled using the PCM 

model.216  

In summary, KOtBu was found to be the best base and it is possible that potassium interactions formed 

with the oxygen atoms and the aryl moiety in the boronate species, due to its relative ‘softness’ compared 

to sodium and lithium, have some influence on the effectiveness of the base. A thermodynamic 
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preference for PhBneop to transfer the phenyl group was not observed. This suggests that a kinetic 

explanation as to why this particular cyclic structure of boronic ester outperforms others is more 

important than a thermodynamic reasoning.  
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3.3 Screening of Pre-catalyst and Ligand 

3.3.1 Optimisation of Pre-Catalyst 

Next, we explored varying the cobalt source in an attempt to achieve greater yield of cross-coupled 

product. A small selection of commercially available Co(II) salts were trialled in the reaction and it was 

found that CoCl2 and CoBr2 performed equally well, however, both Co(OAc)2 and cobalt(II) 

acetylacetonate (Co(acac)2) gave rise to poor yields (Table 3.4, entries 1-4). Co(acac)3 was the only 

Co(III) salt that was screened and it too was not capable as a pre-catalyst (Table 3.4, entry 5). This is in 

contrast to several reports of Kumada cross-coupling with either vinyl halides or alkyl halides, for which 

both Co(acac)2 and Co(acac)3 are effective pre-catalysts.148, 150, 154 

Table 3.4. The effect of varying the cobalt pre-catalyst. 

 
   

Entry Pre-catalyst (mol %) % Yield 

1 CoCl2 (10) 60 

2 CoBr2 (10) 61 

3 Co(OAc)2 (10) 18 

4 Co(acac)2 (10) 2 

5 Co(acac)3 (10) 0 

6a [CoCl2(IPr)]2 42 (5) 69 

7b [Co(SIPr)(nbe)2] 25 (10) 0 

8 [Co(PPh3)3Cl] 43 (10) 40 

9b [Co(PPh3)3Cl] 43 (10) 3 

10b [Co(PNP)Br2] 44 (10) 2 

Conditions: [Co] (0.025 mmol), IPr·HCl (0.025 mmol), 4-chlorotoluene (0.25 mmol), PhBneop (0.375 mmol), 

KOtBu (0.375 mmol) in THF (1.5 mL) at 60 °C for 24 h. Yield determined by GC using dodecane as an internal 

standard. a 2 equivalents (0.5 mmol) of PhBneop used. b IPr·HCl ligand was omitted. 

Although the reaction procedure involves pre-stirring CoCl2 and IPr·HCl together first to form a solution 

in THF, this does not correspond to the NHC ligand adding to the cobalt– instead, the ion pair 

[CoCl3][IPrH] is likely to form, as suggested by the 1H NMR spectrum and there being literature 

precedents for the formation of a similar ion pair (Scheme 3.8a and see Chapter 7 for NMR spectrum).217 

It is expected that deprotonation of the NHC salt occurs under our reaction conditions, and the free IPr 

that is formed can then behave as a ligand. We synthesised the previously reported cobalt complex 

[Co(IPr)Cl2]2  42,165 which is isolated as a dimer with bridging chloride ligands, and found it to be a 
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competent pre-catalyst, suggesting that it may be a cobalt species that is formed in-situ upon addition of 

base (Scheme 3.8b and Table 3.4, entry 6).  

 

Scheme 3.8. Reaction of CoCl2 with either IPr·HCl or IPr. 

Reduction of metal pre-catalysts, if they are in a high oxidation state such as Pd(II), to an active species 

is typical in the mechanism of cross-coupling reactions. In an attempt to determine the lowest oxidation 

state of cobalt that can be accessed in the presence of boronic ester and base (i.e boronate), we conducted 

an analogous study to that described in the mechanistic work shown in Chapter 2 (shown in Scheme 

3.9a).198 Unlike in the reaction that employed a boronate formed by nBuLi-activated boronic ester 20, a 

Co(0) complex was not observed when boronate 29 was used as a reductant (Scheme 3.9). This was the 

case when either the dialkene, dvtms, or norbornene were utilised as the low-valent cobalt trapping 

reagent, suggesting that together, PhBneop and KOtBu are not capable of reducing NHC-Co(II) to NHC-

Co(0) (Scheme 3.9b). Convincingly, when used as a pre-catalyst, 25 did not give rise to any cross-

coupling product (Table 3.4, entry 7), in contrast with our previous results, which showed that 25 is an 

effective pre-catalyst for the cross-coupling of boronate 20 and 4-chlorotoluene (See Chapter 2). 

 

Scheme 3.9. a) Re-cap of the reaction discussed in Chapter 2 - formation of Co(0) complex 22 using KC8 or boronate 

20 as a reducing agent. b) Attempted formation of 22 and 25 using boronate 29 as a reducing agent. 
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A study of the kinetic profile of the reaction, both in the presence and absence of the electrophile is 

discussed in Chapter 4 and suggests that reduction of cobalt happens at the beginning of the reaction. 

Therefore, attention was turned towards the use of Co(I) pre-catalysts. Due to its ease of synthesis and 

stability in the solid state, [Co(PPh3)3Cl] 43 was trialled in the Suzuki coupling reaction and a moderate 

yield of cross-coupling product was achieved (Table 3.4, entry 8). Despite the lower yield compared to 

the standard reaction, which could be due to the presence of the phosphine ligands, this demonstrates 

that unlike Co(0), NHC-Co(I) species are at least catalytically competent. However, other factors may 

account for the difference in effectiveness of 25 and 43 as pre-catalysts, such as the ligands and the ease 

for them to be displaced. Use of 43 without IPr·HCl gave a very poor yield of 4-methylbiphenyl, 

indicating the need for the NHC ligand (Table 3.4, entry 9). 

Ideally, the use of Co(0) and Co(I) pre-catalysts that bear IPr ligands as models would be more fitting, 

however, these proved challenging to synthesise. Seeking to form a Co(0) species, a synthetic procedure 

analogous to that reported for the synthesis of the iron(0) complex 45 by Tatsumi and co-workers was 

attempted.218 This yielded a brown solid, from which no crystals suitable for x-ray diffraction could be 

obtained (Scheme 3.10). When the brown solid was used as a pre-catalyst, a 30% yield of cross-coupling 

product was obtained but of course, lack of structural characterisation rendered this result of limited 

value. However, the possibility that the observed catalysis may have arisen due to unreacted starting 

material 42, which we know performs well in catalysis, can be ruled out since 1H NMR characterisation 

of the brown product showed none of this species.  

 

Scheme 3.10. Attempted synthesis of Co(0)IPr complex, following a procedure analogous to that reported in the 

synthesis of 45. 

A Co(I) complex with IMes ligands, 46, has been synthesised by Deng and co-workers, in which free 

IMes ligands add to the Co(I) centre, replacing the phosphine substituents in complex 43 (Scheme 

3.11a).219 Due to the increased steric bulk of IPr compared to IMes, it is likely that only one IPr ligand 

can coordinate to the cobalt centre  – Tonzetich and co-workers have shown that addition of IMes to 

CoCl2 yields [CoCl2(IMes)2], whereas addition of IPr to CoCl2 gives the mono-IPr complex 42.166 

Additionally, the only bis-IPr cobalt species that is known is a cationic two-coordinate linear structure, 

[Co(IPr)2]+.220 Accordingly, the analogous synthesis to that described by Deng and co-workers was 
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carried out with only 1 equivalent of IPr, however characterisation of the blue solid that formed proved 

to be challenging, and therefore it was not trialled as a pre-catalyst (Scheme 3.11b).  

 

Scheme 3.11. a) Synthesis of Co(I) complex 46 by Deng and co-workers.219 b) Attempted synthesis of a Co(I)IPr species. 

To summarise, screening of the cobalt source showed that the salts CoCl2 and CoBr2 work comparatively 

well in the cross-coupling reaction. Our studies imply that reduction to a Co(I) active species is viable 

in the presence of the NHC ligand, whereas reduction to Co(0) is not. Furthermore, the Co(I) complex 

43 is competent as a pre-catalyst when used in the presence of IPr·HCl. 

3.3.2 Optimisation of Ligand 

Next, a variety of ligands were tested in catalysis. Despite the success of SIPr·HCl and IPr·HCl, other 

NHC precursors were unable to match or improve upon this (Table 3.5). In fact, IAd·HCl performed the 

next best, giving only a 27% yield of 4-methylbiphenyl (Table 3.5, entry 3). Both IMes·HCl and 

SIMes·HCl achieved the same yield of cross-coupling product, which was very low, and ICy·HCl 

offered only a slight improvement on this (Table 3.5, entries 4-6).  
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Table 3.5. The effect of varying the ligand. 

 
   

Entry Ligand % Yield 

1 IPr·HCl  60 

2 SIPr·HCl  59 

3 IAd·HCl  27 

4 IMes·HCl  6 

5 SIMes·HCl  6 

6 ICy·HCl  11 

7 6Pr·HBr  13 

8 6Mes·HBr  11 

9 dppe 2 

10 dppbz 1 

11 BINAP 3 

12 bipy 2 

13 dtbpy 6 

14 terpyridine  8 

15 PNP-iPr 47 1 
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16 PNP-Ph 48 2 

17 PNP-triazine 49 0 

18 diimine-dipp 50 13 

19 TPA 51 2 

20 salophen 52 0 

Conditions: CoCl2 (0.025 mmol), ligand (0.025 mmol), 4-chlorotoluene (0.25 mmol), PhBneop (0.375 mmol), 

KOtBu (0.375 mmol) in THF (1.5 mL) at 60 °C for 24 h. Yield determined by GC using dodecane as an internal 

standard. Entries 7 and 8 were conducted by Mattia Manzotti, entries 9-13 were conducted by Gavin Smith. 

The ability of the same class of ligand to display such a range of results can be explained to some extent 

by their relative steric bulk. Using a parameter described by Nolan and Cavallo, %Vbur, the bulkiness of 

NHC ligands can be considered by the total percentage of a sphere that is occupied by the ligand, based 

on a general complex.221 The %Vbur of NHC ligands, based on the AuCl(NHC) complex, are displayed 

in Figure 3.4 and shows a general trend of the bulkier NHC corresponding to greater catalytic activity 

when their salt precursors are employed.222 This could be related to the prevention of two NHC ligands 

coordinating to cobalt – as previously discussed, unlike less bulky NHC ligands, usually only one IPr 

ligand is able to bind to a cobalt centre.166  

 

Figure 3.4. Relationship between the %Vbur of free NHC ligands,222 and the yield of 27 when the HCl or HBr salts of 

the corresponding NHC is used as a ligand in the Suzuki cross-coupling reaction. 

With the understanding that the bulkiness of the NHC ligand may influence its ability in catalysis, ring 

expanded NHCs were trialled – namely 6Pr·HBr and 6Mes·HBr, which %Vbur of the corresponding free 

NHCs are 50.3 and 42.4 respectively (Table 3.5, entries 7 and 8).223, 224 Intriguingly, poor yields were 

obtained. This implies that there may be competing steric requirements of the ligand, for example: bulky 

enough to prevent the formation of bis-NHC cobalt species, yet not so bulky to deleteriously affect the 

rate determining step. It also suggests steric bulk alone is unlikely to be responsible for the variance of 

cross-coupling activity. Key differences in the electronic factors of the six-membered ring NHCs versus 

standard NHCs are likely to play a role and indeed, parameters describing the electronics of ligands 
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imply that 6Pr displays greater π-acidity compared to common five-membered ring NHCs.225 The offset 

of -donation with π-retrodonation, along with steric bulk, could provide some reasoning to the results 

obtained in the screening of NHC salts. A possible explanation is that ligands of greater π-acidity could 

increase the propensity to form Co(0) complexes, which may be catalytically inactive.  

Commonly available bidentate phosphine and pyridine ligands (dppe, dppbz, BINAP, dtbpy, and bipy) 

were tested, however, none gave a yield above 6% of the desired product (Table 3.5, entries 9-13). 

Tridentate pincer ligands have been used in previous examples of cobalt-catalysed Suzuki cross-

coupling reactions – a terpyridine ligand and PNP ligand are employed by Duong and Chirik 

respectively – and they typically occupy three adjacent coordination sites in the same plane.190, 196 

However, flexibility of the pincer ligand often allows for distortion, meaning that changes in geometry 

(and consequently spin state of metal) are accommodated. Additionally, subclasses of pincer ligands, 

such as pyridine diimines (PDI) exhibit redox non-innocent behaviour, thus stabilising changes in formal 

oxidation state of the metal.191, 194, 226 These factors have the potential to be advantageous for catalysis 

to occur, and accordingly, a few pincer ligands were screened in the Suzuki cross-coupling reaction 

(Table 3.5, entries 14-17). 

However, we observed little cross-coupling product when terpyridine or PNP ligands 47 or 48 were 

utilised (Table 3.5, entries 14-16). Similarly, the use of a Co(II) pre-catalyst bearing the PNP ligand 48, 

complex 44, whilst omitting IPr·HCl,  yielded only trace amounts of 4-methylbiphenyl (Table 3.4, entry 

10). A report by Kirchner and co-workers describes the success of a triazine-based PNP ligand in nickel-

catalysed Suzuki biaryl cross-coupling, yet, when a similar ligand, 49, was used in the cobalt-catalysed 

coupling, no product was formed (Table 3.5, entry 17).227 Although not a tridentate pincer ligand, 

diamine 50 is a redox active ligand (i.e. it has the potential for reversible electron transfer with cobalt) 

and for this reason, was trialled, but to no avail (Table 3.5, entry 18). Lastly, tridentate TPA 51 and 

tetradentate salophen 52 were screened and found to be ineffective ligands (Table 3.5, entries 19 and 

20).  

The poor yields obtained for the majority of ligands that were tested highlights the importance of finely 

tuning the electronic properties of the ligand employed as well as steric bulk requirements of the NHC 

ligands – rendering IPr·HCl and SIPr·HCl the most effective to date. 
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3.4 Control Experiments and Further Optimisation 

3.4.1 Control Experiments 

At the initial stages of the development of the methodology, control experiments were undertaken in an 

attempt to show that the cross-coupling is indeed a cobalt-catalysed process, and that the reaction is 

highly unlikely to be catalysed by trace impurities in the reagents. Table 3.6 summarises these 

experiments that were performed. 

Table 3.6. Control experiments and the use of different purity of base, according to the purity values given by the 

manufacturer. 

 
     

Entry Pre-Catalyst (% purity) Ligand % Purity of KOtBu % Yield 

1 -  - 99 0 

2 -  IPr·HCl 99 0 

3 CoCl2 (99) - 99 11 

4 CoCl2 (99.999)  IPr·HCl 99 60 

5 CoCl2 (99) IPr·HCl 99 60 

6 CoCl2 (99) IPr·HCl 99.99 0 

7 CoCl2 (99) IPr·HCl 97 2 

Conditions: CoCl2 (0.025 mmol), IPr·HCl (0.025 mmol), 4-chlorotoluene (0.25 mmol), PhBneop (0.375 mmol), 

KOtBu (0.375 mmol) in THF (1.5 mL) at 60 °C for 24 h. Yield determined by GC using dodecane as an internal 

standard.  

Without the cobalt pre-catalyst or without both the pre-catalyst and ligand, no product formation was 

obtained (Table 3.6, entries 1 and 2). The ligand-free reaction did give rise to a small amount of product, 

roughly in accordance with one catalytic turnover (Table 3.6, entry 3). This indicates that the cobalt 

source is responsible for catalysis. In order to address the possibilities of contaminants in the CoCl2 

instead acting as the catalyst, the reaction was conducted with a high purity source of CoCl2, and 

reassuringly, an identical yield of 4-methylbiphenyl was obtained (Table 3.6, entries 4 and 5). 

Discrepancies in KOtBu were found however, with a 99% pure source performing well in catalysis, 

however other sources – both higher and lower in purity – completely switched off catalysis. This 

unusual finding was carefully examined, and it was discovered that trace amounts of water in the base 

(which would form KOH and tBuOH) were responsible for stopping the cross-coupling reaction. After 

thorough drying by toluene azeotrope, all three sources of KOtBu were equally as effective. This 

highlighted the importance of dry conditions of the reaction, and thus, appropriate precautions to dry all 

reagents, solvent and equipment before use were adopted.  



Chapter 3 – Alkoxide-Promoted Suzuki-Miyaura Cross-Coupling 

69 

 

3.4.2 Screening of Reaction Conditions 

With the assurance that a cobalt catalyst is responsible for the cross-coupling observed and having 

optimised the reagents for the reaction, we focussed on the screening of reaction conditions. Catalysis 

was carried out in a selection of solvents and solvent mixtures with THF, which revealed that cyclic 

ethers (THF, 1,4-dioxane and 2-MeTHF) were the most suitable (Table 3.7, entries 1-7). On the other 

hand, the use of the highly coordinating solvent, MeCN, even as an equal volume mixture with THF, 

prevented catalysis. Additionally, DMF, which was the solvent of choice in the cobalt-catalysed Suzuki 

coupling reported by Duong,196 did not result in any cross-coupling at 60 °C – possibly due to being 

strongly coordinating and able to behave as a ligand. This was expected, however, as we first trialled 

the reaction in DMF at 80 °C in the early stage of reaction development and found it to not be successful 

(see section 3.1). Toluene proved to be a poor choice of solvent, perhaps due to the reduced solubility 

of the cobalt salt and base compared to their solubility in THF. However, when employed as a mixture 

with THF, a moderate yield of cross-coupling product was obtained. 

Without screening more solvents, a definitive correlation between dielectric constant ε, a measure 

relating to solvent polarity, and yield of cross-coupling product cannot be established (Figure 3.5). 

Although more polar solvents were ineffective, other factors such as coordination or interaction ability 

to reagents and catalyst, as well as the solubility of species in the reaction mixture, are likely to be a 

cause of these results. 

 

Figure 3.5. The effect of the dielectric constant (at 20 °C) of the solvent used on the yield of cross-coupling product.228-

230 *Yield when a 1:1 solvent mixture of THF and MeCN were used. 

Similarities between THF and 2-MeTHF, in terms of polarity, coordination nature and yield attained 

when used in the reaction, allowed us to observe the effect of increasing the temperature of the reaction. 

Due to a slightly higher boiling point, 2-MeTHF was used as a solvent at 80 °C but gave only a small 

increase in yield (Table 3.7, entry 8). The same yield was achieved when the reaction was conducted at 
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70 °C in THF (Table 3.7, entry 9). Reducing the temperature of the reaction from 50 °C to 40 °C or 

below has a drastic effect on the reaction, with 50 °C deemed the lowest temperature that the reaction 

could be conducted in order for a useful yield to be obtained (Table 3.7, entries 10-12). 

Table 3.7. The effect of varying the reaction conditions. 

 
     

Entry Solvent  Temp. / °C Time / h % Yield 

1 2-MeTHF  60 24 52 

2 1:1 THF/2-MeTHF  60 24 52 

3 1:1 THF/MeCN  60 24 0 

4 1,4-dioxane  60 24 47 

5 DMF (38.25) 60 24 0 

6 Toluene (2.38) 60 24 2 

7 1:1 THF/Toluene 60 24 41 

8 2-MeTHF 80 24 65 

9 THF  70 24 65 

10 THF 50 24 34 

11 THF 40 24 8 

12 THF 30 24 4 

13 THF 60 48 61 

14 THF 60 16 52 

15a THF 60 24 60 

16b THF 60 24 54 

Conditions: CoCl2 (0.025 mmol), IPr·HCl (0.025 mmol), 4-chlorotoluene (0.25 mmol), PhBneop (0.375 mmol), 

KOtBu (0.375 mmol) in solvent (1.5 mL) under the stated reaction conditions. Yield determined by GC using 

dodecane as an internal standard. a More dilute conditions (4 mL total volume of THF, i.e. 0.0625 M). b More 

concentrated conditions (1 mL total volume of THF, i.e. 0.25 M) 

Doubling the reaction time to 48 hours did not have an influence, however, reducing the time to 16 hours 

saw a very slight decrease in yield, demonstrating that a 24 hour length of reaction is optimal (Table 

3.7, entries 13 and 14). Likewise, the amount of the main by-product, biphenyl (formed by nucleophilic 

homocoupling) remained between 10% and 15% despite the variance in reaction time (by-product 

formation is discussed further in Sections 3.4.4, 3.6 and Chapter 4). Lastly, the effect of the 

concentration of the reaction was briefly investigated by conducting the reaction under both more dilute 

(0.0625 M) and a more concentrated (0.25 M) conditions compared to the standard concentration of 

0.167 M – both increasing the total THF volume to 4 mL and decreasing the total THF volume to 1 mL 
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resulted in very little difference in catalytic activity (Table 3.7, entries 15 and 16). This finding is 

inconsistent with a reaction mechanism involving binuclear cobalt species, as an increase in the 

concentration of the reaction mixture would then promote catalysis. In the case of a more concentrated 

reaction mixture, it is possible that the small decrease in yield is a consequence of issues associated with 

mechanical stirring when the volume of solution in the reaction vial is low. However, under these 

conditions, all components of the reaction mixture were in solution at the beginning of the reaction.  

3.4.3 The Use of Additives  

We went on to investigate the effect of using salt additives on the yield of cross-coupling product (Table 

3.8, with standard conditions shown in entry 16 for comparison). The use of a salt additive is vital in the 

iron-catalysed Suzuki biaryl cross-coupling reaction, where it was suggested that a catalytic amount of 

MgBr2 acted as a halide ligand donor.126 The possibility of a halide salt having a similar role, or perhaps 

acting to aid transmetalation, in the cobalt-catalysed Suzuki coupling was considered and so, we 

screened several salt additives (Table 3.8). Addition of a catalytic amount of MgBr2 resulted in the 

reduction of catalytic activity and further increasing the amount to a stoichiometric quantity (with 

respect to the aryl chloride) gave rise to only 11% of product, suggesting that there is just one catalyst 

turnover (Table 3.8, entries 1 and 4). AlBr3 and ZnBr2, unlike MgBr2, tend to act as halide acceptors, 

however they were also found to hinder catalysis, with the weaker Lewis acid, ZnBr2, giving the lowest 

yield of 27 (Table 3.8, entries 2 and 3).  

It was questioned whether the decrease in catalytic activity with the use of MgBr2 was a consequence 

of the addition of bromide ions or if it was due to the presence of the cationic metal. Therefore, the 

reaction was conducted with potassium salt additives – the use of 0.2 equivalents of either KBr or KCl 

had little effect on the yield of 4-methylbiphenyl, and increasing the amount of KBr to 1.5 equivalents 

only lowered the yield slightly (Table 3.8, entries 5-7). This suggests that the magnesium cation, rather 

than the presence of the halide, interferes with catalysis.  

The screening of alkoxide bases indicated that on the whole, lithium bases were inferior to potassium 

analogues. In order to distinguish whether the reaction requires the presence of potassium cations or 

instead the absence of lithium cations, the coupling reaction was carried out using LiOtBu with a 

stoichiometric amount of potassium salt additive (Table 3.8, entries 8 and 9). With either KCl or KBr, 

no catalysis took place, implying that the presence of lithium inhibits the reaction. This was further 

confirmed by the use of 0.2 equivalents of LiBr or LiCl additive (Table 3.8, entries 10 and 11). Whilst 

the intolerance of Li+ may be partly related to the structural differences in the lithium boronate species 

compared to the potassium boronate (1H NMR spectra indicating a more rigid chair conformation for 

the lithium analogue was previously discussed in Section 3.2), this cannot be the sole cause. This is 

because a sub-stoichiometric quantity of lithium salt is deleterious to catalytic activity – suggesting that 

Li+ poisons the cobalt catalyst in some way. Meanwhile, the addition of NaBr did not affect catalysis 
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(Table 3.8, entry 12). The possible ways in which Li+, unlike Na+ and K+, may interfere with the catalyst 

are discussed in Chapter 4. 

Table 3.8. The effect of using salts and crown ethers as additives in catalysis.  

 

 
    

Entry Additive (eq.) Base % Yield 

1 MgBr2 (0.2)  KOtBu 17 

2 AlBr3 (0.2)  KOtBu 17 

3 ZnBr2 (0.2)  KOtBu 9 

4 MgBr2 (1.0)  KOtBu 11 

5 KBr (0.2)  KOtBu 54 

6 KCl (0.2)  KOtBu 55 

7 KBr (1.5) KOtBu 50 

8 KCl (1.5) LiOtBu 6 

9 KBr (1.5) LiOtBu 3 

10 LiBr (0.2) KOtBu 3 

11 LiCl (0.2) KOtBu 2 

12 NaBr (0.2) KOtBu 57 

13 12-crown-4 (1.5) LiOtBu 8 

14 none LiOtBu 9 

15 18-crown-6 (1.5) KOtBu 3 

16 none KOtBu 60 

Conditions: CoCl2 (0.025 mmol), IPr·HCl (0.025 mmol), 4-chlorotoluene (0.25 mmol), PhBneop (0.375 

mmol), additive, KOtBu (0.375 mmol) in THF (1.5 mL) at 60 °C for 24 h. Yield determined by GC using 

dodecane as an internal standard.  

With the realisation that the interactions of the metal counterion with both boron and cobalt species play 

a significant role in the success of the catalysis, we explored the effects of sequestering the alkali metals 

with crown ethers. Using LiOtBu as the base, an equivalent amount of 12-crown-4 was added to the 

reaction and an 8% yield of 27, similar to the yield obtained in the same reaction without 12-crown-4, 

was observed (Table 3.8, entries 13 and 14). Meanwhile, addition of 18-crown-6 to the cross-coupling 

reaction with KOtBu as the base prevents catalysis (Table 3.8, entry 15). The explanation for these 

findings of inhibition of catalytic activity may be two-fold. Firstly, these results suggest that despite 

lithium cation interactions seeming to hinder catalysis, the interaction between the potassium ion and 

the cobalt and/or boronate species are vital (later discussed in Chapter 4). The ability of the crown ether 

to enclose the counterion and prevent such interactions may be accountable for the failure of catalysis. 



Chapter 3 – Alkoxide-Promoted Suzuki-Miyaura Cross-Coupling 

73 

 

Secondly, during the catalytic reaction, it is likely that potassium salts (such as KCl) form, which are 

not highly soluble in the reaction solvent, THF (ca. 0.016 M at 60 °C). The lattice enthalpy for the 

formation of these salts may be a thermodynamic driving force for the reaction, and therefore, 

surrounding the potassium cation in a hydrophobic shell increases its solubility and decreases the salt 

lattice formation. Both of these factors could contribute to the reduction in yield to only 3% when 18-

crown-6 is used. However, in the case of LiOtBu, a reason for essentially no difference in yield when 

12-crown-4 was used could be due to the increased solubility of lithium salts compared to potassium 

salts, thus providing a less prominent effect from the loss of lattice enthalpy.  

Overall, the findings from the salt screening infer that the addition of bromide or chloride ions have little 

effect on catalysis, however varying the counterion has a pronounced effect, with potassium salts being 

essential for optimal performance. Through the use of crown ethers, we have considered that the success 

of the potassium base could be due to its interactions with reactive species as well the thermodynamic 

advantage of forming insoluble potassium salts as by-products.  

3.4.4 Varying the Stoichiometry of Reagents and the Catalytic Loading 

With the optimised base and boronic ester at hand, we studied the effect of changing their 

stoichiometries, both together and independently (Table 3.9). With the knowledge that the boronate 29 

is a suitable replacement for PhBneop 26 and KOtBu, it is likely that 29 forms in-situ. It is reasonable 

to assume that the base may have additional roles in the catalytic reaction, such as deprotonation of the 

NHC salt, and accordingly, we explored the effect of increasing the amount of base in the reaction. An 

additional 0.1 equivalents of KOtBu, accounting for the amount that may be required to deprotonate 

IPr·HCl, essentially showed no change in yield of cross-coupling product 27 (Table 3.9, entry 1). 

Increasing the amount of base to 1.7 equivalents (with respect to 4-chlorotoluene) reduced the yield 

slightly and a further increase to 1.8 equivalents or more almost completely stops cross-coupling (Table 

3.9, entries 2-4). This corresponds to an additional 0.2 equivalents or more of base (once formation of 

29 and deprotonation of IPr·HCl are accounted for), suggesting that catalyst poisoning occurs once the 

Co:free alkoxide ratio is 1:2 or higher. As expected, using only 1 equivalent of base and 1.5 equivalents 

of PhBneop with respect to 4-chlorotoluene results in a poorer yield of cross-coupling product (Table 

3.9, entry 5). 
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Table 3.9. The effect of varying the stoichiometry of the base and boronic ester. 

 
    

Entry Eq. of PhBneop 26 Base (eq.) % Yield 

1 1.5 KOtBu (1.6) 58 

2 1.5 KOtBu (1.7) 52 

3 1.5 KOtBu (1.8) 2 

4 1.5 KOtBu (2.0) 1 

5 1.5 KOtBu (1.0) 30 

6a 2.0 KOtBu (2.0) 53 

7a 2.0 KOtBu (1.8) 63 

8a 2.0 KOtBu (1.5) 71 

9a 2.0 KOtBu (1.4) 65 

10a 2.5 KOtBu (1.5) 68 

11a 2.5 KOtBu (2.0) 64 

12 0.5 

  

(1.5) 70 

Conditions: CoCl2 (0.025 mmol), IPr·HCl (0.025 mmol), 4-chlorotoluene (0.25 mmol), 

PhBneop, KOtBu in THF (1.5 mL) at 60 °C for 24 h. Yield determined by GC using dodecane 

as an internal standard. a 5 mol % of CoCl2 and IPr·HCl were used. 

In previously reported iron- and cobalt-catalysed Suzuki biaryl cross-coupling reactions, a large excess 

of the boron nucleophile is required; for example, in the cobalt-catalysed coupling of 4-chlorotoluene 

and nBuLi-activated phenylboronic ester 20, decreasing the amount of boronate 20 from 3 equivalents 

to 2 equivalents (with respect to aryl halide) reduced the yield of cross-coupling product by almost 

half.126, 198 By contrast, increasing the amount of both PhBneop 26 and KOtBu to from 1.5 equivalents 

to 2 equivalents (with respect to aryl halide) did not offer any improvement in yield. Instead, it gave a 

slight reduction in yield to 53% (Table 3.9, entry 6). Keeping the stoichiometry of boronic ester at 2 

equivalents, the amount of base was gradually reduced, and it was found that using 1.5 equivalents was 

optimal (Table 3.9, entries 7-9). These findings show that a slight excess of boronic ester is required 

with respect to base, in line with the base having an inhibitory role (discussed further in Chapter 4). 

Indeed, increasing the amount of boronic ester to 2.5 equivalents has little effect on the yield providing 

that the amount of base is lower than this (Table 3.9, entries 10 and 11). 

Lastly, the use of boronate 29 with an additional half equivalent of boronic ester gave rise to an identical 

yield to when the optimised stoichiometries, shown in entry 8, were employed (Table 3.9, entry 12). 
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This suggests that the boronic ester may act to supress the catalytic inhibition by KOtBu – it may be that 

the equilibrium between PhBneop/KOtBu and K[PhB(OtBu)neop] 29 is in favour of the boronate 29 

when there is an excess of boronic ester.  This gives insight into the complexity of the possible roles of 

these reagents, which are addressed in Chapter 4.  

Ideally, catalyst loadings much lower than 10 mol % are desirable, especially if the methodology was 

to be applied to syntheses in an industrial setting wherein removing trace amounts of metal catalyst from 

the product is essential.88 Therefore, the effect of lowering the catalyst loading of both CoCl2 and 

IPr·HCl together was examined (Figure 3.6). Gratifyingly, no decrease in yield was observed when the 

catalyst loading was halved from 10 mol % to 5 mol %. A catalyst loading of 4 mol % still offered a 

good yield of cross-coupling product, however, decreasing the catalyst and ligand loading beyond that 

resulted in diminishing yield, with 1 mol % of CoCl2/IPr·HCl giving a poor yield of only 13%. Despite 

this, the catalytic turnover number is still similar to when a 5 mol % loading is used. Interestingly, the 

amount of nucleophilic homocoupling product (biphenyl) formed does not decrease to the same degree, 

suggesting that it is likely to have more than one mechanism of formation (discussed further in Chapter 

4). 

 

Figure 3.6. The effect on the yield of cross-coupling and nucleophilic homocoupling with the lowering of catalyst and 

ligand loading. Conditions: CoCl2, IPr·HCl, 4-chlorotoluene (0.25 mmol), PhBneop (0.5 mmol), KOtBu (0.375 mmol) 

in THF (1.5 mL) at 60 °C for 24 h. Yield determined by GC using dodecane as an internal standard. 

Together, the small increase in boronic ester 26 to 2 equivalents and reduction of catalyst loading to 5 

mol % gave rise to around a 10% increase in yield, with the optimised conditions affording 71% yield 

of cross-coupling product. This set of conditions was then utilised with a range of coupling partners in 

order to investigate the robustness and scope of the reaction. 
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3.5 Scope and Limitations 

The scope and limitations of the Suzuki cross-coupling reaction, under the optimised reaction 

conditions, were explored by employing a variety of aryl chlorides and arylboronic ester coupling 

partners (Tables 3.10 and 3.11). Using PhBneop 26 as the nucleophile, the functional group tolerance 

of the aryl chloride was assessed. It was found that alkyl groups, such as Me, Et and tBu substituents, in 

either the para and meta positions of the aryl chloride were tolerated, giving moderate to good yield of 

coupling product (compounds 53-57).  

The performance of aryl chlorides with electron withdrawing groups varied, with the fluoro group giving 

very good yield when in the para position, however only moderate yield in the ortho position 

(compounds 58 and 76). With the more electron withdrawing group, trifluoromethyl, only a poor yield 

(31%) was obtained when the standard catalytic conditions were used. However, increasing the catalyst 

loading to 10 mol% resulted in a moderate isolated yield of 40% – still indicating a low catalyst turnover 

number (compound 59).  

Ketonic functionalities appear to only be tolerated if there is no enolisable -proton – benzophenone 

and tert-butyl ketone substrates gave yields associated with greater than one catalytic turnover,  albeit 

poor in the case of compound 78 (17%), whereas, the acetophenone substrate did not work in the reaction 

(compounds 60 and 78). Furthermore, methyl 3-chlorobenzoate was shown to be an ineffective coupling 

partner. Decomposition of the ester, perhaps by hydrolysis was considered, however analysis of the 

crude reaction mixture after acidic work-up did not give any carboxylic acid and some remaining ester 

starting material was seen. A small amount of transesterification (detected by GC-MS), caused by the 

presence of t-butoxide forming the t-butyl ketone occurred and the resulting cross-coupling product 86 

was observed (Scheme 3.12). In addition to the transesterification by-product formation and its 

consequent generation of methoxide anions, it is possible that the ester functionality could interact with 

cobalt, causing hinderance to the catalysis.  

 

Scheme 3.12. Reactivity of methyl 3-chlorobenzoate under the standard catalytic reaction conditions. 
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Table 3.10. Scope of aryl chloride substrates in the cobalt-catalyst Suzuki biaryl cross-coupling reaction. 

Conditions: CoCl2 (0.025 mmol), IPr·HCl (0.025 mmol), (hetero)aryl chloride (0.5 mmol), arylboronic ester (1.0 

mmol), KOtBu (0.75 mmol) in THF (3.0 mL) at 60 °C for 24 h. *10 mol % of CoCl2 and IPr·HCl used. ** THP ether 

protecting group used. Yield determined by 1H NMR spectroscopy using 1,4-dinitrobenzene as an internal standard or 

by GC using dodecane as an internal standard, with isolated yield in parentheses.  

 

 

 

Poor yielding substrates 

 

Unsuitable (hetero)aryl chlorides when attempted in the cross-coupling with PhBneop 
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Table 3.11. Scope of aryl boronic esters in the cobalt-catalysed Suzuki biaryl cross-coupling reaction. 

Conditions: CoCl2 (0.025 mmol), IPr·HCl (0.025 mmol), aryl chloride (0.5 mmol), (hetero)arylboronic ester (1.0 

mmol), KOtBu (0.75 mmol) in THF (3.0 mL) at 60 °C for 24 h. Yield determined by 1H NMR spectroscopy using 1,4-

dinitrobenzene as an internal standard or by GC using dodecane as an internal standard, with isolated yield in 

parentheses.  

Unlike for the cobalt-catalysed Suzuki biaryl cross-coupling that uses nBuLi-activated boronic ester 

reagents, some product was observed in the coupling of 1-chlorobenzonitrile (27% yield of compound 

73).198 However, under the conditions reported by Duong and co-workers, the cross-coupling product 

73 can be achieved in 60% yield, rendering their protocol more suitable for the formation of cyano-

containing biaryls.196 Lastly, the nitro group was not tolerated in the reaction, in line with previous 

 

 

 

Poor yielding substrates 

 

Unsuitable (hetero)aryl boronic esters when attempted in the cross-coupling with 4-chlorotoluene 
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cobalt-catalysed methodologies.196, 198 This could be due to the intolerance of the strong electronically 

withdrawing resonance properties associated with the NO2 substituent, or due to its ability to form and 

combine with radical species. 

On the whole, most electron withdrawing groups, excluding fluoro, on the aryl chloride resulted in only 

poor to moderate yields of cross-coupling. However, electron donating substituents, such as methoxy 

and dimethylamino groups, performed better, with compound 63 also demonstrating some steric 

tolerance (compounds 61-65). 4-Methoxybiphenyl 61 was only formed in a  yield of 39% when the 

catalyst loading was 5 mol%, and so, in order to achieve a more useful yield, the catalyst loading was 

increased to 10 mol%. The outcome of varying the position of the methoxy group may not be due to 

steric effects alone – the lessened mesomeric electronic effects in the meta position, compared to ortho 

and para positions, implies that the methoxy group is less able to destabilise negative charge by 

resonance at the C-Cl carbon.  

Due to intolerance of the alcohol group, likely owing to its weak acidity, phenols 74 and 75 were 

prepared from tetrahydropyranyl (THP) ether substrates (Scheme 3.13). The THP protecting group was 

chosen due to its stability towards numerous reagents including strongly basic reaction conditions and 

for the ease of installing/removing the group,231 for which the standard catalytic acidic work-up is 

sufficient. Although yield of cross-coupling products 74 and 75 are not high (34% and 31% 

respectively), the ability to use the protecting group to form biphenyl products with alcohol functionality 

was demonstrated. 

 

Scheme 3.13. Protection of 2-chlorophenol with THP protecting group, followed by cobalt-catalysed Suzuki cross-

coupling with PhBneop and subsequent deprotection. 

The methylenedioxy moiety, commonly found in drug molecules and natural products, was well 

tolerated in the coupling reaction (compound 68). Similarly, p-terphenyl 72, which has applications in 

laser dyes, heat storage materials and sunscreen, could be synthesised in a moderate isolated yield from 

4-chlorobiphenyl (41%), or a very good isolated yield from 4-biphenylboronic acid neopentylglycol 

ester (82%). The production of 1-phenylnaphthalene 66 illustrates the ability to use either aryl chloride 



Chapter 3 – Alkoxide-Promoted Suzuki-Miyaura Cross-Coupling 

80 

 

or arylboronic ester coupling partners with some steric hinderance. 2-Chloronaphthalene is also an 

effective electrophilic partner in the coupling reaction, yielding compound 67 in 66%.  

The coupling of several heteroaryl chlorides was attempted, however only pyridine and benzothiazole 

substrates were successful (compounds 69-71).  It is likely that chloroindole did not work well due to 

the presence of the mildly acidic NH, and perhaps a protected indole would be tolerated. In order to 

delve into the cause of inactivity when chlorothiophene was used, thiophene was utilised as an additive 

in the standard cross-coupling reaction of 4-chlorotoluene and PhBneop 26 (Scheme 3.14). Its presence 

completely stopped catalysis (1% yield of 27), as did the use of thioanisole as an additive (Scheme 3.14). 

This implies that both thiophene and thioanisole act to poison the catalyst in some way, perhaps through 

coordination of the sulphur atom – indeed, several reports demonstrate the high affinity of Co(II) to 

sulphur substrates.232, 233 This also serves as an explanation for 2-thiophene, 2-benzothiophene and 4-

thioanisole boronic ester substrates being unsuitable coupling partners in the reaction. Interestingly, 2-

benzofuryanylboronic acid neopentyl glycol ester did not undergo cross-coupling with 4-chlorotoluene, 

despite it being one of the only class of compound that could be used in the cobalt-catalysed Suzuki 

coupling reported by Chirik and co-workers.190 

 

Scheme 3.14. Inhibition of cobalt-catalysed Suzuki cross-coupling by the addition of either thiophene or thioanisole.  

A number of functional groups that gave moderate yield while on the electrophilic partner offered a 

great improvement in yield when instead incorporated on the nucleophilic partner. This includes, fluoro, 

trifluoromethyl and methoxy groups (compound 79-83, 58, 61, 66 and 72). This pleasing result 

demonstrates that the same biaryl product can be made in good to excellent yield by switching the aryl 

species of the coupling partners, and that the functional group per se is not harmful to the cobalt catalyst. 

In particular, it was noticed that 2-methoxyphenylboronic acid neopentyl glycol ester was an excellent 

reactant, possibly due to the interaction of the lone pair of electrons on the oxygen atom facilitating 

transmetalation. Therefore, a small selection of aryl chlorides that gave yields below 50% yield of cross-

coupling product when coupled with PhBneop (under standard conditions of a 5 mol % catalytic loading) 

were trialled in the coupling with the 2-methoxyphenyl boronic ester, and compounds 79, 80 and 81 

were produced in good to quantitative yield. The poor yield obtained for 4-methoxy-4’-

(trifluoromethyl)biphenyl in comparison to 2-methoxy-4’-(trifluoromethyl)biphenyl again draws 

attention to enhancement of catalytic activity caused by the 2-methoxy group on the arylboronic ester 
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(compounds 80 and 84).  The same effect was not seen for the cyano substrate: identical yield was 

obtained for substrates 85 and 73.  

Biaryls containing the 2,3,4-trimethoxybiphenyl motif are found in natural products present in the 

medicinal plant Schisandra chinensis, and are also shown to be potent cytotoxins against several classes 

of tumour cells.234, 235 Due to its potential pharmaceutical appeal, the coupling of 2,3,4-

trimethoxyphenylboronic acid neopentyl glycol ester was attempted and shown to be successful (56% 

yield of product 82). Finally, alkyl functionalities were also tolerated well on the boronic ester, giving a 

similar yield to when the alkyl group is present on the electrophilic partner (compounds 27 and 56). 

The effects of using different halides or pseudohalides on the electrophilic partner revealed that 4-

chlorotoluene performed the best, followed far behind by p-tolyltriflate and 4-bromotoluene, which both 

failed to give a yield above 10% (Table 3.12, entries 1-3). 4-Iodotoluene showed to be unsuitable as a 

coupling partner, resulting in only trace amounts of 4-methylbiphenyl (Table 3.12, entry 4). This trend 

is in sharp contrast to that found in typical palladium-catalysed Suzuki cross-coupling reactions, in 

which case the order is explained by the thermodynamic preference to break the weaker C-X bond, thus 

highlighting key differences in the mechanism of the cobalt-catalysed process. 

Table 3.12. Effecting of varying the halide on the aryl halide reactant. 

 
   

Entry X % Yield 

1 Cl 60 

2 Br 5 

3 OTf 9 

4 I trace 

Conditions: CoCl2 (0.025 mmol), ligand (0.025 mmol), 4-halotoluene (0.25 mmol), PhBneop 

(0.375 mmol), KOtBu (0.375 mmol) in THF (1.5 mL) at 60 °C for 24 h. Yield determined by GC 

using dodecane as an internal standard.  

With the relative aryl halide reactivity established, the cross-coupling reaction was attempted using 1-

chloro-4-bromobenzene and 1-chloro-4-iodobenzene as electrophilic substrates. We envisioned that 

coupling would primarily occur at the C-Cl bond, leaving the bromide/iodide intact. However, both the 

bromide and iodide functional groups were not tolerated, giving only trace amounts of 4-bromobiphenyl 

and 4-iodobiphenyl respectively. In both cases, trace amounts of p-terphenyl were also observed, 

indicating the reactivity of both the C-X and C-Cl bond, and in the case of the reaction of 1-chloro-4-

iodobiphenyl, a small amount of 4-chlorobiphenyl was seen. This shows the intolerance of halide 
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functional groups, and the competition that occurs despite poor activity observed for when 4-

bromotoluene or 4-iodotoluene are employed. 
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3.6 Side-Product Formation 

As previously mentioned, one of the main side-products observed in all reactions, regardless of the 

(hetero)aryl coupling partners used is the nucleophilic homocoupling product, which is biphenyl 87 in 

the case of the standard reaction. However, being the minor species and only present in around ~10% 

yield, reasonably good selectivity for desirable heterocoupling product 27 was still displayed. Trace 

amounts of electrophilic homocoupling 88 were also detected, and interestingly scrambling of the aryl 

moiety on the nucleophile was also seen in very small amounts, giving rise to boronic ester 89 (Scheme 

3.15a). A possible mechanism for the formation of this product was considered to either be through an 

aryl radical species, or by reversible transmetalation. The former was thought to be unlikely, as no 

isomers of cross-coupling product were observed, and secondly, use of several radical trap additives did 

not have an effect on catalysis – indeed, they were recovered at the end of cross-coupling reaction 

(Scheme 3.15b). This implies that the cross-coupling reaction mechanism does not involve free radical 

species, however, a mechanism featuring inner-sphere radical transfer could still be operative.  

 

Scheme 3.15. a) Side-products observed (by GC-MS) in the cobalt-catalysed cross-coupling reaction. b) Use of radical 

traps as additives in the reaction shown in a). 

The suggestion of a reversible transmetalation step was supported by the use of alkoxyalkoxide bases 

(instead of KOtBu) resulting in a much greater amount of nucleophilic homocoupling (Table 3.13). This 

class of base has the ability to coordinate through both oxygen atoms, possibly lowering the energy of 

the transition state for transmetalation – thus allowing it to be reversible to some extent. A way in which 

this may occur is depicted in Scheme 3.16. As expected, in the cases where a greater amount of 

nucleophilic scrambling is seen, there is an increase in the amount of homocoupling 88 (formerly 

described as electrophilic homocoupling). More detailed mechanistic work, accounting for the possible 

ways in which side-products are formed are discussed in Chapter 4. 

 



Chapter 3 – Alkoxide-Promoted Suzuki-Miyaura Cross-Coupling 

84 

 

Table 3.13. Effect of alkoxyalkoxide bases on yield of cross-coupling and nucleophilic scrambling product. 

 
    

Entry Base % Yield of 27 % Yield of 89 

1  37 15 

2  23 16 

3  24 9 

4 
 

11 6 

Conditions: CoCl2 (0.0125 mmol), IPr·HCl (0.0125 mmol), 4-chlorotoluene (0.25 mmol), PhBneop (0.5 mmol), 

base (0.375 mmol) in THF (1.5 mL) at 60 °C for 24 h. Yield determined by GC using dodecane as an internal 

standard.  

 

 

Scheme 3.16. A possible reasoning for alkoxyalkoxides leading to greater amounts of nucleophilic scrambling. 

Interestingly, scrambling of the aryl group on the electrophile (i.e. formation of chlorobenzene) was not 

observed, which implies that oxidative addition is not a reversible process. Assuming that scrambling 

of the aryl moiety on the boron reagent is a consequence of reversible transmetalation, the lack of 

electrophilic scrambling suggests that oxidative addition takes place before transmetalation. This is 

because if addition of the aryl chloride to Co took place after transmetalation, we would not expect to 

see any nucleophilic scrambling, as depicted in Scheme 3.17. 

 

Scheme 3.17. The order of oxidative addition and transmetalation that gives rise to scrambling of the aryl group on the 

nucleophile. 
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3.7 Conclusions 

Significant improvements on the methodology of the cobalt-catalysed Suzuki biaryl cross-coupling 

reaction were made in several ways: through the ability to use aryl chloride reagents; the formation of a 

wide variety of functionalised biaryls without the necessity of a heteroaryl boronic ester coupling 

partner; the use of the mild alkoxide base KOtBu instead of requiring prior activation of the boronic 

ester with an organolithium reagent; and by lowering the catalyst loading when compared to that 

previously used in the cross-coupling reaction developed in the Bedford group (Scheme 3.18). Despite 

this, limitations such as low catalytic activity and the formation of nucleophilic homocoupling product 

(~ 10 %) are evident, and clearly show that the reaction is no rival to what can be achieved through 

palladium catalysis. What is perhaps more important to focus on however, are the differences in 

reactivity of first-row transition metal catalysts and palladium catalysts. In particular, typical palladium-

catalysed Suzuki coupling is least effective with aryl chloride reagents, whereas we observed the 

opposite with the use of a cobalt catalyst. 

 

Scheme 3.18. Summary of the cobalt-catalysed Suzuki-Miyaura biaryl cross-coupling reaction developed. 

The way in which the catalysis occurs is of great interest, and through the optimisation studies, we were 

able to gather tantalising insights into the mechanism of the reaction. Key differences in the reactivity 

of the alkoxide base employed suggested that potassium interactions with reactive species, namely the 

boronate, are likely to play a role in aiding catalysis. The ideal structure of the boronic ester backbone 

proved to be highly specific, with inklings that this is related to the transition state energy of the rate-

determining step, rather than thermodynamic propensity to transfer the phenyl group. The ability of the 

boronate to act as a reductant to trap a stable Co(0) complex was not realised, hinting that a Co(I) species 

may be the lowest oxidation state in the catalytic cycle. In addition, through varying the stoichiometry 

of the base and boronic ester, we found that the base may have multiple roles – likely including an 

inhibitory role. Through greater understanding of the reaction, we were able to optimise more efficiently. 

However, further optimisation could be carried out, for example: in the screening of ligands that have 

large steric bulk yet desirable electronic factors; a more thorough screening of solvents with little to 

intermediate coordinating ability; and by the use of high-throughput screening methods. 

Overall, a useful cobalt-catalysed process for one of the most commonly used reactions to form biaryl 

species has been developed. With this methodology at hand, we decided it was imperative to discover 
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how the cobalt species catalyses the reaction, through an in-depth mechanistic study, which forms the 

basis of the proceeding chapter. 
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3.8 Future Work 

Whilst a broad range of functionalised coupling partners have been used to assess the scope of the 

reaction, further information on the robustness of the methodology should be gained. A highly efficient 

way of achieving this is by a robustness screening method described by Glorius a co-workers.236, 237 This 

involves conducting the standard cross-coupling reaction with a stoichiometric amount of additive – 

each additive is a functionalised substrate (Scheme 3.19). The yield of cross-coupling product reveals 

which functional groups are tolerated, and by batch calibration, the amount of additive remaining can 

be quickly analysed by GC in order to determine the stability of the functional group under the reaction 

conditions. Quantification of the amount of remaining aryl chloride starting material will also provide 

information on whether the additive slows the rate of catalysis or is detrimental to the reaction. 

 

Scheme 3.19. Additive screening, as described by Glorius,237 to investigate the robustness of the methodology. 

The robustness screening shown above in Scheme 3.19 will provide more insight into the functional 

group tolerance of the reaction, complementary to the substrate scope we have presented in Section 3.5. 

Furthermore, it may allow for application of the methodology at a later stage in multistep syntheses, in 

the future. 

Another exciting avenue for future work could involve utilising the methodology to functionalise drug 

molecules. Elegant work conducted by Larrosa and co-workers show how Ru-catalysed C-H arylation 

can be applied to the late-stage functionalisation of an extensive array of pharmaceutical molecules 

(Scheme 3.20).238 Similarly, it may be possible to couple arylboronic esters with aryl chloride-containing 

drug molecules. It may also be useful to conduct robustness screening prior to this, in order to gain 

understanding of what functional groups are compatible with the reaction conditions. 
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Scheme 3.20. Late-stage functionalisation of drug molecules by Larrosa,238 and a similar proposal for future work. 
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4. Mechanism of Alkoxide-Promoted Cobalt-Catalysed 

Suzuki Cross-Coupling 
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4.1 Introduction 

Once we had optimised the protocol of the KOtBu-promoted biaryl cross-coupling reaction (Scheme 

4.1), attention was focussed on attempting to discern the mechanism of the catalytic reaction. Interesting 

findings from the optimisation process led to several queries that we strived to understand the answer 

to. This includes: determining why a slight excess of boronic ester 26 is required, and why an excess of 

base, KOtBu, stopped the reaction; the reason for potassium bases performing best; and why catalytic 

amounts of certain salt additives, such as MgBr2, ZnBr2 and LiBr hindered or stopped catalysis, whereas 

others like NaBr and KBr did not. Moreover, aside from the work of Chirik, which investigated the 

mechanism of the coupling of benzofuranylboronic esters and aryl triflates using a Co-PNP complex as 

the catalyst,190 little work has been conducted to examine the way in which the cobalt-catalysed cross-

coupling reaction takes place (see Chapter 1). In addition, being one of few examples of a cobalt-

catalysed Suzuki biaryl coupling methodology, there is great importance in gaining mechanistic 

understanding in order to develop the reaction further, i.e. gain better yield, selectivity, functional group 

tolerance and catalytic activity. 

 

Scheme 4.1. The optimised protocol for our alkoxide-promoted cobalt-catalysed Suzuki biaryl cross-coupling reaction. 
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4.2 Homogeneity of the Catalytic Reaction 

First, in order to establish whether the catalysis was homogenous or heterogeneous, a sample of the 

reaction mixture at 16 hours was analysed by transmission electron microscopy (TEM). Energy 

dispersive X-ray (EDX) analysis and elemental mapping revealed a network of nanoparticles rich in K 

and Cl with detectable Co, and that the elements were well dispersed and remained homogeneously 

distributed (Figures 4.1 and 4.2). There was no evidence of electron-dense, stable metallic Co 

nanoparticles before or after prolonged exposure to the electron beam, which suggests that it is unlikely 

that heterogeneous catalysis by Co nanoparticles occurs. Nevertheless, further evidence for this should 

be gained in future work, for example by the addition of mercury (which would form a Co-Hg amalgam) 

and by screening Co(0) nanoparticles as the pre-catalyst in the reaction as a control experiment. 

 

Figure 4.1. STEM-EDX analysis of the unwashed catalytic reaction mixture. Conditions: CoCl2/IPr·HCl (0.025 mmol), 

4-chlorotoluene (0.25 mmol), PhBneop (0.5 mmol), KOtBu (0.375 mmol), 60 °C, 16 h and then drop-cast onto carbon-

covered 3 mm Cu grids. Analysis conducted by Dr Sean A. Davis. 

 

Figure 4.2. HAADF-STEM image of the reaction mixture (under the same conditions displayed in Figure 4.1) and 

corresponding elemental maps for Co, K, C, O and Cl. Analysis conducted by Dr Sean A. Davies. 

Co K 

C O Cl 
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4.3 Early Stage of the Reaction  

4.3.1 Kinetic Profiles 

With knowledge that homogeneous catalysis is operative, we next set out to gain a kinetic profile of the 

reaction over the course of the first 5 hours. Under the conditions of equivalent amounts of base and 

boronic ester (1.5 equivalents of each with respect to aryl halide), an initial period of very slow catalysis 

was observed, until around 3 hours, after which the rate of formation of cross-coupling product 27 

sharply increased (Figure 4.3). During the early phase of slow activity, formation of homocoupling 

product 87 occurred at a similar rate to cross-coupling product.  

 

 

Figure 4.3. Reaction profile of 4-methylbiphenyl 27 (•) and biphenyl 87 (•) formation. Conditions: CoCl2/IPr·HCl 10 

mM, 4-chlorotoluene 90 100 mM, PhBneop 26 150 mM, KOtBu 150 mM, dodecane 50 mM as internal standard, THF, 

60 °C. Conducted by Mattia Manzotti. 

As mentioned in the previous chapter, it was found that increasing the amount of boronic ester with 

respect to KOtBu led to almost a 10% increase in yield. Accordingly, the early stage of the reaction was 

monitored under these optimised conditions and revealed not only a substantial increase in the rate of 

formation of product, but also shortening in the duration of the initial slow phase (Figure 4.4). Indeed, 

this trend is more clearly seen in the reaction profile of increasing amounts of boronic ester, from which 

the order of reaction with respect to PhBneop 26 was determined to be around 3.8 (Figure 4.4a). This 

unusual high order is unlikely to reflect the role of the boronic ester in catalysis alone – instead, it may 

indicate the overpowering effect of excess boronic ester on the early slow phase of the reaction. It is 

worth mentioning that the rate of biphenyl 87 formation is generally unaffected by increasing the amount 
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of PhBneop (Figure 4.4b). However, a very slight difference in rate of biphenyl formation is seen when 

the amount of boronic ester 26 remains constant, and base is altered (Figure 4.4c). 

 

Figure 4.4 a) Reaction profile of 4-methylbiphenyl 27 formation with varying concentrations of PhBneop 26: 150 mM 

(•), 165 mM (•), 185 mM (•) and 200 mM (•). Formation of biphenyl 87 (•) over time is also displayed on the right. 

Conditions: CoCl2/IPr·HCl 10 mM, 4-chlorotoluene 90 100 mM, KOtBu 150 mM, dodecane 50 mM as internal standard, 

THF, 60 °C. b) Determination of the order of reaction with respect to PhBneop 26 by initial rates method. c) Reaction 

profile of biphenyl 87 formation with varying concentrations of KOtBu: 100 mM (•), 125 mM (•), 150 mM (•). 

Conditions: CoCl2/IPr·HCl 10 mM, 4-chlorotoluene 90 100 mM, PhBneop 26 200 mM, dodecane 50 mM as internal 

standard, THF, 60 °C. Conducted by Mattia Manzotti. 

Employing free IPr instead of IPr·HCl also had a profound effect on the length of the early phase of the 

reaction (Figure 4.5). This suggests that the slow phase may involve the IPr ligand adding to the Co 

centre in order to form an active Co species, and that components of the reaction mixture make this 

challenging, hence the long period of very slow product formation.   

y = 3.7637x - 22.211

R² = 0.9621

-3.5

-3.1

-2.7

-2.3

5.00 5.10 5.20 5.30

ln
(r

0
)

ln[PhBneop]

0.0

5.0

10.0

15.0

20.0

0 100 200 300
0.0

5.0

10.0

15.0

20.0

0 100 200 300

0.0

5.0

10.0

15.0

20.0

0 100 200 300

0.0

5.0

10.0

15.0

20.0

0 100 200 300

0.0

5.0

10.0

15.0

20.0

25.0

0 50 100 150 200 250 300

co
n

c 
/ 

m
M

time / min

a) 

b) 

0.0

2.0

4.0

6.0

8.0

10.0

0 100 200 300

co
n

c 
/ 

m
M

time / min

c) 



Chapter 4 – Mechanism of Alkoxide-Promoted Suzuki Cross-Coupling 

94 

 

 

Figure 4.5. Reaction profile of 4-methylbiphenyl 27 formation using CoCl2/IPr (•) or CoCl2/IPr·HCl (•). Conditions: 

[Co] 10 mM, 4-chlorotoluene 90 100 mM, PhBneop 26 150 mM, KOtBu 150 mM, dodecane 50 mM as internal standard, 

THF, 60 °C. 

In an attempt to elucidate the catalyst activation process, electrophile-free reactions were carried out. 

Half an equivalent of biphenyl 87, with respect to CoCl2/IPr·HCl, formed after 24 hours and even after 

48 hours, the amount of 87 remained the same (Table 4.1, entries 1 and 2). However, in the absence of 

both electrophile and ligand, one equivalent of biphenyl (with respect to CoCl2) was obtained (Table 

4.1, entry 3). Furthermore, increasing the catalyst loading to 20 mmol also resulted in an increase of 

biphenyl formation (Table 4.1, entry 4). This conveys information about the bulk oxidation state of the 

Co species due to biphenyl formation being a two-electron reductive process. It is possible that in the 

presence of ligand, Co(II) is reduced to Co(I). However, in the absence of ligand, further reduction to 

Co(0) may occur.  

Table 4.1. Catalytic reactions in the absence of electrophile. 

 

Entry [Co] [Co] loading / mmol Time / h Yield / mmol 

1 CoCl2/IPr·HCl 0.025 24 0.013 

2 CoCl2/IPr·HCl 0.025 48 0.013 

3 CoCl2 0.025 24 0.025 

4 CoCl2 0.05 24 0.038 

Conditions: [Co], PhBneop 26 (0.75 mmol), KOtBu (0.75 mmol) in THF (1.5 mL) at 60 °C. Yield 

determined by GC using dodecane as an internal standard, where 100% yield of biphenyl corresponds 

to 0.5 mmol and 10 mol % catalyst loading is 0.05 mmol. 
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Although the reduced Co species may not necessarily be associated with a catalytically active species, 

the electrophile-free reaction profiles show that around the same time that the amount of biphenyl 87 

formed begins to plateau, the rate of cross-coupling product 27 formation (in the standard catalytic 

reaction) enters the fast regime (~ 200 minutes) (Figure 4.6a). Moreover, addition of 4-chlorotoluene 

after the biphenyl 87 formation plateaus better illustrates this, as cross-coupling product 27 is formed at 

an increased rate compared with the initial phase of the standard catalytic reaction (Figure 4.6b). This 

suggests that the early slow period of product formation can be accounted for by reductive activation of 

the pre-catalyst. 

 

Figure 4.6. a) Reaction profile of biphenyl 87 formation in the absence of 4-chlorotoluene 90, using CoCl2 (•) or 

CoCl2/IPr·HCl (•). Conditions: [Co] 10 mM, PhBneop 26 150 mM, KOtBu 150 mM, dodecane 50 mM as internal 

standard, THF, 60 °C. Reaction profile of 4-methylbiphenyl 27 formation () shown for reference. Conditions: 

CoCl2/IPr·HCl 10 mM, 4-chlorotoluene 90 100 mM, PhBneop 26 150 mM, KOtBu 150 mM, dodecane 50 mM as internal 

standard, THF, 60 °C. b) Reaction profile of biphenyl 87 formation (•) and 4-methylbiphenyl formation (•) when 4-

chlorotoluene 90 is later added. Conditions: CoCl2/IPr·HCl 10 mM, PhBneop 26 150 mM, KOtBu 150 mM, dodecane 

50 mM as internal standard, THF, 60 °C, and 4-chlorotoluene 90 100 mM added at time = 343 min. Conducted by Mattia 

Manzotti. 

The possibility of a Co(I) active species being formed is further supported by the shortening of the slow 

early phase of the reaction when Co(I) pre-catalyst, CoCl(PPh)3, was employed (Figure 4.7). As 

discussed in Chapter 3, the inability to trap a stable Co(0) species when boronate K[PhB(OtBu)neop] 29 

is utilised as a reducing agent also supports the idea of a Co(I) reduced species being catalytically active.  
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Figure 4.7. Reaction profile of 4-methylbiphenyl 27 formation using CoCl(PPh3)3/IPr (•) or CoCl2/IPr·HCl (•). 

Conditions: [Co] 10 mM, 4-chlorotoluene 90 100 mM, PhBneop 26 150 mM, KOtBu 150 mM, dodecane 50 mM as 

internal standard, THF, 60 °C. 

With indication of reduction to Co(0) occurring under ligand-free conditions, we investigated whether 

Co(0) nanoparticles form and are responsible for the formation of cross-coupling product in the absence 

of IPr·HCl (as shown in Scheme 4.2). Accordingly, TEM analysis was conducted on a sample of the 

ligand-free catalytic reaction mixture at 16 hours and again the Co was found to be well dispersed with 

K, Cl, O and N (Figure 4.8). This suggests that the coupling seen under ligand-free conditions is unlikely 

to be a result of heterogeneous catalysis. 

 

Scheme 4.2. Formation of cross-coupling product under ligand-free conditions. 
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Figure 4.8. HAADF-STEM image of the reaction mixture and corresponding elemental maps for Co, K, C, O and Cl. 

Analysis by Dr Sean A. Davis. 

4.3.2 Catalyst Activation to Selective and Unselective Pathways 

At this stage, we had data to show that there is an unusually long catalyst induction phase, which was 

drastically reduced by the use of excess PhBneop, free IPr or a Co(I) pre-catalyst. Together, this implies 

that reduction to a Co(I)-NHC species is likely to be essential for catalysis to occur, and that the greater 

the amount of boronic ester, the easier this is to achieve. We turned to stoichiometric reactions and NMR 

spectroscopy to gain understanding of what Co species could be forming at the beginning of the reaction, 

and what gives rise to the challenges in forming a catalytically active species (relevant supporting 

spectra are displayed in Chapter 7). 

In the reaction of CoCl2, IPr·HCl (or IPr) and an excess of boronate 29, the cobalt complex K[Co(OtBu)3] 

91 was observed as one of the paramagnetic products by 1H NMR spectroscopy (Scheme 4.3, Figure 

4.9a). In fact, use of 3, 5, 8 and 15 equivalents of boronate 29 all gave rise to spectra showing the 

presence of 91, amongst other species. The synthesis of complex 91 has been previously reported by 

Rothenberger, who provided structural characterisation by X-ray diffraction analysis to show that the 

product has a dimeric structure in the solid state.239 The 1H NMR spectrum that we obtained by following 

the synthetic procedure reported by Rothenberger and co-workers (addition of 3 equivalents of KOtBu 

to CoBr2) displayed two peaks with an approximate relative integration of 2:1, which is in line with the 

bridging and terminal alkoxide groups.  

Co K 

Cl   
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Scheme 4.3. Formation of K[Co(OtBu)3] 91 under electrophile-free conditions. 

Despite a mixture of products forming in the reaction shown in Scheme 4.3, allowing the reaction 

mixture to heat at 60 °C for 3 hours resulted in a spectrum that showed predominantly peaks at ~ 61, 27 

and -74 ppm (Figure 4.9b). Due to the electrophile-free reactions described in Section 4.3.1 suggesting 

that reduction from Co(II) to Co(I) takes place, it is possible that the product (or one of the products) 

assigned to these peaks could be a catalytically relevant Co(I)-NHC species. However, the presence of 

a large excess of borate meant that the isolation of this product was challenging.  

 

Figure 4.9. 1H NMR spectra, recorded in THF, of the reaction of CoCl2, IPr and 8 eq. boronate 29, under the conditions: 

a) 10 minutes at room temperature and b) 3 hours at 60 °C. Peaks corresponding to K[Co(OtBu)3] 91 are indicated by 

*.Conducted by Mattia Manzotti. 

A series of 1H and 11B NMR spectroscopy experiments indicated that an equilibrium may exist between 

a Co-NHC complex and the tris-alkoxide complex 91 (Scheme 4.4). This was on the basis of the 

stoichiometric reaction of complex 91 with PhBneop 26 forming K[PhB(OtBu)neop] 29, along with a 

small amount of B(OtBu)neop 92 (possibly arising from aryl transfer to Co) after only 30 minutes at 

room temperature (Scheme 4.4a). Residual starting material, PhBneop 26 was also seen. A greater 

amount of B(OtBu)neop 92 was observed when the reaction was allowed to heat at 60 °C for 5 hours, 

suggesting that at the same temperature that the catalysis is conducted, transmetalation of the aryl moiety 

 

 

 * 

* 
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from the boron to cobalt centre takes place more readily. Having said that, it may be possible that the 

formation of B(OtBu)neop 92 is not a direct result of aryl transfer to the Co centre.  

Addition of the boronate 29 to CoCl2 resulted in the production of the tris-alkoxide complex 91 and 

PhBneop 26, with some residual 29 also seen (Scheme 4.4b). This demonstrates the ability of -OtBu to 

transfer between Co and B centres, either directly, or via loss of -OtBu, due to K[PhB(OtBu)neop] 29 

being in equilibrium with PhBneop and KOtBu. 

 

Scheme 4.4. Stoichiometric reactions showing the transfer of -OtBu between cobalt- and boron-containing species. 

Further evidence of an equilibrium between a Co-NHC species and tris-alkoxide species 91 is the ability 

of the base, KOtBu to displace the NHC ligand in [Co(IPr)Cl2]2 42, forming complex 91 as the sole 

paramagnetic species after 30 minutes at room temperature (Scheme 4.4c). Furthermore, under these 

conditions, addition of either IPr or IPr·HCl to 91 did not cause any new species to be seen by 1H NMR 

(Scheme 4.4d).2 However, in the case of IPr·HCl, after a prolonged reaction time whilst at 60 °C, no 

paramagnetic 1H NMR signals were observed, and a purple precipitate formed (discussed later in Section 

4.5). Overall, these findings, along with the kinetic profile of the early stage of the reaction, led to the 

proposal of the reductive activation of cobalt displayed in Scheme 4.5. Whilst we do not have direct 

evidence that 91 converts to Co(IPr)X2 (X = Cl or OtBu) in the presence of PhBneop and IPr, we propose 

that this could take place in order to access the selective catalysis pathway. This may occur by multiple 

steps, as we know that K[Co(OtBu)3] 91 and PhBneop form boronate 29 and thus a neutral Co(II) 

species. The free IPr ligand could then add to the Co(II) species. 

 
2 In the case where IPr·HCl was employed, peak broadening was observed in the resulting 1H NMR spectra which 

may infer the presence of [Co(OtBu)3][IPrH] as well as [Co(OtBu)3]K. 
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Scheme 4.5. Proposed catalyst activation process by reduction of Co(II). 

Competitive formation of the NHC-free complex 91 could be accountable for the long period of slow 

activity, wherein during this time, unselective catalysis occurs (forming both homocoupling and cross-

coupling products). This is suggested due to a similar rate of formation of biphenyl 87 and 4-

methylbiphenyl 27 during this period, as shown in Figure 4.3. An excess of boronic ester may result in 

the equilibrium lying in favour of a Co-NHC species and has the potential to remove -OtBu by forming 

boronate 29. Moreover, having an excess of KOtBu with respect to boronic ester has shown to be 

detrimental in catalysis (see Chapter 3), and a plausible reason for this is that both complex 91 and 

boronate 29 will form, meaning there is essentially no remaining free PhBneop. The consequence of this 

is that selective catalysis pathway would not be easily accessible, as IPr cannot add to complex 91 (as 

shown in Scheme 4.4d) unless there is free PhBneop available for -OtBu to first transfer to. The route 

for selective catalysis may occur via a Co(I) intermediate, based on observations from electrophile-free 

reactions, where we found that the NHC ligand is likely to prevent over-reduction of the Co(II) pre-

catalyst to a Co(0) species. 

Next, we looked at the activity of K[Co(OtBu)3] 91 as a pre-catalyst, and unsurprisingly found it to be 

competent in the presence of IPr·HCl (Scheme 4.6a). However, without the use of NHC, only trace 

amounts of both cross-coupling and homocoupling products (27 and 87) formed, when an equivalent 

amount of base and boronic ester were employed (Scheme 4.6b). A likely explanation for this is due to 

the formation of K[PhB(OtBu)neop] 29 in-situ, resulting in no free boronic ester. Repeating this with a 

slight excess of PhBneop (as used in the standard optimised reaction), yielded an identical amount of 4-

methylbiphenyl and biphenyl, 24% (Scheme 4.6c). This yield is comparable to that obtained in the 

ligand-free reaction using CoCl2 as the pre-catalyst (Scheme 4.2). This serves a further evidence of the 

reductive activation process shown in Scheme 4.5, where in the absence of NHC, yet presence of excess 

PhBneop 26, unselective catalysis takes place.  
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Scheme 4.6. Cross-coupling using K[Co(OtBu)3] 91 as a pre-catalyst. 

4.3.3 Counterion Effect 

The poor catalytic activity observed with counterions other than K was described in Chapter 3 and is 

summarised in Table 4.2 below. In each case, the addition of MOtBu (M = K, Na, Li) to PhBneop formed 

the corresponding boronate quantitatively, therefore the diminution in catalytic activity caused by the 

use of NaOtBu or LiOtBu (Table 4.2, entries 1-3) might, to some extent, be a result of the trend of 

oxophilicity of the counterion (Li+ > Na+ > K+). Evidence for this was discussed in Chapter 3, based on 

the NMR of the boronate species and the X-ray diffraction structure of K[PhB(OtBu)neop] 29. However, 

it is clear that other factors contribute to the suppression of catalysis, as even catalytic quantities of salt 

additives have a significant effect on the yield of cross-coupling product. Therefore, we considered how 

the salts could interact with the catalyst. 

With evidence that K[Co(OtBu)3] 91 forms in the early stages of the reaction, coupled with its likely 

involvement with the catalyst activation process, it is possible that the stark differences in catalytic 

activity seen when the bases LiOtBu or NaOtBu, or Zn, Mg, Li, or Na salt additives were used could be 

related to the formation of structurally distinct M[Co(OtBu)3]n species (where M is the metal 

counterion).  

Table 4.2. The effect of varying the base or adding a sub-stoichiometric amount of additive on the yield of cross-coupling 

product 27. 

 

 
    

Entry Additive (eq.) Base % Yield 

1 none KOtBu 60 

2 none NaOtBu 43 
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3 none LiOtBu 9 

4 KBr   KOtBu 54 

5 NaBr  KOtBu 57 

6 LiBr  KOtBu 3 

7 MgBr2  KOtBu 17 

8 ZnBr2  KOtBu 9 

Conditions: CoCl2 (0.025 mmol), IPr·HCl (0.025 mmol), 4-chlorotoluene (0.25 mmol), PhBneop 

(0.375 mmol), additive (0.05 mmol), base (0.375 mmol) in THF (1.5 mL) at 60 °C for 24 h. Yield 

determined by GC using dodecane as an internal standard.  

Structural characterisation by single crystal X-ray diffraction of the few known tris-alkoxide Co dimers 

reveal two distinct types of structures: those with K or Na counterions have been shown to exist as Type 

I,239, 240 whereas with the more oxophilic Li counterion,241 a different mode of coordination is seen (Type 

II, Figure 4.10). According to our hypothesis for the catalyst activation process, transfer of -OtBu from 

Co to the boron centre to form a boronate species is significant in allowing the selective catalysis 

pathway to be accessed (Scheme 4.5). Therefore, we questioned whether the structural differences of 

M[Co(OtBu)3] could give rise to different reactivity (or lack of) with PhBneop, and hence may provide 

one possible explanation as to why the presence of a catalytic amount of certain counterions are 

deleterious to catalysis. 

 

Figure 4.10. Tris-alkoxide Co complexes that have been reported in literature, showing the two types of structures. 

Firstly, we conducted stoichiometric reactions of K[Co(OtBu)3] 91 with MgBr2, ZnBr2, LiBr and NaBr 

in order to see whether the potassium counterion could be displaced. The resulting 1H NMR spectra 

indicated that a reaction had taken place with the Mg, Zn and Li salts, as new peaks were observed and 

none of the starting material, 91 remained (Figure 4.11). Multiple peaks are seen for the OtBu ligands, 

suggesting that a variety of structures and aggregations of M[Co(OtBu)3]n could be present in solution, 

and that heteroleptic species with the formulation of [Co(OtBu)xBr(3-x)]M may have also formed. 

On the other hand, the 1H NMR spectrum obtained from the reaction of 91 with NaBr appeared the same 

as that of the starting material 91. To confirm whether Na[Co(OtBu)3] forms (but due to having a similar 

structure to 91, does not show a difference in the 1H NMR spectrum), or if instead NaBr is unreactive 

towards 91, the reaction of CoBr2 with 3 equivalents of NaOtBu was conducted. Despite the product of 

this reaction having been previously characterised by Rothenberger and co-workers and shown to have 

a Type I structure in the solid state,239 the 1H NMR spectrum revealed that in solution, it is likely to exist 
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as a mixture of species (Figure 4.11). This shows that addition of NaBr to K[Co(OtBu)3] 91 does not 

result in the substitution of the potassium counterion with sodium, and may relate to why a sub-

stoichiometric amount of NaBr does not hinder the cross-coupling reaction (Table 4.2, entry 5). 

 

Figure 4.11. 1H NMR spectra of K[Co(OtBu)3] and its reactivity with metal salts, and CoBr2 + 3 equivalents of NaOtBu 

for reference. All spectra recorded in THF at room temperature.  

The species formed from the reaction of K[Co(OtBu)3] and LiCl could also be produced by the addition 

of 3 equivalents of LiOtBu to CoX2 (where X = Br or Cl), and we tentatively assigned this product as 

“Li[Co(OtBu)3]”, despite it being likely that a mixture of products are seen in solution. In order to 

determine whether Li[Co(OtBu)3] is capable of transferring -OtBu to boron, we examined its reactivity 

with PhBneop. Similar to the reactivity of the potassium analogue 91, the boronate species 

[PhB(OtBu)neop]- forms, showing that Li[Co(OtBu)3] is also capable of transferring -OtBu to the boronic 

ester (Scheme 4.7). Taken together, our studies show that although differences in the structure of 

M[Co(OtBu)3] may contribute to why a catalytic amount of Li, Zn and Mg salt additives hinder catalysis 

but NaBr does not, the reason behind this is unlikely to be because of the inability of M[Co(OtBu)3] to 

transfer -OtBu to PhBneop. Later, in Section 4.6, which describes DFT analysis, a possible explanation 

for the pronounced counterion effect on the catalytic activity is discussed. 
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Scheme 4.7. Formation of Co-alkoxide species with a Li counterion and its reactivity with PhBneop. 

It is also important to mention that the contrasting effects of sub-stoichiometric amounts of halide salt 

additives in the reaction could be due to their difference in solubility. Lithium halides are considerably 

more soluble in THF than potassium and sodium analogues, and therefore, a simple explanation for why 

addition of NaBr and KBr do not cause the yield of cross-coupling product to decrease may be because 

they remain mostly undissolved in the reaction mixture.   
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4.4 Kinetic Analysis of the Catalytic Reaction 

4.4.1 Order of Reaction  

Having gained insights into the possible catalyst activation process, we next conducted kinetic 

investigations to allow us to determine the order of reaction and the species that may be involved in the 

rate-determining step (RDS).  

First, the order of reaction with respect to 4-chlorotoluene 90 was investigated by the method of initial 

rates. As the concentration of 90 was varied, we observed very little change in the initial rate of cross-

coupling product formation, and the order was found to be -0.2 (Figure 4.12). This slight, yet non-zero, 

order suggests that the electrophile is not directly involved in the RDS, as a positive order of reaction 

would be expected if it were. However, the aryl chloride may react with an on-cycle intermediate to give 

an off-cycle species; greater concentration of 90 may shift the equilibrium towards the formation of off-

cycle intermediate, which could be slow to return to the active cycle. Due to examples of π-coordinated 

aryl Co complexes being found in the literature, it is possible that the identity of the off-cycle 

intermediate could be an (6-ArCl)Co species.242-245  

 

Figure 4.12. a) Reaction profile of 4-methylbiphenyl 27 formation with varying concentrations of 4-chlorotoluene 90: 

50 mM (●), 75 mM (●), 100 mM (●) and 150 mM (●). Conditions: CoCl2/IPr·HCl 10 mM, PhBneop 26 200 mM, KOtBu 

150 mM, dodecane 50 mM as internal standard, THF, 60 °C. b) Determination of the order of reaction with respect to 

4-chlorotoluene 90 by initial rates method. Conducted by Mattia Manzotti. 

We then investigated the kinetic isotope effect (KIE) of 4-chlorotoluene by using the deuterium isotope 

4-chlorotoluene-d4 90D. Whilst breaking or forming a C-H/C-D bond is highly unlikely to take place 

during the reaction, a secondary kinetic isotope effect may indicate π-coordination of the aryl moiety 

due to rehybridization of the carbon atoms. Through an intermolecular competition reaction, in which 

we measured the relative amount of non-deuterated and deuterated cross-coupling product ([27/27D]) 

after 4 hours (still in the initial rate regime), we observed a secondary KIE. This suggests that there may 

be a change in hybridisation of the arene carbon atoms from sp3 to sp2, consistent with de-coordination 
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of a π-coordinated aryl chloride species. In an essay by Simmons and Hartwig,246 the common 

misconception of assuming that an observed KIE indicates that the species is involved in the RDS is 

described. This is only the case if a KIE is seen when measured by the ratio of initial rates of product 

formation (not only if the KIE is determined by concentration of products from an intermolecular 

competition reaction, as shown in Scheme 4.8). We found that the initial rates of 27 and 27D formation, 

determined by independent reactions using either chlorobenzene 90 or chlorobenzene-d4 90D as the 

electrophile, were very similar – with essentially no KIE observed from this method (KIE ~ 0.98). Taken 

together with the observance of a slight negative order of reaction in 4-chlorotoluene, we can infer that 

the aryl halide is not involved in the RDS. However instead, de-coordination of a π-coordinated aryl 

from Co may form an intermediate prior to the RDS. This is in line with DFT analysis, which is later 

discussed in Section 4.6. 

 

Scheme 4.8. Intermolecular competition reaction of 4-chlorotoluene and 4-chlorotoluene-d4 with PhBneop in order to 

determine the KIE.  

Next, the order of reaction in Co/IPr·HCl was investigated, and by method of initial rates, a fractional 

order was observed (0.6) (Figure 4.13). One way that this could be accounted for is by a catalytic 

intermediate being in a fast equilibrium with an inactive species, that is off-cycle. For example, in a 

palladium-catalysed Heck coupling reaction, Burés and co-workers demonstrated that a fractional order 

dependence in the catalyst was explained by an equilibrium existing between a catalytic intermediate 

and its dimer, which is not a species in the primary catalytic cycle (Figure 4.14a).247 This gives rise to a 

concentration-dependant order of reaction with respect to catalyst, tending towards 0.5 as the 

concentration of catalyst is increased (Figure 4.14b). It is therefore possible that a similar off-cycle 

equilibrium is the cause of the order of reaction in CoCl2/IPr·HCl that we obtained.  
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Figure 4.13. a) Reaction profile of 4-methylbiphenyl 27 formation with varying concentrations of CoCl2/IPr·HCl: 4 mM 

(●), 6 mM (●), 10 mM (●) and 15 mM (●). Conditions: 4-chlorotoluene 90 100 mM, PhBneop 26 200 mM, KOtBu 150 

mM, dodecane 50 mM as internal standard, THF, 60 °C. b) Determination of the order of reaction with respect to 

CoCl2/IPr·HCl by initial rates method. Conducted by Mattia Manzotti. 

 

 

 

Figure 4.14. a) Mechanism of a palladium-catalysed Heck coupling reaction studied by Burés and co-workers. b) The 

concentration-dependant order of reaction in catalyst of the mechanism shown in a.247 

From the profile of the reaction that uses free IPr instead of IPr·HCl (Figure 4.5), it is evident that having 

the ligand on the Co centre has a great influence on reducing the duration of the activation process. The 

effect of increasing the concentration of IPr on the initial rate of cross-coupling product formation was 

studied (Figure 4.15). A small positive order was obtained and not only did the initial rate of catalysis 

increase, but there was also further shortening of the slow initial phase of the reaction. This serves as 

additional indication that there may be an equilibrium between Co species with and without IPr in the 

early phase of the reaction, as discussed in Section 4.3. This also shows that having the ligand on the Co 

is essential for catalysis. 
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Figure 4.15. a) Reaction profile of 4-methylbiphenyl 27 formation with varying concentration of IPr: 10 mM (•), 20 

mM (•), 40 mM (•). Conditions: CoCl2 10 mM, 4-chlorotoluene 90 100 mM, PhBneop 26 200 mM, KOtBu 150 mM, 

dodecane 50 mM as internal standard, THF, 60 °C. b) Determination of the order of reaction with respect to IPr by initial 

rates method. Conducted by Mattia Manzotti. 

Having established that the base may inhibit catalyst activation, we were curious to see the effects of 

varying the amount of KOtBu on the rate of formation of 4-methylbiphenyl (Figure 4.16). A fractional 

positive order (0.6) was observed, which is consistent with the base having multiple roles: deprotonating 

the IPr·HCl and adding to the boronic ester to form the boronate 29 are essential for catalysis, however, 

having an excess of base could favour the equilibrium between a Co-NHC species and K[Co(OtBu)3] 

lying in favour of the tris-alkoxide complex, which we believe may hinder selective catalysis. Together, 

our understanding of the involvement of the base in the reaction are in line with the observation of an 

order of reaction in KOtBu that is less than 1. 

 

Figure 4.16. a) Reaction profile of 4-methylbiphenyl 27 formation with varying concentration of KOtBu: 100 mM (•), 

125 mM (•), 150 mM (•). Conditions: CoCl2/IPr·HCl 10 mM, 4-chlorotoluene 90 100 mM, PhBneop 26 200 mM, 

dodecane 50 mM as internal standard, THF, 60 °C. b) Determination of the order of reaction with respect to IPr by initial 

rates method. Conducted by Mattia Manzotti. 
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Lastly, the formation of cross-coupling product over time with varying concentration of 

K[PhB(OtBu)neop] 29 was examined, and it showed that increasing the amount of 29 reduced the length 

of the slow initial phase of the product formation (Figure 4.17a). We attempted to determine the order 

of the reaction with respect to boronate 29 by method of initial rates, however, a non-linear relationship 

was found (Figure 4.17b). A positive order was observed and with greater concentrations of 29, less of 

an increase in the initial rate of 4-methylbiphenyl formation was seen. This could be explained by the 

K[PhB(OtBu)neop] being in equilibrium with PhBneop  and KOtBu, and so, with a greater concentration 

of boronate 29 there is also likely to be a greater concentration of KOtBu. Having already recognised 

that an excess of KOtBu hinders catalysis, possibly by affecting the activation process (as discussed in 

Section 4.3), it seems unsurprising that there is a concentration-dependence order of the reaction in 29. 

 

Figure 4.17. a) Reaction profile of 4-methylbiphenyl 27 formation with varying concentration of K[PhB(OtBu)neop] 

29: 150 mM (•), 200 mM (•), 250 mM (•), 400 mM (•). Conditions: CoCl2/IPr·HCl 10 mM, 4-chlorotoluene 90 100 

mM, dodecane 50 mM as internal standard, THF, 60 °C. b) Determination of the order of reaction with respect to 

K[PhB(OtBu)neop] 29 by initial rates method. Conducted by Mattia Manzotti. 

The equilibrium between the boronate and free ester and base was further studied by NMR experiments. 

It was expected that arylboronic esters that have electron-withdrawing groups would more readily accept 

-OtBu to form the corresponding boronate species. In an attempt to establish this electronic effect on the 

equilibrium of boronate with boronic ester and KOtBu, reactions between R-PhBneop and 

K[PhB(OtBu)neop] were conducted (Scheme 4.9). 
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Scheme 4.9. Determination of the equilibria between arylboronate and boronic ester species by 1H NMR. 

The position of the equilibria, which was determined by 1H NMR integration (see Chapter 7.3 for 

spectra), revealed that the strongly withdrawing group aids the formation of the boronate. Therefore, it 

was hypothesised that the use of arylboronic esters with withdrawing substituents may lead to a 

reduction in duration of the catalyst activation phase, due to there being a greater propensity for -OtBu 

to remain on the boron centre. As a result of this, less free base will be present in the reaction mixture, 

allowing for a Co-NHC species to form more easily. 

Indeed, when 4-(trifluoromethyl)phenylboronic ester 93 was employed in catalysis, no induction or slow 

period of product formation was observed, and the initial rate of cross-coupling product formation was 

significantly higher – a yield greater than 90% was achieved after only 100 minutes (Figure 4.18). 
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Figure 4.18. Reaction profile of 4-(trifluoromethyl)biphenyl 98 formation. Conditions: CoCl2/IPr·HCl 10 mM, 4-

chlorobenzene 97 100 mM, 4-F3CC6H4Bneop 93 200 mM, KOtBu 150 mM, dodecane 50 mM as internal standard, THF, 

60 °C. 

4.4.2 Order of Reaction using Modified Conditions 

Having seen the effects of using 4-F3CC6H4Bneop 93 on the rate of product formation (Figure 4.18), we 

decided to modify the conditions for kinetic analysis by utilising an electron-withdrawing arylboron 

reagent in the hope to minimise the slow initial phase of product formation associated with catalyst 

activation and to obtain a more representative order of the catalytic reaction. Due to the very fast rate of 

cross-coupling product formation when ester 93 is used as a coupling partner, it could be challenging to 

determine the initial rate accurately (by method of aliquot sampling). So instead, the less electron-

withdrawing fluoro-substituted arylboron reagent was opted for. Additional changes to reduce the 

activation process length were made, as shown in Scheme 4.10, including using free IPr instead of 

IPr·HCl, and boronate 99 instead of KOtBu and boronic ester. 

 

Scheme 4.10. Modified reaction conditions used for kinetic analysis. 

Under these conditions, the order in boronate 99 was determined to be around 0.7 (Figure 4.18). Unlike 

in the case of K[PhB(OtBu)neop] 29, linearity was seen in the ln(rate)-ln(concentration) plot when K[4-

FC6H4B(OtBu)neop] 99 was employed (Figure 4.17b and 4.19b). The observance of a fractional order, 
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close to 1 suggests that the boronate is involved in the RDS or a species in pre-equilibrium with the 

RDS. The fractional nature of the value we obtained for the order of reaction in 99 could be an effect of 

the complex equilibria that is still present in the early stages of the reaction, as well as the multiple roles 

of the base, even though less of it is likely to be unbound from the boronate.  

 

Figure 4.19. a) Reaction profile of 4-fluorobiphenyl 100 formation with varying concentration of  

K[4-FC6H4B(OtBu)neop] 99: 100 mM (•), 150 mM (•), 200 mM (•), 250 mM (•), 300 mM (•), 400 mM (•). Conditions: 

CoCl2/IPr 10 mM, 4-chlorobenzene 97 100 mM, dodecane 50 mM as internal standard, THF, 60 °C. b) Determination 

of the order of reaction with respect to K[4-FPhB(OtBu)neop] 99 by initial rates method.  

We then examined the effect of changing the concentration of CoCl2/IPr on the initial rate of cross-

coupling product 100 formation (Figure 4.20). An order of reaction in CoCl2/IPr of 1.3 was determined, 

and this was confirmed by Variable Time Normalisation Analysis (VTNA), described by Burés.247, 248 

For VTNA, the profiles of the concentration of 4-fluorobiphenyl 100 were normalised in order to omit 

the early phase of the reaction (Figure 4.19c). The increase of order in CoCl2/IPr compared to 

CoCl2/IPr·HCl shows the importance of the IPr ligand being on the Co centre.  
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Figure 4.20. a) Reaction profile of 4-fluorobiphenyl 100 formation with varying concentration of CoCl2/IPr: 5 mM (•), 

8 mM (•), 12 mM (•), 20 mM (•). Conditions: chlorobenzene 97 100 mM, K[4-FC6H4B(OtBu)neop] 99 125 mM, 

dodecane 50 mM as internal standard, THF, 60 °C. Determination of the order of reaction with respect to CoCl2/IPr by 

b) initial rates method and c) VTNA – for which induction periods were omitted. 

Finally, we studied the effect of increasing the amount of electrophile chlorobenzene on the initial rate 

of cross-coupling product formation (Figure 4.21). Similar to the coupling of 4-chlorotoluene with 
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PhBneop, a slight negative order (~ -0.2) was obtained, and this small catalysis inhibition effect could 

be accounted for by the same reasons. 

  

Figure 4.21. a) Reaction profile of 4-fluorobiphenyl 100 formation with varying concentration of chlorobenzene 97: 

100 mM (•), 200 mM (•), 300 mM (•), 400 mM (•). Conditions: CoCl2/IPr 10 mM, K[4-FC6H4B(OtBu)neop] 99 125 

mM, dodecane 50 mM as internal standard, THF, 60 °C. b) Determination of the order of reaction with respect to 

chlorobenzene 97 by initial rates method. 

Overall, as expected, modifying the reaction conditions to deter slow catalyst activation influenced the 

order of the reaction, which is summarised in Table 4.3. The increase of order in CoCl2/IPr (1.3) 

compared to CoCl2/IPr·HCl stresses the importance of having the IPr ligand on the Co centre in order 

to access an active catalytic species. Under both conditions, a very similar, small negative order in 

electrophile is seen. This indicates that it is unlikely for the aryl chloride to be involved in catalyst 

activation, as this is the main aspect of the reaction that is altered by the different conditions. As 

previously discussed, the slight negative order could be due to the aryl chloride forming an off-cycle 

species. Furthermore, KIE analysis suggests that there may be π-coordination of the aryl chloride to Co 

at some point prior to the RDS. Lastly, the fractional order in boronate 99 implies that even under the 

modified conditions, complex equilibria and the multiple-role nature of the boronate (and constituent 

boronic ester and base) still affect the order of reaction. 
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Table 4.2. Order of reaction with respect to each component, under different conditions. 

Component 
Order of reaction in component, under conditions: 

A B 

Catalyst: CoCl2/IPr·HCl 

Catalyst: CoCl2/IPr 

0.6  

 1.3 

IPr 0.3  

Aryl halide: 4-chlorotoluene 

Aryl halide: 4-chlorobenzene 

-0.2  

 -0.3 

KOtBu 0.6  

ArBneop >3  

[ArB(OtBu)neop]K non-linear 0.7 

Conditions A: CoCl2/IPr·HCl, 4-chlorotoluene 90, PhBneop 26, KOtBu. Conditions B: CoCl2/IPr, chlorobenzene 97, 

K[4-FPhB(OtBu)neop] 99. 

4.4.3 Linear Free-Energy Relationships 

With a clear indication that a substituent on the arylboronic ester has a significant effect on the rate of 

cross-coupling product formation (Figure 4.18), a kinetic profile was conducted for the coupling of a 

variety of substituted-aryl boronic esters with chlorobenzene (Figure 4.22a). An evident trend was 

established, in which the greater the electron-withdrawing ability of the substituent, the faster the rate 

of product formation (and generally, the greater the overall yield). This is illustrated by the linear 

relationship in the Hammett analysis (Figure 4.22b).249 Such a strong Hammett correlation shows that 

the boronate species is likely to be involved in the RDS, therefore suggesting that a step relating to the 

transmetalation of the aryl moiety from the boronate to the Co centre may be rate-limiting. Despite a 

negative  value being typical for standard transmetalation in palladium-catalysed cross-coupling,250 a 

step leading up to transmetalation could be the RDS in this case. Taken together with the order of 

reaction in electrophile being close to 0, it seems unlikely that oxidative addition of the aryl chloride is 

the RDS of the catalytic reaction. Without further investigations, little can be said about whether the 

positive  value is consistent with reductive elimination being rate limiting, as there are examples where 

both electron withdrawing and donating groups promote reductive elimination in the literature, 

depending on the catalyst system and the difference in electronic properties of each of the fragments to 

be coupled together.251-257  
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Figure 4.22. a) Reaction profiles of 4-(trifluoromethyl)biphenyl 59 (•), 4-fluorobiphenyl 58 (•), p-terphenyl 72 (•), 4-

methylbiphenyl 27 (•) and 4-methoxybiphenyl 61 (•)  formation. Conditions: CoCl2/IPr·HCl 10 mM, 4-chlorobenzene 

97 100 mM, ArBneop 200 mM, KOtBu 150 mM, dodecane 50 mM as internal standard, THF, 60 °C. b) Hammett plot 

showing the relationship between substituents on the arylboronic ester and hammett constants derived by Hammett.249 

Next, we analysed the substituent effect on the aryl chloride to determine whether a linear free-energy 

relationship could be observed. Despite the unlikelihood of oxidative addition being the RDS, 

substituents on the aryl moiety could still have an effect on the initial rate – i.e. the aryl group (from the 

aryl chloride) may be on a Co intermediate that is involved in the RDS. Indeed, slight differences in the 

rate of biaryl formation were seen depending on the substituent (Figure 4.23). However, a linear fit was 

not seen with standard Hammett parameters,249 which looks at the electronic withdrawing and donating 

properties of the substituent. Instead, a good fit was obtained when parameters first described by Creary 

(creary),258 which are associated with the rearrangement of methylene cyclopropanes through a radical 

intermediate (Scheme 4.11), were employed (Figure 4.23b). The Creary scale relates to the ability of the 

substituent to stabilise a radical species. It is possible that in the cobalt-catalysed reaction, this may be 

an inner-sphere process associated with a radical on the Co centre (depending on the oxidation state and 

spin state of Co), as the addition of radical traps do not interfere with catalysis (see Chapter 3). However, 

as it stands, further investigation should be undertaken in order to see whether this is a true fit with the 

Creary scale (by increasing the range of substituents) and the way in which destabilisation of a radical 

species is related to intermediates in the RDS.  
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Figure 4.23. a) Reaction profiles of 4-fluorobiphenyl 58 (•), p-terphenyl 72 (•), 4-methylbiphenyl 27 (•) and 4-

methoxybiphenyl 61 (•)  formation. Conditions: CoCl2/IPr·HCl 10 mM, aryl chloride 100 mM, PhBneop 26 200 mM, 

KOtBu 150 mM, dodecane 50 mM as internal standard, THF, 60 °C. b) Hammett plot showing the relationship between 

substituents on the aryl chloride and hammett constants derived by Hammett.249 c) Hammett-type plot showing the 

relationship between substituents on the aryl chloride and creary constants derived by Creary.258 

 

Scheme 4.11. The reaction used as a probe for the development of the Creary scale parameters.258 

Overall, our investigation on the effect of the substituent on the aryl moiety (of both the boronic ester 

and aryl chloride) to the rate of product formation has provided some mechanistic insights. The strong 

positive Hammett correlation ( = 2.0) observed for the arylboronic ester indicates the involvement of 

the boronate species in the RDS and the build-up of negative charge in the transition state. Furthermore, 

this gives reason to exclude oxidative addition as rate-limiting. A plausible way that an electron-

withdrawing substituent facilitates the RDS, which is likely to be related to the (pre)transmetalation 

process, is discussed later with DFT analysis (Section 4.6). The slight, but consistent, linear relationship 

seen with Creary parameters and substituents on the aryl chloride ( = -0.6) suggests that the aryl moiety 
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derived from the aryl chloride reagent is also involved in the RDS. Together, the presence of a Hammett 

and Creary scale relationship for ArBneop and ArCl respectively shows that the aryl moieties are in 

different environments from one another in the RDS, and that the influence of each of the aryl groups 

on the transition state of the RDS is distinct. This serves as evidence for reductive elimination not being 

rate-limiting. 
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4.5 Catalyst Deactivation 

In order to gain further mechanistic understanding of the reaction, efforts were made to determine what 

species formed upon deactivation of the catalyst and the possible process by which this occurs. From 

previously obtained results, a slight excess of base, corresponding to two equivalents with respect to Co, 

almost completely suppressed catalytic activity (see Chapter 3). To confirm this, the profile of the cross-

coupling reaction was examined when a 1:1:2 ratio of CoCl2:IPr:KOtBu was used as the pre-catalyst 

(Figure 4.24). Indeed, this showed a complete lack of catalytic activity. This finding, along with NMR 

evidence that -OtBu readily transfers to the Co centre from the boronate, makes it seem reasonable that 

a Co-alkoxide species is associated with catalyst deactivation. 

 

 

Figure 4.24. Reaction profiles of 4-methylbiphenyl formation using CoCl2/IPr + 2 eq. KOtBu as the pre-catalyst (•), and 

for reference, using CoCl2/IPr as the pre-catalyst (•). Conditions: pre-catalyst 10 mM, 4-chlorotoluene 90 100 mM, 

PhBneop 26 200 mM, KOtBu 150 mM, dodecane 50 mM as internal standard, THF, 60 °C. Conducted by Mattia 

Manzotti. 

To investigate this further, the synthesis of Co-alkoxide species were explored. Only a few Co-NHC 

alkoxide complexes are known in the literature and there is only one example of a bis-tert-butoxide Co-

NHC complex, 101.259, 260 This was prepared from the corresponding bis-chloride compound and uses 

ImPr as a ligand (Scheme 4.12a). By employing a similar synthetic protocol, a purple solid was obtained 

that proved to be insoluble in a range of solvents including THF, DMSO, benzene, toluene, 1,4-dioxane 

and DCM (Scheme 4.12b). Due to this, it seemed unlikely that the desired product was obtained as the 

presence of the IPr ligand should increase the solubility of the complex in organic solvents. Instead, an 

alternative synthetic procedure for (IPr)Co(OtBu)2 102 was attempted by addition of tBuOH to 

(IPr)Co(N(SiMe3)2)2 103 (Scheme 4.12c). This milder method that uses the alcohol instead of the 

alkoxide was opted for because it is less likely that the NHC ligand would be displaced. A red solution 

was observed, however this was short-lived and gave rise to a purple precipitate within minutes at room 
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temperature. Whilst we cannot be sure that (IPr)Co(OtBu)2 formed, it may have, before decomposing 

quickly forming the purple solid.  

 

Scheme 4.12. a) Previously reported synthesis of (ImPr)2Co(OtBu)2. b) Attempted synthesis of (IPr)Co(OtBu)2. c-e) 

Synthetic routes to the formation of the purple solid tentatively assigned as “[Co(OtBu)2]n”. Reactions b-d conducted by 

Mattia Manzotti. 

Structural characterisation of the purple solid was challenging due to insolubility and air-sensitivity. 

Instead, we turned to an indirect way of identifying the product – by employing several independent 

synthetic routes. With the inkling that the product was an NHC-free Co species, we carried out the 

reaction of [Co(N(SiMe3)2)2]2 104 with two equivalents of tBuOH per Co, which resulted in the 

formation of an insoluble purple solid (Scheme 4.12d). A comparison of the powder X-ray diffraction 

pattern of this product and the purple solid obtained from the reaction of [(IPr)CoCl2]2 with two 

equivalents of KOtBu revealed it to be identical (Figure 4.24). Additionally, the same product was 

obtained when two equivalents of KOtBu was added to CoCl2 (Scheme 4.12e). Taken together, the 

stoichiometry and reagents used in the different synthetic procedures led to us tentatively assigning the 

product as the neutral species [Co(OtBu)2]n 105. It is possible that 105 may form a stable polymer, which 

would account for the poor solubility in a range of solvents, as previously described. 

The accumulation of a purple precipitate was also noticed as the cross-coupling reactions progressed, 

regardless of the coupling partners employed. The purple solid that formed at the end of the standard 

reaction between 4-chlorotoluene and PhBneop was isolated and characterised by powder X-ray 

diffraction, which showed that it was the same species formed by the synthetic approaches shown in 

Scheme 4.12 (Figure 4.25). This reveals that the catalyst deactivates by formation of the stable, insoluble 

species [Co(OtBu)2]n 105, and one plausible deactivation route could be via the decomposition of the 

thermodynamically unstable complex (IPr)Co(OtBu)2 102. This is in line with an excess of free base (≥ 

2 equivalents with respect to Co) being detrimental to catalysis.  
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Figure 4.25. Powder X-ray diffraction data of 105, which is tentatively assigned as [Co(OtBu)2]n, obtained by different 

synthetic methods: [Co(IPr)Cl2]2 + 4 KOtBu (•), [Co(N(SiMe3)2]2 + 4 tBuOH (•), CoCl2 + 2 KOtBu (•), end of catalytic 

reaction mixture (•). KCl impurities are indicated by •. Each set of data are offset in intensity (y axis) for clarity. 
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4.6 Computational Investigation and Proposed Catalytic Cycle 

In order to gain further understanding of the elementary steps in the catalytic cycle, a computational 

investigation was undertaken by DFT analysis by Prof. Robin Bedford, for the cross-coupling between 

chlorobenzene 97 and [PhB(OtBu)neop]- 106. Calculation were performed using Orca 4.2, employing 

the B3LYP functional, with intermediates and transition states optimised using the def2-SVP basis set 

and single point energies determined using the def2-TZVP basis set (full computational details are 

provided in Chapter 7). It should be noted that the boronate anion 106 was used throughout DFT analysis 

instead of the potassium salt 29. One reason for this is due to the structure of K[PhB(OtBu)neop] 29 

being unknown in solution – despite the X-ray diffraction structure (shown in Figure 3.1) revealing that 

π-interactions may be present, this could differ in solution, and there may also be differing amounts of 

explicit THF solvation. Additionally, while KCl mostly precipitates from solution in the reaction, it has 

low, yet non-trivial solubility in THF under the reaction conditions (~ 0.016 M at 60 °C), and can also 

form interactions with Co, such as bridging Co-Cl-K structures. This adds complexity, and therefore, it 

was decided that any model used to include the potassium counterion would be arbitrary.  

With evidence that the pre-catalyst is reduced to a Co(I) species, the intermediate LCoCl (IA) was used 

as a model for the starting species formed in-situ, where L = IPr (Figure 4.26a). The high-spin state (S 

= 1) of IA is the most stable and coordination of the THF solvent to HSIA was considered, however found 

to be around 3 kcal/mol higher in energy. π-Coordination of chlorobenzene to the Co centre in HSIA takes 

place smoothly to yield intermediate HSIB, which is then proceeded by oxidative addition, via the 

transition state HSTSOA. This supports our observation of a secondary kinetic isotope effect, which 

alluded to de-coordination of a π-coordinated aryl-Co species forming an intermediate that is in pre-

equilibrium with the RDS. The formation of the intermediate-spin Co(III) intermediate, ISIC is 

energetically favoured over the high-spin analogue HSIC, by over 14 kcal/mol. Although the name 

suggests there is a spin-state change involved going from high-spin Co(I) to intermediate-spin Co(III), 

ISIC remains on the triplet state surface. Explicit solvation was also considered, and whilst the solvated 

species HSIB(THF) was found to be slightly lower in energy (1.2 kcal/mol) than HSIB, the transition state 

of oxidative addition from this species HSTSOA(THF) could not be located. The oxidative addition 

pathway starting from the low-spin LCoCl intermediate LSIA was also examined, however was shown 

to be considerably higher in energy, with the transition state LSTSOA unable to be located (Figure 4.26b). 
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Figure 4.26. DFT calculations investigating the elementary steps of the catalytic reaction. a) A feasible pathway, 

showing the spin-states of the Co species. b) low-spin pathway of the oxidative addition process. DFT calculations were 

conducted by Prof. Robin Bedford. 

The intermediate spin-state remains, by a great amount, the most energetically favoured spin-state up 

until reductive elimination occurs, forming HSIF. [PhB(neop)(OtBu)]- 106 coordinates to the Co by 

displacing Cl-, to form intermediate ISID. The pre-equilibrium between IC and ID was found to lie in 

favour of the starting materials IC and boronate 106, which is in line with the experimental kinetic data 

showing a positive order dependence in boronate. Next, transmetalation of the phenyl moiety and loss 
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of the boronic ester B(OtBu)neop takes place, which is an exergonic process. The intermediate-spin 

transition state, ISTSTM is over 12 kcal/mol and 7 kcal/mol lower in energy than the high-spin and low-

spin analogues HSTSTM and LSTSTM, respectively. Lastly, reductive elimination via intermediate HSIF 

generates HSIA. These steps are energetically favoured, with intermediates remaining on the triplet state 

surface. 

Whilst the coordination of the boronate to Co appears to be the rate-limiting step, throughout the DFT 

analysis, the boronate anion 106 has been used instead of the potassium salt, and therefore, under the 

reaction conditions wherein potassium interactions are present, there may be other steps leading up to 

transmetalation that represent a larger energy span. To investigate this, the effect of the counterion was 

explored using a simplified analogue of intermediate ISID with both K and Li coordination: 

ISID’K(DME)3 and ISID’Li(DME)2 (Figure 4.27). The simplifications involve the use of: dimethyl ether 

(DME) as the solvent coordinated to the cation rather than THF; 1,3-dimethylimidazol-2-ylidene as the 

ligand L’ instead of IPr; OMe in place of OtBu on the boronate; and a 1,3-propanediol backbone on the 

boronate instead of 2,2-dimethylpropane-1,3-diol. 

 

Figure 4.27. DFT analysis for the coordination of potassium and lithium salt boronates to Co, and subsequently the 

relaxed potential energy surface scan leading to transmetalation. DFT calculations were conducted by Prof. Robin 

Bedford. 

Coordination of K[PhB(OMe)(OR)2] to ISIC’ to form ISID’K(DME)3 is exergonic, whereas, this process 

is unfavourable in the absence of the potassium cation, when going from ISIC to ISID. Similarly, 

ISID’Li(DME)2 is only ~ 2 kcal/mol higher in energy than ISIC’. This suggests that coordination of the 

counterion remains as the boronate coordinates to the Co centre, forming an intermediate analogous to 

the cluster ID’K(DME)3 in the KOtBu-promoted catalytic reaction, which will be referred to as IDK. 
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Indeed, interaction of the cation with both components of the boronate and the ligands on the Co centre 

shows how the cation may offer stabilisation.  

Although the transition state for the transmetalation of Ph from ISID’K(DME)3 (or ISID’Li(DME)2) to 

the Co centre was not directly calculated, useful insights were provided by a relaxed potential energy 

surface scan, whereby the distance between the ipso-C (of the Ph moiety to be transferred) and the Co 

centre is reduced in incremental steps. This showed that the energy associated with transmetalation is at 

least 40 kcal/mol, for both the reaction involving potassium and lithium salt, and therefore is unfeasible 

as a single step under the reaction conditions. This suggests that there must be one or more transition 

states between IC and IDK, and IDK and TSTM. We propose that one of these steps is rate-determining 

in the catalytic reaction (and this may not necessarily be the same step for both K+ and Li+ containing 

reactions), which is in line with experimental mechanistic findings.  

Our kinetic data supports the RDS being associated to a transition state between IC and the cluster IDK, 

due to the positive order dependence of the boronate. Hammett analysis that examined the effects of 

substituents on the arylboronic ester showed that electron-withdrawing substituents accelerated the 

initial rate of cross-coupling product formation. This is in line with a build-up of negative charge on the 

boron centre, which may be a result of reduced K+ coordination to boron due to K+ interaction with Co 

as well as the boron moiety. It is possible that loss of K+ (by formation of KCl) takes place before 

transmetalation occurs, also supported by the strong Hammett correlation observed. This also provides 

a plausible explanation for the stark contrast in catalytic activity depending on whether KOtBu or LiOtBu 

is employed, given that LiCl is much more soluble in THF than KCl.  

Furthermore, the interaction of K+ with the backbone of the boronic ester in the cluster ISID’K(DME)3 

sheds light as to why slight changes in the structure of the boronic ester resulted in pronounced 

differences in catalytic activity, as described in Section 3.2.3. A secondary deuterium KIE (~ 1.1) was 

observed for the boronic ester, from the intermolecular competition reaction using PhBneop 26 and 

PhBneop-d5 26D (Scheme 4.13, with experimental details in Section 7.3.4). Whilst we cannot give clear 

reasoning for the observance of this, it is possible that the small KIE may arise from conformational 

changes in the boronate between IDK and TSTM, for example, upon loss of K+ coordination.261 Similarly, 

the Creary scale relationship observed for substituents on the aryl halide remains unexplained. However, 

with intermediate-spin Co(III) being a radical itself, it is reasonable to think that based on the structure 

of ISID’K(DME)3, the electronics of the electrophile-derived aryl fragment may play a role in step(s) 

leading to transmetalation. 
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Scheme 4.13. Intermolecular competition reaction between PhBneop and PhBneop-d5 with 4-chlorotoluene, to 

determine the KIE. 

Finally, given that the intermediate spin state was greatly favoured for all Co(III) intermediates and 

transition states, the determination of intersystem crossing was a less significant concern. Nonetheless, 

two minimum energy crossing points (mecp) on route to the RDS were briefly explored (Figure 4.26a). 

Whilst cross-over from HSIC to LSIC is a low energy process, the mono-THF intermediate that is likely 

to form, LSIC(THF) can also be accessed from the intermediate-spin surface in an essentially barrierless 

process. Not only is this intermediate higher in energy than the solvent free intermediate ISIC, it is also 

likely that displacement of THF prior to transmetalation would be more challenging on the high- and 

low-spin surfaces. Overall, it seems unlikely that spin-state changes between Co(III) species occur on 

the pathway leading to the rate-determining step.  

Considering both the experimental mechanistic investigations and the computational studies, we 

proposed a plausible catalytic cycle for the alkoxide-promoted Suzuki-Miyaura cross-coupling reaction 

(Scheme 4.14). The involvement of the following key steps is suggested: 

i) The IPr·HCl salt undergoes deprotonation in-situ, allowing the formation of a Co(IPr) 

species. This (IPr)Co(II) pre-catalyst is reduced to a (IPr)Co(I) active species, by reaction 

with the boronate 29, which gives rise to homocoupling product, biphenyl 87. As discussed 

in Section 4.3, the IPr ligand can also be reversibly displaced from the Co(II) centre, by       -

OtBu from either KOtBu or 29, leading to the formation of 91. This ligand-free process is 

undesirable, as it results in unselective catalysis and consequently, reduction to Co(0) 

species. Evidence for this is the similar rate of biphenyl 87 and 4-methylbiphenyl 27 

formation under ligand-free conditions. If an excess of KOtBu is present in the reaction, the 

neutral polymeric species, [Co(OtBu)2]n 105 forms, signifying the deactivation of the 

catalyst. 

ii) Oxidative addition of the aryl chloride proceeds via a π-coordinated species, as suggested 

by DFT analysis and the observed secondary KIE. It is plausible that the Co(III) species 

that is formed remains on the triplet state surface (S = 1), therefore, forming an intermediate 

spin Co(III) intermediate.  
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iii) Coordination of the boronate may take place via more than one step, and whilst DFT 

analysis shows this to be an unfavourable process in the absence of K+, the potassium 

counterion engenders stabilisation of the resultant putative cluster. Evidence for one of the 

transition states involved in the coordination of the boronate to Co being the rate-limiting 

step is given by the kinetic data, which shows a positive order dependence on the boronate. 

Furthermore, Hammett analysis supports a build-up of a negative charge on boron, which 

is in line with weaker K+ coordination (or loss of K+ before transmetalation). The 

intermediate spin-state remains the most favourable for this and the subsequent 

transmetalation step. 

iv) Again, there is likely to be at least one other transition state leading to the formation of the 

transmetalation product, [(IPr)CoXArPh]. The reversibility of the transmetalation step is 

proposed due to the observance of nucleophilic scrambling product, ArBneop, as discussed 

in Chapter 3. 

v) Lastly, reductive elimination of the biaryl cross-coupling product gives rise to the high-spin 

Co(I) species, which remains on the triplet state surface. DFT analysis suggests that this 

may occur via a π-coordinated aryl complex. 

 

Scheme 4.14. Proposed catalytic cycle for the KOtBu-promoted Suzuki-Miyaura cross-coupling reaction of aryl 

chlorides and arylboronic esters, based on experimental mechanistic findings and DFT calculations. 
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4.7 Conclusions and Future Work 

A thorough investigation into the mechanism of the alkoxide-promoted Suzuki-Miyaura biaryl cross-

coupling reaction has been conducted. Together, kinetic data and stoichiometric reactions, analysed by 

NMR spectroscopy, have allowed insight to be gained into the catalyst activation process, accounting 

for the long initial phase of slow product formation. To summarise, competitive formation of 

K[Co(OtBu)3] resulted in a ligand-free process that gave unselective catalysis, forming both cross- and 

homo-coupling product at a similar rate and bulk reduction to Co(0). However, the IPr ligand on the Co 

centre was found to prevent this, and we propose reduction to a Co(I) active species.  

Kinetic analysis, including Hammett relationship studies showed the likelihood of a step leading to 

transmetalation of the aryl moiety from boronate to Co being rate-determining. This was supported by 

DFT calculations, which examined the energies associated to the elementary steps of the reaction. From 

this, a plausible catalytic cycle was proposed which also takes into account our experimental mechanistic 

findings. Furthermore, our studies have provided plausible explanations for the questions that arose from 

optimisation studies, such as: the requirement of an excess of boronic ester; the reason why small 

differences in the boronic ester backbone greatly influenced catalytic activity, and the effect observed 

when LiOtBu or Li salts were used.  

Lastly, we investigated a possible route for catalyst deactivation, and found that precipitation of 

[Co(OtBu)2]n 105, likely as a polymeric species, served as an end-point for catalysis. Future work 

investigating the use of additives that may prevent formation or polymerisation of 105, by solubilising 

the species may be useful in slowing down catalyst deactivation. 

The significance of the involvement of the potassium counterion has been realised by both use of the 

additive 18-crown-6 inhibiting catalysis, and DFT calculations showing that the counterion facilitates 

coordination of the boronate to Co. As previously discussed, it is possible that the rate-determining step 

is associated with the removal of K+ (as KCl) before transmetalation occurs, and therefore a balance 

between aiding coordination of the boronate yet being easily removed is important. Whilst THF 

coordination allows for the latter to some extent, future work should focus on the use of other ethers, 

such as 1,2-dimethoxyethane, that may coordinate more strongly to K+, without completely inhibiting 

potassium interactions with the boronate and catalyst, as is the case with the crown ether.  

Finally, there is an evident lack of experimental mechanistic evidence for the key steps of the catalysis, 

which we proposed in the cycle shown in Scheme 4.14. Future work should also investigate the synthesis 

of stable Co(I)-NHC species that may resemble the active species in catalysis. Studying the reactivity 

through stoichiometric reactions will allow insights to be gained into steps such as oxidative addition. 

Whilst ideally the oxidative addition product would be isolable, in-situ spectroscopic techniques (UV-

Vis or IR spectroscopy) could be used to analyses the Co species formed. EPR spectroscopy would also 
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be useful tool in providing more information about the active Co species, which we have suggested to 

be paramagnetic.
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5.1 Introduction 

In the last few years, several examples of iron-, cobalt-, copper- and nickel-catalysed Suzuki biaryl 

cross-coupling reactions by Bhat and co-workers were published in various journals.1, 2, 262-264 This was 

over a similar period to reports of iron- and cobalt-catalysed Suzuki biaryl coupling from groups such 

as Chirik’s and Duong’s, as well as our group, in which general limitations were realised, such as: the 

requirement of a directing group, or heteroatom, on either of the coupling partners; the use of arylboronic 

esters, as opposed to aryl boronic acids, activated with either alkyllithium reagents or alkoxide bases; 

and high catalyst loadings often above 5 mol %.125, 126, 190, 196-198, 265 However, Bhat’s cobalt- and iron-

catalysed protocols appeared to be exceptions that were not subject to any of these limitations, and 

proved to be the only examples wherein phenylboronic acid could be employed (instead of 

tetraorganoborates or activated boronic esters). Catalysts bearing simple ligands, such as Schiff base, 

salen and PNP pincer ligands, were utilised in the highly desirable coupling reactions. Indeed, any ligand 

set that Bhat investigated, on any metal, seemed to give similarly high levels of activity (shown in 

Section 5.3).  This piqued our curiosity towards trying to understand why all of catalysts reported by 

Bhat showed such superior activity. The reactions by Bhat and co-workers that are being referred to are 

outlined in Scheme 5.1 (reactions A-E).  

Generally, a range of electrophiles were reported to be well tolerated in each of the reactions, however, 

in all cases, 4-bromobenzonitrile was used as the substrate during Bhat’s screening of reaction 

conditions. Similar to palladium-catalysed Suzuki cross-coupling reactions, they stated that aryl iodides 

perform better than aryl bromides (and chlorides, in all of the cases that they were screened). Although 

mechanistic studies were not conducted, oxidative addition was suggested to be the turnover limiting 

step in Reaction B,1 in line with the purported trend in effectiveness of aryl halide. Additionally, a 

mechanism featuring a M(II)/M(0) manifold was proposed for the reactions using catalysts 109, 110, 

116, 118 and 119 that is analogous to the typical mechanism of the palladium-catalysed process, as 

opposed to the reported mechanistic suggestions with first row metals (Scheme 5.2).1, 2, 119, 121, 125, 126, 136, 

190, 196, 262-265 The same five bases were screened for each of the reactions A-E (K2CO3, Cs2CO3, NEt3, 

Na2CO3, KOtBu) and all were said to be competent, as were all solvents investigated (DMF, THF, 1,4-

dioxane, acetonitrile and ethanol). 
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Scheme 5.1. Reports of cobalt-, iron-, copper- and nickel-catalysed Suzuki biaryl cross-coupling reactions by Bhat and 

co-workers,1, 2, 262-264 for which the reproducibility was investigated. 
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Scheme 5.2. General mechanism for Suzuki biaryl cross-coupling reactions A, B, D and E shown in Scheme 5.1, 

proposed by Bhat, where M is Fe, Co or Ni. 

The tolerance for a range of solvents, bases and reaction conditions, regardless of the catalyst and ligand 

used was impressive, yet unusual in this field of catalysis using first-row transition metals. Furthermore, 

having seen the failure of PNP ligands 47 and 48 to be effective when screened in our alkoxide-promoted 

cobalt-catalysed cross-coupling reaction (see Chapter 3), we were astonished by its apparent ability to 

be an excellent ligand in the cobalt-catalysed coupling reaction of aryl bromides and phenylboronic acid 

under the conditions reported by Bhat (Scheme 5.1, reaction A).264 Naturally, we were intrigued by how 

the pre-catalysts used by Bhat and co-workers achieved exceptional activity and set out to reproduce a 

small selection of the catalytic reactions shown in Scheme 5.1. However, these attempts were 

unsuccessful (discussed further in Section 5.2 onward) and the possibility of trace amounts of active 

metal catalyst, for example palladium contamination, from any of the reagents or apparatus (glassware, 

stirrer bars etc.) used by Bhat and co-workers was initially speculated as a possible source of their 

observed activity. Indeed, this is not unusual and in the past several examples of iron catalysed Suzuki 

cross-coupling using arylboronic acids were later retracted due to palladium contamination being 

responsible for catalysis.266-268 Following an inadequate response from the author regarding our 

concerns, we went on to investigate the reproducibility of the work shown in Scheme 5.1 in more depth, 

examining both the synthesis of pre-catalysts as well as their purported activity in Suzuki biaryl cross-

coupling. In all cases, an additional member of our research group independently attempted to reproduce 

the catalysis (and associated pre-catalyst synthesis), using a different batch of reagents where possible. 
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5.2 Attempted Synthesis of Iron, Cobalt, Copper and Nickel Pre-Catalysts  

The investigation began by firstly preparing a representative selection of the pre-catalysts used in Bhat’s 

reported Suzuki coupling reactions (Scheme 5.1). However, this proved to be challenging in some cases. 

Therefore, attempts were made to determine what species may have formed instead and synthesise 

suitable analogous, well-defined complexes that could be trialled as pre-catalysts. 

5.2.1 Synthesis of PNP-Pincer Complexes 

The formation of iron complex 110 was attempted following the reported procedure,1 which involved 

stirring FeSO4·7H2O and the PNP ligand 48 in THF at reflux conditions. Despite multiple attempts, an 

off-white/pale brown precipitate was obtained, which proved to be insoluble in a variety of solvents 

including THF, benzene, DCM, chloroform, acetonitrile, and acetone. Although Bhat and co-workers 

presented a UV-vis spectrum as part of their characterisation of complex 110 (with no indication of what 

solvent was used), insolubility meant that we were unable to. However, an IR spectrum was recorded, 

which appeared broadly inconsistent with the spectrum reported by Bhat. Instead, peaks corresponding 

to the starting material, FeSO4·7H2O were seen. Additionally, powder X-ray diffraction of the material 

we obtained indicated that the product is mostly rozenite (FeSO4·4H2O), a partially dehydrated version 

of the starting material. Heating FeSO4·7H2O in THF to reflux conditions gave rise to a precipitate that 

had an almost identical powder X-ray diffraction pattern, with a small amount of residual FeSO4·7H2O 

(see Chapter 7 for powder X-ray diffractogram). Analysis of the supernatant of the reaction in the 

attempted synthesis of 110 by ESI-MS, 1H and 31P NMR (see Section 7.4) revealed it to be primarily 

PNP ligand  48, confirming that in our hands, the reaction did not proceed to form complex 110 – instead 

starting materials (and rozenite) were recovered. 

Due to acetonitrile being the best solvent for the Suzuki coupling reaction using pre-catalyst 110 

according to Bhat (Scheme 5.1, Reaction B), it is reasonable to expect that in solution, the coordinating 

solvent molecules could act as ligands, possibly forming [Fe(PNP)(NCMe)3]2+. This has previously been 

structurally characterised as a terafluoroborate salt, 120 by Kirchner, and accordingly, complex 120 was 

synthesised (Figure 5.1).269 Attempts to prepare [Fe(PNP)(NCMe)3][SO4] by the addition of ligand 48 

to FeSO4·7H2O in acetonitrile proved unsuccessful, with only the recovery of starting materials 

observed. 
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Figure 5.1. Iron and copper complexes that was prepared according to literature, and novel cobalt complexes that were 

synthesised, all bearing PNP pincer ligand 48.  

In regard to the synthesis of cobalt complex 109, by employing the method by Bhat,264 a brown solid 

was obtained. The IR spectrum of this showed a few peaks in accordance with those reported for 

complex 109, namely those corresponding to the acetate ligands. Analysis of the product by ESI-MS in 

a methanol solution revealed several high mass peaks, including one that could be associated to the 

replacement of an acetate ligand with solvent molecule, methanol, [CoPNP(OAc)(MeOH)]. Unable to 

grow single crystals suitable for structural characterisation by X-ray diffraction and with evidence of 

several species being formed, it seems unconvincing that we were able to synthesise 109 purely 

following Bhat’s synthetic protocol. The procedure was repeated using Co(OAc)2 rather than 

Co(OAc)2·4H2O, however similar results were obtained for the species formed. 

Due to our inability to identify whether or not complex 109 was synthesised, we focussed on the isolation 

of a similar Co(II) complex which we were able to attain in pure form and structurally characterise. The 

novel complex 44 was prepared according to literature procedure for the synthesis of the bis-chloride 

analogue.270 It is plausible that during catalysis, halides may coordinate to the metal centre, and 

therefore, 44 would be representative of this as a potential pre-catalytic species. Recrystallisation in an 

acetonitrile and acetone mixture gave the cationic complex 121, which supports the concept that 

acetonitrile is likely to replace anionic ligands during catalysis, as mentioned in regard to the synthesis 

of the iron complex 120 (Figure 5.1). X-ray diffraction of the red crystals obtained of 44 and 121 allowed 

for structural characterisation and shows a similar distorted square-based pyramidal geometry to that of 

the bis-chloride analogue (Figure 5.2).270 
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Figure 5.2. Single crystal X-ray diffraction structure of 44 (left) and 121 (right). Ellipsoids are set to 50% probability. 

Solvent molecules and hydrogen atoms, with the exception of one in structure 121, are omitted for clarity. 

Next, attention was turned to the formation of copper complex 111 and difficulties were faced in our 

attempts following the reported procedure: addition of Cu(OAc)2·H2O to PNP ligand 48 in THF, at 

reflux conditions.1 Together, several methods of analysis indicated that the reported product was not 

synthesised and perhaps instead, one of the products that may have formed is a dimetallic Cu(I) species.  

Complex 111 should be paramagnetic, with S =1/2, however the 1H NMR spectrum showed peaks likely 

to have corresponded with diamagnetic species (peak broadening or paramagnetically shifted signals 

were not observed). The 31P NMR spectrum revealed broad doublets with essentially identical coupling 

constants (J ~ 167 Hz) that appear in an AB spin system, along with a peak indicating free ligand 48 

(Figure 5.3). This is not expected for the monomeric complex 111. Furthermore, analysis of the product 

mixture by ESI-MS did not indicate the formation of 111 and oxidation of the ligand to diphosphine 

oxide was seen as one of the many species (see Section 7.4). With knowledge of Cu(II)-phosphine 

adducts readily reducing to Cu(I) species particularly in the presence of water,271, 272 the synthetic 

procedure for the formation of 111 was repeated with the Cu(I) precursor, CuOAc.  The same AB spin 

system was observed in the 31P NMR spectrum as shown in Figure 5.3, in addition to numerous other 

peaks – some of which likely to relate to di- or polymetallic species. This implies that the protocol 

reported by Bhat yields a Cu(I) product, which is unsurprising due to do the instability of Cu(II)-

phosphine complexes with respect to reduction in the presence of trace water, especially since 

Cu(OAc)2·H2O is used as the reagent. This finding is also in line with the observation of phosphine 

oxide, most likely formed as reduction to Cu(I) takes place.  
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Figure 5.3. 31P NMR spectra of the products of the reactions of Cu(OAC)2·H2O and CuOAc with PNP ligand 48, 

recorded in CDCl3. 

Along with the 31P NMR spectrum and ESI-MS of the product we obtained, clear evidence for the 

formation of dimeric copper species is further strengthened by the observation of Cu(I) dimetallic 

compounds in literature, such as [CuI(PNP)]2 122 and [Cu2(PNP)2(phen)][ClO4]2.273, 274  Cu(I) pre-

catalysts have also demonstrated to be effective in the Suzuki cross-coupling reaction of aryl iodides 

and arylboronic esters,136 and therefore, we later went on to test the catalytic ability of the well-defined 

Cu(I) dimeric complex 122 in Bhat’s cross-coupling protocol (later discussed in Section 5.3).273 

5.2.2 Synthesis of Complexes with Schiff Base or Salen Type Ligands 

Metal salen complexes are commonly used, having been studied for several decades and being 

commercially available. Therefore, as expected, the synthesis of cobalt and nickel complexes 118 and 

119 were achieved following Bhat’s reported procedure, with spectroscopic data in agreement with 

literature.263 The tetradentate ligand gives rise to a low spin, square-planar structure, however, Bhat’s 

reported solid state magnetic moment measurement of 118, 1.23 μB, is considerably lower than typical 

for low-spin Co(II) species,275, 276 which raised doubts regarding the purity of their product. In our hands, 

a magnetic moment of 3.02 μB, almost identical to a previously reported literature value, was obtained.277 

Bis-Schiff base complexes were used in the catalysis shown in Reaction C (Scheme 5.1) and in 

particular, we investigated the reproducibility of the synthesis and use of the cobalt and iron complexes 

112 and 113. As reported by Bhat and co-workers,262 a purple solid was obtained following the synthesis 

of iron complex 112, with our spectroscopic data (IR and UV-vis) mostly in agreement with theirs. 

However, nanospray-MS of the product we obtained failed to show the mass peak corresponding to the 

structure of 112. Instead, as well as numerous others, we saw peaks at m/z = 506.5, 1012.0, and 1518.15, 

with isotope patterns suggesting a monomeric, dimeric and trimeric iron species, or possibly 

fragmentation of a trimeric species (see Section 7.4). This led us to examine the mass spectrum presented 

by Bhat, in which a peak corresponding to the [MH]+ of structure 112 was displayed (Figure 5.4). 

However, the lack of isotope distribution patterns, which should be prominent for chlorine- and iron-
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containing molecules was concerning. Furthermore, the [MH]+ peak appeared to be in the incorrect place 

on the x-axis (m/z ~ 584) in Bhat’s report, despite the peak being labelled as having m/z = 568.10. 

Charitably, it can be concluded that Bhat’s data are not consistent with the formulation of 112, more 

critically this might be construed as evidence of data fabrication. In addition, the magnetic moment 

reported by Bhat (1.8 μB) does not correspond with a high-spin structure, which is both typical of 

analogous iron complexes and calculated by DFT to be the lowest energy spin-state of the ground-state 

structure of 112 (see Chapter 7 for computational details).278 Lastly, whilst the microanalysis data for 

112 provided by Bhat fits their calculated value well (found: C, 59.92; H, 4.35; N, 4.45% calculated: C, 

59.83; H, 4.33; N, 4.63%), incorrect calculated values are given (correct calculated values for 112: C, 

63.46; H, 4.26; N, 4.93%). 

 

Figure 5.4. A copy of the mass-spectrum provided by Bhat for complex 112 (black)262 with the calculated spectrum at 

low-resolution superimposed (red). From this, it is evident that both the peak shown in Bhat’s spectrum is in the incorrect 

place and is lacking isotope peaks. 

Collectively, due to similarities in appearance, UV-vis and IR spectroscopic data, it seems convincing 

that the mixture of products we obtained is the same that Bhat and co-workers produced, however, due 

to inconsistencies in the mass spectrum, magnetic moment and microanalysis, the structure of the major 

product cannot be assigned as 112. Indeed, analogous bis-schiff base Fe(III) chloride complexes are 

rare, and dry conditions are required in their synthesis despite Bhat’s method employing water as a co-

solvent.279, 280 The similar bis-Schiff base Fe(III) chloride complex 123 was prepared following a 

previously reported literature procedure,280 and by employing an analogous synthetic method, we 

synthesised a genuine sample of 112 (Scheme 5.3).  
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Scheme 5.3. Synthesis of iron complexes 123 and 112 using the procedure reported by Shaver and co-workers.280 

The bis-Schiff base cobalt complex 113 was readily prepared using Bhat’s procedure.262 However, in a 

separate report, Bhat demonstrated the formation of mono-Schiff base cobalt complex 116 when one 

equivalent of ligand 124 was used.2 Instead, we found that the same product formed when either one or 

two equivalents of ligand were employed, with spectroscopic data (UV-vis and IR spectroscopy) in 

agreement with that shown by Bhat and co-workers. This suggests that the bis-Schiff base complex is 

produced even when one equivalent of ligand is used (Scheme 5.4). Confirmation of this was given by 

high resolution ESI-MS, as well as the mono-Schiff base complex 116 appearing highly strained due to 

coordination of the methoxy group. Indeed, DFT calculations of the both the distorted tetrahedral and 

square planar geometries (arising from high- and low-spin ground-state structures) show the tridentate 

chelation of the Schiff base ligand to be impossible (Figure 5.5). The high-spin ground-state 

configuration of 116 was calculated to be lower in energy than the low-spin analogue by 12.2 kcal/mol, 

yet Bhat reported a magnetic moment measurement in accordance with a low-spin state, therefore, again 

indicating that it is unlikely that 116 was synthesised. Moreover, mono-Schiff base cobalt complexes 

are rare in comparison to bis-Schiff base complexes.281, 282 Taken together, our characterisation of the 

product suggests that the use of Bhat’s protocol for the synthesis of 116 instead produces the bis-Schiff 

base complex 125. Aside from this, concerns were raised regarding the validity of Bhat’s microanalysis 

data for 116 due to having incorrect calculated elemental percentages. 
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Scheme 5.4. a) Lack of formation of 116 using Bhat’s procedure.2 b) Synthesis of 125 following the same synthetic 

procedure, employing either 1 or 2 equivalents of ligand 124. 

 

 

 

Figure 5.5. High-spin (left) and low-spin (right) ground-state structures for complex 116, calculated by DFT (B3LYP-

D3BJ / cc-pVDZ), which show that at room temperature, the high-spin structure is preferred by ~ 12.2 kcal/mol (see 

Chapter 7 for computational details). DFT calculations were conducted by Prof. Robin Bedford. 
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5.3 Catalytic Activity in Suzuki Biaryl Cross-Coupling  

5.3.1 Coupling of Aryl Bromide and Phenylboronic Acid 

Having isolated or attempted to synthesise a representative range of the pre-catalysts used in Bhat’s 

reported Suzuki biaryl cross-coupling reactions (Scheme 5.1),1, 2, 262-264 or in the case where we believe 

the pre-catalyst cannot be prepared, analogous complexes bearing the same class of ligand, the 

reproducibility of the catalytic reactions were investigated (Table 5.1). The catalytic procedure identical 

to that stated in the reports were used. Efforts were made to employ Bhat’s optimised conditions for 

each particular reaction, as displayed in Scheme 5.1 for Reactions A-E, despite catalytic activity being 

observed by Bhat in essentially all of the reaction conditions that they screened.  

Table 5.1. Reproducibility of Suzuki biaryl cross-coupling reported by Bhat and the use of analogous pre-catalysts. 

 

 

Entry Pre-catalyst (mol %) Base (eq.) Conditions % Yield 

1 109* (0.5) Cs2CO3 (2) A 0 

2 44 (0.5) Cs2CO3 (2) A 0 

3 Co(OAc)2 + PNP 48 (0.5) Cs2CO3 (2) A 0 

4 FeSO4·7H2O + PNP 48 (0.4) Cs2CO3 (2) B 0 

5 120 (0.4) Cs2CO3 (2) B 0 

6 120 + Na2SO4 (0.4) Cs2CO3 (2) B 0 
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7 111* (0.6) Cs2CO3 (2) B 0 

8 122 (0.6) Cs2CO3 (2) B 0 

9 Cu(OAc)2·H2O + ligand 48  (0.6) Cs2CO3 (2) B 0 

10 112* (2) NEt3 (3) C 0 

11 112 (2) NEt3 (3) C 0 

12 123 (2) NEt3 (3) C 0 

13 113 (2) NEt3 (3) C 0 

14 125 (10) K2CO3 (2) D 0 

15 CoCl2·6H2O + ligand 124 (10) K2CO3 (2) D 0 

16 118 (2) K2CO3 (2) E 0 

17 119 (2) K2CO3 (2) E 0 

Reaction Conditions A and B: 4-bromobenzonitrile (1.0 mmol), PhB(OH)2 (1.3 eq.), MeCN (5 mL), 16 h, 80 °C. 

C: 4-bromobenzonitrile (1.0 mmol), PhB(OH)2 (1.5 eq.), MeCN (3 mL), 16 h, 80 °C. D: 4-bromobenzonitrile (1.0 

mmol), PhB(OH)2 (1.5 eq.), toluene (2 mL), 8 h, 110 °C. E: 4-bromobenzonitrile (1.0 mmol), PhB(OH)2 (1.5 eq.), 

1,4-dioxane (2 mL), 8 h, 110 °C. Formation of 4-phenylbenzonitrile 73 determined by GCMS analysis and 1H NMR 

spectroscopy. * The species obtained following the procedure for the synthesis of 109, 111 or 112 according to Bhat 

was used. 

Although we were uncertain of the structure and formulation of the products, the species obtained from 

the synthesis of complexes 109, 111 and 112 by following the method reported by Bhat, denoted as 

109*, 111* and 112*, were used as pre-catalysts (Table 5.1, entries 1, 7 and 10). In order to reproduce 

the catalytic reactions as accurately as possible, we assumed the molecular weight of 109, 111 and 112 

when calculating the amount of pre-catalyst to use. A genuine sample of 112, prepared using an 

alternative protocol, was also trialled as a pre-catalyst, however no catalysis was observed (Table 5.1, 

entry 11). Likewise, in cases where we synthesised the pre-catalysts that were used by Bhat (113, 118 

and 119), no formation of 4-phenylbenzonitrile occurred (Table 5.1, entries 13, 16 and 17). 

Bhat reported the catalysis to be fairly insensitive to the type of pre-catalyst used, i.e, similar catalytic 

activity was observed for a selection of pre-catalysts when the same base, solvent and reaction 

temperature were employed in the Suzuki cross-coupling reaction of 4-bromobenzonitrile and 

phenylboronic acid – as displayed in Figure 5.6a. Indeed, on changing the aryl halide, the activity across 

many of the catalysts Bhat reported showed remarkably little variation (Figure 5.6b). Therefore, it 

seemed reasonable to test the catalytic activity of complexes that have a similar structure to those used 

by Bhat, such as 44, 120, 122, 123 and 125, however cross-coupling was not observed (Table 5.1, entries 

2, 5, 8, 12 and 14). We considered that the lack of catalysis seen when iron complex 120 was employed 

may have been due to the absence of the sulphate counterion. Accordingly, the attempted catalysis was 

repeated with addition of Na2SO4, yet, the same result was achieved (Table 5.1, entry 6).  



Chapter 5 – Investigation into Previously Reported Earth-Abundant Metal Catalysed Suzuki Biaryl 

Cross-Coupling Reactions 

143 

 

 

Figure 5.5. Replotting of the yield of cross-coupling product reported by Bhat using a variety of metal pre-catalysts in 

the Suzuki reaction between a) 4-bromoacetonitrile and phenylboronic acid, (conditions: K2CO3, MeCN, 80 °C) and b) 

different aryl halides and phenylboronic acid (conditions shown in Scheme 5.1).1, 2, 262-264  

Lastly, we addressed the possibility that although in our hands we were not able to synthesise several of 

the pre-catalysts in high purity, Bhat and co-workers did. In an attempt to account for this, the metal salt 

and free ligand were first stirred together under the reaction conditions, with potential for the pre-catalyst 

to form in-situ, before then adding the coupling partners and base (Table 5.1, entries 3, 4, 9 and 15). 

For all reactions, we did not observe any cross-coupling product 73 by both GCMS and 1H NMR, and 

the starting materials 4-bromobenzonitrile and phenylboronic acid were seen along with 

triphenylboroxine – readily formed upon dehydration of phenylboronic acid.  

5.3.2 Cobalt-Catalysed Cross-Coupling Using nBuLi-Activated Phenylboronic Ester 

Despite the lack of cross-coupling of phenylboronic acid with aryl bromide, the appeal of using simple 

Schiff base, salen and PNP complexes as catalysts is evident due to their bench stability, ease in 

preparation and in some cases, commercial availability and inexpensiveness. Therefore, it was of interest 
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to see whether these classes of ligands could be adopted in the cobalt-catalysed coupling of nBuLi-

activated boronic ester with aryl halides. Previous work in the Bedford group that utilises an activated 

borate species requires the NHC precursor, SIPr·HCl,198 and therefore attempts to  diversify the ligand 

choice to simpler alternatives would be attractive. The cyano functional group is not tolerated in this 

reaction, so instead, 4-methoxybromide was employed as the electrophilic coupling partner. Using the 

conditions that we previously reported,198 several pre-catalysts and ligands were screened (Table 5.2). 

Table 5.2. Screening of pre-catalysts in the Suzuki cross-coupling of nBuLi-activated phenylboronic acid pinacol ester 

20 and 4-bromoanisole. 

 

 

Entry Pre-Catalyst  % Yield 

1 44 17 

2 118 4 

3 125 49 

4 113 3 

5 126 0 

6 127 0 

7 128 0 

8 129 4 

9 130 0 

10 131 0 

11 132 0 

12 133 10 

13 134 4 

Conditions: Pre-catalyst (0.025 mmol), 4-bromoanisole (0.25 mmol), boronate 20 (0.75 mmol), THF (3 mL), 60 °C, 

48 h. Yield determined by GC using dodecane as an internal standard. Screening of pre-catalysts conducted by 

Georgina Rai. 

One of each class of cobalt complex that was used in the investigation of the reproducibility of 

phenylboronic acid and aryl bromide coupling were screened as pre-catalysts (44, 118 and 125), with 
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some activity seen in all cases (Table 5.2, entries 1-3). The bis-schiff base complex 125 performed the 

best and accordingly, we set out to alter the stereoelectronic properties of the Schiff base ligand in hope 

to observe increased catalytic activity.  

Firstly, the effects of having no methoxy group (R’ = H) on the Schiff base ligand were studied and 

found to greatly reduce the yield (Table 5.2, entry 4). However, replacement of acetyl with a methyl 

group gave no cross-coupling both with and without the ortho-methoxy substituent (Table 5.2, entries 5 

and 6). It is possible that the methoxy group aids the coordination of the coupling partners with the 

cobalt centre or perhaps is required for its ability to increase the electron density of the ligand. Therefore, 

in further screening, we used pre-catalysts with R’ = OMe.  

Employing the mildly electron-withdrawing Cl substituent resulted in no cross-coupling (Table 5.2, 

entry 7). The addition of steric bulk around the cobalt centre, by the use of mesityl, xylyl and tert-butyl 

moieties, also proved to be detrimental to catalysis (Table 5.2, entries 9-11). Lastly, slight modifications 

to the salen complex 119 to incorporate the ortho-methoxy group, as well as an alkyl backbone were 

made. However, this only offered a small improvement in yield for the case of pre-catalyst 133 (Table 

5.2, entries 12 and 13). 

Although at best only moderate yield was achieved, optimisation of reaction conditions using pre-

catalyst 125 has the potential to provide a useful methodology for cobalt-catalysed Suzuki coupling with 

the use of a bench stable pre-catalyst. The synthetic ease of utilising CoCl2 with free ligand, in order to 

form the pre-catalyst complex in-situ was not achieved – instead, the complex had to first be isolated 

(Scheme 5.5a). We also explored the ability to form the cobalt complexes from CoCl2 and the 

appropriate aldehyde and amine, rather than from the Schiff base ligand and CoCl2 (Scheme 5.5b). 

Gratifyingly, in all cases apart from 113 and 129 (possibly due to the requirement of the methoxy group 

on the aldehyde starting material to aid complex formation), the Schiff base cobalt complex was 

synthesised in good purity and found to be catalytically competent. An advantage of this is that it allows 

for easy tuning of the ligand, by varying the aldehyde and amine, which are both generally inexpensive 

and widely commercially available.  
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Scheme 5.5. a) Inability to use free Schiff base ligand with CoCl2 in the Suzuki cross-coupling of 4-bromoanisole and 

boronate 20. b) Formation and activity in Suzuki coupling of cobalt pre-catalyst prepared from CoCl2·6H2O, amine and 

aldehyde.  

In conclusion, whilst there is potential to achieve synthetically useful yields by further optimisation, 

several disadvantages of this protocol are apparent, such as the need to use an isolated cobalt Schiff base 

complex instead of complexes formed in-situ from the free ligand, and the requirement of nBuLi to 

activate the boronic ester. 
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5.4 Conclusions and Future Work 

In agreement with Bhat’s synthetic method, the preparation of several of the complexes were achieved, 

including the salen complexes 118 and 119. However, synthesis of the majority of the complexes could 

not be reproduced – either starting materials or products bearing different formulations and structures 

to those claimed by Bhat were observed instead. Importantly, examination of Bhat’s reported data 

revealed significant concerns regarding its validity, in particular the mass spectrum and elemental 

analysis provided for complexes 112 and 116. Efforts were made to determine the structure of the 

products formed following Bhat’s synthetic procedure and in the case of the iron complex 112, we were 

able to isolate the genuine product through an alternative method.  

Although only a representative selection of catalytic reactions from the numerous reports were re-

examined, our findings were conclusive: a lack of catalytic activity was seen in each of the cross-

coupling reactions between phenylboronic acid and 4-bromobenzonitrile that we attempted to 

reproduce.  Additionally, well-defined complexes, analogous to those Bhat claimed to have synthesised, 

were prepared (120, 44, 122, 123 and 125) and these too were not competent pre-catalysts under Bhat’s 

reaction conditions. Subsequently, several of the publications have now been retracted by journal 

editors,1-3 with the remaining reports currently undergoing editorial investigations. This includes an 

additional report in which Bhat claimed that immobilisation of complex 110 on a graphene oxide support 

is an effective catalyst.3 Instead, we found that material stated as the catalyst is likely to predominantly 

a mixture of graphite and rozenite.283  

Taken together, the importance of investigating the reproducibility of Bhat’s reported syntheses and 

catalysis is evident and has revealed that Suzuki biaryl cross-coupling with phenylboronic acid still 

remains a challenge in the field of cobalt catalysis. This highlights the current limitations of cobalt-

catalysed Suzuki cross-coupling and sets goals for what may be achievable through further reaction 

development and optimisation. 

Interestingly, this led to the finding of Schiff base cobalt complexes as viable pre-catalysts in the cross-

coupling of the activated phenyl boronate 20 and 4-bromoanisole – with a moderate yield (49%) of 

cross-coupling product being achieve with the use of pre-catalyst 125. The ability to employ cobalt 

complexes of this class expands the versatility of the conditions for the coupling using aryl boronates, 

by allowing bench-stable pre-catalysts to be used. There is also the potential to uncover new reactivity 

(e.g. tolerance of different functionalities) or offer improved catalytic activity. Therefore, further 

exploration of this protocol could be of synthetic interest.  

Future work should focus on optimisation studies of the Co-Schiff base catalysed reaction. First, it would 

be useful to explore the activity of Schiff-base ligands that have a methoxy group in alternative ring 

positions, as well different R’ substituents, such as OH, OEt and NMe2 (Figure 5.7). Due to the ability 
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to prepare the pre-catalyst in one-pot, the ligand can easily be tuned, which allows for the possibility of 

developing different optimised conditions depending on the type of coupling partners used (eg. a certain 

ligand set could be preferred for deactivated aryl halides and another for activated aryl halides). 

Alongside optimisation of the ligand, the boronic ester, base, catalyst loading, and reaction conditions 

should also be considered. It would also be useful to screen aryl chlorides, iodides and pseudohalides 

such as triflates in order to determine the most suitable coupling partner. Lastly, the scope of the reaction 

should be assessed, and ideally, a robustness screening, described by Glorius and discussed in Chapter 

4,237 could be carried out in order to examine the tolerance and stability of functional groups under the 

reaction conditions. 

 

Figure 5.7. Types of Co-Schiff base complexes that should be screened as pre-catalysts in future work. 
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The cobalt-catalysed Suzuki-Miyaura cross-coupling reaction has significantly evolved in the last 

several years through the research presented in this thesis (Figure 6.1). The purpose of this short chapter 

is to summarise the advancements that have been made, discuss the challenges that we are yet to address 

and highlight areas for future work in the field. 

The Suzuki-Miyaura cross-coupling reaction has been well-studied using palladium catalysts, however, 

the use of more Earth abundant metal catalysts such as iron, manganese, and cobalt is rare and 

challenging. Therefore, early developments in the field using these more desirable metals are significant. 

Prior to the work conducted in this thesis, the main limitation of the only two examples of cobalt-

catalysed Suzuki-Miyaura cross-coupling in the literature was the requirement of certain classes of aryl 

substrates – only those with heteroatoms proved to be effective, and this is partly due to the lone pair of 

electrons aiding coordination to the cobalt catalyst.190, 196 

 

Figure 6.1. A summary of the development of the cobalt-catalysed Suzuki-Miyaura cross-coupling reaction and 

important aims for future work. 
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Previous research conducted in the Bedford group was the first to show that a wide range of 

functionalised biaryls can be formed via a cobalt-catalysed Suzuki cross-coupling reaction (Chapter 

2).198 This reaction utilises a lithium arylboronate species, which provides a more nucleophilic source 

of the aryl moiety compared to arylboronic esters. Not only are NHC ligands effective, but promising 

preliminary work indicates that bench-stable and easily modified Schiff base ligands are also suitable 

(Chapter 5).  

While improvements in the substrate scope are evident, the use of an organolithium reagent to activate 

the boronic ester is undesirable. Successful efforts to replace this with a milder base have been described 

in Chapter 3 and 4. The key finding of our work is that a broad substrate scope can be achieved by using 

a more suitable alternative to organolithium reagents: the alkoxide KOtBu is a competent base for this 

cobalt-catalysed transformation. Furthermore, the reaction does not require pre-forming a boronate 

species, which means that reaction set-up is simpler, and the catalyst loading can be reduced from  

10 mol % to 5 mol %.  

Despite these advantages, the reaction is restricted to only certain conditions – slight changes in the 

alkoxide base and the structure of the boronic ester greatly affect catalyst activity. The balance between 

the potassium counterion aiding coordination of the arylboronate to the cobalt catalyst and being 

displaced prior to transmetalation seems problematic. In addition to this, the propensity of -OtBu to add 

to the pre-catalyst and its ability to displace the NHC ligand adds complexity to the reaction system. 

Future investigations should prioritise addressing these limitations. One possible way in which this 

could be achieved is by designing ligands that are less labile, for example by utilising NHC ligands that 

have the potential to chelate through an alkoxide chain (Figure 6.2). Further optimisation of the solvent 

with the solvation of K+ in mind should also be a focus for future work, as discussed in Section 4.7.  

 

Figure 6.2. Examples of ligands that should be screened in future work. 

As highlighted in the previous chapters, first-row transition metal catalysis has the benefit of displaying 

additional reactivity compared to that of platinum-group metal catalysis, due to differences in 

mechanisms (relating to radical pathways, spin-state changes, accessible oxidation states etc.). As well 

as this, another appealing aspect of using first-row transition metals as catalysts is their relative 

abundance and inexpensiveness when compared to precious metal catalysts. However, in this cobalt-

catalysed reaction, this benefit is outweighed by the cost of the ligand along with the requirement for 

high catalyst loadings. Therefore, whilst better ligand design to is important to prevent Co-OtBu species 
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forming, the cost and ease of synthesis of the ligand should be considered. Achieving greater catalyst 

activity (catalyst turnover) requires further reaction understanding, especially of the specific 

mechanisms that give rise to the undesirable nucleophilic homocoupling side product.  

Moving further ahead, it is wise to consider the general pitfalls of Suzuki cross-coupling, which include 

the requirement of a base and the undesirable protodeboronation side reaction. Additionally, the use of 

aryl halide and aryl boron reagents result in low atom economy and therefore, C-H arylation is a more 

appealing reaction. Research in this area is at the early stages, with findings by Ackermann,284, 285 

amongst others,286-289 showing the potential for cobalt-catalysed C-H arylation to become a viable 

method in forming biaryl motifs. However, the reaction typically utilises a base (Grignard reagents are 

required in some cases) and an external oxidant. Aims for future investigations are to address these 

limitations, expand the type of directing groups that can be used and achieve higher regioselectivity.  
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7.1 General Considerations and Instrumentation 

All reactions were carried out in an inert atmosphere using standard Schlenk-line techniques or in an 

argon-filled glovebox, unless otherwise stated. Solvents were dried over 3 Å or 4 Å molecular sieves or 

in the case of THF, DCM, hexane, toluene and Et2O, obtained from an Anhydrous Engineering double 

alumina column drying system and degassed prior to use. Commercial grade solvents were used for 

chromatography and work-up procedures. Reagents purchased from commercial suppliers were used 

without further purification unless specifically stated. Column chromatography was conducted using 

technical grade silica gel (pore size 60 Å, 230-400 mesh particle size), or where stated, alumina (~ 150 

mesh particle size).  

NMR spectra were recorded on Varian 400-MR, Bruker Nano400, Varian 500a, Bruker Advance III HD 

500 cryo, Jeol ECZ400 or Jeol ECS400 spectrometers. Chemical shifts () are reported in parts per 

million (ppm) and are referenced to the residual solvent peak. Multiplicities are abbreviated as, or 

combinations of, singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m) and broad (br).  

Infrared (IR) spectra were recorded with a Perkin Elmer Spectrum Two FT-IR spectrometer. UV-Vis 

absorption spectra were recorded with an Oceon Optics USB4000 or USB2000+UV-VIS spectrometer. 

Mass spectrometry was performed by the University of Bristol mass spectrometry service by 

electrospray ionisation (ESI+) using either a Bruker Daltonics MicroTOF II or Thermo Scientific 

Orbitrap Elite instrument, electron ionisation (EI+) using a Thermo Scientific QExactive instrument, or 

nanospray ionisation using a Waters Synapt GS2 instrument. GC-FID/MS analysis was conducted using 

an Agilent Technologies 7820A GC system and 5977B MSD instrument and GC analysis using an 

Agilent Technologies 7820A instrument, with quantification determined by calibration obtained from a 

minimum of five standard solutions, using dodecane as the internal standard. Magnetic moments were 

either recorded using a Sherwood Scientific MK I magnetic susceptibility balance or determined by the 

method originally described by Evans.290 Melting points were obtained using a Stuart Scientific Melting 

Point Apparatus SMP3. Powder and single crystal X-ray diffraction details are provided in Sections 

7.3.6, 7.4.3 and 7.5. TEM analysis was performed by Dr Sean Davis, and experimental details are 

provided in Section 7.3.7. 
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7.2 Experimental Details for Chapter 2 

7.2.1 Syntheses of Co(0) Complexes 

 [Co(SIPr)(dvtms)], 22. 

Using KC8 as the reducing agent: 

 

Synthesised according to a variation of a literature method.199 CoCl2 (0.065 g, 0.50 mmol) and SIPr 

(0.195 g, 0.50 mmol) were stirred together in THF (4 mL) for 1 h at room temperature. To this blue 

solution was added dvtms (0.115 ml, 0.50 mmol) and the solution was stirred for 5 minutes. A slurry of 

KC8 (0.148 g, 1.10 mmol) in THF (2 ml) was transferred via cannula to the blue reaction solution, upon 

which an immediate colour change to dark green was observed. After allowing to stir at room 

temperature for 20 h, the reaction mixture was filtered through Celite to afford a green solution, which 

was concentrated under vacuum, washed with hexane (1 mL) and dried under vacuum to afford 22 as a 

green powder (0.232 g, 66 %). Single crystals of 22 suitable for X-ray crystallography were obtained by 

slow evaporation of a Et2O solution at room temperature (see Section 7.5). m.p. = 166-168 C. Magnetic 

susceptibility (Evans’ method, C6D6, 298 K): μeff = 2.9(6) μB. UV-Vis absorption spectrum (THF): λmax, 

nm (ε, M-1 cm-1) = 248 (19900), 320 (5590), 383 (2854), 660 (83), 768 (66). Selected 1H NMR (400 

MHz, C6D3) δ 93.25 (br, s), 62.64 (br, s), 15.18 (br, s), 8.82 (br, s), 4.02 (br, s), 2.81-0.19 (br, m), -1.58 

(s), -2.78 (s), -3.54 (s), -3.92 (s),  -4.85 (br, s), -6.80 (br, s), -15.37 (br, s). 1H NMR spectrum is displayed 

in Figure 2.2. 

Using phenylboronate 20 as the reducing agent: 

 

A mixture of CoCl2 (0.013 g, 0.1 mmol) and SIPr (0.039 g, 0.1 mmol) were stirred in THF (1 mL) for 1 

h. To the resulting blue solution, dvtms (0.023 mL, 0.1 mmol) was added. A THF solution of freshly 

prepared 20 (0.75 mmol), was transferred to the reaction mixture (preparation of 20 given below). The 

reaction was stirred at 60 °C for 20 h and a green solution formed. The solvent was removed under 

reduced pressure and a sample of the crude product was analysed by 1H NMR spectroscopy, displayed 

in Figure 2.2.  
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[PhB(nBu)pin]Li, 20 

 

Phenylboronic acid pinacol ester (0.204 g, 1.00 mmol) was dissolved in THF (2 mL) and cooled to  

-40 °C. A hexane solution of nBuLi (0.30 mL, 0.75 mmol, 2.5 M) was added and the mixture stirred at 

-40 °C for 30 minutes. It was then stirred at 0 °C for 30 minutes before being allowed to cool to room 

temperature. The colourless solution was used immediately. 

[Co(SIPr)(nbe)2], 25. 

 

CoCl2 (0.083 g, 0.64 mmol) and SIPr (0.250 g, 0.64 mmol) were stirred in THF (4 mL) for 1 h at room 

temperature to form a blue solution. Norbornene (0.121 g, 1.28 mmol) was added and the solution was 

stirred for a further 5 minutes, after which, a slurry of KC8 (0.174 g, 1.30 mmol) in THF (2 mL) was 

transferred to via cannula. A green mixture was observed and the reaction was stirred at room 

temperature for 20 h. The reaction mixture was then filtered through Celite, concentrated under vacuum 

to give a yellow-green solid that was washed with hexane (1 mL) and dried under vacuum to afford 25 

as a yellow-green powder (0.309 g, 76 %). Slow evaporation of a Et2O solution of 25 at room 

temperature yielded single crystals suitable for X-ray crystallography (see Section 7.5). m.p. = 125-126 

C (decomp.). Magnetic susceptibility (Evans’ method, C6D6, 298 K): μeff = 2.6(5) μB. UV-Vis 

absorption spectrum (THF): λmax, nm (ε, M-1 cm-1) = 255 (10700), 285 (5600), 379 (2240), 620 (82). 1H 

NMR (400 MHz, C6D6,): δ 94.47 (br, s), 34.01 (br, s), 17.97 (br, s), 9.64 (br, s), 4.14-1.21 (br, m), -4.36 

(br, s), -8.57 (br, s), -15.00 (br, s), -30.56 (br, s).  

Attempted synthesis of [Co(SIPr)(COD)], 23 

 

The procedure described for the synthesis of 22 using KC8 as a reducing agent was followed, using 1,5-

cyclooctediene (0.0613 mL, 0.5 mmol) instead of dvtms. The product obtained was a green/brown oily 

solid that could not be structurally characterised. 1H NMR (400 MHz, C6D6,): δ 97.71 (br, s), 28.07 (br, 

s), 25.27 (br, s), 3.56-0.03 (br, m), -15.54 (br, s), -22.07 (br, s), -64.81 (br, s).  
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Attempted synthesis of [Co(SIPr)(cyclooctene)2], 24 

 

The procedure described for the synthesis of 22 using KC8 as a reducing agent was followed, using cis-

cyclooctene (0.1302 mL, 1 mmol) instead of dvtms. The product obtained was a green oily solid that 

could not be structurally characterised. 1H NMR (400 MHz, C6D6,): δ 50.38 (br, s), 36.91 (br, s), 33.89 

(br, s), 27.63 (br, s), 23.71 (br, s), 16.81 (br, s), 13.63 (br, s), 11.78 (br, s), 10.41 (br, s), 3.52-1.14 (br, 

m), -2.01 (br, s), -4.40 (br, s), -20.57 (br, s) 28.33 (br, s), 

7.2.2 Catalysis 

General procedure for catalytic reactions, GP1: 

 

Pre-catalyst (and ligand) (0.025 mmol) were stirred in THF (1 mL) at room temperature for 15 minutes. 

4-chlorotoluene (29.6 μL, 0.25 mmol), (additive), and freshly prepared boronate 20 (0.75 mmol in THF 

2 mL) were added. The mixture was stirred at 60 °C for 20 h and then cooled to room temperature. The 

reaction mixture was quenched with HCl(aq) (1 M, 2 mL) and the organics were extracted using DCM (3 

x 10 ml) and dried over anhydrous Na2SO4. The organic extracts were filtered, and the solvent removed 

under reduced pressure to afford the crude product. Yield was determined by 1H NMR using 1,3,5-

trimethoxybenzene as an internal standard. 

Using pre-catalyst 22: 

The reaction was carried out following GP1, using [Co(SIPr)(dvtms)] 22 (0.0159 g, 0.025 mmol) as the 

pre-catalyst. No cross-coupling product 27 was observed. 

Using dvtms as an additive: 

The reaction was carried out following GP1, using CoCl2 (3.3 mg, 0.025 mmol) and SIPr·HCl (10.6 mg, 

0.025 mmol) as the pre-catalyst and ligand, and dvtms (11.6 μL, 0.05 mmol) as the additive. No cross-

coupling product 27 was observed. 
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Using pre-catalyst 25: 

The reaction was carried out following GP1, using [Co(SIPr)(norbornene)2] 25 (0.0159 g, 0.025 mmol) 

as the pre-catalyst to afford cross-coupling product 27 in 60 % spectroscopic yield. 

Using norbornene as an additive: 

The reaction was carried out following GP1, using CoCl2 (3.3 mg, 0.025 mmol) and SIPr·HCl (10.6 mg, 

0.025 mmol) as the pre-catalyst and ligand, and norbornene (0.024 g, 0.25 mmol) as the additive, to 

afford cross-coupling product 27 in 91% spectroscopic yield. 

7.2.3 Attempted Oxidative Addition 

Attempted oxidative addition of 4-chlorotoluene to complex 25 

 

Complex 25 (0.050 g, 0.0784 mmol) was dissolved in the appropriate solvent (2 mL) and 4-

chlorotoluene (9.3 μL, 0.0784 mmol) was added. The reaction was carried out under four sets of 

conditions (solvent, reaction temperature, reaction time): THF, 60 °C, 1 h; C6D6, 60 °C, 1 h; THF, room 

temperature, 1 h; THF, 0 °C for 30 minutes and then allowed to warm to room temperature over 2 h. 

The reaction was repeated in an NMR tube fitted with a J Young’s valve, using complex 25 (0.025 g, 

0.0392 mmol) and 4-chlorotoluene (4.7 μL, 0.0392 mmol) in C6D6 (0.8 mL). The reaction was heated 

to 40 °C until a colour change of the reaction mixture from green to red was observed (~ 15 minutes) 

and then cooled to 0 °C in order to freeze the solution. Upon warming to room temperature, 1H NMR 

was recorded immediately whilst the reaction mixture still appeared red (Figure 7.1).   
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Figure 7.1. 1H NMR spectra of the reaction of complex 25 and 4-chlorotoluene (red) and starting material complex 25 

(green), recorded in C6D6. 

Attempted oxidative addition of chlorobenzene-d5 to complex 25 

 

In an NMR tube fitted with a J Young’s valve, 25 (0.01 g, 0.0157 mmol) was dissolved in THF (1 mL) 

and chlorobenzene-d5 (1.6 μL, 0.0157 mL) was added. The reaction was stirred at 60 °C for 1 h. 2H 

NMR recorded showed only chlorobenzene-d5.  

The reaction was repeated with the addition of LiBr (0.0136 g, 0.157 mmol). 2H NMR recorded showed 

only chlorobenzene-d5. 
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7.3 Experimental Details for Chapters 3 and 4 

7.3.1 Preparation of Reagents  

The following were prepared according to literature procedures: IPr·HCl,291 PNP-triazine 49,227 PNP-

Ph 48,269 6Mes·HBr,292 6Pr·HBr,292 salophen 52,293 diimine 50,294 [CoCl(PPh3)3] 43,295 [(Co(OtBu)3)K]2 

91,239 [CoCl2(IPr)]2 42,165 [Co(N(SiMe3)2)2]2 104,296 [Co(IPr)(N(SiMe3)2)2] 103,297 potassium 

phenylcyclic-triolborate 35.207 Potassium tert-butoxide was purchased as the sublimed grade (99.9% 

purity) and dried by toluene azeotrope before being used. Potassium trimethylsilanolate was purchased 

as a 2 M solution in THF, to which the solvent was removed and the solid dried by toluene azeotrope 

before being used. All aryl chlorides were dried over either 3Å or 4Å molecular sieves before being 

used in catalysis.  

2-(2-Chlorophenoxy)tetrahydro-2H-pyran 

 

Prepared according to a reported procedure with minor changes.231 2-chlorophenol (0.786 mL, 7.7 

mmol) and pyrdium p-toluenesulfonate (0.193 g, 0.77 mmol) were strirred in DCM (15 mL). 3,4-

dihydro-2H-pyran (1.06 mL, 11.6 mmol) was added and the reaction was stirred overnight at rt. The 

reaction mixture was diluted with DCM (15 mL) and washed with saturated aqueous NaHCO3 (30 mL). 

The aqueous phase was extracted with DCM (2 x 15 mL) and the combined organics were washed with 

brine (15 mL), dried with Mg2SO4 and concentrated in vacuo to give the crude product. Purification by 

flash column chromatography (5% EtOAc in hexanes) afforded a colourless oil (1.310 g, 80%). 1H NMR 

(400 MHz, CDCl3): δ 7.37 (app. dt, J = 7.9 Hz, 0.9 Hz,  1H) 7.21-7.17 (m, 2H), 6.93 (app. dt, J = 7.9 

Hz, 4.5 Hz, 1H), 5.50 (t, J = 3.0 Hz, 1H), 3.94 (td, J = 10.8 Hz, 3.0 Hz, 1H), 3.62 (dtd, J = 11.1 Hz, 3.9 

Hz, 1.5 Hz, 1H), 2.17-2.04 (m, 1H), 2.03-1.94 (m, 1H), 1.94-1.84 (m, 1H), 1.77-1.61 (m, 3H) . 13C NMR 

(101 MHz. CDCl3): δ 152.64, 130.24, 127.65, 123.90, 122.38, 117.02, 96.87, 61.88, 30.26, 25.29, 18.43. 

Spectroscopic data is in agreement with literature.231 

2-(3-Chlorophenoxy)tetrahydro-2H-pyran 

 

Prepared and purified analogously to a, using 3-chlorophenol (0.813 mL, 7.7 mmol), to afford a 

colourless oil (1.408 g, 86%). 1H NMR (400 MHz, CDCl3): δ 7.19 (app. t, J = 8.1 H,  1H) 7.09 (app. t, 

J = 2.2 Hz, 1H), 6.95 (app. tdd, J = 8.2 Hz, 2.1 Hz, 1.0 Hz, 2H), 5.40 (t, J = 3.2 Hz, 1H), 3.88 (ddd, J = 

11.5 Hz, 9.7 Hz, 3.1 Hz, 1H), 3.62 (dtd, J = 11.4 Hz, 4.2 Hz, 1.6 Hz, 1H), 2.05-1.95 (m, 1H), 1.87-1.84 
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(m, 1H), 1.94-1.84 (m, 1H), 1.75-1.56 (m, 3H) . 13C NMR (101 MHz. CDCl3): δ 157.94, 134.78, 130.20, 

121.79, 117.06, 114.89, 96.57, 62.08, 30.33, 25.22, 18.71. HRMS (m/z): (ESI+) calculated for 

C11H13ClNaO2 [M+Na]+: 235.0496. Found: 235.0492. IR (neat) vmax: 1593, 1477, 1202, 1115, 1037, 

1022, 964, 929, 874, 772, 682 cm-1.  

1-(4-Chlorophenyl)-2,2-dimethylpropan-1-one 

 

Prepared according to a reported procedure with minor changes.298 Under a dry and inert atmosphere, 

magnesium turnings (0.301 g, 12.38 mmol), followed by THF (1 mL) and a crystal of iodine were stirred 

in a round-bottomed flask fitted with a condenser and dropping funnel. A solution of 1-bromo-4-

chlorobenzene (1.436 g, 11.25 mmol) in THF (30 mL) was added slowly via the dropping funnel and 

the reaction was heated at reflux temperature and allowed to stir for 1 h. In a separate flask under dry 

and inert conditions, a solution of pivaloyl chloride (2.07 mL, 16.95 mmol) in THF (15 mL) was cooled 

to -30 °C. The freshly prepared Grignard solution was transferred via a cannula filtration and the mixture 

was stirred at -30 °C for 30 min followed by stirring at 0 °C for 4 h. The reaction was quenched with 

NaOH(aq) (1 M, 15 mL). The resulting white precipitate was removed by filtration through celite and the 

filtrate was extracted with Et2O (2 x 15 mL). The combined organics were dried over Mg2SO4 and 

concentrated in vacuo to afford the crude product. Purification by flash column chromatography (10% 

Et2O in hexanes) afforded a colourless oil (1.092 g, 74%). 1H NMR (400 MHz, CDCl3): δ 7.68-7.64 (m, 

1H) 7.39-7.35 (m, 1H), 1.34 (s, 9H) . 13C NMR (101 MHz. CDCl3): δ 207.79, 137.34, 136.70, 129.67, 

128.48, 44.32, 28.12. Spectroscopic data is in agreement with literature.299 

1-Chloro-4-methylbenzene-2,3,5,6-d4 

 

Under dry and inert conditions, 4-chlorotoluene (2.37 mL, 20 mmol) was stirred in C6D6 (20 mL) and 

AlCl3 (2.667 g, 20 mmol) was added. The reaction was left to stir at room temperature. After 8 h, a small 

aliquot was quenched with D2O, extracted with DCM and analysed by 1H NMR. The disappearance of 

the aromatic peaks in the 1H NMR spectrum indicated completion of the reaction, and after 9 h the 

reaction was quenched slowly with D2O (10 mL). The organics were extracted with DCM (3 x 10 mL), 

dried with Mg2SO4 and concentrated in vacuo to give the crude product as a pale-yellow oil. Purification 

by distillation under reduced pressure afforded a colourless oil which was determined to be 95% 4-



Chapter 7 – Experimental  

162 

 

chlorotoluene-d4 by 1H NMR spectroscopy (2.168 g, 83%). 1H NMR (400 MHz, CDCl3): δ 2.32 (s, 3H). 

13C NMR (101 MHz. CDCl3): δ 20.87. LR-MS (EI) m/z (%): 130.0 (45) (M)+.  

General procedure for the synthesis of aryl boronic esters, GP2: 

 

To a round-bottom flask were added (hetero)aryl boronic acid (10 mmol), Et2O (40 mL) and neopentyl 

glycol (10 mmol). The mixture was stirred briefly (< 1 minute) until a solution formed. In cases where 

a solution did not form, additional Et2O (10 mL) was added. A large spatula (approx. 0.5 g) of Mg2SO4 

was added as a drying agent and the reaction was left to stir overnight at room temperature. The reaction 

mixture was filtered and washed with Et2O (10 mL) and concentrated in vacuo to give the crude product. 

Purification by flash column chromatography (20% Et2O in hexanes) afforded the product. Note: the 

ipso-carbon peak in the 13C NMR spectra was not observed due to coupling to the quadrupolar boron 

nuclei causing broadening and the quaternary carbon giving rise to a weak signal. 

5,5-Dimethyl-2-phenyl-1,3,2-dioxaborinane 

 

Prepared according to GP1 to afford a colourless solid (1.786 g, 94%). 1H NMR (400 MHz, CDCl3): δ 

7.80 (dd, J = 8.1 Hz, 1.5 Hz, 2H) 7.42 (tt, J = 7.3 Hz, 1.7 Hz, 1H), 7.38-7.35 (m, 2H),  3.78 (s, 4H), 1.03 

(s, 6H). 13C NMR (101 MHz. CDCl3): δ 133.97, 130.81, 127.72, 72.47, 32.04, 22.06. 11B{1H},  NMR 

(128 MHz, CDCl3): δ 26.78. Spectroscopic data is in agreement with literature.13 

5,5-Dimethyl-2-(p-tolyl)-1,3,2-dioxaborinane 

 

Prepared according to GP1 to afford a colourless solid (1.837 g, 90%). 1H NMR (400 MHz, CDCl3): δ 

7.70 (d, J = 8.1 Hz, 2H), 7.17 (d, J = 7.5 Hz, 2H), 3.76 (s, 4H), 2.36 (s, 3H), 1.02 (s, 6H). 13C NMR (101 

MHz. CDCl3): δ 140.82, 134.04, 128.55, 72.43, 32.04, 22.06, 21.80. 11B{1H} NMR (128 MHz, CDCl3): 

δ 27.29. Spectroscopic data is in agreement with literature.14 
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2-(4-Fluorophenyl)-5,5-dimethyl-1,3,2-dioxaborinane 

 

Prepared according to GP1 to afford a colourless solid (1.748 g, 84%). 1H NMR (400 MHz, CDCl3): δ 

7.79 (dd, J = 8.7 Hz, 6.3 Hz, 2H), 7.03 (app. td, J = 8.7 Hz, 2.1 Hz, 2H), 3.76 (s, 4H), 1.02 (s, 6H). 13C 

NMR (101 MHz. CDCl3): δ 164.99 (d, J = 249.2 Hz), 136.13 (d, J = 8.3 Hz), 114.73 (d, J = 19.9 Hz), 

72.46, 32.03, 22.03. 11B{1H} NMR (128 MHz, CDCl3): δ 26.58. 19F{1H} NMR (377 MHz, CDCl3): δ -

109.87. Spectroscopic data is in agreement with literature.14 

2-(3,5-Dimethylphenyl)-5,5-dimethyl-1,3,2-dioxaborinane 

 

Prepared according to GP1 to afford a colourless solid (1.963 g, 90%). 1H NMR (400 MHz, CDCl3): δ 

7.46-7.42 (m, 2H), 7.10-7.07 (m, 1H), 3.78 (s, 4H), 2.34-2.32 (m, 6H), 1.03 (s, 6H). 13C NMR (101 

MHz. CDCl3): δ 137.07, 132.55, 131.68, 72.47, 32.03, 22.03, 21.37. 11B{1H} NMR (128 MHz, CDCl3): 

δ 27.32. Spectroscopic data is in agreement with literature.15 

2-(2-Methoxyphenyl)-5,5-dimethyl-1,3,2-dioxaborinane 

 

Prepared according to GP1 to afford a colourless solid (1.783 g, 81%). 1H NMR (400 MHz, CDCl3): δ 

7.65 (dd, J = 7.3 Hz, 1.9 Hz, 1H), 7.36 (ddd, J = 8.3 Hz, 7.3 Hz, 2.0 Hz, 1H), 6.94 (td, J = 7.3 Hz, 1.0 

Hz, 1H), 6.86 (dd, J = 8.3 Hz, 1.0 Hz, 1H), 3.84 (s, 3H), 3.79 (s, 4H), 1.04 (s, 6H). 13C NMR (101 MHz. 

CDCl3): δ 163.79, 135.90, 131.77, 120.38, 110.57, 72.62, 55.85, 31.89, 22.03. 11B{1H} NMR (128 MHz, 

CDCl3): δ 27.44. Spectroscopic data is in agreement with literature.14 

2-(4-Methoxyphenyl)-5,5-dimethyl-1,3,2-dioxaborinane 

 

Prepared according to GP1 to afford a colourless solid (1.893 g, 86%). 1H NMR (400 MHz, CDCl3): δ 

7.79-7.75 (d, J = 8.8 Hz, 2H), 6.92-6.88 (d, J = 8.8 Hz, 2H), 3.83 (s, 3H), 3.76 (s, 4H), 1.03 (s, 6H). 13C 
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NMR (101 MHz. CDCl3): δ 161.88, 135.64, 113.25, 72.35, 55.12, 31.98, 22.01. 11B{1H} NMR (128 

MHz, CDCl3): δ 26.93. Spectroscopic data is in agreement with literature.16 

5,5-Dimethyl-2-(naphthalen-1-yl)-1,3,2-dioxaborinane 

 

Prepared according to GP1 to afford a colourless solid (2.113 g, 88%). 1H NMR (400 MHz, CDCl3): δ 

8.76 (app. dd, J = 8.4 Hz, 1.6 Hz, 1H), 8.04 (dd, J = 6.9 Hz, 1.4 Hz, 1H), 7.95-7.86 (m, 1H), 7.86-7.79 

(m, 1H), 7.59-7.41 (m, 3H), 3.90 (s, 4H), 1.10 (s, 6H). 13C NMR (101 MHz. CDCl3): δ 136.86, 134.48, 

133.55, 131.05, 128.56, 128.48, 126.12, 125.37, 125.12, 72.64, 31.94, 22.09. 11B{1H} NMR (128 MHz, 

CDCl3): δ 27.74. Spectroscopic data is in agreement with literature.16 

2-([1,1'-Biphenyl]-4-yl)-5,5-dimethyl-1,3,2-dioxaborinane 

 

Prepared according to GP1 to afford a colourless solid (2.262 g, 85%). 1H NMR (400 MHz, CDCl3): δ 

7.89-7.86 (m, 2H), 7.64-7.59 (m, 4H), 7.46-7.42 (m, 2H), 7.35 (tt, J = 7.3 Hz, 1.4 Hz, 1H), 3.80 (s, 4H), 

1.05 (s, 6H). 13C NMR (101 MHz. CDCl3): δ 143.44, 141.37, 134.49, 128.87, 127.53, 127.36, 126.49, 

72.50, 32.07, 22.07. 11B{1H} NMR (128 MHz, CDCl3): δ 26.56. Spectroscopic data is in agreement with 

literature.17 

5,5-Dimethyl-2-(4-(trifluoromethyl)phenyl)-1,3,2-dioxaborinane 

 

Prepared according to GP1 to afford a colourless solid (2.348 g, 91%). 1H NMR (400 MHz, CDCl3): δ 

7.90 (app. d, J = 7.6 Hz, 2H), 7.60 (app. d, J = 7.6 Hz, 2H), 3.79 (s, 4H), 1.03 (s, 6H). 13C NMR (101 

MHz. CDCl3): δ 134.25, 132.25 (q, J = 31.9 Hz), 124.46 (q, J = 272.1 Hz) 124.31 (q, J = 3.9 Hz), 72.53, 

32.04, 21.98. 11B{1H} NMR (128 MHz, CDCl3): δ 26.29. 19F{1H} NMR (377 MHz, CDCl3): δ -62.91. 

Spectroscopic data is in agreement with literature.15 
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5,5-Dimethyl-2-(thiophen-2-yl)-1,3,2-dioxaborinane 

 

Prepared according to GP1 to afford a colourless solid (1.588 g, 81%). 1H NMR (400 MHz, CDCl3): δ 

7.59-7.57 (m, 2H), 7.17 (dd, J = 4.7 Hz, 3.5 Hz, 1H), 3.77 (s, 4H), 1.03 (s, 6H). 13C NMR (101 MHz. 

CDCl3): δ 135.77, 131.48, 128.22, 72.55, 32.20, 22.06. 11B{1H} NMR (128 MHz, CDCl3): δ 25.39. 

Spectroscopic data is in agreement with literature.18 

2-(Benzo[b]thiophen-2-yl)-5,5-dimethyl-1,3,2-dioxaborinane 

 

Prepared according to GP1 to afford a colourless solid (2.141 g, 87%). 1H NMR (400 MHz, CDCl3): δ 

7.91-7.88 (m, 1H), 7.85-7.81 (m, 2H), 7.35-7.29 (m, 2H), 7.37-7.31 (m, 2H), 3.81 (s, 4H), 1.06 (s, 6H). 

13C NMR (101 MHz. CDCl3): δ 143.57, 140.84, 132.96, 125.09, 124.35, 124.09, 122.68, 72.67, 32.64, 

22.07. 11B{1H} NMR (128 MHz, CDCl3): δ 25.83. Spectroscopic data is in agreement with literature.19 

5,5-Dimethyl-2-(4-(methylthio)phenyl)-1,3,2-dioxaborinane 

 

Prepared according to GP1 to afford a colourless solid (1.936 g, 82%). 1H NMR (400 MHz, CDCl3): δ 

7.72-7.68 (m, 2H), 7.23-7.20 (m, 2H), 3.76 (s, 4H), 2.49 (s, 3H), 1.02 (s, 6H). 13C NMR (101 MHz. 

CDCl3): δ 141.77, 134.37, 125.24, 72.44, 32.04, 22.05, 15.34. 11B{1H} NMR (128 MHz, CDCl3): δ 

26.48. Spectroscopic data is in agreement with literature.17 

2-(Benzofuran-2-yl)-5,5-dimethyl-1,3,2-dioxaborinane 

 

Prepared according to GP1 to afford a colourless solid (1.818 g, 79%). 1H NMR (400 MHz, CDCl3): δ 

7.62 (ddd, J = 7.7 Hz, 1.3 Hz, 0.7 Hz, 1H), 7.55 (app. dq, J = 8.3 Hz, 0.9 Hz, 1H), 7.34-7.30 (m, 2H), 

7.22 (ddd, J = 8.0 Hz, 7.1 Hz, 1.0 Hz), 3.83 (s, 4H), 1.06 (s, 6H). 13C NMR (101 MHz. CDCl3): δ 157.47, 
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127.91, 125.66, 122.71, 121.88, 117.98, 112.00, 72.64, 32.30, 22.04. 11B{1H} NMR (128 MHz, CDCl3): 

δ 24.03. Spectroscopic data is in agreement with literature.15 

5,5-Dimethyl-2-(phenyl-d5)-1,3,2-dioxaborinane 

 

In air, phenylboronic acid-d5 (1.00 g, 7.88 mmol), neopentyl glycol (0.820 g, 7.88 mmol) and a spatula 

of Mg2SO4, used as a drying agent, were stirred in Et2O (20 mL) overnight at room temperature. The 

reaction mixture was filtered and concentrated in vacuo to give the crude product. Purification by flash 

column chromatography (20% Et2O in hexanes) afforded the product as a colourless solid (1.398 g, 

91%). 1H NMR (400 MHz, CDCl3): δ 3.78 (s, 4H), 1.03 (s, 6H). 13C NMR (101 MHz. CDCl3): δ 72.47, 

32.04, 22.06. 11B{1H} NMR (128 MHz, CDCl3): δ 26.76. 

2-Phenyltetrahydro-4H-cyclopenta[d][1,3,2]dioxaborole 

 

In air, phenylboronic acid (0.244 g, 2.00 mmol) and cis-cyclopentane-1,2-diol (0.204 g, 0.200 mmol) 

were stirred in pentane (6 mL) for 24 h at room temperature. The mixture was evaporated and the crude 

was purified by flash column chromatography (20% EtOAc in hexanes) to afford the title compound as 

a white solid (0.262 g, 70%). 1H NMR (400 MHz, CDCl3): δ 7.79 (dd, J = 8.0 Hz, 1.5 Hz, 2H), 7.46 (tt, 

J = 7.4 Hz, 1.5 Hz 1H), 7.37 (app. t, J = 7.4 Hz, 2H), 5.01-4.99 (m, 2H), 2.05-2.00 (m, 2H), 1.70-1.60 

(m, 4H). 13C NMR (101 MHz. CDCl3): δ 134.82, 131.27, 127.77, 34.73, 21.57. Spectroscopic data is in 

agreement with literature.20 

2-Phenylhexahydrobenzo[d][1,3,2]dioxaborole 

 

In air, phenylboronic acid (0.244 g, 2.00 mmol) and cis-cyclohexane-1,2-diol (0.232 g, 0.200 mmol) 

were stirred in pentane (6 mL) for 24 h at room temperature. The solvent was evaporated and the crude 

dissolved in Et2O (15 mL) and washed with a saturated aqueous solution of NaHCO3 (15 mL). The 

organic extract was dried with Mg2SO4 and the solvent removed to afford the title compound as a white 

solid (0.127 g, 31%). 1H NMR (400 MHz, CDCl3): δ 7.84 (dd, J = 8.1 Hz, 1.4 Hz, 2H), 7.47 (tt, J = 7.4 

Hz, 1.5 Hz, 1H), 7.38 (app. t, J = 7.5 Hz, 2H), 4.57-4.51 (m, 2H), 1.92-1.79 (m, 4H), 1.63-1.57 (m, 2H), 

1.44-1.36 (m, 2H). 13C NMR (101 MHz. CDCl3): δ 134.82, 131.40, 127.78, 75.67, 28.64, 19.29. 

Spectroscopic data is in agreement with literature.21 
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4,4,6,6-Tetramethyl-2-phenyl-1,3,2-dioxaborinane 

 

In air, phenylboronic acid (0.244 g, 2.00 mmol) and 2,4-dimethylpentane-2,4-diol (0.254 g, 0.200 mmol) 

were stirred in pentane (6 mL) for 24 h at room temperature. The mixture was evaporated and the crude 

was purified by flash column chromatography (20% EtOAc in hexanes) to afford the title compound as 

a white solid (0.352 g, 81%). 1H NMR (400 MHz, CDCl3): δ 7.83 (dd, J =  7.9 Hz, 1.5 Hz, 2H), 7.39 (tt, 

J = 7.3 Hz, 1.6 Hz, 1H), 7.33 (app. t, J = 7.2 Hz, 2H), 1.91 (s, 2H), 1.42 (s, 12H). 13C NMR (101 MHz. 

CDCl3): δ 133.80, 130.25, 127.40, 70.79, 49.02, 31.84. Spectroscopic data is in agreement with 

literature.22 

4,6-Dimethyl-2-phenyl-1,3,2-dioxaborinane 

 

In air, phenylboronic acid (0.244 g, 2.00 mmol) and pentane-2,4-diol (0.208 g, 0.200 mmol) were stirred 

in pentane (6 mL) for 24 h at room temperature. The mixture was evaporated to afford the title compound 

(as a 1:1 mixture of diastereomers) as a colourless oil (0.290 g, 76%). 1H NMR (400 MHz, CDCl3): δ 

7.83-7.79 (ddd, J = 7.9 Hz, 5.0 Hz, 1.5 Hz, 4H), 7.40 (tt, J = 7.4 Hz, 1.6 Hz, 2H), 7.33 (app. t, 7.5 Hz, 

4H), 4.41 (dq, J = 11.6 Hz, 6.3 Hz,  2H), 4.27 (dqd, J = 11.2 Hz, 6.2 Hz, 2.8 Hz, 2H), 1.99 (dt, J = 13.8 

Hz, 2.7 Hz, 1H), 1.84 (t, J = 5.3 Hz, 2H), 1.45 (dt, J = 13.9 Hz, 11.5 Hz, 1H), 1.36 (dd, J = 11.2 Hz, 6.3 

Hz, 12H). 13C NMR (101 MHz. CDCl3): δ 133.92, 133.84, 130.57, 130.55, 127.64, 127.61, 68.31, 64.88, 

42.72, 39.43, 23.35, 22.87. Spectroscopic data is in agreement with literature.23 

2-Phenyl-1,3,2-dioxaborinane 

 

In air, phenylboronic acid (1.604 g, 13.16 mmol) and 1,3-propanediol (1.102 g, 14.41 mmol) were stirred 

in pentane (15 mL). A spatula of Mg2SO4 was added as a drying agent and the reaction was stirred for 

24 h at room temperature. The mixture was filtered and the solvent removed from the filtrate to afford 

the title compound as a colourless oil (2.110 g, 99%). 1H NMR (400 MHz, CDCl3): δ 7.77 (dd, J = 8.0 

Hz, 1.4 Hz, 2H), 7.42 (tt, J = 7.3 Hz, 1.6 Hz, 1H), 7.35 (app. t, J = 7.4 Hz, 2H), 4.17 (t, J = 5.4 Hz, 4H), 

2.09-2.03 (m, 2H). 13C NMR (101 MHz. CDCl3): δ 133.63, 130.58, 127.55, 61.97, 27.47. Spectroscopic 

data is in agreement with literature.24 
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4,4,7,7-Tetramethyl-2-phenyl-1,3,2-dioxaborepane 

 

Due to rapid hydrolysis if exposed to water, under a dry and inert atmosphere, 2,5-dimethylhexane-2,5-

diol (1.800 g, 12.3 mmol) was stirred with phenylboronic acid (1.500 g, 12.3 mmol) in toluene (45 mL) 

and heated at reflux temperature for 24 h using a Dean-Stark apparatus. The solvent was evaporated and 

the crude product purified by sublimation under reduced pressure at 30 °C to afford a white solid (0.278 

g, 10%). 1H NMR (400 MHz, CDCl3): δ 7.82 (dd, J = 8.0 Hz, 1.5 Hz, 2H), 7.37 (tt, J = 7.3 Hz, 1.5 Hz, 

1H), 7.31 (app. t, J = 7.3 Hz, 2H), 1.92 (s, 4H), 1.40 (s, 12H). 13C NMR (101 MHz. CDCl3): δ 134.81, 

130.24, 127.42, 76.39, 36.69, 30.33. 11B{1H} NMR (128 MHz, CDCl3): δ 26.19. IR (neat) vmax: 2972, 

1438, 1385, 1349, 1276, 1143, 768, 703, 686 cm-1. LR-MS (EI) m/z (%): 232.1 (100) (M)+. m.p.: 52-53 

°C.  

4,5-Dimethyl-2-phenyl-1,3,2-dioxaborolane 

 

In air, phenylboronic acid (0.692 g, 5.7 mmol) and 2,3-butanediol (0.512 g, 5.7 mmol) were stirred in 

Et2O (15 mL). A spatula of Mg2SO4 was added as a drying agent and the reaction was stirred for 24 h at 

room temperature. The mixture was filtered and the solvent removed from the filtrate to afford the title 

compound (as a 1:1 mixture of diastereomers) as a colourless oil (0.904 g, 90%). 1H NMR (400 MHz, 

CDCl3): δ 7.81 (dd, J = 7.9 Hz, 1.2 Hz, 2H), 7.47 (tt, J = 7.3 Hz, 1.5 Hz, 1H), 7.38 (app. t, J = 7.4 Hz, 

2H), 4.75-4.66 (m, 2H), 1.33-1.26 (m, 6H). 13C NMR (101 MHz. CDCl3): δ 134.77, 131.34, 127.77, 

75.90, 16.63. Spectroscopic data is in agreement with literature.25 

5-(tert-Butyl)-2-phenyl-1,3,2-dioxaborinane 

 

In air, phenylboronic acid (0.280 g, 2.3 mmol) and 2-tert-butyl-1,3-propanediol (0.304 g, 2.3 mmol) 

were stirred in Et2O (10 mL). A spatula of Mg2SO4 was added as a drying agent and the reaction was 

stirred for 24 h at room temperature. The mixture was filtered and the solvent removed from the filtrate 

to afford the title compound as a white solid (0.482 g, 96%). 1H NMR (400 MHz, CDCl3): δ 7.76 (dd, J 

= 8.0 Hz, 1.5 Hz, 2H), 7.41 (tt, J = 7.4 Hz, 1.7 Hz, 1H), 7.36-7.30 (app. t, J = 7.5 Hz, 2H), 4.24 (app. 

ddt, J = 11.1 Hz, 4.3 Hz, 1.3 Hz, 2H), 3.95 (app. tt, J = 11.1 Hz, 1.3 Hz, 2H), 1.91 (tt, J = 11.1 Hz, 4.3 

Hz, 1H), 0.98 (s, 9H). 13C NMR (101 MHz. CDCl3): δ 133.70, 130.55, 127.55, 63.81, 46.16, 30.84, 
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27.78. 11B{1H} NMR (128 MHz, CDCl3): δ 26.82. IR (neat) vmax: 2965, 2909, 2872, 1317 cm-1. LR-MS 

(EI) m/z (%): 218.1 (100) (M)+. m.p.: 53-54 °C.  

5-Methyl-2-phenyl-5-propyl-1,3,2-dioxaborinane 

 

In air, phenylboronic acid (0.244 g, 2.0 mmol) and 2-propyl-2-methylpropane-1,3-diol (0.264 g, 2.0 

mmol) were stirred in Et2O (10 mL). A spatula of Mg2SO4 was added as a drying agent and the reaction 

was stirred for 24 h at room temperature. The mixture was filtered, the solvent removed, and the crude 

dissolved in DCM (10 mL). The crude solution was washed with a saturated aqueous solution of 

NaHCO3 (10 mL), the organic extract dried with Mg2SO4 and solvent evaporated to afford the title 

product as a colourless oil (0.393 g, 90%). 1H NMR (400 MHz, CDCl3): δ 7.80 (dd, J = 8.0 Hz, 1.5 Hz, 

2H), 7.42 (tt, J = 7.4 Hz, 1.5 Hz, 1H), 7.35 (app. t, J = 7.5 Hz, 2H), 3.85 (d, J = 10.8 Hz, 2H), 3.76 (d, J 

= 10.9 Hz, 2H), 1.36-1.32 (m, 4H), 0.98 (s, 3H), 0.95-0.90 (m, 3H). 13C NMR (101 MHz. CDCl3): δ 

133.97, 130.79, 127.71, 71.31, 37.42, 34.67, 19.23, 16.62, 14.99.  11B{1H} NMR (128 MHz, CDCl3): δ 

26.72. IR (neat) vmax: 3053, 2959, 2932, 2874, 1601, 1476, 1340, 1306, 1131, 698, 644 cm-1. LR-MS 

(EI) m/z (%): 218.2 (100) (M)+.  

6-Phenyl-5,7-dioxa-6-boraspiro[2.5]octane 

 

In air, phenylboronic acid (0.244 g, 2.0 mmol) and 2,2-cyclopropylpropane-1,3-diol (0.204 g, 2.0 mmol) 

were stirred in Et2O (10 mL). A spatula of Mg2SO4 was added as a drying agent and the reaction was 

stirred for 24 h at room temperature. The mixture was filtered, the solvent removed, and the crude 

dissolved in DCM (10 mL). The crude solution was washed with a saturated aqueous solution of 

NaHCO3 (10 mL), the organic extract dried with Mg2SO4 and solvent evaporated to afford the title 

product as a colourless solid (0.320 g, 85%). 1H NMR (400 MHz, CDCl3): δ 7.81 (dd, J = 8.1 Hz, 1.5 

Hz, 2H), 7.43 (tt, J = 7.3 Hz, 1.5 Hz, 1H), 7.36 (app. t, J = 7.4 Hz, 2H), 3.90 (s, 4H), 0.65 (s, 4H). 13C 

NMR (101 MHz. CDCl3): δ 133.89, 130.74, 127.71, 69.55, 19.84, 9.23. 11B{1H} NMR (128 MHz, 

CDCl3): δ 27.57. IR (neat) vmax: 2946, 1600, 1472, 1440, 1350, 1301, 1247, 1131, 1031, 932, 700, 643 

cm-1. LR-MS (EI) m/z (%): 188.1 (100) (M)+.  

2-(p-Tolyl)-1,3,7,2-dioxazaborecane 
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Dipropanolamine (1.31 mL, 10.0 mmol) and p-tolylboronic acid (1.36 g, 10.0 mmol) were stirred in 

toluene (100 mL) in a round-bottom flask fitted with a Dean-Stark apparatus. The reaction was heated 

at reflux temperature and stirred overnight. The solvent was removed under reduced pressure and the 

crude was recrystallised from methanol to afford the product as a white solid (1.748 g, 75%). 1H NMR 

(400 MHz, DMSO-d6): δ 7.29 (d, J = 7.8 Hz, 2H), 7.01 (d, J = 7.5 Hz, 2H), 5.83 (br s, 1H), 3.73 (ddd, J 

= 10.5 Hz, 6.7 Hz, 3.6 Hz, 2H), 3.48 (ddd, J = 10.5 Hz, 7.3 Hz, 3.6 Hz, 2H), 3.04 (m, 2H), 2.85 (m, 2H), 

2.25 (s, 3H), 1.77 (m, 2H), 1.46 (m, 2H). 13C NMR (101 MHz, DMSO-d6): δ 133.93, 131.82, 127.56, 

59.67, 45.98, 24.33, 20.88. Spectroscopic data is in agreement with literature.26 

2-(p-Tolyl)-1,3,6,2-dioxazaborocane 

 

Prepared and purified analogously to 2-(p-tolyl)-1,3,7,2-dioxazaborecane, using diethanolamine (0.96 

mL, 10.0 mmol) to afford a white solid (1.435 g, 70 %). 1H NMR (400 MHz, DMSO-d6): δ 7.33 (d, J = 

7.7 Hz, 2H), 7.01 (d, J = 7.5 Hz, 2H), 6.79 (bs, 1H), 3.87 (app. td, J = 9.2 Hz, 5.4 Hz, 2H), 3.77 (ddd, J 

= 9.6 Hz, 6.6 Hz, 3.5 Hz, 2H), 3.07 (app. ddt, J = 11.7 Hz, 9.1 Hz, 6.9 Hz, 2H), 2.85-2.79 (m, 2H), 2.26 

(s, 3H). 13C NMR (101 MHz, DMSO-d6): δ 134.93, 132.63, 127.31, 62.88, 50.63, 20.96. 11B{1H} NMR 

(128 MHz, DMSO-d6): δ 10.63. 

2-Phenyl-1,3,6,2-dioxazaborocane-4,8-dione 

 

Iminodiacetic acid (0.800 g, 6.01 mmol) and phenylboronic acid (0.733 g, 6.01 mmol) were stirred in 

toluene (50 mL) and DMSO (15 mL) in a round-bottom flask fitted with a Dean-Stark apparatus. The 

reaction was heated at reflux temperature and stirred overnight. The solvent was removed under reduced 

pressure and recrystallised from toluene to afford the product as an off-white solid (0.829 g, 63%). 1H 

NMR (400 MHz, DMSO-d6): δ 8.74 (br s, 1H), 7.43-7.40 (m, 2H), 7.36-7.33 (m, 3H), 4.17 (dd, J = 18.3 

Hz, 4.4 Hz, 2H), 3.90 (d, J = 17.4 Hz, 2H). 13C NMR (101 MHz, DMSO-d6): δ 170.76, 131.60, 128.34, 

127.49, 52.55. Spectroscopic data is in agreement with literature.28 

K[PhB(OtBu)neop], 29 
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[29]·THF: Under dry and inert conditions, phenylboronic acid neopentylglycol ester (0.570 g, 3.0 

mmol) and potassium tert-butoxide (0.337 g, 3.0 mmol) were added to a Schlenk tube and stirred in 

THF (15 mL) at room temperature for 2 h. The solution was concentration in vacuo to remove around 

half of the solvent, hexane (20 mL) added, and the mixture cooled to 0 °C to induce crystallisation. The 

crystals were isolated by filtration and dried to yield a white crystalline solid (91%). 1H NMR (400 MHz, 

C6D6): δ 7.84 (dd, J = 7.8 Hz, 1.4 Hz, 2H), 7.36 (app. t, J = 7.3 Hz, 2H), 7.19-7.16 (m, 1H), 3.58-3.55 

(m, THF), 3.45 (s, 4H), 1.43-1.40 (m, THF), 1.24 (s, 9H), 1.03 (s, 3H), 0.88 (s, 3H). 11B{1H} NMR (128 

MHz, C6D6): δ 3.09. 

29: Under dry and inert conditions, a Schlenk tube was loaded with potassium tert-butoxide (1.12 g, 

10.0 mmol), and toluene (60 ml) was added. To this colourless solution, phenylboronic acid 

neopentylglycol ester (1.90 g, 10.0 mmol) was added. The reaction mixture was stirred at room 

temperature for 2 h, after which a white precipitate was formed. The precipitate was isolated by filtration 

and dried in vacuo, to afford the product as a fine white solid in quantitative yield (2.994 g). 1H NMR 

(400 MHz, C6D6): δ 7.83 (dd, J =7.8 Hz, 1.4 Hz, 2H), 7.36 (app. t, J = 7.4 Hz, 2H), 7.20-7.16 (m, 1H), 

3.43 (s, 4H), 1.23 (s, 9H), 1.03 (s, 3H), 0.87 (s, 3H). 11B{1H} NMR (128 MHz, C6D6): δ 3.15. 

[K·(THF)][4-FPhB(OtBu)neop], 99 

 

Under dry and inert conditions, 4-fluorophenylboronic acid neopentylglycol ester (1.854 g, 8.91 mmol) 

and potassium tert-butoxide (1.00 g, 8.91 mmol) were added to a Schlenk tube and stirred in THF (25 

mL) at room temperature for 2 h. The solution was concentration in vacuo to remove around half of the 

solvent, pentane (20 mL) added and a white precipitate formed. The solid was isolated by filtration and 

dried to afford the title compound (2.83 g, 83%). 1H NMR (400 MHz, C6D6): δ 7.63 (app. t, J =  7.3 Hz, 

2H), 7.09 (app. t, 8.7 Hz, 2H), 3.59-3.54 (m, THF), 3.45 (d, J = 10.1 Hz, 2H), 3.35 (d, J = 10.1 Hz, 2H),  

1.44-1.39 (m, THF), 1.15 (s, 9H), 0.90-0.85 (m, 6H). 11B{1H} NMR (128 MHz, C6D6): δ 3.53. 19F{1H} 

NMR (377 MHz. C6D6): -118.07. 

K[4-(CF3)PhB(OtBu)neop], 94 

 

94 was formed in-situ in the reaction of 4-(trifluoromethyl)phenyl boronic acid neopentylglycol ester 

93 (10 mg, 0.039 mmol) and potassium tert-butoxide (4.4 mg, 0.039 mmol) in C6D6 in an NMR tube 

fitted with a J Young’s valve. 1H NMR (400 MHz, C6D6): δ 7.76 (app. d, J = 8.4 Hz, 2H), 7.66 (app. d, 
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J = 8.4 Hz, 2H), 3.37 (d, J = 10.2 Hz, 2H), 3.30 (d, J = 10.1 Hz, 2H), 1.1º (s, 9H), 0.87 (s, 3H), 0.83 (s, 

3H). 19F{1H} NMR (377 MHz, C6D6): -61.49. 11B{1H} NMR (128 MHz, C6D6): δ 3.00. 

K[4-OMePhB(OtBu)neop], 96 

 

96 was formed in-situ in the reaction of 4-(trifluoromethyl)phenyl boronic acid neopentylglycol ester 

95 (10 mg, 0.045 mmol) and potassium tert-butoxide (5.1 mg, 0.045 mmol) in C6D6 in an NMR tube 

fitted with a J Young’s valve. 1H NMR (400 MHz, C6D6): δ 7.74 (app. d, J = 8.4 Hz, 2H), 7.04 (app. d, 

J = 8.4 Hz, 2H), 3.50 (m, 4H), 1.26 (s, 9H), 1.00 (s, 3H), 0.94 (s, 3H). 11B{1H} NMR (128 MHz, C6D6): 

δ 3.18. 

Potassium 3-methoxypropan-1-oxide 

 

Under dry and inert conditions, 3-methoxy-1-propanol (1.50 mL, 15.68 mmol) was added to a Schlenk 

tube and stirred in toluene (20 mL). Under a flow of nitrogen, potassium (0.49 g, 12.54 mmol, 0.8 eq.) 

was added in small pieces over 30 minutes and the formation of hydrogen was observed. The reaction 

was sealed with a suba seal fitted with a vent needle and allowed to stir overnight. A white precipitate 

formed which was isolated by cannula filtration and washed with toluene (5 mL) to afford the title 

compound (1.254 g, 78%). The product was dried under vacuum and stored in the glovebox. 1H NMR 

(400 MHz, THF-d8): δ 3.83 (t, J = 6.1 Hz, 2H), 3.48 (t, J = 6.2 Hz, 2H), 3.26 (s, 3H), 1.65 (app. p, J = 

6.2 Hz, 2H). 13C NMR (101 MHz. THF-d8): δ 72.33, 62.87, 58.50, 38.24. 

Potassium 3-ethoxypropan-1-oxide  

 

Under dry and inert conditions, 3-ethoxy-1-propanol (1.50 mL, 13.37 mmol) was added to a Schlenk 

tube and stirred in Et2O (20 mL). Under a flow of nitrogen, potassium (0.679 g, 17.38 mmol, 1.3 eq.) 

was added in small pieces over 30 minutes and the formation of hydrogen was observed. The reaction 

was sealed with a suba seal fitted with a vent needle and allowed to stir overnight. The unreacted 

potassium was removed by cannula filtration, and the solution obtained from the filtrated was 

concentrated in vacuo and washed with toluene (5 mL) to afford the title compound as a white solid 

(1.597 g, 84%). The product was dried under vacuum and stored in the glovebox. 1H NMR (400 MHz, 

THF-d8): δ 3.90 (t, J = 6.1 Hz, 1H), 3.52 (t, J = 6.3 Hz, 1H), 3.42 (q, J = 7.0 Hz, 1H), 1.62 (app. p, J = 

6.2 Hz, 1H), 1.14 (t, J = 7.0 Hz, 1H). 13C NMR (101 MHz. THF-d8): δ 69.99, 66.41, 63.88, 39.31, 15.96. 
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Potassium 4-methoxybutan-1-oxide 

 

Prepared analogously to potassium 3-ethoxypropan-1-oxide, using 4-methoxy-1-butanol (1.5 mL, 13.39 

mmol) to afford the title compound as a white solid (1.581 g, 83%). 1H NMR (400 MHz, THF-d8): δ 

3.98 (t, J = 6.6 Hz, 2H), 3.50 (t, J = 6.7 Hz, 2H), 3.41 (s, 3H), 1.74 (app. p, J = 6.7 Hz, 2H), 1.60 (app. 

p, J = 6.7 Hz, 2H). 13C NMR (101 MHz. THF-d8): δ 73.58, 66.02, 57.49, 36.13, 26.76. 

Potassium 2-(dimethylamino)ethan-1-oxide 

 

Prepared analogously to potassium 3-ethoxypropan-1-oxide, using 2-dimethylaminoethanol (1.13 mL, 

11.22 mmol) to afford the title compound as an off-white solid (1.128 g, 79%). 1H NMR (400 MHz, 

THF-d8): δ 3.87 (br s, 2H), 2.30-2.18 (m, 8H). 13C NMR (101 MHz. THF-d8): δ 68.71, 63.38, 46.27. 

Attempted synthesis of [Co(IPr)Cl] 

 

A THF (5 mL) solution of Co(PPh)3Cl (0.881 g, 1.0 mmol) was slowly added to a THF (10 mL) solution 

of IPr (0.389 g, 1.0 mmol) at room temperature. The reaction was allowed to stir overnight and a blue 

solution formed. The solvent was removed, the residue washed with n-hexane (3 x 5 mL) and dried to 

yield a blue solid. Attempts to recrystallise the product in toluene, THF and THF/hexane were 

unsuccessful. 1H NMR (400 MHz, C6D3) δ 47.71 (br, s), 32.39 (br, s), 31.19 (br, s), 14.70 (br, s), 4.46-

1.18 (br, m), -4.17 (s), -4.81 (s), -5.57 (s), -6.54 (s),  -10.78 (br, s), -31.23 (br, s). 

Attempted synthesis of [Co(IPr)]2 

 

Prepared according to a synthetic procedure reported by Tatsumi and co-workers for the analogous 

complex [Fe(IPr)]2,218 using [Co(IPr)Cl2]2 42 instead of [Fe(IPr)Cl2]2. A brown solid was obtained, 

however the identity of the product was not determined. 1H NMR (400 MHz, THF-d8): δ 13.25 (br s), 

11.41 (br, s), 7.20 (br, s), 2.80 (br, s), 1.13 (br, s), 0.05 (br, s), -2.08 (br, s), -22.11 (br, s). 
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7.3.2 Synthesis of Biaryl Cross-Coupling Products 

General procedure for Suzuki cross-coupling reactions 

 

GP3: Inside an argon-filled glovebox, a 0.05 M in THF stock solution of CoCl2/IPr·HCl (0.5 mL, 0.025 

mmol) was added to an oven-dried small glass vial, equipped with an oven-dried stirrer bar. THF (1.5 

mL) was added followed by (hetero)aryl chloride (0.50 mmol) and boronic ester (1.0 mmol). KOtBu 

(84.2 mg, 0.75 mmol) was added followed by THF (1.0 mL). The vial was sealed with a screw-cap lid, 

heated to 60 °C and stirred in the glovebox for 24 h. The reaction could also be set up in the same way, 

sealed with a screw-cap lid and taped, and allowed to stir at the 60 °C outside of the glovebox. The 

reaction was quenched with HCl(aq.) (1 M, 1 mL) and the internal standard, 1,4-dinitrobenzene (42.0 mg, 

0.25 mmol) was added in order to determine a spectroscopic yield. H2O (5 mL) was added and the 

organics extracted with DCM (3 x 5 mL). The combined organics were concentration in vacuo to afford 

the crude product.  

GP4: Procedure is analogous to GP3, using 10 mol% of CoCl2/IPr·HCl (1.0 mL of 0.05 M stock 

solution). The amount of THF added is reduced so that the total volume of THF remains as 3.0 mL. 

4-Methylbiphenyl, 27 

  

Prepared from the reaction of 4-chlorotoluene and phenylboronic acid neopentyl glycol ester 26 

according to GP3. Purification by column chromatography (hexanes) afforded the title compound as a 

colourless solid (55 mg, 65%). 1H NMR (400 MHz, CDCl3): δ 7.59 (dd, J = 8.3 Hz, 1.3 Hz,  2H) 7.51 

(app. d, J = 8.2 Hz, 2H), 7.44 (app. td, J = 7.3 Hz, 1.2 Hz, 2H), 7.33 (tt, J = 7.3 Hz, 1.3 Hz, 1H), 7.27 

(dd, J = 7.5 Hz, 1.0 Hz, 2H), 2.41 (s, 3H). 13C NMR (101 MHz. CDCl3): δ 141.32, 138.52, 137.16, 

129.62, 128.85, 127.14, 127.12, 127.10, 21.24. LR-MS (EI) m/z (%): 168.1 (100) (M)+. Spectroscopic 

data is in agreement with literature.30 

Also prepared from the reaction of 4-chlorobenzene and p-tolylboronic acid neopentyl glycol ester 

according to GP3. Purification by column chromatography (hexanes) afforded the title compound as a 

colourless solid (52 mg, 61%). 
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4-Ethylbiphenyl, 54 

  

Prepared from the reaction of 1-chloro-4-ethylbenzene and phenylboronic acid neopentyl glycol ester 

26 according to GP3. Purification by column chromatography (hexanes) afforded the title compound as 

a colourless solid (58 mg, 64%). 1H NMR (400 MHz, CDCl3): δ 7.60 (dd, J = 8.4 Hz, 1.3 Hz, 2H) 7.54 

(app. d, J = 8.4 Hz, 2H), 7.44 (app. td, J = 7.3 Hz, 1.3 Hz, 2H), 7.34 (tt, J = 7.3 Hz, 1.3 Hz, 1H), 7.29 

(dd, J = 7.9 Hz, 0.7 Hz, 2H), 2.72 (q, J = 7.6 Hz, 2H), 1.30 (t, J = 7.6 Hz, 3H). 13C NMR (101 MHz. 

CDCl3): δ 141.32, 138.52, 137.16, 129.62, 128.85, 127.14, 127.12, 127.10, 21.24. LR-MS (EI) m/z (%): 

182.1 (51) (M)+, 167.1 (100). Spectroscopic data is in agreement with literature.31 

4-(tert-Butyl)biphenyl, 55 

  

Prepared from the reaction of 1-tert-butyl-4-chlorobenzene and phenylboronic acid neopentyl glycol 

ester 26 according to GP3. Purification by column chromatography (hexanes) afforded the title 

compound as a colourless solid (64 mg, 61%). 1H NMR (400 MHz, CDCl3): δ 7.60 (dd, J = 8.2 Hz, 1.3 

Hz, 2H) 7.55 (app. dt, J = 8.7 Hz, 2.1 Hz, 2H), 7.50-7.41 (m, 4H), 7.33 (tt, J = 7.3 Hz, 1.3 Hz, 1H), 7.29 

(dd, J = 7.9 Hz, 0.7 Hz, 2H), 1.38 (s, 9H). 13C NMR (101 MHz. CDCl3): δ 141.32, 138.52, 137.16, 

129.62, 128.85, 127.14, 127.12, 127.10, 21.24. LR-MS (EI) m/z (%): 210.2 (35) (M)+, 195.2 (100). 

Spectroscopic data is in agreement with literature.32 

3,5-Dimethylbiphenyl, 56 

  

Prepared from the reaction of 1-chloro-3,5-dimethylbenzene and phenylboronic acid neopentyl glycol 

ester 26 according to GP3. Purification by column chromatography (100% hexanes to 3% Et2O in 

hexanes) afforded the title compound as a colourless oil (63 mg, 69%). 1H NMR (400 MHz, CDCl3): δ 

7.59 (dd, J = 8.3 Hz, 1.3 Hz, 2H) 7.43 (app. t, J = 7.5 Hz, 2H), 7.34 (tt, J = 7.5 Hz, 1.3 Hz, 1H), 7.24-

7.22 (m, 2H), 7.02-7.00 (m, 1H), 2.40 (s, 9H). 13C NMR (101 MHz. CDCl3): δ 141.62, 141.42, 138.39, 

129.03, 128.90, 128.77, 127.39, 127.33, 127.31, 127.21, 125.25, 21.56. LR-MS (EI) m/z (%): 182.1 

(100) (M)+. Spectroscopic data is in agreement with literature.33  
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Also prepared from the reaction of 4-chlorobenzene and 3,5-dimethylphenylboronic acid neopentyl 

glycol ester according to GP3. Purification by column chromatography (hexanes) afforded the title 

compound as a colourless oil (65 mg, 71%). 

3-Methylbiphenyl, 57 

  

Prepared from the reaction of 3-chlorotoluene and phenylboronic acid neopentyl glycol ester 26 

according to GP3. Purification by column chromatography (hexanes) afforded the title compound as a 

colourless oil (39 mg, 46%). 1H NMR (400 MHz, CDCl3): δ 7.61-7.57 (m,  2H) 7.46-7.39 (m, 4H), 7.37-

7.31 (m, 2H), 7.19-7.15 (m, 1H), 2.43 (s, 3H). 13C NMR (101 MHz. CDCl3): δ 141.52, 141.40, 138.47, 

128.83, 128.80, 128.14, 127.33, 127.30, 124.42. LR-MS (EI) m/z (%): 168.1 (100) (M)+. Spectroscopic 

data is in agreement with literature.30 

4-Fluorobiphenyl, 58 

  

Prepared from the reaction of 1-chloro-4-fluorobenzene and phenylboronic acid neopentyl glycol ester 

26 according to GP3. Purification by column chromatography (100% hexanes to 2% Et2O in hexanes), 

followed by secondary column chromatography (hexanes) afforded the title compound as a colourless 

solid (66 mg, 77%). 1H NMR (400 MHz, CDCl3): δ 7.58-7.52 (m, 4H) 7.44 (app. td, J = 7.5 Hz, 1.6 Hz, 

2H), 7.34 (tt, J = 7.3 Hz, 1.5 Hz, 1H), 7.16-7.10 (m, 2H). 19F{1H} NMR (377 MHz. CDCl3): -115.88. 

13C NMR (101 MHz. CDCl3): δ 162.62 (d, J = 246.3 Hz), 140.42, 137.48, 128.97, 128.83 (d, J = 7.9 

Hz), 127.40, 127.17, 115.75 (d, J = 21.6 Hz). LR-MS (EI) m/z (%): 172.1 (100) (M)+. Spectroscopic 

data is in agreement with literature.34 

Also prepared from the reaction of 4-chlorobenzene and 4-fluorophenylboronic acid neopentyl glycol 

ester according to GP3. Yield determined by GC analysis using dodecane as an internal standard is 93%. 

4-(Trifluoromethyl)biphenyl, 59 

  

Prepared from the reaction of 1-chloro-4-(trifluoromethyl)benzene and phenylboronic acid neopentyl 

glycol ester 26 according to GP4. Purification by column chromatography (100% hexanes to 3% Et2O 
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in hexanes) afforded the title compound as an off-white solid (45 mg, 40%). 1H NMR (400 MHz, 

CDCl3): δ 7.70 (app. s, 4H), 7.62-7.59 (m, 2H), 7.50-7.46 (m, 2H), 7.41 (tt, J = 7.4 Hz, 1.4 Hz, 1H). 

19F{1H} NMR (377 MHz. CDCl3): -62.40. 13C NMR (101 MHz. CDCl3): δ 144.90, 139.93, 129.51 (q, J 

= 32.3 Hz), 129.13, 127.57, 127.43, 125.86 (q, J = 3.8 Hz), 124.46 (q, J = 272.1 Hz). LR-MS (EI) m/z 

(%): 222.1 (100) (M)+. Spectroscopic data is in agreement with literature.35 

4-Phenylbenzonitrile, 73 

  

Prepared from the reaction of 4-chlorobenzonitrile and phenylboronic acid neopentyl glycol ester 26 

according to GP3. Purification by column chromatography (100% hexanes to 5% Et2O in hexanes) 

afforded the title compound as a colourless solid (24 mg, 27%). 1H NMR (400 MHz, CDCl3): δ 7.74-

7.66 (m, 4H) 7.61-7.57 (m, 2H), 7.51-7.46 (m, 2H), 7.43 (tt, J = 7.1 Hz, 1.6 Hz, 1H). 13C NMR (101 

MHz. CDCl3): δ 145.82, 139.32, 132.73, 129.25, 128.79, 127.87, 127.36, 119.06, 111.07. LR-MS (EI) 

m/z (%): 179.1 (100) (M)+. Spectroscopic data is in agreement with literature.30 

4-Benzoylbiphenyl, 60 

  

Prepared from the reaction of 4-chlorobenzonitrile and phenylboronic acid neopentyl glycol ester 26 

according to GP3. Purification was attempted by column chromatography (100% hexanes to 5% Et2O 

in hexanes), followed by hydrolysis of the boronic ester to boronic acid according to GP3 and a second 

column chromatography (2% Et2O in hexanes). However, an inseparable mixture of the title compound 

and the internal standard 1,4-dinitrobenzene (94 mg) were afforded. Product yield was determined by 

1H NMR spectroscopy (44%). 1H NMR (400 MHz, CDCl3): δ 7.90 (app. dt, J = 8.6 Hz, 1.9 Hz, 2H) 

7.86-7.82 (m, 2H) 7.71 (app. dt, J = 8.5 Hz, 1.9 Hz, 2H), 7.67-7.63 (m, 2H), 7.60 (tt, J = 7.5 Hz, 1.5 Hz, 

1H), 7.54-7.46 (m, 4H), 7.42 (tt, J = 7.3 Hz, 1.5 Hz). 13C NMR (101 MHz. CDCl3): δ 196.49, 145.40, 

140.15, 137.94, 136.41, 132.52, 130.87, 130.15, 129.12, 128.46, 128.33, 127.46, 127.12. LR-MS (EI) 

m/z (%): 258.1 (60) (M)+, 181.0 (100). Spectroscopic data is in agreement with literature.36 

4-Methoxybiphenyl, 61 
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Prepared from the reaction of 4-chloroanisole and phenylboronic acid neopentyl glycol ester 26 

according to GP4. Purification by column chromatography (100% hexanes to 10% Et2O in hexanes) 

afforded the title compound as a colourless solid (48 mg, 52%). 1H NMR (400 MHz, CDCl3): δ 7.58-

7.51 (m, 4H) 7.45-7.39 (m, 2H), 7.31 (tt, J = 7.3 Hz, 1.4 Hz, 1H), 6.99 (app. dt, J = 8.9 Hz, 2.5 Hz, 2H), 

3.86 (s, 3H). 13C NMR (101 MHz. CDCl3): δ 159.31, 140.99, 133.95, 128.86, 128.30, 126.89, 126.80, 

114.36, 55.49. LR-MS (EI) m/z (%): 184.1 (100) (M)+. Spectroscopic data is in agreement with 

literature.36  

Also prepared from the reaction of 4-chlorobenzene and 4-methoxyphenylboronic acid neopentyl glycol 

ester according to GP3. Purification by column chromatography (100% hexanes to 10% Et2O in 

hexanes) afforded the title compound as a colourless solid (57 mg, 62%).  

3-Methoxybiphenyl, 62 

  

Prepared from the reaction of 3-chloroanisole and phenylboronic acid neopentyl glycol ester 26 

according to GP3. Purification by column chromatography (100% hexanes to 10% Et2O in hexanes) 

afforded the title compound as a colourless solid (75 mg, 81%). 1H NMR (400 MHz, CDCl3): δ 7.61-

7.58 (m, 2H), 7.46-7.42 (m, 2H), 7.38-7.33 (m, 2H), 7.19 (ddd, J = 7.7 Hz, 1.7  Hz, 0.9 Hz, 1H), 7.14 

(dd, J = 2.6 Hz, 1.5 Hz, 1H), 6.91 (ddd, J = 8.3 Hz, 2.6 Hz, 1.0 Hz, 1H), 3.87 (s, 3H). 13C NMR (101 

MHz. CDCl3): δ 160.10, 142.94, 141.26, 129.89, 129.87, 127.56, 127.35, 119.84, 113.06, 112.84, 55.46.  

LR-MS (EI) m/z (%): 184.1 (100) (M)+. Spectroscopic data is in agreement with literature.37  

2-Methoxybiphenyl, 63 

  

Prepared from the reaction of 2-chloroanisole and phenylboronic acid neopentyl glycol ester 26 

according to GP3. Purification by column chromatography (100% hexanes to 10% Et2O in hexanes), 

followed by secondary column chromatography (5% Et2O in hexanes to 10% Et2O in hexanes) afforded 

the title compound as a colourless oil (49 mg, 53%). 1H NMR (400 MHz, CDCl3): δ 7.56-7.53 (m, 2H), 

7.44-7.40 (m, 2H), 7.36-7.32 (m, 3H), 7.05 (td, J = 7.5, 1.2, 1H), 7.02-6.99 (m, 1H), 3.82 (s, 3H). 13C 

NMR (101 MHz. CDCl3): δ 156.62, 138.69, 131.03, 130.88, 129.68, 128.74, 128.11, 127.04, 120.97, 

111.39, 55.70.  LR-MS (EI) m/z (%): 184.1 (100) (M)+. Spectroscopic data is in agreement with 

literature.38  
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4-(Dimethylamino)biphenyl, 65 

  

Prepared from the reaction of 1-chloro-3-N, N-dimethylaniline and phenylboronic acid neopentyl glycol 

ester 26 according to GP3. Purification by column chromatography (100% hexanes to 10% Et2O in 

hexanes), followed by secondary column chromatography (5% Et2O in hexanes to 10% Et2O in hexanes) 

afforded the title compound as a colourless oil (58 mg, 59%). 1H NMR (400 MHz, CDCl3): δ 7.63-7.60 

(m, 2H), 7.46-7.42 (m, 2H), 7.37-7.31 (m, 2H), 6.98-6.94 (m, 2H), 6.77 (ddd, J = 8.3 Hz, 2.6 Hz, 1.0 

Hz, 1H), 3.02 (s, 6H). 13C NMR (101 MHz. CDCl3): δ 151.10, 142.43, 142.42, 129.54, 128.72, 127.21, 

116.00, 111.79, 111.74, 40.85.  LR-MS (EI) m/z (%): 197.1 (100) (M)+. Spectroscopic data is in 

agreement with literature.39  

3,5-Dimethoxybiphenyl, 64 

  

Prepared from the reaction of 1-chloro-3,5-dimethoxybenzene and phenylboronic acid neopentyl glycol 

ester 26 according to GP3. Purification by column chromatography (100% hexanes to 10% Et2O in 

hexanes), followed by secondary column chromatography using Al2O3 as the stationary phase (5% Et2O 

in hexanes) afforded the title compound as a colourless oil (77 mg, 72%). 1H NMR (400 MHz, CDCl3): 

δ 7.60-7.57 (m, 2H), 7.46-7.41 (m, 2H), 7.36 (tt, J = 7.4 Hz, 1.4 Hz, 1H), 6.74 (d, J = 2.3 Hz, 1H), 6.48 

(t, J = 2.3 Hz, 1H), 3.86 (s, 6H). 13C NMR (101 MHz. CDCl3): δ 161.21, 143.66 141.37, 128.85, 127.70, 

127.35, 105.64, 99.46, 55.57. LR-MS (EI) m/z (%): 214.1 (100) (M)+. Spectroscopic data is in agreement 

with literature.38  

3-Phenylphenol, 74 

  

Prepared from the reaction of 2-(3-chlorophenoxy)tetrahydro-2H-pyran and phenylboronic acid 

neopentyl glycol ester 26 according to GP3. Purification by column chromatography (100% hexanes to 

10% Et2O in hexanes) afforded the title compound as a colourless solid (29 mg, 34%). 1H NMR (400 

MHz, CDCl3): δ 7.59-7.56 (m, 2H), 7.46-7.41 (m, 2H), 7.37-7.30 (m, 2H), 7.18 (ddd, J = 7.7 Hz, 1.6 

Hz, 1.0 Hz, 1H), 7.07 (dd, J = 2.6 Hz, 1.7 Hz, 1H), 6.82 (ddd, J = 8.1 Hz, 2.6 Hz, 1.0 Hz, 1H), 4.81 (s, 

1H). 13C NMR (101 MHz. CDCl3): δ 156.95, 143.19, 140.87, 130.13, 128.90, 127.64, 127.26, 119.97, 
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114.32, 114.24. LR-MS (EI) m/z (%): 170.1 (100) (M)+. Spectroscopic data is in agreement with 

literature.40  

2-Phenylphenol, 75 

 

 Prepared from the reaction of 2-(2-chlorophenoxy)tetrahydro-2H-pyran and phenylboronic acid 

neopentyl glycol ester 26 according to GP3. Purification by column chromatography (100% hexanes to 

10% Et2O in hexanes) afforded the title compound as a colourless solid (26 mg, 31%). 1H NMR (400 

MHz, CDCl3): δ 7.52-7.46 (m, 4H), 7.42-7.38 (m, 1H), 7.29-7.24 (m, 2H), 7.00 (ddd, J = 7.7 Hz, 6.8 

Hz, 1.2 Hz, 2H), 5.18 (s, 1H). 13C NMR (101 MHz. CDCl3): δ 152.56, 137.21, 130.37, 129.45, 129.31, 

129.23, 128.26, 128.04, 120.99, 115.96. LR-MS (EI) m/z (%): 170.1 (100) (M)+. Spectroscopic data is 

in agreement with literature.41  

5-Phenylbenzo[d][1,3]dioxole, 68 

  

Prepared from the reaction of 1-chloro-3,4-methylenedioxybiphenyl and phenylboronic acid neopentyl 

glycol ester 26 according to GP3. Purification by column chromatography (100% hexanes to 5% Et2O 

in hexanes) afforded the title compound as a colourless oil (62 mg, 62%). 1H NMR (400 MHz, CDCl3): 

δ 7.54-7.51 (m, 2H), 7.42-7.39 (m, 2H), 7.32 (tt, J = 7.4 Hz, 1.4 Hz, 1H), 7.09-7.06 (m, 2H), 6.89 (dd, J 

= 7.8 Hz, 0.7 Hz, 1H), 6.01 (s, 2H). 13C NMR (101 MHz. CDCl3): δ 148.26, 147.20, 141.08, 135.77, 

128.87, 127.07, 127.03, 120.77, 108.71, 107.83, 101.27. LR-MS (EI) m/z (%): 198.1 (100) (M)+. 

Spectroscopic data is in agreement with literature.42  

1-Phenylnaphthalene, 66 

  

Prepared from the reaction of 1-chloronaphthalene and phenylboronic acid neopentyl glycol ester 26 

according to GP3. Purification by column chromatography (hexanes) afforded the title compound as a 

colourless solid (70 mg, 68%). 1H NMR (400 MHz, CDCl3): δ 7.95-7.93 (m, 2H), 7.90-7.88 (m, 1H), 

7.58-7.44 (m, 9H). 13C NMR (101 MHz. CDCl3): δ 140.91, 140.41, 133.95, 131.77, 130.21, 128.39, 
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127.77, 127.37, 127.06, 126.17, 126.15, 125.90, 125.51. LR-MS (EI) m/z (%): 204.1 (100) (M)+. 

Spectroscopic data is in agreement with literature.36 

Also prepared from the reaction of 4-chlorobenzene and 1-naphthylboronic acid neopentyl glycol ester 

according to GP3. Purification by column chromatography (hexanes) afforded the title compound as a 

colourless solid (95 mg, 93%). 

2-(p-Tolyl)naphthalene, 67 

 

Prepared from the reaction of 1-chloronaphthalene and p-tolylboronic acid neopentyl glycol ester 

according to GP3. Purification by column chromatography (hexanes) afforded the title compound as a 

colourless solid (69 mg, 63%). 1H NMR (400 MHz, CDCl3): δ 8.04 (m, 1H), 7.93-7.86 (m, 3H), 7.76 

(dd, J = 8.6 Hz, 1.8 Hz, 1H), 7.66-7.63 (app. dt, J = 8.2 Hz, 1.9 Hz, 2H), 7.50 (app. ddt, J = 7.8 Hz, 6.8 

Hz, 5.2 Hz, 2H), 7.31 (dd, J = 8.5 Hz, 0.8 Hz, 2H), 2.44 (s, 3H). 13C NMR (101 MHz. CDCl3): δ 138.64, 

138.38, 137.30, 133.88, 132.66, 129.73, 128.48, 128.28, 127.77, 127.40, 126.37, 125.91, 125.70, 

125.58. LR-MS (EI) m/z (%): 218.1 (100) (M)+. Spectroscopic data is in agreement with literature.30 

3-Phenylpyridine, 69 

 

Prepared from the reaction of 3-chloropyridine and phenylboronic acid neopentyl glycol ester 26 

according to GP3. Purification by column chromatography (100% hexanes to 20% Et2O in hexanes) 

afforded the title compound as a pale yellow oil (40 mg, 51%). 1H NMR (400 MHz, CDCl3): δ 8.85 (dd, 

J = 2.4 Hz, 0.9 Hz, 1H), 8.59 (dd, J = 4.8 Hz, 1.6 Hz, 1H), 7.87 (ddd, J = 7.8 Hz, 2.4 Hz, 1.6 Hz, 1H), 

7.59-7.56 (m, 2H), 7.50-7.46 (m, 2H), 7.41 (tt, J = 7.3 Hz, 1.6 Hz, 1H), 7.36 (ddd, J = 7.9 Hz, 4.9 Hz, 

1.0 Hz, 1H). 13C NMR (101 MHz. CDCl3): δ 148.56, 148.44, 137.94, 136.76, 134.46, 129.19, 128.21, 

127.26, 123.65. LR-MS (EI) m/z (%): 155.1 (100) (M)+. Spectroscopic data is in agreement with 

literature.30 

2-Phenylpyridine, 70 
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Prepared from the reaction of 2-chloropyridine and phenylboronic acid neopentyl glycol ester 26 

according to GP3. Purification by column chromatography (100% hexanes to 20% Et2O in hexanes) 

afforded the title compound as a pale yellow oil (41 mg, 53%). 1H NMR (400 MHz, CDCl3): δ 8.71-

8.69 (m, 1H), 8.01-7.98 (m, 2H), 7.77-7.71 (m, 2H), 7.50-7.46 (m, 2H), 7.42 (tt, J = 7.3 Hz, 1.4 Hz, 1H), 

7.22 (ddd, J = 6.0 Hz, 4.8 Hz, 2.6 Hz, 1H). 13C NMR (101 MHz. CDCl3): δ 157.91, 150.10, 139.84, 

137.17, 129.38, 129.18, 127.35, 122.51, 120.99. LR-MS (EI) m/z (%): 155.1 (100) (M)+. Spectroscopic 

data is in agreement with literature.43 

2-Phenylbenzo[d]thiazole, 71 

 

Prepared from the reaction of 1-chlorobenzothiazole and phenylboronic acid neopentyl glycol ester 26 

according to GP3. Purification by column chromatography (100% hexanes to 10% Et2O in hexanes), 

followed by hydrolysis of the boronic ester to boronic acid according to GP3 and secondary column 

chromatography (10% Et2O in hexanes) afforded the title compound as a colourless solid (63 mg, 59%). 

1H NMR (400 MHz, CDCl3): δ 8.12-8.07 (m, 3H), 7.91 (ddd, J =  8.1 Hz, 1.4 Hz, 0.7 Hz, 1H), 7.52-

7.48 (m, 4H), 7.39 (ddd, J = 8.2 Hz, 7.2 Hz, 1.2 Hz, 1H). 13C NMR (101 MHz. CDCl3): δ 168.22, 154.23, 

135.23, 133.81, 131.12, 129.18, 127.73, 126.47, 125.34, 123.40, 121.77. LR-MS (EI) m/z (%): 211.1 

(100) (M)+. Spectroscopic data is in agreement with literature.44 

p-Terphenyl, 72 

 

Prepared from the reaction of 1-chlorobenzothiazole and phenylboronic acid neopentyl glycol ester 26 

according to GP3. Purification by column chromatography (hexanes) afforded the title compound as a 

colourless solid (47 mg, 41%). 1H NMR (400 MHz, CDCl3): δ 7.69 (s, 2H), 7.67-7.64 (m, 4H), 7.49-

7.45 (m, 4H), 7.37 (tt, J = 7.3 Hz, 1.3 Hz, 2H). 13C NMR (101 MHz. CDCl3): δ 140.87, 140.28, 128.97, 

127.65, 127.49, 127.20. LR-MS (EI) m/z (%): 230.2 (100) (M)+. Spectroscopic data is in agreement with 

literature.45 

Also prepared from the reaction of 4-chlorobenzene and 4-biphenylboronic acid neopentyl glycol ester 

according to GP3. Purification by column chromatography (hexanes) afforded the title compound as a 

colourless solid (95 mg, 82%). 
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2,4'-Dimethoxybiphenyl, 79 

 

Prepared from the reaction of 4-chloroanisole and 2-methoxyphenylboronic acid neopentyl glycol ester 

according to GP3. Purification by column chromatography (100% hexanes to 15% Et2O in hexanes) 

afforded the title compound as a colourless solid (104 mg, 97%). 1H NMR (400 MHz, CDCl3): δ 7.50-

7.46 (m, 2H), 7.30 (app. td, J = 7.5 Hz, 1.6 Hz, 2H), 7.04-6.94 (m, 4H), 3.85 (s, 3H), 3.82 (s, 3H). 13C 

NMR (101 MHz. CDCl3): δ 158.80, 156.61, 131.06, 130.83, 130.74, 130.51, 128.31, 120.97, 113.64, 

111.36, 55.69, 55.42. LR-MS (EI) m/z (%): 214.1 (100) (M)+. Spectroscopic data is in agreement with 

literature.46 

2-Methoxy-4'-(trifluoromethyl)biphenyl, 80 

 

Prepared from the reaction of 4-chlorobenzotrifluoride and 2-methoxyphenylboronic acid neopentyl 

glycol ester according to GP3. Purification by column chromatography (100% hexanes to 15% Et2O in 

hexanes) afforded the title compound as a colourless oil (88 mg, 70%). 1H NMR (400 MHz, CDCl3): δ 

7.67-7.62 (m, 4H), 7.37 (ddd, J = 8.3 Hz, 7.5 Hz, 1.8 Hz, 1H), 7.31 (dd, J =  7.5 Hz, 1.7 Hz, 1H), 7.05 

(app. td, J = 7.5 Hz, 1.1 Hz, 1H), 7.01 (dd, J = 8.3 Hz, 1.2 Hz, 1H), 3.83 (s, 3H). 19F{1H} NMR (377 

MHz. CDCl3): -62.43. 13C NMR (126 MHz. CDCl3): δ 156.54, 142.36, 130.91, 129.97, 129.62, 129.04 

(q, J = 32.3 Hz), 125.03 (q, J = 3.8 Hz), 124.52 (q, J = 272.0 Hz), 121.12, 111.45, 55.70. LR-MS (EI) 

m/z (%): 252.1 (100) (M)+. Spectroscopic data is in agreement with literature.46 

2-Methoxy-4'-methylbiphenyl, 81 

 

Prepared from the reaction of 4-chlorotoluene and 2-methoxyphenylboronic acid neopentyl glycol ester 

according to GP3. Purification by column chromatography (100% hexanes to 10% Et2O in hexanes) 

afforded the title compound as a colourless solid (91 mg, 91%). 1H NMR (400 MHz, CDCl3): δ 7.44-

7.41 (m, 2H), 7.33-7.28 (m, 2H), 7.22 (app. dt, J = 7.8 Hz, 0.7 Hz, 2H), 7.03 (app. td, J = 7.5 Hz, 1.1 

Hz, 1H), 6.98 (dd, J = 8.7 Hz, 1.2 Hz, 1H), 3.81 (s, 3H), 2.39 (s, 3H). 13C NMR (101 MHz. CDCl3): δ 
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156.65, 136.73, 135.74, 130.93, 130.86, 129.54, 128.87, 128.50, 120.93, 111.33, 55.67, 21.34. LR-MS 

(EI) m/z (%): 198.1 (100) (M)+. Spectroscopic data is in agreement with literature.47 

4-Methyl-4'-(trifluoromethyl)biphenyl, 83 

 

Prepared from the reaction of 4-chlorotoluene and 4-(trifluoromethyl)phenylboronic acid neopentyl 

glycol ester according to GP3. Purification by column chromatography (100% hexanes to 5% Et2O in 

hexanes) afforded the title compound as a colourless solid (107 mg, 90%). 1H NMR (400 MHz, CDCl3): 

δ 7.68 (app. s, 4H), 7.52-7.49 (m, 2H), 7.30-7.28 (m, 2H), 2.42 (s, 3H). 19F{1H} NMR (377 MHz. 

CDCl3): -62.37. 13C NMR (101 MHz. CDCl3): δ 144.82, 138.20, 137.03, 129.86, 129.20 (q, J = 32.4 

Hz), 127.32, 127.26, 125.81 (q, J = 3.8 Hz), 21.29. Note: expected 1JCF coupling not observed. LR-MS 

(EI) m/z (%): 236.1 (100) (M)+. Spectroscopic data is in agreement with literature.47 

4-(Trifluoromethyl)-4’-methoxybiphenyl, 84 

 

Prepared from the reaction of 1-chloro-4-(trifluoromethyl)benzene and 4-methoxyphenylboronic acid 

neopentyl glycol ester according to GP3. Spectroscopic yield determined by 1H NMR using 1,4-

dinitrobenzene as an internal standard is 39%.  

4-(2-Methoxyphenyl)benzonitrile, 85 

 

Prepared from the reaction of 4-chlorobenzonitrile and 2-methoxyphenylboronic acid neopentyl glycol 

ester according to GP3. Spectroscopic yield determined by 1H NMR using 1,4-dinitrobenzene as an 

internal standard is 31%.  

2,3,4-Trimethoxybiphenyl, 82 
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Prepared from the reaction of 4-chlorobenzene and 2,3,4-trimethoxyphenylboronic acid neopentyl 

glycol ester according to GP3. Spectroscopic yield determined by 1H NMR using 1,4-dinitrobenzene as 

an internal standard is 56%.  

2-Fluoro-4’-methylbiphenyl, 76 

 

Prepared from the reaction of 1-chloro-2-fluorobenzene and p-tolylboronic acid neopentyl glycol ester 

according to GP3. Spectroscopic yield determined by 1H NMR using 1,4-dinitrobenzene as an internal 

standard is 44%.  

3-Phenylbenzoate, 77 

 

Prepared from the reaction of methyl 3-chlorobenzoate and phenylboronic acid neopentyl glycol ester 

26 according to GP3. Spectroscopic yield determined by 1H NMR using 1,4-dinitrobenzene as an 

internal standard is 17%.  

Biphenyl-4-yl tert-butyl ketone, 78 

 

Prepared from the reaction of 1-(4-Chlorophenyl)-2,2-dimethyl-1-propanone and phenylboronic acid 

neopentyl glycol ester 26 according to GP3. Spectroscopic yield determined by 1H NMR using 1,4-

dinitrobenzene as an internal standard is 17%.  

Reaction poisoning with addition of thioanisole or thiophene 
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Reaction conducted according to GP3, however, with the addition or either thiophene (40.0 μL 0.5 

mmol) or thioanisole (58.8 μL, 0.5 mmol) before the addition of KOtBu. No cross-coupling product was 

determined by GC analysis.  

7.3.3 Kinetic Studies 

General procedure for reaction profile analysis, GP5: 

In an argon-filled glovebox, a 0.05 M in THF stock solution of CoCl2/IPr·HCl (1.0 mL, 0.05 mmol) was 

added to an oven-dried Schlenk tube, equipped with an oven-dried stirrer bar. THF (3.0 mL) was added 

followed by 4-chlorotoluene (59.2 µL, 0.5 mmol), phenylboronic acid neopentylglycol ester (0.190 g, 

1.0 mmol) and the internal standard, dodecane (56.8 µL, 0.25 mmol). KOtBu (84.2 mg, 0.75 mmol) was 

added followed by THF (1.0 mL). The reaction was quickly sealed, taken out of the glovebox and stirred 

at 60 °C. Aliquots (~ 0.1 mL) were taken at given times using oven-dried needles and were immediately 

quenched with HCl(aq.) (0.3 mL). H2O was added (0.2 mL) and the organics were extracted into DCM 

(0.3 mL) and analysed by GC. 

All kinetic studies (reaction profiles and determination of initial rates) were conducted following GP5, 

with modification of the reagents and conditions stated in the respective figure captions. 

Linear free-energy relationship experiments 

 

The reactions were conducted according to GP5, using the following aryl chlorides: 4-chlorotoluene 

(59.2 µL, 0.5 mmol), 1-chloro-4-fluorobenzene (53.2 µL, 0.5 mmol), 4-chloroanisole (61.2 µL, 0.5 

mmol) and 4-chlorobiphenyl (94.3 mg, 0.5 mmol). 

 

 

The reactions were conducted according to GP5, using 4-chlorobenzene (50.9 µL, 0.5 mmol) and the 

following arylboronic esters: 4-tolylboronic acid neopentylglycol ester (0.204 g, 1.0 mmol), 4-

fluorophenylboronic acid neopentylglycol ester (0.208 g, 1.0 mmol), 4-biphenylboronic acid 

neopentylglycol ester (0.266 g, 1.0 mmol), 4-methoxyphenylboronic acid neopentylglycol ester (0.220 

g, 1.0 mmol) and 4-(trifluoromethyl)phenylboronic acid neopentylglycol ester (0.206 g, 1.0 mmol).   
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Kinetic isotope effect (KIE) experiments 

Determination of KIE of the electrophile by intermolecular competition reaction: 

 

In an argon-filled glovebox, a 0.05 M in THF stock solution of CoCl2/IPr·HCl (0.5 mL, 0.025 mmol) 

was added to an oven-dried small glass vial, equipped with an oven-dried stirrer bar. THF (1.5 mL) was 

added followed by 4-chlorotoluene (29.6 µL, 0.25 mmol), 4-chlorotoluene-d4 (30.5 µL, 0.25 mmol), and 

phenylboronic acid neopentylglycol ester (0.190 g, 1.0 mmol). KOtBu (84.2 mg, 0.75 mmol) was added 

followed by THF (1.0 mL). The vial was sealed with a screw-cap lid and allowed to stir at 60 °C in the 

glovebox for 5 h. The vial was removed from the glovebox and quenched by cooling to 0 °C in an ice-

bath. DCM (10 mL) was added and the reaction mixture was filtered through a small plug of silica to 

remove the cobalt and afford the crude reaction mixture. The 1H NMR spectrum was recorded in DMSO-

d6 and used to determine the relative amounts of cross-coupled product, as shown below in Figure 7.2.  

 

Figure 7.2. 1H NMR spectra of the above reaction. The aromatic CH2 peak at 7.54 ppm and CH3 peak at 2.34 ppm were 

used to obtain the relative amount of non-deuterated to deuterated product (KIE = 1.2). 
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Determination of KIE of the electrophile by initial rates: 

 

The initial rates of the above reactions were measured. In an argon-filled glovebox, a 0.05 M in THF 

stock solution of CoCl2/IPr·HCl (0.5 mL, 0.025 mmol) was added to a Schlenk tube, equipped with an 

oven-dried stirrer bar. THF (1.5 mL) was added followed by aryl chloride (0.5 mmol), phenylboronic 

acid neopentyl glycol ester (0.190 g, 1.0 mmol) and the internal standard, dodecane (56.8 µL, 0.25 

mmol). KOtBu (84.2 mg, 0.75 mmol) was added followed by THF (1.0 mL). The reaction was quickly 

sealed, taken out of the glovebox and allowed to stir at 60 °C. Aliquots (~ 0.1 mL) were taken at given 

times using oven-dried needles and were immediately quenched with HCl(aq.) (0.3 mL). H2O was added 

(0.2 mL) and the organics were extracted into DCM (0.3 mL), which were then analysed by GC. KIE 

determined by the ratio of initial rates kH/kD = 0.99±0.01 (Figure 7.3). 

 

Figure 7.3. Formation of 4-methylbiphenyl 27 (●) and 4-methylbiphenyl-d4 27D (●) over time. 

Determination of KIE of the boronic ester by intermolecular competition reaction: 
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In an argon-filled glovebox, a 0.05 M in THF stock solution of CoCl2/IPr·HCl (0.5 mL, 0.025 mmol) 

was added to an oven-dried small glass vial, equipped with an oven-dried stirrer bar. THF (1.5 mL) was 

added followed by 4-chlorotoluene (59.2 µL, 0.5 mmol), phenylboronic acid neopentylglycol ester 

(0.095 g, 0.5 mmol) and phenylboronic acid neopentylglycol ester-d5 (0.0975 g, 0.5 mmol). KOtBu (84.2 

mg, 0.75 mmol) was added followed by THF (1.0 mL). The vial was sealed with a screw-cap lid and 

allowed to stir at 60 °C in the glovebox for 5 h. The vial was removed from the glovebox and quenched 

by cooling to 0 °C in an ice-bath. DCM (10 mL) was added and the reaction mixture was filtered through 

a small plug of silica to remove the cobalt and afford the crude reaction mixture.  Accurate mass EI-GC-

MS was used to determine the relative amounts of cross-coupled product (Figures 7.4 and 7.5). 

 

Figure 7.4. GC trace (extracted ion chromatogram) showing the relative amount of non-deuterated and deuterated 

products in the above reaction (KIE = 1.1). 
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Figure 7.5. Mass spectrum of the above reaction. 
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7.3.4 Mechanistic Experiments 

General procedure for electrophile-free reactions, GP6:  

 

Inside an argon-filled glovebox, [Co] was added to an oven-dried small glass vial, equipped with an 

oven-dried stirrer bar. THF (1.5 mL) was added followed by phenylboronic acid neopentyl glycol ester 

(71.3 mg, 0.375 mmol) and finally KOtBu (42.1 mg, 0.375 mmol). The vial was sealed with a screw-

cap lid and allowed to stir at 60 °C in the glovebox for the required time. The reaction was quenched 

with HCl(aq.) (1 M, 1 mL) and the internal standard, dodecane (56.8 μL, 0.25 mmol) was added. H2O (1 

mL) was added and the organics extracted with DCM (1 mL). The DCM extract was analysed by GC to 

determine the yield of biphenyl.  

Using CoCl2/IPr·HCl:  

GP6 was followed, using a 0.05 M in THF stock solution of CoCl2/IPr·HCl (0.5 mL, 0.025 mmol) as 

[Co]. Only 1 mL of THF was then added, in order to keep the total volume of THF 1.5 mL. 

Using CoCl2: 

GP6 was followed, using CoCl2 (either 3.2 mg, 0.025 mmol or 6.4 mg, 0.05 mmol depending on catalyst 

loading) as [Co]. 

Catalysis using K[Co(OtBu)3] 91 as a pre-catalyst 

 

The reaction was carried out according to GP3, with some modifications: K[Co(OtBu)3] 91 (7.9 mg, 

0.025 mmol) and IPr·HCl (10.6 mg, 0.025 mmol) was added to THF (1 mL), followed by chlorotoluene 

(29.6 μL, 0.25 mmol), phenylboronic acid neopentyl glycol ester (71.3 mg, 0.375 mmol). KOtBu (42.1 

mg, 0.375 mmol) was then added followed by THF (0.5 mL). Upon work-up, dodecane (56.8 μL, 0.25 

mmol) was added as the internal standard, and the product analysed by GC. 

The catalytic reaction was also carried out in the absence of IPr·HCl and in the absence of IPr·HCl and 

using 2 equivalents of phenylboronic acid neopentyl glycol ester (95.0 mg, 0.5 mmol) instead of 1.5 

equivalents of phenylboronic acid neopentyl glycol ester. 
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Radical trap experiments 

 

Each of the reactions were set up according to GP3 and the radical trap added before the addition of 

potassium tert-butoxide. In the reaction using 1,4-cyclohexadiene (23.7 µL, 0.25 mmol), the yield of the 

product 27 was unaffected by the radical trap (68%). In the reaction using 1,1-diphenylethylene (0.045 

g, 0.25 mmol), the yield of 27 was unaffected (64%) and the radical trap was observed by GC-MS after 

the work-up. In the reaction using 3,5-di-tert-butyl-4-hydroxytoluene (0.055 g, 0.25 mmol), the yield of 

27 was unaffected (67%) and the radical trap was observed by GC-MS after the work-up. 

Attempted formation of Co(0) species using boronate 29 as a reductant 

 

To a solution of CoCl2 (0.0130 g, 0.1 mmol), SIPr (0.0391 g, 0.1 mmol) and dvtms (23 μL, 0.1 mmol) 

in THF (2 mL) was added K[PhB(OtBu)neop] 29 (0.0907 g, 0.3 mmol). The reaction was stirred 

overnight at 60 °C for 20 h. No product was observed by 1H NMR spectroscopy. 

 

To a solution of CoCl2 (13.0 mg, 0.1 mmol), SIPr (0.0391 g, 0.1 mmol) and norbornene (0.0188 g, 0.2 

mmol) in THF (2 mL) was added K[PhB(OtBu)neop] 29 (0.0907 g, 0.3 mmol). The reaction was stirred 

overnight at 60 °C for 20 h. No product was observed by 1H NMR spectroscopy. 
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7.3.5 NMR Spectroscopy Experiments and Spectroscopic Data 

Formation of [CoCl3][IPr·H] 

 

Figure 7.6. 1H NMR spectrum of the mixture of CoCl2 and IPr·HCl in THF, carried out in an NMR tube fitted with a J 

Young’s valve. 

Formation of 91 under electrophile-free conditions 

 

To a solution of CoCl2 (6.5 mg, 0.05 mmol) and either IPr (19.4 mg, 0.05 mmol) or IPr·HCl (21.3 mg,  

0.05 mmol) in THF (1 mL) was added K[PhB(OtBu)neop] 29 (either 3, 5, 8 or 15 equivalents). The 

reaction was stirred at room temperature for 30 minutes and the 1H NMR spectrum recorded. Similar 

spectra were obtained in all cases. The spectra for the reaction using IPr and 5 equivalents of 29 is shown 

in Figure 7.7.  

 

 

1H NMR (400 MHz, THF) 
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Figure 7.7. 1H NMR spectrum for the above reaction, using IPr and 5 equivalents of boronate 29. Peaks corresponding 

to K[Co(OtBu)3] 91 are indicated by *.  

Formation of 91 from CoCl2 and boronate 

 

CoCl2 (6.5 mg, 0.05 mmol) and K[PhB(OtBu)neop] 29 (45.3 mg, 0.15 mmol) were stirred in THF (1 

mL) for 30 minutes and the 1H and 11B NMR spectra were recorded (Figures 7.8 and 7.9). 

 

Figure 7.8. 1H NMR spectrum of the above reaction. Peaks corresponding to K[Co(OtBu)3] 91 are indicated by *. 

 

1H NMR (400 MHz, THF) 

1H NMR (400 MHz, THF) 

* 

* 

* 
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Figure 7.9. 11B NMR spectrum of the above reaction.  

Formation of 91 from [Co(IPr)Cl2]2 and base 

 

[Co(IPr)Cl2]2 42 (25.9 mg, 0.025 mmol) and KOtBu (16.8 mg, 0.15 mmol) were stirred in THF (1 mL) 

for 30 minutes and the 1H NMR spectrum was recorded (Figure 7.10).  

 

Figure 7.10. 1H NMR spectrum of the above reaction. Peaks corresponding to K[Co(OtBu)3] 91 are indicated by *.  

 

 

 

1H NMR (400 MHz, THF) 

11B NMR (128 MHz, THF) 

* 

* 



Chapter 7 – Experimental  

196 

 

Reactivity of 91 with boronic ester 

 

K[Co(OtBu)3] 91 (15.9 mg, 0.05 mmol) and phenylboronic acid neopentyl glycol ester 26 (9.5 mg, 0.05 

mmol) were stirred in THF (1 mL) for 30 minutes and the 11B NMR spectrum was recorded (Figure 

7.11). The reaction was repeated and allowed to stir overnight at 60 °C. The resulting 1H NMR spectra 

shows the formation of a greater amount of B(OtBu)neop (Figure 7.12). 

 

Figure 7.11. 11B NMR spectrum of the above reaction under the conditions: room temperature, 30 minutes. Assignment 

of B(OtBu)neop based on 1H NMR spectroscopic data reported in literature.300  

 

11B NMR (128 MHz, THF) 
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Figure 7.12. 11B NMR spectrum of the above reaction under the conditions: 60 °C, overnight.  

Reactivity of 91 with NHC ligand 

 

K[Co(OtBu)3] 91 (7.9 mg, 0.025 mmol) and either IPr (19.4 mg, 0.05 mmol) or IPr·HCl (21.3 mg, 0.05 

mmol) were stirred in THF (1 mL) for 30 minutes. The 1H NMR spectra were recorded, and in both 

cases, the starting material 91 was observed as the sole paramagnetic species (Figure 7.13). The reaction 

was repeated, using IPr·HCl, and allowed to stir for 5 hours at 60 °C, which resulted in the 1H NMR 

spectrum showing no paramagnetically shifted peaks. 

11B NMR (128 MHz, THF) 
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Figure 7.13. 1H NMR spectra of the above reaction, using IPr (green) and IPr·HCl (red). Peaks corresponding to 

K[Co(OtBu)3] 91 are indicated by *.  

Reactivity of 91 with salts 

 

The salts were dried by toluene azeotrope before being used. K[Co(OtBu)3] 91 (15.9 mg, 0.05 mmol) 

and either LiBr (4.3 mg, 0.05 mmol), MgBr2 (2.3 mg, 0.05 mmol) or ZnBr2 (11.0 mg, 0.05 mmol) were 

stirred in THF (1 mL) for 30 minutes and the 1H NMR spectrum was recorded. In each case, the starting 

material was not observed. The spectra is shown in Figure 4.11. 

 

K[Co(OtBu)3] 91 (15.9 mg, 0.05 mmol) and NaBr (4.3 mg, 0.05 mmol) were stirred in THF (1 mL) for 

30 minutes and the 1H NMR spectrum was recorded. The starting material 91 was observed and the 

spectra is shown in Figure 4.11. 

Formation of Na[Co(OtBu)3] 

 

1H NMR (400 MHz, THF) 

* 

* 

* 

* 
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Na[Co(OtBu)3] was formed in-situ by the reaction of CoBr2 (10.9 mg, 0.05 mmol) and NaOtBu (14.4 

mg, 0.15 mmol) in THF (1 mL), as reported by Rothenberger and co-workers.239 The 1H NMR spectra 

is shown in Figure 4.11. 

Formation of Li[Co(OtBu)3] 

 

CoBr2 (32.7 mg, 0.15 mmol) and LiOtBu (36.1 mg, 0.45 mmol) were stirred in THF (3 mL) for 2 hours. 

The mixture was filtered via cannula and the solvent was removed from the resulting filtrate, resulting 

in a blue solid. Attempts to recrystallise the product in THF/hexane and THF/pentane were unsuccessful. 

1H NMR spectrum of the product was recorded (Figure 7.14). 

 

Figure 7.14. 1H NMR spectrum of the above reaction. 

Reactivity of Li[Co(OtBu)3] with PhBneop 

 

Li[Co(OtBu)3] (14.3 mg, 0.05 mmol) and phenylboronic acid neopentyl glycol ester (9.5 mg, 0.05 mmol) 

were stirred in THF (1 mL) at room temperature for 30 minutes and the 11B NMR spectrum was recorded 

(Figure 7.15). 

1H NMR (400 MHz, THF) 
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Figure 7.15. 11B NMR spectrum of the above reaction.  

Investigation of the equilibria between boronate species 

 

4-(Trifluoromethyl)phenyl boronic acid neopentylglycol ester 93 (10 mg, 0.039 mmol) and boronate 29 

(11.7 mg, 0.039 mol) were stirred in C6D6 at room temperature for 1 h and the 1H, 11B and 19F NMR 

spectra were recorded (Figures 7.16-7.19). The 1H NMR spectrum was used to determine the 

equilibrium constant Keq. 

 

 

 

 

 

 

 

 

 

11B NMR (128 MHz, THF) 
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Figure 7.16. Expansion of the aromatic region of the 1H NMR spectrum of the above reaction. 

 

Figure 7.17. 1H NMR spectrum of the above reaction. 

1H NMR (400 MHz, THF) 

1H NMR (400 MHz, THF) 
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Figure 7.18. 11B NMR spectrum of the above reaction. 

 

Figure 7.19. 19F NMR spectrum of the above reaction. 

 

 

4-Methoxyphenyl boronic acid neopentylglycol ester 95 (10 mg, 0.045 mmol) and borate 29 (13.7 mg, 

0.045 mol) were stirred in C6D6 at room temperature for 1 h and the 1H, and 11B NMR spectra were 

11B NMR (128 MHz, THF) 

19F NMR (377 MHz, THF) 
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recorded (Figures 7.20-7.22). The 1H NMR spectrum was used to determine the equilibrium constant 

Keq. 

 

Figure 7.20. Expansion of the aromatic region of the 1H NMR spectrum of the above reaction. 

 

1H NMR (400 MHz, THF) 
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Figure 7.21. 1H NMR spectrum of the above reaction.  

 

Figure 7.22. 11B NMR spectrum of the above reaction.  

7.3.6 Synthesis and characterisation of [Co(OtBu)2]n 105 

A purple precipitate was obtained from four independent syntheses, and powder X-ray diffraction 

revealed that the product was the same in each case, tentatively assigned as [Co(OtBu)2]n 105 (Figure 

4.24). Powder X-ray diffraction data was collected on a Bruker D8 Advance instrument with Cu-K  

1H NMR (400 MHz, 

THF) 

11B NMR (128 MHz, THF) 
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radiation ( = 1.540600 Å) and a PSD LynxEye detector, in Bragg-Brentano geometry. Data was 

collected over a 2 range of 5-60° with a 0.02° step size and 1 second per step. The sample stage was 

rotated during measurements at a rate of 60 rps.  

Procedure 1: 

 

In a glovebox, [Co(IPr)Cl2]2 (52 mg, 0.05 mmol) was added to a vial and dissolved in THF (2 mL). 

KOtBu (22 mg, 0.2 mmol) was added and the reaction was allowed to stir at room temperature for 1 

hour, resulting in the suspension of a purple precipitate in a pale blue solution. The precipitate was 

collected by filtration, washed with THF (2 x 2 mL) and dried in vacuo. 

Procedure 2: 

 

In a glovebox, [(IPr)Co(HMDS)2] (76.8 mg, 0.1 mmol) and THF (2 mL) were added to a vial, followed 

by dry tBuOH (19.1 µL, 0.2 mmol). A deep red solution formed immediately, which within several 

minutes turned into a suspension of a purple precipitate in a colourless solution. The precipitate was 

collected by filtration, washed with THF (2 x 2 mL) and dried in vacuo. 

Procedure 3: 

 

In a glovebox, [Co(HMDS)2]2 (76 mg, 0.1 mmol), and THF (2 mL) was added to a vial, followed by dry 

tBuOH (38.3 µL, 0.4 mmol). The dark green solution immediately turned into a purple suspension in a 

colourless solution. The purple precipitate was collected by filtration, washed with THF (2 x 2 mL) and 

dried in vacuo. 

Procedure 4: 
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In a glovebox, CoCl2 (13 mg, 0.1 mmol) was suspended in THF (2 mL) and KOtBu (22.4 mg, 0.2 mmol) 

was added and the reaction mixture allowed to stir at room temperature. Within 30 minutes, a deep blue 

solution formed, and after 2 hours, a purple precipitate was observed. The reaction was stirred overnight 

at room temperature, resulting in the suspension of a purple precipitate in a colourless solution. The 

precipitate was collected by filtration, washed with THF (2 x 2 mL) and dried in vacuo. 

7.3.7 TEM Analysis 

Of the standard reaction mixture: 

Inside an argon-filled glovebox, a 0.05 M in THF stock solution of CoCl2/IPr·HCl (0.5 mL, 0.025 mmol) 

was added to an oven-dried small glass vial, equipped with an oven-dried stirrer bar. THF (0.5 mL) was 

added followed by 4-chlorotoluene (29.6 µL, 0.25 mmol) and phenylboronic acid neopentyl glycol ester 

(91.3 mg, 0.5 mmol). KOtBu (42.1 mg, 0.375 mmol) was added followed by THF (0.5 mL). The vial 

was sealed with a screw-cap lid and allowed to stir at 60 °C in the glovebox for 16 hours. A sample of 

the reaction mixture was drop-cast onto carbon-covered 3 mm Cu grids and the solvent was allowed to 

evaporate. Outside of the glovebox, the grid was loaded onto a double-tilt specimen holder and 

transferred into the TEM column. The sample was imaged using a JEOL 2100 TEM operating at 200 

kV. TEM images were acquired using a Gatan Orius SC1000 digital camera. Energy dispersive X-ray 

(EDX) analyses and elemental mapping were performed in HAADF-STEM mode with a spot size of 

1.5 nm using an Oxford Instruments Aztec X-ray system.  

STEM-EDX analysis of unwashed samples revealed a network of nanoparticles (~100-200 nm in 

diameter) rich in K and Cl with detectable Co. STEM-EDX mapping of these aggregated deposits 

resulted in loss of the spherical morphology of the primary particles. The Co and K remained 

homogeneously distributed, presumably as ionic or metalloorganic deposits consistent with the 

decomposition observed. There was no evidence of electron-dense, stable metallic Co nanoparticles 

before or after prolonged exposure to the electron beam. See Figures 4.1 and 4.2. 

Of the ligand-free reaction mixture: 

Inside an argon-filled glovebox, CoCl2 (3.3 mg 0.025 mmol) and THF (1 mL) was added to an oven-

dried small glass vial, equipped with an oven-dried stirrer bar and allowed to stir for 15 minutes. 4-

chlorotoluene (29.6 µL, 0.25 mmol) and phenylboronic acid neopentyl glycol ester (91.3 mg, 0.5 mmol) 

were added. KOtBu (42.1 mg, 0.375 mmol) was added followed by THF (0.5 mL). The vial was sealed 

with a screw-cap lid and allowed to stir at 60 °C in the glovebox for 16 hours. The sample was prepared 

in the same way as for the reaction mixture sample. 

TEM analysis of unwashed samples revealed deposits that, like the complete reaction mixture, were also 

susceptible to beam damage indicating they were ionic or metallorganic in origin. STEM-EDX mapping 
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of these deposits indicated colocation of the Co and K and there was no evidence of electron-dense, 

beam-stable metallic Co nanoparticles. See Figure 4.8. 

7.3.8 Computational Data 

DFT calculations were conducted by Prof. Robin Bedford, and performed using Orca 4.2,301, 302 

employing the B3LYP functional211-213, 303 with Grimme’s D3 dispersion correction214 and Becke-

Johnson damping,304 and were accelerated by the use of RIJCOSX approximation.305 Intermediates and 

transition states were optimised using the def2-SVP basis sets and single point energies were separately 

determined using the larger def2-TZVP basis set, while THF solvation was accounted for by a single 

point calculation using the conductor-like polarizable continuum model.216 Full, rather than truncated 

models were used throughout and the results from the study are summarised in Chapter 4, Section 4.6.  
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7.4 Experimental Details for Chapter 5 

7.4.1 Syntheses of Complexes 

Ligands 48,1 124,306 and 124b,262 and complexes 123,280 122,273 and 120269 were synthesised according 

to literature. 

Attempted synthesis of [Fe(PNP)SO4], 110 

 

The synthesis was attempted according to the procedure reported by Bhat.1 Analysis of the product by 

FT-IR and powder x-ray diffraction showed it to be a mixture of the starting material Fe(SO4)·7H2O and 

Fe(SO4)·4H2O. FT-IR (neat) νmax/cm-1: 3452, 3376, 1621, 1081, 606. cf. FT-IR of Fe(SO4)·7H2O (neat)  

νmax/cm-1: 3338, 3244, 1621, 1071, 811, 606. See Figure 4.23 for powder X-ray diffractogram. Analysis 

of the supernatant showed it to be primarily PNP ligand, 48 (LRMS (ESI+) calculated for C29H26N3P2 

[M+H]+: 478.1. Found: 478.1. See Figures 7.24 and 7.25 for NMR spectra). 

Attempted synthesis of [Co(PNP)(OAc)2], 109 

 

The synthesis was attempted according to the procedure reported by Bhat,264 and a brown solid was 

obtained. FT-IR (neat) νmax/cm-1: 1568, 1436, 1416, 1342, 1190, 1167, 1124, 1027, 726, 695, 674, 616, 

526, 470, 438. UV-Vis absorption (EtOH) λmax/nm: 240, 262, 272, 298, 393. LRMS (ESI+) calculated 

for C32H32N3O3P2Co [M-OAc+MeOH]+: 627.1. Found: 627.1. 

[Co(PNP)Br2], 44 

 

Under dry and inert conditions, a solution of PNP ligand 48 (0.143 g, 0.3 mmol) in THF (3 mL) was 

added to a solution of anhydrous CoBr2 (0.066 g. 0.3 mmol) in THF (3 mL). An immediate colour 

change was observed from blue to red and the reaction was stirred at 60 °C for 16 h. The filtrate was 

removed by cannula filtration, the resulting precipitate washed with ice-cold THF (1 mL) and the 

product dried under vacuum to give 44 as a red solid (0.188 g, 90%). Single crystals suitable for X-ray 
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diffraction were grown by cooling an anhydrous acetone solution to -20 °C overnight. FT-IR (neat) 

νmax/cm-1: 1611, 1465, 1435, 1393, 1105, 1053, 879, 784, 741, 690. Magnetic susceptibility (Evans’ 

method, 400 MHz, CD3OD, 298 K): μeff = 2.2(2) μB. UV-Vis absorption (acetone) λmax/nm: 410, 526, 

686.  

[Co(PNP)Br(NCMe)]Br, 121 

 

The same procedure for the synthesis of 44 was followed. The product was recrystallised in a 50:50 

mixture of acetone and acetonitrile, which upon slow evaporation of solvent gave rise to red crystals 

suitable for X-ray diffraction (0.110 g, 53%). FT-IR (neat) νmax/cm-1: 1608, 1466, 1435, 1395, 1100, 

1054, 883, 789, 736, 687. UV-Vis absorption (acetone) λmax/nm: 417, 528, 680.  

Attempted synthesis of [Cu(PNP)(OAc)2], 111 

 

The synthesis was attempted according to the procedure reported by Bhat,1 and a grey solid was 

obtained. Analysis of the product by NMR spectroscopy and mass spectroscopy suggested the presence 

of diamagnetic di- or polymetallic Cu(I) complexes and oxidation of the ligand. 31P{1H} NMR (162 

MHz, CDCl3) δ 26.66 (s), 24.15 (d, J = 169.9 Hz), 20.33 (d, J = 167.6 Hz). LRMS (ESI+) calculated for 

C33H32N3O6P2Cu [M+2O+H]+: 691.1. Found: 691.1. See Figure 5.3 for 31P NMR spectrum and Figure 

7.26 for mass spectrum. 

The product obtained was compared to that formed when Cu(I)OAc was used as a starting material 

instead of Cu(II)(OAc)2. Cu(I)OAc (0.0245 g, 0.2 mmol) and ligand 48 (0.0954 g, 0.2 mmol) were 

stirred in THF (5 mL) and heated at reflux temperature for 4 h to give a brown solution. The solvent was 

then removed under reduced pressure to give a light brown solid. 31P{1H} NMR (162 MHz, CDCl3) δ 

31P NMR (162 MHz, Chloroform-d) δ 33.90 (d, J = 25.5 Hz), 31.67, 31.19 (d, J = 25.5 Hz), 30.77, 29.91, 

26.37, 24.12 (d, J = 159.8 Hz), 21.38, 20.46 (d, J = 163.5 Hz), 17.89, 13.57 (See Figure 5.3 for 31P NMR 

spectrum). 
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Co-salophen, 118 

 

Synthesised according to a literature method to give a brown solid (67%).263 HRMS (nanospray) 

calculated for C20H14N2O2Co [M]+: 373.0387. Found: 373.0380. Magnetic susceptibility (298 K): eff= 

3.02 μB and is in accordance with literature.277 FT-IR (neat) νmax/cm-1: 1601 (s), 1582 (s), 1457 (m), 

1442 (s), 1372 (m), 1316 (s), 1188 (s), 1149 (s), 1127 (m), 1025 (m), 810 (m), 749 (s), 536 (s) and is in 

accordance with literature.307 

Ni-salophen, 119 

 

Synthesised according to a literature method to give a brick-red solid (52%).263 HRMS (ESI+) calculated 

for C20H15N2O2Ni [M+H]+: 373.0481. Found: 373.0482. 1H NMR (500 MHz, CDCl3) δ 8.24 (s, 2H, 

CHN), 7.72 (dd, J = 6.2, 3.3 Hz, 2H), 7.30 (td, J = 7.2, 1.7 Hz, 4H), 7.24 (dd, J = 6.2, 3.3 Hz, 2H), 7.17 

(d, J = 8.8 Hz, 2H), 6.65 (td, J = 7.1, 1.0 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 166.6, 154.4, 142.9, 

135.5, 133.4, 127.6, 122.5, 120.0, 116.2, 115.0 and is in accordance with literature.308, 309 

Bis-Schiff base Fe complex, 112 

 

Attempted synthesis of 112: following the procedure reported by Bhat,262 a purple solid was obtained 

(0.472 g). UV-Vis absorption (EtOH) λmax/nm: 227, 284, 318, 508, 544. FT-IR (neat) νmax/cm-1: 1683, 

1640, 1597, 1539, 1476, 1376, 1271, 1244, 1178, 1149, 1006, 842, 757, 583, 497, 457. These 

spectroscopic data are in broad agreement with those reported by Bhat.262 Magnetic gram susceptibility 

χg: 1.46 x10-5 cm3 g-1. See Figure 7.27 for mass spectrum, which shows that the claimed product was not 

synthesised. 
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Synthesis of 112: Under dry and inert conditions, to a solution of the Schiff base ligand 124b (0.238 g, 

1.0 mmol) in THF (5 mL), NaH (0.026 g, 1.1 mmol) was added gradually over 10 minutes. The reaction 

mixture was allowed to stir at room temperature for 1 hour, after which a solution of FeCl3 (0.081 g, 0.5 

mmol) in THF (5 mL) was added dropwise. An immediate colour change from yellow to red was 

observed and the reaction was stirred at room temperature for 16 h. The solvent was removed in vacuo, 

and the resulting residue extracted into toluene with the aid of sonication for 1 h. The undissolved solids 

were removed by cannula filtration, and solvent removed from the filtrate to give the crude product as 

a dark red solid. The crude was washed with hexane (5 mL) to give the product (0.207 g, 73%). HRMS 

(nanospray) calculated for C30H25N2O4FeCl [M+H]+: 568.0847. Found: 568.0820. FT-IR (neat) νmax/cm-

1: 1680, 1589, 1540, 1441, 1358, 1265, 1174, 1149, 865, 832, 729, 619, 566. UV-Vis absorption (EtOH) 

λmax/nm: 223, 237, 285, 317. Selected 1H NMR (400 MHz, CDCl3) δ 87.40 (s), 56.90(s), 29.50 (s), -

75.44 (s), -92.08 (s). 

Bis-Schiff base Co complex, 113 

 

Synthesised according to the procedure reported by Bhat, and an orange solid was obtained (67%).262 

UV-Vis absorption (EtOH) λmax/nm: 220. 238, 260, 302, 390. FT-IR (neat) νmax/cm-1: 1676 (s, C=N), 

1602 (s, C=O), 1267 (s, C-O), 1150 (s, C-O), 1028 (m, C-N). Selected 1H NMR (400 MHz, CDCl3) δ 

12.89 (s), 12.45 (s), 11.02 (s), 9.91 (s), 1.26 (s), 0.80 (s), -6.43 (s), -9.70 (s), -32.88 (s). HRMS (ESI+) 

calculated for C30H25N2O4Co [M+H]+: 536.1141. Found: 536.1142. 

Attempted synthesis of mono-Schiff base Co complex, 117 

 

Following the procedure reported by Bhat, and a dark red solid was obtained.306 UV-Vis absorption 

(EtOH) λmax/nm: 222, 286, 314, 411, 478, 512, 544. FT-IR (neat) νmax/cm-1: 1679 (m), 1634 (s), 1594 

(s), 1549 (s), 1502 (s), 1360 (s), 1245 (s), 1193 (s), 1169 (s, br), 1075 (s), 964 (s), 831 (br), 737 (s), 511 

(br). These spectroscopic data are in broad agreement with that reported by Bhat for 116.306 Analysis of 
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the product by HRMS indicated instead the formation of the bis-bidentate ligated complex 125. HRMS 

(nanospray) calculated for C32H29N2O6Co [M+H]+: 596.1358. Found: 596.1368. 

Bis-Schiff base Co complex, 125 

 

Synthesised according to the procedure reported by Bhat for the synthesis of the species reported as 

117,306 and also by employing the same method but instead using two equivalents of ligand 124 with 

respect to the cobalt salt: To a solution of ligand 124 (0.135 g, 1.0 mmol) in EtOH (10 mL), a solution 

of CoCl2·6H2O (0.059 g. 0.5 mmol) in EtOH (3 mL) was added. The reaction mixture was heated at 

reflux temperature and stirred for 5 h. The precipitate was collected by Büchner filtration and washed 

with EtOH (1 mL) and Et2O (2 mL) to give a dark red solid (0.189 g, 64%). HRMS (nanospray) 

calculated for C32H29N2O6Co [M+H]+: 596.1358. Found: 596.1338. UV-Vis absorption (EtOH) λmax/nm: 

226, 285, 318, 415, 478, 512, 541. FT-IR (neat) νmax/cm-1: 1633 (s, C=N), 1592 (s, C=O), 1238 (s, C-

O), 1171 (m, C-O), 1074 (m, C-N). Solid state magnetic susceptibility (298 K): eff= 4.02 μB. 

General procedure for the synthesis of bis-Schiff base Co complexes 126-132 

 

GP7: The ligand was first prepared, followed by the synthesis of complex. In air, the appropriate 2-

hydroxybenzaldehyde (4 mmol) and amine (4 mmol) were stirred in EtOH (15 mL) and heated at reflux 

conditions for 3 h. The reaction mixture was cooled to 0 °C and the resulting precipitate was isolated by 

filtration, washed with ice-cold Et2O (2 mL), and dried, giving rise to the ligand. CoCl2·6H2O (1 mmol) 

and appropriate ligand (2 mmol) were stirred in EtOH (15 mL) and heated at reflux conditions for 8 h. 

The reaction mixture was cooled to 0 °C and the resulting precipitate was isolated by filtration, washed 

with ice-cold EtOH (2 mL) and Et2O (1 mL) and dried under vacuum to yield the cobalt complex. In 

cases where little precipitate formed, the reaction mixture was cooled to -20 °C overnight and the 

precipitate isolated and washed in the same manner. 
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GP8: In air, the appropriate 2-hydroxybenzaldehyde (2 mmol), amine (2 mmol) and CoCl2·6H2O (1 

mmol) were stirred in EtOH (15 mL) and heated at reflux temperature for 6 h. The reaction mixture was 

cooled to 0 °C, and the precipitate was isolated by filtration, washed with ice cold EtOH (2 mL) and 

Et2O (1 mL) and dried. In cases where little precipitate formed, the reaction mixture was cooled to -20 

°C overnight and the precipitate isolated and washed in the same manner.  

 

Complex 126 prepared according to GP7 to afford a brown/green solid (0.232 g, 48%). HRMS 

(nanospray) calculated for C28H25N2O2Co [M+H]+: 480.1248. Found: 480.1247. FT-IR (neat) νmax/cm-1: 

1601 (s, C=N), 1297 (m, C-N), 1239 (m, C-O), 1148 (s, C-O). Selected 1H NMR (400 MHz, DMSO-d6) 

δ 34.46 (br, s), 13.81 (br, s), 13.19 (s), 12.81 (br, s), -4.52 (br, s), -10.11 (br, s), -22.30 (br, s). 

 

Complex 127 prepared according to GP8 to afford a brown solid (0.442 g, 82%). HRMS (nanospray) 

calculated for C30H29N2O4Co [M+H]+: 540.1459. Found: 540.1455. FT-IR (neat) νmax/cm-1: 1635 (s, 

C=N), 1502 (s), 1234 (s, C-O), 1171 (s, C-O). Selected 1H NMR (400 MHz, DMSO-d6) δ 34.91 (br, s), 

14.01 (br, s), 13.38 (s), 12.80 (br, s), 2.31 (s), -12.47 (br, s), -13.21 (br, s). Product can also be 

synthesised following GP7. 
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Complex 128 prepared according to GP8 to afford a brown solid (0.335 g, 58%). HRMS (nanospray) 

calculated for C28H23N2O4Cl2Co [M+H]+: 580.0367. Found: 580.0369. FT-IR (neat) νmax/cm-1: 1633 (s, 

C=N), 1504 (s), 1239 (s, C-O), 1172 (s, C-O), 827 (C-Cl). Selected 1H NMR (400 MHz, DMSO-d6) δ 

37.81 (br, s), 12.88 (s), 5.15 (br, s), 0.21 (br, s). Product can also be synthesised following GP7. 

 

Complex 129 prepared according to GP7 to afford a green solid (0.458 g, 77%). HRMS (nanospray) 

calculated for C34H37N2O4Co [M+H]+: 596.2085. Found: 596.2081. FT-IR (neat) νmax/cm-1: 1619 (s, 

C=N), 1460 (s), 1254 (s), 1232 (s, C-O), 1189 (s, C-O). Selected 1H NMR (400 MHz, DMSO-d6) δ 63.82 

(br, s), 20.41 (br, s), 12.92 (br, s), 10.01 (s), -0.69 (br, s), -13.12 (br, s). Product can also be synthesised 

following GP8. 

 

Complex 130 prepared according to GP7 to afford a brown solid (0.062 g, 11%). HRMS (nanospray) 

calculated for C32H33N2O4Co [M+H]+: 568.1772. Found: 568.1779. FT-IR (neat) νmax/cm-1: 1611 (s, 

C=N), 1450 (s), 1240 (s), 1224 (s), 1170 (s, C-O). Selected 1H NMR (400 MHz, DMSO-d6) δ 64.17 (br, 

s), 37.77 (br, s), 17.26 (br, s), 10.70 (br, s), -8.7 (br, s), -12.95 (br, s), -19.06 (br, s). Product can also be 

synthesised following GP8. 
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Complex 131 prepared according to GP7 to afford a brown solid (0.343 g, 55%). HRMS (nanospray) 

calculated for C32H33N2O4Co [M+H]+: 624.2398. Found: 624.2390. FT-IR (neat) νmax/cm-1: 1639 (s, 

C=N), 1497 (s), 1238 (s), 1198 (s), 1176 (s, C-O). Selected 1H NMR (400 MHz, DMSO-d6) δ 63.79 (br, 

s), 34.98 (br, s), 12.83 (br, s), -0.21 (br, s), -8.7 (br, s), -13.31 (br, s), -23.89 (br, s). Product can also be 

synthesised following GP8. 

 

Complex 132 prepared according to GP7 to afford a green/brown solid (0.325 g, 69%). HRMS 

(nanospray) calculated for C24H33N2O4Co [M+H]+: 472.1772. Found: 472.1769. FT-IR (neat) νmax/cm-1: 

1638 (s, C=N), 1503 (s), 1242 (m), 1189 (s, C-O). Selected 1H NMR (400 MHz, DMSO-d6) δ 33.43 (br, 

s), 14.56 (br, s), 10.16 (br, s), 8.46 (br, s), -12.16 (br, s). Product can also be synthesised following GP8. 

Co salen complex, 133 

 

In air, the ligand was prepared by stirring o-vanillin (0.913 g, 6 mmol) and 1,2-diaminoethane (0.20 mL, 

3 mmol) in EtOH (40 mL) at 60 °C overnight, affording a yellow precipitate, which was washed with 

ice-cold EtOH (2 mL). The ligand was dried and obtained in quantitative yield. The ligand (0.328 g, 1 

mmol) and Co(OAc)2·4H2O (0.249 g, 1 mmol) were stirred in EtOH (25 mL) and heated at reflux 

temperature for 2 h. The resulting precipitate was isolated by filtration and washed with ice-cold EtOH 

(1 mL) and Et2O (3 mL) to afford the product as a brown solid (0.258 g, 67%). HRMS (nanospray) 

calculated for C18H18N2O4Co [M]+: 385.0599. Found: 385.0596. FT-IR (neat) νmax/cm-1: 1623 (s, C=N), 

1471 (s), 1436 (s), 1300 (m), 1238 (s, C-O), 1219 (s, C-O), 1080 (m, C-N). Selected 1H NMR (400 MHz, 
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DMSO-d6) δ 13.41 (br, s), 10.97 (br, s), 8.23 (s), 8.03 (s), 7.67 (s), 7.52 (s), 7.15-6.17 (m), 4.36-3.52 

(m), 1.24 (s). 

Co-salen complex, 134 

 

Prepared analogously to complex 133, using 1,3-diaminopropane instead. The product was afforded as 

a brown solid (0.252 g, 63%). HRMS (nanospray) calculated for C19H20N2O4Co [M]+: 399.0755. Found: 

399.0791. FT-IR (neat) νmax/cm-1: 1617 (s, C=N), 1469 (s), 1440 (s), 1321 (m), 1240 (s, C-O), 1220 (s, 

C-O), 1080 (m, C-N). Selected 1H NMR (400 MHz, DMSO-d6) δ 7.87 (br, s), 7.42 (br, s), 7.23 (s), 6.88 

(br, s), 6.67-6.49 (m), 6.31 (br, s), 1.79 (br, s), 1.54 (br, s), 0.98 (s). 

7.4.2 Catalytic Reactions 

Attempted Suzuki cross-coupling of 4-bromobenzonitrile and phenylboronic acid 

 

Cross-coupling was attempted according to the literature procedures reported by Bhat and co-workers.1, 

262-264, 306 Specific conditions are given in Table 5.1 (Chapter 5).  4-Bromobenzonitrile (0.182 g, 1.0 

mmol) was added to a mixture of phenylboronic acid, pre-catalyst and base in the appropriate solvent. 

The reaction was stirred at the required temperature for the appropriate time and then cooled to room 

temperature. The reaction was quenched with sat. NH4Cl (2 mL), H2O (1 mL) was added and the 

organics were extracted using DCM (3 x 10 mL). The organic extracts were dried over anhydrous 

Na2SO4, filtered and analysed by GC-MS and 1H NMR spectroscopy. In all cases, no cross-coupling 

product, 4-cyanobiphenyl, was observed. 

Suzuki cross-coupling of 4-bromoanisole and phenylboronate 20 

 

To the appropriate cobalt pre-catalyst (10 mol%) stirred in THF (1 mL) for 30 minutes, 4-bromoanisole 

(0.0314 mL, 0.25 mmol) was added followed by the addition of freshly prepared boronate 20 (0.75 

mmol in 2 mL THF),198 and the mixture was stirred at 60 °C for 48 h. The reaction was cooled to room 

temperature, quenched with 1 M HCl (2 mL) and the organics were extracted using DCM (3 x 10 mL) 

and dried over anhydrous Na2SO4. The organic extracts were filtered, and the crude product analysed 
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by GC using dodecane as an internal standard to determine the yield. Pre-catalyst and yield of cross-

coupling product, 4-methoxybiphenyl, are given in Table 5.2 (Chapter 5).  

7.4.3 Powder X-ray Diffraction and Spectroscopic Data 

Powder X-ray diffraction data was collected on a Bruker D8 Advance instrument with Cu-K  radiation 

( = 1.540600 Å) and a PSD LynxEye detector, in Bragg-Brentano geometry. Data was collected over 

a 2 range of 5-60° with a 0.02° step size and 1 second per step. The sample stage was rotated during 

measurements at a rate of 60 rps.  

 

 

Figure 7.23. Powder x-ray diffraction patterns for the product obtained by following Bhat’s method for the formation 

of 110, Fe(SO4)·7H2O heated in THF under reflux conditions for 5 h (* denotes peaks for residual Fe(SO4)·7H2O) and 

the calculated pattern for rozenite, Fe(SO4)·4H2O (based on published single crystal data).310  
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Figure 7.24. 1H NMR spectra of the filtrate component from the attempted synthesis of 110 following the procedure 

reported by Bhat (red)1 and of the starting material ligand 48 (green). 

 

Figure 7.25. 31P{1H} NMR spectra of the filtrate component from the attempted synthesis of 110 following the procedure 

reported by Bhat (red)1 and of the starting material ligand 48 (green). 

1H NMR (400 MHz, CDCl3) 

31P NMR (162 MHz, CDCl3) 
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Figure 7.26. Mass spectrum of the product formed from the attempted synthesis of 111, following the procedure reported 

by Bhat.1 
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Figure 7.27. Mass spectrum, and expansions of the spectrum, of the product formed from the attempted synthesis of 

112, following the procedure reported by Bhat.262 

7.4.5 Computational Data  

All calculations were performed by Prof. Robin Bedford, using Gaussian 09 rev D,311 employing the 

unrestricted B3LYP functional,211-213, 303 with Grimme’s D3 dispersion correction214 and Becke-Johnson 

damping,304 without symmetry constraints. Geometry optimizations were performed using the cc-pVDZ 

basis set,312, 313 and the optimized structures were confirmed as energy minima by the absence of 

imaginary stretching frequencies in a frequency calculation. Single point energy calculations were then 

performed on the optimized geometries using the larger cc-pVTZ basis set.312 Table 7.1 summarizes the 

calculated electronic energies and free energies (calculated by applying electronic and thermal free 

energy corrections, determined in the frequency calculation with the small basis set, to the electronic 

energy determined with the large basis set) for both high- and low-spin ground state configurations for 

the complexes 112 and 116. The cartesian coordinates for the structures are given at 

https://pubs.acs.org/doi/10.1021/acs.organomet.9b00083. 

 

 

 

 

https://pubs.acs.org/doi/10.1021/acs.organomet.9b00083


Chapter 7 – Experimental  

221 

 

Table 7.1. Calculated (B3LYP-D3BJ/cc-pVTZ//cc-pVDZ) high-spin/low spin free-energy separation. 

Complex Electronic energy (Hartrees) G (Hartrees) G(LS-HS) 

 High-spin Low-spin High-spin Low-spin kcal/mol 

112 -3292.930417 -3292.900739 -3292.534354 -3292.497829 22.92 

116 -2818.638473 -2818.623358 -2818.403802 -2818.384427 12.16 
      

  



Chapter 7 – Experimental  

222 

 

7.5 Crystallographic Data 

X-ray diffraction experiments were conducted at 100(2) K on a Bruker APEX-II diffractometer using 

Mo-Kα radiation (λ = 0.71073 Å). Data collections were performed using a CCD area detector from a 

single crystal mounted on a glass fibre. Intensities were integrated in SAINT314 and absorption 

corrections were based on equivalent reflections were carried out using SADABS.315 Using Olex2,316 

the structures were solved with ShelXT317 using Intrinsic Phasing and refined using full matrix least 

squares against F2 within ShelXL.318 The crystallographic and refinement details are given in Tables 

7.2-7.4. The x-ray crystallographic coordinates for structures 22, 25, 29, 44, 121 have been deposited at 

the Cambridge Crystallographic Data Centre (CCDC) under deposition numbers 1575368, 1585369, 

1995767, 1885663 and 1885664 respectively. These data are provided free of charge by The Cambridge 

Crystallographic Data Centre.  

The crystal structure 25 was refined as a racemic twin and the twin fraction is 0.70:0.30. In structure 25, 

the occupancies of the disordered atom C24 and C24a were refined, and restraints and constraints were 

applied to maintain sensible thermal and geometric parameters. In structure 44, the occupancies of the 

disordered benzene atoms and acetone atoms were refined with their sum set to equal 1, and restraints 

were applied to maintain sensible thermal and geometric parameters. At one position the solvent was 

found to be a mixture of acetone from the recrystallisation and THF from the reaction mixture. The 

occupancies were refined with their sum set to equal 1. Restraints and constraints were applied to 

maintain sensible thermal and geometric parameters. In structure 121, the occupancies of the disordered 

methyl atoms in the acetonitrile ligand were refined with their sum set to equal 1. 
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Table 7.2. Crystallographic data for compounds 22 and 25. 

 

 

 

 

 

 

 

Compound 22 25 

Empirical formula C35H56CoN2OSi2 C41H58CoN2 

Formula weight 635.92 637.82 

Temperature/K 100(2) 100(2) 

Crystal system triclinic monoclinic 

Space group P-1 P21 

a/Å 11.8030(4) 10.4979(4) 

b/Å 11.8881(4) 12.5991(4) 

c/Å 12.7843(4) 13.6019(5) 

α/° 90.098(2) 90 

β/° 91.964(2) 101.000(2) 

γ/° 94.508(2) 90 

Volume/Å3 1787.21(10) 1765.99(11) 

Z 2 2 

ρcalcg/cm3 1.182 1.199 

μ/mm-1 0.575 0.516 

F(000) 686 690 

Crystal size/mm3 0.662 × 0.557 × 0.481 0.444 × 0.241 × 0.166 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2θ range for data collection/° 3.188 to 55.958 3.952 to 55.936 

Index ranges 
-15 ≤ h ≤ 15, -15 ≤ k ≤ 15, -16 ≤ 

l ≤ 16 

-13 ≤ h ≤ 13, -16 ≤ k ≤ 16, -16 ≤ 

l ≤ 17 

Reflections collected 32958 16233 

Rint/Rsigma 0.0297/0.0281 0.0328/0.0575 

Data/restraints/parameters 8579/0/382 8447/15/411 

Goodness-of-fit on F2 1.033 1.02 

Final R indexes [I>=2σ (I)] R1 = 0.0298, wR2 = 0.0728 R1 = 0.0407, wR2 = 0.0900 

Final R indexes [all data] R1 = 0.0370, wR2 = 0.0761 R1 = 0.0506, wR2 = 0.0943 

Largest diff. peak/hole / e Å-3 0.42/-0.26 0.34/-0.21 
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Table 7.3. Crystallographic data for compound 29·(THF)2. 

 

  

Compound 29·(THF)2 

Empirical formula C23H40O5BK 

Formula weight 446.48 

Temperature/K 100(2) 

Crystal system monoclinic 

Space group P21/n 

a/Å 10.0338(2) 

b/Å 19.8305(4) 

c/Å 12.8683(2) 

α/° 90 

β/° 105.1800(10) 

γ/° 90 

Volume/Å3 2471.13(8) 

Z 8 

ρcalcg/cm3 1.200 

μ/mm-1 0.244 

F(000) 968.0 

Crystal size/mm3 0.783 × 0.575 × 0.346 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.87 to 54.582 

Index ranges -12 ≤ h ≤ 12, -25 ≤ k ≤ 24, -15 ≤ l ≤ 16 

Reflections collected 20845 

Independent reflections 5533 [Rint = 0.0428, Rsigma = 0.0405] 

Data/restraints/parameters 5533/0/280 

Goodness-of-fit on F2 1.018 

Final R indexes [I>=2σ (I)] R1 = 0.0411, wR2 = 0.0936 

Final R indexes [all data] R1 = 0.0574, wR2 = 0.1009 

Largest diff. peak/hole / e Å-3 0.54/-0.27 
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Table 7.4. Crystallographic data for compounds 44 and 121. 

 

Compound 44 121 

Empirical formula C38.25H43.51Br2CoN3O3P2 C31H28Br2CoN4P2 

Formula weight 873.98 737.26 

Temperature/K 100(2) 100(2) 

Crystal system monoclinic monoclinic 

Space group P21/n Cc 

a/Å 11.4685(5) 16.4375(4) 

b/Å 23.5013(10) 10.7888(3) 

c/Å 14.4023(6) 17.1246(4) 

α/° 90 90 

β/° 94.6380(10) 90.3605(14) 

γ/° 90 90 

Volume/Å3 3869.1(3) 3036.83(13) 

Z 4 4 

ρcalcg/cm3 1.5 1.613 

μ/mm-1 2.631 3.33 

F(000) 1780 1476 

Crystal size/mm3 0.309 × 0.309 × 0.294 0.504 × 0.194 × 0.1 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.324 to 55.004 4.516 to 55.838 

Index ranges 
-14 ≤ h ≤ 8, -28 ≤ k ≤ 30, -18 ≤ l ≤ 

18 

-21 ≤ h ≤ 21, -14 ≤ k ≤ 12, -

22 ≤ l ≤ 22 

Reflections collected 33852 13376 

Independent reflections 
8877 [Rint = 0.0465, Rsigma = 

0.0460] 

6578 [Rint = 0.0312, Rsigma = 

0.0474] 

Data/restraints/parameters 8877/351/541 6578/3/375 

Goodness-of-fit on F2 1.025 1.001 

Final R indexes [I>=2σ (I)] R1 = 0.0354, wR2 = 0.0686 R1 = 0.0369, wR2 = 0.0807 

Final R indexes [all data] R1 = 0.0527, wR2 = 0.0737 R1 = 0.0426, wR2 = 0.0830 

Largest diff. peak/hole / e Å-3 0.70/-0.70 0.52/-0.42 

Flack parameter  -0.001(9) 
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