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Abstract 

Herein are reported the mechanistic investigation of novel catalytic methodologies for the iron- and 

cobalt-catalysed Suzuki-type cross-coupling reactions, as well as the development of an iron-catalysed 

ortho-C-H arylation of the synthesis of a small library of derivatives of edaravone, a promising  

MAO-B inhibitor. 

A mechanistic investigation of the first reported protocol for iron catalysed, substrate-directed biaryl 

cross-coupling of aryl chlorides using organolithium-activated arylboronic esters was conducted. The 

role of the pyrrolamide directing group was investigated by means of DFT calculations and KIE 

experiments, revealing its involvement in the π-coordination of the active catalyst and the possibility of 

C-Cl bond activation through the formation of a ketyl radical intermediate. Analysis of the reaction 

kinetics at different loadings of MgBr2 additive suggest that it might be involved in multiple steps of 

the catalytic cycle as a source of bromide ions. Determination of the reaction orders in all the 

components suggests a rather intricate mechanism, in which most steps are in equilibrium with each 

other. On the basis of all the information acquired, a mechanistic cycle was proposed. 

A protocol for cobalt-catalysed Suzuki biaryl cross-coupling of simple aryl chlorides with ample scope 

using mild alkoxide base was investigated. A rationale for the inherent preference of the reaction for a 

narrow set of NHC ligand precursors and boronic esters was proposed on the basis of stereoelectronic 

and structural reasons. A thorough analysis of the reaction kinetics was performed, which revealed the 

presence of two distinct phases: an early phase, in which the active catalytic species is formed by 

controlled reduction of the pre-catalytic mixture to a Co(I) species; and a second, faster catalytic phase 

in which the majority of the cross-coupling product is formed. Paramagnetic 1H NMR spectroscopy 

was employed to acquire further spectroscopic characterisation of the species involved in the early 

phase of the reaction. In the attempt to isolate catalytically relevant species, a potential deactivation 

product was isolated which could represent a “thermodynamic sink” of the reaction. DFT calculations 

were performed on all the steps of the proposed catalytic cycle, suggesting that the intermediate-spin 

pathway is the energetically favoured. Preliminary results on the expansion of our cobalt-catalysed 

Suzuki protocol to sp3-sp2 coupling are reported. A clear competition between cross-coupling and 

alpha-C-H arylation of the reaction solvent was observed. Conducting the reaction in deuterated solvent 

showed a significant increase in yield of cross-coupling product, corroborating our hypothesis. 

Finally, the optimisation of a protocol for the iron-catalysed ortho-C-H arylation of edaravone is 

reported. The optimisation led to the synthesis of a small library of 2-aryledaravone derivatives, whose 

activity towards the inhibition of MAO-B has been assessed by means of in silico docking studies and 

in vitro biological essays. 
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1.1 Transition metal-catalysed cross-coupling reactions 

There is no doubt that the development of transition metal-catalysed cross-coupling reactions should be 

considered among the milestones of modern chemistry. The discovery of these type of transformations, 

now almost fifty years old, revolutionised the world of synthetic chemistry and the way in which 

chemical synthesis itself was approached and thought of. Since their discovery, numerous variants of 

cross-coupling reactions have been developed, and nowadays their scope has grown to accommodate 

virtually every type of reaction partner and carbon-element bond formation (Figure 1.1). After 40 years, 

in 2010, Suzuki, Stille and Negishi were awarded the Nobel prize in chemistry for their efforts on the 

development of the most important and topical methodologies for palladium-catalysed cross-coupling.1 

A general scheme for transition-metal catalysed cross-coupling reactions is depicted in Figure 1.1a.  

 

Cross-coupling Year Coupling 

partner 

Kumada 1972 Ar-MgBr 

Heck 1972 alkene 

Sonogashira 1975 alkyne 

Negishi 1977 R-Zn-X 

Stille 1978 R-SnR3 

Suzuki 1979 R-B(OR)3 

Murahashi 1979 R-Li 

Hiyama 1988 R-SiR3 

Buchwald-

Hartwig 

1994 R-NH2, R-

OH 
 

Figure 1.1 a) General scheme for a transition metal-catalysed cross-coupling reaction; b) different types of cross-

coupling reactions. 

Cross-coupling reactions are defined as the reaction between an electrophilic organohalide or pseudo-

halide (usually sulfonic esters) with an organo-metal or organo-main group nucleophilic partner, with 

the exception of Heck reaction and Sonogashira coupling, which employs alkenes and alkynes 

respectively. In general, the various types of cross-coupling reactions are characterized by the nature of 

the nucleophilic species involved in them (Figure 1.1b). These reactions are promoted by the presence 

of transition metal-based catalysts. Over the course of the years, palladium stood out as the metal of 

choice for catalysing cross-coupling reactions, and despite considerable effort having been put into the 

research for alternative catalysts, it is still the metal of choice for most industrial applications. 

The impact that cross-coupling reactions had on the world of synthetic chemistry cannot be overstated, 

both at the industrial and academic level. Applications of cross-coupling reactions can be found in many 

fields of chemistry, from pharmaceutical research to the chemistry of materials. Figure 1.2 shows some 
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topical examples of applications of cross-coupling chemistry in the synthesis of widespread commercial 

products in the pharmaceutical and agrochemical industries.2 

 

Figure 1.2 Examples of palladium-catalysed cross-coupling reactions exploited in agrochemical and pharmaceutical 

industries. 
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A historical perspective on cross-coupling 

Although formally cross-coupling reactions have been discovered in the early 1970s, the ability of 

transition metals to mediate the coupling of organic fragments have been known since the beginning of 

the twentieth century (Figure 1.3).1 While Ullman showed that homocoupling of aryl halides occurred 

in the presence of stoichiometric amounts of copper salts, the work of Grignard on the reactivity of 

organomagnesium species set the ground to the vast field of Grignard chemistry which is still in use 

today.3,4 In the 1940s, Meerwein and Kharasch were the first to show that transition metals could act in 

a catalytic fashion as promoters of coupling reactions.5,6 Meanwhile, the meaningfulness of palladium 

as a catalyst for organic chemistry was being established through its application in reactions of industrial 

relevance such as the Wacker process.7 The first report of cross-coupling between organohalides and 

alkyl compounds of manganese, iron and cobalt alkyls was published by Posner in 1970.8 While the 

first example of iron catalysis for the coupling of alkyl halides with Grignard reagents was reported by 

Kochi in 1972,9 in 1972 Kumada and Corriu reported the nickel-catalysed version of what will become 

the Kumada-Corriu cross-coupling of Grignard reagents.10,11 Shortly after these early discoveries, the 

superiority of palladium over other transition metals is acknowledged, and the “golden age” of 

palladium-catalysed cross-coupling reactions begins. In just over twenty years, all the variations of 

cross-couplings are developed, namely Sonogashira,12 Negishi,13 Stille,14 Suzuki,15 Hiyama,16 and 

Buchwald-Hartwig.17,18 

 

Figure 1.3 Timeline of the evolution of coupling reactions. 

Over the course of the 1980s, the first mechanistic studies of such transformations are carried out, and 

the gained insight of the elementary steps allows the mechanism-driven optimisation of reaction 

conditions and catalysts and ligands design.1  Nowadays cross-coupling reactions are mature an fully 

established methodologies, and their applications are nearly ubiquitous in synthetic chemistry. During 

the last two decades, considerable advances have been made in the design of better performing catalytic 
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systems that allowed for their scope to be greatly expanded. For example, one of the traditional 

drawbacks of palladium cross-couplings – the inability to use sp3-hybridised coupling partners – has 

been recently overcome, and today a number of protocols for Csp2-Csp3 coupling have been 

developed.19–23 Finally, many protocols for heterogeneously-catalysed cross-coupling reactions have 

also been reported.24  

 

The mechanism of palladium-catalysed cross-coupling reactions 

Palladium-catalysed cross-coupling reactions have been the subject of extensive research in the effort 

to underpin their mechanisms in order to identify the underlying elementary steps of their catalytic 

cycles. The results of these studies led to the consensus mechanism depicted in Scheme 1.1.25,26 

 

Scheme 1.1 General cycles for Heck, Negishi, Stille and Suzuki cross-coupling reactions. 

Pd(II) salts are often used as pre-catalysts due to their stability. These are believed to be reduced in situ 

to active Pd(0) species by double transmetallation and subsequent reductive elimination. Activation of 

the organohalide electrophile occurs through oxidative addition into the C-X bond. For normal systems, 

the trend of reactivity I > Br >> Cl is followed. In the case of phosphine ligands, electron-donating 

phosphines in general promote the oxidative addition. The introduction of bulky monophosphine 

ligands expanded the scope of the reaction to organochloride electrophiles, leading to the belief that 

monophosphine palladium complexes are more active in oxidative addition than their L2Pd 

counterparts.27 The transmetallation mechanism is highly dependent on the nature of the organo-main 

group species employed, which characterises the various types of cross-coupling reactions. Notably, in 

the case of Suzuki-Miyaura and Hiyama processes, base additives are necessary for transmetallation to 

occur. Finally, the product of cross-coupling is formed through reductive elimination of the organic 

fragments and regeneration of the Pd(0) species. For this reaction step, a concerted mechanism is 
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generally accepted,26 there is experimental and theoretical evidence for stronger donor ligands to inhibit 

the reductive elimination. 

 

Conclusions 

In conclusion, we have showed how the discovery of transition metal-catalysed cross-coupling reactions 

was a major breakthrough that opened a new world in the field of synthetic chemistry, and the explosive 

growth of these methodologies has reshaped the way we approach organic synthesis. 

Despite being such a powerful method of synthesis, cross-coupling reactions do not come without some 

drawbacks. One of them is the need for pre-functionalisation of organic fragments and the installation 

of functional groups that determine the reactivity and regioselectivity of the reaction itself. This often 

requires multiple synthetic steps which can result in an increase in the cost of the process and can add 

complexity to the overall synthetic strategy. At the same time, it somewhat limits the applicability of 

such type of transformations in the so-called late-stage functionalization of molecules, a concept which 

is especially relevant in drug discovery. For this reason, newer synthetic methodologies such as direct 

C-H functionalisation are being developed (see Section 1.3). 

A second major concern regarding these types of transformations is that they require catalysts based on 

palladium. Despite its great activity, palladium is one of the scarcest metals in the earth crust, and this 

paucity has a direct impact on its availability and market cost.1 Moreover, the extensive use of palladium 

in the electronics industry makes its price very volatile. Another consequence of the low abundance of 

palladium is its very low biocompatibility. Natural biological systems have evolved through time with 

basically no direct contact with palladium, which led to it being toxic.2 This factor is of particular 

concern in the pharmaceutical industry where the use of palladium as a catalyst, although unavoidable 

at the moment, requires numerous steps of purification of the pharmaceutical ingredients, thus 

increasing considerably the cost of drug production processes. In this regard, the last twenty years have 

seen the flourishing of a new research field: the development of cross-coupling reactions catalysed by 

first-row transition metals. 

  

 

1 1796.63 USD/ozt as of 6th May 2020. Source: http://www.infomine.com/investment/metal-prices/ 

2 Palladium is classified as “metal of significant safety concern”, and its concentration limit for oral exposure is 10 ppm, 2.5 

times lower than for copper and manganese, and 130 times lower than iron and zinc. Source: 

http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500003587.pdf 

http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500003587.pdf
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1.2 First-row transition metal-catalysed cross-coupling 

Compared to their second- and third-row counterparts, first-row transition metals have the advantage 

of having a much higher natural abundance. This directly reflects in a higher availability and a lower 

market cost. This is especially true for iron, which is the most abundant metal on earth, and the fourth 

most-abundant element in the earth’s crust. The commercial price of iron is several orders of magnitude 

less than the one of palladium and, perhaps more importantly, its toxicity for biological systems is much 

lower. This translates in iron potentially being the perfect candidate as catalyst for both the production 

of bulk chemicals with low intrinsic commercial value, and the production of compounds of 

pharmaceutical interest.  

When trying to assess the growth of a research field in terms of number of publications, the use of 

normalised data is advisable in order to avoid the formulation of false or overestimated trends. Figure 

1.4 shows the percentage share of first-row metals in publications concerning cross-coupling reactions 

since year 1990. This data show that the field of first-row metal cross-couplings have been steadily 

growing in the last two decades. 

 

Figure 1.4. Percentage of publications containing “homogeneous catalysis” and “metal” as topic in the period 1990-

2018. Data prior to 1990 was found to be inconsistent in terms of key-word indexing and therefore was deemed unfit.   

Data collected through Web of Science database.3 

 

  

 

3 https://apps.webofknowledge.com/ 
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Nickel 

Among the first-row transition metals, nickel is by far the one that exhibits a chemistry closer to the 

metals of the second and third row. Despite the first report of cross-coupling employed nickel as a 

catalyst, the astounding growth of palladium chemistry has taken the spotlight away from this metal. 

More recently nickel has made a comeback as a catalyst for cross-couplings, and considerable 

developments in methodologies and mechanistic understanding have now been achieved.28 

Interestingly, nickel shows a higher propensity to react with chloride-based electrophiles, which 

normally would prove challenging under palladium catalysis. 

In addition to that, the unique characteristics of nickel as a metal have led to the development of novel 

methodologies for cross-coupling, such as decarbonylative cross-coupling29,30 and photoredox-

promoted cross-coupling reactions (Scheme 1.2).31 

 

Scheme 1.2 Recent examples of nickel-catalysed a) decarbonylative cross-coupling (R = aryl), and b) photoredox 

cross-coupling (R1, R2 = alky, aryl, heteroatoms, CFL = compact fluorescent light bulb). 

However, despite nickel being a less expensive alternative to palladium, its toxicity is considerably high 

when compared to other metals such as iron and cobalt. Therefore, in this chapter we will be focusing 

on the advances in iron- and cobalt-catalysed cross-coupling reactions.  
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Iron 

As mentioned before, two of the most relevant advantages of using iron as a catalyst are its high 

abundance and its low toxicity. Interestingly, the first example of iron-catalysed cross-coupling reaction 

was reported before its palladium counterpart, and only one year after the first discovery by Posner. In 

1971, Kochi reported that the coupling of methylmagnesium bromide with bromopropene can occur 

with high stereoselectivity in the presence of simple iron(II) salts (Scheme 1.3a). 8 In the following 

years, Kochi published a series of mechanistic studies to shed light on the nature of this 

transformation.9,32–35 However, the advent of palladium catalysis caused the field of iron-catalysed 

coupling reactions to remain dormant for almost 30 years.  

Although unprecedented at the time, the protocol developed by Kochi suffered from various drawbacks, 

namely the need for an excess of propenyl bromide reagent (3 to 5 equivalents) and overall moderate 

yields with respect to the Grignard reagent. In 1998, Cahiez and co-workers showed that the simple 

addition of N-methylpyrrolidinone (NMP) as a co-solvent greatly improved the efficiency of Kochi’s 

reaction, circumventing the need for excess electrophile (Scheme 1.3b).36 This was the first report of a 

synthetically useful cross-coupling reaction catalysed by iron salts. 

 

Scheme 1.3 a) Kochi’s first reported iron-catalysed cross-coupling reaction in 1971. b) Cahiez’s modification of 

Kochi’s reaction in 1998. 

This pioneering work by Cahiez opened the way to the modern field of Kumada-type, iron-catalysed 

cross-coupling reactions with Grignard reagents. In particular, the implementation of ligands such as 

mono- or bidentate phosphines37–40 and N-heterocyclic carbenes (NHCs)37,41,42  allowed for the substrate 

scope to be greatly improved. In less than a decade, the reaction was expanded to include Csp3-Csp2, 

Csp2-Csp2 and Csp3-Csp3 coupling (Scheme 1.4). 
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Scheme 1.4 Selected examples of iron-catalysed Kumada-type cross-coupling using a) biphosphine ligands 37–40 and 

b) N-heterocyclic carbene ligands.37,41,42   

At the same time, the introduction of ligands allowed for the development of cross-coupling reaction 

with softer nucleophiles. An organozinc-based, Negishi-type cross-coupling reaction catalysed by iron 

was first reported by Nakamura by using an excess of TMEDA additive.43 Later, Bedford showed that 

biphosphine ligands could be used to avoid the excess of diamine additive (Scheme 1.5).44 
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Scheme 1.5 Bedford’s iron-catalysed Negishi-type cross-coupling of biarylzinc with benzyl halides (R, R’’ = alkyl). 

Iron-catalysed cross-coupling using boron-based nucleophiles remained undiscovered for a long time. 

In 2009, Bedford showed that a mixed Fe/Zn catalyst allowed the coupling of tetraarylboronates 

[Ar4B]Na with halopyridines and benzyl halides.45 One year later, Nakamura showed that activated 

boronate species obtained by reacting arylboronic acid pinacol esters with organolithium reagents could 

be used effectively as coupling partners in the iron-catalysed cross-coupling of alkyl halides in the 

presence of bulky phosphine ligands (Scheme 1.6).46 It worth noticing that, in contrast with its Kumada- 

and Negishi-type counterparts, examples of  iron-catalysed Suzuki-type Csp2-Csp2 cross-coupling have 

not been reported until recently.47 The discussion of the mechanistic studies on this first example of 

iron-catalysed Suzuki biaryl cross-coupling are illustrated in Chapter 2. 

 

Scheme 1.6 Nakamura’s first report of iron-catalysed Suzuki-type cross-coupling reaction. 

In 2017, Thomas extended the field of atom transfer radical polymerisation (ATRP) to the synthesis of 

small molecules, giving rise to the first reported iron-catalysed Heck-type radical alkenylation of alkyl 

halides (Scheme 1.7). The reaction proceeds in the presence of simple iron salts without the need of a 

ligand.48 

 

Scheme 1.7 Thomas’ first example of iron-catalysed Heck-type radical alkenylation or alkyl halides.  
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Despite the advances in iron-catalysed synthetic methodologies, the understanding of the mechanism 

of such reactions is still underdeveloped. Some of the major problems arising when studying iron-

catalysed processes are: the air and thermal instability of transient organoiron species; the tendency of 

iron to undergo single-electron transfer processes, which translates into in a redox-rich chemistry; the 

complicated spectroscopic characterisation of organoiron species due to their paramagnetic behaviour. 

As a consequence, the mechanism of cross-couplings catalysed by iron often diverges greatly from the 

standard mechanism for palladium-catalysed reactions, and various different redox manifolds for iron 

have been proposed, depending on the nature of the reactants and the reaction conditions, some of which 

are Fe(-II)/Fe(0),49 Fe(I)/Fe(III),35 and Fe(II)/Fe(III).50 As of today, iron-catalysed reactions are studied 

through a mixture of physical organic methods, reaction kinetic analysis, paramagnetic NMR 

spectroscopy, EPR spectroscopy, solid-state X-ray analysis of catalytically relevant species and, in 

some cases, Mossbauer spectroscopy. 

Early studies from Kochi on the cross-coupling reaction using methylmagnesium bromide 

catalysed by iron salts showed that FeCl3 was reduced under reaction conditions, and he 

identified a spin ½ species by EPR spectroscopy, on the basis of which he proposed a 

Fe(I)/Fe(III) catalytic cycle in analogy to that of palladium-catalysed reactions.35 On the other 

hand, Fürstner proposed the iron(II) tetraorganoferrate species [Me4Fe][MgX]2 being catalytically 

relevant.51 More recently, Neidig identified by low-temperature characterisation the highly reactive  

iron(III) intermediate [Me4Fe][MgCl(THF)5], which upon warming liberates ethane and leads to the 

formation of a spin ½ species identified as the cluster [Fe8Me12][MgCl(THF)5] (Scheme 1.8).52 

Although this cluster is not able to cross-couple with bromostyrene, when excess MeMgBr is added the 

cross-coupling occurs, which possibly suggests the cluster being a resting state in the catalytic cycle. 

 

Scheme 1.8 Kochi’s ½ spin species identified by Neidig. 

 Following on Cahiez’s observation that NMP co-solvent greatly enhanced the reaction, Neidig showed 

that the presence of NMP prevents formation of the [Fe8Me12][MgCl(THF)5] cluster and leads to 

formation of the iron(II) homoleptic compound [Fe(Me)3]2[Mg(NMP)6] which is highly reactive 

towards cross-coupling (Scheme 1.9).53 This shows the multiplicity of manifolds that are possible in 

iron-catalysed processes. 
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Scheme 1.9 The effect of NMP co-solvent on the speciation of iron salts with MeMgBr, formation of 

[Me3Fe]2[Mg(NMP)6]. 

During the mechanistic investigation of iron-catalysed cross-coupling of aryl Grignard reagents, 

Bedford used the sterically encumbered MesMgBr reagent to isolate and characterise the homoleptic 

mononuclear [Fe(Mes)3]- and binuclear [Fe2(Mes)4] iron(II) species (Figure 1.10 a and b), both of which 

are competent in the cross-coupling with bromooctane.54 EPR and 1H NMR studies suggested the 

possibility of [Fe(p-Tol)3]- species also forming in these conditions. On the other hand, Neidig’s low-

temperature studies on a Fe(acac)3 / PhMgBr system led to the identification of high-spin iron(II) 

[Fe2Ph6]2- (Figure 1.10c), which upon warming led to the formation of the catalytically competent 

cluster [Fe4Ph6(THF)4], which formally contains two iron(II) and two iron(I) centres (Figure 1.10d).55 

Once again, depending on reaction conditions and protocol employed, various iron species and multiple 

oxidation states might be responsible for the catalytic activity of such systems. 

 

Figure 1.10 Different iron-aryl compounds proposed as possible intermediates in the biaryl Kumada coupling. a) 

[Fe(Mes)3]- (Bedford); b) Fe2(Mes)4 (Bedford); c) [Fe2(Ph)4(µ-Ph)2]2- (Neidig); d) (Fe4Ph6)(THF)4 (Neidig). 
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The use of co-ligands was found to greatly affect the behaviour of iron species and the accessibility to 

different oxidation states. Moreover, this was found to further depend on the nature of the nucleophilic 

species that are employed, as different nucleophiles can react through different mechanistic pathways. 

Chelating diphosphine ligands are one of the most typical ligands used in transition metal catalysis and 

their applications have been known for decades. They were also one of the first classes of ligands to be 

recognised to have a great influence on the outcome of iron-catalysed cross-coupling processes. 

In 2012, Bedford suggested the involvement of iron(I)-diphosphine intermediates in the iron-catalysed 

Negishi-type cross-coupling of benzyl halides with organozinc reagents by identifying in situ formed 

five-coordinate iron(I) [(dpbz)2FeX] and [(dppe)2FeX] species by EPR spectroscopy (Scheme 1.11a).56 

More recently, an extensive combined study of XRD characterisation, reaction kinetics analysis and in 

situ time-dependent X-absorption analysis (EXAFS) was undertaken on a similar catalytic system, 

showing a much more intricate array of iron speciation under catalytic conditions, and even raising 

doubt on  whether the diphosphine remains ligated to the iron centre or is instead displaced to the zinc 

centre, acting as an activator for transmetallation (Scheme 1.11b).57 

 

Scheme 1.11 a) Formation of Fe(I) species by reduction of [FeX2(dpbz)2] with Grignard or diarylzinc reagents 

(Bedford); b) the role of the diphosphine ligand proposed by Bedford for the iron-catalysed Negishi-type cross-

coupling of benzyl halides with diarylzinc reagents. 

Nakamura and co-workers proposed an iron(II)/iron(III) catalytic cycle for the iron-SciOPP 

Suzuki−Miyaura coupling of primary and secondary alkyl halides with aryl boron compounds based on 

radical clock substrate experiments and the presence of homocoupled biaryls (Scheme 1.12).58 
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Scheme 1.12 Fe(II)/Fe(III) catalytic cycle proposed by Nakamura for the iron-catalysed Suzuki-type cross-coupling 

of alkyl halides with [Ar(tBu)Bpin]Li. 

Neidig studied the speciation of iron-diphosphine pre-catalysts in the presence of aryl Grignard reagents 

by a combination of XRD, MCD and Mössbauer spectroscopy on freeze-trapped solutions of 

FeX2(SciOPP) treated with different amounts of PhMgBr (Scheme 1.13).59 It was observed that 

increasing equivalents of Grignard reagents lead to the progressive substitution of halide substituents 

and formation of first FeXPh(SciOPP), and then the labile FePh2(SciOPP). The use of an excess of 

PhMgBr led to formation of the iron(0) species Fe(η-6-biphenyl)(SciOPP), which is believed to be an 

off-cycle species. While both mono- and bis-aryl iron(II) species were catalytically competent, higher 

selectivity towards cross-coupling was achieved with the mono-aryl species FeXPh(SciOPP), which is 

consistent with the experimental observation that slow-addition of nucleophile is beneficial to the 

reaction. 

 

Scheme 1.13 Biphosphine species identified by Neidig by reacting [Fe(SciOPP)X2] with increasing equivalents of 

PhMgCl. 
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Compared to iron-diphosphine systems, iron-NHC catalytic systems have been less extensively 

investigated. 

Deng reported the synthesis of various iron(II)-NHC complexes from well-defined FeX2(NHC) species 

using organolithium and Grignard reagents, and demonstrated that bis-aryl iron complexes are reactive 

toward alkyl halides (Figure 1.14a).60  

Tonzetich also reported the synthesis of bis-transmetallated iron(II)-NHC complexes and evaluated 

their reactivity (Figure 1.14b).42  

 

 

Figure 1.14 Model organometallic Fe(II)-NHC complexes studied by a) Deng and b) Tonzetich.42,60 
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Cobalt 

Together with iron, cobalt has been investigated as a catalyst for cross-coupling transformations. 

Although its commercial cost and toxicity are not as favourable as those of iron, in many cases cobalt 

catalytic systems display higher activity and selectivity, and therefore they are of great interest. Early 

examples of cobalt-catalysed cross-coupling reactions involved the synthesis of heterocyclic biaryls61,62 

or the coupling with copper reagents.63,64 

As a catalyst for Kumada cross-coupling reactions, cobalt has been particularly successful for the  

Csp2-Csp2 cross-coupling from aryl halides (Scheme 1.15).65 Nakamura reported the cobalt-NHC-

catalysed cross-coupling of arylmagnesium bromides with heteroaryl chlorides at very low catalyst 

loadings.66 Gosmini showed that metallic manganese could be used as a reducing agent for the coupling 

of aryl bromides with bromostyrenes in a stereoretentive fashion.67 It has been shown by Jacobi von 

Wangelin that the addition of NMP as a co-solvent enables the efficient coupling between 

chlorostyrenes and arylmagnesium bromide reagents at very low catalytic loadings of cobalt.68 On the 

basis of kinetic studies, the authors proposed a Co(I)/Co(III) manifold for the catalytic cycle in which 

transmetallation occurs at the Co(I) centre and it is followed by the rate-limiting oxidative addition step. 

 

Scheme 1.15 Selected examples of cobalt-catalysed Kumada biaryl cross-coupling. 
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Together with the synthesis of biaryls, various examples of Kumada-type Csp2-Csp3 cross-couplings 

catalysed by cobalt have been reported (Scheme 1.16).69 Oshima showed that the use of TMPDA 

(N,N,N′,N′-tetramethyl-1,3-propanediamine) additive promoted the cross-coupling of aryl bromides and 

alkylmagnesium reagents using a Co-NHC pre-catalyst.70 Later Cossy demonstrated that the diamine 

additive could be used in catalytic amounts in the synthesis of substituted iodo-pyrrolidines with 

arylmagnesium chlorides.71 Knochel reported the cobalt-catalysed diastereoselective reaction at low 

temperature of aryl and heteroarylmagnesium bromide reagents with cyclic iodides bearing a TBSO-

substituent in the α- position. Diastereoselectivity was found to be high (> 98:2), and the protocol could 

be extended to organozinc reagents.72 Finally, the cobalt-catalysed asymmetric Kumada-type cross-

coupling of α-bromoesters with arylmagnesium reagents was reported by Walsh by using a chiral 

bisoxazoline ligand, and the synthetic utility of this reaction was assessed in the synthesis of the 

pharmaceutical compound (S)-fenoprofen.73 

 

Scheme 1.16 Selected examples of cobalt-catalysed cross-coupling reactions. 

A notable feature in the Negishi-type cross-coupling reaction catalysed by cobalt is the replacement of 

organozinc halides with organozinc pivalates.74 This new class of nucleophilic partners display greater 

stability toward air and moisture, which increases their synthetic utility. The use of such compounds 

was found to greatly enhance the scope of the reaction when compared to more traditional arylzinc 

halides. 
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In contrast to the iron-catalysed Suzuki cross-coupling, not many examples of cobalt-catalysed cross-

coupling reactions using organoboron reagents have been reported so far (Scheme 1.17).  

 

Scheme 1.17 All the cobalt-catalysed Suzuki biaryl cross-coupling reactions reported to date (R, R1, R2 = alkyl, aryl, 

heteroaryl).75–78 

 

In 2016, Chirik and co-workers reported the first biaryl cross-coupling reaction of aryl triflates with 2-

benzofuranylboronic esters catalysed by a cobalt-PNP pincer ligand catalyst.75  Although the protocol 

suffered from substrate scope limitation, an elegant study of the transmetallation of the 

heteroarylboronic ester was carried out (Scheme 1.18). While the starting cobalt(I)-PNP alkoxide 

complex exhibit high spin properties, the product of transmetallation was isolated and structurally 

characterised as a cobalt(I) diamagnetic complex, showing how interconversion between spin states can 

be a characteristic feature of these cobalt mechanisms. 
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Scheme 1.18 a) Chirik’s proposed mechanism of transmetallation of heteroarylic boronic esters on ( iPrPNP)Co(I)-

alkoxide intermediates. b) XRD structure for the product of transmetallation ( iPrPNP)Co(2-benzofuranyl). 

In 2017, Bedford reported the first example of cobalt-catalysed Suzuki biaryl cross-coupling reaction 

of aryl chlorides using n-butyllithium-activated arylboronates.77 The reaction has a wide substrate 

scope, which was later expanded by Duong to include aryl triflates as electrophilic partners.78 A 

preliminary mechanistic investigation was carried out by Bedford, specifically in the identification of 

the product of pre-catalyst activation (Scheme 1.19). By using dvtms (divinyltetramethylsilane) as a 

trapping agent, it was found that the borate nucleophile is able to reduce the cobalt centre from cobalt(II) 

to cobalt(0). The product of reduction – (SIPr)Co(dtvms) – was found to be catalytically inert. This was 

attributed to the chelating properties of dvtms, which in fact was found to be able to poison the reaction. 

By switching to the monodentate alkene norbornene, the corresponding cobalt(0) species 

(SIPr)Co(norbornene)2 could be synthesised and it was found to be catalytically competent under 

reaction conditions. On the basis of these findings, the authors suggested that low-valent cobalt(0) 

species could be responsible for the activation of aryl chlorides through oxidative addition. 
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Scheme 1.19 Bedford’s investigation of pre-catalyst activation. Synthesis of (SIPr)Co(0)(dvtms) and 

(SIPr)Co(0)(norbornene)2 and evaluation of their competency as pre-catalysts for Suzuki biaryl cross-coupling. 

Finally, Budzelaar showed that binuclear oxidative addition of chlorobenzene is observed when a 

cobalt(0)-PDI (pyridinediimine) species is used (Scheme 1.20).79 Computational studies supported a 

radical mechanism, in which a first homolytic cleavage of the C-Cl bond leads to the formation of 

(PDI)CoCl and phenyl radical, which is subsequently trapped by a second equivalent of the cobalt(0) 

complex. 

 

Scheme 1.20 Budzelaar’s proposed mechanism for binuclear oxidative addition of aryl chlorides onto (pyridine 

diimino)Co(0) species. 
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Conclusions 

In conclusion, we showed that the field of first-row transition metal cross-coupling reaction has grown 

exponentially in the last twenty years, and numerous advances have been achieved both in terms of the 

development of synthetic methodologies and the understanding of the underlying reaction mechanisms. 

First-row transition metal catalysed processes exhibit behaviours that are not directly relatable to those 

of their palladium counterparts, and in some cases they even proved to be a better alternative when it 

comes to the reaction of chloro-electrophiles or Csp3 reaction partners. 

It appears to us that, as it happened in the past for palladium-catalysed processes, the key for further 

development and expansion of this research field will reside in the investigation and understanding of 

the elementary steps that compose the mechanistic cycles of these transformations.  



 

24 

 

1.3 Beyond cross-coupling: direct C-H functionalisation 

As mentioned above, one of the major drawbacks of cross-coupling reaction is the requirement for 

substrate pre-functionalisation. Especially in drug discovery processes, having to introduce the 

appropriate functionalities early on in the synthetic cascade can really jeopardise the time-effective 

optimisation of the pharmacokinetic and pharmacodynamic properties of drug hits. 

The most elegant and direct solution to overcome this is the direct functionalisation of C-H bonds 

(Scheme 1.21).80  In contrast with traditional cross-coupling reactions, substrate activation occurs 

without pre-functionalisation of the same. This methodology has drawn particular attention for its 

convenience in term of reduction of synthetic steps, and in particular in the field of late-stage 

functionalisation of molecules with high added value. 

 

Scheme 1.21 Comparison between traditional cross-couplings and C-H functionalisation synthetic strategies for the 

synthesis of biaryl motifs. 

Transition metals are ideal catalysts to promote this type of transformation, given the richness of 

transition metal chemistry and its fine tunability through careful manipulation of reaction conditions 

and ligand sets. Currently the metals that play a major role in C-H functionalisation reactions are Pd, 

Rh, Ir, and Ru. In the last twenty years this methodology has been developed to an exceptional level, 

and nowadays many examples of C-H functionalisation have been applied to solve synthetic chemistry 

challenges (Scheme 1.22).81,82 

  



 

25 

 

 

Scheme 1.22 Recent example of a palladium-catalysed late-stage transannular C-H functionalization protocol 

developed by Sanford.81,82 

From a mechanistic perspective, the identity and oxidation state of the transition metal employed largely 

dictates the mechanism of operation of these reactions. High-OS transition metals such as Pd(II), 

Rh(III), Ir(III) and Ru(II) have been found to react through a concerted metalation-deprotonation 

(CMD) mechanism, and usually proceed without the need of ligands. On the contrary, low-OS metals 

such as Rh(I) and Ir(I) can undergo oxidative addition into C-H bonds, and in this case strong donor 

ligands that can increase the electron density of the metal have been found to have a beneficial effect. 

In addition to that, a very common strategy in C-H functionalisation reactions is the introduction 

of directing groups in proximity of the desired reaction site on the substrate. By acting as a 

ligand on the metal centre, the directing group imparts the appropriate regioselectivity to the 

reaction. 

Similarly to the field of cross-coupling, C-H functionalisation reactions have been subject to extensive 

research in the attempt to replace the second- and third-row transition metal catalysts with their more 

sustainable first-row counterparts, and many advances have been achieved in the C-H activation 

catalysed by complexes of iron and cobalt. 
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Iron 

Over the last 10 years, iron has been extensively studied for its ability to catalyse C-H activation 

reactions.83 In 2008, Nakamura was the first to report the direct 10-arylation of α-benzoquinoline in the 

presence of an iron catalyst (Scheme 1.23).84 An in situ formed arylzinc reagent is used as nucleophilic 

partner. Notably, the reaction requires the presence of TMEDA as an additive and a chlorinated oxidant 

such as 1,2-dichloroisobutane (DCIB). The strict regioselectivity of the reaction is indicative of the 

directing group effect of the nitrogen atom on the substrate. 

 

Scheme 1.23 First example of iron-catalysed protocol for C-H functionalisation. 

This protocol represented a major breakthrough in the field of iron-catalysed C-H functionalisation, and 

optimised protocols were developed to include a wider range of substrates, such as benzimides85 and 

vinyl pyridines,86 and nucleophilic partners.87,88 

Of particular importance was the introduction of 8-aminoquinoline-based amido directing groups. First 

introduced by Daugulis in 2013,89 it was exploited by Nakamura that same year for the iron-catalysed 

β-arylation of aliphatic amides of 8-aminoquinoline (Scheme 1.24).90 Shortly after, the same protocol 

was shown to be effective for the Csp2-H activation of benzamides, and a few years its scope has been 

extended to accommodate a variety of reaction types, including allylation,91,92 amination 93 and 

methylation 94 among others. 

 

Scheme 1.24 Nakamura’s iron-catalysed C-H arylation of amides containing the 8-aminoquinoline directing group. 
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In 2014, Ackermann introduced a new modular, triazole-based amide directing group which improved 

on the 8-aminoquinoline in terms of both performance in iron-catalysed C-H functionalisation and ease 

of introduction and removal (Scheme 1.25).95–97 

 

Scheme 1.25 Ackermann’s triazolyldimethyl (TAM)-based directing group for iron-catalysed C-H arylation. 

In contrast to the fast-paced development of synthetic methodologies, mechanistic studies on iron-

catalysed directed C-H functionalisation reactions are still rather underdeveloped.98 Recently, a joint 

study was published by Ackermann and Neidig which reported an extensive investigation of the 

mechanism of reaction for iron-catalysed C-H arylation of TAM-containing benzamides (Scheme 

1.26).99 Freeze-trapped 57Fe Mössbauer spectroscopy, combined with solid-state XRD and reactivity 

studies were employed to identify the key intermediates. For the first time, the intermediate iron(II) 

species of C-H metalation and subsequent iron-zinc transmetallation were identified and characterised. 

The product of reductive elimination is believed to be formed after oxidation to iron(III) of the anionic 

iron(II) transmetallated intermediate with DCIB oxidant. A second equivalent of DCIB is then required 

to regenerate the iron(II) centre. 

 

Scheme 1.26 Mechanistic cycle proposed by Ackermann and Neidig for the iron-catalysed C-H arylation of TAM-

containing benzamide substrates. Ar = 4-methoxyphenyl. 
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Finally, two notable examples of iron-catalysed C-H functionalisation of arenes that do not employ 

organozinc reagents have been reported (Scheme 1.27): Darcel showed that simple, unactivated arenes 

could be activated towards photocatalytic borylation with HBpin by using bis-ligated iron(II) 

biphosphine complexes (Scheme 1.27a);100 and Kakiuchi demonstrated that iron(0) tetrakis-

trimethylphosphine could serve effectively as a catalyst for the regioselective anti-Markovnikov 

addition of C-H bonds of aromatic ketones to alkenes (Scheme 1.27b).101 Kinetic isotope effect 

experiments suggest that the C-H bond cleavage is not the rate-limiting step.  

 

Scheme 1.27 a) Darcel’s iron-catalysed undirected C-H borylation of arenes promoted by UV irradiation (X = H or 

Me, PP = 1,2-bis(dimethylphosphino)ethane). b) Kakiuchi’s iron-catalyzed, anti-Markovnikov addition of C−H 

bonds in aromatic ketones to alkenes. 
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Cobalt 

Given the success of C-H functionalisation reaction catalysed by 4d and 5d transition metals with d8 

and d10 configurations, in recent years considerable effort has been put into the development of cobalt-

catalysed methodologies for C-H activation.102 

One of the main approaches is the use of low-valent cobalt catalysis for the substrate-directed  

ortho-C–H functionalisation using aryl Grignard reagents as nucleophilic partners.103 Later this 

methodology was expanded to include other reaction partners such as carbamates, sulfamates and 

chlorides.104 However, the need for Grignard reagents limits the scope of these reactions in terms of 

functional group tolerance.  

Over the last few years, the development of cobalt(III) catalytic systems, in analogy to its more 

expensive Ir(III) and Rh(III) counterparts, have provided a more versatile platform for the C-H 

functionalisation of organic molecules. In 2013, Matsunaga was the first to report the use of inexpensive 

Cp*Co(III) complexes for the substrate-directed ortho-C-H functionalisation of aryl pyridines with 

enones and imines (Scheme 1.28).105 

 

Scheme 1.28 Matsunaga’s first report of cobalt-catalysed addition of 2-aryl pyridines to imines and enones (R1, R2, 

R3 = alkyl). 

Since then, numerous reports of Cp*Co(III) C-H functionalisation reactions have been published.106,107 

Cp*Co(III) catalysis is not only able to emulate the catalytic behaviour of Cp*Rh(III) and Cp*Ir(III) 

systems, but the higher electronegativity and consequent nucleophilicity of Cp*Co(III) species are 

responsible for reactivity which is unique to cobalt(III) systems.  

The mechanism of Cp*Co(III)-catalysed oxidative annulation of 2-phenylpyridine with internal alkynes 

have been extensively studied by Temprano.108,109 A combination of kinetics studies and solid-state 

XRD characterisation of intermediates led to the proposal of a mechanistic cycle, which is shown in 

Scheme 1.29. The product of cobalt-C-H metalation was first characterised by expedient synthesis from 

2’-iodophenyl-2-pyridine, then later it was obtained from direct C-H activation of 2-phenylpyridine.108 

C-H metalation is followed by alkyne coordination and migratory insertion, and these steps are in 

common with both hydroarylation reactions and oxidative annulation reactions. 
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Scheme 1.29 Mechanistic cycle proposed by Temprano for the Cp*Co(III)-catalysed oxidative annulation of 2-

phenylpyridine with alkynes. 

Finally, a completely novel methodology for C-H activation has been recently developed by Ackermann 

which exploits cobalt as a catalyst for electrocatalytic substrate-directed C-H functionalisation of 

substrates (Scheme 1.30).110 Extensive work has been done by the group of Ackermann over the last 

few years, and the scope of this novel, highly sustainable methodology for organic synthesis has been 

expanded to include oxidation, amination and annulation reactions of various substrates.111,112 

 

Scheme 1.30 General scheme for cobalt-catalysed electrochemical C-H functionalization reactions 
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1.4 Aims of the project 

The aim of this project is to expand our knowledge of first row metal-catalysed Suzuki biaryl cross-

coupling reactions, in particular with iron and cobalt, and to assess the applicability of iron-catalysed 

C-H functionalisation strategies to the synthesis of biologically active compounds. 

The aim of the work presented in Chapter 2 was to obtain insight into the mechanism of a recently 

developed protocol for the substrate-directed, iron-catalysed synthesis of biaryls. We investigated the 

way by which the directing group interacts with the iron catalyst using KIE experiments, together with 

its tendency to form radical species by DFT. Reaction kinetic analysis and DFT calculations were used 

to gather insight into the elementary steps of the catalytic cycle. Since the presence of salts additives 

such as MgBr2 is a recurring feature in iron-catalysed cross-coupling reactions, we investigated its role 

by means of determination of the reaction mixture composition over time. 

In Chapter 3, our objective was to perform a mechanistic investigation into a novel protocol for the 

cobalt-catalysed Suzuki biaryl cross-coupling promoted by simple alkoxide bases. The nature of the 

interaction between the NHC ligand and the cobalt centre was examined in terms of the stereoelectronic 

properties of the ligand itself. We also gathered information on the interaction between the pre-catalytic 

mixture and the tert-butoxide borate, to determine the way in which the pre-catalyst is transformed into 

its catalytically active form. Also, we wanted to gain insight into the elementary steps comprising the 

catalytic cycle by using DFT calculations together with paramagnetic NMR spectroscopy and reaction 

kinetic analysis. 

Finally, the aim of the work presented in Chapter 4 was to study the applicability of iron-catalysed C-

H arylation reactions to the synthesis of small libraries of organic compounds with potential biological 

activity. The optimisation of the reaction conditions was performed in an attempt to identify new zinc-

amine additives that would facilitate the transformation. Once the protocol was optimised, the scope of 

the reaction was assessed by synthesising a small library of differently substituted derivatives which 

were also tested in silico to verify whether the newly introduced aromatic moiety could lead to enhance 

the biological properties of the compounds. 

 



 

 

 

 

 

 

Chapter 2 Mechanistic investigation of an iron-catalysed, substrate-directed 

Suzuki biaryl cross-coupling reaction 
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2.1 Introduction 

Acknowledgments: thanks to Dr Harry O’Brien for developing the synthetic protocol, for KIE 

experiments and for the contribution in the elucidation of the mechanism. Thanks to Dr Sean A. Davis 

for TEM and HAADF-STEM analysis and to Prof Robin B. Bedford for DFT calculations. 

After the pioneering work on iron-catalysed cross-coupling by Kochi, the field of iron cross-coupling 

has been dormant for decades, and only recently it has been brought back to life after the findings of 

Cahiez in 1998. Since then, despite the significant amount of work that has been published on Kumada- 

and Negishi-type cross-couplings, a protocol for the Suzuki-type sp2-sp2 cross-coupling remained 

elusive until recently. It should be noted that early reports on Suzuki biaryl cross-coupling proved to be 

irreproducible, and as a consequence they were retracted.113,114 

In 2015, our group reported the first observation of iron-catalysed biaryl cross-coupling using 

organolithium-activated aryl boronic esters.115 Using 2-bromobenzylbromide 1 as an electrophile, it was 

observed that, together with the expected product of sp2-sp3 coupling 2, the product of double arylation 

at both C-Br sites 3 was also being formed (Scheme 2.1a). The fact that by-product 4 was not observed 

at all led us to think that the sp2-sp2 cross-coupling might occur only after the phenyl moiety in the 

benzylic position has been introduced. Since the biaryl coupling could be observed only when the 

bromide group was ortho to the newly introduced phenyl ring, a directing-group effect of this aryl 

moiety was postulated to rationalise the observation (Scheme 2.1b). Indeed, a similar directing effect 

was reported earlier by Jacobi von Wangelin in the olefin-assisted, iron-catalysed alkylation of aryl 

chlorides.116 

 

 

Scheme 2.1 a) First reported observation of an iron-catalysed sp2-sp2 cross-coupling with organoboron reagents. b) 

Possible mode of coordination-directed biaryl cross-coupling. 

Following these early findings, various functional groups were trialled for their effectiveness in acting 

as a potential directing group for the activation of aryl halides. While classical directing groups such as 
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tertiary amines, ethers, esters, carbamates and imines failed to do so, a pyrrolamide-based functional 

group was found to be a suitable candidate. Extensive manipulation of reaction conditions in terms of 

pre-catalyst, ligand precursor and additives led to an optimised protocol for the arylation of 5 and 

synthesis of biaryl product 6 (Scheme 2.2a). 

Scheme 2.2 a) General scheme for our iron-catalysed, substrate-directed Suzuki biaryl cross-coupling reaction. b) 

General synthetic utility of our pyrrolamide-directed cross-coupling reaction. Reaction conditions optimisation and 

substrate scope performed by Dr Harry O’Brien. 

The reaction conditions resemble those of previously reported iron-catalysed Suzuki cross-couplings: 

an NHC ligand precursor was found to be the best option, and magnesium bromide was selected as a 

salt additive. The reaction requires the pre-activation of the boronic ester with tert-butyllithium to form 

the borate species 7, which could be either isolated or formed in situ in a two-step, one-pot fashion. The 

reaction proceeds rapidly under rather mild conditions and a substrate scope was carried out, which 

showed good functional group tolerance and yields up to quantitative.47 The substrates can be accessed 

from the corresponding 2-chlorobenzoic acids by multiple routes, and the arylation products can either 

be converted to the corresponding biphenyl-2-carboxylic acids, or they can undergo further 

functionalisation at the pyrrolamide site (Scheme 2.2b).117,118 

With this synthetic transformation in hand, we decided to perform an investigation of its underlying 

mechanism. In particular, we focussed our attention on a number of key factors such as: the pyrrolamide 

directing group mode of action and coordination; the role of the magnesium bromide additive; and the 

elucidation of the elementary steps of the catalytic cycle through reaction kinetics analysis. 
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2.2 Pre-catalyst activation and the role of MgBr2 

First, the kinetic profile of the early phase of the reaction depicted in Scheme 2.2a was monitored at 

different loadings of magnesium bromide additive. No reactivity was observed for MgBr2 loadings that 

were lower than 10 mol%. All reaction profiles showed an induction period of approximately eight 

seconds which is independent of the MgBr2 loading (Figure 2.1). 

 

Figure 2.1 Plot of concentration of product 6 over time at different concentrations of magnesium bromide: 5 mM (●), 

7.5 mM (●), 10 mM (●), 15 mM (●), 20 mM (●). Reaction conditions: FeBr3/IMes·HCl 5 mM, 5 50 mM, 7 125 mM, 

THF, 50°C. 

We have shown previously that borate 7 is capable of reducing pre-catalysts of cobalt.77 This reduction 

is believed to be achieved through a reductive elimination processes that produces the homocoupling 

product biphenyl as a side-product, and a similar process on iron may well be active here. Indeed, when 

the biphenyl formation over time was monitored, we observed that the induction period corresponds to 

the formation of most of the biphenyl generated in the reaction (Figure 2.2). This led us to hypothesise 

that the reaction first undergoes reductive activation step associated with the formation of biphenyl, in 

which the pre-catalytic mixture of FeBr3 and IMes·HCl is transformed into the catalytically competent 

species. 
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Figure 2.2 Plot of concentration of homocoupling product biphenyl over time at different loadings of magnesium 

bromide: 10 mol% (●), 15 mol% (●), 20 mol% (●), 30 mol% (●), 40 mol% (●). Reaction conditions: FeBr3/IMes·HCl 

5 mM, 5 50 mM, 7 125 mM, THF, 50°C. 

Although we demonstrated that the borate 7 is able to reduce the pre-catalyst mixture to an Fe(0) 

species,47 this does not necessarily mean that this oxidation state is accessed under our reaction 

conditions, nor is it catalytically relevant. Calculation of the average number of electrons liberated 

through the reductive elimination of biphenyl results in around 0.75 electrons per iron centre (average 

concentration of 1.87 mM of biphenyl). This corresponds to an overall reduction of Fe(III) pre-catalyst 

to Fe(II). This might suggest that, even if the Fe(0) oxidation state is thermodynamically accessible 

under reaction conditions, kinetically, under our conditions, the lowest average OS may be two units 

higher. 

Since we believe that the pre-catalyst mixture is activated through an early reductive process, we 

decided to assess the homogeneous nature of the catalysis in order to rule out the possibility that the 

catalytic activity could be due to the formation of iron nanoparticles.119 In order to do so, a mercury 

drop experiment was performed. Although iron is one of the few metals unable to form amalgams with 

mercury, there have been reports in the past of suppression of catalytically active metallic particulates 

in iron-catalysed transformations.120 Formation of product 6 was monitored over time, and one drop of 

mercury was added to the reaction during the active phase of the catalysis (Figure 2.3). The reaction 

profile was found to be unaffected by the addition of mercury, and product 6 was formed in the expected 

yield. 
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Figure 2.3 Profile of formation of 6. Mercury drop was added at 60 seconds from the reaction start. Reaction 

conditions: 5 50 mM, MgBr2 10 mM, 7 125 mM, THF, 50°C. 

However, given the lack of consensus regarding the effectiveness of the mercury drop experiment for 

iron-catalysed processes, we further assessed the presence or absence of potentially catalytically 

relevant heterogeneous iron(0) nanoparticles in the reaction mixture by electron microscopic analysis. 

Aliquots of the reaction mixture were withdrawn during the active phase of catalysis and analysed by 

TEM analysis (Figure 2.4a), which showed the absence of nanoparticulate material. Also, HAADF-

STEM analysis of the same samples was unable to reveal any nanoparticle-size aggregates (Figure 

2.4b); energy dispersive X-ray analysis indicated that the deposits contained Mg, Br, Cl and Fe and 

elemental mapping confirmed all four of these elements were homogeneously distributed throughout 

the structures. 
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Figure 2.4 a) TEM image of an aliquot withdrawn from the reaction mixture at 90 s. Analysis performed by Sean A. 

Davies. b) HAADF-STEM analysis of an aliquot withdrawn from the reaction mixture at 90 s and corresponding 

elemental maps for Fe, Mg, Br and Cl. Analysis performed by Sean A. Davies. 

Iron nanoparticles have been shown to be catalytically competent in previously reported cross-coupling 

reactions.121 Nonetheless, given the results of the abovementioned experiments, experimental evidence 

militates against the possibility of nanoparticle species being involved in our reaction conditions. 

Although varying the loading of MgBr2 did not appear to have an effect on the duration of the reaction 

induction period, it proved to have a pronounced effect on the initial rates. Moreover, this effect happens 

to be non-linear in nature. Figure 2.5 shows the plot of reaction initial rate against MgBr2 loading. As 

mentioned, no reactivity was observed at loadings lower than 10 mol%. Between 10 and 20 mol% 

loading, a strongly positive correlation between the concentration of magnesium salt and initial rate of 

reaction was observed. This trend was then reversed for loadings higher than 20 mol%, where a marked 

negative dependence of the initial rate on MgBr2 loading was observed. 

a) 

b) 
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Figure 2.5 Initial rates of reaction at different MgBr2 loadings. Reaction conditions: FeBr3/IMes·HCl 5 mM, 5 50 

mM, MgBr2 1.25/2.0/3.75/5.0/7.5/10/15/20 mM, 7 125 mM, THF, 50°C. 

This “swan plot” trend suggests a duality in roles for MgBr2 in the reaction. A possible explanation is 

depicted in Figure 2.6. With the magnesium bromide acting as source of bromide ions, subsequent 

coordination of the bromide would increase the electron density on the metal centre, favouring the 

oxidative C-Cl bond-breaking step. However, high concentrations of MgBr2 would disfavour 

dissociation of bromide ion from the metal centre in a subsequent step – possibly prior to reductive 

elimination – up to the point that this process becomes the new rate limiting step. 

 

Figure 2.6 Schematic representation of the dual role of MgBr2 in the reaction catalytic cycle. 

The hypothesis that MgBr2 acts as a bromide source is further strengthened by the observation that 

several other different bromide salts were able to promote the reaction with varying degree of success 

(Table 2.1). 
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Table 2.1 Screening of salt additives. 

 

Entry Additive Yield of X6 / % 

1 MgBr2 82 

2 AlBr3 76 

3 NaBr 40 

4 KBr 39 

5 ZnBr2 23 

6 LiBr 5 

7 NBu4Br 0 

Since MgBr2, AlBr3 or ZnBr2 are in theory able to form organo-main group nucleophilic species, these 

could subsequently engage in transmetallation to the iron. However, when zinc- or aluminium-based 

nucleophiles were trialled in our reaction conditions in place of 7, no activity was observed. While the 

reaction using phenylmagnesium bromide as the nucleophile gave some activity (45% yield of 6), it 

also formed a significant amount of biphenyl by-product (30%). All this evidence militates against the 

hypothesis of magnesium being an aid in the transmetallation step of our reaction. 

With this observation in hand, we then decided to undergo a thorough kinetic analysis of the reaction 

to determine the order of reaction in every species involved. 
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2.3 Reaction kinetic analysis 

Reaction kinetic analysis is a powerful and widespread tool for gaining useful details on the mechanism 

of action of catalytic reactions. During our reaction kinetic analysis, the conditions were modified 

slightly so that it was possible to acquire good data. In particular, the reaction concentration was halved, 

and the temperature was lowered from 60 to 50 °C. The profile of formation of product 6 was 

determined by GC analysis of reaction aliquots (see Experimental Section for details). 

We determined the reaction order in the pre-catalyst system (a 1:1 mixture of FeBr3 pre-catalyst and 

IMes·HCl ligand precursor), in substrate 5 and in borate 7. For each species or component, the order 

was determined under two different MgBr2 loading regimes, namely 15 mol% and 25 mol%. Assuming 

that there might be a shift in the rate-determining step when moving from low MgBr2 loadings to higher 

ones, as implicated by the results above, we wanted to see whether this was apparent in the kinetics. A 

loading of 25 mol% was preferred over 20 mol% to be sure that we were clearly observing the reaction 

behaviour under MgBr2 “negative” effect conditions. The results of the analyses are displayed in figures 

from 2.7 to 2.9. Interestingly, and somewhat surprisingly, the reaction proved to be non-zero order in 

all the species. 

Reaction order in pre-catalyst was determined to be 0.8 and 0.7 respectively for 15 and 25 mol% 

loadings of MgBr2 (Figure 2.7). 
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Figure 2.7 a) Reaction profile with varying concentration of FeBr3/IMes·HCl at 15 mol% of MgBr2. b) Order of 

reaction in FeBr3/IMes·HCl at 15 mol % of MgBr2. c) Reaction profile with varying concentration of FeBr3/IMes·HCl 

at 25 mol% of MgBr2. d) Order of reaction in FeBr3/IMes·HCl at 25 mol % of MgBr2. Concentration of 

FeBr3/IMes·HCl: 1 mM (●), 2 mM (●), 4 mM (●), 5 mM (●), 8 mM (●). Reaction conditions: 5 50 mM, MgBr2 

7.5/12.5 mM, 7 125 mM, THF, 50°C. 
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The observed order in substrate 5 was approximately half-order, namely 0.5 and 0.6 under 15 mol% 

and 25 mol% loadings of MgBr2 (Figure 2.8).  

 

 

Figure 2.8 a) Reaction profile with varying concentration of 5 at 15 mol% of MgBr2. b) Order of reaction in 5 at 15 

mol % of MgBr2. c) Reaction profile with varying concentration of 5 at 25 mol% of MgBr2. d) Order of reaction in 5 

at 25 mol % of MgBr2. Concentration of 5: 10 mM (●), 25 mM (●), 50 mM (●), 75 mM (●), 100 mM (●). Reaction 

conditions: FeBr3/IMes·HCl 5 mM, MgBr2 7.5/12.5 mM, 7 125 mM, THF, 50°C. 
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Finally, the reaction proved to be first-order in borate 7 up to 2.5 equivalents, above which it reaches 

saturation with a zero-order regime for both 15 mol% and 25 mol% (Figure 2.9). 

 

 

Figure 2.9 a) Reaction profile with varying concentration of 7 at 15 mol% of MgBr2. b) Order of reaction in 7 at 15 

mol % of MgBr2. c) Reaction profile with varying concentration of 7 at 25 mol% of MgBr2. d) Order of reaction in 7 

at 25 mol % of MgBr2. Concentration of 7: 50 mM (●), 75 mM (●), 125 mM (●), 175 mM (●), 250 mM (●). Reaction 

conditions: FeBr3/IMes·HCl 5 mM, 5 50 mM, MgBr2 7.5/12.5 mM, THF, 50°C. 
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The analysis of the kinetics of the reaction showed that it progresses through an intricate mechanism. 

A summary of the determined orders of reaction under different MgBr2 loading regimes is shown in 

Table 2.3. 

Table 2.2 Summary of orders of reaction in various components at different MgBr2 loadings. 

Component Order at 15 mol% MgBr2 Order at 25 mol% MgBr2 

FeBr3/IMes-HCl 0.82 ± 0.06 0.7 ± 0.2 

5 0.50 ± 0.09 0.7 ± 0.1 

7 1.066 ± 0.018 1.0 ± 0.6 

It is evident that no clear r.d.s shift between MgBr2 regimes can be deduced from the data. Instead, it 

seems that all the elementary steps involving 5, 7 and the catalytic system are in equilibrium with each 

other – that would explain the non-zero reaction order in all of them. It appears then that the 

transformation proceeds through a series of equilibria preceding a final, irreversible step – possibly a 

reductive elimination step leading to product formation. The observation of a 0.5-order in substrate 5 

could be explained in terms of an off-cycle equilibrium in which two molecules of substrate are 

coordinated to the same iron centre, but there is no definite evidence for it. Although it is not possible 

to state whether the supposed C-Cl bond breaking could act reversibly, this is also a possibility. 
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2.4 The role of the pyrrolamide directing group 

The most peculiar feature of our Suzuki reaction is the necessity of the pyrrolamide ortho-directing 

group on 5, without which no cross-coupling product is formed under the reaction conditions. One way 

by which this directing group can promote the coupling is by π-coordination with a catalytically active 

iron complex. Such interaction would increase the local concentration of iron species surrounding 5, 

thus facilitating a subsequent C-Cl bond breaking step – whether this happens by classical oxidative 

addition or by homolytic cleavage. Indeed, η5-N-alkyl and N-acyl pyrrole complexes of iron have been 

synthesised and characterised in the past.122–125 

In order to assess the nature of this catalyst-DG interaction, we performed a competition reaction 

between substrate 5 and its deuterated analogue 5-d4 (Scheme 2.3). The borate of 4-tolylboronic acid 

pinacol ester was used as a nucleophile to provide a 1H NMR handle for quantification. If an iron-

pyrrole interaction is present in the reaction rate-determining step – or in another step in pre-equilibrium 

with the r.d.s. – a kinetic isotope effect may be observed. 

Scheme 2.3 Secondary kinetic isotope effect experiment. Experiment performed by Dr Harry O’Brien.  

For carbon-hydrogen bonds, kinetic isotope effects arise from the difference in stretching vibration 

point energies (also called zero-point energies or ZPEs) between C-H and C-D bonds, due to the higher 

mass of deuterium. Following the harmonic oscillator model for a vibrating bond, the vibrational 

frequency is inversely proportional to the square root of the reduced mass of the system, hence heavier 

isotopes result in lower zero-point energies (Equation 2.1). 

 

Equation 2.1 Harmonic oscillator approximation for molecular bond vibration. 
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This in turns leads to a higher activation energy for the breaking of a C-D bond, which translates in 

different reaction rates which can be experimentally observed and determined. KIE studies are well 

documented for the elucidation of organometallic reaction mechanisms. Secondary kinetic isotope 

effects are observed when the isotopic substitution has been made in a bond that is not broken in the 

rate-determining step, but experiences a change in the transition state, typically a change in 

hybridization or the involvement in hyperconjugation.126 

The KIE experiment was performed using the tolyl analogue of borate 7 in order to allow 1H NMR 

spectroscopic determination of the ratio between deuterated and non-deuterated product 8. When the 

reaction was performed under standard MgBr2 loading (20 mol%), no KIE was observed. However, 

when the MgBr2 loading was lowered to 15 mol%, an inverse secondary KIE of 0.7 was observed. This 

difference in KIE matches with the switch in manifold for the order of reaction in MgBr2. 

An inverse kinetic isotope effect occurs when the C-H/D bond experiences a change in hybridisation 

from sp2 to sp3; in this case, the transition state is developing an Csp3 character, which has a much stiffer 

out-of-plane bending frequency compared to that of a Csp2 C-H bond. Hence, the difference in ZpEs in 

the labelled and unlabelled bonds is more pronounced for the Csp3 bond. Since the activation energy 

for the rehybridisation process is lower for the C-D bond, the reaction is faster with D than with H and 

kH/kD observed is < 1 (Figure 2.10). 

 

Figure 2.10 Energy diagram representation for secondary inverse kinetic isotope effect.126 The activation energy of 

the hybridisation of the C-D bond from sp2 to sp3 (AED) is lower than the one for the C-H bond (AEH). 

In our case, a π-coordination between the pyrrole and the iron metal centre results in a change of p-

character of the pyrrole’s carbon atoms. The observation of no KIE at a higher MgBr2 loading could 

suggest that the whole reaction mechanism experiences a shift in the rate-determining step. At the same 

time, reaction kinetics analysis shows a far more intricate picture, from which no conclusive evidence 
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could be drawn. Nonetheless, the observation of a secondary KIE at low MgBr2 regime shows that the 

pyrrolamide moiety is playing an active role in the catalytic cycle by π-coordinating a catalytic 

intermediate.  

In order to gain further information on the role of the directing group, we then decided to investigate its 

electronic properties using DFT studies. In classical cross-coupling transformations, it is common 

knowledge that the electrophile activation proceeds via oxidative addition of the carbon-halogen bond 

to the metal centre. However, at this stage we cannot rule out the possibility that it may, instead, activate 

through homolytic cleavage and formation of a “trapped” radical. Either way, it is possible that the C–

Cl cleavage proceeds via a single-electron transfer (SET) process rather than through classical oxidative 

addition, as it has been previously observed for cobalt-catalysed processes.79 

One possibility is that the pyrrolamide group may electronically activate the substrate with respect to 

oxidative C–Cl bond scission via the formation an intermediate amino ketyl radical (Figure 2.11a),127 

perhaps following coordination of the C=O function to the iron centre (Figure 2.11b). 

 

Figure 2.11 a) Formation of the amino ketyl radical of 5 through SET, and b) possible involvement of carbonyl 

coordination in the reduction process. 

Although some caution must be exercised in the use of computed thermodynamic metrics for processes 

that proceed via one or more unverified transition states, by invoking the Hammond postulate it should, 

in principle at least, be possible to rank the observed relative reactivity with the calculated stability of 

the radical anions. A density functional theory examination of the amino ketyl radicals formed from the 

substrates 5, 9 and 10 was carried out (Figure 2.12, see Experimental Section 6.1 for details). These 

were chosen as representative for their varying degree of success in the reaction (82%, 0% and 32%). 

All species proved to have similar frontier orbitals, with the unpaired electron being almost entirely 

associated with the aryl ketone conjugated π-system. The out-of-plane amine group has essentially no 

contribution to the SOMOs. 
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a)  b)  

 
  

c)  d)  

 
 

  
Figure 2.12 Molecular structures and SOMOs for a) 5, b) 5 (with THF solvation), c) 9 and d) 10. Isovalue = 0.05 

(electron Bohr–3)1⁄2. 

Next, a series of energy parameters for the associated radical anions of each substrate were determined: 

the vertical electron affinity (VEA), the adiabatic electron affinity (AEA) and the vertical detachment 

energy (VDE). These are defined as follows: 

VEA = E(optimised neutral amide) – E(radical anion at optimised geometry of neutral amide)  

AEA = E(optimised neutral amide) – E(optimised radical anion)  

VDE = E(neutral amide at geometry of optimised radical anion) – E(optimised radical anion)  

The results of these calculations for both gas phase and THF solvent phase are shown in Table 2.3. 

These reveals that the calculated order of increasing electron affinity of the substrates matched the order 

of productivity in the reactions, consistent with the intermediacy of a ketyl radical. 

Table 2.3 Calculated electron affinities and electron dissociation energies for 5, (2-chlorophenyl)(pyrrolidin-1-

yl)methanone 9 and 2-chloro-N,N-diphenylbenzamide 10. Calculation performed by Robin B. Bedford. 

    

Energy parameter Gasa THFb Gasa THFb Gasa THFb 

VEA (eV) -0.11 2.39 (1.56)c -0.91 0.72 -0.18 1.16 

AEA (eV) 0.52 1.99 (2.16)c -0.22 1.29 0.44 1.80 

VDE (eV) 0.95 1.60 (2.60)c 0.48 2.03 1.16 2.53 

a Gas phase calculations at B3LYP/6-311G**. b Single point calculation using PCM on B3LYP/6-311G** 

optimised structures. c B3LYP-D3/6-311++G** optimised structure, with PCM included in optimisation. 
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In order to further assess the contribution that amino ketyl radicals may have in promoting our Suzuki 

reaction, we used the calculated trends to predict another substrate that would undergo significantly 

more facile single-electron reduction than substrate 5. We chose phthalimide-based substrate 11: while 

it has a carbonyl group that could potentially direct the C-Cl bond cleavage, it lacks an appropriate π-

system. This should allow us to discern whether the C-Cl bond activation is due solely to an electronic 

effect, or if π-coordination to the metal catalyst is still essential. Substrate 11 SOMO and the associated 

energy parameters are shown in Table 2.4. 

Table 2.4 Structure SOMOs for phthalimide substrate 11, with calculated electron affinites and electron dissociation 

energies. Calculation performed by Robin B. Bedford. 

 

 

 

 

Energy parameter Gas THF* 

VEA (eV) 0.83 2.25 

AEA (eV) 1.11 2.51 

VDE (eV) 1.39 2.77 

Gas phase calculations at B3LYP/6-311G**. * Single point calculation using PCM on B3LYP/6-311G** 

optimised structures. 

When substrate 11 was tested under standard reaction conditions, no cross-coupled arylation product 

was observed. Instead, a significant amount (around 26%) of hydrodehalogenated product – N-isobutyl 

phthalimide – was recovered. Therefore, it appears that the ability of amidoaryl substrate to form a ketyl 

radical is not sufficient for reactivity in the absence of a π-coordinating directing group. At the same 

time, when substrate 12 was used instead of 5, we observed only traces of cross-coupling product 

(Scheme 2.4). This is further evidence that the amide moiety in 5 could be directly involved in the 

substrate C-Cl bond activation step. 

 

Scheme 2.4 Cross-coupling of substrate 12 under standard catalytic conditions. 
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2.5 Proposed catalytic cycle 

On the basis of all the information gathered throughout our mechanistic investigation, we proposed a 

tentative catalytic cycle that is consistent with the experimental evidence. This is outlined in Figure 

2.11. According to experimental evidence discussed so far, we identified seven elementary steps (A to 

F) occurring in the reaction. 

 

Figure 2.13 Proposed catalytic cycle for iron-catalysed Suzuki biaryl cross-coupling reaction. 

A. Reductive activation of pre-catalyst: borate 7 act as a pre-catalyst activator through a reductive 

process that forms biphenyl as side-product, producing a catalytically active species [PhFe]. 

Calculation of the iron average oxidation state based on biphenyl suggests a Fe(III) to Fe(II) 

reduction, although we’ve shown that lower OS are also thermodynamically accessible under 

reaction conditions. 

 

B. Substrate to iron π-coordination: the N-pyrrole amide functionality present on substrate 5 acts as 

a directing group through π-coordination to the catalyst. This was proved by a deuterium 

competition reaction in which a secondary KIE was observed at a MgBr2 loading of 15 mol%. 
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Increasing the loading of MgBr2 over 20 mol% resulted in suppression of the KIE. This is 

explained by an increase in rate of the addition of bromide to the iron (step C), with which this 

step is in pre-equilibrium. 

 

C. “Bromide” addition to the iron: magnesium bromide acts as a source of bromide ions, increasing 

the electron density of the metal centre – possibly by formation of an anionic species, here 

depicted as [PhBrFe]-. We have no evidence to discern whether this species is anionic or neutral. 

Between 10 and 20 mol% loading of MgBr2, we observe a strong positive effect on the reaction 

initial rate. The increased electron density allows for the catalyst to undergo the C-Cl bond 

activation step. 

 

D. C-Cl bond activation: substrate 5 C-Cl bond is activated, either through classical oxidative 

addition or through formation of a ketyl radical intermediate which then undergoes homolytic 

cleavage of the bond. DFT calculations showed the propensity of N-pyrrolamide-containing 

substrate 1a to form a ketyl radical intermediate, although we do not have conclusive evidence 

for it. Based on kinetic analysis, it is feasible. 

 

E. Cross-coupling: after release of bromide, product 6 is formed though cross-coupling between 

activated substrate and the aryl fragment. 

 

F. Product release: given that the pyrrolamide moiety is retained in the product, we believe that 

the system could be facing a type of product-inhibition. Using N-methylpyrrole as a poisoning 

agent did not show any change in the reaction initial rate (see Experimental Section 6.1). 

However, further experiments will be performed in order to verify if the product competes with 

the substrate in binding of the metal catalyst. 

 

G. “Bromide” elimination from the iron and catalyst regeneration: with MgBr2 loading higher 

than 20 mol% we observe a negative correlation between [MgBr2] and reaction rate. This 

suggests that higher concentrations of the salt may hamper the release of bromide from the 

catalytic species, pushing the elimination equilibrium backwards. After this, the catalyst is 

regenerated by reaction with borate 7, and the catalytic cycle is closed. 
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2.6 Conclusions 

In conclusion, we undertook a detailed mechanistic investigation of our iron-catalysed Suzuki biaryl 

cross-coupling reaction. The contribution of the pyrrolamide directing group was investigated by 

deuterium exchange competition reaction, DFT calculations and inhibition experiments. The role of 

MgBr2 additive was examined by reaction kinetic analysis; we came to the conclusion that this additive 

does not act as promoter for transmetallation, as has previously been suggested, rather it serves as a 

source of bromide ions that allow for the C-Cl bond activation step to occur. A thorough kinetic analysis 

allowed us to gather the order of reaction in each species, clearly showing the complexity of the 

elementary steps involved in the reaction. Finally, a tentative catalytic cycle was proposed on the basis 

of all the experimental evidence gathered. 

Further work should focus on shedding light on the possibility that product 6 is acting as a reaction 

inhibitor. This will be achieved by kinetic profiling of the reaction at different initial concentrations of 

product and by measuring difference in initial reaction rate. Also, the information gathered in this study 

is being exploited for the development of a more general, directing group-free iron-catalysed Suzuki 

reaction. In this regard, the nature of the iron catalytic intermediates and its interaction with the NHC 

ligand will be addressed. 



 

 

 

 

 

 

Chapter 3 Mechanistic investigation of an alkoxide-promoted,  

cobalt-catalysed Suzuki biaryl cross-coupling reaction 
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3.1 Introduction 

Acknowledgments: thanks to Sanita Tailor for developing the synthetic protocol of the reaction, for the 

contribution in the elucidation of the mechanism and for XRD analysis. Thanks to my students Gavin 

Smith for his help in the screening of ligand and boronic ester, and Alexandra Glasse for her help in 

the optimisation of Csp3-Csp2 coupling. Thanks to Dr Sean A. Davis for TEM and HAADF-STEM 

analysis and to Prof Robin B. Bedford for DFT calculations. 

Like iron, cobalt has been investigated for its potential to offer a sustainable alternative to palladium in 

cross-coupling reactions. Since the pioneering work of Corey and Posner,8 significant advances have 

been achieved in the field of cobalt-catalysed Kumada- and Negishi-type Csp2-Csp2 and Csp2-Csp3 

cross-couplings.128 Nonetheless, examples of protocols for Suzuki-type biaryl cross-coupling reactions 

that employ cobalt are still scarce. Scheme 3.1 summarises the most relevant works that have been 

reported on the topic so far. 

 

Scheme 3.1 Relevant examples of cobalt-catalysed Suzuki biaryl cross-coupling reactions reported by a) Chirik (R1, 

R2 = alkyl, heteroatom), b) Duong (R1, R2 = alkyl, aryl, heteroatom, Y = CH, N) and c) Bedford (R1, R2 = alkyl, aryl, 

heteroatom). 

a) 

b) 

c) 
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In 2016, Chirik and co-workers reported the cross-coupling reaction of aryl triflates with 2-

benzofuranylboronic esters catalysed by a cobalt-PNP pincer ligand catalyst (Scheme 3.1a).75 A very 

elegant mechanistic investigation on the elementary steps of the reaction was conducted. On the other 

hand, the protocol suffers from a very limited scope of substrates, and the necessity of using  

triflate-based electrophiles. In 2017, Duong and co-workers reported a more versatile protocol for 

cobalt-catalysed cross-coupling of aryl chlorides and bromides, using a terpyridine-based ligand 

(Scheme 3.1b).129 However, in this case the scope of the electrophile is mostly limited to 2-

halopyridines, and the few reported examples of non-heterocyclic electrophiles gave variable yields. 

Later that same year, our group reported the first example of cobalt-catalysed Suzuki biaryl cross-

coupling reaction using n-butyllithium-activated arylboronates (Scheme 3.1c).77 In contrast with the 

former two protocols, which used an alkoxide base to promote the reaction,  the use of a stronger boron 

reagent, together with a cobalt-NHC catalytic system resulted in a much broader substrate scope, and a 

wide range of biaryl compounds were obtained in good to high yields. One drawback of this reaction is 

the need of an organolithium reagent to activate the boronic esters, which resulted in poor tolerance of 

the more labile functional groups. Later this methodology was extended by Duong to include aryl 

triflates as electrophilic partners.78 Finally, it should be mentioned that a series of other reports on 

cobalt- and iron-catalysed Suzuki cross-coupling that appeared in the same period were proved to give 

unreproducible results and, in some cases, evidence of data fabrication.130,131 

In pursuit of a protocol that combines wide substrate scope and functional group tolerance with mild 

reaction conditions, we decided to investigate the use of alkoxides as bases to promote the reaction. We 

chose as the model reaction the coupling of 4-chlorotoluene 14 with phenylboronic acid 

neopentylglycol ester PhBneop 15a. A preliminary screening of reaction conditions was performed and 

led to those shown in Scheme 3.2, in which cross-coupling product 4-methylbiphenyl 16 is obtained in 

60% yield. 

 

Scheme 3.2 Benchmark reaction conditions for the cobalt-catalysed Suzuki cross-coupling of phenylboronic acid 

neopentyl glycol ester 15a with 4-chlorotoluene 14. Reaction conditions optimised by Sanita Tailor. 

Chloride-based electrophiles were found to perform better than their bromide and iodide counterparts. 

This apparently reversed trend of reactivity with respect to more traditional palladium-catalysed 

reactions is remarkable, as aryl chlorides are the ideal substrates for cross-coupling reactions due to 

their low cost and high availability. The pre-catalytic mixture of cobalt(II) chloride and NHC ligand 
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precursor IPr·HCl was chosen on the basis of our previous findings in cobalt-catalysed cross-coupling.77 

Potassium tert-butoxide proved to be the best alkoxide base, and the general observed trend was that 

bulkier alkoxides performed better (tBuO- > iPrO- > MeO-), and so did softer alkali metals (K+ > Na+ > 

Li+). It should be noted that the reaction proved to be extremely sensitive to trace amounts of air and 

moisture. All reagents and solvents had to be dried and degassed prior to their use, as failing to do so 

was found to be detrimental to the reaction. 

With our optimised reaction conditions in hand, we decided to undertake an in-depth investigation of 

the reaction mechanism. First, the homogeneous nature of the reaction was assessed by TEM and 

HAADF-STEM analysis, in order to exclude the hypothesis of nanoparticulate cobalt being present in 

the reaction mixture (Figure 3.1). The results do not show evidence of cobalt nanoparticles present at 

the end of the 24-hour reaction period, with HAADF-STEM analysis showing cobalt being well 

dispersed with the K, O and Cl. 
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Figure 3.1 a) TEM image of the reaction mixture after 24 h. b) HAADF-STEM analysis of the reaction mixture after 

24 h, and corresponding elemental maps for K, Cl, Co, O and C. Large amount of carbon due to the organics and 

possibly high concentration. Analysis performed by Sean A. Davies. 

During our investigation, the role of the NHC ligand was discussed on the basis of its stereoelectronic 

properties. The reaction preference for a limited range of boronic esters was investigated by looking at 

their thermodynamic properties as well as the structural features of their tBuOK-adducts. A thorough 

analysis of reaction kinetics was performed in order to identify the role of every component in the 

reaction mechanism. 1H NMR spectroscopy was employed to gather insight into the activation of the 

catalytic mixture. Finally, the synthesis of putative intermediates in the reaction was attempted. 

a) 

b) 
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3.2 Ligand screening 

From the preliminary optimisation of the reaction conditions, N-heterocyclic carbenes were found to be 

the ligands of choice for this process. Figure 3.2 shows a series of N- and P-containing bidentate ligands 

that were trialled, together with the structures of the eight screened NHC precursors. Figure 3.3 

summarises the yields of cross-coupling product 16 obtained when each of the ligands were used. All 

the screened bidentate ligands failed to give significant yields, while only three monodentate NHC 

precursors were able to achieve reasonable activity. Among these, IPr·HCl and SIPr·HCl performed 

equally well, and IPr·HCl was chosen to continue the mechanistic investigation, as its multi-gram 

synthesis can be achieved in a straightforward fashion in two steps. 

 

Figure 3.2 P- and N-containing bidentate ligands and NHC ligand precursors screened in the reaction. 

 

Figure 3.3 Screening of P- and N-based bidentate ligands and of NHC ligand precursors in the synthesis of 4-

methylbiphenyl 16. Reaction conditions: CoCl2 (0.025 mmol, 0.1 eq), ligand (0.25 mmol, 0.1 eq), 4-chlorotoluene 

(0.25 mmol, 1.0 eq), phenylboronic ester neopentyl glycol (0.375 mmol, 1.5 eq), potassium tert-butoxide (0.375 

mmol, 1.5 eq) in THF (1.5 ml), 60°C for 24h. Yields of 16 were determined by GC analysis, using dodecane as an 

internal standard. 
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In the attempt to rationalise the marked difference in activity observed within the same class of ligands, 

we decided to look at the most commonly used stereoelectronic descriptors for ligands in organometallic 

chemistry that are relevant to NHCs (Figure 3.4).132 

 
  

Figure 3.4 Visual representation of commonly used stereoelectronic descriptors relevant to N-heterocyclic carbene 

ligands: a) percentage of buried volume (%Vbur); b) Tolman’s Electronic Parameter (TEP); c) 31P NMR shift of NHC-

phosphinidine adducts (31P δ NHC-PPh). 

In 2003, Nolan and Cavallo reported an improved model to measure the steric bulk of NHC ligands: 

the percent buried volume parameter (%Vbur, Figure 3.4a), defined as the percent of the total volume of 

a sphere occupied by a ligand.133 Generally, the reference complexes used to determine the %Vbur of 

various NHCs have the general formula (NHC)AuCl, but series based on different type of complexes 

also exist. Initially designed to determine the steric influence of NHC ligands in various metal 

complexes, the application of this parameter has been extended to various other classes of ligands. 

Tolman’s Electronic Parameter (TEP, Figure 3.4b), originally developed by Tolman for phosphine 

ligands, can still provide useful insight into the net donor properties of NHC ligands,134 although some 

limitations have been reported, such as strong solvent dependence and poor standard deviations.132 

Other parameters have been proposed in recent years, but they all suffer from some limitations.  

Since TEP is an estimate of the net donor ability of the ligand, it does not provide any information on 

the individual contributions of σ-donation and π-retrodonation. In order to overcome this limitation, 

various descriptors were introduced to determine the contribution of the π-retrodonation alone. One of 

these, introduced by Bertrand in 2011, is based on the 31P NMR shift of NHC-phenylphosphinidene 

adducts (31P δNHC-PPh, Figure 3.4c).135 As the π-acidity of the NHC increases, the carbene-phosphorus 

bond increases its double bond character, shifting the NMR signal of the phosphorus centre downfield. 

The combined use of TEP and 31P δNHC-PPh parameters can give a more thorough description of σ-

donating and π-retrodonating properties of carbene ligands. 

Table 3.1 shows the values of %Vbur, TEP and 31P δNHC-PPh for the NHC ligands tested in the reaction. 

The values of 31P δNHC-PPh for ICy, IAd and 6Mes were not reported in the literature. Among the 

imidazole- and imidazoline-based NHCs, IPr and SIPr are the bulkiest ligand, while ICy is the least 

bulky of the series.  

a) b) c) 
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Table 3.1 %Vbur, TEP and 31P δ NHC-PPh values for screened free NHC ligands. References to original works are 

shown. 

NHC %Vbur TEP / cm-1 31P δ NHC-PPh / ppm 

IMes 36.5136 2050.7137 -23.0135 

SIMes 36.9136 2051.5137 -10.4135 

IPr 44.5136 2051.5137 -18.9135 

SIPr 47.0136 2052.2137 -10.2135 

ICy 27.4136 2049.6137 --- 

IAd 39.8136 2048.9137 --- 

6Mes 42.2136 --- --- 

6Pr 50.8136 2044.0137 14.8138 

One of the consequences of the pronounced bulkiness of IPr and SIPr is that they only form monoligated 

species with cobalt, unlike IMes and SIMes. In fact, it was reported by Aldridge and co-workers that 

treatment of CoBr2 with two equivalents of IPr leads to the formation of the ion pair [(IPr)CoBr3][IPrH] 

rather than the bis-ligated compound (IPr)2CoBr2 (Figure 3.5).139 

 

Figure 3.5 Reaction of CoBr2 with 1 or 2 equivalents of IPr, as reported by Aldridge.139 

Given the high degree of flexibility of NHC ligands, which can be influenced by the nature of the metal 

centre and of the ligand set of the complex, we calculated the %Vbur of a series of Co-NHC complexes 

with various oxidation states and ligand sets (Figure 3.6a) by using the SambVca 2.1 web application, 

a tool to calculate the buried volume and topographic steric maps of ligands.140 The trend of steric 

hindrance IPr > IMes reported using (NHC)AuCl complexes was generally confirmed, as it was when 

the %Vbur of the two ligands was calculated for the complexes of general formula [(NHC)Co(CO)2(NO)] 

(Figure 3.6b). 
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R %Vbur 

Me 26.4 

iPr 27.9 

Mes 34.6 

dipp 35.3 

 

Figure 3.6 a) %Vbur values for various Co-NHC complexes of IMes (green), and IPr (blue). b) %Vbur values for 

nitrosyl bis-carbonyl Co(II)-NHC complexes. All values were calculated using the SambVca 2.1 web application.  

However, the trend in reactivity cannot be explained on the basis of their steric properties only, as the 

six-membered ring NHCs 6Mes and 6Pr are both more sterically demanding than IPr. Ultimately, a 

direct, monodimensional correlation could not be established between the values of the descriptors 

shown in Table 3.1 and the ligand performance in the catalysis. However, a two-dimensional correlation 

could be seen when plotting %Vbur against one of the two electronic descriptors (Figure 3.7). 

 

Figure 3.7 a) Plot of %Vbur versus 31P shift of phosphinidene NHC-PPh adducts for screened NHC ligands (except 

for ICy); b) plot of %Vbur versus TEP values for screened NHC ligands (except for ICy), plus the values for IPr*. 

Yields of 4-methylbiphenyl 16 are shown in parenthesis. * Estimated value in analogy to 6Pr. 

It is clear that the ring-expanded carbenes 6Mes and 6Pr possess electronic properties that are 

markedly different to those of the other ligands. They both are significantly more π-acidic, but 

at the same time they are more nucleophilic. In fact, it seems that their π-retrodonating ability is 

overcome by their increased σ-donating properties. We envisage that the use of their mono- and 
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di-amidocarbene analogues (Figure 3.8) could be useful to assess which electronic characteristic 

is the most influential. This new class of NHCs have significant π-acidity which, in the case of 

diamidocarbenes, results in them being less nucleophilic than the more classical imidazole-

based NHCs (Figure 3.9). 

 

Figure 3.8 Trend of increasing π-acidity of NHC backbone structures of aryl-substituted NHCs: imidazole (I), 

imidazoline (SI), 1,3-pyrimidine (6), monoamido- pyrimidine (MAC) and diamido- pyrimidine (DAC). 

 

Figure 3.9 Extended plot of %Vbur vs TEP to include IPr* and some examples of MAC and DAC carbenes. 

To conclude, the characterisation of the stereoelectronic properties of screened NHC ligands 

through the use of common descriptors give us a possible, but not conclusive explanation for 

their marked difference in performance in our cobalt-catalysed cross-coupling. This could 

potentially lead to the rational selection or design of N-heterocyclic carbene ligands with 

superior activity in cross-coupling transformations catalysed by cobalt. 
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3.3 Boronic ester screening 

Next, we decided to investigate the properties of the nucleophilic component of the reaction. A 

screening of twelve cyclic esters of phenylboronic acid was performed (Figure 3.10). In our 

reaction conditions, most boronic esters failed to provide satisfactory yields. Interestingly, even 

the classical pinacol ester of phenylboronic acid proved unreactive. PhBneop 15a proved to be 

the best candidate, and the few other esters that were active in the catalysis shared with it the 6-

membered ring cyclic structure. 

 

Figure 3.10 Structures of screened phenylboronic esters 15a-l. Yields were determined by GC analysis, using 

dodecane as an internal standard. 

In the attempt to rationalise these findings, we looked at the thermodynamic propensity of these 

boronic esters to transfer their phenyl moiety. To do so, the Phenyl Ion Affinities (PhIAs) of 

their corresponding tert-butoxide boric acid esters were calculated by DFT analysis as described 

by Ingleson.141 With this method, the isodesmic reactions between tetraphenylborate and the 

appropriate borate ester were evaluated. The calculated values of PhIAs are reported in Table 

3.2 (See SI for experimental details). As it can be seen, the calculated equilibrium energies are 

very close to each other, within the range of 2 kcal·mol -1. This excludes the possibility that the 

difference in activity between the boronic ester might be arising from an intrinsic 

thermodynamic preference of 15a to transfer its phenyl group, as a clear correlation between 

PhIAs and reactivity could not be established. 

  



 

65 

 

Table 3.2 Phenyl Ion Affinities (PhIAs) for boric acid esters relevant to this work. 

 

Entry tBuO-BR2 PhIA / kcal·mol-1 

1 

 

18.2 

2 

 

20.9 

3 

 

20.4 

4 

 

20.4 

Details of calculations: density functional theory, B3LYP-D3/6-311+G**, implicit solvation by THF modelled 

using the CPCM method, see Experimental Section 6.2 for full details. 

 

Having ruled out a thermodynamic rationale for the remarkable difference in reactivity, another 

possible explanation could be represented by the steric conformation of the borate adducts of 

such esters with potassium tert-butoxide. The XRD structure of [Ph(OtBu)Bneop]K 17 shows 

an interaction between the potassium cation with both an oxygen atom of the backbone and the 

π-system of the phenyl ring (Figure 3.11). This could be indicative of a mode of binding that 

remains preserved when the cobalt centre interacts with the borate adduct during the 

transmetallation step. In addition to that, DFT calculation of the transmetallation transition state 

show that cobalt coordination to the oxygen atoms of the borate is crucial, therefore we can 

expect that even subtle differences in conformations of the nucleophilic adduct can exert a great 

impact on the energy profile of the reaction (see Section 3.7). 

 

Figure 3.11 Single crystal x-ray diffraction structure of [Ph(OtBu)Bneop][K·(THF)2] 17·(THF)2. Ellipsoids are set 

to 50% probability and hydrogen atoms are omitted for clarity. XRD analysis was performed by Sanita Tailor. details] 
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As we mentioned previously, sodium and lithium tert-butoxide were found to be far inferior 

bases compared to their potassium analogue. 1H NMR spectroscopic analysis of the three borate 

adducts of these bases with 15a reveals that Na- and Li- borates have a much tighter metal-

oxygen interaction, which results in a more pronounced structural rigidity and separation of the 

signals for diastereotopic protons (Figure 3.12). The absence of such tight interaction in the case 

of potassium could translate in greater ease of displacement of the alkali metal ion by the cobalt 

centre during catalysis. 

 

Figure 3.12. 1H NMR spectra in THF-d8 of the potassium-, sodium- and lithium analogues of borate 17. Signals for 

CH2 protons are shown with asterisks. Experiment performed by Sanita Tailor. 

To summarise, analysis of the thermodynamic properties of a series of screened boronic esters 

failed to shed light on the marked difference in reactivity between nucleophiles. Therefore, we 

suggest that the reason behind this must lie in a kinetic effect arising from the differences in 

steric properties of the series.  

* 

* 

* 

* 

* * 

* * 
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3.4 Reaction kinetic analysis 

Attention was next turned to investigating the kinetic behaviour of the reaction. The entire 

kinetic analysis was performed by GC determination of the reaction composition at different 

times, using dodecane as an internal standard (Scheme 3.3). 

 

Scheme 3.3 Model reaction for the analysis of reaction kinetics. 

 Figure 3.13 shows the profile of product 16 and biphenyl 18 formation over time in the early 

stage of the reaction (first 5 hours). The reaction profile shows a long initial period of slow 

activity until around 3 hours. During this time, homocoupling product biphenyl 18 is formed at 

a similar rate. After this, the rate of formation of 16 suddenly increases, overcoming those of 

biphenyl 18 formation. The overall yield of biphenyl is always within the range 10-15%, and no 

significant increase in the rate of homocoupling formation is seen. 

 

Figure 3.13 Reaction profile of 4-methylbiphenyl 16 (●), and biphenyl 18 (●) formation over time. Reaction 

conditions: CoCl2/IPr·HCl 10 mM, 4-chlorotoluene 100 mM, KOtBu 150 mM, PhBneop 15a 150 mM, dodecane 50 

mM, THF, 60 °C. 

So far, the ratio of PhBneop 15a to potassium tert-butoxide has been always 1:1. In the presence 

of even slight excess of base (0.3 equivalents), no catalysis is observed. Surprisingly, the 

addition of increasing excess amounts of PhBneop 15a led to a marked increase in the reaction 

rate, accompanied by shortening of the initial phase duration (Figure 3.14a). The increase in 
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reaction rate is so profound that determination of the order of reaction in PhBneop 15a by initial 

rate method gives results that do not fit any single sensible chemical process (order in PhBneop 

15a ≈ 3.8). Since a reaction order of nearly 4 is extremely unlikely, we envisage that this result 

is due to the strong influence that PhBneop 15a has on the early phase of the reaction. 

 

 

Figure 3.14 a) Profile of 4-methylbiphenyl 16 formation over time at different concentrations of PhBneop 15a: 150 

mM (●), 165 mM (●), 185 mM (●), 200 mM (●). b) Comparison between 4-methylbiphenyl 16 and biphenyl 18 (●) 

formation at varying concentrations of PhBneop 15a. Reaction conditions: CoCl2/IPr·HCl 10 mM, 4-chlorotoluene 

100 mM, KOtBu 150 mM, dodecane 50 mM, THF, 60 °C. 

When the reaction was performed with 2 equivalents of PhBneop 15a, the overall yield of 

product 16 increased to 70%, and the catalyst loading could be lowered to 5 mol% without it 

affecting the final yield. These new optimised reaction conditions were employed for the 

substrate scope of our reaction (not shown). 

Figure 3.14b shows a comparison of the rates of formation of product 16 and biphenyl 18 under 

different concentrations of PhBneop 15a. It can be seen that increasing the concentration of 

PhBneop mostly affects the rate of product formation. A direct comparison of rates of biphenyl 

18 formation at different concentrations of PhBneop can be seen in Figure 3.15a: when PhBneop 

is present in excess with respect to potassium tert-butoxide, the rate of biphenyl 18 formation 
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varies only slightly. On the other hand, varying the concentrations of potassium tert-butoxide 

with respect to PhBneop 15a seems to have a more profound influence on the rate of biphenyl 

formation (Figure 3.15b). 

 

Figure 3.15 a) Formation of biphenyl 18 over time at different concentrations of PhBneop 15a (at 150 mM of tBuOK): 

150 mM (●), 165 mM (●), 185 mM (●), 200 mM (●). b) Formation of biphenyl 18 over time at different 

concentrations of tBuOK (at 200 mM of PhBneop 15a): 100 mM (●), 125 mM (●), 150 mM (●). Reaction conditions: 

CoCl2/IPr·HCl 10 mM, 4-chlorotoluene 100 mM, dodecane 50 mM, THF, 60 °C. 

In an attempt to investigate the early-phase process further, we recorded the reaction profile in 

the absence of electrophile 14 (Figure 3.16). By reacting a 10 mol% pre-catalytic mixture of 

CoCl2 and IPr·HCl with PhBneop and tBuOK, the product of homocoupling was obtained in 5% 

yield, even after a protracted reaction time of 48 hours (Figure 3.16b, entries 1 and 2). When the 

same experiment was performed in the absence of ligand precursor IPr·HCl, the amount of 

biphenyl 18 formed was equal to the loading of CoCl2 (entry 3). Increasing the catalyst loading 

increased the amount of biphenyl 18 formed (entry 4). Figure 3.15a shows the reaction profile 

without electrophile in the presence or absence of ligand precursor. It seems that the presence 

of the NHC ligand interferes with the homocoupling reductive process. Determination of the 

bulk oxidation state of cobalt suggests an overall reduction to Co(0) in the absence of the NHC 

ligand, and to Co(I) in its presence. It is also evident how the time required for biphenyl 

production to reach this plateau roughly corresponds with the time the active phase of the 

catalysis commences (Figure 3.16a). 
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entry [Co] 

 

loading / 

mol% 

time / 

h 

yield / 

% 

1 CoCl2/IPr·HCl 10 24 5 

2 CoCl2/IPr·HCl 10 48 5 

3 CoCl2 10 24 10 

4 CoCl2 20 24 15 

 

Figure 3.16 a) Reaction profile of biphenyl 18 formation in absence of 4-chlorotoluene 14 using only CoCl2 (●) or 

CoCl2/IPr·HCl (●). The rate of formation of product 16 under standard catalytic conditions is also shown (□). b) 

Yields of homocoupling product in absence of chlorotoluene varying pre-catalyst and time. Reaction conditions: pre-

catalyst 10/20 mM, tBuOK 150 mM, PhBneop 15a 150 mM, dodecane 50 mM, THF, 60 °C. 

Finally, when 4-chlorotoluene addition is done after the biphenyl 18 rate of formation reaches a 

plateau, product 16 is formed at a higher rate than compared to the early stage of the reaction 

(Figure 3.17). This may be further evidence of the early stage process being a reductive 

activation step of the pre-catalytic mixture. 

 

Figure 3.17 Reaction profile of homocoupling product biphenyl 18 (●) and cross-coupling product 4-methylbiphenyl 

16 (●) with later addition of 4-chlorotoluene 14. Reaction conditions: CoCl2/IPr·HCl 10 mM, PhBneop 15a 150 mM, 

tBuOK 150 mM, dodecane 50 mM, THF, 60 °C. 4-chlorotoluene 14 (100 mM) added 343 min after the reaction start. 

Next, the reaction order in pre-catalyst CoCl2/IPr·HCl was determined by initial rates method 

(Figure 3.18a,b), and a fractional order of reaction of 0.6 was obtained. This was also confirmed 
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by Variable Time Normalisation Analysis (VTNA, Figure 3.18c), as described by Burés.142 In 

this case, the concentration profiles were normalised to avoid taking into account the early phase 

of the reaction (see Experimental Section 6.2 for details).  

  

 

Figure 3.18 a) Formation of 4-methylbiphenyl 16 product over time with varying concentrations of CoCl2/IPr·HCl, 

[cat]: 4 mM (●), 6 mM (●), 10 mM (●) and 15 mM (●). b) Determination of the order of reaction in CoCl2/IPr·HCl 

mixture by initial rates method. c) Determination of the order of reaction in CoCl2/IPr·HCl by Variable Time 

Normalisation Analysis (VTNA). For VTNA analysis, induction periods were omitted. Reaction conditions: 4-

chlorotoluene 14 100 mM, PhBneop 15a 200 mM, tBuOK 150 mM, dodecane 50 mM, THF, 60 °C. 
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One possible explanation for this fractional order in pre-catalyst is the presence of a fast, off-

cycle equilibrium of one of the catalytic intermediates with an inactive species, for example a 

dimer of the same intermediate. In this case, the concentration of the intermediate is not linearly 

proportional to the total concentration of pre-catalyst. It was shown by Burés and co-workers 

how in this case, the order in catalyst depends on the catalyst concentration.142 In their study of 

a palladium-catalysed Heck cross-coupling reaction, they showed how the presence of such off-

cycle equilibrium produces a concentration-dependent order of reaction in catalyst, and that such 

dependency can be theoretically determined when the rate constant for each elementary step of 

the cycle are known (Figure 3.19).   

 

Figure 3.19 a) Reaction mechanism for the palladium-catalysed Heck reaction investigated by Burés. b) Dependency 

of reaction order in catalyst on catalyst concentration.142 

Determination of the order of reaction in potassium tert-butoxide by the initial rates method gave a 

reaction order of ca 0.6 (Figure 3.20). In accord with the order in pre-catalyst, this fractional order can 

be the result of the base being involved in different processes occurring in the reaction, as its influence 

in the early-stage homocoupling process has already been demonstrated (Figure 3.15b). 

The order of reaction in chlorotoluene 14 was found to be -0.2 (Figure 3.21). The slight but consistent 

negative order suggests that, although oxidative addition of the electrophile is most likely not to be 

involved in the rate determining step of the catalysis, the electrophile might be involved in the 

competitve formation an off-cycle species, that converts back comparatively slowly, perhaps by π-

coordination. On the basis of this assumption, a series of reaction profiles were recorded with increasing 

amounts of fluorobenzene additive, to see whether the presence of an additional π-coordinating species 

could affect the initial rate of reaction. However, the rate of the reaction remained essentially unchanged 

(See Experimental Section 6.2 for details). 

a) b) 
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Figure 3.20 a) Formation of 4-methylbiphenyl 16 product over time with varying concentrations of tBuOK: 100 mM 

(●), 125 mM (●) and 150 mM (●). b) Determination of the order of reaction tBuOK by initial rates method. Reaction 

conditions: CoCl2/IPr·HCl 10 mM, 4-chlorotoluene 14 100 mM, PhBneop 15a 200 mM, dodecane 50 mM, THF,  

60 °C. 

Figure 3.21 a) Formation of 4-methylbiphenyl 16 over time with varying concentrations of chlorotoluene 14: 50 mM 

(●), 75 mM (●), 100 mM (●), 150 mM (●). b) Determination of the order of reaction in chlorotoluene by initial rates 

method. Reaction conditions: CoCl2/IPr·HCl 10 mM, PhBneop 15a 200 mM, tBuOK 150 mM, dodecane 50 mM, 

THF, 60 °C. 

Next, we recorded the reaction profile when using the discrete complex [(IPr)CoCl2]2 19 as pre-catalyst. 

This was formed in situ by pre-stirring a 1:1 mixture of CoCl2 and free IPr ligand for 20 minutes. The 

use of 19 resulted in a drastic decrease in duration of the early activation phase, which translated to an 

increase of the initial rate of reaction (Figure 3.22). Once again, this is evidence of how coordination of 

IPr to the cobalt centre is crucial to modulate the activation phase which leads to formation of an active 

catalytic species. Increasing amounts of IPr with respect to cobalt had a modest but undeniable positive 

effect on the initial rate of reaction (Figure 3.21a), and the order of reaction in IPr was determined to 
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be 0.25 (Figure 3.22b). Increasing amounts of IPr ligand also had the effect of further decreasing the 

duration of the activation process, although the overall product yields were not affected. Once again, 

this is consistent with the hypothesis of a competing equilibrium between NHC-free and NHC-bound 

cobalt species in the early stage of the process. 

 

Figure 3.22 a) Formation of 4-methylbiphenyl 16 product over time using [(IPr)CoCl2]2 19 (10 mM) as pre-catalyst 

and varying excess of IPr. Overall concentrations of excess IPr: 0 mM (●), 10 mM (●), 30 mM (●). Reaction profile 

using CoCl2/IPr·HCl as pre-catalyst is shown for comparison (■). b) Determination of the order of reaction in IPr by 

initial rates method. Reaction conditions: CoCl2 10 mM, 4-chlorotoluene 14 100 mM, PhBneop 15a 200 mM, tBuOK 

150 mM, dodecane 50 mM, THF, 60 °C. 

After this, we determined the profile of reaction when isolated borate 17 was used instead of a mixture 

of boronic ester 15a and base (Figure 3.23). 

 

Figure 3.23 a) Formation of 4-methylbiphenyl 16 product over time at different concentrations of borate 

[Ph(OtBu)Bneop]K(THF) 17·(THF): 150 mM (●), 200 mM (●), 250 mM (●), 400 mM (●). b) Determination of the 

order of reaction in 17·(THF) by initial rates method. Reaction conditions: CoCl2/IPr·HCl 10 mM, 4-chlorotoluene 

14 100 mM, dodecane 50 mM, THF, 60 °C. 
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Surprisingly, we observed a non-linear correlation between relative concentration of 17 and the initial 

rate of reaction. We believe that, since borate 17 in solution is in equilibrium with unbound 15a and 

potassium tert-butoxide, the unavoidable presence of free alkoxide interferes with the cobalt activation 

phase. 

This hypothesis was strengthened further by the observation that electron-deficient boronic esters 

showed notably faster rates of reaction (Figure 3.24). While the 4-tolyl analogue of borate 17 showed a 

comparable initial rate, the 4-fluorophenyl analogue 20 and 4-trifluoromethyl analogue 21 were found 

to have drastically higher rates of reaction. In particular, in the case of 21, the early activation phase 

was almost switched off, and full conversion was achieved in less than 2 hours. as the boron centre 

becomes more electron-deficient, the equilibrium between borate adduct and free ester is shifted toward 

the former, thus decreasing the concentration of free alkoxide present in solution. 

 

Figure 3.24 Formation of 4-methylbiphenyl (●), 4-fluorobiphenyl (●) and 4-(trifluoromethyl)biphenyl (●) over time. 

Chlorotoluene was used as electrophile (see experimental section 6.X). Experiment performed by Sanita Tailor. 

In order to see whether using reaction conditions in which the activation phase was reduced could lead 

to more linear orders of reaction, kinetic analysis was performed using 20 as borate nucleophile and 

[(IPr)CoCl2]2 19 as pre-catalyst (Table 3.3). The order of reaction in 19 was found to be 1.3, which 

when compared to the 0.6 order of CoCl2/IPr·HCl once again suggests that the presence of an already 

ligated NHC-Co species is crucial for catalysis to start. Although the order in 20 was found to be linear 

(0.7), its fractional nature is evidence that we are still dealing with complex equilibria. 
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Table 3.3 Summary of reaction orders in various components under different catalytic conditions. 

 Order of reaction in component 

Component CoCl2/IPr·HCl + PhBneop/tBuOK 

catalysis 

(IPr)CoCl2 + X7(THF)  

catalysis 

CoCl2/IPr·HCl 0.6 --- 

(IPr)CoCl2 --- 1.3 

IPr 0.25 --- 

tBuOK 0.6 --- 

ArBneop ( >3 ) --- 

[Ar(OtBu)Bneop]K non linear 0.7 

4-chlorotoluene -0.2 -0.2 

To summarise, a thorough investigation of the reaction kinetics revealed the presence of two distinct 

processes: a first slow and unselective coupling process, whose duration can be greatly shortened by 

either increasing the concentration of PhBneop 15a or by using the discrete complex (IPr)CoCl2 19 as 

pre-catalyst instead of a 1:1 mixture of IPr·HCl and CoCl2; and a second phase which has a faster rate 

and is much more selective towards cross-coupling. Biphenyl 18 formation is mostly obtained in the 

early phase, and it is influenced by increasing concentrations of tBuOK base rather than that of PhBneop 

15a. 

When the reaction is carried out in the absence of 4-chlorotoluene 14 electrophile, the formation of 

biphenyl 18 homocoupling product reaches a plateau in a time range that is similar to that of the early 

process in the standard reaction. Later addition of electrophile leads to rates of product 16 formation 

which are much higher than those of the early process. We suggest that in this early process, the active 

catalytic species is formed through a reductive mechanism. An analysis of the overall oxidation state of 

the bulk suggests a reduction from Co(II) to Co(I). 

Determination of the order of reaction in the various components shows a complex behaviour of the 

species in the mechanism. While the fractional order in IPr·HCl/CoCl2 might in theory arise from the 

presence of an off-cycle dimerization equilibrium, the increased order of reaction when (IPr)CoCl2 19 

is used militates more towards the importance of producing an NHC-Co species in the early phase of 

the reaction. Similarly, the fractional order in base is likely to be related to the role of the base in the 

early process of the reaction (see also Section 3.5). The electrophile does not seem to be involved in the 

rate limiting step of the reaction, while determination of the reaction order in nucleophile proved 

difficult again because of its role in the early activation process. 
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3.5 NMR studies 

The analysis of the reaction kinetics revealed the presence of two sequential processes: the early phase 

of the reaction is thought to be a catalyst activation process, in which the coupling process is unselective; 

in the second phase, the formation of the catalytically competent cobalt-species leads to a much faster 

and selective cross-coupling product formation. The presence of NHC ligand or NHC precursor proved 

to be essential in order for this second phase to occur, and stoichiometric kinetic experiments led us to 

hypothesise that a Co(I)-NHC species could be the catalytically active component. Therefore, we 

decided to investigate the cobalt species that are being formed under our reaction conditions. 

Cobalt(II) chloride has been previously reported to react with three equivalents of potassium tert-

butoxide to form the homoleptic tris(tert-butoxo)cobaltate dimer [K{Co(OtBu)3}]2 22.143 1H NMR 

analysis of this compound suggests that its dimeric nature is retained in THF solution: two distinct 

signals for terminal and bridging tert-butyl groups are present (Figure 3.25).  

 

 Figure 3.25 1H NMR spectrum of [K{Co(OtBu)3}]2 22 in THF. Spectrum recorded by Sanita Tailor. 

Indeed, when CoCl2 salt is mixed with borate 17, the 1H NMR spectrum shows the presence of complex 

22 in solution. This shows the ability of the borate nucleophile 17 to transfer the tert-butoxide group 

onto the cobalt centre. 

We have previously shown that the NHC ligand exerts a profound influence on the catalytic behaviour 

of our reaction. Therefore, we performed some stoichiometric NMR experiments to have an idea of the 

cobalt speciation when mixed with the reaction components. First, the addition of 3 equivalents of 

potassium tert-butoxide to a 1:1 mixture of CoCl2/IPr·HCl resulted in an NMR silent mixture. The 

reaction produced a fine suspension of a purple solid which turned out to be insoluble in most solvents 

(DMSO, benzene, toluene, dioxane, DCM). Heating up a suspension of this purple precipitate in 

acetonitrile-d3, with a heat gun led to its partial dissolution. The 1H NMR spectrum of the resultant 

solution shows paramagnetically shifted peaks (Figure 3.26). The spectrum also shows diamagnetic 
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peaks from the free NHC ligand. The characterisation of this product is discussed in Section 3.6 of this 

chapter. 

 

Figure 3.26 1H NMR spectrum in acetonitrile-d3 of the purple precipitate obtained by reacting [CoCl3][IPrH] with 3 

eq of tBuOK. 

1H NMR analysis of the reaction mixture obtained by adding 8 equivalents of borate 17 to a 1:1 mixture 

of CoCl2/IPr·HCl is shown in Figure 3.27a. A complex mixture of paramagnetic species was obtained, 

where [K{Co(OtBu)3}]2 22 is also present. Heating this solution at 60°C for 3 hours led to a much more 

simplified spectrum (Figure 3.27b), in which three major paramagnetic peaks are present at 63, 28 and 

-75 ppm. 

 

Figure 3.27 1H NMR spectrum in THF-d8 of CoCl2/IPr·HCl + 8 eq borate 17. a) 10’ at rt. Peaks corresponding to 

compound 22 are highlighted with an asterisk; b) 3 h at 60 °C. 

Adding 8 equivalents per cobalt centre of borate 17 to an in situ formed solution of [(IPr)CoCl2]2 19 

gave a mixture of species as well (Figure 3.28a). After heating this mixture at 60 °C for 3 hours, the 

spectrum obtained of the resulting solution was equivalent to the one obtained when borate 17 was 

mixed with CoCl2/IPr·HCl (Figure 3.28b). 

a) 

b) 

* 

* 
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Figure 3.28 1H NMR spectrum in THF-d8 of [(IPr)CoCl2]2 19 + 8 eq borate 17. a) 10’ at rt. Peaks corresponding to 

compound 22 are highlighted with an asterisk; b) 3 hours at 60 °C. 

In Section 3.4, we suggested that reaction of CoCl2/IPr·HCl with borate 17 in the absence of electrophile 

14 leads to the reduction from Co(II) to Co(I) and formation of the active catalytic species, whose NMR 

spectrum might be represented by these three observed peaks. Isolation of such species was impossible 

due to the large amounts of borate 17 present in solution. 

Next, we tried to identify some of the cobalt species that are present in our system, and to further confirm 

the reducing nature of the early activation phase of the catalysis.  

a) 

b) 

* 

* 
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3.6 Synthesis of NHC species of Co(II) and Co(I) 

We have shown how the catalytic process is preceded by an early activation phase, in which we believe 

a reductive process occurs and a Co(I)-NHC active species is formed. We also hypothesised that the 

presence of NHC-free anionic cobalt-alkoxide species like 22 causes a slowing down of the activation 

process, as demonstrated by the difference in duration of the activation phase when [(IPr)CoCl2]2 19 

was used as pre-catalyst instead of CoCl2/IPr·HCl (see Section 3.4, Figure 3.22). 

Because of the ability of borate 17 to transfer the tert-butoxide group to a cobalt centre, there is the 

possibility that NHC-ligated cobalt-alkoxide species may be catalytically relevant in our system. Few 

examples of NHC-ligated cobalt alkoxide species have been reported in the literature (Scheme 3.4).144 

The only known tert-butoxide Co(II)-NHC uses ImPr as a ligand (Scheme 3.4a).145 A mixed chloride-

alkoxide IPr-Co(II) species has been reported using BHT·Na as alkoxide source (Scheme 3.4b). The 

compound is synthesised through the direct reaction of [(IPr)CoCl2]2 19 with BHT-Na. Interestingly, 

the low yield has been attributed to competing formation of [IPrH][Co(BHT)3] ion pair.146 Once again, 

the tendency of alkoxides to form homoleptic anionic Co(II) species is evident even with very bulky 

alkoxides such as BHT. 

 

Scheme 3.4 Previously reported syntheses of NHC-containing cobalt-alkoxide complexes: a) (ImPr)2Co(OtBu)2 and b) 

(IPr)CoCl(BHT). 

However, we already showed that the reaction of 3 equivalents of potassium tert-butoxide with a 1:1 

mixture of CoCl2 and IPr·HCl yields a purple precipitate which is insoluble in almost all non-protic 

solvents (see section 3.5). The same outcome was obtained when [(IPr)CoCl2]2 19 was reacted with 2 

equivalents of alkoxide base. This is also consistent with the observation above that when a certain 

excess of base with respect to the boronic ester 15a was used, the catalytic reaction was turned off 

completely and no cross-coupling product was observed (see also Figure 3.30). Attempts of solubilising 

this precipitate by reacting it with ligands such as p-picoline and PMe3 were unsuccessful, with a similar 

a) 

b) 
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outcome obtained when adding an excess of borate 17. Given the challenge of directly characterising 

an insoluble, air-sensitive solid, we decided to take an indirect approach. A neutral, NHC-free cobalt(II) 

tert-butoxide species was synthesised independently by alcoholysis of [Co(HMDS)2]2 with 2 

equivalents of tert-butanol per cobalt centre (Scheme 3.5) We tentatively assigned to this compound 

the formula [Co(OtBu)2]n 23. 

 

Scheme 3.5 Alternative synthetic routes to unknown compound 23, tentatively assigned as [Co(OtBu)2]n. 

Once again, what we obtained was a purple precipitate which proved to be insoluble in most solvents. 

Attempts to grow crystals of this compound by slow diffusion of solutions of tert-butanol and 

[Co(HMDS)2]2 were unsuccessful. In order to allow a direct comparison between the purple solids 

obtained from differing synthetic routes, samples washed with THF were characterised via air-sensitive 

X-ray powder diffraction studies (Figure 3.29). The diffraction patterns that resulted were identical, 

(except for the presence of KCl in the sample produced by CoCl2/KOtBu) which suggests that the NHC 

ligand is lost when 19 reacts with 2 equivalents of tBuOK. It should be noticed that XRPD analysis of 

the precipitate obtained at the end of the reaction showed formation of the same species, suggesting that 

formation of compound 23 is occurring during catalysis. 

 

Figure 3.29 Powder X-ray diffraction data of unknown compound 23 (tentatively assigned as [Co(OtBu)2]n) obtained 

from [Co(HMDS)2]2 (●) and [(IPr)CoCl2]2 19 (●). The XRPD pattern of KCl is also highlighted (●). XRPD analysis 

performed by Sanita Tailor. 

Given the milder nature of the alcoholysis approach above, we decided to attempt the synthesis of 

[(IPr)Co(OtBu)2]2 24 by reacting (IPr)Co(HMDS)2 25 with 2 equivalents of tBuOH (Scheme 3.6). 
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Scheme 3.6 Attempted synthesis of [(IPr)Co(OtBu)2]2 24. Reaction of (IPr)Co(HMDS)2 25 with 2 equivalents of tert-

butanol. 

Compound (IPr)Co(HMDS)2 25 was synthesised according to the literature by reacting free IPr with 

[Co(HMDS)2]2.147 When this was then reacted at room temperature with 2 equivalents of tBuOH, a deep 

red solution was obtained, which if left at room temperature turned into a purple precipitate within 

minutes. We suggest that, although compound 24 can probably be accessed through this synthetic route, 

it is not thermodynamically stable. This could be evidence of a possible deactivation route of our 

catalytic cycle, with 23 being a “thermodynamic sink” for the reaction. 

We have shown in Section 3.4 how, during the early phase, quantification of homocoupling product 18 

suggested an overall reduction from Co(II) to Co(I). Therefore, we decided to investigate Co(I) pre-

catalysts to see if their use could positively influence the duration of the activation phase. (PPh3)3CoCl 

is a widely used and easy to prepare Co(I) complex. While with a sterically less-demanding NHC ligand 

like IMes it forms the bis-ligated species (IMes)2CoCl,148 it was reported to form the mono-NHC species 

(IAd)(PPh3)CoCl when reacted with the bulkier IAd.149 

Figure 3.30 shows the profile of our reaction when different pre-catalysts are used. As we mentioned 

before, the addition of 2 equivalents of tBuOK per cobalt centre to [(IPr)CoCl2]2 19 resulted in the pre-

catalytic mixture to be essentially inactive. 19 was found to be far superior in terms of initial rate of 

reaction when compared to a mixture of CoCl2/IPr·HCl, as we have discussed in Section 3.4. When a 

1:1 mixture of (PPh3)3CoCl and IPr was employed, the reaction did not show any early phase. This 

suggests that the use of a Co(I) source results in the suppression of the early pre-catalyst activation. The 

reduced reaction rate compared to the one of 19 might arise from the presence of triphenylphosphine 

ligand, which might exert an inhibitory effect. 
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Figure 3.30 Profiles of formation of 4-methylbiphenyl over time using different pre-catalysts: CoCl2/IPr·HCl (●), 

[(IPr)CoCl2]2 19 (●), 19 + 2 eq tBuOK (●) and (PPh3)3CoCl/IPr (1:1 mixture) (●). 

To conclude: the observation that excess potassium tert-butoxide results in catalytic inactivity was 

rationalised in terms of formation of the insoluble compound 23; characterisation through comparison 

with an independently synthesised sample of 23 led us to tentatively assign the molecular formula 

[Co(OtBu)2]n; this species might also be responsible for possible deactivation pathways occurring 

during the catalysis, which would account for the non-full conversion of starting material 14. 

The use of a Co(I) pre-catalytic source resulted in the suppression of the reaction early phase, which 

again is consistent with our kinetic data showing in such phase a reducing activation process of Co(II) 

to Co(I) is taking place. 

Finally, we investigated the elementary steps of our catalytic cycle through DFT analysis, and the 

combined results were used to formulate a proposed mechanistic cycle. 
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3.7 DFT studies and proposed catalytic cycle 

To probe the proposed catalytic cycle further, we undertook a computational investigation of the 

catalytic manifold, examining the most likely spin states involved at the cobalt centre. 

 

Figure 3.31 Selected data from the Density Functional Theory Investigation of the proposed catalytic cycle.  All 

calculations were performed using Orca 4.2, employing the B3LYP functional. Intermediates and transition states 

were optimised using the def2-SVP basis sets, 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 (L = IPr). For full details see Experimental Section 6.2. Calculations performed by Prof. 

Robin Bedford. 

The cobalt(I) intermediate LCoCl (L = IPr), IA was used for as a representative model for the 

catalytically active Co(I) species formed in situ. Its mono-adduct HSIA(THF) was found to be 3 kcal·mol-

1 higher in energy. Calculations show that high-spin HSIA can coordinate chlorobenzene substrate to give 

HSIB, from which oxidative addition can take place via the transition state HSTSOA to form the Co(III) 

species ISIC. It should be noticed that the spin number S = 1 is retained when moving from high-spin 

species HSIA to intermediate-spin species ISIC. The overall process is slightly exergonic (ca 3 kcal·mol-

1), while the corresponding sequence to form HSIC is endergonic by approximately 14 kcal·mol-1
. The 

corresponding oxidative addition sequence was also computed starting from low-spin cobalt(I) species 

LSIA (Figure 3.32). However, this remains too high in energy compared to the high-spin route to be 

relevant, and a transition state for the oxidative addition state could not be computed. 
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Figure 3.32 Oxidative addition pathway for low-spin Co(I) intermediate LSIA. 

From here onward, the intermediate-spin route remains highly favoured when compared to its high- and 

low-spin counterparts. Coordination of the anionic borate species to ISIC to give intermediate ISID is 

unfavourable and so is the formation of transition state ISTSTM for the transmetallation step, ultimately 

leading to ISIE. On the basis of this observation, we suggest that the rate limiting step of our catalytic 

cycle is the sequential borate coordination/transmetallation. The high preference for IC compared to ID 

can also help to explain the strong positive order observed on borate concentration. 

On the basis of the experimental evidence described, in Scheme 3.7 we propose a schematic 

representation of the interactions of the various reaction components in the early phase of the reaction 

(Scheme 3.7a) and during the catalytic cycle (Scheme 3.7b). 
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Scheme 3.7 a) Summary of interactions and equilibria occurring in the early phase of the reaction; b) Proposed 

catalytic cycle for the cobalt-catalysed Suzuki cross-coupling of 4-chlorotoluene 14 and PhBneop 15a. 
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As the reaction starts, the pre-catalytic mixture of Co(II) and NHC ligand (or its salt) is in equilibrium 

with the anionic cobalt(II) species [K{Co(OtBu)3}]2 22. Whether this species originates from reaction 

of cobalt(II) with the borate species [Ph(tBuO)Bneop]K 17 or with free potassium tert-butoxide is not 

yet understood. In the presence of excess boronic ester 15a, this equilibrium is shifted towards the 

neutral cobalt(II) species. We also noticed that the system is prone to catalyst deactivation by formation 

of what we believe is the highly insoluble, neutral cobalt(II) tert-butoxide species [Co(OtBu)2]n 23.  

In the absence of NHC ligand, the reaction between Co(II) species and borate 17 leads to a two-unit 

reduction to Co(0) (as observed in the electrophile-free experiment), which we believe is responsible 

for the unselective catalysis forming cross-coupling and homocoupling products in similar amounts. 

When the NHC ligand is present, a controlled reduction is promoted by borate 17 to form a cobalt(I) 

species (IPr)Co(X) (where X can be either a chlorine or a tert-butoxyl substituent) which is the species 

responsible for the rapid, selective catalysis or the reaction. Although 1H NMR analysis showed the 

formation of an unknown paramagnetic species, we were not able to isolate it. 

Following coordination of the cobalt(I) active species with aryl chloride substrate 14, oxidative addition 

leads to formation of a Co(III) intermediate. As suggested by DFT and reaction kinetic analysis, the 

rate-limiting step of the reaction is represented by the sequential steps of coordination of borate 17 and 

transmetallation of the phenyl fragment to the cobalt. Finally, irreversible reductive elimination, 

formation of product 16 and regeneration of the cobalt(I) intermediate lead to the end of the catalytic 

cycle. 
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3.8 Addendum: Suzuki sp2-sp3 cross-coupling 

While cobalt-catalysed Suzuki Csp2-Csp2 cross-coupling reactions have been reported in recent years, 

to the best of our knowledge a protocol for the Csp2-Csp3 cross-coupling of boron reagents catalysed 

by cobalt has not been reported yet. Various examples of cobalt-catalysed Csp2-Csp3 cross-coupling 

employ Grignard or zinc-based nucleophiles.69 Earlier this year, the cobalt-catalysed Csp3 borylation 

using bis(neopentyl glycolato)diboron (B2neop2) promoted by an alkoxide base has been reported.150 

This prompted us to investigate whether our protocol for cobalt Suzuki cross-coupling could be 

extended to alkyl electrophiles. 

A preliminary screening was performed to identify a suitable electrophilic platform. 4-Methylbenzyl 

26, cyclohexyl 27 and phenylethyl 28 halides were tested as representative examples of benzylic, 

secondary and primary electrophiles respectively. For each substrate, bromo- and chloro- analogues 

were trialled for their ability to cross-couple with 15a, and a set of two ligand precursors (IMes·HCl 

and IPr·HCl) and two alkoxide bases (potassium methoxide and tert-butoxide) were screened (Tables 

3.4 to 3.6). 

Table 3.4 Screening of conditions for the phenylation of 4-methylbenzyl halides 26. Synthesis of 1-benzyl-4-

methylbenzene 29. Screening performed by Alexandra Glasse. 

 

Entry X ligand base Yield / % 

1 Cl IPr·HCl tBuOK 21 

2 Cl IPr·HCl MeOK 20 

3 Cl IMes·HCl tBuOK 16 

4 Cl IMes·HCl MeOK 16 

5 Cl --- tBuOK 27 

6 Br IPr·HCl tBuOK 1 

7 Br IPr·HCl MeOK 2 

8 Br IMes·HCl tBuOK 4 

9 Br IMes·HCl MeOK 3 

Reactions were performed on a 0.2 mmol scale. Reaction conditions: CoCl2/ligand 10 mM 26 100 mM, PhBneop 

15a 200 mM, base 150 mM, dodecane 50 mM, THF, 60 °C, 24 hours. 
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Table 3.5 Screening of conditions for the phenylation of cyclohexyl halides 27. Synthesis of cyclohexylbenzene 30. 

Screening performed by Alexandra Glasse. 

 

Entry X ligand base Yield / % 

1 Cl IPr·HCl tBuOK 5 

2 Cl IPr·HCl MeOK 34 

3 Cl IMes·HCl tBuOK 12 

4 Cl IMes·HCl MeOK 7 

5 Cl --- tBuOK 6 

6 Cl --- MeOK 6 

7 Br IPr·HCl tBuOK 6 

8 Br IPr·HCl MeOK 13 

9 Br IMes·HCl tBuOK 13 

10 Br IMes·HCl MeOK 3 

Reactions were performed on a 0.2 mmol scale. Reaction conditions: CoCl2/ligand 10 mM 27 100 mM, PhBneop 

15a 200 mM, base 150 mM, dodecane 50 mM, THF, 60 °C, 24 hours. 

 

Table 3.6 Screening of conditions for the phenylation of phenylethyl halides 28. Synthesis of 1,2-diphenylethane 31. 

Screening performed by Alexandra Glasse. 

 

Entry X ligand base Yield / % 

1 Cl IPr·HCl tBuOK 2 

2 Cl IPr·HCl MeOK 39 

3 Cl IMes·HCl MeOK 15 

4 Cl --- MeOK 4 

5 Br IPr·HCl tBuOK 1 

6 Br IPr·HCl MeOK 20 

Reactions were performed on a 0.2 mmol scale. Reaction conditions: CoCl2/ligand 10 mM 28 100 mM, PhBneop 

15a 200 mM, base 150 mM, dodecane 50 mM, THF, 60 °C, 24 hours. 
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In analogy to the biaryl cross-coupling system, chloro-electrophiles were found to react more efficiently 

than their bromo-analogues. At the same time, IPr generally proved to be a better ligand when compared 

to IMes. However, best results were achieved when potassium methoxide was used in place of 

potassium tert-butoxide as the base (Table 3.5, entry 2 and Table 3.6 entry 2), except in the case of 

benzyl electrophiles, which generally gave poor reactivity. In summary, Csp2-Csp3 cross-coupling could 

be observed, with best yields ranging from 34 % for secondary alkyl product 30 to 39 % for primary 

alkyl product 31. In contrast to what we saw in the biaryl cross-coupling, in the case of the coupling of 

phenylethyl chloride 28 replacement of 15a with its 4-fluoro analogue did not lead to improved yields 

(33 %, see Experimental Section 6.2). 

In the case of 28 and 29, analysis of the reaction crudes by GC-MS showed the presence of substantial 

amounts of the product of α-C-H phenylation of THF, employed as solvent 32. When TolBneop, 4-

fluorophenylBneop or 2-methylTHF were used in the reaction in place of PhBneop 15a, the product 

peak mass incorporated the difference in mass of the starting materials. When dioxane was used as 

solvent, α-C-H phenylation could also be observed (Scheme 3.8). 

 

Scheme 3.8 Solvents that undergo α-C-H arylation under our reaction conditions. Products were qualitatively 

idenitified by GC-MS analysis. 

First-row transition metal-catalysed oxidative α-C-H arylation of oxygen-containing molecules using 

arylboron reagents has only been reported with nickel.151 It seems that in our case, 28 and 29 can also 

act as single electron oxidants in the competing C-H functionalisation process (see Section 1.3 for 

oxidative C-H cross-coupling), which would explain why 32 was not observed when 27 was used as 

the electrophilic partner. This competing process could also be responsible for the modest yields 

achieved in the Suzuki cross-coupling reactions. 

To further confirm our suspicion, the reaction of 28 was performed in deuterated THF (Table 3.7). 

When deuterated solvent was employed, we observed a drastic decrease in the amount of C-H arylation 

product 32-d7. At the same time, the product of Suzuki cross-coupling 31 increased from 39 % to 61 

%. It appears that an appreciable kinetic isotope effect takes place in the C-H functionalisation process, 

and that C-H arylation and Suzuki cross-coupling are indeed two finely balanced competing processes 

under our reaction conditions. 
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Table 3.7 The effect of deuterated solvent in the competition between Suzuki cross-coupling and solvent C-H 

arylation. 

 

Entry solvent C-H product Yield of 31 / % 32(-d7)/dodecane ratio 

1 THF 32 39 0.50 

2 THF-d8 32-d7 61 0.08 

In conclusion, a preliminary screening of substrates and reaction conditions was performed for the Csp2-

Csp3 Suzuki cross-coupling catalysed by cobalt. In addition to that, a C-H arylation of the reaction 

solvent was identified as a competing process in the cross-coupling. Further studies should focus on the 

screening of alternative solvents that cannot undergo C-H arylation (NMP, MTBE, DME, etc.). At the 

same time, a screening of alternative oxidants could lead to the isolation and development of the C-H 

functionalisation reaction as a standalone protocol catalysed by cobalt. 
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3.9 Conclusions 

To summarise, we undertook a thorough investigation of the mechanism of a cobalt-catalysed Suzuki 

biaryl cross-coupling promoted by an alkoxide base. Hypotheses were made on the stereoelectronic 

features of the ligand and the boronic ester to account for their activity in the reaction. Extensive 

reaction kinetic analysis was performed, which led us to the discovery of an early pre-catalyst activation 

process which can be influenced to further improve the reaction rate and yields. The nature of this 

activation process was further investigated through paramagnetic 1H NMR spectroscopy, and a potential 

product of catalyst deactivation was isolated and characterised. Finally, DFT calculation of the free 

energies for the reaction elementary steps led us to propose a sensible catalytic cycle that takes into 

account all the experimental evidences that were gathered in our investigation. 

Future work should focus on gathering more experimental evidence of the elementary steps of the 

mechanism. In particular, synthesis of stable NHC-Co(I) species should allow us to study a 

representative oxidative addition step (Scheme 3.8). Stoichiometric experiments will be performed and 

analysed through paramagnetic 1H NMR spectroscopy or other in situ techniques such as stopped-flow 

UV-vis or in situ FT-IR. 

 

Scheme 3.8 Future studies: a) proposed synthesis of IPr-Co(I) species; b) model reaction for the oxidative addition 

of 14. 

a) 

b) 



 

 

 

 

 

 

Chapter 4 Developing a protocol for the iron-catalysed ortho-C-H arylation 

of edaravone, a promising MAO-B inhibitor 
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4.1 Introduction 

Acknowledgments: thanks to Dr Soneela Asghar for the preliminary protocol optimisation and Alex 

Atkins for his contribution throughout the project. Thanks to Sanita Tailor for single crystal XRD 

analysis. Thanks to Prof Muhammad Saeed for computational docking studies. 

Over the last twenty years, direct C-H functionalisation has become a new paradigm in organic 

chemistry for the formation of new C-C bonds. The major advantage of this type of transformation is 

that it does not require pre-functionalisation of substrate, which can be of utmost importance in a series 

of applications, especially in late-stage transformation of drug candidates. 

Recently, we became interested in the development and application of earth-abundant metal-catalysed 

C-H activation protocols to the functionalisation of molecules of biological interest. One of the targets 

we focused our endeavours on is edaravone 33a (Figure 4.1). Edaravone (3-methyl-1-phenyl-2-

pyrazoline-5-one) is a compound used for treatment of acute ischemic stroke.152,153 Recently, it has also 

shown promising activity for the treatment of Amyotrophic Lateral Sclerosis (ALS),154 and in 2017 its 

formulation Radicava® was been approved by the FDA for ALS treatment.155 Edaravone has recently 

been found to show promising activity against Alzheimer’s disease by inhibiting amyloid-β (Aβ) 

aggregation and attenuating Aβ-induced oxidation in vitro.156,157 

 

Figure 4.1 The structure of edaravone 33a. 

Due to its pharmaceutical significance, a palladium-catalysed protocols have been developed for the 

ortho-arylation and halogenation of edaravone.158 

Recently, we started the development of an iron-catalysed reaction for the direct ortho-arylation of 

edaravone. Starting from similar conditions to those firstly developed by Nakamura,159 we were able to 

isolate the product of ortho-phenylation of edaravone 34a in 61 % yield (Scheme 4.1). 
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Scheme 4.1 Iron-catalysed ortho-C-H phenylation of edaravone 33a. Synthesis of 2-phenyledaravone 34a. Reaction 

conditions were optimised by Dr Soneela Asghar. 

The reaction was achieved using a diarylzinc N,N,N,N-tetramethylethylenediamine (TMEDA)-bound 

diphenylzinc nucleophile formed in situ by reaction of ZnCl2·TMEDA 35a and two equivalents of 

phenylmagnesium bromide. The pre-catalyst mixture composed of an iron(III) salt and a bipyridine-

based ligand dtbpy 36a. As expected, a chlorinated oxidant – namely 2,3-dichlorobutane 37a – proved 

to be essential for the reaction to turnover. This chlorinated species acts as a single-electron oxidant, 

and its involvement in iron-catalysed C-H-functionalisation reactions has been previously explored.98,99 

With these preliminary results in hand, we further investigated the reaction conditions, in particular, we 

screened different ligands, zinc salt precursors and oxidants, and the results from this screening are 

presented below. 
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4.2 Reaction optimisation 

A thorough optimisation of the preliminary reaction protocol was undertaken, and the effects of 

changing zinc source, ligand and oxidant were investigated. 

First, different nitrogen-containing zinc-adducts 35a-e were screened for their ability to serve as zinc 

salt precursors for the nucleophilic species. The results are summarised in Table 4.1. 

Table 4.1 Screening of zinc salt additives 35a-e in the synthesis of 2-phenyledaravone 34a. 

 

Entry Zn(II)(NR3)n 35 Yield of 34a /% 

1 

 

61 

2 

 

45 

3 

 

80 

4 

 

0 

5a 

 

0 

6b 35c 61 

7c 35c 65 

All reactions were performed on a 0.2 mmol scale. Reaction conditions: Fe(acac)3 (15 mol%), dtbpy (15 mol%), 

33a (1 eq), 35 (5 eq), PhMgBr (10 eq), 1,2-DCIB (3 eq), THF (0.1 M), 0°C, 36 hours. Spectroscopic yields, 

determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as internal standard; a 5 eq of PhMgBr were 

used; b 24 hours; c 3 eq of 35c and 6 eq of PhMgBr. 
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ZnCl2·TMEDA 35a has been shown to be the precursor of choice for iron-catalysed C-H arylation 

reactions employing diarylzinc nucleophiles (entry 1).159 A series of amine-containing zinc-precursors 

were synthesised and screened for their reactivity in the ortho-phenylation of 33a. 1,4-

dimethylpiperazine-based compound 35b was found to perform worse than its analogue 35a (entry 2). 

However, when the C3 homologue of TMEDA (N,N,N,N-tetramethylpropylenediamine, TMPDA) was 

used as zinc ligand in additive 35c, product 34a was obtained in 80 % yield (entry 3). In fact, 35c was 

found to have similar performance to 35a under more advantageous reaction conditions, such as a 

halved loading of nucleophilic species (entry 6) or a reaction time of 24 hours instead of 36 hours (entry 

7). 

Zinc precursor 35d based on DABCO was essentially inactive (entry 4). It has been previously reported 

that N,N-dimethylbenzylamine-based cyclometalated species such as 35e are able to effectively perform 

iron-catalysed Negishi-type cross-coupling reactions.160 However, when 35e was trialled in our reaction 

conditions, it proved to be ineffective (entry 5). 

Given the results of screening different zinc salt precursors, we selected 35c as the zinc species of 

choice. The bidentate mode of binding between the TMPDA ligand and the zinc centre was confirmed 

both in the salt precursor ZnCl2·TMPDA 35c and in the nucleophilic species ZnPh2·TMPDA 38 by 

single-crystal X-ray diffraction (Figure 4.2). Due to the formation of large amounts of MgBr2 salts when 

38 is synthesised through reaction of 35c with phenylmagnesium bromide, a pure sample of 38 was 

prepared by reacting magnesium-free diphenylzinc and TMPDA (see Experimental Section 6.3). 

 

 
Figure 4.2 a) Single-crystal X-ray structures of ZnCl2·TMPDA 35c. b) Single-crystal X-ray structures of 

ZnPh2·TMPDA 38 Ellipsoids set at 50% probability. Hydrogen atoms omitted for clarity. XRD analysis performed 

by Sanita Tailor. 

Comparison of the 13C NMR spectra of both isolated and in situ formed 38 confirmed that the same 

species forms during the reaction (Figure 4.3). Although the ipso-carbon is not visible in the case of in 

situ formed species (purple spectrum), the chemical shifts for the ortho, meta and para signals match 

those of the independently synthesised 38 (green spectrum). 
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Figure 4.3 Recorded 13C NMR spectra in THF for diphenylzinc (red), ZnPh2·TMPDA 38 (green) and a 1:2 mixture 

of ZnBr2·TMPDA and phenylmagnesium bromide (purple). Phenylmagnesium bromide contained traces of benzene, 

which is also present in the spectrum (127 ppm). 

Next, we screened a set of variously substituted bypiridine ligands 36a-f in our standard conditions. 

The results are shown in Table 4.2. During out first screening of suitable ligands, the bipyridine-based 

ligand 4,4’-di-tert-butyl-2,2’-bipyridyl (dtbpy, 36a) was found to be the ligand of choice. All the other 

bipyridine ligands screened proved to inferior with respect to 36a. Using the electron-rich bipyridine 

36b resulted in only trace amounts of product 34a (entry 2), while ortho-substitution proved to 

completely switch off the catalysis (entries 3 and 4). While introducing electron-withdrawing groups 

on the ligand did not kill the ligand activity, it resulted in inferior yields (entry 5), and so did the use of 

sterically-constrained 1,10-phenanthroline 36f (entry 6). While a clear structure-reactivity trend could 

not be established, we suggest that the higher solubility of 36a could be at the root of its superior 

performance. 
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Table 4.2 Screening of ligands 36a-f in the synthesis of 2-phenyledaravone 34a. 

 

Entry Ligand 36 Yield of 34a /% 

1 

 

80 

2 

 

3 

3 

 

0 

4 

 

0 

5 

 

52 

6 

 

51 

All reactions were performed on a 0.2 mmol scale. Reaction conditions: Fe(acac)3 (15 mol%), 36 (15 mol%), 33a 

(1 eq), 35c (5 eq), PhMgBr (10 eq), 1,2-DCIB (3 eq), THF (0.1 M), 0°C, 36 hours. Spectroscopic yields, determined 

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

Finally, we undertook a screening of different oxidants, both chlorinated and non-chlorinated (Table 

4.3). Both 1,2-dichloroisobutane 37a and 2,3-dichlorobutane 37b showed high activity and were able 

to yield product 34a in 80% yield (entries 1 and 2). While the less expensive 1,2-dichlorocyclohexane 

37c was also found to be active, its performance was somewhat inferior to that of 37a and 37b (entry 

3). Hexachloroethane was also trialled, but proved to be inactive (entry 4). So it was with the stronger 

oxidant antimony(V) pentachloride, the use of which resulted in decomposition of the reaction mixture, 

probably due to reaction with the THF solvent (entry 5). We also tested non-chlorinated oxidants, 

namely the organic quinone (entry 6) and the inorganic potassium persulfate (entry 7), but both were 

found to be ineffective. Interestingly, when the reaction was left in contact with air, product 34a could 
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be obtained in moderate yields (entry 8). Although the direct use of air as an oxidant is an interesting 

possibility, the modest yields combined with the practical issues of controlling the amount of air in the 

system discouraged us to pursue this possibility any further. 

Table 4.3 Screening of different oxidants in the synthesis of 2-phenyledaravone 34a. 

 

Entry Oxidant 37 Yield of 34a /% 

1 

 

80 

2 

 

80 

3 

 

67 

4 C2Cl6 0 

5 SbCl5 0 

6 quinone 0 

7 K2S2O8 0 

8 air 40 

All reactions were performed on a 0.2 mmol scale. Reaction conditions: Fe(acac)3 (15 mol%), dtbpy (15 mol%), 

33a (1 eq), 35c (5 eq), PhMgBr (10 eq), 37 (3 eq), THF (0.1 M), 0°C, 36 hours. Spectroscopic yields, determined 

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

In summary, we undertook an optimisation screening of our reaction conditions, and were able to 

identify the novel zinc precursor 35c which showed greatly enhanced activity with respect to our 

standard conditions. As a result, we were able to obtain the product of 2-phenylation of edaravone 34a 

in good yields. Other modifications to our reaction conditions in terms of ligands and oxidants were 

found to be either ineffective or detrimental. 

With this set of conditions in hand, we proceeded to the evaluation of the reaction synthetic scope. 
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4.3 Substrate scope 

Once the reaction protocol was optimised, we tested its synthetic scope through the synthesis of a small 

library of 2-phenyledaravone derivatives 34. 

First, we assessed the reaction tolerance for different nucleophilic species. The different nucleophiles 

were formed in situ by reacting the appropriate Grignard reagent with 35c. Results are shown in Table 

4.4. 

Table 4.4 Iron-catalysed ortho-phenylation of edaravone, 33a. Synthesis of 2-phenyledaravone derivatives 34b-k. 

 

Entry Product, yield / %* Entry Product / yield %* 

1 

 

6 

 

2 

 

7 

 

3 

 

8 
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4 

 

9 

 

5 

 

10 

 

All reactions were performed on a 0.4 mmol scale. Reaction conditions: Fe(acac)3 (15 mol%), 36a (15 mol%), 33a 

(1 eq), 35c (5 eq), ArMgBr (10 eq), 37a (3 eq), THF (0.1 M), 0°C, 36 hours. Spectroscopic yields were determined 

by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as internal standard, isolated yields are shown in 

brackets. 

Both the nature of the substituent and its position on the aryl group were found to profoundly affect the 

outcome of the reaction. Except in the case of methyl substituted nucleophiles, where meta-substitution 

was found to be less tolerated than para-substitution (entries 1, 2 and 9), in general we observed a much 

higher tolerance for both EWG- and ERG- substituted nucleophiles when the decoration occurred in the 

meta position. 3-Methoxy, 3-fluoro and 3-trifluoromethyl aryls were introduced with yields similar to 

those of the standard reaction (entries 4, 6 and 8), while the corresponding para-substituted aryls gave 

much poorer conversions (entries 3, 5 and 7). Although a clear trend could not be established, it seems 

that a reduced mesomeric electronic influence of the aryl substituent is key for the reaction to occur. 

Ortho-substitution on the ligand was found to completely switch off the reactivity, probably due to the 

increased steric hindrance around the binding site. 

Next, we assessed the reaction scope in terms of functional group substitution on the edaravone scaffold. 

A series of variously substituted edaravone derivatives 33b-i were prepared in a straightforward fashion 

following a previously reported method by condensation of ethylacetoacetic acid with the 

corresponding arylhydrazine salts (Table 4.5).161 
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Table 4.5 Synthesis of edaravone derivatives 33b-i. 

 

Entry Compound R1 R2 Yield / % 

1 33b 4-Me H 50 

2 33c 4-OMe H 48 

3 33d 3-OMe H 67 

4 33e 4-Br H 72 

5 33f 3-Br H 71 

6 33g 4-Cl H 53 

7 33h 4-F H 58 

8 33i 4-Cl Bn 45 

These contains a series of EWG and ERG groups in different substitution patterns on the aromatic ring 

of the edaravone molecule (entries 1 to 7). In the case of 33i, benzylic substitution of the alpha-amide 

position was obtained by reaction 3-benzylethylacetoacetic acid with the hydrochloric salt of 4-

chlorophenylhydrazine (entry 8).   

The results of the screening of such derivatives toward ortho-C-H phenylation are shown in Table 4.6. 
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Table 4.6 Iron-catalysed ortho-arylation of edaravone derivatives 33. Synthesis of 2-aryledaravone derivatives 34l-

aa. 

 

Entry Product, yield / %* Entry Product / yield %* 

1 

 

9 

 

2 

 

10 

 

3 

 

11 

 

4 

 

12 

 

5 

 

13 
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6 

 

14 

 

7 

 

15 

 

8 

 

16 

 
All reactions were performed on a 0.4 mmol scale. Reaction conditions: Fe(acac)3 (15 mol%), 36a (15 mol%), 33 

(1 eq), 35c (5 eq), ArMgBr (10 eq), 37a (3 eq), THF (0.1 M), 0°C, 36 hours. Spectroscopic yields were determined 

by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as internal standard, isolated yields are shown in 

brackets. 

The reaction proved to be versatile in terms of substrate scope, tolerating a wide range of electronically 

varied functional groups with good to very good yields. The best result was achieved when para-

methoxy edaravone 33c was used as substrate, yielding product 34m in 92% yield (entry 2). 

Interestingly, fluoro- chloro- and bromo- containing edaravone derivatives proved to be suitable 

substrates, indicating that under our reaction conditions, cross-coupling is not a competing process.  

Limitations to the substrate scope included substitution on the ortho position (entries 9 to 11). This is 

probably due to steric hindrance hampering the formation of a planar metallacycle intermediate 

resulting from ortho C-H metalation and coordination to the directing-group nitrogen atom. This 

accounts also for the absence of double ortho-arylation product in the standard reaction of edaravone.  
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4.5 Docking studies 

Finally, we briefly examined docking simulations of the edaravone derivatives with monoamine 

oxidase-B (MAO-B) (Table 4.7). Accumulation of free radicals in neurons and the accompanied 

oxidative stress is a common pathological mechanism for the development of neurological disorders 

such as Alzheimer’s disease and Parkinson’s disease. Among other factors, activation of MAO-B is 

responsible for the generation of free radicals in dopaminergic cells, and this has been implicated in the 

etiology of Parkinson’s.162 Owing to direct interaction with free radicals,163 edaravone and its 

derivatives possess powerful antioxidant properties, and have demonstrated neuroprotective potential 

in different cellular models.164,165 The edaravone derivatives synthesised in this study are expected to 

alleviate oxidative stress, not only by virtue of their intrinsic ability to quench free radicals, but also 

due to their potential to bind and inhibit MAO-B activity in neurons. 

Table 4.7 Docking scores for edaravone 33a and synthesised edaravone derivatives 34. Calculations performed by 

Prof Muhammad Saeed. 

Entry Compound Docking score 

1 33a -5.75 kcal/mol 

2 34a -8.92 kcal/mol 

3 34b -7.97 kcal/mol 

4 34c -8.17 kcal/mol 

5 34d -7.79 kcal/mol 

6 34e -6.59 kcal/mol 

7 34f -7.61 kcal/mol 

8 34g -7.54 kcal/mol 

9 34h -6.75 kcal/mol 

10 34i -7.55 kcal/mol 

11 34j -7.84 kcal/mol 

12 34l -8.06 kcal/mol 

13 34m -8.13 kcal/mol 

14 34n -8.10 kcal/mol 

15 34o -8.77 kcal/mol 

16 34p -9.56 kcal/mol 

17 34q -9.54 kcal/mol 

18 34r -7.95 kcal/mol 

19 34s -7.49 kcal/mol 

20 34x -9.19 kcal/mol 

21 34y -10.07 kcal/mol 

22 34z -7.50 kcal/mol 

The docking simulations showed the binding of all of the derivatives in the pocket of MAO-B, in close 

proximity to the isoalloxazine ring of the FAD cofactor (see Experimental Section 6.3).165 Introduction 
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of a phenyl ring in the ortho-position of edaravone (compound 34a) appeared to enhance the binding 

interaction (docking score: -8.92 kcal/mol) as compared to the parent edaravone skeleton (-5.75 

kcal/mol), probably due to π-π stacking interactions with Phe343 and Tyr398 in the binding cavity. 

Indeed, all of the arylated derivatives showed enhanced binding compared with edaravone. The 

derivative 34y (containing a Cl-atom at the 4-position and a methoxy group at the 3’-position) showed 

the highest binding interaction (docking score: -10.07 kcal/mol) due to hydrogen bonding interaction 

of its C=O group with the backbone -NH of the Tyr60 and Ser59 residues (Figure 4.4 and Figure 4.5), 

enhanced by hydrogen bonding between the 3-methoxy group and the Lys296 residue.  

 

Figure 4.4 Docked pose of compound 34y, drawn in ball-stick model, in human MAO-B (PDB ID: 2V60, grey). The 

residues in close proximity (< 4.0 Å) are shown as stick representations (magenta). Hydrogen bonds between 34y 

and the backbone are shown in black. 

 

Figure 4.5 Docked pose of 34y (cyan ball and stick model) in human MAO-B, nesting in the same binding pocket 

where FAD cofactor (shown in green sticks) binds. Such interaction of 34y with MAO-B is likely to disrupt the 

association of FAD with the enzyme, which may result in the inhibition of the enzymatic activity. 
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4.6 Conclusions 

In conclusion, we optimised a protocol for the iron-catalysed direct ortho-arylation of biologically 

relevant molecules. This employs “soft”, zinc-based nucleophiles and proceeds under mild reaction 

conditions. The optimisation was performed using edaravone as a substrate, and the subsequent 

assessment of the reaction scope and limitations proved that it is tolerant towards modifications of the 

substrate, but less so for the organozinc species. This synthetic method allowed the synthesis of a small 

library of 2-arylated edaravone derivatives, and preliminary docking studies showed promising results 

for the ability of some of these derivatives to act as better inhibitors of MAO-B enzymes than edaravone 

itself. Further investigation of their inhibitory properties through in vitro biological essays are currently 

ongoing, in collaboration with a research group at Bath University.163



 

 

 

 

 

 

Chapter 5 Conclusions 
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In this thesis we have explored our most recent efforts in the elucidation of first-row transition metal-

catalysed cross-coupling reactions. In particular, two novel protocols for the iron- and cobalt-catalysed 

cross-coupling of biaryls have been studied from a mechanistic perspective.  

The mode of activation of the pre-catalytic mixtures have been investigated, and the role of the additives 

have been underpinned. In both cases, reaction kinetic analysis proved to be a powerful method of 

analysis and revealed a behaviour of the active catalytic species that differs substantially from those of 

more traditional palladium-catalysed cross-coupling reactions.  

Although requiring a directing group, the synthetic protocol described in Chapter 2 is the first example 

of iron biaryl cross-coupling, and so far no other protocol has been developed for this transformation. 

Future work should focus on the development of a directing group-free synthetic strategy, together with 

a more detailed investigation of the speciation of iron pre-catalyst when mixed with organolithium-

activated boronic esters. 

Although examples of cobalt-catalysed biaryl cross-coupling reactions have been previously reported, 

the mechanistic investigation reported in Chapter 3 is unprecedented, and shed light on the complex 

system of equilibria that precede the formation of the catalytically active cobalt species. Kinetic analysis 

suggests that the cobalt pre-catalyst is reduced to Co(I). Further investigation should focus on the 

synthesis of NHC-Co(I) species and their assessment as competent catalysts for Suzuki biaryl cross-

coupling. Investigation of the elementary steps of the reaction should also be pursued, specifically 

oxidative addition of aryl chlorides and transmetallation. 

We believe that only by fully understand the complex behaviour of these reactions at the mechanism 

level we can advance in the development of more applicable synthetic methodologies that employ first-

row transition metal catalysis. 

In addition to cross-coupling chemistry, we started to explore the field of earth-abundant metal-

catalysed C–H functionalisation reactions. We optimised a methodology for the iron-catalysed arylation 

of heterocycle-containing aryls and showed that this approach can have application in the synthesis of 

biologically active molecules. Future endeavours should focus on underpinning the mechanism of these 

transformations.   

 

 



 

 

 

 

 

Chapter 6 Experimental Section 
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General information 

All reactions were carried out in an inert atmosphere of nitrogen or argon using standard Schlenk-line 

or glovebox techniques unless specified otherwise. All reagents purchased from commercial suppliers 

were used as received without further purification. THF was dried using an Anhydrous Engineering 

alumina column drying system. Ligands and ligand precursors were either purchased from commercial 

suppliers (dtbpy) or synthesised according to literature methods (IMes-HCl,166 IPr-HCl166). 

TLC was performed on Silica Gel 60 F254 (Merck) and visualised using UV light (254 nm).  

Flash column chromatography was performed using technical grade silica gel, pore size 60 Å, 230-400 

mesh particle size.  

NMR spectra were recorded on Bruker Nano 400, Varian 400-MR or Varian 500 spectrometers. 

Chemical shifts (δ) are quoted in parts per million (ppm), referenced to the residual solvent peak and 

coupling constants (J) are given in Hz. Multiplicities are abbreviated as: a (apparent), br (broad), s 

(singlet), d (doublet), t (triplet), q (quartet), m (multiplet) or combinations thereof. Mass spectrometry 

was performed by the University of Bristol mass spectrometry service by electrospray ionisation (ESI) 

using a micrOTOF II spectrometer.  

Infrared spectra were recorded using a Perkin Elmer Spectrum Two FT-IR spectrometer. 

  



 

113 

 

6.1 Experimental Section for Chapter 2 

Synthesis of compounds 

Synthesis of (2-chlorophenyl)(1H-pyrrol-1-yl)methanone 5 

 

In a Schlenk-flask under nitrogen atmosphere, pyrrole (2.50 ml, 36 mmol, 1.2 eq) was dissolved in THF 

(40 ml). The solution was cooled to 0 °C and sodium hydride (720 mg, 30 mmol, 1.0 eq) was added in 

one portion. The mixture was stirred for 30 min during which effervescence was observed, and then 

warmed to room temperature and stirred for a further 30 min. A second Schlenk-flask was charged with 

2-chlorobenzoyl chloride (5.20 ml, 40.0 mmol, 1.3 eq) and THF (40 ml). The solution was then cooled 

to 0 °C and the first solution was added to it through a cannula. The reaction was allowed to reach room 

temperature and it was left stirring overnight before being quenched by the addition of 1 M HCl (10 

ml) and the organics extracted from the aqueous layer with CH2Cl2 (3 x 30 ml). The organic fractions 

were combined, dried over MgSO4, filtered and the solvent removed under reduced pressure to afford 

the crude compound which was purified by flash column chromatography (10% Et2O in petroleum 

ether), affording compound 5 in 66% yield. 

1H NMR (400 MHz, CDCl3) δ 7.51 – 7.45 (m, 3H, Ar), 7.41 – 7.37 (m, 1H, Ar), 7.12 (bs, 2H, N-CH), 

6.33 (t, J = 2.4 Hz, 2H, N-CH=CH). 13C{1H} NMR (101 MHz, CDCl3) δ 165.3, 133.8, 131.9, 131.6, 

130.2, 129.1, 126.9, 120.5, 114.0. IR (neat) νmax: 1698 ν(C=O), 1466, 1333, 1303, 1076, 1055, 883, 

735, 652 cm-1. Data in accordance with previously reported values. 

Synthesis of [Ph(tBu)Bpin]Li 7 

 

Phenylboronic acid pinacol ester (15.3 g, 75 mmol) was put in a dry Schlenk flask under N2 and 

dissolved in 150 ml of dry hexane. The solution was cooled to -40°C, then a solution of tert-butyllithium 

1.7 M in pentane (40 ml, 68 mmol) was added under vigorous stirring. The resulting pale yellow 

solution was stirred for 45', then it was allowed to reach rt and stirred for another 45'. The solvent 
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removed by filtration and the solid was dried under vacuum, yielding, affording 7 as a white powder 

(15 g, 82% yield). 

1H NMR (400 MHz, THF-d8) δ 7.38 (d, J = 6.7 Hz, 2H, Ar), 6.94 (t, J = 7.3 Hz, 2H, Ar), 6.82 – 6.78 

(m, 1H, Ar), 3.64 – 3.60 (m, 4H, CH3), 1.79 – 1.76 (m, 4H, CH3), 1.13 (s, 6H, CH3), 0.83 (s, 6H), 0.63 

(s, 9H, tBu). 13C{1H} NMR (101 MHz, THF- d8) δ 133.4, 125.9, 123.2, 78.5, 68.4, 30.9, 28.6, 28.2, 

26.5. 11B NMR (128 MHz, THF-d8) δ 8.10. 

Iron-catalysed Suzuki biaryl cross-coupling procedure: synthesis of [1,1'-biphenyl]-2-yl(1H-

pyrrol-1-yl)methanone 6 

 

To a flame-dried, nitrogen-filled Schlenk-tube were sequentially added internal standard dodecane (0.5 

M in THF, 0.50 ml, 0.25 mmol, 0.5 eq), MgBr2·OEt2 (0.1 M in THF, 1.00 ml, 0.10 mmol, 0.2 eq), 

substrate 5 (0.5  M in THF, 1.00 ml, 0.50 mmol, 1.0 eq), a 1:1 mixture of FeBr3 and IMes·HCl (0.05 M 

in THF, 1.00 ml, 0.05 mmol, 0.1 eq) and THF (5.25 ml, overall reaction concentration in 5 = 50 mM). 

The mixture was put in an oil bath at 60°C, before borate 7 (1.0 M in THF, 1.25 ml, 1.25 mmol, 2.5 eq) 

was added in one portion. The reaction vessel was sealed, and the mixture was stirred at 60°C for 3 

hours. Isolated yields of 6 were obtained by quenching the reaction mixture with HCl 1.0 M, extracting 

with DCM and purifying the crude by flash column chromatography. 

1H NMR (400 MHz, CDCl3) δ 7.62 – 7.45 (m, 4H, Ar), 7.34 – 7.24 (m, 5H, Ar), 7.01 

(bs, 2H, N-CH), 6.14 (t, J = 2.4 Hz, 2H, NCH=CH). 13C{1H} NMR (101 MHz, CDCl3) 

δ 168.6, 141.1, 139.6, 133.6, 131.2, 130.4, 128.9, 128.8, 128.6, 128.0, 127.4, 120.8, 

113.4. HRMS (m/z): (ESI+) calculated for C17H13NNaO [M+Na]+: 270.0889. Found: 

270.0891. m.p.: 62 – 63 °C. IR (neat) νmax: 1693 ν (C=O), 1468, 1330, 1305, 1086, 

1068, 880, 740, 702, 664, 581 cm-1. 
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Reaction kinetic analysis 

General procedure for determination of reaction profile 

To a flame-dried, nitrogen-filled Schlenk-tube were sequentially added internal standard dodecane (0.5 

M in THF, 0.50 ml, 0.25 mmol, 0.5 eq), MgBr2·OEt2 (0.1 M in THF), substrate 5 (0.5  M in THF), a 

1:1 mixture of FeBr3 and IMes·HCl (0.05 M in THF) and THF (overall reaction concentration in 5 = 50 

mM). The mixture was put in an oil bath at 60°C before borate 7 (1.0 M in THF) was added in one 

portion. The reaction vessel was sealed, and the mixture was stirred at 60°C for 3 hours. Product 3 yield 

was determined by withdrawal of a 0.1 ml aliquot of reaction mixture that was quenched with HCl 1.0 

M, extracted with DCM. Quantitative determination of the analytes was performed by GC-FID 

previously calibrated with 5 points calibrations with R2 values > 0.98. The reproducibility of the results 

was assessed by repeating three times the reaction under the same condition. Reported error bars shown 

in the graphs accounts for ± 3 times the standard deviation obtained by linear regression of the kinetic 

profile data. 

Mercury drop experiment 

Following general procedure for reaction profile determination, one drop of mercury was added to the 

reaction mixture at 58 seconds reaction time. Reaction conditions: substrate 5 50 mM, MgBr2 10 mM, 

FeBr3/IMes·HCl 5 mM, borate 7 125 mM. 

 

Reaction initial rate vs MgBr2 loading profile 

Following general procedure for reaction profile determination, the reaction initial rate was determined 

at MgBr2 loadings of 2.5 mol%, 4.0 mol%, 7.5 mol%, 10 mol%, 15 mol%, 20 mol%, 30 mol% and 40 

mol%. 
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Determination of reaction orders 

Reaction order in FeBr3/IMes·HCl, 15 mol% MgBr2 

 

Reaction order in 5, 15 mol% MgBr2 
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Reaction order in 7, 15 mol% MgBr2 

 

Reaction order in FeBr3/IMes·HCl, 25 mol% MgBr2 

 

Reaction order in 5, 25 mol% MgBr2 

 

0

2

4

6

8

10

12

14

16

18

20

0 20 40 60 80 100

[6
] t

/ 
m

M

time, s

1 eq

1.5 eq

2.5 eq

3.5 eq

5 eq

3.5 eq 5 eq

1 eq

1.5 eq

2.5 eq

y = 1.066x - 5.597
R² = 1

-1.8

-1.4

-1.0

-0.6

-0.2
3.6 4.0 4.4 4.8 5.2 5.6

ln
(r

0)

ln[7]

0

5

10

15

20

25

0 20 40 60 80 100

[3
] 

, m
M

time, s

2 mol%

4 mol%

8 mol%

10 mol%

16 mol% 2 mol%

4 mol%

8 mol% 10 mol%

16 mol%

y = 0.725x - 1.631
R² = 0.9643

-2.0

-1.6

-1.2

-0.8

-0.4

0.0

0.0 0.6 1.2 1.8 2.4
ln

(r
0
)

ln[L/FeBr3]

0

5

10

15

20

25

0 10 20 30 40 50

[6
] 

, m
M

time, s

0.2 eq

0.5 eq

1 eq

1.5 eq

2.0 eq

0.2 eq

0.5 eq

1 eq

1.5 eq

2 eq

y = 0.632x - 2.928
R² = 0.9854

-2.0

-1.6

-1.2

-0.8

-0.4

0.0

0.4

2.0 3.0 4.0 5.0

ln
(r

0
)

ln[5]



 

118 

 

Reaction order in 7, 25 mol% MgBr2 

 

 

Inhibition experiment: N-methylpyrrole poisoning 

Following general procedure for reaction profile determination, N-methylpyrrole (0.5 mmol, 1.0 eq) 

was added to the reaction mixture. Comparison of the kinetic profiles of reactions showed no significant 

difference. 
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DFT calculations 

 

All DFT calculations were performed using Gaussian 09, Rev. D,167
 with the B3LYP functional,168–171 

where specified using Grimme’s D3-dispersion correction.172
 All calculations were performed without 

symmetry constraints. Where mentioned, solvent effects were modelled using the standard 

implementation of the PCM solvent model.173
 A frequency calculation was performed on all optimised 

structures, which confirmed each structure was a minimum with no imaginary stretching frequencies 

observed. 

For the gas phase vertical electron affinity (VEA), adiabatic electron affinity (AEA) and vertical 

detachment energy (VDE) (see definitions below) geometry optimisation and the electronic energy were 

calculated using the 6-311G** basis set. This is a reasonably large basis set but lacks diffuse functions. 

This acts to confine the excess electron to the molecular framework allowing relative estimates for 

molecules with negative electron affinities. This approach has previously proved successful with a range 

of amides and has given good correlation with experimental electron affinities.174–176 The resultant 

values for VEA, AEA and VDE are summarised in Table 6.1. Single point calculations on the optimised 

structures with THF solvation gave positive values for all the VEA, AEA and VDE without perturbing 

the relative ordering (Table 6.1). For comparison purposes, 4a was also optimised in THF solution using 

B3LYP-D3/6-311++G**, and the VEA, AEA and VDE calculated at this level of theory are also 

included.  

The vertical electron affinity (VEA), adiabatic electron affinity (AEA) and vertical detachment energy 

(VDE) are defined as follows:  

VEA = E(optimised neutral amide) – E(radical anion at optimised geometry of neutral amide)  

AEA = E(optimised neutral amide) – E(optimised radical anion)  

VDE = E(neutral amide at geometry of optimised radical anion) – E(optimised radical anion)  

Invoking the Franck-Condon principle, the VEA is a measure of single-electron reduction prior 

molecular rearrangement, whereas the AEA captures the energy of electron attachment followed by 

relaxation to the optimised radical geometry. The VDE is a measure of the stability of the resultant 

radical anion with respect to electron loss without molecular rearrangement. By convention, electron 

affinities are expressed as positive values. 
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Table 6.1: Calculated electron affinites and electron dissociation energies. 

 

NR2 = 
   

Energy parameter Gasa THFb Gasa THFb Gasa THFb 

VEA (eV) -0.11 2.39 (1.56)c -0.91 0.72 -0.18 1.16 

AEA (eV) 0.52 1.99 (2.16)c -0.22 1.29 0.44 1.80 

VDE (eV) 0.95 1.60 (2.60)c 0.48 2.03 1.16 2.53 

a Gas phase calculations at B3LYP/6-311G**. b Single point calculation using PCM on B3LYP/6-

311G** optimised structures. c B3LYP-D3/6-311++G** optimised structure, with PCM included in 

optimisation. 

The SOMOs of [5]·-, [9]·-, [10]·-
 and [11]·-

 calculated at the ROB3LYP/6-311G** level of theory as well 

as that of [5]·-
 calculated in THF solution at the ROB3LYP-D3/6-311++G** are shown in Figure S5. 

Comparing, the SOMOs calculated for 4a at the two levels of theory, it can be seen that unlike with 

other amides,174–176 the general form of the SOMO is essentially unaffected by the presence or absence 

diffuse functions, as the extra electron is almost entirely associated with the conjugated π-system of the 

aryl ketone system. 
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a) b) c) 

 
  

d) e)  

  

 

Figure 6.3 Singly-occupied molecular orbitals (SOMOs) of: a) 5, b) (2-chlorophenyl)(pyrrolidin-1-yl)methanone 9, 

c) 2-chloro-N,N-diphenylbenzamide 10, d) 11. Geometries optimised in gas phase with uB3LYP/6-311G**, 

population calculated at roB3LYP/6-311G**, isovalue = 0.05 (electron/bohr3)½. (e) Geometry of 5 optimised with 

THF solvation at uB3LYP-D3/6-311++G**, population calculated with THF solvation at roB3LYP-D3/6-

311++G**, isovalue = 0.05 (electron/bohr3)½.  
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Optimised Cartesian Coordinates 

 

5 (B3LYP/6-311G**) 

 

SCF Energy: -1014.31206441 a.u. 

 

C1 -1.8582  -0.8123  -1.1523 

C2 -0.6104  -1.1551  -0.7242 

C3 -0.5580  -0.9316   0.6934 

C4 -1.7763  -0.4640   1.0867 

N5 -2.5887  -0.3780  -0.0423 

H6 -2.3064  -0.8478  -2.1294 

H7  0.1859  -1.5318  -1.3472 

H8  0.2894  -1.1009   1.3395 

H9 -2.1686  -0.1787   2.0469 

C10 -3.9322   0.0307   0.0051 

C11 -4.6170   0.2139  -1.3243 

C12 -4.2188   1.2634  -2.1600 

C13 -5.7141  -0.5631  -1.7073 

C14 -4.9020   1.5368  -3.3399 

H15 -3.3713   1.8738  -1.8699 

C16 -6.3954  -0.3056  -2.8931 

C17 -5.9906   0.7491  -3.7053 

H18 -4.5852   2.3597  -3.9693 

H19 -7.2348  -0.9299  -3.1703 

H20 -6.5283   0.9505  -4.6245 

O21 -4.4838   0.2610   1.0530 

Cl22 -6.2409  -1.9131  -0.7178 

 

 

5 (B3LYP-D3/6-311++G**, THF) 

 

SCF Energy: -1014.36060410 a.u. 

 

C1 -1.9117  -0.8284  -1.1523 C 

C2  -0.6641  -1.1984  -0.7451 C 

C3 -0.5749  -0.9572   0.6704 C 

C4 -1.7729  -0.4536   1.0845 C 

N5 -2.6073  -0.3627  -0.0304 N 

H6 -2.3802  -0.8599  -2.1209 H 

H7  0.1098  -1.6024  -1.3802 H 

H8  0.2830  -1.1384   1.3006 H 

H9 -2.1267  -0.1431   2.0527 H 

C10 -3.9337   0.0790   0.0222 C 

C11 -4.6207   0.2556  -1.3021 C 

C12 -4.2416   1.3197  -2.1274 C 

C13 -5.6712  -0.5691  -1.7093 C 

C14 -4.9106   1.5613  -3.3233 C 

H15 -3.4214   1.9585  -1.8198 H 

C16 -6.3392  -0.3450  -2.9090 C 

C17 -5.9579   0.7275  -3.7123 C 

H18 -4.6128   2.3942  -3.9491 H 

H19 -7.1442  -1.0034  -3.2099 H 

H20 -6.4816   0.9046  -4.6447 H 

O21 -4.4747   0.3379   1.0756 O 

Cl22 -6.1511  -1.9497  -0.7229 Cl 

 

 

 

[5]-radical anion (B3LYP/6-311G**)  

 

SCF Energy: -1014.331134 a.u.  

 

C1 -0.2250   0.5936   1.0101 

C2  1.1025   0.4347   0.6842 

C3  1.7209   1.0703  -0.4532 

C4  0.8128   1.8940  -1.2147 

C5 -0.5197   2.0426  -0.8889 

C6 -1.0756   1.4022   0.2294 

H7 -0.6121   0.0972   1.8964 

H8  1.7309  -0.1600   1.3343 

H9 -1.1402   2.6627  -1.5268 

H10 -2.1235   1.5307   0.4747 

Cl11  1.3374   2.7071  -2.7112 

C12  3.1243   0.9710  -0.7251 

N13  3.8273  -0.1876  -0.1295 

C14  3.4100  -1.4972  -0.0276 

C15  5.1434  -0.1203   0.2591 

C16  4.4553  -2.2575   0.4523 

H17  2.4122  -1.7777  -0.3189 

C18  5.5612  -1.3782   0.6375 

H19  5.6605   0.8223   0.1998 

H20  4.4289  -3.3222   0.6371 

H21  6.5457  -1.6370   1.0003 

O22  3.8393   1.7592  -1.3647 

 

 

[5]-radical anion (B3LYP-D3/6-311++G**, THF)  

 

SCF Energy: -1014.36060410 a.u.  

 

C1 -0.1448   0.6357   1.0690 

C2  1.1648   0.4489   0.6826 

C3  1.7318   1.0578  -0.4948 

C4  0.7948   1.8511  -1.2503 

C5 -0.5205   2.0316  -0.8614 

C6 -1.0187   1.4400   0.3084 

H7 -0.4984   0.1645   1.9812 

H8  1.8127  -0.1500   1.3101 

H9 -1.1747   2.6286  -1.4870 

H10 -2.0492   1.5948   0.6051 

Cl11  1.2410   2.5537  -2.8259 

C12  3.1246   0.9473  -0.8062 

N13  3.8264  -0.1866  -0.1979 

C14  3.4440  -1.5106  -0.2158 

C15  5.0680  -0.0926   0.3882 

C16  4.4375  -2.2611   0.3791 

H17  2.5021  -1.8025  -0.6510 

C18  5.4718  -1.3569   0.7669 

H19  5.5545   0.8651   0.4759 

H20  4.4268  -3.3337   0.5097 

H21  6.3998  -1.6033   1.2624 

O22  3.8223   1.7283  -1.4939 
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9 (B3LYP/6-311G**) 

 

SCF Energy: -1016.748598 a.u. 

 

C1 -1.9619  -1.0220  -1.1975 

C2 -0.5158  -1.2251  -0.7261 

C3 -0.6655  -1.3898   0.7951 

C4 -1.7649  -0.3827   1.1563 

N5 -2.5829  -0.3140  -0.0661 

H6 -2.4555  -1.9846  -1.3706 

H7  0.0793  -0.3348  -0.9512 

H8  0.2614  -1.2053   1.3406 

H9 -1.3577   0.6079   1.3871 

C10 -3.7202   0.4257  -0.0782 

C11 -4.5115   0.4548  -1.3685 

C12 -4.5650   1.6602  -2.0780 

C13 -5.2725  -0.6152  -1.8424 

C14 -5.3187   1.7800  -3.2395 

H15 -4.0088   2.5083  -1.6960 

C16 -6.0430  -0.5076  -2.9970 

C17 -6.0571   0.6919  -3.7007 

H18 -5.3384   2.7208  -3.7769 

H19  -6.6289  -1.3547  -3.3296 

H20 -6.6548   0.7759  -4.6009 

O21 -4.0899   1.0825   0.8849 

Cl22 -5.3222  -2.1395  -0.9554 

H23 -2.3788  -0.6863   2.0060 

H24 -0.9952  -2.4062   1.0302 

H25 -0.0392  -2.0797  -1.2094 

H26 -2.0329  -0.4345  -2.1141 

 

 

9 (B3LYP/6-311G**) 

 

SCF Energy: -1322.86533019 a.u. 

 

C1 -3.0991   0.6973  -1.4513 

C2 -1.7199   0.6459  -1.2855 

C3 -1.1027   1.2187  -0.1682 

C4 -1.9146   1.8386   0.7847 

C5 -3.2971   1.8856   0.6376 

C6 -3.8886   1.3178  -0.4867 

H7 -3.5545   0.2539  -2.3288 

H8 -1.1029   0.1628  -2.0341 

H9 -3.8981   2.3645   1.3997 

H10 -4.9651   1.3614  -0.6034 

C11  0.4071   1.2946  -0.1203 

N12  1.0927   0.0832  -0.0516 

O13  0.9652   2.3662  -0.2225 

C14  0.4475  -1.1421   0.3329 

C15  0.5234  -2.2532  -0.5112 

C16 -0.2246  -1.2425   1.5520 

C17 -0.0828  -3.4494  -0.1433 

H18  1.0601  -2.1720  -1.4492 

C19 -0.8421  -2.4396   1.9088 

H20 -0.2604  -0.3879   2.2167 

C21 -0.7724  -3.5451   1.0654 

H22 -0.0212  -4.3068  -0.8038 

H23 -1.3683  -2.5078   2.8540 

H24 -1.2474  -4.4772   1.3486 

[9]-radical anion (B3LYP/6-311G**) 

 

SCF Energy: -1016.740404 a.u. 

 

C1 -2.0813   0.5469   1.0342 

C2 -3.5552   0.9504   0.8274 

C3 -4.0475   0.0253  -0.3222 

C4 -2.8353  -0.8692  -0.6383 

N5 -1.6965  -0.0424  -0.2516 

H6 -2.0019  -0.1953   1.8502 

H7 -3.6314   2.0014   0.5350 

H8 -4.3220   0.6218  -1.1966 

H9 -2.7653  -1.1543  -1.6901 

C10 -0.3989  -0.7123  -0.3124 

C11  0.7337   0.1654  -0.2180 

C12  0.5942   1.5901  -0.4219 

C13  2.0934  -0.2436   0.0395 

C14  1.6486   2.4715  -0.3596 

H15 -0.3920   1.9490  -0.6900 

C16  3.1465   0.6421   0.1097 

C17  2.9584   2.0241  -0.0848 

H18  1.4652   3.5279  -0.5445 

H19  4.1354   0.2520   0.3262 

H20  3.7964   2.7093  -0.0252 

Cl21  2.5012  -1.9537   0.3626 

H22 -2.8679  -1.8033  -0.0548 

H23 -4.9251  -0.5648  -0.0398 

H24 -4.1377   0.8251   1.7452 

H25 -1.4354   1.3885   1.2905 

O26 -0.3879  -1.9490  -0.4786 

 

 

[9]-radical anion (B3LYP/6-311G**)  

 

SCF Energy: -1322.88131737 a.u. 

 

C1 -2.3219   1.0013   1.9063 

C2  -1.2473   0.6498   1.1214 

C3 -0.9537   1.2703  -0.1443 

C4 -1.9006   2.2897  -0.5193 

C5 -2.9778   2.6392   0.2726 

C6 -3.2144   2.0111   1.5020 

H7 -2.4742   0.4890   2.8524 

H8 -0.5725  -0.1226   1.4653 

H9 -3.6482   3.4141  -0.0823 

H10 -4.0625   2.2986   2.1128 

C11  0.1990   0.9069  -0.9111 

N12  0.9364  -0.2890  -0.3793 

O13  0.6482   1.4281  -1.9466 

C14  0.4468  -1.5468  -0.7832 

C15 -0.1881  -1.6880  -2.0292 

C16  0.5098  -2.6689   0.0629 

C17 -0.7345  -2.9089  -2.4099 

H18 -0.2304  -0.8273  -2.6845 

C19 -0.0294  -3.8896  -0.3333 

H20  0.9745  -2.5714   1.0368 

H23  0.0255  -4.7385   0.3417 

H24 -1.0838  -4.9721  -1.8733 

C25  2.2159  -0.1055   0.1450 

C26  2.5504   1.1306   0.7383 
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C25  2.5210   0.0611  -0.2230 

C26  3.3130  -0.6683   0.6669 

C27  3.1229   0.7419  -1.2848 

C28  4.6928  -0.7221   0.4912 

H29  2.8485  -1.1951   1.4912 

C30  4.5031   0.6893  -1.4479 

H31  2.5161   1.3230  -1.9650 

C32  5.2945  -0.0431  -0.5649 

H33  5.2969  -1.2920   1.1882 

H34  4.9607   1.2238  -2.2727 

H35  6.3694  -0.0820  -0.6983 

Cl36 -1.2097   2.5447   2.2336 

 

 
10 (B3LYP/6-311G**) 

 

SCF Energy: -1130.14179397 a.u. 

 

C1 -1.8364   0.3157   0.5157 

C2 -0.8112  -0.2279  -0.2346 

C3  0.2591   0.5324  -0.7104 

C4  0.3148   1.8898  -0.4312 

C5 -0.7136   2.4630   0.3257 

C6 -1.7721   1.6850   0.7911 

H7 -2.6511  -0.3026   0.8714 

H8 -0.6756   3.5221   0.5463 

H9 -2.5531   2.1575   1.3753 

C10  1.1757  -0.3808  -1.4679 

C11 -0.6143  -1.6432  -0.6735 

O12  2.2209  -0.1352  -2.0154 

O13 -1.3105  -2.6043  -0.4439 

N14  0.5696  -1.6494  -1.4143 

C15  1.1576  -2.8549  -1.9928 

H16  2.2066  -2.6207  -2.1881 

H17  1.1099  -3.6401  -1.2343 

C18  0.4658  -3.3384  -3.2810 

H19 -0.5824  -3.5362  -3.0306 

C20  0.5151  -2.2872  -4.3956 

H21  1.5480  -2.0490  -4.6680 

H22  0.0055  -2.6534  -5.2910 

H23  0.0268  -1.3561  -4.0978 

C24  1.1084  -4.6581  -3.7271 

H25  0.6117  -5.0497  -4.6184 

H26  2.1666  -4.5171  -3.9722 

H27  1.0422  -5.4214  -2.9464 

Cl28  1.6229   2.8985  -0.9935 

C21 -0.6571  -4.0216  -1.5707 

H22 -1.2197  -2.9918  -3.3775 

C27  3.2193  -1.0950   0.0970 

C28  3.8122   1.3480   1.2725 

H29  1.8040   1.9141   0.7623 

C30  4.4772  -0.8654   0.6451 

H31  3.0128  -2.0417  -0.3845 

C32  4.7916   0.3533   1.2429 

H33  4.0323   2.3120   1.7215 

H34  5.2253  -1.6509   0.5880 

H35  5.7751   0.5282   1.6654 

Cl36 -1.7766   3.1588  -2.0687 

 

 

 
[10]-radical anion (B3LYP/6-311G**) 

 

SCF Energy: -1130.18268877 a.u. 

 

C1 -1.8390   0.3101   0.4934 

C2 -0.8133  -0.2689  -0.2603 

C3  0.3019   0.5144  -0.7389 

C4  0.3144   1.8784  -0.4199 

C5 -0.6960   2.4566   0.3226 

C6 -1.7844   1.6613   0.7841 

H7 -2.6606  -0.3096   0.8386 

H8 -0.6537   3.5145   0.5502 

H9 -2.5692   2.1329   1.3669 

C10  1.1957  -0.3564  -1.4749 

C11 -0.6360  -1.6378  -0.6882 

O12  2.2723  -0.1585  -2.0510 

O13 -1.3266  -2.6520  -0.4987 

N14  0.5672  -1.6321  -1.4217 

C15  1.1569  -2.8253  -1.9816 

H16  2.2036  -2.5843  -2.1916 

H17  1.1147  -3.6184  -1.2269 

C18  0.4627  -3.3316  -3.2629 

H19 -0.5807  -3.5284  -2.9935 

C20  0.4940  -2.2847  -4.3814 

H21  1.5240  -2.0421  -4.6633 

H22 -0.0308  -2.6477  -5.2725 

H23  0.0179  -1.3563  -4.0606 

C24  1.1049  -4.6500  -3.7127 

H25  0.6036  -5.0551  -4.5980 

H26  2.1614  -4.5034  -3.9676 

H27  1.0539  -5.4074  -2.9236 

Cl28  1.6483   2.9202  -0.9683 
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TEM analysis 

 

In a glovebox, a 7.5 ml vial was charged with IMes·HCl (3.4 mg, 0.01 mmol). FeBr3 (0.02 M in THF, 

500 μl, 0.01 mmol) was added and the mixture stirred for 1 h at room temperature before the addition 

of MgBr2·OEt2 (0.1 M in THF, 200 μl, 0.02 mmol). To a separate 7.5 ml vial was added 1a (20.6 mg, 

0.1 mmol) and 2 (0.4 M in THF, 550 μl, 0.22 mmol). The first vial was heated to 60 °C in a heating 

block for 5 mins with stirring before the addition of the 5/7 mixture. An aliquot (50 μl) was taken from 

the resulting reaction mixture at 90 s and drop-cast onto carbon-covered 3 mm Cu grids and the solvent 

allowed to evaporate. The grids were removed from the glovebox in a sealed Ar-filled vial and handled 

briefly in air whilst loaded into a single-tilt specimen holder before transfer into the TEM column. See 

Figures S6 and S7 for TEM analysis.  
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6.3 Experimental Section for Chapter 3 

Synthesis of compounds 15b-l 

 

 

General procedure: to a round-bottom flask were added arylboronic acid (10 mmol), Et2O (40 mL) and 

diol (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 spatula 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.  

5,5-dimethyl-2-phenyl-1,3,2-dioxaborinane (15a) 

 

Product was synthesised according to general procedure. White solid, 97 %. 1H NMR (400 MHz, 

CDCl3): δ 7.80 (dd, J = 8.1 Hz, 1.5 Hz, 2H, Ar) 7.42 (tt, J = 7.3 Hz, 1.7 Hz, 1H, Ar), 7.38-7.35 (m, 2H, 

Ar), 3.78 (s, 4H, CH2), 1.03 (s, 6H, CH3). 13C{1H} 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.177 

2-phenyltetrahydro-4H-cyclopenta[d][1,3,2]dioxaborole (15b) 

 

Product was synthesised according to general procedure. White solid, 70 %. 

1H NMR (400 MHz, CDCl3): δ 7.79 (dd, J = 8.0 Hz, 1.5 Hz, 2H, Ar), 7.46 (tt, J = 7.4 Hz, 1.5 Hz 1H, 

Ar), 7.37 (app. t, J = 7.4 Hz, 2H, Ar), 5.01-4.99 (m, 2H, CH), 2.05-2.00 (m, 2H, CH2), 1.70-1.60 (m, 

4H, CH2). 13C{1H} NMR (101 MHz. CDCl3): δ 134.82, 131.27, 127.77, 34.73, 21.57. Spectroscopic 

data is in agreement with literature.178 
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2-phenylhexahydrobenzo[d][1,3,2]dioxaborole (15c) 

 

Product was synthesised according to general procedure. White solid, 31 %. 

1H NMR (400 MHz, CDCl3): δ 7.84 (dd, J = 8.1 Hz, 1.4 Hz, 2H, Ar), 7.47 (tt, J = 7.4 Hz, 1.5 Hz, 1H, 

Ar), 7.38 (app. t, J = 7.5 Hz, 2H, Ar), 4.57-4.51 (m, 2H, CH), 1.92-1.79 (m, 4H, CH2), 1.63-1.57 (m, 

2H, CH2), 1.44-1.36 (m, 2H, CH2). 13C{1H} NMR (101 MHz. CDCl3): δ 134.82, 131.40, 127.78, 75.67, 

28.64, 19.29. Spectroscopic data is in agreement with literature.178 

4,5-dimethyl-2-phenyl-1,3,2-dioxaborolane (15d) 

 

Product was synthesised according to general procedure. Colourless oil, 90 %, isolated as a mix of 

diastereomers. 

1H NMR (400 MHz, CDCl3): δ 7.81 (dd, J = 7.9 Hz, 1.2 Hz, 2H, Ar), 7.47 (tt, J = 7.3 Hz, 1.5 Hz, 1H, 

Ar), 7.38 (app. t, J = 7.4 Hz, 2H, Ar), 4.75-4.66 (m, 2H, CH), 1.33-1.26 (m, 6H, CH3). 13C{1H} NMR 

(101 MHz. CDCl3): δ 134.77, 131.34, 127.77, 75.90, 16.63. Spectroscopic data is in agreement with 

literature.179 

4,4,7,7-tetramethyl-2-phenyl-1,3,2-dioxaborepane (15f) 

 

Product was synthesised according to general procedure. White solid, 10 %. 

1H NMR (400 MHz, CDCl3): δ 7.82 (dd, J = 8.0 Hz, 1.5 Hz, 2H, Ar), 7.37 (tt, J = 7.3 Hz, 1.5 Hz, 1H, 

Ar), 7.31 (app. t, J = 7.3 Hz, 2H, Ar), 1.92 (s, 4H, CH2), 1.40 (s, 12H, CH3). 13C{1H} 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.  
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2-phenyl-1,3,2-dioxaborinane (15g) 

 

Product was synthesised according to general procedure. Colourless oil, 99 %. 

1H NMR (400 MHz, CDCl3): δ 7.77 (dd, J = 8.0 Hz, 1.4 Hz, 2H, Ar), 7.42 (tt, J = 7.3 Hz, 1.6 Hz, 1H, 

Ar), 7.35 (app. t, J = 7.4 Hz, 2H, Ar), 4.17 (t, J = 5.4 Hz, 4H, O-CH2), 2.09-2.03 (m, 2H, C-CH2-C). 

13C{1H} NMR (101 MHz. CDCl3): δ 133.63, 130.58, 127.55, 61.97, 27.47. Spectroscopic data is in 

agreement with literature.179 

4,6-dimethyl-2-phenyl-1,3,2-dioxaborinane (15h) 

 

Product was synthesised according to general procedure. Colourles oil, 76 %, isolated as mix of 

diastereomers. 

1H NMR (400 MHz, CDCl3): δ 7.83-7.79 (ddd, J = 7.9 Hz, 5.0 Hz, 1.5 Hz, 4H, Ar), 7.40 (tt, J = 7.4 Hz, 

1.6 Hz, 2H, Ar), 7.33 (app. t, 7.5 Hz, 4H, Ar), 4.41 (dq, J = 11.6 Hz, 6.3 Hz, 2H, CH), 4.27 (dqd, J = 

11.2 Hz, 6.2 Hz, 2.8 Hz, 2H, CH), 1.99 (dt, J = 13.8 Hz, 2.7 Hz, 1H, CH3), 1.84 (t, J = 5.3 Hz, 2H, CH2), 

1.45 (dt, J = 13.9 Hz, 11.5 Hz, 1H), 1.36 (dd, J = 11.2 Hz, 6.3 Hz, 12H, CH3). 13C{1H} 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.180 

4,4,6,6-tetramethyl-2-phenyl-1,3,2-dioxaborinane (15i) 

 

Product was synthesised according to general procedure. White solid, 80 %. 

1H NMR (400 MHz, CDCl3): δ 7.83 (dd, J =  7.9 Hz, 1.5 Hz, 2H, Ar), 7.39 (tt, J = 7.3 Hz, 1.6 Hz, 1H, 

Ar), 7.33 (app. t, J = 7.2 Hz, 2H, Ar), 1.91 (s, 2H, CH2), 1.42 (s, 12H, CH3). 13C{1H} NMR (101 MHz. 

CDCl3): δ 133.80, 130.25, 127.40, 70.79, 49.02, 31.84. Spectroscopic data is in agreement with 

literature.181 
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5-(tert-butyl)-2-phenyl-1,3,2-dioxaborinane (15j) 

 

Product was synthesised according to general procedure. White solid, 96 %. 

1H NMR (400 MHz, CDCl3): δ 7.76 (dd, J = 8.0 Hz, 1.5 Hz, 2H, Ar), 7.41 (tt, J = 7.4 Hz, 1.7 Hz, 1H, 

Ar), 7.36-7.30 (app. t, J = 7.5 Hz, 2H, Ar), 4.24 (app. ddt, J = 11.1 Hz, 4.3 Hz, 1.3 Hz, 2H, O-CH2), 

3.95 (app. tt, J = 11.1 Hz, 1.3 Hz, 2H, O-CH2), 1.91 (tt, J = 11.1 Hz, 4.3 Hz, 1H, CH), 0.98 (s, 9H, O-

CH3). 13C{1H} NMR (101 MHz. CDCl3): δ 133.70, 130.55, 127.55, 63.81, 46.16, 30.84, 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.  

6-phenyl-5,7-dioxa-6-boraspiro[2.5]octane (15k) 

 

Product was synthesised according to general procedure. White solid, 85 %. 

1H NMR (400 MHz, CDCl3): δ 7.81 (dd, J = 8.1 Hz, 1.5 Hz, 2H, Ar), 7.43 (tt, J = 7.3 Hz, 1.5 Hz, 1H, 

Ar), 7.36 (app. t, J = 7.4 Hz, 2H, Ar), 3.90 (s, 4H, O-CH2), 0.65 (s, 4H, C-CH2). 13C{1H} 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)+.  

5-methyl-2-phenyl-5-propyl-1,3,2-dioxaborinane (15l) 

 

Product was synthesised according to general procedure. Colourless oil, 90 %. 

1H NMR (400 MHz, CDCl3): δ 7.80 (dd, J = 8.0 Hz, 1.5 Hz, 2H, Ar), 7.42 (tt, J = 7.4 Hz, 1.5 Hz, 1H, 

Ar), 7.35 (app. t, J = 7.5 Hz, 2H, Ar), 3.85 (d, J = 10.8 Hz, 2H, O-CH2), 3.76 (d, J = 10.9 Hz, 2H, 

OCH2), 1.36-1.32 (m, 4H, CH2-CH2), 0.98 (s, 3H, C-CH3), 0.95-0.90 (m, 3H, CH2-CH3). 13C{1H} 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)+.  
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Synthesis of Potassium 2-(tert-butoxy)-5,5-dimethyl-2-phenyl-1,3,2-dioxaborinan-2-uide 

(17) 

 

[17]·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 concentrated 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, Ar), 7.36 (app. t, J = 7.3 Hz, 2H, Ar), 

7.19-7.16 (m, 1H, Ar), 3.58-3.55 (m, THF), 3.45 (s, 4H, OCH2), 1.43-1.40 (m, THF), 1.24 (s, 9H, tBu), 

1.03 (s, 3H, CH3), 0.88 (s, 3H, CH3). 11B{1H} NMR (128 MHz, C6D6): δ 3.09. 

17: 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 clear 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. 

1H NMR (400 MHz, C6D6): δ 7.83 (dd, J =7.8 Hz, 1.4 Hz, 2H, Ar), 7.36 (app. t, J = 7.4 Hz, 2H, Ar), 

7.20-7.16 (m, 1H, Ar), 3.43 (s, 4H, O-CH2), 1.23 (s, 9H, tBu), 1.03 (s, 3H, CH3), 0.87 (s, 3H, CH3). 

11B{1H} NMR (128 MHz, C6D6): δ 3.15. 

 

General protocol for cobalt-catalysed Suzuki biaryl cross-coupling 
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Inside an argon-filled glovebox, the pre-catalyst and ligand were added to an oven-dried glass vial, 

equipped with an oven-dried stirrer bar. THF (1 mL) was added and the mixture allowed to stir for 15 

min. 4-Chlorotoluene (29.6 µL, 0.25 mmol), boronic ester and additive were added before adding base 

and THF (0.5 mL). The vial was sealed with a screw-cap lid and allowed to stir at the desired 

temperature 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 desired temperature outside of the glovebox. The 

reaction was quenched with HCl(aq.) (1 M, 1 mL) and the internal standard, dodecane (56.8 µL, 0.25 

mmol), was added. DCM (2 mL) and H2O (1 mL) were added to the vial, and the mixture shaken. A 

small sample (~ 0.3 mL) of the organic extract was removed and analysed by GC to determine the yield 

 

Synthesis and Characterisation of Purple Precipitate “[Co(OtBu)2]n” 23 

 

Attempts were made to synthesise the species 23 from two independent methods. Powder X-ray 

diffraction data was collected for the product obtained from both methods A and B. 

Method A: In a glove box, a vial was charged with [Co(HMDS)2]2 (76 mg, 0.1 mmol), and THF (2.0 

mL) was added. Then, dry tert-butanol (40 µL, 0.4 mmol) was added in one pot. The dark green solution 

immediately turned into a purple suspension in a colourless solution. The purple precipitate was filtered 

through a paper filter, washed twice with THF and dried in vacuo. 

Method B: In a glove box, a vial was charged with CoCl2 (26 mg, 0.2 mmol) and IPr (78 mg, 0.2 

mmol), then THF (2.0 mL) was added. The mixture was stirred at rt for 30 minutes until a deep blue 

solution was obtained. To this solution, a solution of potassium tert-butoxide (45 mg, 0.4 mmol) in THF 

(2.0 mL) was added. The reaction mixture was stirred at rt for 1 hour, and during this time it turned into 

a suspension of a purple precipitate in a light blue solution. The precipitate was filtered through a paper 

filter, washed twice with THF and dried in vacuo. 

 

XRPD analysis of compound 23 

Powder X-ray diffraction data was collected on a Bruker D8 Advance with Cu-K α radiation (λ = 

1.540600 Å) and a PSD LynxEye detector, in Bragg-Brentano geometry. Data was collected over a 2θ 
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range of 5-60° with a 0.02° step size and 1 seconds per step. The sample stage was rotated during 

measurements at a rate of 60 rps. 

 

Reaction kinetics analysis 

General procedure for reaction profile determination 

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 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). 

Quantitative determination of the analytes was performed by GC-FID previously calibrated with 5 

points calibrations with R2 values > 0.98. The reproducibility of the results was assessed by repeating 

three times the reaction under the same condition. Reported error bars shown in the graphs accounts for 

± 3 times the standard deviation obtained by linear regression of the kinetic profile data.  

  



 

133 

 

Reaction order in CoCl2/IPr·HCl 

   

 

Figure 6.7 a) Formation of 4-methylbiphenyl 16 product over time with varying concentrations of CoCl2/IPr·HCl, 

[cat]: 4 mM (●), 6 mM (●), 10 mM (●) and 15 mM (●). b) Determination of the order of reaction in CoCl2/IPr·HCl 

mixture by initial rates method. c) Determination of the order of reaction in CoCl2/IPr·HCl by Variable Time 

Normalisation Analysis (VTNA). For VTNA analysis, induction periods were omitted. Reaction conditions: 4-

chlorotoluene 100 mM, PhBneop 15a 200 mM, KOtBu 150 mM, dodecane 50 mM, THF, 60 °C. 

  

0.0

5.0

10.0

15.0

20.0

25.0

30.0

0 50 100 150 200 250 300

co
n

c 
/ 

m
M

time / min

y = 0.6025x - 3.8047

R² = 0.9952
-3.2

-3.0

-2.8

-2.6

-2.4

-2.2

-2.0

1.2 1.6 2.0 2.4 2.8

ln
(r

0
)

ln[CoCl2/IPr·HCl]

0.0

5.0

10.0

15.0

20.0

25.0

0 50 100 150 200 250

co
n

c 
/ 

m
M

t[cat]0

0.0

5.0

10.0

15.0

20.0

25.0

0 500 1000 1500

co
n

c 
/ 

m
M

t[cat]0.6

0.0

5.0

10.0

15.0

20.0

25.0

0 1000 2000 3000 4000

co
n

c 
/ 

m
M

t[cat]1

0.0

5.0

10.0

15.0

20.0

25.0

0 10000 20000 30000 40000 50000

co
n

c 
/ 

m
M

t[cat]2

a) b) 

c) 



 

134 

 

Reaction order in potassium tert-butoxide 

 

Figure 6.8 a) Formation of 4-methylbiphenyl 16 product over time with varying concentrations of potassium tert-

butoxide: 100 mM (●), 125 mM (●) and 150 mM (●). b) Determination of the order of reaction in potassium tert-

butoxide by initial rates method. Reaction conditions: CoCl2/IPr·HCl 10 mM, 4-chlorotoluene 100 mM, PhBneop 

15a 200 mM, dodecane 50 mM, THF, 60 °C. 

 

Reaction order in 4-chlorotoluene 

 

Figure 6.9 a) Formation of 4-methylbiphenyl 16 over time with varying concentrations of chlorotoluene 14: 50 mM 

(●), 75 mM (●), 100 mM (●), 150 mM (●). b) Determination of the order of reaction in chlorotoluene by initial rates 

method. Reaction conditions: CoCl2/IPr·HCl 10 mM, PhBneop 15a 200 mM, KOtBu 150 mM, dodecane 50 mM, 

THF, 60 °C. 
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Reaction order in IPr 

 

Figure 6.10 a) Formation of 4-methylbiphenyl 16 product over time at different ligand concentrations: 10 mM (●), 

20 mM (●), 40 mM (●). b) Determination of the order of reaction in IPr by initial rates method. Reaction conditions: 

CoCl2 10 mM, 4-chlorotoluene 100 mM, PhBneop 15a 200 mM, KOtBu 150 mM, dodecane 50 mM, THF, 60 °C.  

 

Reaction order in [Ph(tBuO)Bneop]K 17 

 

Figure 6.11 a) Formation of 4-methylbiphenyl 16 product over time at different concentrations of borate 

[Ph(OtBu)Bneop]K(THF) 17 150 mM (●), 20 mM (●), 250 mM (●), 400 mM (●). b) Determination of the order of 

reaction in 17 by initial rates method. Reaction conditions: CoCl2/IPr·HCl 10 mM, 4-chlorotoluene 100 mM, 

dodecane 50 mM, THF, 60 °C. 
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Reaction profile varying amount of boronic ester 15a 

 

Figure 6.12 Profile of 4-methylbiphenyl 16 formation over time at different concentrations of PhBneop 15a: 150 mM 

(●), 165 mM (●), 185 mM (●), 200 mM (●). Reaction conditions: CoCl2/IPr·HCl 10 mM, 4-chlorotoluene 100 mM, 

KOtBu 150 mM, dodecane 50 mM, THF, 60 °C. 

 

 

Figure 6.13 Profile of biphenyl 18 formation over time at different concentrations of PhBneop 15a: 150 mM (●), 165 

mM (●), 185 mM (●), 200 mM (●). Reaction conditions: CoCl2/IPr·HCl 10 mM, 4-chlorotoluene 100 mM, KOtBu 

150 mM, dodecane 50 mM, THF, 60 °C. 
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Reaction profile in the absence of electrophile 

 

Figure 6.14 Reaction profile of homocoupling product 18 formation in absence of 4-chlorotoluene 14 using CoCl2 

(●) or CoCl2/IPr·HCl (●) as the pre-catalyst. Reaction conditions: pre-catalyst 10 mM, KOtBu 150 mM, PhBneop 

15a 150 mM, dodecane 50 mM, THF, 60 °C. 

Table 6.2 Yields of homocoupling product in absence of chlorotoluene varying pre-catalyst and time. 

 

 

entry [Co] 

 
loading / mol% time / h yield / % 

1 CoCl2/IPr·HCl 10 24 5 

2 CoCl2/IPr·HCl 10 48 5 

3 CoCl2 10 24 10 

4 CoCl2 20 24 15 
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Figure 6.14 Reaction profile of homocoupling product biphenyl 18 (●) and cross-coupling product 4-methylbiphenyl 

16 (●) with later addition of 4-chlorotoluene 14. Reaction conditions: CoCl2/IPr·HCl 10 mM, PhBneop 15a 150 mM, 

KOtBu 150 mM, dodecane 50 mM, THF, 60 °C. 4-chlorotoluene 100 mM added 343 min after the reaction start. 

 

Reaction profile of other pre-catalytic mixtures 

 

Figure 6.15 Formation of 4-methylbiphenyl 16 product over time using different pre-catalytic mixtures: [(IPr)CoCl2]2 / 2 

KOtBu (●), (PPh3)3CoCl / IPr (●). Reaction conditions: [Co] 10 mM, 4-chlorotoluene 100 mM, PhBneop 15a 200 mM, 

tBuOK 150 mM, dodecane 50 mM, THF, 60 °C. 
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TEM analysis 

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 h. 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 to 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 (Cu originates from the grid).  

 

Figure 6.16. STEM-EDX analysis of the unwashed reaction mixture. 

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.  
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Figure 6.17. HAADF-STEM image of the reaction mixture and corresponding elemental maps for Co, K, C, O and 

Cl. 

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 h. 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 of these deposits indicated colocation of the Co and K and there was no evidence of electron-

dense, beam-stable metallic Co nanoparticles.  
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Figure 6.18 TEM image of the ligand-free reaction mixture. 

 

Figure 6.19. HAADF-STEM image of the reaction mixture and corresponding elemental maps for Co, K, C, O and 

Cl. 
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Computational Methods 

Relative Phenyl Ion Affinities (PhIAs) 

The relative phenyl ion affinities,141 were calculated using Spartan 16,182 which exploits the Q-Chem 

quantum chemistry package for DFT calculations.183 The structures were optimized at using the B3LYP 

functional169–171,184 with Grimme’s D3 dispersion correction,185 using the 6-311+G** basis set, with 

solvation by THF modelled using the CPCM model186 by invoking Spartan’s ‘nonpolar solvent’ option. 

Single point frequency calculations on the optimized structures confirmed they were all stationary point 

with no imaginary stretching frequencies observed, the frequency calculations were also used to 

determine the Gibbs free energy of the species. 

Catalytic Manifold Calculations 

All calculations were performed using Orca 4.2,187,188 employing the B3LYP functional169–171,184 with 

Grimme’s D3 dispersion correction with Becke-Johnson damping,172 and the calculations were 

accelerated by the use of the RIJCOSX approximation,189 employing the appropriate Weigand’s 

auxillary basis set.190 Intermediates and transition state geometries were optimised using the def2-SVP 

basis set,191 (Grid=4, tightscf), A frequency calculation was performed at the optimized geometry to 

obtain thermodynamic data and identify the nature of the stationary state obtained. In most cases no 

imaginary frequencies were observed for the intermediates, while single imaginary frequency stretches 

were obtained with transition states. However, in some cases low energy (E < i20 cm-1) were obtained 

due to low energy distortions, in particular associated with coordinated THF. While the structures 

returned in these cases will be higher in energy than the true stationary state structures, the variance is 

likely to be in the order of ~ 1-2 kcal/mol and does not unduly affect the conclusions. The structures 

affected are: LSIA(THF)2, HSIB, HSIB(THF), HSTSOA, HSIC, LSID, LSIE. Solvent effects were modelled by 

single point calculations performed on the optimised structures using the standard implementation of 

the CPCM method, with THF as the solvent (tightscf, grid4). A further single point calculation was 

performed on each optimised structure using the def2-TZVP basis set191 on all atoms (tightscf, grid4).  
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Crystallographic data 

 

 

Figure 6.20 Structure of 17·(THF)2. Ellipsoids are depicted at 50% probability and hydrogen atoms are omitted for 

clarity. 

X-ray diffraction experiments of compound 17·(THF)2 was conducted at 99.94 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 SAINT192 and 

absorption corrections were based on equivalent reflections were carried out using SADABS.193 Using 

Olex2,194 the structures were solved with ShelXT 53 using Intrinsic Phasing and refined using full matrix 

least squares against F2 within ShelXL.194 

The crystallographic and refinement details are given in Table 6.3. The x-ray crystallographic 

coordinates for structure 17·(THF)2 has been deposited at the Cambridge Crystallographic Data Centre 

(CCDC) under deposition number 1995767. The data is provided free of charge by The Cambridge 

Crystallographic Data Centre.  
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Table 6.3 Crystallographic data and summary of data collection and refinement for 17·(THF)2. 

 

 
  

Identification code 17·(THF)2 

Empirical formula C23H40O5BK 

Formula weight 446.48 

Temperature/K 99.94 

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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6.3 Experimental Section for Chapter 4 

Reaction conditions optimisation 

The general protocol for ortho-phenylation of edaravone 33a was followed on a 0.2 mmol scale.  

 

Scheme S1. Reaction scheme for ortho-phenylation of edaravone 33a. 

Table 6.4. Screening of zinc sources. 

Entry Ligand [Zn] Oxidant Temp / °C Time / h Yield / % 

1 - ZnCl2 2,3-DCB 0 36 - 

2 TMEDAcat ZnCl2 2,3-DCB 0 36 - 

3 TMEDA/phen ZnCl2 2,3-DCB 0 36 Trace 

4 phen ZnCl2 2,3-DCB 0 36 trace 

5 - ZnCl2·TMEDA 35a 2,3-DCB 0 36 - 

6 phen 35a 2,3-DCB 0 36 51 

7 phen ZnCl2·phen 2,3-DCB 0 36 12 

8 TMEDA ZnCl2·phen 2,3-DCB 0 36 23 

9 dtbpy ZnCl2·phen 2,3-DCB 0 36 8 

10 dtbpy 35a 2,3-DCB 0 36 61 

11 dtbpy 35a 2,3-DCB rt 36 - 

12 dtbpy 35a 2,3-DCB -10 36 38 

13 dtbpy 35a 2,3-DCB -20 36 3 

14 dtbpy ZnCl2·diMepip 35b 2,3-DCIB 0 36 45 

15 dtbpy ZnCl2·DABCO 35d 2,3-DCIB 0 36 0 

16 dtbpy (CH2NMe2)PhZnCl 35e 2,3-DCIB 0 36 0 

17 dtbpy ZnCl2·TMPDA 35c 2,3-DCB 0 36 80 
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Table 6.5 Ligand screening 

Entry Ligand [Zn] Oxidant Temp / °C Time / h Yield / % 

1 dppe ZnCl2·TMEDA 2,3-DCB 0°C 36 - 

2 bipy ZnCl2·TMEDA 2,3-DCB 0°C 36 48 

3 terpy ZnCl2·TMEDA 2,3-DCB 0°C 36 - 

4 BPhen ZnCl2·TMEDA 2,3-DCB 0°C 36 21 

5 triphos ZnCl2·TMEDA 2,3-DCB 0°C 36 - 

6 dppbz ZnCl2·TMEDA 2,3-DCB 0°C 36 - 

7 dppp ZnCl2·TMEDA 2,3-DCB 0°C 36 - 

8 PPh3 ZnCl2·TMEDA 2,3-DCB 0°C 36 - 

9 dppf ZnCl2·TMEDA 2,3-DCB 0°C 36 - 

10 dppen ZnCl2·TMEDA 2,3-DCB 0°C 36 - 

11 BINAP ZnCl2·TMEDA 2,3-DCB 0°C 36 - 

12 Xantphos ZnCl2·TMEDA 2,3-DCB 0°C 36 - 

13 neocuproine ZnCl2·TMEDA 2,3-DCB 0°C 36 - 

14 5OMebipy 35c 2,3-DCIB 0°C 36 3 

15 3Mebipy 35c 2,3-DCIB 0°C 36 - 

16 biquin 35c 2,3-DCIB 0°C 36 - 

17 4Fbipy 35c 2,3-DCIB 0°C 36 52 
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Table 6.6 Oxidant screening. 

Entry Ligand [Zn] Oxidant Temp / °C Time / h Yield / % 

1 dtbpy ZnCl2·TMEDA no oxidant 0°C 36 - 

2 phen ZnCl2·TMEDA no oxidant 0°C 36 - 

3 dtbpy ZnCl2·TMEDA DCE 0°C 36 35 

4 phen ZnCl2·TMEDA DCE 0°C 36 - 

5 bipy ZnCl2·TMEDA DCE 0°C 36 - 

6 dtbpy ZnCl2·TMEDA 1,2-DCH 0°C 36 59 

7 dtbpy 35c 2,3-DCIB 0 36 80 

8 
dtbpy 35c 1,2-DCH 

37e 

0 36 
67 

9 dtbpy 35c C2Cl6 0 36 - 

10 dtbpy 35c SbCl5 0 36 - 

11 dtbpy 35c quinone 0 36 - 

12 dtbpy 35c K2S2O8 0 36 - 

13 dtbpy 35c air 0 36 40 
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Synthesis of ZnCl2·TMPDA 35c 

 

To a solution of zinc chloride (10 mmol, 1 eq.)  in THF (10 mL), TMPDA (10 mmol, 1 eq) was slowly 

added at 0°C. A copious amount of white precipitate formed almost immediately. The reaction mixture 

was left stirring at room temperature for 1 hour. After that, the resulting suspension was filtered, and 

the solid washed with THF. Product 35c was formed in 99 % yield. Crystals suitable for single crystal 

XRD were grown by dissolving the product in hot methanol and by slow cooling of the solution to room 

temperature (see Supporting Information, Section 6). 1H NMR (400 MHz, Methanol-d4) δ 2.83 (t, J = 

5.6 Hz, 4H, NCH2), 2.55 (s, 12H, CH3), 1.98 (p, J = 5.6 Hz, 2H, C-CH2). 13C{1H} NMR (101 MHz, 

Methanol-d4) δ 62.00, 47.76, 23.02. FT-IR νmax (neat)/ cm-1: 2997, 2958, 2926, 2889, 1478, 1459, 1430, 

1319, 1236, 1196, 1037, 1006, 959, 884, 816, 748. HRMS: (ESI+) Calculated for [C7H18ClN2Zn]+ [M-

Cl]+ : 229.0450. Found 229.0437. 

 

Synthesis of edaravone derivatives 33b-i 

 

Ethylacetoacetate (2.8 mmol, 1 eq.) and acetic acid (0.05 mL) were added to the appropriate 

phenylhydrazine hydrochloride (2.8 mmol, 1 eq.) and the reaction mixture was stirred at 100 °C for 1 

hour. After that, it was dissolved in DCM and washed with water. The organic phase was dried with 

MgSO4 and the solvent removed in vacuo. The crude product was purified via flash column 

chromatography (hexane/ethyl acetate 7:3). 
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1-(4-methylphenyl)-3-methyl-2-pyrazolin-5-one (33b) 

 

Yield: 50%. 1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 8.5 Hz, 2H, Ar), 7.19 (d, J = 8.2 Hz, 2H, Ar), 

3.41 (s, 2H, CH2), 2.34 (s, 3H, Ar-CH3), 2.19 (s, 3H, CH3). 13C{1H} NMR (101 MHz, CDCl3) δ 170.6, 

156.3, 135.8, 134.9, 129.5, 119.2, 43.2, 21.1, 17.2. GC-MS: (EI) calculated 188.09, found 188.1. 

Spectroscopic data in agreement with previously reported values.195 

1-(4-methoxyphenyl)-3-methyl-2-pyrazolin-5-one (33c) 

 

Yield: 48%. 1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 9.1 Hz, 2H, Ar), 6.91 (d, J = 9.1 Hz, 2H, Ar), 

3.80 (s, 3H, OCH3), 3.40 (s, 2H, CH2), 2.18 (s, 3H, CH3). 13C{1H} NMR (101 MHz, CDCl3) δ 170.5, 

157.2, 156.3, 131.6, 121.0, 114.2, 55.7, 43.1, 17.2. GC-MS: (EI) calculated 204.09, found 204.1. 

Spectroscopic data in agreement with previously reported values.196 

2-(3-methoxyphenyl)-5-methyl-2,4-dihydro-3H-pyrazol-3-one (33d) 

 

Yield 67 %. 1H NMR (400 MHz, Chloroform-d) δ 7.52 – 7.43 (m, 2H, Ar), 7.28 (t, J = 8.0 Hz, 1H, Ar), 

6.73 (ddd, J = 8.3, 2.4, 1.1 Hz, 1H, Ar), 3.83 (s, 3H, OCH3), 3.43 (d, J = 0.8 Hz, 2H, CH2), 2.20 (d, J = 

0.8 Hz, 3H, CH3). 13C{1H} NMR (101 MHz, Chloroform-d) δ 170.53, 159.94, 156.18, 139.16, 129.59, 

111.07, 104.36, 55.38, 43.19, 17.01. GC-MS: (EI) calculated 204.09, found 204.1. Spectroscopic data 

in agreement with previously reported values.195 
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1-(4-bromophenyl)-3-methyl-2-pyrazolin-5-one (33e) 

 

Yield: 72%. 1H NMR (400 MHz, CDCl3) δ 7.79 (dd, 2H, Ar), 7.49 (dd, 2H, Ar), 3.43 (s, 2H, CH2), 2.19 

(s, 3H, CH3). 13C{1H} NMR (101 MHz, CDCl3) δ 170.5, 156.7, 137.3, 131.9, 120.2, 117.9, 43.2, 17.1. 

GC-MS: (EI) calculated 251.99, found 252.0. Spectroscopic data in agreement with previously reported 

values.158 

1-(3-bromophenyl)-3-methyl-2-pyrazolin-5-one (33f) 

 

Yield: 71%. 1H NMR (400 MHz, CDCl3) δ 8.07 (t, J = 2.0 Hz, 1H, Ar), 7.88 (dd, J = 8.1, 2.0 Hz, 1H, 

Ar), 7.30 (dd, J = 7.9, 1.8 Hz, 1H, Ar), 7.23 (d, J = 8.0 Hz, 1H, Ar), 3.43 (s, 2H, CH2), 2.20 (s, 3H, 

CH3). 13C{1H} NMR (101 MHz, CDCl3) δ 170.6, 156.7, 139.3, 130.3, 127.9, 122.6, 121.5, 117.0, 43.2, 

17.1. GC-MS: (EI) calculated 251.99, found 252.0. Spectroscopic data in agreement with previously 

reported values.197 

1-(4-chlorophenyl)-3-methyl-2-pyrazolin-5-one (33g) 

 

Yield: 53%. 1H NMR (400 MHz, CDCl3) δ 7.84 (dd, J = 9.0 Hz, 2H, Ar), 7.34 (dd, J = 9.0 Hz, 2H, Ar), 

3.43 (s, 2H, CH2), 2.19 (s, 3H, CH3). 13C{1H} NMR (101 MHz, CDCl3) δ 170.6, 156.7, 136.9, 130.2, 

129.0, 120.0, 43.3, 17.2. GC-MS: (EI) calculated 208.04, found 208.1. Spectroscopic data in agreement 

with previously reported values.158 

1-(4-fluorophenyl)-3-methyl-2-pyrazolin-5-one (33h) 
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Yield: 58%. 1H NMR (400 MHz, CDCl3) δ 7.83 (dd, J = 4.9 Hz, 2H, Ar), 7.07 (t, J = 9.1 Hz, 2H, Ar), 

3.43 (s, 2H, CH2), 2.20 (s, 3H, CH3). 13C{1H} NMR (101 MHz, Chloroform-d) δ 170.50, 160.00 (d, J 

= 244.5 Hz), 156.53, 120.76 (d, J = 7.9 Hz), 115.65 (d, J = 22.6 Hz), 43.15, 17.16. GC-MS: (EI) 

calculated 192.07, found 192.1. Spectroscopic data in agreement with previously reported values.198 

5-methyl-2-(3-(trifluoromethyl)phenyl)-2,4-dihydro-3H-pyrazol-3-one (33i) 

 

Yield: 69%. Mp: 122-124°C. 1H NMR (400 MHz, Chloroform-d) δ 8.17 (s, 1H, Ar), 8.15 (d, J = 8.9 

Hz, 1H, Ar), 7.50 (t, J = 7.9 Hz, 1H, Ar), 7.42 (d, J = 7.8 Hz, 1H, Ar), 3.46 (s, 2H, CH2), 2.22 (s, 3H, 

CH3). 13C{1H} NMR (101 MHz, Chloroform-d) δ 170.75, 156.93, 138.67, 131.40 (q, J = 32.2 Hz), 

129.51, 125.41, 122.70, 121.49, 115.43 (d, J = 3.9 Hz), 43.27, 17.15. 19F NMR (377 MHz, Chloroform-

d) δ -62.68. FT-IR νmax (neat)/ cm-1: 3103, 3042, 2763, 1626, 1575, 1495, 1455, 1352, 1324, 1277, 1166, 

1118, 1071, 10102, 893, 839, 794, 768, 695. HRMS: (ESI+) Calculated for [C11H10F3N2O]+ [M+H]+ : 

243.0740. Found 243.0748. 

5-methyl-2-(2-fluorophenyl)-2,4-dihydro-3H-pyrazol-3-one (33j) 

 

Yield: 45%. Mp: 129-131°C. 1H NMR (400 MHz, Chloroform-d) δ 7.45 (t, J = 7.5 Hz, 1H, Ar), 7.32 

(m, 1H, Ar), 7.20 (t, J = 7.3 Hz, 1H, Ar), 7.17 (t, J = 5.0 Hz, 1H, Ar), 3.41 (s, 2H, CH2), 2.19 (s, 3H, 

CH3). 13C{1H} NMR (101 MHz, Chloroform-d) δ 171.13, 156.87, 156.72 (d, J = 252.9 Hz), 130.35, 

129.48 (d, J = 7.8 Hz), 127.21, 124.52 (d, J = 3.9 Hz), 116.97 (d, J = 19.5 Hz), 41.64, 17.25. 19F NMR 

(377 MHz, Chloroform-d) δ -118.86. FT-IR νmax (neat)/ cm-1: 1615, 1548, 1504, 1461, 1391, 1266, 

1226, 1165, 1105, 1032, 829, 795, 757, 672, 554. HRMS: (ESI+) Calculated for [C10H10FN2O]+ [M+H]+ 

: 193.0772. Found 193.0768. 

5-methyl-2-(2-methylphenyl)-2,4-dihydro-3H-pyrazol-3-one (33k) 
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Yield: 54%. Mp: 175-178°C (dec). 1H NMR (400 MHz, Chloroform-d) δ 7.36 – 7.17 (m, 4H, Ar), 3.40 

(s, 2H, CH2), 2.28 (s, 3H, ArCH3), 2.18 (s, 3H, CH3). 13C{1H} NMR (101 MHz, Chloroform-d) δ 171.35, 

156.33, 135.83, 135.22, 131.28, 128.65, 126.69, 41.84, 18.50, 17.24. FT-IR νmax (neat)/ cm-1: 1748, 

1586, 1538, 1495, 1456, 1368, 1167, 1041, 977, 826, 786, 761, 749, 718, 677. HRMS: (ESI+) Calculated 

for [C11H13N2O]+ [M+H]+ : 189.1022. Found 189.1018. 

Iron-catalysed ortho-arylation of edaravone derivatives 

 

In a flame-dried Schlenk tube under N2 atmosphere, ZnCl2·TMPDA 35c (2.0 mmol, 5 eq) was 

suspended in 1.0 ml of THF, then the appropriate Grignard solution (1.0 M in THF, 4.0 mmol, 10 eq) 

was added dropwise at 0 °C. The resulting mixture was stirred at 0°C for 30 minutes, then it was allowed 

reach rt until it became a clear solution. After that, it was cooled down again to 0°C, and the appropriate 

edaravone substrate 33 (0.4 mmol, 1eq), 1,2-dichloroisobutane (1,2-DCIB, 1.2 mmol, 3 eq), and a pre-

stirred solution of Fe(acac)3 and 4,4’-di-tert-butylbipyridyl (dtbpy) in THF (0.06 mmol each, 15 mol% 

each) were added in succession. The reaction mixture was left stirring at 0 °C for 36 hours. After that, 

the reaction was quenched with 1M HCl (2 mL). The organics were extracted with DCM and dried with 

MgSO4. The extracts were filtered and dried under reduced pressure, affording the crude mixture. 1,3,5-

trimethoxybenzene was used as a standard to determine spectroscopic yields via 1H NMR spectroscopy. 

Products were isolated via column chromatography (hexane/ethyl acetate 1:1). 

1-([1,1ʹ-biphenyl]-2-yl)-3-methyl-2-pyrazolin-5-one (34a) 

 

The general procedure was followed using 33a and phenylmagnesium bromide. Spectroscopic yield: 

80%. Product was isolated as a yellow oil. Yield: 78%. 1H NMR (400 MHz, CDCl3) δ 7.46 – 7.42 (m, 

4H, Ar), 7.36 – 7.33 (m, 4H, Ar), 7.32 – 7.29 (m, 1H, Ar), 3.12 (s, 2H, CH2), 2.04 (s, 3H, CH3). 13C{1H} 

NMR (101 MHz, CDCl3) δ 171.5, 155.9, 140.2, 139.5, 134.6, 131.0, 129.1, 128.6, 128.5, 128.3, 127.9, 
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127.4, 41.5, 17.1. GC-MS: (EI) calculated 250.11, found 250.1. Spectroscopic data in agreement with 

previously reported values.77 

5-methyl-2-(5-methyl-[1,1'-biphenyl]-2-yl)-2,4-dihydro-3H-pyrazol-3-one (34b) 

 

The general procedure was followed using 33a and 4-tolylmagnesium bromide. Spectroscopic yield: 

62%. Product was isolated as a yellow oil.Yield: 54%. 1H NMR (400 MHz, Chloroform-d) δ 7.47 – 

7.37 (m, 7H, Ar), 7.23 (d, J = 8.0 Hz, 3H, Ar), 7.16 (d, J = 7.8 Hz, 3H, Ar), 3.11 (s, 2H, CH2), 2.36 (s, 

3H, CH3), 2.05 (s, 3H, CH3). 13C{1H} NMR (101 MHz, Chloroform-d) δ 171.42, 155.88, 140.12, 

136.92, 136.49, 134.50, 130.95, 129.03, 128.30, 128.14, 127.87, 41.42, 21.26, 17.01. GC-MS: (EI) 

calculated 264.13, found 264.1. Spectroscopic data in agreement. with previously reported values.156 

5-methyl-2-(3'-methyl-[1,1'-biphenyl]-2-yl)-2,4-dihydro-3H-pyrazol-3-one (34c) 

 

The general procedure was followed using 33a and 3-tolylmagnesium bromide. Spectroscopic yield: 

40%. Product was isolated as a colourless oil. Yield: 33%. 1H NMR (400 MHz, Chloroform-d) δ 7.47 

– 7.39 (m, 4H, Ar), 7.23 (t, J = 7.6 Hz, 1H, Ar), 7.18 (s, 1H, Ar), 7.15 – 7.08 (m, 2H, Ar), 3.12 (s, 2H, 

CH2), 2.36 (s, 3H, ArCH3), 2.05 (s, 3H, CH3). 13C{1H} NMR (101 MHz, Chloroform-d) δ 171.56, 

155.75, 140.33, 139.38, 137.90, 134.59, 131.01, 129.37, 129.10, 128.34, 128.13, 128.10, 128.01, 

125.53, 41.48, 21.60, 17.06. FT-IR νmax (neat)/ cm-1: 2924, 2861, 2550, 1720, 1605, 1588, 1555, 1392, 

1263, 1093, 1018, 790, 734, 620, 480. HRMS: (ESI+) Calculated for [C17H17N2O]+ [M+H]+ : 265.1335. 

Found 265.1341. 

2-(4'-methoxy-[1,1'-biphenyl]-2-yl)-5-methyl-2,4-dihydro-3H-pyrazol-3-one (34d) 
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The general procedure was followed using 33a and 4-methoxyphenylmagnesium bromide. 

Spectroscopic yield: 30%. Product was isolated as a orange solid. Yield: 22%. 1H NMR (400 MHz, 

Chloroform-d) δ 7.34 (dd, J = 8.7, 3.5 Hz, 4H, Ar), 7.27 – 7.12 (m, 2H, Ar), 6.82 (d, J = 8.7 Hz, 2H, 

Ar), 3.75 (s, 3H, OCH3), 3.07 (s, 2H, ArCH2), 1.99 (s, 3H, CH3). 13C{1H} NMR (101 MHz, Chloroform-

d) δ 171.51, 159.00, 155.92, 139.96, 134.60, 131.90, 131.00, 129.68, 129.13, 128.09, 128.01, 113.81, 

55.34, 41.50, 17.12. GC-MS: (EI) calculated 280.12, found 280.1. Spectroscopic data in agreement. 

with previously reported values.77 

2-(3'-methoxy-[1,1'-biphenyl]-2-yl)-5-methyl-2,4-dihydro-3H-pyrazol-3-one (34e) 

 

The general procedure was followed using 33a and 3-methoxyphenylmagnesium bromide. 

Spectroscopic yield: 70%. Product was isolated as an off-white solid. Yield: 65%. 1H NMR (400 MHz, 

Chloroform-d) δ 7.53 – 7.41 (m, 4H, Ar), 7.32 – 7.25 (m, 1H, Ar), 6.95 (d, J = 7.7 Hz, 2H, Ar), 6.88 

(dd, J = 8.2, 2.4 Hz, 1H, Ar), 3.81 (s, 3H, OCH3), 3.16 (s, 2H, CH2), 2.08 (s, 3H, CH3). 13C{1H} NMR 

(101 MHz, Chloroform-d) δ 171.59, 159.52, 155.86, 140.79, 140.13, 134.56, 130.96, 129.31, 129.14, 

128.53, 128.08, 121.03, 113.87, 113.40, 55.35, 41.49, 17.06. GC-MS: (EI) calculated 280.12, found 

280.1. Spectroscopic data in agreement. with previously reported values.156 

2-(4'-fluoro-[1,1'-biphenyl]-2-yl)-5-methyl-2,4-dihydro-3H-pyrazol-3-one (34f) 

 

The general procedure was followed using 33a and 4-fluorophenylmagnesium bromide. Spectroscopic 

yield: 56%. Product was isolated as a colourless oil. Yield: 48%. 1H NMR (400 MHz, Chloroform-d) δ 

7.42 – 7.29 (m, 4H, Ar), 7.23 (dd, J = 8.6, 5.5 Hz, 2H, Ar), 6.97 (dd, J = 8.7 Hz, 2H, Ar), 3.07 (s, 2H, 
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CH2), 1.99 (s, 3H, CH3). 13C{1H} NMR (101 MHz, Chloroform-d) δ 171.42, 162.31 (d, J = 246.4 Hz), 

156.10, 139.15, 135.46 (d, J = 3.4 Hz), 134.62, 130.90, 130.22 (d, J = 8.0 Hz), 129.10, 128.59, 127.90, 

115.25 (d, J = 21.3 Hz), 41.44, 17.05. GC-MS: (EI) calculated 268.10, found 268.1. Spectroscopic data 

in agreement. with previously reported values.77 

2-(3'-fluoro-[1,1'-biphenyl]-2-yl)-5-methyl-2,4-dihydro-3H-pyrazol-3-one (34g) 

 

The general procedure was followed using 33a and 3-fluorophenylmagnesium bromide. Spectroscopic 

yield: 70%. Product was isolated as a pink oil. Yield: 64%. 1H NMR (400 MHz, Chloroform-d) δ 7.51 

– 7.37 (m, 5H, Ar), 7.37 – 7.30 (m, 3H, Ar), 7.17 – 6.88 (m, 2H, Ar), 3.15 (s, 2H, CH2), 2.06 (s, 3H, 

CH3). 13C{1H} NMR (101 MHz, CDCl3) δ 171.31 (s), 163.81 (s), 156.07 (s), 138.52 (s), 134.38 (s), 

130.71 (s), 129.72 (d, J = 8.4 Hz), 128.97 (s), 128.78 (s), 127.73 (s), 124.22 (d, J = 3.0 Hz), 115.39 (d, 

J = 22.1 Hz), 114.12 (d, J = 21.1 Hz), 41.38 (s), 29.70 (s), 16.93 (s). GC-MS: (EI) calculated 268.10, 

found 268.1. Spectroscopic data in agreement. with previously reported values.156 

5-methyl-2-(4'-(trifluoromethyl)-[1,1'-biphenyl]-2-yl)-2,4-dihydro-3H-pyrazol-3-one (34h) 

 

The general procedure was followed using 33a and 4-(trifluoromethyl)phenylmagnesium bromide. 

Spectroscopic yield: 45%. Product was isolated as a yellow oil. Yield: 30%. 1H NMR (400 MHz, 

Chloroform-d) δ 7.61 (d, J = 8.2 Hz, 2H, Ar), 7.54 – 7.33 (m, 6H, Ar), 3.14 (s, 2H, CH2), 2.05 (s, 3H, 

CH3). 13C{1H} NMR (101 MHz, Chloroform-d) δ 171.32, 156.36, 138.47, 134.53, 130.77, 129.43 (q, J 

= 32.4 Hz), 129.17, 129.09, 128.92, 127.76, 125.25 (q, J = 3.8 Hz), 124.33 (q, J = 272.0 Hz), 41.45, 

30.57, 17.01. 19F NMR (377 MHz, Chloroform-d) δ -62.43. GC-MS: (EI) calculated 318.10, found 

318.1. Spectroscopic data in agreement. with previously reported values.77 

5-methyl-2-(3'-(trifluoromethyl)-[1,1'-biphenyl]-2-yl)-2,4-dihydro-3H-pyrazol-3-one (34i) 
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The general procedure was followed using 33a and 3-(trifluoromethyl)phenylmagnesium bromide. 

Spectroscopic yield: 78%. Product was isolated as a brown-red oil. Yield: 75%. 1H NMR (400 MHz, 

Chloroform-d) δ 7.68 – 7.34 (m, 8H, Ar), 3.14 (s, 2H, CH2), 2.08 (s, 3H, CH3). 13C{1H} NMR (101 

MHz, Chloroform-d) δ 171.35, 156.42, 140.16, 138.31, 134.62, 132.10 (d, J = 1.0 Hz), 130.64, 130.47 

(q, J = 32.2 Hz), 129.23, 129.16, 129.05, 128.04, 125.38 (q, J = 3.8 Hz), 124.21 (q, J = 272.4 Hz), 

123.98 (q, J = 3.9 Hz), 41.38, 16.87. 19F NMR (377 MHz, Chloroform-d) δ -62.62. FT-IR νmax (neat)/ 

cm-1: 3065, 2931, 1724, 1557, 1428, 1333, 1264, 1165, 1123, 1076, 1026, 907, 806, 763, 732, 702, 618. 

HRMS: (ESI+) Calculated for [C17H14F3N2O]+ [M+H]+ : 319.1053. Found 319.1064. 

2-(3',5'-dimethyl-[1,1'-biphenyl]-2-yl)-5-methyl-2,4-dihydro-3H-pyrazol-3-one (34j) 

 

The general procedure was followed using 33a and 3,5-(dimethyl)phenylmagnesium bromide. 

Spectroscopic yield: 30%. Product was isolated as a yellow oil. Yield: 26%. 1H NMR (400 MHz, 

Chloroform-d) δ 7.54 – 7.29 (m, 4H, Ar), 6.95 (3H, Ar), 3.11 (s, 2H, CH2), 2.30 (s, 6H, ArCH3), 2.06 

(s, 3H, CH3). 13C{1H} NMR (101 MHz, Chloroform-d) δ 171.61, 155.62, 140.46, 139.27, 137.67, 

134.56, 131.01, 129.11, 129.00, 128.23, 128.10, 126.37, 41.48, 21.47, 17.04. GC-MS: (EI) calculated 

278.14, found 278.1. Spectroscopic data in agreement with previously reported values.156 

5-methyl-2-(5-methyl-[1,1'-biphenyl]-2-yl)-2,4-dihydro-3H-pyrazol-3-one (34l) 

 

The general procedure was followed using 33b and phenylmagnesium bromide. Spectroscopic yield: 

81%. Product was isolated as a colourless oil. Yield: 75%. 1H NMR (400 MHz, Chloroform-d) δ 7.45 
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– 7.18 (m, 8H, Ar), 3.13 (s, 2H, CH2), 2.46 (s, 3H, ArCH3), 2.06 (s, 3H) , CH3. 13C{1H} NMR (101 

MHz, Chloroform-d) δ 171.68, 155.76, 139.91, 139.44, 139.05, 131.90, 131.50, 129.02, 128.46, 128.18, 

127.75, 127.19, 41.31, 21.30, 16.94. GC-MS: (EI) calculated 264.13, found 264.1. Spectroscopic data 

in agreement with previously reported values.156 

2-(5-methoxy-[1,1'-biphenyl]-2-yl)-5-methyl-2,4-dihydro-3H-pyrazol-3-one (34m) 

 

The general procedure was followed using 33c and phenylmagnesium bromide. Spectroscopic yield: 

92%. Product was isolated as a brown-red oil. Yield: 86%. 1H NMR (400 MHz, Chloroform-d) δ 7.43 

– 7.24 (m, 6H, Ar), 7.05 – 6.87 (m, 2H, Ar), 3.87 (s, 3H, OCH3), 3.11 (s, 2H, CH2), 2.05 (s, 3H, CH3). 

13C{1H} NMR (101 MHz, Chloroform-d) δ 171.98, 159.87, 155.63, 141.88, 139.30, 129.47, 128.52, 

128.27, 127.48, 125.89, 115.94, 113.94, 55.71, 41.32, 17.01. FT-IR νmax (neat)/ cm-1: 3053, 2844, 1712, 

1600, 1569, 1488, 1465, 1296, 1265, 1214, 1177, 1019, 877, 732, 699. HRMS: (ESI+) Calculated for 

[C17H17N2O2]+ [M+H]+ : 281.1285. Found 281.1295. 

2-(4-methoxy-[1,1'-biphenyl]-2-yl)-5-methyl-2,4-dihydro-3H-pyrazol-3-one (34n) 

 

The general procedure was followed using 33d and phenylmagnesium bromide. Spectroscopic yield: 

45%. Product was isolated as a yellow oil. Yield: 40%. 1H NMR (400 MHz, Chloroform-d) δ 7.41 – 

7.14 (m, 6H, Ar), 7.02 – 6.83 (m, 2H, Ar), 3.78 (s, 3H, OCH3), 3.05 (d, J = 0.8 Hz, 2H, CH2), 1.97 (s, 

3H, CH3). 13C{1H} NMR (101 MHz, Chloroform-d) δ 171.42, 159.63, 155.94, 139.33, 135.28, 132.63, 

131.78, 128.62, 128.31, 126.98, 125.92, 115.48, 112.76, 55.70, 41.50, 31.06, 17.08. FT-IR νmax (neat)/ 

cm-1: 2928, 2841, 2558, 1720, 1613, 1514, 1484, 1395, 1275, 1220, 1180, 1157, 1034, 788, 165, 734, 

700. HRMS: (ESI+) Calculated for [C17H17N2O2]+ [M+H]+ : 281.1285. Found 281.1296. 
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2-(5-bromo-[1,1'-biphenyl]-2-yl)-5-methyl-2,4-dihydro-3H-pyrazol-3-one (34o) 

 

The general procedure was followed using 33e and phenylmagnesium bromide. Spectroscopic yield: 

53%. Product was isolated as a pink solid. Yield: 48%. Mp: 183-186 °C (dec). 1H NMR (400 MHz, 

CDCl3) δ 7.59 (d, J = 2.2 Hz, 1H, Ar), 7.55 (dd, J = 8.4, 2.3 Hz, 1H, Ar), 7.38 – 7.32 (m, 3H, Ar), 7.31 

(d, J = 2.2 Hz, 2H, Ar), 7.30 – 7.28 (m, 1H, Ar), 3.11 (s, 2H, CH2), 2.03 (s, 3H, CH3). 13C{1H} NMR 

(101 MHz, CDCl3) δ 171.3, 156.2, 141.8, 138.2, 133.9, 133.7, 131.4, 129.4, 128.5, 128.4, 127.9, 122.6, 

41.4, 17.0. FT-IR νmax (neat)/ cm-1: 2922, 2850, 1721, 1480, 1387, 1014, 764, 697. HRMS: (ESI+) 

Calculated for [C16H13BrN2O]+ [M+H]+ : 351.0108. Found 351.0098. 

2-(4-bromo-[1,1'-biphenyl]-2-yl)-5-methyl-2,4-dihydro-3H-pyrazol-3-one (34p) 

 

The general procedure was followed using 33f and phenylmagnesium bromide. Spectroscopic yield: 

76%. Product was isolated as an orange solid. Yield: 70%. Mp: 82-84 °C (dec). 1H NMR (400 MHz, 

Chloroform-d) δ 7.63 (s, 1H, Ar), 7.59 (d, J = 8.3 Hz, 2H, Ar), 7.34 (m, 4H, Ar), 3.14 (s, 2H, CH2), 

2.08 (s, 3H, CH3). 13C{1H} NMR (101 MHz, Chloroform-d) δ 171.11, 156.36, 138.90, 138.51, 135.67, 

132.22, 131.99, 130.71, 128.45, 128.30, 127.64, 121.39, 41.35, 17.06. FT-IR νmax (neat)/ cm-1: 1724, 

1590, 1477, 1161, 1083, 1011, 823, 760, 732, 698. HRMS: (ESI+) Calculated for [C16H14BrN2O]+ 

[M+H]+ : 329.0284 . Found 329.0286. 
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2-(5-chloro-[1,1'-biphenyl]-2-yl)-5-methyl-2,4-dihydro-3H-pyrazol-3-one (34q) 

 

The general procedure was followed using 33g and phenylmagnesium bromide. Spectroscopic yield: 

60%. Product was isolated as an off-white solid. Yield: 58%. 1H NMR (400 MHz, CDCl3) δ 7.47 – 7.27 

(m, 8H, Ar), 3.11 (s, 2H, CH2), 2.04 (s, 3H, CH3). 13C{1H} NMR (101 MHz, CDCl3) δ 171.41, 156.18, 

141.66, 138.30, 134.60, 133.20, 130.96, 129.15, 128.49, 128.43, 128.40, 127.88, 41.40, 17.08. GC-MS: 

(EI) calculated 284.07, found 284.1. Spectroscopic data in agreement with previously reported 

values.158 

2-(5-fluoro-[1,1'-biphenyl]-2-yl)-5-methyl-2,4-dihydro-3H-pyrazol-3-one (34r) 

 

The general procedure was followed using 33h and phenylmagnesium bromide. Spectroscopic yield: 

66%. Product was isolated as an off-white solid. Yield: 40%. Mp: 121-123 °C (dec). 1H NMR (400 

MHz, CDCl3) δ 7.41 – 7.28 (m, 6H, Ar), 7.17 – 7.09 (m, 2H, Ar), 3.11 (s, 2H, CH2), 2.04 (s, 3H, CH3). 

13C{1H} NMR (101 MHz, Chloroform-d)δ 171.7, 162.5 (d, J = 249.2 Hz), 156.0, 144.2, 142.6, 130.0, 

129.9, 128.4 (d, J = 6.8 Hz), 127.9, 117.7 (d, J = 23.0 Hz), 115.3 (d, J = 22.7 Hz), 41.4, 29.9, 17.1. FT-

IR νmax (neat)/ cm-1: 2923, 2853, 1724, 1487, 1182, 1022, 766, 698. HRMS: (ESI+) Calculated for 

[C16H13FN2O]+ [M+H]+ : 291.0909. Found 291.0912. 

5-methyl-2-(4-(trifluoromethyl)-[1,1'-biphenyl]-2-yl)-2,4-dihydro-3H-pyrazol-3-one (34s) 

 



 

160 

 

The general procedure was followed using 33j and phenylmagnesium bromide. Spectroscopic yield: 

78%. Product was isolated as a yellow oil. Yield: 70%. 1H NMR (400 MHz, Chloroform-d) δ 7.72 (s, 

1H, Ar), 7.69 (d, J = 8.5 Hz, 1H, Ar), 7.56 (d, J = 8.1 Hz, 1H, Ar), 7.40 – 7.29 (m, 5H, Ar), 3.12 (s, 2H, 

CH2), 2.07 (s, 3H, CH3). 13C{1H} NMR (101 MHz, Chloroform-d) δ 170.99, 156.49, 143.28, 138.19, 

134.97, 131.51, 130.58 (d, J = 33.3 Hz), 128.44, 128.19, 127.94, 125.45 (q, J = 3.6 Hz), 124.84 (q, J = 

3.7 Hz), 123.60 (q, J = 272.3 Hz), 41.26, 16.96. 19F NMR (377 MHz, Chloroform-d) δ -62.54. FT-IR 

νmax (neat)/ cm-1: 2963, 2924, 2550, 1724, 1558, 1487, 1426, 1323, 1169, 1123, 1078, 1025, 110, 897, 

841, 789, 768, 738, 697. HRMS: (ESI+) Calculated for [C17H14F3N2O]+ [M+H]+ : 319.1053. Found 

319.1055. 

2-(3'-fluoro-5-methoxy-[1,1'-biphenyl]-2-yl)-5-methyl-2,4-dihydro-3H-pyrazol-3-one (34x) 

 

The general procedure was followed using 33c and 3-fluorophenylmagnesium bromide. Spectroscopic 

yield: 68%. Product was isolated as an off-white solid. Yield: 62%. Mp: 96-98 °C (dec). 1H NMR (400 

MHz, CDCl3) δ 7.33 (d, J = 8.5 Hz, 1H, Ar), 7.29 (d, J = 8.0 Hz, 1H, Ar), 7.13 (dt, J = 7.7, 1.2 Hz, 1H, 

Ar), 7.06 (dt, J = 10.0, 2.1 Hz, 1H, Ar), 7.01 (dd, J = 8.7, 2.8 Hz, 1H, Ar), 6.97 (dd, J = 8.5, 2.9 Hz, 

1H, Ar), 6.93 (d, J = 2.9 Hz, 1H, Ar), 3.85 (s, 3H, OCH3), 3.13 (s, 2H, CH2), 2.05 (s, 3H, CH3). 13C{1H} 

NMR (101 MHz, Chloroform-d) δ 171.76, 162.52 (d, J= 245.7 Hz), 159.77, 155.73, 141.35 (d, 3J= 7.8 

Hz), 140.28, 129.70 (d, J= 8.4 Hz), 129.42, 127.30, 124.24 (d, J= 2.9 Hz), 115.74, 115.44 (d, J= 22.1 

Hz), 114.28 (d, J= 20.9 Hz), 114.22, 55.64, 41.26, 16.94. 19F NMR (377 MHz, CDCl3): δ = -113.35 (s, 

F). FT-IR νmax (neat)/ cm-1: 1738, 1556, 1480, 1366, 1217, 1032, 869, 822, 783,728, 695. HRMS: (ESI+) 

Calculated for [C17H16FN2O2]+ [M+H]+ : 299.1190. Found 299.1195. 

2-(5-chloro-3'-methoxy-[1,1'-biphenyl]-2-yl)-5-methyl-2,4-dihydro-3H-pyrazol-3-one (34y) 
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The general procedure was followed using 33g and 3-methoxyphenylmagnesium bromide. 

Spectroscopic yield: 61%. Product was isolated as a light brown solid. Yield: 52%. Mp: 85-87 °C (dec). 

1H NMR (400 MHz, Chloroform-d) δ 7.44 (m, 1H, Ar), 7.40 (dd, J = 8.4, 2.3 Hz, 1H, Ar), 7.35 (d, J = 

8.4 Hz, 1H, Ar), 7.26 (m, 1H, Ar), 6.94 – 6.83 (m, 3H, Ar), 3.79 (s, 3H, OCH3), 3.13 (s, 2H, CH2), 2.05 

(s, 3H, CH3). 13C{1H} NMR (101 MHz, Chloroform-d) δ 171.48, 159.63, 156.15, 141.61, 139.55, 

134.64, 133.18, 130.92, 129.49, 129.32, 128.50, 120.83, 113.88, 113.74, 55.40, 41.42, 17.08. FT-IR 

νmax (neat)/ cm-1: 1737, 1555, 1471, 1372, 1216, 1095, 1030, 873, 760, 698. HRMS: (ESI+) Calculated 

for [C17H16ClN2O2]+ [M+H]+ : 315.0895. Found 315.0888. 

2-(3'-methoxy-5-methyl-[1,1'-biphenyl]-2-yl)-5-methyl-2,4-dihydro-3H-pyrazol-3-one (34z) 

 

The general procedure was followed using 33b and 3-methoxyphenylmagnesium bromide. 

Spectroscopic yield: 58%. Product was isolated as a light green solid. Yield: 54%. Mp: 62-64 °C (dec). 

1H NMR (400 MHz, Chloroform-d) δ 7.28 (d, J = 7.9 Hz, 1H, Ar), 7.26 (s, 1H, Ar), 7.23 (d, J = 7.8 Hz, 

2H, Ar), 6.91 (d, J = 7.3 Hz, 2H, Ar), 6.84 (dd, J = 7.8, 2.0 Hz, 1H, Ar), 3.78 (s, 3H, OCH3), 3.12 (s, 

2H, CH2), 2.41 (s, 3H, ArCH3), 2.04 (s, 3H, CH3). 13C{1H} NMR (101 MHz, Chloroform-d) δ 171.79, 

159.48, 155.66, 140.88, 140.01, 139.21, 132.01, 131.56, 129.26, 129.21, 128.02, 121.06, 113.83, 

113.41, 55.35, 41.46, 21.37, 17.07. FT-IR νmax (neat)/ cm-1: 1729, 1556, 1394, 1222, 1165, 1035, 870, 

734, 697. HRMS: (ESI+) Calculated for [C18H19N2O2]+ [M+H]+ : 295.1441 . Found 295.1430. 
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Table 6.7. Unsuccessful reactions. 

 

Entry Product R1 R2 Ar 

1 34k H H 2-Tol 

2 34u 2-F H Ph 

3 34v 2-Me H Ph 

4 34w 2-Cl H Ph 

5 34x 4-Cl Bn Ph 

6 34aa 3-CF3 H 3-F 

7 34ab 4-CN H Ph 

8 34ac H H 2-Naph 
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13C NMR characterisation of nucleophilic mixture 

The samples were prepared under inert atmosphere on a 0.2 mmol scale in non-deuterated 

tetrahydrofuran, and their 13C NMR spectra were recorded on a 500 MHz instrument at room 

temperature. ZnBr2·TMPDA was used instead of ZnCl2·TMPDA to avoid halogen scrambling. 

The signals for the independently synthesised ZnPh2·TMPDA 38 obtained by mixing pure diphenylzinc 

with TMPDA (green trace) match those of the nucleophilic mixture obtained mixing ZnBr2·TMPDA 

with two equivalents of phenylmagnesium bromide (blue trace). The extra peak at 128.1 ppm is benzene 

already present in the Grignard reagent. 

 

Figure 6.21. Recorded 13C NMR spectra for diphenylzinc (red), ZnPh2·TMPDA 38 (green) and nucleophilic mixture 

of ZnBr2·TMPDA + 2 eq PhMgBr (blue). 

 

 

Figure 6.22. 13C NMR chemical shifts (in ppm) for diphenylzinc and ZnPh2·TMPDA in tetrahydrofuran. 
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Docking studies 

The 3D structure of human MAO-B, co-crystallised with the cofactor FAD and inhibitor was 

downloaded from Protein Data Bank website (PDB code: 2V60). The cofactor, inhibitor and water 

molecules were removed from the structure by using PyMOL software. The input pdbqt files were 

prepared by using AutoDock Tool (ADT), bundled with MGLTools package (version 1.5.7). All 

hydrogens were added in the editing of the protein structure, and non-polar hydrogens were merged. 

Structures of the synthesised edaravone derivatives 34 were energy-minimised by applying MMFF94 

force field in Avogadro software, and optimised by ADT as described for the protein structure. Docking 

simulations were performed using Autodock 4.2.6 program, where 100 runs of the docking search by 

the Lamarckian genetic algorithm were clustered within a root mean square tolerance of 1.0. The lowest 

energy conformation of the highest populated cluster was selected for analysis by PyMol. 

Table 6.8. Docking scores for edaravone 1a and synthesised edaravone derivatives. 

Entry Compound Docking score 

1 33a -5.75 kcal/mol 

2 34a -8.92 kcal/mol 

3 34b -7.97 kcal/mol 

4 34c -8.17 kcal/mol 

5 34d -7.79 kcal/mol 

6 34e -6.59 kcal/mol 

7 34f -7.61 kcal/mol 

8 34g -7.54 kcal/mol 

9 34h -6.75 kcal/mol 

10 34i -7.55 kcal/mol 

11 34j -7.84 kcal/mol 

12 34l -8.06 kcal/mol 

13 34m -8.13 kcal/mol 

14 34n -8.10 kcal/mol 

15 34o -8.77 kcal/mol 

16 34p -9.56 kcal/mol 

17 34q -9.54 kcal/mol 

18 34r -7.95 kcal/mol 

19 34s -7.49 kcal/mol 

20 34x -9.19 kcal/mol 

21 34y -10.07 kcal/mol 

22 34z -7.50 kcal/mol 
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Figure 6.23. Docked pose of 34y (cyan), drawn in ball-stick model, in human MAO-B (PDB ID: 2V60, grey colour). 

The residues in close proximity (< 4.0 Å) are drawn in are shown as stick in magenta colour. Hydrogen bonds between 

C=O group of 34y and the backbone are shown in black. 

 

Figure 6.24: Docked pose of 34y (cyan ball and stick model) in human MAO-B, nesting in the same binding pocket 

where FAD cofactor (shown in green sticks) binds. Such interaction of 34y with hMAO-B is likely to disrupt the 

association of FAD with the enzyme, which may result in the inhibition of the enzymatic activity. 
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Crystallographic data 

The crystallographic and refinement details are given in Table 6.9. The x-ray crystallographic 

coordinates for structures 35e and 38 have been deposited at the Cambridge Crystallographic Data 

Centre (CCDC) under deposition numbers 1894202 and 1894203 respectively. These data are provided 

free of charge by The Cambridge Crystallographic Data Centre. 

Table 6.9. Crystallographic data and summary of data collection and refinement for 35e and 38. 

Identification code ZnCl2·TMPDA, 35e ZnPh2·TMPDA, 38 

Empirical formula C7H18Cl2N2Zn C19H28N2Zn 

Formula weight 266.5 349.8 

Temperature/K 100.02 100.02 

Crystal system orthorhombic monoclinic 

Space group Cmc21 P21/c 

a/Å 9.4859(3) 15.5200(5) 

b/Å 10.9559(3) 29.9539(10) 

c/Å 22.1235(7) 16.0823(5) 

α/° 90 90 

β/° 90 90.051(2) 

γ/° 90 90 

Volume/Å3 2299.22(12) 7476.4(4) 

Z 8 16 

ρcalcg/cm3 1.54 1.243 

μ/mm-1 2.556 1.313 

F(000) 1104 2976 

Crystal size/mm3 0.681 × 0.216 × 0.174 0.519 × 0.31 × 0.198 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 5.524 to 56.006 1.36 to 50.696 

Index ranges -12 ≤ h ≤ 12, -14 ≤ k ≤ 14, -29 ≤ l ≤ 29 -17 ≤ h ≤ 18, -36 ≤ k ≤ 36, -19 ≤ l ≤ 19 

Reflections collected 10512 56232 

Independent reflections 2936 [Rint = 0.0319, Rsigma = 0.0362] 13668 [Rint = 0.0603, Rsigma = 0.0542] 

Data/restraints/parameters 2936/1/126 13668/40/878 

Goodness-of-fit on F2 1 1.016 

Final R indexes [I>=2σ (I)] R1 = 0.0224, wR2 = 0.0484 R1 = 0.0364, wR2 = 0.0708 

Final R indexes [all data] R1 = 0.0243, wR2 = 0.0489 R1 = 0.0533, wR2 = 0.0765 

Largest diff. peak/hole / e Å-3 0.45/-0.41 0.38/-0.42 

Flack parameter 0.009(8)   
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