
 

 

 

Studies on Copper-Catalysed Reactions: Aromatic 

Halide Exchange and Intramolecular Ullmann 

Arylation 

 

Xiaodong Jin 

 

 

 

Thesis submitted in partial fulfilment of the requirements for the Degree of Doctor of 

Philosophy 

Supervisors: Dr. Rob Davies 

Department of Chemistry 

Imperial College London 

DEC 2017  



 

2 

 

Declaration of Originality 

The work in this thesis was carried out between October 2013 and July 2017 at the Department 

of Chemistry, Imperial College London. The work reported in this thesis is my own, unless 

stated otherwise through cited references, and has not been submitted for another degree at 

this or any other university. 

 

Copyright Declaration 

The copyright of this thesis rests with the author and is made available under a Creative 

Commons Attribution Non-Commercial No Derivatives licence. Researchers are free to copy, 

distribute or transmit the thesis on the condition that they attribute it, that they do not use it for 

commercial purposes and that they do not alter, transform or build upon it. For any reuse or 

redistribution, researchers must make clear to others the licence terms of this work. 

  



 

3 

 

Abstract 

The use of ancillary ligands in the copper(I)-catalysed aromatic halide exchange reaction and 

the intramolecular Ullmann arylation reaction has been shown to significantly improve the 

reaction rate in these systems. This has allowed the adoption of milder reaction conditions 

(usually ≤ 110 ºC) and lower catalyst loadings (usually ≤ 10 mol%). Recent advances in the 

mechanistic understanding and application of these copper-catalysed reactions are fully 

discussed in Chapter 1.  

Despite these recent advances in ancillary ligand promoted copper(I) catalysis, there 

are still many remaining challenges inhibiting the wider adoption of these reactions in industry 

and academia. To date only a few ligands have been reported to efficiently promote the 

copper(I)-catalysed aromatic halide exchange reaction (Finkelstein reaction), the most 

successful being N,N′-dimethylethylenediamine (DMEDA) and trans-N,N’-dimethyl-1,2-

cyclohexanediamine (TDCHDA). However both of these ligands require high reaction 

temperatures and vigorous air-free conditions, show poor or no reactivity with aryl-chlorides, 

and are relatively expensive. Therefore, a detailed ligand screening program to optimise and 

improve the copper-catalysed Finkelstein halide exchange reaction has been undertaken and 

is reported in Chapter 2. A new cheap and effective ligand, diethylenetriamine, has been 

developed and studied for both copper(I) and copper(II) mediated aromatic Finkelstein 

reactions. This gave satisfactory yields over a wide range of substrates and, in contrast to 

existing systems, showed excellent tolerance to air and moisture. Further studies using 

structural studies and kinetic profiling have also been undertaken in order to better understand 

the mechanism of the reaction and the potential role played by the ligand.  

In terms of copper(I)-catalysed intramolecular Ullmann arylation, the possible 

intermediates on the catalytic pathway and the role of the ligand have been little studied and 

are currently not fully understood. Therefore, in order to build an improved mechanistic 

understanding, a series of reactivity and mechanistic studies was carried out. Chapter 3 
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describes these for the copper(I)-intramolecular N-arylation of 1,2-dimethylbenzimidazole. 

The solid-state structures of the copper(I) intermediates have been isolated under air-free 

conditions and characterised by X-ray crystallography to reveal the different complexes that 

might be present in the reaction mixture. Detailed kinetic profiling of copper(I)-catalysed 

intramolecular N-arylation using bis(tetra-n-butylphosphonium) malonate as a soluble base is 

presented revealing negligible catalyst deactivation, but significant catalyst inhibition. The rate 

dependence study on catalyst concentration reveals a non-integer order in [Cu]total. New 

catalytic systems using sub-mol% catalyst loadings have been investigated as well as aryl 

chloride activation at higher temperatures. 

Chapter 4 presents a series of studies on the identity of possible copper(I) intermediate 

complexes in the intramolecular Ullmann O- and S-arylation reactions used in the preparation 

of benzoxazoles and benzothiazoles. Isolated copper(I) complexes have been shown to react 

on heating to give cyclised products with or without the addition of 1,10-phenanthroline as 

ligand. The results identify the copper(I) complexes as potential reaction intermediates and 

show the positive effect of 1,10-phenanthroline on reaction rate. Reaction calorimetry studies 

show substrate inhibition occurs during the reaction.  
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1.1 Introduction to Copper Catalysis 

Copper was one of the first transition metals to be extensively studied in organometallic and 

synthetic chemistry.1,2 Common oxidation states for copper are +1 and +2 which are also 

known as cuprous and cupric compounds respectively. Due to its diverse chemical properties 

and bio-functions, copper plays an important role in a range of science disciplines.1 In synthetic 

chemistry, copper is a well-known transition metal catalyst which can carry out three different 

chemical processes: Lewis acid catalysis, single-electron-transfer and two-electron-transfer 

reactions.1 Copper has been employed in many named reactions including the Finkelstein 

reaction, Ullmann reaction, Diels-Alder reaction, Castro-Stevens coupling, the Kharasch-

Sosnovsky reaction and Azide-Alkyne Cycloaddition (CuAAC).3 The introduction of copper 

catalysis has significantly enriched the methodologies in synthesis of new C-C and C-

heteroatom bonds. Furthermore, copper catalysis is generally superior in terms of cost, toxicity 

and sustainability compared to the precious metals. For example, the palladium-catalysed 

amination reaction suffers from some disadvantages such as the high cost and toxicity of 

palladium and the high molecular weight of the typically used ligands.4 In comparison, the 

copper-catalysed aryl amination reaction has a lower toxicity and cost of copper and 

employers cheaper lower molecular weight ligands.5 

This introduction will focus on the use of copper catalysts for the aromatic Finkelstein 

reaction and Ullmann reactions, and will include a discussion on the mechanism of these 

reactions. 

1.2 Aromatic Finkelstein Reaction 

1.2.1 Aromatic Halides 

Aromatic halides contain one of the most important functional groups, the carbon-halogen (C-

X) bond. Aromatic halides are found in natural products (Figure 1.1)6–8, dyes9,10, 

agrochemicals11–13, pharmaceuticals14–19 and material science20, and are also key synthetic 
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precursors in organic synthesis especially for transition metal catalysed cross-coupling 

reactions to form new carbon-carbon and carbon-heteroatom bonds.21–28  

 

Figure 1.1 Aromatic halides isolated from sponges, bacteria, fungi and humans.6 

As synthetic targets, aromatic halides can be directly synthesised from benzene by 

reacting with bromine or chlorine in the presence of a Lewis acid (ferric halides) via an 

electrophilic aromatic substitution (Scheme 1.1a). Iodine tends to show poor reactivity in this 

reaction and requires the addition of nitric acid to generate more reactive I+ ions. In contrast, 

fluorine is too reactive often leading to multifluorination.29 In order to regioselectively control 

the aromatic halogenation, indirect methods have been developed to synthesise the aromatic 

halides (Scheme 1.1.1b). The Sandmeyer reaction is widely used to convert aromatic amines 

into the corresponding aryl halides via a diazonium salt intermediate.30 Another popular 

method is the Hunsdiecker reaction which replaces the silver carboxylate group with halide to 

give the aryl halide.31  
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Scheme 1.1 (a) Direct bromination of benzene (b) Indirect bromination: Sandmeyer and Hunsdiecker 

reaction. 

The Ar-X functional group is readily reactive and therefore the aromatic halide itself is 

often an important precursor for a wide range of reactions, especially for the preparation of 

organometallic reagents and also in cross-coupling reactions. Aryl Grignard (ArMgX) and aryl 
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lithium reagents (ArLi) are important precursors for new aryl-carbon and aryl-heteroatom bond 

formation and can be prepared by reacting aryl halides with Mg or Li metal (or BuLi) 

respectively. In terms of the transition metal catalysed cross-coupling reactions, aryl halides 

are often key reagents to synthesise new aryl-C, aryl -N, aryl -O and aryl -S bonds.32  

The physical and chemical properties of the aryl halide, especially the reactivity, can 

differ significantly with the nature of the halogen atoms. The aryl-halide bond strength 

increases significantly from I to F (Table 1.1).33 The most reactive aryl iodides are generally 

more expensive and less commercially available when compared to the corresponding aryl-

Br and aryl-Cl.33,34 Therefore, it is essential to develop a protocol to convert the aromatic 

chlorides and bromides into the corresponding iodides. 

Table 1.1 Dissociation energy of aryl-halide bonds. 

Bond Dissociation energy (kJ/mol)33 

Ph-I 280 

Ph-Br 346 

Ph-Cl 407 

Ph-F 533 

1.2.2 Early Studies on the Aromatic Halide Exchange Reaction 

As discussed above in Section 1.2.1, the aryl iodide bond is generally more reactive than the 

corresponding bromides and chlorides, however aryl iodides are also more expensive and 

less commercially available than bromides and chlorides.33,34 The Finkelstein reaction is 

commonly used as halide exchange reaction to convert C-Cl and C-Br bonds to a C-I bond 

using nickel or copper catalysts. The Finkelstein reaction, named after Hans Finkelstein, was 

first reported in 1901 (Scheme 1.2).35 An alkyl chloride or bromide was treated with large 

excess of an alkali metal halide (e.g. NaI, KI).35 The reversible halogen exchange reaction 

exploited the different solubilities of the halide salts in acetone to drive reaction forward to form 

the alkyl iodide. However, early studies on the aromatic halide exchange reaction were mainly 
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focused on replacing heavier halogen atoms with lighter ones, with conversion of aryl chlorides 

or bromides to iodides usually demonstrating in low efficiency and yields. The first examples 

of aromatic halide exchange reactions were published by Bacon and Hill in 1964 and 

employed cuprous halides or copper(I) oxide / bromides as reagents (Scheme 1.2).36,37 Thus 

1-halogenonaphthalenes were reacted with a large excess of cuprous halide in a polar solvent 

such as DMF and pyridine at 110 – 115 °C.36 They showed that the equilibrium exchange 

reaction favoured the displacement of a heavier halogen atom with a lighter one. The halogen 

replacement from a lighter halogen atom to a heavier one gave very poor or no yields (Cl to 

Br: 5%, Br to I: 30%, Cl to I: 0%).36 The back-to-back paper employed copper(I) oxide as 

catalyst and various organic and inorganic bromo salts instead of cuprous halides to convert 

aryl iodides to bromides in various polar solvents at higher temperatures (144.5 – 153 °C) with 

a reduction of the copper loading from 10 equiv. to 0.5 equiv. (Scheme 1.2).37 The preparation 

of aryl iodides from aryl bromides using copper(I) iodide / potassium iodide was reported by 

Hitomi Suzuki in 1986 (Scheme 1.2).38 In this work, the aryl bromides were reacted with 

stoichiometric copper(I) iodide and potassium iodide in hexamethylphosphoric triamide 

(HMPT) at 150 – 160 °C to give satisfactory yields of aryl iodides (70 – 85%).38 In addition to 

aromatic halogen substrates, vinyl halogen exchange reactions (from vinyl bromides to 

chlorides) were reported by Engel and co-workers in 1981 using a copper (I) catalyst with 

triaryl phosphite or phosphine ligands (Scheme 1.2).39 
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Scheme 1.2 Early studies on copper-mediated aromatic halide exchange reactions.35–39 

Nickel-mediated halide exchange reactions have also been reported, the first example 

being published by Cramer and co-workers in 1975 (Scheme 1.3).40 In this reaction a catalytic 

amount of NiCl2 (0.001 mol%) was used to catalyse the halide exchange reaction 

(bromobenzene to chlorobenzene, 68% yield) at 210 °C in ethanol within 6 hours.40 Five years 

later, a nickel-catalysed halogen exchange reaction with aryl and vinyl halides was published 

by Kochi et al. in 1980 (Scheme 1.3).41 In Kochi’s work, a series of aryl iodides and vinyl 

bromides were converted into corresponding bromides and chlorides using tetra-n-

butylammonium halides and a catalytic amount of a nickel complex under mild conditions 

(80 °C).41 The first examples of nickel-mediated forward aromatic Finkelstein reactions (ie, Ar-

Br to Ar-I) were published by Takagi in 1978 and 1980 and were argued to proceed via an in 

situ generated of Ni(0) catalytic species (Scheme 1.3).42,43 This protocol realised the 

preparation of Ar-I using catalytic amounts (2-4 mol%) of nickel salts in the presence of 

additive zinc(0) and the iodide source KI in polar solvents (DMF, NMP, HMPA etc.) and under 

mild conditions (> 76% yield at 50 °C within 1.5 h).42,43 Unfortunately, the addition of zinc(0) 

also promoted a side reaction where the coupling reaction of Ar-I occurred in the presence of 

the Ni catalyst to form biaryls.42,43 The biaryl-forming side reaction can be suppressed by the 

addition of a phosphine ligand (PBu3) as reported by Takagi42 or by using a stoichiometric 

quantity (2 equiv.) of the less reactive Ni(0) power at a higher temperature (150 °C) in DMF as 

published by Cheng and co-workers (Scheme 1.3).44  
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Scheme 1.3 Early studies on the Ni-mediated aromatic halide exchange reaction.40–44 

In summary, the early studies on both copper- and nickel-mediated aromatic halogen 

exchange reaction often required harsh reaction conditions such as stoichiometric amount of 

metal, high temperatures (over 150 °C) and/or highly polar solvents and often gave poor yields. 

In addition, most of the protocols can only replace the heavier halogen atoms with lighter ones.  

1.2.3 Modern Copper-mediated Aromatic Halide Exchange Reactions 

The first breakthrough in the aromatic halogen exchange reaction was accomplished by 

Buchwald and co-workers in 2002 using diamine type ligands and copper (I) iodide as the 

catalytic system (Scheme 1.4a).34 In this work, the synthesis of a wide range of aryl iodides 

from the corresponding bromides was achieved in high yields (mostly over 90%).34 The 

employment of the diamine ligand allowed a reduction in the copper loading to a catalytic 

amount (5 mol%) and milder reaction conditions (110 °C, 22h, dioxane).34 More importantly, it 

worked for the replacement of a lighter halogen atom (Br) with a heavier one (I) in satisfactory 

yields and with a good tolerance of a wide range of functional groups. In addition to the 

requirement of diamine type ligands, another important factor highlighted by Buchwald was 
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the choice of the solvent. Dioxane, pentanol and 5 – 60% mixtures of diglyme in m-xylene 

were all used in the aryl bromide to iodide exchange reaction since sodium iodide is much 

more soluble in these solvents compared to sodium bromide. The reversible halogen 

exchange reaction exploited the different solubilities of the halide salts in these solvents to 

drive reaction from aryl-Br to aryl-I.34 Moreover, the reverse reaction from aryl-I to aryl-Br can 

be readily achieved using polar solvents such as DMF in which the bromide salt is now more 

soluble (Scheme 1.4a).34 In more recent work carried out by Buchwald and co-workers, 

several more diamine ligands were evaluated for the aromatic Finkelstein reaction under 

continuous-flow conditions using a sodium iodide packed-bed reactor (Scheme 1.4b).45 Trans-

N,N’-dimethylcyclohexane-1,2-diamine (TDMCHDA) and N,N’-dimethylethylenediamine 

(DMEDA) were still the most effective ligands and gave over 96% yield.45  

 

Scheme 1.4 Diamine ligand promoted copper(I)-catalysed aromatic Finkelstein reaction.34,45 

Despite these advances, aryl chloride activation and fluorination via halogen exchange 

remains challenging. Ribas and co-workers explored the copper-mediated aromatic chloride 

activation and fluorination by reacting a triazamacrocyclic aryl halide with halide salts at room 
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temperature (Scheme 1.5).46 However this reaction relies of the use of well-designed 

triazamacrocyclic substrates and is not yet applicable to general aryl-halides.  

 

Scheme 1.5 Aromatic halide exchange reaction with well-designed triazamacrocyclic substrates.46 

Copper-mediated aryl chloride activation has also been achieved, although in relatively 

low yields (5 – 44%) and at high temperature (up to 200 °C), by using microwave assistance 

as published MacArthur in 2011 (Scheme 1.6).47 Using this microwave assisted method in the 

presence of 5 mol% copper(I) iodide and 10 mol% TDMCHDA ligand in acetonitrile at 100 °C, 

the conversion of aryl bromides to iodide was achieved in satisfactory yields (84 – 97%).47 

Compared to the earlier work done by Buchwald, using the microwave assisted method was 

shown to reduce the reaction time from 22 h to 0.5 – 2 h.34,47  

 

Scheme 1.6 Copper(I)-catalysed aromatic halide exchange reaction using microwave assistance.47  

As an improvement to the previous work reported by Suzuki38, Sugiura and co-workers 

reported using a less toxic solvent, namely 1,3-dimethyl-2-imidazolidinone (DMI) instead of 

DMF and HMPT which were employed by Suzuki’s (Scheme 1.7).48 However this reaction still 

required stoichiometric amounts of copper(I) iodide and a large excess of potassium iodide (9 

equiv.) at high temperature (200 ºC).48 
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Scheme 1.7 Copper(I)-catalysed aromatic halide exchange reaction in DMI.48 

Research on amino acid ligated copper catalysts for conversion of aryl bromides to the 

corresponding chlorides using tetramethylammonium chloride in ethanol at 110 °C was 

published by Bao and co-workers in 2012 (Scheme 1.8).49 In addition, several other ligands 

such as 2-aminopyridine, 1,10-phenanthroline, 8-hydroxyquinoline and glycine were also 

evaluated but only gave trace amounts of desired product.49 In 2016, Bao’s team introduced 

copper(I) oxide and L-proline as the catalytic system in an extension of their previous work, to 

realise the halogen exchange between aryl or heteroaryl bromides and iodides using 

potassium iodides under similar conditions (EtOH, 110 °C, Scheme 1.8).50 

 

Scheme 1.8 L-proline promoted copper(I)-catalysed aromatic halide exchange reaction.49,50  

Another amino acid / copper catalyst promoted aromatic halide exchange reaction was 

reported by Jain and co-workers in 2013.51 In this work, glycinatocopper(II) complex was 

synthesised by reacting glycine with copper(II) chloride and subsequently used to catalyse the 

halide exchange reaction from aryl and heteroaryl bromides to the corresponding chlorides 

(Scheme 1.9).51  
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Scheme 1.9 Glycinatocopper(II)-catalysed aromatic halide exchange reaction.51 

Regarding alkenyl halides, a general copper(I)-catalysed vinyl halogen exchange 

reaction was reported by Evano in 2016 for the synthesis of less available vinyl chlorides and 

bromides from the corresponding iodides without losing the alkene geometry (Scheme 1.10).52 

Several diamine ligands were evaluated, however only Buchwald’s ligands DMEDA and 

TDMCHDA gave satisfactory yields.  

 

Scheme 1.10 copper(I)-catalysed vinyl halogen exchange reaction.52  

1.2.4 Modern Nickel-mediated Aromatic Halide Exchange Reaction 

Nickel catalysts with phosphine type ligands have been reported for halide exchange reactions 

since 1978 as discussed above in Section 1.2.2. A microwave-assisted halide exchange was 

published in 2003 by Leadbeater using stoichiometric amounts of nickel halides in polar 

solvents at 170 °C (Scheme 1.11).53 The microwave irradiation allowed a reduction in the 

reaction times to just 5 min. However, this method was only efficient for replacing heavier 

halogen atoms with lighter ones, and the synthesis of aryl bromides from chlorides always 

gave poor yields.53  
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Scheme 1.11 Ni(II)-mediated halide exchange reaction using microwave assistance.53 

More recent work published by Sutherland’s team in 2012 using catalytic amounts of 

nickel(II) bromide and tributylphosphine demonstrates that aryl and heteroaryl iodides can be 

prepared from the corresponding bromides using a large excess of sodium iodide at 180 °C 

(Scheme 1.12).54 Sutherland’s group also used a nickel(0)-mediated halide exchange reaction 

for radioiodination (using 125I) of aryl and heteroaryl bromides which were of interest for 

application as tracers in SPECT (single photon emission computed tomography) imaging 

(Scheme 1.12).55  

 

Scheme 1.12 Nickel-mediated iodination / radioiodination of aryl and heteroaryl bromides.54,55  

1.2.5 Gold-mediated and Metal Free Aromatic Halide Exchange Reactions 

In addition to their work on copper catalysis, Ribas showed in 2015 that a series of gold(I) 

complexes (AuCl(PPh3), Au(NTf2)PPh3 and [Au(NCMe)IPr]+) also catalysed the aryl halide 

exchange reaction (Scheme 1.13).56 However, this was limited to their triazamacrocyclic 

compound and 2-(2-bromophenyl)pyridine substrates, and other aryl halide substrates 

resulted in no reaction or very low yields.56  
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Scheme 1.13 Gold(I)-catalysed aromatic halide exchange reaction.56 

In 2004, Robins and co-workers reported a method to iodinate 6-chloropurine 

nucleosides at very low temperature (-40 to -50 °C, Scheme 1.14).57 The 6-chloropurine 

nucleoside was converted to the corresponding 6-iodo analogues promoted by trifluoroacetic 

acid (TFA) using sodium iodide in butanone.57  

 

Scheme 1.14 TFA-promoted iodination of 6-chloropurine nucleoside.57  

Another example of metal-free halogen exchange reaction was reported by Banwell in 

2009 using microwave-assistance.58 Various iodo-quinoline, isoquinoline and pyridine 

derivatives were synthesised from the corresponding bromides and chlorides in the presence 

of acetic anhydride or acetyl chloride with microwave-assistance (Scheme 1.15).58  

 

Scheme 1.15 Acetic anhydride or acetyl chloride promoted halide exchange reaction with microwave-

assistance.58  

Photo-induced metal-free aromatic halide exchange as reported by Li and co-workers in 

2015 represented a significant breakthrough.59 In this reaction the aryl iodides were 

synthesised from the corresponding bromides or chlorides under UV irritation (254 nm, 4.0 

mWcm-2 intensity) at 20 °C for 36 h (Scheme 1.16). The addition of catalytic amounts of iodine 
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(10 mol%) or O2 (0.5 mol%) as additives improved the final yield of iodination of bromobenzene 

from 69% yield (in the absence of the additives) to 91% and 83% respectively.59  

 

Scheme 1.16 Photo-induced metal free aromatic halide exchange reaction.59  

1.2.6 Aryl Fluorination via the Copper-Catalysed Aromatic Halide Exchange Reaction 

It is noteworthy from the aforementioned examples that fluorination via halide exchange is far 

less developed compared to other halogenations. This is due to the difficulty in introducing 

fluorine atoms, as the fluoride anion is a weakly nucleophilic.60 Despite the pioneering work of 

the transition metal free aromatic fluorination including the Balz-Schiemann reaction and 

Halex process,61,62 the only example of copper-mediated fluorination via aryl halide exchange 

in the 20th century was published by Konovalov et al. in 1991.63 In this protocol, stoichiometric 

amounts of copper(I) fluoride (stabilised by triphenylphosphine to avoid copper(I) 

disproportion64) were reacted with aryl bromide and potassium fluoride in DMF under reflux to 

yield quantitative ortho-fluorinated nitrobenzene (Scheme 1.17). However, this reaction was 

limited to 2-bromo-nitrobenzene and gave only 4-bromo-nitrobenzene and low yields.  

 

Scheme 1.17 Phosphine promoted copper-mediated aryl fluorination.63 

A more general methodology of fluorination of aryl halides was patented by Grushin in 

2006.65 In this method, the bidentate tertiary amine N,N,N′,N′-tetramethylethylenediamine was 

used as a ligand to assist in the copper(II) fluoride-mediated fluorination in HMPA at high 

temperatures (150 – 180 °C, Scheme 1.18).65  
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Scheme 1.18 TMEDA ligated copper-mediated aryl fluorination.65 

Later in 2011, Ribas’s triazamacrocyclic halide was successfully fluorinated via an 

arylcopper (III) intermediate (see in Section 1.2.3, Scheme 1.5).46 Based on Ribas’s studies, 

Hartwig hypothesised that weakly donating ligands could potentially facilitate the reductive 

elimination step from the aryl-copper(III) intermediate, and reported a nitrile ligated copper 

complexes to promote the fluorination of aryl iodides (Scheme 1.19).66 In this work, 

stoichiometric amounts of pivalonitrile ligated copper(I) triflate (3 equiv.) and silver fluoride (2 

equiv.) were used to promote the fluorine replacement in DMF at 140 °C.66 Hartwig has also 

reported the fluorination via a tandem reaction under milder conditions (Scheme 1.19).67 The 

aryl iodides were first converted to an arylboronate ester followed by the copper(I)-mediated 

fluorination.  

 

Scheme 1.19 Weakly donating ligands promote copper(I)-mediated aryl fluorination.66,67 

In 2014, Liu and co-workers reported the copper(I)-catalysed fluorination of aryl 

bromides or iodides containing a pyridyl directing group (Scheme 1.20).68 In this protocol, only 

catalytic amounts of copper catalyst (20 mol%) were used to catalyse the fluorination.68 The 

additional pyridyl directing group was thought to stabilise the copper(III) intermediate.68  
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Scheme 1.20 Copper(I)-catalysed aryl fluorination.68  

Besides copper, palladium has also played an important role in aryl fluorination. In terms 

of fluorination via halide exchange, a palladium-precatalyst was reported by Buchwald in 

2014.69 This method demonstrated a wider scope compared to the copper-mediated reaction 

and also gave higher yields (69 – 94%, 16 substrates) with catalytic amounts of palladium-

catalyst (2 mol%) at 90 – 130 °C for 14 hours (Scheme 1.21).  

  

Scheme 1.21 Aryl fluorination via copper-catalysed aromatic halide exchange reaction.69  

1.2.7 Mechanistic Studies on the Copper(I)-Mediated Aromatic Halogen Exchange 

Reaction 

Despite the advances and developments in copper(I)-mediated aromatic halogen exchange 

reactions, the mechanism of the halide exchange reaction still remains obscure. There are 

several possible mechanistic pathways (i-iv) to describe the copper(I)-mediated aromatic 

halogen exchange reaction summarised by Sheppard (Scheme 1.22).29  
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Scheme 1.22 Possible mechanistic pathways for a transition metal catalysed halogen exchange 

reaction.29 

(i) The aryl halide can be activated via oxidative addition to a copper(I) catalyst to form a 

copper(III) intermediate, followed by halide exchange and reductive elimination to give 

the desired product. 

(ii) The halide exchange reaction can be achieved by radical nucleophilic aromatic 

substitution (SRN1) in which the aryl halide (ArX) is activated by forming radical anions 

followed by dissociation to the corresponding aryl free-radical species (Ar∙ and X-). The 

radical aryl species then reacts with the other halide anion (Y-) to produce the radical 

anion of the final target. The final product can then be obtained by single-electron 

oxidation.  

(iii) The aryl halide can be activated by reaction with a copper(I) salt to form a 4-centre 

transition state which then dissociates into the halogen-replaced aryl halide and 

copper(I) salt. 

(iv) A metal centre coordinates to the aromatic ring to reduce the electron density on the 

ring which will favour the later nucleophilic attack by the corresponding halogen anion 

and the formation of the desired aryl halide product.  

The most generally accepted mechanism is type (i) – a typical copper(I) oxidative 

addition of the aryl halides to form the Ar-Cu(III)-X intermediate followed by halide replacement 

and reductive elimination.33,46,49 Ribas has reported a well-defined aryl copper(III) intermediate 

stabilised by a triazamacrocyclic ligand (Scheme 1.23a) which is a potential intermediate in 



 

36 

 

this oxidative coupling mechanism (Scheme 1.23b).46 In addition he reported that an 

equilibrium reaction between aryl-copper(III)-X and aryl-X•••copper(I) should exist in the 

reductive elimination step as the reaction could be progressed by adding 1,10-phenanthroline 

(Scheme 1.23c).46 The driving force is provided by the formation of stable [Cu(phen)2]+ 

complexes.46 The reaction rate also followed the trend of bond strength (Cl >Br >I) which is in 

agreement with this mechanism.46  

                       

 

(a) 
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Scheme 1.23 (a) Solid-state structures of triazamacrocyclic ligand stabilised copper(III) intermediates. 

Solid-state structure is shown with thermal ellipsoids set at 50% probability. Hydrogen atoms are 

omitted for clarity; (b) Triazamacrocyclic ligand promoted halide exchange reaction via oxidative 

coupling. (c)  Reductive elimination step progressed by adding 1,10-phenanthroline. 46  

In the N,O L-proline promoted copper(I) oxide-catalysed aromatic halide exchange 

reaction, a similar mechanism was proposed by Bao and co-workers in which the L-proline 

reacted first with copper(I) oxide to form the catalyst followed by oxidative addition of aryl 

bromide, halide exchange and reductive elimination steps (Scheme 1.24).49 However no 

experimental studies were carried out to support the proposed mechanism in this case. 

 

Scheme 1.24 Proposed mechanism for L-proline promoted copper(I) oxide-catalysed aromatic halide 

exchange reaction.49  
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In the metal-free UV irradiated aromatic halide exchange reaction, a single electron 

transfer mechanism was proposed by Li and co-workers (Scheme 1.25).59 In the UV irradiated 

iodination, a small amount of unsubstituted benzene and iodoacetonitrile was also formed.59 

Furthermore, iodine radicals may play an important role in this iodination as the yield can be 

optimised by addition of iodine (10 mol%, iodine will break into iodine radicals under UV 

irradiation).59 A single electron transfer mechanism was proposed to describe the metal-free 

UV irradiated aromatic halide exchange reaction (Scheme 1.25).59 The energy of activation of 

the aryl-Br bonds was provided by the UV irradiation to generate the corresponding phenyl 

and bromine radicals.59 The bromine radicals then react with iodine anions to give iodine 

radicals, followed by radical couplings with phenyl radicals to yield the product iodobenzene.59 

Benzene as a side product also formed during the reaction due to hydrogen transfer from the 

solvent.59 
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Scheme 1.25 Proposed mechanism for metal-free UV irradiation of aromatic halide exchange 

reaction.59 

1.2.8 Conclusions on Copper-Catalysed Halogen Exchange 

Aromatic halides are much studied and valued chemicals, being both targets and building 

blocks in many synthetic endeavours towards natural products6–8, dyes9,10, agrochemicals11–

13, pharmaceuticals14–19 and material science20, and are important synthetic precursor for a 

wide range of transition-metal catalysed coupling reactions especially for transition metal 

catalysed cross-coupling reactions to form new carbon-carbon and carbon-heteroatom 
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bonds.21–28 Although aryl chlorides and bromides are generally cheaper with wider commercial 

availability than the corresponding iodides, they suffer from much lower reactivity due to the 

stronger aryl-halide bond. This can limit or prohibit their utility in many bond-forming reactions. 

There is therefore a significant impetus to convert aryl chlorides and bromides to their 

corresponding iodides. The aromatic Finkelstein reaction is a halide exchange reaction which 

can be used to convert the less reactive aryl-chlorides or bromides into the corresponding aryl-

iodide using either a nickel or copper based catalyst.  

Early studies on copper- or nickel-mediated aromatic halide exchange reaction often 

required harsh reaction conditions such as a large excess of copper or nickel, high 

temperatures (over 150 °C) and/or highly polar solvents. In addition, most of the protocols 

often gave poor yields for the replacement of the lighter halogen atoms with heavier ones (aryl-

Cl / aryl-Br to aryl-I conversion). A copper-catalysed coupling of aryl bromides promoted by 

diamine ligands reported by Klapars and Buchwald in 2002 successfully overcame some of 

these drawbacks.34 More recently, diamine ligated copper(I) systems have been further 

adapted using microwave assistance47 to reduce the reaction time or incorporated into 

continuous-flow processes45 using a sodium iodide packed-bed reactor.  

Despite recent advances (Section 1.2.3 – 1.2.6), there are still several remaining 

challenges for aromatic halide exchange reaction including aryl chloride activation, aryl 

fluoride synthesis (Section 1.2.6) and a lack of understanding of the reaction mechanism 

(Section 1.2.7). To date only a few ligands are known to efficiently promote the Finkelstein 

reaction. Copper(I) salts are by far the most widely used pre-catalysts, although copper(II) 

salts have also been shown to be effective in some limited cases – for example the conversion 

of aryl-bromides to -chlorides using glycinatocopper(II).51 In order to protect the copper(I) 

catalyst from being deactivated by oxidation these reactions are usually carried out under 

vigorous air and moisture free conditions.  
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1.3 Copper-Catalysed Ullmann Reaction  

1.3.1 Transition Metal-Mediated Cross-Coupling 

Transition metal mediated cross-coupling has been widely employed to synthesise numerous 

organic compounds with the aid of a d-block transition metal catalyst such as palladium, 

copper, nickel or other d-block metals.70 Initial studies on copper-mediated coupling reactions 

were first reported over a century ago. In the early 1900s, Ullmann and co-workers reported 

the formation of new aryl-aryl, aryl-N and aryl-O bonds from the reaction of aryl halides with 

arenes, amines, or phenols (Scheme 1.26).71–74 The use of other nucleophiles such as amides 

and β-dicarbonyls were later reported by Goldberg and Hurtley (Scheme 1.26).75,76 

 

Scheme 1.26 Early studies on copper-mediated cross-coupling reactions.71–76 

In 1970s, palladium catalysts for cross-couplings were extensively investigated including 

the first reports of the Negishi and Suzuki reactions (Scheme 1.27).77–79 The development of 

these extraordinarily useful palladium-catalysed cross-coupling reactions led to the award of 

the Chemistry Nobel Prize in 2010 to Heck, Negishi and Suzuki for "palladium-catalyzed cross 

couplings in organic synthesis".80  
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Scheme 1.27 palladium-catalysed cross-coupling reactions developed by Heck, Negishi and Suzuki.77–

79 

Other notable palladium-catalysed cross-coupling reactions include the Sonogashira, 

Stille, Tsuji-Trost, Kumada, and Hiyama reactions as well as Buchwald-Hartwig coupling 

(Scheme 1.28).81–87 Despite the advances and developments of palladium-catalysed cross-

coupling reactions, progress is still required in further improving the atom economy, cost, and 

toxicity for some palladium-catalysed reactions.4 This could be achieved through the 

improvement of existing catalytic systems or the development of new catalysts for example 

using a low-cost and less toxic metal – copper. 

 

Scheme 1.28 Other notable palladium-catalysed cross-coupling reactions.88–93 

1.3.2 Modified Copper-Catalysed Ullmann Reaction 

Given the wide occurrence of aryl-N bonds in natural products (Figure 1.2), the metal-

catalysed synthesis of anilines and their derivatives from aryl halides and amines has been 

an active area of development.21,94 One of the most widely applied methodologies to introduce 
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amine groups into arenes is palladium-catalysed Buchwald-Hartwig amination (Scheme 

1.29).89 However, the palladium-catalysed amination reaction suffers from some 

disadvantages such as the high cost and toxicity of palladium and the high molecular weight 

of the typically used ligands.4 In addition to the Buchwald-Hartwig amination, the copper-

catalysed Ullmann reaction has also been extensively investigated due to its good reactivity, 

low toxicity and cost of copper, and employment of cheap ligand systems.5  
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Scheme 1.29 Palladium-catalysed Buchwald-Hartwig amination.89 
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Copper-catalysed cross-coupling reactions were limited for a long time by the 

requirement for stoichiometric copper loading and harsh reaction conditions such as high 

temperature and long reaction times (Scheme 1.30).95 In order to overcome these drawbacks, 

a series of ligands including N,N-, N,O-, O,O-, and S,O- bidentate compounds have been 

reported over the past two decades to effectively promote copper-catalysed cross-couplings 

(C-N, C-O, C-C, C-S and C-P).21,96–99 The improved copper-catalysed coupling reaction to 

form C-N bonds between aryl halides and amines is often referred to as the modified Ullmann 

reaction. Compared to palladium-catalysed Buchwald-Hartwig amination, the modified 

Ullmann reaction has some advantages such as the low toxicity and cost of copper and cheap 

ligands. Moreover, for those aryl halides containing functional groups such as free N-H 

moieties, amides and heterocycles, the copper-catalysed Ullmann reaction is preferable as 

the palladium-catalysed amination often gives by-products or shows short lifetimes.100  

 

Scheme 1.30 Early studies on Ullmann reaction and condensations. 

The first modified Ullmann reaction using a catalytic amount of ancillary ligand to 

promote the reaction was reported by Goodbrand in 1999 (Scheme 1.31).101 The addition of a 

catalytic amount of 1,10-phenanthroline (3.5 mol%) allowed the reaction temperature to be 

reduced by 50 – 100 °C and the reaction time halved (3 h) compared to the ligand-free 

conditions. The reaction scope of 1,10-phenanthroline promoted copper-catalysed cross-

couplings was later extended to arylamines102–106, amides103, hydrazides107, alcohols108,109, and 

aryl thiols110,111. In addition to 1,10-phenanthroline, the derivatives of 1,10-phenantroline such 

as neocuproine112, 3,4,7,8-tetramethyl-1,10-phenanthroline108 and 4,7-dimethoxy-1,10-

phenanthroline113,114 have also been found to promote the copper(I)-catalysed cross-coupling 

of aryl halides with a wide range of nucleophiles (Scheme 1.31). 
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Scheme 1.31 Copper(I)-catalysed C-N bond formation using 1,10-phenanthroline as ligand.99,101 

In addition to 1,10-phenanthroline and its derivatives, a number of different ligand 

classes have also been developed and notable examples are highlighted in Scheme 1.32. In 

2002, Buchwald and co-workers reported using diamine ligands such DMEDA and TDMCHDA 

as promotors for the copper(I)-catalysed coupling of aryl halides with indoles as well as with 

other nucleophiles such as pyrroles and pyrazoles.115,116 Later in 2004, Ma and co-workers 

reported that amino acids such as L-proline, N-methylglycine and N,N’-dimethylglycine 

promoted copper(I)-catalysed couplings of aryl halides with N-heterocycles under mild 

conditions.117–119 Crisau and Taillefer reported how copper(I) oxide with polydentate ligands 

such as Schiff bases and oximes can catalyse C-N bond formation between aryl halides and 

imidazole under mild conditions.120 In 2006, Buchwald’s group reported that copper(I) iodide 

with a cyclic β-diketone (2-isobutyrylcyclohexanone or 2-acetylcyclohexanone) can effectively 

catalyse C-N cross-couplings.121 The presence of β-diketones allowed the copper-catalysed 

coupling reaction to proceed even at room temperature within 1h when aliphatic amines were 
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used. Moreover, this reaction shows high selectivity for N-arylation against O-arylation (>50:1) 

when aminoalcohols were used as substrates.108 Inspired by cyclic β-diketone ligands, a more 

commercially available ligand ethyl 2-oxocyclohexanecarboxylate was reported a year later 

by Bao to promote the copper(I)-catalysed C-hetero bond (N, O and S) formation at room 

temperature to 75 °C.122  
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Scheme 1.32 Modified Ullmann reaction promoted by various ligands.  

Compared to aryl bromides and iodides, the activation of aryl chloride remained 

challenging. Ligands such as 1,3-di(pyridin-2-yl)propane-1,3-dione and ninhydrin have been 

studied in aryl chloride activation (Scheme 1.33). However these reactions have limited 

reaction scope as the couplings are only efficient for arylation of imidazole with electron 

deficient aryl/heteroaryl chlorides.123,124 More recent studies carried out by Ma’s team 

employed copper(I) iodide and bis(N-aryl) substituted oxalamides to active the aryl chlorides 

(Scheme 1.33).125–128 Couplings of aryl chlorides with nucleophiles such as amines, phenols, 

ammonia and water under these catalytic systems gave satisfactory yields.125–127 For the 

hydroxylation of 4-chloroanisole using copper(II) acetate as catalyst a higher final yield (87%) 

was achieved compared to copper(I) catalysts such as copper(I) iodide, copper(I) chloride and 

copper(I) oxide (75%, 79% and 71% respectively).128  
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Scheme 1.33 Ullmann-type aryl chloride activation.125–128 

In addition to using inorganic bases, a soluble organic ammonium or phosphonium base 

was reported by Liu and co-workers to promote the copper(I)-catalysed Ullmann reaction. 

These reactions were able to proceed at room temperature in the presence of ancillary ligands 

such as dimethylglycine and glycol (Scheme 1.34).129 Kinetic study on bis(tetra-(n-

butyl)phosphonium) malonate (TBPM) promoted copper(I)-catalysed C-N cross couplings 

reported recently by Davies et al. indicated that the malonate dianions in TBPM may also work 

as ligands to promote the reaction.130  

 

Scheme 1.34 Soluble organic ammonium and phosphonium bases in the Ulllmann reaction as reported 

by Liu and co-workers.129 

In summary, the introduction of N,N-, N,O- or O,O-based ligands (Figure 1.3) can 

efficiently promote the copper-catalysed Ullmann reaction using catalytic amounts of copper 
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and ligand (usually ≤ 10 mol%) and milder conditions (≤ 130 °C). Moreover, modified copper-

catalysed cross-coupling reactions have been widely used in synthesis of new C-N, C-O, C-S 

and C-C bonds and show advantages over palladium-catalysed cross-couplings in terms of 

lower toxicity and costs. 

 

 

  

Figure 1.3 Notable ligands employed in the modified Ullmann reaction. 

1.3.3 Copper-Catalysed Intramolecular Ullmann Arylations 

In addition to the intermolecular Ullmann reaction, the modified Ullmann reaction has also 

been reported to successfully catalyse intramolecular arylations including the synthesis of 

indolines, benzimidazoles, benzoxazoles, benzothiazoles, cyclic enamines, oxygen 

heterocycles and many other important medium and large sized rings.131  

Similar to their intermolecular counterparts, early studies on intramolecular Ullmann 

reactions were limited by harsh conditions, low yields and narrow reaction scope (usually 
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intramolecular aryl-aryl bond formation, Scheme 1.35). Thus the new C-C bond in biphenylene 

was formed treatment of 2,2’-dihalobiphenyl or 2,2’-biphenyleneiodonium with copper or 

copper(I) oxide.132 Another example of aryl-aryl bond formation was reported by Liebeskind 

employing a stoichiometric amount of cuprous 2-thiophenecarboxylate (CuTC) to mediate an 

intramolecular Ullmann-like reductive coupling reaction.133 In 1982, Bowman and Heaney 

reported the synthesis of benzothiazoles via intramolecular S-arylation using catalytic 

amounts of copper(I) iodide (20 mol%) under UV irradiation at room temperature or at 80 ºC.134 

Minami’s work illustrated copper(I)-mediated arylation of phosphinyl-stabilised carbanions, 

with different arylation pathways (O- or C-arylation) observed depending on the substrate.135 

For iodoanilide derivatives, benzoxazoles were formed, however with N-methyl iodoanilides, 

oxindoles were obtained.135  

 

Scheme 1.35 Early studies on copper-mediated intramolecular arylations.132–135 
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The reaction scope of intramolecular copper-catalysed arylation was extended in the 

early 2000s by employing ligands to accelerate the reaction rate with only catalytic amounts 

of copper catalyst and mild reaction conditions (Scheme 1.36). Batey and co-workers reported 

the synthesis of 2-aminobenzimidazoles, 2-aminobenzothiazoles and benzoxazoles via 

intramolecular N-, S- or O-arylations using catalytic amounts of copper(I) iodide and 1,10-

phenanthroline.136–138 The study on aryl chloride activation showed the less reactive aryl 

chlorides to also give satisfactory yields, however reflux conditions and longer reaction times 

were required.138 The first use of DMEDA as a ligand in copper-catalysed intramolecular 

arylation was reported by Glorius in 2004.139 In 2008, Wang and Pan reported using copper(I) 

iodide / N-(4,5-dihydrooxazol-2-yl)benzamide to catalyse the intramolecular thiolation.140 

Heterogeneous copper(II) oxide nanoparticles have also been shown to promote 

intramolecular arylations by Punniyamurthy and co-workers.141 The recyclable copper 

nanoparticles were employed as a catalysts in the preparation of benzimidazoles, 2-

aminobenzimidazoles, 2-aminobenzothiazoles, and benzoxazoles.141 More recent work 

reported by Peng and Chen demonstrated the synthesis of benzimidazoles in water using 

copper(I) oxide and DMEDA as the catalytic system.142  
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Scheme 1.36 Synthesis of benzoxazoles, benzimidazoles and benzothiazoles via copper-catalysed 

intramolecular arylations.  

The copper(I)-catalysed intramolecular arylation reaction has also been applied in the 

synthesis of more complicated structures such as pyrazolo[1,5-a]benzimidazoles, 

oxazolo[5,4-d]pyrimidines and functionalized annulated benzimidazoles (Scheme 1.37).143–145 
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Scheme 1.37 Synthesis of extended benzoxazole and benzimidazole structures via copper-catalysed 

intramolecular arylations.143–145 

More recent works reported by Li employed different solvents to control the selectivity 

of O- and C-arylation to yield benzopyrans and dihydronaphthalenones respectively (Scheme 

1.38).146 Fu et al. reported the intramolecular O-arylation of 1-(2-halophenyl)-1,3-diones to 

synthesise chromone derivatives.147 Surprisingly, higher yields were obtained in the absence 

of copper(II) catalyst (97% yield under metal free conditions; 64% yield when copper(II) 

acetate was employed).147 1-(2-Halophenyl)-1,3-diones were shown to undergo intramolecular 

C-arylation to give isocoumarin when using copper(I) iodide / 2-picolinic acid as reported by 

Zhu and Shen in 2012.148 This study proposed a mechanism in which a four-membered ring 

intermediate was formed via C-arylation of the methylene group in the 1,3-diketone followed 

by a ring opening and rearrangement to give the isocoumarins.148 Similar rearrangements 

were also reported for the copper-catalysed synthesis of benzoxazinones from N-acyl-2-

halobenzamides.149 
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Scheme 1.38 Modified Ullmann-type intramolecular O- or C-arylation.146–148 

Yu and Cai demonstrated the first copper-catalysed intramolecular enantioselective N-

arylation when they prepared 1,2,3,4-tetrahydroquinolines using a chiral ligand (Scheme 1.39). 

The asymmetric desymmetrisation was catalysed by copper(I) iodide / (R)-BINOL-derived 

ligands and resulted in the synthesis of indolines in satisfactory yields and ees.150 

 

Scheme 1.39 Copper-catalysed intramolecular enantioselective N-arylation.150 
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The copper-catalysed intramolecular N-arylation has also been utilised in the synthesis 

of larger rings (predominately 7- and 8-membered rings with up to 16-memnbered rings 

known). In 2001, Ma reported using 10 mol% copper(I) iodide to catalyse the key 

intramolecular N-arylation step in the synthesis of the potent GPIIb/IIIa receptor antagonist 

SB214857.151 Later, Fukuyama reported the stoichiometric copper-mediated (2 equiv.) 

intramolecular N-arylation of an aryl halide to form 5-, 6- and 7-membered rings using caesium 

acetate as base.152  

 

Scheme 1.40 7- and 8-membered rings prepared using copper(I)-mediated intramolecular N-arylation.  

In 2004, Zhu and co-workers reported using DMEDA to promote a copper(I)-catalysed 

intramolecular N-arylation (Scheme 1.41).153 In addition to DMEDA, using L-proline154,155 or a 

O,O- bidentate ligand (2,4-pentanedione or ethylene glycol)156 for the copper(I)-catalysed 

cyclisation also led to a higher final yield of the corresponding benzo-fused N-heterocycles 

compared to the ancilliary ligand-free reaction.  
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Scheme 1.41 Ligand promoted copper(I)-catalysed intramolecular N-arylation.  

The synthesis of larger benzo-fused O-heterocycles (≥ 7 membered rings) via copper(I)-

catalysed intramolecular O-arylations can also be found in literature.97 A protocol for the 

synthesis of 6 and 7-membered O-heterocycles with a triazole motif was reported via a tandem 

reaction of dual copper(I)-catalysed click reaction and intramolecular O-arylation (Scheme 

1.42).157  

 

Scheme 1.42 Dual copper(I)-catalysed click reaction and intramolecular O-arylation.157 

The intramolecular Ullmann O-arylation has found wide application in the synthesis of 

larger-sized O-heterocycles.97 During 1991 to 1993, Boger’s group reported studies on 

Ullmann macrocyclisations using stoichiometric amounts of a copper(I) bromide dimethyl 

sulphide complex (Figure 1.4).158–162 The copper(I)-mediated intramolecular O-arylation was 

employed to realise the key macrocyclisation step in the total synthesis of combretastatin D-

2, bouvardin, deoxybouvardin, RA-VII, vancomycin models and (+)-piperazinomycin.158–162 

Although these copper-mediated macrocyclisations utilised a large excess of copper(I) 
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bromide (usually 10 equiv.) and reflux conditions (in dioxane, pyridine or DMF), the reaction 

yields are better compared to other synthetic procedures.97 Other examples such as the 

synthesis of hirsutellone B163 and diaryl heptanoids164,165 have also been reported in the 

literature (Figure 1.4). The synthesis of hirsutellone reported by Uchiro employed 1,10-

phenanthroline as a ligand to promote the copper(I)-mediated macrocyclisation. However this 

reaction still required a large excess of copper(I) iodide (6 equiv.), 1,10-phenanthroline (12 

equiv.) and Cs2CO3 (120 equiv.) as well as quite harsh reaction conditions (160 °C).163 

Beaudry and co-workers reported on the N-methylproline promoted copper(I)-catalysed 

macrocyclisation for the synthesis of diaryl heptanoids.165 Compared to their previous work 

using stoichiometric quantities of copper(I) oxide (2.5 equiv.)164, this protocol utilised only 

catalytic amounts of copper(I) iodide (20 mol%) and N-methylproline (40 mol%) to realise 

enantioselective Ullmann C-O couplings.165  

 

Figure 1.4 Large-sized O-heterocycles prepared using copper(I)-mediated intramolecular O-arylations.  

1.3.4 Early Mechanistic Studies on the Ullmann Reaction 

Before the application of bidentate ligands became widespread, stoichiometric amounts of 

copper reagents were required to give decent yields. Various copper species including 
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copper(0), copper(I) and copper(II) have been employed in the inter- and intra-Ullmann 

arylation reaction (Figure 1.5).97 Several studies proposed copper(I) as the active catalyst, and 

this can be formed during the reaction from copper(II) and copper(0) precursors (Scheme 

1.43).97  

 

Figure 1.5 Various copper sources have been used to catalyse Ullmann reaction. 

Kinetic studies on Ullmann O-arylation of bromobenzene with phenyl ether reported by 

Weingarten in 1964 illustrated that the copper(I) and copper(II) were interchangeable as the 

reaction gave the same rates for equal loadings of copper.166 The reduction of copper(II) to 

copper(I) in the presence of nucleophiles was also observed in Ullmann N-arylations by means 

of electron microscopy studies as reported by Paine.167 Furthermore, SEM imaging studies 

show the surface of copper(0) is covered with copper(II) oxide which then leached into the 

solution.167 The oxidation of copper(0) in the presence of the ligand 1,10-phenanthroline was 

also observed by Jutand et al. in 2008.168 Wei et al. later reported a general protocol using 5 

mol% copper powder to catalyse the Ullmann N-arylation under air in which copper(I) was 

proposed as the active catalyst (Scheme 1.44).169 When the reaction was carried out under 

N2 only trace amount of products were observed and it is likely that the O2 in the air is required 

to oxidise copper(0) to copper(I).169 

Overall, these studies all point towards an oxidation state of +1 for copper in the active 

catalytic species. Meanwhile, copper(0) and copper(II) can also be used as catalyst precursors 

which to form the active copper(I) by oxidation or reduction processes during the Ullmann 

reaction.97  
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Scheme 1.43 Copper(I) species generated from copper(II) and copper(0) precursors in the Ullmann 

reaction.  

 

Scheme 1.44 Copper(0) powder catalysed Ullmann reaction reported by Wei et al.169 

A number of mechanistic studies on the Ullmann reaction have been undertaken since 

the 1960s.166,170–172 The proposed mechanism has been reviewed many times and has been 

classified as one of four catalytic processes.5,95–97,99  

(i) Oxidative addition of aryl halide to a copper(I) catalyst to give a copper(III) intermediate 

followed by reductive elimination. 

(ii) A single electron transfer (SET) process via an aryl radical intermediate. 

(iii) σ-bond metathesis via a four-centre intermediate. 

(iv) Aromatic nucleophilic substitution via π-coordination of the copper centre to the aromatic 

ring. 

Amongst these four catalytic processes, copper(I) / copper(III) oxidative addition (i) has 

been generally accepted as the dominant process in many literature reports. The first oxidative 

coupling mechanism was proposed by Cohen in 1974 supported by studies on organocopper 

intermediates (Scheme 1.45).173 In Cohen’s report, a mixture of ortho-iodo-N,N-
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dimethylbenzamide and copper(I) chloride in DMF was treated with benzoic acid to give N,N-

dimethylbenzamide and ortho-chloro-N,N-dimethylbenzamide. With an increase of benzoic 

acid concentration, the percentage yield of N,N-dimethylbenzamide increased whilst that of 

ortho-chloro-N,N-dimethylbenzamide decreased. With the addition of copper(II) chloride, the 

percentage yield of ortho-chloro-N,N-dimethylbenzamide increased. These experimental 

results are consistent with the proposed mechanism in Scheme 1.45. Following Cohen’s work, 

the oxidative addition mechanism was soon improved and accepted by many other groups.174–

178 A number of unstable copper(III) complexes have also been successfully isolated and 

characterised in the literature (Figure 1.6).46,179–184  

 

Scheme 1.45 Initial copper(I)/copper(III) oxidative addition mechanism proposed by Cohen.173 
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Figure 1.6 Solid-state structures of copper(III) complexes;46,179–184 Solid-state structures shown with 

thermal ellipsoids set at 50% probability. Hydrogen atoms are omitted for clarity. 
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The single electron transfer (SET) process (ii) of aromatic nucleophilic substitution was 

first proposed by Bunnett and co-workers and developed during the period 1970 – 1981 

(Scheme 1.46).170,185–191 In Bunnett’s studies, aryl halides were activated by an initiator (KNH2) 

to give aryl halide radical anions and these then underwent the SET process. Although the 

copper complex was not used as the initiator in Bunnett’s studies, copper species have been 

reported to play the role of single electron oxidant in some reactions such as copper(I)/(II)-

mediated dehydrogenative functionalisations192, copper(II)-mediated intramolecular alkene 

amination193 and copper(II)-mediated intramolecular alkene amination194.  

 

Scheme 1.46 SET process proposed by Bunnett.170,185–191 

The radical pathway for Ullmann-type couplings has been supported by studies carried 

out by Kochi (Scheme 1.47).171 aromatic radicals were generated by halogen atom transfer 

from the aryl halide to the copper species. The formation of copper(II) was also observed by 

Arai et al. during the Ullmann condensation of haloanthraquinones with amines in aprotic 

solvents.195–197 They reported that copper(II) species were formed during the reaction along 

with an organic paramagnetic species (1-bromoanthraquinone radical anion) based on the 

ESR spectra.195–197 However, evidence has also been reported against the radical mechanism: 

Bowman and Heaney performed the photo-stimulated and copper(I)-catalysed C-S coupling 

reaction between 4-(2-iodophenyl)-1-butene and PhS- with different products observed in 

each case (Scheme 1.48).175 The absence of cyclised products in copper(I)-catalysed cross-

coupling suggested no aryl radical intermediates were formed in this reaction. Nevertheless, 

the validity of this conclusion was based upon the assumption that the intramolecular 

cyclisation was faster than the corresponding bimolecular reaction which has not yet been 

proven.95  
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Scheme 1.47 Two possible radical pathways for copper(I)-catalysed Ullmann reaction proposed by 

Kochi.171 

 

Scheme 1.48 Radical clock experiment by Bowman and Heaney.175 

Unlike the oxidative addition (i) and radical mechanism (ii), the oxidation state of copper 

catalyst is assumed to remain unchanged in the mechanistic pathways of σ-bond metathesis 

(iii) and π-coordination (iv).95 In 1964, Bacon and Hill proposed a σ-bond metathesis via a 

four-centred intermediate to explain the halide exchange reaction (Figure 1.7).36,37,172 Four-

centred intermediates containing radical species were later proposed by Litvak and Shein to 

explain the coupling reaction between aryl bromides and sodium methoxide in which copper 

was used as the radical initiator (Figure 1.7).198  

 

Figure 1.7 The σ-bond metathesis via a four-centred intermediate 

A mechanism involving an intermediate containing the π-coordination of the copper 

centre to the aromatic ring was proposed by Weingarten in 1964. In this work, the cleavage of 

the aryl-Br bond was proposed as the rate determining and the existence of a cuprate species 
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[Cu(OPh)2]- was hypothesised on the basis of kinetic studies on copper-catalysed cross-

coupling of bromobenzene with potassium phenoxide (Scheme 1.49).166  

 

Scheme 1.49 π-coordination of the copper metal centre to aromatic ring proposed by Weingarten.166 

1.3.5 Mechanistic Studies on the Modified Ullmann Reaction 

As aforementioned, the introduction of bidentate ligands can accelerate the reaction rate of 

Ullmann couplings and allow milder reaction conditions. In early studies, the presence of 

ligand was suggested to benefit the solubility and stability of the copper catalyst.133,199,200 A 

more complicated role for the ligand in the modified Ullmann reaction has been subsequently 

developed.95  

Ma and co-workers first reported the amino acid (N,O- bidentate ligand) promoted N-

arylation Ullmann reaction, and proposed two different mechanisms to explain the catalytic 

process: π-coordination or oxidative addition (Scheme 1.50). These mechanisms explained 

the differing reactivities of the aryl halides (ArI > ArBr > ArCl; electron-deficient arenes > 

electron-rich arenes).23 

 

Scheme 1.50 Proposed mechanisms for the amino acid promoted copper-catalysed Ullmann reaction.23 
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Taillefer et al. carried out a series of studies on N,N-bidentate, N,O-bidentate and 

tetradentate ancilliary ligand promoted copper(I)-catalysis for N-, O- and C-arylation 

reactions.120,201,202 They proposed two possible copper(I)/copper(III) catalytic pathways to 

explain the differing reactivities observed according to the properties of the aryl halides 

including the leaving groups (I > Br >> Cl), aromatic substituents (electron-withdrawing > 

electron-donating) and steric effects. Due to the uncertainty in the relative order of the 

nucleophilic substitution and oxidative addition step, two catalytic pathways were proposed 

(Scheme 1.51). In addition, the authors also ruled out a radical mechanism as the copper(I)-

catalysed cross-couplings were not hindered by addition of radical scavengers or electron-

acceptors.120  

 

Scheme 1.51 Two possible copper(I)/copper(III) catalytic pathways proposed by Taillefer et al.120 

Stahl and Ribas studied the reductive elimination step by reacting the well-defined 

macrocyclic copper(III) complex with amides (Scheme 1.52).179,181,182 Their rapid reaction with 

the amides to form a new C–N bond confirms the intermediacy of macrocyclic copper(III) 

complex. 
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Scheme 1.52 The reaction between well-defined copper(III) complex and amide.179  

Buchwald and co-workers have carried out a series of studies on copper-catalysed 

Ullmann/Goldberg reactions and their corresponding mechanisms.100,203 They studied the role 

of the diamine ligand by profiling the kinetic data of TDMCHDA promoted copper(I)-catalysed 

N-arylations.203 The kinetic data suggested that the addition of an ancillary ligand can prevent 

the multiple ligation of the amide on the copper centre which may lead to an unreactive 

di(amidate)cuprate (Scheme 1.53).100,203 A computational study on this reaction using DFT 

calculations was reported by Guo and Liu.204 They proposed the reaction followed an oxidative 

coupling process and the DFT calculations indicate that the mono(amidate)cuprate is the most 

reactive intermediate which is in agreement with Buchwald’s experimental results. Moreover, 

the oxidative coupling step between the diamine-ligated copper(I) amide and aryl halide is 

proposed as the rate-determining step.204 

 

Scheme 1.53 The role of ligand in preventing accumulation of the inactive di(amidate)cuprate proposed 

by Buchwald et al.203 
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DFT calculations have also been used to probe the mechanism of copper(I)-catalysed 

N- and O-selective arylations reported by Buchwald and co-workers.205 Based upon these DFT 

calculations, the copper(I)-catalysed N-arylation is shown to favour a single electron transfer 

(SET) mechanism when using 1,3-diketone as ancillary ligand, whereas the O-arylation is 

favoured via an iodine atom transfer (IAT) mechanism in the presence of neocuproine 

(Scheme 1.54).205  

 

Scheme 1.54 Mechanisms proposed to explain selectivity of N- and O-arylation promoted by N,N- or 

O,O-bidentate ligands.205 

In contrast, the DFT calculations reported by Fu and co-workers suggest both N- and O-

arylation should proceed via an oxidative addition mechanism.206 They stated that the ligated-

copper(I) iodide selected by Buchwald to calculate the energy barrier was not the most stable 

copper(I) species. Instead, the ligated-copper(I)-NH2(CH2)5OH was selected and a more 

rigorous estimation of the activation energy was calculated using the energy difference 

between ligated-copper(I)-NH2(CH2)5OH and ligated-copper(II) amides which indicated the 

SET mechanism was disfavoured. Fu et al. also recalculated the estimated energy barrier for 
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the IAT mechanism by scanning the energies of [ligated-Cu-(OR)(I-Ph)] at different Ph-I bond 

distances, which indicated that this mechanism is also energetically disfavoured. According to 

Fu’s comparison between different mechanisms, the copper(I)-catalysed N- and O-arylation 

both favour the oxidative addition mechanism (Scheme 1.55). Although Fu’s DFT calculations 

are perhaps more detailed and convincing than Buchwald’s original calculations. The 

intermediates proposed by Fu on the catalytic pathway still need further experimental evidence 

to support their existence. 

 

Scheme 1.55 copper(I)/copper(III) oxidative addtion mechanism proposed by Fu et al. to explain 

selectivity of N- and O-arylation.206 

In addition to diamine-ligated copper(I) amides, copper(I) imidate and amidate 

complexes with chelating 1,10-phenanthroline have also been isolated and characterised 

using X-ray crystallography by Hartwig and collegues.207,208 These copper(I) complexes are 

reactive with aryl halides which indicate they are possible intermediates on the reaction 

pathway.207,208 This work also presented experimental evidence against the radical 



 

68 

 

mechanism: As 4-chlorobenzonitrile has a less negative reduction potential than 1- or 2-

bromonaphthalene it should more readily form the corresponding aryl halide radical anion, 

giving a faster or similar reaction rate to the bromo susbtrates. However, 4-chlorobenzonitrile 

was shown not to react with ligated-copper(I) amides, whereas 1-bromonaphthalene gave 97% 

yield of N-arylpyrrolidinone under the same conditions.207 Moreover, a radical-clock 

experiment using 2-(allyloxy)iodobenzene as substrate also provided experimental evidence 

against the radical mechanism as cyclised product was not obtained from the reaction 

(Scheme 1.56).207,208 Therefore, Hartwig proposed an oxidative addition mechanism for the 

1,10-phenanthroline-ligated copper(I)-catalysed N-arylation. In addition, similar studies on 

ligated copper(I) intermediates for O-arylation209 and S-arylation111 have also been reported. 

 

Scheme 1.56 Radical-clock experiment shows no radical cyclisation product.207 

More recent work reported by Davies and co-workers proposed a similar oxidative 

addition mechanism for the Cu(I) catalysed Ullmann reaction between iodobenzene and 

piperidine based on kinetic profilling (Scheme 1.57).130 These studies used the soluble organic 

base TBPM (tetra-n-butylphosphonium malonate) in order to obtain accurate kinetic data by 

negating any mass transfer effects of the base. The reaction was found to have first order 

dependence on [ArI], [amine] and [Cu]total and negative order on [TBPM], which was 

rationalised by the formation of inactive off-cycle dimalonate copper(I) species. In addition, 

they also ruled out the radical mechanism by a radical-clock experiment similar to the 

aforementioned literature207 (Scheme 1.58).  
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Scheme 1.57 copper(I)/copper(III) oxidative addition mechanism for organic soluble ionic bases 

promoted copper(I)-catalysed Ullmann reaction130 

 

Scheme 1.58 Radical-clock experiment shows no radical cyclisation product130 

On balance therefore, the majority consensus in the literature seems to be against the 

radical mechanism and in favour of an oxidative addition mechanism. Nevertheless, a notable 
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exception is the photo-induced Ullmann N-arylation reported by Peters et al. which verified the 

existence of radical intermediates during the reaction (Scheme 1.59).210 The arylation between 

lithium carbazolide and aryl halides was catalysed by a diphosphine-ligated copper(I) catalyst 

to give 65% yield whereas <1% yield was obtained when reaction was carried out under dark 

conditions. The copper containing radical complex was confirmed by electron paramagnetic 

resonance (EPR) data. In addition, by reacting a stoichiometric amount of copper(I) catalyst 

with 2-(allyloxy)iodobenzene, the cyclised product was obtained exclusively, confirming the 

existence of radical intermediates (Scheme 1.60). Therefore, a radical mechanism was 

proposed for the photo-introduced Ullmann reaction (Scheme 1.61).210 Studies on photo-

induced Ullmann arylations using different nucleophiles such as thiols211,212, indoles213, 

imidazoles213 and phenols214 have been reported in the literature, as well as alkylations 215–218. 

The photo-induced Ullmann cross-coupling is unique to photoactive substrates such as the 

carbazolide. 

 

Scheme 1.59 Photo-induced Ullmann N-arylation reported by Peters et al.210 

 

Scheme 1.60 Radical-clock experiment shows only cyclised product and no Ullmann product was 

obtained.210 
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Scheme 1.61 Mechanism via radical intermediates proposed for the photo-induced Ullmann reaction.210 

1.3.6 Characterisation of Copper(I) Intermediates Present in the Ullmann Reaction 

As discussed in Section 1.3.5, a structure consisting of a bidentate ligand, copper(I) and 

nucleophile in 1:1:1 ratio has been proposed for the catalyst resting state in copper(I)-

catalysed N-arylation.97 These ligated copper(I) complexes undergo a rapid coupling reaction 

with aryl halides, leading to the formation of new N-, O-, S-aryl bonds.97 However, due to the 

high air and moisture sensitivity of these copper(I) intermediates, their synthesis and 

characterisation are challenging. Notable examples of potential copper(I) intermediate species 

that have been structurally characterised are highlighted below. 

Copper(I) imidate and amidate complexes with chelating N,N-bidentate ligands have been 

isolated and characterised by X-ray crystallography by Hartwig and collegues (Figure 

1.8).207,208 In particular, using 1,10-phenanthroline (phen) as ligand, the neutral complex with 

a formula of [LCuNu] was observed with phthalimidate (Figure 1.8a), whereas with 

pyrrolidinonate the ion pair complex [CuL2]+[CuNu2]- is formed (Figure 1.8b). The ion pair 

complex was also observed when using chelating 4,4'-di-tert-butyl-2,2'-bipyridine (dtbpy) as 

the ancillary ligand (Figure 1.8c and d). 
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Figure 1.8 Structures of isolated ion pair and neutral 1,10-phenanthroline-ligated copper(I) complexes 

reported by Hartwig et al.207,208 Solid-state structures shown with thermal ellipsoids set at 50% 

probability. Hydrogen atoms are omitted for clarity. 
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Conductivity measurements on a solution of [Cu(dtpy)2]+[Cu(phthalimidate)2]- revealed 

that the ion pair form can be in equilibrium between with the neutral (uncharged) form, where 

the predominant species in solution depends upon the solvent polarity (Scheme 1.62).207,208 

In highly polar solvents such as DMSO, the ion pair complex is predominant, whereas the 

equilibrium shifted towards neutral form in less polar solvents such as THF and benzene.208  

 

Scheme 1.62 Equilibrium between neutral and ion pair complexes in solution.207 

In addition, Hartwig studied the reactivity of di(amido)cuprate complexes by reacting 

them stoichiometrically with iodotoluene.208 The 1,10-phenanthroline containing cuprates 

[Cu(phen)2][Cu(NPh2)2] (Figure 1.8d) and [K2(phen)6][Cu(NPh2)2]2 (Figure 1.9) reacted readily 

with aryl iodides to give arylamine products.208 In contrast, the 1,10-phenanthroline-free 

di(amido)cuprates [(18-crown-6)K][Cu(NPh2)2] and K[Cu(NPh2)2] are inactive towards aryl 

iodides as they were unable to equilibrate to form reactive neutral complexes [LCuNu] 

(Scheme 1.63).208 

 

Scheme 1.63 Reactivity of these copper(I) species with aryl halides studied by Hartwig et al.207 
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Figure 1.9 Crystal structure of 1,10-phenanthroline ligated alkali-metal cations [K(phen)3]+[Cu(NPh2)2]- 

reported by Hartwig et al.143 Solid-state structures shown with thermal ellipsoids set at 50% probability. 

Hydrogen atoms are omitted for clarity. 

In addition to di(amido)cuprate complexes, di(phenoxyl)cuprates have also been 

isolated and characterised by Hartwig and co-workers.209 The solid-state structure of the 

di(phenoxyl)cuprate [CuL2]+[Cu(OPh)2]- (L = 2,9-dimethyl-1,10-phenanthroline) is shown in 

Figure 1.10.209 The related dimeric copper(I) thiophenolate with chelating 1,10-phenanthroline 

has also been isolated and characterised (Figure 1.11).111 A monomeric bipyridine ligated 

copper(I) thiolate complex was later isolated and characterised by Weng et al. (Figure 1.12).219 

These copper(I) complexes are all very reactive towards aryl iodide to form new C-O or C-S 

bonds, confirming their intermediacy in copper(I)-catalysed O- or S-arylations. 

 

CuI

O

O
Ph

Ph
N

N

N N

Cu

              

Figure 1.10 Solid-state structure of [Cu(phen)2]+[Cu(OPh)2]- reported by Hartwig et al.209 Solid-state 

structures shown with thermal ellipsoids set at 50% probability. Hydrogen atoms are omitted for clarity. 
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Figure 1.11 Solid-state structure of the dimeric complex [Cu2(phen)2(SPh)2] reported by Hartwig et al.111 

Solid-state structures shown with thermal ellipsoids set at 50% probability. Hydrogen atoms are omitted 

for clarity. 

                              

Figure 1.12 Solid-state structure of copper(I)  thiolate complex reported by Weng et al.219 Solid-state 

structures shown with thermal ellipsoids set at 50% probability. Hydrogen atoms are omitted for clarity. 

Di(amido)cuprate complexes [Na(phen)3][Cu(NPh2)2] and [K3(phen)8][Cu(NPh2)2]3 were 

characterised using X-ray crystallography by Shyu and co-workers (Figure 1.13).104 In this 

work, the stoichiometric reaction between [(phen)3Na][Cu(NPh2)2] and 4-iodotoluene as well 

as the copper-catalysed N-arylation of 4-iodotoluene with diphenylamine were studied by in 

situ ESI-MS. Fragments of [Cu(NPh2)2]− (m/z: 399.1) and {Na[Cu(NPh2)2(p-tolyl)]}+ (m/z: 513.1) 

ions were detected in both reactions, therefore the [Cu(NPh2)2]- anion was proposed as an 

active copper species.104 In situ ESI-MS analysis was also employed to study 1,10-

phenanthroline promoted copper(I)-catalysed S-arylations leading to the identification of 

[Cu(SPh)2]− as a key proposed reaction intermediate.110  
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Figure 1.13 Crystal structures of ligated copper (I) diphenylamide complex reported by Shyu and 

co-workers.104 Solid-state structures shown with thermal ellipsoids set at 50% probability. Hydrogen 

atoms are omitted for clarity. 

Diphosphine ligated copper(I) complexes have also been reported in the literature: The 

first example of a diphosphine ligated copper(I) amide was isolated and characterised by 

reacting [LCu(acetonitrile)][PF6] (L = 1,2-bis(di-tert-butyl)phosphinoethane) with phenyl amine 

(Figure 1.14).220 The bis(PR3) copper(I) carbazolide complex (R = m-tol or Ph) was 

synthesised and characterised by Peters et al. (Figure 1.15).210 This copper(I) complex is 

reactive towards aryl iodides under UV irritation and therefore has been proposed as an active 

intermediate for photo-induced copper(I)-catalysed N-arylations.210 
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Figure 1.14 Solid-state structures of a diphosphine ligated copper(I) phenylamide complex reported by 

Gunnoe et al.220 Solid-state structures shown with thermal ellipsoids set at 50% probability. Hydrogen 

atoms are omitted for clarity. 

N CuI

PR3

PR3

R = m-tol, Ph            

Figure 1.15 Solid-state structures of bis(PR3) copper(I) carbazolide complexes reported by Peters et 

al.210 Solid-state structures shown with thermal ellipsoids set at 50% probability. Hydrogen atoms are 

omitted for clarity. 

More recent studies on ligand-free copper(I) alkylamide complexes were reported by 

Davies and co-workers.221 The solid-state structures of these copper(I) alkylamide complexes 

were characterised by X-ray crystallography (Figure 1.16).221 The 1H DOSY NMR spectra 

show the copper(I) alkylamide to be in a rapid equilibrium between different aggregation states 

(Figure 1.17).221 In addition, (dicyclohexylamino)copper and (tetramethylpiperidine-1-

yl)copper complexes are inactive towards aryl iodides due to the steric hindrance of the amine. 

For the less bulky (pyrrolidin-1-yl)copper complex, amidation with iodobenzene occurred 

readily to give 1-phenylpyrrolidine.221  
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Figure 1.16 Solid-state structures of copper(I) alkylamide complexes reported by Davies et al.221 Solid-

state structures shown with thermal ellipsoids set at 50% probability. Hydrogen atoms are omitted for 

clarity. 
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Figure 1.17 A rapid equilibrium between different aggregation states.221 

1.3.7 Kinetic Investigations using Calorimetry  

The value of reaction progress kinetic analysis (RPKA) in the analysis of reaction mechanisms 

has been highlighted by many reports in the literature.100,130,203,222,223 Compared to the classic 

kinetic approach which involves many repetitive experiments to generate reaction trends, 

RPKA profiles the kinetic data under several synthetically relevant conditions and significantly 

reduces the number of experiments required.222,223 Moreover, RPKA can give insights into 

catalyst activation / deactivation, and product / starting material inhibition or acceleration, both 

of which could be problematic for classical kinetic methods. RPKA requires in situ monitoring 
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techniques such as reaction progress NMR, in situ FT-IR, in situ UV-vis or reaction calorimetry 

etc. to provide reliable kinetic data. The examples of kinetic profiling of Cu(I)-catalysed 

Ullmann reactions employing calorimetric monitoring will be discussed here. 

Buchwald and co-workers first reported upon the application of RPKA to study the 

mechanism of the copper(I)-catalysed Goldberg reaction between iodobenzene and 2-

pyrrolidone.100 The RPKA methodology includes two important designed experiments – “same 

excess” and “different excess” depending on a parameter called “excess” ([e]). [e] is the 

difference in substrate concentrations, for example in the Ullmann N-arylation the difference 

in concentration of iodobenzene and amide ([e] = [amide] – [ArI]). The “same excess” 

experiment was carried out by reacting equal concentrations of substrates with different 

copper(I) iodide and ligand loadings ([e] = 0; [Cat] = 0.042 M, 0.031 M and 0.021 M). The plots 

of [ArI] against rate/[cat] at a given time for both experiments overlay with each other which 

indicates the reaction is first order in [Cu]total (Figure 1.18). In addition, the reaction was first 

order in [Cu]total at both high and low [ligand] which rules out a bimolecular catalyst 

decomposition process.100 For the “different excess” experiment, the reaction was carried out 

with different [e] values and with all other concentrations and conditions unchanged. A positive 

order dependence on [amide] and zero order on [ligand] was observed at high [ligand], 

whereas negative dependence on [amide] and positive order on [ligand] was observed at low 

[ligand] (Figure 1.19).  
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Figure 1.18 Dependence of the reaction rate on catalyst concentration at both (a) low [3] (Cu:3 = 1:2) 

and (b) high [3] (Cu:3 = 1:7). In both cases the reaction rate displays a first-order dependence on 

catalyst concentration. Plots taken from reference.100 

        

Figure 1.19 Dependence of the reaction rate on aryl iodide concentration ([1]) at both (a) low [3] = 0.04 

M (Cu:3 = 1:2) and (b) high [3] = 0.2 M (Cu:3 = 1:10). Plots taken from reference.100 

Recently, Davies and co-workers reported on the kinetic study of copper(I)-catalysed N-

arylation using organic soluble ionic bases instead of inorganic bases such as K3PO4, K2CO3 

and Cs2CO3.130 The introduction of a soluble organic base (TBPM) led to high reactivity and 

avoids any base mass transfer effects. The TBPM promoted copper(I)-catalysed Ullmann 

reaction is first order in [Cu]total (Figure 1.20, left). By decreasing the substrate and TBPM 

concentration ([e] = 0.05 M) with constant [CuI] (“same excess” experiment), the deactivation 

of the catalyst has been detected, as a faster reaction rate (Figure 1.20, right, red curve) was 

observed compared to the original plot (blue curve). The “same excess” experiments carried 

out with the addition of the product and by-products (green curve) overlaid with the previous 
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reaction (red curve) indicating negligible catalyst inhibition. The kinetic profiling of “different 

excess” experiments shows that the TBPM promoted copper(I)-catalysed Ullmann reaction is 

first order in both [amine] and [ArI] and negative first order in [TBPM]. The negative order in 

[TBPM] was rationalised by the formation of an inactive off-cycle di(malonate) copper(I) 

complex. 

 

   

Figure 1.20 The kinetic profiling of “same excess” experiment reported by Davies et al. Plots taken from 

reference.130 

1.3.8 Mechanistic Studies on the Intramolecular Ullmann Reaction 

Although a number of protocols for intramolecular Ullmann cyclisation have been reported in 

the scientific literature (see Section 1.3.5), the corresponding mechanisms have rarely been 

investigated. Nevertheless, a number of researchers have proposed the mechanism to be 

analogous to the inter-molecular Ullmann, although to date there is little experimental evidence 

to verify this.131,141,142,138  

Batey and Evindar have proposed an oxidative addition mechanism for copper-

catalysed intramolecular O-arylation (Scheme 1.64).138 A 6-membered cyclic copper(III) 
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intermediate was proposed to be formed during the catalytic process. Based on Buchwald’s 

previous study on the multiple coordination between copper(I) and amides,203 they proposed 

an equilibrium reaction was occurring between an active L2CuNu species and an inactive bis-

ligated copper species [L2CuNu2]-.138  

 

Scheme 1.64 Copper(I) / copper(III) oxidative addition mechanism for copper-catalysed intramolecular 

O-arylation with an off-cycle equilibrium between the active and inactive species proposed by Batey 

and Evindar.138 

Chemler and co-workers also proposed an intramolecular oxidative addition mechanism 

for copper(I)-catalysed heterocycle synthesis via intramolecular N-arylation in their 

comprehensive review.131 

 

Scheme 1.65 Copper(I)/copper(III) oxidative addition mechanism for copper-catalysed intramolecular 

N-,O- and S-arylation proposed by Chemler et al.131 
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Punniyamurthy and co-workers proposed a mechanism for heterogeneous copper(II) 

oxide nanoparticle catalysts.141 They used atomic absorption spectroscopy to show that any 

copper present in solution (DMSO) was under the detectable threshold (< 2500 ppm) therefore 

the reaction was proposed to react on the surface of the nanoparticle cluster (Scheme 1.66).141 

 

Scheme 1.66 Mechanism for heterogeneous copper(II) oxide nanoparticle-catalysed intramolecular 

N-,O- and S-arylation proposed by Punniyamurthy et al.141 

Peng and Chen proposed a copper(I) / copper(III) oxidative addition mechanism for 

copper(I)-catalysed intramolecular N-arylation. Due to the uncertainty in the relative order of 

oxidative addition and substrate deprotonation steps, two possible catalytic pathways were 

proposed with both shown in Scheme 1.67.142 However no mechanistic studies were 

undertaken to support either of these proposed catalytic pathways. 
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Scheme 1.67 Mechanism for the intramolecular N-Arylation proposed by Peng et al.142 

In summary, the prevailing mechanism proposed for the intramolecular Ullmann reaction 

in the literature is an oxidative addition process via a copper(III) intermediate, similar to that 

proposed for the intermolecular reaction. However, unlike their intermolecular analogues, 

intramolecular arylations have not yet been subject to any experimental mechanistic studies, 

such as the possible structures of the species on the catalytic cycle, the reaction kinetics and 

the presence of off-cycle equilibria or catalyst deactivation/inhibition processes. 

1.3.9 Conclusions 

There has been a resurgence in studies on copper(I) catalysts over the last decade, and 

a wide variety of synthetic protocols have been reported for both the inter- and intra-molecular 

copper(I)-catalysed N-, O- and S-arylation reaction.5,21,95–99 In particular, the use of ancillary 

ligands to promote copper-catalysed arylations has been shown to allow for milder conditions, 

the activation of more challenging substrates (for example aryl chlorides), and greener 

protocols. In addition, a growing number of mechanistic studies have been carried out and the 

most generally accepted catalytic mechanism is now commonly accepted to be an oxidative 

addition – reductive elimination pathway (Scheme 1.68). However questions still remain 

concerning the exact role of the ligand and the presence of other off-cycle equilibrium and 
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catalyst deactivation pathways. In terms of the copper-catalysed intramolecular arylation, a 

number of researchers have proposed the mechanism to be analogous to that of the inter-

molecular Ullmann reaction, although to date there is little experimental evidence to verify this. 

Further studies on this system will be reported in this thesis.  

 

 

Scheme 1.68 General catalytic cycle for the modified Ullmann arylation reaction. 

1.3.10 Aims 

There has been a resurgence in studies on copper(I) catalysts over the last decade and a 

variety of synthetic protocols have been reported for both copper(I)-catalysed aromatic 

halogen exchange reaction and the inter- and intra-molecular copper(I)-catalysed Ullmann 

arylations. Despite recent improvements, there are still several remaining challenges for these 

reactions.  

For aromatic halogen exchange reaction, aryl chloride activation, aryl fluoride synthesis 

still remains challenging and the corresponding reaction mechanism still remains opaque. To 
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date only a few ligands are known to efficiently promote the Finkelstein reaction. Copper(I) 

salts are by far the most widely used pre-catalysts. In order to protect the copper(I) catalyst 

from being deactivated by oxidation these reactions are usually carried out under vigorous air 

and moisture free conditions. The best currently employed ligand systems for the copper 

catalysed Finkelstein halide exchange reaction, DMEDA and N,N’-dimethyl-1,2-

cyclohexanediamine, require high temperatures and vigorous air-free conditions, show poor 

or no reactivity with aryl-chlorides, and are relatively expensive. Therefore, in this research, a 

detailed ligand screening program to optimise and improve the copper-catalysed Finkelstein 

halide exchange reaction will be carried out. Further studies on understanding the reaction 

mechanism will also be undertaken.  

Given the widespread use and importance of benzoimidazole, benzoxazoles and 

benzothiazoles, a variety of synthetic protocols have been reported for these compounds. 

However, these catalytic systems have rarely been investigated from mechanistic aspects. 

Therefore, a series of reactivity and mechanism studies will be carried out to elucidate the 

mechanism. This will include the isolation and characterisation of solid-state structures of 

potential intermediary copper(I) species which will give additional insight into the interactions 

between the metal centre and substrate. Detailed kinetic profiling using calorimetry will also 

be carried out to study the potential catalyst inhibition and deactivation routes which may occur 

during the catalytic process, and to determine the rate dependence on the concentration of 

reactants such as [Cu]total, [ArBr] and [TBPM].  
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2.1 Introduction  

Aryl halides are much studied and valued chemicals, being both targets and building blocks 

in many synthesis endeavours towards natural products, agrochemicals, pharmaceuticals and 

materials.1–12 In addition, the carbon-halogen bond is an important synthetic precursor for a 

wide range of transition-metal catalysed coupling reactions, most notably for the formation of 

new carbon-carbon and carbon-heteroatom bonds.13–16 Although aryl chlorides and bromides 

are generally cheaper with wider commercial availability than the corresponding iodides, they 

suffer from much lower reactivity due to the stronger aryl-halide bond. This can limit or prohibit 

their utility in many bond-forming reactions. There is therefore a significant impetus to convert 

aryl chlorides and bromides to their corresponding iodides. 

The aromatic Finkelstein reaction is a halide exchange reaction which can be used to 

convert the less reactive aryl-chlorides or bromides into the corresponding aryl-iodide using 

either a nickel or copper based catalyst. An efficient copper-catalysed coupling of aryl 

bromides promoted by diamine ligands was reported by Klapars and Buchwald in 2002 which 

successfully overcame many of the drawbacks in early reports including the requirement of 

harsh reaction conditions (temperatures in excess of 150 °C) and stoichiometric catalyst 

loadings.17 More importantly, Buchwald’s protocol realised the replacement of lighter halogen 

atoms with heavier ones in high yield (aryl-Br to aryl-I conversion).  

Despite recent advances (see Chapter 1, Section 1.2.3), there are still several remaining 

challenges in aromatic halide exchange including aryl chloride activation, aryl fluoride 

synthesis and building a better understanding of the reaction mechanism. To date only a few 

ligands are known to efficiently promote the Finkelstein reaction. Copper(I) salts are by far the 

most widely used pre-catalysts, although copper(II) salts have also been shown to be effective 

in some limited cases – for example the conversion of aryl-bromides to -chlorides using 

glycinatocopper(II).18 In order to protect the copper(I) catalyst from being deactivated by 

oxidation these reactions are usually carried out under vigorous air and moisture free 

conditions.  
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The best currently employed ligand systems for the copper catalysed Finkelstein halide 

exchange reaction, DMEDA and N,N’-dimethyl-1,2-cyclohexanediamine, require high 

temperatures and vigorous air-free conditions, show poor or no reactivity with aryl-chlorides, 

and are relatively expensive. Therefore, in this research, a detailed ligand screening program 

to optimise and improve the copper-catalysed Finkelstein halide exchange reaction has been 

carried out. Further studies have also been undertaken in order to better understand the 

mechanism of the reaction and the potential role played by the ligand. The role of ligand was 

investigated by obtaining solid-state structures of the copper-ligand complex and kinetic 

profiling of the halogen exchange reaction using these complexes. 

2.2 Results and Discussion  

2.2.1 Reaction Condition Optimisation with DMEDA (L1)  

N,N’-Dimethylethylenediamine (DMEDA, L1) is one of the most effective ligands which has 

been used to promote the copper(I)-mediated halide exchange reaction (see Chapter 1, 

Section 1.2.3).17 In order to establish a better understanding of how this copper(I) catalysed 

halide exchange reaction is influenced by the reaction conditions, such as solvent selection 

and iodide source, a full optimisation of the reaction conditions was carried out. 

Firstly regarding the choice of solvent, several different common organic solvents were 

selected as the reaction media and the results are summarised in Table 2.1. Solvents such as 

1,4-dioxane and acetonitrile gave excellent yields (> 98%, Table 2.1, Entries 1 and 2). On the 

other hand, more polar solvents such as DMSO and DMF (Entries 3 and 4) gave less than 

35% conversion and yield. As shown in this work and also previously highlighted by 

Buchwald’s studies, the choice of solvent is critical to the copper(I)-mediated halide exchange 

reaction.17 Dioxane and acetonitrile are good solvents for the aromatic Finkelstein reaction as 

NaI is more soluble than NaBr in these solvents. This therefore favours the desired bromo- to 

iodo-exchange reaction over the competing reverse iodo- to bromo-exchange. Polar solvents 

like DMF and DMSO can partially dissolve both NaI and NaBr and may favour the reverse 
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reaction (aryl iodide to bromide), therefore giving lower yields (Entries 3, 4 and 6). Acetone 

however was less effective compared to dioxane and acetonitrile which could possibly be due 

to its lower boiling point and hence lower reaction temperature (Entry 5). Based on these 

results, and also on previous literature reports,17,20–22 dioxane and acetonitrile were selected 

as solvents for the ligand screening experiments.  

Table 2.1 Solvent effect on aromatic Finkelstein reactiona 

 

Entry Solvent NaI solubility NaBr solubility Temperature Yield (%) 

1 Dioxane √ ⅹ 110 °C >99 

2 MeCN √ ⅹ 82 °C 98 

3 DMSO √ √ 110 °C 31 

4 DMF √ √ 110 °C 48 

5 Acetone √ ⅹ 50 °C 50 

6b DMSO √ √ 110 °C 74 

a√halide salt soluble in corresponding solvent; ⅹinsoluble. bReverse reaction from 2a to 1a using 2 

equiv. NaBr. 

With suitable solvents in hand, the reactivity of different halide sources was studied. As 

the halide exchange reaction is an equilibrium reaction, both forward and reverse reactions 

were studied. The results show that NaI is the best iodide source for the forward reaction in 

both dioxane and acetonitrile (Table 2.2, Entries 3 and 4). The reverse reaction, as expected, 

gave less than 3% yield due to the poor solubility of NaBr in these two solvents (Entries 9 and 

10). LiI also gave satisfactory yield (85%) in dioxane for the forward reaction (Entry 1), 

whereas in acetonitrile only 3% yield was obtained (Entry 2). This could be rationalised by the 

similar solubility of LiI and LiBr in acetonitrile which therefore favours the formation of the more 

thermodynamically stable aryl bromide substrate (Entries 2 and 8). This also explains why 
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using the soluble organic halides (TBAI and TBABr) also favours the formation of the aryl 

bromide from the corresponding iodide (Entries 6 and 11).  

Table 2.2 Halide salt effect on aromatic Finkelstein reactiona 

 

Entry Halide Salt Reaction Solvent Temperature Yield (%) 

1 LiI 1a → 2a Dioxane 110 °C 85 

2 LiI 1a → 2a MeCN 82 °C 3 

3 NaI 1a → 2a Dioxane 110 °C 99 

4 NaI 1a → 2a MeCN 82 °C 98 

5 KI 1a → 2a Dioxane 110 °C 15 

6 TBAI 1a → 2a MeCN 82 °C 18 

7 LiBr 2a → 1a Dioxane 110 °C 15 

8 LiBr 2a → 1a MeCN 82 °C 30 

9 NaBr 2a → 1a Dioxane 110 °C <1 

10 NaBr 2a → 1a MeCN 82 °C 3 

11 TBABr 2a → 1a MeCN 82 °C 87 

a Reaction conditions: 1a (1 mmol) was reacted with iodo salts (2 mmol) in dry acetonitrile at 82 or 110 °C 

in a sealed vial under N2 for 24 hours using CuI (5 mol %) and L1 (10 mol %) as catalyst. The reverse 

reaction was carried out by reacting 2a with the bromo salt (2 mmol). All yields were determined by GC 

and averaged on two runs. 

2.2.2 Ligand Screening  

Given the similarities between the proposed mechanisms for the copper-catalysed Finkelstein 

and Ullmann reactions (see Section 1.2.7), a range of ligands that have recently been 

confirmed to be effective in the Ullmann reaction were initially selected for screening in the 

Finkelstein reaction (Figure 2.1).24,25  
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The results from the initial ligand screening in dioxane (Figure 2.1) showed L1 to give 

almost quantitative conversion (consistent with the literature results for this ligand17), but all 

other ligands (L2 – L8) gave surprisingly zero or close to zero conversions.  

O
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Figure 2.1 Ligands studied and corresponding yields. Reaction conditions: 1a (1 mmol) was reacted 

with NaI (2 mmol) in dry dioxane at 110 °C in a sealed vial for 24 hours using CuI (5 mol %) and L1-L8 

(10 mol %) as catalyst. Yields were determined by GC and averaged on two runs. All reactions were 

carried out under N2. 

These reactions were repeated using acetonitrile as the solvent but with no improvement 

in the observed yields. The poor solubility of CuI in the solvent / ligand mixture for all ligands 

except L1 may at least in part account for these results. Moreover, the reverse reaction carried 

out in DMSO (in which NaI, NaBr and CuI all show good solubility), for the conversion of ArI 

to ArBr using NaBr as the bromide source also gave low yields (less than 2%) for L2 – L8. 

Thus, the poor yields cannot be attributed to the dominance of the reverse reaction over the 

forward reaction. L1 on the other hand successfully promoted the reverse reaction under these 

conditions giving the aryl-iodide in 74% yield (see Section 2.2.1, Table 2.1, Entry 6). It is 
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therefore apparent that effective ligands reported for the Ullmann Reaction are not readily 

transposable to the Finkelstein reaction, despite the purported similar mechanisms of these 

two reactions. Focus was therefore switched to the study of amine-based ligands related to or 

derived from L1 in order to seek further improvements. 

2.2.3 Screening of Amine-based Ligands 

Based on the good performance of dimethylethylenediamine (L1) in the initial screening 

reactions, a range of tetramine, triamine, diamine and monoamine ligands were selected for 

further study (Figure 2.2). The results from these studies reveal many of the ligands to be 

inactive for the Finkelstein reaction. This is despite the good solubility of CuI in these ligand / 

solvent mixtures. The best performing ligands were observed to be those originally reported 

by Buchwald, L1 and L14,17 and the new triamine ligands L19, L21 and L22. Based on these 

results, the requirements for a good ligand candidate can be speculated: 1. Two or more amine 

groups; 2. At least one NH group; 3. NHMe is better that NH2 which is better than NH(R) where 

R is bulky. The reasons behind these selectivity criteria are not yet clear, however it is likely 

that good coordination (chelation) of the metal centre is required with too much steric bulk 

(including tertiary amine centres) inhibiting the assumed oxidative addition step with ArBr. The 

preference of NHMe over NH2 could possibly be rationalised by the increased electron density 

on the nitrogen atom which can help to stabilise the putative copper(III) intermediate. The 

opposite is true in L15 where the electron density is lower on the nitrogen atoms due to 

delocalisation onto the aryl ring, thus leading to an absence of catalytic behaviour. The 

tendency of L23 and L24 to coordinatively saturate the copper centre26 may explain their lower 

performance when compared to L1 and L19. 
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Figure 2.2 Screening of amine ligands. Reaction conditions: 1a (1 mmol) was reacted with NaI (2 mmol) 

in dry dioxane (110 °C) or acetonitrile (82 °C) in a sealed vial under N2 for 24 hours using CuI (5 mol %) 

and L1, L9-L24 (10 mol %) as catalyst. Monoamine ligands were used with 20 mol % loading. All yields 

were determined by GC and averaged on two runs. 
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2.2.4 Optimisation with Diethylenetriamine (L19)  

Although the original Buchwald ligands (L1 and L14) gave the highest yields, the performance 

of L19 in acetonitrile was also promising. Given that L19 is significantly less expensive than 

either L1 or L14 (L19 £5.40 per mol, L1 £465.40 per mol, L14 £2625.60 per mol at time of 

writing27) further attempts were made to optimise and improve the reaction using this ligand 

(Table 2.3). At slightly higher temperatures (110 °C) close to quantitative conversions were 

obtained with L19 (Entry 2). 

Halving the catalyst and ligand loading to 2.5 and 5 mol% respectively, only slightly 

diminished the yield (Entry 3). Lowering the amount of NaI from 2 to 1.2 equivalents had no 

effect, still giving 99% yield (Entry 4). Interestingly the CuI/L19 catalytic system shows 

excellent air- and water-tolerance (Entries 5 and 6).  

Table 2.3 Optimisation of Reaction Conditionsa 

 

Entry Catalyst L19 Temp. Yield (%) 

1 5% CuI 10% 82 °C 83 

2 5% CuI 10% 110 °C 99 

3 2.5% CuI 5% 110 °C 98 

4 b 5% CuI 10% 110 °C 99 

5 c 5% CuI 10% 110 °C 99 

6 d 5% CuI 10% 110 °C 96 

a Reaction conditions: 1a (1 mmol) was reacted with NaI (2 mmol) in dry acetonitrile at 82 or 110 °C in 

a sealed vial under N2 for 24 hours using CuI (2.5-5 mol %) and Ligand (5-10 mol %) as catalyst. All 

yields were determined by GC and averaged on two runs. b 1.2 equiv. NaI were used. c The reaction 

mixture was stirred in air for 10 mins before heating to reaction temperature. d 11.6 μL distilled water 

(1% of total volume) was added and the reaction mixture stirred in air for 10 mins before heating to 

reaction temperature. 
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In comparison, the introduction of any air or moisture to CuI with L1 or L14 either under 

Buchwald’s original conditions (dioxane, 110 °C) or under these new conditions (acetonitrile, 

110 °C) led to a significant drop in catalytic activity (Figure 2.3). 

 

Figure 2.3 The air and moisture tolerance using different ligands. L1 and L14 were used under 

Buchwald’s reported reaction conditions (dioxane at 110 °C) although a sealed vial was used instead 

of a Schlenk tube 17 L19 was used under our optimised conditions (acetonitrile at 110 °C). 

Given that employing L19 gave excellent yields even without the exclusion of air, the 

reaction scope was extended to a wider range of bromo substrates (Scheme 2.1). All reactions 

were carried out under both N2 and air (yields in parentheses in Scheme 2.1 refer to reactions 

without any inert atmosphere protection). It is noteworthy that the reaction could be extended 

beyond the preparation of aryl iodides, with the hetero-aryl iodide 2-iodo pyridine (2b) and the 

vinyl iodide β-iodostyrene (2c) both successfully synthesised from their bromo precursors. In 

terms of ortho-substituents, 2-bromoaniline (1h) and 2-bromoanisole (1j) both gave good 

yields of the aryl-iodide products. 
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Scheme 2.1 The reaction scope with different substrates. a Reaction conditions: 1 (1 mmol) was reacted 

with NaI (2 mmol) in dry acetonitrile at 110 °C for 24 hours using CuI (5 mol %) and L19 (10 mol %) as 

catalyst. All yields were determined by GC and averaged on two runs (yields in parentheses are the 

reactions exposed to air). b 1-bromo-4-iodobenzene was used as substrate. 

Further comparison between the ortho, meta and para substituted isomers indicated that 

the functional group positions did not significantly affect the final yields (2f, 2g, 2j). However, 

the protocol did not perform quite so well with substrates containing electron-withdrawing 

groups (1k, 1l, 1m and 1p), with the exception of the nitrile group (1i) which gave over 90% 

yield of 2i. In contrast, substrates containing electron-donating groups gave much higher 
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yields (88% to >99%). Observed yields under N2 and air are broadly comparable (≤5% 

difference) indicating that the exclusion of air is not required for this protocol. However, an 

exception to this is the reaction using substrates with moderate electron-withdrawing groups 

(iodine 2k and ester 2l) which gave much lower conversions and yields under air. For these 

lower yielding reactions, higher catalyst and ligand loading (10 mol% CuI and 20 mol% L19) 

or longer reaction duration (48 h) all failed to give any improvement. Aryl-chloride activations 

were also attempted by reacting chlorobenzene with NaI under these optimised conditions, 

but no product was observed. However, by increasing the reaction temperature to 140 °C (in 

pentanol) low conversions and yields (both 8%) using 4-chlorotoluene were achievable. 

In summary, L19 is shown to promote the copper catalysed halide exchange reaction in 

acetonitrile with good reaction scope, especially for substrates without electron withdrawing 

groups. Yields reported are comparable to earlier studies by Buchwald using L1 and L14, with 

the benefit of a significantly cheaper ligand system and no requirement for inert-atmosphere 

protection.17,28,29 

2.2.5 Catalyst and Mechanistic Studies on the L1 and L19 Promoted Copper-Mediated 

Aromatic Finkelstein Reaction 

In order to better understand the differences between L1 and L19 in the catalytic reaction, the 

solid-state structures of the copper complexes of these ligands were investigated and reaction 

kinetic profiling carried out. 

Treatment of CuI with L1 in dioxane / hexane gave crystals of the dimeric complex, 

Cu2I2L12 which was characterised by single crystal X-ray diffraction studies (Figure 2.4a). The 

dimeric motif is similar to that observed in other published diamine complexed copper 

halides,30–33 comprising of a central Cu2I2 ring. Cu-I distances are in the range 2.5797 (11) Å 

to 2.6358 (12) Å and the Cu…Cu distance is 2.5710 (19) Å. Each copper is chelated by a 

diamine ligand with Cu-N bond distances of 2.138 (6) Å (Cu1-N1) and 2.155 (7) Å (Cu1-N2). 
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When a similar solution of CuI and L1 in acetone was treated with 2 equivalents NaI (a 

reagent in the Finkelstein reaction) it was possible to obtain crystals of a different structure, 

namely [Cu4I4L12]∞. X-ray diffraction studies revealed an unusual polymeric network built 

around rare34 tetrameric [Cu4I4] clusters (Figure 2.4b). Each copper within the tetrameric unit 

coordinates monodentately to a different L1 molecule with a Cu-N bond distance of 2.064 (4) 

Å. This gives rise to a 2D network structure (Figure 2.4c). Cu-I distances are in the range 

2.6701 (7) to 2.7477 (7) Å. The Cu…Cu distances, at 2.627 (10) and 2.6734 (12) Å, are slightly 

longer than those observed in Cu2I2L12. 

                

       

Figure 2.4 (a) Cu2I2L12 Crystal Structure (top left) of [Cu4I4L12]∞; (b) crystal structure of [Cu4I4L12]∞ 

showing two Cu4I4 units (top right); (c) and view of the extended structure of [Cu4I4L12]∞ (bottom left); 

(d) 1H NMR spectrum of pure L1 in Acetonitrile-d3 (top) and 1 equiv. L1 treated with 1 equiv. NaI in 

Acetonitrile-d3 (bottom) (bottom right).  

The 1:2 L1:Cu ratio in [Cu4I4L12]∞ is lower than that in the reaction solution (1:1) and also 

lower than that in crystalline Cu2I2L12 (1:1). The unaccounted for L1 likely remains in solution 

(a) 
(b) 

(c) (d) 
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coordinated to the Na+ cations, as further evidenced by NMR spectroscopic experiments 

(Figure 2.4d). Note that it was not possible to directly grow crystals of [Cu4I4L12]∞ from a 2:1 

mixture of CuI and L1 despite several attempts, mainly due to the poor solubility of CuI when 

sub-stoichiometric ligand loading was used. 

Monitoring of the reaction kinetics for the Finkelstein reaction with crystals of Cu2I2L12 

and a 1:1 mixture of CuI and L1 (both at 5% copper loading) revealed almost identical reaction 

profiles with 87% yield at 24 h (Figure 2.5). However, crystals of the polymeric network 

[Cu4I4L12]∞ (again at 5% loading with respect to copper) showed lower reactivity and only 73% 

yield at 24 h. The lower reaction rate may relate to the loading of L1 which at 2.5 mol% is half 

that of the other two experiments. Further studies on the dependence of the rate on [L1] 

supported this view, with a positive order in [L1] observed (Figure 2.5). From these 

experiments, it can be seen that the application of the crystalline pre-assembled complex as 

a catalyst offers no significant rate benefits over using the equivalent stoichiometric mixture of 

copper(I) iodide and ligand. 

 

 

Figure 2.5 Comparison of the reaction profiles of CuI / L1 and crystals of [Cu2I2L12] and [Cu4I4L12]∞. 

Reaction conditions: 1a (3 mmol) was reacted with NaI (6 mmol) in dry acetonitrile (3 mL) at 82 °C. All 

yields were determined by GC and averaged on two runs. 
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Analogous to the studies with L1 detailed above, attempts were also made to prepare 

crystals of L19 with copper(I) iodide. However, on addition of L19 to CuI the solution was 

discerned to rapidly turn from colourless to blue, and after stirring for one hour the formation 

of a copper mirror was also observed. This behaviour was repeated even when using pre-

dried reagents with the vigorous exclusion of air and moisture. In contrast, an analogous 

solution with L1 remained colourless and no solid deposits were observed even after 

prolonged stirring under N2. From the blue solution of L19 with CuI, crystals of the copper(II) 

complex [Cu(L19)2]I2 were obtained. The presence of copper(II) along with the formation of a 

copper mirror is strongly suggestive of disproportionation of the copper(I). X-ray 

crystallographic characterisation of [Cu(L19)2]I2 (Figure 2.6, left) reveals the copper(II) centre 

to be coordinated to six amine groups of two L19 ligands with Cu-N bond distances in the 

range 2.009 (5) Å to 2.454 (5) Å. These distances are longer than the comparable Cu-N bond 

distances in the previously reported mono-ligated [CuL19]I2 complex (1.986 Å to 2.034 Å).35 

The reaction profile of the halogen exchange reaction using crystals of [Cu(L19)2]I2 as 

catalyst was obtained (Figure 2.6, right). Excellent yields were achieved, with conversion rates 

higher than those achieved with a mixture of CuI and L19. The fact that improved conversions 

were obtained with a copper(II) catalyst/pre-catalyst is surprising given that copper(I) is 

thought to be central to the catalytic cycle, undergoing oxidative addition with the arylhalide 

reagent. 
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Figure 2.6 Solid-state structure of [Cu(L19)2]I2 (left); Comparison of the reaction profiles using CuI/L19 

and crystals of [Cu(L19)2]I2 (right). Reaction conditions: 1a (3 mmol) was reacted with NaI (6 mmol) in 

dry acetonitrile (3 mL) at 110 °C. 

It is not clear if copper(II) is reduced to copper(I) (potentially promoted by L1936,37) which 

then undergoes the catalytic cycle shown in Scheme 2.2, or if an alternative mechanism based 

on copper(II) is operational. In order to explore the possibility of a single electron transfer 

mechanism occurring, radical trap experiments using 2-(allyloxy) bromobenzene (1q) as the 

radical probe were carried out. If the reaction goes through radical activation, the cyclised 

product (2q) would be expected to form more rapidly than the halogen exchange product.38,39 

However, from the 1H NMR studies only the iodo-product was present with no cyclised 

products observed (Scheme 2.2). This suggests that the reaction pathway is not following a 

radical mechanism (or alternatively the iodination step is extremely fast). It is worth noting that 

several examples of related catalytic copper(II)-promoted cross couplings have also been 

reported in the literature, but the mechanisms of these reactions also remain unclear.40–44 
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Scheme 2.2 Using 2-(allyloxy) bromobenzene (1q) as a radical probe. Reaction conditions: 1q (1 mmol) 

was reacted with NaI (2 mmol) in dry acetonitrile at 110 °C for 24 hours using crystals of [Cu(L19)2]I2 or 

CuI/L19 in solution as catalyst. 

The successful application of the copper(II) complex [Cu(L19)2]I2 in the Finkelstein 

reaction led us to explore the catalytic performance of other copper(II) salts in the presence of 

L19. These studies (Table 2.4) showed that despite lower yields when compared with copper(I) 

iodide (Entry 1), all the copper(II) salts were active giving moderate to good yield of the iodo 

product (Entries 2 – 6). Moreover, each of these copper(II) salts failed to catalyse the halide 

exchange reaction in the absence of L19 or when using L1 in place of L19. Thus repetition of 

Entries 2 – 6 under either 10 mol% L1 loading or under ligand-free conditions gave yields and 

conversions of less than 3%. 

Table 2.4 Reactivity of copper(II) catalyst a 
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Entry copper salt Yield (%) 

1 CuI 99 

2 Cu(acetate)2 76 

3 CuCl2 70 

4 CuBr2 62 

5 Cu(CF3SO3)2 58 

6 Cu(NO3)2 43 

a Reaction conditions: ArBr(1 mmol) was reacted with NaI (2 mmol) in dry acetonitrile at 110 °C using 

crystals or CuI as catalyst for 24 h. 

2.2.6 Conclusions 

A number of ligands have been screened for application in the copper-catalysed aromatic 

Finkelstein reaction. Ligands which have recently been reported to show superior activity in 

the related copper-catalysed Ullmann amination reaction, such as 1,10-phenanthroline, 2-

acetylcyclohexanone and dimethyl glycine, were all shown to be non-active in the Finkelstein 

reaction. This is despite the supposed similarity in reaction mechanism for these two 

processes. Further ligand screening, this time of amine based ligands, identified 

diethylenetriamine (L19) to be a promising candidate. Good yields were obtained using L19 

under mild conditions, directly comparable to those previously reported for L1 and L14. 

However, unlike L1 and L14, the use of L19 was shown not to require the employment of air 

and moisture free conditions. In addition, L19 is approximately 100 times less expensive per 

mole than either L1 or L14. The scope of the reaction was extended to 16 examples (both 

under N2 and in air) with good conversions reported in all cases. Aryl-bromides containing 

electron-withdrawing groups were however less tolerant of air / moisture than the other 

substrates.  

In order to probe the differences in catalyst speciation when L1 and L19 were employed as 

ligands, the coordination chemistry of both of these compounds was studied with copper(I) 

iodide. Solid-state structures of [Cu2I2L12], [Cu4I4L12]∞ and [Cu(L19)2]I2 are reported. In the 

presence of L19, copper(I) underwent rapid disproportionation to give the mononuclear 
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copper(II) complex [Cu(L19)2]I2. In contrast, no evidence of disproportion was observed with 

L1, and the copper(I) complexes [Cu2I2L12] or [Cu4I4L12]∞ were obtained. Studies on the 

catalytic activity of these crystalline complexes reveal [Cu(L19)2]I2 to be a good catalyst for 

the halide exchange reaction despite containing copper(II) rather than copper(I). Further 

studies using copper(II) salts in conjunction with L19 also showed remarkably good catalytic 

activity, whereas no catalytic activity was observed using the same copper(II) salts with L1. 

The copper may undergo fast redox chemistry much more readily in the presence of L19 than 

with L1, and it is this that is responsible for its catalytic activity with copper(II) as well as the 

improved air and moisture tolerance. However, the mechanism of these reactions is still not 

clear and further studies to better understand this are required.  

In summary, a new cheap and effective ligand – diethylenetriamine (L19) – has been 

developed and studied for both copper(I) and copper(II) mediated aromatic Finkelstein 

reactions, which shows not only satisfactory yields over a wide range of substrates but also 

good tolerance to air and moisture. 

2.3 Experimental  

2.3.1 General 

For reactions that required air-free techniques, all glassware was pre-dried at 120 °C overnight 

and loaded in a glove-box under nitrogen. The experiments were carried out under a protective 

atmosphere of N2. For air and moisture stable reactions, the experiments were prepared open 

to the atmosphere in a fume-hood without any inert atmosphere protection. Anhydrous 

solvents including MeCN, DMF, acetone, hexane, and toluene were obtained from a solvent 

tower using the PureSolv solvent purification system, degassed under N2, and stored over 

molecular sieves. Anhydrous DMSO and dioxane were purchased in Sure/SealTM bottles and 

used directly from the bottle. Deuterated solvents including DMSO-d6, acetonitrile-d3, acetone-

d6, benzene-d6 and chloroform-d were purchased from Sigma-Aldrich or VWR and dried over 

molecular 4 Å sieves under N2 before use. Copper(I) iodide (99.999% trace metals basis, 
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powder) and sodium iodide (≥99.5%, powder) were purchased from Sigma-Aldrich and stored 

in a glove box under N2. All ligands, aryl halides and halide salts were purchased from Sigma-

Aldrich or VWR and used as received without further purification.  

1H and 13C NMR analysis was carried out at room temperature using Bruker AV-400 

spectrometers. Chemical shifts (δ) are reported in parts per million (ppm) from 

tetramethylsilane and are referenced to the residual protonated solvent and carbon 

resonances of the solvent in 1H and 13C NMR spectra respectively. Coupling constants (J) are 

J coupling constant values are given in Hz units. CHN microanalyses were carried out at the 

London Metropolitan University, UK. GC analyses were performed using a Hewlett-Packard 

5890 Series II GC instrument with an FID detector equipped with a 30 m x 0.25 mm I.D. (5%-

phenyl)-methylpolysiloxane stationary phase capillary column. For the analysis of samples 

from the aromatic Finkelstein reaction, the following GC oven temperature programs was 

used: (i) 70 °C upon injection, (ii) hold at 70 °C for 2 min, (iii) increase the temperature to 250 

°C at a rate of 45 °C per minute, (iv) hold at 250 °C for 5 min. The GC injector and detector 

temperatures were both set at 250 °C. GC calibrations against a naphthalene or dodecane 

internal standard were used to quantify aryl iodides and aryl bromides amounts. 1H and 13C 

NMR analysis was performed using MESTRELAB MestReNova software; GC data was 

analysed using DataApex Clarity software. 

2.3.2 Solvent Screening Experiments 

 

A screw-top vial was charged with CuI (9.6 mg, 5 mol%), N,N’-dimethylenediamine L1 (10.8 

μL, 10 mol%), NaI (300 mg, 2.0 mmol) and 5-bromo-m-xylene (136 μL, 1.0 mmol) under 

nitrogen followed by the addition of anhydrous solvent (Table 2.5, 1.0 mL). The reaction was 

then heated to the target temperature in an oil bath and stirred for 24 h. The mixture was 
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cooled to room temperature followed by addition of an internal standard for GC (150 μL 

dodecane), water (2 mL) and ethyl acetate (2 mL). A 50 μL sample of the organic layer was 

then extracted, diluted with ethyl acetate (1 mL) and analysed by GC. The yields reported are 

an average of two independent runs (<5% difference) and are summarised Table 2.5. 

Table 2.5 Screening of different solvent 

Entry Solvent Temperature Yield (%) 

1 Dioxane 110 °C >99 

2 Dioxane 82 °C 20 

3 MeCN 82 °C 98 

4 MeCN rt 32 

5 Acetone 50 °C 4 

6a DMSO 110 °C 31 

 

2.3.3 Screening of Iodide Sources 

 

A screw-top vial was charged with CuI (9.6 mg, 5 mol%), N,N’-dimethylenediamine L1 (10.8 

μL, 10 mol%), iodide salts (Table 2.6, 2.0 mmol) and 5-bromo-m-xylene (136 μL, 1.0 mmol) 

under nitrogen followed by the addition of anhydrous solvent (1.0 mL). The reaction was then 

heated to the target temperature in an oil bath and stirred for 24 h. The mixture was cooled to 

room temperature followed by addition of an internal standard for GC (150 μL dodecane), 

water (2 mL) and ethyl acetate (2 mL). A 50 μL sample of the organic layer was then extracted, 

diluted with ethyl acetate (1 mL) and analysed by GC. The yields reported are an average of 

two independent runs (<5% difference) and are summarised Table 2.6. 
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Table 2.6 Screening of iodide sources 

Entry Iodide Mass of iodide (mg) Solvent Yield (%) 

1 LiI 161  Dioxane 85 

2 LiI 161  MeCN 3 

3 KI 199  Dioxane 15 

4a TBAI 443  MeCN 18 

a TBAI is abbreviation of tetrabutylammonium iodide 

2.3.4 Reverse Finkelstein Reaction with Different Bromide Sources 

 

A screw-top vial was charged with CuI (9.6 mg, 5 mol%), N,N’-dimethylenediamine L1 (10.8 

μL, 10 mol%), bromide salts (Table 2.7, 2.0 mmol) and 5-bromo-m-xylene (136 μL, 1.0 mmol) 

under nitrogen followed by the addition of anhydrous solvent (1.0 mL). The reaction was then 

heated to the target temperature in an oil bath and stirred for 24 h. The mixture was cooled to 

room temperature followed by addition of an internal standard for GC (150 μL dodecane), 

water (2 mL) and ethyl acetate (2 mL). A 50 μL sample of the organic layer was then extracted, 

diluted with ethyl acetate (1 mL) and analysed by GC. The yields reported are an average of 

two independent runs (<5% difference) and are summarised Table 2.7. 

Table 2.7 Reverse Finkelstein reaction with different bromide sources 

Entry Bromides Mass of bromide (mg) Solvent Yield (%) 

1 LiBr 104 Dioxane 15 

2 LiBr 104 MeCN 30 

3 NaBr 123 Dioxane trace 

4 NaBr 123 MeCN 3 

5a TBABr 387  MeCN 87 

a TBABr is abbreviation of tetrabutylammonium bromide 
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2.3.5 Screening of ‘Ullmann Reaction’ Ligands in 1,4-Dioxane  

 

A screw-top vial was charged with CuI (9.6 mg, 5 mol%), ligand L1-L8 (10 mol%, Table 2.8), 

NaI (300 mg, 2.0 mmol) and 5-bromo-meta-xylene (136 μL, 1.0 mmol) under nitrogen followed 

by the addition of anhydrous 1,4-dioxane (1.0 mL). The reaction was then heated to 110 °C in 

an oil bath and stirred for 24 h. The mixture was cooled to room temperature followed by 

addition of an internal standard for GC (150 μL dodecane), water (2 mL) and ethyl acetate (2 

mL). A 50 μL sample of the organic layer was then extracted, diluted with ethyl acetate (1 mL) 

and analysed by GC. The yields reported are an average of two independent runs (<5% 

difference) and are summarised Table 2.8. 

Table 2.8 Ligands studied in dioxane and corresponding yield of 2a 
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2.3.6  Screening of ‘Ullmann Reaction’ Ligands in MeCN 

 

A sample vial was charged with CuI (9.6 mg, 5 mol%), ligand L1-L8 (Table 2.9, 10 mol%), NaI 

(300 mg, 2.0 mmol) and 5-bromo-meta-xylene (136 μL, 1.0 mmol) in a glove box followed by 

the addition of anhydrous acetonitrile (1.0 mL). The reaction was then stirred at 82 °C in an oil 

bath for 24 h. All reactions were carried out under N2 protection. The mixture was cooled to 

room temperature followed by addition of an internal standard for GC (150 μL dodecane), 

water (2 mL) and ethyl acetate (2 mL). A 50 μL sample of the organic layer was then extracted, 

diluted with ethyl acetate (1 mL) and analysed by GC. The yields reported are an average of 

two independent runs (<5% difference) and are summarised in Table 2.9. 

Table 2.9 Ligands studied in MeCN and corresponding yield of 2a 
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2.3.7 Reverse Aryl-Iodide to Bromide Exchange Reaction 

 

A sample vial was charged with CuI (9.6 mg, 5 mol %), ligand L1-L8 (10 mol%, Table 2.10), 

NaBr (206 mg, 2.0 mmol) and 5-iodo-meta-xylene (144 μL, 1.0 mmol) in a glove box followed 

by the addition of anhydrous DMSO (1.0 mL). The reaction was then stirred at 110 °C in an 

oil bath for 24 h. The mixture was cooled to room temperature followed by addition of an 

internal standard for GC (150 μL dodecane), water (2 mL) and ethyl acetate (2 mL). A 50 μL 

sample of the organic layer was then extracted, diluted with ethyl acetate (1 mL) and analysed 

by GC. The yields reported are an average of two independent runs (<5% difference) and are 

summarised in Table 2.10. 

Table 2.10 Ligands studied in ‘reverse’ halogen exchange reaction and corresponding yield of 1a 
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2.3.8 Screening of Amine-Based Ligands in 1,4-Dioxane 

 

A sample vial was charged with CuI (9.6 mg, 5 mol %), ligand L9-L22 (10 mol%, Table 2.11), 

NaI (300mg, 2.0 mmol) and 5-bromo-m-xylene (136 μL, 1.0 mmol) in a glove box followed by 

the addition of anhydrous 1,4-dioxane (1.0 mL). The reaction was then stirred at 110 °C in an 

oil bath for 24 h. The mixture was cooled to room temperature followed by addition of an 

internal standard for GC (150 μL dodecane), water (2 mL) and ethyl acetate (2 mL). A 50 μL 

sample of the organic layer was then extracted, diluted with ethyl acetate (1 mL) and analysed 

by GC. The yields reported are an average of two independent runs (<5% difference) and are 

summarised in Table 2.11.  

Table 2.11 Amine ligands studied in dioxane and corresponding yield of 2a 
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2.3.9 Screening of Amine-Based Ligands in MeCN  

 

A sample vial was charged with CuI (9.6 mg, 5 mol%), ligand L9-L22 (Table 2.12, 10 mol%), 

NaI (300 mg, 2.0 mmol) and 5-bromo-m-xylene (136 μL, 1.0 mmol) in a glove box. followed 

by the addition of anhydrous acetonitrile (1.0 mL). The reaction was then stirred at 82 °C in an 

oil bath for 24 h. The mixture was cooled to room temperature followed by addition of an 

internal standard for GC (150 μL dodecane), water (2 mL) and ethyl acetate (2 mL). A 50 μL 

sample of the organic layer was then extracted, diluted with ethyl acetate (1 mL) and analysed 

by GC. The yields reported are an average of two independent runs (<5% difference) and are 

summarised in Table 2.12.  
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Table 2.12 Amine ligands studied in MeCN and corresponding yield of 2a 

H2N
NH2

Ethylenediamine
L9

Quantity: 6.7 µL
Yield: 53%

N
H

N

N,N,N'-Trimethyl
ethylenediamine

L10
Quantity: 13 µL

Yield: 12%

N
N

N,N,N',N'-Tetramethyl
ethylenediamine

L11
Quantity: 15 µL

Yield: <1%

N
H

H
N

N,N'-Diisopropyl
ethylenediamine

L12
Quantity: 18 µL

Yield: <1%

N
H

H
N

N,N'-Di-tert-butyl
ethylenediamine

L13
Quantity: 22 µL

Yield: <1% MeHN NHMe

trans-N,N'-Dimethyl
cyclohexane-1,2-diamine

L14
Quantity: 16 µL

Yield: 97%

MeHN NHMe

N,N'-Dimethyl-
1,2-phenylenediamine

L15
Quantity: 14 mg

Yield: <1%

H
N

Diethylamine
L16

Quantity: 10.3 µL
Yield: <1%

N

Triethylamine
L17

Quantity: 14 µL
Yield: <1%

H2N
OH

Ethanolamine
L18

Quantity: 6.0 µL
Yield: <1%

H2N
N
H

NH2

Diethylenetriamine
L19

Quantity: 10.8 µL
Yield: 84%

N
N

N

N,N,N',N'',N''-
Pentamethyl

diethylenetriamine
L20

Quantity: 21 µL
Yield: <1%

N
H

NH2 NH2 Bis(3-aminopropyl)amine
L21

Quantity: 14 µL
Yield: 72%

H2N
N
H

NH2
N-(2-Aminoethyl)-

1,3-propanediamine
L22

Quantity: 13 µL
Yield: 64%

N
NH2H2N

NH2

Tris(2-aminoethyl)amine
L23

Quantity: 15 µL
Yield: 12%

N
H

H
N

NH2

NH2 Triethylenetetramine
L24

Quantity: 15 µL
Yield: 43%

 

2.3.10 Optimisation of the reaction with diethylenetriamine (L19) 
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A sample vial was charged with CuI (9.6 mg, 5 mol%), ligand L19 (10.8 μL, 10 mol%), NaI 

(300 mg, 2.0 mmol) and 5-bromo-m-xylene (136 μL, 1.0 mmol) in a glove box followed by the 

addition of anhydrous acetonitrile (1.0 mL). The blue solution was then stirred at 110 °C in an 

oil bath for 24 h. The mixture was cooled to room temperature followed by addition of an 

internal standard for GC (150 μL dodecane), water (2 mL) and ethyl acetate (2 mL). A 50 μL 

sample of organic layer was extracted, diluted with ethyl acetate (1 mL) and analysed by GC 

(Yield of 2a: 99%).  

2.3.11 Air and Moisture Sensitivity for L1, L14 and L19 

 

A sample vial was charged with CuI (9.6 mg, 5 mol%), ligand (L1 or L19 10 mol%), NaI (300 

mg, 2.0 mmol) and 5-bromo-m-xylene (136 μL, 1.0 mmol) and HPLC grade acetonitrile (1.0 

mL). The reaction was allowed to stir under air for at least 10 min (extra 11.6 μL distilled water 

was added for an independent reaction to test the water tolerance). The solution turned 

immediately to dark green colour (solution turned blue when 11.6 μL distilled water was added). 

The sample vial was then sealed and heated to 110 °C in an oil bath for 24 h. The mixture 

was cooled to room temperature followed by addition of an internal standard for GC (150 μL 

dodecane), water (2 mL) and ethyl acetate (2 mL). A 50 μL sample of the organic layer was 

extracted, diluted with ethyl acetate (1 mL) and analysed by GC. The reaction exposed to air 

gave yields of 2a of 85%, 93% and 99% using ligands L1, L14 and L19 respectively. The 

reaction with the extra addition of 11.6 μL distilled water gave yields of 70%, 88% and 96% 

using ligands L1, L14 and L19 respectively. 

The L1 and L14 promoted aryl halide exchange reaction was also carried out in dioxane 

using the conditions as first set out by Klapers and Buchwald.17 On exposure to air the yield 

of 2a dropped to 65% and 79% using ligands L1 and L14 respectively. The reaction with the 
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extra addition of 11.6 μL distilled water gave yields of 32% and 42% using ligands L1 and L14 

respectively. 

2.3.12 Reaction Scope using Diethylenetriamine (L19) 

 

Procedure (A): Under nitrogen  

A sample vial was charged with CuI (9.6 mg, 5 mol%), ligand L19 (10.8 μL, 10 mol%), NaI 

(300 mg, 2.0 mmol), aryl bromide (1.0 mmol) and anhydrous acetonitrile (1.0 mL) in a glove 

box. The mixture was then stirred at 110 °C in an oil bath for 24 h. The mixture was cooled to 

room temperature followed by addition of water (2 mL) and ethyl acetate (2 mL). Yields of the 

aryl-iodide product were determined by GC. The pure product was obtained using flash 

chromatography and all NMR data was in agreement with the literature (see below).  

Procedure (B): In Air  

A sample vial was charged with CuI (9.6 mg, 5 mol%), ligand L19 (10.8 μL, 10 mol%), NaI 

(300 mg, 2.0 mmol), aryl bromide (1.0 mmol) and acetonitrile (1.0 mL). The mixture was then 

stirred at 110 °C in an oil bath for 24 h. The mixture was cooled to room temperature followed 

by addition of water (2 mL) and ethyl acetate (2 mL). The pure product was obtained using 

flash chromatography and all NMR data was in agreement with the literature (see below). 

2-iodo-pyridine (2b)28 

Yield: 99% (procedure A), 95% (procedure B), light red oil. 1H NMR (400 MHz, Chloroform-d) 

δ 8.38 (d, J = 2.0 Hz, 1H), 7.73 (d, J = 7.6 Hz, 1H), 7.30 – 7.26 (m, 2H). 13C NMR (101 MHz, 

Chloroform-d) δ150.6, 137.4, 134.8, 122.8, 118.0. 
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β-iodostyrene (E) (2c)29  

Yield: >99% (procedure A), >99% (procedure B) yellow oil. 1H NMR (400 MHz, 

Chloroform-d) δ 7.44 (d, J = 15.0 Hz, 1H), 7.37 – 7.27 (m, 5H), 6.84 (d, J = 14.9 Hz, 1H). 13C 

NMR (101 MHz, Chloroform-d) δ 145.0, 137.7, 128.73, 128.38, 126.02, 76.68. 

 

Iodobenzene (2d)28  

Yield: 99% (procedure A), 98% (procedure B), light yellow oil.1H NMR (400 MHz, 

Chloroform-d) δ 7.71 (d, J = 8.0 Hz, 2H), 7.34 (t, J = 7.4 Hz, 1H), 7.12 (t, J = 7.8 Hz, 2H). 13C 

NMR (101 MHz, Chloroform-d) δ 137.50, 130.26, 127.48, 94.42. 

 

4-iodobiphenyl (2e)45  

Yield: >99% (procedure A), 95% (procedure B), white solid. Melting Point: 110 – 111 °C (lit. 

108 – 109 °C). 1H NMR (400 MHz, Chloroform-d) δ 7.77 (d, J = 8.5 Hz, 2H), 7.56 (d, J = 7.2 

Hz, 2H), 7.45 (t, J = 7.6 Hz, 2H), 7.34 (t, J = 8.8 Hz, 2H). 13C NMR (101 MHz, Chloroform-d) 

δ 140.74, 140.07, 137.85, 129.02, 128.91, 127.70, 126.91, 93.03. 

3-iodoanisole (2f)46  

Yield: 95% (procedure A), 92% (procedure B), light yellow oil. 1H NMR (400 MHz, 

Chloroform-d) δ 7.35 – 7.22 (m, 2H), 7.01 (dd, J = 8.3, 7.7 Hz, 1H), 6.88 (ddd, J = 8.4, 2.5, 0.9 

Hz, 1H), 3.79 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 160.14, 130.76, 129.83, 123.03, 

113.79, 94.37, 55.39. 
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4-iodoanisole (2g)29  

Yield: 92% (procedure A), 88% (procedure B), light yellow oil. 1H NMR (400 MHz, Chloroform-

d) δ 7.62 – 7.50 (m, 2H), 6.77 – 6.64 (m, 2H), 3.78 (s, 3H). 13C NMR (101 MHz, Chloroform-

d) δ 159.45, 138.19, 116.36, 82.69, 55.33. 

 

2-iodoaniline (2h)47  

Yield: 90% (procedure A), 92% (procedure B), off-white solid. Melting Point: 55 – 56 °C (lit. 55 

– 58 °C). 1H NMR (400 MHz, Chloroform-d) δ 7.64 (dd, J = 7.9, 1.5 Hz, 1H), 7.14 (ddd, J = 

8.0, 7.2, 1.4 Hz, 1H), 6.75 (dd, J = 8.0, 1.5 Hz, 1H), 6.48 (ddd, J = 7.9, 7.3, 1.5 Hz, 1H), 4.07 

(s, 2H). 13C NMR (101 MHz, Chloroform-d) δ 138.52, 133.18, 118.23, 111.76, 100.32. 

 

4-iodobenzonitrile (2i)28  

Yield: 90% (procedure A), 91% (procedure B), white solid. Melting Point: 125 – 126 °C (lit. 122 

– 123 °C). 1H NMR (400 MHz, Chloroform-d) δ 7.90 – 7.81 (m, 1H), 7.41 – 7.32 (m, 1H). 13C 

NMR (101 MHz, Chloroform-d) δ 138.53, 133.16, 118.21, 111.78, 100.29. 

 

2-iodoanisole (2j)46  

Yield: 88% (procedure A), 88% (procedure B), light yellow oil. 1H NMR (400 MHz, Chloroform-

d) δ 7.77 (dd, J = 7.7, 1.6 Hz, 1H), 7.31 (t, J = 8.2 Hz, 1H), 6.83 (dd, J = 8.2, 1.4 Hz, 1H), 6.71 

(td, J = 7.6, 1.4 Hz, 1H), 3.88 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ 158.1, 139.5, 129.5, 

122.5, 111.0, 86.0, 56.3. 
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1,4-diiodobenzene (2k)29  

Yield: 77% (procedure A), 55% (procedure B), white solid. Melting Point: 133 – 134 °C (lit. 129 

– 131 °C). 1H NMR (400 MHz, Chloroform-d) δ 7.41 (s, 4H). 13C NMR (101 MHz, Chloroform-

d) δ 139.34, 93.38. 

 

Ethyl 4-iodobenzonate (2l)46  

Yield: 70% (procedure A), 38% (procedure B), light yellow oil. 1H NMR (400 MHz, Chloroform-

d) δ 7.88 – 7.65 (m, 4H), 4.36 (q, J = 7.1 Hz, 2H), 1.38 (t, J = 7.2 Hz, 3H). 13C NMR (101 MHz, 

Chloroform-d) δ 166.10, 137.66, 131.01, 129.98, 100.55, 61.23, 14.30. 

 

1-iodo-4-nitrobenzene (2m)28  

Yield: 60% (procedure A), 67% (procedure B), yellow solid. Melting Point: 174 – 175 °C (169 

– 171 °C). 1H NMR (400 MHz, Chloroform-d) δ 7.99 – 7.86 (m, 4H). 13C NMR (101 MHz, 

Chloroform-d) δ 138.67, 124.85. 

 

1-iodonaphthalene (2n)29  

Yield: 54% (procedure A), 49% (procedure B), brown oil. 1H NMR (400 MHz, Chloroform-d) δ 

8.12 (d, J = 3.2 Hz, 1H), 8.09 (d, J = 0.8 Hz, 1H), 7.85 (d, J = 8.2 Hz, 1H), 7.78 (d, J = 8.0 

Hz,1H), 7.61 – 7.56 (m, 1H), 7.54 – 7.51 (m, 1H), 7.21 – 7.17 (m, 1H). 13C NMR (101 MHz, 

Chloroform-d) δ 137.45, 134.39, 134.16, 132.15, 129.01, 128.57, 127.73, 126.87, 126.74, 

99.58. 
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2-iodothioanisole (2o)48  

Yield: 52% (procedure A), 50% (procedure B), light yellow oil. 1H NMR (400 MHz, Chloroform-

d) δ 7.78 (dd, J = 7.8, 1.4 Hz, 1H), 7.40 – 7.32 (m, 1H), 7.10 (dd, J = 8.0, 1.5 Hz, 1H), 6.90 – 

6.79 (td, J = 7.8, 1.4 Hz, 1H), 2.47 (s, 3H). 13C NMR (101 MHz, Chloroform-d) δ  

143.3, 139.5, 128.9, 126.2, 125.1, 97.6, 17.2. 

 

2-fluoroiodobenzene (2p)49,50 

Yield: 49% (procedure A), 52% (procedure B), light yellow oil. 1H NMR (400 MHz, Chloroform-

d) δ 7.75 (ddd, J = 7.9, 6.4, 1.6 Hz, 1H), 7.38 – 7.28 (m, 1H), 7.07 (td, J = 8.2, 1.4 Hz, 1H), 

6.90 (td, J = 7.7, 1.5 Hz, 1H).13C NMR (101 MHz, Chloroform-d) δ 161.5, 139.4, 130.0, 125.8, 

115.6, 81.2. 

 

2.3.13 General Method for Kinetic Studies on Aryl Halides Exchange Reaction using L1 

 

A screw-top vial (8 mL) sealed with a septum was charged with CuI (28.8 mg, 5 mol%), N,N’-

dimethylenediamine L1 (8.1 – 32.4 μL, 2.5 – 10 mol%), NaI (900 mg, 6.0 mmol) and 5-bromo-

m-xylene (408 μL, 3.0 mmol) in a glove box followed by addition of anhydrous acetonitrile (2.7 

mL) and an internal standard for GC (300 μL 0.5 M naphthalene solution in MeCN). The 

reaction was then stirred at 110 °C in an oil bath. 25 μL of solution was extracted at 0.5h – 2h 

intervals using pre-dried and degassed air-tight syringe (100 μL) followed by dilution with ethyl 

acetate (1 mL). The conversion and yield were obtained by GC against the internal standard.  
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2.3.14 Cu2I2L12 Synthesis 

A 4 mL vial was charged with CuI (19.2 mg, 0.1 mmol) and N,N’-dimethylenediamine L1 (21.6 

μL, 0.2 mmol) in dry 1,4-dioxane (250 μL). The vial was placed inside a larger vial (20 mL) 

containing dry hexane (2 mL) and left at room temperature. Colourless crystals started to form 

in the inner vial after 24 h, and were isolated after 72 h to give 19 mg of Cu2I2L12 (68 % yield). 

Mp: 263 °C. 1H NMR (400MHz, DMSO-d6,) δ 2.38 (d, J = 6.0 Hz, 3H), 2.54 (dd, J = 4.4, 2.1 

Hz, 2 H), 3.55 (dt, J = 12.1, 4.1 Hz, 1H). 13C NMR (101 MHz, DMSO-d6) δ 38.09, 51.04. 

Elemental analysis: C8H24Cu2I2N4 17.42%, H 4.34%, N 9.74% (calc. C 17.24%, H 4.34%, N 

10.06%). 

2.3.15 Aryl Halide Exchange Reaction using Cu2I2L12 as Catalyst 

 

A reaction vial was charged with Cu2I2L12 (14 mg, 2.5 mol%), NaI (300 mg, 2.0 mmol) and 5-

bromo-meta-xylene (136 μL, 1.0 mmol) in a glove box followed by the addition of 1,4-dioxane 

(850 μL) and an internal standard for GC (150 μL dodecane). The reaction was then stirred at 

110 °C in an oil bath for 24 h. The mixture was cooled to room temperature followed by addition 

of water (2 mL) and ethyl acetate (2 mL). A 50 μL sample of the organic layer was then 

extracted, diluted with ethyl acetate (1 mL) and analysed by GC. Yields of the aryl-iodide 

product were determined by GC. (Yield of 2a: 89%).  

2.3.16 Cu4I4L12 Synthesis 

A reaction vial (4 mL) was charged with CuI (18.2 mg, 0.1 mmol) and NaI (15 mg, 0.1 mmol) 

in dry acetone (250 μL) followed by addition of N,N’-dimethylenediamine L1 (21.6 μL, 0.2 

mmol). Colourless crystals started to form after 10 minutes at 0 °C and were isolated after 18 

h (38% yield). Mp: 261 °C 1H NMR (400MHz, DMSO-d6) δ 0.87 (s, 3H), 2.17 (s, 3H), 2.64 (s, 
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2H), 3.34 (s, 2H). 13C NMR (101 MHz, DMSO-d6) δ 18.95, 35.93, 50.78. Elemental analysis: 

C4H12Cu2I2N2 C 10.12%, H 2.51%, N 5.95% (calc. C 10.24%, H 2.58%, N 5.97%).  

2.3.17 Aryl Halides Exchange Reaction using Cu4I4L12 as Catalyst 

 

A reaction vial was charged with [Cu4I4L12]∞ (12 mg, 1.25 mol%), NaI (300 mg, 2.0 mmol) and 

5-bromo-meta-xylene (136 μL, 1.0 mmol) in a glove box followed by the addition of 1,4-dioxane 

(850 μL) and an internal standard for GC (150 μL dodecane). The reaction was then stirred at 

110 °C in an oil bath. The mixture was cooled to room temperature followed by addition of 

water (2 mL) and ethyl acetate (2 mL). A 50 μL sample of the organic layer was then extracted, 

diluted with ethyl acetate (1 mL) and analysed by GC. Yields of the aryl-iodide 2a were 73%.  

The kinetic studies method followed the same procedure as detailed in Section 1.9. The 

catalytic system (CuI/Ligand) was replaced by the corresponding crystals. The reaction 

temperature was increased to 110 °C in order to obtain complete conversion. All other 

parameters remained unchanged. 

2.3.18 1H NMR Studies on NaI Coordination to L1 

NaI (15 mg, 0.1 mmol or 30 mg, 0.2 mmol) and L1 (10.8 μL, 0.1mmol) were mixed together 

in acetonitrile-d3 (1 mL) in a Young’s NMR tube and analysed by 1H NMR spectroscopy. The 

CH2 and CH3 ligand protons shifted slightly upfield with the increasing addition of NaI 

whereas the NH proton showed a downfield shift. 

 

L1 1H NMR (400 MHz, Acetonitrile-d3) δ 2.59 (s, 2H) 2.35 (s, 3H), 1.09 (s, 1H). 

NaI:L1 = 1:1, 1H NMR (400 MHz, Acetonitrile-d3) δ 2.56 (s, 2H) 2.31 (s, 3H), 1.24 (s, 1H). 

NaI:L1 = 2:1, 1H NMR (400 MHz, Acetonitrile-d3) δ 2.54 (s, 2H) 2.29 (s, 3H), 1.29 (s, 1H). 
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2.3.19 [Cu(L19)2]I2 Synthesis 

A mixture of CuI (19.2 mg, 0.1 mmol) and L19 (21.6 μL, 0.2 mmol) in dry MeCN (500 μL) was 

stirred at room temperature for 10 min. This mixture was then filtered into a 4 mL vial to give 

a clear blue solution. The vial was placed inside a larger vial (20 mL) containing dry hexane 

(500 μL) and left at room temperature. Blue crystals started to form after 10 min and were 

isolated after 24 h to give 19 mg of [Cu(L19)2]I2 (28 % yield). Elemental analysis: C8H26Cu1I2N6 

C 18.80%, H 5.39%, N 15.59% (calc. C 18.35%, H 5.00%, N 16.05%). We were unable to 

obtain satisfactory 1H NMR data due to the paramagnetic nature of the complex. 

2.3.20 Aryl Halides Exchange Reaction using [Cu(L19)2]I2 as Catalyst 

A reaction vial was charged with [Cu(L19)2]I2 (29 mg, 2.5 mol%), NaI (300 mg, 2.0 mmol) and 

5-bromo-m-xylene (136 μL, 1.0 mmol) in a glove box. The starting materials were dissolved in 

anhydrous acetonitrile (1.0 mL) followed by addition of GC internal standard (100 μL 0.5 M 

naphthalene solution in MeCN). The reaction was then stirred at 110 °C. 50 μL sample of 

organic layer was diluted with ethyl acetate (1 mL) and analysed by GC (Yield: 73%). 

2.3.21 Synthesis of 2-(Allyloxy) Bromobenzene (1q)51 

 

2-Bromophenol (1.74 mL, 15 mmol) was added to a suspension of K2CO3 (6.20 g, 45 mmol) 

in DMF (50 mL) under N2 followed by a slow addition of allyl bromide (1.56 mL, 18 mmol). The 

mixture was allowed to stir at room temperature overnight before addition of 100 mL distilled 

water. The organic layer was extracted by ethyl acetate (3 x 50 mL) and the combined organic 

layer was washed with brine (3 x 50 mL), dried over MgSO4 and the solvent removed under 

vacuum. A pure light yellow oil was obtained (97% yield). The NMR data was in agreement 

with literature.51 
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1H NMR (400 MHz, Chloroform-d) δ 7.57 (dd, J = 7.9, 1.7 Hz, 1H), 7.27 (ddd, J = 8.3, 7.4, 1.6 

Hz, 1H), 6.80 – 7.00 (2 H, m), 6.10 (ddt, J = 17.2, 10.4, 5.0 Hz, 1H), 5.52 (dq, J = 17.3, 1.7 Hz, 

1H), 5.34 (dq, J = 10.7, 1.5 Hz, 1H), 4.64 (dt, J = 5.0, 1.6 Hz, 1H). 

2.3.22 Aryl Halides Exchange Reaction using 1q as Substrate 

 

A sample vial was charged with CuI (9.6 mg, 5 mol%), ligand L19 (10.8 μL, 10 mol%), NaI 

(300 mg, 2.0 mmol), 1q (213 mg, 1.0 mmol) and anhydrous acetonitrile (1.0 mL) in a glove 

box. The resultant blue solution was stirred at 110 °C in an oil bath for 24 h. The mixture was 

cooled to room temperature followed by addition of water (10 mL) and ethyl acetate (10 mL). 

The organic layer was separated and washed with brine (3 x 10 mL). The organic layer was 

dried over MgSO4, filtered, and the solvent removed under vacuum. A light yellow oil was 

obtained (75% conversion and yield). The NMR data was in agreement with literature.52 

1H NMR (400 MHz, Chloroform-d) δ 7.80 (dd, J = 8.2, 1.2 Hz, 1H), 7.32-7.27 (m, 1H), 6.83 (d, 

J = 8.0 Hz, 1H), 6.73 (dt, J = 7.8, 0.8 Hz, 1H), 6.11-6.01 (m, 1H), 5.58-5.52 (m, 1H), 5.35-5.31 

(m, 1H), 4.61-4.59 (m, 2H). 

2.3.23 Catalytic Activity of Copper(II) Salts with L19 

 

A sample vial was charged with a copper(II) salt (5 mol%, Table 2.13), L19 (10 mol%), NaI 

(300 mg, 2.0 mmol), 5-bromo-meta-xylene (136 μL, 1.0 mmol) and anhydrous acetonitrile (1.0 

mL) in a glove box. The reaction was then stirred at 110 °C in an oil bath for 24 h. The mixture 
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was cooled to room temperature followed by addition of an internal standard for GC (150 μL 

dodecane for reaction in dioxane, or 100 μL 0.5 M naphthalene solution in MeCN), water (2 

mL) and ethyl acetate (2 mL). A 50 μL sample of the organic layer was extracted, diluted with 

ethyl acetate (1 mL) and analysed by GC. The yields reported are an average of two 

independent runs (<5% difference) and are summarised in Table 2.13. 

Table 2.13 Copper(II) salt and corresponding yield of 2a 

Entry Catalyst Mass of catalyst 
(mg) 

Yield (%) 

1 Cu(acetate)2 9  76 

2 CuCl2 7  70 

3 CuBr2 11  62 

4 Cu(CF3SO3)2 18  58 

5 Cu(NO3)2 12 43 
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3.1 Introduction  

3.1.1 Benzimidazoles 

Benzimidazoles are an important class of heterocycles consisting of a benzene-fused 

imidazole scaffold. Benzoimidazoles are often biologically active therefore play important roles 

in pharmaceutical research.1–3 For example, the scaffold of benzoimidazole is found in antiviral 

benzimidazole ribonucleosides4, a HIV-1 reverse transcriptase nonnucleoside Inhibitor5, 

potential anticancer reagents6 and potential antibacterial agents (Figure 3.1). Due to the 

bioactivity of benzimidazoles, they are frequently found in U.S. FDA approved drugs.7  

 

Figure 3.1 Benzimidazoles in natural products and applications in medicinal chemistry.  

3.1.2 Synthesis of Benzimidazoles 

The synthesis of benzimidazoles has attracted great interest due to their numerous 

applications.1–3,8 There are two main methods to synthesise benzimidazoles: classic 

condensation or copper-catalysed intramolecular Ullmann N-arylation (Scheme 3.1). The 

condensation method forms bonds between C2-N1 and C2-N3 by reacting 1,2-diaminoarenes 

with carboxylic acids9–11 or aldehydes / oxidants12–15. However, this classic protocol has some 

drawbacks such as the use of the use of strong acids, for example tosylic acid (TsOH), and in 
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some cases high reaction temperatures. The alternative method employs the copper-

catalysed intramolecular Ullmann reaction to form C8-N1 bonds from N'-(2-halogenphenyl)-N-

substituted-ethanimidamide.  

 

Scheme 3.1 Retrosynthetic synthesis of benzimidazoles. 

The development of intramolecular N-arylation via Ullmann reaction has been discussed 

in Chapter 1, Section 1.3.3. This section will focus on the recent examples in ligand / copper 

promoted preparations of benzimidazoles (Scheme 3.2). In 2003, Batey and co-workers 

reported the intramolecular cyclisation of 2-halogenbenzanilide catalysed by copper or 

palladium catalysts under mild conditions.16 In this work, CuI / 1,10-phenanthroline is generally 

superior to the palladium catalyst Pd(PPh3)4, as the copper-catalysed cyclisation gives better 

yields in most cases and the catalysts themselves are much cheaper in price. Later, in 2009, 

heterogeneous CuO nanoparticles were also reported to effectively catalyse the 

intramolecular N-arylation.17 This reaction required higher temperatures (110 ºC), but gave 

nearly full conversion and yield with no added ligand required. The intramolecular N-arylation 

was also achieved in H2O using Cu2O / DMEDA as reported by Peng and Chen in 2011. A 

CuI / DMEDA catalysed cyclisation carried out in acetonitrile has also been reported by 

Liubchak et al. at 80 ºC.3 More recently synthesis of benzimidazoles was carried out under 

transition-metal-free conditions using KOH as base in DMSO by Bolm and co-workers.18 

However higher temperatures (120 ºC) were required to give satisfactory yields. 
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Batey 2003
N

Br

NR2R3

NHR4
R1

CuI 5 mol%
1,10-Phenanthroline 10 mol%

Cs2CO3 2 eq, DME, 80 °C, 16 h
R4

N

N
NR2R3

R4

Punniyamurthy
2009

N

X

R2

NHR3
R1

CuO nanoparticles 5 mol%,

KOH 1.5 - 3 eq, DMSO, 110 °C
R1

N

N
R2

R2 = Me, Ph, morpholine, pyrrolidine, piperazine
R1 = H, Br, Cl, Me, OMe; R3 = alkyl, aryl; X = Br, I

R3

H
N

X

R2

NH
R1 R1

N
H

N
R2

Cu2O 5 mol%, DMEDA 10 mol%

K2CO3, H2O, 100 °C

R1 = ayrl, alkyl; X = Cl, Br, I
R2 = H, EWG, EDG

Peng & Chen
2011

Bolm 2014
Metal-free

KOH 2 eq, DMSO,120 °C, 16 h

X = F, Cl, Br and I

Liubchak 2012
CuI 5 mol%, DMEDA 10 mol%

K2CO3 2 eq, MeCN, 80 °C, 4 h

N

Br

R2

NHR3
R1

N

X

R2

NHR3
R1

R1
N

N
R2

R3

R1
N

N
R2

R3
 

Scheme 3.2 Recent examples of copper-catalysed intramolecular N-arylations. 

3.1.3 Introduction to Reaction Progress Kinetic Analysis (RPKA) 

The kinetic study was carried out using reaction progress kinetic analysis (RPKA). This 

methodology has been used by a number of mechanistic studies.19-23 The classic kinetic 

approach involves massive repetitive experiments to generate reaction trends. In comparison, 

RPKA significantly reduces the number of experiments required by profiling the kinetic data 

under several synthetically relevant conditions throughout the course of the reaction.20,23 

Moreover, RPKA can give insight into catalyst activation / deactivation processes, and product 

/ starting material inhibition / acceleration. RPKA requires in situ monitoring techniques such 

as reaction progress NMR, in situ FT-IR, in situ UV-vis or reaction calorimetry to provide 
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reliable kinetic data. The obtained data can be processed and plotted as substrate 

concentration against time (Figure 3.2a, pink dots) and reaction rate against time (Figure 3.2a, 

blue curve). In order to simplify the extraction of kinetic information such as the rate 

dependence on reactants and the presence of catalyst deactivation / inhibition. The data can 

be processed to give plots of rate against substrate concentration, which is also referred to as 

a ‘graphical rate equation’ (Figure 3.2b, pink dots).  

 

Figure 3.2 (a) Example of reaction rate against time (pink curve); fractional conversion against time 

(blue curve); (b) Reaction rate against substrate concentration – graphical rate equation (pink curve); 

theoretical overall first order kinetics line (blue line). Graphics are taken from reference.24 

The key part of RPKA involves two important experiment protocols: “same excess” and 

“different excess” experiments. The key parameter in defining “same excess” and “different 

excess” experiment is called excess ([e]) and defined as the difference in initial substrate 

concentrations in units of molarity. For example in a Diels-Alder reaction (Figure 3.3), 

according to the reaction stoichiometry, for every molecule of diene reacted a molecule of 

dienophile must also be consumed.24 Therefore the concentrations at any point of the reaction 

can be related by the following equations:  

       0 0
  Dienophile Dienophile Diene Diene  

     0 0
e  Dienophile Diene  

     e Dienophile Diene  

(a)  
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The reaction orders in diene and dienophile can be determined by “different excess” 

experiment by performing reactions with different [e] and comparing the corresponding 

graphical rate equations.24 For the Diels-Alder reaction carried out in Figure 3.3, different [e] 

= [Dienophile]0 – [Diene]0 values of 0.21 and 0.41 M were used and the graphical rate 

equations are shown in Figure 3.3a.24  

 

 

Figure 3.3 (a) Graphical rate equations for the Diels-Alder reaction with different [e]; (b) Normalised 

reaction rate by [Dienophile]1 against [Diene]. Graphics are taken from reference.24  

The reaction rate can be described by the following equation where x and y represent 

the orders in [Diene] and [Dienophile]: 

   x yrate k Diene Dienophile  

The graphical rate equations of the “different excess” reactions were then normalised by 

the instantaneous [Dienophile]1 (y = 1), and the normalised plots shown in Figure 3.3b are 

linear and overlap with each other. These results indicate that when different [Dienophile]0 are 

employed, the rate/[Dienophile]1 is not affected by the instantaneous [Dienophile]. Therefore, 
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the normalisation results can be described using the following equation and the reaction is 

first-order in [Dienophile]: 

 
 1

xrate k Diene
Dienophile

 

Moreover, as the normalised plots are linear, rate/[Dienophile]1 is related to the slope k with 

first order (x = 1) in instantaneous [Diene]. Therefore the rate law is first order in both [Diene] 

and [Dienophile]: 

   1 1rate k Diene Dienophile  

RPKA is also a reliable experimental method to determine the presence of catalyst 

inhibition or deactivation. This method involves performing reactions with the same [e] value 

– these are referred to as “same excess” experiments. For example, in a proline-catalysed 

Aldol reaction, reactions were carried out using same [e] = 2 M under the same reaction 

conditions (Figure 3.4).24 The choice of [Aldehyde]0 and [Acetone]0 in Entry 2 are identical to 

the instantaneous [Aldehyde] and [Acetone] in Entry 1 at the point when it reaches 50% 

conversion. The reaction rate of Entry 2 is faster than Entry 1 which indicates a decrease of 

overall [catalyst] within the catalytic cycle (Figure 3.4a).24 This phenomenon can be caused 

by catalyst deactivation or product inhibition.24 

 

Entry [Acetone]o (M) [Aldehyde]o (M) [e] (M) [Product]o (M) 

1 2.5 0.5 2 0 

2 2.25 0.25 2 0 
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Figure 3.4 Graphical equations with same [e] (Entry 1, blue spots; Entry 2, pink spots): (a) no water 

added; (b) 0.1 M water added to the reaction. Graphics are taken from reference.24 

3.1.4 Aims 

There has been a resurgence in studies on copper(I) catalysts over the last decade and a 

variety of synthetic protocols have been reported for both the inter- and intra-molecular 

copper(I)-catalysed N-arylation reaction. The introduction of ligand into the copper-catalysed 

N-arylation allows milder conditions, the use of more challenging substrates (for example aryl 

chlorides) and greener protocols.25-31 However, despite recent advances the mechanism for 

Ullmann reaction still remains opaque.26 This is particularly true for intramolecular Ullmann 

reactions as these systems have rarely been investigated. 

Therefore, in order to build an improved mechanistic understanding of copper(I)-

catalysed intramolecular N-arylation, a series of reactivity and mechanism studies have been 

carried out. In particular, the solid-state structures of the copper(I) species have been isolated 

under air-free conditions and characterised by X-ray crystallography. This reveals in detail the 

mode of interaction between the metal centre and substrate. Detailed kinetic profiling using in 

situ monitoring by calorimetry has also been carried out to study the potential catalyst inhibition 

and deactivation routes which may occur during the catalytic process, and to determine the 

rate dependence on the concentration of reactants such as [Cu]total, [ArBr] and [TBPM]. New 
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catalytic systems which will operate using sub-mol% catalyst loading and are active for aryl 

chloride activation have also been explored. 

3.2 Results and Discussion 

3.2.1 Synthesis of 1,2-Dimethylbenzimidazole (4) 

Copper(I)-catalysed synthesis of 1,2-dimethylbenzimidazole (4) via intramolecular C-N cross-

coupling of N'-(2-halogenphenyl)-N-methylethanimidamide (3a – 3c) was selected as model 

reaction for intramolecular N-arylation. The precursors were synthesised from the reaction of 

N-methyl-acetamide with 2-halogenaniline in the presence of POCl3.3 With the starting 

material in hand, the cyclisation of 3a – 3c under different catalytic regimes was carried out 

(Table 3.1). Aryl iodide 3a is highly reactive and can be cyclised even without a catalyst at 

80 °C (68% yield, Entry 1). The yield was further increased to over 99% with the addition of 5 

mol% of CuI (Entry 2). In terms of the less reactive aryl bromide 3b, under ligand-free 

conditions 81% yield was achieved by adding 5 mol% CuI, whereas only 6% of product was 

obtained when the catalyst was omitted (Entries 3-4). The addition of the ancillary ligand 1,10-

phenanthroline (L2) can further boost the yield to over 99% even at the lower temperature of 

30 °C (Entry 5). In comparison, only 20% yield was obtained when L2 was omitted at the same 

temperature (Entry 6). Another commonly used inorganic base K3PO4 is utilisable but required 

higher temperatures to reach complete conversion (Entries 7-8). The aryl chloride 3c is a more 

challenging substrate, requiring much higher temperatures (130 °C) to be activated (Entry 9). 

These results show that the presence of L2 can improve the reaction and successfully 

increase the final yields. Moreover, the positive effect of ligand L2 on the reaction rate was 

also confirmed by kinetic measurements. As shown in Figure 3.5, the reaction rate is higher 

at higher ligand concentrations suggesting a positive order in [L2].  
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Table 3.1 The Conditions for Intramolecular Ullmann Reaction using Cs2CO3 
a 

 

Entry Substrate CuI Ligand Temp.(°C) Yield (%) 

 1 3a - - 80  68 

 2 3a  5 % - 80  >99 

 3 3b - - 80  6 

 4 3b  5 % - 80  81 

5 3b 5% L2 30 >99 

6 3b 5% - 30 20 

7b 3b 5% L2 30 32  

8b 3b 5% L2 80 >99 

9 3c 5% L2 130 85% 

a Reaction yield was measured by 1H NMR using naphthalene as internal standard. b K3PO4 was used 

as base. 

  

Figure 3.5 Comparison of the reaction profiles under different 1,10-phenanthroline concentrations. 

Reaction condition: 3b (0.1 mmol) was reacted with Cs2CO3 (0.2 mmol) in the presence of CuI (10 

mol%) and ligand (5-20 mol%) in anhydrous DMSO. The yield at a given time was determined by GC 

using naphthalene as internal standard.  
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In addition to using inorganic bases in this reaction, the soluble ionic base n-

tetrabutylphosphonium malonate (TBPM), which has been reported in the literature to promote 

the copper-catalysed inter-molecular N-arylation reaction19,32 was also studied (Table 3.2). In 

terms of the reactivity of the aryl halide, 3a was still the most reactive substrate as the self-

cyclisation could occur (38% yield) without a catalyst, and over 99% yield of the cyclised 

product was obtained with the addition of 5 mol% CuI at room temperature (Entries 1-2). 3b 

also gave nearly quantitative conversions in the presence of catalyst (Entries 3-4). The less 

reactive aryl chloride 3c still required high reaction temperatures to give satisfactory yields 

(Entry 5). 

Table 3.2 TBPM promoted copper(I)-catalysed intramolecular N-arylationa 

 

Entry Substrate CuI Yield (%) 

 1 3a - 38 

 2 3a 5 % >99 

 3 3b - 0 

 4 3b 5 % >99 

5b 3c 5 % 80 

aReaction yield was measured by 1H NMR using naphthalene as internal standard. bThe reaction was 

carried out at 130 ºC. 

3.2.2 Activation of N'-(2-Halogenphenyl)-N-Methylethanimidamide (3c) 

Although aryl chlorides are less reactive compared to the corresponding aryl iodides and 

bromides, they are also relatively low-cost with improved commercial availability.33,34 As 

mentioned in Section 3.2.1, 3c was reactive at higher temperature (130 °C) in the presence 

of CuI / L2. Therefore more ligands were screened for the intramolecular Ullmann reaction 

(Table 3.3). Despite the fact that most of the ligands improved the final yield compared to 
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ligand-free conditions, 1,10-phenanthroline (L2) still gave the best conversions. The yield can 

be further increased to 90% when the loading of CuI and L2 was doubled (Entry 5). TBPM 

promoted copper(I)-catalysed cyclisation also gave satisfactory yield under ligand-free 

conditions (Entry 9).  

Table 3.3 The activation of 3c. 

 

Entry Ligand Base Yield (%) 

1a - Cs2CO3 n.r. 

2 - Cs2CO3 65 

3 L1 Cs2CO3 80 

4 L2 Cs2CO3 85 

5b L2 Cs2CO3 90 

6 L3 Cs2CO3 71 

7 L4  Cs2CO3 70 

8 L5  Cs2CO3 35 

9 - TBPM 80 

a CuI free condition. b 10 mol% CuI and 20 mol% L2. 

As an alternative method to using harsher reaction conditions, an aromatic Finkelstein-

Ullmann tandem reaction was attempted in order to active 3c (Table 3.4). In theory the tandem 

reaction would convert the aryl chloride to corresponding iodide via an aromatic Finkelstein 

reaction and then the aryl iodide undergoes subsequent intramolecular copper(I)-catalysed N-

arylation to form the product. Although the addition of NaI did improve the yield compared to 
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the NaI-free condition, only 27% yield was obtained and high temperatures are still required 

for the aryl chloride activation. The main problem for the tandem reaction is that the aromatic 

Finkelstein reaction and Ullmann reaction use different solvent systems: The activation of aryl 

chlorides using aromatic Finkelstein works best in 1-pentanol or 1-hexanol,33 however these 

solvents give poor yields for Ullmann N-arylation. 

Table 3.4 Aromatic Finkelstein-Ullmann tandem reaction 

 

Entry NaI (equiv.)  3a (%) 4 (%) 

 1 - 6 4 

 2 2 17 27 

 

3.2.3 Copper(I) Intermediates: Isolation and Characterisation  

The reactivity of copper(I)-catalysed intramolecular N-arylation has been discussed in 

previous sections. In order to better understand the mechanism, a study of the solid-state 

structures of potential copper containing intermediates was carried out. Single crystals were 

obtained by reacting aryl halides (3a – 3d) with mesitylcopper(I) followed by the 

recrystallisation of the resultant copper(I) complexes from toluene / hexane (Scheme 3.3). The 

solid-state structures were found to show different coordination and aggregation states 

depending upon the aryl halide employed. 

 

Scheme 3.3 Synthesis of copper(I) complexes. 
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For the more reactive aryl iodide (3a) and bromide (3b), intramolecular amination 

occurred readily which resulted in formation of a complex in which the imine group of the 

cyclised product 4 coordinates to the copper centre. However, the less reactive aryl chloride 

(3c) and fluoride (3d) remained in an uncyclised state and the negative charge on the 

substrate was delocalised over the N-C-N unit.  

When 3a was used, a tetramer solid-state structure Cu4I444 was isolated containing a 

rhombic Cu4 core unit (Figure 3.6). Each copper forms bonds with two or three iodide anions 

and one nitrogen atom (imine group) to give a Cu4I4N4 cluster. A closer inspection of 

benzimidazoles within the copper complex reveals that they lie nearly parallel to each other. 

The imidazole rings on the same side stack in a near face-to-face π-π alignment with a 

distance between the centroids of 3.534 Å  (It is commonly used for stacks of aromatic groups 

with approximately parallel molecular planes separated by interplanar distances of about 3.3 

– 3.8 Å35).  Selected bond distances and angles are listed in Figure 3.6. Benzimidazole-ligated 

copper(I) complexes containing Cu4I4N4 clusters have also been reported in literature (Figure 

3.7).36-38 These previously reported copper(I) complexes all have a tetrahedral Cu4 

arrangements instead of the rhombic arrangement observed here.36-38 This may be due to the 

steric requirements of the methyl group on C2. 
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 Length (Å)   Angle (°) 

Cu1-N1 1.948(3)  N1-Cu1-Cu2 166.38(11) 

Cu1-I1 2.6007(7)  N1-Cu1-I1 120.55(10) 

Cu1-I2 2.6634(7)  Cu2-Cu1-I1 64.04(2) 

Cu2-N2 1.966(3)  N1-Cu1-I2  120.65(10) 

Cu2-I1 2.7002(8)  Cu2-Cu1-I2 62.94(2) 

Cu2-I2 2.6939(7)  I1-Cu1-I2 113.42(2) 

Cu2-I3 2.7745(7)  N2-Cu2-Cu1  167.51(11) 

 

Figure 3.6 Solid-state structure of Cu4I444 complex; Solid-state structure is shown with thermal ellipsoids 

set at 50% probability. Hydrogen atoms are omitted for clarity. 

 

Figure 3.7 Solid-state structures of benzimidazole ligated Cu4I4 complex reported in literature.36-38  

Similar to the formation of Cu4I444, intramolecular amination occurred readily when 3b 

was reacted with mesitylcopper(I). However, a different aggregation state was observed in the 

solid-state with one CuBr coordinating to two molecules of 4 (Figure 3.8). The CuBr42 complex 

has slightly longer Cu-N bond distances (1.9718(18) and 1.9853(18) Å) compared to that in 

the tetramer Cu4I444. Two other examples of benzimidazole ligated copper(I) bromide 

complexes have also been reported in literature (Figure 3.9).39-40 
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N
Cu

N

N
N

Br        

 Length (Å)   Angle (°) 

Cu1-N1 1.9718(18)  N1-Cu1-N2 124.63 (7) 

Cu1-N2 1.9853(18)  N1-Cu1-Br1 119.27 (5) 

Cu1-Br1 2.3827(4)  Br1-Cu1-N2 116.02 (5) 

 

Figure 3.8 Solid-state structure of CuBr42; Solid-state structure is shown with thermal ellipsoids set at 

50% probability. Hydrogen atoms are omitted for clarity. 
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Figure 3.9 Solid-state structure of benzimidazole ligated CuBr complex reported in literature.39-40 

Due to the stronger aryl-chloride bond compared to aryl-bromide and iodide, 

intramolecular amination did not proceed for the reaction of mesitylcopper(I) with 3c. X-ray 

crystallographic characterisation instead revealed a dimeric solid-state structure Cu23c’2 (3c’ 

is deprotonated 3c) comprising of a nearly planar Cu2N4C2 8-membered ring (Cu…Cu distance 

2.441 Å,). The secondary amine group in 3c was deprotonated by mesitylcopper(I) to give a 

Cu-N bond. The Cu-N bonds are shorter than those in Cu4I444 and CuBr42. Furthermore, the 

C1-N1 bond distance is longer (1.339(6) Å) when compared to the corresponding C=N bond 

in Cu4I444 and CuBr42 and C1-N11 is shorter at 1.313(6) Å. This suggests the delocalisation 

of the negative charge over the N1-C1-N11 unit (Figure 3.10). Although copper(I) complexes 
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containing a planar Cu2N4C2 8-membered ring have been reported in literature,41-43 these 

copper(I) complexes are all ligated by neutral ligands with a formula of [Cu2L2]2+ (Figure 3.11). 

41-43  

N N

Cl
Cu Cu

N N

Cl

                     

 Length (Å)   Angle (°) 

Cu1-N1 1.876(4)  N1-Cu1-N22 175.2(2) 

Cu1-N22 1.879(5)  N11-Cu2-N2 174.52(18) 

Cu2-N11 1.870(4)  N11-Cu2-Cu1 87.43(13) 

Cu2-N2 1.891(4)  N2-Cu2-Cu1 87.29(12) 

C1-N1 1.339(6)  N1-Cu1-Cu2 87.53(13) 

C1-N11 1.313(6)  N22-Cu1-Cu2 87.71(15) 

C2-N2 1.315(6)  N11-C1-N1 119.8(3) 

C2-N22 1.358(6)  C1-N11-Cu2 122.5(4) 

 

Figure 3.10 Solid-state structure of Cu23c’2; Solid-state structure is shown with thermal ellipsoids set at 

50% probability. Hydrogen atoms are omitted for clarity. 
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Figure 3.11 Solid-state structures of copper(I) complexes containing planar Cu2N4C2 8-membered 

rings.41-43 
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A different aggregation state was observed when aryl fluoride 3d was used in the 

reaction with mesitylcopper(I) (Figure 3.12a). X-ray crystallography reveals a tetrameric solid-

state structure Cu43d’4 (3d’ is deprotonated 3d) comprising of a folded Cu4N4C4 16-membered 

ring (Figure 3.12b) with a slightly distorted rhombic Cu4 core. Similar to Cu23c’2, the negative 

charge was delocalised within the N-C-N unit as the C1-N1 bond distance is longer (1.333(12) 

Å) and C1-N11 is shorter (1.318(12) Å) compared to the corresponding bonds in Cu4I444 and 

CuBr42. Similar copper(I) complexes containing 16-membered rings such as Cu4N8C4
44 and 

Cu4N12
45-49 with a planar Cu4 unit and N-Cu-N coordination have been reported in literature 

(Figure 3.13).        

       

                      

 Length (Å)   Angle (°) 

Cu1-N1 1.897(7)  N33-Cu1-N1 167.5(3) 

Cu1-N33 1.869(7)  N33-Cu1-Cu3 105.7(3) 

Cu2-N2 1.870(7)  N1-Cu1-Cu3 84.7(2) 

Cu2-N3 1.883(7)  N33-Cu1-Cu2 83.3(3) 

(b) 

(a) 
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C1-N1 1.333(12)  N1-Cu1-Cu2 107.3(2) 

C1-N11 1.318(12)  Cu3-Cu1-Cu2 67.86(4) 

C2-N2 1.346(10)  N2-Cu2-N3 160.7(3) 

C2-N22 1.333(12)  N2-Cu2-Cu1 104.6(2) 

 

Figure 3.12 (a) Solid-state structures of Cu43d’4; (b) Different views of the Cu4N4C4 16-membered ring. 

Solid-state structures shown with thermal ellipsoids set at 50% probability. Hydrogen atoms are omitted 

for clarity. 

 

Figure 3.13 Solid-state structures of copper(I) complexes containing a 16-membered ring with a planar 

Cu4 and N-Cu-N units.44-49 

Given that the addition of 1,10-phenanthroline (L2) can significantly improve the reaction 

rate (Section 3.2.1, Figure 3.5), the interaction of L2 with the copper containing intermediate 

was therefore studied. The solid-state structure of L2-ligated copper(I) complexes was 

obtained by reacting 3d, mesitylcopper(I) and L2 together, followed by recrystallisation from 

toluene / hexane. The resultant crystals were characterised by X-ray crystallography. In the 

presence of L2, a dimeric complex was observed consisting of an 8-membered ring Cu2N4C2 

(Figure 3.14). This contrasts to the tetramer Cu43d’4 observed without the presence of L2 

(Figure 3.12a). The structure of Cu2(3d’)2(L2) also differs from the dimeric structure of Cu23c’2 

(Figure 3.10) as the alignment of two aryl halides changed from head-to-tail to head-to-head. 

In terms of the Cu-N bonds, the presence of L2 led to a significant elongation of the Cu2-N11 
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and Cu-N22 bonds (1.999(2) Å) compared to the Cu1-N1 and Cu1-N2 bond distances (1.859(2) 

Å). This can be attributed to the increased coordination number of Cu2 compared to Cu1. The 

delocalisation of negative charge within N-C-N unit was also confirmed by the C-N bond 

distances (1.307(4) and 1.352(4) Å). Selected bond distances and angles are listed in Figure 

3.14.  

Length (Å) Angle (°) 

Cu1-N1 1.859(2) N11-Cu2-N22 139.27(14) 

Cu2-N11 1.999(2) N11-Cu2-N3 107.55(7) 

Cu2-N3 2.207(4) N22-Cu2-N3 107.55(7) 

Cu2-N33 2.153(4) N22-Cu2-N33 103.71(8) 

C1-N1 1.352(4) N11-Cu2-N33 103.72(8) 

C1-N11 1.307(4) N3-Cu2-N33 76.97(15) 

Figure 3.14 Solid-state structures of Cu2(3d’)2(L2). Solid-state structures shown with thermal ellipsoids 

set at 50% probability. Hydrogen atoms are omitted for clarity. 

In order to confirm whether these copper(I) complexes are viable reaction intermediates, 

the reactivity of Cu23c’2 was studied by heating the complex, with or without L2, to 110 °C in 

DMSO (Table 3.5). Cu23c’2 reacts at this higher temperature to give the cyclised product. 

Furthermore, addition of L2 gave an improved yield indicating the positive effect of L2 during 

the intramolecular N-arylation. 
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Table 3.5 The comparison of reactivity between 3c and crystal 3c’2-Cu2
a 

 

Entry Substrate L2 4 (%) 

1 Cu23c’2 - 65 

2 Cu23c’2 1 equiv. 89 

a The reaction was carried out by reacting substrate (0.1 mmol) in DMSO (1 mL) with or without L2 (0.1 

mmol). Yield determined by 1H NMR using naphthalene as internal standard. 

Overall, the solid-state structures of these copper(I) complexes gives some additional 

insight into the copper coordination modes and complex aggreagation states in these potential 

intermediates and Cu2(3d’)2(L2) reveals how the bidentate ligand L2 can interact with the 

copper(I) centre. Moreover, the copper(I) complex Cu23c’2 undergoes intramolecular 

cyclisation to yield 1,2-dimethylbenzimidazole 4 simply by heating the complex, indicating that 

Cu23c’2 is a potential intermediate / resting state in copper(I)-catalysed intramolecular N-

arylation. The introduction of 1,10-phenanthroline (L2) improved the final yield which is in 

agreement with the kinetic experiments which showed the positive effect of L2.  

3.2.4 Calorimetry Study on Copper(I)-Catalysed Intramolecular N-Arylation 

In order to better understand the rate dependence of reactants and the catalyst performance 

during the copper(I)-catalysed intramolecular N-arylation reaction, the reaction was profiled 

using a superCRC calorimeter. As discussed in the previous section RPKA requires in situ 

monitoring techniques to collect continuous kinetic data. Reaction calorimetry is a powerful in 

situ reaction monitoring tool that has been used previously to study the copper(I)-catalysed 

intermolecular Ullmann and Goldberg reactions (Chapter1, Section 1.3.7).19,21,22 However 

kinetic profiling of copper(I)-catalysed intramolecular N-arylation has not been reported in 
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literature to date. In order to better understand the mechanism of intramolecular N-arylation, 

the reaction was profiled using a superCRC calorimeter (Scheme 3.4). 

 

Scheme 3.4 Copper(I)-catalysed intramolecular N-arylation 

Although two different protocols (CuI / L2 / Cs2CO3 and CuI / ligand-free / TBPM) have 

been shown to give the desired cyclised product in high yield , (see Section 3.2.1), the use of 

the partially soluble inorganic base Cs2CO3 in DMSO may introduce mass transfer effects 

which would affect the quality of the calorimetry data.19 In addition bases such as K2CO3 and 

Cs2CO3 generate water as a by-product during the reaction which may also affect the 

performance of the moisture-sensitive copper(I) catalyst. Therefore, in order to avoid any rate 

implications and simplify the kinetic studies, the soluble organic ionic base n-

tetrabutylphosphonium malonate (TBPM) was selected. The reactivity of aryl bromide also 

makes itself an excellent candidate for kinetic studies as the reaction is catalysed by CuI 

without any significant background self-cyclisation. The model reaction for the calorimetry 

studies used 5 mol% CuI as pre-catalyst, N'-(2-bromophenyl)-N-methylethanimidamide (3b) 

as substrate, and TBPM as base at 30 °C under inert atmosphere conditions (Figure 3.15).  

The copper(I)-catalysed N-arylation was initiated by injecting a solution of CuI (in DMSO) 

into the reaction vial. The instantaneous heat-flow (mW), q, generated from the reaction was 

detected by the superCRC calorimeter (Figure 3.15a, red). Before the analysis of kinetic 

information, three corrections were applied to the raw heat-flow data. The first one was a 

“Tau”-correction which takes into account the time delay between the instantaneous heat 

released from the reaction and the heat detected by calorimeter. At the end of reaction, a 

known amount of heat was produced by applying a current across a resistor in the Omnical 

SuperCRC calorimeter (Figure 3.15a, red). This detected heat was transformed into a square 
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wave using the WinCRC software (Figure 3.15a, blue) and then applied to the whole heat-

flow. The “Tau”-corrected data was further modified using a baseline correction and a mixing-

heat correction (the heat generated by injecting CuI solution with solvent DMSO in the 

absence of reactants) and then plotted against time (t) (Figure 3.15b). The fractional 

conversion, f, at a given time can be calculated by Equation 1: sum of the heat generated to 

time, t, divided by the total heat generated from the reaction. The fractional conversion can 

then be related to the limiting reagent [3b] using Equation 2 to give a plot of [3b] against time 

(Figure 3.15c). Furthermore, the processed calorimetry data was validated by an independent 

1H NMR monitoring reaction. The correlation between the two data sets is good, thus 

confirming the validity of this approach (Figure 3.15c). 
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                                          Equation 1a 
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1  3b 3b f                                           Equation 2 

af = fractional conversion; ffinal = final conversion (determined by GC or NMR), tf = total reaction time  

The reaction rate can be related to the instantaneous heat-flow following Equation 3. The 

graphical rate equation (reaction rate against [3b]) can then be plotted (Figure 3.15d). 
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3b

                             Equation 3a 

aΔHrxn = calculated enthalpy of the reaction; V = reaction volume. 

In addition, for all the kinetic experiments carried out in this study the calculated enthalpy ΔHrxn 

was consistent within 2% difference (ΔHrxn = 220.7 ± 4.4 KJ mol-1) despite the variations in 

initial reactant concentrations. In plotting the graphical rate equations, only the data between 

20 and 80% conversion was selected to avoid potential induction periods and inaccuracies at 

high conversions.19,24  
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Figure 3.15 (a) Graphical raw heat flow (red) and “Tau”-corrected heat-flow (blue) against time; (b) 

“Tau”-, baseline- and mixing-heat-corrected graphical heat flow against time; (c) Validation of heat flow 

conversion using 1H NMR analysis; (d) Graphical rate against [3b]. 

3.2.4.1 Rate Dependence on Copper(I) Catalyst 

Initial calorimetry studies focussed upon the rate dependence of catalyst concentration. The 

order of the catalyst was determined by comparing the graphical rate equations obtained 

under different catalyst concentrations. A positive non-integer order in [Cu]total was observed 

Figure 3.16a) as the reaction rate plots can only be poorly normalised by [Cu]total
1.35 (Figure 

3.16b). Non-first order in catalyst concentration is rare in literature.20 For an order in [catalyst] 

<1, the presence of off-cycle dimeric species is usually proposed in the catalytic cycle. 20 An 
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order in [catalyst] >1 is even rarer and suggests that one or more catalyst molecules participate 

in the catalytic cycle.20 The unusual rate order in copper observed in this reaction indicates 

that two copper centres may be involved in the rate determining step. This could be because 

the copper centre in the metallated aryl bromide is too far away from the aryl-halide bond to 

permit oxidative addition at this site and hence another copper centre is required for the 

oxidative addition step. 

 

Symbol [CuI]0 (M) [3b]0 (M) [TBPM]0 (M) [e] (M) 

 0.0100 0.1000 0.1500 0.0500 

 0.0050 0.1000 0.1500 0.0500 

 0.0025 0.1000 0.1500 0.0500 

 

 

Figure 3.16 Rate dependence on [CuI]: (a) Comparison of graphical rate equations using different [CuI]; 

(b) The reaction rate is normalised by [Cu]1.35 and approximately overlapped.  

3.2.4.2 “Same Excess” Experiments 

A “same excess” experiment was carried out to investigate potential catalyst deactivation and 

/ or inhibition. This experiment involved reducing [TBPM]0 and [3b]0 from 0.1000 and 0.1500 
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M in 0.0250 M incremements whilst keeping [e] = 0.0500 (Figure 3.17a). The lack of overlay 

of the graphical rate equations and faster rate in the “same excess” experiment at an 

instantaneous [3b] indicates a strong catalyst deactivation and / or inhibition processes is 

occurring. In order to distinguish between deactivation and inhibition, a “same excess” 

experiment was carried out with the addition of the three reaction products, namely 1,2-

dimethylbenzimidazole (4), the mono-anion of malonic acid (MalH) and tetra-(n-

butyl)phosphonium bromide (TBPB) (Figure 3.17b). All three graphical rate equations overlay 

with each other very well indicating the reaction rate is only hindered by catalyst inhibition and 

any catalyst deactivation is negligible. This is different from the previous calorimetry study for 

inter-molecular copper-catalysed N-arylation in which catalyst deactivation occurred and 

catalyst inhibition is negligible.19 As the reaction is hindered by the addition of [4], [MalH] and 

[TBPB], the inhibition of each component was studied individually. 

 

Symbol [3b]0 (M) [TBPM]0 [e] (M) [4]0 (M) [MalH]0 (M) [TBPB]0 (M) 

(a)  0.1000 0.1500 0.0500 0 0 0 

(a)  0.0750 0.1250 0.0500 0 0 0 

(a)  0.0500 0.1000 0.0500 0 0 0 

(b)  0.1000 0.1500 0.0500 0 0 0 

(b)  0.0750 0.1250 0.0500 0.0250 0.0250 0.2500 

(b)  0.0500 0.1000 0.0500 0.0500 0.0500 0.0500 
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Figure 3.17 (a) “Same excess” experiment: Graphical rate against [3b]; (b) “Same excess” experiment 

with addition of corresponding amount of 4, MalH and TBPB. 

The product inhibition experiments were first carried out with the extra addition of 

benzimidazole 4 (Figure 3.18). This experiment revealed a negative order in [4] which could 

be due to an off-cycle process due to coordination of 4 to the copper centre (Section 3.2.3). 

Using the same method, inhibition experiments using the mono-anion of malonic acid (MalH, 

Figure 3.19) and tetra-(n-butyl)phosphonium bromide (TBPB, Figure 3.20) were also carried 

out. These both show a less pronounced negative influence of [MalH] and [TBPM] on the 

reaction reate which could be rationalised by the formation of inactive diligated copper(I) 

complex with MalH and variations in solution conductivity by adding TBPB.  

 

Symbol [3b]0 (M) [TBPM]0 (M) [e] (M) [4]0 (M) 

 0.1000 0.1500 0.0500 0 

 0.1000 0.1500 0.0500 0.0500 
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Figure 3.18 Catalyst inhibition experiment: Graphical rate against [3b] with extra addition of 1,2-

dimethylbenzimidazole 4. 

 

Symbol [3b]0 (M) [TBPM]0 (M) [e] (M) [MalH]0 (M) 

 0.1000 0.1500 0.0500 0 

 0.1000 0.1500 0.0500 0.0500 

 0.1000 0.1500 0.0500 0.1000 

  

    

Figure 3.19 Catalyst inhibition experiment: Graphical rate against [3b] with extra addition of MalH. 
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Symbol [3b]0 (M) [TBPM]0 (M) [e] (M) [TBPB]0 (M) 

 0.1000 0.1500 0.0500 0 

 0.1000 0.1500 0.0500 0.0500 

 0.1000 0.1500 0.0500 0.1000 

 

 

Figure 3.20 Catalyst inhibition experiment: Graphical rate equation against [3b] with extra addition of 

TBPB. 

3.2.4.3  “Different Excess” Experiment 

The “different excess” experiment was carried out with different [e] to study the rate 

dependences on [3b] and [TBPM]. In terms of rate dependence on [3b], the graphical 

equations reveal a positive order in [3b] (Figure 3.21a). The reaction rate can be normalised 

by [3b]1 and therefore indicates that the reaction is first order in [3b] (Figure 3.21b). 
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Symbol [3b]0 (M) [TBPM]0 (M) [e] (M) 

 0.1000 0.1500 0.0500 

 0.0750 0.1500 0.0750 

 0.0500 0.1500 0.1000 

 

 

Figure 3.21 “Different excess” experiment: (a) Graphical rate equation against [TBPM]; (b) Normalised 

reaction rate by [3b]1 and overlapped.  

The rate dependence of [TBPM] was found to have approximately negative first order in 

[TBPM] which indicates the higher TBPM loading can inhibit the reaction to give a slower rate 

(Figure 3.22). The negative rate dependence on [TBPM] was also reported in TBPM promoted 

copper(I)-catalysed inter-molecular N-arylation where the negative effect of TBPM was 

rationalised by the formation of an inactive di(malonate) copper(I) complex.19 
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Figure 3.22 (a) “Different excess experiment”: Graphical rate against [3b]; (b) Normalised rate by 

[TBPM]-1. 

3.2.4.4 Ligand Screening  

The addition of an ancillary ligand is known to improve the yields and rates of Ullmann 

arylations when inorganic bases are used. However the use of organic bases with an ancillary 

ligand have not yet been fully investigated, hence TBPM promoted copper(I)-catalysed N-

arylation was also carried out in the presence of ancillary ligands. Unfortunately, none of the 

ligands gave an improvement in the reaction rate (Figure 3.23). L1 and L3 gave quite similar 

reaction rates, but were slower than the ligand-free conditions. Further increasing [L2] resulted 

in an even lower reaction rate. The reason for a lower reaction rate in the presence of an 

ancillary ligand may be due to competition between the ancillary ligand and the malonate anion 

from TBPM for coordination to the metal centre and the fact that malonate is a better ligand 

for the reaction than the ancillary ligand. This is however different with arylations using Cs2CO3 

as base shown in Figure 3.5 in which a positive order in [L2] was observed since in these 

cases the ancillary ligand is a better ligand for the reaction than the carbonate anion.  
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Figure 3.23 in situ ligand screening by calorimetry. 

3.2.4.5 Sub-Mol% Catalyst Loading  

The “same excess” experiments described above have shown that no significant catalyst 

decomposition happens during the reaction. Therefore, TBPM promoted copper(I)-catalysed 

intramolecular arylation using a sub-mol% catalyst loading was investigated (Table 3.6). It was 

shown that the reaction can employ as low as 0.1 mol% CuI and still give satisfactory yields 

even at room temperature (Entry 2). Over 99% yield can be achieved within 3 hours by 

increasing the reaction temperature to 110 °C (Entry 5). In comparison, the cyclisation carried 

out under copper-free conditions only gave 63% yield at the same temperature (Entry 4). 

Table 3.6 Sub-mol% copper(I)-catalysed intramolecular N-arylation 
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Entry CuI (mol%) Temp. (°C) Time (h) Yield (%) 

1 - 22 72 n.r. 

2 0.1 22 72 91 

3 1 22 72 >99 

4 - 110 24 63 

5 0.1 110 3 >99 

 

3.2.4.6 Conclusions for Kinetic Studies 

In section 3.2.4 detailed kinetic profiling of copper(I)-catalysed N-arylation using in situ – 

calorimetry measurements have been presented. Based on the kinetic experiments, the 

catalytic cycle for TBPM promoted copper(I)-catalysed intramolecular N-arylation can be 

proposed (Scheme 3.5). 

The rate dependence study of catalyst concentration reveals a complex order in [Cu]total 

(1 < order < 2). The result indicates that more than one catalyst molecule participates in the 

catalytic cycle,20 and thus there is a possibility that two coppers are involved in the rate 

determining step. This could be because in the copper metallated aryl bromide (I2) the copper 

is too far away from the aryl-halide bond and hence the oxidative addition step has to be 

performed another copper centre. The rate dependence on [ArBr] (1st order) and [TBPM] 

(approximately negative 1st order) are in agreement with the literature for intermolecular 

Ullmann reactions.19 The result of the “same excess” experiments reveals that catalyst 

inhibition by 1,2-dimethylbenzimidazole, MalH and TBPB is occurring during the catalytic cycle. 

A new intramolecular N-arylation catalytic system using TBPM promoted sub-mol% copper(I)-

catalysed was also developed. 
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Scheme 3.5 Proposed mechanism for TBPM promoted copper(I)-catalysed intramolecular N-arylation. 

3.2.5 Overall Conclusions  

In conclusion, new insights into the reactivity and mechanism of the copper-catalysed 

intramolecular N-arylation reaction have been obtained. The reactivity of the aryl halides 

follows the sereis ArI > ArBr > ArCl as aryl chlorides required higher temperature to be 

activated. This is in agreement with the oxidative coupling mechanism as the aryl-Cl bond is 

stronger than the aryl-Br bond therefore more is more difficult to cleave. For reactions using 

Cs2CO3 as base several ancillary ligands were screened to promote the reaction and 1,10-

phenanthroline was found to be the most effective. The application of the organic base TBPM 

was shown to give high yields even at room temperature.  

In terms of the mechanistic study, a number of copper(I) intermediates were isolated 

under air-free conditions and their solid-state structures were obtained by X-ray 
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crystallography. These solid-state structures potentially represent different intermediates in 

the catalytic cycle. For aryl iodide and aryl bromide substrates, cyclisation occurred readily 

when they were treated with mesitylcopper(I) to give 1,2-dimetylbenzimidazole ligated 

copper(I) complexes Cu4I444 and CuBr42. The less reactive aryl chloride and fluoride 

substrates were found to form dimeric (Cu23c’2) and tetrameric (Cu43d’4) complexes 

respectively in which the aryl halide bond remained unreacted. Moreover, the solid-state 

structure of a 1,10-phenanthroline (L2) ligated intermediate (Cu2(3d’)2(L2)) was reported 

revealing how L2 can interact with the metal centre.  

Detailed kinetic profiling of the copper(I)-catalysed Ullmann type N-arylation reaction 

has been carried out using RPKA methods and in situ monitoring by a calorimeter. This 

allowed the proposal for a modified catalytic cycle including potential off cycle equilibria. 

“Same excess” experiments were used to verify that catalyst inhibition occurred during the 

catalytic process and that catalysis deactivation is negligible.  

3.3 Experimental  

3.3.1 General 

For reactions that required air-free techniques, all glassware was pre-dried at 120 °C overnight 

and loaded in a glove-box under nitrogen. The experiments were carried out under a protective 

atmosphere of N2. Anhydrous solvents including MeCN, DMF, acetone, hexane, and toluene 

were obtained from a solvent tower using the PureSolv solvent purification system, degassed 

under N2, and stored over molecular sieves. Anhydrous DMSO and dioxane were purchased 

in Sure / SealTM bottles and used directly from the bottle. Deuterated solvents including DMSO-

d6, acetonitrile-d3, acetone-d6, benzene-d6 and chloroform-d were purchased from Sigma-

Aldrich or VWR and dried over molecular 4 Å sieves under N2 before use. Copper(I) iodide 

(99.999% trace metals basis, powder) was purchased from Sigma-Aldrich and stored in a 

glove box under N2. All ligands and aryl halides were purchased from Sigma-Aldrich or VWR 

and used as received without further purification.  
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 1H and 13C NMR analysis was carried out at room temperature using Bruker AV-400 

spectrometers. Chemical shifts (δ) are reported in parts per million (ppm) from 

tetramethylsilane and are referenced to the residual protonated solvent and carbon 

resonances of the solvent in 1H and 13C NMR spectra respectively. Coupling constants (J) are 

J coupling constant values are given in Hz units. CHN microanalyses were carried out at the 

London Metropolitan University, UK. Reaction calorimetry was performed using an Omnical 

SuperCRC reaction calorimeter, which is a differential scanning calorimeter (DSC) that 

compares the heat released or absorbed between a sample vial and reference vial. The 

calorimetry heat flow was measured every three seconds. The heat of mixing associated with 

the addition of the final reactant was subtracted from the tau-corrected heat flow experimental 

data. GC analyses were performed using a Hewlett-Packard 5890 Series II GC instrument 

with an FID detector equipped with a 30 m x 0.25 mm I.D. (5%-phenyl)-methylpolysiloxane 

stationary phase capillary column. For the analysis of samples from catalytic reactions that did 

not use ligand L, the following GC oven temperature programs was used: (i) 70 °C upon 

injection, (ii) hold at 70 °C for 2 min, (iii) increase the temperature to 250 °C at a rate of 45 °C 

per minute, (iv) hold at 250 °C for 5 min. The GC injector and detector temperatures were both 

set at 250 °C. For samples from catalytic reactions that used L, the rate for the oven 

temperature increase was changed from 45 °C per minute to 10 °C per minute. GC calibrations 

against a naphthalene internal standard were used to quantify products and aryl halides 

amounts. GC-MS analysis was performed on a Micromass Autospec Premier / Agilent HP6890 

GC. 

1H and 13C NMR analysis was performed using MESTRELAB MestReNova software; GC 

data was analysed using DataApex Clarity software; and reaction calorimetry data was 

captured using WinCRC and processed in Microsoft Excel. 

3.3.2 Synthesis of N'-(2-Halogenphenyl)-N-Methylethanimidamide3 

N-methylacetamide (4.58 mL, 60 mmol) was dissolved in anhydrous toluene (150 mL) in a 

round bottom flask at 0 °C followed by dropwise addition of POCl3 (2.80 mL, 30 mmol). The 
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mixture was stirred at 0 °C for 2 h before addition of 2-halogenaniline (30mmol). The mixture 

was heated and stirred under reflux for 4 h. The solid crude product was collected and 

dissolved in 100 mL distilled water. Charcoal (active, decolorising powder) was added into the 

solution and stirred for 1 h at room temperature. Aqueous sodium hydroxide solution (5 M) 

was slowly added to the solution to adjust the pH value to 10. The solution was left at rt for 1-

2 h. The product was collected by filtration and then redissolved in ethyl acetate (50 mL). The 

organic layer was separated and dried over MgSO4. The pure product was collected by 

vacuum evaporation of the solvent.  

N'-(2-iodophenyl)-N-methylethanimidamide (3a): Light yellow solid (6.94 g, 84 %); Melting 

point: 96.4 – 97.3°C; 1H NMR (400 MHz, Chloroform-d) δ 7.78 (d, J = 7.8 Hz, 1H), 7.22 (t, J = 

7.6 Hz, 1H), 6.79 (d, J = 7.8Hz, 1H), 6.68 (t, J = 7.5 Hz, 1H), 4.47 (s, 1H), 2.96 (s, 3H), 1.70 

(s, 3H); 13C NMR (101 MHz, Chloroform-d) δ 158.37, 153.67, 153.7, 127.7, 123.7, 122.92, 

116.57, 28.32, 17.73; 1H NMR (400 MHz, DMSO-d6) δ 7.74 (1 H, dd, J = 7.7, 1.5 Hz ), 7.23 (1 

H, td, J = 7.5, 1.5 Hz), 6.86 (1 H, s), 6.72 (1H, dd, J = 7.7 Hz, 1.6 Hz), 6.65 (1 H, td, J = 7.6, 

1.5 Hz), 2.74 (3 H, d, J = 4.6 Hz), 1.61 (3 H, s); IR (ATR) max/cm-1: 3244 (N-H str), 1623 (C=N), 

1547 (N-H b), 1464 (methyl C-H), 1232 (C-N); MS (CI) m/z = 275 [M+H]+; Elemental analysis: 

C9H11I1N2, C 39.55%; H 3.99%; N 10.09% (calc. C 39.44%; H 4.04%; N 10.22%). 

N'-(2-bromophenyl)-N-methylethanimidamide (3b)3: Light yellow solid, yield: 6.13 g (90 %); 

Melting point: 35.4 – 36.2°C (lit. 35 – 37 °C); 1H NMR (400 MHz, Chloroform-d) δ 7.51 (d, J = 

7.6 Hz, 1 H), 7.17 (t, J = 7.6 Hz, 1 H), 6.89 – 6.77 (m, 2 H), 4.58 (s, 1 H), 2.93 (d, J = 4.1 Hz, 

3H), 1.70 (s, 3H); 13C NMR (101 MHz, Chloroform-d) δ 157.3, 150.1, 132.7, 127.7, 123.7, 

123.2, 117.4, 28.5, 17.7; 1H NMR (400 MHz, DMSO-d6) δ 7.51 (dd, J = 7.9, 1.5 Hz, 1H), 7.20 

(t, J = 7.6 Hz, 1H),6.87 (br, 1H) 6.86 – 6.73 (t, J = 7.8 Hz, 2H), 2.75 (d, J = 4.6 Hz, 3H), 1.63 

(s, 3H); IR (ATR) max/cm-1: 3243 (N-H str), 1620 (C=N), 1547 (N-H b), 1465 (methyl C-H), 

1232 (C-N); MS (CI) m/z = 227 [M+H]+ 
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N'-(2-chlorophenyl)-N-methylethanimidamide (3c): Yellow solid, yield: 4.90 g (90 %); Melting 

point: 43.5 – 44.1°C; 1H NMR (400 MHz, Chloroform-d) δ 7.33 (d, J = 7.9 Hz, 1H), 7.14 (t, J = 

7.6 Hz, 1H), 6.94 – 6.79 (m, 2H), 4.53 (s, 1H), 2.93 (s, 3H), 1.71 (s, 3H). 13C NMR (101 MHz, 

Chloroform-d) δ 157.19, 148.82, 129.52, 127.17, 126.71, 123.93, 122.84, 28.48, 17.95; 1H 

NMR (400 MHz, DMSO-d6) δ 7.33 (dd, J = 8.1, 1.6 Hz, 1H), 7.15 (td, J = 7.6, 1.5 Hz, 1H), 6.94 

– 6.81 (m, 2H), 6.76 (dd, J = 7.8, 1.8 Hz, 1H), 2.72 (d, J = 4.8 Hz, 3H), 1.62 (s, 3H); IR (ATR) 

max/cm-1: 3256 (N-H str) 1623 (C=N), 1547 (N-H b), 1467 (methyl C-H), 1232 (C-N); MS (CI) 

m/z = 182 [M+H]+; Elemental analysis: C9H11Cl1N2, C 59.08%; H 5.99%; N 15.29% (calc. C 

59.18%; H 6.07%; N 15.34%). 

N'-(2-fluorophenyl)-N-methylethanimidamide (3d): Orange oil, yield: 4.08 g (81 %); 1H NMR 

(400 MHz, Chloroform-d) δ 7.03 – 6.93 (m, 2H), 6.93 – 6.77 (m, 2H), 4.92 (s, 1H), 2.86 (s, 3H), 

1.70 (s, 3H); 13C NMR (101 MHz, Chloroform-d) δ 158.32, 155.8, 129.49, 125.16, 124.15, 

122.72, 115.68, 28.30, 17.72; 1H NMR (400 MHz, DMSO-d6) δ 7.12 – 6.96 (m, 2H), 6.93 – 

6.82 (m, 2H), 6.77 (m, 1H), 2.70 (d, J = 4.6 Hz, 3H), 1.65 (s, 3H); 19F NMR (377 MHz, DMSO-

d6) δ -127.20; IR (ATR) max/cm-1: 3260 (N-H str) 1620 (C=N), 1547 (N-H b), 1466 (methyl C-

H), 1244 (C-N); MS (CI) m/z = 167 [M+H]+; Elemental analysis: C9H11F1N2, C 64.91%; H 6.45%; 

N 16.66% (calc. C 65.04%; H 6.67%; N 16.86%,). 

3.3.3 Synthesis of Bis(tetra-(n-Butyl)Phosphonium) Malonate (TBPM)32  

Malonic acid (5.20 g, 50.0 mmol) was dissolved in tetra-n-butylphosphonium hydroxide 

solution (66.9 mL, 40.0 wt.% in water, 100 mmol). The mixture was stirred at rt for 4 h. The 

water was removed by rotary evaporation until a light yellow viscous oil was obtained. The oil 

was further dried with stirring at 60 °C under high vacuum for another 48 h to obtain a white 

powder. The mixture was redissolved in acetonitrile (100 mL) to give a colourless solution with 

some suspended insoluble white solid, which was removed by filtration. The majority of the 

solvent was removed by rotary evaporation from the filtrate. The light yellow viscous liquid was 

vigorously dried with stirring at 60 °C under high vacuum for another 48 h. The viscous liquid 

was stored in an N2 filled glovebox at the end of the drying and the liquid solidified to a waxy, 
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white solid to give the pure product. TBPM (29.2 g, 94% yield), 1H NMR (400 MHz, DMSO-d6) 

δ 0.91 (t, J = 7.0 Hz, 24H), 1.32 – 1.52 (m, 32H), 2.16 – 2.32 (m, 16H), 2.44 (br, 2H); 13C NMR 

(101 MHz, DMSO-d6) δ 172.5, 50.1, 23.2, 22.7, 17.2, 13.1. The NMR is in agreement with the 

literature.19 

3.3.4 General 1,2-Dimethylbenzimidazole Synthesis Procedure using Cs2CO3 

A sample vial was charged with Cs2CO3 (65 mg, 0.2 mmol) and 3b (100 μL, 1 M in DMSO-d6, 

0.1 mmol) followed by addition of CuI solution (50 μL, 0.1 M in DMSO-d6, 5 mol %), ligand 

(100 μL, 0.1 M in DMSO-d6, 10 mol %) and internal standard naphthalene (100 μL, 0.5 M in 

DMSO-d6, 0.05 mmol). Another 650 μL of DMSO-d6 was added to make up the total volume 

to 1 mL. The reaction was then stirred at 80 °C for 6 h. The mixture was cooled to room 

temperature and the clear organic layer was transferred into Young’s type NMR tube under 

an N2 atmosphere. The conversion and yield were determined by 1H NMR. 1H NMR (400 MHz, 

DMSO-d6) δ 7.56 – 7.43 (m, 2H), 7.16 (dtd, J = 19.3, 7.3, 1.2 Hz, 2H), 3.72 (s, 3H), 2.52 (s, 

3H). 13C NMR (101 MHz, DMSO-d6) δ 152.1, 142.3, 135.8, 121.3, 121.0, 118.1, 109.6, 29.6, 

13.4. The NMR is in agreement with literature.50 

3.3.5 General 1,2-Dimethylbenzimidazole Synthesis Procedure using TBPM 

A sample vial was charged with TBPM (400 μL, 0.5M, 0.2 mmol) and 3b (100 μL, 1 M in 

DMSO-d6, 0.1 mmol) followed by addition of CuI solution (50 μL, 0.1 M in DMSO-d6, 10 mol %), 

ligand (100 μL, 0.1 M in DMSO-d6, 10 mol %) and internal standard naphthalene (100 μL, 0.5 

M in DMSO-d6, 0.05 mmol). Another 250 μL of DMSO-d6 was added to make up the total 

volume to 1 mL. The reaction was then stirred at rt for 6 h. The mixture was cooled to room 

temperature and the clear organic layer was transferred into Young’s type NMR tube under 

an N2 atmosphere. The conversion and yield were determined by 1H NMR.  

3.3.6 General 1,2-Dimethylbenzimidazole Synthesis Procedure by 3c Activation 

A sample vial was charged with base (Cs2CO3, 65 mg, 0.2 mmol or TBPM, 400 μL, 0.5M in 

DMSO-d6, 0.2 mmol) and 3c (100 μL, 1 M in DMSO-d6, 0.1 mmol) followed by addition of CuI 
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solution (50 μL, 0.1 M in DMSO-d6, 5 mol %), ligand (100 μL, 0.1 M in DMSO-d6, 10 mol %) 

and internal standard naphthalene (100 μL, 0.5 M in DMSO-d6, 0.05 mmol). DMSO-d6 was 

added to make up the total volume to 1 mL. The reaction was then stirred at 130 ºC for 24 h. 

The mixture was cooled to room temperature and the clear organic layer was transferred into 

Young’s type NMR tube under an N2 atmosphere. The conversion and yield were determined 

by 1H NMR.  

3.3.7 Synthesis of Mesitylcopper(I)51  

Magnesium turnings (2.48g, 100 mmol) were dried using a heat gun under vacuum in a 

Schlenk round bottom flask for at least 20 minutes with stirring. The flask was then filled with 

N2 and cooled down to rt followed by addition of 100 mL pre-dried and degassed THF. 2-

Bromomesitylene (15.30 mL, 100 mmol) was added slowly into the magnesium suspension 

solution at rt. Afterward, the mixture was stirring at 0 °C for 2 h to give a grey solution of 

MgMesBr. Another Schlenk round bottom flask was charged with Cu(I)Cl (10.90 g, 100 mmol) 

under N2 atmosphere and dissolved in 50 mL THF. The CuCl solution was cooled down to –

78 °C whilst stirring before MgMesBr solution was transferred into it via a PTFE cannula. The 

obtained green mixture was kept stirring overnight under N2 atmosphere. Afterward, 60 mL 

anhydrous dioxane was added to the suspension and allowed to stir for another 30 minutes. 

A Schlenk tube equipped with a filter stick and a 3 cm layer of pre-dried Celite was flushed 

with N2. The suspension was transferred into the filter stick by PTFE cannula (the end on 

reaction mixture side was equipped with filter paper to avoid the solid blocking the filter stick). 

The bright yellow filtrate was collected into the Schlenk tube at the end of the filtration. The 

solvent was evaporated under vacuum to obtain yellow solid which was then redissolved in 

50 mL anhydrous toluene. The insoluble impurities were filtered by cannula to obtain bright 

yellow clear solution which was further concentrated and then placed in the freezer overnight. 

The pale yellow crystal was collected by PTFE cannula and dried under vacuum to give the 

pure product. The filtrate was concentrated again and placed in the freezer again overnight to 

give the product. Pale yellow solid (8.79 g yield: 48%), 1H NMR (400 MHz, benzene-d6) δ 6.67 
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(2 H, s), 6.59 (2 H, s), 2.92 (6 H, s), 2.93 (6 H, s) 2.02 (3 H, s), 1.90 (3 H, s). The NMR is in 

agreement with literature.52  

3.3.8 Synthesis of Cu4I444 

A 4 mL vial was charged with mesitylcopper(I) (18 mg, 0.1 mmol) and 3a (27 mg, 0.1 mmol) 

fully dissolved in anhydrous toluene (1.0 mL). The vial was placed inside a larger vial (20 mL) 

containing anhydrous hexane (500 μL) and left at room temperature. Colourless crystals 

started to form in the inner vial after 24 h, and were isolated after 72 h. 1H NMR (400 MHz, 

DMSO-d6) δ 7.83 (d, J = 8.0 Hz, 1H), 7.61 (d, J = 7.7 Hz, 1H), 7.32 – 7.19 (m, 2H), 3.80 (s, 

3H), 2.71 (s, 3H); 13C NMR (101 MHz, DMSO-d6) δ 134.93, 129,37, 123.15, 122.75, 118.41, 

110.85, 65.38, 30.75, 14.53; Anal. Calcd for C39H40I4N8: C 32.11; H 2.99; N 8.32%. Found C 

32.19; H 2.87; N 8.22%. 

3.3.9 Synthesis of CuBr42 

A 4 mL vial was charged with mesitylcopper(I) (18 mg, 0.1 mmol) and 3b (23 mg, 0.1 mmol) 

fully dissolved in anhydrous toluene (1.0 mL). The vial was placed inside a larger vial (20 mL) 

containing anhydrous hexane (500 μL) and left at room temperature. Colourless crystals 

started to form in the inner vial after 24 h, and were isolated after 72 h. 1H NMR (400 MHz, 

DMSO-d6) δ 7.80 (d, J = 7.8 Hz, 1H), 7.65 (d, J = 7.9 Hz, 1H), 7.39 – 7.19 (m, 2H), 3.83 (s, 

3H), 2.75 (s, 3H); 13C NMR (101 MHz, DMSO-d6) δ 136.38, 129,35, 123.28, 122.96, 118.27, 

111.85, 65.18, 32.34, 15.42; Anal. Calcd for C18H20BrCuN4: C 49.61; H 4.63; N 12.86%. Found 

C 49.87; H 4.77; N 12.75%. 

3.3.10 Synthesis of Cu23c’2 

A 4 mL vial was charged with mesitylcopper(I) (18 mg, 0.1 mmol) and 3c (18 mg, 0.1 mmol) 

fully dissolved in anhydrous toluene (1.0 mL). The vial was placed inside a larger vial (20 mL) 

containing anhydrous hexane (500 μL) and left at room temperature. Colourless crystals 

started to form in the inner vial after 24 h, and were isolated after 72 h. IR (ATR) νmax/cm-1: 
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2924 2868 (C-H str), 1623 (C=N), 1458 (methyl C-H), 1245 (C-N); Anal. Calculated for 

C18H20Cl2Cu2N4: C 44.09; H 4.11; N 11.43%. Found C 44.10; H 4.03; N 11.41%. 

3.3.11 Synthesis of Cu43d’4 

A 4 mL vial was charged with mesitylcopper(I) (18 mg, 0.1 mmol) and 3d (17 mg, 0.1 mmol) 

fully dissolved in anhydrous toluene (1.0 mL). The vial was placed inside a larger vial (20 mL) 

containing anhydrous hexane (500 μL) and left at room temperature. Colourless crystals 

started to form in the inner vial after 24 h, and were isolated after 72 h. IR (ATR) νmax/cm-1: 

2926 2864 (C-H str), 1679 (C=N), 1457 (methyl C-H), 1228 (C-N); Anal. Calculated for 

C36H40F4Cu4N8: C 47.26; H 4.41; N 12.25%. Found C 47.07; H 4.56; N 11.99%. 

3.3.12 Synthesis of Cu2(3d’)2(L2) 

The crystal was formed by vapour diffusion method. The crystallisation experimental setup 

consist two containers. The inner vial (4 mL) was charged with clear dark red solution which 

was obtained by filtration of mesitylcopper(I) (18 mg, 0.1 mmol), N'-(2-fluoro-phenyl)-N-

methylethanimidamide (3d) (18 mg, 0.1 mmol) and 1,10-phenanthroline (18 mg, 0.1 mmol) 

solution in anhydrous toluene (1.0 mL). The outer vial (20 mL) was charged with anhydrous 

hexane (100 μL). The brown needle crystal was isolated and characterized after 72 h. 1H NMR 

(400 MHz, DMSO-d6) δ 9.05 (dd, J = 4.5, 1.6 Hz, 2H), 8.81 – 8.59 (m, 2H), 8.15 (s, 2H), 7.90 

(dd, J = 8.1, 4.5 Hz, 2H), 7.15 – 6.75 (m, 8H), 2.95 (s, 2H), 2.72 (s, 4H), 1.65 (m, 6H). Anal. 

Calculated for C30H28F2Cu2N6: C 56.51; H 4.43; N 13.18%. Found C 56.77; H 4.43; N 13.11%. 

3.3.13 General Procedure for the Kinetic Studies using Reaction Calorimetry19 

The reaction was carried out in a 14 mL screw top vial (12mm O.D. x 70mm h x 21mm I.D.) 

supplied with rubber septum. The reference vial was charged with anhydrous DMSO (10 mL) 

for comparison. The reaction was initialised by addition of catalyst (CuI solution) by a gas-tight 

syringe (1000 μL). The reaction temperature was set at 30 °C controlled by a cooling / heating 

circulator. The real-time data was collected every three seconds by Omnical SuperCRC 

reaction calorimetry to produce the raw heat flow graph. 
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In a nitrogen-filled glovebox, the stock solutions were prepared by using a volumetric 

flask: 3b (1.136 g in 5 mL DMSO, 1.00 M), TBPM (3.105 g in 10 mL DMSO, 0.50 M), 

naphthalene (641 mg in 10 mL DMSO, 0.50 M) and CuI (95 mg in 5 mL DMSO, 0.10 M, stored 

in dark). The standard reaction was prepared following the instruction here: The reaction vial 

was charged with 3b (1000 μL, 1.00 M, 1.00 mmol), TBPM (3000 μL, 0.50 M, 1.50 mmol), 

naphthalene (1000 μL, 0.50 M, 0.50 mmol) and DMSO (4500 μL; make up to 10.000 mL total 

liquid). A gas-tight syringe charged with CuI solution (500 μL, 0.10 M, 0.05 mmol) was sealed 

at the tip of the needle using soft PTFE plugs. The reaction vial and syringe were then taken 

out of the glovebox. The reaction vial was placed into the calorimetry holder under stirring at 

30 °C and the gas-tight syringe loaded with catalyst solution was placed instantaneously in 

the sample injection port on the top of the reaction vial. The reaction vial was allowed to 

stabilise at 30 °C for at least 1 h to reach the thermal equilibrium which was observed by 

Omnical SuperCRC software (flat baseline). Afterward, the CuI solution was injected into the 

reaction vial and the syringe was removed immediately from the calorimetry. The monitoring 

stopped when the heat flow became a flat line again followed by the “tau”-correction 

experiment on the same reaction vial. When the “tau”-correction was accomplished, the 

reaction vial was taken out of the calorimetry and a 1000 μL of the reaction solution was taken 

and dissolved in 1000 μL CDCl3. The mixture was washed with distilled water (1 mL) and twice 

with brine (2 mL in total). The organic layer was dried over MgSO4 and the conversion and 

yield were determined by 1H NMR analysis against an internal standard of naphthalene (all 

100%). 

3.3.14 Procedure for validating the calorimetry data using 1H NMR 

The reaction vial was charged with 3b (1000 μL, 1.00 M, 1.00 mmol), TBPM (3000 μL, 0.50 

M, 1.50 mmol), naphthalene (1000 μL, 0.50 M, 0.50 mmol) and DMSO (4500 μL; make up to 

10.000 mL total liquid). A gas-tight syringe charged with CuI solution (500 μL, 0.10 M, 0.05 

mmol) was sealed at the tip of the needle using soft PTFE plugs. The reaction vial and syringe 

were then taken out of the glovebox. The reaction vial was heated at 30 °C under stirring for 
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1 h followed by injection of CuI solution. 1H NMR samples were prepared by drawing 200 μL 

solution out of the reaction vial at 10, 20, 30, 40, 60, 80 and 100 min which were then dissolved 

individually in 1000 μL CDCl3. Each mixture was washed with distilled water (1 mL) and twice 

with brine (2 mL in total). The organic layer was dried over MgSO4 and the conversion and 

yield were determined by 1H NMR analysis against an internal standard of naphthalene. 

3.3.15 Procedure for Catalyst Dependence Experiment 

The reaction was carried out following the general procedure with different concentration of 

CuI (details see Table 3.7).  

Table 3.7 Catalyst dependence experiment 

Entry CuI solution DMSO 

1 500 μL, 0.100 M, 0.050 mmol 4500 μL 

2 250 μL, 0.100 M, 0.025 mmol 4750 μL 

3 500 μL, 0.200 M, 0.100 mmol 4500 μL 

 

3.3.16 Procedure for “Same Excess” Experiment 

The reaction was carried out following the general procedure with different concentration of 

3b and TBPM ([e] = 0.50 M) (details see Table 3.8).  

Table 3.8“Same excess” experiment 

Entry 3b TBPM DMSO 

1 1000 μL, 1.00 M, 1.00 mmol 3000 μL, 0.50 M, 1.50 mmol 4500 μL 

2 750 μL, 1.00 M, 0.75 mmol 2750 μL, 0.50 M, 1.25 mmol 5000 μL 

3 500 μL, 1.00 M, 0.50 mmol 2500 μL, 0.50 M, 1.00 mmol 5500 μL 

 

3.3.17 Procedure for Catalyst Deactivation Experiment 
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The “same excess” experiment was repeated with addition of 1,2-dimethylbenzimidazole (4), 

mono tetrabutylphosphonium malonate (MalH), tetrabutylphosphonium bromide (TBPB) 

(details see Table 3.9).  

Table 3.9 Catalyst deactivation experiment 

Entry 3b TBPM 4 MalH TBPB DMSO 

1 1000 μL, 1.00 

M, 0.50 mmol 

3000 μL, 0.50 

M, 1.50 mmol 

- - - 4500 

μL 

2 750 μL, 1.00 

M, 0.75 mmol 

2750 μL, 0.50 

M, 1.25 mmol 

500 μL, 0.50 

M, 0.25 mmol 

500 μL, 0.50 

M, 0.25 mmol 

500 μL, 0.50 

M, 0.25 mmol 

3500 

μL 

3 500 μL, 1.00 

M, 0.50 mmol 

2500 μL, 0.50 

M, 1.50 mmol 

1000 μL, 0.50 

M, 0.50 mmol 

1000 μL, 0.50 

M, 0.50 mmol 

1000 μL, 0.50 

M, 0.50 mmol 

2500 

μL 

 

3.3.18 Procedure for Product Inhibition Experiment 

The reaction was carried out following the general procedure with extra addition of 1,2-

dimethylbenzimidazole (4) (details see Table 3.10).  

Table 3.10 Product inhibition experiment 

Entry 4 DMSO 

1 1000 μL, 0.50 M, 0.50 mmol 3500 μL 

2 2000 μL, 0.50 M, 1.00 mmol 2500 μL 

 

3.3.19 Procedure for MalH Inhibition Experiment 

The reaction was carried out following the general procedure with extra addition of MalH 

(TBPM : Malonic acid = 1 : 1, details see Table 3.11).  

Table 3.11 MalH inhibition experiment 
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Entry MalH DMSO 

1 1000 μL, 0.50 M, 0.50 mmol 3500 μL 

2 2000 μL, 0.50 M, 1.00 mmol 2500 μL 

 

3.3.20 Procedure for nBu4PBr Inhibition Experiment 

The reaction was carried out following the general procedure with extra addition of nBu4PBr 

(TBPB, details see Table 3.12).  

Table 3.12 nBu4PBr inhibition experiment 

Entry TBPB DMSO 

1 1000 μL, 0.50 M, 0.50 mmol 3500 μL 

2 2000 μL, 0.50 M, 1.00 mmol 2500 μL 

 

3.3.21 Procedure for “Different Excess” Experiment 

The reaction was carried out following the general procedure with different concentration of 

3b ([e] = 1.00 and 1.50 M) or TBPM ([e] = 0.75 and 1.00 M) (details see Table 3.13).  

Table 3.13 “Different excess” experiment 

Entry 3b TBPM DMSO 

1 1000 μL, 1.00 M, 1.00 mmol 4000 μL, 0.50 M, 2.00 mmol 3500 μL 

2 1000 μL, 1.00 M, 1.00 mmol 5000 μL, 0.50 M, 2.50 mmol 2500 μL 

3 750 μL, 1.00 M, 0.75 mmol 3000 μL, 0.50 M, 1.50 mmol 4750 μL 

4 500 μL, 1.00 M, 0.50 mmol 3000 μL, 0.50 M, 1.50 mmol 5000 μL 
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3.3.22 General 1,2-Dimethylbenzimidazole Synthesis Procedure Using Sub-Mol% 

Catalyst Loading 

A sample vial was charged with TBPM (400 μL, 0.5M, 0.2 mmol) and 3b (100 μL, 1 M in 

DMSO-d6, 0.1 mmol) followed by addition of CuI solution (50 μL, 0.1 M in DMSO-d6, 0.1 mol %) 

and internal standard naphthalene (100 μL, 0.5 M in DMSO-d6, 0.05 mmol). DMSO-d6 was 

added to make up the total volume to 1 mL. The reaction was then stirred at rt for 72 h. The 

mixture was cooled to room temperature and the clear organic layer was transferred into 

Young’s type NMR tube under an N2 atmosphere. The conversion and yield were determined 

by 1H NMR (91%).  
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4.1 Introduction 

4.1.1 Benzoxazoles and Benzothiazoles 

Benzoxazoles and benzothiazoles are one of the most important classes of heterocycle 

consisting of a benzene-fused oxazole or thiazole ring respectively. Benzoxazoles and 

benzothiazoles are found in numerous natural products and have applications in 

medicinal/agricultural chemistry, fluorescent materials and many other fields.1–3 Specifically, 

the benzoxazole scaffold is found in a variety of naturally occurring products such as 

pseudopteroxazole4,5, UK- 16, AJI95617 an salvianen8 (Figure 4.1). The benoxazole core has 

also been found in various biologically active compounds for medicinal application such as a 

cathepsin S inhibitor9, 5-HT3 receptor agonist10, estrogen receptor-β agonist ERB-04111, 

selective peroxisome proliferator-activated receptor γ antagonist JTP-42646712, orexin-1 

receptor antagonist SB-33486713, HIV reverse transcriptase inhibitor L-697,66114 and 

anticancer agent NSC-69363815 (Figure 4.1). More applications of benzoxazoles such as in 

the herbicide Fenoxaprop16 and in fluorescent whitening agents17 have also been reported 

(Figure 4.1).  

In terms of benzothiazoles, numerous biologically active compounds contain the 

benzothiazole scaffold such as the antidiabetic drug zopolrestat18, a selective fatty acid amide 

hydrolase inhibitor19, a selective aldose reductase inhibitor20, antitumor benzothiazoles 

5F20321 and PMX 61022, and fatty acid oxidation inhibitor (R)-CVT-3501 for the treatment of 

ischemic heart disease23 (Figure 4.). Compounds containing benzothiazole scaffolds have 

also be used in fluorescent materials such as a ratiometric fluorescent pH indicator24, 

iminocoumarin-based zinc sensor25, and bioluminogenic substrate26 (Figure 4.2).  
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Figure 4.1 Benoxazoles in natural products and applications in medicinal, agricultural, and fluorescent 

chemistry.  
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Figure 4.2 Structures of bioactive and fluorescent compounds containing benzothiazoles. 

4.1.2 Synthesis of Benzoxazoles 

The synthesis of benzoxazoles has attracted great interest over the past two decades due to 

their numerous applications (see Section 4.1.1). Following different retro synthetic pathways, 

different synthetic methods have been developed (Scheme 4.1). The classical way forms 

bonds between C2-O1 and C2-N3 by the condensation of 2-aminophenol with a corresponding 

carboxylic acid27 or aldehyde28. More recent reports have expanded the range of starting 
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materials from carboxylic acids and aldehydes to orthoesters29, β-diketones30, aryl and vinyl 

bromides/CO31, isocyanides32 etc. These protocols have some drawbacks such as the use of 

strong acids, for example tosylic acid (TsOH), and in some cases high reaction temperatures. 

The other popular synthetic method employs a copper catalysed-intramolecular Ullmann 

reaction to form C8-O1 bonds from 2-halogenbenzanilide.  

 

Scheme 4.1 Retrosynthetic synthesis of benzoxazoles. 

The development of intramolecular O-arylation via an Ullmann reaction has been 

discussed previously in Chapter 1, Section 1.3.3. This section will focus on recent examples 

of ligand / copper promoted preparations of benzoxazoles. In 2004, Glorius reported the first 

CuI / DMEDA catalysed cyclisation of 2-halogenbenzanilide (Scheme 4.2).33 They also 

investigated a one-step synthesis of benzoxazoles from 2-dihalobenzene and amide which 

involves an intermolecular Goldberg reaction and a intramolecular O-arylation step.33 In 2006, 

Batey’s group reported a general method using 1,10-phenanthroline and CuI to catalyse the 

intramolecular O-arylation (Scheme 4.2).34 Other ligands such as DMEDA, ethylene glycol, 

ethanolamine and ethylenediamine were also tested, but only DMEDA afforded satisfactory 

yields.34 Intramolecular O-arylation was also achieved using H2O as the solvent as reported 

by Dominguez et al. (Scheme 4.2).35 The reaction was catalysed by either copper(I) or 

copper(II) salts in the presence of stoichiometric amounts of TMEDA (3.5 equiv.) at high 

temperature (120 ºC).35  
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Scheme 4.2 Ligand promoted copper-catalysed intramolecular O-arylations. 

Catalytic systems such as oxazolidin-2-one / CuI36, 1,1’-binaphthyl-2,2’-diamine (BINAM) 

/ copper(II)37, methyl 2-methoxybenzoate / CuI38, 8-hydroxyquinoline / CuI39, and (IPr)CuCl40 

(IPr = 1,3-bis(2,6-diisopropylphenyl)imidazole) have also been reported for the cyclisation of 

2-iodobenzanilides (Scheme 4.3). However, the reported yields obtained using these new 

methods are equivalent or lower than those reported for the original studies using DMEDA33 

or 1,10-phenanthroline34. In addition, some of these newer methods require harsher conditions 

such as higher temperatures and increased ligand and catalyst loadings (Scheme 4.3). 

Heterogeneous catalysts such as CuO nanoparticles41,42 and copper ferrite (CuFe2O4) 

nanoparticles43 were also reported to catalyse the intramolecular O-arylation. Other catalytic 

systems containing iron or cobalt such as FeCl3/2,2,6,6-tetramethyl-3,5 heptanedione 

(TMHD)44, ferrocene tethered polymer supported ionic liquid phase catalyst45, Co(acac)2/1,10-

phenanthroline46, Co and CoFe2O4 nanoparticles45 as well as a metal free system47 have also 

been reported. 
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Scheme 4.3 Recent examples of copper-catalysed intramolecular O-arylations. 

4.1.3 Synthesis of Benzothiazoles 

The synthetic protocols for the preparation of benzothiazoles share many similarities to those 

for benzoxazoles. Benzothiazoles were first prepared by reacting 2-aminothiophenols with 

carboxylic acid27 or aldehyde28 (Scheme 4.4a). Similar to the preparation of benzoxazoles, 

these reactions are also limited by the use of strong acids (e.g. TsOH) and in some cases high 

reaction temperatures. Copper-catalysed intramolecular S-arylation generally reacts under 

much milder conditions than O-arylation with systems based on CuI / DMEDA33, CuI / 1,10-

phenanthroline34,48, CuI / oxazolidin-2-one36, CuCl2 / 1,1’-binaphthyl-2,2’-diamine (BINAM)49, 
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(IPr)CuCl40 as well as CuO nanoparticles41 all promoting the copper(I)-catalysed cyclisation of 

2-halogenthiobenzanilide to form benzothiazoles (Scheme 4.4b).  

 

Scheme 4.4 Synthetic approach to benzoxathiazoles. 

It is notable that 2-benzylaminobenzothiazole can be synthesised from (2-

halogenphenyl)-benzyl-thiourea via intramolecular S-arylation in high yield (Scheme 4.5a) 

where the cyclisation forms a new C-S bond and the intramolecular N-arylation reaction was 

not observed.41,48 However, for the intramolecular O-arylation, 2-halogenphenyl ureas are 

always absent from the list of successful substrates33–41 suggesting that an analogous 

approach involving an O-arylation reaction will not give the corresponding benzoxazole. Thus, 

in Glorius’s domino copper(I)-catalysed C-N and C-O cross-coupling process, 1,1-

dimethylethylurea did not react with 1,2-halogenbenzene to give benzoxazole (Scheme 

4.5b).33 No explanation has been provided for this failed reaction in the literature. In 

Dominguez’s publication, a very similar substrate was used, however this time a 

benzoimidazolone was formed which indicates N-arylation was preferred (Scheme 4.5c).35 

Moreover, substitution at N1 was reported to be essential for the cyclisation as 2-

bromophenylurea did not undergo any cyclisation under similar conditions (Scheme 4.5d).35  
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Scheme 4.5 Selectivity of intramolecular N-,O- and S-arylations. 

4.1.4 Aims 

Given the widespread use and importance of benzoxazoles and benzothiazoles, a variety of 

synthetic protocols have been reported for these compounds. In particular, copper catalysts 

in the presence of ligands such as 1,10-phenanthroline, DMEDA and TMEDA etc. have been 

used to promote the intramolecular O- and S-arylation reactions. However, many of the most 

efficient ligands reported for the intermolecular Ullmann reaction, such as N,O- and O,O-

bidentate ligands, have not been applied to date to the intramolecular system. In addition, 

there are no current reports on the use of organic bases such as TBPM for these reactions. 

Moreover, the mechanism of the Cu-catalysed cyclisation remains unstudied.  

Therefore, in order to build an improved mechanistic understanding of copper(I) 

catalysed intramolecular O- and S-arylation, a series of reactivity and mechanistic studies 

have been carried out. Similar to the mechanistic study of copper(I) catalysed N-arylation, the 

solid-state structures of potential intermediary copper(I) species have been prepared under 

air-free conditions and characterised by X-ray crystallography. This gives additional insight 
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into the interactions between the metal centre and substrate. Detailed kinetic profiling using in 

situ monitoring by calorimetry has also be carried out to study the potential catalyst inhibition 

and deactivation processes which may occur during the catalytic reaction, and to determine 

the rate dependence on the concentration of reactants such as [Cu]total, [ArBr] and [TBPM].  

4.2 Results and Discussion 

4.2.1 Synthesis of Benzoxazole and Benzothiazole via Copper(I)-Catalysed 

Intramolecular O- and S-Arylation  

The copper(I)-catalysed Ullmann reaction can be used to efficiently prepare benzoxazoles and 

benzothiazoles. Bidentate ligands such as DMEDA, TMEDA, 1,10-phenanthroline and others 

have been employed to promote the copper(I)-catalysed cyclisation (Sections 4.1.2 and 4.1.3). 

However, many of the recent advances in intermolecular Ullmann reactivity have yet to be 

applied to intermolecular Ullmann couplings. This includes the use of ligands such as 2-

acetylcyclohexanone, L-proline, dimethylglycine and N-methylglycine. Therefore, an initial 

ligand screening experiment was carried out. In addition, the soluble base TBPM which gave 

excellent yields in intramolecular N-arylation (Chapter 3) was also evaluated for these 

reactions. 

4.2.1.1 Synthesis of 2-Phenylbenzoxazole and 2-Phenylbenzothiazole 

The precursors 2-halogenbenzanilide (5)50, and 2-halogenthiobenzanilide (6)51 were 

synthesised following published protocols (Scheme 4.6). Benzanilide 5 was readily obtained 

in high yield by reacting 2-halogenaniline with benzoyl chloride at room temperature in THF. 

This benzanilide was then treated with Lawessons reagent to give thiobenzanilide 6.  
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Scheme 4.6 Preparation of precursors.  

With the starting material in hand, the intramolecular cyclisations were carried out at 80 

°C using 5 mol% CuI and 10 mol% ligand as the catalytic system, and Cs2CO3 or TBPM as 

base. For intramolecular O-arylation, when Cs2CO3 was used as a base the reactions in the 

presence of ligand gave higher yields compared to the copper-free and copper / ligand-free 

conditions (Table 4.1, Entries 1-7). DMEDA (L1) and 1,10-phenantroline (L2) have both 

previously been reported for this reaction and very similar yields were obtained here (Entries 

3-4) compared to the literature (≤ 5% difference).33,34 The ligands 2-acetylcyclohexanone (L3) 

and N,N-dimethylglycine (L4) also show satisfactory yields (Entries 5-6). The other amino acid 

studied, sarcosine (N-methylglycine, L6), gave a higher yield (Entry 7) than ligand-free 

conditions but lower than those obtained with ligands L1 – L4. When TBPM was used as base, 

satisfactory yields were also obtained (95%) even under ligand-free conditions (Entry 8). This 

reaction was also repeated at room temperature but only gave 22% yield (Entry 9). In terms 

of the more challenging aryl chloride 5b, a higher temperature (130 °C) was required to give 

satisfactory yields using either organic or inorganic bases (Entries 10-11).  

The intramolecular S-arylation worked very well with or without the presence of ligands. 

When Cs2CO3 was used as base, the reaction gave 94% yield even without a ligand (Entry 

13). The addition of ligand improved the final yields, with 1,10-phenanthroline (L2) performing 

the best and giving close to quantitative yields (Entries 14-18). The use of TBPM as the base 

with no ligand achieved >99% yield even at room temperature (Entry 19). In terms of aryl 

chloride activation, TPBM or Cs2CO3 with L3 at 110 °C gave close to quantitative conversions 
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(Entries 20-21). The temperature required for S-arylation therefore significantly lower than that 

required for O-arylation (130 °C). 

Overall, the performances of the N,N-bidentate ligands L1 and L2 were in agreement 

with literature, giving excellent yields for both copper(I)-catalysed intramolecular O- and S-

arylation under mild conditions.33,34,48 Other ligands such as the O,O bidentate ligand L3 and 

amino acid L4 also successfully promoted the copper(I)-catalysed intramolecular Ullmann O- 

and S-arylation to give similarly high final yields. The organic soluble base TBPM successfully 

promoted the copper(I)-catalysed intramolecular O- and S-arylation without the presence of 

any ancillary ligands. In particular, for S-arylation over 99% yield was obtained at room 

temperature when using aryl bromide as a substrate in the presence of this base. Aryl chloride 

activation was also achieved using 1,10-phenanthroline and Cs2CO3 as base or no ancillary 

ligands and the organic base TBPM. However higher temperatures (130 °C and 110 °C 

respectively) are required to give satisfactory yields – this is in agreement with similar literature 

reports.34,35,40,43,45 

Table 4.1 Ligand screening for the intramolecular Ullmann reaction.a 

 

Entry Substrate CuI (%) Ligand Base Yield (%) 

1 5a - - Cs2CO3 7 

2 5a 5 - Cs2CO3 32 

3 5a 5 L1 Cs2CO3 93 

4 5a 5 L2 Cs2CO3 97 
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5 5a 5 L3 Cs2CO3 95 

6 5a 5 L4 Cs2CO3 93 

7 5a 5 L6 Cs2CO3 73 

8 5a 5 - TBPM 95 

9b 5a 5 - TBPM 22 

10c 5b 5 L3 Cs2CO3 93 

11c 5b 5 - TBPM 91 

12 6a - - Cs2CO3 72 

13 6a 5 - Cs2CO3 94 

14 6a 5 L1 Cs2CO3 98 

15 6a 5 L2 Cs2CO3 98 

16 6a 5 L3 Cs2CO3 >99 

17 6a 5 L4 Cs2CO3 95 

18 6a 5 L6 Cs2CO3 99 

19b 6a 5 - TBPM >99 

20d 6b 5 L2 Cs2CO3 99 

21d 6b 5 - TBPM 96 

aReaction yield was measured by 1H NMR using naphthalene as internal standard. bThe reaction was 

carried out at room temperature. cThe reaction was carried out ay 130 °C. dThe reaction was carried 

out at 110 °C. 

4.2.1.2 Synthesis of N-Benzyl-2-aminobenzoxazole and N-Benzyl-2-aminobenzothiazole 

The starting materials 1-benzyl-3-(2-halogenphenyl)urea (7)52 and (2-halogenphenyl)-benzyl-

thiourea (8)50 were synthesised by reacting the desired aniline with benzyl isocyanate or 2-

halogenphenyl isothiocyanate in the presence of Et3N at room temperature in THF (Scheme 

4.7).  
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Scheme 4.7 Preparation of precursors (X = Br, Cl). 

With the starting materials in hand, the intramolecular cyclisations were carried out at 

80 °C using 5 mol% CuI and 10 mol% ligand as the catalytic system and Cs2CO3 or TBPM as 

the base (Table 4.2). Differing from the cyclisation of benzanilide and thiobenzanilide (see 

Section 4.2.1.1), the extra NH group in urea and thiourea could also be a potential bond 

forming position to give 1-substituted 1,3-dihydrobenzimidazol-2-one (thione) via N-arylation 

(Scheme 4.8). However, no sign of N-arylation was observed in either case using 1H NMR 

spectroscopy. The cyclisation of 7a did not occur either with or without ligands, or using 

Cs2CO3 or TBPM as base, and in each case the starting material 7a was recovered after the 

attempted reaction (Table 4.2, Entries 1-3). Although unsuccessful, these results are 

consistent with findings previously reported in the literature (see Section 4.1.3).33,35  

 

Scheme 4.8 Selectivity between N- or O-, S-arylation. 

In terms of the S-arylation, the cyclisation of 8a and 8b occurred readily even without 

the addition of CuI and ligands (Table 4.2, Entries 1-2). The addition of ligand can further boost 

the yields and 1,10-phenanthroline (L2) was found to be the most successful of the ligands 
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giving near completion of the reaction (Entries 6-10). TBPM also successfully promoted the 

copper(I)-catalysed S-arylation to give over 99% yield of product even at room temperature 

(Entries 11-12). Furthermore, the reaction shows regioselectivity for S- over N-arylation as no 

2-mercaptobenzimidazole was obtained as determined using 1H NMR spectroscopy (Scheme 

4.8). Aryl chloride activation was also achieved at higher temperatures (110 °C) to give 

satisfactory yields using either TBPM and no ligand or Cs2CO3 and L2 (Entries 13-14). 

Table 4.2 Ligand screening for the intramolecular Ullmann reaction.a 

 

Entry Substrate CuI (%) Ligand Base Yield (%) 

1 7a - - Cs2CO3 0 

2 7a 5 L1-L6 Cs2CO3 0 

3 7a 5 - TBPM 0 

4 8a - - Cs2CO3 77 

5 8a 5 - Cs2CO3 91 

6 8a 5 L1 Cs2CO3 98 

7 8a 5 L2 Cs2CO3 >99 

8 8a 5 L3 Cs2CO3 98 

9 8a 5 L4 Cs2CO3 99 

10 8a 5 L5 Cs2CO3 99 

11b 8a - - TBPM 0 

12b 8a 5 - TBPM >99 
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13c 8b 5 L2 Cs2CO3 99 

14c 8b 5 - TBPM 99 

aReaction yield was measured by 1H NMR using naphthalene as internal standard. bThe reaction was 

reacted at room temperature. cThe reaction was carried out at 110 °C. 

4.2.2 Copper(I) Intermediates: Isolation and Characterisation  

The reactivity of copper(I)-catalysed intramolecular O- and S-arylation has been discussed in 

previous sections. In order to better understand the mechanism of the copper(I)-catalysed O- 

and S-arylations, a study of the solid-state structures of the copper containing intermediates 

was carried out. Single crystals were obtained by reacting either 2-chlorobenzanilide (5b), 2-

chlorothiobenzanilide (6b) or (2-chlorophenyl)-benzyl-thiourea (8b) with mesitylcopper (I) 

followed by the recrystallisation of the copper(I) complexes from toluene / hexane (Scheme 

4.9). 

 

Scheme 4.9 Synthesis of copper(I) complexes. 

When 5b was used as the reagent, a tetrameric complex Cu45b’4 (5b’ is deprotonated 

5b) was isolated. X-ray crystallography revealed a Cu4N4O4C4 16-membered folded ring with 

a slightly distorted rhombic Cu4 core (Cu…Cu distances in the range of 2.6125 (5) to 2.77965 

(5) Å; sum of interior angles 359.38°, Figure 4.3). The amide motif was found to be 

deprotonated and the negative charge was delocalised within the N-C-O unit. This can be 

seen by Cu45b’4 having shorter C-N bonds (range 1.314(4)-1.326(4) Å) and longer C-O bonds 

(range 1.271(4)-1.283(3) Å) compared to 5b53 (C-N: 1.351 Å and C=O: 1.223 Å). Two different 

types of copper atom are present in the structure of Cu45b’4, one coordinate to two nitrogen 

atoms (Cu1 and Cu2 in Figure 4.3, and one coordinate to two oxygens (Cu3 and Cu4). Each 
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copper is in a close-to-linear coordination environment with N-Cu-N bond angles of 171.78(10)° 

and 178.00(11)° and O-Cu-O bond angles of 162.82(9)° and 165.73(9)°. Selected bond 

distances and angles are listed in Figure 4.3. A number of copper(I) complexes containing 

planar Cu4 arrangements and Cu4N4O4C4 16-membered rings have previously been 

reported.54–56 However these tetrameric structures all contain N-Cu-O bonds (Figure 4.4) 

rather than the N-Cu-N and O-Cu-O units and observed here.  

        

 

                          

 

 

 

(a) 

(b) 
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 Length (Å)   Angle (°) 

Cu1-N1 1.879(2)  N1-Cu1-N3 171.78(10) 

Cu1-N3 1.886(2)  N1-Cu1-Cu4 96.01(8) 

Cu3-O1 1.851(2)  N3-Cu1-Cu4 87.42(8) 

Cu3-O4 1.846(2)  N1-Cu1-Cu3 81.96(7) 

C1-N1 1.317(4)  N3-Cu1-Cu3 106.23(7) 

C1-O1 1.273(3)  Cu4-Cu1-Cu3 62.455(14) 

 

Figure 4.3 (a) Solid-state structure of Cu45b’4; (b) Different views of the Cu4N4O4C4 16-membered ring. 

Solid-state structures shown with thermal ellipsoids set at 50% probability. Hydrogen atoms are omitted 

for clarity. 

 

Figure 4.4 Structurally characterised Cu(I) complexes containing Cu4N4O4C4 16-membered rings.54–56 

The thio analogue of 5b, namely 6b, was also reacted with mesitylcopper(I) to give a 

copper(I) complex. X-ray crystallographic characterisation revealed a tetrameric solid-state 

structure Cu46b’4 comprising of a central Cu4N4S4C4 cluster (Figure 4.5). Differing from 

Cu45b’4, Cu46b’4 was found to have a tetrahedral Cu4 core (Cu…Cu distances range from 2.523 

to 2.920 Å). By comparing the bonding parameters of Cu46b’4 with those of the solid-date 

structure of 3-chlorothiobenzanilide57 (the solid-state structure of 6b is currently not known), it 

can be seen that the thioamide is deprotonated and the negative charge delocalised over the 

N-C-S unit (C-N: range 1.288(4)-1.300(4) Å; C-S: 1.755(3)-1.767(3) Å). Each copper atom in 

the Cu4 core forms bonds with one nitrogen and two sulfur atoms of three independent 6b’ 

molecules to give a planar N-Cu-(S)2 unit. For example Cu1 is coordinated to N1, S2 and S4 

with N1-Cu1-S2 angle 113.92(8)°, N1-Cu1-S4 116.53(8)° and S2-Cu1-S4 129.46(3)°. The 

sum of these angles equals 359.91° which indicates the planar structure of the N-Cu-(S)2 unit. 

The sum of angles around Cu2, Cu3 and Cu4 are 359.79°, 359.95° and 360.0° respectively. 
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Moreover, using aryl bromide 6a instead of aryl chloride 6b a very similar tetramer structure 

Cu46a’4 was obtained and characterised by X-ray diffraction (Figure 4.6). The structure is 

similar to Cu46b’4 with a Cu4N4S4C4 polyhedron cluster and a tetrahedron Cu4 core. The bond 

distances and angles are all very close in value to those observed in Cu46a’4. Several copper(I) 

complexes containing tetrahedron Cu4 arrangements and Cu4N4S4C4 16-membered rings 

have previously been reported and are summarised in Figure 4.7.58–62     

                                                          

               

 

 

 

 

 

     

     

(a) 

(b) 
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 Length (Å)   Angle (°) 

Cu1-N1 1.993(2)  N1-Cu1-S4 116.53(8) 

Cu1-S2 2.2928(9)  N1-Cu1-S2 113.92(8) 

Cu1-S4 2.2547(9)  S4-Cu1-S2 129.46(3) 

C1-N1 1.300(4)  N1-Cu1-Cu4 144.72(8) 

C1-S2 1.765(3)  S4-Cu1-Cu4 83.08(2) 

 

Figure 4.5 (a) Solid-state structure of Cu46b’4; (b) Different views of the Cu4N4O4C4 16-membered ring. 

Solid-state structure shown with thermal ellipsoids set at 50% probability. Hydrogen atoms are omitted 

for clarity. 

      

 Length (Å)   Angle (°) 

Cu1-N1 1.989(3)  N1-Cu1-S4 114.52(10) 

Cu1-S4 2.2657(11)  N1-Cu1-S2 115.47(10) 

Cu1-S2 2.2822(10)  S4-Cu1-S2 129.87(4) 

S1-C1 1.765(4)  N1-Cu1-Cu4 146.10(9) 

C1-N1 1.292(5)  S4-Cu1-Cu4 83.10(3) 

 

Figure 4.6 (a) Solid-state structure of Cu46a’4; (b) Different views of the Cu4N4S4C4 core. Solid-state 

structure shown with thermal ellipsoids set at 50% probability. Hydrogen atoms are omitted for clarity. 

 

 

(a) 
(b) 
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Figure 4.7 Copper(I) complexes containing tetrahedron Cu4 arrangements and Cu4N4S4C4 16-

membered rings.58–62 

The substrate 8b was then studied and also gave crystals when reacted with mesityl 

copper(I). A tetrameric aggregate (Cu48b’4) was again observed in the solid-state structure 

using X-ray crystallographic studies (Figure 4.8). Compared to Cu46b’4, Cu48b’4 also contains 

a central Cu4 tetrahedron, but with slightly longer Cu…Cu distances (range 2.5742 (7) to 2.8689 

(9) Å). Compared to the solid-state structure of 8b (obtained by recrystallising 8b from toluene 

/ hexane), the Nα-H of thiourea motif has been deprotonated and the charge delocalised over 

the Nα-C-S unit. C-N bond lengths decrease from 1.342 Å in 8b to 1.306-1.307 Å in Cu48b’4 

and C-S bond lengths increase from 1.691 Å in 8b to 1.764-1.777 Å in Cu48b’4. In addition, 

the extra amine in the γ-position does not interact with the copper metal centre and remains 

protonated (8b: C-Nγ= 1.334 Å; Cu48b’4: C-Nγ = 1.339-1.344 Å). The structure may explain 

the selectivity between S-arylation and N-arylation in Cu-catalysed cyclisation of (2-

bromophenyl)-benzyl-thiourea (8b), as the copper selectively coordinates to the Nα and S 

atoms. Moreover, using aryl bromide 8a instead of aryl chloride 8b gave a very similar 

tetrameric structure Cu48a’4 (Figure 4.9) with similar bond distances and angles (Figure 4.9). 

Once again the copper is observed to selectively coordinate to the Nα and S atoms, with no 

interaction with the Nγ atom present. 
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 Length (Å)   Angle (°) 

Cu1-N1 2.002(3)  N1-Cu1-S2 122.82(11) 

Cu1-S2 2.275  N1-Cu1-S4 110.35(11) 

Cu1-S4 2.2820(12)  S2-Cu1-S4 126.70(4) 

C1-N1 1.306(5)  N2-Cu2-S1 122.82(11) 

C1-S2 1.763(4)  N2-Cu2-S3 110.35(11) 

 

Figure 4.8 Solid-state structure of Cu48b’4; Solid-state structure shown with thermal ellipsoids set at 50% 

probability. Hydrogen atoms (except Nγ-H) are omitted for clarity. 

(b) 
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 Length (Å)   Angle (°) 

Cu1-N1 1.992(4)  N2-Cu2-Cu1 88.95(11) 

Cu1-S2 2.2522(13)  S1-Cu2-Cu1 77.62(4) 

Cu1-S4 2.2711(13)  S3-Cu2-Cu1 109.08(4) 

C1-S1 1.770(5)  Cu3-Cu2-Cu1 57.68(2) 

C1-N1 1.301(6)  Cu4-Cu2-Cu1 56.53(2) 

 

Figure 4.9 (a) Solid-state structure of Cu48a’4; (b) Different views of the Cu4N4S4C4 core. Solid-state 

structure shown with thermal ellipsoids set at 50% probability. Hydrogen atoms (except Nγ-H) are 

omitted for clarity. 

In order to confirm that these copper(I) complexes are viable reaction intermediates, the 

reactivity of these complexes were studied by heating the copper complex with or without L2 

in DMSO. The corresponding yields at different temperatures are shown in Table 4.3. The 

reactions with aryl chlorides consistently gave lower yields (Entries 4-6) than with aryl 

bromides (Entries 1-3) suggesting the aryl bromide ligated Cu(I) complexes are more reactive 

at same temperature (80 ºC). Moreover, the presence of 1,10-phenantroline (L2) also 

improved the final yield indicating the positive effect of ligand (Entries 7-9). 

 

 
(a) 

(b) 
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Table 4.3 The reactivity of Cu(I) complexes. 

 

Entry Substrate Temp (ºC) Yield (%) 

no ligand  
Yield (%) 

with L2  
1 Cu45a’4 80 94 99 

2 Cu46a’4 80 97 99 

3 Cu48a’4 80 96 99 

4 Cu45b’4 80 trace - 

5 Cu46b’4 80 18 - 

6 Cu48b’4 80 22 - 

7 Cu45b’4 130 26 96 

8 Cu46b’4 110 90 99 

9 Cu48b’4 110 86 99 

The reaction was carried out by heating the Cu(I) complexes Cu4Ar4 (0.1 mmol) in DMSO (1 mL) with 

or without addition of L2 (0.1 mmol). Yields were determined by 1H NMR with naphthalene as internal 

standard. 

Overall, the study of the solid-state structures of these copper(I) complexes reveals 

some of the different complexes that might be present in the reaction mixture. The copper(I) 

complexes are all found to exist as tetramers in the solid-state containing Cu4Y4N4C4 (Y = O 

or S) central units.The copper(I) complexes Cu48a’4 and Cu48b’4, can provide an explanation 

for the selectivity between S-arylation and N-arylation in copper(I)-catalysed cyclisation of (2-

halogenphenyl)-benzyl-thiourea (8) as the copper is observed to selectively coordinate to the 

Nα and S atoms, with no interaction to the Nγ atom observed.  
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Moreover, the copper complexes all undergo intramolecular bond formation to give the 

corresponding cyclised products, simply by heating the copper(i) complex in DMSO. The result 

indicates the complexes are potential intermediates / resting states in copper(I)-catalysed 

intramolecular O-, S-arylation reactions with these substrates. The reactivity of the copper(I) 

complexes towards cyclisation is greater for Ar-Br than Ar-Cl as the aryl bromide containing 

complexes give higher yields at lower temperatures compared to the corresponding aryl 

chlorides. The introduction of 1,10-phenanthroline also improved the final yield indicating the 

positive effect of the ancillary ligand.  

4.2.3 Calorimetry Study on TBPM promoted Copper(I)-Catalysed Intramolecular S-

Arylation 

In order to better understand the rate dependence on reactants and the catalyst performance 

during the copper(I)-catalysed intramolecular S-arylation reaction, the reaction was profiled 

using a superCRC calorimeter. The background to calorimetry studies and the application of 

reaction progress kinetic analysis (RPKA) has already been discussed in detail in Chapter 3 

(Section 3.2.4).  

Similar to the N-arylation reaction (see Chapter 3, Section 3.2.4), TBPM was used as 

the base to avoid any mass-transfer effects encountered with inorganic bases such as Cs2CO3. 

The results of TBPM promoted intramolecular O- and S-arylation were discussed in Section 

4.2.1. Due to the relatively poor reaction yields obtained with 5a at room temperature (22% 

yield), and the difficulty in preparing pure 6a on a large enough scale, the cyclisation of 

compound 8a (which gives close to quantitative conversions) was selected as the model 

reaction. The reaction was set up by mixing aryl bromide 8a (1 mmol) with TBPM (2 mmol) in 

anhydrous DMSO under an N2 atmosphere. The reaction was then initialised by injecting 15 

mol% CuI (in DMSO) and the calorimetry data was collected using a superCRC calorimeter. 

“Tau”-, baseline- and mixing-heat-corrections were then applied to the raw calorimetric data 

to give a graphical heat-flow over time plot (Figure 4.10a).  
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The reaction heat-flow increased rapidly on injection of the CuI solution. However the 

reading soon dropped down to a very low megawatt (15.51 mW, Figure 4.10a). The heat-flow 

then rose steadily throughout the course of the reaction followed by a drop-off at the end due 

to the depletion of the 8a. Heat-flow plots with an initial spike followed by increase in rate have 

also been observed in amino acid catalysed α-amination and aminoxylation.63–66 According to 

these studies, the acceleration of reaction rate over time can be rationalised by product 

acceleration63,64 (the reaction product either is itself a catalyst or promotes the formation of a 

more effective catalyst) or substrate inhibition65,66 (equilibrium off-cycle catalyst-substrate 

interaction occurred during the reaction). 

Furthermore, the validation by an independent 1H NMR monitoring also did not overlay 

with the graphical conversion obtained by calorimetry (Figure 4.10b). Previous studies 

reported the heat-flow against time plot without the first 5 min and showed good correlation 

with the HPLC conversions.65,66  Similarly a good correlation of 1H NMR conversions to the in 

situ heat flow conversion plot was obtained in this work by excluding the first 5 min (Figure 

4.10 c and d). For all the kinetic experiments carried out in this study, the calculated enthalpy 

(excluding the first 5 minutes of the reaction) ΔHrxn was consistent within 3% (ΔHrxn = 152.3 ± 

4.6 KJ mol-1).  
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Figure 4.10 (a) Graphical heat flow against time; (b) Comparison between graphical heat flow 

conversion plot and 1H NMR analysis conversion (average yield on two runs); (c) Modified graphical 

heat flow against time excluding the first five minutes of the reaction; (d) Comparison between modified 

graphical heat flow conversion plot and 1H NMR analysis conversion. 

Additional experiments to investigate the origin of the initial heat spike revealed the peak 

to be [CuI] dependent as the maximum reading varies depending on the catalyst concentration 

(Figure 4.11a). Different [8a]0 and [TBPM]0 on the other hand gave similar maximum heat 

flows (Figure 4.11b and c). This indicates that the spike in heat generated at the beginning 

may due to the accumulation of inactive species between copper and 8a (which was always 

present in excess) and therefore does not contribute to the conversion. 
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Figure 4.11 Original heat-flow against time (first 5 min) of rate dependence on catalyst (a), “different 

excess” experiments (b and c) and mixing heat generated by mixing CuI and 8a.  

4.2.3.1 “Different Excess” Experiment 

In order to confirm if substrate inhibition was occurring, the “different excess” experiment 

revealing the rate dependences on [8a] was firstly carried out (Figure 4.12a). The kinetic study 

shows a negative dependence on [8a] as greater initial heat-flow was observed at lower [8a]0 

and all the reactions show an increase in reaction rate as 8a is consumed, followed by a rapid 

drop-off when approaching to the end of the reaction (Figure 4.12a). The reaction rate may be 

inhibited by an off-cycle equilibrium reaction involving the copper catalyst and aryl bromide 8a, 

for example to give an inactive diligated species (Figure 4.12c). 

Furthermore, the kinetic data suggested that the reaction rate could be accelerated by 

adding 8a to the reaction mixture in small portions over time rather than adding it all at the 

beginning of the reaction. According to the calorimetry results, the reaction rate is at a 

maximum when [8a] is in the concentration range 0.035-0.025 M ([8a]p = (1-fp) [8a]0, Figure 

4.12). In order to test this, an individual reaction was carried out with multiple additions of 

substrate (4 x 0.025 mmol in 10 min intervals) into a solution of TBPM (0.2 mmol, 2 equiv.) 

and CuI (0.015mol, 15 mol%) in DMSO (total volume 1 mL) at room temperature. This 

copper(I)-catalysed intramolecular S-arylation using multiple-addition-method was monitored 

by 1H NMR and gave over 99% yield within 60 min which is significantly shorter than the 

required original reaction time (120 min). 
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Symbol [8a]0 (M) [TBPM]0 (M) [e] (M) 

 0.1000 0.2000 0.1000 

 0.0750 0.2000 
0.1750 

 0.0500 0.2000 
0.1500 

Figure 4.12 “Different excess” experiment: (a) Graphical rate equation against time (tp: time for 

maximum reaction rate); (b) Fractional conversion against time (fp: fractional conversion of 8b at tp). (c) 

Possible equilibrium off-cycle catalyst-substrate interaction. 

The investigation of rate dependence on [TBPM] carried out by “different excess” 

experiments shows a positive order dependency in [TBPM] (Figure 4.13a). A poor overlap of 

normalised graphical rate equations was observed from dividing rate by [TBPM]0.95 (Figure 

4.12b). This differs from the TBPM promoted inter-67 and intra-molecular N-arylation (see 

Chapter 3, Section 3.2.4.6) which displays an approximately negative first order in [TBPM]. It 

can be speculated that in this reaction the higher [TBPM]0 may alleviate the substrate inhibition 

and therefore show a positive dependency.  
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Symbol [8a]0 (M) [TBPM]0 (M) [e] (M) 

 0.1000 0.2500 0.1500 

 0.1000 0.2000 0.1000 

 0.1000 0.1500 0.0500 

 

 

Figure 4.13 (a) “Different excess” experiment: Modified heat-flow against time; (b) The reaction rate 

was normalised by [TBPM]0.95. 

4.2.3.2 Rate Dependence on Copper(I) Catalyst 

The order of the catalyst was investigated by comparing the graphical rates obtained under 

different catalyst concentrations and a positive non-integer order in [Cu]total was observed 

(Figure 4.14a). Similar to the intramolecular N-arylation, a complex order of [Cu]total was 

obtained as only a part of the reaction rate plots can be normalised by [Cu]total
1.5 (Figure 4.14b). 

Given the rate order in copper is greater than one, there is a possibility that two copper centres 

are involved in the rate determining step. This could be because the copper centre in the 

metallated aryl bromide (I2) is too far away from the aryl-halide bond to permit oxidative 

addition at this site and hence another copper centre is required for the oxidative addition step.  
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Symbol [CuI] (M) [8a]0 (M) [TBPM]0 (M) [e] (M) 

 0.0150 0.1000 0.2000 0.1000 

 0.0100 0.1000 0.2000 0.1000 

 0.0050 0.1000 0.2000 0.1000 

 

 

Figure 4.14 (a) Rate dependence on [CuI]: (a) Comparison of graphical rate equations using different 

[CuI]; (b) The reaction rate is normalised rate by [CuI]1.5.  

4.2.3.3 “Same Excess” Experiment 

The “same excess” experiment using different initial concentrations of 8a and TBPM ([e] = 

[TBPM]0 – [8a]0) was carried out to investigate potential catalyst deactivation and / or inhibition 

(Figure 4.14a). At the same instantaneous [8a], the reaction rate in the red and green plots is 

faster than the blue one indicating a decrease of overall catalyst concentration within the 

catalytic cycle. In order to distinguish between deactivation and inhibition, the calorimetry 

experiment was carried out with the addition of corresponding amounts of cyclised product N-

benzyl-2-aminobenzo[d]thiazole (9), mono-anion of malonic acid (MalH) and tetra-(n-

butyl)phosphonium bromide (TBPB) (Figure 4.14b). At the same instantaneous [8a], higher 
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reaction rates were observed in red and green plots than rates in blue plot indicating that the 

decrease in reactivity for the blue plot cannot be totally explained by product inhibition and 

therefore catalyst deactivation must be occurring during the reaction.  

H
N

H
N

S S

N
NH

Bn

Br

BnCuI 0.15 mmol
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+PnBu4
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O
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OO
nBu4PBr

+PnBu4

O

OH

OO

+
+PnBu4

9  

Symbol [8a]0 (M) [TBPM]0 (M) [e] (M) [9]0 (M) [MalH]0 (M) [TBPB]0 (M) 

(a)  0.1000 0.2000 0.1000 0 0 0 

(a)  0.0750 0.1750 0.1000 0 0 0 

(a)  0.0500 0.1500 0.1000 0 0 0 

(b)   0.1000 0.2000 0.1000 0 0 0 

(b)  0.0750 0.1750 0.1000 0.0250 0.0250 0.2500 

(b)  0.0500 0.1500 0.1000 0.0500 0.0500 0.0500 

 

  

Figure 4.15 (a) “Same excess” experiments: Graphical rate equation against [8a]; (b) “Same excess” 

experiment with addition of corresponding [9]0, [MalH]0 and [TBPB]0. 

Possible catalyst inhibitor were studied by respectively adding product (9), MalH and 

TBPB into the reaction. Addition of the product [9] led to a drop in observed reaction rate and 

this is suggestive of product inhibition potentially due to an off-cycle reaction caused by the 
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coordination of 9 to the copper centre (Figure 4.16a). Some solid-state structures of 

benzothiazole-ligated Cu(I) complexes have been reported in literature (Figure 4.16).68-70 In 

terms of the addition of extra mono-anion of malonic acid (MalH), the reaction rate remains 

unaffected until reaching 50% conversion and then higher [MalH] gives higher reaction rate. 

The reaction shows overall positive order in [MalH]. (Figure 4.17). For the reactions carried 

out with different [TBPB]0, the rate equations overlay and therefore solution conductivity may 

not affect the reaction rate (Figure 4.18). 

 

Symbol [8a]0 (M) [TBPM]0 (M) [e] (M) [9]0 (M) 
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Figure 4.16 (a) Catalyst inhibition experiment: Graphical rate against [8a] with extra addition of N-

benzyl-2-aminobenzo[d]thiazole (9); (b) Benzothiazole-ligated Cu(I) complexes reported in the literature. 

 

Symbol [8a]0 (M) [TBPM]0 (M) [e]0 (M) [MalH]0 (M) 

 0.1000 0.2000 0.1000 0 

 0.1000 0.2000 0.1000 0.0500 

  0.1000 0.2000 0.1000 0.1000 

 

 

Figure 4.17 Catalyst inhibition experiment: Graphical rate against [8a] with extra addition of mono-anion 

of malonic acid (MalH). 
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Symbol [8a]0 (M) [TBPM]0 (M) [e] (M) [TBPB]0 (M) 

 0.1000 0.2000 0.1000 0 

 0.1000 0.2000 0.1000 0.0250 

 0.1000 0.2000 0.1000 0.0500 

 

 

Figure 4.18 Catalyst inhibition experiment: Graphical rate against [8a] with extra addition of tetra-(n-

butyl)phosphonium bromide (TBPB). 

4.2.3.4 Ligand Screening  

Rate measurements in the presence of various ligands were also carried out. The addition of 

ligands was shown to successfully accelerate the reaction rate of this intramolecular copper(I)-

catalysed S-arylation (Figure 4.19). From all the tested ligands, dimethylglycine gave the best 

performance, shortening the reaction time to 70 min. The presence of ligand may inhibit the 

off-cycle reactions such as substrate and product inhibition therefore accelerate the reaction 

rate. 
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Figure 4.19 in situ monitoring ligand screening experiment.  

4.2.3.5 Conclusions for Kinetic Studies 

In this section, detailed kinetic profiling of copper(I)-catalysed S-arylation using in situ – 

calorimetry measurements has been presented. The “different excess” experiment reveals 

negative order in the concentration of aryl bromide [8a] and positive order in [TBPM]. Substrate 

inhibition may be due to an off-cycle equilibrium reaction involving the copper catalyst and aryl 

bromide 8a for example the formation of inactive diligated copper(I) complexes. Similar to the 

kinetic study of copper(I)-catalysed intramolecular N-arylation, in intramolecular S-arylation 

the order observed in [Cu] is also higher than 1. There is a possibility that two coppers are 

involved in the rate determining step. This could be because in the copper-metallated aryl 

bromide the copper is too far away from and in the incorrect orientation to the aryl-halide bond 

and hence another copper centre is required for the oxidative addition step. The result of the 

“same excess” experiment reveals the existence of product inhibition during the catalytic 

process caused by N-benzyl-2-aminobenzo[d]thiazole (9) as well as catalyst deactivation. Due 
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to the possible coordination between copper – substrate and also copper – product, a 

complicated catalyst speciation is expected which could affect the overall observed rates.  

4.2.4 Overall Conclusions 

Overall, the reactivity of copper(I)-catalysed intramolecular O- and S-arylation was studied. 

The results show that the reactivity of aryl halides follows ArBr > ArCl as aryl chlorides required 

harsher conditions such as higher temperature and catalyst loadings. This is in agreement 

with the oxidative coupling mechanism as the aryl-Cl bond is stronger than aryl-Br and 

therefore more challenging to react. For reactions employing Cs2CO3 as the base, several 

ligands were tested to promote the copper(I)-catalysed intramolecular O- and S-arylation. 

Ligands such as the O,O bidentate ligand acetylcyclohexanone (L3) and N,N-dimethylglycine 

(L4) have also been used to successfully promote the copper(I)-catalysed intramolecular 

Ullmann O- and S-arylation to give similar final yields compared to the previous reported N,N 

bidentate ligand ligands DMEDA (L1) and 1,10-phenanthroline (L2).33,34 Using the organic 

base TBPM also gave satisfactory yields for both O- and S-intramolecular Ullmann arylation, 

in particular for S-arylation, where the cyclisation of aryl bromides 6a and 8a was achieved in 

high yield (> 99%) at room temperature.  

Furthermore, a number of potential copper(I) intermediates were isolated under air-free 

conditions and their solid-state structures obtained using X-ray crystallography. These 

copper(I) complexes were all tetramers containing Cu4Y4N4C4 (Y = O or S) central units. The 

solid-state structures reveal how the different aryl halide substrates can interact with the 

copper(I) centre. In the case of the copper(I) complexes Cu48a’4 and Cu48b’4, the structure 

can explain the selectivity between S-arylation and N-arylation in copper(I)-catalysed 

cyclisation of (2-halogenphenyl)-benzyl-thiourea (8) as the copper selectively coordinated to 

the Nα and S atoms. Moreover, the copper complex can be converted into the corresponding 

cyclised product by simply heating it in DMSO. This gives further evidence that these species 

are potential intermediate and resting state models for copper(I)-catalysed intramolecular O-, 

S-arylation. The reactivity of these copper(I) complexes follows Br > Cl as the aryl bromide 
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ligated complexes gave higher yields at lower temperatures compared to the corresponding 

aryl chlorides. The introduction of 1,10-phenanthroline also improved the final yield indicating 

the positive effect of adding a ancillary ligand. 

In addition, detailed kinetic profiling of TBPM promoted copper(I)-catalysed 

intramolecular S-arylation using calorimetric in situ monitoring techniques were carried out. 

The “different excess” experiment revealed negative order in the concentration of aryl bromide 

([8a]) and approximately first order in [TBPM]. The substrate inhibition may due to an off-cycle 

equilibrium involving the copper catalyst and aryl bromide 8a, for example the formation of 

inactive diligated copper(I) complexes. The order observed in [Cu] is higher than 1 and there 

is consequently a possibility that two coppers are involved in the rate determining step. The 

result of a “same excess” experiment reveals product inhibition during the catalytic process 

caused by N-benzyl-2-aminobenzo[d]thiazole (9) as well as catalyst deactivation. The ligand 

screening experiment shows that the addition of ligands can successfully accelerate the 

reaction rate of intramolecular copper(I)-catalysed S-arylation. Among all the tested ligands, 

dimethylglycine gave the best performance as it shorted the reaction time to 70 min. The 

presence of ligand may inhibit the off-cycle reactions such as substrate and product inhibition 

and therefore accelerate the reaction rate. 

4.3 Experimental  

4.3.1 General 

For reactions that required air-free techniques, all glassware was pre-dried at 120 °C overnight 

and loaded in a glove-box under nitrogen. The experiments were carried out under a protective 

atmosphere of N2. Anhydrous solvents including MeCN, DMF, acetone, hexane, and toluene 

were obtained from a solvent tower using the PureSolv solvent purification system, degassed 

under N2, and stored over molecular sieves. Anhydrous DMSO and dioxane were purchased 

in Sure / SealTM bottles and used directly from the bottle. Deuterated solvents including DMSO-

d6, acetonitrile-d3, acetone-d6, benzene-d6 and chloroform-d were purchased from Sigma-
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Aldrich or VWR and dried over molecular 4 Å sieves under N2 before use. Copper(I) iodide 

(99.999% trace metals basis, powder) was purchased from Sigma-Aldrich and stored in a 

glove box under N2. All ligands and aryl halides were purchased from Sigma-Aldrich or VWR 

and used as received without further purification.  

 1H and 13C NMR analysis was carried out at room temperature using Bruker AV-400 

spectrometers. Chemical shifts (δ) are reported in parts per million (ppm) from 

tetramethylsilane and are referenced to the residual protonated solvent and carbon 

resonances of the solvent in 1H and 13C NMR spectra respectively. Coupling constants (J) are 

J coupling constant values are given in Hz units. CHN microanalyses were carried out at the 

London Metropolitan University, UK. Reaction calorimetry was performed using an Omnical 

SuperCRC reaction calorimeter, which is a differential scanning calorimeter (DSC) that 

compares the heat released or absorbed between a sample vial and reference vial. The 

calorimetry heat flow was measured every three seconds. The heat of mixing associated with 

the addition of the final reactant was subtracted from the tau-corrected heat flow experimental 

data. GC analyses were performed using a Hewlett-Packard 5890 Series II GC instrument 

with an FID detector equipped with a 30 m x 0.25 mm I.D. (5%-phenyl)-methylpolysiloxane 

stationary phase capillary column. For the analysis of samples from catalytic reactions that did 

not use ligand L, the following GC oven temperature programs was used: (i) 70 °C upon 

injection, (ii) hold at 70 °C for 2 min, (iii) increase the temperature to 250 °C at a rate of 45 °C 

per minute, (iv) hold at 250 °C for 5 min. The GC injector and detector temperatures were both 

set at 250 °C. For samples from catalytic reactions that used L, the rate for the oven 

temperature increase was changed from 45 °C per minute to 10 °C per minute. GC calibrations 

against a naphthalene internal standard were used to quantify products and aryl halides 

amounts. GC-MS analysis was performed on a Micromass Autospec Premier / Agilent HP6890 

GC. 
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1H and 13C NMR analysis was performed using MESTRELAB MestReNova software; GC 

data was analysed using DataApex Clarity software; and reaction calorimetry data was 

captured using WinCRC and processed in Microsoft Excel. 

4.3.2 Synthesis of 2-Halogenbenzanilide50 

2-Halogenaniline (5.0 mmol) was dissolved in dry THF (10 mL) in a round bottom flask at rt 

followed by slow addition of benzoyl chloride (5.0 mmol) and the mixture was stirred at rt for 2 

h. The solvent was removed by rotary evaporation to yield the solid crude product. The solid 

was redissolved in 20 mL ethyl acetate and washed with distilled water and brine and the 

organic layer was separated and dried over MgSO4. The pure product was collected by rotary 

evaporation without any further purification.  

2-Bromobenzanilide (5a): Light yellow solid, yield: 1.32 g (96 %); Melting point: 112 – 113 °C 

(lit. 111 – 113 °C); 1H NMR (400 MHz, Chloroform-d) δ 8.58 (dd, J = 8.2, 1.6 Hz, 1H), 8.50 (s, 

1H), 8.01 – 7.86 (m, 2H), 7.65 – 7.45 (m, 4H), 7.39 (ddd, J = 8.5, 7.5, 1.5 Hz, 1H), 7.04 (td, J 

= 7.7, 1.6 Hz, 1H). 13C NMR (101 MHz, Chloroform-d) δ 165.45, 136.03, 134.80, 132.46, 

132.41, 129.17, 128.76, 127.31, 125.48, 121.95, 113.94. IR (ATR) max/cm-1: 3276 (N-H), 1652 

(C=O), 1578 (N-H), 1310 (C-C aromatic), 1028 (C-N), 642 (C-Br); MS m/z = 276.0 [M + H]+. 

2-Chlorobenzanilide (5b): white solid (1.14 g, 98 %); Melting point: 112 – 115 °C (114  – 

116°C); 1H NMR (400 MHz, Chloroform-d) δ 8.59 (dd, J = 8.3, 1.5 Hz, 1H), 8.49 (s, 1H), 7.99 

– 7.91 (m, 2H), 7.65 – 7.55 (m, 1H), 7.59 – 7.49 (m, 2H), 7.44 (dd, J = 8.0, 1.5 Hz, 1H), 7.40 

– 7.31 (m, 1H), 7.11 (ddd, J = 8.0, 7.4, 1.6 Hz, 1H). 13C NMR (101 MHz, Chloroform-d) δ 

165.29, 134.75, 134.63, 132.20, 129.03, 128.95, 127.89, 127.10, 124.76, 123.04, 121.52; IR 

(ATR) max/cm-1: 3219 (N-H), 1651 (C=O), 1517 (N-H), 1298 (C-C aromatic), 1057 (C-N), 711 

(C-Cl); MS m/z = 232.0 [M + H]+. 

4.3.3 Synthesis of 2-Halogenthiobenzanilide51  

The Lawesson’s reagent (4.8 mmol) was added to a solution of 2'-halobenzanilide (4.0 mmol) 

in dry THF (20 mL). The mixture was refluxed for 6 hours at 80 °C followed by evaporation of 
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the solvent under vacuum. The pure product was obtained after purification by flash 

chromatography (hexane : ethyl acetate = 1 : 1). 

2-Bromothiobenzanilide (6a): Yellow crystalline: yield 1.15 g (79%); Melting point: 86 – 88 °C 

(83 – 85 °C); 1H NMR (400 MHz, Chloroform-d) δ 9.31 (s, 1H), 8.68 (s, 1H), 7.98 – 7.90 (m, 

2H), 7.70 (dd, J = 8.1, 1.5 Hz, 1H), 7.62 – 7.37 (m, 4H), 7.20 (td, J = 7.7, 1.6 Hz, 1H); 13C NMR 

(101 MHz, Chloroform-d) δ 136.96, 132.83, 131.52, 128.75, 128.03, 127.88, 126.90, 125.62, 

117.76, 76.73. IR (ATR) max/cm-1: 3188 (N-H), 1499 (C-S), 1484 (C=C aromatic), 685 (C-Br); 

MS m/z = 292.0 [M + H]+. 

2-Chlorothiobenzanilide (6b): Yellow solid: yield 0.81 g (82%); Melting point: 72 – 76 °C (69 – 

71 °C); 1H NMR (400 MHz, Chloroform-d) δ 9.34 (s, 1H), 8.76 (s, 1H), 7.92 (d, J = 7.5 Hz, 2H), 

7.62 – 7.33 (m, 28H), 7.32 – 7.20 (m, 5H); 13C NMR (101 MHz, Chloroform-d) δ 135.77, 131.51, 

129.59, 128.77, 127.52, 127.23, 126.94, 126.85, 125.01; IR (ATR) max/cm-1: 3195 (NH), 1503 

(C-S), 1441 (C=C aromatic), 1058 (C-N), 683 (C-Cl); MS m/z = 248.0 [M + H]+. 

4.3.4 Synthesis of 1-Benzyl-3-(2-halogenphenyl) Urea52  

Benzyl isocyanate (5.0 mmol) was slowly added to a solution of benzylamine (5.0 mmol) and 

triethylamine (5.0 mmol) in dichloromethane (10 mL). The reaction was allowed to run 

overnight to reach the completion. White solid was obtained after evaporation of the solvent 

under vacuum. No further purification was required. 

1-Benzyl-3-(2-bromogenphenyl)-urea (7a): White solid: yield 1.41 g (92%); Melting point: 166 

– 168 °C (lit. 168 °C); 1H NMR (400 MHz, DMSO-d6) δ 8.09 (dd, J = 8.3, 1.6 Hz, 1H), 7.93 (s, 

1H), 7.59 – 7.50 (m, 2H), 7.42 – 7.29 (m, 5H), 7.28 – 7.17 (m, 1H), 6.96 – 6.85 (m, 1H), 4.32 

(d, J = 5.7 Hz, 2H); 13C NMR (101 MHz, DMSO-d6) δ 132.81, 128.85, 128.43,127.75, 127.34, 

123.74, 122.05, 43.35, 40.62, 40.42, 40.21; IR (ATR) max/cm-1: 3326 (N-H), 3295 (N-H), 1635 

(C=O), 1555 (N-H), 494 (C-Cl); MS m/z = 305.0 [M + H]+. 
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1-Benzyl-3-(2-chlorogenphenyl)-urea (7b): White solid: yield 1.32 g (96%); Melting point: 111 

– 113°C; 1H NMR (400 MHz, DMSO-d6) δ 9.04 (s, 1H) 8.17 (dd, J = 8.3, 1.6 Hz, 1H), 8.10 (d, 

J = 7.5 Hz, 1H), 7.51 – 7.43 (m, 1H), 7.43 – 7.36 (m, 2H), 7.36 – 7.20 (m, 3H), 6.96 (td, J = 

7.7, 1.6 Hz, 1H), 4.32 (d, J = 5.7 Hz, 2H); 13C NMR (101 MHz, DMSO-d6) 129.53, 128.85, 

127.92, 127.74, 127.34, 122.96, 121.22, 43.32, 40.62, 40.41, 40.21; IR (ATR) max/cm-1: 3323 

(N-H), 3295 (N-H), 1634 (C=O), 1589 (N-H), 699 (C-Cl); MS m/z = 261.9 [M + H]+. 

4.3.5 Synthesis of 1-Benzyl-3-(2-halogenphenyl) Thiourea50  

2-Halogenisothiocyanate (5.0 mmol) was slowly added to a solution of benzylamine (5.0 mmol) 

and triethylamine (5.0 mmol) in DCM (50 mL). The reaction was allowed to run overnight to 

reach the completion. Solid product was obtained after evaporation of the solvent under 

vacuum. No further purification was required. 

1-Benzyl-3-(2-bromogenphenyl)-thiourea (8a): Pale yellow solid: yield 1.52 g (95%); Melting 

point: 156 – 158 °C; 1H NMR (400 MHz, Chloroform-d) δ 7.68 (dd, J = 8.1, 1.4 Hz, 1H), 7.46 

(t, J = 4.3 Hz, 1H), 7.37 (dd, J = 7.5, 1.4 Hz, 2H), 7.35 – 7.25 (m, 5H), 7.18 (td, J = 7.8, 1.7 

Hz, 1H), 6.23 (s, 1H), 4.89 (s, 2H); 13C NMR (101 MHz, Chloroform-d) δ 128.86, 127.91, 

127.75, 127.37 IR (ATR) max/cm-1: 3216 (N-H), 3050 (N-H), 1546 (C=S), 1336 (C-C aromatic), 

693 (C-Br); MS m/z = 321.0 [M + H]+. 

1-Benzyl-3-(2-chlorogenphenyl)-thiourea (8b): White solid: yield 1.21 g (94%); Melting point: 

160 – 162°C; 1H NMR (400 MHz, Chloroform-d) δ 7.53 – 7.45 (m, 2H), 7.39 – 7.36 (m, 1H), 

7.36 – 7.29 (m, 5H), 7.24 (td, J = 7.7, 1.7 Hz, 1H), 4.89 (s, 2H); 13C NMR (101 MHz, 

Chloroform-d) δ 128.86, 127.74, 127.01, 110.00 IR (ATR) max/cm-1: 3217 (N-H), 3053 (N-H), 

1546 (C=S), 1311 (C-C aromatic), 1054 (C-N), 727 (C-Cl); MS m/z = 277.0 [M + H]+. 

4.3.6 General O- and S-Arylation Procedure using Cs2CO3 

A sample vial was charged with Cs2CO3 (65 mg, 0.2 mmol) and aryl halides (100 μL, 1 M in 

DMSO-d6, 0.1 mmol) followed by addition of CuI solution (50 μL, 0.1 M in DMSO-d6, 5 mol %), 

ligand (100 μL, 0.1 M in DMSO-d6, 10 mol %) and internal standard naphthalene (100 μL, 0.5 
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M in DMSO-d6, 0.05 mmol). Another 650 μL of DMSO-d6 was added to make up the total 

volume to 1 mL. The reaction was then stirred at 80 °C for 6 h. The mixture was cooled to 

room temperature and the clear organic layer was transferred into Young’s type NMR tube 

under an N2 atmosphere. The conversion and yield were determined by 1H NMR. 

2-Phenylbenzoxazole: 1H NMR (400 MHz, Chloroform-d) δ 8.27 (d, J = 4.0 Hz, 2H), 7.81-7.78 

(m, 1H), 7.60-7.56 (m, 1H), 7.54-7.52 (m, 3H), 7.39-7.33 (m, 2H); 13C NMR (100 MHz, CDCl3, 

ppm) δ 163.0, 150.8, 142.1, 131.5, 128.9, 127.6, 127.2, 125.1, 124.6, 120.0, 110.6; 1H NMR 

(400 MHz, DMSO-d6): δ 8.20 (dd, J = 8.0, 1.6 Hz, 2H), 7.85-7.73 (m, 2H), 7.65-7.55 (m, 3H), 

7.47-7.36 (m, 2H). The NMR is in agreement with literature.71,72   

2-Phenylbenzothiazole: 1H NMR (400 MHz, Chloroform-d) δ 8.11-8.09 (m, 3H), 7.88 (d, J = 

8.0 Hz, 1H), 7.52-7.49 (m, 4H), 7.38 (t, J = 8.0 Hz, 1H); 13C NMR (101 MHz, Chloroform-d) δ 

168.1, 154.2, 135.2, 133.7, 131.1, 129.1, 127.6, 126.4, 125.3, 123.3, 121.7. 1H NMR (400 

MHz, DMSO-d6) δ H 8.28–8.24 (m, 2H), 7.89–7.86 (m, 2H), 7.69–7.65 (m, 3H), 7.48–7.44 (m, 

2H). The NMR is in agreement with literature.73,74  

N-Benzyl-2-aminobenzo[d]thiazole: 1H NMR (400 MHz, Chloroform-d) δ H 7.60 (dd, J = 7.9, 

1.2 Hz, 1H), 7.52 (d, J = 8.0 Hz, 1H), 7.45-7.26 (m, 6H), 7.11 (t, J = 7.2 Hz, 1H), 6.13 (br s, 

1H), 4.66 (s, 2H); 13C NMR (101 MHz, Chloroform-d) δ 167.9, 152.3, 137.6, 129.0, 128.0, 

127.8, 126.2, 127.0, 121.8, 121.0, 119.0, 49.6; 1H NMR (400 MHz, DMSO-d6):  8.52 (br s, 

1H), 7.68 – 7.00 (m, 9H), 4.60 (s, 2H). The NMR is in agreement with literature.41,75  

4.3.7 General Copper(I) Complexes Synthesis Procedure 

A 4 mL vial was charged with mesitylcopper(I) (18 mg, 0.1 mmol) and aryl halides (0.1 mmol) 

fully dissolved in dry toluene (1.0 mL). The vial was placed inside a larger vial (20 mL) 

containing dry hexane (500 μL) and left at room temperature. Colourless crystals started to 

form in the inner vial after 24 h, and were isolated after 72 h.  
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Cu4Cl45b’4: 
1H NMR (400 MHz, DMSO-d6) δ 8.06 – 7.97 (m, 2H), 7.70 – 7.59 (m, 2H), 7.59 – 

7.51 (m, 3H), 7.40 (td, J = 7.7, 1.5 Hz, 1H), 7.31 (ddd, J = 8.0, 7.4, 1.7 Hz, 1H). Anal. Calcd 

for C52H36Br4Cu4N4O4: C 53.07 H 3.08; N 4.76%. Found C 53.18; H 3.16; N 4.71%. 

 

Cu4Cl46b’4: 1H NMR (400 MHz, DMSO-d6) δ 7.40 (d, J = 8.0 Hz, 1H), 7.30 – 7.16 (m, 6H), 7.13 

– 7.05 (m, 1H), 6.93 (d, J = 7.9 Hz, 1H); Anal. Calcd for C52H36Cl4Cu4N4S4: C 50.32; H 2.92; 

N 4.51%. Found C 53.86; H 3.41; N 4.23% (mixed with toluene). 

 

Cu4Br46a’4: 1H NMR (400 MHz, DMSO-d6) δ 8.21 – 8.15 (m, 3H), 8.14 – 8.04 (m, 9H), 7.66 – 

7.53 (m, 12H), 7.48 (ddd, J = 8.2, 7.2, 1.2 Hz, 3H), 7.33 – 7.21 (m, 6H), 7.21 – 7.09 (m, 3H); 

Anal. Calcd for C52H36Br4Cu4N4S4: C 44.02; H 2.56; N 3.95%. Found C 44.02; H 2.72; N 3.80%. 

 

Cu4Br48b’4: 1H NMR (400 MHz, DMSO-d6) δ 7.51 – 6.82 (m, 9H), 4.57 (s, 2H); Anal. Calcd for 

C56H48Cl4N8S4: C 49.56; H 3.56; N 8.26%. Found C 49.70; H 3.28; N 8.28%. 

 

Cu4Br48a’4: 1H NMR (400 MHz, DMSO-d6) δ 8.64 (s, 2H), 7.70 (dd, J = 7.9, 1.3 Hz, 1H), 7.47 

– 7.12 (m, 7H), 7.04 (td, J = 7.6, 1.2 Hz, 1H), 4.60 (d, J = 5.8 Hz, 2H); Anal. Calcd for 

C56H48Br4N8S4: C 43.82; H 3.15; N 7.30%. Found C 43.91; H 3.13; N 7.30%. 

 

4.3.8 General O-,S-Arylation Procedure using TBPM 

A sample vial was charged with TBPM (400 μL, 0.5M, 0.2 mmol) and aryl bromides (100 μL, 

1 M in DMSO-d6, 0.1 mmol) followed by addition of CuI solution (50 μL, 0.1 M in DMSO-d6, 10 

mol %), ligand (100 μL, 0.1 M in DMSO-d6, 10 mol %) and internal standard naphthalene (100 
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μL, 0.5 M in DMSO-d6, 0.05 mmol). Another 250 μL of DMSO-d6 was added to make up the 

total volume to 1 mL. The reaction was then stirred at rt for 6 h. The mixture was cooled to 

room temperature and the clear organic layer was transferred into Young’s type NMR tube 

under an N2 atmosphere. The conversion and yield were determined by 1H NMR.  

4.3.9 General Procedure for the Kinetic Studies using Reaction Calorimetry 67 

The reaction was carried out in a 14 mL screw top vial (12mm O.D. x 70mm h x 21mm I.D.) 

supplied with rubber septum. The reference vial was charged with anhydrous DMSO (10 mL) 

for comparison. The reaction was initialised by addition of catalyst (CuI solution) by a gas-tight 

syringe (1000 μL). The reaction temperature was set at 30 °C controlled by a cooling / heating 

circulator. The real-time data was collected every three seconds by Omnical SuperCRC 

reaction calorimetry to produce the raw heat flow graph. 

In a nitrogen-filled glovebox, the stock solutions were prepared by using a volumetric 

flask: 8a (1.606 g in 5 mL DMSO, 1.00 M), TBPM (3.105 g in 10 mL DMSO, 0.50 M), 

naphthalene (641 mg in 10 mL DMSO, 0.50 M) and CuI (190 mg in 5 mL DMSO, 0.20 M, 

stored in dark). The standard reaction was prepared following the instruction here: The 

reaction vial was charged with 8a (1000 μL, 1.00 M, 1.00 mmol), TBPM (4000 μL, 0.50 M, 

2.00 mmol), naphthalene (1000 μL, 0.50 M, 0.50 mmol) and DMSO (3250 μL; make up to 

10.000 mL total liquid). A gas-tight syringe charged with CuI solution (750 μL, 0.10 M, 0.15 

mmol) was sealed at the tip of the needle using soft PTFE plugs. The reaction vial and syringe 

were then taken out of the glovebox. The reaction vial was placed into the calorimetry holder 

under stirring at 30 °C and the gas-tight syringe loaded with catalyst solution was placed 

instantaneously in the sample injection port on the top of the reaction vial. The reaction vial 

was allowed to stabilise at 30 °C for at least 1 h to reach the thermal equilibrium which was 

observed by Omnical SuperCRC software (flat baseline). Afterward, the CuI solution was 

injected into the reaction vial and the syringe was removed immediately from the calorimetry. 

The monitoring stopped when the heat flow became a flat line again followed by the 

“tau”-correction experiment on the same reaction vial. When the “tau”-correction was 
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accomplished, the reaction vial was taken out of the calorimetry and a 1000 μL of the reaction 

solution was taken and dissolved in 1000 μL CDCl3. The mixture was washed with distilled 

water (1 mL) and twice with brine (2 mL in total). The organic layer was dried over MgSO4 and 

the conversion and yield were determined by 1H NMR analysis against an internal standard of 

naphthalene. 

4.3.10 Procedure for validating the calorimetry data using 1H NMR 

The reaction vial was charged with 8a (1000 μL, 1.00 M, 1.00 mmol), TBPM (4000 μL, 0.50 

M, 2.00 mmol), naphthalene (1000 μL, 0.50 M, 0.50 mmol) and DMSO (3250 μL; make up to 

10.000 mL total liquid). A gas-tight syringe charged with CuI solution (750 μL, 0.20 M, 0.15 

mmol) was sealed at the tip of the needle using soft PTFE plugs. The reaction vial and syringe 

were then taken out of the glovebox. The reaction vial was heated at 30 °C under stirring for 

1 h followed by injection of CuI solution. 1H NMR samples were prepared by drawing 200 μL 

solution out of the reaction vial at 10, 20, 30, 40, 60, 80 and 100 min which were then dissolved 

individually in 1000 μL CDCl3. Each mixture was washed with distilled water (1 mL) and twice 

with brine (2 mL in total). The organic layer was dried over MgSO4 and the conversion and 

yield were determined by 1H NMR analysis against an internal standard of naphthalene. 

4.3.11 Procedure for Catalyst Dependence Experiment 

The reaction was carried out following the general procedure with different concentration of 

CuI (details see Table 4.4).  

Table 4.4 Catalyst dependence experiment 

Entry CuI solution 

1 500 μL, 0.100 M, 0.050 mmol 

2 1000 μL, 0.100 M, 0.100 mmol 

3 1500 μL, 0.200 M, 0.150 mmol 
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4.3.12 Procedure for “Same Excess” Experiment 

The reaction was carried out following the general procedure with different concentration of 

8a and TBPM ([e] = 1.00 M) (details see Table 4.5).  

Table 4.5 “Same excess” experiment 

Entry 8a TBPM 

1 1000 μL, 1.00 M, 0.50 mmol 4000 μL, 0.50 M, 2.00 mmol 

2 750 μL, 1.00 M, 0.75 mmol 3750 μL, 0.50 M, 1.75 mmol 

3 500 μL, 1.00 M, 0.50 mmol 3500 μL, 0.50 M, 1.50 mmol 

 

4.3.13 Procedure for Catalyst Deactivation Experiment 

The “same excess” experiment was repeated with addition of 1,2-dimethylbenzimidazole (4), 

mono tetrabutylphosphonium malonate (MalH), tetrabutylphosphonium bromide (TBPB) 

(details see Table 4.6).  

Table 4.6 Catalyst deactivation experiment 

Entry 8a TBPM 9 MalH TBPB 

1 1000 μL, 1.00 

M, 0.50 mmol 

4000 μL, 0.50 

M, 2.00 mmol 

- - - 

2 750 μL, 1.00 

M, 0.75 mmol 

3750 μL, 0.50 

M, 1.75 mmol 

500 μL, 0.50 

M, 0.25 mmol 

500 μL, 0.50 M, 

0.25 mmol 

500 μL, 0.50 M, 

0.25 mmol 

3 500 μL, 1.00 

M, 0.50 mmol 

3500 μL, 0.50 

M, 1.50 mmol 

1000 μL, 0.50 

M, 0.50 mmol 

1000 μL, 0.50 

M, 0.50 mmol 

1000 μL, 0.50 

M, 0.50 mmol 

 

4.3.14 Procedure for Product Inhibition Experiment 

The reaction was carried out following the general procedure with extra addition of 1,2-

dimethylbenzimidazole (4) (details see Table 4.7).  



 

235 

 

Table 4.7 Product inhibition experiment 

Entry 9 

1 1000 μL, 0.50 M, 0.50 mmol 

2 2000 μL, 0.50 M, 1.00 mmol 

 

4.3.15 Procedure for MalH inhibition Experiment 

The reaction was carried out following the general procedure with extra addition of MalH 

(TBPM : Malonic acid = 1 : 1, details see Table 4.8).  

Table 4.8 MalH inhibition experiment 

Entry MalH 

1 1000 μL, 0.50 M, 0.50 mmol 

2 2000 μL, 0.50 M, 1.00 mmol 

 

4.3.16 Procedure for nBu4PBr inhibition Experiment 

The reaction was carried out following the general procedure with extra addition of nBu4PBr 

(TBPB, details see Table 4.9).  

Table 4.9 nBu4PBr inhibition experiment 

Entry TBPB 

1 1000 μL, 0.50 M, 0.50 mmol 

2 2000 μL, 0.50 M, 1.00 mmol 

 

4.3.17 Procedure for “Different Excess” Experiment 

The reaction was carried out following the general procedure with different concentration of 

8a ([e] = 0.50 and 1.50 M) or TBPM ([e] = 1.00 and 1.50 M) (details see Table 4.10).  
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Table 4.10 “Different excess” experiment 

Entry 8a TBPM 

1 1000 μL, 1.00 M, 1.00 mmol 3000 μL, 0.50 M, 1.50 mmol 

2 1000 μL, 1.00 M, 1.00 mmol 5000 μL, 0.50 M, 2.50 mmol 

3 750 μL, 1.00 M, 0.75 mmol 4000 μL, 0.50 M, 2.00 mmol 

4 500 μL, 1.00 M, 0.50 mmol 4000 μL, 0.50 M, 2.00 mmol 
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5.1 Overall Conclusions and Future Works 

A number of ancillary ligands have been screened for application in the copper-catalysed 

aromatic Finkelstein reaction and the results were reported in Chapter 2. The amine based 

ligand diethylenetriamine (L19) showed good yields under mild conditions, directly 

comparable to those previously reported diamine ligands N,N’-dimethylethylenediamine 

(DMEDA, L1) and trans-N,N′-dimethylcyclohexane-1,2-diamine (TDMCHDA, L14)1. However, 

unlike L1 and L14, the use of L19 was shown not to require the employment of air and 

moisture free conditions. In addition, L19 is approximately 100x less expensive per mole than 

either L1 or L14. The scope of the reaction was extended to 16 examples (both under N2 and 

in air) with good conversions reported in all cases (Scheme 5.1). Aryl-bromides containing 

electron-withdrawing groups were however less tolerant of air / moisture than the other 

substrates.  

 

Scheme 5.1 Diethylenetriamine (L19) promoted copper(I)-catalysed aromatic Finkelstein reaction. 

In order to probe the differences in catalyst speciation when L1 and L19 were employed 

as ligands, the coordination chemistry of both of these compounds was studied with copper(I) 

iodide. Solid-state structures of [Cu2I2L12], [Cu4I4L12]∞ and [CuL192]I2 have been reported 

(Figure 5.1). In the presence of L19, copper(I) underwent rapid disproportionation to give the 

mononuclear copper(II) complex [CuL192]I2 (Figure 5.1d). In contrast, no evidence of 

disproportion was observed with L1, and the copper(I) complexes [Cu2I2L12] or [Cu4I4L12]∞ 

were obtained (Figure 5.1a and b). Studies on the catalytic activity of these crystalline 

complexes reveal [CuL192]I2 to be a good catalyst for the halide exchange reaction despite 

containing copper(II) rather than copper(I). Further studies using copper(II) salts in conjunction 

with L19 also showed remarkably good catalytic activity, whereas no catalytic activity was 

observed using the same copper(II) salts with L1. The copper may undergo fast redox 
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chemistry much more readily in the presence of L19 than with L1, and it is this that is 

responsible for its catalytic activity with copper(II) as well as the improved air and moisture 

tolerance. However, the mechanism of these reactions is still not clear and further studies to 

better understand this are required. Additional mechanistic studies could be carried out in 

future work to prove the in situ reduction of Cu(II) to Cu(I) when using [Cu(L19)2]I2 as catalyst. 

For example using the EPR to quantificate the Cu(II) and monitor the Cu(II) reduction during 

the reaction. The performance of CuI/L19 catalytic system on intramolecular Ullmann 

arylations will also be interesting to invesitigate whether it will allow the aerobic reaction 

conditions (assume that the intramolecular cyclisation is prior to the intermolecular N-arylation 

between L19 and substrate).  

              

 

        

 

Figure 5.1 Solid-state structures of (a) [Cu2I2L12]; (b) [Cu4I4L12]∞; (c) view of the extended structure of 

[Cu4I4L12]∞; (d) [CuL192]I2. 

(a) (b) 

(c) (d) 
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Chapter 3 reported the isolation and characterisation of copper(I) intermediates for the 

copper(I)-catalysed intramolecular N-arylation of 1,2-dimethylbenzimidazole. These solid-

state structures potentially represent different intermediates in the catalytic cycle. For aryl 

iodide and aryl bromide substrates, cyclisation occurred readily when they were treated with 

mesitylcopper(I) to give 1,2-dimetylbenzimidazole ligated copper(I) complexes Cu4I444 (Figure 

5.2a) and CuBr42 (Figure 5.1b). The less reactive aryl chloride and fluoride substrates were 

found to form dimeric (Cu23c’2, Figure 5.1c) and tetrameric (Cu43d’4, Figure 5.1d) complexes 

respectively in which the aryl halide bond remained unreacted. The solid-state structure of a 

1,10-phenanthroline (L2) ligated complex (Cu2(3d’)2(L2), Figure 5.1e) was reported revealing 

how L2 can interact with the metal centre. Moreover, the copper(I) complex Cu23c’2 undergoes 

intramolecular cyclisation to yield 1,2-dimethylbenzimidazole 4 simply by heating the complex, 

indicating that Cu23c’2 is a potential intermediate / resting state in the copper(I)-catalysed 

intramolecular N-arylation. The investigation of the solution state of these copper(I) species 

could be obtained in future work. Although the 1H DOSY NMR is not performed due to the 

relative poor solubility in benzene-d6, variable temperature NMR experiment could be carried 

out to investigate the equilibrium reaction between different aggregation states at different 

temperatures.  

    

(a) 
(b) 



 

247 

 

      

 

Figure 5.2 Solid-state structure of (a) Cu4I444; (b) CuBr42; (c) Cu23c’2; (d) Cu43d’4; (e) Cu2(3d’)2(L2). 

Solid-state structure is shown with thermal ellipsoids set at 50% probability. Hydrogen atoms are 

omitted for clarity. 

Detailed kinetic profiling of the copper(I)-catalysed Ullmann type N-arylation reaction 

has also been reported in Chapter 3 using RPKA methods and in situ monitoring using a 

reaction calorimeter. “Same excess” experiments were used to verify that catalyst inhibition 

occurred during the catalytic process, and that catalysis deactivation is negligible. The rate 

dependence study on catalyst concentration reveals a complex order in [Cu]total (1 < order < 

2). The result indicates that more than one catalyst molecule likely participates in the catalytic 

cycle,2 and thus there is a possibility that two coppers are involved in the rate determining step. 

This could be because in the copper metallated aryl bromide (I2) the copper is too far away 

from and in the incorrect orientation to the aryl-halide bond and hence another copper centre 

is required for the oxidative addition step. The rate dependence on [ArBr] (1st order) and 

[TBPM] (approximately negative 1st order) are in agreement with the literature for 

(c) (d) 

(e) 
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intermolecular Ullmann reactions.3 The result of the “same excess” experiments reveals that 

catalyst inhibition by 1,2-dimethylbenzimidazole, MalH and TBPB is occurring during the 

catalytic cycle. Based on the kinetic experiments, a catalytic cycle for TBPM promoted 

copper(I)-catalysed intramolecular N-arylation has been proposed (Scheme 5.2). A new 

intramolecular N-arylation catalytic protocol using TBPM promoted sub-mol% copper(I)-

catalysed was also developed. Future work could investigate more different substrates for 

example to have a electron donating or withdrawing group on the benzene ring or more bulk 

terminal amine and to study how they affect the reaction rate, the rate dependences and 

catalyst inhibition/activation. 

 

Scheme 5.2 Proposed mechanism for TBPM promoted copper(I)-catalysed intramolecular N-arylation. 

Chapter 4 presented a series of studies on the identity of possible copper(I) intermediate 

complexes in the intramolecular Ullmann O- and S-arylation reactions used in the preparation 
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of benzoxazoles and benzothiazoles. These copper(I) complexes were all tetramers 

containing Cu4Y4N4C4 (Y = O or S) central units (Figure 5.3a – c). The solid-state structures 

reveal how the different aryl halide substrates can interact with the copper(I) centre. In the 

case of the copper(I) complexes Cu48a’4 (Figure 5.3c), the structure can explain the selectivity 

between S-arylation and N-arylation in copper(I)-catalysed cyclisation of (2-halogenphenyl)-

benzyl-thiourea as the copper selectively coordinated to the Nα and S atoms. 

                 

 

Figure 5.3 Solid-state structure of (a) Cu45b’4; (b) Cu46b’4; (c) Cu48b’4. Solid-state structure is shown 

with thermal ellipsoids set at 50% probability. Hydrogen atoms (except Nγ-H) are omitted for clarity. 

Moreover, the copper complexes all undergo intramolecular bond formation to give the 

corresponding cyclised products, simply by heating the copper(I) complex in DMSO. The result 

(a) (b) 

(c) 
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indicates the complexes are potential intermediates / resting states in copper(I)-catalysed 

intramolecular O-, S-arylation reactions with these substrates. The reactivity of the copper(I) 

complexes towards cyclisation is greater for Ar-Br than Ar-Cl as the aryl bromide containing 

complexes give higher yields at lower temperatures compared to the corresponding aryl 

chlorides. The introduction of 1,10-phenanthroline also improved the final yield indicating the 

positive effect of the ancillary ligand. 

In addition to the study of copper(I) intermediates, detailed kinetic profiling of copper(I)-

catalysed S-arylation using in situ – calorimetry measurements has been reported. The 

“different excess” experiment reveals negative order in the concentration of (2-

halogenphenyl)-benzyl-thiourea ([8a]) and positive order in [TBPM]. Substrate inhibition may 

due to an off-cycle equilibrium reaction involving the copper catalyst and 8a for example the 

formation of inactive diligated copper(I) complexes. Similar to the kinetic study of copper(I)-

catalysed intramolecular N-arylation, in intramolecular S-arylation the order observed in [Cu] 

is also higher than 1. There is a possibility that two coppers are involved in the rate determining 

step. The result of the “same excess” experiment reveals the existence of product inhibition 

during the catalytic process caused by cyclised product N-benzyl-2-aminobenzo[d]thiazole as 

well as catalyst deactivation. Due to the possible coordination between copper – substrate 

and also copper – product, a complicated catalyst speciation is expected which could affect 

the overall observed rates. The detailed kinetic profiling of copper(I)-catalysed O-arylation 

using calorimetry will be obtained in future work and  to give a full comparsion between N-, O- 

and S- arylation.  

In summary, a new cheap and effective ligand – diethylenetriamine (L19) – has been 

developed and studied for both copper(I) and copper(II) mediated aromatic Finkelstein 

reactions, which shows not only satisfactory yields over a wide range of substrates but also 

good tolerance to air and moisture. In terms of the intramolecular Ullmann arylations, a series 

of studies on the identity of possible copper(I) intermediate complexes in the intramolecular 

Ullmann N-, O- and S-arylation reactions used in the preparation of benzimidazole, 
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benzoxazoles and benzothiazoles. Isolated copper(I) complexes have been shown to react 

on heating to give cyclised products with or without the addition of 1,10-phenanthroline as 

ligand indicating the copper(I) complexes are potential reaction intermediates. Detailed kinetic 

profiling of copper(I)-catalysed intramolecular N- and S- arylation using bis(tetra-n-

butylphosphonium) malonate as a soluble base using in situ – calorimetry measurements has 

been reported revealing the catalyst deactivation / inhibition. The rate dependence study on 

catalyst concentration reveals a non-integer order in [Cu]total. These mechanistic studies build 

a better understanding on intramolecular Ullmann arylation which could be used to improve 

the existing catalytic systems. 
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