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“The important thing is to never stop questioning. 

Curiosity has its own reason for existing.” 
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Abstract 

 

The development of catalytic systems for the functionalisation of carbon-hydrogen 

bonds has been an intensive area of research for the last 5 decades. In this context, 

transition metal complexes play a crucial role in reaction discovery, mechanistic 

evaluation and synthetic applications. In the Kerr group, this technology has been 

explored in the context of hydrogen isotope exchange, resulting in the development 

of highly active iridium(I) complexes bearing phosphines and NHC ligands. 

Despite their broad functional group compatibility, existing methods for isotope 

exchange are ineffective in the labelling of sterically encumbered directing groups. 

Hence, in the first chapter we investigate the synthesis of three new iridium(I) 

complexes bearing chelating phosphine-functionalised NHC ligands, and their 

application in the isotope exchange of sterically hindered carbamates. Our initial 

studies revealed high catalytic efficiency and tolerance for steric encumbrance, 

prompting us to perform a combined theoretical and experimental investigation of 

the reaction mechanism. 

Therefore, by conducting DFT calculations and kinetic experiments, we were able to 

identify a rich dynamic behaviour in solution and ultimately propose a reaction 

mechanism. Additionally, our interest in the activation of carbon-hydrogen bonds 

resulted in the exploration of a theoretical model for the prediction of enthalpies of 

activation, resulting in the identification of relevant electronic and steric descriptors. 

From the knowledge gathered in our initial studies, the second chapter describes the 

application of our novel iridium catalysts in the functionalisation of carbon-hydrogen 

bonds in the context of hydroarylation of olefins. Thus, we identified carboxylic 

acids as suitable directing groups for this transformation and employed Design of 

Experiments to optimise the reaction conditions. Synthetic studies were focused on 

the preparation of 14 substrates, enabling quick assessment of the capabilities and 

limitations of this reaction. These investigations resulted in a synthetic method 

suitable for the synthesis of bi- and tricycles featuring tertiary and quaternary 

benzylic stereocentres in a racemic fashion. 
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Finally, we investigated the mechanism of this process by DFT calculations, which 

led us to identify a plausible reaction pathway which should guide future kinetic 

evaluations. 
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CHAPTER 1 

Hydrogen Isotope Exchange of Carbamates 

 

1. Introduction 

 

1.1 Transition Metals and Catalysis 

 

Since the discovery of coordination compounds by Werner in 1893,1 and subsequent 

contributions to the field of homogeneous organometallic complexes by Vaska et al. 

in the 1960s,2-4 research interest in the chemistry of transition metals and synthetic 

applications of their organometallic compounds has grown at an increasing rate. In 

this regard, Figure 1.1 presents the gross number of publications exploring transition 

metals, highlighting important points in the timeline of this field of research. A 

second trend line concerning the use and application of iridium and its compounds is 

also presented for comparison. 

 

Figure 1.1: Timeline of transition metals in chemistry.† 

†Data retrieved from the Web of Science6 – WOS – on 07/2018 based on research topics indicated in 

the legend. Timestamps based on references 2-5. 
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Owing to their ability to act as both Lewis acids and -bases, in conjunction with a 

tendency to engage in direct interactions with unsaturated carbon-bonds, transition 

metals are of particular interest to synthetic organic chemistry.7-8 An important 

characteristic of late transition metals, especially for the subgroup of platinum metals 

(Ru, Rh, Pd, Os, Ir and Pt),9 is the existence of partially occupied d-orbitals at these 

metal centres. This fundamental property enables transition metals to act as acceptors 

of electron density from organic fragments, such as donor atoms present in functional 

groups and π systems of C—C multiple bonds, consequently enabling their 

behaviour as Lewis acids.8,10 

Additionally, a second important property of transition metals is directly related to 

their more diffuse d-orbitals, an especially prominent feature in second- and third 

row transition elements.8 Their capacity to distribute electron density through large 

volumes confers the ability to participate in covalent interactions with substrates, 

which ultimately leads to the formation of bonds to the metal centre and enables 

access to reactive intermediates that might facilitate chemical transformations, or 

even alter their outcome.10 

Therefore, it is the synergy of these electronic features which enable transition metals 

to associate organic molecules in interactions with high covalent character, thus 

resulting in strong binding to ligands.8,10 Consequently, the design and modification 

of these ancillary ligands can be employed as effective methods to confer a set of 

desired steric and electronic properties to the metal centre, which in turn could 

facilitate a given transformation.8 Finally, the existence of distinct stable 

coordination geometries in transition metal complexes, for which an ample range of 

oxidation states is available; and their ability to reversibly react with organic 

molecules, make these entities especially suited to engage in organic processes, and 

ultimately control their outcome.7-8,10 

Further research efforts aimed at understanding and exploiting the properties of 

organotransition metal complexes in organic synthesis helped to establish a solid 

theoretical foundation in which modern catalytic protocols could be developed. Of 

note are studies performed by Hartwig et al. on the evaluation of palladium-catalysed 

carbon-heteroatom bond formation;11 Suzuki,12 Negishi,13 Sonogashira,14 Stille,15 and 

co-workers on the establishment of a refined understanding of transition metal 
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catalysed C—C cross-coupling reactions; Bergman et al. on the direct 

functionalisation of C—H bonds;16 Crabtree and co-workers on the stereochemical 

assignment of complexes in solution;17 among others. Table 1.1 summarises the four 

most recurrent elemental processes in organometallic chemistry, which have been 

extensively explored in organic chemistry, being ubiquitous in reaction mechanisms 

of processes catalysed by transition metals.8,10  

Table 1.1 

Elemental 

Process 
Qualitative Trends 

Oxidative 

Addition 

Favourable for electron rich metal centres 

Preferred in less hindered centres 

Necessitates a vacant coordination site 

Rate is affected by dissociative/associative processes 

happening before/during the reaction 
 

Reductive 

Elimination 

Favourable for electron poor metal centres 

Aided by increased steric hindrance on the metal 

Creates a vacant coordination site 

Rate is affected by the dissociation of product 
 

Migratory 

Insertion 

Insertion: requires cis- geometry of reacting ligands 

De-insertion: requires vacant site cis- to reacting moiety 

Electrophile and nucleophile migrations are possible and 

happen through concerted processes 
 

Ligand 

Displacement 

Proceed through associative or dissociative pathways 

Electron poor, steric accessible, electronic unsaturated 

metals favour association 

Electron rich, steric hindered, electronic saturated 

metals favour dissociation 

 

1.2 Iridium in Organic Chemistry 

 

Sharing the properties common to late transition metals of the third series (vide 

supra), iridium finds wide applicability in organic processes.8,18 Initially neglected as 

a suitable element for catalysis, mainly due to higher activity and availability of other 

platinum metals, iridium has the ability to form remarkably stable organometallic 

complexes, with most of its early usages restricted to the characterisation of 

intermediates in catalytic processes mediated by its lighter analogue, rhodium.19 

Pioneering studies by Crabtree and co-workers20 in the field of hydrogenation of 

olefins led to the discovery of a remarkably active catalyst — [Ir(COD)(PCy3)py]PF6 
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— which was able to effectively reduce tri-and tetra- substituted alkenes, which had 

proven to be unreactive towards the well-known Wilkinson’s catalyst, 

[Rh(PPh3)3Cl],21 thus highlighting the capacity iridium complexes possess to engage 

in rather demanding transformations.19 Scheme 1.1 presents the rates of 

hydrogenation of cyclohexene, in mol of substrate reduced (mol of catalyst)-1 h-1, 

with the different catalysts tested in these seminal studies.20-21 

 

Scheme 1.1: Rates of hydrogenation of cyclohexene by selected catalysts.20-21 

 

Remarkably, around a six-fold increase in reaction rate was observed when 

Crabtree's catalyst 3 was employed, compared to the then widely adopted 

Wilkinson’s catalyst 9. Furthermore, subsequent applications in the chemoselective 

hydrogenation of hindered enones,22 and in the selective reduction of alkenes 

directed by β-hydroxy groups23-24 contributed to establishing 3 as a standard 

homogeneous catalyst for the hydrogenation of olefins.19  

A second important contribution which furthered the application of iridium in 

catalysis is related to studies by Bergman and co-workers, who demonstrated that 

iridium(III) complexes were able to engage in direct activation of the C—H bonds of 

simple hydrocarbons such as benzene, cyclohexane and neopentane.25 Scheme 1.2 
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illustrates the systems employed to activate Csp²—H and Csp³—H bonds of rather 

chemically inert molecules. 

 

Scheme 1.2: Early examples of direct C—H activation.25 

 

These initial studies were crucial to establish iridium as a competent metal for 

catalysis and, since then, many applications have been devised. Of note are 

the works of the research groups of Crabtree in chemoselective 

hydrogenation methods and transfer hydrogenation, as well as mechanistic 

evaluations of these systems;17,20-24,26-32 Bergman25,33-37 and Goldman38-43 in 

studies on the C—H activation of a broad range of molecules; Pfaltz in the 

synthesis of chiral ligands for asymmetric catalysis;44-52 Krische in the 

development of enantioselective C—C bond formation which relies on 

synergistic allylic alkylation and hydrogen auto-transfer;53-63 and Kerr in the 

development of selective hydrogen isotope exchange of C—H bonds in 

aromatic molecules and conjugated alkenes;64-79 among others. Scheme 1.3 

depicts representative examples of systems and applications highlighted by 

these groups. 
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Scheme 1.3: Selected examples of iridium catalysts in organic synthesis. 

 

1.2.1 Activation of C—H bonds 

 

Initially regarded as an exotic process mostly confined to academia, the activation of 

C—H bonds has experienced a remarkable evolution in the last few decades. Owing 

to their intrinsically low polarity and high bond dissociation energy, direct homolytic 

cleavage of most C—H bonds typically found in organic compounds requires an 

energy input of 70 – 110 kcal mol-1 to be realised.80 In this regard, the use of 

transition metal complexes to assist C—H bond breaking events, with concurrent 
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development of a more sophisticated mechanistic picture to account for often 

quizzical experimental observations,81 has been a topic of pronounced interest in 

organometallic chemistry since the early 1980s. Perhaps most relevant to this field is 

the seminal work of Bergmann and co-workers (vide supra), which resulted in an 

improved understanding of transition metal-mediated C—H activation, fostering a 

more comprehensive theoretical framework which furthered the development of 

catalytic systems.82 

Mechanistically, these transition metal-mediated processes can proceed through four 

broadly accepted pathways: 

i. Oxidative addition: low-valent late transition metal centres featuring strongly 

σ-donating ligands typically engage in direct oxidative addition of C—H 

bonds, resulting in alkyl- or aryl-hydrido species which can be further 

functionalised;25-43,82 

ii.  Concerted metalation-deprotonation (CMD): commonly observed in 

organometallic complexes of group 8 – 10 metals which possess a 

coordinated carboxylate ligand, activation through CMD occurs through a 

concerted 6-memebered metallacylic transition state that results in the 

simultaneous transfer of a proton from an agostic83 C—H bond to the 

coordinated carboxylate, with concurrent formation of a new M—C bond.84 

A second closely related mechanistic pathway has also been identified 

whenever high valent metal centres are implicated.83 More specifically, 

stepwise C—H activation events that proceed through electrophilic 

metalation to afford a Wheland intermediate, which subsequently engages in 

a base-assisted deprotonation to reinstate aromaticity, also result in the 

formation of an arylmetal species with the overall loss of one proton;83 

iii. σ-Bond metathesis: a process that results in a concerted exchange of a σ-

bonded ligand and an agostic C—H bond, producing a new pair of σ-, and 

agostically bound moieties at the metal centre. This elemental process has 

been observed in both early and late transition metal centres, respectively 

requiring the presence strong σ-donors and alkyl-, or often hydride, 

ligands;81,85,86,87 
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iv. Hydrogen atom transfer (HAT): often exploited in an indirect process 

involving transition metals, it is typically characterised by a single electron 

transfer at a site vicinal to a C—H bond, resulting in weakening of the strong 

covalent interaction between these two centres. Subsequent proton loss then 

generates a carbon centred radical and a new σ-bond between the abstractor 

and the extruded hydrogen atom.80 This process is often mediated by 

photocatalysts in presence of specific radical quenchers able to capture the 

newly generated carbon centred radicals to deliver synthetically useful 

compounds.88,89 

A depiction of these process with representative examples89,90 is presented in 

Schemes 1.4 and 1.5. 

 

 

Scheme 1.4: Generic depiction† and representative examples for oxidative addition 

and CMD processes.90,91 

†Subscript y represents the number of substituents (1 ≤ y ≤ 3); x denotes oxidation state; Z = CR3, OR. 
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Scheme 1.5: Generic depiction† and representative examples for σ-bond metathesis 

and hydrogen atom transfer processes.89-92 

†Subscript y represents the number of substituents (1 ≤ y ≤ 3); x denotes oxidation state; Q denotes an 

electron-rich group which stabilises radical cation intermediates. 

 

As illustrated previously, one of the most remarkable features of iridium complexes 

and their platinum metals counterparts is the capacity to cleave otherwise stable C—

H bonds.8,19 Moreover, as illustrated by the examples in Schemes 1.4 and 1.5, 

organometallic complexes of iridium are especially attractive for their ability to 

activate C—H bonds through most of the available mechanistic pathways. In this 

regard, it is also clear, from both the aforementioned instances and extensive 

literature on these subjects (vide infra), that judicious choice of ancillary ligands is 

required to modulate the metal centre and promote the desired reaction outcome. 
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A second important aspect, ubiquitous in activation processes that generate metal 

hydrides, is the existence of a σ-complex between the C—H bond to be activated and 

the metal centre which precludes the activation event. This interaction is described as 

agostic,83 and is often taken to be analogous to those arising from π-donors which 

follow the Dewar-Chatt-Duncanson model.94,95 Thus, the agostically ligated C—H 

bond engages in an interaction in which its σC—H orbital donates electron density to 

empty orbitals at the metal centre, whilst concurrent back-donation from filled d-

orbitals in the metal partially replenishes electron density into the σ*
C—H orbital.8 The 

overall effect is a weakening of the C—H bond and consequent propensity to engage 

in activation events featuring lower energy barriers than those stipulated by bond 

dissociation energy thresholds. For instance, intermediates 17, 24 and 25 in Schemes 

1.4 and 1.5 exhibit explicit agostic interactions, while access to transition state 22 

from intermediate 21 occurs via a ring slipping process which establishes an 

equilibrium between the (πC=C)-η2-C6H6 and the agostically bonded (σC—H)-η2-C6H6 

modes of coordination to iridium, the latter being capable of engaging in an 

activation event through 22.84 A pictorial representation of this important interaction 

is illustrated in Scheme 1.6. 

 

Scheme 1.6: Simplified description of agostic interaction.† 

†Subscript y represents the number of substituents (1 ≤ y ≤ 3); superscripts e and f denote empty and 

filled orbitals, respectively. 

 

Finally, a drawback of the mechanistic promiscuity displayed by iridium complexes, 

especially in situations when more than one pathway can be accessed via interactions 

with different ligands in their coordination sphere, is related to the contrived nature 

of studies aiming to probe the mechanism of C—H activation. For instance, while σ-

bond metathesis is often observed when organometallic complexes of iridium contain 

anionic ligands in their coordination sphere, e.g., alkyl-, alkenyl-, aryl-, halides and 
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hydrides; for some iridium complexes, an oxidative addition pathway competes with, 

or entirely overrides, the metathetic process.96 An analogous scenario is observed 

when low valent complexes undergo C—H activation in the presence of 

carboxylates. In these latter cases, ambiguity among oxidative addition, σ-bond 

metathesis and CMD pathways also exists.97 Unsurprisingly, sophisticated 

mechanistic studies are often required in order to differentiate between these 

activation modes. 

An interesting example is provided in Scheme 1.7.96 In this case, reaction of the 

neutral iridium trihydride [(PPh3)2IrH3] 30 with imidazolium salt 31 afforded two 

different products which underwent C—H activation through distinct mechanisms. 

Thus, coordination of the C—H bond at C2 of the imidazolium ring affords complex 

32a, which engages in an activation event via a σ-bond metathesis delivering [(η2-

H2)H2Ir(PPh3)2] 34a. Upon loss of H2, this generates a stable and isolable product 

35a featuring a normal NHC unit. Alternatively, coordination at C4 of the 

imidazolium ring delivers the agostically bound complex 32b which, in turn, effects 

C—H activation through an oxidative addition pathway to produce the Ir(V) 

intermediate 34b. This complex then loses H2 via reductive elimination of two of its 

hydrides and affords product 35b, which features a tightly bonded abnormal NHC.96 

 

Scheme 1.7: Divergent pathways in C—H activation involving iridium hydrides.†97 

†L = PPh3. 
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1.2.2 Hydrogen Isotope Exchange 

 

Isotopically enriched organic molecules find applications in a broad range of 

industrial and research settings.78,79 For instance, labelled molecules are ubiquitous in 

biochemical studies aiming to probe the absorption, distribution, metabolism and 

excretion (ADME) of drug candidates and pharmaceuticals,78-99 where they play a 

central role in determining important physicochemical properties and reduce attrition 

at earlier stages of the drug development process.99 In addition, the prevalence of 

deuterated molecules amongst stable isotopically labelled internal standards for LC-

MS applications,78,79,100 in conjunction with the ample use of tritium-enriched 

isotopologues derived from molecular probes and pharmaceuticals as radioactive 

tracers in biological applications,78-99 furthers the need for reliable and practical 

synthetic methods to access isotopically enriched entities. 

In this regard, the search for suitable chemical methods targeting the installation of 

isotopes of hydrogen in a cost- and time efficient manner has driven the development 

of several synthetic protocols. Of particular relevance are methods which focus on 

the direct replacement of hydrogen by its heavier isotopes 2H and 3H, thus effecting 

hydrogen isotope exchange – HIE. 

This transformation can be accomplished in several ways, the most prevalent and 

contemporarily used ones being: acid/base catalysed exchange and heterogeneous- 

and homogeneous transition metal catalysts.79 The former is usually employed when 

the target molecule contains aromatic rings attached to an electron-rich group able to 

stabilise Wheland intermediates or, alternatively, when a hydrogen is rendered acidic 

due to close proximity to strong electron-withdrawing functionalities, e.g., keto-, 

carboxy-, nitro-, cyano-, (hetero)aromatics and highly electronegative atoms.79,101 

Methods which rely on the use of transition metal catalysts, on the other hand, 

present broader functional group compatibility and, particularly for homogeneous 

systems, can effect isotope exchange with high degrees of chemo- and 

regioselectivity.79,102,103 Schemes 1.8 and 1.9 illustrate these categories, illustrated by 

some relevant examples. 
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Scheme 1.8: Acid104 and base105 catalysed HIE.† 

†X denotes an EDG; Y indicates an EWG; Q represents a conjugate base; AH is a higher isotope of 1H. 

 

 

Scheme 1.9: Transition metal-catalysed106,107 HIE.† 

†Z denotes an arbitrary functionality; AH is a higher isotope of 1H; for 39, numbers indicate D 

incorporation; values in brackets represent incorporation at indistinguishable alicyclic positions. 
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As exemplified in Scheme 1.8, acid and base mediated HIE protocols suffer from 

poor selectivity, affording products in which exchange takes place at multiple sites. 

For instance, d8-enterolactone 36-d8 was obtained in 99% isotopic purity after 

treatment with the mixed Brønsted/Lewis acid D3PO4·BF3,
104 whilst d10-(2,3-

dimethyl)quinoxaline 37-d10 was isolated with 85% deuterium incorporation after 

reaction in the presence of 40% NaOD in supercritical D2O at 380 – 385 °C.105 

Despite the high levels of incorporation attained, typical reaction conditions require 

strong acids or bases to promote isotope exchange and employ harsh reaction 

conditions that can lead to extensive decomposition.79 

In this regard, molecules bearing sensitive functionalities, as well as compounds 

containing stereocentres prone to epimerisation under acidic or basic conditions, are 

typically unsuitable for these protocols.79,102 In the latter case, however, loss of 

stereochemical integrity can be circumvented using chiral auxiliaries or, conversely, 

by enantioselective transformations in which a suitable precursor to the compound of 

interest is converted to the desired labelled product.79 

Despite their drawbacks, it must be emphasised that applications which require a 

high degree of isotope incorporation without desire for high site selectivity, e.g., in 

the synthesis of standards for mass spectrometry and perdeuterated molecules; acid 

and base catalysed HIE, and unselective heterogeneous metal catalysts become valid 

methods.79,102 

In the realm of transition metal catalysed methods, a compromise between selectivity 

and degree of incorporation is often encountered, as exemplified in Scheme 1.9. 

Thus, by employing heterogeneous catalysis with 10% Pd/C and NaBD4 in D2O as 

the deuterium source, dextromethorphan 38 was unselectively deuterated, affording, 

after removal of the O-methyl group with 48% HBr, dextrorphan 39 with an average 

deuterium incorporation of 40% over all of the 20 exchangeable positions.106 On the 

other hand, by employing the homogeneous ruthenium catalyst 41, Chatterjee et al. 

were able to obtain d4-sertraline 40-d4 with excellent selectivity and levels of 

incorporation.107 This example is also mechanistically interesting, for the 

introduction of the isotopic label was attributed to a process involving sequential 

N—H activation via direct oxidative addition followed by a β-hydride elimination 
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and migratory insertion of a deuteride into the imine transiently formed during the 

reaction, which places the label at the observed position.107 

These examples help illustrate the main features practitioners must consider when 

selecting a method for hydrogen isotope exchange, namely: 

i. Final application: defines the extent of incorporation desired and whether site 

specificity is required. As previously mentioned, analytical standards for MS 

often sacrifice selectivity in favour of high degree of isotope incorporation, 

thus benefiting from catalytic systems employing acids, bases and 

heterogeneous metal catalysts; 

ii. Molecular complexity: fully functionalised molecules bearing well-defined 

stereocentres are commonly found among pharmaceutical compounds and 

drug candidates. Therefore, methods that place a strong focus on functional 

group compatibility and mild reaction conditions are preferred. Additionally, 

and especially in pharmaceutical applications, high site selectivity is also 

required, and, perhaps unsurprisingly, homogeneous transition metal catalysts 

largely dominate this field; 

iii. Radioactivity: whenever the use of tritium is required, radioactive waste 

generation and its management after reaction completion are typically 

regarded as the most important factors. Therefore, more selective methods 

that install the radioactive isotope in a controlled fashion whilst minimising 

hazardous waste production are preferred. Owing to these features, 

homogeneous catalysts are routinely employed in tritiation processes. 

Given the prevalence of isotopically enriched molecules in the ADME process, their 

extensive usage in mechanistic studies of organic, organometallic and enzymatic 

reactions, and the recent search for deuterated drug molecules which feature lower 

metabolic decomposition rates, thus leading to less potential side effects; the 

development of homogeneous catalysts for HIE remains the main focus of research 

in this field. 

Historically, one of the first examples of a homogeneous hydrogen isotope exchange 

reaction was reported by Hodges and Garnett, who used Na2PtCl4 as a catalyst and 

deuterium oxide as the isotopic source.108 In the two decades that followed this 
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pioneering disclosure, homogeneous HIE systems have been developed employing 

rhodium, ruthenium and platinum catalysts.79 

Notwithstanding their catalytic activity, these initial systems possessed low 

selectivity and were mostly unable to differentiate between C—H bonds in aromatic 

rings and in alkyl groups, and therefore more successfully applied in the HIE of only 

simple substrates such as hydrocarbons, primary aliphatic alcohols and molecules 

containing poorly coordinating functional groups, such as carboxylic acids and nitro-

aromatics.108,109 It was only in 1995, almost 30 years after Hodges and Garnett’s 

work, that the first highly selective system was developed by Hesk and Evans, 

employing Crabtree’s catalyst 3 to deliver deuterium exchange in acetanilides with 

remarkable selectivity for the positions ortho- to the functional group.109 Scheme 

1.10 presents selected examples of these initial systems.108-111 

 

 

Scheme 1.10: Catalytic HIE employing complexes of Pt, Ru, Rh and Ir.108-111 

 

Even though Hesk and Evans’s system provided improvements in activity and ortho- 

selectivity for various substrates,109 catalyst 3 presents a rather limited functional 

group tolerance, being often inactive in HIE reactions of molecules containing 

carboxylic acids, phenols, amines and nitriles;109 it often generates large amounts of 

undesired radioactive side products when employed in conjunction with tritium gas; 

and displays appreciable solubility only in dichloromethane, which limits its 

applicability.65  

Moreover, under an atmosphere of hydrogen or its isotopes, 3 and its analogues have 

a high tendency to form bridged complexes devoid of catalytic activity, thus leading 
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to deactivation.16 Scheme 1.11 depicts the formation of such clusters starting from 

the pyridine-phosphine system 3112 and the bis-phosphine complex [Ir(COD)(PPh3)2] 

48.21,26 Therefore, the requirement of stoichiometric or even super-stoichiometric 

amounts of 3 in HIE reactions is necessary to compensate for its rather facile 

deactivation.67  

 

Scheme 1.11: Formation of inactive iridium hydride clusters.21,26,112 

 

Different approaches to overcome these setbacks have been examined, but none 

proved more selective and efficient than the application of complexes of iridium(I) 

bearing phosphines and carbenes as ligands. Initial investigations by Nolan113 and 

Buriak114-115 demonstrated that iridium(I) carbene complexes, containing either 

pyridine or a phosphine in the ligand sphere, effectively catalysed the hydrogenation 

of olefins at catalyst loadings as low as 0.01 mol%. Notably, systems developed by 

Buriak reduced targeted olefins using an atmospheric pressure of hydrogen gas, once 

again pointing to the high reactivity profile of these Ir(I) NHC/phosphine species.115 

Early research in the Kerr group led to the development of iridium complexes 

bearing bulky N-heterocyclic carbenes and sterically demanding phosphines, which 

proved to be highly active in hydrogenations and HIE reactions,64,66 Scheme 1.12. 
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Scheme 1.12: First developments of HIE by Kerr et al.64 

 

These initial studies prompted further investigations of complexes bearing different 

N-heterocyclic carbene and phosphine ligands, with concomitant exploration of 

alternative substrate motifs in the HIE process. Hence, the labelling of α,β-

unsaturated systems,69 and selective ortho- deuteration of pharmaceutically relevant 

heterocycles, including a range of N-heterocyclic motifs, were subsequently 

disclosed.72,76 Selected examples of these developments are illustrated in Scheme 

1.13. 

The remarkable selectivity and activity of catalysts 15, 50 and 51, paired with their 

ability to promote HIE in fully functionalised organic molecules and biologically 

active compounds, as depicted in Scheme 1.14, soon attracted the attention of the 

pharmaceutical industry, establishing Kerr’s catalysts as new, commercially 

available116 standards for selective isotope exchange. 
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Scheme 1.13: Selected examples of advances in directed HIE. †69,72,76 

†
Colour-coded positions indicate the deuterium incorporation determined by 1H NMR spectroscopy. 
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Scheme 1.14: Selected examples70,76 of drug molecules labelled by Kerr’s catalyst.† 

†
Colour-coded positions indicate the deuterium incorporation determined by 1H NMR spectroscopy. 

 

Even though commonplace in HIE protocols employing Crabtree’s catalyst, several 

drug candidates and molecules with potential biological activity display a poor 

solubility profile in chlorinated solvents,65 making CH2Cl2 unsuitable for the 

labelling process. This issue is especially relevant due to the extensive usage of HIE 

as an integral part of the ADME toolkit to assess drug candidates, which allows 

researchers to follow the fate of biologically active molecules, thus constituting an 

essential part of the drug development cycle.78-99 Therefore, as a part of the overall 

activity evaluation of these catalytic systems, studies were conducted in which 

alternative solvents were pursued.  

Therefore, after careful evaluation of different counter anions and solvent effects in 

the HIE process,68 a novel catalyst was devised in which the rather small PF6 counter 

anion was replaced by a more lipophilic counterpart BArF. Figure 2 summarises the 
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notable improvement in activity at low catalyst loadings when employing the new 

complex synthesised in the deuteration of acetophenone in a variety of solvents with 

markedly different partition properties. 

 

 

Figure 2: Activity in the HIE of acetophenone with catalysts 15 and 60.†68 

†Incorporation determined by 1H NMR. 

 

From these studies, it was possible to attribute the higher activity of 60 to two 

important factors: i) an increase in the overall size of the anion leads to a more 

spatially distributed charge, thus decreasing the interionic interaction117 with the 

iridium cation; and ii) the presence of aryl units on the counter anion of 60 confers 

lipophilicity to the overall structure,118 leading to solubilisation in solvents 

possessing low dielectric constants. 

Therefore, a combination of conclusions drawn from investigations into the solvent 

scope of 60, the synthesis of novel heteroleptic iridium(I) catalysts bearing different 
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NHC and phosphine combinations, and the development of sophisticated mechanistic 

knowledge at both experimental and theoretical levels (vide infra), enabled access to 

HIE processes with unprecedented motifs of pharmaceutical relevance. Of note, are 

the inclusion of challenging tetrazoles75 and primary sulfonamides74 as suitable 

directing groups, and the selective labelling of aldehydes at the formyl position.77 

Scheme 1.15 provides relevant examples of these second major developments within 

the Kerr group. 

Even though many of the major developments in the realm of directed HIE were 

accomplished by investigations of Kerr and co-workers, some notable 

contemporaneous developments in the field warrants further discussion. 

More specifically, research developed by Atzrodt, Derdau et al. led to the discovery 

of novel catalysts for efficient labelling of secondary and tertiary sulfonamides, and 

sulfonylureas.119 During their investigation, they evaluated a commercially available 

catalyst 63, previously developed by Burgess et al. for enantioselective 

hydrogenation of aryl alkenes,120 and compared its activity to catalyst 60 across a 

total of 35 examples.119 Notably, complex 60 displayed comparable or superior 

performance to 63 for most of the substrates tested, only being surpassed by the latter 

in the labelling of tertiary sulfonamides. Unfortunately, no attempt to investigate 

possible departures from the mechanism established by Kerr et al.74 was performed, 

despite the authors’ unsubstantiated allusion to a similar mechanistic rationale for 

HIE reactions with 63.119 

Then, in collaboration with Tamm et al., a new iridium(I) catalyst 64 bearing an 

electron-rich P,N-bidentate ligand was developed,121 displaying remarkable activity 

across a vast range of directing groups. Particularly interesting is the capacity to 

introduce hydrogen isotopes ortho- to poorly coordinating directing groups such as 

O-tert-butyl-N-aryl carbamates,121 phenyl methyl ethers,121 and phosphonamides.122 

Despite remarkable activity under typically mild reaction conditions, once again the 

authors did not investigate any mechanistic aspects involved in these processes. In a 

final contribution, the application of catalyst 60 in the HIE of aliphatic amides was 

disclosed.123 Selected examples of this developments are illustrated in Scheme 1.16. 
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Scheme 1.15: Selected examples of novel iridium catalysts in HIE of challenging 

directing functionalities.†75-77 

†
Colour-coded positions indicate the deuterium incorporation determined by 1H NMR spectroscopy. 
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Scheme 1.16: Recent developments in HIE.†121-123 

†
Colour-coded positions indicate the deuterium incorporation determined by 1H NMR spectroscopy; 
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Finally, a set of contemporaneous noteworthy developments introduced by the 

research groups of Chirik, and MacMillan in collaboration with Hesk, contributed to 

diversify the nature of efficient transition metal catalysts for hydrogen isotope 

exchange,124-126 as illustrated in Scheme 1.17. 

Chirik et al. devised two novel iron and cobalt catalysts and assessed their activity in 

the undirected HIE of various aromatic substrates. In their first contribution, an 

iron(0) complex bearing an electron-rich C,N,C-tridentate ligand displayed 

remarkable activity on both deuteration and tritiation of simple aromatic molecules 

and drug motifs.124 While the mechanism of this process remains unclear, catalyst 65 

was highly selective towards C—H activation at Csp² centres, with orthogonal 

selectivity to that displayed by classical Ir catalysts, i.e., no clear preference for 

introduction of isotopes ortho- to directing groups was observed.124 

Furthermore, a second class of cobalt(II) catalysts bearing α-diimine ligands was also 

synthesised and explored in the HIE of simple aromatics.125 Interestingly, cobalt 

complex 66 displayed high selectivity for isotope exchange at Csp³ centres, which 

occur in a stereoretentive fashion, and differs from the innate preference of 65.124,125 

On the other hand, MacMillan et al. harnessed the unique capability of 

photocatalysts to generate radical intermediates to perform deuteration and tritiation 

of fully functionalised drug molecules, providing access to gram scale deuterated 

drug isotopologues, and their tritiated counterparts with high specific activity.126 In 

their seminal work, the authors alternate between a standard iridium(III) 

photocatalyst 67 and an organic photocatalyst 68 as radical generators, and employ 

thiol 69 as additive to enable mild deuteration and tritiation protocols with D2O and 

T2O, respectively.126 This process operates through a photo redox cycle which is akin 

to those well-established in the literature,89 and delivers high levels of deuterium 

incorporation with appreciable preference for Csp³ centres α- to amines. Remarkably, 

complex drug motifs such as (–)-Levofloxacin 79 and Azithromycin 80 were suitable 

substrates for HIE, which was accomplished with full retention of the 

stereochemistry at non-labelled positions.126 Scheme 1.17 presents this last set of 

developments. 
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Scheme 1.17: Novel systems for HIE.†124-126  

†
Colour-coded sites represent deuterium incorporation as an average for all exchangeable positions; 

for 80, two diastereotopic protons were labelled to different extents. 
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During the course of the various investigations concerning directed HIE documented 

herein, some interesting trends could be determined: 

i. The use of coordinating solvents, such as methanol and tetrahydrofuran; 

or the presence of coordinating functionalities on the substrate, such as 

nitriles, alcohols, amines and pyridines; is detrimental to the process. 

Presumably, strong coordination to iridium precludes the de-coordination 

necessary to restart the catalytic cycle (vide infra); 

ii. In the presence of different directing groups, labelling can be observed in 

distinct sites with levels of incorporation depending on both the ability of 

the metal to interact with the directing functionalities, and on the 

thermodynamic stability of potential metallocycles generated during the 

process (vide infra); 

iii. Sterically demanding directing groups, such as sulfones and sulfonamides 

required higher catalyst loadings to promote deuterium incorporation, 

which is substantially inferior when compared to other directing 

functionalities. This recurrent issue can only be circumvented by 

accumulation of detailed mechanistic information and catalyst redesign. 

 

 1.3.2.1 Reaction Mechanism 

 

A mechanism for the HIE reaction was initially postulated by Heys and co-workers 

in 1996,127 based on spectroscopic127 and crystallographic128 data. Further 

contributions from Kerr and co-workers70 with kinetic isotope effect (KIE) 

measurements and DFT studies corroborated those earlier findings, setting the 

mechanism depicted in Scheme 1.18 as a reference for typical directed HIE 

reactions. In this example, acetophenone 81 and catalyst 60 are employed to illustrate 

the fundamental steps involved in the conversion towards 81-d2. 
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Scheme 1.18: Mechanism of the HIE reaction with substrate 81.70 

 

Thus, a rapid reduction of the coordinated cyclooctadiene128 by exposure of 

precursor complex 60 to molecular deuterium leads to the formation of the 

iridium(III) deuteride 82, which is the active species in the catalytic cycle.127 

Coordination of substrate 81 with concomitant dissociation of two solvent molecules 

leads to intermediate 83, which is capable of undergoing activation of the agostically 

coordinated C—H bond to deliver the 5-membered metallocyclic intermediate 84. 

Being a heptacoordinated species, complex 84 is expected to be highly fluxional.129 

Therefore, a fast and reversible exchange between the coordinated molecular 

deuterium and the metal hydride takes place to deliver 85, which contains a deuteride 

cis- to the aryl portion of 81. Subsequent C—D bond formation delivers intermediate 
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86 and produces the labelled compound 81-d1, whose de-coordination restores the 

catalytically active species 82.127  

Additionally, combined theoretical and experimental studies established two key 

features in the mechanism depicted in Scheme 1.18.70 Firstly, engagement of the 

substrate via an agostic interaction with the C—H bond to be activated is necessary 

prior to the activation event. Secondly, despite the inherent promiscuity of 

iridium(III) hydrides to cleave C—H bonds through different processes (cf. Section 

1.2.1), KIE data stipulated that a σ-bond metathesis87 was operative for reactions 

with 60 and its congeners.70 Thus, the entire process occurs at the same oxidation 

level, i.e., intermediates 82 – 86 contain an IrIII centre, despite transition states which 

connect the pairs 83 – 84, and 85 – 86 depicting an unmistakable IrV character.70 

Despite the apparent simplicity of the mechanism illustrated in Scheme 1.18, caution 

is advised whenever attempting to extend those conclusions to other systems. For 

instance, further investigations by Kerr et al. regarding the HIE of primary 

sulfonamides74 and formyl- selective labelling of aldehydes77 unveiled important 

factors that were not apparent from earlier studies. 

More specifically, a delicate balance of stabilisation through different binding modes 

and activation energies of their respective C—H bond breaking events was 

postulated to account for the observed selectivity when employing catalyst 61 in the 

HIE of substrates bearing multiple directing groups.74 In their study, a remarkable 

switch in preference for labelling sites was demonstrated in deuterations with 

complexes 15 and 61. While the more sterically encumbered species 15 promoted 

effective isotope exchange directed through the pyrazole unit of the COX-2 inhibitor 

Celecoxib 87,130 with minimal level of incorporation ortho- to the sulfonamide 

moiety, catalyst 61 depicted reversed selectivity, providing excellent incorporation 

directed by the SO2NH2 group, with limited deuteration via interaction with the 

pyrazole unit.74 This distinct selectivity arises from the difference in aggregated 

values for binding and C—H activation of 87 in reactions with 15 and 61. Scheme 

1.19 illustrates these findings. 
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Scheme 1.19: Coordination modes and calculated energetic data for the HIE of 87.†74 

†
Energies are given in kcal mol-1; ΔΔGBind

Q = ΔGBind
Qb - ΔGBing

Qa; preferred conformers shown in red. 

 

Similarly, the selective introduction of deuterium at the formyl- position of aromatic 

aldehydes was found to proceed through an IrIII → IrV → IrIII cycle as opposed to the 

previously discussed σ-bond metathesis pathway.77 DFT calculations employing 

benzaldehyde 90 as substrate and 62 as catalyst indicated this process is initiated by a 

(C, H)-κ2-coordination of the formyl- hydrogen in 90, delivering intermediate 91. 

Subsequent C—H activation via oxidative addition produces IrV complex 92, which 

undergoes facile H—D reductive elimination affording 93. At this stage, free rotation 

of the η2-(HD) ligand followed by its oxidative addition delivers a second IrV 

intermediate 94, which possess a deuteride cis- to the formyl- group. A final C—D 

reductive elimination installs the label, forming complex 95, and the catalytic cycle 

restarts with substrate displacement, consequently liberating 90-d1.77 This 

unprecedented mechanism is illustrated in Scheme 1.20. 
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Scheme 1.20: Proposed mechanism for formyl- selective labelling of 90.77 

 

These examples illustrate the importance of conducting detailed mechanistic studies 

when assessing HIE reactions catalysed by Ir complexes. Additionally, since the 

original mechanistic proposal,127 it was evident that the higher thermodynamic 

stability of a 5-membered metallacycle over a 6-membered one dictated the outcome 

of the HIE process. Thus, in the absence of severe steric hindrance in the coordinated 

substrate, a 5-membered metallocyclic intermediate (5-mmi) is preferred over a 6-

mmi, therefore leading to higher deuterium incorporations via the former.128 Scheme 

1.21 illustrates this concept and present examples where this thermodynamic effect is 

observed. 
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Scheme 1.21: Nature of metallocyclic intermediates and associated HIE 

results.70,127,128 

 

Notably, catalysts 96 and 97 display remarkably different activity in the deuteration 

of ethyl 1-naphthoate. Whilst complex 96 is ineffective in labelling the substrate 

through a 6-mmi, 97 is able to perform this hydrogen isotope exchange.127 In his 

seminal study, Heys demonstrated changes in selectivity when moving from mono- 

to bidentate phosphine ligands in a range of simple molecules. In addition, the 

activity of iridium complexes bearing chelating ligands was consistently smaller than 

their monodentate analogues. Table 1.2 summarises important observations for pre-

catalysts 96 and 97.127  
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Table 1.2: Catalytic activity of 96 and 97 in the HIE of several substrates. 

 

Entry Substrate Catalyst 
Loading 

(mol%) 
%D ξ (molD molcat

-1)† 

1 98 
96 1.9 55 58.4 

97 2.2 72 65.5 
      

2 99 
96 1.9 3 3.2 

97 2.2 67 60.4 
      

3 100 
96 1.6 67 41.9 

97 1.9 14 7.4 
      

4 101 
96 1.5 11 14.7 

97 1.7 77 90.6 
      

5 102 
96 35 < 1 < 0.1 

97 38 69 3.6 
      

6 103 

96 4.6 
2.4a 2.1 

< 0.1b — 

97 5.4 
40a 29.4 

44b 32.7 
†ξ – incorporation activity over selected site. Calculated as mol D (loading)-1. 

 

A brief analysis of ξ values calculated from reported data127 demonstrates a stark 

difference in the activities of 96 and 97. Thus, substrates possessing steric 

encumbrance in the vicinity of the coordinating atom (entries 1 and 2) are more 

effectively labelled by catalyst 97, whereas 96 is more efficient towards the ester 

100, where the steric hindrance at the phenyl ring bears little influence in the 

deuteration process (entry 3). Additionally, in all cases where a 6-mmi is implicated 

(entries 4 – 6), catalyst 97 is more active than 96. These observations can be 

rationalised in terms of repulsive steric interactions which are ubiquitous in transition 

metal catalysed processes,8 influencing the thermodynamic stability of differently 

sized metallacycles. Scheme 1.22 illustrates this concept with 99 and 101 as 

representative examples. 
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Scheme 1.22: Steric factors in metallacycle intermediates 

 

Finally, it is worth noting that, apart from the detailed mechanistic studies devised to 

evaluate several HIE processes reported by Kerr et al.,71,74,77 there is a lack of 

similarly meticulous investigations probing chelating ligands, with most authors 

assuming a direct correspondence to the well-established pathways discussed herein. 

 

1.3 N-Heterocyclic Carbenes and Phosphines as Ligands 

 

One of the most important advances in ligand synthesis during the last two decades 

was the isolation of a stable N-heterocyclic carbene (NHC) by Arduengo and co-

workers in 1991.131 Since then, many variations on this versatile ligand have been 

reported. Scheme 1.23 presents a small collection of these coordinating groups, 

featuring the diversity of structural motifs possible to attach to the heteroatoms 

within the 1,3-diazacyclopentane core.131-133  
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Scheme 1.23: Selected examples of NHC ligands.131-133 

 

Evidently, the potential to access structures bearing diverse substituents makes NHCs 

very attractive from an organometallic chemistry point of view, for steric parameters 

can be finely tuned to impart the desired effect on a given metal centre. 

Notwithstanding these observations, NHCs also possess unique electronic properties 

due to the existence of a semi-filled orbital of π-symmetry on the carbenic carbon, 

whose occupancy depends on the extent of donation from the nitrogen atoms on the 

heterocyclic backbone.134 Scheme 1.24 illustrates the electronic interactions present 

in a typical NHC, and expected interactions upon coordination to a metal 

centre.134,135  

 

Scheme 1.24: Simplified representation of electronic effects of NHC ligands.134,135 

 

Hence, N-heterocyclic carbenes act as strong σ-donors through the lone pair at the 

carbenic carbon (assuming a singlet as the electronic ground state).134 Moreover, the 

semi-filled π orbital at the carbon centre can accept electron density from the metal, 

thus acting as a π-acceptor, as implied by the Dewar-Chatt-Duncanson model.94,95 
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Furthermore, the exact nature of the NHC-metal bond intrinsically depends on both 

fragments, i.e. the carbene and the metal to which it is coordinated.136,137  

Another important factor that contributes to the success of NHCs in catalysis is the 

existence of several different routes to their parent azolium salts, which are 

deprotonated to generate the free carbene.138 

On the other hand, phosphines are historically prominent in organometallic 

complexes, remaining one of the most versatile classes of ligand.8,10 Their synthesis 

can be readily accomplished from reactions between phosphorus trichloride and an 

appropriate main group organometallic reagent. Moreover, since phosphorus can be 

bonded to three different substituents and possesses an inversion barrier much higher 

than that of amines, phosphines can be chiral at the phosphorus atom. In addition to 

these features, structural motifs can be envisaged in which two or more coordinating 

atoms are tethered together, thus acting as chelating ligands to metals.8,10 Scheme 

1.25 presents some examples of these extremely versatile ligands.10,139-141 

 

Scheme 1.25: Examples of well-established phosphine ligands.10,139-141 

 

As previously described for NHCs, phosphines are also able to act as σ-donors and π-

acceptors. Additionally, being a third-row element, phosphorus gives rise to soft 
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coordinating ligands whose electron-donating abilities and steric factors can be 

practically varied at will.141 Scheme 1.26 elucidates these features. 

 

Scheme 1.26: Depiction of electronic effects associated with phoshpines.142  

 

Notably, and differing from NHCs, which present a rigid N—C—N coordinating 

moiety, phosphines are subject to variation of their electronic parameters due to 

geometrical distortion caused by their substituents,142 thus introducing another 

possibility for controlling their electronic properties. 

 

1.3.1 Steric Parameters 

 

Initially intended as substitutes for commonly-used phosphines,138 for which 

evaluation of steric parameters is well-established (vide infra), analysis of the steric 

hindrance imposed by NHCs is more demanding. Scheme 1.27 illustrates 

geometrical features of both ligands and demonstrates the notable difference of these 

coordinating moieties. 

 

Scheme 1.27: Steric parameters inherent to NHC (left) and phosphine (right) 

ligands.† 

†dXY – distance between atomic centres X and Y; r – radius of hypothetical sphere; θ – cone angle. 
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Therefore, given their planar shape, imidazolium ligands cannot be directly 

compared to phosphines. Recognising this difficulty, Cavallo et al. developed a 

method to calculate steric parameters of N-heterocyclic carbenes.143 Thus, by 

comparing the volume occupied by atoms in the NHC contained in the first 

coordination sphere of a putative metal centre with the total spherical volume (r in 

Scheme 1.27), it is possible to define the Percent Buried Volume (%VBur).
143 This 

parameter directly reflects the steric encumbrance imparted by the coordinated 

carbene. Subsequently, Clavier and Nolan employed the %VBur method to evaluate 

steric parameters of various NHCs and phosphines when coordinated to transition 

metals, with special focus placed on organometallic complexes of Au(I).144 In this 

seminal work, the authors evaluate around 700 crystal structures of complexes 

bearing NHCs and phosphines with the %VBur model and determine a reasonable 

correlation between values calculated for phosphines and the well-established 

Tolman cone angle (vide infra).144,145 Additionally, changes of %VBur and the 

coordinating geometry of the parent complex are well evidenced, revealing the 

flexible nature of N-heterocyclic carbenes. Table 1.3 presents selected examples of 

%VBur in complexes of the type LAuCl.144 
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Table 1.3: Steric parameters of selected NHC ligands.144 

Entry Ligand 
%VBur 

(d = 2.00 Å) 

%VBur 

(d = 2.28 Å) 

1 
 

26.3 22.7 

    

2 
 

27.4 23.5 

    

3 

 

38.4 33.9 

    

4 

 

33.0 28.8 

    

5 
 

27.4 23.5 

    

6 

 

36.5 31.2 

    

7 

 

36.9 31.7 

    

8 

 

44.5 39.0 

    

9 

 

47.0 41.5 

    

10 

 

33.3 28.6 

 

Some interesting trends can be observed from the data summarised in Table 1.3: 

i. Increase in the steric hindrance on alkyl N-substituents expectedly leads 

to higher %VBur values, as suggested in entries 1, 2 and 5; 

ii. Entries 2 and 3 demonstrate that addition of methyl substituents on the 

imidazole backbone can promote a significant increase in steric 

hindrance; 
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iii. The reduction of the heterocyclic double bond does not result in changes 

in %VBur for [S]IMes (entries 6-7), however, a significant difference is 

observed for [S]IPr (entries 8-9); 

iv. Steric factors in asymmetric imidazoles are dominated by the bulkiest N-

substituent, as evidenced in entries 4 and 10; 

Phosphines, on the other hand, possess a characteristic conical shape which lends 

itself to well-defined steric parameters, historically described by the model 

developed by Tolman.145 In his evaluation of steric hindrance, Tolman constructed 

three-dimensional physical representations of phosphorus compounds in order to 

measure structural features of a wide variety of ligands, and correlate such data with 

kinetic and thermodynamic parameters. After comprehensive evaluation, Tolman 

found the internal angle of an imaginary cone that touches the outermost van der 

Waals radii of the substituents on phosphorus to be the most representative steric 

factor.138 

Given the simplicity of his model and its surprising predictive capacity, the so-called 

Tolman cone angle, θ, is a reference in steric evaluations of phosphine containing 

organometallic complexes. Table 1.4 summarises values for representative 

phosphorus ligands along with corresponding percent buried volume.138,144  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



41 

 

Table 1.4: Cone angle and buried volumes for selected phosphines.138,144,145 

Entry Ligand θ (°) %VBur 

1 
 

87 — 
    

2 

 

121 47.0 (23.5)a 

    

3 

 

125 51.4 (25.7)a 

    

4 
 

127 52.2 (26.1)a 

    

5 

 

128 36.5b 

    

6 

 

145 34.8b 

    

7 

 

157 — 

    

8 
 

170 38.8b 

    

9 
 

184 43.9b 

    

10 

 

194 44.8b 

a %VBur in (L—L)PdCl2 complexes, half-volume value in parenthesis; b %VBur in LAuCl complexes. 

 

Some interesting features arise from inspection of Table 1.4. Firstly, the steric 

hindrance of chelating phosphines (entries 2 – 4) increases with extension of the 

tether length. Owing to Tolman’s method,145 only the half buried volume of the 

entire ligand, in parenthesis, is directly comparable to θ.144 Secondly, despite the 

series being reasonably consistent in terms of steric factors, with both θ and %VBur 

increasing with more sterically encumbered substituents on the phosphorus centre, 
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triphenylphosphite, entry 5, represents a clear outlier. This value is a consequence of 

Tolman’s method, which is believed to underestimate cone angles for more flexible 

groups attached to phosphorus.144 Finally, the applicability of the buried volume 

model to phosphines represents a milestone in evaluation of steric parameters, for it 

allows for a more localised and precise steric assessment and also provides figures 

which are directly comparable to those obtained for NHCs.144 

Notwithstanding its potential to evaluate steric factors, this method relies on static 

molecular geometries and is affected by the limitation therein introduced, namely: it 

is unable to account for subtle changes in the coordination sphere, for instance, those 

introduced by the existence of rotamers. Solution behaviour is, therefore, neglected, 

and different geometries around the coordination sphere might lead to the assignment 

of practically indistinguishable steric parameters for electronically distinct species. 

 

1.3.2 Electronic Parameters 

 

As depicted in Scheme 1.28, the electronic interactions between N-heterocyclic 

carbenes and transition metals are of a complex nature. Additionally, as 

demonstrated by Tantarelli and Zuccacia et al.,136,137 interactions with NHCs and 

metals of the third transition series are even more complicated due to substantial 

overlap between the valence orbitals of the metal and those from the NHC. For 

instance, Zuccacia et al. demonstrated that an NHC coordinated to a neutral Au(I) 

complex acts as a good σ-donor with a capacity to accept back-donation through 

orbitals of π symmetry; whereas the same ligand attached to a cationic AuCO 

fragment acts exclusively as a σ-donor.137 These observations point to the electronic 

versatility of NHCs, and restate the necessity of taking into account all ligands in the 

coordination sphere prior to describing electronic parameters in any given transition 

metal complex. 

Thus, when attempting to quantify electronic parameters of NHCs, the most 

commonly employed method relies on the stretching frequency (υCO) of the CO 

ligands in organometallic complexes of the type (NHC)M(CO)n. The so-called 

Tolman Electronic Parameter (TEP)145 constitutes a relative scale in which the υCO of 

a ligand L in the complex LNi(CO)3 is taken as a direct measurement of the ability 
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of L to donate electrons to the metal centre. Such a phenomenon is straightforwardly 

interpreted in terms of the Dewar-Chatt-Duncanson model: as the electron donating 

ability of L increases, the metal becomes more electron rich, thus enhancing the π 

back donation M ⟶ CO, responsible for populating the π*
CO orbital. This back 

donation then leads to a weakening of the C≡O bond, which is readily detected by a 

corresponding decrease in υCO. Owing to the extreme toxicity of Ni(CO)4, precursor 

in the synthesis of LNi(CO)3 complexes, Nolan et al. developed an alternative system 

for the evaluation of TEP values in which complexes of the type LIr(CO)2Cl replace 

the correspondent nickel analogues.146 

Scheme 1.28 illustrates a generic example of donation and back-donation in metal 

carbonyl complexes, and Table 1.5 presents some relevant NHC examples in order of 

increasing electron donation.146,147,149  

 

Scheme 1.28: Prototypical example of the Dewar-Chatt-Duncanson model.94,95 
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Table 1.5: Stretching frequencies and TEP values for selected NHC motifs.146-149 

Entry Ligand υCO
Ni

 (cm-1)a υCO
Ir (cm-1)b TEP (cm-1) 

1 

 

— 2028.3 2055.1 

     

2 

 

2051.5 2024.6 2050.8 

     

3 

 

2052.2 2024.6 2050.8 

     

4 
 

— 2024 2050.3 

     

5 

 

2051.5 2023.9 2050.2 

     

6 

 

2050.7 2023.1 2049.6 

     

7 
 

2049.6 2023 2049.5 

     

8 
 

— 2022.3 2048.9 

     

9 

 

— 2021 2047.8 

     

10 

 

— 2019.8 2046.7 

a υCO of A1 symmetry in LNi(CO)3; b average of observed υCO values in LIr(CO)2Cl. 

 

As demonstrated in Table 1.5, the electron donating ability of NHCs is quite 

invariant, with TEP values spanning a range of only 8.4 cm-1 across a series which 

displays substantially distinct structural motifs. Interestingly, the ubiquitous ligands 

SIMes and SIPr (entries 2-3) are essentially indistinguishable in electronic terms, 

whereas their unsaturated counterparts (entries 5-6) are also very similar. Moreover, 
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it is noted that the electron-donating ability of NHCs is significantly affected when 

substitution on the backbone is introduced. For instance, addition of two electron-

withdrawing chlorines on IPr (entries 1 and 5) promotes significant reduction in the 

donating ability of this NHC, whereas attachment of electron-donating methyl 

substituents on IMes (entries 6 and 10) has a pronounced and opposite effect. 

Finally, it is interesting to note that NHCs are generally more electron donating than 

the most σ-donating phosphines, e.g., PtBu3 possesses a TEP of 2056.1 cm-1,145 

which is higher than the figure for even the most electron-poor NHC on Table 1.5, 

demonstrating the electron rich nature of the NHC—M interaction. 

Substantially more studied than NHCs, the electronic properties of phosphorus 

ligands were also a focus of Tolman’s research, which defined and determined the 

TEP model (vide supra) to describe electronic effects on phosphorus ligands.138 

Table 1.6 summarises TEP values for representative ligands. 

 

Table 1.6: TEP values for selected phosphines.145 

Entry Ligand TEP (cm-1) 

1 P(OiPr)3 2075.9 

2 PHPh2 2073.3 

3 PPh3 2068.9 

4 PMePh2 2067.0 

5 P(o-Tol)3 2066.6 

6 P(CH2Ph)3 2066.4 

7 PMe2Ph 2065.3 

8 PMe3 2064.1 

9 PEt3 2061.7 

10 PCy3 2056.4 

11 P(tBu)3 2056.1 

 

As expected in terms of inductive effects of organic substituents,150 the TEP value 

decreases with increasing electron density over the phosphorus atom. Additionally, 

simple evaluation of the Walsh diagram for the deformation of a planar structure of 

D3h symmetry to a pyramid of C3v symmetry142 allows one to predict an increase in 

electron donating ability for phosphines featuring larger cone angles. This ultimately 

results in the inseparable nature of steric and electronic parameters in phosphorus 

ligands, which is a well-recognised issue in catalysis.151 
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Moreover, it is important to note that, despite efforts in quantification and 

establishment of predictive models that account for steric and electronic parameters 

in metal complexes, the evaluation of chelating ligands has been mainly overlooked, 

presumably due to their intricate behaviour in organometallic complexes. A notable 

exception can be found in a second generation of algorithms devised to evaluate 

buried volume. More specifically, Cavallo et al. improved the method for analysing 

steric parameters in ligands and generalised their original findings to encompass a 

large variety of spatial environments around transition metals, including chelating 

ligands and enzymatic pockets.152 This advance in parametrisation represents a major 

development in the field, for it allows for direct comparison of strikingly different 

binding motifs under a unique theoretical framework.152 

 

1.4 Phosphine-Functionalised N-Heterocyclic Carbenes 

 

Owing to their relatively short history in catalysis, the development of functionalised 

N-heterocyclic carbenes still lags well behind the existing chemistry of phosphorus 

ligands.141 Notably, the usually harsh conditions employed to construct C—P bonds 

through SN2 substitutions on halophosphines, which generally requires the use of 

Grignard or organolithium reagents as carbon nucleophiles,141 is incompatible with 

the acidic nature of azolium salts.153 On the other hand, the inherent basicity of 

dialkyl phosphides154 imposes a second challenge to routes targeting the coupling 

between an NHC and a phosphine. 

Thus, perhaps unsurprisingly, the development of NHC-P ligands is still in its early 

stages. Scheme 1.29 summarises the main classes of these cheating ligands reported 

to date, providing relevant examples.153-159  
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Scheme 1.29: Examples of reported NHC-P ligands.153-159 

 

In the context of Ir(I) complexes for HIE, some important features of these ligands 

are described below, which are also illustrated in Scheme 1.30: 

i. Combination of both NHC and phosphine in the same motif leads to an 

ancillary ligand which displays both strong σ-donation and good π-

acceptor abilities; 

ii. Being tethered, the ligand will occupy coordinating sites cis- to each other 

in an octahedral geometry, thus altering both the steric interactions and 

the electronic properties of the metal centre;8,142 

iii. Oxidative addition of a symmetric substrate into a square-planar complex 

will produce a mixture of isomeric structures, whose stability and 

reactivity are strictly dependent on the nature of the incoming substrate 

and the C- and P-substituents on the ligand.8 

 

Scheme 1.30: Electronic and steric differences among ligand classes.† 
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†e- density and hindrance respectively indicate the electronic density of, and steric hindrance around, 

the putative vacant coordination site; similar sites exhibit no appreciable differences. 

 

Of special interest is the system reported by Labande, Poli and co-workers,157 which 

are structurally related to ligands of type 130. Containing a flexible ethylene bridge, 

this specific class of ligands is expected to display unique properties when compared 

to the other systems from Scheme 1.29. Since their unconstrained tether allows for 

easier geometric rearrangement around a metal centre, ligands akin to 130 would be 

expected to aid transformations in which high steric encumbrance is involved in the 

coordination sphere during catalysis. Exploring these premises, initial studies in the 

Kerr group has focused on the synthesis of iridium complexes bearing ligands of this 

kind, and their application in HIE processes involving sterically demanding 

substrates, as summarised in Scheme 1.31.160 

 

Scheme 1.31: Demonstration of catalytic activity for HIE with complex 133.160 

 

Notably, the sterically hindered labelling sites in trimetazone 134, which also possess 

four competing coordinating oxygen atoms in its structure, were effectively accessed 

by catalyst 133. In addition, the sulfonamide was able to act as a directing group for 
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this iridium complex, demonstrating its applicability on more challenging tetrahedral 

systems. 

Interestingly, previous theoretical investigations within the Kerr group unveiled an 

elegant and comprehensive model which addresses the application of iridium 

complexes to HIE reactions (vide infra).160 Then, by combining the determination of 

geometrical features and energetic data of iridium(III) dihydride complexes, and their 

respective adducts with organic substrates suitable for the isotope exchange process, 

a model was devised to probe the reaction profile of such catalysts and their 

probability of succeeding in HIE.160 

An extensive in silico evaluation of more than 70 systems by DFT, and their detailed 

examination employing the buried volume model to assess steric hindrance on 

iridium complexes featuring methyl phenylsulfone as a molecular probe was then 

performed. Subsequent correlation of these parameters with the amount of energy 

released upon coordination of the substrate to the corresponding iridium(III) 

fragment — the binding energy148 — led to a set of chelating systems with a 

favourable energetic profile, which could be employed in HIE of these poorly active 

substrates.160 Scheme 1.32 illustrates the best NHC-P ligands uncovered by this 

theoretical design. 

 

Scheme 1.32: Structure of predicted ligands with favourable binding energies.†160 

†Binding energies given in kcal mol-1; binding to catalyst 60 yields ΔEbind = -15.3 kcal mol-1. 
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Detailed theoretical examination of these thermodynamic parameters in conjunction 

with experimental validation led to a remarkable fundamental relationship, i.e., more 

negative, thus favourable, binding energies were qualitatively associated with higher 

catalyst turnover for the HIE of substrates bearing hindered directing groups.160 

Although experimental data from isotope exchange reactions with iridium complexes 

bearing chelating phosphines offer additional logical support to this hypothesis (cf. 

Table 1.2), the theoretical framework built to describe intricate steric and electronic 

factors involved in the C—H activation event is unique, for it enables direct 

comparison between mono- and polydentate ligands employing a single set of 

descriptors.160 

Interestingly, apart from ligands 135f-h, closely related to those reported by 

Stradiotto,159 and Andersson et al.155 all other chelating structures in Scheme 1.32 

bear flexible tethers, highlighting the importance of a geometrically unconstrained 

chelate in the coordination sphere during the HIE process. 

Beyond applications in isotope exchange, the few existing contributions dealing with 

NHC-P ligands have focused on their use in hydrogenation of olefins161,162 and 

construction of C—X bonds (X = C, N).155-159,163 Given the intrinsic properties of 

this versatile ligand scaffold, a more detailed exploration at both theoretical and 

experimental levels is highly desirable. 

 

2. Proposed Work 

 

Our previous developments in directed HIE resulted in highly selective and efficient 

protocols applicable to a wide range of sterically accessible functionalities. These 

reactions typically proceed via 5-membered metallocyclic intermediates featuring 

low ring strain, thus requiring diminished steric encumbrance at the vicinity of the 

directing group. In an effort to expand the applicability of our protocols to include 

poorly ligating, hindered functionalities, we envisioned a series of novel chelating 

NHC-P scaffolds able to free steric congestion around the metal centre, enabling 

access to a wider variety of functional groups. Accordingly, our first effort will focus 

in the development of a modular, robust and scalable protocol to access this 

underrepresented class of ligands and explore their coordination to iridium. 
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Scheme 1.33: Targeted ligand scaffold and key issues. 

 

Once accessed, these novel ligands will be coordinated to iridium to generate suitable 

pre-catalysts for applications in C—H functionalisation in the context of HIE. 

Subsequently, we aim to better understand the solution properties of these 

organometallic complexes. To that effect, the behaviour of stabilised iridium 

hydrides of type [(NHC-P)IrH2L2]
+ will be evaluated by 1H NMR spectroscopy and 

compared to existing data on heteroleptic monodentate complexes of type 

[(NHC)(PR3)IrH2L2]
+. The information gathered in these studies will provide 

valuable insights into reactivity of this novel iridium complexes and reveal possible 

departures from their monodentate analogues. 

We will then proceed to evaluate our new complexes in the HIE of substrates bearing 

sterically hindered directing groups. Our aim is to verify whether the synergy 

between a more accessible metal centre and our assumptions regarding the 

stabilisation of 6-membered metallocyclic intermediates will deliver improved 

reactivity at the vicinity of challenging directing functionalities. 

 

 

Scheme 1.34: Key questions regarding catalytic activity. 

 

During our investigations, we will focus our efforts on the exploration of carbamates, 

a ubiquitous functionality that remains largely underexplored in the context of 

directed HIE. Once we identify suitable reaction conditions, we will explore the 
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applicability of novel iridium complexes in the labelling of various carbamates with 

aromatic substituents featuring diverse steric and electronic properties. 

Our third line of enquiry will concern the development of mechanistic understanding 

of the process. Although the reactivity of iridium complexes of type 

[(NHC)(PR3)Ir(COD)]X is well-understood, no clear mechanistic picture for 

complexes bearing a chelating ligand is available. Therefore, we will employ a 

combined theoretical and experimental approach aiming to deliver a thorough 

understanding of the reaction mechanism. Accordingly, we will utilise DFT 

calculations to model the reaction pathway and derive calculated kinetic parameters 

that can be confirmed through experimentation. 

 

 

Scheme 1.35: Strategy towards rationale mechanistic proposal. 

 

Finally, with the information gathered from these studies, we wish to identify the 

fundamental parameters involved in the C—H activation event, a crucial step 

implicated in all functionalisation protocols. Thus, we will further scrutinise the 

nature of transition state structures obtained by DFT calculations and endeavour to 

decompose the activation energy for this process into simpler descriptors bearing 

intuitive physicochemical meaning. 
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3. Results and Discussion 

 

3.1 Synthesis of Phosphine Functionalised NHCs 

 

The modulation of electronic and steric properties of ligands used in metal-catalysed 

processes is of fundamental importance for controlling reaction outcome and 

effectiveness of the desired transformation. Hence, the excellent activity 

demonstrated by iridium(I) complexes containing NHC and phosphine ligands in 

HIE and hydrogenation reactions prompted research in the Kerr group to focus on the 

development of modular chelating ligands to access novel iridium complexes.160 

Through a comprehensive experimental and theoretical evaluation of these systems, 

it was hypothesised that iridium complexes bearing tethered NHC-P ancillary ligands 

would display improved coordination towards substrates containing sterically 

demanding coordination groups and substitution patterns (vide supra). 

Based on the structural similarity of ligands 135a – 135e and those reported by 

Labande and Poli,157 a route akin to that described therein was pursued. Scheme 1.36 

illustrates the proposed synthetic route. 

 

Scheme 1.36: Proposed synthetic route towards imidazolium salts. 
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Parent imidazoles could be synthesised through a well-established multicomponent 

reaction involving a suitable parent amine, a diketone or dialdehyde, formaldehyde 

and an external source of ammonia, to produce thermodynamically favoured product 

136. Subsequent N-alkylation with 2-bromoethanol and conversion of the pendant 

alcohol into an alkyl bromide would deliver 2-(bromoethyl)imidazolium bromides 

137, precursors for the challenging C—P bond forming process. Owing to its lower 

basicity when compared to dialkyl phosphides,164 potassium diphenylphosphide 

could then be employed to displace the bromide in 137 to deliver the desired 

diphenylphosphino derivative. Finally, a salt exchange process employing NaBArF as 

the source of the non-coordinating counter-anion would deliver the targeted NHC-P 

precursor 138. Moreover, previous success in obtaining the parent imidazolium salt 

of ligand 130157,160 makes the strategy shown in Scheme 1.36 more attractive as a 

means of accessing new chelating ancillary ligands. 

Having defined an operative main route for the synthesis of 2-

(diphenylphosphino)imidazolium salts 138, we embarked in this synthetic 

exploration to access novel precursors. 

Based on the motifs presented in Scheme 1.36 and the reported electronic parameters 

of NHCs,134,135,149 N-aryl-substituted imidazoles bearing phenyl, (2-methyl)phenyl 

and mesityl substituents were prepared through standard multicomponent 

reactions165,167 in moderate yields, as summarised in Table 1.7. 

 

Table 1.7: Synthesis of N-aryl-1H-imidazoles. 

 

Entry R1 R2 Product Scale (mol) Yield (%) 

1 H H 136a 0.20 52a 

2 CH3 H 136b 0.20 50a 

3 CH3 CH3 136c 0.13 49b 
aIsolated yield after distillation under vacuum; bIsolated yield after extraction and recrystallisation. 

 

With the required imidazoles in hand, we continued the synthetic sequence by 

performing an N-alkylation with 2-bromoethanol, as summarised in Table 1.8. 



55 

 

Table 1.8: Synthesis of 3-(2-hydroxyethyl)-1-aryl-1H-imidazolium salts. 

 

Entry R1 R2 Product Scale (mmol) Yield (%) 

1 H H 137a 10 98 

2 H CH3 137b 10 90 

3 CH3 CH3 137c 20 88 

 

Thus, the imidazolium products were obtained in good to excellent yields after a 

simple and convenient purification through trituration of solid products in Et2O. We 

next converted hydroxy functionalised imidazolium salts 136a-c to their respective 

bromides employing PBr3 as a brominating agent, as shown in Table 1.9. 

 

Table 1.9: Synthesis of 3-(2-bromoethyl)-1-aryl-1H-imidazolium salts. 

 

Entry R1 R2 Product Scale (mmol) Yield (%) 

1 H H 138a 5.0 73 

2 H CH3 138b 5.0 87 

3 CH3 CH3 138c 7.5 71 

 

During our investigations, we observed that isolated yields for products 138a-c were 

not sensitive to the exothermic quenching of PBr3 with saturated NaHCO3, however, 

good yields could only be obtained after multiple extraction steps from the aqueous 

phase with CH2Cl2. This issue was particularly pronounced for 138a, which bears a 

less sterically hindered N-phenyl substituent and is appreciably soluble in water. 

Once bromoethyl imidazolium bromides were obtained, their conversion to the 

desired NHC-P precursors commenced. Then, by direct reaction with freshly 

prepared potassium diphenylphosphide in DMSO, the installation of the desired C—

P bond was achieved through SN2 displacements of the parent bromides 138a-c, 

followed by salt exchange with NaBArF (cf. section 3.1.5) to give the corresponding 
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phosphino-imidazolium salts 139a-c. Table 1.10 presents the results obtained 

through this process. 

 

Table 1.10: Synthesis of 3-(2-diphenylphosphinoethyl)-1-aryl-1H-imidazolium salts. 

 

 

Entry R1 R2 Product Scale (mmol) Yield (%) 

1 H H 139a 1.0 88 

2 H CH3 139b 2.0 32 

3 CH3 CH3 139c 2.0 58 

 

As depicted in Table 1.10, the desired phosphines were obtained in a two-step 

process in low to moderate yields. It is important to emphasise that, due to the nature 

of phosphorus(III) compounds, the synthesis of targeted phosphines was 

accomplished under oxygen-free conditions to avoid undesired oxidation to 

corresponding phosphine oxides. Notwithstanding these reaction conditions, the 

recovery of final products through column chromatography is expected to contribute 

to lower yields, since oxidation of phosphines is classically accomplished during 

their purification.168 

 

3.1.1 Improved Synthesis of NaBArF 

 

The ability of non-coordinating anions to enhance the stability, solubility and 

chemical availability of cationic complexes in reaction media46,68,81,140 makes the 

application of these anions very attractive in transition metal catalysis. Therefore, 

access to a reliable and consistent synthetic method for their synthesis is of 

paramount importance. 

Starting from the original report from Kobayashi et al.,118 attempts within the Kerr 

group to obtain NaBArF suffered from lack of reproducibility, with results 

fluctuating from low to moderate yields, rarely ever exceeding 50%. Additionally, 
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the extensive workup, which requires several filtrations of viscous solutions, liquid-

liquid extractions and column chromatography, further emphasises the necessity of a 

reliable and reproducible route to this compound. Hence, in order to analyse possible 

issues in the synthetic method, a first synthesis was performed following the original 

report of Kobayashi et al.,118 as depicted in Scheme 1.37. 

 

 

Scheme 1.37: Initial attempt to obtain NaBArF. 

 

The protocol employed consisted in the formation of a Grignard reagent by reacting 

aryl bromide 140 and Mg in Et2O, followed by the addition of Et2O·BF3 in ether to 

effect the desired arylation at the boron centre. Subsequently, the reaction mixture 

was quenched with aqueous Na2CO3, providing the sodium cation required to form 

141. Further filtration, extraction of the aqueous phase with Et2O, evaporation of the 

organic layer and column chromatography afforded 141 in only 24% yield. 

Moreover, two important features of this protocol became evident, namely: 

i. Only a small excess of magnesium was employed in the reaction with 

140. In the presence of impurities or adventitious water, the amount of 

active Grignard species would thus be lower than the required to achieve 

good conversion; 

ii. The reaction is expected to be complete after three B—F substitution 

processes and a nucleophilic attack on the resulting triarylborane to obtain 

141. Thus, owing to the carbanionic character of organomagnesium 

compounds117 and the constant increase in steric hindrance as the 

substitution progresses, formation of 141 is disfavoured by both 

electrostatic and steric factors; 



58 

 

Therefore, the following adaptations were hypothesised as beneficial for this 

reaction: mechanical activation of magnesium turnings in order to increase the 

effective amount of reactive metal prior to Grignard reagent formation;169 

preparation of an excess of arylating reagent to facilitate equilibrium displacement 

towards the desired product; washings of combined organic phases with saturated 

Na2CO3 and brine in order to reduce level of impurities, with subsequent 

improvement in the effectiveness of chromatographic purification. After 

implementation of these modifications, improved yields were obtained, as 

demonstrated in Table 1.11. 

 

Table 1.11: Modified protocol for the synthesis of NaBArF. 

 

Entry x (eq.) y (eq.) z (mmol) Yield (%) 

1 5.5 6.8 5.1 24a 

2 10 20 7.0 60b 

3 10 20 7.0 79b 
aOrginial procedure employed; bmodified procedure employed. 

 

To our delight, this modified protocol afforded 141 in increased yields and proved 

reproducible when repeated by other researchers in the group. 

 

3.2 Iridium(I) Complexes Bearing NHC-P Ligands 

 

Synthetic methods for the production of iridium(I) complexes bearing non-tethered 

NHC and phosphine ligands are well-established in literature, with several of them 

being explored and improved by the Kerr group.160 Despite their availability, the 

nature of NHC-P ligands significantly limits the number of applicable synthetic 

routes towards the corresponding Ir complexes. Scheme 1.38 illustrates the few 
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routes already employed to access complexes related to those targeted in this 

work.170-172 

Systems depicted in Scheme 1.38 highlight some important aspects of the chelate 

complex synthesis, namely: a strong base is necessary to generate the free carbene in 

solution in order to obtain the desired complexes; less encumbered ligands, such as 

145, have higher a propensity to dimerise, thus requiring longer addition times and 

bases compatible with this requirement;171 combination of the more reactive iridium 

precursor 148 with a sterically hindered NHC-P precursor leads to the selective 

formation of an abnormal carbene;170 and in the presence of coordinating anions, 

neutral complexes are obtained instead of targeted ionic pairs. 

 

Scheme 1.38: Examples of complexation of NHC-P ligands to Ir.170-172 

aIsolated yield not given. 

 

Owing to their similar steric factors, synthetic methods for complexes 144 and 149 

should be more directly applicable to ligands 139a-c. Moreover, since the approach 

to 149 led to an abnormal NHC coordination to the metal centre, the route described 

by Andersson et al.172 was chosen as our initial synthetic method. 
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Then, precursors 139a-c were dissolved in THF in the presence of [Ir(COD)Cl]2 and 

KOtBu was added to generate the corresponding carbene in situ, which would 

subsequently coordinate to the metal centre. Table 1.12 summarises the results thus 

obtained. 

 

Table 1.12: Complexation of NHC-P ligands to Ir. 

 

Entry R1 R2 Product Scale (mmol) Yield (%) 

1 H H 150a 0.16 37 

2 CH3 H 150b 0.15 50 

3 CH3 CH3 150c 0.15 31 

 

Despite being successfully synthesised, chelated iridium complexes 150a-c were 

obtained in only low to moderate yields. As a cautionary example of related synthetic 

methods, in their pioneering work involving the synthesis of iridium complexes 

bearing bulky NHC-P ligands, Danopoulos et al. obtained intractable solid mixtures 

and were able only to isolate 149, which bears an abnormal NHC unit.170 

Such observations are in line with the instability of free carbenes which, apart from 

highly encumbered symmetric species bearing substituents such as mesityl, 

adamantyl or tBu, tend to undergo dimerisation in solution.132 Another possibility is 

decomposition of the NHC-P precursors upon interaction of KOtBu with the acidic 

protons of the tether, leading to elimination reactions and corresponding lowered 

yields. Therefore, the reaction conditions employed in this protocol are not fully 

compatible with the nature of ethylene-tethered imidazolium precursors. 

Hence, we considered two possible alternatives: modification of the current method 

to afford higher yields of the desired iridium complexes; or further investigations 

into other attractive methodologies. 

Owing to the relatively recent emergence of phosphine-functionalised NHCs few 

investigations have been conducted into the application of the corresponding silver 
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carbene complexes as transmetallating agents to Ir. Being a reliable method to 

synthesise iridium complexes bearing non-tethered NHC and phosphine ligands,160 

the use of Ag2O as an agent to both generate and stabilise carbenes constitutes a 

desirable alternative to direct deprotonation with strong bases. However, a note of 

caution should be made: since the NHC-P ligands bear two coordinating sites, 

different silver aggregates might be expected. On this subject, Hoffman and co-

workers reported the formation of unusual silver aggregates upon reaction with 

imidazolium precursors 151 and 153 (Scheme 1.39), the latter being particularly 

insoluble in common reaction media, thus being deemed unsuitable for the 

transmetallation process.154  

 

Scheme 1.39: Higher silver aggregates bearing NHC-P ligands.154  

 

Moreover, the reduced reactivity of dimers and higher aggregates of silver during 

carbene transmetallation is well-documented,173 thus suggesting that direct 

transference to a suitable iridium precursor without isolation of the silver carbene 

would be more likely to succeed. 

On the other hand, in their attempts to obtain palladium(II) complexes by 

deprotonation of imidazolium bromide 147, Danopoulos et al. resorted to cooling the 

reaction medium to low temperatures throughout the complexation event with 

[(COD)PdBr2].
174 Furthermore, earlier reports from the same research group indicate 
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free carbene 130, which bears the more sterically encumbered 2,6-di-iso-

propylphenyl substituent, crystallises to afford an air sensitive solid, stable up to 0 

°C.175 

This seeming discrepancy in inherent stability of 130 and 147, the latter being less 

sterically hindered, thus offering lower steric protection to the carbene formed in situ 

during complexation events, is not totally unexpected. Indeed, dimerisation of 3-

substituted-1-mesityl-imidazol-2-ylidenes and their saturated imidazolidine-2-

ylidene counterparts is known to occur with asymmetric imidazolium salts featuring 

low steric congestion at the second nitrogen atom within the azole ring, e.g., with 2-

pyridyl-176 and 2-(4-morpholinyl)phenyl-177 substituents. In the latter case, Stradiotto 

et al. observed the same divergence in reactivity, namely, a more sterically 

encumbered morpholine-functionalised NHC bearing the 2,6-di-iso-propylphenyl 

moiety was found to form a stable carbene upon deprotonation under the same 

reaction conditions which afforded dimers of its mesityl counterpart.177 

Combining these pieces of evidence, it was reasoned that premature decomposition 

of carbenes generated upon deprotonation from imidazolium salts 139a-c with 

KOtBu accounted for the suboptimal yields of complexes 150a-c. To that effect, we 

embarked on a series of experiments to determine whether lower temperatures could 

prevent decomposition of 139c during its complexation to Ir. Table 1.13 collates the 

results obtained. 

Table 1.13: Complexation studies with 139c. 

 

Entry Scale (mmol)a T (°C) t (h) Yield (%) 

1  0.25 rt 2 20 

2b 0.25 rt 2 15 

3c 0.20 -78 °C – rt 3 53 

4c 0.40 -78 °C – rt 3 62 

5c 0.80 -78 °C – rt 3 68 
abased on 139c; breaction performed at half concentration; cdeptoronation performed at -78 °C for 1 h, 

then warmed to rt for 2 h. 
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Thus, performing the complexation step at half its normal concentration to hinder 

possible dimerisation of 139c gave no improvements in the reaction profile (entries 1 

– 2). Conversely, when the parent imidazolium salt was dissolved in THF at room 

temperature and subsequently cooled to -78 °C prior to addition of [Ir(COD)Cl]2 143 

and, then, KOtBu, a dramatic increase in yield of 150c from 20 to 53% was observed 

(entries 1 and 3). Gratifyingly, this approach proved reliable and reproducible upon 

scaling, securing access to a useful route towards Ir(I) complexes bearing NHC-P 

ligands. 

 

3.2.1 Analysis of iridium(III) hydrides 

 

In order to gain further insight into the electronic properties of newly synthesised 

complexes, the analysis of 1H NMR spectrum shifts in the hydridic region of their 

corresponding iridium(III) dihydrides, generated in situ by reaction with H2 in 

CD3CN, was performed. In these experiments, the coordinating ability of acetonitrile 

is expected to enhance stability and inhibit fluxional behaviour of iridium(III) 

hydrides,128,146 therefore providing a reliable method to analyse electronic parameters 

through understanding of the trans- effects of ancillary ligands.8 In chelating systems 

such those under scrutiny, hydrogenation of the coordinated COD ligand produces a 

mixture of several possible isomers arising from all available permutations of 

CD3CN and hydride ligands. In this regard, a systematic nomenclature of these 

species is required to mitigate possible neglection or, conversely, duplication of 

coordinating compounds rendered equivalent by symmetry operations.179 Therefore, 

a variation of the well-established Δ, Λ nomenclature for organometallic 

complexes179,180 was adopted, as indicated in Scheme 1.40 for an iridium(III) 

dihydride bearing an arbitrary NHC-P ligand. 
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Scheme 1.40: Nomenclature adopted for iridium(III) hydrides. 

 

In this modified version, each pair of d3-acetonitrile and hydride ligands is taken as a 

new cis- ligated chelating motif which, in fact, establishes a unique stereochemical 

assignment under the framework of the Δ, Λ stereoisomeric system.179 Finally, the 

superscript characters in Scheme 1.40 indicate which of the coordinating atoms of 

the NHC-P ligand lies trans- to a hydride. Employing this systematic classification, 

Scheme 1.41 illustrates all possible stereoisomeric forms of complexes of type 155 

bearing a generic bidentate ligand. 

 

 

Scheme 1.41: Set of stereoisomeric iridium(III) hydrides. 
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Four important conclusions which arise upon further inspection of stereoisomers in 

Scheme 1.41 must be addressed. Firstly, the pairs of structures (ΛP)-155 and (ΔP)-

155, and (ΛC)-155 and (ΔC)-155 are enantiomeric complexes of each other. 

Secondly, complexes (S2
C,P)-155 and (S2

H,H)-155 possess an improper axis of 

rotation of second order (S2)
179 across the central plane defined by the NHC-P ligand, 

therefore, their respective mirror images are equivalent to the parent compounds, 

thus reducing the total number of stereoisomers by two units. Thirdly, on the grounds 

of the trans- effect of strong σ-donor ligands,8,179 and the inherent geometry 

associated with oxidative addition of neutral molecules to organometallic 

complexes,8 hydrides of type (S2
H,H)-155 are not expected. Finally, by combining 

these observations with the documented differences in coupling constants for 

hydrides at sites cis- and trans- to phosphines,10 it is possible to unequivocally assign 

the composition of a reaction mixture containing all relevant stereoisomeric hydrides 

of Scheme 1.41. 

Thus, from a total of six possible stereoisomeric complexes, a total of four sets of 

independent signals are expected in the 1H NMR spectrum: one for each of the (ΛX)-

155, (ΔX)-155 pairs; a third set for (S2
C,P)-155; and a fourth system corresponding to 

(S2
H,H)-155 (N.B.: its unlikelihood does not justify its neglection). Furthermore, the 

chemical shifts of the hydridic protons should display an inverse correlation with the 

electron donating ability of the ligand situated trans- to their coordination site. Thus, 

more σ-donating groups in this position would result in more negative chemical 

shifts for a given trans- hydride. Additionally, the converse applies in terms of π-

accepting character, i.e., chemical shifts should decrease with increasing π-acidity of 

a trans- ligand.8,10 When exposed to an atmosphere of H2 in d3-acetonitrile and 

subsequently analysed by 1H NMR spectroscopy, complexes 150a-c displayed 

strikingly distinct behaviours. Table 1.14 summarises the chemical shifts thus 

observed. 
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Table 1.14: Observed 1H chemical shifts for metal hydrides.† 

Entry Complex Systema Hb δ¹H 2JHH 2JHP Ir 

1 

150a 

Hα,Hβ Hα -11.8 5.2 20 2.8 

2 Hα,Hβ Hβ -21.8 5.2 20 2.8 

3 Hι Hι -21.4 — 13 1.0 

4 

150b 

Hα,Hβ Hα -11.5 5.2 18 1.7 

5 Hα,Hβ Hβ -21.8 5.2 21 1.7 

6 Hγ,Hε Hγ -11.6 5.2 18 1.8 

7 Hγ,Hε Hε -21.7 5.2 20 1.8 

8 Hι Hι -21.2 — 14 1.0 

9 

150c 

Hα,Hβ Hα -11.6 5.5 18 3.3 

10 Hα,Hβ Hβ -21.9 5.5 21 3.3 

11 Hφ,Hψ Hφ -8.8 4.4 160 1.0 

12 Hφ,Hψ Hψ -20.9 4.4 11 1.0 
†δ is given in ppm; J values are reported in Hz; Ir – relative integration in arbitrary units; arelationship 

determined by integration and intensity of signals in the 1H NMR spectrum; btype of hydride as per 

stereochemical environment (vide infra). 

 

From the data collated in Table 1.14, it was possible to identify a total of five distinct 

sets of hydridic signals pertaining to complexes 150a-c, namely (also, vide infra): 

i. System Hα,Hβ: pair of hydrides featuring 2JHP of approximately 20 Hz, clearly 

indicating a cis- disposition to the phosphorus atom of the NHC-P ligand.10 

This system was assigned to the indistinguishable isomers (ΛC)-155 and (ΔC)-

155 based on the following additional considerations: 

a. Hα signals: feature a downfield shift typical of those observed for 

hydrides located trans- to strong σ-donors,10 compare well with 

known trans-(CNHC,H)-[(NHC)IrHn(PR3)mLr] complexes,181,182 and 

possess non-negligible 2JHH value, indicating a clear cis- disposition 

with a second, magnetically inequivalent hydride; 

b. Hβ signals: posses a strong downfiled shift characteristic of hydrides 

trans- to labile sites coordinated to hard neutral σ-donors such as OR2 

and NR3 ligands.10 

ii. System Hγ,Hε: displays similar features to those related to hydride pairs 

within the Hα,Hβ system, strongly suggesting chemical equivalence among 

these iridium complexes. The observed slight discrepancies in chemical shifts 

for metal hydrides is characteristic of diastereoisomeric systems, indicating 

the presence of chirality elsewhere in the molecule. Signals within this 
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system could only be observed with complex 150b, which features an o-Tol 

N-substituent capable of introducing atropoisomerism as a further 

complicating factor. Hence, this set of signals should correspond to a mixture 

of four diastereomeric complexes, i.e., (S)-(ΛC)-155b and (S)-(ΔC)-155b 

generates a pair of indistinguishable systems, whereas (R)-(ΛC)-155b and 

(R)-(ΔC)-155b account for the remaining set. 

iii. System Hι: possess chemical shifts that strongly resembles hydrides of type 

Hβ, but lacks any apparent 2JHH. These observations do not compare well with 

known rigid trans-(H,H)-[(P-N-P)IrH2L],183 trans-(H,H)-[(P-C-P)IrH2L],184 

and trans-(H,H)-fac-[(NHC)IrH3(PPh3)2]
181 complexes. Moreover, observed 

chemical shifts, slightly downfield in comparison to those associated with Hβ, 

suggest loss of electron density at the metal centre, which was also observed 

for cationic iridium(III) complexes that undergo displacement of a hydride 

ligand by a neutral N-donor.184 Combined, this evidence points to the 

existence of an iridium complex of type [(NHC-P)IrH(CD3CN)n]
+ (vide 

infra). 

iv. System Hφ,Hψ: feature remarkable differences in 2JHP values within the pair, 

which is typical of complexes containing one dissymetrical hydrides in which 

one ligand is located trans- to a P-donor whilst the second ligand occupies a 

coordinating site cis- to the phosphine moiety.10 These signals also feature the 

2JHH value associated with a cis-(H,H)-dihydride complex, thus being 

assigned to the enantiomeric pair (ΛP)-155 and (ΔP)-155, to which the 

following considerations also apply: 

a. Hφ signals: depict a characteristic 2JHP value associated to hydrides 

trans- to phosphines,10 with chemical shifts even more downfield to 

those associated to Hα. This observation is in line with the presence of 

a stronger π-acceptor than an NHC, thus corroborating the 

assignment. 

b. Hψ signals: possess features which enable its classification in analogy 

to Hβ (vide supra). 

Collectively, these observations and inferences directly allow the unambiguous 

assignment of complexes (ΛC)-155c, (ΔC)-155c, (ΛP)-155c and (ΔP)-155c as the 
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structures arising from reactions of H2 with 150c. Scheme 1.42 summarises these 

findings. 

 

 

Scheme 1.42: Stereochemical assignment of complexes of type 155c.† 

†Dashed arrows indicate couplings identified in the 1H NMR spectrum; magnetically equivalent 

complexes of Λ symmetry were omitted for clarity. 

 

The existence of signals type Hι in 155a-b seemingly creates further complexity to 

provide a unique identification of stereoisomers derived from parent iridium(I) 

species 150a-b. This conundrum can be resolved, however, by recognising the 

distinct properties of transition metal hydrides. 

More specifically, the possibility that Hι signals arise from an octahedral complex of 

type [(NHC-P)Ir(η2-H2)Ln]
+ can be discarded. Iridium complexes bearing loosely 

bound classical η2-H2 ligands feature broad signals in the 1H NMR spectrum at all 

temperatures;185 readily engage in displacement of molecular hydrogen by 

acetonitrile;186 and are usually prone to decomposition through σ-bond metathesis 

with other ligands within the coordination sphere of the complex.185 Rigid, non-

classical η2-H2 ligands, on the other hand, commonly resonate in the -4 to -10 ppm 

range,186,187 depict high acidity, and often decompose to form their respective 

monohydrides.187 

One last possibility, however, is yet to be addressed. Owing to the tendency of η2-H2 

ligands to engage in σ-bond metathesis,185 and the usual microscopic reversibility of 

the latter,87 it is conceivable that upon de-coordination of a CD3CN ligand a 
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metathetic process indeed takes place to afford a strained transient complex of type 

mer-[(NHC-P)IrH(η2-H2)(CD3CN)n-1]
+ (156) which then undergoes dissociative 

ligand exchange with d3-acetonitrile to afford the required fac-[(NHC-

P)IrH(CD3CN)n]
+ complex 157, as depicted in Scheme 1.43. 

 

 

Scheme 1.43: Rationale for assignment of 157a-b. 

 

The data provided herein, in conjunction with literature data on relevant iridium 

(poly)hydrides and their reactivity, support formation of 157a-b in solution during 

1H NMR experiments. Finally, we emphasise that no evidence for formation of 

complexes of type (S2
H,H)-155a-c, nor (S2

C,P)-155a-c was observed.188 In summary, 

the stereochemical assignment of complexes 155a-b can then be completed, as 

indicated in Scheme 1.44. 
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Scheme 1.44: Stereochemical assignment for complexes 155a-b and 157a-b.† 

†Dashed arrows indicate couplings identified in the 1H NMR spectrum; systems Hα,Hβ and Hγ,Hε were 

arbitrarily assigned to (S)- and (R)-(ΔC)-155b, respectively; magnetically equivalent complexes of Λ 

symmetry were omitted for clarity. 

 

Final support for the assignment of the simpler system comprised by hydrides 155c 

was gathered through DFT calculations. Thus, four magnetically inequivalent metal 

complexes from the set of structures depicted in Scheme 1.45 were optimised at the 

SMD/M06L/6-31G(d) level of theory with relativistic Sttutgart RSC 

pseudopotential189 and associated basis set for Ir employing acetonitrile as solvent 

(see Computational Details for further information). Notably, the two species 

observed in the 1H NMR spectrum corresponded to the lowest energy stereoisomers 

in this set of iridium complexes, whilst (S2
H,H)- and (S2

C,P)-155c are clearly 

thermodynamically disfavoured, as summarised in Scheme 1.45.  
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Scheme 1.45: Calculated energies for complexes 155c.† 

†Energies reported in kcal mol-1; ΔHrel and ΔGrel correspond to relative enthalpies and Gibbs free 

energies, respectively. See Computational Details for further information. 

 

As a preliminary conclusion, complexes 155a-c were successfully synthesised and 

assessed in reactions with molecular hydrogen, which allowed a reasonable 

stereochemical classification of their respective iridium(III) hydrides. Cognisant of 

the rich reactivity of these complexes with H2, and possible routes towards C—H 

activation through σ-bond metathesis, we commenced the exploration of their 

activity in HIE. 

 

 3.3 Applications in HIE 

 

One of the remaining challenges in isotope exchange reactions catalysed by iridium 

complexes, which rely on the versatility of directing groups to guide C—H activation 

and promote isotope delivery, is the expansion of this technology to molecules 

bearing sterically demanding directing groups. As previously elucidated, few 

effective catalytic systems that accomplish HIE of this class of compounds have been 
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reported. A simple survey of marketed drugs indicates there is no shortage of 

sterically congested fragments which could be exploited through directed HIE. 

Scheme 1.46 illustrates selected examples in which isotope labelling would be 

conceivable under the premise that one can access Csp²—H sites adjacent to these 

moieties. 

 

 

Scheme 1.46: Drug motifs featuring challenging directing functionalities.†190-193 

†DGs – directing groups. 

 

In the examples featured in Scheme 1.46, Glimepiride 159 is the only drug motif for 

which activation through a more thermodynamically favourable (vide supra) 5-

membered metallocyclic intermediate (5-mmi) is possible. The remaining examples 

possess directing functionalities located at sites for which only a 6-mmi is accessible. 

Moreover, both the tetrahedral arrangement of sulfur-containing functionalities and 

the poorly ligating ability of carbamates introduce further difficulties to engage in 

productive C—H activation and subsequent deuteration at adjacent positions. 

Encouraged by previous in silico studies which demonstrated an improvement in the 

binding energy profile of sulfones with iridium complexes bearing chelating ligands 

which impose lower degree of steric encumbrance around the metal centre,160 a new 

question warranted further investigation, viz., is the release in steric pressure a 
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significant factor in the stabilisation of more strained and congested 6-membered 

metallacycle intermediates? 

Qualitatively, this premise seems promising. Considering the increase in activity 

towards C—H bond activation processes through 6-mmi mediated by iridium(III) 

hydrides bearing biphosphine ligands,127 and the only available report in literature,121 

which was released after the developments presented herein, it is conceivable that a 

similar effect would be observed when employing catalysts of type 150a-c in the HIE 

of substrates to those depicted in Scheme 1.46. Scheme 1.47 provides an illustration 

of this effect with an arbitrary substrate that undergoes isotope exchange through a 6-

mmi. 

 

 

Scheme 1.47: Working hypotheses for productive C—H activation. 

 

Owing to the prevalence of carbamates in pro-drugs and compounds of 

pharmaceutical relevance, mostly a consequence of their favourable absorption 

properties and capacity to engage in hydrogen bonding, serving as good isosteres of 

peptide bonds191 and phenols;194 and their ubiquitous presence as protecting groups 

for nitrogenated molecules, the N-(tert-butylcarbamoyl)- group (Boc) was selected as 

a probe for initial tests on catalytic activity. 

This choice also stems from a strategic standpoint. In fact, if catalysts of type 150a-c 

were able to engage in productive C—H activation events directed by the 

challenging N-Boc functionality, another current dilemma in HIE could be tackled, 

namely, the labelling of anilines. Analogous to carbamates, anilines are important 

groups in medicinal chemistry, featuring in several drug motifs195,196 and being 
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known contributors to mutagenic effects in mammals,198,199 thus continuing to be an 

intensive area of research in the realm of pharmacophores. Scheme 1.48 illustrates 

the conceived strategy. 

 

 

Scheme 1.48: Harnessing the potential of carbamates as directing groups. 

 

Having established a reasonable framework to explore the capabilities of novel 

iridium(I) complexes, we initiated theoretical and experimental validation of these 

hypotheses. 

 

  3.3.1 Targeting sterically hindered aryl carbamates 

 

One of the fundamental premises of accessing sterically congested directing groups 

to promote C—H activation is the ability to engage in productive coordination with 

the catalytically active species. Considering the simpler solution dynamics of 150c 

upon exposure to H2 and insightful previous developments in exploiting DFT to 

probe HIE reactions,160 our investigation commenced by calculating the binding 

energies of relevant N-aryl carbamate to iridium(III) deuterides derived from 

reference catalyst 60 and candidate 150c, as depicted in Scheme 1.49. 
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Scheme 1.49: Difference in binding energies.† 

†Energies are given in kcal mol-1; ΔEBind – binding energy; ΔEIr
def – deformation energy for catalyst 

fragment; ΔES
def – deformation energy for substrate fragment. 

 

Notably, interaction energies for 165, derived from catalyst 150c, were significantly 

lower than those arising from 164, originating from 60, resulting in an increase in 

binding capacity of -14.96 kcal mol-1. In addition to providing stronger interaction 

with the selected molecular probe, 165 displays lower deformation energy than 164, 

i.e., the chelating NHC-P framework undergoes fewer distortions and reorientations 

which create steric interactions during the coordination event than those brought 

about by 164. Interestingly, deformation energies associated with the carbamate do 

not change significantly for this pair, indicating that most of the contributions to the 

poor binding ability of 164 arise from the requirement to reorient the ancillary 

ligands. 

Another important aspect of an effective catalytic system is the capacity to provide 

efficient turnover for the desired process. From our detailed previous knowledge on 

the mechanistic aspects of HIE reactions with catalyst 60, and the prominent binding 

ability of 150c, we anticipated that correct choice of solvent would be paramount to 

enable efficient labelling of carbamates. The first step in the catalytic cycle is the 

displacement of two solvent molecules within the coordination sphere of the iridium 

catalyst by the substrate. Therefore, if we employed a solvent with considerably 

better ligating properties than those displayed by carbamates, the equilibrium for 

dissociative ligand exchange would strongly favour the solvent-bound complex. 

Conversely, if substrate ligation severely dominates the displacement equilibria, 
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release of labelled material would hamper productive catalysis. Any of these 

scenarios would result in slow, or even impractical, turnover rates for the reaction 

and should thus be avoided. We then undertook an in silico screening of 12 solvents 

covering a broad spectrum of physical properties employing catalyst 150a and O-

tert-butyl-N-phenyl carbamate 166a as less computationally demanding 

representatives for assessing displacement equilibria. Table 1.15 collates the results 

thus obtained. 

 

Table 1.15: Solvent displacement equilibria.† 

 

Entry Solvent ΔHSolv ΔGSolv ΔHComp ΔGComp 

1 CH2Cl2 -25.85 -0.89 -9.88 -17.55 

2 Toluene -33.03 -6.13 -2.70 -12.30 

3 iPr2O -38.12 -8.73 2.39 -9.70 

4 MTBE -41.38 -15.51 5.66 -2.92 

5 Et2O -43.47 -16.55 7.74 -1.88 

6 MeOH -45.28 -23.69 9.55 5.25 

7 2-MeTHF -53.76 -25.99 18.03 7.56 

8 H2O -48.75 -27.41 13.03 8.98 

9 THF -53.16 -28.57 17.43 10.13 

10 iPrOH -55.47 -29.59 19.74 11.16 

11 iPrOC(O)OMe -57.18 -31.85 21.46 13.42 

12 MeCN -60.78 -38.39 25.06 19.96 
†Energies given in kcal mol-1; Solv – solvent coordination event; Comp – substrate complexation. 

 

Inspection of the results in Table 1.15 reveals interesting trends. Firstly, solvation 

enthalpies are in qualitative agreement with the σ- and π-donor abilities of selected 

solvents. Secondly, considering the free energies for solvent association – ΔGSolv, 

poorly ligating ethereal solvents in entries 3 – 5, di-iso-propyl ether, methyl tert-

butyl ether (MTBE) and Et2O, respectively, appeared as promising candidates for 

their ability to compete with substrate, slightly favouring coordination of the latter. 

Finally, the weakly coordinating capacity of carbamates strongly favour solvent 
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association when the less sterically crowded ether THF and the more ligating ester 

iPrOC(O)Me are considered. This screening led us to begin our experimental 

investigations employing MTBE as solvent: being a bulky ether, this solvent should 

provide steric protection of reactive intermediates whilst enabling reversible 

coordination of substrate. 

We then synthesised O-tert-butyl-(4-methyl)phenyl carbamate 166b and screened the 

activity of complexes 150a-c in HIE reactions. For the sake of comparison, two of 

our well-established catalysts for labelling of aromatic substrates, 60 and its analogue 

bearing a tribenzylphosphine ligand – 167, were also included in our screening, as 

displayed in Table 1.16. 

 

Table 1.16: Catalyst screening for the HIE of 166b. 

 

Entry Catalyst 
Incorporationa 

%Db sD (%)c 

1 150a 77 9 

2 150b 92 2 

3 150c 94 1 

4 60 12 3 

5 167 11 2 
aDeuterium incorporation determined by 1H NMR spectroscopy; baverage of three consecutive runs; 

csD – standard deviation. 

 

To our delight, catalysts 150a-c (entries 1 – 3) were remarkably active in the HIE of 

carbamate 166b at a 1.0 mol% loading, with 150b-c affording excellent levels of 

incorporation under mild reaction conditions. Conversely, complexes 60 and 167 

(entries 4 – 5), bearing a more sterically encumbered combination of monodentate 

ligands, were ineffective promoters of isotope exchange. These observations are in 

line with our working hypotheses, thus indicating steric effects are dominant factors 

in the activation of C—H bonds ortho- to sterically hindered directing groups, and 

that our DFT assisted selection of solvents was efficient at identifying a system 

capable to provide reaction turnover. 
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Encouraged by the promising activity of our novel chelating catalysts, we prepared a 

series of N-phenyl carbamates and evaluated these substrates in HIE reactions with 

the more active catalyst 150c as illustrated in Scheme 1.50. 

 

  

Scheme 1.50: Substrate scope of N-aryl carbamates.† 

†Deuterium incorporation determined by 1H NMR spectroscopy. Reported values are average of three 

runs; standard deviations show in brackets. 

 

Notably, catalyst 150c was active in the HIE of carbamates bearing substituents with 

diverse electronic properties in all positions of the aromatic ring, delivering moderate 

to excellent levels of incorporation at a reduced 1.0 mol% catalyst loading. 

Inspection of these results reveal some interesting trends. Firstly, levels of 

deuteration are directly proportional to the electron-donating ability of aromatic 

substituents at the para- position. Thus, substrates 166a-e, bearing neutral, EDGs and 

weakly EWGs were deuterated to excellent levels, whereas substrates 166f-h, 
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possessing moderate and strong EWGs, were labelled to a lesser extent. This 

observation suggests the electron density at the carbamate group and, by extension, 

its coordination to the catalyst, might play a more important role in the reaction 

mechanism than previously anticipated. Secondly, complex 150c seems to be 

incredibly tolerant of steric congestion around the aromatic ring, accommodating 

well the presence of CH3 (166i) and CF3 (166k) groups at the ortho- position, and 

hindered labelling sites such as those in 166l. Finally, the apparent disparity in 

catalytic activity towards substrates 166h and 166k, both of which possess the CF3 

substituent, is likely a consequence of the disruption of inductive electron-

withdrawing ability of substituents ortho- to sterically encumbered groups.197 In this 

regard, DFT calculations performed with 166h and 166k also revealed a prominent 

deviation of coplanarity between the aromatic ring and the carbamate for 166k of 

28.4º. 

Having scrutinised the activity of 150c against a range of N-aryl carbamates, we 

pondered whether this catalytic system would be equally active towards the labelling 

of isoelectronic O-phenyl carbamates. To test this premise, we synthesised a small 

series of substrates bearing N-substituents with diverse steric properties and 

evaluated them in the HIE process employing reaction conditions analogous to those 

applied for aniline derivatives. Scheme 1.51 presents the results obtained. 



80 

 

 

Scheme 1.51: Scope of O-aryl carbamates.† 

†Deuterium incorporation determined by 1H NMR spectroscopy. Reported values are average of three 

runs; standard deviations show in brackets. 

 

Interestingly, 150c displayed slightly higher catalytic activity in the HIE of O-aryl 

carbamates in comparison to their N-aryl counterparts (cf. 166g and 168e). 

Moreover, the dependence on steric hindrance around the directing group, but not 

that imposed by substituents in the aromatic ring, was decisive for effective catalysis, 

a factor that becomes evident when comparing carbamates 168a-c. In this series, 

isomeric carbamates 168a-b were labelled to similar extents, whilst 168c, bearing a 

severely hindered directing group, could not be satisfactorily deuterated. 

Noteworthily, 150c was able to label 168f, a carbamate which also contains an ester 

functionality, thus indicating the tolerance of the catalyst to intramolecular 

competition with other weak directing groups. Finally, substrates 168g-h were also 

labelled at sites on the morpholine ring, indicating good compatibility of 150c to 

activate more challenging Csp3—H bonds. 
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Recognising the potential to efficiently deuterate previously neglected labelling sites 

with our novel chelated complexes, we decided to test 150c in the HIE of a 

carbamate derived from a biologically relevant molecule. Hence, we synthesised the 

respective O-phenyl carbamate derived from the amino acid tyrosine and subjected it 

to standard reaction conditions, as shown in Scheme 1.52. 

 

 

Scheme 1.52: HIE of tyrosine derivative.† 

†Deuterium incorporation determined by 1H NMR spectroscopy. Average of two runs. 

 

To our delight, 150c effectively labelled the available Csp²—H sites in the presence of 

two other interfering ligating groups, viz., the methyl ester and N-Boc functionalities. 

Notably, the position of these two functional groups is appropriate to afford both 5- 

and 7-membered chelates with iridium(III) hydrides of type 155c, capable of 

hampering productive HIE by abstraction of catalytically relevant species from the 

reaction medium. Notwithstanding this possible setback, the equilibrium seems to 

favour productive coordination of the desired O-aryl carbamate functionality to such 

extent that C—H activation prevails over undesired chelation by other neighbouring 

groups. 

Finally, we investigated the potential of catalyst 150c to produce isotopically labelled 

anilines in a two-step process. Thus, carbamate 166b was reacted under standard 

reaction conditions to afford its isotopologue 166b-d2 in 98% yield and 89% 

incorporation, as illustrated in Scheme 1.53. Subsequent deprotection of the N-Boc 

functionality under acidic conditions produced the desired labelled aniline 171-d2 

with complete retention of deuterium. 
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Scheme 1.53: Synthesis of deuterated aniline through a two-step protocol. 

 

Having developed an efficient protocol to perform labelling of substrates bearing 

challenging sterically hindered directing groups which enabled access to HIE of 

unprecedented molecular scaffolds, we decided to further investigate the mechanistic 

aspects of the underlying C—H activation. 

 

3.3.2 Theoretical mechanistic understanding and validation 

 

Guided by the original premise that iridium complexes bearing chelating NHC-P 

ligands would be more effective at stabilising 6-membered metallacycle 

intermediates than their heteroleptic monodentate analogues, we began our 

investigations by calculating the potential energy surface (PES) for C—H activation 

of probe molecule 166b with iridium(III) deuterides derived from 60 and 150c – 

Scheme 1.54. 
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Scheme 1.54: PES for C—H activation of 166b by catalysts 60 and 150c.† 

†Reported values are ΔGrel; ΔHrel given in parentheses; reported energies are relative to the respective 

[(NHC-P)IrD2(CH2Cl2)2]+ complexes; ΔGdle
N  –energy of dissociative ligand exchange with substrate; 

ΔGTS
N  – activation energy. 

 

Notably, complex 150c, bearing a chelating NHC-P ligand, engages in a dissociative 

ligand exchange with substrate 166b which significantly stabilises the system, with 

ΔGdle
165

 = -23.9 kcal mol-1. By comparison, complex 60 engages in a similarly 

favourable equilibrium with 166b, resulting in ΔGdle
164

 of -12.0 kcal mol-1. The initial 

doubled exergonicity of substrate engagement by 150c results in a strong driving 

force for coordination, thus inhibiting a premature dissociation of carbamate that 

could hamper C—H activation. Finally, the formation of relevant metallocyclic 

intermediates requires less disparate activation energies of 23.6 and 21.0 kcal mol-1 

for intermediates 164 and 165, respectively. Despite being a seemingly small 

energetic difference, a ΔΔG ≈ 2.5 kcal mol-1 in favour of C—H activation by 

complex 150c would result in a 60-fold increase in reaction rate at 25 °C. 

Surprisingly, the energies of 6-membered metallacycles generated by 164 and 165 

are essentially equal. Therefore, the high activity of catalysts bearing NHC-P ligands 

stems from the synergy between their capacity to promote strong binding of weakly 
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ligating directing groups and their lower activation energies for cleavage of C—H 

bonds. 

These calculations also revealed a previously unexpected feature of intermediate 165. 

More specifically, metallacycle formation seemed to proceed via a pathway that did 

not require the typical fluxional process to enable subsequent C—D bond formation. 

In fact, the direction of the σ-bond metathesis involving 165 implied the production 

of a HD molecule cis- to the newly generated Ir—C bond. Similar processes 

involving 164 deliver a trans-(η2-D2) ligand for which fluxionality is known to 

precede the deuteration event. We thus proceeded to evaluate the full PES for HIE of 

166b with catalyst 150c, as depicted in Scheme 1.55. 

 

 

Scheme 1.55: Full PES for the HIE of 166b.† 

†Reported values are ΔGrel; ΔHrel given in parentheses. 

 

The located pathway consisted of substrate coordination with formation of agostic 

interaction delivering 165, followed by a C—H activation through TS1 which 

generates the requisite 6-mmi in 172, proceeding through an overall barrier of 20.9 
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afford coordinatively unsaturated complex 173, which is stabilised by an agostic 

interaction with a methyl group from the mesityl substituent within the NHC. 

Association of D2 then ensues to deliver 174, which engages in C—D bond 

formation via TS2, thus introducing the label into the coordinated substrate in 

intermediate 175. Is must be emphasised that all attempts to locate a transition state 

for a fluxional process to promote exchange between the coordinated HD molecule 

and the apical deuteride in 172 were unsuccessful. 

Careful inspection of geometrical differences between 6-membered metallocyclic 

intermediated generated by 164 and 165 helped elucidate the underlying factors 

dictating a change in direction of the σ-bond metathesis responsible for C—H 

activation, as illustrated in Scheme 1.56. 

 

 

Scheme 1.56: Metallocyclic intermediates with simplified bonding interactions. 

 

Since molecular hydrogen is a very weak σ-donor, its ability to coordinate to 

organometallic complexes is intrinsically related to the capacity of the metal centre 

to engage in productive back-donation with the σ*
H2

 orbital. Therefore, both η2-HD 

and η2-D2 are expected to bind to the most electron-rich orbitals of iridium in 172 

and 176. In the former case, the mandatory cis- geometry of the NHC-P ligand forces 

the incoming HD ligand to be positioned trans- to the PPh2 fragment, a strong σ-

donor which also displays good π-accepting character. 
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Alternatively, if we required 172 to mimic the σ-bond metathesis performed by 176, 

the hypothetical D2 ligand thus produced would occupy a site trans- to the oxygen 

atom from the carbamate, a significantly poorer σ-donor than its phosphorus 

counterpart. Conversely, if we forced 176 to parallel the C—H activation event 

observed for 172, a similar destabilisation would be observed, as we placed a HD 

molecule trans- to the carbamate. Thus, the observed discrepancy in the direction of 

the σ-bond metathesis performed by these complexes is a consequence of inherently 

different orbital interactions in these systems. Finally, we completed our 

investigations by performing an intrinsic reaction coordinate (IRC) to ensure the 

transition state located unequivocally connected intermediates 165 and 172, as 

illustrated in Scheme 1.57. 

 

 

Scheme 1.57: IRC for transition state TS1. † 

†ζ – reaction coordinate in atomic units. 

 

Once a reasonable understanding of the reaction mechanism underlying the labelling 
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(KIE) associated with the proposed C—H activation, which required calculation of a 

reversed pathway in which 166b-d2 was converted to 166b-d1 via the corresponding 

TS1 isotopomer. These results are outlined in Scheme 1.58. 

 

 

Scheme 1.58: Calculated KIE for C—H activation of 166b.† 

†Reported values are ΔHrel; ΔGrel given in parentheses. 

 

An important consideration involved in the estimation of KIE values require further 

discussion. Cognisant of the nearly isentropic nature of σ-bond metathesis involving 

coordinated H2 molecules,87 and the well-documented issues related to accurate 

entropy calculations by semi-empiric methods,200 we opted for employing ΔHrel 

values in our KIE calculations (see Computational Details for further information), 

which afforded estimates of 3.0 and 3.2 at 50 and 30 °C, respectively. 

Having established expected kinetic isotope effect values, we began our experimental 

investigations by measuring the rate of reaction for both forward and reverse HIE 

processes with substrate 166b and catalyst 150c, as depicted in Scheme 1.59. 
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Scheme 1.59: KIE measurement for 166b.† 

†Rates given in %D min-1. 

 

Surprisingly, the HIE of 166b was characterised by a KIE of 1.0 ± 0.1, unequivocally 

determining that C—H activation was not the rate limiting step in the reaction. 

Taking into consideration our earlier calculations, which indicated that 150c binds 

166b with high exergonicity, we hypothesised substrate coordination and release of 

labelled material were occurring at rates comparable or, in fact, slower than the rate 

for productive C—H activation, thus hindering the observation of a direct KIE. 

Indeed, cases in which association and dissociation of substrate are important 

confounding factors in KIE measurements are known.201 

Notwithstanding this minor setback, we postulated that a carbamate bearing a less 

sterically encumbered O-methyl substituent would engage in ligand displacement 

equilibria at faster rates than those experimentally observed for 166b, effectively 

allowing for accurate KIE measurements and providing a valid molecular probe for 
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our endeavour to validate our mechanistic hypothesis. The validity of this 

assumption, however, is intrinsically dependent on similar energetic profiles for C—

H activation of 166b and its O-methyl counterpart 177. Consequently, we proceeded 

to calculate the PES for HIE with 177 and provided an estimate for its KIE value, as 

depicted in Scheme 1.60. 

 

 

Scheme 1.60: PES for C—H activation of 177 and estimation of KIE values.† 

†Reported values are ΔHrel; ΔGrel given in parentheses. 

 

Gratifyingly, the PES for the HIE of O-methyl carbamate 177 was similar to the 

process calculated for 166b, affording KIE values of 3.9 and 3.6 at 50 and 30 °C, 

respectively. Finally, we synthesised 177 and performed the requisite rate 

measurements to enable experimental validation of our estimates, as shown in 

Scheme 1.61. 
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Scheme 1.61: KIE measurements for 177.† 

†Rates given in %D min-1. 

 

Notably, normal KIE values of 3.0 ± 0.3 and 2.3 ± 0.2 at 30 and 50 °C, respectively, 

were observed for C—H activation of 177. From the kinetic data gathered for 166b, 

we anticipated participation of substrate coordination in the determination of KIE 

values in Scheme 1.61. Therefore, observed rate constants are a composite of two 

well-defined equilibria, as illustrated in Scheme 1.62. 

 

 

 

Scheme 1.62: Equilibria and rate law for C—H activation of 177.† 

†Individual rate constants: ka – substrate association; kd – substrate dissociation; kf and kr – forward 

and reverse σ-bond metathesis, respectively. 
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Assuming the steady-state approximation202 applies for complex 178, then the rate 

law for σ-bond metathesis is a composite of coordination and C—H bond cleavage, 

as indicated in the equation for kobs in Scheme 1.62. As previously discussed, in the 

case of 166b, kf >> kd, and kobs ≈ ka, given only small differences are expected for 

association rates of carbamate and its labelled analogue, KIE measurements for O-

tert-butyl carbamate 166b would tend to a value of 1. This is clearly not the case for 

its O-methyl counterpart 177, which displays pronounced isotope effects. 

Therefore, by considering a scenario in which kd >> kf, we obtain kobs ≈ ka·kf/kd, 

which affords the following KIE expression: 

𝐾𝐼𝐸 =
[𝑘𝑎

(𝐻)
· 𝑘𝑓

(𝐻)
] · 𝑘𝑑

(𝐷)

[𝑘𝑎
(𝐷)

· 𝑘𝑓
(𝐷)

] · 𝑘𝑑
(𝐻)

 

Importantly, it is possible to recognise the inseparable nature of substrate association 

equilibrium and KIE measurements for 177.  Moreover, good qualitative agreement 

between calculated and observed kinetic isotope effect values for 177, obtained 

under the assumption that C—H bond breaking dominates the rate expression for 

KIE, led us to conclude that coordination of substrate has only a minor effect in the 

reaction rates of less sterically hindered 177. From the same perspective, the 

converse applies to bulkier O-tert-butyl carbamate 166b, with rate constants for 

association and dissociation of isotopologues 166b and 166b-d2 dominating the 

overall rate expression, thus preventing direct observation of a KIE value which 

allows for reasonable comparison with our DFT calculations. 

In summary, a combination of in silico studies and kinetic data at different 

temperatures for 177 permitted validation of the mechanistic pathway outlined in 

Schemes 1.56 and 1.58. As a final remark, we emphasise that similar cases of 

attenuation of observed KIE values, and even complete overriding of the rate 

expression, by coordinative events have been reported in detail elsewhere. For 

instance, Bergman et al., whilst studying C—H activation of benzene by 

[Cp*(PMe3)IrH2], determined a diminished KIE of 1.26 ± 0.06 for this process;203 

and Parkin et al. observed predominance of substrate association in the activation of 

benzene by ansa-{[Me2Si(C5Me4)2]W}, which afforded a unitary kinetic isotope 

effect value.204 
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At the outset of these studies, we were able to propose the mechanism for the HIE of 

hindered carbamates illustrated in Scheme 1.63, which employs substrate 177 as a 

representative example. 

 

 

Scheme 1.63: Mechanistic proposal for HIE of carbamates. 

 

Thus, coordination of carbamate to iridium bis-solvate 180 affords agostically bound 

intermediate 178, which engages in C—H activation yielding metallocyclic 

intermediate 179. Subsequent exchange of a DH molecule by molecular deuterium 

then takes place to afford intermediate 181, which undergoes C—D bond formation 

and installs the label at the coordinated substrate in 182. A final ligand exchange 

with two molecules of solvent restarts the catalytic cycle and releases 177-d1, that 

can re-enter the cycle to yield fully deuterated product 177-d2. 
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Throughout these investigations, we developed profound interest in exploring the 

nature of the C—H activation event in more detail, aiming to gather a better 

understanding of factors controlling this delicate process. We then embarked in a 

detailed DFT study that would hopefully enable us to create a simpler, deconvoluted 

view of this process. 

 

 3.3 Statistical model for enthalpies of activation enabled by DFT 

 

In previous sections, we developed a mechanistic rationale for the HIE of sterically 

hindered carbamates. These studies indicated that the coordination of substrate and 

the C—H activation, which leads to productive formation of a 6-mmi, operated as 

competing rate limiting processes in the reaction. Since steric components are 

intrinsically associated with the nature of O-substituents, which can be easily tuned 

during substrate synthesis, we sought to investigate in more details the factors that 

govern the C—H activation event. More specifically, the barrier of activation for σ-

bond metathesis was identified as a key element in the reaction pathway, therefore 

we aimed at identifying easily computable descriptors that predict the corresponding 

activation energies, thus resulting in its decomposition into chemically meaningful 

parameters. Ultimately, this model would allow for facile access to estimates of the 

activation energy, which typically require computationally demanding techniques for 

transition state determination, and would enable the identification of useful factors 

for subsequent catalyst design. 

Thus, considering the conclusions derived from our rate measurements, we decided 

to begin our investigations exploring the activation energies for C—H bond cleavage 

in O-methyl carbamates. Accordingly, we conceived a set of aryl carbamates bearing 

various substituents with different steric and electronic properties, as shown in 

Scheme 1.64. 
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Scheme 1.64: Carbamates selected for DFT modelling.† 

†Colour code for structures: black – calibration set; blue – validation set. 

 

Whilst aiming to arrive at an experimentally testable statistical model, we shortened 

our selection to include synthetically accessible compounds for which acquisition of 

rate data would be feasible. Consequently, carbamates 183a-l were selected as the 

calibration set required for mathematical correlation of predictors generated by DFT; 

whereas compounds 183m-r comprised a small validation set, included to test 

predictability and identify possible shortcomings of our method. 

Having defined a reasonable collection of compounds, we proceeded to conduct 

single point calculations to gather DFT data on carbamates 183a-r. More 

specifically, each substrate was optimised and had its PES for C—H activation 

evaluated. Scheme 1.65 summarises this workflow. 
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Scheme 1.65: Workflow of DFT calculations.† 

†ΔHdle – enthalpy of ligand exchange; ΔEBind – binding energy; ΔHTS – enthalpy of activation; NBO – 

natural bond orbital analysis; %VBur – percent buried volume. 

 

Owing to our previous knowledge of the reaction mechanism, we anticipated 

intermediates of type 184a-r would play a central role in defining the kinetics of the 

reaction and, hence, would be crucial to determine enthalpies of activation for C—H 

bond cleavage. Accordingly, the agostically ligated species were scrutinised in more 

detail to afford mathematical descriptors suitable for the estimation of ΔHTS values. 

It is important to emphasise that the selection of DFT techniques able to extract 

geometric parameters, orbital interaction data, and three-dimensional volumetric 

distribution of ancillary ligands in 184a-r was not arbitrary. Specifically, it was a 

combination of our experimental evidence for strong dependence on steric 

parameters and the idiosyncratic features of σ-bond metathesis87 that led us to predict 

the existence of a strong correlation between activation energies and the stereo-

electronic properties of intermediates 184a-r. 

Therefore, we conducted a total of 126 single point calculations, as follows: 3 sets of 

18 optimisations and frequency calculations to collect geometrical and 

thermodynamic parameters from species 183, 184 and 186; 2 sets of 18 NBO205 

coupled to frequency calculations for generation of second-order perturbative 

analysis data for 183 and 184; 18 transition state determinations for structures 185; 

and 18 Counterpoise calculations148 to gather binding energy data. As the final step 

in this procedure, we extracted buried volume parameters from structures 184a-r to 

determine important steric factors arising from interactions between ancillary ligands 

and coordinated carbamates. 
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After extensive analysis of variance206 and single variable correlations of more than 

35 individual descriptors extracted from our DFT modelling, we identified three 

important groups of parameters that often featured among good predictors of 

activation energy. Namely, the sum of second-order perturbative energies originating 

from the σC—H orbital implicated in the agostic interaction of species 184 – E2[σC—

H→Ir]; the distance between Ir and the hydrogen centre transferred during the C—H 

activation – dIr---H; and %VBur data generated by applying the quadrant model for 

asymmetric induction in enantioselective catalysis207 to intermediates 184 (see 

Scheme 1.67 for an illustration of this concept). 

Gratifyingly, all statistically significant variables identified in this search also carried 

reasonable physicochemical meaning. More precisely, E2[σC—H→Ir] provides an 

estimate of σ-donation from the agostic C—H bond at the carbamate, dIr---H is 

correlated to the extent with which orbitals from the iridium centre interact with the 

bond to be activated, and %VBur values describe the degree of physical distortion that 

takes place at the NHC-P ligand framework upon substrate association. Combined, 

these parameters should approximate both electronic and steric influences associated 

with the C—H activation under scrutiny. 

Encouraged by these findings, we proceeded to employ multivariate analysis to 

identify useful predictors for ΔHTS. Thus, a two-step protocol consisting of 

identification of best variable subsets followed by multivariate regression afforded 

three possible candidates for our final model, as depicted in Scheme 1.66. 
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Scheme 1.66: Multivariate regression models and associated descriptors.† 

†%VBur parameters are reported for the relevant quadrant; pvalue – significance p test value; r2
adj – 

adjusted regression coefficient; r2
pred – predicted regression coefficient; sD – standard deviation. 

 

MODEL 1: ΔHPred = α0 + α1·VBur
NW + α2·VBur

SE + α3·E2[σC—H→Ir] 

 

   

   

Descriptor Value pvalue 

α0 -(140 ± 42) 0.011 

α1 0.87 ± 0.32 0.026 

α2 2.17 ± 0.76 0.021 

α3 0.464 ± 0.041 <0.001 

r2
adj 0.920  

r2
pred 0.854  

sD 0.621  

   

   

    

MODEL 2: ΔHPred = α0 + α1·VBur
NE + α2·E2[σC—H→Ir] + α3·dIr---H 

 

   

   

Descriptor Value pvalue 

α0 -(118 ± 50) 0.045 

α1 1.08 ± 0.61 0.114 

α2 0.368 ± 0.056 <0.001 

α3 24 ± 14 0.121 

r2
adj 0.889  

r2
pred 0.845  

sD 0.732  

   

   

    

MODEL 3: ΔHPred = α0 + α1·VBur
NW + α2·VBur

SE + α3·E2[σC—H→Ir] + α4·dIr---H 

 

   

Descriptor Value pvalue 

α0 -(159 ± 48) 0.012 

α1 0.81 ± 0.33 0.046 

α2 2.03 ± 0.78 0.036 

α3 0.449 ± 0.44 <0.001 

α4 11 ± 12 0.391 

r2
adj 0.919  

r2
pred 0.842  

sD 0.628  
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Meticulous inspection of the statistical descriptors associated with each model was 

particularly insightful. Firstly, all three statistical models obtained displayed high 

linearity and reasonable predictive power, as evidenced by r2
pred values greater than 

0.80. This parameter measures the capacity of the model to predict entries in the data 

set by systematically excluding each data point, re-fitting a new model for this 

smaller subset, and estimating the missing value. Secondly, inspection of calculated 

significance p test values for fitting coefficients, which describe the probability that 

the given coefficient does not fit the data, indicate that only Model 1 contains 

statistically significant predictors, i.e., p(αj) < 0.05. This observation suggested the 

desired molecular orbital information was satisfactorily described by E2[σC—H→Ir], a 

variable derived from NBO analysis, hence, inclusion of the geometric parameter dIr--

-H introduced risk of overfitting. Finally, confirmation that Model 1 was a suitable 

candidate for a useful predictive tool was obtained by comparison of buried volume 

descriptors. Scheme 1.67 depicts the location of the four quadrants in %VBur model. 

 

  
A B 

 
C 

Scheme 1.67: Decomposition of %VBur in the quadrant model for 183a.† 

†A: ball-and-stick representation of NHC-P ligand; B: steric map for the ancillary ligand; C: 

representation of complex 183a fitted to the quadrant model with substrate superimposed in grey. 



99 

 

 

As illustrated in Scheme 1.66C, the carbamate tends to orient itself along an axis that 

crosses quadrants SE and NW. In the specific view employed by %VBur calculations, 

the steric information of the directing group is captured by the SE quadrant, whereas 

remaining steric contributions from the aryl moiety are contained within the NW 

sector. Therefore, it is reasonable to expect %VBur
SE and %VBur

NW would be better 

steric descriptors than the remaining two variables in the quadrant analysis. Notably, 

these are precisely the factors employed by Model 1, which possess the highest 

predictability among all candidates. 

Finally, we concluded our statistical evaluation by calculating the Durbin-Watson 

statistics for serial correlation (ΦD-W) for all three models.208 This parameter 

measures the likelihood of unforeseen auto-correlation among variables employed in 

the model and serves as a diagnostic tool for inadequate fitting. Calculation of the 

Durbin-Watson values for regression models yields the figures presented in Table 

1.17. Analysis of these parameters require comparison to upper and lower bounds for 

significance testing. More specifically, if the ΦD-W
 value obtained for a given model 

is greater than the threshold ΦD-W
U, then, no auto-correlation among variables is 

expected. Conversely, if the calculated ΦD-W
 is lower than ΦD-W

L, positive serial 

correlation exists, and the model does not adequately describe the data. Values that 

lie in between these boundaries are not decisive, hence, risk of auto-correlation 

cannot be discarded. 

 

Table 1.17: Durbin-Watson statistics for regression models. 

Model ΦD-W ΦD-W
U ΦD-W

L 

1 1.6642 1.5793 0.8122 

2 0.7812 1.5793 0.8122 

3 1.3959 1.8640 0.6576 

 

Notably, whilst Model 1 passed this auto-correlation test, Models 2 and 3 failed to 

provide values greater than the established upper bound, with the former clearly 

displaying serial correlation among variables, and the latter providing inconclusive 

results. These final observations led us to take Model 1 forward and subjected it to 

validation by fitting enthalpy data for carbamates 183m-r, as shown in Scheme 1.68. 
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Scheme 1.68: Plot of Model 1 with validation set.† 

†Dashed lines indicate the boundaries of a 95% level of confidence for fitting. 

 

Perhaps unsurprisingly, the model could not fit carbamates bearing substituents at the 

ortho-position bulkier than 2-CH3 (183g, calibration set), as indicated by data points 

labelled 2-OMe, 2-NO2 and 2-Et for carbamates in the validation set 183o-r, 

respectively. Conversely, sterically encumbered substituents at the meta-position 

were described within the 95% level of confidence. 

Two important considerations warrant further discussion. Firstly, we opted to 

exclude data points in the validation set from our original statistical analysis of 

variance, a sampling procedure required to avoid unwanted influence of confirmation 

bias. Secondly, multivariate regression analysis is based on the core assumption that 

all data points within the model are normally distributed. Consequently, we 

proceeded to verify whether data points within the validation set were extremes of 

the normal distribution or, alternatively, outliers within a 95% level of confidence. 

Scheme 1.69 collates the relevant box plots for each individual predictor in Model 1 

including data for both calibration and validation sets. 
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Scheme 1.69: Box plot for predictor in Model 1.† 

†CVBur
SE – plot of variable %VBur

SE including only samples in the calibration set. 

 

Inspection of boxplots in Scheme 1.69 was revealing. Carbamate 183o, bearing a 2-

CF3 substituent, was an outlier with respect to two descriptors, thus being unsuitable 

for direct comparison within this model. Furthermore, its departure from a normal 

distribution was so extreme that it severely shifted the mean value of the population, 

causing a lack of fitting for 183e (4-tBu, calibration set). For comparison, the last 

graph in Scheme 1.69 presents a boxplot of %VBur
SE for the calibration set, which 

clearly demonstrates 183e is not an outlier of the normally distributed population. 

These last statistically driven enquiries let us to conclude that the devised 

multivariate model provides useful predictions of ΔHTS whilst employing intuitive 

physicochemical descriptors, however, it is unfit to offer predictions for carbamates 

bearing sterically encumbered substituents ortho- to the directing group. 

To summarise, we were able to employ DFT methods and multivariate statistical 

analysis to provide a deconvolution of the enthalpy of activation for C—H bond 
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cleavage into computationally inexpensive descriptors with sound physicochemical 

relevance. This rather simple regression model provides an estimate of ΔHTS while 

circumventing the need for a transition state search, a task that normally requires 

large computational demands and often fails to provide the required structure.  

 

4. Conclusions 

 

At the outset of our investigations, we developed a robust, modular and scalable 

synthetic route which enabled access to unprecedented iridium complexes bearing 

chelating NHC-P ligands. Furthermore, by analysing the solution behaviour of 

iridium(III) hydrides, we gathered fundamental knowledge on their intrinsic stereo-

electronic properties, factors that were of paramount importance during our 

mechanistic investigations. 

 

 

Scheme 1.70: Novel iridium complexes. 

 

From the fundamental understanding thus obtained, and our extensive knowledge on 

hydrogen isotope exchange, we endeavoured to develop a highly efficient C—H 

functionalisation protocol targeting challenging sterically hindered carbamates, 

ultimately delivering good to high levels of incorporation for more than 20 examples. 

During these investigations, we managed to demonstrate our novel iridium 

complexes can also be employed to explore C—H activation at sp3 sites adjacent to 

poorly coordinating, hindered directing groups, which are ubiquitous in 

pharmaceutically relevant compounds. 
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Scheme 1.71: Strategic development of HIE protocol. 

 

A third aspect of this work dealt with the development of a thorough understanding 

of the reaction mechanism. Through a combination of theoretical and experimental 

techniques, we explored the mechanistic aspects of this C—H functionalisation 

protocol. A more detailed kinetic analysis delivered a better understanding of factors 

that determine the rate limiting step, corroborating our results from DFT and 

enabling us to arrive at a concise mechanistic rationale. 

 

Scheme 1.72: Mechanistic understanding. 
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Finally, we proceeded to investigate the steric and electronic factors that govern the 

C—H activation of sterically hindered carbamates. Thus, by employing a thorough 

DFT and statistical study, we were able to make the first steps towards a model 

which enables the decomposition of activation energies into simpler descriptors. 

Notably, this approach unveiled the clear participation of orbital interactions between 

agostically bonded C—H fragments and iridium, whilst offering an expedient 

method for its quantification. This finding can now be employed to further our 

understanding of the elusive agostic interactions to explore other avenues in C—H 

activation protocols. 

 

Scheme 1.73: Statistical model for prediction of ΔHTS. 

 

5. Future Work 

 

Throughout this chapter, we explored the concept of C—H functionalisation to 

perform isotope exchange ortho- to sterically encumbered carbamates. Our 

exploration of N-aryl carbamates only included O-tert-butyl- substituents, thus, there 

are opportunities to extent the current scope to other O-substituted analogues and, 

possibly, carbamides. Additionally, the ability to perform HIE of compounds bearing 

hindered directing groups could also enable applications to benzylamines, as 

illustrated in Scheme 1.74. 



105 

 

 

Scheme 1.74: Further explorations in HIE of hindered directing groups.209  

 

In a second line of enquiry, carbamates could be directly employed as cross-coupling 

agents in palladium210 and nickel211 catalysis, thus enabling synthesis of deuterated 

arylated scaffolds in an expedient fashion, as illustrated in Scheme 1.75. 

 

 

Scheme 1.75: Synthetic applications of deuterated carbamates 

 

Finally, we previously introduced a model for prediction of enthalpies of activation 

employing O-methyl-N-aryl carbamates as probe molecules. Experimental validation 

and further kinetic studies on these systems could enable us to derive a deeper 

understanding of intrinsic parameters that govern experimentally elusive212 agostic 

interactions. 
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6. Experimental Section 

 

6.1 General experimental details 

 

All chemical reagents and solvents were purchased from commercial sources (Acros 

Organics, Alfa Aesar, Sigma Aldrich and Strem Chemicals) and used without further 

purification, unless otherwise stated. 

Dry dichloromethane was obtained by refluxing with CaH2 and subsequent 

distillation under a nitrogen atmosphere. Dry tetrahydrofuran (THF) was obtained by 

refluxing with sodium wire employing sodium ketyl as an indicator, followed by 

distillation under a nitrogen atmosphere. Dry dimethyl sulfoxide (DMSO) was 

obtained by refluxing over CaH2 under an atmosphere of argon followed by 

fractional distillation under vacuum and stored over 4 Å molecular sieves. Methyl-

tert-butyl ether (MTBE) was purified by fractional distillation from CaH2 under an 

argon atmosphere and stored over 4 Å molecular sieves. Dry Et2O and toluene were 

obtained from a PureSolv SPS-400-5 Solvent Purification System immediately prior 

to use. Phenyl chloroformate was purified by vacuum distillation and stored over 4 Å 

molecular sieves prior to use. 

 

Thin layer chromatography was performed using Merck silica plates (Silica gel 60 

F254) and revealed under ultraviolet irradiation at 254 nm. Whenever required, 

solutions of potassium permanganate, vanillin and ninhydrin were used as revealing 

agents. 

 

NMR spectra were acquired on a Bruker DPX 400 spectrometer at the respective 

frequencies for 1H, 11B, 13C, 19F and 31P of 400, 128, 101, 376 and 162 MHz. 

Chemical shifts and coupling constants are reported in ppm and Hertz, respectively.  

 

High resolution mass spectrometry (HRMS) data were obtained at the EPSRC UK 

National Mass Spectrometry Facility at Swansea University, employing 

nanoelectrospray ionization (ESI) method coupled to a Thermo Scientific LTQ-

Orbitrap XL as mass analyser. 
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Melting points were measured in a Griffin C110230 Melting Point Apparatus. 

 

Infrared spectra were acquired in a Shimadzu IRAffinity-1 FTIR spectrometer. 

 

 6.2 General procedures for the synthesis of imidazolium ligands 

 

 6.2.1 Preparation of 1-aryl-1H-imidazoles165 

 

To a three-necked round-bottomed flask equipped with a magnetic stirrer bar, a 

dropping funnel and a condenser were added acetic acid, formaldehyde solution 

(37% wt. in water) and glyoxal solution (40% wt. in water). In a conical flask 

equipped with a magnetic stirrer bar were added acetic acid, ammonium acetate, 

water and the appropriate aniline. This mixture was stirred at room temperature until 

a viscous solution was obtained, which was then transferred to the dropping funnel 

and subsequently added dropwise to the reaction flask at 70 °C in a temperature-

controlled silicone oil bath. After completion of the addition, the dropping funnel 

was replaced by a glass stopper and the reaction mixture was stirred at 70 °C for 16 

h. The dark-coloured mixture thus obtained was allowed to cool to room temperature 

and slowly poured into a saturated aqueous NaHCO3 solution under vigorous stirring 

to allow the evolved gases to dissipate. After completion of the addition, the mixture 

was allowed to stir at room temperature for 1 h and subsequently filtered. The filtrate 

was then extracted three times with ethyl acetate and organic phases were combined, 

dried over Na2SO4 and filtered. The solvent was then evaporated under reduced 

pressure and the dark brown crude reaction mixture submitted to short-path 

distillation under vacuum to give the N-aryl imidazole as a viscous liquid. 
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 6.2.2 Preparation of 3-(2-hydroxyethyl)-1-substituted imidazolium salts213 

 

To a flame-dried round-bottomed flask equipped with a magnetic stirrer bar and a 

condenser were added the appropriate imidazole and toluene. The mixture was 

stirred at room temperature until complete dissolution of the imidazole. Then, 2-

bromoethanol was added via syringe in one portion and the reaction mixture was 

heated to 110 °C for 16 h. The mixture was then allowed to cool to room temperature 

and subsequently cooled to 0 °C in an ice-water bath. The supernatant was removed 

by pipette and the remaining oil washed multiple times with diethyl ether until the 

formation of a solid was observed. The solid thus obtained was triturated with diethyl 

ether, decanted and the solvent removed by pipette. The finely divided solids thus 

obtained were dried under reduced pressure and stored in a vacuum oven for 16 h 

prior to use. 

 

 6.2.3 Preparation of 3-(2-bromoethyl)-1-substituted imidazolium salts213 

 

To a flame-dried round-bottomed flask equipped with a magnetic stirrer was added 

the appropriate 3-(1-hydroxyethyl)-1-substituted imidazolium bromide, the 

atmosphere was evacuated and replenished with argon, and this process repeated a 

further two times. Dry CH2Cl2 was then added at room temperature and the mixture 

was vigorously stirred until the solids were suspended. The reaction mixture was 

cooled to 0 °C in an ice-water bath and phosphorus(III) bromide was added dropwise 

at 0 °C. The reaction vessel was subsequently allowed to warm to room temperature 

and stirred for 16 h. The reaction mixture was then slowly poured into a conical flask 

containing saturated aqueous NaHCO3 solution which was previously cooled to 0 °C 

in an ice-water bath and was stirred manually then subsequently transferred to a 

separating funnel. The bottom, organic layer was collected, and the remaining 
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aqueous phase extracted five times with CH2Cl2. The organic phases were combined, 

dried over Na2SO4, filtered and evaporated under reduced pressure to afford the 

imidazolium bromides. 

 

 6.2.4 Preparation of 3-(2-(diphenylphosphinoethyl)-1-substituted-

imidazolium salts213,214 

 

Unless otherwise stated, all manipulations were performed under an argon 

atmosphere employing standard Schlenk techniques and degassed solvents. To a 

flame-dried round-bottomed flask equipped with a magnetic stirrer bar was added the 

appropriate 3-(2-bromoethyl)-1-substituted-imidazolium bromide. The atmosphere 

was evacuated and replenished with argon, and this process repeated a further two 

times. Dry dimethylsulfoxide was added via syringe and the mixture was stirred at 

room temperature until complete dissolution of the solid. In a second flame-dried 

round-bottomed flask equipped with a magnetic stirrer bar was added potassium tert-

butoxide. The atmosphere was evacuated and replenished with argon, and this 

process repeated a further two times. Dry dimethylsulfoxide was added via syringe, 

then diphenylphosphine was added dropwise under vigorous and constant stirring, 

with evolution of a characteristic dark red colour due to the formation of potassium 

diphenylphosphide. This mixture was allowed to stir at room 

temperature for 1 h and then subsequently added dropwise to the 

reaction mixture (ca. 1 drop every 2 seconds), under constant and 

vigorous stirring at room temperature. During addition, the 

disappearance of the red colour is indicative of phosphide 

consumption. After completion of the addition, the reaction 

mixture was allowed to stir at room temperature for 2 h and was 

then quenched with degassed water.  

The extraction apparatus (left) was evacuated and replenished with 

argon, and this process repeated a further two times. The reaction 
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mixture was then transferred to the separating funnel via syringe, and water and 

CH2Cl2 (5:10 volume ratio relative to the reaction mixture) were added. Under a 

constant stream of argon, the separation funnel was detached from the apparatus and 

the lower adaptor was obstructed by a glass stopper. The decanting funnel was 

vigorously shaken and re-positioned onto the collection flask. After phase separation, 

the bottom, organic layer was collected, and the aqueous layer was extracted two 

more times in a similar fashion. The combined organic phases were concentrated 

under reduced pressure to an approximate volume of 20 mL. The atmosphere was 

replenished with argon and a stirrer bar was introduced. Subsequently, water (20 mL) 

was added, followed by addition of NaBArF, and the mixture was allowed to stir 

vigorously for 16 h under an argon atmosphere. The reaction mixture was then 

transferred to a similar extraction apparatus, the organic layer was decanted and 

collected. The remaining aqueous phase was extracted with CH2Cl2 (3 × 50 mL), 

following the procedure stated above. The combined organic phases were dried over 

Na2SO4, filtered under air and the solvent evaporated under reduced pressure. The 

resulting residue was purified by column chromatography on silica gel with gradient 

elution, employing mixtures of petroleum ether and CH2Cl2 as eluent (0 – 50% 

CH2Cl2 in petroleum ether) to afford the target imidazolium salts as off-yellow, air 

stable solids. (N.B.: Due to their basicity, fast addition of diphenylphosphide anion 

must be avoided in order to favour the nucleophilic substitution pathway over 

competing elimination processes.) 

 

 6.3 General procedure for the synthesis of iridium(I) complexes214 

 

To a flame-dried Schlenk flask equipped with a magnetic stirrer bar was added 

bis(1,5-cyclooctadiene)diiridium(I) chloride. The atmosphere was evacuated and 

replenished with argon, and this process repeated a further two times. Dry THF was 

added via syringe and the mixture stirred until complete dissolution, forming an 
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orange solution. The appropriate imidazolium salt was added, and the mixture 

allowed to stir at room temperature for 5 min. Potassium tert-butoxide was then 

added, and an immediate colour change from orange to red was observed. The 

reaction mixture was then stirred for 2 h at room temperature, with evolution of a 

dark red colour. The solvent was evaporated, the solid residue re-dissolved in CH2Cl2 

and purified by column chromatography on silica gel using gradient elution, with 

mixtures of petroleum ether and CH2Cl2 (0 – 50% CH2Cl2 in petroleum ether) to 

afford the desired iridium(I) complexes as red crystalline solids which were dried in 

vacuum oven for 16 h prior to use. 

 

 6.4 General procedure for the preparation of N-aryl carbamates215 

 

 

To a flame dried round-bottomed flask equipped with a magnetic stirrer bar were 

added the appropriate aniline, triethylamine and anhydrous THF, and the mixture 

was stirred at room temperature until a homogeneous solution was obtained. Then, 

di-tert-butyl dicarbonate was added in one portion and the reaction mixture was 

vigorously stirred at room temperature for the allocated reaction time under a 

constant argon atmosphere. After reaction completion (assessed by TLC analysis of 

the reaction mixture), the solvent was evaporated under reduced pressure, the residue 

was suspended in Et2O (15 mL) and filtered through a plug of cotton wool. The 

remaining solids were washed with Et2O (2 × 5 mL) and the filtrate was evaporated 

under reduced pressure. Unless stated otherwise, the resulting residue was purified 

by column chromatography on silica gel employing gradient elution with mixtures of 

petroleum ether and Et2O. 
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 6.5 General procedure for hydrogen isotope exchange (HIE) of carbamates 

 

To a flame-dried round-bottom flask fitted with a glass stopper, equipped with two 

side stopcocks and a stirrer bar, the iridium catalyst and the desired carbamate were 

added under a constant stream or argon, then, the atmosphere was evacuated and 

carefully replenished with argon. Methyl-tert-butyl ether (MTBE) was then added, 

the resulting mixture was thoroughly stirred at room temperature and subsequently 

immersed in a dry ice-acetone bath at -78 °C under an atmosphere of argon. A 

balloon of D2 was connected to one of the side stopcocks, the atmosphere was 

evacuated and replenished with D2, and this process was repeated a further two times 

at -78 °C. After the third gas exchange cycle, both stopcocks were firmly closed, the 

flask was immediately transferred to an oil bath heated to 50 °C and the glass stopper 

was physically restrained to prevent leakage of gases and solvent due to the increase 

in pressure inside the vessel. After the allocated reaction time, one of the stopcocks 

was open to the atmosphere, the solution was filtered through a small pipette 

containing a plug of silica gel, the filtrate was collected, and the solids were washed 

with Et2O (2 × 2.5 mL). The combined filtrates were evaporated under reduced 

pressure to afford deuterated carbamates of interest. Deuterium incorporation was 

determined by 1H NMR spectroscopy of the products thus obtained. The calibration 

of integrals was performed against a peak corresponding to a position in which 

deuterium incorporation was not expected, and the percent deuterium incorporation 

was calculated according to the expression in Eq. S1: 

 

 

 6.6 General procedure for HIE of carbamates employing Radley’s Carousel 

 

To an oven-dried Radley’s Carousel 12 Plus Station glass tube equipped with a 

magnetic stirrer bar were added the iridium catalyst and the desired carbamate, the 

tube was sealed at the screwcap with the gas inlet open, and immediately connected 

to the carousel station which was kept under a constant stream of argon. This process 
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was repeated for the remaining tubes until all parallel experiments were set up. Then, 

the atmosphere was evacuated and carefully replenished with argon, MTBE was then 

introduced whilst thoroughly rinsing the walls of the tube, and this process was 

repeated for all relevant experiments. The upper part of the Radley’s Carousel was 

then detached and transferred to a dry ice-acetone bath at -78 °C, and the reaction 

mixtures were stirred at that temperature for approximately 5 minutes under a 

constant stream of argon. A balloon of D2 was connected to the system, the 

atmosphere inside the reaction tubes was evacuated and replenished with D2, and this 

process was repeated a further two times. The gas inlet in each screwcap was then 

closed, the system was returned to the base of the carousel apparatus, which was kept 

at 50 °C, and the reaction mixtures were allowed to stir at that temperature. After the 

allocated reaction time, the tubes were open to the atmosphere, the reaction mixture 

was transferred to a round-bottom flask, the tube was rinsed with Et2O (2 × 4 mL), 

and the combined ethereal phases were evaporated under reduced pressure. The 

resulting residue was re-dissolved in Et2O (2 mL), filtered through a small pipette 

containing a plug of silica gel, the filtrate was collected, and the solids were washed 

with Et2O (2 × 2.5 mL). The combined filtrates were evaporated under reduced 

pressure to afford deuterated carbamates of interest. Deuterium incorporation was 

determined by 1H NMR spectroscopy of the products thus obtained. The percent 

deuterium incorporation was calculated by Eq. S1 in a similar manner to that 

described in general procedure 1.5. 

 

 6.7 General procedure for rate measurement of HIE reactions 

 

To a flame-dried round-bottom flask fitted with a glass stopper, equipped with two 

side stopcocks and a stirrer bar, the iridium catalyst and the desired carbamate were 

added under a constant stream or argon, then, the atmosphere was evacuated and 

carefully replenished with argon. The glass stopper was replaced by a rubber septum 

and methyl-tert-butyl ether (MTBE) was then added, the resulting mixture was 

thoroughly stirred at room temperature and subsequently immersed in a dry ice-

acetone bath at -78 °C under an atmosphere of argon. The reaction mixture was 

allowed to stir at -78 °C for 10 min to ensure complete temperature equilibration. A 
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balloon filled with either D2 (forward process) or H2 (reverse process) was then 

connected to one of the side stopcocks, the atmosphere was evacuated and 

replenished with the gas of choice, and this process was repeated a further two times 

at -78 °C. After the third gas exchange cycle, the stopcock connected to the argon 

line was firmly closed while the second stopcock, which provided communication 

between the system and the balloon, was left open. The flask was then immediately 

transferred to an oil bath heated to the desired temperature, and the initial time for 

the rate experiment was recorded. After an allocated sampling time, an aliquot of the 

reaction mixture was removed via a 1.0 mL syringe equipped with a long disposable 

needle, which were both previously purged with argon three times to ensure 

preservation of the inert conditions within the reaction vessel. The solution thus 

collected was immediately transferred to a vial containing MeCN (2.0 mL) in order 

to guarantee quenching of the HIE process, and the remaining aliquots were collected 

in a similar fashion. Upon completion of the sampling process, the solutions obtained 

during the rate experiment were evaporated under reduced pressure. Each aliquot 

thus obtained was re-dissolved in Et2O (1.0 mL), filtered through a small plug of 

silica gel, and the solids were washed with Et2O (2 × 2.0 mL). The filtrate was then 

evaporated under reduced pressure and the resulting solid residue was analysed by 

1H NMR spectroscopy in order to determine the level of deuterium incorporation, 

which was calculated according to the expression in Eq. S1. 

 6.8 Synthesis of imidazolium ligands 

Procedures reported in this section are representative of several individual runs and 

reflect all aspects of the preparative work undertaken. Different scales were pursued 

during long term synthesis, however, there were no significant variations from 

protocols described herein. 
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 6.8.1 Synthesis of 1-aryl-1H-imidazoles 

 

1-Phenyl-1H-imidazole – 136a (Table 1.7, Entry 1) 

 

Following general procedure 6.2.1, acetic acid (52.4 mL), formaldehyde (37% wt. in 

water, 16.4 mL, 0.220 mol) and glyoxal (40% wt. in water, 24.7 mL, 0.215 mol) 

were added to the reaction vessel. In a conical flask, the mixture containing aniline 

was prepared by subsequent addition of acetic acid (52.0 mL), ammonium acetate 

(16.38 g, 0.213 mol), water (4.8 mL, 0.266 mol) and aniline (18.0 mL, 0.198 mol). 

The title compound was isolated by short-path distillation under vacuum to afford 1-

phenyl-1H-imidazole (136a) as a light yellow viscous liquid (14.83 g, 52% yield). 

 

Analytical data for 136a is consistent with previously reported data:216 

1H NMR (400 MHz, CDCl3): δ 7.83 (s, 1H, H1), 7.47-7.43 (m, 2H, H5), 7.37-7.32 

(m, 3H, H4/H6), 7.25 (d, 3JHH = 1.0 Hz, 1H, H3), 7.18 (d, 3JHH = 1.0 Hz, 1H, H2). 

13C NMR (101 MHz, CDCl3): δ 137.5, 135.8, 130.6, 130.1, 127.6, 121.6, 118.4. 

FTIR (neat, cm-1): 3109, 3048, 1599, 1504, 1481, 1458, 1302, 1246, 1111, 1055, 

962, 903, 814, 756, 731, 691, 658, 633, 610. 

 

1-(o-Tolyl)-1H-imidazole – 136b (Table 1.7, Entry 2) 

 

Following general procedure 6.2.1, acetic acid (52.4 mL), formaldehyde (37% wt. in 

water, 16.4 mL, 0.220 mol) and glyoxal (40% wt. in water, 24.7 mL, 0.215 mol) 

were added to the reaction vessel. In a conical flask, the mixture containing aniline 

was prepared by subsequent addition of acetic acid (52.0 mL), ammonium acetate 

(16.4 g, 0.213 mol), water (4.80 mL, 0.266 mol) and o-toluidine (21.0 mL, 0.198 

mol). The title compound was isolated by short-path distillation under vacuum to 
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afford 1-(o-tolyl)-1H-imidazole (136b) as a light brown viscous oil (15.6 g, 50% 

yield). 

 

Analytical data for 136b is consistent with previously reported data:216 

1H NMR (400 MHz, CDCl3): δ 7.56 (t, 1H, 4JHH = 1.0 Hz, H1), 7.35-7.25 (m, 3H, 

H5/H6/H7), 7.20-7.18 (m, 1H, H4), 7.17 (t, JHH = 1.0 Hz, 1H, H3), 7.03 (t, JHH = 1.0 

Hz, 1H, H2), 2.15 (s, 3H, H8). 

13C NMR (101 MHz, CDCl3): δ 137.7, 136.8, 134.1, 131.5, 129.5, 129.0, 127.0, 

126.7, 120.7, 17.8. 

FTIR (neat, cm-1): 3107, 3030, 2955, 1580, 1501, 1479, 1462, 1308, 1238, 1107, 

1057, 962, 903, 816, 762, 739, 718, 662. 

 

1-Mesityl-1H-imidazole – 136c (Table 1.7, Entry 3) 

 

To a three-necked round-bottom flask equipped with a magnetic stirrer bar, a 

dropping funnel and a condenser were added acetic acid (35.0 mL), formaldehyde 

(37% wt. in water, 10.8 mL, 0.145 mol) and glyoxal (40% wt. in water, 16.3 mL, 

0.142 mol). In a conical flask equipped with a magnetic stirrer bar were added acetic 

acid (34.2 mL), ammonium acetate (10.8 g, 0.140 mol), water (3.15 mL, 0.175 mol) 

and 2,4,6-trimethylaniline (18.3 mL, 0.130 mol). This mixture was stirred at room 

temperature until a viscous solution was obtained, which was then transferred to the 

dropping funnel and subsequently added dropwise to the reaction flask at 70 °C in a 

temperature controlled silicone oil bath. After completion of the addition, the 

dropping funnel was replaced with a glass stopper and the reaction mixture was 

stirred at 70 °C for 16 h. The dark-coloured mixture thus obtained was allowed to 

cool to room temperature and slowly poured into saturated aqueous NaHCO3 

solution under vigorous stirring to allow the evolved gases to dissipate. After 

completion of the addition, the mixture was allowed to stir at room temperature for 1 

h and subsequently filtered and the solids were washed with water. The brown solid 

thus obtained was dried in air and treated with petroleum ether at 60 °C, and the 
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organic layer developed a dark yellow colour. The ethereal solution was then 

collected, and this extraction procedure repeated three times. The combined organic 

phases were then evaporated under reduced pressure to afford 1-mesityl-1H-

imidazole (136c) as a pale yellow crystalline solid (11.9 g, 49% yield). 

 

Analytical data for 136c is consistent with previously reported data:165 

1H NMR (400 MHz, CDCl3): δ 7.41 (t, 4JHH = 1.1 Hz, 1H, H1), 7.21 (t, JHH = 1.1 

Hz, 1H, H3), 6.95 (s, 2H, H4), 6.87 (t, JHH = 1.1 Hz, 1H, H2), 2.32 (s, 3H, H6), 1.97 

(s, 6H, H5). 

13C NMR (101 MHz, CDCl3): δ 139.1, 137.7, 135.7, 133.6, 129.8, 129.2, 120.3, 

21.2, 17.5. 

Melting point: 100-102 °C. 

FTIR (neat, cm-1): 3094, 2976, 2955, 2920, 1499, 1458, 1314, 1236, 1097, 1069, 

907, 870, 816, 781, 669, 617. 

 

6.8.2 Synthesis of 3-(2-hydroxyethyl)-1-substituted imidazolium salts 

 

3-(2-Hydroxyethyl)-1-phenyl-imidazolium bromide – 137a (Table 1.8, Entry 1) 

 

Following general procedure 6.2.2, imidazole 136a (1.44 g, 10.0 mmol), toluene 

(30.0 mL) and 2-bromoethanol (0.900 mL, 13.0 mmol) were reacted at 110 °C for 16 

h. After purification by trituration with diethyl ether, 3-(2-hydroxyethyl)-1-phenyl-

imidazolium bromide (137a) was isolated as a light pink solid (2.63 g, 98% yield). 

 

1H NMR (400 MHz, DMSO-d6): δ 9.85 (t, 4JHH = 1.6 Hz, 1H, H1), 8.34 (t, 4JHH = 

1.5 Hz, 1H, H3), 8.02 (t, 4JHH = 1.5 Hz, 1H, H2), 7.82-7.80 (m, 2H, H4), 7.69-7.65 (m, 

2H, H5), 7.61-7.58 (m, 1H, H6), 4.31 (t, 3JHH = 5.0 Hz, 2H, H8), 3.83 (t, 3JHH = 5.0 

Hz, 2H, H9), (OH not observed). 

13C NMR (101 MHz, DMSO-d6): δ 135.6, 134.7, 130.2, 129.8, 123.7, 121.8, 121.0, 

59.2, 52.2. 
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Melting point: 96-98 °C. 

FTIR (neat, cm-1): 3267, 3064, 2999, 2925, 2872, 1598, 1570, 1550, 1497, 1222, 

1073, 1057, 870, 753, 687, 640, 627. 

HRMS (positive ESI): m/z calculated for [M]+ C11H13N2O
+: 189.1022; found: 

189.1018. 

 

3-(2-Hydroxyethyl)-1-(o-tolyl)-imidazolium bromide – 137b (Table 1.8, Entry 2) 

 

Following general procedure 6.2.2, imidazole 136b (1.58 g, 10.0 mmol), toluene 

(30.0 mL) and 2-bromoethanol (0.900 mL, 13.0 mmol) were reacted at 110 °C for 16 

h. After purification by trituration with diethyl ether, 3-(2-hydroxyethyl)-1-(o-tolyl)-

imidazolium bromide (137b) was isolated as a light yellow solid (2.56 g, 90% 

yield). 

 

1H NMR (400 MHz, DMSO-d6): δ 9.55 (t, 4JHH = 1.6 Hz, 1H, H1), 8.08 (t, JHH = 1.5 

Hz, 1H, H3), 8.02 (t, JHH = 1.5 Hz, 1H, H2), 7.56-7.52 (m, 3H, H4/H5/H7), 7.48-7.44 

(m, 1H, H6), 4.32 (t, 3JHH = 5.2 Hz, 2H, H9), 3.82 (t, 3JHH = 5.2 Hz, 2H, H10), 2.23 (s, 

3H, H8) , (OH not observed). 

13C NMR (101 MHz, DMSO-d6): δ 137.3, 134.2, 133.4, 131.6, 130.6, 127.4, 126.5, 

123.7, 123.1, 59.2, 52.1, 17.1. 

Melting point: 108-110 °C. 

FTIR (neat, cm-1): 3258, 3082, 3009, 1569, 1553, 1497, 1223, 1190, 1068, 771, 663 

cm-1. 

HRMS (positive ESI): m/z calculated for [M]+ C12H15N2O
+: 203.1179; found: 

203.1175. 
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3-(2-Hydroxyethyl)-1-mesityl-imidazolium bromide – 137c (Table 1.8, Entry 3) 

 

Following general procedure 6.2.2, imidazole 136c (3.73 g, 20 mmol), toluene (60 

mL) and 2-bromoethanol (1.8 mL, 25 mmol) were reacted at 110 °C for 16 h. After 

purification by trituration with diethyl ether, 3-(2-hydroxyethyl)-1-mesityl-

imidazolium bromide (136d) was isolated as a white solid (5.48 g, 88% yield). 

 

Analytical data for 136d is consistent with previously reported data:213 

1H NMR (400 MHz, CDCl3): δ 10.14 (t, 4JHH = 1.5 Hz, 1H, H1), 8.16 (t, JHH = 1.5 

Hz, 1H, H3), 7.15 (t, JHH = 1.5 Hz, 1H, H2), 6.99 (s, 2H, H4), 5.24 (t, 3JHH = 5.4 Hz, 

2H, H7), 4.03 (t, 3JHH = 5.4 Hz, 2H, H8), 2.33 (s, 3H, H6), 2.07 (s, 6H, H5) , (OH not 

observed). 

13C NMR (101 MHz, CDCl3): δ 141.6, 138.1, 134.3, 130.5, 129.9, 124.1, 122.7, 

51.6, 31.9, 21.1, 17.6. 

Melting point: 164-166 °C. 

FTIR (neat, cm-1): 3388, 3057, 3032, 1562, 1543, 1485, 1447, 1368, 1202, 1078, 

1065, 864, 756, 677, 638. 

 

 6.8.3 Synthesis of 3-(2-bromoethyl)-1-substituted imidazolium salts 

 

3-(2-Bromoethyl)-1-phenyl-imidazolium bromide – 138a (Table 1.9, Entry 1) 

 

Following general procedure 6.2.3, imidazolium salt 137a (1.35 g, 5.00 mmol) was 

reacted with PBr3 (0.400 mL, 4.30 mmol) in dry CH2Cl2 (25 mL) under an argon 

atmosphere for 16 h to afford 3-(2-bromoethyl)-1-phenyl-imidazolium bromide 

(138a) as a white solid (1.21 g, 73% yield). 
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1H NMR (400 MHz, DMSO-d6): δ 9.99 (t, 4JHH = 1.8 Hz, 1H, H1), 8.40 (t, JHH = 1.7 

Hz, 1H, H3), 8.12 (t, JHH = 1.7 Hz, 1H, H2), 7.81 (d, 3JHH = 8.0 Hz, 2H, H4), 7.67 (dd, 

3JHH = 8.0 Hz, 3JHH = 7.3 Hz, 2H, H5), 7.61 (t, 3JHH = 7.3 Hz, 1H, H6), 4.72 (t, 3JHH = 

5.8 Hz, 2H, H7), 4.05 (t, 3JHH = 5.8 Hz, 2H, H8). 

13C NMR (101 MHz, DMSO-d6): δ 135.9, 134.6, 130.3, 129.9, 123.5, 121.8, 121.1, 

50.6, 31.0. 

Melting point: 166-168 °C. 

FTIR (neat, cm-1): 3056, 2973, 2631, 1570, 1551, 1436, 1270, 1226, 1071, 758, 

744, 683, 610. 

HRMS (positive ESI): m/z calculated for [M]+ C11H12
79BrN2

+: 251.0178; found: 

251.0180; calculated for C11H12
81BrN2

+: 253.0158; found: 253.0155. 

 

3-(2-Bromoethyl)-1-(o-tolyl)-imidazolium bromide – 138b (Table 1.9, Entry 2) 

 

Following general procedure 6.2.3, imidazolium salt 137b (1.42 g, 5.00 mmol) was 

reacted with PBr3 (0.400 mL, 4.30 mmol) in dry CH2Cl2 (25 mL) under an argon 

atmosphere for 16 h to afford 3-(2-bromoethyl)-1-(o-tolyl)-imidazolium bromide 

(138b) as a white solid (1.51 g, 87% yield). 

 

1H NMR (400 MHz, DMSO-d6): δ 9.67 (t, 4JHH = 1.7 Hz, 1H, H1), 8.13 (t, 4JHH = 

1.7 Hz, 1H, H3), 8.12 (t, 4JHH = 1.7 Hz, 1H, H2), 7.56-7.52 (m, 3H, H4/H5/H7), 7.50-

7.48 (m, 1H, H6), 4.72 (t, 3JHH = 5.8 Hz, 2H, H9), 4.05 (t, 3JHH = 5.8 Hz, 2H, H10), 

2.22 (s, 3H, H8). 

13C NMR (101 MHz, DMSO-d6): δ 137.6, 134.1, 133.4, 131.6, 130.8, 127.5, 126.4, 

124.0, 123.8, 50.4, 31.5, 17.0. 

Melting point: 132-134 °C. 

FTIR (neat, cm-1): 3009, 2982, 1560, 1551, 1497, 1261, 1219, 1190, 1069, 785, 

752, 658, 625. 

HRMS (positive ESI): m/z calculated for [M]+ C12H14
79BrN2

+: 265.0335; found: 

265.0337; calculated for C12H14
81BrN2

+: 267.0314; found: 267.0312 
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3-(2-Bromoethyl)-1-mesityl-imidazolium bromide – 138c (Table 1.9, Entry 3) 

 

Following general procedure 6.2.3, imidazolium salt 137c (2.34 g, 7.50 mmol) was 

reacted with PBr3 (0.900 mL, 9.60 mmol, 1.25 eq.) in dry CH2Cl2 (38 mL) under an 

argon atmosphere for 16 h to afford 3-(2-bromoethyl)-1-mesityl-imidazolium 

bromide (138c) as a white solid (2.01 g, 71% yield). 

 

1H NMR (400 MHz, CDCl3): δ 9.76 (t, 4JHH = 1.7 Hz, 1H, H1), 7.75 (t, 4JHH = 1.7 

Hz, 1H, H3), 7.13 (t, 4JHH = 1.7 Hz, 1H, H2), 6.99 (s, 2H, H4), 4.86 (t, 3JHH = 4.9 Hz, 

2H, H7), 4.03 (t, 3JHH = 4.9 Hz, 2H, H8), 2.33 (s, 3H, H6), 2.07 (s, 6H, H5). 

13C NMR (101 MHz, CDCl3): δ 141.6, 138.2, 134.5, 130.7, 130.0, 124.4, 123.0, 

51.5, 32.0, 21.3, 17.8. 

Melting point: 154-156 °C. 

FTIR (neat, cm-1): 3065, 2940, 1562, 1547, 1443, 1258, 1204, 1165, 1065, 858, 

845, 781, 673, 642. 

HRMS (positive ESI): m/z calculated for [M]+ C14H18BrN2
+: 293.0648; found: 

293.0650. 

 

 6.8.4 Synthesis of 3-(2-(diphenylphosphinoethyl)-1-substituted-

imidazolium salts 

 

3-(2-diphenylphosphinoethyl)-1-phenyl-imidazolium tetrakis[3,5-

bis(trifluoromethyl)phenyl)]borate – 139a (Table 1.10, Entry 1) 
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Following general procedure 6.2.4, imidazolium salt 138a (0.328 g, 0.988 mmol) 

was dissolved in dry DMSO (1.50 mL) and reacted with a solution of 

diphenylphosphide, prepared with potassium tert-butoxide (0.121 g, 1.08 mmol) in 

dry DMSO (1.50 mL) and diphenylphosphine (0.180 mL, 1.03 mmol). After 

extraction and evaporation, the salt exchange was performed with H2O (20 mL) and 

sodium tetrakis[3,5-bis(trifluoromethyl)phenyl)]borate (NaBArF, 1.31 g, 1.48 mmol). 

Purification by column chromatography afforded 3-(2-diphenylphosphinoethyl)-1-

phenyl-imidazolium tetrakis[3,5-bis(trifluoromethyl)phenyl)]borate (139a) as a white 

solid (1.07 g, 88% yield). 

 

1H NMR (400 MHz, CDCl3): δ 8.23 (t, 4JHH = 1.7 Hz, 1H, H1), 7.67 (br s, 8H, Ar-

H), 7.60-7.56 (m, 1H, Ar-H), 7.52-746 (m, 7H, Ar-H), 7.36-7.32 (m, 9H, Ar-H), 7.19 

(t, JHH = 1.8 Hz, 1H, H2), 7.15 (t, JHH = 1.8 Hz, 1H, H3), 7.14-7.12 (m, 2H, Ar-H), 

4.31 (dt, 3JHH = 7.0 Hz, 3JHP = 11.6 Hz, 2H, H4), 2.61 (t, 3JHH = 7.0 Hz, 2H, H5). 

13C NMR (101 MHz, CDCl3): δ 161.7 (q, 1JCB = 49.9 Hz), 139.1, 134.7, 134.6, 

133.2, 132.4 (d, 1JCP = 19.8 Hz), 132.1, 131.9, 131.0, 130.1, 129.2 (2JCP = 7.3 Hz), 

128.9 (qq, 2JCB = 33.9 Hz, 3JCF = 2.9 Hz), 124.6 (q, 1JCF = 279.4 Hz), 123.0, 122.4, 

117.5 (sept, 3JCF = 4.3 Hz), 49.0 (d, 2JCP = 21.7 Hz), 28.6 (1JCP = 18.3 Hz). 

11B NMR (128 MHz, CDCl3): δ -6.6. 

19F NMR (376 MHz, CDCl3): δ -62.4. 

31P NMR (162 MHz, CDCl3): δ -22.8. 

Melting point: 66-68 °C. 

FTIR (neat, cm-1): 3121, 3078, 2965, 1611, 1549, 1495, 1462, 1437, 1352, 1271, 

1157, 1117, 885, 839, 762, 743, 716, 691, 681, 667. 

HRMS (positive ESI): m/z calculated for [M]+ C23H22N2P
+: 357.1526; found: 

357.1521. 
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3-(2-diphenylphosphinoethyl)-1-(o-tolyl)-imidazolium tetrakis[3,5-

bis(trifluoromethyl)phenyl)]borate – 139b (Table 1.10, Entry 2) 

 

Following general procedure 6.2.4, imidazolium salt 138b (0.691 g, 2.00 mmol) was 

dissolved in dry DMSO (3.00 mL) and reacted with a solution of diphenylphosphide, 

prepared with potassium tert-butoxide (0.226 g, 2.01 mmol) in dry DMSO (3.00 mL) 

and diphenylphosphine (0.360 mL, 2.07 mmol). After extraction and evaporation, the 

salt exchange was performed with H2O (20 mL) and sodium tetrakis[3,5-

bis(trifluoromethyl)phenyl)]borate (NaBArF, 1.96 g, 2.21 mmol). Purification by 

column chromatography afforded 3-(2-diphenylphosphinoethyl)-1-(o-tolyl)-

imidazolium tetrakis[3,5-bis(trifluoromethyl)phenyl)]borate (139b) as a white solid 

(0.806 g, 32% yield). 

 

1H NMR (400 MHz, CDCl3): δ 8.12 (t, 4JHH = 1.8 Hz, 1H, H1), 7.66 (br s, 8H, Ar-

H), 7.52-7.45 (m, 6H, Ar-H), 7.38-7.34 (m, 10H, Ar-H), 7.32-7.28 (m, 1H, Ar-H), 

7.17 (t, JHH = 1.8 Hz, 1H, H3), 7.13 (t, JHH = 1.8 Hz, 1H, H2), 7.01-6.99 (m, 1H, Ar-

H), 4.31 (dt, 3JHH = 7.1 Hz, 3JHP = 11.2 Hz, 2H, H4), 2.60 (t, 3JHH = 7.1 Hz, 2H, H5), 

2.05 (s, 3H, H6). 

13C NMR (101 MHz, CDCl3): δ 161.7 (q, 1JCB = 49.8 Hz), 134.8, 134.5 (d, 2JCP = 

10.1 Hz), 133.9, 132.9, 132.5, 132.4 (d, 1JCP = 19.8 Hz), 132.3, 130.2, 129.3 (d, 2JCP 

= 7.3 Hz), 128.9 (qq, 2JCB = 30.7 Hz, 3JCF = 2.9 Hz), 128.2, 125.5, 124.5 (q, 1JCF = 

272.6 Hz), 122.5, 117.5 (sept, 3JCF = 4.3 Hz), 48.7 (d, 2JCP = 21.4 Hz), 28.8 (d, 1JCP = 

17.6 Hz), 16.9. 

11B NMR (128 MHz, CDCl3): δ -6.6. 

19F NMR (376 MHz, CDCl3): δ -62.4. 

31P NMR (162 MHz, CDCl3): δ -24.1. 

Melting point: 78-80 °C. 

FTIR (neat, cm-1): 3161, 3123, 3069, 2961, 1611, 1557, 1547, 1493, 1483, 1460, 

1437, 1352, 1271, 1155, 1117, 885, 839, 766, 745, 716, 700, 681, 667. 
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HRMS (positive ESI): m/z calculated for [M]+ C24H24N2P
+: 371.1678; found: 

371.1677. 

 

3-(2-diphenylphosphinoethyl)-1-mesityl-imidazolium tetrakis[3,5-

bis(trifluoromethyl)phenyl)]borate – 139c (Table 1.10, Entry 3) 

 

Following general procedure 6.2.4, imidazolium salt 138c (0.750 g, 2.00 mmol) was 

dissolved in dry DMSO (3.00 mL) and reacted with a solution of diphenylphosphide, 

prepared with potassium tert-butoxide (0.226 g, 2.01 mmol) in dry DMSO (3.00 mL) 

and diphenylphosphine (0.360 mL, 2.07 mmol). After extraction and evaporation, the 

salt exchange was performed with H2O (20 mL) and sodium tetrakis[3,5-

bis(trifluoromethyl)phenyl)]borate (NaBArF, 1.95 g, 2.20 mmol). Purification by 

column chromatography afforded 3-(2-diphenylphosphinoethyl)-1-mesityl-

imidazolium tetrakis[3,5-bis(trifluoromethyl)phenyl)]borate (139c) as a white solid 

(1.46 g, 58% yield). 

 

1H NMR (400 MHz, CDCl3): δ 8.10 (t, 4JHH = 2.0 Hz, 1H, H1), 7.67 (br s, 8H, Ar-

H), 7.48 (br s, 4H, Ar-H), 7.38-7.34 (m, 10H, Ar-H), 7.15 (t, JHH = 1.7 Hz, 1H, H3), 

7.00 (s, 2H, H4), 6.99 (t, JHH = 1.7 Hz, 1H, H2), 4.29 (dt, 3JHH = 7.0 Hz, 3JPH = 11.1 

Hz, 2H, H7), 2.61 (dt, 3JHH = 7.2 Hz, 2JPH = 0.8 Hz, 2H, H8), 2.31 (s, 3H, H6), 1.91 (s, 

6H, H5). 

13C NMR (101 MHz, CDCl3): δ 161.7 (q, 1JCB = 49.8 Hz), 142.8, 140.1, 136.1, 

134.8, 134.6 (d, 3JCP = 3.0 Hz), 134.3 (d, 2JCP = 10.2 Hz), 133.7, 132.5 (d, 1JCP = 19.8 

Hz), 130.2 (3JCP = 4.8 Hz), 129.6, 129.4, 129.3 (d, 2JCP = 7.3 Hz), 128.9 (qq, 2JCB = 

33.9 Hz, 3JCF = 2.9 Hz), 126.2, 124.9, 124.5 (q, 1JCF = 272.4 Hz), 122.8, 121.6, 117.5 

(sept, 3JCF = 4.1 Hz), 48.4 (d, 2JCP = 19.8 Hz), 28.9 (d, 1JCP = 17.0 Hz), 21.0, 17.1, 

16.9. 

11B NMR (128 MHz, CDCl3): δ -6.6. 

19F NMR (376 MHz, CDCl3): δ -62.4. 
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31P NMR (162 MHz, CDCl3): δ -25.8. 

Melting point: 84-86 °C. 

FTIR (neat, cm-1): 3181, 3159, 3127, 3067, 2963, 2924, 1611, 1547, 1483, 1439, 

1354, 1273, 1157, 1119, 885, 856, 837, 745, 716, 681, 669. 

HRMS (positive ESI): m/z calculated for [M]+ C26H28N2P
+: 399.1995; found: 

399.1990. 

 

5.8.4 Preparation of sodium tetrakis[3,5-bis(trifluoromethyl)phenyl)]borate 141 

 

To a flame-dried round-bottomed flask equipped with a magnetic stirrer bar were 

added magnesium turnings, and the atmosphere was evacuated then replenished with 

argon, and this process was repeated a further two times. The turnings were 

vigorously stirred under argon for 1 h and finely divided metal turnings were 

obtained. Dry diethyl ether was added via syringe and the system was cooled to 0 ºC 

in an ice bath. 1,3-bis(trifluoromethyl)-5-bromobenzene was slowly added to the 

reaction vessel under constant and vigorous stirring at 0 ºC. After completion of the 

addition, the mixture was allowed to warm to room temperature and stirred for 1 h, 

producing a brown ethereal phase. The flask was cooled to 0 ºC in an ice bath and 

BF3·OEt2 was carefully added dropwise and under vigorous stirring. After 

completion of the addition, the rubber septum was replaced by a cold finger and the 

reaction was heated to reflux at 35 ºC in an electronically controlled oil bath for 18 h. 

The reaction vessel was allowed to cool to room temperature and the mixture was 

poured in a saturated solution of sodium carbonate (23.8 g of Na2CO3 per 100 mL of 

water) under vigorous stirring. The resulting mixture was filtered multiple times and 

the solids were washed with diethyl ether. The combined filtrates were collected and 

transferred to a separating funnel. Once decanted, the bottom, aqueous phase was 

collected and extracted 5 times with diethyl ether (100 mL per 400 mL of aqueous 

phase). The combined organic phases were dried over Na2SO4, filtered and 

evaporated under reduced pressure to afford a brown mixture with apparent 

powdered solids. This residue was purified by column chromatography on silica gel, 

employing gradient elution with mixtures of CH2Cl2 and MeOH as eluents (0 – 5% 

MeOH) to afford the title compound as a white powdered solid. 
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Results are summarised in Table E1.34. 

 

Table E1.34: Synthesis of NaBArF – 141.† 

Entry Index 
mMg 

(g) 

nMg 

(mol) 

VRBr 

(mL) 

nRBr 

(mmol) 

VEt2O 

(mL) 

1 T1.11, E1 0.840 0.035 4.85 0.028 26 

2 T1.11, E2 3.460 0.14 12.1 0.070 40 

3 T1.11, E3 3.420 0.14 12.1 0.070 40 

Entry Index 
VBF3

 

(mL) 

nBF3
 

(mmol) 

mP 

(g) 

Yield 

(%) 
 

1 T1.11, E1 1.30 5.1 1.086 24  

2 T1.11, E2 1.85 7.0 6.920 60  

3 T1.11, E3 1.82 7.0 9.090 79  
†mk, nk and Vk denotes mass, number of moles and volume of the species indicated; Mg – magnesium 

turnings; RBr – aryl bromide; BF3
 - BF3·Et2O; mP – mass of product. For index, Tx, Ey reads “Table x, 

Entry y”. 

 

1H NMR (400 MHz, DMSO-d6): δ 7.69 (br s, 4H, H1), 7.61 (br s, 8H, H2). 

11B NMR (128 MHz, DMSO-d6): δ -6.8. 

13C NMR (101 MHz, DMSO-d6): 160.9 (q, 1JCB = 49.8 Hz), 134.0, 128.4 (qq, 2JCB 

= 33.4 Hz, 3JCF = 3.1 Hz), 124.3 (q, 1JCF = 279.2Hz), 117.4. 

19F NMR (376 MHz, DMSO-d6): δ -61.7. 

 

 6.8.5 Synthesis of iridium complexes bearing NHC-P ligands 

 

η4-Cycloocta-1,5-diene(3-(2-diphenylphosphinoethyl)-1-phenyl-imidazol-2-

ylidene)iridium(I) tetrakis[3,5-bis(trifluoromethyl)phenyl)] borate – 150a (Table 

1.12, Entry 1) 
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Following general procedure 1.3, bis(1,5-cyclooctadiene)diiridium(I) chloride (0.102 

g, 0.152 mmol) was dissolved in dry THF (3.10 mL) and reacted with imidazolium 

salt 139a (0.368 g, 0.301 mmol) and tert-butoxide (0.040 g, 0.356 mmol). 

Chromatographic purification afforded η4-Cycloocta-1,5-diene(3-(2-

diphenylphosphinoethyl)-1-phenyl-imidazol-2-ylidene)iridium(I) tetrakis[3,5-

bis(trifluoromethyl)phenyl)] borate (150a) as a red solid (0.170 g, 37% yield). 

 

1H NMR (400 MHz, CDCl3): δ 7.70 (br s, 9H, Ar-H), 7.51-7.44 (m, 13H, Ar-H), 

7.36-7.31 (br m, 5H, Ar-H), 7.01 (d, 3JHH = 2.0 Hz, 1H, H1), 6.79 (d, 3JHH = 2.0 Hz, 

1H, H2), 4.48 (br d, 3JHP = 24.8 Hz, 2H, H3), 3.94 (br s, 4H, COD), 2.54 (br s, 2H, 

H4), 1.99-1.77 (br m, 8H, COD). 

13C NMR (101 MHz, CDCl3): δ 161.7 (q, 1JCB = 50.0 Hz), 134.8, 131.8, 129.8, 

129.4 (d, 1JCP = 14.3 Hz), 129.3, (d, 2JCP = 10.3 Hz), 129.1, 129.0, 128.8 (2C), 128.7, 

124.6, 124.5 (q, 1JCF = 272.2 Hz), 122.6, 122.0, 117.5 (sept, 3JCF = 3.9 Hz), 81.2, 

50.1, 25.6 (d, 1JCP = 38.4 Hz). 

11B NMR (128 MHz, CDCl3): δ -6.6. 

19F NMR (376 MHz, CDCl3): δ - 62.4. 

31P NMR (162 MHz, CDCl3): δ 12.6. 

Melting point: 150-152 °C (melted and then decomposed). 

FTIR (neat, cm-1): 2361, 2340, 1352, 1273, 1157, 1119, 887, 839, 745, 714, 692, 

667. 

HRMS (positive ESI): m/z calculated for [M]+ C23H21IrN2P
+: 549.1066; extensive 

fragmentation observed. However, an ion containing the isotopic pattern of iridium 

has been identified: m/z calculated for [M]+ C23H21IrN2OP+: 565.1015; found: 

565.1012. The following proposed structure could be obtained through oxidation of 

the phosphine under ESI conditions: 
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η4-Cycloocta-1,5-diene(3-(2-diphenylphosphinoethyl)-1-(o-tolyl)-imidazol-2-

ylidene)iridium(I) tetrakis[3,5-bis(trifluoromethyl)phenyl)] borate – 150b (Table 

1.12, Entry 2) 

 

Following general procedure 6.3, bis(1,5-cyclooctadiene)diiridium(I) chloride (0.101 

g, 0.150 mmol) was dissolved in dry THF (3.10 mL) and reacted with imidazolium 

salt 139b (0.375 g, 0.304 mmol) and potassium tert-butoxide (0.039 g, 0.346 mmol). 

Chromatographic purification afforded η4-Cycloocta-1,5-diene(3-(2-

diphenylphosphinoethyl)-1-(o-tolyl)-imidazol-2-ylidene)iridium(I) tetrakis[3,5-

bis(trifluoromethyl)phenyl)] borate (150b) as a red solid (0.234 g, 50% yield). 

 

1H NMR (400 MHz, CDCl3): δ 7.80-7.71 (br s, 9H, Ar-H), 7.68-7.28 (m, 17H, Ar-

H), 7.03 (d, 3JHH = 7.8 Hz, 1H, Ar-H), 6.89 (s, 2H, H1/H2), 4.56 (br d, 3JHP = 22.2 Hz, 

2H, H3), 4.40-4.10 (br m, 1H, COD), 3.68 (br s, 2H, COD), 2.57 (br s, 2H, H4), 2.15 

(s, 3H, H5), 2.02-1.49 (br m, 8H, COD). 

13C NMR (101 MHz, CDCl3): δ 170.9 (d, 2JCP = 12.5 Hz), 161.7 (q, 1JCB = 49.8), 

139.8, 137.8, 134.8, 133.9, 131.8, 131.5, 130.4, 129.2 (d, 2JCP = 10.5 Hz), 128.9 (qq, 

2JCB = 31.8 Hz, 3JCF = 3.0 Hz), 127.8, 126.5, 124.5 (q, 1JCF = 272.4 Hz), 121.5, 117.5 

(sept, 3JCF = 4.1 Hz), 50.4 (d, 2JCP = 4.4 Hz), 25.5 (d, 1JCP = 38.1 Hz), 17.5. 

11B NMR (128 MHz, CDCl3): δ -6.6. 

19F NMR (376 MHz, CDCl3): δ - 62.4. 

31P NMR (162 MHz, CDCl3): δ 13.1. 

Melting point: 164-166 °C (melted and then decomposed). 

FTIR (neat, cm-1): 2359, 2336, 1354, 1273, 1157, 1119, 885, 839, 714, 681, 667. 

HRMS (positive ESI): m/z calculated for [M]+ C24H23IrN2P
+: 563.1223; extensive 

fragmentation observed. However, an ion containing the isotopic pattern of iridium 

has been identified: m/z calculated for [M]+ C24H21IrN2P
+: 561.1066; found: 

561.0979. Owing to a larger discrepancy in accurate masses, only a tentative 
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assignment for the ion under ESI conditions could be proposed. Hence, through 

sequential C—H activations and loss of H2, the following ion could be obtained: 

 

 

 

 

 

 

η4-Cycloocta-1,5-diene(3-(2-diphenylphosphinoethyl)-1-mesityl-imidazol-2-

ylidene)iridium(I) tetrakis[3,5-bis(trifluoromethyl)phenyl)] borate – 150c (Table 

1.12, Entry 3) 

 

Following general procedure 6.3, bis(1,5-cyclooctadiene)diiridium(I) chloride (0.106 

g, 0.158 mmol) was dissolved in dry THF (3.20 mL) and reacted with imidazolium 

salt 139c (0.399 g, 0.316 mmol) and potassium tert-butoxide (0.038 g, 0.339 mmol). 

Chromatographic purification afforded η4-Cycloocta-1,5-diene(3-(2-

diphenylphosphinoethyl)-1-mesityl-imidazol-2-ylidene)iridium(I) tetrakis[3,5-

bis(trifluoromethyl)phenyl)] borate (150c) as a red solid (0.251 g, 31% yield). 

 

1H NMR (400 MHz, CDCl3): δ 7.76-7.72 (br m, 8H, Ar-H), 7.56-7.43 (m, 10H, Ar-

H), 7.40-7.33 (m, 4H, Ar-H), 6.99-6.96 (m, 3H, H1/H6), 6.79 (d, 3JHH = 1.9 Hz, 1H, 

H2), 4.64-4.60 (m, 1H, COD), 4.59-4.53 (m, 1H, COD), 4.44-4.36 (br m, 2H, COD), 

3.64-3.57 (br m, 2H, H3), 2.55-2.47 (m, 2H, H4), 2.35 (s, 3H, H7), 2.01-1.78 (m, 14H, 

H5/COD). 

13C NMR (101 MHz, CDCl3): δ 169.3 (d, 2JCP = 11.2 Hz), 161.2 (q, 1JCB = 49.8 Hz), 

139.8, 134.4, 134.3, 134.2, 132.0 (d, 2JCP = 10.0 Hz), 131.2, 130.9, 130.4, 128.8, 

128.7 (d, 2JCP = 10.0 Hz), 128.4 (qq, 2JCB = 33.4 Hz, 3JCF = 3.1 Hz), 124.1 (q, 1JCF = 
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279.2 Hz), 124.0, 121.3, 116.9 (m), 88.9 (d, 2JCP = 10.8 Hz), 77.8, 49.9 (2JCP = 4.6 

Hz), 30.8, 30.4, 24.8 (d, 1JCP = 36.7 Hz), 20.4, 17.9. 

11B NMR (128 MHz, CDCl3): δ -6.7. 

19F NMR (376 MHz, CDCl3): δ -62.4. 

31P NMR (162 MHz, CDCl3): δ 10.2. 

Melting point: 150-152 °C (melted then decomposed). 

FTIR (neat, cm-1): 2359, 2336, 1534, 1273, 1155, 1121, 885, 839, 745, 712, 681, 

669. 

HRMS (positive ESI): m/z calculated for [M]+ C26H27IrN2P
+: 591.1536; extensive 

fragmentation observed. However, an ion containing the isotopic pattern of iridium 

has been identified: m/z calculated for [M]+ C26H25IrN2P
+: 589.1379; found: 

589.1381. The following proposed structure could be obtained through sequential 

C—H activation de-coordination of H2 under ESI conditions: 

 

 

 6.8.6 Effect of temperature in the synthesis of iridium(I) catalysts. 

 

Results reported in this section followed two distinct procedures, with the choice of 

protocol depending on the temperature of the reaction medium. For reactions 

performed at room temperate, general procedure 5.3 for the synthesis of iridium(I) 

complexes was employed. Conversely, for synthetic studies performed at -78 °C, a 

modified version of general procedure 5.3 was adopted. All reactions employed 

imidazolium salt 139c as the ligand precursor. Analytical data for products isolated 

in this series of experiments were identical to those reported for catalyst 150c and 

can be found in Section 6.8.5. 
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 6.8.6.1 Synthesis of catalyst 150c at reduced temperature. 

 

To a flame dried Schlenk flask equipped with a stirrer bar was added imidazolium 

salt 139c, the atmosphere was evacuated and the solid was stirred under vacuum for 

10 min. The atmosphere was then replenished with argon, anhydrous THF was added 

via syringe and the solid was thoroughly dissolved. The reaction vessel was cooled to 

-78 °C in a dry ice – acetone bath over the course of 15 min. Then, [Ir(COD)Cl]2 was 

added under constant vigorous stirring at -78 °C and the mixture was stirred at that 

temperature for an additional 15 min. KOtBu was then added in one portion and the 

reaction mixture was stirred at -78 °C for 1 h. The vessel was allowed to warm to 

room temperature and the reaction mixture was stirred for an additional 2 h. The 

resulting dark red solution was evaporated under vacuum and the residue was 

purified by flash column chromatography employing gradient elution (0 – 50% 

CH2Cl2/Petroleum ether) to afford η4-cycloocta-1,5-diene(3-(2-

diphenylphosphinoethyl)-1-mesityl-imidazol-2-ylidene)iridium(I) tetrakis[3,5-

bis(trifluoromethyl)phenyl)] borate (150c) as a red solid. The results obtained for this 

temperature study are reported in Table E1.1. 

 

Table E1.1: Synthesis of catalyst 150c at reduced temperatures.† 

Entry Indexa 
mSalt 

(mg) 

nSalt 

(mmol) 

mIr 

(mg) 

nIr 

(mmol) 

mKOtBu 

(mg) 

nKOtBu 

(mmol) 

1b T1.13, E1 317.1 0.251 84.9 0.126 31.9 0.284 

2c T1.13, E2 316.1 0.250 84.3 0.126 30.9 0.275 

3d T1.13, E3 253.6 0.201 67.4 0.100 26.4 0.235 

4d T1.13, E4 507.2 0.402 135.7 0.202 53.6 0.478 

5d T1.13, E5 1010.6 0.800 269.7 0.402 103.1 0.919 

Entry Index 
VTHF 

(mL) 

T 

(°C) 

t 

(h) 

nP 

(mg) 

Yield 

(%) 
 

1b T1.13, E1 2.5 rt 2 78.8 20  

2c T1.13, E2 5.0 rt 2 60.1 15  

3d T1.13, E3 4.0 -78 °C 3 166.9 53  

4d T1.13, E4 8.0 -78 °C 3 390 62  

5d T1.13, E5 16 -78 °C 3 848 68  
†mk – mass of the indicated compound, in mg; nk – number of mols for the indicated species, in mmol; 

subscripts denote: Salt – imidazolium salt 139c; Ir – [Ir(COD)Cl2]; P – iridium complex 150c; VTHF – 

volume of THF, in mL; T – temperature; t – time; a correspondence to the main text, where Tx, Ey 

reads “Table x, Entry y”; b general procedure 5.3 employed; c reaction performed at half 

concentration; d modified procedure employed. 
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 6.8.7 Analysis of iridium(III) hydrides 

 

In these series of experiments, relevant iridium(III) hydrides were generated in situ 

and subsequently analysed by 1H and 31P NMR spectroscopy according to the 

following procedure. 

In an oven-dried NMR tube were added ca. 10 mg of the catalyst precursor and 0.6 

mL of CD3CN. The solid was thoroughly dissolved and the NMR tube was capped 

with a Norell® rubber septum cap. The septum was then pierced with a small syringe, 

which is required to provide a gas outlet for the system. Then, the septum was 

perforated by a long needle equipped with a control valve directly attached to a 

balloon filled with hydrogen, and the needle was immersed in the solution until 

constant, gentle bubbling was observed. Hydrogen bubbling was maintained for 10 

minutes, and the long needle was removed from the solution whilst the constant flow 

of H2 was maintained in the headspace of the NMR tube. Then, the small syringe was 

removed from the system, swiftly followed by the second needle, the septum was 

sealed with Parafilm®, and the solution was immediately subjected to 1H NMR 

spectroscopy employing special acquisition parameters for the 1H nucleus to ensure 

correct capture of hydridic signals. Thus, an acquisition window of 50 ppm centred at 

-20 ppm, i.e., each spectrum ranging from +5 to -45 ppm, was employed. 

Results obtained employing this method with catalysts 150a-c are reported in Table 

1.14 in the main text. 

 

6.9 Synthesis of substrates 

 

 6.9.1 Synthesis of N-aryl carbamates 

 

O-tert-butyl-N-phenylcarbamate – 166a 

 

Following general procedure 6.4, aniline (0.910 mL, 10.0 mmol), triethylamine (1.50 

mL, 10.8 mmol) and tert-butyl dicarbonate (Boc2O, 2.74 g, 12.5 mmol) were reacted 

in anhydrous THF (30 mL) for 16 h. Chromatographic purification with mixtures of 
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petroleum ether and Et2O (0 – 10% Et2O) as eluents afforded O-tert-butyl-N-

phenylcarbamate (166a) as a white crystalline solid (1.66 g, 86% yield). 

 

Analytical data for 166a is consistent with previously reported data:218,219 

1H NMR (400 MHz, CDCl3):  7.38 (d, 3JHH = 8.0 Hz, 2H, H1), 7.33-7.28 (m, 2H, 

H2), 7.05 (tt, 3JHH = 7.3 Hz, 4JHH = 1.2 Hz, 1H, H3), 6.49 (br s, 1H, NH), 1.55 (s, 9H, 

H4). 

13C NMR (101 MHz, CDCl3):  152.3, 137.8, 128.5, 122.5, 118.0, 80.0, 27.9. 

Melting point: 134-136 °C. 

IR (neat, cm-1): 3038, 2980, 1686, 1597, 1526, 1501, 1487, 1476, 1439, 1391, 1366, 

1312, 1298, 1265, 1238, 1148, 1082, 1053, 1020, 775, 745, 692. 

 

O-tert-butyl-N-(4-methylphenyl)carbamate – 166b 

 

Following general procedure 6.4, p-toluidine (0.270 g, 2.52 mmol), triethylamine 

(0.380 mL, 2.73 mmol) and Boc2O (0.619 g, 2.84 mmol) were reacted in anhydrous 

THF (7.5 mL) for 16 h. Chromatographic purification was performed with mixtures 

of petroleum ether and Et2O (0 – 10% Et2O) as eluents. The compound thus obtained 

was re-crystallized from petroleum ether (60 °C – 0 °C) to afford O-tert-butyl-N-(4-

methyl)phenylcarbamate (166b) as a white crystalline solid (0.421 g, 81% yield). 

 

Analytical data for 166b is consistent with previously reported data:219 

1H NMR (400 MHz, CDCl3):  7.26 (d, 3JHH = 8.2 Hz, 2H, H1), 7.11 (d, 3JHH = 8.2 

Hz, 2H, H2), 6.38 (br s, 1H, NH), 2.32 (s, 3H, H3), 1.54 (s, 9H, H4). 

13C NMR (101 MHz, CDCl3):  152.4, 135.2, 132.1, 129.0, 118.2, 79.8, 27.9, 20.2. 

Melting point: 88-90 °C. 

IR (neat, cm-1): 3350, 3329, 2972, 1694, 1595, 1524, 1449, 1402, 1393, 1364, 1315, 

1296, 1233, 1213, 1153, 1123, 1049, 1028, 1018, 839, 814, 772, 762, 723, 658. 
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O-tert-butyl-N-(4-tert-butylphenyl)carbamate – 166c 

 

Following general procedure 6.4, 4-(tert-butyl)aniline (0.400 mL, 2.51 mmol), 

triethylamine (0.380 mL, 2.73 mmol) and Boc2O (0.600 g, 2.75 mmol) were reacted 

in anhydrous THF (7.5 mL) for 16 h. Chromatographic purification was performed 

with mixtures of petroleum ether and Et2O (0 – 5% Et2O) as eluents. The compound 

thus obtained was re-crystallized from petroleum ether (60 °C – 0 °C) to afford O-

tert-butyl-N-(4-tert-butylphenyl)carbamate (166c) as a white crystalline solid (0.472 

g, 76% yield). 

 

Analytical data for 166c is consistent with previously reported data:220 

1H NMR (400 MHz, DMSO-d6):  9.19 (s, 1H, NH), 7.36 (d, 3JHH = 8.6 Hz, 2H, 

H1), 7.25 (d, 3JHH = 8.6 Hz, 2H, H2), 1.47 (s, 9H, H4), 1.25 (s, 9H, H3). 

13C NMR (101 MHz, DMSO-d6):  152.8, 144.2, 136.8, 125.1, 117.9, 78.7, 33.8, 

31.2, 28.1. 

Melting point: 88-90 °C. 

IR (neat, cm-1): 3341, 2965, 2953, 1697, 1593, 1522, 1406, 1391, 1368, 1513, 1296, 

1267, 1238, 1159, 1117, 1057, 1022, 1015, 833, 773, 754, 679. 

HRMS (positive ESI): m/z calculated for [M+Na]+ C15H23NO2Na+: 272.1621; 

found: 272.1620. 

 

O-tert-butyl-N-(4-methoxyphenyl)carbamate – 166d 

 

Following general procedure 6.4, 4-(methoxy)aniline (0.309 g, 2.51 mmol), 

triethylamine (0.380 mL, 2.73 mmol) and Boc2O (0.606 g, 2.78 mmol) were reacted 

in anhydrous THF (7.5 mL) for 16 h. Chromatographic purification with mixtures of 

petroleum ether and Et2O (0 – 10% Et2O) as eluents afforded O-tert-butyl-N-(4-

methoxyphenyl)carbamate (166d) as a white crystalline solid (0.481 g, 86% yield). 
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Analytical data for 166d is consistent with previously reported data:220 

1H NMR (400 MHz, DMSO-d6):  9.10 (s, 1H, NH), 7.36 (d, 3JHH = 8.8 Hz, 2H, 

H1), 6.83 (d, 3JHH = 8.8 Hz, 2H, H2), 3.70 (s, 3H, H3), 1.47 (s, 9H, H4). 

13C NMR (101 MHz, DMSO-d6):  154.4, 152.9, 132.6, 119.6, 113.8, 78.6, 55.1, 

28.1. 

Melting point: 88-90 °C. 

IR (neat, cm-1): 2980, 1749, 1508, 1456, 1445, 1369, 1277, 1248, 1209, 1148, 1117, 

1101, 1070, 1051, 1028, 1016, 1007, 957, 934, 891, 868, 829, 818, 781, 750. 

 

O-tert-butyl-N-(4-fluorophenyl)carbamate – 166e 

 

Following general procedure 6.4, 4-fluoroaniline (0.240 mL, 2.53 mmol), 

triethylamine (0.380 mL, 2.73 mmol) and Boc2O (0.604 g, 2.77 mmol) were reacted 

in anhydrous THF (7.5 mL) for 16 h. Chromatographic purification was performed 

with mixtures of petroleum ether and Et2O (0 – 10% Et2O) as eluents. The compound 

thus obtained was re-crystallized from petroleum ether (60 °C – 0 °C) to afford O-

tert-butyl-N-(4-fluorophenyl)carbamate (166e) as a white crystalline solid (0.480 g, 

91% yield). 

 

Analytical data for 166e is consistent with previously reported data:223,224 

1H NMR (400 MHz, DMSO-d6):  9.34 (s, 1H, NH), 7.45 (dd, 3JHH = 8.8 Hz, 4JHF = 

4.9 Hz, 2H, H1), 7.07 (dd, 3JHH = 3JHF = 8.9 Hz, 2H, H2), 1.46 (s, 9H, H3). 

13C NMR (101 MHz, DMSO-d6):  157.4 (d, 1JCF = 238.8 Hz), 152.8, 135.8, 119.7 

(d, 3JCF = 5.9 Hz), 115.1 (d, 2JCF = 22.0 Hz), 79.0, 28.1. 

19F NMR (376 MHz, DMSO-d6):  -121.4. 

Melting point: 124-126 °C. 

IR (neat, cm-1): 3296, 2978, 1694, 1526, 1512, 1504, 1406, 1393, 1369, 1304, 1269, 

1248, 1223, 1215, 1161, 1152, 1096, 1061, 835, 799, 773, 764, 727, 673. 
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O-tert-butyl-N-(4-chlorophenyl)carbamate – 166f 

 

Following general procedure 6.4, 4-chloroaniline (0.320 g, 2.51 mmol), triethylamine 

(0.380 mL, 2.73 mmol) and Boc2O (0.617 g, 2.83 mmol) were reacted in anhydrous 

THF (7.5 mL) for 16 h. Chromatographic purification with mixtures of petroleum 

ether and Et2O (0 – 20% Et2O) as eluents afforded O-tert-butyl-N-(4-

chlorophenyl)carbamate (166f) as a white crystalline solid (0.409 g, 72% yield). 

 

Analytical data for 166f is consistent with previously reported data:225,226 

1H NMR (400 MHz, CDCl3):  7.35-7.30 (m, 2H, H1), 7.28-7.24 (m, 2H, H2), 6.50 

(br s, 1H, NH), 1.54 (s, 9H, H3). 

13C NMR (101 MHz, CDCl3):  152.1, 136.4, 128.4, 127.5, 119.2, 80.4, 27.8. 

Melting point: 100-102 °C. 

IR (neat, cm-1): 3300, 2980, 1686, 1591, 1514, 1491, 1476, 1454, 1398, 1368, 1304, 

1283, 1269, 1238, 1150, 1092, 1053, 1026, 1013, 903, 831, 822, 766, 660. 

 

O-tert-butyl-N-(4-bromophenyl)carbamate – 166g 

 

Following general procedure 6.4, 4-bromoaniline (0.571 g, 3.32 mmol), 

triethylamine (0.510 mL, 3.66 mmol) and Boc2O (0.817 g, 3.74 mmol) were reacted 

in anhydrous THF (10 mL) for 16 h. Chromatographic purification was performed 

with mixtures of petroleum ether and Et2O (0 – 10% Et2O) as eluents. The compound 

thus obtained was re-crystallized from petroleum ether (60 °C – 0 °C) to afford O-

tert-butyl-N-(4-bromophenyl)carbamate (166g) as a white solid (0.360 g, 40% 

yield). 

 

Analytical data for 166g is consistent with previously reported data:227 
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1H NMR (400 MHz, d6-DMSO):  9.48 (s, 1H, NH), 7.42 (app. s, 4H, H1/H2), 1.48 

(s, 9H, H3). 

13C NMR (101 MHz, d6-DMSO):  152.6, 138.9, 131.3, 119.9, 113.5, 79.3, 28.0. 

Melting point: 100-102 °C. 

IR (neat, cm-1): 3368, 2980, 1693, 1589, 1508, 1489, 1449, 1389, 1364, 1344, 1304, 

1287, 1263, 1231, 1151, 1145, 1069, 1053, 1024, 1007, 953, 930, 905, 876. 

 

O-tert-butyl-N-(4-trifluoromethylphenyl)carbamate – 166h 

 

Following general procedure 6.4, 4-(trifluoromethyl)aniline (0.410 mL, 3.26 mmol), 

triethylamine (0.510 mL, 3.66 mmol) and Boc2O (0.826 g, 3.78 mmol) were reacted 

in anhydrous THF (10 mL) for 16 h. Chromatographic purification with mixtures of 

petroleum ether and Et2O (0 – 10% Et2O) as eluents afforded O-tert-butyl-N-(4-

trifluoromethylphenyl)carbamate (166h) as a white crystalline solid (0.642 g, 75% 

yield). 

 

Analytical data for 166h is consistent with previously reported data:223,224 

1H NMR (400 MHz, DMSO-d6):  9.77 (s, 1H, NH), 7.66 (d, 3JHH = 8.7 Hz, 2H, 

H1), 7.60 (d, 3JHH = 8.7 Hz, 2H, H2), 1.49 (s, 9H, H3). 

13C NMR (101 MHz, DMSO-d6):  152.6, 143.3, 125.9 (q, 3JCF = 3.5 Hz), 124.5 (q, 

1JCF = 271.6 Hz), 122.0 (q, 2JCF = 32.2 Hz), 117.8, 79.7, 28.0. 

19F NMR (376 MHz, DMSO-d6):  -60.1. 

Melting point: 120-122 °C. 

IR (neat, cm-1): 3362, 2986, 1701, 1616, 1528, 1506, 1410, 1371, 1331, 1315, 1273, 

1234, 1153, 1111, 1069, 1028, 1016, 905, 837, 773, 764, 633, 611. 
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O-tert-butyl-N-(2-methylphenyl)carbamate – 166i 

 

Following general procedure 6.4, o-toluidine (0.270 mL, 2.54 mmol), triethylamine 

(0.380 mL, 2.73 mmol) and Boc2O (0.612 g, 2.80 mmol) were reacted in anhydrous 

THF (7.5 mL) for 16 h. Chromatographic purification was performed with mixtures 

of petroleum ether and Et2O (0 – 5% Et2O) as eluents. The compound thus obtained 

was re-crystallized from petroleum ether (60 °C – 0 °C) to afford O-tert-butyl-N-(2-

methylphenyl)carbamate (166i) as a white crystalline solid (0.448 g, 86% yield). 

 

Analytical data for 166i is consistent with previously reported data:228 

1H NMR (400 MHz, CDCl3):  7.86 (d, 3JHH = 8.2 Hz, 1H, H5), 7.21 (t, 3JHH = 7.5 

Hz, 1H, H4), 7.17 (d, 3JHH = 7.6 Hz, 1H, H2), 7.01 (td, 3JHH = 7.4 Hz, 4JHH = 1.0 Hz, 

1H, H3), 6.28 (br s, 1H, NH), 2.27 (s, 3H, H1), 1.55 (s, 9H, H6). 

13C NMR (101 MHz, CDCl3):  152.6, 135.8, 129.8, 126.7, 126.3, 123.1, 120.4, 

79.9, 27.9, 17.2. 

Melting point: 78-80 °C. 

IR (neat, cm-1): 3269, 2982, 2967, 1701, 1678, 1522, 1487, 1456, 1362, 1292, 1263, 

1246, 1153, 1051, 1024, 777, 745, 733, 638, 619, 604. 

 

O-tert-butyl-N-(2-fluorophenyl)carbamate – 166j 

 

To a flame dried round-bottomed flask containing a magnetic stirrer bar were added 

DMAP (19.9 mg, 0.163 mmol), Boc2O (1.64 g, 7.52 mmol) and anhydrous toluene 

(3.00 mL), and the mixture was vigorously stirred at room temperature until a 

homogeneous solution was obtained. Then, 2-fluoroaniline (0.290 mL, 0.334 g, 3.00 

mmol) was added, and the reaction was vigorously stirred under a constant argon 
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atmosphere at room temperature for 16 h. After reaction completion (assessed by 

TLC analysis of the reaction mixture), the solvent was evaporated under reduced 

pressure, the residue was suspended in Et2O (20 mL) and filtered through plug of 

cotton wool. The remaining solids were washed with Et2O (2 × 5 mL) and the filtrate 

was evaporated under reduced pressure. The resulting residue was re-dissolved in a 

minimum amount of Et2O and purified by column chromatography on silica gel 

employing gradient elution with mixtures of petroleum ether and Et2O. 

The product thus obtained was added to a round-bottomed flask equipped with a 

magnetic stirrer bar. Then, MeOH (30 mL) and K2CO3 (1.26 g, 9.15 mmol) were 

subsequently added, and the reaction mixture was vigorously stirred and heated to 

reflux for 16 h. The reaction mixture was then allowed to cool to room temperature, 

the solvent was evaporated under reduced pressure, the residue was suspended in 

Et2O (20 mL) and filtered through a plug of cotton wool. The remaining solids were 

washed with Et2O (2 × 5 mL) and the filtrate was evaporated under reduced pressure. 

The resulting residue was re-dissolved in a minimum amount of Et2O and purified by 

column chromatography on silica gel employing gradient elution with mixtures of 

petroleum ether and Et2O (0 – 5% Et2O) as eluent to afford O-tert-butyl-N-(2-

fluorophenyl)carbamate (166j) (0.442 g, 70% overall yield) as a clear viscous oil. 

 

Analytical data for 166j is consistent with previously reported data:223,224,229 

1H NMR (400 MHz, CDCl3):  8.10 (dd, 3JHH = 4JHF = 8.0 Hz, 1H, H4), 7.11 (tdd, 

3JHH = 7.8 Hz, 4JHH = 5JHF = 0.8 Hz, 1H, H3), 7.06 (ddd, 3JHF = 11.3 Hz, 3JHH = 8.4 

Hz, 4JHH = 1.4 Hz, 1H, H1), 6.97 (dddd, 3JHH = 8.3 Hz, 3JHH = 7.5 Hz, 4JHF = 5.0 Hz, 

4JHH = 1.5 Hz, 1H, H2), 6.74 (br s, 1H, NH), 1.55 (s, 9H, H5). 

13C NMR (101 MHz, CDCl3):  151.9, 151.6 (d, 1JCF = 243.0 Hz), 126.4 (d, 2JCF = 

10.0 Hz), 124.0 (d, 3JCF = 3.7 Hz), 122.4 (d, 3JCF = 7.4 Hz), 119.6, 114.2 (d, 2JCF = 

19.3 Hz), 80.5, 27.8. 

IR (neat, cm-1): 3443, 2978, 1732, 1620, 1520, 1481, 1452, 1368, 1319, 1256, 1233, 

1190, 1152, 1105, 1049, 1024, 839, 808, 795, 770, 748. 
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O-tert-butyl-N-(2-(trifluoromethyl)phenyl)carbamate – 166k 

 

To a flame dried round-bottomed flask containing a magnetic stirrer bar were added 

DMAP (19.4 mg, 0.159 mmol), Boc2O (1.64 g, 7.50 mmol) and anhydrous THF 

(3.00 mL), and the mixture was vigorously stirred at room temperature until a 

homogeneous solution was obtained. Then, triethylamine (1.00 mL, 0.726 g, 7.17 

mmol) and 2-(trifluoromethyl)aniline (0.410 mL, 0.526 g, 3.26 mmol) were added, 

and the reaction was vigorously stirred under a constant argon atmosphere at room 

temperature for 16 h. After reaction completion (assessed by TLC analysis of the 

reaction mixture), the solvent was evaporated under reduced pressure, the residue 

was suspended in Et2O (20 mL) and filtered through a plug of cotton wool. The 

remaining solids were washed with Et2O (2 × 5 mL) and the filtrate was evaporated 

under reduced pressure. The resulting residue was re-dissolved in a minimum 

amount of Et2O and purified by column chromatography on silica gel employing 

gradient elution with mixtures of petroleum ether and Et2O (0 – 15% Et2O) as eluents 

to afford N,N-bis(tert-butoxycarbonyl)-2-(trifluoromethyl)aniline (1.19 g, 98% yield) 

as a white solid. 

A portion of the solid thus obtained (0.520 g, 1.43 mmol) was added to a round-

bottomed flask equipped with a magnetic stirrer bar. Then, MeOH (15 mL) and 

K2CO3 (0.617 g, 4.47 mmol) were subsequently added, and the reaction mixture was 

vigorously stirred and heated to reflux for 16 h. The reaction mixture was then 

allowed to cool to room temperature, the solvent was evaporated under reduced 

pressure, the residue was suspended in Et2O (20 mL) and filtered through a plug of 

cotton wool. The remaining solids were washed with Et2O (2 × 5 mL) and the filtrate 

was evaporated under reduced pressure. The resulting residue was re-dissolved in a 

minimum amount of Et2O and purified by column chromatography on silica gel 

employing gradient elution with mixtures of petroleum ether and Et2O (0 – 10% 

Et2O) as eluent to afford O-tert-butyl-N-(2-(trifluoromethyl)phenyl)carbamate 

(166k) (0.308 g, 82% yield) as a colourless viscous oil. 
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Analytical data for 166k is consistent with previously reported data:223,224 

1H NMR (400 MHz, DMSO-d6):  8.64 (s, 1H, NH), 7.68 (d, 3JHH = 7.9 Hz, 1H, 

H1), 7.64 (t, 3JHH = 7.4 Hz, 1H, H3), 7.46 (d, 3JHH = 8.0 Hz, 1H, H4), 7.40 (t, 3JHH = 

7.7 Hz, 1H, H2), 1.42 (s, 9H, H5). 

13C NMR (101 MHz, DMSO-d6):  153.8, 135.8, 132.9, 129.7, 126.3, 126.2, 124.9 

(q, 2JCF = 28.8 Hz), 120.9 (q, 1JCF = 273.3 Hz), 79.2, 28.0. 

19F NMR (376 MHz, DMSO-d6):  -59.2. 

IR (neat, cm-1): 3472, 2980, 1740, 1591, 1524, 1454, 1368, 1319, 1285, 1250, 1229, 

1153, 1105, 1069, 1047, 1034, 899, 833, 760, 741, 652. 

 

O-tert-butyl-N-(3,5-dimethylphenyl)carbamate – 166l  

 

Following general procedure 6.4, 3,5-dimethylaniline (0.410 mL, 3.29 mmol), 

triethylamine (0.570 mL, 4.10 mmol) and Boc2O (0.908 g, 4.17 mmol) were reacted 

in anhydrous THF (10 mL) for 16 h. Chromatographic purification was performed 

with mixtures of petroleum ether and Et2O (0 – 10% Et2O) as eluents. The compound 

thus obtained was re-crystallized from petroleum ether (60 °C – 0 °C) to afford O-

tert-butyl-N-(3,5-dimethylphenyl)carbamate (166l) as a white crystalline solid (0.637 

g, 87% yield). 

 

Analytical data for 166l is consistent with previously reported data:230 

1H NMR (400 MHz, DMSO-d6):  9.13 (s, 1H, NH), 7.07 (s, 2H, H1), 6.58 (s, 1H, 

H2), 2.19 (s, 6 H, H3), 1.45 (s, 9H, H4). 

13C NMR (101 MHz, DMSO-d6):  152.7, 139.3, 137.4, 123.5, 115.9, 78.8, 28.1, 

21.1. 

Melting point: 88-90 °C. 

IR (neat, cm-1): 3356, 2988, 2967, 2164, 1690, 1614, 1601, 1520, 1474, 1431, 1391, 

1364, 1275, 1233, 1157, 1076, 1040, 1011, 941, 893, 874, 885. 
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O-tert-butyl-N-(3-methoxyphenyl)carbamate – 166m 

 

Following general procedure 6.4, 3-methoxyaniline (0.370 mL, 3.30 mmol), 

triethylamine (0.510 mL, 3.66 mmol) and Boc2O (0.807 g, 3.70 mmol) were reacted 

in anhydrous THF (10 mL) for 16 h. Chromatographic purification with mixtures of 

petroleum ether and Et2O (0 – 10% Et2O) as eluents afforded O-tert-butyl-N-(3-

methoxyphenyl)carbamate (166m) as a white crystalline solid (0.662 g, 90% yield). 

 

Analytical data for 166m is consistent with previously reported data:231,232 

1H NMR (400 MHz, DMSO-d6):  9.29 (s, 1H, NH), 7.14 (s, 1H, H1), 7.13 (t, 3JHH 

= 8.0 Hz, 1H, H3), 7.00 (d, 3JHH = 8.0 Hz, 1H, H4), 6.53 (dd, 3JHH = 8.0 Hz, 4JHH = 

2.1 Hz, 1H, H2), 3.71 (s, 3H, H5), 1.48 (s, 9H, H6). 

13C NMR (101 MHz, DMSO-d6):  159.5, 152.6, 140.7, 129.3, 110.4, 107.3, 103.9, 

79.0, 54.9, 28.1. 

Melting point: 56-58 °C. 

IR (neat, cm-1): 3335, 2976, 1694, 1603, 1530, 1450, 1425, 1391, 1366, 1288, 1240, 

1206, 1155, 1088, 1051, 1036, 966, 868, 777, 760, 685, 642. 

 

O-tert-butyl-N-(3-fluorophenyl)carbamate – 166n  

 

Following general procedure 6.4, 3-fluoroaniline (0.240 mL, 2.49 mmol), 

triethylamine (0.380 mL, 2.73 mmol) and Boc2O (0.623 g, 2.85 mmol) were reacted 

in anhydrous THF (7.50 mL) for 16 h. Chromatographic purification was performed 

with mixtures of petroleum ether and Et2O (0 – 5% Et2O) as eluents. The compound 

thus obtained was recrystallized from petroleum ether (60 °C – 0 °C) to afford O-

tert-butyl-N-(3-fluorophenyl)carbamate (166n) as a white solid (0.350 g, 66% 

yield). 
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Analytical data for 166n is consistent with previously reported data:233 

1H NMR (400 MHz, DMSO-d6):  9.56 (br s, 1H, NH), 7.38 (dt, 3JHF = 12.0 Hz, 

4JHH = 2.5 Hz, 1H, H1), 7.31-7.19 (m, 2H, H3/H4), 6.77 (ddd, 3JHF = 3JHH = 8.4 Hz, 

4JHH = 2.4 Hz, 1H, H2), 1.48 (s, 9H, H5). 

13C NMR (101 MHz, DMSO-d6):  162.3 (d, 1JCF = 240.6 Hz), 152.6, 141.4 (d, 3JCF 

= 11.6 Hz), 130.2 (d, 3JCF = 10.0 Hz), 113.8, 108.3 (d, 2JCF = 20.8 Hz), 104.6 (2JCF = 

26.4 Hz), 79.5, 28.0. 

19F NMR (376 MHz, DMSO-d6):  -112.4. 

Melting point: 126-128 °C. 

IR (neat, cm-1): 3318, 2984, 1688, 1614, 1603, 1526, 1439, 1393, 1368, 1281, 1260, 

1236, 1144, 1086, 1049, 1028, 974, 868, 856, 773, 762, 725, 685. 

HRMS (positive ESI): m/z calculated for [M+H]+ C11H14FNO2Na+: 234.0901; 

found: 234.0901. 

 

O-tert-butyl-N-(3-fluorophenyl)carbamate – 166o  

 

Following general procedure 6.4, 3-chloroaniline (0.260 mL, 2.45 mmol), 

triethylamine (0.380 mL, 2.73 mmol) and Boc2O (0.609 g, 2.79 mmol) were reacted 

in anhydrous THF (7.50 mL) for 16 h. Chromatographic purification was performed 

with mixtures of petroleum ether and Et2O (0 – 10% Et2O) as eluents. The compound 

thus obtained was re-crystallized from petroleum ether (60 °C – 0 °C) to afford O-

tert-butyl-N-(3-chlorophenyl)carbamate (166o) as a white solid (0.341 g, 60% 

yield). 

 

Analytical data for 166o is consistent with previously reported data:234 

1H NMR (400 MHz, DMSO-d6):  9.56 (s, 1H, NH), 7.62 (t, 4JHH = 1.9 Hz, 1H, H1), 

7.36 (br d, 3JHH = 8.5 Hz, 1H, H4), 7.27 (t, 3JHH = 8.0 Hz, 1H, H3), 7.01 (ddd, 3JHH = 

7.8 Hz, 4JHH = 1.2 Hz, 4JHH = 1.0 Hz, 1H, H2), 1.48 (s, 9H, H5). 

13C NMR (101 MHz, DMSO-d6):  152.6, 141.1, 133.1, 130.3, 121.6, 117.3, 116.4, 

79.5, 28.0. 
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Melting point: 78-80 °C. 

IR (neat, cm-1): 3329, 1690, 1585, 1512, 1477, 1420, 1393, 1366, 1281, 1237, 1192, 

1155, 1096, 1080, 1051, 1024, 997, 935, 868, 845, 775, 762, 681, 654, 617. 

 

 6.9.2 Synthesis of O-aryl carbamates 

 

N-tert-butyl-O-phenylcarbamate – 168a 

 

To a flame-dried round-bottom flask equipped with a magnetic stirrer bar were added 

tert-butylamine (0.35 mL, 3.3 mmol), dry CH2Cl2 (3.5 mL) and triethylamine (0.46 

mL, 3.3 mmol) and the mixture was thoroughly stirred and cooled to 0 °C in an ice-

water bath. Then, phenyl chloroformate (purified by fractional distillation under 

vacuum, 0.46 mL, 3.7 mmol) was added dropwise at that temperature under constant, 

vigorous stirring. Upon completion of the addition, the mixture was allowed to warm 

to room temperature and reacted for 16 h under an argon atmosphere. After reaction 

completion (assessed by TLC analysis of the reaction mixture), the mixture was 

quenched by addition of saturated aqueous NaHCO3 (7.5 mL), the aqueous phase 

was extracted with CH2Cl2 (3 × 20 mL), the combined organic extracts were dried 

over Na2SO4, filtered and evaporated under reduced pressure. The residue was then 

purified by column chromatography with gradient elution employing mixtures of 

petroleum ether and Et2O (0 – 50% Et2O) as eluents to afford N-tert-butyl-O-

phenylcarbamate (168a) as a white solid (0.42 g, 66% yield). 

 

Analytical data for 168a is consistent with previously reported data:235 

1H NMR (400 MHz, CDCl3):  7.37 (tt, 3JHH = 7.8 Hz, 4JHH = 2.0 Hz, 2H, H2), 7.20 

(tt, 3JHH = 7.4 Hz, 4JHH = 1.5 Hz, 1H, H3), 7.14 (d, 3JHH = 7.7 Hz, 2H, H1), 5.01 (br s, 

1H, NH), 1.42 (s, 9H, H4). 

13C NMR (101 MHz, CDCl3):  152.3, 150.5, 128.7, 124.6, 121.3, 50.3, 28.3. 

Melting point: 90-92 °C. 
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IR (neat, cm-1): 3337, 2974, 1738, 1713, 1682, 1518, 1491, 1477, 1454, 1393, 1364, 

1273, 1162, 1155, 1067, 1049, 1022, 993, 955, 932, 903, 837, 826. 

HRMS (positive ESI): m/z calculated for [M+H]+ C11H16NO2
+: 194.1176; found: 

194.1171. 

 

N,N-diethyl-O-phenylcarbamate – 168b 

 

To a flame-dried round-bottom flask equipped with a magnetic stirrer bar were added 

dry Et2O (30 mL), 2,6-lutidine (0.40 mL, 3.4 mmol) and diethylamine (0.31 mL, 3.0 

mmol), and the mixture was thoroughly stirred and cooled to -78 °C in a dry ice-

acetone bath. Then, phenyl chloroformate (0.38 mL, 3.0 mmol) was added dropwise 

at that temperature under constant, vigorous stirring. Upon completion of the 

addition, the mixture was allowed to stir at -78 °C for 15 min, it was subsequently 

warmed to room temperature and reacted for 16 h under an argon atmosphere. After 

reaction completion (assessed by TLC analysis of the reaction mixture), the mixture 

was transferred to a separating funnel, sequentially washed with 1.0 M NaOH (10 

mL), 1.0 M HCl (10 mL), water (10 mL) and brine (10 mL). The organic layer was 

then dried over Na2SO4, filtered and evaporated under reduced pressure. The 

resulting residue was purified by column chromatography with gradient elution 

employing mixtures of petroleum ether and Et2O as eluents (0-10% Et2O). The 

compound thus obtained was further purified by distillation in vacuum (140 °C at 5 

mbar) to afford N,N-diethyl-O-phenylcarbamate (168b) as a colourless viscous oil 

(0.28 g, 49% yield). 

 

Analytical data for 168b is consistent with previously reported data:236 

1H NMR (400 MHz, CDCl3):  7.36 (ddt, 3JHH = 8.6 Hz, 3JHH = 7.5 Hz, 4JHH = 2.2 

Hz, 2H, H2), 7.19 (dt, 3JHH = 7.4 Hz, 4JHH = 1.1 Hz, 1H, H3), 7.13 (dq, 3JHH = 8.1 Hz, 

4JHH = 1.6 Hz, 2H, H1), 3.50-3.36 (br m, 4H, H4), 1.33-1.17 (br m, 6H, H5). 
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13C NMR (101 MHz, CDCl3):  154.3, 151.6, 129.2, 125.0, 121.8, 42.1 (apparent d, 

rotD = 34 Hz),† 13.8 (apparent d, rotD = 84 Hz).† 

† Signals affected by rotameric effects. rotD indicates the observed separation between 

peaks. 

IR (neat, cm-1): 2978, 1713, 1593, 1497, 1472, 1456, 1414, 1379, 1366, 1350, 1315, 

1271, 1225, 1200, 1152, 1096, 1070, 1042, 1024, 959, 937, 907, 818. 

 

N,N-di(iso-propyl)-O-phenylcarbamate – 168c 

 

To a round-bottom flask equipped with a magnetic stirrer bar were added phenol 

(313 mg, 3.33 mmol), N,N-di(iso-propyl)carbamoyl chloride (675 mg, 4.13 mmol) 

and pyridine (3.30 mL). The resulting mixture was stirred and heated to 100 °C for 

20 h. After reaction completion (assessed by TLC analysis of the reaction mixture), 

the mixture was treated with Et2O (20 mL), sequentially washed with 1.0 M HCl (2 × 

5 mL), 1.0 M NaOH (2 × 5 mL), water (5 mL) and brine (5 mL). The organic layer 

was then dried over Na2SO4, filtered and evaporated under reduced pressure to afford 

N,N-di(iso-propyl)-O-phenylcarbamate (168c) as a highly viscous oil that solidified 

upon standing (657 mg, 90% yield). 

 

Analytical data for 168c is consistent with previously reported data:237,238 

1H NMR (400 MHz, CDCl3):  7.36 (ddt, 3JHH = 8.6 Hz, 3JHH = 7.5 Hz, 4JHH = 2.2 

Hz, 2H, H2), 7.19 (dt, 3JHH = 7.5 Hz, 4JHH = 1.4 Hz, 1H, H3), 7.15-7.10 (m, 2H, H1), 

4.24-3.86 (br m, 2H, H4), 1.41-1.27 (br m, 12H, H5). 

13C NMR (101 MHz, CDCl3):  153.4, 150.9, 128.7, 124.4, 121.3, 46.0 (apparent d, 

rotD = 72 Hz),† 20.5 (apparent d, rotD = 103 Hz).† 

† Signals affected by rotameric effects. rotD indicates the observed separation between 

peaks. 

Melting point: 40-42 °C. 
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IR (neat, cm-1): 2968, 2932, 1707, 1668, 1593, 1495, 1456, 1425, 1366, 1317, 1258, 

1246, 1198, 1159, 1136, 1097, 1069, 1042, 1020, 982, 964, 914, 893, 874. 

 

N,N-diethyl-O-(2-methylphenyl)carbamate – 168d 

 

To a round-bottom flask equipped with a magnetic stirrer bar were added 2-

methylphenol (369 mg, 3.41 mmol), N,N-diethylcarbamoyl chloride (0.520 mL, 4.10 

mmol) and pyridine (3.30 mL). The resulting mixture was stirred and heated to 100 

°C for 16 h. After reaction completion (assessed by TLC analysis of the reaction 

mixture), the mixture was treated with Et2O (20 mL), sequentially washed with 1.0 

M HCl (2 × 5 mL), 1.0 M NaOH (2 × 5 mL), water (5 mL) and brine (5 mL). The 

organic layer was then dried over Na2SO4, filtered and evaporated under reduced 

pressure. The residue thus obtained was purified by column chromatography with 

gradient elution with mixtures of petroleum ether and Et2O (0-5% Et2O) as eluent to 

afford N,N-diethyl-O-(2-methylphenyl)carbamate (168d) as a colourless viscous oil 

(471 mg, 69% yield). 

 

Analytical data for 168d is consistent with previously reported data:239 

1H NMR (400 MHz, CDCl3):  7.25-7.18 (m, 2H, H1/H3), 7.12 (t, 3JHH = 7.3 Hz, 

1H, H2), 7.09 (d, 3JHH = 7.3 Hz, 1H, H4), 3.55-3.37 (br m, 4H, H6), 2.25 (s, 3H, H5), 

1.37-1.20 (br m, 6H, H7). 

13C NMR (101 MHz, CDCl3):  153.5, 149.6, 130.4, 130.0, 126.3, 124.8, 121.7, 

41.6 (apparent d, rotD = 35 Hz),† 15.8, 13.4 (apparent d, rotD = 85 Hz).† 

† Signals affected by rotameric effects. rotD indicates the observed separation between 

peaks. 

IR (neat, cm-1): 2978, 1709, 1491, 1472, 1456, 1412, 1379, 1366, 1350, 1317, 1271, 

1219, 1179, 1111, 1096, 1084, 1043, 959, 937, 829. 

HRMS (positive ESI): m/z calculated for [M+H]+ C12H18NO2
+: 208.1332; found: 

208.1333. 
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4-Bromophenyl morpholine-4-carboxylate – 168e 

 

To a flame-dried round-bottom flask equipped with a magnetic stirrer bar were added 

4-bromophenol (585 mg, 3.38 mmol), dry CH2Cl2 (33.0 mL), and 4-

morpholinecarbonyl chloride (0.580 mL, 4.97 mmol). The resulting mixture was 

stirred and cooled to 0 °C in an ice-water bath. Then, triethylamine (0.690 mL, 4.16 

mmol) and DMAP (42.0 mg, 0.344 mmol) were added and the mixture was allowed 

to react and warm to room temperature for 16 h. After reaction completion (assessed 

by TLC analysis of the reaction mixture), the mixture transferred to a separating 

funnel, sequentially washed with 1.0 M HCl (3 × 15 mL), water (25 mL) and brine 

(25 mL). The organic layer was then dried over Na2SO4, filtered and evaporated 

under reduced pressure. The residue was purified by column chromatography with 

gradient elution employing mixtures of petroleum ether and Et2O (0-50% Et2O) as 

eluent to afford 4-bromophenyl morpholine-4-carboxylate (168e) as a white solid 

(826 mg, 87% yield). 

 

1H NMR (400 MHz, DMSO-d6):  7.58 (d, 3JHH = 8.7 Hz, 2H, H2), 7.14 (d, 3JHH = 

8.5 Hz, 2H, H1), 3.68-3.38 (br m, 8H, H3/H4). 

13C NMR (101 MHz, DMSO-d6):  152.6, 150.4, 132.1, 124.2, 117.4, 65.7, 44.2 

(apparent d, rotD = 73 Hz).† 

† Signals affected by rotameric effects. rotD indicates the observed separation between 

peaks. 

Melting point: 96-98 °C. 

IR (neat, cm-1): 2961, 2855, 1717, 1678, 1481, 1412, 1362, 1279, 1240, 1217, 1192, 

1163, 1097, 1059, 1022, 1003, 988, 959, 932, 910, 866, 853, 833, 814. 

HRMS (positive ESI): m/z calculated for [M+H]+ C11H13
79BrNO3

+: 286.0073; 

found: 286.0073; calculated for [M+H]+ C11H13
81BrNO3

+: 288.0053; found: 

288.0070. 
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2-(Methoxycarbonyl)phenyl morpholine-4-carboxylate – 168f 

 

To a flame-dried round-bottom flask equipped with a magnetic stirrer bar were added 

methyl salicylate (0.400 mL, 3.09 mmol), dry dichloromethane (30 mL), and 4-

morpholinecarbonyl chloride (0.540 mL, 4.63 mmol). The resulting mixture was 

stirred and cooled to 0 °C in an ice-water bath. Then, triethylamine (0.650 mL, 4.66 

mmol) and DMAP (40.2 mg, 0.329 mmol) were added and the mixture was allowed 

to react and warm to room temperature for 16 h. After reaction completion (assessed 

by TLC analysis of the reaction mixture), the mixture was evaporated under reduced 

pressure, suspended in Et2O (30 mL), filtered, the solid were washed with Et2O (5 

mL) and the filtrate was evaporated under reduced pressure. The residue thus 

obtained was purified by column chromatography with gradient elution employing 

mixtures of petroleum ether and Et2O (0-75% Et2O) as eluent to afford 2-

(methoxycarbonyl)phenyl morpholine-4-carboxylate (168f) as a white solid (813 mg, 

98% yield). 

 

1H NMR (400 MHz, CDCl3):  8.01 (dt, 3JHH = 7.8 Hz, 4JHH = 1.3 Hz, 1H, H1), 7.56 

(dt, 3JHH = 7.8 Hz, 4JHH = 1.4 Hz, 1H, H3), 7.26 (t, 3JHH = 8.1 Hz, 1H, H2), 7.19 (dt, 

3JHH = 8.0 Hz, 4JHH = 1.1 Hz, 1H, H4), 3.89 (br s, 3H, H5), 3.84-3.56 (br m, 8H, 

H6/H7). 

13C NMR (101 MHz, CDCl3):  164.5, 153.1, 150.6, 133.1, 131.1, 125.1, 123.6, 

123.1, 66.1, 51.6, 44.2 (apparent d, rotD = 85 Hz).† 

† Signals affected by rotameric effects. rotD indicates the observed separation between 

peaks. 

Melting point: 83-85 °C. 

IR (neat, cm-1): 2970, 2862, 1705, 1670, 1645, 1605, 1489, 1542, 1420, 1373, 1362, 

1278, 1261, 1242, 1207, 1161, 1126, 1113, 1092, 1063, 1020, 993, 955, 930, 907, 

858, 833, 806. 
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HRMS (positive ESI): m/z calculated for [M+H]+ C13H16NO5
+: 266.1023; found: 

266.1021. 

 

Phenyl morpholine-4-carboxylate – 168g 

 

To a flame-dried round-bottom flask equipped with a magnetic stirrer bar were added 

morpholine (0.260 mL, 2.97 mmol), triethylamine (0.420 mL, 3.01 mmol) and 

anhydrous dichloromethane (30 mL), and the mixture was stirred and cooled to 0 °C 

in an ice-water bath. Then, phenyl chloroformate (0.380 mL, 3.03 mmol) was added 

dropwise at that temperature under constant, vigorous stirring for 3 h. After reaction 

completion (assessed by TLC analysis of the reaction mixture), the mixture was then 

transferred to a separating funnel, sequentially washed with 10% HCl (2 × 10 mL), 

water (20 mL) and brine (10 mL). The organic layer was then dried over Na2SO4, 

filtered and evaporated under reduced pressure to afford a viscous oil that solidified 

upon standing. The solid thus obtained was washed with petroleum ether and filtered 

to afford phenyl morpholine-4-carboxylate (168g) as a white solid (397 mg, 64% 

yield). 

 

Analytical data for 168c is consistent with previously reported data:240-242 

1H NMR (400 MHz, CDCl3):  7.39 (ddt, 3JHH = 8.5 Hz, 3JHH = 7.6 Hz, 4JHH = 2.0 

Hz, 2H, H2), 7.23 (dt, 3JHH = 7.6 Hz, 4JHH = 1.3 Hz, 1H, H3), 7.15-7.11 (m, 2H, H1), 

3.80-3.54 (br m, 8H, H4/H5). 

13C NMR (101 MHz, CDCl3):  153.2, 150.8, 128.8, 124.9, 121.2, 66.1, 44.0 

(apparent d, rotD = 75 Hz).† 

† Signals affected by rotameric effects. rotD indicates the observed separation between 

peaks. 

Melting point: 46-48 °C. 

IR (neat, cm-1): 2978, 1709, 1591, 1491, 1449, 1418, 1368, 1302, 1275, 1240, 1223, 

1204, 1163, 1152, 1119, 1067, 1049, 1020, 1001, 982, 955, 910, 845, 812. 
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4-methoxyphenyl morpholine-4-carboxylate – 168h 

 

To a round-bottom flask equipped with a magnetic stirrer bar were added 4-

methoxyphenol (413 mg, 3.33 mmol), dry dichloromethane (33.0 mL), and 4-

morpholinecarbonyl chloride (0.580 mL, 4.97 mmol). The resulting mixture was 

stirred and cooled to 0 °C in an ice-water bath. Then, triethylamine (0.690 mL, 4.16 

mmol) and DMAP (41.3 mg, 0.338 mmol) were added and the mixture was allowed 

to react and warm to room temperature for 16 h. After reaction completion (assessed 

by TLC analysis of the reaction mixture), the mixture was transferred to a separating 

funnel, sequentially washed with 1.0 M HCl (3 × 15 mL), water (25 mL) and brine 

(25 mL). The organic layer was then dried over Na2SO4, filtered and evaporated 

under reduced pressure. The residue was purified by column chromatography with 

gradient elution employing mixtures of petroleum ether and Et2O (0-50% Et2O) as 

eluent to afford 4-bromophenyl morpholine-4-carboxylate (168h) as a white solid 

(735 mg, 94% yield). 

 

1H NMR (400 MHz, DMSO-d6):  7.05 (d, 3JHH = 8.0 Hz, 2H, H1), 6.93 (d, 3JHH = 

8.3 Hz, 2H, H2), 3.75 (s, 3H, H3), 3.67-3.37 (br m, 8H, H4/H5). 

13C NMR (101 MHz, DMSO-d6):  156.5, 153.4, 144.5, 122.7, 114.1, 65.8, 55.3, 

44.1 (apparent d, rotD = 69 Hz).† 

† Signals affected by rotameric effects. rotD indicates the observed separation between 

peaks. 

Melting point: 68-70 °C. 

IR (neat, cm-1): 2970, 2916, 2891, 2857, 1709, 1672, 1609, 1595, 1504, 1452, 1416, 

1634, 1302, 1275, 1236, 1219, 1065, 1022, 989, 858, 847, 831. 

HRMS (positive ESI): m/z calculated for [M+H]+ C12H16NO4
+: 238.1074; found: 

238.1070. 
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(S)-4-(2-((tert-butoxycarbonyl)amino)-3-methoxy-3-oxopropyl)phenyl morpholine-

4-carboxylate – 169 

 

To a flame-dried round-bottom flask equipped with a magnetic stirrer bar were added 

N-(tert-butyloxycarbonyl)-(L)-tyrosine methyl ester (589 mg, 1.99 mmol), dry 

dichloromethane (20 mL) and 4-morpholinecarbonyl chloride (0.350 mL, 3.0 mmol). 

The resulting mixture was stirred and cooled to 0 °C in an ice-water bath. Then, 

triethylamine (0.420 mL, 3.01 mmol) and DMAP (25.1 mg, 0.205 mmol) were added 

and the mixture was allowed to react and warm to room temperature for 72 h. After 

reaction completion (assessed by TLC analysis of the reaction mixture), the mixture 

was evaporated under reduced pressure, suspended in Et2O (20 mL), filtered, the 

solids were washed with Et2O (2 × 5 mL) and the filtrate was evaporated under 

reduced pressure. The resulting mixture was re-dissolved in chloroform (50 mL), 

washed with 0.5 M NaOH (3 × 15 mL), the organic layer was dried over Na2SO4, 

filtered and evaporated under reduced pressure. The solid thus obtained was treated 

with petroleum ether (60 °C – 0 °C, 100 mL), the supernatant was removed and the 

remaining solids were purified by column chromatography with gradient elution 

employing mixtures of petroleum ether and Et2O as eluent (0-75% Et2O) to afford 

(S)-4-(2-((tert-butoxycarbonyl)amino)-3-methoxy-3-oxopropyl)phenyl morpholine-

4-carboxylate (169) as a white solid (473 mg, 58% yield). 

 

1H NMR (400 MHz, CDCl3):  7.14 (d, 3JHH = 8.0 Hz, 2H, H2), 7.06 (d, 3JHH = 8.0 

Hz, 2H, H1), 5.09-4.86 (m, 1H, NH), 4.66-4.49 (m, 1H, H6), 3.81-3.54 (m, 11H, 

H3/H4/H7), 3.18-2.96 (m, 2H, H5), 1.44 (s, 9H, H8). 

13C NMR (101 MHz, CDCl3):  171.7, 154.6, 153.1, 149.8, 132.7, 129.7, 121.2, 

79.5, 66.1, 53.9, 51.7, 44.0 (apparent d, rotD = 74 Hz),† 37.1, 27.8. 

† Signals affected by rotameric effects. rotD indicates the observed separation between 

peaks. 

Melting point: 121-123 °C. 
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IR (neat, cm-1): 3350, 2978, 2970, 2947, 1726, 1686, 1520, 1450, 1423, 1391, 1366, 

1321, 1296, 1269, 1254, 1236, 1171, 1159, 1111, 1057, 1047, 1020, 993, 951, 897, 

854, 833, 808. 

HRMS (positive ESI): m/z calculated for [M+NH4]
+ C20H32N3O7

+: 426.2235; 

found: 426.2227. 

 

 6.9.3 Synthesis of O-methyl-N-aryl carbamate 177242 

 

To a flame-dried round-bottom flask equipped with a magnetic stirrer bar were added 

p-toluidine (2.15 g, 20.1 mmol), triethylamine (2.80 mL, 20.1 mmol) and dry 

dichloromethane (50 mL). The resulting mixture was thoroughly stirred and cooled 

to 0 °C in an ice-water bath. Then, methyl chloroformate (1.70 mL, 22.0 mmol) was 

slowly added dropwise under constant, vigorous stirring at 0 °C and under an argon 

atmosphere. The reaction mixture was allowed to stir at 0 °C for a further 15 min and 

subsequently allowed to warm to room temperature. After 16 h of reaction, TLC 

analysis indicated complete consumption of the starting material and the mixture was 

then diluted with CH2Cl2 (100 mL), washed successively with 5% aqueous HCl (50 

mL) and 5% aqueous NaOH (50 mL). The organics were collected, dried over 

Na2SO4, filtered and evaporated under reduced pressure. The residue thus obtained 

was suspended in EtOAc (100 mL), silica gel (ca. 5 g) was added and the resulting 

mixture was evaporated under reduced pressure. The resulting solid was loaded into 

a column and purified by column chromatography with gradient elution employing 

mixtures of petroleum ether and EtOAc (0 – 50% EtOAc) to afford a solid that was 

re-crystallised from hot petroleum ether (60 – 0 °C) to afford O-methyl-N-(4-

methyl)phenyl carbamate 177 as a white crystalline solid (1.67 g, 50% yield). 

 

Analytical data for 177 is consistent with previously reported data:244 

1H NMR (400 MHz, CDCl3):  7.27 (d, 3JHH = 8.2 Hz, 2H, H1), 7.12 (d, 3JHH = 8.2 

Hz, 2H, H2), 6.57 (br s, 1H, NH), 3.78 (s, 3H, H4), 2.31 (s, 3H, H3). 

13C NMR (101 MHz, CDCl3):  154.2, 135.2, 133.1, 129.6, 118.9, 52.3, 20.7. 
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Melting point: 96-98 °C. 

IR (neat, cm-1): 3323, 3032, 2957, 2916, 2857, 1701, 1638, 1597, 1531, 1512, 1435, 

1402, 1350, 1314, 1298, 1229, 1209, 1190, 1165, 1111, 1096, 1067, 1018, 955, 939, 

812, 775, 766, 752, 727, 706, 679, 635, 602. 

 

 6.9.4 Synthesis of deuterated carbamates for rate studies 

 

d2-O-tert-butyl-N-(4-methyl)phenyl carbamate (166b-d2) 

 

Following general procedure 1.5 for hydrogen isotope exchange (HIE) of 

carbamates, catalyst 150c (15.8 mg, 10.1 mol, 1.01 mol%) and O-tert-butyl- 

carbamate 166b (208 mg, 1.00 mmol) were dissolved in MTBE (20.0 mL) and 

reacted in presence of an atmosphere of D2 for 16 h at 50 °C. After the allocated 

reaction time, one of the stopcocks was open to the atmosphere to allow release of 

D2, the mixture was allowed to cool to room temperature and filtered through a small 

plug of silica gel. The solids were washed with Et2O (2 × 20 mL) and filtrate was 

evaporated under reduced pressure. The resulting solid was further purified by 

column chromatography with gradient elution employing mixtures of petroleum 

ether and Et2O (0 – 10% Et2O) as eluents to afford d2-O-tert-butyl-N-(4-

methyl)phenyl carbamate (166b-d2) as a white solid (192 mg, 92% yield). 1H NMR 

spectroscopy evidenced a total incorporation of 85%D, and this compound was re-

subjected to a deuteration procedure to improve the observed incorporation. Thus, 

catalyst 150c (7.2 mg, 4.6 mol, 0.5 mol%) and carbamate 166b-d2 (188 mg, 0.90 

mmol, 85%D) were dissolved in MTBE (20 mL) and reacted as described above in 

the presence of an atmosphere of D2 for 4 h at 50 °C. After the allocated reaction 

time, the system was treated as previously described to afford d2-O-tert-butyl-N-(4-

methyl)phenyl carbamate (166b-d2) as a white solid. 1H NMR data indicated a total 

incorporation of 96%D. 

 

1H NMR (400 MHz, DMSO-d6):  9.19 (br s, 1H, NH), 7.31 (d, 3JHH = 8.8 Hz, 

0.08H, residual H1), 7.04 (s, 2H, H2), 2.22 (s, 3H, H3), 1.47 (s, 9H, H4). 
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HRMS (positive ESI): m/z calculated for [M+Na]+ C12H15D2NO2Na+: 232.1277; 

found: 232.1278. 

 

d2-O-methyl-N-(4-methyl)phenyl carbamate (177-d2) 

 

Following general procedure 1.5 for hydrogen isotope exchange (HIE) of 

carbamates, catalyst 150c (3.9 mg, 2.5 mol, 0.5 mol%) and O-methyl- carbamate 

177 (85.0 mg, 515 mol) were dissolved in MTBE (10 mL) and reacted in presence 

of an atmosphere of D2 for 2 h at 50 °C. After the allocated reaction time, one of the 

stopcocks was open to the atmosphere to allow release of D2, the mixture was 

allowed to cool to room temperature and filtered through a small plug of silica gel. 

The solids were washed with Et2O (2 × 20 mL) and filtrate was evaporated under 

reduced pressure. The resulting solid was further purified by column chromatography 

with gradient elution employing mixtures of petroleum ether and EtOAc (0 – 50% 

EtOAc) as eluents to afford d2-O-methyl-N-(4-methyl)phenyl carbamate (177-d2) as 

a white solid (81.4 mg, 96% yield). 1H NMR spectroscopy evidenced a total 

incorporation of 96%D. 

 

1H NMR (400 MHz, DMSO-d6):  9.48 (br s, 1H, NH), 7.31 (d, 3JHH = 8.8 Hz, 

0.06H, residual H1), 7.06 (s, 2H, H2), 3.63 (s, 3H, H4), 2.22 (s, 3H, H3). 

 

 6.10 HIE of carbamates 

 

Results are reported in full details for each substrate, indicating the percent 

deuteration obtained for individual runs, and their corresponding average values. 

Estimation of the standard deviation associated with results reported herein is 

provided for experiments performed in triplicate. For substrates 167b, 168f and 169, 

deuterium incorporation was also confirmed by HRMS. 

 

 

 

 



156 

 

 6.10.1 Catalyst screening 

 

Following general procedure 6.6, the appropriate iridium catalyst and O-tert-butyl-N-

(4-methylphenyl)carbamate (167b) were dissolved in MTBE (2.0 mL) and reacted 

under an atmosphere of D2 at 50 °C for 16 h. After workup and evaporation of the 

volatiles, the deuterium incorporation was determined by 1H NMR spectroscopy of 

isolated compounds. The results obtained along with relevant experimental data 

related to experiments performed in triplicate are summarized in Table E1.2. 

 

Relevant 1H NMR spectroscopic data for substrate 167b in CDCl3: 

 

Incorporation expected at:  7.26 (H1). 

 

Incorporation determined against integral at:  7.11 (H2). 
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Table E1.2: Results for the catalyst screen in the HIE of substrate 167b.† 

Entry Catalyst 
mIr 

(mg) 

nIr 

(μmol) 

mS 

(mg) 

nS 

(μmol) 

%D 

(%) 

%Davg 

(%) 
sD (%) 

1 

150a 

1.6 1.1 21.3 103 80 

77 9 2 1.4 0.9 20.5 99 84 

3 1.4 0.9 20.8 99 67 

4 

150b 

1.5 1.0 21.1 102 93 

92 2 5 1.5 1.0 21.1 102 93 

6 1.4 0.9 21.4 103 90 

7 

150c 

1.7 1.1 21.2 102 93 

94 1 8 1.5 1.0 20.8 108 95 

9 1.6 1.0 20.6 99 93 

10 

60 

1.7 1.0 20.9 101 15 

12 3 11 1.6 0.9 20.9 101 10 

12 1.7 1.0 21.1 102 11 

13 

168 

1.7 1.0 20.6 99 10 

11 2 14 1.7 1.0 20.7 100 10 

15 1.9 1.1 20.8 100 14 
†In Table E1.2, symbols represent: mIr – amount of catalyst, in mg; nIr – number of moles of catalyst, 

in mol; mS – amount of substrate, in mg; nS – number of moles of substrate, in mol; %D – percent 

deuterium incorporation, determined by 1H NMR spectroscopy, calculated by Eq. 1; %Davg – average 

of three runs; sD – estimated standard deviation. 

 

 6.10.2 Scope of N-aryl carbamates 

 

O-tert-butyl-N-phenylcarbamate (166a) 

 

Following general procedure 6.6, iridium catalyst 150c and O-tert-butyl-N-

phenylcarbamate (166a) were dissolved in MTBE (2.0 mL) and reacted under an 

atmosphere of D2 at 50 °C for 4 h. After workup and evaporation of the volatiles, the 

deuterium incorporation was determined by 1H NMR spectroscopy of isolated 

compounds. The results obtained along with relevant experimental data related to 

experiments performed in triplicate are summarized in Table E1.3. 

 

Relevant 1H NMR spectroscopic data for substrate 166a in DMSO-d6: 
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1H NMR data for 166a (400 MHz, DMSO-d6): δ 9.30 (s, 1H, NH), 7.45 (d, 3JHH = 

8.0 Hz, 2H, H1), 7.24 (t, 3JHH = 8.0 Hz, 2H, H2), 6.95 (tt, 3JHH = 7.4 Hz, 4JHH = 1.1 

Hz, 1H, H3), 1.48 (s, 9H, H4). 

Incorporation expected at:  7.45 (H1) 

Incorporation determined against integral at:  6.95 (H3). 

 

Table E1.3: Results for the HIE of substrate 166a.† 

Entry 
mIr 

(mg) 

nIr 

(μmol) 

mS 

(mg) 

nS 

(μmol) 

%D 

(%) 

%Davg 

(%) 
sD (%) 

1 1.5 1.0 19.3 100 89 

90 1 2 1.6 1.0 19.2 99 91 

3 1.5 1.0 19.4 100 90 
†In Table E1.3, symbols represent: mIr – amount of catalyst, in mg; nIr – number of moles of catalyst, 

in mol; mS – amount of substrate, in mg; nS – number of moles of substrate, in mol; %D – percent 

deuterium incorporation, determined by 1H NMR spectroscopy, calculated by Eq. 1; %Davg – average 

of three runs; sD – estimated standard deviation. 

 

O-tert-butyl-N-(4-methylphenyl)carbamate – 166b 

 

Following general procedure 6.6, iridium catalyst 150c and O-tert-butyl-N-(4-

methylphenyl)carbamate (166b) were dissolved in MTBE (2.0 mL) and reacted 

under an atmosphere of D2 at 50 °C for 4 h. After workup and evaporation of the 

volatiles, the deuterium incorporation was determined by 1H NMR spectroscopy of 

isolated compounds. The results obtained along with relevant experimental data 

related to experiments performed in triplicate are summarized in Table E1.4. 

 

Relevant 1H NMR spectroscopic data for substrate 166b in DMSO-d6: 

 

1H NMR data for 166b (400 MHz, DMSO-d6): δ 9.18 (s, 1H, NH), 7.34 (d, 3JHH = 

8.4 Hz, 2H, H1), 7.04 (d, 3JHH = 8.2 Hz, 2H, H2), 2.22 (s, 3H, H3), 1.47 (s, 9H, H4). 

Incorporation expected at:  7.34 (H1) 

Incorporation determined against integral at:  7.04 (H2). 



159 

 

Table E1.4: Results for the HIE of substrate 166b.† 

Entry 
mIr 

(mg) 

nIr 

(μmol) 

mS 

(mg) 

nS 

(μmol) 

%D 

(%) 

%Davg 

(%) 
sD (%) 

1 1.6 1.0 21.2 102 98 

99 1 2 1.7 1.1 21 101 99 

3 1.6 1.0 20.9 101 99 
†In Table E1.4, symbols represent: mIr – amount of catalyst, in mg; nIr – number of moles of catalyst, 

in mol; mS – amount of substrate, in mg; nS – number of moles of substrate, in mol; %D – percent 

deuterium incorporation, determined by 1H NMR spectroscopy, calculated by Eq. 1; %Davg – average 

of three runs; sD – estimated standard deviation. 

 

O-tert-butyl-N-(4-tert-butylphenyl)carbamate (166c) 

 

Following general procedure 6.6, iridium catalyst 150c and O-tert-butyl-N-(4-tert-

butylphenyl)carbamate (166c) were dissolved in MTBE (2.0 mL) and reacted under 

an atmosphere of D2 at 50 °C for 4 h. After workup and evaporation of the volatiles, 

the deuterium incorporation was determined by 1H NMR spectroscopy of isolated 

compounds. The results obtained along with relevant experimental data related to 

experiments performed in triplicate are summarized in Table E1.5. 

 

Relevant 1H NMR spectroscopic data for substrate 166c in DMSO-d6: 

 

Incorporation expected at:  7.36 (H1) 

Incorporation determined against integral at:  7.25 (H2). 

 

Table E1.5: Results for the HIE of substrate 166c.† 

Entry 
mIr 

(mg) 

nIr 

(μmol) 

mS 

(mg) 

nS 

(μmol) 

%D 

(%) 

%Davg 

(%) 
sD (%) 

1 1.6 1.0 24.9 100 98 

98 1 2 1.6 1.0 24.9 100 98 

3 1.6 1.0 24.8 99 97 
†In Table E1.5, symbols represent: mIr – amount of catalyst, in mg; nIr – number of moles of catalyst, 

in mol; mS – amount of substrate, in mg; nS – number of moles of substrate, in mol; %D – percent 
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deuterium incorporation, determined by 1H NMR spectroscopy, calculated by Eq. 1; %Davg – average 

of three runs; sD – estimated standard deviation. 

 

O-tert-butyl-N-(4-methoxyphenyl)carbamate – 166d 

 

Following general procedure 6.6, iridium catalyst 150c and O-tert-butyl-N-(4-

methoxyphenyl)carbamate (166d) were dissolved in MTBE (2.0 mL) and reacted 

under an atmosphere of D2 at 50 °C for 4 h. After workup and evaporation of the 

volatiles, the deuterium incorporation was determined by 1H NMR spectroscopy of 

isolated compounds. The results obtained along with relevant experimental data 

related to experiments performed in triplicate are summarized in Table E1.6. 

 

Relevant 1H NMR spectroscopic data for substrate 166d in DMSO-d6: 

 

Incorporation expected at:  7.36 (H1) 

Incorporation determined against integral at:  6.83 (H2). 

 

Table E1.6: Results for the HIE of substrate 166d.† 

Entry 
mIr 

(mg) 

nIr 

(μmol) 

mS 

(mg) 

nS 

(μmol) 

%D 

(%) 

%Davg 

(%) 
sD (%) 

1 1.7 1.1 22.9 103 97 

96 1 2 1.7 1.1 22.2 99 96 

3 1.6 1.0 22.3 100 96 
†In Table E1.6, symbols represent: mIr – amount of catalyst, in mg; nIr – number of moles of catalyst, 

in mol; mS – amount of substrate, in mg; nS – number of moles of substrate, in mol; %D – percent 

deuterium incorporation, determined by 1H NMR spectroscopy, calculated by Eq. 1; %Davg – average 

of three runs; sD – estimated standard deviation. 

 

O-tert-butyl-N-(4-fluorophenyl)carbamate – 166e 

 

Following general procedure 6.6, iridium catalyst 150c and O-tert-butyl-N-(4-

fluorophenyl)carbamate (166e) were dissolved in MTBE (2.0 mL) and reacted under 
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an atmosphere of D2 at 50 °C for 4 h. After workup and evaporation of the volatiles, 

the deuterium incorporation was determined by 1H NMR spectroscopy of isolated 

compounds. The results obtained along with relevant experimental data related to 

experiments performed in triplicate are summarized in Table E1.7. 

 

Relevant 1H NMR spectroscopic data for substrate 166e in DMSO-d6: 

 

Incorporation expected at:  7.45 (H1) 

Incorporation determined against integral at:  7.07 (H2). 

 

Table E1.7: Results for the HIE of substrate 166e.† 

Entry 
mIr 

(mg) 

nIr 

(μmol) 

mS 

(mg) 

nS 

(μmol) 

%D 

(%) 

%Davg 

(%) 
sD (%) 

1 1.6 1.0 21.4 1.6 91 

91 1 2 1.6 1.0 21.2 1.6 91 

3 1.7 1.1 21.2 1.7 90 
†In Table E1.7, symbols represent: mIr – amount of catalyst, in mg; nIr – number of moles of catalyst, 

in mol; mS – amount of substrate, in mg; nS – number of moles of substrate, in mol; %D – percent 

deuterium incorporation, determined by 1H NMR spectroscopy, calculated by Eq. 1; %Davg – average 

of three runs; sD – estimated standard deviation. 

 

O-tert-butyl-N-(4-chlorophenyl)carbamate – 166f 

 

Following general procedure 6.6, iridium catalyst 150c and O-tert-butyl-N-(4-

chlorophenyl)carbamate (166f) were dissolved in MTBE (2.0 mL) and reacted under 

an atmosphere of D2 at 50 °C for 4 h. After workup and evaporation of the volatiles, 

the deuterium incorporation was determined by 1H NMR spectroscopy of isolated 

compounds. The results obtained along with relevant experimental data related to 

experiments performed in triplicate are summarized in Table E1.8. 
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Relevant 1H NMR spectroscopic data for substrate 166f in DMSO-d6: 

 

1H NMR data for 166f (400 MHz, DMSO-d6): δ 9.48 (s, 1H, NH), 7.48 (d, 3JHH = 

8.9 Hz, 2H, H1), 7.29 (d, 3JHH = 9.0 Hz, 2H, H2), 1.47 (s, 9H, H3). 

Incorporation expected at:  7.48 (H1) 

Incorporation determined against integral at:  7.29 (H2). 

 

Table E1.8: Results for the HIE of substrate 166f.† 

Entry 
mIr 

(mg) 

nIr 

(μmol) 

mS 

(mg) 

nS 

(μmol) 

%D 

(%) 

%Davg 

(%) 
sD (%) 

1 1.6 1.0 22.9 101 80 

76 3 2 1.5 1.0 22.6 99 74 

3 1.6 1.0 23.2 102 74 
†In Table E1.8, symbols represent: mIr – amount of catalyst, in mg; nIr – number of moles of catalyst, 

in mol; mS – amount of substrate, in mg; nS – number of moles of substrate, in mol; %D – percent 

deuterium incorporation, determined by 1H NMR spectroscopy, calculated by Eq. 1; %Davg – average 

of three runs; sD – estimated standard deviation. 

 

O-tert-butyl-N-(4-bromophenyl)carbamate – 166g 

 

Following general procedure 6.6, iridium catalyst 150c and O-tert-butyl-N-(4-

bromophenyl)carbamate (166g) were dissolved in MTBE (2.0 mL) and reacted under 

an atmosphere of D2 at 50 °C for 4 h. After workup and evaporation of the volatiles, 

the deuterium incorporation was determined by 1H NMR spectroscopy of isolated 

compounds. The results obtained along with relevant experimental data related to 

experiments performed in triplicate are summarized in Table E1.9. 

 

Relevant 1H NMR spectroscopic data for substrate 166g in DMSO-d6: 

 



163 

 

Incorporation expected at:  7.42 (H1) 

Incorporation determined against integral at:  1.48 (H3). 

 

Table E1.9: Results for the HIE of substrate 166g.† 

Entry 
mIr 

(mg) 

nIr 

(μmol) 

mS 

(mg) 

nS 

(μmol) 

%D 

(%) 

%Davg 

(%) 
sD (%) 

1 1.5 1.0 27.1 100 52 

54 3 2 1.6 1.0 27.4 101 58 

3 1.6 1.0 27.1 100 52 
†In Table E1.9, symbols represent: mIr – amount of catalyst, in mg; nIr – number of moles of catalyst, 

in mol; mS – amount of substrate, in mg; nS – number of moles of substrate, in mol; %D – percent 

deuterium incorporation, determined by 1H NMR spectroscopy, calculated by Eq. 1; %Davg – average 

of three runs; sD – estimated standard deviation. 

 

O-tert-butyl-N-(4-trifluoromethylphenyl)carbamate – 166h 

 

Following general procedure 6.6, iridium catalyst 150c and O-tert-butyl-N-(4-

trifluoromethylphenyl)carbamate (166h) were dissolved in MTBE (2.0 mL) and 

reacted under an atmosphere of D2 at 50 °C for 4 h. After workup and evaporation of 

the volatiles, the deuterium incorporation was determined by 1H NMR spectroscopy 

of isolated compounds. The results obtained along with relevant experimental data 

related to experiments performed in triplicate are summarized in Table E1.10. 

 

Relevant 1H NMR spectroscopic data for substrate 166h in DMSO-d6: 

 

Incorporation expected at:  7.66 (H1) 

Incorporation determined against integral at:  7.60 (H2). 
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Table E1.10: Results for the HIE of substrate 166h.† 

Entry 
mIr 

(mg) 

nIr 

(μmol) 

mS 

(mg) 

nS 

(μmol) 

%D 

(%) 

%Davg 

(%) 
sD (%) 

1 1.6 1.0 25.8 99 48 

45 4 2 1.7 1.1 26.1 100 41 

3 1.6 1.0 26.6 102 47 
†In Table E1.10, symbols represent: mIr – amount of catalyst, in mg; nIr – number of moles of catalyst, 

in mol; mS – amount of substrate, in mg; nS – number of moles of substrate, in mol; %D – percent 

deuterium incorporation, determined by 1H NMR spectroscopy, calculated by Eq. 1; %Davg – average 

of three runs; sD – estimated standard deviation. 

 

O-tert-butyl-N-(2-methylphenyl)carbamate – 166i 

 

Following general procedure 6.6, iridium catalyst 150c and O-tert-butyl-N-(2-

methylphenyl)carbamate (166i) were dissolved in MTBE (2.0 mL) and reacted under 

an atmosphere of D2 at 50 °C for 4 h. After workup and evaporation of the volatiles, 

the deuterium incorporation was determined by 1H NMR spectroscopy of isolated 

compounds. The results obtained along with relevant experimental data related to 

experiments performed in triplicate are summarized in Table E1.11. 

 

Relevant 1H NMR spectroscopic data for substrate 166i in DMSO-d6: 

 

1H NMR data for 166i (400 MHz, DMSO-d6): δ 8.48 (s, 1H, NH), 7.32 (d, 3JHH = 

7.8 Hz, 1H, H5), 7.15 (t, 3JHH = 8.2 Hz, 1H, H4), 7.12 (d, 3JHH = 7.7 Hz, 1H, H2), 7.03 

(t, 3JHH = 7.4 Hz, 1H, H3), 2.19 (s, 3H, H3), 1.46 (s, 9H, H4). 

Incorporation expected at:  7.32 (H4) 

Incorporation determined against integral at:  7.03 (H3). 
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Table E1.11: Results for the HIE of substrate 166i.† 

Entry 
mIr 

(mg) 

nIr 

(μmol) 

mS 

(mg) 

nS 

(μmol) 

%D 

(%) 

%Davg 

(%) 
sD (%) 

1 1.5 1.0 21.1 102 98 

98 1 2 1.5 1.0 21 101 98 

3 1.6 1.0 21.5 104 97 
†In Table E1.11, symbols represent: mIr – amount of catalyst, in mg; nIr – number of moles of catalyst, 

in mol; mS – amount of substrate, in mg; nS – number of moles of substrate, in mol; %D – percent 

deuterium incorporation, determined by 1H NMR spectroscopy, calculated by Eq. 1; %Davg – average 

of three runs; sD – estimated standard deviation. 

 

O-tert-butyl-N-(2-fluorophenyl)carbamate – 166j 

 

Following general procedure 6.6, iridium catalyst 150c and O-tert-butyl-N-(2-

fluorophenyl)carbamate (166j) were dissolved in MTBE (2.0 mL) and reacted under 

an atmosphere of D2 at 50 °C for 4 h. After workup and evaporation of the volatiles, 

the deuterium incorporation was determined by 1H NMR spectroscopy of isolated 

compounds. The results obtained along with relevant experimental data related to 

experiments performed in triplicate are summarised in Table E1.12. 

 

Relevant 1H NMR spectroscopic data for substrate 166j in DMSO-d6: 

 

1H NMR data for 166j (400 MHz, DMSO-d6): δ 8.90 (s, 1H, NH), 7.60 (dd, 3JHH = 

4JHF = 8.5 Hz, 1H, H4), 7.23-7.16 (m, 1H, H3), 7.14-7.05 (m, 2H, H1/H2), 1.45 (s, 9H, 

H5). 

Incorporation expected at:  7.60 (H4) 

Incorporation determined against integral at:  7.23-7.16 (H3). 
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Table E1.12: Results for the HIE of substrate 166j.† 

Entry 
mIr 

(mg) 

nIr 

(μmol) 

mS 

(mg) 

nS 

(μmol) 

%D 

(%) 

%Davg 

(%) 
sD (%) 

1 1.7 1.1 21.5 102 94 

91 6 2 1.6 1.0 21.7 103 84 

3 1.6 1.0 21.1 100 94 
†In Table E1.12, symbols represent: mIr – amount of catalyst, in mg; nIr – number of moles of catalyst, 

in mol; mS – amount of substrate, in mg; nS – number of moles of substrate, in mol; %D – percent 

deuterium incorporation, determined by 1H NMR spectroscopy, calculated by Eq. 1; %Davg – average 

of three runs; sD – estimated standard deviation. 

 

O-tert-butyl-N-(2-(trifluoromethyl)phenyl)carbamate – 166k 

 

Following general procedure 6.6, iridium catalyst 150c and O-tert-butyl-N-(2-

(trifluoromethyl)phenyl)carbamate (166k) were dissolved in MTBE (2.0 mL) and 

reacted under an atmosphere of D2 at 50 °C for 4 h. After workup and evaporation of 

the volatiles, the deuterium incorporation was determined by 1H NMR spectroscopy 

of isolated compounds. The results obtained along with relevant experimental data 

related to experiments performed in triplicate are summarized in Table E1.13. 

 

Relevant 1H NMR spectroscopic data for substrate 166k in DMSO-d6: 

 

Incorporation expected at:  7.46 (H4) 

Incorporation determined against integral at:  7.40 (H2). 

 

Table E1.13: Results for the HIE of substrate 166k.† 

Entry 
mIr 

(mg) 

nIr 

(μmol) 

mS 

(mg) 

nS 

(μmol) 

%D 

(%) 

%Davg 

(%) 
sD (%) 

1 1.7 1.1 26.6 102 88 

87 1 2 1.7 1.1 26.2 100 86 

3 1.6 1.0 26.9 103 86 
†In Table E1.13, symbols represent: mIr – amount of catalyst, in mg; nIr – number of moles of catalyst, 

in mol; mS – amount of substrate, in mg; nS – number of moles of substrate, in mol; %D – percent 
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deuterium incorporation, determined by 1H NMR spectroscopy, calculated by Eq. 1; %Davg – average 

of three runs; sD – estimated standard deviation. 

 

O-tert-butyl-N-(3,5-dimethylphenyl)carbamate – 166l 

 

Following general procedure 6.6, iridium catalyst 150c and O-tert-butyl-N-(3,5-

dimethylphenyl)carbamate (166l) were dissolved in MTBE (2.0 mL) and reacted 

under an atmosphere of D2 at 50 °C for 4 h. After workup and evaporation of the 

volatiles, the deuterium incorporation was determined by 1H NMR spectroscopy of 

isolated compounds. The results obtained along with relevant experimental data 

related to experiments performed in triplicate are summarized in Table E1.14. 

 

Relevant 1H NMR spectroscopic data for substrate 166l in DMSO-d6: 

 

Incorporation expected at:  7.07 (H1) 

Incorporation determined against integral at:  6.58 (H2). 

 

Table E1.14: Results for the HIE of substrate 166l.† 

Entry 
mIr 

(mg) 

nIr 

(μmol) 

mS 

(mg) 

nS 

(μmol) 

%D 

(%) 

%Davg 

(%) 
sD (%) 

1 1.5 1.0 22.1 100 82 

80 4 2 1.6 1.0 21.8 99 76 

3 1.6 1.0 22.1 100 83 
†In Table E1.14, symbols represent: mIr – amount of catalyst, in mg; nIr – number of moles of catalyst, 

in mol; mS – amount of substrate, in mg; nS – number of moles of substrate, in mol; %D – percent 

deuterium incorporation, determined by 1H NMR spectroscopy, calculated by Eq. 1; %Davg – average 

of three runs; sD – estimated standard deviation. 

 

O-tert-butyl-N-(3-methoxyphenyl)carbamate – 166m 

 

Following general procedure 6.6, iridium catalyst 150c and O-tert-butyl-N-(3-

methoxyphenyl)carbamate (166m) were dissolved in MTBE (2.0 mL) and reacted 
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under an atmosphere of D2 at 50 °C for 4 h. After workup and evaporation of the 

volatiles, the deuterium incorporation was determined by 1H NMR spectroscopy of 

isolated compounds. The results obtained along with relevant experimental data 

related to experiments performed in triplicate are summarized in Table E1.15. 

 

Relevant 1H NMR spectroscopic data for substrate 166m in DMSO-d6: 

 

Incorporation expected at:  7.14 (H1) and 7.00 (H4). 

Incorporation determined against integral at:  6.53 (H2). 

 

Table E1.15: Results for the HIE of substrate 166m.† 

 Entry 
mIr 

(mg) 

nIr 

(μmol) 

mS 

(mg) 

nS 

(μmol) 
 

 1 1.6 1.0 22.6 101  

 2 1.6 1.0 22.9 103  

 3 1.5 1.0 22.7 102  

Entry 
%D1 

(%) 

%D1
avg 

(%) 

s1
D 

(%) 

%D4 

(%) 

%D4
avg 

(%) 

s4
D 

(%) 

1 99 

98 1 

98 

98 1 2 98 98 

3 98 98 
†In Table E1.15, symbols represent: mIr – amount of catalyst, in mg; nIr – number of moles of catalyst, 

in mol; mS – amount of substrate, in mg; nS – number of moles of substrate, in mol; %Dk – percent 

deuterium incorporation, determined by 1H NMR spectroscopy, calculated by Eq. 1; %Dk
avg – average 

of three runs; sk
D – estimated standard deviation; k – denotes labelling site. 

 

O-tert-butyl-N-(3-fluorophenyl)carbamate – 166n 

 

Following general procedure 6.6, iridium catalyst 150c and O-tert-butyl-N-(3-

fluorophenyl)carbamate (166n) were dissolved in MTBE (2.0 mL) and reacted under 

an atmosphere of D2 at 50 °C for 4 h. After workup and evaporation of the volatiles, 

the deuterium incorporation was determined by 1H NMR spectroscopy of isolated 

compounds. The results obtained along with relevant experimental data related to 

experiments performed in triplicate are summarized in Table E1.16. 
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Relevant 1H NMR spectroscopic data for substrate 166n in DMSO-d6: 

 

Incorporation expected at:  7.38 (H1) and 7.31-7.19 (H4). 

Incorporation determined against integral at:  6.77 (H2). 

 

Table E1.16: Results for the HIE of substrate 166n.† 

 Entry 
mIr 

(mg) 

nIr 

(μmol) 

mS 

(mg) 

nS 

(μmol) 
 

 1 1.7 1.1 21.2 100  

 2 1.6 1.0 21.6 102  

 3 1.6 1.0 21.3 101  

Entry 
%D1 

(%) 

%D1
avg 

(%) 

s1
D 

(%) 

%D4 

(%) 

%D4
avg 

(%) 

s4
D 

(%) 

1 76 

84 7 

79 

86 6 2 89 90 

3 86 88 
†In Table E1.16, symbols represent: mIr – amount of catalyst, in mg; nIr – number of moles of catalyst, 

in mol; mS – amount of substrate, in mg; nS – number of moles of substrate, in mol; %Dk – percent 

deuterium incorporation, determined by 1H NMR spectroscopy, calculated by Eq. 1; %Dk
avg – average 

of three runs; sk
D – estimated standard deviation; k – denotes labelling site. 

 

O-tert-butyl-N-(3-fluorophenyl)carbamate – 166o  

 

Following general procedure 6.6, iridium catalyst 150c and O-tert-butyl-N-(3-

fluorophenyl)carbamate (166o) were dissolved in MTBE (2.0 mL) and reacted under 

an atmosphere of D2 at 50 °C for 4 h. After workup and evaporation of the volatiles, 

the deuterium incorporation was determined by 1H NMR spectroscopy of isolated 

compounds. The results obtained along with relevant experimental data related to 

experiments performed in triplicate are summarized in Table E1.17. 

 

Relevant 1H NMR spectroscopic data for substrate 166o in DMSO-d6: 
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Incorporation expected at:  7.62 (H1) and 7.36 (H4). 

Incorporation determined against integral at:  7.01 (H2). 

 

Table E1.17: Results for the HIE of substrate 166o.† 

 Entry 
mIr 

(mg) 

nIr 

(μmol) 

mS 

(mg) 

nS 

(μmol) 
 

 1 1.7 1.1 22.6 99  

 2 1.6 1.0 22.7 100  

 3 1.7 1.1 22.8 100  

Entry 
%D1 

(%) 

%D1
avg 

(%) 

s1
D 

(%) 

%D4 

(%) 

%D4
avg 

(%) 

s4
D 

(%) 

1 44 

47 2 

39 

42 2 2 48 43 

3 48 43 
†In Table E1.17, symbols represent: mIr – amount of catalyst, in mg; nIr – number of moles of catalyst, 

in mol; mS – amount of substrate, in mg; nS – number of moles of substrate, in mol; %Dk – percent 

deuterium incorporation, determined by 1H NMR spectroscopy, calculated by Eq. 1; %Dk
avg – average 

of three runs; sk
D – estimated standard deviation; k – denotes labelling site. 

 

 6.10.3 Scope of O-aryl carbamates 

 

N-tert-butyl-O-phenylcarbamate – 168a 

 

Following general procedure 6.6, iridium catalyst 150c and N-tert-butyl-O-

phenylcarbamate (168a) were dissolved in MTBE (2.0 mL) and reacted under an 

atmosphere of D2 at 50 °C for 4 h. After workup and evaporation of the volatiles, the 

deuterium incorporation was determined by 1H NMR spectroscopy of isolated 

compounds. The results obtained along with relevant experimental data related to 

experiments performed in triplicate are summarized in Table E1.18. 

 

Relevant 1H NMR spectroscopic data for substrate 168a in CDCl3: 
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Incorporation expected at:  7.14 (H1) 

Incorporation determined against integral at:  7.37 (H2). 

 

Table E1.18: Results for the HIE of substrate 168a.† 

Entry 
mIr 

(mg) 

nIr 

(μmol) 

mS 

(mg) 

nS 

(μmol) 

%D 

(%) 

%Davg 

(%) 
sD (%) 

1 1.6 1.0 19.2 99 92 

91 1 2 1.6 1.0 19.7 102 92 

3 1.7 1.1 19.2 99 90 
†In Table E1.18, symbols represent: mIr – amount of catalyst, in mg; nIr – number of moles of catalyst, 

in mol; mS – amount of substrate, in mg; nS – number of moles of substrate, in mol; %D – percent 

deuterium incorporation, determined by 1H NMR spectroscopy, calculated by Eq. 1; %Davg – average 

of three runs; sD – estimated standard deviation. 

 

Compound 168a from the experiment summarised in entry 1 was recovered as a 

white solid (19.1 mg, 99%). 

 

N,N-diethyl-O-phenylcarbamate – 168b 

 

Following general procedure 6.6, iridium catalyst 150c and N,N-diethyl-O-

phenylcarbamate (168b) were dissolved in MTBE (2.0 mL) and reacted under an 

atmosphere of D2 at 50 °C for 4 h. After workup and evaporation of the volatiles, the 

deuterium incorporation was determined by 1H NMR spectroscopy of isolated 

compounds. The results obtained along with relevant experimental data related to 

experiments performed in triplicate are summarized in Table E1.19. 

 

Relevant 1H NMR spectroscopic data for substrate 168b in DMSO-d6: 
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1H NMR data for 168b (400 MHz, DMSO-d6): δ 7.37 (tt, 3JHH = 8.1 Hz, 4JHH = 2.1 

Hz, 2H, H2), 7.21 (tt, 3JHH = 7.4 Hz, 4JHH = 1.1 Hz, 1H, H3), 7.13-7.09 (m, 2H, H1), 

3.35 (br d, rotΔ = 36 Hz, 4H, H4), 1.16 (br d, rotΔ = 34 Hz, 6H, H5). 

Incorporation expected at:  7.13-7.09 (H1) 

Incorporation determined against integral at:  7.37 (H2). 

 

Table E1.19: Results for the HIE of substrate 168b.† 

Entry 
mIr 

(mg) 

nIr 

(μmol) 

mS 

(mg) 

nS 

(μmol) 

%D 

(%) 

%Davg 

(%) 
sD (%) 

1 1.7 1.1 19.5 101 94 

94 1 2 1.5 1.0 19.6 101 95 

3 1.7 1.1 19.6 101 94 
†In Table E1.19, symbols represent: mIr – amount of catalyst, in mg; nIr – number of moles of catalyst, 

in mol; mS – amount of substrate, in mg; nS – number of moles of substrate, in mol; %D – percent 

deuterium incorporation, determined by 1H NMR spectroscopy, calculated by Eq. 1; %Davg – average 

of three runs; sD – estimated standard deviation. 

 

Compound 168b from the experiment summarised in entry 2 was recovered as a 

viscous oil (19.6 mg, 99%). 

 

N,N-di(iso-propyl)-O-phenylcarbamate – 168c 

 

Following general procedure 6.6, iridium catalyst 150c and N,N-di(iso-propyl)-O-

phenylcarbamate (168c) were dissolved in MTBE (2.0 mL) and reacted under an 

atmosphere of D2 at 50 °C for 4 h. After workup and evaporation of the volatiles, the 

deuterium incorporation was determined by 1H NMR spectroscopy of isolated 

compounds. The results obtained along with relevant experimental data related to 

experiments performed in triplicate are summarized in Table E1.20. 

 

Relevant 1H NMR spectroscopic data for substrate 168c in CDCl3: 

 

Incorporation expected at:  7.15-7.10 (H1) 
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Incorporation determined against integral at:  7.36 (H2). 

 

Table E1.20: Results for the HIE of substrate 168c.† 

Entry 
mIr 

(mg) 

nIr 

(μmol) 

mS 

(mg) 

nS 

(μmol) 

%D 

(%) 

%Davg 

(%) 
sD (%) 

1.6 1.0 22.5 102 4 1.6 

8 8 1.5 1.0 22.0 99 18 1.5 

1.6 1.0 22.2 100 3 1.6 
†In Table E1.20, symbols represent: mIr – amount of catalyst, in mg; nIr – number of moles of catalyst, 

in mol; mS – amount of substrate, in mg; nS – number of moles of substrate, in mol; %D – percent 

deuterium incorporation, determined by 1H NMR spectroscopy, calculated by Eq. 1; %Davg – average 

of three runs; sD – estimated standard deviation. 

 

Compound 168c from the experiment summarised in entry 1 was recovered as a 

white solid (22.3 mg, 99%). 

 

N,N-diethyl-O-(2-methylphenyl)carbamate – 168d 

 

Following general procedure 6.6, iridium catalyst 150c and N,N-diethyl-O-(2-

methylphenyl)carbamate (168d) were dissolved in MTBE (2.0 mL) and reacted 

under an atmosphere of D2 at 50 °C for 4 h. After workup and evaporation of the 

volatiles, the deuterium incorporation was determined by 1H NMR spectroscopy of 

isolated compounds. The results obtained along with relevant experimental data 

related to experiments performed in triplicate are summarized in Table E1.21. 

 

Relevant 1H NMR spectroscopic data for substrate 168d in CDCl3: 

 

Incorporation expected at:  7.09 (H4) 

Incorporation determined against integral at:  7.25-7.18 (H1/H3). 
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Table E1.21: Results for the HIE of substrate 168d.† 

Entry 
mIr 

(mg) 

nIr 

(μmol) 

mS 

(mg) 

nS 

(μmol) 

%D 

(%) 

%Davg 

(%) 
sD (%) 

1 1.6 1.0 21.2 102 96 

96 1 2 1.6 1.0 20.5 99 97 

3 1.6 1.0 21.1 102 96 
†In Table E1.21, symbols represent: mIr – amount of catalyst, in mg; nIr – number of moles of catalyst, 

in mol; mS – amount of substrate, in mg; nS – number of moles of substrate, in mol; %D – percent 

deuterium incorporation, determined by 1H NMR spectroscopy, calculated by Eq. 1; %Davg – average 

of three runs; sD – estimated standard deviation. 

 

Compound 168d from the experiment summarised in entry 1 was recovered as a 

viscous oil (20.4 mg, 96%). 

 

4-Bromophenyl morpholine-4-carboxylate – 168e 

 

Following general procedure 6.6, iridium catalyst 150c and 4-Bromophenyl 

morpholine-4-carboxylate (168e) were dissolved in MTBE (2.0 mL) and reacted 

under an atmosphere of D2 at 50 °C for 4 h. After workup and evaporation of the 

volatiles, the deuterium incorporation was determined by 1H NMR spectroscopy of 

isolated compounds. The results obtained along with relevant experimental data 

related to experiments performed in triplicate are summarized in Table E1.22. 

 

Relevant 1H NMR spectroscopic data for substrate 168e in DMSO-d6: 

 

Incorporation expected at:  7.14 (H1) 

Incorporation determined against integral at:  7.58 (H2). 
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Table E1.22: Results for the HIE of substrate 168e.† 

Entry 
mIr 

(mg) 

nIr 

(μmol) 

mS 

(mg) 

nS 

(μmol) 

%D 

(%) 

%Davg 

(%) 
sD (%) 

1 1.6 1.0 29.0 101 79 

72 6 2 1.6 1.0 28.8 101 68 

3 1.6 1.0 28.7 100 70 
†In Table E1.22, symbols represent: mIr – amount of catalyst, in mg; nIr – number of moles of catalyst, 

in mol; mS – amount of substrate, in mg; nS – number of moles of substrate, in mol; %D – percent 

deuterium incorporation, determined by 1H NMR spectroscopy, calculated by Eq. 1; %Davg – average 

of three runs; sD – estimated standard deviation. 

 

Compound 168e from the experiment summarised in entry 3 was recovered as a 

white solid (28.5 mg, 99%). 

 

2-(Methoxycarbonyl)phenyl morpholine-4-carboxylate – 168f 

 

Following general procedure 1.6, iridium catalyst 150c and 2-

(methoxycarbonyl)phenyl morpholine-4-carboxylate (168f) were dissolved in MTBE 

(2.0 mL) and reacted under an atmosphere of D2 at 50 °C for 4 h. After workup and 

evaporation of the volatiles, the deuterium incorporation was determined by 1H NMR 

spectroscopy of isolated compounds. The results obtained along with relevant 

experimental data related to experiments performed in triplicate are summarized in 

Table E1.23. 

 

Relevant 1H NMR spectroscopic data for substrate 168f in CDCl3: 

 

Incorporation expected at:  8.01 (H1) and 7.19 (H4) 

Incorporation determined against integral at:  7.56 (H3). 

HRMS (positive ESI): m/z calculated for [M+H]+ C13H14D2NO5
+: 268.1149; found: 

268.1147. 
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Table E1.23: Results for the HIE of substrate 168f.† 

 Entry 
mIr 

(mg) 

nIr 

(μmol) 

mS 

(mg) 

nS 

(μmol) 
 

 1 1.5 1.0 26.5 100  

 2 1.6 1.0 26.3 99  

 3 1.5 1.0 26.5 100  

Entry 
%D1 

(%) 

%D1
avg 

(%) 

s1
D 

(%) 

%D4 

(%) 

%D4
avg 

(%) 

s4
D 

(%) 

1 96 

96 1 

96 

96 1 2 96 96 

3 96 96 
†In Table E1.23, symbols represent: mIr – amount of catalyst, in mg; nIr – number of moles of catalyst, 

in mol; mS – amount of substrate, in mg; nS – number of moles of substrate, in mol; %Dk – percent 

deuterium incorporation, determined by 1H NMR spectroscopy, calculated by Eq. 1; %Dk
avg – average 

of three runs; sk
D – estimated standard deviation; k – denotes labelling site. 

 

Compound 168f from the experiment summarised in entry 1 was recovered as a 

white solid (26.3 mg, 99%). 

 

Phenyl morpholine-4-carboxylate – 168g 

 

Following general procedure 6.6, iridium catalyst 150c and phenyl morpholine-4-

carboxylate (168g) were dissolved in MTBE (2.0 mL) and reacted under an 

atmosphere of D2 at 50 °C for 4 h. After workup and evaporation of the volatiles, the 

deuterium incorporation was determined by 1H NMR spectroscopy of isolated 

compounds. The results obtained along with relevant experimental data related to 

experiments performed in triplicate are summarized in Table E1.24. 

 

Relevant 1H NMR spectroscopic data for substrate 168g in DMSO-d6: 

 

1H NMR data for 168g (400 MHz, DMSO-d6): δ 7.38 (dt, 3JHH = 8.1 Hz, 4JHH = 2.1 

Hz, 2H, H2), 7.23 (tt, 3JHH = 7.4 Hz, 4JHH = 1.1 Hz, 1H, H3), 7.16-7.11 (m, 2H, H1), 

3.69-3.62 (br m, 4H, H4), 3.60-3.38 (br m, 4H, H5). 
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Incorporation expected at:  7.13 (H1) and 3.69-3.62 (H4). 

Incorporation determined against integral at:  7.38 (H2). 

 

Table E1.24: Results for the HIE of substrate 168g.† 

 Entry 
mIr 

(mg) 

nIr 

(μmol) 

mS 

(mg) 

nS 

(μmol) 
 

 1 1.7 1.1 20.7 100  

 2 1.7 1.1 21.1 102  

 3 1.6 1.0 20.6 99  

Entry 
%D1 

(%) 

%D1
avg 

(%) 

s1
D 

(%) 

%D4 

(%) 

%D4
avg 

(%) 

s4
D 

(%) 

1 95 

95 1 

34 

38 5 2 95 38 

3 94 43 
†In Table E1.24, symbols represent: mIr – amount of catalyst, in mg; nIr – number of moles of catalyst, 

in mol; mS – amount of substrate, in mg; nS – number of moles of substrate, in mol; %Dk – percent 

deuterium incorporation, determined by 1H NMR spectroscopy, calculated by Eq. 1; %Dk
avg – average 

of three runs; sk
D – estimated standard deviation; k – denotes labelling site. 

 

Compound 168g from the experiment summarised in entry 1 was recovered as a 

white solid (18.8 mg, 91%). 

 

4-methoxyphenyl morpholine-4-carboxylate – 168h 

 

Following general procedure 6.6, iridium catalyst 150c and 4-methoxyphenyl 

morpholine-4-carboxylate (168h) were dissolved in MTBE (2.0 mL) and reacted 

under an atmosphere of D2 at 50 °C for 4 h. After workup and evaporation of the 

volatiles, the deuterium incorporation was determined by 1H NMR spectroscopy of 

isolated compounds. The results obtained along with relevant experimental data 

related to experiments performed in triplicate are summarized in Table E1.25. 

 

Relevant 1H NMR spectroscopic data for substrate 168h in DMSO-d6: 
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Incorporation expected at:  7.05 (H1) and 3.67-3.37 (H4) 

Incorporation determined against integral at:  6.93 (H2). 

 

Table E1.25: Results for the HIE of substrate 168h.† 

 Entry 
mIr 

(mg) 

nIr 

(μmol) 

mS 

(mg) 

nS 

(μmol) 
 

 1 1.7 1.1 23.7 100  

 2 1.6 1.0 23.6 99  

 3 1.6 1.0 23.7 100  

Entry 
%D1 

(%) 

%D1
avg 

(%) 

s1
D 

(%) 

%D4 

(%) 

%D4
avg 

(%) 

s4
D 

(%) 

1 95 

95 1 

33 

35 3 2 95 38 

3 94 33 
†In Table E1.25, symbols represent: mIr – amount of catalyst, in mg; nIr – number of moles of catalyst, 

in mol; mS – amount of substrate, in mg; nS – number of moles of substrate, in mol; %Dk – percent 

deuterium incorporation, determined by 1H NMR spectroscopy, calculated by Eq. 1; %Dk
avg – average 

of three runs; sk
D – estimated standard deviation; k – denotes labelling site. 

 

Compound 168h from the experiment summarised in entry 3 was recovered as a 

white solid (23.3 mg, 98%). 

 

(S)-4-(2-((tert-butoxycarbonyl)amino)-3-methoxy-3-oxopropyl)phenyl morpholine-

4-carboxylate (169) 

 

Following general procedure 6.6, iridium catalyst 150c and (S)-4-(2-((tert-

butoxycarbonyl)amino)-3-methoxy-3-oxopropyl)phenyl morpholine-4-carboxylate 

(169) were dissolved in MTBE (1.0 mL) and reacted under an atmosphere of D2 at 

50 °C for 4 h. After workup and evaporation of the volatiles, the deuterium 

incorporation was determined by 1H NMR spectroscopy of isolated compounds. The 

results obtained along with relevant experimental data related to experiments 

performed in triplicate are summarized in Table E1.26. 
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Relevant 1H NMR spectroscopic data for substrate 169 in CDCl3: 

 

Incorporation expected at:  7.06 (H2) 

Incorporation determined against integral at:  7.14 (H1). 

HRMS (positive ESI): m/z calculated for [M+NH4]
+ C20H26D2N3O7

+: 428.2360; 

found: 428.2358. 

 

Table E1.26: Results for the HIE of substrate 169.† 

Entry 
mIr 

(mg) 

nIr 

(μmol) 

mS 

(mg) 

nS 

(μmol) 

%D 

(%) 

%Davg 

(%) 
sD (%) 

1 4.0 2.6 20.4 50 97 
97 ND 

2 3.9 2.5 20.8 51 97 
†In Table E1.26, symbols represent: mIr – amount of catalyst, in mg; nIr – number of moles of catalyst, 

in mol; mS – amount of substrate, in mg; nS – number of moles of substrate, in mol; %D – percent 

deuterium incorporation, determined by 1H NMR spectroscopy, calculated by Eq. 1; %Davg – average 

of three runs; sD – estimated standard deviation. 

 

Compound 169 from the experiment summarised in entry 2 was recovered as a white 

solid (19.6 mg, 94%). 

 

 6.10.4 Synthesis of 166b-d2 for further hydrolysis 

 

Following general procedure 1.5 for hydrogen isotope exchange (HIE) of 

carbamates, catalyst 150c (7.7 mg, 4.9 μmol, 1.0 mol%) and O-tert-butyl-carbamate 

166b (103.9 mg, 0.50 mmol) were dissolved in MTBE (10 mL) and reacted in 

presence of an atmosphere of D2 for 4 h at 50 °C. After the allocated reaction time, 

one of the stopcocks was open to the atmosphere to allow release of D2, the mixture 

was allowed to cool to room temperature and the volatiles were evaporated under 

reduced pressure. The residue thus obtained was purified by column chromatography 
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with gradient elution, employing mixtures of Et2O and petroleum ether as solvents (0 

– 10% Et2O) to afford d2-O-tert-butyl-N-(4-methyl)phenyl carbamate (166b-d2) as a 

white solid (102.7 mg, 98% yield). 1H NMR data indicated a total incorporation of 

89%D. 

 

1H NMR (400 MHz, CDCl3): δ 7.22 (d, 3JHH = 8.5 Hz, 0.21H, residual H1), 7.09 (br 

s, 2H, H2), 6.38 (br s, 1H, NH), 2.29 (s, 3H, H3), 1.51 (s, 9H, H4). 

13C NMR (101 MHz, CDCl3): δ 150.0, 135.7, 132.7, 129.5, 118.6 (t, 1JCD = 27 Hz), 

80.5, 28.5, 20.9. 

IR (neat, cm-1): 3289, 3109, 3034, 2967, 2926, 2868, 1703, 1684, 1593, 1528, 1472, 

1449, 1393, 1366, 1308, 1248, 1223, 1157, 1069, 1049, 1030, 907, 881, 860, 831, 

775, 760, 710, 677, 638. 

 

 Synthesis of d2-4-methylaniline 171-d2 by hydrolysis of 166b-d2
245 

 

To a round-bottomed flask equipped with a magnetic stirrer bar was added methanol 

(0.5 mL) and the reaction vessel was cooled to 0 °C in an ice-water bath. Then, 

acetyl chloride (0.05 mL, 0.70 mmol) was slowly added at that temperature, under 

constant stirring, the reaction vessel was fitted with a glass stopper, and the resulting 

mixture was stirred for 15 min at 0 °C. Then, carbamate 166b-d2 (31.0 mg, 0.15 

mmol) was added at 0 °C in one portion, the reaction vessel was subsequently 

warmed to room temperature, and the reaction mixture was stirred at that temperature 

for 2 h. The mixture was then quenched by careful dropwise addition of saturated 

NaHCO3 (2.0 mL) under constant, vigorous stirring. The resulting mixture was 

extracted with Et2O (5 × 5 mL), the combined organic phases were washed with 

brine (2 mL), dried over Na2SO4, filtered and evaporated under reduced pressure at 0 



181 

 

°C to afford d2-4-methylaniline (171-d2) as a white solid (16.9 mg, 100% yield). 1H 

NMR data indicated a total incorporation of 90%D. 

 

1H NMR (400 MHz, CDCl3): δ 6.98 (br s, 2H, H2), 6.62 (d, 3JHH = 8.6 Hz, 0.18H, 

residual H1), 3.25 (br s, 2H, NH2), 2.25 (s, 3H, H3). 

13C NMR (101 MHz, CDCl3): δ 143.7, 129.8, 128.0, 115.2 (t, 1JCD = 24 Hz), 20.6. 

6.11 Rate studies and determination of kinetic isotope effect (KIE) 

 6.11.1 Experimental results for rate measurement 

 

Throughout sections 6.11.1.1 and 6.11.1.2, results concerning both the forward (C—

H deuteration) and the reverse processes (C—D hydrogenation) in the HIE of 

carbamates of interest are reported. In all cases, the software OriginPro 2017 SR2 

was employed to obtain a best linear fit for the rate data. An induction period of 

approximately 2 min was observed for this particular reaction, which was attributed 

to the time necessary for the reaction medium to equilibrate its internal temperature 

to a stage in which the rate limiting step for the process could be surpassed. Hence, 

the first point in each plot was discarded to ensure reproducibility across runs, and 

the linear regression for the remaining points was then calculated. The slope of the 

line thus obtained, and its corresponding error due to fitting, were considered to 

provide an estimation for the observed reaction rate. The determination of 

experimental KIE values for substrates 166b at 50 °C, and 177 at both 30 and 50 °C 

is described in section 6.11.2. 
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 6.11.1.1 Rate of reactions with O-tert-butyl-N-aryl carbamate 166b 

 

Rate measurement at 50 °C – forward process 

 

Following general procedure 6.7 for rate measurement of HIE reactions, catalyst 

150c (4.0 mg, 2.6 mol, 0.5 mol%) and O-tert-butyl-N-(4-methyl)phenyl carbamate 

166b (103.2 mg, 498 mol) were added to the reaction vessel and dissolved in 

MTBE (20 mL). The resulting mixture was subjected to a rate measurement 

experiment as per the aforementioned general procedure employing D2 as the 

reactive gas. Once the reaction vessel was fully immersed in an oil bath previously 

heated to 50 °C, a timer was started to measure progression of the reaction under 

study. The first 0.8 mL aliquot was taken after 2 min have elapsed, and the mixture 

thus collected was immediately transferred to a vial containing MeCN (2.0 mL). 

Four additional aliquots of 0.8 mL were collected at time intervals of 1 min, i.e., after 

3, 4, 5 and then 6 min of reaction, and were treated in an analogous manner to that 

stated for the first reaction sampling. Each aliquot was then treated as described in 

general procedure 5.7 and subsequently analysed by 1H NMR spectroscopy 

employing DMSO-d6 as solvent. The results thus obtained are summarized in Table 

E1.27 and plotted in Figure 2.1. 

 

Table E1.27: Rate measurement for the forward HIE reaction of carbamate 166b.† 

Entry Time (min) %D 

1 2 2 

2 3 4 

3 4 9 

4 5 15 

5 6 18 
† Incorporation determined by 1H NMR spectroscopy. 
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Figure 2.1: Rate measurement for the forward HIE reaction of carbamate 166b. 

 

From the data provided in Table E1.27 and the slope of the line obtained in Figure 

2.1, it was possible to estimate a reaction rate for the forward process, at 50 °C, 

equivalent to kH = (4.8 ± 0.4) %D min-1. 

 

Rate measurement at 50 °C – reverse process 

 

Following general procedure 6.7 for rate measurement of HIE reactions, catalyst 

150c (4.0 mg, 2.6 mol, 0.5 mol%) and d2-O-tert-butyl-N-(4-methyl)phenyl 

carbamate 166b-d2 (90%D by 1H NMR, 104.9 mg, 501 mol) were added to the 

reaction vessel and dissolved in MTBE (20 mL). The resulting mixture was subjected 

to a rate measurement experiment as per the aforementioned general procedure 

employing H2 as the reactive gas. Once the reaction vessel was fully immersed in an 

oil bath previously heated to 50 °C, a timer was started to measure progression of the 

reaction under study. The first 0.8 mL aliquot was taken after 2 min have elapsed, 

and the mixture thus collected was immediately transferred to a vial containing 

MeCN (2.0 mL). Four additional aliquots of 0.8 mL were collected at time intervals 

of 1 min, i.e., after 3, 4, 5 and then 6 min of reaction, and were treated in an 

analogous manner to that stated for the first reaction sampling. Each aliquot was then 

treated as described in general procedure 5.7 and subsequently analysed by 1H NMR 

spectroscopy employing DMSO-d6 as solvent. The results thus obtained are 

summarized in Table E1.28 and plotted in Figure 2.2. 
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Table E1.28: Rate measurement for the reverse HIE reaction of carbamate 166b-d2.† 

Entry Time (min) %D Δ[%D] 

1 2 88 2 

2 3 86 4 

3 4 80 10 

4 5 76 14 

5 6 71 19 
† Incorporation determined by 1H NMR spectroscopy. 

 

Figure 2.2: Rate measurement for the reverse HIE reaction of carbamate 166b-d2. 

 

From the data provided in Table E1.28 and the slope of the line obtained in Figure 

2.2, it was possible to estimate a reaction rate for the reverse process, at 50 °C, 

equivalent to kD = (4.9 ± 0.3) %D min-1. 

 

 6.11.1.2 Rate of reactions with O-methyl-N-aryl carbamate 177 

 

Rate measurement at 30 °C – forward process 

 

Following general procedure 6.7 for rate measurement of HIE reactions, catalyst 

150c (3.9 mg, 2.5 mol, 0.5 mol%) and O-methyl-N-(4-methyl)phenyl carbamate 

177 (83.0 mg, 499 mol) were added to the reaction vessel and dissolved in MTBE 

(20 mL). The resulting mixture was subjected to a rate measurement experiment as 

per the aforementioned general procedure employing D2 as the reactive gas. Once the 

reaction vessel was fully immersed in an oil bath previously heated to 30 °C, a timer 
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was started to measure progression of the reaction under study. The first 0.8 mL 

aliquot was taken after 2 min have elapsed, and the mixture thus collected was 

immediately transferred to a vial containing MeCN (2.0 mL). Four additional 

aliquots of 0.8 mL were collected at time intervals of 1 min, i.e., after 3, 4, 5 and then 

6 min of reaction, and were treated in an analogous manner to that stated for the first 

reaction sampling. Each aliquot was then treated as described in general procedure 

5.7 and subsequently analysed by 1H NMR spectroscopy employing DMSO-d6 as 

solvent. The results thus obtained are summarized in Table E1.29 and plotted in 

Figure 2.3. 

 

Table E1.29: Rate measurement for the forward HIE reaction of carbamate 177.† 

Entry Time (min) %D 

1 2 2 

2 3 6 

3 4 12 

4 5 24 

5 6 32 
† Incorporation determined by 1H NMR spectroscopy. 

 

 

Figure 2.3: Rate measurement for the forward HIE reaction of carbamate 177. 

 

From the data provided in Table E1.29 and the slope of the line obtained in Figure 

2.3, it was possible to estimate a reaction rate for the forward process, at 30 °C, 

equivalent to kH = (9.0 ± 0.8) %D min-1. 
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Rate measurement at 30 °C – reverse process 

 

Following general procedure 6.7 for rate measurement of HIE reactions, catalyst 

150c (3.9 mg, 2.5 mol, 0.5 mol%) and d2-O-methyl-N-(4-methyl)phenyl carbamate 

177-d2 (96%D by 1H NMR, 83.5 mg, 499 mol) were added to the reaction vessel 

and dissolved in MTBE (20 mL). The resulting mixture was subjected to a rate 

measurement experiment as per the aforementioned general procedure employing H2 

as the reactive gas. Once the reaction vessel was fully immersed in an oil bath 

previously heated to 30 °C, a timer was started to measure progression of the 

reaction under study. The first 0.8 mL aliquot was taken after 3 min have elapsed, 

and the mixture thus collected was immediately transferred to a vial containing 

MeCN (2.0 mL). Four additional aliquots of 0.8 mL were collected at time intervals 

of 1 min, i.e., after 4, 5, 6 and then 7 min of reaction, and were treated in an 

analogous manner to that stated for the first reaction sampling. Each aliquot was then 

treated as described in general procedure 5.7 and subsequently analysed by 1H NMR 

spectroscopy employing DMSO-d6 as solvent. The results thus obtained are 

summarized in Table E1.30 and plotted in Figure 2.4. 

 

Table E1.30: Rate measurement for the reverse HIE reaction of carbamate 177-d2.† 

Entry Time (min) %D Δ[%D] 

1 3 95 1 

2 4 95 1 

3 5 92 4 

4 6 89 7 

5 7 86 10 
† Incorporation determined by 1H NMR spectroscopy. 
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Figure 2.4: Rate measurement for the reverse HIE reaction of carbamate 177-d2. 

 

From the data provided in Table E1.30 and the slope of the line obtained in Figure 

2.4, it was possible to estimate a reaction rate for the reverse process, at 30 °C, 

equivalent to kD = (3.0 ± 0.1) %D min-1. 

 

Rate measurement at 50 °C – forward process 

 

Following general procedure 6.7 for rate measurement of HIE reactions, catalyst 

150c (3.7 mg, 2.4 mol, 0.5 mol%) and O-methyl-N-(4-methyl)phenyl carbamate 

177 (82.6 mg, 500 mol) were added to the reaction vessel and dissolved in MTBE 

(20 mL). The resulting mixture was subjected to a rate measurement experiment as 

per the aforementioned general procedure employing D2 as the reactive gas. Once the 

reaction vessel was fully immersed in an oil bath previously heated to 50 °C, a timer 

was started to measure progression of the reaction under study. The first 0.8 mL 

aliquot was taken after 2 min have elapsed, and the mixture thus collected was 

immediately transferred to a vial containing MeCN (2.0 mL). Four additional 

aliquots of 0.8 mL were collected at time intervals of 1 min, i.e., after 3, 4, 5 and then 

6 min of reaction, and were treated in an analogous manner to that stated for the first 

reaction sampling. Each aliquot was then treated as described in general procedure 

5.7 and subsequently analysed by 1H NMR spectroscopy employing DMSO-d6 as 
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solvent. The results thus obtained are summarized in Table E1.31 and plotted in 

Figure 2.5. 

 

Table E1.31: Rate measurement for the forward HIE reaction of carbamate 177.† 

Entry Time (min) %D 

1 2 3 

2 3 5 

3 4 21 

4 5 37 

5 6 48 
† Incorporation determined by 1H NMR spectroscopy. 

 

 

Figure 2.5: Rate measurement for the forward HIE reaction of carbamate 177. 

 

From the data provided in Table E1.31 and the slope of the line obtained in Figure 

2.5, it was possible to estimate a reaction rate for the forward process, at 50 °C, 

equivalent to kH = (14.5 ± 0.9) %D min-1. 

 

Rate measurement at 50 °C – reverse process 

 

Following general procedure 6.7 for rate measurement of HIE reactions, catalyst 

150c (3.8 mg, 2.4 mol, 0.5 mol%) and d2-O-methyl-N-(4-methyl)phenyl carbamate 

177-d2 (94%D by 1H NMR, 83.4 mg, 499 mol) were added to the reaction vessel 

and dissolved in MTBE (20 mL). The resulting mixture was subjected to a rate 

measurement experiment as per the aforementioned general procedure employing H2 
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as the reactive gas. Once the reaction vessel was fully immersed in an oil bath 

previously heated to 50 °C, a timer was started to measure progression of the 

reaction under study. The first 0.8 mL aliquot was taken after 2 min have elapsed, 

and the mixture thus collected was immediately transferred to a vial containing 

MeCN (2.0 mL). Four additional aliquots of 0.8 mL were collected at time intervals 

of 1 min, i.e., after 3, 4, 5 and then 6 min of reaction, and were treated in an 

analogous manner to that stated for the first reaction sampling. Each aliquot was then 

treated as described in general procedure 5.7 and subsequently analysed by 1H NMR 

spectroscopy employing DMSO-d6 as solvent. The results thus obtained are 

summarized in Table E1.32 and plotted in Figure 2.6. 

 

Table E1.32: Rate measurement for the reverse HIE reaction of carbamate 177-d2.† 

Entry Time (min) %D Δ[%D] 

1 2 92 2 

2 3 80 14 

3 4 72 22 

4 5 66 28 

5 6 61 33 
† Incorporation determined by 1H NMR spectroscopy. 

 

Figure 2.6: Rate measurement for the reverse HIE reaction of carbamate 177-d2. 

 

From the data provided in Table E1.32 and the slope of the line obtained in Figure 

2.6, it was possible to estimate a reaction rate for the reverse process, at 50 °C, 

equivalent to kD = (6.3 ± 0.5) %D min-1. 
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6.11.2 Determination of KIE 

 

Considering the data collated in sections 6.11.1.1 and 6.11.1.2, it was possible to 

determine the KIE values of interest. Thus, by applying the definition of kinetic 

isotope effect of a given process,201 it follows: 

 

Moreover, by considering the error due to fitting associated with each individual 

linear regression, it is possible to estimate the following uncertainty for the KIE 

values – σKIE:246 

 

Where skH and skD correspond to the error due to fitting the rates for the forward 

reaction – kH, and the analogous rate for the reverse process – kD, respectively. 

Therefore, from these definitions is possible to calculate KIE values for the HIE 

reaction of carbamates 166b and 177, and the results obtained are summarised in 

Table E1.33: 

 

Table E1.33: KIE values for the HIE of carbamates 166b and 177. 

Entry Carbamate 
T 

(°C) 

kH 

(%D min-1) 

kD 

(%D min-1) 
KIE sKIE 

1 167b 50 4.8 ± 0.4 4.9 ± 0.3 1.0 0.1 

2 176 30 9.0 ± 0.8 3.0 ± 0.1 3.0 0.3 

3 176 50 14.5 ± 0.9 6.3 ± 0.5 2.3 0.2 

 

Finally, Figure 2.7 aggregates all data plots in section 5.5.1 in order to provide a 

visual representation of the KIE summarised in Table E1.33.  
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Figure 2.7: Aggregate data for rate experiments with carbamates 166b (top) and 177 

(left and right). Rate values are given in %D min-1. 

 

7. Computational details 

 

A series of DFT techniques were employed to evaluate catalytically relevant 

iridium(III) deuterides, their corresponding adducts with carbamates, and their 

solvated counterparts. 

 

 7.1 General considerations 

 

All DFT calculations were performed with the Gaussian09 quantum chemistry 

package247 employing the meta-GGA functional of Truhlar and Zhao248 – M06L – 

with associated 6-31G(d) basis set for light atoms, and Stuttgart RSC effective core 

potentials and associated basis set for iridium.189 
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Structures corresponding to intermediates in all potential energy surfaces described 

herein were confirmed to be minima through vibrational frequency calculations and 

depicted no imaginary frequencies. Transition states were located employing the 

Synchronous Transit-Guided Quasi-Newton method249 – QST3 – with inclusion of 

relevant guesses for transition state geometry and confirmed by vibrational frequency 

calculation which featured a unique imaginary frequency. Intrinsic reaction 

coordinate calculations were performed in two separate steps, one for each direction 

of the potential energy surface (forward and reverse pathways) employing transition 

states previously obtained via the QST3 method. NBO analysis147 were performed in 

Gaussian09 with its integrated NBO 3.0 package. Unless otherwise stated, all 

calculations were performed in the gas phase. All relevant output files are provided 

in Appendix A. 

Analysis of variance for individual descriptors in multivariate regression models in 

conjunction with all graphical elements presented herein were obtained employing 

the OriginPro 2017 SR2 software package. Detailed statistical analysis of each of the 

predictive models reported, estimation of best subsets for multivariate analysis, 

calculation of regression coefficients and Durbin-Watson statistics were performed 

with the Minitab® 17 Statistical Software. 

 

 7.2 Calculation of buried volume with the SambVca 2.0 web application. 

 

%VBur values employed to formulate multivariate regression models were obtained 

employing the SambVca 2.0 web application.152 Hence, previously optimised 

structures were visualised in GaussView 5.0250 and exported in .PDB format to 

afford an appropriate input file for extraction of buried volume data. 

Each file was then uploaded to the SambVca 2.0 server and the standard orientation 

procedure recommended for chelating ligands was employed. More precisely, the 

iridium centre was selected as the centre of the putative sphere; the coordinated 

carbon atom from NHC and the phosphorus atom from the phosphine moiety were 

selected for z-axis definition; and only the P atom from the phosphine was selected 

for x-axis definition. Then, all atoms that did not constitute the NHC-P ligand 

framework were deleted. This step is crucial to ensure that only the steric information 
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conveyed by the ancillary ligand is captured. Finally, the sphere radius and mesh 

spacing were kept at 3.5 and 0.05 Å, respectively. Reports generated in the web 

application were saved in .PDF format and the associated steric maps were exported 

in .PNG format. All relevant files obtained by this method are included in Appendix 

A, and relevant values are provided in Section 6.3. 

 

 7.3 Multivariate analysis for enthalpy prediction 

 

The construction of multivariate regression models included two separate stages, 

namely, data acquisition and statistical analysis, as detailed in the following sections. 

 

 7.3.1 Data acquisition 

 

Three distinct types of variables were compiled and analysed by statistical methods, 

viz., structural data, steric information and electronic parameters. 

Structural data was directly obtained from Gaussian09 output files in the GaussView 

5.0 software. The parameter selected for further analysis was the distance from the 

iridium centre and the hydrogen atom within the C—H bond involved in the agostic 

interaction with coordinated carbamates – dIr---H. The associated distance to the 

carbon atom within the same bond was initially considered as a relevant parameter, 

however, it showed no statistical significance for any feasible predictive model, 

being ultimately removed from the final data set. 

Steric information was obtained directly from %VBur data calculated with the 

SambVca 2.0 application and included: the total buried volume for the ligand set 

within a given iridium(III) deuteride adduct- %VBur
Tot; each of its four components 

obtained by decomposition of the steric information in the quadrant model - 

%VBur
NW, %VBur

NE, %VBur
SW and %VBur

SE for north-west, north-east, south-west and 

south-east quadrants, respectively. 

Electronic information was extracted from outputs of the NBO analyses performed. 

It is important to emphasise that each NBO calculation was performed in conjunction 

with a frequency determination. This process is crucial to provide an accurate 

estimation of force constants and enforce computation of second-order perturbative 
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interactions which, in the NBO decomposition theory,147 describe the degree with 

which a chemical bond engages in electronic interactions with the remaining parts of 

the molecule. This electronic term is often named donor-acceptor interaction. 

Once suitable output files were obtained with the Gaussian09 package, the .LOG 

files were opened in Microsoft Word and each of the donor-acceptor interactions 

associated with the agostically ligated C—H bond were mapped. As a result, two sets 

of second-order perturbative energies – E2 – was obtained: the first set of interactions 

describe unidirectional terms of type Ir → σ*
C—H and are associated to backdonation 

from the organometallic fragment to the coordinated C—H bond; the second group 

of values describe unidirectional terms in the reverse orientation, i.e., σC—H → Ir, 

being primarily associated with the σ-donation arising from the bonding orbital of 

the C—H fragment. Donor-acceptor interaction values obtained in this treatment 

were added to provide the final descriptors subjected to further statistical analysis: 

E2[Ir→σ*
C—H] and E2[σC—H → Ir]. Finally, a formal definition is provided: 

𝐸2[𝜎𝐶—𝐻 → 𝐼𝑟] = ∑ 𝐸2[𝜎𝐶—𝐻 → 𝜑𝑖
∗(𝐼𝑟)]

𝑛

𝑖=1

 

𝐸2[𝐼𝑟 → 𝜎𝐶—𝐻
∗ ] = ∑ 𝐸2[𝜑𝑗(𝐼𝑟) → 𝜎𝐶—𝐻

∗ ]

𝑛

𝑗=1

 

Where: 

 σC—H – NBO orbital for the bonding C—H covalent bond; 

 σ*
C—H – NBO orbital for the anti-bonding C—H covalent bond; 

 φ(Ir) – NBO orbitals from the iridium centre that possess bonding character 

and participates in second-order interactions with the agostic C—H fragment; 

 φ*(Ir) – NBO orbitals from the iridium centre that possess anti-bonding 

character and participates in second-order interactions with the C—H bond; 

 

Collectively, the data acquired is summarised in Table E1.34. It is important to 

emphasise that only selected parameters were employed in the final fitting model, 

and the values provided herein comprise the initial input for best subset analysis 

(vide infra). 
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Table E1.34: Data employed in statistical analysis.† 

Entry Carbamate dIr---H %VBur
Tot %VBur

NW %VBur
NE %VBur

SW %VBur
SE 

1 183a 2.65596 49.4 48.7 47.3 60.7 40.9 

2 183b 2.65290 49.1 48.9 47.3 59.6 40.4 

3 183c 2.67735 49.4 47.2 47.1 62.0 41.2 

4 183d 2.66575 49.4 47.8 47.4 61.6 40.9 

5 183e 2.65755 49.3 48.3 46.9 61.6 40.3 

6 183f 2.63367 49.4 49.2 47.5 60.1 40.8 

7 183g 2.62423 49.5 47.1 46.9 62.8 41.2 

8 183h 2.65041 49.5 48.1 47.6 61.1 41.2 

9 183i 2.66858 49.5 48.4 47.9 60.9 41.0 

10 183j 2.63368 49.4 47.8 48.0 61.1 40.8 

11 183k 2.66186 49.7 48.1 48.1 61.3 41.1 

12 183l 2.67466 49.3 49.1 47.1 60.0 40.9 

13 183m 2.62349 49.5 47.2 47.9 62.0 41.0 

14 183n 2.64556 49.5 48.3 47.6 61.3 40.8 

15 183o 2.60484 49.6 48.8 46.5 64.5 38.7 

16 183p 2.63223 49.7 47.7 47.8 63.0 40.2 

17 183q 2.63597 49.3 48.5 47.3 60.4 41 

18 183r 2.63516 49.8 47.5 47.4 63.2 41.2 

 

Table E1.34 continued… 

Entry Carbamate E2[Ir → σ*
C—H] E2[σC—H → Ir] ΔHTS 

1 183a 2.26 61.16 20.28 

2 183b 2.08 68.29 22.35 

3 183c 2.22 61.81 20.13 

4 183d 2.52 61.67 19.71 

5 183e 2.3 60.68 19.11 

6 183f 2.14 53.58 16.69 

7 183g 2.19 56.27 17.49 

8 183h 2.31 60.6 20.19 

9 183i 2.36 59.45 20.53 

10 183j 2.18 65.55 22.18 

11 183k 2.72 70.73 24.79 

12 183l 2.45 61.37 22.01 

13 183m 2.27 64.61 22.45 

14 183n 2.34 63.32 22.45 

15 183o 3.32 33.73 15.49 

16 183p 2.44 53.07 18.21 

17 183q 2.3 65.04 17.6 

18 183r 2.45 51.78 19.42 
†dIr---H – distance between the iridium and the agostically bound hydrogen, in Å; %VBur values are 

given in %; second-order perturbative interactions are given in kcal mol-1; ΔHTS – enthalpy of C—H 

activation obtained from QST3 calculations. 

 

 7.3.2 Statistical analysis 

 

Parameters included in Table E1.34 were split into two sets, namely: calibration set, 

which included data for carbamates 183a-l and were directly employed in the 

regression model; and validation set, which included the remaining data points for 
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183m-r. The calibration set was subjected to analysis of variance and each of the 

variables was graphically examined as a boxplot, process that ensures expedient 

identification of data points for carbamates that deviate from a normal distribution 

across multiple predictors. If a given substrate in the calibration set appeared as a 

consistent outlier in several boxplots, this structure would be deemed unsuitable for 

use in the regression model. This process enforces reasonable proximity to a normal 

distribution, which is required for further multivariate regression. Plots generated by 

this method are provided in Schemes E1.1 and E1.2. Only 3 outliers were found, 

namely: 183b for the variable %VBur
Tot; and 183f and 183k for the descriptor 

E2[σ*
C—H→Ir]. Those deviations were considered inconsequential for the overall 

model, as these substrates did depict anomalous behaviour in any other aspect. 

 

 
 

  
Scheme E1.1: Boxplot for variables in Table E1.34. 
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Scheme E1.2: Boxplot for variables in Table E1.34. 

 

The full data set, which comprised a 12 × 8 matrix of predictors (P) and a 12 × 1 

vector containing the response variable (R), was then subjected to a best subset 

analysis in Minitab® 17. This statistical treatment performs several multivariate 

regressions employing the P matrix to predict the response values in R. Then, 

standard deviations, errors and correlation coefficients are generated for each 

regression and a selection of best candidates for predicting the desired property, in 

this case ΔHTS, is reported by the software alongside the relevant statistic parameters. 

It is important to emphasise that this entire process was performed without adding a 

label for the predictors in the matrix P, and it was deemed necessary to avoid 

unconscious influences from confirmation bias while selecting the best possible 

regression model. 

Once identified, the name of the variables was then revealed by direct comparison of 

the data points with values in Table E1.34. The three best candidates for regression 
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models were then selected, the variables were compiled and fitted to predict ΔHTS. 

These models can be found in Scheme 1.65 in Section 3.4. 

Regression coefficients, correlation coefficients, standard deviations, significance p 

test values and the Durbin-Watson statistics were directly calculated in Minitab® 17. 

The regression coefficients were then employed to predict ΔHTS values for both 

calibration and validation sets. These results are provided in Table E1.35, and the 

appropriate discussions regarding their significance and implications can be found in 

Section 3.4. 

 

Table E1.35: Results obtained for multivariate regression models.† 

Entry Carbamate ΔHTS ΔH(1) ΔH(2) ΔH(3) 

1 183a 20.28 20.63 20.06 20.47 

2 183b 22.35 23.03 22.61 22.78 

3 183c 20.13 20.28 20.60 20.39 

4 183d 19.71 20.08 20.59 20.08 

5 183e 19.11 18.76 19.49 18.73 

6 183f 16.69 17.34 16.94 17.02 

7 183g 17.49 17.62 17.05 17.23 

8 183h 20.19 20.50 20.04 20.28 

9 183i 20.53 19.80 20.38 19.80 

10 183j 22.18 21.67 21.89 21.26 

11 183k 24.79 24.98 24.59 24.75 

12 183l 22.01 21.08 20.37 21.09 

13 183m 15.49 3.22 7.84 3.20 

14 183n 22.45 21.14 21.18 20.65 

15 183o 22.45 21.07 20.92 20.80 

16 183p 18.21 14.49 17.04 14.34 

17 183q 17.60 22.48 21.00 22.03 

18 183r 19.42 15.89 16.20 15.66 
†ΔH(k) indicates the prediction for each model k; all energies are given in kcal mol-1. 

 

 7.4 Prediction of KIE values 

 

Computation of the KIE values was accomplished through analysis of both forward 

and reverse reactions within the HIE process. Accordingly, the C—H activation of 

compounds 166b and 177, and the analogous C—D activation of 166b-d2 and 177-

d2, were computed and the corresponding transition states for σ-bond metathesis 

were located. Comparison of the relative enthalpies of activation for both processes 
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thus allowed the estimation of expected KIE values at 30 and 50 °C according to the 

relationship below: 

𝐾𝐼𝐸 =
𝑘𝐻

𝑘𝐷
= 𝑒

∆∆𝐻𝐷−𝐻
𝑅𝑇  

Where: 

 kH is the predicted rate for C—H activation; 

 kD is the predicted rate for C—D activation; 

 ΔΔHD-H is the difference in relative enthalpies of C—D and C—H activation, 

i.e., ΔΔHD-H = ΔHD – ΔHH, in kcal mol-1; 

 R is the gas constant, in kcal K-1 mol-1; 

 T is the temperature in K. 
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CHAPTER 2 

Hydroarylation of Olefins: Development and Applications 

 

1. Introduction 

 

Throughout Chapter 1 we explored a rather simple, and yet powerful premise in 

transition metal catalysis, i.e., by exploiting C—H activation to generate reactive 

metallocyclic intermediates, we were able to engage a transient Ir—C bond in further 

reactions. In that instance, our aim was to develop efficient processes for HIE, thus 

requiring that the key metallacycle participated in a second reaction with molecular 

D2. During our investigations, we reviewed in some depth the requirements for 

productive C—H activation and the nature of 5- and 6-membered metallacycles of 

iridium. 

From the fundamental understanding gathered throughout these studies, we 

envisioned that our novel iridium complexes could be strategically employed to 

promote transformations with reactive partners other than molecular deuterium, thus 

affording a second avenue into synthetically useful protocols. This desire led us to 

quickly identify sequential C—H activation and C—C bond formation protocols as a 

synthetically valuable extension of our current research. The development of a viable 

catalytic system to accomplish this endeavour, and the theoretical investigation of the 

process thus discovered, are the subjects of the present discussion. 

 

 1.1 Transition Metal-Catalysed C—H Functionalisation 

 

Encompassing the own definition of an organic compound, C—H bonds are 

ubiquitous in both naturally occurring and synthetic molecules.1 Unsurprisingly, the 

capacity to selectively exploit C—H bonds to construct C—X bonds (X = B, C, N, 

O) represents one of the most traditional goals of chemistry and remains a subject of 

intensive research. 

Historically, initial examples of C—H activation by stoichiometric metalation 

reactions employing Ni,2 Pd and Pt3 salts date from the 1960s. These early examples 

were regarded as serendipitous,4 and their progression to catalytic systems that could 
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construct C—X bonds was hampered by a profound lack of mechanistic knowledge 

at that time.5 Since these pioneering investigations, which demonstrated transition 

metal complexes could be employed to directly functionalise otherwise chemically 

inert C—H bonds, this field gained substantial traction, with more contemporaneous 

methods being regarded as standard transformations in organic chemistry.1 Scheme 

2.1 presents a few examples, bearing both historical and synthetic relevance, that 

accomplish C—H activation. 

The transformations presented in Scheme 2.1 provide a broad summary of both the 

synthetic potential of these versatile reactions, and the inherent complexity of the 

task at hand, viz., selectively engage less reactive C—H bonds in a productive 

reaction pathway whilst avoiding other chemically active functional groups within 

the molecular scaffold. 

 

Scheme 2.1: Examples of catalytic C—H functionalisation.†6-9 

†bpy – bipyridine. 
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In this regard, several strategies emerged throughout the last four decades of 

intensive research in this subject.5,10 Amongst these, it is often possible to identify 

the presence of at least one of the following fundamental aspects:10-12 i) shielding of 

the metal centre by sterically congested ligands, typically required to improve 

stability of reactive intermediates or, conversely, enhance selectivity in undirected 

C—H activation processes;12 ii) assistance by ligation to neighbouring groups, 

effectively directing the reactive metal species towards a desired C—H fragment;12 

iii) exploitation of the inherently higher reactivity of C—H bonds in close proximity 

to more reactive functionalities to impart selectivity.11 Once again, Scheme 2.1 

exemplifies systems that applied these ideas to solve synthetic challenges and 

accomplish C—H activation by different means. 

Thus, Tanaka et al.6 explored the high reactivity of coordinatively unsaturated RhIII 

centres, formed upon photoexcitation of 1, to effect C—H activation through 

oxidative addition of rather inert terminal bonds in pentane. A subsequent migratory 

insertion into a CO ligand would then deliver hexanal, in one of the first examples of 

selective carbonylation of alkanes. 

Miyaura, Hartwig and their co-workers,7 in an earlier disclosure of the now well-

developed C—H borylation reactions, were unable to determine whether a σ-bond 

metathesis at an Ir(III) boryl complex, or a direct oxidative addition to afford an IrV 

intermediate, was responsible for the C—H bond cleavage that precedes C—B bond 

formation.7,13 

In an elegant instance of application of rhodium carbenoids to promote C—H 

insertion into the Rh—C bond, Du Bois et al. exploited the presence of a 

neighbouring methyne proton in 2 to perform a challenging cyclisation which, after 

1,2-reduction of the resulting enone, afforded 3, a key intermediate in their total 

synthesis of (–)-tetrodotoxin.8 Finally, White et al. employed a concerted metalation-

deprotonation mediated by acetate ligands in Pd(OAc)2 to form a key (η3-

allyl)palladium complex which, in turn, undergoes nucleophilic substitution with 

triflamides to generate the sugar derivative (+)-7 in good yield.9 

In addition to their synthetic utility, some other features of transition metal-catalysed 

C—H functionalisation strategies warrant further discussion. Firstly, by avoiding the 

need to introduce more reactive C—X bonds (X = Cl, Br, I, OTf, and other pseudo-
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halides), thus providing access to classical organic methods, these protocols shorten 

synthetic routes, often improving atom economy throughout the synthesis.1,10-12 

Secondly, the presence of a transition metal mediator introduces the opportunity to 

perform enantioselective processes by means of strategic selection of chiral ancillary 

ligands.14,15 Finally, by exploring reaction manifolds that are inaccessible to 

conventional transition metal-free processes, C—H functionalisation methods can 

effect unique transformations based on disconnections that are currently not possible 

by a combination of classical protocols.1,11,12,16 These principles are exemplified in 

Schemes 2.2 and 2.3 

 

 

Scheme 2.2: Contrasting a traditional17 method with a C—H functionalisation18  

 

Hence, the examples in Scheme 2.2 demonstrate different approaches to 

isobenzofuranone 8. A representative traditional method constructed heterocycle 8 

via a reaction sequence involving initial formation of a magnesium dicarboxylate, 

lithium-halogen exchange and quenching with benzaldehyde to afford the lactam 

ring in 8.17 This method requires superstoichiometric quantities of base metals, uses a 
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halogenated starting material, and employs a 2-fold excess of benzaldehyde to 

produce 8 in 88% yield. 

Conversely, a C—H functionalisation protocol achieved the same transformation via 

enamine-assisted rhodium catalysis, thus building the target bicycle through 

sequential C—H activation, two migratory insertions into the polarised π bonds to 

construct the C—C and C—O bonds, β-hydride elimination and aldimine hydrolysis, 

delivering 8 in 78% yield.18 In this overall rhodium-catalysed dimerization of 

benzaldehyde, no halogenated starting material was employed, nor an excess of the 

electrophilic partner was required, streamlining the synthetic strategy and broadening 

functional group tolerance. 

 

  

Scheme 2.3: Examples of enantioselective19 and novel cascade20 processes. 

 

Yet another significant advantage of C—H functionalisation reactions is exemplified 

by the asymmetric synthesis of 3-hydroxy-2-pyrrolidinones mediated by iridium 

catalyst 12,19 depicted in Scheme 2.3. This process swiftly introduces molecular 
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complexity, employing the inexpensive isoprene as a coupling partner, and results in 

excellent enantiomeric excesses. 

The final example illustrates a process which is currently not accessible through 

means other than C—H activation. In this regard, treatment of enamine 13 with 

Pd(OAc)2 afforded palladacycle 14 which, upon exposure to carbon monoxide in 

methanol, and subsequent enamine hydrolysis, delivered tricyclic lactam 15 in 65% 

yield.20 It is worth emphasising that the introduction of a (pseudo)halogen at the 

desired methyl group in 13, which could provide access to existing carbonylative 

cyclisation methods,21 is not viable. More specifically, classical radical-mediated 

protocols would likely engage in reactions with at least one of the 10 inherently more 

reactive C—H bonds within 13, i.e., 5 aromatic positions, 3 methoxide groups, and 

C—H fragments at the aldimine and isopropyl methyne positions.22 Moreover, the 

location of the requisite methyl group, which is adjacent to a quaternary carbon atom, 

thus lacking nearby polarising functional groups that could render its hydrogen atoms 

acidic, precludes the application of traditional directed ortho- metalation protocols 

relying on lithium and magnesium bases in conjunction with electrophilic quenching 

with X2 (X = Cl, Br, I).23 

The examples presented throughout this section help demonstrate the outstanding 

versatility of C—H functionalisation, presenting a short account of challenges and 

strategies related to selective C—H bond activation methods. Detailed mechanistic 

knowledge of these systems, gathered through intensive research over the last four 

decades, has resulted in a more mature field of organic chemistry that witnesses no 

shortage of applications. Of note, are methods that rely on C—H activation to 

construct new C—X bonds, with X most commonly representing boron,24-29 

nitrogen,30-34 oxygen,30,31,34,35 fluorine,32,35-37 higher halogens30,35,36 and, of special 

relevance to the present discussion, carbon.11,32,35,38-47 

 

 1.2 Harnessing C—H Activation to Construct C—C Bonds 

 

The inherent capacity of C—H bond functionalisation to produce compounds with 

higher synthetic value in an atom economic fashion led to the development of several 

novel protocols which effectively replace the original hydrogen atom by a heavier 
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element, some of which were briefly addressed in Section 1.1. The importance of 

omnipresent C—C bonds to all fields of chemistry led to the development of a vast 

number of protocols which build these bonds through C—H activation.38-47 

One of the core principles of these catalytic systems is the ability metallocyclic 

intermediates possess to engage in reactions with carbon-based electrophiles and 

nucleophiles.48 This versatility has enabled several interesting applications in organic 

synthesis, some of which are illustrated in Scheme 2.4. 

 

 

Scheme 2.4: C—H functionalisation protocols that build C—C bonds.49,50 

 

Despite their remarkable synthetic utility, catalytic systems which endeavour to 

promote sequential C—H activation and C—C bond formation events must possess a 

series of properties, namely: 

i) Judicious choice of ancillary ligands is required to adjust the electronic 

properties of the metal centre involved in the C—H activation event. 

Furthermore, the mechanism responsible for the activation process 
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determines the extent of electron density required by a given metal.11,12 

For instance, C—H cleavage through direct oxidative addition requires 

electron-rich metal centres, thus being adequately enhanced by strong σ-

donor ligands. Conversely, the same ligand set is likely to inhibit 

activation events that proceed through electrophilic metalation;11 

ii) Productive engagement of a coupling partner to effect C—C bond-

formation is intrinsically dependent on steric and electronic properties of 

the metallocyclic intermediate in which the coupling takes place.48 More 

specifically, whilst polydentate, sterically hindered ligands are best suited 

for C—C bond formation events which rely on nucleophilic attack at a 

coordinated ligand, the opposite is true for processes that employ 

electrophilic coupling partners, the latter requiring vacant coordination 

sites in the vicinity of the M—C bond;11,48 

iii) The sequential nature of C—H functionalisation protocols requires 

transition metal complexes able to promote several distinct, and often 

conflicting, individual steps throughout the catalytic cycle. Therefore, it is 

imperative that an appropriate set of ancillary ligands and additives is 

employed to promote catalyst turnover and avoid side reactions that result 

in catalyst decomposition.11,12 

Therefore, it is the strategic combination of a well-devised mechanistic rationale with 

a ligand set that adequately modulates the metal centre, accelerating the more 

cumbersome steps in the catalytic cycle, which enables the development of a 

successful catalytic system (please, refer to Chapter 1 for a discussion of topics on 

fundamental aspects of C—H activation and their mechanisms; and general 

properties of common ligands in catalysis). 

A brief illustration of these factors is presented in Scheme 2.4 alongside synthetic 

applications which effect C—C bond formation employing ketones51 and sulfinyl 

imines52 as coupling partners to deliver high synthetic value. 
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Scheme 2.4: Strategies for the synthesis of indoles51 and chiral amines.52 

 

The guiding principles presented throughout this section fostered successful 

application of C—H functionalisation in several C—C bond-forming processes 

exploiting a large array of coupling partners. Among these, polarised π bonds of type 

C=O and C=N,44 carbon monoxide,21,44,53 diazo-compounds,54 organic halides55-57 

and pseudo-halides,55,58 tin and boron derivatives,55-57 as well as alkynes55,59-68 and 

alkenes14,44,55,59,66,68-70 are most commonly employed. 

 

  1.2.1 Hydroarylation of Olefins 

 

Owing to the prominence of C—C cross-coupling protocols as efficient synthetic 

methods towards alkynes and alkenes,71-75 and recent progress towards reactions that 

accomplish analogous transformations, whereby a C—H bond replaces one of the 

coupling partners (vide supra), significant efforts have been devoted to translating 

the broad applicability of the former to the field of C—H activation.55,59-70 
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Consequently, the last four decades of research have culminated in the development 

of two broad classes of C—H functionalisation protocols, viz.: oxidative methods, in 

which an external oxidant69 or a sacrificial functional group76 ensures preservation of 

the oxidation level of a given coupling partner;69 and hydrogenative methods, 

whereby a metal hydride generated during the catalytic cycle returns the hydrogen 

atom to the substrate and effects an overall reduction of the unsaturated 

functionality.70 Methodologies that rely on the latter operational principle are often 

prefixed with hydro-,70,77 thus indicating its reductive nature. 

Despite the relevance of oxidative protocols to the synthesis of alkynyl-78-81 and 

alkenyl-69 derivatives, a detailed discussion of their application and mechanistic 

aspects is outside the scope of the present work, with examples being included only 

when deemed pertinent. 

Hydrogenative methods, on the other hand, are inherently endowed with a valuable 

synthetic opportunity. More specifically, when employed in conjunction with 

alkynes, these methods can result in stereospecific synthesis of olefins, whereby the 

geometric configuration depends on the nature of the carbometallation step.64 

Furthermore, when unsymmetrical alkenes are explored as coupling partners, a 

stereogenic centre can be formed,70 possibly in a stereoselective fashion.14,70 This 

additional factor enables expedient generation of molecular complexity, thus 

rendering hydrogenative methods valuable synthetic tools. Representative examples 

of both oxidative and reductive protocols are presented in Scheme 2.5. 

Beyond offering aromatic C—H bonds as atom-economical and alternative coupling 

partners for traditional coupling methods, hydroarylation protocols offer unique 

synthetic opportunities. By typically requiring soft, electron-rich late transition metal 

centres to successfully engage in C—H activation,11 these methods can be employed 

in complex reaction sequences that rely on well-understood catalytic principles, thus 

emerging as highly attractive approaches for the synthesis of natural products, 

pharmaceutical compounds and chemical commodities of industrial relevance.82 
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Scheme 2.5: Examples of hydroarylative methods.†78,83,84 

†For the iron-catalysed reaction (centre) the product is obtained after imine hydrolysis. 

 

Unsurprisingly, this field experienced exceptional development since the seminal 

report by Murai et al., in 1993, on the directed hydroarylation of aromatics 

employing hindered terminal olefins as coupling partners under ruthenium 

catalysis.85 Since then, considerable effort has been devoted to expanding the 

applicability of these methods, with special focus on broadening substrate scope, 

modifying the regioselectivity to favour branched products, and introducing efficient 

asymmetric catalysts to afford enantioenriched compounds. Scheme 2.6 presents 

selected examples from Murai’s system and illustrates two additional milestones 

witnessed in the last 25 years of intermolecular hydroarylation reactions. 
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Scheme 2.6: Developments in intermolecular hydroarylation of olefins.†85-87 

†b:l – branch to linear selectivity; (R)-Binap* -variant of (R)-Binap with PR2 moieties where R = 3,5-

(CH3)2-4-(CH3O)C6H2; earlier enantioselective processes with < 85% ee were not included.88,89 

 

Murai’s seminal work relied on a directed C—H activation of aromatic ketones to 

afford stable ruthenacycles that, upon exposure to suitable terminal olefins bearing 

sterically hindered substituents, effected regioselective C—C bond-formation to 

afford linear products with remarkable efficiency.85 Despite its importance as a 

pioneering method, the high tendency of ruthenium complexes to promote 

preferential Ru—H migratory insertion into olefins, over the alternative 

carbometallation process,70 restricted the applicability of this protocol to the 

generation of linear products. 

Notably, it took almost two decades for the disclosure of a catalytic method that 

could reverse the regioselective outcome of Murai-type reactions. Thus, Yoshikai et 

al. accomplished this task by careful selection of strong σ-donor ligands that released 

steric congestion around the cobalt centre.86 In their contribution, they also disclosed 

the use of IMes as an alternative ligand which accomplished exquisite linear 

selectivity.86 The authors rationalised the observed regiochemical outcome on the 

ability of the phosphine-ligated cobalt complex to stabilise a putative η3-benzyl 
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intermediate, formed upon hydrometallation, that was a necessary species en route to 

branched products.86 Later, detailed computational studies revealed that this 

phenomenon, although correct as far as the formation of a stable η3-benzyl complex 

is concerned, is not responsible for defining the regioselectivity of the process.90 

Rather, it is steric destabilisation of the transition state associated with the 

subsequent C—C reductive elimination by the IMes ligand that drives the observed 

selectivity.90 

Since Murai’s report, other researchers have investigated different organometallic 

complexes, with special focus devoted to transition metal catalysts displaying higher 

preference for more synthetically valuable branched products. While pursuing this 

goal, Nishimura et al.87 discovered the first general enantioselective method for the 

hydroarylation of styrene derivatives. Their iridium-based system employed a chiral 

bisphosphine of the BINAP family to impart chirality during the product- and 

enantio-determining C—C bond-forming step.87 The authors attributed the high 

enantioselectivity of their process to a reaction pathway which proceeds through 

reversible hydrometallation prior to irreversible C—C reductive elimination, thus 

allowing equilibration of reactive intermediates which favours only one of the 

enantiomers.87 Again, subsequent DFT studies contradicted Nishimura’s original 

hypothesis. More specifically, implication of a preferential carbometallation of 

olefins over the competing Ir—H migratory insertion as the productive reaction 

pathway has received growing support by theoretical studies of similar reaction 

processes.91,92 Indeed, Huang et al.93 reported similar findings for Nishimura’s 

stereoselective process, for which initial hydrometallation led to the formation of a 

stable metallacycle that does not proceed to energetically feasible C—C bond-

formation. Instead, all pathways for sequential carbometallation followed by C—H 

reductive elimination led to lower energy barriers.93 

These three seminal examples help illustrate both the complexity and versatility 

associated with directing group assisted hydroarylative processes. Focusing on the 

latter, several research groups reported reactions catalysed by different transition 

metal complexes, mainly based on Co,86,89,94-99 Ni,100-104 Ru,85,105-111 Rh112-121 and 

Ir,87,122-133 although occasional reports of reactions with other metals can also be 

found.70,82 
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It is worth emphasising some clear distinctions in reactions catalysed by these 

transition metals. Firstly, hydroarylation of olefins is typically classified in three 

broad categories according to the reaction outcome,70,82 i.e., intramolecular 

processes, which afford cyclic products; and selective intermolecular transformations 

which generate either linear, or branched products. Importantly, enantioselective 

processes have been reported for both intra-82 and branch-selective intermolecular 

systems.70,82,87-89 

Secondly, distinct reaction mechanisms have been proposed for complexes based on 

different transition metals, with two slightly divergent pathways being largely 

accepted (vide infra). Thirdly, systems that rely on first-row transition metals, in 

particular Cr, Fe and Co, require stoichiometric or super-stoichiometric amounts of 

alkylmagnesium additives to ensure catalyst turnover,70,82 thus hindering their 

functional group compatibility, and applicability to late stage functionalisation of 

complex molecular scaffolds. Finally, metals other than Ru, Rh, and Ir have only 

been successfully employed in the hydroarylation of substrates bearing strongly 

ligating N-heterocycles,82 severely restricting their application to a narrow group of 

molecules. Scheme 2.7 depicts interesting applications disclosed within the last four 

decades featuring both inter- and intramolecular systems. 

Thus, Ackermann et al. reported the first system able to perform hydroarylative 

reactions of methylenecyclopropanes without ring opening.108 Even though the 

substrate scope features only four compounds, the authors demonstrate the 

remarkable ability of ruthenium complexes to retain strained three-membered rings 

under hydroarylation conditions. The authors attributed their findings to a 

regioselective Ru—H insertion, affording a terminal cyclopropenecarbinyl- ligand, 

followed by fast reductive elimination to retain the three-membered ring.108 

The second example in Scheme 2.7 highlights another significant development in the 

field. More specifically, Bower et al. demonstrated one of the first generally 

applicable hydroarylation methods that affords branched products with high 

selectivity.126,127 In their two initial contributions, they employed [Ir(COD)2]X (X = 

BArF or OTf) in conjunction with ligand 30, a perfluorinated analogue of dppb, and 

collectively explored more than 40 substrates, which proceeded in high yields and 

good to excellent selectivity for the branched product.126,127 Based on deuterium 
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labelling studies,126 the authors unequivocally demonstrated that H/D scrambling 

between terminal and internal positions of styrene takes place under the reaction 

conditions, thus suggesting the observed high selectivity arises from an initial, 

reversible Ir—H migratory insertion followed by irreversible C—C reductive 

elimination (vide infra for a more detailed discussion on this subject). 

 

 

Scheme 2.7: Applications of hydroarylation of olefins.108,119,127 

 

Finally, Cramer et al. elegantly demonstrated an enantioselective intramolecular 

hydroarylation of N-methoxybenzamides mediated by rhodium catalyst 31 that 

proceeds with high enantioselectivity.119 Their remarkably mild reaction conditions 

likely stem from the use of a tailored N-methoxycarbonyl directing group, which is 

known to form a strong N—Rh bond upon coordination and deprotonation,134,135 

favouring cyclometallation at the ortho- position. Notably, the cyclopentadienyl 

ligand of 31, previously disclosed by the same group,136 was the first ligand set able 
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to promote both intra-119 and intermolecular136 reactions to afford enantioenriched 

cyclic products. 

As demonstrated throughout this section, the hydroarylation of olefins remains a 

subject of intense scrutiny by the scientific community. By avoiding the need for pre-

functionalisation of the aromatic partner prior to C—C cross-coupling, this process 

has large synthetic potential, in many cases offering viable alternatives to traditional 

palladium-catalysis. Most of its success stems from equally intense efforts to 

understand and control the various mechanistic aspects involved in these challenging 

processes. 

 

  1.2.2 Mechanistic Aspects 

 

Some of the mechanistic features related to transformations presented in Section 

1.2.1 have already been mentioned, but a more detailed exploration is warranted. 

Before we commence our discussion in this topic, however, it is worth emphasising 

that the term “hydroarylation” has been employed to describe three independent 

processes.82 Namely, reactions that perform C—H activation via direct electrophilic 

metalation of electron-rich aromatics, thus forming a Wheland intermediate 

characteristic of a Friedel-Crafts mechanism, can engage in further reaction with 

olefins to afford alkylated compounds;82 a second analogous system for which the 

term hydroarylation has been employed involves π-coordination to olefins, typically 

by cationic complexes of Ag, Au and high-valent Pd species,82 and subsequent attack 

by the aryl moiety. These processes also generate an aryl cation intermediate for 

which deprotonation is required to restore aromaticity. Finally, a third system is the 

one briefly mentioned during discussion of catalysts based on Ru, Rh and Ir, i.e., C—

H activation occurs either via direct oxidative addition to a low valent metal species 

(Ru0, RhI or IrI), or through a CMD pathway whenever the catalytically active 

species features a high valent metal centre (RuII, RhIII and IrIII). In either case, the 

resulting organometallic complex features an aryl- ligand that is directly implicated 

in the C—C bond-forming step.82 

Despite their unmistakable versatility and usefulness to synthetic chemists,137,138 

reactions that proceed through electrophilic, Friedel-Crafts mechanisms are outside 
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the scope of this chapter, and we will focus our discussion on aspects associated with 

the third group of processes. 

Thus, as previously mentioned, two main pathways have been proposed for 

hydroarylation reactions catalysed by Ru, Rh and Ir complexes, fundamentally 

varying in the order of the C—H and C—C insertion steps into the olefinic coupling 

partner. In this regard, detailed mechanistic studies disclosing theoretical, or 

experimental data, have been reported for reactions performed with all three metals.  

Hence, while mechanistic studies performed by Murai et al.,139 which included 2H 

and 13C KIE data, are rather uncontroversial, this is not the case for Bower’s 

intermolecular hydroarylation reactions catalysed by Ir complexes.126 Accordingly, 

the latter serves as an interesting case study for exploration of both reaction 

manifolds. Scheme 2.8 illustrates the two possible outcomes for the hydroarylation of 

benzamide 32 with styrene 33 and represents a system that forms the C—C bond by 

a migratory insertion which precedes C—H reductive elimination. These pathways, 

computed by Huang et al.,92 were found to proceed with the lowest energy barriers, 

and disagree with Bower’s original assumption126 (cf. Section 1.2.1 for description; 

vide infra for discussion). 

In their detailed theoretical studies,92 Huang and Liu calculated energies barriers for 

all geometrically allowed C—H and C—C bond-forming events that could afford the 

observed linear and branched products 34l and 34b, respectively. Their findings were 

consistent with a reaction that starts with replacement of both COD ligands in 

[Ir(COD)2]BArF by ligand 30, and substrate 32 to afford intermediate 35. This 

catalytically active species would then perform C—H activation by direct oxidative 

addition with a barrier of 20.3 kcal mol-1 to afford, after coordination of styrene 33, 

complexes 36l (linear pathway, top) or its olefinic rotamer 36b (branched pathway, 

bottom).92 Simple rotation of coordinated styrene was found to be facile and would 

allow for free interconversion between 36b and 36l, although the latter was favoured 

by 4.0 kcal mol-1 and would, thus, be largely predominant in this equilibrium.92 
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Scheme 2.8: Huang’s proposal for Bower’s system.†92 

†Labels b and l indicate branched and linear, respectively; simplified version of ligand 30 shown; 

energies are given in kcal mol-1. 
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Both pathways would then require C—C bond-formation through migratory insertion 

of the coordinated aryl substituent into the olefin of 33. However, the trans- 

disposition of hydride and olefin ligands in complexes of type 36 strongly inhibit 

carbometallation,92 thus requiring isomerisation of the bisphosphine ligand to afford 

intermediates 37l and 37b. The authors attributed the destabilisation of direct 

migratory insertions at 36l and 36b to the stronger σ-donating ability of a trans- 

hydride in the latter, which would enhance Ir→π*
C=C back-donation into the olefinic 

system, hence diminishing its electrophilicity and hampering C—C bond 

formation.92 Once facile isomerisation to 37l and 37b is complete, calculated energy 

barriers for subsequent productive carbometallation, also shown in Scheme 2.8, 

suggest branch-selective migratory insertion to afford 38b is preferred over its linear 

counterpart, with a ΔΔGTS = 3.5 kcal mol-1 that favours formation of 38b.92 Based on 

this energy difference, Huang and Liu estimated Bower’s hydroarylation should 

afford a selectivity of 34l:34b of 1:99,92 i.e., near exclusive formation of branched 

product 34b, which is in good agreement with original experimental data. Finally, 

C—H reductive elimination from intermediates 38b and 38l would proceed with 

barriers of 17.8 and 13.3 kcal mol-1,92 respectively, thus not being implicated in the 

product determining step, nor being itself rate limiting. In addition to these findings, 

Huang and Liu also computed energies for a mechanism that would follow Bower’s 

original proposal. 

The latter mostly agrees with the pathway shown in Scheme 2.8 but diverges in the 

fate of intermediates 37b and 37l.92,126 These features are illustrated in Scheme 2.9, 

alongside 2H labelling data disclosed by Bower et al. in their seminal contribution.126 



232 

 

 

Scheme 2.9: Original mechanistic proposal and supporting 2H labelling data.†126 

†R = 4-(CH3)C6H4. 

 

Therefore, in their first publication in this area, the authors explained the observed 

selectivity by invoking reversible Ir—H migratory insertion into the coordinated 

olefin of intermediates 37b and 37l, respectively generating the secondary alkyl-

iridium complex 40b and its primary counterpart 40l. A C—C reductive elimination 

would then ensue to produce complexes 39b and 39l,126 effectively re-entering 

Huang’s mechanism92 in Scheme 2.8. The observed high selectivity for branched 

products was attributed to a “cooperative destabilisation”126 effect, in which the 

larger bite angle of dbbp-analogue 30 exerts steric pressure over the secondary alkyl- 

fragment in 38b, thus lowering its stability;140 and concomitant acceleration of a 

subsequent reductive elimination due to similar steric pressure effects.141,142 This 

rationale is illustrated for a putative iridium(III) intermediate shown in Scheme 2.9 

(right). 

As evidence towards the pathway in Scheme 2.9, Bower et al. conducted deuterium 

labelling experiments employing d2-4-methylstyrene 41 as a substrate and observed 

incorporation at three distinct positions in the resulting product 42.126 More 

specifically, although some deuterium retention was observed, affording 1.32 D at 

the substituent in 42, incorporation was also observed at the internal olefinic position 

(0.50 D) and ortho- to the amide directing group (0.28 D).126 These findings, which 
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imply reversibility of both Ir—H migratory insertion and oxidative addition steps,143 

let the authors to assume the reaction pathway in Scheme 2.9 is operative. 

It is important to emphasise some key aspects implicated in both rationales discussed 

thus far. Firstly, the mechanistic picture originally brought forward by Bower et al.126 

is largely remnant from well-established ruthenium systems studied by Murai and co-

workers,139 for which extensive kinetic data is available. Note, however, that this is 

not the case for both rhodium- and iridium-catalysed processes. In this regard, the 

existing literature on the mechanisms of organometallic reactions indicates that one 

should exercise caution before assuming that two different transition metal centres 

proceed through the same pathway.48 

Secondly, reports that unequivocally demonstrate a C—C reductive elimination of 

alkyliridium(III) intermediates are rare. In this regard, carefully designed studies 

performed by Goldman et al.,144 which employed P-C-P pincer ligands of type 

[{C6H3(CH2P
tBu2)2}Ir(R1)R2], provided compelling evidence that aryl-alkyl 

reductive elimination from iridium(III) intermediates are inherently high in energy, 

with barriers that surpass those associated with the analogous Csp³—Csp³ 

eliminations.144 Moreover, by conducting parallel kinetic experiments and DFT 

calculations, the authors pointed to the need for aryl ligands to perform a sterically 

disfavoured rotation, which places the arene π-system and the Ir—C bond involved 

in the elimination process in a coplanar arrangement, in order to access the requisite 

transition state for reductive elimination.144 However, it is not evident that such a 

process would be possible in Bower’s constrained system. 

Finally, in the absence of 2H and 13C KIE measurements to corroborate either 

Huang’s or Bower’s proposal, is not possible to define which of these mechanisms is 

more likely. To that effect, a later, more detailed mechanistic study conducted by 

Bower and co-workers addressed these issues.133 

While developing an enantioselective variant of their earlier process,133 the authors 

performed kinetic isotope effect experiments with both 2H and 13C isotopologues, 

aiming for a thorough mechanistic picture of the process. Scheme 2.10 illustrates 

some of the interesting substrates investigated in this major development, and 

Scheme 2.11 presents their mechanistic findings. 
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Scheme 2.10: Examples of enantioselective hydroarylation of olefins. †133 

†Reported ratios indicates branched to linear selectivity. 

 

Notably, a large substrate scope was reported by the authors, with all compounds 

formed in good yields, with excellent selectivity for the branched product and high 

ee values.133 The method was applicable to steroidal molecules such as 49, and 

thiophenes (not shown), highlighting the applicability and relevance of their 

development. Interestingly, the authors had to develop a new class of chelating, 

highly hindered biphosphites to achieve good enantiomeric excesses,133 with 50 

being largely applicable to benzamides. 
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Scheme 2.11: Mechanistic data reported by Bower et al. †133 

†Conv. – conversion; 13C KIE data collected following the method reported by Singleton et al.
145

  

 

During their mechanistic studies, the results of which are highlighted in Scheme 

2.11, the authors found evidence for reversible hydrometallation through migratory 

insertion into olefins, as demonstrated by deuterium scrambling at the tertiary alkyl 

position of product 53,133,143 hence, being analogous to their earlier proposal126 for 

reactions with ligand 30 (vide supra). Surprisingly, their 13C KIE data indicated no 

primary kinetic isotope effect133,145 at the carbon atoms within the newly generated 

C—C bond, instead, an unequivocal KIE was observed for the terminal olefinic 

carbon, only. This unexpected observation led the authors to conclude that a C—H 

reductive elimination is rate limiting for this process.133 Note that the absence of a 

13C KIE at both carbons which participate in the C—C bond-forming event 

effectively discards the possible existence of a rate limiting C—C reductive 

elimination for reactions performed in presence of ligand 50. 
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The contradiction with their earlier proposal prompted the authors to study the 

mechanism of their original process in more detail. Hence, 13C KIE data revealed 

primary isotope effects at both carbon atoms involved in the formation of the C—C 

bond, but negligible effect was observed at the terminal position of the olefin.133 

These findings, indeed, are suggestive of a reaction manifold through fast, reversible 

hydrometallation followed by rate limiting reductive elimination. 

In this regard, we already discussed the plausibility of the latter in the context of 

alkyliridium(III) intermediates (vide supra). Unfortunately, reactions for which 

migratory insertion of M—C bonds into coordinated olefins is rate limiting are 

known to result in similar 13C KIE data,146,147 with the magnitude of such an effect at 

the C=C terminus depending on the geometry around this carbon atom at the 

transition state.148-150 An interesting example is provided by the cyclopropanation of 

styrene catalysed by rhodium(II) complexes of the family [Rh2{OC(O)R}4]. 

Singleton et al.149 elegantly demonstrated these reactions proceed by a mechanism 

whereby insertion of the alkene into a rhodium carbenoid intermediate is rate 

limiting, affording 13C KIE values of 1.024(3) and 1.004(2) for the terminal and 

internal olefinic carbons, respectively.149 Although the reaction is concerted, the 

authors found these processes are characterised by highly asynchronous transition 

state structures in which more pronounced KIE values are observed at the olefinic 

carbon closest to the carbenoid at the transition state.149 Once again, absent of DFT 

calculations to determine expected KIE values,148-150 thus providing a more complete 

data set, precludes full clarification of Bower’s original proposal. 

Throughout this section we explored two related reaction pathways for which kinetic 

and theoretical data is available. The discussion developed herein illustrated the 

mechanistic intricacies of the hydroarylation of olefins, which are especially 

prominent in reactions catalysed by iridium complexes. Existing data offers strong 

evidence for facile carbometallation and rate limiting C—H reductive elimination 

with ligand 50 but is inconclusive for reactions in the presence of 30. Moreover, it is 

important to note that, by exploring Bower’s original proposal (cf. Scheme 2.9 and 

associated discussion) as a case study, we already disclosed the mechanism proposed 

by Murai and co-workers139 for reactions catalysed by ruthenium complexes. 
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Intramolecular reactions proceed through mechanisms analogous to the ones already 

covered and will be considered in further details in Section 3.3. 

In summary, hydroarylation of olefins represents a highly attractive method for the 

rapid construction of molecular complexity from simple scaffolds. In its relatively 

short history, when compared to well-established C—C cross-coupling methods 

under palladium catalysis,71-75 the field has experienced exceptional growth, with 

several milestones illustrated throughout this section. Despite its evident versatility 

and appeal to the synthetic community, many aspects of the reaction remain largely 

unsolved. 

More specifically, very few catalysts were found to effect intermolecular reactions 

with good regioselective control in favour of the branched product, with Bower’s 

system representing a likely candidate for a generally applicable method. 

Secondly, current efficient catalytic protocols are limited to tailored directing groups 

and strongly coordinating N-heterocycles, a feature which is even more prominent in 

intramolecular variants which rely on long-lived metallacycles for productive olefin 

insertion and, consequently, C—C bond formation. In this regard, although ortho- 

directed cyclisation reactions that afford 5- and 6-membered rings are well-

documented, this process failed to deliver protocols applicable to exocyclic olefins, 

an attractive target for the rapid construction of tricyclic motifs with high sp3-

character. 

 

2. Proposed Work 

 

Our initial studies will focus on the catalytic activity of iridium complex 57 in 

intramolecular arylation reactions. Special attention will be dedicated to the 

identification of a suitable directing group and additives required to favour the 

desired process. With a viable system in hand, we will then perform optimisation of 

the reaction conditions to deliver a more synthetically useful protocol. These 

concepts are illustrated in Figure 2.1. 
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Figure 2.1: Key questions during reaction development. 

 

Once a successful molecular scaffold has been established, we will synthesise a 

series of compounds strategically designed to answer important questions about the 

limitations and strengths of our new catalytic system. More specifically, we aim to 

address three main questions, viz., tolerance to substitution at aromatic positions; 

identity of the (hetero)atom linker, and tolerance to steric hindrance at the olefinic 

portion. We will also briefly investigate the possibility of employing our method in 

the synthesis of tricyclic motifs bearing quaternary benzylic stereocentres, as 

depicted in Scheme 2.12. 

 

 

Scheme 2.12: Key questions to be addressed during substrate scope. 

 

Finally, we will employ a suite of DFT techniques to better understand the reaction 

process, preferably arriving at a plausible mechanistic rationale. The understanding 

derived from these in silico studies should guide later searches for experimentally 

observable kinetic parameters to validate our proposal, and elucidate the effect 

caused by the degree of substitution at the olefin. 
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3. Results and Discussion 

 

 3.1 Intramolecular Hydroarylation of Olefins: Reaction Development 

 

In previous sections, we have explored some theoretical aspects of the hydroarylation 

reaction, noting its robust synthetic versatility. We also demonstrated key examples 

in which iridium catalysts bearing chelating ligands were effective in performing 

intermolecular reactions with high selectivity for branched products.126,133 

Despite these attractive features, and our desire to explore intramolecular 

hydroarylation reactions, possibly delivering tertiary and congested quaternary 

stereocentres in a racemic fashion, we needed to identify a suitable system for our 

synthetic explorations. 

Accordingly, we commenced our studies by addressing the first crucial parameter in 

these reactions, viz., the identity of the directing group. In this regard, in Section 1.1 

– 1.2 we illustrated the directing functionalities typically employed in reactions 

which rely on chelation-assisted C—H activation. More specifically, the existing 

literature (vide supra) indicates that strongly ligating directing groups are often 

required to sufficiently stabilise metallocyclic intermediates formed throughout the 

reaction, with most common functionalities including amides, ketones and other 

carbonyl-containing directing groups. Scheme 2.13 summarises prototypical 

examples of competent substrates found to engage in intramolecular hydroarylation 

with Ru, 111,151 Rh116-119,152,153 and Ir128 catalysts, and offers a critical assessment of 

these systems. 
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Scheme 2.13: Reported intramolecular systems111,116-119,128,151-153 and critical 

assessment. 

 

Therefore, with the notable exception of Shibata’s system,128 which is the only 

known example of its kind in iridium catalysis, intramolecular processes reported by 

Sahoo et al.111,151 and Rovis et al.118 require up to 1.2 eq. of additives to promote 

catalyst turnover, being largely restricted to 1,1-disubstituted alkenyl units. In this 

regard, Bergman and co-workers reported more detailed mechanistic studies 

employing Wilkinson’s catalyst – [(PPh3)3RhCl] – and demonstrated the strong 

tendency of Rh(III) hydrides to isomerise olefins bearing a terminal CH=CH2 unit.116 

Presumably, oxidative addition followed by hydrometallation would afford a 

rhodacycle that readily engages in β-hydride elimination,116 an assumption that was 

latter explored by Rovis et al. to afford unsaturated products,118 thus realising a 

dehydrogenative process that resembles the Heck reaction.72,118 
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It is also important to note that all intramolecular reactions highlighted in Scheme 

2.13 failed to deliver products when olefins with two terminal substituents were 

employed as substrates. This is a known limitation among all systems, and is likely a 

consequence of significant destabilisation of the metallacycle formed upon the first 

migratory insertion event. Finally, these reactions have employed strongly ligating 

directing groups, often containing a combination of O- and N- donors, to achieve 

catalytic efficiency, and reactions with simpler, more synthetically useful directing 

groups are desirable. 

Cognisant of these issues and aiming to develop a method that did not rely on 

decorated directing groups, we commenced our investigations employing a ketone 

functionality under reaction conditions akin to those reported by Bergman et al.116 

for reactions catalysed by the closest possible analogue of our systems, i.e., Rh(I). 

Thus, we reacted 3-allyloxyacetophenone 56 with our iridium catalyst 57 (cf. 150c in 

Chapter 1) in diglyme at 120 °C for 16 h and analysed the composition of the 

reaction mixture by 1H NMR spectroscopy, a technique which proved well suited for 

this transformation owing to large differences in chemical shifts for the olefin in the 

starting material and the desired aliphatic product.116 Scheme 2.14 summarises our 

observations. 

 

Scheme 2.14: Initial observation of intramolecular hydroarylation. 

 

Encouraged by the identification of the desired product 59,116 we decided to embark 

on a more detailed study to determine whether we could control the reactivity of 57 

to improve conversion towards dihydrobenzofuran 59. Note that the production of 

both 58154 and 59 under the reaction conditions are suggestive of an iridium(III) 
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hydride species in solution, which is highly competent to promote β-hydride 

elimination to afford vinyl ether 58, but does not offer sufficient evidence of its 

existence.  

Thus, by assuming that currently known mechanistic pathways for iridium-catalysed 

hydroarylation reactions (vide supra) are also operative in our system, we could infer 

57 was effective in promoting chelation-assisted oxidative addition of aromatic C—

H bonds in the parent ketone, however, the resulting metal hydride species was rather 

ineffective at the C—C bond-forming step. Several factors could be responsible for 

this behaviour, the most likely candidates being the highly strained nature of the 

necessary fac-(O,C,C=C) conformation adopted by the metallacycle intermediate 61, 

formed prior to migratory insertion events; and the availability of long-lived species 

possessing vacant coordination sites at the metal centre immediately after the 

undesired hydrometallation step – 62a and 62c. These phenomena are summarised in 

Scheme 2.15. 
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Scheme 2.15: Tentative proposal for preferential formation of 58.† 

†Simplified mechanism shown; geometries are only representative; three competing pathways are 

considered: β-hydride elimination to afford 58 (black, bottom left); C—C migratory insertion to afford 

59 (grey, top left); C—C reductive elimination to afford 59 (red, top right). 

 

Accordingly, we hypothesised that three main pathways were possible under the 

reaction conditions. More specifically, dissociative ligand exchange between the 

coordinated COD in 57 and substrate 56 would afford intermediates 60 in Scheme 

2.15 (top right and top left). Subsequent C—H oxidative addition would produce key 

intermediate 61, a common species to all competing catalytic processes, the fate of 

which is responsible for the observed products. Hence, a fast process involving a 
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reversible Ir—H migratory insertion into the coordinated olefin of 61 would deliver 

62a, which features an agostic interaction with a C—H bond α- to the phenolic 

oxygen in the parent substrate. This intermediate would then engage in a β-hydride 

elimination, affording iridium-ligated vinyl ether 63a. A final ligand displacement 

with 56 restates the catalytically active species and releases isomerised product 58. 

In a second reaction manifold, metallacycle 61 would engage in productive Ir—C 

migratory insertion, delivering 62b which, upon C—H reductive elimination and 

ligand displacement, generates the desired product 59. Owing to the very low 

conversions observed, we assumed this was a rather slow process. Finally, a third 

pathway could also account for the observation of 59, i.e., Ir—H migratory insertion 

in 61 would produce 62c, from which a subsequent C—C reductive elimination must 

ensue to afford 59 and restart the catalytic cycle. Note, however, that existing 

mechanistic data does not favour the participation of 62c as a necessary intermediate 

en route to 59.  

From these inferences, it was evident that any catalytically competent system for 

hydroarylation reactions based on 57 would require an experimentally viable solution 

for the observed complex mechanistic behaviour. In this regard, it is important to 

reiterate the main factors known to affect β-hydride elimination: 

i) Existence of vacant sites: it has been extensively demonstrated that the 

occurrence of β-elimination reactions in transition metal complexes155-158 

depend on the availability of vacant coordination sites around the metal 

centre; 

ii) Ligand set: studies on the electronic effects of ligands in organometallic 

complexes indicate strong σ-donors tend to destabilise transition states 

associated with β-hydride elimination,155,156 a factor that is likely a 

reflection of the reduced electrophilicity of the metal centre, which results 

in a less effective σC—H → d*
M interaction responsible for the weakening 

of the C—H bond.156-158 

Therefore, by combining these two factors, we arrived at the following conclusions: 

inclusion of an additive that inhibits the existence of vacant sites around the metal 

centre during the reaction is likely to diminish production of 58; lowering the 
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electrophilicity of iridium(III) intermediates could also have a positive effect in 

reducing the rate of β-hydride elimination. 

Consequently, we decided to modify our strategy in two ways, viz., a more detailed 

study on the effect of additives was required to test the hypotheses outlined above; 

and a change of directing group could be necessary in order to afford more stable 

metallacycles from which C—C bond formation could occur. To that end, we 

synthesised two analogues of ketone 56 possessing ester and carboxylic acid 

functionalities, 64 and 65, respectively, and subjected these substrates to two sets of 

conditions. The results are summarised in Table 2.1: 

 

Table 2.1: Screen of directing groups and base additive. 

 

Entry X Additive y (eq.) 
Conversion (%)a 

S.M Isomerb Product 

1c 
CH3 

— — 29 67 4 

2 KOAc 1.0 > 95 — — 

3 
OCH3 

— — 21 79 — 

4 KOAc 1.0 > 95 — — 

5 

OH 

— — > 95 — — 

6 K2CO3 1.0 72 14 14 

7 K2CO3 0.1 71 — 29 

8d K2CO3 0.1 60 — 40 
aDetermined by 1H NMR spectroscopy of the reaction mixture; bCombined E- and Z- isomers; 

cResults also illustrated in Scheme 2.14. d5.0 mol% 57 was employed. 

 

Thus, our initial assessment of directing groups (entries 1, 3 and 5) was discouraging. 

More specifically, in the absence of any additives, substrates 56 and 64, bearing a 

ketone and an ester functionality, respectively, displayed poor reactivity and 

preferentially afforded isomerised products 58 and 66. Compound 65, on the other 

hand, remained unreacted under our initial reaction conditions. Moreover, addition of 

KOAc seemed to strongly inhibit reactivity for substrates 56 and 64 (entries 2 and 4). 

It is unclear whether catalyst 57 engages in a decomposition pathway in presence of 
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acetate anions, or whether reaction inhibition was caused by complete displacement 

of substrates by AcO-, thus inhibiting reactivity. We then isolated a mixture of vinyl 

ether isomers 58 and re-subjected these species to our reaction conditions without 

KOAc (not shown, see Experimental Details for further information), with no 

significant changes in mixture composition being observed. These data suggested 

iridium(III) hydride species formed during the reaction were unable to engage in 

productive reactions with vinyl ether 58, which is in line with the reactivity of 

rhodium and ruthenium complexes highlighted in Scheme 2.13.111,118,151 

Undeterred by these findings and recognising that other bases could have different 

effects in the reactivity of the proton donor 65, we subjected this benzoic acid to 

reaction conditions employing K2CO3 as a base – entry 6. Gratifyingly, strong 

suppression of isomerisation was observed in this case, albeit this phenomenon was 

accompanied by equally low reactivity towards the desired product 69. Lowering the 

amount of added base to 10 mol% (entry 7) and increasing the catalyst loading to 5 

mol% (entry 8) afforded promising results. Note that the choice of K2CO3 as an 

additive in reactions with 65 was not arbitrary. More specifically, we already 

mentioned the importance of tightly bound metallocyclic intermediates in the 

stabilisation of iridium complexes capable to engage in productive C—C bond-

formation. Accordingly, we envisioned that an inorganic base could engage in an 

effective acid-base equilibrium with 65, affording carboxylates able to associate with 

our cationic iridium complex with strong intermolecular interactions governed by 

ionic attraction.159 As the data suggests, this assumption was indeed fruitful (also, see 

Section 3.3). 

It is important to emphasise that, although carboxylic acids have been employed in 

intermolecular hydroarylation of alkynes catalysed by Ru,160 no such transformation 

involving alkenes to afford cyclised products has been reported. Moreover, the 

functional group under consideration meets the criteria outlined at the beginning of 

our discussion, i.e., a simple motif with synthetically useful applications. 

Accordingly, we decided to pursue a hydroarylation process featuring a carboxylic 

acid directing group. However, a more detailed optimisation study was required 

before we could meet our primary goal. Hence, we performed a Design of 

Experiments employing a fractional factorial central composite design to investigate 
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the effect of catalyst and additive loadings, temperature and concentration. The 

results obtained are summarised in Table 2.2 and in the Pareto chart in Figure 2.1 

(please, see Experimental Details for further information). 

 

Table 2.2: Results from design of experiment.† 

 

Entrya 
X 

(mol%) 

y 

(mol%) 

T 

(°C) 

V 

(mL) 

Conversion (%)b 

65 69 Otherc 

1d 5.0 25 90 1.5 79.6 10.7 9.7 

2 5.0 125 90 1.5 61.5 25.6 12.9 

3 5.0 125 90 0.5 80.0 9.5 10.5 

4 1.0 25 90 1.5 100 — — 

5 1.0 125 90 1.5 96.3 1.3 2.4 

6d 5.0 25 90 0.5 87.8 3.4 8.8 

7 1.0 25 90 0.5 100 — — 

8 1.0 125 90 0.5 100 — — 

9 1.0 125 150 1.5 77.4 5.8 16.8 

10 5.0 125 150 1.5 4.6 81.0 14.4 

11 5.0 25 150 1.5 — 96.5 3.5 

12 5.0 125 150 0.5 10.1 63.6 26.3 

13d 1.0 25 150 1.5 46.6 30.7 22.7 

14 5.0 25 150 0.5 — 93.6 6.4 

15 1.0 125 150 0.5 71.0 8.8 20.2 

16d 1.0 25 150 0.5 64.8 5.2 30.0 

17 3.5 75 120 1.0 72.3 10.6 17.1 

18 3.5 75 120 1.0 25.0 50.0 25.0 

19 3.5 75 120 1.0 35.7 35.7 28.6 
†T – temperature; V – volume of diglyme; aentries given in the order required by the DOE; 

bdetermined by 1H NMR spectroscopy of the reaction mixture; ccombined value for side products; 

dsmall amounts of deallylated products observed. 
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Figure 2.1: Pareto chart of effects from experimental design (top) and response 

surface for most significant variables (bottom).† 

†Dashed line indicates the significance threshold for standardised effects; Conv. – converstion. 
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To our delight, significant improvement in conversions towards the desired product 

69 were observed following our short optimisation study. As evidenced by entries 11 

and 14 in Table 2.2, and in the chart displayed in Figure 2.1, increasing the 

temperature of the reaction from 120 to 150 °C, and increasing the catalyst loading to 

5.0 mol% proved beneficial for the reaction. In this regard, analysis of the data for 

normalised effects — a statistical descriptor for the influence of a given variable in 

the observed conversion to product 69 — indicated that reactions performed at 

higher catalyst loadings and temperatures were suitable candidates for a synthetically 

useful protocol. 

Having recognised the potential of our novel chelating catalysts to perform 

intramolecular hydroarylation processes to quickly introduce molecular complexity 

in simple scaffolds, we embarked on a more comprehensive synthetic exploration. 

 

 3.2 Exploiting Carboxylic Acids to Build Molecular Complexity 

 

Our synthetic studies began with the identification of molecular scaffolds that could 

provide valuable information for future reaction development. More specifically, we 

aimed to gather a better understanding of the limitations and capabilities of our 

system and study its suitability to access complex molecular structures. The latter 

remains to be demonstrated by existing technologies and would represent a valuable 

tool in drug discovery and in the synthesis of natural products. 

Therefore, we focused on the preparation of key molecules that would help us 

explore three main features, namely, substitution at the aromatic ring and olefin 

portion of the molecule; tolerance to nitrogen linkers; and ability to form congested 

tricyclic rings. Once our main lines of enquiry were identified, we selected viable 

synthetic routes and prepared the substrates illustrated in Scheme 2.16. 

An outline of the general aspects associated with the synthetic route displayed in 

Scheme 2.16 is given in the subsequent discussion, with Experimental Details 

containing further information on the specific substrates. 

Hence, we started our synthesis of substrates 72a-m from commercially available 

benzoic acids bearing the appropriate substituents at the aromatic ring. Installation of 



250 

 

a methyl ester was required to avoid undesired reactivity of the carboxylate moiety 

during subsequent steps in our route and esterification was straightforwardly 

accomplished under standard conditions employing SOCl2 in MeOH, affording esters 

70a-f. 

Once obtained, esters 70 were divided in three subgroups. The first of these 

comprised compounds 64 and 70a-e, which were ready for the installation of an allyl 

side chain, and were thus subjected to alkylation conditions employing the 

appropriate allylic bromide as an electrophile to deliver O-allyl esters 71a-e and 71i-

j. A second set of substrates was derived from 3-aminobenozic ester 70f and were 

prepared by two sequential steps involving introduction of the requisite protecting 

group followed by alkylation with allyl bromide to afford esters 71f-h. 

Finally, the third group of substrates in our synthetic studies were esters 71k-m, 

which required additional elaboration of the side chain prior – 71k – or after O-

alkylation – 71m,n. In this regard, 71k was obtained through a Mitsunobu reaction 

with the appropriate Z-olefin, whereas esters 71m and 71n were obtained in two 

steps, requiring alkylation with 2-chlorocyclopentanone and 2-chlorocyclohexanone, 

respectively, and subsequent methylenation by Wittig reaction. From compounds 

71a-m, we conducted simple deprotection of the methyl esters by standard 

hydrolysis conditions, and obtained carboxylic acids 72a-m. 
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Scheme 2.16: General synthetic strategy and substrates synthesised: a – 

esterification; b – introduction of allyl chain; c – saponification.† 

†Yield range shown in brackets. See Experimental Details for further information. 

 

With the desired set of 14 representative carboxylic acids in hand, we conducted a 

series of hydroarylation test reactions employing 5 mol% of iridium catalyst 57 in 

diglyme at 150 °C and 10 mol% K2CO3 as an additive. Our observations are 

summarised in Scheme 2.17. 
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Scheme 2.17: Catalytic tests for hydroarylation of benzoic acids.† 

†Reported values are conversions determined by 1H NMR spectroscopy. 

 

Inspection of the conversions observed in our test reactions provided useful pieces of 

information regarding the synthetic applicability of our new methodology. 

Concerning our first line of enquiry, shown in the first row of Scheme 2.17, it was 

possible to verify a good tolerance to substituents at all positions of the aromatic 

ring. Perhaps the only exception to this trend was substrate 72a, bearing a methyl 

substituent ortho- to the carboxylic acid, which was less effective under our reaction 

conditions, but still afforded a good 58% conversion to 73a. The latter observation 

points towards sensitivity to steric interactions at the vicinity of the directing group, 

which is unsurprising giving the highly congested nature of the metallocyclic 

intermediates formed during the reaction (vide infra). It is important to notice, 

however, that when the analogous intermolecular hydroarylation method initially 
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developed by Bower et al.126 was employed in reactions with N,N-dimethyl-2-

ethylbenzamide, a substrate that necessarily forms 5-mmi featuring a methyl 

substituent ortho- to the directing group, no reaction was observed. Our system, on 

the other hand, does not seem to share the same limitation. 

The second line of enquiry addressed by our experiments concerned the nature of 

linkers within the allyl portion of the molecule. More specifically, the promising 

reaction profile for the synthesis of dihydrobenzofurans indicated potential to explore 

symmetric 5,6,5-tricyclic systems and synthetically relevant indolines. Accordingly, 

when substrates 72e-h were subjected to our standard reaction conditions, high 

conversions to the desired product were observed for tricycle 73e, but N-linked 

analogues 73f-h were obtained in moderate yields. In this context, inclusion of 

nitrogen heteroatoms within the molecule is a known issue shared by similar existing 

methods. For instance, while investigating the ruthenium-catalysed intramolecular 

hydroarylation of 1,1-disubstituted olefins, Sahoo et al.111 had to resort to an 

increased catalyst loading of 10 mol% in the presence of 20 mol% AgSbF6 and 50 

mol% Mn(OAc)2, the latter being competent Lewis acids that could engage in 

coordination to nitrogenated centres and inhibit catalytic suppression. These 

considerations reveal that catalyst 57 has good potential to deliver synthetically 

useful transformations without the need for two additional transition metal salts in 

the reaction medium, albeit optimisation will be required before we can deliver an 

appealing strategy. A last important observation in this set of experiments is the 

existence of diastereoselectivity during sequential cyclisation events which afforded 

73e. Upon formation of the first dihydrobenzofuran ring, a tertiary benzylic 

stereocentre was installed in one of the portions of the molecule, consequently, 

subsequent coordination and C—H activation events with this chiral molecule will 

generate a set of diastereomeric iridium complexes that effect C—C bond formation 

at different rates. This concept is illustrated in Scheme 2.18 for a set of two arbitrary 

iridium(III) intermediates (R)-(Δ)-74 and (S)-(Δ)-74 (see Section 3.3.1 in Chapter 1 

for a brief discussion on the chirality of iridium hydrides). 
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Scheme 2.18: Diastereomeric iridium hydride complexes formed en route to 73e. 

 

Specifically, formation of cis-73e requires diastereomeric iridium complexes akin to 

(S)-(Δ)-74 in Scheme 2.18. These species feature unfavourable steric interactions 

between the benzylic stereocentre and the ancillary ligands and, consequently, should 

require higher energy barriers during the subsequent migratory insertion event 

responsible for generating the second 5-membered ring. These features also suggest 

complex 57 can be employed in the context of diastereomeric cyclisation reactions 

via hydroarylation. 

Finally, our third line of investigation concerned the degree of substitution at the 

olefinic portion in substrates 72i-m. Hence, although a methyl substituent at the 

internal position of the alkene was tolerated, as evidenced by moderate conversion 

towards 73i, substitution at the olefin terminus resulted in complete suppression of 

reaction. Notably, both 72j and 72k, respectively bearing a terminal gem-dimethyl 

substituent and a stereochemically defined Z-olefin, failed to afford desired 

carboxylic acids 72j-k. Given the structure of our chelating ligand set, and similar 

phenomena reported in the existing literature (vide supra), these observations 

indicate the existence of severe steric interactions in the C—C bond-forming step for 

72j-k, thus precluding their conversion to the desired products. 

Notwithstanding these setbacks, a more encouraging reaction profile was observed 

for 72l-m, substrates which contain exocyclic olefins. In the latter cases, swift 

conversion to congested bicycles 73l-m, featuring quaternary benzylic stereocentres, 

was observed. Moreover, 1H NMR spectroscopy indicated preferential formation of 

the expected cis-junction within these bicyclic motifs. As we previously discussed, 

similar reactivity is yet to be realised by existing technologies, thus representing a 

synthetically attractive method for rapid introduction of molecular complexity. 
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Our efforts to directly isolate products 69 and 73a-m was frustrated by the inability 

to separate these molecules from their isomeric carboxylic acids counterpart, 

substrates 65 and 72a-m. Despite several attempts at chromatographic purification, 

the minimal difference in polarity between the allylic side chain and their 

corresponding dihydrobenzofurans rendered these mixtures inseparable. In fact, 

Sahoo et al. also reported a similar issue when employing their Ru catalysts in 

reactions with isomerisable allylic substrates.111 

Therefore, owing to time constraints, we decided to focus on an alternative strategy. 

Accordingly, we conducted a two-step protocol consisting of hydroarylation and 

subsequent methylation of the carboxylic acid to afford the corresponding methyl 

esters. It is important to note that similar challenges in separating the final products 

resulted in a smaller synthetic exploration. To this effect, the results obtained are 

depicted in Scheme 2.19. 

 

 

Scheme 2.19: Esters synthesised by sequential hydroarylation and methylation.† 

†Reported values are isolated yields over 2 steps; areactions performed for 48 h. 

 

Gratifyingly, the observed reactivity obtained by our previous catalytic tests was 

maintained, with ester of types 75 and 76 being isolated in low (76i) to good yields 
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(76a). It is important to note, however, that inspection of the data in Scheme 2.18 

prompted us to increase the reaction time from 24 to 48 h for substrates 72a and 

72m, which originally featured lower conversions than other compounds explored. 

Thus, substrates subjected to extended reaction times delivered improved and more 

synthetically appealing yields. Comparison to reported experimental conditions by 

Bower et al. also reveals extended reaction times for more substituted substrates, 

typically varying from 48 – 72 h.126,133 

In summary, throughout this section, we have applied fundamental mechanistic 

principles to establish a new reactivity mode for catalysts bearing chelating NHC-P 

ligands. Once this new transformation was identified, we successfully employed 

Design of Experiments to streamline the optimisation of reaction conditions. 

Finally, we embarked on a synthetic exploration aimed at answering key concepts 

that should guide further reaction development, namely: tolerance of substituents at 

the aromatic ring and olefin portions of the molecule; nature of the heteroatom linker 

within the side chain; and ability to construct bicyclic motifs bearing congested 

quaternary benzylic stereocentres. These questions were briefly explored by 

investigating 14 selected compounds, 6 of which were successfully isolated as the 

respective methyl esters in a convenient two-step protocol. 

At the outset of our synthetic studies, we arrived at a synthetically attractive 

methodology to swiftly introduce molecular complexity in simple scaffolds. 

Nonetheless, a more complete mechanistic understanding of the present system was 

warranted, which prompted us to investigate the hydroarylation of olefins from a 

theoretical perspective. 

 

 3.3 Developing a Mechanistic Rationale Through DFT 

 

In previous sections we presented a description of the current mechanistic 

understanding and potential controversies associated with iridium-catalysed 

hydroarylation reactions. Available kinetic data reported by Bower et al. during their 

enantioselective studies employing ligand 50,133 in conjunction with DFT 

calculations performed by Wang and Liu,92 favours a reaction pathway characterised 

by the following steps: C—H activation through direct oxidative addition into a low 
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valent iridium(I) species; Ir—C migratory insertion into the coordinated olefin; and 

C—H reductive elimination to afford the final product of hydroarylation. 

Furthermore, owing to the low likelihood of a C—C reductive elimination from an 

iridium(III) metallocyclic intermediate,144 we decided to focus our theoretical 

investigations on the evaluation of the energetic profile for a reaction pathway akin 

to that proposed by Bower and co-workers for ligand 50.133 

Accordingly, we commenced our DFT studies by locating the stationary points for all 

plausible intermediates in a hydroarylation reaction with substrate 65. Once 

identified, these minima of the potential energy surface were connected by their 

transition states employing the Transit Guided Quasi-Newton Method (see 

Computational Details for further information). Finally, the validity of all transition 

states was then confirmed by intrinsic reaction coordinate (IRC) calculations. 

Before we explore the results obtained at the outset of our theoretical investigations, 

it is necessary to reiterate an important difference between iridium complex 57 and 

the catalyst originally developed by Bower et al., namely, in their seminal 

contribution, the authors employed ligand 30, a close analogue of dppb and, 

therefore, a symmetrical ligand. In our case, however, 57 features an unsymmetrical 

NHC-P chelating ligand, consequently, the formation of a metallacycle intermediate 

upon C—H activation may give rise to a chiral iridium(III) hydride. This latter 

feature introduces further complexity to our analysis. 

Notwithstanding, we started by locating all 32 geometrically allowed metallocyclic 

intermediates presumably formed after oxidative addition of carboxylic acid 65, i.e., 

16 diastereomeric iridium(III) adducts and their corresponding isomers formed upon 

rotation of the allylic double bond, which gives rise to an additional set of 16 

rotamers. Our main goal was to identify isomers possessing prohibitively high 

relative energies and exclude these from further consideration 

In this regard, it is important to note that, in the best possible scenario, in which 

positional isomerisation of ligands around the metal centre and rotation of the double 

bond were not necessary, the exploration of all possible 32 potential energy surface 

trajectories would imply in the calculation of 128 stationary points, 96 transition 

states and 192 individual IRC determinations. The latter was not feasible under our 

current computational budget; therefore, our efforts were focused in locating one of 
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the likely reaction pathways to determine an upper energetic threshold, ultimately 

characterising the expected rate limiting step required for future experimental 

validation. 

At the outset of our initial exploration, we verified large differences in relative 

energies amongst the 32 diastereomeric metallocyclic iridium(III) hydrides. Six 

representative structures located for these complexes and their respective relative 

energies are illustrated in Scheme 2.20. 

 

 

Scheme 2.20: Representative diastereomers and associated energies.† 

†Energies given in kcal mol-1. 

 

Notably, the calculated relative energies differed by values as high as 30 kcal mol-1 

for diastereomers (Λ)-77e and (Λ)-77f, which confirmed our original assumption, 

i.e., some of the geometrical viable isomers could be too high in energy to constitute 

plausible intermediates in the reaction pathway. Closer analysis of the geometrical 

features within these structures indicate two main influences for the observed 

discrepancies in energy, viz., electronic destabilisation and steric repulsion. More 

specifically, the six complexes shown in Scheme 2.20 cover both extremes in energy, 

with (Λ)-77a being the minimum, and (Λ)-77f the maximum in energy; and offers a 
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complex with energies that approach the average value amongst the 32 calculated 

isomers, (Δ)-77c. The remaining three structures comprise their respective olefin 

rotamers. Hence, while (Λ)-77a minimises electronic interactions by placing all 

strong σ-donors trans- to much weaker donors, this is not the case for (Λ)-77f, the 

latter placing the hydride and the aryl ligand in a trans- disposition. Additionally, 

(Λ)-77e and (Λ)-77f are further destabilised by steric interactions with both the 

mesityl N-substituent and the phosphine within the ancillary ligand framework. 

Once energetically unattainable structures were discarded, we continued our 

exploration by evaluating the full reaction process. To help guide our exploration 

towards a more computationally efficient enterprise, we focused our search based on 

two observations. Firstly, the large energetic distribution found for complexes of type 

77 indicated that the most feasible reaction trajectories would afford intermediates in 

which electronic interactions are minimised. To that end, given the necessity to 

occupy four coordination sites with fragments from the substrate, namely, 

carboxylate, aryl, hydride and olefin; a best case for electronic stabilisation would be 

obtained within an (H,O)-trans- geometry, i.e., respectively a very strong and a poor 

σ-donor.48 

Secondly, the necessity to perform a migratory insertion into a coordinated alkene 

helped us identify a suitable candidate for a low energy transition state. More 

specifically, by requiring a geometrical disposition in which the π-accepting olefin is 

situated trans- to the poorest σ-donor available within the coordination sphere, we 

expected a less effective dIr → π*
C=C back donation and, hence, diminished electron 

density at this antibonding orbital. In this regard, current models of orbital 

interactions for migratory insertion events161-163 suggests depletion of electron 

density at the π*
C=C should lower the activation barrier for the overall process, 

consequently leading to a transition state with reasonable energetics. Indeed, Huang 

and Liu in their evaluation of the intermolecular hydroarylation catalysed by iridium 

complexes suggests the existence of similar effects in their systems.92 

In our case, the substrate engages in C—H activation to afford metallacycles that will 

necessarily adopt an (O,C,C=C)-fac- conformation prior to migratory insertion. This 

is a consequence of the requirement for co-planarity between the migrating group 

and the π-system of the olefin, and the existence of a strong (O,C)-chelate between 
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the carboxylate moiety and the aryl bonded to iridium. Hence, the only three 

geometrically allowed options for a ligand trans- to the alkene during a productive 

migratory insertion would be the hydride, the carbene from the NHC, and the 

phosphine ligand. Amongst these, the PPh2 fragment should be the less competent σ-

donor and was a likely candidate for further exploration. 

Following these premises, and after some frustrated attempts to arrive at a pathway 

with reasonable energetics from (Λ)-77a, we were able to locate a plausible reaction 

trajectory for our hydroarylation reaction. These results are summarised in Schemes 

2.21 and 2.22. 

 

 

Scheme 2.21: Potential energy surface for the intramolecular hydroarylation.† 

†Reported values are ΔGrel with respect to (Λ)-77a; ΔHrel reported in parentheses. 
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Scheme 2.22: Structure of located iridium complexes in the reaction pathway. 

 

Therefore, the reaction starts with coordination of the carboxylate derived from 

substrate 65 to the iridium complex to afford intermediate 78, which features an 

agostic interaction with the C—H bond to be activated trans- to the electron-rich 

NHC ligand. Oxidative addition then proceeds via transition state 79 to afford 

iridium(III) intermediate 80 with an overall barrier of 18.3 kcal mol-1. Owing to the 

geometrical constraints imposed by the chelated substrate, during the C—H 

activation event the olefin is unable to coordinate to the vacant coordination site 

generated upon oxidative addition, and this site is then stabilised in 80 by an agostic 

interaction with the mesityl substituent in the NHC-P ligand. An isomerisation event 

was then required to allow alkene coordination to the metal centre, and this was 

accomplished through facile rotation of the carboxylate ligand to displace the weakly 

bound mesityl fragment, affording pentacoordinate intermediate 81, and subsequent 
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coordination of the olefin to afford intermediate 82, which is ready for the key C—C 

bond-forming event. Accordingly, migratory insertion through transition state 83 

generates the 7-membered metallacycle intermediate 84 with an activation barrier of 

only 22.1 kcal mol-1. Finally, a C—H reductive elimination from 84 occurs via 

transition state 85 and generates the desired product 86 with a 16.9 kcal mol-1 barrier. 

Some interesting features in this PES merit some consideration. Firstly, the 

calculation predicts the occurrence of a rate limiting migratory insertion, which is 

also expected to be irreversible. Note that reverting the subsequent reductive 

elimination should proceed with lower energy than that required to break the newly 

formed C—C bond. More precisely, the calculated ΔΔG(85,83)
 = ΔG(85) – ΔG(83) is 5.2 

kcal mol-1 favouring reductive elimination. Once again, assuming the Eyring-Polanyi 

equation applies to our system, that would result in c.a. 2800-fold increase in rate for 

C—H reductive elimination, thus, the reverse aryl- migration to cleave the C—C 

bond would be impractical. 

Secondly, from our previous discussion on electronic influences on the energetics of 

metallacycles, it is possible to infer that a synergistic effect accounts for the rather 

low energy required for reaching key transition state 85. More specifically, the steric 

hindrance imposed by the N-mesityl substituent of the carbene tends to restrict 

coordination at the side trans- to the phosphorus atom to planar ligands, which can 

reorient themselves and avoid destabilising steric interactions, or to small ligands. 

This steric component dictates the geometry of 82, therefore, necessarily placing the 

olefin trans- to the carbene ligand. Thus, it is possible that the steric compression 

imposed by the mesityl substituent promotes an orientation of the olefin which is 

more suitable to C—C bond formation. 

Our last line of theoretical enquiry concerned the catalytic competence of complex 

57 in hydroarylation reactions with substrates bearing sterically hindered olefins. 

Thus, we investigated the energetic profile of substrates 72i-j and 72l-m in the 

migratory insertion described by the sequence 82 → 83 → 84. More specifically, 

once optimised metallocyclic intermediates of type 82 and 84 were available, we 

located the respective transition states 83 connecting these species and evaluated 

their intrinsic reaction coordinate profile, as illustrated in Scheme 2.23. 
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Scheme 2.23: Comparison of molecular reaction coordinates (top) and transition 

state energies for relevant substrates (bottom) for the migratoy insertion step.† 

†Solid points indicate the position of transition states for each substrate; energies are given in kcal 

mol-1 and are relative to intermediates of type 82 in Scheme 2.22. 

 

It is relevant to emphasise that comparisons provided in Scheme 2.23 were plotted 

against the variation of an internal molecular coordinate, i.e., the change in distance 

between the two carbon atoms within the olefin. This procedure was originally 

proposed by Houk and Bickehaulpt164,165 while investigating elementary reactions in 

organometallic complexes and is recommended as a more accurate descriptor of the 

reaction progress, since it is not influenced by other molecular motions within the 

transition metal complex.165  
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Notably, inspection of the IRC profiles for substrates in Scheme 2.23 indicates subtle 

changes in the position of the transition state in the PES for each substrate. Thus, 

exocyclic substrate 72m displays the earliest transition state, suggesting that 

coordination of the olefin prior to migratory insertion gives rise to a structure in 

which the π-orbitals of the C=C bond are well-aligned to the CAr—Ir bond, hence 

reducing the degree of molecular reorganisation necessary to accomplish cyclisation. 

In fact, at the beginning of the reaction coordinate, substrate 72m displays the 

smallest departure from a coplanar arrangement with the CAr—Ir bond, featuring a 

deviation of only 11.1º. On the other hand, substrate 72j has both the latest transition 

state and the highest olefin misalignment among all structures, i.e., 21.5º. In 

conjunction, these parameters indicate that the failure of 72j to engage in productive 

reaction is a consequence of synergistic steric and electronic interactions. More 

specifically, the higher degree of substitution around the C=C bond hinders its 

approach to the metal centre which, in turn, forces the πC=C system farther away from 

the coplanar arrangement necessary to reach the transition state, ultimately resulting 

in additional energetic penalty. 

Another important feature depicted in Scheme 2.23 is the instability of the 

metallocyclic intermediate after C—C bond formation with 72j. Whilst the 

remaining substrates feature an overall decrease in relative energy after the migratory 

insertion, this is not the case for 72j. This lack of energetic stabilisation should result 

in an easier reversibility of the C—C bond formation process, thus contributing for a 

poor reaction profile.  

In summary, we were able to fully explore a viable reaction pathway for the 

hydroarylation of olefins catalysed by complex 57 employing substrate 65 as a probe 

molecule. The located pathway features three key steps: C—H activation via direct 

oxidative addition, a rate limiting migratory insertion that proceeds through an 

overall barrier of 22.1 kcal mol-1, and a C—H reductive elimination that affords the 

desired product. 

Importantly, these calculations allow us to make two important predictions about the 

kinetics of the reaction, i.e., since the limiting step does not involve C—H bond 

breaking, a negligible 2H KIE is expected; and a primary 13C KIE is likely for both 

carbons involved in the C—C bond forming event. Considering our earlier 
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discussion on the effect of asynchronous transition state geometries on 13C KIE 

values, and the observed sensitivity of activation energies to the degree of 

substitution at the C=C bond, in the absence of more sophisticated tools to quantify 

the expected isotope effects at the olefin terminus, it is not possible to infer whether a 

significant KIE can be expected for the corresponding carbon atom. 

 

4. Conclusions 

 

The knowledge gathered during our earlier studies on the nature of the C—H 

activation led us to investigate the functionalisation of inactivated C—H bonds to 

promote intramolecular hydroarylation reactions. Based on fundamental mechanistic 

aspects of our iridium complexes, we were able to identify a suitable directing group 

for further synthetic exploration. Moreover, we successfully employed Design of 

Experiments to optimise the reaction conditions, enabling us to develop a 

regioselective hydroarylative process. These features are illustrated in Scheme 2.23. 

 

 

Scheme 2.23: Fundamentals of the intramolecular hydroarylation process. 

 

Through strategic exploration of carboxylic acids, which generate a transient strongly 

coordinating directing group upon deprotonation, we conceived a substrate scope to 

enable a rapid assessment of the limitations and capabilities of this novel protocol. In 

particular, we were able to demonstrate our iridium catalysts are well-suited for the 

construction of tertiary and quaternary benzylic stereocentres through C—H 

functionalisation of synthetically versatile benzoic acids. Importantly, this catalytic 

protocol successfully promoted the hydroarylation of substrates bearing olefinic 

systems which are exocyclic to 5- and 6-membered carbocycles, affording quaternary 

carbon-carbon bonds in an expedient fashion. 
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Scheme 2.24: Evaluation of key features within the substrate scope. 

 

In a last line of enquiry, we employed DFT techniques to study the full mechanistic 

pathway involved in our hydroarylation reaction. These studies helped us establish a 

mechanistic proposal featuring C—H activation through direct oxidative addition to 

afford strongly ligated 5-membered metallocyclic intermediates, which then undergo 

C—C bond formation via rate limiting migratory insertion into the olefin, and a final 

C—H reductive elimination affords the desired products. Finally, we briefly 

investigated the effect of substituted olefins in the activation energy for the C—C 

bond formation. Our findings indicated a delicate balance between the steric 

hindrance at the alkene terminus and electronic properties of its iridium adduct 

dictate the height of activation barriers. 

 

5. Future Work 

 

Throughout this chapter, we devoted considerable attention to reaction development 

and evaluation of limitations to the substrate scope. Consequently, our synthetic 

exploration was focused in addressing main limitations within the field, viz., reliance 

on strongly ligating, tailored directing groups; and synthesis of tricyclic motifs 

featuring a quaternary benzylic stereocentre. Thus, by demonstrating our catalytic 

system can readily overcome these issues, we secured the possibility to directly 

target the synthesis of congested 6-5-5 and 6-5-6 tricycles via hydroarylation 

processes, as depicted in Scheme 2.25. 
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Scheme 2.25: Expansion of current scope and possible applications.166-168 

 

As illustrated in Scheme 2.25, bi- and tricyclic systems are ubiquitous in natural 

products and pharmaceuticals. Simple examples highlighted include the natural 

product stadishinal (87),166 and COX-2 inhibitor 88,167 which bear quaternary 

benzylic carbon centres; and the 5-HT2C inhibitor 89168 illustrates another possible 

area of investigation, namely, the application of our technology in the introduction of 

methyl groups to modulate pharmacological properties and inhibitory selectivity.169 

Other interesting expansions concern the synthesis of polycyclic furans and pyrroles, 

and spirocyclic molecules. Scheme 2.26 illustrates these concepts. 

 

Scheme 2.26: Strategies targeting heterocycles and spirocyclic molecules. 
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Finally, by recognising the possibility to introduce benzylic stereocentres in a 

stereoselective fashion, it is possible to improve the current ligand set to enable 

enantioselective transformations. One such chelating NHC-P ligand is illustrated in 

Scheme 2.27. 

 

 

Scheme 2.27: Towards enantioselective hydroarylation. 

 

6. Experimental Section 

 

 6.1 General 

 

All chemical reagents and solvents were purchased from commercial sources (Acros 

Organics, Alfa Aesar, Sigma Aldrich and Strem Chemicals) and used without further 

purification, unless otherwise stated. 

Dry dichloromethane was obtained by refluxing with CaH2 and subsequent 

distillation under a nitrogen atmosphere. Dry tetrahydrofuran (THF) was obtained by 

refluxing with sodium wire employing sodium ketyl as an indicator, followed by 

distillation under a nitrogen atmosphere. Diglyme was purified by fractional 

distillation from CaH2 under vacuum and stored over 4Å molecular sieves. Dry 

toluene was obtained from a PureSolv SPS-400-5 Solvent Purification System 

immediately prior to use. 

 

Thin layer chromatography was performed using Merck silica plates (Silica gel 60 

F254) and revealed under ultraviolet irradiation at 254 nm. Whenever required, 

solutions of potassium permanganate, vanillin and ninhydrin were used as revealing 

agents. 
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NMR spectra were acquired on a Bruker DPX 400 spectrometer at the respective 

frequencies for 1H, 13C and 19F of 400, 101 and 376 MHz. Chemical shifts and 

coupling constants are reported in ppm and Hertz, respectively.  

 

High resolution mass spectrometry (HRMS) data were obtained at the EPSRC UK 

National Mass Spectrometry Facility at Swansea University, employing 

nanoelectrospray ionization (ESI) method coupled to a Thermo Scientific LTQ-

Orbitrap XL as mass analyser. 

 

Melting points were measured in a Griffin C110230 Melting Point Apparatus. 

 

Infrared spectra were acquired in a Shimadzu IRAffinity-1 FTIR spectrometer. 

 

 6.1.1 General procedure for the synthesis of methyl esters 

 

To a round-bottomed flask equipped with a magnetic stirrer bar were added the 

carboxylic acid and methanol. The mixture was thoroughly stirred and cooled to 0 °C 

in an ice-water bath. The reaction vessel was fitted with a rubber septum and 

subjected to a constant stream of argon. Then, SOCl2 was added dropwise at an 

approximate dropping rate of 0.1 mL min-1 and under vigorous, constant stirring. The 

mixture was allowed to stir at 0 °C for an additional 15 min, subsequently allowed to 

warm to room temperature and the reaction progress was monitored by TLC. When 

complete consumption of the starting material was observed, the mixture was 

evaporated under reduced pressure and subjected to the workup procedure described 

in full details for each substrate. The desired methyl esters were used in the next step 

without further purification. 

 

 6.1.2 General procedure for allylation of phenols 

 

To a round-bottomed flask equipped with a magnetic stirrer bar were added NaI, 

K2CO3, the desired phenol and acetone. The mixture was thoroughly stirred at room 

temperature and allyl bromide was added dropwise under constant, vigorous stirring. 
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The vessel was fitted with a condenser and heated to the appropriate temperature in 

an oil bath for the allocated reaction time. After complete consumption of the starting 

material, as determined by TLC analysis of the reaction mixture, the vessel was 

allowed to cool to room temperature. The volatiles were evaporated under reduced 

pressure and the residue thus obtained was subjected to the workup procedure 

described in detail for each substrate. 

 

 6.1.3 General procedure for hydrolysis of methyl esters with 1M NaOH 

 

To a round-bottomed flask equipped with a magnetic stirrer bar were added the 

appropriate methyl esters and MeOH. The reaction mixture was thoroughly stirred at 

room temperature and 1 M NaOH was added under constant vigorous stirring. The 

mixture was then heated to 50 °C in an oil bath for the allocated reaction time. After 

complete consumption of the starting material, assessed by TLC analysis of the 

reaction mixture, the reaction vessel was allowed to cool to room temperature and 

the volatiles were evaporated under reduced pressure. Unless otherwise stated, the 

resulting mixture was suspended in H2O (10 mL mmol-1 of substrate), extracted 

twice with Et2O (1:1 VEt2O/VH2O) and the organic phases were discarded. The 

aqueous phase was acidified to pH ~ 1 by careful addition of 12 M HCl, extracted 

three times with Et2O (2:1 VEt2O/VH2O). The combined organic phases were dried 

over Na2SO4, filtered and evaporated under reduced pressure to afford the desired 

carboxylic acids. 

 

 6.1.3 General procedure for hydroarylation test reactions 

 

To a flame-dried 5 mL microwave vial equipped with a magnetic stirrer bar were 

added K2CO3, the appropriate carboxylic acid and iridium catalyst 57. The 

atmosphere was evacuated and carefully replenished with argon, and this process 

was repeated a further two times. Then, anhydrous diglyme was introduced via 

syringe, the vial was sealed and immersed in an oil bath pre-heated to 150 °C for 20 

h. After the allocated reaction time, the reaction mixture was allowed to cool to room 

temperature, transferred to a separating funnel and diluted with Et2O (25 mL). The 
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resulting mixture was washed with 0.5 M HCl (5 × 10 mL), brine (10 mL), dried 

over Na2SO4, filtered and evaporated under reduced pressure. The residue thus 

obtained was analysed by 1H NMR spectroscopy and conversions were recorded 

based on diagnostic peaks for each substrate. 

 

 6.1.4 General procedure for hydroarylation and methylation sequence 

 

To a flame-dried 10 mL round bottomed flask equipped with a magnetic stirrer bar 

were added K2CO3, the appropriate carboxylic acid and iridium catalyst 57. The 

atmosphere was evacuated and carefully replenished with argon, and this process 

was repeated a further two times. Then, anhydrous diglyme was introduced via 

syringe and the rubber septum was replaced by a greased glass stopper. The flask 

was then immersed in an oil bath pre-heated to 150 °C, the stopper was physically 

restrained with a metal clamp and the reaction mixture was allowed to stir at that 

temperature for the allocated reaction time. The vessel was then allowed to cool to 

room temperature, the reaction mixture was transferred to a separating funnel, diluted 

with Et2O (50 mL), washed with 0.5 M HCl (5 × 20 mL), brine (10 mL), dried over 

Na2SO4, filtered and evaporated under reduced pressure. The resulting residue was 

re-dissolved in acetonitrile and transferred to a round-bottomed flask equipped with a 

magnetic stirrer bar. Then, K2CO3 and MeI were added and the resulting mixture was 

heated to 50 °C in an oil bath for the allocated reaction time. The vessel was then 

allowed to cool to room temperature, the reaction mixture was transferred to a 

separating funnel, diluted with Et2O (40 mL) and washed with H2O (40 mL). The 

organic phases were collected, and the aqueous layer was extracted with Et2O (2 × 40 

mL). The combined organic phases were washed with brine (10 mL), dried over 

Na2SO4, filtered and evaporated under reduced pressure. The residue thus obtained 

was purified by column chromatography employing isocratic elution with mixtures 

of Et2O and petroleum ether (1% Et2O) to afford the desired products. 
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 6.2 Synthesis of substrates 

 

Experimental details reported in this section describe the full synthetic route for each 

substrate. Thus, the ordering of experiments parallels the preparative steps required 

for each compound. Intermediates en route to the final compounds are identified by 

suffixing their number with a new letter. The sequence for compound 72h is depicted 

below as an example. 

 

1-(3-(allyloxy)phenyl)ethan-1-one – 56 

 

Following general procedure 6.1.2, NaI (116 mg, 0.77 mmol), K2CO3 (2.065 g, 14.9 

mmol) and 3-hydroxyacetophenone (1.027 g, 7.54 mmol) were dissolved in acetone 

(40 mL) and reacted with allyl bromide (1.0 mL, 11.5 mmol) at 65 °C for 16 h. The 

residue obtained after evaporation was suspended in H2O (50 mL) and partitioned 

with Et2O (100 mL). The organic phases were collected, and the aqueous phase was 

extracted with Et2O (3 × 75 mL). The combined organic phases were dried over 

Na2SO4, filtered and evaporated under reduced pressure. The crude mixture was 

subsequently purified by column chromatography employing gradient elution with 

mixtures of EtOAc and petroleum ether as eluents (0 – 20% Et2O) to afford 1-(3-

(allyloxy)phenyl)ethan-1-one (56) as a clear light yellow oil (1.246 g, 93% yield). 

Analytical data for 56 is consistent with previously reported data:170 
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1H NMR (400 MHz, CDCl3):  7.54 (d, 3JHH = 7.6 Hz, 1H, H2), 7.51-7.48 (m, 1H, 

H1), 7.36 (t, 3JHH = 7.9 Hz, 1H, H3), 7.12 (d, 3JHH = 8.3 Hz, 1H, H4), 6.06 (ddt, 3JHH = 

17.2 Hz, 3JHH = 10.6 Hz, 3JHH = 5.3 Hz, 1H, H6), 5.43 (ddt, 3JHH = 17.3 Hz, 4JHH = 

2JHH = 1.5 Hz, 1H, H7), 5.31 (ddt, 3JHH = 10.4 Hz, 4JHH = 2JHH = 1.5 Hz, 1H, H8), 

4.59 (d, 3JHH = 5.2 Hz, 2H, H5), 2.59 (s, 3H, H9). 

13C NMR (101 MHz, CDCl3):  198.0, 158.9, 138.6, 133.0, 129.7, 121.3, 120.3, 

118.1, 113.5, 69.1, 26.8. 

IR (neat, cm-1): 3078, 2922, 2864, 1680, 1593, 1580, 1483, 1437, 1423, 1356, 1329, 

1269, 1206, 1163, 1092, 1074, 1022, 1009, 991, 970, 957, 928, 872, 856, 787, 758, 

718, 687, 608. 

 

 Sequence for 3-(allyloxy)benzoic acid – 65 

 

 

Methyl 3-hydroxybenzoate – 64a 

 

Following general procedure 6.1.1, 3-hydroxybenzoic acid (1.385 g, 10.0 mmol) was 

dissolved in methanol (15 mL) and reacted with SOCl2 (1.1 mL, 15.1 mmol) for 16 

h. The residue obtained after evaporation was suspended in H2O (50 mL) and 

extracted with EtOAc (3 × 50 mL). The combined organic phases were washed with 

saturated aqueous NaHCO3 (2 × 50 mL), dried over Na2SO4, filtered and evaporated 

under reduced pressure to afford methyl 3-hydroxybenzoate (64a) as a white solid 

(1.462 g, 96% yield). 

Analytical data for 64a is consistent with previously reported data:171 
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1H NMR (400 MHz, CDCl3):  7.61 (dt, 3JHH = 7.8 Hz, 4JHH = 1.3 Hz, 1H, H2), 7.58 

(dd, 4JHH = 2.5 Hz, 4JHH = 1.5 Hz, 1H, H1), 7.31 (dt, 3JHH = 7.9 Hz, 1H, H3) 7.07 

(ddd, 3JHH = 8.2 Hz, 4JHH = 2.6 Hz, 4JHH = 1.0 Hz, 1H, H4), 5.74 (br s, 1H, OH), 3.92 

(s, 3H, H5). 

13C NMR (101 MHz, CDCl3):  167.4, 156.0, 131.5, 129.9, 122.1, 120.4, 116.5, 

52.5. 

Melting point: 66-68 °C. 

IR (neat, cm-1): 3080, 3021, 2982, 2951, 2868, 1719, 1651, 1593, 3366, 2961, 1690, 

1597, 1503, 1435, 1354, 1306, 1238, 1223, 1186, 1157, 1105, 1072, 995, 968, 910, 

883, 795, 758, 721, 685, 677. 

 

Methyl 3-(allyloxy)benzoate – 64 

 

Following general procedure 6.1.2, NaI (76 mg, 0.51 mmol), K2CO3 (1.385 g, 10.0 

mmol) and methyl 3-hydroxybenozoate (0.761 g, 5.00 mmol) were dissolved in 

acetone (27 mL) and reacted with allyl bromide (0.7 mL, 8.09 mmol) at 65 °C for 16 

h. TLC analyses employed 10% EtOAc in petroleum ether. The residue obtained 

after evaporation was suspended in Et2O (75 mL) and the organic layer was washed 

with H2O (50 mL). The aqueous phase was extracted with Et2O (3 × 50 mL), the 

combined organic phases were dried over Na2SO4, filtered and evaporated under 

reduced pressure. The crude mixture was subsequently purified by column 

chromatography, employing gradient elution with mixtures of Et2O and petroleum 

ether as eluents (0 – 20% Et2O) to afford methyl 3-(allyloxy)benzoate (64) as a 

colourless oil (0.911 g, 95% yield).  
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Analytical data for 64 is consistent with previously reported data:173 

 

 

1H NMR (400 MHz, CDCl3):  7.63 (dt, 3JHH = 8.0 Hz, 4JHH
 = 1.4 Hz, 1H, H2), 7.57 

(dd, 4JHH = 2.9 Hz, 4JHH = 1.5 Hz, 1H, H1), 7.33 (t, 3JHH
 = 7.9 Hz, 1H, H3), 7.11 (ddd, 

3JHH = 8.3 Hz, 4JHH = 2.5 Hz, 4JHH = 1.3 Hz, 1H, H4), 6.05 (ddt, 3JHH = 17.3 Hz, 3JHH 

=10.5 Hz, 3JHH = 5.3 Hz, 1H, H6), 5.42 (dq, 3JHH = 17.2 Hz, JHH = 1.6 Hz, 1H, H7), 

5.30 (dq, 3JHH = 10.5 Hz, JHH = 1.4 Hz, 1H, H8), 4.58 (dt, 3JHH = 5.3 Hz, 4JHH = 1.5 

Hz, 2H, H5), 3.90 (s, 3H, H9). 

13C NMR (101 MHz, CDCl3):  167.0, 158.7, 133.0, 131.6, 129.5, 122.3, 120.3, 

118.0, 115.1, 69.0, 52.3. 

IR (neat, cm-1): 3078, 2990, 2949, 2864, 2365, 2345, 2324, 1719, 1585, 1487, 1445, 

1423, 1408, 1317, 1275, 1215, 1190, 1157, 1099, 1074, 1024, 993, 926, 889, 878, 

799, 785, 754, 683. 

 

3-(allyloxy)benzoic acid – 65 

 

Following general procedure 6.1.3, methyl 3-(allyloxy)benzoate (591.5 mg, 3.08 

mmol) was dissolved in MeOH (40 mL) and reacted with 1 M NaOH (6.2 mL, 6.2 

mmol) for 13 h. TLC analysis was performed with 10% MeOH in CH2Cl2. After 

workup, 3-(allyloxy)benzoic acid (69) was isolated as a white solid (490.1 mg, 89% 

yield). 
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1H NMR (400 MHz, DMSO-d6):  13.0 (s, 1H, OH), 7.54 (dt, 3JHH = 7.6 Hz, 4JHH
 = 

1.2 Hz, 1H, H2), 7.46 (dd, 4JHH = 2.5 Hz, 4JHH = 1.4 Hz, 1H, H1), 7.41 (t, 3JHH
 = 7.9 

Hz, 1H, H3), 7.21 (ddd, 3JHH = 8.4 Hz, 4JHH = 2.9 Hz, 4JHH = 1.0 Hz, 1H, H4), 6.05 

(ddt, 3JHH = 17.3 Hz, 3JHH = 10.4 Hz, 3JHH = 5.2 Hz, 1H, H6), 5.41 (dq, 3JHH = 17.3 

Hz, JHH = 1.7 Hz, 1H, H7), 5.30 (dq, 3JHH = 10.5 Hz, JHH = 1.5 Hz, 1H, H8), 4.63 (dt, 

3JHH = 5.1 Hz, 4JHH = 1.5 Hz, 2H, H5). 

13C NMR (101 MHz, CDCl3):  167.1, 158.1, 133.4, 132.2, 129.7, 121.7, 119.5, 

117.5, 114.8, 68.3. 

Melting point: 68-70 °C. 

IR (neat, cm-1): 3075, 2907, 2862, 2822, 2635, 2563, 1682, 1585, 1487, 1449, 1422, 

1296, 1285, 1236, 1115, 1078, 1018, 991, 934, 918, 874, 808, 773, 752, 679, 642. 

 

 Sequence for 5-(allyloxy)-2-methylbenzoic acid – 72a 

 

 

Methyl 2-methyl-5-hydroxybenzoate (70a) 

 

Following general procedure 6.1.2, 2-methyl-5-hydroxybenzoic acid (0.760 g, 5.00 

mmol) was dissolved in methanol (7.5 mL) and reacted with SOCl2 (0.55 mL, 7.5 

mmol) for 40 h. TLC analysis employed 25% EtOAc in petroleum ether. The residue 

obtained after evaporation was suspended in H2O (10 mL) and treated with saturated 

aqueous NaHCO3 (1 mL). The resulting mixture was extracted with EtOAc (3 × 25 

mL), the combined organic phases were washed with brine (30 mL), dried over 

Na2SO4, filtered and evaporated under reduced pressure to afford methyl 2-methyl-5-

hydroxybenzoate (70a) as a white solid (0.837 g, 100% yield).  

Analytical data for 70a is consistent with previously reported data:174,175 
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1H NMR (400 MHz, CDCl3):  7.42 (d, 4JHH = 2.8 Hz, 1H, H1), 7.11 (d, 3JHH = 8.2 

Hz, 1H, H2), 6.91 (dd, 3JHH = 8.2 Hz, 4JHH = 2.7 Hz, 1H, H3), 5.23 (br s, 1H, OH), 

3.89 (s, 3H, H5), 2.50 (s, 3H, H4). 

13C NMR (101 MHz, CDCl3):  168.2, 153.6, 133.0, 132.4, 130.4, 119.5, 117.3, 

52.1, 20.9. 

Melting point: 68-70 °C. 

IR (neat, cm-1): 3318, 3076, 2953, 2928, 2847, 1692, 1605, 1504, 1454, 1437, 1342, 

1312, 1273, 1223, 1192, 1076, 1036, 1007, 976, 881, 829, 800, 783, 758, 654. 

 

Methyl 5-(allyloxy)-2-methylbenzoate – 71a 

 

Following general procedure 6.1.2, NaI (46 mg, 0.31 mmol), K2CO3 (0.566 g, 4.09 

mmol) and methyl 3-hydroxybenozoate (0.332 g, 2.18 mmol) were dissolved in 

acetone (10 mL) and reacted with allyl bromide (0.26 mL, 3.0 mmol) at 60 °C for 16 

h. TLC analysis employed 10% EtOAc in petroleum ether. The residue obtained after 

evaporation was suspended in H2O (10 mL) and partitioned with Et2O (20 mL). The 

aqueous layer was extracted with Et2O (2 × 20 mL), and the combined organic 

phases were washed with brine (10 mL), dried over Na2SO4, filtered and evaporated 

under reduced pressure. The residue was purified by column chromatography 

employing gradient elution with mixtures of EtOAc and petroleum ether as eluents (0 

– 10% EtOAc) to afford methyl 5-(allyloxy)-2-methylbenzoate (71a) as a colourless 

oil (0.372 g, 90% yield). 
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1H NMR (400 MHz, CDCl3):  7.48 (d, 4JHH = 2.8 Hz, 1H, H1), 7.16 (d, 3JHH = 8.5 

Hz, 1H, H2), 6.99 (dd, 3JHH = 8.4 Hz, 4JHH = 2.8 Hz, 1H, H3), 6.07 (ddt, 3JHH = 17.1 

Hz, 3JHH = 10.6 Hz, 3JHH = 5.3 Hz, 1H, H5), 5.43 (dq, 3JHH = 17.3 Hz, JHH = 1.4 Hz, 

1H, H6), 5.31 (dq, 3JHH = 10.9 Hz, JHH = 1.4 Hz, 1H, H7), 4.56 (dt, 3JHH = 5.3 Hz, 

4JHH = 1.3 Hz, 2H, H4), 3.90 (s, 3H, H9), 2.54 (s, 3H, H8). 

13C NMR (101 MHz, CDCl3):  167.3, 155.9, 132.6, 132.1, 131.9, 129.7, 118.6, 

117.2, 115.6, 68.5, 51.3, 20.3. 

IR (neat, cm-1): 3088, 3024, 2951, 2928, 2862, 1719, 1647, 1609, 1570, 1499, 1435, 

1410, 1383, 1364, 1315, 1281, 1271, 1252, 1211, 1155, 1142, 1101, 1072, 1026, 997, 

924, 889, 872, 820, 810, 799, 785, 764, 745, 687, 627. 

HRMS (positive ESI): m/z calculated for [M+H]+ C12H15O3: 207.1016; found: 

207.1014. 

 

5-(allyloxy)-2-methylbenzoic acid – 72a 

 

Following general procedure 6.1.3, methyl 5-(allyloxy)-2-methylbenzoate (206.5 mg, 

1.00 mmol) was dissolved in and MeOH (13 mL) and reacted with 1 M NaOH (2.0 

mL, 2.0 mmol) for 14 h. TLC analysis was performed with 10% EtOAc in petroleum 

ether. After workup, 5-(allyloxy)-2-methylbenzoic acid (72a) was isolated as a white 

solid (167.5 mg, 87% yield). 
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1H NMR (400 MHz, DMSO-d6):  12.8 (br s, 1H, OH), 7.35 (d, 4JHH = 2.8 Hz, 1H, 

H1), 7.20 (d, 3JHH = 8.5 Hz, 1H, H2), 7.05 (dd, 3JHH = 8.3 Hz, 4JHH = 2.8 Hz, 1H, H3), 

6.03 (ddt, 3JHH = 17.2 Hz, 3JHH = 10.4 Hz, 3JHH = 5.2 Hz, 1H, H5), 5.39 (dq, 3JHH = 

17.2 Hz, JHH = 1.6 Hz, 1H, H6), 5.26 (dq, 3JHH =10.6 Hz, JHH = 1.3 Hz, 1H, H7), 4.58 

(dt, 3JHH = 5.1 Hz, 4JHH =1.4 Hz, 2H, H4), 2.45 (s, 3H, H8). 

13C NMR (101 MHz, DMSO-d6):  168.4, 155.9, 133.6, 132.5, 131.2, 130.9, 118.3, 

117.3, 115.8, 68.2, 20.3. 

Melting point: 91-92 °C 

IR (neat, cm-1): 2967, 2928, 2882, 2853, 2818, 2627, 2571, 1690, 1676, 1645, 1605, 

1578, 1499, 1450, 1416, 1379, 1315, 1285, 1265, 1236, 1204, 1150, 1105, 1076, 

1026, 1011, 988, 930, 868, 831, 777, 683. 

HRMS (positive ESI): m/z calculated for [M+H]+ C11H13O3: 193.0865; found: 

193.0870. 

 

 Sequence for 3-(allyloxy)-5-fluorobenzoic acid – 72b 

 

 

Methyl 3-fluoro-5-hydroxybenzoate – 70b 

 

Following general procedure 6.1.1, 3-fluoro-5-hydroxybenzoic acid (0.783 g, 5.02 

mmol) was dissolved in methanol (7.5 mL) and reacted with SOCl2 (0.55 mL, 7.5 

mmol) for 16 h. TLC analysis employed 25% EtOAc in petroleum ether. The residue 

obtained after evaporation was suspended in H2O (10 mL) and partitioned with 

EtOAc (30 mL). This mixture was treated with saturated aqueous NaHCO3 (1 mL) 

and the organic phase was collected. The aqueous layer was then extracted with 

EtOAc (3 × 30 mL), and the combined organic phases were washed with brine (20 



280 

 

mL), dried over Na2SO4, filtered and evaporated under reduced pressure to afford 

methyl 3-fluoro-5-hydroxybenzoate (70b) as a white solid (0.809 g, 95% yield). 

 

 

1H NMR (400 MHz, DMSO-d6):  10.4 (s, 1H, OH), 7.22 (t, 4JHH = 1.6 Hz, 1H, H1), 

7.11 (dt, 3JHF = 9.0 Hz, 4JHH
 = 1.5 Hz, 1H, H2), 6.85 (dt, 3JHF = 10.6 Hz, 4JHH

 = 2.3 

Hz, 1H, H3), 3.84 (s, 3H, H4). 

13C NMR (101 MHz, DMSO-d6):  165.2 (d, 4JCF = 4.0 Hz), 162.7 (d, 1JCF = 243 

Hz), 159.2 (d, 3JCF = 12.3 Hz), 132.1 (d, 3JCF = 10.0 Hz) 112.3, 107.3 (d, 2JCF = 23.1 

Hz), 106.2 (d, 2JCF = 23.6 Hz), 52.4. 

19F NMR (376 MHz, DMSO-d6):  -111.3.  

Melting point: 134-136 °C. 

IR (neat, cm-1): 3337, 3078, 3015, 2961, 2853, 1694, 1607, 1547, 1508, 1456, 1437, 

1339, 1300, 1254, 1190, 1138, 1096, 991, 903, 868, 851, 826, 762, 665, 638. 

HRMS (negative ESI): m/z calculated for [M-H]- C8H6O3F: 169.0306; found: 

169.0310. 

 

Methyl 3-(allyloxy)-5-fluorobenzoate – 71b 

 

Following general procedure 6.1.2, NaI (35 mg, 0.23 mmol), K2CO3 (0.556 g, 4.02 

mmol) and methyl 3-fluoro-5-hydroxybenzoate (0.332 g, 2.00 mmol) were dissolved 

in acetone (10 mL) and reacted with allyl bromide (0.26 mL, 3.0 mmol) at 60 °C for 

14 h. TLC analysis employed 25% EtOAc in petroleum ether. The residue obtained 

after evaporation was suspended in H2O (10 mL) and partitioned with Et2O (20 mL). 

The aqueous layer was extracted with Et2O (2 × 20 mL), and the combined organic 

phases were washed with brine (10 mL), dried over Na2SO4, filtered and evaporated 

under reduced pressure. The residue was purified by column chromatography 
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employing gradient elution with mixtures of Et2O and petroleum ether as eluents (0 – 

20% Et2O) to afford methyl 3-(allyloxy)-5-fluorobenzoate (71b) as a colourless oil 

(0.389 g, 93% yield). 

 

 

1H NMR (400 MHz, CDCl3):  7.41-7.38 (m, 1H, H1), 7.34 (d, 3JHF = 8.7 Hz, 1H, 

H2), 6.84 (dt, 3JHF = 10.2 Hz, 4JHH = 2.4 Hz, 1H, H3), 6.05 (ddt, 3JHH = 17.1 Hz, 3JHH 

= 10.5 Hz, 3JHH = 5.3 Hz, 1H, H5), 5.44 (dt, 3JHH = 17.3 Hz, JHH = 1.5 Hz, 1H, H6), 

5.33 (ddd, 3JHH = 10.3 Hz, JHH = 1.3 Hz, 1H, H7), 4.59 (dt, 3JHH = 5.3 Hz, 4JHH = 1.4 

Hz, 2H, H4), 3.93 (s, 3H, H8). 

13C NMR (101 MHz, CDCl3):  165.4 (d, 4JCF = 4.3 Hz), 162.7 (d, 1JCF = 246 Hz), 

159.3 (d, 3JCF = 10.8 Hz), 132.1 (d, 3JCF = 10.0 Hz), 131.8, 117.7, 110.8 (d, 4JCF = 3.1 

Hz), 108.5 (d, 2JCF = 23.9 Hz), 106.9 (d, 2JCF = 24.7 Hz), 68.8, 51.9. 

19F NMR (376 MHz, CDCl3):  -110.9. 

IR (neat, cm-1): 3090, 2953, 2363, 2326, 1722, 1649, 1607, 1591, 1435, 1425, 1366, 

1335, 1306, 1269, 1238, 1227, 1190, 1140, 1094, 1040, 1001, 930, 889, 862, 841, 

766, 669. 

HRMS (positive ESI): m/z calculated for [M+H]+ C11H12O3F
+: 211.0770; found: 

211.0775. 

 

3-(allyloxy)-5-fluorobenzoic acid – 72b 

 

 

Following general procedure 6.1.3, 3-(allyloxy)-5-fluorobenzoate (210.7 mg, 1.00 

mmol) was dissolved in MeOH (13 mL) and reacted with 1 M NaOH (2.0 mL, 2.0 

mmol) for 16 h. TLC analysis was performed with 25% EtOAc in petroleum ether. 
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After workup, 3-(allyloxy)-5-fluorobenzoic acid (72b) was isolated as a white solid 

(187.4 mg, 95% yield). 

 

 

1H NMR (400 MHz, DMSO-d6):  13.3 (br s, 1H, OH), 7.31 (br s, 1H, H1), 7.25 (br 

d, 3JHF = 8.0 Hz, 1H, H2), 7.13 (dt, 3JHF = 10.7 Hz, 4JHH = 2.1 Hz, 1H, H3), 6.04 (ddt, 

3JHH = 17.2 Hz, 3JHH = 10.6 Hz, 3JHH =5.3 Hz, 1H, H5), 5.41 (dt, 3JHH = 17.4 Hz, 4JHH 

= 1.5 Hz, 1H, H6), 5.29 (dt, 3JHH = 10.5 Hz, 4JHH = 1.3 Hz, 1H, H7), 4.66 (dt, 3JHH = 

4.9 Hz, 4JHH = 1.3 Hz, 2H, H4). 

13C NMR (101 MHz, DMSO-d6):  166.0 (d, 4JCF = 3.0 Hz), 162.6 (d, 1JCF = 243 

Hz), 159.5 (d, 3JCF = 11.6 Hz), 133.6 (d, 3JCF = 9.2 Hz), 133.0, 117.9, 111.7, 108.0 

(d, 2JCF = 23.1 Hz), 106.7 (d, 2JCF = 25.2 Hz), 68.8. 

19F NMR (376 MHz, DMSO-d6):  -110.9. 

Melting point: 74-76 °C. 

IR (neat, cm-1): 3073, 2924, 2870, 2824, 2639, 2519, 1690, 1649, 1595, 1477, 1460, 

1445, 1422, 1369, 1329, 1310, 1267, 1231, 1140, 1101, 1040, 991, 935, 868, 768, 

735, 665, 621. 

HRMS (negative ESI): m/z calculated for [M-H]- C10H8O3F: 195.0463; found: 

195.0467. 

 

 Sequence for 3-(allyloxy)-4-methylbenzoic acid – 72c 
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Methyl 3-hydroxy-4-methylbenzoate – 70c 

 

Following general procedure 6.1.1 for the synthesis of methyl esters, 3-hydroxy-4-

methylbenzoic acid (0.762 g, 5.01 mmol) was dissolved in methanol (7.5 mL), then 

SOCl2 (0.55 mL, 7.5 mmol) was added at 0 °C, and the mixture was allowed to react 

for 40 h. The volatiles were then evaporated under reduced pressure, the residue thus 

obtained was suspended in H2O (10 mL) and partitioned with EtOAc (25 mL). This 

mixture was treated with saturated aqueous NaHCO3 (1 mL) and the organic phase 

was collected. The aqueous layer was then extracted with EtOAc (2 × 25 mL), and 

the combined organic phases were washed with saturated aqueous NaHCO3 (20 mL), 

H2O (20 mL), brine (30 mL), dried over Na2SO4, filtered and evaporated under 

reduced pressure to afford methyl 3-hydroxy-4-methylbenzoate (70c) as a white solid 

(0.777 g, 93% yield). 

 

 

1H NMR (400 MHz, CDCl3):  7.58 (d, 4JHH = 1.6 Hz, 1H, H1), 7.54 (dd, 3JHH = 7.8 

Hz, 4JHH = 1.6 Hz, 1H, H2), 7.20 (d, 3JHH = 7.8 Hz, 1H, H3), 5.65 (br s, 1H, OH), 3.93 

(s, 3H, H5), 2.33 (s, 3H, H4). 

13C NMR (101 MHz, CDCl3):  166.9, 153.5, 130.5, 129.7, 128.4, 121.4, 115.3, 

51.7, 15.6. 

Melting point: 116-118 °C. 

IR (neat, cm-1): 3285, 3277, 3028, 2953, 2156, 1694, 1611, 1591, 1435, 1414, 1379, 

1371, 1294, 1234, 1184, 1136, 1099, 1034, 999, 910, 887, 826, 808, 762, 719, 691, 

685. 

 



284 

 

Methyl 3-(allyloxy)-4-methylbenzoate – 71c 

 

Following general procedure 6.1.2 for the allylation of phenols, NaI (33 mg, 0.22 

mmol), K2CO3 (0.554 g, 4.01 mmol) and methyl 3-hydroxy-4-methylbenozoate 

(0.332 g, 2.00 mmol) were dissolved in acetone (10 mL) and reacted with allyl 

bromide (0.26 mL, 3.0 mmol) at 60 °C for 20 h. After complete consumption of the 

starting material, determined by TLC analysis of the reaction mixture (10% EtOAc in 

petroleum ether), the mixture was allowed to cool to room temperature and the 

volatiles were evaporated under reduced pressure. The residue thus obtained was 

suspended in H2O (10 mL) and partitioned with Et2O (20 mL). The aqueous layer 

was extracted with Et2O (2 × 20 mL), and the combined organic phases were washed 

with brine (20 mL), dried over Na2SO4, filtered and evaporated under reduced 

pressure. The residue was purified by column chromatography, employing gradient 

elution with mixtures of Et2O and petroleum ether as eluents (0 – 7.5% Et2O) to 

afford methyl 3-(allyloxy)-4-methylbenzoate (71c) as a colourless oil (0.315 g, 76% 

yield). 

Analytical data for 71c is consistent with previously reported data:176 

 

 

1H NMR (400 MHz, CDCl3):  7.58 (dd, 3JHH = 7.7 Hz, 4JHH = 1.5 Hz, 1H, H2), 

7.49 (d, 4JHH = 1.4 Hz, 1H, H1), 7.21 (d, 3JHH = 7.8 Hz, 1H, H3), 6.10 (ddt, 3JHH = 

17.2 Hz, 3JHH = 10.3 Hz, 3JHH = 5.2 Hz, 1H, H6), 5.47 (dq, 3JHH = 17.4 Hz, JHH = 1.7 

Hz, 1H, H7), 5.31 (dq, 3JHH = 10.6 Hz, JHH = 1.4 Hz, 1H, H8), 4.62 (dt, 3JHH = 5.0 Hz, 

4JHH = 1.5 Hz, 2H, H5), 3.92 (s, 3H, H9), 2.32 (s, 3H, H4). 
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13C NMR (101 MHz, CDCl3):  166.7, 156.0, 132.6, 132.3, 130.0, 128.3, 121.5, 

116.7, 111.2, 68.2, 51.5, 16.1. 

IR (neat, cm-1): 3084, 3019, 2988, 2949, 2924, 1717, 1647, 1609, 1582, 1504, 1433, 

1410, 1377, 1317, 1288, 1263, 1231, 1186, 1155, 1126, 1101, 1016, 999, 922, 899, 

876, 833, 795, 758, 708, 694, 656, 637, 623. 

HRMS (positive ESI): m/z calculated for [M+H]+ C12H15O3: 207.1016; found: 

207.1015. 

 

3-(allyloxy)-4-methylbenzoic acid – 72c 

 

Following general procedure 6.1.3, 3-(allyloxy)-4-methylbenzoate (204.1 mg, 0.99 

mmol) was dissolved in MeOH (13 mL) and reacted with 1 M NaOH (2.0 mL, 2.0 

mmol) for 16 h. TLC analysis was performed with 25% Et2O in petroleum ether. 

After workup, 3-(allyloxy)-4-methylbenzoic acid (72c) was isolated as a white solid 

(175.7 mg, 92% yield). 

 

 

1H NMR (400 MHz, CDCl3):  7.68 (dd, 3JHH = 7.7 Hz, 4JHH = 1.3 Hz, 1H, H2), 

7.56 (d, 4JHH = 1.0 Hz, 1H, H1), 7.26 (dd, 3JHH = 7.7 Hz, 4JHH = 1.0 Hz, 1H, H3), 6.12 

(ddt, 3JHH = 17.2 Hz, 3JHH = 10.3 Hz, 3JHH = 5.2 Hz, 1H, H6), 5.49 (dq, 3JHH = 17.2 

Hz, JHH = 1.6 Hz, 1H, H7), 5.33 (dq, 3JHH = 10.6 Hz, JHH = 1.5 Hz, 1H, H8), 4.65 (dt, 

3JHH = 5.1 Hz, 4JHH = 1.6 Hz, 2H, H5), 2.35 (s, 3H, H4). 

13C NMR (101 MHz, CDCl3):  171.6, 156.1, 133.5, 132.5, 130.1, 127.4, 122.3, 

116.9, 111.6, 68.3, 16.2. 

Melting point: 138-139 °C. 
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IR (neat, cm-1): 2959, 2907, 2835, 1680, 1651, 1605, 1574, 1557, 1504, 1454, 1420, 

1358, 1323, 1300, 1269, 1246, 1196, 1155, 1132, 1107, 1026, 1007, 995, 989, 961, 

943, 928, 870, 837, 808, 799, 781, 764, 727, 660, 635. 

HRMS (positive ESI): m/z calculated for [M+H]+ C11H13O3: 193.0865; found: 

193.0867. 

 

 Sequence for 3-(allyloxy)-4-methoxybenzoic acid – 72d 

 

 

Methyl 3-hydroxy-4-methoxybenzoate – 70d 

 

Following general procedure 6.1.1 for the synthesis of methyl esters, 3-hydroxy-4-

methoxybenzoic acid (0.844 g, 5.02 mmol) was dissolved in methanol (7.5 mL), then 

SOCl2 (0.55 mL, 7.5 mmol) was added at 0 °C, and the mixture was warmed to room 

temperature and reacted for 16 h. TLC analysis of the reaction mixture (25% EtOAc 

in petroleum ether) indicated consumption of the starting material and the volatiles 

were then evaporated under reduced pressure. The residue thus obtained was 

suspended in H2O (10 mL) and partitioned with EtOAc (30 mL). This mixture was 

treated with saturated aqueous NaHCO3 (1 mL) and the organic phase was collected. 

The aqueous layer was then extracted with EtOAc (2 × 30 mL), and the combined 

organic phases were washed with saturated aqueous NaHCO3 (10 mL), brine (10 

mL), dried over Na2SO4, filtered and evaporated under reduced pressure to afford 

methyl 3-hydroxy-4-methoxybenzoate (70d) as a highly viscous, light brown oil 

(0.728 g, 80% yield). 

Analytical data for 70d is consistent with previously reported data:177 
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1H NMR (400 MHz, CDCl3):  7.64-7.60 (m, 2H, H1/H2), 6.87 (d, 3JHH = 8.2 Hz, 

1H, H3), 5.86 (br s, 1H, OH), 3.94 (s, 3H, H5), 3.89 (s, 3H, H4). 

13C NMR (101 MHz, CDCl3):  166.4, 150.0, 144.8, 122.8, 122.3, 115.1, 109.4, 

55.5, 51.5. 

IR (neat, cm-1): 3406, 3013, 2953, 2843, 1697, 1611, 1587, 1508, 1466, 1439, 1352, 

1306, 1275, 1219, 1206, 1192, 1167, 1123, 1101, 1020, 984, 930, 883, 816, 795, 758, 

723, 700, 689, 629. 

 

Methyl 3-(allyloxy)-4-methoxybenzoate – 71d 

 

Following general procedure 6.1.2 for the allylation of phenols, NaI (37 mg, 0.25 

mmol), K2CO3 (0.558 g, 4.04 mmol) and methyl 3-hydroxy-4-methoxybenzoate 

(0.363 g, 1.99 mmol) were dissolved in acetone (10 mL) and reacted with allyl 

bromide (0.26 mL, 3.0 mmol) at 60 °C for 14 h. After complete consumption of the 

starting material, determined by TLC analysis of the reaction mixture (25% EtOAc in 

petroleum ether), the mixture was allowed to cool to room temperature and the 

volatiles were evaporated under reduced pressure. The residue thus obtained was 

suspended in H2O (10 mL) and partitioned with Et2O (20 mL). The aqueous layer 

was extracted with Et2O (2 × 20 mL), and the combined organic phases were washed 

with brine (10 mL), dried over Na2SO4, filtered and evaporated under reduced 

pressure. The residue was purified by column chromatography employing gradient 

elution with mixtures of Et2O and petroleum ether as eluents (0 – 40% Et2O) to 
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afford methyl 3-(allyloxy)-4-methoxybenzoate (71d) as a white solid (0.342 g, 77% 

yield). 

 

 

1H NMR (400 MHz, CDCl3):  7.70 (dd, 3JHH = 8.4 Hz, 4JHH = 1.9 Hz, 1H, H2), 

7.58 (d, 4JHH = 1.9 Hz, 1H, H1), 6.91 (d, 3JHH = 8.3 Hz, 1H, H3), 6.12 (ddt, 3JHH = 

17.1 Hz, 3JHH = 10.6 Hz, 3JHH = 5.4 Hz, 1H, H6), 5.46 (dt, 3JHH = 17.2 Hz, 4JHH = 1.5 

Hz, 1H, H7), 5.33 (dt, 3JHH = 10.3 Hz, 4JHH = 1.4 Hz, 1H, H8), 4.68 (dt, 3JHH = 5.3 

Hz, 4JHH = 1.4 Hz, 2H, H5), 3.95 (s, 3H, H9), 3.91 (s, 3H, H4). 

13C NMR (101 MHz, CDCl3):  166.3, 152.9, 147.0, 132.3, 123.3, 122.1, 117.9, 

113.4, 110.1, 69.3, 55.5, 51.5. 

Melting point: 58-60 °C. 

IR (neat, cm-1): 3084, 2949, 2907, 2843, 2615, 1705, 1667, 1649, 1587, 1512, 1464, 

1443, 1423, 1366, 1342, 1294, 1267, 1217, 1190, 1157, 1130, 1099, 1015, 999, 978, 

930, 870, 839, 791, 779, 762, 729, 662, 631. 

HRMS (positive ESI): m/z calculated for [M+H]+ C12H15O4
+: 223.0965, found: 

223.0965. 

 

3-(allyloxy)-4-methoxybenzoic acid – 72d 

 

Following general procedure 6.1.3, 3-(allyloxy)-4-methoxybenzoate (222.4 mg, 1.00 

mmol) was dissolved in MeOH (13 mL) and reacted with 1 M NaOH (2.0 mL, 2.0 

mmol) for 16 h. TLC analysis was performed with 25% EtOAc in petroleum ether. 

After workup, 3-(allyloxy)-4-methoxybenzoic acid (72d) was isolated as a white 

solid (132.3 mg, 63% yield). 
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1H NMR (400 MHz, DMSO-d6):  12.64 (br s, 1H, OH), 7.58 (d, 3JHH = 8.1 Hz, 1H, 

H2), 7.46 (s, 1H, H1), 7.06 (d, 3JHH = 8.3 Hz, 1H, H3), 6.05 (ddt, 3JHH = 16.4 Hz, 3JHH 

= 10.6 Hz, 3JHH = 5.0 Hz, 1H, H6), 5.40 (br d, 3JHH = 17.3 Hz, 1H, H7), 5.27 (br d, 

3JHH = 10.4 Hz, 1H, H8), 4.61 (br d, 3JHH = 4.2 Hz, 2H, H5), 3.84 (s, 3H, H4). 

13C NMR (101 MHz, DMSO-d6):  167.0, 152.9, 147.1, 133.6, 123.4, 122.9, 117.6, 

113.6, 111.2, 68.9, 55.7. 

Melting point: 140-142 °C. 

IR (neat, cm-1): 2957, 2914, 2841, 1678, 1585, 1518, 1427, 1412, 1368, 1344, 1300, 

1265, 1221, 1188, 1134, 1109, 1016, 1003, 949, 941, 922, 866, 839, 822, 781, 760, 

725, 654, 629. 

HRMS (negative ESI): m/z calculated for [M-H]- C11H11O4
-: 207.0663; found: 

207.0667. 

 

 Sequence for 3,5-bis(allyloxy)benzoic acid – 72e 

 

 

Methyl 3,5-dihydroxybenzoate (70e) 

 

Following general procedure 6.1.2 for the synthesis of methyl esters, 3,5-

dihydroxybenzoic acid (1.558 g, 10.1 mmol) was dissolved in methanol (15 mL), 

then SOCl2 (1.1 mL, 15.1 mmol) and the mixture was allowed to react for 40 h. The 
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volatiles were then evaporated under reduced pressure, and the residue thus obtained 

was dissolved in H2O (20 mL) and treated with saturated aqueous NaHCO3 (2 mL). 

The resulting mixture was extracted with EtOAc (3 × 50 mL), and the combined 

organic phases were washed with brine (40 mL), dried over Na2SO4, filtered and 

evaporated under reduced pressure to afford methyl 3,5-dihydroxybenzoate (70e) as 

a light cream solid (1.574 g, 93% yield). 

Analytical data for 70e is consistent with previously reported data:178 

 

 

1H NMR (400 MHz, DMSO-d6):  9.62 (s, 2H, OH), 6.82 (d, 4JHH = 2.2 Hz, 2H, 

H1), 6.45 (t, 4JHH = 2.3 Hz, 1H, H2), 3.79 (s, 3H, H3). 

13C NMR (101 MHz, DMSO-d6):  166.3, 158.6, 131.3, 107.2, 107.1, 52.0. 

Melting point: 159-161 °C. 

IR (neat, cm-1): 3372, 3235, 3088, 2997, 2951, 1688, 1634, 1599, 1485, 1441, 1325, 

1304, 1261, 1206, 1161, 1101, 1016, 995, 907, 870, 854, 833, 766, 667. 

 

Methyl 3,5-bis(allyloxy)benzoate (71e) 

 

Following general procedure 6.1.2 for the allylation of phenols, NaI (29 mg, 0.19 

mmol), K2CO3 (1.110 g, 8.03 mmol) and methyl 3,5-dihydroxybenozoate (0.336 g, 

2.00 mmol) were dissolved in acetone (20 mL) and reacted with allyl bromide (0.52 

mL, 6.0 mmol) at 65 °C for 16 h. After complete consumption of the starting 

material, determined by TLC analysis of the reaction mixture (10% EtOAc in 

petroleum ether), the mixture was allowed to cool to room temperature and the 

solvent was evaporated under reduced pressure. The residue thus obtained was 

suspended in Et2O (30 mL) and the organic phase was washed with water (15 mL). 

The aqueous layer was extracted with Et2O (2 × 30 mL), and the combined organic 
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phases were washed with brine (20 mL), dried over Na2SO4, filtered and evaporated 

under reduced pressure. The crude mixture was purified by column chromatography, 

employing gradient elution with mixtures of EtOAc and petroleum ether as eluents (0 

– 10% EtOAc) to afford methyl 3,5-bis(allyloxy)benzoate (71e) as a colourless 

viscous oil which solidified upon standing (0.431 g, 87% yield). 

Analytical data for 71e is consistent with previously reported data:179 

 

 

1H NMR (400 MHz, CDCl3):  7.19 (d, 4JHH = 2.5 Hz, 2H, H1), 6.68 (t, 4JHH = 2.3 

Hz, 1H, H2), 6.04 (ddt, 3JHH = 17.2 Hz, 3JHH = 10.4 Hz, 3JHH = 5.2 Hz, 2H, H4), 5.41 

(dq, 3JHH = 17.0 Hz, JHH = 1.6 Hz, 2H, H5), 5.29 (dq, 3JHH = 10.7 Hz, JHH = 1.4 Hz, 

2H, H6), 4.55 (dt, 3JHH = 5.3 Hz, 4JHH = 1.6 Hz, 4H, H3), 3.89 (s, 3H, H7). 

13C NMR (101 MHz, CDCl3):  166.9, 159.7, 132.9, 132.1, 118.0, 108.3, 107.2, 

69.2, 52.3. 

Melting point: 27-29 °C. 

IR (neat, cm-1): 3080, 3021, 2982, 2951, 2868, 1719, 1651, 1593, 1445, 1435, 1423, 

1346, 1321, 1298, 1258, 1227, 1165, 1150, 1103, 1053, 1032, 991, 932, 893, 872, 

860, 847, 762, 675, 658, 631. 

 

3,5-bis(allyloxy)benzoic acid – 72e 

 

 

Following general procedure 6.1.3, 3,5-bis(allyloxy)benzoate (248.2 mg, 1.00 mmol) 

was dissolved in MeOH (13 mL) and reacted with 1 M NaOH (2.0 mL, 2.0 mmol) 

for 14 h. TLC analysis was performed with 10% EtOAc in petroleum ether. After 

workup, 3,5-bis(allyloxy)benzoic acid (72e) was isolated as a white solid (218.8 mg, 

93% yield). 



292 

 

Analytical data for 72e is consistent with previously reported data:180,181 

 

 

1H NMR (400 MHz, DMSO-d6):  13.0 (br s, 1H, OH), 7.07 (d, 4JHH = 2.2 Hz, 2H, 

H1), 6.79 (t, 4JHH = 2.1 Hz, 1H, H2), 6.04 (ddt, 3JHH = 17.3 Hz, 3JHH =10.5 Hz, 3JHH = 

5.2 Hz, 2H, H4), 5.40 (dq, 3JHH = 17.3 Hz, JHH = 1.5 Hz, 2H, H5), 5.27 (dq, 3JHH = 

10.5 Hz, JHH = 1.2 Hz, 2H, H6), 4.61 (br d, 3JHH = 5.1 Hz, 4H, H3). 

13C NMR (101 MHz, DMSO-d6):  166.9, 159.2, 133.4, 132.8, 117.5, 107.8, 106.2, 

68.4. 

Melting point: 64-65 °C. 

IR (neat, cm-1): 3021, 2961, 2924, 2864, 2641, 2531, 1690, 1647, 1593, 1472, 1445, 

1420, 1410, 1364, 1344, 1300, 1273, 1175, 1157, 1101, 1045, 1026, 991, 941, 930, 

880, 851, 802, 766, 746, 675, 654, 615.  

 

 Sequence for 3-(allyl(tert-butoxycarbonyl)amino)benzoic acid – 72f 

 

Methyl 3-aminobenzoate (70f) 

 

To a round-bottomed flask equipped with a magnetic stirrer bar were added 3-

aminobenzoic acid (0.688 g, 5.02 mmol) and methanol (25 mL). A rubber septum 

was fitted to the reaction vessel and the mixture was subjected to a constant stream of 

argon. The mixture was then cooled to 0 °C in an ice-water bath and SOCl2 (1.85 

mL, 25 mmol) was added dropwise at that temperature under constant, vigorous 
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stirring. The reaction mixture was allowed to stir at 0 °C for an additional 15 min and 

subsequently warmed to room temperature and stirred at that temperature for a 

further 30 h. After complete consumption of the starting material, determined by 

TLC analysis of the reaction mixture (50% EtOAc in petroleum ether), the solvent 

was evaporated under reduced pressure and the residue thus obtained was dissolved 

in H2O (50 mL). This solution was transferred to a separating funnel, EtOAc (100 

mL) was then added and the biphasic system was treated with saturated aqueous 

NaHCO3 (10 mL). Then, the pH of the aqueous phase was adjusted to ~7 by careful 

addition of 12 M HCl, the organic phases were collected, and the aqueous layer was 

extracted with EtOAc (2 × 75 mL). The combined organic phases were washed with 

brine (60 mL), dried over Na2SO4, filtered and evaporated under reduced pressure to 

afford methyl 3-aminobenzoate (70f) as a viscous brown oil (0.720 g, 95% yield). 

Analytical data for 70f is consistent with previously reported data:182 

 

 

1H NMR (400 MHz, CDCl3):  7.42 (dt, 3JHH = 7.8 Hz, 4JHH = 1.3 Hz, 1H, H2), 7.35 

(dd, 4JHH = 2.0 Hz, 1H, H1), 7.20 (t, 3JHH = 7.9 Hz, 1H, H3), 6.85 (dd, 3JHH = 8.0 Hz, 

4JHH = 2.5 Hz, 1H, H4), 3.88 (s, 3H, H5), 3.74 (br s, 2H ,NH2). 

13C NMR (101 MHz, CDCl3):  167.4, 146.6, 131.2, 129.4, 119.8, 119.5, 115.9, 

52.1. 

 

Methyl 3-((tert-butoxycarbonyl)amino)benzoate (70fa) 

 

To a round-bottomed flask equipped with a magnetic stirrer bar were added methyl 

3-aminobenzoate (0.711 g, 4.70 mmol), ethanol (9.5 mL) and Boc2O (1.241 g, 5.69 

mmol), and the reaction mixture was stirred at room temperature for 25 h. The 

mixture was then evaporated under reduced pressure, and the residue was purified by 
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column chromatography with gradient elution, employing mixtures of Et2O and 

petroleum ether as eluents (0 – 40% Et2O) to afford methyl 3-((tert-

butoxycarbonyl)amino)benzoate (70fa) as a white solid (1.059 g, 90% yield). 

Analytical data for 70fa is consistent with previously reported data:183 

 

 

1H NMR (400 MHz, CDCl3):  7.96 (t, 4JHH = 1.9 Hz, 1H, H1), 7.71 (dt, 3JHH = 7.8 

Hz, 4JHH = 1.3 Hz, 1H, H2), 7.66 (br d, 3JHH = 7.8 Hz, 1H, H4), 7.36 (dd, 3JHH = 7.9 

Hz, 1H, H3), 6.60 (br s, 1H, NH), 3.90 (s, 3H, H6), 1.52 (s, 9H, H5). 

13C NMR (101 MHz, CDCl3):  167.0, 152.7, 138.8, 131.1, 129.2, 124.3, 123.0, 

119.5, 81.1, 52.3, 28.5. 

Melting point: 102-104 °C. 

IR (neat, cm-1): 3348, 2974, 2926, 1726, 1701, 1609, 1533, 1489, 1450, 1437, 1418, 

1387, 1364, 1317, 1306, 1287, 1229, 1153, 1115, 1086, 1057, 982, 907, 866, 770, 

752, 681, 656, 646, 635, 621. 

 

3-(allyl(tert-butoxycarbonyl)amino)benzoic acid – 72f 

 

To a flame-dried round-bottomed flask equipped with a magnetic stirrer bar were 

added methyl 3-((tert-butoxycarbonyl)amino)benzoate (0.502 g, 2.00 mmol) and 

anhydrous THF (20 mL). The reaction mixture was cooled to 0 °C in an ice-water 

bath, then, NaH (60% in mineral oil, 0.178g, 4.45 mmol) was added under constant 

vigorous stirring at that temperature. The mixture was stirred at 0 °C for 15 min, 

subsequently allowed to warm to room temperature and stirred at that temperature 

for a further 30 min. The vessel was then cooled to 0 °C in an ice-water bath, allyl 

bromide (0.35 mL, 4.0 mmol) was added dropwise under constant vigorous stirring, 
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and the mixture was allowed to stir at 0 °C for a further 15 min. The reaction vessel 

was then transferred to an oil-bath pre-heated to 50 °C and kept at that temperature 

under constant stirring for a further 22 h. TLC analysis (25% Et2O in petroleum 

ether) indicated complete consumption of the starting material and the reaction vessel 

was allowed to cool to room temperature. Then, 1M NaOH (8.0 mL, 8.0 mmol) was 

added under constant, vigorous stirring, the reaction mixture was returned to the oil-

bath and stirred for a further 18 h at 50 °C. TLC analysis (25% Et2O in petroleum 

ether) indicated complete consumption of the methyl ester, the reaction mixture was 

allowed to cool to room temperature and the volatiles were evaporated under reduced 

pressure. The residue was then dissolved in H2O (20 mL), extracted with Et2O (2 × 

40 mL) and the combined organic phases were discarded. The aqueous phase was 

acidified to pH ~ 2 by careful addition of 12 M HCl, extracted with Et2O (3 × 40 

mL), and the combined organic phases were washed with brine (40 mL), dried over 

Na2SO4, filtered and evaporated under reduced pressure. The residue thus obtained 

was purified by column chromatography employing gradient elution employing 

mixtures of Et2O and petroleum ether as eluents (0 – 50% Et2O, then 50% Et2O + 

0.1% AcOH) to afford 3-(allyl(tert-butoxycarbonyl)amino)benzoic acid (72f) as a 

highly viscous colourless oil that solidified upon standing. (0.522 g, 94% yield over 

two steps). 

  

 

1H NMR (400 MHz, CDCl3):  7.98 (t, 4JHH = 1.9 Hz, 1H, H1), 7.92 (dt, 3JHH = 7.8 

Hz, 4JHH = 1.4 Hz, 1H, H2), 7.50 (br d, 3JHH = 8.2 Hz, 1H, H4), 7.42 (t, 3JHH = 7.8 Hz, 

1H, H3), 5.92, (ddt, 3JHH = 17.3 Hz, 3JHH = 10.0 Hz, 3JHH = 5.5 Hz, 1H, H6), 5.17 

(ddt, 3JHH = 17.4 Hz, 4JHH = 1.7 Hz, 2JHH = 1.5 Hz, 1H, H7), 5.16 (dq, 3JHH = 10.0 Hz, 

JHH = 1.4 Hz, 1H, H8), 4.27 (dt, 3JHH = 5.6 Hz, 4JHH = 1.5 Hz, 2H, H5), 1.46 (s, 9H). 

13C NMR (101 MHz, CDCl3):  171.4, 154.4, 143.2, 134.0, 131.8, 130.1, 128.8, 

127.9, 127.5, 117.0, 81.1, 66.0, 28.4. 

Melting point: 56-58 °C. 
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IR (neat, cm-1): 2978, 2932, 1692, 1605, 1587, 1476, 1456, 1441, 1385, 1354, 1314, 

1294, 1265, 1250, 1231, 1161, 1119, 1084, 1069, 1036, 999, 934, 908, 880, 851, 818, 

764, 750, 710, 683, 667. 

HRMS (positive ESI): m/z calculated for [M+NH4]
+ C15H23N2O4: 295.1652; found: 

295.1656. 

 

 Sequence for 3-(allyl(ethoxycarbonyl)amino)benzoic acid – 72g 

 

 

Methyl 3-((ethoxycarbonyl)amino)benzoate – 70ga 

 

To a flame-dried round-bottomed flask equipped with a magnetic stirrer bar was 

added Na2CO3 (0.859 g, 8.10 mmol), and the atmosphere was evacuated and 

replenished with Ar. Then, a solution of methyl 3-aminobenzoate (811 mg, 5.36 

mmol) in dry toluene (5 mL) was added via syringe, and a second portion of dry 

toluene (19 mL) was subsequently added. The resulting mixture was thoroughly 

stirred at room temperature, ethyl chloroformate (0.65 mL, 6.8 mmol) was added 

dropwise at that temperature, and the mixture was stirred for 14 h. TLC analysis of 

the reaction mixture (30% EtOAc in petroleum ether) indicated consumption of the 

parent aniline, and the mixture was then partitioned between H2O (50 mL) and 

EtOAc (125 mL). The organic layer was collected, and the aqueous phase was 

extracted with EtOAc (2 × 75 mL). The combined organic phases were washed with 

1 M HCl (50 mL), brine (50 mL), dried over Na2SO4, filtered and evaporated under 

reduced pressure. The residue thus obtained was suspended in EtOAc (20 mL), free-

flowing silica gel (~ 1 g) was added and the volatiles were evaporated under reduced 
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pressure. The resulting solid was loaded into a pre-packed column and purified by 

chromatography with gradient elution employing mixtures of EtOAc and petroleum 

ether as eluents (0 – 30% EtOAc) to afford methyl 3-

((ethoxycarbonyl)amino)benzoate (70ga) as a white solid (1.022 g, 85% yield). 

 

 

1H NMR (400 MHz, CDCl3):  7.98 (t, 4JHH = 2.0 Hz, 1H, H1), 7.76 (dt, 3JHH = 8.0 

Hz, 4JHH = 1.4 Hz, 1H, H2), 7.74 (br d, 3JHH = 7.6 Hz, 1H, H4), 7.41 (t, 3JHH = 7.9 Hz, 

1H, H3), 6.73 (br s, 1H, NH), 4.27 (q, 3JHH = 7.1 Hz, 2H, H5), 3.94 (s, 3H, H7), 1.34 

(t, 3JHH = 7.1 Hz, 3H, H6). 

13C NMR (101 MHz, CDCl3):  166.2, 153.0, 137.8, 130.5, 128.7, 124.0, 122.5, 

119.0, 60.9, 51.7, 14.0. 

Melting point: 112-113 °C. 

IR (neat, cm-1): 3345, 2986, 2955, 2909, 1734, 1699, 1611, 1597, 1547, 1491, 1445, 

1422, 1391, 1323, 1308, 1283, 1217, 1171, 1115, 1070, 1016, 978, 914, 903, 878, 

806, 766, 752, 683, 671, 617. 

HRMS (positive ESI): m/z calculated for [M+Na]+ C11H13NO4Na+: 246.0737; 

found: 246.0737. 

 

Methyl 3-(allyl(ethoxycarbonyl)amino)benzoate – 71g 

 

To a flame-dried round-bottomed flask equipped with a magnetic stirrer bar were 

added NaH (60% in mineral oil, 155.6 mg, 3.89 mmol) and DMF (3.0 mL), and the 

mixture was cooled to 0 °C in an ice-water bath. Then, a solution of methyl 3-

((ethoxycarbonyl)amino)benzoate 70ga (559.1 mg, 2.50 mmol) in DMF (3.0 mL) 

was added dropwise under constant vigorous stirring at 0 °C, and the resulting 
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mixture was stirred at that temperature for a further 1.5 h. Allyl bromide (0.28 mL, 

3.2 mmol) was then added dropwise at 0 °C, the resulting mixture was allowed to 

warm to room temperature and stirred for a further 20 h. The reaction mixture was 

quenched by careful addition of H2O (15 mL), transferred to a separating funnel and 

extracted with EtOAc (3 × 30 mL). The combined organic phases were washed with 

H2O (2 × 30 mL), brine (30 mL), dried over Na2SO4, filtered and evaporated under 

reduced pressure. The residue thus obtained was purified by column chromatography 

with gradient elution employing mixtures of EtOAc and petroleum ether as solvents 

(0 – 25% EtOAc) to afford methyl 3-(allyl(ethoxycarbonyl)amino)benzoate (71g) as 

a colourless viscous liquid (410.3 mg, 62% yield). 

 

 

1H NMR (400 MHz, CDCl3):  7.95-7.89 (m, 2H, H1/H2), 7.45 (br d, 3JHH = 8.3 Hz, 

1H, H4), 7.42 (t, 3JHH = 7.6 Hz, 1H, H3), 5.92 (ddt, 3JHH = 16.9 Hz, 3JHH = 10.5 Hz, 

3JHH = 5.7 Hz, 1H, H6), 5.19-5.13 (m, 2H, H7/H8), 4.30 (br d, 3JHH = 5.8 Hz, 2H, H5), 

4.19 (q, 3JHH = 7.1 Hz, 2H, H9), 3.93 (s, 3H, H11), 1.24 (t, 3JHH = 7.1 Hz, 3H, H10). 

13C NMR (101 MHz, CDCl3):  166.0, 154.7, 141.9, 133.0, 130.7, 130.5, 128.3, 

127.1, 126.8, 116.8, 61.4, 52.4, 51.7, 14.0. 

IR (neat, cm-1): 3345, 2986, 2955, 2909, 1734, 1699, 1611, 1597, 1547, 1491, 1445, 

1422, 1391, 1323, 1308, 1283, 1217, 1171, 1115, 1070, 1016, 978, 914, 903, 878, 

806, 766, 752, 683, 671, 617. 

HRMS (positive ESI): m/z calculated for [M+H]+ C14H18NO4
+: 264.1236; found: 

264.1239. 

 

3-(allyl(ethoxycarbonyl)amino)benzoic acid – 72g 
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To a round-bottomed flask equipped with a magnetic stirrer bar were added methyl 

3-(allyl(ethoxycarbonyl)amino)benzoate (198.5 mg, 0.75 mmol), THF (4.5 mL) and 

H2O (4.5 mL), and the mixture was thoroughly stirred at room temperature. Then, 

LiOH·H2O (216.4 mg, 5.16 mmol) was added in one portion under constant stirring, 

and the reaction mixture was stirred for 20 h at room temperature. TLC analysis 

(50% EtOAc in petroleum ether) indicated consumption of the parent methyl ester, 

and the reaction mixture was transferred to a separating funnel, partitioned between 

0.1 M NaOH (10 mL) and Et2O (30 mL). The aqueous layer was extracted with Et2O 

(2 × 30 mL), the combined organic phases were discarded, and the pH of the 

remaining mixture was adjusted to ~2 by careful addition of 12 M HCl. The resulting 

mixture was extracted with Et2O (3 × 30 mL), the combined organic phases were 

washed with brine (20 mL), dried over Na2SO4, filtered and evaporated under 

reduced pressure to afford 3-(allyl(ethoxycarbonyl)amino)benzoic acid (72g) as a 

viscous oil (165.8 mg, 88% yield). 

 

 

1H NMR (400 MHz, DMSO-d6):  13.1 (br s, 1H, OH), 7.82 (br t, 4JHH = 1.6 Hz, 

1H, H1), 7.79 (dt, 3JHH = 7.3 Hz, 4JHH = 1.4 Hz, 1H, H2), 7.53 (br dt, 3JHH = 8.2 Hz, 

4JHH = 1.8 Hz, 1H, H4), 7.49 (t, 3JHH = 7.7 Hz, 1H, H3), 5.88 (ddt, 3JHH = 17.6 Hz, 

3JHH = 10.2 Hz, 3JHH = 5.3 Hz, 1H, H6), 5.15-5.09 (m, 2H, H7/H8), 4.28 (dt, 3JHH = 

5.5 Hz, 4JHH = 1.4 Hz, 2H, H5), 4.10 (q, 3JHH = 7.0 Hz, 2H, H9), 1.16 (t, 3JHH = 7.0 

Hz, 3H, H10). 

13C NMR (101 MHz, DMSO-d6):  166.8, 154.4, 142.1, 134.0, 131.4, 130.7, 129.0, 

127.0, 126.7, 116.7, 64.9, 61.3, 14.3. 
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IR (neat, cm-1): 3073, 2980, 2662, 1694, 1603, 1587, 1485, 1450, 1402, 1379, 1356, 

1304, 1236, 1173, 1152, 1111, 1080, 1055, 1034, 1016, 926. 

HRMS (negative ESI): m/z calculated for [M-H]- C13H14NO4
-: 248.0928; 

found:248.0932. 

 

 Sequence for 3-((N-allyl-4-methylphenyl)sulfonamido)benzoic acid – 72h 

 

 

Methyl 3-((4-methylphenyl)sulfonamido)benzoate – 70ha 

 

To a flame-dried round-bottomed flask equipped with a stirrer bar were added 

methyl 3-aminobenzoate (1.207 g, 7.98 mmol), DMAP (49.6 mg, 0.41 mmol), 

anhydrous CH2Cl2 (40 mL), and pyridine (1.0 mL, 12.4 mmol). The mixture was 

thoroughly stirred, and the reaction vessel was cooled to 0 °C in an ice-water bath. A 

solution of tosyl chloride (1.930 g, 10.1 mmol) in anhydrous CH2Cl2 (25 mL) was 

then slowly added to the reaction vessel at 0 °C under constant and vigorous stirring. 

The reaction mixture was then allowed to warm to room temperature stirred for a 

further 16 h. TLC analysis (50% EtOAc in petroleum ether) indicated consumption 

of the parent aniline, the reaction mixture was then diluted with CH2Cl2 (100 mL) 

and quenched by addition of 1 M HCl (75 mL). The organic layer was collected, and 

the aqueous phase was extracted with CH2Cl2 (2 × 125 mL). The combined organic 

phases were washed with brine (50 mL), dried over Na2SO4, filtered and evaporated 

under reduced pressure. The residue thus obtained was suspended in EtOAc (90 mL), 

free-flowing silica gel (~ 3 g) was added and the volatiles were evaporated under 

reduced pressure. The resulting solid was dry loaded onto a previously packed 
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column and purified by chromatography with gradient elution employing mixtures of 

EtOAc and petroleum ether as eluents (0 – 50% EtOAc) to afford methyl 3-((4-

methylphenyl)sulfonamido)benzoate (70ha) as a white solid (2.269 g, 93% yield). 

Analytical data for 70ha is consistent with previously reported data:184,185 

 

 

1H NMR (400 MHz, CDCl3):  7.79 (dt, 3JHH = 7.7 Hz, 4JHH = 1.3 Hz, 1H, H2), 7.73 

(t, 4JHH = 1.8 Hz, 1H, H1), 7.70 (d, 3JHH = 8.3 Hz, 2H, H5), 7.43 (ddd, 3JHH = 8.0 Hz, 

4JHH = 2.3 Hz, 4JHH = 1.3 Hz, 1H, H4), 7.35 (t, 3JHH = 7.9 Hz, 1H, H3), 7.24 (d, 3JHH = 

8.0 Hz, 2H, H6), 7.10 (br s, 1H, NH), 3.92 (s, 3H, H8), 2.39 (s, 3H, H7). 

13C NMR (101 MHz, CDCl3):  165.9, 143.6, 136.6, 135.4, 130.8, 129.3, 129.0, 

126.8, 125.7, 124.9, 121.6, 51.9, 21.0. 

Melting point: 145-146 °C. 

IR (neat, cm-1): 3225, 3065, 2959, 1701, 1605, 1593, 1476, 1439, 1404, 1335, 1296, 

1219, 1180, 1155, 1111, 1090, 1016, 1001, 986, 945, 895, 853, 812, 752, 704, 681, 

660, 637, 608.  

 

Methyl 3-((N-allyl-4-methylphenyl)sulfonamido)benzoate – 71h 

 

Following general procedure 1.2 for the allylation of phenols, NaI (48 mg, 0.32 

mmol), K2CO3 (0.830 g, 6.01 mmol) and methyl 3-((N-allyl-4-

methylphenyl)sulfonamido)benzoate (0.611 g, 2.00 mmol) were dissolved in acetone 

(25 mL) and reacted with allyl bromide (0.35 mL, 4.0 mmol) at 60 °C for 16 h. After 

complete consumption of the starting material, determined by TLC analysis of the 

reaction mixture (40% EtOAc in petroleum ether), the mixture was allowed to cool 
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to room temperature and the volatiles were evaporated under reduced pressure. The 

residue thus obtained was suspended in H2O (20 mL) and extracted with EtOAc (3 × 

40 mL). The combined organic phases were washed with brine (20 mL), dried over 

Na2SO4, filtered and evaporated under reduced pressure. The residue was purified by 

column chromatography, employing gradient elution with mixtures of EtOAc and 

petroleum ether as eluents (0 – 30% EtOAc) to afford methyl 3-((N-allyl-4-

methylphenyl)sulfonamido)benzoate (71h) as a light yellow viscous oil (0.663 g, 

96% yield). 

 

 

1H NMR (400 MHz, CDCl3):  7.96 (dt, 3JHH = 7.6 Hz, 4JHH = 1.5 Hz, 1H, H2), 

7.70, (t, 4JHH = 1.9 Hz, 1H, H1), 7.50 (d, 3JHH = 8.3 Hz, 2H, H5), 7.40 (t, 3JHH = 7.9 

Hz, 1H, H3), 7.32 (ddd, 3JHH = 8.0 Hz, 4JHH = 2.2 Hz, 4JHH =1.1 Hz, 1H, H4), 7.28 (d, 

3JHH = 7.3 Hz, 2H, H6), 5.73 (ddt, 3JHH = 17.0 Hz, 3JHH = 10.4 Hz, 3JHH = 6.6 Hz, 1H, 

H9), 5.09 (dt, 3JHH = 16.7 Hz, 4JHH = 1.5 Hz, 1H, H10), 5.06 (dt, 3JHH = 9.8 Hz, 4JHH = 

1.3 Hz, 1H, H11), 4.20 (dt, 3JHH = 6.3 Hz, 4JHH = 1.3 Hz, 2H, H8), 3.91 (s, 3H, H11), 

2.44 (s, 3H, H7). 

13C NMR (101 MHz, CDCl3):  165.7, 143.3, 139.0, 134.6, 133.1, 132.0, 130.6, 

129.1, 128.9, 128.4, 128.3, 127.2, 118.7, 52.8, 51.8, 21.0. 

IR (neat, cm-1): 3082, 2951, 1721, 1643, 1585, 1485, 1443, 1346, 1283, 1267, 1215, 

1184, 1165, 1107, 1090, 1070, 1015, 988, 974, 926, 881, 829, 814, 766, 748, 706. 

HRMS (positive ESI): m/z calculated for [M+H]+ C18H20SNO4
+: 346.1108, found: 

346.1111. 
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3-((N-allyl-4-methylphenyl)sulfonamido)benzoic acid – 72h 

 

To a round-bottomed flask equipped with a magnetic stirrer bar were added methyl 

3-((N-allyl-4-methylphenyl)sulfonamido)benzoate (344.2 mg, 1.00 mmol), MeOH 

(7.0 mL) and H2O (3.5 mL), and the mixture was thoroughly stirred at room 

temperature. Then, LiOH·H2O (252.2 mg, 6.02 mmol) was added in one portion 

under constant stirring, and the reaction mixture was stirred for 17 h at room 

temperature. TLC analysis (50% EtOAc in petroleum ether) indicated consumption 

of the parent methyl ester, and the reaction mixture was evaporated under reduced 

pressure. The residue was diluted with H2O (10 mL), extracted with EtOAc (3 × 20 

mL), the combined organic phases were washed with 0.1 M NaOH (2 × 20 mL) and 

the organic layer was discarded. The aqueous portions were combined, acidified to 

pH ~ 1 by careful addition of 12 M HCl and extracted with EtOAc (3 × 50 mL). The 

combined organic phases were washed with brine (20 mL), dried over Na2SO4, 

filtered and evaporated under reduced pressure to afford 3-((N-allyl-4-

methylphenyl)sulfonamido)benzoic acid (72h) as a yellow solid (286.9 mg, 87% 

yield). 

 

 

1H NMR (400 MHz, DMSO-d6):  13.0 (br s, 1H, OH), 7.85 (d, 3JHH = 7.8 Hz, 1H, 

H2), 7.62 (br s, 1H, H1), 7.49-7.37 (m, 5H, H3/H5/H6), 7.29 (d, 3JHH = 7.3 Hz, 1H, 

H4), 5.69 (ddt, 3JHH = 16.7 Hz, 3JHH = 10.7 Hz, 3JHH = 6.3 Hz, 1H, H9), 5.13 (dd, 3JHH 
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= 17.1 Hz, 4JHH = 1.1 Hz, 1H, H10), 5.05 (d, 3JHH = 10.1 Hz, 1H, H11), 4.23 (d, 3JHH = 

6.0 Hz, 2H, H8), 2.40 (s, 3H, H7). 

13C NMR (101 MHz, DMSO-d6):  166.5, 143.7, 139.0, 134.6, 132.8, 132.4, 131.5, 

129.8, 129.2, 129.1, 128.3, 127.3, 119.0, 52.4, 21.0. 

Melting point: 148-150 °C. 

IR (neat, cm-1): 2916, 2855, 2656, 2563, 1694, 1599, 1584, 1487, 1445, 1418, 1354, 

1342, 1306, 1271, 1213, 1188, 1167, 1119, 1090, 1055, 1013, 1001, 937, 924, 891, 

824, 806, 795, 760, 737, 706, 691, 664, 638. 

HRMS (negative ESI): m/z calculated for [M-H]- C17H16SNO4
-: 330.0806; found: 

330.0805. 

 

 Sequence for 3-((2-methylallyl)oxy)benzoic acid – 72i 

 

 

Methyl 3-((2-methylallyl)oxy)benzoate (71i) 

 

Following general procedure 6.1.2 for the allylation of phenols, NaI (43 mg, 0.29 

mmol), K2CO3 (0.560 g, 4.05 mmol) and methyl 3-hydroxybenozoate (0.303 g, 1.99 

mmol) were dissolved in acetone (10 mL) and reacted with 3-bromo-2-

methylpropene (0.25 mL, 2.5 mmol) at 65 °C for 14 h. After complete consumption 

of the starting material, determined by TLC analysis of the reaction mixture (10% 

EtOAc in petroleum ether), the mixture was allowed to cool to room temperature and 

the solvent was evaporated under reduced pressure. The residue thus obtained was 

suspended in Et2O (50 mL) and the organic layer was washed with water (20 mL). 

The aqueous phase was extracted with Et2O (3 × 20 mL), and the combined organic 

phases were washed with brine (30 mL), dried over Na2SO4, filtered and evaporated 
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under reduced pressure. The crude mixture was subsequently purified by column 

chromatography employing gradient elution with mixtures of EtOAc and petroleum 

ether as eluents (0 – 10% Et2O) to afford methyl 3-((2-methylallyl)oxy)benzoate 

(71i) as a colourless oil (0.369 g, 90% yield). 

 

 

1H NMR (400 MHz, CDCl3):  7.63 (dt, 3JHH = 7.7 Hz, 4JHH = 1.3 Hz, 1H, H2), 7.57 

(dd, 4JHH = 2.6 Hz, 4JHH = 1.5 Hz, 1H, H1), 7.33 (t, 3JHH = 7.9 Hz, 1H, H3), 7.12 (ddd, 

3JHH = 8.3 Hz, 4JHH = 2.8 Hz, 4JHH = 1.0 Hz, 1H, H4), 5.12-5.09 (m, 1H, H7), 5.02-

4.98 (m, 1H, H8), 4.47 (br s, 2H, H5), 3.91 (s, 3H, H9), 1.84-1.83 (m, 3H, H6). 

13C NMR (101 MHz, CDCl3):  167.1, 158.9, 140.6, 131.6, 129.5, 122.2, 120.2, 

115.2, 113.1, 72.0, 52.3, 19.5. 

IR (neat, cm-1): 2951, 1721, 1585, 1487, 1443, 1277, 1215, 1190, 1099, 1076, 1057, 

1022, 993, 897, 795, 754, 681. 

HRMS (positive ESI): m/z calculated for [M+H]+ C12H15O3: 207.1021; found: 

207.1025. 

 

3-((2-methylallyl)oxy)benzoic acid – 72i 

 

Following general procedure 6.1.3, 3-((2-methylallyl)oxy)benzoate (248.2 mg, 1.20 

mmol) was dissolved in MeOH (16 mL) and reacted with 1 M NaOH (2.0 mL, 2.0 

mmol) for 13 h. TLC analysis was performed with 10% MeOH in CH2Cl2. After 

workup, 3-((2-methylallyl)oxy)benzoic acid (72i) was isolated as a white solid 

(213.4 mg, 92% yield). 

Analytical data for 72i is consistent with previously reported data:186,118 
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1H NMR (400 MHz, DMSO-d6):  13.0 (br s, 1H, OH), 7.53 (dt, 3JHH = 7.6 Hz, 4JHH 

= 1.2 Hz, 1H, H2), 7.46 (dd, 4JHH = 2.8 Hz, 4JHH = 1.5 Hz, 1H, H1), 7.41 (t, 3JHH = 8.0 

Hz, 1H, H3), 7.21 (ddd, 3JHH = 8.3 Hz, 4JHH = 2.8 Hz, 4JHH = 1.0 Hz, 1H, H4), 5.07 (s, 

1H, H7), 4.98 (s, 1H, H8), 4.53 (s, 2H, H5), 1.78 (s, 3H, H6). 

13C NMR (101 MHz, DMSO-d6):  167.1, 158.2, 140.6, 132.1, 129.7, 121.7, 119.5, 

114.9, 112.3, 70.9, 19.1. 

Melting point: 74-76 °C. 

IR (neat, cm-1): 2968, 2876, 2851, 2820, 2646, 2558, 2523, 1680, 1655, 1601, 1585, 

1487, 1447, 1410, 1389, 1321, 1290, 1240, 1155, 1117, 1078, 1051, 1016, 995, 984, 

926, 901, 872, 810, 772, 756, 698, 665, 621. 

 

 Sequence for 3-((3-methylbut-2-en-1-yl)oxy)benzoic acid – 72j 

 

 

Methyl 3-((3-methylbut-2-en-1-yl)oxy)benzoate – 71j 

 

Following general procedure 1.2 for the allylation of phenols, NaI (32.2 mg, 0.21 

mmol), K2CO3 (0.555 g, 4.02 mmol) and methyl 3-hydroxybenozoate (0.305 g, 2.00 

mmol) were dissolved in acetone (10 mL) and reacted with 3-bromo-1,1-

dimethylpropene (0.29 mL, 2.5 mmol) at 65 °C for 14 h. After complete 

consumption of the starting material, determined by TLC analysis of the reaction 

mixture (10% EtOAc in petroleum ether), the mixture was allowed to cool to room 
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temperature and the solvent was evaporated under reduced pressure. The residue thus 

obtained was suspended in Et2O (50 mL) and the organic layer was washed with H2O 

(20 mL). The aqueous phase was extracted with Et2O (3 × 20 mL), and the combined 

organic phases were washed with brine (30 mL), dried over Na2SO4, filtered and 

evaporated under reduced pressure. The residue thus obtained was purified by 

column chromatography employing gradient elution with mixtures of EtOAc and 

petroleum ether as eluents (0 – 10% EtOAc) to afford methyl 3-((3-methylbut-2-en-

1-yl)oxy)benzoate (71j) as a colourless oil (0.431 g, 98% yield). 

 

 

1H NMR (400 MHz, CDCl3):  7.62 (dt, 3JHH = 7.6 Hz, 4JHH = 1.4 Hz, 1H, H2), 7.58 

(dd, 4JHH = 2.6 Hz, 4JHH = 1.5 Hz, 1H, H1), 7.32 (dd, 3JHH
1 = 3JHH

2 = 8.0 Hz, 1H, H3), 

7.11 (ddd, 3JHH = 8.3 Hz, 4JHH = 2.5 Hz, 4JHH = 1.0 Hz, 1H, H4), 5.54-5.49 (m, 1H, 

H6), 4.55 (d, 3JHH = 6.8 Hz, 2H, H5), 3.93 (s, 3H, H9), 1.80 (br s, 3H, H8), 1.76 (br s, 

3H, H7). 

13C NMR (101 MHz, CDCl3):  167.2, 159.0, 138.7, 131.5, 129.5, 122.0, 120.4, 

119.4, 114.9, 65.1, 52.2, 26.0, 18.4. 

IR (neat, cm-1): 3402, 2976, 2951, 1721, 1701, 1655, 1587, 1487, 1445, 1379, 1287, 

1277, 1219, 1190, 1157, 1142, 1099, 1076, 1038, 1015, 991, 889, 793, 754, 681. 

HRMS (positive ESI): m/z calculated for [M+H]+ C13H17O3: 221.1172; found: 

221.1172. 

 

3-((3-methylbut-2-en-1-yl)oxy)benzoic acid – 72j 

 

Following general procedure 6.1.3, 3-((2-methylallyl)oxy)benzoate (270.0 mg, 1.23 

mmol) was dissolved in MeOH (16 mL) and reacted with 1 M NaOH (2.0 mL, 2.0 
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mmol) for 13 h. TLC analysis was performed with 10% MeOH in CH2Cl2. After 

workup, 3-((3-methylbut-2-en-1-yl)oxy)benzoic acid (72j) was isolated as a white 

solid (226.3 mg, 89% yield). 

 

 

1H NMR (400 MHz, DMSO-d6):  12.9 (br s, 1H, OH), 7.52 (dt, 3JHH = 7.6 Hz, 4JHH
 

= 1.2 Hz, 1H, H2), 7.44 (dd, 4JHH = 2.9 Hz, 4JHH = 1.5 Hz, 1H, H1), 7.40 (t, 3JHH = 7.9 

Hz, 1H, H3), 7.18 (ddd, 3JHH = 8.2 Hz, 4JHH = 2.6 Hz, 4JHH = 1.0 Hz, 1H, H4), 5.46-

5.40 (m, 1H, H6), 4.58 (d, 3JHH = 6.7 Hz, 2H, H5), 1.75 (s, 3H, H8), 1.72 (s, 3H, H7). 

13C NMR (101 MHz, DMSO-d6):  167.1, 158.4, 137.3, 132.1, 129.6, 121.4, 119.7, 

119.6, 114.6, 64.5, 25.4, 18.0. 

Melting point: 83-84 °C. 

IR (neat, cm-1): 2965, 2920, 2878, 1682, 1587, 1487, 1450, 1416, 1383, 1371, 1323, 

1287, 1275, 1231, 1202, 1159, 1128, 1113, 1076, 1045, 1009, 982, 930, 868, 837, 

808, 785, 754, 716, 677, 665, 642, 627. 

HRMS (positive ESI): m/z calculated for [M+H]+ C12H15O3: 207.1016; found: 

207.1016. 

 

 Sequence for (Z)-3-((4-(benzyloxy)but-2-en-1-yl)oxy)benzoic acid – 72k 

 

 

(Z)-4-(benzyloxy)but-2-en-1-ol – 70ka 

 

To a flame-dried round-bottomed flask equipped with a magnetic stirrer bar were 

added (Z)-but-2-ene-1,4-diol (0.37 mL, 4.5 mmol) and anhydrous THF (2.0 mL), and 
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the reaction vessel was cooled to 0 °C in an ice-water bath. Then, NaH (60% in 

mineral oil, 64 mg, 2.67 mmol) was added in one portion to the reaction flask at 0 °C 

and under constant, vigorous stirring. The mixture was then allowed to warm to room 

temperature and stirred for 1.5 h. Then, benzyl bromide (0.18 mL, 1.5 mmol) was 

added dropwise to the reaction mixture, at room temperature, the reaction vessel was 

subsequently heated to 60 °C in an oil bath and the mixture was stirred at that 

temperature for a further 2 h. The reaction vessel was allowed to cool to room 

temperature, and the reaction medium was quenched by careful addition of 1 M HCl 

(2 mL). The resulting mixture was then partitioned between 1 M HCl (3 mL) and 

CH2Cl2 (10 mL) and the organic layer was collected. The aqueous phase was 

extracted with CH2Cl2 (2 × 10 mL), and the combined organic phases were washed 

with brine (10 mL), dried over Na2SO4, filtered and evaporated under reduced 

pressure. The residue was purified by column chromatography with gradient elution, 

employing mixtures of EtOAc and petroleum ether as eluents (0 – 25% EtOAc, then 

40% EtOAc) to afford (Z)-4-(benzyloxy)but-2-en-1-ol (70ka) as a colourless oil 

(225.6 mg, 84% yield). 

Analytical data for 70ka is consistent with previously reported data:187 

 

 

1H NMR (400 MHz, CDCl3):  7.40-7.29 (m, 5H, H6/H7/H8), 5.84 (dtq, 3JHH = 11.1 

Hz, 3JHH = 6.3 Hz, 4JHH = 1.1 Hz, 1H, H2), 5.76 (dtq, 3JHH = 11.2 Hz, 3JHH = 6.1 Hz, 

4JHH = 1.1 Hz, 1H, H3), 4.55 (s, 2H, H5), 4.19 (d, 3JHH = 6.2 Hz, 2H, H1), 4.12 (d, 

3JHH = 6.1 Hz, H4), 2.13 (br s, 1H, OH). 

13C NMR (101 MHz, CDCl3):  137.4, 131.9, 128.0, 127.8, 127.4, 127.3, 72.0, 65.2, 

58.2. 

IR (neat, cm-1): 3424, 3030, 2924, 2864, 1719, 1701, 1497, 1452, 1364, 1314, 1271, 

1204, 1173, 1092, 1070, 1026, 914, 827, 739, 714, 698, 652, 610. 
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Methyl (Z)-3-((4-(benzyloxy)but-2-en-1-yl)oxy)benzoate – 71k 

 

To a flame-dried 20 mL microwave vial equipped with a magnetic stirrer bar were 

added methyl 3-hydroxybenzoate (229.1 mg, 1.51 mmol) and PPh3 (170.3 mg, 0.65 

mmol), the atmosphere was evacuated and replenished with Ar. Then, a solution of 

(Z)-4-(benzyloxy)but-2-en-1-ol (88.8 mg, 0.50 mmol) in anhydrous THF (1.0 mL) 

was introduced via syringe, followed by a second portion of anhydrous THF (4.0 

mL). The resulting mixture was thoroughly stirred at room temperature, and DIAD 

(0.13 mL, 0.66 mmol) was carefully added dropwise at that temperature. The 

reaction mixture was then heated to 60 °C in an oil bath and subsequently stirred at 

that temperature for 2 h. TLC analysis of the reaction mixture (10% EtOAc in 

petroleum ether) indicated consumption of the parent alcohol, the reaction mixture 

was then allowed to cool to room temperature, and the volatiles were evaporated 

under reduced pressure. The residue thus obtained was purified by column 

chromatography with gradient elution employing mixtures of EtOAc and petroleum 

ether as eluents (0 – 10% EtOAc) to afford methyl (Z)-3-((4-(benzyloxy)but-2-en-1-

yl)oxy)benzoate (71k) as viscous oil (142.3 mg, 91% yield). 

 

 

1H NMR (400 MHz, CDCl3):  7.65 (dt, 3JHH = 7.8 Hz, 4JHH = 1.3 Hz, 1H, H2), 7.55 

(dd, 4JHH = 2.6 Hz, 4JHH = 1.5 Hz, 1H, H1), 7.36-7.27 (m, 6H, H3/H10/H11/H12), 7.08 

(ddd, 3JHH = 8.3 Hz, 4JHH = 2.7 Hz, 4JHH = 1.0 Hz, 1H, H4), 5.89-5.86 (m, 2H, H6/H7), 

4.08 (br d, 3JHH = 4.1 Hz, 2H, H5), 4.55 (s, 2H, H9), 4.17 (br d, 3JHH = 4.3 Hz, 2H, 

H8), 3.91 (s, 3H, H13). 

13C NMR (101 MHz, CDCl3):  167.0, 158.6, 138.1, 131.6, 130.3, 129.6, 128.6, 

128.0, 127.9, 122.3, 120.2, 114.9, 72.6, 66.0, 64.4, 52.3. 
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IR (neat, cm-1): 3028, 2949, 2855, 2345, 2322, 1719, 1584, 1487, 1445, 1414, 1389, 

1362, 1317, 1275, 1215, 1190, 1157, 1098, 1074, 1028, 993, 945, 901, 887, 880, 843, 

799, 785, 754, 737, 698, 683, 650, 610. 

HRMS (positive ESI): m/z calculated for [M+H]+ C19H21O4: 313.1440; found: 

313.1442. 

 

(Z)-3-((4-(benzyloxy)but-2-en-1-yl)oxy)benzoic acid – 72k 

 

To a round-bottomed flask equipped with a magnetic stirrer bar were added methyl 

(Z)-3-((4-(benzyloxy)but-2-en-1-yl)oxy)benzoate (76.8 mg, 0.25 mmol), THF (1.5 

mL) and H2O (1.5 mL), and the mixture was thoroughly stirred at room temperature. 

Then, LiOH·H2O (74.6 mg, 1.78 mmol) was added in one portion under constant 

stirring, and the reaction mixture was stirred for 20 h at room temperature. TLC 

analysis (50% EtOAc in petroleum ether) indicated consumption of the parent methyl 

ester, and the reaction mixture was then diluted with 0.1 M NaOH (5 mL). The 

resulting mixture was extracted with Et2O (3 × 15 mL), and the combined organic 

layers were discarded. The aqueous phase was acidified to pH ~ 2 by careful addition 

of 12 M HCl, then extracted with Et2O (3 × 20 mL), and the combined organic 

phases were washed with brine (20 mL), dried over Na2SO4, filtered and evaporated 

under reduced pressure to afford to afford (Z)-3-((4-(benzyloxy)but-2-en-1-

yl)oxy)benzoic acid (72k) as a white solid (72.9 mg, 99% yield). 

 

 

1H NMR (400 MHz, CDCl3):  11.4 (br s, 1H, OH), 7.76 (dt, 3JHH = 7.5 Hz, 4JHH = 

1.3 Hz, 1H, H2), 7.64 (dd, 4JHH = 2.4 Hz, 4JHH = 1.4 Hz, 1H, H1), 7.43-7.29 (m, 6H, 

H3/H10/H11/H12), 7.17 (ddd, 3JHH = 8.2 Hz, 4JHH = 2.7 Hz, 4JHH = 1.0 Hz, 1H, H4), 
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5.92 (t, 3JHH = 3.7 Hz, 2H, H6/H7), 4.68 (d, 3JHH = 3.8 Hz, 2H, H5), 4.59 (s, 2H, H9), 

4.21 (d, 3JHH = 3.8 Hz, 2H, H8). 

13C NMR (101 MHz, CDCl3):  171.3, 158.0, 137.4, 130.1, 129.7, 129.1, 128.0, 

127.4, 127.3, 127.2, 122.4, 120.7, 114.7, 72.0, 65.4, 63.8. 

Melting point: 60-62 °C.  

IR (neat, cm-1): 3026, 2959, 2916, 2862, 2565, 1682, 1599, 1585, 1489, 1450, 1416, 

1385, 1371, 1319, 1292, 1240, 1206, 1117, 1080, 1020, 1009, 988, 976, 962, 928, 

912, 876, 808, 777, 748, 716, 698, 679, 662, 615. 

HRMS (negative ESI): m/z calculated for [M-H]- C18H17O4
-: 297.1132; found: 

197.1130. 

 

 Sequence for 3-((2-methylenecyclopentyl)oxy)benzoic acid – 72l 

 

Methyl 3-((2-oxocyclopentyl)oxy)benzoate (70la) 

 

To a round-bottomed flask equipped with a magnetic stirrer bar were added NaI (50 

mg, 0.33 mmol), K2CO3 (1.252 g, 9.06 mmol), methyl 3-hydroxybenzoate (0.458 g, 

3.01 mmol) and acetone (15 mL). The mixture was thoroughly stirred at room 

temperature and 2-chlorocyclopentanone (0.630 g, 5.32 mmol) was then added in 

one portion under constant, vigorous stirring (N.B.: 2-chlorocyclopentanone is 

thermally unstable, thus, it should be preferably weighed immediately after removal 

from storage at -20 °C, in its solid form, and used without delay). The reaction vessel 

was then heated to 50 °C in an oil bath for 16 h. The mixture was then allowed to 

cool to room temperature and the volatiles were evaporated under reduced pressure. 

The residue thus obtained was suspended in water (20 mL), partitioned with EtOAc 

(40 mL) and the organic layer was collected. The aqueous phase was extracted with 
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EtOAc (2 × 40 mL), the combined organic phases were washed with 0.1 M NaOH (2 

× 20 mL), brine (20 mL), dried over Na2SO4, filtered and evaporated under reduced 

pressure. The residue was purified by column chromatography with gradient elution 

employing mixtures of EtOAc and petroleum ether as eluents (0 – 20% EtOAc) to 

afford methyl 3-((2-oxocyclopentyl)oxy)benzoate (70la) as a light yellow oil (0.549 

g, 78% yield). 

 

 

1H NMR (400 MHz, CDCl3):  7.68 (dt, 3JHH = 7.7 Hz, 4JHH = 1.3 Hz, 1H, H2), 7.63 

(dd, 4JHH = 2.6 Hz, 4JHH = 1.5 Hz, 1H, H1), 7.36 (t, 3JHH = 8.0 Hz, 1H, H3), 7.20 (ddd, 

3JHH = 8.3 Hz, 4JHH = 2.7 Hz, 4JHH = 1.0 Hz, 1H, H4), 4.69 (t, 3JHH = 8.5 Hz, 1H, H5), 

3.92 (s, 3H, H9), 2.59-2.29 (m, 3H, H8/H8’/H7), 2.21-2.12 (m, 1H, H7’), 2.04-1.91 (m, 

2H, H6/H6’). 

13C NMR (101 MHz, CDCl3):  213.0, 166.2, 157.5, 131.0, 129.0, 122.4, 120.5, 

115.4, 79.1, 51.7, 34.7, 28.9, 16.7. 

IR (neat, cm-1): 2951, 2882, 2841, 1751, 1715, 1678, 1641, 1584, 1547, 1485, 1445, 

1402, 1350, 1275, 1223, 1190, 1171, 1155, 1142, 1103, 1082, 1026, 1001, 947, 883, 

810, 797, 756, 727, 683, 621.  

HRMS (positive ESI): m/z calculated for [M+H]+ C13H15O4
+: 235.0970; found: 

235.0971. 

 

Methyl 3-((2-methylenecyclopentyl)oxy)benzoate – 71l 

 

To a flame-dried round-bottomed flask were added Ph3PCH2Br (736.0 mg, 2.06 

mmol) and anhydrous THF (90 mL), and the mixture was thoroughly stirred at room 

temperature. KOtBu (223.7 mg, 1.47 mmol) was then added to the reaction vessel in 

one portion and under constant vigorous stirring, and this mixture was stirred for a 
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further 15 min at room temperature. The reaction mixture was kept under vigorous 

stirring and a solution of methyl 3-((2-oxocyclopentyl)oxy)benzoate (235.6 mg, 1.01 

mmol) in anhydrous THF (10 mL) was then added to the reaction vessel via syringe 

at a fast rate (ca. 8 mL min-1). The resulting mixture was stirred for a further 1.5 h at 

room temperature. TLC analysis (25% EtOAc in petroleum ether) indicated 

consumption of the parent ketone, and the reaction mixture was then quenched by 

addition of H2O (10 mL) at room temperature and the volatiles were evaporated 

under reduced pressure. The residue was diluted with H2O (10 mL), extracted with 

Et2O (5 × 30 mL), washed with brine (30 mL), dried over Na2SO4, filtered and 

evaporated under reduced pressure. The residue thus obtained was purified by 

column chromatography with gradient elution, employing mixtures of Et2O and 

petroleum ether as eluents (0 – 5% Et2O, then 10% Et2O) to afford methyl 3-((2-

methylenecyclopentyl)oxy)benzoate (71l) as a colourless oil (166.7 mg, 71% yield). 

 

 

1H NMR (400 MHz, CDCl3):  7.65-7.60 (m, 2H, H1/H2), 7.33 (t, 3JHH = 8.1 Hz, 

1H, H3), 7.14 (ddd, 3JHH = 8.2 Hz, 4JHH
1 = 2.7 Hz, 4JHH

1 = 1.3 Hz, 1H, H4), 5.20-5.18 

(m, 1H, H9), 5.14-5.12 (m, 1H, H9’), 5.02-4.97 (m, 1H, H5), 3.91 (s, 3H, H10), 2.60-

2.48 (m, 1H, H8), 2.41-2.30 (m, 1H, H8’), 2.13-2.04 (m, 1H, H6), 1.95-1.81 (m, 2H, 

H6’/H7), 1.77-1.68 (m, 1H, H7’). 

13C NMR (101 MHz, CDCl3):  167.1, 158.4, 150.7, 131.5, 129.5, 122.2, 121.4, 

116.5, 110.4, 80.5, 52.3, 32.7, 30.7, 22.3. 

IR (neat, cm-1): 3076, 2951, 2872, 2845, 1721, 1663, 1584, 1485, 1443, 1346, 1275, 

1215, 1188, 1157, 1140, 1099, 1078, 1051, 1028, 1003, 991, 959, 889, 833, 797, 754. 

HRMS (positive ESI): m/z calculated for [M+H]+ C14H17O3
+: 233.1178; found: 

233.1177. 

 

 

 



315 

 

3-((2-methylenecyclopentyl)oxy)benzoic acid – 72l 

 

To a round-bottomed flask equipped with a magnetic stirrer bar were added methyl 

3-((2-methylenecyclopentyl)oxy)benzoate (114.8 mg, 0.49 mmol), THF (3.3 mL) 

and H2O (3.3 mL), and the mixture was thoroughly stirred at room temperature. 

Then, LiOH·H2O (162.3 mg, 3.87 mmol) was added in one portion under constant 

stirring, and the reaction mixture was stirred for 19 h at room temperature. TLC 

analysis (50% EtOAc in petroleum ether) indicated consumption of the parent methyl 

ester, and the reaction mixture was then diluted with 0.1 M NaOH. The resulting 

mixture was extracted with Et2O (3 × 20 mL), and the combined organic layers were 

discarded. The aqueous phase was acidified to pH ~2 by careful addition of 12 M 

HCl, extracted with Et2O (3 × 30 mL), and the combined organic phases were 

washed with brine (10 mL), dried over Na2SO4, filtered and evaporated under 

reduced pressure to afford 3-((2-methylenecyclopentyl)oxy)benzoic acid (72l) as a 

white solid (98.2 mg, 91% yield). 

 

 

1H NMR (400 MHz, CDCl3):  7.74 (dt, 3JHH = 7.6 Hz, 4JHH
 = 1.2 Hz, 1H, H2), 7.72 

(dd, 4JHH = 2.5 Hz, 4JHH = 1.8 Hz, 1H, H1), 7.40 (t, 4JHH = 7.9 Hz, 1H, H3), 7.23 (ddd, 

3JHH = 8.2 Hz, 4JHH = 2.6 Hz, 4JHH = 1.0 Hz, 1H, H4), 5.24-5.22 (m, 1H, H9), 5.19-

5.16 (m, 1H, H9’), 5.06-5.02 (m, 1H, H5), 2.64-2.52 (m, 1H, H8), 2.45-2.35 (m, 1H, 

H8’), 2.19-2.08 (m, 1H, H6), 1.99-1.86 (m, 2H, H6’/H7), 1.82-1.72 (m, 1H, H7’), (OH 

not observed). 

13C NMR (101 MHz, CDCl3):  171.4, 157.8, 150.0, 130.0, 129.0, 122.2, 121.8, 

116.2, 109.8, 79.9, 32.0, 30.0, 21.7. 

Melting point: 56-58 °C. 
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IR (neat, cm-1): 3076, 2951, 2872, 2845, 1721, 1663, 1584, 1485, 1443, 1346, 1275, 

1215, 1188, 1157, 1140, 1099, 1078, 1051, 1028, 1003, 991, 959, 889, 833, 797, 754. 

HRMS (negative ESI): m/z calculated for [M-H]- C13H13O3: 217.0870; found: 

217.0873. 

 

 Sequence for 3-((2-methylenecyclohexyl)oxy)benzoic acid – 72m 

 

 

Methyl 3-((2-oxocyclohexyl)oxy)benzoate – 70ma 

 

To a round-bottomed flask equipped with a magnetic stirrer bar were added NaI (53 

mg, 0.35 mmol), K2CO3 (1.256 g, 9.09 mmol), methyl 3-hydroxybenzoate (0.460 g, 

3.02 mmol) and acetone (15 mL). The mixture was thoroughly stirred at room 

temperature and 2-chlorocyclohexanone (0.707 g, 5.33 mmol) was then added in one 

portion under constant, vigorous stirring. The reaction vessel was then heated to 60 

°C in an oil bath for 19 h. The mixture was then allowed to cool to room temperature 

and the solvent was evaporated under reduced pressure. The residue thus obtained 

was partitioned between water (20 mL) and EtOAc (40 mL), and the organic phase 

was collected, then the aqueous layer was extracted with EtOAc (2 × 40 mL). The 

combined organic phases were washed with 0.1 M NaOH (2 × 20 mL), brine (40 

mL), dried over Na2SO4 and evaporated under reduced pressure. The residue was 

then purified by column chromatography with gradient elution employing mixtures 

of EtOAc and petroleum ether as eluents (0 – 25% EtOAc) to afford methyl 3-((2-

oxocyclohexyl)oxy)benzoate (70ma) as a highly viscous, light yellow oil (0.563 g, 

75% yield). 
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1H NMR (400 MHz, CDCl3):  7.63 (dt, 3JHH = 7.7 Hz, 4JHH = 1.2 Hz, 1H, H2), 7.47 

(dd, 4JHH = 2.6 Hz, 4JHH = 1.5 Hz, 1H, H1), 7.31 (t, 3JHH = 8.0 Hz, 1H, H3), 7.08 (ddd, 

3JHH = 8.3 Hz, 4JHH = 2.6 Hz, 4JHH = 1.0 Hz, 1H, H4), 4.72 (ddd, 3JHH = 9.7 Hz, 3JHH 

= 5.6 Hz, 4JHH = 1.1 Hz, 1H, H5), 3.89 (s, 3H, H10), 2.66-2.57 (m, 1H, H9), 2.47-2.32 

(m, 2H, H9’/H6), 2.09-1.98 (m, 3H, H6’/H8/H8’), 1.83-1.74 (m, 2H, H7/H7’). 

13C NMR (101 MHz, CDCl3):  207.5, 166.9, 157.7, 131.5, 129.6, 122.8, 120.8, 

115.9, 80.8, 52.3, 40.8, 34.5, 27.8, 23.1. 

IR (neat, cm-1): 3069, 2943, 2926, 2872, 1721, 1713, 1599, 1585, 1489, 1468, 1443, 

1321, 1277, 1244, 1236, 1213, 1192, 1165, 1107, 1088, 1067, 1036, 1001, 955, 924, 

893, 880, 837, 812, 797, 756, 685, 667, 610. 

HRMS (positive ESI): m/z calculated for [M+NH4]
+ C14H20NO4

+: 266.1387; found: 

266.1383. 

 

Methyl 3-((2-methylenecyclohexyl)oxy)benzoate – 71m 

 

To a flame-dried round-bottomed flask were added Ph3PCH2Br (572.9 mg, 1.60 

mmol) and anhydrous THF (90 mL), and the mixture was thoroughly stirred at room 

temperature. KOtBu (165.1 mg, 1.47 mmol) was then added to the reaction vessel in 

one portion and under constant vigorous stirring, and this mixture was stirred for a 

further 15 min at room temperature. The reaction mixture was kept under vigorous 

stirring and a solution of methyl 3-((2-oxocyclohexyl)oxy)benzoate (247.3 mg, 1.00 

mmol) in anhydrous THF (10 mL) was then added to the reaction vessel via syringe 

at a fast rate (ca. 8 mL min-1). The resulting mixture was stirred for a further 1 h at 

room temperature. TLC analysis (10% Et2O in petroleum ether) indicated 

consumption of the parent ketone, and the reaction mixture was then quenched by 
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addition of H2O (10 mL) at room temperature and the volatiles were evaporated 

under reduced pressure. The residue was purified by column chromatography with 

gradient elution employing mixtures of Et2O and petroleum ether as eluents (0 – 5% 

Et2O, then 10% Et2O) to afford methyl 3-((2-methylenecyclohexyl)oxy)benzoate 

(71m) as a clear viscous oil (192.6 mg, 78% yield). 

 

 

1H NMR (400 MHz, CDCl3):  7.62 (dt, 3JHH = 7.7Hz, 4JHH = 1.2 Hz, 1H, H2), 7.61-

7.59 (m, 1H, H1), 7.33 (t, 3JHH = 7.9 Hz, 1H, H3), 7.13 (ddd, 3JHH = 8.2 Hz, 4JHH = 

2.6 Hz, 4JHH = 1.0 Hz, 1H, H4), 4.90 (br s, 1H, H6), 4.87 (br s, 1H, H6’), 4.68 (dd, 

3JHH = 8.0 Hz, 3JHH = 3.8 Hz, 1H, H5), 3.92 (s, 3H, H11), 2.47-2.39 (m, 1H, H7), 2.19-

2.09 (m, 1H, H7’), 2.05-1.78 (m, 3H, H10/H10’/H8), 1.74-1.51 (m, 3H, H8’/H9/H9’). 

13C NMR (101 MHz, CDCl3):  166.5, 157.6, 146.6, 130.8, 128.7, 121.4, 120.6, 

116.1, 108.1, 78.1, 51.6, 33.5, 32.7, 27.4, 22.7. 

IR (neat, cm-1): 3069, 2943, 2926, 2872, 1721, 1713, 1599, 1585, 1489, 1468, 1443, 

1321, 1277, 1244, 1236, 1213, 1192, 1165, 1107, 1088, 1067, 1036, 1001, 955, 924, 

893, 880, 837, 812, 797, 756, 685, 667, 610. 

HRMS (positive ESI): m/z calculated for [M+H]+ C15H19O3
+: 247.1329; found: 

247.1330. 

 

3-((2-methylenecyclohexyl)oxy)benzoic acid – 72m 

 

To a round-bottomed flask equipped with a magnetic stirrer bar were added methyl 

3-((2-methylenecyclohexyl)oxy)benzoate (131.5 mg, 0.53 mmol), THF (3.6 mL) and 

H2O (3.6 mL), and the mixture was thoroughly stirred at room temperature. Then, 

LiOH·H2O (152.6 mg, 3.64 mmol) was added in one portion under constant stirring, 
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and the reaction mixture was stirred for 14 h at room temperature. TLC analysis 

(25% EtOAc in petroleum ether) indicated incomplete consumption of the parent 

methyl ester, and another portion of LiOH·H2O (25.7 mg, 0.61 mmol) was added to 

the reaction mixture, which was stirred for a further 8 h. Upon reassessment by TLC 

analysis (25% EtOAc in petroleum ether), no residual methyl ester was observed, 

and the reaction mixture was diluted with H2O (10 mL), extracted with Et2O (3 × 25 

mL), and the combined organic layers were discarded. The aqueous phase was 

acidified to pH ~ 1 by careful addition of 12 M HCl, extracted with Et2O (3 × 30 

mL), and the combined organic phases were washed with brine (20 mL), dried over 

Na2SO4, filtered and evaporated under reduced pressure to afford 3-((2-

methylenecyclohexyl)oxy)benzoic acid (72m) as a white solid (105.7 mg, 85% 

yield). 

 

 

1H NMR (400 MHz, DMSO-d6):  12.9 (br s, 1H, OH), 7.50 (dt, 3JHH = 7.5 Hz, 4JHH 

= 1.1 Hz, 1H, H2), 7.44 (dd, 4JHH = 2.4 Hz, 4JHH = 1.4 Hz, 1H, H1), 7.38 (t, 3JHH = 7.9 

Hz, 1H, H3), 7.20 (ddd, 3JHH = 8.3 Hz, 4JHH = 2.8 Hz, 4JHH = 1.0 Hz, 1H, H4), 4.84-

4.79 (m, 3H, H5/H6/H6’), 2.36-2.27 (m, 1H, H10), 2.17-2.08 (m, 1H, H10’), 1.99-1.90 

(m, 1H, H7), 1.87-1.77 (m, 1H, H7’), 1.74-1.52 (m, 3H, H8/H8’/H9), 1.51-1.40 (m, 1H, 

H9’). 

13C NMR (101 MHz, DMSO-d6):  167.1, 157.5, 147.0, 132.0, 129.6, 121.5, 120.5, 

116.1, 108.1, 77.4, 33.5, 32.6, 27.4, 22.6. 

Melting point: 86-87 °C. 

IR (neat, cm-1): 2936, 2859, 1721, 1655, 1584, 1485, 1443, 1275, 1215, 1190, 1152, 

1098, 1072, 1061, 1040, 1003, 993, 961, 899, 864, 827, 793, 754, 683, 633. 

HRMS (negative ESI): m/z calculated for [M-H]- C14H15O3
-: 231.1027; found: 

231.1028. 
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 6.3 Hydroarylation Reactions 

 

 6.3.1 Test Reactions for Reaction Development 

 

All test reactions reported herein were conducted according to the general procedure 

6.1.3 for hydroarylation test reactions. 1H NMR spectroscopy analysis was employed 

to assess overall conversion (C%) by comparing the integration of diagnostic peaks 

from to the starting material (ISM) to those arising from isomerised structures (IISO) 

and the product (IP), according to Equation (6.1): 

𝐶% = 100
𝐼𝑃

𝐼𝑆𝑀 + 𝐼𝐼𝑆𝑂 + 𝐼𝑃
     (6.1) 

 

Experimental data is presented for each substrate with the relevant 1H NMR data. 

Recorded conversions are reported in Schemes and Tables specified for each 

substrate. 

 

1-(3-(allyloxy)phenyl)ethan-1-one – 56 (Scheme 2.14 and Table 2.1) 

 

Following general procedure 6.1.3, iridium catalyst 57 and 1-(3-

(allyloxy)phenyl)ethan-1-one (56) were reacted in diglyme at 120 °C for 20 h. After 

workup and evaporation of the volatiles, the conversion was determined by 1H NMR 

spectroscopy of recovered compounds. The relevant experimental data is 

summarised in Table E2.1 

 

Relevant 1H NMR spectroscopic data for substrate 56 in CDCl3: 
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Reference peak expected at:  6.06 (ddt, 3JHH = 17.2 Hz, 3JHH = 10.6 Hz, 3JHH = 5.3 

Hz, H1). 

Conversions determined by comparison with peaks at:  5.45 (dq, 3JHH = 12.2 

Hz, 3JHH = 6.8 Hz, H2), 4.98 (dq, 3JHH = 6.6 Hz, 3JHH = 6.5 Hz, H3), 4.56 (t, JHH = 8.3 

Hz, H4). 

 

Table E2.1: Hydroarylation test reaction with 56.† 

Index 
mS 

(mg) 

nS 

(μmol) 

mIr 

(mg) 

nIr 

(μmol) 

VSol 

(mL) 

mKOAc 

(mg) 

nKOAc 

(μmol) 

T2.1, E1 18.2 103 2.8 1.8 1.0 — — 

T2.1, E2 18.0 102 3.0 1.9 1.0 9.8 101 

Index 
Conversion (%)    

56 (E)-58 (Z)-58 59    

T2.1, E1 29 28 39 4    

T2.1, E2 >95 — — —    
†In Table E2.1, symbols represent: mj –amount of compound, in mg; nj – number of moles of 

compound, in μmol; subscripts represent: S – substrate; Ir – catalyst; VSol – volume of diglyme, in mL. 

For index, Tx, Ey reads “Table x, Entry y”. 

 

 Test reaction with a mixture of vinyl ethers (E)-58 and (Z)-58. 

 

Vinyl ether (E)-58 and (Z)-58 were obtained from combined reaction mixtures of 

catalytic tests performed under identical conditions. 

 

Thus, following general procedure 6.1.3, iridium catalyst 57 and 1-(3-

(allyloxy)phenyl)ethan-1-one (56) were reacted in diglyme at 120 °C for 20 h. After 

workup and evaporation of the volatiles, the conversion was determined by 1H NMR 

spectroscopy of recovered compounds. The relevant experimental data is 

summarised in Table E2.2 

 

Relevant 1H NMR spectroscopic data for substrate 56 in CDCl3: 
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Reference peak expected at:  6.06 (ddt, 3JHH = 17.2 Hz, 3JHH = 10.6 Hz, 3JHH = 5.3 

Hz, H1). 

 

Conversions determined by comparison with peaks at:  5.45 (dq, 3JHH = 12.2 

Hz, 3JHH = 6.8 Hz, H2), 4.98 (dq, 3JHH = 6.6 Hz, 3JHH = 6.5 Hz, H3), 4.56 (dd, 2JHH = 

3JHH = 8.3 Hz, H4). 

 

Table E2.2: Hydroarylation test reaction with 56.† 

Entry 
mS 

(mg) 

nS 

(μmol) 

mIr 

(mg) 

nIr 

(μmol) 

VSol 

(mL) 

Conversion (%) 

56 (E)-58 (Z)-58 59 

1 18.1 103 2.9 1.9 1.0 21 42 32 5 

2 17.8 101 2.9 1.9 1.0 7 41 46 6 
†In Table E2.2, symbols represent: mj –amount of compound, in mg; nj – number of moles of 

compound, in μmol; subscripts represent: S – substrate; Ir – catalyst; VSol – volume of diglyme, in mL. 

 

These reaction mixtures were then combined and purified by column 

chromatography with gradient elution employing mixtures of EtOAc in petroleum 

ether as eluents (0 – 20% EtOAc) to afford a mixture of (E)-58, (Z)-58 and 59 

(37:55:7) as a colourless liquid (19.1 mg). 

 

 

1H NMR (400 MHz, CDCl3):  7.64 (d, 3JHH = 7.6 Hz, 2H, H2/H2’), 7.53-7.49 (m, 

1H, H2’’), 7.42 (t, 3JHH = 8.0 Hz, 1H, H3’), 7.41 (t, 3JHH = 7.9 Hz, 1H, H3), 7.22 (dd, 

3JHH = 8.0 Hz, 4JHH = 2.5 Hz, 1H, H4’), 7.19 (dd, 3JHH = 7.8 Hz, 4JHH = 2.5 Hz, 1H, 

H4), 7.00 (d, 3JHH = 8.1 Hz, 1H, H3’’), 6.46 (dq, 3JHH = 12.3 Hz, 4JHH = 1.6 Hz, 1H, 

H5), 6.43 (dq, 3JHH = 6.4 Hz, 4JHH = 1.9 Hz, 1H, H5’), 5.45 (dq, 3JHH = 12.2 Hz, 3JHH 

= 6.9 Hz, 1H, H6), 4.98 (dq, 3JHH = 6.6 Hz, 3JHH = 6.7 Hz, 1H, H6’), 4.56 (t, JHH = 8.3 

Hz, 1H, H5’’), 4.30 (dd, 2JHH = 8.5 Hz, 3JHH =2.8 Hz, 1H, H4’’), 4.06-3.99 (m, 1H, 

H6’’), 2.62 (s, 9H, H8/H8’/H8’’), 1.74 (dd, 3JHH = 7.0 Hz, 4JHH = 1.8 Hz, 3H, H7’), 1.71 

(dd, 3JHH = 7.0 Hz, 4JHH = 1.6 Hz, 3H, H7), 1.26 (d, 3JHH = 6.9 Hz, 3H, H7’’). 
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(N.B.: The peak for H2’’ is obscured by peaks at  7.42 (H3’) and 7.41 (H3), and were 

not reported above) 

 

This mixture of isomeric compounds (Mixture A) was then employed in a second 

catalytic test. Hence, following general procedure 6.1.3, iridium catalyst 57 (3.1 mg, 

2.0 μmol) and Mixture A (17.9 mg, 102 μmol) were reacted in diglyme at 120 °C for 

20 h. After workup and evaporation of the volatiles, the relative composition was 

determined by 1H NMR spectroscopy of recovered compounds. The following 

equation illustrates the observed changes in composition. 

 

 

 

No significant changes in relative composition were observed. 

 

Methyl 3-(allyloxy)benzoate – 64 (Table 2.1) 

 

Following general procedure 6.1.3, iridium catalyst 57 and methyl 3-

(allyloxy)benzoate (64) were reacted in diglyme at 120 °C for 20 h. After workup 

and evaporation of the volatiles, the conversion was determined by 1H NMR 

spectroscopy of recovered compounds. The relevant experimental data is 

summarised in Table E2.3 

 

Relevant 1H NMR spectroscopic data for substrate 64 in CDCl3: 

 

 



324 

 

Reference peak expected at:  6.05 (ddt, 3JHH = 17.3 Hz, 3JHH =10.5 Hz, 3JHH = 5.3 

Hz, 1H, H1). 

Conversions determined by comparison with peaks at:  4.98 (dq, 3JHH = 6.9 Hz, 

3JHH = 6.1 Hz, H2). 

 

Table E2.3: Hydroarylation test reaction with 64.† 

Index 
mS 

(mg) 

nS 

(μmol) 

mIr 

(mg) 

nIr 

(μmol) 

VSol 

(mL) 

mKOAc 

(mg) 

nKOAc 

(μmol) 

T2.1, E3 19.0 99 2.9 1.9 1.0 — — 

T2.1, E4 19.5 101 2.8 1.8 1.0 14.0 113 

Index 
Conversion (%)     

64 66 67     

T2.1, E3 21 79 —     

T2.1, E4 >95 — —     
†In Table E2.3, symbols represent: mj –amount of compound, in mg; nj – number of moles of 

compound, in μmol; subscripts represent: S – substrate; Ir – catalyst; VSol – volume of diglyme, in mL. 

For index, Tx, Ey reads “Table x, Entry y”. 

 

3-(allyloxy)benzoic acid – 65 (Table 2.1) 

 

Following general procedure 6.1.3, iridium catalyst 57 and 3-(allyloxy)benzoate (65) 

were reacted in diglyme at 120 °C for 20 h. After workup and evaporation of the 

volatiles, the conversion was determined by 1H NMR spectroscopy of recovered 

compounds. The relevant experimental data is summarised in Table E2.4 

 

Relevant 1H NMR spectroscopic data for substrate 65 in DMSO-d6: 

 

 

Reference peak expected at:  6.05 (ddt, 3JHH = 17.3 Hz, 3JHH =10.5 Hz, 3JHH = 5.3 

Hz, 1H, H1). 

Conversions determined by comparison with peaks at:  4.98 (dq, 3JHH = 4.98 

Hz, 3JHH = 6.6 Hz, H2), 4.51 (t, JHH = 8.4 Hz, H3). 
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Table E2.4: Hydroarylation test reaction with 65.† 

Index 
mS 

(mg) 

nS 

(μmol) 

mIr 

(mg) 

nIr 

(μmol) 

VSol 

(mL) 

mK₂CO₃ 

(mg) 

nK₂CO₃ 

(μmol) 

T2.1, E5 17.9 100 3.1 2.0 1.0 — — 

T2.1, E6 17.7 99 2.9 1.9 1.0 14.7 106 

T2.1, E7 17.2 97 3.0 1.9 1.0 1.5 11 

T2.1, E8 17.0 95 7.5 4.8 1.0 1.4 10 

Index 
Conversion (%)     

65 68 69     

T2.1, E5 >95 — —     

T2.1, E6 72 14 14     

T2.1, E7 71 — 29     

T2.1, E8 60 — 40     
†In Table E2.4, symbols represent: mj –amount of compound, in mg; nj – number of moles of 

compound, in μmol; subscripts represent: S – substrate; Ir – catalyst; VSol – volume of diglyme, in mL. 

For index, Tx, Ey reads “Table x, Entry y”. 

 

3-(allyloxy)benzoic acid – 65 (Table 2.2) 

 

Following general procedure 6.1.3, iridium catalyst 57 and 3-(allyloxy)benzoic acid 

(65) were reacted in diglyme at the appropriate temperature for 20 h. After workup 

and evaporation of the volatiles, the conversion was determined by 1H NMR 

spectroscopy of recovered compounds. The relevant experimental data is 

summarised in Table E2.5 

 

Relevant 1H NMR spectroscopic data for substrate 65 in DMSO-d6: 

 

 

Reference peak expected at:  6.05 (ddt, 3JHH = 17.3 Hz, 3JHH =10.5 Hz, 3JHH = 5.3 

Hz, 1H, H1). 

Conversions determined by comparison with peaks at:  4.98 (dq, 3JHH = 4.98 

Hz, 3JHH = 6.6 Hz, H2), 4.51 (dd, 2JHH = 3JHH = 8.4 Hz, H4). 
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Table E2.5: Hydroarylation test reaction with 65.† 

Index 
mS 

(mg) 

nS 

(μmol) 

mIr 

(mg) 

nIr 

(μmol) 

VSol 

(mL) 

mKOAc 

(mg) 

nKOAc 

(μmol) 

θ 

(ºC) 

T2.2, E1 13.4 75.2 5.8 3.7 1.5 2.5 18 

90 

T2.2, E2 13.4 75.2 5.8 3.7 1.5 13.0 94 

T2.2, E3 13.3 74.6 5.8 3.7 0.5 13.1 95 

T2.2, E4 13.3 74.6 1.2 0.8 1.5 3.2 23 

T2.2, E5 13.4 75.2 1.2 0.8 1.5 12.8 93 

T2.2, E6 13.4 75.2 5.7 3.6 0.5 2.5 18 

T2.2, E7 13.3 74.6 1.3 0.8 0.5 2.8 20 

T2.2, E8 13.5 75.8 1.3 0.8 0.5 12.8 93 

T2.2, E9 13.6 76.3 1.2 0.8 1.5 12.9 93 

150 

T2.2, E10 13.5 75.8 5.7 3.6 1.5 13.2 96 

T2.2, E11 13.5 75.8 5.8 3.7 1.5 2.5 18 

T2.2, E12 13.3 74.6 5.8 3.7 0.5 13.1 95 

T2.2, E13 13.3 74.6 1.2 0.8 1.5 2.7 20 

T2.2, E14 13.5 75.8 5.7 3.6 0.5 2.6 19 

T2.2, E15 13.7 76.9 1.2 0.8 0.5 13.2 96 

T2.2, E16 13.6 76.3 1.2 0.8 0.5 2.5 18 

T2.2, E17 13.5 75.8 3.5 2.2 1.0 7.7 56 

120 T2.2, E18 13.5 75.8 3.5 2.2 1.0 8.0 58 

T2.2, E19 13.4 75.2 3.4 2.2 1.0 7.9 57 

Index 
Conversion (%)     

65 68 69 Other     

T2.2, E1 79.6 3.2 10.7 6.4     

T2.2, E2 61.5 12.8 25.6 —     

T2.2, E3 80.0 10.5 9.5 —     

T2.2, E4 100 — — —     

T2.2, E5 96.3 2.4 1.3 —     

T2.2, E6 87.8 — 3.4 8.8     

T2.2, E7 100 — — —     

T2.2, E8 100 — — —     

T2.2, E9 77.4 16.8 5.8 —     

T2.2, E10 4.6 14.4 81.0 —     

T2.2, E11 — 3.5 96.5 —     

T2.2, E12 10.1 26.3 63.6 —     

T2.2, E13 46.6 3.8 30.7 18.8     

T2.2, E14 — 6.4 93.6 —     

T2.2, E15 71.0 20.2 8.8 —     

T2.2, E16 64.8 5.3 5.2 24.6     

T2.2, E17 72.3 17.0 10.6 —     

T2.2, E18 25.0 25.0 50.0 —     

T2.2, E19 35.7 28.6 35.7 —     
†In Table E2.5, symbols represent: mj –amount of compound, in mg; nj – number of moles of 

compound, in μmol; subscripts represent: S – substrate; Ir – catalyst; VSol – volume of diglyme, in mL; 

θ – temperature, in ºC. For index, Tx, Ey reads “Table x, Entry y”. 
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 6.3.2 Test Reactions for Exploration of Substrate Scope 

 

In the following section, the experimental details for results presented in Scheme 

2.17 are reported. Experimental data is presented for each substrate with the relevant 

1H NMR data. Recorded conversions are reported in Schemes and Tables specified 

for each substrate and were calculated according to equation 6.1. 

Whenever presented, additional diagnostic peaks for 1H NMR spectroscopy were not 

employed for determination of conversion. These signals were only employed to 

confirm the proposed molecular structure. 

 

3-(allyloxy)benzoic acid – 65 (Scheme 2.17) 

 

Following general procedure 6.1.3, K2CO3 (1.4 mg, 10.1 μmol), iridium catalyst 57 

(5.8 mg, 3.7 μmol), and carboxylic acid 65 (13.4 mg, 75.2 μmol) were reacted in 

diglyme (1.5 mL) at 150 °C for 20 h. After workup and evaporation of the volatiles, 

the conversion was determined by 1H NMR spectroscopy of recovered compounds. 

 

Relevant 1H NMR spectroscopic data for substrate 65 in DMSO-d6: 

 

 

Reference peak expected at:  6.05 (ddt, 3JHH = 17.3 Hz, 3JHH =10.5 Hz, 3JHH = 5.3 

Hz, 1H, H1). 

Conversions determined by comparison with peaks at: 4.51 (dd, 2JHH = 3JHH = 8.4 

Hz, H6), 4.25 (dd, 2JHH = 8.5 Hz, 3JHH = 2.8 Hz, H5). 

Additional diagnostic peaks also found at:  7.40 (dd, 3JHH = 7.8 Hz, 4JHH = 1.1 Hz, 

H2), 7.22 (dd, 3JHH
1 = 3JHH

2 = 7.9 Hz, H3), 7.00 (d, 3JHH = 7.9 Hz, H4), 3.90-3.80 (m, 

H7), 1.21 (d, 3JHH = 6.8 Hz, H5). 
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3-(allyloxy)benzoic acid – 72a (Scheme 2.17) 

 

Following general procedure 6.1.3, K2CO3 (1.0 mg, 7.2 μmol), iridium catalyst 57 

(4.6 mg, 2.9 μmol), and carboxylic acid 72a (11.5 mg, 59.8 μmol) were reacted in 

diglyme (1.2 mL) at 150 °C for 20 h. After workup and evaporation of the volatiles, 

the conversion was determined by 1H NMR spectroscopy of recovered compounds. 

 

Relevant 1H NMR spectroscopic data for substrate 72a in DMSO-d6: 

 

 

Reference peak expected at:  6.03 (ddt, 3JHH = 17.2 Hz, 3JHH = 10.4 Hz, 3JHH = 5.2 

Hz, 1H, H1). 

Conversions determined by comparison with peaks at: 4.13 (dd, 2JHH = 8.4 Hz, 

3JHH = 4.4 Hz, H4). 

Additional diagnostic peaks also found at:  7.00 (d, 3JHH = 8.2 Hz, H2), 6.77 (d, 3JHH 

= 8.1 Hz, H3), 4.54 (dd, 2JHH = 3JHH = 8.5 Hz, H5), 3.74-3.62 (m, 1H, H6), 1.18 (d, 

3JHH = 6.9 Hz, H7). 

 

3-(allyloxy)-5-fluorobenzoic acid – 72b (Scheme 2.17) 

 

Following general procedure 6.1.3, K2CO3 (1.0 mg, 7.2 μmol), iridium catalyst 57 

(4.7 mg, 3.0 μmol), and carboxylic acid 72b (11.8 mg, 60.1 μmol) were reacted in 

diglyme (1.2 mL) at 150 °C for 20 h. After workup and evaporation of the volatiles, 

the conversion was determined by 1H NMR spectroscopy of recovered compounds. 

 

Relevant 1H NMR spectroscopic data for substrate 72b in DMSO-d6: 
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Reference peak expected at:  6.04 (ddt, 3JHH = 17.2 Hz, 3JHH = 10.6 Hz, 3JHH =5.3 

Hz, 1H, H1). 

Conversions determined by comparison with peaks at:  4.58 (dd, 2JHH = 3JHH = 

8.4 Hz, H5), 4.31 (dd, 2JHH = 8.5 Hz, 3JHH = 2.3 Hz, H4). 

Additional diagnostic peak also found at  7.10 (dd, 3JHF = 9.8 Hz, 4JHH = 2.1 Hz, 

H2), 6.94 (dd, 3JHF = 9.2 Hz, 4JHH = 1.8 Hz, H3), 3.89-3.77 (m, H6), 1.20 (d, 3JHH = 

7.1 Hz, H7). 

 

 

 

3-(allyloxy)-4-methylbenzoic acid – 72c (Scheme 2.17) 

 

Following general procedure 6.1.3, K2CO3 (0.9 mg, 6.5 μmol), iridium catalyst 57 

(4.8 mg, 3.1 μmol), and carboxylic acid 72c (11.6 mg, 60.3 μmol) were reacted in 

diglyme (1.2 mL) at 150 °C for 20 h. After workup and evaporation of the volatiles, 

the conversion was determined by 1H NMR spectroscopy of recovered compounds. 

 

Relevant 1H NMR spectroscopic data for substrate 72c in CDCl3: 

 

 

Reference peak expected at:  6.12 (ddt, 3JHH = 17.2 Hz, 3JHH = 10.3 Hz, 3JHH = 5.2 

Hz, 1H, H1). 
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Conversions determined by comparison with peaks at:  4.34 (dd, 2JHH = 8.6 Hz, 

3JHH = 2.4 Hz, H5), 4.04-3.94 (m, H6). 

Additional diagnostic peak also found at  7.57 (d, 3JHH = 8.0 Hz, H2), 7.07 (d, 3JHH 

= 8.0 Hz, H3), 4.58 (dd, 2JHH = 3JHH = 8.3 Hz, H4), 2.30 (s, H8), 1.35 (d, 3JHH = 6.9 

Hz, H7). 

 

3-(allyloxy)-4-methoxylbenzoic acid – 72d (Scheme 2.17) 

 

Following general procedure 6.1.3, K2CO3 (0.9 mg, 6.5 μmol), iridium catalyst 57 

(4.6 mg, 2.9 μmol), and carboxylic acid 72d (12.6 mg, 60.5 μmol) were reacted in 

diglyme (1.2 mL) at 150 °C for 20 h. After workup and evaporation of the volatiles, 

the conversion was determined by 1H NMR spectroscopy of recovered compounds. 

 

Relevant 1H NMR spectroscopic data for substrate 72d in DMSO-d6: 

 

 

Reference peak expected at:  6.12 (ddt, 3JHH = 17.2 Hz, 3JHH = 10.3 Hz, 3JHH = 5.2 

Hz, 1H, H1). 

Conversions determined by comparison with peaks at:  4.49 (dd, 2JHH = 3JHH = 

8.4 Hz, H5), 4.27 (dd, 2JHH = 8.8 Hz, 3JHH = 2.6 Hz, H4). 

Additional diagnostic peak also found at:  7.45 (d, 3JHH = 8.6 Hz, H2), 6.93 (d, 3JHH 

= 8.6 Hz, H3), 1.20 (d, 3JHH = 7.0 Hz, H7). 

 

3,5-bis(allyloxy)benzoic acid – 72e (Scheme 2.17) 

 

Following general procedure 6.1.3, K2CO3 (1.1 mg, 8.0 μmol), iridium catalyst 57 

(4.8 mg, 3.1 μmol), and carboxylic acid 72e (14.1 mg, 60.2 μmol) were reacted in 
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diglyme (1.2 mL) at 150 °C for 20 h. After workup and evaporation of the volatiles, 

the conversion was determined by 1H NMR spectroscopy of recovered compounds. 

 

Relevant 1H NMR spectroscopic data for substrate 72e in DMSO-d6: 

 

 

Reference peak expected at:  6.04 (ddt, 3JHH = 17.3 Hz, 3JHH =10.5 Hz, 3JHH = 5.2 

Hz, 2H, H1). 

Conversions determined by comparison with peaks at:  4.63 (dd, 2JHH = 3JHH = 

8.5 Hz, H4), 4.53 (dd, 2JHH = 3JHH = 8.5 Hz, H9), 4.47 (dd, 2JHH = 3JHH = 8.2 Hz, H9’). 

Additional diagnostic peak also found at:  4.27-4.14 (m, H5/H10/H10’), 1.23 (d, 3JHH 

= 7.0 Hz, H11), 1.21 (d, 3JHH = 7.0 Hz, H11’) 1.12 (d, 3JHH = 7.3 Hz, H6). 

 

3-(allyl(tert-butoxycarbonyl)amino)benzoic acid – 72f (Scheme 2.17) 

 

Following general procedure 6.1.3, K2CO3 (1.7 mg, 12.3 μmol), iridium catalyst 57 

(3.9 mg, 2.5 μmol), and carboxylic acid 72f (14.3 mg, 51.6 μmol) were reacted in 

diglyme (1.0 mL) at 150 °C for 20 h. After workup and evaporation of the volatiles, 

the conversion was determined by 1H NMR spectroscopy of recovered compounds. 

 

Relevant 1H NMR spectroscopic data for substrate 72f in CDCl3: 
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Reference peak expected at:  5.92, (ddt, 3JHH = 17.3 Hz, 3JHH = 10.0 Hz, 3JHH = 

5.5 Hz, 1H, H1). 

Conversions determined by comparison with peaks at:  3.85-3.71 (m, H7). 

Additional diagnostic peak also found at:  3.96-3.91 (m, H5), 1.31 (d, 3JHH = 6.5 Hz, 

H8). 

 

3-(allyl(ethoxycarbonyl)amino)benzoic acid – 72g (Scheme 2.17) 

 

Following general procedure 6.1.3, K2CO3 (0.9 mg, 6.5 μmol), iridium catalyst 57 

(4.8 mg, 3.1 μmol), and carboxylic acid 72g (15.1 mg, 60.6 μmol) were reacted in 

diglyme (1.2 mL) at 150 °C for 20 h. After workup and evaporation of the volatiles, 

the conversion was determined by 1H NMR spectroscopy of recovered compounds. 

 

Relevant 1H NMR spectroscopic data for substrate 72g in DMSO-d6: 

 

 

Reference peak expected at:  5.88 (ddt, 3JHH = 17.6 Hz, 3JHH = 10.2 Hz, 3JHH = 5.3 

Hz, 1H, H1). 

Conversions determined by comparison with peaks at:  3.72-3.68 (m, H5). 

Additional diagnostic peak also found at:  4.01-3.97 (m, H6),  

 

3-((N-allyl-4-methylphenyl)sulfonamido)benzoic acid – 72h (Scheme 2.17) 

 

Following general procedure 6.1.3, K2CO3 (1.2 mg, 8.7 μmol), iridium catalyst 57 

(4.9 mg, 3.1 μmol), and carboxylic acid 72h (20.4 mg, 61.6 μmol) were reacted in 

diglyme (1.2 mL) at 150 °C for 20 h. After workup and evaporation of the volatiles, 

the conversion was determined by 1H NMR spectroscopy of recovered compounds. 



333 

 

 

Relevant 1H NMR spectroscopic data for substrate 72h in DMSO-d6: 

 

 

Reference peak expected at:  5.69 (ddt, 3JHH = 16.7 Hz, 3JHH = 10.7 Hz, 3JHH = 6.3 

Hz, H1). 

 

No peaks for 73h were observed. 1H NMR spectroscopy only indicated the presence 

unreacted carboxylic acid 72h. 

3-((2-methylallyl)oxy)benzoic acid – 72i (Scheme 2.17) 

 

Following general procedure 6.1.3, K2CO3 (1.2 mg, 8.7 μmol), iridium catalyst 57 

(5.7 mg, 3.6 μmol), and carboxylic acid 72i (14.4 mg, 74.9 μmol) were reacted in 

diglyme (1.5 mL) at 150 °C for 20 h. After workup and evaporation of the volatiles, 

the conversion was determined by 1H NMR spectroscopy of recovered compounds. 

 

Relevant 1H NMR spectroscopic data for substrate 72i in DMSO-d6: 

 

 

Reference peak expected at:  5.07 (s, H1). 

Conversions determined by comparison with peaks at:  4.18 (s, H5). 

Additional diagnostic peak also found at:  7.30 (d, 3JHH = 7.7 Hz, 4JHH = 1.0 Hz, 

H2), 7.21 (dd, 3JHH
1 = 3JHH

2 = 7.8 Hz, H3), 6.98 (dd, 3JHH = 79 Hz, 4JHH = 1.1 Hz, H4), 

1.42 (s, H6). 
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3-((3-methylbut-2-en-1-yl)oxy)benzoic acid – 72j (Scheme 2.17) 

 

Following general procedure 6.1.3, K2CO3 (1.3 mg, 9.4 μmol), iridium catalyst 57 

(5.6 mg, 3.6 μmol), and carboxylic acid 72j (15.6 mg, 75.6 μmol) were reacted in 

diglyme (1.5 mL) at 150 °C for 20 h. After workup and evaporation of the volatiles, 

the conversion was determined by 1H NMR spectroscopy of recovered compounds. 

 

Relevant 1H NMR spectroscopic data for substrate 72j in DMSO-d6: 

 

 

Reference peak expected at:  5.46-5.40 (m, H1). 

 

No peaks for 73j were observed. 1H NMR spectroscopy only indicated the presence 

unreacted carboxylic acid 72j. 

 

(Z)-3-((4-(benzyloxy)but-2-en-1-yl)oxy)benzoic acid – 72k (Scheme 2.17) 

 

Following general procedure 6.1.3, K2CO3 (1.0 mg, 7.2 μmol), iridium catalyst 57 

(4.7 mg, 3.0 μmol), and carboxylic acid 72k (18.0 mg, 60.3 μmol) were reacted in 

diglyme (1.2 mL) at 150 °C for 20 h. After workup and evaporation of the volatiles, 

the conversion was determined by 1H NMR spectroscopy of recovered compounds. 

 

Relevant 1H NMR spectroscopic data for substrate 72k in CDCl3: 
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Reference peak expected at:  5.92 (dd, 3JHH
1 = 3JHH

2 = 3.7 Hz, H1/H2). 

 

No peaks for 73k were observed. 1H NMR spectroscopy only indicated the presence 

unreacted carboxylic acid 72k. 

 

3-((2-methylenecyclopentyl)oxy)benzoic acid – 72l (Scheme 2.17) 

 

Following general procedure 6.1.3, K2CO3 (1.2 mg, 8.7 μmol), iridium catalyst 57 

(4.6 mg, 2.9 μmol), and carboxylic acid 72l (10.1 mg, 46.3 μmol) were reacted in 

diglyme (1.2 mL) at 150 °C for 20 h. After workup and evaporation of the volatiles, 

the conversion was determined by 1H NMR spectroscopy of recovered compounds. 

 

 

Relevant 1H NMR spectroscopic data for substrate 72l in CDCl3: 

 

 

Reference peak expected at:  5.24-5.22 (m, H1), 5.19-5.16 (m, H1’). 

Conversions determined by comparison with peaks at:  4.77 (dd, 3JHH = 5.4 Hz, 

3JHH = 3.4 Hz, H5). 

Additional diagnostic peak also found at:  7.63 (d, 3JHH = 7.6 Hz, H2), 7.22 (t, 3JHH 

= 7.8 Hz, H3), 6.99 (dd, 3JHH = 8.3 Hz, 4JHH = 1.0 Hz, H4), 1.80-1.54 (m, H6/H7/H8), 

1.28 (s, H9). 

 

3-((2-methylenecyclopentyl)oxy)benzoic acid – 72m (Scheme 2.17) 

 

Following general procedure 6.1.3, K2CO3 (1.2 mg, 8.7 μmol), iridium catalyst 57 

(4.8 mg, 3.1 μmol), and carboxylic acid 72m (14.1 mg, 60.7 μmol) were reacted in 
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diglyme (1.1 mL) at 150 °C for 20 h. After workup and evaporation of the volatiles, 

the conversion was determined by 1H NMR spectroscopy of recovered compounds. 

 

Relevant 1H NMR spectroscopic data for substrate 72m in DMSO-d6: 

 

 

Reference peak expected at:  4.84-4.79 (m, H1/H1’/H2). 

Conversions determined by comparison with peaks at:  4.14 (t, 3JHH
 = 3.3 Hz, 

H6). 

Additional diagnostic peaks also found at:  7.18 (t, 3JHH = 7.6 Hz, H4), 6.98 (d, 3JHH 

= 7.6 Hz, H5). 

 

 6.3.3 Synthesis of Esters via Hydroarylation and Methylation Sequence 

(Scheme 2.19) 

 

Methyl 3-methyl-2,3-dihydrobenzofuran-4-carboxylate - 75 

 

Following general procedure 6.1.4, K2CO3 (1.5 mg, 10.9 μmol), iridium catalyst 57 

(7.8 mg, 5.0 μmol), and carboxylic acid 65 (17.8 mg, 99 μmol) were reacted in 

diglyme (2.0 mL) at 150 °C for 24 h. The residue obtained after workup was re-

dissolved in acetonitrile (2.0 mL) and reacted with K2CO3 (32.2 mg, 0.23 mmol) and 

MeI (0.04 mL, 0.6 mmol) at 50 °C for 15 h. Chromatographic purification afforded 

methyl 3-methyl-2,3-dihydrobenzofuran-4-carboxylate (75) as a colourless oil (10.8 

mg, 56% yield over two steps). 
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1H NMR (400 MHz, CDCl3):  7.51 (dd, 3JHH = 7.8 Hz, 4JHH = 1.4 Hz, 1H, H1), 

7.19 (t, 3JHH = 8.0 Hz, 1H, H2), 6.97 (d, 3JHH = 7.6 Hz, 1H, H3), 4.56 (app. t, JHH = 

8.2 Hz, 1H, H5), 4.29 (dd, 2JHH = 8.6 Hz, 3JHH = 3.0 Hz, 1H, H4), 3.98-3.88 (m, 4H, 

H6/H8), 1.30 (d, 3JHH =7.2 Hz, 3H, H7). 

13C NMR (101 MHz, CDCl3):  166.8, 160.4, 136.2, 128.3, 126.8, 122.5, 114.0, 

79.0, 52.0, 37.5, 20.6. 

IR (neat, cm-1): 2955, 2924, 2853, 2359, 2332, 1721, 1589, 1445, 1435, 1375, 1331, 

1271, 1260, 1236, 1194, 1136, 1096, 1078, 1059, 1022, 962, 941, 903, 808, 752, 735. 

HRMS (positive ESI): m/z calculated for [M+H]+ C11H13O3
+: 193.0865; found: 

193.0868. 

 

Methyl 3,5-dimethyl-2,3-dihydrobenzofuran-4-carboxylate – 76a 

 

Following general procedure 6.1.4, K2CO3 (3.5 mg, 25.3 μmol), iridium catalyst 57 

(19.5 mg, 12.5 μmol), and carboxylic acid 72a (48.4 mg, 252 μmol) were reacted in 

diglyme (5.0 mL) at 150 °C for 48 h. The residue obtained after workup was re-

dissolved in acetonitrile (5.0 mL) and reacted with K2CO3 (74.0 mg, 0.54 mmol) and 

MeI (0.20 mL, 3.2 mmol) at 50 °C for 12 h. Chromatographic purification afforded 

methyl 3,5-dimethyl-2,3-dihydrobenzofuran-4-carboxylate (76a) as a colourless oil 

(41.0 mg, 79% yield over two steps). 
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1H NMR (400 MHz, CDCl3):  6.98 (d, 3JHH = 8.0 Hz, 1H, H1), 6.78 (d, 3JHH = 8.3 

Hz, 1H, H2), 4.59 (app. t, JHH = 8.5 Hz, 1H, H4), 4.18 (dd, 2JHH = 8.5 Hz, 3JHH = 4.3 

Hz, 1H, H3), 3.90 (s, 3H, H8), 3.80-3.71 (m, 1H, H5), 2.38 (s, 3H, H7), 1.22 (d, 3JHH = 

7.0 Hz, 3H, H6). 

13C NMR (101 MHz, CDCl3):  168.6, 158.0, 130.9, 129.6, 128.2, 118.5, 115.2, 

112.0, 78.8, 51.9, 37.2, 20.4. 

IR (neat, cm-1): 2951, 2926, 1721, 1595, 1477, 1452, 1437, 1377, 1269, 1242, 1227, 

1190, 1132, 1076, 1042, 1005, 993, 964, 945, 816, 799, 777, 723. 

HRMS (positive ESI): m/z calculated for [M+H]+ C12H15O3: 207.1021; found: 

207.1021. 

 

Methyl 3,7-dimethyl-2,3-dihydrobenzofuran-4-carboxylate – 76c 

 

 

Following general procedure 6.1.4, K2CO3 (3.5 mg, 25.3 μmol), iridium catalyst 57 

(19.5 mg, 12.5 μmol), and carboxylic acid 72c (48.1 mg, 250 μmol) were reacted in 

diglyme (5.0 mL) at 150 °C for 24 h. The residue obtained after workup was re-

dissolved in acetonitrile (5.0 mL) and reacted with K2CO3 (69.7 mg, 0.50 mmol) and 

MeI (0.20 mL, 3.2 mmol) at 50 °C for 12 h. Chromatographic purification afforded 

methyl 3,7-dimethyl-2,3-dihydrobenzofuran-4-carboxylate (76c) as a colourless oil 

(23.4 mg, 45% yield over two steps). 
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1H NMR (400 MHz, CDCl3):  7.44 (d, 3JHH = 7.9 Hz, 1H, H1), 7.01 (d, 3JHH = 8.0 

Hz, 1H, H2), 4.54 (app. t, JHH = 8.5 Hz, 1H, H4), 4.29 (dd, 2JHH = 8.5 Hz, 3JHH = 2.5 

Hz, 1H, H3), 3.97-3.87 (m, 4H, H5/H8), 2.25 (s, 3H, H7), 1.29 (d, 3JHH = 6.9 Hz, 3H, 

H6). 

13C NMR (101 MHz, CDCl3):  166.9, 158.5, 134.3, 129.5, 125.2, 124.3, 122.5, 

78.8, 51.8, 37.9, 20.6, 15.7. 

IR (neat, cm-1): 2951, 2924, 1717, 1620, 1585, 1433, 1414, 1373, 1331, 1275, 1261, 

1252, 1221, 1190, 1140, 1128, 1070, 1022, 962, 943, 893, 829, 795, 775, 748, 725. 

HRMS (positive ESI): m/z calculated for [M+H]+ C12H15O3: 207.1021; found: 

207.1024. 

 

Methyl 7-methoxy-3-methyl-2,3-dihydrobenzofuran-4-carboxylate – 76d 

 

Following general procedure 6.1.4, K2CO3 (3.4 mg, 24.6 μmol), iridium catalyst 57 

(19.5 mg, 12.5 μmol), and carboxylic acid 72a (51.8 mg, 249 μmol) were reacted in 

diglyme (5.0 mL) at 150 °C for 24 h. The residue obtained after workup was re-

dissolved in acetonitrile (5.0 mL) and reacted with K2CO3 (69.8 mg, 0.51 mmol) and 

MeI (0.20 mL, 3.2 mmol) at 50 °C for 12 h. Chromatographic purification afforded 

methyl 7-methoxy-3-methyl-2,3-dihydrobenzofuran-4-carboxylate (76d) as a 

colourless oil (30.5 mg, 55% yield over two steps). 
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1H NMR (400 MHz, CDCl3):  7.55 (d, 3JHH = 8.5 Hz, 1H, H1), 6.76 (d, 3JHH = 8.5 

Hz, 1H, H2), 4.59 (t, JHH = 8.4 Hz, 1H, H4), 4.35 (dd, 2JHH = 8.8 Hz, 3JHH = 2.5 Hz, 

1H, H3), 3.97-3.90 (m, 4H, H5/H8), 3.86 (s, 3H, H7), 1.28 (d, 3JHH = 6.9 Hz, 3H, H6). 

13C NMR (101 MHz, CDCl3):  166.4, 148.4, 148.0, 136.1, 124.5, 119.0, 110.5, 

79.6, 56.0, 51.7, 38.3, 20.5. 

IR (neat, cm-1): 2953, 2843, 1711, 1614, 1582, 1506, 1435, 1267, 1221, 1202, 1186, 

1130, 1092, 1078, 1018, 961, 939, 891, 820, 793, 779, 745, 725, 671, 648. 

HRMS (positive ESI): m/z calculated for [M+H]+ C12H15O4: 223.0970; found: 

223.0968. 

 

Methyl 3,3-dimethyl-2,3-dihydrobenzofuran-4-carboxylate – 76i 

 

Following general procedure 6.1.4, K2CO3 (3.2 mg, 23.2 μmol), iridium catalyst 57 

(19.4 mg, 12.4 μmol), and carboxylic acid 72a (48.2 mg, 251 μmol) were reacted in 

diglyme (5.0 mL) at 150 °C for 24 h. The residue obtained after workup was re-

dissolved in acetonitrile (5.0 mL) and reacted with K2CO3 (70.3 mg, 0.51 mmol) and 

MeI (0.20 mL, 3.2 mmol) at 50 °C for 12 h. Chromatographic purification afforded 

methyl 3,3-dimethyl-2,3-dihydrobenzofuran-4-carboxylate (76i) as a colourless oil 

(11.4 mg, 22% yield over two steps). 
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1H NMR (400 MHz, CDCl3):  7.40 (dd, 3JHH = 7.8 Hz, 4JHH = 1.1 Hz, 1H, H1), 

7.17 (t, 3JHH = 7.9 Hz, 1H, H2), 6.96 (dd, 3JHH = 8.0 Hz, 4JHH = 1.0 Hz, 1H, H3), 4.20 

(s, 2H, H4), 3.90 (s, 3H, H6), 1.48 (s, 6H, H5). 

13C NMR (101 MHz, CDCl3):  167.2, 160.8, 136.6, 128.2, 127.9, 122.9, 114.1, 

85.6, 52.0, 43.6, 25.6. 

IR (neat, cm-1): 2957, 2924, 2855, 1730, 1585, 1441, 1260, 1192, 1088, 1055, 1013, 

864, 793, 754, 704, 685. 

HRMS (positive ESI): m/z calculated for [M+H]+ C12H15O3: 207.1021; found: 

207.1023. 

 

Methyl 9a-methyl-5a,6,7,8,9,9a-hexahydrodibenzo[b,d]furan-1-carboxylate – 76m 

 

Following general procedure 6.1.4, K2CO3 (3.3 mg, 23.9 μmol), iridium catalyst 57 

(19.3 mg, 12.4 μmol), and carboxylic acid 72a (57.8 mg, 249 μmol) were reacted in 

diglyme (5.0 mL) at 150 ºC for 48 h. The residue obtained after workup was re-

dissolved in acetonitrile (5.0 mL) and reacted with K2CO3 (69.4 mg, 0.50 mmol) and 

MeI (0.20 mL, 3.2 mmol) at 50 °C for 12 h. Chromatographic purification afforded 

9a-methyl-5a,6,7,8,9,9a-hexahydrodibenzo[b,d]furan-1-carboxylate (76m) as a 

colourless oil (31.9 mg, 52% yield over two steps). 
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1H NMR (400 MHz, CDCl3):  7.33 (dd, 3JHH = 7.8 Hz, 4JHH = 1.4 Hz, 1H, H1), 

7.15 (t, 3JHH = 7.9 Hz, 1H, H2), 6.97 (dd, 3JHH = 8.0 Hz, 4JHH = 1.3 Hz, 1H, H3), 4.16 

(t, 3JHH = 3.5 Hz, 1H, H4), 3.89 (s, 3H, H10), 2.18-2.06 (m, 2H, H5/H8), 1.78 (dddd, 

2JHH = 15.1 Hz, 3JHH = 11.2 Hz, 3JHH = 5.6 Hz, 3JHH = 3.9 Hz, 1H, H5’), 1.58-1.40 (m, 

8H, H6/H6’/H7/H7’/H8’/H9). 

13C NMR (101 MHz, CDCl3):  167.6, 159.8, 139.1, 127.9, 127.6, 122.4, 114.1, 

88.6, 52.0, 44.6, 33.9, 25.5, 20.9, 20.6, 20.5. 

IR (neat, cm-1): 2930, 2859, 1724, 1584, 1439, 1371, 1314, 1260, 1246, 1194, 1146, 

1123, 1092, 1018, 989, 957, 914, 872, 814, 799, 752. 

HRMS (positive ESI): m/z calculated for [M+H]+ C15H19O3: 247.1334; found: 

127.1341. 

 

7. Computational Details 

 

All calculations were performed according to the general guidelines listed in Chapter 

1, Section 6. Please, refer to that section for a list of techniques and associated 

references. Output files are available in electronic format in Appendix A. 

The energy for all 32 diastereomeric iridium complexes discussed in Section 3.3 are 

listed in Table E2.6. 
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Table E2.6: Energy of diastereomeric iridium complexes of type 77. 

Entry 
H 

(Hartrees) 

G 

(Hartrees) 

ΔHrel 

(kcal mol-1) 

ΔGrel 

(kcal mol-1) 

1 -2173.61612 -2173.72615 0.00000 0.00000 

2 -2173.61330 -2173.72334 1.76707 1.76268 

3 -2173.61256 -2173.71992 2.23143 3.90813 

4 -2173.61161 -2173.71900 2.82882 4.48607 

5 -2173.61114 -2173.72161 3.12437 2.84827 

6 -2173.61011 -2173.72033 3.77322 3.65023 

7 -2173.60936 -2173.71759 4.24322 5.36898 

8 -2173.60799 -2173.71603 5.10417 6.35040 

9 -2173.60729 -2173.71775 5.54280 5.27171 

10 -2173.60698 -2173.71795 5.73858 5.14182 

11 -2173.60562 -2173.71780 6.58760 5.23845 

12 -2173.60320 -2173.71048 8.10555 9.83057 

13 -2173.60145 -2173.71080 9.20557 9.62789 

14 -2173.60139 -2173.70972 9.24322 10.30999 

15 -2173.60139 -2173.70971 9.24510 10.31626 

16 -2173.60095 -2173.71116 9.52246 9.40575 

17 -2173.60094 -2173.71121 9.52623 9.37312 

18 -2173.59957 -2173.70859 10.38529 11.01657 

19 -2173.59778 -2173.70887 11.50853 10.84275 

20 -2173.59548 -2173.70556 12.95306 12.91792 

21 -2173.59303 -2173.70273 14.48732 14.69189 

22 -2173.59146 -2173.70220 15.47753 15.02886 

23 -2173.59026 -2173.70206 16.23055 15.11546 

24 -2173.58955 -2173.69660 16.67420 18.54229 

25 -2173.58314 -2173.69277 20.69402 20.94691 

26 -2173.58222 -2173.68780 21.27259 24.06501 

27 -2173.58156 -2173.68874 21.68863 23.47452 

28 -2173.58066 -2173.69005 22.25213 22.64872 

29 -2173.58020 -2173.68967 22.53828 22.88968 

30 -2173.57963 -2173.69069 22.89721 22.25088 

31 -2173.56892 -2173.67699 29.61784 30.84965 

32 -2173.56782 -2173.67871 30.30936 29.76907 

 

The structures of six entries in Table E2.5 have been presented in Section 3.3, and 

the following correspondence exists: (Λ)-77a – entry 1; (Λ)-77b – entry 5; (Δ)-77c –

entry 20; (Δ)-77d – entry 22; (Λ)-77e – entry 32; (Λ)-77f – entry 31. 
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