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This thesis describes new approaches to achieve efficient and selective (hetero)arene 
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derivatives more direct, efficient, regioselective and sustainable. In the first two papers, 
transition metals are used to expedite the synthesis of aryne precursors and aryne capture 
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Rh and Ir. This work marks the first demonstration of exclusive regioselectivity in aryne 
capture reactions using only inductive electronic effects of a remotely substituted electropositive 
group.Papers III and IV concerns the synthesis of diverse aryl-AuI complexes under sustainable 
conditions. Paper III describes the use of a class of nucleophilic arylboronates, Ar-B(triol)K, to 
prepare aryl-AuI complexes in green solvents under ambient conditions without the requirement 
of exogenous additives or complex, expensive or time-consuming purification steps. This work 
is built upon in Paper IV where reaction solvents could be avoided altogether by employing a 
mechanochemical protocol and automated milling. The conditions developed allowed for C–H 
auration of various previously inaccessible (hetero)arenes and even the late-stage C–H auration 
of biologically active molecules. Both papers describe experiments performed to elucidate the 
intermediates and mechanism of C–H auration. 
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Abbreviations 

Abbreviations used in this thesis follow the stylistic and editorial guidelines 

recommended by the American Chemical Society.1 Only nonstandard abbre-

viations are listed below. 

 

18-c-6 18-crown-6 

aam anthranilamido 

ADM aryne distortion model 

aq. aqueous 

BAD bond angle difference 

CMD concerted-metalation-deprotonation 

cod 1,5-cyclooctadiene 

coe cyclooctene 

Cp* 1,2,3,4,5-pentamethylcyclopentadienyl 

dan 1,8-diaminonaphthalene  

DFT density functional theory 

DG directing group 

DoM directed ortho-metalation 

dtbpy 4,4'-di-tert-butyl-2,2'-bipyridyl 

E+ electrophile 

ENG electronegative group 

EPG electropositive group 

FG functional group 

HDDA hexadehydro Diels-Alder 

HMDS hexamethyldisilazane 

IPr N,N′-Bis(2,6-diisopropylphenyl)imidazol-2-ylidene 

L ligand 

LAG liquid assisted grinding 

m meta  

M metal 

mida N-methyliminodiacetic acid 

N nucleophilicity parameter 

nbd 2,5-norbornadiene  

nbe norbornene 

Nf nonafluorobutanesulfonyl 

NHC N-heterocyclic carbene 



Nu- nucleophile 

o ortho 

PAH polycyclic aromatic hydrocarbon 

p para 

pin pinacolato 

piv pivaloyl 

ppy phenylpyridine 

PyrDipSi pyrimidyldiisopropylsilyl 

rr regioisomeric ratio 

SEAr electrophilic aromatic substitution 

Tf trifluoromethanesulfonyl 

TM transition metal 

TMS trimethylsilyl 

triol trimethylolethane 

TS transition state 
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1 Introduction 

The ability to decorate arenes selectively and efficiently stands at the heart 

of modern-day organic synthesis. Despite more than a century of active 

research dedicated towards arene functionalization, more modern methods 

are required to meet the ideals of contemporary synthesis.2 Implementa-

tion of less energy intensive, catalytic reaction conditions can improve the 

sustainability of synthetic processes and thereby minimize environmental 

impacts.3 Development of new modes of reactivity as alternatives to tradi-

tional synthetic approaches allow access to previously unattainable struc-

tural motifs, more efficient access to establish targets and greater under-

standing of reactivity at a fundamental level. This thesis explores strate-

gies for derivatizing arenes via modern methods based on organo-main 

group and organometallic reactivity (Figure 1).  

 

Figure 1. Classes of functionalized arenes being developed in this thesis. 
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Transition metal (TM) catalyzed cross coupling is regarded as one of the 

most important chemical innovations of the 20th century. It has surpassed 

many “classical” methods for arene functionalization as the most popular 

tools for diversification of aromatic systems.4 In order to arrive at more 

efficient protocols for TM-mediated transformations, it is essential to un-

derstand and develop the chemistry of organo-TM complexes. The study 

of organo-TM complexes is invaluable for the elucidation of catalytic 

mechanisms and, thereby, the optimization of cross coupling reactions.5 

Many organo-TM complexes also have direct real-world applications 

(e.g., in medicinal chemistry and optoelectronics).6,7 This thesis will ex-

plore the reactivity of organo-TM complexes and new methods for their 

preparation (Papers II-IV). 

The ability to efficiently prepare and understand reactivity patterns of 

these organo-main group reagents are essential for the advancement of 

modern-day synthesis. Established TM-catalyzed coupling strategies often 

employ coupling partners based on main group elements such as organo-

boronates (e.g., in the Suzuki-Miyaura reaction)8 or organosilanes (e.g., in 

the Hiyama coupling)9 due to their diverse and tunable reactivity profiles. 

This thesis will discuss the different roles of main group element en route 

to functionalized arenes. Organoboronate reactivity, in particular will be 

handled through all parts of this thesis, with roles ranging from temporary 

directing groups (Paper I) to functional handles for coupling (Paper II) or 

metalation (Papers III & IV).  Additionally, themes of aryl-transition metal 

complex chemistry and C–H activation can be found throughout all sec-

tions of the thesis (Papers I-IV). 

In order to preface the work covered in this thesis, a brief overview of 

arene functionalization strategies will be covered (section 1.1), followed 

by more in-depth introductions of the concepts (sections 1.2-1.4). 
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1.1 Summary of arene functionalization strategies 

Research into methods for arene derivatization span an enormous number 

of approaches and reactions. An overview comparing some of the most 

well-established reactivity and more modern variants is shown in Figure 

2. 

 

Figure 2. Selected strategies for arene functionalization; E+ = electrophile, Nu- = 
Nucleophile, DG = Directing group, DoM = Directed ortho-metalation; FG = 
Functional group, M = Metal, TM = Transition Metal. 

The most well established, ‘classical’ methods of arene functionalization 

(Figure 2a-c) bring with them notable drawbacks methodology develop-

ment research seeks to address. Notably, early arene functionalization 

methods center around substitution reactions that are typically sensitive to 

the electronics of the aryl ring, which tends to limit the choice of reaction 

partner.10 Electrophilic aromatic substitution (SEAr, Figure 2a) typically 

requires that electron-rich arenes and substituents have to be carefully cho-

sen in order to achieve regioselective substitution. The point of substitu-

tion in nucleophilic aromatic substitution (SNAr, Figure 2b) is predeter-

mined by leaving group (LG) placement and additional electron-with-

drawing groups are often required to ensure the reacting arene carbon is 

sufficiently electrophilic to allow ipso-addition of nucleophile.  

Hard aryl lithium or magnesium reagents (Figure 2c) are highly nucle-

ophilic and readily react with many electrophiles, regardless of substituent 

electronics. They can be prepared via metal/halogen exchange of aryl 
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halides or via directed ortho-metalation (DoM).11,12 Although such rea-

gents are powerful tools in the regioselective introduction of new func-

tionality, typically they involve or are themselves strong organometallic 

bases, which can place restrictions on functional group tolerance. Contem-

porary synthetic methods instead favor softer organometallic species such 

as organo-main group reagents (Figure 2d) as they can be prepared, stored 

and reacted under milder/more convenient conditions, which allows for 

greater functional group tolerance.13,14 Moreover, many of these present 

opportunities to tune the reactivity more finely. For example, the B center 

of organoboron reagents may be variously decorated to modify nucleo-

philicity, solubility and functional group compatibility – amongst many 

properties (see Section 1.4).15 

Recent years have also witnessed the development and broadening 

adoption of mild methods to generate aryne intermediates (Figure 2f). Alt-

hough arynes have been generated under comparatively harsh conditions 

over 80 years ago (see Section 1.2) mild methods for accessing them have 

opened up significant new opportunities, including for overcoming the 

limitations of SNAr reactivity. The aryne triple bond can react in a vast 

array of reactions, often with regioselective nucleophilic attack as the first 

step, and holds enormous potential for rapidly introducing complexity into 

aryl systems. Harnessing aryne reactivity and selectivity under mild con-

ditions is an area of research at the cutting-edge of modern methodology 

research.  

Finally, the ideal arene functionalization strategy would not rely on the 

prior inclusion of specific, inconvenient or difficult to handle groups. This 

is a key aim of C–H functionalization methodology, which aims to convert 

Caryl–H bonds directly into the desired Caryl–FG unit, most commonly us-

ing transition metal catalysis. C–H functionalization has developed dra-

matically in recent years16 and now offers many new modes for the intro-

duction of functional groups. It also gives rise to reactivity and selectivity 

unavailable via the ‘classic’ regimes.17  

This thesis discusses strategies based on combining the three aforemen-

tioned “modern methods” for arene functionalization for their mutual ad-

vantage. For example, the use of boronates and transition metal-catalyzed 

C–H functionalization to generate aryne precursors (Paper I), the use of 

C–TM bonds to steer aryne regioselectivity (Paper II), and the use of or-

ganoboronates and C–H functionalization to generate organo-TM com-

plexes (Papers I-IV). Each of the ‘modern methods’ summarized above is 

prefaced with a brief introductory overview of each topic (sections 1.2-

1.4).   
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1.2 Arynes 

Arynes are a class of highly reactive neutral species which formally derive 

from the removal of two hydrogen atoms from an arene. The simplest ex-

ample is benzyne (didehydrobenzene), of which there are three possible 

isomers: ortho, meta, and para.18 This thesis will discuss ortho-arynes ex-

clusively (Figure 3). ortho-Benzyne (1) can be represented by four reso-

nance structures. It is most accurately represented as an cyclic alkyne, alt-

hough it possesses some cumulene and diradical character as well.18–20 The 

strained C≡C triple bond gives rise to unique reactivity and arynes undergo 

a large number of transformations as electrophilic reagents.  

 

Figure 3.  Isomers of benzyne (1) and resonance structures of o-benzyne. 

The earliest evidence for arynes acting as reactive intermediates was put 

forward in 1902 when Stoermer and Kahlert reacted 3-bromo-1-benzofu-

ran (2) with potassium hydroxide in ethanol (Scheme 1).21 The reaction 

yielded 2-ethoxybenzofuran (4a) rather than affording the expected 3-eth-

oxybenzofuran (4b) substitution product. A triple C≡C bonded intermedi-

ate, 2,3-benzofuranyne (3), was proposed to explain the observed regiose-

lectivity.i 

 

Scheme 1. Proposed 2,3-benzofuranyne generation.21 

 

                        

 
i The validity of the results has since been questioned as addition products 4a and 4b were 
never directly observed, but rather inferred from the formation of by-products. Possible 
contamination of the starting material might also explain the observed selectivity.44,273 
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Benzyne as a reactive intermediate was not proposed until almost two dec-

ades later by Clarke and Bachmann in their interrogation of the Wurtz-

Fittig reaction, where they invoked diradical benzyne 5a to explain the 

formation of triphenylene (6a, Scheme 2a).22 The existence of benzyne 

was corroborated by Wittig23–25, Huisgen26–28  and Roberts29–31 over the 

following decades. Wittig and Huisgen studied the reaction of 

fluoroarenes with phenyl lithium (Scheme 2b and 2c). Initial experiments 

from Wittig on fluorobenzene (7) using PhLi yielded biphenyl and a zwit-

terionic form for benzyne (5b) was proposed (Scheme 2b).23–25 Further 

studies by Huisgen on substituted fluoroarenes (8) with electrophilic trap-

ping of CO2 suggested that arynes are better described as cyclic alkynes 

(5c) than the proposed zwitterionic 5b put forth by Wittig (Scheme 2c).26–

28 Additional support for the existence of benzyne as a neutral symmetric 

species came from Roberts in 1953 who designed an elegant experiment 

using 14C-labelled chlorobenzene 9 and sodium amide to generate radio-

labeled benzyne 5d and subsequently aniline isotopomers 10a and 10b in 

a 1:1 ratio (Scheme 2d).29   

 

Scheme 2. Early evidence for the intermediacy of benzyne: (a) original suggestion 
of benzyne as a reactive intermediate;22  (b) first evidence for the existence of 
benzyne by Wittig, reported as a zwitterionic intermediate.23–25 (c) Huisgen’s ex-
periment on unsymmetric arynes, which suggests an alkyne-like intermediate.26–

28 (d) Roberts’s radiolabeling experiment that showcases equivalence of the triple 
bonded carbons in benzyne.29  
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As evidenced by this short historical overview, traditional generation of 

arynes require harsh conditions which limits their overall synthetic ap-

plicability. In order to make arynes more available for synthesis, several 

strategies have been devised to circumvent the requirement of superbases. 

Today, there are more than thirty reported benzyne precursors,32 only half 

of which necessitate strong base for activation. Although most modern-

day precursors still rely on the formation of an aryl anion and subsequent 

ortho-elimination, arynes can also be generated via fragmentation reac-

tions, zwitterionic intermediates or via HDDA reactions (Scheme 3).32 

 

Scheme 3. Methods for aryne generation.32 

Contemporary aryne precursors mainly rely on fluoride activation of aryl 

silanes for the generation of aryl anions rather than deprotonative strate-

gies. The formation of a very strong F-Si bond serves as driving force for 

activation of these precursors. Several varieties of fluoride-activated pre-

cursors have been created, mainly by varying the nucleofuge (Scheme 4).32 

Sulfonates are the most commonly employed leaving groups and precur-

sors containing tosylate33 (11), triflate34 (12), nonaflate35,36 (13) and 

fluorosulfonates37 (14) have been reported.32 The most widespread mod-

ern-day aryne precursor was developed by Kobayashi in 1983 and consists 

of an ortho-silyl triflate moiety (12) (Scheme 4).34,ii Precursors using λ3-

iodanes38 (15), halides39 (16) and λ3-bromanes40 (17) as nucleofuges have 

also successfully been employed. Though most of the contemporary 

                        

 
ii A tosylate analogue 11 of the popularized precursor, developed by Dexheimer, predates 
the Koyabashi precursor, however it was never successfully activated with fluoride in the 
initial report.33 
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literature focuses on fluoride activated precursors, efforts have lately been 

dedicated towards development of more modern methods for fluoride free 

aryne generation.41 

 

Scheme 4. Selected fluoride-activated aryne precursors.32 

Arynes are versatile reagents that undergo a large number of transfor-

mations, which makes them interesting scaffolds for constructing various 

valuable substrate classes, including heterocycles42–46, polycyclic materi-

als46–48, biaryls49 and natural products44,46,50,51. Apart from the traditional 

nucleophile addition/electrophile capture reactions,32 arynes readily un-

dergo a number of ene- and cycloaddition reactions43,52,  TM-cat reac-

tions48,53–55 and σ-bond insertions56 (Scheme 5).  

 

Scheme 5. Typical transformations involving aryne intermediates.32 
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1.3 C–H activation and C–H functionalization  

The ubiquity of C–H bonds in organic molecules makes them attractive 

targets for direct substitution in order to build more complex scaffolds.16 

Today, the practice of catalytically and selectively replacing hydrogen at-

oms with functional groups (C–H functionalization) is a central part of 

catalytic methodology and a blooming research field. C–H functionaliza-

tion aims to eliminate laborious and wasteful pre-functionalization by di-

rectly accessing organometallic fragments that can partake in catalytic 

transformations. 

A major challenge to C–H bond functionalization is posed by the inert-

ness of C–H bonds. Classically, they have been regarded as generally un-

reactive, and the C–H bond has even been dubbed as the “unfunctional 

group”,57 owing to its typically high bond dissociation energies and low 

acidity.58 However, through the use of transition metals, it has become 

possible to activate and break C–H bonds under relatively benign condi-

tions and subsequently introduce new substituents.  

A number of interpretations exists for the term “C–H activation”, alt-

hough this thesis will use the “organometallic definition”.16 In this inter-

pretation, a transition metal typically coordinates a C–H bond, followed 

by C–H bond cleavage to obtain an organometallic fragment (Scheme 6a). 

This transformation is referred to as C–H activation, and can proceed 

through a number of different mechanisms such as oxidative addition, σ-

bond metathesis, base assisted metalation or SEAr-type metalationiii (Fig-

ure 6b).59 The different modes of activation make it possible to design sys-

tems to target different C–H bonds which affords opportunities for regio- 

and chemoselective transformations that would not be accessible through 

conventional synthesis.17 It is also possible to develop synthetic strategies 

that discriminate between C–H bonds even in complicated systems. This 

has garnered particular attention for is potential in derivatizing natural 

products and bioactive molecules at a late stage in their synthesis (‘late-

stage functionalization’).59–61 

After the C–H activation step, the resulting organometallic fragment 

can subsequently undergo further transformations where the metal is re-

placed with a new functional group. The overall process in its whole is 

referred to as C–H functionalization. 

                        

 
iii According to the strict organometallic definition, metalation via a SEAr-type mechanism 
does not fulfil the criterion for C-H activation as the TM does not directly interact with the 
C-H bond being broken. It is however still a relatively common form of aryl metalation for 
electrophilic metals whereby it is included.   
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Scheme 6. (a) Schematic outline of C–H activation and C–H functionalization; 
(b) Different mechanisms of C–H activation. 

The advantages of C–H functionalization become evident when compar-

ing it to traditional cross coupling reactions (Scheme 7). Traditional cross 

coupling reactions often require formation of stoichiometric organometal-

lic coupling partner. Accessing these fragments can require multi-step pre-

functionalization, and thus implies poorer overall atom economy. C–H 

functionalization represents an attractive alternative as the required organ-

ometallic reagent is generated catalytically without prerequisite function-

alization of substrates. C–H fragments can thus be coupled directly to sub-

strates bearing (pseudo)halide or organometallic substituents (under oxi-

dative conditions). Perhaps the most attractive form of C–H functionaliza-

tion is the dehydrogenative cross coupling reaction in which two different 

C–H fragments are fused. Although theoretically enticing, dehydrogena-

tive cross coupling still require stoichiometric oxidant and it can be diffi-

cult to avoid competitive homocoupling.  
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Scheme 7. Comparison of traditional cross coupling, C–H functionalization and 
dehydrogenative cross coupling strategies. 

Today it is recognized that many transition metals possess the ability to 

perform C–H activation.62 Even though the topic of C–H activation might 

appear quite modern, early examples stretch back a century. In 1931 Kha-

rash and Isbell reported the reaction of AuCl3 with benzene (Scheme 8a). 

The mechanism is proposed to proceed via AuIII π-coordination complex 

19 followed by a SEAr type mechanism, as is often the case for strongly 

electrophilic high-valent TM-centres.63,64 C–H auration proceeds rapidly 

at room temperature with spontaneous HCl release to yield aryl–AuIII chlo-

ride 20.65  

The first reports of ruthenium C–H activation were put forth by Chatt 

and Davidson in 1965.66 In their study, naphthalene was reacted with a 

zero-valent ruthenium species 22 to afford metalated complex 23 (Scheme 

8b).  In complement to the example above, electron-rich low-valent tran-

sition metals often take part in oxidative addition-type pathways, which is 

the case for this C–H ruthenation. 
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Scheme 8. Early examples of C–H activation (a) C–H auration of benzene (18);65 
(b) C–H ruthenation of naphthalene (21).66 

Although several early reports exist of C–H activation they have limited 

synthetic utility as they all rely on stoichiometric use of transition metals. 

It was not until 1993 that Murai and Chatani et. al. reported the first Ru-

based catalytic C–H functionalization (Scheme 9). The C–C cross cou-

pling reaction between arylketones (24) and terminal olefins (25) produces 

ortho-alkylation products 26 in high yields with full regioselectivity due 

to the directing effect of the carbonyl group.67 

 

Scheme 9. Ru-catalyzed C–H functionalization of arylketones 24.67 

1.4 Organoboronates 

Organoboron reagents are valuable reagents in organic synthesis. They are 

able to undergo countless transformations in which a new functional group 

replaces the C–B bond (Scheme 10). As a result, generating synthetic 

building blocks that contain organoboronate functionality is in itself an 

attractive pursuit.13,68–71
  

Organoboronates are perhaps most commonly known for their role as 

coupling partners in catalytic cross coupling reactions such as C–C bond 

forming Suzuki-Miyaura70 and C–heteroatom bond forming Chan-Lam 
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reactions72. As a testament to their popularity, the Suzuki-Miyaura cross 

coupling reaction is today the second most popular transformation in me-

dicinal chemistry and natural product synthesis.73  

 

Scheme 10. Selected transformations of arylboronates.68,70,71,74   

Due to the relatively covalent nature of the C-B bond, arylboronates are 

rather soft nucleophiles compared to classic organometallic species such 

as aryllithium, -magnesium or -zinc reagents. Unlike many of the harder 

organometallic species, most arylboronates are air and moisture stable sol-

ids with long shelf lives, and a large variety is commercially available.75 

Another key feature distinguishing organoboron reagents from hard or-

ganometallic reagents is the possibility of easily tuning their reactivity. A 

multitude of organoboron compound exists, all with varying properties de-

pending on decoration around the B-center (Figure 4a).69,71 

One of the most common motifs found in arylboronate reagents is the bo-

ronic acid pinacol ester, B(pin) (27, Figure 4a). The B(pin) moiety ad-

dresses many of the shortcomings of traditional arylboronic acids such as 

poor solubility profiles and undesired formation of boroxines. Pinacol is 

also an inexpensive feedstock chemical and several strategies have been 

created for convenient preparation of 27 from affordable boron sources 

such as H-B(pin) or B2Pin2.
76 

It is possible to achieve more inert, protecting group-like properties by 

introducing groups that diminish the Lewis acidity of the B center through 

interaction with the empty 2p orbital (Figure 4a).77 Examples of this can 

be seen for B(mida)78 (28) or B(dan)77 (29), both of which have success-

fully been employed for iterative coupling strategies in which dibora-sub-

stituted arenes undergo selective substitution of one C–B bond whilst 
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retaining the other for a future step (Figure 4b).69,70,79–81 A number of pro-

tocols exists for facile interconversion between boronate species which al-

lows for sequential activation/deactivation.82,83  

Conversely, the nucleophilicity of arylboronates can be increased by 

adding charge to the B-center via introduction of charged Lewis basic 

groups such as fluoride to make trifluoroborate salts (R–BF3K)84,85 (30) or 

alkoxides to make cyclic triolboronates (R–B(triol)M) (31, Figure 4a).86 A 

more detailed discussion of arylboronate nucleophilicity can be found in 

section 4.1.3. 

 

Figure 4. (a) Selected arylboronate functionalities and their properties. (b) itera-
tive coupling strategy for dibora-substituted substrates.69,70,79–81 

Historically, the synthesis of arylboronates (Scheme 11) has typically re-

lied on converting aryl halides (32) to hard organometallic intermediates 

(33, e.g. aryl lithium or Grignard) followed by a reaction with a borate 

ester (Scheme 11a). The resulting boronate adduct 34 can be converted to 

boronic acid 35 on acidic workup or directly transformed into various 

boronate esters 36.87  

The B(pin) moiety has garnered particular interest owing to its wide-

spread use in cross coupling reactions.71 Along with the increased demand 

for arylboronate species, more elaborate synthetic strategies for prepara-

tion of arylboronates have been developed and refined over the last two 

decades. In 1995 Miyaura and co-workers published the first catalytic C–

X borylation. In their seminal study, a Pd-catalyzed C–X borylation of ar-

ylbromides  (32) was conducted using a diboron source (B2Pin2, 37a) un-

der relatively mild conditions (Scheme 11b),88 which allowed for the in-

troduction of previously inaccessible functionality. More recently, 
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analogous catalytic methods involving less precious metals (e.g., Co, Cu, 

Ni, Zn and Fe)70,89 have also been developed. Although the the Miyaura 

borylation reaction has significantly increased the availability of more 

decorated arylboronate species, it relies on the prior installation of a 

(pseudo)halide. Furthermore, the protocol does not always lend itself to 

selective borylation of substates bearing multiple (pseudo)halides and re-

action conditions have to be carefully tuned in order to avoid competing 

Suzuki-Miyaura cross coupling.90 

To mitigate many of these issues, protocols for C–H borylation of 

arenes have also been developed (Scheme 11c).91 Early examples relied 

on stoichiometric Fe-, Re- or Mn- boryl carbonyl complexes, although 

several catalytic methods have since been developed.91 The first instance 

of catalytic C–H borylation of arenes (38) was reported by Hartwig and 

co-workers92 using B2Pin2 (37a) and shortly after by Smith and co-work-

ers93 using HBpin (37b) in which low catalytic loadings of Cp*Rh(η4-

C6Me6) expediently borylated a variety of arenes in good yield. Although 

they were found to be effective for a large variety of substituted arenes, 

these early Rh-catalyzed protocols required high reaction temperatures 

and proved to be rather promiscuous in terms of bond activation and often 

provided low chemoselectivity (C–X vs C–H).94 Ir catalysts, which were 

initially overlooked due to low turnover numbers,95 gained traction as 

they, unlike Rh-based catalysts, tolerated C–X groups and afforded highly 

regioselective borylation.94 To a first approximation, the Ir-catalyzed aryl 

C–H borylation reactions selectively target more sterically accessible C–

H bonds.94   

Extensive efforts have since been dedicated to the development of Ir-

catalyzed arene C–H activation91 and today its use is widespread.74,96 Typ-

ically, contemporary C–H borylation protocols are based on [Ir(μ-

OMe)(COD)]2 as a precatalyst, a 2,2’-bipyridine ligand (typically 4,4'-di-

tert-butyl-2,2'-bipyridyl, dtbpy) and uses 37a as the boron source.97 Reac-

tion conditions are exceptionally mild and excellent yields are typically 

afforded with low catalyst loadings at room temperature (or close to it). 

Paired with diverse downstream transformations (Scheme 10) the C–H 

borylation protocol can effectively be used to access a large number of 

highly functionalized arenes without prior functionalization.74 
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Scheme 11. Synthetic strategies for accessing arylboronate species; (a) stoichio-
metric metalation; (b) TM-catalyzed C-X borylation of aryl (pseudo)halides (32); 
(c) TM-catalyzed C–H borylation. 

1.5 Aim of thesis 

The aim of this thesis is to address various issues pertaining to contempo-

rary arene functionalization. To that end, challenges involving the synthe-

sis and reactivity of certain aryne precursors were also resolved. Develop-

ment of a streamlined protocol for preparation of aryne precursors from 

aryl boronic acids via Ru-catalyzed C–H silylation will be discussed (Pa-

per I). Subsequently, the thesis treats an entirely new approach to exert 

control over regioselectivity in aryne-mediated reactions through the use 

of TMs (Paper II). The final two sections will describe sustainable proto-

cols for preparation of organo-AuI through either transmetalation from ar-

ylboron reagents or direct aryl C–H activation by AuI chlorides (Papers III 

and IV).  
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2 Aryne precursors from arylboronates via 

C–H functionalization (Paper I) 

2.1 Aryne synthesis and generation 

As described in section 1.2, ortho-silylphenyl triflates (12) are the most 

commonly employed type of aryne precursors in contemporary methodol-

ogy. They are most commonly prepared from ortho-bromophenols (39) 

(Scheme 12a). According to the one-pot protocol developed by Peréz and 

Gutián,98 the hydroxy group of the phenol is first silylated and subsequent 

lithium/halogen exchange with the adjacent bromide triggers a retro-

Brook rearrangement to afford ortho-silylphenolate 41b. This phenolate is 

then finally trapped with a sulfonylating agent (Tf2O or PhNTf2). Arynes 

can be directly generated from ortho-silylphenols 42a themselves (also 

derived from 41b by an alternative simple aqueous workup) using a one-

pot sulfonation/activation protocol, as demonstrated by Akai and co-work-

ers with NfFiv (43) acting as both sulfonylating agent and activating fluo-

ride source.35 

 

Scheme 12. (a) Representative synthesis of Kobayashi precursor 12; (b) One-pot 
aryne generation from ortho-silylphenols 42a using NfF (43).35 

  

                        

 
iv NfF is an air stable, inexpensive sulfonylating agent and aryne precursors bearing ONf 
nucleofuges tend to be more stable than the OTf isosteres.35 
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2.1.1 Via ortho-C−H activation 

Despite the general effectiveness of the above protocols, they remain prac-

tically limited by the relative scarcity of readily available (C6-unsubsti-

tuted) ortho-bromophenols. ortho-Silylation by directed C–H lithiation 

(DoM) of aryl amides99, ethers100 and carbamates101 has thus been pursued 

as an alternative approach. The applicable substrate scope for this method 

is, however, constrained in its own way by the limited functional group 

tolerance imposed by the use of strongly basic organolithium reagents. 

To address the issues that accompany DoM protocols, a handful of analo-

gous TM-catalyzed systems have been developed based on similar di-

rected ortho-C−H activation strategies (Scheme 13).  

In 2010 Greaney and co-workers reported that benzoic acids can serve 

as de facto aryne precursors (Scheme 13a).  Their protocol was based on 

a Pd-catalyzed carbonyl directed ortho-C–H activation approach for aryne 

generation and subsequent [2+2+2] cycloaddition afforded triphenylenes 

6.102 Despite the use of an inexpensive feedstock, the utility of this proto-

col remains limited due to moderate yields (≤ 47%), narrow scope and the 

requirement for a complex reaction mixture.  

Precursor preparation via TM-catalyzed ortho-C−H functionalization 

include the installation of an ortho-silylphenol moiety en route to aryne 

precursors. Gevorgyan and co-workers showcased pyrimidyldiiso-

propylsilyl (PyrDipSi)103 (45) as a directing group for Pd-catalyzed ortho-

C−H acetoxylation (Scheme 13b). Subsequent hydrolysis of intermediate 

46 and sulfonation affords functionalized precursors 47 in moderate 

yields. Parallel with our work, Jeon and co-workers developed a three-part 

system for ortho-C−H silylation of acetoxy bearing arenes 48 (Scheme 

13c).104,105 The system uses Ir-catalysis for formation of silyl acetals which 

are subsequently cyclized with Rh-catalysis via ortho-C−H activation. 

Converting the resulting dioxasiline 49 into the target ortho-silylphenol 

42b is achieved with excess methyl lithium.  
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Scheme 13. Access of arynes and aryne precursors via ortho-C–H activation strat-
egies (a) Greaney and co-workers’ Pd-catalyzed benzyne generation from benzoic 
acid;102 (b) Gevorgyan and co-workers’ acetoxylation strategy;103  (c) Joen and 
co-workers’ dioxasiline route.104,105  

2.1.2 Project background 

Given our group’s background in C–H silylation36,106,107, organoboron-
36,108–112 and aryne chemistry36,110,112 we envisioned a route to access aryne 

precursors starting from arylboronic acids (35, Scheme 14). The protocol 

was inspired by Suginome and co-workers’ use of aryl anthranil-

amidoboronates, ArB(aam) (51), wherein the B(aam) moieties act as di-

recting groups for catalytic ortho-C–H silylations (Scheme 14a).77,113–115 

The resulting ortho-silylated boronates are normally postfunctionalized 

via halodesilylation and used in iterative Suzuki-Miyaura couplings.113,114 

We envisioned, however, that oxidation would instead convert the B(aam) 

group to give ortho-silylphenol functionality required for aryne genera-

tion.116 Moreover, we further believed that the entire sequence, starting 

with ArB(OH)2 and leading to the aryne precursor (via boronate protec-

tion, C–H silylation, boronate oxidation and sulfonylation) - and possibly 

even the aryne capture products themselves - might be viable in a one-pot 

or semi-one-pot procedure that does not require chromatographic purifi-

cation of intermediates. Based on this concept, we pursued a streamlined 

synthetic protocol for the preparation of aryne precursors 13a originating 

from readily available arylboronic acids (Scheme 14b).  
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Scheme 14. (a) ortho-Directed catalytic C–H silylation protocol by Suginome;113–

115 (b) our proposed approach to precursors 13a from arylboronic acids 35.36 

2.2 Results and discussion 

Initially, we set out to investigate C–H silylation of unsubstituted 

PhB(aam) using triethylsilane, catalytic loadings of [RuH2(CO)(PPh3)] 

and norbornene as a hydrogen scavenger (Scheme 15). Reaction in toluene 

at 135 °C cleanly afforded ortho-silylated PhB(aam) 52a and treatment of 

the crude reaction mixture with H2O2 in EtOH under basic conditions af-

forded 53a in 47% yield over three steps (from arylboronic acids) with a 

single purification step. Similar results were obtained upon changing the 

catalyst to [Ir(μ-OMe)COD]2 or [Ru3(CO)12]. Substitution for dime-

thylphenylsilane increased the yield to 81% (53b). Introduction of fluoride 

(53c) as an ortho-substituent was well tolerated, whereas substituents with 

a greater steric profile (methyl, 53d) resulted in no conversion. This loss 

in activity likely arises from a twist of the directing group out of plane, 

aligning it perpendicular to the aryl system due to steric clash with larger 

ortho-substituents, which in turn inhibits ruthenation.115 Bromide (53e) 

and chloride (53f) substituents were also not tolerated in the ortho-posi-

tion, possibly due to the same steric effect or Ru-mediated C–X bond 

cleavage. Substrates bearing phenyl (53g), trifluoromethyl (53h), amido 

(53i), ester (53j), silyl (53k), p/m-chloro (53l, 53m and 53p), fluoro (53n, 

53o, and 53p), and amino (53q) functionality were well tolerated with the 

established conditions. Unsymmetrically substituted substrates (53m, 53n 

and 53p) were exclusively silylated at the less sterically hindered C–H 

bond, except for difluorinated substrate 53n, which yielded ortho/ortho' 

silylated products in a 3:1 ratio. Both carbazole- (53q and 53r) and fluo-

rene-based (53s) substates were compatible with the protocol, although 

H2O2 was replaced with the milder oxidant NH2OH·HCl.117 Isolated 
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phenols 53p, 53r and 53s was further subjected to sulfonation using NfF 

(43), affording nonaflates 54a–c in good yields. 

 
Additional details to general conditions: (i) boronic acid (0.5−1.0 mmol); (ii) silane (5 
equiv), nbe (5 equiv); (iii); a [Ir(μ-OMe)COD]2 (5 mol %), PPh3 ligand (15 mol %). b 

[Ru3(CO)12] (6 mol %), PPh3 ligand (36 mol %); c Complex mixture; d 3:1 mixture of regi-
oisomers (major isomer shown); e Conditions: NfF (1.1 equiv), NaH (1.1 equiv), THF or 
MeCN, 0 °C to rt, 16 h; f Column chromatography after steps 2 and 3, conditions for step 
iii: NH2OH·HCl, NaOH, EtOH, rt. 

Scheme 15. Reaction scope of ortho-silylphenol preparation from phenylboronic 
acids.  

With a robust protocol in hand for the preparation of ortho-silyl phenols, 

we were keen to investigate the prospects of aryne generation from the 

prepared precursors. Nonaflates 54b and 54c were successfully activated 

using CsF/18-crown-6 in MeCN and readily underwent [4+2] cycloaddi-

tions with furan or N-Boc-pyrrole or diiodination with I2 to give aryne 

capture products 55a-c (Scheme 16).  
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Scheme 16. Activation and capture of nonaflated precursors 54b and 54c. 

Since the synthesis of ortho-silylphenols 53 proceeded without any nota-

ble by-product formation, we decided to investigate the possibility of a 

one-pot aryne capture sequence without any intermediary chromato-

graphic purification, starting from phenylboronic acid (35a) (i.e., 5 steps, 

Scheme 17). ortho-Silylphenol 53b was prepared via the above listed three 

step protocol and then subjected to a simple aqueous wash as purification. 

Subsequently, crude 53b was treated with NfF (43), Cs2CO3 and 18-c-6 to 

generate benzyne (1) which was trapped using nitrone, furan or N-Boc-

pyrrole. The resulting cycloaddition products 55d–f were all obtained in 

good overall yields from 35a. 

 

Scheme 17. One-pot generation and capture of 1 starting from 35a without inter-
mediary purification. 
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2.3 Concluding remarks 

We have successfully devised a Ru-catalyzed C–H silylation protocol that 

allows for convenient preparation of aryne precursors starting from aryl-

boronic acids. No intermediary purification is required, and chromatog-

raphy can be postponed until the last step. Benzyne cycloaddition products 

could be isolated in good yields starting from phenylboronic acid with a 

single purification over five steps. The general protocol returns high 

yields, and a wide variety of functional groups were tolerated under the 

mild reaction conditions. Selective mono-silylation was observed in all 

cases. Given the broad scope of the method and the large abundance of 

commercially available arylboronic acids, we foresee that this protocol 

will be useful for expedient preparation of more versatile aryne precursors 

in the future.  
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3 Controlling aryne selectivity using 

transition metals (Paper II) 

3.1 Regioselectivity in unsymmetric arynes 

3.1.1 Regioselectivity and the distortion model 

Aryne-mediated synthetic transformations provide a wide array of inroads 

to diverse scaffolds with complex substitution patterns. Most commer-

cially available aryne precursors themselves, however, only bear simple 

symmetric substituent arrangements. Additionally, development of new 

aryne-mediated reactions tends to initially focus heavily on symmetric 

precursors as well. This focus likely arises in part from the relative ease of 

synthesis of such precursors and the avoidance of regioisomeric product 

formation associated with their use. 

In symmetrically substituted arynes, the two triple bonded carbons are 

chemically equivalent. Consequently, nucleophilic addition will yield 

identical products regardless of which carbon that is attacked (Scheme 

18a). In the capture of unsymmetrical arynes, the carbons are not chemi-

cally equivalent and a mixture of regioisomers is commonly afforded 

(Scheme 18b). The distribution of regioisomers arising for nucleophilic 

addition is governed by subtle steric and electronic effects exerted by both 

the aryne and the arynophile. 

 

Scheme 18. Capture of: (a) symmetric arynes; (b) unsymmetric arynes. 
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It is possible to influence the regiochemical outcome of nucleophilic ad-

dition to a certain extent by altering the properties of the substituents on 

the aryne ring. Specifically, this influence can manifest through either in-

ductive electronic effects,118 steric repulsion,119 or ring strain120–122 (Figure 

5).118,123 Sterics, ring strain, and inductive effects by electronegative 

groups (ENG) specifically all favor addition distal to the influencing sub-

stituent, whereas inductive effects by electropositive groups (EPG) favor 

proximal addition. This chapter will focus on expanding possibilities with 

respect to proximal regioselectivity induced by EPG inductive effects as 

this is the least well-developed mode of aryne regiocontrol.  

 

Figure 5. Means of inducing regioselectivity in substituted arynes.118,123 

Early attempts at explaining aryne regioselectivity attributed the regio-

chemical outcome to a mixture of steric shielding and how well the result-

ing negative charge is stabilized via inductive effects.124,125 The predictive 

power of this model was however poor and it has since been replaced by 

more sophisticated models such as the Aryne Distortion Model 

(ADM)118,126,127 developed by Garg and Houk. It serves as the most effec-

tive contemporary tool for predicting the regioselective outcome of aryne 

capture reactions128,129 by identifying differences in the distortion energy 

required to reach the two competing regioisomeric transition states as the 

primary determinant rather than steric or electrostatic effects (Scheme 

19).118 These differences are most pronounced in arynes bearing substitu-

ents which are strongly electron withdrawing or donating. 
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Scheme 19. Aryne distortion and reaction profile of systems carrying EPG sub-
stituents. 

To explain why, it is important to note that in the transition state for nu-

cleophilic addition to arynes, the internal bond angle of the attacked aryne 

carbon increases, i.e., that center becomes more linearized, as exemplified 

for EPG substituted arynes in Scheme 19.119 To minimize the distortion 

energy required to attain this particular transition state geometry, it is thus 

beneficial for the corresponding ground state geometry to feature a similar 

degree of flattening at the prospective site of addition. The presence of an 

additional EPG on the aryne ring results in uneven rehybridization of 

atomic orbitals involved in the σ-bond framework of the aryne ring (ac-

cording to Bent's rule)130, such that the ground state geometry of the aryne 

carbon proximal to the EPG is more linearized than the distal carbon. 

(With ENGs, this relationship is reversed.) Consequently, the internal 

bond angle difference (BAD) of the C≡C in the ground state serves as a 

useful metric for forecasting the extent of regioselectivity that would be 

obtained in a nucleophile capture reaction; a larger BAD is expected to 

afford greater selectivity. In silico methods can therefore, to an extent, be 

conveniently employed for qualitative evaluation of substituent ef-

fects.128,129  

3.1.2 Remotely induced regiocontrol 

The extent of regiocontrol in aryne capture reactions is not only governed 

by the inductive strength of the substituents, but also their placement in 

relation to the C≡C triple bond. Substituents that are situated vicinal (ad-

jacent) to the triple bond will have a higher impact on bond distortion than 

remote substituents as electronic inductive effects diminish over distance. 

Consequently, most reported examples of high levels of regioselectivity 

features substrates carrying adjacent substituents rather than remote.  
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Several adjacently positioned ENGs have shown to be capable of produc-

ing useful regioselectivities for distal additions,40,131–136 such as tri-

flate134,136–139, alkoxides66,140,141 and heterocycles119,127,142–149. However, 

their bearing on regioselectivity as remote substituents remains to be fully 

investigated. Fluorine is the strongest inductive ENG and yet precursor 59 

bearing a fluoride substituent one carbon position away (remote) from the 

C≡C triple bond results in a significantly less distorted aryne (60) and thus 

only a modest regioisomeric excess of distal addition product 61 (Scheme 

20).  

 

Scheme 20. Comparison of regioselective outcome for adjacent 57 vs remotely 60 
substituted fluoroarynes.v  

As this example demonstrates, inducing regioselectivity using remote sub-

stituents is challenging.vi  Arynes bearing adjacent EPGs have been thor-

oughly studied, with both boryl and silyl substituents generally affording 

high regioselectivities (Figure 6). The relatively low steric profiles150 of 

B(dan)151 (62) and B(pin)152–154 (63) allow for proximal addition of nucle-

ophiles in high selectivity despite adjacent borylation (Figure 6). Even 

small alkylsilanes66,152,155,156 (TMS, 64) offer sufficient steric clash to de-

flect many incoming nucleophiles to the distal position, despite 64a having 

                        

 
v Unpublished work. Literature reports of N-Me-aniline addition to proximally substituted 
fluoroaryne 57 also afford full regioselectivity under similar condition.118  
vi To the best of our knowledge, only one example exists where inductive electronic effects 
of an ENG can be directly linked to enhanced regioselectivity in aryne capture reactions.138 
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a significant BAD in preference of proximal addition.vii This deflection is 

most prevalent for bulky nucleophiles (e.g. tBuNH2) whereas smaller nu-

cleophiles still preferentially add proximally (e.g. NH3) (Figure 6).155 

A few examples of remotely controlled regioselectivity using EPGs can 

be found in the literature.110,143,157,158  Although, it is difficult to attribute 

the observed selectivity of these systems to electronic effects alone as most 

examples bear sterically imposing substituents. To the best of our 

knowledge, a previous study carried out in our group is the only compre-

hensive work on an effective, remotely positioned EPG that affords syn-

thetically useful regioselectivities through inductive effects alone (Figure 

6).158 Specifically, in situ formation of fluoroboronate species 65b from 

the correspondingly aryl-B(pin) 65a increases the electron density of the 

ring system sufficiently to afford a considerable BAD (13°). Careful opti-

mization of additives which aid in cation abstraction further increases the 

inductive electron donating ability of the fluoroboronate to the point where 

selectivities of >25:1 can be obtained.viii  

   

Figure 6. Selected EPG substituted arynes and their effect on BAD.151–155 

Literature reports using EPGs for aryne control are limited to main group 

elements, typically B, C and Si, due to their synthetic utility and ease of 

handling. But what if we were not limited to main group elements? We 

                        

 
vii Garg and Houk and co-workers has performed a comprehensive study detailing steric vs 
electronic effects of aryne substitution and its influence on regioselectivity.118  
viii Exclusive selectivity could be obtained in a handful of entries, although these substrates 
all carry additional aryl substituents. Enhancement of regioselectivity in these cases cannot 
be attributed to inductive electronic effects alone. 
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hypothesized that transition metals might have been overlooked as a class 

of strong EPGs for the control of aryne regioselectivity.  

3.2 Arynes and transition metal complexes   

3.2.1 Can transition metals influence aryne regioselectivity? 

Transition metal-benzyne complexes have been actively studied since the 

late 1960s.159,160 In such reported complexes, however, the transition metal 

interacts directly with the aryne triple bond to form η2-coordination com-

plexes (Figure 7). Unlike electrophilic free arynes, these metallacyclopro-

penes exhibit nucleophilic reactivity instead.53 

Despite the extensive studies of aryne-TM η2-(π)-coordination com-

plexes, no examples have been reported for arynes bearing (σ-bonded) 

Caryl-TM substituents on the aryl ring where the metal is not directly inter-

acting with the aryne triple bond (Figure 7).ix We envisioned the use of 

transition metals as a potent class of EPGs for the control of aryne regi-

oselectivity, given that transition metal cations Mn+ (n ≤ 4) generally have 

lower electronegativities than that of tetravalent B+3 or Si4+.161 We thereby 

set out to investigate the levels of internal distortion (BAD) of a number 

of remotely substituted TM complexes computationally using DFT (Fig-

ure 8), focusing on complexes we deemed readily synthetically accessible.  

 

Figure 7. Aryne-metal complexes and effects on distortion. 

Noble metals were chosen as EPGs for initial DFT calculations as they are 

known to produce isolable aryl complexes. Early calculations focused on 

linear d10 AuI complexes as they are expected to be strongly electroposi-

tive,161 and many aryl-AuI complexes are known to be relatively inert and 

                        

 
ix Only two instances of remotely-metalated aryne precursors have been reported. Sterene-
berg and Tsui has described a Pt-promoted [4+2] alkyne-diyne cycloaddition reaction.274 
Recently, Garg and co-workers reported a Pd-catalyzed aryne benzannulation on Ru- and 
Ir-bipyridyl complexes.275 However, these transformations do not formally involve a Caryl-
TM aryne species.  
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thus suitable for synthesis (Figure 8).162 For calculated ground-state geom-

etries, even at remote substitution both AuI-phosphine 67a and AuI-NHC 

67b substituents appear to afford significant distortion of the triple bond 

compared to the analogous main group element substituted complexes 

(B(pin) 65a and TMS 66). Significant BAD was also predicted for cy-

cloiridated phenylpyridine complex 68a. 

   
Ground state calculations were performed using B3LYP/6-31+G(d,p) with LANL2DZ for 
Au and Ir. 

Figure 8. Remotely substituted (EPG) arynes and their predicted BAD. 

With the computational results forecasting a significant regioselectivity 

for the metalated substrates, we set out to validate the findings experimen-

tally. A variety of methods can be used to access organo-AuI complexes, 

and accessing the precursor to arynes 67a and 67b from the corresponding 

aryl boronate led us later to investigate several improved approaches 

(Chapter 4). Aryl-AuI NHC complex 69 was prepared and subjected to 

standard capture conditions using nitrogen nucleophiles (Scheme 21a). 

Alas, capture products 70 were prone to protodeauration,x  and it proved 

difficult to isolate the metalated capture products.  

We hypothesized that cyclometalated platinum group metal complexes 

68 might be less prone to demetallation given the congested coordination 

sphere (Scheme 21b), and that the aryne fragment belongs to a chelating 

ligand from which loss of the transition metal is less likely. Given the high 

predicted BAD for these complexes, we set out to investigate this class of 

compounds experimentally. 

 

                        

 
x Electron-rich aryl-AuI complexes have been shown to be particularly susceptible to pro-
todemetalation.170 
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Scheme 21. (a) Capture attempt of aryne-AuI complex; (b) outlook for further 
captures using platinum group metals. 

3.3 Results and discussion 

Cyclometalated aryne precursors 71–73 (Scheme 22) were prepared using 

a divergent synthetic protocol stemming from borylated aryne precursor 

74 which has been extensively investigated in our group.110,158 5-Mem-

bered metalacycles containing the phenylpyridine (ppy) motif 75 were ac-

cessed via Suzuki coupling of 74 with 2-bromopyridine. Depending on the 

final desired ligation pattern, 5-membered cyclometalated complexes 71 

can subsequently be obtained from direct metalation of 75 or afford tris-

cyclometalated complex 73 from transmetalation of borylated intermedi-

ate 76. Access to 6-membered iridacycle 72 was achieved through oxida-

tion of 74 to the corresponding phenol 77, followed by SEAr to form 

pyridyl ether 78 and finally metalation affords 72. 
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(i) [Ir(μ-OMe)(COD)]2 (2.5 mol%), dtbpy (5 mol%), B2Pin2 (1.2 equiv), THF 50 oC, 18 h.; 
(ii) 2-Bromopyridine (1.7 equiv.), Pd(PPh3)4 5 mol%,  K2CO3 (1.7 equiv.) H2O/DME (1:1), 
100 oC, 20 h; (iii) [(TM)Cl2(L)]2, rt., KOAc/MeOH (71c, 22 h) or NaOAc/DCM (71a–b, 
60 h); (vi) [RhCl(COD)]2 (5 mol%), IPrCl (10 mol%), tBuOK (10 mol%), B2Pin2 (1.2 
equiv), hexane, rt. 41 h; (v) [Ir(ppy)2(CH3CN)2]PF6, K3PO4 (2.8 equiv.), iPrOH, rt. 24 h; 
(vi) Oxone (1.0 equiv), acetone/H2O (1:1), rt. 3 h.;  (vii) Pyridine-N-oxide (1.1 equiv.), 
PyBroP (1.3 equiv.), iPr2NEt (3.8 equiv.), DCM, rt. 8 h; (viii) [Cp*IrCl2]2, NaOAc, DCM, 
rt. 46 h; 

Scheme 22. Synthetic strategies for accessing cyclometalated aryne precursors 
71–73. 

Initially, we set out to investigate the reactivity of five-membered phenyl-

pyridine based metallacycles 71–73 using capture conditions previously 

established in the group (Scheme 23).158 

p-Toluidine was used as a representative nitrogen nucleophile and af-

forded exclusive regioselectivity for proximal addition for metallacycles 

bearing IrIII 79a, RhIII 79b and RuII 79c metal centers. This level of regio-

control has never been observed through inductive effects of a remote sub-

stituent alone.xi In the absence of aniline nucleophile, fluoride addition 

product 79d is afforded in high regioselectivity (11:1). Heteroleptic tris-

cycloiridated complex 70 was successfully activated and captured with 4-

fluoroaniline to afford 80 as the only observed addition product. Six-mem-

bered cycloiridated phenoxypyridine complex 72 also afforded exclusive 

proximal selectivity for a number of substituted anilines 81a–c. High lev-

els of regioselectivity were also observed for 2º (morpholine, 81d) and 1º 

(n-butylamine, 81e) aliphatic amines. Capture with n-butylamine resulted 

                        

 
xi A few examples of high regioselectivity using remotely substituted EPGs exist, but they 
all feature additional substituents that can also influence regioselectivity through inductive 
or steric effects. 
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in additional chloride substitution on the Ir-center forming a single isomer 

of cationic complex 81e.  

 
 
a 19F NMR yield determined using C6F6 as internal standard; b 1H NMR yield determined 
using 1,3,5-trimethoxybenzene as internal standard. 

Scheme 23. Arynophile addition scope. 

With simple protic nitrogen nucleophiles affording high regioselectivity, 

we decided to investigate the reaction of 72 using azides as arynophiles to 

afford [3+2] cycloaddition products 82a and 82b (Scheme 24). Both ben-

zyl azide and bromophenyl azide afforded cycloaddition products in high 

regioselectivity from proximal attack of the azide α-nitrogen. 

 

Scheme 24. [3+2] aryne azide captures of 72. 
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For all entries, the observed regiocontrol is consistent with predictions 

from Bent’s rule. However, metalated aryne precursors differ significantly 

from substrate classes that have priorly been validated using the ADM. 

Therefore, we decided to perform our own computational investigation 

into these metalated aryne precursors. 

Ground-state geometries were calculated for metalated complexes 68a 

and 83 (Scheme 25a). Both complexes appear to have a significant internal 

distortion of the triple bond compared to their non-metalated analogues 84 

and 85 (ΔBAD = 8.6º and 10.3º difference respectively).xii The large BAD 

correlates well with the high selectivity observed in the capture reactions 

and, consistent with the ADM, the proximal carbon is linearized and gets 

attacked preferentially. The BAD (≤ 0.2 º) of the non-metalated ligands 

(84 and 85) is negligible and no significant regiochemical preference is 

expected prior to metalation.  

Electrostatic potential maps and natural bond orbital analysis reveals 

that metalation increases the electron density of the phenyl ring fragment. 

We envisioned that the increase in electron density might conversely de-

crease the rate of aryne activation by reducing the susceptibility of the 

TMS group to attack by the fluoride anion activator. DFT calculations sug-

gests fluoride addition to the TMS center being the rate-determining step 

in aryne generation and Hammett plot analysis of the TS shows strong 

correlation between aryl electron density and ease of activation.163 

To investigate this concept experimentally, a competition experiment 

was designed using equimolar amounts of metalated and non-metalated 

complexes 71a and 75 combined with a single equivalent of fluoride 

source (Scheme 25b). Full consumption of 75 was observed after 5 hours 

whereas metalated precursor 71a could be recovered almost quantita-

tively. This observation correlates well with the above prediction that the 

increased electron density arising from metalation slows the rate of aryne 

generation in 71a. For non-metalated ligand 75, aniline addition products 

86a and 86b were obtained with negligible regiochemical differentiation 

(1.5;1), thereby substantiating the requirement for metalation in order to 

achieve a high degree of regiocontrol. 

                        

 
xii As a rule of thumb, BAD ≥ 5º is considered sufficient to obtain useful regioselectivity 

in many systems.128,129 
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Scheme 25. (a) Ground-state geometries for cyclometalated arynes and their free 
ligand analogues (B3LYP/ 6-31+G(d,p) with LANL2DZ for Ir); (b) competition 
experiment of metalated vs non-metalated precursor. 

3.4 Concluding remarks 

Cyclometalated aryne precursors bearing platinum group centers were 

successfully synthesized and reacted with various nitrogen-based nucleo-

philes to obtain functionalized aryl products in high regioisomeric ratios. 

Indeed, this research marks the first example of an aryne capture reaction 

providing total regioselectivity using only inductive electronic effects ex-

erted by a remote substituent. Observed regioselectivities were corrobo-

rated with DFT and the results were be found to align with the predictions 

of the ADM. With this work serving as a successful proof of concept, the 

development of a catalytic version of these cyclometalated aryne systems 

is a tantalizing prospect. 
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4 Mild preparation of (Hetero)aryl-AuI 

complexes (Papers III and IV) 

4.1 Introduction 

As described in Section 3.2.1. we had an interest in preparing aryl-AuI 

complexes to use as aryne precursors. Preparation of these complexes ne-

cessitated mild reaction conditions in order to tolerate the delicate ortho-

silyltriflate moiety. However, most reported procedures for the preparation 

of aryl-AuI species rely on harsh reaction conditions. It was clear that 

milder synthetic protocols are required in order to accommodate more la-

bile substituents. Therefore, we set out to develop our own synthetic meth-

ods for accessing aryl-AuI complexes. 

4.1.1 Application and interest of AuI complexes 

Gold has been historically overlooked in the context of synthetic organic 

chemistry, with some even declaring it “catalytically dead” as late as 

1995.164 Nonetheless, the popularity of gold in synthesis has grown expo-

nentially during the last two decades, with numerous reports of organogold 

compounds being applied to catalysis165, materials chemistry166 and bio-

chemical167,168 systems. Organogold compounds are commonly found as 

either AuI or AuIII complexes; only discussion of the former, however, are 

particularly germane to the contents of this thesis. 

AuI complexes (LAuR) are 2-coordinate, linear, 14-electron com-

plexes. Due to their 5d10 closed shell configuration (5d106s0) AuI com-

plexes are relatively stable in comparison to many other organometallic 

reagents.169,170 They are commonly ligated with a strongly σ-donating L-

type group, typically a phosphine or NHC, in order to avoid reduction to 

elemental gold. Various anionic (X-type) ligands are reported for LAuX 

complexes, including halides, thiolates, as well as (hetero)aryl and alkynyl 

residues.  

AuI complexes are encountered in a number of areas ranging from me-

dicinal chemistry to catalysis. AuI halide complexes are readily used as 

precursors for the preparation of LAuR complexes or as (pre)catalysts in 
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a number of reactions; commonly as π-acids in alkene or alkyne function-

alization reactions.171–173 They have recently sparked new interest as they 

exhibit interesting anti-microbial174 and anti-cancer168,175 properties. Other 

medicinally active compounds include AuI thiol complexes, as exempli-

fied by the antirheumatic drug Auranofin (Figure 8). Several AuI com-

plexes also display interesting photophysical properties that render them 

suitable for potential applications as near-IR probes.176,177  

 

Figure 8. Select AuI complexes and reactivity of aryl-AuI complexes.  

While there exist many different classes of organo-AuI complexes, we 

chose to focus on aryl-AuI complexes. Unlike many other transition metal 

aryl complexes, most aryl-AuI complexes are air and moisture stable and 

exhibit a large resistance towards decomposition pathways that are other-

wise common for analogous organometallic reagents.170,178–180 

Aryl-AuI complexes have proven to be useful substrates for a number 

of transformations (Figure 8). They have also been shown to be key inter-

mediates in a number of catalytic cross coupling reactions.181–183 Aryl-AuI 

complexes have also been shown to be suitable organometallic reagents in 

Pd-184,185, Ni-186 and Rh-187 cross coupling reactions. In the presence of 

electron-rich arenes and an oxidant they can undergo AuI/AuIII C–H cross 

coupling.188,189 Furthermore, aryl-AuI complexes have been shown to ex-

hibit interesting photochemical properties (e.g., mechanochromism and 

luminescence).180,190,191   
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4.1.2 Synthesis of aryl-AuI complexes 

Several synthetic pathways exist for the preparation of aryl-AuI complexes 

(87). Some of the most common strategies are depicted in Scheme 26. 

Traditionally, aryl-AuI complexes (87) are prepared from the reaction 

between an aryl lithium or magnesium species (33) and a AuI-halide com-

plex. Although this practice still persists in many contemporary publica-

tions,192–194 the harsh reaction conditions severely limit the range of toler-

ated aryl substituents. Intermediate formation of toxic arylstannanes has 

also been employed.195–197 

 

Scheme 26. Synthetic strategies for preparation of aryl-AuI complexes (87). 

More recently, protocols have been developed by Gray and Nolan for the 

preparation of 87 from the transmetalation of aryl boronates (36).198,199 

Generally, transmetalation is performed from the arylboronic acids 

(35)198–200 but has also been reported from pinacol esters (27)176,189,199,201 

and trifluoroborate salts (30)202. These protocols often require elevated 

temperatures, hazardous solvents and/or superstoichiometric amounts of 

aryl boronic acid (35). They also have not been demonstrated to accom-

modate a larger variety of ligands on the Au-center.  

A handful of examples also exist for the transmetalation of aryl silox-

anes (89) to form 87.199 These reactions require high reaction temperatures 

(>100 °C) and pre-formation of an AuI-hydroxy complex 90. 

One of the more recent tools for accessing AuI aryl complexes is via C–

H activation of “acidic” (pKa(DMSO) < 31)204 C–H bonds in haloarenes (91) 

and heteroarenes (92).178,205–208  Seminal work was conducted by Larrosa 

and co-workers on a Ag-mediated C–H auration of highly electron-defi-

cient arenes (91) using an in situ formed AuI-pivalate (piv) species 

(Scheme 27a).206 Auration takes place under relatively mild conditions and 
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is proposed to proceed via a CMD-type pathway (TS93).xiii Further work 

successfully expanded the substrate scope to include less acidic halo- and 

heteroarenes; the use of Ag and carboxylate bases was also ultimately 

found to be unnecessary.178 As an alternative to solution-based methods, 

there exists some precedent for the preparation of aryl-AuI complexes via 

C–H auration under rudimentary mechanochemical conditions (mortar  

and pestle).204 However, the scope was restricted to a very narrow range 

of polyfluorinated arenes (91) (Scheme 27b); only two substrates – pen-

tafluorobenzene and 1,2,4,5-tetrafluorobenzene – were found to give the 

desired aryl-AuI complexes. 

 

Scheme 27. Seminal work on C–H auration. (a) First reported C–H auration of 
electron-poor arenes.206 (b) First solvent-free C–H auration.204  

While C–H activation stands as an interesting strategy for preparing aryl-

AuI complexes without prerequisite functionalization of arenes, the 

method is currently limited to relatively acidic C–H bonds and often re-

quires a large excess of the arene. Out of the discussed pathways for pre-

paring aryl-AuI complexes, methods starting from arylboronates are cer-

tainly the most frequently employed. Given the relatively broad selection 

of functional groups that are tolerated under reported transmetalation con-

ditions, they are an attractive choice over the competing strategies. Despite 

this, established transmetalation protocols still suffer drawbacks such as 

reliance on harmful solvents, superstoichiometric arylboronate and addi-

tion of strong base. Given our background in organoboron chemistry,36,108–

                        

 
xiii A large kinetic isotope effect (>5) was observed, suggesting C–H bond breaking to be 
the rate determining step. Although, an oxidative mechanism involving AuIII-H could not 
be ruled out.178 
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112 we envisioned that transmetalation could proceed under milder condi-

tions by utilizing a more nucleophilic class of arylboronate species (Ar-

B(triol)M), as will be discussed in the following sections. 

4.1.3 Organoboronate nucleophilicity 

The nucleophilicity of organometallic compounds is often sacrificed in or-

der to obtain higher functional group tolerance. Strongly nucleophilic or-

ganometallic reagents, such as organolithium reagents, are impractical and 

somewhat limited in synthesis as they tend to react with most electrophilic 

moieties. Weaker nucleophiles such as organosilicon reagents are difficult 

to tune and methodology based on these is less well developed. Organo-

boron reagents offer a good balance between nucleophilicity and func-

tional group tolerance, and their reactivity can be tuned. 

Nucleophilicity can be quantified according to a number of indices. 

Currently, one of the more established methods for determining nucleo-

philic parameters is based on the Ritchie relationship209 and has subse-

quently been refined by Mayr and co-workers.210 This scale allows for 

quantification of a nucleophilicity parameter (N) for a reactant, independ-

ent of reaction partner. The scale is logarithmic with larger N values indi-

cating greater nucleophilicity. The N value of various aryl boronate has 

been determined by Mayr and co-workers211,212 (Figure 9). The most nu-

cleophilic boronate species on the scale are trialkoxyboronates R-

B(triol)M (31) originally developed by the Yamamoto group.213 These 

species are several orders of magnitude more nucleophilic than boronic 

acid pinacol esters R-B(pin). Two effects are responsible for the substan-

tial increase in nucleophilicity of B(triol)M relative to B(pin). Intramolec-

ular coordination of a bicyclic alkoxy chain results in formation of a boron 

“ate complex” as well as pyramidalization of the Bsp
2 center to Bsp

3 which, 

combined, result in a 1010-fold increase in nucleophilicity relative to 

B(pin) (B(pin) → B(triol)Li, Figure 9).211,212 Increase of nucleophilicity as 

an effect of quaternarization of the boron center can also be seen for e.g. 

B(pin) → B(dea) which results in a 103-fold increase (Figure 9). 
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Figure 9. Nucleophilicity parameter (N) of various furanyl boronates.211,212 

4.1.4 Triolboronate salts 

Aryl triolboronates (Ar-B(triol)M) 31 are well defined nucleophilic rea-

gents. Despite their high nucleophilicity they exhibit a remarkable toler-

ance to air and moisture, and many triolboronates 31 are bench stable in-

definitely.214 The triol trimethylolethane (94) itself is an industrially im-

portant coating agent and is produced on several thousand tons scale every 

year, which makes it an abundant and affordable reagent.215 Toxicity of 

the triol 94 is comparable to that of ethylene glycol,216 which is considered 

to have high green credentials.217 The enhanced stability of R-B(triol)M 

31 boronates has been exploited to prepare substrates that are prone to 

protodeborylation, e.g. 2-borylheteroarenes. 214,218–221 

Triolboronates 31 can be prepared from aryl halides 32 via aryl lithium 

or aryl magnesium chemistry (Scheme 28a);221,222 however, these harsh 

protocols rarely allow for more decorated substrates. Ar-B(triol)M 31 salts 

can also be accessed via the more benign condensation reaction between 

arylboronic acids (35) and triol 94 under basic conditions (Scheme 

28b).213,223 Triolboronates 31 can also be directly prepared from pinacol 

boronates 27 in a simple one-pot procedure.224 
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Scheme 28. Preparation of aryltriolboronate salts 31 (a) from arylhalides 32 (b) 
from arylboronic acid (esters). 

Triolboronates have been shown to afford cross coupling products for a 

number of transition metal catalyzed reactions at significantly higher rates 

than analogous boronic acids 35 and trifluoroborate salts 30.221,223,224  They 

have subsequently been used in a number of transition metal catalyzed C–

C222,224,225 and C–N226,227 bond forming reactions. Furthermore, they been 

shown to be sufficiently nucleophilic to act as arylating agents in C–C 

bond formation reactions with an array of electrophiles without the aid of 

catalysts or metal additives.211,212  

4.2 Preparation of aryl-AuI complexes using green 

solvents (Paper III) 

4.2.1 Background and limitations of traditional methods  

As described in section 4.1.2, aryl-AuI complexes (87) can be prepared 

from various arylboronate species such as arylboronic acids198–200 or their 

pinacol esters176,189,199,201. However, established protocols for these trans-

formations rely on harmful solvents, superstoichiometric reagents and ex-

ogenous strong base. In order to address these issues, we set out to develop 

a more sustainable protocol that overcomes these undesirable require-

ments. We envisioned that these issues could be addressed by utilizing a 

class of highly nucleophilic triolboronates 31 in which the innate nucleo-

philicity would be sufficient to afford spontaneous transmetalation with-

out requiring additional additives or heating.  
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4.2.2 Optimization and scope 

Aryl triolboronate salts (31) were chosen as suitable candidates for initial 

transmetalation attempts due to their exceptional nucleophilicity, while re-

maining bench stable, well-defined solids.211,212 This class of aryl boro-

nates has been reported to undergo facile transmetalation to Pd213,222 and 

Cu223, which further reinforced our confidence that they could be suitable 

precursors for convenient preparation of aryl-AuI complexes 87. 

Initial screening was conducted by studying the transmetalation of 3-

tolyl boronates 95 to Ph3PAuCl (88a) in 1:1 ratio (Table 1). Trialkoxy-

boronate (95a) performed considerably better in both ethanol (EtOH; entry 

11) and H2O (entries 1 and 12), than in toluene198,199,228 or acetoni-

trile181,182,184,229,230, both optimal solvents in previous transmetalation  pro-

tocols. Furthermore, the reaction proceeded well at ambient temperature, 

whereas most reported protocols require heating. Reaction monitoring was 

performed using 31P NMR spectroscopy as the reactions proved very 

clean; only product and starting material were observed. 

Neither boronic acid (95b), pinacol ester (95c) nor trifluoroborate (95d) 

analogues produced any transmetalation product in H2O, despite increased 

reaction temperature (Table 1, entries 2-4). We were pleased to find that 

the reaction affords quantitative product formation in green solvents with-

out exogenous additives or heating. 

Table 1. Solvent screen for transmetalation of 3-tolyl boronates 95 to Ph3PAuCl. 

*Yield determined by 31P NMR spectroscopy. 
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An investigation into functional group tolerance was undertaken. Initial 

screen consisted of varying the aryl motif (Scheme 29). Almost all sub-

strates (96a–p) provided very good to excellent yields in EtOH (entries 

marked in teal) with only a strictly stoichiometric amount of 95 relative to 

88a required at room temperature. Many substrates also produced the cor-

responding transmetalation products in water as reaction medium, albeit 

with diminished yield (entries marked in pink).  

A broad selection of groups was well tolerated (96a–p), including the 

first reported instances of iodoaryl-AuI complexes (96b, 96f). Both elec-

tron withdrawing and donating substituents were generally tolerated well; 

electron donating substituents appear to perform marginally better. Only a 

modest reduction in yield was observed for sterically demanding sub-

strates (96c, 96d). 

Five-membered (hetero)arenes were also well tolerated: ferrocenyl 

(96n), 2-furanyl (96o) and 3-thiophenyl (96p) gave good to excellent 

yields. Previously reported attempts at the synthesis of complex 96p had 

been unsuccessful due to putative Au-S coordination.199 Unmodified, gen-

eral protocol afforded 96p in good yields.  

Full conversion of 88a could be obtained for every reaction by increas-

ing the loading of triolboronate 95 to 3 equiv, facilitating preparation of 

new complexes. No recrystallization or chromatographic separation were 

required to afford clean aryl-AuI-PPh3 complexes (96). The reaction mix-

ture remained heterogenous throughout and analytically pure products 

were obtained through a simple filtration and washing step. This is a no-

table improvement over traditional literature purification procedures that 

often rely on benzene or halogenated solvents during work-up.  
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Reaction performed at 0.1 mmol scale; Spectroscopic yields determined using 31P NMR spectroscopy;  
a Isolated yield; b 3.0 equiv. boronate. 

Scheme 29. Aryl scope for triol transmetalation. 

Existing protocols often fail to report a general procedure applied to a 

broader range of ligands, typically only targeting robust L-type ligands 

with little variety, such as IPr-NHC and strongly donating bulky phos-

phines e.g. Cy3P.198,199,231 Our protocol is generally applicable, without 

modifications, to a large variety of ligands (Scheme 30, 97a–p). IPr-NHC 

complexes (97a–e) were obtained in excellent yields for most entries. The 

lower yield of p-OMe IPr complex 97d may be attributed to competitive 

protodeauration.xiv Both commonly used trialkyl phosphines (97h, 97i) and 

more elaborately decorated aryl phosphines (97g, 97j) were well tolerated. 

We were pleasantly surprised that alkyl phosphite 97k was also well tol-

erated, as previous attempts at preparing (EtO)3PAuR complexes have 

been unsuccessful.232  

                        

 
xiv NHC ligands are known to accelerate the rate of protodeauration, and similar degrada-
tion has been observed for the corresponding triphenylphosphine complex in polar protic 
solvents (MeOH).170 
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Many AuI complexes exhibit luminescent properties that makes them 

attractive in material applications.191 Polycyclic aromatic AuI complexes 

have been specifically noted to exhibit interesting photochemical proper-

ties 176,233 Since PAH complex 97g was obtained in high yield, we were 

inspired to attempt the reactions using a range of PAH triolboronates. A 

series of polycyclic triolboronates (95l–95p) was subjected to the general 

transmetalation protocol and excellent yields were afforded in almost all 

auration products (97l–97p). Contemporary methods for preparation of 

PAH-AuI complexes, e.g. 97n184,234 and 97o235, only afford products in 

moderate yield yet require harsher conditions. For all substrates, analyti-

cally pure products were afforded with a simple filtration without any ad-

ditional purification step. 
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Reaction performed at 0.1 mmol scale 88; Isolated yields; a 1.2 equiv. boronate; b 1.0 equiv. boro-

nate; c Spectroscopic yield determined via 1H NMR spectroscopy using 1,3,6-trimethoxybenzene as 

standard; d Spectroscopic yield determined via 31P NMR; e 3.0 equiv boronate. 

Scheme 30. Ligand and PAH scope for transmetalation protocol.  
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4.2.3 Boronate solubility and purification 

It is often necessary to purify AuI complexes via washing and trituration 

since many complexes are prone to degradation on chromatographic me-

dia (SiO2); protodeauration of electron-rich Ar-AuI complexes is notably 

fast.170 The purification of aryl-AuI complexes in many reports concerning 

their preparation relies on the use of benzene, a known carcino-

gen.198,200,231,236 The purification procedure in our protocol obviates the 

need for benzene, and comparably harmful solvents by exploiting the high 

solubility properties of the triolboronates (95) in the reaction medium. 

LAuCl complexes (88), and aryl-AuI transmetalation products (96–97), 

appear to be insoluble in EtOH and H2O, whereas the triolboronate salts 

have a very high solubility. Thus, purification using our protocol consists 

of a single EtOH wash followed by filtration, to obtain clean Ar-AuI prod-

uct (96–97).  

The triolboronate moiety also appears to significantly increase the sol-

ubility of even when attached to otherwise highly hydrophobic scaffolds 

such as polycyclic aromatic hydrocarbons. Triolboronate salts of PAH 

such as 1-pyrenyl boronate 95apyr appear to have a significantly higher 

solubility in EtOH than many of its corresponding boronate analogues. To 

better visualize this increased solubility, various 1-pyrenyl boronates 

(95apyr–dpyr) were prepared and added to EtOH to qualitatively assess 

their solubility (Figure 10).  

 

Figure 10. Solubility of pyrenyl boronates in EtOH (1 mmol/mL). 

Both 1-pyrenyl triolboronate (95apyr) and boronic acid (95dpyr) appear to 

be fully soluble in EtOH at 1 M concentrations.xv Other prepared boro-

nates, such as pinacol ester (95cpyr) and trifluoroborate (95bpyr) displayed 

significantly lower solubilities. 

                        

 
xv The elevated solubility of triolboronate species in polar solvents has been noted before, 
although for more polar substrates.276–278 
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4.2.4 Mechanistic investigation 

It is clear that triolboronates are capable precursors for preparation of aryl-

AuI complexes, however the mechanism of transmetalation remains to be 

elucidated. Nolan and co-workers have investigated the mechanism of 

transmetalation of arylboronic acids to IPrAuCl (88b) under basic condi-

tions.199 Support for a metathesis-type pathway (TS98) between the aryl-

boronic acid and an in situ formed AuI(OH) complex 90 was found 

(Scheme 31a). Since no exogenous base is used in our triolboronate reac-

tions, formation of AuI(OH) 90 is unlikely and we hypothesized that a dif-

ferent mechanism could be operating in our system. We postulated that an 

analogous gold alkoxide complex AuI(OR) (99a) could be formed via at-

tack of the triol alkoxide 95 (Scheme 31b). Indeed, upon mixing 95 and 

Ph3PAuNTf2 (100), formation of a complex preliminary assigned as 

alkoxide complex 99a was observed via 11B and 31P NMR spectroscopy.xvi 

Upon addition of EtOH, quantitative formation of transmetalation product 

97 is observed immediately. We postulate that activated boronate complex 

99b is formed upon ethanol addition and subsequently undergoes fast in-

tramolecular transmetalation (TS99c) to afford 97. 

 

Scheme 31. Proposed transmetalation mechanisms: (a) from aryl boronic acids 199 
and (b) from aryl triolboronates 95. 

                        

 
xvi Under rigorously dry conditions, the intermediate appears to be stable even after 4 h and 
does not rearrange into the transmetalation product. 
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4.2.5 Competition experiments 

Substrates substituted with multiple different boronate groups have been 

utilized to obtain unique reactivity and, coupled with orthogonal synthetic 

protocols, afford highly functionalized scaffolds.69,110,237,238 We envisioned 

that the differences in reactivity between aryl boronates could be em-

ployed to yield a new class of substituted aryl-AuI-NHC complexes whilst 

retaining boronate functionality for further functionalization.  In order to 

obtain a more direct comparison of the triolboronates reactivity in regards 

to its boronate analogues, a competition study was performed (Scheme 

32). It was found that transmetalation of triolboronate 95am-i to Ph3PAuCl 

88a in ethanol was significantly faster than that of competing boronic acid 

95b and pinacol ester 95c. 

 
Reactions performed on 0.1 mmol scale. Yields determined via 31P NMR spectroscopy. 

Scheme 32. Competition experiment for transmetalation of different boronates. 

Tuning the electronic properties of NHC ligands has long been of interest 

as it allows for catalyst design.239,240 We were interested in substituting 

para-positions of NHC complexes as it has been shown to directly affect 

the electron density of the metal center.241 Ir-catalyzed C–H borylation of 

IPrAuCl (88b) gave 101 in excellent yield with complete regioselectivity 

(Scheme 33). However, synthesis of borylated aryl-AuI complexes 102 

proved challenging for us when using traditional protocols. Using aryl bo-

ronic acids and KOH, results in complex mixtures arising from competing 

transmetalation of the pinacol boronates. Using our established general 

protocol, aryl triolboronates 95 produced the desired transmetalation prod-

ucts 102a–c in good to excellent yields. 
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Reactions performed on 0.05 mmol scale. Isolated yields. 

Scheme 33. B(pin)-IPrNHC-AuI-Cl synthesis and subsequent arylation. 
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4.3 Solvent free preparation of aryl-AuI complexes 

(Paper IV) 

Given our success in the preparation of aryl-AuI complexes using green 

solvents under sustainable conditions (Paper III), we sought to further in-

crease the greenness of our method by entirely excluding reaction solvent. 

Based on the seminal work conducted by Nolan and co-workers in solvent-

free C–H auration,204 we set out to develop a more standardized protocol 

for the preparation of diverse aryl-AuI species using automated ball mill-

ing. 

4.3.1 Brief introduction to mechanochemistry 

The IUPAC definition of mechanochemical reaction is “a chemical reac-

tion that is induced by the direct absorption of mechanical energy”.242 In 

synthesis, this is achieved by joining two reactants together via an external 

mechanical force, which allows for reaction between solids to take place 

without the requirement for solvation or the presence of any other liquid 

medium. In synthetic chemistry, mechanical force is most commonly sup-

plied via grinding or milling.243 Many tools exist for providing mechanical 

energy, from simple mortar-and-pestle combinations to highly engineered 

ball mills. The choice of apparatus typically depends on factors such as 

required energy input and reaction scale. Small scale, high energy reac-

tions are generally performed in shaker (mixer or vibrational) mills, 

whereas larger scale reactions are carried out in planetary type mills or 

twin screw extrusion systems.244 In this work a mixer-type mill is used 

(Figure 11). 

 

Figure 11. InSolido Technologies IST636 high-energy mixer mill used in this 
work. 

A key aim of mechanochemical protocols is to omit the use of bulk solvent 

and they have been demonstrated to allow expedient preparation of various 

organic compounds under more benign conditions than solution-based 
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approaches.243,245 Mechanochemical synthesis is experiencing a rapid 

growth in publications,246 which in turn reflects growing interest due 

largely to the promise of its green credentials. 

Apart from the benefit of reducing solvent waste, mechanochemistry 

also facilitates transformations that cannot be accessed via solution-based 

protocols.247,248 Mechanochemical preparation of substrates commonly re-

quires no exogenous heating and in many cases reaction times can be 

shortened substantially.245 The outcomes of mechanochemical systems are 

governed by a large number of variables, including milling frequency, 

composition of milling media and the size ball bearings used, and therefore 

it is often difficult to relate parametric changes to reaction outcomes.249 

Thus, optimization of mechanochemical reaction conditions remains 

largely empirical.  

Whilst mechanochemical protocols are commonly applied in inorganic 

chemistry and metallurgy,250 preparation of coordination complexes still 

remain largely neglected compared to solution-based methods.251 Recent 

advances have been made in organic247,248 and organometallic251,252 sys-

tems.  

4.3.2  AuI from a mechanochemical perspective 

The use of mechanochemical methods for the synthesis of organometallic 

complexes is growing.251,252 Despite recent popularization including late 

transition metals,253 preparation of AuI complexes via mechanochemical 

means remains largely unexplored.  

Contemporary mechanochemical protocols involving organo-AuI spe-

cies focus on manipulation of the ancillary ligand and only extend to the 

chloride complexes.253–257 Examples involving diversification of X-type 

substituents remain significantly more scarce.xvii The earliest report by 

Maier and co-workers involves formation of IPrAuOH (90) by combining 

IPrAuCl (88b) and excess KOH in a benzene slurry followed by grinding 

with mortar-and-pestle.258 Using their mechanochemical protocol, reac-

tion time could be reduced from 24 h in solution (THF/toluene) to 1 minute 

by grinding.  

The second report is the C–H auration of electron-poor arenes put forth by 

Nolan and co-workers (see section 4.1.2).204 This report also relies on ru-

dimentary mortar-and-pestle grinding and a large excess of polyfluori-

nated arenes and base relative to the starting AuI chloride. The protocol 

                        

 
xvii To the best of our knowledge, only two prior reports exist.204,258; although, mechano-
chemical C–H auration of arenes has recently been reported for AuIII complexes.279 
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serves as a proof of concept, but is inconvenient for practical applications, 

only works for a very limited set of substrates and reproducibility by man-

ual grinding is dubious.259 

We envisioned that a more standardized protocol could be developed 

through the use of mixer mill, which has been proven effective for prepa-

ration of other transition metal complexes.260 Based on literature reports 

for solution-based metalation reactions, we postulated that a number of 

arene scaffolds could potentially be used as precursors for auration under 

mechanochemical conditions. Apart from the haloarenes 91 put forth by 

Nolan and co-workers,204 we hoped to extend the scope to include het-

eroarenes 92 and arylboronates 95 as precursors to prepare the correspond-

ing auration products (103, 104 and 105) (Figure 12). 

 

 

Figure 12. Mechanochemical preparation of (hetero)Aryl-AuI complexes. 
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4.3.3 Arylboronate transmetalation  

As described in section 4.1.2, boronates are often reagents of choice for 

the preparation of aryl-AuI complexes via solution-based meth-

ods.109,198,199,261–264 However, to the best of our knowledge, there have been 

no prior reports for the preparation of AuI complexes from boronates under 

mechanochemical conditions, which would avoid the disadvantage of bulk 

solvent use. We set out to investigate whether boronates can be used to 

prepare aryl-AuI complexes under mechanochemical conditions in a mixer 

mill. 

Initial screening was conducted with a 1:1 ratio of arylboronic acid 95b 

and with PPh3AuCl 88a as AuI source using stainless steel balls in 

Teflon™ vessels (Table 2). Clean formation of transmetalation product 

103a was observed via 31P NMR spectroscopy after 60 min at a milling 

frequency of 30 Hz in the presence of equimolar KOH or CsF (Table 2, 

entry 1–2).  No product formation was observed in absence of Lewis base 

additives (entry 3). Liquid assisted grinding (LAG)265–267 with H2O proved 

effective only in the presence of KOH (entries 4 and 5), and afforded quan-

titative product formation using only a slight excess of base (entry 6). In-

corporation of base into the boronate in form of triolboronate 95a still af-

fords product under LAG conditions, although returns diminished yields 

(entry 7). 

Table 2. Boronate transmetalation optimization table.  

 
Reaction performed on 0.1 mmol scale using 15 mm steel balls, 14 mL Teflon™ vessel. 
a Determined by 13P NMR spectrocopy; b Using potassium triolboronate 95a. 

Having established arylboronates as effective precursors for 

mechanochemical synthesis of aryl-AuI phosphine complexes, we set out 

to test our protocol’s tolerance towards different aryl functionalities 
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(Scheme 34). Transmetalation using various arylboronic acids afforded 

high-to-quantitative yields for most screened aryl motifs (103a–n) without 

modification of the standard conditions (Scheme 34). A range of 

functional groups was tolerated under the general conditions. 

Transmetalation of ortho-substituted arylboronic acids proceeded well 

even in the presence of a bulky268 tricyclohexyl phosphine ligand (103c). 

Electron-rich and electronically unbiased substrates (103a–h) 

performed marginally better than electron-poor arenes. Significantly 

deactivated systems performed less efficiently. For example, 3-

nitrophenyl complex 103j afforded only 23% spectroscopic yield. Similar 

trends were observed for heteroaryl substrates in which electron-rich 

thiophene (103k) and carbazole (103l) moeities efficiently produced 

transmetalation products, whereas reaction using electron deficient 3-

pyridineboronic acid only produced trace product 103m. Even though the 

protocol allowed for efficient synthesis of p-vinyl complex 103h, α-

styrenyl complex 103n was only formed in low amounts.  

 
Yields determined by 31P NMR spectroscopy; values in parentheses are isolated yields using 1.2 equiv. 

Ar-B(OH)2 and 1.5 equiv. KOH(aq) (1.25 M) on 0.1 mmol scale. a 2.0 equiv. KOH(s) 
b 3.0 equiv. KOH(aq) 

(2.50 M), 25 Hz c 1.4 equiv. Ar-B(OH)2 
d 2.5 equiv. KOH(aq) (2.50 M), 2 h, 25 Hz e 3.0 equiv. KOH(aq) 

(2.50 M), 36 Hz 

Scheme 34: Substrate scope for aryl boronic acid transmetalation to AuICl phos-
phines 88.   



 

 67 

4.3.4 C–H Auration of (Hetero)Arenes 

As described in section 4.1.2, C–H auration is becoming an increasingly 

established strategy for preparing (hetero)arene-AuI complexes. Despite 

this, C–H auration of arenes under mechanochemical conditions remains 

essentially unexplored.204 We set out to create a diverse and more sustain-

able mechanochemical protocol for the C–H auration of arenes that would 

extend beyond polyfluorinated substrates. 

Initial optimization conditions were inspired by literature reports of in 

situ C–H auration in DMF.178 Preparation of 104a was studied via C–H 

auration of 1,3-dichlorobenzene 91a to Et3PAuCl 88c in the presence of 

NaOH (Table 3). Initial screening under mechanochemical conditions 

found that increasing arene equivalents afforded steadily higher yields 

(Table 3, entries 1-3); however only a maximum of 47% conversion could 

be obtained even with 4.0 equiv. of arene. In contrast to the arylboronate 

transmetalation, it was found that H2O addition for LAG was detrimental 

to product formation (Table 3, entry 4). Substituting hydroxide bases for 
tBuOK, and thus establishing anhydrous conditions, greatly increased the 

yield (entry 5). The amount of base required in our transformation is sig-

nificantly lower than previously reported for the small handful of mecha-

nochemical C–H auration protocols that have appeared in the literature to 

date.204 

Similar reaction behavior has been noted in literature for C–H auration 

of arenes. It has been proposed that C–H auration could proceed through 

a [Au(PR3)O
tBu] intermediate, which has been shown to be more active 

in the C–H auration than the corresponding {[Au(PR3)]3O}Cl complex 

(which forms in the presence of MOH bases).178 It is plausible that 

R3PAu(OtBu) species form under our reaction conditions and act as the 

active complexes in the C–H activation event.  
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Table 3. Optimization of C–H auration from haloarenes.  

 
a Determined by 31P NMR spectroscopy for reactions conducted on 0.1 mmol scale; b 25 Hz 

With optimized conditions in hand, a screen of halo(hetero)arenes (91) 

was performed (Scheme 35). Dichloro- (104a) and dibromophenyl (104b) 

triethylphosphine complexes were both afforded in high yields. Hitherto, 

literature C–H auration methods for the preparation of 104a and 104b re-

quired elevated temperatures, harmful solvents and 15 h reaction times.178  

1,3-Dihalopyridines were well tolerated, both with (104c) and without 

(104f) sterically imposing ortho-substituents. Our protocol was also suc-

cessfully applied to polyfluoroarenes such as trifluorobenzene (product 

104g) and pentafluorobenzene (product 104e). Pentafluorobenzene com-

plex 104e formed in high yield, and this stayed consistent even at 5x scale 

up. 
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Isolated yields on 0.1 mmol scale; a 90 min; b 120 min, 36 Hz; c 0.5 mmol scale; d 4.0 equiv. 
KOH.  

Scheme 35. C–H auration of (hetero)haloarenes. 

Our protocol was also successfully applied to a range of heteroarenes 92 

(Scheme 36). C–H auration products (105a–e) could be obtained with a 

milder base (KOH) than what was required for haloarenes 91 (tBuOK). 

For every substrate (105a–e), yields were higher than, or similar to, re-

ported solution-based methods, all while being obtained in shorter times 

at lower temperatures.178 Benzothiazole complex 105a was afforded in 

85% yield after 60 minutes of grinding, compared to 15 h in 1,4-diox-

ane.178 Benzoxazole 105b (pKa(DMSO) = 24.8) afforded a lower conversion 

than benzothiazole 105a (pKa(DMSO) = 27.3), which implies that auration is 

not merely dependent on C–H acidity. This observed difference in reac-

tivity could stem from initial Au-S coordination prior to C–H auration.xviii  

Nitrogen containing heterocycles benzoxazole (105b) and 2-bromothia-

zole (105e) performed significantly better at higher frequencies. Thio-

phene 105 (pKa(DMSO) = 33.5), which resisted metalation under solution-

based protocol due to competing S-coordination,199 could be efficiently C2 

metalated at 36 Hz. Likewise, 2-bromothiazole 105d and 2-bromothio-

phene 105e afforded auration products with full regioselectivity and reten-

tion of the bromide substituent. 

                        

 
xviii Gold is well known to be highly thiophilic and interactions of AuI with S-bearing het-
eroarenes have been proposed.199 
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Isolated yields on 0.1 mmol scale; a Yield determined by 31P NMR spectroscopy;  
b 36 Hz; c 4.0 equiv. tBuOK 

Scheme 36. C–H auration of heteroarenes. 

The protocols developed for AuI phopsphine complexes were also directly 

applicable to NHC-ligated complexes (106a–e) (Scheme 37). Notably, C–

H auration complex 106a could be isolated in 82% yield whereas mortar-

and-pestle grinding yielded no conversion.204 4-Methoxyphenyl complex 

106b, which has recently been shown by Nolan and co-workers to undergo 

a number of interesting transformations for diversification of NHC-AuI 

complexes,264 was isolated in near quantitative yield. 

 
Isolated yields on 0.1 mmol scale; a 4.0 equiv. arene, 4.0 equiv. tBuOK b 1.4 equiv. Ar-
B(OH)2, 1.5 equiv. KOH(aq) (1.25 M) c 1.5 equiv. KOH(aq) (1.25 M) d 1.0 equiv. Ar-B(OH)2, 
2.0 equiv. KOH(s) 

Scheme 37. Preparation of aryl-AuI-IPr complexes from arylboronic acids or 
haloarenes.  
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Given the broad scope and observed full regioselectivity, we decided to 

investigate C–H auration of highly functionalized, biologically relevant 

scaffolds (107a–c, Figure 13). Caffeine afforded complex 107a in 79% 

yield after a 1 h reaction time, whereas a prior literature procedure required 

65 h in 1,4-dioxane for the same yield.178 Interestingly, Diflufenican269 

could also be selectively aurated at the 1,3-difluoro site (107b). This is a 

notable compliment to metalations involving Pd and Co, which selectively 

occur on the trifluoromethylated phenyl ring.270,271 Econazole272 also 

demonstrated auration exclusively at the 1,3-dichloro moiety despite the 

presence of an imidazole fragment (107c). 

 

Figure 13. Aurated biologically active scaffolds. 

4.3.5 Mechanistic investigation 

Given the high levels of chemoselectivity observed throughout the scope 

and auration of biologically active scaffolds, we decided to conduct a more 

thorough investigation of chemoselective C–H auration in the presence of 

two competing, 1,3-dihaloaryl 91 and heteroaryl 92, motives (Scheme 38). 

An equimolar mixture of hetero- and 1,3-haloarene were subjected to 

grinding in the presence of one equivalent of tBu3PAuCl and excess 
tBuOK, and the resulting product ratios were analyzed. When benzothia-

zole was compared against pentafluorobenzene, metalation products 104e 

and 105a were afforded in an 11:1 ratio. Lower product ratios were ob-

served when replacing benzothiazole with benzoxazole (104e/105b; 4:1), 

and with trifluorobenzene versus benzothiazole (104g/105a; 1:1). Full 

conversion of tBu3PAuCl 88d was observed in all entries and product ra-

tios remained unchanged even when the reaction time was doubled. 
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Product ratios determined by 31P NMR spectroscopy. 

Scheme 38. Haloarene/heteroarene C–H auration competition experiments.  

We were interested in the origin of the product ratios and whether auration 

could be reversible under our reaction conditions. To investigate this, a 

pre-formed aryl-AuI complex was subjected to milling in the presence of 

another arene, with or without base additive (Scheme 39).xix  

Starting with pentafluorophenyl complex 104e, only partial conversion 

to benzothiazole complex 105a was observed when milled in the presence 

of free pentafluorobenzene, benzothiazole and tBuOK (104e/105a; 13:1). 

Similarly, when starting with benzothiazole complex 105a, free pen-

tafluorobenzene, benzothiazole and tBuOK, pentafluorophenyl complex 

104e was obtained as the major product. These results demonstrate that C–

H metalation is, in fact, reversible under these reaction conditions, and that 

metalation tends to favor the more thermodynamically stable haloarene 

104e.xx 

                        

 
xix One equivalent of free arene corresponding to that of the metalated complex was added 
to keep the total amount of arene equivalents the same as in the prior competition experi-
ments. 
xx According to solvent-phase (benzene) free energies of ground-state of AuI-complexes 
(PBE0/TZVP/SDD).108 
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Resulting ratios determined by combined 31P and 19F NMR spectroscopic analysis. 

Scheme 39. Aryl exchange experiment.  

The mechanism for the observed aryl exchange remains to be elucidated. 

No exchange was observed in absence of tBuOK, which is inconsistent 

with operation of a direct metathesis-type mechanism. It is possible that 

the exchange is mediated by a transient gold-alkoxide species 

(tBu3P)AuOtBu (108), which has been hypothesized by Larrosa and co-

workers as the active species in solution-based aryl C–H aurations.178 Prior 

attempts at independent preparation and characterization of 

(tBu3P)AuOtBu (108) were unsuccessful.178 Using our solvent-free mech-

anochemical protocol, we managed to prepare and characterize complex 

108 by grinding (tBu3P)AuCl (88d) with tBuOK (Scheme 40). The inter-

mediate gold alkoxide complex 108 proved competent in direct C–H au-

rations of both halo- 104a and heteroarenes 105b under standard milling 

conditions. 

 
Yields determined by 31P NMR spectroscopy. 

Scheme 40. Synthesis of proposed intermediate AuI alkoxide complex 108 and 
subsequent aryl C–H activation.  
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4.4 Concluding remarks 

Two methods for the sustainable synthesis of aryl-AuI species have been 

developed.  

The first protocol employs a nucleophilic triolboronate species for con-

venient transmetalation to various AuI-chlorides under exceptionally mild 

conditions in green solvents without exogenous additives. Pure product 

could be obtained via a simple filtration and washing step. Both aryl- and 

Au-L motifs were successfully diversified, and the general protocol dis-

plays a hitherto unmatched functional group tolerance for the preparation 

of aryl-AuI complexes. A brief mechanistic investigation into the triol-

boronate transmetalation was conducted and tentative evidence for intra-

molecular transmetalation via an AuI-alkoxide species was elucidated by 

NMR spectroscopy. 

The second protocol involves preparation of aryl-AuI complexes under 

mechanochemical (mixer mill) conditions. This marks the first report on 

transmetalation from arylboronates to AuI centers using a mechanochem-

ical protocol. Additionally, a general C–H auration protocol was extended 

to significantly less acidic arenes than previously studies had shown to be 

effective. Mechanistic experiments showed that auration is reversible, fa-

voring more thermodynamically stable arene complexes. A AuI alkoxide 

complex postulated to be active in the C–H auration was prepared and 

identified. 

As a result of the expanded scope that our methods accommodate, we 

anticipate that they will be readily adopted by the organometallic commu-

nity for future preparations of aryl-AuI complexes.  
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5 Concluding remarks and perspective 

This thesis describes strategies based on C–H functionalization and or-

gano-main group reactivity for derivatization of (hetero)arenes. A variety 

of notable challenges in arene functionalization have been addressed in-

cluding the efficiency, selectivity and sustainability of selected transfor-

mations.  

All sections of this thesis work towards a common theme: to increase 

the efficiency and selectivity of (hetero)arene diversification. These goals 

have been realized in several ways by interweaving several key themes: 

transition metal catalyzed C–H functionalization, organoboronate and or-

ganosilicon chemistry to generate arynes and their precursors (Paper I); 

the properties of transition metals and C–H functionalization to influence 

aryne regioselectivity (Paper II), and the use of C–H functionalization, 

boronate chemistry and organogold chemistry to expedite access to di-

verse aryl-AuI species under sustainable conditions (papers III and IV). A 

further key result of this work has been decreasing the reliance on chro-

matographic purification (Papers I, III and IV), greater atom efficiency 

(Papers I and IV), the use of greener reaction solvents (Paper III) and even 

avoiding reaction solvents altogether (Paper IV).  

Paper I describes a Ru-catalyzed ortho-silylation protocol which allows 

expedient access to aryne precursors starting from commercially available 

arylboronic acids. A large selection of substituted ortho-silylphenols were 

afforded in high average yields over three steps with a single purification 

from arylboronic acids. Aryne precursors could be efficiently activated 

and reacted in a number of transformations, including a one-pot protocol 

for generating and trapping benzyne without isolation of the ortho-si-

lylphenol intermediate. The developed protocol circumvents the require-

ment for intermediate chromatographic purification and allows for con-

venient preparation of diverse aryne precursors. 

Paper II explores the influence of cyclometallation using Ir, Rh and Ru on 

regioselectivity in aryne capture reactions. Specifically, the work ad-

dresses the hitherto largely neglected challenge of exerting regiocontrol 
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using electropositive substituents (in this case the Caryl–transition metal 

bond) not directly adjacent to the aryne triple bond. We report the first 

examples of total regioselectivity in such more remotely substituted arynes 

arising from inductive electronic effects alone. Observed selectivity cor-

related with DFT calculations and the requirement of metalation for high 

regioselectivity was validated computationally and experimentally. A 

competition experiment was conducted to assess the viability of inducing 

selectivity via catalytic metalation. 

Papers III-IV describe the development of more sustainable synthetic 

strategies for accessing diverse aryl-AuI complexes. Paper III utilizes a 

highly nucleophilic arylboronate species, B(triol)K, for the preparation of 

aryl-AuI complexes in green solvents without exogenous additives. Diver-

sification of both aryl- and L-type substituents were well tolerated under 

the general conditions and chemoselective transmetalation was observed 

in the presence of competing arylboronates. A mechanistic rationale is 

proposed for the transmetalation. 

Paper IV employs a mechanochemical protocol for the preparation of aryl-

AuI complexes and thus eliminates the requirement for bulk reaction sol-

vent. We report the first instance of mechanochemical preparation of aryl-

AuI complexes starting from arylboronates. C–H Auration of (het-

ero)arenes proceeded with significantly shorter reaction times than those 

required for solution-based protocols and the scope could be expanded to 

less acidic (hetero)arenes than previously reported. Full chemoselectivity 

was observed for all substrates, which allowed for selective auration of 

biologically active molecules containing both 1,3-dihalo- and heteroaryl 

motives. Mechanistic experiments were conducted into the nature of the 

chemoselectivity, and evidence for aryl exchange was found. An AuI-

alkoxide species, believed to be an active species for the C–H activation, 

was identified and characterized.  
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6 Sammanfattning på Svenska 

För att kunna skapa molekyler innehållande hög komplexitet krävs det 

ständigt nya metoder att manipulera arkitekturen i organiska föreningar 

(t.ex. läkemedel). Moderna syntetiska metoder använder sig ofta av över-

gångsmetaller för att sammanfoga organiska fragment, t.ex. vid installat-

ion av nya funktionella grupper i aromatiska föreningar. Dessa övergångs-

metaller kan ofta användas katalytiskt för dessa ändamål, dvs. endast små 

mängder behöver tillsättas då de inte förbrukas i själva reaktionen, vilket 

i sin tur bidrar till minskade utsläpp och ökad hållbarhet. Denna avhand-

ling behandlar användandet av övergångsmetaller för diversifiering av 

aromatiska molekyler. 

De två första manuskripten (Pek I & II) behandlar förberedandet och re-

aktiviteten av aryner. Aryner är en klass mycket reaktiva (elektron-fattiga) 

intermediat som endast existerar några millisekunder i lösning. Givet de-

ras höga reaktivitet besitter de en förmåga att reagera med en stor mängd 

(elektron-rika) reagens, vilket medför att de med fördel kan användas för 

att introducera komplexitet i aromatiska system.  

Det första manuskriptet (Pek I) behandlar framställandet av aryn-pre-

kursorer från (lättillgängliga) aromatiska borsyror. Vår metod använder 

sig av en rutenium-katalysator för att selektivt ersätta specifika C–H bind-

ningar med en kiselgrupp (Si). Produkterna från denna reaktion kan sedan 

enkelt omvandlas till aryner (två steg).  

Det andra peket (Pek II) använder sig av övergångsmetaller för att styra 

selektiviteten i en arynreaktion. Den reaktiva delen av aryner består av två 

kol i en C≡C trippelbindning. Normalt sett besitter dessa kol en jämlik 

reaktivitet och det är svårt att selektivt introducera fragment till bara ett av 

kolen. Genom att införa starkt elektrondonerande grupper, i detta fall över-

gångsmetaller, är det dock möjligt att böja trippelbindningen på ett sätt 

som medför att bara ett av kolen blir attackerat. 
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De två sista manuskripten (Pek III & IV) behandlar framställandet av aro-

matiska guldföreningar. Denna klass av föreningar är av intresse då de 

uppvisar medicinsk relevanta karaktärsdrag så som t.ex. anti-canceregen-

skaper. Framställande av dessa föreningar kräver klassiskt sett hälsovåd-

liga lösningsmedel och starka baser. Vi har utvecklat två alternativa, mil-

dare och mer miljövänliga metoder för framställandet av dessa föreningar, 

vilket i sin tur har möjliggjort för inkluderande av mer ömtåliga fragment. 

Den första metoden (Pek III) använder sig av en mycket elektron-rik klass 

av aromatiska bor-reagens, vilka möjliggör för framställandet av dessa 

guldföreningar vid rumstemperatur i miljövänliga lösningsmedel som eta-

nol eller vatten. Den andra metoden (Pek IV) använder sig av mekanokemi 

(kulkvarn) för att helt utesluta användandet av lösningsmedel i reaktions-

steget. Protokollet omfattar både borsyror och aromatiska föreningar utan 

för-installerade grupper (C–H grupper).  
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