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Abstract 

 The advent of the SuzukiïMiyaura crossïcoupling reaction and its significance to the 

synthesis of new carbonïcarbon bonds has increased the demand for efficient routes to 

organoboron starting materials.  CïH borylation (activation) has provided an interesting approach 

to alleviate the requirement for prefunctionalized molecules such as aryl halides to obtain these 

desired organoboron substrates.   

We report the first use of a rhodium Nïheterocyclic carbene (NHC) complex for the 

catalytic CïH borylation.  The reaction is found to proceed under very mild conditions (room 

temperature, short reaction times) and is applicable to a variety of 2ïphenylpyridine (2ïPhïpyr) 

derivatives.  Additionally, exclusive selectivity for the monoborylated product is observed with no 

bisborylation occurring in the reaction, which was found to be attributable to the key nitrogenï

boron coordination. 

 The selective monoborylation was further united with a SuzukiïMiyaura crossïcoupling 

in a oneïpot reaction to produce monoarylated phenylpyridines in good overall yields with no 

formation of the bisarylated compounds.  Commonly, metalïcatalyzed direct arylations require the 

use of steric blocking groups in order to obtain the desired monoselectivity and prevent 

bisarylation from occurring.  However, these sterically biased substrates are avoided with the 

system described herein. 

Further, the chemoselectivity of the SuzukiïMiyaura crossïcoupling of secondary boronic 

esters was investigated in intermolecular competition reactions with MizorokiïHeck acceptors.  

Interestingly, the conditions of the reaction could be easily tuned to chemoselectively produce 

either the SuzukiïMiyaura or the MizorokiïHeck crossïcoupled product in good yields.  This 
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knowledge was then applied to an intramolecular competition reaction on a substrate containing 

both SuzukiïMiyaura and MizorokiïHeck acceptor sites.  Excitingly, the SuzukiïMiyaura crossï

coupled product was obtained in good yield leaving the alkene substituent unreacted in the 

reaction.  This chemoselectivity pathway opens the door for the preparation of polysubstituted 

aromatic compounds without the additional need for protection and deprotection steps which could 

result in a reduced overall yield of the desired product. 
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Chapter 1 

Mild and Regioselective Synthesis of Polysubstituted Aromatics 

 

 

1.1 Synthesis of Polysubstituted Aromatic Compounds 

Aromatic and heteroaromatic compounds are important structural moieties with an 

extensive history of diverse applications in a variety of fields.1-3  Of particular note, many 

chemical compounds requiring multistep synthesis, particularly those sought by 

pharmaceutical, agrochemical and materials science industries, consist of aromatic and 

heteroaromatic building blocks.4-6  Polysubstituted aromatic molecules have long presented 

a challenge to synthetic chemists as regiospecificity can often be challenging.  As such, 

there are currently many transformations which can be used to derivatize commercially 

available aromatics and are applicable to obtain polysubstituted aromatic compounds both 

on laboratory and industrial scales.7  

A number of transformations are possible for the synthesis of polysubstituted 

aromatic compounds including: electrophilic aromatic substitution (EAS), nucleophilic 

substitution reactions (including SRN1), sigmatropic rearrangements, cycloaddition 

reactions (including DielsïAlder) and aromatic ring construction starting from acyclic 

precursors8 as well as transition metalïcatalyzed carbocyclizations9-10 (Figure 1ï1).  

Although these methods are commonly employed for the construction of aromatic rings, 
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utilizing these reactions in a mild manner is not a trivial process.  Synthesis of                       

1,2ïdisubstituted aromatics present significant challenges primarily due to the sterics 

preventing reagents from reacting with the orthoïposition while also leaving preïexisting 

functionalities unabridged by the reagents involved in the reaction.  Accordingly, harsh 

reaction conditions, regioselectivity issues, protection and deprotection steps, 

stoichiometric amounts of reagents and formation of hazardous byproducts are not 

uncommon in synthesizing these molecules under electrophilic substitution conditions.  As 

a result, the use of these procedures tends to be very inconvenient in large scale laboratory 

and industrial processes.  Thus several strategies such as directed orthoïmetalation 

(DoM)8,10 have been developed to address these synthetic challenges. 

 

Figure 1-1.  Common approaches to construction of aromatic rings 
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1.2 Directed orthoïMetalation (DoM) 

One of the most successful regioselective preparations of 1,2ïdisubstituted 

aromatics is directed orthoïmetalation (DoM).  In this process, a heteroatomïderived 

directed metalating group (DMG) 1ï1, coordinates to an organolithium reagent (TSï1) and 

ódirectsô it to the orthoïposition allowing the siteïselective deprotonation of the aromatic 

CïH bond thus forming the orthoïlithiated intermediate 1ï2.  Subsequent treatment of              

1ï2 with an appropriate electrophile results in the formation of 1,2ïdisubstituted aromatic 

compounds of type 1ï3 (Scheme 1ï1). 

 

Scheme 1-1.  General process of directed orthoïMetalation (DoM) 

 

The simultaneous pioneering reports of Gilman11 in 1939 and Wittig12 in 1940, can 

be attributed to sparking the birth of the DoM reaction in synthetic organic chemistry.  Over 

the course of the last seventy years, systematic studies by Gilman13 and subsequently 

Hauser14-15 in the 1960ôs resulted in the expansion of DMGs (Figure 1ï2) to include both 

carbonïbased and heteroatomïbased directing groups.16  The intermediate organolithium 

compound, 1ï2, is able to react with a large range of electrophiles (Figure 1ï2) both interï 

and intramolecularly.  Taking advantage of the high regioselectivity and the compatibility 
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with a broad range of electrophiles, the library of available 1,2ïdisubstituted and higher 

order functionalized aromatic compounds has undergone significant expansion.   

 

Figure 1-2.  Common DMGs and electrophiles in DoM reactions 

 

One of the most significant advances over the past decade is the use of DoM 

chemistry to generate mainïgroup organometallic electrophiles for metalïcatalyzed            

crossïcouplings, producing new methodology for synthesizing orthoïsubstituted biaryl 

and higher order aromatic compounds.16-17  These crossïcoupling reactions typically 

produce biaryl compounds and are generally catalyzed by palladium or nickel based 

catalysts (Figure 1ï3).  Introduction of halide or pseudohalide (Cl, Br, I, OTf, OMs), silyl 

(SiR3), stannyl (SnR3) and boryl (B(OR)2) functional groups by DoM reactions have 

allowed the subsequent use of metalïcatalyzed processes such as SuzukiïMiyaura, Stille, 

Negishi and KumadaïCorriu crossïcouplings in a combinatory approach with DoM 

chemistry.  As an example, Snieckus and coworkers18 have applied the sequential 

DoM/Suzuki crossïcoupling for making substituted biphenyls (Scheme 1ï2).   
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Scheme 1-2.  Sequential DoM/SuzukiïMiyaura crossïcoupling for synthesis of 1,2ï

disubstituted biaryls by Snieckus and coworkers 

 

 

 

Figure 1-3.  Common catalytic cycle for palladiumïcatalyzed crossïcouplings 
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Although it provides viable routes to functionalized and highly regiospecific              

1,2ïsubstituted aromatic compounds, DoM chemistry has the following limitations in 

industrial processes:  1) DoM reactions require stoichiometric amounts of alkyllithium 

species, which can be difficult to handle; 2) reactions require cryogenic conditions which 

is expensive on large scale; 3) functionalized aromatics need to be compatible with the 

alkyllithium species.  Acidic functional groups, such as carboxylic acids (ïCO2H) and 

hydroxyls (ïOH) are incompatible with the highly basic lithiating reagents utilized in DoM 

procedures.  While these drawbacks are minimized on the laboratory scale, industrial scale 

requirements can in turn limit the synthetic utility of DoM chemistry.  Thus more user 

friendly, environmentally benign and cost effective alternatives are highly sought after. 

 

1.3 Modes of Cyclometalation via CïH Activation  

As described previously, the most significant advance in the field of transition 

metalïcatalyzed CïH activation has been the use of directing groups in order to 

dramatically improve regioselectivity.  Whereas DoM pathways typically incorporate the 

metal (Li) via coordination to the DMG and deprotonation of the orthoïCArïH bond, CïH 

activation pathways tend to proceed via a cyclometalation process between the CïH bond 

and the metal center.  Cyclometalation refers to the metal mediated activation of a CïH 

bond to form a metallacycle containing a new MïC „ïbond (Scheme 1ï3).19  The two steps 

common to the cyclometalations are the initial coordination of the metal to the organic 

molecule and cleavage of the CïH to produce the metallacyle.  The mechanistic pathway 
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of metal insertion into the CïH bond to produce the cyclometalated complex in CïH 

activation reactions tends to be system dependent and not unique to all CïH activations in 

general.  Electronic configuration at the metal center as well as the hybridization of the         

CïH bond can lead to differences in the cyclometalation step occurring between the metal 

complex and the organic substrate.20  Currently, four main pathways have been established 

for the cleavage of the CïH bond: oxidative addition, electrophilic bond activation, 

concerted metalationïdeprotonation and „ïbond metathesis. 

 

Scheme 1-3.  Cyclometalation in CïH activation 

 

1.3.1 Oxidative Addition 

Oxidative addition is a commonly encountered mechanism for the cyclometalation 

of CïH bonds with low valent late transition metal complexes21 including Ru0,II, OsII, RhI, 

Ir I and Pt0,II.  Upon coordination of the metal to the organic substrate to form the chelated 

complex 1ï5 (Figure 1ï4), the metal centre inserts into the antibonding „*  orbital of the 

CïH bond and undergoes a 2Ὡ  transfer forming a new metal complex, 1ï6, with the 

oxidation state of the metal increasing by +2.  After oxidative addition occurs, reductive 

elimination can occur  either spontaneously (such as elimination of H2 from the metal 

center) or induced by base (example with elimination of HïX or RïX) to produce the 

cyclometalated complex 1ï7 (Scheme 1ï4).20  In most cases, CïH activation is facile in 
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catalytic pathways and not rate limiting.  The difficulty in catalytic pathways often involves 

the reductive elimination of the product from the higher metal oxidation state.  Stability of 

this intermediate complex as well as the rigidity of the system can require increased 

temperatures or the presence of base in order to facilitate the reductive elimination process.  

It is important to note that while the oxidative addition is believed to be a concerted process, 

the intermediate agostic complex (Scheme 1ï7 Pathway B), may be considered as a 

transition state of the oxidative addition. 

 

Scheme 1-4.  Oxidative addition of CïH bond towards cyclometalation 

 

Seminal examples of oxidative addition of unactivated CïH bonds to metal centers 

were reported by Bergman22-24 and Jones25 utilizing complexes of general formula 

[Cp*(PMe3)MH2] (M = Rh, Ir) (Scheme 1ï5).  In these reactions, photolysis of the metal 

complex 1ï8 in hydrocarbon solvents resulted in the loss of H2 from the complex followed 

by the oxidative addition of the hydrocarbon to the metal formally cleaving the CïH bond 

producing the new metal hydride complex 1ï9.  Upon monitoring the reaction by 1H NMR, 

new metal hydride peaks were easily observable as evidence of oxidative addition to the 

metal complex.26  Similarly, Graham27 also reported the photolysis of an [Cp*Ir(CO)2] 

complex with loss of carbon monoxide (CO) to achieve the CïH activated product.  
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Scheme 1-5.  Photolytic oxidative addition of metal to alkyl CïH bond 

 

1.3.2 Electrophilic Bond Activation 

In an alternative mechanism, electrophilic bond activation (EBA) is commonly 

observed in highly electrophilic late transition metal systems such as PdII, PtII, PtIV, HgII, 

RhIII , IrIII  and TlIII .21  With EBA, metal insertion into the CïH bond on the aromatic ring to 

form the orthoïCïM bond does not form a metal hydride intermediate leaving the 

oxidation state of the metal unchanged.  EBA generally occurs in systems with late 

transition metals which feature basic type ligands attached to the metal.  Cyclometalation 

via EBA (Scheme 1ï6, Pathway A) is initiated by coordination of the metal to a 

nucleophilic directing group on the organic species, producing 1ï5, followed by bond 

activation through the formation of a „ïcomplex with the metal to produce the arenium 

intermediate 1ï10.  This step is often rate limiting and loss of HïX from 1ï10 generates 

the cyclometalated product 1ï12.  Work by van Koten and coworkers28 indicated that 

formation of the Pt „ïcomplex proceeds via an arenium intermediate, supported by 

increases in the CïC bonds lengths of the characterized intermediate (Figure 1ï4).  In the 

final step, presence of acetate type ligands assist in removing the hydrogen from the 

arenium species to form the metallacycle.  
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Figure 1-4.  Crystal structure for arenium intermediate as determined by van Koten28 

 

1.3.3 Concerted MetalationïDeprotonation 

Concerted metalationïdeprotonation (CMD)29-32 (Scheme 1ï6, Pathway B) has 

been suggested as an alternative mechanism to EBA for cyclometalation with CArïH bonds.  

CMD mechanisms have been implicated for PdII, RuII, RhIII  and IrIII  based systems,33-36 

which commonly incorporate coordinating bases such as acetates or carbonates in the 

reaction.  These coordinating bases play an integral part in the CMD pathway as they assist 

the deprotonation of the proximal CïH bond of the substrate.37-41  Though some reports 

indicate that EBA and CMD pathways are almost identical, they vary from one another in 

the intermediate steps of the cyclometalation.  Specifically, while the EBA mechanism 

proceeds through an arenium intermediate, the CMD pathway suggests that during the 

metalation of the aryl ring, the CïH bond is deprotonated by aid of a pendant basic ligand 

(1ï11) in a concerted fashion without the formation of an arenium intermediate.  After this, 

the protonated ligand can eliminate from the coordination sphere of the metal, resulting in 
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the cyclometalated product 1ï12.  Development of the CMD mechanism was brought forth 

in large part due to the observation that electronically biased substituents on the aromatic 

ring showed little to no effects in the observed reaction rates.  This observation is 

inconsistent with the idea of an arenium intermediate being formed though an electrophilic 

activationïtype pathway, which should display drastically different rate profiles depending 

on the electronic character of the substrates. 

 

Scheme 1-6.  Pathways for the cyclometalation process via electrophilic bond activation 

(EBA) (Pathway A) and concerted metalationïdeprotonation (CMD) (Pathway B) 

 

1.3.4 „ïBond Metathesis 

Cyclometalation occurring via „ïbond metathesis is another possible mechanism 

which is generally only viable for low oxidation state metals with a d0 configuration.  The 

concerted process involves  a fourïmembered transition state for the deprotonation of the 

hydrogen from the aromatic ring.42  This mechanism has been commonly described for 

early transition metal systems of type Cp2MR (M = Sc, Ln) or Cp2MR2 (M = Ti, Zr, Hf), 

as these metals are in their highest oxidation state and thus cannot undergo oxidative 
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addition nor reductively eliminate to lower their oxidation state.   The electron density at 

the metal center of TSï2 helps to stabilize the incoming hydride leading to the new MïC 

„ïbond (Scheme 1ï7).43-46  This hydride stabilization by the metal center is often referred 

to as „ïcomplex assisted metathesis („CAM).42  While commonly applied to metal 

complexes containing alkyl ligands, this mechanistic pathway has also been proposed for 

late transition metal hydride complexes of rhenium, ruthenium and osmium in select 

cases.20  

 

Scheme 1-7.  General pathway for ⱭCAM pathway 

 

1.4 Transition MetalïCatalyzed CïH Activation  

CïH bonds are ubiquitous in organic molecules though their low reactivity makes 

direct functionalization nonïtrivial.47  The desire for more efficient, environmentally 

friendly processes, calls for alternative approaches to the classical methods or DoM 

chemistry previously discussed, especially in those processes requiring largeïscale,          

multiïstep syntheses.  The direct functionalization of aromatic CïH bonds catalyzed by 

transition metals provides an interesting and exciting alternative approach to producing    

CïX bonds (X = carbon, heteroatom, halogen).  As the substrates generally require no 
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preactivation, employing a CïH activation protocol provides an atom economical48-49 

approach to synthesis that does not require the formation of halogenated or otherwise 

prefunctionalized substrates.50  As a result, the field of transition metalïcatalyzed CïH 

activation has undergone an explosive and unparalleled growth over the last few years.51  

A major breakthrough reported by Fujiwara52 was revolutionary to the field of       

CïH activation.  In his seminal report, stoichiometric amounts of a [PdCl2ϽStyrene]2 dimer 

were coupled with benzene for the formation of transïstilbene (Scheme 1ï8) marking one 

of the first examples of aromatic CïH bond activation by transition metal complexes.  

Unfortunately, the process was stoichiometric in palladium and the yields were low though 

curiously, the presence of the acetic acid was found to be crucial for the reaction.  

Substitution of the benzene solvent for toluene resulted in the desired transï4ï

methylstilbene in a similar yield, negating the possibility of styrene decomposition in the 

reaction to produce the transïstilbene products.  The reaction was later optimized by 

replacement of [PdCl2ϽStyrene]2 with Pd(OAc)2 leading to synthetically useful yields (up 

to 90%) while increasing the scope of olefins and aromatics capable of undergoing the 

coupling reaction.53  Most importantly, the addition of oxidants to the reaction mixture 

such as copper or silver salts allowed for the catalytic use of Pd(OAc)2, which reoxidizes 

Pd0 back to PdII.54  
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Scheme 1-8.  Fujiwara coupling of benzene and toluene with styrene52 

 

Although the above example detailing the use of transition metalïcatalyzed CïH 

activation provides an advantageous alternative to more traditional metalïcatalyzed    

crossïcoupling reactions, this strategy is not without its limitations.  Aromatic CïH bonds 

characteristically have high bond dissociation energies (465 kJ/mol)55 as well as relatively 

low acidities (pKa of C6H5ïH  40 in H2O).  Though they are not completely inert as 

previously thought, these characteristics render the activation of CïH bonds significantly 

difficult.  As a result, CïH bond activation reactions often require high temperatures and 

can also call for oxidants as well as highly basic or acidic additives.56  While these 

conditions may be required to activate the CïH bond, functional groups on the molecule 

may also be affected and as a result may oxidize, decompose or be cleaved under the 

conditions required to achieve the metalïcatalyzed CïH activation.  Consequently, 

conducting the reactions regioselectively under mild conditions presents a great challenge 

in CïH bond activation chemistry; particularly cases in which directing groups are absent, 

leading to mixtures of regioisomers (vide infra).56   
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It has been long known that a variety of transition metals are capable of inserting 

into CïH bonds.20, 57-59  This concept was pioneered extensively by Shaw, Milstein, van 

Koten60-63 and coworkers towards the synthesis of cyclometalated ligands on transition 

metals.  In a similar vein to DoM chemistry, these transformations often require the 

presence of a proximal basic ligand such as phosphines or amines to facilitate coordination 

of the ligand with the metal center.  Equation 1ï1 exemplifies this with the use of chelating 

pincer ligands.  Conversely, these transformations were exploited for the formation of new 

transition metal complexes and as such, these processes were not investigated in a catalytic 

sense towards the synthesis of functionalized organic molecules.  However, the compounds 

which are synthesized by this method can be used as efficient complexes in a variety of 

metalïcatalyzed reactions.64 

 

 

More relevant to CïH functionalization chemistry, Horino and Inoue65 

demonstrated the ability to selectively functionalize acetanilide derivatives in the orthoï

position via formation of an orthoïpalladated complex. This complex was formed under 

remarkably mild conditions utilizing Pd(OAc)2 and could also be isolated.  Subsequent 

reactions with carbon monoxide and olefins resulted in CïC bond formation (Scheme         

1ï9).  While these reactions required the stoichiometric use of Pd(OAc)2, this report was a 

major advance in the field as it demonstrated the capability of transition metals to not only 
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insert into CïH bonds, but to mediate synthetically interesting reactions with high 

regioselectivity in the presence of directing groups. Through their studies, it was observed 

that orthoïsubstituted acetanilides were unable to form the cyclopalladated complex.  

While at the time no suggestion was given for the lack of reactivity of orthoïsubstituted 

acetanilides, Glorius66 later provided evidence that steric repulsion of the directing group 

with the catalyst was responsible for the lack of reactivity. 

 

Scheme 1-9.  Synthesis of orthoïsubstituted aromatics via cyclopalladation of 

Pd(OAc)2
65 

 

By the early 1990ôs, CïH bond cleavage was widely studied and known for a 

variety of metals.57  While these processes occur with stoichiometric amounts of metal, 

catalytic attempts at CïH cleavage were met with low yields and low catalyst turnovers.  

A major breakthrough was reported by Murai and coworkers67 who described the use of 

RuH2(CO)(PPh3)3 to catalyze the orthoïalkylation of aromatic ketones (Scheme 1ï10).  

This catalytic process overcame many of the previously reported issues with                    

orthoïmediated alkylations.68  Specifically, the reaction proceeds with catalyst loadings of 
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the RuH2(CO)(PPh3)3 as low as 2 mol%, avoiding use of stoichiometric metal in the 

reaction.  Selectivity was dramatically improved as regioisomers were avoided in cases of 

where multiple orthoïsites were available for alkylation leading to the formation of only 

one regioisomer as the dominant product.  As well, the generality of the alkylation is 

applicable to a wide variety of aromatic and heteroaromatic compounds and a variety of 

olefins could be incorporated, dramatically increasing the scope of the reaction.   

 

Scheme 1-10.  Catalytic CïH alkylation by Murai and coworkers67 

 

Detailed mechanistic studies on the reaction were conducted to elucidate the 

catalytic cycle for the rutheniumïcatalyzed CïH alkylation depicted in Figure 1ï5.69  

Initially, the olefin coordinates to the preïcatalyst RuH2(CO)(PPh3)3, 1ïE, and is 

hydrogenated leading to the formation of the active catalyst, 1ïF.  Introduction of the aryl 

substituent, 1ï20, allows for coordination of the low valent Ru0 to the ester, forming 

coordinated complex 1ïG.  Insertion of the ruthenium into the CArïH bond likely occurs 

via an oxidative addition to the Ru0 complex resulting in the formation of the ruthenium 

hydride 1ïH.  The olefin then coordinates to the cyclometalated ruthenium complex and 

displaces one of the labile ligands forming intermediate 1ïI .  Hydride insertion from the 

ruthenium centre can proceed to the internal or terminal carbon leading to the formation of 

branched, 1ïJ, or linear, 1ïK , complexes respectively.  Since no branched isomer of the 
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alkylated product is observed, complex 1ïJ, if formed, does not undergo reductive 

elimination and thus must revert back to complex 1ïI .  Upon formation of complex 1ïK , 

reductive elimination occurs to generate the product 1ï21 and regenerate the active catalyst 

1ïF.  13C kinetic isotope effect (KIE) and deuterium labeling studies conducted on the 

reaction indicated that the CïH activation step (formation of 1ïH) is facile and occurs 

readily and reversibly, strongly suggesting that the rate limiting step is the reductive 

elimination to form the CïC bond. 
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Figure 1-5.  Muraiôs proposed catalytic cycle of Ruïcatalyzed orthoïalkylation 
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1.5 MetalïCatalyzed CïH Borylation  

1.5.1 Synthesis of Arylboronic Esters 

Organoboron compounds (Figure 1ï6) have played a pivotal role in the 

development of organic, inorganic and materials chemistry over the past 30 years due in 

large part to the discovery of the SuzukiïMiyaura crossïcoupling reaction and their use 

therein.70-71  These applications include optical materials,72-73 neutron capture therapy,74-75 

as well as in the synthesis of medicinal compounds and precursors.76  Additionally, 

arylboronates are capable of undergoing many essential bond forming reactions including 

metalïcatalyzed crossïcouplings, 1,2ï and 1,4ïaddition to carbonyls, oxidative 

aminations, oxidative Heck reactions, additions to imines and iminium ions.77-82 

 

Figure 1-6.  Common boron functional groups used in SuzukiïMiyaura crossïcouplings 

 

Conventionally, a handful of methodologies are commonly employed to synthesize 

arylboronic esters.  Most commonly these species are synthesized by reacting 

organometallic reagents such as Grignard or organolithium reagents available either 

through lithiumïhalogen exchange, or by DoM chemistry with molecules such as trimethyl 

borate (B(OMe)3). Unfortunately however, these methods have inherent limitations 

involving the handling of the highly reactive organometallic reagents (vide supra).   
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More recent developments have involved the use of transition metalïcatalyzed 

crossïcoupling reactions.  These catalytic transformations take place more commonly 

under palladiumïcatalyzed83 conditions while Marder84 has since reported an alternative 

route based on copperïcatalyzed conditions.  In both cases, aryl halides are coupled with 

diboron reagents such as bis(pinacolato)diboron (B2Pin2) or bis(neopentyl 

glycolato)diboron (B2neop2), to form the target arylboronate while the former method also 

proved applicable to pinacolborane (HBpin) (Scheme 1ï11).  While the desired 

arylboronates are easily prepared, the procedures are stepwise, time consuming and draw 

on the need for prefunctionalized aryl species.  As a result, the ability to directly 

functionalize molecules, particularly aromatic compounds, to form organoboron 

compounds with exclusive selectivity is highly advantageous. 

 

Scheme 1-11.  Common strategies for synthesis of arylboronate esters by A) lithium 

halogen exchange, Grignard reagents or DoM and B) palladiumïcatalyzed routes 
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1.5.2 From Stoichiometric to Catalyzed CïH Borylation Reactions 

A seminal report on the CïH borylation of aromatic molecules appeared in 1995 

by Hartwig85 describing the irradiation of [CpFe(CO)2(Bcat)] in aromatic solvents 

producing arylboronic esters (Scheme 1ï12).  In their studies, the photochemical borylation 

of benzene with catecholborane (HBcat) was achieved resulting in C6H5BCat in 87% yield.  

Although only the monoborylated product was obtained, the reaction was poorly selective 

in reactions employing substituted aromatic molecules where multiple isomers are 

possible.  For example, when the reaction is conducted with toluene, a 1.1:1 mixture of 

metaï and paraïsubstituted products are observed while reaction in anisole yields a 

1:1.6:1.1 ratio of orthoï, metaï and paraïsubstituted products.  Despite its novelty, the 

poor selectivity observed with substituted arenes and the stoichiometric use of the metal 

boryl complex severely hampers the utility of this reaction. 

 

 

Scheme 1-12.  Photolysis of [(CpFe(CO)2(Bcat)] complex to yield arylboronate esters 
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In 1999, Hartwig and Chen86 introduced the first catalytic CïH borylation of 

alkanes under photochemical conditions using [Cp*Re(CO)3] as the catalyst and B2Pin2 as 

the boron source leading to high yields of alkylboronate esters.  A variety of alkanes were 

borylated at the least sterically hindered position in excellent yields (75ï100% of the 

borylated alkane).  Stoichiometric studies with [Cp*Re(CO)(Bpin)2] indicated that the first 

step of the catalytic cycle was the oxidative addition of B2Pin2 to the metal centre with the 

subsequent loss of CO and that the [Cp*Re(CO)(Bpin)2] complex is a viable intermediate 

in the process. 

Prior to 2000, CïH borylations were conducted under photochemical conditions 

and while efficient, were not practical outside of laboratory settings.  While Smith and 

coworkers87 originally reported the first thermal CïH borylation of benzene mediated by 

[Cp*Ir(PMe)3H2], these reactions were stoichiometric in metal and still not overly practical 

outside of the laboratory.  In 2000, Hartwig88 and coworkers introduced the first catalytic 

CïH borylation reactions under thermal conditions utilizing RhI catalysts.  At elevated 

temperatures (150 oC) various alkanes could be borylated with exclusive selectivity for the 

terminal position in moderate to good yields (up to 88%).  Smith and coworkers89 

subsequently reported the borylation of benzene was also achieved with excellent yields 

under thermal conditions producing solely the monoborylated product (Scheme 1ï13).  The 

catalyst loading could be significantly decreased to 0.5 mol% with only a small loss in the 

yield, though the reaction time had to be significantly increased.  Unfortunately, benzene 

was the only aromatic compound which was borylated under these conditions and other 

substituted arenes were not investigated at the time.  Needless to say, this discovery was a 
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major breakthrough for the application of CïH borylation chemistry, but significant 

progress was still needed to make this procedure more practical. 

 

 

Scheme 1-13.  CïH borylation of benzene under thermal conditions 

 

1.5.3 Undirected CïH Borylation of Arenes 

To date, iridium catalysts have been the most investigated for the CïH borylation 

of arenes.  Hartwig and Miyaura90 described a convenient and highly effective catalytic 

system for the undirected CïH borylation of a wide variety of aromatic compounds.  The 

bench stable, and commercially available [Ir(COD)Cl]2 was demonstrated to be an 

effective precatalyst in the presence of chelating nitrogen donors such as  2,2ôïbipyridine 

(bipy).  The iridiumïcatalyzed system utilized B2Pin2 in stoichiometric amounts with 

various substituted arenes (including heteroarenes) which produced arylboronate esters in 

high yield.  Use of the more reactive [Ir(COE)2Cl]2 even allowed this reaction to take place 

at room temperature (Scheme 1ï14).  Stoichiometric studies under these conditions 

demonstrated that, a trisboryl complex [Ir(bipy)(COE)(BPin)3] was formed (1ïL ).91  This 

complex was isolated and characterized by Xïray crystallography and subsequent studies 

demonstrated this species to be a chemically and kinetically competent intermediate in the 
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overall reaction (Figure 1ï7) as dissolution of the trisboryl complex in C6D6 yielded three 

equivalents of C6D5Bpin (1ï22) in 80% yield (Scheme 1ï15). These studies led the authors 

to propose the catalytic cycle depicted in Figure 1ï7. 

 

 

Scheme 1-14.  Undirected borylation of arenes with B2Pin2 using 

[Ir(OMe)(COE)]2/dtbpy 

 

 

 

Scheme 1-15.  Isolation of iridium trisboryl intermediate 1ïL 
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Figure 1-7.  Catalytic cycle of undirected borylation of benzene with 

[Ir(bipy)(COE)(Bpin)3] 

 

The nature of the ligands on the iridium precatalysts were extensively investigated90 

and it was determined that highly basic anionic ligands such as ïOMe were found to 

dramatically increase the reactivity of the catalyst system.  Initial studies of less basic 

systems of IrCl(COD)]2 or [Ir(OAc)(COD)]2 with derivatives of the bipy ligand showed no 

borylation.  Ultimately the commercially available, air and moisture stable precatalyst 
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[Ir(OMe)(COD)]2 was found to display excellent reactivity for the borylation in presence 

of the electron rich and bulky 4,4ôïditertbutylï2,2ôïbipyridine (dtbpy) ligand.  The role of 

the basic additive appears to be related to the facile formation of the trisboryl intermediate 

(1ïL ) which is thought to occur via oxidative addition of B2Pin2 to the [Ir(OR)(COD)]2 

species followed by reductive elimination of alkoxy boronate (ROBpin). 

The CïH borylation of substituted benzenes was investigated90 utilizing the 

[Ir(OMe)(COD)]2/dtbpy system (Scheme 1ï16).  Borylation of 1,2ï and 1,3ïsubstituted 

symmetrical substrates yielded a single product while unsymmetrical substrates also 

yielded a single product due to the steric accessibility of one CïH position over the others 

in the molecule.  1,4ïDichlorobenzene was the only substrate which was able to undergo 

borylation at the orthoïposition though the steric hindrance of the chloro groups 

significantly slowed the reaction and the yield of the borylated substrate was significantly 

lower than the other substrates investigated in the study.  Importantly, common functional 

groups were tolerated under the reaction conditions and borylations were selective for       

CïH bonds over Cïheteroatom bonds in the substrates studied.  Similarly, Smith and 

coworkers92 also demonstrated the viability of the chelating ligands such as bisphosphines 

in accelerating the borylation reactions.  Like Hartwigôs initial study with chelating bipy 

ligands,91 the reactions required a large excess of the arene and long reaction times were 

observed.  Studies on the reaction mechanism and isolation of potential intermediates 

suggested that the increased reaction times were a result of the induction period leading to 

the formation of the IrIII  trisboryl intermediate complex.91, 93 
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Scheme 1-16.  Undirected aromatic borylation with B2Pin2 of disubstituted arenes and 

heteroaromatics90 

 

Heteroaromatics provide a unique reactivity for undirected CïH borylation 

reactions differing from the reactivities seen with aromatic substrates.  While 

regioselectivity can often be an issue with organic aromatic substrates, regioselectivity in 

heteroaromatics is generally controlled by selective functionalization of the most acidic    

CïH bond in the substrate allowing the borylation to occur alpha to the heteroatom.  This 

reactivity is frequently observed with furan, pyrrole and thiophene species with the 

electronics of the ring largely dictating the reactivities of these heteroaromatic 

compounds.93-94  Unsubstituted 5ïmembered heteroaromatic rings (Eq. 1ï2) undergo 

borylation at the 2ï and 5ïpositions while 2ïsubstituted heteroaromatics undergo 
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borylation at the 5ïposition (Eq. 1ï3).95-96  Remarkably, when bulky groups such as 

triisopropylsilyl (TIPS) are directly bonded to the nitrogen of a pyrrole, borylation occurs 

at the 3ïposition of the ring rather than the 2ïposition (Eq. 1ï4).96-98  Heteroatoms fused 

with benzene rings (benzothiophene, benzofuran or indole) undergo monoborylation with 

the ïBpin group adding to the 2ïposition with no competing borylation on the arene ring 

(Eq. 1ï5).90, 99   

The reactivity of pyridine based aromatics in iridiumïcatalyzed CïH borylation 

differs slightly from the reactivities observed with the 5ïmembered heterocycles.  Pyridine 

rings which are substituted at the 2ïposition generally undergo competitive borylation at 

the 4ïposition and 5ïpositions relative to the nitrogen heteroatom, likely for steric reasons 

(Eq. 1ï6).100  Meanwhile, pyridine rings with a substituent at the 3ïposition typically 

undergo borylation at the 5ïposition (Eq. 1ï7) while 2,6ïdisubstituted pyridine rings 

undergo borylation at the 4ïposition (Eq. 1ï8).101  Interestingly, bipyridine rings joined at 

the 2ïposition which contain large substituents at their respective 4ïpositions (such as    

tertïbutyl groups) will undergo borylation with 1 eq. of B2Pin2 at the 6ï and 6ôïpositions 

of the bipyridine (Eq. 1ï9).100 
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Shortly following Hartwigôs thermal CïH borylation of benzene, Smith89 reported 

CïH borylations of substituted arenes using  [Cp*Ir(PMe3)(H)(Bpin)] and [Cp*Rh(–4ï




































































































































































































































































