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Abstract 

The palladium-catalyzed Suzuki-Miyaura cross-coupling, in which a carbon-carbon bond is formed 

between an organohalide or pseudo-halide electrophile and an organoboron nucleophile, has developed into 

one of the most widely used bond-forming reactions in academic and industrial research alike. The 

development of automated syntheses in the past decade using this powerful methodology shows significant 

promise towards accessing a general approach to small-molecule synthesis. One of the largest drawbacks 

in this Nobel-Prize winning methodology is the sparsity of robust methods for incorporating sp3-hybridized 

coupling partners. The development of methods which allow sp3-hybridized reagents to participate in cross-

couplings is of vital importance to the long-term goal of using Suzuki-Miyaura cross-coupling as a widely 

applicably technique in small molecule synthesis. 

This thesis describes the development of two methodologies which aim to incorporate sp3-

hybridized coupling partners in iterative cross-coupling reactions. We report the use of benzyl 

trifluoromethyl sulfones as unique electrophiles in desulfonative cross-coupling reactions to synthesize 

diarylmethanes. This manifold was found to be tolerant to a range of structurally and electronically diverse 

organoboron coupling partners, although heteroaromatic species proved problematic. A sulfone bearing a 

pendant aryl bromide was found to undergo highly selective iterative cross-coupling reactions in which 

chemoselectivity is controlled through the oxidative addition step. Additionally, the application of sulfones 

towards a desulfonative borylation strategy for the synthesis of benzylic boronic esters was examined. 

The selective cross-coupling of vicinal 1,2-diboronates was also examined. These substrates were 

found to undergo highly chemoselective coupling at the terminal position based solely on the intrinsic 

reactivity difference due to the substitution at carbon, without the use of boron masking agents. Importantly, 

it proved feasible to functionalize both boron substituents through cross-coupling in an iterative fashion, 

affording multiply arylated structures with complete regioselectivity and excellent stereocontrol. 

Preliminary investigations into the origin of this chemoselectivity were performed. 
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The research described herein will detail our efforts towards the development of these two novel 

methods in iterative cross-coupling. 
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Chapter 1 

Introduction 

1.1 Introduction to Cross-Coupling and the Suzuki-Miyaura Reaction 

The development of transition-metal catalyzed cross-coupling reactions has 

unquestionably revolutionized modern organic synthesis1, and resulted in new synthetic 

techniques which have been applied to the synthesis of fine chemicals in a broad range of 

fields ranging from medicinal chemistry2 to materials science3. The field of homogeneous 

cross-coupling catalysis has grown rapidly since the mid-1990s, highlighted by the 

awarding of the 2010 Nobel Prize in Chemistry to Richard Heck, Akira Suzuki and Ei-ichi 

Negishi for “palladium-catalyzed cross couplings in organic synthesis”4. Cross-coupling 

reactions have provided chemists with a remarkably powerful tool for the construction of 

molecular architectures5.  

Catalysis generally refers to the acceleration of a chemical reaction through the 

action of a substance which itself is not consumed in the reaction, which is termed a 

catalyst6. During a catalytic process, the catalyst is involved in a sequence of elementary 

transformations with the reagents to generate the product. At the end of these reactions, 

termed a “catalytic cycle”, the catalyst must be regenerated. Catalysts offer an alternative 

reaction pathway or alternate mechanism in which the activation energy towards the 

highest energy transition state is reduced thereby increasing the rate of reaction even when 

a potentially single-step reaction involves several elementary processes when a catalyst is 

added. Catalysis thus offers access to the formation of new chemical bonds which, in the 

absence of a catalyst, may not be formed within a reasonable timescale6.  
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The Suzuki-Miyaura reaction has emerged as a state of the art methodology for the 

construction of carbon-carbon bonds in both academic and industrial settings alike since 

its initial discovery in 19797. The Suzuki-Miyaura reaction refers to cross-coupling of an 

electrophilic organohalide with a nucleophilic organoboron partner under basic conditions 

in the presence of a palladium catalyst. The reaction has adopted widespread use in part 

due to its generally mild reaction conditions, exceptional functional group tolerance and 

low toxicity of the inorganic by-products relative to other cross-coupling reactions of 

organometallic reagents8, such as organotin species9 (Stille coupling), organozinc 

reagents10 (Negishi coupling) or Grignard reagents11 (Kumada coupling). 

 

Scheme 1. A general Suzuki-Miyaura cross-coupling reaction between two aryl coupling 

partners. 

1.1.1 Mechanism of the Suzuki-Miyaura Reaction 

The generally accepted mechanism for the palladium-catalyzed Suzuki-Miyaura 

reaction is shown in Figure 18. The catalytic cycle begins with generation of an active Pd0 

catalyst. This may occur through ligand dissociation of an 18-electron, coordinatively 

saturated Pd0 precursor such as tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4), or 

though in situ reduction of an air-stable PdII pre-catalyst. The Pd0 catalyst undergoes 

oxidative addition to an organohalide or pseudohalide, generating a PdII organometallic 

intermediate. Transmetalation of an organic group from boron to palladium then occurs 

with assistance of a base. Finally, reductive elimination forges a new carbon-carbon bond 

and regenerates the active Pd0 catalyst8.  
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Figure 1. General catalytic cycle of a Suzuki-Miyaura cross-coupling reaction.  

 

The rate of oxidative addition of organohalides to palladium catalysts has been 

observed to follow the trend I > Br > Cl8. This mirrors the observed trends in C-X bond 

strength,12 in which weaker bonds undergo more rapid oxidative addition. Extensive ligand 

development has been conducted to address the poor reactivity of aryl chloride 

electrophiles13, which are more readily available than other aryl halides and more stable 

towards other transformations. This will be discussed further in Section 1.2. 

The exact mechanism of oxidative addition is highly dependent on both the identity 

of the leaving group on the electrophilic species and the chemical nature of the organic 

group14. A systematic study using 31P NMR was conducted by Hartwig in 2005, in which 

the oxidative addition of aryl iodides, bromides and chlorides to Pd[(Q-Phos-Tol)2] was 

examined (Scheme 2)15. Aryl iodides were found to undergo oxidative addition through an 

associative mechanism, in which a phosphine ligand is first replaced by the aryl iodide 
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bound either η1 through the iodide or η2 through the aromatic π-system in the rate 

determining step prior to C-I bond cleavage15. The addition of aryl bromides was found to 

initiate by rate-determining dissociation of a phosphine ligand prior to fast oxidative 

addition, rendering ligand dissociation effectively irreversible15. In the case of aryl 

chlorides, dissociation of the ligand was found to be reversible15. 

 

Scheme 2. Mechanisms of oxidative addition of aryl halides as determined by Hartwig15. 

 

Oxidative addition is followed by transmetalation of an organic group from boron 

to palladium to generate a di-organometallic intermediate. Transmetalation has been the 

most widely studied step of the Suzuki-Miyaura reaction, and its mechanism has long been 

under intense debate6,16–18. Key to this step is the Lewis acidity of three-coordinate boron 

species8, since coordination of a fourth anionic ligand, thereby generating an ionic borate, 

promotes transfer of an organic fragment from boron to palladium. Debate largely settles 

on the key question of the identity of this fourth ligand (Scheme 3). In one proposal16, a 

four-coordinate borate is generated without action of the metal, typically through an 

equilibrium reaction with a Bronsted base in the reaction. This borate then reacts with the 

oxidative addition complex. Alternatively, a ligand on the metal center (shown as 

hydroxide, which is commonly generated in situ through the use of strong bases in mixed 

organic/aqueous solvents) may act as a Lewis base towards the boron center, directly 
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affording the palladium-associated species to which both pathways eventually converge16. 

These pathways are commonly referred to as the “boronate” and “oxo-palladium” 

pathways respectively16.  

 

Scheme 3. The “boronate” and “oxo-palladium” pathways proposed for transmetalation in the 

Suzuki-Miyaura reaction16. 

To differentiate between these mechanisms, Hartwig examined the rates of 

stoichiometric model reactions which are representative of each pathway18. They 

demonstrated (Scheme 4) that the reaction of hydroxopalladium(II) complex 1-1 with 

boronic acid 1-2 occurs significantly faster than reaction of bromopalladium(II) complex 

1-3 with trihydroxybortate 1-4, which supports the oxo-palladium pathway of 

transmetalation18. Similar results were obtained for the corresponding reactions with 

arylboronic esters as coupling partners18.  
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Scheme 4. Kinetics of model reaction for the “oxo-palladium” (top) and “boronate” mechanisms 

of transmetalation18. 

 

Evidence for the “boronate” pathway has largely been observed in reactions 

employing large proportions of water in the solvent system. The equilibrium between 

palladium halide complexes (1-3) and hydroxide complexes (1-1) favors the halide 

complex as the proportion of water is increased, which may be due to increased hydration 

of free hydroxide ions in predominantly aqueous solutions18. Santos and coworkers 

demonstrated under aqueous conditions, in which the stoichiometry of base is limited, 

electron-deficient aryl boronic acids with lower pKas were found to transmetalate more 

readily19 (Scheme 5). This was rationalized by their increased tendency to form the four-

coordinate borate19.  
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Scheme 5. Impact of boronic acid electronics on selectivity of the Suzuki-Miyaura reaction with 

varying amounts of base19. 

 

The final step in the catalytic cycle is reductive elimination, in which a carbon-

carbon bond is formed and the active palladium(0) catalyst is regenerated. It has generally 

been observed that bulky, electron-deficient ligands are optimal for this step20,21. Electron 

rich ligands more effectively stabilize the palladium(II) complex, increasing the activation 

barrier towards elimination20. The effectiveness of sterically bulky ligands has been 

rationalized given that reductive elimination lowers the coordination number of the metal, 

relieving steric strain20.  

1.2 Ligand Development in the Suzuki-Miyaura Reaction 

1.2.1 Dialkylbiaryl phosphines 

The catalytic properties of a transition-metal catalyst are dictated primarily by two 

factors: the elemental nature of the central metal, and the properties of the supporting ligand 

that is bound to the metal13. The influence of the ligand on transition-metal reactivity 

cannot be understated22. Ligands have broad impact on the electronic and steric properties 

of a metal complex, and often stabilize catalytically active species which may otherwise 

be unstable13, thereby affording increased catalyst turnover numbers and improved reaction 
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yield. Ligands can also have drastic effects on the regio- or stereoselectivity of a chemical 

reaction22.  

The development and study of ligands for transition metal catalysts represents a 

highly active field of research23. Among these ligands, phosphine ligands have by far been 

the most widely studied. The steric and electronic properties of phosphines can be varied 

across a wide spectrum depending on the nature of the substituents on phosphorus. Many 

structurally diverse phosphines have found widespread use in catalysis (Figure 2), 

including (but not limited to) triarylphosphines (1-09), trialkylphosphines (1-10), bidentate 

phosphines (1-11), biaryldi(cyclohexyl)phosphines (“Buchwald ligands”, 1-12) chiral 

monodentate (1-13) and bidentate phosphines (1-14)6.  

 

Figure 2. Classes of phosphine ligands commonly employed in Suzuki-Miyaura cross-coupling6. 

 

Dialkylbiarylphosphines in particular (1-12, Figure 2) have demonstrated robust 

usefulness in palladium-catalyzed cross-coupling24. A variety of steric and electronic 

factors are believed to contribute to their widespread applicability. The bulky, strongly-

electron donating nature of these ligands is believed to support the formation of a 12-

electron, monoligated L-Pd0 species25, which are believed to undergo rapid oxidative 

addition reactions with aryl halides relative to L2Pd0 complexes due to decreased steric 

hindrance upon approach of the aryl halide15. It is also believed that Pd-η1-arene 

interactions with the distal aromatic ring act to stabilize palladium complexes with low 
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coordination number (Figure 3)26. The use of sterically bulky alkyl groups on phosphorus 

is believed to promote reductive elimination27, while sterically hindered substituents on the 

ortho positions of the bottom ring prevent phosphine oxidation or palladacycle formation 

through undesired C-H activation27. 

 

Figure 3. A) General structure of dicyclohexylbiarylphosphines, commonly referred to as 

“Buchwald ligands”; B) Stabilization of a low-valent palladium center through interactions with 

the distal aromatic ring of the biaryl moiety24. 

1.2.2 N-Heterocyclic Carbenes 

An alternative class of ligand which has had increasingly larger impact on 

homogeneous catalysis is N-heterocyclic carbenes (NHCs)28. Carbenes are defined as 

neutral compounds which contain a divalent carbon atom with six valence electrons29. N-

heterocyclic carbenes (NHCs), in which the carbenic carbon is contained within a 

heterocyclic ring containing at least one adjacent nitrogen atom, constitute the most widely 

researched class of carbenes30. The most widely studied heterocycles are imidazole rings 

and their saturated analogues, with the general structure of the corresponding carbenes 

depicted in Figure 4.  
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Figure 4. Structural features of N-heterocyclic carbenes29. 

 

Relative to phosphines, NHC ligands are stronger electron donors30 as described 

using the Tolman electronic parameter (TEP) method31. The wingtip groups on carbenes 

are oriented towards the metal center, creating a fan-like shape32, in contrast to the cone-

like geometry of phosphines in which the substituents point away from the metal centers33. 

The electronic and steric properties of NHCs are favorable for their use as 

supporting ligands in palladium-catalyzed cross-coupling reactions for numerous reasons. 

The basic catalytic cycle for a cross-coupling reaction using Pd-NHC complexes is shown 

in Figure 5. The catalytically active species is believed to be the 12-electron, monoligated 

Pd0-NHC complex34. The mechanism by which this complex is formed in situ is highly 

dependent on the choice of catalyst35–37. After generation of the active species, oxidative 

addition of an electrophile occurs to generate a PdII intermediate. The strong sigma-

donating ability of NHCs results in an electron-rich metal catalyst activated to perform 

oxidative addition reactions29. Transmetalation of an organometallic reagent to palladium 

then occurs, followed by reductive elimination to form the desired carbon-carbon bond. 

The fan-like orientation of the wingtip groups on nitrogen exerts significant steric influence 

on the metal center, which may promote the reductive elimination step29. Steric hindrance 

also acts to stabilize the coordinatively unsaturated low oxidation state active catalyst 
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which initiates the catalytic cycle, reducing decomposition by precipitation or 

aggregation29.  

 

Figure 5. General catalytic cycle for a Pd-NHC catalyzed cross-coupling reaction29. 

 

Following the first reported use of a Pd-NHC catalyst in homogeneous catalysis in 

199538, the field of Pd-NHC cross-coupling quickly burgeoned into a thriving area of 

research capable of promoting difficult reactions for which phosphine ligands are 

ineffective. Carbene ligands have been reported in highly active catalysts for the room 

temperature cross-coupling of aryl chlorides39, with turnover numbers exceeding 1000 h-1. 

The flexible steric bulk of NHC wingtip groups, for which rotation around nitrogen-carbon 

bond allows for the existence of several conformations with a range of steric influences, 
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has been harnessed for oxidative addition of 2,6-disubstituted aryl chlorides at room 

temperature by Glorius40, a feat which had not previously been accomplished by metal-

phosphine complexes.  

Palladium-carbene complex have also found use in a variety of cross-coupling 

reactions of alkyl halides. The Fu group was the first to report such a transformation in 

2003, when they described the Sonogashira coupling of terminal aliphatic alkenes with 

primary alkyl bromides using a catalyst formed in situ from Pd[(allyl)Cl]2 and a 

di(adamantyl)imidazolium salt41. The same year, Caddick and co-workers demonstrated 

that Pd-NHC complexes efficiently catalyze the sp3-sp3 Suzuki-Miyaura cross-coupling of 

unactivated primary alkyl bromides and primary alkyl 9-BBN borane reagents42. A new 

application of Pd-NHC catalysts in the cross-coupling of sp3 electrophiles will be discussed 

in Chapter 2.  

1.3 Cross-Coupling of sp3-hybridized coupling partners 

The Suzuki-Miyaura reaction has historically involved the use of predominantly 

sp2-hybridized coupling partners8. Since the seminal initial report by Suzuki and Miyaura 

on the synthesis of polyenes7, this reaction has become arguably the method of choice for 

the synthesis of polyene and biaryl moieties in a variety of industrial settings2,3. Aromatic 

moieties routinely influence the solubility and pharmacokinetic properties of molecules, 

particularly through the development of π-π43 or π-cation44 interactions. The ease with 

which biaryls can be synthesized using the Suzuki-Miyaura reaction has led to their 

widespread incorporation in the structures of pharmaceutical precursors, arguably at the 

expense of structural diversity45. The medicinal chemistry community has adopted a 

collective goal towards diversity oriented synthesis, aiming to explore a wider variety of 
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structurally diverse molecules. One measure which has been proposed as a measure of 

molecular complexity is the fraction of carbons in the molecule which are sp3 hybridized46. 

Evidence has begun to emerge that three-dimensional compounds containing chiral centers 

often exhibit improved biological properties than their flat analogues, offering tunable 

geometries and more selective binding46. It was reported that molecules with a higher 

fraction of sp3 carbons have statistically greater representation in the later stages of drug 

development46. In light of this, there is a growing interest in the development of methods 

for the construction of sp2-sp3 bonds as a synthetic tool. The research described in this 

thesis will describe two approaches taken by our group to meet this growing demand: the 

use of novel benzyl sulfones as sulfur-based sp3-hybridized electrophiles, and the use of 

multiply borylated sp3-hybridized boronic esters in iterative coupling processes. Relevant 

examples in the development of sp3-hybridized cross-coupling partners in the Suzuki-

Miyaura reaction will be discussed below. 

1.3.1 Cross-Coupling of secondary sp3-hybridized boronates 

The use of secondary sp3-hybridized organoboron compounds in cross-coupling 

has been limited by their sluggish transmetalation. Primary alkyl boron reagents generally 

undergo much more rapid transmetalation than their secondary analogues. This 

phenomenon was first described by Suzuki and coworkers in a 1986 report on the cross-

coupling of B-alkyl-9-borabicyclo[3.3.1]nonane (B-alkyl-9BBN) reagents with aryl 

halides (Scheme 6), where a clear preference for transmetalation of primary alkyl moieties 

was observed47. Notably, iso-butyl-9-BBN was found to cross-couple in high yield, while 

the sec-butyl isomer was completely unreactive.  
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Scheme 6. Cross-coupling of primary B-alkyl-9-BBN reagents with aryl iodides. Secondary 

boron reagents were unreactive47. 

 

The inherent differences in transmetalation of primary and secondary boronates 

was further highlighted in an elegant example by Falck in 2001 (Scheme 7), in which a 

four-coordinate borate (1-17) was employed in cross-coupling bearing both a primary alkyl 

and secondary alkyl group. Exclusive transfer of the primary group to palladium was 

observed in the final cross-coupled product (1-18)48.  

 

Scheme 7. Selective transmetalation of a primary alkyl group over a secondary group in a 

dialkylborate48. 

 

Cross-coupling of secondary alkyl boronates is further complicated by their 

propensity to undergo β-hydrogen elimination49. This process can result in the generation 

of regioisomeric products through unselective re-insertion of the in situ-formed palladium 

hydride49. This process is particularly concerning for substrates in which the carbon-boron 
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bond is stereodefined (Scheme 8), as an elimination/reinsertion pathway can erode the 

existing stereochemical information49. 

 

Scheme 8. Effects of β-hydride elimination on the regio- and stereo-chemistry of a cross-

coupling reaction of a stereodefined secondary alkyl organoboron reagents. 

 

Accordingly, many of the early examples of Suzuki-Miyaura cross-coupling 

reactions of secondary sp3-hybridized organoboron reagents involved specialized 

substrates for which these problems were avoided, rather than overcome through reaction 

design. The first reports of Suzuki-Miyaura cross-coupling of stereodefined secondary 

organoboron compounds were largely limited to cyclopropyl derivatives50,51. The use of a 

cyclopropyl substrate circumvents many of the issues typically observed with secondary 

alkyl substrates, as their geometry results in increased sp2-like character and their ring 

strain hinders β-hydride elimination from a post-transmetalation intermediate52. Deng 

demonstrated the cross-coupling of cyclopropyl boronic acids (1-19) with aryl halides in 

199850, which later extended by Gevorgyan in 200351. These cross-couplings were reported 

to proceed with retention of configuration (Scheme 9) in enantiomerically enriched 

substrates50,51, which represented the first example of stereospecific cross-coupling of a 

secondary boron reagent to generate chiral arylated cyclopropanes (1-20, 1-22). 
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Scheme 9. Stereoretentive cross-coupling of chiral cyclopropylboronic acids50,51. 

 

Unsubstituted cyclopentyl boron reagents (1-23 and 1-25) were later successfully 

cross-coupled (Scheme 10) by Fu53 and van den Hoogenband54. While the successful 

transmetalation of these species is noteworthy, it should be noted that β-hydride 

elimination is inconsequential in these unsubstituted systems due to the symmetry of the 

boron reagent such that all products are indistinguishable. Subsequent research by 

Molander (Scheme 11) using substituted cyclohexylltrifluoroborates (1-27) clearly 

demonstrated that β-hydride elimination does occur in these systems55, which resulted in a 

mixture of regioisomers (1-28 through 1-31) originating from chain-walking of the 

palladium throughout the carbon skeleton. 
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Scheme 10. Cross-coupling of cyclopentyl boron reagents reported by Fu53 and van den 

Hoogenband54. 

 

 

Scheme 11. Evidence for β-hydride elimination/chain-walking in the cross-coupling of 

substituted cyclohexyl trifluoroborate salts55. 

 

The regiochemical effects of β-hydride elimination on acyclic systems were 

demonstrated by the Molander group through the cross-coupling of isopropyl potassium 

trifluoroborate salt 1-32 with aryl chlorides55. A mixture of regioisomers of the cross-

coupling product were detected, suggesting there is some tendency for reinsertion of the 
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palladium-hydride to the secondary carbon to generate a less sterically hindered 

alkylpalladium(II) intermediate (Scheme 12). The use of sterically hindered aryl chloride 

1-36 was found to significantly reduce the regioselectivity of the reaction55, suggesting that 

the sterics of both coupling partners can influence the regiochemical outcome of the 

reaction. 

 

Scheme 12. Influence of the sterics of the aryl halide on β-hydrogen elimination55. 

1.3.2 Stereospecific Cross-Coupling of Secondary Boron Compounds 

Following these initial developments, numerous reports of stereospecific cross-

coupling of secondary sp3 boron reagents have emerged. These can generally be classified 

in one of two categories depending on the mode of activation of the boron functionality. 

The first is π-directed couplings, which originated with a landmark report by our group in 

200956 on the cross-coupling of secondary benzylic boronic esters (1-39) with aryl iodides, 

which was found to occur with high levels of stereoretention in enantioenriched coupling 
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partners. The use of stoichiometric Ag2O was critical to promote transmetalation of the 

benzylic organoboron reagent. 

Subsequent to this work, the use of Ag2O was shown to be similarly important in 

the cross-coupling of other boronic esters bearing adjacent π systems (Scheme 13), 

including allylic (1-41)57,58, propargylic (1-43)59 and dibenzylic compounds (1-45)60. 

These reactions were determined to proceed with retention of configuration in all cases, 

suggesting that there may be a common underlying role of silver in the transmetalation of 

these species, although that role has not been explicitly determined. 
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Scheme 13. Stereoretentive π-directed cross-couplings using silver (I) oxide56,58–60. 

 

The second general class of stereospecific cross-couplings are those which are 

heteroatom directed61–63.  These reactions utilize substrates in which a coordinating 

heteroatom, such as a carbonyl derivative or hydroxyl group, is appropriately positioned in 

proximity to the carbon-boron bond to affect transmetalation.  
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Carbonyl-directed cross-couplings were first described by the Suginome group in 

2010, where they demonstrated that cross-coupling of amido-boronic ester 1-47 with aryl 

iodides (Scheme 14) proceeds with highly stereospecific inversion of stereochemistry64. 

The inversion of stereochemistry was proposed to occur through intramolecular 

coordination of the carbonyl oxygen to the Lewis acidic boron, promoting an outer-sphere 

transmetalation64. Consistent with this proposal, addition of a zinc-based Lewis acid was 

found to result in near complete retention of stereochemistry during the cross-coupling63, 

presumably through coordination to the amide oxygen thus rendering the boron with a 

vacant coordination-site and sufficient Lewis acidity to undergo classical inner-sphere 

transmetalation with retention of stereochemistry63. Similar carbonyl directed cross-

couplings with inversion of stereochemistry have been reported by Molander61 and Hall62 

with amide and esters as activating groups. 
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Scheme 14. Amide-directed cross-coupling reactions reported by Suginome which proceed with 

inversion of stereochemistry64. Addition of a Lewis acid renders the reaction stereoretentive63. 

 

Suginome and Morken have shown that appropriately positioned hydroxyl groups 

can promote transmetalation of secondary C-B bonds (Scheme 15)65,66. In 2011, Suginome 

reported that the cross-coupling of 1-48, bearing an internal oxygen atom bound to boron 

in a five-membered ring, proceeds with retention of configuration at the stereogenic 

carbon66. Morken subsequently demonstrated in a more general approach that the cross-

coupling of β-hydroxyboronate 1-50 with aryl bromides also proceeds with retention of 

configuration65. Mechanistic studies suggested an inner-sphere transmetalation which 

proceeds through formation of an alkoxo-palladium(II) intermediate following oxidative 

addition65. Particularly noteworthy was the use of an activating group to cross-couple the 

secondary alkyl boronate in the presence of a primary boronate, which is generally 



 

23 

 

significantly more reactive towards transmetalation67,68. Chemoselectivity in the cross-

coupling of vicinal diboronates will be discussed in more detail in Section 3.1.2.  

 

Scheme 15. Hydroxyl-directed cross-couplings reported by Suginome66 and Morken65 which 

proceed with retention of configuration. 

 

1.3.3 Recent Developments in Secondary Alkyl Suzuki-Miyaura Cross-Coupling 

In recent years, two unique reports have emerged from Biscoe and Molander groups 

which aim to address the shortcomings of existing methodology for stereospecific synthesis 

using the Suzuki-Miyaura reaction. Biscoe showed that the cross-coupling of unactivated 

secondary alkyl trifluoroborate salts (1-52) with aryl chlorides proceeds with inversion of 

stereochemistry (Scheme 16), despite the absence of a coordinating heteroatom69. The 

ability to employ unactivated, optically active alkylboron compounds as effective coupling 

partners represents a significant step forward in the use of the Suzuki-Miyaura reaction in 

the construction of stereodefined natural products, and should continue to see further 

research to understand the underlying mechanisms responsible for the inversion of 

stereochemistry. 
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Scheme 16. Cross-coupling of unactivated secondary alkyl trifluoroborate salts with inversion of 

configuration as reported by Biscoe69. 

 

More recently, the Molander group has described ground-breaking research on a 

conceptual re-imagining of the transmetalation step in Suzuki-Miyaura coupling70,71. While 

there is still debate on the precise mechanism of transmetalation in classical Pd-catalyzed 

cross-coupling of boron reagents (see Section 1.1.1), it is regarded as a two-electron 

process in which the metal center undergoes no change in oxidation state72. Accordingly, 

the rates of transmetalation follow a general trend of Csp > Csp2 > Csp3 due to the anionic 

character of this elementary step72. It was hypothesized that development of a radical-based 

transmetalation mechanism would complement these existing approaches, as carbon-

centered radical stability generally increases with increasing p-character (Csp3 > Csp2 > 

Csp)72. 

In a landmark 2014 report70, the Molander group demonstrated that 

benyzyltrifluoroborates (1-54) are susceptible to photochemical oxidative fragmentation to 

generate alkyl radicals through reaction with an iridium photocatalyst (Scheme 17). This 

radical can then be trapped by a nickel complex in a “transmetalation” step which increases 

the oxidation state of the metal. The use of an iridium photocatalyst in conjunction with a 
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nickel cross-coupling catalyst was shown to efficiently promote the arylation of 

benzyltrifluoroborate salts with aryl bromides under extremely mild conditions to afford 

diarylmethanes (1-55), with exceptional functional group tolerance70.  

 

Scheme 17. Photoredox/nickel dual-catalytic cross-coupling of benzyl trifluoroborate salts with 

aryl bromides reported by Molander70. 

 

Two general mechanisms have been proposed for the cross-coupling sequence of 

this transformation (Figure 6), both of which converge at a common nickel(III) 

intermediate (1-57) from which reductive elimination forges the desired carbon-carbon 

bond72. In the first (Figure 6, internal path), the alkyl radical is trapped by nickel(0) to 

generate a nickel(I)-alkyl species (1-56). Subsequent oxidative addition of an aryl halide 

affords the key nickel(III) complex (1-57). Alternatively, the nickel(0) catalyst may 

undergo oxidative addition of the aryl halide to form a nickel(II) (1-58; Figure 6, top path) 

species which then undergoes addition of the alkyl radical73.  
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Figure 6. Proposed mechanisms for the photoredox/nickel dual-catalysis cross-coupling manifold 

reported by Molander71,72. 

 

Further studies demonstrated that the use of a chiral ligand affords moderate 

enantioselectivity to the cross-coupling process (Scheme 18)73. Computational studies have 

suggested that the stereochemistry is determined through a dynamic kinetic resolution of 

the proposed nickel(III) intermediate (formation of 1-57 from 1-58 is reversible) which 

precedes reductive elimination72. While this methodology is still in its infancy, it represents 

an entirely new mechanistic framework upon which the cross-coupling of substituted alkyl 

boron compounds can be developed.  
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Scheme 18. Stereoconvergent photoredox/nickel dual-catalytic cross-coupling reaction using a 

chiral bis(oxazoline) ligand72. 

1.4 Cross-Coupling Reactions of Non-Halogenated electrophiles 

1.4.1 Brief Development of Alkyl Halide Cross-Coupling in the Suzuki-Miyaura 

Reaction 

The cross-coupling of alkyl electrophiles has suffered from many of the same issues 

that have plagued the cross-coupling of alkyl boron species. Oxidative addition reactions 

of alkyl halides occur less readily than those of aryl halides74. After oxidative addition, the 

resulting alkylpalladium(II) complex may suffer from rapid β-hydride elimination, which 

often occurs faster than intermolecular transmetalation with an organoboron reagent8. 

Seminal research on the successful cross-coupling of alkyl electrophiles has been 

conducted by the Fu group. In 2001, they reported the first example of the Suzuki-Miyaura 

coupling of alkyl bromides containing β-hydrogen atoms with B-alkyl-9-BBN reagents 

(Scheme 19)75. It was discovered that a Pd(OAc)2/PCy3 catalyst system effectively 

promoted this transformation. The following year, they reported a similar cross-coupling 

with aryl or alkyl boronic acid coupling partners rather than boranes, in which P(t-Bu)2Me 

was found to be the optimal ligand76. The use of bulky, electron-rich trialkylphosphine 

ligands was key to promoting the difficult oxidative addition step.  
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Scheme 19. Cross-coupling of unactivated primary alkyl bromides with alkyl 9-BBN reagents75. 

 

The Fu group has also found that secondary alkyl halides (1-62) can be effectively 

coupled through the use of nickel catalytic systems rather than palladium77. These 

processes can be rendered stereoconvergent through the use of a chiral ligand (Scheme 

20)78. This was further extended to the cross-coupling of a tertiary alkyl halide in 2013, in 

which a nickel/2,2’-bipyridine catalyst system was employed79. The reaction was 

determined to erode much of the stereochemical information when a single enantiomer of 

alkyl halide 1-65 was used, suggesting that the process may involve a radical mechanism79. 
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Scheme 20. Cross-coupling of secondary and tertiary alkyl halides using nickel catalysis reported 

by Fu78,79. 

1.4.2 Cross-Coupling of Pseudohalides and Alternative Electrophiles 

While significant research has been undertaken to broaden the scope of alkyl 

electrophiles as cross-coupling reagents with respect to the electrophile substitution 

pattern, the development of alternative electrophiles in place of traditional halides has also 

emerged as a new direction in cross-coupling chemistry80. This has been motivated by a 

focus in both academic and industrial settings towards developing reagents with reduced 

toxicity and improved functional group compatibility, late stage diversification of 

structural libraries as well gaining further mechanistic information about underlying 

mechanisms in cross-coupling reactions80. 
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The nature of the halide or pseudohalide (collectively referred to as leaving groups) 

used in cross-coupling electrophiles plays several roles81. They are directly involved in 

both the oxidative addition and transmetalation steps of the catalytic cycle. The leaving 

group may exert a steric effect on the palladium(II) intermediate resulting from oxidative 

addition31. Additionally, the electronic properties of the leaving group play a decisive role 

in the stability and reactivity of the oxidative addition intermediate. The strength of the 

metal-leaving group bond is dictated largely by the electronegativity of the leaving group81, 

as well as the polarizability (the hard/soft acid/base principle)82. For example, extensive 

mechanistic studies on palladium-catalyzed reactions by Amatore and Jutand have 

demonstrated that in the presence of chloride or bromide halides, an alternative mechanism 

of oxidative addition involving anionic [L2Pd0X]- species may be operative83. The binding 

of anionic halides or pseudohalides has been proposed to stabilize mononuclear LnPd0 

species80, and to aid in solubilizing heterogeneous palladium colloids which may act as a 

reservoir for catalytically active palladium species84. Anionic ligands used in palladium(II) 

pre-catalysts can also have an effect on the mechanism or efficiency of reduction to the 

active palladium(0) catalyst85. Given the numerous roles of the anionic leaving group in 

the catalytic reaction, the study and development of alternative pseudohalide electrophiles 

has been of considerable conceptual interest.  

The transition-metal catalyzed functionalization of carbon-oxygen bonds has 

emerged as a widely-used strategy in chemical synthesis, particularly with nickel catalysts. 

A key benefit to the use of C-O bonds, particularly those derived from phenol- or enol-

electrophiles, is their ease of accessibility and abundance relative to carbon-halogen 

bonds86. These functional groups can influence additional reactivity, such as electrophilic 
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aromatic substitution, prior to transition-metal catalyzed functionalization86. However, the 

higher C-O bond strength relative to carbon-halogen bonds often necessitates that the C-O 

bond must first be activated through conversion to a more reactive species, such as a 

sulfonate ester86.  

Sulfonate esters (R-O-SO2-R’) have emerged as widely used pseudohalides in 

cross-coupling reactions80. As the conjugate bases of strong acids, sulfonate anions are 

weak Bronsted bases and generally good leaving groups, particularly when they feature 

electron-withdrawing substituents87.  

In 2002, the Fu group reported the cross-coupling of alkyl tosylates (1-68) and 

mesylates with B-alkyl-9-BBN reagents using a Pd(OAc)2/P(t-Bu2)Me catalyst system 

(Scheme 21)88. This represented the first successful palladium-catalyzed cross-coupling of 

an alkyl sulfonate. Treatment of diastereomerically pure deuterated tosylate (1-70) with 

Pd/P(t-Bu)2Me in the absence of base and organoboron reagent was found to produce olefin 

(1-71), resulting from β-hydride elimination following oxidative addition88. The 

stereochemistry of the olefin implies that oxidative addition of the alkyl tosylate occurs 

with inversion of configuration at carbon88.  

 

Scheme 21. Cross-coupling of alkyl tosylates with alkyl boranes proceeds with inversion of 

stereochemistry as reported by Fu88. 
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Scattered reports have emerged describing the use of carbon-heteroatom bonds 

other than C-O as electrophiles in palladium-catalyzed Suzuki-Miyaura cross-coupling 

(Scheme 22). These typically involve the use of highly activated cationic species which are 

more reactive towards oxidative addition relative to analogous neutral compounds. Novak 

and co-workers demonstrated that tetra-aryl phosphonium salts (1-73) undergo oxidative 

addition reactions with palladium (0) catalysts89. This mechanism was used to explain the 

interchange of palladium-bound aryl groups and phosphorus-bound aryl groups from 

palladium(II) oxidative addition complexes 1-72 and 1-74, which can result in mixtures of 

products in coupling reactions employing aryl halides and triarylphosphine ligands in 

which an aryl group from the phosphine is incorporated into the cross-coupled product89. 

Wang and collaborators observed a similar phenomenon for nitrogen compounds in 2015 

when they reported the oxidative addition of aryltrimethylammonium salts (1-76) by 

palladium(0) catalysts90. 

 

Scheme 22. Oxidative addition of activated C-P89 and C-N90 bonds in cationic electrophiles. 
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1.4.3 Cross-Coupling Reactions of Carbon-Sulfur Electrophiles 

The activation of carbon-sulfur bonds by heterogeneous transition metal 

compounds has been of considerable interest for decades in the petroleum industry91. The 

process of hydrodesulfurization, in which sulfur is removed from natural gas during the 

petroleum refining process, is critical to reducing sulfur dioxide emissions during fuel 

combustion92. The use of homogeneous catalysts in C-S bond activation was initially 

investigated to better understand the mechanism of these complicated processes91. 

However, the applications of carbon-sulfur bond activation extend beyond catalytic 

hydrodesulfurization. This area of research has recently begun to be applied to the field of 

cross-coupling, leading to the use of sulfur containing compounds as electrophiles in metal-

catalyzed synthetic transformations91. Sulfur-containing functional groups, with the 

exception of thiols93, are often well tolerated in traditional cross-coupling reactions of aryl 

halides, and thus interesting handles for chemical functionalization and derivatization.  

Thioethers and thioesters have received moderate interest as electrophiles in 

rhodium- and palladium-catalyzed processes. Arguably the most well-known process is the 

Liebeskind-Srogl reaction (Scheme 23). This was first reported by the two eponymous 

researchers in 2000, when they demonstrated the palladium-catalyzed synthesis of 

unsymmetrical ketones from a boronic acid and a thioester (1-78)94. The addition of a 

copper salt was instrumental in the success of this reaction.  This is believed to aid in 

catalytic turnover in the transmetalation step through activation of the stable metal-thiolate 

bond94. Oxidative addition of the carbon-sulfur bond may also be accelerated through the 

effect of Cu-S coordination94.  
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Scheme 23. The Liebeskind-Strogl synthesis of diarylketones from arylthioesters and aryl 

boronic acids94. 

 

An interesting alternate strategy to the use of stoichiometric sacrificial metal 

reagents involves the use of activated sulfonium cations. Liebeskind demonstrated that 

tetramethylene sulfonium salt 1-80 undergoes palladium-catalyzed cross-coupling under 

mild conditions without a copper additive (Scheme 24)95. Copper-free cross-couplings 

have also been reported through the use of an “alkylative activation” strategy, in which 

thioesters are bearing terminal alkyl halides (1-82) are employed as substrates along with 

catalytic sodium iodide96. Alkylative conversion of a stable palladium-thiolate to a labile 

palladium-thioether (Scheme 24) effectively promoted catalyst turnover, resulting in a 

high-yielding cross-coupling96. A mechanism was proposed in which coordination of 

iodide to palladium generates an anionic acylpalladate intermediate (1-86), which 

undergoes intramolecular alkylation to generate an acyliodopalladium(II) intermediate (1-

87) which can readily undergo transmetalation96.  
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Scheme 24. Activation strategies in palladium catalyzed C-S activation95,96. 

 

Arene sulfonyl chlorides have also demonstrated limited applications as 

electrophiles in cross-coupling reactions97. It should be noted, however, that these reactions 

generally do not proceed through a direct C-S oxidative addition. Rather, the metal-carbon 

organometallic bond is often generated through a desulfitative process in which sulfur 

dioxide is expelled91. This mechanism of C-S activation was first suggested by Collman 

and Roper in 1966  through the reaction of IrCl(CO)(PPh3)2 (1-88) with p-toluenesulfonyl 

chloride (TsCl) (Scheme 25)98. This was proposed to form complex 1-89 arising from 
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carbon-chlorine oxidative addition, which was found to be converted to 1-90 upon 

thermally promoted loss of SO2
98. Further support for an analogous mechanism in 

palladium-catalyzed processes was established by Dong in 201199. 

 

Scheme 25. Proposed mechanism for the formation of an iridium-carbon bond through reaction 

of IrCl(CO)(PPh3)2 with p-toluenesulfonyl chloride98. 

 

A representative example of their applications in cross-coupling was reported by 

Vogel (Scheme 26), who demonstrated that aryl sulfonyl chlorides (1-91) are effective 

electrophiles in palladium-catalyzed cross-coupling with aryl boronic acids employing an 

in situ generated palladium-NHC catalyst97. Interestingly, when para-

halogenobenzenesulfonyl chlorides were employed, it was observed that the sulfonyl 

chloride group was more reactive than bromo- or chloroarenes, but less reactive than aryl 

iodides97. Brominated compound 1-93 was subjected to a one-pot, two-step Suzuki 

coupling sequence (Scheme 26) to afford doubly arylated product 1-95, suggesting that 

sulfur-based electrophiles are candidates for iterative cross-coupling with suitable aryl 

halides97, which will be discussed further in Chapter 2. 
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Scheme 26. Palladium-catalyzed cross-coupling of aryl sulfonyl chlorides and aryl boronic acids 

and the iterative cross-coupling of a brominated sulfonyl chloride97. 

 

While reports of sulfur-based electrophiles in cross-coupling reactions are far less 

frequent than those of traditional halide or triflate electrophiles, their conceptual novelty 

and synthetic utility has begun to be realized in the development of new catalytic methods. 

These electrophiles offer a useful complement to halogen electrophiles, and may afford 

new opportunities as unique synthons in iterative coupling processes as their performance 

relative to halogen electrophiles continue to be benchmarked. 

1.5 An Introduction to Iterative Cross-Coupling 

1.5.1 Iterative Synthesis of Biopolymers 

The ability to carry out multiple subsequent synthetic transformations on organic 

molecules bearing several reactive sites with control of regio- and chemo-selectivity 
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represents a state of the art approach to organic synthesis100. Perhaps the most widespread 

use of iterative synthesis in both academia and industry alike is the synthesis of 

biopolymers. Iterative and automated methods have been established and rigorously 

developed for the controlled construction of polypeptides101, oligosaccharides102, and 

oligonucleotides103. Iteration involves the coupling of multifunctional building blocks, 

containing both a nucleophilic and electrophilic functional group. These functional groups 

can be turned “ON” or “OFF” through various chemical means to establish them as either 

reactive or unreactive100. After one coupling process has been completed, a previously 

unreactive functional group may be activated to the “ON” state and the process repeated 

indefinitely to afford oligomeric structures with rigorous control of the selectivity and 

chemical make-up100. 

 

Scheme 27. General schematic for iterative synthesis through a series of coupling-activation 

steps100. 

 

 The development of these iterative methods has allowed for the rapid synthesis of 

complex molecules in short times, allowing for much greater development in the research 

of their applications and properties. In many cases, synthesis is no longer the rate-

determining step in the screening of biopolymers for biochemical applications. There are 

several criteria by which a useful iterative coupling procedure could be measured100. The 
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building blocks should be either readily available, or easily produced from available 

materials. The coupling and activation steps should be highly selective and high yielding, 

generating minimal waste. It is also important that these processes are tolerant to a wide 

range of functional groups so that substrate scope is not limited. The separation or 

purification of intermediate compounds must also be addressed in an efficient manner100. 

1.5.2 Principles of Iterative Coupling in Transition-Metal Cross-Coupling 

While these statements above could be applied to any number of organic reactions, 

they are particularly relevant to cross-coupling chemistry. Chemoselective cross-coupling 

represents a powerful method of organic synthesis in preparing compounds which 

themselves retain a function handle for further derivatization, either through cross-coupling 

or other means45,100,104,105. This allows for rapid, modular diversification of multiply 

functionalized starting materials. 

Early examples of iterative cross-coupling strategies were largely limited to the 

synthesis of oligothiophenes or oligoarenes for materials applications100. An interesting 

iterative divergent/convergent approach to oligiothiophenes was reported by Tour in 

1994106. Functionalized monomer 1-96 was partitioned through two separate pathways: 

iodination at C5 (A, 1-97), or protodesilylation to reveal the free alkyne (B, 1-98). The two 

resulting compounds could then be coupled through a Pd/Cu catalyzed Sonogashira 

reaction to generate the dimeric species 1-99. Each subsequent repetition of this cycle 

results in doubling of the length of the conjugated chain. This was applied to the controlled 

synthesis of oligomers of various chain lengths to study the effect of conjugation length of 

the properties of the material106.  
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Scheme 28. Iterative dimerization of alkynyl-thiophenes through a divergent/convergent 

approach106. 

 

 There has been a growing interest in the development of iterative Suzuki-Miyaura 

coupling reactions due to the reactions’ well-studied nature and high functional group 

tolerance. Research from the Burke group, in particular, has raised the possibility that entire 

libraries of diverse small-molecules can be constructed from a set of general bifunctional 

building blocks through iterative Suzuki-Miyaura cross-coupling104. To achieve this 

ambitious goal, it is imperative that new methods for iterative cross-coupling are 

discovered.  

Chemoselectivity in iterative Suzuki-Miyaura cross-coupling reactions can 

generally be achieved through control of one of two elementary steps in the catalytic cycle: 

oxidative addition or transmetalation. The principles which guide these two developments, 

as well as representative examples, will be discussed in Chapters 2 and 3 respectively.  

1.6 Conclusions and Outlook 

Since its initial report, the Suzuki-Miyaura reaction has developed into a powerful 

methodology for the construction of carbon-carbon bonds, and now represents one of the 
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most widely used reactions in the synthetic chemists’ toolbox. Further studies on the 

underlying mechanisms of these transformation will no doubt offer new insights into the 

design of new reactions and efficient catalysts. One of the most pressing issues to be 

addressed is the need to continue expanding the scope of applicable cross-coupling partners 

in Suzuki-Miyaura coupling. In particular, the use of sp3-hybridized species represents both 

an interesting synthetic challenge as well as an area of interest to the medicinal chemistry 

community. The application of the Suzuki-Miyaura reaction in iterative coupling processes 

offers untapped potential in exploiting this well-known reaction towards new directions 

and synthesizing products with increased structural complexity.   
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Chapter 2 

Desulfonative Cross-Coupling Reactions of Benzyl Sulfones Catalyzed 

by Palladium-NHC Complexes 

2.1 Introduction 

2.1.1 Properties and Uses of Sulfones 

The sulfone functional group (R-SO2-R’) has been widely used as a synthetic 

handle due to its relatively unique bifunctional nature107. The sizable inductive effect of 

the sulfone moiety acidifies protons at the α-position107, yet it is also a competent leaving 

group in elimination chemistry due to the acidity of the conjugate sulfinic acid107. Sulfones 

may be used as either nucleophilic or electrophilic species depending on the conditions of 

a reaction, and as such occupy a relatively unique place in synthetic chemistry. Sulfones 

can be readily synthesized through oxidation of thioethers108, sulfonylation of alkyl 

halides109 or alcohols110, or addition of Grignard reagents to SO2-surrogate DABSO 

(DABCO-bis(sulfur dioxide)) followed by an electrophilic quench111 (Scheme 29). They 

are often crystalline solids which are readily purified by crystallization107.  
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Scheme 29. General methods for the synthesis of alkyl sulfones. 

 

Arguably, the most common use of sulfones in organic synthesis is the Julia 

olefination. This reaction, first reported by Julia and Paris in 1973112, demonstrated that β-

acyloxysulfones can be reductively cleaved to form substituted alkenes using strong single-

electron donors such as sodium/mercury amalgam. The reaction consists of four distinct 

steps (Scheme 30). Treatment of a phenylalkylsulfone 2-1 with a strong base generates the 

corresponding phenylsulfonyl carbanion 2-2, which undergoes addition to an aldehyde or 

ketone to generate β-alkoxysulfone 2-3 (Scheme 30). Acylation of the oxygen atom 

produces intermediate 2-4, from which reductive cleavage by a strong reducing agent such 

as sodium/mercury amalgam affords the desired alkene112. For substituted olefins, the 

reaction generally exhibits high (E)-selectivity due to rapid equilibration of a radical 

intermediate formed during the final reduction step to the more stable isomer prior to 

elimination113. Various modifications to the initial procedures have been developed to 

allow for a one-pot reaction rather than the multi-step process initially reported by Julia114. 

These generally involve use of heteroarylsulfones rather than phenylsulfones; the 

intermediate β-alkoxy heteroarylsulfone undergoes rapid elimination via an intramolecular 
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nucleophilic aromatic substitution reaction (Smiles rearrangement115) to form the alkene 

without requiring an acylating reagent or strong single-electron donor. 

 

Scheme 30. Proposed mechanism of the Julia olefination112. 

2.1.2 Desulfonative Cross-Coupling Reactions 

Owing to their bench stability, ease of synthesis and unique reactivity, alkyl 

sulfones have been investigated as sulfur-based electrophiles for cross-coupling reactions 

(Section 1.4.3). Aryl116,117 and vinyl118,119 sulfones have been extensively investigated in 

palladium- and nickel-catalyzed Kumada coupling reactions with Grignard reagents since 

the early 1970’s. The first reported use of alkyl sulfones as electrophiles in transition-metal 

catalysis was by Trost in 1980120. He demonstrated that allyl phenyl sulfone 2-6 undergoes 

alkylation by soft nucleophiles in the presence of tetrakistriphenylphosphinepalladium (0) 

(Scheme 31). The use of internal alkenes resulted in preferential alkylation at the least 

sterically hindered terminal of the allyl group, presumably through formation of a π-allyl 

intermediate. Alkylation of substrate 2-11 was found to proceed with overall retention of 

stereochemistry. Given that the alkylation step is known to proceed with inversion of 
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stereochemistry121, this implies that the oxidative addition occurs with inversion of 

stereochemistry as well120, akin to an SN2 process. 

 

Scheme 31. Palladium-catalyzed alkylation of allyl phenyl sulfones with malonate salts120. 

 

In 2012, the Li group reported that benzylic sulfones 2-13 and 2-15 undergo nickel-

catalyzed Kumada cross-coupling with methyl magnesiumbromide (Scheme 32)122. A 

combination of in situ IR and DFT studies suggested that formation of 2-14 arises from 

direct oxidative addition of a nickel(0) catalyst into the C(sp3)-S bond122, followed by 

transmetalation of the Grignard reagent and reductive elimination. The cross-coupling of 

2-15 was proposed to occur via initial enolization of the substrate through deprotonation 
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by the Grignard reagent, generating a β-oxidovinyl sulfone as the active species123. In 

support of this proposal, direct addition of the Grignard to the carbonyl group was not 

observed.  

 

Scheme 32. Nickel-catalyzed cross-coupling of alkyl-arylsulfones with Grignard reagents122. 

 

Denmark demonstrated the following year that unactivated aliphatic phenyl 

sulfones were effective electrophiles in iron-catalyzed Kumada cross-coupling with aryl 

Grignard reagents (Scheme 33)123. A mechanism was proposed in which outer-sphere 

electron transfer from Fe(II) promotes loss of PhSO2
-
 as a leaving group, along with 

generation of the corresponding alkyl radical. Consistent with this proposal, 

enantioenriched sulfones were found to result in racemic cross-coupling product123. It was 

noted that primary sulfones were poor substrates in this reaction. Reaction of sulfone 2-17 

under standard conditions generated 2-18 in 27% yield along with less than 5% each 

reduction product 2-19 and elimination product 2-20 (Scheme 33)123. The low mass balance 

for this transformation was rationalized through the possibility of undesired α-
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deprotonation of the sulfone. Oxidation of the resulting carbanion by Fe(III) was speculated 

to lead to a complex mixture of unidentified products123.  

 

Scheme 33. Iron-catalyzed cross-coupling of alkyl phenyl sulfones by Denmark. 

 

Jiang and coworkers later reported the arylation of 3-sulfonylindoles (2-21) with 

boronic acids using rhodium catalysis124, followed soon after by an analogous palladium-

catalyzed process125 (Scheme 34). Rather than direct C-S oxidative addition, this reaction 

was proposed to proceed by generation of vinylogous imine 2-22 under basic conditions 

by loss of the tolylsulfinate anion, followed by migratory insertion of the metal-bound aryl 

group. Protonolysis followed by subsequent re-aromatization then afforded 2-25125. The 

use of a chiral diene ligand afforded moderate enantioselectivity to the reaction in the 

rhodium catalyzed variant, presumably through facial discrimination in the migratory 

insertion step124. 
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Scheme 34. Palladium- and rhodium- catalyzed desulfonative arylation of sulfonyl indoldes with 

aryl boronic acids124,125. 

Our group aimed to further explore the relatively unique properties of the sulfone 

group with respect to transition metal catalysis, specifically in sp3–type electrophiles for 

cross-coupling reactions. The electron-withdrawing character of the sulfone moiety has 

been shown to dramatically increase the acidity of protons on the adjacent sp3-hybridized 

carbon, activating them towards catalytic C-H functionalization126. Additionally, it was 

reasoned that arylation of the α-position should further activate the C-S bond towards 

desulfonative bond-activation by a suitable transition metal catalyst. With these 
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inspirations, Nambo and Crudden described a modular synthesis of structurally diverse 

triarylmethanes in 2014 through sequential palladium-catalyzed arylation of methyl phenyl 

sulfone127. This report highlighted the unique two-fold reactivity of alkyl sulfones in 

transition metal catalysis, effectively acting as a traceless directing group capable of 

influencing local reactivity prior to functionalization.  

Methyl phenyl sulfone 2-28 was subjected to monoarylation using 

Pd(OAc)2/XPhos and an aryl bromide (Scheme 35). The resulting benzyl phenyl sulfone 

(2-29) was found to smoothly undergo a second arylation with aryl iodides under palladium 

catalysis with tri(tert-butyl)phosphine as a ligand. The resulting benzhydryl sulfones 2-30 

underwent palladium-catalyzed desulfonative arylation with arylboronic acids to afford 

triarylmethanes127. The catalyst for this reaction was formed in situ from an imidazolium 

salt (SIPr·HCl) and [Pd(allyl)Cl]2 using aqueous NaOH as a base127. All phosphine-

modified catalysts that were examined showed no reaction under these conditions, 

including those functionalized by electron-donating P(tBu)3 and XPhos, suggesting that the 

strong electron-donating properties of the carbene ligand were critical to this reaction.  
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Scheme 35. Iterative synthesis of triarylmethanes through sequential C-H arylation/desulfonative 

cross-coupling of phenyl methyl sulfone127. 

 

This work has since been extended to include weakly acidic 1,3-oxazoles (2-33) as 

competent partners in desulfonative cross-coupling in place of aryl boronic acids128. The 

use of a sulfone bearing the electron-withdrawing 3,5-bis(trifluoromethyl)phenyl group (2-

32) was key to achieving successful activation of the C-S bond. This pronounced electronic 

effect of the sulfone substituent will be described in more detail in Section 2.2. 

 

Scheme 36. Palladium-catalyzed desulfonative cross-coupling with 1,3-benzoxazole 

nucleophile128. 
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2.1.3 Research Outlook 

The 2014 report by Crudden represented a rare example of the use of alkyl sulfones 

as electrophiles in palladium-catalyzed cross-coupling127. While this reaction was certainly 

novel, the methodology described in this report required elevated temperatures, high 

catalyst loading and showed poor tolerance towards steric bulk in the ortho position. 

Additionally, it was only operative with highly activated benzhydryl sulfones, which is a 

significant substrate limitation.  

It was clear to us that in order to increase the generality of the desulfonative cross-

coupling processes, it was essential to be able to react a wider variety of sulfones than 

simply benzhydryl species. We viewed benzyl sulfone 2-29 as an interesting template upon 

which to develop a new cross-coupling methodology for the synthesis of diarylmethanes. 

The diarylmethane structural framework has been critical in the development of 

supramolecular architectures such as calixarenes129 and pillarenes130. It is found in many 

naturally occurring and synthetic pharmaceutical agents, such as peperomin B131 and GC-

24132. We viewed the development of a desulfonative approach to diarylmethanes as a 

complementary approach to existing metal-free and transition-metal catalyzed synthetic 

methods133 and an important step forwards in sulfone-based cross couplings.  

It will also be essential to benchmark the reactivity of the sulfone relative to 

traditional halide electrophiles. This will be accomplished by examining halogenated 

sulfones as substrates in iterative coupling reactions. Additionally, we were interested in 

applying benzyl sulfones as bench-stable electrophiles in desulfonative bond-forming 

reactions other than carbon-carbon bond formation through the Suzuki-Miyaura reaction 
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to further highlight the utility of these unique electrophiles. The objectives of the research 

described in this chapter are as follows: 

1) To develop a desulfonative cross-coupling approach to diarylmethanes from 

activated benzyl sulfones. 

2) To examine the ability of benzyl sulfones to participate in iterative coupling 

reactions. 

3) To find conditions under which benzyl sulfones can be involved in carbon-

heteroatom bond forming reactions. 

2.2 Results and Discussion 

2.2.1 Synthesis of Diarylmethanes via Desulfonative Cross-Coupling of Benzyl 

Sulfones 

Previous work in the Crudden group showed that benzyl phenyl sulfone 2-35 was 

a poor substrate for Pd-catalyzed desulfonative cross-coupling108. Even at elevated 

temperatures of 150 °C with 10 mol% catalyst loading, yields never exceeded 32% 

(Scheme 37). We thus began to investigate methods of increasing the reactivity of the C-S 

bond towards oxidative addition. It was hypothesized that the introduction of electron-

withdrawing groups on the sulfone moiety would increase its electrophilicity and promote 

C-SO2 bond activation through stabilization of the sulfinic acid anion equivalent which is 

presumably generated upon C-S bond cleavage.  
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Scheme 37. Attempted desulfonative cross-coupling of benzyl phenyl sulfone 2-35 in poor yield. 

 

With this in mind, we chose benzyl triflone 2-38 as a model substrate for our 

investigations. Benzyl triflones can be readily prepared from the corresponding benzyl 

bromide through a substitution reaction with sodium triflinate (NaSO2CF3) on multi-gram 

scale, with purification afforded by crystallization from dichloromethane/hexanes (Scheme 

38)109. A three step-synthesis from benzaldehyde derivatives was also readily performed, 

with only a single purification at the end of the sequence to afford 2-42 (Scheme 38). The 

13C NMR spectra of these species feature a diagnostic quartet at approximately 120 ppm 

with a coupling constant on the order of 330 Hz, and a singlet at approximately -78 ppm in 

19F NMR. 
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Scheme 38 Synthetic routes to benzyl trifluoromethylsulfones 

 

With ready access to trifluoromethylsulfones, the cross-coupling of 2-38 with 4-

methoxyphenylboronic acid was examined in collaboration with doctoral student Eric 

Keske. Trialkylphosphine ligands were completely ineffective at promoting this 

transformation (Table 2-1, Entries 1-3), resulting in near quantitative recovery of the 

starting material. Palladium-carbene catalysts, however, proved to be effective. Carbene 

pre-catalysts bearing the SIPr ligand were found to effectively promote the reaction at 100 

°C (Entry 4). Lower conversion was observed at 80 °C (Entry 5), and no reaction was 

observed at 40 °C (Entry 6). A screen of bases revealed that Cs2CO3 outperformed all 

others examined (Entries 4, 7-9). Thus, optimized conditions were found to be 5 mol% of 

SIPrPd(allyl)Cl with 1.5 equivalents of cesium carbonate in toluene at 100 °C for 18 hours. 
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Table 2-1. Optimization of desulfonative cross-coupling for the synthesis of diarylmethanes. 

 

With optimized conditions in hand, the scope of boronic acid nucleophiles was then 

evaluated (Table 2-2). Electron-rich (2-43, 2-53), -neutral (2-44) and -deficient (2-55) 

nucleophiles were all well tolerated under these conditions. Sterically hindered (2-45, 2-

50, 2-51), π-extended (2-47, 2-49) and carbonyl-containing compounds (2-46, 2-52) also 

coupled in high yield under these conditions. A variety of fluorinated aromatics were also 

shown to be effective coupling partners (2-55 to 2-59), though pentafluorophenylboronic 

acid was found to couple (2-57) in only 15% yield.  
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Table 2-2. Scope of desulfonative cross-coupling of benzyl triflones. 
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The scope of this transformation was also examined with respect to boron 

speciation. While boronic acids show broad applicability in cross-coupling reactions, 

boronic esters and anhydrides (boroxines) have also proven to be useful nucleophiles in a 

variety of transition-metal catalyzed processes134. Gratifyingly, 2-44 could be synthesized 

from the pinacol ester (Bpin), neopentylglycol ester (Bneop) or anhydride (boroxine) of 

phenylboronic acid in comparable yields to the free boronic acid (compound 2-44, Table 

2-2). 

Boron reagents bearing alkene moieties were poor coupling partners in this reaction 

(2-60, 2-62). 1H NMR spectroscopy of the crude reaction mixture suggested that undesired 

side reactions of the alkene moiety may have occurred under the reaction conditions as 

numerous olefin-containing by-products were observed. Interestingly, (2-

methylpropyl)boronic acid (2-61) was found to cross-couple successfully, albeit in poor 

yield of 12%, suggesting that alkylboron reagents may be active in this reaction with further 

optimization. This could lead to the development of another useful sp3-sp3 cross-coupling 

methodology. 

Unfortunately, heteroaromatic boronic acids 2-63, 2-64 and 2-65 were not tolerated 

in this reaction. In all three cases, significant protodeborylation was observed. 

Heteroaromatic boron reagents have been shown to be poor coupling partners in Suzuki-

Miyaura cross-coupling of benzylic electrophiles135,136. The research group of Guy Lloyd-

Jones has undertaken extensive studies on the facile protodeboronation of heteroaromatic 

boronic acids137. They demonstrated that this process can occur readily in the presence of 

water across a wide pH range. Notably, they proposed that many heterocycles containing 
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Lewis basic heteroatoms react with water to form zwitterionic complexes (2-68, Scheme 

39), significantly enhancing the rate of protodeboronation via intramolecular stabilization 

of the boron-based leaving group resulting from C-B bond cleavage137. They further 

demonstrated that the addition of a Lewis acid significantly hinders protodeboronation by 

complexation to the heteroatom (2-70, Scheme 39), inhibiting formation of readily reduced 

zwitterion 2-68.  

 

Scheme 39. Effect of zwitterion formation and Lewis acid complexation on protodeboronation of 

heteroaromatic boronic acids137. The kobs values are rate constants for protodeborylation. 

 

With these insights in mind, further studies were undertaken to promote cross-

coupling of heteroaromatic boronic acids by studying the effect of water on the reaction, 

as well as Lewis acid additives. Addition of molecular sieves (Table 2-3, Entry 2) to 

remove residual water or copper(I) chloride (Entry 3) as a Lewis acid had a detrimental 

effect on the yield of the reaction with 2-benzofuranylboronic acid. The surprising negative 

effect of sieves led us to consider that water may be beneficial; indeed, the use of 3:2 

toluene/water as a solvent mixture (Entry 5) was found to promote the desired reaction in 

improved yield of 65%.  



 

59 

 

Table 2-3. Reaction optimization for the palladium-catalyzed desulfonative cross-coupling of 

benzyl sulfone 2-38 with 2-benzofuranylboronic acid. 

  

 

A similar study was conducted with benzo[b]thien-2-ylboronic acid (Table 2-4). 

Addition of molecular sieves (Entry 2) or copper(I) chloride (Entry 3) were not effective 

in promoting the desired reaction. The use of more electropositive Lewis acids iron(III)- 

and scandium(III) triflate (Entries 4 & 5) improved the yield to 36 and 45% respectively. 

Addition of water to the reaction mixture in low amounts (Entry 6) resulted in formation 

of the desired product in low yield, while further addition of water rendered the reaction 

ineffective (Entries 7 & 8). The most significant improvement was found by increasing the 

amount of arylboronic acid to 3 equivalents (Entry 9), resulting in a 55% yield. The use of 

a pinacol ester (Entry 10) or boroxine (Entry 11) afforded decreased yield relative to the 

boronic acid. While significant improvement can still be made towards the incorporation 

of heteroaromatic species as competent nucleophiles in this reaction, the results described 

suggest that small modifications to the reaction conditions may have dramatic effects on 
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the cross-coupling of these species. These preliminary investigations also suggest that there 

may be differences in optimized conditions across a range of heteroaromatic boronic acids 

rather than a general solution. Factors such as the solubility, Lewis acidity of boron or 

Lewis basicity of the heteroatom may all influence the reaction.  

Table 2-4. Reaction optimization for the palladium-catalyzed desulfonative cross-coupling of 

benzyl sulfone 2-38 with benzo[b]thien-2-ylboronic acid. 
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2.2.2 Deuterium Incorporation 

The selective introduction of isotopically labelled atoms to specific positions in 

molecules represents an intriguing challenge to synthetic chemists. In particular, molecules 

in which specific hydrogen atoms have been replaced by deuterium (2H, or D) have a 

number of important applications138. Isotopically labelled compounds are vital tools in the 

study of elementary reaction mechanisms through the use of kinetic isotope effects, where 

information can be gathered from the change in reaction rate when an atom is replaced by 

a different isotope139. Deuterium incorporation has also found use in fundamental studies 

on nuclear magnetic resonance spectroscopy140, mass spectrometry141 and protein 

crystallography142. The ability to selectively introduce deuterium represents an attractive 

feature of any synthetic methodology.  

Current methods for the preparation of deuterated diarylmethanes (Scheme 40) 

involve treating diarylketones (2-72) with lithium aluminum deuteride and aluminum 

chloride under strictly anhydrous conditions143 or through reaction of the 

protiodiarylmethane with hydrogen gas and Pd/C in D2O
144, limiting the use of carbonyl 

or vinyl functionalities.  

 

Scheme 40. Reported syntheses of deuterated diarylmethanes143,144. 
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The strong inductive effect of the sulfone moiety is well-known to acidify protons 

on the adjacent sp3 carbon as discussed previously. We reasoned that this offered the 

opportunity to introduce isotopic labels to the methylene carbon prior to desulfonative 

cross-coupling by adding deuterated water as a source of electrophilic deuterium to quench 

in-situ formed alpha-sulfonyl anion during the reaction. Gratifyingly, this hypothesis was 

confirmed experimentally (Scheme 41). Reaction of sulfone 2-38 with 4-

methoxyphenylboroxine 2-74 under otherwise standard conditions in a mixture of toluene 

and degassed D2O (6:1) afforded diarylmethane 2-75, with virtually complete 

incorporation of deuterium at the benzylic position.  

 

Scheme 41. Synthesis of a deuterated diarylmethane in a PhMe/D2O solvent system. 

 

Deuterium incorporation was estimated from the 1H NMR by comparison of the 

residual dibenzylic proton signal to the methyl protons. The 13C NMR spectrum showed a 

characteristic 1:3:5:3:1 pentet at 40.48 ppm with a coupling constant of approximately 19.4 

Hz (Figure 7), corresponding to carbon-deuterium coupling for a CD2 nuclei due to the 

spin number of deuterium (I=1). A 1:1:1 triplet was also observed at 40.82 ppm with similar 

coupling constant, corresponding to the monodeuterated product. It should be noted that 

the intensity of the triplet and pentet are comparable in the 13C NMR due signal 

enhancement of the monodeuterated compound through to the nuclear Overhauser effect 
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of the bonded hydrogen nuclei145; the relative intensity of these two multiplets does not 

indicate that the two compounds are present in similar concentration.  

 

Figure 7. 13C NMR of 2-75 and the mono-deuterated isomer (dibenzylic carbon shown). 

2.2.3 Iterative Cross-Coupling of Brominated Benzyl Triflones 

In developing of the desulfonative cross-coupling of benzylic trifluoromethyl 

sulfones, it was observed that in situ formed palladium-phosphine complexes were 

ineffective catalysts (see Table 2-1 Entries 1-3). N-heterocyclic carbene ligands proved 

necessary for this transformation, likely due to their strong electron-donating properties 

which promote oxidative addition. In the general field of cross-coupling, phosphine ligands 

are ubiquitous in the reactions of traditional aryl halides8. We thus sought to examine 

whether sulfone 2-77, bearing a bromide in the para-position of the aromatic ring (Scheme 

42), can participate in iterative cross-coupling reactions via electrophilic discrimination.   
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Scheme 42. Synthesis of brominated sulfone 2-77. 

The rate of oxidative addition of organohalides to palladium catalysts has been 

observed to follow the trend I > Br > Cl8. This mirrors the observed trends in C-X bond 

strength,12 in which weaker bonds undergo more rapid oxidative addition. This was 

demonstrated in an elegant example from the Fu group in 2000 (Scheme 43), who showed 

that cross-coupling of an aryl boronic acid with 1-bromo-4-chlorobenzene 2-78 results in 

chemoselective functionalization of the carbon-bromide bond53 to generate functionalized 

aryl chloride 2-79.  

 

Scheme 43. Chemoselective cross-coupling through control of oxidative addition by Fu42. 

The Fu group has shown that tricyclohexylphosphine is an effective ligand for the 

cross-coupling of aryl bromides146. With slight modifications to their reported conditions, 

we found that the combination of tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)3), 

tricyclohexylphosphine (PCy3) and cesium carbonate effectively catalyzed arylation of the 

carbon-bromide bond at 60 °C (Table 2-5). Electron-rich (2-81), electron-deficient (2-85), 

π-extended (2-80) and sterically hindered (2-84) boronic acids all afforded the desired 
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product in good yield. No carbon-sulfur bond activation was observed under these 

conditions, illustrating the high orthogonality of coupling of this bis-electrophile.  

Table 2-5. Scope of the chemoselective sp2-sp2 cross-coupling of 2-77. 

 

Preliminary results show that the resulting biarylsulfones (2-81) were found to be 

competent reaction partners in desulfonative cross-coupling under previously optimized 

conditions (Scheme 44). Work is on-going to examine the impact of the electronics of the 

distal aromatic ring on the desulfonative cross-coupling reaction.  



 

66 

 

 

Scheme 44. Desulfonative cross-coupling of (biarylmethyl)trifluoromethyl sulfone 2-81. 

 

Having established that the iterative cross-coupling of halogenated sulfones was 

possible, we then attempted to expand this methodology towards the development of a one-

pot coupling process. We began our investigations by subjecting 2-77 and 4-

methoxyphenylboronic acid to the conditions for sp2-arylation (Scheme 45, top). After 24 

hours, the reaction was cooled to room temperature, where SIPr·HCl and phenylboronic 

acid were added.  The reaction was then heated to 100 °C for an additional 18 hours. 

Disappointingly, biaryl sulfone 2-81 was the major product of this two-step sequence, with 

only trace desulfonative cross-coupling observed by GC-MS. We reasoned that incomplete 

ligand exchange between the phosphine and N-heterocyclic carbene may account for this 

result147. Unfortunately, the use of increased equivalents of imidazolium salt (Scheme 45, 

bottom) to drive the ligand exchange equilibrium was ineffective at promoting the second 

cross-coupling.  
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Scheme 45. Attempts toward iterative coupling of 2-77. 

 

It has been noted that pre-formed palladium-NHC catalysts often outperform those 

formed in situ through more efficient generation of the monoligated Pd0-NHC active 

catalyst35. While many Pd-NHC complexes are synthesized through direct reaction with a 

free carbene, some reports of C-H activation at the central carbon of an imidazolium salt 

have been reported, allowing for the synthesis of Pd-NHC complexes with much milder 

bases35,148,149. An alternate explanation for the failure to generate the palladium-carbene 

catalyst under the reaction conditions may be the large pKa difference between cesium 

carbonate (10-11) and the imidazolium salt (low 20’s)150, such that the free carbene may 

not be generated under these conditions. Additionally, the metal center may lack a vacant 

coordination site necessary for C-H activation151 due to the presence of both a strongly-

coordinating phosphine and chelating dibenzylideneacetone (dba) ligands from the first 

cross-coupling step. 
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Unfortunately, employing potassium tert-butoxide, which is widely used to 

generate carbenes from the corresponding imidazolium salts152, as an alternative base in 

the one-pot cross-coupling reaction yet again showed only incorporation of the first aryl 

group with the sulfone functionality again remaining intact (Scheme 46, top). A control 

reaction in which stoichiometric 4’-bromoacetophenone and phenyl boronic acid were 

added to the reaction mixture after the sp2 cross-coupling (Scheme 46, bottom) resulted in 

quantitative formation of biaryl 2-87, suggesting that the palladium catalyst remains active 

in solution after the first step and has not decomposed through oxidation or precipitation 

upon brief exposure to air during addition of the second reagents. 

 

Scheme 46. Continued attempts toward iterative cross-coupling of 2-77. 

 

At this point, we sought to circumvent the potential issue of incomplete ligand 

exchange by employing the same ligand for both cross-coupling steps. We began our 

investigation using highly active dicyclohexylbiaryl phosphine ligand SPhos (1-15). This 
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class of ligands, which have been extensively developed by the Buchwald group, have been 

widely used for sluggish oxidative additions reactions and shown to be effective for 

desulfonative cross-coupling of 3,5-bis(trifluoromethyl)sulfones108. Similarly to our 

previous attempts, we examined Pd(OAc)2 as a palladium source and SPhos as a ligand 

with cesium carbonate base in THF as a solvent (Scheme 47). The solvent was then 

removed under reduced pressure, after which phenylboronic acid and additional cesium 

carbonate were added to the reaction and dissolved in toluene. Unfortunately, biarylsulfone 

2-81 was the major product of this reaction, further suggesting that although the sp2-sp2 

cross-coupling proceeded smoothly, desulfonative cross-coupling under these conditions 

was problematic.  

 

Scheme 47. Attempted use of SPhos to promote iterative coupling of 2-77. 

 

We then examined the possibility of using a single charge of SIPrPd(allyl)Cl as a 

catalyst for both reactions. Gratifyingly, it was found that selective oxidative addition at 

the carbon-bromide bond can be achieved at 60 °C. Upon introduction of the second aryl 

boron reagent, increasing the reaction temperature to 100 °C effectively promoted the 

desulfonative cross-coupling, generating multiply arylated 2-86 in 81% yield over two 

steps with excellent selectivity (Scheme 48). Thus, we were able to introduce two distinct 
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aryl groups using the same charge of palladium and ligand. A boronic ester was employed 

as the nucleophile in the second step due to its increased solubility in the reaction solvent 

relative to free boronic acids, allowing for addition as a solution to minimize exposure to 

air. However, only a small decrease yield was observed for this process when the reaction 

was returned to the glovebox and the second arylboronic acid was added as a solid.  

 

Scheme 48. Iterative cross-coupling of 2-77 using a single charge of Pd catalyst. 

 

It was further demonstrated that introduction of the same aryl group at both 

electrophilic positions was possible in a single step. Reaction of 2-77 and 4-

methoxyphenylboronic acid (3.0 equivalents) under desulfonative cross-coupling 

conditions (Scheme 49) resulted in arylation of both the halide and sulfone functionalities 

in one pot, generating 2-88 in 84% overall yield.  
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Scheme 49. Cross-coupling of the halide and sulfone functionalities in 2-77 in one pot. 

2.2.4 Development of a Desulfonative Borylation Reaction 

As described in Section 2.1.2, the use of sulfones in transition metal catalysis has 

broadly focused on cross-coupling reactions with carbon-based organometallic species, 

particularly Suzuki and Kumada couplings. Our group’s interest in desulfonative 

functionalization led us to examine the use of sulfones as electrophiles in carbon-

heteroatom bond formation to further expand the synthetic utility of our desulfonative 

methodology. We chose to examine the potential of a desulfonative borylation strategy for 

the synthesis of alkyl boronic esters.  

Organoboron compounds have emerged as fundamental building blocks in organic 

synthesis over the past several decades153 . While the discovery of the Suzuki-Miyaura 

cross-coupling reaction has been a primary factor in the development of synthetic 

methodologies involving boron compounds, organoboron species have also been widely 

used in amination154, allylation155,  homologation156,157 and alkynylation reactions158. In 

addition, boron compounds have found widespread application in luminescent materials159, 

neutron capture therapy160 and medicinal chemistry161. Alkylboron species in particular 
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have gained widespread use as organometallic reagents in cross-coupling relative to their 

magnesium and zinc analogues due to their ease of purification and drastically improved 

functional group tolerance162.  

The synthesis of benzyl boronates remains an intriguing challenge in chemical 

synthesis. The use of Grignard or lithium reagents as precursors to boron compounds is 

well known163,164, though it suffers from limited substrate scope and functional group 

tolerance due to the use of reactive organometallic species. The use of transition-metal 

catalyzed borylation of benzylic electrophiles has been explored by Miyaura165 and 

Shibata166 in palladium systems, while the Marder group has extensively developed 

copper-catalyzed borylation reactions of alkyl electrophiles167,168 .  

C-H borylation of alkylbenzenes represents an intriguing alternative to the 

borylation of benzylic electrophiles, and has been successfully applied to the synthesis of 

benzyl boronic esters by Miyaura169, Marder170 and Hartwig171.  

To our knowledge, only a single reported example of a carbon-sulfur bond being 

converted to a carbon-boron bond172. The Kishi group demonstrated that alkyl-phenyl 

sulfone 2-89 could be converted to the corresponding trialkylborane 2-92 upon treatment 

with n-butyllithium and disiamylborane, and isolated as the corresponding alcohol (2-90) 

upon oxidation with alkali hydrogen peroxide (Scheme 50).  
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Scheme 50. Formal C-S borylation reaction via a 1,2-migration reported by Kishi172. 

The reaction was proposed to proceed through a 1,2-migration similar to those 

reported by Matteson156 and Aggarwal157 via formation of adduct 2-91, arising from 

nucleophilic attack of alpha-lithiated sulfone on the electron deficient borane. Upon 

warming to room temperature, hydride migration along with elimination of lithium 

benzenesulfinate (LiPhSO2) afforded the desired borane, which was oxidized prior to 

isolation. Substrates bearing substituents which stabilize the lithiated carbanion 

intermediate (benzylic or allylic sulfones) were found to proceed to low conversion due to 

the reversibility of formation of adduct 2-91 from the corresponding carbanion and free 

borane. 

We were interested in determining whether our desulfonative methodology would 

be effective for the synthesis of alkyl boronic esters through a transition-metal catalyzed 

C-S borylation reaction. We began by applying optimized conditions for the desulfonative 

arylation of benzyl triflone 2-38 (see Table 2-1), substituting the arylboronic acid 

nucleophile for a diboron reagent (B2pin2). This resulted in a 33% yield of the desired 2-

benzyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 2-94 (Table 2-6, Entry 1). A series of 

bases were screened to improve the reaction. Strong Bronsted bases (tert-butoxide or 
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bis(trimethylsilyl)amide) were ineffective for this reaction (Entries 2-4), resulting in 

significant decomposition. Weak bases such as sodium acetate and triethylamine showed 

little conversion of the starting sulfone, potentially due to ineffective reduction of the 

palladium(II) pre-catalyst. Carbonate bases were found promote the reaction effectively 

(Entries 1,7,8), with cesium carbonate found to outperform other alkali metal carbonate 

salts. Increasing the catalyst loading to 10% (Entry 9) resulted in an encouraging increase 

to 67% yield. Solvents with increased polarity such as 1,4-dioxane (Entry 10) or DMF 

(Entry 11) were detrimental to the reaction. Notably, no reaction was observed in the 

absence of the palladium catalyst (Entry 12), suggesting that the process is indeed metal-

catalyzed and does not proceed via a deprotonation/1,2-rearrangement mechanism. Several 

phosphines were examined for their ability to promote desulfonative borylation but showed 

only trace activity in combination with a palladium(0) precursor. 
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Table 2-6. Reaction optimization for the Pd-NHC catalyzed desulfonative borylation of 2-38. 

 

Encouraged by the observation that desulfonative borylation was possible for 

benzyl sulfones, we then examined whether the corresponding secondary dibenzylic 

substrates were also effective electrophiles for this process. The synthesis of dibenzylic 

boronic esters has been much less frequently reported relative to the simple benzyl 

analogues. Chiral secondary boronic esters serve as synthetic precursors to a variety of 

stereodefined functionalities, such as chiral amines, alcohols and tertiary hydrocarbons. 



 

76 

 

However, enantioselective syntheses of these compounds represent a further challenge. To 

date, only two strategies have been reported to address this issue, and there is much room 

for improvement in scope60,173,174.  

Diphenylmethyl phenyl sulfone 2-96, which was shown to effectively undergo 

desulfonative arylation under Pd-NHC catalysis (see Scheme 35), was chosen as an initial 

model substrate. This compound and its derivatives are readily obtained from reaction of 

corresponding benzhydrol derivatives with sodium sulfonate salts and p-toluenesulfonic 

acid (Scheme 51).  

 

Scheme 51. Synthesis of dibenzylic phenyl sulfone from benzhydrol. 

 

We began our studies with conditions previously optimized for desulfonative cross-

coupling (Table 2-7, Entry 1). The desired product 2-97 was not observed under these 

conditions. Analysis of the crude reaction mixture by GC-MS revealed three principle 

components: unreacted starting material 2-96, diphenylmethane 2-36 seemingly resulting 

from protodesulfonation, as well as trace triphenylmethane 2-98, seemingly arising from 

extrusion of SO2 from the starting sulfone. Several bases (Entries 1-4) and palladium pre-

catalysts (Entries 5-6) were screened for this reaction, all of which failed to produce the 

desired product. 

The use of palladium (0) precursors and phosphine ligands for this reaction was 

also examined. We then examined Buchwald ligands SPhos and RuPhos (Entries 8 & 9) as 
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well as sterically hindered, electron-rich tricyclohexylphosphine (Entry 10) and tri-

tertbutylphosphine (Entry 11) with little success.  

Table 2-7. Reaction optimization for the Pd-NHC catalyzed desulfonative borylation of 2-96. 

 

With no success in our initial attempts, we then examined the use of dibenzylic 

triflone 2-100 as a substrate in this reaction. We hypothesized that the increased 

electrophilicity of the sulfone may aid in its activation, as previously observed in the 

analogous benzyl sulfones. The requisite sulfones can be prepared from the corresponding 

diarylmethanol and sodium sulfinate salts in the presence of TMSCl and catalytic FeCl3
110 
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(Scheme 52). Although rapid decomposition of these products was observed upon exposure 

to silica gel, purification was achieved successfully using neutral alumina as a stationary 

phase for chromatography to afford the desired sulfone. Upon purification, the products 

were observed to be stable indefinitely to ambient conditions.  

 

Scheme 52. Synthesis of dibenzyllic trifluoromethyl sulfones110. 

 

Unpublished work in collaboration with doctoral student Eric Keske showed that 

these sulfones are indeed significantly more active towards desulfonative arylation relative 

to their phenyl sulfone analogues; while the latter required high temperatures of 120 °C, 

the trifluoromethyl sulfones cross-coupled effectively at 40-50 °C. In addition, the catalyst 

loading could be reduced by a factor of two from 10 to 5 mol%. The contrast is particularly 

highlighted for sterically hindered substrates (Scheme 53), where the trifluoromethyl 

sulfone cross-couples in significantly improved yield using half the catalyst loading with a 

100 °C reduction in temperature. 

 

Scheme 53. Comparison of trifluoromethyl and phenyl dibenzylic sulfones for the synthesis of 

triarylmethanes via desulfonative cross-coupling. 
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A key observation during optimization of these reaction conditions was that 

sterically hindered secondary triflones were prone to hydrolysis under basic aqueous 

conditions to form the corresponding alcohol. As such, hindered sulfone 2-100 was chosen 

as a model substrate to examine desulfonative borylation so that reaction conditions 

developed for sterically unencumbered substrates would not have to be re-optimized for 

hindered substrates. In addition, ortho substitution was not tolerated in the previous reports 

of synthesis of dibenzylic boronic esters by Crudden60 and Tortosa174. 

Since these substrates were effective for cross coupling, we set out to determine 

whether desulfonative borylation of these sulfones would be effective under conditions 

previously optimized for desulfonative arylation (Table 2-8, Entry 1). Unfortunately, only 

unreacted starting material and protodesulfonation product 2-102 were observed by GC-

MS analysis. Strong alkoxide bases (Entries 3, 4) and bis(trimethylsilyl)amide (Entry 5) 

gave similar results. Weaker bases such as cesium carbonate (Entry 2) and sodium acetate 

(Entry 6) also failed to produce the desired product. Protodesulfonation product 2-102 was 

consistently observed when strong bases were employed in this reaction. 
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Table 2-8. Reaction optimization for the Pd-NHC catalyzed desulfonative borylation of 2-100. 

 

Competing protodesulfonation was an unexpected result in this reaction as this was 

not observed in the analogous desulfonative arylation reactions of the same substrates. This 

was particularly surprising given that water was employed as a solvent in arylation of the 

phenyl sulfone, yet this product was not observed. It is believed that water is the proton 

source in this process. Recent reports by Stokes175 and Zhu176 have described the use of 

diboron reagents and water to generate palladium hydride intermediates, which were 

subsequently employed for transfer hydrogenation and reductive Heck reactions 

respectively.  

A similar mechanism was suggested by both groups involving a R-PdII-boron 

intermediate, where the nature of the R group varies depending on the specific reaction 

(Scheme 54). Coordination of water to 2-103 results in zwitterionic intermediate 2-104, 
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from which a 1,3-hydride migration can occur to produce a palladium-hydride (2-105) 

along with release of a boric acid derivative. In the present case, oxidative addition of the 

C-S bond followed by transmetalation of the diboron reagent would afford intermediate 2-

106, from which palladium hydride generation may occur followed by reductive 

elimination to produce the observed diphenylmethane. 

 

Scheme 54. Generation of a palladium-hydride from a diboron reagent and water as described by 

Stokes175 and Zhu176; proposed pathway for the synthesis of 2-36 during attempted desulfonative 

borylation. 

 

The use of activated molecular sieves as an additive to this reaction was therefore 

examined to remove any trace of residual water. While this proved effective in suppressing 

protodesulfonation product 2-102, it failed to promote formation of the desired boronic 

ester product. The effect of molecular sieves on the borylation of the simpler benzyl triflone 

2-38 was also examined (Scheme 55). Unlike the dibenzylic analogues, this reaction was 

significantly improved upon with the addition of molecular sieves, resulting in 85% yield 

of the benzyl boronic ester 2-94. 
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Scheme 55. Effect of molecular sieves on desulfonative borylation of benzyl trifluoromethyl 

sulfones. 

 

With palladium catalysts proving unsuccessful at promoting borylation of 

dibenzylic sulfones, we considered the ability of other metals to catalyze this process. We 

began to examine the use of copper catalysts based on their success in the work reported 

by Marder167. Copper(I) chloride was chosen as a copper source for initial screening, along 

with KOtBu as a base. A variety of ligands were screened for this reaction (Table 2-9). 

Several phosphines containing the dicyclohexylphosphine moiety were examined, 

including Buchwald ligands CyJohnPhos (Entry 1) and RuPhos (Entry 3), as well as 1,2-

bis(dicyclohexylphosphino)ethane (dcpe, Entry 2) and tricyclohexylphosphine (Entry 4), 

all of which failed to promote the desired reaction. Nitrogen-based ligands 1,10-

phenanthronine (Entry 6) as well as bisoxazoline ligand 2-107 (Entry 5) also failed to 

afford the borylation product, resulting in unreacted starting material accompanied by trace 

protodesulfonation. Imidazolium salts (Entries 7 and 8) were also examined as ancillary 

ligands to no avail.  
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Table 2-9. Reaction screening for the copper catalyzed desulfonative borylation of 2-96. 

 

A pre-formed copper-carbene complex IPrCuCl177 was also evaluated as a catalyst 

for this reaction (Table 2-10). Several inorganic bases were screened across a wide range 

of pKa values (Entries 1-4), all of which resulted in a mixture of starting material and 2-

36. Several different solvents of low (toluene, Entry 1), moderate (DME, THF, Entries 5-

6) and high (DMF, H2O, Entries 7 & 8) were examined with potassium tert-butoxide as a 

base. Unfortunately, no evidence for desulfonative borylation was observed under the 

conditions examined.  
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Table 2-10. Reaction screening for the IPrCuCl-catalyzed desulfonative borylation of 2-96. 

 

Dibenzylic pinacol boronic ester 2-109 was synthesized independently through a Grignard 

reaction of diphenylbromomethane as reported by Ley178. The product was isolated as a 

3.7:1 mixture with dimerized product 1,1,2,2-tetraphenylethane, which was found to co-

elute with the desired product by silica gel chromatography and could not be separated by 

crystallization. The mixture of 2-109 and 2-110 was then subjected to conditions which 

were examined for palladium- and copper-catalyzed borylation (Scheme 56). In both cases, 

full consumption of the boronic ester was observed and diphenylmethane 2-36 was 

detected. Unfortunately, decomposition of the sulfone starting material and/or boronic ester 

product thus remains a significant obstacle in the development of this reaction for 

dibenzylic substrates. 
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Scheme 56. Synthesis of 2-109 and its poor stability under borylation conditions. 

2.3 Conclusions and Future Work 

2.3.1 Conclusions 

In the research described herein, we have successfully developed a desulfonative 

cross-coupling approach for the conversion of benzyl sulfones to diarylmethanes. It was 

found that the nature of the substituent on the sulfonate leaving group played an important 

role in tuning the reactivity of the C-S bond. Benzyl phenyl sulfones showed little reactivity 

in this manifold, while the corresponding benzyl trifluoromethyl sulfones were highly 

effective electrophiles. A variety of structurally and electronically diverse diarylmethanes 

were synthesized in high yield using this method, although heteroaromatic boron coupling 

partners were not well tolerated under the current conditions. 

Sulfones bearing a pendant aryl bromide functionality were found to be amenable 

to iterative cross-coupling. The use of tricyclohexylphosphine-modified palladium 
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catalysts effectively promoted carbon-bromide activation, while a highly active palladium-

carbene catalyst was effective for the desulfonative coupling reaction. Through control of 

the reaction temperature, it was demonstrated that sequential iterative functionalizations 

could be performed in a one-pot reaction using the same batch of palladium-catalyst. 

The development of a desulfonative borylation reaction was examined with mixed 

results. While benzyl trifluoromethyl sulfones were demonstrated to smoothly undergo 

borylation, the corresponding dibenzylic substrates proved problematic, suffering from 

protodesulfonation of the sulfone as well as protodeborylation of the resulting boronic ester 

under the conditions examined during optimization. Overall, we believe that the results 

described in this chapter represent an exciting addition to the field of desulfonative cross-

coupling reactions, and demonstrate that the scope of sulfones which may prove applicable 

to palladium-catalyzed cross-coupling can continue to be widened with proper choice of 

ancillary sulfone substituent. 

2.3.2 Future Work 

The inability to incorporate heteroaromatic nucleophiles in the desulfonative cross-

coupling represents a significant substrate limitation due to the ease with which they 

undergo undesired protodeborylation. Heteroaryl halides, however, have generally 

observed to be competent electrophiles in a variety of cross-coupling reactions, with reports 

of protodehalogenation occurring much more rarely than analogous protodeborylation. In 

light of this, as well as the observation that benzyl trifluoromethyl sulfones successfully 

undergo desulfonative borylation, an alternative strategy is proposed by which to 

successfully incorporate heteromatic moieties. 
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Promise in this area could lie in the development of a tandem one pot 

borylation/cross-coupling strategy, in which the sulfone is converted to a benzyl boronic 

ester which may then undergo cross-coupling with a heteroaryl halide (Scheme 57). This 

formally represents a reductive coupling of two electrophilic species, sulfones and aryl 

halides. Successful development of this methodology could lead to significantly wider 

synthetic applications of our desulfonative cross-coupling platform. 

 

Scheme 57. Proposed synthesis of heteroaromatic-containing diarylmethanes via a one-pot 

borylation/cross-coupling approach. 

 

In addition, the design of new catalytic reactions of sulfone electrophiles would be 

aided significantly by a greater mechanistic understanding of the C-S activation process. 

Stoichiometric reactions of a sulfone with palladium catalyst may prove highly informative 

in studying the nature of the oxidative addition process, as well as the structure of the key 

oxidative addition complex (Scheme 58). An improved understanding of this process will 

allow for examination of additives which may promote difficult reactions, as well as the 

rational design of new catalytic processes using these novel electrophiles. 
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Scheme 58. Proposed stoichiometric experiments to attempt to study the C-S oxidative addition 

process and the resulting palladium(II) intermediate. 
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Chapter 3 

Iterative Cross-Coupling of Enantioenriched Polyborylated Substrates: 

Scope and Mechanistic Insights 

3.1 Introduction: Iterative Suzuki-Miyaura Cross-Coupling through Control of 

Transmetalation 

As discussed in Section 1.5, the development of iterative cross-coupling methods 

represents an exciting new research direction. Iterative methods allow for the rapid 

synthesis of diverse libraries of compounds, and have shown great promise in the 

development of automated syntheses. In the development of iterative Suzuki-Miyaura 

cross-couplings, the transmetalation step has been the most frequent target for imparting 

selectivity in iterative processes105. Mechanistic studies on the transmetalation step have 

demonstrated the complex and multi-faceted nature of this elementary step16–18. For any 

given organoboron coupling partner, multiple species exist in equilibrium17 and there may 

be multiple operative mechanisms depending on the conditions employed16 (see Section 

1.1). The inability to precisely control boron speciation further complicates this problem179. 

However, several strategies have emerged in the past two decades to address the challenge 

of chemoselective transmetalation. These can be summarized in two classes: the use of 

protecting groups to induce inactivity at selected boron substituents, or exploiting the 

inherent reactivity differences in different C-B bonds depending on the hybridization at 

carbon or the substitution pattern.  
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3.1.1 Iterative Cross-Coupling Employing Boron Protecting Groups 

One of the most common approaches to chemoselective cross-coupling of multiple 

boron species involves the use of protected boronic acid derivatives. In this approach, one 

boronic acid is protected with a suitable capping ligand which renders it inactive, thereby 

allowing for selective reaction of a second, more reactive boron group. This allows for the 

use of novel bifunctional building blocks containing both an electrophilic and nucleophilic 

functional group. Subsequent deprotection of the latent boron group reveals the free 

boronic acid which may be used for further catalysis or reactivity. A successful protecting 

group in this regard should be a) easy to install, b) stable under the reactions conditions, 

and to work-up and purification, and c) be easily removed180. 

In 2007, Suginome reported the use of 1,8-diaminonapthalene (dan) as a protecting 

group for boron180. Electron donation from the nitrogen lone pairs to the empty p orbital 

(Scheme 59) on the adjacent sp2 hybridized boron center significantly decreases the Lewis 

acidity of the boron, inhibiting transmetalation180. This allows for the synthesis of 

bifunctional molecules containing both an organoboron group (nucleophile) and 

organohalide (electrophile), which are prevented from undesired oligomerization (3-2). 

Aryl boronic acids and pinacol esters were shown to cross-couple selectively in the 

presence of Bdan groups181. Subsequent acid hydrolysis was employed to regenerate the 

reactive boronic acid, which can be used for further cross-coupling180.  
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Scheme 59. Iterative cross-coupling using the B(dan) protecting group180. 

 

Shortly thereafter, the Burke group reported a similar concept employing the N-

methyliminodiacetic acid (MIDA) group as a ligand for boron182. These compounds 

contain an sp3-hybridized boron center owing to donation of the nitrogen-centered lone 

pair into the vacant p-orbital on boron, rendering them inert towards transmetalation 

(Scheme 60)183. BMIDA groups readily survive typical cross-coupling conditions and can 

be removed via basic hydrolysis to restore the reactive boronic acid182. MIDA groups were 

also demonstrated to be stable to the conditions of a variety of alternative C-C bond 

forming reactions, such as the Evans aldol or Horner-Wadsworth-Emmons olefination 

processes184, further extending their applicability in iterative coupling for synthesis 

applications. Since their initial report, the Burke group has extensively demonstrated the 

utility of iterative cross-coupling using MIDA-protected haloboronates (3-5), which 

contain both a reactive halogen electrophilic site and an unreactive BMIDA nucleophile183.  
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Scheme 60. Iterative cross-coupling of B-MIDA bifunctional building blocks182. 

 

The Burke group has extensively demonstrated the use of halo-MIDA boronate 

building blocks in the iterative synthesis of a variety of polyene natural products185 

(Scheme 61). Their work has culminated in the development of an automated small-

molecule synthesizer, in which all three components of the iterative coupling process 

(deprotection, coupling, purification) can be automated104. These findings represent 

remarkable progress towards a general, automated approach to small-molecule synthesis 

utilizing the Suzuki-Miyaura cross-coupling reaction.  
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Scheme 61. Synthesis of Asnipyrone B using an iterative cross-coupling strategy185.  

3.1.2 Iterative Cross-Coupling without the use of Deactivating Groups 

While the pioneering work of Suginome and Burke has led to exciting advances in 

iterative Suzuki cross-coupling, their approaches are not without their problems. Namely, 

an additional chemical step is required after each cross-coupling to remove the protecting 

group and generate an active coupling partner, which may generate additional waste or 

decrease the overall yield105. There is thus significant interest in the development of 

iterative, selective cross-coupling methods in which selectivity is not derived from the use 

of a deactivating ligand on boron. Rather, selectivity may arise from the inherent 

differences in the rate of transmetalation of related C-B bonds105. 

Research in this area has primarily focused on the use of germinal- or vicinal-

diboron compounds. A groundbreaking report in this area came from Morken in 2004, 

where the Suzuki coupling of aliphatic 1,2-diboron compounds was studied for the first 

time186. They demonstrated that diboronates such as 3-14, obtained through a rhodium-
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catalyzed enantioselective diboration of olefin 3-13, undergo selective cross-coupling at 

the primary alkyl boronate (Scheme 62)186. The secondary boronic ester was unaffected by 

the cross-coupling conditions, and oxidation with alkaline hydrogen peroxide afforded 

homobenzylic alcohol 3-15186. The overall diboration-cross coupling-oxidation sequence 

was found to be highly stereoselective, with enantiomeric excess on the order of 90% or 

greater. This report demonstrated for the first time that diboronates resulting from the 

diboration of alkenes represent viable substrates for selective Suzuki-Miyaura cross-

coupling186.  

 

Scheme 62. Sequential diboration-cross coupling-oxidation sequence from terminal alkenes186. 

 

Four years later, the Fernandez group reported a similar approach68. Unlike the 

Morken system, in which two different metals are used for the diboration and coupling 

steps, palladium complex 3-17 was found to effectively promote both processes (Scheme 

63), efficiently converting 3-14 to 3-16 in one-pot after oxidation68. The cross-coupling 

reaction occurred selectively at the less substituted organoboron moiety, as was observed 

by Morken.  
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Scheme 63. Palladium-catalyzed diboration/Suzuki-Miyaura cross-coupling/oxidation sequence 

to convert terminal olefins to homobenzylic alcohols. 

 

Geminal bis(boronates) in which two identical boron groups are bound to the same 

carbon have also emerged as interesting substrates for selective cross-coupling. The 

Morken group reported that terminal diboronate 3-18 underwent an enantiotopic-group-

selective cross-coupling (Scheme 64) with an aryl iodide to generate benzylic boronic ester 

3-19187. Mechanistic studies using 10B labelling suggested that stereochemical induction 

occurred during the transmetalation step, which was shown to occur with inversion of 

stereochemistry. The resulting benzylic boronate was unreactive under the conditions of 

the first cross-coupling, but was shown to smoothly undergo coupling under Ag2O 

conditions previously reported by Crudden188. Notably, this sequence was the first example 

in which both boron atoms in a bis-borylated substrate were successfully functionalized 

through Suzuki-Miyaura coupling187.  The Hall group published a detailed study of the 
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group-selective cross-coupling reaction soon after where the effects of additives and 

reaction scale were studied189.  

 

Scheme 64. Enantiotopic-group-selective and iterative cross-coupling methodology reported by 

Morken187. 

3.1.3 Research Outlook 

In our group’s 2009 report of Ag2O-promoted stereoretentive cross-coupling of 

secondary benzylic boronic esters, a remarkable chemoselectivity was observed56. Primary 

alkyl boronate 3-23 was found to be completely unreactive under the reaction conditions 

(Scheme 65), in contrast to the body of evidence (see Section 1.3) that primary alkyl 

boronates are generally more reactive than their secondary counterparts48,68,186. 
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Scheme 65. Chemoselectivity of the Ag2O promoted conditions for the cross-coupling of 

secondary benzylic boronic esters56. 

 In light of this unique selectivity, we set out to examine the iterative, 

chemoselective cross-coupling of geminal di-boron compounds containing a primary alkyl 

and secondary benzylic boronic ester (3-24). Unlike many existing reports of iterative 

coupling processes involving alkyl boronates, we aimed to functionalize both boron 

substituents through Suzuki-Miyaura cross-coupling, rather than an initial cross-coupling 

followed by oxidation. The ability to achieve iterative cross-coupling reactions to generate 

multiply arylated structures solely though inherent differences in the reactivity of carbon-

boron bonds, rather than the use of deactivating protecting groups would represent a 

significant advance in iterative Suzuki cross-coupling.  
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Scheme 66. Proposed iterative coupling methodology. 

The objectives of the research described in this chapter are as follows: 

1) To examine the scope and limitations of the iterative cross-coupling of 3-24 

2) To attempt to gain preliminary understanding of the factors which contribute to 

the observed selectivity 

3.2 Results and Discussion 

3.2.1 Synthesis of 1,2-bis(boronates) 

We first examined the use of diboronate 3-27 as a model substrate to examine the 

selective cross-coupling of 1,2-diboronates. Diboration of 3-26 using Morken’s Pt(dba)3 

catalyst, which was reported for the diboration of terminal aliphatic alkenes190, proved to 

be sluggish (Scheme 67), achieving only 67% conversion of starting olefin 3-26 after 40 

hours.  

 

Scheme 67. Diboration of 3-26 using Morken’s Pt(dba)3 catalyst190. 
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In addition, selectivity for 3-27 was poor as vinyl boronic ester 3-28 was also 

observed with a 3-27:3-28 ratio of 1.3:1. Compound 3-28 may arise though competing β-

hydride elimination of the secondary alkyl-organometallic intermediate which precedes the 

final reductive elimination step. Although the reaction could be driven to full conversion 

by increasing the reaction time to 60 hours, the selectivity was not improved. Thus, an 

alternative route to access 3-27 with improved selectivity was desired.  

We next examined a transition-metal-free diboration reaction reported by 

Fernandez191, in which a strong alkoxide base is used to active the diboron reagent (Scheme 

68). Initial attempts showed modest conversion (45%) and selectivity (2.2:1 ratio of 3-27 

to 3-29); however, given the inexpensive nature of the reagents relative to the previously 

described platinum system, further investigation of the reaction conditions was examined. 

 

Scheme 68. Transition-metal-free diboration of 3-26. 

As summarized in Table 3-1, the stoichiometry of the alkoxide base and methanol 

proved a key parameter in this reaction. The yield and selectivity of the reaction were both 

shown to increase as the equivalents of methanol were decreased, while increasing the 

equivalents of butoxide was found to drastically improve the rate of reaction. Using 2.5 

equivalents of methanol and 15 mol% NaOtBu, the reaction was complete within 24 hours 

and demonstrated excellent selectivity was obtained for diboration product 3-27. Under the 

conditions of Entry 4, the product was isolated in 52% overall yield. Residual B2pin2 

present after the reaction complicated chromatographic separation, resulting in the modest 
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yield despite the high conversion and selectivity observed for the reaction when examined 

prior to separation. Comparable yields and selectivity were observed for the diboration of 

styrene and 4-methylstyrene. Diboration of electron deficient styrene derivatives to 

produce 3-33, 3-34 and 3-35 were unsuccessful under these conditions due to 

polymerization of the olefin moiety, which may be initiated by the alkoxide base192. 

Table 3-1. Optimization and scope of transition-metal-free diboration reaction modified from 

conditions reported by Fernandez191. 
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3.2.2 Linear Cross-Coupling of diborated substrates 

With diboronates in hand, selective cross-coupling of the primary alkyl boronic 

ester was examined. As described previously in section 3.1.2, inspiration was taken from 

previous reports by Morken and Fernandez’s work on unfunctionalized systems. A key 

difference between these reports and this study lies in the fate of the unreactive secondary 

boronic ester; in the previously reported examples, the residual boron functionality was 

subjected to oxidation for isolation to afford homobenzylic alcohols. We were interested 

in preserving the boron functionality throughout isolation, with the goal of subjecting the 

resulting secondary boronic ester to our groups previously described silver oxide promoted 

cross-coupling conditions to generate fully arylated hydrocarbons. 

Previous research from graduate students Veronique Laberge and Chris Ziebenhaus 

in the Crudden group had demonstrated that biaryldicyclohexyl phosphines SPhos (1-15) 

and RuPhos (1-16), commonly known as Buchwald ligands, effectively promoted the 

desired cross-coupling of the linear position. Surprisingly, it was found that diboronates 

which are prone to protodeborylation benefitted from the use of high proportions of water 

in a THF/H2O (1:2) mixed solvent system. However, the generality of this cross-coupling 

was never investigated thoroughly beyond the model systems used in initial optimization. 

Accordingly, the substrate scope of this cross-coupling was then investigated45 

(Table 3-2). A variety of aryl bromides proved effective coupling partners in this reaction. 

Pleasingly, substrates bearing enolizable (3-44) or phenolic (3-43) protons were also 

competent reactions partners, with no evidence for side reactions of these functional 

groups. Heteroaromatic substrates 3-bromopyridine and 2-bromothiophene were 

ineffective coupling partners. Sterically hindered aryl bromides were successfully coupled, 
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albeit in reduced yield (2-methoxynapthalene). The diboronate originating from 2-

vinylnaphthalene was found to undergo significant deborylation under the cross-coupling 

conditions and was not an effective coupling partner. 

Table 3-2. Substrate scope for the chemoselective cross-coupling of vicinal diboronates. 

 

During the purification process, it was observed that the secondary boron fragment 

was sensitive to deborylation on silica gel during chromatography in some cases. This is 
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highlighted by compound 3-40, for which the cross-coupling proceeded with 83% yield 

when measured by 1H NMR from the crude reaction mixture relative to an internal standard 

yet only afforded the pure product in 36% after chromatography. In addition, increased 

amounts of the deborylation product were observed after chromatography relative to the 

crude reaction mixture.  

Purification of many of the products shown in Table 3-2 was aided by the 

serendipitous observation that diboronates 3-31 and 3-32 show very high affinity to silica 

gel in hexanes-dichloromethane solvent mixtures, despite readily eluting in hexanes-ethyl 

acetate. As such, isolation of coupling products 3-36 – 3-39 was simplified due to the ease 

of separating unreacted starting material from the mixture using a 

hexanes/dichloromethane solvent system for chromatography. The origin of this surprising 

chromatographic behavior is unknown; diboronate 3-31 shows no degradation in 

dicholoromethane solution by 1H NMR after 24 h, suggesting that solvent-induced 

decomposition is not responsible for the chromatographic behavior.  

Enantiomerically enriched analogues of these diboronates were prepared  by 

postdoctoral fellow Phillip Unsworth using a rhodium catalyst reported by Nishiyama193 in 

order to assess the enantiospecificity of this reaction. No loss of stereochemical information 

at the secondary position was observed after cross-coupling and oxidation as judged by 

chiral supercritical fluid chromatography (SFC) of the corresponding alcohols, suggesting 

that reversible β-hydride elimination from organometallic intermediate 3-45 does not occur 

prior to reductive elimination (Scheme 69).  
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Scheme 69. Potential for erosion of stereochemistry at the benzylic carbon resulting from 

reversible β-hydride elimination of intermediate 3-45. 

3.2.3 Stereospecific benzylic cross-coupling of 1,2-diarylethyl-1-pinacolboronic 

esters 

With an assortment of 1,2-diarylethyl-1-pinacolboronates in hand, the use of these 

compounds in silver oxide promoted cross-coupling with aryl iodides was investigated in 

collaboration with postdoctoral fellow Phillip Unsworth (Table 3-3). To our delight, this 

reaction proceeded smoothly with a range of electronically diverse aryl iodides. Electron-

rich (3-47), electron-poor (3-48) and pyridyl (3-50) substituents were all well tolerated in 

this reaction. Importantly, while the yield of the compounds was modest, the 

enantiospecificity of the transformation was generally on the order of 85-90%. It was 

assumed that the reactions proceeded with retention of configuration at the stereogenic 

center by analogy to previously reported examples56. 
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Table 3-3. Substrate scope for the secondary cross-coupling reaction. 

 

 The cross-coupling reaction was found to produce a single regioisomer of 1,1,2-

triarylethane in all cases. It has been suggested previously that partial erosion of 

stereochemistry in the cross-coupling of benzylic boronic esters may result from reversible 

β-hydride elimination188. In the cross-coupling of 3-22, the linear regioisomer was not 

detected, which suggested that reinsertion of the palladium-hydride occurred selectively at 

the terminal position if β-hydride elimination was indeed occurring (Scheme 70).  
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Scheme 70. Stereochemical consequences of β-hydride elimination in cross coupling of 3-22. 

 

Conversely, β-hydride elimination in the cross-coupling of 3-34 would afford 

stilbene 3-57, for which it is expected palladium-hydride reinsertion would show poor 

regioselectivity6 and produce a mixture of 3-56 and 3-59 after reductive elimination 

(Scheme 71). The absence of any regioisomers in the reaction suggests that either β-hydride 

elimination was not occurring to any significant extent in this reaction, or that reinsertion 

of the palladium-hydride into the highly-conjugated stilbene is unfavorable such that 3-57 

does not re-enter the catalytic cycle. 
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Scheme 71. Regiochemical consequences of β-hydride elimination in the cross coupling of 1-

phenyl-2-aryl-1-pinacolboronates. 

3.2.4 Towards an understanding of the chemoselectivity 

The striking reactivity difference between vicinal 1,2-diboronates as described 

herein motivated us to undertake preliminary investigations into the origin of this 

chemoselectivity. In addition, we sought to gain further mechanistic understanding of the 

silver-oxide promoted secondary cross-coupling to further understand the selectivity. 

We first considered the possibility that selectivity in the coupling of 3-31 arises 

from selective hydrolysis189,194 of the less sterically hindered primary boronic ester, 

furnishing a more reactive boronic acid which may undergo transmetalation more rapidly 

than the secondary boronic ester179 (Scheme 3-72).  

 

Scheme 72. Selective hydrolysis as a potential cause of chemoselective cross-coupling. 
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To test this hypothesis, diboronate 3-31 was subjected to the same solvent and base 

as used in the cross-coupling reaction in the presence of 3 equivalents of 2,2-dimethyl-1,3-

propanediol (neopentylglycol) (Scheme 73-A), reasoning that the added diol should 

compete with liberated pinacol in reforming the boronic ester if reversible hydrolysis was 

indeed occurring under these conditions.  GC-MS analysis indicated complete scrambling 

of the diols into both boron substituents, with relatively similar intensities observed for the 

neopentylglycol and pinacol esters, suggesting that the hydrolysis is unselective under 

these conditions. Similarly, boronic ester 3-22 underwent analogous hydrolysis under these 

conditions (Scheme 73-B) to provide a mixture of the pinacol and neopentylglycol esters, 

although the pinacol ester is completely unreactive towards cross-coupling under these 

conditions in the presence of catalyst, ligand and aryl halide electrophile. Thus, it was 

concluded that selective hydrolysis is not responsible for the observed chemoselectivity.  
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Scheme 73. Hydrolysis & Diol-exchange of 3-31 and 3-32 under chemoselective cross-coupling 

conditions. 

 

To gain further insight into the effect of the secondary boronate on cross-coupling 

of the primary boronate, linear alkyl boronic ester 3-23195 was subjected to the reaction 

conditions for primary cross-coupling of 1,2-bis(boronates) (Scheme 74).  

 

Scheme 74. Attempted cross-coupling of linear boronic ester 3-23. 

 

Bibenzyl 3-65 was formed in only 24% yield, with significant unreacted starting 

material present at the end of the reaction. Reaction of the corresponding diboronate (3-31) 
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under identical conditions proceeds in 63% isolated yield45. This result demonstrates that 

the second boronic ester is non-innocent in the first cross-coupling even though it 

undergoes no chemical transformation. This is consistent with similar results reported by 

Morken67 who demonstrated that diboronate 3-66 undergoes cross-coupling with 50 fold 

rate enhancement relative to octylBpin (3-67) in a direct competition experiment (Scheme 

75A). Reactions of 1,3- or 1,4-bis(boronates) demonstrated no noticeable rate enhancement 

relative to 3-6767. 

Two explanations have been put forward for the accelerated reaction rate of vicinal 

diboronates (Scheme 75B)67. Cooperative binding of a bridging hydroxyl group between 

the two boron centers may afford “ate” complex 3-70, stabilized by the presence of the 

second boron through delocalization of the LUMO across the B-B moiety196. Alternatively, 

the benzylic boronic ester may enhance the Lewis acidity of the linear Bpin through 

intramolecular O-B coordination as shown in 3-71.  It was proposed that 3-70 would likely 

undergo an outer-sphere transmetalation with inversion of stereochemistry due to the four-

coordinate nature of boron61, while 3-71 would likely undergo an inner-sphere 

transmetalation with retention of stereochemistry. Isotopically labelled substrate 3-72 was 

prepared by the Morken group (Scheme 75C) and found to cross-couple with retention of 

stereochemistry at the deuterated carbon, suggesting an inner-sphere transmetalation and 

supporting intramolecular O-B coordination as a mode of activation in 1,2-

bis(boronates)67.  
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Scheme 75. A) Rate enhancement of 1,2-bis(boronates) relative to linear mono-boronic esters and 

proposed explanations by Morken B) Proposed modes of activation and C) Determination of the 

stereochemical outcome of transmetalation67. 

 

Aside from the use of silver oxide, perhaps the most significant difference between 

the linear-selective conditions and those appropriate for the benzylic boronic ester lies in 

the amount of water. The reactions described in section 3.2.2 clearly show that the presence 

of water is key to the primary cross-coupling; many substrates were found to couple 

optimally with the use of water as the primary solvent (see conditions B, table 3-2). Past 

work in the Crudden group has shown the detrimental effects of water on the 

stereospecificity of benzylic cross-coupling. The addition of even 8500 ppm water 

(approximately a 120:1 ratio of DME to water) was found to decrease the enantiospecificity 

of the reaction significantly.   

Accordingly, in collaboration with postdoctoral fellow Phillip Unsworth, the effect 

of water on this reaction was investigated further (Scheme 76). Thorough analysis of the 

reaction mixture by crude 1H NMR and GC-MS revealed that addition of water (10:1 
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DME/H2O) promoted homocoupling of the boronic ester under the cross-coupling 

conditions, generating 3-76 as a mixture of syn- and anti-diastereomers in 28% NMR yield. 

A control reaction in the absence of palladium catalyst and aryl iodide afforded 3-76 in 

63% NMR yield. The reaction of 3-22 with Ag2O alone, however, failed to produce 3-76 

(Scheme 76). This result suggests that triphenylphosphine is pivotal to the homocoupling 

process. The large excess of triphenylphosphine employed in the cross-coupling conditions 

may aid in solubilizing silver species by formation of a silver-phosphine complex197. 

Alternatively, oxidation of the phosphine may be involved in a redox process of the 

reaction mechanism, although only limited phosphine oxidation is observed in catalytic 

cross-coupling reactions. Further studies into this process are ongoing in our group. 
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Scheme 76. Homocoupling of benzylic boronic esters promoted by Ag2O/PPh3 in DME/H2O. 

 

The use of enantiomerically enriched 3-22 (96% ee) in this reaction provided 

further information to the underlying reaction mechanism. With this substrate, compound 

3-76 was formed with virtually no diastereoselectivity (Scheme 77).  

 

Scheme 77. Use of enantioenriched 3-22 in Ag2O-promoted dimerization reaction. 
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Erosion of the stereochemical information as observed in this reaction may suggest 

the presence of a radical intermediate in this process, for which the barrier to inversion is 

low and thus undergoes rapid interconversion198. The homocoupling of trialkylboranes 

through reaction with silver(I) nitrate and potassium hydroxide was previously reported by 

H.C. Brown in 1961199. They also reported that treatment of triethylborane with 1.5 

equivalents of Ag2O and 3 equivalents of sodium hydroxide resulted in rapid generation of 

n-butane, along with ethylene and ethane as minor by-products200. It was proposed that this 

proceeds through generation of ethylsilver(I), which was believed to decompose through 

the generation of ethyl radicals201.  

In light of these observations, one possible proposal is that alkyl silver species 3-

77 is generated in situ under the reaction conditions (Scheme 78). Decomposition of this 

reagent may lead to the formation of secondary benzyl radical 3-78, which may undergo 

re-combination with 3-77 to form 3-76 and reduced Ag(0). Alternatively, direct reaction of 

two equivalents of 3-77 may occur. If this is the case, the origin of the scrambling of 

stereochemistry (Scheme 77) is unclear. 3-77 may be configurationally unstable through a 

radical dissociation/recombination equilibrium, or the formation of 3-77 from 3-22 may 

involve a single electron transfer which generates a radical intermediate. Further research 

will be required to elucidate the mechanistic details behind this intriguing process. 
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Scheme 78. Possible mechanisms for the formation of 3-76. 

 

It is highly unlikely that the predominant transmetalation mechanism for secondary 

benzylic under Ag2O promoted conditions involves a radical pathway, as this would not 

account for the stereospecific nature of the reaction in the absence of a chiral ligand. The 

reaction generally proceeds with at least 80% retention of stereochemistry56, although 

boronic esters bearing electron-deficient aryl groups have consistently been observed to 

cross-couple with poorer enantiospecificity45,56. It may be possible that there are two 

operative mechanisms for transmetalation under the reaction conditions: a dominant, π-

directed stereoretentive pathway which proceeds through Ag2O assistance58, and a minor 

radical pathway which generates racemic product. Enantiospecificity in the cross-coupling 

process would thus be dictated by the relative rate of these two processes.  

To further study the potential for radical intermediates in this reaction, the effect of 

TEMPO ((2,2,6,6-tetramethylpiperidin-1-yl)oxyl) as an additive was studied. TEMPO is a 

uniquely stable radical in solution, which is kinetically stabilized from dimerization 

through steric bulk, as well as the thermodynamic weakness of the oxygen-oxygen bond 

which would exist in the dimeric species202. TEMPO is frequently used as a radical trap in 
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mechanistic experiments to discern the presence of free radical intermediates, with the 

assumption that the radical trap will slow or stop the radical process altogether203. 

Reaction of benzylic boronic ester 3-22 with 4-iodoanisole was examined in the 

presence and absence of TEMPO (Scheme 79). In the absence of the radical trap, the 

product (3-75) was isolated in 57% yield and 95% enantiospecificity. When 3 equivalents 

of TEMPO were added to the reaction, the yield was decreased dramatically to 24%, while 

the stereospecificity was marginally improved to 97%.  The crude 1H NMR spectrum of 

the reaction shows a quartet at 4.76 ppm which is consistent with known “TEMPO-adduct” 

3-79204, generated through reaction of TEMPO with a hypothetical in-situ generated 

benzylic radical. However, attempts to isolate 3-79 and confirm its identity were 

unsuccessful. 

 

Scheme 79. Effect of TEMPO on the Ag2O-promoted cross-coupling of 3-22. 

Caution must be taken in interpreting the effect of TEMPO on this reaction. The 

observation that the yield of the reaction was decreased upon addition of TEMPO may 

suggest that a radical intermediate is present in the reaction. However, the conversion of 3-
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22 to 3-75 proceeds with 95% enantiospecificity in the absence of TEMPO, suggesting that 

the dominant mechanism of the reaction follows a stereoretentive pathway (see Section 

1.3.2), with at most 10% of the product formed through a potential radical mechanism. If 

the only role of TEMPO was to trap any radical intermediates, then a 5% decrease in yield 

should be observed. However, a significantly larger decrease in yield was observed 

experimentally. The mechanistic value of a TEMPO experiment is based on the hypothesis 

that only radical species will be effected, and that TEMPO will not interfere with other 

processes or reagents in the mixture205.  

It has been observed previously that palladium-hydrides undergo H-abstraction by 

TEMPO, which can complicate mechanistic test experiments for reactions in which these 

intermediates may be generated205. To examine whether TEMPO may interfere with 

catalysis, the reaction of palladium complex 3-80206 with excess TEMPO was monitored 

by 31P NMR (Figure 8). 3-80 presumably represents the oxidative addition complex formed 

in the reaction, and thus is likely an intermediate along the reaction coordinate. Upon 

heating at 70 °C for 24 hours, decay of the starting complex was observed and a downfield 

singlet in the 31P NMR emerged at 37.3 ppm, suggesting that the palladium catalyst may 

undergo side reactions or decomposition in the presence of TEMPO, which may influence 

the observed yield of the cross-coupling reaction.  
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Figure 8. Reaction of 3-80 with TEMPO in DME at 70 °C as monitored by 31P NMR. The 

bottom spectrum is the time zero, the middle after 16 hours, and the top after 24 hours. 

 

 These results suggest that TEMPO affects the reaction in ways other than simply 

trapping radical intermediates, and further experiments are necessary to better understand 

it’s role and to decipher what mechanistic information can be learned from these 

experiments. 
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3.3 Conclusions and Future Work 

3.3.1 Conclusion 

In this chapter, we have described the successful development of a selective, 

protecting-group-free methodology for the iterative cross-coupling of vicinal diboronates. 

Conditions were examined in which the primary alkyboronate moiety was cross-coupled 

selectively with a variety of electronically diverse aryl bromides, while the secondary 

boronate remained unaffected.  The resulting substituted benzylic boronic esters were then 

successfully subjected to Ag2O-promtoted cross-coupling, which proceeded with high 

levels of stereospecificity to generate the corresponding tri-arylated products in a highly-

controlled manner. 

Conditions which were selective for the primary alkyl cross-coupling in diborated 

substrates were found to promote hydrolysis of both boronic esters, suggesting that 

chemoselectivity is not derived from selective hydrolysis. The adjacent secondary boron 

substituent was found to increase the activity of the primary boronate, as evidenced by the 

increased reactivity of diborated substrate 3-31 relative to linear boronic ester 3-23. The 

addition of water to the Ag2O-promoted conditions for secondary cross-coupling was found 

to result in increased homocoupling of the boronic ester. Enantiomerically enriched 

boronic esters showed no diastereoselectivity in the homocoupled product, which may 

suggest a radical mechanism for the formation of this species. 

3.3.2 Future Work 

In order to gain further understanding of the unique chemoselectivity demonstrated 

by the Ag2O-promoted cross-coupling conditions, it is essential to study underlying 

mechanism behind this reaction. With the evidence described herein that radical 
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intermediates may be involved, the effect of TEMPO on the reaction must be further 

investigated. This will be particularly informative when applied to the coupling of electron-

deficient boronic esters, which have been demonstrated to proceed with noticeably 

decreased enantiospecificity45. If an alternative radical pathway is responsible for loss of 

stereochemistry, the addition of TEMPO should lead to a decrease in reaction yield along 

with an increase in the stereospecificity (Scheme 80). Successful isolation and 

characterization of the proposed TEMPO adduct would be highly instructive in supporting 

these mechanistic hypotheses. 

 

Scheme 80. Proposed work to examine the effect of TEMPO on the yield and stereospecificity of 

cross-coupling of electron-deficient boronic esters. 

 

In order to gain further insight into the mechanism of boronic ester homocoupling 

promoted by Ag2O, it may prove useful to examine the enantiomeric excess of the chiral 

diastereomer 3-81 that is formed from this reaction when enantiomerically enriched 

boronic ester is employed (Scheme 81). If the reaction proceeds with poor 

enantiospecificity analogous to the lack of diastereoselectivity that was observed, that may 

offer further evidence for an achiral intermediate from which stereochemical information 
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is lost. In addition, methods by which to generate hypothetical secondary alkyl silver(I) 

species 3-77 should be investigated to elucidate whether this intermediate is involved in 

the reaction. 

 

Scheme 81. Proposed work to examine the enantiomeric excess of the chiral diastereomers 

formed from Ag2O-promoted homocoupling of benzylic boronic esters. 

 

An interesting extension of this work may be found in the cross-coupling of 

(diphenylmethylene)diboronic acid pinacol ester 3-83. Research done in the Shibata166 and 

Morken187 groups has demonstrated that the presence of a geminal boron substituent has 

an activating effect, such that geminal diboron compounds are more reactive than the 

analogous mono-borylated species. In light of this, it may be possible to develop conditions 

which selective promote a single cross-coupling of 3-83 to generate dibenzylic boronic 

ester 3-84 (Scheme 82). This process may be rendered stereoconvergent using a chiral 

ligand as was observed by Morken. Further cross-coupling of the resulting boronic ester 

could be realized to provide an iterative synthesis of enantiomerically enriched 

triarylmethanes (3-85). Should both cross-couplings require the use of Ag2O to afford 

transmetalation, it may be possible to perform this sequence in one-pot using a single 

charge of Ag2O and palladium-catalyst provided that the relative reactivity can be suitably 
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controlled through selection of an appropriate halide coupling partner, ligand, solvent or 

temperature. 

 

Scheme 82. Proposed modular synthesis of enantiomerically enriched triarylmethanes through an 

iterative cross-coupling process. 
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Chapter 4 

Experimental 

4.1 General Experimental Conditions 

Unless otherwise noted, all reactions were conducted in oven-dried (160 °C) 

glassware under an atmosphere of argon with magnetic stirring using standard Schlenk-

line techniques, or under nitrogen atmosphere in an MBraun glovebox with oxygen and 

water levels <2ppm. Toluene, THF, 1,4-dioxane and 1,2-dimethoxyethane (DME) were 

distilled from sodium-benzophenone ketal. Dichloromethane (DCM) and acetonitrile 

(CH3CN) were distilled from calcium hydride. All solvents were deoxygenated with a 

minimum of three freeze-pump-thaw cycles and stored under N2 or Ar over molecular 

sieves (4Å) prior to use. Anhydrous methanol (MeOH) was purchased from Avantor 

Performance Materials and used without further purification. Anhydrous acetonitrile 

(MeCN) was purchased from DriSolv and used as received. All solvents used for work-up 

and chromatography were ACS reagent-grade and were used as received. Solvents for 

NMR spectroscopy were obtained from Sigma-Aldrich or Cambridge Isotope Laboratories 

and used as received.  

Distilled water was degassed by vigorous sparging with argon for a minimum of 40 

minutes prior to use. Triphenylphosphine was recrystallized from hot ethanol, dried under 

vacuum and stored in a glovebox. Pd(dba)2, Pd2(dba)3, Pd(OAc)2, SIPrPd(allyl)Cl were 

purchased from Sigma-Aldrich and stored in a glovebox. Other Pd-NHC catalysts were 

purchased from Strem Chemicals and stored in a glovebox. B2pin2 was purchased from 

Oakwood Products Inc. and used as received. Boronic acids were purchased from Frontier 
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Scientific and used as received. Tricyclohexylphosphine and tri-tertbutylphosphonium 

tetrafluoroborate were purchased from Strem Chemicals, while all other phosphine ligands 

were purchased from Sigma-Aldrich and stored in a glovebox. Aryl halides were either 

distilled from CaH2 or recrystallized from hot ethanol prior to use. TEMPO was purchased 

from Sigma-Aldrich and sublimed at 30 °C prior to storing in a glovebox freezer (-30 °C). 

Inorganic bases were purchased from Sigma-Aldrich and dried overnight at 130 °C under 

high vacuum prior to storage in a glovebox. NaSO2Ph and NaSO2CF3 were purchased from 

Combi-Blocks and used as received. Copper(I) chloride was purchased from Sigma-

Aldrich and purified by precipitation from a concentrated HCl solution with water. All 

other chemicals were purchased from Sigma-Aldrich and used as received. 

The following compounds were synthesized according to modified literature 

procedures: 3-phenoxystyrene207, 4,5,5-tetramethyl-2-(1-phenylethyl)-1,3,2-

dioxaborolane (3-22)195, 4,4,5,5-tetramethyl-2-phenethyl-1,3,2-dioxaborolane (3-23)195, 

Ag2O
208, 4-methoxyphenyl boroxine209, SIPr·HCl210, phenyl boronic acid pinacol ester211, 

IPrCuCl177 and trans-Ph(I)Pd(PPh3)2 (3-80)206. 

IR spectra were collected on a Bruker ALPHA Platinum ATR as neat solids and 

absorption bands (ṽ, s = strong, m = medium, w = weak) are given in cm–1.  Melting points 

were recorded on an electrothermal MEL-TEMP apparatus connected to a Fluke 51 II 

Thermometer.  Temperatures are given in degree Celsius (°C) and are uncorrected. Thin 

Layer Chromatography was performed on aluminum-backed silica plates and visualized 

by UV (254, 365 nm) or by staining with standard indicators.  The indicators utilized to 

stain were phosphomolybdic acid or potassium permanganate. Column chromatography 

was performed by using flash grade silica (Silicycle, 40-63 µm particle size, 60 Å 
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porosity) and reagent-grade solvents.  All GC-MS spectra were obtained using an Agilent 

Technologies 5975CVL-MSD (triple axis detector) with a capillary measuring 30 m by 

250 μm by 0.25 μm nominal, 250 inlet, splitless detector.  Helium was used as a carrier 

gas with a flow rate of 1.0 mL/min throughout. The temperature program was as follows: 

initial temperature 50 °C, then increase at a rate of 15 °C/min until 200 °C. Hold at this 

temperature for 2 minutes, then increase at 15 °C/min until 300 °C. Hold at this temperature 

for 5 minutes. High Resolution Mass Spectrometry (HRMS) was performed on an 

Applied Biosystems/MDS Sciex QStar XL QqTOF or Waters ZQ Single Quad at the 

Queen’s Mass Spectrometry and Proteomics Unit at Queen’s University, Kingston, 

Ontario. 

NMR spectra were recorded on Bruker Avance 300 (1H: 300.13, 13C: 75.47), 

Bruker Avance 400 (1H: 400.13, 11B: 128.38, 13C: 100.62), Bruker Avance 500 (1H: 500.19, 

11B: 160.27, 13C: 125.62) instruments operating at the denoted spectrometer frequency 

given in megahertz (MHz) for the specified nucleus. All NMR samples were prepared 

using CDCl3 unless otherwise stated. To specify the signal multiplicity, the following 

abbreviations are used: s = singlet, d = doublet, t = triplet, q = quartet, p= pentet and m = 

multiplet; br indicates a broad resonance; app = apparent.  Shifts are reported in parts per 

million (ppm) relative to tetramethylsilane (TMS) as an external standard for 1H and 

13C NMR spectra and calibrated against the solvent residual peak or in case of proteo-

solvents against known solvent resonances. 11B signals are calibrated relative to external 

BF3·OEt2 and 19F signals relative to CFCl3. SFC (supercritical fluid chromatography) 

traces for the assessment of enantiopurity were obtained from a JASCO Instruments SFC 

HPLC equipped with HPLC columns (CHIRALPAK IA, IB, IC, ID, IE, IF: length 250 
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mm, ø 4.6 mm, particle size 5 μm), operating at the stated flow-rate and pressure of 

supercritical CO2 with the indicated amount of admixed modifier solvent. Retention times 

are tR are given in minutes (min). 

4.2 Synthesis of Benzyl Sulfones 

Benzyl trifluoromethyl sulfone – [2-33] 

A 50 mL Schlenk flask with a stir bar was charged with NaSO2CF3 

(562 mg, 3.6 mmol, 1.2 eq), KI (4.8 mg, 0.3 mmol, 0.1 eq), benzyl 

bromide (360 µL, 3.0 mmol, 1 eq) and acetonitrile (6 mL) under argon atmosphere. The 

reaction was heated to 85 °C for 24 hours. After cooling to room temperature, the reaction 

mixture was diluted with dichloromethane (10 mL) and filtered through a plug of Celite 

with copious dichloromethane. The filtrate was concentrated under reduced pressure. The 

resulting solid was recrystallized from DCM/hexanes to afford benzyl trifluoromethyl 

sulfone [2-38] as a white solid (396 mg, 59% yield). Data were consistent with those 

reported in the literature212. 

1H NMR (400 MHz, CDCl3): 7.46-7.43 (m, 5H), 4.48 (s, 2H). 13C NMR (100 MHz, 

CDCl3): 131.40, 130.15, 129.39, 123.24, 119.88 (q, 1JC-F = 326.0 Hz), 56.25. 19F NMR 

(376 MHz, CDCl3): -78.57. HRMS (ESI+): m/z calcd for C8H7F3O2S [M]+: 224.0119, 

found 224.0115. 
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5-(((Trifluoromethyl)sulfonyl)methyl)benzo[d][1,3]dioxole – [2-42] 

 

Scheme 83. Synthesis of 2-42 from commercially available aldehyde 2-39. 

 

A 100 mL round bottom flask was charged with 1,3-benzodioxole-5-

carboxaldehyde [2-39] (750 mg, 5.0 mmol, 1 eq) and methanol (30 mL). 

The flask was cooled to 0 °C in an ice bath, after which NaBH4 (378.3 mg, 10 mmol, 2.0 

eq) was added in two portions. The mixture was stirred at room temperature for 2 hours 

under argon. The reaction was then quenched with saturated ammonium chloride (20 mL) 

and the methanol was removed via rotary evaporation. The resulting mixture was taken up 

in EtOAc (25 mL) and washed with H2O (25 mL) and brine (20 mL). The organic layer 

was dried over Na2SO4, filtered, and concentrated under reduced pressure to afford 

benzo[d][1,3]dioxol-5-ylmethanol [2-40], which was used without purification. 

To a 50 mL round bottom flask was added [2-40] (684 mg, 4.5 mmol, 1 

eq) and dichloromethane (20 mL). The solution was cooled to 0 °C, after 

which PBr3 (470 µL, 4.95 mmol, 1 eq) was added dropwise via syringe. The solution was 

gradually warmed to room temperature over 2 hours, then stirred for an additional 2 hours 

at room temperature. The reaction was cooled to 0 °C and quenched with water, then 

extracted with dichloromethane (2 x 15 mL). The combined organic layer was washed with 
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brine (30 mL), dried over Na2SO4, filtered, and concentrated under reduced pressure to 

afford 5-(bromomethyl)benzo[d][1,3]dioxole [2-41], which was used without further 

purification. 

A 50 mL Schlenk flask with a stir bar was charged with NaSO2CF3 

(980 mg, 4.5 mmol, 1.5 eq), KI (70.0 mg, 0.30 mmol, 0.1 eq), [2-

41] (895 mg, 4.2 mmol, 1 eq) and acetonitrile (8.5 mL). The reaction was heated to 85 °C 

for 24 hours under argon. After cooling to room temperature, the reaction mixture was 

diluted with dichloromethane (10 mL) and filtered through a plug of Celite with copious 

dichloromethane. The filtrate was concentrated under reduced pressure. The resulting solid 

was recrystallized from DCM/hexanes to afford 5-

(((trifluoromethyl)sulfonyl)methyl)benzo[d][1,3]dioxole [2-42] as a white solid (737 mg, 

55 % yield from [2-39]).  

1H NMR (400MHz, CDCl3): 6.88-6.83 (m, 3H), 6.01 (s, 2H), 4.39 (s, 2H). 13C NMR 

(100MHz, CDCl3): 149.52, 148.65, 125.71, 120.00 (q, 1JC-F = 326.7 Hz), 111.34, 109.14, 

101.95, 56.23. 19F NMR (376 MHz, CDCl3): -78.24. HRMS (ESI+): m/z calcd for 

C9H7F3O4S [M]+: 268.0017, found 268.0011. 

4-Bromobenzyl trifluoromethylsulfone – [2-77] 

A 50 mL Schlenk flask with a stir bar was charged with NaSO2CF3 

(749 mg, 4.80 mmol, 1.2 eq), KI (66.4 mg, 0.40 mmol, 0.1 eq), 4-

bromobenzyl bromide (999 mg, 4.0 mmol, 1.0 eq) and acetonitrile (8 mL). The reaction 

was heated to 85 °C for 24 hours under argon. After cooling to room temperature, the 

reaction mixture was diluted with dichloromethane (10 mL) and filtered through a plug of 
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Celite with copious dichloromethane. The filtrate was concentrated under reduced 

pressure. The resulting solid was recrystallized from DCM/Hexanes to afford 4-

Bromobenzyl trifluoromethylsulfone [2-77] as a white solid (748 mg, 62 % yield). 

1H NMR (400 MHz, CDCl3): 7.59 (d, J = 8.4 Hz, 2H), 7.30 (d, J = 8.4 Hz, 2H), 4.43 (s, 

2H). 13C NMR (100 MHz, CDCl3): 132.88, 132.72, 124.90, 119.81, (q, 1JC-F = 326.7 Hz), 

56.64. 19F NMR (376 MHz, CDCl3): -78.41. HRMS (ESI+): m/z calcd for C8H6BrF3O2S 

[M]+: 301.9224, found 301.9218. 

4.3 Procedure for the Synthesis of Diarylmethanes via Desulfonative Cross-Coupling 

of Benzyl Sulfones (Table 2-2) 

General Procedure 1 (for isolated compounds): In a nitrogen filled glovebox, a 20 mL 

scintillation vial containing a magnetic stir bar was charged with [PdCl(SIPr)(allyl)] (12.0 

mg, 21 µmol), benzyl trifluoromethyl sulfone [2-38] (93.8 mg, 0.42 mmol), phenylboronic 

acid (102.4 mg, 0.84 mmol), cesium carbonate (204.8 mg, 0.63 mmol) and dry toluene (3.2 

mL). The vial was sealed with a Teflon cap and electrical tape, removed from the glovebox 

and submerged in an oil bath pre-heated to 100 °C for 18 h with stirring. After cooling to 

room temperature, the mixture was passed through a pad of silica gel with copious 

washings with EtOAc. The filtrate was concentrated under reduced pressure, and the crude 

product purified by flash chromatography. 

General Procedure 2 (for yields by 1H NMR): In a nitrogen filled glovebox, a one dram 

vial with a magnetic stir bar was charged with [PdCl(SIPr)(allyl)] (2.89 mg, 5.0 µmol), 

benzyl trifluoromethyl sulfone [2-38] (22.4 mg, 0.10 mmol, 1 eq), 4-

trifluoromethoxyphenylboronic acid (41.2 mg, 0.20 mmol, 2 eq), cesium carbonate (48.8 
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mg, 0.15 mmol, 1.5 eq) and dry toluene (0.75 mL). The vial was sealed with a Teflon cap 

and electrical tape, removed from the glovebox and submerged in an oil bath pre-heated to 

100 °C for 18 h with stirring. After cooling to room temperature, the reaction was quenched 

with CHCl3 and a measured amount of 1,3,5-trimethoxybenzene was added as a solution 

in CHCl3. An aliquot of the reaction was filtered through a pipette of silica gel with CHCl3, 

concentrated under reduced pressure and the yield was determined by 1H NMR analysis 

using 1,3,5-trimethoxybenzene as an internal standard relative to the methylene (CH2) 

protons of the product. 

Diphenylmethane – [2-44] 

The title compound was prepared according to General Procedure 1 using 

[PdCl(SIPr)(allyl)] (12.0 mg, 21 µmol), sulfone [2-38] (93.8 mg, 0.42 

mmol), phenylboronic acid (102.4 mg, 0.84 mmol), cesium carbonate (204.8 mg, 0.63 

mmol) and dry toluene (3.2 mL). The material was purified by flash chromatography 

(hexanes) to afford [2-44] (61.0 mg, 87% yield) as a colorless oil. Data were consistent 

with those reported in the literature213. 

1H NMR (400 MHz, CDCl3): 7.31-7.26 (m, 4H), 7.22-7.19 (m, 6H), 3.98 (s, 2H). 13C 

NMR (100 MHz, CDCl3): 141.24, 129.06, 128.58, 126.18, 42.08.  

1-Benzyl-2-methylbenzene – [2-45] 

The title compound was prepared according to General Procedure 1 using 

sulfone [2-38] (89.4 mg, 0.4 mmol, 1 eq), SIPrPd(allyl)Cl (11.4 mg, 0.02 

mmol, 5 mol%), o-tolylboronic acid (108.9 mg, 0.80 mmol, 2 eq), Cs2CO3 (195.0 mg, 0.60 

mmol, 1.5 eq) and PhMe (4.5 mL). The crude product was purified by flash 
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chromatography (hexanes) to afford [2-45] (62.3 mg, 82% yield) as a colorless oil. Data 

are in agreement with literature70 

1H NMR (400 MHz, CDCl3): 7.36-7.32 (m, 2H), 7.27-7.17 (m, 7H), 4.06 (s, 2H), 2.31 (s, 

3H). 13C NMR (100 MHz, CDCl3): 140.51, 139.05, 136.76, 130.41, 130.07, 128.87, 

128.51, 126.58, 126.11, 126.04, 39.58, 19.81. HRMS (EI+) m/z calcd for C14H14 [M]+: 

182.1096, found 182.1099. 

Methyl 3-benzylbenzoate – [2-46] 

The title compound was prepared according to General Procedure 

1 using sulfone [2-38] (94.1 mg, 0.42 mmol, 1 eq), SIPrPd(allyl)Cl 

(12.2 mg, 0.021 mmol, 5 mol%), 3-methoxycarbonylphenylboronic acid (151.06 mg, 0.84 

mmol, 2 eq), Cs2CO3 (204.29 mg, 0.63 mmol, 1.5 eq) and PhMe (3.2 mL). The crude 

product was purified by flash chromatography (gradient: hexane to 20:1 hexane/ethyl 

acetate) to afford [2-46] (70.0 mg, 74% yield) as a colorless oil. Data are in agreement with 

literature70. 

1H NMR (400 MHz, CDCl3): 7.91-7.87 (m, 2H), 7.38-7.35 (m, 2H), 7.30-7.26 (m, 2H), 

7.21-7.17 (m, 2H), 4.03 (s, 2H), 3.90 (s, 3H). 13C NMR (100 MHz, CDCl3): 167.30, 

141.61, 140.63, 133.69, 130.48, 130.18, 129.02, 128.73, 128.69, 127.58, 126.44, 52.24, 

41.87. HRMS (EI+): m/z calcd for C15H14O2 [M]+: 226.0994, found 226.0990.  

4-Benzyl-1,1’-biphenyl – [2-47] 

The title compound was prepared according to General Procedure 1 

using sulfone [2-38] (93.8 mg, 0.42 mmol, 1.0 eq), SIPrPd(allyl)Cl 

(12.1mg, 0.021 mmol, 5 mol%), 4-biphenylboronic acid (166 mg, 0.84 mmol, 2.0 eq), 
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Cs2CO3 (204.7 mg, 0.63 mmol, 1.5 eq) and PhMe (3.2 mL). The crude product was purified 

by flash chromatography (gradient: hexane to 20:1 hexane/EtOAc) to afford [2-47] (85.2 

mg, 83% yield) as a white solid. Data are in agreement with literature214. 

1H NMR (400 MHz, CDCl3): 7.64 (dd, J = 8.3 Hz, 1.4 Hz, 2H), 7.58 (d, J = 8.3 Hz, 2H), 

7.48 (t, J = 7.6 Hz, 2H), 7.41-7.28 (m, 8H), 4.09 (s, 2H). 13C NMR (100 MHz, CDCl3): 

141.134, 141.130, 140.38, 139.17, 129.45, 129.10, 128.85, 128.66, 127.35, 127.21, 127.14, 

126.28, 41.73. HRMS (EI+): m/z calcd for C19H16 [M]+: 244.1252, found 244.1248.  

3-Benzyl-N,N’-dimethylaniline – [2-53] 

The title compound was prepared according to General Procedure 1 

using sulfone [2-38] (134.0 mg, 0.60 mmol, 1 eq), SIPrPd(allyl)Cl 

(17.2 mg, 0.03 mmol, 5 mol%), 3-(N,N-dimethylamino)phenylboronic acid (199.8 mg, 

1.21 mmol, 2 eq), Cs2CO3 (292.7 mg, 0.90 mmol, 1.5 eq) and PhMe (4.6). The crude 

product was purified by flash chromatography (gradient: hexane to 10:1 hexane/EtOAc) to 

afford [2-53] (100.2 mg, 79% yield) as a colorless oil. 

1H NMR (400MHz, CDCl3): 7.31-7.27 (m, 2H), 7.23-7.15 (m, 4H), 6.62-6.56 (m, 3H), 

3.96 (s, 2H), 2.93 (s, 6H). 13C NMR (100 MHz, CDCl3): 151.02, 142.08, 141.66, 129.34, 

129.11, 128.57, 126.12, 117.70, 113.58, 110.70, 42.62, 40.86. HRMS (EI+): m/z calcd for 

C15H17N [M]+: 211.1361, found 211.1365. 

1-Benzyl-4-(trifluoromethyl)benzene – [2-55] 

The title compound was prepared according to General Procedure 1 

using sulfone [2-38] (94.1 mg, 0.42 mmol, 1 eq), SIPrPd(allyl)Cl (12.0 

mg, 0.021 mmol, 5 mol%), 4-(trifluoromethyl)phenylboronic acid (160.2 mg, 0.84 mmol, 
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2 eq), Cs2CO3 (204.9 mg, 0.63 mmol, 1.5 eq) and PhMe (3.2 mL). The crude product was 

purified by flash chromatography (hexanes) to afford [2-55] (73.2 mg, 75% yield) as a 

colorless oil. Data were in agreement with literature70. 

1H NMR (400 MHz, CDCl3): 7.53 (d, J = 8.0 Hz, 2H), 7.33-7.28 (m, 4H), 7.21-7.19 (m, 

1H), 7.16 (d, J = 8.0 Hz, 2H), 4.03 (s, 2H).  

1-Benzyl-4-(trifluoromethoxy)benzene – [2-48] 

The title compound was prepared according to General Procedure 2 

using [PdCl(SIPr)(allyl)] (2.89 mg, 5.0 µmol), sulfone [2-38] (22.4 

mg, 0.10 mmol, 1 eq), 4-trifluoromethoxyphenylboronic acid (41.2 mg, 0.20 mmol, 2 eq), 

cesium carbonate (48.8 mg, 0.15 mmol, 1.5 eq) and dry toluene (0.75 mL). The yield (98%) 

was determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal 

standard relative to the methylene CH2 protons (3.97 ppm, s, 2H). The spectral data of the 

crude product were in agreement with literature213. 

 

Figure 9. 1H NMR from the crude reaction mixture used to determine the NMR yield of [2-48]. 
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2-Benzylpyrene – [2-49] 

The title compound was prepared according to General Procedure 2 

using sulfone [2-38] (22.4 mg, 0.10 mmol, 1 eq), SIPrPd(allyl)Cl 

(2.90 mg, 5 µmol, 5 mol%), pyrene-1-boronic acid (49.2 mg, 0.2 

mmol, 2 eq), Cs2CO3 (48.6 mg, 0.15 mmol, 1.5 eq) and PhMe (0.75 mL). The yield (56%) 

was determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal 

standard relative to the methylene CH2 protons (Figure 9). The left indicated peak is the 

internal standard, and the right is believed to be the product. 2-Benzylpyrene is also 

observed as a significant peak by GC-MS analysis. 

 

Figure 10. 1H NMR from the crude reaction mixture used to determine the NMR yield of [2-49]. 

2-Benzyl-1,3,5-trimethylbenzene - [2-50] 

The title compound was prepared according to General Procedure 2 using 

sulfone [2-38] (22.3 mg, 0.10 mmol, 1 eq), SIPrPd(allyl)Cl (2.88 mg, 5 

µmol, 5 mol%), 2,4,6-trimethylphenylboronic acid acid (33.0 mg, 0.20 mmol, 2 eq), 
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Cs2CO3 (49.8 mg, 0.15 mmol, 1.5 eq) and PhMe (0.75 mL). The yield (97%) was 

determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal 

standard relative to the methylene CH2 protons (4.02 ppm, s, 2H). The spectral data of the 

crude product were in agreement with literature215.  

 

Figure 11. 1H NMR from the crude reaction mixture used to determine the NMR yield of [2-50]. 

1-Benzyl-2-methoxybenzene - [2-51] 

The title compound was prepared according to General Procedure 2 using 

sulfone [2-38] (22.5 mg, 0.10 mmol, 1 eq), SIPrPd(allyl)Cl (2.92 mg, 5 

µmol, 5 mol%), 2-methoxyphenylboronic acid (30.9 mg, 0.20 mmol, 2 eq), Cs2CO3 (50.0 

mg, 0.15 mmol, 1.5 eq) and PhMe (0.75 mL). The yield (96%) was determined by 1H NMR 

spectroscopy using 1,3,5-trimethoxybenzene as an internal standard relative to the 

methylene CH2 protons (3.98 ppm, s, 2H). The spectral data of the crude product were in 

agreement with literature216.  
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Figure 12. 1H NMR from the crude reaction mixture used to determine the NMR yield of [2-51]. 

2-Benzylbenzaldehyde – [2-52] 

The title compound was prepared according to General Procedure 2 using 

sulfone [2-38] (22.2 mg, 0.10 mmol, 1 eq), SIPrPd(allyl)Cl (2.91 mg, 5 

µmol, 5 mol%), 2-formylphenylboronic acid (30.3 mg, 0.20 mmol, 2 eq), Cs2CO3 (48.7 

mg, 0.15 mmol, 1.5 eq) and PhMe (0.75 mL). The yield (68%) was determined by 1H NMR 

spectroscopy using 1,3,5-trimethoxybenzene as an internal standard relative to the 

methylene CH2 protons (4.45 ppm, s, 2H). The spectral data of the crude product were in 

agreement with literature217.  
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Figure 13. 1H NMR from the crude reaction mixture used to determine the NMR yield of [2-52]. 

2-Benzylbenzofuran – [2-54] 

The title compound was prepared according to General Procedure 2 

using sulfone [2-38] (22.4 mg, 0.10 mmol, 1 eq), SIPrPd(allyl)Cl (2.82 

mg, 5 µmol, 5 mol%), 2-Benzofuranylboronic acid (32.9 mg, 0.20 mmol, 2 eq), Cs2CO3 

(49.0 mg, 0.15 mmol, 1.5 eq) and PhMe (0.75 mL). The yield (48%) was determined by 

1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard relative to 

the methylene CH2 protons (4.09 ppm, s, 2H). The spectral data of the crude product were 

in agreement with literature218. 
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Figure 14. 1H NMR from the crude reaction mixture used to determine the NMR yield of [2-54]. 

1-Benzyl-3,5-bis(trifluoromethyl)benzene – [2-56]  

The title compound was prepared according to General Procedure 2 

using sulfone [2-38] (22.6 mg, 0.10 mmol, 1 eq), SIPrPd(allyl)Cl (2.91 

mg, 5 µmol, 5 mol%), 3,5-bis(trifluoromethyl)phenylboronic acid 

(52.0 mg, 0.20 mmol, 2.0 eq), Cs2CO3 (49.1 mg, 0.15 mol, 1.5 eq) and PhMe (0.75 mL). 

The yield (97%) was determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene 

as an internal standard relative to the methylene CH2 protons (4.11 ppm, s, 2H). The 

spectral data of the crude product were in agreement with literature219. 
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Figure 15. 1H NMR from the crude reaction mixture used to determine the NMR yield of [2-56]. 

1-Benzyl-2,3,4,5,6-pentafluorobenzene – [2-57] 

The title compound was prepared according to General Procedure 2 

using sulfone [2-38] (22.5 mg, 0.10 mmol, 1 eq), SIPrPd(allyl)Cl (2.81 

mg, 5 µmol, 5 mol%), pentafluorophenylboronic acid (42.9 mg, 0.20 

mmol, 2.0 eq), Cs2CO3 (49.9 mg, 0.15 mmol, 1.5 eq) and PhMe (0.75 mL). The yield (15%) 

was determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal 

standard relative to the methylene CH2 protons (3.97 ppm, t, 2H). The spectral data of the 

crude product were in agreement with literature220. 
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Figure 16. 1H NMR from the crude reaction mixture used to determine the NMR yield of [2-57]. 

1-Benzyl-2,3-difluorobenzene – [2-58] 

The title compound was prepared according to General Procedure 2 using 

sulfone [2-38] (22.3 mg, 0.10 mmol, 1.0 eq), SIPrPd(allyl)Cl (2.92 mg, 5 

µmol, 5 mol%), 2,3-difluorophenylboronic acid (32.9 mg, 0.21 mmol, 2.1 eq), Cs2CO3 

(50.9 mg, 0.16 mmol, 1.6 eq) and PhMe (0.75 mL). The yield (57 %) was determined by 

1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard relative to 

the presumed methylene CH2 protons (3.95 ppm, s, 2H; Figure 10), by analogy to 2-benzyl-

1,4-difluorobenzene (4.00 ppm, s, 2H)221. The left indicated peak is the internal standard, 

and the right is believed to be the product. [2-58] was also observed as a significant product 

by GC-MS analysis of the crude reaction mixture. 
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Figure 17. 1H NMR from the crude reaction mixture used to determine the NMR yield of [2-58]. 

1-Benzyl-4-fluorobenzene – [2-59] 

The title compound was prepared according to General Procedure 2 

using sulfone [2-38] (22.1 mg, 0.10 mmol, 1 eq), SIPrPd(allyl)Cl (2.89 

mg, 5 µmol, 5 mol%), 4-fluorophenylboronic acid (28.2 mg, 0.20 mmol, 2.0 eq), Cs2CO3 

(48.7 mg, 0.15 mmol, 1.5 eq) and PhMe (0.75 mL). The yield (96%) was determined by 

1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal standard relative to 

the methylene CH2 protons (3.86 ppm, s, 2H). The spectral data of the crude product were 

in agreement with literature216. 
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Figure 18. 1H NMR from the crude reaction mixture used to determine the NMR yield of [2-59]. 

1-Benzyl-4-vinylbenzene – [2-60] 

The title compound was prepared according to General Procedure 2 

using sulfone [2-38] 22.7 mg, 0.10 mmol, 1.0 eq), SIPrPd(allyl)Cl 

(2.96 mg, 5 µmol, 5 mol%), 4-vinylphenylboronic acid (30.9 mg, 0.21 mmol, 2.1 eq), 

Cs2CO3 (49.9 mg, 0.15 mmol, 1.5 eq) and PhMe (0.75 mL). The yield (12%) was 

determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal 

standard relative to the methylene CH2 protons (4.01 ppm, s, 2H). The spectral data of the 

crude product were in agreement with literature70. Significant unreacted sulfone was 

observed in the crude NMR. 
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Figure 19. 1H NMR from the crude reaction mixture used to determine the NMR yield of [2-60]. 

Isopentylbenzene – [2-61] 

The title compound was prepared according to General Procedure 2 using 

sulfone [2-38] (22.4 mg, 0.10 mmol, 1.0 eq), SIPrPd(allyl)Cl (2.99 mg, 5 

µmol, 5 mol%), isobutylboronic acid acid (25.4 mg, 0.25 mmol, 2.5 eq), Cs2CO3 (54.9 mg, 

0.17 mmol, 1.7 eq) and PhMe (0.75 mL). The yield (22%) was determined by 1H NMR 

spectroscopy using 1,3,5-trimethoxybenzene as an internal standard relative to the benzylic 

methylene CH2 protons (2.61 ppm, t, 2H). The spectral data of the crude product were in 

agreement with literature222. 
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Figure 20. 1H NMR from the crude reaction mixture used to determine the NMR yield of [2-61]. 

Allylbenzene – [2-62] 

The title compound was prepared according to General Procedure 2 using 

sulfone [2-38] (22.2 mg, 0.10 mmol, 1.0 eq), SIPrPd(allyl)Cl (3.04 mg, 5 µmol, 5 mol%), 

potassium vinyltrifluoroborate (30.1 mg, 0.23 mmol, 2.3 eq), Cs2CO3 (56.0 mg, 0.17 mmol, 

1.7 eq) and PhMe (0.75 mL). The yield (15%) was determined by 1H NMR spectroscopy 

using 1,3,5-trimethoxybenzene as an internal standard relative to the methylene CH2 

protons (3.33 ppm, d, 2H). The spectral data of the crude product were in agreement with 

literature223. Significant unreacted sulfone was observed in the crude NMR. 
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Figure 21. 1H NMR from the crude reaction mixture used to determine the NMR yield of [2-62]. 

4.4 Procedure for the synthesis of deuterated diarylmethane [2-75] (Scheme 41) 

In a nitrogen filled glovebox, a one dram vial with a magnetic stir 

bar was charged with [PdCl(SIPr)(allyl)] (6.0 mg, 11 µmol, 5 

mol%), benzyl trifluoromethyl sulfone [2-38] (46.9 mg, 0.21 mmol, 1 eq), 4-

methoxyphenyl boroxine (51.2 mg, 0.42 mmol, 2 eq), cesium carbonate (205.6 mg, 0.63 

mmol, 3 eq) and dry toluene (1.5 mL). The vial was sealed with a Teflon septum cap and 

electrical tape, removed from the glovebox and placed under argon. Degassed D2O (0.25 

mL) was added and the septum cap was sealed with electrical tape. The vial submerged in 

an oil bath pre-heated to 100 °C for 18 h with stirring. After cooling to room temperature, 

the reaction was quenched with CHCl3 and filtered through a pipette of silica. Purification 

by prep TLC (75:1 hexane/EtOAc) afforded [2-75] as a colorless oil (37.4 mg, 0.19 mmol, 

89% yield). 
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1H NMR (500 MHz, CDCl3): 7.28 (t, J = 7.7 Hz, 2H), 7.21-7.17 (m, 3H), 7.11 (d, J = 8.4 

Hz, 2H), 6.84 (d, J = 8.5 Hz, 2H),  3.78 (s, 3H) 13C NMR (125 MHz, CDCl3): 158.18, 

141.74, 133.41, 130.06, 129.02, 128.65, 126.20, 114.10, 55.47, 40.92 (t, J = 21.2 Hz) 

(monodeuterated product, impurity), 40.58 (1:3:5:3:1 pentet, J = 19.4 Hz) (see Figure 7 for 

expansion of this region) 2H NMR (76.75 MHz, CDCl3): 3.94 (s) HRMS (EI+): m/z calcd 

for C14H12D2O [M]+: 200.1170, found 200.1165 

4.5 Synthesis of Biaryl Sulfones (Table 2-5) 

General Procedure 3: In a nitrogen filled glovebox, a four-dram vial with a magnetic stir 

bar was charged with Pd2(dba)3 (19.70 mg, 0.019 mmol, 2 mol%), tricyclohexylphosphine 

(14.45 mg, 0.051 mmol, 5.4 mol%), [2-77] (285.4 mg, 0.94 mmol, 1 eq), 4-

methoxyphenylboronic acid (214.55 mg, 1.43 mmol, 1.52 eq), Cs2CO3 (459.57 mg, 1.41 

mmol, 1.5 eq) and PhMe (7.3 mL). The vial was sealed with a Teflon cap and electrical 

tape, removed from the glovebox and submerged in an oil bath pre-heated to 60 °C for 18 

hours. After cooling to room temperature, the reaction was diluted with EtOAc and filtered 

through a plug of silica with copious EtOAc washes. Purification by column 

chromatography afforded the desired compound.  

1-(4-(((Trifluoromethyl)sulfonyl)methyl)phenyl)naphthalene – [2-80] 

The title compound was prepared according to General 

Procedure 3 using sulfone [2-77] (303.01 mg, 1 mmol, 1 eq), 

1-napthylboronic acid (258.26 mg, 1.50 mmol, 1.5 eq), 

Pd2(dba)3 (20.75 mg, 0.02 mmol, 2 mol%), PCy3 (13.69mg, 0.049 mmol, 4.9 mol%), 

Cs2CO3 (487.98 mg, 1.50 mmol, 1.5 eq) and PhMe (7.7 mL). Purification by column 
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chromatography (gradient: 4:1 hexane/DCM to 2:1 hexane/DCM) afforded [2-80] (316mg, 

0.90 mmol, 90% yield) as a white solid.  

1H NMR (400 MHz, CDCl3): 7.91 (dd, J = 11.9 Hz, 8.0 Hz, 2H), 7.84 (d, J = 8.5 Hz, 1H), 

7.60-7.41 (m, 8H), 4.58 (s, 2H). 13C NMR (100 MHz, CDCl3): 142.96, 139.12, 134.03, 

131.54, 131.48, 131.19, 128.64, 128.45, 127.26, 126.59, 126.22, 125.85, 125.60, 122.12, 

120.08 (q, J = 326.0 Hz), 56.16. 19F NMR (376 MHz, CDCl3): -78.58. LRMS : m/z 350.0 

(HRMS could not be determined as the compound appeared to decompose). 

4-Methoxy-4’-(((trifluoromethyl)sulfonyl)methyl)-1.1’-biphenyl – [2-81] 

The title compound was prepared according to General 

Procedure 3 using Pd2(dba)3 (19.70 mg, 0.019 mmol, 2 

mol%), tricyclohexylphosphine (14.45 mg, 0.051 mmol, 

5.4 mol%), [2-77] (285.4 mg, 0.94 mmol, 1 eq), 4-methoxyphenylboronic acid (214.55 mg, 

1.43 mmol, 1.52 eq), Cs2CO3 (459.57 mg, 1.41 mmol, 1.5 eq) and PhMe (7.3 mL). 

Purification by column chromatography (gradient: 2:1 hexane/DCM to 1:1 hexane/DCM) 

afforded [2-81] (245 mg, 0.74 mmol, 79% yield) as a white solid. 

1H NMR (400 MHz, CDCl3): 7.62 (d, J = 7.9 Hz, 2H), 7.54 (d, J = 8.4 Hz, 2H), 7.46 (d, 

J = 7.9 Hz,  2H), 6.99 (d, J = 8.4 Hz, 2H), 4.51 (s, 2H), 3.86 (s, 3H). 13C NMR (100 MHz, 

CDCl3): 159.91, 142.84, 132.58, 131.89, 128.47, 127.70, 121.29, 120.04 (q, J = 326.0 Hz), 

114.62, 56.13, 55.61. 19F NMR (376 MHz, CDCl3): -78.43.  HRMS (ESI+): m/z calcd for 

C15H13F3O3S [M]+: 330.0537, found 330.0528. 

4-(((Trifluoromethyl)sulfonyl)methyl)-1,1’-biphenyl – [2-82] 
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The title compound was prepared according to General 

Procedure 3 using sulfone [2-77] (294 mg, 0.97 mmol), 

phenylboronic acid (183.1 mg, 1.50 mmol, 1.55 eq), Pd2(dba)3 

(21.29 mg, 0.021 mmol, 2.1 mol%), PCy3 (13.96 mg, 0.050 mmol, 5.1 mol%), Cs2CO3 

(488.6 mg, 1.50 mmol, 1.55 eq) and PhMe (7.7 mL). Purification by column 

chromatography (gradient: hexane to 2:1 hexane/DCM) afforded [2-82] (263 mg, 0.88 

mmol, 91% yield) as a pale yellow solid.  

1H NMR (400 MHz, CDCl3): 7.67 (d, J = 7.7 Hz, 2H), 7.60 (d, J = 7.3 Hz, 2H), 7.51-7.45 

(m, 4H), 7.41-7.39 (m, 1H), 4.53 (s, 2H). 13C NMR (100 MHz, CDCl3): 143.25, 140.12, 

131.91, 129.17, 128.19, 128.19 (two overlapping carbons), 127.40, 122.04, 120.03 (q, J = 

326.0 Hz), 56.10. 19F NMR (376 MHz, CDCl3): -78.56. HRMS (ESI+): m/z calcd for 

C14H11F3O2S [M]+: 300.0432, found 300.0427. 

4-Fluoro-4’-(((trifluoromethyl)sulfonyl)methyl)-1-1’-biphenyl – [2-83] 

The title compound was prepared according to General 

Procedure 3 using sulfone [2-77] (336.0 mg, 1.10 mmol, 1 

eq), 4-fluorophenylboronic acid (234.1 mg, 1.67 mmol, 

1.52 eq), Pd2(dba)3 (25.9 mg, 0.025 mmol, 2.3 mol%), PCy3 (18.4 mg, 0.066 mmol, 6 

mol%), Cs2CO3 (538.1 mg, 1.66 mmol, 1.50 eq) and PhMe (8.5 mL). Purification by 

column chromatography (gradient: hexane to 8:1 hexane/EtOAc) afforded [2-83] (284 mg, 

0.81 mmol, 74% yield) as a pale yellow solid.  

1H NMR (500 MHz, CD2Cl2): 7.65 (d, J = 8.2 Hz, 2H), 7.60 (dd, J = 8.6 Hz, 5.4 Hz, 2H), 

7.51 (d, J = 8.2 Hz, 2H), 7.17 (apparent triplet, J = 8.6 Hz, 2H), 4.57 (s, 2H). 13C NMR 

(125 MHz, CD2Cl2): 163.24 (d, J = 246.7 Hz), 142.28, 136.50, 132.21, 129.26 (d, J = 8.2 
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Hz), 128.10, 122.50, 120.20 (q, J = 326.2 Hz), 116.15 (d, J = 21.6 Hz), 56.16. 19F NMR 

(376 MHz, CD2Cl2): -77.64, -116.08. HRMS (ESI+): m/z calcd for C14H10F4O2S [M]+: 

318.0338, found 318.0341. 

2-Methyl-4’-(((trifluoromethyl)sulfonyl)methyl)-1,1’-biphenyl – [2-84] 

The title compound was prepared according to General 

Procedure 3 using sulfone [2-77] (241.9 mg, 0.8 mmol, 1 eq), 

o-tolylboronic acid (163.9 mg, 1.21 mmol, 1.5 eq), Pd2(dba)3 

(16.91 mg, 0.016 mmol, 2 mol %), PCy3 (11.0 mg, 0.039 mmol, 4.9 mol%), Cs2CO3 (391.1 

mg, 1.20 mmol, 1.5 eq) and PhMe (6.2 mL). Purification by column chromatography 

(hexane) afforded [2-84] (212 mg, 0.68 mmol, 85% yield) as a white solid.  

1H NMR (400 MHz, CDCl3): 7.48 (d, J = 8.1 Hz, 2H), 7.41 (d, J = 8.1 Hz, 2H), 7.30-7.22 

(m, 4H), 4.54 (s, 2H), 2.28 (s, 3H). 13C NMR (100 MHz, CDCl3): 144.06, 140.85, 135.45, 

131.27, 130.69, 130.30, 129.85, 127.99, 126.14, 121.62, 120.02 (q, J = 323.3 Hz), 56.07, 

20.61. 19F NMR (376 MHz, CDCl3):  -78.33. HRMS (ESI+): m/z calcd for C15H13F3O2S 

[M]+: 314.0588, found 314.0581. 

Methyl 4’-(((trifluoromethyl)sulfonyl)methyl)-[1,1’-biphenyl]-3-carboxylate – [2-85] 

The title compound was prepared according to General 

Procedure 3 using sulfone [2-77] (306.0 mg, 1.01 mmol, 1 eq), 

3-methoxycarbonylphenylboronic acid (276.1 mg, 1.48 mmol, 

1.48 eq), Pd2(dba)3 (22.0 mg, 0.021 mmol, 2.1 mol%), PCy3 (16.35 mg, 0.058 mmol, 5.8 

mol%), Cs2CO3 (504 mg, 1.55 mmol, 1.55 eq) and PhMe (7.7 mL). Purification by column 
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chromatography (gradient: hexane to 9:1 hexane/EtOAc) afforded [2-85] (314 mg, 0.88 

mmol, 87% yield) as an off-white solid.  

1H NMR (400 MHz, CDCl3): 8.28 (t, J = 1.6 Hz, 1H), 8.06 (dt, J = 7.8 Hz, 1.4 Hz, 1H), 

7.79 (ddd, J = 7.7 Hz, 1.9 Hz, 1.2 Hz, 1H), 7.70 (d, J = 8.3 Hz, 2H), 7.56-7.51 (m, 3H), 

4.54 (s, 2H), 3.96 (s, 3H). 13C NMR (100 MHz, CDCl3): 167.08, 142.16, 140.41, 132.05, 

131.74, 131.16, 129.31, 129.36, 128.54, 128.24, 122.70, 120.02 (q, J = 326.0 Hz), 56.08, 

52.51. 19F NMR (376 MHz, CDCl3): -78.59.  HRMS (ESI+): m/z calcd for C16H13F3O4S 

[M]+: 358.0487, found 358.0481. 

4.6 Desulfonative Cross-Coupling of Biarylsulfones (Scheme 44) 

4-Benzyl-4’-methoxy-1,1’-biphenyl – [2-86] 

Compound [2-86] was synthesized according to General 

Procedure 1 from sulfone [2-81] (33.0 mg, 0.1 mmol, 1 

eq), SIPrPd(allyl)Cl (2.90 mg, 5 µmol, 5 mol%), 

phenylboronic acid (24.4 mg, 0.2 mmol, 2 eq), Cs2CO3 (48.87 mg, 0.15 mmol, 1.5 eq) and 

PhMe (1 mL). Purification by PTLC (60:1 hexane/EtOAc) afforded [2-86] (23.3 mg, 0.085 

mmol, 85%) as a white solid. Data are in agreement with literature224 

1H NMR (400 MHz, CDCl3): 7.54 (d, J = 8.5 Hz, 2H), 7.50 (d, J = 8.1 Hz, 2H), 7.36-7.32 

(m, 2H), 7.28-7.25 (m, 5H), 6.99 (d, J = 8.5 Hz, 2H), 4.05 (s, 2H), 3.87 (s, 3H). 13C NMR 

(100 MHz, CDCl3): 159.25, 141.34, 139.84, 138.89, 133.82, 129.52, 129.19, 128.74, 

128.24, 127.03, 126.35, 114.41, 55.58, 41.81. HRMS (EI+): m/z calcd for C20H18O [M]+: 

274.1358, found 274.1350.  
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4.7 Procedure for Attempted Iterative Coupling Experiments 

4.7.1 Using addition of SIPr·HCl (Scheme 45) 

In a nitrogen filled glovebox, a 15mL pressure tube was charged with sulfone [2-77] (30.4 

mg. 0.10 mmol, 1.0 eq), Pd2(dba)3 (3.66 mg, 4 µmol, 4 mol%), PCy3 (2.69 mg, 9.6 µmol, 

9.6 mol%), 4-methoxyphenylboronic acid (22.8 mg, 0.15 mmol, 1.5 eq), cesium carbonate 

(97.5 mg, 0.30 mmol, 3.0 eq). and PhMe (0.75 mL). The tube was sealed, removed from 

the box and submerged in an oil bath pre-heated to 60 °C for 18 hours. Upon cooling to 

room temperature, the pressure tube cap was quickly replaced with a septum and the tube 

was placed under a flow of argon, where phenylboronic acid (18.3 mg, 0.15 mmol, 1.5 eq), 

SIPr·HCl (4.27 mg, 0.01 mmol, 10 mol%) and PhMe (0.5 mL) were added. The tube was 

subsequently sealed again and submerged in a pre-heated oil bath at 100 °C for 18 hours. 

Upon cooling to room temperature, the reaction was diluted with EtOAc and filtered 

through a pipette of silica gel with EtOAc. An aliquot of the reaction was then analyzed by 

GC-MS which revealed [2-81] as the major product, along with homo-coupled boronic 

acids. The desired [2-86] was not observed. 

4.7.2 Using KOtBu as a base (Scheme 46, top) 

In a nitrogen filled glovebox, a 15mL pressure tube was charged with sulfone [2-77] (30.2 

mg. 0.10 mmol, 1.0 eq), Pd2(dba)3 (3.70 mg, 4 µmol, 4 mol%), PCy3 (2.64 mg, 9.6 µmol, 

9.6 mol%), 4-methoxyphenylboronic acid (23.8 mg, 0.15 mmol, 1.5 eq), potassium tert-

butoxide (34.1 mg, 0.30 mmol, 3.0 eq). and PhMe (0.75 mL). The tube was sealed, removed 

from the box and submerged in an oil bath pre-heated to 60 °C for 18 hours. Upon cooling 

to room temperature, the pressure tube cap was quickly replaced with a septum and the 

tube was placed under a flow of argon, where phenylboronic acid (18.4 mg, 0.15 mmol, 
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1.5 eq), SIPr·HCl (4.30 mg, 0.01 mmol, 10 mol%) and PhMe (0.25 mL) were added. The 

tube was subsequently sealed again and submerged in a pre-heated oil bath at 100 °C for 

18 hours. Upon cooling to room temperature, the reaction was diluted with EtOAc and 

filtered through a pipette of silica gel with EtOAc. An aliquot of the reaction was then 

analyzed by GC-MS which revealed [2-81] as the major product, along with homo-coupled 

boronic acids. The desired [2-86] was not observed. 

4.7.3 Test of Catalytic Activity (Scheme 46, bottom) 

In a nitrogen filled glovebox, a 15mL pressure tube was charged with sulfone [2-77] (30.6 

mg. 0.10 mmol, 1.0 eq), Pd2(dba)3 (3.75 mg, 4 µmol, 4 mol%), PCy3 (2.76 mg, 9.6 µmol, 

9.6 mol%), 4-methoxyphenylboronic acid (22.7 mg, 0.15 mmol, 1.5 eq), cesium carbonate 

(97.6 mg, 0.30 mmol, 3.0 eq). and PhMe (0.75 mL). The tube was sealed, removed from 

the box and submerged in an oil bath pre-heated to 60 °C for 18 hours. Upon cooling to 

room temperature, the pressure tube cap was quickly replaced with a septum and the tube 

was placed under a flow of argon, where phenylboronic acid (18.3 mg, 0.15 mmol, 1.5 eq), 

4’-bromoacetophenone (20.01 mg, 0.10 mmol, 1.0 eq) and PhMe (0.5 mL) were added. 

The tube was subsequently sealed again and submerged in a pre-heated oil bath at 100 °C 

for 18 hours. Upon cooling to room temperature, the reaction was diluted with EtOAc and 

filtered through a pipette of silica gel with EtOAc. An aliquot of the reaction was then 

analyzed by GC-MS which revealed [2-81] and [2-87] as the major products. Full 

consumption of the aryl bromide was observed, suggesting that the palladium catalyst is 

still active in solution. 

4.7.4 Attempted use of SPhos to promote both cross-couplings 
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In a nitrogen filled glovebox, a 15mL pressure tube was charged with sulfone [2-77] 

(60.0 mg. 0.20 mmol, 1.0 eq), Pd(OAc)2 (2.2 mg, 10 µmol,  5 mol%), SPhos (8.2 mg, 20 

µmol, 10 mol%), K3PO4 (127.1 mg, 0.60 mmol, 3.0 eq), 4-methoxyphenylboronic acid 

(45.1 mg, 0.30 mmol, 1.5 eq) and THF (1.75 mL). The tube was sealed, removed from 

the box and submerged in an oil bath pre-heated to 50 °C for 16 hours. After cooling to 

room temperature, the cap was quickly replaced with a septum and the solvent was 

evacuated under reduced pressure on the Schlenk line. The reaction was then back-filled 

with argon and charged with phenylboronic acid (36.7 mg, 0.3 mmol, 1.5 eq), K3PO4 

(127.96 mg, 0.6 mmol, 3.0 eq) and EtOH or PhMe (2.0 mL) under flow of argon. The 

septum was replaced with a screw-cap and the reaction was submerged into an oil bath 

pre-heated to 100 °C for 18 hours. Upon cooling to room temperature, the reaction was 

diluted with EtOAc and filtered through a pipette of silica gel with EtOAc. An aliquot of 

the reaction was then analyzed by GC-MS which revealed [2-81] as the major product, 

along with homo-coupled boronic acids. The desired product [2-86] was not observed. 

4.8 One-pot iterative cross coupling of [2-77] (Scheme 48) 

In a nitrogen filled glovebox, a one dram vial with 

magnetic stir bar was charged with sulfone [2-77] (30.2 

mg, 0.1 mmol, 1 eq), SIPrPd(allyl)Cl (2.92 mg, 5 µmol, 5 

mol%), 4-methoxyphenylboronic acid (22.8 mg, 0.15 mmol, 1.5 eq), cesium carbonate 

(97.6 mg, 0.30 mmol, 3.0 eq) and PhMe (1 mL). The reaction was sealed with a Teflon cap 

containing a PTFE septum lining, which was covered with electrical tape. The vial was 

removed from the glovebox and submerged in an oil bath pre-heated to 60 °C for 12 hours. 

Upon cooling to room temperature, an argon inlet was placed in the PTFE septum lining 
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and phenylboronic acid pinacol ester (30.6 mg, 0.15 mmol, 1.5 eq) was added as a solution 

in dry PhMe (0.5 mL). The cap was re-taped and submerged in an oil bath pre-heated to 

100 °C for 18 hours. Upon cooling to room temperature, the reaction was diluted with 

EtOAc and filtered through a pipette of silica gel. Purification by prep TLC (60:1) afforded 

[2-77] (22.2 mg, 81% yield) as a white solid. The analytical data for this compound were 

given in section 4.6. 

4.9 Synthesis of 4-Methoxy-4'-(4-methoxybenzyl)-1,1'-biphenyl [2-88] (Scheme 49) 

Compound [2-88] was synthesized according to 

General Procedure 1 from sulfone [2-77] (128.0 mg, 

0.42 mmol, 1 eq), SIPdPd(allyl)Cl (12.0 mg, 21 

µmol, 5 mol%), 4-methoxyphenylboronic acid (192.1 mg, 1.26 mmol, 3 eq), Cs2CO3 

(413.0 mg, 1.27 mmol, 3.0 eq) and PhMe (3.0 mL). Purification by column 

chromatography (20:1 hexane/EtOAc) afforded [2-80] (107.9 mg, 84% yield) as a white 

solid. 

1H NMR (400 MHz, CDCl3): 7.49 (d, J = 8.6 Hz, 2H), 7.46 (d, J = 8.1 Hz, 2H), 7.21 (d, 

J=8.1 Hz, 2H), 7.13 (d, J = 8.4 Hz), 6.95 (d, J = 8.6 Hz, 2H), 6.84 (d, J = 8.4 Hz, 2H), 3.94 

(s, 2H), 3.83 (s, 3H), 3.77 (s, 3H). 13C NMR (100 MHz, CDCl3): 159.10, 158.11, 140.19, 

138.67, 133.70, 133.34, 130.00, 129.28, 128.11, 126.88, 114.28, 114.03, 55.45, 55.38, 

40.77. HRMS (EI+): m/z calcd for C21H20O2 [M]+: 304.1463, found 304.1471. 
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4.10 Reaction optimization of Pd-NHC desulfonative borylation (Tables 2-6, 2-7, 2-8, 

2-9, 2-10, scheme 2-26) 

All reagents were added to a one dram vial with a magnetic stir bar in a glovebox. The vial 

was sealed with a Teflon cap and electrical tape, removed from the box and submerged in 

a pre-heated oil bath. After 18 or 24 hours, the reaction was cooled to room temperature 

and diluted with CHCl3. A solution of 1,3,5-trimethoxybenzene in CHCl3 was added, and 

the reaction was filtered through a pipette of silica with CHCl3. An aliquot was analyzed 

by 1H NMR or GC-MS. The yield was determined by 1H NMR spectroscopy using 1,3,5-

trimethoxybenzene as an internal standard relative to the methylene CH2 protons. The 

spectral data of the crude products were in agreement with literature171. 

4.11 Synthesis of ((Phenylsulfonyl)methylene)dibenzene – [2-96] (Scheme 2-22) 

A 250 mL round bottom flask was charged with diphenylmethanol (1.50 

g, 8.14 mmol, 1 eq), NaSO2Ph (1.62 g, 9.87 mmol, 1.2 eq), pTsOH·H2O 

(2.33 g, 12. 24 mmol, 1.5 eq) and DCM (45 mL). The reaction was vigorously stirred at 

room temperature for 16 hours under argon. The reaction was quenched with a saturated 

aqueous solution of sodium bicarbonate (30 mL), then extracted with DCM (2 x 20 mL). 

The combined organic layers were washed with brine (50 mL), dried over Na2SO4, filtered 

and concentrated under reduced pressure. Recrystallization from DCM/MeOH afforded [2-

96] (2.13 g, 85% yield) as a white solid. Data are in agreement with literature127. 

1H NMR (500 MHz, CDCl3): 7.63 (d, J = 7.3 Hz, 2H), 7.56-7.49 (m, 5H), 7.37-7.30 (m, 

8H), 5.32 (s, 1H). 13C NMR (125 MHz, CDCl3): 138.28, 133.57, 133.02, 130.05, 129.06, 

128.77, 128.73, 128.70, 76.51.  
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4.12 Synthesis of (((Trifluoromethyl)sulfonyl)methylene)dibenzene – [2-100] (Scheme 

2-23) 

A 50 mL Schlenk flash with a magnetic stir bar was charged with 

phenyl(o-tolyl)methanol (396 mg, 2.0 mmol, 1.0 eq), NaSO2CF3 (406 

mg, 2.6 mmol, 1.3 eq), FeCl3 (48.7 mg, 0.3 mmol, 0.15 eq), DCM (12 mL) and TMSCl 

(330 µL, 2.6 mmol, 1.3 eq). The resulting orange solution was submerged in an oil bath 

pre-heated to 45 °C and stirred for 18 hours under argon. After cooling to room 

temperature, the reaction was concentrated under reduced pressure and dissolved in EtOAc 

(30 mL). The organic layer was washed with saturated sodium bicarbonate (30 mL), water 

(30 mL) and brine (30 mL) and dried over Na2SO4, filtered. After concentrating under 

reduced pressure, purification by column chromatography on neutral alumina (2:1 

Hexanes/DCM) afforded [2-100] (420 mg, 67% yield) as pale orange solid. 

1H NMR (500 MHz, CDCl3): 8.09 (dd, J = 7.6 Hz, 1.5 Hz, 1H), 7.68-7.66 (m, 2H), 7.46-

7.42 (m, 3H), 7.38-7.31 (m, 2H), 7.28-7.25 (m, 1H), 6.02 (s, 1H), 2.45 (s, 3H). 13C NMR 

(125 MHz, CDCl3): 137.21, 131.50, 130.54, 129.85, 129.60, 129.28, 129.27, 128.94, 

128.59, 126.92, 120.22 (q, J = 330.6 Hz), 67.28, 19.84. 19F NMR (376 MHz, CDCl3): -

74.08. We were unable to obtain HRMS data for this compound as it appeared to 

decompose. 

4.13 Pt(dba)3-catalyzed diboration of 3-26 (Scheme 3-9) 

In a nitrogen filled glovebox, a 15 mL pressure tube was charged with Pt(dba)3 (5.45 mg, 

6.1 µmol), B2pin2 (54.40 mg, 0.21 mmol, 1.05 eq) and THF (2 mL). The tube was sealed, 

removed from the glovebox and submerged in an oil bath pre-heated to 80 °C for 30 
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minutes. After cooling to room temperature, the outside of the flask was washed with 

hexane to remove silicone oil and the sealed tube was brought back into the glovebox, 

where 3-phenoxystyrene (39.8 mg, 0.20 mmol, 1 eq) and THF (0.5 mL) were added. The 

tube was sealed, removed from the box and submerged in an oil bath heated to 60 °C for 

40 hours. After cooling to room temperature, the reaction was filtered through a plug of 

silica with EtOAc and concentrated under reduced pressure. An aliquot was analyzed by 

1H NMR and GC-MS which indicated approximately 67% conversion, and [3-27] and 

[3.28] were formed in a 1.3:1 ratio. 

4.14 Transition-Metal Free Diboration of Styrenes (Table 3-1) 

General Procedure 4: To a flame-dried 15 mL pressure tube with magnetic stir bar in a 

nitrogen filled glove box was added 3-phenoxystyrene (368.95 mg, 1.88 mmol), NaOtBu 

(28.4 mg, 0.296 mmol), B2pin2 (531.75 mg, 2.09 mmol) and THF (5 mL). The tube was 

sealed with a septum, removed from the glove box, and placed under a flow of argon, where 

dry MeOH (190 µL, 4.7 mmol) was added via syringe. The tube was sealed with a screw 

cap and heated to 52 °C in an oil bath for 36 hours. The reaction was cooled to room 

temperature, transferred to a round bottom flask and concentrated in vacuo. Purification by 

column chromatography gave the desired product. 

2,2'-(1-(3-Phenoxyphenyl)ethane-1,2-diyl)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane) – [3-30] 

The title compound was synthesized according to General 

Procedure 4 using 3-phenoxystyrene (368.95 mg, 1.88 mmol), 

NaOtBu (28.4 mg, 0.296 mmol), B2pin2 (531.75 mg, 2.09 mmol) and THF (5 mL). 
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Purification via column chromatography (gradient: hexane/EtOAc 50:1 to 15:1) gave [3-

30] as a colorless oil (445 mg, 52% yield). 

1H NMR (400 MHz, CDCl3): 7.29-7.24 (m, 2H), 7.17 (t, J = 7.9 Hz, 1H), 7.03 (t, J = 7.9 

Hz, 1H), 6.97-6.96 (m, 3H), 6.89 (m, 1H), 6.75 (dd, J = 8.0 Hz, 1.6 Hz, 1H) 2.48 (dd, J = 

10.9 Hz, 5.5 Hz, 1H), 1.30 (dd, J = 16.0 Hz, 11.1 Hz, 1H), 1.18 (s, 12H), 1.15 (s, 6H), 1.14 

(s, 6H), 1.07 (dd, J = 16.0 Hz, 5.6 Hz). 13C NMR (100 MHz, CDCl3): 157.8, 157.1, 147.7, 

129.7, 129.5, 123.2, 122.9 (CH), 118.8, 118.8, 115.9, 83.4, 83.2, 26.7 (br), 25.1, 24.8, 24.6, 

14.4 (br). 11B NMR (128 MHz, CDCl3): 32.31. IR (film) cm-1: 3067m, 2929w, 1580w, 

1483w, 1367m, 1315m, 1241m, 1138s. HRMS (ESI+): C26H37B2O5 (M+H+) requires 

451.2822; found 451.2816. 

2,2'-(1-Phenylethane-1,2-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) – [3-31] 

Compound 3-31 was synthesized according to General Procedure 4 

from styrene (458 µL, 4.0 mmol, 1 eq), B2pin2 (1.004 g, 4.0 mmol, 1 

eq), NaOtBu (56.9 mg, 0.59 mmol, 0.15 eq), THF (8 mL) and MeOH (400 µL). Purification 

by column chromatography (gradient: hexane to 20:1 hexane/EtOAc) afforded [3-31] (988 

mg, 69% yield) as a white solid. Data are consistent with the literature191. 

1H NMR (400 MHz, CDCl3): 7.22 (d, J = 4.3 Hz, 4H), 7.12-7.07 (m, 1H), 2.52 (dd, J = 

11.0 Hz, 5.7 Hz, 1H), 1.38 (dd, J = 16.0 Hz, 11.0 Hz, 1H), 1.20 (s, 12H), 1.19 (s, 6H), 1.17 

(s, 6H), 1.11 (dd, J = 16.0 Hz, 5.7 Hz, 1H). 13C NMR (100 MHz, CDCl3): 145.40, 128.12, 

127.90, 124.88, 83.19, 83.01, 24.97, 24.70, 24.67, 24.49. 11B NMR (128 MHz, CDCl3): 

32.59.  

2,2'-(1-(P-tolyl)ethane-1,2-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) – [3-32] 
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Compound 3-32 was synthesized according to General Procedure 4 

from 4-methylstyrene (527 µL, 4.0 mmol, 1 eq), B2pin2 (1.002 g, 4.0 

mmol, 1.0 eq), NaOtBu (57.06 mg, 0.59 mmol, 0.15 eq), THF (6 mL) and MeOH (404 µL). 

Purification by column chromatography afforded [3-32] (997 mg, 67% yield) as a white 

solid. Data were in agreement with literature values45. 

1H NMR (400 MHz, CDCl3): 7.11 (d, J = 8.0 Hz, 2H), 7.03 (d, J = 8.0 Hz, 2H), 2.47 (dd, 

J = 11.2 Hz, 5.4 Hz, 1H), 1.35 (dd, J = 16.0 Hz, 11.2 Hz, 1H), 1.21 (s, 12 H), 1.19 (s, 6H), 

1.18 (s, 6H), 1.08 (dd, J = 16.0 Hz, 5.5 Hz, 1H). 13C NMR (100 MHz, CDCl3): 142.57, 

134.37, 129.11, 127.99, 83.38, 83.23, 25.23, 24.98, 24.92, 24.73, 21.21. 11B NMR (128 

MHz, CDCl3): 35.20. HRMS (ESI+): C21H35B2O4 (M+H+) requires 373.2722; found 

373.2710.  

4.15 Procedure for the linear-cross coupling of diborated substrates (Table 3-2) 

2-(2-(6-Methoxynaphthalen-2-yl)-1-phenylethyl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane – [3-37] 

Diboronate 3-31 (359.48 mg, 1.0 mmol, 1 eq), 2-bromo-

6-methoxynaphthalene (360.24 mg, 1.50 mmol, 1.5 eq), 

Pd(OAc)2 (11.23 mg, 0.05 mmol, 5 mol%), SPhos (41.05 

mg, 0.100 mmol, 0.1 eq) and K2CO3 (276.57 mg, 2.01 mmol, 2.01 eq) were weighed into 

a pressure tube in the glovebox. The tube was sealed with a septum, removed from the box 

and placed under argon, where THF (1.0 mL) followed by degassed water (2.0 mL) were 

added and the reaction mixture was heated at 60 °C for 24 h. The reaction mixture was 

cooled to room temperature, water (20 mL) and EtOAc (20 mL) were added and the layers 

were separated. The aqueous portion was extracted with EtOAc (2 × 20 mL) and the 
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combined organics were washed with brine (20 mL), dried (Na2SO4), filtered and 

concentrated in vacuo. Purification by column chromatography (gradient: hexane/EtOAc 

65:1 to 19:1) gave [3-37] as a white solid (248 mg, 63% yield). 

1H NMR (400 MHz, CDCl3): 7.66-7.59 (m, 3H), 7.33-7.26 (m, 5H), 7.19-7.10 (m, 3H), 

3.92 (s, 3H), 3.32 (dd, J = 13.5 Hz, 10.0 Hz, 1H), 3.10 (dd, J = 13.5 Hz, 6.6 Hz, 1H), 2.79 

(dd, J = 9.9 Hz, 6.7 Hz, 1H), 1.11 (s, 6H), 1.10 (s, 6H). 13C NMR (100 MHz, CDCl3): 

157.18, 142.77, 137.16, 133.10, 129.11, 129.06, 128.56, 128.49, 128.43, 126.93, 126.57, 

125.54, 118.58, 105.74, 83.54, 39.99, 24.70. 11B NMR (128 MHz, CDCl3): 31.77. HRMS 

(EI+): C25H29BO3 requires 388.2210; found 388.2209. mp 101-103 °C. 

 

2-(2-(6-Methoxynaphthalen-2-yl)-1-(p-tolyl)ethyl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane – [3-39] 

In a nitrogen filled glovebox, diboronate 3-32 

(369.0mg, 0.99 mmol, 1 eq), 6-methoxy-2-

bromonapthalene (353.1 mg, 1.50 mmol, 1.5 eq), 

Pd(OAc)2 (11.4 mg, 0.0509 mmol, 0.05 eq), SPhos (42.2 mg, 0.10 mmol, 0.1 eq), K2CO3 

(276.4 mg, 2.0 mmol, 2 eq) were taken up in THF (1 mL) in a 15 mL pressure tube. The 

reaction was sealed with a septum and removed from the glove box and placed under a 

flow of argon. Degassed water (2.0 mL) was added and the septum was replaced with a 

screw cap. The reaction mixture was stirred at 60 °C for 24 h. The reaction mixture was 

then cooled to room temperature, diluted with water and ethyl acetate, and the aqueous 

layer washed three times with ethyl acetate. The combined organic layers were dried over 
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Na2SO4, filtered and concentrated in vacuo. Purification by column chromatography 

(gradient: hexanes/CH2Cl2 8:2 to 6.5:3.5) gave 3-39 as a white solid (239 mg, 60% yield). 

1H NMR (400 MHz, CDCl3): 7.65-7.59 (m, 3H), 7.32 (dd, J = 8.4 Hz, 1.6 Hz, 1H), 7.18 

(d, J = 8.0 Hz, 2H), 7.11-7.07 (m 4H), 3.91 (s, 3H), 3.28 (dd, J = 13.5 Hz, 10.0 Hz, 1H), 

3.07 (dd, J = 13.5 Hz, 6.5 Hz, 1H), 2.75 (dd, J = 10.0 Hz, 6.6 Hz, 1H), 2.31 (s, 3H) 1.10 

(s, 6H), 1.09 (s, 6H). 13C NMR (100 MHz, CDCl3): 157.2, 139.7, 137.3, 134.9, 133.1, 

129.2, 129.13, 129.06, 128.5, 128.4, 126.9, 126.6, 118.5, 105.8, 83.5, 55.4, 39.2, 34.1, 24.7, 

21.1. 11B NMR (128 MHz, CDCl3): 32.3. IR (film) cm-1: 3067w, 2920m, 1605m, 1325s, 

1135s. HRMS (EI+): C26H31BO3 requires 402.2371; found 402.2379; mp: 55.6-56.9 °C. 

 

4,4,5,5-Tetramethyl-2-(1-(3-phenoxyphenyl)-2-phenylethyl)-1,3,2-dioxaborolane – 

[3-40] 

In a nitrogen filled glovebox, diboronate 3-30 (151 mg, 0.34 

mmol, 1 eq), bromobenzene (80.9 mg, 0.52 mmol, 1.5 eq), 

Pd(OAc)2 (4.00 mg, 0.018 mmol, 0.05 eq), SPhos (14.01 mg, 

0.034 mmol, 0.10 eq) and K2CO3 (94.20 mg, 0.68 mmol, 2.0 eq) were taken up in THF 

(0.34 mL) in a 1 dram vial. The reaction was sealed with a PTFE septa screw cap and 

removed from the glove box and placed under a flow of argon. Degassed water (0.68 mL) 

was added and the reaction mixture was stirred at 60 °C for 24 h. The reaction mixture was 

then cooled to room temperature, diluted with water and ethyl acetate, and the aqueous 

layer washed three times with ethyl acetate. The combined organic layers were dried over 

Na2SO4, filtered and concentrated in vacuo. Purification by column chromatography 

(hexanes/ethyl acetate 99:1 → 96:4) gave 3-40 as a colorless oil (48 mg, 36% yield). 
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1H NMR (400 MHz, CDCl3): 7.31 (t, J = 8.0 Hz, 2H), 7.22 (t, J= 7.0 Hz, 3H), 7.16 (d, J 

= 7.3 Hz, 3H), 7.07 (t, J = 7.4 Hz, 1H), 6.99 (d, J = 7.6 Hz, 1H), 6.94 (d, J = 7.8 Hz, 2H), 

6.91 (m, 1H), 6.81 (dd, J = 7.7 Hz, 1.9 Hz, 1H), 3.13 (dd, J = 13.5 Hz, 9.2 Hz, 1H), 2.95 

(dd, J = 13.5 Hz, 7.4 Hz, 1H), 2.67 (m, 2H), 1.12 (s, 6H,), 1.11 (s, 6H). 13C NMR 

(100 MHz, CDCl3): 157.78, 157.08, 144.77, 141.61, 129.73, 129.65, 129.01, 128.18, 

125.92, 123.84, 122.92, 119.46, 118.66, 116.47, 83.61, 38.8, 34.50, 24.72, 24.66. 11B NMR 

(128 MHz, CDCl3): 31.58. IR (film) cm-1: 3061w, 2976m, 1579m, 1482s, 1359m, 1327m, 

1243s, 1214m, 1140m. HRMS (EI+): C26H29BO3 requires 400.2215; found 400.2219. 

 

2-(2-(3,5-Dimethylphenyl)-1-phenylethyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane – 

[3-36] 

In a nitrogen filled glove box, diboronate 3-31 (361.14 mg, 1.01 

mmol, 1 eq), 1-bromo-3,5-dimethylbenzene (287.51 mg, 1.55 

mmol, 1.5 eq), Pd(OAc)2 (11.9 mg, 0.053 mmol, 0.05 eq), 

RuPhos (49.5 mg, 0.106 mmol, 0.1 eq) and K2CO3 (278.5 mg, 2.02 mmol, 2 eq) were 

weighed into a pressure tube and DME (10 mL) was added. The pressure tube was sealed 

with a septum and removed from the glove box and placed under a flow of argon. Degassed 

water (0.5 mL) was added, the reaction vessel was sealed and then heated at 80 °C for 16 

h. The reaction mixture was cooled to room temperature, water (15 mL) and EtOAc (15 

mL) were added and the layers were separated. The aqueous portion was extracted with 

EtOAc (2 × 15 mL) and the combined organics were washed with brine (15 mL), dried 

(MgSO4), filtered and concentrated in vacuo. Purification by column chromatography 

(gradient: hexanes/DCM 9:1 to 7:3) gave 3-36 as a colorless oil (193 mg, 57% yield). 



 

163 

 

1H NMR (400 MHz, CDCl3): 7.28-7.27 (m, 4H), 7.19-7.13 (m, 1H), 3.10 (dd, J = 13.2 

Hz, 10.6 Hz, 1H), 2.89 (dd, J = 13.2 Hz, 6.0 Hz, 1H), 2.66 (dd, J, 10.5 Hz, 6.1 Hz, 1H), 

2.26 (s, 6H), 1.13 (s, 6H), 1.11 (s, 6H). 13C NMR (100 MHz, CDCl3): 143.03, 141.79, 

137.49, 128.47, 128.45, 127.45, 126.89, 125.48, 83.47, 38.99, 24.72, 24.65, 21.37. 11B 

NMR (128 MHz, CDCl3): 31.95. IR (film) cm-1: 2973w, 2918w, 1604w, 1493w. HRMS 

(EI+): C22H29BO3 requires 336.2261; found 336.2261. 

 

4,4,5,5-Tetramethyl-2-(1-phenyl-2-(4-(trifluoromethoxy)phenyl)ethyl)-1,3,2-

dioxaborolane – [3-38] 

In a nitrogen filled glove box, diboronate 3-31 (359 mg, 1.00 

mmol, 1 eq, 93.5:6.5 e.r.), 1-bromo-4-

(trifluoromethoxy)benzene (358 mg, 1.49 mmol, 1.5 eq), 

Pd(OAc)2 (12.9 mg, 0.057 mmol, 0.06 eq), RuPhos (54.3 mg, 0.116 mmol, 0.12 eq) and 

K2CO3 (277 mg, 2.00 mmol, 2 eq) were weighed into a pressure tube and DME (10 mL) 

was added. The pressure tube was sealed with a septum and removed from the glove box 

and placed under a flow of argon. Degassed water (0.5 mL) was added, the reaction vessel 

was sealed and then heated at 80 °C for 16 h. The reaction mixture was cooled to room 

temperature, water (15 mL) and EtOAc (15 mL) were added and the layers were separated. 

The aqueous portion was extracted with EtOAc (2 × 15 mL) and the combined organics 

were washed with brine (15 mL), dried (MgSO4), filtered and concentrated in vacuo. 

Purification by column chromatography (gradient: hexane/DCM 9:1 to 7:3) gave 3-38 as a 

pale yellow solid (202 mg, 51% yield). 
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1H NMR (400 MHz, CDCl3): 7.30-7.16 (m, 7H), 7.10-7.08 (m, 2H), 3.16 (dd, J = 13.5 

Hz, 9.8 Hz, 1H), 2.98 (dd, J = 13.6 Hz, 7.0 Hz, 1H), 2.67 (dd, J = 9.7 Hz, 7.1 Hz, 1H), 1.13 

(s, 6H), 1.13 (s, 6H). 13C NMR (400 MHz, CDCl3): 147.55, 142.24, 140.70, 130.27, 

128.56, 128.51, 125.71, 120.76, 120.66 (q, J = 255 Hz), 83.66, 38.31, 24.70, 24.62. 11B 

NMR (128 MHz, CDCl3): 31.45. 19F NMR (377 MHz, CDCl3): -60.02. IR (film) cm-1: 

2979w, 2932w, 1600w, 1508w. HRMS (EI+): C21H24BO3F3 requires 392.1771; found 

392.1771. 

4.16 Determination of NMR Yields for Selective Cross-Coupling (Table 3-2) 

 

4,4,5,5-tetramethyl-2-(1-(3-phenoxyphenyl)-2-phenylethyl)-1,3,2-dioxaborolane – [3-

40] 

In a nitrogen filled glovebox, diboronate 3-30 (60.75 mg, 0.135 mmol, 1 eq), 

bromobenzene (37.3 mg, 0.24 mmol, 1.8 eq), Pd(OAc)2 (1.57 

mg, 0.0070 mmol, 0.05 eq), SPhos (5.53 mg, 0.013 mmol, 0.10 

eq) and K2CO3 (37.30 mg, 0.27 mmol, 2.0 eq) were taken up in 

THF (0.14 mL) in a 1 dram vial. The reaction was sealed with a PTFE septa screw cap, 

removed from the glove box and placed under a flow of argon. Degassed water (0.28 mL) 

was added and the reaction mixture was stirred at 60 °C for 24 h. The reaction mixture was 

then cooled to room temperature, diluted with 1 mL CHCl3 and internal standard (200 µL 

of a solution of 26.2 mg 1,3,5-trimethoxybenzene in 1 mL CHCl3) was added. An aliquot 

of the reaction was filtered through a pipette of silica gel with CHCl3, concentrated in vacuo 

and subjected to 1H NMR analysis with 1,3,5-trimethoxybenzene as an internal standard to 

determine the yield of 3-40 (83% yield) (Figure 11). The left indicated peak is the 3 aryl 

protons on the standard, the right indicated peak is an aliphatic C-H on the central chain. 
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Figure 22. 1H NMR from the crude reaction mixture used to determine the NMR yield of [3-40]. 

 

4-(2-phenyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)ethyl)phenol – [3-43] 

In a nitrogen filled glovebox, diboronate 3-31 (35.8 mg, 0.10 

mmol, 1 eq), 4-bromophenol (27.64 mg, 0.15 mmol, 1.5 eq), 

Pd(OAc)2 (1.19 mg, 5 µmol, 5 mol%), RuPhos (4.71 mg, 0.01 

mmol, 10 mol%) and K2CO3 (27.46 mg, 0.20 mmol, 2.0 eq) were taken up in DME (1.0 

mL) in a 1 dram vial. The reaction was sealed with a PTFE septa screw cap, removed from 

the glove box and placed under a flow of argon. Degassed water (0.05 mL) was added and 

the reaction mixture was stirred at 80 °C for 16 h. The reaction mixture was then cooled to 

room temperature, diluted with 1 mL CHCl3 and internal standard (200 µL of a solution of 

24.9 mg 1,3,5-trimethoxybenzene in 1 mL CHCl3) was added. An aliquot of the reaction 

was filtered through a pipette of silica gel with CHCl3, concentrated in vacuo and subjected 

to 1H NMR analysis to determine the yield of 3-43 (62% yield) (Figure 12). The left 
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indicated peak is the 3 aryl protons on the standard, the right indicated peak is an aliphatic 

C-H on the central chain. 

 

Figure 23. 1H NMR from the crude reaction mixture used to determine the NMR yield of [3-43]. 

 

3-(2-Phenyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)ethyl)pyridine – [3-41]  

In a nitrogen filled glovebox, diboronate 3-31 (35.3 mg, 0.10 mmol, 

1 eq), 3-bromopyridine (23.57 mg, 0.15 mmol, 1.5 eq), Pd(OAc)2 

(1.18 mg, 5 µmol, 5 mol%), SPhos (4.12 mg, 0.01 mmol, 10 mol%) 

and K2CO3 (27.51 mg, 0.20 mmol, 2.0 eq) were taken up in THF (0.10 mL) in a 1 dram 

vial. The reaction was sealed with a PTFE septa screw cap, removed from the glove box 

and placed under a flow of argon. Degassed water (0.20 mL) was added and the reaction 

mixture was stirred at 60 °C for 24 h. The reaction mixture was then cooled to room 

temperature, diluted with 1 mL CHCl3 and internal standard (200 µL of a solution of 22.1 

mg 1,3,5-trimethoxybenzene in 1 mL CHCl3) was added. An aliquot of the reaction was 

filtered through a pipette of silica gel with CHCl3, concentrated in vacuo and subjected to 
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1H NMR analysis to determine the yield of 3-41 (18% yield) (Figure 13). The left indicated 

peak is the 3 aryl protons on the standard, the right indicated peak is an aliphatic C-H on 

the central chain. 

 

Figure 24. 1H NMR from the crude reaction mixture used to determine the NMR yield of [3-41]. 

2-(2-(2-Methoxynaphthalen-1-yl)-1-(p-tolyl)ethyl)-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane – [3-42]  

In a nitrogen filled glovebox, diboronate 3-31 (35.2 mg, 0.10 

mmol, 1 eq), 2-methoxy-1-bromonapthalene (35.80 mg, 0.15 

mmol, 1.5 eq), Pd(OAc)2 (1.14 mg, 5 µmol, 5 mol%), SPhos 

(4.13 mg, 0.01 mmol, 10 mol%) and K2CO3 (27.61 mg, 0.20 mmol, 2.0 eq) were taken up 

in THF (0.10 mL) in a 1 dram vial. The reaction was sealed with a PTFE septa screw cap, 

removed from the glove box and placed under a flow of argon. Degassed water (0.20 mL) 

was added and the reaction mixture was stirred at 60 °C for 24 h. The reaction mixture was 

then cooled to room temperature, diluted with 1 mL CHCl3 and internal standard (200 µL 

of a solution of 22.1 mg 1,3,5-trimethoxybenzene in 1 mL CHCl3) was added. An aliquot 
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of the reaction was filtered through a pipette of silica gel with CHCl3, concentrated in vacuo 

and subjected to 1H NMR analysis to determine the yield of 3-42 (50% yield) (Figure 14). 

The left indicated peak is the 3 aryl protons on the standard, the right indicated peak is an 

aliphatic C-H on the central chain. 

 

Figure 25. 1H NMR from the crude reaction mixture used to determine the NMR yield of [3-42]. 

 

1-(4-(2-phenyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)ethyl)phenyl)ethenone 

– [3-44]  

In a nitrogen filled glovebox, diboronate 3-31 (36.0 mg, 0.10 

mmol, 1 eq), 4-bromoacetophenone (29.99 mg, 0.15 mmol, 1.5 

eq), Pd(OAc)2 (1.22 mg, 5 µmol, 5 mol%), RuPhos (4.78 mg, 

0.01 mmol, 10 mol%) and K2CO3 (27.50 mg, 0.20 mmol, 2.0 eq) were taken up in DME 

(1.0 mL) in a 1 dram vial. The reaction was sealed with a PTFE septa screw cap, removed 

from the glove box and placed under a flow of argon. Degassed water (0.05 mL) was added 

and the reaction mixture was stirred at 80 °C for 16 h. The reaction mixture was then cooled 
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to room temperature, diluted with 1 mL CHCl3 and internal standard (200 µL of a solution 

of 23.8 mg 1,3,5-trimethoxybenzene in 1 mL CHCl3) was added. An aliquot of the reaction 

was filtered through a pipette of silica gel with CHCl3, concentrated in vacuo and subjected 

to 1H NMR analysis to determine the yield of 3-44 (65%) (Figure 15). The left indicated 

peak is the 3 aryl protons on the standard, the right indicated peak is an aliphatic C-H on 

the central chain. 

 

Figure 26. 1H NMR from the crude reaction mixture used to determine the NMR yield of [3-44]. 

4.17 Hydrolysis of 3-31 and 3-22 (Scheme 73) 

In the glovebox, a one dram vial was charged with diboronate 3-31 (35.7 mg, 0.10 mmol, 

1 eq), K2CO3 (27.7 mg, 0.20 mmol, 2.0 eq) and neopentyl glycol (31.3 mg, 0.30 mmol, 3 

eq) and taken up in THF (0.1 mL). The vial was sealed with a PTFE septa screw cap, 

removed from the box and placed under a flow of argon, where degassed H2O (0.2 mL) 

was added. The reaction mixture was sealed with electrical tape and heated to 60 °C for 24 

hours. After cooling to room temperature, the reaction was diluted with EtOAc and filtered 

through a pipette of silica gel with copious EtOAc washings. An aliquot of the reaction 
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mixture was then analyzed by GC-MS (Figure 16). Although peak intensities in GC-MS 

between two different compounds do not provide quantitative information about their 

relative intensities, it can generally be observed from the spectrum that the pinacol and 

neopentylglycol species are present in similar amounts, suggesting that partial hydrolysis 

of both boronic esters has occurred.  

 

Figure 27. GC-MS results from the hydrolysis of [3-31] in the presence of neopentylglycol. 

 

The same procedure was followed for the hydrolysis of [3-22] (23.2 mg, 0.10 mmol, 1 eq). 

GC-MS analysis (Figure 17) also indicated scrambling of the two diol groups, despite the 

fact that 3-22 undergoes no reaction under the cross-coupling conditions described in 

Section 3.2.2.  
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Figure 28. GC-MS results from the hydrolysis of [3-22] in the presence of neopentylglycol. 

4.18 Cross-Coupling of Linear Boronic Ester 3-23 

In the glovebox, a one dram vial was charged with [3-23] (46.6 mg, 0.20 

mmol, 1.0 eq) bromobenzene (46.8 mg, 0.30 mmol, 1.5 eq), Pd(OAc)2 

(2.28 mg, 10 µmol, 5 mol%), RuPhos (9.40 mg, 0.02 mmol, 10 mol%) and K2CO3 (55.0 

mg, 0.40 mmol, 2.0 eq) and taken up in DME (2.0 mL). The vial was sealed with a PTFE 

septa screw cap, removed from the box and placed under a flow of argon, where degassed 

H2O (0.105 mL) was added. The reaction was heated at 80 °C for 16 hours. The reaction 

mixture was then cooled to room temperature, diluted with CHCl3 and filtered through a 

pipette of silica gel with CHCl3. Purification by PTLC (hexane) afforded bibenzyl [3-65] 

(8.7 mg, 24% yield). Spectral data were in agreement with literature225. 

1H NMR (400 MHz, CDCl3): 7.40-7.36 (m, 4H), 7.31-7.27 (m, 6H), 3.02 (s, 4H). 
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4.19 Ag2O-promoted homocoupling of secondary benzylic boronic esters (Scheme 3-

18, 3-19) 

General procedure: In the glovebox, a one dram vial was charged with (R)-[3-22] (23.2 

mg, 0.10 mmol, 1.0 eq, e.r. 98:2), Ag2O (34.5 mg, 0.15 mmol, 1.5 eq) and other reagents 

as noted. DME  (2.0 mL) was added to the vial, which was sealed with 

a PTFE septum cap, removed from the glovebox and placed under a 

flow of argon, where degassed H2O (0.2 mL) was added. The vial was 

then submerged into an oil bath pre-heated to 70 °C for 16 hours. After cooling to room 

temperature, the reaction was quenched with CHCl3, and a solution of 1,3,5-

trimethoxybenzene in CHCl3 was added. The reaction was filtered through a pipette of 

silica with copious CHCl3 washings and analyzed by 1H NMR. Yields were determined by 

1H NMR relative to 1,3,5-trimethoxybenzene using the known peaks for [3-76]226. We are 

currently unable to unambiguously assign the syn- and anti-diastereomers. 

 

Figure 29. Ag2O-promoted homocoupling of enantioenriched [3-22] leads to a near 1:1 

diastereomeric mixture of [3-76].  
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4.20 Effect of TEMPO on Cross-Coupling of Secondary Benzylic Boronic ester [3-

22]  

Without TEMPO: In the glovebox, a one dram vial was charged with 3-22 (23.2 mg, 0.10 

mmol, 1.0 eq), 4-iodoanisole (35.2 mg, 0.15 mmol, 1.5 eq), Pd(dba)2 (4.60 mg, 8 µmol, 8 

mol%), PPh3  (16.7 mg, 0.064 mmol, 64 mol%) and Ag2O (34.7 mg, 0.15 

mmol, 1.5 eq) and taken up in DME (2 mL). The reaction was sealed with a 

Teflon cap, removed from the glovebox and submerged in an oil bath pre-

heated to 70 °C for 16 hours with protection from light. After cooling to 

room temperature, the reaction was diluted with EtOAc and filtered through a pipette of 

silica gel with copious EtOAc. Purification by PTLC (60:1 hexane/EtOAc) afforded 3-75 

(12.1 mg, 57% yield, 95.6: 4.4 e.r.). The e.r. was determined by use of chiral SFC: 

IB, 2mL/min, 100 bar, 50 °C, 5% MeOH for 24 minutes; tR = 5.08 (minor), 5.55 (major). 

The peak at tR = 4.40 minutes corresponds to 4-iodoanisole. 

Separation of racemic compound: 

 

Figure 30. SFC separation of the enantiomers of [3-75]. 
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Reaction of enantioenriched 3-22 (e.r. 98: 2, prepared by Phillip Unsworth) without 

TEMPO afforded 3-75 in 95.6: 4.4 enantiomeric ratio (91.2% ee, 95% es). 

 

Figure 31. SFC trace for scalemic [3-75] from stereoretentive cross-coupling of [3-22]. 

 

1H NMR (500 MHz, CDCl3): 7.31 (t, J = 7.5 Hz, 2H), 7.25-7.20 (m, 3H), 7.17 (d, J = 

8.6 Hz, 2H), 6.86 (d, J = 8.7 Hz, 2H), 4.14 (q, J = 7.2 Hz, 1H), 3.80 (s, 3H), 1.65 (d, J = 

7.2 Hz, 3H). 13C NMR (125 MHz, CDCl3): 157.95, 146.89, 138.67, 128.63, 128.46, 

127.65, 126.05, 113.85, 55.35, 44.06, 22.19. Spectral data are in agreement with 

literature56. 

The same procedure was followed with TEMPO (46.8 mg, 0.3 mmol, 3.0 eq) using 23.3 

mg of 3-2. Purification by PTLC (60:1 hexane/EtOAc) afforded 3-75 (4.7 mg, 22% 

yield).  

Reaction of enantioenriched 3-22 (er 98:2, prepared by Phillip Unsworth) with 3 

equivalents of TEMPO afforded 3-75 in 96.5: 3.5 enantiomeric ratio (93% ee, 97% es).  
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Figure 32. SFC trace for scalemic [3-75] formed from cross-coupling of [3-22] in the presence of 

TEMPO. 

4.21 31P NMR study of reaction between [3-80] and TEMPO 

In the glovebox, a one dram vial was charged with [3-80] (41.7 mg, 0.05 mmol, 1 eq) and 

TEMPO (23.4 mg, 0.15 mmol, 3 eq). The solids were taken up in DME (1 mL) and 

transferred to an NMR tube which was sealed with electrical tape. The reaction was heated 

to 70 °C and monitored by 31P NMR at periodic intervals.  
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4.23 Appendix – NMR Spectra of New Compounds 

 

Figure 33. 1H NMR of 2-38. 

 

Figure 34. 13C NMR of 2-38. 
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Figure 35. 19F NMR of 2-38. 

 

Figure 36. 1H NMR of 2-42. 
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Figure 37. 13C NMR of 2-42. 

 

Figure 38. 19F NMR of 2-42. 
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Figure 39. 1H NMR of 2-77. 

 

Figure 40. 13C NMR of 2-77. 
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Figure 41. 19F NMR of 2-77. 

 

Figure 42. 1H NMR of 2-53. 
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Figure 43. 13C NMR of 2-53. 

 

Figure 44. 1H NMR of 2-75. 
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Figure 45. 13C NMR of 2-75. 

 

Figure 46. 2H NMR of 2-75. 
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Figure 47. 1H NMR of 2-80. 

 

Figure 48. 13C NMR of 2-80. 
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Figure 49. 19F NMR of 2-80. 

 

Figure 50. 1H NMR of 2-81. 
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Figure 51. 13C NMR of 2-81. 

 

Figure 52. 19F NMR of 2-81. 
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Figure 53. 1H NMR of 2-82. 

 

Figure 54. 13C NMR of 2-82. 
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Figure 55. 19F NMR of 2-82. 

 

Figure 56. 1H NMR of 2-83. 
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Figure 57. 13C NMR of 2-83. 

 

Figure 58. 19F NMR of 2-83. 
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Figure 59. 1H NMR of 2-84. 

 

Figure 60. 13C NMR of 2-84. 
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Figure 61. 19F NMR of 2-84. 

 

Figure 62. 1H NMR of 2-85. 
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Figure 63. 13C NMR of 2-85. 

 

Figure 64. 19F NMR of 2-85. 
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Figure 65. 1H NMR of 2-86. 

 

Figure 66. 13C NMR of 2-86. 
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Figure 67. 1H NMR of 2-88. 

 

Figure 68. 13C NMR of 2-88. 
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Figure 69. 1H NMR of 2-100. 

 

Figure 70. 13C NMR of 2-100. 
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Figure 71. 19F NMR of 2-100. 

 

Figure 72. 1H NMR of 3-30. 
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Figure 73. 13C NMR of 3-30. 

 

Figure 74. 11B NMR of 3-30. 
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Figure 75. 1H NMR of 3-36. 

 

Figure 76. 13C NMR of 3-36. 
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Figure 77. 11B NMR of 3-36. 

 

Figure 78. 1H NMR of 3-37. 
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Figure 79. 13C NMR of 3-37. 

 

Figure 80. 11B NMR of 3-37. 
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Figure 81. 1H NMR of 3-38. 

 

Figure 82. 13C NMR of 3-38. 
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Figure 83. 11B NMR of 3-38. 

 

Figure 84. 19F NMR of 3-38. 
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Figure 85. 1H NMR of 3-39. 

 

Figure 86. 13C NMR of 3-39. 
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Figure 87. 11B NMR of 3-39. 

 

Figure 88. 1H NMR of 3-40. 



 

220 

 

 

Figure 89. 13C NMR of 3-40. 

 

Figure 90. 11B NMR of 3-40. 
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