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! 1 

Abstract 
 

Frontiers in Iridium-Catalyzed C-H Borylation: Attaining Novel Reactivity and 
Selectivity 

 
By Matthew Alan Larsen 

 
Doctor of Philosophy in Chemistry 

 
University of California, Berkeley 

 
Professor John F. Hartwig, Chair 

 
 The following dissertation discusses the development of novel methodology for 
the catalytic borylation of C-H bonds and includes in-depth studies on the mechanism 
and selectivity of these synthetic transformations. These methods include the borylation 
of heteroaryl C-H bonds, the selective borylation of benzylic C-H bonds, and the directed 
and undirected borylation of unactivated alkyl C-H bonds. 
 Chapter 1 contains a comprehensive review of C-H borylation methodology. This 
review focuses on the initial development of catalytic C-H borylation and on the state-of-
the-art of methodology for the undirected and directed borylation of aryl, benzylic, and 
alkyl C-H bonds. Additionally, this review highlights knowledge gaps and unsolved 
challenges. Furthermore, this review provides the author’s opinion on future directions 
for research on the borylation of C-H bonds. 
 Chapter 2 describes the study of the iridium-catalyzed borylation of heteroaryl C-
H bonds. Contained is an examination of the scope of the borylation of heterocycles 
containing more than one heteroatom and rules for predicting the site-selectivity of this 
reaction. Also included are experimental and computational studies that reveal the 
mechanism of this reaction and the origins of the observed regioselectivity. 
 Chapter 3 discusses the development of the selective borylation of the primary 
benzylic C-H bonds of methylarenes. Key to this development was the discovery that the 
combination of a novel iridium catalyst and a silylborane allows for the selective 
borylation of benzylic C-H bonds over aryl C-H bonds. Experimental and computational 
studies that investigate the origins of this selectivity are also discussed. 
 Chapter 4 discusses the development of the iridium-catalyzed, hydrosilyl-directed 
borylation of alkyl C-H bonds. This methodology allows for the diastereoselective 
borylation of secondary alkyl C-H bonds under relatively mild conditions. 
 Chapter 5 explores the effect of ligand structure on the rates of alkyl C-H 
borylation catalyzed by Ir-phenanthroline complexes. Experimental and computational 
studies reveal that in addition to the relative electron-donating ability of phenanthrolines, 
weak interactions involving the phenanthroline in the transition state of the turnover-
limiting step for the borylation of alkyl C-H bonds can have a large impact on the relative 
rates of alkyl C-H borylation catalyzed by various Ir-phenanthroline complexes. 
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1.1 Background on C-H Bond Functionalization: Directed vs. Undirected and 
Mechanism of C-H Bond Cleavage 

 
 The replacement of an unactivated C-H bond with a functional group, termed C-H 
bond functionalization, has the potential to change the strategies used to prepare organic 
molecules.1,2 Such reactions could convert light alkanes to higher-value, functionalized 
chemical feedstocks,3 or they could introduce functionality at specific positions of 
molecules already possessing one or many other functional groups.2,4 In classical organic 
chemistry, some functional groups will make nearby C-H bonds acidic and sites for the 
classical sequence of deprotonation and quenching of the resulting nucleophiles with 
electrophilic reagents (Figure 1.1a). The catalytic functionalization of C-H bonds seeks to 
provide access to the functionalization of C-H bonds that lack the activating influence of 
existing functional groups (Figure 1.1b). So far, most practical functionalizations of C-H 
bonds have occurred to add new groups at typically unreactive C-H bonds in molecules 
containing existing functionality. 
 

 
Figure 1.1 Comparison of classical C-H bond functionalization and catalytic C-H bond functionalization 
 

 In many cases, such functionalizations occur near existing functional groups, 
often after modification of this existing functionality.5 Such modifications often convert a 
common functional group to one that can serve as a ligand for a transition-metal complex 
(Figure 1.2). For example, a ketone has been converted to an imine, which binds the 
catalyst as a Lewis base.6 Alternatively, a carboxylic acid has been converted to a 
picolinamide that chelates a transition metal center and binds as a formally anionic 
ligand.7 A carboxylic acid has even been converted to an amide that possesses a “U-
shape” and will cause the catalyst to react at a C-H bond distal to the position of the 
existing functionality.8-10 After the C-H bond functionalization occurs, the directing group 
is removed and the original functional group is restored to its original form. Such 
reactions are often termed “directed” C-H bond functionalization.11  
 

 
Figure 1.2 Directed C-H bond functionalization 
 
 This effect of a nearby functional group on the reactivity of a metal complex 
toward cleavage of a C-H bond has been known for more than fifty years.12-14 The 
stoichiometric step involving the cleavage of a C-H bond within a ligand to form a cyclic 
product containing a metal-carbon bond is termed “cyclometalation” (Figure 1.2). Such 
cyclometalation was shown to control site selectivity many years ago, but it was much 
more recently that practical systems for directed functionalization involving a 
cyclometalation process were developed. 
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 “Directed” functionalizations often require the installation and subsequent 
removal of a substituent that renders a functional group more capable of binding the 
catalyst. However, many molecules with activity in medicinal or agrochemistry are 
heterocycles or otherwise functionalized molecules that possess an inherent ability to 
bind a catalyst and direct a C-H bond functionalization process. For example, the 
halogenation of an agrochemical intermediate occurs at the position ortho to a carboxylic 
acid;15 this site for halogenation was desired for the synthetic sequence, and the 
palladium-catalyzed directed halogenation is conducted on large scale. Moreover, 
catalysts are being developed that undergo functionalizations directed by functional 
groups that bond more weakly than a pyridine or imine, or picolinamide.16 Given the 
diversity of structures containing Lewis basic functional groups, the opportunities for 
development of directed reactions are diverse, and the applications of such reactions to 
the synthesis of molecules with important functions will surely be widespread. In many 
cases, the activity of a molecule containing a small halogen or a methyl group nearby an 
existing functionality is not known and can be superior to the parent structure lacking this 
small addition to the structure.17 Directed C-H bond functionalization can introduce new 
functional groups at these positions without the need to repeat a full synthetic sequence to 
form the molecule with the new substituent. This “late stage” functionalization allows the 
modified molecules to be prepared rapidly and their properties tested. For these reasons, 
the directed functionalization of C-H bonds has been investigated extensively. 
 A greater challenge of C-H bond functionalization is to install a functional group 
at a position that cannot be reached by chelation to a transition metal, or to install a 
functional group selectively in a section of a molecule that lacks functional groups 
altogether. Such reactions of C-H bonds would create synthetic capabilities that can be 
applied to many areas of organic chemistry. For example, such reactions could create 
alpha-omega functionalized alkyl chains to be used as monomers for commodity 
polymers; or they could convert hydrocarbons directly to detergent alcohols or carboxylic 
acids; or they could introduce functional groups at positions remote from the many 
functional groups in complex natural products or medicinally active compounds to 
complement the regioselectivity achieved by directed functionalizations. Such reactions 
are typically called “undirected” functionalizations of C-H bonds.  
 Undirected C-H bond functionalization reactions are much less developed than 
directed C-H bond functionalizations, but not for lack of effort. The functionalization of a 
C-H bond without the assistance of chelation is more difficult to achieve, and selective 
functionalization without an existing group controlling regioselectivity is a challenge, 
even when undirected functionalization is observed. Yet, systems have been discovered 
that catalyze undirected functionalizations of C-H bonds, and several strategies that 
bridge the gap between directed and completely undirected functionalization have been 
followed. 
 Whether a C-H bond functionalization is directed or undirected, the relative 
reactivity of various C-H bonds depends upon the type of mechanism in which these 
bonds are cleaved. In general, most catalytic functionalizations of unactivated C-H bonds 
occur with a C-H bond cleavage step that can be classified into one of three different 
types of mechanisms: 1) H-atom abstraction (Figure 1.3a), 2) carbene/nitrene insertion 
(Figure 1.3b), and 3) concerted formation of a metal-carbon bond (Figure 1.3c). The 
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cleavage of a C-H bond by H-atom abstraction generates a carbon-centered radical, 
which can react to form the functionalized product. Since the C-H bond is cleaved 
homolytically, weak C-H bonds typically react faster than strong C-H bonds.18 The 
concerted insertion of a carbene or nitrene into a C-H bond occurs with selectivity that 
can vary. However, in most cases electron-rich, weak C-H bonds react most rapidly with 
the electrophilic carbene or nitrene.19 Also C-H bond cleavage can occur through the 
concerted formation of a metal-carbon bond. Mechanisms of this type include concerted 
metalation deprotonation, oxidative addition, and sigma-bond metathesis. C-H bond 
functionalizations that occur through the concerted formation of a metal-carbon bond 
occur with selectivity that runs counter to the selectivity of other types of C-H bond 
functionalizations. In general, the formation of a strong metal-carbon bond following C-
H bond cleavage is indicative of faster rates for C-H bond cleavage. Thus, aryl C-H 
bonds often react faster than alkyl C-H bonds in this type of mechanism.20 
 

 
Figure 1.3 Mechanisms for the cleavage of C-H bonds during catalytic C-H bond functionalization 

 
1.2 A Brief History of Metal-Mediated C-H Bond Functionalization and the 
Emergence C-H Borylation 
 
 Over the last two decades, the number of methods for C-H bond functionalization 
has increased dramatically. However, research in this area has been ongoing for much 
longer. For example, with the goal of converting natural gas to an easily transported fuel, 
a method for the conversion of methane to methanol has long been sought after.3 Nearly 
fifty years ago, Shilov reported that alkanes, including methane, undergo halogenation in 
the presence of a Pt(II) catalyst and a stoichiometric Pt(IV) oxidant.21 Though the need 
for stoichiometric platinum precludes the use of this method for industrial conversion of 
methane to methanol, this seminal report of C-H bond functionalization demonstrated a 
half century ago that even the strongest of alkyl C-H bonds can be activated and discrete 
organometallic intermediates are likely formed following C-H activation.  
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Figure 1.4 Conversion of alkanes to alkyl chlorides with a Pt(IV) oxidant and a Pt(II) catalyst 
 

 Around the time that Shilov was studying alkane functionalization with platinum, 
several methods for C-H bond functionalization mediated by palladium were reported. 
Fujiwara first demonstrated that palladium carboxylates react with arene, olefin and 
oxidant to afford olefinated arenes (Figure 1.5).22 In the years following this report, 
several other C-H bond functionalizations catalyzed by palladium were disclosed, 
including a method for the chlorination of azobenzene.14 Once again, these reactions 
demonstrated that even very strong C-H bonds, in this case aryl C-H bonds, could be 
activated by metal complexes. Although the Shilov system and the Fujiwara reaction 
form products of C-H bond functionalization, the discrete organometallic intermediates 
following C-H activation had not been detected. 
 

  
Figure 1.5 Oxidative C-H olefination of arenes catalyzed by Pd and Cu 
 

 In the 1960’s, Chatt and coworkers demonstrated that the C-H bonds of a 
bisphosphine bound to Ru could undergo intramolecular C-H activation to form a 
cyclometalated product (Figure 1.6a).23 Chatt’s complex was also shown to be capable of 
intermolecular oxidative addition of aryl C-H bonds (Figure 1.6b), but not alkyl C-H 
bonds. However in 1982 Janowicz and Bergman reported that photochemical generation 
of a low-valent Ir complex leads to the activation of the C-H bonds of alkanes, forming a 
discrete Ir alkyl hydride complex (Figure 1.7).24 In general, the rates of oxidative addition 
were higher for the cleavage of strong C-H bonds than for the cleavage of weak C-H 
bonds. Around this time, others disclosed similar reports,25,26 and later a study by Jones 
demonstrated that the rates of oxidative addition generally have a positive correlation 
with the strength of the metal-carbon bond that is being formed.20 
 

 
Figure 1.6 a) Intramolecular oxidative addition of alkyl C-H bonds reported by Chatt b) Inter-molecular 
oxidative addition of aryl C-H bonds reported by Chatt 
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Figure 1.7 Oxidative addition of alkyl C-H bonds by a photochemically generated low-valent Ir complex 
 

 While the complexes reported by Bergman, Jones, and others were highly reactive 
for the cleavage of C-H bonds, incorporation of the resulting metal alkyl hydride 
complexes into a catalytic cycle for an overall catalytic C-H bond functionalization 
proved to be challenging. Even stoichiometric reactions leading to an overall two-step C-
H bond functionalization were limited to halogenations.27 A breakthrough in this line of 
research came in 1995 when Waltz and Hartwig demonstrated that photochemically 
generated low-valent Fe, Mn, and Re boryl complexes can convert aryl and vinyl C-H 
bonds into useful carbon-boron bonds (Figure 1.8a), but alkyl C-H bonds did not react to 
form alkylboronate esters in useful yield.28 In 1997, the same authors discovered that a 
photochemically generated low-valent tungsten boryl complex reacts with alkanes to 
form alkylboronate esters in high yield (Figure 1.8b).29 The selectivity for this borylation 
of alkyl C-H bonds was unique amongst alkane functionalizations, in that the borylation 
occurred selectively at primary C-H bonds over secondary and tertiary C-H bonds. Thus, 
the selectivity of this metal-mediated C-H borylation mirrors the selectivity observed by 
Bergman, Jones and others for the stoichiometric cleavage of alkyl C-H bonds by low-
valent metal complexes. 
 

 
Figure 1.8 a) Photochemical C-H borylation of arenes with an iron-boryl reagent b) Photochemical borylation of 
alkanes with a tungsten-boryl reagent 
 
 Shortly following Hartwig’s initial discovery, methods for photochemical, 
catalytic as well as thermal, catalytic borylation of C-H bonds were reported. From these 
seminal works, a rich area of research has grown.30,31 The scope of methods for catalytic 
C-H borylation now encompasses a wide range of substrate classes, including those that 
undergo borylation at aryl, benzylic, primary alkyl, secondary alkyl, or even tertiary alkyl 
C-H bonds. Catalysts for these reactions include complexes of precious metals such as 
Rh, Ir, Pt, Pd, Ru and Re, complexes of base metals such as Co, Ni, and Fe, or even 
organocatalysts. While organoboron compounds are prepared traditionally by quenching 
organolithium or organomagnesium reagents with boron electrophiles (Figure 1.9a) or by 
hydroboration (Figure 1.9b),32 methods for C-H borylation offer an alternative approach 
that does not require prefunctionalization of the substrate (Figure 1.9c). Most of these C-
H borylation reactions are undirected, but in recent years there have been many reports of 
methods for directed borylation that afford high selectivity for functionalization at 
typically unreactive C-H bonds.31 In this overview, selected methods for undirected C-H 
borylation will be presented, classified by the type of C-H bond undergoing borylation. 
Finally, methods for directed C-H borylation will be presented. 
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Figure 1.9 Comparisons of traditional methods for the synthesis of organoboron compounds to C-H borylation a) 
Metalation of an aryl or alkyl halide followed by quenching with a boron electrophile b) Hydroboration of olefins 
c) C-H borylation 
 

1.3 Overview of Methods for Undirected, Catalytic Aryl C-H Borylation 
 
1.3.1 Early examples of Catalytic Aryl C-H Borylation: Development of the Ishiyama-
Miyaura-Hartwig Catalyst 
 
 The borylation of aryl C-H bonds is arguably one of the most useful undirected C-
H bond functionalizations available to synthetic organic chemists.30,33 The aryl boronate 
esters formed from this reaction can undergo numerous transformations to form new C-C 
and C-heteroatom bonds, such as Suzuki coupling, Chan-Lam-Evans coupling, and 
oxidation, to name a few. Aryl boronate esters are traditionally synthesized from the 
reaction of a carbon-based nucleophile with a boron-containing electrophile32 or by 
metal-catalyzed cross coupling (Miyaura borylation),34 but these methods generally start 
from an aryl halide. Thus, C-H borylation offers an attractive alternative that does not 
require initial installation of a reactive functional group. The utility of this reaction also 
comes from several other factors: 1) the unique selectivity for functionalization of aryl C-
H bonds, 2) the low temperatures at which the reactions typically occur, and 3) the fact 
that the arene can often be used as the limiting reagent. These factors will be discussed in 
further detail for the methods presented. 
 

 
Figure 1.10 Aryl C-H borylation catalyzed by Cp*Ir(PMe3)H(Bpin) 
 

 The earliest examples of aryl C-H borylation were catalyzed by complexes that 
were very similar to the complex reported by Bergman for stoichiometric C-H activation. 
In 1999 Smith and Maleczka reported that Cp*Ir(PMe3)H(Bpin) (Bpin = pinacolboryl) 
catalyzes the borylation of benzene with pinacolborane (HBpin) (Figure 1.10).35 
However, the reaction was sluggish, achieving only 3 turnovers after heating at 150 °C 
for 5 days. The development of improved catalysts followed rapidly, and in 2002, the 
same group reported that the combination of (Ind)Ir(COD) and a bisphosphine catalyzes 
the C-H borylation of arenes at significantly improved rates and with a broad functional 
group tolerance (Figure 1.11).36 The selectivity of the C-H functionalization appeared to 
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be determined primarily by the steric properties of the arene substrate, as 1,3-
disubstituted arenes reacted selectively at the 5-position. Thus, this borylation of arenes 
affords selectivity that is orthogonal to electrophilic aromatic substitution, and it provides 
a more direct route than traditional methods for the synthesis of 1,3,5-trisubstituted 
arenes. While this method allowed for unprecedented selectivity for arene 
functionalization, the requirement for high temperatures (100-150 °C) presented a 
drawback.  
 

 
Figure 1.11 Aryl C-H borylation catalyzed by an Ir-bisphosphine complex 
 
 Also in 2002, the labs of Ishiyama, Miyaura, and Hartwig discovered that the 
combination of an Ir(I) precursor and a bipyridine ligand instead of a bisphosphine 
catalyzes the borylation of aryl C-H bonds with B2pin2 (bispinacolatodiboron) at much 
milder temperatures than the bisphosphine-Ir catalyst reported by Smith and coworkers.37 
In a subsequent report, it was determined that with the combination of [Ir(COD)OMe]2 
and 4,4’-di-tert-butylbipyridine (dtbpy) as catalyst (Figure 1.12), a shorter induction 
period for catalyst activation than with the original system was observed, and high yields 
of the arylboronate ester were obtained.38 The borylation of arenes catalyzed by this 
combination of Ir(I) precursor and ligand occur in some cases at room temperature and 
can be conducted with the arene as the limiting reagent. For the remainder of this chapter, 
this catalyst will be referred to as the Ishiyama-Miyaura-Hartwig catalyst (IMH catalyst), 
and it is by far the most commonly used catalyst for aryl C-H borylation. 
 

 
Figure 1.12 Room temperature borylation of aryl C-H bonds with the IMH catalyst 
 
 The mechanism of the borylation of aryl C-H bonds catalyzed by the IMH 
catalyst has been investigated thoroughly by both computational and experimental 
methods. In the initial study by Ishiyama, Miyaura, and Hartwig, it was determined that 
the combination of Ir(I) precursor, a bipyridine ligand, and B2pin2, leads to the formation 
of a bipyridine-bound Ir-trisboryl olefin complex.37 This complex was demonstrated to 
react stoichiometrically with arenes to form arylboronate esters. Furthermore, this 
complex was shown to be catalytically competent for the borylation of arenes. Evidence 
in support of a trisboryl complex as the active catalytic species came from a 
computational study from the Sakaki group in 2003, which demonstrated through DFT 
calculations that the reaction likely occurred through oxidative addition of the aryl C-H 
bond to an Ir(III) trisboryl complex, rather than a Ir(I) monoboryl complex, forming an 
Ir(V) intermediate that could undergo reductive elimination to form the C-B bond. 
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Sakaki’s proposal was confirmed in an experimental study from Boller and Hartwig that 
showed through a crossover experiment that the borylation occurs directly from the Ir(III) 
trisboryl species rather than through reductive elimination of diboron to form a reactive 
Ir(I) monoboryl species.39 In this study, Boller and Hartwig proposed the mechanism 
shown in Figure 1.13, where oxidative addition is the turnover-limiting step, a proposal 
supported by kinetic isotope effect experiments. Following the oxidative addition, 
reductive elimination occurs generating the aryl boronate ester. The Ir-hydride that forms 
from this step can react with B2pin2 to regenerate the catalyst and form HBpin, which can 
also turn over the catalyst to generate H2 as the sole byproduct. 
 

 
Figure 1.13 Mechanism of aryl C-H borylation catalyzed by the IMH catalyst 
 

 Since the disclosure of the IMH catalyst, numerous methods for aryl C-H 
borylation have been reported that are catalyzed by this dtbpy-Ir complex. These methods 
demonstrate the power of this catalyst for the C-H borylation of a wide range of substrate 
classes containing a variety of functional groups. In the seminal disclosure, arenes 
containing ether, ester, cyano, and halogen functional groups reacted with B2pin2 
catalyzed by the IMH catalyst to form arylboronate esters in excellent yield.38 
  

 
Figure 1.14 a) Borylation of simple 5-membered heteroarenes with the IMH catalyst b) Selective borylation of 
2-substituted indoles at the 7-position 
 

 While the selectivity for the borylation of simple arenes can be predicted from the 
steric properties of the arene, it was demonstrated that the borylation of five-membered 
heterocycles containing one heteroatom form the products from borylation alpha to the 
heteroatom (Figure 1.14a).40-42 However, Smith, Maleczka and coworkers demonstrated 
that the borylation of 2-substituted indoles, where the position alpha to the free N-H is 
blocked, occurs at the 7-position, ortho to the free N-H (Figure 1.14b).43 This unique 
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selectivity was proposed to occur due to hydrogen bonding between the free N-H and an 
oxygen atom of a boryl ligand on Ir in the transition-state for C-H oxidative addition. In 
contrast to the selectivity for the borylation of five-membered heterocycles, the 
borylation of pyridine does not occur alpha to the heteroatom, but rather forms a 
statistical mixture of the products of borylation at the 3- and 4-positions (Figure 1.15).40  
 

 
Figure 1.15 Borylation of pyridine with the IMH catalyst 
 
1.3.2 Applications of Aryl C-H Borylation with the IMH Catalyst for Sequences of C-H 
Borylation Followed by Functionalization 
 
 The full synthetic utility of aryl C-H borylation catalyzed by the IMH system is 
best demonstrated through sequencing this reaction with the functionalization of the 
arylboronate esters that are formed. Several groups have focused on the development of 
transformations of aryl pinacol boronates to form new C-C and C-heteroatom bonds with 
the goal of conducting a sequence of C-H borylation followed by functionalization to 
afford a net transformation of a C-H bond to a C-X moiety, where X could be a variety of 
functional groups. Smith and Maleczka demonstrated a net C-H oxidation of arenes to 
phenols through the formation of intermediate aryl boronate esters. A variety of arenes 
reacted with B2pin2 in the presence of the IMH catalyst to afford the crude aryl boronate 
esters, which could be subjected to oxidation by oxone to form phenols in good yield and 
excellent selectivity.44 The utility of such a meta-selective aryl C-H oxidation cannot be 
overstated as 3,5-disubstituted phenols are challenging to synthesize by other methods. In 
light of this, the Merck process chemistry group recently performed a 75 kg scale 
synthesis of 1-chloro-3-iodophenol through the combination of C-H borylation and 
oxidation to support phase III clinical trials of the non-nucleoside reverse transcriptase 
inhibitor, Doravirine (Figure 1.16).45 For reasons of cost for this large-scale process, the 
di-tert-butylbipyridine ligand of the IMH catalyst was replaced with bipyridine.  
 

 
Figure 1.16 Large-scale synthesis of 1-chloro-3-iodophenol by a sequence of C-H borylation followed by 
oxidation intermediate toward Doravirine 
 
 Aryl C-H borylation has also been conducted in conjunction with Chan-Lam-
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the oxidative amination, alkoxylation, and phenoxylation of aryl boronic acids, this 
reaction is amenable to the functionalization of aryl boronate esters with certain 
nucleophiles. Tzschuke, Murphy and Hartwig demonstrated that aryl boronate esters 
formed by C-H borylation could undergo a copper-catalyzed amination with alkylamines 
to form anilines (Figure 1.17). For less basic nucleophiles such as anilines and phenols, 
the aryl boronate esters formed from C-H borylation were first converted to the 
corresponding aryl boronic acids prior to Chan-Lam-Evans coupling. 
 

 
Figure 1.17 Formation of alkylanilines from arenes by a sequence of C-H borylation followed by Chan-Lam-
Evans coupling 
 

 Copper-mediated halogenations of aryl boronate esters have also been developed 
with the goal of conducting C-H borylation followed by halogenation to allow for an 
overall meta-selective C-H halogenation, which is selectivity that is orthogonal to that 
obtained through electrophilic aromatic substitution. In 2007, Murphy and Hartwig 
reported that the C-H borylation of arenes catalyzed by the IMH catalyst followed by 
treatment of the crude mixture with CuCl2 or CuBr2 in MeOH furnishes chlorinated or 
brominated arenes, respectively.46  
 

 
Figure 1.18 C-H borylation followed by halogenation in the total syntheses of taiwaniaquinone H and 
taiwaniaquinol B 
 

 Given the unique selectivity of this overall C-H halogenation, the utility of this 
chemistry has been demonstrated in the context of natural product synthesis. For 
example, in the synthesis of taiwaniaquinone H and taiwaniaquinol B reported by Liao, 
Stanley and Hartwig, the authors used the combination of C-H borylation and 
halogenation to install a bromine at the meta position of an aryl ring (Figure 1.18).47 In a 
subsequent step, a key sp3-sp2 carbon-carbon bond was bond was formed through alpha 
arylation with the bromoarene synthesized via the combination of C-H borylation and 

Cy-H, 80 ºC

CF3

MeO CF3

B2pin2
[Ir(COD)OMe]2 0.025 mol%

dtbpy 0.05 mol%

MeO

Bpin

97%

NH2
EtO

OEt 2 equiv
Cu(OAc)2 10 mol%

KF, 4Å MS

MeCN, H2O, O2
80 ºC

CF3MeO

HN
OEt

OEt
57%

2) CuBr2 3 equiv
MeOH, H2O, 80 ºC

MeO OMe

1) B2pin2
[Ir(COD)OMe]2 0.25 mol%
dtbpy 0.5 mol%
Cy-H, 80 ºC

MeO OMe

Br
75%, 2 steps

and

MeO

O

O

MeO

OMe

OH

O

Taiwaniaquinone H

Taiwaniaquinol B



                                                                                                                         Chapter 1 

	 12 

halogenation as the substrate. An overall C-H fluorination has also been achieved through 
the combination of C-H borylation and halogenation.48 Fier and Hartwig reported that 
aryl boronate esters formed form C-H borylation react with an N-fluoropyridinium salt in 
the presence of a copper additive to form aryl fluorides.  
 

 
Figure 1.19 C-H borylation followed by Suzuki coupling in the total synthesis of complanadine A 
 

 The synthetic utility and selectivity of aryl C-H borylation with the IMH catalyst 
has also been leveraged to conduct overall C-H arylation, C-H alkylation, and C-H 
cyanation sequences to form new C-C bonds. Robbins and Hartwig reported an overall C-
H arylation of fluorinated arenes and simple heteroarenes.49 The initial iridium-catalyzed 
C-H borylation forms the corresponding aryl pinacol boronate esters, which are typically 
more stable than the fluorinated aryl boronic acids and heteroaryl boronic acids. These 
intermediates were not isolated and subjected directly to Suzuki coupling conditions to 
afford new biaryl compounds. This combination of aryl C-H borylation and arylation has 
also been used in the context of total synthesis. For example, Fischer and Sarpong, in 
their convergent synthesis of complanadine A, reported the combination of C-H 
borylation and Suzuki coupling to bring together two fragments, forming the new C-C 
bond between the two pyridine rings of a late-stage intermediate (Figure 1.19).50 
Alkylation of aryl boronate esters formed from C-H borylation with the IMH catalyst has 
also been achieved. Robbins and Hartwig reported that Ni and Pd catalysis allows for the 
alkylation of aryl boronate esters with alkyl, allylic, and benzylic halides (Figure 1.20).51 
Fluoroalkylations of aryl boronates are also possible under redox neutral or oxidative 
coupling conditions mediated by copper. Shen and coworkers reported a C-H borylation 
and Cu-catalyzed trifluoromethylation sequence, where the CF3 source was the 
electrophilic Togni reagent. Concurrently, Hartwig and coworkers reported a similar 
method involving C-H borylation followed by fluoroalkylation (Figure 1.21a).52 The 
fluoroalkyl source was a phenanthroline-bound Cu-fluoroalkyl reagent, and the coupling 
occurred in the presence of air. Lastly, the cyanation of aryl boronate esters was reported 
by Liskey and Hartwig in 2010 (Figure 1.21b).53 For a variety of arenes, a sequence of C-
H borylation, followed by copper mediated cyanation, allowed for the preparation of 
benzonitrile derivatives from arenes in good overall yield. 
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Figure 1.20 Alkylation of arenes through the combination of C-H borylation and alkylation 
 

 
Figure 1.21 a) Trifluoromethylation of arenes through the combination of C-H borylation and 
trifluoromethylation b) Cyanation of arenes through the combination of C-H borylation and cyanation. 
 

1.3.3 Beyond the IMH Catalyst: Novel Iridium Catalysts for Aryl C-H Borylation 
 
 For nearly a decade, aryl C-H borylation was almost exclusively conducted with 
the IMH catalyst. While this catalyst is tolerant of a variety of functional groups and can 
achieve high turnovers for the borylation of arenes, several groups have focused their 
research efforts on developing new iridium catalysts for aryl C-H borylation that could 
potentially broaden the scope of the reaction. In 2012, Liskey and Hartwig reported that 
while the borylation of alkanes catalyzed by the IMH catalyst afford alkylboronate esters 
in low yield, a new Ir complex, bound by a phenanthroline ligand, catalyzes the 
borylation of alkanes to form alkylboronate esters in good yield (vide infra).54 With the 
combination of [Ir(COD)OMe]2 and 3,4,7,8-tetramethylphenanthroline (tmphen) as 
catalyst, the highest yields were obtained. With this same catalyst, Smith, Maleczka and 
coworkers reported that the borylation of arenes occurs oftentimes in higher yield than 
reactions catalyzed by the IMH catalyst (Figure 1.22).55 This difference in yield was 
particularly large for the borylation of electron-rich arenes. 
 

 
Figure 1.22 Comparison of yields for aryl C-H borylation of an electron-rich arene catalyzed by the combination 
of an Ir(I) precursor and either dtbpy or tmphen.  
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 While the borylation of simple heteroarenes containing one heteroatom and some 
more complex heteroaryl substrates had been reported with the IMH catalyst,40-43,56-59 the 
borylation of heteroarenes was underexplored before the discovery of the Ir-tmphen 
catalyst. Preshlock, Smith, and Maleczka reported that the borylation of azaindoles and 
pyrazoles with B2pin2 catalyzed by Ir-tmphen forms the corresponding heteroarylboronate 
esters in good yield and high selectivity.60 Shortly after, we reported an in-depth study of 
the scope and mechanism of the borylation of heteroarenes catalyzed by the combination 
of an Ir(I) precursor and tmphen (see Chapter 2 for details).61 In this study, we reported 
applications of the C-H borylation of heteroarenes with this new catalyst toward the 
synthesis and functionalization of biologically active compounds (Figure 1.23). Also, it 
was found that the borylation of heteroarenes catalyzed by Ir-tmphen generally occurs in 
higher yield than the borylation of heteroarenes catalyzed by the IMH catalyst. 
Additionally, rules were established for predicting the regioselectivity of C-H borylation 
of electronically diverse heteroarenes, and the origins of this selectivity were revealed 
through mechanistic studies. 
 

 
Figure 1.23 C-H borylation of a heteroarene with Ir-tmphen as catalyst followed by oxidation affords an 
intermediate in the synthesis of a diabetes therapeutic 
 

 
Figure 1.24 Selective C-H borylation at the 6-position of an indole enables a short total synthesis of 
verrucolugen 
 
 The goal of attaining novel selectivity for the borylation of arenes has also been a 
driving force toward the development of new Ir catalysts. While the selectivity is high for 
the borylation 1,3-disubstituted arenes catalyzed by the IMH catalyst, the borylation of 
unsymmetrical 1,2-disubstituted arenes occurs in low selectivity for a variety of 
substitution patterns, as reported by Marder and Steel in 2012.58 However, in the total 
synthesis of Verruculogen from Baran and coworkers, the combination of Ir-catalyzed 
borylation and methoxylation was conducted to functionalize the 6-position of an indole 
(effectively a 1,2-disubstituted arene) selectively.62 While the selectivity for borylation at 
the 6-position over the 5-position was low (2.7:1) for the reaction catalyzed by the IMH 
catalyst, the authors found the selectivity was much higher (8:1) with phenanthroline as 
the ligand instead of dtbpy (Figure 1.24). Another class of substrate that undergoes 
borylation in low selectivity when catalyzed by IMH catalyst is mono-substituted arenes. 
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Itami and coworkers reported that an Ir-bisphosphine catalyzes the borylation of bulky 
mono-substituted arenes with up to 10:1 para selectivity (Figure 1.25). The phosphine in 
this case was a bulky methoxy-BIPHEP derivative, and the selectivity was proposed to 
occur due to the demanding steric properties of the phosphine proximal to the Ir metal 
center.63 These examples show that there is great potential for the development of new 
catalysts that can discriminate between aryl C-H bonds that have somewhat similar 
electronic and steric properties. 
 

 
Figure 1.25 Para-selective C-H borylation of bulky mono-substituted arenes catalyzed by an Ir-bisphosphine 
complex 
 

 A potential drawback of the IMH catalyst is the fact that it is most often formed in 
situ from the combination an Ir(I) precursor and ligand, which can lead to 
irreproducibility on larger scales. In 2014, Colacot and coworkers from Johnson Matthey, 
highlighted this drawback in the context of the development of a single-component 
precatalyst for aryl C-H borylation.64 In their study, they discovered that a precatalyst 
generated from [Ir(COD)Cl]2 and the inexpensive 1,10-phenanthroline served as a 
reliable precatalyst, allowing for reproducible yields of aryl C-H borylation. With this 
new precatalyst, several classes of heteroaryl substrates underwent borylation to form 
products in higher yield then with the IMH catalyst (Figure 1.26).  
 

 
Figure 1.26 Single-component precatalyst containing phenanthroline facilitates reproducible, high-yielding 
borylation of arenes 
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demonstrated to have high stability due to the suppression of bimetallic deactivation 
pathways from immobilization of Ir within the MOF. For example, the borylation of m-
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was recyclable. For the borylation of indole with a 0.5 mol% catalyst loading, the catalyst 
was reused 15 times, affording the borylated indole in yields of >89% each time.  
 

 
Figure 1.27 C-H borylation catalyzed by Ir ligated to a bipyridine-containing MOF 
  

 
Figure 1.28 C-H borylation of arenes with a novel catalyst containing two BN-type ligands. 
 

 Most Ir catalysts for aryl C-H borylation have the same general structure: a 
chelating nitrogen ligand bound to Ir, which most likely has three boryl ligands in the 
structure of the active catalyst. However, recently some new types of catalysts have been 
reported. Recognizing that only one of the boryl ligands is necessary for the C-B bond-
forming step in the reaction, Li and coworkers reported an Ir catalyst that contains two 
chelating BN-type ligands, leaving one site for a reactive boryl ligand and one site for the 
C-H activation.66 The ligand is composed of a pyridine donor linked to a diaminoboryl 
donor, which is potentially more donating than a pinacol boryl ligand, and this ligand is 
metalated by insertion of Ir(I) into the B-B bond of a diboron preligand (Figure 1.28). 
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preligand occurs at a higher rates than the borylation catalyzed by Ir-tmphen. Another 
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POCOP-type pincer ligand catalyzes the borylation of arenes (Figure 1.29) with high 
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turnover numbers (20,000 TON for the borylation of benzene).69 While this value for 
turnover numbers is close to rivaling that for the IMH catalyst,39 the major drawback for 
Ozerov’s catalyst is the requirement of an olefin as hydrogen acceptor to turn over the 
catalyst. However, this example clearly demonstrates that the design of future Ir catalysts 
for borylation need not be limited to the paradigm of a chelating nitrogen ligand bound to 
Ir.  
 

 
Figure 1.29 C-H borylation of arenes catalyzed by an Ir-POCOP complex 
 

1.3.4 Beyond Iridium: Catalysts for Aryl C-H Borylation Containing Other Precious 
Metals or Base Metals and Organocatalysts 
 
 By far, catalysts containing iridium for the borylation of aryl C-H bonds are more 
common than those containing other metals, but an ever-increasing number of studies 
suggest that catalysts containing other transition metals or no metals at all could become 
a new focus of development in the area of C-H borylation research. Reasons for the 
development of such catalysts include the desire to discover less expensive alternatives to 
Ir and the development of catalysts that provide for orthogonal selectivity to that 
observed for Ir catalysts.  
 

 
Figure 1.30 Rh-catalyzed borylation of arenes with pinacolborane 
 

 The use of metals other than Ir for the catalysis of aryl C-H borylation goes back 
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alkanes with B2pin2 catalyzed by Cp*Rh(η4-C6Me6) (vide infra), and they demonstrated 
that this complex was also capable of catalyzing the borylation of benzene in high yield.70 
Smith and coworkers further explored the borylation of arenes with this catalyst, but with 
HBpin as the boron source instead of B2pin2 (Figure 1.30).71 The selectivity for the 
borylation of arenes catalyzed by Cp*Rh(η4-C6Me6) mirrors the selectivity observed for 
the borylation of arenes catalyzed by the IMH catalyst. Some other examples of Rh 
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Rh(COD)(acac) from Beller,73 and a trispyrazolyl borate Rh complex reported by 
Murata.74 However, for the borylation of methylarenes catalyzed by these complexes, the 
corresponding benzylic boronate esters were sometimes observed as the major product 
(vide infra). 
 

 
Figure 1.31 a) Ni-catalyzed borylation of arenes b) Pt-catalyzed borylation of hindered arenes 
 
 While there are a few reports of palladium catalysts for the directed borylation of 
aryl C-H bonds (vide infra), there are no examples of palladium catalysts for the 
undirected borylation of aryl C-H bonds. However, recently Furukawa, Tobisu, and 
Chatani have reported both Ni and Pt catalysts for the undirected borylation of arenes. 
Their first report demonstrated that the combination of Ni(COD)2, a carbene ligand, and 
base catalyzes the borylation of arenes with pinacolborane.75 The authors observed 
unusual selectivity for the borylation of arenes catalyzed by this Ni-carbene complex. For 
example, while the borylation of mono-substituted arenes occurred mostly at the 
positions meta and para to the substituent, borylation was also observed to occur ortho to 
the substituent. If the substituent was a methoxy group, the major product was the ortho-
borylation product (Figure 1.31a). Furthermore if the substituent was an alkyl group, 
benzylic borylation was competitive with aryl C-H borylation. Later, the same authors 
reported that a carbene-ligated Pt complex catalyzes the borylation of arenes with 
pinacolborane.76 While the selectivity with this catalyst for the borylation of aryl C-H 
bonds is similar to that observed with the analogous Ni catalyst, no benzylic borylation 
was observed for the Pt-catalyzed method. This allowed for the unprecedented borylation 
of the sterically hindered aryl C-H bonds of mesitylene, a substrate that for steric reasons 
exclusively undergoes benzylic borylation with the IMH catalyst.   
 

 
Figure 1.32 C-H borylation of pyridines alpha to nitrogen enabled by a Co catalyst 
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coworkers demonstrated that a Co-methyl fragment ligated by a PNP-type pincer ligand 
reacts with benzene to form methane and a PNP-Co-phenyl complex, implying that 
activation of an aryl C-H bond had occurred.77 Following this initial discovery, 
Obligacion and Chirik reported that a Co-neosilyl complex (see Figure 1.32) ligated by 
the same PNP-type ligand catalyzes the borylation of aryl C-H bonds with B2pin2.

78 The 
borylation of simple arenes catalyzed by this Co complex occurred with identical 
selectivity observed for the borylation of arenes catalyzed by the IMH catalyst. However, 
with this Co catalyst the rates for the borylation of simple arenes were slow and required 
solvent quantities of the arene to achieve useful rates. In contrast, the Co-catalyzed 
borylation of simple 5-membered heterocycles occurred at room temperature. The PNP-
Co-neosilyl complex also catalyzes the C-H borylation of pyridines with unusual 
selectivity. While the Ir-catalyzed borylation of pyridines is only observed at the C-H 
bond alpha to nitrogen for very electron-poor pyridines79, the analogous Co-catalyzed 
reaction forms significant quantities of these 2-boryl pyridine products, and the scope of 
this reaction includes electron-rich pyridines (Figure 1.32). In a follow-up mechanistic 
study, Obligacion and Chirik determined that the a PNP-Co-boryl complex is the active 
species and cleaves the aryl C-H bond by a turnover-limiting oxidative addition forming 
a CoIII complex that reductively eliminates the aryl boronate ester.80 They also determined 
that under the reaction conditions, the ligand undergoes borylation at the 4-position of the 
pyridine ring, forming a less active catalyst. To block this decomposition, the authors 
designed a second-generation ligand with a pyrrolidinyl substituent at the 4-position, 
which gave improved rates. Furthermore, the authors demonstrated that C-H activation 
with this new catalyst was likely reversible and that C-B reductive elimination was the 
turnover-limiting step. 
 

 
Figure 1.33 Photochemical C-H borylation of arenes catalyzed by a Fe-Cu bimetallic complex 
 
 Though stoichiometric C-H borylation of arenes with iron boryl complexes were 
among the very first C-H borylation reactions reported, aryl C-H borylation catalyzed by 
an iron complex has only recently been reported. In the 1995 report from Waltz and 
Hartwig, irradiated CpFe(CO)2Bcat (Bcat = catechol boryl) reacts with arenes to form 
aryl boronate esters and an intermediate CpFe(CO)2H, but this Fe-hydride rapidly 
dimerizes to form [CpFe(CO)2]2 with the release of H2.

28 The dimer that is formed does 
not turnover in the presence of HBcat to reform CpFe(CO)2Bcat. Thus, no catalysis takes 
place. Nearly two decades later, Mazzacano and Mankad reported that a bimetallic 
complex containing the CpFe(CO)2 fragment bound to a Cu-carbene complex through a 
metal-metal bond catalyzes the borylation of arenes with HBpin under UV irradiation 
(Figure 1.33). This bimetallic complex reacts reversibly with pinacolborane to form small 
concentrations of the reactive CpFe(CO)2Bpin complex and [Cu(NHC)H]2. The authors 
propose that the intermediate CpFe(CO)2H formed following C-H borylation dimerizes 
more slowly than it reacts with [Cu(NHC)H]2 to form H2 and the starting bimetallic 
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complex, leading to turnover of the catalyst. Though neat arene is required and the yields 
are generally low, this work demonstrates the potential of metal-metal cooperativity to 
facilitate catalytic aryl C-H borylation. 
 

 
Figure 1.34 C-H borylation of electron-rich heteroarenes catalyzed by a dialkylamino-phenylborane 
organocatalyst. 
 
 Some very recent work has demonstrated that the borylation of arenes can be 
conducted without any transition metal at all. Fontaine and coworkers reported in 2015 
that frustrated Lewis pairs (FLP’s) are capable of cleaving aryl C-H bonds.81 They 
demonstrated that a 2-dialkylaminophenylborane reacts with electron-rich 5-membered 
heteroarenes to form hydrogen gas and a 2-dialkylaminophenylheteroarylborane. This 
intermediate reacts with pinacolborane to generate a heteroarylboronate ester and the 
starting organocatalyst (Figure 1.34). The authors propose that the C-H bond is cleaved in 
a concerted step, where the amino moiety “deprotonates” the heteroarene while the 
heteroarene simultaneously attacks the electrophilic boryl group. This generates an acidic 
ammonium group ortho to a hydridic borate group, which leads to rapid formation of 
hydrogen gas. While this reaction is the first of its kind, the scope is limited to the 
borylation of electron-rich 5-membered heteroarenes, which was observed to occur 
typically at the C-H bond alpha to the heteroatom. Repo and Papai reported a similar 
organocatalyst for the borylation of 5-membered heteroarenes in 2016.82 They 
demonstrated that a protonated aminopyridine reacts with catecholborane to form a 
highly electrophilic borenium cation and H2. This borenium cation reacts with 
heteroarenes to form heteroarylboronate esters and the protonated aminopyridine 
organocatalyst. 
 

 
 
Figure 1.35 C-H borylation catalyzed by an aminopyridinium species that forms a borenium catalyst 
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1.3.5 Summary of Methods for Undirected, Catalytic Aryl C-H Borylation and Outlook 
 
 Even though catalytic aryl C-H borylation is a relatively new addition to synthetic 
organic chemistry, it has emerged as a significant area of research, especially over the last 
few years. Methods for undirected aryl C-H borylation are unique amongst undirected C-
H bond functionalizations for several reasons. First, aryl C-H borylation is one of the few 
catalytic, undirected C-H bond functionalizations that occurs without the need for neat 
substrate. Second, from the arylboronate esters that are formed from these reactions, one 
can generate many different types of C-C or C-heteroatom bonds. Thus, aryl C-H 
borylation is a versatile tool for synthetic organic chemists. Lastly, these reactions often 
occur under relatively mild conditions. 
 Because aryl C-H borylation has developed so rapidly, the outlook for future 
developments centers more on curiosity then practicality. Due to the reaction’s mild 
conditions and amenability to the use of arene as the limiting reagent, aryl C-H borylation 
is already a tool used industrially on both large and small scales, so the reaction has 
proven to be practical. Thus, future endeavors will most likely focus on developing 
catalysts with novel selectivity. These new catalysts might provide general methods for 
the selective borylation of 1,2-disubstituted arenes, 1,4-disubstituted arenes, or mono-
substituted arenes. Another potentially fruitful area of research would be the further 
development of catalysts that could allow for aryl C-H borylation with Freidel-Crafts 
type selectivity, because such a reaction would be a true single-step replacement for an 
electrophilic bromination/metalation/borylation sequence for the synthesis of aryl 
boronate esters. While the work of Papai and Fontaine has demonstrated that electrophilic 
borane catalysts show this type of reactivity, the scope is limited to electron-rich 
heteroarenes. Further research may also be aimed at developing catalysts that allow for a 
greater functional group tolerance. Some functional groups that are problematic for 
various reasons include nitro groups, protic groups, enolizable protons (especially those 
of esters), aldehydes, alkyl halides, sulfonyl groups, olefins, and alkynes. Also certain 
arrangements of heteroatoms in azoles can lead to catalyst deactivation, most notably for 
1,3-azoles without a 2-substituent. Undoubtedly solutions to these problems of selectivity 
and functional group tolerance will come in due time, especially given the current 
diversity of researchers that are now active in the field of aryl C-H borylation. 
 
1.4 Overview of Methods for Undirected, Catalytic Benzylic C-H Borylation 
 
1.4.1 Background on Benzylic C-H Borylation 
 
 Unlike aryl boronate esters, benzylic boronate esters are rarely used for the 
formation of C-C and C-heteroatom bonds. This most likely stems from the way in which 
these compounds are synthesized. Usually these compounds are made from quenching a 
metal-benzyl compound with a boron electrophile. The metal-benzyl compound is 
generally generated from a benzylic halide, a very reactive electrophile. Given the broad 
synthetic utility of benzylic halides as electrophiles, there are very few situations where 
one would need to convert it to a nucleophile. However, if one could generate a benzylic 
boronate ester in a single step by the C-H borylation of an alkyl arene, then the use of 
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benzylic boronate esters as intermediates in a sequence of C-H borylation followed by 
functionalization could become common. Such a benzylic C-H borylation method could 
be a way to convert methylarenes to primary benzylic boronate esters, which are 
compounds that cannot be synthesized by hydroboration. Thus, benzylic borylation could 
be a way to rapidly access benzylic nucleophiles directly from inexpensive alkylarenes. 
 
1.4.1 Early Examples of Benzylic C-H Borylation: 
 
 The formation of benzylic boronate esters by the catalytic borylation of the 
benzylic C-H bonds of methylarenes was reported as early as 2001. Marder and 
coworkers reported that [RhCl(N2)(PiPr3)2] catalyzes the benzylic borylation of neat 
methylarenes with HBpin in good yield and ~5:1 selectivity for the benzylic boronate 
over the aryl boronate ester.72 However, the reaction required high temperatures and there 
were no examples of the benzylic borylation of functionalized methylarenes. That same 
year, Ishiyama and Miyaura reported that Pd/C catalyzes a selective benzylic borylation 
of alkyl arenes with B2pin2. Aryl C-H borylation was not detected under these reaction 
conditions. However, this method is also limited by the need for neat alkylarene and a 
lack of scope. In 2004, Beller and coworkers also reported the selective benzylic 
borylation of o-xylene with pinacolborane catalyzed by the combination of bipyridine 
and Rh(COD)acac. These examples show that rates for benzylic borylation can be 
competitive with rates for aryl C-H borylation. However, for such benzylic borylation 
methodology to be useful, the generality of the substrate scope needed to be increased. 
 
1.4.2 The Development of General Methods for Benzylic C-H Borylation 
 

 
Figure 1.36 Benzylic borylation of methylarenes with a silylborane reagent catalyzed by an Ir complex 
containing an electron-deficient phenanthroline 
 

 A clue as to how one might alter the IMH catalyst to allow for a selective benzylic 
C-H borylation came in 2008 with a report from Boebel and Hartwig.83 In this study, the 
authors demonstrated that while the borylation of methylarenes with B2pin2 catalyzed by 
the IMH catalyst forms exclusively aryl boronate esters, switching the boron source from 
B2pin2 to Et3SiBpin alters the selectivity dramatically. It was observed that reactions of 
methylarenes with Et3SiBpin catalyzed by the combination of [Ir(COD)OMe]2 and dtbpy 
form benzylic boronate esters minor, but significant side products. Building off of this 
result, we reported that the borylation of methylarenes with Et3SiBpin catalyzed by an Ir 
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complex containing an electron-deficient phenanthroline occurs in good yield and often 
high selectivity for the formation of benzylic boronate esters (Figure 1.36; see Chapter 3 
for details).84 The reaction could be conducted without neat methylarene, and the scope 
includes methylarenes containing a variety of functional groups. Thus, with alterations of 
the reagent and the ligand of the IMH catalyst, a benzylic borylation method was 
developed that had a similar functional group tolerance to aryl C-H borylation reactions 
catalyzed by the IMH catalyst. Experimental and computational studies on this reaction 
support a mechanism where an Ir diboryl monosilyl complex undergoes a reversible 
oxidative addition of a benzylic C-H bond, followed by a slow isomerization, and 
reductive elimination to generate the benzylic boronate ester. 
 

 
Figure 1.37 Benzylic borylation of methylarenes catalyzed by a Co-diimine complex 
 

 A year after our report, Chirik and coworkers reported a CoII diimine catalyst for 
the benzylic borylation of methylarenes with B2pin2 (Figure 1.37).85 Like Ishiyama’s 
report in 2001,86 Chirik’s Co catalyst allowed for the borylation of methylarenes in good 
yield with complete selectivity for the formation of benzylic boronate esters, albeit after 
long reaction times (1-5 days). Bisborylation as well as trisborylation were significant 
side reactions, but the authors reported a simple workup that protodeborylates the bis- 
and trisboryl products back to the monoboryl products. The borylation of isopropyl 
arenes with this Co catalyst occurs at the primary C-H bonds of the isopropyl group, 
selectivity that was also observed by Ishiyama and coworkers in 2001. The authors 
suggest that benzylic C-H activation is followed by chain-walking of the catalyst to form 
a metal primary alkyl complex before C-B bond forming reductive elimination. The 
observation that Chirik’s catalyst can activate tertiary benzylic C-H bonds along with the 
fact that no aryl boronate esters are formed seems to suggest a homolytic mode of C-H 
activation. However, the authors did not propose a mechanism or comment on the mode 
of C-H activation. 
 

 
Figure 1.38 Benzylic C-H borylation catalyzed by a MOF containing electrophilic Co catalytic sites 
 

 Very recently, Lin and coworkers reported another cobalt catalyst for benzylic 
borylation. The authors demonstrate that a MOF containing Zr3(μ-OH)3 SBU’s linked by 
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terphenyl dicarboxylate linkers can undergo metalation with CoCl2, forming a MOF 
(UiO-68-CoCl) with an electrophilic catalytic site. The borylation of methylarenes with 
B2pin2 catalyzed by the combination of UiO-68-CoCl and NaBEt3H forms benzylic 
boronate esters in high selectivity (up to 96:4) over the corresponding aryl boronate 
esters. In a large departure from the selectivity of our catalyst or Chirik’s catalyst, Lin’s 
catalyst can form a tertiary benzylic boronate ester from isopropyl benzene in 4:1 
selectivity over the aryl boronate ester (Figure 1.38). This is the first and only example of 
undirected tertiary C-H borylation. The authors claim that since the Co metal center is 
electrophilic, C-H oxidative addition is unlikely to be the mode of C-H activation. They 
instead propose that C-H activation occurs through sigma-bond metathesis. 
 
1.4.3 Summary of Methods for Undirected, Catalytic Benzylic C-H Borylation and 
Outlook 
 
 The development of synthetically useful methodology for benzylic C-H 
borylation is still at an early stage, but already three fairly distinct strategies have 
emerged that allow for benzylic borylation with high selectivity. On the one hand, our Ir-
catalyzed methodology has a broad scope and short reaction times, but the selectivity is 
not complete for the benzylic boronate. On the other hand, Chirik’s method can form 
benzylic boronate esters selectively, but the scope is more limited than our method and 
the reaction times are quite long. Lastly, Lin’s method allows for the borylation of 
secondary and tertiary benzylic C-H bonds, but the scope is limited and reaction times are 
long. For benzylic C-H borylation to be a practical method, catalysts must be developed 
that combine the strengths of the existing methods, so that the reaction can occur with 
complete selectivity, with broad scope, and with short reaction times. 
 
1.5 Overview of Methods for Undirected, Catalytic Alkyl C-H Borylation 
 
1.5.1 Background on Alkyl C-H Borylation 
 
 The development of stoichiometric and catalytic methods for the borylation of 
alkyl C-H bonds dates back nearly as far as the development of the analogous methods 
for aryl C-H borylation, but the borylation of alkyl C-H bonds is a much more 
challenging reaction to develop. In general, it is widely recognized that the concerted 
cleavage of C-H bonds by a metal occurs much faster for aryl C-H bonds than for alkyl 
C-H bonds,20,24 and this phenomenon is represented in the relative rates for alkyl and aryl 
C-H borylation. While the methods for the catalytic borylation of aryl C-H bonds rapidly 
developed into a practical reaction that occurs at mild temperatures and with limiting 
arene, contemporary methods for catalytic alkyl C-H borylation are similar to their 
predecessors, in that they still require high temperatures and solvent quantities of the 
alkane substrate. Nevertheless, significant progress has been made in identifying potential 
catalysts containing various metals including Re, Rh, Ir, and Ru, with the goal of 
developing practical methodology for the conversion of alkanes to alkylboronate esters. 
 While alkyl boronate esters can be synthesized by hydroboration, the C-H 
borylation of alkanes does not require the prefunctionalization of the substrate with a C-C 
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double bond. Thus, alkyl C-H borylation could be a powerful, complementary method to 
hydroboration. The alkyl boronate esters formed from this reaction can undergo 
numerous transformations, some of which are unique to this class of organoboronate. C-C 
and C-heteroatom bond-forming transformations that involve 1,2-metalate 
rearrangements of “ate” complexes formed from alkyl boronate esters have been 
developed extensively in recent years by the groups of Aggarwal and Morken,87 which 
have dramatically improved the synthetic utility of these intermediates. Thus, even 
though developments in catalytic alkyl C-H borylation have been slow, there is still a 
strong impetus for research in this area.  
 
1.5.2 Early Examples of Alkyl C-H Borylation 
 
 Within two years of Waltz and Hartwig’s disclosure of photochemical alkane 
borylation with a tungsten-boryl complex, the first catalytic borylation of alkanes was 
reported. In 1999, Chen and Hartwig reported a photochemical, catalytic borylation of 
alkanes with B2pin2 catalyzed by Cp*Re(CO)3 (Figure 1.39).88 For Hartwig’s previously 
reported stoichiometric borylation with iron28 and tungsten reagents,29 turnover in the 
presence of borane was not achieved likely due to the formation of inactive dimeric 
species. However, Chen and Hartwig discovered that the reaction of alkanes and B2pin2 
under UV radiation in the presence of catalytic Cp*Re(CO)3 could achieve turnover, 
provided the reaction was conducted under a CO atmosphere, allowing the regeneration 
of Cp*Re(CO)3. The reaction occurred selectively at primary C-H bonds over secondary 
and tertiary C-H bonds. A year later, the same authors reported the first thermal, catalytic 
borylation of alkanes with Cp*Rh(η4-C6Me6).

70 At 150 °C, the reaction of alkanes with 
B2pin2 catalyzed by Cp*Rh(η4-C6Me6) forms alkylboronate esters in high yield and high 
selectivity for borylation at primary C-H bonds. Although this catalyst was developed 
over 15 years ago, it still stands as one of most active catalysts for alkane borylation. 
 

 
Figure 1.39 Photochemical, catalytic C-H borylation of alkanes catalyzed by a Re complex 
 

 
Figure 1.40 Thermal, catalytic C-H borylation of alkanes catalyzed by a Rh complex 
 
 The Rh-catalyzed alkyl C-H borylation methodology developed by Chen and 
Hartwig allowed for the selective catalytic functionalization of primary C-H bonds, 
which was unprecedented selectivity in alkane functionalization. Unfortunately, the 
requirement for solvent quantities of the substrate and high temperatures severely limit its 
application in fine chemical synthesis. However, in 2005 Hartwig, Hillmyer and 
coworkers demonstrated that this methodology was useful in the context of polymer 
functionalization. The reaction of polypropylene copolymer with B2pin2 catalyzed by 
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Cp*Rh(η4-C6Me6) formed a new polymer containing a small amount of boryl 
functionalized methyl groups.89 The borylated polymer was subjected to oxidation with 
hydrogen peroxide, forming a new polymer with 1-2% incorporation of hydroxymethyl 
groups based on the number of methyl groups in the starting polymer (Figure 1.41). Thus, 
with the combination of C-H borylation and oxidation, a new polymer containing polar 
functionality could be obtained. Installation of polar functional groups into a polymer at 
the polymerization stage is challenging, due to poisoning of polymerization catalysts by 
polar comonomers. Therefore, this combination of C-H borylation and oxidation is an 
attractive method for the synthesis of polymers containing polar functional groups. 
 

 
Figure 1.41 Application of Rh-catalyzed borylation to the functionalization of polypropylene 
 

 The mechanism of the borylation of alkyl C-H bonds catalyzed by Cp*Rh(η4-
C6Me6) has been studied in great detail through both computational and experimental 
methods. In 2005, Hartwig, Hall and coworkers reported the synthesis and reactivity of 
catalytic intermediates and computed the reaction pathway.90 In their studies, they 
discovered that both Cp*RhH2(Bpin)2 and Cp*RhH(Bpin)3 react with alkanes to form 
alkylboronate esters and are catalytically competent species. Furthermore, the authors 
discovered that both of these complexes react with alkanes by first dissociating HBpin, to 
form reactive 16-electron complexes. To further elaborate the mechanism, the authors 
calculated the reaction pathway and determined that C-H bond cleavage occurs through a 
sigma-bond metathesis and that the barrier for C-H bond cleavage was slightly below the 
subsequent turnover limiting C-B bond formation. Thus, C-H bond cleavage should be 
reversible. This hypothesis was confirmed five years later when the authors reported that 
reactions of Cp*RhD2(Bpin)2 and alkanes leads to deuterium incorporation at various 
positions in the alkane substrate.91 
 

 
 

Figure 1.42 C-H borylation of alkanes catalyzed by a Ru complex 
 

 Following the discovery of Hartwig’s Rh catalyst for alkane borylation, little in 
the way of new catalysts for alkane borylation was reported for some time. However, in 
2006, Murphy and Hartwig reported that [Cp*RuCl2]2 forms a catalyst for alkane 
borylation in the presence of B2pin2. The reaction occurs in similar yield and selectivity to 
the analogous reaction with Cp*Rh(η4-C6Me6) as the catalyst. An unusual feature of this 
Ru-catalyzed borylation is that it occurs in higher yield for alkanes than for arenes. It was 
also found that the presence of arene actually inhibits the rate of alkyl C-H borylation. 
The authors proposed that an off-cycle η6-arene complex could form, leading to slower 
rates. 
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1.5.3 Development of Ir Catalysts for the Borylation of Alkanes 
 

 
Figure 1.43 a) Borylation of the alkyl C-H bonds of ethers catalyzed by Ir-tmphen b) Borylation of the alkyl C-H 
bonds of amines catalyzed by Ir-tmphen 
 
 Starting from the disclosure of the IMH catalyst for aryl C-H borylation in 2003, 
Ir was the metal of choice for aryl C-H borylation catalysts, but it wasn’t for nearly a 
decade before a competent Ir-catalyst for the borylation of alkanes was developed. In 
2012, Liskey and Hartwig reported that the combination an Ir precursor and tmphen 
forms a highly active catalyst for the borylation of alkanes. In this initial report54 and a 
following report,92 the authors discovered that C-H bonds beta to an oxygen or nitrogen 
atom in ethers (Figure 1.43a) and amines (Figure 1.43b) are more reactive than other C-H 
bonds contained in these molecules. As a result, even the secondary C-H bonds at the 3-
postion of THF are quite reactive, and the borylation of THF catalyzed by Ir-tmphen 
form the corresponding alkyl boronate ester in 104% yield (based on B2pin2) (Figure 
1.43a). In their follow-up report, the authors claim that the selectivity for borylation at 
sites beta to the heteroatom originates from a suite of weak interactions in the transition-
state for C-H oxidative addition.92 
 

 
Figure 1.44 a) Borylation of chlorosilanes catalyzed by Ir-tmphen b) Borylation of tetralkylsilanes catalyzed by 
Ir-tmphen 
 

 Since its discovery, the Ir-tmphen catalyst has been proven to be quite versatile. 
In addition to its applications for the borylation of ethers and amines and for the 
borylation of arenes (vide supra), catalysis with Ir-tmphen has been applied to the alkyl 
C-H borylation of specialized substrates. For example, Suginome and coworkers reported 
the borylation of the C-H bonds of methyl groups alpha to silicon in chlorosilanes93 
(Figure 1.44a) and tetraalkyl silanes94 (Figure 1.44b) catalyzed by Ir-tmphen. The 
borylation of these activated substrates occurred at milder temperatures and with reduced 
substrate loading than for the borylation of simple alkanes with Ir-tmphen as the catalyst. 
It is believed that the enhanced reactivity of these C-H bonds compared to unactivated 
alkyl C-H bonds originates from the enhancement of the acidity of C-H bonds alpha to 
silicon.94 
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Figure 1.45 Diastereoselective C-H borylation of cyclopropanes catalyzed by the combination of an Ir complex 
and a phenanthroline ligand 
 

 Liskey and Hartwig demonstrated that the C-H borylation of cyclopropanes with 
B2pin2 catalyzed by Ir-tmphen occurs in high yield and without the need for solvent 
quantities of the substrate. However, for mono-substituted cyclopropanes, the 
diastereoselectivity of the reaction was low. To improve the selectivity the authors 
changed the ligand from tmphen to the hindered 2,9-dimethylphenanthroline (2,9-
dmphen). With these new conditions, the borylation of cyclopropanes occurred in good 
yield and often high diastereoselectivity for the trans diastereomer (Figure 1.45). 
 
1.5.4 Summary of Methods for Undirected, Catalytic Alkyl C-H Borylation and Outlook 
 
 Over the nearly two decades since the first catalyst for the borylation of alkanes 
was reported, several new catalysts have been identified containing Rh, Ru, and Ir. 
However, despite these developments, the current methodology for the undirected 
catalytic borylation of alkanes still has the following significant limitations: the 
borylation of simple alkanes requires solvent quantities of the substrate and high 
temperatures to achieve useful rates. Thus, new catalysts are required that have high 
activity before the borylation of alkanes will be a useful method for the synthesis of 
alkylboronate esters.  
 If catalysts can be identified that can catalyze the borylation of limiting alkane at 
mild temperatures, there is the additional question of what solvent to use. If the desired 
reaction is the borylation of primary C-H bonds, one option would be to conduct 
reactions with cyclohexane as solvent since secondary C-H bonds are less reactive toward 
borylation than primary C-H bonds, but for this to be practical, there must be high 
selectivity for the borylation of the substrate over the secondary C-H bonds of 
cyclohexane.  
 Furthermore, if alkane borylation is to be useful in the context of functionalization 
of more complex molecules, such as natural products, issues with regards to functional 
group tolerance must be addressed. While the Ir-tmphen catalyst has a broad functional 
group tolerance for the borylation of arenes, the slower rates for alkyl C-H borylation 
relative aryl C-H borylation makes unwanted side reactions competitive with the 
borylation alkanes. Thus, functional groups that are found in natural products such as 
ketones and esters are not tolerated due to competitive hydroboration reactions. Future 
research into the development of catalysts for alkyl C-H borylation will have to identify 
aspects of catalyst design that can provide for high reactivity, high selectivity for the 
borylation one type of C-H bond (e.g. primary over secondary), and suppression of side 
reactions. 
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1.6 Overview of Methods for Directed, Catalytic Borylation of C-H Bonds 
 
1.6.1 Background on Directed, Catalytic C-H Borylation 
 
 As mentioned at the beginning of this chapter, in general, undirected C-H bond 
functionalizations are more challenging to develop than directed C-H bond 
functionalizations. Binding of a directing group to a catalyst allows for a chelate-driven 
C-H activation that can be much more rapid, due to increased effective concentration, 
than the analogous undirected C-H activation. Furthermore, the selectivity of the directed 
reactions can be dictated by the kinetics of cyclometalation, which will be distinct for a 
given size of metalacycle. Thus, a directing group can allow for the selective 
functionalization of C-H bonds that would be unreactive toward undirected C-H bond 
functionalization. 
 Various strategies involving directing groups have been developed to overcome 
some of the limitations of undirected aryl, benzylic, and alkyl C-H borylation.31 Some of 
these strategies involve directing groups that are not easy to remove, while others involve 
directing groups that can be removed or transformed into other useful functional groups. 
Other strategies involve catalysts that are suitable for the directed borylation of substrates 
containing a variety of directing groups. The following overview of directed C-H 
borylation methodology will organize these methods based upon how the directing group 
binds to the catalyst, whether through a dative interaction to the metal center, a covalent 
bond to the metal center, or through an interaction with a ligand within the coordination 
sphere. 
 
1.6.2 Catalytic C-H Borylation Directed by a Dative Interaction 
 
 The first report of a directed borylation reaction came in 2000, with Smith and 
coworkers’ report of the borylation of arenes catalyzed by Cp*Rh(η4-C6Me6). In this 
study, it was noted that unusual selectivity was observed for the borylation of a 
benzamide. While the borylation of other arenes occurred at the least sterically hindered 
aryl C-H bond, the borylation of N,N-diethylbenzamide formed the 2-borylbenzamide as 
the major product, suggesting a directing effect from a dative interaction of the amide to 
the catalyst. However, despite this promising result, general methods for C-H borylation 
that exploit a dative interaction between the substrate and the metal did not emerge for 
another 10 years. 
 While the IMH catalyst is a highly active catalyst for aryl C-H borylation, its 
application to directed borylation is limited due to a lack of open coordination sites. The 
active species for aryl C-H borylation is a five-coordinate Ir(III) trisboryl complex with 
only one vacant coordination site that is required for C-H activation, leaving no available 
site for coordination of the substrate through a dative interaction. Thus, various strategies 
for directed borylation have been focused on altering the IMH catalyst to allow for an 
additional vacant coordination site. 
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Figure 1.46 C-H borylation of arenes ortho to a directing group catalyzed by Ir ligated to an immobilized 
phosphine 
 
 In 2009, Sawamura and coworkers discovered that the combination of an 
immobilized phosphine (silica-SMAP) and Ir(I) precursor catalyze the directed borylation 
of aryl C-H bonds ortho to ester, amide, sulfonate, methoxy, and chloro directing groups 
(Figure 1.46).95 The authors propose that since the phosphine is immobilized, it is 
unlikely that more than one phosphine is bound to Ir, leaving an additional coordination 
site relative to the IMH catalyst. In addition to its application to aryl C-H borylation, this 
general catalyst design has been successfully applied to a number of different directed 
alkyl C-H borylation reactions. With this catalyst, the borylation of alkyl C-H bonds 
occurs at mild temperatures and without the need for solvent quantities of the substrate. 
These reactions include the directed borylation of alkyl C-H bonds alpha to the nitrogen 
of amides,96 of unactivated alkyl C-H bonds of 2-alkyl pyridines,97 and the directed 
borylation of the C-H bonds of cyclopropanes.98 In the latter reaction, Sawamura and 
coworkers reported the directed borylation of a tertiary cyclopropyl C-H bond of a 
benzimidazole-containing substrate (Figure 1.47). Taking into to account its numerous 
applications, Sawamura’s Ir-monophosphine complex is probably the most versatile 
catalyst for the directed borylation of substrates containing a directing group that 
coordinates through a dative interaction. 
 

 
Figure 1.47 Directed C-H borylation of cyclopropyl C-H bonds gamma to a benzimidazole catalyzed by Ir 
bound to an immobilized phosphine 
 
 In 2010, Ishiyama and Miyaura also reported an Ir-monophosphine catalyst for 
the directed borylation of arenes. They discovered that the combination of an Ir(I) 
precursor and an electron-deficient monophosphine catalyzes the borylation of benzoate 
esters to form the products of borylation ortho to the ester group (Figure 1.48).99 These 
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products were formed in high yield and excellent selectivity, but a large excess of the 
benzoate ester was required. 
 

 
Figure 1.48 Directed borylation of benzoate esters catalyzed by an Ir-monophosphine complex 
 
  Another strategy for directed borylation alters the IMH catalyst by exchanging 
the strongly binding bipyridine ligand for a hemilabile bidentate ligand, where one of the 
donors can easily dissociate. Following this strategy, Lassaletta and coworkers developed 
a pyridine hydrazone ligand. The combination of this pyridine hydrazone ligand and an 
Ir(I) precursor catalyzes the borylation of aryl C-H bonds ortho to hydrazone or 2-pyridyl 
directing groups (Figure 1.49).100 The authors propose that the weakly donating 
hydrazone donor of the bidentate ligand can dissociate, allowing the directing group of 
the substrate to bind to Ir. While the selectivity and the yield of this reaction is high, the 
scope is limited to substrates containing pyridyl and hydrazone directing groups, which 
are not the most amenable to removal or functionalization.  
 

 
Figure 1.49 Directed borylation of arenes catalyzed by the combination of an Ir(I) precursor and a hemilabile 
pyridine hydrazone ligand 
 
 Recently, Smith and coworkers reported a general method for the directed 
borylation of arenes ortho to a variety of directing groups catalyzed by Ir bound to a 2-
silylarylphosphine ligand. The 2-silylarylphosphine ancillary ligand binds to Ir through a 
dative bond with phosphorus and a covalent bond with silicon instead of two dative 
interactions with the bipyridine ancillary ligand of the IMH catalyst. Thus, Smith’s 
catalyst has replaced a reactive, covalently bound boryl ligand with a covalently bound 
ancillary silyl ligand, leaving an open coordination site for binding to a directing group. 
The reaction of arenes containing amide, ester, methoxy, or pyridyl directing groups with 
B2pin2 catalyzed by the combination of an Ir(I) precursor and the 2-silylarylphosphine 
form the products of borylation ortho to the directing group in good yield and high 
selectivity (Figure 1.50).101 Compared to Sawamura’s method, Smith’s directed 
borylation occurs at higher temperatures, but Smith’s catalyst is more easily synthesized 
than Sawamura’s silica-SMAP-Ir catalyst. 
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Figure 1.50 Directed borylation of arenes catalyzed by Ir bound to a chelating 2-silylarylp-phosphine ligand 
 
 
1.6.3 Catalytic C-H Borylation Directed by a Covalent Interaction 
 
 Directing groups that covalently attach to the metal center of a catalyst offer a 
different strategy toward directed borylation than directing groups that datively bind to 
the metal. While a directed reaction through a dative interaction requires a vacant 
coordination site or displacement of a strongly bound dative ancillary ligand, covalent 
attachment obviates the need to displace any dative ligands. Rather, through oxidative 
addition/reductive elimination or transmetalation the covalent directing group can 
displace an anionic ligand. This is a fortuitous circumstance in the case of Ir-catalyzed 
borylation, since the active species contains three boryl anionic ligands of which only one 
is needed to form the product of C-H borylation. 
 

 
Figure 1.51 Hydrosilyl-directed borylation of aryl C-H bonds 
 
 In 2008, Boebel and Hartwig reported a method for the directed borylation of 
arenes containing a hydrosilyl-directing group with B2pin2 catalyzed by the combination 
of [Ir(COD)OMe]2 and dtbpy.102 It was proposed that the dtbpy-bound Ir-trisboryl species 
that forms can undergo an oxidative addition of the Si-H bond of the hydrosilyl-directing 
group followed by reductive elimination of HBpin, forming a diboryl monosilyl complex 
where the substrate is covalently attached. From this species, intramolecular C-H 
oxidative addition could occur, leading to functionalization of the arene ortho to the 
directing group. The directed reaction occurred for benzylic hydrosilanes, but also for 
phenoxyhydrosilanes and arylaminohydrosilanes synthesized from phenols and anilines, 
respectively. A one-pot protocol was developed for the directed borylation of phenols 
through a series of reactions including dehydrogenative silylation to install the directing 
group, the hydrosilyl-directed borylation, and conversion of the aryl pinacolboronate to a 
trifluoroborate salt while simultaneously removing the directing group (Figure 1.51). 
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Two years later, the authors reported that N-hydrosilyl indoles undergo borylation at the 
7-position selectively, under the same conditions.103 
 

 
Figure 1.52 Hydrosilyl-directed borylation of secondary benzylic C-H bonds catalyzed by Ir-tmphen 
 

 In 2013, Cho and Hartwig reported the directed borylation of the secondary 
benzylic C-H bonds of 2-alkylarylhydrosilanes with B2pin2 catalyzed by Ir-tmphen 
(Figure 1.52).104 Even though secondary benzylic C-H bonds are much less reactive 
toward undirected C-H borylation than aryl C-H bonds, the hydrosilyl-directing group 
facilitated the selective functionalization of the benzylic C-H bonds gamma to silicon 
over aryl C-H bonds. In a separate report, the authors demonstrated that 2-
methylarylhydrosilanes undergo a diborylation reaction at the primary benzylic C-H 
bonds.105 They determined that the borylation of the monoboryl product occurred faster 
than the borylation of the starting material, leading to the formation of the geminal 
diboronate as the major product. 
 

 
Figure 1.53 Hydrosilyl-directed borylation of unactivated alkyl C-H bonds 
 

 Building off of these initial reports of hydrosilyl-directed borylation, we reported 
the hydrosilyl-directed borylation of the unactivated alkyl C-H bonds of trialkylsilanes 
(see Chapter 4 for details). We developed an Ir complex containing a novel 
phenanthroline ligand that catalyzes the directed borylation of the secondary alkyl C-H 
bonds of trialkylsilanes with Et3SiBpin in good yield, high diastereoselectivity, and total 
selectivity for the borylation at the C-H bonds gamma to silicon (Figure 1.53). The 
directed borylation of primary C-H bonds gamma to silicon occurred to form the geminal 
diboronate as the major product. The synthetic utility of the gamma-boryl silanes formed 
from this reaction was demonstrated through site-selective functionalizations at the C-B 
and C-Si bonds of these products. 
 Another directing group that can covalently attach to a metal catalyst is a 
secondary amide. The free N-H of these groups can be deprotonated and displace an 
anionic ligand. However, it is also possible for these types of directing groups to 
coordinate to the metal by a dative interaction. Secondary amides are common directing 
group in Pd-catalyzed directed C-H bond functionalizations, and this strategy has been 
applied to the development of directed C-H borylation methods. In 2012, Yu and 
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coworkers reported the oxidative borylation of arylbenzamides with B2pin2 and persulfate 
catalyzed by the combination of Pd(II) and an electron-deficient dibenzylidene acetone 
(dba) ligand (Figure 1.54).106 The reaction occurred to form the corresponding 2-
borylbenzamide in good yield and excellent selectivity.  
 

 
Figure 1.54 Pd-catalyzed directed borylation of aryl benzamides 
 
 The first Pd-catalyzed directed borylation of alkyl C-H bonds was developed by 
Shi and coworkers. They discovered that picolinamides synthesized from alkyl amines 
react with B2pin2 under oxidative conditions catalyzed by Pd(II) to form the products of 
C-H borylation at methyl substituents gamma to the amide nitrogen.107 The scope of this 
reaction includes a variety of substrates derived from amino acids. However, the reaction 
requires a large excess of B2pin2 and a variety of additives. Yu and coworkers recently 
developed a more practical directed borylation of alkyl C-H bonds catalyzed by the 
combination of Pd(II) and a quinoline ligand. The authors demonstrated that N-aryl-
alkylamides react with B2pin2 at primary and secondary C-H bonds beta to the carbonyl 
of the directing group to form alkylboronate esters (Figure 1.55).108 
 

 
Figure 1.55 Pd-catalyzed directed borylation of unactivated secondary alkyl C-H bonds 
 

1.6.4 Catalytic C-H Borylation Directed by Interactions Between a Directing Group and 
a Ligand 
 
 The 2006 report from Smith and coworkers on the selective borylation of 2-
substituted indoles at the 7-position (vide supra) demonstrated the potential directing-
ability of interactions between a substrate and the ligand of a metal catalyst for selective 
borylation. It was proposed that the free N-H of the indole hydrogen bonds to the oxygen 
of a boryl ligand bound to Ir. Since this initial proposal, several methods for directed 
borylation have emerged that exploit interactions between a substrate’s directing group 
and a ligand bound to a metal catalyst. For this type of directed borylation reaction, an 
additional vacant site at the metal center is not required because the substrate docks at a 
site on one of the ligands. Such strategies have not only enabled aryl C-H borylation 
ortho to a directing group but also meta to a directing group. 
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Figure 1.56 C-H borylation of anilines ortho to the amino group catalyzed by Ir-tmphen 
 

 In 2013, Smith and coworkers reported that primary anilines react with an excess 
of HBpin catalyzed by Ir-tmphen to form 2-boryl anilines after workup (Figure 1.56).60 It 
was demonstrated that the amino group undergoes a rapid N-H borylation, forming a 
monoborylamino group, and this group is responsible for directing the reaction to the 
ortho C-H bond. Like in the case of Smith’s method for the borylation of 2-substituted 
indoles, the authors claim that the selectivity for borylation ortho to the amino group 
originates from a hydrogen bond with the free N-H of the borylamino group and the 
oxygen of a boryl ligand bound to Ir. The authors also claim that the boryl group acidifies 
the N-H bond, allowing for a stronger hydrogen bonding interaction. 
 

 
Figure 1.57 C-H borylation of aldimines meta to the imine functional group 
 

 The meta-selective borylation of aldimines catalyzed by Ir-tmphen was recently 
reported by Bisht and Chattopahdy.109 Aldimines generated from the condensation of 
benzaldehydes and methylamine reacted with B2pin2 catalyzed by Ir-tmphen to form the 
corresponding products of C-H borylation meta to the aldimine (Figure 1.57). It was 
proposed that the selectivity could originate from a “formyl” hydrogen bond between the 
aldimine C-H bond and the oxygen of a boryl ligand in the transition-state for C-H 
activation. Such a macrocyclic transition-state orients the meta aryl C-H bond directly 
over the Ir metal center.  
 

 
Figure 1.58 Meta-selective C-H borylation enabled by H-bonding of a urea to directing groups 
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 Another method for the borylation of aryl C-H bonds meta to a directing group 
was recently reported by Kuninobu and Kanai.110 The authors developed an Ir catalyst 
where the dative ancillary ligand is bound by a bipyridine ligand that is appended by a 
urea (Figure 1.58). Arenes containing amide, ester, or phosphonate directing groups react 
with B2pin2 catalyzed by the combination of Ir(I) and this novel bipyridine ligand to form 
the products of borylation meta to the directing group in good yield and good selectivity. 
The authors propose that the double NH motif of the urea group binds via hydrogen 
bonding to the oxygen of the substrate’s directing group, an interaction which steers the 
meta C-H bond over the Ir metal center. 
 
1.6.5 Summary of Methods for Directed, Catalytic C-H Borylation and Outlook 
 
 Some of the major limitations associated with undirected borylation, such as the 
requirement for neat substrate and high temperatures for alkane borylation or limited 
control of selectivity in aryl C-H borylation, have been overcome through various 
strategies involving interaction of a directing group with a catalyst to accelerate a 
reaction and enhance selectivity. However, the requirement of a specific directing group 
for a given directed C-H borylation method significantly reduces the synthetic utility of 
such a method. Thus, the future development methods for directed borylation should 
focus on strategies that are amenable to a wide range of potential directing groups that are 
commonly found in molecules of interest such as pharmaceuticals and natural products. 
Such methods would precludes the need for installation and removal of a specific 
directing group.  
 While some methods for directed aryl C-H borylation, such as those reported by 
Sawamura and Smith, are general for substrates containing a variety of directing groups, 
there is no example of a method for directed alkyl C-H borylation that is general for 
substrates containing a range of directing groups. Such a method could prove to be 
invaluable in the late-stage functionalization of natural products and other complex 
molecules. Of the three types of directing group interactions presented, interactions 
between a directing group and a ligand appear most promising to this end. This is the 
case for two main reasons: 1) ancillary ligands can be designed without having to 
consider opening coordination sites at the metal center and, 2) these types of interactions 
are generally hydrogen-bonding interactions, which are amenable to a large number of 
functional groups.   
 
1.7 Conclusion 
 
 Of all the many methods for C-H bond functionalization that have emerged over 
the years, C-H borylation is probably the closest descendant of the classic examples of 
stoichiometric C-H activation of the 1980’s. The design of complexes for stoichiometric 
C-H activation is mirrored in the first transition-metal boryl complexes for stoichiometric 
C-H borylation. From these initial examples, powerful methods for the catalytic 
borylation of C-H bonds have developed rapidly over the last two decades. Due to the 
diversity of catalysts that have been discovered for this transformation and the numerous 
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research groups involved, C-H borylation has become a field of its own, within organic 
synthesis.  
 The future of C-H borylation research is varied depending on the class of reaction. 
While aryl C-H borylation is a practical reaction, even for industrial applications, 
strategies for obtaining novel selectivity as well as new catalysts with greater functional 
group tolerance will greatly improve this reaction’s synthetic utility. Benzylic C-H 
borylation has very recently advanced from a curiosity to a potentially valuable 
transformation, but more reactive catalysts that allow for shorter reaction times are 
needed. Furthermore, for reasons of purification, the selectivity for the formation of the 
benzylic boronate ester over the aryl boronate ester must be nearly quantitative before 
such a reaction would be industrially viable. Amongst the classes of C-H borylation 
reactions, the undirected borylation of alkyl C-H is the least developed. No catalyst yet 
has proven capable of catalyzing the undirected borylation of alkanes at mild 
temperatures and with limiting alkane substrate. Furthermore, there is no method for 
alkane C-H borylation that can tolerate common functional groups, such as esters or 
ketones. Thus, overcoming these limitations will be a major focus in future research. 
Lastly while, the use of directing groups can solve many of the problems listed above for 
undirected C-H borylation, future research should focus on developing directed 
borylation methodology that is general for a variety of directing groups that are found 
commonly in natural products, active pharmaceutical ingredients, and other molecules of 
interest. 
 Despite any current limitations, C-H borylation has proven to be a highly versatile 
and unique method for the functionalization C-H bonds. The organoboronate esters 
formed from this reaction can be converted to many different functional groups, allowing 
essentially any C-H bond to C-C or C-heteroatom bond transformation to take place in 
two steps. However, the advantage of C-H borylation rests not solely in the utility of the 
products but also in the unique selectivity in which they are formed. The borylation of 
aryl C-H bonds occurs with selectivity orthogonal to the selectivity of the most common 
type of arene functionalization, electrophilic aromatic substitution. Lastly, the borylation 
of alkyl C-H bonds occurs with different selectivity than most alkane functionalizations. 
Thus, as C-H borylation methodology continues to develop, it will become an invaluable 
tool in organic synthesis. 
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2.1 Introduction 
 
 The C-H Bond functionalization of heteroarenes is an important synthetic method 
because heteroarenes are common units in the structures of pharmaceuticals, 
agrochemical products, and electronic materials.1 Although transition-metal catalyzed 
reactions of arenes, such as cross-coupling reactions, typically occur with some 
heteroarenes,2-4 the more basic the heteroarene and the more nitrogen atoms contained in 
the ring system of the heteroarene, the more challenging the translation of the catalytic 
reaction of an arene is to the catalytic reaction of the heteroarene.  
 In the last decade, the iridium catalyzed C-H borylation of arenes has become a 
widely used method for the functionalization of arenes because of its ability to produce 
highly versatile aryl organoboronate ester intermediates from arenes without the need for 
reactive groups, such as halides or sulfonates.5,6 C-H borylation occurs with some 
heteroarenes, and the reactions of benzo-fused or non benzo-fused five-membered ring 
heteroarenes containing one heteroatom are some of the most reactive substrates for C-H 
borylation.7-9 Some of the borylation of heteroarenes containing multiple heteroatoms and 
high nitrogen content also have been reported (Scheme 2.1).10-14  
 
Scheme 2.1 Examples of the Borylation of Heteroarenes 

 
 In addition to improving methods for the modification of individual heteroarene 
building blocks, an understanding of the borylation of heteroarenes could allow for rapid 
derivatization of medicinally important compounds and natural products. The 
combination of C-H borylation and elaboration of the heteroarylboronate ester by 
methods such as Suzuki coupling,15 Chan-Lam-Evans coupling,16 trifluoromethylation,17 
and oxidation18 can lead to many derivatives after a single C-H bond functionalization 
reaction. 
 One challenge concerning the application of catalysis to heteroarenes is the 
diversity of electronic properties of heteroarenes. The electron density at different 
positions of the heteroarene varies with the distribution of heteroatoms. Moreover, 
binding of a basic atom to the catalyst can poison its activity. The propensity of different 
heteroarenes to poison the catalyst varies because the basicity of the non-bonded electron 
pairs on the nitrogen atoms varies.19 Thus, it is important to understand the trends in rate 
and selectivity for the borylation of these substrates and the mechanistic origin of these 
trends. There are many five- and six-membered ring heteroarenes, and all of these rings 
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can contain substituents that can affect the rate and selectivity of the reaction. Thus, we 
sought to understand how the nitrogen atoms in the heteroaryl rings affect the reaction 
rates and the site selectivity. 
 The regioselectivity for the borylation of heteroarenes differs substantially from 
the regioselectivity for the borylation of arenes and the regioselectivity for the borylation 
of various heteroarenes differ from each other. For the borylation of arenes, the 
regioselectivity is controlled almost exclusively by steric effects,5 and this sterically 
controlled selectivity is complementary to the origin of selectivity during classical arene 
functionalization reactions, such as directed ortho metallation or Friedel-Crafts reactions. 
In contrast, the regioselectivity for the borylation of heteroarenes is controlled by a 
combination of electronic and steric effects. The regioselectivity for the borylation of 
pyrrole, indole, furan and thiophene tends to occur at the most acidic C-H bond.20 
However, the regioselectivity for the borylation of heteroarenes containing a basic 
nitrogen, such as pyridine, quinoline, and other azines, undergo borylation at the C-H 
bond located beta or gamma to the basic nitrogen.9 
 
Scheme 2.2 Coordination of Heteroarenes to the Active Catalyst 
 

 
 
 Basic heteroaryl substrates such as pyridine could occupy the vacant coordination 
site necessary for C-H activation in the 16-electron, five-coordinate Ir(III) species 1 
(Scheme 2.2).21  When the heteroarene binds more strongly than the olefin bound to the 
precatalysts or when the concentration of the heteroarene is sufficiently high, relative to 
the olefin, the resting state of the catalyst could shift from the alkene complex 2 to 
heteroarene-complex 3. In such a scenario, the reaction will be slower, relative to the 
analogous reaction with 2 as the resting state. The binding constant of the heteroarene to 
the catalyst could also be sufficiently high to form 3 irreversibly, preventing any 
appreciable formation of borylated product. 
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Figure 2.1. Pharmaceuticals containing benzoxazole, benzimidazole, pyrimidine, pyrazole, or 
azaindole moieties. 
 
 With the challenges associated with the borylation of heteroarenes in mind, we 
sought to explore the boundaries of the reaction scope, assess the applicability of this 
reaction to late-stage functionalization, reveal differences between the mechanism of the 
borylation of heteroarenes and the borylation of arenes, and investigate the origins of 
observed regioselectivities.  
 Here, we report a detailed study on the borylation of heteroarenes. The scope of 
the reactions we studied encompasses benzoxazoles and pyrimidines, as well as 
unprotected benzimidazoles, pyrazoles and azaindoles. These heteroarenes are common 
heteroaryl motifs in medicinal chemistry22-31 and are present in several currently marketed 
drugs (Figure 2.1). These reactions are amenable to one-pot sequences involving 
borylation and functionalization for the late-stage modification and the synthesis of 
biologically active heteroarenes. Finally, we report findings from mechanistic and 
computational studies that elucidate the origin of the general trend that borylation occurs 
at positions distal to nitrogen more rapidly than positions adjacent to nitrogen of azines 
and nitrogen of azoles containing multiple heteroatoms.  
 
2.2 Results and Discussions 
 
2.2.1 Method Development  
 
 The most common reaction system for the borylation of arenes is B2pin2 
(bis(pinacolato)-diboron) as the boron source and a combination of [Ir(COD)OMe]2 

(bis(1,5-cyclooctadiene)di-iridium(I) dimethoxide) and dtbpy (4,4’-di-tert-butyl 
bipyridine) as catalyst. Recently, the combination of [Ir(COD)OMe]2 and Me4phen 
(3,4,7,8-tetramethyl-1,10-phenanthroline) as catalyst has been shown to outperform the 
dtbpy-Ir system in terms of yield for the borylation of octane,32 cyclic ethers,32 
chloromethylsilanes,33 benzylic C-H bonds,34  and arenes.35 The increased reactivity of the 
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Me4phen-Ir system over the dtbpy-Ir system is presumably due to Me4phen’s greater 
electron-donating ability and backbone rigidity compared to dtbpy.  
 
Table 2.1. Effect of Ligand on the Borylation of Selected Azolesa 

 

aReactions were conducted on a 0.25 mmol scale. bDetermined by 1H NMR spectroscopy. cReaction 
conducted at room temperature. dReaction conducted at 80 °C.  

 We began our studies on the borylation of basic heteroarenes containing multiple 
heteroatoms by investigating both catalytic systems for the borylation of benzo-fused 
azoles (Table 2.1). Initially we observed very low conversion for the reactions of 2-
methylbenzoxazole and 5-bromo-2-methylbenzoxazole (entries 1 and 2) catalyzed by the 
combination of Me4phen and [Ir(COD)OMe]2 at temperatures below 50 °C. This lack of 
reactivity was most likely due to the low solubility of Me4phen in THF. However, heating 
a mixture of B2pin2, Me4phen, and [Ir(COD)OMe]2 in THF at 80 °C and subsequent 
addition of this mixture to the heteroarene led to high conversions, even at room 
temperature. 
 The yields from the borylation reactions of 5-bromo-2-methylbenzoxazole 
conducted with dtbpy-Ir and Me4phen-Ir as catalyst were similar to each other (Table 2.1, 
entry 2). However, the difference in yield between the two catalyst systems was 
significant for the borylations of azoles containing free N-H bonds, such as 2-
methylbenzimidazole and 4-chloro-2-methyl-7-azaindole (entries 3 and 4). In these cases, 
the combination of iridium and Me4phen was more active than the combination of iridium 
and dtbpy. 
 Reaction progress for the borylation of 5-bromo-2-methylbenzoxazole (Figure 
2.2a) and 4-chloro-2-methyl-7-azaindole (Figure 2.2b) conducted with dtbpy-Ir or 
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Me4phen-Ir as catalyst was followed by gas chromatography (GC). Initial rates for 
formation of the product for the two substrates were similar with both catalyst systems, 
and the reaction profiles for the borylation of 5-bromo-2-methyl benzoxazole were 
essentially identical. However, the borylation of 4-chloro-2-methyl-7-azaindole catalyzed 
by the dtbpy-Ir system stalled at 78 min with a product yield of 27% and only 70% 
conversion of starting material. Borylation of this substrate under identical conditions but 
with Me4phen-Ir as catalyst formed product in 72% yield with a standard exponential 
appearance of product.  
 

 
Figure 2.2. a. Reaction profile for the borylation of 5-bromo-2-methylbenzoxazole with B

2
pin

2 (1.0 
eq), 0.25 mol % [Ir(COD)OMe]

2 and 0.5 mol % ligand in THF at RT. b. Reaction profile for the 
borylation of 4-chloro-2-methyl-7-azaindole with B

2
pin

2 (1.5 eq), 1.0 mol % [Ir(COD)OMe]
2 and 2.0 

mol % ligand. Yields were determined by GC analysis. 
 
Table 2.2. Effect of B2pin2 Stoichiometry on Product Yielda 

 
aReactions were conducted on a 0.25 mmol scale. bDetermined by GC analysis. cReaction conducted at 
RT. dReaction conducted at 80 °C. 
 
 Further reaction development with Me4phen-Ir complexes as catalyst revealed that 
the stoichiometry of B2pin2 relative to heteroarene significantly influenced yields for 
reactions of heteroarenes containing N-H bonds, but had little effect on reactions of 
heteroarenes lacking N-H bonds (Table 2.2). The borylation of substrates containing free 
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N-H bonds (Table 2.2, entry 2) required 1.5 equivalents of B2pin2 to form product in high 
yield. The requirement for additional B2pin2 to obtain a high yield was found to result 
from the formation of an N-Bpin species, a finding that was also reported by Smith, 
Maleczka, and Krska during the preparation of this document. A detailed investigation of 
the N-H borylation phenomena will be presented later. 
 
2.2.2 Scope of the Boarylation of Heteroarenes  
 
 With Me4phen-Ir as catalyst, we found that benzoxazoles, and pyrimidines, as 
well as unprotected benzimidazoles, pyrazoles and azaindoles, underwent the borylation 
process in good yield. Benzoxazoles underwent borylation at room temperature (Chart 
2.1), provided that a substituent was present at the 2-position, leading to heteroaryl 
boronate esters 4a-f in good to excellent yields. Borylation occurred almost exclusively at 
the 7-position, ortho to oxygen (confirmed via independent synthesis of 4a). Smith, 
Maleczka, and Singleton proposed that the regioselectivity of the borylation of 
benzodioxole ortho to oxygen resulted from the greater acidity of the corresponding C-H 
bond at this position.20 The same effect might be leading to borylation adjacent to oxygen 
in benzoxazoles. The borylation of 2-methylbenzothiazole led to a mixture of products 4g 
with a substantially lower yield than was observed for borylation of the oxygen analog. 
 
Chart 2.1. Borylation of Benzoxazoles and Benzothiazolesa 

 
aReactions were conducted on a 0.25 mmol scale. Yields were determined by 1H NMR spectroscopy, 
and isolated yields are reported in parentheses for reactions conducted on a 0.50 mmol scale. 
bReaction conducted with 0.75 equiv of B2pin2. 

cReaction conducted at 50 °C with 1.0 mol % 
[Ir(COD)OMe]2 and  2.0 mol % Me4phen. Yields were determined by gas chromatography. 

	
 The borylation of pyrimidines led to formation of heteroaryl boronate esters 5a-c 
(Chart 2.2), bearing the boryl group exclusively at the 5-position. This selectivity is 
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complementary to the selectivity of radical C-H functionalizations of pyrimidines 
recently reported by the Baran group.36 Once again, the heteroarene containing a 
substituent at the 2-position was more reactive than the analog lacking a substituent at 
this position. For example, the reaction of the parent pyrimidine 5a occured in 14% yield, 
whereas the reaction of the 2-methyl analog 5b occurred in 70% yield. Heteroaryl 
boronates 5a-c were not stable to silica gel chromatography; therefore we purified these 
materials by kugelrohr distillation. However, heteroaryl boronate esters also can be 
elaborated in situ, as will be shown later. 
Chart 2.2. Borylation of Pyrimidinesa 

	
aReactions were conducted on a 0.25 mmol scale. Yields were determined by 1H NMR spectroscopy, 
and isolated yields are reported in parentheses for reactions conducted on a 0.50 mmol scale. 
bReaction was conducted with 2.5 mol % [Ir(COD)OMe]2 and 5.0 mol % Me4phen. cReaction was 
conducted with 0.75 equivalents of B2pin2. 
 
Chart 2.3. Borylation of Benzimidazolesa 

 
aReactions were conducted on a 0.25 mmol scale. Yields were determined by 1H NMR spectroscopy, 
and isolated yields are reported in parentheses for reactions conducted on a 0.50 mmol scale. 
 
 Benzimidazoles substituted at the 2-position led to the formation of products 6a-d 
(Chart 2.3) from borylation meta to nitrogen. Only one set of 1H NMR resonances were 
observed for these products due to the rapid tautomerism of benzimidazoles. A slightly 
lower yield was obtained for 4-methyl 6b than for the less electron-rich 6a, 6c, and 6d, 
but the yield for the reaction of 6b was still at a useful level. 
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aReactions were conducted on a 0.25 mmol scale. Yields were determined by 1H NMR spectroscopy, 
and isolated yields are reported in parentheses for reactions conducted on a 0.50 mmol scale. 
	
 Smith, Maleczka and Krska reported, during our current study, the borylation of 
unsubstituted pyrazoles and azaindoles. Here we present a more complete scope of these 
classes of substrates, particularly those containing varying substitution patterns. In 
analogy to the regioselectivity observed for benzimidazoles, the borylation of pyrazoles 
(Chart 2.4) occurred beta to nitrogen in most cases. This site is the one at which 
electrophilic aromatic substitution typically occurs in these heterocycles.37 The exception 
to this trend was the reaction of trifluoromethyl-substituted 7d, which underwent 
borylation adjacent to nitrogen. Borylation beta to nitrogen was also observed by Smith 
and Maleczka for Boc-protected pyrazole.10 In contrast, the borylation of N-
methylpyrazole has been reported to occur adjacent to the N-methyl moiety.4 The 
borylation of unprotected pyrazole to generate 7a, as has been previously reported,11 
occurs with similar selectivity as that observed for the borylation of the bulky Boc-
protected pyrazole, due to rapid formation of a bulky N-Bpin species, which will be 
discussed later in this report. 
 

Chart 2.5. Borylation of Azaindolesa 

 
aReactions were conducted on a 0.25 mmol scale. Yields were determined by 1H NMR spectroscopy, 
and isolated yields are reported in parentheses for reactions conducted on a 0.50 mmol scale. 
bReaction conducted on a 0.50 mmol scale at RT with 1.0 equiv of B2pin2. 
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 Reactions of unprotected azaindoles formed boryl-azaindoles 8a-e (Chart 2.5) in 
moderate to excellent yields. Products 8a-c all resulted from borylation at the 3-position. 
Like the borylation of pyrazoles, the site for the borylation of azaindoles is the site at 
which electrophilic aromatic substitution typically occurs.38 This selectivity contrasts that 
for the borylation of indole; the reaction of indole occurs at the 2-position. This 
regioselectivity was also observed for the borylation of N-Boc-7-azaindole, which yields 
compound 8f.39 However, when a substituent was present at the 3-position, borylation of 
the azaindole occurred at the 5-position. For example, the borylation of 3-ethyl azaindole 
occurred selectively at the 5-position to form boryl-azaindole 8d. In addition, the 
borylation of 4-chloro-2-methyl-7-azaindole led to functionalization at the 5-position; 
this selectivity is analogous to that reported for the ortho metalation of N-TIPS-4-chloro-
7-azaindole.40 
 

 
Figure 2.3. Rules for predicting regioselectivity. 
 
2.2.3 Guidelines for predicting the regioselectivity of the borylation of heteroarenes  
 
 Our results show clearly that the regioselectivity for borylation of heteroarenes 
containing two heteroatoms is high in many cases. However, these selectivities might 
seem difficult to predict at first glance. Thus, it is important to provide some guidelines 
that allow one to predict the regioselectivity of the borylation of heteroarenes. Just a few 
trends allow one to make these predictions (Figure 2.3).  
 First, the borylation rarely occurs adjacent to nitrogen, whether the nitrogen atom 
is contained in the ring (e.g. pyrazoles) or is external to the ring (e.g. benzimidazoles). 
This result is consistent with the selectivity for the borylation of N-H bearing 
heterocycles reported by Smith and Maleczka.11 Only one exception to this trend was 
observed, and this case (the borylation of trifluoromethyl-substitued pyrazole 7b, Chart 
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2.4) involved the reaction of a heteroarene containing a strong electron-withdrawing 
group that presumably perturbed the electronic properties of the ring.41 This trend also 
was followed whether the nitrogen was contained in an N-H bond or was unsaturated and 
basic. Although a simple trend, the origins of this trend are due to multiple factors, and 
these factors will be presented later in this paper. 
 Steel and Marder recently discussed the relationship between the site of 
borylation of disubstituted arenes and the 1H NMR chemical shift of the aryl hydrogens.42 
They showed that the aryl hydrogen with the furthest downfield chemical shift was 
typically the site of reactivity. The 1H NMR chemical shifts of aryl hydrogens adjacent to 
basic nitrogen atoms and free N-H bonds are typically downfield of those for other aryl 
hydrogens. Thus, the lack of borylation adjacent nitrogen is a deviation from Steel’s 
observation, and the correlation between chemical shift and site selectivity does not 
extend in a general fashion to the borylation of basic heteroarenes. Factors beyond the 
electronic properties of the C-H bond control the position of the borylation of these 
heteroarenes. 
 Second, substrates containing sulfur or oxygen in their aromatic systems undergo 
borylation ortho to these heteroatoms with moderate to excellent selectivity. Our scope 
demonstrates this trend in the borylation of benzothiazoles and benzoxazoles, with the 
borylation of benzothiazoles being significantly less selective than the borylation of the 
analogous benzoxazoles. This selectivity does correlate with the predicted site selectivity 
for C-H borylation postulated by Steel et al. because its origin is likely electronic.42 
 Third, the borylation of basic heteroarenes still has a large steric component to its 
regioselectivity. For example, no borylation is observed on the tolyl ring of 2-(p-
tolyl)benzoxazole (Chart 2.1, 4e). The main difference between the borylation of 
heteroarenes and the borylation of arenes in terms of the regioselectivity is that the 
electronic properties of the heteroarenes can sometimes override the steric preference 
(benzoxazoles undergo ortho-borylation, rather than meta-borylation).  
 
2.2.4 Tandem Reactions  
 
 In several cases, we experienced a significant difference between spectroscopic 
yields and isolated yields of the heteroaryl boronate esters formed from C-H borylation. 
This difference results from several of the products being unstable or immobile on silica. 
The difference in the two yields was as large as 32% (product 5b, Chart 2.2). However, 
one valuable aspect of the borylation of C-H bonds is the ability to use the arylboronate 
esters in situ because the reaction gives only volatile HBpin or H2 as side product and 
occurs with low loadings of iridium.43-47  
 Thus, to avoid isolation of the heteroaryl boronate ester intermediates, one-pot 
tandem reaction sequences are used, and several reports describe tandem 
borylation/functionalization sequences.15,17,45,47,48 Here, we report several new applications 
of this methodology to the functionalization of heteroarylboronate esters generated by C-
H bond borylation. 
 Scheme 2.3 shows several different methods for the functionalization of the crude 
products of heteroaryl borylation, including Suzuki coupling, copper-mediated 
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functionalization, and oxidation. For example, biaryl 9a formed in good yield by a Suzuki 
coupling catalyzed by the combination of QPhos and Pd(dba)2. Application of this 
catalytic system to the synthesis of biaryl 9b containing multiple nitrogen atoms proved 
to be unsuccessful, as no product was observed. However, conducting the reaction with 
the single component precatalyst 10, which is similar to a precatalyst shown to be highly 
active for Suzuki couplings,49 led to the formation of 9b in 65% yield, based on the 
starting heteroarene. 
 
Scheme 2.3. C-H Functionalization via Tandem Borylation/Functionalization Sequencesa 

 
aConditions: (a) B2pin2 (1-1.5 equiv), [Ir(COD)OMe]

2 0.25-1.0 mol %, Me4phen 0.5-2.0 mol %, THF, 
RT-80 °C, 16-48 h, removal of solvents (b) 4-bromotoluene (1.3 equiv), Pd(dba)

2 5 mol %, QPhos 5 
mol %, CsF (3 equiv), Dioxane, H2O, 100 °C, 21 h. (c) 2-bromopyridine (1.3 equiv), complex 10 5 
mol %, K2CO3 (3 equiv), Dioxane, H2O, 100 °C, 2h. (d) 4-bromobenzonitrile (1.3 equiv), complex 10 
5 mol %, K2CO3 (3 equiv), Dioxane, H2O, 100 °C, 2h. (d) [(phen)CuCF3] (1.2 equiv), KF (1 equiv), 
DMF, 50 °C, 21 h. (e) NaBO3•4 H2O (3 equiv), THF, H2O, RT, 15 min. (f) KHF

2 (4.6 equiv), MeOH, 
H2O, 5 h. 
 
 We were unable to isolate the heteroaryl boronate ester formed by the borylation 
of 3-dimethylamino azaindole. However, the product of C-H borylation of this 
substituted heteroarene generated in situ underwent Suzuki coupling with 10 as catalyst 
to form the 5-aryl derivative 9c in 67% yield based on the starting heteroarene. The 
reactions that yielded 9b and 9c are rare examples of Suzuki couplings of basic heteroaryl 
boronate esters containing free N-H moieties.  
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 The trifluoromethyl-substituted heteroarene 9d was synthesized by a protocol 
developed by our group for the oxidative trifluoromethylation of arylboronate esters.17 
Borylation of the benoxazole, followed by treatment of the heteroarylboronate ester with 
(phen)Cu(CF3) gave the 7-trifluoromethyl-substituted benzoxazole 9d. A similar 
sequence50 conducted with Togni’s reagent as the source of the CF3 group also generated 
9d, but the product was not isolable from the side products. 
 Related sequences formed heteroaryl alcohols. Borylation and oxidation of the 
intermediate with sodium perborate gave 9e in high yield and with minimal side products.  
We also showed that the products could be converted to trifluoroborates, which are 
stable, crystalline reagents for a range of transformations. Treatment of the crude product 
from the borylation of 4-chloro-2-methyl-7-azaindole with KHF2 led to formation of the 
trifluoroborate 9f in 50% yield. These tandem reaction sequences demonstrate the 
versatility of boronate ester intermediates for the synthesis of complex heteroaryl 
compounds. 
 

Scheme 2.4. Tandem C-H Borylation and Oxidation as a Route to a Potential Diabetes 
Therapeutic 

 
 
2.2.5 Applications to Synthesis and Late-Stage Functionalization. 
 
 We next sought to assess the suitability of the combination of C-H borylation and 
functionalization for the synthesis and late-stage functionalization of biologically active 
compounds. Compound 11 (Scheme 2.4) is an intermediate in a synthesis, developed by 
AstraZeneca, of potential type II diabetes therapeutic 12.51  As described in 
AstraZeneca’s report, the synthesis of 11 was accomplished by a tandem sequence of 
Miyaura borylation and oxidation to give a 23% yield of the desired product. In contrast, 
the tandem sequence of C-H borylation and oxidation occurred to form 11 in a 91% yield 
and with a less expensive starting material. 
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Scheme 2.5. Late-Stage Functionalization of a c-Met Kinase Inhibitor 

 
 
 A benzoxazole-containing c-Met kinase inhibitor has been identified as a potential 
cancer therapeutic.52 The penultimate product 13 (Scheme 2.5) in the synthesis is 
converted to the inhibitor by removal of the Boc and tert-butyl groups. Structure-activity 
relationship (SAR) studies varying the substitution pattern on the benzoxazole moiety led 
to the discovery of several species with high c-Met kinase inhibition. The substitution 
patterns on the benzoxazole moieties were established in the second step of the reported 
synthesis (see section 2.4 for synthetic scheme). Thus, SAR studies could be greatly 
accelerated if a structure formed later in the synthetic sequence could be modified.  
 Using our rules for prediciting the regioselectivity, we predicted that borylation 
would occur selectively at the position ortho oxygen. Indeed, the heteroarylboronate ester 
intermediate 14 was formed in 51% yield (as determined by 1H NMR spectroscopy) after 
the borylation, and the Suzuki coupling of 2-bromopyridine with 14 led to 15 (a highly 
potent c-Met kinase inhibitor) in 20% isolated yield from the parent arene. Although 15 
was obtained in low yield, the amount of material would be sufficient for initial testing. 
Thus, this sequence further demonstrates the utility of C-H borylation for rapid 
derivatization of biologically active compounds. 
 
2.2.6 Mechanistic Studies of Heteroarene Borylation 
 
 Our studies of the scope and applications of heteroaryl C-H borylation 
demonstrate that the iridium-catalyzed C-H borylation is a powerful tool for the 
functionalization of heteroarenes, even those containing multiple nitrogen atoms. The 
scope of the reaction encompasses several heteroaryl motifs that are prevalent in 
medicinal chemistry. However, to predict the regioselectivity and to understand the 
factors controlling the rate and scope, an understanding of the mechanism for the 
borylation of these heteroarenes is needed. Thus, we conducted experimental mechanistic 
studies and computational studies on the reported reactions. 
 
2.2.7 Kinetic Studies of the Borylation of Representative Heteroarenes 
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Table 2.3. Kinetic Data for the Borylation of 3-picolinea  

	
aReactions were conducted on a 0.25 mmol scale. The formation of product 18 was observed by gas 
chromatography. 

 

 
Figure 2.4. Dependence of the initial rate for the formation of 18 on the concentration of catalyst 17. 
 
 We began our mechanistic investigations by conducting kinetic studies on the 
borylation of 3-picoline 16 catalyzed by complex 17 (Table 2.3). We chose 16 as a model 
basic heteroarene because of its simple structure and because the borylation of 16 yields a 
single product.45 Complex 17 was chosen as catalyst because thermal dissociation of COE 
leads to the catalytically active 16-electron species and because 17 can be synthesized in 
gram-quantities.21 The synthesis of the Me4phen-ligated analog of 17 has been reported;35 
however, we were unable to synthesize this complex in an acceptable amount and purity. 
 We measured initial rates for the borylation of 16 with varied concentrations of 
16, B2pin2, and 17 (Table 2.3). We observed a first order dependence of the rate on the 
concentration of the catalyst (Figure 2.4), zero order dependence of the rate on the 
concentration of B2pin2, and zero order dependence of the rate on the concentration of the 
heteroarene. The zero-order dependence in substrate is distinct from the first-order 
dependence in substrate of the rate of arene borylation measured previously.21 
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 This result is consistent with the mechanism shown in Scheme 2.6. In this 
scheme, the resting state of the catalyst contains the heteroarene, instead of the olefin of 
the precursor. Dissociation of the heteroarene, followed by reaction of the released 
heteroarene at the C-H bond, or simple rearrangement of the heteroarene from a nitrogen 
ligand to a π-arene or C-H σ complex would then lead to the transition state for C-H 
bond cleavage. 
 
Scheme 2.6. Proposed Catalytic Cycle for the Borylation of 3-picoline 

 
 

Table 2.4. Kinetic Data for the Borylation of 5-Bromo-2-methylbenzoxazole 19a 

 
aReactions were conducted on a 0.25 mmol scale. The formation of product 4b was observed by 1H 
NMR spectroscopy. 
 
 To assess the generality of the observed zero-order dependence in heteroarene, we 
conducted kinetic studies on the borylation of benzoxazole 19 (Table 2.4) by 1H NMR 
spectroscopy. Benzoxazole 19 contains more steric bulk around the basic nitrogen than 
does 16 (Table 2.3). In this case, benzoxazole 19 would bind more weakly to the catalyst 
than the parent oxazoles and the resting state of the catalyst would likely be the alkene 
complex. However, when we measured the initial rates for the formation of 4b with 
varying concentrations of 19 we observed a weak dependence on the concentration of 19. 
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Based on the initial rates, we approximated the order of the reaction in 19 to be ~0.4 
under the conditions detailed in Table 2.4. 
 
2.2.8 Relative Binding Affinities Studies of the Heteroarenes and Cyclooctene 
 
 NMR spectroscopic studies were conducted to determine the relative binding 
constants of the heteroarenes and COE to iridium, as well as to determine the resting state 
of the catalyst. We conducted studies with 3-picoline 16 and 5-bromo-2-methyl-
benzoxazole 19, so that we could compare the trends in binding of these substrates to 
iridium with the kinetic data for the borylation of these substrates. 
 

 
 
 We first mixed 3-picoline 16 and COE-ligated iridium trisboryl complex 17 in 
THF-d8 at room temperature, and analyzed the composition of the iridium complex by 1H 
NMR spectroscopy. Significant amounts of free COE were generated, as determined by 
the observation of a broad olefinic proton resonance for COE at 5.20 ppm. Bound COE 
resonates at 3.93 ppm, and free COE resonates at 5.60 ppm. Thus, the observed signal 
indicates rapid exchange of free and bound COE on the NMR timescale, with 
approximately 75% of the COE in the free state. The resonance for the 6- and 6’- protons 
of bound dtbpy was also shifted downfield from complex 17. We assigned this resonance 
to the picoline adduct 20 (Equation 1).  
 The borylation of 3-picoline was monitored by 1H NMR spectroscopy with 2 mol 
% of 17 as catalyst to determine the resting state of the catalyst for this process. Sharp 
resonances corresponding to 3-picoline complex 20 and free COE were observed over the 
course of the reaction, allowing us to assign 20 as the resting state. 
 We determined the constant K1 for the equilibrium depicted in equation 1. 
However, due to the fast exchange that occurred at RT, we conducted the 1H NMR 
spectroscopic measurements at -30 °C, so that the free (δ = 5.60 ppm) and bound (δ = 
3.93 ppm) olefinic proton resonances would be independently discernible. The 
equilibrium constant K1 was determined to be 1.0 ± 0.6. Under the conditions of our 
kinetic studies, 3-picoline is present in a 50 to 200-fold excess over iridium complex 17. 
The equilibrium constant indicates that picoline adduct 20 will be present in a similar 
excess over olefin adduct 17 during the catalytic reaction. 
 Unlike the borylation of 3-picoline, the rate of the borylation of benzoxazole 19 
was found to have a partial order dependence on the concentration of the heteroarene 
(vide supra). To determine if this difference in order was due to poorer binding of 19 to 
iridium than of 3-picoline to iridium, we determined the equilibrium constant for the 
exchange of COE with the heteroarene 19. This equilibrium constant was determined to 
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be 3 ± 1 × 10-3 (Chart 2.6). This small equilibrium constant indicates that the resting state 
of the catalyst would likely consist mostly of the alkene complex.  
 

Chart 2.6. Equilibrium Between Heteroarene-Bound and COE-bound forms of the 
Trisboryl Complex 

 
 
 However, when we monitored by 1H NMR spectroscopy the borylation of 19 at 
40 °C catalyzed by 1 mol % of complex 17  (Table 2.4), we observed a broad COE 
resonance at 5.40 ppm and a broad resonance corresponding to the 6,6’-proton of dtbpy at 
9.82 ppm. The COE chemical shift is closer to free COE than bound COE, and the dtbpy 
resonance is closer to the heteroarene-bound complex (9.98 ppm) than the COE-bound 
complex (9.41 ppm) implying that perhaps most of the catalyst was bound by the 
heteroarene instead of COE.  
 From the 1H NMR spectrum we approximated the equilibrium constant for the 
displacement of COE by 19 to be 2 � 10-2 at 40 °C, which is ~6 times larger than the 
equilibrium constant at -30 °C. This apparently greater preference for the heteroarene-
complex at 40 °C than at -30 °C is likely due to the endothermicity of the displacement of 
the olefin by 19. Indeed, a van’t Hoff analysis of this process, revealed that ΔH = +4.7 � 
0.2 kcal/mol and ΔS = +3.8 � 0.4 eu. With these thermodynamic data, we calculated the 
theoretical equilibrium constant at 40 °C to be 2.5 � 10-2 which is consistent with our 
experimental value. Finally, based on the observed chemical shift of the dtbpy resonance, 
the ratio of olefin-bound 17 to benzoxazole bound complex is 0.4, which is roughly 
consistent with our kinetic data in Table 2.4.  
 Chart 2.6 shows the equilibrium constants for the displacement of COE by 
substrates 16 and 19 as well as the products of borylation 18 and 4b. 3-Picoline 16 
undergoes much stronger binding to iridium than does benzoxazole 19. This observation 
is consistent with our initial rate data for the borylation of these two substrates, since the 
borylation of 19 (Table 2.4) is much more rapid than the borylation of 16 (Table 2.3). 
Substrate 16 undergoes stronger binding to iridium than the corresponding product of 
borylation 18, which shows why the borylation of 16 occurs without significant product 
inhibition. However, some product inhibition is expected for the borylation of 19, since 
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the product of borylation 4b has essentially the same ability to bind to iridium as the 
starting material. 
 
2.2.9 Investigations of the Origin of the Regioselectivity  
 
 Several studies were conducted to reveal the origin of the regioselectivity of the 
borylation of basic heteroarenes. These studies included analyzing if the borylation of N-
H bonds would create a large substituent on nitrogen and which heteroarenes would 
undergo this process, competition studies with pyridines to address the question of 
whether binding of nitrogen to iridium or boron would be preventing the borylation at the 
C-H bonds adjacent to basic nitrogen atoms, and DFT analysis of the reaction pathways 
for the borylation of pyiridine adjacent to basic nitrogen. 
 
2.2.10 N-H Borylation 
 
 To determine whether the borylation of N-H bonds affects regioselectivity, we 
investigated the origin of the lack of borylation alpha to free N-H moieties of basic 
heteroarenes. The lack of borylation adjacent to the N-H bond of the heteroarenes in this 
study was unexpected because indole undergoes borylation at the 2-position.53  
 We hypothesized that borylation occurs beta to free N-H moieties in the 
heteroarenes in the current study because of the steric bulk of a N-Bpin species resulting 
from N-H borylation. The following observations led to this hypothesis: 1) additional 
B2pin2 was required to achieve high yields of heteroaryl boronate ester, 2) borylation beta 
to nitrogen is the same regioselectivity observed for the borylation of N-Boc-protected 
heteroarenes, and 3) evolution of gas (presumed to be H2) was observed upon addition of 
a mixture of B2pin2, ligand, and Ir precatalyst to the substrates containing N-H bonds.  
 If N-H borylation proceeds by a mechanism analogous to that of C-H borylation 
with B2pin2 as the boron source, one would expect HBpin to be the byproduct, not H2. 
However, the HBpin generated by this pathway could rapidly react with the free N-H 
without catalysis, generating H2 as a byproduct. To test whether HBpin reacts with the N-
H bonds of the azoles, 4-chloro-2-methyl-7-azaindole 23 (Figure 2.5a) was mixed with 
HBpin in THF. No gas evolution was observed, and 1H NMR spectroscopy confirmed 
that the N-H proton was still intact. However, when the same experiment was conducted 
in the presence of 0.5 mol % of 17 (Figure 2.5b), vigorous gas evolution was observed, 
and a new species that lacked an N–H 1H NMR resonance was formed. Also, the 11B 
NMR spectrum of this species showed the appearance of a new signal at 22.8 ppm. We 
assigned this new species as N-borylated azaindole 24.  
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Figure 2.5. a) Reaction of free N-H containing 23 with HBpin. b) Reaction of 23 with HBpin 
catalyzed by 17, which rapidly forms 24. 
 
 To investigate the mechanism of the formation of N-boryl 24, azaindole 23 was 
mixed with equimolar amounts of trisboryliridium complex 17 (Figure 2.6a) in THF-d8. 
The 1H NMR spectrum of this reaction showed the presence of an iridium hydride signal 
(δ -4.72 ppm) as well as complete conversion of 23 to 24. The observed iridium hydride 
25 appeared to be identical to the bisboryl hydride observed previously. The formation of 
25 suggests an N-H activation/N-B reductive elimination pathway for the formation of 
24. This result is consistent with the recent findings from Smith and Maleczka that the N-
borylation of 7-azaindole occurs in the presence of an iridium catalyst and B2pin2.

11 
 

 
Figure 2.6. a) Reaction of 23 with trisboryl complex 17 to form 24 and Ir-H species 25 as observed by 
1H NMR spectroscopy, followed by preferential reaction of 25 with B2pin2 to form 17. b) Preferential 
reaction of 23 with HBpin catalyzed by 17 to form 24. aCorrected for the generation of  HBpin. 
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 To determine if the iridium hydride would be recycled to the trisboryl 17, we 
investigated the reactivity of iridium hydride 25 with HBpin and B2pin2. Addition of one 
equivalent of both HBpin and B2pin2 to the mixture containing 25 resulted in the 
formation of 17 and full conversion of B2pin2, suggesting that 25 reacts selectively with 
B2pin2 over HBpin. However, the N-H borylation of 23 with one equivalent of both 
HBpin and B2pin2 catalyzed by 17 (Figure 2.6b) results in the quantitative formation of 
24 with only 28% conversion of B2pin2 and 71% conversion of HBpin, correcting for the 
generation of HBpin from the reaction of B2pin2 and 23. These experiments demonstrate 
that HBpin must react with 23 via a pathway that does not involve the N-B reductive 
elimination to form 25.  
 Based on these results we propose that N-H borylation under our reaction 
conditions occurs first through an N-H activation/N-B reductive elimination pathway (red 
pathway, Scheme 2.7). This pathway produces HBpin, which can then react with 23 to 
produce 24 and H2 gas by a different pathway, perhaps via coordination of 23 to the 
trisboryl complex, enhancing the N-H acidity (blue pathway, Scheme 2.7). 
 In summary, the mechanism proposed in Scheme 2.7 accounts for the rapid N-H 
borylation of basic heteroarenes and the formation of H2 gas observed under our 
conditions. The ability of basic heteroarenes to coordinate to iridium, which may enhance 
the N-H’s acidity, explains why N-H borylation of basic heteroarenes occurs faster than 
the catalytic C-H borylation, whereas the N-H borylation of indoles and pyrroles does not 
occur on the time scale of C-H borylation.54 
 
Scheme 2.7. Proposed Mechanism for the N-H Borylation of Basic Heteroarenes 

	
	

2.2.11 Origin of the Lack of Borylation Ortho to Basic Nitrogen 
 
 i. Experimental Studies. Finally, we investigated the origin of the absence of 
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regioselectivity was first observed in a study on the borylation of pyridine.53 Pyridine was 
found to form products from borylation at only the 3- and 4- positions in a statistical ratio 
without formation of product from borylation at the more kinetically acidic 2-position. 
This regioselectivity is general among the reactions of basic heteroarenes, except for a 
few examples involving the borylation of pyrazines and dtbpy adjacent to nitrogen.13,14 At 
the time, it was proposed that pre-coordination of the basic nitrogen to a Lewis acidic 
species, creating steric bulk around nitrogen, would disfavor borylation at the 2-position. 
Under the reported conditions for the borylation of pyridine, there are only two Lewis 
acidic species at the start of the reaction: B2pin2 and iridium. 
 The observed regioselectivity could originate from coordination of pyridine to 
B2pin2 in either of two ways: 1) the two species could form a stable adduct quantitatively 
or 2) the transition state for the C-H activation of a transiently formed adduct could be 
much lower in energy than the transition state for C-H activation of free pyridine.  
The first proposal was shown to be invalid by measuring the 11B NMR spectrum of a 1:1 
mixture of pyridine and B2pin2 in THF. Only B2pin2 was observed; no upfield shift that 
would correspond to a Lewis acid-base N-B adduct was observed.  
 The second proposal was assessed by conducting competition studies and by 
analysis of our kinetic data. We conducted a competition experiment involving the 
borylation of one equivalent of 2,6-lutidine 26 and 3-picoline 16 with one equivalent of 
B2pin2 catalyzed by 17 (equation 2). If the transition state for the C-H activation of a 
transiently formed N-B adduct is much lower in energy than that of the free heteroarene, 
then one would expect the borylation depicted in equation 2 to be much more selective 
for picoline 16 over lutidine 26 because 26 would bind much more weakly to a Lewis 
acid than would 16 due to the steric properties of 26. In the event, the heteroaryl boronate 
esters 27 and 18 were formed equal amounts, as determined by 1H NMR spectroscopy:  
42% and 41% yield, respectively.  
 Finally, a reaction of the catalyst with an adduct of the heteroarene with B2pin2 
generated in small quantities by an unfavorable equilibrium would be first order in 
B2pin2. This prediction is inconsistent with the zero-order dependence of the reaction of 
3-picoline on the concentration of B2pin2. Thus, our experimental data strongly argue 
against binding of the heteroarene to a Lewis acid as the origin of the regioselectivity for 
the borylation of basic heteroarenes. 
 

 
 
Having ruled out the binding of pyridines to B2pin2 during the reaction mechanism, we 
considered the potential that the heteroaryl substrate would bind to one equivalent of 
iridium while a second equivalent of iridium would react with the C-H bond of the bound 
pyridine. Such a mechanism would be second order in the catalyst concentration if C-H 
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activation is turnover limiting. However, the borylation of 3-picoline is first order in 
catalyst (Table 2.3). 
 If dissociation of heteroarene from a complex analogous to picoline adduct 20 
(equation 1) were rate-limiting, then the reaction would be first order in catalyst and zero 
order in substrate and B2pin2. These are the kinetic orders we observed for the borylation 
of 3-picoline (Table 2.3). Yet rate-limiting dissociation of heteroarene can be discounted 
because the heteroarene and COE undergo exchange on the NMR timescale (vide supra). 
These data suggest pre-coordination of heteroarene to a Lewis acidic species is not is not 
responsible for the observed selectivity. 
 

 
Figure 2.7. Reaction pathways for the borylation of pyridine at the 2-, 3-, and 4-positions calculated at 
the M06L level with lanl2dz and 6-31g(d,p) basis sets and IEFPCM THF solvation model. 
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iridium and the 6-31g(d,p) basis set for all other atoms. Solvation in THF was modeled 
using the IEFPCM formalism. The computed pathways describing the borylation of 
pyridine at the 3- and the 4-postion (red and blue pathways respectively, Figure 2.7) 
predict turnover-limiting C-H activation. This computational result is consistent with 
experimentally determined side-by-side kinetic isotope effects of 2.9 and 2.4 for reaction 
at the 3- and the 4-positions respectively (see section 2.4 for details). However, the 
pathways depicted in Figure 2.7 do not predict the high selectivity for borylation at the 3- 
and 4- positions over the 2-position. The pathway for reaction at the 2-position is only 
about 1 kcal/mol higher than the pathway for reaction at the 3- or 4-position.  
 iii. Assessment of the stability of the 2-borylpyridine products under the reaction 
conditions and conclusion on the origin of regioselectivity for the borylation of pyridines 
and diazines. Considering the results of the computational studies, we considered that the 
lack of observable products from borylation alpha to basic nitrogen in pyridines and 
diazines might originate from the combination of the higher barrier of reaction at this site 
over other sites and the instability of the products formed from borylation alpha to basic 
nitrogen under the reaction conditions.  
 To test the second part of this hypothesis, we conducted the borylation of 
pyridine-d5 in the presence of 5 mol % of unlabeled 2-borylpyridine 28 and monitored the 
fate of the 2-borylpyridine (Figure 2.8a). Heating of this reaction mixture led to the 
decomposition of 2-borylpyridine to multiple unidentifiable products. This 
decomposition was faster than the borylation of pyridine-d5; only about 5% yield (based 
on B2pin2) of pyridine-d5 borylation products was observed at the time that the 
decomposition of the 2-borylpyridine was complete. Thus, the more rapid decomposition 
of 2-borylpyridyl products compared to their rate of formations likely the origin of the 
lack of observation of such products during the borylation of pyridines.  
 

 
Figure 2.8. a) Decomposition of 2-borylpyridine 28 during the borylation of pyridine-d5. b) 
Decomposition of 2-borylpyridine 28 during the borylation of benzene-d6.  
 
 We also conducted the borylation of benzene-d6 in the presence of 5 mol % of 2-
borylpyridine 28 (Figure 2.8b). Under these conditions only a 24% yield of PhBpin was 
observed at the time of complete consumption of the 2-borylpyridine. Thus even in the 
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presence of benzene-d6, a non-coordinating substrate containing six reactive C-D bonds, 
the decomposition of the 2-borylpyridine was faster than the C-H borylation process.  
 We also monitored the mass balance of the reaction of 4-picoline (29) with 
B2pin2. Because of the substituent at the 4-position, 4-picoline should not form significant 
amounts of the borylation product. However, it has not been reported whether pyridines 
lacking sterically accessible C-H bonds are stable to the reaction conditions or undergo 
decomposition, perhaps through borylation at the 2-position. If 4-picoline undergoes slow 
reaction at the 2-position, followed by more rapid decomposition, we should observe 1) 
conversion of 4-picoline to a set of decomposition products; 2) conversion of B2pin2 to 
HBpin, and 3) catalyst decomposition.  
 Indeed, heating of 4-picoline (Figure 2.9) with B2pin2 at 80 °C in the presence of 
10 mol % of complex 17, led to the formation of several unidentifiable aromatic 
compounds, according to 1H NMR spectroscopy, a small amount of heteroaryl boronate 
30, the distinctive broad quartet of HBpin, and complete decomposition of the trisboryl 
complex after 7 hours. At this time the conversion of 4-picoline was 40%, but the yield of 
3-boryl-4-picoline 30 was only ~10%, implying that 4-picoline was converted to a series 
of products from decomposition of the product from borylation at the 2-position. The 
conversion of B2pin2 paralleled the conversion of 4-picoline, which suggests that C-H 
borylation is leading to the formation of the multiple aromatic products. At this time we 
do not speculate on the mechanism of decomposition of the proposed 2-borylpyridyl 
products or the catalyst, but the instability of 2-borylpyridine derivatives is well 
documented.55-57 
 

 

 
Figure 2.9. Decomposition of 4-picoline 29, B2pin2, and catalyst as determined by 1H NMR 
spectroscopy. 
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2.3 Conclusions 
 
 Our studies have demonstrated the potential of the iridium-catalyzed borylation to 
functionalize heteroarenes with predictable selectivities. Several important conclusions 
about the origin of the reactivity and selectivity can be drawn from our data. 

1. Investigations of the borylation of basic heteroarenes catalyzed by the combination 
of [Ir(COD)OMe]2 and either Me4phen or dtbpy revealed that the Me4phen-Ir 
catalyst is more active for this transformation than the dtbpy-Ir catalyst. 

2. With the Me4phen-Ir catalyst, the borylation of benzoxazoles, pyrimidines and 
unprotected benzimidazoles, pyrazoles, and azaindoles occurred in good yield and 
with high selectivity.  

3. Much of the high selectivity was derived from the effect of free N-H and basic 
nitrogens on selectivity.  

4. No borylation occurred alpha or ortho to free N-H moieties, due to the rapid 
formation of a bulky N-Bpin species.  

5. Our studies also showed that borylation did not occur alpha or ortho to basic 
nitrogen moieties. This selectivity was not due to binding of the heteroarene to a 
Lewis acidic species through the basic nitrogen, as we proposed earlier, but this 
selectivity may be due to the combination of a higher energy pathway for the 
borylation adjacent to basic nitrogen relative to the borylation at other sites and the 
instability of the products from borylation adjacent to basic nitrogen under the 
reaction conditions 

6. Heteroarenes were shown to bind to the catalyst, and the strength of this binding 
determines the resting state of the catalyst and ultimately the dependence of the rate 
of the reaction on the concentration of substrate.  

 We expect that our studies will greatly broaden the applications of iridium-
catalyzed borylation in the field of medicinal chemistry due to our demonstration of the 
reaction’s high and predictable selectivity as well as tolerance of the reaction to high 
nitrogen content of the substrates. 
 
 
2.4 Experimental 
 

2.4.1 General Experimental Details 
 
 All reactions requiring an inert atmosphere were conducted in an argon-filled 
Braun glove box. Experimental procedures that do not mention the use of an inert 
atmosphere were conducted in air. When vials were used as the reaction vessel, they were 
sealed with Teflon-lined caps. THF used as solvent for the borylation reactions was 
degassed with argon for 45 minutes and dried with a solvent purification system using a 1 
m column containing activated alumina. DMF used as solvent was degassed and dried in 
the same fashion as the THF. Dioxane (anhydrous) was purchased from Acros Organics. 
All other solvents were purchased from Fisher Chemical. Heteroarenes and starting 
materials were purchased from Sigma-Aldrich, Oakwood Chemical, Fisher Chemical, 
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and Santa Cruz Biotechnologies. 3,4,7,8-Tetramethylphenanthroline and 4,4’-di-tert-
butyl-2,2’-bipyridine were purchased from Sigma-Aldrich. Precious metals and QPhos 
ligand were obtained from Johnson-Matthey. All chemicals were used as received unless 
otherwise noted. Several starting materials were synthesized according to modified 
literature procedures (vide infra). Silica gel chromatography was performed with 
Silicycle SiliaFlash P60 silica gel. Flash chromatography was performed with a Teledyne 
ISCO CombiFlash RF 200 with Gold-Top silica columns for normal phase separations 
and Gold-Top C18 columns for reversed phase separations. Products were visualized 
using a 254 nm UV lamp on TLC plates unless otherwise noted. GC analysis was 
performed on an HP 6890 GC equipped with an HP-5 column (25 m x 0.20 mm x 0.33 
μm film) and an FID detector. Quantitative GC analysis was performed by adding 
isododecane as an internal standard during the reaction setup. Response factors relative to 
isododecane were determined for the acquisition of kinetic data. NMR spectra were 
acquired on 300, 400, 500, and 600 MHz Bruker instruments at the University of 
California, Berkeley NMR facility. Chemicals shifts were reported relative to residual 
solvent peaks (CDCl3 = 7.26 ppm for 1H and 77.2 ppm for 13C; DMSO = 2.50 ppm for 1H 
and 39.5 ppm for 13C; CD3OD = 3.31 ppm for 1H and 49.0 for 13C; THF-d8 = 3.58 ppm for 
1H and 67.2 ppm for 13C). NMR yields were determined by 1H NMR spectroscopy with 
1,3,5-trimethoxybenzene as an internal standard. The resonances for carbon atoms 
attached to boron were not observed in most cases due to the boron quadrapole. Mass 
spectrometric analyses were performed at the University of California, Berkeley Mass 
Spec Center using EI and ESI ionization techniques with a Thermo Finnigan LTQ FT 
Instrument. ESI spectra were acquired using positive ionization unless otherwise noted. 
 
2.4.2 Synthesis of Starting Materials and Authentic Products 
 
General Procedure for Synthesis of 2-Methylbenzoxazoles 

 
2-Methylbenzoxazoles were prepared in analogy to a literature procedure.58 To a 50 mL 
round-bottom flask was added substituted aminophenol (4 mmol). This material was 
suspended in trimethylorthoacetate (3.5 mL). The reaction mixture was heated at reflux 
for 20 minutes. The solvent was evaporated with a rotary evaporator, and the residue was 
purified by silica gel flash chromatography, eluting with 0-10:100-90 EtOAc:hexanes.  
5-Methoxy-2-methylbenzoxazole 

The general procedure was conducted with 2-amino-4-
methoxyphenol (502 mg, 3.61 mmol). The product (507 mg, 86% 
yield) was isolated as a pink crystalline solid. The 1H NMR 
spectrum matched those in the literature.59 1H NMR (400 MHz, 
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CDCl3) δ 7.34 (d, J = 8.9 Hz, 1H), 7.14 (d, J = 2.5 Hz, 1H), 6.88 (dd, J = 8.8, 2.5 Hz, 1H), 
3.84 (s, 3H), 2.61 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 164.8, 157.1, 145.7, 142.5, 
112.8, 110.4, 102.8, 56.1, 14.8. 
2,4-Dimethylbenzoxazole 

The general procedure was conducted with 2-amino-3-methylphenol (511 
mg, 4.15 mmol). The product (467 mg, 77% yield) was isolated as a clear 
yellow oil. The 1H NMR spectrum matched those in the literature.59 1H 
NMR (400 MHz, CDCl3) δ 7.30 (d, J = 8.1 Hz, 1H), 7.18 (t, J = 7.8 Hz, 
1H), 7.09 (d, J = 7.5 Hz, 1H), 2.65 (s, 3H), 2.59 (s, 3H). 13C NMR (101 

MHz, CDCl3) δ 163.1, 150.8, 140.7, 129.9, 124.8, 124.2, 107.6, 16.6, 14.7. 
7-Bromo-2-methylbenzoxazole 

The general procedure was conducted with 2-amino-6-bromophenol (502 
mg, 2.67 mmol). The product (425 mg, 75% yield) was isolated as an off-
white solid. 1H NMR (400 MHz, CDCl3) δ 7.59 (d, J = 7.9 Hz, 1H), 7.44 
(d, J = 7.9 Hz, 1H), 7.19 (t, J = 7.9 Hz, 1H), 2.68 (s, 3H). 13C NMR (101 
MHz, CDCl3) δ 164.23, 149.28, 142.31, 127.79, 125.46, 118.68, 102.26, 

14.71. EIHR calc’d (79Br) 210.9633, found 210.9635. 
General Procedure for the Synthesis of 2-Methylbenzimidazoles 

 
2-Methylbenzimidazoles were synthesized using a modified version of the above 
procedure for the synthesis of 2-benzoxazoles. To a 50 mL round-bottom flask equipped 
with a stir bar was added substituted phenylenediamine (6 mmol). The diamine was 
dissolved in MeOH (5 mL). The mixture was stirred while trimethylorthoacetate (6 
mmol) was added dropwise. The reaction mixture was heated at reflux. After 20 minutes, 
additional orthoester (6 mmol) was added dropwise. After 20 more minutes, the reaction 
was complete, as determined by TLC. The solvents were evaporated, and the residue was 
purified by silica gel chromatography, eluting with 8:92 MeOH:CH2Cl2. 
2,4-Dimethylbenzimidazole 

 The general procedure was conducted with 3-methylphenylenediamine 
(730 mg, 5.98 mmol). The product (534 mg, 61% yield) was isolated as a 
beige foam. The 1H NMR spectrum matched those in the literature.60 1H 
NMR (300 MHz, DMSO) δ 12.12 (s, 1H), 7.25 (d, J = 7.8 Hz, 1H), 6.99 
(t, J = 7.6 Hz, 1H), 6.90 (d, J = 7.3 Hz, 1H), 2.48 (s, 3H), 2.47 (s, 3H). 

13C NMR (101 MHz, MeOD) δ 152.4, 139.5, 138.8, 125.1, 123.6, 123.1, 112.9, 16.9, 
14.3. 
5-Fluoro-2-methylbenzimidazole 

 The general procedure was conducted with 4-fluorophenylenediamine 
(756 mg, 5.99 mmol). The product (674 mg, 75% yield) was isolated 
as a tan powder. The 1H NMR spectrum matched those in the 
literature.61 1H NMR (400 MHz, CDCl3) δ 7.47 (dd, J = 8.7, 4.7 Hz, 
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1H), 7.24 (dd, J = 9.0, 2.3 Hz, 1H), 7.09 – 6.87 (m, 1H), 2.65 (s, 3H). 13C NMR (101 
MHz, MeOD) δ 160.6 (d, J = 236.0 Hz), 154.3, 140.0, 136.1, 115.7, 110.9 (d, J = 25.7 
Hz), 101.3 (d, J = 26.7 Hz), 14.4. 
4-Chloro-2-methylbenzimidazole 

 The general procedure was conducted with 3-chlorophenylenediamine 
(864 mg, 6.09 mmol). The product (761 mg, 75% yield) was isolated as a 
tan foam. 1H NMR (400 MHz, MeOD) δ 7.33 (dd, J = 7.8, 0.9 Hz, 1H), 
7.12 (dd, J = 7.8, 1.0 Hz, 1H), 7.06 (t, J = 7.8 Hz, 1H), 2.53 (s, 3H). 13C 

NMR (101 MHz, MeOD) δ 154.0, 139.9, 138.0, 123.7, 122.76, 120.8, 113.4, 14.3. 
ESIHR calc’d (35Cl) 167.0371, found 167.0371. 
Synthesis of 2-(4-Methoxyphenyl)-benzoxazole 

 2-(4-Methoxyphenyl)-benzoxazole was synthesized according 
to a literature procedure.62 The 1H NMR spectrum matched 
those in the literature.63 1H NMR (400 MHz, CDCl3) δ 8.28 – 
8.13 (m, 2H), 7.84 – 7.66 (m, 1H), 7.62 – 7.49 (m, 1H), 7.39 – 

7.28 (m, 2H), 7.12 – 6.88 (m, 2H), 3.90 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 163.2, 
162.3, 150.7, 142.4, 129.4, 124.6, 124.4, 119.7, 119.6, 114.4, 110.4, 55.4. 
Synthesis of Benzoxazole-Substituted c-Met Kinase Inhibitor Precursor 
The synthesis of c-Met kinase inhibitor precursor 13 was conducted with modifications to 
certain steps, according to the procedure outlined in the literature.52 
 
Scheme 2.8. Synthesis of Benzoxazole 13 
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Synthesis of Acid Chloride A1 
A1 was synthesized according to a literature procedure.64 The product was 
used in the next step without purification. 
 
 
 
 
 

Synthesis of Benzoxazole A2 
Benzoxazole A2 was prepared in analogy to a literature procedure.62 To a 50 mL round-

bottom flask equipped with a stir bar was added 2-aminophenol 
(1.95 g, 17.9 mmol), which was then dissolved in NMP (10 mL). To 
a 20 mL vial was added A1 (4.59 g, 18.0 mmol), which was 
dissolved in NMP (10 mL). The solution of 2-aminophenol in NMP 
was cooled to 0 °C, and the solution of A1 in NMP was added 
dropwise over 15 minutes. After 20 minutes, no acid chloride or 
aminophenol was present, as determined by TLC. Pyridine (1.50 mL, 
18.6 mmol) was added all at once, and a reflux condenser was 

attached. The mixture was heated at reflux with an oil bath set to 210 °C. The reaction 
was complete, as determined by TLC, after one hour. The reaction mixture was cooled to 
~60 °C then poured into a beaker containing 9:1 H2O:MeOH (100 mL) in an ice bath. 
Olive-green solids precipitated. The heterogeneous mixture was stirred for 10 minutes. 
The solids were removed by filtration and rinsed with 9:1 H2O:MeOH (200 mL). 
Residual solvent was removed in vacuo from the solids overnight. The crude material 
was purified by silica gel chromatography, eluting with 5:95 EtOAc:Hexanes, to yield 
1.72 g (31% yield) of the desired product as fluffy white crystals. 1H NMR (400 MHz, 
CDCl3) δ 8.66 (d, J = 2.4 Hz, 1H), 8.59 (d, J = 2.4 Hz, 1H), 7.86 (dt, J = 7.9, 3.3 Hz, 1H), 
7.70 – 7.55 (m, 1H), 7.51 – 7.32 (m, 2H). 13C NMR (151 MHz, CDCl3) δ 158.0, 152.1, 
150.9, 148.1, 142.4, 141.5, 126.6, 125.4, 124.7, 121.0, 119.1, 111.1. EIHR calc’d (79Br, 
35Cl) 307.9352, found 307.9359. 
Synthesis of Benzoxazole A3 

 Compound A3 was synthesized according to a modified 
procedure from the literature.52 To a 20 mL vial equipped with a 
stir bar was added benzoxazole A2 (1.02 g, 3.29 mmol). Dry DMF 
(10 mL) was added, forming a suspension. To the suspension was 
added tert-butylamine (1.73 mL, 16.5 mmol), and the vial was 
sealed with a Teflon-lined cap. The mixture was heated at 120 °C. 
After 18 hours, the reaction was complete, as determined by TLC. 
The reaction mixture was poured into a separatory funnel, diluted 
with 1:1 EtOAc:hexanes (150 mL), and washed with H2O (75 mL). 

The organic layer was dried over Na2SO4 and filtered. The solvents were evaporated with 
a rotary evaporator, and the residue was dissolved in a minimal amount of CH2Cl2 and 
loaded onto a silica plug. The desired product was eluted from the plug with hexanes 
(800 mL). The solvents were evaporated with a rotary evaporator to afford 783 mg (69% 
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yield) of A3 as fluffy yellow crystals. 1H NMR (400 MHz, CDCl3) δ 8.76 (s, 1H), 8.33 (d, 
J = 2.3 Hz, 1H), 8.26 (d, J = 2.2 Hz, 1H), 7.80 – 7.65 (m, 1H), 7.60 – 7.49 (m, 1H), 7.43 
– 7.30 (m, 2H), 1.59 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 160.9, 154.6, 151.5, 149.6, 
141.4, 138.3, 125.5, 124.8, 119.8, 110.5, 105.7, 104.6, 52.1, 29.1. ESIHR calc’d (79Br) 
346.0549, found 346.0553. 
Synthesis of Piperidine A4 

 Compound A4 was synthesized according to a literature procedure.65 The 
1HNMR spectrum matched spectra in the literature.66 1H NMR (300 MHz, 
CDCl3) δ 4.88 (tt, J = 7.5, 3.7 Hz, 1H), 3.70 (dt, J = 11.0, 3.9 Hz, 2H), 3.42 – 
3.19 (m, 2H), 3.03 (s, 3H), 2.08 – 1.89 (m, 2H), 1.88 – 1.71 (m, 2H), 1.45 (s, 
9H). 13C NMR (101 MHz, CDCl3) δ 154.7, 80.1, 67.8, 40.5, 34.3, 28.5. 
 
 

Synthesis of Aryl Boronate Ester A5 
Compound A5 was synthesized according to a literature procedure.67 The 1HNMR 

spectrum matched spectra in the literature.68 1H NMR (400 MHz, CDCl3) δ 
7.79 (s, 1H), 7.73 (s, 1H), 4.28 (m, 3H), 2.88 (m, 2H), 2.11 (m, 2H), 1.89 (m, 
2H), 1.47 (s, 9H), 1.32 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 154.7, 
145.2, 133.6, 83.4, 80.0, 59.2, 43.0, 32.5, 28.5, 24.9. 
 
 
 
 
 

 
Synthesis of c-Met Kinase Inhibitor Precursor 14 

Compound 13 was synthesized according to a literature 
procedure.52 1H NMR (400 MHz, CDCl3) δ 8.74 (s, 1H), 8.42 (d, J 
= 2.4 Hz, 1H), 8.31 (d, J = 2.4 Hz, 1H), 7.77 (s, 1H), 7.70 (m, J = 
7.4, 3.7 Hz, 1H), 7.64 (s, 1H), 7.59 – 7.52 (m, 1H), 7.37 – 7.29 (m, 
2H), 4.63 – 3.99 (m, 3H), 2.90 (s, 2H), 2.14 (m, 2H), 2.07 – 1.88 
(m, 2H), 1.61 (s, 9H), 1.48 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 
162.0, 155.1, 154.7, 149.6, 148.4, 141.5, 136.0, 133.6, 125.1, 
124.6, 122.8, 120.0, 119.7, 115.9, 110.3, 104.0, 80.0, 59.6, 51.9, 
43.3, 32.6, 29.4, 28.5. ESIHR calc’d 517.2922, found 517.2919. 
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Synthesis of 1-Piperazinecarboxylic Acid, 4-(2-Pyrimidinyl)-, 1,1-Dimethylethyl 
Ester 

The reaction was conducted in analogy to a literature procedure.51 To a 20 mL 
vial equipped with a stir bar was added 1-Boc-piperazine (400 mg, 2.15 mmol), 
2-chloropyrimidine (244 mg, 2.12 mmol), and K2CO3 (897 mg, 6.50 mmol). 
The solids were suspended in acetonitrile (8 mL), and the vial was sealed with a 
Teflon-lined cap. The mixture was heated at 120 °C. After 23 h, the reaction 
was complete as determined by TLC. The mixture was cooled to room 
temperature and then filtered through a plug of Celite, rinsing with CH2Cl2. The 

solvents were evaporated with a rotary evaporator, and the residue was purified by silica 
gel chromatography with 25:75 EtOAc:hexanes as eluent, yielding 467 mg (83% yield) 
of the desired product as a white solid. The 1H NMR spectrum matched spectra in the 
literature.69 1H NMR (400 MHz, CDCl3) δ 8.29 (d, J = 4.7 Hz, 2H), 6.48 (t, J = 4.7 Hz, 
1H), 3.89 – 3.68 (m, 4H), 3.56 – 3.34 (m, 4H), 1.46 (s, 9H). 13C NMR (101 MHz, CDCl3) 
δ 161.7, 157.8, 154.9, 110.2, 80.0, 43.6, 28.5. 
Synthesis of 2-Methylbenzothiazole Borylation Products: 
Synthesis of 3-Bromothioacetanilide 

To a 50 mL round-bottom flask equipped with a stir bar was added 
3-bromoacetanilide (430 mg, 2.01 mmol) and P2S5 (453 mg, 2.04 
mmol). To this mixture was added toluene (10 mL), and the solids 
were suspended with stirring. A reflux condenser was attached, and 
the mixture was heated at reflux. The reaction was complete, as 

determined by TLC, after 45 minutes. The mixture was cooled to room temperature and 
filtered through a plug of Celite, rinsing with EtOAc. The solvents were evaporated with 
a rotary evaporator, and the residue was purified by silica gel chromatography, with 
15:85 EtOAc:hexanes as eluent, to yield 220 mg (48% yield) of the desired product as an 
off-white, foul-smelling solid. The NMR spectra of the product showed a 2:1 ratio of 
isomers. Only the chemical shifts of the major isomer were tabulated for the 1H NMR 
spectrum. All of the chemical shifts were tabulated for the 13C NMR spectrum. 1H NMR 
(400 MHz, CDCl3) δ 8.69 (s, 1H), 7.91 (d, J = 1.8 Hz, 1H), 7.61 (d, J = 8.1 Hz, 1H), 7.39 
(d, J = 8.7 Hz, 1H), 7.26 (t, J = 8.1 Hz, 1H overlaps with solvent), 2.73 (s, 3H). 13C NMR 
(126 MHz, CDCl3) δ 205.0, 201.1, 164.7, 140.1, 139.3, 131.1, 131.0, 130.2, 130.0, 128.4, 
126.8, 123.9, 122.5, 122.4, 36.2, 30.2. EIHR calc’d 228.9561, found 228.9553. 
Synthesis of 7-Bromo-2-methylbenzothiazole 

7-bromo-2-methylbenzothiazole was synthesized according to a modified 
literature procedure.70 To a 20 mL vial equipped with a stir bar was added 
3-bromothioacetanilide (186 mg, 0.809 mmol) and EtOH (2 mL). To this 
solution was added aqueous 1.0 M NaOH (12 mL). To a separate vial was 
added K3Fe(CN)6 (1.06 g, 3.21 mmol) and H2O (3 mL). The ferricyanide 

solution was then heated at 90 °C with stirring in an oil bath. The solution of the 
thioacetanilide was added dropwise to the ferricyanide solution. The mixture was stirred 
at 90 °C for an additional 25 minutes. The mixture was cooled to room temperature and 
subsequently poured into a separatory funnel and diluted with H2O (10 mL). The mixture 
was extracted with EtOAc (30 mL). The organic layer was dried over anhydrous Na2SO4, 
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filtered, and the solvents were evaporated with a rotary evaporator. After two 
purifications by silica gel chromatography with 10:90 EtOAc:Hexanes as eluent, 23.2 mg 
(13% yield) of the more polar isomer was isolated and determined to be the desired 
product. 1H NMR (400 MHz, CDCl3) δ 7.86 (d, J = 8.1 Hz, 1H), 7.46 (d, J = 7.7 Hz, 1H), 
7.31 (t, J = 7.9 Hz, 1H), 2.82 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 167.4, 153.3, 138.6, 
127.6, 127.2, 121.3, 113.8, 20.4. ESIHR calc’d 227.9477, found 227.9482. 
General Procedure for The Synthesis of 2-Methylbenzothiazole Pinacol Boronate 
Esters 

 
The desired aryl pinacol boronate esters were synthesized in analogy to a literature 
procedure.71 In an argon-filled glove box, an oven-dried 4 mL vial with a stir bar was 
charged with 1 equivalent of the bromo-2-methylbenzothiazole, 0.05 equivalents of 
PdCl2(dppf), and 3 equivalents of KOAc. Dry, degassed DMF was then added, and the 
vial was sealed with a Teflon-lined cap. The reaction mixture was heated at 100 °C for 22 
h. The reaction mixture was poured into a separatory funnel, diluted with EtOAc (15 mL), 
and washed with H2O (2 x 25 mL). The organic layer was dried over anhydrous Na2SO4, 
filtered, and the solvents were evaporated with a rotary evaporator. The residue was 
purified by silica gel chromatography with 10:90 EtOAc:Hexanes as eluent. 
Synthesis of 2-Methylbenzothiazole-7-Boronic Acid Pinacol Ester 

The general procedure was followed with 7-bromo-2-
methylbenzothiazole (23.2 mg, 0.102 mmol), PdCl2(dppf) (4.1 mg, 
0.0050 mmol), KOAc (30.1 mg, 0.306 mmol), and 0.5 mL of DMF. The 
product (10.6 mg, 38% yield) was isolated as a white, crystalline solid. 1H 
NMR (400 MHz, CDCl3) δ 8.04 (dd, J = 8.1, 1.1 Hz, 1H), 7.85 – 7.75 (m, 

1H), 7.45 (dd, J = 8.0, 7.3 Hz, 1H), 2.84 (s, 3H), 1.40 (s, 12H). 13C NMR (101 MHz, 
CDCl3) δ 168.8, 153.0, 141.8, 132.0, 125.6, 125.3, 84.6, 25.1, 20.1. 11B NMR (128 MHz, 
CDCl3) δ 30.5. ESIHR calc’d 276.1224, found 276.1228. 
Synthesis of 2-Methylbenzothiazole-6-Boronic Acid Pinacol Ester 
The general procedure was followed with 6-bromo-2-methylbenzothiazole (464 mg, 2.04 

mmol), PdCl2(dppf) (81.8 mg, 0.100 mmol), KOAc (567 mg, 5.86 
mmol), and 5 mL of DMF. The product (383 mg, 68% yield) was 
isolated as a white, crystalline solid. 1H NMR (400 MHz, CDCl3) δ 
8.30 (s, 1H), 7.93 (d, J = 8.1 Hz, 1H), 7.89 – 7.78 (m, 1H), 2.83 (s, 

3H), 1.36 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 168.8, 155.5, 135.4, 132.0, 128.5, 
121.8, 84.1, 25.0, 20.4. 11B NMR (128 MHz, CDCl3) δ 30.4. ESIHR calc’d 276.1224, 
found 276.1228. 
Synthesis of 2-Methylbenzothiazole-5-Boronic Acid Pinacol Ester 

The general procedure was followed with 5-bromo-2-
methylbenzothiazole (116 mg, 0.509 mmol), PdCl2(dppf) (23.4 mg, 
0.0286 mmol), KOAc (165 mg, 1.68 mmol), and 1 mL of DMF. 
The product (96.2 mg, 69% yield) was isolated as a white, 

crystalline solid. 1H NMR (400 MHz, CDCl3) δ 8.38 (s, 1H), 7.80 (d, J = 8.0 Hz, 1H), 
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7.74 (d, J = 8.0 Hz, 1H), 2.81 (s, 3H), 1.35 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 
166.5, 153.2, 138.9, 130.5, 129.1, 120.9, 84.0, 25.0, 20.3. 11B NMR (128 MHz, CDCl3) δ 
31.3. ESIHR calc’d 276.1224, found 276.1228. 
Independent Synthesis of 2-Methylbenzoxazole-5-Boronic Acid Pinacol Ester 

 
In an argon-filled glove box, 7-bromo-2-methylbenzoxazole (30.3 mg, 0.143 mmol), 
B2pin2 (43.6 mg, 0.172 mmol), KOAc (42.4 mg, 0.433 mmol), and PdCl2(dppf) (5.8 mg, 
0.0071 mmol) were added to an oven-dried vial equipped with a stir bar. To this vial was 
added DMF (0.5 mL). The vial was sealed with a Teflon-lined cap and heated at 80 °C 
for 40 h. The contents of the vial were poured into a separatory funnel, diluted with ether 
(20 mL), and washed with water (3 x 20 mL). The organic layer was dried over 
anhydrous sodium sulfate, filtered, and the solvent was evaporated with a rotary 
evaporator. The residue was purified by flash chromatography with 0-20:100-80 
EtOAc:hexanes as eluent, yielding 24.1 mg (65% yield) of the desired product as a white 
solid. The 1H NMR and 13C NMR spectra were found to be identical to those of product 
5a (vide infra for tabulated chemical shifts and spectra), confirming that iridium-
catalyzed C-H borylation occurred at the 7-position of 2-methylbenzoxazole. 
Synthesis of 7-Azaindole-3-Boronic Acid Pinacol Ester 

1-Boc-7-azaindole-3-boronic acid pinacol ester (58.1 mg, 0.169 mmol) 
that was synthesized via C-H borylation (vide infra) was added to a 4 mL 
vial equipped with a stir bar. To this vial was added a 1:1 mixture of 
TFA:CH2Cl2 (2 mL), and the mixture was stirred for 2 h. The mixture was 
poured into a separatory funnel, and CH2Cl2 (5 mL) and aqueous 1M 

Na2CO3 (30 mL) was added. The aqueous layer was extracted with additional CH2Cl2 (7 
mL), and the combined organic layers were dried over Na2SO4, filtered, and the solvents 
were evaporated with a rotary evaporator. The resulting crystalline material was shown to 
be primarily the desired product by 1H NMR spectroscopy. However, the presence of ~6 
mol % of protodeboronated product was apparent. The material was dissolved in acetone 
(2 mL), and water was added dropwise until the solution became turbid (~2 mL of H2O). 
The mixture was concentrated on a rotary evaporator until the solids coalesced into a 
filterable material. The solids were then filtered and washed with 4:1 water:acetone, 
yielding 31.5 mg (76% yield) of the desired product. 1H NMR (600 MHz, CDCl3) δ 11.48 
(s, 1H), 8.33 (overlapping peaks, 2H), 7.85 (s, 1H), 7.15 (dd, J = 7.7, 4.8 Hz, 1H), 1.37 (s, 
12H). 13C NMR (151 MHz, CDCl3) δ 150.1, 142.7, 135.0, 131.1, 124.5, 116.7, 83.2, 77.4, 
77.2, 77.0, 25.1. 11B NMR (193 MHz, CDCl3) δ 30.1. ESIHR calc’d 245.1456, found 
245.1458. 

Synthesis of N-deuterated 4-chloro-2-methyl-7-azaindole 
To a 4-mL vial was added 4-chloro-2-methyl-7-azaindole (41.8 mg, 
0.250 mmol), which was then dissolved in MeOD (0.5 mL). A stir bar 
was added, and the vial was sealed with a cap containing a septum. The 
solution was stirred for 30 minutes. The solvents were removed under 
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vacuum by piercing the septum with a needle attached to a vacuum line. The vial was 
back-filled with nitrogen, and additional MeOD (0.5 mL) was added via syringe. The 
process of stirring, evaporation, and refilling with MeOD was repeated an additional two 
times, and the solvent was evaporated. The deuterium incorporation was determined to be 
~90% as determined by 1H NMR spectroscopy. 
Synthesis of Palladium Pre-Catalyst 10For Suzuki Couplings 

 
Complex A6 was prepared in 71% yield following a reported procedure.72 In a nitrogen-
filled glove box a mixture of palladium complex A6 (930.3 mg, 1.50 mmol) and tert-
butyldicyclohexylphosphine (763.0 mg, 3.00 mmol) in benzene (60 mL) was stirred at 
room temperature for 1 h (after ~10 minutes the reaction mixture became homogenous). 
The reaction mixture was removed from the glove box. The solution was filtered through 
a pad of Celite and concentrated to volume of ~4 mL. To the mixture was added pentane 
(60 mL), and the mixture was left to crystallize overnight. The solids were collected by 
filtration, washed with pentane (3 x 5 mL) and the residual solvent was removed under 
vacuum, yielding complex 10 (1.58 g, 2.79 mmol, 93 %) 1H NMR (400 MHz, C6D6) δ 
7.67 (d, J = 6.1 Hz, 1H), 7.41 (d, J = 7.3 Hz, 1H), 7.34 – 7.27 (m, 1H), 7.20 – 7.12 (m, 
2H), 7.02 (t, J = 7.4 Hz, 1H), 6.97 (t, J = 7.4 Hz, 1H), 6.76 (d, J = 7.5 Hz, 1H), 4.55 (brs, 
1H), 3.56 (brs, 1H), 2.60 (brs, 1H), 2.52 – 2.28 (m, 2H), 2.28 – 1.99 (m, 2H), 1.32 (d, J = 
13.1 Hz, 9 H), 1.91 – 0.73 (m, 17H); 31P NMR (162 MHz, C6D6) δ 56.2 (s); Anal. Calcd 
for C28H41ClNPPd: C, 59.58; H, 7.32; N, 2.48; Found: C, 59.66; H, 7.46; N, 2.41.  
 
2.4.3. Borylation of Heteroarenes 
 
General Procedure for Heteroarene Borylation 
In an argon-filled glove box, B2pin2 (127 mg, 0.500 mmol), 200 μL of a 16.6 mg/mL 
stock solution of [Ir(COD)OMe]2 (3.3 mg, 0.0050 mmol, 1.0 mol %) and Me4phen (2.4 
mg 0.010 mmol, 2.0 mol %) were combined in a 4 mL vial equipped with a stir bar. 
Additional THF (550 μL) was added. The vial was heated at 80 °C for 1 h, and the 
catalyst mixture became dark red. To a separate vial, was added substrate (0.500 mmol) 
and isododecane (25 μL) in an argon-filled glove box. The catalyst mixture was added to 
the substrate, rinsing with THF (250 μL) (for a total of 1 mL of THF) and the vial was 
sealed with a Teflon-lined cap. The reaction mixture was heated at 80 °C for 4-48 h in a 
heating block. The progress of the reaction was monitored by gas chromatography. 
Volatile materials were evaporated with a rotary evaporator, and the crude product was 
purified by either filtration through a silica plug, silica gel chromatography, or Kugelrohr 
distillation. 
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Borylation of 2-Methylbenzoxazole 
 The reaction was conducted with modifications to the general procedure. 
2-Methylbenzoxazole (66.5 mg), B2pin2 (127 mg), 0.25 mol % 
[Ir(COD)OMe]2, and 0.5 mol % of Me4phen were allowed to react for 26 
h at room temperature. The crude product was purified on silica gel by 
flash chromatography with 0-10:100-90 EtOAc:hexanes as eluent to yield 

4a (65.0 mg, 51% yield) as a light yellow crystalline solid; mp 128-130 °C.  1H NMR 
(400 MHz, CDCl3) δ 7.73 (dd, J = 7.9, 1.2 Hz, 1H), 7.70 (dd, J = 7.4, 1.0 Hz, 1H), 7.29 (t, 
J = 7.6 Hz, 1H), 2.68 (s, 3H), 1.40 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 164.4, 155.4, 
141.0, 131.6, 123.8, 122.6, 84.3, 25.0, 15.0. 11B NMR (128 MHz, CDCl3) δ 30.0. ESIHR 
calc’d 260.1453, found 260.1456. 
Borylation of 5-Bromo-2-methylbenzoxazole 

 The reaction was conducted with modifications to the general 
procedure. 5-Bromo-2-methylbenzoxazole (106 mg), B2pin2 (127 
mg), 0.25 mol % [Ir(COD)OMe]2, and 0.5 mol % of Me4phen were 
allowed to react for 22 h at room temperature. The crude product was 
purified by silica gel column chromatography with 20:80 

EtOAc:hexanes as eluent to yield 4b (134 mg, 79% yield) as a tan crystalline solid; mp 
100-102 °C. 1H NMR (400 MHz, CDCl3) δ 7.85 (d, J = 1.9 Hz, 1H), 7.80 (d, J = 1.8 Hz, 
1H), 2.68 (s, 3H), 1.39 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 165.7, 154.3, 142.7, 
134.0, 125.25, 117.0, 84.7, 77.5, 77.2, 76.8, 25.0, 15.0. 11B NMR (128 MHz, CDCl3) δ 
29.72. ESIHR calc’d 338.0558, found 338.0561. 
Borylation of 5-Methoxy-2-methylbenzoxazole 
The reaction was conducted with modifications to the general procedure. 5-Methoxy-2-

methylbenzoxazole (81.5 mg), B2pin2 (127 mg), 0.25 mol % 
[Ir(COD)OMe]2, and 0.5 mol % of Me4phen were allowed to react 
for 40 h at room temperature. The crude product was purified by 
silica gel flash chromatography with 0-25:100-75 EtOAc:hexanes as 
eluent to yield 4c (91.0 mg, 63% yield) as a white crystalline solid; 

mp 129-130 °C. 1H NMR (400 MHz, CDCl3) δ 7.26 (d, J = 2.8 Hz, 1H), 7.23 (d, J = 2.7 
Hz, 1H), 3.85 (s, 3H), 2.65 (s, 3H), 1.39 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 165.3, 
156.7, 142.1, 118.3, 106.8, 84.4, 77.5, 77.2, 76.8, 65.3, 56.2, 25.0, 15.1. 11B NMR (128 
MHz, CDCl3) δ 29.83. ESIHR calc’d 290.1558, found 290.1560. 
Borylation of 2,4-Dimethylbenzoxazole 

The reaction was conducted with modifications to the general procedure. 
2,4-Dimethylbenzoxazole (73.5 mg), B2pin2 (127 mg), 0.25 mol % 
[Ir(COD)OMe]2, and 0.5 mol % of Me4phen were allowed to react for 25 
h at room temperature. The crude product was purified by silica gel 
chromatography, with 20:100 EtOAc:hexanes as eluent, to yield 4d (96.0 
mg, 70% yield) as a white, crystalline solid; mp 91-92 °C. 1H NMR (600 

MHz, CDCl3) δ 7.60 (d, J = 7.5 Hz, 1H), 7.10 (d, J = 7.5 Hz, 1H), 2.69 (s, 3H), 2.60 (s, 
3H), 1.39 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 163.6, 155.1, 140.1, 133.4, 131.4, 
124.6, 84.0, 25.0, 16.9, 15.0. 11B NMR (193 MHz, CDCl3) δ 30.0. ESIHR calc’d 
274.1609, found 274.1608. 
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Borylation of 2-(p-Tolyl)benzoxazole 
 The reaction was conducted with modifications to the general 
procedure. 2-(p-Tolyl)benzoxazole (105 mg), B2pin2 (127 mg), 
0.25 mol % [Ir(COD)OMe]2, and 0.5 mol % of Me4phen were 
allowed to react for 24 h at room temperature. The crude product 
was purified by silica gel chromatography, with 10:100 
EtOAc:hexanes as eluent, to yield 4e (116 mg, 69% yield) as a 

white, crystalline solid; mp 138-140 °C. 1H NMR (400 MHz, CDCl3) δ 8.25 - 8.14 (m, 
2H), 7.85 (d, J = 8.1 Hz, 1H), 7.75 (d, J = 7.2 Hz, 1H), 7.42 - 7.29 (m, 3H), 2.44 (s, 3H), 
1.43 (d, J = 11.8 Hz, 12H). 13C NMR (101 MHz, CDCl3) δ 163.7, 155.2, 142.0, 141.7, 
131.8, 129.7, 127.8, 124.7, 124.2, 122.8, 84.2, 25.1, 21.8. 11B NMR (128 MHz, CDCl3) δ 
29.3. ESIHR calc’d 336.1766, found 336.1767. 
Borylation of 2-(4-Methoxyphenyl)benzoxazole 

 The reaction was conducted with modifications to the general 
procedure. 2-(4-Methoxyphenyl)benzoxazole (113 mg), B2pin2 
(127 mg), 0.25 mol % [Ir(COD)OMe]2, and 0.5 mol % of 
Me4phen were allowed to react for 24 h at room temperature. 
The crude product was purified by silica gel chromatography, 
with 15:100 EtOAc:hexanes as eluent, to yield 4f (123 mg, 

69% yield) as a white, crystalline solid; mp 149-151 °C. 1H NMR (400 MHz, CDCl3) δ 
8.22 (t, J = 11.0 Hz, 2H), 7.90 – 7.79 (m, 1H), 7.72 (d, J = 7.3 Hz, 1H), 7.33 (t, J = 7.6 
Hz, 1H), 7.02 (t, J = 8.0 Hz, 2H), 3.88 (s, 3H), 1.40 (d, J = 24.4 Hz, 12H). 13C NMR (101 
MHz, CDCl3) δ 163.6, 162.4, 155.2, 141.8, 131.6, 129.7, 124.2, 122.7, 120.1, 114.4, 84.2, 
55.6, 25.1. 11B NMR (128 MHz, CDCl3) δ 31.0. ESIHR calc’d 352.1715, found 352.1716. 
Borylation of 2-Methylbenzothiazole 

The reaction was conducted according to the general procedure with 
modifications on a 0.250 mmol scale. 2-Methylbenzothiazole (37.3 
mg), B2pin2 (63.5 mg), 1.0 mol % [Ir(COD)OMe]2, and 2.0 mol % of 
Me4phen were allowed to react for 22 h at 50 °C. The GC yields were 
determined to be 24%, 9%, and 4% for the products borylated at the 

7, 6, and 5 positions respectively (4g), with isododecane as an internal standard and the 
authentic products (vide supra for synthesis and spectral data) as references. 
Borylation of Pyrimidine 

The reaction was conducted according to the general procedure with 
modifications on a 0.250 mmol scale. Pyrimidine (20.0 mg), B2pin2 (63.5 
mg), 2.5 mol % [Ir(COD)OMe]2, and 5.0 mol % of Me4phen were allowed 
to react for 25 h at room temperature. The solvents were evaporated with 
a rotary evaporator. The 1H NMR yield was determined to be 14% with 

1,3,5-trimethoxybenzene as an internal standard. mp 63-65 °C. 1H NMR (400 MHz, 
CDCl3) δ 9.19 (s, 1H), 8.94 (s, 2H), 1.29 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 162.6, 
160.5, 84.7, 24.9. 11B NMR (128 MHz, CDCl3) δ 30.2. ESIHR calc’d 207.1299, found 
207.1299. 
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Borylation of 2-Methylpyrimidine 
The reaction was conducted according to the general procedure with 
modifications. 2-Methylpyrimidine (47.0 mg), 0.750 equivalents of 
B2pin2 (95.3 mg), 0.5 mol % [Ir(COD)OMe]2, and 1.0 mol % of 
Me4phen were allowed to react for 19 h at room temperature. The 
solvents were evaporated with a rotary evaporator, and the residue was 

purified by Kugelrohr distillation, yielding 5b (41.8 mg, 38% yield) as a clear oil that 
crystalized overnight; mp 49-51 °C. 1H NMR (400 MHz, CDCl3) δ 8.91 (s, 2H), 2.75 (s, 
3H), 1.35 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 170.3, 162.9, 84.6, 26.5, 24.9. 11B 
NMR (128 MHz, CDCl3) δ 30.2. ESIHR calc’d 221.1456, found 221.1458. 
Borylation of 2-cyanopyrimidine 
The reaction was conducted according to the general procedure with modifications. 2-

Cyanopyrimidine (52.5 mg), B2pin2 (127 mg), 1.0 mol % 
[Ir(COD)OMe]2, and 2.0 mol % of Me4phen were allowed to react for 
19 h at room temperature. The solvents were evaporated with a rotary 
evaporator, and the residue was purified by Kugelrohr distillation, 
yielding 5c (62.4 mg, 54% yield) as a crystalline solid; mp 61-64 °C. 

1H NMR (400 MHz, CDCl3) δ 9.07 (s, 2H), 1.36 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 
163.5, 146.6, 115.8, 85.6, 24.9. 11B NMR (128 MHz, CDCl3) δ 29.7. EIHR calc’d 
231.1179, found 231.1181. 
Borylation of 2-Methylbenzimidazole 
 The reaction was conducted according to the general procedure with modifications. 2-

Methylbenzimidazole (66.0 mg), 1.50 equivalents of B2pin2 (191 
mg), 0.5 mol % [Ir(COD)OMe]2, and 1.0 mol % of Me4phen were 
allowed to react for 48 h at 80 °C. The reaction mixture was brown 
and turbid at the end of the reaction. The reaction mixture was 
quenched with MeOH (1 mL), and the resulting mixture was 

stirred until all solids had dissolved (~30 minutes). The solvents were evaporated with a 
rotary evaporator, and the residue was purified by silica gel chromatography with 7:93 
MeOH:CH2Cl2 as eluent. The resulting material contained a significant amount of pinacol, 
as determined by 1H NMR spectroscopy. The residue was dissolved in EtOAc (15 mL), 
and the resulting solution was washed with water (3 x 25 mL). The organic layer was 
dried over anhydrous Na2SO4, filtered, and the solvents were evaporated with a rotary 
evaporator to yield 6a (106 mg, 82% yield) as a white foam. 1H NMR (400 MHz, CDCl3) 
δ 12.91 (br s, 1H), 8.06 (s, 1H), 7.69 (d, J = 8.1 Hz, 1H), 7.58 (d, J = 8.1 Hz, 1H), 2.65 (s, 
3H), 1.35 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 152.7, 141.6, 138.2, 128.5, 121.2, 
114.3, 83.8, 25.0, 15.0. 11B NMR (128 MHz, CDCl3) δ 31.5. ESIHR calc’d 259.1612, 
found 259.1611. 
Borylation of 2,7-Dimethylbenzimidazole 

The reaction was conducted in analogy to the borylation of 2-
methylbenzimidazole (vide supra) with 2,7-dimethylbenzimidazole 
(73.0 mg), B2pin2 (191 mg), 0.5 mol % [Ir(COD)OMe]2, and 1.0 
mol % of Me4phen, yielding 6b (70.5 mg, 52% yield) as an off-
white foam. 1H NMR (500 MHz, CDCl3) δ 11.64 (br s, 1H) 7.84 (s, 
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1H), 7.49 (s, 1H), 2.59 (s, 3H), 2.55 (s, 3H), 1.35 (s, 12H). 13C NMR (101 MHz, CDCl3) 
δ 152.1, 141.5, 137.5, 128.8, 124.6, 122.1, 118.5, 83.7, 24.9 (d, J = 18.2 Hz), 17.1, 14.9. 
11B NMR (128 MHz, CDCl3) δ 32.2. ESIHR calc’d 273.1769, found 273.1767. 
Borylation of 7-Chloro-2-methylbenzimidazole 

 The reaction was conducted in analogy to the borylation of 2-
methylbenzimidazole (vide supra) with 7-chloro-2-
methylbenzimidazole (83.5 mg), B2pin2 (191 mg), 0.5 mol % 
[Ir(COD)OMe]2, and 1.0 mol % of Me4phen, yielding 6c (123 mg, 
84% yield) as a light yellow foam. 1H NMR (400 MHz, CDCl3) δ 
12.03 (br s, 1H), 7.93 (s, 1H), 7.71 (s, 1H), 2.69 (s, 3H), 1.31 (d, J 

= 24.7 Hz, 12H). 13C NMR (101 MHz, CDCl3) δ 153.9, 140.6, 137.7, 127.8, 123.5, 120.9, 
118.4, 84.0, 24.9, 14.9. 11B NMR (128 MHz, CDCl3) δ 34.0. ESIHR calc’d 293.1223, 
found 293.1223. 
Borylation of 5-Fluoro-2-methylbenzimidazole 

The reaction was conducted in analogy to the borylation of 2-
methylbenzimidazole (vide supra) with 5-fluoro-2-
methylbenzimidazole (75.0 mg), B2pin2 (191 mg), 0.5 mol % 
[Ir(COD)OMe]2, and 1.0 mol % of Me4phen, yielding 6d (96.0 mg, 
70% yield) as a white foam. 1H NMR (400 MHz, CDCl3) δ 11.60 

(br s, 1H), 7.91 (d, J = 4.9 Hz, 1H), 7.18 (d, J = 9.6 Hz, 1H), 2.60 (s, 3H), 1.33 (s, 12H). 
13C NMR (101 MHz, CDCl3) δ 163.7 (d, J = 241.8 Hz), 153.8, 142.3, 134.8, 121.9, 101.0 
(d, J = 28.6 Hz), 83.9, 24.9, 15.1. 19F NMR (376 MHz, CDCl3) δ -110.0. 11B NMR (128 
MHz, CDCl3) δ 31.0. ESIHR calc’d 277.1518, found 277.1518. 
Borylation of Pyrazole 

The reaction was conducted with modifications to the general procedure. 
Pyrazole (34.0 mg), 1.50 equivalents of B2pin2 (191 mg), 2.5 mol % 
[Ir(COD)OMe]2, and 5.0 mol % of Me4phen were allowed to react for 21 h 
at 80 °C. The reaction mixture was quenched with wet ether (2 mL), and 
the solvents were evaporated. The residue was purified by silica gel 

chromatography using 55:45 EtOAc:hexanes as eluent. The fractions were analyzed by 
TLC, visualizing with a KMnO4 stain. The resulting material contained a significant 
amount of pinacol, as determined by 1H NMR spectroscopy. The residue was dissolved in 
EtOAc (15 mL), and the resulting solution was washed with water (3 x 25 mL). The 
organic layer was dried over anhydrous Na2SO4, filtered, and evaporated with a rotary 
evaporator to yield 7a (54.3 mg, 56% yield) as a white crystalline material. The 1H NMR 
matched spectra in the literature.10 1H NMR (300 MHz, CDCl3) δ 10.47 (br s, 1H), 7.90 (s, 
2H), 1.32 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 140.7, 83.5, 24.9. 
Borylation of 3-Methylpyrazole 

The reaction was conducted in analogy to the borylation of pyrazole (vide 
supra) with 3-methylpyrazole (41.0 mg), B2pin2 (191 mg), 2.5 mol % 
[Ir(COD)OMe]2, and 5.0 mol % of Me4phen, yielding 7b (40.0 mg, 38% 
yield) as a beige crystalline solid; mp 113-115 °C. 1H NMR (400 MHz, 
CDCl3) δ 11.04 (br s, 1H), 7.78 (s, 1H), 2.46 (s, 3H), 1.29 (d, J = 11.4 Hz, 
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12H). 13C NMR (101 MHz, CDCl3) δ 149.9, 142.8, 83.1, 25.0, 12.2. 11B NMR (128 MHz, 
CDCl3) δ 29.6. ESIHR calc’d 209.1456, found 209.1457. 
Borylation of 3,5-Dimethylpyrazole 

The reaction was conducted in analogy to the borylation of pyrazole (vide 
supra) with 3,5-dimethylpyrazole (48.0 mg), B2pin2 (191 mg), 2.5 mol % 
[Ir(COD)OMe]2, and 5.0 mol % of Me4phen, yielding 7c (64.2 mg, 58% 
yield) as a white crystalline solid; mp 169-171 °C. 1H NMR (400 MHz, 
CDCl3) δ 10.90 (br s, 1H), 2.40 (s, 6H), 1.27 (s, 12H). 13C NMR (101 

MHz, CDCl3) δ 152.1, 82.5, 25.0, 12.9. 11B NMR (128 MHz, CDCl3) δ 29.5. ESIHR 
calc’d 223.162, found 223.1616. 
Borylation of 3-Trifluoromethylpyrazole 

The reaction was conducted according to the general procedure with 
modifications on a 0.750 mmol scale. 3-Trifluoromethylpyrazole (102.0 
mg), B2pin2 (286 mg), 2.5 mol % [Ir(COD)OMe]2, and 5.0 mol % of 
Me4phen were allowed to react for 16 h at 80 °C. The reaction mixture 
was quenched with 1 mL of wet ether, and the solvents were evaporated 

on a rotary evaporator. The residue was purified via silica gel chromatography with 20:80 
EtOAc:hexanes as eluent, yielding 7d (117 mg, 59% yield); mp 112-115 °C. 1H NMR 
(400 MHz, CDCl3) δ 11.98 (br s, 1H), 7.01 (s, 1H), 1.31 (s, 12H). 13C NMR (101 MHz, 
CDCl3) δ 143.7 (q, J = 38.0 Hz), 121.6 (q, J = 268.4 Hz), 112.7 (q, J = 1.6 Hz) 85.3, 24.8. 
19F NMR (376 MHz, CDCl3) δ -60.9. 11B NMR (128 MHz, CDCl3) δ 27.1. EIHR calc’d 
262.1100, found 262.1104. 
Borylation of 7-Azaindole 

The reaction was conducted according to the general procedure with 
modifications on a 0.250 mmol scale. 7-Azaindole (29.5 mg), B2pin2 
(63.5 mg), 1.0 mol % [Ir(COD)OMe]2, and 2.0 mol % of Me4phen were 
allowed to react for 4 h at 80 °C. The reaction mixture was quenched with 
wet ether (1 mL), and the solvents were evaporated on a rotary evaporator. 

The NMR yield was determined to be 55% with 1,3,5-trimethoxybenzene as an internal 
standard. The GC chromatogram and crude 1H NMR spectra of the reaction mixture were 
compared to the GC retention time and 1H NMR spectra of the authentic product (vide 
supra for synthesis and spectral data), confirming the presence of 8a. 
Borylation of 5-Bromo-7-azaindole 

The reaction was conducted according to the general procedure with 
modifications. 5-Bromo-7-azaindole (98.5 mg), B2pin2 (63.5 mg), 1.0 
mol % [Ir(COD)OMe]2, and 2.0 mol % of Me4phen were allowed to 
react for 24 h at 80 °C. The reaction mixture was quenched with wet 
ether (2 mL), and the solvents were evaporated with a rotary 

evaporator. The residue was dissolved in a minimal amount of CH2Cl2 and loaded onto a 
silica plug. The silica plug was washed with CH2Cl2 (100 mL), and the washes were 
discarded. The product was eluted from the plug with 12:88 MeOH:DCM (100 mL). The 
solvents were evaporated, and the resulting residue was dissolved in EtOAc (15 mL), and 
the resulting solution was washed with water (3 x 25 mL). The organic layer was dried 
over anhydrous Na2SO4, filtered, and the solvents evaporated with a rotary evaporator. 
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The resulting residue contained ~9 mol % of starting material, as determined by 1H NMR 
spectroscopy. To remove this starting material, the residue was dissolved in acetone (4 
mL). Water (4 mL) was added dropwise, precipitating tan crystals from the solution. The 
solids were removed by filtration and washed with 3:1 water:acetone. The solvents of the 
filtrate were evaporated with a rotary evaporator, and the resulting residue was re-
dissolved in acetone (2 mL). Water (2 mL) was added, causing more crystals to 
precipitate. The solids were filtered and washed with 3:1 water:acetone. The residual 
solvents were removed under vacuum from the combined filter cakes, yielding 8b (92.0 
mg, 57% yield) as a tan crystalline solid; mp 208-209 °C. 1H NMR (500 MHz, CDCl3) δ 
10.81 (s, 1H), 8.43 (s, 1H), 8.35 (s, 1H), 7.80 (d, J = 1.7 Hz, 1H), 1.37 (s, 12H). 13C NMR 
(126 MHz, CDCl3) δ 148.4, 143.5, 135.9, 133.2, 126.1, 112.8, 83.4, 25.1. 11B NMR (193 
MHz, CDCl3) δ 28.8. calc’d 323.0561, found 323.0567. 
Borylation of 6-Azaindole 

The reaction was conducted with modifications to the general procedure 
on a 1.00 mmol scale. 6-Azaindole (118 mg), B2pin2 (382 mg), 2.5 
mol % [Ir(COD)OMe]2, and 5.0 mol % of Me4phen were allowed to react 
for 18 h at 80 °C. The reaction mixture was quenched with wet ether (2 
mL), and the solvents were evaporated with a rotary evaporator. The 

residue was dissolved in a minimal amount of CH2Cl2 and loaded onto a plug of silica gel. 
The plug was washed with CH2Cl2 (100 mL), and the filtrate was discarded. The product 
was eluted from the plug with 12:88 MeOH:CH2Cl2 (200 mL). The solvents were 
evaporated. The orange residue was dissolved in EtOAc (20 mL), and the resulting 
solution was washed with water (3 x 30 mL). The organic layer was dried over anhydrous 
Na2SO4, filtered, and the solvents were evaporated with a rotary evaporator to yield 8c 
(114 mg, 47% yield) as a tan crystalline powder; mp 145-147 °C. 1H NMR (400 MHz, 
CDCl3) δ 10.61 (s, 1H), 8.84 (s, 1H), 8.31 (d, J = 5.5 Hz, 1H), 7.96 (d, J = 5.5 Hz, 1H), 
7.85 (s, 1H), 1.37 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 139.2, 137.9, 137.4, 134.7, 
134.0, 117.4, 83.3, 25.1. 11B NMR (128 MHz, CDCl3) δ 30.74. ESIHR calc’d 245.1456, 
found 245.1457. 
Borylation of 3-Ethyl-7-azaindole 

The reaction was conducted according to the general procedure with 
modifications. 3-Ethyl-7-azaindole (73.0 mg, 0.500 mmol), B2pin2 
(191 mg, 0.752 mmol), 1.0 mol % [Ir(COD)OMe]2, and 2.0 mol % 
of Me4phen were allowed to react for 19 h at 80 °C. The reaction 
mixture was quenched with MeOH (1 mL), and the solvents were 

evaporated on a rotary evaporator. The residue was dissolved in a minimal amount of 
CH2Cl2 and loaded onto a plug of silica gel. The plug was washed with CH2Cl2 (100 mL), 
and the filtrate was discarded. The product was eluted from the plug with 12:88 
MeOH:CH2Cl2 (200 mL). The solvents were evaporated, and the orange residue was 
dissolved in EtOAc (20 mL), and the resulting solution was washed with water (3 x 30 
mL). The organic layer was dried over anhydrous Na2SO4, filtered, and the solvents were 
evaporated with a rotary evaporator to yield 8d (116 mg, 85% yield) as a tan crystalline 
powder; mp 141-143 °C. 1H NMR (400 MHz, CDCl3) δ 11.13 (br s, 1H), 8.71 (s, 1H), 
8.37 (s, 1H), 7.11 (s, 1H), 2.79 (q, J = 7.4 Hz, 2H), 1.39 (s, 12H), 1.33 (t, J = 7.6 Hz, 3H). 
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13C NMR (101 MHz, CDCl3) δ 150.8, 148.5, 134.5, 121.4, 120.0, 117.5, 83.9, 25.0, 24.8, 
18.5, 14.7. 11B NMR (128 MHz, CDCl3) δ 34.1. ESIHR calc’d 273.1769, found 
273.1770. 
Borylation of 4-Chloro-2-methyl-7-azaindole 

The reaction was conducted according to the general procedure 
with modifications. 4-Chloro-2-methyl-7-azaindole (83.5 mg), 
B2pin2 (191 mg), 1.0 mol % [Ir(COD)OMe]2, and 2.0 mol % of 
Me4phen were allowed to react for 19 h at 80 °C. The reaction 
mixture was quenched with MeOH (1 mL), and the solvents were 
evaporated on a rotary evaporator. The residue was adsorbed onto 

Celite and purified with reversed phase (C18) flash chromatography, with 0-50:100-50 
acetonitrile:water as eluent, yielding 8d (93.8 mg, 64% yield) as an off-white, fluffy 
solid; mp 236-238 °C. 1H NMR (400 MHz, CDCl3) δ 11.88 (s, 1H), 8.47 (s, 1H), 6.32 (s, 
1H), 2.57 (s, 3H), 1.40 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 150.7, 148.1, 141.11, 
137.4, 121.8, 97.8, 84.1, 25.0, 14.3. 11B NMR (128 MHz, CDCl3) δ 31.2. ESIHR calc’d 
293.1223, found 293.1226. 

Borylation of 1-Boc-7-azaindole 

The reaction was conducted according to the general procedure with 
modifications on a 1.00 mmol scale. 1-Boc-7-azaindole (218 mg), B2pin2 
(254 mg), 0.5 mol % [Ir(COD)OMe]2, and 1.0 mol % of Me4phen were 
allowed to react for 22 h at room temperature. The crude product was 
purified by silica gel chromatography, with 20:80 EtOAc:hexanes as 
eluent, yielding 8e (243 mg, 70% yield) as a clear, viscous liquid that 

solidified overnight into a white solid. The 1H NMR spectrum matched spectra in the 
literature.10 1H NMR (300 MHz, CDCl3) δ 8.50 (dd, J = 4.8, 1.7 Hz, 1H), 8.25 (dd, J = 
7.8, 1.7 Hz, 1H), 8.04 (s, 1H), 7.21 (dd, J = 7.8, 4.8 Hz, 1H), 1.66 (s, 9H), 1.37 (s, 12H). 
13C NMR (101 MHz, CDCl3) δ 149.5, 147.7, 145.2, 135.5, 131.0, 126.2, 118.9, 84.4, 
83.7, 28.2, 24.9. 

2.4.4. Tandem Reactions 
 
Synthesis of 5-Methoxy-2-methyl-7-(p-tolyl)benzoxazole 

The reaction was conducted with modifications to the general 
borylation procedure. 5-Methoxy-2-methylbenzoxazole (81.5 mg, 
0.500 mmol), B2pin2 (127 mg, 0.500 mmol), 0.25 mol % 
[Ir(COD)OMe]2, and 0.5 mol % of Me4phen were allowed to react 
for 40 h at room temperature. The solvents were evaporated with a 
rotary evaporator. In an argon-filled glove box, 4-bromotoluene 
(102 mg, 0.600 mmol), Pd(dba)2 (14.4 mg, 0.0250 mmol), QPhos 
(19.0 mg, 0.0267 mmol), and CsF (227 mg, 1.50 mmol) were 
combined in a 20 mL vial with the residue from the borylation. The 

solids were suspended in dioxane (2 mL), and the vial was fitted with a cap containing a 
septum. Through the septum, was added nitrogen-sparged water (0.5 mL), and the 
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reaction mixture was heated at 100 °C for 21 h. The mixture was poured into a separatory 
funnel, and EtOAc (15 mL), water (10 mL), and brine (10 mL) were added. The organic 
layer was dried over anhydrous Na2SO4 and filtered, and the solvents were evaporated 
with a rotary evaporator. The residue was purified by silica gel chromatography using 
20:80 EtOAc:hexanes as eluent. The resulting material still contained some trace 
impurities by 1H NMR spectroscopy. To remove these impurities, the material was 
dissolved in hot iPr2O (2 mL), and the mixture was cooled to room temperature. Needle-
like crystals precipitated and were collected by filtration. The mother liquor was placed in 
a freezer at -10 °C, yielding more crystals that were collected by filtration. The two crops 
yielded 9a (76.5 mg, 60% yield) as needle-like crystals with an orange tinge. 1H NMR 
(400 MHz, CDCl3) δ 7.72 (d, J = 8.1 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 7.10 (t, J = 4.0 
Hz, 1H), 7.07 (d, J = 2.4 Hz, 1H), 3.88 (s, 3H), 2.64 (s, 3H), 2.42 (s, 3H). 13C NMR (101 
MHz, CDCl3) δ 164.8, 157.4, 143.4, 143.0, 138.2, 132.6, 129.6, 128.1, 125.0, 111.6, 
101.6, 56.1, 21.4, 14.9. ESIHR calc’d 254.1176, found 254.1178. 
Synthesis 2-Methyl-4-(2-pyridyl)benzimidazole 

The reaction was conducted with modifications to the general 
procedure. 2-Methylbenzimidazole (66.0 mg), 1.50 equivalents of 
B2pin2 (191 mg), 0.5 mol % [Ir(COD)OMe]2, and 1.0 mol % of 
Me4phen were allowed to react for 48 h at 80 °C. The reaction 
mixture was quenched with MeOH (1 mL), and the solvents were 
evaporated on a rotary evaporator. In an argon-filled glove box, 

2-bromopyridine (103 mg, 0.650 mmol), palladium complex 10 (14.1 mg, 0.250 mmol), 
and K2CO3 (207 mg, 1.50 mmol) were combined in a 20 mL vial with the residue from 
the borylation. The solids were suspended in dioxane (4 mL), and the vial was equipped 
with a cap with a septum. Through the septum was added nitrogen-sparged water (1 mL). 
The mixture was heated at 100 °C for 2 h. The reaction mixture was poured into a 
separatory funnel, and EtOAc (15 mL), water (10 mL), and brine (10 mL) were added. 
The organic layer was dried over Na2SO4, filtered, and the solvents were evaporated with 
a rotary evaporator. The residue was purified by silica gel chromatography with 7:93 
MeOH:DCM as eluent, yielding 9b (68.1 mg, 65% yield) as an amorphous, gray solid. 1H 
NMR (400 MHz, MeOD) δ 8.66 – 8.47 (m, 1H), 8.03 (d, J = 1.2 Hz, 1H), 7.89 – 7.78 (m, 
2H), 7.76 (dd, J = 8.4, 1.7 Hz, 1H), 7.54 (d, J = 8.4 Hz, 1H), 7.33 – 7.24 (m, 1H), 2.57 (s, 
3H). 13C NMR (101 MHz, CDCl3) δ 159.5, 154.5, 150.1, 140.8, 140.1, 138.8, 134.8, 
123.1, 122.6, 115.5, 114.0, 14.4. ESIHR calc’d 210.1026, found 210.1023. 
Synthesis of 3-(Dimethylaminomethyl)-5-(4-cyanophenyl)-7-azaindole 

The reaction was conducted with modifications to the 
general procedure. 3-(Dimethylaminomethyl)-7-azaindole 
(87.5 mg), 1.50 equivalents of B2pin2 (191 mg), 0.5 mol % 
[Ir(COD)OMe]2, and 1.0 mol % of Me4phen were allowed 
to react for 48 h at 80 °C. The reaction mixture was 
quenched with MeOH (1 mL), and the solvents were 

evaporated on a rotary evaporator. In an argon-filled glove box, 4-bromo-benzonitrile 
(116 mg, 0.650 mmol), palladium complex 10 (14.1 mg, 0.250 mmol), and K2CO3 (207 
mg, 1.50 mmol) were combined in a 20 mL vial with the residue from the borylation. The 
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solids were suspended in dioxane (4 mL), and the vial was equipped with a cap 
containing a septum. Through the septum, was added nitrogen-sparged water (1 mL). The 
mixture was heated at 100 °C for 1.5 h. The reaction mixture was poured into a 
separatory funnel, and EtOAc (15 mL), water (10 mL), and brine (10 mL) were added. 
The organic layer was dried over Na2SO4, filtered, and the solvents were evaporated with 
a rotary evaporator. The residue was purified by silica gel chromatography with 20:2:1 
EtOAc:MeOH:Et3N as eluent. The obtained solid was further purified via 
recrystallization. The material was dissolved in 1:1 MeOH:ACN with gentle heating. The 
solution was placed in a freezer at -10 °C for 2 days. White crystals formed. The mother 
liquor was decanted, and the crystals were washed with ACN that had been cooled to -
10 °C. Additional crystals were obtained by concentrating the mother liquor and letting 
another crop crystallize at -10 °C. The product 9c (92.6 mg, 67% yield) was obtained as 
white crystals from the two crops. 1H NMR (400 MHz, CDCl3) d 10.55 (s, 1H), 8.56 (d, J 
= 1.8 Hz, 1H), 8.25 (d, J = 1.7 Hz, 1H), 7.75 (s, 4H), 7.34 (s, 1H), 3.64 (s, 2H), 2.29 (s, 
6H). 13C NMR (101 MHz, CDCl3) d 149.26, 144.39, 141.84, 132.76, 127.96, 127.51, 
126.82, 125.75, 120.69, 119.11, 112.61, 110.58, 55.00, 45.43. ESIHR calc’d 277.1448, 
found 277.1448. 
Synthesis of 2-(p-Tolyl)-7-trifluoromethylbenzoxazole 

The reaction was conducted according to the general borylation 
procedure with modifications. 2-(p-Tolyl)benzoxazole (105 mg), 
B2pin2 (127 mg), 0.25 mol % [Ir(COD)OMe]2, and 0.5 mol % of 
Me4phen were allowed to react for 14 h at room temperature. 
The solvents were evaporated with a rotary evaporator. To a 20 
mL vial with the residue from the borylation, was added 

(phen)CuCF3 (prepared according to a literature procedure73) (157 mg, 0.600 mmol) and 
KF (19.0, 0.500 mmol) in an argon-filled glove box. The solids were suspended in 
anhydrous DMF (5 mL), and the vial was sealed with a cap fitted with a septum. The 
mixture was brought out of the glove box, and the mixture was sparged with air for 5 
minutes via needle-equipped air line. The mixture was allowed to react at 50 °C for 25 h. 
The mixture was filtered through Celite, rinsing with ether (50 mL). The filtrate was 
washed with water. The organic layer was dried over anhydrous Na2SO4, filtered, and the 
solvents were evaporated with a rotary evaporator. The residue was purified by silica gel 
chromatography with 5:95 EtOAc:hexanes as eluent. The resulting crystalline solid was 
further purified by recrystallization. The solid was dissolved in hot MeOH (2 mL) and 
cooled to room temperature. The solution was then placed in a freezer at -10 °C for 2 h. 
The resulting crystals were harvested by decanting the mother liquor and washing the 
solids with cold (-10 °C) MeOH (2 mL). The desired product (42.9 mg, 31% yield) was 
obtained as a white crystalline solid. 1H NMR (400 MHz, CDCl3) δ 8.16 (t, J = 8.8 Hz, 
2H), 7.92 (d, J = 8.0 Hz, 1H), 7.57 (d, J = 7.8 Hz, 1H), 7.42 (t, J = 7.9 Hz, 1H), 7.34 (d, J 
= 8.0 Hz, 2H), 2.45 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 164.6, 146.9, 143.8, 143.0, 
129.9, 128.1, 124.5, 124.4, 123.7, 121.7 (q, J = 4.3 Hz), 121.7, 114.4 (q, J = 35.1 Hz), 
21.9. 19F NMR (376 MHz, CDCl3) δ -60.1. ESIHR calc’d 277.0714, found 277.0716. 
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Synthesis of 5-Bromo-7-hydroxy-2-methylbenzoxazole 
The reaction was conducted according to the general borylation 
procedure with modifications. 5-Bromo-2-methylbenzoxazole (106 
mg), B2pin2 (127 mg), 0.25 mol % [Ir(COD)OMe]2, and 0.5 mol % of 
Me4phen were allowed to react for 22 h at room temperature. The 
solvents were evaporated with a rotary evaporator. To a 20 mL vial 

with the residue from the borylation, was added NaBO3�4H 2O (231 mg, 1.50 mmol). The 
solids were dissolved in 1:1 THF:water (8 mL) and stirred for 15 minutes. To the mixture 
was added aqueous saturated NH4Cl, and the mixture was poured into a separatory funnel. 
Water (10 mL) and EtOAc (15 mL) was added. The organic layer was dried over 
anhydrous Na2SO4, filtered, and the solvents were evaporated with a rotary evaporator. 
The residue was purified with silica gel chromatography with 25:75 EtOAc:hexanes as 
eluent, yielding 9e (83.1 mg, 72% yield) as a gray powder. 1H NMR (400 MHz, MeOD) 
δ 7.20 (d, J = 1.7 Hz, 1H), 6.92 (d, J = 1.7 Hz, 1H), 2.62 (s, 3H). 13C NMR (101 MHz, 
MeOD) δ 166.9, 145.0, 144.2, 140.3, 118.0, 115.7, 113.6, 14.1. ESIHR [M/Z-1] calc’d 
225.9509, found 225.9507. 
Synthesis of potassium 4-Chloro-2-methyl-7-azaindole-5-trifluoroborate 

The reaction was conducted according to the general borylation 
procedure with modifications. 4-Chloro-2-methyl-7-azaindole (83.5 
mg), B2pin2 (191 mg), 1.0 mol % [Ir(COD)OMe]2, and 2.0 mol % of 
Me4phen were allowed to react for 19 h at 80 °C. The reaction 
mixture was quenched with MeOH (1 mL), and the solvents were 
evaporated with a rotary evaporator. To a 20 mL vial with the 

residue from the borylation, was added KHF2 (178 mg, 2.28 mmol). Water (0.8 mL) was 
added to the vial follwed by MeOH (2 mL). The mixture was stirred at room temperature 
for 5 h. The solvents were evaporated with a rotary evaporator. A 1:1 mixture of 
MeOH:water (4 mL) was added to the vial, and the solvents were evaporated. This step 
was repeated two more times to azeotropically remove pinacol. To the residue was added 
acetone (10 mL), and the mixture was stirred for 30 minutes. The mixture was filtered 
through Celite, rinsing with acetone. The filtrate was concentrated to ~1.5 mL, and 
precipitates began to form. Ether (1.5 mL) was added, and the mixture was allowed to 
stand for 20 minutes. The mother liquor was removed by a filter-tip pipette, and the 
solids were washed with 1:1 acetone:ether, yielding 9f (67.8 mg, 50% yield) as a beige 
solid. 1H NMR (300 MHz, DMSO) δ 11.36 (s, 1H), 8.04 (s, 1H), 6.02 (s, 1H), 2.35 (s, 
3H). 13C NMR (101 MHz, DMSO) δ 148.6, 146.4, 137.0, 135.2, 119.9, 95.6, 13.6. 11B 
NMR (128 MHz, DMSO) δ 2.7. ESIHR calc’d 272.9975, found 272.9977. 
 
2.4.5. Applications of Heteroarene Borylation 
 
Borylation of 1-Piperazinecarboxylic acid, 4-(2-pyrimidinyl)-, 1,1-dimethylethyl 
ester 
The reaction was conducted according to the general borylation procedure with 
modifications on a 0.250 mmol scale. 1-Piperazinecarboxylic acid, 4-(2-pyrimidinyl)-, 
1,1-dimethylethyl ester (66.0 mg), 0.75 equivalents of B2pin2 (47.6 mg), 0.5 mol % 
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[Ir(COD)OMe]2, and 1.0 mol % of Me4phen were allowed to react for 30 h at 
room temperature. The solvents were evaporated on a rotary evaporator, and 
the residue was purified by silica gel chromatography with 25:75 
EtOAc:hexanes as eluent, yielding the desired product (55.2 mg, 57% yield) as 
a white solid; mp 221 °C (decomposes, gas evolution). 1H NMR (400 MHz, 
CDCl3) δ 8.57 (s, 2H), 4.07 – 3.69 (m, 4H), 3.64 – 3.31 (m, 4H), 1.47 (s, 9H), 
1.30 (s, 12H). 13C NMR (128 MHz, CDCl3) δ 145.40, 144.02, 138.12, 82.37, 
79.46, 50.85, 39.06, 36.20. 11B NMR (128 MHz, CDCl3) δ 30.5. ESIHR calc’d 

391.2511, found 391.2510. 
Synthesis of 1-Piperazinecarboxylic acid, 4-(5-hydroxy-2-pyrimidinyl)-, 1,1-
dimethylethyl ester 

The reaction was conducted according to the general 
borylation procedure with modifications. 1-
Piperazinecarboxylic acid, 4-(2-pyrimidinyl)-1,1-
dimethylethyl ester (132 mg), 0.75 equivalents of B2pin2 (95.3 

mg), 0.5 mol % [Ir(COD)OMe]2, and 1.0 mol % of Me4phen were allowed to react for 30 
h at room temperature. The solvents were evaporated with a rotary evaporator. To a 20 
mL vial with the residue from the borylation reaction, was added NaBO3�4H 2O (231 mg, 
1.50 mmol). The solids were dissolved in 1:1 THF:water (8 mL), and the mixture was 
allowed to stir for 40 minutes. The mixture was poured into a separatory funnel and 
saturated aqueous NH4Cl (20 mL) and EtOAc (20 mL) were added. The organic layer 
was dried over Na2SO4, filtered, and the solvents were evaporated with a rotary 
evaporator. The residue was purified by silica gel chromatography with 35:65 
EtOAc:hexanes as eluent, yielding 12 (128 mg, 91% yield) as a white solid. The 1H NMR 
spectrum matched spectra reported in the literature.51 1H NMR (400 MHz, CDCl3) δ 8.06 
(s, 2H), 7.78 (s, 1H), 3.95 – 3.55 (m, 4H), 3.54 – 3.10 (m, 4H), 1.47 (s, 9H). 13C NMR 
(101 MHz, CDCl3) δ 157.4, 155.3, 146.0, 143.7, 80.7, 44.6, 43.7, 28.6. 
Borylation of c-Met kinase inhibitor precursor 13 

The reaction was conducted according to the general borylation 
procedure with modifications on a 0.100 mmol scale. C-Met 
kinase inhibitor precursor 13 (51.7 mg, 0.100 mmol), B2pin2 (25.4 
mg), 1.0 mol % [Ir(COD)OMe]2, and 2.0 mol % of Me4phen were 
allowed to react for 15 h at room temperature. The yield of the 
reaction was determined to be 51% by 1H NMR spectroscopy with 
1,3,5-trimethoxybenzne as an internal standard; mp 222 °C 
(decomposes, gas evolution). 1H NMR (600 MHz, CDCl3) δ 8.64 
(s, 1H), 8.46 (s, 1H), 8.43 (s, 1H), 7.81 (d, J = 7.7 Hz, 1H), 7.78 (s, 
1H), 7.73 (d, J = 7.1 Hz, 1H), 7.66 (s, 1H), 7.35 (t, J = 7.3 Hz, 1H), 
4.60 – 3.97 (m, 3H), 2.93 (m, 2H), 2.19 (m, 2H), 1.97 (d, J = 10.4 
Hz, 2H), 1.61 (s, 9H), 1.49 (s, 9H), 1.41 (s, 12H). 13C NMR (101 

MHz, CDCl3) δ 162.3, 155.2, 154.7, 154.1, 148.2, 141.0, 135.9, 134.1, 131.8, 124.2, 
122.6, 120.2, 115.8, 104.4, 84.3, 80.0, 59.6, 52.0, 43.0, 32.7, 29.5, 28.6, 25.2. 11B NMR 
(193 MHz, CDCl3) δ 30.0. ESIHR calc’d 643.3774, found 643.3789. 
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Tandem C-H borylation and Suzuki coupling reaction to synthesize 15 from 13 
The reaction was conducted according to the general borylation 
procedure with modifications on a 0.250 mmol scale. C-Met 
kinase inhibitor precursor 13 (129 mg, 0.250 mmol), B2pin2 (63.5 
mg), 1.0 mol % [Ir(COD)OMe]2, and 2.0 mol % of Me4phen were 
allowed to react for 15 h at room temperature. The reaction 
mixture was quenched with wet ether (1 mL). The solvents were 
evaporated with a rotary evaporator. In an argon-filled glove box, 
2-bromopyridine (51.4 mg, 0.325 mmol), palladium complex 10 
(7.1 mg, 0.013 mmol), and K2CO3 (104 mg, 0.750 mmol) were 
combined in a 20 mL vial with the residue from the borylation. 
The solids were suspended in dioxane (2 mL), and the vial was 
equipped with a cap containing a septum. Through the septum was 
added nitrogen-sparged water (0.5 mL). The mixture was heated at 

100 °C for 4 h. The reaction mixture was poured into a separatory funnel, and EtOAc (15 
mL), water (10 mL), and brine (10 mL) were added. The organic layer was dried over 
Na2SO4, filtered, and the solvents were evaporated. The residue was purified by silica gel 
chromatography with 40:60 EtOAc:hexanes as eluent. The resulting material contained 
impurities, as determined by 1H NMR spectroscopy. The impurities were removed by the 
following procedure: acetonitrile (1 mL) was added to the residue, and the mixture 
became turbid. The mixture was filtered through Celite, rinsing with acetonitrile. The 
solvents were evaporated, and the residue was re-dissolved in acetonitrile (1 mL). Di-
isopropyl ether (1 mL) was added, and the solution was placed in a freezer at -10 °C for 
48 h. Small yellow precipitates formed and were collected by filtration and rinsed with 
iPr2O cooled at -10 °C, yielding 15 (29.7 mg, 20% yield) as a bright yellow solid. 1H 
NMR (400 MHz, CDCl3) δ 8.79 (d, J = 2.9 Hz, 1H), 8.74 (s, 1H), 8.42 (s, 1H), 8.31 (s, 
1H), 8.19 (d, J = 7.8 Hz, 1H), 8.14 (d, J = 7.6 Hz, 1H), 7.87 (t, J = 7.3 Hz, 1H), 7.75 (d, J 
= 6.7 Hz, 2H), 7.62 (s, 1H), 7.44 (dd, J = 25.4, 17.7 Hz, 1H), 7.37 – 7.28 (m, 1H), 4.29 (d, 
J = 10.9 Hz, 3H), 2.92 (s, 2H), 2.18 (d, J = 13.4 Hz, 2H), 1.98 (d, J = 9.3 Hz, 2H), 1.62 (s, 
9H), 1.49 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 162.1, 155.2, 154.7, 153.3, 150.1, 
148.8, 147.3, 142.4, 136.9, 136.3, 133.8, 125.1, 124.9, 123.5, 123.5, 123.0, 122.9, 120.3, 
120.0, 115.9, 103.8, 80.1, 59.6, 52.0, 42.9, 32.6, 29.4, 28.5. ESIHR calc’d 594.3187, 
found 594.3183. 
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2.4.6. Kinetic and Binding Studies  
 
Borylation procedure for initial rate kinetic studies with 3-Picoline 

 
3-Picoline 16 was distilled over CaH and degassed with three freeze-pump-thaw cycles 
and brought into an argon-filled glove box. A 3.0 M stock solution (10 mL) of 3-picoline 
in THF was prepared with a 10 mL volumetric flask. To each reaction vial were added 
the desired amounts of complex 17 (0.0013-0.0050 mmol), prepared according to a 
literature procedure,21 and B2pin2 (0.250 or 0.750 mmol). Isododecane (25 μL) was added 
via micropipette. The stock solution of 3-picoline in THF was added (0.250 or 0.750 
mmol). Additional THF was added for a total of 0.5 mL of THF. The reaction vials were 
heated at 65 °C, and the concentration of the product was measured at specific time 
points by GC analysis. The GC response factor for the product was determined with 
authentic 18, which was purchased from Combi-Blocks. 
Borylation procedure for kinetic study with 5-Bromo-2-methylbenzoxazole 

 
In an argon-filled glove box, benzoxazole 19 (0.250-0.500 mmol) and B2pin2 (63.5 mg, 
0.250 mmol) were added to an oven-dried vial. To this vial was added THF-d8 (0.45 mL). 

Entry
B2pin2
equiv

3-picoline
equiv

Catalyst
equiv

Initial Rate
(M•s-1)

1

2

3

4

5

1.0 1.0 0.005 1.6 ± 0.1 × 10-6

1.0 1.0 0.01 3.6 ± 0.1 × 10-6

1.0 1.0 0.02 7.6 ± 0.4 × 10-6

3.0 1.0 0.02 7.9 ± 0.3 × 10-6

1.0 3.0 0.02 8.2 ± 0.3 × 10-6

B2pin2
Complex 17 (0.5-2.0 mol %)

THF, 65 °CN N

Bpin Ir
N Bpin
N Bpin

Bpin

17

N
N

= dtbpy

16 18

N

O
Me

Br

B2pin2
Complex 17 (1.0 mol %)

THF-d8, 40 °C N

O
Me

Br

Bpin

19 4b

Entry benzoxazole
equiv

Initial Rate
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The solution was transferred to an NMR tube, and the tube was sealed with a cap 
equipped with a septum. To this NMR tube was added complex 17 (2.4 mg, 0.0025 
mmol) as a solution in THF-d8 (50 μL). The mixture was heated at 40 °C in a 500 MHz 
NMR spectrometer, and the appearance of 19 was followed. This experiment was 
conducted three times with 0.250, 0.375, and 0.500 mmol of benzoxazole 19. 
Procedure for the measurement of the equilibrium constant of the displacement of 
COE from complex 17 by heteroarenes 

 
General procedure 
In an argon-filled glove box, heteroarene and complex 17 (14.1 mg, 0.0148 mmol) were 
added to an oven-dried 4 mL vial and dissolved in THF-d8 (0.6-0.8 mL). The heteroarene 
was added in large excess (for the benzoxazoles 19 and 4b and for heteroaryl boronate 
18) or COE was added (for 3-picoline 16). Two samples were made for each heteroarene, 
and each sample contained either a different amount of heteroarene or different amount 
of added COE.  The solution was transferred to a J. Young NMR tube, and the tube was 
sealed with a cap containing a septum. The tube was cooled at -78 °C before placing the 
tube in a 500 MHz NMR spectrometer and acquiring the 1H NMR spectrum at -30 °C 
(allowing ~5 minutes for equilibration). The data were analyzed according to the 
following protocol: 
1) Four peaks were integrated that were indicative of the four species involved in the 
equilibrium: bound heteroarene (Bh), bound COE (Bc), free heteroarene (Fh), and free 
COE (Fc). Figure 2.10 depicts which resonances were integrated as well as two examples 
of the 1H NMR spectra.  
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Figure 2.10. a) Integrated resonances corresponding to the species Bh, Bc, Fh, and Fc. b) 1H NMR 
spectrum of solution of 0.021 mmol of 16 and 0.0148 mmol of complex 17 in 0.6 mL of THF-d8.  
c) 1H NMR spectrum of solution of 0.250 mmol of 19 and 0.0148 mmol of complex 17 in 0.8 mL of 
THF-d8. 
 
2) For each of the two samples of a given heteroarene, the equilibrium constant was 
determined by the appropriate ratio of the integrals (adjusting for the number of 
associated protons) according to derivation below (Figure 2.11). The average of the 
equilibrium constant of the two samples was reported. 
 
 

 
Figure 2.11. Relationship between the concentrations of the equilibrating species and their associated 
integrals, adjusting for the number of protons. 
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Specific procedure: picoline 16 as the heteroarene 

 
In an argon-filled glove box, an oven-dried vial was charged with complex 17 (14.1 mg, 
0.0148 mmol) and THF-d8 (0.6 mL). To this solution was added 3-picoline (2.2 μL, 0.021 
mmol). The solution was transferred to a J. Young NMR tube, sealed, and cooled at -78 
°C until the acquisition of the 1H NMR spectrum. A separate sample, identical to the first, 
was prepared and spiked with COE (9.6 μL, 0.074 mmol). K = 1.0 ± 0.6 
Specific procedure: heteroaryl boronate ester 18 as the heteroarene 

 
In an argon-filled glove box, an oven-dried vial was charged with complex 17 (14.1 mg, 
0.0148 mmol), heteroaryl boronate ester 18 (16.1 mg, 0.0735 mmol), and THF-d8 (0.6 
mL). The solution was transferred to a J. Young NMR tube, sealed, and cooled at -78 °C 
until the acquisition of the 1H NMR spectrum. A separate sample, identical to the first, 
was prepared and spiked with additional 18  (total: 32.2 mg, 0.147 mmol). K = 0.1 ± 0.1 
Specific procedure: benzoxazole 21 as the heteroarene 

 
In an argon-filled glove box, an oven-dried vial was charged with complex 17 (14.1 mg, 
0.0148 mmol) and THF-d8 (0.4 mL). The solution was transferred to a J. Young NMR 
tube, sealed with a cap containing a septum, and cooled at -78 °C. To the chilled NMR 
tube was added 19 (53.0 mg, 0.250 mmol) via syringe as a solution in THF-d8 (0.4 mL). 
A separate sample, identical to the first, was prepared and spiked with additional 19  
(total: 106 mg, 0.500 mmol). K = 3 ± 1 
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Specific procedure: benzoxazole 22 as the heteroarene 

 
In an argon-filled glove box, an oven-dried vial was charged with complex 17 (14.1 mg, 
0.0148 mmol) and THF-d8 (0.4 mL). The solution was transferred to a J. Young NMR 
tube, sealed with a cap containing a septum, and cooled at -78 °C. To the chilled NMR 
tube was added 4b (85.4 mg, 0.253 mmol) via syringe as a solution in THF-d8 (0.4 mL). 
A separate sample, identical to the first, was prepared and spiked with additional 22 
(total: 171 mg, 0.507 mmol). K = 4 ± 2 
 
Van’t Hoff analysis of the displacement of COE from complex 17 by benzoxazole 19 

 
A sample was prepared according to the procedure for measuring the equilibrium 
constant for the displacement of COE by 19 (vide supra) with 53.0 mg (0.250 mmol) of 
benzoxazole 19. The equilibrium constant was measured at -60 °C, -50 °C, -40 °C, and -
30 °C. From the plot of ln(K) vs. 1/T (Figure 2.12): ΔH = 4.7 ± 0.2 and ΔS = 3.8 ± 0.4 
eu. 

 
Figure 2.12. Van’t Hoff plot for the displacement of COE from complex 17 by benzoxazole 19. 
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2.4.7. Investigations of Observed Regioselectivity: N-H borylation 
 

 
 

Procedure A: N-H borylation without catalysis 
In an argon-filled glove box, an oven-dried vial was charged with azaindole 23 (41.8 mg, 
0.250 mmol) and THF (0.5 mL). To this solution was added HBpin (44 μL, 0.28 mmol) 
and a stir bar. The mixture was stirred for 24 h. Analysis of the mixture by 11B NMR 
spectroscopy showed that HBpin was the only boron-containing species present, 
indicating that no reaction had occurred. Analysis of the 1H NMR spectrum showed that 
the free N-H was still intact. 
Procedure B: N-H borylation with complex 17 as catalyst 
In an argon-filled glove box, an oven-dried vial was charged with azaindole 23 (41.8 mg, 
0.250 mmol). To a separate vial were added complex 17 (1.2 mg, 0.0013 mmol), HBpin 
(50 μL, 0.31 mmol), and THF-d8 (0.50 mL). The solution of the catalyst and HBpin was 
then transferred to the vial containing the azaindole. Vigorous bubbling occurred and 
subsided after approximately 5 min. After 30 min, analysis of the mixture by 1H NMR 
spectroscopy showed full conversion of the starting azaindole. Attempts to separate the 
product from the residual HBpin resulted in protodeboronation of the product, even in an 
argon-filled glove box. Thus, characterization was conducted in situ, without isolation of 
the product. The 11B NMR spectrum contained a new peak at 22.8 ppm and the peak 
corresponding to residual HBpin at 26.1 ppm. 1H NMR (400 MHz, THF) δ 8.09 (d, J = 
5.2 Hz, 1H), 7.06 (d, J = 5.2 Hz, 1H), 6.34 (d, J = 1.0 Hz, 1H), 2.54 (s, 3H), 1.39 (s, 
12H). 13C NMR (101 MHz, THF) δ 154.62, 143.42, 143.11, 133.40, 122.71, 117.63, 
102.62, 84.51, 24.74, 16.07. 11B NMR (128 MHz, THF) δ 22.8. 
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Evidence for N-H activation: Reaction of N-deuterated 23 with complex 17 

 
In an argon-filled glove box, a 4 mL vial was charged with N-deuterated 23 (3.5 mg, 
0.021 mmol) and complex 17 (20.4 mg 0.0210 mmol). The solids were dissolved in THF 
(0.7 mL), and the solution was transferred to a NMR tube. To the NMR tube was added 
THF-d8 (<1 μL) as an internal reference. The 2H NMR spectrum was acquired (Figure 
2.13a), and it contained a resonance at -4.7 ppm. A separate sample was prepared in an 
analogous fashion with protiated 23 (3.5 mg, 0.021 mmol) and complex 17 (20.4 mg, 
0.0210 mmol) in THF-d8 (0.7 mL). The 1H NMR spectrum (Figure 2.13b) was acquired, 
and it contained a resonance at -4.7 ppm, as well as resonances corresponding to the 
iridium bisboryl hydride species and N-borylated azaindole 24. 
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Figure 2.13. a) 2H NMR spectrum of the mixture resulting from the reaction of N-deuterated 23 and 
complex 17. b) 1H NMR spectrum of the mixture resulting from the reaction of N-protiated 23 and 
complex 17. c) 1H NMR spectrum of N-borylated azaindole 24. 
 
Competition Experiment: Stoichiometric reaction of complex 17 with azaindole 23 
to generate iridium bisboryl hydride 25 and subsequent reaction of 25 with B2pin2 
and HBpin 

 
In an argon-filled glove box a 4 mL vial was charged with complex 17 (13.1 mg, 0.0137 
mmol), azaindole 23 (2.5 mg, 0.015 mmol), and mesitylene (internal standard, 1.3 mg, 
0.011 mmol). To this vial was added THF-d8 (0.6 mL), and the solution was transferred to 
an NMR tube. The 1H NMR spectrum showed the formation of 25 in 52% yield, several 
other dtbpy species in low yield, and N-borylated azaindole 24 in quantitative yield 
(Figure 2.14). 1H NMR (400 MHz, THF) δ 9.42 (d, J = 5.9 Hz, 2H), 8.26 (d, J = 1.5 Hz, 
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2H), 7.41 (d, J = 1.5 Hz, 2H), 3.26 (m, 2H) 1.39 (s, 18H), 1.20 (s, 12H), 1.17 (s, 12H), -
4.72 (s, 1H). 

  
 
Figure 2.14. 1H NMR spectrum of bisboryl hydride 25 formed from complex 17 and azaindole 23. 
The 1H NMR resonances of bisboryl hydride are very similar to those reported for the stoichiometric 
reaction of complex 17 and arenes in cyclohexane-d12.

21 
 
To the NMR tube containing the bisboryl hydride 25 was added a solution of HBpin 
(0.27 M) and B2pin2 (0.27 M) in THF-d8 (27 μL, 0.0072 mmol each of HBpin and B2pin2). 
The NMR tube was shaken vigorously for 5 minutes, and the 1H NMR spectrum was 
acquired. The yield of complex 17 based on the initial concentration of 17 was 
determined to be 59% (greater than the theoretical yield from bisboryl hydride 25, so 
some of the other dtbpy-Ir species must have reacted to reform 17). The conversion of the 
bisboryl hydride 25 was determined to be 83%. The amount of N-borylated azaindole 24 
present was determined to be 0.012 mmol. The 11B NMR spectrum showed that there was 
approximately two times more HBpin (determined by comparison of the peaks for HBpin 
and 24) in solution than what was added, implying that all of the B2pin2 reacted with the 
bisboryl hydride and other dtbpy-Ir species to generate more HBpin and that essentially 
no HBpin was consumed. To confirm that all the B2pin2 was consumed, an aliquot of the 
solution was analyzed by GC chromatography. The peak with a retention time 
corresponding to B2pin2 was absent from the GC chromatogram. 
 
Competition Experiment: Reaction of azaindole 23 with B2pin2 and HBpin, 
catalyzed by complex 17 
In an argon-filled glovebox, a 4 mL vial was charged with complex 17 (1.2 mg, 0.0013 
mmol), B2pin2 (63.5 mg, 0.250 mmol), HBpin (40 μL, 0.250 mmol) and THF-d8 (0.5 mL). 
This solution was transferred to another 4 mL vial that contained azaindole 23 (41.8 mg, 
0.250 mmol) and mesitylene (10 μL, 0.072 mmol). Vigorous bubbling occurred and 
subsided after ~5 min. After 30 minutes, the 1H NMR spectrum was acquired. Full 
conversion of 23 to N-borylated azaindole 24 was observed. The 1H NMR spectrum 
showed that 28% of the B2pin2 had been consumed, and 71% of the HBpin had been 
consumed (correcting for the HBpin that is generated when B2pin2 reacts). 
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Investigation of N-Boryl Azaindole as a Lewis Base Activator of HBpin 
In an argon-filled glove box, a 4-mL vial was charged with complex 17 (1.2 mg, 0.0013 
mmol), azaindole 23 (41.8 mg, 0.250 mmol), and THF (1 mL). To this solution was 
added HBpin (48 μL, 0.300 mmol). Vigorous bubbling occurred, and the gas evolution 
ceased after 5 minutes. The volatile materials were removed by vacuum and the resulting 
solid was quickly washed with 4 x 2 mL of pentane. To a separate vial was added 
azaindole 23 (41.8 mg, 0.250 mmol), the solid N-Boryl azaindole 24 (7.3 mg, 0.025 
mmol) and THF (1 mL). To this solution was added HBpin (48 μL, 0.300 mmol). No gas 
evolution was observed over the course of 30 minutes. 
 
2.4.8. Investigations of Observed Regioselectivity: Lack of borylation ortho to basic 
nitrogen 
 
Competition Experiment: Reaction of 3-picoline and 2,6-lutidine with B2pin2, 
catalyzed by complex 17 

 
In an argon-filled glove box, a 4 mL vial was charged with complex 17 (4.8 mg, 0.0050 
mmol), B2pin2 (63.5 mg, 0.250 mmol), and THF (0.5 mL). To this solution was added 3-
picoline (24 μL, 0.25 mmol) and 2,6-lutidine (28 μL, 0.25 mmol). The vial was equipped 
with a stir bar, sealed with a Teflon-lined cap, and heated at 80 °C for 19 h. The solvents 
were evaporated, and the yield of boronate esters 27 and 18 were determined to be 42% 
and 41% respectively, by 1H NMR spectroscopy with 1,3,5-trimethoxybenzene as an 
internal standard. 
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Kinetic isotope effect for the borylation of pyridine 

 
In an argon-filled glove box, a 4 mL vial was charged with complex 17 (9.5 mg, 0.010 
mmol), B2pin2 (127 mg, 0.500 mmol), and THF (1 mL). To the vial was added pyridine 
(40 μL, 0.50 mmol) and isododecane (25 μL). The vial was equipped with a stir bar and 
sealed with a Teflon-lined cap. A separate vial was charged with complex 17 (9.5 mg, 
0.010 mmol), B2pin2 (127 mg, 0.500 mmol), and THF (1 mL). To the vial was added 
pyridine-d5 (43 μL, 0.50 mmol) and isododecane (25 μL). The vial was equipped with a 
stir bar and sealed with a Teflon-lined cap. Both vials were heated at 80 °C. The reaction 
mixtures were analyzed at four time points by GC chromatography, and the concentration 
of products 28 and 29 were measured. The concentrations of the products were plotted 
versus time to yield the initial rates for the formation of 28-H4, 29-H4, 28-D4, and 29-D4 
(Figure 2.15 a, b, c, and d respectively). 
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Figure 2.15. a) Initial rate for the formation of 28-H4. b) Initial rate for the formation of 29-H4. c) 
Initial rate for the formation of 28-D4. d) Initial rate for the formation of 29-D4. 
 
Stability of 4-picoline-2-boronic acid pinacol ester under the conditions for C-H 
borylation 

 
To a 4-mL vial was added complex 17 (9.5 mg, 0.010 mmol), B2pin2 (25.4 mg, 0.100 
mmol), 2-borylpyridine 28 (5.2 mg, 0.025 mmol), pyridine-d5 (43 μL, 0.50 mmol) and 
mesitylene (4.1 mg, 0.034 mmol). To this mixture was added THF-d8 (0.4 mL), and the 
solution was transferred to an NMR tube and heated at 80 °C. The reaction mixture was 
analyzed at several time points by 1H NMR spectroscopy. At the time of complete 
decomposition of the 2-borylpyridine (7 h), the yields of the 3- and 4-boryl-pyridine 
products were ~3% and ~2% respectively. 
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To a 4-mL vial was added complex 17 (9.5 mg, 0.010 mmol), B2pin2 (25.4 mg, 0.100 
mmol), 2-borylpyridine 28 (5.2 mg, 0.025 mmol), benzene-d6 (48 μL, 0.50 mmol) and 
mesitylene (4.1 mg, 0.034 mmol). To this mixture was added THF-d8 (0.4 mL), and the 
solution was transferred to an NMR tube and heated at 80 °C. The reaction mixture was 
analyzed at several time points by 1H NMR spectroscopy. At the time of complete 
decomposition of the 2-borylpyridine (1 h) the yield of PhBpin was 24%. 
 
Reaction of 4-Picoline with B2pin2 in the presence of complex 17 

 
To a vial in an argon-filled glove box was added 4-picoline (9.5 mg, 0.10 mmol), B2pin2 
(25.4 mg, 0.100 mmol), complex 17 (9.6 mg, 0.010 mmol), and mesitylene (3.9 mg, 
0.033 mmol). To this mixture was added THF-d8 (0.4 mL). The solution was transferred 
to a NMR tube and heated at 80 °C. The reaction mixture was analyzed at a series of time 
points by 1H NMR spectroscopy (Figure 2.16). The conversion of catalyst, B2pin2, and 4-
picoline was plotted versus time (Figure 2.17). The yield of 30 was determined by 1H 
NMR spectroscopy and confirmed by GC analysis with an authentic sample, synthesized 
by a known method,74 as a reference. 

 
Figure 2.16. 1H NMR spectra for the borylation of 4-picoline. 
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Figure 2.17. Conversion of 4-picoline, catalyst, and B2pin2 over time. 
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Computations on the Borylation of Pyridine 

 
Figure 2.18. Reaction pathways for the borylation of pyridine at the 2-, 3-, and 4-positions calculated 
at the M06L level with lanl2dz and 6-31g(d,p) basis sets and IEFPCM THF solvation model using the 
Gaussian 09 suite of programs. 
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3.1 Introduction 
 
 Organoboron compounds are versatile intermediates in organic synthesis for the 
formation of carbon-carbon and carbon-heteroatom bonds. Such reagents have become 
essential building blocks for the synthesis of materials, pharmaceuticals, and 
agrochemicals.1-4 Arylboronic acids and the analogous esters and trifluoroborate salts are 
the most commonly used organoboron compounds. Commercial sources for these 
compounds are abundant, and methods for the synthesis of compounds containing the 
arylboron unit are well developed. However, the commercial availability of alkylboron 
compounds is more limited. 
 Like arylboronate esters, alkylboronate esters are often synthesized by quenching 
an organolithium or organomagnesium compound with a trialkylborate, followed by 
transesterification with a chelating diol (Scheme 3.1a).5 Although this method often 
forms boronate esters in high yield, it has limited functional group compatibility, due to 
the high reactivity of organolithium and organomagnesium species. The borylation of 
organic halides first developed by Ishiyama and Miyaura,6,7 and elaborated by others,8-13 
is a milder method to convert aryl and alkyl halides directly to the desired 
organoboronate ester (Scheme 3.1b); however, the scope and yield of these reactions are 
often lower for the synthesis of alkyl boronate esters than for the synthesis of aryl 
boronate esters, and the halide must be present in the organic reactant of this process.  
 Although alkyl boronate esters are often prepared by hydroboration of an 
alkene,14,15 this method cannot be used to form primary benzylic boronate esters. Such 
benzylic boronate esters are synthetically valuable because they can be converted to 
biologically relevant diarylmethanes, benzylic amines, and benzyl alcohols. Typically, 
the synthesis of primary benzylic boronate esters requires the intermediacy of a benzylic 
halide or pseudohalide, which are formed by the radical halogenation of a methylarene. 
 
Scheme 3.1. Methods for the synthesis of primary benzylic boronate esters  

 
 
 Iridium-catalyzed borylation of C-H bonds has created a route to arylboronate 
esters without the intermediacy of aryl electrophiles.3,16,17 We envisioned a direct 
synthesis of primary benzylic boronate esters from methylarenes, but this approach faces 
the challenge of directing the borylation to a benzylic C-H bond over typically more 
reactive aryl C-H bonds. Although the selective borylation of benzylic C-H bonds has 
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been achieved with Pd18 and Rh catalysts,19,20 these methods have poor functional group 
tolerance and require a large excess of methylarene (Scheme 3.1c). Ir-catalyzed 
borylation of primary and secondary benzylic C-H bonds has been reported with a 
hydrosilyl directing group,21,22 but the undirected, iridium-catalyzed borylation of 
benzylic C-H bonds with high benzylic:aryl (Bn:Ar) selectivity is unknown. 
 In 2008, our group reported that the borylation of toluene solvent with Et3SiBpin 
catalyzed by iridium and di-tert-butylbipyridine as ligand gives a 1:1 mixture of 
benzylboronate esters to arylboronate esters.23 Although this selectivity was poor, it did 
suggest that the selective borylation of a benzylic C-H bond could be achieved.  
 We report the selective borylation of benzylic C-H bonds in methylarenes with 
Et3SiBpin, catalyzed by an Ir complex containing an electron-poor phenanthroline. These 
reactions occur with good functional group tolerance, require only a small excess of 
methylarene, and do not require a directing group. The benzylic boronate esters formed 
from this reaction can be converted to benzylic alcohols, benzylic amines, dia-
rylmethanes, and benzylic iodides. Mechanistic studies reveal the resting state of the 
catalyst and show that the borylation of aryl C-H bonds is much more sensitive to the 
electronic properties of the catalyst than is the borylation of benzylic C-H bonds, most 
likely because of a difference in rate-determining step. This difference in electronic 
effects on the two processes created an opportunity to distinguish between the two sites 
for C-H borylation by the basicity of the dative ligand. 
 
3.2 Results and Discussion 
 
3.2.1 Development of Conditions for Benzylic Borylation 
 
 To create a catalyst and reagent for the borylation of benzylic C-H bonds, we built 
upon our preliminary observations of benzylboronate esters forming as one product from 
the reaction of toluene with Et3SiBpin catalyzed by iridium ligated by di-tert-
butylbipyridine. We investigated reactions of m-chlorotoluene (1) with Et3SiBpin 
catalyzed by a series of phenanthrolines possessing different steric and electronic 
properties. We used m-chlorotoluene 1 as a model substrate because the reaction of this 
neat arene with Et3SiBpin catalyzed by iridium ligated by di-tert-butylbipyridine (dtbpy) 
gave a roughly 1:1 ratio of products from borylation at the benzylic position and 5-
position of the arene, allowing the effect of the ligand on the selectivity for reaction at 
benzyl and aryl C-H bonds to be determined readily.  
 The results of reactions conducted with a series of ligands are shown in Table 3.1. 
These reactions were conducted with 1.5 equivalents of arene, instead of the neat arene.23 
With THF as solvent and dtbpy (L1) as ligand, benzylic boronate 2a and aryl boronate 2b 
were formed in equal quantities (Table 3.1, Entry 1). The reaction of 3-chlorotoluene 
catalyzed by the complex containing tmphen (L2) as ligand (recently shown to create a 
more reactive catalyst for the borylation of arenes,24,25 heteroarenes,26 and alkanes27-30 than 
those containing dtbpy) led to a significantly smaller amount of product 2a from benzylic 
borylation (Table 3.1, Entry 2). Thus, we tested catalysts containing less electron-
donating nitrogen ligands. The reaction with phendione (L3) as ligand (Table 3.1, Entry 
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3) occurred with selectivity similar to that with L1 as ligand. The lowest selectivity for 
product 2a was observed for the reaction with neocuprine (L4) as ligand (Table 3.1, 
Entry 4), suggesting that a sterically congested environment around the metal center 
favors the formation of arylboronate 2b over the benzylboronate 2a. However, the 
reactions conducted with 3,8-diarylphenanthrolines L5 and L6 as ligand (Table 3.1 
Entries 5-6) formed the benzylboronate 2a as the major product. Reaction with L6 
containing electron-deficient aryl rings at the 3 and 8 positions on the phen core led to the 
highest ratio of 2a:2b (4:1, Entry 6) in favor of the benzylboronate ester. 
 
Table 3.1. Effect of Ligand and Solvent on the Borylation of benzylic and aryl C-H 
bondsa 

 
aReactions were conducted on a 0.125 mmol scale. bDetermined by GC analysis. 
 
 The selectivity was improved further by changing the solvent. Reactions in alkane 
solvents (Entries 8-9), rather than ethereal solvents, such as THF and dioxane (Entries 6-
7), occurred with a selectivity that more strongly favored the benzylboronate ester (2a:2b 
= 10:1). The reactions in cyclohexane and methylcyclohexane (MeCy) occurred with the 
same selectivity. Thus, we conducted our further studies with MeCy as solvent because 
its boiling point is higher than that of cyclohexane and matches the reaction temperature.  
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 With the conditions in entry 9 of Table 3.1, we began to investigate the scope of 
the borylation of methylarenes. However, the reactions of methylarenes containing 
substituents other than alkyl groups or halogens formed benzylic boronate esters in low 
yield. These low yields appeared to result from a long induction period (observed to be 
>10 h in most cases), rather than an incompatibility of the substrate with the catalyst. 
Thus, further changes to the catalyst were necessary to create a process that occurred with 
broad scope. 
 To decrease the induction period, we developed a new precatalyst that could more 
readily enter the catalytic cycle than the combination of [Ir(COD)OMe]2, L6, and 
silylborane. Because the active catalyst likely contains at least one silyl ligand, a 
precatalyst that contains a silyl ligand might generate the active catalyst more rapidly 
than does [Ir(COD)OMe]2. Also, a precatalyst that contains the dative ligand L6 could 
form the active species more readily than would a combination of L6 and an Ir precursor.  

 

 
Figure 3.1. Structure of complex 3 determined by X-ray diffraction. Hydrogen atoms have been 
omitted, except for the hydrides bound to iridium. 
 
 To generate such a precatalyst, we combined a 1:1 mixture of ½[Ir(COE)2Cl]2 and 
L6 in THF with 10 equivalents of triethylsilane (Eq. 1). A brown/purple solid was 
isolated from this solution and was characterized by NMR spectroscopy, IR 
spectroscopy, and combustion analysis. The 1H NMR spectrum contained one set of 
signals that is consistent with chloro-hydrido-silyl complex 3. However, X-ray 
crystallographic analysis showed that, in the solid-state, the product adopted the structure 
of the unsymmetrical dimer shown in Figure 3.1. In this structure, each metal center is 
bound to a terminal chloride or a terminal hydride, and the two metal centers are bridged 
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by a chloride ligand and a hydride ligand. Consistent with this assertion, the infrared 
spectra of 3 (nujol mull) contains a sharp absorption at 2121 cm-1 (due to the terminal 
hydride) and a very broad absorption at 1841 cm-1 (due to the bridging hydride).31 In the 
IR spectrum of the Ir-D analogue of 3, these peaks shifted, confirming that they 
originated from Ir-H stretching modes (see SI, pp. S7-S8). The IR spectrum of 3 in THF 
contained both Ir-H peaks, suggesting that 3 exists as the dimer in solution and that the 
bridging and terminal hydride and chloride ligands rapidly exchange with each other.  
 

 

 
Figure 3.2. Reaction profiles for the borylation of 1 with Et3SiBpin catalyzed by conditions A or 
conditions B. Reactions were conducted on a 0.25 mmol scale. The concentration of 2a was 
determined by GC analysis 
 
 We compared the profile of the borylation of 1 catalyzed by the combination of 
[Ir(COD)OMe]2 and L6 (Figure 3.2, Conditions A) to that of the borylation of 1 
catalyzed by complex 3 (Figure 3.2, Conditions B). Under conditions A, we observed a 
long induction period. However, under conditions B, the reaction was complete after 1 
hour with no observable induction period.  
 With this new precatalyst in hand, we investigated the mass balance of the 
reaction and the effect of the ratio of arene to Et3SiBpin on the distribution of products. 
GC/MS analysis of the reaction mixture from the borylation of 1 with Et3SiBpin, 
catalyzed by 3 showed that two products from diborylation of the arene and one product 
of triborylation were present, in addition to the products of monoborylation 2a and 2b. 
One diborylated compound was shown to be 4a (Eq. 2) after its isolation from the 
reaction mixture. The other diborylated product was shown to be 4b, and the triborylation 
product was determined to be 4c, by independent synthesis. 
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 The graph in Figure 3.3 summarizes the effect of the ratio of arene to Et3SiBpin 
on the distribution of products 2a-b and 4a-c. For reactions conducted with limiting 
arene, less than 60% yield of benzylic boronate 2a formed; instead, they formed 
significant quantities of polyborylated compounds 4a-c. For reactions conducted with 
limiting silylborane, the yield of the desired product 2a increased with increasing ratio of 
arene:Et3SiBpin. However, no increase in the yield of 2a was observed when the reaction 
was conducted with a ratio of arene to Et3SiBpin higher than 1.5:1. Thus, we conducted 
the remainder of the study with a ratio of arene to Et3SiBpin of 1.5:1. 
 

 
Figure 3.3. Effect of arene:Et3SiBpin ratio on product distribution for the benzylic borylation of 1. 
Reactions conducted on a 0.125 mmol scale. aTotal yield based on moles of boron incorporated for the 
limiting silylborane regime and on the moles of arene for the limiting arene regime. Yields determined 
by GC analysis. 
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3.2.2 Scope of the Borylation of Primary Benyzlic C-H Bonds  
 
Chart 3.1. Scope of the Benzylic Borylation of Methylarenesa 

 
aReactions were conducted on a 0.500 mmol scale. Yields are for isolated benzylic boronate ester. 
Selectivity determined by GC analysis. bReaction conducted with 2 mol% of complex 3. cReaction 
conducted with 1 eq of arene, 3 eq of Et3SiBpin, and 4 mol% of complex 3. dIsolated as a 6.3:1 (α:β) 
mixture of products. eFormed inseparable mixture of aryl and benzylic boronate esters. fMixture of 
products 5y was treated with aqueous NaOH and H2O2 in THF, and pyridyl methanol 5z was isolated.  
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 The scope of the benzylic borylation was assessed under the reaction conditions 
shown in Chart 3.1. Methylarenes containing a variety of functional groups reacted with 
Et3SiBpin catalyzed by 1-2 mol% of 3 at 100 °C in methylcyclohexane to form the 
corresponding benzylic boronate esters in moderate to excellent yields. (The reactions 
were conducted for 16 h, but many of the reactions were complete in less than an hour.) 
The reactions of toluene and meta-substituted methylarenes formed moderate yields of 
benzylic boronates 5a-5h with good to excellent selectivity for the benzylic boronate over 
the aryl boronate. Halogens, methoxy, carboalkoxy, carbamoyl, and dialkylamino groups 
were all tolerated.  
 The yield and selectivity of the benzylic boronate ester from the reactions of 
para-substituted methylarenes were higher than those observed from the reactions of 
meta-substituted methylarenes. With the exception of boronate 5l, benzylic boronate 
esters 5i-5o were formed in ≥23:1 (Bn:Ar) selectivity and were isolated in yields ranging 
from 57-73%. This higher selectivity results from the greater steric hindrance at each aryl 
C-H bond of a 1,4-substituted arene than at the 5-position of a 1,3- or 1,2,3-substituted 
arene. 
 In general, the substituent para to the methyl undergoing borylation had a strong 
effect on the rate and selectivity of the reaction. For example, the borylation of p-
methylanisole formed product 5l slowly, and the selectivity for the benzylic product was 
only 1.7:1 (Bn:Ar). The reaction of p-(dimethylamino)toluene with Et3SiBpin in the 
presence of 10 mol% of complex 3 did not even form observable products from 
borylation. However, the reaction of p-methyl benzotrifluoride formed benzylic boronate 
5o in 62% yield, and even generated significant quantities of bisboryl product in less than 
one hour. Bisboryl product 5oa formed in 73% yield by conducting the reaction of 1 
equivalent of p-methyl benzotrifluoride with 3 equivalents of silylborane, catalyzed by 4 
mol% of complex 3.  
 Ortho-substituted methylarenes also formed the corresponding benzylic boronate 
esters. However, these reactions occurred in lower yield and selectivity than the 
borylation of meta or para-substituted methylarenes. For example, o-chlorotoluene 
formed benzylic boronate 5p in 35% isolated yield with only 3:1 (Bn:Ar) selectivity. 
However, a similar methylarene containing one additional chloro group at the para-
position reacted to form benzylic boronate 5q in 68% yield with complete selectivity for 
the benzylic boronate. This result shows that high yields and selectivity are attained if the 
aryl ring is sufficiently substituted to inhibit competing aryl C-H borylation, even when 
the steric properties of a substituent ortho to the methyl group undergoing borylation may 
hinder benzylic borylation.  
 The borylation of substrates containing two different methyl substituents occurred 
at the less hindered of the methyl groups. For example, the borylation of 2-bromo-1,4-
dimethylbenzene occurred at the methyl group meta to the bromo substituent (α product) 
in preference to the methyl group ortho to the bromo substituent (β product). The ratio of 
these two products 5u was 6.3:1 (α:β).  
 The borylation of methylnaphthalenes formed naphthylmethyl boronate esters 5v 
and 5w in good to excellent yields. Even though 2-methylnaphthalene possesses two 
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sterically accessible aryl C-H bonds, naphthylmethyl boronate 5v was formed in 80% 
yield with 19:1 (Bn:Ar) selectivity. 
 The borylation of methylarenes containing fluoride substituents formed benzylic 
boronates, albeit with lower selectivity (Bn:Ar) than did the borylation of methylarenes 
containing other electron-withdrawing groups. For example, the borylation of p-
fluorotoluene formed the product of aryl C-H borylation at the site adjacent to fluorine as 
the major product. However the borylation of fluorinated methylarenes in which all aryl 
C-H bonds are adjacent to at least one substituent larger than fluorine occurred in 
excellent yield and with high selectivity. For example, the borylation of 4-bromo-2,6-
difluoro-toluene formed benzylic boronate 5x in 87% yield. No aryl C-H borylation or 
bisborylation was observed in this reaction. 
 The reaction of picolines with Et3SiBpin catalyzed by 3 did not form the 
corresponding heteroaryl or pyridylmethyl boronate ester except when the substrate 
contained substituents adjacent to nitrogen. We hypothesized that steric bulk adjacent to 
nitrogen in picolines might discourage coordination of the pyridine to the catalyst. 
Indeed, the borylation of 2,6-dichloro-3-picoline formed the pyridylmethyl boronate as 
the major product. We were unable to separate the heteroaryl and pyridylmethyl boronate 
products; therefore, 5y was isolated as a 4:1 (Bn:Ar) mixture of isomers. However, 
pyridyl methanol 5z was isolated in pure form in 40% yield after treatment of the initial 
mixture 5y with H2O2 and NaOH. 
 In general, electron-deficient methylarenes reacted faster than electron-rich 
methylarenes. However, the selectivity for the benzylic boronate ester over the 
arylboronate ester was often lower for reactions of electron-deficient methylarenes than 
for reactions of electron-rich methylarenes. For example, the lowest selectivity for the 
borylation of m-substituted methylarenes was observed for the borylation of methyl m-
toluate. This reaction formed 5e with only 2.7:1 (Bn:Ar) selectivity, whereas the 
borylation of 3-dimethylaminotoluene formed benzylic boronate 5h over the aryl 
boronate in a 41:1 (Bn:Ar) ratio. These results suggest that the rate of aryl C-H borylation 
is more sensitive to the electronic properties of the methylarene than is the rate of 
benzylic C-H borylation. A more detailed investigation of this phenomenon will be 
presented later in this paper. 
 
3.2.3 Comparison of Catalysts for the Benzylic Borylation of Methylarenes Containing 
Hindered Aryl C-H Bonds  
 
 Because para-substitued toluenes do not contain any unhindered aryl C-H bonds, 
we compared the selectivity obtained for the borylation of these substrates under the 
conditions developed in the current work to that obtained for aryl C-H borylation under 
the conditions originally published by Ishiyama, Miyaura, and Hartwig.32 We conducted 
the borylation of p-chlorotoluene, methyl p-toluate, and p-methylanisole with B2pin2 
catalyzed by the combination of [Ir(COD)OMe]2 and dtbpy (IMH catalyst, Conditions A, 
Chart 3.2). In contrast to the borylation of p-substituted methylarenes under our current 
conditions (Chart 3.2, Conditions B), the borylation of p-substituted methylarenes under 
Conditions A formed benzylic boronate esters in low yield and selectivity. For example, 
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the borylation of methyl p-toluate under Conditions A formed the benzylic boronate 5k in 
only 35% yield with selectivity less than 2:1 (Bn:Ar), whereas the same reaction under 
Conditions B formed 5k in 63% yield with only trace amounts of competing arene 
borylation. Likewise, the borylation of p-chlorotoluene and p-methylanisole under 
Conditions A formed products 5j and 5l in 9% yield and <1% yield, respectively, but the 
borylation of the same substrates formed benzylboronates 5j and 5l in 63% yield and 
35% yield, respectively, under conditions B. 
 
Chart 3.2. Comparison of Catalysts for Borylation of p-Substituted Methylarenesa 

 
aReactions were conducted on a 0.250 mmol scale. Yields were determined by GC analysis. Yields in 
parentheses are for the combined yield of all aryl boronate ester products. 
 
3.2.4 Functionalization of Primary Benzylic Boronate Esters   
 
 To illustrate the synthetic utility of primary benzylic boronate esters formed by 
the borylation of methylarenes, we conducted several reactions (Scheme 3.2) of 
naphthylmethyl boronate 5v. Amination of 5v under reaction conditions developed by 
Morken et al33 formed N-Boc-2-(aminomethyl)-naphthalene 6a in 49% yield. Oxidation 
of 5v with hydrogen peroxide formed 2-(hydroxymethyl)naphthalene 6b in quantitative 
yield. Inspired by recent work from Morken showing that bisboryl alkanes can be 
activated with t-butoxide to form reactive nucleophiles for alkylation,34 
monobenzylboronate 5v was treated with KOtBu and quenched with iodine to give 2-
(iodomethyl)-naphthalene 6c in 86% yield. So far, reactions of the monobenzylboronate 
with alkyl halides under these conditions have not occurred. 
 The most conventional application of an organoboronate ester is Suzuki coupling 
to form diarylmethanes, but few examples of the coupling of primary benzylic boronate 
esters with aryl bromides have been reported.35 Thus, we surveyed a series of bases and 
catalysts to identify a suitable protocol for coupling of the products of the benzylic 
borylation. The Suzuki coupling of boronate 5v with several aryl bromides, catalyzed by 
Pd(PtBu3)2 gave diarylmethanes 6d-f in good yield.  
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Scheme 3.2. Functionalization of Benzylic Boronate Esters 

 
 

3.2.5 Mechanistic Studies and Investigation of the Origin of Selectivity 
 
 Having shown that the borylation reaction can be diverted from aryl C-H bonds to 
benzylic C-H bonds by changing the borane reagent and phenanthroline ligand on 
iridium, we sought to reveal the origin of this new site selectivity. First, we sought to 
reveal the effect of the reagent on this site selectivity by determining the structure of the 
active catalyst when conducting reactions with Et3SiBpin in place of B2pin2. Second, we 
sought to reveal the origin of the electronic effect of the ligand on the site selectivity. As 
part of this study, we measured the rates for aryl C-H borylation and benzylic C-H 
borylation with B2pin2 or Et3SiBpin catalyzed by iridium complexes bound by dtbpy or 
L6. With the structure of the active catalyst and detailed kinetic data as a foundation, we 
computed the structure of the transition states for the steps that cleave the C-H bond, 
form the B-C bond, and isomerize intermediates along the reaction coordinate.  
 

 
 

 i. Isolation of the Resting State. The reaction of silyl catalyst precursor 3 with 7.5 
equivalents of Et3SiBpin in the presence or absence of 5 equivalents of cis-cyclooctene 
(COE) led to the isolation of iridium diborylmonosilyl complex 8 ligated by L6 (Eq. 3). 
NMR spectral data indicated that this complex lacked a bound alkene.36 Single crystals of 
complex 8 were obtained, and the structure was determined by X-ray diffraction (Figure 
3.4). Indeed, complex 8 adopts a slightly distorted square-based pyramidal geometry in 
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which the sum of the angles in the square plane equals 360°, but the apical silyl ligand is 
tilted slightly toward the boryl ligands (Si-Ir-B angles = 86.3° and 87.9°). The Ir-B 
distances (2.044 and 2.050 Å) in 8 are similar to the Ir-B distances (2.027, 2.055, and 
2.057 Å) in the previously reported COE-bound dtbpy-complex containing three boryl 
ligands, rather than two boryl ligands and one silyl ligand. 
 Complex 8 is the resting state of the iridium catalyst during the benzylic 
borylation of methylarenes. Monitoring the borylation reaction by 1H NMR spectroscopy 
during the reaction of 4-chlorotoluene with Et3SiBpin catalyzed by complex 3 in 
methylcyclohexane-d14 (see SI, pp. S36-38) showed that complex 8 was the major species 
ligated by L6 in solution (~80%). Triethylsilane was formed as a byproduct during this 
reaction (see Figure 3.14, pg. 150). 
 Complex 8 is kinetically competent to be an intermediate in the benzylic 
borylation of methylarenes. The reaction of 2 with Et3SiBpin catalyzed by the silyl 
hydride chloride complex 3 at 80 °C occurred with a short induction period (~30 min). 
However, the reaction of 2 catalyzed by diboryl silyl complex 8 occurred without an 
induction period (see Figure 3.15, pg. 151). This lack of an induction period for the 
reaction catalyzed by 8 is consistent with it being a reaction intermediate. The reaction 
catalyzed by either complex formed benzylic boronate 2a in 61% yield with 11:1 Bn:Ar 
selectivity, as determined by gas chromatography. 

 
Figure 3.4. Structure of complex 8 determined by single-crystal X-ray diffraction. Hydrogen atoms 
omitted for clarity. Selected bond lengths (Å): Ir-N1 = 2.182(5), Ir-N2 = 2.195(5), Ir-B1 = 2.044(7), 
Ir-B2 = 2.050(7), Ir-Si = 2.353(2). Selected bond angles (deg): N1-Ir-Si = 93.2(1), N2-Ir-Si = 95.0(1), 
B1-Ir-Si = 86.3(2), B2-Ir-Si =87.9(2). 
 
 ii. Determination of the Rate Law. To determine the order of the reaction in the 
different reagents, we measured the initial rates of reactions of toluene with Et3SiBpin 
catalyzed by complex 8 with varying concentrations of the three components. The 
concentrations for this kinetic study are shown in Scheme 3.3 (also see Table 3.4, pg. 152 
for a table of reaction conditions and initial rates). The rates of the reactions were 
determined to be first order in toluene, zeroth order in Et3SiBpin, and first order in 
complex 8. These orders are analogous to those for the borylation of arenes with B2pin2 
catalyzed by (dtbpy)Ir(COE)(Bpin)3.
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Scheme 3.3. Order in Reagents for the Benzylic Borylation of Methylarenes 

 
 
 iii. Reactivity of the Catalyst Resting State. Stoichiometric reactions of complex 8 
with methylarenes were conducted to assess further the role of this complex in the 
catalytic system. The reaction of fluorinated methylarene 10 with complex 8 (Figure 
3.5a) forms a 1:1.4 ratio of benzylboronate to arylboronate esters, as determined by 19F 
NMR spectroscopy (see Figure 3.17 for the reaction profile). The yield of this 
stoichiometric reaction was over 100% based on iridium, suggesting that the Ir-
byproducts of the reaction of 8 with 10 also react with 10 to form boronate ester products. 
However, the catalytic reaction of 10 with Et3SiBpin catalyzed by complex 8 (Figure 
3.5b) forms a 3:1 ratio of benzylboronate to arylboronate esters, as determined by 19F 
NMR spectroscopy. This observation implies that complex 8 is not a true intermediate or 
it reacts in the absence of added silylborane by a pathway that is distinct from the one by 
which it reacts in the presence of silylborane.  
 

 
Figure 3.5. a) Reaction of complex 8 with 10. b) Reaction of 10 with Et3SiBpin catalyzed by complex 
8. Yields determined by 19F NMR spectroscopy. 
 
 To reveal the origin of the difference in selectivity between the stoichiometric 
reaction of complex 8 with arene 10 and the catalytic reaction, we determined the rate 
law for formation of aryl and benzyl boronates from the reaction of 8 with 10. The rate of 
borylation of aryl and benzyl C-H bonds are both first order in arene 10 and first order in 
iridium complex 8. However, the rate of benzylic C-H borylation is independent of the 
concentration of Et3SiBpin, while the aryl C-H borylation is approximately inverse-first 
order in the concentration of Et3SiBpin at low ratios of Et3SiBpin to Ir (Figure 3.6). At 
high ratios of Et3SiBpin:Ir, the arene borylation was zero order in Et3SiBpin. Thus, the 
effect of the concentration of Et3SiBpin on the selectivity of the reaction of 8 with 10 

Me
Et3SiBpin 0.30-0.60 M

Complex 8 0.0030-0.0090 M

0.30-0.90 M

6:1 MeCy:THF
80 ºC

Bpin

5a

Rate of Reaction:  1st order in 
[toluene], 1st order in [8], and 0th order
 in [Et3SiBpin].

N

N

F3C CF3

F3C CF3

Ir
Bpin
Bpin

SiEt3

8

Me

THF, 55 °C

Bpin
Me

11, 47%

12, 79%

+

Br
F

F
Br

Bpin

F
Br

10
10 equiv

a)

Me Br
F Et3SiBpin

8 2 mol %

THF, 55 °C

10
1.5 equiv

Bpin
Me

11, 55%

12, 18%

F
Br

Bpin

F
Br

b)



                                                                                                                         Chapter 3 
 

	 121 

results from the suppression of the rate of arene borylation by the Et3SiBpin that is 
present in the catalytic reaction. These data are consistent with the intermediacy of 8 and 
a change in the selectivity of the reaction of 8 in the presence and absence of Et3SiBpin. 
 

 
Figure 3.6. Dependence of the rate of aryl and benzylic C-H borylation on the concentration of 
Et3SiBpin. Reactions conducted with 8 (14 mM), 10 (72 mM), and Et3SiBpin (0-0.13 M) in THF. 
Initial rates for the formation of 11 and 12 were determined by 19F NMR spectroscopy. 
 
 The intermediacy of 8 in the benzylic borylation is also supported by experiments 
that compare the selectivity of the stoichiometric and catalytic reaction for the borylation 
of different fluorinated methylarenes (Scheme 3.4). The reaction of 10 equivalents each 
of the two methylarenes 13 and 14 with complex 8 formed a 1.6 ± 0.3:1 ratio of benzylic 
boronate products 5x and 15, respectively as determined by 19F NMR spectroscopy after 
15 minutes (<30% conversion of 8). The analogous reaction of 13 and 14 with 10 equiv 
of Et3SiBpin catalyzed by 8 gave a similar ratio of 5x to 15 (1.9 ± 0.3:1).  
 The same experiment conducted with the two methylarenes 14 and 16 gave a ratio 
of benzylic boronate products of 4.4 ± 0.6:1 (15:17) for the stoichiometric reaction and 
4.2 ± 0.2:1 (15:17) for the catalytic reaction. The similar ratios for these two competition 
experiments suggest that the active species for benzylic borylation in the stoichiometric 
reaction is the same as the active species for benzylic borylation in the catalytic reaction. 
Thus, we favor the intermediacy of 8 in the borylation of benzylic C-H bonds, rather than 
the conversion of 8 to a species on a distinct catalytic cycle, for several reasons. First, the 
selectivities are the same for the stoichiometric and catalytic reaction of this complex 
with different benzylic C-H bonds. Second, complex 8 is the only phenanthroline-bound 
species observed by 1H NMR spectroscopy, and it reacts with rates that are similar to 
those of the catalytic process. If a small amount of complex generated from 8 were the 
true catalyst, then the catalytic reaction must be significantly faster than the 
stoichiometric reaction to account for the higher Bn:Ar selectivity observed during the 
catalytic reaction than during the stoichiometric reaction. Third, our data show that the 
rate of aryl borylation differs in the catalytic and stoichiometric reaction, not the rate of 
benzylic borylation. The catalytic borylation of arenes is slower than the stoichiometric 
borylation of arenes because the silylborane inhibits the aryl C-H borylation reaction. 
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Scheme 3.4. Competition Experiments for the Borylation of Fluorinated Methylarenes 
with Complex 8 and with Et3SiBpin Catalyzed by 8a 

 
aReactions were conducted on a 0.0043 mmol scale. Ratios of products were determined by 19F NMR 
spectroscopy. 
 
 The origin of the difference in rate of arene borylation in the presence and 
absence of added Et3SiBpin is unclear, but it may be due to the presence of complexes in 
equilibrium with 8 that can react with arenes to form aryl boronate esters. The formation 
of these complexes may be suppressed in the presence of silylborane. Although we have 
been unable to identify such species, one possibility is the formation of a trisboryl 
complex by disproportionation of the silyldiboryl complex 8 initiated by reversible 
reductive elimination of Et3SiBpin or generation of a highly reactive Ir(I) boryl species 
by the same reversible reductive elimination of Et3SiBpin. This trisboryl complex would 
then react rapidly with an aryl C-H bond. 
 iv. Investigation of the Turnover-Limiting Step. If oxidative addition of a C-H 
bond is the turnover-limiting step in the iridium-catalyzed borylation of benzylic C-H 
bonds with Et3SiBpin, one would expect to observe 1) a primary kinetic isotope effect, 2) 
faster benzylic borylation of electron-deficient methylarenes than of electron-rich 
methylarenes, and 3) faster rates for the benzylic borylation of methylarenes catalyzed by 
electron-rich Ir complexes than by electron-poor Ir complexes. Experimental and 
theoretical studies on the iridium-catalyzed borylation of arenes with B2pin2 have shown 
previously that oxidative addition of an aryl C-H bond is the turnover-limiting step of that 
process.  
 The kinetic isotope effect for benzylic borylation was determined by measuring 
the rate of the catalytic borylation of toluene and toluene-d8 in separate vessels. In 
contrast to the large primary isotope effect (5.0) for the iridium-catalyzed borylation of 
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benzene,36 the isotope effect from the independent reactions of toluene and toluene-d8 
with Et3SiBpin catalyzed by 8 was only 2.2. Although a KIE of 2.2 could imply that C-H 
oxidative addition is the turnover-limiting step, this value is lower than most kinetic 
isotope effects for reactions occurring with rate-limiting C-H bond cleavage. 
 

 

 
Figure 3.7. Hammett correlation for the benzylic C-H borylation of para-substituted toluenes and the 
aryl C-H borylation of 1,3-disubstituted arenes. Reactions conducted on a 0.125 mmol scale. The 
formation of aryl and benzylic boronate esters was monitored by gas chromatography. 
 
 The effect of the electronic properties of the methylarenes on the cleavage of the 
benzylic C-H bond was revealed by conducting reactions of a series of para-substituted 
methylarenes with Et3SiBpin catalyzed by complex 8. The initial rates for the formation 
of the benzylic boronate esters was correlated with Hammett substituent constants 
calculated from the 19F NMR chemical shifts of substituted fluorobenzenes (Figure 
3.7).38,39 The rho value from this correlation was 2.1. Thus, the rate of borylation of 
electron-deficient methylarenes is faster than the rate of borylation of electron-rich 
methylarenes. 
 The analogous effect of the electronic properties of the arene on the borylation of 
an aryl C-H bond with Et3SiBpin as the reagent catalyzed by complex 8 was measured by 
conducting the borylation of 1,3-disubstituted arenes. The rho value from these studies 
was 3.3, which is larger than the rho value obtained from the benzylic borylation of 
methylarenes. This result indicates that the rate of the borylation of aryl C-H bonds is 
more sensitive to the electronic properties of the arene undergoing functionalization than 
is the rate of borylation of benzylic C-H bonds. This result explains why the Bn:Ar 
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selectivity for the borylation of electron-poor methylarenes is lower than that for the 
borylation of electron-rich methyl arenes. 
 The effect of the electron-density at iridium on the rate of benzylic and aryl C-H 
borylation was revealed by conducting the catalytic borylation of 1,3-di-tert-
butylbenzene and mesitylene with B2pin2 or Et3SiBpin catalyzed by a series of iridium 
complexes. We conducted these reactions with the four iridium catalysts 8, 18-20, which 
are trisboryl complexes (18 and 20) and diborylmonosilyl complexes (8 and 19) bound by 
L6 (8 and 18) and by dtbpy (19 and 20). Trisboryl complexes have been shown 
previously to be intermediates in the borylation reactions conducted with B2pin2 as the 
boron-containing reagent, and diborylmonosilyl complexes appear to be the active 
catalysts during borylation reactions conducted with Et3SiBpin as the boron-containing 
reagent.  
 
Table 3.2. Effect of Different Catalysts on the Rate Constant of Benzylic C-H Borylation 
and Aryl C-H Borylationa 

 
aReactions were conducted on a 0.125 mmol scale. Formation of aryl and benzylic boronate esters 
monitored by gas chromatography. bReaction conducted with 2 mol% catalyst. cFormed in situ from 
L6 and (η6-mes)Ir(Bpin)3.

40 dFormed in situ from (dtbpy)IrCl(SiEt3)H and Et3SiBpin. eFormed in situ 
from dtbpy and (η6-mes)Ir(Bpin)3. 
 

tBu
boron reagent 1 equiv

Ir cat.1 mol%

6:1 MeCy:THF
80 ºC

tButBu tBu

2 equiv Bpin

Aryl 
Borylation

Ir cat./reagent k  
(M-1s-1)

krel

Aryl Borylation Benzylic Borylation

k  
(M-1s-1)

krel

8/Et3SiBpin 1.36(7) x 10-4 1 6.3(2) x 10-3 2 -1.2 kcal/mol

18/B2pin2 9.2(4) x 10-3 67 3.4(3) x 10-3 1.1 +2.2 kcal/mol

19/Et3SiBpin 2.85(4) x 10-4 2.1 3.8(1) x 10-3 1.2 -0.3 kcal/mol

20/B2pin2 1.25(5) x 10-1 919 3.2(1) x 10-3 1 +4.1 kcal/mol

Me
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Ir cat.1 mol%

6:1 MeCy:THF
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Me Me
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ΔG‡
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(corrected for # 
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X

Ir cat.

(Ligand)

Ir cat. Ligand X
8 L6 SiEt3

18c L6 Bpin
19d dtbpy SiEt3
20e dtbpy Bpin
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 The second-order rate constants for the aryl C-H borylation of 1,3-di-tert-
butylbenzene and for the benzylic C-H borylation of mesitylene were obtained by the 
method of initial rates, and the values are given in Table 3.2. These data show that the 
rate constants for benzylic borylation vary little with the change in boron source and the 
electronic properties of the iridium catalyst. In contrast, the rate constants for aryl C-H 
borylation span nearly three orders of magnitude.  
 From the rate constants for reactions conducted with each combination of catalyst 
and reagent, we calculated the difference in overall barrier for the borylation of a single 
benzylic C-H bond of mesitylene and the barrier for the borylation of a single aryl C-H 
bond of 1,3-di-tert-butylbenzene (ΔG‡

Bn- ΔG‡
Ar). For reactions in which the active 

catalyst is expected to be an Ir-diboryl monosilyl complex (reagent = Et3SiBpin, catalyst 
= 8 or 19) the borylation of a benzylic C-H bond was preferred over the borylation of an 
aryl C-H bond. The reactions catalyzed by 8 occurred with the largest preference (ΔG‡

Bn-
ΔG‡

Ar = -1.2 kcal/mol) for reaction at the benzylic C-H bonds over the aryl C-H bonds. 
However, for reactions in which the active catalyst is expected to be a trisboryl complex 
(reagent = B2pin2, catalyst = 18 or 20) the borylation of an aryl C-H bond of 1,3-di-tert-
butylbenzene is strongly favored over the borylation of a benzylic C-H bond of 
mesitylene (ΔG‡

Bn-ΔG‡
Ar = +2.2-4.1 kcal/mol).  

 
Table 3.3. C-O Stretching Frequencies of Carbonyl-Bound Ir-Trisboryl and Ir-
Diborylmonosilyl Complexesa 

 
aMeasured by solution (THF) IR spectroscopy. 
 

 
Figure 3.8. Dependence of the ln kobs for benzylic and aryl C-H borylation on the electronic properties 
of the catalyst. Rate constant (kobs) determined for the benzylic C-H borylation of mesitylene and the 
aryl C-H borylation of 1,3-di-tert-butylbenzene catalyzed by complexes 8, 18-20. C-O stretching 
frequency determined for complexes 21-24. 
 
 To assess the relative electron-density at iridium in complexes 8 and 18-20, we 
synthesized the CO adducts 21-24 (Table 3.3) and measured their νCO values (in THF). 
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These values indicate: 1) complex 8 is the least electron-rich of the four complexes; 2) 
dtbpy is more electron donating than L6; 3) the Bpin ligand is more donating than the 
SiEt3 ligand; and 4) the difference between a silyl ligand and boryl ligand on the metal 
affected the electron density more than the difference between the dative ligands.  
 A plot of the ln kobs for the reactions catalyzed by the corresponding complexes 8 
and 18-20 versus the νCO values for complexes 21-24 is shown in Figure 3.8. This graph 
shows that ln kobs for the borylation of aryl C-H bonds decreases with increasing νCO, 
while ln kobs for benzylic borylation changes little with increasing νCO. The difference in 
these trends explains why the ratio of benzylic borylation to aryl borylation for reactions 
catalyzed by complex 8 is larger than the corresponding ratio for reactions catalyzed by 
the more electron-rich iridium catalysts. The catalyst containing a less electron-rich metal 
center undergoes borylation of the aryl C-H bond more slowly than that containing the 
more electron-rich metal center, but the rate of the borylation of benzylic C-H bonds is 
not sensitive to the degree of electron density at the metal center. The origin of this 
difference in electronic effects was revealed by DFT calculations. 
 

 
Figure 3.9. Computed pathways for the benzylic borylation of toluene with complex 8. Structures 
optimized at B3LYP-D3 level with lanl2dz (Ir) and 6-31G(d,p) basis sets. Single-point energy 
calculations conducted at M06 level with lanl2tz (Ir) and 6-31++G** basis sets and a solvent 
correction (cyclohexane, IEFPCM). Values given for Gibbs free energy (kcal/mol). 
 
 v. Investigation of the Turnover-Limiting Step by DFT. Although the KIE and the 
rho value for benzylic borylation are consistent with turnover-limiting C-H oxidative 
addition, the lack of an influence of the electron-density at Ir on the rate of benzylic 
borylation argues against turnover-limiting oxidative addition of a C-H bond. Recently, 
Himo et al conducted a computational study on the mechanism of the borylation of the C-
H bonds in chlorosilanes, and they determined that an isomerization process occurs prior 
to reductive elimination to form the C-B bond. This isomerization process yields an 
intermediate that is computed to undergo reductive elimination with a barrier that is 
lower than that for reductive elimination without isomerization.41 This isomerization was 
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computed with the B3LYP-D3 functional to be the turnover-limiting step, but oxidative 
addition of the C-H bond was computed with the M06 functional to be turnover limiting.  
We calculated possible reaction pathways for the borylation of a benzylic C-H bond of 
toluene with complex 8. The structures of intermediates and transition states were 
optimized using the B3LYP functional with Grimes’ dispersion correction (B3LYP-D3) 
with the lanl2dz basis set for Ir and the 6-31G(d,p) basis set for all other atoms. Single-
point energy calculations with a solvent correction (cyclohexane, IEFPCM) were 
conducted with the M06 functional with the lanl2tz basis set for Ir and the 6-31++G** 
basis set for all other atoms.42  
 We considered two pathways (Figure 3.9) that begin with diboryl silyl complex I 
and proceed through the transition state for oxidative addition of a benzylic C-H bond 
TS-I to form the seven-coordinate intermediate II containing a partial B-H bond. In one 
pathway (Path A) intermediate II reacts through the transition state TSa-II for reductive 
elimination to form the B-C bond in benzyl boronate ester and iridium product IV. In a 
second pathway (Path B) intermediate II undergoes isomerization through transition state 
TSb-II in which the hydride is exchanged between the boryl ligands, forming 
intermediate III. Intermediate III then undergoes reductive elimination to form the 
boronate ester and product IV through transition state TSb-III. 
 Our calculations predict that Path B is favored over Path A by 3.1 kcal/mol. In 
Path B, the transition state for isomerization through TSb-II prior to reductive 
elimination (TSb-III) is computed to lie at a slightly higher energy than that for the C-H 
bond cleavage. In contrast to Himo’s calculations, our calculations find that the 
isomerization step is higher in energy than C-H activation when either the M06 or the 
B3LYP-D3 functionals are used (see SI, pg. S56 for B3LYP-D3 energies). To probe 
these relative energies, we compared our experimental KIE to the theoretical KIE 
calculated for Path A and Path B (see SI, pp. S57-60). The theoretical kinetic isotope 
effects for Path A and Path B were calculated to be 1.5 and 1.8, respectively. Although 
the difference is small, the isotope effect calculated for Path B is closer to the 
experimental value of 2.2.  
 The relative energies of these transition states suggest that the isomerization could 
be the rate-limiting step of the benzylic borylation. Consistent with this hypothesis, the 
benzylic borylation is relatively insensitive to changes in electron-density at iridium. This 
electronic effect is consistent with a rate-limiting, redox-neutral isomerization, rather than 
an oxidative addition of a C-H bond. In contrast, the sensitivity of the aryl C-H borylation 
to electron-density at iridium is consistent with turnover-liming oxidative addition of the 
C-H bond. In other words, the effect of the electron-density of the Ir catalyst on the 
selectivity of the reaction is consistent with a difference in the turnover-limiting step of 
the borylation of aryl C-H bonds and the borylation of benzylic C-H bonds.  
 Based upon our experimental and computational data we propose that the 
benzylic borylation of methylarenes catalyzed by complex 8 occurs via the mechanism 
detailed in Scheme 3.5. From the resting state 8, reversible oxidative addition of a 
benzylic C-H bond of the methylarene occurs, followed by an irreversible isomerization. 
Reductive elimination then forms the benzylic boronate ester, and the catalyst is 
regenerated by reaction with Et3SiBpin to form the Et3SiH byproduct. 
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Scheme 3.5. Proposed Mechanism for the Benzylic C-H Borylation of Methylarenes with 
Et3SiBpin Catalyzed by Complex 8 

 
 
3.3 Conclusion 
 
 We have shown that the selective borylation of the benzylic C-H bonds of 
methylarenes can be achieved with Et3SiBpin as reagent and an iridium catalyst 
containing a more weakly donating dative ligand than the commonly used di-tert-
butylbipyridine. Unlike previously reported methods for the borylation of benzylic C-H 
bonds, our method occurs with good functional group tolerance and occurs without the 
need for a directing group or solvent quantities of the methylarene. The benzylic boronate 
esters formed during this reaction undergo a series of transformations to form diverse 
products. 
 The key to the development of this reaction was the discovery of an iridium 
diborylmonosilyl complex that is more electron-deficient than the previously reported 
iridium trisboryl complex for C-H borylation. This reduced electron density at the metal 
center significantly reduced the rate of aryl C-H borylation while not significantly 
affecting the rate of benzylic C-H borylation. This difference in effect of electronic 
properties on the rate of borylation appears to result from a difference between the 
turnover-limiting step for aryl C-H borylation and benzylic C-H borylation.  
 The ancillary dative ligand and one of the X-type ligands in the iridium 
diborylmonosilyl catalyst 8 of the current work are different from those of the iridium 
trisboryl IMH catalyst 20. Instead of the strongly electron-donating dtbpy as the ancillary 
ligand in 20, a less electron-donating L6 is the ancillary ligand in catalyst 8, and instead 
of three boryl groups in 20, one less electron-donating triethylsilyl ligand and two boryl 
ligands are present in catalyst 8. Both of these differences in the ligands cause the 
electron density at iridium in complex 8 to be less than that in the IMH catalyst 20. This 
difference in electron density gives rise to the ca. 5 kcal/mol difference in the value of 
ΔΔG‡ for the borylation of the two types of C-H bonds catalyzed by 8 and by 20.  
 Our study, as well several recent reports,43-46 demonstrates a direction for the 
design of new iridium catalysts for the borylation of C-H bonds. In the IMH catalyst, 
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boryl ligands are both reactive and ancillary ligands. In the system we report here, one of 
the ancillary boryl ligands is replaced by a silyl ligand, thereby changing the electronic 
properties of the metal center for cleavage of the C-H bond. This property leads to novel 
selectivity for C-H borylation, and we are currently investigating the effect of altering the 
electronic and steric properties of the ancillary silyl ligand on the selectivity for various 
classes of C-H bond functionalization reactions. 

 
3.4 Experimental 
 
3.4.1. General Experimental Details 
 
 All reactions requiring an inert atmosphere were conducted in an argon-filled 
Braun glove box. Experimental procedures that do not mention the use of an inert 
atmosphere were conducted in air. When vials were used as the reaction vessel, they were 
sealed with Teflon-lined caps. Methylcyclohexane (anhydrous) used as solvent for the 
borylation reactions was purchased from Sigma Aldrich. THF used as solvent for the 
borylation reactions was degassed with nitrogen for 45 minutes and dried with a solvent 
purification system using a 1 m column containing activated alumina. Dioxane 
(anhydrous) was purchased from Acros Organics. Hexamethyldisiloxane, purchased from 
Acros, was degassed with nitrogen and dried over molecular sieves. Diisopropyl ether 
(anhydrous) was purchased from Sigma-Aldrich. All other solvents were purchased from 
Fisher Chemical. Arenes were purchased from Sigma-Aldrich, Oakwood Chemical, 
Fisher Chemical, and Acros. 1,10-Pheanthroline monohydrate was purchased from TCI 
Chemical, 4,4’-di-tert-butyl-2,2’-bipyridine and was purchased from Sigma-Aldrich. 
3,4,7,8-Tetramethylphenanthroline, neocuprine and phendione were purchased from 
Acros. Precious metals were obtained from Johnson-Matthey. All chemicals were used as 
received unless otherwise noted. Silica gel chromatography was performed with Silicycle 
SiliaFlash T60 TLC-grade silica gel, or with a Teledyne ISCO CombiFlash RF 200, 
equipped with Gold-Top silica columns. Products were visualized on TLC plates using an 
I2/silica chamber and/or a 254 nm UV lamp. GC analysis was performed on an HP 6890 
GC equipped with an HP-5 column (25 m x 0.20 mm x 0.33 μm film) and an FID 
detector. Quantitative GC analysis was performed by adding dodecane as an internal 
standard at the end of each reaction. Response factors relative to dodecane were 
determined for the acquisition of kinetic data and for the determination of GC yields. 
NMR spectra were acquired on 400, 500, and 600 MHz Bruker instruments at the 
University of California, Berkeley NMR facility. Chemical shifts were reported relative 
to residual solvent peaks (CDCl3 = 7.26 ppm for 1H and 77.2 ppm for 13C; THF-d8 = 3.58 
ppm for 1H and 67.2 ppm for 13C). NMR yields were determined by 1H NMR 
spectroscopy with dodecahydrotriphenylene as an internal standard or by 19F NMR 
spectroscopy with hexafluorobenzene as an internal standard. The resonances for carbon 
atoms attached to boron were not observed due to the boron quadrupole. Mass 
spectrometric analyses were performed at the University of California, Berkeley Mass 
Spec Center using EI and ESI ionization techniques with a Thermo Finnigan LTQ FT 
Instrument. ESI spectra were acquired using positive ionization unless otherwise noted. 
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IR spectra were acquired on a Thermo Scientific iS5 IR spectrometer. Samples for IR 
spectroscopy were prepared either as a solution in THF, or as a nujol mull. 
 
3.4.2. Synthesis of 3,8-Diarylphenathrolines L5 and L6 
 
Synthesis of 3,8-Dibromophenanthroline 

3,8-Dibromophenanthroline was prepared according to a 
literature procedure, with modifications.47 To a 1 L round-
bottom flask was added 1,10-phenanthroline monohydrate 
(5.00 g, 25.5 mmol), 1,2-dichloroethane (250 mL), and a large 

magnetic stir bar. This mixture was stirred vigorously. To the mixture was added pyridine 
(6.20 mL, 83.2 mmol) followed by disulfur dichloride (6.65 mL, 83.2 mmol), forming a 
suspension. To the suspension was added bromine (3.9 mL, 76 mmol). A reflux 
condenser was attached to the reaction flask, and the reaction mixture was refluxed for 16 
h. The mixture was cooled to ~50 °C. Aqueous sodium hydroxide (1 M, 200 mL) was 
added, and the biphasic mixture was stirred for 15 min. The mixture was then poured into 
a separatory funnel, and the layers were separated. The aqueous layer was extracted with 
2 x 200 mL of CH2Cl2. The combined organic layers were dried over sodium sulfate, 
filtered, and the solvents were evaporated with a rotary evaporator, yielding a yellow 
solid. To the yellow solid was added chloroform (50 mL), and the majority of the solid 
was dissolved with gentle heating. The solution was loaded onto a column of silica, 
packed in CH2Cl2. The product was eluted with 1% MeOH in CH2Cl2. The fractions 
containing the desired product were evaporated, yielding 2.74 g of 3,8-
dibromophenanthroline (32% yield) as an off-white fluffy solid. The 1H NMR spectrum 
matched the reported spectrum.47 
Synthesis of 3,8-bis(3,5-dimethylphenyl)-1,10-phenanthroline L5 

In an argon-filled glovebox, an oven-dried 15 mL 
round-bottom flask was charged with 3,5-
dimethylbromobenzene (185 mg, 1.00 mmol), THF 
(2 mL) and a magnetic stir bar. A 12 mL syringe was 
charged with a solution ZnCl2 (136 mg, 1 mmol) in 

THF (2 mL), and the syringe was fitted with a needle. The flask was sealed with a septum, 
and both the flask and the syringe were brought outside of the glovebox. A N2 line, fitted 
with a needle, was attached to the septum. The flask was cooled to -40 °C, and n-
butyllithium (1.6 M in hexanes, 0.63 mL) was added drop wise via syringe.  The mixture 
was stirred for 30 minutes at -40 °C, forming a white suspension. To the suspension was 
added the solution of ZnCl2 via syringe. The reaction mixture was warmed to RT, and the 
suspension became a clear, colorless solution. The flask was brought back into the 
glovebox. A 20 mL vial was charged with 3,8-dibromophenanthroline (86.2 mg, 0.250 
mmol), Pd(PPh3)4 (8.7 mg, 0.0075 mmol), and toluene (4 mL). To the vial was added the 
solution from the flask, and the stir bar was transferred from the flask to the vial. The vial 
was sealed with a Teflon-lined cap and heated at 120 °C for 16 h. The reaction mixture 
was allowed to cool to RT and was poured into a separatory funnel. To the separatory 
funnel was added EtOAc (20 mL) and aqueous NaOH (1M, 20 mL). The layers were 

N N
Br Br

N N
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separated, and the organic layer was washed once with aqueous NaOH (1M, 20 mL). The 
organic layer was dried over sodium sulfate, filtered, and the solvents were evaporated 
with a rotary evaporator. The residue was purified by silica gel chromatography with 0-
40% EtOAc in hexanes as eluent, yielding a white solid. The 1H NMR spectrum 
contained peaks corresponding to the desired product but also peaks corresponding to 
impurities. The white solid was recrystallized in acetonitrile, yielding pure 3,8-bis(3,5-
dimethylphenyl)-1,10-phenanthroline L5 (24 mg, 25% yield). The 1H NMR spectrum 
matched the reported spectrum.48  
Synthesis of 3,8-bis(3,5-trifluoromethylphenyl)-1,10-phenanthroline L6 

To a 100 mL 2-neck round-bottom flask was 
added 3,8-dibromo-1,10-phenanthroline (500 
mg, 1.48 mmol), 3,5-
bis(trifluoromethyl)phenylboronic acid (1.14 g, 
4.44 mmol), potassium carbonate (1.02 g, 7.40 

mmol), and a magnetic stir bar. To the flask was added dioxane (6.2 mL) and water (1.2 
mL). The flask was fitted with a reflux condenser and a septum. The mixture was 
degassed with nitrogen for 15 min. The septum on the flask was removed, and to the flask 
was quickly added palladium acetate (10.0 mg, 0.0446 mmol) and 
tricyclohexylphosphine (24.9 mg, 0.0888 mmol). The flask was refitted with the septum 
and placed under a positive pressure of nitrogen. The reaction mixture was heated at 
reflux for 17 h. The reaction mixture was cooled to RT. The mixture was diluted with 
EtOAc (30 mL) and filtered through Celite. The solvents were evaporated from the 
filtrate with a rotary evaporator, and the residue was purified by silica gel 
chromatography with 0-50% EtOAc in hexanes as the eluent, yielding 3,8-bis(3,5-
trifluoromethylphenyl)-1,10-phenanthroline L6 (815 mg, 91% yield) as a white solid. 1H 
NMR (500 MHz, CDCl3) δ 9.47 (s, 2H), 8.51 (s, 2H), 8.20 (s, 4H), 7.97 (s, 4H). 13C 
NMR (126 MHz, CDCl3) δ 149.1, 145.8, 139.7, 134.5, 133.6, 132.9 (q, J = 34.0 Hz), 
128.9, 127.8 (q, J = 3.8 Hz), 127.7, 123.3 (q, J = 272.2 Hz), 122.4 (septet, J = 3.2 Hz). 19F 
NMR (470 MHz, C6D6) δ -62.78. ESIHR calc’d (M+H) 605.0882, found 605.0872. 
 
3.4.3. Synthesis of Et3SiBpin 
 

The synthesis of Et3SiBpin was conducted according to a literature 
procedure,23 with modifications. In an argon-filled glovebox, a 250 mL 
flask fitted with an airless valve was charged with B2pin2 (13.3 g, 51.3 
mmol), [Ir(COD)OMe]2 (169 mg, 0.256 mmol), 4,4’-di-tert-

butylbipyridine (139 mg, 0.517 mmol), Et3SiH (32.8 mL, 206 mmol), and THF (42 mL). 
A magnetic stir bar was added to the flask, and the flask was sealed with a threaded 
Teflon stopper. The flask was heated at 80 °C for 16 h. The reaction mixture was cooled 
to RT. The solvents were evaporated, and the oil was purified by silica gel 
chromatography with 5% Et2O in hexanes as eluent, yielding a grey oil. The grey oil was 
further purified by short-path distillation (59 °C, 120 mtorr), yielding Et3SiBpin (8.07 g, 
65% yield) as a clear and colorless oil. The 1H NMR spectrum matched the reported 
spectrum.23 
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3.4.4. Synthesis of Precatalysts, Active Catalyst, and CO complexes 
 
Synthesis of Precatalyst 3 

In an argon-filled glovebox, an oven-dried 50 mL round-bottom 
flask was charged with [Ir(COE)2Cl]2

49 (297 mg, 0.331 mmol), 
L6 (400 mg, 0.662 mmol) and a magnetic stir bar. To the flask 
was added THF (12 mL), and the mixture was stirred, forming 
a dark red solution. The solution was stirred for 5 min. To the 
solution was added triethylsilane (1.07 mL, 6.62 mmol) drop 
wise. Instantly, the solution changed color from dark red to 
dark brown. The solvents were removed under vacuum, leaving 
a dark brown residue. The residue was triturated with pentane 

(13 mL), and stirred for 1 h. The mixture was filtered, and the filter cake was washed 
with 3 x 2 mL of pentane, yielding 488 mg of complex 3 (77% yield) as a brown/purple 
solid. Crystals suitable for X-ray diffraction were grown from a dilute solution of 3 in 
toluene cooled at -20 °C for two weeks. 1H NMR (500 MHz, CDCl3) δ 10.63 (s, 1H), 
10.21 (s, 1H), 8.56 (s, 1H), 8.52 (s, 1H), 8.32 (s, 4H), 8.07 (d, J = 8.8 Hz, 1H), 8.05 (d, J 
= 8.4 Hz, 1H), 8.03 (s, 1H), 8.01 (s, 1H), 0.23 (t, J = 7.1 Hz, 9H), 0.08 (q, J = 7.1 Hz, 
6H), -17.31 (s, 1H). IR (nujol mull, cm-1) 2120, 1841, 1621, 1579, 1279, 1133, 1091, 
1031, 1000, 967, 898, 864, 815, 706. Anal. Calcd (%) for C34H28ClF12IrN2Si: C, 43.06; H, 
2.98; N, 2.95; Found: C, 43.07; H, 2.92; N, 3.17. 
Synthesis of Deuterated Precatalyst 3-d1 

The synthesis of deuterated precatalyst 3-d1 was conducted in 
analogy to the synthesis of complex 3 with [Ir(COE)2Cl]2 (29.5 
mg, 0.0329 mmol), L6 (40.0 mg, 0.0662 mmol), and Et3SiD 
(105 μL, 0.660 mmol). Complex 3-d1 (45.2 mg, 72% yield) was 
obtained as a brown/purple solid. The deuterium incorporation 
was determined to 95% by 1H NMR spectroscopy. 2H NMR (77 
MHz, CDCl3) δ -16.9. IR (nujol mull, cm-1) 1620 1580 1524, 
1281, 1133, 1091, 1031, 1000, 967, 899, 846, 815, 706. See 

Figure 3.10 for a comparison of the 1H NMR spectrum of 3 to the 1H NMR spectrum and 
2H NMR spectrum of 3-d1. See Figure 3.11 for a comparison of the IR spectrum of 3 to 
the IR spectrum of 3-d1. 
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Figure 3.10. a. 1H NMR spectrum of complex 3. b. 2H NMR spectrum of complex 3-d1. c. 1H NMR 
spectrum of 3-d1. 
 

 
Figure 3.11. a. Infrared spectrum (nujol mull) of complex 3. b. Infrared spectrum (nujol mull) of 
complex 3-d1.  
 

Synthesis of Precatalyst (dtbpy)IrCl(SiEt3)H 
The synthesis of complex (dtbpy)IrCl(SiEt3)H was conducted in 
analogy to the synthesis of complex 3 (vide supra), with 
[Ir(COE)2Cl]2 (82.9 mg, 0.0925 mmol), 4,4’-di-tert-butyl-2,2’-
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mmol). The Ir complex (dtbpy)IrCl(SiEt3)H (86.1 mg, 75% yield) was isolated as a dark 
brown solid. 1H NMR (300 MHz, CDCl3) δ 9.69 (d, J = 6.3 Hz, 1H), 9.51 (d, J = 5.9 Hz, 
1H), 7.83 (s, 1H), 7.72 (s, 1H), 7.42 (d, J = 5.9 Hz, 1H), 7.08 (d, J = 6.3 Hz, 1H), 1.42 (s, 
18H), 0.37 (t, J = 7.6 Hz, 9H), 0.19 (m, 6H), -17.24 (s, 1H). IR (nujol mull, cm-1) 2155, 
1878, 1613, 1540, 1413, 1249, 1034, 711. Anal. Calcd (%) for C24H40ClIrN2Si: C, 47.08; 
H, 6.58; N, 4.57; Found: C, 47.44; H, 6.61; N, 4.60. 
Synthesis of Active Catalyst 8 

In an argon-filled glovebox, a 4 mL vial was charged with 
complex 3 (100 mg, 0.105 mmol), Et3SiBpin (0.217 mL, 
0.789 mmol), and THF (2.5 mL), forming a dark red/brown 
solution. A magnetic stir bar was added to the vial, and the 
vial was sealed with a Teflon-lined cap. The vial was heated 
at 80 °C for 45 min. The reaction mixture was cooled to RT. 
The mixture was concentrated to a volume of ~1 mL under 
vacuum. The mixture was filtered through a pipet packed 

with a small glass wool plug. The solvents were evaporated, and to the residue was added 
diisopropyl ether (1 mL). The mixture was stirred gently with a spatula and placed in a 
freezer (-40 °C) for two days. The mixture was filtered, and the filter cake was washed 
with 5 x 0.5 mL of cold diisopropyl ether, yielding complex 8 (48.2 mg, 40% yield) as a 
brown solid. Crystals suitable for X-ray diffraction were grown from a solution of 8 in 
THF, layered with hexamethyldisiloxane and kept at -20 °C for one day. 1H NMR (500 
MHz, THF-d8, 60 °C) δ 10.48 (s, 2H), 9.02 (s, 2H), 8.43 (s, 4H), 8.21 (s, 2H), 8.17 (s, 
2H), 1.34 (s, 24H), 0.47 (s, 15H). 19F NMR (470 MHz, CDCl3) δ -62.8. 11B NMR (193 
MHz, THF-d8) δ 31.5. Anal. Calcd (%) for C46H51B2F12IrN2O4Si: C, 47.39; H, 4.41; N, 
2.40; Found: C, 47.55; H, 4.09; N, 2.40. 
Synthesis of CO complex 21 

In an argon-filled glovebox, a 4 mL vial was charged with 
complex 3 (75.0 mg, 0.0791 mmol), Et3SiBpin (0.163 mL, 
0.593 mmol), and THF (2 mL). A magnetic stir bar was 
added to the vial, and the vial was sealed with a Teflon-lined 
cap. The vial was heated at 80 °C for 45 min. The reaction 
mixture was cooled to RT. The mixture was transferred to a 
50 mL Kontes flask. The flask was sealed with a threaded 
Teflon stopper and brought outside of the glovebox. The flask 

was cooled in liquid nitrogen and degassed with one freeze-pump-thaw cycle. While still 
in the liquid nitrogen bath, the flask was placed under vacuum and then removed from the 
bath. The flask was backfilled with carbon monoxide. The flask was warmed to RT. The 
color of the solution changed from red/brown to magenta. The solvents were evaporated, 
and the flask was brought back into the glovebox. The residue was dissolved in cold 2:1 
pentane:Et2O (~1.5 mL) and the resulting solution was filtered through a pipet, packed 
with a glass wool plug and Celite. The solvents were evaporated from the filtrate. To the 
residue was added hexamethyldisiloxane (~0.7 mL), and the mixture was placed in a 
freezer (-40 °C) for 1 h. The mixture was filtered, and the filter cake was washed with 2 x 
0.5 mL of hexamethyldisiloxane and 1 x 0.3 mL of pentane, yielding complex 21 (27.4 
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mg, 29% yield) as a magenta-colored solid. 1H NMR (500 MHz, CDCl3) δ 10.64 (d, J = 
1.8 Hz, 2H), 8.62 (d, J = 1.9 Hz, 2H), 8.30 (s, 4H), 8.10 (s, 2H), 8.06 (s, 2H), 1.32 (s, 
24H), 0.44 (t, J = 7.8 Hz, 9H), 0.18 (q, J = 7.9 Hz, 6H). 19F NMR (376 MHz, CDCl3) δ -
61.95. 11B NMR (160 MHz, CDCl3) δ 33.2. IR νCO (THF) = 1985 cm-1, (nujol mull, cm-1) 
1944, 1278, 1258, 1184, 1134, 1091, 1074, 895, 715. ESIHR calc’d (M+Na) 1217.3083, 
found 1217.3092. Anal. Calcd (%) for C47H51B2F12IrN2O5Si: C, 47.29; H, 4.31; N, 2.35; 
Found: C, 47.05; H, 4.06; N, 2.60. 
Synthesis of CO Complex 22 

In an argon-filled glovebox a 20 mL vial was charged with 
[Ir(COD)OMe]2 (20.0 mg, 0.0301 mmol), cyclohexane (2 
mL), and a magnetic stir bar. The mixture was stirred, and to 
the mixture was added cis-cyclooctene (62 μL, 0.48 mmol). 
To the vial was added pinacolborane (60 μL, 0.42 mmol), and 
the mixture became an orange/red solution. The solution was 
stirred for 5 minutes. To a separate 4 mL vial was added L6 
(36.3 mg, 0.0601 mmol) and THF (1 mL). The solution of L6 

in THF was transferred to the 20 mL vial containing the orange/red solution. The color of 
the solution instantly changed from orange/red to dark red. The mixture was transferred 
to a 50 mL Kontes flask. The flask was sealed with a threaded Teflon stopper and 
brought outside of the glovebox. The flask was cooled in liquid nitrogen and degassed 
with one freeze-pump-thaw cycle. While still in the liquid nitrogen bath, the flask was 
placed under vacuum and then removed from the bath. The flask was backfilled with 
carbon monoxide. The flask was warmed to RT. The color of the solution changed from 
dark red to yellow. The solvents were evaporated, and the flask was brought back into the 
glovebox. The residue was dissolved in cold 2:1 pentane:Et2O (~1.5 mL) and filtered 
through a pipet, packed with a glass wool plug and Celite. The solvents were evaporated 
from the filtrate. To the residue was added diisopropyl ether (~0.7 mL), and the mixture 
was placed in a freezer (-40 °C) for 1 h. The mixture was filtered, and the filter cake was 
washed with 3 x 0.5 mL of cold diisopropyl ether, yielding complex 22 (32.0 mg, 44% 
yield) as a bright yellow solid. 1H NMR (500 MHz, CDCl3) δ 10.54 (d, J = 1.9 Hz, 2H), 
8.58 (d, J = 1.9 Hz, 2H), 8.30 (s, 4H), 8.06 (s, 2H), 8.04 (s, 2H), 1.33 (s, 12H), 1.32 (s, 
12H), 0.66 (s, 12H). 19F NMR (376 MHz, CDCl3) δ -61.92. 11B NMR (160 MHz, CDCl3) 
δ 45.3, 32.8. IR νCO (THF) = 1977 cm-1, (nujol mull, cm-1) 1977, 1619, 1282, 1184, 1140, 
1056, 964, 717. ESIHR calc’d (M+Na) 1229.3071, found 1229.3088. Anal. Calcd (%) for 
C47H48B3F12IrN2O7: C, 46.83; H, 4.01; N, 2.32; Found: C, 46.92; H, 3.98; N, 2.25. 
Synthesis of CO Complex 23 

The synthesis of complex 23 was conducted in analogy to the 
synthesis of complex 21 with (dtbpy)IrCl(SiEt3)H (48.4 mg, 
0.0791 mmol) and Et3SiBpin (0.163 mL, 0.593 mmol). 
Complex 23 (23.2 mg, 34% yield) was obtained as a yellow-
green solid. 1H NMR (500 MHz, CDCl3) δ 9.68 (d, J = 5.8 

Hz, 1H), 8.02 (d, J = 1.6 Hz, 2H), 7.35 (dd, J = 5.9, 1.8 Hz, 2H), 1.43 (s, 18H), 1.29 (s, 
12H), 1.28 (s, 12H), 0.50 (t, J = 7.8 Hz, 9H), 0.27 (q, J = 7.8 Hz, 6H). 11B NMR (160 
MHz, CDCl3) δ 31.9. IR νCO (THF) = 1981cm-1, (nujol mull, cm-1) 1968, 1613, 1411, 
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1207, 1105, 963, 845, 718. ESIHR calc’d (M+Na) 881.4219, found 881.4209. Anal. 
Calcd (%) for C37H63B2IrN2O5Si: C, 51.81; H, 7.40; N, 3.27; Found: C, 51.48; H, 7.47; N, 
3.32. 
Synthesis of CO Complex 24 

The synthesis of complex 24 was conducted in analogy to the 
synthesis of complex 22 with [Ir(COD)OMe]2 (20.0 mg, 
0.0301 mmol), cis-cyclooctene (124 μL, 0.947 mmol), 
pinacolborane (120 μL, 0.834 mmol), and 4,4’-di-tert-butyl-
2,2’-bipyridine (16.1 mg, 0.0602 mmol). Complex 24 (19.4 

mg, 37% yield) was obtained as a green solid. 1H NMR (500 MHz, CDCl3) δ 9.58 (d, J = 
5.8 Hz, 2H), 7.94 (s, 2H), 7.33 (d, J = 5.8 Hz, 2H), 1.41 (s, 18H), 1.29 (s, 23H), 0.74 (s, 
12H). 11B NMR (160 MHz, CDCl3) δ 46.6, 32.5. IR νCO (THF) = 1972 cm-1, (nujol mull, 
cm-1) 1946, 1613, 1210, 1145, 1109, 1080, 964, 891, 865, 722. ESIHR calc’d (M+Na) 
893.4201, found 893.4211.  
 
3.4.5. Method Development 
 
Effect of Ligand and Solvent on the Borylation of m-Chlorotoluene 1 
The borylation of 1 (Table 3.1) with Et3SiBpin was conducted according to the following 
general procedure: In an argon-filled glove box, a 4 mL vial was charged with 
[Ir(COD)OMe]2 (0.8 mg, 0.001 mmol), ligand (0.0025 mmol), Et3SiBpin (34.4 μL, 0.125 
mmol), m-chlorotoluene (22.1 μL, 0.188 mmol) and solvent (0.3 mL). To the vial was 
added a magnetic stir bar, and the vial was sealed with a Teflon-lined cap. The reaction 
mixture was heated at 100 °C for 16 h. The reaction mixture was cooled to RT. To the 
mixture was added dodecane (20 μL, 0.088 mmol) as an internal standard. The yield of 
products 2a and 2b were determined by GC analysis. 
Comparison of Reaction Profile for Benzylic Borylation Catalyzed by 3 to the 
Reaction Profile of Benzylic Borylation Catalyzed by [Ir(COD)OMe]2 and L6 
In an argon-filled glove box, a 4 mL vial was charged with catalyst (0.0025 mmol, 
½[Ir(COD)OMe]2/L6 (Conditions A) or complex 3 (Conditions B)), Et3SiBpin (68.8 μL, 
0.250 mmol), m-chlorotoluene (44.2 μL, 0.367 mmol), methylcyclohexane (0.6 mL), and 
dodecane (20 μL, 0.088 mmol) as internal standard. To the vial was added a magnetic stir 
bar, and the vial was sealed with a Teflon-lined cap. The reaction mixture was heated at 
100 °C. At various time points, the reaction mixtures were rapidly cooled to RT under a 
stream of air and brought back into the glove box where aliquots were taken for GC 
analysis. See Figure 3.2 for reaction profiles. 
Effect of Arene:Et3SiBpin Ratio on the Distribution of Products 
In an argon-filled glove box, a 4 mL vial was charged with complex 3 (1.2 mg, 0.0013 
mmol), Et3SiBpin (0.125-0.188 mmol), m-chlorotoluene (0.125-0.250 mmol) and 
methylcyclohexane (0.3 mL). To the vial was added a magnetic stir bar, and the vial was 
sealed with a Teflon-lined cap. The reaction mixture was heated at 100 °C for 16 h. The 
reaction mixture was cooled to RT. To the mixture was added dodecane (20 μL, 0.088 
mmol) as an internal standard. The yield of products 2a, 2b, and 4a-c were determined by 
GC analysis. See Figure 3.3 for a summary of these results. 
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Synthesis of Bis-Benzylic Boronate 4a 
Bis-benzylic boronate 4a (9.5 mg, 5% yield) was isolated from the 
reaction mixture of the benzylic borylation of m-chlorotoluene (vide 
infra, pg. S-19) by silica gel chromatography with 10% EtOAc in 
hexanes as eluent. 1H NMR (400 MHz, CDCl3) δ 7.25 (s, 1H), 7.19 
– 7.09 (overlapping peaks, 2H), 7.08-7.02 (m, 1H), 2.27 (s, 1H), 
1.23 (s, 12H), 1.21 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 141.9, 

133.7, 129.3, 129.2, 127.6, 124.6, 83.7, 24.8, 24.7. 11B NMR (128 MHz, CDCl3) δ 32.4. 

EIHR calc’d (35Cl) 378.1941, found 378.1940. 
Synthesis of Bis-Boronate 4b 

In an argon-filled glove box, a 4 mL vial was charged with benzylic 
boronate 2a (50.0 mg, 0.198 mmol; vide infra pg. S-19 for synthesis 
of 2a), B2pin2 (50.3 mg, 0.198 mmol), dtbpy (2.1 mg, 0.0078 mmol), 
[Ir(COD)OMe]2 (2.6 mg, 0.0039 mmol), and THF (0.4 mL). To the 
vial was added a magnetic stir bar, and the vial was sealed with a 

Teflon-lined cap. The mixture was heated at 80 °C for 16 h. The reaction mixture was 
cooled to RT. The solvents were evaporated with a rotary evaporator, and the residue was 
purified by silica gel chromatography with 7% EtOAc/Hexanes as eluent. 1H NMR (400 
MHz, CDCl3) δ 7.53 (s, 1H), 7.46 (s, 1H), 7.27 (s, 1H), 2.27 (s, 2H), 1.32 (s, 12H), 1.23 
(s, 12H). 13C NMR (101 MHz, CDCl3) δ 140.3, 133.9, 133.6, 131.9, 131.2, 84.1, 83.7, 
25.0, 24.8. 11B NMR (193 MHz, CDCl3) δ 32.3, 30.1. EIHR calc’d (35Cl) 378.1940, found 
378.1947. 
Synthesis of Tris-Boronate 4c 

In an argon-filled glove box, a 4 mL vial was charged with complex 
3 (19.0 mg, 0.0200 mmol), Et3SiBpin (556 μL, 2.00 mmol), 3-
chlorotoluene (59.1 μL, 0.500 mmol), and methylcyclohexane (1 
mL). To the vial was added a stir bar, and the vial was sealed with a 
Teflon-lined cap. The mixture was heated at 100 °C for 24 h. The 
mixture was cooled to RT, and the solvents were evaporated with a 

rotary evaporator. The residue was purified by silica gel chromatography with 10% 
EtOAc/hexanes as eluent, yielding trisboronate 4c (40.1 mg, 16% yield) as a white 
crystalline solid. 1H NMR (500 MHz, CDCl3) δ 7.49 (s, 1H), 7.47 (s, 1H), 7.40 (s, 1H), 
2.31 (s, 1H), 1.32 (s, 12H), 1.22 (s, 12H), 1.20 (s, 12H). 13C NMR (126 MHz, CDCl3) δ 
141.3, 133.7, 133.7, 132.3, 130.7, 84.0, 83.7, 25.0, 24.8, 24.7. 11B NMR (160 MHz, 
CDCl3) δ 33.3. EIHR calc’d (35Cl) 504.2793, found 504.2802. 
 
3.4.6. Borylation of Primary Benzylic C-H Bonds 
 
General Procedure 
In an argon-filled glovebox, a 4 mL vial was charged with 1 mol% (unless otherwise 
specified) of complex 3 (4.7 mg, 0.050 mmol), Et3SiBpin (138 μL, 0.500 mmol), 
methylcyclohexane (1.2 mL), and methylarene (0.750 mmol), in that order. To the vial 
was added a magnetic stir bar, and the vial was sealed with a Teflon-lined cap. The 
reaction mixture was heated at 100 °C, forming a dark red solution after ~20 min. The 
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reaction mixture was heated at this temperature for 16 h. The reaction mixture was cooled 
to RT. To the reaction mixture was added dodecane (20 μL, 0.088 mmol), and the 
selectivity for benzylic boronate ester over the aryl boronate esters was quantified by GC 
analysis. The mixture was purified by silica gel chromatography, yielding the benzylic 
boronate ester. 
Synthesis of Benzylic Boronate 5a 

The synthesis of benzylic boronate 5a was conducted according to the 
general procedure with toluene (79.3 μL, 0.750 mmol). The crude 
mixture was analyzed by gas chromatography, and the chromatogram 
showed a 9:1 mixture of Bn:Ar boronate ester products. The crude 

product was purified by silica gel chromatography with 4% EtOAc in hexanes as eluent 
to yield 5a (55.4 mg, 51% yield) as a colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.23 (d, 
J = 7.2 Hz, 2H), 7.18 (d, J = 6.7 Hz, 2H), 7.12 (t, J = 7.1 Hz, 1H), 2.29 (s, 2H), 1.23 (s, 
12H). 13C NMR (126 MHz, CDCl3) δ 138.8, 129.1, 128.4, 125.0, 83.6, 24.9. 11B NMR 
(128 MHz, CDCl3) δ 32.7. EIHR calc’d 218.1475, found 218.1478.  
Synthesis of Benzylic Boronate 2a 

The synthesis of benzylic boronate 2a was conducted according to 
the general procedure with 3-chlorotoluene (88.7 μL, 0.750 mmol). 
The crude mixture was analyzed by gas chromatography, and the 
chromatogram showed an 11:1 mixture of Bn:Ar boronate ester 

products. The crude product was purified by silica gel chromatography with 4% EtOAc 
in hexanes as eluent to yield 2a (66.7 mg, 53% yield) as a colorless oil. 1H NMR (400 
MHz, CDCl3) δ 7.18 (s, 1H), 7.15 (t, J = 7.6 Hz, 1H), 7.10 (d, J = 8.3 Hz, 1H), 7.05 (d, J 
= 7.4 Hz, 1H), 2.27 (s, 2H), 1.23 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 140.9, 134.1, 
129.5, 129.2, 127.3, 125.2, 83.8, 24.9. 11B NMR (128 MHz, CDCl3) δ 32.9. EIHR calc’d 
(35Cl) 252.1088, found 252.1092. 
Synthesis of Benzylic Boronate 5b 

The synthesis of benzylic boronate 5b was conducted according to 
the general procedure with 3-bromotoluene (92.3 μL, 0.750 mmol). 
The crude mixture was analyzed by gas chromatography, and the 
chromatogram showed a 9.1:1 mixture of Bn:Ar boronate ester 
products. The crude product was purified by silica gel 

chromatography with 5% EtOAc in hexanes as eluent to yield 5b (74.8 mg, 50% yield) as 
a colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.34 (s, 1H), 7.26 – 7.23 (m, 1H), 7.14 – 
7.04 (overlapping peaks, 2H), 2.26 (s, 2H), 1.23 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 
141.3, 132.1, 129.9, 128.1, 127.8, 122.4, 83.8, 24.9. 11B NMR (128 MHz, CDCl3) δ 35.0. 
EIHR calc’d 296.0583 (79Br), found 296.0585. 
Synthesis of Benzylic Boronate 5c 

 The synthesis of benzylic boronate 5c was conducted according to 
the general procedure with 3-iodotoluene (96.2 μL, 0.750 mmol) and 
complex 3 (9.5 mg, 0.010 mmol). The crude mixture was analyzed 
by gas chromatography, and the chromatogram showed a 6.3:1 

mixture of Bn:Ar boronate ester products. The crude product was purified by silica gel 
chromatography with 4% EtOAc in hexanes as eluent to yield 5c (60.9 mg, 35% yield) as 
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a colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.54 (s, 1H), 7.46 (d, J = 7.8 Hz, 1H), 7.14 
(d, J = 7.4 Hz, 1H), 6.96 (t, J = 7.8 Hz, 1H), 2.23 (s, 2H), 1.23 (s, 12H). 13C NMR (101 
MHz, CDCl3) δ 141.4, 138.1, 134.1, 130.1, 128.4, 94.6, 83.8, 24.9. 11B NMR (128 MHz, 
CDCl3) δ 32.6. EIHR calc’d 344.0445, found 344.0450. 
Synthesis of Benzylic Boronate 5d 

 The synthesis of benzylic boronate 5d was conducted according to 
the general procedure with m-xylene (92.6 μL, 0.750 mmol). The 
crude mixture was analyzed by gas chromatography, and the 
chromatogram showed a 45:1 mixture of Bn:Ar boronate ester 

products. The crude product was purified by silica gel chromatography with 3% EtOAc 
in hexanes as eluent to yield 5d (66.0 mg, 57% yield) as a colorless oil. 1H NMR (400 
MHz, CDCl3) δ 7.13 (t, J = 7.5 Hz, 1H), 7.00 (s, 1H), 6.98 (s, 1H), 6.93 (d, J = 7.6 Hz, 
1H), 2.30 (s, 3H), 2.25 (s, 2H), 1.23 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 138.6, 
137.9, 130.0, 128.3, 126.1, 125.7, 83.5, 24.9, 21.6. 11B NMR (128 MHz, CDCl3) δ 32.9. 
EIHR calc’d 232.1635, found 232.1633. 
Synthesis of Benzylic Boronate 5e 

The synthesis of benzylic boronate 5e was conducted according 
to the general procedure with methyl m-toluate (107 μL, 0.750 
mmol). The crude mixture was analyzed by gas 
chromatography, and the chromatogram showed a 2.7:1 
mixture of Bn:Ar boronate ester products. The crude product 

was purified by silica gel chromatography with 10% EtOAc in hexanes as eluent to yield 
5e (52.0 mg, 38% yield) as a colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.86 (s, 1H), 
7.80 (d, J = 7.7 Hz, 1H), 7.38 (d, J = 7.7 Hz, 1H), 7.30 (t, J = 7.6 Hz, 1H), 3.90 (s, 3H), 
2.35 (s, 2H), 1.23 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 167.6, 139.3, 133.8, 130.2, 
128.4, 126.4, 83.7, 52.1, 24.9. 11B NMR (128 MHz, CDCl3) δ 32.6. ESIHR calc’d (M+H) 
277.1606, found 277.1606. 
Synthesis of Benzylic Boronate 5f 

The synthesis of benzylic boronate 5f was conducted according 
to the general procedure with N,N-diethyl m-toluamide (143 
μL, 0.750 mmol). The crude mixture was analyzed by gas 
chromatography, and the chromatogram showed a 10:1 mixture 
of Bn:Ar boronate ester products. The crude product was 

purified by silica gel chromatography with 50% EtOAc in hexanes as eluent to yield a 
colorless oil. The 1H NMR spectrum of the oil showed significant quantities of pinacol-
type impurities. The mixture was dissolved in EtOAc (20 mL), and the solution was 
washed with 3 x 20 mL of water. The organic layer was dried over sodium sulfate, 
filtered, and the solvents were evaporated, yielding 5f (65.3 mg, 41% yield) as a colorless 
oil. 1H NMR (400 MHz, CDCl3) δ 7.25 (t, J = 7.4 Hz, 1H), 7.20 (d, J = 7.7 Hz, 1H), 7.17 
(s, 1H), 7.11 (d, J = 7.3 Hz, 1H), 3.53 (s, 2H), 3.25 (br s, 2H), 2.30 (br s, 2H), 1.26 – 1.22 
(br s, 3H), 1.21 (s, 12H), 1.13-1.05 (br s, 3H). 13C NMR (101 MHz, CDCl3) δ 171.7, 
139.1, 137.3, 129.8, 128.4, 127.0, 123.0, 83.6, 43.4, 39.2, 24.9, 14.4, 13.1. 11B NMR (128 
MHz, CDCl3) δ 32.7. EIHR calc’d 318.2235, found 318.2234. 
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Synthesis of Benzylic Boronate 5g 
The synthesis of benzylic boronate 5g was conducted according to 
the general procedure with 3-methylanisole (94.5 μL, 0.750 
mmol). The crude mixture was analyzed by gas chromatography, 
and the chromatogram showed a 5.6:1 mixture of Bn:Ar boronate 

ester products. The crude product was purified by silica gel chromatography with 6% 
EtOAc in hexanes as eluent to yield 5g (62.5 mg, 50% yield) as a colorless oil. 1H NMR 
(400 MHz, CDCl3) δ 7.15 (t, J = 7.9 Hz, 1H), 6.77 (d, J = 7.6 Hz, 1H), 6.74 (s, 1H), 6.68 
(d, J = 8.2 Hz, 1H), 3.78 (s, 3H), 2.27 (s, 2H), 1.24 (s, 12H). 13C NMR (101 MHz, 
CDCl3) δ 159.7, 140.4, 129.3, 121.7, 114.8, 110.6, 83.6, 55.2, 24.9. 11B NMR (128 MHz, 
CDCl3) δ 31.8. EIHR calc’d 248.1584, found 248.1951. 
Synthesis of Benzylic Boronate 5h 

The synthesis of benzylic boronate 5h was conducted according 
to the general procedure with N,N-dimethyl-3-methylaniline (135 
μL, 0.750 mmol) and complex 3 (9.5 mg, 0.010 mmol). The 
crude mixture was analyzed by gas chromatography, and the 

chromatogram showed a 41:1 mixture of Bn:Ar boronate ester products. The crude 
product was purified by silica gel chromatography with 15% EtOAc in hexanes as eluent 
to yield 5h (64.5 mg, 49% yield) as a yellow oil. 1H NMR (500 MHz, CDCl3) δ 7.15 (t, J 
= 7.8 Hz, 1H), 6.64-6.59 (overlapping peaks, 2H), 6.57 (d, J = 8.2 Hz, 1H), 2.95 (s, 6H), 
2.29 (s, 2H), 1.27 (s, 12H). 13C NMR (126 MHz, CDCl3) δ 150.8, 139.4, 129.0, 117.9, 
113.7, 109.7, 83.4, 40.9, 24.9. 11B NMR (160 MHz, CDCl3) δ 33.1. EIHR calc’d 
261.1900, found 261.1902. 
Synthesis of Benzylic Boronate 5i 

The synthesis of benzylic boronate 5i was conducted according to 
the general procedure with p-cymene (117 μL, 0.750 mmol) and 
complex 3 (9.5 mg, 0.010 mmol). The crude mixture was analyzed 
by gas chromatography, and the chromatogram showed a >99:1 

mixture of Bn:Ar boronate ester products. The crude product was purified by silica gel 
chromatography with 3% EtOAc in hexanes as eluent to yield 5i (86.7 mg, 67% yield) as 
a colorless oil. NMR (500 MHz, CDCl3) δ 7.16 – 7.01 (m, 4H), 2.86 (dt, J = 13.8, 6.9 Hz, 
1H), 2.27 (s, 2H), 1.25 (s, 12H), 1.23 (d, J = 6.9 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 
145.3, 135.8, 129.0, 126.5, 83.5, 33.7, 24.9, 24.22. 11B NMR (160 MHz, CDCl3) δ 33.2. 
EIHR calc’d 260.1948, found 260.1955. 
Synthesis of Benzylic Boronate 5j 

The synthesis of benzylic boronate 5j was conducted according to 
the general procedure with 4-chlorotoluene (88.7 μL, 0.750 mmol). 
The crude mixture was analyzed by gas chromatography, and the 
chromatogram showed a 82:1 mixture of Bn:Ar boronate ester 

products. The crude product was purified by silica gel chromatography with 4% EtOAc 
in hexanes as eluent to yield 5j (79.9 mg, 63% yield) as a colorless oil. 1H NMR (400 
MHz, CDCl3) δ 7.19 (d, J = 8.5 Hz, 2H), 7.10 (d, J = 8.5 Hz, 2H), 2.25 (s, 2H), 1.23 (s, 
12H). 13C NMR (101 MHz, CDCl3) δ 137.3, 130.7, 130.4, 128.4, 83.7, 24.9. 11B NMR 
(128 MHz, CDCl3) δ 32.8. EIHR calc’d (35Cl) 252.1088, found 252.1085. 
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Synthesis of Benzylic Boronate 5k  
The synthesis of benzylic boronate 5k was conducted according 
to the general procedure with methyl p-toluate (107 μL, 0.750 
mmol) and complex 3 (9.5 mg, 0.010 mmol). The crude mixture 
was analyzed by gas chromatography, and the chromatogram 

showed a 23:1 mixture of Bn:Ar boronate ester products. The crude product was purified 
by silica gel chromatography with 10% EtOAc in hexanes as eluent to yield 5k (138 mg, 
61% yield) as a colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.91 (d, J = 8.3 Hz, 2H), 
7.24 (d, J = 8.4 Hz, 2H), 3.88 (s, 3H), 2.35 (s, 2H), 1.22 (s, 12H). 13C NMR (101 MHz, 
CDCl3) δ 167.3, 144.7, 129.7, 128.96, 126.9, 83.8, 51.9, 24.7. 11B NMR (128 MHz, 
CDCl3) δ 32.5. ESIHR calc’d (M+H) 277.1606, found 277.1607. 
Synthesis of Benzylic Boronate 5l 

The synthesis of benzylic boronate 5l was conducted according to 
the general procedure with 4-methylanisole (94.5 μL, 0.750 
mmol) and complex 3 (9.5 mg, 0.010mmol). The crude mixture 
was analyzed by gas chromatography, and the chromatogram 

showed a 1.7:1 mixture of Bn:Ar boronate ester products. The crude product was purified 
by silica gel chromatography with 6% EtOAc in hexanes as eluent to yield 5l (43.5 mg, 
35% yield) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 7.10 (d, J = 8.6 Hz, 2H), 
6.79 (d, J = 8.6 Hz, 2H), 3.77 (s, 3H), 2.23 (s, 2H), 1.23 (s, 12H). 13C NMR (126 MHz, 
CDCl3) δ 157.2, 130.6, 129.9, 113.9, 83.5, 55.3, 24.9. 11B NMR (160 MHz, CDCl3) δ 
33.2. EIHR calc’d 248.1584, found 248.1588. 
Synthesis of Benzylic Boronate 5m 

The synthesis of benzylic boronate 5m was conducted according 
to the general procedure with trimethyl(p-tolyl)silane (142 μL, 
0.750 mmol). The crude mixture was analyzed by gas 
chromatography, and the chromatogram showed a >99:1 mixture 

of Bn:Ar boronate ester products. The crude product was purified by silica gel 
chromatography with 4% EtOAc in hexanes as eluent to yield 5m (107 mg, 73% yield) as 
a colorless oil. 1H NMR (500 MHz, CDCl3) δ 7.40 (d, J = 7.7 Hz, 2H), 7.18 (d, J = 7.6 
Hz, 2H), 2.29 (s, 2H), 1.25 (s, 12H), 0.25 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 139.5, 
136.1, 133.5, 128.6, 83.6, 24.9, -0.9. 11B NMR (160 MHz, CDCl3) δ 33.2. EIHR calc’d 
290.1873, found 290.1875. 
Synthesis of Benzylic Boronate 5n 

The synthesis of benzylic boronate 5n was conducted according 
to the general procedure with 4-trifluoromethoxytoluene (112 
μL, 0.750 mmol). The crude mixture was analyzed by gas 
chromatography, and the chromatogram showed a 31:1 mixture 

of Bn:Ar boronate ester products. The crude product was purified by silica gel 
chromatography with 4% EtOAc in hexanes as eluent to yield 5n (85.5 mg, 57% yield) as 
a colorless oil. 1H NMR (500 MHz, CDCl3) δ 7.19 (d, J = 8.6 Hz, 2H), 7.08 (d, J = 8.1 
Hz, 2H), 2.29 (s, 2H), 1.24 (s, 12H). 13C NMR (126 MHz, CDCl3) δ 146.9, 137.6, 130.3, 
121.0, 120.7 (q, J = 249.0 Hz), 83.7, 24.9. 11B NMR (160 MHz, CDCl3) δ 33.2. 19F NMR 
(376 MHz, CDCl3) δ -57.27. EIHR calc’d 302.1301, found 302.1308. 
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Synthesis of Benzylic Boronate 5o 
The synthesis of benzylic boronate 5o was conducted according to 
the general procedure with 4-methylbenzotrifluoride (105 μL, 
0.750 mmol). The crude mixture was analyzed by gas 
chromatography, and the chromatogram showed a >99:1 mixture 

of Bn:Ar boronate ester products. The crude product was purified by silica gel 
chromatography with 3% EtOAc in hexanes as eluent to yield 5o (89.3 mg, 62% yield) as 
a colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.48 (d, J = 8.1 Hz, 2H), 7.28 (d, J = 8.0 
Hz, 2H), 2.35 (s, 2H), 1.23 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 143.3, 129.3, 127.2 
(q, J = 32.3 Hz), 125.2 (q, J = 3.8 Hz), 124.6 (q, J = 272.7 Hz), 83.8, 24.9. 11B NMR (128 
MHz, CDCl3) δ 32.7. 19F NMR (376 MHz, CDCl3) δ -61.38. EIHR calc’d 286.1352, 
found 286.1355. 
Synthesis of Benzylic Bis-Boronate 5oa 

The synthesis of benzylic bis-boronate 5oa was conducted 
according to a modified version of the general procedure with 4-
methylbenzotrifluoride (70.2 μL, 0.500 mmol), Et3SiBpin (413 μL, 
1.50 mmol), and complex 3 (19.0 mg, 0.020 mmol). The reaction 
mixture was allowed to cool to RT. White needles precipitated 

from the reaction mixture. The solids were collected by filtration and washed with cold 
hexane to yield 5oa (151 mg, 73% yield) as white needles. 1H NMR (500 MHz, CDCl3) δ 
7.45 (d, J = 8.2 Hz, 2H), 7.35 (d, J = 8.1 Hz, 2H), 2.36 (s, 1H), 1.23 (s, 12H), 1.21 (s, 
12H). 13C NMR (126 MHz, CDCl3) δ 144.3, 129.4, 126.5 (q, J = 32.8 Hz), 125.0 (q, J = 
3.9 Hz), 124.9 (q, J = 264.6 Hz), 83.79, 24.80, 24.71. 11B NMR (160 MHz, CDCl3) δ 
32.73. 19F NMR (470 MHz, C6D6) δ -61.99. EIHR calc’d 412.2204, found 412.2214. 
 
Synthesis of Benzylic Boronate 5p 

The synthesis of benzylic boronate 5p was conducted according to the 
general procedure with 2-chlorotoluene (88.7 μL, 0.750 mmol). The 
crude mixture was analyzed by gas chromatography, and the 
chromatogram showed a 3:1 mixture of Bn:Ar boronate ester products. 
The crude product was purified by silica gel chromatography with 4% 

EtOAc in hexanes as eluent to yield 5p (44.4 mg, 35% yield) as a colorless oil. 1H NMR 
(400 MHz, CDCl3) δ 7.31 (dd, J = 7.8, 1.1 Hz, 1H), 7.22 (dd, J = 7.5, 1.4 Hz, 1H), 7.14 
(td, J = 7.4, 1.3 Hz, 1H), 7.08 (td, J = 7.6, 1.7 Hz, 1H), 2.38 (s, 2H), 1.24 (s, 12H). 13C 
NMR (101 MHz, CDCl3) δ 137.7, 134.0, 131.0, 129.2, 126.8, 126.6, 83.7, 24.9. 11B NMR 
(193 MHz, CDCl3) δ 32.3. EIHR calc’d (35Cl) 252.1088, found 252.1091. 
Synthesis of Benzylic Boronate 5q 

The synthesis of benzylic boronate 5q was conducted according to 
the general procedure with 2,4-dichlorotoluene (97.4 μL, 0.750 
mmol). The crude mixture was analyzed by gas chromatography, 
and the chromatogram showed a >99:1 mixture of Bn:Ar boronate 
ester products. The crude product was purified by silica gel 

chromatography with 4% EtOAc in hexanes as eluent to yield 5q (97.3 mg, 68% yield) as 
a colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.33 (d, J = 1.8 Hz, 1H), 7.15 (d, J = 8.2 
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Hz, 1H), 7.12 (dd, J = 8.2, 1.9 Hz, 1H), 2.34 (s, 2H), 1.24 (s, 12H). 13C NMR (101 MHz, 
CDCl3) δ 136.3, 134.6, 131.6, 131.4, 128.9, 127.1, 83.8, 24.9. 11B NMR (128 MHz, 
CDCl3) δ 32.4. EIHR calc’d (35Cl) 286.0699, found 286.0702. 
Synthesis of Benzylic Boronate 5r 

The synthesis of benzylic boronate 5r was conducted according to the 
general procedure with mesitylene (105 μL, 0.750 mmol). The crude 
mixture was analyzed by gas chromatography, and the chromatogram 
showed a >99:1 mixture of Bn:Ar boronate ester products. The crude 

product was purified by silica gel chromatography with 4% EtOAc in hexanes as eluent 
to yield 5r (66.6 mg, 54% yield) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 6.81 (s, 
2H), 6.77 (s, 1H), 2.27 (s, 6H), 2.22 (s, 2H), 1.24 (s, 12H). 13C NMR (126 MHz, CDCl3) 
δ 138.5, 137.8, 127.0, 126.7, 83.5, 24.8, 21.4. 11B NMR (160 MHz, CDCl3) δ 33.0. EIHR 
calc’d 246.1791, found 246.1794. 
Synthesis of Benzylic Boronate 5s 

The synthesis of benzylic boronate 5s was conducted according to 
the general procedure with 2-chloro-3-methyltoluene (99.5 μL, 0.750 
mmol). The crude mixture was analyzed by gas chromatography, and 
the chromatogram showed a 14:1 mixture of Bn:Ar boronate ester 
products. The crude product was purified by silica gel 

chromatography with 4% EtOAc in hexanes as eluent to yield 5s (81.8 mg, 61% yield) as 
a white solid. 1H NMR (600 MHz, CDCl3) δ 7.09-7.02 (overlapping peaks, 3H), 2.38 (s, 
2H), 2.37 (s, 3H), 1.25 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 137.9, 136.2, 134.3, 
128.4, 128.0, 126.2, 83.6, 24.9, 21.0. 11B NMR (193 MHz, CDCl3) δ 32.4. EIHR calc’d 
(35Cl) 266.1245, found 266.1248. 
Synthesis of Benzylic Boronate 5t 

The synthesis of benzylic boronate 5t was conducted according 
to the general procedure with 3-bromo-4-methylbenzoic acid 
methyl ester (117 μL, 0.750 mmol). The crude mixture was 
analyzed by gas chromatography, and the chromatogram 

showed a 40:1 mixture of Bn:Ar boronate ester products. The crude product was purified 
by silica gel chromatography with 10% EtOAc in hexanes as eluent to yield 5t (122 mg, 
69% yield) as yellow solid. 1H NMR (500 MHz, CDCl3) δ 8.18 (d, J = 1.5 Hz, 1H), 7.85 
(dd, J = 7.9, 1.6 Hz, 1H), 7.29 (d, J = 7.9 Hz, 1H), 3.89 (s, 3H), 2.46 (s, 2H), 1.23 (s, 
12H). 13C NMR (126 MHz, CDCl3) δ 166.1, 145.4, 133.6, 130.6, 128.9, 128.6, 124.6, 
83.9, 52.3, 24.9. 11B NMR (160 MHz, CDCl3) δ 30.1. EIHR calc’d (79Br) 354.0640, 
found 354.0638. 
Synthesis of Benzylic Boronate 5u 

The synthesis of benzylic boronate 5u was conducted according to 
the general procedure with 2-bromo-4-methyltoluene (104 μL, 0.750 
mmol). The crude mixture was analyzed by gas chromatography, and 
the chromatogram showed a >99:1 mixture of Bn:Ar boronate ester 

products. The crude product was purified by silica gel chromatography with 4% EtOAc 
in hexanes as eluent to yield 5u (80.7 mg, 52% yield, 6.3:1 mixture of benzylic boronate 
esters) as a colorless oil. 1H NMR (500 MHz, CDCl3) major isomer (borylation at methyl 
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meta to bromine, see NOESY on page S-102): δ 7.36 (d, J = 1.2 Hz, 1H), 7.09 (d, J = 7.9 
Hz, 1H), 7.01 (dd, J = 7.8, 1.5 Hz, 1H), 2.33 (s, 3H), 2.22 (s, 2H), 1.23 (s, 12H). 13C 
NMR (101 MHz, CDCl3) major isomer: δ 138.2, 134.2, 132.8, 130.7, 128.1, 124.8, 83.7, 
24.9, 22.5. 11B NMR (193 MHz, CDCl3) δ 32.4. EIHR calc’d (79Br) 310.0740, found 
310.0748. 
Synthesis of Benzylic Boronate 5v 

The synthesis of benzylic boronate 5v was conducted according to 
the general procedure with 2-methylnaphthalene (107 mg, 0.750 
mmol). The crude mixture was analyzed by gas chromatography, 
and the chromatogram showed a 19:1 mixture of Bn:Ar boronate 

ester products. The crude product was purified by silica gel chromatography with 4% 
EtOAc in hexanes as eluent to yield 5v (107 mg, 80% yield) as a beige solid. 1H NMR 
(400 MHz, CDCl3) δ 7.79 (d, J = 7.9 Hz, 1H), 7.76 (d, J = 5.7 Hz, 1H), 7.74 (d, J = 5.7 
Hz, 1H), 7.63 (s, 1H), 7.46 – 7.41 (m, 1H), 7.41 – 7.37 (m, 1H), 7.36 (dd, J = 8.5, 1.7 Hz, 
1H), 2.50 (s, 2H), 1.25 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 136.5, 134.0, 131.6, 
128.4, 127.8, 127.7, 127.4, 126.7, 125.8, 124.8, 83.6, 24.9. 11B NMR (128 MHz, CDCl3) 
δ 33.0. EIHR calc’d 268.1635, found 268.1635. 
 
Synthesis of Benzylic Boronate 5w 

The synthesis of benzylic boronate 5w was conducted according to the 
general procedure with 1-methylnaphthalene (149 mg, 0.750 mmol). The 
crude mixture was analyzed by gas chromatography, and the 
chromatogram showed a 4.3:1 mixture of Bn:Ar boronate ester products. 
The crude product was purified by silica gel chromatography with 4% 
EtOAc in hexanes as eluent to yield 5w (75.2 mg, 56% yield) as a 

colorless oil. 1H NMR (500 MHz, CDCl3) δ 8.01 (d, J = 8.0 Hz, 1H), 7.83 (dd, J = 8.0 Hz, 
1.5 Hz, 1H), 7.67 (d, J = 7.8 Hz, 1H), 7.52 – 7.43 (m, 2H), 7.38 (t, J = 7.0 Hz 1H), 7.35 
(d, J = 5.8 Hz, 1H), 2.70 (s, 2H), 1.20 (s, 12H). 13C NMR (126 MHz, CDCl3) δ 135.7, 
133.9, 132.6, 128.6, 126.6, 125.9, 125.9, 125.5, 125.5, 124.7, 83.7, 24.8. 11B NMR (160 
MHz, CDCl3) δ 33.6. EIHR calc’d 268.1635, found 268.1630. 
Synthesis of Benzylic Boronate 5x 

The synthesis of benzylic boronate 5x was conducted according to 
the general procedure with 4-bromo-2,6-difluorotoluene (97.7 μL, 
0.750 mmol). The crude product was purified by silica gel 
chromatography with 3% EtOAc in hexanes as eluent to yield 5x 
(145 mg, 87% yield) as a yellow oil. 1H NMR (500 MHz, CDCl3) δ 

7.04 – 6.98 (m, 2H), 2.17 (s, 2H), 1.23 (s, 12H). 13C NMR (126 MHz, CDCl3) δ 161.1 (dd, 
J = 248.9, 10.1 Hz), 117.7 (t, J = 12.6 Hz), 114.8 (dd, J = 22.6, 7.9 Hz), 114.6 (t, J = 21.4 
Hz), 84.0, 24.8. 11B NMR (160 MHz, CDCl3) δ 32.6. 19F NMR (376 MHz, CDCl3) δ -
111.79 (d, J = 6.2 Hz). EIHR calc’d (79Br) 332.0395, found 302.0399. 
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Borylation of 2,6-Dichloro-3-picoline 
The borylation of 2,6-dichloro-3-picoline was conducted according to 
the general procedure with 2,6-dichloro-3-picoline (122 mg, 0.753 
mmol) and complex 3 (9.5 mg, 0.0010 mmol). Analysis of the crude 
mixture by gas chromatography showed a 4:1 mixture of Bn:Ar 
boronate ester products. The crude product was purified by silica gel 

chromatography with 10% EtOAc in hexanes as eluent to yield 5y (87.2 mg, 60% yield) 
as a white solid. The 1H NMR spectrum (vide infra) of 5y showed a 4:1 mixture of Bn:Ar 
boronate ester products. To confirm that functionalization had occurred at the benzylic 
position, mixture 5y was oxidized according to the following procedure, and then the 
benzylic alcohol was isolated. To a 20 mL vial was added mixture 5y (87.2 mg, 4:1 
mixture Bn:Ar), THF (1 mL), and a magnetic stir bar. The vial was placed in an ice bath. 
To the chilled vial was added aqueous NaOH (2 M, 1 mL) followed by aqueous H2O2 
(30%, 0.5 mL). The mixture was warmed to RT and stirred for 15 min. The reaction 
mixture was quenched with saturated aqueous NH4Cl (3 mL). The mixture was poured 
into a separatory funnel, diluted with water (10 mL) and extracted with EtOAc (15 mL). 
The organic layer was washed an additional time with water (10 mL). The organic layer 
was dried over sodium sulfate, filtered, and the solvents were evaporated. The crude 
product was purified by silica gel chromatography with 5% EtOAc in hexanes as eluent, 
yielding benzylic alcohol 5z (35.9 mg, 40% yield for 2 steps) as a white solid. 1H NMR 
(500 MHz, CDCl3) δ 7.87 (d, J = 8.0 Hz, 1H), 7.32 (d, J = 8.0 Hz, 1H), 4.78 (s, 2H), 2.02 
(s, 1H). 13C NMR (126 MHz, CDCl3) δ 148.9, 147.9, 139.3, 134.0, 123.4, 61.1. ESIHR 
calc’d (M-H) 175.9675, found 175.9674. 
Comparison of Catalysts for Borylation of p-Substituted Methylarenes 
Conditions A: In an argon-filled glove box, a 4 mL vial was charged with B2pin2 (63.5 
mg, 0.250 mmol), arene (0.250 mmol), [Ir(COD)OMe]2 (1.7mg, 0.0025 mmol), dtbpy 
(1.4 mg, 0.0052 mmol), and THF (0.5 mL). To the vial was added a magnetic stir bar, 
and the vial was sealed with a Teflon-lined cap. The mixture was heated at 80 °C for 16 h. 
The reaction mixture was cooled to RT, and to the mixture was added dodecane (20 μL, 
0.088 mmol) as an internal standard. The mixture was analyzed by gas chromatography. 
The results of the GC analysis are summarized in Chart 3.2. 
Conditions B: The benzylic borylation was conducted according to the general 
procedure (vide supra). The reaction mixture was analyzed by gas chromatography. The 
results of the GC analysis are summarized in Chart 3.2. 
 
3.4.7. Functionalization of Benzylic Boronate Esters 
 
Amination of Benzylic Boronate 5v 

The synthesis of 6a was conducted in analogy to a procedure for 
the synthesis of alkylamines from alkylboronate esters.33 In an 
argon-filled glove box, a 25 mL round bottom flask was charged 

with a solution of MeONH2 in THF (0.67 M, 1.3 mL). To the flask was added a magnetic 
stir bar, and the flask was sealed with a septum. The flask was brought outside of the 
glove box and placed under a positive pressure of N2. The flask was cooled at -78 °C. To 
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the reaction mixture was added n-BuLi (1.6 M, 0.56 mL) drop wise. The mixture was 
stirred for 30 minutes. To the mixture was added benzylic boronate 5v (80.5 mg, 0.300 
mmol) as a solution in THF (1.6 mL). The mixture was warmed to RT. The reaction 
mixture was brought back into the glove box and transferred to a 20 mL vial, and the vial 
was sealed with a Teflon-lined cap. The mixture was heated at 65 °C for 14 h. The 
mixture was cooled to RT. To the mixture was added Boc anhydride (219 μL, 0.953 
mmol) all at once. The reaction mixture was stirred for 1 h. The reaction mixture was 
quenched with water (1 mL) and poured into a separatory funnel. To the funnel was 
added additional water (15 mL), and the aqueous layer was extracted with EtOAc (2 x 20 
mL). The organic layer was dried over sodium sulfate, filtered, and the solvents were 
evaporated with a rotary evaporator. The residue was purified by silica gel 
chromatography with 0-10% EtOAc/Hexanes as eluent, yielding 6a (37.8 mg, 49% yield) 
as a white solid. 1H NMR (400 MHz, CDCl3) δ 7.96 – 7.75 (m, 3H), 7.71 (s, 1H), 7.48 (t, 
J = 5.2 Hz, 1H), 7.45 (d, J = 7.0 Hz, 1H), 7.41 (d, J = 8.3 Hz, 1H), 4.75 (s, 1H), 4.48 (d, 
2H), 1.49 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 156.1, 136.5, 133.5, 132.9, 128.6, 
127.9, 127.8, 126.3, 126.1, 125.9, 125.9, 79.7, 45.0, 28.6. ESIHR (M+Na) calc’d 
280.1308, found 280.1306. 
Oxidation of Benzylic Boronate 5v 

To a solution of 5v (80.5 mg, 0.300 mmol) in THF (4 mL) was 
added an aqueous solution of NaOH (2M, 1 mL), and the mixture 
was stirred. To the mixture was added an aqueous solution of H2O2 
(30%, 0.5 mL) drop wise. The mixture was stirred vigorously for 15 

minutes. The mixture was poured into a separatory funnel, and to the funnel was added 
EtOAc (20 mL) and a saturated aqueous solution of NH4Cl (10 mL). The organic layer 
was washed with water (4 x 20 mL). The organic layer was dried over sodium sulfate, 
filtered, and the solvents were evaporated with a rotary evaporator, yielding 6b (47.4 mg, 
99% yield) as a white crystalline solid. The 1H NMR spectrum of 6b matched the 
spectrum reported in the literature.50 1H NMR (500 MHz, CDCl3) δ 7.87-7.82 (m, 3H), 
7.81 (s, 1H), 7.52 – 7.45 (m, 3H), 4.86 (s, 2H), 1.84 (s, 1H). GC-MS: m/z 158 (55%, 
[M]+), 129 (100%, [M-CHO]+). 
Iodination of Benzylic Boronate 5v 

In an argon-filled glovebox, a 15 mL round bottom flask was charged 
with 5v (80.5 mg, 0.300 mmol) and THF (1.5 mL). To the flask was 
added a magnetic stir bar and the flask was sealed with a septum. The 
flask was brought outside of the glove box and placed under a positive 

pressure of N2. The flask was cooled at -78 °C. To the flask was added a solution of 
KOtBu (101 mg, 0.900 mmol) in THF (1.5 mL) drop wise. The mixture was stirred for 20 
minutes. To the flask was added a solution of iodine (381 mg, 1.50 mmol) in THF (1.5 
mL). The mixture was stirred an additional 5 minutes then warmed to RT. The mixture 
was poured into a separatory funnel. To the funnel was added hexanes (20 mL), water (10 
mL) and a solution of sodium thiosulfate (1M, 10 mL). The organic layer was washed 
with water (1 x 10 mL). The organic layer was dried over sodium sulfate, filtered, and the 
solvents were evaporated with a rotary evaporator. The residue was purified by silica gel 
chromatography with hexanes as eluent, yielding 6c (68.9 mg, 86% yield) as a white 

OH

6b

I

6c
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solid. The 1H NMR spectrum of 6c matched the spectrum reported in the literature.51 1H 
NMR (500 MHz, CDCl3) δ 7.83 (s, 1H), 7.82-7.77 (m, 3H), 7.53 – 7.41 (m, 3H), 4.64 (s, 
2H). GC-MS: m/z 268 (5%, [M]+), 141 (100%, [M-I]+). 
Synthesis of Diarylmethane 6d 

In an argon-filled glove box, a 20 mL vial was charged with 
5v (80.5 mg, 0.300 mmol), Pd(P(tBu)3)2 (7.7 mg, 0.015 
mmol), 4-bromobenzonitrile (81.9 mg, 0.450 mmol), Cs2CO3 
(293 mg, 0.900 mmol), and dioxane (1.5 mL). To the vial 

was added a magnetic stir bar, and the vial was sealed with a Teflon-lined cap. The vial 
was brought outside of the glove box. The cap was removed, and to the vial was quickly 
added degassed water (0.4 mL). The vial was resealed with the cap. The mixture was 
heated at 100 °C for 1 h. The reaction mixture was cooled to RT. The mixture was 
filtered through a plug of Celite, and the plug was washed with EtOAc. The filtrate was 
concentrated with a rotary evaporator. The residue was purified by silica gel 
chromatography with 4% EtOAc/hexanes as eluent, yielding 6d (45.2 mg, 62% yield) as 
a white solid. 1H NMR (500 MHz, CDCl3) δ 7.87 – 7.72 (m, 3H), 7.63 (s, 1H), 7.58 (d, J 
= 8.1 Hz, 2H), 7.52 – 7.43 (m, 2H), 7.33 (d, J = 8.1 Hz, 2H), 7.27 (d, J = 8.1 Hz, 1H), 
4.20 (s, 2H). 13C NMR (126 MHz, CDCl3) δ 146.7, 136.9, 133.7, 132.5, 132.3, 129.9, 
128.6, 127.8, 127.7, 127.5, 127.4, 126.4, 125.9, 119.1, 110.2, 42.2. EIHR calc’d 
243.1048, found 243.1051. 
Synthesis of Diarylmethane 6e 

The synthesis of 6e was conducted in analogy to the synthesis of 
6d with 3-bromopyridine (43 μL, 0.45 mmol) as the aryl 
bromide. The crude product was purified by silica gel 
chromatography with 0-20% EtOAc/hexanes as eluent, yielding 

6e (32.2 mg, 49% yield) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 8.60 (s, 1H), 
8.50 (s, 1H), 7.81 (d, J = 7.4 Hz, 1H), 7.80-7.75 (m, 2H), 7.63 (s, 1H), 7.50 (d, J = 8.6 
Hz, 1H), 7.48-7.42 (m, 2H), 7.29 (dd, J = 8.4, 1.4 Hz, 1H), 7.22 (dd, J = 6.4, 5.1 Hz, 1H), 
4.14 (s, 2H). 13C NMR (126 MHz, CDCl3) δ 150.3, 147.9, 137.4, 136.6, 133.7, 132.3, 
128.5, 127.8, 127.7, 127.4, 127.3, 126.4, 125.8, 123.9, 123.7, 39.3. EIHR calc’d 
219.1048, found 219.1049. 
Synthesis of Diarylmethane 6f 

The synthesis of 6f was conducted in analogy to the 
synthesis of 6d with 4-bromoanisole (56 μL, 0.45 mmol) as 
the aryl bromide. The crude product was purified by silica 
gel chromatography with 4% EtOAc/hexanes as eluent, 

yielding 6f (59.3 mg, 80% yield) as a white solid. 1H NMR (500 MHz, CDCl3) δ 7.81 (d, 
J = 7.5 Hz, 1H), 7.78 (d, J = 5.9 Hz, 1H), 7.76 (d, J = 5.9 Hz, 1H), 7.63 (s, 1H), 7.48-7.41 
(m, 2H), 7.32 (dd, J = 8.4, 1.6 Hz, 1H), 7.16 (d, J = 8.6 Hz, 2H), 6.85 (d, J = 8.6 Hz, 2H), 
4.10 (s, 2H), 3.80 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 158.1, 139.2, 133.7, 133.2, 
132.2, 130.1, 128.2, 127.8, 127.7, 127.7, 127.0, 126.1, 125.4, 114.0, 55.4, 41.3. EIHR 
calc’d 248.1201, found 248.1205. 
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3.4.8. Mechanistic Studies 
 
Determination of the Resting State and Observation of Et3SiH as Byproduct 

 
 

 

 
 

 

 
Figure 3.12. 1H NMR spectra of the phenanthroline region at three time points during the borylation 
of 4-chlorotoluene with Et3SiBpin catalyzed by complex 3, showing the decay of intermediate INT 
and the formation of complex 8. A 1H NMR spectrum of authentic 8 in MeCy-d14 at 90 °C is included 
for reference. 
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In an argon-filled glove box a 4 mL vial was charged with 4-chlorotoluene (22.1 μL, 0.19 
mmol), Et3SiBpin (34 μL, 0.13 mmol), 1,3,5-trimethoxybenzene (5.1 mg, 0.030 mmol, 
internal standard), and methylcyclohexane-d14 (0.6 mL). The solution was transferred to a 
J. Young NMR tube, and to the tube was added complex 3 (4.7 mg, 0.0050 mmol). The 
tube was sealed with a Teflon cap. The mixture was heated at 90 °C in a 500 MHz NMR 
spectrometer, and a series of 1H NMR spectra was collected after the mixture became 
homogeneous (15 min). At the beginning of the experiment, the 1H NMR signals 
corresponding to complex 3 were absent and signals for an unknown intermediate 
phenanthroline species INT was observed. The decay of these signals coincided with the 
appearance of signals corresponding to complex 8 (see Figure 3.12). The rate of 
formation of benzylic boronate 5j increased with increasing concentration of complex 8. 
The results of this experiment demonstrating that complex 8 is the resting state of the Ir 
catalyst during the borylation of 4-chlorotoluene with Et3SiBpin catalyzed by complex 3 
are summarized in the graph shown in Figure 3.13. The formation of triethylsilane as a 
byproduct was also observed during the reaction by monitoring the appearance of the 1H 
NMR resonance corresponding to the proton attached to silicon (~δ 4.3 ppm, see Figure 
3.14). 

 
Figure 3.13. Decay of unknown intermediate INT and appearance of complex 8 and benzylic 
boronate 5j during the borylation of 4-chlorotoluene with Et3SiBpin catalyzed by complex 3.  
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Figure 3.14. 1H NMR spectra at different time points that show the formation of triethylsilane during 
the borylation of 4-chlorotoluene with Et3SiBpin catalyzed by complex 3.  
 
Catalytic Competence of Complex 8 

 
In an argon-filled glove box, a 4 mL vial was charged with 3-chlorotoluene (44 μL, 0.37 
mmol), Et3SiBpin (68 μL, 0.25 mmol), complex 3 (2.4 mg, 0.0025 mmol, Conditions A) 
or complex 8 (2.9 mg, 0.0025 mmol, Conditions B), dodecane (20 μL, 0.088 mmol, 
internal standard), and methylcyclohexane (0.6 mL). To the vial was added a magnetic 
stir bar, and the vial was sealed with a Teflon-lined cap. The mixture was heated at 80 °C. 
At various time points, aliquots were taken from the mixture and analyzed by gas 
chromatography. The results of this analysis are summarized in the graph shown in 
Figure 3.15. 
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Figure 3.15. Formation of benzylic boronate 2a during the borylation of 3-chlorotoluene with 
Et3SiBpin catalyzed by complex 3 (Conditions A) or complex 8 (Conditions B). 
 
Determination of the Rate Law for the Catalytic Reaction 

 
In an argon-filled glovebox, a 4 mL vial was charged with complex 8 (0.0013-0.0038 
mmol) as a solution in THF (0.050 mL), Et3SiBpin (0.125-0.250 mmol), dodecane (20 μL, 
0.088 mmol), toluene (0.125-0.375 mmol), and methylcyclohexane (enough to bring total 
volume to 0.42 mL). To the vial was added a magnetic stir bar, and the vial was sealed 
with a Teflon-lined cap. The mixture was heated at 80 °C. At various time points, 
aliquots were taken from the mixture and analyzed by gas chromatography. From the 
chromatograms, the initial rate for the formation of benzylic boronate 5a was determined. 
The initial rates of formation of 5a for reactions conducted with various concentrations of 
toluene, complex 8, and Et3SiBpin are tabulated in Table 3.4. The dependence of the rate 
on the concentration of toluene, complex 8, and Et3SiBpin are represented in the graphs 
shown in Figure 3.16. 
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Table 3.4. Initial Rates for the Formation of 5a  

 
 

 

 

 
Figure 3.16. a) Dependence of the initial rate of formation of 5a on the concentration of complex 8. b) 
Dependence of the initial rate of formation of 5a on the concentration of toluene. c) Dependence of 
the initial rate of formation of 5a on the concentration of Et3SiBpin. 
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19F NMR Spectroscopic Study of the Reactivity of Complex 8 with Fluorinated 
Methylarenes. 
Synthesis of Benzylic Boronate 11 

The reaction was conducted with 3-bromo-2-fluorotoluene (47.3 μL, 
0.375 mmol) according to the general procedure (0.250 mmol scale) 
for the benzylic borylation of methylarenes. The crude mixture was 
purified by silica gel chromatography with 3% EtOAc/hexanes as 
eluent, yielding 11 (40.0 mg, 51% yield) as a yellow oil. 1H NMR 
(500 MHz, CDCl3) δ 7.32 (t, J = 7.2 Hz, 1H), 7.13 (t, J = 6.9 Hz, 

1H), 6.89 (t, J = 7.8 Hz, 1H), 2.28 (s, 2H), 1.24 (s, 12H). 13C NMR (126 MHz, CDCl3) δ 
157.3 (d, J = 244.1 Hz), 130.5 (d, J = 4.4 Hz), 130.4 (s), 128.0 (d, J = 18.1 Hz), 124.84 
(d, J = 4.5 Hz), 109.1, 83.9, 24.8. 11B NMR (160 MHz, CDCl3) δ 32.8. 19F NMR (470 
MHz, C6D6) δ -110.38. EIHR calc’d (79Br) 314.0489, found 314.0487.  
Synthesis of Aryl Boronate 12 

In an argon-filled glove box, a 4 mL vial was charged with 3-bromo-2-
fluorotoluene (63.0 μL, 0.500 mmol), B2pin2 (127 mg, 0.500 mmol), 
[Ir(COD)OMe]2 (1.7 mg, 0.0026 mmol), dtbpy (1.3 mg, 0.0049 mmol), 
and THF (1 mL). To the vial was added a stir bar, and the vial was 
sealed with a Teflon-lined cap. The mixture was heated at 80 °C for 4 h. 
The solvents were evaporated with a rotary evaporator, and the residue 

was purified by silica gel chromatography with 2% EtOAc/hexanes as eluent, yielding 12 
(131.0 mg, 83% yield) as a white solid. 1H NMR (500 MHz, CDCl3) δ 7.81 (d, J = 6.6 
Hz, 1H), 7.55 (d, J = 7.2 Hz, 1H), 2.30 (d, J = 2.0 Hz, 3H), 1.33 (s, 12H). 13C NMR (126 
MHz, CDCl3) δ 159.7 (d, J = 249.9 Hz), 137.6, 137.2 (d, J = 5.2 Hz), 126.1 (d, J = 17.7 
Hz), 109.0 (d, J = 20.9 Hz), 84.3, 25.0, 14.9. 11B NMR (160 MHz, CDCl3) δ 30.1. 19F 
NMR (470 MHz, C6D6) δ -106.44. EIHR calc’d (79Br) 314.0489, found 314.0495. 
Synthesis of Benzylic Boronate 15 

The reaction was conducted according to the general procedure 
(0.250 mmol scale) for the benzylic borylation of methylarenes 
with 4-fluoro-2,6-dimethyl-bromobenzene (54.4 μL, 0.375 mmol). 
The crude mixture was purified silica gel chromatography with 3% 
EtOAc/hexanes as eluent, yielding 15 (60.9 mg, 74% yield) as a 
light-yellow solid. 1H NMR (500 MHz, CDCl3) δ 6.82 (dd, J = 9.1, 

2.6 Hz, 1H), 6.76 (dd, J = 8.9, 2.6 Hz, 1H), 2.42 (s, 2H), 2.38 (s, 3H), 1.25 (s, 12H). 13C 
NMR (126 MHz, CDCl3) δ 161.3 (d, J = 244.6 Hz), 141.8 (d, J = 8.2 Hz), 140.0 (d, J = 
8.3 Hz), 121.5 (d, J = 2.8 Hz), 115.0 (d, J = 22.4 Hz), 114.7 (d, J = 22.4 Hz), 83.8, 24.9, 
24.3. 11B NMR (160 MHz, CDCl3) δ 32.6. 19F NMR (470 MHz, C6D6) δ -117.22 (t, J = 
9.0 Hz). EIHR calc’d (79Br) 328.0646, found 328.0651. 
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Synthesis of Benzylic Boronate 17 
The reaction was conducted according to the general procedure 
(0.250 mmol scale) for the benzylic borylation of methylarenes 
with 2,6-dimethylfluorobenzene (46.6 μL, 0.375 mmol). The crude 
mixture was purified silica gel chromatography with 3% 
EtOAc/hexanes as eluent, yielding 15 (35.2 mg, 56% yield) as a 
light-yellow oil.   1H NMR (500 MHz, CDCl3) δ 7.01 (t, J = 6.9 Hz, 

1H), 6.95 (t, J = 6.8 Hz, 1H), 6.90 (q, J = 7.1 Hz, 1H), 2.25 (s, 5H), 1.24 (s, 12H). 13C 
NMR (126 MHz, CDCl3) δ 159.7 (d, J = 242.8 Hz), 128.8 (d, J = 4.7 Hz), 128.4 (d, J = 
4.9 Hz), 125.7 (d, J = 17.6 Hz), 124.4 (d, J = 17.7 Hz), 123.4 (d, J = 4.2 Hz), 83.6, 24.8, 
14.8. 11B NMR (160 MHz, CDCl3) δ 33.1. 19F NMR (470 MHz, C6D6) δ -121.26. EIHR 
calc’d 250.1540, found 250.1544.  
 
Comparing Selectivity: Reaction of 8 with 10 and the Reaction of 10 with Et3SiBpin 
Catalyzed by 8 

 
In an argon-filled glove box a 4 mL vial was charged with complex 8 (5.0 mg, 0.0043 
mmol). To the vial was added a solution of hexafluorobenzene in THF (0.10 mL, 0.26 M, 
internal standard) and a solution of 10 in THF (0.10 mL, 0.84 M). The mixture was 
diluted with additional THF to bring the total volume to 0.60 mL. The solution was 
quickly transferred to an NMR tube, and the tube was sealed with a Teflon-lined cap. The 
mixture was heated at 55 °C in a 500 MHz NMR spectrometer, and a series of 19F NMR 
spectra were acquired. The concentrations of complex 8, 11, and 12 over the course of the 
reaction are shown in Figure 3.17. 

 
Figure 3.17. Profile for the reaction of 8 (7.2 mM) with 10 (140 mM). The concentrations of 8, 11, 
and 12 were determined by 19F NMR spectroscopy with hexafluorobenzene as internal standard. 
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In an argon-filled glove box a 4 mL vial was charged with complex 8 (5.0 mg, 0.0043 
mmol). To the vial was added a solution of hexafluorobenzene in THF (0.10 mL, 0.26 M, 
internal standard) and a solution of 10 in THF (0.15 mL, 0.84 M). To the mixture was 
added Et3SiBpin (23.3 μL, 0.0840 mmol). The mixture was diluted with additional THF 
to bring the total volume to 0.60 mL. To the vial was added a stir bar, and the vial was 
sealed with a Teflon-lined cap. The mixture was heated at 55 °C for 24 h. The mixture 
was cooled to RT and transferred to an NMR tube. The yield of products 11 and 12 were 
determined to be 55% and 18%, respectively. 
Determination of the Rate Law for Benzylic and Aryl C-H Borylation During the 
Reaction of Complex 8 with 10 
In an argon-filled glove box, a 4 mL vial was charged with complex 8 (0.0043-0.0129 
mmol). To the vial was added a solution of hexafluorobenzene in THF (0.10 mL, 0.26 M, 
internal standard), a solution of 10 in THF (0.050-0.29 mL, 0.84 M), and Et3SiBpin (0-
0.0792 mmol, as 0.24 M solution in THF, or neat). The mixture was diluted with 
additional THF to bring the total volume to 0.60 mL. The solution was quickly 
transferred to an NMR tube, and the tube was sealed with a Teflon-lined cap. The 
mixture was heated at 55 °C in a 500 MHz NMR spectrometer, and a series of 19F NMR 
spectra were acquired. The concentrations of benzylic boronate 11 and aryl boronate 12 
were monitored over the course of the reaction. The initial rates for aryl C-H borylation 
and benzylic C-H borylation observed with various starting concentrations of 8, 10, and 
Et3SiBpin are tabulated in Table 3.5. The dependence of the rates on the concentration 10, 
complex 8, and Et3SiBpin are represented in the graphs shown in Figure 3.18.  
 
Table 3.5. Initial Rates for the Formation of Boronate Esters 11 (Benzylic) and 12 (Aryl) 

 
 

Me Br
F Et3SiBpin

8 5 mol %
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[10]
(M)

[8]
(M)

[Et3SiBpin]
(M)

Initial Rate Benzylic
(M·s-1)

0.072 0.0072 0

0.14 0.0072 0

0.20 0.0072 0

0.41 0.0072 0

2.0 ± 0.2 x 10-6

3.7 ± 0.4 x 10-6

5.0 ± 0.6 x 10-6

1.06 ± 0.04 x 10-5

0.072 0.014 0 4.7 ± 0.3 x 10-6

0.072 0.021 0 6.3 ± 0.3 x 10-6

Initial Rate Aryl
(M·s-1)

2.7 ± 0.2 x 10-6

4.1 ± 0.3 x 10-6

7.7 ± 0.8 x 10-6

1.3 ± 0.1 x 10-5

4.3 ± 0.2 x 10-6
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0.072 0.014 0.0057 5.1 ± 0.2 x 10-6 3.0 ± 0.2 x 10-6

0.072 0.014 0.011 5.4 ± 0.2 x 10-6 2.1 ± 0.1 x 10-6

0.072 0.014 0.034 5.3 ± 0.2 x 10-6 1.7 ± 0.1 x 10-6

0.072 0.014 0.099 4.7 ± 0.1 x 10-6 1.7 ± 0.1 x 10-6

0.072 0.014 0.13 4.6 ± 0.2 x 10-6 1.3 ± 0.1 x 10-6
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Figure 3.18. Dependence of the rate of aryl and benzylic C-H borylation on the concentrations of 8, 
10, and Et3SiBpin. a) Dependence of the rate of aryl C-H borylation on the concentration of 10. b) 
Dependence of the rate of benzylic C-H borylation on the concentration of 10. c) Dependence of the 
rate of aryl C-H borylation on the concentration of 8. d) Dependence of the rate of benzylic C-H 
borylation on the concentration of 8. e) Dependence of the rate of aryl and benzylic C-H borylation on 
the concentration of Et3SiBpin. 
 
Competition Experiments for the Benzylic Borylation of Fluorinated Methylarenes 
In an argon-filled glove box, a 4 mL vial was charged with complex 8 (5.0 mg, 0.0043 
mmol). To the vial was added a solution of 13 and 14 (0.10 mL, 0.43 M in THF) or a 
solution of 14 and 16 (0.10 mL, 0.43 M in THF). To the mixture was added Et3SiBpin (0 
or 11.8 μL, 0-0.0424 mmol). The mixture was diluted with additional THF to bring the 
total volume to 0.60 mL. The mixture was transferred to an NMR tube. The mixture was 

a) b) 

c) d) 

e) 
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heated at 55 °C for 15 min. The ratio of products was determined by 19F NMR 
spectroscopy, and the ratios are shown as an average of two runs in Scheme 3.4. 
Determination of the Kinetic Isotope Effect for the Benzylic C-H Borylation of 
Toluene and Toluene-/d8 
In an argon-filled glovebox, a 4 mL vial was charged with complex 8 as a solution in 
THF (0.050 mL, 0.025 M), Et3SiBpin (34.4 μL, 0.125 mmol), dodecane (20 μL, 0.088 
mmol), toluene or toluene-d8 (0.250 mmol), and methylcyclohexane (enough to bring 
total volume to 0.42 mL). To the vial was added a magnetic stir bar, and the vial was 
sealed with a Teflon-lined cap. The mixture was heated at 80 °C. At various time points, 
aliquots were taken from the mixture and analyzed by gas chromatography. From the 
chromatograms, the initial rate for the formation of benzylic boronate was determined. 
From the initial rates for the borylation of toluene and toluene-d8, the kinetic isotope 
effect was determined: kH/kD = 2.2. 
Hammett Correlation for the Benzylic C-H Borylation of Methylarenes and the Aryl 
C-H Borylation of 1,3-Disubstituted Arenes 
Authentic benzylic boronate ester products were synthesized according to the general 
procedure for the benzylic borylation of methylarenes (vide supra). Authentic aryl 
boronate esters were synthesized via the C-H borylation of the corresponding arene. 3,5-
Bistrifluoromethylbenzene-1-boronic acid pinacol ester and 3-chloro-5-methoxybenzene-
1-boronic acid pinacol ester were synthesized according to previously reported 
procedures.36,52 The syntheses of 3-chloro-5-trifluoromethylbenzene-1-boronic acid 
pinacol ester and 3,5-bis-tert-butylbenzene-1-boronic acid pinacol ester are reported 
below. 
Synthesis of 3-Chloro-5-Methoxybenzene-1-Boronic Acid Pinacol Ester 

In an argon-filled glove box a 4 mL vial was charged with dtbpy (2.7 
mg, 0.010 mmol), [Ir(COD)OMe]2 (3.3 mg, 0.0050 mmol), B2pin2 
(95.3 mg, 0.375 mmol), 1-chloro-3-trifluoromethylbenzene (67.4 μL, 
0.500 mmol), and THF (1.0 mL). To the vial was added a stir bar, and 
the vial was sealed with a Teflon-lined cap. The mixture was heated at 

80 °C for 4 h. The mixture was cooled to RT, and the solvents were evaporated with a 
rotary evaporator. The residue was purified by silica gel chromatography with 2% 
EtOAc/hexanes as eluent, yielding 3-chloro-5-trifluoromethylbenzene-1-boronic acid 
pinacol ester (125 mg, 81% yield) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 7.94 
(s, 1H), 7.93 (s, 1H), 7.68 (s, 1H), 1.35 (s, 12H). 13C NMR (126 MHz, CDCl3) δ 138.04, 
134.70, 131.88 (q, J = 33.1 Hz), 129.52 (q, J = 3.6 Hz), 128.12 (q, J = 3.7 Hz), 123.55 (q, 
J = 272.8 Hz), 84.81, 24.99. 11B NMR (160 MHz, CDCl3) δ 30.0. 19F NMR (470 MHz, 
C6D6) δ -62.74. EIHR calc’d (35Cl) 306.0806, found 306.0813. 
Synthesis of 3,5-Bis-tert-butylbenzene-1-Boronic Acid Pinacol Ester 

In an argon-filled glove box a 4 mL vial was charged with dtbpy (2.7 
mg, 0.010 mmol), [Ir(COD)OMe]2 (3.3 mg, 0.0050 mmol), B2pin2 
(95.3 mg, 0.375 mmol), 1,3-bis-tert-butylbenzene (111 μL, 0.500 
mmol), and THF (1.0 mL). To the vial was added a stir bar, and the 
vial was sealed with a Teflon-lined cap. The mixture was heated at 80 

°C for 5 h. The mixture was cooled to RT, and the solvents were evaporated with a rotary 

Cl CF3

Bpin

tBu tBu

Bpin



                                                                                                                         Chapter 3 
 

	 158 

evaporator. The residue was purified by silica gel chromatography with 2% 
EtOAc/hexanes as eluent, yielding 3,5-bis-tert-butylbenzene-1-boronic acid pinacol ester 
(106 mg, 67% yield) as a white crystalline solid. 1H NMR (500 MHz, CDCl3) δ 7.68 (d, J 
= 1.8 Hz, 2H), 7.56 (t, J = 1.8 Hz, 1H), 1.35 (s, 18H), 1.35 (s, 12H). 13C NMR (126 MHz, 
CDCl3) δ 150.0, 128.9, 125.7, 83.7, 35.0, 31.7, 25.0. 11B NMR (160 MHz, CDCl3) δ 31.2. 
EIHR calc’d 316.2574, found 316.2574. 
Hammett Correlation: Experimental Procedure 
In an argon-filled glovebox, a 4 mL vial was charged with a solution of complex 8 in 
THF (0.010-0.050 mL, 0.025 M), Et3SiBpin (34.4 μL, 0.125 mmol), dodecane (20 μL, 
0.088 mmol), arene (0.250 mmol), and methylcyclohexane (enough to bring the total 
volume to 0.42 mL). To the vial was added a magnetic stir bar, and the vial was sealed 
with a Teflon-lined cap. The mixture was heated at 80 °C. At various time points, 
aliquots were taken from the mixture and analyzed by gas chromatography. From the 
chromatograms, the initial rate for the formation of the benzylic/aryl boronate ester was 
determined. The initial rates and second-order rate constants for the formation of the 
benzylic/aryl boronate ester are tabulated in Table 3.6. The Hammett plot is shown in 
Figure 3.7. 
Table 3.6. Hammett Correlation: Initial Rates and kobs for the Formation of 
Benzylic/Aryl Boronate Esters 

 
 
Independent Rates for Aryl and Benzylic C-H Borylation Catalyzed by Various 
Iridium Catalysts 
Borylation of 1,3-Di-tert-butylbenzene or Mesitylene with Et3SiBpin Catalyzed by 8. 
In an argon-filled glovebox, a 4 mL vial was charged with complex 8 as a solution in 
THF (0.050 mL, 0.025 M), Et3SiBpin (34.4 μL, 0.125 mmol), dodecane (20 μL, 0.088 
mmol), 1,3-di-tert-butylbenzene or mesitylene (0.250 mmol), and methylcyclohexane 
(enough to bring total volume to 0.42 mL). To the vial was added a magnetic stir bar, and 
the vial was sealed with a Teflon-lined cap. The mixture was heated at 80 °C. At various 
time points, aliquots were taken from the mixture and analyzed by gas chromatography. 
From the chromatograms, the initial rate for the formation of the aryl or benzylic 
boronate ester was determined. See Table 3.7 for these values. 

[arene]
(M)

[8]
(M)

Initial Rate
(M·s-1)

0.60 0.0030

0.60 0.0030

0.60 0.0030

0.60 0.0030

4.25 ± 0.09 x 10-5

9.2 ± 0.5 x 10-6

2.87 ± 0.04 x 10-6

2.3 ± 0.1 x 10-6

0.60 0.00087 8.7 ± 0.2 x 10-5

0.60 0.0030 1.30 ± 0.07 x 10-4

kobs
(M-1s-1)

2.39 ± 0.05 x 10-2

5.1 ± 0.3 x 10-3

1.59 ± 0.02 x 10-3

1.26 ± 0.06 x 10-3

1.66 ± 0.05 x 10-1

7.2 ± 0.4 x 10-2

0.60 0.0030 5.5 ± 0.2 x 10-6 3.0 ± 0.1 x 10-3

0.60 0.0030 2.5 ± 0.1 x 10-7 1.36 ± 0.07 x 10-4

Arene

Me

R1

R3R2

R1 = CF3

R1 = Cl

R1 = H

R1 = iPr

R2 = R3 = CF3

R2 = Cl, R3 = CF3

R2 = Cl, R3 = OMe

R2 = R3 = tBu
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Borylation of 1,3-Di-tert-butylbenzene or Mesitylene with Et3SiBpin Catalyzed by 
Dtbpy-bound Iridium Diboryl Monosilyl Formed In Situ 
We were unable to isolate the dtbpy analogue of complex 8; however, the complex forms 
cleanly from the reaction of (dtbpy)IrCl(SiEt3)H with Et3SiBpin. In an argon-filled 
glovebox, a 4 mL vial was charged with (dtbpy)IrCl(SiEt3)H (7.7 mg, 0.013 mmol), 
Et3SiBpin (20.0 μL, 0.0727 mmol), and THF (0.25 mL). To the vial was added a 
magnetic stir bar, and the vial was sealed with a Teflon-lined cap. The catalyst mixture 
was heated at 80 °C for 30 min. To a separate vial was added the catalyst mixture (0.050 
mL), Et3SiBpin (30.0 μL, 0.109 mmol), dodecane (20 μL, 0.088 mmol), 1,3-di-tert-
butylbenzene or mesitylene (0.250 mmol), and methylcyclohexane (enough to bring total 
volume to 0.42 mL). The reaction mixture was heated at 80 °C. At various time points, 
aliquots were taken from the mixture and analyzed by gas chromatography. From the 
chromatograms, the initial rate for the formation of the aryl or benzylic boronate ester 
was determined. See Table 3.7 for these values. 
Borylation of 1,3-Di-tert-butylbenzene or Mesitylene with B2pin2 Catalyzed by 
L6/Dtbpy-bound Trisboryl Complexes Formed In Situ 
In an argon-filled glovebox, a 4 mL vial was charged with (η6-mes)Ir(Bpin)3

40 (4.3 mg, 
0.0063 mmol), B2pin2 (18.4 mg, 0.0727 mmol), L6 or dtbpy (0.0063 mmol), and THF 
(0.25 mL). To the vial was added a magnetic stir bar, and the vial was sealed with a 
Teflon-lined cap. The catalyst mixture was heated at 80 °C for 1.5 h. To a separate vial 
was added the catalyst mixture (0.050 mL), B2pin2 (27.7 mg, 0.109 mmol), dodecane (20 
μL, 0.088 mmol), 1,3-di-tert-butylbenezne or mesitylene (0.250 mmol), and 
methylcyclohexane (enough to bring total volume to 0.42 mL). The reaction mixture was 
heated at 80 °C. At various time points, aliquots were taken from the mixture and 
analyzed by gas chromatography. From the chromatograms, the initial rate for the 
formation of the aryl or benzylic boronate ester was determined. See Table 3.7 for these 
values. 
 
Table 3.7. Independent Rates of Aryl and Benzylic C-H Borylation Catalyzed by Various 
Iridium Catalysts 

 
 
3.4.9. Computational Studies 
 
Methods 
 Geometries for intermediates and transition states were optimized with the lanl2dz 
basis set for iridium and the 6-31g(d,p) basis set for all other atoms with the B3LYP-D3 
functional (B3LYP plus Grimes’ dispersion correction). Frequency calculations were 

[arene]
(M)

[Ir cat.]
(M)

Initial Rate of 
Ar Borylation of 

(M·s-1)

0.60 0.0030

0.60 0.0030

0.60 0.0060

0.60 0.0030

2.5 ± 0.1 x 10-7

1.71 ± 0.07 x 10-5

1.02 ± 0.02 x 10-6

2.2 ± 0.1 x 10-4

Initial Rate of 
Bn Borylation of 

(M·s-1)
Ir cat./Reagent

8/Et3SiBpin

18/B2pin2

19/Et3SiBpin

20/B2pin2

1.13 ± 0.04 x 10-5

6.1 ± 0.5 x 10-6

1.37 ± 0.01 x 10-5

5.8 ± 0.2 x 10-6

kobs 
Ar Borylation of 

(M-1s-1)

kobs 
Bn Borylation of 

(M-1s-1)

1.36 ± 0.07 x 10-4 6.3 ± 0.2 x 10-3

9.2 ± 0.4 x 10-3 3.4 ± 0.3 x 10-3

2.85 ± 0.04 x 10-4 3.8 ± 0.1 x 10-3

1.25 ± 0.05 x 10-2 3.2 ± 0.1 x 10-3
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conducted on these structures at the same level of theory (at 353 K) to obtain corrections 
for single-point energy calculations and to ensure that all transition states had only one 
imaginary frequency and all ground states had only positive frequencies. Single-point 
energy calculations were conducted with the lanl2tz basis set for iridium and the 6-
31++G** basis set for all other atoms with the M06 functional. A solvent correction 
(cyclohexane, IEFPCM) was included for the single-point energy calculations. The Gibbs 
free energies (kcal/mol) of the structures are summarized in Figure 3.9.  
Comparison of the B3LYP-D3 Functional to the M06 Functional for Computing the 
Relative Energies of TS-I and TSb-II 
Single-point free energies were also calculated for I, TS-I, and TSb-II. The energies of 
these structures were calculated to be 0.0 kcal/mol, 21.0 kcal/mol, and 22.4 kcal/mol, 
respectively. Thus, with either the B3LYP-D3 or M06 functional, the energy of TSb-II is 
higher than the energy of TS-I. 
Calculation of Theoretical KIE 
The theoretical KIE for reaction pathway B (Figure 3.9, Path B) was calculated according 
to the following equation (Eq. 4) where kobs H is the macroscopic rate constant for the 
benzylic C-H borylation of PhCH3 by complex 8 and kobs D is the macroscopic rate 
constant for the benzylic C-H borylation of PhCH3 by complex 8: 

!"# =  !!"# !
!!"# !

 (4) 
The expression for kobs H was derived with the following approximations: 1) the 
concentration of intermediate II (Figure 3.9) was treated with the steady-state 
approximation and 2) the reductive elimination (TSb-III) following the isomerization 
(TSb-II) was omitted since the energy of TSb-III is significantly lower than that of TS-I 
and TSb-II. Based upon chemical equation 5, the derivation of kobs H is shown in 
equations 6-11. 
 
 

5  
! !ℎ!!!!"#$

!" =  !!"# ! !ℎ!!! !      6  

! !ℎ!!!!"#$
!" = !! !!      7  

! !!
!" = 0 = !! !ℎ!!! ! − !!! !! − !! !!      (8)  

!! =  !! !ℎ!!! !
!!! + !!

     (9) 
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SiEt3

N

N
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N
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Bpin
SiEt3

Ph

H

II
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H
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! !ℎ!!!!"#$
!" =  !!!! !ℎ!!! !

!!! + !!
     (10) 

!!"# ! =
!!!!

!!! + !!
     (11) 

The expression for kobs D was derived from the expression for kobs H by dividing each 
microscopic rate constant by its corresponding KIE (Eq. 12). 

!!"# ! =
!!!!

(!"#!)(!"#!)
( !!!!"#!!)+ (

!!
!"#!)

     (12) 

The KIE’s for each step n corresponding to microscopic rate constant kn were calculated 
from the zero-point energy difference in the reactants (ZPEdiif Rn) and the zero-point 
energy difference in the transition state (ZPEdiff TSn), where ZPEdiff is the difference of the 
zero-point energy between the protiated structure (ZPEH) and the deuterated structure 
(ZPED) that were determined from frequency calculations on optimized structures (vide 
infra for these values). The expression for the microscopic KIE’s is derived in equations 
13-14. 

!"#!"## = !"#! − !"#!     (13) 
!"#! =  !

!"#!"## !"!!"#!"## !"#
!"       (14) 

From the free energies computed for the structures along pathway B, the microscopic rate 
constants were calculated with the Eyring equation, where T = 353 K. These values are 
summarized in the reaction coordinate diagram shown in Figure 3.19, along with the 
corresponding KIE’s calculated using equations 13-14. 

 
Figure 3.19. Reaction coordinate diagram of Path B for the borylation of toluene with complex 8, 
showing the microscopic rate constants and KIE’s for each step. 
 
From the rate constants and KIE’s shown in Figure S15, we found kobs H = 2.7 x 10-3 M�s-1 
and kobs D = 1.5 x 10-3 M�s-1. From these values, the KIE for Path B is computed to be 1.8, 
which is in agreement with our experimental value of 2.2.  
 By methods analogous for determining the KIE of Path B, the KIE of Path A was 
determined. From the rate constants and KIE’s shown in Figure 3.20, we found kobs H = 
4.4 x 10-5 M�s-1 and kobs D = 2.9 x 10-5 M�s-1. From these values, the KIE for Path A is 

I
0.0 kcal/mol

TS-I
24.1 kcal/mol

II
17.3 kcal/mol

TSb-II
24.9 kcal/mol

k1 = 1.10 x 10-2 M•s-1

KIE1 = 2.73

k-1 = 4.82 x 108 s-1

KIE-1 = 1.97 k2 = 1.55 x 108 s-1

KIE2 = 1.11
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computed to be 1.5, which is less consistent with our experimental KIE of 2.2 than the 
KIE of 1.8 determined for Path B. 

 
Figure 3.20. Reaction coordinate diagram of Path A for the borylation of toluene with complex 8, 
showing the microscopic rate constants and KIE’s for each step. 
	  

I
0.0 kcal/mol

TS-I
24.1 kcal/mol

II
17.3 kcal/mol

TSa-II
28.0 kcal/mol

k1 = 1.10 x 10-2 M•s-1

KIE1 = 2.73

k-1 = 4.82 x 108 s-1

KIE-1 = 1.97 k2 = 1.92 x 106 s-1

KIE2 = 1.07
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4.1 Introduction 
 
 The functionalization of alkyl C-H bonds with borane reagents1-6 can provide a direct 
route to alkylboronate esters, which are versatile synthetic intermediates.7-9 The 
undirected borylation of alkanes has been shown to occur with high selectivity at primary 
C-H bonds, but analogous reactions of more complex substrates and reactions at 
secondary C-H bonds are only beginning to be developed. Unlike the borylation of 
aryl6,10,11 and benzyl12 C-H bonds, the borylation of unactivated alkyl C-H bonds currently 
requires high temperatures, high catalyst loadings, and neat substrate to form 
alkylboronate esters at synthetically useful rates.  
 One strategy to overcome the limitations of the borylation of alkyl C-H bonds is to 
conduct reactions with substrates containing a directing group.13 Sawamura et al have 
reported the Rh- and Ir-catalyzed borylation of alkyl C-H bonds α to the nitrogen of 
amides or γ to a pyridyl nitrogen.14-17 Shi et al have reported the Pd-catalyzed borylation 
of primary alkyl C-H bonds directed by an amide,18 and Yu recently reported a similar 
reaction that includes the borylation of secondary alkyl C-H bonds.19 Our group reported 
selective borylation of amines and ethers at the C-H bonds located �  to nitrogen and 
oxygen, due to a set of weak attractive interactions.5  
 An alternative approach to the directed borylation of alkyl C-H bonds is to exploit 
the versatility of silanes. Our group reported the hydrosilyl-directed borylation of aryl 
and benzyl C-H bonds catalyzed by the combination of an Ir(I) precursor and a bipyridine 
or phenanthroline ligand20-23 (Scheme 4.1a and 4.1b, respectively). However, the silyl-
directed borylation of alkyl C-H bonds has not been achieved. Here, we report a set of Ir-
catalyzed, hydrosilyl-directed borylations of primary and secondary alkyl C-H bonds. 
These reactions occur with high site selectivity γ to silicon and with high 
diastereoselectivity in cases of reactions at secondary C-H bonds. 

Scheme 4.1. Hydrosilyl Directed Borylation of C-H Bonds 
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4.2 Results and Discussion 
 
Table 4.1. Method Development for the Hydrosilyl Directed Borylation of 1a  

 
aReactions conducted on a 0.10 mmol scale. Yields were determined by gas chromatography. bFormation of 
n-octyl-Bpin was observed in ca. 10% yield. cReaction conducted with 1.3 equiv of Et3SiBpin. 

 To develop a system for the borylation of alkyl C-H bonds, we considered that a 
hydrosilyl directing group could be installed by the hydrosilylation of an alkene to form a 
substrate more stable than the silyl ethers and silyl amines we studied previously 
(Scheme 4.1c). A silyl-directed borylation of the resulting alkylsilane could occur with 
high site selectivity and diastereoselectivity to form secondary alkyl boronate esters, and 
the products could undergo site-selective transformations at the C-B bond or the C-Si 
bond. To evaluate this strategy, we investigated the hydrosilyl-directed borylation of the 
secondary C-H bonds of cyclohexylmethyl-diethylsilane (1) with various boron sources 
and various ligands on iridium (Table 4.1). At 100 °C with B2pin2 as the boron source and 
the combination of [Ir(COD)OMe]2 (3) and dtbpy (L1) as catalyst, the borylation of 1 in 
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2 3/L2 B2pin2 octane 100 5 <1 23
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6b 3/L6 B2pin2 octane 100 51 8 0

7 3/L6 B2pin2 isooctane 100 52 8 0

8 3/L6 B2pin2 isooctane 120 56 6 0

10 3/L6 Et3SiBpin isooctane 80 58 4 0

11 3/L5 Et3SiBpin isooctane 80 66 7 0

12 4 Et3SiBpin isooctane 80 65 8 0

13c 4 Et3SiBpin isooctane 80 77 21 0
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octane formed 2a, the product of borylation γ to the hydrosilyl directing group, as a 
single diastereomer in only 21% yield. The product of bisborylation (2b) and the product 
of Si-H borylation (2c) also formed in 3% and 21% yield, respectively. 

Chart 4.1. Hydrosilyl Directed Borylation of Secondary Alkyl C-H Bondsa 

 
aReactions conducted on a 0.30 mmol scale. Yields are for isolated products. bReaction conducted with 1.15 
equiv of Et3SiBpin. cThe d.r of the starting material was 11:1. dThe d.r. of the starting material was 5:1. 
eReaction conducted with 4 mol% of complex 4. fYield determined by gas chromatography. gReaction 
conducted at 100 °C.  

 The yield of the borylation of 1 catalyzed by the combination of Ir and a 
phenanthroline (phen) depended strongly on the identity of the phen ligand. The reaction 
conducted with parent phen (L2), an electron-deficient diaryl phen (L3)12 or an electron-
rich diaryl phen (L4) as ligand formed the product 2a in low yield, but the reaction with 
3,8-dimesitylphen (dimesphen) (L5) or 3,4,7,8-tetramethylphen (tmphen) (L6) as ligand 
formed 2a in 43% and 51% yield, respectively. The origin of the large difference in yield 
between reactions conducted with L4 and L5 as ligand is unclear, but can be attributed to 
the phen-Ar dihedral angle when Ar=mesityl. For reactions with L5 and L6 as ligand, n-
octyl-Bpin (~10% yield) formed as a result of the borylation of the solvent. Borylation of 
the solvent was suppressed by conducting reactions in 2,2,4-trimethylpentane (isooctane).   
The effect of reaction temperature on the reaction yield was modest. The reaction at 120° 
C occurred in 56% yield, while that at 80 °C occurred in 28% yield. However, the 
borylation of 1 conducted at 80 °C with Et3SiBpin as the boron source formed 2a in 58% 
yield.  
 With Et3SiBpin as the boron source we repeated our survey of catalysts. The reaction 
of 1 occurred in a higher yield with the catalyst generated from 3 and L5 (66% yield) 
than with that from 3 and L6. We have previously shown that precatalysts of the general 
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formula L2Ir(H)(Cl)(SiEt3) react rapidly with Et3SiBpin to form an active catalyst for 
borylation.12 Thus, we tested reactions initiated with complex 4 containing ligand L5. 
Indeed, the yields of hydrosilyl-directed borylation reactions were more reproducible 
when the reaction was run with complex 4 instead of the combination of 3 and L5. The 
yield of 2a was further increased from 65% to 77% by conducting the reaction with 1.3 
equiv of Et3SiBpin. 
 With the conditions in entry 12 of Table 4.1, we investigated the scope of the 
hydrosilyl-directed borylation of silanes synthesized by hydrosilylation of 1,1-
disubstituted alkenes with diethylsilane24,25 (Chart 4.1). Hydrosilanes containing six-
membered rings β to silicon reacted at a C-H bond γ to silicon to form the corresponding 
trans secondary alkyl boronate esters. This stereoselectivity mirrors that reported by 
Sawamura for pyridine-directed borylation.15 These products were formed in moderate to 
good yield, with >20:1 diastereoselectivity. Ether, acetal, tertiary amine, and amide 
functional groups were tolerated. Like the borylation of 1, the borylation of substrates 
lacking substituents at the 2- or 3-positions of the six-membered ring formed significant 
amounts of the corresponding bisboryl product, leading to yields of the monoboryl 
product that were lower than those from the borylation of substrates bearing substituents 
at these positions (products 5a, 5c, and 5d). The borylation of a hydrosilane containing a 
3-tetrahydropyranyl substituent formed a 1:1 mixture of products, as determined by 1H 
NMR spectroscopy of the reaction mixture. However, only one of the two products (5i) 
was stable to column chromatography, while the other decomposed.  
 The borylation of less conformationally biased substrates was slower (full 
conversion in >10 h) than the borylation of those containing six-membered rings (full 
conversion in <5 h) but formed the product in substantial yields. The borylation of (2-
ethylbutyl)diethylsilane formed 5e in 56% yield with >20:1 dr when conducted with 4 
mol% of catalyst. The borylation of C-H bonds in 7, or 8-membered rings formed the 
corresponding alkyl boronate esters (5j and 5k) in 66% and 70% yield with >20:1 dr, but 
the borylation of (cyclopentylmethyl)diethylsilane formed a mixture of products. 
The reaction at vinyl C-H bonds is preferred over reactions at alkyl C-H bonds. For 
example, the borylation of a silane containing both secondary C-H bonds and a vinyl C-H 
bond γ to silicon selectively formed vinyl boronate ester 5l in 60% yield. 

 
 The borylation of silanes containing primary C-H bonds γ to the hydrosilyl group 
occurred selectively at primary C-H bonds over secondary C-H bonds. However, a 
mixture of products from monoborylation and bisborylation of the methyl group 
formed.26 For example, (2-methylhexyl)diethylsilane reacted with 1.3 equiv of Et3SiBpin 
to form a mixture of monoboryl product 6a and geminal bisboryl product 6b in 27% and 
45% yield, respectively (Equation 1). However, the analogous reaction conducted with 2 
equiv of Et3SiBpin formed 6b in 68% yield (Chart 4.2).  
 The scope of the bisborylation of primary alkyl C-H bonds with 2 equiv of Et3SiBpin 
is summarized in Chart 4.2. The borylation of substrates containing a silyl ether or a 

Me

SiHEt2
Complex 4 2 mol%
Et3SiBpin 1.3 equiv

isooctane, 100 ºC

Pr

SiHEt2

Bpin
+ Pr

SiHEt2

Bpin

Bpin
6a 6b

27% 45%

Pr
(1)



                                                                                                                         Chapter 4 
	

	 170 

trisubstituted olefin formed products 6c or 6d in good yield. Borylation of the silane 
derived from α-methyl-styrene formed product 6e in 77% yield, with less than 10% 
product from borylation at the aryl and benzylic C-H bonds. This result demonstrates the 
high selectivity for the borylation of primary C-H bonds γ to silicon. 

Chart 4.2. Hydrosilyl Directed Bis-Borylation of Primary Alkyl C-H Bondsa 

 
aReactions conducted on a 0.30 mmol scale. Reported yields are for isolated products. bReaction conducted 
with 2.2 equiv of Et3SiBpin. cReaction conducted with 4 mol% of complex 4. 

Scheme 4.2. Effect of Six-Membered Ring Conformation on Diastereoselectivity 
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substrates containing conformationally rigid six-membered rings. For each of these 
substrates in Chart 4.1, the directing group would be expected to occupy an equatorial 
position. The reaction is likely to proceed by binding of the substrate to Ir to form an Ir-Si 
bond, followed by oxidative addition of the C-H bond.20,22 The metallacyle containing Ir 
at an equatorial position should be more stable than that containing Ir at an axial position 
(Scheme 4.2a) due to 1,3-diaxial interactions. Assuming the relative rates correlate with 
the stability of the metallacycles, the trans product would be expected to form with high 
selectivity, as is observed experimentally. 

Scheme 4.3. Functionalization of the Borylation Productsa  

 
aConditions: (a) NH2OMe (3 equiv), n-BuLi (3 equiv), Boc2O (3.3 equiv), THF, -78 to 65 °C, 14h. (b) 
iPrOH (3 equiv), [Ir(COD)Cl]2 (2 mol %), MeCN, RT, 24 h. (c) H2O2 (60 eq, 3 portions), KHCO3 (10 
equiv), KF (10 equiv), THF, MeOH, 65 °C, 3 h. (d) H2O2 (10 equiv), KHCO3 (5 equiv), THF, MeOH, 
50 °C, 40 h. (e) benzofuran (1.4 equiv), n-BuLi (1.5 equiv), NBS (1.55 equiv), -78 to -40 °C. (f) 
tBuOOH (14 equiv), CsOH (12 equiv), TBAF (5 equiv), THF, 50 °C, 2 h. 

 To probe the selectivity of the borylation of a substrate in which the more favored 
conformation contains the directing group in the axial position, we conducted the 
borylation of silane 7 containing a 4-tert-butyl group (Scheme 4.2b). The conformation of 
the ring in which the tert-butyl group lies in the equatorial position is more stable than 
that with the tert-butyl in the axial position by ~3 kcal/mol.27 The reaction formed the cis 
and trans products in 30% and 21% isolated yield, respectively. The diastereoselectivity 
in this case is different from those of the reactions in Chart 4.1 because the directing 
group is axial rather than equatorial in the ground state. Thus, the formation of 8a 
involves a structure containing an axial silylmethyl group and the formation of the 8b 
involves a structure with an axial tert-butyl group. 
 The synthetic utility of the products of the hydrosilyl directed borylation is 
illustrated by the transformations shown in Scheme 4.3 that occur selectively at the C-B 
and C-Si bonds of 5a, which could be prepared on a 2.4 mmol scale in 85% yield. The 
amination28 of 5a formed Boc-protected amine 9a in 55% yield. In a two-step/one-pot 
sequence involving conversion to the silyl ether22 and oxidation, 9a was converted to the 

SiHEt2

Bpin

Me

Me5a

a. amination

SiHEt2

Me

Me
9a, 55%

b. silyl ether formation

c. oxidation

Me

Me9b, 70%

BocHN BocHN

OH

OH

HO

Me

Me
9c, 86%

SiEt2

Me

Me

O

OiPr
OH

Me

Me

O

d. oxidation

b. silyl ether
    formation

e. arylation

f. oxidation

9d, 40% 9e, 83%



                                                                                                                         Chapter 4 
	

	 172 

β-amino alcohol 9b in 70% yield. When 5a was treated with H2O2 and KHCO3, trans-diol 
9c formed in 86% yield. Compound 5a also underwent an arylation reaction29 with 
benzofuran after the Si-H was converted to a silyl ether, forming 9d in 40% yield. 
Oxidation30 of 9d formed alcohol 9e in 83% yield. The synthesis of 9b and 9e from 5a 
demonstrates that the products of the silyl-directed borylation undergo site-selective 
transformations at the C-B and C-Si bonds. 
 
4.3 Conclusions 
 
 In summary, we developed the first hydrosilyl-directed borylation of an unactivated 
alkyl C-H bond. Diastereoselective monoborylation of secondary C-H bonds, and 
diborylation of primary C-H bonds occurs when directed by a hydrosilyl group located α 
to the C-H bond. The products of the borylation were shown to undergo site-selective 
transformations at the C-B and C-Si bonds. We are currently investigating the mechanism 
of this transformation and the origin of both the high reactivity of the catalyst containing 
L5 and the higher yields for reactions conducted with Et3SiBpin than for those conducted 
with B2pin2.  

 
4.4 Experimental 
 
4.4.1. General Experimental Details 
 
 All reactions requiring an inert atmosphere were conducted in an argon-filled 
Braun glove box. Experimental procedures that do not mention the use of an inert 
atmosphere were conducted in air. Vials used as reaction vessels were sealed with 
Teflon-lined caps. Octane and isooctane used as solvent for the borylation reactions were 
purchased from Acros, degassed with nitrogen for 45 minutes, and dried over molecular 
sieves. THF and dichloromethane used as solvent were degassed with nitrogen for 45 
minutes and dried with a solvent purification system using a 1 m column containing 
activated alumina. Hexamethyldisiloxane purchased from Acros and acetonitrile 
purchased from Fisher were degassed with nitrogen and dried over molecular sieves. All 
other solvents were purchased from Fisher Chemical and used as received. Alkenes were 
purchased from Sigma-Aldrich, or alkenes were synthesized (vide infra) from ketones, 
which were purchased from Sigma-Aldrich, Oakwood Chemical, Combi-Blocks, or 
Acros. 1,10-Phenanthroline monohydrate was purchased from TCI Chemical. 4,4’-di-
tert-butyl-2,2’-bipyridine was purchased from Sigma-Aldrich. 3,4,7,8-
Tetramethylphenanthroline was purchased from Alfa Aesar. Precious metals were 
obtained from Johnson-Matthey. Bis(pinacolato)diboron was purchased from Combi-
Blocks. All chemicals were used as received unless otherwise noted. Et3SiBpin was 
prepared according to a reported procedure.12 Silica-gel chromatography was performed 
with Silicycle SiliaFlash T60 TLC-grade silica gel. Products were visualized on TLC 
plates using a KMnO4 stain or a CAM stain. GC analysis was performed on an HP 6890 
GC equipped with an HP-5 column (25 m x 0.20 mm x 0.33 μm film) and an FID 
detector. Quantitative GC analysis was performed by adding dodecane as an internal 
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standard at the end of each reaction. Response factors relative to dodecane were 
determined for the determination of yields by GC. NMR spectra were acquired on 400, 
500, and 600 MHz Bruker instruments at the University of California, Berkeley NMR 
facility. Chemical shifts were reported relative to residual solvent peaks (CDCl3 = 7.26 
ppm for 1H and 77.2 ppm for 13C; THF-d8 = 3.58 ppm for 1H and 67.2 ppm for 13C; 
MeOH-d4 = 3.31 ppm for 1H and 49.2 ppm for 13C; Acetone-d6 = 2.05 ppm for 1H and 
29.9 ppm for 13C). The resonances for carbon atoms attached to boron were not observed 
due to the boron quadrupole. Mass spectrometric analyses were performed at the 
University of California, Berkeley Mass Spec Center using EI and ESI ionization 
techniques with a Thermo Finnigan LTQ FT Instrument. ESI spectra were acquired using 
positive ionization, unless otherwise noted. IR spectra were acquired on a Thermo 
Scientific iS5 IR spectrometer. Samples for IR spectroscopy were prepared as a nujol 
mull. 
 
4.4.2. Synthesis of Olefin Substrates for Hydrosilylation 
 
Synthesis of N-Pivaloyl-4-Piperidone 

To a 100 mL round bottom flask were added 4-piperidone�HCl (1.63 g, 12.0 
mmol), dichloromethane (50 mL) and a magnetic stir bar. The suspension was 
stirred, and to the flask was added triethylamine (5.0 mL, 36 mmol). To the flask 
was added pivaloyl chloride (1.77 mL, 14.4 mmol) dropwise. The reaction was 
stirred for 16 h under nitrogen. The mixture was poured into a separatory funnel, 
and the organic layer was washed with water (2 x 50 mL) and with 1 M aqueous 

NaHSO4 (30 mL). The organic layer was dried over Na2SO4 and filtered, and the solvents 
were evaporated with a rotary evaporator to yield N-pivaloyl-4-piperidone (2.07 g, 94% 
yield) as a white crystalline solid. 1H NMR (500 MHz, CDCl3) δ 3.89 (t, J = 5.6 Hz, 4H), 
2.46 (t, J = 5.7 Hz, 4H), 1.29 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 207.4, 176.8, 44.4, 
41.5, 39.0, 28.5. ESIHR (M+H) calc’d 184.1332, found 184.1330. 
General Procedure for Methylenation of Ketones 

 
To a round bottom flask was added methyltriphenylphosphonium bromide (1.2 equiv) 
and a magnetic stirbar. The flask was brought into an Argon-filled glovebox. The flask 
was charged with KOtBu (1.2 equiv) and Et2O, resulting in a yellow slurry. The flask was 
sealed with a septum and brought outside of the glove box. The flask was placed under an 
N2 atmosphere and cooled to 0 °C. The mixture was stirred, and the ketone was added 
dropwise to the flask as a solution in Et2O or neat. The flask was warmed to room 
temperature and stirred for 1 h. The mixture was diluted with pentane (twice the volume 
of the Et2O), and the mixture was filtered through basic alumina. The filtrate was 
concentrated with a rotary evaporator to yield the desired alkene. 
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Synthesis of 3,3-Dimethylmethylenecyclohexane 
The methylenation was conducted according to the general procedure with 
3,3-dimethylcyclohexanone (5.55 mL, 40.0 mmol), 
methyltriphenylphosphonium bromide (17.1 g, 48.0 mmol), KOtBu (5.39 g, 
48.0 mmol), and Et2O (140 mL). The alkene product was obtained (3.53 g, 
71% yield) as a colorless oil. The 1H NMR spectrum of the product matched 

that of the reported spectrum.31 
Synthesis of 2-Ethylmethylenecyclohexane 

The methylenation was conducted according to the general procedure with 2-
ethylcyclohexanone (1.66 mL, 12.0 mmol), methyltriphenylphosphonium 
bromide (5.1 g, 14.4 mmol), KOtBu (1.62 g, 14.4 mmol), and Et2O (50 mL). 
The alkene product was obtained (1.24 g, 82% yield) as a colorless oil. 1H 

NMR (500 MHz, CDCl3) δ 4.64 (s, 1H), 4.56 (s, 1H), 2.26 – 2.15 (m, 1H), 2.06 – 1.96 
(m, 1H), 1.95 – 1.86 (m, 1H), 1.81 – 1.72 (m, 1H), 1.72 – 1.55 (m, 3H), 1.53 – 1.38 (m, 
2H), 1.35 – 1.17 (m, 3H), 0.88 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 153.2, 
105.5, 45.1, 35.0, 33.6, 29.0, 25.0, 24.5, 12.2. EIHR calc’d 124.1252, found 124.1252. 
Synthesis of 4,4-Dimethylmethylenecyclohex-2-ene 

The methylenation was conducted according to the general procedure with 
4,4-dimethylcylohex-2-eneone (1.49 mL, 11.3 mmol), 
methyltriphenylphosphonium bromide (4.85 g, 13.6 mmol), KOtBu (1.52 g, 
13.6 mmol), and Et2O (40 mL). The alkene product was obtained (1.20 g, 
69% yield) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 5.99 (d, J = 9.8 

Hz, 1H), 5.55 (d, J = 9.8 Hz, 1H), 4.78 (s, 1H), 4.75 (s, 1H), 2.45 – 2.27 (m, 2H), 1.57 – 
1.47 (m, 2H), 1.02 (s, 6H). 13C NMR (151 MHz, CDCl3) δ 143.2, 140.7, 126.9, 110.4, 
37.2, 32.0, 29.2, 27.5. EIHR calc’d 122.1096, found 122.1094. 
Synthesis of 4-Methylene-N-Pivaloylpiperidine 

The methylenation was conducted according to the general procedure with 
modifications with N-pivaloyl-4-piperidone (550 mg, 3.00 mmol), 
methyltriphenylphosphonium bromide (1.27 g, 3.60 mmol), KOtBu (404 mg, 3.60 
mmol), and Et2O (40 mL). Instead of filtration through basic alumina, the reaction 
mixture was filtered through silica, washing with Et2O. The solvents of the filtrate 

were evaporated with a rotary evaporator, and the crude product was purified by silica gel 
chromatography with 25% EtOAc in hexanes as eluent. The alkene product was obtained 
(465 mg, 86% yield) as a colorless solid. 1H NMR (500 MHz, CDCl3) δ 4.75 (s, 2H), 
3.77 – 3.36 (m, 4H), 2.38 – 2.02 (m, 4H), 1.28 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 
176.4, 145.1, 109.4, 46.7, 38.9, 34.9, 28.6. ESIHR (M+H) calc’d 181.1467, found 
181.1465. 
 
4.4.3. Synthesis of Silane Substrates for the Hydrosilyl Directed Borylation 
 
General Remarks 
The substrates for the hydrosilyl-directed borylation reaction were synthesized by the 
hydrosilylation of alkenes with diethylsilane. The reactions were conducted with a borane 
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catalyst25 (Method A) or with Chirik’s Fe(0) catalyst24 (Methods B and C) formed in situ 
from Fe(MePDI)Br2 or Fe(iPrPDI)Br2 

32
 and NaHBEt3. 

Method A 

 
In an argon-filled glove box a 20 mL vial was charged with 
tris(pentafluorophenyl)borane (2 mol%), dichloromethane, and a magnetic stir bar. The 
solution was stirred, and to the solution was added diethylsilane (1.2-2.0 equiv), followed 
by dropwise addition of the alkene (1 equiv). The reaction mixture was stirred at RT for 4 
h. The mixture was diluted with hexanes (twice the volume of dichloromethane) and 
filtered through silica, washing with hexanes. The filtrate was concentrated under 
vacuum, yielding the silane product. 
Method B 

 
In an argon-filled glove box a 20 mL vial was charged with Fe(MePDI)Br2 (3-6 mol%), 
toluene, and a magnetic stir bar. The slurry was stirred. To the slurry was added 
diethylsilane (2 equiv) followed by dropwise addition of a solution of NaHBEt3 in THF 
(1M, 6-12 mol%). The slurry became a homogeneous solution, and bubbling was 
observed. To the solution was added the alkene (1 equiv). The reaction mixture was 
stirred at RT for 16 h. The mixture was diluted with hexanes (twice the volume of 
toluene) and filtered through silica, washing with hexanes. The filtrate was concentrated 
under vacuum, yielding the silane product. 
Method C 
Method C was conducted in analogy to Method B with modifications to the purification 
of the product. After the reaction mixture was stirred at RT for 16 h, to the mixture was 
added hexanes (four times the volume of toluene) and powdered NaHSO4 (5 g, large 
excess). The slurry was stirred vigorously for 15 min, at which point the solids turned a 
bright red color. The slurry was filtered through Celite, washing with hexanes. The 
filtrate was concentrated under vacuum, yielding the silane product. 
Synthesis of (Cyclohexylmethyl)Diethylsilane 1 

The hydrosilylation was conducted according to Method A with 
methylenecyclohexane (576 mg, 6.00 mmol), diethylsilane (934 μL, 7.20 
mmol), tris(pentafluorophenyl)borane (61.4 mg, 0.120 mmol), and 
dichloromethane (10 mL). The product was obtained (1.10 g, quantitative 
yield) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 3.93 – 3.46 (m, 
1H), 1.73 (d, J = 13.2 Hz, 2H), 1.70 – 1.64 (m, 2H), 1.64 – 1.58 (m, 1H), 

R R
DCM, RT

Et2SiH2 1.2-2.0 equiv
B(C6F5)3 2 mol%

R R

Et2HSi

R R
toluene, RT

Et2SiH2 2.0 equiv
Fe(MePDI)Br2 3-6 mol%

NaHBEt3 6-12 mol%

R R

Et2HSi

Et2HSi
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1.43 – 1.32 (m, 1H), 1.28 – 1.17 (m, 2H), 1.17 – 1.07 (m, 1H), 0.97 (t, J = 7.9 Hz, 6H), 
0.95 – 0.88 (m, 2H), 0.63 – 0.52 (m, 6H). 13C NMR (126 MHz, CDCl3) δ 36.7, 34.8, 
26.8, 26.5, 19.8, 8.5, 3.5. EIHR calc’d 184.1647, found 184.1642. 
Synthesis of (3,3-Dimethyl-Cyclohexylmethyl)Diethylsilane  

The hydrosilylation was conducted according to Method A with 3,3-
dimethyl-methylenecyclohexane (920 mg, 6.00 mmol), diethylsilane 
(934 μL, 7.20 mmol), tris(pentafluorophenyl)borane (61.4 mg, 0.120 
mmol), and dichloromethane (10 mL). The product was obtained (700 
mg, 54% yield) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 3.93 
– 3.25 (m, 1H), 1.81 – 1.70 (m, 1H), 1.59 – 1.48 (m, 2H), 1.48 – 1.37 

(m, 2H), 1.33 (dd, J = 13.0, 2.4 Hz, 1H), 1.05 (td, J = 13.2, 4.3 Hz, 1H), 0.99 (t, J = 7.9 
Hz, 6H), 0.89 (s, 6H), 0.85 – 0.73 (m, 2H), 0.64 – 0.56 (m, 4H), 0.55 – 0.45 (m, 2H). 13C 
NMR (126 MHz, CDCl3) δ 50.0, 39.2, 36.7, 33.7, 31.3, 30.4, 24.9, 22.9, 19.9, 8.5, 8.4, 
3.5, 3.5. EIHR calc’d 212.1960, found 212.1954. 
Synthesis of 4-(Diethylsilylmethyl)Cylcohexanone Ethylene Glycol Ketal 

The hydrosilylation was conducted according to Method C with 4-
methylene-cyclohexanone ethylene glycol ketal33 (231 mg, 1.50 mmol), 
diethylsilane (388 μL, 3.00 mmol), Fe(MePDI)Br2 (26.3 mg, 0.0450 mmol), 
NaHBEt3 (1 M in THF, 90 μL, 0.090 mmol), and toluene (2 mL). The 
product was obtained (342 mg, 94% yield) as a yellow oil. 1H NMR (500 
MHz, CDCl3) δ 3.93 (s, 4H), 3.89 – 3.46 (m, 1H), 1.82 – 1.66 (m, 4H), 

1.57 – 1.48 (m, 2H), 1.48 – 1.39 (m, 1H), 1.35 – 1.20 (m, 2H), 0.97 (t, J = 7.9 Hz, 6H), 
0.64 – 0.53 (m, 6H). 13C NMR (126 MHz, CDCl3) δ 109.0, 64.4, 64.3, 34.8, 33.5, 33.5, 
18.4, 8.4, 3.4. EIHR calc’d 242.1702, found 242.1697. 
Synthesis of (2-Methoxy-Cyclohexylmethyl)Diethylsilane 

The hydrosilylation was conducted according to Method C with 2-
methoxy-methylenecyclohexane34 (189 mg, 1.50 mmol), 
diethylsilane (388 μL, 3.00 mmol), Fe(iPrPDI)Br2 (30.6 mg, 0.0450 
mmol), NaHBEt3 (1 M in THF, 90 μL, 0.090 mmol), and toluene (2 
mL). The product was obtained (208 mg, 65% yield) as a yellow oil. 

The d.r. of the silane was determined by 1H NMR spectroscopy to be 11:1. The relative 
configuration of the major diastereomer was determined by analyzing the coupling 
constants for the resonance of the proton α to oxygen. The triplet of doublets pattern for 
this resonance with coupling constants of 9.6 Hz and 4.0 Hz, respectively, is consistent 
with the assignment of the relative configuration of the major diastereomer as trans. 1H 
NMR (500 MHz, C6D6) δ 3.95 – 3.48 (m, 1H), 3.33 (s, 3H), 2.67 (td, J = 9.7, 3.9 Hz, 
1H), 2.08 (dd, J = 8.5, 4.0 Hz, 1H), 1.91 – 1.79 (m, 1H), 1.79 – 1.68 (m, 1H), 1.64 – 1.51 
(m, 1H), 1.51 – 1.35 (m, 1H), 1.26 – 1.15 (m, 2H), 1.15 – 1.07 (m, 2H), 0.97 (t, J = 7.9 
Hz, 7H), 0.64 – 0.53 (m, 4H), 0.39 (ddd, J = 14.6, 9.4, 2.6 Hz, 1H). 13C NMR (126 MHz, 
CDCl3) δ 85.8, 56.3, 40.1, 33.6, 30.3, 25.7, 24.9, 14.7, 8.5, 8.4, 3.6, 3.5. EIHR calc’d (M-
H) 213.1675, found 213.1676. 
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Synthesis of (2-Ethyl-Cyclohexylmethyl)Diethylsilane 
The hydrosilylation was conducted according to Method A with 2-
ethyl-methylenecyclohexane (248 mg, 2.00 mmol), diethylsilane (311 
μL, 2.40 mmol), tris(pentafluorophenyl)borane (20.5 mg, 0.0400 
mmol), and dichloromethane (5 mL). The product was obtained (340 
mg, 80% yield) as a colorless oil. The d.r. of the silane was determined 

by 1H NMR spectroscopy to be 5:1. We were unable to determine the relative 
configuration of the major diastereomer. However, the relative configuration was 
assigned after borylation (vide infra). 1H NMR (major diastereomer only) (500 MHz, 
CDCl3) δ 0.52 (dt, J = 14.8, 4.3 Hz, 1H). 1H NMR (minor diastereomer only) (500 MHz, 
CDCl3) δ 0.37 (ddd, J = 14.7, 10.0, 2.5 Hz, 1H). 1H NMR (overlapping peaks for major 
and minor diastereomers) (500 MHz, CDCl3) δ 4.01 – 3.40 (m, 1H), 1.87 – 1.76 (m, 1H), 
1.75 – 1.54 (m, 1H), 1.54 – 1.46 (m, 2H), 1.46 – 1.08 (m, 8H), 1.04 – 0.97 (m, 6H), 0.90 
– 0.82 (m, 3H), 0.68 – 0.56 (m, 5H). 13C NMR (major and minor diastereomers) (126 
MHz, CDCl3) δ 45.9, 43.0, 38.3, 35.2, 34.9, 31.5, 31.2, 27.6, 26.8, 26.6, 26.0, 24.3, 23.1, 
15.6, 12.2, 10.7, 9.8, 8.5, 8.4, 7.0, 6.7, 3.6, 3.5, 3.4, 3.2. EIHR calc’d 212.1960, found 
212.1954. 
Synthesis of (2-Ethylbutyl)Diethylsilane 

The hydrosilylation was conducted according to Method A with 2-ethyl-
butene (365 μL, 3.00 mmol), diethylsilane (467 μL, 3.60 mmol), 
tris(pentafluorophenyl)borane (30.7 mg, 0.0600 mmol), and 
dichloromethane (5 mL). The product was obtained (304 mg, 59% yield) 

as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 3.95 – 3.08 (m, 1H), 1.44 – 1.16 (m, 
6H), 0.98 (t, J = 7.9 Hz, 6H), 0.84 (t, J = 7.2 Hz, 6H), 0.62 – 0.55 (m, 6H). 13C NMR 
(126 MHz, CDCl3) δ 37.5, 28.3, 15.2, 11.0, 8.4, 3.4. EIHR (M-H) calc’d 171.1569, found 
171.1569. 
Synthesis of N-Methyl-4-((Diethylsilyl)Methyl)Piperidine 

The hydrosilylation was conducted according to Method B with 
modifications with 4-methylene-N-methylpiperidine35 (167 mg, 1.50 
mmol), diethylsilane (388 μL, 3.00 mmol), Fe(MePDI)Br2 (26.3 mg, 0.0450 
mmol), NaHBEt3 (1 M in THF, 90 μL, 0.090 mmol), and toluene (2 mL). 
Instead of filtering the crude reaction mixture through silica gel, the 
solvents were evaporated, and the residue was purified by silica gel 

chromatography with 1-5% Et3N in hexanes as eluent. The product was obtained (184 mg, 
61% yield) as a yellow oil. 1H NMR (500 MHz, CDCl3) δ 3.91 – 3.43 (m, 1H), 2.78 (d, J 
= 11.5 Hz, 2H), 2.22 (s, 3H), 1.86 (t, J = 11.3 Hz, 2H), 1.68 (d, J = 12.2 Hz, 2H), 1.40 – 
1.19 (m, 3H), 0.96 (t, J = 7.9 Hz, 6H), 0.67 – 0.43 (m, 6H). 13C NMR (151 MHz, CDCl3) 
δ 56.3, 46.7, 35.7, 32.3, 18.8, 8.4, 3.4. ESIHR calc’d (M+H) 200.1829, found 200.1825. 

Synthesis of N-Pivaloyl-4-((Diethylsilyl)Methyl)Piperidine 
The hydrosilylation was conducted according to Method C with 4-
methylene-N-pivaloylpiperidine (166 mg, 0.916 mmol), diethylsilane (237 
μL, 1.83 mmol), Fe(MePDI)Br2 (16.1 mg, 0.0275 mmol), NaHBEt3 (1 M in 
THF, 55 μL, 0.055 mmol), and toluene (1.5 mL). The product was 
obtained (209 mg, 85% yield) as a yellow oil. 1H NMR (500 MHz, CDCl3) 
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δ 4.36 (d, J = 12.5 Hz, 2H), 4.03 – 3.28 (m, 1H), 2.75 (t, J = 12.1 Hz, 2H), 1.74 (d, J = 
13.1 Hz, 2H), 1.65 – 1.55 (m, 1H), 1.27 (s, 9H), 1.20 – 1.09 (m, 2H), 0.97 (t, J = 7.9 Hz, 
6H), 0.65 – 0.53 (m, 6H). 13C NMR (126 MHz, CDCl3) δ 176.2, 45.7, 38.8, 35.7, 33.5, 
28.6, 18.7, 8.4, 3.3. EIHR calc’d 269.2175, found 269.2174. 
Synthesis of ((Tetrahydro-2H-pyran-4-yl)Methyl)Diethylsilane 

The hydrosilylation was conducted according to Method C with 4-
methylene-tetrahydro-2H-pyran35 (147 mg, 1.50 mmol), diethylsilane (389 
μL, 3.00 mmol), Fe(iPrPDI)Br2 (61.3 mg, 0.0900 mmol), NaHBEt3 (1 M in 
THF, 180 μL, 0.180 mmol), and toluene (2 mL). Following filtration 
through Celite, the crude mixture was further purified by silica gel 

chromatography with 50% dichloromethane in pentane as eluent. The product was 
obtained (126 mg, 45% yield) as a yellow oil. 1H NMR (500 MHz, CDCl3) δ 3.92 (dd, J 
= 11.2, 3.9 Hz, 2H), 3.80 – 3.61 (m, 1H), 3.36 (t, J = 11.7 Hz, 2H), 1.71 – 1.56 (m, 3H), 
1.38 – 1.22 (m, 2H), 0.98 (t, J = 7.9 Hz, 6H), 0.65 – 0.42 (m, 6H). 13C NMR (126 MHz, 
CDCl3) δ 68.36, 36.31, 32.15, 19.27, 8.38, 3.36. EIHR (M-H) calc’d 185.1362, found 
185.1359. 
Synthesis of ((Tetrahydro-2H-pyran-3-yl)Methyl)Diethylsilane 

The hydrosilylation was conducted according to Method C with 3-
methylene-tetrahydro-2H-pyran35 (300 mg, 3.06 mmol), diethylsilane (792 
μL, 6.12 mmol), Fe(MePDI)Br2 (53.7 mg, 0.0918 mmol), NaHBEt3 (1 M in 
THF, 183 μL, 0.183 mmol), and toluene (5 mL). The product was 
obtained (380 mg, 67% yield) as a yellow oil. 1H NMR (500 MHz, 

CDCl3) δ 3.87 (d, J = 11.2 Hz, 1H), 3.82 (dd, J = 11.1, 1.7 Hz, 1H), 3.76 – 3.63 (m, 1H), 
3.32 (td, J = 11.2, 2.9 Hz, 1H), 2.98 (t, J = 10.7 Hz, 1H), 2.01 – 1.83 (m, 1H), 1.77 – 1.65 
(m, 1H), 1.65 – 1.51 (m, 2H), 1.18-1.06 (m, 1H), 0.97 (t, J = 7.9 Hz, 6H), 0.59 (qd, J = 
7.9, 3.1 Hz, 4H), 0.51 – 0.35 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 75.7, 68.3, 33.1, 
32.9, 26.4, 14.1, 8.3, 8.3, 3.3, 3.3. EIHR (M-H) calc’d 185.1362, found 185.1359. 
Synthesis of (Cycloheptylmethyl)Diethylsilane 

The hydrosilylation was conducted according to Method A with 
methylenecyloheptane36 (397 mg, 3.60 mmol), diethylsilane (560 μL, 
4.32 mmol), tris(pentafluorophenyl)borane (36.9 mg, 0.0720 mmol), 
and dichloromethane (5 mL). The product was obtained (684 mg, 96% 

yield) as a colorless oil.  1H NMR (500 MHz, CDCl3) δ 3.94 – 3.31 (m, 1H), 1.79 – 1.68 
(m, 2H), 1.68 – 1.53 (m, 5H), 1.52 – 1.44 (m, 2H), 1.43 – 1.35 (m, 2H), 1.21 (dtd, J = 
13.6, 9.8, 2.7 Hz, 2H), 1.01 – 0.94 (m, 6H), 0.62 (dd, J = 7.1, 3.5 Hz, 2H), 0.58 (ddd, J = 
15.9, 7.9, 3.1 Hz, 4H). 13C NMR (126 MHz, CDCl3) δ 38.20, 36.58, 28.45, 26.47, 20.86, 
8.46, 3.44. EIHR calc’d 198.1804, found 198.1802. 
Synthesis of (Cyclootylmethyl)Diethylsilane 

The hydrosilylation was conducted according to Method A with 
methylenecylooctane37 (447 mg, 3.60 mmol), diethylsilane (560 μL, 
4.32 mmol), tris(pentafluorophenyl)borane (36.9 mg, 0.0720 mmol), 
and dichloromethane (5 mL). The product was obtained (655 mg, 86% 
yield) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 3.98 – 3.24 (m, 

1H), 1.73 – 1.60 (m, 5H), 1.60 – 1.52 (m, 3H), 1.52 – 1.39 (m, 5H), 1.36 – 1.25 (m, 2H), 

O

Et2HSi

O

Et2HSi

SiHEt2

SiHEt2



                                                                                                                         Chapter 4 
	

	 179 

0.98 (t, J = 7.9 Hz, 6H), 0.64 – 0.55 (m, 6H). 13C NMR (126 MHz, CDCl3) δ 35.3, 34.4, 
27.6, 26.3, 25.4, 20.5, 8.5, 3.4. EIHR calc’d 212.1960, found 212.1958. 
Synthesis of ((3,3-Dimethylcylohexen-6-yl)Methyl)Diethylsilane 

The hydrosilylation was conducted according to Method B with 4,4-
dimethyl-methylenecyclohex-2-ene (244 mg, 2.00 mmol), diethylsilane 
(519 μL, 4.00 mmol), Fe(MePDI)Br2 (35.1 mg, 0.0600 mmol), NaHBEt3 
(1 M in THF, 120 μL, 0.120 mmol), and toluene (5 mL). The product 
was obtained (421 mg, 60% yield) as a colorless oil. 1H NMR (500 MHz, 
CDCl3) δ 5.44 (dd, J = 10.0, 2.0 Hz, 1H), 5.33 (d, J = 10.1 Hz, 1H), 3.78 

– 3.65 (m, 1H), 2.27 – 2.04 (m, 1H), 1.83 – 1.70 (m, 1H), 1.51 (dd, J = 12.6, 5.7 Hz, 1H), 
1.38 (td, J = 12.3, 2.4 Hz, 1H), 1.34 – 1.24 (m, 1H), 0.98 (t, J = 7.9 Hz, 6H), 0.96 (s, 6H), 
0.71 (ddd, J = 14.6, 7.1, 3.4 Hz, 1H), 0.65 – 0.58 (m, 5H). 13C NMR (126 MHz, CDCl3) δ 
136.8, 131.8, 36.6, 32.3, 31.7, 30.7, 29.5, 29.3, 18.6, 8.4, 3.4, 3.4. EIHR calc’d 210.1803, 
found 210.1804. 
Synthesis of (4-tert-Butyl-Cyclohexylmethyl)Diethylsilane 7 

The hydrosilylation was conducted according to Method B with 4-tert-
butyl-methylenecyclohexane38 (228 mg, 1.50 mmol), diethylsilane (584 μL, 
3.00 mmol), Fe(iPrPDI)Br2 (10.5 mg, 0.0154 mmol), NaHBEt3 (1 M in THF, 
30 μL, 0.030 mmol), and toluene (2 mL). The product was obtained (356 
mg, 99% yield) as a colorless oil.  The d.r. of the silane was determined by 
1H NMR spectroscopy to be 20:1. The relative configuration was 
determined following the oxidation of the silane to the corresponding 

alcohol (vide infra). 1H NMR (500 MHz, CDCl3) δ 3.92 – 3.34 (m, 1H), 2.01 – 1.88 (m, 
1H), 1.62 – 1.53 (m, 2H), 1.52 – 1.39 (m, 4H), 1.24 – 1.12 (m, 2H), 0.98 (t, J = 7.9 Hz, 
6H), 0.96 – 0.89 (m, 1H), 0.84 (s, 9H), 0.68 (dd, J = 7.6, 3.5 Hz, 2H), 0.59 (qd, J = 7.7, 
3.0 Hz, 4H). 13C NMR (126 MHz, CDCl3) δ 48.7, 33.3, 32.7, 29.1, 27.7, 21.3, 13.1, 8.5, 
3.2. EIHR calc’d (M-H) 239.2195, found 239.2185. 
Assignment of relative configuration 
The relative configuration of 7 was assigned after oxidation of 7 to the corresponding 
alcohol. Silane 7 was converted to the corresponding alcohol by the following method: 
To a 4 mL vial was added triphenylcarbenium tetrafluoroborate (34.7 mg, 0.105 mmol), 
THF (0.5 mL), and silane 7 (24.1 mg, 0.100 mmol), in that order. To the vial was added a 
magnetic stir bar. The mixture was stirred and heated at 65 °C for 20 min. Analysis of the 
reaction mixture by GC/MS showed that the Si-H moiety had been converted to a Si-F 
moiety. To the mixture was added KHCO3 (50.1 mg, 0.500 mmol), MeOH (0.5 mL), and 
H2O2 (30% aqueous, 113 μL, 1.00 mmol), in that order. The mixture was heated at 50 °C 
for 1.5 h. The reaction was quenched with saturated aqueous NaHSO3 (2 mL). The 
aqueous layer was extracted with EtOAc (4 mL), and the organic layer was washed with 
saturated aqueous NaHCO3 (5 mL). The organic layer was dried with Na2SO4, filtered, 
and the solvents were evaporated with a rotary evaporator. The crude product was 
purified by silica gel chromatography with 25% EtOAc in hexanes, yielding cis-(4-tert-
butylcyclohexyl)methanol (14.0 mg, 82% yield). The 1H NMR spectrum of the alcohol 
matched the reported spectrum.39 
 

Me Me

Et2HSi

Et2HSi

tBu7



                                                                                                                         Chapter 4 
	

	 180 

Synthesis of (2-Methylhexyl)Diethylsilane 
The hydrosilylation was conducted according to Method A with 2-
methylhexene (490 mg, 5.00 mmol), diethylsilane (778 μL, 6.00 mmol), 
tris(pentafluorophenyl)borane (36.9 mg, 0.0720 mmol), and 
dichloromethane (7 mL). The product was obtained (791 mg, 85% 

yield) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 3.93 – 3.33 (m, 1H), 1.77 – 1.42 
(m, 1H), 1.38 – 1.12 (m, 6H), 0.98 (dd, J = 10.5, 5.3 Hz, 6H), 0.94 – 0.91 (m, 3H), 0.91 – 
0.85 (m, 3H), 0.75 – 0.65 (m, 1H), 0.62 – 0.53 (m, 4H), 0.51 – 0.41 (m, 1H). 13C NMR 
(126 MHz, CDCl3) δ 40.2, 30.0, 29.6, 23.1, 22.8, 19.3, 14.4, 8.5, 8.4, 3.5, 3.4. EIHR 
calc’d (M-H) 185.1721, found 185.1726. 
Synthesis of Tert-Butyl(4-(Diethylsilyl)-3-Methylbutoxy)Dimethylsilane 

The hydrosilylation was conducted according to Method C with tert-
butyldimethyl((3-methylbut-3-en-1-yl)oxy)silane38 (301 mg, 1.50 
mmol), diethylsilane (389 μL, 3.00 mmol), Fe(MePDI)Br2 (52.7 mg, 

0.0900 mmol), NaHBEt3 (1 M in THF, 180 μL, 0.180 mmol), and toluene (3.5 mL). The 
product was obtained (395 mg, 91% yield) as a yellow oil. 1H NMR (500 MHz, CDCl3) δ 
3.77 – 3.68 (m, 1H), 3.68 – 3.49 (m, 2H), 1.84 – 1.68 (m, 1H), 1.61 – 1.48 (m, 1H), 1.46 
– 1.30 (m, 1H), 0.97 (t, J = 7.9 Hz, 6H), 0.94 (d, J = 6.6 Hz, 3H), 0.89 (s, 9H), 0.71 (ddd, 
J = 14.6, 5.3, 4.1 Hz, 1H), 0.63 – 0.55 (m, 4H), 0.49 (ddd, J = 14.6, 8.6, 3.0 Hz, 1H). 13C 
NMR (126 MHz, CDCl3) δ 61.5, 43.2, 26.5, 26.1, 22.8, 19.4, 18.5, 8.4, 3.4, 3.3, -5.1, -
5.1. EIHR calc’d (M-H) 287.2226, found 287.2224. 
Hydrosilylation of (R)-(+)-Limonene 

The hydrosilylation was conducted according to Method B with 
(R)-(+)-limonene (204 mg, 1.50 mmol), diethylsilane (584 μL, 
3.00 mmol), Fe(iPrPDI)Br2 (30.6 mg, 0.0450 mmol), NaHBEt3 (1 
M in THF, 90 μL, 0.090 mmol), and toluene (2 mL). The product 
was obtained (319 mg, 95% yield) as a colorless oil. The d.r. of 

the silane was approximated to be 2:1 (by integration of peaks that were not fully 
resolved) by 1H NMR spectroscopy. We were unable to assign the relative configuration 
of the major diastereomer. 1H NMR (major + minor diastereomers) (500 MHz, CDCl3) δ 
5.67 – 5.04 (m, 1H), 3.97 – 3.23 (m, 1H), 2.10 – 1.84 (m, 3H), 1.83 – 1.66 (m, 2H), 1.64 
(s, 3H), 1.60 – 1.49 (m, 1H), 1.42 – 1.30 (m, 1H), 1.30 – 1.17 (m, 1H), 0.98 (t, J = 7.9 
Hz, 6H), 0.91 (d, J = 6.8 Hz, 3H), 0.80 – 0.70 (m, 1H), 0.66 – 0.53 (m, 4H), 0.50 – 0.38 
(m, 1H). 13C NMR (major + minor diasteromers) (126 MHz, CDCl3) δ 134.2, 134.2, 
121.2, 121.2, 41.1, 41.1, 34.3, 34.1, 31.1, 31.1, 29.0, 28.1, 26.9, 25.6, 23.6, 19.3, 18.9, 
15.9, 15.6, 8.5, 8.4, 3.5, 3.3. EIHR calc’d 224.1960, found 224.1962. 
Synthesis of Diethyl(2-(p-Tolyl)Propyl)Silane 

The hydrosilylation was conducted according to Method A with 
α-methylstyrene (264 mg, 2.00 mmol), diethylsilane (311 μL, 
2.40 mmol), tris(pentafluorophenyl)borane (20.5 mg, 0.0400 
mmol), and dichloromethane (4 mL). The product was obtained 
(425 mg, 96% yield) as a colorless oil. 1H NMR (500 MHz, 

CDCl3) δ 7.18 – 7.03 (m, 4H), 3.86 – 3.38 (m, 1H), 2.99 – 2.75 (m, 1H), 2.33 (s, 3H), 
1.29 (d, J = 6.9 Hz, 3H), 1.06 – 0.91 (m, 8H), 0.58 – 0.43 (m, 4H). 13C NMR (126 MHz, 
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CDCl3) δ 146.8, 135.3, 129.1, 126.5, 36.3, 25.7, 21.2, 21.1, 8.4, 8.3, 3.2, 3.0. EIHR 
calc’d 220.1647, found 220.1645. 
 
4.4.4. Synthesis of Ligand L5 and Complex 4 
 
Synthesis of 3,8-Dimesityl-9,10-Phenanthroline L5 
In an argon-filled glovebox, an oven-dried 100 mL round-bottom flask was charged with 

2-bromomesitylene (2.72 mL, 17.8 mmol), 
THF (15 mL) and a magnetic stir bar. A 
syringe was charged with a solution ZnCl2 
(2.42 g, 17.8 mmol) in THF (20 mL), and 
the syringe was fitted with a needle. The 

flask was sealed with a septum, and both the flask and the syringe were brought outside 
of the glove box. A N2 line, fitted with a needle, was attached to the septum. The flask 
was cooled at −40 °C, and n-butyllithium (2.5 M in hexanes, 7.1 mL) was added 
dropwise via syringe.  The mixture was stirred for 30 minutes at −40 °C, forming a white 
suspension. To the suspension was added the solution of ZnCl2 via syringe. The reaction 
mixture was warmed to RT, and the suspension became a clear, colorless solution. The 
septum was fastened securely to the flask with electrical tape, and the flask was brought 
back into the glove box. A separate 250 mL flask, fitted with an airless valve, was 
charged with 3,8-dibromophenanthroline (1.50 g, 4.44 mmol), Pd(PPh3)4 (51.3 mg, 
0.0444 mmol), and toluene (20 mL). To the 250 mL flask was added the solution and the 
stir bar from the 100 mL round-bottom flask. The 250 mL flask was sealed and heated at 
120 °C for 16 h. The reaction mixture was cooled to room temperature. The mixture was 
diluted with EtOAc (100 mL) and filtered through Celite. The filtrate was washed with 
aqueous NaOH (1 M, 2 x 100 mL). The organic layer was dried with Na2SO4, filtered, 
and the solvents were evaporated with a rotary evaporator. The residue was purified by 
silica gel chromatography with 55% EtOAc in hexanes as eluent, yielding L5 as an off-
white solid (1.31 g, 71% yield). 1H NMR (500 MHz, CDCl3) δ 9.04 (d, J = 2.1 Hz, 2H), 
8.08 (d, J = 2.1 Hz, 2H), 7.86 (s, 2H), 7.04 (s, 4H), 2.38 (s, 6H), 2.07 (s, 12H). 13C NMR 
(126 MHz, CDCl3) δ 151.8, 145.0, 138.0, 136.6, 136.3, 136.1, 134.9, 128.6, 128.5, 126.9, 
21.2, 21.1. ESIHR calc’d (M+H) 417.2331, found 417.2325. 
Synthesis of Complex 4 

In an argon-filled glove box, an oven-dried 50 mL round-bottom 
flask was charged with [Ir(COE)2Cl]2

40 (427 mg, 0.480 mmol), L5 
(400 mg, 0.960 mmol) and a magnetic stir bar. To the flask was 
added THF (12 mL), and the mixture was stirred, forming a dark 
red solution that became viscous. The solution was stirred for 5 min. 
To the solution was added triethylsilane (1.53 mL, 9.60 mmol) 
dropwise. Instantly, the solution changed color from dark red to 

dark brown. The solvents were removed under vacuum, leaving a dark brown residue. 
The residue was triturated with hexamethyldisiloxane (10 mL), and stirred vigorously for 
10 min. The mixture was filtered, and the filter cake was washed with 2 x 1 mL of cold 
pentane, yielding a red/black solid. The solid was transferred to a 20 mL vial and 
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dissolved in dichloromethane (3 mL). To the vial was added a magnetic stir bar, and the 
solution was stirred. To the solution was added hexamethyldisiloxane (3 mL) dropwise. 
The mixture was stirred for 1 h, at which time precipitates had formed. Approximately 
1.5 mL of solvent was evaporated under vacuum, and the mixture was filtered. The filter 
cake was washed with hexamethyldisiloxane (3 x 2 mL) and with cold pentane (1 x 1 
mL), yielding complex 4 as a red/brown solid (443 mg, 61% yield). 1H NMR (600 MHz, 
THF) δ 9.85 (s, 1H), 9.68 (s, 1H), 8.30 (s, 1H), 8.22 (s, 1H), 8.01 (d, J = 8.7 Hz, 1H), 
7.97 (d, J = 8.7 Hz, 1H), 6.98 (s, 1H), 6.97 (s, 2H), 6.92 (s, 1H), 2.38 (s, 3H), 2.33 (s, 
3H), 2.16 (s, 3H), 2.10 (s, 3H), 2.09 (s, 3H), 2.07 (s, 3H), 0.26 – 0.08 (m, 15H), -17.84 (s, 
1H). IR (nujol mull, cm-1) 2121, 1943, 1613, 1596, 1577, 1192, 1001, 852, 797, 723. 
Anal. Calc’d (%) for C36H44ClIrN2Si: C, 56.86; H, 5.83; N, 3.68; Found: C, 56.49; H, 
5.93; N, 3.59. 
 
4.4.5. Method Development 
 
Effect of Ligand, Solvent, Temperature and Source of Boron on the Borylation 
(Cyclohexylmethyl)Diethylsilane 1 
The borylation of 1 (Table 4.1) with B2pin2 or Et3SiBpin was conducted according to the 
following general procedure: In an argon-filled glove box, a 4 mL vial was charged with 
[Ir(COD)OMe]2 (1.3 mg, 0.0020 mmol) or complex 4 (3.0 mg, 0.0040 mmol), ligand 
(0.0040 mmol), B2pin2 (25.4 mg, 0.100 mmol) or Et3SiBpin (27.8-36.2 μL, 0.100-0.130 
mmol), 1 (18.4 mg, 0.100 mmol) and solvent (0.3 mL). To the vial was added a magnetic 
stir bar, and the vial was sealed with a Teflon-lined cap. The reaction mixture was heated 
at 80-120 °C for 16 h. The reaction mixture was cooled to RT. To the mixture was added 
dodecane (20 μL, 0.088 mmol) as an internal standard. The yields of products 2a-2c were 
determined by gas chromatography. 
 
4.4.6. Hydrosilyl Directed Borylation of Unactivated Alkyl C-H Bonds 
 
General Procedure 
In an argon-filled glovebox, a 4 mL vial was charged with complex 4 (2-4 mol%), 
Et3SiBpin (1.15-2.00 equiv), isooctane (0.7 mL), and hydrosilane (1.00 equiv), in that 
order. To the vial was added a magnetic stir bar, and the vial was sealed with a Teflon-
lined cap. The reaction mixture was heated at 80 °C or 100 °C, forming a dark-red 
solution after ~25 min, and was heated at this temperature for 16 h. The reaction mixture 
was cooled to RT and analyzed by GC/MS and GC-FID to determine the d.r. of the 
product. In all cases (except those in which the starting silane was a mixture of 
diastereomers) the d.r. was determined to be >20:1. The diastereoselectivity was also 
confirmed by 1H NMR spectroscopy. The solvents were evaporated, and the residue was 
purified by silica gel chromatography or kugelrohr distillation. The relative configuration 
of the products containing a six-membered ring was determined to be trans by analysis of 
1H-1H coupling constants. A detailed example of this analysis is included for the alkyl 
boronate 2a (vide infra). When the borylation occurred at acyclic C-H bonds or cyclic C-
H bonds in seven or eight-membered rings, the relative configuration of the products was 
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determined after derivitization. These products were oxidized to 1,3-diols and then 
converted to six-membered acetonides. The relative configuration was determined by 
analysis of 1H-1H coupling constants of the acetonides.  
Synthesis of Alkyl Boronate 2a 

The synthesis of alkyl boronate 2a was conducted according to the 
general procedure with 1 (55.2 mg, 0.300 mmol), Et3SiBpin (109 μL, 
0.390 mmol), and complex 4 (4.6 mg, 0.0060 mmol). The crude 
product was purified by silica gel chromatography with 2% EtOAc in 
hexanes as eluent to yield 2a (58.6 mg, 63% yield) as a colorless oil. 
1H NMR (500 MHz, CDCl3) δ 3.92 – 3.32 (m, 1H), 1.93 – 1.76 (m, 

1H), 1.74 – 1.59 (m, 3H), 1.51 (qt, J = 11.0, 3.2 Hz, 1H), 1.31 – 1.24 (m, 2H), 1.23 (d, J 
= 7.1 Hz, 12H), 1.18 – 1.07 (m, 1H), 0.97 (dt, J = 10.6, 7.9 Hz, 6H), 0.90 – 0.80 (m, 1H), 
0.77 – 0.65 (m, 2H), 0.63 – 0.52 (m, 4H), 0.47 (t, J = 12.8 Hz, 1H). 13C NMR (126 MHz, 
CDCl3) δ 82.9, 35.4, 35.2, 28.3, 26.9, 26.7, 25.1, 24.7, 19.9, 8.4, 8.4, 3.6, 3.4. 11B NMR 
(160 MHz, CDCl3) δ 34.3. EIHR calc’d (M-H) 309.2421, found 309.2430. 
Assignment of the relative configuration 
To assign the relative configuration, we first identified the resonance corresponding to 
the methine proton β to silicon by analysis of the 1H-1H COSY spectrum (Figure 4.1) of 
alkyl boronate 2a. We established that the proton attached to Si (resonance at δ 3.7 ppm, 
Ha) was coupled to a proton resonating upfield (δ 0.5 ppm, Hb) that is also coupled to 
another proton (δ 1.5 ppm). This resonance at δ 1.5 ppm was assigned to the methine 
proton β to silicon (Hc). The 1H NMR resonance for Hc is a quartet of triplets pattern with 
coupling constants of 11.0 and 3.2 Hz, respectively. Therefore, Hc must be axial and 
antiperiplanar to three vicinal protons to account for the large coupling constant (11.0 
Hz) in the quartet pattern. Thus, we assign the relative configuration of product 2a as 
trans. 
 
 

SiHEt2

Bpin

2a



                                                                                                                         Chapter 4 
	

	 184 

  
Figure 4.1. 1H-1H COSY NMR spectrum of alkyl boronate 2a and the assignment of the relative 
configuration of 2a.  
 
Synthesis of Alkyl Bis-Boronate 2b 

Alkyl bis-boronate 2b was isolated by silica gel chromatography as a 
minor product (26.2 mg, 20% yield) from the borylation of silane 1 
(vide infra). 1H NMR (500 MHz, CDCl3) δ 4.24 – 3.40 (m, 1H), 2.03 
– 1.82 (m, 1H), 1.74 – 1.63 (m, 3H), 1.28 – 1.23 (m, 1H), 1.21 (s, 
24H), 1.19 – 1.06 (m, 2H), 0.95 (t, J = 7.9 Hz, 6H), 0.92 – 0.83 (m, 
4H), 0.72 – 0.46 (m, 4H). 13C NMR (126 MHz, CDCl3) δ 82.7, 35.8, 

28.8, 27.4, 24.9, 19.2, 8.4, 4.2. 11B NMR (160 MHz, CDCl3) δ 33.6. EIHR calc’d (M-Et) 
407.2960, found 407.2970. 
Synthesis of Alkyl Boronate 5a 

The synthesis of alkyl boronate 5a was conducted according to the 
general procedure with (3,3-dimethyl-cyclohexylmethyl)diethylsilane 
(63.7 mg, 0.300 mmol), Et3SiBpin (96.1 μL, 0.345 mmol), and 
complex 4 (4.6 mg, 0.0060 mmol). The crude product was purified 
by silica gel chromatography with 1% EtOAc in hexanes as eluent to 
yield 5a (86.6 mg, 85% yield) as a colorless oil. 1H NMR (500 MHz, 

CDCl3) δ 3.99 – 3.35 (m, 1H), 1.66 (qt, J = 11.5, 3.0 Hz, 1H), 1.54 – 1.46 (m, 2H), 1.41 
(q, J = 13.1, 3.4 Hz, 1H), 1.33 (dd, J = 13.2, 2.1 Hz, 1H), 1.23 (d, J = 7.1 Hz, 12H), 1.07 
– 1.00 (m, 1H), 1.00 – 0.93 (m, 6H), 0.88 (s, 3H), 0.86 (s, 3H), 0.74 – 0.67 (m, 2H), 0.62 
– 0.50 (m, 5H), 0.44 – 0.36 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 82.9, 48.8, 39.7, 
33.8, 31.2, 25.2, 25.1, 24.9, 24.7, 24.6, 19.8, 8.4, 8.4, 3.6, 3.4. 11B NMR (160 MHz, 
CDCl3) δ 34.6. EIHR calc’d (M-Et) 309.2421, found 309.2422. 
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Synthesis of Alkyl Boronate 5b 
The synthesis of boronate 5b was conducted according to the general procedure with 4-

(diethylsilylmethyl)cylcohexanone ethylene glycol ketal (72.3 
mg, 0.300 mmol), Et3SiBpin (109 μL, 0.390 mmol), and complex 
4 (4.6 mg, 0.0060 mmol). The crude product was purified by 
silica gel chromatography with 11% EtOAc in hexanes as eluent 
to yield 5b (54.1 mg, 49% yield) as a colorless oil. 1H NMR (500 

MHz, CDCl3) δ 3.94 (s, 4H), 3.86 – 3.47 (m, 1H), 1.93 – 1.84 (m, 1H), 1.76 – 1.65 (m, 
2H), 1.64 – 1.60 (m, 1H), 1.59 – 1.50 (m, 2H), 1.33 – 1.27 (m, 1H), 1.25 (d, J = 4.7 Hz, 
12H), 1.20 – 1.13 (m, 1H), 1.02 – 0.94 (m, 6H), 0.80 – 0.74 (m, 1H), 0.65 – 0.56 (m, 4H), 
0.56 – 0.47 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 108.7, 83.1, 64.4, 64.3, 35.6, 34.9, 
33.9, 32.7, 25.0, 24.8, 18.3, 8.4, 8.3, 3.5, 3.4. 11B NMR (160 MHz, CDCl3) δ 34.2. EIHR 
calc’d 368.2554, found 368.2555. 
Synthesis of Alkyl Boronate 5c 

The synthesis of boronate 5c was conducted according to the general 
procedure with (2-methoxy-cyclohexylmethyl)diethylsilane (64.3 
mg, 0.300 mmol), Et3SiBpin (96.1 μL, 0.345 mmol), and complex 4 
(4.6 mg, 0.0060 mmol). The crude product was purified by silica gel 
chromatography with 4% EtOAc in hexanes as eluent to yield 5b 
(85.1 mg, 83% yield) as a colorless oil. A minor diastereomer was 

not observable by 1H NMR spectroscopy, but analysis by gas chromatography revealed a 
d.r. of 11:1, which matches the d.r. of the starting material.  1H NMR (500 MHz, CDCl3) 
δ 3.80 – 3.59 (m, 1H), 3.27 (s, 3H), 2.75 (td, J = 9.1, 3.7 Hz, 1H), 2.14 – 1.97 (m, 1H), 
1.82 – 1.65 (m, 2H), 1.57 (dd, J = 9.5, 3.8 Hz, 1H), 1.23 (d, J = 7.6 Hz, 14H), 1.18 – 1.10 
(m, 1H), 0.96 (q, J = 7.8 Hz, 6H), 0.86 (td, J = 10.5, 3.4 Hz, 1H), 0.78 (dt, J = 14.8, 4.1 
Hz, 1H), 0.67 – 0.51 (m, 5H). 13C NMR (126 MHz, CDCl3) δ 85.2, 83.0, 55.7, 39.6, 29.8, 
26.8, 25.2, 25.1, 24.7, 16.8, 8.5, 8.3, 4.3, 3.5. 11B NMR (160 MHz, CDCl3) δ 33.7. EIHR 
calc’d (M-H) 339.2527, found 339.2531. 
Synthesis of Alkyl Boronate 5d 

The synthesis of boronate 5c was conducted according to the general 
procedure with (2-ethyl-cyclohexylmethyl)diethylsilane (63.7 mg, 
0.300 mmol), Et3SiBpin (96.1 μL, 0.345 mmol), and complex 4 (9.1 
mg, 0.012 mmol). The crude product was purified by silica gel 
chromatography with 1% EtOAc in hexanes as eluent to yield 5b 
(81.5 mg, 80% yield) as a colorless oil. The d.r. of the product was 

determined to be 4.5:1, which is similar to the d.r. of the starting material (5:1). 1H NMR 
(major diastereomer only) (900 MHz, CDCl3) δ 3.74 – 3.56 (m, 1H), 1.93 (qd, J = 8.3, 
3.4 Hz, 1H), 1.23 (d, J = 4.9 Hz, 14H), 1.15 – 1.11 (m, 1H). 1H NMR (minor 
diastereomer only) (900 MHz, CDCl3) δ 3.85 – 3.75 (m, 1H), 1.76 (d, J = 13.1 Hz, 1H), 
1.71 (dd, J = 9.3, 3.2 Hz, 1H), 1.65 (d, J = 11.0 Hz, 1H), 1.54 – 1.50 (m, 1H), 1.23 (s, 
12H). 1H NMR (overlapping peaks for major and minor diastereomers) (900 MHz, 
CDCl3) δ 1.47 – 1.38 (m, 3H), 1.35 – 1.28 (m, 2H), 1.22 – 1.10 (m, 2H), 1.08 – 0.94 (m, 
8H), 0.87 – 0.80 (m, 3H), 0.72 – 0.51 (m, 6H). 13C NMR (major and minor 
diastereomers) (226 MHz, CDCl3) δ 82.9, 82.9, 44.0, 40.9, 39.2, 36.2, 31.1, 28.7, 27.6, 
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27.4, 26.3, 25.3, 25.0, 25.0, 24.9, 24.9, 24.8, 16.4, 12.1, 10.6, 8.5, 8.5, 8.5, 4.4, 4.1, 3.3, 
3.2. 11B NMR (160 MHz, CDCl3) δ 34.48. EIHR calc’d (M-H) 337.2734, found 
337.2740. 
Assignment of the relative configuration of compound 5d and of the silane starting 
material 
We were unable to determine the relative configuration of (2-ethyl-
cyclohexylmethyl)diethylsilane, but the relative configuration of the product from 
borylation 5d was assigned. Like the relative configuration for 2a (vide supra), the 
relative configuration for the major diastereomer of 5d was determined by analysis of the 
1H-1H coupling constants in the resonance corresponding to the methine proton β to 
silicon. This resonance (at δ 1.93 ppm) is a quartet of doublets pattern with coupling 
constants of 8.3 and 3.4 Hz, respectively. The large coupling constant in the quartet 
pattern indicates that the methine proton is axial and that the stereotriad has all trans 
stereochemistry. 
Synthesis of Alkyl Boronate 5e 

The synthesis of boronate 5e was conducted according to the general 
procedure with (2-ethylbutyl)diethylsilane (51.6 mg, 0.300 mmol), 
Et3SiBpin (109 μL, 0.390 mmol), and complex 4 (9.1 mg, 0.0120 
mmol). The crude product was purified by silica gel chromatography 
with 1% EtOAc in hexanes as eluent to yield 5e (50.4 mg, 56% yield) 

as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 3.89 – 3.43 (m, 1H), 1.64 – 1.54 (m, 
1H), 1.42 – 1.31 (m, 2H), 1.23 (s, 12H), 1.18 – 1.12 (m, 1H), 1.01 – 0.94 (m, 6H), 0.90 
(d, J = 7.4 Hz, 3H), 0.83 (t, J = 7.4 Hz, 3H), 0.69 – 0.54 (m, 6H). 13C NMR (126 MHz, 
CDCl3) δ 82.8, 38.3, 27.0, 25.0, 24.9, 14.9, 12.3, 11.1, 8.5, 8.4, 3.4, 3.3. 11B NMR (160 
MHz, CDCl3) δ 34.1. EIHR calc’d (M-H) 297.2421, found 297.2429. 
Assignment of the relative configuration for compound 5e 
The relative configuration of 5e was assigned after oxidation of 5e to the diol, followed 
by formation of the corresponding acetonide (5e-acetonide). The acetonide was 
synthesized according to the following method: in an argon-filled glovebox a 20 mL vial 
was charged with boronate 5e (40.0 mg, 0.134 mmol), dry MeCN (1 mL), [Ir(COD)Cl]2 
(1.8 mg, 0.0026 mmol), iPrOH (32 μL, 0.40 mmol), and a magnetic stir bar. The reaction 
mixture was stirred at room temperature for 16 h. The reaction mixture was brought out 
of the glove box and filtered through silica gel, and the solvents of the filtrate were 
evaporated with a rotary evaporator. The crude silyl ether boronate was transferred to a 
20 mL vial and dissolved in THF (1 mL). To the vial was added a magnetic stir bar, and 
the solution was stirred. To the solution was added CsOH�H 2O (266 mg, 1.58 mmol), 
tBuOOH (5.5 M in decane, 336 μL), and TBAF (1 M in THF, 659 μL), in that order. The 
reaction mixture was stirred for 1.5 h. The reaction mixture was quenched with 20% 
aqueous Na2S2O3 (5 mL) and poured into a separatory funnel. To the separatory funnel 
was added EtOAc (10 mL) and saturated aqueous NH4Cl (10 mL). The layers were 
separated, and the organic layer was dried with Na2SO4 and filtered. The solvents were 
evaporated with a rotary evaporator. The residue was purified by column chromatography 
with 65% EtOAc in hexanes as eluent, yielding a mixture of the diol derived from 5e and 
pinacol (as determined by 1H NMR spectroscopy). The mixture was transferred to a 4 mL 
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vial, which was charged with dry chloroform (0.5 mL), 2,2-dimethoxypropane (35 μL, 
0.29 mmol), pyridinium p-toluenesulfonate (1.2 mg, 0.0048 mmol), and a magnetic stir 
bar. The reaction mixture was stirred for 1.5 h at room temperature. To the mixture was 
added pentane (0.5 mL), and the mixture was filtered through basic alumina. The solvents 
of the filtrate were evaporated with a rotary evaporator, yielding 5e-acetonide (12.7 mg, 
60% yield) as a colorless oil. In the 1H NMR spectrum of 5e-acetonide, the resonance for 
the proton α to the methyl group is a doublet of quartets splitting pattern with 1H-1H 
coupling constants of 12.1 Hz and 6.0 Hz, respectively. The large coupling constant for 
the doublet pattern is indicative of trans stereochemistry for the acetonide. 

1H NMR (600 MHz, CDCl3) δ 3.83 (dd, J = 11.7, 4.8 Hz, 1H), 3.67 (dq, 
J = 12.1, 6.0 Hz, 1H), 3.55 (t, J = 11.2 Hz, 1H), 1.44 (s, 3H), 1.43 – 1.40 
(m, 2H), 1.39 (s, 3H), 1.18 (d, J = 6.0 Hz, 3H), 1.09 – 0.98 (m, 1H), 0.88 
(t, J = 7.4 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 98.0, 70.1, 64.2, 42.6, 
29.9, 21.3, 20.0, 19.4, 11.1. EIHR calc’d (M+H) 159.1385, found 
159.1386. 
 

Synthesis of Alkyl Boronate 5f 
The synthesis of boronate 5f was conducted according to the general 
procedure with N-methyl-4-((diethylsilyl)methyl)piperidine (59.8 
mg, 0.300 mmol), Et3SiBpin (109 μL, 0.390 mmol), and complex 4 
(4.6 mg, 0.0060 mmol). The yield of 5f (66%) was determined by gas 
chromatography with dodecane as an internal standard. The crude 
product was purified by kugelrohr distillation, yielding 5f (36.5 mg, 

37% yield) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 3.93 – 3.37 (m, 1H), 2.81 (d, 
J = 11.0 Hz, 1H), 2.77 (d, J = 9.7 Hz, 1H), 2.21 (s, 3H), 1.93 – 1.83 (m, 2H), 1.79 (d, J = 
10.3 Hz, 1H), 1.44 (qt, J = 11.4, 3.2 Hz, 1H), 1.26 (s, 1H), 1.22 (d, J = 4.7 Hz, 12H), 1.16 
– 1.06 (m, 1H), 1.00 – 0.89 (m, 6H), 0.81 (d, J = 14.4 Hz, 1H), 0.68 – 0.52 (m, 4H), 0.47 
(t, J = 12.9 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 83.1, 57.5, 56.4, 46.5, 34.7, 33.3, 
25.0, 24.8, 18.7, 8.6, 8.3, 3.5, 3.3. 11B NMR (160 MHz, CDCl3) δ 33.9. ESIHR calc’d 
(M+H) 326.2681, found 326.2676. 
Synthesis of Alkyl Boronate 5g 

The synthesis of boronate 5g was conducted according to the general 
procedure with N-pivaloyl-4-((diethylsilyl)methyl)piperidine (80.9 
mg, 0.300 mmol), Et3SiBpin (109 μL, 0.390 mmol), and complex 4 
(4.6 mg, 0.0060 mmol). The crude product was purified by silica gel 
chromatography with 6:3:1 dichloromethane:penatane:EtOAc as 
eluent to yield 5g (53.5 mg, 45% yield) as a white solid. 1H NMR 
(500 MHz, CDCl3) δ 4.41 (d, J = 13.1 Hz, 1H), 4.34 (d, J = 13.5 Hz, 

1H), 3.96 – 3.39 (m, 1H), 2.92 – 2.52 (m, 2H), 1.84 (dd, J = 13.2, 3.1 Hz, 1H), 1.73 (qt, J 
= 11.2, 3.4 Hz, 1H), 1.26 (s, 9H), 1.23 (d, J = 3.8 Hz, 12H), 1.06 (qd, J = 12.4, 3.7 Hz, 
1H), 1.00 – 0.94 (m, 6H), 0.92 – 0.79 (m, 2H), 0.65 – 0.53 (m, 4H), 0.51 – 0.43 (m, 1H). 
13C NMR (126 MHz, CDCl3) δ 175.9, 83.4, 46.9, 45.9, 38.8, 34.7, 34.5, 28.6, 25.0, 24.8, 
18.7, 8.3, 8.3, 3.4, 3.3. 11B NMR (160 MHz, CDCl3) δ 33.0. ESIHR calc’d (M+H) 
396.3100, found 396.3099. 
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Synthesis of Alkyl Boronate 5h 
The synthesis of boronate 5h was conducted according to the general 
procedure with ((tetrahydro-2H-pyran-4-yl)methyl)diethylsilane 
(55.9 mg, 0.300 mmol), Et3SiBpin (108 μL, 0.390 mmol), and 
complex 4 (4.6 mg, 0.0060 mmol). The crude product was purified 
by silica gel chromatography with 5% EtOAc in hexanes as eluent to 

yield 5h (51.4 mg, 55% yield) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 3.93 (dd, 
J = 11.3, 3.9 Hz, 1H), 3.90 (dd, J = 11.6, 4.2 Hz, 1H), 3.75 – 3.67 (m, 1H), 3.43 – 3.30 
(m, 2H), 1.77 – 1.66 (m, 2H), 1.23 (d, J = 3.8 Hz, 13H), 1.15 (td, J = 11.2, 3.9 Hz, 1H), 
1.03 – 0.92 (m, 6H), 0.81 (ddd, J = 14.6, 4.6, 2.4 Hz, 1H), 0.63 – 0.54 (m, 4H), 0.54 – 
0.45 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 83.3, 69.3, 68.4, 35.0, 33.1, 25.0, 24.9, 
19.1, 8.4, 8.3, 3.5, 3.3. 11B NMR (160 MHz, CDCl3) δ 33.7. EIHR calc’d (M-Et) 
283.1901, found 283.1906. 
Synthesis of Alkyl Boronate 5i 

The synthesis of boronate 5i was conducted according to the general 
procedure with ((tetrahydro-2H-pyran-3-yl)methyl)diethylsilane 
(55.9 mg, 0.300 mmol), Et3SiBpin (108 μL, 0.390 mmol), and 
complex 4 (4.6 mg, 0.0060 mmol). The crude product was purified 
by silica gel chromatography with 7% EtOAc in hexanes as eluent to 

yield 5i (37.0 mg, 40% yield) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 3.95 (dd, J 
= 11.1, 4.1 Hz, 1H), 3.91 – 3.84 (m, 1H), 3.74 – 3.64 (m, 1H), 3.30 (td, J = 11.1, 2.9 Hz, 
1H), 2.93 (t, J = 10.7 Hz, 1H), 1.80 (qt, J = 10.3, 3.2 Hz, 1H), 1.67 – 1.52 (m, 2H), 1.23 
(d, J = 5.5 Hz, 12H), 1.00 – 0.93 (m, 6H), 0.90 (td, J = 10.7, 3.7 Hz, 1H), 0.68 (ddd, J = 
14.9, 4.7, 3.0 Hz, 1H), 0.64 – 0.53 (m, 4H), 0.36 (ddd, J = 14.8, 11.0, 2.3 Hz, 1H). 13C 
NMR (126 MHz, CDCl3) δ 83.2, 74.8, 68.6, 33.6, 27.7, 25.0, 24.8, 14.7, 8.3, 8.2, 3.4, 3.3. 
11B NMR (160 MHz, CDCl3) δ 33.6. EIHR calc’d (M-H) 311.2214, found 311.2219. 
Synthesis of Alkyl Boronate 5j 

The synthesis of boronate 5j was conducted according to the general 
procedure with (cycloheptylmethyl)diethylsilane (59.5 mg, 0.300 
mmol), Et3SiBpin (108 μL, 0.390 mmol), and complex 4 (9.1 mg, 
0.0120 mmol). The reaction was heated at 100 °C, instead of 80 °C. 
The crude product was purified by silica gel chromatography with 

2% EtOAc in hexanes as eluent to yield 5j (64.6 mg, 66% yield) as a colorless oil. 1H 
NMR (500 MHz, CDCl3) δ 3.91 – 3.43 (m, 1H), 1.89 – 1.79 (m, 1H), 1.75 – 1.64 (m, 
2H), 1.62 – 1.55 (m, 2H), 1.54 – 1.47 (m, 2H), 1.47 – 1.38 (m, 3H), 1.38 – 1.31 (m, 1H), 
1.23 (d, J = 4.2 Hz, 12H), 1.02 – 0.93 (m, 6H), 0.90 (dd, J = 12.0, 5.9 Hz, 1H), 0.63 – 
0.52 (m, 6H). 13C NMR (126 MHz, CDCl3) δ 82.8, 36.9, 35.8, 29.5, 29.4, 27.7, 25.5, 
24.9, 24.8, 20.7, 8.4, 8.4, 3.5, 3.3. 11B NMR (160 MHz, CDCl3) δ 34.5. EIHR calc’d (M-
Et) 295.2265, found 295.2270. 
Assignment of the relative configuration for compound 5j 
The stereochemistry of 5j was assigned after oxidation of 5j to the diol, followed by 
formation of the corresponding acetonide (5j-acetonide). The acetonide was synthesized 
according to the following method: to a 4 mL vial was added boronate 5j (10.0 mg, 
0.0308 mmol), KF (10.8 mg, 0.186 mmol), KHCO3 (18.5 mg, 0.186 mmol), and a 
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magnetic stir bar. To the vial was added 1:1 THF:MeOH (0.44 mL), and the mixture was 
stirred. To the mixture was added H2O2 (30% aqueous, 63 μL, 0.55 mmol), and the vial 
was sealed and heated at 65 °C for 40 min. The reaction mixture was cooled to RT. The 
reaction was quenched with saturated aqueous NaHSO3 (1 mL) and the aqueous layer 
was extracted with Et2O (4 mL). The organic layer was dried with Na2SO4 and filtered. 
The solvents were evaporated with a rotary evaporator. The residue was dissolved in 
dichloromethane and loaded onto a silica plug, and the silica plug was washed with 
dichloromethane. The crude diol was eluted off of the plug with 15% MeOH in 
dichloromethane. The solvents of the filtrate were evaporated with a rotary evaporator, 
and the residue was transferred to a 4 mL vial. To the 4 mL vial was added 
dichloromethane (0.5 mL), 2-methoxypropene (10 μL, 0.100 mmol), pyridinium p-
toluenesulfonate (1.0 mg, 0.0040 mmol), and a magnetic stir bar. The vial was sealed 
with a Teflon-lined cap and heated at 50 °C for 20 min. The reaction mixture was filtered 
through basic alumina, and the solvents of the filtrate were evaporated. The crude 
acetonide was purified by silica gel chromatography with 5% EtOAc in hexanes as 
eluent, yielding 5j-acetonide (3.2 mg, 56% yield) as a colorless oil. The 1H NMR 
resonance for the proton α to oxygen that is contained in the 7-membered ring is a triplet 
of doublets with 1H-1H coupling constants of 9.7 Hz and 4.0 Hz, respectively. The large 
coupling constant for the triplet pattern is indicative of trans stereochemistry for the 
acetonide. 

1H NMR (500 MHz, CDCl3) δ 3.65 (dd, J = 11.6, 5.1 Hz, 1H), 3.54 (td, J 
= 9.7, 4.0 Hz, 1H), 3.48 (t, J = 11.5 Hz, 1H), 1.98 – 1.84 (m, 1H), 1.75 – 
1.62 (m, 2H), 1.63 – 1.53 (m, 4H), 1.53 – 1.45 (m, 2H), 1.43 (s, 3H), 1.39 
(s, 3H), 1.35 – 1.27 (m, 1H), 1.13 – 0.98 (m, 1H). 13C NMR (126 MHz, 
CDCl3) δ 97.8, 76.0, 65.5, 41.0, 36.2, 30.0, 26.9, 26.7, 25.4, 22.6, 19.3. 
EIHR calc’d (M+H) 185.1542, found 185.1544. 
 

Synthesis of Alkyl Boronate 5k 
The synthesis of boronate 5k was conducted according to the general 
procedure with (cyclooctylmethyl)diethylsilane (63.7 mg, 0.300 
mmol), Et3SiBpin (108 μL, 0.390 mmol), and complex 4 (9.1 mg, 
0.0120 mmol). The reaction was heated at 100 °C, instead of 80 °C. 
The crude product was purified by silica gel chromatography with 

2% EtOAc in hexanes as eluent to yield 5k (71.6 mg, 70% yield) as a colorless oil. 1H 
NMR (500 MHz, CDCl3) δ 3.93 – 3.40 (m, 1H), 1.91 – 1.79 (m, 1H), 1.76 – 1.65 (m, 
2H), 1.65 – 1.54 (m, 4H), 1.53 – 1.33 (m, 6H), 1.23 (d, J = 6.1 Hz, 12H), 1.01 – 0.94 (m, 
7H), 0.70 – 0.49 (m, 6H). 13C NMR (126 MHz, CDCl3) δ 82.8, 35.1, 30.9, 29.3, 26.8, 
26.4, 26.0, 25.9, 25.0, 24.8, 20.3, 8.4, 8.4, 3.5, 3.2. 11B NMR (160 MHz, CDCl3) δ 34.6. 
EIHR calc’d (M-Et) 309.2421, found 309.2427. 
Assignment of the relative configuration in compound 5k 
The relative configuration in 5k was assigned after oxidation of 5k to the diol, followed 
by formation of the corresponding acetonide (5k-acetonide). The acetonide was 
synthesized according to the following method: To a 4 mL vial was added boronate 5k 
(49.0 mg, 0.145 mmol), THF (1 mL) and a magnetic stir bar. The solution was stirred. To 
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the solution was added CsOH�H2O (146 mg, 0.870 mmol), tBuOOH (5.5 M in decane, 
184 μL), and TBAF (1 M in THF, 361 μL), in that order. The reaction mixture was 
stirred for 2 h. The reaction mixture was quenched with 20% aqueous Na2S2O3 (5 mL) 
and poured into a separatory funnel. To the separatory funnel was added EtOAc (10 mL) 
and saturated aqueous NH4Cl (10 mL). The layers were separated, and the organic layer 
was dried with Na2SO4 and filtered. The solvents were evaporated with a rotary 
evaporator. The residue was purified by silica gel chromatography with 65% EtOAc in 
hexanes as eluent, yielding a mixture of the diol derived from 5k and pinacol (as 
determined by 1H NMR spectroscopy). The mixture was transferred to a 4 mL vial, which 
was charged with dry chloroform (0.5 mL), 2,2-dimethoxypropane (30 μL, 0.24 mmol), 
pyridinium p-toluenesulfonate (1.2 mg, 0.0048 mmol), and a magnetic stir bar. The 
reaction mixture was stirred for 2 h at room temperature. To the mixture was added 
pentane (0.5 mL), and the mixture was filtered through basic alumina. The solvents of the 
filtrate were evaporated with a rotary evaporator, yielding 5k-acetonide (10.3 mg, 36% 
yield) as a colorless oil. The 1H NMR resonance for the proton α to oxygen contained in 
the 8-membered ring is a doublet of doublets of doublets splitting pattern with 1H-1H 
coupling constants of 10.2, 7.2 and 3.3 Hz, respectively. The large coupling constant 
(10.2 Hz) for one of the doublet patterns is indicative of trans relative configuration for 
the acetonide. 

1H NMR (500 MHz, MeOD) δ 3.67 (ddd, J = 10.2, 7.2, 3.3 Hz, 1H), 3.60 
– 3.46 (m, 2H), 1.96 – 1.48 (m, 11H), 1.42 (s, 3H), 1.39 – 1.33 (m, 1H), 
1.31 (s, 5H), 1.26 – 1.18 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 98.1, 
75.5, 65.8, 38.3, 33.3, 29.9, 27.8, 26.5, 26.1, 24.9, 22.8, 19.5. EIHR 
calc’d (M+H) 199.1698, found 199.1697. 
 
Synthesis of Vinyl Boronate 5l 
The synthesis of boronate 5l was conducted according to the general 
procedure with ((3,3-dimethylcylohexen-6-yl)methyl)diethylsilane (63.1 
mg, 0.300 mmol), Et3SiBpin (96.1 μL, 0.345 mmol), and complex 4 (4.6 
mg, 0.0060 mmol). The crude product was purified by silica gel 
chromatography with 1% EtOAc in hexanes as eluent to yield 5l (60.4 
mg, 60% yield) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 6.11 (s, 

1H), 3.96 – 3.38 (m, 1H), 2.45 – 2.23 (m, 1H), 1.79 – 1.68 (m, 1H), 1.53 – 1.46 (m, 1H), 
1.46 – 1.39 (m, 1H), 1.35 – 1.29 (m, 1H), 1.25 (d, J = 8.7 Hz, 12H), 1.01 (t, J = 8.0 Hz, 
3H), 0.98 (s, 3H), 0.98 – 0.95 (m, 3H), 0.95 (s, 3H), 0.93 – 0.89 (m, 1H), 0.69 – 0.52 (m, 
5H). 13C NMR (126 MHz, CDCl3) δ 150.1, 82.9, 33.6, 32.4, 31.7, 29.7, 29.1, 26.2, 25.2, 
24.4, 17.4, 8.3, 8.1, 3.3, 3.1. 11B NMR (160 MHz, CDCl3) δ 31.1. EIHR calc’d 336.2656, 
found 336.2659. 
Synthesis of Alkyl Bis-Boronate 6b 

The synthesis of boronate 6b was conducted according to the general 
procedure with (2-methylhexyl)diethylsilane (55.9 mg, 0.300 mmol), 
Et3SiBpin (167 μL, 0.600 mmol), and complex 4 (4.6 mg, 0.0060 
mmol). The reaction was heated at 100 °C, instead of 80 °C. The 
crude product was purified by silica gel chromatography with 3% 
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EtOAc in hexanes as eluent to yield 6b (89.7 mg, 68% yield) as a colorless oil. 1H NMR 
(500 MHz, CDCl3) δ 3.97 – 3.30 (m, 1H), 2.23 – 2.02 (m, 1H), 1.47 – 1.39 (m, 1H), 1.38 
– 1.32 (m, 1H), 1.29 – 1.25 (m, 2H), 1.22 (d, J = 2.6 Hz, 12H), 1.21 (s, 12H), 1.00 – 0.92 
(m, 7H), 0.87 (t, J = 6.7 Hz, 3H), 0.78 (dd, J = 8.3, 3.1 Hz, 2H), 0.65 – 0.49 (m, 4H). 13C 
NMR (126 MHz, CDCl3) δ 82.9, 37.1, 32.7, 27.9, 25.1, 25.0, 24.7, 24.7, 23.3, 18.6, 14.3, 
8.5, 8.4, 3.6, 3.3. 11B NMR (160 MHz, CDCl3) δ 33.8. ESIHR calc’d (M+Na) 461.3400, 
found 461.3404. 
Synthesis of Alkyl Bis-Boronate 6c 

The synthesis of boronate 6c was conducted according to the 
general procedure with tert-butyl(4-(diethylsilyl)-3-
methylbutoxy)-dimethylsilane (86.6 mg, 0.300 mmol), 
Et3SiBpin (184 μL, 0.660 mmol), and complex 4 (9.1 mg, 
0.0120 mmol). The reaction was heated at 100 °C, instead of 80 

°C. The crude product was purified by silica gel chromatography with 5% EtOAc in 
hexanes as eluent to yield 6c (112 mg, 69% yield) as a yellow oil. 1H NMR (500 MHz, 
CDCl3) δ 3.83 – 3.68 (m, 1H), 3.63 (t, J = 7.5 Hz, 2H), 2.18 – 1.98 (m, 1H), 1.78 – 1.55 
(m, 2H), 1.21 (d, J = 4.2 Hz, 24H), 1.02 – 0.91 (m, 7H), 0.87 (s, 9H), 0.82 – 0.74 (m, 
2H), 0.66 – 0.48 (m, 4H), 0.03 (s, 6H). 13C NMR (126 MHz, CDCl3) δ 82.9, 82.9, 61.7, 
40.6, 29.8, 26.2, 25.1, 25.1, 24.7, 24.7, 19.6, 18.9, 18.5, 8.5, 8.4, 3.5, 3.2, -5.1. 11B NMR 
(160 MHz, CDCl3) δ 33.6. EIHR calc’d (M-H) 539.3931, found 539.3920. 
Synthesis of Alkyl Bis-Boronate 6d 

The synthesis of boronate 6d was conducted according to the 
general procedure with the silane derived from (R)-(+)-limonene 
(67.3 mg, 0.300 mmol), Et3SiBpin (167 μL, 0.600 mmol), and 
complex 4 (9.1 mg, 0.0120 mmol). The reaction was heated at 100 
°C, instead of 80 °C. The crude product was purified by silica gel 
chromatography with 3% EtOAc in hexanes as eluent to yield 6d 
(109 mg, 76% yield) as a colorless oil. A minor diastereomer was 

not observable by 1H NMR spectroscopy, due to overlapping peaks, but analysis by gas 
chromatography revealed a d.r. of 2:1, which matches the d.r. of the starting material. 1H 
NMR (major and minor diastereomers) (500 MHz, CDCl3) δ 5.35 (s, 1H), 3.99 – 3.44 (m, 
1H), 2.19 – 2.04 (m, 1H), 2.03 – 1.75 (m, 4H), 1.61 (s, 3H), 1.37 – 1.24 (m, 2H), 1.24 – 
1.12 (m, 24H), 1.01 – 0.79 (m, 9H), 0.70 (tt, J = 15.0, 4.4 Hz, 1H), 0.64 – 0.53 (m, 4H). 
13C NMR (major and minor diastereomers) (226 MHz, CDCl3) δ 133.8, 133.7, 121.4, 
121.4, 83.0, 83.0, 82.9, 40.6, 40.5, 37.2, 37.2, 31.8, 31.3, 29.3, 28.3, 27.0, 26.2, 25.1, 
25.1, 25.0, 24.9, 24.9, 24.8, 23.7, 23.7, 22.8, 16.7, 14.3, 8.5, 8.4, 3.6, 3.3, 3.2. 11B NMR 
(160 MHz, CDCl3) δ 33.4. ESIHR calc’d (M+Na) 499.3557, found 499.3561. 

Synthesis of Alkyl Bis-Boronate 6e 
The synthesis of boronate 6e was conducted according to the 
general procedure with diethyl(2-(p-tolyl)propyl)silane (66.1 mg, 
0.300 mmol), Et3SiBpin (167 μL, 0.600 mmol), and complex 4 (9.1 
mg, 0.0120 mmol). The reaction was heated at 100 °C, instead of 80 
°C. The crude product was purified by silica gel chromatography 
with 3% EtOAc in hexanes as eluent to yield 6e (107 mg, 77% 
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yield) as a white solid. 1H NMR (500 MHz, CDCl3) δ 7.10 (d, J = 7.8 Hz, 2H), 6.98 (d, J 
= 7.8 Hz, 2H), 3.36 – 3.26 (m, 1H), 3.14 (td, J = 12.0, 2.7 Hz, 1H), 2.25 (s, 3H), 1.33 (d, 
J = 11.7 Hz, 1H), 1.25 (d, J = 12.5 Hz, 12H), 1.17 – 1.09 (m, 1H), 1.04 – 0.94 (m, 1H), 
0.90 (d, J = 2.5 Hz, 12H), 0.84 (t, J = 7.9 Hz, 3H), 0.79 (t, J = 7.9 Hz, 3H), 0.44 – 0.14 
(m, 4H). 13C NMR (126 MHz, CDCl3) δ 145.2, 135.0, 128.5, 127.7, 83.2, 82.8, 39.7, 
25.2, 24.6, 24.5, 24.4, 23.1, 21.2, 8.3, 8.2, 2.8. 11B NMR (160 MHz, CDCl3) δ 33.1. 
ESIHR calc’d (M+Na) 495.3244, found 495.3245. 
Borylation of Silane 7 
The borylation of 7 was conducted according to the general procedure with silane 7 
(120.3 mg, 0.500 mmol), Et3SiBpin (209 μL, 0.750 mmol), and complex 4 (15.2 mg, 
0.0200 mmol). The reaction was heated at 100 °C, instead of 80 °C. The crude product 
was purified by silica gel chromatography with 8% dichloromethane in pentane as eluent 
to yield diastereomers 8a (55.1 mg, 30% yield) and 8b (38.5 mg, 21% yield) as colorless 
oils. Characterization data for 8a and 8b, along with our method for determining the 
relative configuration, are shown below. 
Characterization of Boronate 8a 

1H NMR (500 MHz, CDCl3) δ 3.98 – 3.30 (m, 1H), 2.12 (d, J = 12.8 
Hz, 1H), 1.76 – 1.68 (m, 1H), 1.55 (dd, J = 10.6, 2.1 Hz, 1H), 1.51 – 
1.38 (m, 2H), 1.31 – 1.24 (m, 2H), 1.23 (d, J = 6.6 Hz, 12H), 1.19 – 
1.12 (m, 2H), 1.02 – 0.95 (m, 7H), 0.86 – 0.82 (m, 9H), 0.64 – 0.54 
(m, 4H), 0.40 – 0.32 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 82.8, 
49.4, 32.7, 32.3, 30.4, 27.6, 25.1, 24.8, 21.9, 21.0, 11.2, 8.3, 8.3, 3.3, 

3.0. 11B NMR (160 MHz, CDCl3) δ 34.10. EIHR calc’d (M-H) 365.3047, found 
365.3052. 
Assignment of the relative configuration for compound 8a 
The relative configuration of 8a was assigned after oxidation of 8a to the diol 8a-diol. 
The diol 8a-diol was synthesized according to the following method: to a 20 mL vial was 
added boronate 8a (36.0 mg, 0.0982 mmol), THF (1 mL), CsOH�H2O (99.0 mg, 0.590 
mmol), tBuOOH (5.5 M in decane, 125 μL), and TBAF (1 M in THF, 250 μL), in that 
order. The reaction mixture was stirred at room temperature for 16 h. To the mixture was 
added saturated aqueous NaHSO3 (2 mL), and the mixture was poured into a separatory 
funnel and diluted with 15 mL of EtOAc. The organic layer was washed with water (3 x 
10 mL). The organic layer was dried with Na2SO4, filtered, and the solvents were 
evaporated with a rotary evaporator. The residue was purified by column chromatography 
with 65% EtOAc in hexanes as eluent, yielding 8a-diol as a white solid (14.3 mg, 78% 
yield). The 1H NMR resonance (at δ 3.94 ppm) in the 1H NMR spectrum for the proton α 
to oxygen (Ha, Figure 4.2) of the secondary alcohol in 8a-diol was assigned by analysis 
of the 1H-1H COSY spectrum of 8a-diol. The resonance for proton Ha is a doublet of 
triplets with coupling constants of 9.6 Hz and 4.5 Hz, respectively. The large coupling 
constant (9.6 Hz) for the doublet pattern indicates that this proton is axial and 
antiperiplanar to one vicinal proton. Thus the relative configuration of the -CH2OH and 
the -OH groups can be assigned as cis. 
 1H NMR (500 MHz, CDCl3) δ 4.15 (t, J = 10.4 Hz, 1H), 3.94 (dt, J = 9.6, 4.5 Hz, 1H), 
3.56 (d, J = 10.4 Hz, 1H), 2.75 (br s, 1H), 2.64 (br s, 1H), 2.36 – 2.13 (m, 1H), 1.84 (d, J 
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= 12.3 Hz, 1H), 1.77 – 1.68 (m, 1H), 1.51 – 1.33 (m, 3H), 1.09 (tt, J 
= 12.4, 3.1 Hz, 1H), 0.94 – 0.87 (m, 1H), 0.86 (s, 9H). 13C NMR 
(126 MHz, CDCl3) δ 74.8, 63.5, 47.1, 40.5, 32.5, 31.6, 27.6, 27.6, 
21.7. EIHR calc’d 186.1620, found 186.1617. 
 

 
Figure 4.2. 1H-1H COSY NMR spectrum of 8a-diol and the assignment of the relative configuration 
of 8a-diol.  
 
Characterization of Boronate 8b 

1H NMR (500 MHz, CDCl3) δ 3.75 – 3.59 (m, 1H), 2.17 – 2.10 (m, 
1H), 1.70 (dd, J = 12.7, 2.5 Hz, 1H), 1.62 (tt, J = 13.1, 4.0 Hz, 1H), 
1.53 (m, J = 13.3, 2.6 Hz, 1H), 1.47 – 1.41 (m, 1H), 1.37 (td, J = 
12.6, 5.1 Hz, 1H), 1.25 (d, J = 9.4 Hz, 12H), 1.21 – 1.12 (m, 2H), 
1.01 – 0.97 (m, 6H), 0.94 – 0.88 (m, 1H), 0.86 (s, 9H), 0.83 – 0.73 
(m, 2H), 0.64 – 0.56 (m, 4H). 13C NMR (126 MHz, CDCl3) δ 82.8, 

47.7, 32.6, 32.0, 29.7, 27.6, 25.1, 24.6, 22.6, 21.2, 14.9, 8.4, 8.4, 3.2, 3.2. 11B NMR (160 
MHz, CDCl3) δ 34.4. EIHR calc’d (M-H) 365.3047, found 365.3048. 
Assignment of the relative configuration for compound 8b 
The relative configuration of 8b was assigned after oxidation of 8b to the diol 8b-diol. 
The diol 8b-diol was synthesized in analogy to the synthesis of diol 8a-diol (vide supra) 
with boronate 8b (26.0 mg, 0.0709 mmol), THF (0.8 mL), CsOH�H2O (71.5 mg, 0.426 
mmol), tBuOOH (5.5 M in decane, 90.3 μL), and TBAF (1 M in THF, 180 μL). The 
residue was purified by recrystallization from chloroform, yielding 8b-diol as a white 
solid (8.1 mg, 61% yield). The resonance (at δ 4.00 ppm) in the 1H NMR spectrum of 8b-
diol for the proton α to oxygen (Ha) of the secondary alcohol was assigned after analysis 
of the 1H-1H COSY spectrum of 8b-diol (Figure 4.3). The resonance for proton Ha 
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contains no significant splitting, indicating that it occupies an equatorial position. Thus 
the relative configuration of the -CH2OH and the -OH groups can be 
assigned as trans. 
1H NMR (500 MHz, 1:1 CDCl3:Acetone-d6) δ 4.00 (s, 1H), 3.51 (d, 
J = 7.0 Hz, 2H), 3.28 (br s, 1H), 3.09 (br s, 1H), 1.88 – 1.70 (m, 2H), 
1.66 (d, J = 13.9 Hz, 1H), 1.58 – 1.37 (m, 3H), 1.24 (t, J = 13.0 Hz, 
1H), 1.10 – 0.98 (m, 1H), 0.78 (s, 9H). 13C NMR (126 MHz, 1:1 
CDCl3:Acetone-d6) δ 68.0, 63.2, 42.9, 40.7, 32.2, 30.2, 27.4, 22.6, 

21.9. EIHR calc’d 186.1620, found 186.1619. 

  
Figure 4.3. 1H-1H COSY NMR spectrum of 8b-diol and the assignment of the relative configuration 
of 8b-diol. 
 
4.4.7. Functionalization of C-B and C-Si Bonds of the Products of the Hydrosilyl 
Directed Borylation 
 
Synthesis of Amine 9a 

The synthesis of 9a was conducted in analogy to a reported 
procedure.28 In an argon-filled glove box, a 25 mL round bottom 
flask was charged with a solution of MeONH2 in THF (0.67 M, 
0.67 mL). To the flask was added a magnetic stir bar, and the flask 
was sealed with a septum. The flask was brought outside of the 
glove box and placed under a positive pressure of N2. The flask 
was cooled at -78 °C. To the reaction mixture was added n-BuLi 

(2.5 M, 0.18 mL) dropwise. The mixture was stirred for 30 min. To the mixture was 
added boronate 5a (50.5 mg, 0.150 mmol) as a solution in THF (0.8 mL). The mixture 
was warmed to RT. The reaction mixture was brought back into the glove box and 
transferred to a 4 mL vial, and the vial was sealed with a Teflon-lined cap. The mixture 
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was heated at 65 °C for 14 h. The mixture was cooled to RT. To the mixture was added 
Boc anhydride (110 μL, 0.477 mmol) all at once. The reaction mixture was stirred for 1 
h. The reaction mixture was quenched with water (1 mL) and poured into a separatory 
funnel. To the funnel was added additional water (10 mL), and the aqueous layer was 
extracted with EtOAc (2 x 10 mL). The organic layer was dried over sodium sulfate and 
filtered. The solvents were evaporated with a rotary evaporator. The residue was purified 
by silica gel chromatography with 4% EtOAc/Hexanes as eluent, yielding 9a (26.7 mg, 
55% yield) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 4.25 (d, J = 8.9 Hz, 1H), 
3.90 – 3.42 (m, 1H), 3.03 (qd, J = 10.4, 4.7 Hz, 1H), 1.87 – 1.73 (m, 1H), 1.58 – 1.52 (m, 
1H), 1.44 (s, 9H), 1.41 – 1.33 (m, 2H), 1.30 – 1.24 (m, 2H), 1.03 – 0.92 (m, 8H), 0.90 (s, 
2H), 0.89 (s, 3H), 0.66 – 0.47 (m, 4H), 0.42 – 0.21 (m, 1H). 13C NMR (126 MHz, CDCl3) 
δ 156.0, 79.0, 57.2, 47.6, 38.4, 36.4, 32.9, 30.8, 30.3, 28.6, 24.7, 14.6, 8.4, 8.4, 3.5, 3.3. 
ESIHR calc’d (M+H) 328.2666, found 328.2664. 
Synthesis of Amino Alcohol 9b 

In an argon-filled glove box, a 4 mL vial was charged with amine 
9a (34.4 mg, 0.105 mmol), [Ir(COD)Cl]2 (1.4 mg, 0.0021 mmol), 
dry and degassed MeCN (0.5 mL), and a magnetic stir bar. The 
reaction was stirred at room temperature for 3 h. The reaction 
mixture was filtered through silica gel, and the solvent of the 
filtrate was evaporated with a rotary evaporator. The residue was 

transferred to a 20 mL vial. To the vial was added KF (61.0 mg, 1.05 mmol), KHCO3 
(105 mg, 1.05 mmol), 1:1 MeOH:THF (1.0 mL), and a magnetic stir bar. The mixture 
was stirred. To the mixture was added H2O2 (30% aqueous, 238 μL, 2.10 mmol). The vial 
was sealed with a Teflon-lined cap and heated at 65 °C for 1 h. The reaction was cooled 
to room temperature, and an additional portion of H2O2 (30% aqueous, 238 μL, 2.10 
mmol) was added. The reaction mixture was heated at 65 °C for 1 h. The reaction was 
cooled to room temperature, and the final portion of H2O2 (30% aqueous, 238 μL, 2.10 
mmol) was added. The reaction was heated at 65 °C for an additional 1 h. The reaction 
mixture was cooled to room temperature and quenched with aqueous sodium thiosulfate 
(1 M, 10 mL). The mixture was extracted with dichloromethane (2 x 10 mL). The organic 
layer was dried with Na2SO4, and filtered. The solvents were evaporated with a rotary 
evaporator, yielding amino alcohol 9b (20.0 mg, 70% yield) as a white, crystalline solid. 
1H NMR (500 MHz, CDCl3) δ 4.48 (d, J = 8.0 Hz, 1H), 3.74 (d, J = 11.8 Hz, 1H), 3.60 
(br s, 1H), 3.41 – 3.05 (m, 2H), 1.79 – 1.72 (m, 1H), 1.56 – 1.49 (m, 1H), 1.44 (s, 9H), 
1.40 – 1.34 (m, 2H), 1.31 – 1.26 (m, 3H), 0.94 (s, 3H), 0.90 (s, 3H). 13C NMR (126 MHz, 
CDCl3) δ 157.3, 80.1, 63.8, 50.1, 42.8, 41.7, 38.4, 32.7, 30.4, 29.3, 28.5, 24.7. ESIHR 
calc’d (M+H) 258.2064, found 258.2064. 
Synthesis of Diol 9c 

To a 4 mL vial was added boronate 5a (33.8 mg, 0.100 mmol), KHCO3 
(50.1 mg, 0.500 mmol), 1:1 THF:MeOH (0.5 mL), and a magnetic stir 
bar. The mixture was stirred. To the mixture was added H2O2 (30% 
aqueous, 113 μL, 1.00 mmol). The vial was sealed with a Teflon-lined 
cap and heated at 50 °C for 24 h. The reaction mixture was cooled to 
room temperature and quenched with saturated aqueous NaHSO3 (2 
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mL). The mixture was extracted with EtOAc (10 mL), and the organic layer was washed 
with saturated aqueous NaHCO3 (10 mL). The organic layer was dried with Na2SO4, and 
filtered. The solvents were evaporated with a rotary evaporator. The crude product was 
purified by silica gel chromatography with 50% EtOAc in hexanes as eluent, yielding 
diol 9c (13.6 mg, 86% yield) as an off-white solid. 1H NMR (500 MHz, CDCl3) δ 3.65 
(dd, J = 10.5, 3.2 Hz, 1H), 3.59 (dd, J = 10.4, 9.0 Hz, 1H), 3.46 (td, J = 10.5, 4.7 Hz, 1H), 
3.10 (br s, 2H), 1.85 – 1.70 (m, 2H), 1.53 (dtd, J = 13.1, 11.1, 3.9 Hz, 1H), 1.41 – 1.33 
(m, 1H), 1.24 – 1.15 (m, 2H), 0.96 (s, 3H), 0.92 (d, J = 10.9 Hz, 3H), 0.84 (t, J = 13.1 Hz, 
1H). 13C NMR (126 MHz, CDCl3) δ 77.4, 69.5, 41.8, 40.2, 37.3, 32.6, 31.5, 30.3, 24.8. 
ESIHR calc’d (M+H) 159.1380, found 159.1379. 
Synthesis of Benzofuran 9d 

The synthesis of 9d was conducted in analogy to a reported 
procedure.29 In an argon-filled glove box a 20 mL vial was 
charged with boronate 5a (97.9 mg, 0.289 mmol), [Ir(COD)Cl]2 
(3.9 mg, 0.0058 mmol), dry and degassed MeCN (1 mL), and a 
magnetic stir bar. The mixture was stirred at room temperature 
for 24 h. The reaction mixture was brought outside of the glove 
box and filtered through silica gel. The solvents of the filtrate 

were evaporated, and the crude boronate silyl ether was transferred to a 4 mL vial and 
brought into the glove box. In the glove box a 15 mL round-bottom flask was charged 
with benzofuran (44.7 μL, 0.406 mmol), THF (1 mL), and a magnetic stir bar. The crude 
boronate silyl ether was loaded into a syringe as a solution in THF (1 mL). The flask was 
sealed with a septum and brought outside of the glove box. The flask was placed under a 
positive pressure of N2 and cooled to -78 °C. To the flask was added n-butyllithium (2.5 
M, 197 μL) dropwise. The reaction mixture was warmed to 0 °C and stirred at this 
temperature for 30 min. The flask was chilled to -78 °C, and to the flask was added the 
solution of the boronate silyl ether dropwise. The reaction mixture was stirred at this 
temperature for 30 min. To the flask was added a solution of N-bromosuccinimide (79.8 
mg, 0.448 mmol) in THF (1 mL). The flask was warmed to 0 °C, and the reaction 
mixture was stirred at this temperature for 15 min. To the flask was added saturated 
aqueous Na2S2O3 (2 mL), and the flask was warmed to room temperature. The mixture 
was poured into a separatory funnel and diluted with EtOAc (20 mL) and water (20 mL). 
The layers were separated, and the aqueous layer was extracted with EtOAc (20 mL). The 
combined organic layers were dried with Na2SO4, filtered, and the solvents were 
evaporated with a rotary evaporator. The crude product was purified by silica gel 
chromatography with 0.5% Et2O in pentane as eluent, yielding 9d (44.8 mg, 40% yield) 
as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 7.48 (dd, J = 6.3, 2.0 Hz, 1H), 7.40 (d, J 
= 7.4 Hz, 1H), 7.22 – 7.10 (m, 2H), 6.39 (s, 1H), 3.97 – 3.68 (m, 1H), 2.29 (td, J = 12.1, 
3.9 Hz, 1H), 2.06 (q, J = 10.8 Hz, 1H), 1.91 – 1.64 (m, 3H), 1.46 (t, J = 13.8 Hz, 1H), 
1.28 (td, J = 13.5, 4.0 Hz, 1H), 1.09 (d, J = 6.1 Hz, 3H), 1.07 (d, J = 6.1 Hz, 3H), 1.04 (s, 
3H), 1.01 – 0.97 (m, 1H), 0.96 (s, 3H), 0.84 (td, J = 7.9, 5.4 Hz, 6H), 0.68 (dd, J = 14.9, 
1.7 Hz, 1H), 0.57-0.43 (m, 4H), 0.33 (dd, J = 14.9, 11.3 Hz, 1H). 13C NMR (126 MHz, 
CDCl3) δ 163.1, 154.6, 129.1, 123.0, 122.4, 120.3, 110.9, 102.2, 64.8, 48.5, 47.6, 39.1, 
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33.3, 32.6, 31.2, 29.3, 26.0, 26.0, 24.8, 18.8, 6.9, 6.2, 5.8. EIHR calc’d 386.2641, found 
386.2641. 
Synthesis of Alcohol 9e 

To a 4 mL vial containing a magnetic stir bar was added 
benzofuran 9d (37.0 mg, 0.0957 mmol), THF (1.6 mL), 
CsOH�H2O (193 mg, 1.15 mmol), tBuOOH (5.5 M in decane, 
244 μL), and TBAF (1 M in THF, 478 μL), in that order. The 
mixture was heated at 50 °C for 2 h. The mixture was cooled to 
room temperature and quenched with aqueous Na2S2O3 (1 M, 5 

mL). The mixture was extracted with EtOAc (10 mL). The organic layer was dried with 
Na2SO4, filtered, and the solvents were evaporated with a rotary evaporator. The crude 
product was purified by silica gel chromatography with 15% EtOAc in hexanes as eluent, 
yielding 9e (20.4 mg, 83% yield) as a colorless oil. 1H NMR (500 MHz, CDCl3) δ 7.49 
(d, J = 8.3 Hz, 1H), 7.42 (d, J = 7.9 Hz, 1H), 7.24 – 7.13 (m, 2H), 6.43 (s, 1H), 3.48 (dd, 
J = 11.0, 3.4 Hz, 1H), 3.40 (dd, J = 11.0, 5.5 Hz, 1H), 2.56 (td, J = 12.0, 3.9 Hz, 1H), 
2.08 – 1.97 (m, 1H), 1.92 (dd, J = 12.8, 3.5 Hz, 1H), 1.84 – 1.76 (m, 1H), 1.62 – 1.56 (m, 
1H), 1.55 – 1.49 (m, 1H), 1.44 (s, 1H), 1.34 – 1.28 (m, 1H), 1.24 (t, J = 13.2 Hz, 2H), 
1.05 (s, 3H), 1.01 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 162.1, 154.4, 128.7, 123.3, 
122.6, 120.4, 110.9, 101.8, 66.4, 42.5, 39.9, 39.7, 38.8, 33.1, 30.5, 28.3, 24.7. ESIHR 
(M+H) calc’d 259.1693, found 259.1690. 
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5.1 Introduction 
 
 The functionalization of C-H bonds is a powerful and direct strategy in organic 
synthesis to diversify molecules and to reduce the number of steps in a synthetic 
sequence.1-3 Over the last two decades many catalytic methods have been developed that 
follow this strategy, and these methods include those in which the C-H bond cleavage is 
guided by a directing group contained within the substrate and those in which the C-H 
bond cleavage is undirected.4 Undirected C-H bond functionalizations are more difficult 
to achieve than directed functionalizations, and the borylation of C-H bonds is arguably 
the most useful. The C-B bond of the organoboronate esters formed from this reaction 
can be transformed to a variety of C-C and C-heteroatom bonds. Furthermore, the 
selectivity of C-H borylation is often orthogonal to that of other C-H bond 
functionalizations.5 However, while the undirected borylation of aryl C-H bonds is a 
versatile, practical method now used on a relatively large scale in industry,6 the 
undirected borylation of alkyl C-H bonds remains underdeveloped.  
 First reported in 2002 by Ishiyama, Miyaura and Hartwig, the reaction of an arene 
with B2pin2 (bispinacolatodiboron) catalyzed by the combination of [Ir(COD)OMe]2 and 
4,4’-di-tert-butylbipyridine (dtbpy) forms arylboronate esters in high yield at room 
temperature and without the need for an excess of the arene (Scheme 5.1a).7,8 In stark 
contrast, the borylation of alkyl C-H bonds catalyzed by Rh,9 Ru,10 or Ir11,12 catalysts 
requires high temperatures and a large excess of the alkane (Scheme 5.1b). While 
strategies for the borylation of alkyl C-H bonds involving directing groups have been 
developed that overcome these limitations,13-17 the requirement that a specific functional 
group be contained in the substrate limits the generality of these methods. Thus, novel 
catalysts with high activity for the undirected borylation of alkyl C-H bonds could create 
new capabilities in organic synthesis. 
 
Scheme 5.1. Comparison of Aryl C-H Borylation to Alkyl C-H Borylation 

 
 
 In 2012, our group reported an Ir catalyst for the borylation of alkyl C-H bonds,11 
including the secondary alkyl C-H bonds of amines and ethers.18 We found that the 
combination of an Ir precursor and 3,4,7,8-tetramethylphenanthroline (tmphen) catalyzes 
the borylation of neat alkanes with B2pin2 at 100-120 °C, temperatures that are lower than 
those reported for the borylation of alkanes catalyzed by Rh or Ru catalysts. Since this 
initial report, there have been several examples of the C-H borylation of arenes and 
alkanes catalyzed by Ir bound to various phenanthrolines.19-22 Given this broad utility of 
Ir-phenanthroline catalysts for C-H borylation and the potential diversity of 
phenanthroline derivatives that could be synthesized, we initiated a study to examine the 
effect of the substituents on the phenanthroline ligands on various properties of 

R

B2pin2
[Ir(COD)OMe]2 cat.

dtbpy cat.

solvent, rt-80 ºC

R
Bpin

A. B.

R

B2pin2
Rh, Ru, or Ir cat.

neat, 100-150 ºC
R

Bpin

1 equiv



                                                                                                                         Chapter 5 
	

	 202 

phenanthroline-bound Ir catalysts, with the goal of identifying structural features that can 
lead to highly active catalysts for the C-H borylation of alkanes. 
 Here we report a detailed study of the effect of the structure of phenanthroline 
ligands on the rates of alkyl C-H borylation catalyzed by the corresponding Ir-
phenanthroline catalysts. We measured the rates of the reactions catalyzed by complexes 
containine a series of ligands and prepared the corresponding phenanthroline-ligated 
iridium trisboryl complexes bound by carbon monoxide. The C-O stretching frequency of 
these complexes was correlated with the natural log of the rate constant for alkyl C-H 
borylation to ascertain the effect of the electron-density at the metal center on the rates of 
alkyl C-H borylation. Lastly, we report computational and experimental studies that 
support the existence of weak interactions in the transition state for turnover-limiting 
oxidative addition of alkyl C-H bonds. These weak interactions have a large impact on 
the rate of the turnover-limiting oxidative addition step. 
 
5.2 Results and Discussions 
 
5.2.1. Ligand Design and Synthesis  
 

 
 
 To reveal the effect of the structure of phenanthroline-bound Ir catalysts on the 
rate of the borylation of an alkyl C-H bond, we studied the C-H borylation of THF as a 
model reaction. The borylation of tetrahydrofuran to form 3-boryl-tetrahydrofuran 1 (eq 
1) was chosen over the borylation of simple hydrocarbons as the model reaction because 
of the poor solubility of phenanthrolines in alkanes. Furthermore, the yield of the 
borylation of THF catalyzed by Ir-phenanthroline catalysts is higher than that of the 
borylation of hydrocarbons catalyzed by similar catalysts.11,12 
 

 
Figure 5.1. a) Properties and synthetic variability of the different positions for substitution on the 
phenanthroline core. B) Overall design of a library of phenanthrolines. 
 
 A series of phenanthrolines containing various substituents was synthesized, and 
the rates of the borylation of THF catalyzed by complexes of these phenanthroline were 
measured. The phenanthroline core has eight positions that can bear substituents (Figure 
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5.1a). Substituents at the 2 and 9-positions flank the nitrogen donors, and substituents at 
these positions will likely retard rates for alkyl C-H borylation, due to steric effects. 
Substituents at the 5 and 6-positions of the backbone of the phenanthroline are 
synthetically difficult to vary. However, substituents at the 3 and 8-positions (β to 
nitrogen) and the 4 and 7-positions (γ to nitrogen) can be varied easily and without 
changing the steric environment near the metal-center. Thus, we synthesized a library of 
symmetrical phenanthrolines with various substituents at positions 3,4,7, and 8. 
 The effect of substituents at the 4 and 7-positions of phenanthrolines bound to Ir 
on the electron-density at Ir is likely to be larger than that of substituents at the 3 and 8-
positions due to π donation and π acceptance to and from the metal-center. Thus, we 
synthesized phenanthrolines containing a variety of substituents at the 4 and 7-positions.  
 Although the effect of the 3 and 8 substituents of phenanthrolines on the electron-
donating ability of these ligands is likely less significant than that of the 4,7-substituents, 
most reported Ir-phenanthroline catalysts for C-H borylation contain substituents at the 3 
and 8-positions, such as methyl11 or mesityl16, suggesting that these substituents have an  
influence on the activity or stability of the corresponding catalysts. Thus, we synthesized 
three groups of phenanthrolines: one containing no substituents at the 3 and 8 positions, 
one containing methyl groups at the 3 and 8 positions, and one containing mesityl groups 
at the 3 and 8 positions (Figure 5.1b). Each of these groups included phenanthrolines 
containing various 4,7-substituents including chloro, hydro, methyl, silylmethyl, and 
pyrrolidinyl. 
 
Scheme 5.2. Synthesis of Phenanthrolines Without 3 and 8-Substituents 

 
 

 The group of phenanthrolines lacking 3 and 8 substituents is shown in Scheme 
5.2. This group contains some previously reported phenanthrolines and some novel 
phenanthrolines. Dichlorophenanthroline 2a was synthesized according to a known 
method,23 and phenanthrolines 2b and 2c were purchased from commercial sources. The 
disilylmethylpheanthroline 2d was synthesized from 2c by deprotonation of the 4,7-

N N
H H

R R
2a;  R = Cl; synthesized by known method
2b; R = H; commercial
2c; R = Me; commercial
2d; R = CH2TIPS; see sythesis below

2e; R =               ; see synthesis belowN

N N

Me Me LiHMDS 3 equiv
then TIPSOTf 5 equiv

THF, -78 ºC
2c N N

2d, 51%

TIPS TIPS

N N

Cl Cl

2a
NMP, 120 ºC
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N N

N N
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dimethyl motif, followed by quenching with triisopropylsilyl triflate (TIPSOTf). Lastly, 
2e was synthesized from 2a by nucleophilic aromatic substitution with pyrrolidine. 
 Phenanthrolines for the current study containing the 3,8-dimethyl motif are shown 
in Scheme 5.3. The synthesis of 3a was conducted according to a known procedure.24 
Dimethylphenanthroline 3b is typically synthesized by a Skraup reaction,25 but the yield 
is very low and separation of 3b from the reaction mixture is difficult. We considered the 
conversion of 3,8-dibromophenanthroline to 3b by Pd-catalyzed Negishi coupling. With 
dimethylzinc as the nucleophile, 3b was formed in low yield, but with TMSCH2ZnCl as 
the nucleophile, 3b formed in good yield following treatment of the crude mixture with 
methanolic KOH. Tetramethylphenanthroline 3c was purchased from a commercial 
source. The synthesis of 3,8-dimethyl-4,7-disilylmethyl-phenanthroline 3d from 3c was 
conducted in analogy to the synthesis of 2d. The synthesis of 3,8-dimethyl-4,7-
dipyrrolidinylphenanthroline 3e from 3a was conducted in analogy to synthesis of 2e. 
 
Scheme 5.3. Synthesis of 3,8-Dimethylphenanthrolines 

 
 

 To synthesize the group of phenanthrolines containing the 3,8-dimesityl motif 
(Scheme 5.4), we developed an approach involving site-selective cross-coupling. From 
dihydroxyphen,23 3,8-dibromo-4,7-dichlorophenanthroline was synthesized by 
bromination followed by deoxychlorination. The Negishi coupling of 3,8-dibromo-4,7-
dichlorophenanthroline with MesZnCl formed 4a, selectively. Phenanthroline 4b was 
synthesized according to a known procedure.16 Negishi coupling of 4a with dimethylzinc 
afforded 4c in good yield, and 4c underwent silylation to form 4d in analogy to the 
syntheses of 2d and 3d. Phenanthroline 4a proved to be unreactive toward nucleophilic 
aromatic substitution with pyrrolidine, so a 4,7-dipyrrolidinyl analogue of 3,8-dimesityl 
phenanthroline was not synthesized. 
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Scheme 5.4 Synthesis of 3,8-Dimesitylphenanthrolines 

 
 
5.2.2. Synthesis of Phenanthroline-Bound Ir-Trisboryl Carbon Monoxide Complexes  
 

Table 5.1. C-O Stretching Frequencies for a Series of Phenanthroline-Bound Ir-Trisboryl 
Carbon Monoxide Complexes 

 
 
 To gain information on how the structure of phenanthrolines affects the electronic 
properties of the intermediate of the catalytic process that cleaves the alkyl C-H bond, we 

N N
Mes Mes

R R 4a;  R = Cl; see synthesis below
4b; R = H; synthesized by known method
4c; R = Me; see synthesis below
4d; R = CH2TIPS; see sythesis below

N N

Me Me

LiHMDS 9 equiv
then TIPSOTf 9 equiv

THF, -78 ºC

4c, 85%

N N

TIPS TIPS

N N

HO OH

N N
4a, 69%

Mes MesMes Mes

Mes Mes

1.Br2, AcOH
reflux

2. POCl3
80 ºC

N N

Cl Cl

Br Br

Me2Zn 3.5 equiv
Pd(PPh3)4 5 mol%

Cl Cl

THF, Toluene 
120 ºC

MesZnCl 4 equiv
Pd(PPh3)4 4 mol%

THF, Toluene 120 ºC

4d, 56%

+ 1/2 [Ir(COD)OMe]2

COE xs, HBpin xs
then CO 1 atm

Cy-H, THF
Ir

Bpin

Bpin

Bpin

CO

2-4 5-7

N

N

R1

R2

R2

R1

N

N

R1

R2

R2

R1

R1 = H

Me

Mes

R2 = Cl H Me CH2TIPS N

1978 cm-1

(5a)
1974 cm-1

(5b)
1972 cm-1

(5c)
1971 cm-1

(5d)
1963 cm-1

(5e)

1976 cm-1

(6a)
1973 cm-1

(6b)
1971 cm-1

(6c)
1969 cm-1

(6d)
1967 cm-1

(6e)

1977 cm-1

(7a)
1974 cm-1

(7b)
1971 cm-1

(7c)
1969 cm-1

(7d)
-

C-O 
stretch 

(complex)



                                                                                                                         Chapter 5 
	

	 206 

synthesized a series of phenanthroline-bound Ir-trisboryl carbon monoxide complexes 
containing ligands 2-4. By methods analogous to those reported previously by us,26 
complexes 5a-e, 6a-e, and 7a-d were synthesized. The C-O stretching frequencies of 
these complexes as a solution in THF were measured by infrared spectroscopy, and the 
values are shown in Table 5.1. Within each group of phenanthroline-ligated boryl 
complexes, the C-O stretching frequencies of the corresponding complexes decrease for 
various 4,7-substituents in the order Cl > H > Me > CH2TIPS > pyrrolidinyl. In other 
words, the electron-density at Ir increases in the order Cl < H < Me < CH2TIPS < 
pyrrolidinyl. This ordering would be predicted based on the corresponding Hammett 
parameters of these substituents.27  
 Varying the 3 and 8-substituents to H, Me, or Mesityl had little effect on the 
electron-density at Ir. However, based on the C-O stretching frequencies of complexes 5e 
and 6e (1963 cm-1 and 1967 cm-1, respectively), pyrrolidinyl-substituted phen 2e 
contained in complex 5e is more donating than the analogous phen 3e contained in 
complex 6e. This difference in electron donating property is likely due to the steric 
hinderance of the methyl group ortho to the pyrrolidinyl group in 3e; this group prevents 
the pyrrolidinyl group from adopting an ideal conformation for the nitrogen electron pair 
to donate into the π system of the phen ligand.   

 
Figure 5.2. Structure of complex 6d determined by single crystal X-ray diffraction. Hydrogen atoms 
have been omitted for clarity. 

 For one of these complexes 6d, crystals suitable for X-ray diffraction were 
obtained (Figure 5.2). This trisboryl-iridium carbon monoxide complex adopts a distorted 
octahedral geometry. The carbon monoxide ligand is tilted away from the phenanthroline 
ligand, as evidenced by the N1-Ir1-C1 and N2-Ir1-C1 angles of 106.51° and 100.79°, 
respectively. Furthermore, the carbon monoxide ligand is bent; the Ir1-C1-O1 angle is 
171.60°. Perhaps surprising, the two bulky silylmethyl substituents of the phenanthroline 
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contained in this complex are oriented toward the more hindered side of the complex. 
However, this conformation is likely a result of crystal-packing effects. The Ir-B 
distances (2.052 and 2.061 Å) of the two boryl ligands that are trans to the N-atoms of the 
phenanthroline are similar to those for the boryl groups trans to the N-atoms of a 
bipyridine ligand (2.027 and 2.057 Å) in the COE-bound dtbpy-Ir-trisboryl complex.7 
However, the Ir-B distance for the boryl ligand trans to CO (2.118 Å) in the structure of 
complex 6d is significantly longer than that for the boryl ligand trans to COE (2.055 Å) 
in the structure of a COE-bound dtbpy-Ir-trisboryl complex.7 
 
5.2.3. Measurement of Rates of the Borylation of THF Catalyzed by Ir-Phenanthroline 
Complexes 
 

 
Figure 5.3. Effect of electron-donating ability (measured as a C-O stretching frequency) of 
phenanthroline ligands on the rates of the following reactions: a) borylation of THF with B2pin2 
catalyzed by Ir-2a-e, b) borylation of THF with B2pin2 catalyzed by Ir-3a-e, and c) borylation of THF 
with B2pin2 catalyzed by Ir-4a-d. d) Superimposition of Figures 5.3a, b, and c. aPhenanthroline 2b 
undergoes borylation to form ligand 8. 
 
 We conducted a series of reactions of THF with B2pin2 at 100 °C catalyzed by the 
combination of the isolable trisboryl complex (η6-mes)Ir(Bpin)3

28 and each of the 
phenanthrolines 2-4 from our library of ligands. For specific reactions, this combination 
of (η6-mes)Ir(Bpin)3 and ligand will be referred to as Ir-ligand (e.g. Ir-2a for the 
combination of (η6-mes)Ir(Bpin)3 and phenanthroline 2a). The initial rate of formation 
(<25% yield) of alkyl boronate 1 was measured for each reaction by gas chromatography, 
and the final yield of 1 was measured after 48 h. From the initial rates of these reactions 
and the catalyst concentration, we determined the observed first-order rate constants (kobs) 
and plotted the natural log of these rate constants vs. the C-O stretching frequency of the 
corresponding trisboryl CO complexes 5-7. These plots are depicted graphically for 
phenanthrolines lacking 3 and 8-substituents (Figure 5.3a), phenanthrolines containing 
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3,8-dimethyl groups (Figure 5.3b), and phenanthrolines containing 3,8-dimesityl groups 
(Figure 5.3c). A superimposition of all three sets of data is provided in Figure 5.3d. 
 Because oxidative addition of the C-H bond is presumed to be the turnover-
limiting step of the C-H borylation of THF,11,18 one might expect a positive correlation 
between the natural log of kobs for this reaction catalyzed by Ir-2-4 and the electron 
density at the metal center of Ir-2-4 indicated by a negative correlation between ln(kobs) 
and the C-O stretching frequency of the corresponding complexes 5-7.  However, such a 
correlation was not observed for the borylation of THF catalyzed by Ir catalysts 
containing ligands 2a-e, lacking 3 and 8 substituents (Figure 5.3a). For example, ligand 
2e is much more electron-donating than either ligands 2b or 2c, but the borylation of THF 
catalyzed by Ir-2e is slower than the borylation catalyzed by Ir-2b and Ir-2c.  

One origin of this perturbation of the order of reactivity results from the 
modification of the ligand in the catalytic reaction. We discovered that the parent 
phenanthroline 2b undergoes a rapid bisborylation at the 3 and 8 positions to form 3,8-
diboryl phenanthroline 8 (eq 2) under the conditions of the borylation of THF catalyzed 
by Ir-2b, even at room temperature. The initial rate of the borylation of THF conducted 
with Ir-8 as catalyst was identical to that observed when the reaction was conducted with 
the catalyst Ir-2b containing the unsubstituted phenanthroline implying that the active 
catalyst in the reactions conducted with 2b contains the diborylated ligand 8.  

The Ir-CO complex 9 containing ligand 8 was prepared, and the C-O stretching 
frequency of this complex was 1973 cm-1. This value is close to that for the C-O 
stretching frequency of complex 5b (1974 cm-1) containing the parent phenanthroline 
ligand 2b. While this result does not reconcile the lack of correlation depicted in Figure 
5.3a, it does show that substituents at the 3 and 8-position of a phenanthroline can affect 
the rate of the corresponding reaction, even if they have little effect on the electron-
donating ability of the ligand. This effect of the 3 and 8-substituent on the rate of the 
reaction will be explored in detail later. 
 

 
 
 For the reactions catalyzed by complexes containing phenanthrolines 3a-e, which 
contain the 3,8-dimethyl motif, a positive correlation between the natural log of kobs and 
the electron density at Ir was observed (Figure 5.3b), with one exception: the reaction 
catalyzed by pyrrolidinyl-substituted Ir-3e was slower than that catalyzed by Ir-3d or Ir-
3c, even though 3e is more donating than 3c or 3d. Similarly, for the borylation of THF 
catalyzed by the 3,8-dimesityl substituted series Ir-4a-d, a positive correlation between 
natural log of kobs and the electron density at Ir was observed (Figure 5.3c). However, the 
rate of the borylation of THF catalyzed by Ir-4d containing silylmethyl groups at the 3 
and 8 position was slightly lower than the rate of the analogous reaction with the Ir-4c as 
catalyst lacking groups at the 3 and 8 positions, even though 4d is more donating than 4c.  

N N

B2pin2 2 equiv
(η6-mes)Ir(Bpin)3 5 mol%

THF, rt N N
Bpin Bpin

(2)

2b 8, 70%
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 In general, the turnover frequencies (TOF) of reactions catalyzed by Ir catalysts 
containing phenanthrolines 4a-d bearing the 3,8-dimesityl groups were higher than those 
of reactions catalyzed by analogous catalysts containing phenanthrolines bearing either 
3,8-dimethyl groups (3a-e) or no groups at the 3 and 8-positions (2a-e) (Table 5.2). 
However, the turnover number (TON) for reactions catalyzed by Ir-3c and Ir-3d (TON = 
21 and 27, respectively) containing the 3,8-dimethyl motif were higher than those for 
reactions catalyzed by Ir-4c and Ir-4d (TON = 20 and 14, respectively) containing the 
3,8-dimesityl groups. Thus, among the three series of phenanthrolines 2a-e, 3a-e, and 4a-
d, phenanthrolines containing the 3,8-dimesityl groups typically form the most active 
catalysts for the borylation of THF, and the phenanthrolines containing the 3,8-dimethyl 
motif typically generate catalysts that form the product from the borylation of THF in the 
highest yield. 
 
Table 5.2. C-H Borylation of THF Catalyzed By Various Ir-Phenanthroline Catalystsa 

 
aReactions conducted on a 0.170 mmol scale. bYields were determined by gas chromatography and are 
based on moles of B2pin2. 
 
5.2.4. Investigation of the Trends in Catalyst Activity for the Borylation of THF 
 
 To reveal the origins of the correlations of the relationships between ln(kobs) for 
the borylation of THF catalyzed by the phenanthroline-ligated iridium complexes and the 
electron-density at the metal-center of these catalysts, particularly the origin of the 

Ligand R1 R2 Yieldb TON TOF (h-1)

2a H Cl 15% 3.0 0.28
2b (8) H (Bpin) H 42% (50%) 8.0 (9.5) 1.7 (1.5)

2c H Me 23% 4.5 0.82
2d H CH2TIPS 55% 11 0.38

2e H N 33% 6.6 0.53

3a Me Cl 23% 4.6 0.23
3b Me H 100% 20 0.63
3c Me Me 103% 21 0.86
3d Me CH2TIPS 137% 27 1.2

3e Me N 89% 18 0.74

4a Mes Cl 28% 5.6 1.0
4b Mes H 97% 20 1.3
4c Mes Me 99% 20 2.3
4d Mes CH2TIPS 70% 14 2.1

O (η6-mes)Ir(Bpin)3 5 mol%

neat, 100 ºC

O

Bpin1
+ B2pin2

1 equiv

N N 5 mol%

R1 R1

R2 R2
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accelerating effect of the 3 and 8-substituents on the phenanthroline, we conducted 
experimental and computational studies. 
 The observation that phenanthrolines 4a-d containing the 3,8-dimesityl motif 
form some of the most active catalysts for the borylation of THF suggested that a subtle 
effect unrelated to the electron-density at the Ir center is affecting the rate. Because the 
electron-donating abilities of phenanthrolines containing either H, Me, or Mes at the 3 
and 8-positions are similar to each other, the higher rates for the borylation of THF 
catalyzed Ir-4a-d over those of reactions catalyzed by the analogous Ir-2a-d and Ir-3a-d 
cannot be rationalized by the relative electron-densities at the Ir centers of these catalysts. 
Furthermore, the 3 and 8-substituents are too far from the metal-center to affect the steric 
environment around Ir. However, the 3,8-substituents could affect the inter-ligand 
interactions between the phenanthroline and the boryl groups of the Ir catalyst because 
the electron density at Ir might not reflect such effects. 

 
Figure 5.4. a) Interactions between the C-H bonds at the 2,9-positions of phenanthrolines and the 
oxygen atoms of boryl ligands in the ground state and oxidative addition transition states for the 
reaction of THF with phen-bound Ir-trisboryl complexes. b) Interaction of the benzylic C-H bonds of 
a mesityl group and the oxygen atoms of boryl ligands. 
 
 In 2014, our group reported a method for the borylation of alkylamines catalyzed 
by the combination of (η6-mes)Ir(Bpin)3 and ligand 3c that was selective for the 
borylation of primary C-H bonds β to nitrogen over the borylation of primary C-H bonds 
α to nitrogen.18 An NBO analysis of the corresponding transition-states for oxidative 
addition of the C-H bond calculated by DFT strongly suggested that the selectivity is 
derived from a set of weak interactions that are stronger in the transition-state for the 
cleavage of a C-H bond β to nitrogen than in the transition-state for the cleavage of a C-H 
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bond α to nitrogen. Of these interactions, C-H···O interactions between the C-H bonds at 
the 2,9-positions of the phenanthroline and the oxygen atoms of the boryl groups in the 
plane of the phenanthroline were the strongest. Because the 3 and 8 substituents on a 
phenanthroline are ortho to the C-H bonds at the 2 and 9 positions, these substituents 
could affect this inter-ligand C-H···O interaction, which could stabilize the transition state 
for oxidative addition, relative to the ground state. 
 
Table 5.3. Comparisons of C-H···O Interactions Calculated by DFTa 

 
aFrequency calculations (at T = 373 K), optimization, and NBO analysis of ground states and 
transition states were conducted with the 6-31g(d,p)/lanl2dz basis set and the B3LYP-D3 functional. 
Single-point energy calculations were conducted with the 6-311++g**/lanl2tz basis set and the M06 
functional. bComputed barrier to oxidative addition of THF to phen-bound Ir-trisboryl complexes. 
cExperimentally determined barrier for the borylation of THF catalyzed by Ir-phen complexes. 
 
 To investigate the effect of the 3 and 8-substituents of phenanthrolines on the 
strength of the C-H···O interactions relevant to the borylation of alkyl C-H bonds 
catalyzed by Ir-phenanthroline complexes, we computed by DFT the ground states and 
transition states for the oxidative addition of THF by Ir-trisboryl complexes bound by 
ligands 2c, 3c, or 4c. Each of these phenanthroline ligands contains the 4,7-dimethyl 
motif, but each has a different set of 3,8-substituents (H, Me, or Mes, respectively). The 
electron-donating ability of all three of the ligands are similar to each other. An NBO 
analysis of these structures allowed us to determine the energy of the C-H···O 
interactions (ENBO) in the ground states and transition states for H-O contacts in which the 
H-O distance is less than the sum of the corresponding van der Waals radii (<2.72 Å) and 
the corresponding C-H-O angle is greater than 90°. For all three reactions, the C-H···O 
interactions between the C-H bonds at the 2,9-positions and the O atoms of the boryl 
ligands (see Figure 5.4a) in the transition state were stronger than those in the ground 
state (ΔENBO = negative). The H-O distances of these interactions ranged from 2.13 Å to 
2.59 Å, and the corresponding C-H-O angles ranged from 123° to 145°. Furthermore, an 
additional C-H···O interaction was identified in the structures relevant to the reaction of 
THF and the Ir-trisboryl bound by 4c. This interaction involves the benzylic C-H bond of 
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the mesityl group contained in 4c and the oxygen atoms of the boryl ligands (see Figure 
5.4b). Although the H-O distances corresponding to this interaction were long (2.45 Å to 
2.55 Å), the strength of the interaction was significant, due to the corresponding angles 
(158° to 174°) being close to the ideal angle (180°) for C-H···O interactions. This 
interaction in the transition state was also computed to be stronger than this interaction in 
the ground state (ΔENBO = negative).  

The total ΔENBO for these reactions are provided in Table 5.3. In addition, Table 
5.3 contains values for the computed barriers (ΔGcomp

‡) of the reactions of THF with the 
phen-bound Ir-trisboryl complexes and the experimental barriers (ΔGexp

‡) of the 
corresponding catalytic reactions. The computed and experimentally determined barriers 
appear to correlate with ΔENBO, suggesting that these C-H···O interactions may be the 
origin of the difference in rates for the borylation of THF catalyzed by the Ir catalysts 
containing ligands 2c, 3c, or 4c. The NBO analysis of the structures involving ligand 4c 
containing the 3,8-dimesityl motif shows that the stabilization of the transition state 
(ΔENBO = -1.62 kcal/mol) by C-H···O interactions in 4c is greater than that of the 
structures corresponding to ligands 2c (ΔENBO = -1.14 kcal/mol) and 3c (ΔENBO = -0.91 
kcal/mol). Thus the trend in stabilization of the corresponding transition states containing 
each ligand follows the order 4c > 3c > 2c, which matches the trend in reactivity of the 
corresponding catalysts determined computationally and experimentally. In general, the 
relative values of the computed barriers agree with those of the experimentally 
determined barriers. However, our calculations slightly overestimate the differences in 
reactivity of the corresponding catalysts. 
 The majority of the stabilization (0.92 kcal/mol out of 1.62 kcal/mol) of the 
transition state containing ligand 4c by C-H···O interactions results from the interaction 
of benzylic C-H bonds of the mesityl groups with the O atoms of boryl ligands. Thus, 
these unique interactions make the Ir-4c catalyst more active than catalysts Ir-2c or Ir-3c. 
To test this hypothesis and the ability to capitalize on this C-H···O interaction, we 
designed two ligands in which the methyl groups on the 3,8-dimesityl motif are 
perturbed, and we sought to compare the activity of catalysts containing these ligands to 
the one containing 3,8-dimesitylphenanthroline 4b. One ligand 10 contains 2,4,6-
trimethoxyphenyl groups at the 3 and 8 positions, and another ligand 11 contains 2,4,6-
tri-(methoxymethyl)phenyl groups at the 3 and 8 positions (Table 5.4). The 
corresponding CO complexes 12 and 13, containing ligands 10 and 11 respectively, were 
synthesized, and the C-O stretching frequencies were determined to be 1973 cm-1 and 
1974 cm-1. These values are similar to the C-O stretching frequency of complex 6b (1974 
cm-1) containing 3,8-dimesitylphenanthroline 4b. 
 If the benzylic C-H···O interaction contributes to the stabilization of transition 
states for the oxidative addition of THF containing phenanthrolines with the 3,8-dimesityl 
motif, then one would expect that the activity of the catalyst containing ligand 10 for the 
borylation of THF should be lower than that of the catalyst containing ligand 4b, due to a 
lack of benzylic C-H bonds in ligand 10. In contrast, one would expect that the activity of 
the catalyst containing ligand 11 should be higher than that of the catalyst containing 
ligand due to the enhanced acidity of the benzylic C-H bonds of ligand 11 relative to 
those of ligand 4b. This higher acidity should lead to stronger C-H···O interactions. 
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Indeed, the borylation of THF catalyzed by Ir-10 showed that the activity of this catalyst 
(TOF = 0.16 h-1) was much lower than that of Ir-4b (TOF = 1.3 h-1). Furthermore, the 
activity of Ir-11 (TOF = 1.7 h-1) for the borylation of THF was higher than that of Ir-4b. 
Thus, the activity for the borylation of THF of the catalysts containing ligands 4c, 10, or 
11 span an order of magnitude even though the electron-donating ability and steric 
properties of the three catalysts are similar to each other. 
 
Table 5.4. The Borylation of THF Catalyzed by Ir Complexes Containing 
Phenanthrolines with 3,8-Diaryl Motifsa 

 
aReactions conducted on a 0.170 mmol scale. 
 
5.2.5. Discussion of the Importance of C-H···O Interactions on the Borylation of THF 
and Other Alkanes. 
 
 Based on our computational and experimental studies on the borylation of THF 
catalyzed by Ir-phen complexes, inter-ligand interactions between C-H bonds of the 
phenanthroline ligand and the O atoms of boryl ligands appear to be important stabilizing 
interactions in the transition state for the turnover-limiting C-H oxidative addition of 
THF. The strength of these interactions is independent of the ability of the ligand to 
donate electron-density to Ir. Thus, these interactions may explain the lack of a strong 
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correlation between the electron-density at Ir and the natural log of the rate constant for 
the borylation of THF.  
 Because these C-H···O interactions are stronger in the transition state for 
oxidative addition of the C-H bond than in the ground state, the addition of THF to the Ir-
trisboryl in the oxidative addition transition state must perturb the coordination sphere of 
the transition state, relative to that of the ground state, in such a way that the boryl 
ligands are properly oriented to interact with C-H bonds of the phenanthroline. Such a 
perturbation could be explained by the steric penalty of adding a bulky secondary alkyl 
group to Ir in this transition state, forcing the coordination sphere to be more crowded. 
Thus, this steric penalty might be paid, in part, by the attractive interactions between the 
boryl ligands and the phenanthroline. However, the corresponding transition state for 
oxidative addition of a substrate containing primary alkyl C-H bonds will be less 
crowded than that for the borylation of THF. As a result, changes in the C-H···O 
interactions during the borylation of primary alkyl C-H bonds could be less than those 
during the borylation of secondary alkyl C-H bonds. 
 
Table 5.5. C-H Borylation of Diethoxyethane Catalyzed By Various Ir-Phenanthroline 
Catalystsa 

 
aReactions conducted on a 0.170 mmol scale. 
 
 To explore the effect of the size of the substrate (primary vs. secondary alkyl) on 
the relative activity of catalysts for the borylation of alkanes, we extended our 
experimental and computational studies to the borylation of the primary alkyl C-H bond 
in diethoxyethane. Like THF, diethoxyethane has C-H bonds β to oxygen that are 
particularly reactive toward borylation. We conducted the borylation of diethoxyethane 
catalyzed by Ir-2c, Ir-3c, or Ir-4c and measured the initial rates of formation of primary 
alkyl boronate ester 14 (Table 5.5). The turnover frequencies for the borylation of 
diethoxyethane catalyzed by Ir-2c, Ir-3c, or Ir-4c were nearly identical (TOF = 17 h-1, 16 
h-1, and 20 h-1, respectively). In contrast, the turnover frequencies for the borylation of 
THF catalyzed by the same set of catalysts varied measurably (TOF = 0.82 h-1, 0.86 h-1, 
and 2.3 h-1, respectively). Thus, C-H···O interactions could be a less important stabilizing 
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interaction in the transition state for the borylation of substrates containing primary C-H 
bonds. 
 

 
Figure 5.5. Frequency calculations (at T = 373 K), optimization, and NBO analysis of ground states 
and transition states were conducted with the 6-31g(d,p)/lanl2dz basis set and the B3LYP-D3 
functional. Single-point energy calculations were conducted with the 6-311++g**/lanl2tz basis set and 
the M06 functional. a) Ground state the Ir-trisboryl bound by 3c. b) Oxidative addition of THF to the 
Ir-trisboryl bound by 3c. c) Oxidative addition of EtOMe to the Ir-trisboryl bound by 3c. 
 

 To compare the changes in C-H···O interactions during the borylation of 
diethoxyethane to those during the borylation of THF, we computed the C-H oxidative 
addition of a truncated, but representative, substrate ethyl methyl ether to the Ir-trisboryl 
complex bound by ligand 3c. We compared the C-H···O distances in the ground state 
(Figure 5.5a, GS) and the transition state for the oxidative addition of THF (Figure 5.5b, 
TS-I) to those of the analogous transition state and ground state for the oxidative addition 
of diethoxyethane (Figure 5.5c, TS-II). In the ground state GS, the distance between H2 
and O2 (2.133 Å) is the only H···O distance that is less than the sum of the van der Waals 
radii, and the corresponding C-H···O interaction is quite strong (ENBO = 4.87 kcal/mol). In 
the transition state for oxidative addition of THF, the H2-O2 distance is only slightly 
longer (changing from 2.133 Å to 2.149 Å), but the H1-O1 distance is dramatically 
shorter (changing from 2.977 Å to 2.344 Å), forming a second C-H···O interaction and 
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leading to an overall stabilization of the transition state (ΔENBO = -1.14 kcal/mol). In 
contrast, in the transition state for the oxidative addition of ethyl methyl ether, the H2-O2 
is significantly longer (changing from 2.133 Å to 2.279 Å) and the H1-O1 distance is 
shorter  (changing from 2.977 Å to 2.341 Å) and is similar to that observed for the 
oxidative addition of THF. Overall, for the oxidative addition of ethyl methyl ether, the 
C-H···O interactions are stronger in the ground state than in the transition state (ΔENBO = 
+0.69 kcal/mol) due to the significantly longer H2-O2 distance in the transition state than 
in the ground state. 

Our calculations predict that the C-H···O interactions between the phenanthroline 
and the boryl ligands do not stabilize the transition state for oxidative addition of the C-H 
bond of diethoxyethane, relative to the ground state. Thus, catalysts that have similar 
electron-densities at Ir to one another should catalyze the borylation of diethoxyethane at 
similar rates to one another. This prediction is consistent with our experimental results 
(see Table 5.5). Both our calculations and our experimental results suggest that the effect 
of the C-H···O interactions between the phenanthroline and the boryl ligands on the 
borylation of secondary alkyl C-H bonds is larger than it is on the rate of borylation of 
primary alkyl C-H bonds. This difference is likely due to the greater crowding of the 
transition state for oxidative addition of a secondary alkyl C-H bond relative to that of the 
transition state for the oxidative addition of a primary alkyl C-H bond, and this greater 
crowding leads to stronger inter-ligand interactions between the phenanthroline and the 
boryl ligands. 
 
5.3 Conclusions 
 
 In summary, we have conducted a detailed study of the effect of the structure of 
phenanthroline ligands on the electron-donating ability of these ligands and on the rates 
for alkyl C-H borylation catalyzed by iridium complexes of these ligands. Our data reveal 
several factors that control the rates of the catalytic reaction and that could direct the 
design of future catalysts:  

1.  Variations of the 4,7-substituent of phenanthrolines can significantly alter the 
electron-donating property of phenanthrolines. In general, for phenanthrolines 
containing the same 3 and 8-substituents, the rates of the borylation of THF 
catalyzed by more electron-rich Ir catalysts are faster than those catalyzed by 
more electron-poor Ir catalysts. 

2. The effect of varying the 3 and 8 substituents from H to Me, or Mes on the 
electron-donating ability of the ligand is small, but these substituents can have a 
large effect on the rate of the borylation of THF catalyzed by the corresponding 
Ir-phen complex. Among ligands 2-4, phenanthrolines containing the 3,8-
dimesityl motif form the most active catalysts for the borylation of THF. 

3. Computational and experimental studies suggest that C-H···O interactions 
between the phenanthroline and boryl ligands stabilize the transition state for 
oxidative addition of the secondary C-H bonds of THF to Ir-trisboryl complexes 
relative to the ground state. In contrast, these interactions do not stabilize the 
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transition state for the oxidative addition of the primary C-H bonds of EtOMe, 
relative to the ground state. 

 
 Our computational and experimental results suggest that the structure of 
phenanthrolines can be modified to increase the strength of these C-H···O interactions, 
which may affect the rates of the borylation of secondary alkyl C-H bonds catalyzed by 
Ir-phen complexes differently from the way they affect the rates of the borylation of 
primary alkyl C-H bonds. Taking into account these weak inter-ligand interactions could 
lead to the design of highly active catalysts for the borylation of secondary C-H bonds or 
of catalysts that have high selectivity for the borylation of primary over secondary alkyl 
C-H bonds. Although synthetic chemists typically consider the electronic and steric 
properties of the metal-center when designing new catalysts, the present study suggests 
that weak interactions within the coordination sphere also should be considered as part of 
catalyst design. 
 
5.4 Experimental 
 

5.4.1. General Experimental Details 
 

 All reactions requiring an inert atmosphere were conducted in an argon-filled 
Braun glove box. Experimental procedures that do not mention the use of an inert 
atmosphere were conducted in air. When vials were used as the reaction vessel, they were 
sealed with Teflon-lined caps. THF used as solvent for the borylation reactions was 
degassed with nitrogen for 45 minutes and dried with a solvent purification system using 
a 1 m column containing activated alumina. Diethoxyethane used as solvent was 
purchased from Aldrich, degassed with three freeze-pump-thaw cycles, and stored in an 
argon-filled glove box over molecular sieves. Dioxane (anhydrous) was purchased from 
Acros Organics. Hexamethyldisiloxane, purchased from Acros, was degassed with 
nitrogen and dried over molecular sieves. All other solvents were purchased from Fisher 
Chemical. 1,10-Pheanthroline was purchased from TCI Chemical. 3,4,7,8-
Tetramethylphenanthroline, and 4,7-dimethylphenanthroline were purchased from Alfa 
Aesar. TIPSOTf was purchased from Oakwood. Mesityl bromide, pyrrolidine, and 
TMSCH2Li were purchased from Aldrich. Precious metals were obtained from Johnson-
Matthey. All chemicals were used as received unless otherwise noted. Silica gel 
chromatography was performed with Silicycle SiliaFlash T60 TLC-grade silica gel, or 
with a Teledyne ISCO CombiFlash RF 200, equipped with Gold-Top silica columns. 
Products were visualized on TLC plates using a 254 nm UV lamp. GC analysis was 
performed on an HP 6890 GC equipped with an HP-5 column (25 m x 0.20 mm x 0.33 
μm film) and an FID detector. Quantitative GC analysis was performed by adding 
isododecane as an internal standard at the beginning of each reaction. Response factors 
relative to isododecane were determined for the acquisition of kinetic data and for the 
determination of GC yields. NMR spectra were acquired on 300, 400, 500, and 600 MHz 
Bruker instruments at the University of California, Berkeley NMR facility. Chemical 
shifts were reported relative to residual solvent peaks (CDCl3 = 7.26 ppm for 1H and 77.2 
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ppm for 13C; THF-d8 = 3.58 ppm for 1H and 67.2 ppm for 13C). The resonances for carbon 
atoms attached to boron were not observed due to the boron quadrupole. Mass 
spectrometric analyses were performed at the University of California, Berkeley Mass 
Spec Center using EI and ESI ionization techniques with a Thermo Finnigan LTQ FT 
Instrument. ESI spectra were acquired using positive ionization unless otherwise noted. 
IR spectra were acquired on a Thermo Scientific iS5 IR spectrometer. Samples for IR 
spectroscopy were prepared either as a solution in THF, or as a nujol mull. 
 

5.4.2. Ligand Synthesis 
 
 
Synthesis of Phenanthroline 2d 

In an argon-filled glovebox, an oven-dried 25 mL round bottom flask 
was charged with 4,7-dimethyl-1,10-phenanthroline 4 (250 mg, 1.20 
mmol), a magnetic stir bar, and THF (4 mL). The flask was sealed with 
a rubber septum and brought outside of the glove box. To the flask was 
attached an N2 line. The mixture was cooled at -78 °C and stirred. To 
the mixture was added a solution of LiHMDS (401 mg, 2.40 mmol) in 

THF (4 mL) dropwise. The mixture turned a dark green color. The mixture was stirred 
for 20 min. To the mixture was added TIPSOTf (1.21 mL, 4.5 mmol) dropwise. The color 
changed from dark green to an orange/red. The mixture was warmed at room temperature. 
To the flask was added a solution of LiHMDS (201 mg, 1.20 mmol) in THF (2 mL) 
dropwise. The color of the mixture changed from orange/red to dark green. To the flask 
was added TIPSOTf (0.81 mL, 3.0 mmol) dropwise. The color of the mixture changed 
from dark green to orange. The mixture was stirred for an additional 5 min. To the flask 
was added water (1 mL) followed by concentrated aqueous NH3 (1 mL). The biphasic 
mixture was poured into a separatory funnel, and to the funnel was added EtOAc (70 mL). 
The organic layer was washed with water (3 x 50 mL). The organic layer was dried over 
anhydrous sodium sulfate and filtered. The solvents of the filtrate were removed with a 
rotary evaporator. The residue was triturated with Et2O (20 mL), and the resulting 
colorless solids were collected by filtration and washed with Et2O (2 x 4 mL). The solids 
were recrystallized from a 4:4:1 mixture of MeCN:EtOAc:CHCl3 to yield 5 (320 mg, 
51% yield) as colorless crystals. 1H NMR (500 MHz, CDCl3) δ 8.92 (d, J = 4.6 Hz, 2H), 
8.04 (s, 2H), 7.36 (d, J = 4.6 Hz, 2H), 2.72 (s, 4H), 1.24 – 1.06 (m, 6H), 0.96 (d, J = 7.4 
Hz, 36H). 13C NMR (126 MHz, CDCl3) δ 149.3, 149.0, 147.0, 127.1, 123.0, 121.8, 18.7, 
16.2, 11.5. ESIHR [M+H] calc’d 521.3742, found 521.3748. 
 
Synthesis of Phenanthroline 2e 

A 20 mL vial was charged with 4,7-dichloro-1,10-
phenanthroline 2 (200 mg, 0.803 mmol), NMP (2 mL), 
pyrrolidine (394 μL, 4.82 mmol), and a magnetic stir bar. The 
vial was sealed with a Teflon-lined cap, and the mixture was 
heated at 120 °C for 3 h. The mixture was cooled at room 
temperature, and then the mixture was poured into a separatory 
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funnel. To the funnel was added EtOAc (40 mL), and the organic layer was washed with 
aqueous NaOH (1M, 30 mL) and water (4 x 40 mL). The organic layer was dried over 
anhydrous sodium sulfate and filtered. The solvents of the filtrate were evaporated with a 
rotary evaporator, yielding 6 as an off-white solid (204 mg, 80% yield). 1H NMR (500 
MHz, CDCl3) δ 8.74 (d, J = 5.3 Hz, 2H), 7.95 (s, 2H), 6.71 (d, J = 5.2 Hz, 2H), 3.70 (s, 
8H), 2.06 (s, 8H). 13C NMR (126 MHz, CDCl3) δ 153.0, 149.4, 148.3, 119.6, 119.5, 
105.6, 52.4, 26.2. ESIHR [M+H] calc’d 319.1917, found 319.1914. 
 
Synthetic Route to Phenanthroline 3a 

 
The synthesis of 4,7-dichloro-3,8-dimethylphenanthroline 3a was conducted in analogy 
to the synthesis of 4,7-dichloro-3,8-diethylphenanthroline reported by Schmittel. 
Synthesis of 4,7-Dihydroxy-3,8-Dimethyl-phenanthroline 

To a 100 mL round bottom flask was added ethyl α-formyl-
propionate (2.02 g, 15.6 mmol), MgSO4 (4.00 g, 33.2 mmol), 
dichloromethane (30 mL), and a magnetic stir bar. The flask 
was fitted with a reflux condenser. The mixture was stirred 

vigorously, and to the mixture was added o-phenylene diamine (420 mg, 3.89 mmol). 
The mixture was heated at reflux for 30 minutes. The mixture was cooled at room 
temperature, and the solids were removed by filtration. The solvents of the filtrate were 
evaporated with a rotary evaporator, and the remaining volatile materials were removed 
under vacuum, yielding an off-white solid. The solid was transferred to a 100 mL round 
bottom flask, and to the flask was added Ph2O (30 mL) and a magnetic stir bar. The flask 
was fitted with a reflux condenser. The mixture was stirred vigorously and heated at 
reflux on a heating mantle for 30 minutes. The mixture was cooled at room temperature. 
Tan-colored solids precipitated from the mixture and were collected by filtration and 
washed with acetone, yielding 4,7-dihydroxy-3,8-dimethylphenanthroline (406 mg, 43% 
yield) as a tan solid. 1H NMR (500 MHz, 1 M NaOH in D2O) δ 7.53 (s, 2H), 7.47 (s, 2H), 
1.84 (s, 6H). 13C NMR (126 MHz, 1 M NaOH in D2O) δ 173.3, 144.0, 137.7, 122.4, 
119.4, 117.3, 13.8. ESIHR [M-H] calc’d 239.0826, found 239.0824. 
 
Synthesis of Phenanthroline 3a 

To a 25 mL round bottom flask was added 4,7-dihydroxy-
3,8-dimethylphenanthroline (300 mg, 1.25 mmol), POCl3 (5 
mL), and a magnetic stir bar. The mixture was stirred and 
heated at 80 °C for 2 h. The mixture was cooled at room 
temperature. The mixture was poured into a mixture of 4 M 

NaOH (50 mL), and ice (50 g). The resulting heterogenous mixture was extracted with 
dichloromethane (3 x 50 mL). The combined organic layer was dried over sodium sulfate 
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and filtered. The solvents of the filtrate were removed with a rotary evaporator, yielding 
3a (340 mg, 98% yield). 1H NMR (500 MHz, CDCl3) δ 9.00 (s, 2H), 8.31 (s, 2H), 2.64 
(s, 6H). 13C NMR (126 MHz, CDCl3) δ 152.0, 145.4, 141.8, 131.6, 126.2, 123.4, 17.9. 
ESIHR [M+H] (for 35Cl) calc’d 277.0294, found 277.0292. 
 
Synthesis of Phenanthroline 3b 

In an argon-filled glove box a 20 mL vial was charged with 
ZnCl2 (246 mg, 1.80 mmol), THF (3 mL), and a magnetic 
stir bar. The solution was stirred. To the solution was added 
a 1.0 M solution of TMSCH2Li in pentane (1.8 mL, 1.8 
mmol) drop wise over 10 min, keeping the solution at a 

gentle reflux. To a separate 20 mL vial was added 3,8-dibromophenanthroline (203 mg, 
0.600 mmol), Pd(PPh3)4 (27.7 mg, 0.0240 mmol), toluene (5 mL), and a magnetic stir bar. 
To this vial was added the solution of the freshly prepared alkylzinc reagent, and the vial 
was sealed with a Teflon-lined cap. The vial containing the reaction mixture was 
removed from the glove box, stirred and heated at 100 °C for 3 h. The reaction mixture 
was cooled at room temperature, and to the vial was added a solution of KOH (1.40 g, 
35.9 mmol) in MeOH (4 mL). The mixture was stirred at 65 °C for 1.5 h. The mixture 
was poured into a separatory funnel. To the funnel was added EtOAc (50 mL), and the 
organic layer was washed with water (2 x 50 mL). The organic layer was dried over 
anhydrous sodium sulfate and filtered. The solvents of the filtrate were evaporated with a 
rotary evaporator. The residue purified by silica gel chromatography with 0-100% EtOAc 
in hexanes as eluent, yielding 3b (79.9 mg, 64% yield) as a colorless solid. The 1H NMR 
spectrum of 3b matched the reported spectrum.  
 
Synthesis of Phenanthroline 3d 

The synthesis of 3d was conducted in analogy to the 
synthesis of 2d (vide supra) with 3,4,7,8-
tetramethylphenanthroline 3c (300 mg, 1.27 mmol), 
LiHMDS (800 mg, 4.79 mmol), TIPSOTf (1.8 mL, 4.79 
mmol), and THF (70 mL). Following the addition of the 
TIPSOTf, the reaction mixture was quenched with water (1 

mL) and concentrated aqueous NH3 (1 mL). The mixture was poured into a separatory 
funnel. To the separatory funnel was added EtOAc (100 mL), and the organic layer was 
washed with water (3 x 100 mL). The organic layer was dried over anhydrous sodium 
sulfate and filtered. The solvents of the filtrate were evaporated with a rotary evaporator 
and the residue was recrystallized from MeCN, yielding 3d as colorless crystals (405 mg, 
58% yield). 1H NMR (500 MHz, CDCl3) δ 8.82 (s, 2H), 7.97 (s, 2H), 2.69 (s, 4H), 2.52 
(s, 6H), 1.21 – 1.06 (m, 6H), 0.94 (d, J = 7.4 Hz, 36H). 13C NMR (126 MHz, CDCl3) δ 
151.7, 146.4, 145.3, 129.0, 126.4, 122.0, 18.7, 18.6, 13.4, 12.5. ESIHR [M+H] calc’d 
549.4055, found 549.4049. 
 
Synthesis of Phenanthroline 3e 
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The synthesis of 3e was conducted in analogy to the 
synthesis of 2e (vide supra) with 4,7-dichloro-3,8-
dimethylphenanthroline 3a (150 mg, 0.541 mmol), 
pyrrolidine (354 μL, 4.33 mmol), and NMP (2 mL). 
Phenanthroline 3e was obtained as an off-white solid (186 
mg, 99% yield). 1H NMR (500 MHz, CDCl3) δ 8.84 (s, 2H), 

7.95 (s, 2H), 3.48 (s, 8H), 2.47 (s, 6H), 2.12 (s, 8H). 13C NMR (126 MHz, CDCl3) δ 
153.5, 151.5, 147.2, 128.6, 126.8, 121.9, 51.7, 26.5, 17.2. ESIHR [M+H] calc’d 347.2225, 
found 347.2230. 
 
Synthetic Route to Phenanthroline 4a 

 
 
Synthesis of 3,8-Dibromo-4,7-Dihydroxyphenanthroline 

To a 50 mL round bottom flask was added 4,7-
Dihydroxyphenanthroline (1.94 g, 9.15 mmol), AcOH (10 
mL), and a magnetic stir bar. The flask was fitted with a 
reflux condenser, and the reaction mixture was stirred and 
heated at reflux. To the refluxing mixture was slowly and 

carefully added Br2 (0.82 mL, 16 mmol), and the resulting mixture began to reflux more 
vigorously. After 1 h, to the mixture was slowly added additional Br2 (0.82 mL, 16 
mmol). After 45 min, the reaction mixture was poured into a mixture of 1 M sodium 
thiosulfate (60 mL) and ice (~60 g). Tan solids precipitated, and after the ice had 
completely melted these solids were collected by filtration and washed with water then 
diethyl ether, yielding 3,8-dibromo-4,7-dihydroxyphenanthroline  as a tan solid (3.38 g, 
99% yield). 1H NMR (400 MHz, 1 M NaOH in D2O) δ 8.63 (s, 2H), 8.03 (s, 2H). 13C 
NMR (101 MHz, 1M NaOH in D2O) δ 168.2, 150.9, 145.7, 125.5, 118.9, 108.2. ESIHR 
[M-H] (for 79Br) calc’d 366.8712, found 366.8723. 
 
Synthesis of 3,8-Dibromo-4,7-Dichlorophenanthroline 

To a 100 mL round bottom flask was added 3,8-dibromo-4,7-
dihyroxyphenanthroline (3.34 g, 9.03 mmol), POCl3 (30 mL), 
and a magnetic stir bar. The flask was fitted with a reflux 
condenser. The reaction mixture was stirred and heated at 120 

°C for 1 h. The reaction mixture was cooled at room temperature and then poured into a 
mixture of 4 M NaOH (100 mL) and ice (~200 g). The heterogeneous mixture was stirred 
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for 15 minutes. The mixture was extracted with chloroform (2 x 300 mL). The combined 
organic layer was dried over sodium sulfate and filtered. The solvents of the filtrate were 
concentrated to ~100 mL. The solution was filtered through a plug of silica, and the plug 
of silica was washed with chloroform until the product had completely eluted, as 
determined by TLC. The solvents of the filtrate were evaporated, yielding 3,8-dibromo-
4,7-dichlorophenanthroline as an off-white solid (2.84 g, 77% yield). 1H NMR (400 
MHz, CDCl3) δ 9.21 (s, 2H), 8.32 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 152.6, 144.9, 
142.2, 127.8, 124.9, 121.8. ESIHR [M+H] (for 35Cl and 79Br) calc’d 404.8191, found 
404.8190. 
 
 
 
Synthesis of Phenanthroline 4a 

In an argon-filled glove box, a 50 mL round bottom flask 
was charged with 2-bromomesitylene (1.18 mL, 7.72 
mmol), THF (7 mL) and a magnetic stir bar. The flask was 
sealed with a rubber septum and brought outside of the 
glove box. The flask was fitted with an N2 line and cooled 

at -40 °C. The mixture was stirred, and to the mixture was added a 2.5 M solution of n-
butyllithium in hexanes (3.1 mL, 7.7 mmol) dropwise. After 30 min, to the mixture was 
added a solution of ZnCl2 (1.05 g, 7.72 mmol) in THF (7 mL). The mixture was warmed 
at room temperature. The septum was secured to the flask with electrical tape and the 
flask was brought back inside the glove box. A 250 mL round bottom flask with an 
airless valve was charged with 3,8-dibromo-4,7-dichlorophenanthroline (785 mg, 1.93 
mmol), Pd(PPh3)4 (89.2 mg, 0.0772 mmol), and toluene (14 mL). To the 250 mL flask 
was added the solution of the freshly prepared mesitylzinc reagent and the magnetic stir 
bar. The 250 mL flask was sealed with a Teflon stopper, and the flask was brought 
outside of the glove box and heated at 120 °C for 2 h. The reaction mixture was poured 
into a separatory funnel. To the separatory funnel was added EtOAc (50 mL), and the 
organic layer was washed with aqueous 1 M NaOH (2 x 50 mL). The organic layer was 
dried over sodium sulfate and filtered. The solvents of the filtrate were evaporated with a 
rotary evaporator. The residue was purified by silica gel chromatography with 0-70% 
EtOAc in hexanes as eluent, yielding 4a (645 mg, 69% yield) as an off-white solid. 1H 
NMR (400 MHz, CDCl3) δ 8.98 (s, 2H), 8.49 (s, 2H), 7.06 (s, 4H), 2.40 (s, 6H), 2.02 (s, 
12H). 13C NMR (101 MHz, CDCl3) δ 152.2, 146.0, 141.9, 138.7, 136.5, 135.6, 132.5, 
128.6, 126.8, 124.0, 21.4, 20.5. ESIHR [M+H] (for 35Cl) calc’d 485.1546, found 
485.1540. 
 
Synthesis of Phenanthroline 4c 

In an argon-filled glove box, a 50 mL round bottom flask 
with an airless valve was charged with 4a (545 mg, 1.12 
mmol), Pd(PPh3)4 (69.4 mg, 0.0561 mmol), 1,4-dioxane (3 
mL), toluene (3 mL), and a magnetic stir bar. To the 
mixture was added a 1.2 M solution of dimethylzinc in 
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toluene (3.3 mL, 3.9 mmol). The flask was sealed with a Teflon stopper and brought 
outside of the glove box. The reaction mixture was heated at 120 °C for 45 min. The 
reaction mixture was cooled at room temperature and poured into a separatory funnel. To 
the separatory funnel was added EtOAc (50 mL), and the organic layer was washed with 
aqueous 1 M NaOH (2 x 50 mL). The organic layer was dried over sodium sulfate and 
filtered. The solvents of the filtrate were evaporated. The residue was purified by silica 
gel chromatography with 0-70% EtOAc in hexanes as eluent, yielding 4c as a light-
yellow solid (422 mg, 85% yield). 1H NMR (500 MHz, CDCl3) δ 8.88 (s, 2H), 8.16 (s, 
2H), 7.04 (s, 4H), 2.51 (s, 6H), 2.39 (s, 6H), 1.96 (s, 12H). 13C NMR (126 MHz, CDCl3) 
δ 151.5, 145.4, 141.8, 137.7, 136.6, 135.4, 134.7, 128.5, 127.5, 122.8, 21.3, 20.7, 15.3. 
ESIHR [M+H] calc’d 445.2638, found 445.2632. 
 
 
Synthesis of Phenanthroline 4d 

The synthesis of 4d was conducted in analogy to the 
synthesis of 2d (vide supra) with 4c (200 mg, 0.450 
mmol), LiHMDS (677 mg, 4.05 mmol), TIPSOTf (1.1 
mL, 4.05 mmol), and THF (10 mL). Following the 
addition of the TIPSOTf, the reaction mixture was 

quenched with water (1 mL) and concentrated aqueous ammonia (1 mL). The mixture 
was poured into a separatory funnel. To the separtory funnel was added EtOAc (50 mL), 
and the organic layer was washed with water (3 x 50 mL). The organic layer was dried 
over sodium sulfate and filtered. The solvents of the filtrate were evaporated with a rotary 
evaporator. The residue was purified by recrystallization from MeCN, yielding 4d as a 
colorless solid (189 mg, 56% yield). 1H NMR (500 MHz, CDCl3) δ 8.81 (s, 2H), 8.13 (s, 
2H), 7.03 (s, 4H), 2.60 (s, 4H), 2.35 (s, 6H), 2.11 (s, 12H), 1.05 – 0.94 (m, 7H), 0.77 (d, J 
= 7.4 Hz, 36H). 13C NMR (126 MHz, CDCl3) δ 152.1, 147.3, 145.3, 137.6, 136.9, 135.0, 
133.5, 129.1, 127.3, 122.6, 21.2, 20.9, 18.6, 13.5, 11.9. ESIHR [M+H] calc’d 757.5307, 
found 757.5302. 
Synthesis of Phenanthroline 8 

In an argon-filled glove box a 20 mL vial was charged 
with phenanthroline 2b (219 mg, 1.23 mmol), (η6-
mes)Ir(Bpin)3 (17.1 mg, 0.0336 mmol), B2pin2 (625 mg, 
2.46 mmol), THF (2 mL) and a magnetic stir bar. The 
mixture was stirred for 36 h. To the mixture was added 2 

mL of pentane, and the mixture was cooled in a freezer at -40 °C for 2 h. The solids that 
formed were collected by filtration and washed with 2:1 pentane:ether (3 x 2 mL), 
yielding 8 as a colorless powder (313 mg, 59% yield). 1H NMR (400 MHz, CDCl3) δ 
9.47 (d, J = 1.7 Hz, 2H), 8.67 (d, J = 1.7 Hz, 2H), 7.79 (s, 2H), 1.41 (s, 24H). 13C NMR 
(101 MHz, CDCl3) δ 155.3, 147.8, 143.7, 128.5, 126.8, 84.6, 25.1. 11B NMR (128 MHz, 
CDCl3) δ 30.8. ESIHR [M+H] calc’d 433.2464, found 433.2464. 
Synthesis of Phenanthroline 10 

In an argon-filled glove box, a 25 mL 
round bottom flask was charged with 2-
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bromo-1,3,5-trimethoxybenzene (395 mg, 1.60 mmol), THF (3 mL) and a magnetic stir 
bar. The flask was sealed with a rubber septum and brought outside of the glove box. The 
flask was fitted with an N2 line and cooled at -40 °C. The mixture was stirred, and to the 
mixture was added a 2.5 M solution of n-butyllithium in hexanes (0.64 mL, 1.6 mmol) 
dropwise. After 30 min, to the mixture was added a solution of ZnCl2 (218 mg, 1.60 
mmol) in THF (3 mL). The mixture was warmed at room temperature. The septum was 
secured to the flask with electrical tape and the flask was brought back inside the glove 
box. A 20 mL vial was charged with 3,8-dibromophenanthroline (135 mg, 0.400 mmol), 
Pd(PPh3)4 (18.4 mg, 0.0160 mmol), and toluene (6 mL). To the 20 mL vial was added the 
solution of the freshly prepared arylzinc reagent and the magnetic stir bar. The 20 mL 
vial was sealed with a Teflon-lined cap, and the vial was brought outside of the glove box 
and heated at 120 °C for 2 h. The reaction mixture was poured into a separatory funnel. 
To the separatory funnel was added dichloromethane (50 mL), and the organic layer was 
washed with aqueous 1 M NaOH (50 mL). The organic layer was dried over sodium 
sulfate and filtered. The solvents of the filtrate were evaporated with a rotary evaporator. 
The residue was purified by alumina chromatography with 0-100% EtOAc in hexanes as 
eluent, yielding 10 as a colorless solid (84.5 mg, 42% yield). 1H NMR (500 MHz, CDCl3) 
δ 9.13 (d, J = 2.1 Hz, 2H), 8.22 (d, J = 2.1 Hz, 2H), 7.77 (s, 2H), 6.29 (s, 4H), 3.91 (s, 
6H), 3.77 (s, 12H). 13C NMR (126 MHz, CDCl3) δ 161.5, 158.8, 153.5, 144.4, 137.6, 
129.2, 128.1, 126.4, 108.8, 91.1, 56.0, 55.6. ESIHR [M+H] calc’d 513.2020, found 
513.2027. 
Synthetic Route to Phenanthroline 11 

 
Synthesis of 2,4,6-Tri-(Carbomethoxy)-Bromobenzene 
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To a 100 mL round bottom flask was added 2-bromobenzene-
1,3,5-tricarboxylic acid (4.75 g, 16.4 mmol), MeOH (20 mL), 
and a magnetic stir bar. The mixture was stirred. To the mixture 
was added concentrated sulfuric acid (2 mL) dropwise. The 
flask was fitted with a reflux condenser, and the reaction 
mixture was heated at reflux for 44 h. The reaction mixture was 

cooled at room temperature. The mixture was poured into saturated aqueous sodium 
bicarbonate (200 mL). The heterogeneous mixture was extracted with EtOAc (250 mL). 
The organic layer was dried over sodium sulfate and filtered. The solvents of the filtrate 
were evaporated with a rotary evaporator, yielding 2,4,6-tri-(carbomethoxy)-
bromobenzene as a colorless solid (4.67 g, 86% yield). 1H NMR (500 MHz, CDCl3) δ 
8.34 (s, 2H), 3.97 (s, 6H), 3.95 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 166.2, 164.9, 
135.8, 133.0, 129.4, 124.6, 53.2, 52.9. EIHR (for 79Br) calc’d 329.9739, found 329.9741. 
Synthesis of 2,4,6-Tri-(Hydroxymethyl)-Bromobenzene 

In an argon-filled gloved box, a 250 mL round bottom flask was 
charged with LiAlH4 (1.93 g, 50.8 mmol), THF (60 mL) and a 
magnetic stir bar. The flask was sealed with a rubber septum and 
brought outside of the glove box. The flask was fitted with an N2 
line and cooled at 0 °C. The mixture was stirred. To the mixture 
was slowly added 2,4,6-tri-(carbomethoxy)-bromobenzene (4.67 

g, 14.1 mmol) as a solution in dry THF (20 mL) via syringe over 15 min. The reaction 
mixture was warmed at room temperature. After 2 h, the flask was cooled at 0 °C, and the 
to the reaction mixture was slowly added water (2 mL), 15% aqueous NaOH (2 mL), and 
additional water (6 mL), in that order. To the mixture was added MgSO4 (6 g). The 
mixture was heated at reflux for 10 min. While still hot, the mixture was filtered through 
Celite, and the filter cake was rinsed with hot THF. The solvents of the filtrate were 
evaporated with a rotary evaporator, yielding a colorless solid. The crude solid was 
recrystallized from acetone, yielding 2,4,6-tri-(hydroxymethyl)-bromobenzene as 
colorless crystals (2.43 g, 67% yield). 1H NMR (500 MHz, MeOD) δ 7.48 (s, 2H), 4.70 
(s, 4H), 4.63 (s, 2H). 13C NMR (126 MHz, CDCl3) δ 140.8, 140.5, 125.1, 119.6, 63.5, 
63.3. EIHR (for 79Br) calc’d 245.9892, found 245.9892. 
Synthesis of 2,4,6-Tri-(Methoxymethyl)-Bromobenzene 

In an argon-filled glove box a 2-neck 100 mL round bottom flask 
was charged with NaH (620 mg, 25.8 mmol), THF (20 mL) and a 
magnetic stir bar. To the flask was added 2,4,6-tri-(hydroxymethyl)-
bromobenzene (1.00 g, 4.10 mmol) as a solution in THF (20 mL). 
The flask was sealed with rubber septa and brought outside of the 
glove box. The flask was fitted with a reflux condenser and an N2 

line. The mixture was stirred and heated at reflux for 2 h. The mixture was cooled at 
room temperature. To the mixture was added MeI (1.50 mL, 24.1 mmol) dropwise. The 
mixture was stirred at room temperature for 14 h. The mixture was diluted with hexanes 
(50 mL) and filtered through Celite. The solvents of the filtrate were evaporated with a 
rotary evaporator and the residue was purified by silica gel chromatography with 0-30% 
EtOAc in hexanes as eluent, yielding 2,4,6-tri-(methoxymethyl)-bromobenzene (847 mg, 
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72% yield) as a colorless oil. 1H NMR (300 MHz, CDCl3) δ 7.38 (s, 2H), 4.54 (s, 4H), 
4.44 (s, 2H), 3.48 (s, 6H), 3.38 (s, 3H). 13C NMR (75 MHz, CDCl3) δ 138.1, 137.7, 
127.2, 121.8, 74.2, 74.1, 58.8, 58.3. EIHR (for 79Br) calc’d 288.0361, found 288.0357. 
Synthesis of Phenanthroline 11 
In an argon-filled glove box, a 25 mL round bottom flask was charged with 2,4,6-tri-

(methoxymethyl)-bromobenzene 
(725 mg, 2.51 mmol), THF (3 mL) 
and a magnetic stir bar. The flask 
was sealed with a rubber septum and 
brought outside of the glove box. 
The flask was fitted with an N2 line 
and cooled at -78 °C. The mixture 

was stirred, and to the mixture was added a 2.5 M solution of n-butyllithium in hexanes 
(1.0 mL, 2.5 mmol) dropwise. After 30 min, to the mixture was added a solution of ZnCl2 
(342 mg, 2.51 mmol) in THF (4 mL). The mixture was warmed at room temperature. The 
septum was secured to the flask with electrical tape and the flask was brought back inside 
the glove box. A 20 mL vial was charged with 3,8-dibromophenanthroline (212 mg, 
0.627 mmol), Pd(PPh3)4 (29.0 mg, 0.0251 mmol), and toluene (5 mL). To the 20 mL flask 
was added the solution of the freshly prepared arylzinc reagent and the magnetic stir bar. 
The 20 mL flask was sealed with a Teflon-lined cap, and the vial was brought outside of 
the glove box and heated at 120 °C for 2 h. The reaction mixture was poured into a 
separatory funnel. To the separatory funnel was added EtOAc (50 mL), and the organic 
layer was washed with aqueous 1 M NaOH (2 x 50 mL). The organic layer was dried 
over sodium sulfate and filtered. The solvents of the filtrate were evaporated with a rotary 
evaporator. The residue was purified by silica gel chromatography with 0-100% EtOAc 
in hexanes as eluent, followed by trituration with diethyl ether, yielding 11 as a colorless 
powder (204 mg, 55% yield). 1H NMR (500 MHz, CDCl3) δ 9.09 (d, J = 2.0 Hz, 2H), 
8.21 (d, J = 2.0 Hz, 2H), 7.89 (s, 2H), 7.53 (s, 4H), 4.56 (s, 4H), 4.17 (d, J = 11.6 Hz, 
4H), 4.12 (d, J = 11.6 Hz, 4H), 3.45 (s, 6H), 3.20 (s, 12H). 13C NMR (126 MHz, CDCl3) 
δ 151.4, 145.3, 139.0, 137.3, 136.6, 136.2, 133.5, 128.1, 127.5, 127.2, 74.4, 72.7, 58.5, 
58.5. ESIHR [M+H] calc’d 597.2959, found 597.2948. 
 
5.4.3. General Procedure for the Synthesis of Phenanthroline-Bound Ir-Trisboryl Carbon 
Monoxide Complexes 
 
In an argon-filled glovebox a 20 mL vial was charged with [Ir(COD)OMe]2, 
cyclohexane, and a magnetic stir bar. The mixture was stirred, and to the mixture was 
added cis-cyclooctene. To the vial was added pinacolborane, and the mixture became an 
orange/red solution. The solution was stirred for 5 minutes. To a separate 4 mL vial was 
added the phenanthroline (2-4) ligand and THF. The solution of ligand in THF was 
transferred to the 20 mL vial containing the orange/red solution. The color of the solution 
instantly changed from orange/red to dark red. The mixture was transferred to a 50 mL 
round bottom flask with an airless valve. The flask was sealed with a threaded Teflon 
stopper and brought outside of the glovebox. The flask was cooled at -78 °C and 
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evacuated to ~500 mtorr. The flask was removed from the cold bath. The flask was 
backfilled with carbon monoxide. The flask was warmed to RT, and the mixture was 
stirred for 20 minutes. The solvents were evaporated, and the flask was brought back into 
the glovebox. The residue was purified by crystallization, yielding the corresponding 
phenanthroline-bound Ir-trisboryl carbon monoxide complex (5-7).  
Synthesis of CO complex 5a 

The synthesis of CO complex 5a was conducted according to 
the general procedure with [Ir(COD)OMe]2 (36.0 mg, 0.0541 
mmol), cis-cyclooctene (98 μL, 0.76 mmol), pinacolborane 
(125 μL, 0.866 mmol), 2a (27.0 mg, 0.108 mmol), cyclohexane 
(2 mL), and THF (2 mL). Following evaporation of the 
solvents, in an argon-filled glovebox the residue was dissolved 

in Et2O (~2 mL) and filtered through a pipet, packed with a glass wool plug and Celite. 
The solvents were evaporated, pentane (1 mL) was added to the residue, and then the 
mixture was placed in a freezer (-40 °C) for 1h. The mixture was filtered, and the filter 
cake was washed with 1 x 0.5 mL of cold pentane, yielding complex 5a (26.0 mg, 23% 
yield) as a yellow solid. 1H NMR (600 MHz, CDCl3) δ 10.02 (d, J = 5.5 Hz, 2H), 8.35 (s, 
2H), 7.80 (d, J = 5.5 Hz, 2H), 1.32 (s, 12H), 1.31 (s, 12H), 0.60 (s, 12H). 11B NMR (193 
MHz, CDCl3) δ 45.4, 31.6. IR νCO (THF) = 1978 cm-1, (nujol mull, cm-1) 1988, 1617, 
1566, 1213, 1143, 964, 907, 841, 787, 736. Anal. Calcd (%) for C31H42B3Cl2IrN2O7: C, 
43.79; H, 4.98; N, 3.29; Found: C, 43.50; H, 6.70; N, 6.01. 
Synthesis of CO complex 5b 

The synthesis of CO complex 5b was conducted according to the 
general procedure with [Ir(COD)OMe]2 (65.5 mg, 0.0985 mmol), 
cis-cyclooctene (358 μL, 2.76 mmol), pinacolborane (297 μL, 
2.07 mmol), 2b (35.5 mg, 0.197 mmol), cyclohexane (4 mL), and 
THF (2 mL). Following evaporation of the solvents, in an argon-
filled glovebox the residue was dissolved in Et2O (~2 mL) and 

filtered through a pipet, packed with a glass wool plug and Celite. The filtrate was 
concentrated to ~0.3 mL. To the mixture was added pentane (1 mL), and the mixture was 
placed in a freezer (-40 °C) for 15 min. The mixture was filtered, and the filter cake was 
washed with 2 x 0.5 mL of cold pentane, yielding complex 5b (53.5 mg, 35% yield) as a 
green solid. 1H NMR (500 MHz, CDCl3) δ 10.06 (d, J = 4.2 Hz, 2H), 8.31 (d, J = 7.4 Hz, 
2H), 7.85 (s, 2H), 7.70 (dd, J = 8.0, 5.0 Hz, 2H), 1.33 (s, 24H), 0.58 (s, 12H). 11B NMR 
(160 MHz, CDCl3) δ 45.7, 31.6. IR νCO (THF) = 1974 cm-1, (nujol mull, cm-1) 1969, 1627, 
1576, 1206, 1104, 964, 861, 846, 777, 725. Anal. Calcd (%) for C31H44B3IrN4O7: C, 
47.65; H, 5.68; N, 3.59; Found: C, 47.48; H, 5.57; N, 3.81. 
Synthesis of CO complex 5c 

The synthesis of CO complex 5c was conducted according to 
the general procedure with [Ir(COD)OMe]2 (40.1 mg, 0.0605 
mmol), cis-cyclooctene (125 μL, 0.968 mmol), pinacolborane 
(123 μL, 0.847 mmol), 2c (25.2 mg, 0.121 mmol), 
cyclohexane (2 mL), and THF (1 mL). Following evaporation 
of the solvents, in an argon-filled glovebox the residue was 
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dissolved in 2:1 pentane:Et2O (~2 mL) and filtered through a pipet, packed with a glass 
wool plug and Celite. The filtrate was concentrated to ~0.3 mL. To the mixture was 
added hexamethyldisiloxane (1 mL), and the mixture was placed in a freezer (-40 °C) for 
1 h. The mixture was filtered, and the filter cake was washed with 2 x 0.5 mL of cold 
hexamethyldisiloxane, yielding complex 5c (26.0 mg, 27% yield) as a green solid. 1H 
NMR (500 MHz, CDCl3) δ 9.88 (d, J = 5.1 Hz, 2H), 8.02 (s, 2H), 7.52 (d, J = 4.6 Hz, 
2H), 2.86 (s, 6H), 1.32 (s, 24H), 0.59 (s, 12H). 11B NMR (160 MHz, CDCl3) δ 45.7, 32.9. 
IR νCO (THF) = 1972 cm-1, (nujol mull, cm-1) 1962, 1600, 1573, 1518, 1210, 1148, 1107, 
1076, 964, 849, 787, 726. Anal. Calcd (%) for C33H48B3IrN2O7: C, 48.97; H, 5.98; N, 
3.46; Found: C, 48.62; H, 5.64; N, 3.41. 
Synthesis of CO complex 5d 

The synthesis of CO complex 5d was conducted according 
to the general procedure with [Ir(COD)OMe]2 (65.5 mg, 
0.0985 mmol), cis-cyclooctene (179 μL, 1.38 mmol), 
pinacolborane (227 μL, 1.58 mmol), 2d (103 mg, 0.197 
mmol), cyclohexane (4 mL), and THF (2 mL). Following 
evaporation of the solvents, in an argon-filled glovebox the 
residue was dissolved in Et2O (~2 mL) and filtered through 

a pipet, packed with a glass wool plug and Celite. The solvents were evaporated, 
methylcylcohexane (0.5 mL) was added to the residue, and then the mixture was layered 
with hexamethyldisiloxane (0.7 mL). The mixture was placed in a freezer (-40 °C) for 16 
h. The mixture was filtered, and the filter cake was washed with 2 x 0.5 mL of cold 
hexamethyldisiloxane, yielding complex 5d (32.4 mg, 29% yield) as a bright yellow solid. 
1H NMR (500 MHz, CDCl3) δ 9.77 (d, J = 5.3 Hz, 2H), 8.06 (s, 2H), 7.41 (d, J = 5.4 Hz, 
2H), 2.82 (d, J = 13.6 Hz, 2H), 2.78 (d, J = 13.6 Hz, 2H), 1.34 (s, 24H), 1.23 – 1.17 (m, 
6H), 1.03 (d, J = 6.2 Hz, 18H), 1.02 (d, J = 5.9 Hz, 18H), 0.63 (s, 12H). 11B NMR (160 
MHz, CDCl3) δ 45.3, 31.6. IR νCO (THF) = 1971 cm-1, (nujol mull, cm-1) 1953, 1621, 
1596, 1564, 1211, 1145, 1030, 964, 851, 754, 756. Anal. Calcd (%) for 
C51H88B3IrN2O7Si2: C, 54.59; H, 7.91; N, 2.50; Found: C, 54.43; H, 7.79; N, 2.50. 
Synthesis of CO complex 5e 

The synthesis of CO complex 5e was conducted according to 
the general procedure with [Ir(COD)OMe]2 (41.8 mg, 0.0628 
mmol), cis-cyclooctene (114 μL, 0.879 mmol), 
pinacolborane (145 μL, 1.00 mmol), 2e (40.0 mg, 0.126 
mmol), cyclohexane (4 mL), and THF (2 mL). Note: the 
mixture of Ligand in THF had to be heated at 65 °C for 10 

minutes to dissolve the Ligand. Following evaporation of the solvents, in an argon-filled 
glovebox the residue was dissolved in Et2O (~2 mL) and filtered through a pipet, packed 
with a glass wool plug and Celite. The solvents were evaporated, pentane (1 mL) was 
added to the residue, and then the mixture was filtered again through Celite. The solvents 
of the filtrate were evaporated, and the residue was residue was triturated with 
hexamethyldisiloxane. The mixture was placed in a freezer (-40 °C) for 2 h. The mixture 
was filtered, and the filter cake was washed with 2 x 0.5 mL of cold 
hexamethyldisiloxane, yielding complex 5e (22.7 mg, 24% yield) as a orange-brown 
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solid. 1H NMR (500 MHz, CDCl3) δ 9.37 (d, J = 79.5 Hz, 2H), 7.85 (d, J = 77.8 Hz, 2H), 
6.62 (d, J = 119.9 Hz, 2H), 3.76 (s, 8H), 2.02 (d, J = 82.4 Hz, 9H), 1.32 (s, 24H), 0.68 (s, 
12H). 11B NMR (160 MHz, CDCl3) δ 46.3, 32.9. IR νCO (THF) = 1963 cm-1, (nujol mull, 
cm-1) 1963, 1553, 1298, 1236, 1206, 1141, 1106, 1061, 721. Anal. Calcd (%) for 
C41H62B3IrN4O7: C, 50.94; H, 6.36; N, 6.09; Found: C, 51.29; H, 6.70; N, 6.01. 
Synthesis of CO complex 6a 

The synthesis of CO complex 6a was conducted according to the 
general procedure with [Ir(COD)OMe]2 (36.0 mg, 0.0541 mmol), 
cis-cyclooctene (98 μL, 0.76 mmol), pinacolborane (125 μL, 
0.866 mmol), 3a (30.0 mg, 0.108 mmol), cyclohexane (2 mL), 
and THF (2 mL). Note: the mixture of Ligand in THF had to be 
heated at 65 °C for 10 minutes to dissolve the Ligand. Following 
evaporation of the solvents, in an argon-filled glovebox the 

residue was Et2O (4 mL) and filtered through a pipet, packed with a glass wool plug and 
Celite. The mixture was concentrated to ~0.2 mL, layered with pentane (1 mL) and then 
placed in a freezer (-40 °C) for 10 min. The mixture was filtered, and the filter cake was 
washed with 2 x 1 mL of cold pentane, yielding complex 6a (45.2 mg, 26% yield) as a 
grey-green solid. 1H NMR (500 MHz, CDCl3) δ 9.95 (s, 2H), 8.34 (d, J = 34.1 Hz, 2H), 
2.67 (s, 6H), 1.34 (s, 6H), 1.32 (s, 6H), 0.62 (s, 12H). 11B NMR (160 MHz, CDCl3) δ 
46.0, 31.9. IR νCO (THF) = 1976 cm-1, (nujol mull, cm-1) 1972, 1502, 1227, 1210, 1144, 
1109, 964, 907, 863, 736, 722. Anal. Calcd (%) for C33H46B3Cl2IrN2O7: C, 45.13; H, 5.28; 
N, 3.19; Found: C, 45.09; H, 5.29; N, 3.25. 
Synthesis of CO complex 6b 

The synthesis of CO complex 6b was conducted according to the 
general procedure with [Ir(COD)OMe]2 (66.5 mg, 0.100 mmol), 
cis-cyclooctene (182 μL, 1.40 mmol), pinacolborane (230 μL, 
1.60 mmol), 3b (41.7 mg, 0.200 mmol), cyclohexane (4 mL), and 
THF (2 mL). Following evaporation of the solvents, in an argon-
filled glovebox the residue was washed with pentane and then 
extracted with 4 x 2 mL of Et2O and filtered through a pipet, 

packed with a glass wool plug and Celite. The solvents were evaporated, yielding 
complex 6b (32.0 mg, 20% yield) as a grey green solid. 1H NMR (600 MHz, C6D6) δ 
9.87 (s, 2H), 8.04 (s, 2H), 7.72 (s, 2H), 2.62 (s, 6H), 1.34 (s, 12H), 1.33 (s, 12H), 0.60 (s, 
12H). 11B NMR (193 MHz, C6D6) δ 44.4, 31.3. IR νCO (THF) = 1973 cm-1, (nujol mull, 
cm-1) 1969, 1608, 1210, 1145, 1109, 1070, 964, 861, 787. Anal. Calcd (%) for 
C33H48B3IrN2O7: C, 48.97; H, 5.98; N, 3.46; Found: C, 49.29; H, 6.30; N, 3.69. 
Synthesis of CO Complex 6c 

The synthesis of CO complex 6c was conducted according to 
the general procedure with [Ir(COD)OMe]2 (66.5 mg, 0.100 
mmol), cis-cyclooctene (182 μL, 1.40 mmol), pinacolborane 
(230 μL, 1.60 mmol), 3c (47.3 mg, 0.200 mmol), cyclohexane 
(4 mL), and THF (4 mL). Note: the mixture of 3c in THF had to 
be heated at 65 °C for 10 minutes to dissolve the ligand. 

Following evaporation of the solvents, in an argon-filled glovebox the residue was 
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washed with pentane and then extracted with 4 x 2 mL of Et2O and filtered through a 
pipet, packed with a glass wool plug and Celite. The solvents were evaporated, yielding 
complex 6c (23.0 mg, 14% yield) as a grey green solid. 1H NMR (500 MHz, CDCl3) δ 
9.67 (d, J = 102.3 Hz, 2H), 8.01 (s, 2H), 2.73 (s, 6H), 2.55 (s, 6H), 1.33 (s, 24H), 0.62 (s, 
12H). 11B NMR (160 MHz, CDCl3) δ 46.6, 33.1. IR νCO (THF) = 1971 cm-1, (nujol mull, 
cm-1) 1966, 1618, 1521, 1210, 1146, 1110, 1058, 964, 862, 722. Anal. Calcd (%) for 
C35H52B3IrN2O7: C, 50.20; H, 6.26; N, 3.35; Found: C, 49.99; H, 6.35; N, 3.28. 
Synthesis of CO complex 6d 

The synthesis of CO complex 6d was conducted according 
to the general procedure with [Ir(COD)OMe]2 (58.5 mg, 
0.0880 mmol), cis-cyclooctene (160 μL, 1.23 mmol), 
pinacolborane (202 μL, 1.41 mmol), 3d (96.6 mg, 0.176 
mmol), cyclohexane (4 mL), and THF (2 mL). Following 
evaporation of the solvents, in an argon-filled glovebox the 
residue was dissolved in 2:1 pentane:Et2O (2 mL) and 

filtered through a pipet, packed with a glass wool plug and Celite. The mixture was 
concentrated to ~0.2 mL, added pentane (0.7 mL) and then placed in a freezer (-40 °C) 
for 1h. The mixture was filtered, and the filter cake was washed with 2 x 1 mL of cold 
pentane, yielding complex 6d (53.0 mg, 26% yield) as a yellow solid. 1H NMR (500 
MHz, CDCl3) δ 9.73 (s, 2H), 7.94 (s, 2H), 2.77 (d, J = 14.1 Hz, 2H), 2.69 (d, J = 13.8 Hz, 
2H), 2.54 (s, 6H), 1.34 (s, 12H), 1.32 (s, 12H), 1.22 – 1.13 (m, 6H), 0.98 (d, J = 8.1 Hz, 
18H), 0.96 (d, J = 7.2 Hz, 18H), 0.63 (s, 12H). 11B NMR (160 MHz, CDCl3) δ 45.0, 32.5. 
IR νCO (THF) = 1969 cm-1, (nujol mull, cm-1) 1961, 1618, 1589, 1519, 1210, 1145, 1111, 
1077, 965, 885, 866, 741. Anal. Calcd (%) for C53H92B3IrN2O7Si2: C, 55.35; H, 8.06; N, 
2.44; Found: C, 55.60; H, 8.02; N, 2.35. 
Synthesis of CO complex 6e 

The synthesis of CO complex 6e was conducted according 
to the general procedure with [Ir(COD)OMe]2 (66.5 mg, 
0.100 mmol), cis-cyclooctene (182 μL, 1.40 mmol), 
pinacolborane (230 μL, 1.60 mmol), 3e (69.3 mg, 0.200 
mmol), cyclohexane (4 mL), and THF (2 mL). Following 
evaporation of the solvents, in an argon-filled glovebox the 
residue was dissolved in 2:1 pentane:Et2O (~1.5 mL) and 

filtered through a pipet, packed with a glass wool plug and Celite. The mixture was 
concentrated to ~0.2 mL, pentane (1 mL) was added, and then the mixture was placed in 
a freezer (-40 °C) for 1h. The mixture was filtered, and the filter cake was washed with 2 
x 1 mL of cold pentane, yielding complex 6e (41.0 mg, 22% yield) as a yellow solid. 1H 
NMR (500 MHz, CDCl3) δ 9.58 (s, 2H), 7.88 (s, 2H), 3.51 (s, 8H), 2.47 (s, 6H), 2.12 (s, 
8H), 1.32 (s, 24H), 0.64 (s, 12H). 11B NMR (160 MHz, CDCl3) δ 47.8, 34.1. IR νCO 

(THF) = 1967 cm-1, (nujol mull, cm-1) 1963, 1615, 1588, 1558, 1518, 1209, 1145, 1108, 
1075, 964, 864, 786, 721. Anal. Calcd (%) for C41H62B3IrN4O7: C, 51.97; H, 6.60; N, 
5.91; Found: C, 51.63; H, 6.73; N, 5.77. 
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Synthesis of CO complex 7a 
The synthesis of CO complex 7a was conducted according to the 
general procedure with [Ir(COD)OMe]2 (19.9 mg, 0.0600 mmol), 
cis-cyclooctene (63 μL, 0.48 mmol), pinacolborane (60 μL, 0.42 
mmol), 4a (29.1 mg, 0.0600 mmol), cyclohexane (2 mL), and 
THF (1 mL). Following evaporation of the solvents, in an argon-
filled glovebox the residue was dissolved in cold 2:1 
pentane:Et2O (~1.5 mL) and filtered through a pipet, packed 
with a glass wool plug and Celite. The mixture was concentrated 
to ~0.3 mL, layered hexamethyldisiloxane (1 mL) and then 

placed in a freezer (-40 °C) for 1h. The mixture was filtered, and the filter cake was 
washed with 1 x 1 mL of cold hexamethyldisiloxane and 2 x 0.5 mL of cold pentane, 
yielding complex 7a (23.3 mg, 36% yield) as a yellow green solid. H NMR (600 MHz, 
CDCl3) δ 9.84 (s, 2H), 8.46 (s, 2H), 7.03 (s, 4H), 2.40 (s, 6H), 2.08 (s, 6H), 2.05 (s, 6H), 
1.16 (s, 12H), 1.13 (s, 12H), 0.50 (s, 12H). 11B NMR (193 MHz, CDCl3) δ 45.4, 33.0. IR 
νCO (THF) = 1977 cm-1, (nujol mull, cm-1) 1966, 1612, 1252, 1211, 1142, 1111, 1079, 964, 
848, 822, 722. Anal. Calcd (%) for C49H62B3Cl2IrN2O7: C, 54.16; H, 5.75; N, 2.58; Found: 
C, 53.72; H, 5.93; N, 2.48. 
Synthesis of CO complex 7b 

The synthesis of CO complex 7b was conducted according to the 
general procedure with [Ir(COD)OMe]2 (66.5 mg, 0.100 mmol), 
cis-cyclooctene (182 μL, 1.40 mmol), pinacolborane (230 μL, 
1.60 mmol), 4b (83.3 mg, 0.200 mmol), cyclohexane (4 mL), and 
THF (2 mL). Following evaporation of the solvents, in an argon-
filled glovebox the residue was dissolved in cold 2:1 pentane:Et2O 
(~1.5 mL) and filtered through a pipet, packed with a glass wool 
plug and Celite. The mixture was concentrated to ~0.2 mL, added 
pentane (0.7 mL) and then placed in a freezer (-40 °C) for 1h. The 

mixture was filtered, and the filter cake was washed with 2 x 1 mL of cold pentane, 
yielding complex 7b (65.2 mg, 32% yield) as a yellow green solid. 1H NMR (500 MHz, 
CDCl3) δ 9.85 (s, 2H), 8.12 (s, 2H), 7.88 (s, 2H), 7.01 (s, 4H), 2.38 (s, 7H), 2.14 (s, 6H), 
2.12 (s, 6H), 1.20 (s, 12H), 1.19 (s, 12H), 0.50 (s, 12H). 11B NMR (160 MHz, CDCl3) δ 
46.3, 33.3. IR νCO (THF) = 1974 cm-1, (nujol mull, cm-1) 1973, 1612, 1570, 1210, 1119, 
1144, 1113, 1072, 964, 863, 850, 734. Anal. Calcd (%) for C49H64B3IrN2O7: C, 57.83; H, 
6.34; N, 2.75; Found: C, 57.55; H, 6.07; N, 2.68. 

Synthesis of CO complex 7c 
The synthesis of CO complex 7c was conducted according to the 
general procedure with [Ir(COD)OMe]2 (39.9 mg, 0.0600 mmol), 
cis-cyclooctene (124 μL, 0.960 mmol), pinacolborane (121 μL, 
0.840 mmol), 4c (53.4 mg, 0.120 mmol), cyclohexane (4 mL), and 
THF (2 mL). Following evaporation of the solvents, in an argon-
filled glovebox the residue was dissolved in cold 2:1 pentane:Et2O 
(~1.5 mL) and filtered through a pipet, packed with a glass wool 
plug and Celite. The mixture was concentrated to ~0.3 mL, 
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layered hexamethyldisiloxane (1 mL) and then placed in a freezer (-40 °C) for 1h. The 
mixture was filtered, and the filter cake was washed with 1 x 1 mL of cold 
hexamethyldisiloxane and 2 x 0.5 mL of cold pentane, yielding complex 7c (38.2 mg, 
30% yield) as a light green solid. 1H NMR (400 MHz, CDCl3) δ 9.69 (s, 2H), 8.17 (s, 2H), 
7.00 (s, 4H), 2.57 (s, 6H), 2.38 (s, 6H), 2.01 (s, 6H), 2.01 (s, 6H), 1.16 (s, 12H), 1.13 (s, 
12H), 0.48 (s, 12H). 11B NMR (128 MHz, CDCl3) δ 46.22, 31.84. IR νCO (THF) = 1971 
cm-1, (nujol mull, cm-1) 2727, 1961, 1612, 1210, 1147, 1110, 1074, 1008, 964. ESIHR 
[M+Na] calc’d 1069.4827, found 1069.4868. 
Synthesis of CO complex 7d 

The synthesis of CO complex 7d was conducted according 
to the general procedure with [Ir(COD)OMe]2 (19.9 mg, 
0.0300 mmol), cis-cyclooctene (62 μL, 0.48 mmol), 
pinacolborane (60 μL, 0.42 mmol), 4d (45.4 mg, 0.0600 
mmol), cyclohexane (2 mL), and THF (1 mL). Following 
evaporation of the solvents, in an argon-filled glovebox the 
residue was dissolved in cold 2:1 pentane:Et2O (~1.5 mL) 
and filtered through a pipet, packed with a glass wool plug 
and Celite. The mixture was concentrated to ~0.3 mL, 

layered with hexamethyldisiloxane (1 mL) and then placed in a freezer (-40 °C) for 1h. 
The mixture was filtered, and the filter cake was washed with 1 x 1 mL of cold 
hexamethyldisiloxane and 1 x 0.5 mL of cold pentane, yielding complex 7d (17.0 mg, 
21% yield) as a yellow green solid. 1H NMR (400 MHz, CDCl3) δ 9.70 (s, 2H), 8.13 (s, 
2H), 6.99 (s, 2H), 6.98 (s, 2H), 2.76 (d, J = 13.1 Hz, 2H), 2.57 (d, J = 13.1 Hz, 2H), 2.35 
(s, 6H), 2.21 (s, 6H), 2.09 (s, 6H), 1.19 (s, 12H), 1.13 (s, 12H), 0.98 (m, 3H), 0.93 (d, J = 
6.9 Hz, 18H), 0.78 (m, 3H), 0.69 (s, 12H), 0.64 (d, J = 7.0 Hz, 18H). 11B NMR (128 MHz, 
CDCl3) δ 45.8, 31.8. IR νCO (THF) = 1969 cm-1, (nujol mull, cm-1) 1959, 1612, 1504, 
1210, 1145, 1109, 1071, 965, 885, 865, 847, 766, 722. ESIHR [M+Na] calc’d 1381.7496, 
found 1381.7561. 
Synthesis of Complex 9 

The synthesis of CO complex 9 was conducted according to the 
general procedure with [Ir(COD)OMe]2 (40.1 mg, 0.0605 mmol), 
cis-cyclooctene (125 μL, 0.968 mmol), pinacolborane (122 μL, 
0.847 mmol), 8 (52.0 mg, 0.121 mmol), cyclohexane (2 mL), and 
THF (1 mL). Following evaporation of the solvents, in an argon-
filled glovebox the residue was dissolved in Et2O (~1.5 mL) and 

filtered through a pipet, packed with a glass wool plug and Celite. The mixture was 
concentrated to ~0.75 mL, layered with hexamethyldisiloxane (1.5 mL) and then placed 
in a freezer (-40 °C) for 2h. The mixture was filtered, and the filter cake was washed with 
1 x 1 mL of cold hexamethyldisiloxane and 1 x 0.5 mL of cold pentane, yielding complex 
9 (31.1 mg, 25% yield). 1H NMR (600 MHz, CDCl3) δ 10.37 (s, 2H), 8.67 (s, 2H), 7.82 
(s, 2H), 1.42 (s, 24H), 1.38 (s, 12H), 1.33 (s, 12H), 0.59 (s, 12H). 11B NMR (193 MHz, 
CDCl3) δ 44.7, 31.2. IR νCO (THF) = 1973 cm-1, (nujol mull, cm-1) 1973, 1611, 1210, 
1144, 1109, 1068, 911. ESIHR [M+Na] calc’d 1056.4690, found 1056.4720. 
Synthesis of Complex 12 
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The synthesis of CO complex 12 was conducted according to the 
general procedure with [Ir(COD)OMe]2 (21.3 mg, 0.0321 mmol), 
cis-cyclooctene (58 μL, 0.45 mmol), pinacolborane (74 μL, 0.51 
mmol), 10 (32.9 mg, 0.0642 mmol), cyclohexane (2 mL), and 
THF (1 mL). Following evaporation of the solvents, in an argon-
filled glovebox the residue was triturated with ether, yielding 12 
as a light brown solid (21.9 mg, 30% yield). 1H NMR (500 MHz, 
CDCl3) δ 9.96 (s, 2H), 8.26 (s, 2H), 7.79 (s, 2H), 6.28 (s, 4H), 
3.93 (s, 6H), 3.78 (s, 12H), 1.25 (s, 24H), 0.72 (s, 12H). 11B 
NMR (160 MHz, CDCl3) δ 48.0, 34.2. IR νCO (THF) = 1973 cm-1, 

(nujol mull, cm-1) 1970, 1611, 1206, 1157, 1132, 1071, 964, 864, 806, 729. ESIHR 
[M+Na] calc’d 1137.4259, found 1137.4209. 
Synthesis of Complex 13 

The synthesis of CO complex 13 was conducted according to 
the general procedure with [Ir(COD)OMe]2 (66.5 mg, 0.100 
mmol), cis-cyclooctene (182 μL, 1.40 mmol), pinacolborane 
(230 μL, 1.60 mmol), 11 (119 mg, 0.200 mmol), cyclohexane 
(4 mL), and THF (6 mL). Following evaporation of the 
solvents, in an argon-filled glovebox the residue was triturated 
with 2:1 pentane:Et2O (~2 mL) and cold Et2O (~2 mL). The 
solids were dissolved in THF (2 mL) and filtered through a 
pipet, packed with a glass wool plug and Celite. The solvents 
of the filtrate were evaporated, and the residue was triturated 
with pentane, yielding 13 (56.2 mg, 24% yield) as a yellow 

solid. 1H NMR (400 MHz, CDCl3) δ 9.94 (s, 2H), 8.30 (s, 2H), 7.94 (s, 2H), 7.60 (s, 2H), 
7.50 (s, 2H), 4.60 (s, 4H), 4.51 (d, J = 13.1 Hz, 2H), 4.18 – 4.09 (m, 6H), 3.46 (s, 6H), 
3.24 (s, 6H), 3.21 (s, 6H), 1.18 (s, 12H), 1.15 (s, 12H), 0.60 (s, 12H). 11B NMR (128 
MHz, CDCl3) δ 46.0, 32.9. IR νCO (THF) = 1974 cm-1, (nujol mull, cm-1) 1965, 1212, 
1194, 1145, 1110, 1071, 965, 918, 870, 806, 787, 733.  Anal. Calcd (%) for 
C55H76B3IrN2O13: C, 55.15; H, 6.40; N, 2.34; Found: C, 55.31; H, 6.28; N, 2.39. 
 
5.4.4. Kinetic Studies: The C-H Borylation of THF Catalyzed by Ir-Phen Catalysts 
 
In an argon-filled glovebox, a 4 mL vial was charged with (η6-mes)Ir(Bpin)3 (5.9 mg, 
0.0085 mmol), ligand 2-4, 9, or 10 (0.0085 mmol), and a 0.472 M stock solution of 
B2pin2 in THF (0.360 mL, 0.170 mmol). To the vial was added a magnetic stir bar and 
isododecane as an internal standard, and the vial was sealed with a Teflon-lined cap. The 
reaction mixture was heated at 100 °C. At various time points, aliquots were taken from 
the mixture and analyzed by gas chromatography. From the chromatograms, the initial 
rate for the formation of alkyl boronate ester 1 was determined. After 48 h, the yield of 1 
was determined by gas chromatography. See Table 5.6 for the initial rates and yields of 
the corresponding reactions. The error in initial rates were calculated by regression 
analysis of the concentration vs. time data for each run. 
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Table 5.6. Initial Rates for the Formation of 1 and Yield of 1 After 48h 

 
 
Kinetic Studies: The C-H Borylation of Diethoxyethane Catalyzed by Ir-Phen 
Catalysts 
In an argon-filled glovebox, a 4 mL vial was charged with (η6-mes)Ir(Bpin)3 (5.9 mg, 
0.0085 mmol), ligand 2c, 3c, or 4c (0.0085 mmol), and a 0.472 M stock solution of 
B2pin2 in diethoxyethane (0.360 mL, 0.170 mmol). To the vial was added a magnetic stir 
bar and isododecane as an internal standard, and the vial was sealed with a Teflon-lined 
cap. The reaction mixture was heated at 100 °C. At various time points, aliquots were 
taken from the mixture and analyzed by gas chromatography. From the chromatograms, 
the initial rate for the formation of alkyl boronate ester 14 was determined. After 48 h, the 
yield of 14 was determined by gas chromatography. See Table 5.7 for the initial rates and 
yields of the corresponding reactions. 
 
Table 5.7. Initial Rates for the Formation of 14 and Yield of 14 After 48h 

 
 
5.4.5. Computational Studies: Methods 
 

Ligand Initial Rate (M•s-1) Yield after 48 h

2a 1.8 ± 0.1 × 10-6 15%

2b 1.10 ± 0.07 × 10-5 42%

2c 5.4 ± 0.1 × 10-6 23%

2d 2.5 ± 0.3 × 10-6 55%

2e 1.1 ± 0.1 × 10-6 33%

3a 1.50 ± 0.04 × 10-6 23%

3b 4.2 ± 0.1 × 10-6 100%

3c 5.7 ± 0.1 × 10-6 103%

3d 8.1 ± 0.2 × 10-6 137%

3e 4.9 ± 0.2 × 10-6 89%

4a 6.7 ± 0.4 × 10-6 28%

4b 8.5 ± 0.1 × 10-6 97%

4c 1.49 ± 0.05 × 10-5 99%

4d 1.41 ± 0.04 × 10-5 70%

8 1.01 ± 0.04 × 10-5 50%

9 1.08 ± 0.03 × 10-6 14%

10 1.12 ± 0.03 × 10-5 92%

Ligand Initial Rate (M•s-1) Yield after 48 h

2c 1.13 ± 0.01 × 10-4 136%

3c 1.04 ± 0.01 × 10-4 169%

4c 1.14 ± 0.1 × 10-4 165%
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Geometries for intermediates and transition states were optimized with the lanl2dz basis 
set for iridium and the 6-31g(d,p) basis set for all other atoms with the B3LYP-D3 
functional (B3LYP plus Grimes’ dispersion correction). Frequency calculations were 
conducted on these structures at the same level of theory (at 373 K) to obtain corrections 
for single-point free energy calculations and to ensure that all transition states had only 
one imaginary frequency and all ground states had only positive frequencies. Single-point 
free energy calculations were conducted with the lanl2tz basis set for iridium and the 6-
31++G** basis set for all other atoms with the M06 functional. A CPCM solvent 
correction (THF for the borylation of THF and diethyl ether for the borylation of ethyl 
methyl ether) was included for the single-point energy calculations. NBO analysis of the 
ground states and transition states was conducted with the lanl2dz basis set for iridium 
and the 6-31g(d,p) basis set for all other atoms with the M06 functional. 
 
Computational Studies: NBO Analysis of C-H···O Interactions 
ENBO for C-H···O Interactions were determined for ground states and transition states 
where the H-O distance was <2.72 Å and the C-H-O angle was >90°. Images of these 
structures and the relevant distances, angles, and ENBO are shown in Figures 5.6-5.12. 

 
Figure 5.6. Ground state for Ir-trisboryl bound by ligand 2c. H atoms (except those involved in C-
H···O interactions) have been omitted for clarity. 
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Figure 5.7. Transition state for the oxidative addition of THF to the Ir-trisboryl bound by ligand 2c. H 
atoms (except those involved in C-H···O interactions and the C-H activation) have been omitted for 
clarity. 

 
Figure 5.8. Ground state for Ir-trisboryl bound by ligand 3c. H atoms (except those involved in C-
H···O interactions) have been omitted for clarity. 
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Figure 5.9. Transition state for the oxidative addition of THF to the Ir-trisboryl bound by ligand 3c. H 
atoms (except those involved in C-H···O interactions and the C-H activation) have been omitted for 
clarity. 

 
Figure 5.10. Ground state for Ir-trisboryl bound by ligand 3c. H atoms (except those involved in C-
H···O interactions) have been omitted for clarity. 
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Figure 5.11. Transition state for the oxidative addition of THF to the Ir-trisboryl bound by ligand 4c. 
H atoms (except those involved in C-H···O interactions and the C-H activation) have been omitted for 
clarity. 
 

 
Figure 5.12. Transition state for the oxidative addition of EtOMe to the Ir-trisboryl bound by ligand 
3c. H atoms (except those involved in C-H···O interactions and the C-H activation) have been omitted 
for clarity. 
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