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Abstract 

Practical Borylation of Alkyl C–H Bonds with Iridium Catalysts: Methodology and 
Mechanism 

 

By Isaac Fu-Ray Yu 

Doctor of Philosophy in Chemistry 

University of California, Berkeley 

Professor John F. Hartwig, Chair 

 

The following dissertation discusses the development of iridium catalysts for the 
undirected borylation of alkyl C–H bonds and includes in-depth studies on the mechanism of 
these transformations.  

Chapter 1 contains a comprehensive review of applications of the borylation of C–H 
bonds catalyzed by transition metals to the synthesis of complex molecules. This review is 
subdivided into sections highlighting the state-of-the-art of methodology of the undirected and 
directed borylation of aryl and alkyl C–H bonds, and focuses on the utility of these reactions 
for the syntheses of drug precursors, complex bioactive molecules, and optoelectronic 
materials. Additionally, the review contains a generalized overview of mechanisms by which 
these reactions occur. Finally, this review provides the author’s opinion on future directions for 
research on the borylation of alkyl C–H bonds. 

Chapter 2 describes the development of iridium-catalyzed borylation of the bridgehead, 
tertiary C–H bonds of bicyclopentanes and bicyclohexanes. Contained is an examination of the 
scope of the borylation of bicyclopentanes, bicyclohexanes, oxabicyclohexanes, and 
azabicyclohexanes. Also included are experimental and computational studies that reveal the 
mechanism of this reaction. 

Chapter 3 discusses the development of catalysts that enable the borylation of alkyl C–
H bonds to occur at mild temperatures (65 ºC). Key to this development was the discovery that 
catalysts formed from 2-aminophenanthrolines and iridium undergo rapid activation and 
catalyze the borylation of alkyl C–H bonds at reduced temperatures, maintaining activity even 
at room temperature. Also included are experimental studies that provide initial information on 
the identity of the active catalyst species. 

Chapter 4 describes the mechanistic study of the origin of improved activation and 
reaction rates of the borylation of alkyl C–H bonds catalyzed by 2-aminophenanthroline 
complexes. Experimental studies enabled by a sterically protected aminophenanthroline 
demonstrate that the N-boryl iridium trisboryl complex is the resting state and that the 
corresponding N-boryl iridium bisboryl hydride complex is inactive for the borylation reaction.
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1.1 Introduction 

The direct functionalization of C–H bonds, particularly the site-selective functionalization of 
C–H bonds, has been a longstanding goal of organic chemists.1 Beyond the fundamental 
challenge facing the activation of C–H bonds that are non-polar and have high bond 
dissociation energies, lies the challenge of functionalizing C–H bonds with high site selectivity 
and high chemoselectivity in molecules ranging from alkanes to complex molecules containing 
an array of functional groups interspersed with C–H bonds that sit in varying steric 
environments and possess varying electronic properties. Systems that lead to the 
functionalization of one C–H bond in alkanes ranging from methane to linear, low-density 
polyethylene, one C–H bond in a molecule as complex as natural products, medicinally active 
compounds, or even sophisticated electronic materials would lead to widely applicable, new 
approaches to the synthesis of organic molecules valuable for a variety of applications.  

Because of this challenge and potential application, chemists have developed over the past few 
decades a series of strategies for the functionalization of C–H bonds, some of which have been 
applicable to the functionalization of C–H bonds in such complex molecules.2 The synthetic 
utility of a particular method for the functionalization of C–H bonds can be demonstrated by 
the types of complex molecules that can be prepared. The C–H bond functionalization can be 
applied in the in “late-stage” of a synthetic sequence, or it can be used earlier in the sequence 
to create building blocks or to install groups that can be diversified later in a synthesis. 

Methods for efficient, catalytic functionalization of unactivated C−H bonds with boron 
reagents are particularly attractive for synthetic chemists because of the versatile reactivity of 
the boryl functional groups in the products. The boryl groups can serve as temporary functional 
groups to form products containing a variety of functional groups at the position of the C–B 
bond. For example, arylboron reagents undergo cross-coupling with carbon-electrophiles in the 
presence of an appropriate catalyst to form C–C bonds, undergo oxidation by H2O2 to form 
alcohols, undergo halogenations to form aryl halides, and undergo aminations to form a variety 
of products containing carbon-nitrogen bonds. The mechanism, scope, and applications of 
these reactions have been presented in several reviews.3-5 The wide scope, mild conditions, 
high turnover numbers, and predictable site-selectivity of these reactions, in combination with 
their value as synthetic intermediates, have caused the widespread adoption of these methods. 

Examples of the borylation of C−H bonds can be subdivided into two classes: undirected, 
intermolecular; and directed, intermolecular. Reactions that occur after binding of the catalyst 
to a directing group require tethering of the reagent to the substrate, the presence of a suitable 
directing group on the substrate, or installation of the directing group. Reactions that occur 
intermolecularly without a directing group typically occur with lower reaction rates, but they 
do not require the substrate to contain a functional group that can serve as or attach to a 
directing group. 

The most commonly employed catalysts for undirected intermolecular borylation of C–H 
bonds contain Group 9 metals (Co, Rh, and Ir),3, 4 although several examples that comprise 
Group 10 metals,6-17 Group 8 metals,18-24 and group 7 metals25 are known. The borylation of 
aryl C–H bonds is typically conducted with B2pin2 or HBpin as the boron source, and common 
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catalysts are PNP pincer complexes containing cobalt,26 and iridium complexes containing 
bipyridine-type ligands, such as 4,4’-ditert-butyl-2,2’-bipyridine (dtbpy)27 and 3,4,7,8-
tetramethyl-1,10-phenanthroline (tmphen).28, 29 The borylation of alkyl C–H bonds occurs with 
rhodium piano-stool complexes, such as Cp*Rh(η6-C6Me6)30 and iridium complexes 
containing bipyridine-type ligands (Figure 1.1Error! Reference source not found.). 

 

Figure 1.1. Common Group 9 catalyst precursors and ligands for the borylation of C–H bonds. 

The borylation of alkyl and aryl C–H bonds are typically run with diboron reagents and 
generate hydroborane as the byproduct, although there are also many examples in which the 
reaction was conducted with hydroborane without a hydrogen acceptor. 

Mechanistic studies suggest that the borylation of aryl C–H bonds with cobalt pincer 
complexes occurs by a mechanism comprising a combination of Co(I) and Co(III) 
intermediates.26, 31 Mechanistic studies on the borylation of alkyl C–H bonds with rhodium 
complexes indicate that the reactions occur by mechanisms comprising Rh(I) and Rh(III) 
intermediates. In stark contrast, the borylation of aryl and alkyl C–H bonds with iridium 
complexes is accepted to occur by a cycle comprising Ir(III) and Ir(V) intermediates.27, 29, 32-35 
Broadly speaking, however, these reactions occur under the same mechanistic manifold: The 
C–H bond of the substrate undergoes oxidative addition to the active catalyst L2MoxHmBn; 
L=nitrogen-donor or phosphorus-donor ligand) to generate L2Mox+2Hm+1BnR. The metal-alkyl 
or metal-aryl intermediate then undergoes reductive elimination to form the C–B bond. Catalyst 
turnover is achieved by reaction with the main group reagent (Figure 1.2). 

 

N Co
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CH2SiMe3
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N N

tButBu
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[Ir(cod)OMe]2

N N

(tmphen)

a) catalyst precursors and ligands used for the 
undirected borylation of arenes

b) catalyst precursors and ligands used for the 
undirected borylation of alkanes
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Figure 1.2. Generalized mechanism of transition-metal catalyzed borylation of C–H bonds, 
and complexes implicated in the reactions. 

With these mechanisms in mind, the site-selectivity and strategies for the borylation of C–H 
bonds can be rationalized. Because these transition metal-catalyzed functionalizations of C–H 
bonds occur through the formation of an aryl-metal or alkyl-metal intermediate, reactivity 
trends in the absence of steric factors tend to parallel measures of metal-carbon bond strength 
or C–H acidity, as have been studied for other metal-catalyzed C–H arylation processes.36, 37 
Undirected borylations tend to favor functionalization of the most acidic heteroaryl C–H bond 
over aryl C–H bonds, aryl C–H bonds over alkyl C–H bonds, and primary alkyl C–H bonds 
over secondary or tertiary C–H bonds. Moreover, the pronounced steric bulk around the metal 
complexes have led to exquisite, sterically driven selectivities for appropriately substituted 
arenes and heteroarenes, with good meta-selectivity. This sterically driven selectivity often 
overrides electronic factors. Several reviews and models on site selectivity prediction have 
been published.38-40 For intermolecular, directed borylations, two coordination sites are needed. 
The lack of two open coordination sites in the iridium catalysts ligated by chelating dative 
ligands and the steric bulk of the ancillary ligands in other cases lead to the requirement of 
alternative types of ligands, including hemilabile ligands, LX ligands, and ligands with charges 
for ionic interactions. (see below for examples). This review focuses on the application of the 
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borylation of C–H bonds catalyzed by transition metal catalysts for the synthesis of complex 
molecules.  

Several alternative strategies for the borylation of C–H bonds are emerging, such as those 
occurring by Friedel-Crafts mechanisms,41, 42 borylation of alkanes by HAT processes,43-45 and 
borylation of heteroarenes by Minisci-type reactions.46-49 Although some of these reactions 
contain transition-metal photocatalysts, the bond cleavage and bond formation does not involve 
a transition metal catalyst and, therefore, are not covered in this review. Also excluded from 
this review are processes occurring by the combination of lithiation and borylation of the 
resulting organolithium species.50 

 

1.2 Transition-Metal Catalyzed, Borylation of C–H Bonds in Complex Molecules 

The use of common reagents, such as HBpin and B2pin2, for the borylation of C–H bonds, and 
the capability of borylated products to undergo some of the reactions most used by synthetic 
chemists, such as Suzuki couplings, oxidations, and halogenations, has made the borylation of 
C–H bonds one of the most valuable C–H functionalization reactions.  

Among methods for the borylation of C–H bonds, methods for the borylation of aryl C–H 
bonds are well-established. Those for the borylation of alkyl C–H bonds are evolving. Catalytic 
systems for the borylation of aryl C–H bonds are highly selective and form aryl and heteroaryl 
boronates under mild conditions with limiting substrate.   

The undirected borylation of the C–H bonds in arenes occurs with regioselectivity controlled 
by steric factors. For example, 1,3-disubstituted and 1,2,3-trisubstituted arenes undergo 
selective borylation at the 5-position. For heteroaryl substrates, steric factors are important, but 
the electronic properties of the heteroarenes can sometimes override the steric preference for 
the activation of one C–H bond over another or distinguish between reactivity at sterically 
similar C–H bonds. Guidelines for predicting the selectivity of undirected C–H borylation 
reactions on heteroarenes are presented in a 2014 paper from our laboratory.29 Methods for the 
undirected borylation of aryl C–H bonds have been developed that occur with selectivities that 
are different from those mentioned above. Such methods achieve complementary selectivity 
with ligands that can interact with functional groups on the substrate. Additionally, directed 
methods for the borylation of aryl C–H bonds have been developed to control regioselectivity. 
All such methods that have been applied to borylation of complex molecules will be reviewed 
in this section.  

It was not until recently that new catalysts were developed with the potential to achieve the 
borylation of alkyl C–H bonds with the selectivities and mild reaction conditions developed 
for aryl C–H bonds. The selectivity of such methods was explained in the introduction of this 
chapter.  

Because of the characteristics of this C–H functionalization strategy, the selective introduction 
of a C–B bond into a highly-functionalized molecule constitutes a powerful strategy to access 
products that circumvents de novo syntheses often required to access complex-molecule 
derivatives with minor modifications. Therefore, C–H borylation methods are valuable for the 
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functionalization of complex molecules in drug discovery and natural product synthesis in the 
early, mid, and late-stage as well as for the functionalization of organic materials and ligand 
scaffolds. The application of C–H borylation in all these contexts is reviewed in this section. 

 

1.3 Transition-Metal Catalyzed Borylation of C–H Bonds in Precursors to Bioactive 
Molecules 

As noted in the introduction, the borylation of C–H bonds catalyzed by transition metal 
catalysts occur with high functional group tolerance and with selectivities that can be 
determined by steric effects or by specific functional groups that direct the transition metal to 
the site of borylation. Access to these borylated products under mild conditions has spurred the 
development of synthetic methodologies for the transformation of boronic ester products in a 
telescoped manner to those containing many functional groups. Taken together, these methods 
provide a powerful approach to the synthesis of highly decorated building blocks. This section 
reviews the application of this approach in synthetic campaigns towards biologically active 
molecules. The examples in this section are subdivided by the reaction that derivatizes the 
organoboron product of C–H bond functionalization. 

 

1.3.1 Formation of C–C Bonds in Precursors to Bioactive Molecules Enabled by the 
Borylation of C–H Bonds  

The capability of boronic esters and boronic acids to participate in C–C bond-forming reactions, 
such as Suzuki-Miyaura couplings,51, 52 makes the borylation of C–H bonds a particularly 
powerful way to disconnect complex molecules. In one of the earliest examples, Gaunt 
synthesized rhazinicine by a borylation-cross-coupling sequence of the appropriate pyrrole 
(Figure 1.3Error! Reference source not found.).53 Under microwave irradiation, the 
combination of [Ir(cod)Cl]2 and dtbpy catalyzed the borylation of the 3-position of N-Boc-2-
trimethylsilylpyrrole. The 3-borylpyrrole product was immediately engaged in a Suzuki-
Miyaura cross-coupling reaction. Neier later used a similar strategy for the synthesis of 
rhazinilam analogues.54 

 

Figure 1.3. Borylation and subsequent cross-coupling of N-Boc-2-trimethylsilylpyrrole en 
route to rhazinicine. 
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In 2008, Miyaura disclosed that the combination of dtbpy and iridium catalyzes the borylation 
of vinyl C–H bonds without deleterious hydroboration of the olefin. The telescoped borylation-
cross coupling sequence of enol ethers was applied to the synthesis of key fragments of 
forskolin and vineomycine B2 methyl ester (Figure 1.4).55 

 

 

Figure 1.4. Synthesis of forskolin and vineomycine B2 methyl ester enabled by the borylation 
of vinyl C–H bonds. 

Sarpong reported a synthesis of complanadine A that exploited the innate symmetry of the 
molecule. complanadine A was recognized to be an unsymmetrical dimer of lycodine. 
Borylation of the pyridine ring of N-Boc lycodine, subsequent dimerization with the Lycodine 
triflate, and global deprotection afforded the desired natural product. Lycopladine F and 
lycopladine G were also synthesized from the same 3-borylpyridine intermediate (Figure 
1.5).56 

Unprotected indoles lacking a 2-substituent typically react to form 2-boryl indoles. In 2010, 
our laboratory reported a procedure for the silyl-directed borylation of indoles leading to 7-
borylated indoles. Indole was allowed to react with dimethylchlorosilane to install a silylamine 
directing group. Under iridium catalysis, the silane Si–H oxidatively adds to the iridium center 
and the 7-C–H bond is cleaved to from a 5-membered metallacycle, leading to the observed 
site selectivity. This method was used to create a one-pot silylation-borylation-cross-coupling 
sequence to synthesize Hippadine in good yield (Figure 1.6).57 
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Figure 1.5. Meta-selective borylation of lycodine for the preparation of the key intermediate 
in the synthesis of complanadine A, lycopladine F, and lycopladine G   

 

Figure 1.6. Silyl-directed 7-borylation of indoles in the synthesis of hippadine. 

 

In 2010, our laboratory developed copper-mediated conditions for a telescoped borylation-
cyanation sequence that enabled the formal C–H cyanation of arenes with zinc cyanide. This 
method was applied to the synthesis of a key benzonitrile intermediate en route to etravirine 
(Figure 1.7).58 
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Figure 1.7. Formal cyanation of aryl C–H bonds applied to the synthesis of etravirine. 

 

In 2014, Hosoya developed a route to defucogilvocarcin M that ultilizes silyl-directed ortho 
borylation of phenols extensively (Figure 1.8). Monobenzylcatechol was silylated and ortho-
borylated to afford an ortho-boryl phenol. The phenol was converted to the corresponding 
triflate. Addition of s-BuLi induced benzyne formation, which in turn was trapped in a [4+2] 
cycloaddition with 2-methoxyfuran, affording fragment I. The other half of the molecule was 
also constructed via silyl-directed ortho-borylation of creosol. The creosol boronic ester was 
converted to the corresponding Bdan triflate. Suzuki coupling of the two fragments followed 
by carbonylation of the boronic acid and finally global deprotection afforded the desired natural 
product.59  

Movassaghi reported that the combination of [Ir(cod)OMe]2 and dtbpy catalyze the 2-selective 
borylation of tryptamine with HBpin. The coupling of the 2-borylindole product and a 2-
iodoindole in the presence of Xphos-Pd-G3 and silver phosphate afforded 2,2’-bisindole 
precursors en route to the synthesis of trigonoliimine A and B (Figure 1.9).60 Movassaghi again 
utilized the selective 2-borylation of tryptamine to synthesize 2,5’-bisindole precursors that 
enabled cyclizations to form bisindole alkaloids (Figure 1.10).61 
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Figure 1.8. Silyl-directed ortho-borylation of phenols in the synthesis of defucogilvocarcin M. 

 

Figure 1.9. Synthesis of trigonoliimine A and B via the 2-selective borylation of tryptamine 
derivatives. 
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Figure 1.10. Synthesis of 2,5’-bisindoles from the cross-coupling of 5-bromoindoles and 2-
borylindole. 

Koert reported the synthesis of pestaphthalide A and B by the borylation of a dimethoxyarene 
to provide the precursor to cross-coupling with a vinyl bromide. A short sequence containing a 
Jacobsen epoxidation of the olefin and stereodivergent epoxide opening afforded the two 
natural products (Figure 1.11).62 

 

Figure 1.11. Synthesis of pestaphthalide A and B via the meta-selective borylation of a 
dimethyoxyarene. 

Koert applied a borylation cross-coupling sequence to the synthesis of the proposed structure 
of fulicinerine and fulicineroside (Figure 1.12). Comparison of the spectral data obtained from 
the synthetic material to that of the isolated natural product suggested a structural 
misassignment in the original isolation report.63 

In 2012, Lassaletta developed a hemilabile hydrazonepyridine ligand for the ortho-selective 
borylation of aryl hydrazones. The boronic ester products underwent cross-coupling to afford 
precursors to Sartan drugs (Figure 1.13).64 
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Figure 1.12. Borylation followed by cross-coupling enabled the structural reassignment of 
fulicinerine. 

 

Figure 1.13. Synthesis of Sartan drugs via the ortho-selective borylation of aryl hydrazones. 

Filipski and coworkers at Pfizer endeavored to conduct donor-acceptor replacement of a 
heteroarylamide with heteroaryl substitutents as part of a glucokinase activator discovery 
campaign. The pyrimidone derivative was synthesized by the elaboration of a dialkoxyarene 
using a borylation-cross-coupling sequence (Figure 1.14).65 

In 2014, Colacot reported a preligated precatalyst for the borylation of arenes. With this 
precatalyst, they conducted the borylation of N-Boc indole selectively at the 3-position and 
cross-coupled the product to an aminopyrazine in a concise synthesis of meridianin G (Figure 
1.15).66 The 3-selectivity arises from steric factors and is precedented by the borylation of N-
Boc indoles with more typical catalyst precursors.67 
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Figure 1.14. Borylation followed by cross-coupling enables the synthesis of glucokinase 
activators. 

 

Figure 1.15. Borylation cross-coupling in the synthesis of meridianin G. 

In 2014, Stoltz reported the total synthesis of dichroanone and taiwaniaquinone, during which 
a bromoarene was borylated to afford a key boronic acid. Engagement of this boronic acid with 
a palladium catalyst containing a chiral PyOx ligand resulted in enantioselective conjugate 
addition to a cyclohexanone (Figure 1.16). 68 

Gaunt reported a synthesis of dictyodendrin B that included six direct functionalizations of the 
initial 4-bromo indole. Of the six functionalizations, five were C–H functionalization reactions. 
Notably, formal C–H arylation of the C-7 position was achieved via a borylation cross-coupling 
sequence (Figure 1.17).69 
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Figure 1.16. Borylation conjugate addition in the synthesis of taiwaniaquinone H and 
dichroanone. 

 

Figure 1.17. Borylation cross-coupling in the synthesis of dictyodendrin B. 

In 2017, Kanai reported that catalysts formed from bipyridine ligands containing a boryl 
substituent catalyze the borylation of thioanisoles with high ortho-selectivity. The selectivity 
was presumed to arise from attractive interactions between the Lewis basic sulfide and the 
Lewis acidic boryl substitutent on the ligand. This borylation was applied to the synthesis of 
an intermediate in the preparation of a factor Xa inhibitor (Figure 1.18).70  
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Figure 1.18. Ortho-selective borylation of thioanisoles enable the synthesis of a factor Xa 
inhibitor. 

In 2017, Kuninobu reported that catalysts formed from bipyridine ligands containing a 
trifluorotolyl substituent catalyze the borylation of methylthiomethylethers with ortho-
selectivity. The protecting group was then cleaved under reductive conditions to reveal a 
methyl ether. This borylation process was used as part of the synthesis of a calcium receptor 
modulator (Figure 1.19).71 

 

Figure 1.19. Ortho-selective borylation of methylthiomethylethers in the synthesis of a 
calcium receptor moderator. 
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Chirik has developed a variety of cobalt catalysts that catalyze the borylation of aryl C–H bonds. 
In 2017, this group reported the PCP-ligated cobalt catalyst shown in Figure 1.20 for the 
selective ortho-borylation of fluoroarenes. The observed ortho-selectivity was attributed to the 
enhanced sensitivity of a first-row metal to electronic factors overriding the greater steric 
sensitivity typical of the precious metal catalysts. Cross-coupling of the boronic ester product 
was conducted as part of the synthesis of flurbiprofen.72 

 

Figure 1.20. Cobalt-catalyzed ortho-borylation of fluoroarenes applied to the synthesis of 
flurbiprofen. 

Han reported the synthesis of (−)-hamigeran B and (−)-4-bromohamigeran B, during which a 
3-methylanisole was borylated selectively and cross-coupled to a vinyl triflate to afford the key 
intermediate. Subsequent oxidation and Friedel-Crafts cyclization afforded the core of the 
molecule (Figure 1.21).73 

In 2022, Xu reported a chiral boryl ligand that binds to iridium and generates a catalyst for the 
enantioselective borylation of aminocyclopropanes. The chiral borylpyridine ligand is 
presumed to bind to iridium in an LX fashion, imparting a chiral environment while 
maintaining an extra empty site available to interact with directing groups. This reaction was 
applied to the synthesis of a nematicide candidate (Figure 1.22).74 

Mascarenas reported that the combination of iridium with a 3-trifluoromethylbipyridine ligand 
forms a catalyst for the borylation of aryl amides with exclusive ortho- selectivity. The 
selectivity is understood to arise from non-covalent interactions between the amide 
functionality and the trifluoromethyl substituted ring of the bipyridine. This reaction was 
applied to a concise synthesis of a fungicide by a borylation and  cross-coupling sequence 
(Figure 1.23).75 
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Figure 1.21. Borylation cross-coupling en route to hamigeran B and 4-bromohamigeran B. 

 

Figure 1.22. Enantioselective borylation of aminocyclopropanes enables the synthesis of a 
nematicide candidate. 

 

Figure 1.23. Ortho-selective borylation of amides in the synthesis of a fungicide. 
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1.3.2 Transition-Metal Catalyzed Borylation of C–H Bonds in the Synthesis of 
Precursors to Bioactive Molecules Through Oxidation of the Boronic Ester to the 
Corresponding Alcohol 

The oxidation of boronic esters is one of the oldest transformations of boronic esters. The 
combination of a meta-selective borylation followed by oxidation to the alcohol can be 
considered a formal meta-selective oxidation of arenes. 

In 2014, Peat and coworkers from GlaxoSmithKline applied a borylation-oxidation sequence 
to the synthesis of hepatitis C replication inhibitors (Figure 1.24).76 

 

Figure 1.24. Formal oxidation of aryl C–H bonds via borylation-oxidation applied to the 
synthesis of hepatitis C replication inhibitors. 

Campeau and coworkers at Merck reported the synthesis of doravirine by the combination of 
borylation and oxidation. To deliver the necessary chloroiodophenol intermediate on 75 kg 
scale, a borylation-oxidation sequence was developed. 2,2’-Bipyridine was chosen as as an 
economical replacement for the more expensive dtbpy ligand for the borylation. The 3-chloro-
5-iodophenol intermediate was then further coupled with cyanide, and the resulting 
benzonitrile was used in an SNAr reaction to afford doravirine (Figure 1.25a).77 In Baran’s 
synthesis of verruculogen and fumitremorgin A, a key 6-methoxyindole intermediate was 
synthesized by the 6-selective borylation of an N-TIPS tryptophan, with the N-TIPS protecting 
group shielding the 2- and 7- positions from undergoing borylation (Figure 1.25b).78 
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Figure 1.25. Formal oxidation of aryl C–H bonds through borylation-oxidation enabled a 
synthesis of doravirine on scale and the total synthesis of verruculogen and fumitrimorgin A. 

 

 

1.3.3 Transition-Metal Catalyzed Borylation of C–H Bonds in the Synthesis of 
Precursors to Bioactive Molecules Through the Corresponding Halide or Pseudohalide 

In 2007, our laboratory developed copper-mediated conditions that transformed aryl boronic 
esters into the corresponding halide. The reaction sequence was telescoped into a one-pot two-
step sequence that affords meta-disubstituted aryl bromides. The meta-selective borylation of 
nicotine followed by oxidative bromination afforded 5-bromonicotine, which is an 
intermediate en route to the synthesis of altinicline (Figure 1.26).79 
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Figure 1.26. Borylation-bromination of the pyridine intermediate en route to altinicline. 

Koert used the meta-selective borylation, followed by chlorination to synthesize the key 
chloride intermediate in a synthesis of poipuol. Notably, a tetrasubstituted olefin was tolerated 
in this sequence (Figure 1.27).80 

 

Figure 1.27. Formal chlorination of aryl C–H bonds by the combination of borylation and 
chlorination in the synthesis of poipuol. 

In 2011, our laboratory reported the synthesis of taiwaniaquinone H and taiwaniaquinone B. 
Ir-Catalyzed, meta-selective borylation of a 1,2,3-trisubstituted arene followed by conversion 
of the boronic ester to the bromide afforded a densely functionalized bromoarene. The 
bromoarene was a suitable substrate for the Pd-catalyzed, enantioselective α-arylation of a 2-
methylcyclohexenone derivative to set a quaternary stereocenter (Figure 1.28).  

Hirama reported the synthesis of complanadine A and B. Similar to Sarpong’s approach, 
Hirama’s approach included disconnection of the molecules into two lycodine fragments. 
Selective borylation of the 3-position of the pyridine was achieved in the presence of dtbpy 
and [Ir(cod)OMe]2 to generate the desired 3-borylpyridine intermediate. In contrast to 
Sarpong’s approach, the 3-borylpyridine was transformed to the corresponding bromide and 
engaged in a palladium-catalyzed arylation of a pyridine oxide (Figure 1.29).81, 82 

Singer and coworkers at Pfizer reported the synthesis of a nicotine hapten on a 10-kilogram 
scale. They found that the reaction of nicotine with B2pin2 with [Ir(cod)Cl]2 and tmphen as 
ligand resulted in higher yields of 5-borylnicotine than those containing [Ir(cod)OMe]2 and 
dtbpy. Subsequent bromination with CuBr2 provided the bromide in good yield. Workup with 
aqueous ammonia and recrystallization with L-DBTA (L-dibenzoyltartaric acid) resulted in 
nearly complete removal of metal contaminants and avoided the need for chromatographic 
purification. Further elaboration of the bromide resulted in the desired nicotine hapten (Figure 
1.30).83 
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Figure 1.28. Key bromoarene required for the enantioselective synthesis of taiwaniaquinol B 
and taiwaniaquinol H synthesized by a borylation-bromination sequence. 

Nortcliffe reported the borylation of beta-aryl propionic acids catalyzed by the combination of 
[Ir(cod)OMe]2 and dtbpy. The boryl products underwent subsequent halogenation to the 
corresponding bromide smoothly. The borylation-bromination sequence did not erode the 
enantiomeric excess of the beta-aryl propionic acids and was applied to the synthesis of a 
integrin antagonist (Figure 1.31).84 
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Figure 1.29. Borylation-bromination of lycodine in the synthesis of complanadine A and B. 

 

Figure 1.30. Borylation-bromination in the synthesis of nicotine hapten. 
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Figure 1.31. Borylation-bromination of beta-aryl propionic acids en route to an integrin 
antagonist. 

1.3.4 Transition-Metal Catalyzed Borylation of C–H Bonds in the Synthesis of 
Precursors to Bioactive Molecules Through the Formation of C–N Bonds 

In 2014, Abell developed conditions for the copper-mediated azidation of aryl boronic esters. 
The resulting azides were immediately engaged in a Huisgen cycloaddition to form triazoles. 
The telescoped borylation-azidation sequence was applied to the synthesis of triazole-
substituted arenes, including a resveratrol analogue and a nicotine derivative (Figure 1.32).85 

 

Figure 1.32. Formal azidation of aryl C–H bonds by the combination of borylation and 
azidation applied to the synthesis of triazole-decorated natural products. 

In 2019, Srinivasan developed copper-mediated conditions for the nitration of aryl boronic 
esters. This enables the rapid synthesis of nitroarenes and the corresponding anilines. The 
telescoped borylation-nitration protocol was applied to the synthesis of the core of nilotinib 
(Figure 1.33).86 
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Figure 1.33. Formal amination of aryl C–H bonds by the combination of borylation and 
nitration applied to the synthesis of nilotinib. 

1.4 Transition-Metal Catalyzed, Late-Stage Borylation of C–H Bonds in Complex 
Molecules  

This section of the review provides information on the application of the borylation of C–H 
bonds to the late-stage functionalization of complex molecules. Examples of the borylation of 
C–H bonds will be divided into methods that functionalize aryl C–H bonds and methods that 
functionalize alkyl C–H bonds. Within those categories, the methods will be further divided 
into undirected examples and directed examples.    

 

1.4.1 Late-Stage Modification of Complex Molecules by the Undirected Borylation of 
Aryl C–H Bonds 

Many applications of the undirected, metal-catalyzed borylations of aryl C–H bonds in 
complex molecules have been reported. For late-stage functionalization of such compounds, 
material is often limited and valuable. Thus, it is especially advantageous to achieve high 
regioselectivity without the requirement of additional synthetic steps to install and remove 
directing groups. 

The general set of conditions for the undirected borylation of aryl C–H bonds that is most used 
for the late-stage functionalization of complex molecules is a catalyst formed from 
[Ir(cod)OMe]2 and either 3,4,7,8-tetramethyl-1,10-phenanthroline (tmphen) or 4,4’-di-tert-
butyl-2,2’-bipyridine (dtbpy) and HBpin or B2pin2 as the boron source. Other ligand systems 
form catalytic complexes from iridium precatalysts for the directed borylation of aryl C–H 
bonds on complex molecules, and such systems will be reviewed second in this section.  

The catalyst generated from the combination of [Ir(cod)OMe]2 and dtbpy was reported for the 
C2 borylation of protected tryptophan by Smith and Maleczka in 2009 (Figure 1.34A).67 In this 
study, the authors reported that C2 monoborylation occurred alongside competing C2/C7 
diborylation. The C2/C7 diborylated product of this reaction has been shown to undergo C2-
selective protodeboronation to furnish the C7 monoborylated product when subjected to TFA, 
as reported by Movassaghi in 2014,87 or when subjected to catalytic [Ir(cod)OMe]2 in 
MeOH/CH2Cl2, as reported by Smith and Maleczka in 2015 (Figure 1.34B).88 
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In 2010, James published the C–H borylation of 15 a-amino acid derivatives containing 
aromatic and heteroaromatic side chains with a catalyst generated from [Ir(cod)OMe]2 and 
dtbpy (Figure 1.35).89 Substrates with arene side chains in this study were meta substituted and 
formed 3,5-disubstituted aryl–bpin products. Heteroaryl substrates included thiophene, 
pyridine, and indole side chains. Late-stage borylation of a-amino acid derivatives is an 
important strategy for the synthesis of novel therapeutic agents. Methods that modify existing 
a-amino acid derivatives are attractive because the key a-stereocenter is already present, and 
the configuration is retained. 

 

Figure 1.34. C–H borylation of protected tryptophan. (a) C2 monoborylation of protected 
tryptophan (b) C7 monoborylation of protected tryptophan by diborylation/C2-selective 
protodeboronation. 

 

Figure 1.35. The borylation of aryl C–H bonds in α-amino acid derivatives. 

A benzoxazole-containing c-Met Kinase Inhibitor that was identified as a potential cancer 
therapeutic underwent borylation with a catalyst generated from [Ir(cod)OMe]2 and tmphen, as 
reported by our laboratory in 2014 (Figure 1.36).29 The selectivity of borylation ortho to oxygen 
in benzoxazoles is proposed to result from electronic effects.32 Modification of the substitution 
pattern on the benzoxazole led to species with high c-Met kinase inhibition, underscoring the 
importance of methods that can rapidly generate diverse structures in the late-stage.  
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Figure 1.36. Late-stage borylation of a c-Met kinase inhibitor.  

The general conditions for the undirected borylation of aryl C–H bonds can be applied to two-
step borylation/functionalization sequences on complex molecules, as well as the combination 
of borylation and protonation of the resulting boronate to enable isotopic labeling at specific 
positions. Maleczka and Smith used this approach to achieve a net C–H deuteration of 
clopidogrel, an active ingredient of Plavix. The first step consisted of C–H borylation at the 2-
position of a thiophene moiety catalyzed by [Ir(cod)OMe]2 and dtbpy, followed by a 
deuteriodeborylation catalyzed by [Ir(cod)OMe]2 in CD3OD/CDCl3 to afford 2-
deuterioclopidogrel.88 Deuterium-labeled compounds are widely used for pharmacokinetics 
and enzyme kinetic studies (Figure 1.37).  

 

Figure 1.37. Borylation/deuterodeborylation of clopidogrel. 

The combination of [Ir(cod)OMe]2 and dtbpy catalyzed the borylation at the 5-position of a 
1,2,3-trisubsituted benzene ring in a galactose derivative in a synthesis reported by Shabat in 
2016 (Figure 1.38).90 The resultant boronic ester was used to append a fluorophore to the core 
structure to generate chemiluminescent probes for sensing and imaging.  
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Figure 1.38. C–H borylation of a 1,2,3-trisubstituted benzene on a galactose derivative. 

In 2017, Hirano and Miura published C–H borylation of 2-pyridones with a catalyst generated 
from [Ir(cod)OMe]2 and 2,2’-bipyridine.91 This catalyst system was applied to the borylation 
of uracil to produce the C4 and C5-borylated products in a 50:50 ratio and to the borylation of 
Boc-protected (–)-cytisine, which occurred with perfect site-selectivity (Figure 1.39). 2-
Pyridones are frequently occurring substructures in complex molecules, such as ciclopirox, 
milrinone, camptothecin, fredericamycin, and perampanel. The importance of their borylation 
is exemplified in Sarpong’s total synthesis of complanadine A discussed above (Figure 1.5).92 

 

Figure 1.39. C–H borylation of bioactive 2-pyridones. 

Movassaghi published the C7 borylation of indole fragments in the core of the aspidosperma 
family of natural products to produce late-stage intermediates in the synthesis of three different 
natural products. In a 2018 paper, an iridium complex ligated by dtbpy catalyzed the C7-indole 
borylation of a polycyclic lactam.93 After oxidation, the hydroxyindole intermediate generated 
was converted in three steps to the natural product (–)-vallesine. In a paper they published in 
2021, an iridium complex ligated by tmphen catalyzed the C7-indole borylation of a polycyclic 
intermediate related to the polycyclic lactam used in the synthesis of (–)-vallesine.94 After 
oxidation, the hydroxyindole intermediate generated was converted in three steps to (+)-
kopsifoline E and in four steps to (–)-kopsifoline A (Figure 1.40). 
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Figure 1.40. C–H borylation on the indole fragment of the aspidosperma family of natural 
products. 

The one-pot, two-step C–H borylation and nitration was presented in section 3.1.4 of this 
review was applied to the nitration of a-tocopherol nicotinate.86 First, Ir-catalyzed C–H 
borylation with dtbpy as ligand installed a boronic ester at the C3 position of the pyridine 
moiety of α-tocopherol nicotinate. In the same pot, the copper-catalyzed nitration furnished the 
3-nitro derivative of a-tocopherol nicotinate (Figure 1.41).  

 

Figure 1.41. One-pot, two-step borylation/nitration of α-tocopherol nicotinate. 

A two-step sequence comprising C–H borylation and acylation was published by Szostak in 
2020 that was performed without the isolation of the boronic ester intermediate.95 Various 1,3-
disubstituted arenes were borylated at the 5-position with a catalyst generated from 
[Ir(cod)OMe]2 and dtbpy. The resulting boronic ester was subjected to Pd-catalyzed cross-
coupling conditions with a bis(Boc-protected), twisted benzamide as the coupling partner to 
form a biaryl ketone product. This general method was applied to the acylation of four complex 
molecules with the boronic ester generated by C–H borylation as the coupling partner (Figure 
1.42).  
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Figure 1.42. Two-step borylation/acylation sequence with complex molecules as the boronic 
ester coupling partner. 

Sanford and Scott published a sequential C–H borylation/radiofluorination method in 2021 that 
did not require the isolation of the borylated intermediate.96 C–H borylation catalyzed by a 
complex generated from [Ir(cod)OMe]2 and tmphen yielded the crude boronic ester 
intermediate, which was directly subjected to Cu-mediated radiofluorination conditions to 
forge the C–18F bond. This method was applied to the radiofluorination of lidocaine and a 
cannabinoid receptor 2 partial agonist, GW405833. PET imaging with radiolabeled compounds 
is commonly used for the study of disease, highlighting the importance of synthetic methods 
to access bioactive, radiofluorinationated compounds (Figure 1.43).97 
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Figure 1.43. C–H borylation/radiofluorination sequence to access radiolabeled, complex 
molecules. 

 

In a 2020 publication, Taube and Wood applied undirected C–H borylation to generate 
analogues of staurosporine, a natural product with potent inhibitory properties against a 
majority of the human kinome.98 A catalyst generated from [Ir(cod)OMe]2 and 1,10-
phenanthroline borylated staurosporine to form five different borylated products, three from 
mono-borylation and two from diborylation of the indoline moieties (Figure 1.44). Two 
monoborylated products and the two diborylated products were not separable as boronic esters. 
However, upon oxidation to the corresponding phenols, the constitutional isomers could be 
separated.  

The cytotoxic activity of the mono-phenol constitutional isomers was evaluated against two 
tumor-derived cell lines. The study did not reveal increased potency compared to staurosporine. 
Although the reaction was unselective, the formation of 5 products from a single reaction, all 
of which could be further diversified, shows how the borylation of C–H bonds is a valuable 
tool for the rapid generation of complex molecule analogues.  
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Figure 1.44. The C–H borylation of staurosporine. 

The late-stage borylation of aryl C–H bonds in complex molecules has been applied to the 
large-scale synthesis of pharmaceutical compounds. In 2021, Wheelhouse and Ironmonger 
from GSK published the borylation of an indazole C–H bond on an advanced intermediate in 
a route to nemiralisib, a kinase inhibitor in development as a treatment for chronic obstructive 
pulmonary disease.99 Diborylation of the complex intermediate on the benzopyrazole ring and 
the oxazole ring was catalyzed by the combination of [Ir(cod)OMe]2 and tmphen. The addition 
of 2-isopropanol led to selective oxazole monodeborylation to reveal a monoborylated 
intermediate that was transformed to nemiralisib in 2 steps (Figure 1.45). The synthetic route 
was used to deliver >100 kg of nemiralisib.  
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Figure 1.45. The C–H borylation of an advanced intermediate in the synthesis of nemiralisib. 

The undirected borylation of C–H bonds on complex molecules can be achieved with iridium 
catalysts generated from ligands other than tmphen and dtbpy. In 2015, Itami published the 
para-selective borylation of caramiphen by a catalyst generated from [Ir(cod)OH]2 and OMe-
xyl-BIPHEP (Figure 1.46A).100 Catalysts generated from the OMe-xyl-BIPHEP ligand react 
with higher para selectivity than the iridium catalysts generated from tmphen and dtbpy. The 
authors suggest that the origin of the higher regioselectivity is a steric interaction between the 
bulky phosphine ligand and the para-substituent on the substrate. In 2020 Itami published the 
borylation of strychnine, a natural product, and nifedipine, a calcium channel agonist, with a 
catalyst generated from [Ir(cod)OH]2 and a related xyl-BIPHEP ligand (Figure 1.46B).101 In 
the case of strychnine, olefin isomerization was also observed.  
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Figure 1.46. Para-selective C–H borylation enabled by xyl-BIPHEP ligands. 

In 2022, Sunoj and Chattopadhyay published para-selective, iridium-catalyzed borylations of 
aryl C–H bonds on twisted amides catalyzed by iridium and a 4,5-diazafluorene (defa) (Figure 
1.47).102 Computational evidence suggests the intervening methylene on the ligand causes an 
in-plane distortion, leading to a steric interaction between the ligand and the twisted amide on 
the substrate. The interaction is minimized by the approach of the substrate at its para position. 
This method was applied to achieve the para-selective borylation of two bioactive compounds.  
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Figure 1.47. Para-selective C–H borylation of bioactive compounds enabled by a defa ligand. 

A catalytic system formed by the combination of [Ir(cod)OMe]2 and a terpyridine ligand 
published by Ilies in 2021 enabled C–H borylation ortho to fluorine in fluoroarenes.103 
Mechanistic studies suggest that the terpyridine ligand undergoes cyclometalation to generate 
an N,N,C-ligated iridium complex that may undergo reductive elimination to produce a 
borylated ligand. Computational studies suggested that both the cyclometalated iridium 
complex and the iridium complex ligated by the borylated ligand increase the energy difference 
between the transition states for cleavage of the meta and ortho C–H bonds over the difference 
with an iridium complex ligated by dtbpy. This method was applied to achieve the ortho-
borylation of haloperidol (Figure 1.48). 

 

Figure 1.48. Ortho-selective borylation of haloperidol. 

Ilies and Asaka also published a meta-selective borylation of C–H bonds with a catalyst 
generated from [Ir(cod)OMe]2 and a diborylated, spriopyridine ligand.104 Computational 
evidence suggests the roof-like structure of the ligand imposes a steric interaction between the 
para substituent on the substrate and the ligand that leads to a more favorable approach of the 
meta-C–H bond than of the para-C–H bond. This method was applied to achieve the meta-
selective, C–H borylation of 3 active pharmaceutical ingredients (Figure 1.49). 
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Figure 1.49 Meta-selective borylation of bioactive compounds enabled by a functionalized 
spiropyridine ligand. 

In 2023, Jimenez-Oses and Mascarenas published a catalytic system generated from 
[Ir(cod)OMe]2 and either 5-trifluormethyl-2,2’-bipyrdine or 5,5’-ditrifluormethyl-2’2’-
bipyridine for the ortho-selective borylation of aromatic amides.105 Calculations suggest that 
both complexes undergo the C–H activation step with higher ortho-selectivity than does the 
dtbpy-derived complex, due to enthalpic stabilization from a non-covalent interaction between 
the benzamide on the substrate and the electron-deficient ring(s) on the ligand. This system 
catalyzed the borylation the ortho position of 3 biologically relevant molecules (Figure 1.50). 

 

Figure 1.50. Ortho-selective borylation of biologically relevant molecules enabled by 
trifluromethyl-bipyridine ligands. 
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1.4.2 Late-Stage Modification of Complex Molecules by the Directed Borylation of Aryl 
C–H Bonds 

The directed borylation of aryl C–H bonds occurs when a functional group on the substrate 
serves as a ligand for a transition-metal complex that activates a specific C–H bond of the 
substrate. Although directed functionalization often requires the installation and removal of 
such a functional group, these reactions can occur with regioselectivity that is complementary 
to that of undirected approaches, making them a valuable tool for the functionalization of 
complex molecules that contain many potential sites for C–H borylation.  

The directed borylation of C–H bonds in complex molecules can occur under ligand-free 
conditions with [Ir(cod)OMe]2 as the precatalyst. In 2020, Scott and Moss published the 
pyridine-directed, C–H borylation of a late-stage intermediate in the synthesis of the clinical 
candidate AZD9833 using [Ir(cod)OMe]2 without added ligand (Figure 1.51A).106 In 2022, 
Sunoj and Chattopadhyay showed that these ligand-free conditions are compatible with several 
directing groups and enable the directed borylation of aryl C–H bonds in 26 different complex 
molecules (Figure 1.51B).107  

 

Figure 1.51. Directed C–H borylation under ligand-free conditions. (a) Pyridine-directed C–H 
borylation of late-stage intermediate in the synthesis of AZD9833. (b) Borylation of complex 
molecules using various directing groups. 

Chattopadhyay has also reported that the combination of [Ir(cod)OMe]2 and 5-methyl-2-
(thiophen-3-yl) pyridine generates a complex that catalyzes the directed borylation of aryl and 
heteroaryl C–H bonds.108 As part of this work, they showed six complex molecules undergo 
C–H borylation with various directing groups (Figure 1.52). The 5-methyl-2-(thiophen-3-yl) 
pyridine was shown to cyclometalate at the C2 position of the thiophene to form an N,C-bound, 
LX-type ligand, in contrast to the typical N,N-bound, LL-ligands used for C–H borylation.  
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Figure 1.52. Aryl C–H borylation directed by various directing groups using an LX-type ligand 
system. 

1.4.3 Late-Stage Modification of Complex Molecules by the Undirected Borylation of 
Alkyl C–H Bonds 

The development of methods for the practical, catalytic, and selective functionalization of alkyl 
C–H bonds without the use of directing group is a longstanding goal of synthetic chemistry. 
The undirected borylation of alkyl C–H bonds is particularly valuable because the application 
of such methods in the late-stage diversification of complex molecules could potentially enable 
the installment of a wide array of functionalities in previously inaccessible positions.  

There is one example of the application of transition-metal catalyzed, undirected borylation of 
alkyl C–H bonds that has been applied to a complex molecule. In 2020, our laboratory 
published the undirected borylation of a primary C–H bond on protected dehydroabietic acid 
with a catalyst generated from [Ir(cod)OMe]2 and 2-methyl-1,10-phenanthroline (Figure 
1.53).109 
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Figure 1.53. The undirected borylation of a primary C–H bond in protected dehydroabietic 
acid. 

1.4.4 Late-Stage Modification of Complex Molecules by the Directed Borylation of Alkyl 
C–H Bonds 

The directed borylation of alkyl C–H bonds is more developed than the undirected borylation 
of alkyl C–H bonds. Directed approaches can control the site-selectivity of the borylation. 
Systems that have been applied to the directed borylation of alkyl C–H bonds in complex 
molecules are based on both palladium and iridium. In this section, examples with palladium 
systems will be reviewed first, followed by examples with iridium systems.  

In 2014, Shi reported the borylation of primary, alkyl C–H bonds with Pd(OAc)2 as precatalyst, 
diisopropyl sulfide as ligand, and oxygen as the terminal oxidant.110 A picolinyl directing group 
was installed on an amine to direct the C–H functionalization. The method was applied to the 
borylation of 6 amino acids and a derivative of estrone (Figure 1.54). All complex molecules 
underwent borylation at a C–H bond γ to the directing group.  

 

Figure 1.54. Pd-catalyzed borylation of C–H bonds γ to a picolinyl directing group on complex 
molecules. 

In 2021, Ge and Maiti used a picolinyl directing group to achieve the borylation of primary, 
alkyl C–H bonds δ to the directing group with a catalyst generated from Pd(OAc)2 and 2-
hydroxy-6-methylpyridine.111 These reactions required the γ position of the substrates to be a 
quaternary center to avoid C–H functionalization at the γ position. This method was applied to 
three substrates with natural products appended (Figure 1.55). 
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Figure 1.55. Pd-catalyzed borylation of C–H bonds δ to a picolinyl directing group on complex 
molecules. 

Yu showed that a fluorinated, N-aryl amide could act as a directing group for the borylation of 
primary C–H bonds β to the directing amide.112 A complex generated from Pd(OAc)2 and 2,4-
dimethoxyquinoline catalyzed the C–H borylation of a dehydroabietic acid derivative with the 
fluorinated, N-aryl amide directing group appended (Figure 1.56).  

 

Figure 1.56. Pd-catalyzed borylation of C–H bonds β to an amide directing group on a 
dehydroabietic acid derivative. 

Iridium-catalyzed examples of directed borylation of alkyl C–H bonds on complex molecules 
have been reported by Xu with a series of chiral, diamino-silylborane ligands that exhibit 
bidentate, B,N binding. These ligands will be reviewed below. Directed reactions with such 
ligands are successful due to the generation of a chiral, trisboryl iridium complex with two 
open coordination sites that can bind the directing group and differentiate two prochiral C–H 
bonds. 
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Their publication in 2019 disclosed a system generated from [Ir(cod)Cl]2 and a diamino-boryl 
ligand with pyridine substitution on one amino group and biaryl substitution on the other that 
catalyzed an amide-directed borylation of alkyl C–H bonds of cyclopropanes.113 The catalytic 
system was applied to the catalyst-controlled, diastereoselective borylation of C–H bonds on 
cyclopropane rings appended to estradiol and cinacalcet (Figure 1.57).  

 

Figure 1.57. Diastereoselective, amide-directed borylation of cyclopropanes with a chiral 
boryl ligand. 

With the same iridium precatalyst and a ligand with a triaryl-substituted pyridine moiety on 
one amino group and a 2-adamantyl-phenyl substituent on the other, the amide-directed 
borylation of C–H bonds on cyclopropanols was achieved.114 Xu and coworkers appended three 
bioactive molecules to cyclopropanol substrates to exemplify the application of this method in 
late-stage borylation (Figure 1.58). 
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Figure 1.58. Stereoselective, carbamate-directed borylation of cyclopropanols with a chiral 
boryl ligand. 

Xu reported the same catalytic system for the enantioselective borylation of acyclic amides at 
C–H bonds β to the directing amide.115 The method was applied to the enantioselective 
borylation of β-C–H bonds in three fatty acid-derived acyclic amides (Figure 1.59). Such an 
application exemplifies a valuable method for the conversion of cheap and abundant carboxylic 
acids to value-added chemicals.   
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Figure 1.59. Enantioselective, amide-directed borylation of fatty acids with a chiral boryl 
ligand. 

The stereoselective borylation of C–H bonds on carbocycles and azacycles beta to the carbonyl 
carbon center of amides was reported by Xu in 2020 with a catalyst generated from 
[Ir(cod)OMe]2 and a ligand with a triaryl-substituted pyridine moiety on one amino group and 
either 2-cyclohexyl-phenyl substitution or 2,6-diethyl-phenyl substitution on the other.116 This 
method was applied to the diastereoselective borylation of C–H bonds in saturated rings on 6 
complex molecule-derived substrates (Figure 1.60).  

 

Figure 1.60. Diastereoselective, amide-directed borylation of C–H bonds on carbocycles and 
azacycles with a chiral boryl ligand. 
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The stereoselective borylation of C–H bonds b to a directing nitrogen center also was achieved 
by a catalyst generated from [Ir(cod)OMe]2 and a ligand with pyridine substitution on one 
amino group and 2,4,6-tricyclohexylphenyl substitution on the other.117 The method was 
applied to the borylation of cholic and deoxycholic acid substituted with a pyrazole group 
(Figure 1.61).  

 

Figure 1.61. Diastereoselective, pyrazole-directed borylation of complex molecule derivatives 
with a chiral boryl ligand. 

In 2022, Xe and Ke published an amide-directed strategy for the dual borylation of ferrocenes 
at an alkyl and an aryl C–H bond.118 This reaction is described here because the ligand 
framework for these reactions is the same as the others in this section for the directed borylation 
of alkyl C–H bonds. This transformation was achieved with a catalyst generated from 
[Ir(cod)Cl]2 and a ligand containing a 4-phenylpyridine moiety on one amino group and 2-aryl-
5-methylphenyl substitution on the other. The authors appended three complex molecules to 
the ferrocene core and conducted the C–H borylation reaction to exemplify the use of this 
method on ferrocene-labeled complex molecules (Figure 1.62). 

 

Figure 1.62. Amide-directed, dual alkyl-aryl borylation of complex molecule-derived 
ferrocenes. 
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1.5 Transition-Metal Catalyzed, Borylation of C–H Bonds in the Synthesis of Organic 
Materials  

The borylation of C–H bonds catalyzed by transition metal catalysts has been applied 
extensively to the synthesis of molecules or polymers for applications in materials science, 
often toward molecules with valuable photophysical properties. Molecules with valuable 
photophysical properties are often rich in aromatic units, making the borylation of C–H bonds 
particularly valuable for the modification of these structures. Moreover, transition metal-
catalyzed borylations of C–H bonds typically occur at less sterically encumbered positions and 
with a bias towards electron poor C–H bonds, and this selectivity is complementary to that of 
methods occurring through electrophilic aromatic substitution. The resultant boronic esters are 
versatile chemical handles that can be transformed into the desired functional group or 
substituent. 

The distinction between applications in which the borylation has been used to synthesize 
valuable building blocks and those in which the borylation is used to introduce modifications 
at a “late-stage” is not always clear. For instance, in 2011 Yamaguchi showed that the borylation 
of tetrabromobiphenyl occurs cleanly and allows for elaboration of the biphenyl core and 
ultimately the synthesis of π-extended bis(phosphoryl)biphenyls (Error! Reference source 
not found.)119 On the other hand, Marder’s 2020 synthesis of emissive materials containing 
biphenyl cores was achieved by using the borylation of simple arenes to generate meta-
substituted boronic esters that were homocoupled to afford biphenyls and subsequently 
elaborated to the desired borafluorenes (Figure 1.63).120 Likewise, Marder used the borylation 
of dimethoxybenzene during the synthesis of complex donor-acceptor triarylboranes that 
display thermally-activated delayed fluorescence (TADF). This borylation of a simple arene 
was used to install the central boron atom (Figure 1.64).121 They also showed that the borylation 
of a triarylborane occurs selectively on the less-hindered, electron-poor acceptor fragment to 
afford modified triarylboranes that display solvent-dependent emission spectra (Figure 
1.64).122 Thus, we have organized the examples of the borylation used to prepare organic 
materials in this section by structure type and only briefly address whether the borylation 
reaction was applied to prepare a “building block” or to conduct a “peripheral modification” at 
the “late stage” of the synthesis of a complex material.  
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Figure 1.63. Ir-catalyzed borylation of biphenyls and the preparation of biphenyls by 
homocoupling of arylboronic esters prepared by the borylation of arenes. 

 

Figure 1.64. Ir-catalyzed, meta-selective borylation of and in the synthesis of triarylboranes. 

1.5.1 Transition-metal-catalyzed borylation of aryl C–H bonds for the synthesis and 
modification of polyaromatic hydrocarbons 
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five-membered ring, with 2-borylated azulene being the major product and 1-borylated azulene 
being the minor product (Figure 1.65). The authors proposed that the selectivity arises from π-
complexation of the substrate to the iridium center prior to borylation.123 It is also possible that 
the more acute bond angles in five-membered rings cause the distances between the hydrogen 
atoms to be longer than those in seven-membered rings and the steric hinderance in five-
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membered rings to be less, thereby accounting for the observed selectivity. Under more forcing 
conditions, polyborylation occurred to afford a mixture of products.124 On the other hand, in 
2015, Scott showed that under conditions that facilitate reversible borylation, polyborylation 
of azulene converges to 1,3,5,7-tetraborylazuluene.125 This building block was later applied to 
the synthesis of a hole transporting material (Figure 1.65).126 

In 2011 and 2017, Kobayashi reported the di-, tri-, and tetra- borylation of anthracenes (Figure 
1.66).127, 128 The borylation of the 2-position is favored over that of the 1-position. Despite this 
steric preference, efforts to produce polyboryl compounds resulted in statistical mixtures 
because the A and C rings reacted independent of one another. 

 

Figure 1.65. Ir-catalyzed borylation of azulenes. 
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Figure 1.66. Ir-catalyzed borylation of anthracene. 

In the same vein, in 2009, Kobayashi reported that the borylation of tetracenes resulted in a 1:1 
mixture of 2,8- and 2,9-diborylated products (Figure 1.67). These borylated materials served 
as valuable building blocks for the synthesis of π-extended tetracenes applied to create organic 
field-effect transistors (OFETs).129 Isobe reported the borylation of phenacenes for the 
modification of single walled carbon nanotubes (SWNTs). Borylation occurs at the edge 
positions (2-, 3-, 6-, 7- for n=3, 2-, 3-, 8-, 9- for n=4, 5) with essentially statistical preference. 
Shown in Error! Reference source not found. are the “linear” isomers.130 

Chemists have had a longstanding interest in pyrenes as chromophores, fluorescent probes, and 
for organic semiconductor applications.131 Marder has reported the borylation of pyrene and 
perylene.132-134 The borylation of pyrenes occurred with good selectivity at the 2- and 7- 
positions (Figure 1.68). Under more forcing conditions, borylation also occurred at the 4- 
position. Yamada and Aratani have reported the borylation of terylene and quaterrylenes 
(Figure 1.68).135 (n = 0 = perylene, n = 1 = terylene, n = 2 = quaterrylene)  

 

Figure 1.67. Ir-catalyzed borylation of tetracenes and [n]-phenacenes. 
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Figure 1.68. Ir-catalyzed borylation of pyrenes, terylenes, and terrylenes. 

Mastalertz reported a route to a variety of soluble perylenes that hinges on the regioselective 
diborylation of a dihydroanthracene. Subsequent Suzuki-Miyaura cross-coupling and 
cyclization led to the desired perylenes (Figure 1.69).136 Lin used the borylation of 
anthraquinone and subsequent oxidation to install the desired alkoxy substituents in their 
synthesis of highly electron deficient perylene polynitriles (Figure 1.69).137 
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halogenation and subsequent downstream functionalization of the 1,6,7, and 12 “bay positions”, 
which tend to twist the ring out of planarity.138 In 2011, Shinobuko and Müllen disclosed that 
the iridium- and ruthenium-catalyzed borylations of PDIs occur at the 2,5,8, and 11 “ortho 
positions” and that subsequent functionalization preserves the planarity of the PDI (Figure 
1.70).139, 140 These building blocks have since enabled the synthesis of π-extended PDIs,141 
including corannulene-decorated PDIs capable of serving as sensors of C60142 and PDI 
dimers.143 The borylation of a nitrogen-bridged naphthalene monoimide dimer also occurred at 
the position ortho- to the amide carbonyl.144  
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Figure 1.69. Ir-catalyzed borylation of anthracenes and anthraquinones in the synthesis of 
perylenes. 
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Figure 1.70. Ir-catalyzed and Ru-catalyzed borylation of perylenedimides. 

Nečas reported that [4]helicenes and [5]helicenes undergo borylation with regioselectivities 
controlled by the steric hinderance imparted by the ring on the other end of the molecule in the 
helical structures (Figure 1.71). The boronic ester products were oxidized to the corresponding 
alcohols or used in Suzuki-Miyuara cross-coupling reactions.145, 146 In 2016, Matsuda reported 
the triple borylation and subsequent cross-coupling of triazatriangulene cations for the late-
stage tuning of their emissive properties (Figure 1.71).147 Lacour further reported that triple 
borylation of cationic [4]helicenes occur on the periphery and allow for modular modification 
of these dyes.148  
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Figure 1.71. Ir-catalyzed borylation of helicenes and triangulene cations. 

Iridium-catalyzed borylation has been leveraged further as a synthetic method to construct 
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of isomers from a single borylation at each of the three aryl rings (Figure 1.72). The mixture 
was used directly for a sequence consistenting of cross-coupling and oxidative cyclization to 
form threefold-symmetric graphene nanoribbons, which were used as the electron-extraction 
layer in perovskite solar cells. The spoke-like structure is postulated to facilitate interlayer 
penetration and to lower the contact resistance.149  
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Figure 1.72. Ir-catalyzed borylation of triptycene. 

In 2012 and 2013, Scott and Itami reported conditions for the clean and efficient synthesis of 
five-fold borylated corannulene,150, 151 and Nozaki reported the five-fold borylation of 
azapentabenzocorannulenes in 2018.152 Subsequent cross-coupling and dehydrocoupling led to 
highly warped graphene nanosheets (Figure 1.73). These warped nanographenes (WNGs) 
display solubilities and photophysical properties that differ from those of traditional 
nanographenes, presumably due to differences in crystal packing. Electronic umpolung to 
access the corresponding pentabromo or pentaiodo derivatives from the pentaboryl 
corannulene has also been reported.153 Further regioselective borylation of these WNGs 
resulted in modification of the periphery.154, 155  

Bpin

Bpin

Bpin

[Ir(cod)(OMe)]2 (10 mol%)
dtbpy (20 mol%)

B2pin2 (1.7 equiv.)

N

N

N

N

O O

O O

Br

O O

O O

R R

RR
R =

C5H11

C5H11 n

n = 0-2

ArBr =

1. ArBr (3.1 equiv.)
Pd(dppf)Cl2 (10 mol%)

K2CO3 (25 equiv.)
2. I2, hv

36%

n = 0: 61% over 2 steps
n = 1: 70% over 2 steps
n = 2: 40% over 2 steps



 53 

 

Figure 1.73. Ir-catalyzed five-fold borylation of [5]-circulene and subsequent elaboration to 
bowl-shaped nanographenes. 

Whereas [5]circulenes possess a bowl-shaped topology, [6]circulenes are planar or nearly 
planar. Nuckolls reported the synthesis of various thiophene boronic esters and applied them 
to the synthesis of dibenzotetrathienocoronenes, which display solvent dependent structural 
behavior (Figure 1.74).156  
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Figure 1.74. Synthesis of [6]-circulenes enabled by Ir-catalyzed borylation of thiophene. 

In 2012 and 2013, Shinokubo and Itami first demonstrated that the mono-, di-, tri-, and hexa-
borylation of hexabenzocoronenes (HBCs) occur cleanly and provide access to oxidized and 
arylated HBCs that are difficult to synthesize by Scholl oxidation.157-160 The peripheral 
borylation of HBCs also has been applied to the synthesis of oligo-HBCs by Nuckolls (Figure 
1.75).161 
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Figure 1.75. Ir-catalyzed borylation of [6]-circulenes. 
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In 2015, Shinokubo reported the synthesis of tetrathia[8]circulenes from cyclic tetrathiophenes 
by a sequence comprising borylation and annulation (Figure 1.76).162 This modular route 
enabled the study of the relationship between the substitution patterns of the circulene and the 
aggregation or emission spectra of the molecules.163 

 

Figure 1.76. Ir-catalyzed borylation of tetrathiophenes enables the synthesis of tetrathia-[8]-
circulenes. 

The geodesic structures derived from 1,3,5-substituted benzenes (phenines) are topologically 
related to the corannulenes. Isobe first demonstrated in 2016 that the borylation of cyclo-meta-
phenylenes (CMPs) occurs in high yield. The five-fold borylated [5]CMP has been used as an 
intermediate for the modular synthesis of various arylated [5]CMPs, which performed well as 
components of single-layer OLEDs (Figure 1.77).164 The borylated [5]CMP, [7]CMP and 
[8]CMP, and [6]CMP were later found to be valuable building blocks for the synthesis of bowl 
shaped, saddle shaped, and cylindrical geodesic phenine frameworks (GPFs), respectively 
(Figure 1.77).165-168 
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Figure 1.77. Ir-catalyzed borylation of cyclo-meta-phenylenes. 

Mastalertz reported that the borylation of truxene and tribenzotriquinacene occurs with good 
selectivity for the C3-symmetric isomer, which is complementary to selectivities obtained by 
electrophilic aromatic substitution (Figure 1.78).169, 170 These curved molecules are valuable 
as precursors to curved buckybowls. 

 

Figure 1.78. Ir-catalyzed borylation of truxenes and tribenzotriquinacenes. 

1.5.2 Transition metal catalyzed borylation in the synthesis and modification of 
dendrimers 

Dendrimers are radially symmetric molecules with well-defined and monodisperse 
structures,171 and they have received much attention, due to their medicinal, biological, and 
materials applications.172 Oligophenylene dendrimers have been investigated for OLED 
applications.173 Their synthesis has typically relied on iterative Suzuki-Miyaura couplings of 
boronic ester building blocks with bifunctional “focal points.” These focal points are 
haloarenes containing masked boronic acids, which then require demasking between the cross-
coupling steps. An alternative strategy is to harness the borylation of C–H bonds to introduce 
the desired boronic ester functionality directly in the appropriate step in the synthesis. 

In 2008 and 2009, Moore and Suginome reported that the borylation of meta-substituted arenes 
provides a rapid way to synthesize polyphenylene dendrimers by iterative borylation and cross-
coupling of the borylated building blocks (Figure 1.79).174, 175 
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In contrast to coupling borylated arenes to a central “focal point” in a building block approach, 
Marder and Goto reported that the borylation of the periphery of dendrimers enable the rapid 
expansion of the dendrimer architecture (Figure 1.80).176, 177 

 

Figure 1.79. Ir-catalyzed borylation of arene building blocks in the synthesis of dendrimers. 
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Figure 1.80. Ir-catalyzed peripheral borylation of dendrimers. 

1.5.3 Transition metal catalyzed borylation for the post-polymerization modification of 
polymers 

The borylation of C–H bonds also has been applied to the post-polymerization 
functionalization of polymers. Early efforts focused on the functionalization of polyolefins. 
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The borylation of polyolefins provides an avenue to access hydroxylated or arylated 
polyolefins that contain polar functional groups and with high molecular weights, a class of 
polymers that have been difficult to synthesize through copolymerization strategies.  

In 2002, our laboratory in collaboration with Hillmyer’s showed the feasibility of this approach 
in the two-step borylation-hydroxylation of polyethylethylene (PEE).178 This method was later 
expanded to achieve the functionalization of linear low density polyethylene (LLDPE) and 
polypropylene (PP) (Figure 1.81).179, 180 Bae later reported that isotactic poly(1-butene) and 
polystyrene undergo borylation in a similar fashion.181, 182 These functionalized polyolefins 
were decorated further by functional group manipulations or graft polymerization, and the 
resulting polymers exhibited changes in crystallinity and the ability to serve as compatibilizers 
in polymer blends. 

 

Figure 1.81. Rh-catalyzed borylation of polyolefins. 

In 2009 Bae pioneered the application of the borylation of C–H bonds for the modification of 
aromatic main-chain polymers, in particular to the post-polymerization functionalization of 
poly(arylene ether sulfone) (Figure 1.82).183, 184 The reactions occurred cleanly with essentially 
no cross-linking or chain cleavage, as inferred from the polydispersity index of the resultant 
polymer. Bielawski leveraged this method to synthesize poly(arylene ether sulfone) polymers 
decorated by Lewis basic heterocycles as proton exchange membrane materials (Figure 
1.82).185 Scott reported that the borylation of 1,3-bis(3-phenoxyphenoxy)benzene occurs on 
the ends of the polymer chains and can be applied to the synthesis of polyphenylether-epoxy 
resin-triamine adhesives.186 
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Figure 1.82. Ir-catalyzed borylation of poly(arylene ether sulfones). 

1.5.4 Transition metal catalyzed borylation for the synthesis of oligopyrroles, corroles, 
porphyrins, and porphyrin analogues 

The borylation of C–H bonds also has been applied to the synthesis or modification of 
oligopyrroles, corroles, and porphyrins. 4,4-Difluoro-4-bora-3a,4a-diaza-s-indacenes 
(BODIPYs) are small molecules that exhibit strong fluorescence with sharp peaks.187, 188 Osuka 
reported that the borylation of a meso-substituted dipyrromethane occurs in high yield and with 
high α-selectivity, whereas the borylation of a dipyrrin (BODIPY) occurs with moderate yield 
and β-selectivity (Figure 1.83). This selectivity created complementary approaches to the 
synthesis of both α- and β- alkenylated BODIPYs.189 

 

Figure 1.83. Ir-catalyzed borylation of pyrroles and BODIPYs. 
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Porphyrins are 18π aromatic macrocyclic compounds that are ubiquitous in nature and in 
organic optoelectronics. Porphyrins have long been studied in fields as varied as photosynthesis, 
biocatalysis, dyes, information storage, ligand design, and supramolecular chemistry.190 In 
2005 Osuka pioneered the borylation of porphyrins and reported that the direct borylation of 
porphyrins occurs at the β-position, while other functionalization methods, such as 
electrophilic aromatic substitution, tend to modify the meso-position (Figure 1.84).191 The 
borylated porphyrins were further functionalized by Suzuki cross-coupling reactions or Heck-
type reactions.192, 193 

 

Figure 1.84. Ir-catalyzed, β-selective borylation of porphyrins. 

Leveraging the predictable selectivity of C–H borylation, Osuka and others combined 
appropriate borylated porphyrins with linkers of choice in a “building block” approach to 
synthesize oligo-porphyrin architectures (Figure 1.85). Many novel porphyrins were 
synthesized by this approach. For example, doubly 1,3-butadiyne-bridged and 2,5-thienylene-
bridged diporphyrins were synthesized from doubly borylated porphyrins, and  the two-photon 
absorption cross sections of the bridged diporphyrins were abnormally large.194, 195 Other exotic 
porphyrin oligomers were synthesized with this strategy, such as porphyrin nanobelts,196-203 
cyclometallated porphyrin complexes,204-210 or cyclophane-like oligoporphyrins.211 
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Figure 1.85. β-borylated porphyrins as building blocks for the synthesis of oligoporphyrins. 

If the meso- and β-positions on the porphyrin ring are sterically hindered and aryl C–H bonds 
on the distal aryl substituents are sterically accessible, then borylation occurs at the distal aryl 
C–H bonds. This scenario led to the highly selective terminal borylation of a tetraarylporphyrin 
(Figure 1.86).212 
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Figure 1.86. Ir-catalyzed peripheral borylation of oligoporphyrins. 

  

 

Corroles are 18π aromatic tetrapyrrolic compounds that contain a direct pyrrole-pyrrole linkage 
and are studied for their unique coordination chemistry and optical properties.213, 214 In 2005, 
Osuka reported that the borylation of corrole, like the borylation of porphyrins, occurs with β-
selectivity. These borylated corroles provided a route to the corrole-porphyrin dimers215 and 
doubly-bridged corrole dimers, which possess singlet biradical character (Figure 1.87).216, 217 
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Figure 1.87. Ir-catalyzed, β-selective borylation of corroles. 

  

Subporphyrins are ring-contracted analogues of porphyrins with a 14π aromatic system, a 
bowl-shaped structure, and often possess non-linear optical properties.218, 219 In 2015, Osuka 
reported that subporphyrins undergo clean double borylation at the meso-positions (Figure 
1.88). The boronic ester products were further elaborated into π-extended subporphyrins and 
subporphyrin dimers.220 
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Figure 1.88. Ir-catalyzed borylation of subporphyrins. 

  

In 2021, Tanaka and Osuka used the borylation of phenylene-linked dipyrroles and tripyrroles 
to provide starting materials for the synthesis of a cyclic oligopyrroles (Figure 1.89).221 
Subsequent oxidation of these oligopyrroles formed the corresponding circulenes.222, 223 

Song reported that the double borylation of tripyrrins occurred cleanly and applied the 
diboronic ester products to the synthesis of π-extended “earring” porphyrins (Figure 1.90). The 
UV-vis spectra of these materials contained bands that are highly red-shifted, relative to the 
parent porphyrin.224, 225 

 

Figure 1.89: Ir-catalyzed borylation of dipyrroles in the synthesis of cyclic oligopyrroles 

In a similar fashion, clean six-fold borylation occurred on the distal aryl C–H bonds of a 
hexaphryn derivative containing 2,6-substituted aryl groups (Figure 1.91).226 
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Figure 1.90. Ir-catalyzed borylation of tripyrroles. 

 

Figure 1.91. Ir-catalyzed borylation of hexaphryns. 

Cyclic tetraindoles are considered π-extended porphyrinogen analogs, and they can be 
transformed into a planar porphyrin-like structure by oxidation. Shinokubo’s 2012 route 
involved the borylation of a bisindole and subsequent dimerization (Figure 1.92).227 Similar 
analogs containing benzofuran and benzothiophene units also have been prepared by this 
route.228 
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Figure 1.92. Ir-catalyzed borylation of bisindoles in the synthesis of porphyrinogen analogues. 

1.5.5 Transition metal catalyzed borylation of arene C–H bonds in the synthesis of 
chalcophene materials 

Due to their solution processability and ability to form stable films, semiconducting polymers 
are valuable for organic field-effect transistor (OFETs) and organic photovoltaic devices 
(OPVs). Within this field of research, much effort has been devoted to the exploration of 
heteroaromatic rings incorporated into the building unit to modulate the electronic properties 
and structural ordering of the polymers. Thiophene-based building blocks have received 
particular attention in recent years.229 

In 2015, Inagaki studied the borylation of various thiophene derivatives with a silica-supported 
iridium catalyst. In one case, the combination of borylation and cross-coupling resulted in the 
synthesis of a triarylamine hole transport material in yields that are much higher than those of 
the prior routes (Figure 1.93).230 
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Figure 1.93. Borylation of a trithiophene hole-layer material. 

In 2014, Takimiya reported the diborylation of thienothiophene in high yield. Subsequent 
oxidation formed the corresponding thienothiophenedione, a strong, electron deficient acceptor 
unit for use in organic semiconductors (Figure 1.94).231 

 

Figure 1.94. Ir-catalyzed borylation of thienothiophene and application to the synthesis of 
thienothiophenedione. 
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The borylation of naphthodichalcogenophenes and napthothiadiazoles has been applied to the 
rapid synthesis of semiconductor materials. For example, in 2012 Takimiya reported the 
selective 5,10-diborylation of napthodithiophenes and synthesized organic semiconductors for 
OFET and OPV applications (Figure 1.95). The different charge mobilities of the two 
polymeric forms shown in Figure 1.95 are attributable to the different levels of twist in the 
backbone.232-234 

 

Figure 1.95. Ir-catalyzed borylation of napthodichalcogenophenes. 
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Naphthothiadiazole units are also valuable as electron deficient units in semiconducting 
polymers. In 2013, Takimiya reported a convenient route to organic semiconducting polymers 
containing the napthothiadiazole core by the diborylation of naphthothiadiazole (Figure 
1.96).235, 236  

 

Figure 1.96. Ir-catalyzed borylation of napthothiadiazoles. 

In 2021 Okamoto used the borylation of chrysenodithiophene for the synthesis of conjugated 
polymers containing both chrysenodithiophene and benzothiadiazole units (Figure 1.97).237 

 

Figure 1.97. Ir-catalyzed borylation of chrysenodithiophenes. 
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1.6 Transition-Metal Catalyzed, Borylation of C–H Bonds in Synthesis of Ligands 

The late-stage modification of ligands for homogeneous catalysis is a final application of the 
borylation of C–H bonds constituting “late-stage” functionalization. These reactions can be 
divided into two types of functionalization: 1) the modification of common ligand cores by 
sequences comprising borylation and functionalization and 2) directed functionalizations in 
which the coordinating atom of the ligand precursor interacts with the transition metal catalyst 
and confers the desired site- or stereo- selectivity. 

The binaphthalene core is a privileged structural class in enantioselective synthesis. In 
particular, the chiral binaphthol (BINOL) scaffold has been applied extensively in chiral 
Brønsted-acid catalysis. Numerous theoretical and experimental studies have shown that aryl 
substituents at the 3- and 3’- positions strongly influence the selectivities of catalysts formed 
from these BINOL cores.238, 239 In 2014 Clark demonstrated that silyl-directed borylation and 
subsequent Suzuki-Miyaura coupling introduces a wide variety of aryl substitutents at the 3- 
and 3’- positions (Figure 1.98).240 Chattopadhy later showed in 2019 that the silyl directing 
group is not necessary if the diboron reagent is B2eg2 (eg = ethylene glycolate) (Figure 1.98). 
Non-covalent interactions between the phenol and Beg groups appear to direct the borylation 
to the ortho-position.241 

 

Figure 1.98. Borylation-coupling sequences for the synthesis of 3- and 3’- substituted BINOLs 
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Ferrocenes are prevalent in ligands for homogenous catalysis. Thus, methods to introduce 
substituents or even planar chirality to the ferrocene core are valuable for the synthesis of 
ferrocenyl-based ligands. The undirected borylation of ferrocenes was first investigated by 
Plenio in 2004, but these reactions occurred in moderate yield.242 In 2022, Xu developed a 
chiral bidentate boryl ligand that enabled the enantioselective borylation of ferrocenes 
containing amide functionality (Figure 1.99). The amide functionality is presumed to interact 
with a vacant binding site on the iridium catalyst, thereby directing the borylation to the C–H 
bond located ortho to the directing group.118 

 

Figure 1.99: Enantioselective borylation of ferrocene enabled by a chiral bidentate boryl ligand. 

Phosphines are common supporting ligands in homogenous catalysis. The coordination of 
phosphines to transition-metal catalysts is a powerful avenue to direct the site of borylation. In 
2014, Clark showed that the combination of [Ir(cod)]BF4 and tmphen catalyze the borylation 
of biaryl phosphines at the distal aryl group (Figure 1.100A). In 2019, Clark further showed 
that 2-methylaryl phosphines undergo borylation at the benzylic position in the presence of the 
cationic iridium complex [Ir(cod)]BF4 with tmphen as lignad.243, 244 Similarly, Takeya showed 
that aryl phosphines undergo highly ortho-selective borylation in the presence of [RuCl2(p-
cymene)]2 (Figure 1.100B).245 Shi showed that similar reactivity and selectivity was observed 
in the presence of [Rh(coe)2Cl]2 and applied the ortho-selective borylation to a concise 
synthesis of CyJohnphos (Figure 1.100C).246 In all these cases, the selectivity is postulated to 
arise from coordination of the phosphino group to the metal catalyst.  

Fe

O

MeN OMe
Fe

O

N OMe

Bpin

Bpin

89%, 93% ee

CBL (10 mol%)
[Ir(cod)Cl]2 (5 mol%)

B2pin2 (3 equiv.)

N
B

N

Ph Ph

SiMe2
NPh

Ar

Ph

Ar =

tBu

tBu

CBL:



 75 

 

Figure 1.100: Phosphine-directed ortho- borylation of arenes. 

In 2015, Kanai developed a bipyridine ligand with the capacity to participate in secondary 
hydrogen bonding interactions with substrates. When combined with [Ir(cod)OMe]2, this 
ligand forms complexes that catalyze the meta-selective borylation of aryl phosphine oxides 
and phosphonate esters (Figure 1.101).247, 248  

 

Figure 1.101. Meta-selective borylation of phosphine oxides enabled by a hydrogen-bonding 
ligand. 
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In 2020 Watson showed that arylphosphonates also undergo ortho-selective borylation with 
cationic iridium catalysts formed from the electron-deficient P[(3,5-CF3)2-C6H3]3 ligand and 
Ir(cod)(acac) (Figure 1.102). The authors noted that similar results were obtained with 
[Ir(cod)2]BF4, but Ir(cod)(acac) was chosen as the precatalyst, due to its bench stability and 
lower price. The resulting aryl boronic esters were then used in the synthesis of a 
biarylphosphine ligand.249 

 

Figure 1.102. Ortho-selective borylation of arylphosphonates with cationic iridium catalysts. 

In 2020 Phipps reported the desymmetrization of diaryl phosphinamides catalyzed by a 
complex that interacts with the substrate through an ion pair (Figure 1.103). The 
phosphinamide is postulated to hydrogen bond to the sulfonate bipyridine, while the chiral 
cation confers enantioselectivity.250 In 2021 Xu reported the desymmetrization of diaryl 
phosphinates to synthesize phosphines in which phosphorus is a stereogenic center (Figure 
1.104).251  

 

Figure 1.103. Desymmetrization of diaryl phosphinamides by borylation of aryl C–H bonds 
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Figure 1.104. Desymmetrization of diaryl phosphinates by borylation with a chiral bidentate 
boryl ligand. 

In 2019 Xu demonstrated that the combination of a chiral bidentate boryl ligand and iridium 
catalyzes the desymmetrization of diarylaminomethanes. The resulting boronic ester was then 
used for the synthesis of an aminophosphine ligand (Figure 1.105).252 

 

Figure 1.105. Desymmetrization of diaryl aminomethanes by borylation with a chiral bidentate 
boryl ligand. 
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Figure 1.106. Borylation-coupling of a 3,3’-bipyridine enables the synthesis of a bis-2-
pyridylidene palladium complex. 

1.7 Conclusion and Outlook 

C–H functionalization is a fast-growing field that has had and will continue to impact the many 
research areas of synthetic chemistry. Among methods for C–H functionalization, reactions to 
functionalize C–H bonds with boron are particularly attractive because they occur with high 
regioselectivity and form products with boron-based groups that can be transformed into a 
range of different functional groups. Due to these characteristics, the borylation of C–H bonds 
have been widely applied to the modification of many classes of complex molecules, including 
active pharmaceutical ingredients, natural products, precursors in the synthesis of such 
compounds, organic materials, and ligands. This chapter has outlined such applications.  

However, a major goal for future development is the intermolecular borylation of alkyl C–H 
bonds. Undirected examples of the functionalization of alkyl C–H bonds with boron are the 
least developed. With the undirected borylation of alkyl C–H bonds reported recently under 
conditions with the substrate as limiting reagent, it is likely that further catalyst development 
and reaction designs will enable this class of borylation to occur in a practical fashion.  

Although progress has been made toward creating catalysts that react with high activity and 
site-selectivity, site-selective borylations of C–H bonds in molecules with multiple similarly 
active C–H bonds is an urgent unmet need. Although directing strategies exist, further 
developments of methods that exploit existing functionality to control site selectivity and do 
not require laborious installation and removal of directing groups are needed. More challenging 
is the development of methods with catalyst-controlled site selectivity. Such methods have the 
capability to expand the scope of borylation reactions and to enable a broader range of 
functionalization of complexes molecules at a “late stage.” 
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2.1 Introduction 

Recent developments in iridium-catalyzed borylation have made the undirected borylation of 
alkyl C–H bonds an increasingly practical method to access alkyl boronic esters.1-6 Generally, 
metal-catalyzed borylation occurs at primary C–H bonds or, in the absence of accessible 
primary C–H bonds, at secondary C–H bonds activated by ring strain or electron-withdrawing 
substituents. Even recent radical-based borylations of C–H bonds, which could be expected to 
occur at tertiary C–H bonds, occurred at primary and secondary over tertiary C–H bonds.7 The 
catalytic borylation of tertiary C–H bonds has not been reported, to the best of our knowledge 
(Figure 2.1a). Our recent discovery of an iridium complex formed from 2-
methylphenanthroline (2-mphen) that catalyzes the borylation of primary and secondary alkyl 
C–H bonds with the alkane as the limiting reagent5 raised the question of whether the borylation 
of tertiary C–H bonds could be achieved. For this proposed reaction to occur and to be practical, 
the C–H functionalization must occur cleanly at a class of C–H bonds typically unreactive 
toward C–H activation forming metal-carbon bonds, with minimal deleterious C–C bond 
cleavage, and with the substrate as the limiting reagent. 

Since Lovering’s seminal paper8 introducing the concept of “escape from flatland,” the 
synthetic community has become increasingly interested in the incorporation of sp3-rich 
fragments into drug candidates. In particular, the highly strained bicyclo[1.1.1]pentane (BCP) 
motif is being applied as a potential bioisostere to mono- and para-disubstituted benzenes,9-12 
internal alkynes,13 and tert-butyl groups.14, 15 Related bicyclo[2.1.1]hexanes (BCHs) and  oxa- 
and aza-bicyclo[2.1.1]hexanes (XBCHs) have been proposed as possible bioisosteres to ortho- 
and meta- disubstituted benzenes16, 17 and conformationally constrained equivalents of 
pyrrolidine, respectively.18, 19 In many cases, bioisosteric substitution of disubstituted benzenes 
and pyrrolidines for these saturated bicyclic scaffolds imparted greater rigidity, increased 
solubility, and improved metabolic stability for drug candidates (Figure 2.1b). 

The increased demand for functionalized BCPs has led to a surge in the development of 
methods for the construction of substituted BCPs. Prevailing methods usually involve the 
manipulation of [1.1.1]propellane. Radical addition to the central bond of [1.1.1]propellane is 
well-known and is part of radical chain and photoredox pathways to substituted BCPs.20-30 The 
addition of organometallic compounds, such as Grignard reagents, to [1.1.1]propellane is also 
well precedented, and the resulting bicyclo[1.1.1]pentyl organometallic intermediates can be 
quenched by electrophiles or used as nucleophiles in cross-coupling reactions.13, 31-37 The 
insertion of donor-acceptor carbenes into the bridgehead C–H bond of BCPs also has been 
reported.38 While these methods allow access to 1,3-disubstituted BCP derivatives, the 
intermediate bicyclopentyl species are not bench-stable, and the limited scope of reaction 
partners that are compatible with the harsh reagents and with the conditions to install the second 
substituent makes rapid diversification of the scaffold difficult. Furthermore, most of these 
methods are limited to the synthesis of BCP derivatives and cannot be extended to BCHs and 
(hetero)BCHs (XBCHs).  

An alternative and unifying strategy towards the construction of diverse BCP, BCH, and XBCH 
building blocks is to enlist boronic esters, which are stable synthetic intermediates (Figure 2.1c). 
The boronic ester motif could be derivatized into a variety of carbo- and heteroatom-based 
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functional groups through well-established synthetic procedures. In this vein, Aggarwal 
developed a decarboxylative borylation of redox-active esters, including ester derivatives of 
BCPs,39, 40 Uchiyama reported the direct silaboration of propellane,41 Qin reported a 
Barluenga−Valdés-inspired cyclization that forges the BCP core from cyclobutanones,42 and 
the Anderson, Aggarwal, and Walsh groups demonstrated the feasibility of trapping in situ-
generated BCP organometallic species with boron electrophiles.25, 36, 43, 44 Many of these routes 
rely on the handling of [1.1.1]propellane or the lengthy synthesis of either a prefunctionalized 
BCP or cyclobutanone scaffold prior to installation of the boryl group, thereby limiting the 
general applicability of these groups to the preparation of the boronic esters of BCHs and 
XBCHs (Figure 2.1c). A direct and straightforward strategy to construct these coveted boronic 
esters would be to repurpose existing, but underutilized, stable and commercially available 1-
substituted strained building blocks via the direct functionalization of the bridgehead C–H bond 
(Figure 2.1d). 

 

Figure 2.1. State of the borylation of alkyl C–H bonds, applications of BCPs, and routes 
for their synthesis relevant to this study. (a) The borylation of primary and secondary C–H 
bonds are known, while the borylation of tertiary C–H bonds is underexplored. (b) Selected 
examples of drug candidates in which bioisosteric replacement of para-disubstituted benzenes 
and pyrrolidines with BCPs and (hetero)BCHs has been conducted (c) Existing approaches 
toward bridgehead-substituted boryl-BCPs. Drawbacks include requirements for 
prefunctionalization, limitations in scope, and lengthy syntheses. Bridgehead-substituted 
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boryl-BCHs are also underexplored.  (d) The direct bridgehead borylation presented in this 
work occurs with broad scope and provides a complementary avenue to access BCPs and 
(hetero)BCHs with new substitution patterns. 

Herein, we report the iridium-catalyzed borylation of the bridgehead tertiary C–H bonds of 
BCPs, BCHs and XBCHs. This reaction occurs selectively at this type of tertiary C–H bond 
over unactivated primary and secondary C–H bonds and tolerates a wide variety of functional 
groups. This C–H bond reacts with rates that are similar to those observed with cyclopropanes, 
leading to the broad scope, and the boronic ester products of this method undergo a wide variety 
of reactions to form 1,3-disubstituted bicyclic building blocks. 

2.2 Results and Discussion 

2.2.1 Reaction Development of the Borylation of Bridgehead C–H Bonds 

We initiated our investigation of the borylation of the bridgehead, tertiary C–H bonds of BCPs 
by testing reactions of the model substrate 4-tert-butylphenylbicyclopentane 1b in the presence 
of a series of catalysts reported for the borylation of alkyl C–H bonds (Figure 2.9).4, 5, 45 Studies 
on reaction times, stoichiometries and ligands for iridium showed that the iridium system 
formed from 2-mphen and (mesitylene)Ir(Bpin)3 catalyzed the borylation of 1b to form 1a in 
high yield with the substrate as the limiting reagent and exclusively at the bridgehead tertiary 
C–H bond. Reactions conducted with 2,9-dimethylphenanthroline (2,9-dmphen, L1) also 
occurred in a high yield, albeit measurably lower than those with 2-mphen, and reactions 
conducted with 3,4,7,8-tetramethylphenanthroline (tmphen) or 2,2'-((3-
fluorophenyl)methylene)dipyridine (L3)4 occurred in moderate to low yields. Reactions 
conducted with ligands used primarily for the borylation of aromatic C–H bonds, such as 
4,4’di-tert-butylbipyridine (dtbpy, L2)46 or 5-methyl-2-(thiophen-3-yl)pyridine (L4),45 as 
ancillary ligands did not form product. Control experiments showed that both the ligand and 
the iridium precursor are necessary for the formation of the product, and reactions conducted 
with the commercially available precatalyst [Ir(COD)(OMe)]2 were similar to those with 
(mesitylene)Ir(Bpin)3. The use of HBpin or alternate diboron reagents in place of B2pin2 as the 
boron source resulted in lower yields. Although the desired boronic ester was obtained with 
L1, L3, or tmphen as ligand, we used 2-mphen as the ligand for further studies on reaction 
scope because the reaction times could be shorter, and these faster rates would likely reduce 
competing reactions with auxiliary functional groups and afford the products in superior yields 
(Figure 2.10). 

With conditions for the borylation of model substrate 1b in hand, we explored the scope of the 
undirected borylation of monosubstituted BCPs with B2pin2 catalyzed by [Ir(COD)(OMe)]2 
and 2-mphen. All substrates underwent borylation exclusively at the bridgehead C–H bond or 
concomitantly at the bridgehead and at an aryl or acidic primary alkyl C–H bond if those C–H 
bonds were not sufficiently hindered (Figure 2.2a). Competitive reactions at primary and 
secondary C–H bonds with fully substituted α-carbons were not observed, presumably due to 
steric hindrance. Arene, sulfide, stannane, bromide, and ester functionalities did not interfere 
with borylation at the bridgehead, tertiary C–H bond (1a-5a, 8a-10a). Alcohols were tolerated 
following an in situ protection procedure (6a, 7a).5 Reactions of BCPs containing sulfone and 
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sulfonamide units gave products from borylation at the tertiary C–H bond (11a-14a); 
borylations at the methyl C–H bonds of a methyl sulfone and at the N–H bonds of the primary 
sulfonamide were observed, but the B–C and B–N bonds at those positions were labile and 
were selectively hydrolyzed upon workup to afford the product containing a boronic ester 
solely at the bridgehead position (11a, 12a). Imides, amides and Boc-protected cyclic amines 
also underwent borylation at the tertiary C–H bond (15a-18a). A substrate containing sterically 
accessible aryl C–H bonds underwent borylation of both the aryl and bridgehead C–H bonds 
(19a). (Figure 2.2b) 

The broad functional group compatibility of this method prompted us to apply it to the 
borylation of medicinally relevant molecules containing the BCP fragment and to test the 
reaction on larger scale. Exclusive borylation at the bridgehead C–H bond was observed for 
derivatives of abietic acid and valproic acid (20a, 21a). (Figure 2.2c) The method was easily 
amenable to syntheses on a gram scale. The borylation of 11b on a 4.0 mmol scale gave the 
corresponding boronic ester in 58% yield (631 mg), which was comparable to that of the 
reaction on smaller scale (0.25 mmol, 64%), and the borylation of 16b on a 4.0 mmol scale 
formed the functionalized product in 95% yield (1.89 g), which was also comparable to that of 
the reaction on smaller scale (0.25 mmol, 94%). 

 

Figure 2.2. Examples of bicyclo-[1.1.1]-pentanes that undergo borylation of the 
bridgehead C–H bond. (a) Examples of bicyclopentanes containing common functional 
groups that undergo borylation of the bridgehead C–H bond. (b) Example of an 
arylbicyclopentane that undergoes borylation of both the aryl and the bridgehead C–H bonds. 
(c) Examples of medicinally relevant molecules that contain the BCP substructure that undergo 
exclusive borylation of the bridgehead C–H bond. Reactions were conducted at 0.10-0.25 
mmol scale. 1H NMR yields were determined relative to an internal standard of 
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dibromomethane, and the isolated yields are given in parenthesis. Standard conditions: 
substrate (0.10-0.25 mmol), B2pin2 (1.5 equiv.), [Ir(COD)(OMe)]2 (2.5 mol%), 2-mphen (5.0 
mol%), cyclooctane (100 µL/mmol), 100 ºC. a Substrate treated with HBpin (1.3 equiv.) prior 
to the reaction. b Conducted with 3 equivalents of B2pin2. c Spontaneous hydrolysis to the 
corresponding boronic acid upon purification. 

This reactivity extended to bridgehead tertiary C–H bonds in additional strained bi- or tri-cyclic 
systems. The all-carbon bicyclo-[2.1.1]-hexane 22a, the oxabicyclo-[2.1.1]-hexanes (23a-26a), 
and the azabicyclo-[2.1.1]-hexanes (27a-38a) all reacted cleanly at the tertiary C–H bonds to 
afford the corresponding boronic esters (Figure 2.3). The methylene C–H bonds within the 
bicyclo-[2.1.1]-hexane cores were unreactive, which we attribute, again, to steric crowding of 
the methylene hydrogens by the quaternary centers vicinal to this position. Bicyclohexanes 
possessing esters, alcohols, bromides, and amides underwent borylation at the tertiary C–H 
bond to afford the corresponding products (22a-31a, 33a, 36a-38a). The borylations of these 
bicyclic compounds were also compatible with a tertiary amine (32a), a primary amide (34a), 
and a TIPS-protected alkyne (35a). Reactions conducted with bicyclo-[1.1.0]-butane and 
cubane structures gave complicated mixtures, while the less strained bicyclo-[2.2.1]-heptane 
(norbornane) did not react under our conditions (Figure 2.11). 

 

Figure 2.3. Examples of (hetero)bicyclo-[2.1.1]-hexanes that undergo borylation of the 
bridgehead C–H bond. Reactions were conducted at 0.10-0.25 mmol scale. 1H NMR yields 
were determined relative to an internal standard of dibromomethane, and the isolated yields are 
given in parenthesis. Standard conditions: substrate (0.10-0.25 mmol), B2pin2 (1.5 equiv.), 
[Ir(COD)(OMe)]2 (2.5 mol%), 2-mphen (5.0 mol%), cyclooctane (100 µL/mmol), 100 ºC. a 

Substrate treated with HBpin (1.3 equiv.) prior to the reaction. b Conducted with 3 equivalents 
of B2pin2. c Crude reaction mixture treated with 5 equivalents of KHF2 after completion of the 
borylation reaction. 
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2.2.2 Derivatization and Applications of the Bridgehead Boronic Esters 

The bridgehead pinacol boronic ester fragments in the products of these borylation reactions 
are primed for conversion to a variety of functional groups (Figure 2.4). The 3-boryl BCPs and 
3-boryl BCXHs were readily converted to trifluoroboronates and boronic acids for use when 
more reactive boron derivatives were needed. Addition of bifluoride formed the corresponding 
trifluoroborate salts (1c, 11c, 16c), and addition of methyl boronic acid formed the 
corresponding boronic acids47 (1d, 11d, 28c). This set of 3-boryl BCPs underwent reactions at 
the B–C bond to form new C–C bonds. Cross-coupling with aryl electrophiles occurred under 
either metallaphotoredox conditions40 to form the 3-aryl BCP 1f from the trifluoroborate 1c or 
by activation with t-BuLi followed by Pd-catalyzed coupling41 to form the 3-aryl BCP 1g from 
boronic ester 1a. An intermolecular Barluenga−Valdés coupling48 afforded 1e from boronic 
acid 1d, Zweifel olefination afforded the 3-vinyl BCP 11e from boronic ester 11a and the 3-
vinyl BCXH 28c from boronic ester 28a, heteroarylation afforded the 3-heteroaryl BCP 13c 
from boronic ester 13a, and Matteson homologation formed the homologated boronic ester 1h 
from boronic ester 1a. The 3-boryl BCPs also underwent reactions to form heteroatom-
substituted BCPs. For example, oxidation of boronic ester 16a occurred with urea hydrogen 
peroxide to afford the 3-hydroxy BCP 16d, while oxidation of boronic ester 27a afforded the 
3-hydroxy BCXH 27c, and amination of the trifluoroborate 16c occurred under Matteson’s 
conditions49 to afford the benzyl amine 16e. C–C and C–N bond formation reactions from 3-
boryl BCXHs are under investigation in our laboratories. 

 

Figure 2.4. Conversion of 3-boryl-bicyclo-[1.1.1]-pentanes and 3-boryl-bicyclo-[2.1.1]-
hexanes into various functional groups. The boronic esters were converted to alternative 
boron species such as trifluoroborate salts or boronic acids. The boryl products reacted to forge 
C–C bonds through 1,2-metallate rearrangements or cross-coupling. The boryl products also 
reacted to form C–X bonds through oxidation or aza-1,2-metallate rearrangement reactions. 
The resultant BCPs and BCHs represent novel building blocks with substitution patterns that 
are difficult to access.  
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The examples in Figure 2.4 also showcase the value of our method for medicinal chemistry. 
For example, 16d, 16e, and 27c are analogs of electron-rich arenes, such as aminophenol or 
aminoanilines, and 11e, 13c, and 30c represent examples of substitution patterns that would be 
difficult to access with existing methods.  

2.2.3 Investigation of the Mechanism of the Tertiary C–H Borylation 

This new borylation presented an opportunity to compare the mechanism of the borylation at 
tertiary C–H bonds to those at primary C–H bonds and to assess the magnitude of the effect of 
strain on the borylation of C–H bonds. To obtain preliminary understanding of the 
functionalization of the tertiary C–H bond in BCPs under our conditions, we compared the 
relative rates for the borylation the tertiary C–H bond in 4-tert-butylphenylbicyclopentane (1b) 
versus sp2 and other sp3 C–H bonds through a series of intermolecular competition studies 
(Figure 2.5a). Because it is not necessary to conduct competition reactions under conditions 
without an induction period, these experiments were conducted with the most active catalyst, 
which is generated from [Ir(COD)(OMe)]2 and 2-mphen. The borylation of the bridgehead 
tertiary C–H bonds of BCP 1b occurred at a much slower rate than that of the aryl C–H bond 
of 1,3-dichlorobenzene, at roughly the same rate as that of the strained secondary C–H bonds 
of tert-butyl cyclopropanecarboxylate, at a much higher rate than those of the unactivated 
secondary C–H bonds of tetrahydrofuran and cyclohexane, and at a much higher rate than that 
of the unactivated primary C–H bonds of tert-butyloctyl ether. 

 

Figure 2.5. Competition experiments and measurement of 1JC–H coupling constants. (a) 
Competition experiments between BCPs and typical substrates for C–H borylation show that 
the borylations of BCPs and BCHs occur with comparable rates to that of the borylation of 
cyclopropanes, is much slower than that of the borylation of arenes, and is much faster than 
those of the borylation of unactivated alkyl C–H bonds. The relative reactivities correlate well 
to the 1JC–H coupling constants. (b) Competition experiments between BCP substrates show no 
apparent correlation between the 1JC–H coupling constant or the electronegativity of the 
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substituent and the rate of borylation.  a 1JC–H coupling constant of the C–H bond that underwent 
borylation. b Ratio of products determined by GC analysis. c Ratio of products determined by 
NMR analysis.  

We reasoned that the high activity of the BCPs towards borylation could be rationalized by the 
high degree of s-character in the C–H bond, which in turn has been shown to correlate with 
increased acidity.50 To investigate the origin of the high levels of activity of the BCP substrates 
observed for the borylation reaction, relative to the low reactivity of typical tertiary C–H bonds, 
we measured the 1JC–H coupling constants of various BCPs and non-BCP substrates. We also 
measured the relative rates of reaction for various BCPs containing different substituents in the 
1-position. (Figure 2.5b) Indeed, the measured 1JC–H coupling constants of BCPs and XBCHs 
were comparable to those of aryl and cyclopropyl C–H bonds. However, no clear correlation 
was observed between the relative rates of reaction of individual BCPs versus the variation of 
the 1JC–H coupling constants within the set of BCPs. Thus, the generally high reactivity of these 
C–H bonds toward undirected borylation can be explained by s-character of the C–H bond, but 
the more precise reactivity of the individual BCPs required a deeper mechanistic evaluation.  

Kinetic isotope effect (KIE) data in previous reports on the borylation of aryl and alkyl C–H 
bonds suggested that cleavage of the C–H bond is likely irreversible and turnover-limiting.1, 3, 

51 Yet, other studies have suggested that reductive elimination to form product or isomerization 
of an intermediate prior to reductive elimination is turnover-limiting.52-54 Because we observed 
no clear trend between the relative rates of reaction and the electronic properties of the 
substituents on the BCPs and because the steric properties of the BCP substrates are similar, 
oxidative addition is unlikely to be turnover-limiting. 

To test further whether oxidative addition of the C–H bond was turnover-limiting, we measured 
the kinetic isotope effect (KIE) of the bridgehead C–H bond of the BCP on the reaction. While 
direct measurements of the rates of reactions initiated with 2-mphen were hampered by a 
significant induction period, we obtained a KIE value from a pair of competition experiments. 
In separate flasks, a mixture of 3,5-di(tert-butyl)phenylbicyclopentane (2b) and either 4-tert-
butylphenylbicyclopentane (1b) or 4-tert-butylphenylbicyclopentane-d1 (1b-d1) was allowed 
to react in the presence of B2pin2, [Ir(COD)OMe]2, and 2-mphen (Figure 2.6a, see section 2.4.7 
for details). These experiments yielded a KIE value of 1.8 ± 0.1, which is more consistent with 
an equilibrium isotope effect than a primary, kinetic isotope effect.  

We conducted analogous rate measurements with tmphen as the ligand. The reaction with this 
ligand on iridium is slower than that with 2-mphen, but it occurred without a significant 
induction period, thereby enabling us to obtain clear kinetic data. The KIE value obtained from 
the initial rates of separate reactions initiated with tmphen as the ancillary ligand and either 
tert-butylphenylbicyclopentane (1b) or tert-butylphenylbicyclopentane-d1 (1b-d1) was, again, 
1.8 ± 0.1 (Figure 2.6b). The reaction with this catalyst was found to be first order in the BCP, 
first order in the catalyst, and zero order in the diboron reagent (Figure 2.6c). These results 
imply that the BCP and the iridium catalyst are involved in the turnover-limiting step, but the 
low KIE value and the lack of correlation between the 1JC–H coupling constants and rate of 
reaction of the BCPs suggest that oxidative addition is not likely to be turnover-limiting and is 
likely reversible.  
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Figure 2.6. Mechanistic Experiments. (a) Kinetic isotope effect obtained by competition 
experiments with 2-mphen as the ligand. The small magnitude of the KIE implies that C–H 
cleavage could be reversible. (b) Kinetic isotope effect obtained by measurement of rates in 
separate vessels with tmphen as the ligand. The small magnitude of the KIE implies that C–H 
cleavage may not be turnover limiting. (c) Reaction orders were obtained by the method of 
initial rates. The borylation reaction is first order in substrate, first order in catalyst, and zero 
order in diboron reagent. 

To understand the low KIE value and to determine the turnover limiting step of the C–H 
borylation process, we conducted density functional theory (DFT) calculations on the 
borylation of unsubstituted bicyclopentane as a model substrate with tmphen as the ligand on 
iridium. The computed energy diagram for the reaction process is shown in Figure 2.7. These 
calculations predict that oxidative addition of bicyclopentane (R-H) to the trisboryl species 
(tmphen)Ir(Bpin)3 ([Ir](Bpin)3) will be reversible with a barrier of 23.3 kcal/mol to form 
intermediate [Ir](Bpin)3(R)(H). This intermediate would then undergo an isomerization with 
a barrier of 17.9 kcal/mol that lies 30.1 kcal/mol above the starting complex and free substrate 
to form intermediate iso-[Ir](Bpin)3(R)(H). Reductive elimination from iso-[Ir](Bpin)3(R)(H) 
occurs with a barrier of just 3.6 kcal/mol to afford the product. Turnover with B2pin2 then 
regenerates [Ir](Bpin)3. The KIE value of the reaction by this path was computed to be 2.03 
for bicyclopentane as the substrate, which is in good agreement with the experimental value of 
1.8 for 4-tert-butylphenylbicyclopentane. A discussion of pathways involving Ir(I) species or 
alternative isomerization pathways is included in section 2.4.8. The higher computed barrier 
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for isomerization following C–H bond cleavage likely results from the high s-character of the 
bridgehead position leading to more facile oxidative addition of the C–H bond to the iridium 
center. Because the isomerization step is less sensitive to the identity of the alkyl group, this 
step becomes turnover limiting. Similar conclusions have been drawn and overall barriers 
obtained from computational studies on the borylation of chlorosilanes and benzylic C–H 
bonds.53, 54 

 

Figure 2.7. DFT studies. (a) Energy diagram obtained by calculations using density functional 
theory. The resting state of the catalyst, [Ir](Bpin)3, engages the substrate, which undergoes 
reversible oxidative addition of the tertiary C–H bond to generate [Ir](Bpin)3(R)(H). This initial 
product from oxidative addition undergoes rate-limiting isomerization to afford iso-
[Ir](Bpin)3(R)(H). Facile reductive elimination occurs from iso-[Ir](Bpin)3(R)(H) to form the 
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product. Energies are given in kcal/mol at 373.15 K. See section 8 of the SI for computational 
details and structures. Boryl groups have been color-coded for clarity. (b) Ball-and-stick 
structures of the key isomerization process. For clarity, peripheral methyl groups and hydrogen 
atoms have been omitted, and the phenanthroline ligand and boryl groups are represented as 
wireframes. The geometry of [Ir](Bpin)3(R)(H) is roughly pentagonal bipyramidal in which 
one nitrogen and the boryl ligand that later undergoes reductive elimination occupy axial 
positions. The geometry of iso-[Ir](Bpin)3(R)(H) is also roughly pentagonal bipyramidal in 
which the other nitrogen and a boryl ligand now occupy axial positions. The BCP alkyl and the 
boryl ligand that are poised to undergo reductive elimination lie in the equatorial plane. 

Based on our experimental and computational data, we propose that the borylation of BCPs 
occurs by initial, reversible oxidative addition of the bridgehead C–H bond to 
(tmphen)Ir(Bpin)3 to generate the 7-coordinate Ir(V) species (tmphen)Ir(R)(H)(Bpin)3. 
Turnover-limiting isomerization of this intermediate leads to the 7-coordinate intermediate iso-
(tmphen)Ir(R)(H)(Bpin)3, from which facile reductive elimination occurs to afford 
(tmphen)Ir(H)(Bpin)2 and the borylated product. The catalyst is then regenerated by reaction 
between (tmphen)Ir(H)(Bpin)2 and B2pin2 with HBpin as the byproduct.  

2.3 Conclusion 

The undirected borylation of C–H bonds, which is known to occur at aryl, primary alkyl, and 
some secondary alkyl C–H bonds, now has been shown to occur at a tertiary C–H bond. 
Although tertiary C–H bonds are typically inert under the conditions for the borylation of C–
H bonds, the high strain in BCPs, BCHs and XBCHs and the resulting sp2 character of these 
C–H bonds lead to mild activation and functionalization, despite the steric hindrance of a 
tertiary position. This reactivity enables a new synthesis of BCP and BCH and XBCH 
structures via the undirected borylation of the bridgehead C–H bonds and provides a direct 
method to these valuable building blocks from commercial or readily accessible reactants. As 
a result, this method tolerates a wide variety of functional groups of relevance to drug discovery 
and can be applied to the late-stage elaboration of complex structures containing these strained 
units. Mechanistic and computational studies show that the rate of reaction is relatively 
independent of the electronic properties of substituents on the BCP structures because the 
turnover-limiting step of the reaction is isomerization of the intermediate, 7-coordinate Ir 
complex, rather than C–H bond cleavage. Mechanistic insights gained in this study and the 
demonstration that a tertiary C–H bond can undergo undirected C–H bond functionalization by 
chemistry known to occur without radical intermediates should help guide future studies at 
hindered and typically unreactive alkyl C–H bonds. 
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2.4 Experimental 

2.4.1 General Information 

Reagents and Solvents 

All catalytic reactions were assembled under inert atmosphere in a nitrogen-filled glovebox 
equipped with oxygen and water sensors (working levels ≤ 1.0 ppm and 0.5 ppm, respectively) 
and a low temperature refrigeration unit (–35 °C) unless otherwise noted. All other reactions 
were assembled under inert atmosphere with a Schlenk manifold or a nitrogen glovebox unless 
otherwise noted. All reagents and solvents were purchased from commercial sources and used 
as received, unless otherwise noted. All glassware was flame-dried or dried overnight at 120 
°C, allowed to cool under vacuum, and stored in a N2-atomsphere drybox until use unless 
otherwise noted. Tetrahydrofuran, toluene, and diethyl ether were purified by passing the 
degassed solvents (N2) through a column of activated alumina (solvent purification system 
purchased from Innovative Technologies, Newburyport, MA). Cyclooctane was degassed by 
three freeze-pump-thaw cycles and further dried for a week over activated 4 Å molecular sieves. 
Deuterated solvents were purchased from Cambridge Isotope Laboratories and used as 
received. See section 2 for synthesis of reagents and substrates. 

Chromatography and Data Analysis 

Flash column chromatography was conducted on a Teledyne ISCO Combiflash Rf or Rf+ 
system, with prepacked RediSep Gold silica gel and C18 columns. All reactions were followed 
by thin-layer chromatography (TLC) when practical, using Merck Kieselgel 60 F254 fluorescent 
treated silica, which was visualized under UV light when practical, or by staining with a 
solution of anisaldehyde or phosphomolybdic acid followed by heating. 

1H, 11B, 13C, and 19F NMR spectra were recorded on Bruker AV-300, AVQ-400, AVB-400, AV-
500, AV-600, NEO-500, and AV-700 spectrometers. Chemical shifts (δ) reported given in parts 
per million (ppm) relative to the residual solvent signal. Coupling constants (J) are given in 
Hertz (Hz), rounded to the nearest 0.1 Hz. The 1H NMR spectra are reported as follows: ppm 
(multiplicity, coupling constants, number of protons). Abbreviations are as follows: s (singlet), 
d (doublet), t (triplet), q (quartet), m (multiplet), br (broad). The carbon attached to boron is 
usually not observed. 

High-resolution mass spectral (HRMS) data were obtained from the QB3/Chemistry Mass 
Spectrometry Facility at UC Berkeley. 

Gas Chromatography (GC) was performed on an HP 6890 GC system with an Agilent HP-
5 column (25 m × 0.200 mm, 0.33 micron). 

Naming of Compounds 

Compound names were generated by ChemDraw 20.0 software (PerkinElmer), following the 
IUPAC nomenclature. 
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2.4.2 Synthesis of reagents and substrates 

As shown in Figure 2.8, the bicyclic substrates were obtained from commercial vendors, 
prepared according to literature procedures, or independently synthesized (see below). A 
solution of [1.1.1]-propellane in diethyl ether was prepared from 1,1-dibromo-2,2-
bis(chloromethyl)cyclopropane and phenyllithium according to a known procedure.31 Sodium 
bicyclo[1.1.1]pentanesulfinate was synthesized according to a literature procedure.55 2-
methylphenanthroline,56 2,2'-((3-fluorophenyl)methylene)dipyridine,4 5-methyl-2-(thiophen-
3-yl)pyridine,45 1-(4-(tert-butyl)phenyl)bicyclo[1.1.1]pentane,38 bicyclo[1.1.1]pentan-1-
yl(tert-butyl)sulfane,26 bicyclo[1.1.1]pentan-1-yltributylstannane,57 1-
(methylsulfonyl)bicyclo[1.1.1]pentane,55 bicyclo[1.1.1]pentane-1-sulfonamide,55 and tert-
butyl bicyclo[1.1.0]butane-1-carboxylate58 were synthesized according to literature precedent. 
The spectral data of the known compounds were identical to those reported in the literature. 
All other chemicals were purchased from commercial vendors and used as received unless 
otherwise noted. 
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Figure 2.8. Commercially availability and references for the synthesis of bicyclic substrates. 
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Sodium bicyclo-[1.1.1]-pentanesulfinate 

 

 

Prepared according to literature procedures.55 

 

1H NMR (600 MHz, D2O) δ 2.76 (s, 1H), 1.96 (s, 6H). [See spectrum] 

13C NMR (151 MHz, D2O) δ 69.5, 57.4, 47.4, 37.6, 26.0. [See spectrum] 

  

S
ONa

O



 110 

2-methyl-1,10-phenanthroline 

 

Prepared according to literature procedures.56  

 

1H NMR (300 MHz, CDCl3) δ 9.37 (dd, J = 4.4, 1.8 Hz, 1H), 8.40 (dd, J = 8.1, 1.8 Hz, 1H), 
8.30 (d, J = 8.2 Hz, 1H), 8.00 – 7.84 (m, 2H), 7.78 (dd, J = 8.1, 4.4 Hz, 1H), 7.69 (d, J = 8.2 
Hz, 1H), 3.12 (s, 3H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 159.8, 150.2, 145.8, 145.6, 136.4, 128.9, 126.8, 126.6, 125.6, 
123.9, 122.9, 25.9. [See spectrum]  

N N
Me
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2,2’-((3-fluorophenyl)methylene)dipyridine (L3) 

 

Prepared according to literature procedures.4  

 

1H NMR (600 MHz, CDCl3) δ 8.73 (dd, J = 4.9, 1.0 Hz, 2H), 7.77 (td, J = 7.7, 1.9 Hz, 2H), 
7.44 – 7.37 (m, 3H), 7.29 (dd, J = 7.5, 4.8 Hz, 2H), 7.19 (d, J = 7.5 Hz, 1H), 7.14 (dt, J = 10.2, 
2.2 Hz, 1H), 7.06 (td, J = 8.8, 8.4, 2.4 Hz, 1H), 5.93 (s, 1H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 163.1 (d, JC–F = 245.7 Hz), 161.6, 149.7, 144.4 (d, JC–F = 7.2 
Hz), 136.8, 130.0 (d, JC–H = 8.3 Hz), 125.2 (d, JC–F = 3.0 Hz) , 124.1, 121.9, 116.4 (d, J = 22.1 
Hz), 113.8 (d, J = 21.1 Hz), 61.5. [See spectrum] 

19F NMR (565 MHz, CDCl3) δ -113.0 (q, J = 8.7 Hz). [See spectrum] 

  

N N

F
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5-methyl-2-(thiophen-3-yl)pyridine (L4) 

 

 

Prepared according to literature procedures.45  

 

1H NMR (600 MHz, CDCl3) δ 8.49 (s, 1H), 7.88 (dd, J = 3.0, 1.3 Hz, 1H), 7.68 (dd, J = 5.0, 
1.3 Hz, 1H), 7.61 – 7.52 (m, 2H), 7.42 (dd, J = 5.0, 3.0 Hz, 1H), 2.39 (s, 3H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 151.2, 150.1, 142.3, 137.3, 131.4, 126.3, 126.3, 122.8, 119.9, 
18.3. [See spectrum] 

  

N S
Me
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1-(4-(tert-butyl)phenyl)bicyclo[1.1.1]pentane (1b) 

 

Prepared according to literature procedures.38  

 

1H NMR (500 MHz, CDCl3) δ 7.47 (d, J = 8.3 Hz, 2H), 7.30 (d, J = 8.3 Hz, 2H), 2.68 (s, 1H), 
2.21 (s, 6H), 1.45 (s, 9H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 149.3, 138.9, 125.8, 125.1, 52.3, 47.0, 34.6, 31.5, 26.8. [See 
spectrum]  

t-Bu
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1-(3,5-di-tert-butylphenyl)bicyclo[1.1.1]pentane (2b) 

 

A flame-dried round bottom flask was charged with magnesium turnings (456 mg, 18.8 mmol, 
2.50 equiv.), dry THF (1 mL), and a small crystal of iodine in an N2 atmosphere. The mixture 
was stirred at room temperature until the solution became milky-white. Then, 1-bromo-3,5-di-
tert-butylbenzene (3.03 g, 11.2 mmol, 1.50 equiv.) in 10 mL of ether was added dropwise, 
keeping the solution at a gentle reflux. The resulting solution was further stirred at room 
temperature for 3 h. Then, a 0.50 M solution of propellane in ether (15.0 mL, 7.50 mmol, 1.00 
equiv.) was added. The mixture was heated at 60 ºC for 16 h. The reaction mixture was cooled 
to room temperature and carefully quenched with an aqueous solution of NH4Cl (10 mL). The 
layers were separated, and the aqueous layer further extracted with diethyl ether (25 mL x 2). 
The combined organic layers were dried over MgSO4, filtered, and concentrated. The crude 
material was purified by chromatography on silica gel, eluting with pentanes. The fractions 
were analyzed by GC-MS analysis, and the fractions containing the desired material were 
collected. The resulting white solid contained substantial amounts of biaryl, and was further 
purified by sublimation (200 mbar, 80 ºC). The title compound was obtained as a white solid 
(521 mg, 27%). 

 

TLC: N/A 

1H NMR (500 MHz, CDCl3) δ 7.33 (t, J = 1.9 Hz, 1H), 7.10 (d, J = 1.9 Hz, 2H), 2.58 (s, 1H), 
2.12 (s, 6H), 1.36 (s, 18H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 150.6, 140.9, 120.8, 120.1, 52.4, 47.8, 35.0, 31.6, 26.7. [See 
spectrum] 

HRMS (m/z): (EI+) calc’d for C19H28 [M]+: 256.2191, found: 256.2194. 

  

tBu

tBu

Br

1) Mg (2.5 equiv.)
2) propellane (1.0 equiv.)

(1.5  equiv.)

ether, 60 ºC

t-Bu

t-Bu

2b (27%)
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bicyclo[1.1.1]pentan-1-yl(tert-butyl)sulfane (3b) 

 

 

Prepared according to literature procedures.26  

 

1H NMR (500 MHz, CDCl3) δ 2.75 (s, 1H), 2.13 (s, 6H), 1.41 (s, 9H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 56.0, 44.7, 44.1, 31.9, 30.6, 14.1. [See spectrum] 

 

 

  

t-BuS
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bicyclo[1.1.1]pentan-1-yltributylstannane (4b) 

 

Prepared according to literature procedures.57  

 

1H NMR (500 MHz, CDCl3) δ 2.92 (s, 1H) tin satellites (JH-119Sn = 179.4 Hz, JH-117Sn = 171.4 
Hz) , 2.01 (s, 6H), 1.60 – 1.42 (m, 6H), 1.38 – 1.27 (m, 6H), 0.93 (t, J = 7.3 Hz, 9H), 0.88 – 
0.81 (m, 6H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 56.2, 39.2 ) tin satellites (JC-Sn = 117.0 Hz), 37.2, 29.4 tin 
satellites (JC-Sn = 20.2 Hz), 27.5 tin satellites (JC-Sn = 51.3 Hz), 13.9, 9.0 tin satellites (JC-Sn = 
307.6). [See spectrum]  

(n-Bu)3Sn
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1-(methylsulfonyl)bicyclo[1.1.1]pentane (11b) 

 

Prepared according to literature procedures.55  

 

 

1H NMR (600 MHz, CDCl3) δ 2.86 (s, 3H), 2.84 (s, 1H), 2.30 (s, 6H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 54.5, 50.7, 37.3, 26.4. [See spectrum] 
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bicyclo[1.1.1]pentane-1-sulfonamide (12b) 

 

Prepared according to literature procedures.55  

 

 

1H NMR (700 MHz, Acetone) δ 6.16 (bs, 2H), 2.80 (s, 1H), 2.25 (s, 6H). [See spectrum] 

13C NMR (176 MHz, Acetone) δ 54.8, 50.4, 25.5. [See spectrum] 

  

S
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1-(bicyclo[1.1.1]pentan-1-ylsulfonyl)piperidine (13b) 

 

Sodium bicyclo[1.1.1]pentane-1-sulfinate (38.5 mg, 0.250 mmol, 1.00 equiv.) was suspended 
in THF (3 mL) and cooled to 0 ºC. SO2Cl2 (20 µL, 0.25 mmol, 1.0 equiv.) was added dropwise, 
and the mixture was allowed to warm to room temperature. The mixture was stirred until the 
complete dissolution of the starting material. Piperidine (247 µL, 2.50 mmol, 10.0 equiv.) was 
added dropwise, accompanied by the immediate formation of a cloudy white precipitate. The 
mixture was stirred at ambient temperature for 3 h and quenched carefully with water (5 mL). 
The biphasic mixture was extracted with ethyl acetate (30 mL x 3), dried over MgSO4, filtered, 
and concentrated. The crude material was chromatographed on SiO2, eluting with 33% ethyl 
acetate in hexanes to afford the title compound as a white powder (44.1 mg, 82%). 

TLC: Rf = 0.50 (33% ethyl acetate in hexanes) 

1H NMR (500 MHz, CDCl3) δ 3.30 (t, J = 5.2 Hz, 4H), 2.69 (s, 1H), 2.23 (s, 6H), 1.70 – 1.48 
(m, 6H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 53.6, 52.0, 47.2, 27.7, 26.2, 24.1. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C10H18NO2S [M+H]+: 216.1053, found: 216.1056. 
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4-(bicyclo[1.1.1]pentan-1-ylsulfonyl)morpholine (14b) 

 

Sodium bicyclo[1.1.1]pentane-1-sulfinate (77.0 mg, 0.500 mmol, 1.00 equiv.) was suspended 
in THF (5 mL) and cooled to 0 ºC. SO2Cl2 (40 µL, 0.50 mmol, 1.0 equiv.) was added dropwise, 
and the mixture was allowed to warm to room temperature. The mixture was stirred until the 
starting material had fully dissolved. Morpholine (431 µL, 5.00 mmol, 10.0 equiv.) was added 
dropwise, accompanied by the immediate formation of a cloudy white precipitate. The mixture 
was stirred at ambient temperature for 3 h and quenched carefully with water (15 mL). The 
biphasic mixture was extracted with ethyl acetate (30 mL x 3), dried over MgSO4, filtered, and 
concentrated. The crude material was chromatographed on SiO2, eluting with 33% ethyl acetate 
in hexanes to afford the title compound as a white powder (81.1 mg, 75%). 

TLC: Rf = 0.50 (33% ethyl acetate in hexanes) 

1H NMR (500 MHz, CDCl3) δ 3.75 – 3.69 (m, 4H), 3.38 – 3.32 (m, 4H), 2.73 (s, 1H), 2.26 (s, 
6H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 67.1, 53.4, 52.2, 46.4, 28.0. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C9H15NO3SNa [M+Na]+: 240.0665, found: 240.0665. 
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N-(bicyclo[1.1.1]pentan-1-yl)-2,2,2-trifluoroacetamide (16b) 

 

This is a known compound, and it was prepared in a similar manner to that reported in the 
patent literature.59 Bicyclo[1.1.1]pentan-1-amine hydrochloride (120 mg, 1.00 mmol, 1.00 
equiv.) and pyridine (400 µL, 5.00 mmol, 5.00 equiv.) were dissolved in dry DCM (10 mL). 
The cloudy mixture was cooled to 0 ºC, and trifluoroacetic anhydride (167 µL, 1.20 mmol, 
1.20 equiv.) was added dropwise via syringe. The mixture was allowed to warm to room 
temperature and stirred overnight. The crude mixture was concentrated and chromatographed 
over SiO2 with 10% ethyl acetate in hexanes to afford the title compound as white flakes (94.0 
mg, 52%). 

TLC: Rf = 0.55 (10% ethyl acetate in hexanes) 

1H NMR (500 MHz, CDCl3) δ 6.63 (bs, 1H), 2.53 (s, 1H), 2.17 (s, 6H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 156.8 (q, JC–F = 37.3 Hz), 115.5 (q, JC–F = 288.6 Hz), 52.7, 
47.9, 24.8. [See spectrum]  
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TFAA (1.2 equiv.)
DCM, 0 ºC - r.t.

N
H

CF3

O

16b (52%)



 122 

1-(3-methoxyphenyl)bicyclo[1.1.1]pentane (19b) 

 

A flame-dried round bottom flask was charged with magnesium turnings (292 mg, 12.0 mmol, 
4.00 equiv.), dry THF (1 mL), and a small crystal of iodine. The mixture was stirred at room 
temperature until the solution became milky-white. Then, 1-bromo-3-methoxybenzene (1.40 g, 
7.50 mmol, 2.50 equiv.) in 10 mL of ether was added dropwise, keeping the solution at a gentle 
reflux. The resulting solution was further stirred at room temperature for 3 h. Then, a 1.00 M 
solution of propellane in ether (3.00 mL, 3.00 mmol, 1.00 equiv.) was added. The mixture was 
heated at 60 ºC for 16 h. The reaction mixture was cooled to room temperature, and carefully 
quenched with an aqueous solution of NH4Cl (5 mL). The layers were separated, and the 
aqueous layer further extracted with diethyl ether (10 mL x 2). The combined organic layers 
were dried over MgSO4, filtered, and concentrated. The crude material was chromatographed 
on silica gel and eluted with pentanes. The fractions were analyzed by GC-MS analysis, and 
the fractions containing the desired material were collected. The resulting oil was contaminated 
with anisole, which was removed by applying vacuum overnight. Some loss of the desired 
material occurred under vacuum, and the title compound was obtained as a colorless oil (78.0 
mg, 15%). 

TLC: N/A 

1H NMR (400 MHz, CDCl3) δ 7.26 – 7.17 (m, 1H), 6.85 – 6.79 (m, 1H), 6.79 – 6.72 (m, 2H), 
3.81 (s, 3H), 2.54 (s, 1H), 2.07 (s, 6H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 159.7, 143.5, 129.3, 118.5, 111.9, 111.8, 55.3, 52.3, 47.2, 26.7. 
[See spectrum] 

HRMS (m/z): (EI+) calc’d for C12H14O [M]+: 174.1045, found: 174.1045. 
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N-(bicyclo[1.1.1]pentan-1-yl)-2-propylpentanamide (20b) 

 

DIPEA (1.78 mL, 10.4 mmol, 10.0 equiv.) was added to a stirred mixture of 2-propylpentanoic 
acid (150 mg, 1.04 mmol, 1.00 equiv.), bicyclo[1.1.1]pentan-1-amine hydrochloride (149 mg, 
1.25 mmol, 1.20 equiv.) and HATU (478 mg, 1.26 mmol, 1.20 equiv.) in DMF (6 mL). The 
mixture was stirred at room temperature for 48 h. Water (10 mL) was added, and the reaction 
extracted with EtOAc (3x20 mL). The organic layers were separated, dried (Na2SO4), filtered, 
and the solvents evaporated in vacuo. The crude material was purified by flash column 
chromatography (silica, EtOAc in Heptane 0/100 to 30/70). The desired fractions were 
collected and concentrated in vacuo to give N-(bicyclo[1.1.1]pentan-1-yl)-2-
propylpentanamide (198 mg, 0.95 mmol, 91%) as white solid. 

 

1H NMR (400 MHz, CDCl3) δ ppm 5.85 (br s, 1 H), 2.44 (s, 1 H), 2.10 (s, 6 H), 1.90 (dq, 
J=9.22, 4.56 Hz, 1 H), 1.49 - 1.65 (m, 2 H), 1.22 - 1.40 (m, 6 H), 0.85 - 0.97 (m, 6 H). [See 
spectrum] 

13C NMR (101 MHz, CDCl3) δ ppm 176.4 (s, 1 C), 52.7 (s, 4 C), 47.8 (s, 1 C), 35.2 (s, 2 C), 
24.7 (s, 1 C), 20.8 (s, 2 C), 14.2 (s, 2 C). [See spectrum] 

HRMS (ESI-TOF) Calculated for C13H24NO [M+H]+: 210.1780; Found: 210.1856. 
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(1R,4aR,4bR,10aR)-N-(bicyclo[1.1.1]pentan-1-yl)-7-isopropyl-1,4a-dimethyl-
1,2,3,4,4a,4b,5,6,10,10a-decahydrophenanthrene-1-carboxamide (21b) 

 

DIPEA (1.7 mL, 9.9 mmol, 10 equiv.) was added to a stirred mixture of abietic acid (300 mg, 
0.99 mmol, 1.0 equiv.), bicyclo[1.1.1]pentan-1-amine hydrochloride (247 mg, 2.07 mmol, 1.20 
equiv.) and HATU (456 mg, 1.2 mmol, 1.2 equiv.) in DMF (7.6 mL). The mixture was stirred 
at room temperature for 48 h. Water (10 mL) was added, and the reaction extracted with EtOAc 
(3x20 mL). The organic layers were separated, dried (Na2SO4), filtered and the solvents 
evaporated in vacuo. The crude material was purified by flash column chromatography (silica, 
EtOAc in Heptane 0/100 to 30/70). The desired fractions were collected and concentrated in 
vacuo to give (1R,4aR,4bR,10aR)-N-(bicyclo[1.1.1]pentan-1-yl)-7-isopropyl-1,4a-dimethyl-
1,2,3,4,4a,4b,5,6,10,10a-decahydrophenanthrene-1-carboxamide (342 mg, 0.93 mmol, 94 %) 
as white solid.  

 

1H NMR (500 MHz, DMSO-d6) δ ppm 7.92 (s, 1 H) 5.70 (s, 1 H) 5.30 (br d, J=4.50 Hz, 1 H) 
2.36 (s, 1 H) 2.18 (dt, J=13.54, 6.80 Hz, 1 H) 1.97 - 2.10 (m, 2 H) 1.93 (s, 6 H) 1.29 - 1.90 (m, 
10 H) 1.05 - 1.16 (m, 5 H) 0.96 (d, J=6.75 Hz, 3 H) 0.95 (d, J=6.88 Hz, 3 H) 0.72 (s, 3 H). [See 
spectrum] 

13C NMR (101 MHz, DMSO-d6) δ ppm 178.0 (s, 1 C) 144.3 (s, 1 C) 134.9 (s, 1 C) 122.5 (s, 1 
C) 120.8 (s, 1 C) 52.2 (s, 3 C) 50.4 (s, 1 C) 49.3 (s, 1 C) 45.6 (s, 1 C) 44.7 (s, 1 C) 37.6 (s, 1 C) 
34.3 (s, 1 C) 34.2 (s, 1 C) 27.0 (s, 1 C) 24.8 (s, 1 C) 24.5 (s, 1 C) 22.0 (s, 1 C) 21.4 (s, 1 C) 
20.8 (s, 1 C) 18.1 (s, 1 C) 16.8 (s, 1 C) 13.9 (s, 1 C). [See spectrum] 

HRMS (ESI-TOF) Calculated for C25H38NO [M+H]+: 368.2875; Found: 368.2950. 
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tert-butyl 4-((triisopropylsilyl)ethynyl)-2-azabicyclo[2.1.1]hexane-2-carboxylate (34b) 

 

tert-butyl 4-ethynyl-2-azabicyclo[2.1.1]hexane-2-carboxylate (51.8 mg, 0.250 mmol, 1.00 
equiv.) was dissolved in dry THF (1.0 mL) and cooled to -78 ºC. n-BuLi in hexanes (2.5 M, 
0.110 mL, 0.275 mmol, 1.10 equiv.) was added dropwise, and the resultant mixture was stirred 
for 15 min. Then, TIPSCl (58.8 µL, 0.275 mmol, 1.10 equiv.) was added dropwise to the 
reaction mixture at -78 ºC. The mixture was warmed to ambient temperature and stirred for 1 
h. Then, sat. NaHCO3 was added (2 mL) and the mixture extracted with ethyl acetate (10 mL 
x 3). The combined organic layers were dried over MgSO4, filtered, and concentrated. The 
crude material was chromatographed on NEt3-treated SiO2 with 0à15% ethyl acetate in 
hexanes to afford the title compound as a clear oil (68.0 mg, 75%).  

 

TLC: Rf = 0.65 (20% ethyl acetate in hexanes) 

1H NMR (500 MHz, CDCl3) δ 3.42 (s, 2H), 2.73 – 2.67 (m, 1H), 2.17 – 2.08 (m, 2H), 1.85 – 
1.77 (m, 2H), 1.53 (s, 9H), 1.22 – 1.07 (m, 21H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 157.1, 104.4, 88.2, 80.2, 61.4, 52.0, 47.4, 35.4, 28.6, 18.8, 11.4. 
[See spectrum] 

HRMS (m/z): (ESI+) calc’d for C21H37NO2SiNa [M+Na]+:386.2491, found:386.2492. 

  

BocN

TIPS

BocN

n-BuLi (1.1 equiv.)
TIPSCl (1.1 equiv.)

THF, -78 ºC-r.t.

34b
75%



 126 

tert-butyl bicyclo-[1.1.0]-butane-1-carboxylate  

 

Prepared according to literature procedures.58 

 

1H NMR (600 MHz, CDCl3) δ 2.33 (d, J = 3.5 Hz, 2H), 2.08 – 1.98 (m, 1H), 1.49 (s, 9H), 1.13 
– 1.07 (m, 1H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 172.5, 80.4, 35.5, 28.2, 15.8, 10.2. [See spectrum] 
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2.4.3 Evaluation of Conditions for the Borylation of Bridgehead C–H Bonds. 

Evaluation of ligands and boron reagents. 

In a nitrogen glovebox, a 4 mL vial was sequentially charged with the appropriate ligand (12.5 
μmol, 5.00 mol%), [Ir] source (5.00 mol% iridium), adamantane (17.0 mg, 0.125 mmol, 0.500 
equiv.), 4-tertbutylphenylbicyclopentane (1b) (50.1 mg, 0.250 mmol, 1.00 equiv.), and boron 
reagent (0.375 mmol, 1.50 equiv.). A magnetic stir bar and 0.2 mL of cyclooctane were added 
to the vial, and the vial was tightly sealed with a Teflon lined cap. The vial was removed from 
the glovebox and heated at 100 ºC in a preheated aluminum heating block for the specified 
time. After cooling to ambient temperature, an aliquot was taken and subjected to GC analysis. 

 

1

Entry Ligand Ir precatalyst Boron reagent Reaction 
time

GC yield (%)

1 2-mphen (mesitylene)Ir(Bpin)3 B2pin2 (3 equiv.) 24 h 89

2 2-mphen (mesitylene)Ir(Bpin)3 B2pin2 (3 equiv.) 2 h 92

3 2-mphen (mesitylene)Ir(Bpin)3 B2pin2 (1.5 equiv.) 2 h 89

4 2-mphen [Ir(COD)(OMe)]2 B2pin2 (1.5 equiv.) 2 h 90

5 2-mphen [Ir(COD)(OMe)]2 HBpin (1.5 equiv.) 2 h 19

6 2-mphen [Ir(COD)(OMe)]2 B2cat2 (1.5 equiv.) 2 h 0

7 2-mphen [Ir(COD)(OMe)]2 B2neo2 (1.5 equiv.) 2 h 0

8 2-mphen [Ir(COD)(OMe)]2 B2eg2 (1.5 equiv.) 2 h 0

9 L1 [Ir(COD)(OMe)]2 B2pin2 (1.5 equiv.) 2 h 73

10 tmphen [Ir(COD)(OMe)]2 B2pin2 (1.5 equiv.) 2 h 4

11 L2 [Ir(COD)(OMe)]2 B2pin2 (1.5 equiv.) 2 h 0

12 L3 [Ir(COD)(OMe)]2 B2pin2 (1.5 equiv.) 2 h 20

13 L4 [Ir(COD)(OMe)]2 B2pin2 (1.5 equiv.) 2 h 0

14 - [Ir(COD)(OMe)]2 B2pin2 (1.5 equiv.) 2 h 0

15 2-mphen - B2pin2 (1.5 equiv.) 2 h 0

Boron reagent
[Ir] (5 mol%)

Ligand (5 mol%)
cyclooctane, 100 °C

1b
(1.25 M)
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N N
Me

N N
MeMe

N N
Me

Me Me
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Figure 2.9. Evaluation of ligands and boron reagents for the borylation of tertiary C–H 
bonds. 

3.2 Evaluation of the effect of prolonged reaction times. 

In a nitrogen glovebox, a 4 mL vial was sequentially charged with the appropriate ligand (12.5 
μmol, 5.00 mol%), [Ir(COD)(OMe)]2 (4.14 mg, 6.25 μmol, 2.50 mol%), substrate (0.250 mmol, 
1.00 equiv.), and boron reagent (0.375 mmol, 1.50 equiv.). A magnetic stir bar and 0.2 mL of 
cyclooctane were added to the vial, and the vial was tightly sealed with a Teflon lined cap. The 
vial was removed from the glovebox and heated at 100 ºC in a preheated aluminum heating 
block for the specified time. After cooling to ambient temperature, CDCl3 and CH2Br2 (internal 
standard) were added to the vial, and an aliquot was analyzed by 1H NMR spectroscopy. 

 

Figure 2.10. Comparison of yields obtained with tmphen, 24 h of heating versus those 
observed under the standard conditions. 
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2.4.4 General procedures 

General Conditions A: Catalytic borylation of bridgehead C–H bonds 

In a nitrogen glovebox, a 4 mL vial was sequentially charged with 2-mphen (2.43 mg, 12.5 
μmol, 5.00 mol%), [Ir(COD)(OMe)]2 (6.25 μmol, 2.50 mol%), substrate (0.250 mmol, 
1.00 equiv.), and B2pin2 (95.2 mg, 0.375 mmol, 1.50 equiv.) (If the substrate was a liquid, it 
was added last.). A magnetic stir bar and 0.2 mL of cyclooctane were added to the vial, and the 
vial was tightly sealed with a Teflon lined cap. The vial was removed from the glovebox and 
heated at 100 ºC in a preheated aluminum heating block for the specified time. After cooling 
to ambient temperature, CDCl3 and CH2Br2 (internal standard) were added to the vial, and a 
sample was taken and analyzed by 1H NMR spectroscopy to quantify the conversion. The 
mixture was then co-evaporated with MeOH (5 mL x 3) at 45 ºC (Caution: vigorous gas 
evolution upon addition of MeOH!). The crude residue was purified by flash column 
chromatography (silica or C18 reverse phase) to give the borylated product. 

General Conditions B: In situ protection followed by catalytic borylation 

In a nitrogen glovebox, a 4 mL vial was charged with substrate (0.250 mmol, 1.00 equiv.) and 
HBpin (0.325 mmol, 1.30 equiv.), and the vial was tightly sealed with a Teflon lined cap.   The 
vial was removed from the glovebox and heated at 100 ºC in a preheated aluminum heating 
block for 45 min. The vial was then sent into the glovebox and sequentially charged with 2-
mphen (2.43 mg, 12.5 μmol, 5.00 mol%), [Ir(COD)(OMe)]2 (6.25 μmol, 2.50 mol%), and 
B2pin2 (95.2 mg, 0.375 mmol, 1.50 equiv.). A magnetic stir bar and 0.2 mL of cyclooctane were 
added to the vial, and the vial was again tightly sealed with a Teflon lined cap. The vial was 
removed from the glovebox and heated at 100 ºC in a preheated aluminum heating block for 
the specified time. After cooling to ambient temperature, CDCl3 and CH2Br2 (internal standard) 
were added to the vial, and a sample was taken and analyzed by 1H NMR spectroscopy to 
quantify conversion. The mixture was then co-evaporated with MeOH (5 mL x 3) at 45 ºC 
(Caution: vigorous gas evolution upon addition of MeOH!). The crude residue was purified by 
flash column chromatography (silica or C18 reverse phase) to give the borylated product. 

General Conditions C: Catalytic borylation followed by treatment by KHF2 

In a nitrogen glovebox, a 4 mL vial was sequentially charged with 2-mphen (2.43 mg, 12.5 
μmol, 5.00 mol%), [Ir(COD)(OMe)]2 (6.25 μmol, 2.50 mol%), substrate (0.250 mmol, 
1.00 equiv.), and B2pin2 (95.2 mg, 0.375 mmol, 1.50 equiv.) (If the substrate was a liquid, it 
was added last.). A magnetic stir bar and 0.2 mL of cyclooctane were added to the vial, and the 
vial was tightly sealed with a Teflon lined cap. The vial was removed from the glovebox and 
heated at 100 ºC in a preheated aluminum heating block for the specified time. After cooling 
to ambient temperature, the crude reaction mixture was passed through a thin pad of C18 
reverse phase silica and eluted with acetonitrile. All volatile materials were removed, and the 
crude residue was dissolved in a mixture of MeOH (0.4 mL) and THF (0.8 mL). Then, KHF2 
(97.6 mg, 1.25 mmol, 5.00 equiv.) in water (0.4 mL) was added, and the resulting biphasic 
mixture stirred overnight at room temperature. The resulting mixture was co-evaporated with 
a 1:1 mixture of MeOH and water (2 mL x 5) at 45 ºC to remove pinacol and boron byproducts. 
The residue was extracted with acetone, filtered, and the filtrate concentrated to dryness in 
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vacuo. The resulting solids were washed with diethyl ether or pentane as appropriate to afford 
the desired trifluoroborate salt. 

General tips for work up and purification of the bridgehead boronic esters 

The progress of the reaction is most easily monitored by GC-MS analysis or 1H NMR 
spectroscopy. One ion commonly seen for these compounds is the [M-15]+ peak resulting from 
the loss of a methyl of the Bpin moiety. 

 

In general, the bridgehead boronic esters are stable to ambient moisture and air. Prolonged 
manipulation or storage under ambient conditions is still not recommended because oxidation 
has been observed in select cases. We generally observed no decomposition when the product 
boronic esters were stored in a -20 ºC freezer under air. 

 

The bridgehead boronic esters are stable towards water and methanol. Co-evaporation with 
methanol at 45 ºC is a convenient method to remove the HOBpin byproduct or to selectively 
protodeboronate more labile boronic esters. 

 

Most of the BCP-Bpin compounds can be purified by column chromatography on silica, but 
protodeboronation occurs in select cases. In those cases, purification via column 
chromatography on C-18 reverse phase silica is recommended.  

 

The BCP-Bpin compounds can generally be visualized on TLC plates with a p-anisaldehyde 
stain (Prepared by mixing 135 mL of absolute ethanol, 5 mL of concentrated sulfuric acid, 1.5 
mL of glacial acetic acid, and 3.7 mL of p-anisaldehyde). Permanganate or phosphomolybdic 
acid stains are also occasionally useful, but less general, because the BCP-Bpin compounds do 
not always stain well with them. Note that pinacol, HOBpin, and B2pin2 tend to stain very 
strongly with all three stains, if present. 
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2.4.5 Scope of the catalytic borylation of bridgehead C–H bonds 

Unsuccessful Substrates 

 

Figure 2.11. Substrates that did not undergo borylation of tertiary C–H bonds. 
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Bicyclo[1.1.1]pentane Substrates 

2-(3-(4-(tert-butyl)phenyl)bicyclo[1.1.1]pentan-1-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (1a) 

 

Prepared according to General Procedure A on a 0.25 mmol scale. The reaction mixture was 
heated for 4 h instead of the usual 2 h. The crude reaction mixture was eluted on SiO2 with 
10% ethyl acetate in hexanes as the eluent to afford 45.0 mg (56%) of the title compound as a 
white powder. 

TLC: Rf = 0.42 (10% ethyl acetate in hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.34 (d, J = 8.3 Hz, 2H), 7.17 (d, J = 8.3 Hz, 2H), 2.17 (s, 6H), 
1.31 (s, 9H), 1.28 (s, 12H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 149.3, 139.4, 125.6, 125.1, 83.5, 53.2, 47.3, 34.6, 31.5, 24.9. 
[See spectrum] 

11B NMR (160 MHz, CDCl3) δ 30.8. [See spectrum] 

HRMS (m/z): (EI+) calc’d for C21H31BO2 [M]+: 326.2417, found: 326.2419. 

t-Bu H

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 4 h
B2pin2+

(1.5 equiv.)

t-Bu Bpin

(1.0 equiv.) (1a)
56%
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2-(3-(3,5-di-tert-butylphenyl)bicyclo[1.1.1]pentan-1-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (2a) 

 

Prepared according to General Procedure A for borylation on a on a 0.40 mmol scale. The 
reaction mixture was heated for 4 h instead of the usual 2 h. The crude reaction mixture was 
eluted on SiO2 with 10% ethyl acetate in hexanes as the eluent to afford 88.0 mg (58%) of the 
title compound as a white powder. 

TLC: Rf = 0.52 (10% ethyl acetate in hexanes) 

1H NMR (600 MHz, CDCl3) δ 7.29 (t, J = 1.9 Hz, 1H), 7.05 (d, J = 1.9 Hz, 2H), 2.17 (s, 6H), 
1.32 (s, 18H), 1.27 (s, 12H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 150.6, 141.4, 120.8, 119.8, 83.5, 53.3, 48.0, 35.0, 31.6, 24.9. 
[See spectrum] 

11B NMR (193 MHz, CDCl3) δ 30.8. [See spectrum] 

HRMS (m/z): (EI+) calc’d for C25H39BO2 [M]+: 382.3043, found: 382.3047. 

  

Bpin

t-Bu

t-Bu

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 4 h
B2pin2+

(1.5 equiv.)(1.0 equiv.) (2a)
58%

H

t-Bu

t-Bu
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2-(3-(tert-butylthio)bicyclo[1.1.1]pentan-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 
(3a) 

 

Prepared according to General Procedure A on a 0.25 mmol scale. The crude reaction mixture 
was eluted on SiO2 with 10% ethyl acetate in hexanes as the eluent to afford 45.0 mg (64%) of 
the title compound as a yellow oil that solidified upon standing. 

TLC: Rf = 0.48 (10% ethyl acetate in hexanes) 

1H NMR (500 MHz, CDCl3) δ 2.18 (s, 6H), 1.36 (s, 9H), 1.23 (s, 12H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 83.5, 57.0, 44.8, 44.4, 31.9, 24.7. [See spectrum] 

11B NMR (160 MHz, CDCl3) δ 29.7. [See spectrum] 

HRMS (m/z): (EI+) calc’d for C13H17NO4 [M]+: 282.1825, found: 282.1824.  

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 2 h
B2pin2+

(1.5 equiv.)(1.0 equiv.) (3a)
64%

t-BuS H t-BuS Bpin
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tributyl(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentan-1-
yl)stannane (4a) 

 

Prepared according to General Procedure A on a 0.25 mmol scale. The crude reaction mixture 
was eluted on fully endcapped reverse phase silica with 10% dichloromethane in acetonitrile 
as the eluent. Fractions containing the desired compound were collected and concentrated 
under vacuum. The residue was co-evaporated with methanol at 45 °C twice (5 mL each), 
diluted with pentane, and filtered through a glass fibre plug to afford 114 mg (94%) of the title 
compound as a viscous brown oil. 

TLC: Rf = 0.70 (10% dichloromethane in acetonitrile) 

1H NMR (600 MHz, CDCl3) δ 2.11 (s, 6H), 1.51 – 1.41 (m, 6H), 1.33 – 1.23 (m, 6H), 1.21 (s, 
12H), 0.88 (t, J = 7.3 Hz, 9H), 0.82 – 0.73 (m, with tin magnetic isotope satellites, J(119Sn1H) 
= 24.7 Hz, J(117Sn1H) = 23.8 Hz, 6H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 83.1, 57.0, 39.0, 29.3 (with tin magnetic isotope satellites, JSn–

C = 10.2 Hz), 27.4 (with tin magnetic isotope satellites, JSn–C = 24.2 Hz), 24.7, 13.8, 8.8 (with 
tin magnetic isotope satellites, J(119Sn13C) = 153.5 Hz, J(117Sn13C) = 147.2 Hz). [See spectrum] 

11B NMR (160 MHz, CDCl3) δ 27.57. [See spectrum] 

119Sn NMR (224 MHz, CDCl3) δ -71.27. [See spectrum] 

HRMS (m/z): (EI+) calc’d for C19H36BO2Sn [M-Bu]+ 427.1830 , found: 427.1830. 

  

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 2 h
B2pin2+

(1.5 equiv.)(1.0 equiv.) (4a)
94%

(n-Bu)3Sn H (n-Bu)3Sn Bpin
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2-(3-(bromomethyl)bicyclo[1.1.1]pentan-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 
(5a) 

 

Prepared according to General Procedure A on a 0.25 mmol scale. The reaction mixture was 
heated for 4 h instead of the usual 2 h. The crude reaction mixture was eluted on SiO2 with 0% 
à 20% ethyl acetate in hexanes as the eluent to afford 30.5 mg (43%) of the title compound 
as a white powder. 

TLC: Rf = 0.45 (10% ethyl acetate in hexanes) 
1H NMR (500 MHz, CDCl3) δ 3.30 (s, 2H), 1.84 (s, 6H), 1.23 (s, 12H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 83.6, 50.9, 44.5, 35.1, 24.9. [See spectrum] 

11B NMR (160 MHz, CDCl3) δ 30.4. [See spectrum] 

HRMS (m/z): (EI+) calc’d for C11H17BBrO2 [M-Me]+: 271.0505, found: 271.0504. 

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 4 h
B2pin2+

(1.5 equiv.)(1.0 equiv.) (5a)
43%

H
Br

Bpin
Br
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(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentan-1-yl)methanol (6a) 

 

Prepared according to General Procedure B on a 0.10 mmol scale. The crude reaction mixture 
was eluted on SiO2 with 20% à 30% ethyl acetate in hexanes as the eluent to afford 6.0 mg 
(27%) of the title compound as a white powder. 

TLC: Rf = 0.70 (10% dichloromethane in acetonitrile) 

1H NMR (500 MHz, CDCl3) δ 3.46 (s, 2H), 1.82 (s, 6H), 1.24 (s, 12H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 83.5, 64.2, 49.9, 46.0, 24.9. [See spectrum] 
11B NMR (160 MHz, CDCl3) δ 30.4. [See spectrum] 

HRMS (m/z): (ESI-) calc’d for C12H20BO3 [M-H]-: 223.1511, found: 223.1512. 

  

1) HBpin (1.3 equiv.), 45 min
2) [Ir(COD)(OMe)]2 (2.5 mol%)

2-mphen (5 mol%)
B2pin2 (1.5 equiv.)

cyclooctane, 100 ºC, 24 h
(1.0 equiv.) (6a)

27%

H
HO

Bpin
HO
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2-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentan-1-yl)ethan-1-ol) 
(7a) 

 

Prepared according to General Procedure B on a 0.10 mmol scale. The crude reaction mixture 
was eluted on SiO2 with 0% à 50% ethyl acetate in hexanes as the eluent to afford 12.3 mg 
(52%) of the title compound as a clear oil. 

TLC: Rf = 0.48 (50% ethyl acetate in hexanes) 

1H NMR (600 MHz, CDCl3) δ 3.64 (t, J = 6.8 Hz, 2H), 1.81 (s, 6H), 1.63 (t, J = 6.8 Hz, 2H), 
1.22 (s, 12H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 83.4, 61.2, 52.2, 43.9, 36.2, 24.9. [See spectrum] 

11B NMR (193 MHz, CDCl3) δ 30.4. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for [M+H]+: 239.1819, found: 239.1817. 

  

1) HBpin (1.3 equiv.), 45 min
2) [Ir(COD)(OMe)]2 (2.5 mol%)

2-mphen (5 mol%)
B2pin2 (1.5 equiv.)

cyclooctane, 100 ºC, 3 h
(1.0 equiv.) (7a)

52%

H
HO

Bpin
HO
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tert-butyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentane-1-
carboxylate) (8a) 

 

Prepared according to General Procedure A on a 0.25 mmol scale. The crude reaction mixture 
was eluted on SiO2 with 10% à 35% ethyl acetate in hexanes as the eluent to afford 52.2 mg 
(71%) of the title compound as a white powder. 

TLC: Rf = 0.32 (10 % ethyl acetate in hexanes) 

1H NMR (600 MHz, CDCl3) δ 2.05 (s, 6H), 1.40 (s, 9H), 1.21 (s, 12H) [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 169.5, 83.6, 80.2, 52.3, 44.1, 28.1, 24.8. [See spectrum] 

11B NMR (193 MHz, CDCl3) δ 30.6 [See spectrum] 

HRMS (m/z): (ESI+) calc’d for [M+H]+: 295.2081, found: 295.2083. 

  

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 3 h
B2pin2+

(1.5 equiv.)(1.0 equiv.) (8a)
74%

t-BuO

O
Bpin

t-BuO

O
H



 140 

tert-butyl 2-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentan-1-
yl)acetate (9a) 

 

Prepared according to General Procedure A on a 0.15 mmol scale. The reaction mixture was 
heated for 3 h instead of the usual 2 h. The crude reaction mixture was eluted on SiO2 with 0% 
à 20% ethyl acetate in hexanes as the eluent to afford 42.9 mg (92%) of the title compound 
as a colorless oil. 

TLC: Rf = 0.47 (10% ethyl acetate in hexanes) 

1H NMR (500 MHz, CDCl3) δ 2.28 (s, 2H), 1.85 (s, 6H), 1.42 (s, 9H), 1.22 (s, 12H). [See 
spectrum] 
13C NMR (126 MHz, CDCl3) δ 170.8, 83.4, 80.2, 52.4, 41.9, 41.0, 28.3, 24.9. [See spectrum] 

11B NMR 11B NMR (160 MHz, CDCl3) δ 30.2. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C17H29BO4 [M+H]+: 309.2232, found: 309.2231. 

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 3 h
B2pin2+

(1.5 equiv.)(1.0 equiv.) (9a)
92%

H
t-BuO

O

Bpin
t-BuO

O
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tert-butyl 2,2-difluoro-2-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)bicyclo[1.1.1]pentan-1-yl)acetate (10a) 

 

Prepared according to General Procedure A on a 0.15 mmol scale. The reaction mixture was 
heated for 3 h instead of the usual 2 h. The crude reaction mixture was eluted on SiO2 with 0% 
à 20% ethyl acetate in hexanes as the eluent to afford 31.0 mg (60%) of the title compound 
as a white powder. 

TLC: Rf = 0.41 (10% ethyl acetate in hexanes) 

1H NMR (500 MHz, CDCl3) δ 1.99 (s, 6H), 1.51 (s, 9H), 1.23 (s, 12H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 162.4 (t, JC–F = 32.4 Hz) 112.9, 110.9 (t, JC–F = 250.1 Hz), 
109.0, 84.4, 83.8, 49.5, 43.6, 43.4 (t, JC–F = 31.1 Hz), 43.2, 28.0, 24.9. [See spectrum] 

11B NMR (160 MHz, CDCl3) δ 30.3. [See spectrum] 

19F NMR (470 MHz, CDCl3) δ -113.4. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C17H27BF2O4Na [M+Na]+: 367.1863, found: 367.1862. 

  

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 3 h
B2pin2+

(1.5 equiv.)(1.0 equiv.) (10a)
60%

H
t-BuO

O

F
F

Bpin
t-BuO

O

F
F



 142 

4,4,5,5-tetramethyl-2-(3-(methylsulfonyl)bicyclo[1.1.1]pentan-1-yl)-1,3,2-dioxaborolane 
(11a) 

 

 

Prepared according to General Procedure A on a 0.25 mmol scale with 3 equiv. of B2pin2, 
instead of the usual 1.5 equiv. The reaction mixture was heated for 3 h, rather than the usual 2 
h. The crude material was co-evaporated with methanol at 45 °C (10 mL x 4). The residue was 
dissolved in a minimal amount of CH2Cl2, layered with pentane, and stored at -20 ºC overnight. 
The resulting brown powder, which precipitated overnight, was collected and washed with 
pentane, affording 43.8 mg (64%) of the title compound as a brown solid. 

TLC: N/A 

1H NMR (500 MHz, CDCl3) δ 2.76 (s, 3H), 2.26 (s, 6H), 1.23 (s, 12H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 84.3, 54.5, 51.4, 36.8, 25.0, 24.8. [See spectrum] 
11B NMR (160 MHz, CDCl3) δ 29.9. [See spectrum] 

HRMS (m/z): (EI+) calc’d for C12H21BO4SNa [M+Na]+: 295.1146, found: 295.1150. 

  

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 3 h
B2pin2+

(3.0 equiv.)

(11a)
64%

S H
OO

Me
S Bpin
OO

pinB

MeOH
S Bpin
OO

Me
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3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentane-1-sulfonamide (12a) 

 

Prepared according to General Procedure A on a 0.25 mmol scale with 3 equiv. of B2pin2, 
instead of the usual 1.5 equiv. The reaction mixture was heated for 3 h, rather than the usual 2 
h. The crude material was co-evaporated with methanol at 45 °C (30 mL x 2), then stirred with 
CH2Cl2 (30 mL) for 1 h. The suspension was filtered over a frit, and the solids were redissolved 
in methanol and concentrated to yield 28.7 mg (42%) of the title compound as a light brown 
solid. 

TLC: N/A 

1H NMR (500 MHz, DMSO) δ  6.69 (s, 1H), 2.02 (s, 6H), 1.18 (s, 12H). [See spectrum] 

13C NMR (126 MHz, DMSO) δ 83.5, 54.3, 50.9, 39.4, 24.5. [See spectrum] 

11B NMR (160 MHz, DMSO) δ 29.5. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C11H20BNO4SNa [M+Na]+: 296.1098, found: 296.1100. 

  

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 3 h
B2pin2+

(3.0 equiv.)

(12a)
42%

S H
OO

H2N
S Bpin
OO

NHpinB

MeOH
S Bpin
OO

H2N
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1-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentan-1-
yl)sulfonyl)piperidine (13a) 

 

Prepared according to General Procedure A on a 0.10 mmol scale. The crude material was co-
evaporated with methanol at 45 °C (10 mL x 3). The residue was dissolved in a minimal amount 
of CH2Cl2, layered with pentane, and stored at -20 ºC overnight. The resulting needles were 
collected and washed with pentane, affording 20.9 mg (61%) of the title compound as a beige 
solid. 

TLC: N/A 

1H NMR (500 MHz, CDCl3) δ 3.29 (t, J = 5.2 Hz, 4H), 2.26 (s, 6H), 1.67 – 1.48 (m, 6H), 1.23 
(s, 12H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 84.1, 53.8, 52.8, 47.1, 26.2, 24.9, 24.1. [See spectrum] 

11B NMR (160 MHz, CDCl3) δ 30.0. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C16H28BNO4SNa [M+Na]+: 364.1724, found: 364.1729. 

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 2 h
B2pin2+

(1.5 equiv.)

(1.0 equiv.) (13a)
61%

S H
OO

N
S Bpin
OO

N
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4-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentan-1-
yl)sulfonyl)morpholine (14a) 

 

Prepared according to General Procedure A on a 0.10 mmol scale. The crude material was co-
evaporated with methanol at 45 °C (10 mL x 3). The residue was dissolved in a minimal amount 
of CH2Cl2, layered with pentane, and stored at -20 ºC overnight. The resulting needles were 
collected and washed with pentane, affording 15.0 mg (44%) of the title compound as a brown 
solid. 

TLC: N/A 

1H NMR (500 MHz, CDCl3) δ 3.73 – 3.66 (m, 4H), 3.36 – 3.31 (m, 4H), 2.29 (s, 6H), 1.24 (s, 
12H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 84.2, 67.1, 53.6, 53.0, 46.4, 24.9. [See spectrum] 

11B NMR 11B NMR (160 MHz, CDCl3) δ 29.8. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C15H26BNO5SNa [M+Na]+: 366.1517, found: 366.1515. 

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 2 h
B2pin2+

(1.5 equiv.)

(1.0 equiv.) (14a)
44%

S H
OO

N

O

S Bpin
OO

N

O
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2-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentan-1-yl)hexahydro-
1H-4,7-methanoisoindole-1,3(2H)-dione (15a) 

 

Prepared according to General Procedure A on a 0.25 mmol scale. The crude reaction mixture 
was eluted on SiO2 with 20% à 35% ethyl acetate in hexanes as the eluent to afford 75.2 mg 
(84%) of the title compound as a white powder. 

TLC: Rf = 0.35 (25% ethyl acetate in hexanes) 

1H NMR (500 MHz, CDCl3) δ 2.94 (t, J = 2.7 Hz, 2H), 2.70 (p, J = 2.1 Hz, 2H), 2.39 (d, J = 
2.0 Hz, 6H), 1.58 – 1.50 (m, 4H), 1.32 – 1.11 (m, 14H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 178.7, 83.7, 54.6, 48.8, 48.8, 47.6, 42.0, 39.5, 24.8. [See 
spectrum] 

11B NMR (160 MHz, CDCl3) δ 30.7. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C20H28BNO4 [M+Na]+: 380.2004, found: 380.2010. 

  

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 2 h
B2pin2+

(1.5 equiv.)

(1.0 equiv.) (15a)
84%

N Bpin

O

O

N H

O

O
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2,2,2-trifluoro-N-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentan-1-
yl)acetamide (16a) 

 

Prepared according to General Procedure A on a 0.15 mmol scale. The crude reaction mixture 
was eluted on SiO2 with 10% à 35% ethyl acetate in hexanes as the eluent to afford 28.9 mg 
(63%) of the title compound as a white powder. 

TLC: Rf = 0.23 (20% ethyl acetate in hexanes) 

1H NMR (500 MHz, CDCl3) δ  6.53 (s, 1H), 2.23 (s, 6H), 1.25 (s, 12H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 156.7 (q, JC-F = 36.8 Hz), 115.5 (q, JC-F = 285.4 Hz), 83.8, 54.0, 
47.5, 24.7. [See spectrum] 

11B NMR (160 MHz, CDCl3) δ 30.7. [See spectrum] 

19F NMR (470 MHz, CDCl3) δ -76.3. [See spectrum] 

HRMS (m/z): (EI+) calc’d for C13H19BF3NO3 [M]+: 305.1410, found: 305.1406. 

  

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 2 h
B2pin2+

(1.5 equiv.)

(1.0 equiv.) (16a)
63%

HN H

O
F3C

HN Bpin

O
F3C
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tert-butyl 3-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentan-1-
yl)methyl)-azetidine-1-carboxylate (17a) 

 

Prepared according to General Procedure A on a 0.10 mmol scale. The crude reaction mixture 
was eluted on reverse phase silica with 40% à 100% acetonitrile in water as the eluent. 
Fractions containing the desired compound were collected and concentrated under vacuum to 
afford 25.0 mg (69%) of the title compound as a white solid. 

TLC: Rf = 0.8 (50% acetonitrile in water) 

1H NMR (500 MHz, CDCl3) δ 3.97 (t, J = 8.4 Hz, 2H), 3.51 (dd, J = 8.5, 5.7 Hz, 2H), 2.50 (tt, 
J = 8.1, 5.7 Hz, 1H), 1.72 (s, 6H), 1.62 (d, J = 7.8 Hz, 2H), 1.42 (s, 9H), 1.22 (s, 12H). [See 
spectrum] 

13C NMR (126 MHz, CDCl3) δ 156.5, 83.4, 79.2, 55.0, 51.8, 50.0, 44.7, 37.9, 28.6, 26.8, 24.9. 
[See spectrum] 

11B NMR (160 MHz, CDCl3) δ 30.4. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C20H35BNO4 [M+H]+: 364.2654, found: 364.2652. 

  

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 2 h
B2pin2+

(1.5 equiv.)

(1.0 equiv.) (17a)
69%

Bpin

BocN

H

BocN
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tert-butyl 3-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentan-1-
yl)pyrrolidine-1-carboxylate (18a) 

 

Prepared according to General Procedure A on a 0.10 mmol scale. The crude reaction mixture 
was eluted on reverse phase silica with 40% à 100% acetonitrile in water as the eluent. 
Fractions containing the desired compound were collected and concentrated under vacuum to 
afford 25.8 mg (71%) of the title compound as a white powder. 

TLC: Rf = 0.8 (50% acetonitrile in water) 

1H NMR (700 MHz, CDCl3) δ 3.36 (br, 2H), 3.22 (br, 1H), 3.01 (br, 1H), 2.09 (p, J = 7.6 Hz, 
1H), 1.79 (dt, J = 12.1, 6.1 Hz, 1H), 1.77 – 1.69 (m, 6H), 1.63 – 1.54 (m, 1H), 1.44 (s, 9H), 
1.22 (s, 12H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 154.7, 83.4, 79.0, 50.0, 48.1, 46.5, 45.9, 40.8, 40.0, 28.7, 28.4, 
27.7, 24.9. [See spectrum] 

11B NMR (160 MHz, CDCl3) (193 MHz, CDCl3) δ 30.8. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C20H34BNO4Na [M+Na]+: 386.2473, found: 386.2472. 

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 2 h
B2pin2+

(1.5 equiv.)(1.0 equiv.) (18a)
71%

Bpin
BocN

H
BocN
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2-(3-methoxy-5-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentan-1-
yl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (19a) 

 

Prepared according to General Procedure A on a 0.1 mmol scale with 2.7 equiv. of B2pin2. The 
reaction mixture was heated for 3 h, rather than the usual 2 h. The crude reaction mixture was 
eluted on SiO2 with 10% à 80% ethyl acetate in hexanes as the eluent to afford 17.1 mg (40%) 
of the title compound as a white powder. 

 

TLC: Rf = 0.5 (10% ethyl acetate in hexanes) 

1H NMR (600 MHz, CDCl3) δ 7.23 (d, J = 1.4 Hz, 1H), 7.17 (d, J = 2.6 Hz, 1H), 6.83 (d, J = 
1.2 Hz, 1H), 3.82 (s, 3H), 2.15 (s, 6H), 1.34 (s, 12H), 1.26 (s, 12H) [See spectrum] 
13C NMR (151 MHz, CDCl3) δ 159.2, 143.4, 124.6, 116.7, 115.8, 84.0, 83.5, 55.4, 53.2, 47.4, 
25.0, 24.9, 24.9. [See spectrum] 

11B NMR (193 MHz, CDCl3) δ 31.5. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C24H36B2O5 [M+H]+: 427.2822, found: 427.2821. 

  

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 3 h
B2pin2+

(2.7 equiv.)(1.0 equiv.) (19a)
40%

Bpin

MeO

Bpin

H

MeO

H
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2-propyl-N-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentan-1-
yl)pentanamide (20a) 

 

Prepared according to General Procedure A on a 0.48 mmol scale and a reaction time of 18 h. 
The crude reaction mixture was eluted on SiO2 with 0% à 40% ethyl acetate in heptanes as 
the eluent to afford 87.0 mg (54%) of the title compound as a white powder. 

1H NMR (400 MHz, CDCl3) δ 5.67 (br s, 1 H), 2.15 (s, 6 H), 1.81 - 1.93 (m, 1 H), 1.49 - 1.62 
(m, 4 H), 1.28 - 1.32 (m, 4 H), 1.24 (s, 12 H), 0.88 (t, J=7.17 Hz, 6 H). [See spectrum] 

13C NMR (101 MHz, CDCl3) δ 176.3 (s, 1 C), 83.4 (s, 2 C), 54.1 (s, 3 C), 48.3 (s, 1 C), 47.7 
(s, 1 C), 35.1 (s, 2 C), 24.7 (s, 4 C), 21.3 (br s, 1 C), 20.8 (s, 2 C), 14.1 (s, 2 C). [See spectrum] 

HRMS (ESI-TOF) Calculated for C19H35BNO3 [M+H]+: 336.2631; Found: 336.2713. 

  

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 18 h
B2pin2+

(1.5 equiv.)(1.0 equiv.) (20a)
54%

N
H

O N
H

O Bpin
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(3-((1R,4aR,4bR,10aR)-7-isopropyl-1,4a-dimethyl-1,2,3,4,4a,4b,5,6,10,10a-
decahydrophenanthrene-1-carboxamido)bicyclo[1.1.1]pentan-1-yl)boronic acid (21a) 

 

Prepared according to General Procedure A on a 0.27 mmol scale. The crude reaction mixture 
was eluted on SiO2 with 0% à 10% methanol in dichloromethane as the eluent. The desired 
fractions were collected, and the solvents evaporated in vacuo. The crude material was further 
purified by RP HPLC (Stationary phase: C18 XBridge 30 x 100 mm 5 µm), Mobile phase: 
Gradient from 90% NH4HCO3 0.25% solution in Water, 10% CH3CN to 10% NH4HCO3 0.25% 
solution in Water, 90% CH3CN) to afford 81.0 mg (72%) of the title compound as a white 
powder. 

 

1H NMR (400 MHz, CDCl3) δ ppm 5.93 - 6.21 (m, 1 H) 5.76 (s, 1 H) 5.07 - 5.58 (m, 2 H) 2.18 
- 2.26 (m, 1 H) 2.13 (s, 6 H) 1.65 - 2.10 (m, 9 H) 1.46 - 1.63 (m, 3 H) 1.09 - 1.25 (m, 5 H) 1.01 
(br d, J=6.70 Hz, 3 H) 1.00 (d, J=6.90 Hz, 3 H) 0.81 (s, 3 H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ ppm 178.6 (s, 1 C), 145.4 (s, 1 C), 135.5 (s, 1 C), 122.3 (s, 1 
C), 120.7 (s, 1 C), 54.0 (s, 1 C), 53.7 (s, 1 C), 51.0 (s, 1 C), 46.0 (s, 1 C), 41.0 (s, 1 C), 38.4 (s, 
1 C), 37.4 (s, 1 C), 34.9 (s, 1 C), 34.7 (s, 1 C), 27.5 (s, 1 C), 25.3 (s, 1 C),  24.8 (s, 1 C),  22.5 
(s, 1 C), 21.4 (s, 1 C), 20.9 (s, 1 C), 18.4 (s, 1 C), 16.9 (s, 1 C), 14.1 (s, 1 C). [See spectrum] 

HRMS (ESI-TOF) Calculated for C25H38BNO3 [M+H]+: 412.2944; Found: 412.3024. 

  

O

H

Me

H

Me

H
N B(OH)2

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 18 h
B2pin2+

(1.5 equiv.)(1.0 equiv.) (21a)
72%

R

R
R

R

O

H
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H
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H
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Bicyclo[2.1.1]hexane Substrates 

tert-butyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[2.1.1]hexane-1-
carboxylate (22a) 

 

Prepared according to General Procedure A on a 0.10 mmol scale. The crude reaction mixture 
was eluted on reverse phase silica with 40% à 100% acetonitrile in water as the eluent. 
Fractions containing the desired compound were collected and concentrated under vacuum to 
afford 17.9 mg (58%) of the title compound as an off-white solid. 

TLC: Rf = 0.68 (50% acetonitrile in water) 

1H NMR (500 MHz, CDCl3) δ 1.86 (ddd, J = 7.2, 4.0, 1.6 Hz, 4H), 1.83 – 1.77 (m, 2H), 1.43 
(s, 9H), 1.34 (dd, J = 4.3, 2.0 Hz, 2H), 1.23 (s, 12H) [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 173.6, 83.3, 79.8, 54.7, 43.7, 30.2, 30.0, 28.2, 24.9. [See 
spectrum] 
11B NMR (160 MHz, CDCl3) δ 32.3. [See spectrum] 

HRMS (m/z): (EI+) calc’d for C16H26BO4 [M-Me]+: 293.1924, found: 293.1921. 

  

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 2 h
B2pin2+

(1.5 equiv.)(1.0 equiv.)

t-BuO

O
H

t-BuO

O
Bpin

(22a)
58%
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tert-butyl 4-((4-(trifluoro-λ4-boraneyl)-2-oxabicyclo[2.1.1]hexan-1-yl)methyl)piperazine-
1-carboxylate, potassium salt (23a) 

 

Prepared according to General Procedure C on a 0.10 mmol scale. After washing with pentanes, 
30.7 mg (79%) of the title compound was isolated as an off-white powder. 

TLC: Rf = N/A 

1H NMR (600 MHz, Acetone) δ 3.57 (s, 2H), 3.37 – 3.29 (m, 4H), 2.55 (s, 2H), 2.46 – 2.41 
(m, 4H), 1.50 – 1.46 (m, 2H), 1.42 (s, 9H), 1.20 – 1.16 (m, 2H). [See spectrum] 

13C NMR (151 MHz, Acetone) δ 155.1, 88.8, 79.4, 74.2, 60.9, 55.0, 43.8, 28.6. [See spectrum] 

11B NMR (193 MHz, Acetone) δ 2.6. [See spectrum] 

19F NMR (565 MHz, Acetone) δ -146.9. [See spectrum] 

HRMS (m/z): (ESI-) calc’d for C15H25BF3N2O3 [M-K]-: 349.1916, found: 349.1915. 

O
23a
79%

BF3KN
BocN

1)[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 2 h
2) KHF2 (5 eq.), 16 h

B2pin2+

(1.5 equiv.)(1.0 equiv.)

O

HN
BocN
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2-(1-(bromomethyl)-2-oxabicyclo[2.1.1]hexan-4-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (24a) 

 

Prepared according to General Procedure A on a 0.10 mmol scale. The crude reaction mixture 
was eluted on reverse phase silica with 40% à 100% acetonitrile in water as the eluent. 
Fractions containing the desired compound were collected and concentrated under vacuum to 
afford 9.8 mg (32%) of the title compound as an off-white solid. 

TLC: Rf = 0.56 (50% acetonitrile in water) 
1H NMR (600 MHz, CDCl3) δ 3.91 (s, 2H), 3.60 (s, 2H), 1.89 (dd, J = 4.7, 1.9 Hz, 2H), 1.63 
– 1.59 (m, 2H), 1.25 (s, 12H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 88.0, 83.8, 72.8, 43.5, 31.5, 24.9. [See spectrum] 

11B NMR (193 MHz, CDCl3) δ 31.9. [See spectrum] 

HRMS (m/z): (EI+) calc’d for C11H17BBrO3 [M-Me]+: 289.0434, found: 289.0436. 

  

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 2 h
B2pin2+

(1.5 equiv.)(1.0 equiv.) (24a)
32%

O
Br

Bpin

O
Br

H
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(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-oxabicyclo[2.1.1]hexan-1-yl)methanol 
(25a) 

 

Prepared according to General Procedure B on a 0.10 mmol scale. The crude reaction mixture 
was eluted on reverse phase silica with 40% à 100% acetonitrile in water as the eluent. 
Fractions containing the desired compound were collected and concentrated under vacuum to 
afford 18.0 mg (75%) of the title compound as a clear oil. 

TLC: Rf = 0.9 (50% acetonitrile in water) 

1H NMR (500 MHz, CDCl3) δ 3.86 (s, 2H), 3.80 (d, J = 5.7 Hz, 2H), 1.92 (t, J = 6.1 Hz, 1H), 
1.82 (dd, J = 4.7, 1.9 Hz, 2H), 1.57 (dd, J = 4.7, 1.9 Hz, 2H), 1.25 (s, 12H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 156.5, 83.4, 79.2, 55.0, 51.8, 50.0, 44.7, 37.9, 28.6, 26.8, 24.9. 
[See spectrum] 

11B NMR (160 MHz, CDCl3) δ 31.6. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C12H21BO4Na [M+Na]+: 263.1425, found: 263.1425. 

1) HBpin (1.3 equiv.), 45 min
2) [Ir(COD)(OMe)]2 (2.5 mol%)

2-mphen (5 mol%)
B2pin2 (1.5 equiv.)

cyclooctane, 100 ºC, 2 h
(1.0 equiv.)

O
HO

H

(25a)
75%

O
HO

Bpin
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tert-butyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-oxabicyclo[2.1.1]hexane-1-
carboxylate (26a) 

 

Prepared according to General Procedure A on a 0.10 mmol scale. The crude reaction mixture 
was eluted on reverse phase silica with 40% à 100% acetonitrile in water as the eluent. 
Fractions containing the desired compound were collected and concentrated under vacuum to 
afford 20.9 mg (67%) of the title compound as an off-white solid. 

TLC: Rf = 0.56 (50% acetonitrile in water) 

1H NMR (600 MHz, CDCl3) δ 3.94 (s, 2H), 2.20 (dd, J = 4.6, 1.8 Hz, 2H), 1.76 (dd, J = 4.7, 
1.8 Hz, 2H), 1.48 (s, 9H), 1.25 (s, 12H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 167.7, 87.2, 83.9, 81.9, 72.5, 44.5, 28.2, 28.0, 24.9. [See 
spectrum] 

11B NMR (193 MHz, CDCl3) δ 31.8. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C16H27BO5Na [M+Na]+: 333.1844, found: 333.1841. 

  

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 2 h
B2pin2+

(1.5 equiv.)(1.0 equiv.) (26a)
67%

O
t-BuO

O
Bpin

O
t-BuO

O
H
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tert-butyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-azabicyclo[2.1.1]hexane-2-
carboxylate (27a) 

 

Prepared according to General Procedure A on a 0.10 mmol scale. The crude reaction mixture 
was eluted on reverse phase silica with 40% à 100% acetonitrile in water as the eluent. 
Fractions containing the desired compound were collected and concentrated under vacuum to 
afford 25.1 mg (87%) of the title compound as an off-white solid. 

TLC: Rf = 0.52 (50% acetonitrile in water) 

1H NMR (500 MHz, CDCl3) δ 4.36 (s, 1H), 3.36 (s, 2H), 2.00 – 1.92 (m, 2H), 1.45 (s, 9H), 
1.43 – 1.37 (m, 2H), 1.24 (s, 12H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 155.2, 82.6, 78.0, 60.8, 50.3, 41.3, 28.7, 27.5, 27.5, 23.7. [See 
spectrum] 

11B NMR (160 MHz, CDCl3) δ 31.5. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C16H28BNO4 [M+Na]+: 332.2004, found: 332.1997. 

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 2 h
B2pin2+

(1.5 equiv.)(1.0 equiv.) (27a)
81%

BocN

H

BocN

Bpin
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tert-butyl 1-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-
azabicyclo[2.1.1]hexane-2-carboxylate (28a) 

 

Prepared according to General Procedure A on a 0.10 mmol scale. The crude reaction mixture 
was eluted on reverse phase silica with 40% à 100% acetonitrile in water as the eluent. 
Fractions containing the desired compound were collected and concentrated under vacuum to 
afford 26.6 mg (82%) of the title compound as a white powder. 

TLC: Rf = 0.50 (50% acetonitrile in water) 

1H NMR (600 MHz, CDCl3) δ 3.42 (s, 2H), 1.79 – 1.72 (m, 2H), 1.66 (s, 3H), 1.55 – 1.48 (m, 
2H), 1.44 (s, 9H), 1.24 (s, 12H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 156.5, 83.4, 79.2, 55.0, 51.8, 50.0, 44.7, 37.9, 28.6, 26.8, 24.9. 
[See spectrum] 

11B NMR (193 MHz, CDCl3) δ 32.0. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C17H31BNO4 [M+H]+: 324.2341, found: 324.2337. 

  

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 2 h
B2pin2+

(1.5 equiv.)(1.0 equiv.) (28a)
82%

BocN
H3C H

BocN
H3C Bpin
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tert-butyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1-(trifluoromethyl)-2-
azabicyclo[2.1.1]hexane-2-carboxylate (29a) 

 

Prepared according to General Procedure A on a 0.10 mmol scale. The crude reaction mixture 
was eluted on reverse phase silica with 40% à 100% acetonitrile in water as the eluent. 
Fractions containing the desired compound were collected and concentrated under vacuum to 
afford 37.0 mg (98%) of the title compound as an off-white solid. 

 

TLC: Rf = 0.50 (50% acetonitrile in water) 

1H NMR (600 MHz, CDCl3) δ 3.54 (s, 2H), 2.26 – 2.19 (m, 2H), 1.73 – 1.69 (m, 2H), 1.46 (s, 
9H), 1.25 (s, 12H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 154.5, 122.8 (q, JC–F = 275.2 Hz), 84.2, 80.4, 70.8 (q, JC–F = 
36.9 Hz), 54.7, 42.5, 28.4, 24.9. [See spectrum] 

11B NMR (193 MHz, CDCl3) δ 31.4. [See spectrum] 

19F NMR (565 MHz, CDCl3) δ -68.6. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C17H27BF3NO4Na [M+Na]+: 400.1877, found:400.1876. 

  

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 2 h
B2pin2+

(1.5 equiv.)(1.0 equiv.) (29a)
98%

BocN
F3C H

BocN
F3C Bpin
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tert-butyl 1-(difluoromethyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-
azabicyclo[2.1.1]hexane-2-carboxylate (30a) 

 

Prepared according to General Procedure A on a 0.10 mmol scale. The crude reaction mixture 
was eluted on reverse phase silica with 40% à 100% acetonitrile in water as the eluent. 
Fractions containing the desired compound were collected and concentrated under vacuum to 
afford 34.8 mg (97%) of the title compound as an off-white solid. 

TLC: Rf = 0.4 (50% acetonitrile in water) 

1H NMR (500 MHz, CDCl3) δ 6.68 (t, JF–H = 56.1 Hz, 1H), 3.49 (s, 2H), 2.18 – 2.10 (m, 2H), 
1.60 – 1.53 (m, 2H), 1.46 (s, 9H), 1.26 (s, 12H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 155.9, 112.48 (t, JC–F = 236.9 Hz), 84.0, 80.3, 72.6 (t, JC–F = 
31.0 Hz), 54.7, 41.0, 28.6, 24.9. [See spectrum] 

11B NMR (193 MHz, CDCl3) δ 31.8. [See spectrum] 

19F NMR (565 MHz, CDCl3) δ -124.8. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C17H28BF2NO4Na [M+Na]+: 382.1972, found: 382.1970. 

  

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 2 h
B2pin2+

(1.5 equiv.)(1.0 equiv.) (30a)
97%

BocN
HF2C H

BocN
HF2C Bpin
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tert-butyl 1-(fluoromethyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-
azabicyclo[2.1.1]hexane-2-carboxylate (31a) 

 

Prepared according to General Procedure A on a 0.10 mmol scale. The crude reaction mixture 
was eluted on reverse phase silica with 40% à 100% acetonitrile in water as the eluent. 
Fractions containing the desired compound were collected and concentrated under vacuum to 
afford 33.0 mg (97%) of the title compound as an off-white solid. 

TLC: Rf = 0.45 (50% acetonitrile in water) 

1H NMR (600 MHz, CDCl3) δ 4.90 (d, JF–H = 47.9 Hz, 2H), 3.46 (s, 2H), 2.30 – 2.04 (m, 2H), 
1.50 – 1.46 (m, 2H), 1.44 (s, 9H), 1.25 (s, 12H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 155.8, 83.8, 82.0 (d, JC–F = 161.0 Hz), 79.7, 72.5 (d, JC–F = 
28.7 Hz), 54.5, 42.6, 28.6, 24.9. [See spectrum] 

11B NMR (193 MHz, CDCl3) δ 31.8. [See spectrum] 

19F NMR (565 MHz, CDCl3) δ -220.1. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C17H29BFNO4Na [M+Na]+: 364.2066, found: 364.2058. 

  

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 2 h
B2pin2+

(1.5 equiv.)(1.0 equiv.) (31a)
97%

BocN
H2FC Bpin

BocN
H2FC H
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tert-butyl 1-((dimethylamino)methyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-
azabicyclo[2.1.1]hexane-2-carboxylate (32a) 

 

Prepared according to General Procedure A on a 0.10 mmol scale. The crude reaction mixture 
was eluted on reverse phase silica with 40% à 100% acetonitrile in water as the eluent. 
Fractions containing the desired compound were collected and concentrated under vacuum to 
afford 33.6 mg (92%) of the title compound as a brown solid. 

TLC: Rf = 0.8 (50% acetonitrile in water) 

1H NMR (600 MHz, CDCl3) δ 3.43 (s, 2H), 3.01 (s, 2H), 2.28 (s, 6H), 2.07 – 2.03 (m, 2H), 
1.56 – 1.45 (m, 2H), 1.44 (s, 9H), 1.23 (s, 12H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 156.4, 83.6, 79.0, 75.1, 60.1, 55.2, 47.6, 43.8, 28.8, 24.9. [See 
spectrum] 

11B NMR (193 MHz, CDCl3) δ 32.1. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C19H36BN2O4 [M+H]+: 367.2763, found: 367.2760. 

  

BocN
Me2N

Bpin
[Ir(COD)(OMe)]2 (2.5 mol%)

2-mphen (5 mol%)
cyclooctane, 100 ºC, 2 h

B2pin2+

(1.5 equiv.)(1.0 equiv.) (32a)
92%

BocN
Me2N

H
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tert-butyl 1-(((tert-butoxycarbonyl)amino)methyl)-4-(trifluoro-λ4-boraneyl)-2-
azabicyclo[2.1.1]hexane-2-carboxylate, potassium salt (33a) 

 

Prepared according to General Procedure C on a 0.10 mmol scale. After washing with pentanes, 
34.5 mg (82%) of the title compound was obtained as an off-white solid. 

TLC: Rf = N/A 

1H NMR (500 MHz, Acetone) δ 5.89 (s, 1H), 3.59 – 3.54 (m, 2H), 3.19 (s, 2H), 1.57 – 1.50 
(m, 2H), 1.43 (s, 9H), 1.39 (s, 9H), 1.20 – 1.11 (m, 2H). [See spectrum] 

13C NMR (126 MHz, Acetone) δ 156.6, 156.1, 78.4, 78.3, 73.8, 56.9, 43.6, 42.6, 28.9, 28.6. 
[See spectrum] 

11B NMR (160 MHz, Acetone) δ 3.6. [See spectrum] 

19F NMR (470 MHz, Acetone) δ -147.7. [See spectrum] 

HRMS (m/z): (ESI-) calc’d for C16H27BF3N2O4 [M-K]-: 379.2021, found: 379.2017. 

  

33a
82%

1)[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 2 h
2) KHF2 (5 eq.), 16 h

B2pin2+

(1.5 equiv.)(1.0 equiv.)
BocN

BocHN
H

BocN
BocHN

BF3K
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tert-butyl 1-carbamoyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-
azabicyclo[2.1.1]hexane-2-carboxylate (34a) 

 

Prepared according to General Procedure A on a 0.10 mmol scale with 3 equiv. of B2pin2 instead 
of the usual 1.5 equiv. The crude material was co-evaporated with methanol at 45 °C (30 mL x 
2). The residue was washed repeatedly with pentane to afford 23.6 mg (67%) of the title 
compound as a brown solid. 

TLC: Rf = N/A 
1H NMR (600 MHz, CDCl3) δ 5.85 (br s, 1H), 5.66 (br s, 1H), 3.53 (s, 2H), 2.24 – 2.17 (m, 
2H), 1.69 – 1.65 (m, 2H), 1.43 (s, 9H), 1.24 (s, 12H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 171.4, 158.3, 84.0, 81.1, 73.0, 55.6, 44.2, 28.4, 24.9. [See 
spectrum] 

11B NMR (193 MHz, CDCl3) δ 31.7. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C17H30BN2O5 [M+H]+: 353.2242, found: 353.2238. 

  

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 3 h
B2pin2+

(3.0 equiv.)

(34a)
67%

MeOH

(1.0 equiv.)
BocN

H2N
H

O

BocN
N
H

Bpin
O

pinB

BocN
H2N

Bpin
O
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tert-butyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1-((triisopropylsilyl)ethynyl)-2-
azabicyclo[2.1.1]hexane-2-carboxylate (35a) 

 

Prepared according to General Procedure A on a 0.05 mmol scale. The crude reaction mixture 
was eluted on reverse phase silica with 50% à 100% acetonitrile in water as the eluent. 
Fractions containing the desired compound were collected and concentrated under vacuum to 
afford 16.3 mg (67%) of the title compound as an off-white solid. 

TLC: Rf = 0.68 (50% acetonitrile in water) 

1H NMR (600 MHz, CDCl3) δ 3.44 (s, 2H), 2.14 (dd, J = 4.8, 1.8 Hz, 2H), 1.78 (dd, J = 4.6, 
2.0 Hz, 2H), 1.47 (s, 9H), 1.24 (s, 12H), 1.07 (m, J = 3.9 Hz, 21H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 157.2, 104.6, 88.1, 83.9, 80.0, 62.3, 54.2, 48.8, 28.6, 24.9, 18.8, 
11.4. [See spectrum] 

11B NMR (193 MHz, CDCl3) δ 32.1. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C27H49BNO4Si [M+H]+: 490.3518, found: 490.3517. 

  

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 2 h
B2pin2+

(1.5 equiv.)(1.0 equiv.) (35a)
67%

BocN

Bpin
TIPS

BocN

H
TIPS
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tert-butyl 1-(hydroxymethyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-
azabicyclo[2.1.1]hexane-2-carboxylate (36a) 

 

Prepared according to General Procedure B on a 0.10 mmol scale. The crude reaction mixture 
was eluted on reverse phase silica with 40% à 100% acetonitrile in water as the eluent. 
Fractions containing the desired compound were collected and concentrated under vacuum to 
afford 30.8 mg (91%) of the title compound as an off-white solid. 

TLC: Rf = 0.9 (50% acetonitrile in water) 

1H NMR (600 MHz, CDCl3) δ 4.92 (br s, 1H), 3.88 (d, J = 6.4 Hz, 2H), 3.43 (s, 2H), 1.86 – 
1.78 (m, 2H), 1.60 – 1.56 (m, 2H), 1.46 (s, 9H), 1.25 (s, 12H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 155.8, 83.8, 79.9, 75.3, 61.9, 54.4, 43.5, 28.7, 24.9. [See 
spectrum] 

11B NMR (193 MHz, CDCl3) δ 32.0. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C17H31BNO5 [M+H]+: 340.2290, found: 340.2290. 

  

1) HBpin (1.3 equiv.), 45 min
2) [Ir(COD)(OMe)]2 (2.5 mol%)

2-mphen (5 mol%)
B2pin2 (1.5 equiv.)

cyclooctane, 100 ºC, 2 h
(1.0 equiv.) (36a)

91%

BocN
HO

H
BocN

HO
Bpin
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(7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)tetrahydro-1H,6H-7,8a-
methanopyrrolo[2,1-c][1,4]oxazin-3-yl)methanol (37a) 

 

Prepared according to General Procedure B on a 0.10 mmol scale. The crude reaction mixture 
was eluted on reverse phase silica with 40% à 100% acetonitrile in water as the eluent. 
Fractions containing the desired compound were collected and concentrated under vacuum to 
afford 28.0 mg (95%) of the title compound as an off-white solid. 

TLC: Rf = 0.9 (50% acetonitrile in water) 

1H NMR (500 MHz, CDCl3) δ 3.94 (d, J = 11.8 Hz, 1H), 3.76 – 3.68 (m, 2H), 3.67 – 3.54 (m, 
2H), 3.24 (d, J = 8.2 Hz, 1H), 2.90 (dd, J = 11.1, 2.3 Hz, 1H), 2.44 – 2.40 (m, 3H), 1.77 (dd, J 
= 10.2, 7.6 Hz, 1H), 1.72 (d, J = 6.9 Hz, 1H), 1.54 (d, J = 7.5 Hz, 1H), 1.42 (dd, J = 10.2, 7.0 
Hz, 1H), 1.24 (s, 12H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 83.6, 69.4, 68.3, 64.3, 59.3, 52.8, 42.2, 37.3, 24.9. [See 
spectrum] 

11B NMR (160 MHz, CDCl3) δ 32.0. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C15H27BNO4 [M+H]+: 296.2028, found: 296.2027. 

  

1) HBpin (1.3 equiv.), 45 min
2) [Ir(COD)(OMe)]2 (2.5 mol%)

2-mphen (5 mol%)
B2pin2 (1.5 equiv.)

cyclooctane, 100 ºC, 2 h
(1.0 equiv.) (37a)

95%

NO

HO

Bpin

NO

HO

H
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di-tert-butyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-azabicyclo[2.1.1]hexane-
1,2-dicarboxylate (38a) 

 

Prepared according to General Procedure A on a 0.10 mmol scale. The crude reaction mixture 
was eluted on reverse phase silica with 40% à 100% acetonitrile in water as the eluent. 
Fractions containing the desired compound were collected and concentrated under vacuum to 
afford 32.5 mg (79%) of the title compound as a colorless oil. 

TLC: Rf = 0.8 (50% acetonitrile in water) 

1H NMR (600 MHz, CDCl3) δ 3.47 (s, 2H), 2.14 – 2.07 (m, 2H), 1.67 – 1.61 (m, 2H), 1.47 (s, 
9H), 1.44 (s, 9H), 1.24 (s, 12H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 168.0, 158.0, 83.9, 81.0, 80.3, 71.9, 55.1, 44.1, 28.5, 28.2, 24.9. 
[See spectrum] 

11B NMR (193 MHz, CDCl3) δ 31.9. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C21H37BNO6 [M+H]+: 410.2708, found: 410.2703. 

  

[Ir(COD)(OMe)]2 (2.5 mol%)
2-mphen (5 mol%)

cyclooctane, 100 ºC, 2 h
B2pin2+

(1.5 equiv.)(1.0 equiv.) (38a)
79%

BocN
t-BuO

O
Bpin

BocN
t-BuO

O
H
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2.4.6 Transformations of bridgehead C–Bpin bonds 

(3-(4-(tert-butyl)phenyl)bicyclo[1.1.1]pentan-1-yl)trifluoro-λ4-borane, potassium salt (1c) 

 

1a (70.0 mg, 0.215 mmol) was dissolved in a mixture of MeOH (0.6 mL) and THF (0.3 mL). 
Then, KHF2 (84.0 mg, 1.08 mmol, 5.00 equiv.) in water (0.3 mL) was added with vigorous 
stirring. The resulting mixture was stirred at room temperature overnight. The reaction mixture 
was co-evaporated with 1:1 methanol:water repeatedly (2 mL x 5) to remove pinacol. The solid 
residue was extracted with acetone, filtered, and the filtrate concentrated. The resulting solids 
were washed with pentane to afford 66.2 mg (99%) of the title compound as an off-white 
powder. 

TLC: N/A 

1H NMR (600 MHz, Acetone) δ 7.27 (d, J = 8.2 Hz, 2H), 7.09 (d, J = 8.3 Hz, 2H), 1.74 (s, 6H), 
1.27 (s, 9H). [See spectrum] 

13C NMR (151 MHz, Acetone) δ 148.6, 142.7, 126.1, 125.4, 52.2, 52.1, 45.0, 34.8, 31.7. [See 
spectrum] 

11B NMR (193 MHz, Acetone) δ 1.6. [See spectrum] 

19F NMR (565 MHz, Acetone) δ -147.6. [See spectrum] 

HRMS (m/z): (ESI-) calc’d for C15H19BF3 [M-K]+: 267.1537, found: 267.1537. 

t-BuC6H4 BF3Kt-BuC6H4 Bpin
KHF2 (5 equiv.)

THF/MeOH/H2O
1a 1c (99%)
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(3-(methylsulfonyl)bicyclo[1.1.1]pentan-1-yl)trifluoro-λ4-borane, tetrabutylammonium 
salt (11c) 

 

11a (204 mg, 0.750 mmol) and (nBu4N)HF2 (739 mg, 2.62 mmol, 3.50 equiv.) were mixed and 
chloroform (5.0 mL) and water (10.0 mL) was added. The biphasic mixture with stirred 
vigorously for 16 h. The layers were separated, and the aqueous layer was further extracted 
with chloroform (10 mL x 2). The combined organic layers were dried with MgSO4, filtered, 
and concentrated to afford 298 mg (87%) of the title compound as a colorless oil that solidified 
upon standing. 

TLC: N/A 
1H NMR (500 MHz, CDCl3) δ 3.26 – 3.19 (m, 8H), 2.72 (s, 3H), 1.99 (s, 6H), 1.62 (p, J = 7.7 
Hz, 8H), 1.43 (h, J = 7.4 Hz, 8H), 1.00 (t, J = 7.3 Hz, 12H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 58.9, 49.7, 49.7, 36.5, 25.0, 24.1, 19.8, 13.8. [See spectrum] 

11B NMR (160 MHz, CDCl3) δ 2.3. [See spectrum] 

19F NMR (470 MHz, CDCl3) δ -147.05. [See spectrum] 

HRMS (m/z): (ESI-) calc’d for C6H9BF3O2S [M-nBu4N]+: 213.0374, found: 213.0373. 

(nBu4N)HF2 (3.5 equiv.)

CHCl3/H2OO
O

Me
BpinS

11a
O

O

Me
BF3(nBu4N)S

11c
87%
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2,2,2-trifluoro-N-(3-(trifluoro-λ4-boraneyl)bicyclo[1.1.1]pentan-1-yl)acetamide, 
potassium salt (16c) 

 

16a (30.5 mg, 0.100 mmol) was dissolved in a mixture of MeOH (0.3 mL) and THF (0.15 mL). 
Then, KHF2 (39.1 mg, 0.50 mmol, 5.00 equiv.) in water (0.15 mL) was added with vigorous 
stirring. The resulting mixture was stirred at room temperature overnight. The reaction mixture 
was co-evaporated with 1:1 methanol:water repeatedly (1 mL x 5) to remove pinacol. The solid 
residue was extracted with acetone, filtered, and the filtrate concentrated. The resulting solids 
were washed with pentane to afford the title compound as an off-white powder (22.6 mg, 79%) 

TLC: N/A 

1H NMR (500 MHz, Acetone) δ 8.51 (bs, 1H), 1.78 (s, 6H). [See spectrum] 

13C NMR (151 MHz, Acetone) δ 156.90 (q, JC–F = 35.5 Hz), 117.00 (q, JC–F = 288.8 Hz), 54.3, 
52.8, 47.2. [See spectrum] 

11B NMR (160 MHz, Acetone) δ 1.9. [See spectrum] 

19F NMR (470 MHz, Acetone) δ -77.7, -146.9. [See spectrum] 

HRMS (m/z): (ESI-) calc’d for C7H7BF6KNO [M-K]+: 246.0530, found: 246.0529. 

  

KHF2 (5 equiv.)

THF/MeOH/H2O
16a 16c (79%)

HN

O
F3C

Bpin HN

O
F3C

BF3K
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(3-(4-(tert-butyl)phenyl)bicyclo[1.1.1]pentan-1-yl)boronic acid (1d) 

 

 

A 20 mL vial was charged with 1a (42.4 mg, 0.130 mmol, 1.00 equiv.) and methyl boronic acid 
(38.9 mg, 0.650 mmol, 5.00 equiv.). Acetone (2 mL) and 0.2 N HCl (aq) (2 mL) were added in 
a 1:1 ratio. The vial was capped under ambient atmosphere and the reaction was stirred at room 
temperature for 16 h. The reaction mixture was concentrated to dryness, redissolved in acetone, 
and dried in vacuo. The residue was washed with pentanes and dried in vacuo to obtain the title 
compound as an off-white powder (28.5 mg, 90%). 

TLC: N/A 

1H NMR (600 MHz, Acetone) δ 7.36 – 7.28 (m, 2H), 7.16 – 7.07 (m, 2H), 2.07 (s, 6H), 1.28 
(s, 9H). [See spectrum] 

13C NMR (151 MHz, Acetone) δ 148.8, 139.6, 125.2, 124.8, 52.5, 45.8, 34.0, 30.8. [See 
spectrum] 

11B NMR (193 MHz, Acetone) δ 28.4. [See spectrum] 

HRMS (m/z): (ESI-) calc’d for C15H20BO2 [M-H]-: 243.1562, found: 243.1560. 

  

t-BuC6H4 B(OH)2t-BuC6H4 Bpin
MeB(OH)2 (5.0 equiv.)

acetone/0.2 N HCl (1:1)
1d

90%
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(3-(methylsulfonyl)bicyclo[1.1.1]pentan-1-yl)boronic acid (11d) 

 

 

A 20 mL vial was charged with 11a (81.6 mg, 0.300 mmol, 1.00 equiv.) and methyl boronic 
acid (89.8 mg, 1.50 mmol, 5.00 equiv.). Acetone (4 mL) and 0.2 N HCl (aq) (4 mL) were added 
in a 1:1 ratio. The vial was capped under ambient atmosphere, and the reaction was stirred at 
room temperature for 16 h. The reaction mixture was concentrated to dryness, redissolved in 
acetone, and dried in vacuo. The residue was washed with ether and dried in vacuo to obtain 
the title compound as an off-white powder (49.6 mg, 87%). 

TLC: N/A 

1H NMR (500 MHz, Acetone) δ 2.77 (s, 3H), 2.17 (s, 6H). [See spectrum] 

13C NMR (151 MHz, Acetone) δ 54.5, 51.4, 36.9. [See spectrum] 

11B NMR (193 MHz, Acetone) δ 28.7. [See spectrum] 

HRMS (m/z): (ESI-) calc’d for C6H10BO4S [M-H]-: 189.0398, found: 189.0397. 

  

MeO2S B(OH)2MeO2S Bpin
MeB(OH)2 (5.0 equiv.)

acetone/0.2 N HCl (1:1)
11d
87%
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(1-methyl-2-azabicyclo[2.1.1]hexan-4-yl)boronic acid (28c) 

 

A 20 mL vial was charged with 28a (18 mg, 0.077 mmol, 1.0 equiv.) and methyl boronic acid 
(22 mg, 0.77 mmol, 10 equiv.). Acetone (1 mL) and 0.2 N HCl (aq) (1 mL) were added in a 1:1 
ratio. The vial was capped under ambient atmosphere, and the reaction was stirred at room 
temperature for 22 h. The reaction mixture was concentrated to dryness, redissolved in acetone, 
and dried in vacuo. The residue was washed with pentane and dried in vacuo to obtain the title 
compound as a pale-yellow powder (9.6 mg, 88%). 

TLC: N/A 

1H NMR (600 MHz, Acetone) δ 3.63 (s, 2H), 2.13 – 2.06 (m, 2H), 1.94 – 1.86 (m, 2H), 1.73 
(s, 3H). 

13C NMR (151 MHz, Acetone) δ 71.5, 51.7, 43.2, 15.8. 

11B NMR (193 MHz, Acetone) δ 28.5, 19.2. 

HRMS (m/z): (ESI+) calc’d for C12H24B2N2O4K [2M+K]+: 321.1554, found: 321.1563. 

  

MeB(OH)2 (5.0 equiv.)
acetone/0.2 N HCl (1:1) HN

H3C B(OH)2

BocN
H3C Bpin
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2-(2-(3-(4-(tert-butyl)phenyl)bicyclo[1.1.1]pentan-1-yl)-4-(4-methoxyphenyl)butan-2-yl)-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1e)  

 

The reaction was conducted following Qin’s procedure.48 A 4 mL vial was charged with N'-(4-
(4-methoxyphenyl)butan-2-ylidene)-2,4,6-trimethylbenzenesulfonohydrazide (mixture of 
isomers, 18.7 mg, 0.0500 mmol, 1.00 equiv.), 1d (36.6 mg, 0.150 mmol, 3.00 equiv.), and 
cesium carbonate (48.9 mg, 0.150 mmol, 3.00 equiv.) and brought into the glovebox. 
Chlorobenzene (0.5 mL) and a stir bar were added, the vial was capped with a Teflon-lined cap, 
removed from the glovebox, and heated at 100 ºC in a preheated aluminum heating block for 
5 h. The vial was cooled to room temperature, and pinacol (29.5 mg, 0.250 mmol, 5.00 equiv.) 
was added as a solid. The mixture was again heated at 100 ºC in an aluminum heating block 
for 1 h. The crude reaction mixture was chromatographed twice on silica gel (0 à 10% ethyl 
acetate in hexanes, then again with 2 à 3% ethyl acetate in hexanes) to afford the title 
compound as a white powder (15.5 mg, 63%). 

TLC: Rf = 0.6 (10% ethyl acetate in hexanes) 

1H NMR (600 MHz, CDCl3) δ 7.32 (d, J = 8.3 Hz, 2H), 7.16 (d, J = 8.3 Hz, 2H), 7.14 (d, J = 
8.5 Hz, 2H), 6.84 (d, J = 8.6 Hz, 2H), 3.79 (s, 3H), 2.56 (td, J = 13.0, 5.0 Hz, 1H), 2.45 (td, J 
= 13.0, 4.4 Hz, 1H), 1.91 – 1.82 (m, 6H), 1.30 (s, 9H), 1.28 (s, 12H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 157.8, 149.1, 139.0, 136.0, 129.4, 125.9, 125.1, 113.9, 83.4, 
55.4, 50.0, 44.6, 40.4, 38.9, 34.6, 32.7, 31.5, 25.3, 25.1, 18.0. [See spectrum] 
11B NMR (193 MHz, CDCl3) δ 34.6. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C32H46BO3 [M+H]+: 489.3535, found: 489.3529. 

  

N

Me

H
N

SO2Mes

MeO
B(OH)2tBu

1d
3 equiv.

1 equiv.

1) Cs2CO3 (3.0 equiv.)
PhCl, 100 ºC, 5 h

1e
68%

2) pinacol (5.0 equiv.)

+
t-BuC6H4

OMe

Bpin
Me
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ethyl 4-(3-(4-(tert-butyl)phenyl)bicyclo[1.1.1]pentan-1-yl)benzoate (1f) 

 

A slightly modified version of VanHeyst’s procedure was followed.40 A 4 mL vial was charged 
with 1c (23.0 mg, 75.0 µmol, 1.5 equiv.) and Na2CO3 (10.6 mg, 0.100 mmol, 2.00 equiv.). The 
vial was then brought into a nitrogen glovebox. [(dtbpy)Ni(OH2)4]Cl2 (3.53 mg, 7.50 µmol, 
15.0 mol%), [Ir(dFppyCF3)(dtbpy)]PF6 (2.80 mg, 2.50 µmol, 5.00 mol%), ethyl 4-
bromobenzoate (8.16 µL, 50.0 µmol, 1.00 equiv.), and a stir bar were added. Then, 0.5 mL of 
a 5:1 mixture of dioxane and DMA was added. The vial was tightly capped and removed from 
the glovebox. The vial was placed in a Merck Photoreactor (450 nm light source, 100% 
intensity, 1000 rpm stirring and 10000 rpm fan speed) for 16 h. The reaction mixture was 
diluted with water (5 mL) and extracted with ethyl acetate (5 mL x 3). The combined organic 
extracts were washed with water (2 mL) and brine (2 mL), dried over MgSO4, filtered, and 
concentrated. The crude material was chromatographed on silica with 0 à 20% ethyl acetate 
in hexanes) to afford the title compound as an off-white solid (4.3 mg, 25%). 

TLC: Rf = 0.50 (5% ethyl acetate in hexanes) 

1H NMR (600 MHz, CDCl3) δ 8.02 (d, J = 8.2 Hz, 2H), 7.40 (d, J = 8.2 Hz, 2H), 7.36 (d, J = 
8.2 Hz, 2H), 7.28 (d, J = 4.5 Hz, 2H), 4.40 (q, J = 7.1 Hz, 2H), 2.36 (s, 6H), 1.42 (t, J = 7.1 Hz, 
3H), 1.35 (s, 9H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 166.8, 149.7, 146.2, 137.8, 129.7, 128.8, 126.3, 126.0, 125.3, 
61.0, 54.2, 41.0, 40.9, 34.6, 31.5, 14.5. [See spectrum] 

HRMS (m/z): (EI+) calc’d for C24H28O2 [M]+: 348.2089, found: 348.2089. 

  

t-BuC6H4
OEt

O

Blue LEDs
ArBr (1.0 equiv.)

[Ir(dFppyCF3)2(dtbpy)]PF6 (5 mol%)
[(dtbpy)Ni(OH2)4]Cl2 (15 mol%)

1f

t-BuC6H4 BF3K
Dioxane/DMA (5:1)

1c, (1.5 equiv.)
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5-(3-(4-(tert-butyl)phenyl)bicyclo[1.1.1]pentan-1-yl)-2-methylpyridine (1g) 

 

The cross-coupling was performed by modifying a published procedure.41 A flame-dried 
Schlenk flask was charged with 1a (65.3 mg, 0.200 mmol, 1.00 equiv.) and dry THF (1.0 mL). 
The flask was cooled to -78 ºC, and 0.78 M t-BuLi in pentanes was added dropwise (0.316 mL, 
0.240 mmol, 1.20 equiv.). The mixture was stirred at the same temperature for 1 h, and 
complete conversion to the corresponding borate was confirmed by 11B NMR spectroscopy (~7 
ppm). The septum on the Schlenk flask was firmly secured with electrical tape, and the flask 
brought into a nitrogen glovebox, where it was charged with (dppf)PdCl2 (14.6 mg, 20.0 µmol, 
0.100 equiv.), cuprous oxide (28.6 mg, 0.200 mmol, 1.00 equiv.), and 5-bromo-2-
methylpyridine (68.8 mg, 0.400 mmol, 2.00 equiv.). The flask was stoppered with a glass 
stopper, a slight vacuum was applied to assist in maintaining the seal, and the mixture was 
heated in an oil bath at 65 ºC for 18 h. After cooling to room temperature, the reaction mixture 
was diluted with ethyl acetate (10 mL) and quenched with aqueous ammonium chloride (5 mL). 
The mixture was filtered through a bed of MgSO4 and Celite, and the solids were washed with 
copious amounts of ethyl acetate. The combined organic washes were concentrated and 
chromatographed over silica with 0 à 30% ethyl acetate in hexanes) to afford the title 
compound as a yellow powder (38.2 mg, 66%)  

TLC: Rf = 0.48 (25% ethyl acetate in hexanes) 

1H NMR (500 MHz, CDCl3) δ 8.43 (s, 1H), 7.48 (d, J = 7.9 Hz, 1H), 7.41 – 7.35 (m, 2H), 7.28 
– 7.21 (m, 2H), 7.10 (d, J = 7.9 Hz, 1H), 2.55 (s, 3H), 2.33 (s, 6H), 1.33 (s, 9H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 156.5, 149.7, 147.3, 137.7, 134.4, 133.3, 126.0, 125.3, 122.7, 
54.2, 41.3, 38.8, 34.6, 31.5, 24.2. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C21H26N [M+H]+: 292.2060, found: 292.2056. 

  

Bpint-Bu

1a

1) t-BuLi (1.2 eq.), -78 ºC, 1 h
2) (dppf)PdCl2 (10 mol%)

Cu2O (1.0 equiv.)
5-bromo-2-methylpyridine (2.0 equiv.)

THF, 65 ºC, 18 h N
Me

1g, 66%

t-Bu
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1-(methylsulfonyl)-3-vinylbicyclo[1.1.1]pentane (11e) 

 

A flame-dried 25 mL round-bottom flask was charged with 11a (68.0 mg, 0.250 mmol, 1.00 
equiv.) and anhydrous THF (4 mL). The flask was cooled to -78 ºC. Vinylmagnesium bromide 
(1.0 M, 1.0 mmol, 1.0 mL, 4.0 equiv.) was added dropwise, and the resulting mixture was 
stirred at -78 ºC for 1 h. Then, I2 (254 mg, 1.00 mmol, 4.00 equiv.) in MeOH (4.0 mL) was 
added dropwise, and the mixture stirred at -78 ºC for another hour. The flask was adjusted to 0 
ºC, and sat. Na2S2O3 (2 mL) was added. The mixture was diluted with water (10 mL) and 
extracted with ethyl acetate (30 mL x 3). The combined organic extracts were dried over 
MgSO4, filtered, and concentrated. The crude mixture was chromatographed on SiO2 with 30% 
ethyl acetate in hexanes as the eluent. Fractions containing the desired compound were 
collected and concentrated under vacuum to afford the title compound as an off-white solid 
(29.6 mg, 69%). 

TLC: Rf = 0.18 (33% ethyl acetate in hexanes) 

1H NMR (500 MHz, CDCl3) δ 5.91 (dd, J = 17.1, 10.5 Hz, 1H), 5.17 (dd, J = 10.5, 1.5 Hz, 
1H), 5.12 (dd, J = 17.2, 1.5 Hz, 1H), 2.83 (s, 3H), 2.23 (s, 6H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 134.2, 117.7, 52.0, 50.8, 39.8, 37.6. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C8H12O2NaS [M+Na]+: 195.0450, found: 195.0449. 

  

O
O

Me
S

1) (vinyl)MgBr (4.0 equiv.)
2) I2 (4.0 equiv.)
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tert-butyl 1-(difluoromethyl)-4-vinyl-2-azabicyclo[2.1.1]hexane-2-carboxylate (30c) 

 

A flame-dried 25 mL round-bottom flask was charged with 30a (36 mg, 0.10 mmol, 1.0 equiv.) 
and anhydrous THF (2 mL). The flask was cooled to -78 ºC. Vinylmagnesium bromide (1.0 M, 
0.40 mmol, 0.40 mL, 4.0 equiv.) was added dropwise, and the resulting mixture was stirred at 
-78 ºC for 1 h. Then, I2 (0.10 g, 0.40 mmol, 4.0 equiv.) in MeOH (4.0 mL) was added dropwise, 
and the mixture stirred at -78 ºC for another hour. The flask was adjusted to 0 ºC, and sat. 
Na2S2O3 (1 mL) was added. The mixture was diluted with water (5 mL) and extracted with 
ethyl acetate (15 mL x 3). The combined organic extracts were dried over MgSO4, filtered, and 
concentrated. The crude mixture was chromatographed on SiO2 with 30% ethyl acetate in 
hexanes as the eluent. Fractions containing the desired compound were collected and 
concentrated under vacuum to afford the title compound as a colorless oil (3.6 mg, 14%). Note 
that the product is volatile. 

TLC: N/A 

1H NMR (600 MHz, CDCl3) δ 6.84 (t, JH–F = 56.3 Hz, 1H), 6.16 (dd, J = 17.3, 10.6 Hz, 1H), 
5.34 (dd, J = 10.7, 1.3 Hz, 1H), 5.30 (dd, J = 17.4, 1.4 Hz, 1H), 3.52 (s, 2H), 2.25 – 2.09 (m, 
2H), 1.99 – 1.83 (m, 2H), 1.70 (s, 2H), 1.62 (s, 9H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 155.3, 135.4, 116.7, 112.30 (t, JC–F = 237.2 Hz), 80.7, 69.18 (t, 
JC–F = 31.2 Hz), 55.4, 47.6, 43.3, 29.8, 28.5. [See spectrum] 

19F NMR (565 MHz, CDCl3) δ -124.4. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C14H24F2NO3  [M+MeOH+H]+: 292.1719, found: 292.1722. 

 

  

1) (vinyl)MgBr (4.0 equiv.)
2) I2 (4.0 equiv.)
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14%

THF BocN

HF2C

BocN

HF2C Bpin



 181 

1-((3-(furan-2-yl)bicyclo[1.1.1]pentan-1-yl)sulfonyl)piperidine (13c) 

 

A flame-dried 10 mL RBF was charged with furan (15.0 mg, 0.220 mmol, 1.10 equiv.) and 
anhydrous THF (3.0 mL). n-BuLi in hexanes (2.5 M, 88 µL, 0.22 mmol, 1.1 equiv.) was added 
dropwise at –78 ºC. The mixture was warmed to ambient temperature and stirred for 1 h. A 
separate flame-dried 25 mL RBF was charged with 13a (68.3 mg, 0.200 mmol, 1.00 equiv.) 
and anhydrous THF (3.0 mL). The solution of furan-2-yl lithium was added dropwise at -78 
ºC, and the mixture stirred at -78 ºC for 1 h. Then, N-bromosuccinimide (39.2 mg, 0.220 mmol, 
1.10 equiv.) in anhydrous THF (3.0 mL) was added, and the mixture stirred at -78 ºC for another 
1 h. The flask was adjusted to 0 ºC, and sat. Na2S2O3 (2 mL) was added. The mixture was 
diluted with water (10 mL) and extracted with ethyl acetate (30 mL x 3). The combined organic 
extracts were dried over MgSO4, filtered, and concentrated. The crude mixture was 
chromatographed on SiO2 with 20 à 30% ethyl acetate in hexanes as the eluent. Fractions 
containing the desired compound were collected and concentrated under vacuum to afford the 
title compound as an off-white solid (16.4 mg, 29%). 

TLC: Rf = 0.35 (20% ethyl acetate in hexanes) 

1H NMR (500 MHz, CDCl3) δ 7.32 (dd, J = 1.8, 0.8 Hz, 1H), 6.31 (dd, J = 3.2, 1.8 Hz, 1H), 
6.10 (dd, J = 3.3, 0.9 Hz, 1H), 3.37 – 3.31 (m, 4H), 2.48 (s, 6H), 1.70 – 1.54 (m, 6H). [See 
spectrum] 

13C NMR (126 MHz, CDCl3) δ 151.6, 142.3, 110.5, 106.6, 54.0, 50.5, 47.2, 35.6, 26.2, 24.1. 
[See spectrum]  

HRMS (m/z): (ESI+) calc’d for C14H20O3NS [M+H]+: 282.1158, found: 282.1160. 
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2-((3-(4-(tert-butyl)phenyl)bicyclo[1.1.1]pentan-1-yl)methyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (1h) 

 

A flame-dried 50 mL flask was charged with 1a (33.0 mg, 0.100 mmol, 1.00 equiv.), 
dibromomethane (20.2 µL, 0.290 mmol, 2.90 equiv.) and 1.0 mL of anhydrous THF. The 
reaction mixture was cooled to -78 °C under an N2 atmosphere. Then, n-BuLi (2.5 M in hexanes, 
0.0880 mL, 0.220 mmol, 2.20 equiv.) was added dropwise. The reaction was stirred for 1 hour 
at -78 °C. The reaction mixture was then warmed to room temperature and was stirred at 
ambient temperature for 90 min. After this time, the reaction was quenched with sat. NH4Cl (3 
mL) and extracted with ethyl acetate (10 mL x 3). The organic layers were combined and 
washed with brine (15 mL), dried over Na2SO4, and concentrated. The crude reaction mixture 
was eluted on SiO2 with 0% à 20% ethyl acetate in hexanes as the eluent. Fractions containing 
the desired compound were collected and concentrated under vacuum to afford the title 
compound as a white solid (19.1 mg, 56%). 

TLC: Rf = 0.65 (10% ethyl acetate in hexanes)  

1H NMR (600 MHz, CDCl3) δ 7.32 (d, J = 8.3 Hz, 2H), 7.16 (d, J = 8.3 Hz, 2H), 1.96 (s, 6H), 
1.31 (s, 10H), 1.27 (s, 13H), 1.16 (s, 2H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 148.9, 138.6, 125.8, 124.9, 83.0, 54.3, 41.5, 35.9, 34.4, 31.4, 
24.9. [See spectrum] 

11B NMR (193 MHz, CDCl3) δ 32.9. [See spectrum] 

HRMS (m/z): (EI+) calc’d for C22H33BO2 [M]+: 340.2574, found: 340.2571. 

  

t-BuC6H4
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CH2Br2 (2.9 equiv.)
n-BuLi (2.2 equiv.)
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2,2,2-trifluoro-N-(3-hydroxybicyclo[1.1.1]pentan-1-yl)acetamide (16d) 

 

The reaction was performed by modifying a known procedure.41 16a (30.5 mg, 0.100 mmol, 
1.00 equiv.) was dissolved in THF (0.5 mL) in a 4 mL vial. To the solution was added urea•H2O2 
(11.3 mg, 0.120 mmol, 1.20 equiv.) and potassium acetate (11.8 mg, 0.120 mmol, 1.20 equiv.) 
at 0 ºC. Then, water (0.3 mL) was also added at 0 ºC, and the mixture was stirred for 10 min. 
The cooling bath was removed, and the reaction mixture was stirred at room temperature for 
20 h. The mixture was diluted with ethyl acetate (5 mL) and washed with saturated ammonium 
chloride (5 mL). The aqueous layer was extracted with ethyl acetate (5 mL x 2). The combined 
organic layers were dried over Na2SO4, filtered, and concentrated. The crude material was 
chromatographed on silica with 30% ethyl acetate in hexanes to afford the title compound as a 
white powder (14.2 mg, 73%). 

TLC: Rf = 0.3 (30% ethyl acetate in hexanes) 

1H NMR (600 MHz, Acetone) δ 8.93 (bs, 1H), 5.36 (bs, 1H), 2.18 (s, 6H). [See spectrum] 

13C NMR (151 MHz, Acetone) δ 205.2, 155.6 (q, JC-F = 36.5 Hz), 114.9 (q, JC-F = 287.9 Hz), 
61.3, 54.4, 54.3, 40.0, 28.0. [See spectrum] 

19F NMR (565 MHz, Acetone) δ -77.6. [See spectrum] 

HRMS (m/z): (ESI-) calc’d for C7H7F3NO2 [M-H]-: 194.0434, found: 194.0436. 
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tert-butyl 4-hydroxy-2-azabicyclo[2.1.1]hexane-2-carboxylate  (27c) 

 

The reaction was performed by modifying a known procedure.41 Compound 27a (18 mg, 0.057 
mmol, 1.0 equiv.) was dissolved in THF (0.25 mL) in a 4 mL vial. To the solution was added 
urea•H2O2 (6.4 mg, 0.068 mmol, 1.2 equiv.) and potassium acetate (6.7 mg, 0.12 mmol, 1.2 
equiv.) at 0 ºC. Then, water (0.15 mL) was also added at 0 ºC, and the mixture was stirred for 
10 min. The cooling bath was removed, and the reaction mixture was stirred at room 
temperature for 20 h. The mixture was diluted with ethyl acetate (4 mL) and washed with 
saturated ammonium chloride (4 mL). The aqueous layer was extracted with ethyl acetate (4 
mL x 2). The combined organic layers were washed with saturated aqueous sodium thiosulfate 
(2 mL), dried over Na2SO4, filtered, and concentrated. The crude material was 
chromatographed on silica with 30% ethyl acetate in hexanes to afford the title compound as a 
white powder (4.8 mg, 42%). 

TLC: N/A 

1H NMR (600 MHz, CDCl3) δ 4.32 (s, 1H), 3.37 (s, 2H), 2.77 (s, 1H), 2.08 – 1.88 (m, 4H), 
1.60 (s, 9H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 155.4, 79.7, 76.0, 52.9, 50.9, 47.2, 28.6. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C13H26NO4 [M+iPrOH+H]+: 260.1851, found: 260.1862. 
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N-(3-(benzylamino)bicyclo[1.1.1]pentan-1-yl)-2,2,2-trifluoroacetamide (16e) 

 

The reaction was performed by modifying a known procedure.49 16a (45.8 mg, 0.150 mmol) 
was dissolved in a mixture of MeOH (0.4 mL) and THF (0.2 mL). Then, KHF2 (58.6 mg, 0.750 
mmol, 5.00 equiv.) in water (0.2 mL) was added with vigorous stirring. The resulting mixture 
was stirred at room temperature for 3 h. The reaction mixture was co-evaporated with 1:1 
methanol:water repeatedly (1 mL x 5) to remove pinacol. The solid residue was extracted with 
acetone, filtered, and the filtrate concentrated. The residue was further co-evaporated with 
toluene (1 mL x 2) to remove residual water. The residue was dissolved in a mixture of toluene 
(1.5 mL) and acetonitrile (0.4 mL) in a 4 mL vial and sealed with a pressure-release septum 
cap. SiCl4 (34.4 µL, 0.300 mmol, 2.00 equiv.) was added through the septum cap via a syringe, 
and the mixture was stirred for 20 min at room temperature. Then, a 0.5 M solution of benzyl 
azide in dichloromethane (0.42 mL, 0.21 mmol, 1.4 equiv.) was added through the septum cap. 
The vial was brought into a nitrogen glovebox, and the septum cap was replaced with a cap 
lined with a Teflon seal. The vial was heated in a 50 ºC aluminum heating block for 16 h. After 
the vial was cooled to room temperature, the contents were poured into water (5 mL), and the 
organic layer was extracted with aqueous 1 M HCl (10 mL x 5). The combined aqueous layers 
were basified with 2 M NaOH to pH = 9 and then extracted with ether (20 mL x 5). The ether 
extracts were combined, dried over MgSO4, filtered, and concentrated. The crude material was 
chromatographed on silica gel with 100% ethyl acetate to afford the product as a white solid 
(33.0 mg, 77%). 

TLC: Rf = 0.6 (100% ethyl acetate) 

1H NMR (500 MHz, CDCl3) δ 7.33 – 7.20 (m, 5H), 6.69 (bs, 1H), 3.79 (s, 2H), 2.17 (s, 6H), 
2.10 (bs, 1H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 156.9 (JC-F = 37.3 Hz), 139.8, 128.5, 128.0, 127.2, 115.4 (q, 
JC-F = 288.7 Hz), 77.0, 53.5, 52.2, 50.4, 43.7. [See spectrum] 

19F NMR (470 MHz, CDCl3) δ -76.0. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C14H16F3N2O [M+H]+: 285.1210, found: 285.1209. 

1) KHF2 (5 equiv.)
2) SiCl4 (2 equiv.)

3) BnN3 (1.4 equiv.)
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2.4.7 Kinetic Studies 

Measurement of 1JC–H coupling constants. 

The 1JC–H coupling constants were measured by J-resolved 2D NMR spectroscopy. 5-10 mg of 
the compound of interest was dissolved in CDCl3, and a J-resolved 13C-1H 2D-spectrum was 
obtained. The peaks were assigned by comparison to the known 13C NMR spectrum and the 
desired 1JC–H coupling constant was directly read from the spectrum. The case of 1b is shown 
as an example below in Figure 2.12. 

 
1JC–H = 2783.10 – 2618.07 = 165.03 Hz. 

 

 

Figure 2.12. Example for the measurement of 1JC–H coupling constants. The example 
given is a J-resolved 13C-1H 2D-spectrum of 1b. 

  

���������������	�
�������������������������
�������

����

����

����

����

����

����

�	��

�	��

�
��

��
�
�
��

���������
��
��
���������	�����

���������	�����
����������
����

�������������
�

������������		�
������������
��

����������	����
���������������

���������������

�

���

���

���



 187 

Competition experiments. 

The competition experiments with 2-mphen as ligand were run to low conversion to prevent 
H-D exchange from significantly affecting the ratios of products. (See Sec. ) The competition 
experiments that were run to longer reaction times to achieve significant conversion are 
included for completeness. 

Competition between different types of C–H bonds. 

In a nitrogen glovebox, a 4 mL dram vial was charged with the appropriate ligand (25.0 µmol), 
[Ir(COD)(OMe)]2 (8.29 mg, 12.5 µL), and B2pin2 (6.35 mg, 25.0 µmol). Anhydrous THF (2.5 
mL) was added, after which the vial was tightly sealed with a Teflon-lined cap, removed from 
the glovebox, and heated in an aluminum heating block at 100 ºC for 5 min. The resultant 
solution was dispensed into fresh 4 mL vials (100 µL, 1.00 µmmol of catalyst), and the volatile 
materials were evaporated in vacuo. To the vials containing the catalyst were added B2pin2 
(5.08 mg, 20.0 µmol), adamantane (6.81 mg, 50.0 µmol), 4-tert-butylphenylbicyclopentane 
(1b) (10.0 mg, 50.0 µmol), substrate (50.0 µL), cyclooctane (120 µL), and a flea stir bar. The 
vial was tightly sealed with a Teflon-lined cap, removed from the glovebox, and heated in an 
aluminum heating block at the specified temperature for the specified reaction time. After the 
appropriate amounts of time had elapsed, the vials were removed from the heating block, 
brought into the glovebox, and an aliquot removed for analysis by gas chromatography. The 
ratio of the products are shown in Figure 2.13 and Figure 2.14. 

 

Figure 2.13. Competition experiments with substrates containing different types of C–H 
bonds with tmphen. Ratios of products determined with tmphen as the ligand. a 1JC–H coupling 
constant of the C–H bond that underwent borylation. b Ratio of products determined by GC 
analysis. 
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Figure 2.14. Competition experiments with substrates containing different types of C–H 
bonds with 2-mphen. Ratio of products determined with 2-mphen as the ligand. a 1JC–H 
coupling constant of the C–H bond that underwent borylation. b Ratio of products determined 
by GC analysis. 

Competition between BCP substrates. 

In a nitrogen glovebox, a 4 mL dram vial was charged with the appropriate ligand (25.0 µmol), 
[Ir(COD)(OMe)]2 (8.29 mg, 12.5 µL), and B2pin2 (6.35 mg, 25.0 µmol). Anhydrous THF (2.5 
mL) was added, after which time the vial was tightly sealed with a Teflon-lined cap, removed 
from the glovebox, and heated in an aluminum heating block at 100 ºC for 5 min. The resultant 
solution was dispensed into fresh 4 mL vials (100 µL, 1.00 µmmol of catalyst), and the volatile 
mateirals were evaporated in vacuo. To the vials containing the catalyst were added B2pin2 
(5.08 mg, 20.0 µmol), bicyclo[1.1.1]pentan-1-yltributylstannane (4b) (17.9 mg, 50.0 µmol), 
substrate (50.0 µL), cyclooctane (120 µL), and a flea stir bar. The vial was tightly sealed with 
a Teflon-lined cap, removed from the glovebox, and heated in an aluminum heating block at 
the specified temperature for the specified reaction time. After the appropriate amounts of time 
had elapsed, the vials were removed from the heating block, cooled to room temperature, and 
CH2Br2 was added. An aliquot was taken and analyzed by 1H NMR spectroscopy. The ratio of 
the products are shown in Figure 2.15 and Figure 2.16. 

 

 

Figure 2.15. Competition experiments with different BCP substrates with tmphen. Ratios 
of products determined with tmphen as the ligand. a 1JC–H coupling constant of the C–H bond 
that underwent borylation. c Ratio of products determined by NMR analysis. 
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Figure 2.16 Competition experiments with different BCP substrates with 2-mphen. Ratios 
of products determined with 2-mphen as the ligand. a 1JC–H coupling constant of the C–H bond 
that underwent borylation. c Ratio of products determined by NMR analysis. 

Measurement of kinetic isotope effects  

Initial attempts to measure KIE values by performing intermolecular competition reactions 
with 1b and 1b-d1 were hampered by several factors. Because the bridgehead position was the 
only one that was labelled, both substrates would react to form identical product. Thus, 
determination of the KIE directly would require accurate determination of the ratio of 
isotopomers in the remaining starting material (ideally at high conversions of the material, as 
in a Singleton-type experiment).60 Unfortunately, it was found that substantial H-D scrambling 
occurs through protodeboronation, especially at the longer reaction times required to reach high 
conversion. The source of the protons is presumably adventitious water or hydroxyl groups on 
the walls of the glass vial, although efforts to chemically modify the glass vials did not reduce 
the amount of protodeboronation. We thus resorted to the double competition experiment and 
independent initial rates measurements presented below, both of which were run to low 
conversion, where H-D scrambling is expected to introduce less error into the KIE value 
measured. An additional hurdle was the presence of substantial induction period during 
reactions catalyzed by complexes of both the 2-mphen and 2,9-dmphen systems, as shown 
below in Figure 2.17. We observed no obvious induction period with tmphen as ligand.  

Time courses showing the presence of induction periods for 2-mphen and 2,9-dmphen 

In a nitrogen glovebox, a 4 mL vial was charged with 4-tert-butylphenylbicyclopentane (1b, 
50.1 mg, 0.250 mmol), B2pin2 (95.2 mg, 0.375 mmol), (mesitylene)Ir(Bpin)3 (8.67 mg, 0.0125 
mmol), ligand, (2.95 mg, 0.0125 mmol), adamantane (17.0 mg, 0.125 mmol), and cyclooctane 
(200 µL). A stir bar was added to the mixture, and the vial tightly capped with a Teflon-lined 
cap. The vial was removed from the glovebox and heated in a preheated aluminum heating 
block at 100 ºC. Aliquots were removed at appropriate timepoints and analyzed by GC analysis. 

 

0

0.2

0.4

0.6

0.8

1

1.2

0 500 1000 1500 2000 2500 3000 3500 4000

[1
a]

 (M
)

Time (s)



 190 

Figure 2.17. Timecourses of the borylation of 1b. red circles: 2-mphen, green triangles: 2,9-
dmphen, blue diamonds: tmphen. 

 

Double competition experiment for the determination of the kinetic isotope effect 

In a nitrogen glovebox, a 4 mL vial was charged with 3,5-di(tert-butyl)phenylbicyclopentane 
(2b, 32.1 mg, 0.125 mmol) and either 4-tert-butylphenylbicyclopentane (1b, 25.0 mg, 0.125 
mmol) or 4-tert-butylphenylbicyclopentane-d1 (1b-d1, 25.0 mg, 0.125 mmol). Then, B2pin2 
(7.94 mg, 0.0312 mmol), [Ir(COD)OMe]2 (1.04 mg, 2.50 mol%), 2-mphen (0.61 mg, 5.0 
mol%), and cyclooctane (100 µL) were added. A stir bar was added to the mixture, and the vial 
tightly capped with a Teflon-lined cap. The vial was removed from the glovebox and heated in 
a preheated aluminum heating block at 100 ºC for 2 h. Then, an aliquot was taken and analyzed 
by GC analysis. The relative integrations for the borylated products 1a and 2a were recorded, 
and the KIE value obtained by dividing the ratios obtained from reactions done with 1b over 
those obtained with 1b-d1. The experiment was conducted in triplicate. 

 

Figure 2.18. The setup for the double competition experiment. Equivalent to Figure 2.6a of 
the main text. 
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An analogous reaction was initiated with only 1b-d1 under the reaction conditions. The extent 
of H-D scrambling in the starting material was < 5% as judged by NMR analysis. Thus, we do 
not anticipate large errors arising from protodeboronation.  
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Measurement of the KIE by the method of initial rates 

In a nitrogen glovebox, a 4 mL vial was charged with either 4-tert-butylphenylbicyclopentane 
(1b, 50.1 mg, 0.250 mmol) or 4-tert-butylphenylbicyclopentane-d1 (1b-d1, 50.3 mg, 0.250 
mmol). Then, B2pin2 (95.2 mg, 0.375 mmol), (mesitylene)Ir(Bpin)3 (8.67 mg, 0.0125 mmol), 
tmphen (2.95 mg, 0.0125 mmol), adamantane (17.0 mg, 0.125 mmol), and cyclooctane (200 
µL) were added. A stir bar was added to the mixture, and the vial tightly capped with a Teflon-
lined cap. The vial was removed from the glovebox and heated in a preheated aluminum 
heating block at 100 ºC. Aliquots were removed at appropriate timepoints and analyzed by GC. 
The experiment was conducted in triplicate. The concentration of product 1a was measured 
and plotted versus time to obtain the initial rates of the formation of 1a. 

 

 

Figure 2.19. Formation of borylated product 1a vs time with either 1b or 1b-d1. 
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Determination of the rate law of the catalytic reaction by the method of initial rates 

Order in substrate. 

In a nitrogen glovebox, adamantane (45.4 mg, 0.333 mmol) and B2pin2 (254 mg, 1.00 mmol) 
were dissolved in dry THF in a 2.0 mL volumetric flask. The resulting solution was dispensed 
into four 1-dram vials equipped with flea stir bars, (375 µL, 0.0625 mmol of adamantane, 0.188 
mmol of B2pin2). In a 2.0 mL volumetric flask, 4-tert-butylphenylbicyclopentane (1b) (250 mg, 
1.25 mmol) was dissolved in dry THF to make a 0.625 M solution. The solution was dispensed 
into the four 1-dram vials (100 µL, 0.0625 mmol; 200 µL, 0.125 mmol; 300 µL, 0.188 mmol; 
400 µL, 0.250 mmol; respectively). In a 1-dram vial tmphen (11.8 mg, 0.0500 mmol), 
(mesitylene)Ir(Bpin)3 (34.7 mg, 0.0500 mmol), and B2pin2 (12.7 mg, 0.0500 mmol) were 
dissolved in 1.00 mL dry THF. The vial was tightly sealed with a Teflon-lined cap and removed 
from the glovebox. The vial was heated in an aluminum heating block at 100 ºC for 5 min, 
resulting in a homogenous, deep red-brown solution. The vial was cooled to room temperature 
and returned to the glovebox. The solution was dispensed into the four 1-dram vials (125 µL, 
6.25 µmmol of catalyst). All volatile materials were carefully evaporated from the four 1-dram 
vials in vacuo. Then, dry cyclooctane (400 µL) was added, the vials tightly sealed with Teflon-
lined caps, and the vials removed from the glovebox. The vials were heated in an aluminum 
heating block at 100 ºC. At the appropriate timepoints, the vials were removed from the heating 
block, brought into the glovebox, and an aliquot removed for analysis by gas chromatography. 
The concentration of product 1a was measured and plotted versus time to obtain the initial rates 
of the formation of 1a. 

 

Table 2.1. Initial concentrations of [1b], [catalyst], and [B2pin2] (varying [1b]), and the 
corresponding initial rates of formation of 1a. 

[1b] (M) [catalyst] (mM) [B2pin2] (M) Initial Rate of 
Formation of 1a 
(mM.min-1) 

0.156 15.6 0.469 0.101 ± 0.003 

0.312 15.6 0.469 0.214 ± 0.004 

0.469 15.6 0.469 0.359 ± 0.010 

0.625 15.6 0.469 0.480 ± 0.014 
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Figure 2.20. Formation of borylated product 1a vs time varying initial concentration of 
substrate 1b. 

 

Figure 2.21. Plot of the initial rate of the formation of 1a varying the initial concentration of 
substrate 1b. Reproduced in Figure 2.6c. 
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Order in catalyst. 

In a nitrogen glovebox, B2pin2 (254 mg, 1.00 mmol) was dissolved in dry THF in a 2.0 mL 
volumetric flask. The resulting solution was dispensed into four 1-dram vials equipped with 
flea stir bars, (375 µL, 0.188 mmol of B2pin2). In a 1.0 mL volumetric flask, 4-tert-
butylphenylbicyclopentane (1b) (125 mg, 0.625 mmol) and adamantane (42.6 mg, 0.313 mmol) 
were dissolved in dry THF. The solution was dispensed into the four 1-dram vials (200 µL, 
0.125 mmol of 1b, 0.0625 mmol of adamantane). In a 1-dram vial tmphen (11.8 mg, 0.0500 
mmol), (mesitylene)Ir(Bpin)3 (34.7 mg, 0.0500 mmol), and B2pin2 (12.7 mg, 0.0500 mmol) 
were dissolved in 1.00 mL dry THF. The vial was tightly sealed with a Teflon-lined cap and 
removed from the glovebox. The vial was heated in an aluminum heating block at 100 ºC for 
5 min, resulting in a homogenous, deep red-brown solution. The vial was cooled to room 
temperature and returned to the glovebox. The solution was dispensed into the four 1-dram 
vials (62.5 µL, 3.13 µmol; 125 µL, 6.25 µmmol; 188 µL, 9.38 µmol; 250 µL, 12.5 µmol; 
respectively). All volatile materials were carefully removed from the four 1-dram vials in vacuo. 
Then, dry cyclooctane (400 µL) was added, the vials tightly sealed with Teflon-lined caps, and 
the vials removed from the glovebox. The vials were heated in an aluminum heating block at 
100 ºC. At the appropriate timepoints, the vials were removed from the heating block, brought 
into the glovebox, and an aliquot taken for gas chromatography analysis. The concentration of 
product 1a was measured and plotted versus time to obtain the initial rates of the formation of 
1a. 

Table 2.2. Initial concentrations of [1b], [catalyst], and [B2pin2] (varying [catalyst]), and the 
corresponding initial rates of formation of 1a. 

[1b] (M) [catalyst] (mM) [B2pin2] (M) Initial Rate of 
Formation of 1a 
(mM.min-1) 

0.312 7.81 0.469 0.172 ± 0.008 

0.312 15.6 0.469 0.324 ± 0.006 

0.312 23.4 0.469 0.564 ± 0.014 

0.312 31.2 0.469 0.713 ± 0.006 
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Figure 2.22. Formation of borylated product 1a vs time varying loading of catalyst. 

 

Figure 2.23. Plot of the initial rate of the formation of 1a varying the initial concentration of 
catalyst. Reproduced in Figure 2.6c. 
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Order in B2pin2. 

In a nitrogen glovebox, B2pin2 (254 mg, 1.00 mmol) was dissolved in dry THF in a 2.0 mL 
volumetric flask. The resulting solution was dispensed into four 1-dram vials equipped with 
flea stir bars, (188 µL, 0.0938 mmol; 375 µL, 0.188 mmol; 563 µL, 0.281 mmol; 750 µL, 0.375 
mmol; respectively). In a 1.0 mL volumetric flask, 4-tert-butylphenylbicyclopentane (1b) (125 
mg, 0.625 mmol) and adamantane (42.6 mg, 0.313 mmol) were dissolved in dry THF. The 
solution was dispensed into the four 1-dram vials (200 µL, 0.125 mmol of 1b, 0.0625 mmol of 
adamantane). In a 1-dram vial tmphen (11.8 mg, 0.0500 mmol), (mesitylene)Ir(Bpin)3 (34.7 
mg, 0.0500 mmol), and B2pin2 (12.7 mg, 0.0500 mmol) were dissolved in 1.00 mL dry THF. 
The vial was tightly sealed with a Teflon-lined cap and removed from the glovebox. The vial 
was heated in an aluminum heating block at 100 ºC for 5 min, resulting in a homogenous, deep 
red-brown solution. The vial was cooled to room temperature and returned to the glovebox. 
The solution was dispensed into the four 1-dram vials (125 µL, 6.25 µmmol of catalyst). All 
volatile materials were carefully removed from the four 1-dram vials in vacuo. Then, dry 
cyclooctane (400 µL) was added, the vials tightly sealed with Teflon-lined caps, and the vials 
removed from the glovebox. The vials were heated in an aluminum heating block at 100 ºC. At 
the appropriate timepoints, the vials were removed from the heating block, brought into the 
glovebox, and an aliquot taken for gas chromatography analysis. The concentration of product 
1a was measured and plotted versus time to obtain the initial rates of the formation of 1a. 

 

Table 2.3. Initial concentrations of [1b], [catalyst], and [B2pin2] (varying [B2pin2]), and the 
corresponding initial rates of formation of 1a. 

[1b] (M) [(tmphen)Ir(Bpin)3] 
(mM) 

[B2pin2] (M) Initial Rate of 
Formation of 1a 
(mM.min-1) 

0.312 15.6 0.234 0.238 ± 0.012 

0.312 15.6 0.469 0.240 ± 0.008 

0.312 15.6 0.703 0.240 ± 0.008 

0.312 15.6 0.938 0.240 ± 0.010 
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Figure 2.24. Formation of borylated product 1a vs time varying the initial concentration of 
B2pin2. 

 

Figure 2.25. Plot of the initial rate of the formation of 1a varying the initial concentration of 
B2pin2. Reproduced in Figure 2.6c. 

  

[1a] = 2.38E-04 t - 2.31E-03
R² = 9.93E-01

0

0.005

0.01

0.015

0.02

0.025

0 20 40 60 80 100 120

[1
a]

(M
)

Time (min)

[1a] = 2.40E-04 t - 2.77E-03
R² = 9.97E-01

0

0.005

0.01

0.015

0.02

0.025

0 20 40 60 80 100 120

[1
a]

 (M
)

Time (min)

[1a] = 2.40E-04 t - 2.55E-03
R² = 9.97E-01

0

0.005

0.01

0.015

0.02

0.025

0 20 40 60 80 100 120

[1
a]

 (M
)

Time (min)

[1a] = 2.39E-04 t - 2.92E-03
R² = 9.94E-01

0

0.005

0.01

0.015

0.02

0.025

0 20 40 60 80 100 120

[1
a]

 (M
)

Time (min)

[B2pin2]0 = 0.234 M [B2pin2]0 = 0.469 M

[B2pin2]0 = 0.703 M [B2pin2]0 = 0.938 M

Rate = 0.0012[B2pin2]0 + 0.2387
R² = 0.1765

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0 0.2 0.4 0.6 0.8 1

Ra
te

 (m
M

/m
in

)

[B2pin2]0 (M)



 198 

2.4.8 Computational Studies 

General Considerations 

DFT calculations were conducted at the Molecular Graphics and Computation Facility (MGCF) 
at the University of California, Berkeley using the Gaussian 16 software package.61 Initial 
geometries were constructed in GaussView 6 and optimized to stationary points (either minima 
or first-order saddle points) using the PBE0 functional (the hybrid functional based on the 
Perdew-Burke-Ernzerhof functional [PBE]62, 63 as described by Adamo64) with Grimme’s D3 
dispersion correction with Becke-Johnson damping (GD3-BJ)65 and the basis sets def2-TZVP 
(with effective core potential) for Ir and def2-SVP for all light atoms (BS1). The nature of each 
stationary point was verified by accompanying frequency calculations (all positive eigenvalues 
for minima and exactly one negative eigenvalue for transition states). For each ground state 
and transition state, several isomeric geometries about the iridium center and conformers 
resulting from rotations of the boryl group about the Ir–B bond were considered. Their 
geometries and energies were optimized in Gaussian, and only those lowest in energy or 
relevant to the reaction coordinate are presented here. Connectivity of transition states to 
ground-state minima was established by following the intrinsic reaction coordinate (IRC). 
Frequencies were evaluated at 1 atm at 373.15 K (100 °C). Further single point energy (SPE) 
calculations were performed on the optimized geometries with the larger def2-QZVPD basis 
set66 (with ECP)67 on Ir and the def2-TZVPD basis set66 on all light atoms (obtained through 
the Basis Set Exchange, accessed September 2021)68-70 (BS2). The SPE calculations were 
performed in cyclohexane solvent using the SMD solvent continuum reported by Truhlar and 
co-workers.71 In all cases, Gibbs free energies for calculations using BS2 were approximated 
by summing the internal energy calculated with BS2 and the thermal correction from the 
frequency calculation on the same structure with BS1.  

Discussion of Alternate pathways 

To investigate the possibility of a Ir(I)-Ir(III) cycle, the free energies of [Ir](Bpin), B2pin2, and 
[Ir](Bpin)3 were calculated and compared. Formation of [Ir](Bpin)3 from [Ir](Bpin) and 
B2pin2 is exergonic by 50.9 kcal/mol. Thus, reactivity through Ir(I) species in the presence of 
large excesses of B2pin2 is unlikely. In contrast, the energy of [Ir](Bpin)5 is calculated to be 
only 3.1 kcal/mol above that of [Ir](Bpin)3 and B2pin2 Therefore, [Ir](Bpin)5 could be present 
in small quantities. 

The isomerization process that we present here is analogous to that proposed for the borylation 
of chlorosilanes by Himo54 and the borylation of benzylic C–H bonds by our own group.53 The 
isomerization occurs through isom-TS-[Ir](R)(H)(Bpin)3, which adopts a pentagonal-
bipyramidal configuration in which the hydride is nearly coplanar with the phenanthroline 
ligand and two boryl groups. 

Sakaki has proposed an alternative isomerization pathway prior to the reductive elimination to 
form the C–B bond during the borylation of tetrahydrofuran.52 This process involves the 
repositioning of the two boryl groups that are located below the phenanthroline plane. We were 
unable to find a transition state structure for such a potential isomerization mechanism for the 
Ir(V)-bicyclopentyl complex. When we performed IRC calculations and fully followed RE-
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TS-[Ir](Bpin)3(R)(H) along its path to revert to the starting materials during an optimization 
calculation, we found that the structure of one of the steps resembled the transition state for 
isomerization reported by Sakaki. (See center structure in Figure 2.27) Therefore, it appears 
that reductive elimination from the bicyclopentyl complex occurs in a continuous manner with 
no discrete transition state for isomerization during this process. 

 

 

Figure 2.26. Energy Diagram obtained via DFT calculations. Equivalent to Figure 2.7. 

 

+ 0.0

+ 3.1

+ 8.9

+ 23.3

+ 12.2

+ 30.1

+ 18.4

+ 22.0

N

N
Ir
Bpin

Bpin
Bpin

N

N
Ir
Bpin

Bpin
Bpin

Bpin Bpin

N

N
Ir
Bpin

Bpin
Bpin

H
R

N

N
Ir
Bpin

Bpin
Bpin

H
R

N

N
Ir

pinB

Bpin
Bpin

HR

N

N
Ir

pinB

Bpin
H

BpinR

N

N
Ir

Bpin

Bpin

H
Bpin

R

N

N
Ir

pinB Bpin
H

BpinR

N

N
=

N N
Me

Me

Me

Me

+

Bpin

∆G
37

3.
15

 (k
ca

l/m
ol

)

[Ir](Bpin)3 R-H

[Ir](Bpin)5

σ-(R-H)[Ir](Bpin)3

[Ir](Bpin)3(R)(H)

iso-[Ir](Bpin)3(R)(H)

N

N
Ir Bpin

[Ir](Bpin)

≈

+ 50.9

B2pin2

R-H

R-H 
B2pin2

OA-TS-[Ir](R-H)(Bpin)3

⧧

⧧

isom-TS-[Ir](R)(H)(Bpin)3

+ 4.1

N

N
Ir
Bpin

Bpin
H

H
N

N
Ir
Bpin

Bpin
Bpin

- 6.3

⧧

RE-TS-iso-[Ir](Bpin)3(R)(H)

[Ir](Bpin)3

[Ir](H)(Bpin)2

HBpin

B2pin2

R-Bpin

N

N
Ir

pinB

Bpin

Bpin
H

R
⧧

RE-TS-[Ir](Bpin)3(R)(H)
+ 38.6

a

b

[Ir](Bpin)3(R)(H) isom-TS-[Ir](R)(H)(Bpin)3 iso-[Ir](Bpin)3(R)(H)



 200 

 

Figure 2.27. Plot of energy versus step number for the structure changes along the 
reaction coordinate from RE-TS-[Ir](Bpin)3(R)(H) to [Ir](Bpin)3(R)(H) and selected 
structures. 

 

[Ir](Bpin)3(R)(H)RE-TS-[Ir](Bpin)3(R)(H) isom-2-[Ir](Bpin)3(R)(H)

isom-2-[Ir](Bpin)3(R)(H)

[Ir](Bpin)3(R)(H)

RE-TS-[Ir](Bpin)3(R)(H)
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Calculated KIE value 

Zero-point energies (ZPEs) were calculated assuming harmonic potentials for bicyclo-[1.1.1]-
pentane, bicyclo-[1.1.1]-pentane-d1, Isom-TS-[Ir](R)(H)(Bpin)3, and Isom-TS-
[Ir](R)(H)(Bpin)3-d1. The KIE value was obtained by applying the Eyring equation to the 
differences in ZPEs. 

 

Species ZPE-H 
(Hartree) 

ZPE-D 
(Hartree) 

ZPE-diff 
(Hartree) 

ZPE-diff 
(kcal/mol) 

bicyclopentane 0.117665 0.114414 0.003251 2.040 

Isom-TS-
[Ir](R)(H)(Bpin)3 

0.947681 0.945266 0.002415 1.515 

 

 

KIE = exp((2.040-1.154)/0.741529) = 2.03  
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2.4.9 NMR spectra 

Sodium bicyclo[1.1.1]pentanesulfinate [Experimental] 
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2-methylphenanthroline 

[Experimental] 
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L3 

2,2’-((3-fluorophenyl)methylene)dipyridine [Experimental] 
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L4 

5-methyl-2-(thiophen-3-yl)pyridine [Experimental] 
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Compound 1b 

1-(4-(tert-butyl)phenyl)bicyclo[1.1.1]pentane [Experimental] 
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Compound 2b 

1-(3,5-di-tert-butylphenyl)bicyclo[1.1.1]pentane [Experimental] 
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Compound 3b 

bicyclo[1.1.1]pentan-1-yl(tert-butyl)sulfane [Experimental] 
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Compound 4b 

bicyclo[1.1.1]pentan-1-yltributylstannane [Experimental] 
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Compound 11b 

1-(methylsulfonyl)bicyclo[1.1.1]pentane [Experimental] 
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Compound 12b 

bicyclo[1.1.1]pentane-1-sulfonamide [Experimental] 
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Compound 13b 

1-(bicyclo[1.1.1]pentan-1-ylsulfonyl)piperidine [Experimental] 
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Compound 14b 

4-(bicyclo[1.1.1]pentan-1-ylsulfonyl)morpholine [Experimental] 
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Compound 16b 

N-(bicyclo[1.1.1]pentan-1-yl)-2,2,2-trifluoroacetamide [Experimental]

������������������������������������������	��	��
��
������������
�������

�
��
�

��
�
�

��
�
�

��
��

��
�



�
��



	�
��
�
�
�
��

��

�

�

�

�

���������		���
��������



 216 

 

  

���������������	�
��������������������������	��
�������
�������

��
�

�

�
��





�
��
�


��
��
�
��
�
�
��

��
��
�


��
�
��
	

��
�
��
	

��


��
	

��
�
��



��
�
��



��
��
�
	

��
��
�
�

��

�

�

�

�

����������	
������������

���������������������������	��
���������������������������
�	��������������������
�������

�	


��
	

���������	
�������������

��

�

�

�

�



 217 

Compound 19b 

1-(3-methoxyphenyl)bicyclo[1.1.1]pentane [Experimental] 
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Compound 20b 

N-(bicyclo[1.1.1]pentan-1-yl)-2-propylpentanamide [Experimental] 
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0.89, 14.03 (?, 5)(?, 7)0.89, 14.03 (?, 5)(?, 7)0.89, 14.03 (?, 5)(?, 7)0.89, 14.03 (?, 5)(?, 7)0.89, 14.03 (?, 5)(?, 7)0.89, 14.03 (?, 5)(?, 7)0.89, 14.03 (?, 5)(?, 7)0.89, 14.03 (?, 5)(?, 7)0.89, 14.03 (?, 5)(?, 7)0.89, 14.03 (?, 5)(?, 7)0.89, 14.03 (?, 5)(?, 7)0.89, 14.03 (?, 5)(?, 7)0.89, 14.03 (?, 5)(?, 7)0.89, 14.03 (?, 5)(?, 7)0.89, 14.03 (?, 5)(?, 7)0.89, 14.03 (?, 5)(?, 7)0.89, 14.03 (?, 5)(?, 7)0.89, 14.03 (?, 5)(?, 7)0.89, 14.03 (?, 5)(?, 7)0.89, 14.03 (?, 5)(?, 7)0.89, 14.03 (?, 5)(?, 7)

2.09, 52.59 (12, 12)(14, 14)(15, 15)2.09, 52.59 (12, 12)(14, 14)(15, 15)2.09, 52.59 (12, 12)(14, 14)(15, 15)2.09, 52.59 (12, 12)(14, 14)(15, 15)2.09, 52.59 (12, 12)(14, 14)(15, 15)2.09, 52.59 (12, 12)(14, 14)(15, 15)2.09, 52.59 (12, 12)(14, 14)(15, 15)2.09, 52.59 (12, 12)(14, 14)(15, 15)2.09, 52.59 (12, 12)(14, 14)(15, 15)2.09, 52.59 (12, 12)(14, 14)(15, 15)2.09, 52.59 (12, 12)(14, 14)(15, 15)2.09, 52.59 (12, 12)(14, 14)(15, 15)2.09, 52.59 (12, 12)(14, 14)(15, 15)2.09, 52.59 (12, 12)(14, 14)(15, 15)2.09, 52.59 (12, 12)(14, 14)(15, 15)2.09, 52.59 (12, 12)(14, 14)(15, 15)2.09, 52.59 (12, 12)(14, 14)(15, 15)2.09, 52.59 (12, 12)(14, 14)(15, 15)2.09, 52.59 (12, 12)(14, 14)(15, 15)2.09, 52.59 (12, 12)(14, 14)(15, 15)2.09, 52.59 (12, 12)(14, 14)(15, 15)

1.29, 20.78 (4, 4)(6, 6)1.29, 20.78 (4, 4)(6, 6)1.29, 20.78 (4, 4)(6, 6)1.29, 20.78 (4, 4)(6, 6)1.29, 20.78 (4, 4)(6, 6)1.29, 20.78 (4, 4)(6, 6)1.29, 20.78 (4, 4)(6, 6)1.29, 20.78 (4, 4)(6, 6)1.29, 20.78 (4, 4)(6, 6)1.29, 20.78 (4, 4)(6, 6)1.29, 20.78 (4, 4)(6, 6)1.29, 20.78 (4, 4)(6, 6)1.29, 20.78 (4, 4)(6, 6)1.29, 20.78 (4, 4)(6, 6)1.29, 20.78 (4, 4)(6, 6)1.29, 20.78 (4, 4)(6, 6)1.29, 20.78 (4, 4)(6, 6)1.29, 20.78 (4, 4)(6, 6)1.29, 20.78 (4, 4)(6, 6)1.29, 20.78 (4, 4)(6, 6)1.29, 20.78 (4, 4)(6, 6)

2.43, 24.35 (?, 1)(13, ?)2.43, 24.35 (?, 1)(13, ?)2.43, 24.35 (?, 1)(13, ?)2.43, 24.35 (?, 1)(13, ?)2.43, 24.35 (?, 1)(13, ?)2.43, 24.35 (?, 1)(13, ?)2.43, 24.35 (?, 1)(13, ?)2.43, 24.35 (?, 1)(13, ?)2.43, 24.35 (?, 1)(13, ?)2.43, 24.35 (?, 1)(13, ?)2.43, 24.35 (?, 1)(13, ?)2.43, 24.35 (?, 1)(13, ?)2.43, 24.35 (?, 1)(13, ?)2.43, 24.35 (?, 1)(13, ?)2.43, 24.35 (?, 1)(13, ?)2.43, 24.35 (?, 1)(13, ?)2.43, 24.35 (?, 1)(13, ?)2.43, 24.35 (?, 1)(13, ?)2.43, 24.35 (?, 1)(13, ?)2.43, 24.35 (?, 1)(13, ?)2.43, 24.35 (?, 1)(13, ?)

1.91, 47.74 (1, ?)1.91, 47.74 (1, ?)1.91, 47.74 (1, ?)1.91, 47.74 (1, ?)1.91, 47.74 (1, ?)1.91, 47.74 (1, ?)1.91, 47.74 (1, ?)1.91, 47.74 (1, ?)1.91, 47.74 (1, ?)1.91, 47.74 (1, ?)1.91, 47.74 (1, ?)1.91, 47.74 (1, ?)1.91, 47.74 (1, ?)1.91, 47.74 (1, ?)1.91, 47.74 (1, ?)1.91, 47.74 (1, ?)1.91, 47.74 (1, ?)1.91, 47.74 (1, ?)1.91, 47.74 (1, ?)1.91, 47.74 (1, ?)1.91, 47.74 (1, ?)

1.57, 35.16 (?, 2)(?, 3)1.57, 35.16 (?, 2)(?, 3)1.57, 35.16 (?, 2)(?, 3)1.57, 35.16 (?, 2)(?, 3)1.57, 35.16 (?, 2)(?, 3)1.57, 35.16 (?, 2)(?, 3)1.57, 35.16 (?, 2)(?, 3)1.57, 35.16 (?, 2)(?, 3)1.57, 35.16 (?, 2)(?, 3)1.57, 35.16 (?, 2)(?, 3)1.57, 35.16 (?, 2)(?, 3)1.57, 35.16 (?, 2)(?, 3)1.57, 35.16 (?, 2)(?, 3)1.57, 35.16 (?, 2)(?, 3)1.57, 35.16 (?, 2)(?, 3)1.57, 35.16 (?, 2)(?, 3)1.57, 35.16 (?, 2)(?, 3)1.57, 35.16 (?, 2)(?, 3)1.57, 35.16 (?, 2)(?, 3)1.57, 35.16 (?, 2)(?, 3)1.57, 35.16 (?, 2)(?, 3)

0.89, 20.72 (?, 4)(?, 6)(5, ?)(7, ?)0.89, 20.72 (?, 4)(?, 6)(5, ?)(7, ?)0.89, 20.72 (?, 4)(?, 6)(5, ?)(7, ?)0.89, 20.72 (?, 4)(?, 6)(5, ?)(7, ?)0.89, 20.72 (?, 4)(?, 6)(5, ?)(7, ?)0.89, 20.72 (?, 4)(?, 6)(5, ?)(7, ?)0.89, 20.72 (?, 4)(?, 6)(5, ?)(7, ?)0.89, 20.72 (?, 4)(?, 6)(5, ?)(7, ?)0.89, 20.72 (?, 4)(?, 6)(5, ?)(7, ?)0.89, 20.72 (?, 4)(?, 6)(5, ?)(7, ?)0.89, 20.72 (?, 4)(?, 6)(5, ?)(7, ?)0.89, 20.72 (?, 4)(?, 6)(5, ?)(7, ?)0.89, 20.72 (?, 4)(?, 6)(5, ?)(7, ?)0.89, 20.72 (?, 4)(?, 6)(5, ?)(7, ?)0.89, 20.72 (?, 4)(?, 6)(5, ?)(7, ?)0.89, 20.72 (?, 4)(?, 6)(5, ?)(7, ?)0.89, 20.72 (?, 4)(?, 6)(5, ?)(7, ?)0.89, 20.72 (?, 4)(?, 6)(5, ?)(7, ?)0.89, 20.72 (?, 4)(?, 6)(5, ?)(7, ?)0.89, 20.72 (?, 4)(?, 6)(5, ?)(7, ?)0.89, 20.72 (?, 4)(?, 6)(5, ?)(7, ?)

1.57, 20.79 (?, 4)(?, 6)1.57, 20.79 (?, 4)(?, 6)1.57, 20.79 (?, 4)(?, 6)1.57, 20.79 (?, 4)(?, 6)1.57, 20.79 (?, 4)(?, 6)1.57, 20.79 (?, 4)(?, 6)1.57, 20.79 (?, 4)(?, 6)1.57, 20.79 (?, 4)(?, 6)1.57, 20.79 (?, 4)(?, 6)1.57, 20.79 (?, 4)(?, 6)1.57, 20.79 (?, 4)(?, 6)1.57, 20.79 (?, 4)(?, 6)1.57, 20.79 (?, 4)(?, 6)1.57, 20.79 (?, 4)(?, 6)1.57, 20.79 (?, 4)(?, 6)1.57, 20.79 (?, 4)(?, 6)1.57, 20.79 (?, 4)(?, 6)1.57, 20.79 (?, 4)(?, 6)1.57, 20.79 (?, 4)(?, 6)1.57, 20.79 (?, 4)(?, 6)1.57, 20.79 (?, 4)(?, 6)

F2 Chemical Shift (ppm) 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0 -0.5

F1
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(p

pm
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 5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7 

 4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6 
 1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1 

 12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15 
 13  13  13  13  13  13  13  13  13  13  13  13  13  13  13  13  13  13  13  13  13  13 

 12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15 

 2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3 

 1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1 
 4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6 
 5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7 
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Compound 21b 

(1R,4aR,4bR,10aR)-N-(bicyclo[1.1.1]pentan-1-yl)-7-isopropyl-1,4a-dimethyl-
1,2,3,4,4a,4b,5,6,10,10a-decahydrophenanthrene-1-carboxamide [Experimental] 

 

 

Chemical Shift (ppm)8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0

3.006.355.109.936.532.421.061.691.071.030.97
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Compound 34b 

tert-butyl 4-((triisopropylsilyl)ethynyl)-2-azabicyclo[2.1.1]hexane-2-carboxylate 
[Experimental] 
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bicyclo[1.1.0]butane-1-carboxylic acid, tert-butyl ester 

[Experimental] 

 

  

������������������������������������������	��	��
��
������������
�������

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

	
��
�
�
�
�
��

�

�

���

���

���

���������		���
��������

���������������	�
��������������������������	��
����
�������

�
�
��
�

�
�
�	
�

�
	
��
�

�
�
��
�

�
�
��
�
��
�
�
��

	
�
��
�

�
�
�
��



�

�

���

���

���

����������	���
���������������������������	�������������	��	������	�



 224 

Compound 1a 

2-(3-(4-(tert-butyl)phenyl)bicyclo[1.1.1]pentan-1-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane [Experimental]
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Compound 2a 

2-(3-(3,5-di-tert-butylphenyl)bicyclo[1.1.1]pentan-1-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane [Experimental]
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Compound 3a 

2-(3-(tert-butylthio)bicyclo[1.1.1]pentan-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 
[Experimental] 
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Compound 4a 

tributyl(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentan-1-
yl)stannane [Experimental] 
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Compound 5a 

2-(3-(bromomethyl)bicyclo[1.1.1]pentan-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 
[Experimental] 
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Compound 6a 

(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentan-1-yl)methanol 
[Experimental] 
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Compound 7a 

2-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentan-1-yl)ethan-1-ol) 
[Experimental] 

������������������������������������������	��	��
��
������������
�������

��
��
�

��
�


�
��
�

��
�
�

��
�
�

��
	�
��
		
��
	

��
�
�

��
�
�

��
�
�

�
�	
�

�
�	



�
�	
�

	�
��
�
�
�
��

���������		���
�������

��

�

�

�

���

���

���

���



 237 

 

  

���������������	�
��������������������������	��
�������
�������

��
�	
�

�
�
��
�

�
�
�	
�

�
��
��

�
��
��

��
��
�
��
�
�
��

	
�
��
�

����������	���
���������

��

�

�

�

���

���

���

���

�������������������	��
��
�	�������������
�
�����

�
�
��
�

�����������	��
�����	�

��

�

�

�

���

���

���

���



 238 

Compound 8a 

tert-butyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentane-1-
carboxylate) [Experimental] 
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Compound 9a 

tert-butyl 2-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentan-1-
yl)acetate [Experimental] 
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Compound 10a 

tert-butyl 2,2-difluoro-2-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)bicyclo[1.1.1]pentan-1-yl)acetate [Experimental] 
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Compound 11a 

4,4,5,5-tetramethyl-2-(3-(methylsulfonyl)bicyclo[1.1.1]pentan-1-yl)-1,3,2-dioxaborolane 
[Experimental] 
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Compound 12a 

3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentane-1-sulfonamide 
[Experimental] 
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Compound 13a 

1-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentan-1-
yl)sulfonyl)piperidine [Experimental] 
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Compound 14a 

4-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentan-1-
yl)sulfonyl)morpholine [Experimental] 
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Compound 15a 

2-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentan-1-yl)hexahydro-
1H-4,7-methanoisoindole-1,3(2H)-dione [Experimental] 
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Compound 16a 

2,2,2-trifluoro-N-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentan-1-
yl)acetamide [Experimental] 
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Compound 17a 

tert-butyl 3-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentan-1-
yl)methyl)azetidine-1-carboxylate [Experimental] 
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Compound 18a 

tert-butyl 3-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentan-1-
yl)pyrrolidine-1-carboxylate [Experimental] 
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Compound 19a 

2-(3-methoxy-5-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentan-1-
yl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane [Experimental] 
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Compound 20a 

2-propyl-N-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentan-1-
yl)pentanamide [Experimental] 

 

 

Chemical Shift (ppm)8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0

9.8420.194.000.845.070.78

24

5,7

12,14,15

1

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
87

0.
87

0.
87

0.
87

0.
87

0.
87

0.
87

0.
87

0.
87

0.
87

0.
87

0.
87

0.
87

0.
87

0.
87

0.
87

0.
87

0.
87

0.
87

0.
87

0.
87

0.
87

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
26

1.
26

1.
26

1.
26

1.
26

1.
26

1.
26

1.
26

1.
26

1.
26

1.
26

1.
26

1.
26

1.
26

1.
26

1.
26

1.
26

1.
26

1.
26

1.
26

1.
26

1.
26

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
29

1.
291.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

59
1.

59
1.

59
1.

59
1.

59
1.

59
1.

59
1.

59
1.

59
1.

59
1.

59
1.

59
1.

59
1.

59
1.

59
1.

59
1.

59
1.

59
1.

59
1.

59
1.

59
1.

59
1.

87
1.

87
1.

87
1.

87
1.

87
1.

87
1.

87
1.

87
1.

87
1.

87
1.

87
1.

87
1.

87
1.

87
1.

87
1.

87
1.

87
1.

87
1.

87
1.

87
1.

87
1.

87
1.

88
1.

88
1.

88
1.

88
1.

88
1.

88
1.

88
1.

88
1.

88
1.

88
1.

88
1.

88
1.

88
1.

88
1.

88
1.

88
1.

88
1.

88
1.

88
1.

88
1.

88
1.

88
1.

89
1.

89
1.

89
1.

89
1.

89
1.

89
1.

89
1.

89
1.

89
1.

89
1.

89
1.

89
1.

89
1.

89
1.

89
1.

89
1.

89
1.

89
1.

89
1.

89
1.

89
1.

89
2.

15
2.

15
2.

15
2.

15
2.

15
2.

15
2.

15
2.

15
2.

15
2.

15
2.

15
2.

15
2.

15
2.

15
2.

15
2.

15
2.

15
2.

15
2.

15
2.

15
2.

15
2.

15

5.
67

5.
67

5.
67

5.
67

5.
67

5.
67

5.
67

5.
67

5.
67

5.
67

5.
67

5.
67

5.
67

5.
67

5.
67

5.
67

5.
67

5.
67

5.
67

5.
67

5.
67

5.
67

1

2

3

45 6

7

8 NH
9

O 11 12

1314

15

B O

18
19

O

21
22

23

24



 263 

 

  

 Chemical Shift (ppm)220 200 180 160 140 120 100 80 60 40

38.1550.452.36102.2147.2121.402.4957.192.00-41.58

detected by HMBC

4,6

1

2,3

CHLOROFORM-d

12,14,15
24

5,7

18,198

14
.1

3
14

.1
3

14
.1

3
14

.1
3

14
.1

3
14

.1
3

14
.1

3
14

.1
3

14
.1

3
14

.1
3

14
.1

3
14

.1
3

14
.1

3
14

.1
3

14
.1

3
14

.1
3

14
.1

3
14

.1
3

14
.1

3
14

.1
3

14
.1

3
14

.1
3

20
.8

0
20

.8
0

20
.8

0
20

.8
0

20
.8

0
20

.8
0

20
.8

0
20

.8
0

20
.8

0
20

.8
0

20
.8

0
20

.8
0

20
.8

0
20

.8
0

20
.8

0
20

.8
0

20
.8

0
20

.8
0

20
.8

0
20

.8
0

20
.8

0
20

.8
0

21
.2

8
21

.2
8

21
.2

8
21

.2
8

21
.2

8
21

.2
8

21
.2

8
21

.2
8

21
.2

8
21

.2
8

21
.2

8
21

.2
8

21
.2

8
21

.2
8

21
.2

8
21

.2
8

21
.2

8
21

.2
8

21
.2

8
21

.2
8

21
.2

8
21

.2
8

24
.6

7
24

.6
7

24
.6

7
24

.6
7

24
.6

7
24

.6
7

24
.6

7
24

.6
7

24
.6

7
24

.6
7

24
.6

7
24

.6
7

24
.6

7
24

.6
7

24
.6

7
24

.6
7

24
.6

7
24

.6
7

24
.6

7
24

.6
7

24
.6

7
24

.6
7

35
.1

0
35

.1
0

35
.1

0
35

.1
0

35
.1

0
35

.1
0

35
.1

0
35

.1
0

35
.1

0
35

.1
0

35
.1

0
35

.1
0

35
.1

0
35

.1
0

35
.1

0
35

.1
0

35
.1

0
35

.1
0

35
.1

0
35

.1
0

35
.1

0
35

.1
0

47
.7

0
47

.7
0

47
.7

0
47

.7
0

47
.7

0
47

.7
0

47
.7

0
47

.7
0

47
.7

0
47

.7
0

47
.7

0
47

.7
0

47
.7

0
47

.7
0

47
.7

0
47

.7
0

47
.7

0
47

.7
0

47
.7

0
47

.7
0

47
.7

0
47

.7
0

48
.3

2
48

.3
2

48
.3

2
48

.3
2

48
.3

2
48

.3
2

48
.3

2
48

.3
2

48
.3

2
48

.3
2

48
.3

2
48

.3
2

48
.3

2
48

.3
2

48
.3

2
48

.3
2

48
.3

2
48

.3
2

48
.3

2
48

.3
2

48
.3

2
48

.3
2

54
.1

2
54

.1
2

54
.1

2
54

.1
2

54
.1

2
54

.1
2

54
.1

2
54

.1
2

54
.1

2
54

.1
2

54
.1

2
54

.1
2

54
.1

2
54

.1
2

54
.1

2
54

.1
2

54
.1

2
54

.1
2

54
.1

2
54

.1
2

54
.1

2
54

.1
2

77
.0

0
77

.0
0

77
.0

0
77

.0
0

77
.0

0
77

.0
0

77
.0

0
77

.0
0

77
.0

0
77

.0
0

77
.0

0
77

.0
0

77
.0

0
77

.0
0

77
.0

0
77

.0
0

77
.0

0
77

.0
0

77
.0

0
77

.0
0

77
.0

0
77

.0
0

83
.4

2
83

.4
2

83
.4

2
83

.4
2

83
.4

2
83

.4
2

83
.4

2
83

.4
2

83
.4

2
83

.4
2

83
.4

2
83

.4
2

83
.4

2
83

.4
2

83
.4

2
83

.4
2

83
.4

2
83

.4
2

83
.4

2
83

.4
2

83
.4

2
83

.4
2

17
6.

29
17

6.
29

17
6.

29
17

6.
29

17
6.

29
17

6.
29

17
6.

29
17

6.
29

17
6.

29
17

6.
29

17
6.

29
17

6.
29

17
6.

29
17

6.
29

17
6.

29
17

6.
29

17
6.

29
17

6.
29

17
6.

29
17

6.
29

17
6.

29
17

6.
29

  

2.15, 48.32 (12, ?)(14, ?)(15, ?)2.15, 48.32 (12, ?)(14, ?)(15, ?)2.15, 48.32 (12, ?)(14, ?)(15, ?)2.15, 48.32 (12, ?)(14, ?)(15, ?)2.15, 48.32 (12, ?)(14, ?)(15, ?)2.15, 48.32 (12, ?)(14, ?)(15, ?)2.15, 48.32 (12, ?)(14, ?)(15, ?)2.15, 48.32 (12, ?)(14, ?)(15, ?)2.15, 48.32 (12, ?)(14, ?)(15, ?)2.15, 48.32 (12, ?)(14, ?)(15, ?)2.15, 48.32 (12, ?)(14, ?)(15, ?)2.15, 48.32 (12, ?)(14, ?)(15, ?)2.15, 48.32 (12, ?)(14, ?)(15, ?)2.15, 48.32 (12, ?)(14, ?)(15, ?)2.15, 48.32 (12, ?)(14, ?)(15, ?)2.15, 48.32 (12, ?)(14, ?)(15, ?)2.15, 48.32 (12, ?)(14, ?)(15, ?)2.15, 48.32 (12, ?)(14, ?)(15, ?)2.15, 48.32 (12, ?)(14, ?)(15, ?)2.15, 48.32 (12, ?)(14, ?)(15, ?)2.15, 48.32 (12, ?)(14, ?)(15, ?)

2.15, 21.30 (12, ?)(14, ?)(15, ?)2.15, 21.30 (12, ?)(14, ?)(15, ?)2.15, 21.30 (12, ?)(14, ?)(15, ?)2.15, 21.30 (12, ?)(14, ?)(15, ?)2.15, 21.30 (12, ?)(14, ?)(15, ?)2.15, 21.30 (12, ?)(14, ?)(15, ?)2.15, 21.30 (12, ?)(14, ?)(15, ?)2.15, 21.30 (12, ?)(14, ?)(15, ?)2.15, 21.30 (12, ?)(14, ?)(15, ?)2.15, 21.30 (12, ?)(14, ?)(15, ?)2.15, 21.30 (12, ?)(14, ?)(15, ?)2.15, 21.30 (12, ?)(14, ?)(15, ?)2.15, 21.30 (12, ?)(14, ?)(15, ?)2.15, 21.30 (12, ?)(14, ?)(15, ?)2.15, 21.30 (12, ?)(14, ?)(15, ?)2.15, 21.30 (12, ?)(14, ?)(15, ?)2.15, 21.30 (12, ?)(14, ?)(15, ?)2.15, 21.30 (12, ?)(14, ?)(15, ?)2.15, 21.30 (12, ?)(14, ?)(15, ?)2.15, 21.30 (12, ?)(14, ?)(15, ?)2.15, 21.30 (12, ?)(14, ?)(15, ?)

1.29, 35.10 (?, 2)(?, 3)1.29, 35.10 (?, 2)(?, 3)1.29, 35.10 (?, 2)(?, 3)1.29, 35.10 (?, 2)(?, 3)1.29, 35.10 (?, 2)(?, 3)1.29, 35.10 (?, 2)(?, 3)1.29, 35.10 (?, 2)(?, 3)1.29, 35.10 (?, 2)(?, 3)1.29, 35.10 (?, 2)(?, 3)1.29, 35.10 (?, 2)(?, 3)1.29, 35.10 (?, 2)(?, 3)1.29, 35.10 (?, 2)(?, 3)1.29, 35.10 (?, 2)(?, 3)1.29, 35.10 (?, 2)(?, 3)1.29, 35.10 (?, 2)(?, 3)1.29, 35.10 (?, 2)(?, 3)1.29, 35.10 (?, 2)(?, 3)1.29, 35.10 (?, 2)(?, 3)1.29, 35.10 (?, 2)(?, 3)1.29, 35.10 (?, 2)(?, 3)1.29, 35.10 (?, 2)(?, 3)

1.56, 47.70 (?, 1)1.56, 47.70 (?, 1)1.56, 47.70 (?, 1)1.56, 47.70 (?, 1)1.56, 47.70 (?, 1)1.56, 47.70 (?, 1)1.56, 47.70 (?, 1)1.56, 47.70 (?, 1)1.56, 47.70 (?, 1)1.56, 47.70 (?, 1)1.56, 47.70 (?, 1)1.56, 47.70 (?, 1)1.56, 47.70 (?, 1)1.56, 47.70 (?, 1)1.56, 47.70 (?, 1)1.56, 47.70 (?, 1)1.56, 47.70 (?, 1)1.56, 47.70 (?, 1)1.56, 47.70 (?, 1)1.56, 47.70 (?, 1)1.56, 47.70 (?, 1)

1.29, 83.42 (?, 18)(?, 19)1.29, 83.42 (?, 18)(?, 19)1.29, 83.42 (?, 18)(?, 19)1.29, 83.42 (?, 18)(?, 19)1.29, 83.42 (?, 18)(?, 19)1.29, 83.42 (?, 18)(?, 19)1.29, 83.42 (?, 18)(?, 19)1.29, 83.42 (?, 18)(?, 19)1.29, 83.42 (?, 18)(?, 19)1.29, 83.42 (?, 18)(?, 19)1.29, 83.42 (?, 18)(?, 19)1.29, 83.42 (?, 18)(?, 19)1.29, 83.42 (?, 18)(?, 19)1.29, 83.42 (?, 18)(?, 19)1.29, 83.42 (?, 18)(?, 19)1.29, 83.42 (?, 18)(?, 19)1.29, 83.42 (?, 18)(?, 19)1.29, 83.42 (?, 18)(?, 19)1.29, 83.42 (?, 18)(?, 19)1.29, 83.42 (?, 18)(?, 19)1.29, 83.42 (?, 18)(?, 19)

1.56, 14.13 (?, 5)(?, 7)1.56, 14.13 (?, 5)(?, 7)1.56, 14.13 (?, 5)(?, 7)1.56, 14.13 (?, 5)(?, 7)1.56, 14.13 (?, 5)(?, 7)1.56, 14.13 (?, 5)(?, 7)1.56, 14.13 (?, 5)(?, 7)1.56, 14.13 (?, 5)(?, 7)1.56, 14.13 (?, 5)(?, 7)1.56, 14.13 (?, 5)(?, 7)1.56, 14.13 (?, 5)(?, 7)1.56, 14.13 (?, 5)(?, 7)1.56, 14.13 (?, 5)(?, 7)1.56, 14.13 (?, 5)(?, 7)1.56, 14.13 (?, 5)(?, 7)1.56, 14.13 (?, 5)(?, 7)1.56, 14.13 (?, 5)(?, 7)1.56, 14.13 (?, 5)(?, 7)1.56, 14.13 (?, 5)(?, 7)1.56, 14.13 (?, 5)(?, 7)1.56, 14.13 (?, 5)(?, 7) 1.29, 14.13 (?, 5)(?, 7)1.29, 14.13 (?, 5)(?, 7)1.29, 14.13 (?, 5)(?, 7)1.29, 14.13 (?, 5)(?, 7)1.29, 14.13 (?, 5)(?, 7)1.29, 14.13 (?, 5)(?, 7)1.29, 14.13 (?, 5)(?, 7)1.29, 14.13 (?, 5)(?, 7)1.29, 14.13 (?, 5)(?, 7)1.29, 14.13 (?, 5)(?, 7)1.29, 14.13 (?, 5)(?, 7)1.29, 14.13 (?, 5)(?, 7)1.29, 14.13 (?, 5)(?, 7)1.29, 14.13 (?, 5)(?, 7)1.29, 14.13 (?, 5)(?, 7)1.29, 14.13 (?, 5)(?, 7)1.29, 14.13 (?, 5)(?, 7)1.29, 14.13 (?, 5)(?, 7)1.29, 14.13 (?, 5)(?, 7)1.29, 14.13 (?, 5)(?, 7)1.29, 14.13 (?, 5)(?, 7)

1.88, 176.29 (1, 8)1.88, 176.29 (1, 8)1.88, 176.29 (1, 8)1.88, 176.29 (1, 8)1.88, 176.29 (1, 8)1.88, 176.29 (1, 8)1.88, 176.29 (1, 8)1.88, 176.29 (1, 8)1.88, 176.29 (1, 8)1.88, 176.29 (1, 8)1.88, 176.29 (1, 8)1.88, 176.29 (1, 8)1.88, 176.29 (1, 8)1.88, 176.29 (1, 8)1.88, 176.29 (1, 8)1.88, 176.29 (1, 8)1.88, 176.29 (1, 8)1.88, 176.29 (1, 8)1.88, 176.29 (1, 8)1.88, 176.29 (1, 8)1.88, 176.29 (1, 8)

1.29, 176.29 (?, 8)1.29, 176.29 (?, 8)1.29, 176.29 (?, 8)1.29, 176.29 (?, 8)1.29, 176.29 (?, 8)1.29, 176.29 (?, 8)1.29, 176.29 (?, 8)1.29, 176.29 (?, 8)1.29, 176.29 (?, 8)1.29, 176.29 (?, 8)1.29, 176.29 (?, 8)1.29, 176.29 (?, 8)1.29, 176.29 (?, 8)1.29, 176.29 (?, 8)1.29, 176.29 (?, 8)1.29, 176.29 (?, 8)1.29, 176.29 (?, 8)1.29, 176.29 (?, 8)1.29, 176.29 (?, 8)1.29, 176.29 (?, 8)1.29, 176.29 (?, 8)

1.29, 47.70 (?, 1)1.29, 47.70 (?, 1)1.29, 47.70 (?, 1)1.29, 47.70 (?, 1)1.29, 47.70 (?, 1)1.29, 47.70 (?, 1)1.29, 47.70 (?, 1)1.29, 47.70 (?, 1)1.29, 47.70 (?, 1)1.29, 47.70 (?, 1)1.29, 47.70 (?, 1)1.29, 47.70 (?, 1)1.29, 47.70 (?, 1)1.29, 47.70 (?, 1)1.29, 47.70 (?, 1)1.29, 47.70 (?, 1)1.29, 47.70 (?, 1)1.29, 47.70 (?, 1)1.29, 47.70 (?, 1)1.29, 47.70 (?, 1)1.29, 47.70 (?, 1)

F2 Chemical Shift (ppm) 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
F1

 C
he

m
ic

al
 S

hi
ft 

(p
pm

)

80

100

120

140

160

180

200

 5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7 
 1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1 

 12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15  12, 14, 15 

 8  8  8  8  8  8  8  8  8  8  8  8  8  8  8  8  8  8  8  8  8  8 

 18, 19  18, 19  18, 19  18, 19  18, 19  18, 19  18, 19  18, 19  18, 19  18, 19  18, 19  18, 19  18, 19  18, 19  18, 19  18, 19  18, 19  18, 19  18, 19  18, 19  18, 19  18, 19 

 1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1  1 

 2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3  2, 3 

 4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6  4, 6 
 5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7  5, 7 

1

2

3

45 6

7

8 NH
9

O 11 12

1314

15

B O

18
19

O

21
22

23

24



 264 

Compound 21a 

(3-((1R,4aR,4bR,10aR)-7-isopropyl-1,4a-dimethyl-1,2,3,4,4a,4b,5,6,10,10a-
decahydrophenanthrene-1-carboxamido)bicyclo[1.1.1]pentan-1-yl)boronic acid 
[Experimental] 

 

 

Chemical Shift (ppm)9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5

2.515.265.003.2715.491.331.970.930.94

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

1.
00

1.
00

1.
00

1.
00

1.
00

1.
00

1.
00

1.
00

1.
00

1.
00

1.
00

1.
00

1.
00

1.
00

1.
00

1.
00

1.
00

1.
00

1.
00

1.
00

1.
00

1.
00

1.
01

1.
01

1.
01

1.
01

1.
01

1.
01

1.
01

1.
01

1.
01

1.
01

1.
01

1.
01

1.
01

1.
01

1.
01

1.
01

1.
01

1.
01

1.
01

1.
01

1.
01

1.
01

1.
18

1.
18

1.
18

1.
18

1.
18

1.
18

1.
18

1.
18

1.
18

1.
18

1.
18

1.
18

1.
18

1.
18

1.
18

1.
18

1.
18

1.
18

1.
18

1.
18

1.
18

1.
18

1.
20

1.
20

1.
20

1.
20

1.
20

1.
20

1.
20

1.
20

1.
20

1.
20

1.
20

1.
20

1.
20

1.
20

1.
20

1.
20

1.
20

1.
20

1.
20

1.
20

1.
20

1.
20

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
24

1.
25

1.
25

1.
25

1.
25

1.
25

1.
25

1.
25

1.
25

1.
25

1.
25

1.
25

1.
25

1.
25

1.
25

1.
25

1.
25

1.
25

1.
25

1.
25

1.
25

1.
25

1.
25

1.
47

1.
47

1.
47

1.
47

1.
47

1.
47

1.
47

1.
47

1.
47

1.
47

1.
47

1.
47

1.
47

1.
47

1.
47

1.
47

1.
47

1.
47

1.
47

1.
47

1.
47

1.
47

1.
54

1.
54

1.
54

1.
54

1.
54

1.
54

1.
54

1.
54

1.
54

1.
54

1.
54

1.
54

1.
54

1.
54

1.
54

1.
54

1.
54

1.
54

1.
54

1.
54

1.
54

1.
541.
56

1.
56

1.
56

1.
56

1.
56

1.
56

1.
56

1.
56

1.
56

1.
56

1.
56

1.
56

1.
56

1.
56

1.
56

1.
56

1.
56

1.
56

1.
56

1.
56

1.
56

1.
56

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
582.

06
2.

06
2.

06
2.

06
2.

06
2.

06
2.

06
2.

06
2.

06
2.

06
2.

06
2.

06
2.

06
2.

06
2.

06
2.

06
2.

06
2.

06
2.

06
2.

06
2.

06
2.

062.
08

2.
08

2.
08

2.
08

2.
08

2.
08

2.
08

2.
08

2.
08

2.
08

2.
08

2.
08

2.
08

2.
08

2.
08

2.
08

2.
08

2.
08

2.
08

2.
08

2.
08

2.
08

2.
13

2.
13

2.
13

2.
13

2.
13

2.
13

2.
13

2.
13

2.
13

2.
13

2.
13

2.
13

2.
13

2.
13

2.
13

2.
13

2.
13

2.
13

2.
13

2.
13

2.
13

2.
13

2.
22

2.
22

2.
22

2.
22

2.
22

2.
22

2.
22

2.
22

2.
22

2.
22

2.
22

2.
22

2.
22

2.
22

2.
22

2.
22

2.
22

2.
22

2.
22

2.
22

2.
22

2.
22

2.
23

2.
23

2.
23

2.
23

2.
23

2.
23

2.
23

2.
23

2.
23

2.
23

2.
23

2.
23

2.
23

2.
23

2.
23

2.
23

2.
23

2.
23

2.
23

2.
23

2.
23

2.
23

2.
25

2.
25

2.
25

2.
25

2.
25

2.
25

2.
25

2.
25

2.
25

2.
25

2.
25

2.
25

2.
25

2.
25

2.
25

2.
25

2.
25

2.
25

2.
25

2.
25

2.
25

2.
25

2.
27

2.
27

2.
27

2.
27

2.
27

2.
27

2.
27

2.
27

2.
27

2.
27

2.
27

2.
27

2.
27

2.
27

2.
27

2.
27

2.
27

2.
27

2.
27

2.
27

2.
27

2.
27

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
34

5.
35

5.
35

5.
35

5.
35

5.
35

5.
35

5.
35

5.
35

5.
35

5.
35

5.
35

5.
35

5.
35

5.
35

5.
35

5.
35

5.
35

5.
35

5.
35

5.
35

5.
35

5.
35

5.
37

5.
37

5.
37

5.
37

5.
37

5.
37

5.
37

5.
37

5.
37

5.
37

5.
37

5.
37

5.
37

5.
37

5.
37

5.
37

5.
37

5.
37

5.
37

5.
37

5.
37

5.
37

5.
76

5.
76

5.
76

5.
76

5.
76

5.
76

5.
76

5.
76

5.
76

5.
76

5.
76

5.
76

5.
76

5.
76

5.
76

5.
76

5.
76

5.
76

5.
76

5.
76

5.
76

5.
76

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
996.
03

6.
03

6.
03

6.
03

6.
03

6.
03

6.
03

6.
03

6.
03

6.
03

6.
03

6.
03

6.
03

6.
03

6.
03

6.
03

6.
03

6.
03

6.
03

6.
03

6.
03

6.
03

6.
08

6.
08

6.
08

6.
08

6.
08

6.
08

6.
08

6.
08

6.
08

6.
08

6.
08

6.
08

6.
08

6.
08

6.
08

6.
08

6.
08

6.
08

6.
08

6.
08

6.
08

6.
08

1

2

34

5 6

7

8

910

11

12

13

14

NH
15

O

17

18

19

20

21

22

H
1a

H
5a

25
26

27
28

29

B OH
31

OH
32



 265 

 

  

 

 

Chemical Shift (ppm)180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30

-1.00-1.221.5024.03

14.10
14.10
14.10
14.10
14.10
14.10
14.10
14.10
14.10
14.10
14.10
14.10
14.10
14.10
14.10
14.10
14.10
14.10
14.10
14.10
14.10
14.10

16.88
16.88
16.88
16.88
16.88
16.88
16.88
16.88
16.88
16.88
16.88
16.88
16.88
16.88
16.88
16.88
16.88
16.88
16.88
16.88
16.88
16.88

18
.3

5
18

.3
5

18
.3

5
18

.3
5

18
.3

5
18

.3
5

18
.3

5
18

.3
5

18
.3

5
18

.3
5

18
.3

5
18

.3
5

18
.3

5
18

.3
5

18
.3

5
18

.3
5

18
.3

5
18

.3
5

18
.3

5
18

.3
5

18
.3

5
18

.3
5

20.90
20.90
20.90
20.90
20.90
20.90
20.90
20.90
20.90
20.90
20.90
20.90
20.90
20.90
20.90
20.90
20.90
20.90
20.90
20.90
20.90
20.90
21.45
21.45
21.45
21.45
21.45
21.45
21.45
21.45
21.45
21.45
21.45
21.45
21.45
21.45
21.45
21.45
21.45
21.45
21.45
21.45
21.45
21.45

22
.4

9
22

.4
9

22
.4

9
22

.4
9

22
.4

9
22

.4
9

22
.4

9
22

.4
9

22
.4

9
22

.4
9

22
.4

9
22

.4
9

22
.4

9
22

.4
9

22
.4

9
22

.4
9

22
.4

9
22

.4
9

22
.4

9
22

.4
9

22
.4

9
22

.4
9

24.76
24.76
24.76
24.76
24.76
24.76
24.76
24.76
24.76
24.76
24.76
24.76
24.76
24.76
24.76
24.76
24.76
24.76
24.76
24.76
24.76
24.76

25
.3

1
25

.3
1

25
.3

1
25

.3
1

25
.3

1
25

.3
1

25
.3

1
25

.3
1

25
.3

1
25

.3
1

25
.3

1
25

.3
1

25
.3

1
25

.3
1

25
.3

1
25

.3
1

25
.3

1
25

.3
1

25
.3

1
25

.3
1

25
.3

1
25

.3
1

27
.4

8
27

.4
8

27
.4

8
27

.4
8

27
.4

8
27

.4
8

27
.4

8
27

.4
8

27
.4

8
27

.4
8

27
.4

8
27

.4
8

27
.4

8
27

.4
8

27
.4

8
27

.4
8

27
.4

8
27

.4
8

27
.4

8
27

.4
8

27
.4

8
27

.4
8

34
.6

9
34

.6
9

34
.6

9
34

.6
9

34
.6

9
34

.6
9

34
.6

9
34

.6
9

34
.6

9
34

.6
9

34
.6

9
34

.6
9

34
.6

9
34

.6
9

34
.6

9
34

.6
9

34
.6

9
34

.6
9

34
.6

9
34

.6
9

34
.6

9
34

.6
9

34.91
34.91
34.91
34.91
34.91
34.91
34.91
34.91
34.91
34.91
34.91
34.91
34.91
34.91
34.91
34.91
34.91
34.91
34.91
34.91
34.91
34.91

37
.4

1
37

.4
1

37
.4

1
37

.4
1

37
.4

1
37

.4
1

37
.4

1
37

.4
1

37
.4

1
37

.4
1

37
.4

1
37

.4
1

37
.4

1
37

.4
1

37
.4

1
37

.4
1

37
.4

1
37

.4
1

37
.4

1
37

.4
1

37
.4

1
37

.4
1

38
.3

8
38

.3
8

38
.3

8
38

.3
8

38
.3

8
38

.3
8

38
.3

8
38

.3
8

38
.3

8
38

.3
8

38
.3

8
38

.3
8

38
.3

8
38

.3
8

38
.3

8
38

.3
8

38
.3

8
38

.3
8

38
.3

8
38

.3
8

38
.3

8
38

.3
8

41.04
41.04
41.04
41.04
41.04
41.04
41.04
41.04
41.04
41.04
41.04
41.04
41.04
41.04
41.04
41.04
41.04
41.04
41.04
41.04
41.04
41.04

45.99
45.99
45.99
45.99
45.99
45.99
45.99
45.99
45.99
45.99
45.99
45.99
45.99
45.99
45.99
45.99
45.99
45.99
45.99
45.99
45.99
45.99

51.00
51.00
51.00
51.00
51.00
51.00
51.00
51.00
51.00
51.00
51.00
51.00
51.00
51.00
51.00
51.00
51.00
51.00
51.00
51.00
51.00
51.00

53
.6

9
53

.6
9

53
.6

9
53

.6
9

53
.6

9
53

.6
9

53
.6

9
53

.6
9

53
.6

9
53

.6
9

53
.6

9
53

.6
9

53
.6

9
53

.6
9

53
.6

9
53

.6
9

53
.6

9
53

.6
9

53
.6

9
53

.6
9

53
.6

9
53

.6
954

.0
4

54
.0

4
54

.0
4

54
.0

4
54

.0
4

54
.0

4
54

.0
4

54
.0

4
54

.0
4

54
.0

4
54

.0
4

54
.0

4
54

.0
4

54
.0

4
54

.0
4

54
.0

4
54

.0
4

54
.0

4
54

.0
4

54
.0

4
54

.0
4

54
.0

4

77
.2

9
77

.2
9

77
.2

9
77

.2
9

77
.2

9
77

.2
9

77
.2

9
77

.2
9

77
.2

9
77

.2
9

77
.2

9
77

.2
9

77
.2

9
77

.2
9

77
.2

9
77

.2
9

77
.2

9
77

.2
9

77
.2

9
77

.2
9

77
.2

9
77

.2
9

120.68
120.68
120.68
120.68
120.68
120.68
120.68
120.68
120.68
120.68
120.68
120.68
120.68
120.68
120.68
120.68
120.68
120.68
120.68
120.68
120.68
120.68
122.33
122.33
122.33
122.33
122.33
122.33
122.33
122.33
122.33
122.33
122.33
122.33
122.33
122.33
122.33
122.33
122.33
122.33
122.33
122.33
122.33
122.33

13
5.

47
13

5.
47

13
5.

47
13

5.
47

13
5.

47
13

5.
47

13
5.

47
13

5.
47

13
5.

47
13

5.
47

13
5.

47
13

5.
47

13
5.

47
13

5.
47

13
5.

47
13

5.
47

13
5.

47
13

5.
47

13
5.

47
13

5.
47

13
5.

47
13

5.
47

14
5.

39
14

5.
39

14
5.

39
14

5.
39

14
5.

39
14

5.
39

14
5.

39
14

5.
39

14
5.

39
14

5.
39

14
5.

39
14

5.
39

14
5.

39
14

5.
39

14
5.

39
14

5.
39

14
5.

39
14

5.
39

14
5.

39
14

5.
39

14
5.

39
14

5.
39

17
8.

56
17

8.
56

17
8.

56
17

8.
56

17
8.

56
17

8.
56

17
8.

56
17

8.
56

17
8.

56
17

8.
56

17
8.

56
17

8.
56

17
8.

56
17

8.
56

17
8.

56
17

8.
56

17
8.

56
17

8.
56

17
8.

56
17

8.
56

17
8.

56
17

8.
56

1

2

34

5 6

7

8

910

11

12

13

14

NH
15

O

17

18

19

20

21

22

H
1a

H
5a

25
26

27
28

29

B OH
31

OH
32

 

 

2.12, 53.472.12, 53.472.12, 53.472.12, 53.472.12, 53.472.12, 53.472.12, 53.472.12, 53.472.12, 53.472.12, 53.472.12, 53.472.12, 53.472.12, 53.472.12, 53.472.12, 53.472.12, 53.472.12, 53.472.12, 53.472.12, 53.472.12, 53.472.12, 53.47

1.00, 20.911.00, 20.911.00, 20.911.00, 20.911.00, 20.911.00, 20.911.00, 20.911.00, 20.911.00, 20.911.00, 20.911.00, 20.911.00, 20.911.00, 20.911.00, 20.911.00, 20.911.00, 20.911.00, 20.911.00, 20.911.00, 20.911.00, 20.911.00, 20.91

2.12, 54.942.12, 54.942.12, 54.942.12, 54.942.12, 54.942.12, 54.942.12, 54.942.12, 54.942.12, 54.942.12, 54.942.12, 54.942.12, 54.942.12, 54.942.12, 54.942.12, 54.942.12, 54.942.12, 54.942.12, 54.942.12, 54.942.12, 54.942.12, 54.94

F2 Chemical Shift (ppm) 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0 -0.5

F1
 C

he
m

ic
al

 S
hi

ft 
(p

pm
)

40

50

60

70

80

90

100

110

120

130

140

1

2

34

5 6

7

8

910

11

12

13

14

NH
15

O

17

18

19

20

21

22

H
1a

H
5a

25
26

27
28

29

B OH
31

OH
32



 266 

Compound 22a 

tert-butyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[2.1.1]hexane-1-
carboxylate [Experimental] 
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Compound 23a 

tert-butyl 4-((4-(trifluoro-λ4-boraneyl)-2-oxabicyclo[2.1.1]hexan-1-yl)methyl)piperazine-
1-carboxylate, potassium salt [Experimental] 
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Compound 24a 

2-(1-(bromomethyl)-2-oxabicyclo[2.1.1]hexan-4-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane [Experimental] 
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Compound 25a 

(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-oxabicyclo[2.1.1]hexan-1-yl)methanol 
[Experimental] 
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Compound 26a 

tert-butyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-oxabicyclo[2.1.1]hexane-1-
carboxylate [Experimental] 
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Compound 27a 

tert-butyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-azabicyclo[2.1.1]hexane-2-
carboxylate [Experimental] 
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Compound 28a 

tert-butyl 1-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-
azabicyclo[2.1.1]hexane-2-carboxylate [Experimental] 
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Compound 29a 

tert-butyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1-(trifluoromethyl)-2-
azabicyclo[2.1.1]hexane-2-carboxylate [Experimental] 
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Compound 30a 

tert-butyl 1-(difluoromethyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-
azabicyclo[2.1.1]hexane-2-carboxylate [Experimental] 
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Compound 31a 

tert-butyl 1-(fluoromethyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-
azabicyclo[2.1.1]hexane-2-carboxylate [Experimental] 
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Compound 32a 

tert-butyl 1-((dimethylamino)methyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-
azabicyclo[2.1.1]hexane-2-carboxylate [Experimental] 
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Compound 33a 

tert-butyl 1-(((tert-butoxycarbonyl)amino)methyl)-4-(trifluoro-λ4-boraneyl)-2-
azabicyclo[2.1.1]hexane-2-carboxylate, potassium salt [Experimental] 
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Compound 34a 

tert-butyl 1-carbamoyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-
azabicyclo[2.1.1]hexane-2-carboxylate [Experimental] 
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Compound 35a 

tert-butyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1-((triisopropylsilyl)ethynyl)-
2-azabicyclo[2.1.1]hexane-2-carboxylate [Experimental] 
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Compound 36a 

tert-butyl 1-(hydroxymethyl)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-
azabicyclo[2.1.1]hexane-2-carboxylate [Experimental] 
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Compound 37a 

(7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)tetrahydro-1H,6H-7,8a-
methanopyrrolo[2,1-c][1,4]oxazin-3-yl)methanol [Experimental] 
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Compound 38a 

di-tert-butyl 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-azabicyclo[2.1.1]hexane-
1,2-dicarboxylate [Experimental] 
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Compound 1c 

(3-(4-(tert-butyl)phenyl)bicyclo[1.1.1]pentan-1-yl)trifluoro-λ4-borane, potassium salt 
[Experimental] 
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Compound 11c 

(3-(methylsulfonyl)bicyclo[1.1.1]pentan-1-yl)trifluoro-λ4-borane, tetrabutylammonium 
salt [Experimental] 
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Compound 16c 

2,2,2-trifluoro-N-(3-(trifluoro-λ4-boraneyl)bicyclo[1.1.1]pentan-1-yl)acetamide, 
potassium salt [Experimental] 
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Compound 1d 

(3-(4-(tert-butyl)phenyl)bicyclo[1.1.1]pentan-1-yl)boronic acid [Experimental] 
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Compound 11d 

(3-(methylsulfonyl)bicyclo[1.1.1]pentan-1-yl)boronic acid [Experimental] 
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Compound 28c 

(1-methyl-2-azabicyclo[2.1.1]hexan-4-yl)boronic acid [Experimental] 
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Compound 1e 

2-(2-(3-(4-(tert-butyl)phenyl)bicyclo[1.1.1]pentan-1-yl)-4-(4-methoxyphenyl)butan-2-yl)-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane [Experimental] 
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Compound 1f 

ethyl 4-(3-(4-(tert-butyl)phenyl)bicyclo[1.1.1]pentan-1-yl)benzoate [Experimental] 
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Compound 1g 

5-(3-(4-(tert-butyl)phenyl)bicyclo[1.1.1]pentan-1-yl)-2-methylpyridine [Experimental] 
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Compound 11e 

1-(methylsulfonyl)-3-vinylbicyclo[1.1.1]pentane [Experimental] 

 

  

������������������������������������������	��	��
��
������������
�������

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

��
��

��


�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
�

	�
��
�
�
�
��

���

�

�

�

���

���������		���
�������

���������������	�
��������������������������	��
�������
�������

�
��
�
	

�


��
	

�
�
�	
�

�
��
�
�

��
��
�
��
�
�
��

��
��
��

��
�
��
�

���

�

�

�

���

����������	
������������



 317 

Compound 30c 

tert-butyl 1-(difluoromethyl)-4-vinyl-2-azabicyclo[2.1.1]hexane-2-carboxylate 
[Experimental] 
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Compound 13c 

1-((3-(furan-2-yl)bicyclo[1.1.1]pentan-1-yl)sulfonyl)piperidine [Experimental]  
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Compound 1h 

2-((3-(4-(tert-butyl)phenyl)bicyclo[1.1.1]pentan-1-yl)methyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane [Experimental] 
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Compound 16d 

2,2,2-trifluoro-N-(3-hydroxybicyclo[1.1.1]pentan-1-yl)acetamide [Experimental] 
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Compound 27c  

tert-butyl 4-hydroxy-2-azabicyclo[2.1.1]hexane-2-carboxylate [Experimental] 
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Compound 16e 

N-(3-(benzylamino)bicyclo[1.1.1]pentan-1-yl)-2,2,2-trifluoroacetamide [Experimental] 
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3.1 Introduction 

The functionalization of C–H bonds creates the potential to modify hydrocarbon chemical 
feedstocks and conduct late-stage diversification of complex molecules.1-3 The borylation of 
C–H bonds is particularly valuable because the boronic ester products are precursors to a wide 
range of functional groups.4 Such borylations of aryl C–H bonds catalyzed by iridium 
complexes with nitrogen-based ligands have been studied intensively because of the mild 
reaction conditions and high tolerance for auxiliary functional groups. Thus, borylations of C–
H bonds have been used for applications from medicine to materials.5In contrast, the borylation 
of unactivated alkyl C–H bonds with iridium catalysts remains under development. Such 
reactions have required higher temperatures and super-stoichiometric quantities of substrate,6-

12 except for reactions of activated alkyl C–H bonds in cyclopropanes,13 in methylarenes,14 or 
nearby a directing group.15-29 The photochemical and electrochemical borylations of alkyl C–
H bonds occur at mild temperatures but have required high loadings of the substrate or metal.30-

33 These limitations have prevented the widespread adoption of alkyl C–H borylation by 
synthetic chemists. 
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Figure 3.1 Prior reports of undirected borylation of alkyl C–H bonds with limiting or 
near-limiting quantities of substrate and this work on milder reactions and facile 
activation with aminophenanthroline ligands. 

Recent developments have begun to transform the catalytic undirected borylation of alkyl C–
H bonds into an increasingly practical method to access alkyl boronic esters (Figure 3.1). 
Schley and Kuninobu reported ligands that form complexes that catalyze the borylation of alkyl 
C–H bonds with higher turnover numbers than were observed previously,34, 35 but these 
reactions still occur at relatively high temperatures (≥100 °C) and require super-stoichiometric 
amounts of substrate. 

In parallel, our group discovered that iridium complexes formed from 2-methylphenanthroline 
(2-mphen) catalyze the borylation of alkyl C–H bonds with higher rates than those observed 
with phenanthrolines, such as 3,4,7,8-tetramethylphenanthroline (tmphen), used previously for 
these reactions. The use of 2-mphen enabled the borylations of alkyl C–H bonds to occur with 
the substrate as the limiting reagent, albeit at 100 °C.36, 37 A substantial induction period in 
these reactions was observed and necessitated higher reaction temperatures than are needed for 
the catalytic cycle and limiting the total amount of active catalyst. Mechanistic experiments 
implied that slow modification of the 2-methyl substituent, presumably by borylation of one or 
more C–H bonds, leads to the active catalytic species. We report that the combination of 2-
aminophenanthrolines with iridium leads to facile activation of the catalyst at reduced 
temperature, thus enabling the borylation of alkyl C–H bonds to occur at temperatures below 
those of any previous catalyst and to occur even at room temperature. 

 

Figure 3.2. Illustration of a possible mode for activation of catalysts containing 2-mphen 
and design of modular and tunable ligands for more rapid activation. 

3.2 Results and Discussion 

3.2.1 Reaction Development of the Mild Borylation of Alkyl C–H Bonds 

To identify ligands that generate the active catalyst for the borylation of alkyl C–H bonds 
without an extensive induction period, we studied phenanthrolines containing an amino group 
in place of a 2-methyl group. This change would enhance modification of the substituent at the 
2-position because catalyzed or uncatalyzed borylations of N–H bonds are more rapid than 
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those of C–H bonds.38 In addition, 2-aminophenanthrolines are more readily prepared by a 
modular synthesis than 2-alkylphenanthrolines (Figure 3.2). 

 

Figure 3.3. Evaluation of the reactivity of 2-aminophenthrolines. Timecourses of the 
borylation of tetrahydrofuran with either 2-mphen or a variety of 2-
aminophenanthrolines at 100 °C.  

Thus, we prepared a variety of 2-aminophenanthrolines and tested them for the borylation of 
neat tetrahydrofuran at 100 °C. In contrast to the borylation of THF catalyzed by Ir complexes 
of 2-methylphenantholine, the borylations catalyzed by Ir complexes of 2-
aminophenanthrolines occurred with little to no induction period (Figure 3.3). The yields of the 
alkylboronic ester product even exceeded 100%, indicating partial reaction of the HBpin 
byproduct with THF to form the same 3-boryl-THF.  

With the facile generation of the active catalyst, reactions catalyzed by Ir and 2-
aminophenanthrolines occurred at lower temperatures. Reactions with limiting quantities of 
tert-butyloctyl ether 1b as a model substrate in the presence of a series of ligands and metal 
precatalysts at 65 °C are shown in Table 3.1. 
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Table 3.1 Reaction development for the catalytic borylation of alkyl C–H bonds under 
limiting substrate conditions.   

 

entry precatalyst (mol%) variation yielda 

1 [Ir(cod)OMe]2 (5) none 52% 

2 [Ir(cod)OMe]2 (2.5) 5 mol% of L3, 

1.5 equiv of B2pin2 

24% 

3 [Ir(cod)OMe]2 (5) 100 ºC 39% 

4 [Ir(cod)OMe]2 (5) 2-mphen instead of L3 0% 

5 [Ir(cod)OMe]2 (5) L1 instead of L3 6% 

6 [Ir(cod)OMe]2 (5) L2 instead of L3 10% 

7 [Ir(cod)OMe]2 (5) L4 instead of L3 0% 

8 none none 0% 

9 [Ir(cod)OMe]2 (5) no ligand added 0% 

10 (MesH)Ir(Bpin)3 (10) none 53% 

11 [Ir(cod)Cl]2 (5) none 35% 

12 [Rh(cod)Cl]2 (5) none 0% 

13 [Ir(cod)OMe]2 (5) HBpin instead of B2pin2 0% 

14 [Ir(cod)OMe]2 (5) Et3SiBpin instead of B2pin2 0% 

aDetermined by 1H NMR spectroscopy with dibromomethane as the internal standard. MesH 
= 1,3,5-trimethylbenzene. 

B2pin2 (3.0 equiv.)
[Ir(cod)(OMe)]2 (5.0 mol%)

L3 (10 mol%)
cyclooctane, 65 °C, 18 h

closed
(1.25 M)

t-BuO
Me

6 t-BuO Bpin6

N N
NH2

N N
NH

Me

N N
NH

Ph L4L1 L2 L3

N N
N



 338 

These studies showed that the iridium system formed from 2-anilinyl-1,10-phenanthroline (L3) 
and [Ir(cod)OMe]2 catalyzed the borylation of 1b to form 1a in good yield with the substrate 
as the limiting reagent. Varying the metal precursor, boron reagent, or substituent on the amino 
group did not lead to significant increases in yield (see Figure 3.7-Figure 3.10 for details on 
the reaction development). In contrast, the reaction with 2-mphen as the ligand gave no product 
after 18 h at 65 °C. Low yields of the boronic ester were observed from reactions with the 
parent 2-aminophenanthroline L1 as ligand. Higher yields, but still lower than with L3 as 
ligand, were observed with L2 as ligand, and no yield was obtained from reactions with the 
dialkylaminophenanthroline L4. Control experiments showed that both L3 and the iridium 
precursor were necessary to form the product. Yields for reactions conducted with 
(MesH)Ir(Bpin)3 as the iridium source were similar to those conducted with the commercially 
available [Ir(cod)OMe]2. 

Under the conditions for the borylation of model substrate 1b, we explored the scope of the 
undirected borylation of alkyl C–H bonds (Figure 3.4). The borylations of a variety of 
substrates occurred smoothly; most occurred with 5 mol% loading of the catalyst with L3 and 
1.5 equivalents of the diboron reagent. Common protecting groups or those with minor 
modifications to prevent borylation of an aryl C–H bond in the protecting group were tolerated. 
Alkyl ether 1b and N-methyl amine 2b underwent borylation at their primary C–H bond. 
Cyclopropane 3b and cyclobutane 4b underwent borylation at secondary C–H bonds within 
the strained carbocycle, and epoxide 5b and azetidine 6b underwent borylation at the most 
accessible secondary C–H bond on the strained saturated heterocyclic ring. Spirocyclic 
cyclobutanes, such as 7b and 8b, also underwent borylation cleanly, albeit requiring higher 
catalyst loading and affording lower yields of the product than monosubstituted cyclobutanes, 
presumably because of steric hinderance. Less strained saturated heterocycles also underwent 
borylation at the position β- to the heteroatom (9b-12b). Highly strained bicyclopentane 13b 
underwent selective borylation of the bridgehead, tertiary C–H bond.  

The mild reaction conditions were conducive to the borylation of complex substrates 
containing many C–H bonds and functional groups. The fenchol derivative 14b underwent 
borylation of the cyclobutane moiety. The cholesterol derivative 15b underwent borylation of 
the bicyclopentane moiety. Primary C–H bonds in 6-deoxysugars, such as L-fucose (16b, 17b), 
underwent borylation cleanly and was applied to the synthesis of the corresponding rare L-
galactose 17c.39, 40 

The yields of reactions conducted with L3 at 65 °C were generally higher than those with 2-
mphen at 100 °C in closed vials, which are most easily run on mmol scale. Broadly speaking, 
these higher yields can be attributed to either improved functional group tolerance, due to the 
mild conditions, or improved catalyst activity. (See Section 4.1 of the SI for discussions on 
mass balance of the 2-mphen reactions.) For example, we see less decomposition of the boryl 
epoxide product in the case of 5a, and we only see the desired product with L3 in the cases of 
7a and 8a. In the case of amide 11a, we see reduction of the amide to the corresponding amine 
by the HBpin byproduct when the reaction was run with 2-mphen at 100 ºC.  
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The high activity and rapid activation of the iridium catalyst containing L3 was further 
exemplified by observing the borylation of neat substrates at room temperature (Figure 3.5). 
To avoid an induction period observed for the borylation of THF at room temperature with 
[Ir(cod)(OMe)]2 as precursor (Fig. S8), (MesH)Ir(Bpin)3 was used as the Ir source. With this 
modification, a variety of acyclic and cyclic ethers, amines, and alkanes underwent borylation 
at room temperature. While long reaction times did maximize conversion to product 9a a 
majority of the product formed within 48 hours (62% of the 74% formed after 7 days, see Fig. 
S8).

 

 

Figure 3.4. Scope of the Borylation of Alkyl C–H Bonds with Limiting Substrate. a10 
mol% catalyst, 3.0 equiv. B2pin2. bTreatment with KF and tartaric acid. cOne-pot cross-coupling 
with ArBr in the presence of Pd2(dba)3, QPhos, and CsF.
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All these substrates previously required temperatures of 100 °C or higher with Ir catalysts 
under similar conditions. Other iridium catalysts reported for undirected borylation of alkyl 
C–H bonds, including those with 3,4,7,8-tetramethyl, 2-silylmethyl and 2-methyl-substituted 
phenanthroline ligands, as well as 2,2’-dipyridylarylmethane ligands,9, 34-36 gave 0-1% yields 
of tetrahydrofuryl product 9a at room temperature (Fig. S5).  

 

Figure 3.5 Borylation of Alkyl C–H Bonds at Room Temperature. a Determined by GC-
FID with adamantane as the internal standard.  b10 mol% catalyst. 

3.2.2 Preliminary Investigation of the Mechanism of the Iridium-Catalyzed Borylation of 
Alkyl C–H Bonds with Aminophenanthroline Ligands 

Preliminary mechanistic insight was gained from a kinetic isotope effect (KIE). The lack of an 
induction period with L3 as the ligand allowed an accurate KIE value to be obtained from the 
initial rates of separate reactions with THF or THF-d8. A primary KIE of 3.2 ± 0.2 was observed 
(Fig. 4a, S9), which is consistent with irreversible, rate-limiting cleavage of the C–H bond by 
the active catalyst. 

Initial information on the origin of the high activity of the catalyst generated from L3 has been 
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combination of L3 and (MesH)Ir(Bpin)3 in the presence of B2pin2 generated a complicated 
mixture, and clean formation of iridium complexes was hampered by low solubility of L3 and 
borylation of the ligand at aryl C–H bonds of the phenanthroline unit, in addition to the N–H 
bond (Fig. S11). However, reactions with the more soluble L1 generated an iridium complex 
that we assigned as (L5)Ir(Bpin)3 (see below, Fig. S12), resulting from borylation of the amino 
group. At 65 °C, the temperature at which the catalytic reaction occurs within hours, this single 
species evolved into additional complexes, likely resulting from multiple non-selective 
borylation events on the ligand,  that we have not identified (Fig. S13).  

The borylation of L1 with HBpin at room temperature occurred at the N–H moiety in the 
presence of 1 mol% of (MesH)Ir(Bpin)3 to form the borylamino ligand L5 (Fig. 4b), whereas 
the analogous reactions with 2-mphen formed products predominantly from borylation at the 
8-position (Fig. S10).  

The combination of L5 and (MesH)Ir(Bpin)3 in the presence of B2pin2 formed a clean iridium 
species that we assigned as (L5)Ir(Bpin)3 on the basis of the 1H NMR spectrum (Fig. 4c, 
S14). The addition of triphenylphosphite to this complex formed (L5)Ir(Bpin)3(P(OPh)3), 
which was characterized by X-ray diffraction. Complex (L5)Ir(Bpin)3 generated in situ is 
competent as a precatalyst for the borylation of neat THF, but with a short induction period 
(Fig. 4d, S15). Furthermore, the stoichiometric reaction of this complex with THF did not 
form 3-boryl THF. Thus, more detailed studies are needed to determine how (L5)Ir(Bpin)3 
converts to the active catalyst, but we suggest that a second borylation occurs to make a 
ligand more similar in structure to that resulting from the borylation of L3. We hypothesize 
that the phenanthroline ligand in the active catalyst formed from L3 bears a trisubstituted 
nitrogen atom with at least one Bpin group, and that this boryl substituent accelerates the 
oxidative addition of the C–H bond of the substrate, which is the rate-limiting step according 
to parallel KIE experiments with both ligands that contain and lack a 2-substituent.9 Detailed 
studies of the role of this boryl substituent in the oxidative addition step are underway that 
combine DFT calculations in conjunction with designed ligands that form a discrete active 
catalyst, and our findings will be reported in due course. 
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Figure 3.6. Mechanistic Experiments. a) KIE for the borylation of THF. b) Synthesis of N-
borylated 2-aminophenanthroline L5. c) Synthesis of an iridium trisboryl complex containing 
L5. d) Catalytic reactivity of (L5)Ir(Bpin)3. 

3.3 Conclusion 

In summary, the iridium catalyst containing the 2-anilinophenanthroline L3 enables the 
borylation of alkyl C–H bonds under mild conditions with little induction period and with the 
substrate as the limiting reagent, thereby enhancing the scope and stereoselectivity of the 
borylation of diverse substrates. Modification of the 2-amino substituent initiates catalytic 
activity, and many 2-aminophenanthrolines led to Ir catalysts for the borylation of alkyl C–H 
bonds. This class of tunable ligands puts practical borylation of alkyl C–H bonds within 
reach. Ongoing efforts seek to understand the identity of the active catalyst and to apply this 
2-aminophenanthroline motif to the site-selective borylation of alkyl C–H bonds in synthetic 
applications. 
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3.4 Experimental 

3.4.1 General Information 

Reagents and Solvents 

All catalytic reactions were assembled under inert atmosphere in a nitrogen-filled glovebox 
equipped with an oxygen sensor (working level ≤ 1.0 ppm) and a low temperature refrigeration 
unit (–35 °C), unless otherwise noted. All other reactions were assembled under inert 
atmosphere with a Schlenk manifold or a nitrogen glovebox, unless otherwise noted. All 
reagents and solvents were purchased from commercial sources and used as received, unless 
otherwise noted. All glassware was flame-dried or dried overnight at 120 °C, allowed to cool 
under vacuum, and stored in a N2-atomsphere drybox until use unless otherwise noted. 
Tetrahydrofuran, toluene, and diethyl ether were purified by passing the degassed solvents (N2) 
through a column of activated alumina (solvent purification system purchased from Innovative 
Technologies, Newburyport, MA). Cyclooctane was degassed by three freeze-pump-thaw 
cycles and further dried over activated 4 Å molecular sieves. Deuterated solvents were 
purchased from Cambridge Isotope Laboratories and used as received. See section 2 for the 
synthesis of ligands and substrates. 

Chromatography and Data Analysis 

Flash column chromatography was conducted on a Teledyne ISCO Combiflash Rf or Rf+ 
system, with prepacked RediSep Gold silica gel and C18 columns. All reactions were followed 
by thin-layer chromatography (TLC) when practical, using Merck Kieselgel 60 F254 fluorescent 
treated silica, which was visualized under UV light when practical, or by staining with a 
solution of anisaldehyde or phosphomolybdic acid followed by heating. 

1H, 11B, 13C, and 19F NMR spectra were recorded on AVQ-400, JEOL-400, AVB-400, AV-500, 
AV-600, NEO-500, and AV-700 spectrometers. Chemical shifts (δ) are reported in parts per 
million (ppm), relative to the residual solvent signal. Coupling constants (J) are given in Hertz 
(Hz), rounded to the nearest 0.1 Hz. The 1H NMR spectra are reported as follows: ppm 
(multiplicity, coupling constants, number of protons). Abbreviations are as follows: s (singlet), 
d (doublet), t (triplet), q (quartet), m (multiplet), br (broad). The carbon attached to boron is 
usually not observed. 

High-resolution mass spectral (HRMS) data were obtained from the QB3/Chemistry Mass 
Spectrometry Facility or the LBNL Catalysis Facility. 

Gas Chromatography (GC) was performed on an HP 6890 GC system with an Agilent HP-5 
column (25 m × 0.200 mm, 0.33 micron). 

Elemental Analyses were conducted at the microanalytical facility at the College of Chemistry 
at UC Berkeley. 

Naming of Compounds 

Compound names were generated by ChemDraw 20.0 software (PerkinElmer), following the 
IUPAC nomenclature.  



 344 

3.4.2 Synthesis of Ligands and Substrates 

The ligands and substrates were obtained from commercial vendors, prepared according to 
literature procedures, or independently synthesized (see below).  

tert-butyloctyl ether (1b),41  tert-butyl azetidine-1-carboxylate (6b),42 tert-butyl 2-
azaspiro[3.3]heptane-2-carboxylate (7b),43 and 1-(4-(tert-butyl)phenyl)bicyclo[1.1.1]pentane 
(13b)44 were synthesized according to literature precedent. The spectral data of the known 
compounds were identical to those reported in the literature. All other chemicals were 
purchased from commercial vendors and used as received, unless otherwise noted.  
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General Procedure A: Synthesis of 2-Aminophenanthrolines 

On the bench, a 4 mL vial was charged with 2-chloro-1,10-phenanthroline (107 mg, 0.500 
mmol, 1.00 equiv) and amine (1.50 mmol, 3.00 equiv). A magnetic stir bar and 1 mL of N-
methyl-2-pyrrolidone (NMP) were added to the vial, and the vial was tightly sealed with a 
Teflon lined cap. The vial was heated at 120 ºC in a preheated aluminum heating block for 24 
h. After cooling to ambient temperature, the mixture was diluted with DCM (5 mL), and 5 mL 
of 2 M NaOH was added. The layers were separated, and the aqueous layer was extracted with 
DCM (5 mL x2). The combined organic layers were dried over MgSO4, filtered, and 
concentrated in vacuo. The crude residue was purified by flash column chromatography to 
afford the aminophenanthroline product. 

General Procedure B: Synthesis of Amides and Esters45 

On the bench, a 20 mL vial was charged with the carboxylic acid (2.00 mmol, 1.00 equiv), the 
alcohol or amine (2.00 mmol, 1.00 equiv), and N-methylimidazole (345 mg, 4.20 mmol, 2.10 
equiv). The mixture was diluted with DCM (4 mL), and a stirbar was added to the solution. 
The solution was stirred vigorously, and chloro-N,N,N',N'-tetramethylformamidinium 
hexafluorophosphate (TCFH) (617 mg, 2.20 mmol, 1.10 equiv) was added in one portion. The 
vial was sealed with a Teflon-lined cap and stirred at room temperature for 24 h. The mixture 
was diluted with water (10 mL) and DCM (10 mL). The layers were separated, and the aqueous 
layer was further extracted with DCM (10 mL*2). The combined organic layers were dried 
over MgSO4, filtered, and concentrated in vacuo. The crude residue was purified by flash 
column chromatography to afford the amide or ester product. 
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1,10-phenanthrolin-2-amine (L1) 

 

Adapted from literature procedures.46 A suspension of sodium hydride (2.16 g, 9.00 equiv, 90.0 
mmol) (washed with hexanes, powder form) in dry xylene (50 mL) was prepared in a 100 mL 
round bottom flask in the glovebox. The flask was capped and brought out of the 
glovebox. Acetamide (5.32 g, 9.00 equiv, 90.0 mmol) was added to the grey suspension, and 
the flask was fitted with a condenser. The mixture was then carefully heated at 100 °C for 1 
h to form a white sludge. 

 

*** Caution *** Gas evolution! Equip the top of the condenser with a well-vented nitrogen 
inlet. 

 

Then, 2-chloro-1,10-phenanthroline (2.15 g, 1.00 equiv, 10.0 mmol) was added as a solid. The 
resulting yellow mixture was stirred at 140 °C for 16 h. The reaction mixture was cooled to 
100 ºC, then solid sodium hydroxide (6.00 g, 15.0 equiv, 150 mmol), water (20 mL), 
and MeOH (60 mL) were added to the resulting sludge, and the mixture heated at 100 °C for 24 
h. The reaction mixture was cooled to room temperature, and the contents of the flask was 
transferred to a 250 mL round bottom flask with MeOH. Volatile materials were evaporated in 
vacuo, and the residue was dry loaded onto silica. The crude material was purified by 
chromatography on silica gel with 0% à 25% (30% aq. ammonia in MeOH) in ethyl acetate 
as eluent to afford the title product (1.42 g, 73%) as a faint yellow powder. 

 

1H NMR (600 MHz, CDCl3) δ 9.21 (d, J = 4.2 Hz, 1H), 8.29 (d, J = 8.1 Hz, 1H), 8.09 (d, J = 
8.6 Hz, 1H), 7.76 (d, J = 8.6 Hz, 1H), 7.68 – 7.62 (m, 2H), 7.03 (d, J = 8.6 Hz, 1H), 5.39 (bs, 
2H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 157.8, 149.6, 145.6, 145.0, 138.2, 136.0, 129.3, 126.5, 122.8, 
122.5, 122.0, 112.1. [See spectrum]  

N N
Cl

NH2

O
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2. NaOH N N
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N-methyl-1,10-phenanthrolin-2-amine (L2) 

 

A suspension of sodium hydride (324 mg, 9.00 equiv, 13.5 mmol) (washed with hexanes, 
powder form) in dry xylene (5 mL) was prepared in a 20 mL flask in the glovebox. The flask 
was capped and brought out of the glovebox. N-methylacetamide (987 mg, 9.00 equiv, 13.5 
mmol) was added to the grey suspension and the flask fitted with a condenser. The mixture was 
then carefully heated at 100 °C for 1 h to form a white sludge. 

 

*** Caution *** Gas evolution! Equip the top of the condenser with a well-vented nitrogen 
inlet. 

 

Then 2-chloro-1,10-phenanthroline (322 mg, 1.00 equiv, 1.50 mmol) was added as a solid. The 
resulting yellow mixture was stirred at 140 °C for 16 h. The reaction mixture was cooled to 
100 ºC, then solid sodium hydroxide (900 mg, 15.0 equiv, 22.5 mmol), water (2 mL), 
and MeOH (6 mL) were added to the resulting sludge, and the mixture heated at 100 °C for 24 
h. The reaction mixture was cooled to room temperature, and the contents of the flask was 
transferred to a 50 mL round bottom flask with MeOH. Volatile materials were evaporated in 
vacuo, and the residue was dry loaded onto silica. The crude material was purified by 
chromatography on silica gel with 0% à 25% (30% aq. ammonia in MeOH) in ethyl acetate 
as eluent to afford the product N-methyl-1,10-phenanthrolin-2-amine (100 mg, 30%) as a faint 
yellow powder. 

 

 
1H NMR (600 MHz, CDCl3) δ 9.22 (dd, J = 4.3, 1.8 Hz, 1H), 8.29 (dd, J = 8.0, 1.8 Hz, 1H), 
8.13 (d, J = 8.7 Hz, 1H), 7.76 (d, J = 8.6 Hz, 1H), 7.65 (dd, J = 8.0, 4.3 Hz, 1H), 7.59 (d, J = 
8.6 Hz, 1H), 6.99 (d, J = 8.7 Hz, 1H), 5.56 (bs, 1H), 3.25 (d, J = 4.4 Hz, 3H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 159.1, 149.4, 146.1, 145.2, 138.1, 136.0, 129.5, 126.7, 122.4, 
122.4, 121.2, 108.8, 29.6. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C13H12N3 [M+H]+: 210.1026, found: 210.1027.  

 

  

N N
Cl

N
H

O

(9 equiv.)
NaH (9 equiv.)
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2. NaOH N N
NH
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N-phenyl-1,10-phenanthrolin-2-amine (L3) 

 

To a 20 mL vial equipped with a stirbar was added 2-chloro-1,10-phenanthroline (1.07 g, 1.00 
equiv, 5.00 mmol) and aniline (2.33 g, 5.00 equiv, 25.0 mmol). The vial was capped tightly 
with a Teflon-lined cap, and the mixture was heated at 140 ºC for 48 h. The reaction mixture 
was cooled to room temperature, diluted with DCM (50 mL), and 2 M NaOH (50 mL) was 
added. The layers were separated, and the aqueous layer was extracted with DCM (100 mL x3), 
and the combined organic layers were dried over MgSO4, filtered, and concentrated in vacuo. 
The crude material was purified by chromatography on silica gel with 0% à 30% (30% aq. 
ammonia in MeOH) in ethyl acetate as eluent to afford the title product (901 mg, 67%) as an 
off-white powder. 

 

 

1H NMR (600 MHz, CDCl3) δ 9.17 (dd, J = 4.3, 1.7 Hz, 1H), 8.24 (dd, J = 8.1, 1.8 Hz, 1H), 
8.07 (d, J = 8.8 Hz, 1H), 7.72 (d, J = 8.6 Hz, 1H), 7.64 – 7.58 (m, 2H), 7.54 (bs, 1H), 7.47 – 
7.37 (m, 5H), 7.19 (tt, J = 7.1, 1.3 Hz, 1H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 155.8, 149.7, 146.1, 145.2, 140.1, 138.2, 136.2, 129.7, 129.4, 
126.5, 124.1, 123.6, 122.8, 122.4, 121.8, 110.3. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C18H14N3 [M+H]+: 272.1182, found: 272.1183.  

 

  

N N
Cl

N N
NH

NH2

(5 equiv.)
neat, 140 ºC
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2-(pyrrolidin-1-yl)-1,10-phenanthroline (L4) 

 

Prepared according to General Procedure A.  

 

(901 mg, 67%) as an off-white powder. 

 

 

1H NMR (500 MHz, CDCl3) δ 9.14 (dd, J = 4.3, 1.8 Hz, 1H), 8.18 (d, J = 8.1 Hz, 1H), 7.97 (d, 
J = 8.9 Hz, 1H), 7.65 (d, J = 8.6 Hz, 1H), 7.54 (dd, J = 8.1, 4.3 Hz, 1H), 7.46 (d, J = 8.6 Hz, 
1H), 6.87 (d, J = 8.8 Hz, 1H), 3.82 (bs, 4H), 2.11 (bs, 4H). [See spectrum] 

13C NMR (101 MHz, CDCl3) δ 156.6, 149.3, 146.3, 145.4, 137.4, 136.2, 129.6, 126.9, 122.2, 
121.6, 120.5, 110.4, 47.3, 29.9, 25.8. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C16H16N3 [M+H]+: 250.1339, found: 250.1341.  

 

  

N N
Cl

N N
N

(3 equiv.)
NMP, 120 ºC

H
N
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N-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,10-phenanthrolin-2-amine (L5) 

 

(MesH)Ir(Bpin)3 (6.93 mg, 1.00 mol%, 10.0 µmol) and 1,10-phenanthrolin-2-amine (195 mg, 
1.00 equiv, 1.00 mmol) were weighed into a 20 mL vial in the glovebox. Then, THF (2 
mL) and HBpin (128 mg, 1.00 equiv, 500 µmol) were added. A stirbar was introduced, and the 
mixture was stirred vigorously, with the slurry quickly becoming homogenous. The reaction 
was stirred for 1 h at room temperature. All volatile materials were evaporated, and the residue 
was resuspended in diethyl ether with stirring for 10 min. The mixture was filtered over a fine 
frit and washed with pentanes to afford the title compound (258 mg, 80%) as a beige powder. 

 

 

1H NMR (500 MHz, CDCl3) δ 9.26 (dd, J = 4.3, 1.7 Hz, 1H), 8.33 (dd, J = 8.1, 1.8 Hz, 1H), 
8.20 (d, J = 8.7 Hz, 1H), 7.98 (d, J = 8.7 Hz, 1H), 7.83 (d, J = 8.7 Hz, 1H), 7.74 – 7.66 (m, 2H), 
6.41 (s, 1H), 1.47 (s, 12H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 156.5, 149.7, 145.4, 145.3, 138.1, 136.1, 129.2, 126.5, 124.2, 
123.0, 122.6, 114.4, 83.5, 24.8. [See spectrum] 

11B NMR (160 MHz, CDCl3) δ 24.4. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C18H21O2N3B [M+H]+: 322.1721, found: 322.1721.  

  

N N
NH2

THF, rt, 1 h

(MesH)Ir(Bpin)3 (1 mol%)
HBpin (1 equiv.)

N N
NH

B
O

O
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N-cyclohexyl-1,10-phenanthrolin-2-amine (L6) 

 

Prepared according to General Procedure A on a 0.50 mmol scale. The crude material was 
purified by chromatography on silica gel with 0% à 30% (30% aq. ammonia in MeOH) in 
ethyl acetate as eluent to afford the title product (96 mg, 69%) as an faintly orange powder. 

 

 

1H NMR (600 MHz, CDCl3) δ 9.12 (dd, J = 4.3, 1.8 Hz, 1H), 8.19 (dd, J = 8.1, 1.8 Hz, 1H), 
8.02 (d, J = 8.8 Hz, 1H), 7.65 (d, J = 8.6 Hz, 1H), 7.56 (dd, J = 8.0, 4.3 Hz, 1H), 7.49 (d, J = 
8.6 Hz, 1H), 6.91 (d, J = 8.8 Hz, 1H), 5.60 (s, 1H), 3.60 (dtd, J = 13.5, 9.3, 3.8 Hz, 1H), 2.14 
(dd, J = 13.1, 4.0 Hz, 2H), 1.86 (dt, J = 13.4, 4.1 Hz, 2H), 1.71 (dt, J = 13.1, 3.9 Hz, 1H), 1.52 
– 1.43 (m, 2H), 1.43 – 1.28 (m, 4H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 157.6, 149.4, 146.4, 145.1, 138.1, 136.0, 129.4, 126.6, 122.4, 
122.2, 120.9, 108.7, 51.0, 33.5, 25.8, 24.9. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C18H20N3 [M+H]+: 278.1652, found: 278.1650.  

 

  

N N
Cl

N N
NH

(3 equiv.)
NMP, 120 ºC

H2N
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N-(cyclopropylmethyl)-1,10-phenanthrolin-2-amine (L7) 

 

Prepared according to General Procedure A on 0.50 mmol scale. The crude material was 
purified by chromatography on silica gel with 0% à 30% (30% aq. ammonia in MeOH) in 
ethyl acetate as eluent to afford the title product (90 mg, 72%) as an off-white powder. 

 

1H NMR (500 MHz, CDCl3) δ 9.23 (dd, J = 4.3, 1.8 Hz, 1H), 8.29 (dd, J = 8.1, 1.8 Hz, 1H), 
8.12 (d, J = 8.8 Hz, 1H), 7.75 (d, J = 8.7 Hz, 1H), 7.66 (dd, J = 8.1, 4.3 Hz, 1H), 7.60 (d, J = 
8.6 Hz, 1H), 6.99 (d, J = 8.8 Hz, 1H), 5.75 (s, 1H), 3.44 (dd, J = 7.0, 5.3 Hz, 2H), 1.35 – 1.24 
(m, 1H), 0.76 – 0.67 (m, 2H), 0.45 (dt, J = 5.9, 4.6 Hz, 2H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 158.2, 149.4, 146.1, 145.2, 138.2, 136.0, 129.5, 126.7, 122.4, 
122.4, 121.1, 108.9, 47.6, 11.0, 3.6. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C16H16N3 [M+H]+: 250.1339, found: 250.1341.  

 

  

N N
Cl

(3 equiv.)
NMP, 120 ºC

H2N

N N
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N-isobutyl-1,10-phenanthrolin-2-amine (L8) 

 

Prepared according to General Procedure A on 0.50 mmol scale. The crude material was 
purified by chromatography on silica gel with 0% à 30% (30% aq. ammonia in MeOH) in 
ethyl acetate as eluent to afford the title product (89 mg, 71%) as an off-white powder. 

 

1H NMR (500 MHz, CDCl3) δ 9.13 (dd, J = 4.3, 1.8 Hz, 1H), 8.20 (dd, J = 8.0, 1.8 Hz, 1H), 
8.03 (d, J = 8.8 Hz, 1H), 7.66 (d, J = 8.6 Hz, 1H), 7.56 (dd, J = 8.1, 4.3 Hz, 1H), 7.50 (d, J = 
8.6 Hz, 1H), 6.91 (d, J = 8.8 Hz, 1H), 5.62 (bs, 1H), 3.27 (t, J = 6.3 Hz, 2H), 2.01 (dp, J = 13.4, 
6.7 Hz, 1H), 1.10 (d, J = 6.7 Hz, 6H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 158.6, 149.4, 146.2, 145.1, 138.2, 136.0, 129.5, 126.7, 122.4, 
122.3, 121.0, 108.5, 50.6, 28.8, 20.6. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C16H18N3 [M+H]+: 252.1495, found: 252.1497.  

  

N N
Cl

(3 equiv.)
NMP, 120 ºC

H2N

N N
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N-isopentyl-1,10-phenanthrolin-2-amine (L9) 

 

Prepared according to General Procedure A on 0.50 mmol scale. The crude material was 
purified by chromatography on silica gel with 0% à 30% (30% aq. ammonia in MeOH) in 
ethyl acetate as eluent to afford the title product (85 mg, 64%) as an off-white powder. 

 

1H NMR (500 MHz, CDCl3) δ 9.13 (dd, J = 4.3, 1.7 Hz, 1H), 8.20 (dd, J = 8.1, 1.7 Hz, 1H), 
8.04 (d, J = 8.7 Hz, 1H), 7.66 (d, J = 8.6 Hz, 1H), 7.56 (dd, J = 8.1, 4.3 Hz, 1H), 7.50 (d, J = 
8.5 Hz, 1H), 6.91 (d, J = 8.7 Hz, 1H), 5.49 (s, 1H), 3.49 – 3.42 (m, 2H), 1.84 (dp, J = 13.4, 6.7 
Hz, 1H), 1.64 (q, J = 7.1 Hz, 2H), 1.02 (d, J = 6.6 Hz, 6H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 158.4, 149.4, 146.2, 145.1, 138.2, 136.0, 129.5, 126.7, 122.4, 
122.5, 121.1, 108.6, 41.0, 38.7, 25.9, 22.7. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C17H20N3 [M+H]+: 266.1652, found: 266.1653.  

N N
Cl

(3 equiv.)
NMP, 120 ºC N N

NH

H2N
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N-benzyl-1,10-phenanthrolin-2-amine (L10) 

 

Prepared according to General Procedure A on 0.50 mmol scale. The crude material was 
purified by chromatography on silica gel with 0% à 25% (30% aq. ammonia in MeOH) in 
ethyl acetate as eluent to afford the title product (102 mg, 72%) as an off-white powder. 

 

1H NMR (600 MHz, CDCl3) δ 9.24 (dd, J = 4.3, 1.8 Hz, 1H), 8.30 (dd, J = 8.1, 1.8 Hz, 1H), 
8.09 (d, J = 8.7 Hz, 1H), 7.75 (d, J = 8.6 Hz, 1H), 7.67 (dd, J = 8.1, 4.3 Hz, 1H), 7.61 (d, J = 
8.6 Hz, 1H), 7.56 (d, J = 6.9 Hz, 2H), 7.48 (t, J = 7.6 Hz, 2H), 7.42 (d, J = 7.4 Hz, 1H), 6.00 
(bs, 1H), 4.83 (d, J = 5.9 Hz, 2H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 158.2, 149.5, 146.1, 145.2, 138.7, 138.2, 136.0, 129.5, 128.8, 
127.5, 127.4, 126.7, 122.7, 122.5, 121.4, 109.1, 46.9. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C19H16N3 [M+H]+: 286.1339, found: 286.1340.  

  

N N
Cl
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N-(4-methoxybenzyl)-1,10-phenanthrolin-2-amine (L11) 

 

Prepared according to General Procedure A on 0.50 mmol scale. The crude material was 
purified by chromatography on silica gel with 0% à 30% (30% aq. ammonia in MeOH) in 
ethyl acetate as eluent to afford the title product (55 mg, 35%) as an off-white powder. 

 

1H NMR (500 MHz, CDCl3) δ 9.24 (dd, J = 4.3, 1.8 Hz, 1H), 8.31 (dd, J = 8.1, 1.8 Hz, 1H), 
8.10 (d, J = 8.7 Hz, 1H), 7.76 (d, J = 8.6 Hz, 1H), 7.67 (dd, J = 8.1, 4.3 Hz, 1H), 7.62 (d, J = 
8.6 Hz, 1H), 7.48 (d, J = 8.6 Hz, 2H), 7.02 (d, J = 8.7 Hz, 2H), 6.97 (d, J = 8.8 Hz, 1H), 5.99 
(s, 1H), 4.76 (d, J = 5.7 Hz, 2H), 3.94 (s, 3H). [See spectrum] 
13C NMR (126 MHz, CDCl3) δ 159.1, 158.1, 149.5, 145.1, 138.2, 136.0, 130.6, 129.5, 128.7, 
126.7, 122.6, 122.5, 121.4, 114.2, 109.2, 55.4, 46.4. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C20H18N3O [M+H]+: 316.1444, found: 316.1442.  

  

N N
Cl

(3 equiv.)
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N-phenethyl-1,10-phenanthrolin-2-amine (L12) 

 

Prepared according to General Procedure A on 0.50 mmol scale. The crude material was 
purified by chromatography on silica gel with 0% à 30% (30% aq. ammonia in MeOH) in 
ethyl acetate as eluent to afford the title product (128 mg, 86%) as an off-white powder. 

 

1H NMR (500 MHz, CDCl3) δ 9.12 (dd, J = 4.3, 1.7 Hz, 1H), 8.18 (dd, J = 8.1, 1.8 Hz, 1H), 
8.01 (d, J = 8.7 Hz, 1H), 7.65 (d, J = 8.6 Hz, 1H), 7.55 (dd, J = 8.1, 4.3 Hz, 1H), 7.49 (d, J = 
8.6 Hz, 1H), 7.39 – 7.24 (m, 5H), 6.88 (d, J = 8.7 Hz, 1H), 5.51 (s, 1H), 3.78 (q, J = 6.7 Hz, 
2H), 3.04 (t, J = 7.1 Hz, 2H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 158.1, 149.5, 146.1, 145.2, 138.9, 138.2, 136.0, 129.5, 129.0, 
128.8, 126.7, 126.7, 122.5, 122.4, 121.3, 109.0, 44.0, 36.1. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C20H18N3 [M+H]+: 300.1495, found: 300.1498.  

  

N N
Cl

(3 equiv.)
NMP, 120 ºC N N

HN

H2N
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N-([1,1'-biphenyl]-4-yl)-1,10-phenanthrolin-2-amine (L13) 

 

Prepared according to General Procedure A on 0.50 mmol scale. The crude material was 
purified by chromatography on silica gel with 0% à 30% (30% aq. ammonia in MeOH) in 
ethyl acetate as eluent to afford the title product (96 mg, 55%) as an off-white powder. 

 

1H NMR (600 MHz, CDCl3) δ 9.19 (dd, J = 4.3, 1.8 Hz, 1H), 8.26 (dd, J = 8.1, 1.8 Hz, 1H), 
8.11 (d, J = 8.8 Hz, 1H), 7.73 (d, J = 8.6 Hz, 1H), 7.70 – 7.57 (m, 7H), 7.52 – 7.45 (m, 5H), 
7.39 (t, J = 7.4 Hz, 1H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 155.5, 149.8, 145.9, 145.1, 140.7, 139.4, 138.4, 136.9, 136.1, 
129.5, 128.9, 128.3, 127.2, 126.9, 126.5, 123.7, 122.8, 122.6, 121.7, 110.6. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C24H18N3 [M+H]+: 348.1495, found: 348.1497.  

  

N N
Cl

(3 equiv.)
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N-(naphthalen-1-yl)-1,10-phenanthrolin-2-amine (L14) 

 

Prepared according to General Procedure A on 0.50 mmol scale. The crude material was 
purified by chromatography on silica gel with 0% à 30% (30% aq. ammonia in MeOH) in 
ethyl acetate as eluent to afford the title product (118 mg, 73%) as a brown powder. 

 

1H NMR (600 MHz, CDCl3) δ 9.21 (dd, J = 4.3, 1.7 Hz, 1H), 8.26 (dd, J = 8.1, 1.8 Hz, 1H), 
8.23 (d, J = 7.4 Hz, 1H), 7.97 (t, J = 9.3 Hz, 1H), 7.83 (d, J = 8.2 Hz, 1H), 7.70 (d, J = 8.6 Hz, 
1H), 7.66 – 7.51 (m, 7H), 7.04 (d, J = 8.8 Hz, 1H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 157.4, 149.8, 146.0, 145.2, 138.2, 136.2, 135.8, 134.9, 130.0, 
129.5, 128.6, 126.7, 126.6, 126.4, 126.0, 123.5, 122.8, 122.7, 122.3, 121.6, 110.6. [See 
spectrum] 

HRMS (m/z): (ESI+) calc’d for C22H16N3 [M+H]+: 322.1339, found: 322.1335.  

  

N N
Cl

(3 equiv.)
NMP, 120 ºC

H2N

N N
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N-(2-methoxyphenyl)-1,10-phenanthrolin-2-amine (L15) 

 

Prepared according to General Procedure A on 0.50 mmol scale. The crude material was 
purified by chromatography on silica gel with 0% à 30% (30% aq. ammonia in MeOH) in 
ethyl acetate as eluent to afford the title product (74 mg, 49%) as an off-white powder. 

 

1H NMR (600 MHz, CDCl3) δ 9.19 (dd, J = 4.3, 1.7 Hz, 1H), 8.24 (dd, J = 8.1, 1.8 Hz, 1H), 
8.07 (d, J = 8.8 Hz, 1H), 7.74 – 7.69 (m, 2H), 7.63 – 7.57 (m, 2H), 7.43 (d, J = 8.7 Hz, 1H), 
7.11 (td, J = 7.7, 1.7 Hz, 1H), 7.07 (td, J = 7.6, 1.6 Hz, 1H), 7.00 (dd, J = 7.9, 1.6 Hz, 1H), 3.93 
(s, 3H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 155.2, 150.3, 149.8, 146.1, 145.4, 138.0, 136.1, 129.8, 129.4, 
126.5, 123.6, 123.2, 122.6, 122.4, 121.0, 119.5, 111.3, 111.0, 55.7. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C19H16N3O [M+H]+: 302.1288, found: 302.1289.  

  

N N
Cl

(3 equiv.)
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N N
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N-(4-phenoxyphenyl)-1,10-phenanthrolin-2-amine (L16) 

 

Prepared according to General Procedure A on 0.50 mmol scale. The crude material was 
purified by chromatography on silica gel with 0% à 30% (30% aq. ammonia in MeOH) in 
ethyl acetate as eluent to afford the title product (137 mg, 75%) as a brown powder. 

 

1H NMR (600 MHz, CDCl3) δ 9.16 (dd, J = 4.3, 1.7 Hz, 1H), 8.23 (dd, J = 8.1, 1.7 Hz, 1H), 
8.05 (d, J = 8.8 Hz, 1H), 7.70 (d, J = 8.6 Hz, 1H), 7.62 – 7.56 (m, 2H), 7.45 (s, 1H), 7.41 – 
7.35 (m, 4H), 7.28 (d, J = 8.8 Hz, 1H), 7.14 (t, J = 7.4 Hz, 1H), 7.09 (td, J = 8.7, 1.7 Hz, 4H). 
[See spectrum] 

13C NMR (151 MHz, CDCl3) δ 157.6, 156.2, 153.9, 149.7, 146.0, 145.2, 138.3, 136.1, 135.5, 
129.9, 129.5, 126.5, 124.2, 123.5, 123.3, 122.7, 122.3, 120.3, 118.7, 110.1. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C24H18N3O [M+H]+: 364.1444, found: 364.1446.  

  

N N
Cl

(3 equiv.)
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N-(3,5-dimethoxyphenyl)-1,10-phenanthrolin-2-amine (L17) 

 

Prepared according to General Procedure A on 0.50 mmol scale. The crude material was 
purified by chromatography on silica gel with 0% à 30% (30% aq. ammonia in MeOH) in 
ethyl acetate as eluent to afford the title product (103 mg, 61%) as a white powder. 

 

1H NMR (600 MHz, CDCl3) δ 9.22 (dd, J = 4.4, 1.7 Hz, 1H), 8.32 (dd, J = 8.1, 1.8 Hz, 1H), 
8.15 (d, J = 8.7 Hz, 1H), 7.79 (d, J = 8.6 Hz, 1H), 7.74 – 7.56 (m, 3H), 7.53 (d, J = 8.8 Hz, 1H), 
6.80 (d, J = 2.2 Hz, 2H), 6.38 (s, 1H), 3.96 (s, 6H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 161.7, 155.3, 149.7, 145.9, 145.3, 142.2, 138.1, 136.1, 129.4, 
126.5, 123.7, 122.7, 122.6, 111.3, 99.3, 95.8, 55.5. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C20H18N3O2 [M+H]+: 332.1394, found: 332.1395.  

  

N N
Cl

(3 equiv.)
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H2N
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N1,N1-dimethyl-N4-(1,10-phenanthrolin-2-yl)benzene-1,4-diamine (L18) 

 

Prepared according to General Procedure A on 0.50 mmol scale. The crude material was 
purified by chromatography on silica gel with 0% à 30% (30% aq. ammonia in MeOH) in 
ethyl acetate as eluent to afford the title product (95 mg, 60%) as yellow powder. 

 

1H NMR (500 MHz, CDCl3) δ 9.25 (d, J = 4.3 Hz, 1H), 8.32 (d, J = 8.2 Hz, 1H), 8.10 – 8.04 
(m, 1H), 7.80 – 7.74 (m, 1H), 7.72 – 7.66 (m, 1H), 7.64 (d, J = 8.5 Hz, 1H), 7.38 – 7.33 (m, 
3H), 7.22 (d, J = 8.8 Hz, 1H), 6.92 (d, J = 8.3 Hz, 2H), 3.11 (s, 6H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 157.8, 149.5, 148.8, 146.1, 145.2, 138.0, 136.1, 129.4, 129.0, 
126.6, 126.1, 123.0, 122.6, 121.6, 113.6, 109.7, 41.0. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C20H19N4 [M+H]+: 315.1604, found: 315.1605.  

  

N N
Cl

(3 equiv.)
NMP, 120 ºC

H2N

N N
HN NMe2

NMe2
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N-(3,5-bis(trifluoromethyl)phenyl)-1,10-phenanthrolin-2-amine (L19) 

 

In a glovebox, a 20 mL vial was charged with 2-chloro-1,10-phenanthroline (215 mg, 1.00 
equiv, 1.00 mmol), 3,5-bis(trifluoromethyl)aniline (537 mg, 2.50 equiv, 2.50 mmol), and 
sodium tert-butoxide (336 mg, 3.50 equiv, 3.50 mmol). THF (2 mL) and a stirbar were added 
to the vial, and the vial was tightly sealed with a Teflon cap. The vial was taken out of the 
glovebox and the reaction mixture heated at 120 ºC for 24 h. The crude material was purified 
by chromatography on silica gel with 0% à 30% (30% aq. ammonia in MeOH) in ethyl acetate 
as eluent to afford the title product (357 mg, 88%) as yellow powder. 

 

1H NMR (500 MHz, CDCl3) δ 9.18 (dd, J = 4.3, 1.7 Hz, 1H), 8.30 – 8.24 (m, 3H), 8.18 (d, J 
= 8.7 Hz, 1H), 7.76 (d, J = 8.6 Hz, 1H), 7.69 (d, J = 8.7 Hz, 1H), 7.65 (dd, J = 8.1, 4.3 Hz, 1H), 
7.57 (s, 1H), 7.32 (d, J = 8.7 Hz, 1H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 153.4, 150.1, 145.3, 145.0, 142.2, 138.7, 136.2, 132.8 (q, J = 
33.3 Hz), 129.4, 126.2, 124.2, 123.9, 123.4 (q, J = 272.9 Hz), 123.1, 118.9, 118.9, 115.7, 111.9. 
[See spectrum] 

19F NMR (470 MHz, CDCl3) δ -63.0. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C20H12N3F6 [M+H]+: 408.0930, found: 408.0928.  

  

N N
Cl

(2.5 equiv.)

THF, 120 ºC, 24 h N N
HN

H2N

CF3

CF3

NaOtBu (3.5 equiv.) CF3

CF3
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N-(3,5-di-tert-butylphenyl)-1,10-phenanthrolin-2-amine (L20) 

 

Prepared according to General Procedure A on 0.50 mmol scale. The crude material was 
purified by chromatography on silica gel with 0% à 50% ethyl acetate in (1% NEt3 in hexane) 
to afford the title product (173 mg, 90%) as yellow powder. 

 

1H NMR (600 MHz, CDCl3) δ 9.26 (dd, J = 4.3, 1.8 Hz, 1H), 8.33 (dd, J = 8.1, 1.8 Hz, 1H), 
8.14 (d, J = 8.8 Hz, 1H), 7.80 (d, J = 8.6 Hz, 1H), 7.70 (dd, J = 8.1, 4.3 Hz, 1H), 7.67 (d, J = 
8.6 Hz, 1H), 7.55 (bs, 1H), 7.44 (d, J = 8.8 Hz, 1H), 7.38 – 7.37 (m, 1H), 7.36 (d, J = 1.6 Hz, 
2H), 1.49 (s, 18H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 156.5, 152.4, 149.6, 146.2, 145.3, 139.4, 138.1, 136.0, 129.4, 
126.5, 123.4, 122.6, 122.1, 118.6, 117.0, 110.3, 35.1, 31.6. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C26H30N3 [M+H]+: 384.2434, found: 384.2436.  

  

N N
Cl

(3.0 equiv.)

NMP, 120 ºC, 24 h N N
HN

H2N

tBu

tBu
tBu

tBu
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cyclopropylmethyl 3,5-di-tert-butylbenzoate (3b) 

 

Synthesized according to General Conditions B on 2.00 mmol scale with the following 
modifications: The reaction was conducted in acetonitrile and with a threefold excess of the 
alcohol. 

The crude material was purified by chromatography on silica gel with 0à40% ethyl acetate in 
hexanes as eluent to afford the title compound as a clear oil (570 mg, 99%). 

 

1H NMR (500 MHz, CDCl3) δ 7.95 (d, J = 1.9 Hz, 2H), 7.66 (t, J = 1.9 Hz, 1H), 4.20 (d, J = 
7.2 Hz, 2H), 1.40 (s, 18H), 1.38 – 1.27 (m, 1H), 0.71 – 0.58 (m, 2H), 0.42 (dt, J = 6.1, 4.6 Hz, 
2H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 167.6, 151.1, 130.1, 127.1, 123.9, 69.6, 35.1, 31.5, 10.2, 3.4. 
[See spectrum] 

HRMS (m/z): (ESI+) calc’d for C19H29O2 [M+H]+: 289.2162, found: 289.2160.  

  

OBz**

HO O
HO

(3 equiv.)

TCFH (1.1 equiv.)
NMI (2.1 equiv.)

acetonitrile, rt, 24 h
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tert-butyl 1-oxa-6-azaspiro[2.5]octane-6-carboxylate (5b) 

 

In a glovebox, a 100 mL round bottom flask was charged with sodium hydride (pre-washed 
with hexanes, 120 mg, 5.00 mmol, 1.00 equiv) and DMF (10 mL). A stir bar was added to the 
flask, and the flask was sealed with a rubber septum. The flask was brought out of the glove 
box, and a nitrogen inlet was inserted through the septum. The suspension was cooled to 0 ºC, 
and trimethylsulfoxonium iodide (1.10 g, 5.00 mmol, 1.00 equiv) added in one portion. The 
mixture was stirred for 1 h, then tert-butyl 4-oxopiperidine-1-carboxylate (996 mg, 5.00 mmol, 
1.00 equiv) was added. The mixture was allowed to warm to room temperature overnight. The 
solution was diluted with ethyl acetate (50 mL) and washed with water (3*20 mL). The organic 
layer was dried over MgSO4, filtered, and concentrated in vacuo. The crude material was 
purified by chromatography on silica gel with 0à50% ethyl acetate in hexanes as eluent to 
afford the title compound as a clear oil (578 mg, 54%). 

 

1H NMR (400 MHz, CDCl3) δ 3.84 (d, J = 13.5 Hz, 2H), 3.54 (ddd, J = 13.3, 9.5, 3.7 Hz, 2H), 
2.81 (s, 2H), 1.92 (ddd, J = 13.8, 9.6, 4.5 Hz, 2H), 1.63 – 1.53 (m, 11H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 154.9, 79.9, 57.3, 53.9, 42.6, 33.1, 28.6. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C11H20O3N [M+H]+: 214.1438, found: 214.1440.  

N
Boc

O

N
Boc

O S+
O

MeMeMe
I-

(1.00 equiv.)

NaH (1.00 equiv.)
DMF, 0ºC-rt, 16 h
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7,7-dimethyl-6,8-dioxaspiro[3.5]nonane (8b) 

 

Adapted from a literature procedure.47 In a glovebox, a 20 mL vial was charged with In(OTf)3 
(56 mg, 0.10 mmol, 2.0 mol%), cyclobutane-1,1-diyldimethanol (580 mg, 5.0 mmol, 1.0 equiv), 
and 2,2-dimethoxypropane (2.6 g, 25 mmol, 5.0 equiv). DCM (10 mL) and a stir bar were 
added, and the vial was sealed with a Teflon-lined cap. The mixture was stirred at room 
temperature overnight. The solution was diluted with DCM (20 mL), and the layers were 
separated. The aqueous layer was further extracted with DCM (20 mL x2), dried over MgSO4, 
filtered, and concentrated in vacuo. The crude material was purified by chromatography on 
silica gel with 0à50% ethyl acetate in hexanes as eluent to afford the title compound as a clear 
oil (580 mg, 74%). 

 

1H NMR (600 MHz, CDCl3) δ 3.85 (s, 4H), 2.07 – 1.98 (m, 2H), 1.97 – 1.90 (m, 4H), 1.51 (s, 
6H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 97.7, 69.2, 36.8, 28.0, 23.9, 15.6. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C9H17O2 [M+H]+: 157.1229, found: 157.1228.  

  

(5.0 equiv.)

In(OTf)3 (2.0 mol%)
DCM, rt, 16 h

OHOH OOMe Me

OMeMeO
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1,7,7-trimethylbicyclo[2.2.1]heptan-2-yl cyclobutanecarboxylate (14b) 

 

Synthesized according to General Conditions B on 3.00 mmol scale and in acetonitrile as the 
solvent. 

The crude material was purified by chromatography on silica gel with 0à30% ethyl acetate in 
hexanes as eluent to afford the title compound as a clear volatile oil (350 mg, 49%). 

 

1H NMR (600 MHz, CDCl3) δ 4.48 (d, J = 2.0 Hz, 1H), 3.30 (dt, J = 16.8, 8.6 Hz, 1H), 2.48 – 
2.38 (m, 2H), 2.40 – 2.30 (m, 2H), 2.16 – 1.99 (m, 2H), 1.93 – 1.79 (m, 2H), 1.71 (dd, J = 10.2, 
2.2 Hz, 1H), 1.62 – 1.51 (m, 1H), 1.31 (d, J = 10.2 Hz, 1H), 1.24 (s, 3H), 1.24 – 1.17 (m, 1H), 
1.17 (s, 3H), 0.90 (s, 3H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 176.0, 85.8, 48.5, 48.4, 41.4, 39.5, 38.6, 29.8, 26.7, 25.9, 25.6, 
25.4, 20.2, 19.5, 18.7. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C15H25O2 [M+H]+: 237.1849, found: 237.1850.  

  

Me

Me Me

O

O
Me

Me Me
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O
+

(1 equiv.) (1 equiv.)
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(3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-((R)-6-methylheptan-2-yl)-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl 
bicyclo[1.1.1]pentane-1-carboxylate (15b) 

 

Synthesized according to General Conditions B on 1.00 mmol scale and in acetonitrile as the 
solvent. 

The crude material was purified by chromatography on silica gel with 0à30% ethyl acetate in 
hexanes as eluent to afford the title compound as a clear volatile oil (150 mg, 31%). 

 

1H NMR (500 MHz, CDCl3) δ 5.41 (d, J = 3.9 Hz, 1H), 4.62 (dtd, J = 12.1, 8.3, 4.3 Hz, 1H), 
2.45 (s, 1H), 2.34 (d, J = 7.6 Hz, 2H), 2.11 (s, 6H), 2.03 (ddt, J = 23.1, 17.4, 4.4 Hz, 2H), 1.88 
(dtt, J = 15.0, 9.9, 4.8 Hz, 3H), 1.69 – 1.45 (m, 7H), 1.46 – 1.26 (m, 5H), 1.26 – 1.09 (m, 7H), 
1.06 (s, 3H), 1.05 – 0.97 (m, 2H), 0.96 (d, J = 6.4 Hz, 3H), 0.93 – 0.89 (m, 6H), 0.72 (s, 3H). 
[See spectrum] 

13C NMR (126 MHz, CDCl3) δ 169.4, 139.9, 122.7, 73.9, 56.8, 56.2, 51.6, 50.1, 43.1, 42.4, 
39.8, 39.6, 38.2, 37.1, 36.7, 36.3, 35.9, 32.0, 32.0, 28.4, 28.1, 27.8, 27.7, 24.4, 24.0, 22.9, 22.7, 
21.2, 19.5, 18.8, 12.0. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C33H52O2Na [M+Na]+: 503.3860, found: 503.3854.  
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(2R,3S,4R,5R,6S)-2,3,4,5-tetrakis((3,5-di-tert-butylbenzyl)oxy)-6-methyltetrahydro-2H-
pyran (16b) 

 

To a flame-dried, nitrogen-flushed, 250 mL, two-neck round bottom flask was added L-fucose 
(1.20 g, 7.31 mmol, 1.00 equiv) and dry DMF (30 mL). The solution was cooled to 0 ºC, and 
NaH (hexane washed, 1.40 g, 58.5 mmol, 8.00 equiv) was added. The suspension was stirred 
at 0 ºC for 30 min. 3,5-di-tert-butylbenzylbromide (12.4 g, 43.9 mmol, 6.00 equiv) was added. 
The mixture was allowed to warm to room temperature overnight. The mixture was quenched 
with MeOH (20 mL). Water (30 mL) and DCM (50 mL) were added, and the layers were 
separated. The aqueous layer was further extracted with DCM (50 mL x2), dried over MgSO4, 
filtered, and concentrated in vacuo. The crude material was purified by chromatography on 
silica gel with 0à20% ethyl acetate in pentanes to afford the title compound as a white solid 
(3.65 g, 51%). The furanose isomer eluted after the desired pyranose isomer and was isolated 
as a white solid (1.69 g, 24%). 

 

1H NMR (600 MHz, CDCl3) δ 7.52 (t, J = 1.8 Hz, 1H), 7.49 – 7.47 (m, 2H), 7.46 (t, J = 1.9 
Hz, 1H), 7.42 – 7.38 (m, 4H), 7.30 (d, J = 1.8 Hz, 2H), 7.27 (d, J = 1.8 Hz, 2H), 5.21 (d, J = 
4.2 Hz, 1H), 5.01 (d, J = 11.6 Hz, 1H), 4.97 (d, J = 12.3 Hz, 1H), 4.89 (d, J = 7.6 Hz, 1H), 4.87 
(d, J = 7.1 Hz, 1H), 4.83 – 4.76 (m, 3H), 4.53 (d, J = 11.8 Hz, 1H), 4.37 (t, J = 6.8 Hz, 1H), 
4.25 (dd, J = 7.1, 4.2 Hz, 1H), 4.11 (dd, J = 8.1, 6.5 Hz, 1H), 3.91 (p, J = 6.5 Hz, 1H), 1.46 (s, 
18H), 1.45 (s, 18H), 1.43 (s, 18H), 1.42 (s, 18H), 1.40 (d, J = 6.3 Hz, 3H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 151.0, 150.9, 150.8, 150.8, 138.1, 137.4, 136.8, 136.6, 122.9, 
122.4, 122.1, 122.0, 121.9, 121.8, 121.8, 121.8, 98.4, 84.7, 83.9, 83.2, 78.7, 72.9, 72.8, 72.4, 
69.1, 34.9, 34.9, 34.9, 31.6, 31.6, 31.6, 16.2. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C66H100O5Na [M+Na]+: 995.7463, found: 995.7448.  
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(2S,3S,4R,5R,6S)-6-methyltetrahydro-2H-pyran-2,3,4,5-tetrayl tetrakis(4-(tert-
butyl)benzoate) (17b) 

 

To a flame-dried, nitrogen-flushed, 100 mL, round bottom flask was added L-fucose (400 mg, 
2.44 mmol, 1.00 equiv) and dry DCM (40 mL). The solution was cooled to 0 ºC, and pyridine 
(1.93 g, 24.4 mmol, 10.0 equiv) was added. Then, 4-tert-butylbenzoyl chloride (2.88 g, 14.6 
mmol, 6 equiv) was added dropwise. The mixture was allowed to warm to room temperature 
and stirred overnight. MeOH (5 mL) was added, and the mixture stirred for 30 min. Then, sat. 
NaHCO3 (50 mL) was added. The layers were separated, and the aqueous layer was further 
extracted with DCM (50 mL x3). The combined organic layers were dried over MgSO4, filtered, 
and concentrated in vacuo. The crude material was purified by chromatography on silica gel 
with 0à50% ethyl acetate in hexanes as eluent to afford the title compound as a white solid 
(438 mg, 22%). The combined yield of all pyranose, furanose isomers was 66%. 

 

1H NMR (500 MHz, CDCl3) δ 8.21 (d, J = 8.4 Hz, 4H), 7.93 (d, J = 8.6 Hz, 2H), 7.89 (d, J = 
8.6 Hz, 2H), 7.69 – 7.65 (m, 4H), 7.44 (d, J = 8.6 Hz, 2H), 7.42 (d, J = 8.5 Hz, 2H), 6.96 (d, J 
= 3.6 Hz, 1H), 6.21 (dd, J = 10.8, 3.2 Hz, 1H), 6.10 (dd, J = 10.8, 3.6 Hz, 1H), 5.99 (dd, J = 
3.3, 1.3 Hz, 1H), 4.73 (q, J = 6.1 Hz, 1H), 1.52 (s, 9H), 1.52 (s, 9H), 1.42 (d, J = 6.5 Hz, 3H), 
1.39 (s, 9H), 1.38 (s, 9H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 166.0, 166.0, 165.7, 164.8, 157.6, 157.4, 157.1, 157.0, 130.0, 
130.0, 129.8, 126.7, 126.6, 126.4, 126.3, 125.8, 125.8, 125.5, 125.4, 90.8, 71.5, 68.9, 68.0, 67.6, 
35.4, 35.3, 35.2, 31.3, 31.2, 31.1, 31.1, 16.4. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C50H60O9Na [M+Na]+: 827.4130, found: 827.4126.  
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3.4.3 Evaluation of Conditions for the Mild Borylation of C–H Bonds.  

Evaluation of Ligands.  

In a nitrogen glovebox, a 4 mL vial was sequentially charged with the ligand (10.0 μmol, 10.0 
mol%), [Ir(cod)OMe]2 (4.14 mg, 5.00 µmol, 10.0 mol% iridium), tert-butyloctyl ether (1b) 
(18.6 mg, 0.100 mmol, 1.00 equiv), and B2pin2 (95.2 mg, 0.300 mmol, 3.00 equiv). A magnetic 
stir bar and 0.1 mL of cyclooctane were added to the vial, and the vial was tightly sealed with 
a Teflon lined cap. The vial was removed from the glovebox and heated at 65 ºC in a preheated 
aluminum heating block for the specified time. After cooling to ambient temperature, the 
reaction mixture was diluted with CDCl3, 50 µL of CH2Br2 (internal standard) added, and an 
aliquot was removed, and subjected to 1H NMR analysis. 

 

 

Figure 3.7. Evaluation of ligands for the borylation of alkyl C–H bonds at 65 ºC. 
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Timecourse experiment with various ligands at 100 ºC. 

In a nitrogen glovebox, a 4 mL vial was sequentially charged with ligand (5.00 μmol, 5.00 
mol%), (MesH)Ir(Bpin)3 (3.47 mg, 5.00 μmol, 5.00 mol%),  adamantane (internal standard, 
13.6 mg, 0.100 mmol), B2pin2 (25.4 mg, 0.100 mmol, 1.00 equiv), and THF (0.2 mL). A 
magnetic stir bar was added to the vial, and the vial was tightly sealed with a Teflon lined cap. 
The vial was removed from the glovebox and heated in a pre-heated aluminum block at 100 
ºC. At the specified timepoints, aliquots were taken and analyzed by GC-FID analysis. 

 

Figure 3.8. Evaluation of the reactivity of 2-aminophenthrolines. Timecourses of the 
borylation of tetrahydrofuran with either 2-mphen or a variety of 2-aminophenanthrolines at 
100 °C. (Equivalent to Figure 3.3) 
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Evaluation of Metal Precursors and Diboron Reagents.  

In a nitrogen glovebox, a 4 mL vial was sequentially charged with N-phenyl-1,10-
phenanthrolin-2-amine (L3) (3.38 mg, 10.0 μmol, 10.0 mol%), iridium precursor (10.0 mol% 
iridium), tert-butyloctyl ether (1b) (18.6 mg, 0.100 mmol, 1.00 equiv), and diboron reagent 
(0.300 mmol, 3.00 equiv). A magnetic stir bar and 0.1 mL of cyclooctane were added to the 
vial, and the vial was tightly sealed with a Teflon lined cap. The vial was removed from the 
glovebox and heated at 65 ºC in a preheated aluminum heating block for the specified time. 
After cooling to ambient temperature, the reaction mixture was diluted with CDCl3, 50 µL of 
CH2Br2 (internal standard) added, and an aliquot was removed, and subjected to 1H NMR 
analysis. 

 

 

 

Figure 3.9. Evaluation of metal precursors and boron reagents for the borylation of 
alkyl C–H bonds at 65 ºC. 
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Evaluation of the Effect of Additives, Solvents and Reaction Temperature. 

In a nitrogen glovebox, a 4 mL vial was sequentially charged with N-phenyl-1,10-
phenanthrolin-2-amine (L3) (3.38 mg, 10.0 μmol, 10.0 mol%), [Ir(cod)OMe]2 (4.14 mg, 5.00 
µmol, 10.0 mol% iridium), tert-butyloctyl ether (1b) (18.6 mg, 0.100 mmol, 1.00 equiv), and 
B2pin2 (95.2 mg, 0.300 mmol, 3.00 equiv). A magnetic stir bar, 0.1 mL of solvent, and the 
specified amount of additive were added to the vial, and the vial was tightly sealed with a 
Teflon lined cap. The vial was removed from the glovebox and heated at the specified 
temperature in a preheated aluminum heating block for the specified time. After cooling to 
ambient temperature, an aliquot was removed and subjected to 1H NMR analysis. 

 

Figure 3.10 Evaluation of additives, solvents, and reaction temperatures for the 
borylation of alkyl C–H bonds.  

NMR yield (%)DeviationEntry

52None1

52Addition of 10 µL of Hg2

51Addition of 2.5 mol% of KOtBu3

52Addition of 5.0 mol% of KOtBu4

23Addition of 10 mol% of KOtBu5

39Perfluorodecalin as solvent6

540 ºC instead of 65 ºC7

1950 ºC instead of 65 ºC8

5160 ºC instead of 65 ºC9

4880 ºC instead of 65 ºC10

“standard conditions”:
B2pin2 (3 equiv.)

[Ir(cod)OMe]2 (5.0 mol%)
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Me
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Evaluation of Ligands for the Room Temperature Borylation of THF. 

In a nitrogen glovebox, a 4 mL vial was sequentially charged with ligand (5.00 μmol, 5.00 
mol%), (MesH)Ir(Bpin)3 (3.47 mg, 5.00 μmol, 5.00 mol%), adamantane (internal standard, 
13.6 mg, 0.100 mmol), B2pin2 (25.4 mg, 0.100 mmol, 1.00 equiv), and THF (162 μL, 2.00 
mmol, 20.0 equiv). A magnetic stir bar was added to the vial, and the vial was tightly sealed 
with a Teflon lined cap. The vial was removed from the glovebox and stirred at 23 ºC. After 7 
days, the vial was removed from the stir plate and brought into the glovebox. An aliquot of the 
solution was removed from the vial and analyzed by GC-FID.  

 

 

Figure 3.11. Evaluation of ligands for the borylation of THF at room temperature. 
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3.4.4 Scope of the Catalytic Borylation of Alkyl C–H Bonds 

General Comments on Comparisons with 2-mphen and Mass Balance 

 

 

Figure 3.12. Scope of Borylation of Alkyl C–H Bonds Under Limiting Substrate 
Conditions (Equivalent to Figure 3.4) 

The mass balance of reactions of 1a-17a conducted with 2-NHPhphen (L3) was unconsumed 
starting material. In all these cases, the sum of products and starting material accounted for 
>90% of the amount of starting substrate. In comparison, reactions conducted with 2-mphen at 
100 ºC occurred to lower conversion (1a-2a, 6a-7a, 9a-11a, 14a) or formed side products (5a, 
8a, 16a). 
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Borylation of Alkyl C–H Bonds at Room Temperature 

 

 

Figure 3.13. Scope of Borylation of Alkyl C–H Bonds at Room Temperature. (Equivalent 
to Figure 3.5) aDetermined by GC-FID with adamantane as the internal standard.  b10 mol% 
catalyst. 

In a nitrogen glovebox, a 4 mL vial was sequentially charged with N-phenyl-1,10-
phenanthrolin-2-amine (L3) (1.36 mg, 5.00 μmol, 5.00 mol%), (MesH)Ir(Bpin)3 (3.47 mg, 5.00 
μmol, 5.00 mol%),  adamantane (internal standard, 13.6 mg, 0.100 mmol), B2pin2 (25.4 mg, 
0.100 mmol, 1.00 equiv), and substrate (2.00 mmol, 20.0 equiv). A magnetic stir bar was added 
to the vial, and the vial was tightly sealed with a Teflon lined cap. The vial was removed from 
the glovebox and stirred at 23 ºC. After 7 days, an aliquot was removed and analyzed by GC-
FID to quantify the yield. 

Reaction Profile for Room Temperature Borylation of THF 
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standard, 13.6 mg, 0.100 mmol), B2pin2 (25.4 mg, 0.100 mmol, 1.00 equiv), and THF (162 μL, 
2.00 mmol, 20.0 equiv). A magnetic stir bar was added to the vial, and the vial was tightly 
sealed with a Teflon lined cap. The vial was removed from the glovebox and stirred at 23 ºC. 
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At various time points, the vial was removed from the stir plate and brought into the glovebox. 
An aliquot of the solution was removed from the vial and analyzed by GC-FID.  

 

 

 

Figure 3.14. Profile of the reaction of THF and B2pin2 catalyzed by the combination of 
aminophenanthroline ligand L3 and (MesH)Ir(Bpin)3 (blue triangles) or [Ir(cod)(OMe)]2 
(yellow squares) at room temperature. 
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3.4.5 Scope of the Mild Borylation of Alkyl C–H Bonds 

General Procedure C: Catalytic Borylation of C–H Bonds and Isolation as the Boronic 
Ester. 

In a nitrogen glovebox, a 4 mL vial was sequentially charged with N-phenyl-1,10-
phenanthrolin-2-amine (L3) (3.38 mg, 12.5 μmol, 5.00 mol%), [Ir(cod)(OMe)]2 (4.14 mg, 6.25 
μmol, 2.50 mol%), substrate (0.250 mmol, 1.00 equiv), and B2pin2 (95.2 mg, 0.375 mmol, 1.50 
equiv) (If the substrate was a liquid, it was added last). A magnetic stir bar and 0.2 mL of 
cyclooctane were added to the vial, and the vial was tightly sealed with a Teflon lined cap. The 
vial was removed from the glovebox and heated at 65 ºC in a preheated aluminum heating 
block for the specified time. After cooling to ambient temperature, CDCl3 and CH2Br2 (internal 
standard) were added to the vial, and a sample was removed and analyzed by 1H NMR 
spectroscopy to quantify the conversion. The mixture was then co-evaporated with MeOH (5 
mL) at 45 ºC (Caution: vigorous gas evolution upon addition of MeOH!). The crude residue 
was purified by flash column chromatography on silica (0 à 50% ethyl acetate in hexanes as 
eluent) to give the borylated product. 

General Procedure D: Catalytic Borylation of C–H Bonds and Transformation to the 
Trifluoroborate Salt 

In a nitrogen glovebox, a 4 mL vial was sequentially charged with N-phenyl-1,10-
phenanthrolin-2-amine (L3) (3.38 mg, 12.5 μmol, 5.00 mol%), [Ir(cod)(OMe)]2 (4.14 mg, 6.25 
μmol, 2.50 mol%), substrate (0.250 mmol, 1.00 equiv), and B2pin2 (95.2 mg, 0.375 mmol, 1.50 
equiv) (If the substrate was a liquid, it was added last). A magnetic stir bar and 0.2 mL of 
cyclooctane were added to the vial, and the vial was tightly sealed with a Teflon lined cap. The 
vial was removed from the glovebox and heated at 65 ºC in a preheated aluminum heating 
block for the specified time. After cooling to ambient temperature, CDCl3 and CH2Br2 (internal 
standard) were added to the vial, and a sample was taken and analyzed by 1H NMR 
spectroscopy to quantify the conversion. The trifluoroborate salt formation was adapted from 
a literature procedure.48 All volatile materials were evaporated in vacuo, then MeOH (3 mL) 
and acetonitrile (3 mL) were added. A solution of KF (2.04 g in 3 mL of water) was added and 
the mixture stirred for 40 min at room temperature. Then, a solution of tartaric acid (2.7 g in 
12.5 mL of THF) was added dropwise while rapidly stirring. The suspension was filtered, and 
the solids were further washed with acetonitrile (5 mL x3). The combined filtrate was 
concentrated to afford the desired product. 

General Procedure E: Catalytic Borylation of C–H Bonds and One-Pot Cross-Coupling. 

In a nitrogen glovebox, a 4 mL vial was sequentially charged with N-phenyl-1,10-
phenanthrolin-2-amine (L3) (3.38 mg, 12.5 μmol, 5.00 mol%), [Ir(cod)(OMe)]2 (4.14 mg, 6.25 
μmol, 2.50 mol%), substrate (0.250 mmol, 1.00 equiv), and B2pin2 (95.2 mg, 0.375 mmol, 1.50 
equiv) (If the substrate was a liquid, it was added last). A magnetic stir bar and 0.2 mL of 
cyclooctane were added to the vial, and the vial was tightly sealed with a Teflon lined cap. The 
vial was removed from the glovebox and heated at 65 ºC in a preheated aluminum heating 
block for the specified time. After cooling to ambient temperature, CDCl3 and CH2Br2 (internal 
standard) were added to the vial, and a sample was removed and analyzed by 1H NMR 
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spectroscopy to quantify the conversion. All volatile materials were evaporated in vacuo, and 
pentaphenyl(di-tert-butylphosphino)ferrocene (QPhos, 8.88 mg, 12.5 µmol, 5.00 mol%), 
Pd2(dba)3 (5.72 mg, 6.25 µmol, 2.50 mol%), 5-bromo-2-methylpyridine (64.5 mg, 0.375 mmol, 
1.50 equiv), and CsF (114 mg, 0.750 mmol, 3.00 equiv) were added. Dioxane (0.5 mL) and 
water (0.1 mL) were added, and the mixture was heated at 100 ºC for 24 h. The resulting 
mixture was diluted with ethyl acetate (2 mL), filtered through a pad of Celite and MgSO4, and 
concentrated. The crude material was purified by flash column chromatography on silica (0 à 
25% (premixed 30% NH4OH in MeOH) in ethyl acetate). 
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(8-(tert-butoxy)octyl)trifluoro-λ4-borane, potassium salt (1a) 

 

Synthesized according to General Procedure D on 0.250 mmol scale with the following 
modifications: The reaction was run with 10 mol% of [Ir] and 3 equiv of B2pin2 to afford the 
title compound as an off-white solid (37.8 mg, 51%). 

 

1H NMR (600 MHz, acetone) δ 3.44 (t, J = 6.5 Hz, 2H), 1.63 – 1.54 (m, 2H), 1.50 – 1.36 (m, 
10H), 1.27 (s, 9H), 0.32 – 0.24 (m, 2H). [See spectrum] 

13C NMR (151 MHz, acetone) δ 71.7, 61.2, 33.8, 30.9, 30.1, 29.8, 27.1, 26.5, 25.6. [See 
spectrum] 
11B NMR (193 MHz, acetone) δ 4.9. [See spectrum] 

19F NMR (565 MHz, acetone) δ -141.8. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C12H25OBF3 [M-K]-: 253.1956, found: 253.1957.  

  

t-BuO BF3K6

B2pin2 (3.0 equiv.)
[Ir(COD)(OMe)]2 (5.0 mol%)

2-NHPhphen (10 mol%)
cyclooctane, 65 °C, 18 h

then
KF, tartaric acid

t-BuO H6



 384 

4-((6-methylpyridin-3-yl)methyl)morpholine (2a) 

 

Synthesized according to General Procedure E on 0.250 mmol scale to afford the title 
compound as an off-white solid (37.8 mg, 51%). 

 

1H NMR (500 MHz, CDCl3) δ 8.45 (d, J = 2.3 Hz, 1H), 7.61 (dd, J = 8.0, 2.3 Hz, 1H), 7.16 (d, 
J = 7.9 Hz, 1H), 3.74 (t, J = 4.6 Hz, 4H), 3.51 (s, 2H), 2.58 (s, 3H), 2.48 (t, J = 4.7 Hz, 4H). 
[See spectrum] 

13C NMR (126 MHz, CDCl3) δ 157.5, 149.9, 137.4, 130.0, 123.1, 67.0, 60.4, 53.6, 24.2. [See 
spectrum] 

HRMS (m/z): (ESI+) calc’d for C11H17ON2 [M+H]+: 193.1335, found: 193.1335.  

  

B2pin2 (1.5 equiv.)
[Ir(COD)(OMe)]2 (2.5 mol%)

2-NHPhphen (5 mol%)
cyclooctane, 65 °C, 18 h

then
ArBr, CsF, Pd2(dba)3, QPhos

N
O

N Me

N
O

Me
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((1S,2S)-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclopropyl)methyl 3,5-di-tert-
butylbenzoate (3a) 

 

Synthesized according to General Procedure C on 0.250 mmol scale to afford the title 
compound as an off-white solid (49.9 mg, 48%). 

 

1H NMR (500 MHz, CDCl3) δ 8.08 (d, J = 1.9 Hz, 2H), 7.80 (t, J = 1.9 Hz, 1H), 4.44 (dd, J = 
11.3, 6.3 Hz, 1H), 4.28 (dd, J = 11.3, 7.5 Hz, 1H), 1.74 – 1.64 (m, 1H), 1.53 (s, 18H), 1.41 (s, 
6H), 1.40 (s, 6H), 1.01 (td, J = 7.0, 3.7 Hz, 1H), 0.90 (ddd, J = 9.2, 5.1, 3.8 Hz, 1H), 0.14 – 
0.06 (m, 1H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 167.5, 151.0, 130.0, 127.1, 123.9, 83.2, 69.4, 35.0, 31.5, 24.8, 
24.8, 16.6, 9.9. [See spectrum] 

11B NMR (160 MHz, CDCl3) δ 33.2. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C25H40BO4 [M+H]+: 415.3014, found: 415.3015.  

  

B2pin2 (1.5 equiv.)
[Ir(COD)(OMe)]2 (2.5 mol%)

2-NHPhphen (5 mol%)
cyclooctane, 65 °C, 18 h O

Bpin

OBz**

H

O
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(1R,2R)-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclobutyl 3,5-di-tert-
butylbenzoate (4a-β) and (1s,3s)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)cyclobutyl 3,5-di-tert-butylbenzoate (4a-γ) 

 

Synthesized according to General Procedure C on 0.250 mmol scale to afford the title 
compounds as white solids. 

 

4a-β , 41.1 mg, 40%. 

1H NMR (500 MHz, CDCl3) δ 7.90 (d, J = 1.9 Hz, 2H), 7.64 (t, J = 1.9 Hz, 1H), 5.23 (q, J = 
7.5 Hz, 1H), 2.53 (ddt, J = 10.5, 7.5, 3.9 Hz, 1H), 2.38 (dtd, J = 11.4, 9.9, 7.6 Hz, 1H), 2.13 
(td, J = 10.0, 7.7 Hz, 1H), 2.04 (qd, J = 10.6, 3.2 Hz, 1H), 1.78 (qd, J = 10.0, 7.9 Hz, 1H), 1.38 
(s, 18H), 1.33 (s, 12H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 166.8, 150.9, 130.0, 127.0, 123.9, 83.5, 70.8, 35.0, 31.5, 31.1, 
24.9, 24.9, 16.1. [See spectrum] 

11B NMR (160 MHz, CDCl3) δ 32.9. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C25H40BO4 [M+H]+: 415.3014, found: 415.3011.  

 

4a-γ, 9.7 mg, 9%. 

1H NMR (500 MHz, CDCl3) δ 7.91 (d, J = 1.9 Hz, 2H), 7.65 (t, J = 1.9 Hz, 1H), 5.33 – 5.21 
(m, 1H), 2.57 (qd, J = 7.9, 2.8 Hz, 2H), 2.25 (dtd, J = 11.6, 8.7, 2.9 Hz, 2H), 1.60 – 1.49 (m, 
1H), 1.39 (s, 18H), 1.30 (s, 12H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 166.9, 151.0, 129.9, 127.1, 123.9, 83.4, 68.8, 35.0, 32.5, 31.5, 
24.9. [See spectrum] 

11B NMR (160 MHz, CDCl3) δ 33.2. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C25H40BO4 [M+H]+: 415.3014, found: 415.3013.  

 

  

B2pin2 (1.5 equiv.)
[Ir(COD)(OMe)]2 (2.5 mol%)

2-NHPhphen (5 mol%)
cyclooctane, 65 °C, 18 h

OBz**

Bpin
β

OBz**

βγ

OBz**

γ
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tert-butyl 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1-oxa-6-azaspiro[2.5]octane-6-
carboxylate (5a) 

 

Synthesized according to General Procedure C on 0.250 mmol scale to afford the title 
compound as a brown oil (46.3 mg, 55%). 

 

1H NMR (500 MHz, CDCl3) δ 3.85 – 3.63 (m, 2H), 3.48 (ddt, J = 13.5, 9.5, 4.0 Hz, 2H), 2.33 
(s, 1H), 1.93 – 1.82 (m, 2H), 1.73 – 1.65 (m, 1H), 1.51 (s, 9H), 1.32 (s, 6H), 1.32 (s, 6H). [See 
spectrum] 

13C NMR (126 MHz, CDCl3) δ 154.8, 84.7, 79.8, 61.5, 51.0, 42.6, 35.2, 28.5, 24.9, 24.8. [See 
spectrum] 

11B NMR (160 MHz, CDCl3) δ 31.3. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C17H30BO5NNa [M+Na]+: 362.2109, found: 362.2109.  

  

B2pin2 (1.5 equiv.)
[Ir(COD)(OMe)]2 (2.5 mol%)

2-NHPhphen (5 mol%)
cyclooctane, 65 °C, 18 h

N
Boc

O
Bpin

N
Boc

O
H
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tert-butyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)azetidine-1-carboxylate (6a) 

 

Synthesized according to General Procedure C on 0.250 mmol scale to afford the title 
compound as a yellow oil (57.8 mg, 82%). 

 

1H NMR (600 MHz, CDCl3) δ 4.14 (dd, J = 10.0, 7.9 Hz, 2H), 4.05 (t, J = 7.5 Hz, 2H), 2.24 
(tt, J = 10.0, 7.1 Hz, 1H), 1.56 (s, 9H), 1.40 (s, 12H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 156.4, 83.8, 79.2, 51.1, 50.1, 28.5, 24.9, 11.3. [See spectrum] 

11B NMR (193 MHz, CDCl3) δ 33.4. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C14H27BO4N [M+H]+: 284.2028, found: 284.2029.  

  

N
Boc

BpinB2pin2 (1.5 equiv.)
[Ir(COD)(OMe)]2 (2.5 mol%)

2-NHPhphen (5 mol%)
cyclooctane, 65 °C, 18 hN

Boc

H
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tert-butyl 6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-azaspiro[3.3]heptane-2-
carboxylate (7a) 

 

Synthesized according to General Procedure C on 0.100 mmol scale with the following 
modifications:  The reaction was run with 10 mol% of [Ir] and 3 equiv of B2pin2 to afford the 
title compound as a colorless oil (11.2 mg, 35%). 

 

1H NMR (500 MHz, CDCl3) δ 3.91 (s, 2H), 3.88 (s, 2H), 2.33 – 2.25 (m, 2H), 2.24 – 2.11 (m, 
2H), 1.74 (tt, J = 9.5, 7.2 Hz, 1H), 1.47 (s, 9H), 1.28 (s, 12H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 156.4, 83.3, 79.2, 61.8, 37.8, 34.6, 28.5, 24.8, 11.7. [See 
spectrum] 

11B NMR (160 MHz, CDCl3) δ 33.8. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C17H30BO4NNa [M+Na]+: 346.2160, found: 346.2158.  

  

B2pin2 (3.0 equiv.)
[Ir(COD)(OMe)]2 (5.0 mol%)

2-NHPhphen (10 mol%)
cyclooctane, 65 °C, 18 h

N
Boc

Bpin

N
Boc

H
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2-(7,7-dimethyl-6,8-dioxaspiro[3.5]nonan-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 
(8a) 

 

Synthesized according to General Procedure C on 0.250 mmol scale with the following 
modifications:  The reaction was run with 10 mol% of [Ir] and 3 equiv of B2pin2 to afford the 
title compound as a colorless oil (21.9 mg, 31%). 

 

1H NMR (500 MHz, CDCl3) δ 3.79 (s, 2H), 3.78 (s, 2H), 2.05 – 1.95 (m, 2H), 1.92 – 1.80 (m, 
3H), 1.43 (s, 6H), 1.29 (s, 12H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 97.6, 83.3, 69.3, 69.1, 35.9, 29.3, 24.9, 23.9. [See spectrum] 
11B NMR (160 MHz, CDCl3) δ 34.0. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C15H27BO4Na [M+Na]+: 305.1895, found: 305.1895.  

B2pin2 (3.0 equiv.)
[Ir(COD)(OMe)]2 (5.0 mol%)

2-NHPhphen (10 mol%)
cyclooctane, 65 °C, 18 h

Bpin

O O

H

O O
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4,4,5,5-tetramethyl-2-(tetrahydrofuran-3-yl)-1,3,2-dioxaborolane (9a) 

 

Synthesized according to General Procedure C on 0.250 mmol scale to afford the title 
compound as a colorless oil (33.6 mg, 68%). 

 

1H NMR (400 MHz, CDCl3) δ 3.98 (t, J = 8.3 Hz, 1H), 3.80 (tdd, J = 8.2, 4.3, 1.7 Hz, 1H), 
3.69 (q, J = 7.6 Hz, 1H), 3.61 (t, J = 9.3, 8.9 Hz, 1H), 2.09 – 1.96 (m, 1H), 1.81 (ddt, J = 12.0, 
9.6, 8.2 Hz, 1H), 1.59 (p, J = 9.2 Hz, 1H), 1.23 (s, 12H). [See spectrum] 

13C NMR (101 MHz, CDCl3) δ 83.5, 70.4, 68.6, 28.9, 24.9. [See spectrum]  

O

Bpin
B2pin2 (1.5 equiv.)

[Ir(COD)(OMe)]2 (2.5 mol%)
2-NHPhphen (5 mol%)

cyclooctane, 65 °C, 18 h
O

H
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rac-(3R,4R)-3-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)dihydrofuran-
2(3H)-one (10a) 

 

Synthesized according to General Procedure C on 0.250 mmol scale to afford the title 
compound as a yellow oil (35.0 mg, 62%). The diastereoselectivity was determined by analysis 
of the crude 1H NMR spectrum. 

 

1H NMR (500 MHz, CDCl3) δ 4.42 (t, J = 8.8 Hz, 1H), 4.16 (dd, J = 11.9, 9.0 Hz, 1H), 2.58 
(dq, J = 13.9, 7.0 Hz, 1H), 1.76 (td, J = 12.3, 8.6 Hz, 1H), 1.32 (d, J = 7.0 Hz, 3H), 1.30 (s, 
12H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 180.4, 84.2, 68.2, 37.2, 24.9, 24.8, 15.2. [See spectrum] 

11B NMR (160 MHz, CDCl3) δ 32.6. [See spectrum] 

  

O

Bpin

O

Me
B2pin2 (1.5 equiv.)

[Ir(COD)(OMe)]2 (2.5 mol%)
2-NHPhphen (5 mol%)

cyclooctane, 65 °C, 18 h
O

H

O

Me
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2,2,2-trifluoro-1-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrrolidin-1-yl)ethan-1-
one (11a) 

 

Synthesized according to General Procedure C on 0.250 mmol scale to afford the title 
compound as a yellow oil (50.2 mg, 68%). Mixture of rotamers. 

 

1H NMR (500 MHz, CDCl3) δ 4.05 – 3.70 (m, 2H), 3.71 – 3.42 (m, 2H), 2.32 – 2.04 (m, 1H), 
2.03 – 1.81 (m, 1H), 1.81 – 1.58 (m, 1H), 1.29 (s, 12H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 155.4 (q, J = 36.2 Hz), 116.52 (q, J = 287.6 Hz), 84.0, 84.0, 
49.8, 48.8 (q, J = 3.5 Hz), 48.3, 47.4 (q, J = 3.4 Hz), 28.9, 26.1, 24.8. [See spectrum] 

11B NMR (160 MHz, CDCl3) δ 33.1. [See spectrum] 

19F NMR (470 MHz, CDCl3) δ -72.5, -72.6. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C12H20BO3NF3 [M+H]+: 294.1483, found: 294.1487. 

B2pin2 (1.5 equiv.)
[Ir(COD)(OMe)]2 (2.5 mol%)

2-NHPhphen (5 mol%)
cyclooctane, 65 °C, 18 h N

CF3O

Bpin

N

CF3O

H
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tert-butyl 3-(trifluoro-λ4-boraneyl)pyrrolidine-1-carboxylate, potassium salt (12a) 

 

Synthesized according to General Procedure D on 0.250 mmol scale with the following 
modifications: 

The reaction was run with 10 mol% of [Ir] and 3 equiv of B2pin2 to afford the title compound 
as an off-white solid (60.9 mg, 88%). 

 

1H NMR (700 MHz, Acetone) δ 3.42 (qd, J = 10.6, 4.6 Hz, 2H), 3.16 – 3.06 (m, 2H), 1.83 (tt, 
J = 12.7, 6.4 Hz, 1H), 1.76 – 1.63 (m, 1H), 1.54 (s, 9H), 1.16 – 1.02 (m, 1H). [See spectrum] 

13C NMR (126 MHz, Acetone) δ 155.0, 77.8, 77.8, 50.7, 50.3, 48.4, 48.2, 28.8, 25.0. [See 
spectrum] 

11B NMR (160 MHz, Acetone) δ 4.6. [See spectrum] 

HRMS (m/z): (ESI-) calc’d for C9H16BO2NF3 [M-K]-: 238.1232, found: 238.1234. 

B2pin2 (3.0 equiv.)
[Ir(COD)(OMe)]2 (5.0 mol%)

2-NHPhphen (10 mol%)
cyclooctane, 65 °C, 18 h

then
KF, tartaric acid

N

OO

BF3K

N

OO

H
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2-(3-(4-(tert-butyl)phenyl)bicyclo[1.1.1]pentan-1-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (13a) 

 

Synthesized according to General Procedure D on 0.250 mmol scale to afford the title 
compound as an off-white solid (67.0 mg, 82%).  

 

1H NMR (500 MHz, CDCl3) δ 7.37 (d, J = 8.3 Hz, 2H), 7.19 (d, J = 8.3 Hz, 2H), 2.20 (s, 6H), 
1.34 (s, 9H), 1.31 (s, 12H). [See spectrum] 

13C NMR (126 MHz, CDCl3) δ 149.3, 139.4, 125.6, 125.1, 83.5, 53.2, 47.3, 34.6, 31.5, 24.9. 
[See spectrum]  

B2pin2 (1.5 equiv.)
[Ir(COD)(OMe)]2 (2.5 mol%)

2-NHPhphen (5 mol%)
cyclooctane, 65 °C, 18 h BpinH
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(1S,2S,4R)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-yl cyclobutanecarboxylate-2,4,4,5,5-
pentamethyl-1,3,2-dioxaborolane (14a) 

 

Synthesized according to General Procedure C on 0.250 mmol scale to afford the title 
compound as a colorless oil, mixture of inseparable isomers (1:3.5:1) (36.1 mg, 40%). 

 

1H NMR (600 MHz, CDCl3) δ 4.50 – 4.44 (m, 1H), 3.44 – 3.30 (m, 1H), 2.62 – 2.47 (m, 1H), 
2.47 – 2.36 (m, 2H), 2.36 – 2.27 (m, 1H), 2.18 – 2.05 (m, 1H), 2.05 – 1.75 (m, 4H), 1.75 – 1.67 
(m, 1H), 1.66 – 1.44 (m, 2H), 1.42 – 1.34 (m, 12H), 1.34 – 1.28 (m, 1H), 1.23 (d, J = 4.5 Hz, 
3H), 1.22 – 1.11 (m, 3H), 0.93 – 0.87 (m, 3H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 176.1, 176.0, 175.9, 175.5, 85.8, 85.7, 85.6, 83.4, 83.3, 83.3, 
48.5, 48.5, 48.5, 48.4, 48.4, 48.4, 41.4, 41.4, 39.6, 39.5, 39.5, 39.5, 38.6, 38.1, 29.8, 29.8, 29.8, 
27.0, 26.8, 26.7, 26.7, 26.7, 26.6, 26.4, 25.9, 25.4, 25.2, 24.9, 24.9, 24.9, 24.8, 24.8, 20.2, 20.2, 
20.2, 20.2, 19.5, 19.5. [See spectrum] 

11B NMR (160 MHz, CDCl3) δ 33.6. [See spectrum] 

HRMS (m/z): (ESI-) calc’d for C21H35BO4Na [M+Na]+: 385.2521, found: 385.2519. 

B2pin2 (1.5 equiv.)
[Ir(COD)(OMe)]2 (2.5 mol%)

2-NHPhphen (5 mol%)
cyclooctane, 65 °C, 18 h Me

Me Me

O

O

Bpin
Me

Me Me

O

O



 397 

(3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-((R)-6-methylheptan-2-yl)-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl 3-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentane-1-carboxylate (15a) 

 

Synthesized according to General Procedure C on 0.100 mmol scale to afford the title 
compound as an white solid (46.5 mg, 77%). 

 

1H NMR (600 MHz, CDCl3) δ 5.49 (d, J = 3.9 Hz, 1H), 4.69 (dtd, J = 11.9, 8.3, 4.3 Hz, 1H), 
2.43 (d, J = 8.2 Hz, 2H), 2.25 (s, 6H), 2.17 – 2.06 (m, 2H), 2.01 – 1.92 (m, 3H), 1.74 – 1.54 
(m, 8H), 1.54 – 1.43 (m, 3H), 1.37 (s, 12H), 1.33 – 1.17 (m, 7H), 1.16 (s, 3H), 1.14 – 1.07 (m, 
3H), 1.05 (d, J = 6.5 Hz, 3H), 1.00 (dd, J = 6.6, 2.7 Hz, 6H), 0.81 (s, 3H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 169.4, 139.9, 122.6, 83.6, 73.9, 56.8, 56.2, 52.4, 50.1, 43.4, 
42.4, 39.9, 39.6, 38.2, 37.1, 36.7, 36.3, 35.9, 32.0, 32.0, 28.3, 28.1, 27.8, 24.8, 24.4, 23.9, 22.9, 
22.7, 21.2, 19.5, 18.8, 12.0. [See spectrum] 

11B NMR (193 MHz, CDCl3) δ 30.8. [See spectrum] 

HRMS (m/z): (ESI+) calc’d for C39H63BO4Na [M+Na]+: 629.4712, found: 629.4715.  

  

B2pin2 (1.5 equiv.)
[Ir(COD)(OMe)]2 (2.5 mol%)

2-NHPhphen (5 mol%)
cyclooctane, 65 °C, 18 h

Bpin

H

Me
Me

Me

Me
Me

H
O

O
H
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Me
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4,4,5,5-tetramethyl-2-(((2S,3R,4R,5S,6R)-3,4,5,6-tetrakis((3,5-di-tert-
butylbenzyl)oxy)tetrahydro-2H-pyran-2-yl)methyl)-1,3,2-dioxaborolane (16a) 

 

Synthesized according to General Procedure C on 0.100 mmol scale with the following 
modifications: The reaction was run with 10 mol% of [Ir] and 3 equiv of B2pin2 to afford the 
title compound as a colorless syrup that crystallized slowly (52.8 mg, 48%). 

 

1H NMR (600 MHz, CDCl3) δ 7.45 (t, J = 1.9 Hz, 1H), 7.43 (q, J = 2.1 Hz, 2H), 7.41 (d, J = 
1.9 Hz, 3H), 7.39 (d, J = 1.8 Hz, 2H), 7.36 (d, J = 1.8 Hz, 2H), 7.33 (d, J = 1.9 Hz, 2H), 5.25 
(d, J = 11.0 Hz, 1H), 5.20 (d, J = 11.0 Hz, 1H), 5.16 (d, J = 12.2 Hz, 1H), 5.12 (d, J = 11.8 Hz, 
1H), 4.97 (d, J = 8.6 Hz, 1H), 4.95 (d, J = 9.7 Hz, 1H), 4.78 (d, J = 11.0 Hz, 1H), 4.73 (d, J = 
11.8 Hz, 1H), 4.64 (d, J = 7.7 Hz, 1H), 4.11 (dd, J = 9.7, 7.7 Hz, 1H), 3.86 (d, J = 3.0 Hz, 1H), 
3.82 – 3.73 (m, 2H), 1.59 – 1.50 (m, 2H), 1.44 (s, 18H), 1.41 (s, 18H), 1.41 (s, 18H), 1.36 (s, 
18H), 1.36 (s, 6H), 1.35 (s, 6H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 150.8, 150.6, 150.5, 150.4, 138.5, 138.4, 138.3, 137.3, 123.0, 
122.1, 121.8, 121.5, 121.4, 121.3, 121.3, 121.2, 103.2, 83.2, 83.1, 80.1, 78.4, 76.3, 75.8, 74.4, 
72.1, 71.3, 34.9, 34.9, 34.8, 31.6, 31.6, 31.6, 31.6, 25.0, 25.0. [See spectrum] 

11B NMR (193 MHz, CDCl3) δ 33.6. [See spectrum] 

HRMS (m/z): (ESI-) calc’d for C72H111BO7Na [M+Na]+: 1121.8315, found: 1121.8333. 

  

B2pin2 (3.0 equiv.)
[Ir(COD)(OMe)]2 (5.0 mol%)

2-NHPhphen (10 mol%)
cyclooctane, 65 °C, 18 h

O
OBn**

OBn**

OBn****BnO

pinBO
Me

OBn**

OBn**

OBn****BnO
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4,4,5,5-tetramethyl-2-(((2S,3R,4R,5S,6R)-3,4,5,6-tetrakis((3,5-di-tert-
butylbenzyl)oxy)tetrahydro-2H-pyran-2-yl)methyl)-1,3,2-dioxaborolane (17a) 

 

Synthesized according to General Procedure C on 0.100 mmol scale with the following 
modifications: The reaction was run with 10 mol% of [Ir] and 3 equiv of B2pin2 to afford the 
title compound as a colorless syrup that crystallized slowly (44.2 mg, 48%). 

 

1H NMR (600 MHz, CDCl3) δ 8.23 (d, J = 8.2 Hz, 2H), 8.20 (d, J = 8.1 Hz, 2H), 7.94 (d, J = 
8.4 Hz, 2H), 7.89 (d, J = 8.4 Hz, 2H), 7.68 (d, J = 8.2 Hz, 2H), 7.65 (d, J = 8.1 Hz, 2H), 7.44 
(d, J = 8.3 Hz, 2H), 7.41 (d, J = 8.3 Hz, 2H), 6.94 (d, J = 3.8 Hz, 1H), 6.26 (dd, J = 10.7, 3.4 
Hz, 1H), 6.09 – 6.02 (m, 2H), 4.84 (t, J = 7.6 Hz, 1H), 1.55–1.49 (m, 11H), 1.40 (s, 9H), 1.38 
(s, 9H), 1.38 (s, 9H), 1.31 (s, 6H), 1.28 (s, 6H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 166.0, 165.8, 165.7, 164.9, 157.4, 157.2, 157.0, 156.8, 130.0, 
130.0, 129.8, 126.9, 126.8, 126.6, 126.4, 125.7, 125.7, 125.4, 125.4, 90.7, 83.7, 83.6, 71.6, 69.9, 
68.9, 67.8, 35.3, 35.3, 35.1, 35.1, 31.3, 31.2, 31.1, 31.1, 25.2, 24.8, 24.8. [See spectrum] 

11B NMR (193 MHz, CDCl3) δ 30.8. [See spectrum] 

HRMS (m/z): (ESI-) calc’d for C56H61BO11Na [M+Na]+: 953.4982, found: 953.4995. 

  

B2pin2 (3.0 equiv.)
[Ir(COD)(OMe)]2 (5.0 mol%)

2-NHPhphen (10 mol%)
cyclooctane, 65 °C, 18 h

O
OBz*

OBz*

OBz**BzO

pinBO
Me

OBz*

OBz*

OBz**BzO
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(2S,3S,4R,5R,6S)-6-(hydroxymethyl)tetrahydro-2H-pyran-2,3,4,5-tetrayl tetrakis(4-(tert-
butyl)benzoate) (17c) 

 

A 20 mL vial was charged with 4,4,5,5-tetramethyl-2-(((2S,3R,4R,5S,6R)-3,4,5,6-tetrakis((3,5-
di-tert-butylbenzyl)oxy)tetrahydro-2H-pyran-2-yl)methyl)-1,3,2-dioxaborolane (17a, 23.3 mg, 
25.0 µmol, 1.00 equiv), and THF (0.125 mL) was added and the solution cooled with an ice 
bath. H2O2·urea (2.82 mg, 30.0 µmol, 1.20 equiv) and KOAc (2.94 mg, 30.0 µmol, 1.20 equiv) 
were added, and water was added (75 µL). The cooling bath was removed, and the mixture 
stirred for 24 h. The mixture was diluted with DCM (5 mL) and sat. aq. NaHCO3 (5 mL) was 
added. The layers were separated, and the aqueous layer further extracted with DCM (5 mL 
x3). The combined organic layers were dried over MgSO4, filtered, and concentrated. The crude 
material was purified by column chromatography on silica (0à50% ethyl acetate in pentane) 
to afford the title compound as a white powder (13.5 mg, 66%). 

 

1H NMR (600 MHz, CDCl3) δ 8.22 (d, J = 6.6 Hz, 2H), 8.21 (d, J = 6.4 Hz, 2H), 7.95 (d, J = 
8.3 Hz, 2H), 7.92 (d, J = 8.3 Hz, 2H), 7.69 (dd, J = 8.4, 4.0 Hz, 4H), 7.45 (d, J = 8.4 Hz, 2H), 
7.42 (d, J = 8.3 Hz, 2H), 6.98 (d, J = 3.4 Hz, 1H), 6.21 (qd, J = 10.8, 3.2 Hz, 2H), 6.10 (d, J = 
3.0 Hz, 1H), 4.65 (t, J = 6.8 Hz, 1H), 3.91 (dt, J = 13.5, 6.8 Hz, 1H), 3.74 (dt, J = 11.8, 6.9 Hz, 
1H), 2.68 (t, J = 7.2 Hz, 1H), 1.52 (s, 18H), 1.39 (s, 9H), 1.38 (s, 9H). [See spectrum] 

13C NMR (151 MHz, CDCl3) δ 166.9, 165.8, 164.7, 157.9, 157.8, 157.2, 157.2, 130.2, 130.0, 
129.8, 129.8, 126.4, 126.3, 126.2, 126.1, 125.9, 125.5, 125.5, 90.6, 72.1, 69.5, 68.6, 67.8, 60.6, 
35.4, 35.4, 35.2, 35.2, 31.2, 31.1. [See spectrum] 

HRMS (m/z): (ESI-) calc’d for C50H60O10Na [M+Na]+: 843.4079, found: 843.4073. 

  

H2O2·urea
KOAc
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3.4.6 Mechanistic Studies 

Kinetic Isotope Effects  

In a nitrogen glovebox, a 4 mL vial was sequentially charged with N-phenyl-1,10-
phenanthrolin-2-amine (L3) (2.71 mg, 10.0 μmol, 5.00 mol%), (MesH)Ir(Bpin)3 (6.93 mg, 
10.00 μmol, 5.00 mol%),  adamantane (internal standard, 13.6 mg, 0.100 mmol), B2pin2 (50.8 
mg, 0.200 mmol, 1.00 equiv), and either THF or THF-d8 (4.80 mmol, 24.0 equiv). A magnetic 
stir bar was added to the vial, and the vial was tightly sealed with a Teflon-lined cap. The vial 
was removed from the glovebox and stirred at 65 ºC. At the various time points, the vial was 
removed from the heating block and brought into the glovebox. An aliquot of the solution was 
removed from the vial and analyzed by GC.  

 

 

 

Figure 3.15. Initial rate plots for determination of the KIE. Profile of the reaction of THF 
(yellow squares) or THF-d8 (blue triangles) and B2pin2 catalyzed by the combination of 
(MesH)Ir(Bpin)3 and aminophenanthroline ligand L3. Average of two runs shown. The average 
values of the slopes for the reaction of THF and THF-d8 were 8.6 × 10-3 ± 2.7 × 10-4 and 2.7 × 
10-3 ± 1.5 × 10-4, respectively.  
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Borylation of Ligands 

Borylation of 2-mphen 

 

(MesH)Ir(Bpin)3 (3.47 mg, 5.00 mol%, 5.00 µmol) and 2-methyl-1,10-phenanthroline (19.4 
mg, 1.00 equiv, 0.100 mmol) were weighed into a 4 mL vial in the glovebox. Then THF-d8 (0.5 
mL) and HBpin (12.8 mg, 1.00 equiv, 100 µmol) were added. A stirbar was introduced, and the 
mixture was stirred vigorously, with the slurry quickly becoming homogenous. The reaction 
was stirred for 1 h at room temperature. The orange solution was transferred to an NMR tube 
for characterization. Borylation occurs predominately at the 8-position of the phenanthroline 
backbone. 

 

 

 

Figure 3.16. 1H NMR spectrum of borylated 2-mphen. 

Borylation of 1,10-phenanthrolin-2-amine (L1) 

See synthesis of L5 for borylation of L1. Borylation occurs cleanly at the N–H. 
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Synthesis and Reactivity of Iridium Complexes 

Attempted Formation of an Ir(III) trisboryl complex ligated by L3 

In a nitrogen glovebox, a 4 mL vial was sequentially charged with N-phenyl-1,10-
phenanthrolin-2-amine (L3, 6.78 mg, 25.0 µmol, 1.00 equiv), (MesH)Ir(Bpin)3 (17.3 mg, 25.0 
µmol, 1.00 equiv), and B2pin2 (9.52 mg, 37.5 µmol, 1.50 equiv). A magnetic stirbar was added 
to the vial. THF-d8 (0.5 mL) was introduced to the vial under vigorous stirring, and the vial 
was sealed with a Teflon cap. The heterogenous solution was stirred at rt for 1 h and transferred 
to an NMR tube for characterization. 

 

We were unable to assign the identities of the components of the complex mixture observed. 
This spectrum is in stark contrast to that obtained with L5. 

 

Figure 3.17. 1H NMR spectrum of attempted complexation of L3 with (MesH)Ir(Bpin)3. 
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Generation of (L5)Ir(Bpin)3 from L1 

 

In a nitrogen glovebox, a 4 mL vial was sequentially charged with 1,10-phenanthroline-2-
amine (L1, 4.88 mg, 25.0 µmol, 1.00 equiv), (MesH)Ir(Bpin)3 (17.3 mg, 25.0 µmol, 1.00 equiv), 
and B2pin2 (12.7 mg, 50.0 µmol, 2.00 equiv). A magnetic stirbar was added to the vial, THF-
d8 (0.5 mL) was introduced to the vial under vigorous stirring, and the vial was sealed with a 
Teflon cap. The orange solution was stirred at rt for 1 h and transferred to an NMR tube for 
characterization. No iridium-hydride species were detected. The major species was assigned to 
be (L5)Ir(Bpin)3. See below for direct generation of (L5)Ir(Bpin)3 from L5. 

 

Note: If no B2pin2 is added to the reaction, then immediate precipitation of iridium black occurs 
upon mixing L1 and (MesH)Ir(Bpin)3.  

 

1H NMR (600 MHz, THF) δ 9.88 (d, J = 4.9 Hz, 1H), 8.43 (s, 1H), 8.06 (t, J = 8.3 Hz, 2H), 
7.89 (d, J = 8.8 Hz, 1H), 7.71 (d, J = 8.5 Hz, 2H), 7.49 (d, J = 8.4 Hz, 1H), 7.27 (dd, J = 8.0, 
4.9 Hz, 1H). 

11B NMR (193 MHz, THF) δ 30.5, 28.2, 27.3. 

 

N N
NH2

(MesH)Ir(Bpin)3 (1 equiv.)
B2pin2 (2 equiv.)
THF-d8, rt, 1 h

N

N

NH

Ir
Bpin

Bpin
Bpin

Bpin
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Figure 3.18. 1H NMR spectrum of (L5)Ir(Bpin)3 generated in situ by the complexation 
of L1. 
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NMR study of Iridium Complexes formed from L1 and (MesH)Ir(Bpin)3 

In a nitrogen glovebox, a 4 mL vial was sequentially charged with 1,10-phenanthroline-2-
amine (L1, 4.88 mg, 25.0 µmol, 1.00 equiv), (MesH)Ir(Bpin)3 (17.3 mg, 25.0 µmol, 1.00 equiv), 
and B2pin2 (63.5 mg, 0.250 mmol, 10.0 equiv). A magnetic stirbar was added to the vial. THF-
d8 (0.5 mL) was introduced to the vial under vigorous stirring, and the vial was sealed with a 
Teflon cap. The orange solution was stirred at rt for 1 h and transferred to an NMR tube. The 
mixture was heated in an aluminum heating block at 65 ºC for 30 min, and the resulting mixture 
was analyzed by 1H NMR spectroscopy. 

 

Multiple iridium species were formed in the reaction mixture, including several iridium hydride 
species (see inset). We have not been able to assign the structure of the iridium species formed.  

 

Figure 3.19: 1H NMR spectrum of the reaction mixture of L1, (MesH)Ir(Bpin)3, B2pin2, 
and THF after heating at 65 ºC for 30 min. 
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Synthesis of (L1)Ir(Bpin)3(P(OPh)3) 

 

In a nitrogen glovebox, a 20 mL vial was sequentially charged with 1,10-phenanthroline-2-
amine (L1, 14.1 mg, 72.1 µmol, 1.00 equiv), (MesH)Ir(Bpin)3 (50.0 mg, 72.1 µmol, 1.00 equiv), 
and B2pin2 (36.6 mg, 144 µmol, 2.00 equiv). A magnetic stirbar was added to the vial, THF (2 
mL) was introduced to the vial under vigorous stirring, and the vial was sealed with a Teflon 
cap. Triphenylphosphite (44.7 mg, 144 µmol, 2.00 equiv) was added. The solution turned a 
deep yellow color and was further stirred at rt for 2 h. All volatile materials were evaporated in 
vacuo, and 2 mL of pentane added to the residue. The mixture was stirred vigorously for 1 h, 
during which a fine yellow powder precipitated. The crude material was collected by filtration, 
and recrystallized from THF/pentane at -35 ºC to afford the title compound as deep yellow 
crystals (50 mg, 64%). Single crystals suitable for X-ray crystallography were grown by slow 
diffusion of pentane into a THF/ether solution of the compound. 

 

1H NMR (600 MHz, THF) δ 10.01 (d, J = 5.0 Hz, 1H), 8.01 (d, J = 8.0 Hz, 1H), 7.77 (d, J = 
8.7 Hz, 1H), 7.58 (d, J = 8.4 Hz, 1H), 7.42 (d, J = 8.5 Hz, 1H), 7.35 (bs, 2H), 7.16 (dd, J = 8.0, 
5.0 Hz, 1H), 6.86 – 6.78 (m, 12H), 6.74 (t, J = 7.0 Hz, 3H), 6.68 (d, J = 8.7 Hz, 1H), 1.30 (s, 
6H), 1.28 (s, 6H), 1.26 (s, 6H), 1.25 (s, 6H), 0.57 (s, 6H), 0.51 (s, 6H). [See spectrum] 

 

13C NMR (151 MHz, THF) δ 162.3, 155.0, 154.6 (d, JP–C = 9.9 Hz), 149.8, 149.6, 136.6, 134.8, 
131.6, 129.3, 127.3, 124.3, 123.5, 123.4, 122.5 (d, JP–C = 3.9 Hz), 121.4, 114.1, 81.5, 81.2, 80.3, 
80.2, 26.6, 26.5, 26.4, 26.4, 25.3, 25.3. [See spectrum] 

  

11B NMR (193 MHz, THF) δ 42.6, 31.8. [See spectrum] 

 

31P NMR (243 MHz, THF) δ 107.4. [See spectrum] 

 

Elemental Analysis: Anal. Calcd for C48H60B3IrN3O9P: C, 53.45; H, 5.61; N, 3.90. Found: C, 
53.64; H, 5.62; N, 3.76.  

N N
NH2

(MesH)Ir(Bpin)3 (1 equiv.)
B2pin2 (2 equiv.)

P(OPh)3 (2 equiv.)
THF, rt, 2 h

N

N
NH2

Ir
Bpin

Bpin
Bpin

P(OPh)3
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In Situ Generation of (L5)Ir(Bpin)3 

 

In a nitrogen glovebox, a 4 mL vial was sequentially charged with N-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-1,10-phenanthrolin-2-amine (L5, 8.03 mg, 25.0 µmol, 1.00 equiv), 
(MesH)Ir(Bpin)3 (17.3 mg, 25.0 µmol, 1.00 equiv), and B2pin2 (9.52 mg, 37.5 µmol, 1.50 
equiv). A magnetic stirbar was added to the vial. THF-d8 (0.5 mL) was introduced to the vial 
under vigorous stirring, and the vial was sealed with a Teflon cap. The orange solution was 
stirred at rt for 1 h and transferred to an NMR tube for characterization. No iridium hydride 
species were detected. The resonances of the major species match those observed from the 
complexation of L1 with (MesH)Ir(Bpin)3 in the presence of excess B2pin2 (see above). 

 

Note: If no B2pin2 is added to the reaction, then immediate precipitation of iridium black occurs 
upon mixing L5 and (MesH)Ir(Bpin)3.  

 

1H NMR (700 MHz, THF) δ 10.06 (d, J = 4.8 Hz, 1H), 8.59 (s, 1H), 8.22 (dd, J = 8.7, 4.2 Hz, 
2H), 8.06 (d, J = 8.8 Hz, 1H), 7.86 (d, J = 8.5 Hz, 1H), 7.63 (d, J = 8.4 Hz, 1H), 7.44 (dd, J = 
8.0, 5.0 Hz, 1H), 6.89 (s, 3H), 2.37 (s, 9H). 

 

N N
HN

(MesH)Ir(Bpin)3 (1 equiv.)
B2pin2 (1.5 equiv.)

THF-d8, rt, 1 h

N

N

NH

Ir
Bpin

Bpin
Bpin

Bpin
Bpin
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Figure 3.20: 1H NMR spectrum of in situ generated (L5)Ir(Bpin)3.  
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Isolation of (L5)Ir(Bpin)3 

 

In a nitrogen glovebox, a 4 mL vial was sequentially charged with N-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-1,10-phenanthrolin-2-amine (L5, 60.0 mg, 187 µmol, 1.00 equiv), 
(MesH)Ir(Bpin)3 (130 mg, 187 µmol, 1.00 equiv), and B2pin2 (56.9 mg, 224 µmol, 1.20 equiv). 
A magnetic stirbar was added to the vial. THF (1 mL) was introduced to the vial under vigorous 
stirring, and the vial was sealed with a Teflon cap. The orange solution was stirred at rt for 40 
min, after which time all volatile materials were evaporated in vacuo. Pentane (2 mL) was 
added to the residue. The mixture was stirred for 30 min, and a dark orange solid precipitated. 
The solid was collected by filtration to afford (L5)Ir(Bpin)3 (44.5 mg, 26%). The solid could 
be stored in the freezer at -35 ºC under an inert atmosphere. Redissolving the solid in THF or 
DCM led to decomposition within 10 min, which precluded the collection of 13C NMR spectra. 

 

1H NMR (600 MHz, THF) δ 10.05 (s, 1H), 8.56 (s, 1H), 8.09 (d, J = 8.9 Hz, 1H), 8.04 (d, J = 
7.7 Hz, 1H), 7.98 (d, J = 8.8 Hz, 1H), 7.68 (d, J = 8.4 Hz, 1H), 7.38 (d, J = 8.1 Hz, 1H), 7.30 
(t, J = 6.7 Hz, 1H), 1.36 (s, 12H), 1.18 (s, 36H). [See spectrum] 

 

11B NMR (193 MHz, THF) δ 29.8, 26.0, 21.0. [See spectrum] 

  

N N
HN

(MesH)Ir(Bpin)3 (1 equiv.)
B2pin2 (1.2 equiv.)

THF-d8, rt, 1 h

N

N

NH

Ir
Bpin

Bpin
Bpin

Bpin
Bpin
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Stoichiometric Reactivity of (L5)Ir(Bpin)3 with 1,3-Dichlorobenzene 

 

In a nitrogen glovebox, a 4 mL vial was charged with (L5)Ir(Bpin)3 (4.6 mg, 5.0 µmol) and 
adamantane (6.8 mg, 50 µmol), and a magnetic stirbar was added, followed by 1,3-
dichlorobenzene (0.2 mL). The vial was sealed with a Teflon-lined cap, and the vial was 
removed from the glovebox and heated at 50 ºC in a preheated aluminum heating block for 1 
h. An aliquot of the reaction mixture was removed and analyzed by GC-FID analysis. The yield 
of 2-(3,5-dichlorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane was determined to be 106% 
based on the starting iridium complex. 

 

Stoichiometric Reactivity of (L5)Ir(Bpin)3 with THF 

 

 

In a nitrogen glovebox, a 4 mL vial was charged with (L5)Ir(Bpin)3 (4.6 mg, 5.0 µmol) and 
adamantane (6.8 mg, 50 µmol), and a magnetic stirbar was added, followed by THF (0.2 mL). 
The vial was sealed with a Teflon-lined cap, and the vial was removed from the glovebox and 
heated at either 65 ºC or 100 ºC in a preheated aluminum heating block for 1 h. An aliquot of 
the reaction mixture was removed and analyzed by GC-FID analysis. The yield of 4,4,5,5-
tetramethyl-2-(tetrahydrofuran-3-yl)-1,3,2-dioxaborolane was determined to be 0% in both 
cases. 

 

  

neat, 50 °C
(L5)Ir(Bpin)3

Cl Cl
Cl Cl

Bpin
106% yield

neat, T O

Bpin
THF

(L5)Ir(Bpin)3
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Catalytic Reactivity of (L5)Ir(Bpin)3 with THF 

 

 

In a nitrogen glovebox, a 4 mL vial was charged with (L5)Ir(Bpin)3 (5.6 mg, 6.2 µmol, 5.0 
mol%), B2pin2 (31.7 mg, 125 µmol, 1.00 equiv), and adamantane (8.5 mg, 62 µmol, 0.50 equiv). 
A magnetic stirbar was added, followed by THF (0.25 mL). The vial was sealed with a Teflon-
lined cap, and the vial was removed from the glovebox and heated at 65 ºC in a preheated 
aluminum heating block. At the specified timepoints, the vial was cooled to rt, returned to the 
glovebox, and an aliquot was removed for GC-FID analysis. 

 

 

Figure 3.21: Timecourse of the borylation of THF catalyzed by (L5)Ir(Bpin)3. 

  

(L5)Ir(Bpin)3
(5 mol%)

THF
neat, 65 °C O

Bpin

B2pin2
(0.50 M)

0
0.05

0.1

0.15
0.2

0.25
0.3

0.35
0.4

0.45

0 2000 4000 6000 8000 10000 12000

Co
nc

en
tr

at
io

n 
(M

)

Time (s)



 413 

Synthesis of (L5)Ir(Bpin)3(P(OPh)3) 

 

In a nitrogen glovebox, a 20 mL vial was sequentially charged with N-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-1,10-phenanthrolin-2-amine (L5, 40.0 mg, 0.125 mmol), 
(MesH)Ir(Bpin)3 (86.3 mg, 0.125 mmol, 1.00 equiv), and B2pin2 (37.9 mg, 0.125 mmol, 1.20 
equiv). A magnetic stirbar was added to the vial. THF (1 mL) was introduced to the vial under 
vigorous stirring, and the vial was sealed with a Teflon cap. After 10 min, triphenylphosphite 
(38.6 mg, 125 µmol, 1.00 equiv) was added. The solution turned a deep orange color and was 
further stirred at room temperature for 1 h. All volatile materials were evaporated in vacuo, and 
2 mL of pentane was added to the residue. The mixture was stirred vigorously for 30 min, 
during which time small amounts of orange powder precipitated. The mixture was filtered, the 
filtrate was diluted with hexamethyl disiloxane (HMDSO) (4 mL), and the solution stored at -
35 ºC. The brown-yellow solids that formed were collected by filtration and washed with cold 
HMDSO to afford the title compound as deep yellow crystals (62 mg, 56%). Single crystals 
suitable for X-ray crystallography were grown by slow diffusion of TMS into an ether solution 
of the compound containing a drop of THF. 

 

1H NMR δ 9.98 (d, J = 5.2 Hz, 1H), 8.87 (bs, 1H), 8.10 (d, J = 8.0 Hz, 1H), 7.97 (d, J = 8.9 
Hz, 1H), 7.92 (d, J = 8.9 Hz, 1H), 7.69 (d, J = 8.5 Hz, 1H), 7.58 (d, J = 8.6 Hz, 1H), 7.28 (dd, 
J = 8.0, 5.1 Hz, 1H), 6.85 – 6.81 (m, 6H), 6.81 – 6.75 (m, 6H), 6.71 – 6.66 (m, 3H), 1.37 (s, 
6H), 1.34 (s, 6H), 1.29 (s, 6H), 1.29 (s, 6H), 1.28 (s, 12H), 0.47 (s, 6H), 0.43 (s, 6H). [See 
spectrum] 

 
13C NMR (151 MHz, THF) δ 160.4, 154.8, 154.4 (d, JP–C = 10.4 Hz), 150.2, 149.1, 136.9, 
134.7, 131.4, 129.0, 129.0, 127.0, 126.1, 123.4, 123.4, 123.2, 122.5 (d, JP–C = 4.1 Hz), 115.8, 
84.0, 81.8, 81.2, 80.0, 80.0, 26.5, 26.2, 26.1, 26.0, 25.8, 25.0, 25.0. [See spectrum] 

 
11B NMR (193 MHz, THF) δ 42.0, 31.8, 24.1. [See spectrum] 

 

31P NMR (243 MHz, THF) δ 108.2. [See spectrum] 

 

Elemental Analysis: Anal. Calcd for C54H71B4IrN3O11P: C, 53.84; H, 5.94; N, 3.49. Found: C, 
54.22; H, 6.28; N, 3.12.  

N N
NH

(MesH)Ir(Bpin)3 (1 equiv.)
B2pin2 (1.2 equiv.)
P(OPh)3 (1 equiv.)

THF, rt, 1 h

N

N
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Bpin
Bpin

P(OPh)3

Bpin Bpin
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Crystallographic Data 

(L1)Ir(Bpin)3(P(OPh)3) 

A clear yellow block 0.177 x 0.125 x 0.081 mm in size was mounted on a Cryoloop with 
Paratone oil. Data were collected on a ROD, Synergy Custom DW system, Pilatus 
200K diffractometer in a nitrogen gas stream at 100.00(10) K during data collection using 
omega scans. Crystal-to-detector distance was 30.23 mm and exposure time was 1.00 seconds 
per frame using a scan width of 0.5°. Data collection was 99.9% complete to 26.3° in θ. A total 
of 51159 reflections were collected covering the indices -13≤h≤13, -14≤k≤15, - 23≤l≤23. 9741 
reflections were founded to be symmetry independent, with an Rint of 0.0573. Indexing and 
unit cell refinement indicated a primitive, triclinic lattice. The space group was found to be P -
1 (No. 2). The data were integrated using the CrysAlisPro 1.171.39.46e software program and 
scaled using the SCALE3 ABSPACK scaling algorithm. Solution by intrinsic phasing 
(SHELXT-2015) produced a heavy-atom phasing model consistent with the proposed structure. 
All non-hydrogen atoms were refined anisotropically by full-matrix least-squares 
(SHELXL2014). All hydrogen atoms were placed using a riding model. Their positions were 
constrained relative to their parent atom using the appropriate HFIX command in SHELXL-
2014. 
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(L1)Ir(Bpin)3(P(OPh)3) 

Table 3.2 

Crystal data and structure refinement for (L1)Ir(Bpin)3(P(OPh)3) 

 

Empirical formula C48H60B3IrN3O9P 

Formula weight 1078.59 

Temperature/K 100.0 

Crystal system triclinic 

Space group P-1 

a/Å 10.81663(19) 

b/Å 12.44516(20) 

c/Å 18.5000(3) 

α/° 94.2696(12) 

β/° 100.7164(13) 

γ/° 101.8595(14) 

Volume/Å3 2378.21(7) 

Z 2 

ρcalcg/cm3 1.506 

μ/mm-1 2.899 

F(000) 1096.0 

Crystal size/mm3 0.177 × 0.125 × 0.081 

Radiation Mo Kα (λ = 0.71073) 

2Θ range for data collection/° 5.722 to 52.742 

Index ranges -13 ≤ h ≤ 13, -14 ≤ k ≤ 15, -23 ≤ l ≤ 23 

Reflections collected 51159 

Independent reflections 9741 [Rint = 0.0573, Rsigma = 0.0385] 

Data/restraints/parameters 9741/188/818 
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Goodness-of-fit on F2 1.041 

Final R indexes [I>=2σ (I)] R1 = 0.0213, wR2 = 0.0490 

Final R indexes [all data] R1 = 0.0249, wR2 = 0.0500 

Largest diff. peak/hole / e Å-3 0.64/-0.56 
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(L5)Ir(Bpin)3(P(OPh)3) 

A clear light yellow block 0.386 x 0.304 x 0.245 mm in size was mounted on a Cryoloop with 
Paratone oil. Data were collected on a ROD, Synergy Custom DW system, Pilatus 
200K diffractometer in a nitrogen gas stream at 100.00(10) K during data collection using 
omega scans. Crystal-to-detector distance was 30.23 mm and exposure time was 0.50 seconds 
per frame using a scan width of 0.5°. Data collection was 99.8% complete to 25.25° in θ. A 
total of 67995 reflections were collected covering the indices -15≤h≤15, -16≤k≤15, - 31≤l≤31. 
15669 reflections were founded to be symmetry independent, with an Rint of 0.0338. Indexing 
and unit cell refinement indicated a primitive, triclinic lattice. The space group was found to 
be P -1 (No. 2). The data were integrated using the CrysAlisPro 1.171.39.46e software program 
and scaled using the SCALE3 ABSPACK scaling algorithm. Solution by intrinsic phasing 
(SHELXT-2015) produced a heavy-atom phasing model consistent with the proposed structure. 
All non-hydrogen atoms were refined anisotropically by full-matrix least-squares 
(SHELXL2014). All hydrogen atoms were placed using a riding model. Their positions were 
constrained relative to their parent atom using the appropriate HFIX command in SHELXL-
2014. 
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(L5)Ir(Bpin)3(P(OPh)3) 

Table 3.3 

Crystal data and structure refinement for (L5)Ir(Bpin)3(P(OPh)3) 
 
Empirical formula C54H71B4IrN3O11P 

Formula weight 1204.54 

Temperature/K 100.0 

Crystal system triclinic 

Space group P-1 

a/Å 11.0800(2) 

b/Å 11.2036(2) 

c/Å 22.4960(4) 

α/° 97.497(2) 

β/° 93.217(2) 

γ/° 96.767(2) 

Volume/Å3 2742.14(9) 

Z 2 

ρcalcg/cm3 1.459 

μ/mm-1 2.525 

F(000) 1232.0 

Crystal size/mm3 0.386 × 0.304 × 0.245 

Radiation Mo Kα (λ = 0.71073) 

2Θ range for data collection/° 5.97 to 61.012 

Index ranges -15 ≤ h ≤ 15, -16 ≤ k ≤ 15, -31 ≤ l ≤ 31 

Reflections collected 67995 

Independent reflections 15669 [Rint = 0.0338, Rsigma = 0.0256] 

Data/restraints/parameters 15669/0/687 

Goodness-of-fit on F2 1.024 
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Final R indexes [I>=2σ (I)] R1 = 0.0193, wR2 = 0.0454 

Final R indexes [all data] R1 = 0.0215, wR2 = 0.0460 

Largest diff. peak/hole / e Å-3 0.82/-0.76 
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3.4.7 NMR Spectra 

Ligand L1 

1,10-phenanthrolin-2-amine [Experimental]
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Ligand L2 

N-methyl-1,10-phenanthrolin-2-amine [Experimental] 
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Ligand L3 

N-phenyl-1,10-phenanthrolin-2-amine [Experimental] 
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Ligand L4 

2-(pyrrolidin-1-yl)-1,10-phenanthroline [Experimental] 
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Ligand L5 

N-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,10-phenanthrolin-2-amine [Experimental]    
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Ligand L6 

N-cyclohexyl-1,10-phenanthrolin-2-amine [Experimental]
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Ligand L7 

N-(cyclopropylmethyl)-1,10-phenanthrolin-2-amine [Experimental] 
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Ligand L8 

N-isobutyl-1,10-phenanthrolin-2-amine [Experimental] 
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Ligand L9 

N-isopentyl-1,10-phenanthrolin-2-amine [Experimental] 
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Ligand L10 

N-benzyl-1,10-phenanthrolin-2-amine [Experimental] 
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Ligand L11 

N-(4-methoxybenzyl)-1,10-phenanthrolin-2-amine [Experimental] 
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Ligand L12 

N-phenethyl-1,10-phenanthrolin-2-amine [Experimental] 
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Ligand L13 

N-([1,1'-biphenyl]-4-yl)-1,10-phenanthrolin-2-amine [Experimental] 
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Ligand L14 

N-(naphthalen-1-yl)-1,10-phenanthrolin-2-amine [Experimental] 
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Ligand L15 

N-(2-methoxyphenyl)-1,10-phenanthrolin-2-amine [Experimental] 

 

 

  

������������������������������������������	��	��
��
������������
�������

�
��
�

�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
�

	

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
	

	
��
	

	
��



	
��



	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�
�
�
�
��

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
�	
�

	
�	
�

	
��
	

	
��
	

	
��



	
��



	
��





��
	



��





��
�



��
�



��
�



��
�

�
��



�
��
�

�
��
�

�
��
�

� �

������

���������		���
��������

����������������	�
�������������������������	��
����������
�������

�
�
�	
�

	
	
��
�
�
�
�
��

�
�
�
��
�

�
�
�
��
�

�
�
�
��
�

�
�
�
��
�

�
�
�
��
�

�
�
�
��
�

�
�
�
��
�

�
�
�
��
�

�
�
�
��



�
�
�
��
�

�
�
�
�

�

�
�
�
��
�

�
�
	
��
�

�
�
�
��
	

�
�
�
��
�

�
�
�
�	
�

�
�
�
��



�
�
�
��
�

� �

������

����������	���
���������



 436 

Ligand L16 

N-(4-phenoxyphenyl)-1,10-phenanthrolin-2-amine [Experimental] 
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Ligand L17 

N-(3,5-dimethoxyphenyl)-1,10-phenanthrolin-2-amine [Experimental] 
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Ligand L18 

N1,N1-dimethyl-N4-(1,10-phenanthrolin-2-yl)benzene-1,4-diamine [Experimental] 
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Ligand L19 

N-(3,5-bis(trifluoromethyl)phenyl)-1,10-phenanthrolin-2-amine [Experimental]
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Ligand L20 

N-(3,5-di-tert-butylphenyl)-1,10-phenanthrolin-2-amine [Experimental] 
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Substrate 3b 

cyclopropylmethyl 3,5-di-tert-butylbenzoate [Experimental] 
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Substrate 5b 

tert-butyl 1-oxa-6-azaspiro[2.5]octane-6-carboxylate [Experimental] 
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Substrate 8b 

7,7-dimethyl-6,8-dioxaspiro[3.5]nonane [Experimental] 
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Substrate 14b 

1,7,7-trimethylbicyclo[2.2.1]heptan-2-yl cyclobutanecarboxylate [Experimental] 
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Substrate 15b  

(3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-((R)-6-methylheptan-2-yl)-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl 
bicyclo[1.1.1]pentane-1-carboxylate [Experimental] 
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Substrate 16b 

(2R,3S,4R,5R,6S)-2,3,4,5-tetrakis((3,5-di-tert-butylbenzyl)oxy)-6-methyltetrahydro-2H-pyran 
[Experimental]
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Substrate 17b 

(2S,3S,4R,5R,6S)-6-methyltetrahydro-2H-pyran-2,3,4,5-tetrayl tetrakis(4-(tert-butyl)benzoate) 
[Experimental] 

 

 

������������������������������������������	��	��
��
������������
�������



��
�



��
�

�
��



	
��
�



��
�

�
��



�
��
�

�
��
	

�
��
�

�
��
�

�
�

�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
�	
�

�
�	
�

�
�	
�

�
�	
�

�
��



�
��



�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

	
��
�
�
�
�
��

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
	

	
��



	
��
�

	
�




	
��
�

	
��
�

	
��
�



��
�



��
�

���������		���
��������

� �

�

�

�

�

���

���

���

�

�

�

���

���

������

���

���

���

���

���

���

����������������	�
�������������������������	��
����������
�������

�
�
��
�

�
�
��
�

�
�
��
�

�
�
��
�

�
�
��
�

�
�
��
�

�
�
��
�

�
�
��
�

�
	
��
�

�


��
�

�


��
�

	
�
��
�

	
	
��
�
�
�
�
��

�
�
�

�

�
�
�
��
�

�
�
�
��
	

�
�
�
�	
�

�
�
�
�

�

�
�
�
��
�

�
�
�
��
�

�
�
�
��
�

�
�
�
�	
�

�
�
�
�

�

�
�
�
��
�

�
�
�
��
�

�
�
�
��
	

�
�
	
��
�

�
�
	
��
�

�
�
	
��
�

�
�
�
�

�

�
�
�
�	
�

�
�
�
��
	

�
�
�
��
�

����������	
������������

� �

�

�

�

�

���

���

���

�

�

�

���

���

������

���

���

���

���

���

���



 450 

  ������������������������������������������	��	��
��
������������
�������

�

��

��

��

��

��

��

	�


�

��

���

���

���

���

���

���

��
��
��
�

�
�����������

�	�
����������	�
���������

�	�����������
�
������
����

�	�
����
��
�

�	��������
���
��������	��
�	��������
��

���
�������� ���
�����	��
���
��
���
�

�	��
�		����

���
	�	�����

���
	�	�����

���
	����
�� �������
�

�
�������	����

�������	����

������������ ����	�������

������������

���������
��
����	�������������������
����	������������������� ����	��
����

���
��������������������

�������	�	��
����������
����������	��



 451 

Product 1a 

(8-(tert-butoxy)octyl)trifluoro-λ4-borane, potassium salt [Experimental] 
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Product 2a 

4-((6-methylpyridin-3-yl)methyl)morpholine [Experimental] 
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Product 3a 

rac-((1S,2S)-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclopropyl)methyl 3,5-di-tert-
butylbenzoate [Experimental]
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Product 4a-β  

(1R,2R)-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclobutyl 3,5-di-tert-butylbenzoate 
[Experimental]
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Product 4a-γ 

(1s,3s)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)cyclobutyl 3,5-di-tert-butylbenzoate 
[Experimental]
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Product 5a 

tert-butyl 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1-oxa-6-azaspiro[2.5]octane-6-
carboxylate [Experimental] 
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Product 6a 

tert-butyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)azetidine-1-carboxylate 
[Experimental]
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Product 7a 

tert-butyl 6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-azaspiro[3.3]heptane-2-
carboxylate [Experimental]
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Product 8a 

2-(7,7-dimethyl-6,8-dioxaspiro[3.5]nonan-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 
[Experimental]
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Product 9a 

4,4,5,5-tetramethyl-2-(tetrahydrofuran-3-yl)-1,3,2-dioxaborolane [Experimental] 
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Product 10a 

rac-(3R,4R)-3-methyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)dihydrofuran-2(3H)-
one [Experimental] 
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Product 11a 

2,2,2-trifluoro-1-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrrolidin-1-yl)ethan-1-one 
[Experimental] 
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Product 12a 

tert-butyl 3-(trifluoro-λ4-boraneyl)pyrrolidine-1-carboxylate, potassium salt [Experimental]
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Product 13a 

2-(3-(4-(tert-butyl)phenyl)bicyclo[1.1.1]pentan-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 
[Experimental] 
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Product 14a 

(1S,2S,4R)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-yl cyclobutanecarboxylate-2,4,4,5,5-
pentamethyl-1,3,2-dioxaborolane [Experimental] 
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Product 15a 

(3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-((R)-6-methylheptan-2-yl)-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl 3-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)bicyclo[1.1.1]pentane-1-carboxylate 
[Experimental] 
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Product 16a 

4,4,5,5-tetramethyl-2-(((2S,3R,4R,5S,6R)-3,4,5,6-tetrakis((3,5-di-tert-
butylbenzyl)oxy)tetrahydro-2H-pyran-2-yl)methyl)-1,3,2-dioxaborolane [Experimental]
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Product 17a 

4,4,5,5-tetramethyl-2-(((2S,3R,4R,5S,6R)-3,4,5,6-tetrakis((3,5-di-tert-
butylbenzyl)oxy)tetrahydro-2H-pyran-2-yl)methyl)-1,3,2-dioxaborolane [Experimental]
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Product 17c 

(2S,3S,4R,5R,6S)-6-(hydroxymethyl)tetrahydro-2H-pyran-2,3,4,5-tetrayl tetrakis(4-(tert-
butyl)benzoate) [Experimental] 
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(L1)Ir(Bpin)3(P(OPh)3)  

[Experimental] 
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(L5)Ir(Bpin)3 

[Experimental] 
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(L5)Ir(Bpin)3(P(OPh)3) 

[Experimental] 

������������������������������������������	��	��
��
������������
�������

�
��
�

�
��
	

�
�
��
�

�
��



�
��
�

	
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
�

�
��
�

�
��



�
��
�

�
��
�

�
��
�

�
�

	

�
�

�

�
��
�
�
�
�
�
�

�
��
�

�
��
	

�
��



�
��
�

�
��
�

�
��
�

�
��
	

�
��


�
�
�
�
�



�
��
	

�
��
�

�
��
�

�
�	
�

�
�	
�

�
�	
	

�
�	
	

�
�	



�
�	



�
�	



�
�	
�

�
�	
�

�
�

�

�
�

�

�
�

�

�
�

�

�
�

�

	
��
	

	
��



	
��
�

	
��
�

	
��



	
��
�

	
��
�

	
�	
�

	
��
�

	
��
�

	
��
�

	
��
	



��
�



��
�



�

	

�
��
	

�
��



�

�

������

��

�

����

����

����

	

	

	

���������		���
������

����������������	�
�������������������������	��
����������
�������

�
��


�
�
�
�
�

�
�
��



�
�
��
�

�
�
�

�

�
�
��
�

�
�
��
�

�
�
��
�

�
�
��



�
	
��
	
�
�
�
�
�





�
��
�



�
��
�



�
��
�



�
�	
�



�
��
	

�
�
�
�	



�
�
�
��
�

�
�
�
��
	

�
�
�
��
�

�
�
�
��
�

�
�
�
��
�

�
�
�
��



�
�
	
��
�

�
�
�
��
�

�
�
�
��
�

�
�
�
��
�

�
�
�
��
�

�
�
�
�

�

�
�
�
��
�

�
�
�
��
�

�
�
�
��



�
�
�
��
�

�
�
�
�	
�

�
�
�
��
�

�

�

������

��

�

����

����

����

	

	

	

����������	���
���
���



 489 

  

����������������������������������	��	�����	�	�����������������������

	����

�
�
�	
�

�
	
��
�

�
�
��
�

�

�

������

��

�

����

����

����

	

	

	

�����������	��
���
���

����������������������	�
������������������
�������

��


��
�

�

�

������

��

�

����

����

����

	

	

	

���������	
�����������



 490 

3.5 References 

Parts of this chapter were reprinted with permission from: 

“2-Aminophenanthroline Ligands Enable Mild, Undirected, Iridium-Catalyzed Borylation of 
Alkyl C–H Bonds” 

Yu, I.F.; D’Angelo, K.A.; Hernandez-Mejías, Á,D.; Cheng, N.; Hartwig, J.F. J. Am. Chem. 
Soc. 2024, 146, 7124–7129. 

 

1. Wencel-Delord, J.; Glorius, F., C–H bond activation enables the rapid construction and 
late-stage diversification of functional molecules. Nat. Chem. 2013, 5, 369–375. 

2. Goldberg, K. I.; Goldman, A. S., Large-Scale Selective Functionalization of Alkanes. 
Acc. Chem. Res. 2017, 50, 620–626. 

3. Guillemard, L.;  Kaplaneris, N.;  Ackermann, L.; Johansson, M. J., Late-stage C–H 
functionalization offers new opportunities in drug discovery. Nat. Rev. Chem. 2021, 5, 522–
545. 

4. Hartwig, J. F., Borylation and Silylation of C–H Bonds: A Platform for Diverse C–H 
Bond Functionalizations. Acc. Chem. Res. 2012, 45, 864–873. 

5. Yu, I. F.;  Wilson, J. W.; Hartwig, J. F., Transition-Metal-Catalyzed Silylation and 
Borylation of C–H Bonds for the Synthesis and Functionalization of Complex Molecules. 
Chem. Rev. 2023, 123, 11619–11663. 

6. Chen, H.;  Schlecht, S.;  Semple, T. C.; Hartwig, J. F., Thermal, Catalytic, Regiospecific 
Functionalization of Alkanes. Science 2000, 287, 1995. 

7. Lawrence, J. D.;  Takahashi, M.;  Bae, C.; Hartwig, J. F., Regiospecific 
Functionalization of Methyl C−H Bonds of Alkyl Groups in Reagents with Heteroatom 
Functionality. J. Am. Chem. Soc. 2004, 126, 15334–15335. 

8. Ohmura, T.;  Torigoe, T.; Suginome, M., Catalytic Functionalization of Methyl Group 
on Silicon: Iridium-Catalyzed C(sp3)–H Borylation of Methylchlorosilanes. J. Am. Chem. Soc. 
2012, 134, 17416–17419. 

9. Liskey, C. W.; Hartwig, J. F., Iridium-Catalyzed Borylation of Secondary C–H Bonds 
in Cyclic Ethers. J. Am. Chem. Soc. 2012, 134, 12422–12425. 

10. Ohmura, T.;  Torigoe, T.; Suginome, M., Functionalization of Tetraorganosilanes and 
Permethyloligosilanes at a Methyl Group on Silicon via Iridium-Catalyzed C(sp3)–H 
Borylation. Organometallics 2013, 32, 6170–6173. 

11. Li, Q.;  Liskey, C. W.; Hartwig, J. F., Regioselective Borylation of the C–H Bonds in 
Alkylamines and Alkyl Ethers. Observation and Origin of High Reactivity of Primary C–H 
Bonds Beta to Nitrogen and Oxygen. J. Am. Chem. Soc. 2014, 136, 8755–8765. 



 491 

12. Ohmura, T.;  Torigoe, T.; Suginome, M., Iridium-catalysed borylation of sterically 
hindered C(sp3)–H bonds: remarkable rate acceleration by a catalytic amount of potassium tert-
butoxide. Chem. Commun. 2014, 50, 6333–6336. 

13. Liskey, C. W.; Hartwig, J. F., Iridium-Catalyzed C–H Borylation of Cyclopropanes. J. 
Am. Chem. Soc. 2013, 135, 3375–3378. 

14. Larsen, M. A.;  Wilson, C. V.; Hartwig, J. F., Iridium-Catalyzed Borylation of Primary 
Benzylic C–H Bonds without a Directing Group: Scope, Mechanism, and Origins of Selectivity. 
J. Am. Chem. Soc. 2015, 137, 8633–8643. 

15. Mita, T.;  Ikeda, Y.;  Michigami, K.; Sato, Y., Iridium-catalyzed triple C(sp3)–H 
borylations: construction of triborylated sp3-carbon centers. Chem. Commun. 2013, 49, 5601–
5603. 

16. Kawamorita, S.;  Murakami, R.;  Iwai, T.; Sawamura, M., Synthesis of Primary and 
Secondary Alkylboronates through Site-Selective C(sp3)–H Activation with Silica-Supported 
Monophosphine–Ir Catalysts. J. Am. Chem. Soc. 2013, 135, 2947–2950. 

17. Larsen, M. A.;  Cho, S. H.; Hartwig, J., Iridium-Catalyzed, Hydrosilyl-Directed 
Borylation of Unactivated Alkyl C–H Bonds. J. Am. Chem. Soc. 2016, 138, 762–765. 

18. Shi, Y.;  Gao, Q.; Xu, S., Chiral Bidentate Boryl Ligand Enabled Iridium-Catalyzed 
Enantioselective C(sp3)–H Borylation of Cyclopropanes. J. Am. Chem. Soc. 2019, 141, 10599–
10604. 

19. Yamamoto, T.;  Ishibashi, A.; Suginome, M., Boryl-Directed, Ir-Catalyzed C(sp3)–H 
Borylation of Alkylboronic Acids Leading to Site-Selective Synthesis of Polyborylalkanes. 
Org. Lett. 2019, 21, 6235–6240. 

20. Chen, L.;  Yang, Y.;  Liu, L.;  Gao, Q.; Xu, S., Iridium-Catalyzed Enantioselective α-
C(sp3)–H Borylation of Azacycles. J. Am. Chem. Soc. 2020, 142, 12062–12068. 

21. Chen, X.;  Chen, L.;  Zhao, H.;  Gao, Q.;  Shen, Z.; Xu, S., Iridium-Catalyzed 
Enantioselective C(sp3)–H Borylation of Cyclobutanes. Chin. J. Chem. 2020, 38, 1533–1537. 

22. Du, R.;  Liu, L.; Xu, S., Iridium-Catalyzed Regio- and Enantioselective Borylation of 
Unbiased Methylene C(sp3)−H Bonds at the Position β to a Nitrogen Center. Angew. Chem. Int. 
Ed. 2021, 60, 5843–5847. 

23. Yang, Y.;  Chen, L.; Xu, S., Iridium-Catalyzed Enantioselective Unbiased Methylene 
C(sp3)–H Borylation of Acyclic Amides. Angew. Chem. Int. Ed. 2021, 60, 3524–3528. 

24. Luhua Liu, R. D., Senmiao Xu, Ligand-Free Iridium-Catalyzed Borylation of 
Secondary Benzylic C–H Bonds. Chin. J. Org. Chem. 2021, 41, 1572–1581. 

25. Shi, Y.;  Yang, Y.; Xu, S., Iridium-Catalyzed Enantioselective C(sp3)−H Borylation of 
Aminocyclopropanes. Angew. Chem. Int. Ed. 2022, 61, e202201463. 



 492 

26. Zou, X.;  Li, Y.;  Ke, Z.; Xu, S., Chiral Bidentate Boryl Ligand-Enabled Iridium-
Catalyzed Enantioselective Dual C–H Borylation of Ferrocenes: Reaction Development and 
Mechanistic Insights. ACS Catal. 2022, 12, 1830–1840. 

27. Wenqi Liu, Z. S., Senmiao Xu, Synthesis of 1,1-Diboron Alkanes via Diborylation of 
Unactivated Primary Csp3–H Bonds Enabled by AsPh3/Iridium Catalysis. Chin. J. Org. Chem. 
2022, 42, 1101–1110. 

28. Xie, T.;  Chen, L.;  Shen, Z.; Xu, S., Simple Ether-Directed Enantioselective C(sp3)−H 
Borylation of Cyclopropanes Enabled by Iridium Catalysis. Angew. Chem. Int. Ed. 2023, 62, 
e202300199. 

29. Gao, Q.; Xu, S., Site- and Stereoselective C(sp3)−H Borylation of Strained 
(Hetero)Cycloalkanols Enabled by Iridium Catalysis. Angew. Chem. Int. Ed. 2023, 62, 
e202218025. 

30. Shu, C.;  Noble, A.; Aggarwal, V. K., Metal-free photoinduced C(sp3)–H borylation of 
alkanes. Nature 2020, 586, 714–719. 

31. Sang, R.;  Han, W.;  Zhang, H.;  Saunders, C. M.;  Noble, A.; Aggarwal, V. K., Copper-
Mediated Dehydrogenative C(sp3)–H Borylation of Alkanes. J. Am. Chem. Soc. 2023, 145, 
15207–15217. 

32. Tu, J. L.;  Hu, A. M.;  Guo, L.; Xia, W., Iron-Catalyzed C(Sp(3))-H Borylation, 
Thiolation, and Sulfinylation Enabled by Photoinduced Ligand-to-Metal Charge Transfer. J Am 
Chem Soc 2023, 145, 7600-7611. 

33. Zhong, P.-F.;  Tu, J.-L.;  Zhao, Y.;  Zhong, N.;  Yang, C.;  Guo, L.; Xia, W., 
Photoelectrochemical oxidative C(sp3)−H borylation of unactivated hydrocarbons. Nat. 
Commun. 2023, 14, 6530. 

34. Jones, M. R.;  Fast, C. D.; Schley, N. D., Iridium-Catalyzed sp3 C–H Borylation in 
Hydrocarbon Solvent Enabled by 2,2’-Dipyridylarylmethane Ligands. J. Am. Chem. Soc. 2020, 
142, 6488–6492. 

35. Kawazu, R.;  Torigoe, T.; Kuninobu, Y., Iridium-Catalyzed C(sp3)–H Borylation Using 
Silyl-Bipyridine Pincer Ligands. Angew Chem Int Ed Engl 2022, 61, e202202327. 

36. Oeschger, R.;  Su, B.;  Yu, I.;  Ehinger, C.;  Romero, E.;  He, S.; Hartwig, J., Diverse 
functionalization of strong alkyl C–H bonds by undirected borylation. Science 2020, 368, 736. 

37. Yu, I. F.;  Manske, J. L.;  Diéguez-Vázquez, A.;  Misale, A.;  Pashenko, A. E.;  
Mykhailiuk, P. K.;  Ryabukhin, S. V.;  Volochnyuk, D. M.; Hartwig, J. F., Catalytic undirected 
borylation of tertiary C–H bonds in bicyclo[1.1.1]pentanes and bicyclo[2.1.1]hexanes. Nat. 
Chem. 2023, 15, 685–693. 

38. Irvine, G. J.;  Lesley, M. J. G.;  Marder, T. B.;  Norman, N. C.;  Rice, C. R.;  Robins, E. 
G.;  Roper, W. R.;  Whittell, G. R.; Wright, L. J., Transition Metal−Boryl Compounds:  
Synthesis, Reactivity, and Structure. Chem. Rev. 1998, 98, 2685–2722. 



 493 

39. Frihed, T. G.;  Heuckendorff, M.;  Pedersen, C. M.; Bols, M., Easy Access to L-
Mannosides and L-Galactosides by Using C–H Activation of the Corresponding 6-
Deoxysugars. Angew. Chem. Int. Ed. 2012, 51, 12285–12288. 

40. Frihed, T. G.;  Pedersen, C. M.; Bols, M., Synthesis of All Eight L-Glycopyranosyl 
Donors Using C–H Activation. Angew. Chem. Int. Ed. 2014, 53, 13889–13893. 

41. Mallesha, N.;  Prahlada Rao, S.;  Suhas, R.; Channe Gowda, D., An efficient synthesis 
of tert-butyl ethers/esters of alcohols/amino acids using methyl tert-butyl ether. Tet. Lett. 2012, 
53, 641–645. 

42. Tian, H.;  Xia, Q.;  Wang, Q.;  Dong, J.;  Liu, Y.; Wang, Q., Direct α-
Monofluoroalkenylation of Heteroatomic Alkanes via a Combination of Photoredox Catalysis 
and Hydrogen-Atom-Transfer Catalysis. Org. Lett. 2019, 21, 4585–4589. 

43. Xu, H.; Liu, H. Method for mildly preparing 2-azaspiro [3.3] heptane hydrochloride. 
CN202110228426A, 2021. 

44. Garlets, Z. J.;  Sanders, J. N.;  Malik, H.;  Gampe, C.;  Houk, K. N.; Davies, H. M. L., 
Enantioselective C–H functionalization of bicyclo[1.1.1]pentanes. Nat. Catal. 2020, 3, 351–
357. 

45. Beutner, G. L.;  Young, I. S.;  Davies, M. L.;  Hickey, M. R.;  Park, H.;  Stevens, J. M.; 
Ye, Q., TCFH–NMI: Direct Access to N-Acyl Imidazoliums for Challenging Amide Bond 
Formations. Org. Lett. 2018, 20, 4218–4222. 

46. Adam, A.;  Haberhauer, G.; Wölper, C., Bio-inspired Herringbone Foldamers: Strategy 
for Changing the Structure of Helices. J. Org. Chem. 2017, 82, 4203–4215. 

47. Smith, B. M.; Graham, A. E., Indium triflate mediated tandem acetalisation-acetal 
exchange reactions under solvent-free conditions. Tet. Lett. 2011, 52, 6281–6283. 

48. Lennox, A. J. J.; Lloyd-Jones, G. C., Preparation of Organotrifluoroborate Salts: 
Precipitation-Driven Equilibrium under Non-Etching Conditions. Angew. Chem. Int. Ed. 2012, 
51, 9385–9388. 

 

 



 494 

CHAPTER 1 Overview of Transition-Metal Catalyzed Silylation and Borylation of C–H 
Bonds for the Synthesis and Functionalization of Complex Molecules 

CHAPTER 2  

CHAPTER 3  
 

 

 

 

 

 

CHAPTER 4 Mechanism of the Undirected, Iridium-Catalyzed Borylation of Alkyl C–H 
Bonds with Aminophenanthroline Ligands 

  



 495 

4.1 Introduction 

The functionalization of C–H bonds has been termed one of the “Holy Grails” of organic 
chemistry1 and promises to shorten synthetic routes and enable late-stage functionalization.2, 3 
The borylation of C–H bonds is one such powerful reaction, primarily due to the versatility of 
the installed boronic ester,4, 5 which can be transformed into a myriad of functional groups. The 
synthetic utility of these reactions is best demonstrated by the numerous applications in fields 
as diverse as medicinal chemistry, polymer chemistry, and organic materials chemistry.6 

Interest in sp3-rich scaffolds for applications in drug discovery has increased recently.7 The 
alkyl boronic esters resulting from the borylation of alkyl C–H bonds are especially valuable 
in this context as building blocks because of the rapidly developing array of transformations at 
alkyl-boron bonds.8 However, the borylation of alkyl C–H bonds is much slower than the 
borylation of aryl C–H bonds. Thus, the borylation of alkyl C–H bonds often requires large 
excesses of the substrate containing the alkyl C–H bond and high reaction temperatures, or the 
installation of a directing group. Efforts from our laboratory and many others have focused on 
developing catalysts9-13 or additives14 that cause the borylation reaction to occur with faster 
rates, or to design combinations of directing groups and catalysts15-23 that will enable the 
borylation reactions to occur under synthetically useful conditions. Recently, our laboratory 
reported that iridium complexes containing 2-aminophenanthroline ligands catalyze the 
undirected borylation of alkyl C–H bonds to occur with high rates and, thus, with limiting 
quantities of substrate and at mild reaction temperatures (≤ 65 ºC).12 

Yet, the active catalysts for these reactions have not been observed directly, and connections 
between observed species and reaction rates has not been made. Such characterization and 
connections between the structures of these complexes and the reaction rates would facilitate 
future advances in catalysts. Two particular features of these catalysts and their reactions 
motivated our study of the mechanism (Figure 4.1). First, initial studies of these systems 
suggested that borylation of a substituent at the 2-position leads to the active species, but there 
is no direct evidence for the presence or precise role of the pendant boryl substituent in the 
active catalyst. Second, the identity of the active catalyst could not be determined because 
borylations of the phenanthroline occur in concert with the substituent at the 2-position, so the 
number of boryl or hydride groups on the catalyst could not be determined and a potential 
change in mechanism to one involving a different oxidation state or number of boryl groups on 
iridium could occur. Third, it was unclear if the substituent accelerated reactions of only sp3 
alkyl C–H bonds or if it also accelerated the reactions of sp2 aryl C–H bonds. Finally, 
borylations of alkyl C–H bonds typically do not occur with HBpin as a boron source, in contrast 
to what is commonly observed during the borylation of aryl C–H bonds. Studies to understand 
these features of the catalysts and their reactions have been hindered by the presence of 
induction periods that can be longer than the catalytic reaction and formation of mixtures of 
species during this induction period that likely occur by the borylation of the aryl or benzylic 
C–H bonds of the phenanthroline ligands and prevent clear identification of the active 
catalyst.11, 12 These factors, therefore, required a design of ancillary, nitrogen-based ligands that 
would enable formation of a single catalytic species required for mechanistic analysis.  
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Figure 4.1. Catalytic borylation of alkyl C–H bonds and outstanding mechanistic 
questions. 

We report a modified phenanthroline ligand and resulting iridium complex that catalyzes the 
borylation of alkyl C–H bonds without an induction period and with the presence of active 
catalytic complexes that can be clearly identified. This ligand contains hindered alkyl and aryl 
groups, in addition to a 2-anilino group containing large substituents on the aryl ring, to prevent 
modification and the identification of catalytic intermediates. We show that the N-borylated 
iridium trisboryl complex is the active species and that the corresponding iridium bisboryl 
hydride species does not catalyze the borylation of alkyl C–H bonds. We also show that the 2-
aminophenanthroline group increases the reactivity toward both alkyl and aryl C–H bonds by 
1-3 orders of magnitude, and computational models provide a rationale for the inactivity of the 
bisboryl hydride species with the 2-amino substituent on the phenanthroline. 

4.2 Results and Discussion 

To simplify catalyst speciation and facilitate assignment of the resting state of the catalyst, we 
initiated our studies by synthesizing 2-aminophenanthroline ligands that could be sterically 
protected from borylation. We chose the most active ligand in our previous study, N-phenyl-2-
amino-1,10-phenanthroline (NHPhphen, L1), as our starting point for ligand design. Two main 
considerations were followed when designing these ligands. First, additional substitutions on 
the ligand backbone were carefully selected, such that the activity of the catalyst with the 
resulting ligand would be similar to that of the catalyst with L1. Second, the added steric bulk 
needed to be sufficient to prevent borylation from occurring on the ligand at positions other 
than the N–H bond.  

To evaluate the effect of substitutions on catalyst activity, a series of N-phenyl-2-
aminophenananthroline ligands substituted by methyl or bromo substituents on the ligand 
backbone were prepared. We found that the borylation reactions of tert-butyl octyl ether with 
catalysts containing ligands containing substitution at the 3-, 7-, and 9- positions occurred in 
significantly lower yields than those run with catalysts containing ligands with substitution at 
the 5-, 6-, and 8- positions (Figure 4.2b, see Figure 4.13). Because borylation with iridium 
catalysts typically do not occur ortho- or peri- to large substituents, such as tert-butyl, 
trifluoromethyl, and aryl groups, we designed a phenanthroline ligand (L2) containing 2-(3,5-
bistert-butylphenyl)amino, 5-(3,5-bistrifluoromethylphenyl), and 8-tert-butyl substituents 
(Figure 4.2c). 

H

L =
N N

NHPh

B2pin2
5 % Ir/L
65 ºC Bpin + HBpin

= alkyl

Which Ir complexes are intermediates in the reaction?

What is the role of the 2-substituent?

Why does the use of HBpin lead to low yields 
for the borylation of sp3 C–H bonds with these catalysts?

Does this catalyst also lead to higher rates for the borylation of sp2 C–H bonds?
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Figure 4.2. Design of the “ironclad” aminophenanthroline. (a) Structure of 3,4,7,8-
tetramethylphenanthroline (tmphen), workhorse ligand for the borylation of aryl C–H bonds. 
(b) Effect of substitution sites (Me or Br) on catalyst activity.  (c) Structure of the “ironclad” 
ligand L2 showing how the substituents shield the C–H bonds of the ligand. 

The iridium catalysts formed from L2 were compared to that of the catalyst from tmphen and 
from that of L1 lacking the steric protection at the backbone. Plots showing the relative 
reactivity of the catalyst from ligand L2 to that of catalysts from tmphen and ligand L1 for the 
reactions of an arene and of THF are provided in Figure 4.3. These data show that the catalysts 
from L1 or L2 are more active than that formed from 3,4,7,8-tetramethylphenanthroline 
(tmphen) for the borylation of aryl C–H bonds by about an order of magnitude (Figure 4.3a). 
The catalysts that contain L1 or L2 are also active for the borylation of the alkyl C–H bond of 
THF at 65 ºC, while the catalyst that contains tmphen is not (Figure 4.3b). These data show 
that the catalyst generated from L2 reacts like that from L1 we have reported and that the 
increased reactivity toward alkyl C–H bonds we observed previously with L1 is also is 
observed for the reactions of an aryl C–H bond. 
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Figure 4.3. Timecourses for the borylation of C–H bonds with catalysts containing L1, L2 
and tmphen. (a) Timecourses for the borylation of 1-chloro-3-iodobenzene. (b) Timecourses 
for the borylation of tetrahydrofuran. 
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Figure 4.4. Monitoring of the borylation of THF-d8 with iridium catalysts formed from L2 by 
1H NMR spectroscopy. 

The borylation of THF-d8 with iridium catalysts formed from the combination of 
(MesH)Ir(Bpin)3 and L1 was monitored by 1H NMR spectroscopy and resulted in a complex 
mixture (Figure 4.16), highlighting the need for a sterically protected ligand for spectroscopic 
monitoring of the catalytic reaction. The borylation of THF-d8 with iridium catalysts formed 
from the combination of (MesH)Ir(Bpin)3 and L2 was also monitored by 1H NMR spectroscopy. 
In the initial stages of the reaction, one single species was observed. This complex was assigned 
to be (L3)Ir(Bpin)3 (L3 = N-borylated L2) based on trapping experiments (Figure 4.4, red trace, 
see below). At later stages of the reaction, a second iridium species was observed. This species 
was assigned to be (L3)Ir(H)(Bpin)2 based on trapping experiments (see below). This second 
species eventually became the sole iridium species upon completion of the borylation process 
(Figure 4.4, blue trace). The combination of [Ir(cod)(OMe)]2 and L2 also formed (L3)Ir(Bpin)3 
in the presence of B2pin2 (Figure 4.18). 

To identify these species by converting them to an isolable species, we performed trapping 
studies with triphenylphosphite. Aliquots of the reaction of the borylation of THF were taken, 
an excess of P(OPh)3 was added (Figure 4.5b), and the resulting solutions were analyzed by 
31P NMR spectroscopy. Trapping of the species formed in the initial stages of the reaction 
afforded a complex with a corresponding 31P chemical shift of 100 ppm. At later stages of the 
reaction, a new phosphite-capped species predominated with a corresponding chemical shift of 
106 ppm. The identity of the first complex was determined by independent synthesis to be 
(L3)Ir(Bpin)3(P(OPh)3). This independent synthesis was accomplished by allowing L2 and 
(MesH)Ir(Bpin)3 to react in the presence of B2pin2 at 65 ºC, followed by adding B2pin2, and 
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finally trapping with P(OPh)3 (Figure 4.5c). The connectivity of the complex was determined 
unambiguously by single crystal X-ray crystallography (Figure 4.5d). The identity of the 
second complex was also determined by independent synthesis, in this case to be 
(L3)Ir(H)(Bpin)2(P(OPh)3). In this case, the independent synthesis was accomplished by 
heating a mixture of L2 with (MesH)Ir(Bpin)3 in the presence of B2pin2 in tetrahydrofuran until 
all the diboron was consumed, followed by addition of P(OPh)3 (Figure 4.5c). The 1H NMR 
spectrum of (L3)Ir(H)(Bpin)2(P(OPh)3) contained an iridium hydride resonance at -13.3 ppm. 
The origin of the hydride is likely from the borylation of the N–H of the ligand and the 
tetrahydrofuran solvent. 

Comparison of the timecourse of the reaction with the distribution of phosphite complexes 
strongly suggests that (L3)Ir(H)(Bpin)2 becomes the dominant iridium species as the reaction 
progresses and is the major species in the reaction when B2pin2 is fully consumed. At this point, 
the solution contains HBpin and not B2pin2, as determined by 11B NMR spectroscopy, but the 
HBpin does not react with the tetrahydrofuran solvent in the presence of the iridium catalyst 
formed from L2. Thus, the bisboryl hydride complex (L3)Ir(H)(Bpin)2 is much less reactive 
toward THF than is the trisboryl complex (L3)Ir(Bpin)3.  
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Figure 4.5. Trapping experiments and independent syntheses of phosphite capped complexes. 
(a) Timecourse of the borylation of THF. (b) 31P NMR spectra of aliquots. (c) Independent 
syntheses of phosphite capped complexes. (d) Crystal structure of (L2)Ir(Bpin)3(P(OPh)3). 
Thermal ellipsoids are shown at 50% probability. 

To gain a further understanding of the dependence of the speciation of the catalyst as a function 
of the composition of the catalytic reaction, we first studied how the catalyst speciation depends 
on the ratio of HBpin to B2pin2. Solutions of the catalyst (0.005 M) in the presence of boron 
reagents (varying ratios of HBpin : B2pin2, total concentration 0.5 M) were prepared, and the 
ratio of (L3)Ir(Bpin)3 to (L3)Ir(H)(Bpin)2 was measured by 1H NMR spectroscopy. The 
equilibrium constant of the reaction of (L3)Ir(Bpin)3 with HBpin to form (L3)Ir(H)(Bpin)2 and 
B2pin2 is 0.14 ± 0.01 at 298 K (Figure 4.6). This value implies that the trisboryl species 
(L3)Ir(Bpin)3 will be the major species in solution throughout most of the reaction. 

 

Figure 4.6. Dependence of catalyst speciation on boron reagent molar ratio.  

In addition to the trapping studies, kinetic studies were performed to establish the relative 
stoichiometry of the resting state and the transition state of the turnover-limiting step during 
the initial stages of the reaction. The reaction was first order in tetrahydrofuran, indicating that 
this ether is not bound to the resting state and associates prior to the transition state of the 
turnover-limiting step of the catalytic process. The reaction was zero order in the diboron 
reagent, indicating that it is either present in the resting state, or that it reacts with the catalyst 
after the turnover-limiting step. In the absence of additives, the reaction was not first order in 
catalyst (Figure 4.7a), because the amount of mesitylene and HBpin formed in the catalyst 
activation process is proportional to the amount of catalyst. This was further supported by 
inverse orders observed for mesitylene (Figure 4.28) and HBpin (Figure 4.7b). When the 
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reaction was conducted with 1.5 equiv of HBpin to ensure that the concentration of this 
component does not change significantly when it is generated by activation of the catalyst, the 
reaction was first order in catalyst (Figure 4.7c). In combination with the measured equilibrium 
in Figure 4.6 which shows that the HBpin affects the speciation of the catalyst at higher HBpin 
to B2pin2 ratios, we derived the rate equations for the catalytic cycle under conditions with 
added HBpin as shown in eq. 1-4. Under initial rates conditions, and if the concentration of 
HBpin introduced by catalyst activation is held constant by holding the catalyst concentration 
constant, the rate equation simplifies to eq. 5, and the reaction is first order in tetrahydrofuran 
and zero order in diboron. With the addition of a constant concentration of HBpin, eq. 4 also 
predicts that the reaction is first order in catalyst. If the concentration of HBpin is varied, eq. 6 
shows that the plot of 1/rate versus concentration of HBpin should be a straight line with non-
negligible intercept. 

(𝐋𝟑)Ir(Bpin)! = cat3 

(𝐋𝟑)Ir(H)(Bpin)! = cat2 

K =
[cat2][B"pin"]
[cat3][HBpin]

(1) 

[cat]# = [cat2] + [cat3] (2)	
 

[cat]# = 8
K[HBpin]
[B"pin"]

+ 19 [cat3] (3) 

rate = k[cat3][THF] = k[cat]#[THF]>
1

1 + K[HBpin][B"pin"]

? (4)	

if	[HBpin] ≪ [B"pin"], then
K[HBpin]
[B"pin"]

≪ 1, then	rate = k[cat]#[THF] (5) 

1
rate =

1
k[cat]#[THF]

81 +
K[HBpin]
B"pin"

9 (6) 

 

 

 



 504 

 

Figure 4.7. Kinetic studies. (a) Reaction orders obtained by the method of initial rates without 
saturation in HBpin. The reaction was 1st order in THF, 0 order in B2pin2, and half-order in 
catalyst. (b) Reaction order by the method of initial rates for HBpin. The reaction was inverse 
order in HBpin. (c) Reaction order in catalyst by the method of initial rates with saturation in 
HBpin. The reaction was 1st order in catalyst. (d) KIEs of THF and ether by parallel rates. 

To reveal whether oxidative addition of the C–H bond is the turnover limiting step, the kinetic 
isotope effect of the borylation of various alkyl ethers was measured (Figure 4.7d). The KIE 
value obtained from the initial rates of separate reactions with THF or THF-d8 was 3.5 ± 0.2. 
The KIE value obtained from the initial rates of separate reactions with diethyl ether or diethyl 
ether-d10 was 4.0 ± 0.2. These primary KIE values are consistent with irreversible, turnover-
limiting cleavage of the C–H bond by the active catalyst. 

To understand the origins of the increased activity with the N-borylated L3 ligand and 
understand why the borylation of alkyl C–H bonds only proceeds with the iridium trisboryl 
complex and not the iridium bisboryl hydride complex, we conducted DFT studies to 
understand how the barriers to oxidative addition change, depending on the speciation of the 
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iridium complex (Figure 4.8). Calculations were conducted at the PBE0-D3BJ, def2-SVP/def2-
TZVP(Ir)//PBE0-D3BJ, def2-TZVPD/def2-QZVPD(Ir), SMD(cyclohexane) level. The ligand 
was truncated to N-phenyl-N-Bpin-1,10-phenanthrolin-2-amine (L4). The computed barrier for 
the oxidative addition of THF to (L4)Ir(Bpin)3 was 32.6 kcal/mol, while that for oxidative 
addition of THF to (L4)Ir(H)(Bpin)2 was 35.0 kcal/mol, and a transition state for oxidative 
addition of THF to iso-(L4)Ir(H)(Bpin)2 could not be located. In (L4)Ir(H)(Bpin)2 the 
aminoboryl substituent is proximal to a boryl ligand whereas in iso-(L4)Ir(H)(Bpin)2 the 
aminoboryl substituent is proximal to a hydride ligand, thereby minimizing the steric clash. 
The reaction of HBpin with (L4)Ir(Bpin)3 to form B2pin2 and (L4)Ir(H)(Bpin)2 was computed 
to be endothermic by 10.5 kcal/mol, and that to form iso-(L4)Ir(H)(Bpin)2 was computed to be 
endothermic by 6.4 kcal/mol.  

Although the calculated barriers are higher than those corresponding to the experimental rates, 
we could draw certain qualitative conclusions and rationalize the inactivity of the observed 
bisborylhydride species. Through the process of oxidative addition of tetrahydrofuran to 
(L4)Ir(Bpin)3, the computed structure suggests that the forming hydride is close to one of the 
boryl groups connected to iridium (d(B–H) = 2.020 Å) and to the pendant N-boryl group (d(B–
H) = 3.299 Å). A similar arrangement is seen in the computed transition state for the oxidative 
addition of tetrahydrofuran to (L4)Ir(H)(Bpin)2. Such an arrangement is impossible during 
oxidative addition of tetrahydrofuran to iso-(L4)Ir(H)(Bpin)2, in which the iridium hydride lies 
adjacent to the bulky sidearm of the phenanthroline ligand.  

 

Figure 4.8. DFT calculations for the barriers to oxidative addition of THF to various 
iridium complexes.  
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Based on our experimental and computational data, we propose that the borylation of alkyl C–
H bonds with iridium catalysts formed from aminophenanthroline ligands occurs by the 
mechanism in Figure 4.9. Rapid borylation of the N-H of the aminophenanthroline ligand 
occurs to form (L4)Ir(Bpin)3. Turnover-limiting oxidative addition of the C–H bond of the 
substrate occurs to (L4)Ir(Bpin)3 and is assisted by the N-boryl to generate a 7-coordinate Ir(V) 
species. Isomerization of this intermediate is followed by reductive elimination to form 
(L4)Ir(H)(Bpin)2 and the borylated product.  

 

Figure 4.9. Proposed mechanism based on the experimental and computational data. 

4.3 Conclusions 

In conclusion, the N-borylated aminophenanthroline iridium trisboryl complex is the active 
catalyst in the borylation of alkyl C–H bonds. This assignment is supported by in situ detection 
and trapping of the active species and the connectivity of the complex supported by X-ray 
crystallography. In contrast, the N-borylated, aminophenanthroline-iridium bisboryl hydride 
complex is inactive for the borylation of alkyl C–H bonds. Kinetic studies have revealed that 
the reaction rate depends on the concentration of catalyst and substrate but not the diboron 
reagent. Inverse orders in the hydroborane byproduct led us to investigate the effects of HBpin 
have on catalyst speciation, demonstrating that the catalyst speciation gradually shifts towards 
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also explains why the use of superstoichiometric B2pin2 (1.5 equiv to 3.0 equiv) is often 
required for good conversion of the substrate and why borylation of alkyl substrates typically 
require the use of B2pin2 and cannot be run effectively with HBpin as the boron source. The 
measured KIEs indicate that C–H oxidative addition is the turnover-limiting step. Finally, 
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increased activity for the activation of C–H bonds with the catalyst generated from 
aminophenanthroline is observed for both the borylation of alkyl and aryl C–H bonds.  

We speculate that the increased activity for the activation of C–H bonds is due to the synergistic 
effect of both the N-boryl substituent and one of the boryl ligands on the C–H oxidative 
addition. Further efforts to isolate a phosphite-capped N-boryl iridium trisboryl complex that 
contains a phosphite that does not undergo borylation and to test the stoichiometric reactivity 
of such a complex are underway, as are efforts to obtain detailed computational understanding 
of how the pendant boryl group lowers the barrier to C–H oxidative addition. 

4.4 Experimental 

4.4.1 General Information 

Reagents and Solvents 

All catalytic reactions were assembled under inert atmosphere in a nitrogen-filled glovebox 
equipped with an oxygen sensor (working level ≤ 1.0 ppm) and a low temperature refrigeration 
unit (–35 °C) unless otherwise noted. All other reactions were assembled under inert 
atmosphere with a Schlenk manifold or a nitrogen glovebox unless otherwise noted. All 
reagents and solvents were purchased from commercial sources and used as received, unless 
otherwise noted. All glassware was flame-dried or dried overnight at 120 °C, allowed to cool 
under vacuum, and stored in a N2-atomsphere drybox until use unless otherwise noted. 
Tetrahydrofuran, toluene, and diethyl ether were purified by passing the degassed solvents (N2) 
through a column of activated alumina (solvent purification system purchased from Innovative 
Technologies, Newburyport, MA). The tetrahydrofuran and tetrahydrofuran-d8 used for the 
synthesis of complexes were dried over Na/K overnight and filtered before use. Cyclooctane 
was degassed by three freeze-pump-thaw cycles and further dried over activated 4 Å molecular 
sieves. Deuterated solvents were purchased from Cambridge Isotope Laboratories and used as 
received. See section 2 for synthesis of ligands and substrates. 

 

Chromatography and Data Analysis 

Flash column chromatography was conducted on a Teledyne ISCO Combiflash Rf or Rf+ 
system, with prepacked RediSep Gold silica gel and C18 columns. All reactions were followed 
by thin-layer chromatography (TLC) when practical, using Merck Kieselgel 60 F254 fluorescent 
treated silica, which was visualized under UV light when practical, or by staining with a 
solution of anisaldehyde or phosphomolybdic acid followed by heating. 

1H, 11B, 13C, and 19F NMR spectra were recorded on AVQ-400, JEOL-400, AVB-400, AV-500, 
AV-600, NEO-500, and AV-700 spectrometers. Chemical shifts (d) reported given in parts per 
million (ppm) relative to the residual solvent signal. Coupling constants (J) are given in Hertz 
(Hz), rounded to the nearest 0.1 Hz. The 1H NMR spectra are reported as follows: ppm 
(multiplicity, coupling constants, number of protons). Abbreviations are as follows: s (singlet), 
d (doublet), t (triplet), q (quartet), m (multiplet), br (broad). The carbon attached to boron is 
usually not observed. 
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High-resolution mass spectral (HRMS) data were obtained from the QB3/Chemistry Mass 
Spectrometry Facility or the Catalysis Center at UC Berkeley. 

Gas Chromatography (GC) was performed on an HP 6890 GC system with an Agilent HP-5 
column (25 m × 0.200 mm, 0.33 micron). 

Naming of Compounds 

Compound names were generated by ChemDraw 20.0 software (PerkinElmer), following the 
IUPAC nomenclature.  
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4.4.2 Synthesis of Ligands and Materials 

The ligands and materials were obtained from commercial vendors, prepared according to 
literature procedures, or independently synthesized (see below). N-phenyl-1,10-
phenanthroline-2-amine12, tert-butyl octyl ether24 were synthesized according to literature 
precedent. The spectral data of the known compounds were identical to those reported in the 
literature. All other chemicals were purchased from commercial vendors and used as received 
unless otherwise noted.  
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5-bromo-2-chloroquinolin-8-amine 

 

5-Bromo-2-chloro-quinoline (5.0 g, 15 mmol, 1.0 equiv) was added to a 100 mL round bottom 
flask equipped with a magnetic stir bar. Concentrated sulfuric acid (20 mL) was added, and the 
mixture stirred until the solids dissolved. Then the flask was cooled to 0 ºC in an ice bath, and 
concentrated nitric acid (2.1 mL, 45 mmol, 3.0 equiv) was added dropwise. The mixture was 
allowed to warm to room temperature overnight. The mixture was poured carefully into a 
stirred beaker containing ice mixed with 2 M NaOH (~200 mL total volume), and the pH was 
adjusted with 2 M NaOH until pH > 10. DCM (100 mL) was added, and the layers were 
separated. The aqueous layer was further extracted with DCM (50 mL • 3) and the combined 
organic layers were dried over MgSO4, filtered, and concentrated to dryness in a 250 mL round 
bottom flask. To this flask was added a magnetic stir bar, concentrated hydrochloric acid (15 
mL) and acetic acid (15 mL). The suspension was heated to 45 ºC, and iron dust (2.6 g, 45 
mmol, 3.0 equiv) was added. The mixture was stirred overnight. The mixture was poured 
carefully into a stirred beaker containing ice mixed with 2 M NaOH (~200 mL total volume), 
and the pH was adjusted with 2 M NaOH until pH > 10. DCM (200 mL) and MeOH (100 mL) 
were added, and the green-black suspension was filtered over a pad of Celite. The Celite layer 
was washed with DCM/MeOH (2:1, 1 L) until the filtrate was a very light-yellow color. The 
combined filtrate was transferred to a separatory funnel, the layers separated, and the aqueous 
layer further extracted with DCM/MeOH (2:1, 200 mL•5). The combined organic layers were 
dried over MgSO4, filtered, and concentrated to afford the title compound as yellow-brown 
flakes (3.3 g, 83%) The material was judged to be of sufficient purity to be used in the next 
step. 

1H NMR (500 MHz, CDCl3) δ 8.39 (d, J = 8.8 Hz, 1H), 7.59 (d, J = 8.2 Hz, 1H), 7.46 (d, J = 
8.8 Hz, 1H), 6.84 (d, J = 8.2 Hz, 1H), 4.98 (bs, 2H).  

13C NMR (126 MHz, CDCl3) δ 148.8, 143.3, 138.7, 138.3, 131.3, 126.7, 123.7, 111.6, 107.1.  

HRMS (m/z): (ESI+) calc’d for C9H7N2BrCl [M+H]+: 256.9476, found: 256.9477.  
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5-bromo-8-(tert-butyl)-2-chloro-1,10-phenanthroline 

 

To a 20 mL vial was added 5-bromo-2-chloroquinolin-8-amine (258 mg, 1.00 mmol, 1.00 
equiv), p-toluenesulfonic acid monohydrate (19.0 mg, 0.100 mmol, 0.100 equiv), and 3,3-
dimethyl-2-methylenebutanal (168 mg, 1.50 mmol, 1.50 equiv). A magnetic stir bar and toluene 
(4 mL) were added to the vial, and then the vial was sealed with a Teflon-lined cap. The vial 
was heated at 120 ºC for 24 h. After the vial had cooled to room temperature, the mixture was 
diluted with DCM (20 mL), and 2 M NaOH (10 mL) was added. The layers were separated, 
and the aqueous layer was further extracted with DCM (20 mL•2). The combined layers were 
dried over MgSO4, filtered, and concentrated. The crude material was chromatographed on 
silica with 1% NEt3 and 10% DCM in hexanes as the eluent to afford the title compound as a 
yellow foam (240 mg, 69%). 

1H NMR (500 MHz, CDCl3) δ 9.35 (d, J = 2.4 Hz, 1H), 8.59 (d, J = 8.6 Hz, 1H), 8.15 (s, 
1H), 8.09 (d, J = 2.4 Hz, 1H), 7.70 (d, J = 8.5 Hz, 1H), 1.53 (s, 9H).  

13C NMR (126 MHz, CDCl3) δ 152.5, 150.6, 147.0, 146.4, 142.3, 138.8, 130.5, 130.4, 129.1, 
126.4, 124.7, 119.8, 34.2, 31.0.  

HRMS (m/z): (ESI+) calc’d for C16H15N2BrCl [M+H]+: 349.0102, found: 349.0104.  
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5-bromo-8-(tert-butyl)-N-(3,5-di-tert-butylphenyl)-1,10-phenanthrolin-2-amine 

 

To a 20 mL vial was added 5-bromo-8-(tert-butyl)-2-chloro-1,10-phenanthroline (750 mg, 2.14 
mmol, 1.00 equiv), 3,5-di-tert-butylaniline (1.32 g, 6.43 mmol, 3.00 equiv), a magnetic stir bar, 
and toluene (10 mL). The vial was sealed with a Teflon-lined cap and heated at 120 ºC for 24 
h. The reaction was cooled to room temperature, diluted with DCM (50 mL), and 2 M NaOH 
was added (20 mL). The layers were separated, and the aqueous layer was further extracted 
with DCM (50 mL•3). The combined organic layers were dried over MgSO4, filtered, and 
concentrated. The crude material was purified by column chromatography on silica. Eluent: 0 
à 30% ethyl acetate in (1% NEt3 in hexanes) to afford the title compound as an off-white foam 
(780 mg, 70%). 

1H NMR (600 MHz, CDCl3) δ 9.34 (d, J = 2.4 Hz, 1H), 8.51 (d, J = 9.0 Hz, 1H), 8.13 (d, J = 
2.4 Hz, 1H), 7.97 (s, 1H), 7.62 (bs, 1H), 7.45 (d, J = 9.0 Hz, 1H), 7.40 – 7.39 (m, 1H), 7.37 
(d, J = 1.7 Hz, 2H), 1.62 (s, 9H), 1.50 (s, 18H).  

13C NMR (151 MHz, CDCl3) δ 156.7, 152.4, 149.2, 146.7, 145.9, 142.4, 138.9, 137.9, 130.4, 
129.2, 125.3, 122.0, 120.9, 118.9, 117.1, 110.4, 35.1, 34.1, 31.6, 31.1.  

HRMS (m/z): (ESI+) calc’d for C30H37N3Br [M+H]+: 518.2165, found: 518.2164.  
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5-(3,5-bis(trifluoromethyl)phenyl)-8-(tert-butyl)-N-(3,5-di-tert-butylphenyl)-1,10-
phenanthrolin-2-amine (L2) 

 

A 100 mL round bottom flask was charged with dry THF (25 mL) and zinc chloride (434 mg, 
3.18 mmol, 3.00 equiv) in a glovebox and sealed with a rubber septum. The flask was brought 
out of the glovebox, cooled over an ice bath, and to the cloudy white mixture was dropwise 
added 3,5-bis(trifluoromethyl)phenyl)magnesium bromide (6.36 mL, 0.5 molar in THF, 3.18 
mmol, 3.00 equiv). The resulting solution was stirred for 10 min at room temperature. The 
septum was secured tightly with copper wire, and the flask carefully brought back into the 
glovebox. 5-bromo-8-(tert-butyl)-N-(3,5-di-tert-butylphenyl)-1,10-phenanthrolin-2-amine 
(550 mg, 1.06 mmol, 1.00 equiv) was added, followed by (dppf)PdCl2 (77.6 mg, 0.106 mmol, 
10.0 mol%). The flask was brought out of the glovebox, and the solution was refluxed for 16 
h. The mixture was cooled to room temperature, diluted with DCM (80 mL), and 2 M aqueous 
NaOH (50 mL) was added. The layers were separated, and the aqueous layer further extracted 
with DCM (50 mL•3). The combined organic layers were dried over MgSO4, filtered, and 
concentrated. The crude material was purified by chromatography on silica, eluting with 0 à 
30% of ethyl acetate in (1% NEt3 in hexanes) to afford the title compound as a brown solid 
(642 mg, 93%). 

1H NMR (600 MHz, CDCl3) δ 9.41 (d, J = 2.4 Hz, 1H), 8.26 (d, J = 2.4 Hz, 1H), 8.12 (s, 
3H), 7.94 (d, J = 9.1 Hz, 1H), 7.63 (s, 2H), 7.40 – 7.38 (m, 2H), 7.36 (d, J = 1.7 Hz, 2H), 
1.65 (s, 9H), 1.48 (s, 18H).  

13C NMR (151 MHz, CDCl3) δ 156.6, 152.6, 149.8, 146.7, 146.0, 143.0, 142.3, 139.1, 135.8, 
135.5, 132.2 (q, J = 33.2 Hz), 131.6, 130.2, 128.3, 123.6, 123.5 (q, J = 272.9 Hz) 121.8, 
121.1, 119.1, 117.3, 110.0, 35.2, 34.2, 31.7, 31.2.  
19F NMR (565 MHz, CDCl3) δ -62.7.  

HRMS (m/z): (ESI+) calc’d for C38H40N3F6 [M+H]+: 652.3121, found: 652.3129. 

  

NN
HN

CF3

F3C

N

Br

HN
N

ArMgBr
ZnCl2

Pd(dppf)Cl2



 514 

tris(4-bromophenyl) phosphite (L5) 

 

A flame-dried 250 mL round bottom flask was charged with 4-bromophenol (5.0 g, 29 mmol, 
3.0 equiv) under nitrogen. The solid phenol was dissolved in dry acetonitrile (100 mL). Then 
phosphorous trichloride (0.93 mL, 11 mmol, 1.1 equiv) was added dropwise via syringe. The 
solution was stirred at room temperature for 10 min, then a nitrogen-flushed reflux condenser 
equipped with a nitrogen outlet was attached to the round bottom flask, and the solution 
refluxed for 16 h. The reflux condenser was removed, and all volatile materials were 
evaporated in vacuo. The flask was brought into a nitrogen glovebox, and the residue was 
washed with pentane. The solids were redissolved in dichloromethane and diethyl ether (1:4), 
layered with pentane, and stored at -35 ºC overnight. The title compound crystallized as white 
needles (4.2 g, 80%) 

1H NMR (500 MHz, C6D6) δ 7.18 (d, J = 8.9 Hz, 6H), 6.79 (d, J = 8.8 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 150.4, 132.8, 122.4(JC–P = 6.6 Hz), 117.5. 

31P NMR (202 MHz, C6D6) δ 126.7. 

HRMS (m/z): (ESI+) calc’d for C18H13Br3O3P [M+H]+: 546.8126, found: 546.8131. 
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9-methyl-N-phenyl-1,10-phenanthrolin-2-amine 

 

A 100 mL Schlenk tube was charged with N-phenyl-1,10-phenanthrolin-2-amine (240 mg, 885 
µmol, 1.00 equiv) and dry THF (50 mL). MeLi (1.60 M, 829 µL, 1.33 mmol, 1.50 equiv) was 
added at room temperature, followed by TMSCl (168 µL, 1.33 mmol, 1.50 equiv). The mixture 
was stirred for 30 min. MeLi (1.60 M, 829 µL, 1.33 mmol, 1.50 equiv) was then added, the 
Schlenk sealed, and the mixture heated at 80 ºC for 16 hours. The reaction mixture was 
quenched with water (5 mL), the layers were separated, and the aqueous layer extracted with 
DCM (50 mL•3). The combined organic layers were dried over MgSO4. To the resulting deep 
yellow solution was added activated MnO2 (500 mg), and the mixture was stirred at room 
temperature for 16 h. The solution was filtered through Celite, concentrated, and purified by 
column chromatography (0-100% ethyl acetate in (1% NEt3 in hexanes)) to afford the title 
compound as a yellow foam (155 mg, 61%). 

 

1H NMR (500 MHz, CDCl3) δ 8.13 (d, J = 8.2 Hz, 1H), 8.05 (d, J = 8.8 Hz, 1H), 7.65 (d, J = 
8.6 Hz, 1H), 7.57 (d, J = 8.6 Hz, 1H), 7.50 (d, J = 8.2 Hz, 1H), 7.47 – 7.39 (m, 4H), 7.36 (d, J 
= 8.9 Hz, 1H), 7.18 (tt, J = 6.5, 2.1 Hz, 1H), 2.97 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 158.8, 155.5, 145.4, 144.4, 140.2, 138.3, 136.4, 129.6, 127.4, 
125.5, 124.0, 123.7, 123.5, 122.5, 121.6, 110.5, 26.0.  

HRMS (m/z): (ESI+) calc’d for C19H16N3 [M+H]+: 286.1339, found: 286.1335.  
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8-methyl-N-phenyl-1,10-phenanthrolin-2-amine 

 

To a 4 mL vial was added 2-chloro-8-methyl-1,10-phenanthroline (57.2 mg, 0.250 mmol, 1.00 
equiv), aniline (69.8 mg, 0.750 mmol, 3.00 equiv), a magnetic stirbar, and toluene (1 mL). The 
vial was sealed with a Teflon-lined cap and heated at 140 ºC for 24 h. The reaction was cooled 
to room temperature, diluted with DCM (10 mL), poured into 2 M NaOH added (10 mL), and  
the layers separated. The aqueous layer was further extracted with DCM (10 mL•2). The 
combined organic layers were dried over MgSO4, filtered, and concentrated. The crude material 
was purified by column chromatography on silica. Eluent: 0 à 20% (30% NH4OH in methanol) 
in ethyl acetate to afford the title compound as a brown powder (26.9 mg, 38%). 

 

1H NMR (500 MHz, CDCl3) δ 9.01 (d, J = 2.3 Hz, 1H), 8.06 (d, J = 8.8 Hz, 1H), 8.01 (dd, J = 
2.2, 1.1 Hz, 1H), 7.68 (d, J = 8.6 Hz, 1H), 7.54 (d, J = 8.7 Hz, 1H), 7.48 – 7.36 (m, 6H), 7.19 
(tt, J = 7.2, 1.3 Hz, 1H), 2.62 (s, 3H). 

13C NMR (151 MHz, CDCl3) δ 155.5, 151.4, 145.7, 143.0, 140.0, 138.4, 135.3, 132.5, 129.7, 
129.3, 126.4, 124.2, 123.1, 122.3, 121.8, 110.0, 18.9.  

HRMS (m/z): (ESI+) calc’d for C19H16N3 [M+H]+: 286.1339, found: 286.1337.  
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7-methyl-N-phenyl-1,10-phenanthrolin-2-amine 

 

To a 4 mL vial was added 2-chloro-8-methyl-1,10-phenanthroline (57.2 mg, 0.250 mmol, 1.00 
equiv), aniline (69.8 mg, 0.750 mmol, 3.00 equiv), a magnetic stirbar, and toluene (1 mL). The 
vial was sealed with a Teflon-lined cap and heated at 140 ºC for 24 h. The reaction was cooled 
to room temperature, diluted with DCM (10 mL), poured into 2 M NaOH added (10 mL), and  
the layers separated. The aqueous layer was further extracted with DCM (10 mL•2). The 
combined organic layers were dried over MgSO4, filtered, and concentrated. The crude material 
was purified by column chromatography on silica. Eluent: 0 à 20% (30% NH4OH in methanol) 
in ethyl acetate to afford the title compound as a brown powder (27.6 mg, 39%). 

 

1H NMR (500 MHz, CDCl3) δ 9.04 (d, J = 4.4 Hz, 1H), 8.09 (d, J = 8.8 Hz, 1H), 7.83 (d, J = 
9.2 Hz, 1H), 7.75 (d, J = 8.9 Hz, 1H), 7.49 – 7.36 (m, 6H), 7.21 (d, J = 6.6 Hz, 1H), 2.82 (s, 
3H). 

13C NMR (126 MHz, CDCl3) δ 155.4, 149.4, 144.4, 139.8, 138.6, 129.8, 129.1, 125.9, 124.4, 
124.0, 123.0, 122.0, 118.7, 110.5, 19.4. 

HRMS (m/z): (ESI+) calc’d for C19H16N3 [M+H]+: 286.1339, found: 286.1334.  
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5,6-dibromo-N-phenyl-1,10-phenanthrolin-2-amine 

 

To a 20 mL vial was added 5,6-dibromo-2-chloro-1,10-phenanthroline (372 mg, 1.00 mmol, 
1.00 equiv), aniline (279 mg, 3.00 mmol, 3.00 equiv), a magnetic stir bar, and toluene (2 mL). 
The vial was sealed with a Teflon-lined cap and heated at 140 ºC for 24 h. The reaction was 
cooled to room temperature, diluted with DCM (10 mL), and poured into 2 M NaOH (20 mL). 
The layers were separated, and the aqueous layer was further extracted with DCM (10 mL•3). 
The combined organic layers were dried over MgSO4, filtered, and concentrated. The crude 
material was purified by column chromatography on silica. Eluent: 0 à 80% ethyl acetate in 
(1% NEt3 and 10% DCM in hexanes) to afford the title compound as a grey solid (131 mg, 
30%). 

*NMR peaks were very broad, reported as observed. 

1H NMR (600 MHz, CDCl3) δ 9.31 (s, 1H), 8.87 (d, J = 8.2 Hz, 1H), 8.67 (d, J = 9.1 Hz, 1H), 
7.88 (s, 1H), 7.59 – 7.54 (m, 3H), 7.53 (d, J = 7.6 Hz, 2H), 7.36 (t, J = 7.3 Hz, 1H). 

13C NMR (151 MHz, CDCl3) δ 139.8, 138.9, 137.1, 129.9, 125.2, 122.5. 

HRMS (m/z): (ESI+) calc’d for C18H12N3Br2 [M+H]+: 427.9392, found: 427.9387.  
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3,8-dimethyl-N-phenyl-1,10-phenanthrolin-2-amine 

 

To a 4 mL vial was added 2-chloro-3,8-dimethyl-1,10-phenanthroline (60.7 mg, 0.250 mmol, 
1.00 equiv), aniline (69.8 mg, 0.750 mmol, 3.00 equiv), a magnetic stir bar, and toluene (2 mL). 
The vial was sealed with a Teflon-lined cap and heated at 140 ºC for 24 h. The reaction was 
cooled to room temperature, diluted with DCM (10 mL), and poured into 2 M NaOH (20 mL). 
The layers were separated, and the aqueous layer was further extracted with DCM (10 mL•3). 
The combined organic layers were dried over MgSO4, filtered, and concentrated. The crude 
material was purified by column chromatography on silica. Eluent: 0 à 80% ethyl acetate in 
(1% NEt3 and 10% DCM in hexanes) to afford the title compound as a brown solid (38.2 mg, 
51%). 

1H NMR (500 MHz, CDCl3) δ 9.01 (s, 1H), 7.99 (d, J = 13.3 Hz, 2H), 7.95 (d, J = 15.1 Hz, 
2H), 7.68 (d, J = 8.7 Hz, 1H), 7.58 (d, J = 8.6 Hz, 1H), 7.47 (t, J = 7.7 Hz, 2H), 7.13 (t, J = 7.4 
Hz, 1H), 2.62 (s, 3H), 2.52 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 153.2, 151.6, 143.0, 141.0, 137.7, 135.1, 132.0, 129.4, 128.6, 
125.8, 123.4, 122.9, 122.6, 121.8, 119.5, 18.89, 18.3. 

HRMS (m/z): (ESI+) calc’d for C20H18N3 [M+H]+: 300.1495, found: 300.1490.  
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2-chloro-8-methyl-1,10-phenanthroline 

 

A 20 mL septum vial was charged with 2-chloroquinolin-8-amine (893 mg, 5.00 mmol, 1.00 
equiv), sodium iodide (7.49 mg, 0.0500 mmol, 1.00 mol%), a magnetic stir bar, and 
concentrated sulfuric acid (18 M, 1.52 mL, 20.0 mmol, 4.00 equiv). The vial was sealed with 
the septum cap and heated at 110 ºC. Methacrylaldehyde (691 µL, 8.35 mmol, 1.67 equiv) was 
added via syringe over 3 h. The reaction mixture was cooled to room temperature and poured 
into 2 M NaOH (10 mL). The layers were separated, and the aqueous layer was further 
extracted with DCM (10 mL•3). The combined organic layers were dried over MgSO4 and 
filtered. 1H NMR analysis revealed that partial hydrolysis of the chloride had occurred. To the 
filtrate was added DMF (96.8 µL, 1.25 mmol, 0.250 equiv) and POCl3 (350 µL, 3.75 mmol, 
0.75 equiv). The mixture was stirred overnight. The reaction mixture was poured into 2 M 
NaOH (10 mL). The layers were separated, and the aqueous layer was further extracted with 
DCM (10 mL•3). The combined organic layers were dried over MgSO4, filtered, and 
concentrated. The crude material was purified by column chromatography on silica. Eluent: 0 
à 80% ethyl acetate in DCM to afford the title compound as an off-white powder (407 mg, 
36%). 

 

1H NMR (600 MHz, CDCl3) δ 9.16 (d, J = 2.2 Hz, 1H), 8.26 (d, J = 8.3 Hz, 1H), 8.11 (dd, J = 
2.2, 1.1 Hz, 1H), 7.84 (s, 2H), 7.69 (d, J = 8.3 Hz, 1H), 2.71 (s, 3H). 
13C NMR (151 MHz, CDCl3) δ 152.5, 151.4, 146.3, 143.2, 138.8, 135.3, 133.5, 129.0, 126.9, 
126.8, 125.8, 124.0, 19.0. 

HRMS (m/z): (ESI+) calc’d for C13H10N2Cl [M+H]+: 229.0527, found: 229.0525.  
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2-chloro-7-methyl-1,10-phenanthroline 

 

A 20 mL septum vial was charged with 2-chloroquinolin-8-amine (893 mg, 5.00 mmol, 1.00 
equiv), sodium iodide (7.49 mg, 0.0500 mmol, 1.00 mol%), a magnetic stir bar, and 
concentrated sulfuric acid (18 M, 1.52 mL, 20.0 mmol, 4.00 equiv). The vial was sealed with 
the septum cap and heated at 110 ºC. But-3-en-2-one (696 µL, 8.35 mmol, 1.67 equiv) was 
added via syringe over 3 h. The reaction mixture was cooled to room temperature and poured 
into 2 M NaOH (10 mL). The layers were separated, and the aqueous layer was further 
extracted with DCM (10 mL•3). The combined organic layers were dried over MgSO4 and 
filtered. 1H NMR analysis revealed that partial hydrolysis of the chloride had occurred. To the 
filtrate was added DMF (96.8 µL, 1.25 mmol, 0.250 equiv) and POCl3 (350 µL, 3.75 mmol, 
0.75 equiv). The mixture was stirred overnight. The reaction mixture was poured into 2 M 
NaOH (10 mL). The layers were separated, and the aqueous layer was further extracted with 
DCM (10 mL•3). The combined organic layers were dried over MgSO4, filtered, and 
concentrated. The crude material was purified by column chromatography on silica. Eluent: 0 
à 80% ethyl acetate in DCM to afford the title compound as an off-white powder (338 mg, 
30%). 

 

1H NMR (600 MHz, CDCl3) δ 9.20 (d, J = 4.5 Hz, 1H), 8.32 (d, J = 8.4 Hz, 1H), 8.15 (d, J = 
9.0 Hz, 1H), 7.93 (d, J = 9.0 Hz, 1H), 7.74 (d, J = 8.3 Hz, 1H), 7.61 (dd, J = 4.4, 0.9 Hz, 1H), 
2.92 (s, 3H). 

13C NMR (151 MHz, CDCl3) δ 151.6, 150.5, 146.5, 144.9, 144.6, 138.8, 128.8, 127.0, 125.4, 
124.7, 124.4, 123.1, 19.3. 

HRMS (m/z): (ESI+) calc’d for C13H10N2Cl [M+H]+: 229.0527, found: 229.0527.  
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5,6-dibromo-2-chloro-1,10-phenanthroline 

 

2-chlorophenanthroline (1.0 g, 5.0 mmol, 1.0 equiv) was placed in a heavy-walled glass 
reaction tube with a Teflon screw top fitted with a Viton O-ring. The reaction 
vessel was placed in an ice bath, and 3 mL of oleum (15%) and 0.1 mL (3.0 mmol, 0.60 equiv) 
of bromine were added. The reaction tube was placed in a silicon oil bath, and the temperature 
was slowly raised to 135 °C. After 24 h, the reaction mixture was cooled to room temperature, 
poured over ice, and neutralized with NH4OH. The mixture was extracted with chloroform (10 
mL•3). The extracts were stirred with charcoal and then dried over Na2SO4. The crude reaction 
mixture contained about 5% unreacted phenanthroline as judged by 1H NMR spectroscopy. 
The crude material was purified by column chromatography on silica. Eluent: 0 à 80% ethyl 
acetate in DCM to afford the title compound as an off-white powder (180 mg, 10%). 

 

 

1H NMR (600 MHz, CDCl3) δ 9.34 (dd, J = 4.3, 1.6 Hz, 1H), 8.82 (dd, J = 8.4, 1.6 Hz, 1H), 
8.77 (d, J = 8.6 Hz, 1H), 7.84 (dd, J = 8.4, 4.3 Hz, 1H), 7.79 (d, J = 8.7 Hz, 1H). 

13C NMR (151 MHz, CDCl3) δ 152.8, 151.6, 145.5, 144.5, 140.1, 137.3, 129.1, 127.5, 125.8, 
125.6, 125.0, 124.4. 

HRMS (m/z): (ESI+) calc’d for C12H6N2Br2Cl [M+H]+: 370.8581, found: 370.8580.  
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2-chloro-3,8-dimethyl-1,10-phenanthroline 

 

A 50 mL round bottom flask was charged with 3,8-dimethyl-1,10-phenanthroline (385 mg, 1.85 
mmol, 1.00 equiv), trifluoroacetic acid (1.42 mL), and 30% hydrogen peroxide (283 µL). The 
mixture was heated at 65 ºC for 16 h. The solution was cooled to room temperature, and 2 M 
NaOH was added until the pH > 13. The mixture was extracted with DCM (10 mL •5). The 
combined organic layers were dried over MgSO4 and filtered. Then DMF (1 mL) and POCl3 
(5 mL) were added. The mixture was stirred at room temperature for another 16 h. The mixture 
was poured into 40% NaOH solution, filtered through a bed of Celite, and extracted with 
chloroform (10 mL•3). The combined organic layers were dried over MgSO4, filtered, and 
concentrated.The crude material was purified by column chromatography on silica. Eluent: 0 
à 30% ethyl acetate in (1% NEt3 and 10% DCM in hexanes) to afford the title compound as 
an off-white powder (243 mg, 54%). 

 

1H NMR (500 MHz, CDCl3) δ 9.08 (d, J = 2.2 Hz, 1H), 8.09 (s, 1H), 8.05 (d, J = 1.2 Hz, 1H), 
7.79 – 7.71 (m, 2H), 2.65 (s, 3H), 2.64 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 152.5, 152.3, 144.5, 143.3, 138.2, 135.4, 133.0, 132.2, 128.5, 
127.6, 126.7, 125.6, 20.3, 18.9. 

HRMS (m/z): (ESI+) calc’d for C14H12N2Cl [M+H]+: 243.0684, found: 243.0682.  
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4.4.3 Determination of Gas Chromatography Response factors 

In a 4 mL vial, known quantities (5-20 mg) of the aryl or alkyl boronic ester were mixed with 
known quantities (5-20 mg) of the adamantane internal standard. The mixture was dissolved in  
ethyl acetate, and an aliquot analyzed by GC-FID. The known mol ratios of the materials were 
plotted against the ratios of the integrated GC signals. 

 

Figure 4.10. Determination of the response factor for (3-chloro-5-iodophenyl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane. 

 

Figure 4.11. Determination of the response factor for 4,4,5,5-tetramethyl-2-
(tetrahydrofuran-3-yl)-1,3,2-dioxaborolane. 
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Figure 4.12. Determination of the response factor for 2-(2-ethoxyethyl)-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane. 
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4.4.4 Design and Evaluation of “Ironclad” Ligand 

Evaluation of the effect of substitution. 

In a nitrogen glovebox, a 4 mL vial was charged with ligand (0.010 mmol, 10 mol%), 
[Ir(cod)(OMe)]2 (3.3 mg, 0.0050 mmol, 5.0 mol%), B2pin2 (76 mg, 0.30 mmol, 3.0 equiv), and 
tert-butyl octyl ether (19 mg, 0.10 mmol, 1.0 equiv). A stir bar and cyclooctane (100 µL) were 
added to the vial, the vial was capped with a Teflon-lined cap, and the vial was heated at 65 ºC 
in a preheated aluminum block. At the end of the reaction, the reaction mixture was diluted 
with CDCl3, CH2Br2 (internal standard) was added, and the solution was analyzed by 1H NMR 
spectroscopy to determine the yield of the borylated ether. We found that substitution at the 3-, 
7-, and 9- positions lead to more than two-fold reduction in the yield of the borylated product, 
while substitution at the 5-, 6-, and 8- positions do not lead to such drastic reductions in the 
yield of the borylated product. 

 

 

Figure 4.13 Evaluation of 2-aminophenanthrolines for the borylation of tert-butyl octyl 
ether. 
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Timecourses for the borylation of 1-chloro-3-iodobenzene. 

In a nitrogen glovebox, a 4 mL vial was sequentially charged with ligand (5.00 μmol, 2.00 
mol%), (MesH)Ir(Bpin)3 (3.47 mg, 5.00 μmol, 2.00 mol%),  adamantane (internal standard, 
17.0 mg, 0.125 mmol, 0.5 equiv), B2pin2 (95.2 mg, 0.375 mmol, 1.50 equiv), and 1-chloro-3-
iodobenzene (59.6 mg, 0.250 mmol, 1.00 equiv). A magnetic stir bar and cyclooctane (0.8 mL) 
were added to the vial, and the vial was tightly sealed with a Teflon-lined cap. The vial was 
removed from the glovebox and stirred at 50 ºC. At the various time points, the vial was 
removed from the heating block and brought into the glovebox. An aliquot of the solution was 
removed from the vial and analyzed by GC.  

 

 

Figure 4.14. Timecourses of the borylation of 1-chloro-3-iodobenzene with parent N-
phenyl-2-aminophenanthroline (L1, blue), designer 2-aminophenanthroline (L2, red), 
and tmphen (green). 
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Timecourses for the borylation of tetrahydrofuran. 

In a nitrogen glovebox, a 4 mL vial was sequentially charged with ligand (12.5 μmol, 5.00 
mol%), (MesH)Ir(Bpin)3 (8.67 mg, 12.5 μmol, 5.00 mol%),  adamantane (internal standard, 
17.0 mg, 0.125 mmol, 0.5 equiv), B2pin2 (95.2 mg, 0.375 mmol, 1.50 equiv), and 
tetrahydrofuran (18.0 mg, 0.250 mmol, 1.00 equiv). A magnetic stir bar and cyclooctane (0.4 
mL) were added to the vial, and the vial was tightly sealed with a Teflon-lined cap. The vial 
was removed from the glovebox and stirred at 65 ºC. At the various time points, the vial was 
removed from the heating block and brought into the glovebox. An aliquot of the solution was 
removed from the vial and analyzed by GC.  

 

 

Figure 4.15. Timecourses of the borylation of tetrahydrofuran with parent N-phenyl-2-
aminophenanthroline (L1, blue), designer 2-aminophenanthroline (L2, red), and tmphen 
(green). 
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4.4.5 NMR Spectroscopy Studies  

Study of the species generated from L1 and (MesH)Ir(Bpin)3 under catalytic conditions 

 

In a nitrogen glovebox, a 4 mL vial was sequentially charged with N-phenyl-1,10-
phenanthrolin-2-amine (L1, 3.39 mg, 12.5 µmol, 1.00 equiv), (MesH)Ir(Bpin)3 (8.67 mg, 12.5 
µmol, 1.00 equiv), and B2pin2 (127 mg, 500 µmol, 40.0 equiv). A magnetic stirbar was added 
to the vial. THF-d8 (0.5 mL) was introduced to the vial under vigorous stirring, and the vial 
was sealed with a Teflon cap. The vial was heated at 65 ºC for 15 min, and the solution was 
analyzed by 1H NMR spectroscopy. 

 

Figure 4.16. 1H NMR spectrum of a catalytic reaction run with L1 and (MesH)Ir(Bpin)3. 
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Study of the species generated from L2 and (MesH)Ir(Bpin)3 under catalytic conditions 

 

In a nitrogen glovebox, a 4 mL vial was sequentially charged with 5-(3,5-
bis(trifluoromethyl)phenyl)-8-(tert-butyl)-N-(3,5-di-tert-butylphenyl)-1,10-phenanthrolin-2-
amine (L2, 8.15 mg, 12.5 µmol, 1.00 equiv), (MesH)Ir(Bpin)3 (8.67 mg, 12.5 µmol, 1.00 equiv) 
and B2pin2 (127 mg, 500 µmol, 40.0 equiv). A magnetic stirbar was added to the vial. THF-d8 
(0.5 mL) was introduced to the vial under vigorous stirring, and the contents of the vial were 
transferred to a J Young tube. 1H NMR spectra were measured in an NMR spectrometer at 5 
min intervals with the probe temperature held at 65 ºC.  

 

 

Figure 4.17. 1H NMR spectra of a catalytic reaction run with L2 and (MesH)Ir(Bpin)3. 
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Study of the species generated from L2 and [Ir(cod)(OMe)]2 under catalytic conditions 

 

In a nitrogen glovebox, a 4 mL vial was sequentially charged with 5-(3,5-
bis(trifluoromethyl)phenyl)-8-(tert-butyl)-N-(3,5-di-tert-butylphenyl)-1,10-phenanthrolin-2-
amine (L2, 8.15 mg, 12.5 µmol, 1.00 equiv), [Ir(cod)(OMe)]2 (4.14 mg, 6.25 µmol,  0.500 
equiv), and B2pin2 (127 mg, 500 µmol, 40.0 equiv). A magnetic stirbar was added to the vial. 
THF-d8 (0.5 mL) was introduced to the vial under vigorous stirring, and the vial was sealed 
with a Teflon cap. The vial was heated at 65 ºC for 15 min, and the solution was analyzed by 
1H NMR spectroscopy. The aryl resonances of the spectrum match those observed in the 
spectrum obtained from the combination of L2 and (MesH)Ir(Bpin)3 (apart from mesitylene-
derived resonances). 

 

Figure 4.18. Comparison of 1H NMR spectra of catalytic reactions run with L2 and 
either [Ir(cod)(OMe)]2 (red trace) or (MesH)Ir(Bpin)3 (blue trace).  
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Investigation of catalyst speciation via trapping by phosphite 

In a nitrogen glovebox, a 4 mL vial was charged with 5-(3,5-bis(trifluoromethyl)phenyl)-8-
(tert-butyl)-N-(3,5-di-tert-butylphenyl)-1,10-phenanthrolin-2-amine (L2, 32.6 mg, 50.0 µmol, 
1.00 equiv), (MesH)Ir(Bpin)3 (34.7 mg, 50.0 µmol, 1.00 equiv) and B2pin2 (12.7 mg, 50.0 µmol, 
1.00 equiv). A magnetic stirbar and THF-d8 (1 mL) were added, and vial was sealed with a 
Teflon-lined cap. The vial was brought out of the glovebox and heated in a preheated aluminum 
block at 65 ºC for 30 min. A 0.50 M stock solution of B2pin2 (solution A) was prepared by 
dissolving B2pin2 (635 mg, 2.50 mmol) in THF-d8 in a 5 mL volumetric flask. A 0.50 M stock 
solution of Hpin (solution B) was prepared by dissolving HBpin (320 mg, 2.50 mmol) in THF-
d8 in a 5 mL volumetric flask. In a series of NMR tubes were added the solutions as follows: 
Tube 1: 45 µL A, 405 µL B; Tube 2: 90 µL A, 360 µL B; Tube 3: 135 µL A, 315 µL B; Tube 4: 
180 µ A, 270 µL B; Tube 5: 225 µL A, 225 µL B; Tube 6: 270 µL A, 180 µL B; Tube 7: 315 
µL A, 135 µL B; Tube 8: 360 µL A, 90 µL B, Tube 9: 405 µL A, 45 µL B. To each tube was 
added 50 µL of the iridium solution. The tubes were tightly capped and sealed with electrical 
tape, and the 1H NMR spectra were observed. The resonances corresponding to the 9-positions 
of the bound ligands in (L3)Ir(Bpin)3 and in (L3)Ir(H)(Bpin)2 were integrated. 

 

Figure 4.19. Dependence of catalyst speciation on B2pin2:HBpin molar ratio. Red: 
(L3)Ir(Bpin)3, green: (L3)Ir(H)(Bpin)2. 
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Figure 4.20. Fitting to obtain equilibrium constant. The first three points with large 
uncertainties in the integration of (L3)Ir(H)(Bpin)2 were not included. 
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4.4.6 Independent Generation of Iridium Complexes 

(L3)Ir(Bpin)3(P(OPh)3)  

 

In a nitrogen glovebox, a 4 mL vial was sequentially charged with 5-(3,5-
bis(trifluoromethyl)phenyl)-8-(tert-butyl)-N-(3,5-di-tert-butylphenyl)-1,10-phenanthrolin-2-
amine (L2, 16.3 mg, 25.0 µmol, 1.00 equiv), (MesH)Ir(Bpin)3 (17.3 mg, 25.0 µmol, 1.00 equiv) 
and B2pin2 (6.35 mg, 25.0 µmol, 1.00 equiv). THF-d8 (0.5 mL) was introduced to the vial, the 
vial was sealed tightly with a Teflon-lined cap and brought out of the glovebox, and the vial 
was heated at 65 ºC in a preheated aluminum heating block for 10 min. The vial was cooled to 
room temperature and returned to the glovebox. To the vial was added B2pin2 (25.4 mg, 100 
µmol, 4.00 equiv). The mixture was allowed to react for 5 min. P(OPh)3 (7.76 mg, 25.0 µmol, 
1.00 equiv) was then added. The solution was analyzed by NMR spectroscopy. The NMR 
spectra reported below contain resonances arising from impurities such as HBpin, borylated 
mesitylene, and B2pin3. Separation of the impurities from the desired complex was difficult 
due to the solubility of the material even in highly non-polar solvents such as pentane, 
hexamethyldisiloxane, and tetramethyl silane. 

Crystals suitable for X-ray crystallography were prepared as follows: volatile materials were 
evaporated in vacuo, tetramethylsilane (1 mL) was added to the residue, and the mixture 
became slightly turbid. After allowing the solution to stand for 10 min, the solution was filtered 
through a PTFE filter (20 µm). The filtrate was stored at -40 ºC overnight to afford crystals 
suitable for X-ray crystallography. 

1H NMR (500 MHz, THF-d8) δ 10.59 (s, 1H), 8.21 (s, 2H), 8.19 – 8.13 (m, 2H), 7.61 (d, J = 
9.2 Hz, 1H), 7.58 (s, 1H), 7.40 (t, J = 1.9 Hz, 1H), 7.15 (t, J = 1.8 Hz, 1H), 7.04 (t, J = 1.8 Hz, 
1H), 6.88 – 6.83 (m, 6H), 6.79 (d, J = 7.5 Hz, 6H), 6.73 (d, J = 7.0 Hz, 3H), 6.23 (d, J = 9.2 
Hz, 1H), 2.22 (s, 3H), 1.93 (s, 3H), 1.61 (s, 9H), 1.38 (s, 9H), 1.35 (s, 6H), 1.32 (s, 6H), 1.30 
(s, 9H), 1.21 (s, 6H), 1.20 (s, 6H), 1.05 (s, 3H), 0.62 (s, 6H), 0.56 (s, 3H), 0.51 (s, 6H). 

13C NMR (as observed) (126 MHz, THF-d8) δ 161.6, 161.6, 154.5, 153.1, 153.0, 151.9, 151.8, 
147.1, 146.9, 146.2, 144.4, 141.8, 138.6, 138.2, 137.2, 136.9, 136.6, 135.4, 132.2, 132.0, 131.7, 
131.6, 131.4, 130.2, 129.6, 129.4, 129.0, 128.5, 128.3, 126.8, 126.7, 126.2, 126.1, 124.8, 124.0, 
123.3, 122.6, 122.5, 120.9, 120.9, 120.0, 119.5, 109.7, 83.0, 82.9, 82.9, 82.8, 82.5, 82.5, 81.5, 
81.1, 81.0, 80.4, 80.1, 79.4, 79.4, 79.0, 34.8, 34.7, 34.5, 31.2, 31.1, 30.8, 25.7, 25.0, 24.8, 22.9, 
22.6, 22.2, 22.0, 21.5, 20.6, 20.5. 

11B NMR (160 MHz, THF-d8) δ 32.9, 30.7, 28.0. 

19F NMR (471 MHz, THF-d8) δ -63.4. 
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31P NMR (202 MHz, THF-d8) δ 100.5. 
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(L3)Ir(H)(Bpin)2(P(OPh)3)  

 

In a nitrogen glovebox, a 4 mL vial was sequentially charged with 5-(3,5-
bis(trifluoromethyl)phenyl)-8-(tert-butyl)-N-(3,5-di-tert-butylphenyl)-1,10-phenanthrolin-2-
amine (L2, 16.3 mg, 25.0 µmol, 1.00 equiv), (MesH)Ir(Bpin)3 (17.3 mg, 25.0 µmol, 1.00 equiv) 
and B2pin2 (6.35 mg, 25.0 µmol, 1.00 equiv). THF-d8 (0.5 mL) was introduced to the vial, the 
vial was sealed tightly with a Teflon-lined cap and brought out of the glovebox, and the vial 
was heated at 65 ºC in a preheated aluminum heating block for 10 min. The vial was cooled to 
room temperature and returned to the glovebox. P(OPh)3 (7.76 mg, 25.0 µmol, 1.00 equiv) was 
then added. The solution was analyzed by NMR spectroscopy. The NMR spectra reported 
below contain resonances arising from impurities such as HBpin, borylated mesitylene, and 
B2pin3. Separation of the impurities from the desired complex was difficult due to the solubility 
of the material even in highly non-polar solvents such as pentane, hexamethyldisiloxane, and 
tetramethyl silane. 

1H NMR (600 MHz, THF-d8) δ 9.29 (s, 1H), 8.37 (s, 2H), 8.33 (d, J = 9.5 Hz, 2H), 7.84 (d, J 
= 9.1 Hz, 1H), 7.68 (s, 1H), 7.59 (s, 1H), 7.40 (s, 1H), 7.21 (s, 1H), 7.18 (d, J = 7.6 Hz, 6H), 
7.15 – 7.09 (m, 6H), 6.95 (t, J = 7.3 Hz, 3H), 6.68 (d, J = 9.1 Hz, 1H), 1.96 (s, 3H), 1.74 (s, 
3H), 1.68 (s, 9H), 1.53 (s, 9H), 1.46 (s, 12H), 1.34 (s, 9H), 1.09 (s, 3H), 0.91 (s, 3H), 0.68 (s, 
6H), 0.63 (s, 6H), -13.24 (d, J = 25.3 Hz, 1H). 

13C NMR (as observed) (151 MHz, THF-d8) δ 161.8, 153.3, 152.8, 152.8, 152.0, 151.8, 147.5, 
147.1, 147.0, 143.3, 141.7, 138.5, 137.2, 136.9, 135.9, 132.2, 132.0, 131.8, 131.6, 131.2, 130.0, 
129.7, 129.4, 128.5, 128.0, 126.8, 126.7, 126.1, 124.6, 123.3, 123.2, 122.6, 122.1, 121.7, 120.6, 
120.6, 120.0, 120.0, 109.4, 82.9, 82.9, 81.5, 81.1, 79.8, 79.5, 79.3, 79.3, 34.7, 34.7, 34.0, 31.1, 
31.0, 30.6, 23.3, 23.1, 22.4, 22.2, 22.2, 20.5, 20.4. 

11B NMR (193 MHz, THF-d8) δ 33.8, 33.3, 28.2. 

19F NMR (565 MHz, THF-d8) δ -63.4. 

31P NMR (243 MHz, THF-d8) δ 106.4. 
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(L3)Ir(Bpin)3(L5) 

 

In a nitrogen glovebox, a 20 mL vial was sequentially charged with 5-(3,5-
bis(trifluoromethyl)phenyl)-8-(tert-butyl)-N-(3,5-di-tert-butylphenyl)-1,10-phenanthrolin-2-
amine (L2, 97.8 mg, 150 µmol, 1.00 equiv), (MesH)Ir(Bpin)3 (104 mg, 150 µmol, 1.00 equiv) 
and B2pin2 (38.1 mg, 150 µmol, 1.00 equiv). THF-d8 (5 mL) was introduced to the vial, the 
vial was sealed tightly with a Teflon-lined cap and brought out of the glovebox, and the vial 
was heated at 65 ºC in a preheated aluminum heating block for 10 min. The vial was cooled to 
room temperature and returned to the glovebox. To the vial was added B2pin2 (152 mg, 600 
µmol, 4.00 equiv). The mixture was allowed to react for 5 min. Tri(4-bromophenyl)phosphite 
(82.0 mg, 150 µmol, 1.00 equiv) was then added. Volatile materials were evaporated in vacuo, 
then tetramethylsilane (4 mL) was added to the residue, and the mixture became slightly turbid. 
After allowing the solution to stand for 10 min, the solution was filtered through a PTFE filter 
(20 µm).  
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4.4.7 Kinetic Studies 

Reaction Orders by the Method of Initial Rates 

Order in the THF substrate 

In a nitrogen glovebox, adamantane (272 mg, 2.00 mmol) was dissolved in dry DCM in a 10 
mL volumetric flask (0.20 M). B2pin2 (762 mg, 3.00 mmol) was dissolved in dry DCM in a 5.0 
mL volumetric flask (0.60 M). 5-(3,5-bis(trifluoromethyl)phenyl)-8-(tert-butyl)-N-(3,5-di-tert-
butylphenyl)-1,10-phenanthrolin-2-amine (L2) (130 mg, 200 μmol) was dissolved in dry DCM 
in a 2.0 mL volumetric flask (0.10 M). The resulting solutions were dispensed into four 1-dram 
vials equipped with flea stir bars, (312 µL of the adamantane solution, 62.5 µmol; 312.5 µL of 
the B2pin2 solution, 188 µmol; 62.5 µL of the ligand solution, 6.25 µmol). All volatile materials 
were carefully evaporated from the four 1-dram vials in vacuo. 

(MesH)Ir(Bpin)3 (139 mg, 200 µmol) was dissolved in dry cyclooctane in a 2.0 mL volumetric 
flask (0.10 M) and 62.5 µL of the resulting solution was added to each vial (6.25 µmol). THF 
(324 µL, 4.00 mmol) was dissolved in dry cyclooctane in a 5.0 mL volumetric flask (0.80 M), 
and the resulting solution dispensed to the vials as follows: (vial A: 78.1 µL (62.5 µmol); vial 
B: 156 µL (125 µmol); vial C: 234 µL (188 µmol); vial D: 312 µL (250 µmol). Dry cyclooctane 
was then added to make the total volume of the solutions in each vial 400 µL, the vials were 
tightly sealed with Teflon-lined caps, and the vials were removed from the glovebox. The vials 
were heated in an aluminum heating block at 65 ºC. At the appropriate timepoints, the vials 
were removed from the heating block, brought into the glovebox, and an aliquot removed for 
analysis by gas chromatography. The concentration of product 4,4,5,5-tetramethyl-2-
(tetrahydrofuran-3-yl)-1,3,2-dioxaborolane was measured and plotted versus time to obtain the 
initial rates of the formation of 4,4,5,5-tetramethyl-2-(tetrahydrofuran-3-yl)-1,3,2-
dioxaborolane. 

 

Table 4.1. Initial concentrations of [THF], [catalyst], and [B2pin2] (varying [THF]), and the 
corresponding initial rates of formation of 4,4,5,5-tetramethyl-2-(tetrahydrofuran-3-yl)-1,3,2-
dioxaborolane. 

[THF] (M) [catalyst] (mM) [B2pin2] (M) Initial Rate of 
Formation of 
THFBpin (µM.s-1) 

0.156 15.6 0.469 8.54 ± 0.11 

0.312 15.6 0.469 18.9 ± 0.3 

0.469 15.6 0.469 31.1 ± 0.7 

0.625 15.6 0.469 41.5 ± 1.7 
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Figure 4.21. Formation of borylated product THF vs time varying initial concentration of THF. 
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Order in B2pin2 

In a nitrogen glovebox, adamantane (272 mg, 2.00 mmol) was dissolved in dry DCM in a 10 
mL volumetric flask (0.20 M). 5-(3,5-bis(trifluoromethyl)phenyl)-8-(tert-butyl)-N-(3,5-di-tert-
butylphenyl)-1,10-phenanthrolin-2-amine (L2) (130 mg, 200 μmol) was dissolved in dry DCM 
in a 2.0 mL volumetric flask (0.10 M). The resulting solutions were dispensed into four 1-dram 
vials equipped with flea stir bars, (312 µL of the adamantane solution, 62.5 µmol; 62.5 µL of 
the ligand solution, 6.25 µmol). B2pin2 (762 mg, 3.00 mmol) was dissolved in dry DCM in a 
5.0 mL volumetric flask (0.60 M). The resulting solution was dispensed into the vials as follows: 
(vial A: 156 µL (93.6 µmol); vial B: 312 µL (187 µmol); vial C: 469 µL (281 µmol); vial D: 
625 µL (375 µmol). All volatile materials were carefully evaporated from the four 1-dram vials 
in vacuo. 

(MesH)Ir(Bpin)3 (139 mg, 200 µmol) was dissolved in dry cyclooctane in a 2.0 mL volumetric 
flask (0.10 M) and 62.5 µL of the resulting solution was added to each vial (6.25 µmol). THF 
(324 µL, 4.00 mmol) was dissolved in dry cyclooctane in a 5.0 mL volumetric flask (0.80 M), 
and 156 µL of the resulting solution was dispensed to the vials (125 µmol). Dry cyclooctane 
was then added to make the total volume of the solutions in each vial 400 µL, the vials tightly 
sealed with Teflon-lined caps, and the vials removed from the glovebox. The vials were heated 
in an aluminum heating block at 65 ºC. At the appropriate timepoints, the vials were removed 
from the heating block, brought into the glovebox, and an aliquot removed for analysis by gas 
chromatography. The concentration of product 4,4,5,5-tetramethyl-2-(tetrahydrofuran-3-yl)-
1,3,2-dioxaborolane was measured and plotted versus time to obtain the initial rates of the 
formation of 4,4,5,5-tetramethyl-2-(tetrahydrofuran-3-yl)-1,3,2-dioxaborolane. 

 

Table 4.2. Initial concentrations of [THF], [catalyst], and [B2pin2] (varying [B2pin2]), and the 
corresponding initial rates of formation of 4,4,5,5-tetramethyl-2-(tetrahydrofuran-3-yl)-1,3,2-
dioxaborolane. 

[THF] (M) [catalyst] (mM) [B2pin2] (M) Initial Rate of 
Formation of 
THFBpin (µM.s-1) 

0.312 15.6 0.234 20.4 ± 1.0 

0.312 15.6 0.469 20.8 ± 0.5 

0.312 15.6 0.703 20.6 ± 0.6 

0.312 15.6 0.938 20.2 ± 0.3 
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Figure 4.22. Formation of borylated product THF vs time varying initial concentration of 
diboron reagent. 
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Order in Catalyst, no Saturation in HBpin 

In a nitrogen glovebox, adamantane (272 mg, 2.00 mmol) was dissolved in dry DCM in a 10 
mL volumetric flask (0.20 M). B2pin2 (762 mg, 3.00 mmol) was dissolved in dry DCM in a 5.0 
mL volumetric flask (0.60 M). The resulting solutions were dispensed into seven 1-dram vials 
equipped with flea stir bars, (312 µL of the adamantane solution, 62.5 µmol; 312.5 µL of the 
B2pin2 solution, 188 µmol). 5-(3,5-bis(trifluoromethyl)phenyl)-8-(tert-butyl)-N-(3,5-di-tert-
butylphenyl)-1,10-phenanthrolin-2-amine (L2) (130 mg, 200 μmol) was dissolved in dry DCM 
in a 2.0 mL volumetric flask (0.10 M). The resultant solution was dispensed as follows: (vial 
A: 7.81 µL (0.781 µmol); vial B: 17.6 µL (1.76 µmol); vial C: 31.2 µL (3.12 µmol); vial D: 
48.8 µL (4.88 µmol); vial E: 70.3 µL (7.03 µmol); vial F: 95.7 µL (9.57 µmol); vial G 125 µL 
(12.5 µmol). All volatile materials were carefully evaporated from the seven 1-dram vials in 
vacuo. 

(MesH)Ir(Bpin)3 (139 mg, 200 µmol) was dissolved in dry cyclooctane in a 2.0 mL volumetric 
flask (0.10 M), and the resulting solution was dispensed as follows: (vial A: 7.81 µL (0.781 
µmol); vial B: 17.6 µL (1.76 µmol); vial C: 31.2 µL (3.12 µmol); vial D: 48.8 µL (4.88 µmol); 
vial E: 70.3 µL (7.03 µmol); vial F: 95.7 µL (9.57 µmol); vial G 125 µL (12.5 µmol). 

THF (324 µL, 4.00 mmol) was dissolved in dry cyclooctane in a 5.0 mL volumetric flask (0.80 
M), and 156 µL of the resulting solution was dispensed to the vials (125 µmol). Dry 
cyclooctane was then added to make the total volume of the solutions in each vial 400 µL, the 
vials tightly sealed with Teflon-lined caps, and the vials removed from the glovebox. The vials 
were heated in an aluminum heating block at 65 ºC. At the appropriate timepoints, the vials 
were removed from the heating block, brought into the glovebox, and an aliquot removed for 
analysis by gas chromatography. The concentration of product 4,4,5,5-tetramethyl-2-
(tetrahydrofuran-3-yl)-1,3,2-dioxaborolane was measured and plotted versus time to obtain the 
initial rates of the formation of 4,4,5,5-tetramethyl-2-(tetrahydrofuran-3-yl)-1,3,2-
dioxaborolane. 

 

Table 4.3. Initial concentrations of [THF], [catalyst], and [B2pin2] (varying [cat]), and the 
corresponding initial rates of formation of 4,4,5,5-tetramethyl-2-(tetrahydrofuran-3-yl)-1,3,2-
dioxaborolane. 

[THF] (M) [catalyst] (mM) [B2pin2] (M) Initial Rate of 
Formation of 
THFBpin (µM.s-1) 

0.312 1.95 0.469 5.55 ± 0.42 

0.312 4.39 0.469 13.1 ± 0.6 

0.312 7.81 0.469 16.4 ± 0.6 

0.312 12.2 0.469 17.4 ± 0.4 

0.312 17.6 0.469 21.8 ± 1.1 
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0.312 23.9 0.469 24.7 ± 1.3 

0.312 31.2 0.469 26.0 ± 1.5 

    

 

Figure 4.23. Formation of borylated product THF vs time varying initial concentration of 
catalyst. 

 

Figure 4.24. Rate of reaction vs concentration of catalyst. Fitting with a power law indicates 
an approximate half-order in catalyst.  
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Order in Catalyst, Saturation in HBpin 

In a nitrogen glovebox, adamantane (272 mg, 2.00 mmol) was dissolved in dry DCM in a 10 
mL volumetric flask (0.20 M). B2pin2 (762 mg, 3.00 mmol) was dissolved in dry DCM in a 5.0 
mL volumetric flask (0.60 M). The resulting solutions were dispensed into four 1-dram vials 
equipped with flea stir bars, (312 µL of the adamantane solution, 62.5 µmol; 312.5 µL of the 
B2pin2 solution, 188 µmol). 5-(3,5-bis(trifluoromethyl)phenyl)-8-(tert-butyl)-N-(3,5-di-tert-
butylphenyl)-1,10-phenanthrolin-2-amine (L2) (130 mg, 200 μmol) was dissolved in dry DCM 
in a 2.0 mL volumetric flask (0.10 M). The resultant solution was dispensed as follows: (vial 
A: 31.2 µL (3.12 µmol); vial B: 62.5 µL (6.25 µmol); vial C: 93.8 µL (9.38 µmol); vial D: 125 
µL (12.5 µmol). All volatile materials were carefully evaporated from the four 1-dram vials in 
vacuo. 

(MesH)Ir(Bpin)3 (139 mg, 200 µmol) was dissolved in dry cyclooctane in a 2.0 mL volumetric 
flask (0.10 M), and the resulting solution was dispensed as follows: (vial A: 31.2 µL (3.12 
µmol); vial B: 62.5 µL (6.25 µmol); vial C: 93.8 µL (9.38 µmol); vial D: 125 µL (12.5 µmol).  

THF (324 µL, 4.00 mmol) was dissolved in dry cyclooctane in a 5.0 mL volumetric flask (0.80 
M), and 156 µL of the resulting solution was dispensed to the vials (125 µmol). HBpin (512 
mg, 4.00 mmol) was dissolved in dry cyclooctane in a 2.0 mL volumetric flask (2.0 M) and 
93.8 µL of the resulting solution was dispensed to the vials (188 µmol, equimolar to the B2pin2). 
Dry cyclooctane was then added to make the total volume of the solutions in each vial 400 µL, 
the vials tightly sealed with Teflon-lined caps, and the vials removed from the glovebox. The 
vials were heated in an aluminum heating block at 65 ºC. At the appropriate timepoints, the 
vials were removed from the heating block, brought into the glovebox, and an aliquot removed 
for analysis by gas chromatography. The concentration of product 4,4,5,5-tetramethyl-2-
(tetrahydrofuran-3-yl)-1,3,2-dioxaborolane was measured and plotted versus time to obtain the 
initial rates of the formation of 4,4,5,5-tetramethyl-2-(tetrahydrofuran-3-yl)-1,3,2-
dioxaborolane. 

 

Table 4.4. Initial concentrations of [THF], [catalyst], and [B2pin2] (varying [cat]), and the 
corresponding initial rates of formation of 4,4,5,5-tetramethyl-2-(tetrahydrofuran-3-yl)-1,3,2-
dioxaborolane. 

[THF] (M) [catalyst] (mM) [B2pin2] (M) Initial Rate of 
Formation of 
THFBpin (µM.s-1) 

0.312 7.81 0.469 4.99 ± 0.08 

0.312 15.6 0.469 9.44 ± 0.19 

0.312 23.4 0.469 12.9 ± 0.3 

0.312 12.2 0.469 16.5 ± 0.2 
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Figure 4.25. Formation of borylated product THF vs time varying initial concentration of 
catalyst. 

 

Figure 4.26. Rate of reaction vs concentration of catalyst.  
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Order in Mesitylene 

In a nitrogen glovebox, adamantane (272 mg, 2.00 mmol) was dissolved in dry DCM in a 10 
mL volumetric flask (0.20 M). B2pin2 (762 mg, 3.00 mmol) was dissolved in dry DCM in a 5.0 
mL volumetric flask (0.60 M). 5-(3,5-bis(trifluoromethyl)phenyl)-8-(tert-butyl)-N-(3,5-di-tert-
butylphenyl)-1,10-phenanthrolin-2-amine (L2) (130 mg, 200 μmol) was dissolved in dry DCM 
in a 2.0 mL volumetric flask (0.10 M). The resulting solutions were dispensed into four 1-dram 
vials equipped with flea stir bars, (312 µL of the adamantane solution, 62.5 µmol; 312.5 µL of 
the B2pin2 solution, 188 µmol; 62.5 µL of the ligand solution, 6.25 µmol). All volatile materials 
were carefully evaporated from the four 1-dram vials in vacuo. 

(MesH)Ir(Bpin)3 (139 mg, 200 µmol) was dissolved in dry cyclooctane in a 2.0 mL volumetric 
flask (0.10 M) and 62.5 µL of the resulting solution was added to each vial (6.25 µmol). THF 
(324 µL, 4.00 mmol) was dissolved in dry cyclooctane in a 5.0 mL volumetric flask (0.80 M), 
and 156 µL of the resulting solution was dispensed to the vials (125 µmol). Mesitylene (240 
mg, 2.0 mmol) was dissolved in dry cyclooctane in a 10.0 mL volumetric flask (0.20 M) and 
the resulting solution was dispensed to the vials as follows to introduce additional MesH: (vial 
A: 0 µL (0 µmol); vial B: 31.2 µL (6.25 µmol); vial C: 93.8 µL (9.38 µmol); vial D: 125 µL 
(12.5 µmol). Note that for the table and plots that [MesH]0 is defined as including the 
mesitylene from the (MesH)Ir(Bpin)3 precursor. Dry cyclooctane was then added to make the 
total volume of the solutions in each vial 400 µL, the vials tightly sealed with Teflon-lined caps, 
and the vials removed from the glovebox. The vials were heated in an aluminum heating block 
at 65 ºC. At the appropriate timepoints, the vials were removed from the heating block, brought 
into the glovebox, and an aliquot removed for analysis by gas chromatography. The 
concentration of product 4,4,5,5-tetramethyl-2-(tetrahydrofuran-3-yl)-1,3,2-dioxaborolane 
was measured and plotted versus time to obtain the initial rates of the formation of 4,4,5,5-
tetramethyl-2-(tetrahydrofuran-3-yl)-1,3,2-dioxaborolane. 

 

Table 4.5. Initial concentrations of [THF], [catalyst], and [B2pin2] (varying [cat]), and the 
corresponding initial rates of formation of 4,4,5,5-tetramethyl-2-(tetrahydrofuran-3-yl)-1,3,2-
dioxaborolane. 

[THF] (M) [catalyst] (mM) [B2pin2] (M) [MesH] 
(mM) 

Initial Rate of 
Formation of 
THFBpin (µM.s-

1) 

0.312 15.6 0.469 15.6 24.2 ± 1.5 

0.312 15.6 0.469 31.2 19.3 ± 0.9 

0.312 15.6 0.469 46.9 15.4 ± 0.9 

0.312 15.6 0.469 62.5 15.1 ± 0.7 
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Figure 4.27. Formation of borylated product THF vs time varying initial concentration of 
mesitylene. 

 

Figure 4.28. 1/rate of reaction vs concentration of mesitylene.  
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Order in HBpin 

In a nitrogen glovebox, adamantane (272 mg, 2.00 mmol) was dissolved in dry DCM in a 10 
mL volumetric flask (0.20 M). B2pin2 (762 mg, 3.00 mmol) was dissolved in dry DCM in a 5.0 
mL volumetric flask (0.60 M). 5-(3,5-bis(trifluoromethyl)phenyl)-8-(tert-butyl)-N-(3,5-di-tert-
butylphenyl)-1,10-phenanthrolin-2-amine (L2) (130 mg, 200 μmol) was dissolved in dry DCM 
in a 2.0 mL volumetric flask (0.10 M). The resulting solutions were dispensed into four 1-dram 
vials equipped with flea stir bars, (312 µL of the adamantane solution, 62.5 µmol; 312.5 µL of 
the B2pin2 solution, 188 µmol; 62.5 µL of the ligand solution, 6.25 µmol). All volatile materials 
were carefully evaporated from the four 1-dram vials in vacuo. 

(MesH)Ir(Bpin)3 (139 mg, 200 µmol) was dissolved in dry cyclooctane in a 2.0 mL volumetric 
flask (0.10 M) and 62.5 µL of the resulting solution was added to each vial (6.25 µmol). THF 
(324 µL, 4.00 mmol) was dissolved in dry cyclooctane in a 5.0 mL volumetric flask (0.80 M), 
and 156 µL of the resulting solution was dispensed to the vials (125 µmol). HBpin (512 mg, 
4.00 mmol) was dissolved in dry cyclooctane in a 2.0 mL volumetric flask (2.0 M) and the 
resulting solution was dispensed to the vials as follows: (vial A: 31.2 µL (62.5 µmol); vial B: 
62.5 µL (125 µmol); vial C: 93.8 µL (188 µmol); vial D: 125 µL (250 µmol). Dry cyclooctane 
was then added to make the total volume of the solutions in each vial 400 µL, the vials tightly 
sealed with Teflon-lined caps, and the vials removed from the glovebox. The vials were heated 
in an aluminum heating block at 65 ºC. At the appropriate timepoints, the vials were removed 
from the heating block, brought into the glovebox, and an aliquot removed for analysis by gas 
chromatography. The concentration of product 4,4,5,5-tetramethyl-2-(tetrahydrofuran-3-yl)-
1,3,2-dioxaborolane was measured and plotted versus time to obtain the initial rates of the 
formation of 4,4,5,5-tetramethyl-2-(tetrahydrofuran-3-yl)-1,3,2-dioxaborolane. 

 

Table 4.6. Initial concentrations of [THF], [catalyst], [B2pin2], [HBpin] (varying [HBpin]), 
and the corresponding initial rates of formation of 4,4,5,5-tetramethyl-2-(tetrahydrofuran-3-
yl)-1,3,2-dioxaborolane. 

[THF] (M) [catalyst] (mM) [B2pin2] (M) [HBpin] 
(mM) 

Initial Rate of 
Formation of 
THFBpin (µM.s-

1) 

0.312 15.6 0.469 0.156 11.4 ± 0.1 

0.312 15.6 0.469 0.312 7.72 ± 0.14 

0.312 15.6 0.469 0.469 6.43 ± 0.10 

0.312 15.6 0.469 0.625 5.31 ± 0.15 
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Figure 4.29. Formation of borylated product THF vs time varying initial concentration of 
HBpin. 

 

Figure 4.30. 1/rate of reaction vs concentration of HBpin.  
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Kinetic Isotope Effects by Parallel Reactions 

KIE of THF vs THF-d8 

In a nitrogen glovebox, adamantane (272 mg, 2.00 mmol) was dissolved in dry DCM in a 10 
mL volumetric flask (0.20 M). B2pin2 (762 mg, 3.00 mmol) was dissolved in dry DCM in a 5.0 
mL volumetric flask (0.60 M). 5-(3,5-bis(trifluoromethyl)phenyl)-8-(tert-butyl)-N-(3,5-di-tert-
butylphenyl)-1,10-phenanthrolin-2-amine (L2) (130 mg, 200 μmol) was dissolved in dry DCM 
in a 2.0 mL volumetric flask (0.10 M). The resulting solutions were dispensed into four 1-dram 
vials equipped with flea stir bars, (312 µL of the adamantane solution, 62.5 µmol; 312.5 µL of 
the B2pin2 solution, 188 µmol; 62.5 µL of the ligand solution, 6.25 µmol). All volatile materials 
were carefully evaporated from the four 1-dram vials in vacuo. 

(MesH)Ir(Bpin)3 (139 mg, 200 µmol) was dissolved in dry cyclooctane in a 2.0 mL volumetric 
flask (0.10 M) and 62.5 µL of the resulting solution was added to each vial (6.25 µmol). THF 
(324 µL, 4.00 mmol) was dissolved in dry cyclooctane in a 5.0 mL volumetric flask (0.80 M), 
and the resulting solution dispensed to the vials as follows: (vial A: 156 µL (125 µmol); vial B: 
156 µL (125 µmol). THF-d8 (326 µL, 4.00 mmol) was dissolved in dry cyclooctane in a 5.0 
mL volumetric flask (0.80 M), and the resulting solution dispensed to the vials as follows: (vial 
C: 156 µL (125 µmol); vial D: 156 µL (125 µmol).  Dry cyclooctane was then added to make 
the total volume of the solutions in each vial 400 µL, the vials tightly sealed with Teflon-lined 
caps, and the vials removed from the glovebox. The vials were heated in an aluminum heating 
block at 65 ºC. At the appropriate timepoints, the vials were removed from the heating block, 
brought into the glovebox, and an aliquot removed for analysis by gas chromatography. The 
concentration of product 4,4,5,5-tetramethyl-2-(tetrahydrofuran-3-yl)-1,3,2-dioxaborolane 
was measured and plotted versus time to obtain the initial rates of the formation of 4,4,5,5-
tetramethyl-2-(tetrahydrofuran-3-yl)-1,3,2-dioxaborolane. 

 

Figure 4.31. Initial rates of the formation of 4,4,5,5-tetramethyl-2-(tetrahydrofuran-3-
yl)-1,3,2-dioxaborolane. Red: THF, green: THF-d8. Average of two runs. 
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KIE of ether vs ether-d10 

In a nitrogen glovebox, adamantane (272 mg, 2.00 mmol) was dissolved in dry DCM in a 10 
mL volumetric flask (0.20 M). B2pin2 (762 mg, 3.00 mmol) was dissolved in dry DCM in a 5.0 
mL volumetric flask (0.60 M). 5-(3,5-bis(trifluoromethyl)phenyl)-8-(tert-butyl)-N-(3,5-di-tert-
butylphenyl)-1,10-phenanthrolin-2-amine (L2) (130 mg, 200 μmol) was dissolved in dry DCM 
in a 2.0 mL volumetric flask (0.10 M). The resulting solutions were dispensed into four 1-dram 
vials equipped with flea stir bars, (312 µL of the adamantane solution, 62.5 µmol; 312.5 µL of 
the B2pin2 solution, 188 µmol; 62.5 µL of the ligand solution, 6.25 µmol). All volatile materials 
were carefully evaporated from the four 1-dram vials in vacuo. 

(MesH)Ir(Bpin)3 (139 mg, 200 µmol) was dissolved in dry cyclooctane in a 2.0 mL volumetric 
flask (0.10 M) and 62.5 µL of the resulting solution was added to each vial (6.25 µmol). Ether 
(77.0 µL, 0.741 mmol) was dissolved in dry cyclooctane in a 2.0 mL volumetric flask (0.80 
M), and the resulting solution dispensed to the vials as follows: (vial A: 338 µL (125 µmol); 
vial B: 338 µL (125 µmol). Ether-d10 (77.8 µL, 0.741 mmol) was dissolved in dry cyclooctane 
in a 2.0 mL volumetric flask (0.80 M), and the resulting solution dispensed to the vials as 
follows: (vial C: 338 µL (125 µmol); vial D: 338 µL (125 µmol). The vials tightly sealed with 
Teflon-lined caps, and the vials removed from the glovebox. The vials were heated in an 
aluminum heating block at 65 ºC. At the appropriate timepoints, the vials were removed from 
the heating block, brought into the glovebox, and an aliquot removed for analysis by gas 
chromatography. The concentration of product 2-(2-ethoxyethyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane was measured and plotted versus time to obtain the initial rates of the formation 
of 2-(2-ethoxyethyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane. 

 

Figure 4.32. Initial rates of the formation of 2-(2-ethoxyethyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane for the determination of the KIE. Red: ether, green: ether-d10. Average of 
two runs. 
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4.4.8 Crystallographic Data 

(L3)Ir(Bpin)3(P(OPh)3) 

A clear dark yellow block 0.39 x 0.36 x 0.33 mm in size was mounted on a Cryoloop with 
Paratone oil. Data were collected on a ROD, Synergy Custom DW system, Pilatus 
200K diffractometer in a nitrogen gas stream at 100.00(10) K during data collection using 
omega scans. Crystal-to-detector distance was 30.23 mm and exposure time was 0.5 seconds 
per frame using a scan width of 0.5°. Data collection was 99.8% complete to 25.25° in θ. A 
total of 390730 reflections were collected covering the indices -25<=h<=25, -22<=k<=22, -
33<=l<=33. 19388 reflections were founded to be symmetry independent, with an Rint of 
0.1272. Indexing and unit cell refinement indicated a primitive, monoclinic lattice. The space 
group was found to be P 21/n (No. 14). The data were integrated using the CrysAlisPro 
1.171.39.46e software program and scaled using the SCALE3 ABSPACK scaling algorithm. 
Solution by intrinsic phasing (SHELXT-2015) produced a heavy-atom phasing model 
consistent with the proposed structure. All non-hydrogen atoms were refined anisotropically 
by full-matrix least-squares (SHELXL2014). All hydrogen atoms were placed using a riding 
model. Their positions were constrained relative to their parent atom using the appropriate 
HFIX command in SHELXL-2014. 

 

Table 4.7. Crystal data and structure refinement for (L3)Ir(Bpin)3(P(OPh)3) 

Empirical formula C90H125B4F6IrN3O12PSi2 

Formula weight 1877.51 

Temperature/K 100(0) 

Crystal system monoclinic 

Space group P21/n 

a/Å 20.5375(4) 

b/Å 18.0275(3) 

c/Å 26.4784(4) 

α/° 90 

β/° 104.221(2) 

γ/° 90 

Volume/Å3 9502.9(3) 

Z 4 

ρcalcg/cm3 1.312 
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μ/mm-1 1.516 

F(000) 3904.0 

Crystal size/mm3 0.39 × 0.36 × 0.33 

Radiation Mo Kα (λ = 0.71073) 

2Θ range for data collection/° 5.912 to 52.744 

Index ranges -25 ≤ h ≤ 25, -22 ≤ k ≤ 22, -33 ≤ l ≤ 33 

Reflections collected 390730 

Independent reflections 19388 [Rint = 0.1272, Rsigma = 0.0362] 

Data/restraints/parameters 19388/63/1193 

Goodness-of-fit on F2 1.044 

Final R indexes [I>=2σ (I)] R1 = 0.0492, wR2 = 0.1316 

Final R indexes [all data] R1 = 0.0553, wR2 = 0.1383 

Largest diff. peak/hole / e Å-3 2.59/-2.39 
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4.4.9 Density Functional Theory Calculations 

DFT calculations were conducted at the Molecular Graphics and Computation Facility (MGCF) 

at the University of California, Berkeley using the Gaussian 16 software package.25 Initial 

geometries were constructed in GaussView 6 and optimized to stationary points (either minima 

or first-order saddle points) using the PBE0 functional (the hybrid functional based on the 

Perdew-Burke-Ernzerhof functional [PBE]26, 27 as described by Adamo28) with Grimme’s D3 

dispersion correction with Becke-Johnson damping (GD3-BJ)29 and the basis sets def2-TZVP 

(with effective core potential) for Ir and def2-SVP for all light atoms (BS1). The nature of each 

stationary point was verified by accompanying frequency calculations (all positive eigenvalues 

for minima and exactly one negative eigenvalue for transition states). For each ground state 

and transition state, several isomeric geometries about the iridium center and conformers 

resulting from rotations of the boryl group about the Ir–B bond were considered. Their 

geometries and energies were optimized in Gaussian, and only those lowest in energy or 

relevant to the reaction coordinate are presented here. Connectivity of transition states to 

ground-state minima was established by following the intrinsic reaction coordinate (IRC). 

Frequencies were evaluated at 1 atm at 298 K. Further single point energy (SPE) calculations 

were performed on the optimized geometries with the larger def2-QZVPD basis set30 (with 

ECP)31 on Ir and the def2-TZVPD basis set30 on all light atoms (obtained through the Basis Set 

Exchange, accessed September 2021)32-34 (BS2). The SPE calculations were performed in 

cyclohexane solvent using the SMD solvent continuum reported by Truhlar and co-workers.35 

In all cases, Gibbs free energies for calculations using BS2 were approximated by summing 

the internal energy calculated with BS2 and the thermal correction from the frequency 

calculation on the same structure with BS1. Coordinates for optimized geometries are given as 

a multi-structure XYZ file.  
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4.4.10 NMR Spectra 

5-bromo-2-chloroquinolin-8-amine  
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5-bromo-8-(tert-butyl)-2-chloro-1,10-phenanthroline  
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5-bromo-8-(tert-butyl)-N-(3,5-di-tert-butylphenyl)-1,10-phenanthrolin-2-amine  
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5-(3,5-bis(trifluoromethyl)phenyl)-8-(tert-butyl)-N-(3,5-di-tert-butylphenyl)-1,10-
phenanthrolin-2-amine  
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tris(4-bromophenyl) phosphite (L5) 
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9-methyl-N-phenyl-1,10-phenanthrolin-2-amine 
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8-methyl-N-phenyl-1,10-phenanthrolin-2-amine 
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7-methyl-N-phenyl-1,10-phenanthrolin-2-amine 
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5,6-dibromo-N-phenyl-1,10-phenanthrolin-2-amine 
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3,8-dimethyl-N-phenyl-1,10-phenanthrolin-2-amine 
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2-chloro-8-methyl-1,10-phenanthroline 
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2-chloro-7-methyl-1,10-phenanthroline 
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5,6-dibromo-2-chloro-1,10-phenanthroline 
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2-chloro-3,8-dimethyl-1,10-phenanthroline 
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(L3)Ir(Bpin)3(P(OPh)3) 
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(L3)Ir(H)(Bpin)2(P(OPh)3) 
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