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ABSTRACT 

The development of novel methods to convert chemical feedstocks is highly 

desirable, as it holds the potential for significant valorization. Today, the chemicals readily 

available for functionalization are converted to more useful products using functional 

group interconversion. However, these processes are costly in terms of waste and effort. 

To improve upon these processes, using functional groups readily available in the 

feedstock is desirable. One of the most abundant functional groups is the C–H bond, but 

despite this availability, there are challenges associated with C–H functionalization. The 

challenges are primarily associated with inertness; the bond dissociation energy is high, 

the acidity is low, and the kinetic barriers for C–H bond breakage are prohibitive. Using 

homogeneous transition metal complexes to facilitate C–H bond activation and 

functionalization is a promising method for C–H functionalization. This thesis describes 

the development of methods and mechanistic analysis of C–H functionalization of alkanes 

and arenes, both of which are the primary components of chemical feedstocks. 

Chapter 1 describes in detail the challenges in C–H activation and 

functionalization, as well as the relevant history and precedent for the work detailed 

herein. 

Chapter 2 begins with our initial development of a palladium/pyridine-based 

catalyst that is highly active for the C–H oxygenation of benzene and other simple arenes 

using a powerful iodine(III) oxidant. This novel catalyst system proves to show increased 

reaction rates when compared to previously developed catalysts for this transformation. 

This chapter also addresses a major challenge of C–H oxidation chemistry: typically 

expensive and wasteful oxidants are required. Using a cationic ligand for the palladium 

catalyst, the iodine(III) oxidant was successfully replaced with potassium persulfate, a 

highly economical oxidant. The cationic ligand proved essential for high activity with this 

oxidant, and the origins of this effect are explored and detailed.  
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Chapter 3 further investigates the mechanism of the palladium/pyridine catalyzed 

conversion of benzene to phenyl acetate using the iodine(III) oxidant. Detailed 

mechanistic and kinetic analyses were used to determine that the active catalyst in 

solution is a dimer with one pyridine ligated per palladium. The mechanism by which this 

precatalyst enters into the catalytic cycle and functionalized benzene was elucidated 

using kinetic analysis. Additionally, these studies were performed for the previously 

developed catalysts, and the three catalyst systems and their mechanisms are compared.  

In Chapter 4, a catalyst system was developed for the site selective C–H 

oxygenation of simple arenes. Site-selectivity is a major challenge of C–H 

functionalization reactions, as C–H bonds are ubiquitous in organic molecules. Using an 

acridine/palladium catalyst with a sterically bulky iodine(III) ligand, high site selectivities 

are obtained, favoring functionalization at the least sterically hindered C–H bond. 

Chapters 2-4 detail the accomplishments regarding arene C–H functionalization. 

However, alkanes are another abundant feedstock available and their functionalization 

has proved more challenging than arene functionalization. In this context, one of the most 

challenging substrates is methane, whose availability is increasing. In Chapter 5, the 

borylation of methane using Ir and Rh catalysts is explored. Methane is converted to a 

methyl boronic ester using a diboron reagent, and the activities and selectivities of the Rh 

and the Ir catalysts are compared    
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CHAPTER 1. INTRODUCTION 

1.1 FUNCTIONAL GROUP INTERCONVERSION AND C–H ACTIVATION 

The paradigm of synthesis, whether it be of small molecules or large natural 

products, is that one functional group must be converted into another. The fields of 

organic and inorganic chemistry revolve around this school of thought. However, 

functional group interconversion sequences have inherent flaws including the generation 

of significant waste, as the starting material must lose one functional group in place of 

another (Scheme 1.1). Additionally, much effort is invested in the starting material’s 

design, installation, protection, etc. To avoid this waste of materials and effort, using a 

functional group readily available in our chemical feedstocks is a desirable solution. One 

functional group that is ubiquitous is the C–H bond. Because functional groups are 

handles for reactivity, the C–H bond is rarely thought of as such (although that has been 

changing over the past two decades), and has even been labelled as the “un-functional 

group” because of its inherent stability.1  

Scheme 1.1. Functional group interconversion 

 

Bonds are broken and formed according to their reactivity, which is often quantified 

as bond dissociation energies (BDEs) or, in the special case of bonds to hydrogen, as 

acidity. The C–H bond is so unreactive because of its high pKa and high BDE.2 The BDEs 

and acidities of various types of C–H bonds are compared in Figure 1.1 below.3 Despite 

the strength of C–H bonds, there have been numerous examples of their cleavage in the 

literature, primarily with the aid of transition metals.1,2,4 In the early years of homogeneous 

C–H activation, transition metals such as palladium, iridium, and rhodium were shown to 
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react with the C–H bonds of alkanes and arenes stoichiometrically, forming [M]–C 

bonds.2,4a,4e These pioneering examples opened the door for catalytic C–H 

functionalization, which has started to become synthetically useful in recent years.5  

Figure 1.1. Bond dissociation energies and pKa values of common C–H bonds3 

 

Challenges in the field of C–H activation are abundant. The main attraction of using 

C–H bonds as the reactive group in starting materials (i.e., that it is highly abundant) is 

also one of the primary setbacks. The key challenge that must be addressed is how does 

one functionalize this C–H bond, and not that one? This challenge includes proper 

catalyst choice and development, as the catalyst can exert control over both selectivity 

and activity. Detailed below is the relevant history and advances in C–H bond activation, 

followed by the challenges addressed in this dissertation.  

1.2 MECHANISMS OF C–H ACTIVATION 

Exploration of C–H activation by homogeneous transition metal complexes began 

with stoichiometric studies.2,4a,4b,4d Classical examples involve ligand dissociation from an 

MLn complex, forming MLn-1, which has an open coordination site (Figure 1.2a). It is 



3 
 

through this open coordination site that the C–H bond can interact with the metal. After 

the C–H bond coordinates to the metal, it undergoes oxidative addition, forming a metal 

hydride and a metal–C bond. This type of C–H activation has been seen in many forms, 

and the low valent intermediate [(Ln-1)M] has been accessed a variety of ways. Work by 

the Bergman,6 Jones,7 and Graham8 groups showed that low valent (Cp*)(L)Ir species, 

which contain an open coordination site, can be generated from either the dihydride via 

photo-induced reductive elimination of H2 (Figure 1.2b) or from the carbonyl complex via 

photo-induced dissociation of CO. These fleeting intermediates can then react with 

substrates such as cyclohexane to form (Cp*)(L)Ir(Cy)(H). Work in this area has built upon 

this foundation and has expanded to other metals and supporting ligands.  

Figure 1.2. (a) Mechanism of oxidative addition. (b) Representative example of 
stoichiometric C–H activation via oxidative addition. 

 

In addition to oxidative addition, other methods9 for C–H bond activation have been 

explored stoichiometrically, including sigma-bond metathesis10 and 1,2-addition across 

M=X double bonds. The sigma-bond metathesis pathway (Figure 1.3a) most often occurs 

using early transition metals with a d0 electron count, but examples do exist for late 

transition metals and these will be discussed in more detail in Chapter 5. The 1,2-addition 

across M=X double bonds (Figure 1.3b) has mechanistic similarities with both the 

oxidative addition and sigma-bond metathesis pathways.2,9 The reactive M=Y species is 

formed after elimination of XH. This highly reactive intermediate then reacts with the C–

H bond of interest. The C–H bond adds across the M=Y double bond, forming a M–C 

bond, via a 4-membered transition state. This type of transition state, along with the 

tendency of early metals to perform this mechanism, is similar to that of sigma-bond 

metathesis.  
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Figure 1.3. (a) General mechanism of C–H activation via σ-bond metathesis. (b) 
General mechanism of C–H activation via 1,2-addition. 

 

A fourth mechanism has only relatively recently come into the spotlight, despite 

being proposed as early as 1955.11 It is the concerted metalation-deprotonation (CMD) 

pathway (Figure 1.4a), which occurs through a cyclic transition state in which a basic 

ligand on the metal deprotonates the C–H bond with simultaneously formation of the M–

C bond (Figure 1.4b).12 The CMD pathway has been proposed to occur for a wide variety 

of metals including Pd, Ir, Rh, Ru, Au, and Hg. It is mainly through this pathway that 

catalytic C–H activation and functionalization has become prolific over the past 2 decades.  

Figure 1.4. (a) General mechanism of C–H activation via CMD. (b) Representative 
example of CMD transition state. 

 

1.3 DEVELOPMENT OF CATALYTIC LIGAND DIRECTED C–H FUNCTIONALIZATION 

The ability to activate and functionalize both C(sp2) and C(sp3)–H bonds has been 

made more facile through the use of directing groups (DGs), which have been developed 

explosively over the past two decades (Figure 1.5).13 The DG is a functional group in the 

substrate that can bind to the metal catalyst as a ligand. Examples include pyridyl and 

amide groups. This coordination not only increases the rate of C–H activation, but 

increases the site selectivity, since often only one C–H bond is now in the proximity of the 

metal. As C–H activation has proved to be the rate determining step for most C–H 

functionalization reactions, the use of DGs has facilitated the practicality of the field. Using 
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directing groups, C–H bonds can be transformed into a wide variety of C–X bonds, where 

X = B, C, N, O, halide, etc.4c Despite these advantages, there are significant drawbacks 

to the use of DGs. The DG and the C–H bond to be functionalized are fixed in their 

orientation, and this relationship, which is dictated by the metallacycle formed, is not 

always desirable. For example, in the C–H acetoxylation of 2-phenylpyridine, the pyridyl 

directing group and the acetoxy group are ortho to each other and this relationship is 

dictated by the 5-membered palladacyclic intermediate that forms upon C–H activation. 

Additionally, the installation and removal of DGs can be costly, both in terms of time, 

synthetic effort, and waste.  

Because of these disadvantages, significant effort has been invested in developing 

catalysts that will functionalize C–H bonds of substrates lacking directing groups. Catalyst 

development is the key to enabling selective, non-directed C–H functionalization, as it 

has the potential to increase and control the rate, site selectivity, and chemoselectivity of 

these transformations.14  

Figure 1.5. Concept of how directing groups facilitate C–H activation and some 
examples of substrates 

 

 

1.4 CATALYTIC ARENE C–H FUNCTIONALIZATION 

Arenes are a class of abundant feedstocks whose functionalization would add 

significant value. There is a wealth of literature for arene functionalization via C–H 

activation, including C–O, C–N, C–C, C–B, and C–Si bond formation.14a For arene C–H 

oxygenation, amination, arylation, and olefination (C–O, C–N, and C–C bond formation), 
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the catalysts found to be optimal were often simple palladium salts, such as Pd(OAc)2. 

For borylation and silylation, success has been met with iridium and rhodium catalysts.26 

Much effort was invested in the C–H hydroxylation and carbonylation of benzene and 

other simple arenes in the 1970s and 1980s, but the yields of these reactions remained 

low.15 Until recently, these reactions remained underdeveloped.  

Figure 1.6. Early work on the acetoxylation of benzene by Eberson and Crabtree 

 

Of special importance to this dissertation is the C–H acetoxylation of simple arenes, 

such as benzene. Prior to our work in the field (described in Chapters 2-4), the yields and 

turnover numbers remained low (Figure 1.6).15b-e, 16  Previous efforts in catalyst 

development met with little success, and for >30 years, Pd(OAc)2 remained the best 

catalyst. One of the first oxidants used for the acetoxylation of arenes was potassium 

persulfate.15b-e While there are many advantages to this oxidant, such as low cost and 

easily removable by-products, the kinetics of the reaction remained slow due to low 

solubility. In the 1990s, the I(III) oxidant PhI(OAc)2 was shown to provide much higher 

activity, giving 70 turnovers of PhOAc.16 Despite this advancement, yields with electron 

poor arenes remained low. In Chapter 2, the development of ligated palladium complexes 

for improved reactivity for both the PhI(OAc)2 and K2S2O8 oxidants is discussed (Figure 

1.7).17  
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Figure 1.7. Catalyst development for the acetoxylation of benzene (Chapter 2) 

 

 For many of these C–H functionalization reactions, the mechanism of the reaction, 

including details about the nature of the active catalyst, is unknown or under-explored. 

Through detailed mechanistic studies, we compared several catalyst systems for the C–

H acetoxylation of benzene (Figure 1.8). We found that our highly active catalyst is dimeric 

in structure and can readily dissociate to enter the catalytic cycle. The less active catalysts, 

[Pd(OAc)2]2 and (pyr)2Pd(OAc)2 exhibit lower activity because they are slower to enter 

into the catalytic cycle.18  

Figure 1.8. Comparison of catalysts and the mechanism of benzene acetoxylation 
(Chapter 3) 

 

One of the main challenges in arene functionalization is site selectivity.14 While 

catalytic systems for the sterically controlled C–H amination, 19  borylation,27 and 

silylation20 have been reported, a void in the literature remained for the site selective C–

H oxygenation of arenes. Our work discussed in Chapter 4 shows the development of a 

catalyst system for the site selective C–H acetoxylation of simple arenes (Figure 1.9). 

Here, the use of a sterically bulky ligand (acridine) and oxidant (MesI(OAc)2) increased 
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the site selectivity for a wide range of substrates, favoring C–H functionalization at the 

least sterically hindered position.21  

Figure 1.9. Representative example of the catalyst controlled site-selective C–H 
acetoxylation of simple arenes (Chapter 4) 

 

1.5 CATALYTIC ALKANE C–H FUNCTIONALIZATION 

The catalytic functionalization of alkanes is a highly sought after goal of 

homogeneous catalysis. The primary motivation for alkane functionalization is the 

potential to turn cheap and abundant feedstock chemicals into value-increased 

commodity chemicals. Of particular importance is the functionalization of methane, which 

is the primary component of natural gas.22 With the world’s capture of natural gas ever 

increasing, the price drops concurrently, and storing and transporting such a volatile gas 

is problematic.22a However, there are relatively few reports of methane functionalization, 

despite its desirability.22 Developed in the 1960s by Shilov, the Pt(II)-catalyzed oxidation 

of alkanes, including methane, to alcohols or alkyl chlorides has become the gold 

standard for alkane oxidation (Figure 1.10a).4e However, the use of Pt(IV) as the 

stoichiometric oxidant and requirement of high temperatures and acidic conditions has 

limited its usefulness. Improvements on the Shilov system have been sought after, 

especially in the context of methane functionalization, and progress has been made. One 

notable example is the Periana system, which uses SO3 as the oxidant and (bpm)PtCl2 

as the catalyst to convert methane to methylbisulfate (Figure 1.10b).23 The downside of 

this reaction is the use of high temperatures (200 °C) and an extremely acidic solvent 

(fuming sulfuric acid, which is also the source of the SO3 oxidant).  

Further significant advancements in alkane functionalization include carbonylation 

(Figure 1.10c), dehydrogenation (Figure 1.10d), and borylation (Figure 1.10e), which is 
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the subject of Chapter 5 of this dissertation. Carbonylation of alkanes to make valuable 

aldehydes and carboxylic acids requires the use of strongly acidic solvents, such as 

hydrochloric acid, or irradiation.24 Alkane dehydrogenation to form an alkene and H2 is 

thermodynamically uphill, and therefore requires the use of a hydrogen acceptor. 25 

Catalytic alkane borylation was developed much later than the other types of alkane 

functionalization, and it uses bis(pinacolato)diboron (B2pin2) as the coupling partner to 

form alkyl boronic esters.26 Rhodium and iridium catalysts have been developed and 

optimized for this process. The products are synthetically useful intermediates, as the C–

B bond formed can be transformed into a wide variety of other functional groups.27 In 

Chapter 5, this chemistry is applied to methane, and a systematic comparison of the Rh 

and Ir catalysts highlights their ability to borylate different types of C–H bonds.  

Figure 1.10. (a) Shilov’s methane oxidation to methanol and/or methyl chloride using 
Pt(II) catalyst and Pt(IV) oxidant. (b) Periana’s methane oxidation to methyl bisulfate 

using (bpm)PtCl2 catalyst and SO3 oxidant. (c) Alkane carbonylation. (d) Alkane 
dehydrogenation using a hydrogen acceptor. (e) Alkane borylation using B2Pin2. 
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Late transition metal-catalyzed alkane functionalizations have all shown varying 

degrees of preference for the primary (terminal) C(sp3)–H sites in a substrate.  Primary 

C(sp3)–H bonds have higher bond dissociation energies than secondary and tertiary 

C(sp3)–H bonds. However, with many catalysts, C–H functionalization occurs selectively 

at terminal sites because they are the least sterically hindered. It is also important to 

mention carbenoid,28 nitrenoid,29 and O-atom4b,30 insertions into C–H bonds. The use of 

these methods, while beyond the scope and direct relevance of this dissertation, have 

seen fruitful advancements over the past years and have helped advance the field of C–

H activation into the realm of utility. The selectivity of these transformations is 

complementary. Carbenoid, nitrenoid, and O-atom insertion pathways generally 

selectively target the C(sp3)–H bond with low BDE. AS such, they are generally selective 

for 3º and/or 2º C–H sites and are unreactive with 1º C–H bonds.  

Figure 1.11. Comparison of catalysts and substrates for the borylation of alkanes 
(Chapter 5) 

 

In summary, this dissertation contains our work in the development of highly active 

catalysts (Chapter 2), mechanism elucidation (Chapter 3), and site selective catalysts 

(Chapter 4) for the C–H acetoxylation of arenes. These chapters are followed by the 

development of the borylation of light alkanes like methane (Figure 1.11; Chapter 5), 

which concludes the work detailed herein.  
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CHAPTER 2. PYRIDINE AND ITS DERIVATIVES AS 

LIGANDS FOR PALLADIUM: REMARKABLY HIGH REACTIVITY IN 

THE NON-DIRECTED C–H ACETOXYLATION OF ARENES
1,* 

2.1 INTRODUCTION 

Over the past fifteen years there has been tremendous progress in the 

development of PdII/IV-catalyzed, ligand-directed C–H oxidation reactions to form C–O, 

C–N, C–S, C–halogen, and C–C bonds.2 In marked contrast, analogous C–H oxidation 

reactions of substrates that do not contain directing groups remain challenging.3 The lack 

of a directing group typically renders C–H oxidation reactions (as exemplified by C–H 

oxygenation) kinetically slow (generally <2 turnovers h-1), particularly with electron-

deficient arene substrates.3g,3q-x The palladium-catalyzed C–H oxygenation of simple 

arenes is also plagued by low turnover numbers (often <10)3d-t and competing biaryl 

formation, which often leads to catalyst decomposition through precipitation of 

heterogeneous palladium.3h-j,3n-p,3s,4 Furthermore, with substituted aromatic substrates, 

the site selectivity is typically low and difficult to control. Our group has sought to identify 

supporting ligands that would address these limitations and promote the PdII/IV-catalyzed 

C–H acetoxylation of arenes.3u-x  

The vast majority of known palladium-catalyzed arene C–H oxygenation reactions 

utilize simple palladium salts as catalysts (e.g., Pd(OAc)2 or PdCl2).3d-p Literature studies 

have provided conflicting data about the influence of added ligands on these reactions. 

Several reports have shown that most common ligands (e.g., 2,2’-bipyridine, 1,10-

phenanthroline, pyridine, triphenylphosphine oxide, etc.) inhibit the palladium-catalyzed 

                                                           
* Work in this chapter was collaborative with Marion H. Emmert (Pd/pyr catalyst system development with 
PhI(OAc)2) and J. Brannon Gary (Cationic ligands and K2S2O8). My contribution to the Pd/pyr catalyst 
system focused on the data using Pd/pyr (1 : 2) as the catalyst system. My contribution to the cationic 
ligands and K2S2O8 portion of this chapter include time study data for all ligands and all oxidants and 
evaluating all phase-transfer catalysts and their comparison to L2. 
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C–H acetoxylation of arenes.3a,3b,3e,3g-j,3n,3s,4 In contrast, related systems with bidentate 

N(sp2)-donor ligands (e.g., 2,2’-bipyridine and/or 1,10-phenanthroline) were shown to 

provide modest enhancement of catalytic activity.3j,3k,3q-t However, these latter reactions 

exhibited low turnover numbers (typically <10); furthermore, the origin of the increased 

turnovers was not explored in detail.  

In addition to improvements in the catalyst, the choice of oxidant is vital to the 

development of more practical arene C–H oxygenation reactions. The state of the art, 

prior to our work, utilized PhI(OAc)2 as the terminal oxidant.3g This reagent is expensive 

(approximately $450/mol) when considering the value of the products.5 Furthermore, it 

produces iodobenzene and AcOH as stoichiometric by-products (Scheme 2.1a). In 

addition, PhI(OAc)2 and PhI both contain aromatic C–H bonds that can undergo 

competing C–H oxygenation under the reaction conditions. This side reaction significantly 

reduces the yield of phenyl acetate. 

Scheme 2.1. Balanced equations of the acetoxylation of benzene 

 

Persulfate-based oxidants are attractive alternatives for these transformations. 

K2S2O8 is more than an order of magnitude less expensive than PhI(OAc)2.6 Furthermore, 

the by-products of this oxidant are easily separable, water-soluble salts (Scheme 2.1b). 

Our group has previously shown that K2S2O8 serves as an effective oxidant for Pd(OAc)2-

catalyzed, ligand-directed C–H oxidation reactions of pyridine and oxime ether 

derivatives.7 This precedent confirms that K2S2O8 is sufficiently reactive to promote C–O 

bond formation at Pd. However, despite this promising example, the use of K2S2O8 in 

non-directed arene oxidations catalyzed by Pd has historically proven challenging. The 

most successful example was reported more than 30 years ago and involved the 
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Pd(OAc)2-catalyzed conversion of benzene to phenyl acetate with K2S2O8 with extremely 

low turnover numbers (<10) and reaction yields (<30%).3s 

This chapter describes our development of Pd-pyridine complexes as catalysts for 

the oxidation of benzene with PhI(OAc)2 and K2S2O8. First, we describe the use of careful 

mechanistic analysis to identify new, active, and general palladium catalysts for the C–H 

acetoxylation of benzene derivatives using PhI(OAc)2. These catalysts can be formed in 

situ from Pd(OAc)2 and the simple ligand pyridine (pyr). Furthermore, their catalytic 

activities can be modulated through variation of the palladium/pyridine ratio. Second, we 

demonstrate that the combination of Pd(OAc)2 and a monodentate, pyridinium-substituted 

pyridine ligand provides a particularly active catalyst for the C–H acetoxylation of benzene 

using K2S2O8 as the oxidant. The mechanistic origins of this high activity are discussed. 

2.2 RESULTS AND DISCUSSION 

Development of Pd(OAc)2/pyr (1:1) catalyst systems using PhI(OAc)2. 

Inspired by recent reports of Pd0/II-catalyzed C–H functionalizations, 8 , 9  our initial 

explorations focused on pyridine as a ligand for the PdII/IV-catalyzed C–H acetoxylation of 

benzene with PhI(OAc)2. At 2 mol % Pd(OAc)2 (catalyst loading relative to the oxidant), 

the transformation was complete after 24 hours at 100 °C (Figure 2.1, red squares). In 

marked contrast, [(pyr)2Pd(OAc)2] (generated in situ from 2 mol % of Pd(OAc)2 and 4 

mol % of pyr) performed very poorly, providing less than 20% yield under the same 

reaction conditions (Figure 2.1, blue Xs).  

We hypothesized that the low reactivity of [(pyr)2Pd-(OAc)2] might be due to the 

lack of open coordination sites at the palladium center. Therefore, we next explored the 

use of a palladium/pyridine ratio of 1:1 (by adding 2 mol % pyr) to more easily access a 

coordinatively unsaturated, mono-pyridine-ligated palladium species in situ. Importantly, 

several literature reports have implicated monopyridine PdII complexes as reactive 

intermediates in PdII/0-catalyzed oxidation reactions.9,10 The combination of 2 mol % of 

Pd(OAc)2 and 2 mol % of pyridine (1:1 ratio of [Pd] to [pyr]) provided a dramatic rate 

enhancement, with the reaction proceeding to completion in less than 3 hours (Figure 2.1, 

black circles). Yields are based on the oxidant PhI(OAc)2, which has been shown to 

decompose upon heating through metal-catalyzed11 and uncatalyzed12 pathways. By-



16 
 

products detected include (OAc)C6H4I and C6H4(OAc)2. Both pathways presumably 

contribute to the moderate yields of acetoxylated products (ca. 70%) upon complete 

conversion of the oxidant. 

Figure 2.1. Activity of Pd(OAc)2/pyr (1:X) catalyst systems 

 

 

To test whether the observed yield is due to decomposition of the oxidant or the 

catalyst, a second equivalent of oxidant was added after 3 h reaction time (when the yield 

stops increasing). This “second run” afforded an additional 54% yield of PhOAc, indicating 

that the catalyst is still active at 3 h and that the first batch of oxidant had been consumed. 

A systematic study of the initial reaction rate (approximated by the yield of PhOAc after 2 

h) as a function of the palladium/pyridine ratio is shown in Figure 2.2. A large dependence 

was observed, with the highest initial yields at palladium/pyridine ratios between 1:0.5 

and 1:1.3. Further experimentation revealed that a palladium/pyridine ratio of 1:0.9 is 

optimal. The observed sensitivity of the catalyst activity to the ligand-to-metal ratio is likely 

the reason that ancillary ligands were previously reported to inhibit C–H acetoxylation.3e,3g 
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Figure 2.2. Varying the equivalents of pyridine: 2 hour reaction time 

 

 

We next sought to probe the longevity of the palladium/pyridine catalysts. 

Importantly, literature reports suggest that monopyridine/palladium catalysts are short-

lived in PdII/0-catalyzed reactions because of fast aggregation of palladium black from 

coordinatively-unsaturated Pd0 intermediates.10 We anticipated that such catalyst 

decomposition pathways should not be accessible in the current transformation because 

of the PdII/IV catalytic cycle. Indeed, we found that the palladium/pyridine (1:0.9) catalyst 

system maintained high activity for C–H acetoxylation over days at 100 °C. For example, 

under our optimal conditions, the catalyst loading could be lowered to 0.01 mol % 

Pd(OAc)2/0.009 mol % pyridine, which provided a 48% yield of PhOAc (TON of 4756) 

after 306 hours at 100 °C (Scheme 2.2). To our knowledge, this is the highest reported 

TON for a homogeneous palladium-catalyzed arene C–H oxygenation reaction. 

As summarized in Table 2.1, the increased reactivity of the Pd(OAc)2/pyridine 

system is general across a wide scope of arene substrates. Our studies particularly 

focused on electron-deficient arenes such as bromobenzene, chlorobenzene, 

ethylbenzoate, α,α,α-trifluorotoluene, and 1,3-bis(trifluoromethyl)benzene, since these 
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are typically challenging substrates for palladium-catalyzed C–H functionalization.3g,3q-t,3v 

In all cases, the yield of monoacetoxylated product under our optimal reaction conditions 

[Pd(OAc)2/pyr 1:0.9] was compared to that obtained with Pd(OAc)2 and with 

[(pyr)2Pd(OAc)2] (generated in situ from a 1:2.1 ratio of Pd(OAc)2 to pyr). A Pd(OAc)2/pyr 

ratio of 1:0.9 provided significantly enhanced yields in all cases. With many substrates, 

the yield could be further improved by substituting PhI(OAc)2 with iodomesitylene 

diacetate (MesI(OAc)2; Table 2.1, entries 4, 6, 8, 10, and 12). This may be due to greater 

stability of MesI(OAc)2 under the reaction conditions and/or to diminished formation of the 

by-product (OAc)ArI, which is formed by C(sp2)-acetoxylation of the oxidant-derived ArI. 

Figure 2.3. Varying the equivalents of pyridine: 1 hour reaction time, 1-2.6 mol % pyr 

 

 

Scheme 2.2. Low catalyst loading showing the robustness of the Pd(OAc)2/pyr catalyst 
system 
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Table 2.1. Substrate scope 

 

Entry Oxidant Product 
Yield (%)a 

Pd(OAc)2 
Pd(OAc)2/pyr 

(1:0.9) 
Pd(OAc)2/pyr 

(1:2.1) 

1b PhI(OAc)2 

 

8 70 5 

2c MesI(OAc)2 n.d. 70 n.d. 

3b PhI(OAc)2 

 

7 62 3 

4d MesI(OAc)2 n.d. 68 n.d. 

5e PhI(OAc)2 

 

8 68 4 

6f MesI(OAc)2 n.d. 62 n.d. 

7e PhI(OAc)2 

 

5 68 3 

8g MesI(OAc)2 n.d. 70 n.d. 

9h PhI(OAc)2 

 

5 47 3 

10i MesI(OAc)2 n.d. 61 n.d. 

11j PhI(OAc)2 

 

1 24 3 

12k MesI(OAc)2 n.d. 56 n.d. 

aYields are averages of at least 2 runs and were determined by calibrated GC using 
PhCl or PhCH2C(CH3)3 as a standard. Reaction endpoints for the most active catalyst 
system (Pd(OAc)2/pyr 1:0.9) are determined by observation of palladium black 
formation which indicates complete conversion of the oxidant. The less reactive 
catalysts are compared at the same reaction times. b5 h. c9 h. d10 h. e8 h. f12 h. g21 h. 
h18 h. i17 h. j22 h. k10 mol % [Pd], 50 h. n.d.=not determined. 

 

We next initiated studies to gain more detailed insights into the role of pyridine in 

the catalytic cycle. As discussed above, we originally hypothesized that pyridine was 

acting as a ligand for the active palladium catalyst; however, this additive could also serve 

as an external base to accelerate C–H activation. To preliminarily distinguish these roles, 
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we examined the effect of a series of 2- and 2,6-substituted pyridine derivatives on this 

transformation. As shown in Table 2.2, the initial rate (as approximated by the yield after 

1 and 2 hours) tracked extremely well with the steric environment around the pyridine 

nitrogen atom. For example, moving from unsubstituted pyridine to 2-picoline to 2,6-

lutidine significantly slowed the reaction (Table 2.2, entries 1–3, respectively). 

Furthermore, highly sterically hindered 2,6-di-tert-butylpyridine afforded a similar initial 

rate to that with Pd(OAc)2 alone. These results implicate a primary role for pyridine as a 

ligand that binds to the palladium center during one or more key steps of the catalytic 

cycle. 

Table 2.2. Yield of C–H acetoxylation of benzene as a function of pyridine structure 

 

Entry Additive Yield (%) after 1ha Yield (%) after 2ha 

1 

 

33 66 

2 

 

13 26 

3 

 

6 14 

4 

 

3 8 

5 None 2 6 

aYields were determined by calibrated GC using PhCl as a standard. 

 

Development of cationic ligands for Pd to enable the use of K2S2O8 as the 

oxidant. Having developed this highly active Pd(OAc)2/pyr catalyst system using 

PhI(OAc)2, we next sought to expand this system to the more economical oxidant, K2S2O8. 

The C–H oxygenation of benzene (10 equiv) with K2S2O8 (1 equiv) as the terminal oxidant 

and limiting reagent was evaluated at 80 ºC in AcOH/Ac2O (9:1). As shown in Table 2.3, 
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entry 1, Pd(OAc)2 is a poor catalyst for this reaction; the use of 2 mol % of Pd(OAc)2 

resulted in only 0.8% yield of phenyl acetate (approximately 0.5 turnovers) after 24 h.  

Table 2.3. Initial evaluation of Pd catalyst activity for benzene C–H acetoxylation as a 
function of pyridine ligand using K2S2O8 as the oxidant 

 

Entry Ligand Yield PhOAc (%)a Yield PhPh (%)a 

1 None 0.8 0.6 

2 Pyridine 37 2.0 

3 L2 71 1.9 

4 L3 65 1.1 
aYields were determined by calibrated GC using PhCl as a standard. 

 

Pyridine-ligated catalysts were next examined for this transformation. Similar to 

the effects seen with PhI(OAc)2 as the oxidant, the addition of 2 mol % of pyridine to the 

K2S2O8 reaction led to an enhancement in both yield and catalyst turnovers (Table 2.3, 

entry 2). However, the rate of this reaction remained slow and only 37% yield of phenyl 

acetate was obtained after 24 hours. Furthermore, a significant quantity of biphenyl (2% 

yield, PhOAc:PhPh ratio – 14:1) was formed in this transformation.  

Figure 2.4. Cationic pyridine derivatives 

 

In an effort to identify more reactive catalysts, we next examined cationic 

pyridinium-substituted pyridine ligands L2 and L3 (Figure 2.4). We hypothesized that 

these ligands might enhance catalyst reactivity based on our prior studies of the bidentate 



22 
 

analogue L1.3v Our previous work showed that Pd and Pt complexes of L1 catalyze 

benzene C–H activation (as measured by H/D exchange) with 10-100-fold faster rates 

than those containing neutral bipyridine derivatives.3v By analogy, we anticipated that 

monodentate L2 and L3 might outperform pyridine as ligands in Pd-catalyzed benzene 

C–H activation/acetoxylation.  

As predicted, ligands L2 and L3 provided significant improvements in the rate and 

chemoselectivity of Pd-catalyzed benzene acetoxylation with K2S2O8. The use of L2 or 

L3 (2 mol %) in conjunction with Pd(OAc)2 (2 mol %) afforded PhOAc in 71% and 65% 

yield, respectively, after 24 hours (Table 2.3, entries 3 and 4). Additionally, the selectivity 

for PhOAc versus PhPh was high in both cases (approximately 36:1 for L2 and 65:1 for 

L3).  

A more detailed comparison of the reactivity of Pd(OAc)2 (blue Xs), 

Pd(OAc)2/pyridine (red squares), and Pd(OAc)2/L2 (black circles) is shown in Figure 2.5. 

The initial rate with Pd(OAc)2/L2 is approximately 5 times faster than that with 

Pd(OAc)2/pyridine and at least two orders of magnitude faster than that with Pd(OAc)2 

alone. Furthermore, the Pd(OAc)2/L2-catalyzed reaction proceeds to higher overall yield 

at completion than the analogous Pd(OAc)2/pyridine system (71% versus 64%, 

respectively). 
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Figure 2.5. Time study comparing catalyst systems using K2S2O8 

 

 

As noted in Figure 2.5, this C–H acetoxylation reaction proceeded to less than 75% 

yield in all cases (the yields are based on K2S2O8 as the limiting reagent). This is not due 

to over-oxidation of the benzene substrate. Under the standard conditions, <4% yield of 

diacetoxybenzene was observed. Instead, the observed yields are believed to be due to 

competing thermal decomposition of K2S2O8 in acetic acid: a well precedented process.13 

Increasing the reaction temperature to 120 ºC appears to accelerate competing oxidant 

decomposition (Table 2.4). While the initial rate of C–H acetoxylation is significantly faster 

at 120 ºC than at 80 ºC (yield after 2 h was 24% versus 7%; Table 2.4, entries 3 and 1, 

respectively), the reaction proceeds to a maximum of only 44% yield at 120 ºC (Table 2.4, 

entry 4). We attribute this to increased background decomposition of K2S2O8. 
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Table 2.4. Effect of temperature on initial (t = 2 h) and final (t = 18 h) yield 

 

Entry Temperature (° C) Time (h) Yield PhOAc (%) 

1 80 2 7 

2 80 18 71 

3 120 2 24 

4 120 18 44 

 

We next sought to obtain evidence on the origin of the improved catalytic activity. 

The combination of 1 equiv of pyridine or L2 with 1 equiv of Pd(OAc)2 is expected to 

generate a number of equilibrating species in solution, including mono-pyridine complex 

A and bis-pyridine adduct B (eq. 1). We and others8c hypothesize that A, or a related 

acetate bridged dimer, is the primary active catalyst generated under these conditions.   

 

(1) 

On the basis of this mechanistic framework, there are several possible factors that 

could contribute to the observed rate enhancement with cationic ligand L2. These include: 

(1) electronic effects (i.e., the electron withdrawing pyridinium substituent leads to a more 

electrophilic Pd catalyst A that is more reactive towards benzene C–H activation); (2) 

equilibrium effects (i.e., the large size and cationic charge of ligand L2 result in an 

increased equilibrium population of the active mono-pyridine catalyst A); or (3) phase 

transfer effects (i.e., the cationic pyridine ligand serves as a phase transfer catalyst to 

bring poorly soluble [S2O8]2– into solution and into contact with the Pd catalyst). 

Experiments designed to preliminarily test each of these possibilities are described in 

detail below. 
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Electronic effects. To test the role of electronic effects, we compared catalyst 

activity in the presence of L2 to that with 3-fluoropyridine. The Hammett value for a meta-

fluoro group is the same as that for a meta-pyridinium substituent (ρ = 0.34 in both 

cases),14 indicating that these ligands should have comparable electronic properties. As 

shown in Figure 2.6, the Pd(OAc)2/3-fluoropyridine catalyst system (green triangles) 

showed essentially identical reactivity to Pd(OAc)2/pyridine (red squares). In addition, the 

chemoselectivity with pyr and 3-fluoropyridine were both lower than with L2 (PhOAc:PhPh 

ratio = 14:1, 20:1, and 36:1 respectively). These data suggest against a purely electronic 

effect. 

Figure 2.6. Time study comparing electronics of pyridine derivatives in the acetoxylation 
of benzene using K2S2O8 

 

 

Equilibrium effects. If equilibrium effects were the main factor responsible for the 

enhanced reactivity of Pd(OAc)2/L2, this catalyst would be expected to outperform 

Pd(OAc)2/pyridine in other C–H oxidation reactions as well. To test this possibility, we 

compared the two catalysts using PhI(OAc)2 as the oxidant under otherwise identical 

0

10

20

30

40

50

60

70

80

0 10 20 30 40 50 60 70

Y
ie

ld
 (

%
)

Time (h)

L2

Pyr

None

3-Fluoropyridine



26 
 

conditions. As shown in Figure 2.7, with PhI(OAc)2, the pyridine (red squares) and 

pyridinium-derived (black circles) catalysts afforded nearly identical reaction rates. This 

suggests that the favorable effect of ligand L2 does not transfer to other C–H oxidation 

reactions. 

Figure 2.7. Time study comparing L2 and pyridine as ligands using PhI(OAc)2  

 

 

Phase transfer effects. To test the effect of phase transfer catalysts on this system, 

we examined a variety of phase transfer catalysts (PTCs) in conjunction with pyridine as 

the ligand using K2S2O8 as the oxidant (Table 2.5). We chose to record yields after 2 h to 

approximate the influence on the initial rate of the reaction in addition to the yield upon 

completion of the reaction for the highly active systems. As seen in entry 5 of Table 2.5, 

NEt4BF4 at 15 mol % gave a good initial yield of 8.5% when used as a PTC in conjunction 

with pyridine as the ligand for Pd. An important control is shown in entry 3 in which the 

PTC S1 has the same general structure of L2 except it lacks the ability to act as a ligand; 

S1 does indeed act as a PTC, giving an improved yield of 4.7% compared to the 

conditions lacking a PTC (3.5%, entry 2).  
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Table 2.5. PTCs tested in the acetoxylation of benzene using K2S2O8 

 

Entry Ligand PTC Mol % PTC 
Yield (%) 

2 h 
Yield (%) 

Reaction completion 

1 L2 None --- 7.3 71 (12 h) 

2 Pyr None --- 3.5 64 (48 h) 

3 Pyr S1 2 4.7 60 (58 h) 

4 Pyr NEt4BF4 2 7.0 52 (12 h) 

5 Pyr NEt4BF4 15 8.5 42 (12 h) 

6 Pyr NBu4BF4 2 2.4 --- 

7 Pyr LiBF4 2 7.0 --- 

8 Pyr NH4BF4 2 2.8 --- 

9 Pyr NBu4PF6 2 3.8 --- 

10 Pyr NBu4SO3CF3 2 3.6 --- 

11 Pyr 18-crown-6 2 3.3 --- 

 

A more detailed study was undertaken by adding 2 mol % of NEt4BF4 (a known 

phase transfer catalyst) to the Pd(OAc)2/pyridine-catalyzed reaction. As shown in Figure 

2.8, the NEt4BF4 led to a significant acceleration of the initial reaction rate, very similar to 

that observed with L2. However, the overall yield was lower with Pd(OAc)2/pyridine/ 

NEt4BF4 versus Pd(OAc)2/L2 (52% versus 71%). The lower overall yields observed in the 

presence of tetraalkylammonium salts are likely due to their well-precedented ability to 

catalyze the conversion of K2S2O8 to peracetic acid in AcOH.13b Importantly, peracetic 

acid is not a viable oxidant for the C–H acetoxylation transformation (Scheme 2.3), as no 

PhOAc was observed after 24 h using either L2 or pyridine as the ligand; however, after 

24 h, 14% and 10% yield of PhPh were obtained using L2 and pyridine, respectively.  
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Figure 2.8. Time study demonstrating the initial rate enhancement of NEt4BF4 as a PTC 

 

 

Scheme 2.3. Testing the viability of peracetic acid as the oxidant 

 

Overall, these results lead us to conclude that phase transfer catalysis is a key 

factor in the enhanced reaction rate with ligand L2. The differences in yield observed 

between L2 and more conventional phase transfer catalysts like NEt4BF4 may be due to 

differences in the rate of undesired K2S2O8 to AcOOH conversion between these systems. 

Notably, Neumann has proposed similar accelerative effects of interactions between 

cationic ligands and anionic oxidants in Pd/polyoxometallate-catalyzed Wacker oxidation 

reactions15 and in Pt/polyoxometalate-catalyzed CH4 oxidation.16  
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2.3 CONCLUSIONS 

In conclusion, this chapter describes two catalytic systems based on [Pd(OAc)2] 

and pyridine derivatives that show the highest reactivity reported to date for the 

acetoxylation of unactivated aromatic C–H bonds. In the PhI(OAc)2 system, the ratio of 

palladium/pyridine proved critical and the use of ca. 1 equivalent of pyridine per palladium 

center led to dramatic enhancements in reactivity. These studies highlight the importance 

of exploring the ligand to metal ratio, along with the structure of spectator ligands, during 

the optimization of reaction conditions for catalytic C–H functionalization.  

Additionally, this chapter describes the development of Pd catalysts containing 

pyridinium-substituted pyridine ligands for the C–H oxygenation of benzene with the 

economical oxidant potassium persulfate. These new catalyst systems provide 

significantly improved activity compared to Pd(OAc)2 and the Pd(OAc)2/pyridine system 

in this transformation. Furthermore, the reaction proceeds with high selectivity for phenyl 

acetate over biphenyl. Preliminary mechanistic investigations suggest that a key role for 

the cationic ligand is to serve as a phase transfer catalyst to bring poorly soluble [S2O8]2– 

into solution and into contact with the Pd catalyst. This represents one of an expanding 

number of examples suggesting that ionic association between ligands and oxidants can 

serve as a valuable design principle in oxidation catalysis. 

2.4 PERSPECTIVE AND OUTLOOK 

While the catalyst systems developed in this chapter for the acetoxylation of simple 

arenes using PhI(OAc)2 and K2S2O8 mark a significant advancement in the area of C–H 

activation, there remain directions for improvement. The first is the limited overall yield of 

the acetoxylated products, which are maximized at about 75-80%. Developing milder 

conditions and catalysts that operate at lower temperatures will likely be the most fruitful 

in this regard, as oxidant decomposition is the yield-limiting factor. The second is the use 

of an acidic solvent, acetic acid. Moving towards polar aprotic solvents and solvent 

mixtures would be an appropriate direction to pursue. 
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2.5 EXPERIMENTAL 

Synthesis of L2 

 

2,4,6-Tri-(4-t-butylphenyl)pyrylium tetrafluoroborate (4.50 g, 7.97 mmol, 1.50 

equiv), 3-aminopyridine (0.50 g, 5.3 mmol, 1.0 equiv), and sodium acetate (6.27 g, 76.4 

mmol, 14.4 equiv) were combined in a 500 mL round bottomed flask. Absolute ethanol 

(200 mL) was added, and the reaction was heated at reflux under nitrogen for 20 h. The 

reaction was allowed to cool to room temperature, the volatiles were removed by rotary 

evaporation, and the residue was suspended in water (200 mL). The suspension was 

filtered and the resulting solids were washed with water (3 x 20 mL). The solid was 

dissolved in methylene chloride and dried over MgSO4 and then concentrated under 

vacuum. The resulting residue was triturated with Et2O, resulting in a white solid that was 

collected by vacuum filtration. The product was obtained as a white solid (2.96 g, 87% 

yield).  

Synthesis of L3 

 

2,4,6-Tri-(4-t-butylphenyl)pyrylium tetrafluoroborate (9.00 g, 15.9 mmol, 1.50 

equiv), 4-aminopyridine (1.00 g, 10.6 mmol, 1.00 equiv), and sodium acetate (12.6 g, 153 

mmol, 14.4 equiv) were combined in a 1 L round bottomed flask. Absolute ethanol (400 

mL) was added, and the reaction was heated at reflux under nitrogen for 20 h. The 

reaction was allowed to cool to room temperature, the volatiles were removed by rotary 

evaporation, and the residue was suspended in water (200 mL). The suspension was 

filtered and the resulting solids were washed with water (3 x 20 mL). The solids were 

dissolved in methylene chloride, and this solution was dried over MgSO4 and then 
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concentrated under vacuum. The resulting residue was triturated with Et2O, resulting in a 

white solid that was collected by vacuum filtration. The product was obtained as a white 

solid (5.63 g, 83% yield).  

Synthesis of SI 

 

2,4,6-Tri-(4-t-butylphenyl)pyrylium tetrafluoroborate (2.31 g, 4.09 mmol, 1.00 

equiv), aniline (0.50 g, 5.37 mmol, 1.31 equiv), and sodium acetate (4.84 g, 59.0 mmol, 

14.4 equiv) were combined in a 500 mL round bottomed flask. Absolute ethanol (200 mL) 

was added, and the reaction was heated at reflux under nitrogen for 20 h. The reaction 

was allowed to cool to room temperature, the volatiles were removed by rotary 

evaporation, and the residue was suspended in water (200 mL). The suspension was 

filtered and the resulting solids were washed with water (3 x 20 mL). The solids were then 

dissolved in methylene chloride and this solution was dried over MgSO4 and then 

concentrated under vacuum. The resulting residue was triturated with Et2O, resulting in a 

white solid that was collected by vacuum filtration. The product was obtained as a white 

solid (0.640 g, 24% yield).  

General Procedure for the Acetoxylation of Arenes using no ligand or solid ligands 

(L2 or L3)  

Solids were weighed into a 1-dram scintillation vial equipped with a stirbar, followed 

by addition of the liquid reagents. The vial was then sealed and allowed to heat to 100 ºC 

or 80 ºC using a preheated hotplate. At the end of the reaction, the vial was allowed to 

cool to room temperature and a known amount of phenyl chloride or neopentylbenzene 

(measured by difference using a gas-tight Hamilton syringe) was added as an internal 

standard for quantitative GC analysis. The mixture was diluted with EtOAc (2 mL) and 

filtered through a plug of celite. The filtrate was extracted with a saturated, aqueous 

solution of K2CO3 (9 M in deionized H2O) to quench and separate the acid. The organic 

layer was carefully separated and diluted with additional EtOAc to a total volume of 20 
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mL. The resulting solution was analyzed by GC. Yields are reported as an average of at 

least two runs. 

General Procedure for the Acetoxylation of Arenes using liquid ligands (pyridine, 

3-fluoropyridine, 2-picoline, 2,6-lutidine, 2,6-di-tert-butylpyridine) 

Solids were weighed into a 1-dram scintillation vial equipped with a stirbar. The 

pyridine derivative was added as a stock solution in AcOH, followed by addition of the 

remaining liquid reagents. The vial was then sealed and heated to 100 ºC or 80 ºC using 

a preheated hotplate. At the end of the reaction, the vial was cooled to room temperature 

and a known amount of phenyl chloride or neopentylbenzene (measured by difference 

using a gas-tight Hamilton syringe) was added as an internal standard for quantitative GC 

analysis. The mixture was diluted with EtOAc (2 mL) and filtered through a plug of celite. 

The filtrate was extracted with a saturated, aqueous solution of K2CO3 (9 M in deionized 

H2O) to quench and separate the acid. The organic layer was carefully separated and 

diluted with additional EtOAc to a total volume of 20 mL. The resulting solution was 

analyzed by GC. Yields are reported as an average of at least two runs. 

2.6 CHARACTERIZATION 

1H NMR (CDCl3, 500.099 MHz): 8.35 (dd, J = 4.8 Hz, J = 2.1 Hz, 1H), 

8.24 (d, J = 2.1 Hz, 1H), 8.08 (s, 2H), 8.02 (m, 1H), 7.81 (d, J = 8.4 

Hz, 2H), 7.55 (d, J = 8.4 Hz, 2H), 7.28-7.34 (multiple peaks, 8H), 

7.13 (dd, J = 8.0 Hz, J = 4.8 Hz, 1H), 1.35 (s, 9H), 1.22 (s, 18H).  

13C NMR (CDCl3, 125.762 MHz): 157.5, 156.8, 156.3, 153.8, 150.2, 

147.8, 137.2, 136.6, 131.4, 129.7, 129.5, 128.2, 126.7, 125.6, 125.5, 123.7, 35.0, 34.8, 

31.0, 31.0.   

19F NMR (CDCl3, 470.520 MHz): –150.3 (10B), –150.4 (11B).  

HRMS electrospray (m/z): [M-BF4]+ calcd for [C40H45N2]+ 553.3577; found 553.3574.   

Anal. calcd for C40H45N2BF4: C, 75.00; H, 7.08; N, 4.37. Found: C, 74.45; H, 7.09; N, 4.38. 
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1H NMR (CD3CN, 500.099 MHz): 8.39 (d, J = 5.8 Hz, 2H), 8.35 (s, 

2H), 8.06 (d, J = 8.5 Hz, 2H), 7.69 (d, J = 8.5 Hz, 2H), 7.40 (d, J = 

8.3 Hz, 4H), 7.31 (d, J = 8.3 Hz, 4H), 7.23 (d, J = 5.8 Hz, 2H), 1.38 

(s, 9H), 1.25 (s, 18H).  

13C NMR (CDCl3, 125.762 MHz): 157.6, 156.2, 156.0, 154.0, 150.7, 

146.5, 131.5, 129.6, 129.5, 128.2, 126.7, 125.7, 125.5, 123.4, 35.1, 34.8, 31.1, 31.0.  

19F NMR (CD3CN, 470.520 MHz): –150.3 (10B), –150.4 (11B).   

HRMS electrospray (m/z): [M-BF4]+ calcd for [C40H45N2]+ 553.3577; found 553.3581.  

Anal. calcd for C40H45N2BF4: C, 75.00; H, 7.08; N, 4.37. Found: C, 74.55; H, 7.16; N, 4.37. 

 

1H NMR (CD3CN, 500.099 MHz): 8.31 (s, 2H), 8.05 (d, J = 8.4 Hz, 

2H), 7.68 (d, J = 8.4 Hz, 2H), 7.36 (d, J = 8.3 Hz, 4H), 7.27 (d, J = 

8.3 Hz, 4H), 7.21 (multiple peaks, 3H), 7.17 (m, 2H), 1.37 (s, 9H), 

1.23 (s, 18H).  

13C NMR (CD3CN, 125.762 MHz): 157.6, 157.5, 157.0, 154.5, 140.0, 

131.7, 131.2, 130.7, 130.4, 129.6, 129.4, 129.3, 127.7, 126.2, 126.1, 35.7, 35.3, 31.1 (this 

resonance comprises 2 signals).   

19F NMR (CD3CN, 470.520 MHz): –151.8 (10B), –151.9 (11B).   

HRMS electrospray (m/z): [M-BF4]+ calcd. for [C41H46N]+ 552.3626; found 552.3636. 
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CHAPTER 3. ON THE MECHANISM OF THE PALLADIUM-
CATALYZED ARENE C–H ACETOXYLATION: A COMPARISON 

OF CATALYSTS AND LIGAND EFFECTS
1 

3.1 INTRODUCTION 

Over the past 15 years, there have been major advances in the field of Pd-

catalyzed C–H functionalization. 2  Palladium catalysis enables the introduction of a 

diverse array of functional groups, often in the context of complex organic molecules.3 

However, the vast majority of synthetic2,3 and mechanistic4 efforts in this area have 

focused on substrates bearing directing groups (DG). These directing groups render the 

reactions kinetically fast as well as highly site-selective for C–H functionalization proximal 

to the DG (Scheme 3.1a).4p,5 In contrast, analogous non-directed Pd-catalyzed C–H 

functionalization processes have been much less developed in terms of both synthetic 

applications6 and mechanistic analysis4f,7 (Scheme 3.1b). The identification of efficient 

and selective catalysts for non-directed C–H functionalization is of particular importance,8 

because many synthetic targets do not contain directing groups.  

Scheme 3.1. Comparison of directed and non-directed C–H functionalization 
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Over the past several years, our group has focused on developing Pd catalysts for 

the non-directed C–H acetoxylation of arenes.9 The Pd-catalyzed C–H acetoxylation  of 

benzene was originally reported in the 1970’s using simple Pd salts and oxidants such as 

K2Cr2O7 and K2S2O8.10,11,12 While these early studies provided proof-of-principle for the 

feasibility of this transformation, the catalyst turnover numbers were too low for practical 

utility (typically ranging between <1 and 7 turnovers). In 1996, Crabtree reported that the 

combination of Pd(OAc)2 (1) as the catalyst and PhI(OAc)2 as the oxidant afforded 

dramatically improved results, with up to 127 turnovers in the C–H acetoxylation of 

naphthalene.13 More recently, our group has demonstrated that the rate and TON of 

Crabtree’s reaction can be increased dramatically through the use of pyridine (pyr) as a 

supporting ligand.9c The ratio of Pd(OAc)2 to pyridine was critical in this system, with a 

1:1 ratio proving optimal. This second generation catalyst system provided an 

approximately 10-fold increase in reaction rate versus Pd(OAc)2, and TONs of >4500 

were achieved (Scheme 3.2). In addition, the site selectivity of this transformation could 

be tuned through modification of the pyridine ligand.9a Despite these advances, the 

mechanistic role of the pyridine ligand remains poorly understood. Notably, similar 

pyridine effects have been observed in related Pd-catalyzed C–H functionalization14 and 

oxidation reactions, 15  underscoring the significance of mechanistic understanding of 

ligand effects in these transformations.  

Scheme 3.2. Pyridine ligand effects in the Pd-catalyzed C–H acetoxylation of benzene 

 

This chapter describes a detailed mechanistic investigation focused on elucidating 

the impact of pyridine ligands on Pd-catalyzed benzene C–H acetoxylation. We compare 

three catalyst systems, Pd(OAc)2, Pd(OAc)2/pyridine (1:1), and Pd(OAc)2/pyridine (1:2), 

using a combination of mechanistic tools, including rate and order studies, Hammett 

analysis, detailed characterization of catalyst resting states, and isotope effects.  These 
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investigations provide insights into the similarities and differences between the three 

catalyst systems that explain their dramatically different reactivities.  

3.2 RESULTS AND DISCUSSION 

Mechanistic Investigation of the Pd(OAc)2-Catalyzed C–H Acetoxylation of 

Benzene. We first assessed the order in Pd for the Pd(OAc)2 catalyst system. In 

Crabtree’s original study, a half order kinetic dependence on Pd was observed.13a This 

result was rationalized based on a resting state dimer, [Pd(OAc)2]2 (1a), that breaks up 

into monomeric Pd(OAc)2 (1b) to effect catalysis. However, the conditions developed in 

our lab are somewhat different than those reported by Crabtree (e.g., different 

concentration of benzene, different solvent system). Thus, we needed to establish 

whether the same kinetic dependence on Pd is observed in our system. 

The method of initial rates was used to determine the rate of product formation as 

a function of Pd concentration over a concentration range of 0.28-56 mM. The reactions 

were monitored using GC-FID and were run to approximately 10% conversion. 

Hexafluorobenzene was employed as a co-solvent in order to mitigate changes in the 

polarity of the reaction medium upon varying the concentration of benzene (during 

benzene order studies, vide infra). Under our reaction conditions, the Pd(OAc)2-catalyzed 

C–H acetoxylation of benzene showed a half order dependence on Pd (0.49 ± 0.06), 

analogous to that observed by Crabtree (Figure 3.1). This is consistent with the Pd resting 

as a dimer in our system. 

To further probe the impact of Pd aggregation state, we examined the kinetic order 

in Pd using Pd(OTFA)2 (OTFA = trifluoroacetate) as the catalyst. In contrast to Pd(OAc)2, 

Pd(OTFA)2 is known to exist as a monomer in organic solvents.16 Thus, we predicted that 

a first order dependence on [Pd] should be observed with this catalyst. Indeed, under 

otherwise analogous conditions, the Pd(OTFA)2-catalyzed C–H acetoxylation of benzene 

was first order in [Pd] (1.0 ± 0.1; Figure 3.2). Notably, at 5.6 mM [Pd], the rate of C–H 

acetoxylation using Pd(OTFA)2 is almost 4-times faster than with Pd(OAc)2 (Δ[PhOAc]/Δt 

= 6.5 mM/h for Pd(OTFA)2 and Δ[PhOAc]/Δt = 1.7 mM/h for Pd(OAc)2). 
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Figure 3.1. Order in Pd(OAc)2 

 

 

Figure 3.2. Order in Pd(OTFA)2 
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We next assessed the kinetic order of the Pd(OAc)2-catalyzed reaction in benzene 

and PhI(OAc)2. The order in benzene was determined by varying the concentration of 

benzene from 0.56-2.8 M. Hexafluorobenzene was used as a co-solvent, and the sum of 

the volumes of C6H6 and C6F6 was held constant during these experiments in order to 

minimize solvent effects on the observed rates. The order in PhI(OAc)2 was determined 

by varying the concentration of PhI(OAc)2 from 140-840 mM. Under these conditions, the 

reaction is approximately first order in benzene (1.5 ± 0.3) and zero order (0.1 ± 0.1) in 

PhI(OAc)2 (Figure 3.3 and Figure 3.4). 

Figure 3.3. Order in benzene using Pd(OAc)2 as the catalyst 

 

 

Finally, the kinetic isotope effect was determined by comparing the initial reaction 

rate with C6H6 to that with C6D6. A KIE (kH/kD) of 4.5 ± 0.4 was obtained from these 

experiments (Figure 3.5). This value is similar to that observed under Crabtree’s 

conditions (kH/kD = 4.1)13a and is consistent with a 1º isotope effect.17 
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Figure 3.4. Order in PhI(OAc)2 using Pd(OAc)2 as the catalyst 

 

 

Figure 3.5. H/D kinetic isotope effect for benzene using Pd(OAc)2 as the catalyst 

 

On the basis of all of the data presented above, we propose the catalytic cycle in 

Scheme 3.3 for the Pd(OAc)2-catalyzed C–H acetoxylation of benzene. The mechanism 
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begins with a dimeric PdII precatalyst, [Pd(OAc)2]2 (1a) as the resting state. Complex 1a 

undergoes reversible dissociation into the monomer 1b, which lies on the catalytic cycle. 

C–H activation of benzene at 1b is the rate-determining step (RDS) and forms the PdII-

aryl intermediate 2. This complex is then oxidized by PhI(OAc)2 to form a high-valent Pd 

intermediate 3, which undergoes reductive elimination to release PhOAc 18  and 

regenerate 1b. 

Scheme 3.3. Proposed mechanism of the Pd(OAc)2-catalyzed C–H acetoxylation of 
benzene 

 

The rate expression for this mechanism can be derived as shown below in eqs. 1-

3. This rate expression is fully consistent with the experimental data, as it predicts a half 

order dependence on Pd, a first order dependence on benzene, and a zero order 

dependence on PhI(OAc)2. Additionally, since C–H activation is the rate-determining step, 

a 1º kinetic isotope effect is expected. 

𝑅𝑎𝑡𝑒 =
𝑑(𝑃ℎ𝑂𝐴𝑐)

𝑑𝑡
= 𝑘2[1𝒃][𝑏𝑒𝑛𝑧𝑒𝑛𝑒] (1) 

𝐾1 =
[𝟏𝒃]

[1𝒂]1/2
 (2) 

𝑅𝑎𝑡𝑒 = 𝐾1𝑘2[𝟏𝒂]1/2[𝑏𝑒𝑛𝑧𝑒𝑛𝑒] (3) 

  

Mechanistic Investigation of the Pd(OAc)2/Pyr (1:2)-Catalyzed C–H 

Acetoxylation of Benzene. We next studied the catalyst generated upon combining a 

1:2 ratio of Pd(OAc)2 to pyridine (pyr). To assess the resting state of Pd during catalysis, 

the reaction was monitored by 1H NMR spectroscopy. The only Pd species observed at 
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the beginning (Figure 3.6a), middle (Figure 3.6b), and end (Figure 3.6c) of the C–H 

acetoxylation reaction is (pyr)2Pd(OAc)2 (4). The identity of 4 was verified via independent 

synthesis of this complex (Figure 3.6d).19 These data implicate monomeric complex 4 as 

the catalyst resting state in this system.  

Figure 3.6. C–H acetoxylation of benzene monitored by 1H NMR spectroscopy 
(aromatic region shown) using Pd(OAc)2/pyr (1:2) as catalyst 

 

 

The lability of the pyridine ligands in complex 4 was assessed using Rotating 

Frame Nuclear Overhauser Effect NMR Spectroscopy (ROESY). As shown in Figure 3.7, 

exchange between free and bound pyridine is observed at 80 ºC (20 ºC below the 

temperature used for catalytic C–H acetoxylation). This demonstrates the feasibility of 

pyridine ligand dissociation/exchange during catalysis. 
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Figure 3.7. 1H-1H ROESY NMR experiment showing exchange between free (8.48 
ppm) and bound (8.59 ppm) pyridine. Spectrum acquired in C6D6/CD3CO2D (1:1) at 

80 °C 

 

 

      Using the method of initial rates, we next determined the order of the reaction in 

each reagent using GC-FID. Importantly, all of these experiments were conducted with a 

Pd:pyr ratio of 1:2 (i.e., no extra pyridine was added to the reactions); this will be referred 

to as Regime 1. Interestingly, this reaction showed a half order dependence on [Pd] (0.53 

± 0.07; Figure 3.8), despite the fact that the catalyst resting state appears to be a 

monomer. In addition, a first order dependence on [benzene] (1.01 ± 0.07; Figure 3.9) 

and a zero order dependence on [PhI(OAc)2] (–0.08 ± 0.04; Figure 3.10) were observed. 

The value of kH/kD for C6H6/C6D6 was 3.6 ± 0.3 with this catalyst system (Figure 3.11). 

Finally, a Hammett plot was constructed by examining the initial reaction rate with a series 

of 3- and 4-substituted pyridine derivatives. As shown in Figure 3.12, a Hammett ρ value 

of +0.64 was obtained, indicative of increasing reaction rate with more electron deficient 

pyridine derivatives.   
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Figure 3.8. Order in [Pd] with the (pyr)2Pd(OAc)2 catalyst in Regime 1 

 

 

Figure 3.9. Order in benzene with (pyr)2Pd(OAc)2 catalyst in Regime 1 
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Figure 3.10. Order in PhI(OAc)2 with (pyr)2Pd(OAc)2 as catalyst in Regime 1 

 

 

Based on the data discussed above, we propose the mechanism outlined in 

Scheme 3.4 for the Pd(OAc)2/pyr (1:2) catalyst system. The NMR data in Figure 3.6 

implicate monomeric complex 4 as the catalyst resting state. This complex then 

undergoes reversible pyridine dissociation to generate mono-pyridine complex 5. The 

ROESY experiment in Figure 3.7 supports the feasibility of this step. The positive 

Hammett value is also consistent, as more electron deficient pyridine ligands should 

provide a more favorable equilibrium towards the on-cycle intermediate 5. C–H activation 

at 5 to generate 6 is then the rate-determining step. The observation of a first order 

dependence on benzene and a 1º kinetic isotope effect are further consistent with this 

proposal. Finally, 2e– oxidation of 6 would form 7 (or an isomer thereof) and C–O bond-

forming reductive elimination would release PhOAc and regenerate 5. 
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Figure 3.11. H/D kinetic isotope effect for benzene using (pyr)2Pd(OAc)2 as catalyst in 
Regime 1 
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Figure 3.12. Hammett plot showing the effect of pyridine electronics for (pyr)2Pd(OAc)2 
catalyst in Regime 1 

 

 

 

Scheme 3.4. Proposed mechanism for the (pyr)2Pd(OAc)2-catalyzed C–H acetoxylation 
of benzene 
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The rate expression for this sequence is shown in eq. 4:  

𝑅𝑎𝑡𝑒 =
𝑑(𝑃ℎ𝑂𝐴𝑐)

𝑑𝑡
= 𝑘4[𝟓][𝑏𝑒𝑛𝑧𝑒𝑛𝑒] (4) 

Using the equilibrium constant for the dissociation of pyridine from 4 provides eq. 5, which 

can be rearranged to eq. 6. Substitution for [5] then provides eq. 7. 

𝐾3 =
[𝟓][𝑝𝑦𝑟]

[4]
 (5) 

[𝟓] =
𝐾3[𝟒]

[𝑝𝑦𝑟]
 (6) 

𝑅𝑎𝑡𝑒 =
𝑘4𝐾3[𝟒][𝑏𝑒𝑛𝑧𝑒𝑛𝑒]

[𝑝𝑦𝑟]
 (7) 

  

      On the basis of the expression in eq. 7, we would initially anticipate a first order 

dependence on [Pd]. However, since all of the kinetic orders were determined under 

conditions where no exogenous pyridine is added (Regime 1), we can approximate that 

[𝑝𝑦𝑟] = [𝟓] , and hence reduce eq. 5 to eq. 8. Using this approximation, the rate 

expression reduces to eq. 9, which predicts a half order dependence on [Pd], first order 

dependence on benzene, and zero order dependence on PhI(OAc)2, which are all in line 

with experimental observations. 

𝐾3 =
[𝟓]2

[4]
;  [𝟓] = 𝐾2

1
2[𝟒]

1
2 (8) 

𝑅𝑎𝑡𝑒 = 𝑘4𝐾3
1/2

[𝟒]1/2[𝑏𝑒𝑛𝑧𝑒𝑛𝑒] (9) 

  

The approximation that [𝑝𝑦𝑟] = [𝟓] (Regime 1) will not hold true under conditions 

where exogenous pyridine is added to the catalytic reaction. When [𝑝𝑦𝑟] ≫ [𝟓] (referred 

to as Regime 2 for the remaining discussion), the rate expression in eq. 7 should be in 

operation. Here, a first order dependence on [Pd], first order dependence on benzene, 

and inverse first order dependence on pyridine are expected. 

We next sought to experimentally determine the kinetic orders in [Pd], benzene, 

and pyr in the presence of added pyridine (Regime 2). However, with catalyst 4, the 

addition of pyridine resulted in reaction rates that were too slow to measure accurately 

and reliably, even at elevated temperatures. To address this issue, we moved to the 

analogous 3-nitropyridine-containing catalyst 4-NO2. In Regime 1, this catalyst reacts 

approximately 3-times faster than its pyr analogue (Figure 3.12), and we hypothesized 

that this would translate to enhanced reactivity and more reproducible rates in Regime 2.   
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The 4-NO2-catalyzed conversion of benzene to phenyl acetate was first examined 

under Regime 1 to compare the catalyst resting state and orders in [Pd], benzene, and 

PhI(OAc)2 to those obtained with catalyst 4. As shown using NMR spectroscopy, in Figure 

3.13, the bis-pyridine complex (3-NO2pyr)2Pd(OAc)2 (4-NO2) was the only Pd-containing 

species detected during catalysis, consistent with this complex as the catalyst resting 

state. Using GC-FID, in the absence of added ligand (Regime 1), we observed an 

approximately half order dependence on [Pd] (0.67 ± 0.03; Figure 3.14), approximately 

first order dependence on benzene (1.4 ± 0.2; Figure 3.15), and zero order dependence 

on PhI(OAc)2 (–0.06 ± 0.05; Figure 3.16). These results are closely analogous to those 

obtained with catalyst 4, and thus implicate similar mechanisms for 4 and 4-NO2 in 

Regime 1.  

Figure 3.13. C–H acetoxylation of benzene monitored by 1H NMR spectroscopy 
(aromatic region shown) using 4-NO2 as the catalyst 
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Figure 3.14. Order in [Pd] for the 4-NO2 catalyst in Regime 1 

 

 

Figure 3.15. Order in benzene for the 4-NO2 catalyst in Regime 1 
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Figure 3.16. Order in PhI(OAc)2 for the 4-NO2 catalyst in Regime 1 

 

 

We next evaluated catalyst 4-NO2 in the presence of exogenous 3-nitropyridine 

(28 mM). These conditions correspond to Regime 2; thus the rate expression in eq. 7 is 

expected to be operative. Indeed, an approximately first order dependence on [Pd] (1.2 

± 0.1; Figure 3.17), approximately inverse first order dependence on 3-nitropyridine (-1.4 

± 0.1; Figure 3.18), first order dependence on benzene (1.0 ± 0.1; Figure 3.19), and zero 

order dependence on PhI(OAc)2 (0.05 ± 0.08; Figure 3.20) were observed. These results 

are consistent with the mechanism shown in Scheme 3.4 as well as the rate expression 

in eq. 7. Notably, these results are analogous to work by Stahl20 and Hartwig,21 in which 

half order in catalyst was obtained from a regime in which ligand dissociation occurs prior 

to the RDS; upon addition of exogenous ligand, the catalysts no longer show half order 

dependencies. 
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Figure 3.17. Order in [Pd] for the 4-NO2 catalyst in Regime 2 

 

 

Figure 3.18. Order in (excess) 3-NO2Pyr for the 4-NO2 catalyst in Regime 2 
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Figure 3.19. Order in benzene for the 4-NO2 catalyst in Regime 2 

 

 

Figure 3.20. Order in PhI(OAc)2 for the 4-NO2 catalyst in Regime 2 
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Mechanistic Investigation of the Pd(OAc)2/Pyridine (1:1) Catalyst System. 

Finally, we conducted a detailed investigation of the most active catalyst system, which 

is generated by combining a 1:1 ratio of Pd(OAc)2 to pyridine. To assess the catalyst 

resting state under these conditions, we combined equimolar quantities of pyridine and 

Pd(OAc)2 in C6D6/CD3CO2D. 1H NMR spectroscopic analysis at room temperature 

showed a mixture of two Pd-pyridine adducts: complex 4 [(pyr)2Pd(OAc)2] along with a 

second species of unknown structure (8) (Figure 3.21). As shown in Figure 3.22, both 

complexes 4 and 8 are observed throughout the catalytic reaction. Since the reaction rate 

under these conditions is significantly higher than that with 4 alone, we propose that 8 is 

likely the predominant active catalyst (or resting state of the active catalyst) in this system. 

Figure 3.21. New species (8) observed by 1H NMR spectroscopy along with 4 when 
combining a 1:1 ratio of Pd(OAc)2:pyr 
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Figure 3.22. C–H acetoxylation of benzene monitored by 1H NMR spectroscopy 
(aromatic region shown) using a Pd(OAc)2:pyr ratio of 1:1 

 

 

As shown in Figure 3.21, complex 8 could be a monomer (8a), dimer (8b), trimer 

(8c), or a larger oligomeric structure with a Pd:pyr stoichiometry of 1:1. A Diffusion 

Ordered Spectroscopy (DOSY) NMR experiment was performed to obtain the 

approximate molecular weight of 8 and thus to preliminarily differentiate between these 

possibilities.22 This experiment involves generating 8 in situ in the presence of a series of 

different molecules that serve as molecular weight standards. These standards (which 

include small organic molecules and large Pd complexes; Table 3.1) were selected based 

on three criteria: (i) they represent a wide range of molecular weights (MW), (ii) they are 

all expected to be unreactive with 8 and with each other, and (3) they have distinct 1H 

NMR signals. The DOSY NMR spectrum of this mixture was then obtained at 25 ºC in 

C6D6/CD3CO2D (1:1). The plot of log(MW) versus log(D) (D = diffusion coefficient) is 

shown Figure 3.23. On the basis of these data, the molecular weight of 8 is calculated to 

be 755 g/mol (blue data point in Figure 3.23). This value is in between that of the dimer 
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8b (607 g/mol) and the trimer 8c (911 g/mol). Importantly, the DOSY experiment requires 

assumptions about the size and shape of the standards compared to 8; therefore the 

calculated MW is only an approximation. Nonetheless, we believe that these data suggest 

that complex 8 is unlikely to be a monomer (8a). 

Figure 3.23. DOSY data used to approximate the molecular weight of 8 (blue data 
point) in solution 

 

 

To gain further insights into the structure of 8, we performed an NMR experiment 

using 1 equiv of Pd(OAc)2 and 0.5 equiv each of two distinct pyridine derivatives (X and 

Y). If 8 is a monomer (8a), two different complexes should be formed in a 1:1 ratio: 

(X)Pd(OAc)2 and (Y)Pd(OAc)2. If 8 is a dimer (8b), three compounds are expected in a 

1:2:1 ratio: [(X)Pd(OAc)2]2, [(Y)Pd(OAc)2]2, and (X)(Y)Pd2(OAc)4. Finally, if 8 is a trimer 

(8c), four compounds are expected in a 1:1:3:3 ratio: [(X)Pd(OAc)2]3, [(Y)Pd(OAc)2]3, 

(X)2(Y)Pd3(OAc)6 and (X)(Y)2Pd3(OAc)6. 23  We chose 4-methoxypyridine and 4-tert-

butylpyridine for X and Y since they are expected to have similar binding affinities to 

Pd(OAc)2 yet their 1H NMR chemical shifts are well resolved. Upon mixing, the 1H NMR 

spectrum shown in Figure 3.24c was obtained (only the signals associated with the 2-

position of the pyr derivatives are shown). Both [(4-OMe-pyr)Pd(OAc)2]n (see Figure 3.24a 
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(green) for independently acquired 1H NMR spectrum) and [(4-tBu-pyr)Pd(OAc)2]n (see 

Figure 3.24b (blue) for independently acquired 1H NMR spectrum) are observed  along 

with signals associated with at least one additional compound. 

Table 3.1. Results from DOSY experiment and internal standards used 

 

Entry Standard MW 
Chemical shifts 
used, δ (ppm) 

Diffusion 
unit (D) 

1 

 

unknown 8.88 5.64 x 10-6 

2 

 

383 8.61 6.32 x 10-6 

3 
 

1,3,5-tris(trifluoromethyl)benzene 

282 7.89 1.36 x 10-5 

4 
 

4,4’-di-tert-butyl-1,1’-biphenyl 
266 

7.48 1.05 x 10-5 

5 1.23 1.01 x 10-5 

6  
Benzene 

78 7.16 2.23 x 10-5 

7 

 
(IMes)2Pd(OAc)2 

833 

6.86 5.31 x 10-6 

8 6.36 5.35 x 10- 

9 2.32 5.30 x 10-6 

10 1.91 5.34x10-6 

11 1.38 5.35x10-6 

12 
 

18-crown-6 

264 3.48 8.20 x 10-6 

13  
Cyclooctane 

112 1.43 1.80 x 10-5 

14 
 

(C6F5)Si(CH3)2 

392 0.62 1.09 x 10-5 
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Since >2 distinct species are detected, monomer 8a can be eliminated as a 

possible structure. Two new signals, labeled as 11, are observed in a 1:1 ratio. This is 

inconsistent with the formation of 8c (mixed trimers). The integral ratios also support 

formation of a dimer: two new signals labeled as 11 are observed in a 1:1 ratio; since the 

integral ratio of [(4-t-Bu-pyr)Pd(OAc)2]2 and [(4-OMe-pyr)Pd(OAc)2]2 is twice that of the 

mixed compound (4-t-Bu-pyr)(4-OMe-pyr)Pd2(OAc)4, the new complexes are formed in a 

1:1:2 ratio (9:10:11) and this is consistent with the formation of 8b (dimer). On the basis 

of these data, we propose that the resting state of the catalyst is the dimer 

[(pyr)Pd(OAc)2]2 (8b).  

Rate studies were next conducted using GC-FID to assess the order in each 

reaction component with Pd(OAc)2/pyridine (1:1) as the catalyst. Under these conditions, 

the reaction shows a half order dependence on Pd (0.55 ± 0.02; Figure 3.25), a first order 

dependence on benzene (0.94 ± 0.06; Figure 3.26) and a zero order dependence on 

PhI(OAc)2 (0.00 ± 0.06; Figure 3.27). In addition, a relatively large primary kinetic isotope 

effect (kH/kD = 3.9 ± 0.2) with C6H6/C6D6 is observed (Figure 3.28). These data are 

consistent with a mechanism in which a dimeric precatalyst (8b) enters the catalytic cycle 

by dissociation to a monomer (5) (Scheme 3.5). Rate-limiting C–H activation of benzene 

at 5 would then form the aryl complex 6, and fast oxidation and reductive elimination steps 

would release the product and regenerate the catalyst. The rate expression for the 

mechanism proposed in Scheme 3.5 can be derived as shown in eqs. 10-13. It is in full 

accord with the experimental data. 
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Figure 3.24. Mixed pyridines experiment. (a) 1H NMR spectrum when Pd(OAc)2 and 
OMe-pyr (1:1) are mixed. (b) 1H NMR spectrum when Pd(OAc)2 and t-Bu-pyr (1:1) are 
mixed. (c) 1H NMR spectrum when Pd(OAc)2, t-Bu-pyr, and OMe-pyr (1:0.5:0.5) are 

mixed. Two new peaks are observed. (Spectra shown are the region corresponding to 
the signals of the 2-position of the mono-pyridine complexes.) 
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Figure 3.25. Order in [Pd] with Pd(OAc)2/pyr (1:1) as catalyst 

 

 

Figure 3.26. Order in benzene with Pd(OAc)2/pyr (1:1) as catalyst 
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Figure 3.27. Order in PhI(OAc)2 with Pd(OAc)2/pyr (1:1) as catalyst 

 

 

Figure 3.28. H/D kinetic isotope effect for benzene using Pd(OAc)2/pyr (1:1) as catalyst 
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Scheme 3.5. Proposed mechanism with Pd(OAc)2/pyr (1:1) as catalyst 

 

R𝑎𝑡𝑒 =
𝑑(𝑃ℎ𝑂𝐴𝑐)

𝑑𝑡
= 𝑘6[𝑏𝑒𝑛𝑧𝑒𝑛𝑒][𝟓] (10) 

𝐾5 =
[𝟓]

[𝟖𝒃]1/2
 (11) 

[𝟓] = 𝐾5[𝟖𝒃]1/2 (12) 

𝑅𝑎𝑡𝑒 = 𝑘6𝐾5[𝑏𝑒𝑛𝑧𝑒𝑛𝑒][𝟖𝒃]1/2 (13) 

 

We next probed the impact of substituted pyridine ligands on the rate of the 

Pd(OAc)2/pyridine (1:1)-catalyzed C–H acetoxylation of benzene. As shown in the 

Hammett plot in Figure 3.29, substitution of the pyridine ligand had a negligible impact on 

the overall reaction rate (ρ~0). This result can be rationalized based on counterbalancing 

electronic effects of pyridine substituents on the dissociation of dimer 8b-X to monomer 

5-X (Scheme 3.6, step 1) and the coordination of benzene to form the η2-benzene 

intermediate 12-X (Scheme 3.6, step 2). Step 1 is expected to be accelerated by electron-

rich pyridine ligands24 (e.g., 4-methoxypyridine), while step 2 is expected to be fastest 

with electron-deficient pyridines, such as 3-nitropyridine. 25  Rate-determining C–H 

activation would then occur at intermediate 12-X. Literature precedent strongly suggests 

that this step proceeds via a concerted, acetate-assisted metalation-deprotonation 

transition state.5 This transition state is cyclic and minimal charge is accumulated. As 

such, we anticipate that substitution on the pyridine ligand would have minimal impact on 

the energy of this transition state. Overall, the observed Hammett value of ~0 is consistent 

with the electronic effects on steps 1 and 2 essentially cancelling one another.  
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Figure 3.29. Hammett plot showing the effect of pyridine electronics with Pd(OAc)2/pyr 
(1:1) as catalyst 

 

 

Scheme 3.6. Explanation for lack of pyridine electronic effect with catalyst 8b 
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3.3 CONCLUSIONS 

This chapter describes a detailed exploration of differences between three 

catalysts Pd(OAc)2, [(pyr)Pd(OAc)2]2 and (pyr)2Pd(OAc)2 for the C–H acetoxylation of 

benzene. With all three catalyst systems, the reaction appears to involve rate-limiting C–

H bond cleavage. NMR and kinetic studies suggest that the most active catalyst (8) rests 

as a dimer in solution. A comparison of the mechanisms with bis-pyridine complex 4 and 

mono-pyridine complex 8 implicate C–H activation occurring at same intermediate 5. The 

difference in reactivity between the bis- and mono-ligated catalysts, therefore, lies in how 

they enter into the catalytic cycle. Bis-pyridine complex 4 dissociates a pyridine ligand, 

while the dimeric mono-pyridine complex 8a breaks up into a monomer. This study 

provides valuable insights into the chemistry of Pd(OAc)2/pyr-based catalyst systems for 

C–H bond acetoxylation. Additionally, they have broader implications in catalysis, since 

Pd/pyr catalysts are employed for a variety of transformations including alcohol 

oxidation,15a,d alkene amination,15b indole arylation,14c and the Fujiwara-Moritani 

reaction.14a,b  

3.4 PERSPECTIVE AND OUTLOOK 

Much insight has been elucidated for the three catalysts systems detailed in this 

chapter. However, the use of this knowledge towards the development of more active 

catalysts is lacking, and therein lies the future work of this project. It is noted that, in both 

[(pyr)Pd(OAc)2]2 and (pyr)2Pd(OAc)2 precatalysts, one pyridine and one acetate ligand 

are spectators throughout the catalytic cycle. Development of ligands that exploit this 

would be desirable. Additionally, knowing that the highly active catalyst [(pyr)Pd(OAc)2]2 

must dissociate from a dimer to a monomer, tuning the steric environment of the pyridine 

and the acetate groups might increase the rate and equilibrium of monomer formation, 

and therefore increase the rate of catalysis. With the hypothesis that [(pyr)Pd(OAc)2]2 

readily forms an open coordination site, the application of this precatalyst to diverse 

transformations is desirable. The Pd:Pyr ratio has been shown to be important in other 

reactions using different types of substrates and solvents,14,15 and whether the complex 
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[(pyr)Pd(OAc)2]2 is formed during these catalytic reactions is an interesting avenue of 

exploration. 

3.5 EXPERIMENTAL 

Synthesis of (pyr)2Pd(OAc)2 (4)  

 

(Pyr)2Pd(OAc)2 (4) was prepared using a modified literature procedure. 26 

Pd(OAc)2 (100 mg, 0.45 mmol, 1.0 equiv) was weighed into a 10 mL Schlenk flask. The 

flask was placed under a N2 atmosphere and then benzene (6 mL) and pyridine (72 μL, 

0.89 mmol, 2.0 equiv) were added sequentially. This mixture was stirred at room 

temperature for 4 h. Benzene was removed under vacuum, giving 4 as a yellow-orange 

solid (52 mg, 31% yield). The characterization spectra match those reported in the 

literature.27 

 

Synthesis of (3-NO2pyr)2Pd(OAc)2 (4-NO2) 

 

(3-Nitropyridine)2Pd(OAc)2 (4-NO2) was prepared using a modified literature 

procedure.26 Pd(OAc)2 (91 mg, 0.40 mmol, 1.0 equiv) was weighed out into a 10 mL 

Schlenk flask. The flask was placed under a N2 atmosphere and then benzene (5 mL) 

and 3-nitropyridine (100 mg, 0.81 mmol, 2.0 equiv) were added sequentially. This mixture 

was stirred at room temperature for 18 h. The precipitate that formed was collected, giving 

4-NO2 as a yellow-orange solid (109 mg, 58% yield).  
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Synthesis of (IMes)2Pd(OAc)2 

 

(IMes)2Pd(OAc)2 was prepared using a modified literature procedure.28 To a 50 

mL Schlenk flask equipped with a Teflon-coated stirbar under a N2 atmosphere was 

added 1,3-bis(2,4,6-trimethylphenyl)imidazolium chloride (0.46 g, 1.3 mmol, 2.0 equiv) 

and THF (24 mL). KOtBu (1 M solution in THF; 1.7 mL, 1.7 mmol, 2.5 equiv) was then 

added drop-wise. This mixture was stirred for 1.5 h at room temperature. Pd(OAc)2 (150 

mg, 0.67 mmol, 1.0 equiv) was added, and the reaction was stirred at room temperature 

for 5 h. The reaction was filtered through Celite, and the filtrate was poured into hexanes 

(90 mL). The resulting solution was cooled to –30 °C to allow solids to form. The solids 

were removed by filtration, and the filtrate was concentrated to afford an orange solid. 

This solid was recrystallized from EtOAc to afford the product as a pale yellow solid (118 

mg, 32% yield). The NMR spectral data match that reported in the literature.28 

General Procedure for Monitoring Reactions by 1H NMR  

To a screw-cap 1H NMR tube was added PhI(OAc)2 (91 mg, 0.28 mmol, 1.0 equiv, 

560 mM), Pd(OAc)2 (6.3 mg, 0.028 mmol, 0.1 equiv, 56 mM), and ligand. Benzene-d6 

(0.25 mL, 2.8 mmol, 10 equiv, 5.6 M), and CD3CO2D (0.25 mL) were added via disposable 

plastic syringe. This mixture was sonicated for 1 min and then a 1H NMR spectrum was 

recorded (t = 0). The NMR tube was heated to 100 °C in an oil bath. The NMR tube was 

periodically removed from heating to record 1H NMR spectra at ambient temperature (the 

resting state was also independently observed at 80 °C in the NMR spectrometer during 

the course of the reaction (data not shown)). Progress was monitored by disappearance 

of PhI(OAc)2 and appearance of PhI (since the C–H acetoxylation product is deuterated). 

General Procedure for Kinetics Using Pd(OAc)2 (No Ligand)  
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Pd(OAc)2 was measured from a 0.0445 M stock solution (100 mg Pd(OAc)2 

dissolved in 10.0 mL DCM) using a Hamilton gastight syringe into a 1-dram vial equipped 

with a Teflon-coated stirbar. This aliquot was stirred open to air at room temperature for 

~2 h to allow the solvent to evaporate to dryness. To the vial containing the resulting solid 

Pd(OAc)2, PhI(OAc)2 was added, followed by C6F6 (measured by plastic, disposable 

syringe), benzene or benzene-d6 (measured by plastic, disposable syringe), AcOH (0.18 

mL; measured by plastic, disposable syringe), and Ac2O (20 μL; measured by Hamilton 

gastight syringe). The vial was tightly sealed with a Teflon-lined screw cap and heated to 

100 °C in a preheated, aluminum heating block. After the desired reaction time (measured 

precisely by a timer), the reaction was flash-cooled in a liquid nitrogen bath until frozen 

solid (about 45 s). The reaction was then allowed to warm back up to room temperature 

and 10 μL PhCl (GC internal standard) were added using a 25 μL Hamilton gastight 

syringe. The reaction mixture was diluted with EtOAc (1 mL) and transferred to a 20 mL 

scintillation vial containing 2 mL of a 4 M aqueous K2CO3 solution. After gas formation 

ceased, the organic layer was separated via pipet and filtered through a plug of Celite. 

The filtrate was analyzed by GC-FID. Yields and concentrations of PhOAc are reported 

as averages of two independent vial reactions. The concentrations of PhOAc were used 

to obtain initial rates and standard error using the program Kaleidagraph. The rates and 

standard error were then plotted as a function of concentration of the varied reagent, 

which was fit to a curve using a non-linear least squares fit for the function y = a*xb, where 

y = initial rate of reaction input, a = kobs output, x = [varied reagent] input, and b = order 

in varied reagent output. 

General Procedure for Kinetics Using Pd(OAc)2:Ligand (1:1)  

Pd(OAc)2 was measured from a 0.0445 M stock solution (100 mg Pd(OAc)2 

dissolved in 10.0 mL DCM) using a Hamilton gastight syringe into a 1-dram vial equipped 

with a Teflon-coated stirbar. This aliquot was stirred open to air at room temperature for 

at least 2 h to allow the solvent to evaporate to dryness. To the vial containing the resulting 

solid Pd(OAc)2, PhI(OAc)2 was added, followed by C6F6 (measured by plastic, disposable 

syringe), benzene or benzene-d6 (measured by plastic, disposable syringe), and Ac2O 

(20 μL; measured by Hamilton gastight syringe). Pyridine derivatives were added as stock 

solutions in AcOH (0.18 mL; measured by plastic, disposable syringe). The vial was tightly 
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sealed with a Teflon-lined screw cap and heated to 100 °C in a preheated, aluminum 

heating block. After the desired reaction time (measured precisely by a timer), the reaction 

was flash-cooled in a liquid nitrogen bath until frozen solid (about 45 s). The reaction was 

then allowed to warm back up to room temperature, and 10 μL PhCl (GC internal 

standard) were added using a 25 μL Hamilton gastight syringe. The reaction mixture was 

diluted with EtOAc (1 mL) and transferred to a 20 mL scintillation vial containing 2 mL of 

a 4 M aqueous K2CO3 solution. After gas formation ceased, the organic layer was 

separated via pipet and filtered through a plug of Celite. The filtrate was analyzed by GC-

FID. Yields and concentrations of PhOAc are reported as averages of two independent 

vial reactions and are calculated using a calibration curve. These concentrations of 

PhOAc were used to obtain the initial rates and standard error using the program 

Kaleidagraph. The initial rates and standard error were then plotted as a function of 

concentration of the varied reagent, which was fit to a curve using a non-linear least 

squares fit for the function y = a*xb, where y = rate of reaction input, a = kobs output, x = 

[varied reagent] input, and b = order in varied reagent output. 

General Procedure for Kinetics Using Pd(OAc)2:Ligand (1:2)  

Pd(OAc)2 and pyridine were measured from a 0.0445 M in Pd/0.0896 M in ligand 

stock solution in DCM (100 mg/0.445 mmol Pd(OAc)2 + 0.896 mmol pyridine dissolved in 

10.0 mL DCM) using a Hamilton gastight syringe into a 1-dram vial equipped with a 

Teflon-coated stirbar. This aliquot was stirred open to air at room temperature for at least 

2 h to allow the solvent to evaporate to dryness. To the vial containing the resulting solid 

Pd(OAc)2, PhI(OAc)2 was added, followed by C6F6 (measured by plastic, disposable 

syringe), benzene or benzene-d6 (measured by plastic, disposable syringe), AcOH (0.18 

mL; measured by plastic, disposable syringe), and Ac2O (20 μL; measured by Hamilton 

gastight syringe). The vial was tightly sealed with a Teflon-lined screw cap and heated to 

100 °C in a preheated, aluminum heating block. After the desired reaction time (measured 

precisely by a timer), the reaction was flash-cooled in a liquid nitrogen bath until frozen 

solid (about 45 s). The reaction was then allowed to warm back up to room temperature, 

and 10 μL PhCl (GC internal standard) were added using a 25 μL Hamilton gastight 

syringe. The reaction mixture was diluted with EtOAc (1 mL) and transferred to a 20 mL 

scintillation vial containing 2 mL of a 4 M aqueous K2CO3 solution. After gas formation 



69 
 

ceased, the organic layer was separated via pipet and filtered through a plug of Celite. 

The filtrate was analyzed by GC-FID. Yields and concentrations of PhOAc are reported 

as averages of two independent vial reactions and are calculated using a calibration curve. 

These concentrations of PhOAc were used to obtain the initial rates and standard error 

using the program Kaleidagraph. The initial rates and standard error were then plotted as 

a function of concentration of the varied reagent, which was fit to a curve using non-linear 

least squares fit for the function y = a*xb, where y = rate of reaction input, a = kobs output, 

x = [varied reagent] input, and b = order in varied reagent output. 

Procedure for Molecular Weight Determination by Internal Reference Diffusion-

Ordered NMR Spectroscopy (DOSY)  

To an NMR tube was added Pd(OAc)2 (6.3 mg, 28 μmol, 1.0 equiv), pyridine (2.3 

μL, 28 μmol, 1.0 equiv), 18-crown-6 (0.3 mg, 1.1 μmol, 0.04 equiv), cyclooctane (0.2 μL, 

1.7 μmol, 0.060 equiv), (IMes)2Pd(OAc)2 (2.3 mg, 28 μmol, 1.0 equiv), 1,3,5-

tris(trifluoromethyl)benzene (1.6 μL, 8.5 μmol, 0.30 equiv), 4,4'-di-tert-butyl-1,1'-biphenyl 

(1.9 mg, 7.1 μmol, 0.25 equiv), (C6F5)2Si(CH3)2 (1.3 μL, 4.8 μmol, 0.17 equiv), C6D6 (0.2 

mL), and CD3CO2D (0.2 mL). The equivalents of standards added were chosen to 

regulate the intensity of the peaks in the NMR spectra. The DOSY spectrum was then 

recorded at 25.0 °C using a Varian vnmrs 500 (500.10 MHz for 1H) using the following 

parameters: 1 s relaxation delay, 8 scans, 1 ms diffusion gradient, and 200 ms diffusion 

delay. 

The diffusion coefficient (D) and molecular weight (MW) are related by the equation: 

𝑙𝑜𝑔 (𝐷) = 𝐴 ∗ 𝑙𝑜𝑔(𝑀𝑊) + 𝐵 

A and B are coefficients that depend on reaction conditions such as temperature, density, 

and solvent viscosity. Using a set of standards, A and B can be solved for under the NMR 

reaction conditions as the slope and intercept of a plot of log(MW) versus log(D). 

Procedure for the Mixed Pyridines Experiment  

Pd(OAc)2 (5.0 mg, 22 μmol, 1.0 equiv) was weighed into 5 different NMR tubes. 4-

tert-Butylpyridine and/or 4-methoxypyridine (see Table 3.2 for amounts) were added to 

each tube, followed by C6D6 (0.4 mL). Each tube was capped and sonicated for 5 min. 1H 

NMR spectra were recorded on a Varian vnmrs 700 (699.76 MHz for 1H). 
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Table 3.2. Amounts of pyridine derivatives for the mixed pyridines experiment 

 

 

 

 

 

 

 

 

 

 

 

3.6 CHARACTERIZATION 

1H NMR (CD3CO2D, 500 MHz): δ 8.67 (dd, J = 6.5, 1.5 Hz, 4 H), 7.95 

(tt, J = 7.7, 1.5 Hz, 2H), 7.50 (dd, J = 7.7, 6.5 Hz, 4H), 2.09 (s, 6 H). 

13C NMR (CD3CO2D, 178 MHz): δ 151.96, 139.98, 125.86, 20.13. 

(C=O resonance of 4 is underneath C=O resonance of solvent). 

 

Elemental analysis: calculated for C14H14N4O8Pd, C: 35.57, 

H: 2.99, N: 11.85, found C: 35.64, H: 2.97, N: 11.72. 

IR (ATR): ν=3058 (w), 2029 (w), 2000 (w), 1594 (m), 1573 

(m), 1593 (m), 1436 (w), 1354 (m), 1318 (m), 1291 (m), 1194 (w), 1118 (w), 1054 (w), 

1023 (w), 927 (w), 867 (m), 832 (m), 728 (m), 697 (m), 684 (m) cm-1.  

Entry Tube Pyridine Derivative used 

1 A 4-tert-Butylpyridine 

2 B 4-tert-Butylpyridine (6.5 μL, 45 μmol, 2.0 equiv) 

3 C 4-tert-Butylpyridine (3.3 μL, 22 μmol, 1.0 equiv) 

4 D 
4-tert-Butylpyridine (3.3 μL, 22 μmol, 1.0 equiv) + 
4-Methoxypyridine (2.3 μL, 22 μmol, 1.0 equiv) 

5 E 4-Methoxypyridine (2.3 μL, 22 μmol, 1.0 equiv) 

6 F 4-Methoxypyridine (4.5 μL, 45 μmol, 2.0 equiv) 

7 G 4-Methoxypyridine 
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1H NMR (C6D6/CD3CO2D (1:1), 400 MHz): δ 9.36 (d, J = 2.3 Hz, 2 H), 8.83 (dd, J = 5.6, 

1.2 Hz, 2H), 8.08 (ddd, J = 8.5, 2.3, 1.2 Hz, 2 H), 7.13 (dd, 

J = 8.5, 5.6 Hz, 1 H), 1.78 (s, 6 H).  

13C NMR (C6D6/CD3CO2D (1:1), 178 MHz): δ 177.98, 

156.27, 147.21, 145.00, 134.20, 125.73, 20.12. 

 

1H NMR (CDCl3, 500 MHz): δ 6.92 (s, 8 H), 6.75 (s, 4H), 

2.45 (s, 12 H), 1.97 (s, 24 H), 1.25 (s, 6 H).  

13C NMR (CDCl3, 178 MHz): δ 174.84, 170.04, 137.48, 136.16, 136.14, 128.85, 122.28, 

22.89, 21.30, 18.56. 
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CHAPTER 4. STERIC CONTROL OF SITE SELECTIVITY IN 

THE PD-CATALYZED C–H ACETOXYLATION OF SIMPLE 

ARENES
1 

4.1 INTRODUCTION 

The ability to oxidatively transform carbon–hydrogen bonds into carbon–

heteroatom bonds is highly desirable for the late-stage derivatization of complex 

molecules. Such transformations have the potential to greatly expedite the discovery and 

optimization of biologically active molecules including pharmaceuticals and 

agrochemicals.2 However, the full potential of this strategy has not yet been realized, in 

large part due to the difficulty of controlling site-selectivity.3 While many advances have 

been made in Pd-catalyzed ligand-directed C–H oxidation,1-4 analogous non-chelate-

assisted transformations remain relatively poorly developed.2–5 For example, the Pd-

catalyzed C–H oxygenation of simple arenes is typically characterized by the formation 

of complex mixtures of isomers.5,6 In many of these systems, the selectivity is governed 

by electronic factors, with C–H oxidation occurring preferentially at the more electron rich 

site(s) in the substrate.5,6  

We recently reported that pyridine dramatically accelerates the Pd(OAc)2-

catalyzed C–H acetoxylation of simple arenes.7,8,9 Pyridine is believed to serve as a ligand 

for Pd during this process, and the ratio of pyridine:Pd was found to be critical to high 

rates and yields (an approximately 1:1 ratio was optimal). We hypothesized that, in 

addition to accelerating the rate of C–H acetoxylation, the ancillary ligand could also be 

used to influence the site selectivity of the reaction. Such ligand-modulated selectivity 

would provide opportunities for accessing different isomeric products by simply changing 

the catalyst structure.3 Herein we report the realization of this strategy in the development 

of pyridine-based ligands that impart sterically-controlled selectivity10,11 in Pd-catalyzed 

C–H acetoxylation. 
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4.2 RESULTS AND DISCUSSION 

Our initial studies probed the effect of a series of pyridine-based ligands on the 

selectivity of the C–H acetoxylation of 1,2-dichlorobenzene (1) with MesI(OAc)2. 12 

Pyridine and its derivatives are highly attractive ligands for this chemistry because: (1) 

they are generally not susceptible to oxidation with hypervalent iodine reagents, (2) they 

are known to increase the rate of C–H acetoxylation,7b and (3) they possess highly 

modular structures. The test substrate 1 was selected because it has two inequivalent 

arene C–H bonds that are electronically similar, but sterically dissimilar. Furthermore, 

electron-deficient arenes like 1 are traditionally difficult to functionalize via Pd-catalyzed 

C–H acetoxylation.6,7b,13  

In the absence of added ligand, the Pd(OAc)2-catalyzed reaction of 1 with 

MesI(OAc)2 proceeded in low yield (19%) after 16 h at 100 ºC (Table 4.1, entry 1). 

Acetoxylation at the less sterically-hindered B-position was weakly preferred under these 

ligand-free conditions (1A:1B=29:71). A similar yield and selectivity were obtained in the 

presence of 2 mol % of 2,6-di-tert-butylpyridine (entry 2), suggesting that the very 

sterically hindered nitrogen atom does not bind to the Pd center. In contrast, pyridine and 

its derivatives including lutidine, picoline, quinoline, 2-methylquinoline, 3-fluoropyridine, 

pyridine, 4-methoxypyridine, and acridine (entries 3-10) all afforded large increases in 

yield and enhancements in selectivity for acetoxylation at the sterically less hindered B-

position. Pyridine, 4-methoxypyridine, and 3-fluoropyridine afforded identical selectivity, 

suggesting that there is minimal ligand electronic effect on this reaction. Under these 

conditions, the best selectivity was obtained with acridine as the ligand (1A:1B=5:95, 

entry 10).  
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Table 4.1. Effect of pyridine ligands on site selectivity and yield for the C–H 
acetoxylation of 1,2-dichlorobenzene 

 

Entry Ligand 
Yield 
(%)a 

Selectivity 
(1A:B) 

1 none 19 29:71 
2 2,6-tBu2-pyr 28 27:73 
3 2,6-lutidine 76 11:89 
4 2-picoline 84 8:82 
5 quinoline 82 7:93 
6 2-Me-quinoline 77 7:93 
7 3-F-pyr 55 6:94 
8 pyridine 71 6:94 
9 4-OMe-pyr 59 6:94 
10 acridine 78 5:95 

aYield and selectivity were determined by GC using a calibration 
curve based on PhCl as a standard. 

 

We next evaluated the influence of the acridine:Pd ratio on the reaction yield and 

site selectivity. As shown in Table 4.2, the addition of up to 6 mol % of acridine (3 

equivalents relative to Pd) led to further enhancements in selectivity (1A:1B=2:98) with 

minimal deleterious effect on the overall reaction yield (entry 4). Further increases in 

acridine loading resulted in even better selectivity (>1:99 at 20 mol % acridine, entry 7); 

however, the product yield was significantly lower under these conditions. Notably, the 

results with acridine stand in striking contrast to the effects observed upon increasing the 

loading of pyridine. As shown in entries 8-11, increasing the pyridine loading to 6 mol % 
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led to a precipitous drop-off in yield. Overall, an acridine:Pd ratio of 3:1 provided the best 

balance of reactivity and selectivity, and was thus used in all further experiments exploring 

the substrate scope. 

Table 4.2. Optimization of Pd(OAc)2/acridine-catalyzed C–H acetoxylation of 1,2-
dichlorobenzene 

 

Entry Ligand Ligand loading 
(mol %) 

Yielda  
(%) 

Selectivity 

(1A:1B) 

1 acridine 1 79 10:90 
2 acridine 2 78 5:95 
3 acridine 3 78 5:95 
4 acridine 6 76 2:98 
5 acridine 8 68 1:99 
6 acridine 10 66 1:99 
7 acridine 20 29 <1:99 
8 pyridine 1 62 9:91 
9 pyridine 2 71 6:94 

10 pyridine 3 56 7:93 
11 pyridine 6 3 ---b 

aYield and selectivity were determined by GC using a 
calibration curve based on PhCl as a standard. bThe yield was 
too low for accurate determination of the selectivity.  

 

Further studies revealed that the site selectivity of Pd(OAc)2/acridine catalyzed C–

H acetoxylation was substantially influenced by the nature of the oxidant (Table 4.3).7b,12 

For instance, a significant erosion in selectivity was observed when MesI(OAc)2 was 

replaced with PhI(OAc)2. With 2 mol % of acridine and 2 mol % of Pd(OAc)2, the A:B 

selectivity was 5:95 with MesI(OAc)2 (entry 2) and 19:81 with PhI(OAc)2 (entry 1) as 

oxidant. These results suggest a synergistic effect between the hypervalent iodine oxidant 

and the ligand. Similar effects were seen with pyridine as the ligand (entries 3 and 4) and 

with no ligand added (entries 5 and 6). For example, with 2 mol % Pd(OAc)2 and 2 mol % 
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pyridine, the selectivity (1A:1B) using substrate 1 was 19:81 with PhI(OAc)2 and 6:94 with 

MesI(OAc)2. 

Table 4.3. Effect of the oxidant on site selectivity for the C–H acetoxylation of 1,2-
dichlorobenzene 

 

Entry Ligand Oxidant Yield (%)a 
Selectivity 

(1A:1B) 

1 Acridine PhI(OAc)2 73 19:81 
2 Acridine MesI(OAc)2 78 5:95 
3 Pyridine PhI(OAc)2 70 19:81 
4 Pyridine MesI(OAc)2 71 6:94 
5 None PhI(OAc)2 14 39:61 
6 None MesI(OAc)2 19 29:71 

aYield and selectivity were determined by GC using a calibration 
curve based on PhCl as a standard. 

 

We next optimized the catalyst loading using trifluorotoluene (2). This substrate 

was selected because it is a challenging one that typically shows low reactivity in Pd-

catalyzed C–H oxidations.7b,8,9 Thus, we anticipated that the trends observed in this 

system should be transferrable to a wide variety of other substrates. Varying the catalyst 

loading from 6 to 0.2 mol % Pd(OAc)2 while keeping the acridine:Pd ratio constant at 3:1 

revealed that the reaction yield is highest at 0.5 mol % Pd (44% yield, corresponding to a 

TON of 88; Table 4.4, entry 5). As such, this catalyst loading was selected for subsequent 

experiments.  
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Table 4.4. Optimization of catalyst loading 

 

Entry mol % Pd Yield (%)a TON 

1b 6 21 3.5 
2b 4 30 7.4 
3c 2 35 18 
4b 1 36 36 
5d 0.5 44 88 
6e 0.2 38 188 

aYields determined by GC using a calibration curve based 
on PhCl as a standard. In all cases, the o:m:p selectivity 
was 1:76:23. Reactions were generally stopped upon 
observation of Pd black, as our previous studies7,8 have 
shown that this is indicative of the reaction cessation. b22 
h. c21 h. d49 h. e120 h. 

 

With these optimized conditions in hand, we next explored the C–H acetoxylation 

of a variety of mono-, di- and tri-substituted arene substrates (Table 4.5 and Table 4.6). 

For each substrate we compared the ligand-free conditions with PhI(OAc)2 as the oxidant 

(conditions A) to the conditions with acridine as the ligand and MesI(OAc)2 as the oxidant 

(conditions B). In general, conditions A provided modest yields and poor site selectivities. 

With a few exceptions, the selectivity under conditions A was dominated by electronic 

factors, with preferential functionalization at the most electron rich sites in the molecule. 

In contrast, conditions B generally provided higher product yields. Furthermore, the 

selectivity was typically enhanced in favor of acetoxylation at the least sterically hindered 

C–H bond. In many cases (e.g., 4-9 and 12), a reversal in the favored isomer was 

observed upon moving from conditions A to conditions B. For example, the C–H bond at 

the A-position of 8 is electronically activated, and acetoxylation is favored at this site in 

the absence of acridine (8A:8B=87:13, conditions A of Table 4.5). This electronic bias is 

overridden with the Pd/acridine system, and the major product is the B-functionalized 

isomer (8A:8B=28:72, conditions B of Table 4.5). 
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Table 4.5. Pd(OAc)2/acridine-catalyzed C–H acetoxylation of tri- and di-substituted 
arenes 

 

Product 
(B Shown) 

Yielda 
(A:B Selectivity): 

Conditions A 

Yielda 
(A:B Selectivity): 

Conditions B 

Isolated Yield 
(A:B Selectivity): 

Conditions B 

 

44% (47:53) 64% (17:83) 55% (19:81) 

 

42% (65:35) 71% (22:78) 60% (5:95) 

 

42% (59:41) 55% (24:76) 28% (22:78) 

 

36% (81:19) 38% (39:61) 25% (41:59) 

 

29% (61:39) 49% (8:92) 53% (2:98) 

 

26% (87:13) 42% (28:72) 38% (<1:99) 

 

17% (83:17) 56% (17:83) 42% (<1:99) 

 

16% (44:56) 82% (4:96) 64% (2:98) 
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35% (17:83) 66% (4:96) 62% (<1:99) 

 

51% (16:84) 82% (5:95) 38% (2:98) 

 

69% (53:47) 88% (20:80) 60% (19:81) 

aYields and selectivities in columns 2 and 3 were determined by calibrated 
GC using PhCl or PhCH2C(CH3)3 as a standard. Conditions A: 0.5 mol % 
Pd(OAc)2, 1 equiv PhI(OAc)2. Conditions B: 0.5 mol % Pd(OAc)2, 1.5 
mol % acridine, 1 equiv MesI(OAc)2. 

 

Although the product ratios using Pd/acridine/MesI(OAc)2 typically reflect a 

preference for acetoxylation at the least hindered site, this catalyst system does not 

effectively distinguish between the meta- and para-positions of mono-substituted arenes. 

For example, ortho-acetoxylation of anisole (14) and chlorobenzene (16) was dramatically 

suppressed under conditions B, but a nearly 1:1 ratio of meta and para substituted 

products was formed (Table 4.6).  

4.3 CONCLUSIONS 

This chapter demonstrates the use of acridine as an ancillary ligand to control site 

selectivity in the Pd(OAc)2-catalyzed C–H acetoxylation of simple arenes. In combination 

with MesI(OAc)2 as the terminal oxidant, the Pd(OAc)2/acridine system overrides the 

substrate electronic bias that dominates the site selectivity observed using ligand-free 

Pd(OAc)2 as catalyst and PhI(OAc)2 as oxidant. Instead, the site selectivity of 

acetoxylation using the Pd(OAc)2/acridine/MesI(OAc)2 system is primarily dictated by 

sterics for a variety of different substrates.  
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Table 4.6. Pd(OAc)2/acridine-catalyzed C–H acetoxylation of mono-substituted arenes 

 

Major Product 
Yielda 

(o:m:p Selectivity): 
Conditions A 

Yielda 
(o:m:p Selectivity): 

Conditions B 

Isolated Yield 
(o:m:p Selectivity): 

Conditions B 

 

12% 94% 38% 

 

54% (46:6:51) 94% (12:40:48) 61% (13:24:63) 

 

51% (0:16:84) 99% (0:62:38) 68% (0:60:40) 

 

18% (26:27:47) 77% (5:52:43) 54% (3:49:48) 

 

5% (3:74:23) 65% (3:75:22) 50% (<1:77:23) 

aYields and selectivities in columns 2 and 3 were determined by calibrated GC using 
PhCl or PhCH2C(CH3)3 as a standard. Conditions A: 0.5 mol % Pd(OAc)2, 1 equiv 
PhI(OAc)2. Conditions B: 0.5 mol % Pd(OAc)2, 1.5 mol % acridine, 1 equiv MesI(OAc)2. 

  

4.4 PERSPECTIVE AND OUTLOOK 

Catalyst-controlled selectivity through the use of ancillary ligands provides exciting 

new prospects for the field of Pd-catalyzed C–H oxidation. In this chapter, the use of 

MesI(OAc)2 as the oxidant gave an increase in the site-selectivity, as compared to the 

less sterically encumbered oxidant, PhI(OAc)2. This phenomenon is unexpected, based 

on the mechanism of benzene acetoxylation detailed in Chapter 3, since the oxidant is 

not involved in the rate-limiting step nor the selectivity-determining step. It is possible that 

a change in mechanism or rate-limiting step has occurred under these site-selective 

conditions. Elucidating the role the oxidant (as well as the ligand, acridine) plays in 
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catalysis would be a valuable and significant contribution in the effort for further 

improvements in site-selectivity.  

4.5 EXPERIMENTAL 

General procedure for the optimization of the acetoxylation of arenes  

Pd(OAc)2 was measured from a 0.045 M stock solution into a 2 dram vial equipped 

with a Teflon-coated stirbar. This aliquot was stirred openly at room temperature for at 

least 2 h to allow the solvent to evaporate to dryness. To a vial containing the resulting 

solid Pd(OAc)2, the oxidant, MesI(OAc)2 or PhI(OAc)2, (0.224 mmol, 1.00 equiv) was 

added. Then, the arene was added into the vial using a 1 mL plastic syringe. Ac2O (20 

μL) was then added via a 100 μL Hamilton gastight syringe. The indicated ligand was 

added as a stock solution in AcOH using a 1 mL plastic syringe. The vial was sealed 

tightly with a Teflon-lined screw cap and heated to 100 °C for the desired time on a pre-

heated vial plate. The reaction was cooled to room temperature and 10 μL PhCl were 

added via a 25 μL Hamilton gastight syringe as a GC standard. The reaction mixture was 

diluted with EtOAc (1.5 mL) and 2 mL of a 4 M aqueous K2CO3 solution was added slowly. 

After gas formation ceased, an aliquot was taken from the organic layer, filtered through 

Celite, and analyzed by GC. 

General procedure for conditions A for the substrate scope  

Pd(OAc)2 (1.26 mg, 5.61 μmol, 0.00500 equiv) was measured from a 0.0560 M 

stock solution (100 μL of a solution prepared with 126 mg Pd(OAc)2 in 10.0 mL DCM) into 

a 20 mL scintillation vial equipped with a Teflon-coated stirbar. This aliquot was stirred at 

room temperature for at least 2 h to allow the DCM to evaporate to dryness. PhI(OAc)2 

(361 mg, 1.12 mmol, 1.0 equiv) was weighed into the vial; then the arene (11.2–33.6 

mmol, 10.0–30.0 equiv) was added into the vial using a 5 mL, plastic syringe. Ac2O (0.1 

mL) and AcOH (0.9 mL) were added using 1 mL plastic syringes. The vial was sealed 

with a Teflon-lined screw cap and heated at 100 °C for 4–52 h on a preheated vial plate. 

The reactions were cooled to room temperature and 20 μL PhCl or neopentylbenzene 

(GC standard) was added via a 25 μL Hamilton gastight syringe. The reaction mixture 

was diluted with EtOAc (3 mL). 5 mL of a 4 M aqueous K2CO3 solution was added slowly, 
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and then after gas formation ceased, an aliquot was taken from the organic layer, filtered 

through Celite, and analyzed by GC. 

General procedure for conditions B for the substrate scope  

Pd(OAc)2 (1.26 mg, 5.61 µmol, 0.00500 equiv) was measured from a 0.0560 M 

stock solution (100 μL of a solution prepared with 126 mg Pd(OAc)2 in 10.0 mL DCM) into 

a 20 mL scintillation vial equipped with a Teflon-coated stirbar. This aliquot was stirred at 

room temperature for at least 2 h to allow the DCM to evaporate. MesI(OAc)2 (408 mg, 

1.12 mmol, 1.00 equiv) was weighed into the vial; then the arene (11.2–33.6 mmol, 10.0–

30.0 equiv) was added into the vial using a 5 mL plastic syringe. Ac2O (0.10 mL) was 

added via a 1 mL plastic syringe. Acridine (0.0168 mmol, 0.0150 equiv) was added as a 

stock solution in AcOH (0.90 mL of 0.019 M) using a 1 mL plastic syringe. The vial was 

sealed with a Teflon-lined screw cap and heated at 100 °C for 4–52 h on a preheated vial 

plate. Reactions were determined to be complete when the formation of Pd-black was 

observed. The reactions were cooled to room temperature, and 20 μL PhCl or 

neopentylbenzene (GC standard) were added using a 25 μL Hamilton gastight syringe. 

The reaction mixture was diluted with EtOAc (3 mL), 5 mL of a 4 M aqueous K2CO3 

solution was added slowly, and after gas formation ceased, an aliquot was taken from the 

organic layer, filtered through Celite, and analyzed by GC. The organic layer was 

separated, dried over MgSO4, and concentrated. The material was then purified via 

column chromatography. 

4.6 CHARACTERIZATION 

Mixtures of isomers were compared to the independently synthesized compounds 

from their respective phenols in an analogy to a literature procedure.14 The following 

compounds have been previously characterized in the literature: 6B,15 8B,16 9B,17 10B,18 

12A, 19  12B, 20  14o, 21  14m, 22  14p,20 16m, 23  and 16p.22 13 was compared to the 

commercially available material from Sigma Aldrich. Compounds 3A, 6A, 7A, and 8A 

were characterized as mixtures with their respective isomers from the acetoxylation 

reactions. All other compounds were characterized in full, as they have not been 

previously reported.  
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1A: 2,3-dichlorophenyl acetate 

Pale yellow oil.  

Rf = 0.47 in 80% hexanes/20% EtOAc. 

1H NMR (CDCl3, 700 MHz): δ 7.36 (d, J = 8.2 Hz, 1H), 7.21 (app t, J = 8.2 

Hz, 1H), 7.07 (d, J = 8.2 Hz, 1H), 2.35 (s, 3H).  

13C{1H} NMR (CDCl3, 175 MHz): δ 168.26, 148.36, 133.96, 127.93, 127.53, 126.40, 

122.06, 20.64. 

IR (thin film, CH2Cl2): 1772, 1577, 1449, 1368, 1181 cm-1. 

HRMS EI (m/z): [M]+ calcd for C8H6Cl2O2: 203.9745; found: 203.9737. 

 

1B: 3,4-dichlorophenyl acetate 

Pale yellow oil. 

Rf = 0.47 in 80% hexanes/20% EtOAc. 

1H NMR (CDCl3, 700 MHz): δ 7.43 (d, J = 8.8 Hz, 1H), 7.24 (d, J = 2.5 Hz, 

1H), 6.97 (dd, J = 2.5,  8.8 Hz, 1H), 2.29 (s, 3H). 

13C{1H} NMR (CDCl3, 175 MHz): δ 168.87, 149.36, 132.97, 130.78, 129.77, 123.97, 

121.38, 21.05. 

IR (thin film, CH2Cl2): 3096, 1762, 1590, 1466, 1368, 1188 cm-1. 

HRMS EI (m/z): [M]+ calcd for C8H6Cl2O2: 203.9745; found: 203.9744. 

 

2o: 2-(trifluoromethyl)phenyl acetate 

Yellow oil. 

Rf = 0.51 in 80% hexanes/20% EtOAc. 

1H NMR (CDCl3, 700 MHz): δ 7.67 (d, J = 7.9 Hz, 1H), 7.57 (app t, J = 7.9 

Hz, 1H), 7.34 (app t, J = 7.9 Hz, 1H), 7.23 (d, J = 7.9 Hz, 1H), 2.33 (s, 3H).  

13C{1H} NMR (CDCl3, 175 MHz): δ 168.99, 148.24 (q, 3JC–F = 1.8 Hz), 133.13, 127.03 (q, 

3JC–F = 4.9 Hz), 126.08, 124.56, 123.08 (q, 1JC–F = 272.5 Hz),  123.03 (q, 2JC–F = 31.4 Hz), 

20.83.  

19F NMR (CDCl3, 470 MHz): δ –61.95 (s).  

IR (thin film, CH2Cl2): 2362, 1771 (C=O), 1614, 1494, 1456, 1372, 1319, 1188 cm-1. 
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HRMS EI (m/z): [M]+ calcd for C9H7F3O2, 204.0398; found: 204.0401. 

 

2m: 3-(trifluoromethyl)phenyl acetate 

Yellow oil. 

Rf = 0.54 in 80% hexanes/20% EtOAc. 

1H NMR (CDCl3, 700 MHz): δ 7.50 (app d, J = 4.0 Hz, 2H), 7.38 (s, 1H), 

7.31-7.29 (m, 1H), 2.32 (s, 3H). 

13C{1H} NMR (CDCl3, 175 MHz): δ 169.11, 150.84, 132.0 (q, 2JC–F = 66.0 Hz), 130.11, 

125.35, 123.60 (q, 1JC–F = 272.4 Hz), 122.74 (q, 3JC–F = 3.8 Hz), 119.02 (q, 3JC–F = 3.8 

Hz), 21.08.  

19F NMR (CDCl3, 470 MHz): δ –62.77 (s).  

IR (thin film, CH2Cl2): 3079, 1769 (C=O), 1598, 1450, 1326, 1221 cm-1. 

HRMS EI (m/z): [M]+ calcd for C9H7F3O2, 204.0398; found: 204.0397. 

 

2p: 4-(trifluoromethyl)phenyl acetate 

Colorless oil. 

Rf = 0.49 in 80% hexanes/20% EtOAc. 

1H NMR (CDCl3, 700 MHz): δ 7.65 (d, J = 8.4 Hz, 2H), 7.22 (d, J = 8.4 Hz, 2H), 

2.32 (s, 3H). 

13C{1H} NMR (CDCl3, 175 MHz): δ 169.01, 153.27, 128.18 (q, 2JC–F = 32.8 Hz), 126.88 (q, 

3JC–F = 3.7 Hz), 123.99 (q, 1JC–F = 271.8 Hz), 122.21, 21.13.  

19F NMR (CDCl3, 470 MHz): δ –62.32 (s).  

IR (thin film, CH2Cl2): 2362, 1759 (C=O), 1614, 1514, 1372, 1321 cm-1. 

HRMS EI (m/z): [M]+ calcd for C9H7F3O2, 204.0398; found: 204.0402. 

 

3A: 3-methoxy-2,4-dimethylphenyl acetate 

1H NMR (CD2Cl2, 700 MHz): δ 7.02 (d, J = 8.2 Hz, 1H), 6.71 (d, J = 8.2 

Hz, 1H), 3.71 (s, 3H), 2.28 (s, 3H), 2.27 (s, 3H), 2.08 (s, 3H). 

13C{1H} NMR (CD2Cl2, 175 MHz): δ 169.61, 157.95, 148.71, 129.02, 

128.44, 124.23, 117.74, 60.27, 20.96, 16.02, 9.75.  

 



87 
 

3B: 4-methoxy-2,4-dimethylphenyl acetate 

Colorless oil. 

Rf = 0.45 in 80% hexanes/20% EtOAc. 

1H NMR (CDCl3, 700 MHz): δ 6.73 (s, 2H), 3.70 (s, 3H), 2.27 (s, 6H), 2.25 

(s, 3H). 

13C{1H} NMR (CDCl3, 175 MHz): δ 169.82, 154.54, 146.07, 131.97, 121.35, 59.68, 21.03, 

16.15. 

IR (thin film, CH2Cl2): 2938, 1757 (C=O), 1480, 1199, 1008, 901 cm-1. 

HRMS ESI (m/z): [M+Na]+ calcd for C11H14O3Na, 217.0835; found: 217.0841. 

 

4A: 3-chloro-2,4-dimethylphenyl acetate 

Colorless oil. 

1H NMR (CD2Cl2, 700 MHz): δ 7.11 (d, J = 8.2 Hz, 1H), 6.86 (d, J = 8.2 

Hz, 1H), 2.37 (s, 3H), 2.30 (s, 3H), 2.20 (s, 3H).  

13C{1H} NMR (CD2Cl2, 175 MHz): δ 169.51, 148.24, 135.62, 134.52, 129.43, 121.82, 

120.42, 20.94, 20.70, 14.12. 

 

4B: 4-chloro-3,5-dimethylphenyl acetate 

White solid. 

Mp = 43-44 °C. 

Rf = 0.53 in 80% hexanes/20% EtOAc. 

1H NMR (CDCl3, 700 MHz): δ 6.83 (s, 2H), 2.37 (s, 6H), 2.28 (s, 3H). 

13C{1H} NMR (CDCl3, 175 MHz): δ 169.68, 148.35, 137.60, 131.86, 121.47, 21.18, 20.96. 

IR (thin film, CH2Cl2): 2930, 1758 (C=O), 1199, 1144, 1028, 898 cm-1. 

HRMS ESI (m/z): [M+H]+ calcd for C10H12ClO2, 199.0520; found: 199.0515. 

 

5A: 3-fluoro-2,4-dimethylphenyl acetate 

Colorless oil. 

Rf = 0.54 in 80% hexanes/20% EtOAc. 

1H NMR (CD2Cl2, 700 MHz): δ 7.02 (app t, J = 8.3 Hz, 1H), 6.73 (d, J = 

8.3 Hz, 1H), 2.29 (s, 3H), 2.25 (d, 4JH–F = 1.8 Hz, 3H), 2.06 (d, 4JH–F = 1.8 Hz, 3H).  
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13C{1H} NMR (CD2Cl2, 175 MHz): δ 169.47, 160.14 (d, 1JC–F = 243.9 Hz), 148.54 (d, 3JC–

F = 6.9 Hz), 128.33 (d, 3JC–F = 6.4 Hz), 122.57 (d, 2JC–F = 18.5 Hz), 118.33 (d, 2JC–F = 20.4 

Hz), 117.41 (d, 4JC–F = 3.8 Hz), 20.90, 14.53 (d, 4JC–F = 3.8 Hz), 8.68 (d, 4JC–F = 5 Hz).  

19F NMR (CD2Cl2, 470 MHz): δ –118.99 (app s).  

IR (thin film, CH2Cl2): 2924, 2854, 1768 (C=O), 1488, 1465, 1215, 1200, 1073 cm-1. 

HRMS EI (m/z): [M]+ calcd for C10H11FO2, 182.0743; found: 182.0744. 

 

5B: 4-fluoro-3,5-dimethylphenyl acetate 

Colorless oil. 

Rf = 0.54 in 80% hexanes/20% EtOAc. 

1H NMR (CD2Cl2, 700 MHz): δ 6.74 (d, 4JH–F = 6.0 Hz, 2H), 2.25 (d, 4JH–F = 

1.6 Hz, 6H), 2.24 (s, 3H). 

13C{1H} NMR (CD2Cl2, 175 MHz): δ 170.01, 157.74 (d, 1JC–F = 240.8 Hz), 146.17 (d, 4JC–

F = 3.1 Hz), 125.85 (d, 2JC–F = 19.8 Hz), 121.92 (d, 3JC–F = 5.1 Hz), 21.19, 14.82 (d, 4JC–F 

= 4.1 Hz).  

19F NMR (CD2Cl2, 470 MHz): δ –126.07 (app s).  

IR (thin film, CH2Cl2): 2926, 2853, 1762 (C=O), 1485, 1437, 1368, 1214, 1188 cm-1. 

HRMS EI (m/z): [M]+ calcd for C10H11FO2, 182.0743; found: 182.0740. 

 

6A: 2,4-dimethyl-3-nitrophenyl acetate 

1H NMR (CD2Cl2, 700 MHz): δ 7.18 (d, J = 8.3 Hz, 1H), 7.10 (d, J = 8.3 

Hz, 1H), 2.32 (s, 3H), 2.29 (s, 3H), 2.09 (s, 3H). 

13C{1H} NMR (CD2Cl2, 175 MHz): δ 169.15, 152.82, 148.14, 129.50, 

127.44, 124.40, 123.09, 20.86, 17.24, 11.55. 

 

7A: 2,4-dichloro-3-methoxyphenyl acetate  

1H NMR (CD2Cl2, 700 MHz): δ 7.34 (d, J = 8.8 Hz, 1H), 6.93 (d, J = 8.8 

Hz, 1H), 3.91 (s, 3H), 2.33 (s, 3H).  

13C{1H} NMR (CD2Cl2, 175 MHz): δ 168.53, 153.75, 147.37, 128.45, 

126.87, 123.59, 119.92, 61.17, 20.75. 
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7B: 3,5-dichloro-4-methoxyphenyl acetate  

Pale yellow oil. 

Rf = 0.50 in 80% hexanes/20% EtOAc. 

1H NMR (CDCl3, 700 MHz): δ 7.08 (s, 2H), 3.88 (s, 3H), 2.27 (s, 3H). 

13C{1H} NMR (CDCl3, 175 MHz): δ 168.90, 150.41, 146.25, 129.56, 122.46, 

60.86, 20.98. 

IR (thin film, CH2Cl2): 2936, 1766 (C=O), 1569, 1473, 1423, 1171 cm-1. 

HRMS EI (m/z): [M]+ calcd for C9H8Cl2O3, 233.9850; found: 233.9855. 

 

8A: 2,3,4-trimethoxyphenyl acetate 

1H NMR (CD2Cl2, 700 MHz): δ 6.73 (d, J = 8.8 Hz, 1H), 6.64 (d, J = 8.8 

Hz, 1H), 3.85 (s, 3H), 3.84 (s, 3H), 3.83 (s, 3H), 2.27 (s, 3H).  

13C{1H} NMR (CD2Cl2, 175 MHz): δ 169.81, 152.30, 143.53, 138.22, 

117.00, 106.81, 61.36, 61.17, 56.52, 20.81. 

 

9A: 2,4-dichlorophenyl acetate 

Colorless oil. 

Rf = 0.53 in 80% hexanes/20% EtOAc. 

1H NMR (CDCl3, 700 MHz): δ 7.44 (d, J = 2.4 Hz, 1H), 7.24 (dd, J = 8.7, 

2.4 Hz, 1H), 7.06 (d, J = 8.7 Hz, 1H), 2.33 (s, 3H). 

13C{1H} NMR (CDCl3, 175 MHz): δ 168.33, 145.81, 131.99, 130.16, 128.02, 127.91, 

124.65, 20.62. 

IR (thin film, CH2Cl2): 3095, 1765 (C=O), 1473, 1371, 1181, 1095 cm-1. 

HRMS EI (m/z): [M]+ calcd for C8H6Cl2O2, 203.9745; found: 203.9741. 

 

9C: 2,6-dichlorophenyl acetate 

Pale yellow oil. 

Rf = 0.57 in 80% hexanes/20% EtOAc. 

1H NMR (CD2Cl2, 700 MHz): δ 7.39 (d, J = 8.1 Hz, 2H), 7.17 (t, J = 8.1 Hz, 

1H), 2.38 (s, 3H). 

13C{1H} NMR (CDCl3, 175 MHz): δ 168.39, 148.43, 128.04, 127.58, 122.11, 20.77. 
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IR (thin film, CH2Cl2): 3084, 1772 (C=O), 1576, 1445, 1368, 1176 cm-1. 

HRMS EI (m/z): [M]+ calcd for C8H6Cl2O2, 203.9745; found: 203.9749. 

 

10A: 2,3-dimethoxyphenyl acetate (authentic sample, synthesized 

from 2,3-dimethoxyphenol) 

Colorless oil. 

Rf = 0.32 in 80% hexanes/20% EtOAc. 

1H NMR (CDCl3, 700 MHz): δ 7.01 (app t, J = 8.3 Hz, 1H), 6.80 (d, J = 8.3 Hz, 1H), 6.67 

(d, J = 8.3 Hz, 1H), 3.85 (s, 3H), 3.83 (s, 3H), 2.31 (s, 3H). 

13C{1H} NMR (CDCl3, 175 MHz): δ 169.20, 153.75, 144.24, 141.09, 123.47, 115.04, 

110.21, 60.67, 56.03, 20.72. 

IR (thin film, CH2Cl2): 2944, 2838, 1767 (C=O), 1492, 1472, 1198 cm-1. 

HRMS ESI (m/z): [M+H]+ calcd for C10H13O4, 197.0808; found: 197.0805. 

 

11A: 2-bromo-5-fluorophenyl acetate (authentic sample, 

synthesized from 2-bromo-5-fluorophenol) 

Colorless oil. 

Rf = 0.57 in 80% hexanes/20% EtOAc. 

1H NMR (CDCl3, 700 MHz): δ 7.55 (dd, J = 8.7, 5.9 Hz, 1H), 6.92 (dd, J = 8.7, 2.9 Hz, 

1H), 6.88 (dt, J = 8.7, 2.9 Hz, 1H), 2.34 (s, 3H). 

13C{1H} NMR (CDCl3, 175 MHz): δ 168.10, 161.95 (d, 1JC–F = 248.9 Hz), 148.98 (d, 3JC–F 

= 11.0 Hz), 133.78 (d, 3JC–F = 9.04 Hz), 114.73 (d, 2JC–F = 22.3 Hz), 111.97 (d, 2JC–F = 

25.2 Hz), 110.93 (d 4JC–F = 4.0 Hz), 20.76.  

19F NMR (CDCl3, 376 MHz): δ –112.0 (dt, J = 5.9, 8.7 Hz). 

IR (thin film, CH2Cl2): 1771 (C=O), 1590, 1474, 1183, 1142 cm-1. 

HRMS EI (m/z): [M]+ calcd for C8H6BrFO2, 231.9535; found: 231.9537. 

 

11B: 5-bromo-2-fluorophenyl acetate 

White solid. 

Mp = 72-73 °C. 

Rf = 0.55 in 80% hexanes/20% EtOAc.  
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1H NMR (CDCl3, 700 MHz): δ 7.34-7.32 (m, 1H), 7.30 (d, J = 6.7, 1H), 7.05 (app t, J = 

9.7, 1H), 2.33 (s, 3H). 

13C{1H} NMR (CDCl3, 175 MHz): δ 168.02, 153.57 (d, 1JC–F = 249.9 Hz), 138.89 (d, 2JC–F 

= 14.1 Hz), 130.16 (d, 3JC–F = 7.03 Hz), 127.18, 118.15 (d, 2JC–F = 20.1 Hz), 116.22 (d, 

3JC–F = 3.8 Hz), 20.56.  

19F NMR (CDCl3, 376 MHz): δ –129.69 (m). 

IR (thin film, CH2Cl2): 3072, 1761 (C=O), 1368, 1200, 1181, 1109 cm-1. 

HRMS EI (m/z): [M]+ calcd for C8H6BrFO2, 231.9535; found: 231.9540. 

 

15o: 2-(tert-butyl)phenyl acetate 

Colorless oil. 

Rf = 0.59 in 80% hexanes/20% EtOAc. 

1H NMR (CDCl3, 400 MHz): δ 7.41 (d, J = 7.8 Hz, 1H), 7.25-7.15 (multiple 

peaks, 2H), 7.01 (d, J = 7.1 Hz, 1H), 2.34 (s, 3H), 1.37 (s, 9H). 

13C{1H} NMR (CDCl3, 175 MHz): δ 169.71, 149.19, 141.04, 127.31, 126.97, 125.86, 

124.11, 34.54, 30.29, 21.78. 

IR (thin film, CH2Cl2): 2959, 1764 (C=O), 1485, 1443, 1368, 1209, 1184, 1087 cm-1. 

HRMS EI (m/z): [M]+ calcd for C12H16O2, 192.1152; found: 192.1152. 

 

15m: 3-(tert-butyl)phenyl acetate 

White solid. 

Mp = 38-40 °C. 

Rf = 0.59 in 80% hexanes/20% EtOAc. 

1H NMR (CDCl3, 700 MHz): δ 7.31-7.29 (m, 1H), 7.26-7.24 (m, 1H), 7.07-7.06 (m, 1H), 

6.91-6.89 (m, 1H), 2.29 (s, 3H), 1.31 (s, 9H). 

13C{1H} NMR (CDCl3, 175 MHz): δ 169.77, 153.19, 150.67, 129.01, 123.00, 118.71, 

118.67, 34.91, 31.37, 21.34. 

IR (thin film, CH2Cl2): 2958, 1758 (C=O), 1584, 1372, 1204, 1187 cm-1. 

HRMS ESI (m/z): [M+H]+ calcd for C12H17O2, 193.1223; found: 193.1222. 

 



92 
 

15p: 4-(tert-butyl)phenyl acetate 

Colorless oil. 

Rf = 0.59 in 80% hexanes/20% EtOAc. 

1H NMR (CDCl3, 700 MHz): δ 7.38 (d, J = 8.5, 2H), 7.01 (d, J = 8.5 Hz, 2H), 

2.29 (s, 3H), 1.31 (s, 9H). 

13C{1H} NMR (CDCl3, 175 MHz): δ 169.88, 148.75, 148.43, 126.47, 120.98, 34.61, 31.55, 

21.32. 

IR (thin film, CH2Cl2): 2963, 1761 (C=O), 1509, 1366, 1196 cm-1. 

HRMS ESI (m/z): [M+H]+ calcd for C12H17O2, 193.1223; found: 193.1221. 

 

16o: 2-chlorophenyl acetate 

Pale yellow oil. 

Rf = 0.51 in 80% hexanes/20% EtOAc. 

1H NMR (CDCl3, 700 MHz): δ 7.44 (d, J = 8.0 Hz, 1H), 7.26 (t, J = 8.0 Hz, 

1H), 7.17 (t, J = 8.0 Hz, 1H), 7.13 (d, J = 8.0 Hz, 1H), 2.34 (s, 3H). 

13C{1H} NMR (CDCl3, 175 MHz): δ 168.51, 147.06, 130.32, 127.81, 127.10, 126.92, 

123.77, 20.62. 

IR (thin film, CH2Cl2): 3071, 1772 (C=O), 1475, 1367, 1183 cm-1. 

HRMS EI (m/z): [M]+ calcd for C8H7ClO2, 170.0134; found: 170.0135. 
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CHAPTER 5. THE DEVELOPMENT OF CATALYTIC 

METHANE C–H BORYLATION AND A COMPARISON OF RH AND 

IR CATALYSTS
* 

5.1 INTRODUCTION 

The increasing quantities of light alkanes that are being harnessed through 

fracking has spurred renewed interest in the development of methods for their 

functionalization. In particular, methane, the primary component in natural gas, is 

abundant and inexpensive; as such, the potential to increase its value through 

functionalization is high.1 Despite the urgency, there are a limited number of means to 

functionalize methane.2 The dearth of methane functionalization methods are due to four 

factors (see Figure 5.1): i) as a gas, methane is difficult to handle; ii) the bond dissociation 

energy (BDE) is the highest of simple alkanes at 105 kcal/mol; 3  iii) the initial 

functionalization product is usually metastable and can easily be further functionalized;4 

and iv) the choice of reaction medium (solvent) is limited, as typical solvents have C–H 

bonds that can compete with methane.  

Figure 5.1. Challenges associated with methane C–H functionalization 

 

Industrially, methane is primarily used to make syngas.2a In the literature, there are 

few examples of methane functionalization using homogeneous catalysts (Scheme 5.1),2c 

with methane oxidation to methanol derivatives being the dominant reaction (Scheme 

                                                           
* Work in this chapter was collaborative with Sydonie D. Schimler. Her contribution to this work is the rate 
data of MeBpin and CyBpin, as well as repeating the screening of reaction conditions to evaluate 

reproducibility.  
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5.1a). While there are a number of catalysts and conditions used, they all require 

aqueous/highly acidic solvents and/or expensive oxidants or have low turnover numbers 

of the catalyst, which are typically Pd and Pt.2d Additional methane functionalization 

reactions reported by Tilley and coworkers are the hydromethylation of alkenes5 (Scheme 

5.1b) and silylation 6  (Scheme 5.1c) using a scandocene catalyst. However, these 

methods require long reaction times and proceed with low turnover numbers (typically 

<10). Finally, Perez and coworkers have recently developed a protocol for carbenoid 

insertion into the C–H bonds of methane using a silver catalyst (Scheme 5.1d).7 This 

reaction uses supercritical CO2 as the solvent, avoiding the problem of competitive C–H 

functionalization of the solvent. Despite that advancement, the use of the carbenoid 

precursor, ethyl diazoacetate, is undesirable as it is unstable and shock sensitive.  

Scheme 5.1. Methods of methane functionalization known in the literature 

 

There are additional examples of stoichiometric functionalization of methane in the 

literature.8 [Cp*Ir]9 and [Cp*Rh]10 complexes have been known to activate a variety of C–

H bonds via oxidative addition (see Chapter 1), but functionalization of the formed 

alkylmetal species is rare. One case in which C–H bonds of alkanes are readily 

functionalized is borylation using diboron reagents (Scheme 5.2).11 Alkane borylation was 

first reported as a stoichiometric reaction in which a [W]–B(OR)2 fragment selectively 

reacts with the primary position of alkanes such as pentane and ethylcyclohexane to form 

alkyl-B(OR)2 (Scheme 5.2a).12 A catalytic protocol was later developed using Cp*Rh(η4-

C6Me6) (Cp* = pentamethylcyclopentadienyl) as the catalyst and bis(pinacolato)diboron 
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(B2pin2) as the limiting reagent (Scheme 5.2b).13 This reaction is selective for primary C–

H bonds and the substrate is commonly used as solvent,13c avoiding competitive solvent 

C–H bond functionalization. In subsequent reports, the Ir catalyst system (η6-

Mes)Ir(Bpin)3/Me4Phen (Mes = mesitylene; Me4Phen = 3,4,7,8-tetramethyl-1,10-

phenanthroline) was used for C–H borylation of secondary C–H bonds.14 This work built 

upon prior examples of aryl C–H borylation using (η6-Mes)Ir(Bpin)3,15 [(COD)Ir(OMe)]2,16 

and [(COD)IrCl]215a,16,17 in conjunction with nitrogen-15b,16,17,18 and phosphorous-based15 

ligands. Despite the high selectivity and activity of these catalysts, methane or other light 

alkanes were not explored as a substrates. 

Scheme 5.2. (a) Stoichiometric borylation of n-pentane using [W]–B(OR)2 complex. (b) 
Borylation of 1° or 2° alkanes using a Rh or Ir catalyst and B2pin2 

 

Based on these precedents, we hypothesized that these catalysts could be used 

to achieve the C–H borylation of methane (Scheme 5.3). Because of the inherent 

challenges in methane functionalization, we anticipate the possibility of forming by-

products. The first by-product would be from diborylation (represented throughout as 

Me(Bpin)2), in which the product of the first borylation then acts as a substrate.  

Additionally, if the solvent has C–H bonds, we expect that those C–H bonds can be 

borylated as well. Discussed below is the development of a catalytic method for the C–H 

borylation of methane, from initial catalyst evaluation, screening of reaction conditions, a 

systematic comparison of alkyl C–H bonds, and finally an evaluation of over-

functionalization, all the while comparing the best Ir and Rh catalysts.  
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Scheme 5.3. The borylation of methane and potential by-products 

 

5.2 RESULTS AND DISCUSSION 

Because the (η6-Mes)Ir(Bpin)3/Me4Phen catalyst system showed high activity for 

both primary and secondary C–H borylation, we began with that catalyst at 3 mol %.14a 

Cyclohexane (CyH) was chosen as the solvent since it is readily available, will solubilize 

methane, and has been shown to be an effective solvent for the borylation of arenes.16 

The temperature of 150 °C was chosen as the temperature based on prior alkane 

borylation examples.13a Using these conditions, the product of the borylation of methane, 

MeBpin, was measured by GC-FID in 45% calibrated yield, equaling 15 turnovers (Table 

5.1, entry 1). Significant amounts of the expected by-products were observed, diborylated 

methane (Me(Bpin)2) and borylated cyclohexane (CyBpin), which are reported as ratios 

relative to MeBpin formation (two right-most columns of Table 5.1). To identify a more 

selective catalyst, we next explored other known Ir-catalyst systems. The more-

established16 [(COD)Ir(OMe)]2 with Me4Phen failed to show improvement in yield of 

MeBpin (entry 2). We next turned to the Cp*[Ir]-type complexes19 known to activate 

methane,20 but [Cp*IrCl2]2 failed, giving only trace product (entry 3). Because of these low 

yields and/or selectivities, the Cp*[Rh] system was evaluated. Using the commercially 

available [Cp*RhCl2]2 precatalyst, MeBpin was formed in 51% yield, a slight improvement 

over the Ir system (entry 4). Encouragingly, the amounts of Me(Bpin)2 and CyBpin formed 

were significantly lower with this Rh catalyst. Cp*Rh(η4-C6Me6) is a precatalyst that has 

shown high activity for the borylation of n-octane13a and this catalyst, under our conditions, 
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gave 99% yield of MeBpin (TON = 33; entry 5). Furthermore, it gave high selectivity, with 

minimal amounts of diborylation and CyBpin formed.  

Table 5.1. Evaluating Rh and Ir complexes as catalysts for methane borylation 

 

Entry 
Catalyst and 

Ligand 

TON 
for 

MeBpin 

Yield 
MeBpina 

MeBpin:CyBpin MeBpin:Me(Bpin)2 

1 
(η6-Mes)Ir(Bpin)3 + 

Me4Phen 
15 45% 3:1 4:1 

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

Me4Phen 
2.7 8.3% 9:1 19:1 

3 [Cp*IrCl2]2 <1 <1% n.a.b n.a. 
4 [Cp*RhCl2]2 17 51% 49:1 16:1 
5 Cp*Rh(η4-C6Me6) 33 99% 59:1 9:1 

aYields are determined by GC-FID using a calibration curve and an internal standard 
(PhCl or isododecane). bn.a.= not applicable; products were formed in yields too low to 
accurately determine selectivity ratios. 

 

Using Cp*Rh(η4-C6Me6) as the optimal catalyst, a variety of reaction conditions 

were explored for further optimization (Table 5.2). Because little room for improvement is 

available under the conditions detailed above (since they resulted in 99% yield), a lower 

catalyst loading was used to show the dependence of yield on reaction conditions. The 

standard conditions used for comparison are as follows: Cp*Rh(η4-C6Me6) (1.5 mol %), 

reaction time of 14 hours, 0.13 M in CyH, 150 °C, and 35 bar CH4. The yield resulting 

from the use of these standard conditions is 74% (entry 1), which equals 49 turnovers. 

As discussed previously, the yield and TON for 3 mol % catalyst loading is 99% and 33 
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(entry 2). Therefore, decreasing the catalyst loading decreases the yield, but increases 

the TON. Further decreasing the catalyst loading to 0.75 mol % showed a similar pattern, 

with 51% yield and 68 turnovers obtained after 14 h (entry 3). To test whether the catalyst 

is still active at this time point, the reaction was allowed to progress for 37 h (entry 4) and 

then for 86 h (entry 5). After 37 h, the yield and TON increased to 69% and 92, 

respectively; however, after 86 h, only minimal further increases were observed (73% 

yield and 97 turnovers). Notably, the MeBpin:Me(Bpin)2 selectivity increased at these low 

catalyst concentrations.  

Next, the concentration of the reaction was varied, and increasing the 

concentration resulted in a decrease in reaction yield, from 74% at 0.13 M (entry 1) to 

57% at 0.25 M (entry 6). Lowering the concentration had a minimally positive effect, and 

the yield increased to 77% at 0.065 M (entry 7). The effect of temperature was evaluated, 

and it was found that lowering the temperature from 150 °C to 130 °C resulted in a 

decreased reaction yield to 60% (entry 8), while increasing the temperature to 170 °C led 

to a slight improvement in the yield, giving 79% (entry 9); however, the MeBpin:CyBpin 

selectivity decreased to 33:1. The reaction pressure was also varied, and decreasing the 

pressure from 35 bar to 25 bar had a minimal effect, resulting in 68% yield of MeBpin 

(entry 10), whereas increasing the pressure to 50 bar led to an increased yield of 84% 

(entry 11). The selectivities obtained at varied pressures correlate with the amount of 

methane available: at higher pressures of methane, the selectivity for MeBpin formation 

versus CyBpin and Me(Bpin)2 formation is high. Despite this increase in yield at higher 

pressures, we chose to use 35 bar for practical reasons (one of our reactors is not rated 

for pressures higher than 55 bar).  
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Table 5.2. Optimization of reaction parameters 

 

Entry 
Variation from 

standard 
conditions 

TON for 
MeBpin 

Yield 
MeBpina 

MeBpin:CyBpin MeBpin:Me(Bpin)2 

1 none 49 74% 48:1 10:1 

2 3 mol % [Rh] 33 99% 59:1 9:1 
3 0.75 mol % [Rh] 68 51% 46:1 18:1 

4 
0.75 mol % [Rh], 

37 h 
92 69% 41:1 17:1 

5 
0.75 mol % [Rh], 

86 h 
97 73% 46:1 14:1 

6 0.25 M 38 57% 49:1 6:1 
7 0.065 M 51 77% 50:1 8:1 

8 130 °C 40 60% 60:1 11:1 
9 170 °C 53 79% 33:1 10:1 

10 25 bar CH4 45 68% 28:1 8:1 
11 50 bar CH4 56 84% 78:1 16:1 

aYields are determined by GC-FID using a calibration curve and an internal standard 
(PhCl or isododecane).  

 

To avoid the functionalization of the solvent cyclohexane, alternative solvents were 

explored. As seen in Table 5.3, traces of MeBin were detected in reactions conducted in 

THF, hexafluorobenzene, dichloroethane, and tetrachloroethylene (entries 2-5). Higher 

yields of 69% and 26% were observed in cyclopentane and perfluorohexane, respectively 

(entries 6 and 7). These values are still lower than when cyclohexane is used as the 

solvent and therefore, cyclohexane was used for further studies. Interestingly, the 

solubility of methane is approximately 2 times higher in perfluorohexane than in 

cyclohexane (solubility of methane is approximately 30 mM in cyclohexane and 80 mM in 

perfluoroheptane),21 suggesting that the yield is not limited by methane solubility. 
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Table 5.3. Testing various solvents for methane borylation 

 

Entry Solvent 
TON for 
MeBpin 

Yield 
MeBpina 

MeBpin:Me(Bpin)2 

1 Cyclohexane 49 74% 10:1 
2 THF <1 <1 n.a.b 
3 C6F6 1 2% n.a. 
4 Dichloroethane <1 <1 n.a. 
5 Tetrachloroethylene <1 <1 n.a. 
6 Cyclopentane 46 69%c 10:1 
7 Perfluorohexane 17 26% 8:1 

aYields are determined by GC-FID using a calibration curve and an internal standard 
(PhCl or isododecane). b n.a.= not applicable; products were formed in yields too low 
to accurately determine selectivity ratios. c8% yield of cyclopentylboronic acid pinacol 
ester formed (solvent functionalization), as determined by GC-FID using the calibration 
curve for cyclohexylboronic acid pinacol ester. 

 

 Since both active and selective catalysts are required for methane functionalization, 

we next looked in depth into the selectivity for the optimal Rh and Ir catalysts, Cp*Rh(η4-

C6Me6) and (η6-Mes)Ir(Bpin)3/Me4Phen (Table 5.4). These will henceforth be called [Rh] 

and [Ir]. First, the selectivity of cyclohexane functionalization versus methane 

functionalization was examined. We clearly observed a greater selectivity with [Rh] over 

[Ir]. The selectivity of MeBpin:CyBpin for [Rh] is 59:1 (entry 2), while it is 3:1 for [Ir] upon 

reaction completion (14 h reaction time, entry 4). Even at early conversions, [Rh] is much 

more selective for methane over cyclohexane (15:1 for [Ir] and 55:1 for [Rh], entries 3 and 

1, respectively).  
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Table 5.4. Comparison of Rh and Ir catalysts for CH4 vs. CyH borylation 

 

Entry Catalyst 
Reaction 

Time 
TON for 
MeBpin 

Yield MeBpina MeBpin:CyBpin 

1 [Rh] 0.5 h 9 27% 55:1 
2 [Rh] 14 h 33 99% 59:1 

3 [Ir] 2.5 h 8 23% 15:1 
4 [Ir] 14 h 15 45% 3:1 

aYields are determined by GC-FID using a calibration curve and an internal 
standard (PhCl or isododecane). 

 

Next, to compare the activity of these catalysts and their affinity for different C–H 

bonds in detail, we measured the reaction rate for methane, ethane (primary C–H bonds), 

and cyclohexane (secondary C–H bonds). Since these three substrates represent a 

spectrum of C–H bonds, the analysis of both catalysts’ affinities for each type of C–H 

bond will result in a more thorough knowledge of their activity. To obtain the rates of 

reaction for the gaseous substrates (methane and ethane), a modified high pressure 

reactor was used (Figure 5.2). This reactor has a liquid-sampling diptube (b) that extends 

to the reaction solution. When opened, the pressure of the headspace drives liquid up 

through the tube to be sampled via an outlet (e). The reactor is also equipped with a 

connection to a gas tank (closed during reaction progress) (a), a pressure transducer (c), 

and a safety release valve (d), and the reactor is heated in an aluminum heating block (f). 

Aliquots were taken periodically and analyzed by GC-FID to afford the rate data reported 

with methane and ethane as the substrates. For cyclohexane, rates were measured in 4 

mL Schlenk tubes (no positive pressure of gas was added in these experiments) with 

each time point run as two separate reactions in separate tubes (the reported yields are 

averages from these two separate reactions).  
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Figure 5.2. Reactor setup for in situ liquid sampling 

 

As can be seen in Figure 5.3a, formation of MeBpin using [Rh] is rapid and 

immediate. However, an induction period was observed during ethane borylation using 

[Rh]. The formation of ethylboronic acid pinacol ester (EtBpin), the product of borylation 

of ethane, is delayed by ~1.5 h, and then formation is rapid. Notably, this effect is not 

seen using [Ir]. We propose than ethylene, which is a possible contaminant in ethane, 

can coordinate to Rh of Cp*Rh(η4-C6Me6) after or as part of hexamethylbenzene 

dissociation, forming an ethylene complex. Cp*Rh(η2-CH2CH2)2 is a known precatalyst 

for alkane C–H borylation.13a As such, the formation of this species could delay formation 

of the active borylation catalysts (Cp*Rh(H)2(Bpin)2 and Cp*Rh(H)(Bpin)3)13b,c. Rates of 

ethane borylation are measured after this induction period. Because the Ir complex added 

is the tris-boryl complex, there is no prerequisite [M]-boryl complex formation to delay 

catalysis, as is proposed with [Rh].  
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Figure 5.3. Time studies for methane and ethane borylation 

 

 

The rates of reaction for the substrates are seen in Table 5.5. The rate of methane 

borylation is 84 mM/h using [Rh], which is about 7 times faster than [Ir]. Additionally, [Rh] 

is especially selective for methane, as seen when comparing the rates for methane (entry 

1) and ethane borylation (entry 2), which were measured under otherwise identical 

conditions (due to the relatively low liquidation pressure of ethane, pressures of 28 bar 

were used for these rate studies). Indeed, the rate of methane borylation is ~2.5 times 

faster than that of ethane for [Rh]. Of note, these values are uncorrected for the number 

of C–H bonds and for their respective solubility (the solubility of ethane (218 mM) is 7 

times higher than that of methane (30 mM) in cyclohexane at 1 atm and 25 °C),21 and if 

corrected, the relative rate is expected to be significantly higher. [Ir] shows only a slight 

preference for methane over ethane, with a relative rate of 1.3.  
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Table 5.5. Rates of reaction for methane, ethane, hexane, and cyclohexane using both 
the Rh and Ir catalysts 

 

Entry Substrate 
Rate with [Rh] 

(mM/h) 
Rate with [Ir] 

(mM/h) 
[Rh]/[Ir] Relative 

Rate 

1 Methanea 84 13 6.5 
2 Ethanea 34 10 1.7 
3 Cyclohexaneb 2.8 0.21 13 

a28 bar of the gas was used. bRun in neat cyclohexane (72 equiv). 
 

The weakest and most sterically crowded C–H bond tested (and the most 

statistically abundant) is the cyclohexyl C–H bond (entry 3). Presumably due to the steric 

environment, it shows the slowest rate in the C–H bond series for both catalysts, with [Rh] 

being 13 times faster than [Ir]. In general, [Rh] is more active than [Ir]. What is particularly 

revealing is the preference of [Rh] for methane C–H bonds over the other types of C–H 

bonds tested. These results show that [Rh] has overcome one of the significant 

challenges in methane functionalization, which is competitive solvent functionalization.  

 Another challenge in methane functionalization is over-functionalization. For 

methane oxidation chemistry, such as conversion to methanol, the products are 

metastable and are susceptible to further oxidation, to ultimately form CO2. This has been 

circumvented by generating products with electron-deficient groups, such as methyl 

bisulfate (CH3SO3H), which are kinetically unreactive towards over functionalization. 

While this is a successful strategy, it requires acidic solvents.2c,2d,4,22 Therefore, catalysts 

that can selectively functionalize methane while avoiding acidic solvents are the optimal 

choice. Because [Rh] has shown excellent selectivity for methane over other alkyl C–H 

bonds, we tested its selectivity for methane over MeBpin. As a competition, 1 equiv 

MeBpin and 35 bar methane were used as reactants in the same reaction vessel. A time 

course of the reaction is shown in Figure 5.4a. The yield of MeBpin (blue squares, right 

y-axis) represents the additional MeBpin formed from the C–H borylation of methane and 

the yield of Me(Bpin)2 (red circles, left axis) represents that formed from the C–H 

borylation of MeBpin. Because 1 equivalent (100% yield) of MeBpin is present from the 
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outset, the data starts at 100% yield (right y-axis). As can be seen in Figure 5.4a, the rate 

of formation of MeBpin is much greater than that of Me(Bpin)2, suggesting that there is a 

preference for methane over MeBpin as substrate. The same competition was performed 

using [Ir], and it was found that the amount of diborylated product exceeded the amount 

of newly formed MeBpin. Because one molecule of MeBpin must be formed from methane 

for every molecule of Me(Bpin)2 formed to see a change in the % yield of MeBpin, [Ir] 

shows minimal preference for either substrate, in marked contrast to [Rh].  

Figure 5.4. CH4 and MeBpin competition for the (a) Rh and (b) Ir catalysts 

 

 

Next, we measured the rate of each reaction independently. The rates of reaction 

for methane as the substrate used 35 bar of methane and the rates for MeBpin borylation 

used 1 equivalent of MeBpin (Table 5.6). Comparing the rates of methane and MeBpin 

C–H borylation, [Rh] has a clear preference for methane over MeBpin, with a relative rate 

of 2.4. Interestingly, [Ir] shows a slower relative rate (krel is 1.9) for methane borylation 
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than for MeBpin borylation when the rates are measured separately. The comparison of 

the relative rates of [Rh] and [Ir] for methane over MeBpin qualitatively reflect that [Rh] is 

a more selective catalyst than [Ir]. Because the exact concentration of methane under the 

reaction conditions is unknown, it is difficult quantify selectivity at this stage. However, the 

relative rates of the catalysts for methane and MeBpin can be qualitatively compared, and 

it is clear that [Rh] greatly outperforms [Ir] for both substrates. The Rh/Ir relative rate for 

methane at 35 bar is 9.2 (entry 1) and for MeBpin is 6.5 (entry 2).  

Table 5.6. Independent rates for methane and MeBpin 

 

Entry Substrate 
Rate with [Rh] 

(mM/h) 
Rate with [Ir] 

(mM/h) 
[Rh]/[Ir] Relative 

Rate 

1 Methanea 101 11 9.2 
2 MeBpinb 42 6.5 6.5 

a35 bar of the gas was used. b1 equivalent of MeBpin used in 0.13 M cyclohexane. 
 

5.3 CONCLUSION 

By studying the C–H borylation of methane, two gaps in the literature have been 

filled. The first is a method to functionalize methane selectively, avoiding solvent 

functionalization and over-functionalization, which were two major challenges associated 

with literature methods. The second is a thorough comparison of the activity of the best 

C–H borylation catalysts known in the literature. We compared the Rh and Ir catalyst 

systems for their selectivity toward different C–H bonds, information that was lacking in 

the literature despite much work on these catalysts over the past 15 years. It has become 

clear through these studies that the Rh catalyst shows excellent activity for the C–H 

borylation of methane and displays little competitive over-functionalization and 

functionalization of the solvent. 
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5.4 PERSPECTIVE AND OUTLOOK 

Moving forward on the borylation of methane and other light alkanes, the 

development of new catalysts is of paramount importance. With the improvement of 

selectivity for methane versus solvent functionalization, the next key step will be 

improvement of the selectivity for methane versus MeBpin functionalization. Improving 

this facet of selectivity will entail the development of new catalysts, mechanistic studies, 

and using diverse boron (diboron and borane) reagents.  

5.5 EXPERIMENTAL 

[(COD)IrCl]2 

 

[(COD)IrCl]2 was synthesized according to a literature procedure:23 a 500 mL 

round-bottom flask was charged with IrCl3•XH2O (4.0 g, approx. 10 mmol, 1 equiv) and a 

stirbar and the headspace was flushed with nitrogen. Deionized water (65 mL) and i-PrOH 

(120 mL) were sparged with nitrogen and added to the flask. COD (12 mL, 94 mmol, 9.0 

equiv) was then added via syringe. The flask was then fitted with a reflux condenser under 

nitrogen and heated to reflux in an oil bath. After heating for ca. 1 hour, the reaction 

became homogeneous and orange. After refluxing for a total of 16 h, the reaction was 

cooled to room temperature and orange crystals formed. Half of the reaction solvent was 

removed by rotary evaporation and the orange solid was collected by filtration, washing 

with deionized water. 3.2 g (91% yield) of an orange solid was obtained. 1H NMR matches 

that reported in the literature.24  
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[(COD)Ir(OMe)]2 

 

[(COD)Ir(OMe)]2 was synthesized according to a literature procedure: 25 

[(COD)IrCl]2 (200 mg, 0.30 mmol, 1.0 equiv) was weighed into a Schlenk flask, which was 

then charged with a stirbar and placed under a nitrogen atmosphere. MeOH (20 mL) was 

sparged with nitrogen and added to the flask, followed by KOH (34 mg, 0.60 mmol, 2.0 

equiv). This mixture was stirred for 3 hours, during which a yellow precipitate formed. This 

mixture was poured into deionized water (40 mL) which had been sparged with nitrogen. 

The resulting yellow solid was collected by filtration. The filtrate was cooled to -5 °C for 3 

hours and more yellow precipitate was formed. This solid was collected by filtration and 

combined with the first crop. The combined yellow solids were dried under vacuum over 

P2O5, giving 92% yield (183 mg). 1H NMR matches that reported in the literature.25 

Indenyl Lithium 

 

Indenyl lithium was prepared by analogy to a literature procedure: 26  under a 

nitrogen atmosphere, 1H-indene (3.3 mL, 29 mmol, 1.0 equiv) was measured into a 500 

mL, 3-neck, round bottom flask equipped with a stirbar. Et2O (140 mL; from solvent 

purification system) was added to the flask via cannula. The reaction was cooled to -84 °C 

in an EtOAc/liquid nitrogen bath and n-BuLi (17.1 mL of 2.5 M in hexane solution, 43 

mmol, 1.5 equiv) was added dropwise. The reaction was stirred in the bath for 5 min, and 

then the bath was removed. The reaction was allowed to warm to room temperature and 

react for 6 hours. The reaction was concentrated to dryness under vacuum. The flask was 

backfilled with nitrogen and then brought into a nitrogen-filled glovebox. The residue was 

suspended in pentane (15 mL; purified by solvent purification system) and the solid was 
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filtered. The solid was washed with pentane (3 x 10 mL), yielding 3.4 g (96%) of a pale 

yellow solid. 1H NMR matches that reported in the literature.27 

(COD)Ir(Ind) 

 

(COD)Ir(Ind) was prepared according to a literature procedure:28 in a nitrogen-filled 

glovebox, [(COD)IrCl]2 (1.0 g, 1.5 mmol, 1.0 equiv) was dissolved in THF (20 mL) in a 50 

mL round-bottom flask equipped with a stirbar. Indenyl lithium (0.36 g, 3.0 mmol, 2.0 

equiv) was then added in one portion to this solution. The reaction was capped and stirred 

at room temperature in the glovebox for 1 hour, during which the reaction had turned 

brown. The reaction was concentrated to dryness, giving a brown-red solid. This solid 

was extracted with pentane (5 x 20 mL). The liquid extractions were combined and 

concentrated to ca. 20 mL. The resulting dark yellow solid was collected by filtration, 

giving 0.85 g (COD)Ir(Ind) in 68% yield. 1H NMR matches that reported in the literature.28 

(η6-Mes)Ir(Bpin)3 

 

(η6-Mes)Ir(Bpin)3 was prepared according to a literature procedure:15b in a 

nitrogen-filled glovebox, (COD)Ir(Ind) (182 mg, 0.437 mmol, 1.00 equiv), mesitylene (2.0 

mL), and HBpin (0.63 mL, 4.37 mmol, 10.0 equiv) were combined in a 20 mL vial equipped 

with a stirbar. This vial was sealed with a Teflon-lined cap and heated to 75 °C for 12 

hours outside the glovebox in a pre-heated aluminum heating block. The reaction was 

cooled to room temperature and mesitylene was removed under vacuum, resulting in a 

black sludge. The vial was backfilled with nitrogen and brought into a nitrogen-filled 

glovebox. Pre-chilled (freezer at -25 °C) (Me3Si)2O (0.4 mL) was added and the resulting 
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white solid was separated by filtration. The white solid was further dried under vacuum, 

giving (η6-Mes)Ir(Bpin)3 (153 mg, 51% yield). 1H NMR matches that reported in the 

literature.15b  

[Cp*RhCl2]2 

 

[Cp*RhCl2]2 was prepared according to a literature procedure:29 a 100 mL round-

bottom flask was charged with RhCl3•XH2O (2.0 g, approx. 8 mmol, 1 equiv) and a stirbar 

and the headspace was flushed with nitrogen. Methanol (60 mL) was sparged with 

nitrogen and added to the flask. Cp*H (1.3 mL, 8.2 mmol, 1.1 equiv) was then added via 

syringe. The flask was then fitted with a reflux condenser under nitrogen and heated to 

reflux in an oil bath. After refluxing for a total of 48 h, the reaction was cooled to room 

temperature. The dark red solid was collected by filtration, washing with a minimal amount 

of methanol. 2.2 g (90% yield) of [Cp*RhCl2]2 was collected as a dark red solid. 1H NMR 

matches the commercial (Alfa Aesar) material. 

[Cp*Rh(η6-C6Me6)](PF6)2 

 

[Cp*Rh(η6-C6Me6)](PF6)2 was prepared according to a literature procedure:30 a 25 

mL round bottom flask was charged with [Cp*RhCl2]2 (0.90 g, 1.5 mmol, 1.0 equiv), 

hexamethylbenzene (1.2 g, 7.1 mmol, 4.9 equiv), and a stirbar. The reaction flask was 

sealed and placed under nitrogen. TFA (17 mL) was then added via syringe and the 

reaction flask was fitted with a reflux condenser under nitrogen. The reaction was then 

heated to reflux for 1 hour. After cooling to room temperature, the resulting brown mixture 

was concentrated to dryness by rotary evaporation. Deionized water (18 mL) was added 



112 
 

and the mixture was filtered. To the filtrate, NH4PF6 (1.2 g, 7.3 mmol, 5.0 equiv) was 

added, forming a white precipitate. This mixture was centrifuged (5000 rpm, 20 min) and 

the liquid was decanted and discarded. The white solid was dried over P2O5 under 

vacuum for ca. 3 hours and then recrystallized with acetone and Et2O. The solid was 

filtered and rinsed with Et2O, giving [Cp*Rh(η6-C6Me6)](PF6)2 as a white solid (1.4 g, 65% 

yield). 1H NMR matches that reported in the literature.30 

Cp*Rh(η4-C6Me6) 

 

[Cp*Rh(η4-C6Me6)] was prepared according to a literature procedure: 31  in a 

nitrogen-filled glovebox, [Cp*Rh(η6-C6Me6)](PF6)2 (450 mg, 0.652 mmol, 1.00 equiv) was 

weighed into a 25 mL round-bottom flask equipped with a stirbar. Pentane (18 mL; from 

solvent purification system) was added, followed by Cp2Co (240 mg, 1.27 mmol, 1.95 

equiv). This mixture was stirred for 1 hour at room temperature. A green solid was then 

filtered off and discarded, giving a red filtrate, which was concentrated to dryness under 

vacuum. The resulting red solid was collected (224 mg, 86% yield). 1H NMR matches that 

reported in the literature.32 

General procedure for screening reaction conditions 

In a N2-filled glovebox, B2pin2 (226 mg, 0.890 mmol, 1.00 equiv) and any other 

solids were weighed into the well of the reactor also containing a magnetic stirbar. 

Cyclohexane (AcroSealTM) was measured by graduated cylinder and then added to the 

well of the reactor. The well was then taken outside of the glovebox, and the head 

assembled. The headspace of the reactor was then flushed 3 times with the gas of use 

(methane, nitrogen, etc.), and then the reactor was pressurized to the desired pressure. 

The reactor was then heated to the desired temperature in either a pre-heated oil bath or 

in a pre-heated aluminum heating block with stirring. To get reliable results, one reactor 

was setup at a time. After heating for the desired reaction time, the reactors were flash-
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cooled in a liquid nitrogen bath (the level of the liquid nitrogen did not surpass the reactor 

well height) for 5 minutes, which solidified any gases and liquids in the reactor. The 

reactions were then thawed to room temperature over approximately 1 hour. The internal 

standard (either PhCl or isododecane) was added via a Hamilton gas-tight microliter 

syringe, diluted with 5 mL cyclohexane (ACS grade), and an aliquot was taken from this 

mixture and analyzed by GC-FID. Yields are reported as averages of at least 2 

independent reactions. 

General procedure for time studies and rate data using gaseous substrates 

In a N2-filled glovebox, B2pin2 (678 mg, 2.67 mmol, 1.00 equiv) and any other solids 

were weighed into the well of the reactor also containing a magnetic stirbar. Isododecane 

was used as the internal standard and it was weighed into a vial and then this was 

transferred to the reaction well using the reaction solvent, cyclohexane as the transfer 

medium. Remaining cyclohexane (21 mL total, AcroSealTM) was then added to the well 

of the reactor. The well was then taken outside of the glovebox, and the head of the 

reactor was assembled. The headspace of the reactor was then flushed 3 times with the 

gas of use (methane or ethane), and then the reactor was pressurized to the desired 

pressure. The reactor was then heated to 150 °C in a pre-heated aluminum heating block 

with stirring. 0.5 mL aliquots were taken via the liquid sampling fitting, diluted to 1.5 mL 

with cyclohexane (ACS grade), and analyzed by GC-FID. It was found that the pressure 

dropped by ~3 bar every time an aliquot was taken; to counteract this, the reactor was 

immediately re-pressurized to the pressure it reaches at 150 °C after each aliquot was 

taken. This re-pressurization gave more reliable data. 

General procedure for time studies and rate data using liquid substrates 

Procedure for the Rh catalyst: In a N2-filled glovebox, stock solution was made by 

weighing out B2pin2 (650 mg, 2.6 mmol, 1.0 equiv), the liquid substrate (2.6 mmol, 1 equiv), 

and Cp*Rh(η4-C6Me6) (31 mg, 0.078 mmol, 0.030 equiv) into a volumetric flask. This was 

then diluted to 20 mL with cyclohexane (AcroSealTM) and shaken until homogeneous. 1.3 

mL aliquots (B2pin2 = 42 mg, 0.17 mmol, 1.0 equiv; [Rh] = 2.0 mg, 0.0051 mmol, 0.030 

equiv) were then dispensed into oven-dried 4 mL Schlenk tubes with stirbars. The tubes 

were sealed with Teflon taps, brought outside the glovebox, and submerged in a pre-
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heated oil bath at 150 °C for the given reaction time below. The tubes were flash-frozen 

in a liquid N2 bath until solid, and then allowed to thaw to room temperature. PhCl was 

added as an internal standard, diluting with 2 mL cyclohexane. An aliquot of this mixture 

was taken for GC-FID analysis. Each data point is the average of 2 simultaneous and 

independent reactions.  

Procedure for the Ir catalyst: A stock solution of Me4Phen (60 mg, 0.24 mmol) in 

DCM (5.0 mL) was made and 100 μL aliquots (1.2 mg, 0.0050 mmol, 0.030 equiv) were 

dispensed into 4 mL Schlenk tubes with stirbars. These were stirred openly to air for 2 

hours to allow the DCM to evaporate. These tubes were then brought into a N2-filed 

glovebox. Also in the glovebox, a stock solution was made by weighing out B2pin2 (650 

mg, 2.6 mmol, 1.0 equiv), the liquid substrate (2.6 mmol, 1 equiv), and (η6-Mes)Ir(Bpin)3 

(54 mg, 0.078 mmol, 0.030 equiv) into a volumetric flask. This was then diluted to 20 mL 

with cyclohexane (AcroSealTM) and shaken until homogeneous. 1.3 mL aliquots (B2pin2 

= 42 mg, 0.17 mmol, 1.0 equiv; [Ir] = 3.5 mg, 0.0050 mmol, 0.030 equiv) were then 

dispensed into the Schlenk tubes containing Me4Phen and a stirbar. The tubes were 

sealed with Teflon taps, brought outside the glovebox, and submerged in a pre-heated oil 

bath at 150 C for the given reaction time below. The tubes were flash-frozen in a liquid 

N2 bath until solid, and then allowed to thaw to room temperature. PhCl was added as an 

internal standard, diluting with 2 mL cyclohexane. An aliquot of this mixture was taken for 

GC-FID analysis. Each data point is the average of 2 simultaneous and independent 

reactions. 

5.6 CHARACTERIZATION 

1H NMR (DMSO-D6, 700 MHz): δ 4.19 (s, 8 H), 2.25 (m, 8 H), 

1.80 (m, 8 H). 

 

 

1H NMR (CDCl3, 700 MHz): δ 3.54 (s, 8 H), 3.24 (s, 6 H), 2.23 

(s, 8H), 1.37 (m, 6 H). 
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1H NMR (DMSO-D6, 400 MHz): δ 7.08 (dd, J = 3.1, 5.9 Hz, 2 H), 6.35 (t, 

J = 3.3 Hz, 1 H), 6.20 (dd, J = 3.1, 5.9 Hz, 2 H), 5.71 (d, J = 3.3 Hz, 2 H). 

 

 

1H NMR (CDCl3, 400 MHz): δ 7.25 (m, 2 H), 7.08 (m, 2 H), 5.96 (m, 

1 H), 5.30 (d, J = 2.4 Hz, 2 H), 3.85 (d, J = 2.7 Hz, 4 H), 1.70 (m, 4 

H), 1.55 (m, 4 H).  

 

 

1H NMR (C6D6, 400 MHz): δ 5.64 (s, 3 H), 2.25 (s, 9 H), 1.34 (s, 

36 H). 

 

 

 

 

1H NMR (DMSO-D6, 500 MHz): δ 1.63 (s, 30 H). 

 

 

 

 

1H NMR (Aceone-D6, 400 MHz): δ 2.58 (s, 18 H), 2.12 (s, 15 H). 

 

 

 

 

1H NMR (C6D6, 400 MHz): δ 2.06 (s, 6 H), 1.65 (s, 15 H), 1.42 (s, 6 H), 

1.28 (s, 6 H). 
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