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Abstract 
 

The development of mild and selective methods for the functionalization of 

arene CH bonds remains an important challenge in organic chemistry. One 

strategy to achieve this goal is metal-catalyzed CH functionalization. Significant 

progress has been made with substrates possessing chelating directing groups 

that achieve metal-catalyzed CH functionalization at sites proximal to the 

directing groups. In contrast, relatively few examples of selective CH activation 

of simple arenes have been reported. The goal of this dissertation was to 

develop catalysts that promote CH activation and site-selective functionalization 

of arene C–H bonds in substrates that do not contain directing groups.  

In the first half of this dissertation, we explore Pt-catalyzed H/D exchange 

between benzene and acidic deuterium sources as a metric for directly 

comparing the reactivity of different Pt CH activation catalysts. Using this assay, 

we compare the reactivity of known Pt CH activation catalysts with bi- and 

tridentate nitrogen ligands and elucidate trends in reactivity. In the course of 

these studies, N-aryl diimine Pt dichloride complexes with ortho-halogen 

substitution of the aryl group were identified as superior CH activation 

precatalysts. 

In the second half of this dissertation, we discuss our results to develop site-

selective CH functionalization reactions. Our approach is to use steric and 

electronic modification of ancillary ligands of the metal catalyst to both modulate 

reactivity and dictate the preferred site of C–H activation. N-aryl diimine Pd 

dichloride complexes were found to efficiently and site-selectively catalyze the 

arylation of naphthalene to afford 1-phenyl-naphthalene. Furthermore, the yield 

and selectivity of this reaction can be modulated by modification of the L- and X-
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type ligands of the catalysts. Evidence for an unusual mechanism of CH 

activation at a high oxidation state PdIV center is also presented.  Additionally, 

this transformation was studied with a metal organic framework supported 

heterogeneous Pd catalyst in collaboration with Professor Adam Matzger’s 

laboratory. Finally, the use of commercially available platinum salts under 

modified reaction conditions affords both a pathway to selective formation of 2-

phenyl-naphthalene, as well as promising initial results for wider arene substrate 

scope. 
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Chapter 1: Introduction 
 

One of the greatest challenges of this century is the development of low-cost 

and efficient methods for the conversion of chemical feedstocks, such as natural 

gas, directly into value added chemicals, like methanol, ethylene, propylene, etc. 

The selective conversion of inert C–H bonds found in alkanes and arenes into 

new functional groups is a powerful strategy for rapidly increasing the complexity 

of organic molecules.1 Such transformations would find broad application in the 

preparation of alternative fuels, agrochemicals, and commodity chemicals by 

fundamentally changing the way chemists approach the assembly of complex 

molecules. Furthermore, new methods in this area have the potential to impact 

human health by expediting the assembly and/or late-stage modification of drug 

targets, natural products, imaging agents, and other biological probes. 

CH bonds are particularly strong bonds. For example benzene has a pKa of 

43 and a bond dissociation energy of 110 kcal/mol. Furthermore, these bonds 

are notoriously inert to both homolytic and heterolytic cleavage. CH bonds are 

ubiquitous in organic molecules; therefore, any methodology must be highly 

selective for the target CH bond while leaving all others intact. For example, the 

pharmaceutical Fluoxetine, sold as “Prozac,” shown in Figure 1, possesses 

multiple, unique CH bonds, including differently substituted aromatic sp2 CH 

bonds as well as primary, secondary, and tertiary sp3 CH  bonds. Site-selective 

functionalization of any one of these various sites could be desirable for 

structure-activity relationship studies in the pursuit of new drug derivatives or to 

study pharmacokinetics. 
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Figure 1.1. The pharmaceutical Prozac contains multiple, unique CH bonds. 

 

 

An attractive strategy for overcoming both of these challenges is the use of a 

transition metal catalyst. A catalyst is defined as a reagent which lowers the 

activation barrier of a given reaction without being consumed during that 

transformation. In the case of CH functionalization, a transition metal catalyst 

can be used to “activate” the CH bond by lowering the activation energy for 

bond scission. As shown in Scheme 1, a transition metal catalyst can coordinate 

to a CH σ-bond, donating electron density into the σ* orbital (complex A). This 

in turn weakens the CH bond and can lead to the formation of a new 

metalcarbon bond (Scheme 1, complex B). The resulting organometallic 

intermediate can then be further manipulated to release different carbonX 

bonds, where X is halogen, oxygen, nitrogen, carbon, etc. 

 

Scheme 1.1. Metal-catalyzed CH activation 

 

 

Metal-catalyzed CH activation also provides a framework for addressing the 

challenge of site-selectivity. One successful approach has been the use of 

substrate-based control. For example one method is to use substrates that can 

coordinate to the metal center through the formation of a dative bond. These so-

called “directing groups” (Scheme 1.2, L), include nitrogen heterocycles, amides, 

oxime ethers/esters, and imines. Upon coordination of the directing group to the 
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metal center, metal-mediated CH activation occurs preferentially at a proximal 

CH bond resulting in the formation of a metallocycle (Scheme 1.2) 

 

Scheme 1.2. Ligand directed CH activation  

MH
[M] L

L

 

 

An alternative strategy is to tether an aryl halide and the CH bond containing 

substrate (Scheme 1.3).2 In this case, the aryl halide undergoes oxidative 

addition to the metal catalyst positioning the desired CH bond proximal to the 

metal center (complex C). Metal-mediated CH activation then results in the 

formation of a cyclometallated organometallic intermediate D, which can undergo 

further functionalization.  

 

Scheme 1.3. Intramolecular coupling partners direct CH activation 

X = halogen

[M]n catalyst

X

R'
R

H [M ]n+2

R'
R

H M

R'
R

(C) (D)  

 

These strategies for site-selective CH activation have led to a wide variety of 

new CH functionalization reactions. In particular the last two decades have seen 

the development of novel Pd-catalyzed transformations for the activation and 

functionalization of CH bonds3 that are general across a wide range of directing 

groups. Simple Pd salts can be used to effect the selective transformation of 

alkane and arene C–H bonds into C–O, C–OR, C–Cl, C–Br, C–I, C–F, and C–C 

bonds (Figure 1.2 for examples). However, the requirement for substrate-based 

control over selectivity inherently restricts the scope of these transformations. 
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Figure 1.2 Select examples of Pd-catalyzed, ligand-directed CH 
functionalization  

 

 

Despite this success, the ability to selectively activate and functionalize CH 

bonds of simple arenes remains an important challenge in organic synthesis. In 

one of the most groundbreaking discoveries of the twentieth century, A. E. Shilov 

reported the Pt-catalyzed oxidation of alkanes and benzene.4 A variety of simple 

substrates were hydroxylated using K2PtIICl4 as the catalyst in the presence of a 

stoichiometric oxidant, K2PtIVCl6 (Scheme 1.4). The proposed mechanism 

involved CH bond activation at PtII (Scheme 1.4, step 1) followed by oxidation 

by the PtIV salt to yield a high oxidation state organometallic PtIV intermediate 

(step 2). Upon oxidation the Ptcarbon bond undergoes a reversal in polarity 

rendering the carbon electrophilic. From this high-energy, reactive intermediate a 

new carbonoxygen bond is formed (step 3).5  
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Scheme 1.4. Proposed mechanism of the Shilov oxidation 

 

 

This pioneering work sparked an entire field of inquiry into new catalysts for 

related alkane and arene functionalization reactions.6,7,8,9 However, there are 

several drawbacks to the Shilov system including use of an expensive 

stoichiometric Pt oxidant, low turnover numbers, the formation of undesired 

chlorinated side products, and catalyst deactivation via platinum metal 

deposition. Initial efforts to improve this transformation were focused on studying 

the three individual steps of the proposed mechanism. 

In particular, considerable effort has aimed to design ligands for Pt-catalyzed 

CH activation. Since the 1980’s many PtII complexes containing diverse bi- and 

tridentate nitrogen donor ligands have been synthesized and their reactivity 

toward CH bond scission has been evaluated by both stoichiometric formation 

of organo-Pt intermediates and by H/D exchange assays. Although these studies 

have provided valuable insights into reactivity, mechanism, and selectivity, 6 the 

inconsistency in reaction conditions and catalyst design makes it impossible to 

compare the reactivity of different catalysts or decipher trends. In the case of 

stoichiometric investigations, the platinum complexes that were probed are 

considerably different in structure than the catalytically active platinum chloride 

complex used in the Shilov system calling in to question the applicability of the 

observed results to a catalytic reaction. Although H/D exchange assays do probe 

catalytically relevant intermediates, there are no standard conditions in the 

literature; therefore, it is impossible to directly compare the results of one catalyst 

to another. 
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In the first half of this dissertation, we explore Pt-catalyzed H/D exchange 

between benzene and acidic deuterium sources as a metric for directly 

comparing the reactivity of different Pt CH activation catalysts. In chapter 2, we 

present the development of a systematic H/D exchange assay including rigorous 

evaluation of background uncatalyzed exchange and the impact of common 

additives.10 Using this quick, first-pass assay, we can directly compare the 

reactivity of known Pt CH activation catalysts to elucidate trends in reactivity. 

We also examined the impact of temperature. Additionally, we demonstrated that 

this assay is a valuable tool to probe a new class of quaternized nitrogen ligands 

for Pt-catalyzed CH activation.11 

In the course of these studies, a diimine Pt dichloride catalyst was identified as 

a superior CH activation catalyst under all conditions examined. In chapter 3, 

we further investigate this class of catalyst by studying the initial rates of CH 

activation using our catalytic H/D exchange assay. A series of diimine ligands 

were synthesized to probe the effects of sterics, electronics, and halogen 

substitution. The analogous Pt dichloride complexes were then subjected to the 

H/D exchange conditions. The results of these catalytic studies are directly 

compared to previously reported trends observed for the stoichiometric CH 

activation of benzene by related cationic diimine Pt methyl complexes. 

In the second half of this dissertation, we discuss our results to develop site-

selective CH functionalization reactions. Compared to the H/D exchange 

reactions discussed above, Shilov-type functionalization reactions involve two 

additional steps in the catalytic cycle – oxidation and reductive elimination. There 

has been extensive investigation of the stoichiometric reactivity of PtIV 

organometallic species implicated in the putative Shilov catalytic cycle.12,13,14,15 

Detailed study of the parameters governing the mechanism and chemoselectivity 

of CC, Chalogen, and CO bond forming reductive elimination at PtIV has been 

of great interest. Modulation of reactivity and chemoselectivity has been shown to 

depend on oxidant,16 supporting ligands,17,18 and the presence of nucleophilic 

additives.19 These stoichiometric studies also revealed that platinum complexes 
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typically exhibit slow rates of reductive elimination and ligand exchange. These 

factors can result in low overall turnover numbers (TONs) and small turnover 

frequencies (TOFs) for catalytic functionalization reactions.  

One way to circumvent this problem is to instead use Pd catalysts. Although 

more difficult to oxidize,20 Pd catalysts should exhibit faster rates of reductive 

elimination. Over the past eight years, numerous exciting advances have 

demonstrated the viability of high oxidation state PdIV and PdIII species 

analogous to those invoked in the Shilov cycle. These intermediates have been 

implicated in catalytic ligand-directed Pd-catalyzed CH functionalization 

reactions under oxidizing conditions.3 

In chapters 4 and 5, we present our results on the development of a novel, site-

selective catalytic CH arylation reaction. The direct functionalization of 

unactivated arenes remains extremely rare, especially site-selective 

functionalization.21,22,23,24,25,26,27 Our approach is to use steric and electronic 

modification of ancillary ligands at the metal to both modulate reactivity and 

dictate the preferred site of C–H activation. While catalyst control of selectivity 

and reactivity is common in other areas of Pd catalysis,28,29,30,31,32,33 this 

approach has rarely been applied to CH activation reactions.34,35,36 

We chose to investigate CH arylation since arylaryl bonds are ubiquitous in 

organic molecules including pharmaceuticals, agrochemicals, and natural 

products.37 These linkages are most commonly formed via the cross-coupling of 

two prefunctionalized arenes (Scheme 1.5).38 Myriad pharmaceutical and 

agrochemical candidates have been prepared using a Pd-catalyzed cross-

coupling reaction as a key synthetic step.39-41 Due to the broad applications of 

this area of catalysis, Pd-catalyzed cross-coupling was recognized by the 2010 

Nobel Prize.  

 

Scheme 1.5. Traditional Pd-catalyzed CC coupling reactions from two 
prefunctionalized starting materials. 

X Y+ + XY
[Pd] catalyst
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Recently, there has been tremendous progress in the development of ligand-

directed, metal-catalyzed C–H arylation reactions.42,43,44,45 In these systems, the 

arylaryl bond is formed by directly merging an arene or heteroarene with an aryl 

halide, aryl organometallic (e.g., ArB(OH)2, ArSnBu3, ArSiX3), or aryl iodonium 

salt (Scheme 1.6).  Importantly, this methodology reduces the number of 

synthetic steps and the quantity of waste generated (since one reagent no longer 

must be prefunctionalized). 

 

Scheme 1.6. Metal-catalyzed direct CH arylation 

X H+ + XH
[M] catalyst

 

 

In Chapter 4, we present the first catalyst-controlled, site-selective Pd-

catalyzed CH arylation of naphthalene.46 In this chapter, we discuss the 

development of our site-selective CH arylation of naphthalene, an investigation 

of ligand effects on selectivity and reactivity, and evidence for an unusual 

mechanism of CH activation at a high oxidation state PdIV center. Additionally, 

we present our collaborative work with Professor Adam Matzger’s group on the 

development of a heterogeneous Pd catalyst for the same transformation.47 

Finally, in chapter 5 we present preliminary results on the development of an 

analogous Pt-catalyzed CH arylation reaction. Despite the exciting advances of 

our Pd-catalyzed methodology, two shortcomings of this system limit its synthetic 

applications. First, the Pd-catalyzed reaction selectively affords 1-phenyl-

naphthalene; however, we were unable to develop conditions to afford 2-phenyl-

naphthalene selectively with Pd catalysts. Second, the substrate scope of the Pd-

catalyzed reaction was limited to naphthalene and other highly electron-rich 

arenes such as dimethoxybenzenes. Based on literature precedent, we 

hypothesized that using a Pt catalyst could result in increased reactivity for a 

variety of substrates and different selectivity for naphthalene CH activation. As 
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presented in chapter 5, the use of commercially available platinum salts under 

modified reaction conditions affords both a pathway to selective formation of 2-

phenyl-naphthalene, as well as promising initial results for wider arene substrate 

scope. 
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Chapter 2: An H/D Exchange Assay for Metal-Catalyzed 
CH Activation 

 

2.1 Introduction 

The development of Pt-based catalysts for the oxidation of alkanes/arenes (R–

H) to alcohols has been an important area of research for nearly 40 years. 

Pioneering studies by Shilov in the early 1970’s demonstrated that a combination 

of simple PtII and PtIV salts promotes the oxidation of methane to methanol, and 

subsequent work in this field has aimed to improve this system through variation 

of the ancillary ligands at PtII (Scheme 2.1).1,2 In one of the most important 

advances, Periana demonstrated that (bpym)PtIICl2 (bpym = κ-2,2′-bipyrimidine) 

catalyzes the conversion of methane to methylbisulfate in fuming sulfuric acid 

with a 72% first-pass yield and 81% selectivity.3,4  

 

Scheme 2.1. Proposed mechanism of the Shilov oxidation 

 

 

Carbonhydrogen bond activation at PtII was identified as a key step in Pt-

catalyzed alkane/arene oxidation in Shilov-type chemistry, and therefore, has 

been an important focus of recent studies (Scheme 2.1, step 1). The most 

common assay for C–H activation involves the stoichiometric reaction of an 

alkane or arene with a PtII alkyl complex (exemplified by A in Scheme 2.2).5,6,7 
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Many PtII complexes containing diverse bi- and tridentate nitrogen donor ligands 

participate in this model reaction, and studies of these systems have provided 

valuable insights into reactivity, mechanism, and selectivity.8 However, their 

relevance to catalytic oxidation remains unclear, as C–H activation at Pt alkyl 

complexes like A is unlikely to be a key step within the catalytic cycle (see 

Scheme 2.1).9  

 

Scheme 2.2. Common stoichiometric study of Pt-catalyzed CH activation 

 

 

A second method for studying C–H activation involves PtII-catalyzed arene or 

alkane H/D exchange (Scheme 2.3). In contrast to the model systems in Scheme 

2.2, H/D exchange does not rely on the ability to isolate stable organometallic 

complexes and is believed to proceed via intermediates directly relevant to those 

in catalytic R–H oxidation. The catalytic activity of simple PtII salts10 as well as of 

nitrogen ligated PtII complexes11,12,13,14 in H/D exchange reactions with both C6H6 

and CH4 has been examined. However, all of these studies used significantly 

different reaction conditions, with variable times, temperatures, concentrations, 

catalyst loadings, and deuterium sources. Therefore, there is currently insufficient 

data in the literature to systematically compare the reactivity of different PtII 

complexes. Herein, we present a standard assay of Pt-catalyzed H/D exchange 

between C6H6 and CF3CO2D, CD3CO2D, and CF3CH2COD (TFE-d3) and utilize it 

to assess the reactivity (measured by turnover numbers) of a series of PtII 

complexes containing common nitrogen donor ligands. The work presented in 

sections 2.2 and 2.3 was conducted in collaboration with Dr. Janette Villalobos, 

who synthesized complex 2 and contributed to the development of the assay. 
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Scheme 2.3. Catalytic H/D exchange experiment for metal-catalyzed CH 
activation 

  

 

2.2 Results  

Our investigations focused on comparing a series of PtII chloride complexes (1-

8, Figure 2.1) as catalysts for H/D exchange between C6H6 and various 

deuterium sources. Complexes 1-8 were selected because PtII species 

containing these ligands have been reported to participate in stoichiometric RH 

activation (complexes 5,6 6,6 and 815) or its microscopic reverse (complex 116), 

and/or to catalyze H/D exchange reactions (complexes 2,3 3,13 4,11 and 712). 

However, despite many literature studies of these and related complexes, their 

reactivity has not been systematically compared by any metric. The chloride 

complexes were utilized because they can be conveniently synthesized in a 

single step from readily available PtII precursors.17 Catalytic experiments were 

conducted with analytically pure samples of complexes 1-8, which were stored at 

–35 ºC in vials sealed with Teflon-lined caps.18  

 

Figure 2.1. Pt catalysts examined for H/D exchange reactions 

 

The H/D exchange between C6H6 and trifluoroacetic acid-d1 (CF3CO2D) was 

selected as an initial test reaction. We felt that this would be an ideal benchmark 

because analogues of 2, 4, and 7 have been previously reported to catalyze this 

transformation under several different reaction conditions.11,12 The H/D exchange 

reactions were conducted in 4 mL Teflon-sealed Schlenk tubes. These tubes 
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must be fully submerged in an oil bath in order to achieve maximum TONs and 

reproducible results. At the completion of the reactions, samples were subjected 

to a basic workup and then analyzed by GCMS. Isotope distributions were 

determined using a previously published worksheet that allows for deconvolution 

of mass spectral data for benzene isotopomers within ~5% error.12 Herein the % 

deuterium incorporation is defined as the % of CH bonds converted to CD 

bonds. Turnover numbers (TONs) are calculated as moles D incorporated per 

mole of catalyst. The reported error is the standard deviation over at least three 

trials. It should be noted that the error in the deconvolution worksheet is 

equivalent to an error of ± 12 turnovers, which often exceeds the error in 

replicate trials. 

We first examined the background reaction between benzene and CF3CO2D 

under standard conditions (0.50 M benzene in CF3CO2D). At 150 ºC, negligible 

(<2%) H/D exchange occurred after 2 h; however, after 24 h, 16 ± 3% D 

incorporation was observed. The background reaction was also investigated in 

the presence of silver salts (Table 2.1), which are common additives in metal-

catalyzed CH activation reactions.11,19,20 The background reaction with silver 

chloride was also examined since it is the by-product of Cl abstraction from PtII 

chloride complexes. The addition of 4 mol % of AgOAc, AgTFA, or AgCl afforded 

comparable results to the reactions without Ag (with 13 ± 1%, 12 ± 1%,  and 11 ± 

1% D incorporation, respectively, after 24 h at 150 ºC).21 Use of silver salts with 

less coordinating counterions such as tetrafluoroborate and triflate resulted in a 

large background reaction of 53 ± 1% and 80 ± 1%, respectively. As a result 

these silver salts were not used to study H/D exchange in CF3CO2D. At lower 

temperatures (between 75 and 125 ºC), < 5% D incorporation was observed in 

the presence of the AgOAc and AgCl salts (Table 2.2).  
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Table 2.1. Background H/D exchange between C6H6 and CF3CO2D as a function 
of time and silver additive 

 

 

Additive 2 h 6 h 12 h 24 h 

None 1 ± 1 4 ± 1 7 ± 1 16 ± 3 

4 mol % AgOAc 1 ± 1 4 ± 1 5 ± 1 13 ± 1 

4 mol % AgTFA nd nd nd 12 ± 1 

4 mol % AgBF4 nd nd nd 53 ± 1 

4 mol % AgOTf nd nd nd 80 ± 1 

4 mol % AgCl 1 ± 1 3 ± 1 5 ± 1 11 ± 1 

Conditions: Benzene (23.2 µL, 0.26 mmol), AgX (4 mol %, 10 µmol) in CF3CO2D 
(0.5 mL, 6.5 mmol, 25 equiv relative to benzene) at 150 ºC. Data is reported as 
% D incorporation ± standard deviation. nd = not determined 

 
Table 2.2. Background H/D exchange reaction between C6H6 and CF3CO2D as a 
function of temperature 

 

Salt 75 ºC 100 ºC 125 ºC 150 ºC 

AgOAc 0.05 ± 0.01 0.20 ± 0.04 0.27 ± 0.05 1.2 ± 0.1 

AgCl 0.03 ± 0.01 0.04 ± 0.01 0.2 ± 0.1 0.87 ± 0.03 

Conditions: Benzene (23.2 μL, 0.26 mmol), AgOAc (1.7 mg, 10 μmol) or AgCl 
(1.4 mg, 10 μmol) in CF3CO2D (0.5 mL, 25 equiv relative to benzene) for 2 h. 
Reported as % D incorporation ± standard deviation. 
 

We next measured the turnover number of PtII complexes 1 and 2 for H/D 

exchange between C6H6 and CF3CO2D at 150 ºC under standard conditions (2 

mol % of [Pt], 0.5 M C6H6 in CF3CO2D). The parent chloride complexes exhibited 

modest H/D exchange activity (TON < 25) after 24 h. However, the addition of 

AgOAc22 dramatically increased catalyst turnover, and optimal results (TON = 

181 for 1 and 202 for 2 after 24 h) were obtained with 4 mol % of AgOAc (Figure 
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2.2).21 These values are approaching the statistical maximum turnover, the TON 

required to achieve a statistical distribution of D between the solvent and the 

benzene after correcting for the AgCl background reaction [TONmax(CF3CO2D) = 

208 (24 h) and 239 (2 h)]. 

 

Figure 2.2. H/D exchange between C6H6 and CF3CO2D catalyzed by 1 and 2 as 
a function of equiv of AgOAc 

 

 

 

Conditions: PtII catalyst (2 mol %, 5 μmol), benzene (23.2 μL, 0.26 mmol), 
AgOAc (1 equiv, 0.85 mg, 5 μmol; 2 equiv, 1.7 mg, 10 μmol) in CF3CO2D (0.5 
mL, 6.5 mmol, 25 equiv relative to benzene) at 150 ºC for 24 h. Reported as TON 
± standard deviation. 

 

To determine the identity of the PtII species generated under these conditions, 

1 and 2 were treated with 2 equiv of AgOAc in trifluoroacetic acid, and the Pt-

containing products were isolated (Scheme 2.4). After filtration to remove AgCl, 

the filtrate was concentrated, diluted with CH2Cl2 (for 1) or MeCN (for 2), and the 

product was precipitated by the addition of ether. This procedure provided the 

bis-trifluoroacetate complexes 1a and 2a in 80% and 75% isolated yield, 

respectively. Analytically pure samples of 1a and 2a were then used as catalysts 
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for H/D exchange between C6H6 and CF3CO2D, and, as summarized in Figure 3, 

essentially identical turnover numbers were observed to that with (N~N)PtCl2/2 

equiv of AgOAc. These results strongly suggest that the AgOAc serves to 

abstract the chloride ligands, but does not play an additional role in promoting 

H/D exchange. As such, the in situ generation of PtII H/D exchange catalysts by 

reaction of halide pre-catalysts with AgOAc appears to be a convenient and 

accurate means of assaying reactivity. 

 

Scheme 2.4. Isolation of 1a and 2a from H/D exchange reaction conditions in 
CF3CO2H 

 

 

Figure 2.3. Comparison of reactivity of 1/AgOAc to 1a and of 2/AgOAc to 2a 

 

 

 

 
Conditions: PtII catalyst (2 mol %, 5 µmol), benzene (23.2 µL, 0.26 mmol), 
AgOAc (2 equiv, 1.7 mg, 10 µmol) in CF3CO2D (0.5 mL, 6.5 mmol, 25 equiv 
relative to benzene) at 150 ºC for 24 h. Reported as TON ± standard deviation. 
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Based on these findings, the reactivity of PtII complexes 1-8 for H/D exchange 

between C6H6 and CF3CO2D was evaluated in the presence of 4 mol % AgOAc 

under the standard reaction conditions. The simple PtII salts PtCl2 and K2PtCl4 

were also examined for comparison.10 As summarized in Figure 2.4, 

(diimine)PtCl2 (3) was the most active catalyst under these conditions reaching 

equilibrium (TON = 207 ± 4) after 2 h.23   

 

Figure 2.4. Catalytic activity (measured by TON after 24 h) of 1-8 in H/D 
exchange between C6H6 and CF3CO2D  

 

 

 

 

 

 

 

 

Conditions: PtII catalyst (2 mol %, 5 µmol), benzene (23.2 µL, 0.26 mmol), 
AgOAc (1.7 mg, 10 µmol) in CF3CO2D (0.5 mL, 6.5 mmol, 25 equiv relative to 
benzene) at 150 ºC for 2 h and 24 h. Reported as TON ± standard deviation. 
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While the data in Figure 2.4 offer a valuable initial metric for comparing these 

CH activation catalysts, the results provide only a snapshot of catalyst 

performance under a single set of conditions and at a single time point. We next 

followed the progress of H/D exchange as a function of time for the best 

performing catalysts (1-3, and 6) to gain further insights into catalyst activity. As 

illustrated in Figure 2.5, the H/D exchange between CF3CO2D and benzene 

proceeded fastest with diimine complex 3. This catalyst displayed an initial 

turnover frequency (TOF) of 0.05 s-1 after 15 min at 150 °C. The bipyrimidine 

catalyst 2 was slower (TOF = 0.01 s-1), and the bipyridine and dipyridylamine 

complexes 1 and 6 displayed comparable but significantly lower TOFs of 0.009 

and 0.007 s-1, respectively. 

 

Figure 2.5. Turnover number versus time for H/D exchange between C6H6 and 
CF3CO2D catalyzed by 1-3 and 6.  

 

Conditions: PtII catalyst (2 mol %, 5 µmol), benzene (23.2 µL, 0.26 mmol), 
AgOAc (1.7 mg, 10 µmol) in CF3CO2D (0.5 mL, 6.5 mmol, 25 equiv relative to 
benzene) at 150 ºC. The statistical maximum TON at each time point is corrected 
for the background reaction; therefore, this value decreases with time.  

 

In the case of catalyst 4, the precipitation of Pt black was observed after 24 

hours. These results suggest that catalyst decomposition is occurring under the 

reaction conditions, which is consistent with Periana’s original studies of 4.11 In 

order to obtain a better benchmark for 4, we also examined the performance of 

catalysts (1-4 and 6) at lower temperatures (25 ºC intervals from 75 to 150 ºC). 
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As summarized in Figure 2.6, catalyst 4 outperformed all others at 75 and 100 

ºC; however, even at 75 ºC, decomposition of 4 by precipitation of platinum black 

began to occur within 2 h. This illustrates the careful balance between catalyst 

activity and stability required in catalyst design.11 Notably, complex 3 performed 

significantly better at lower temperatures than 1, 2, or 6 and far surpassed all 

catalysts at 125 and 150 ºC. 

 

Figure 2.6. Catalytic activity (as measured by TON after 2h) of 1-4 and 6 in H/D 
exchange between C6H6 and CF3CO2D as a function of temperature 

2 mol % [Pt]
4 mol % AgOAc

CF3CO2D
150 °C, 2 h

H6 HnD6-n

 

 

 

 
Conditions: PtII catalyst (2 mol %, 5 µmol), benzene (23.2 µL, 0.26 mmol), 
AgOAc (1.7 mg, 10 µmol) in CF3CO2D (0.5 mL, 6.5 mmol, 25 equiv relative to 
benzene) at 150 ºC for 2 h. Reported as TON ± standard deviation. 

 

Finally, we examined H/D exchange between C6H6 and the less acidic 

deuterium sources CD3CO2D and trifluoroethanol-d3 (TFE-d3). C–H activation is 

expected to be more challenging under these conditions, because the solvents 

can compete with C–H bonds for coordination to the metal center. To date, there 

is only one example of Pt-catalyzed H/D exchange between C6H6 and CD3CO2D 
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(with a derivative of 3).13,24 Thus, we aimed to establish whether catalysts 1-8 

displayed activity with these deuterium sources and to compare this reactivity to 

that with CF3CO2D.  

The background reaction was negligible with both CD3CO2D and TFE-d3; for 

example, <1% H/D exchange was observed after 24 h at 150 ºC in the presence 

or absence of 4 mol % of AgOAc, AgCl, or AgBF4 (Table 2.3). Modest H/D 

exchange was observed in CD3CO2D upon the addition of 2 mol % of 1 or 2 

along with 4 mol % of AgOAc (TON = 24 ± 8 and 26 ± 9, respectively). 

Furthermore, catalyst activity could be increased through the use of AgBF4 in 

place of AgOAc under otherwise identical conditions (TON = 144 ± 12 and 94 ± 

13, respectively, Figure 2.7).  

 

Table 2.3. Background H/D exchange reaction with various deuterium sources  

Deuterium Source AgCl AgOAc AgBF4 

CD3CO2D 0.07 ± 0.03 0.10 ± 0.03 0.25 ± 0.02 

TFE-d3 0.02 ± 0.04 nd 0.10 ± 0.20 

Conditions: benzene (23.2 μL, 0.26 mmol), AgOAc (1.7 mg, 10 μmol) or AgCl 
(1.4 mg, 10 μmol) or AgBF4 (1.9 mg, 10 μmol) in CF3CO2D (0.5 mL, 6.5 mmol), 
CD3CO2D (0.37 mL, 6.5 mmol), or TFE-d3 (0.47 mL, 6.5 mmol) at 150 ºC for 24 
h; nd = not determined. Reported as % D incorporation ± standard deviation. 
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Figure 2.7. H/D exchange between C6H6 and CD3CO2D catalyzed by 1 and 2 as 
a function of Ag salt 

 

     

 

 

Conditions: PtII catalyst (2 mol %, 5 µmol), benzene (23.2 µL, 0.26 mmol), 
AgOAc (1.7 mg, 10 µmol) or AgBF4 (1.9 mg, 10 µmol) in CD3CO2D (0.37 mL, 6.5 
mmol, 25 equiv relative to benzene) at 150 ºC for 24 h. Reported as TON ± 
standard deviation.  

 

With these conditions in hand, we investigated the reactivity of 1-6 as well as 

K2PtCl4 and PtCl2 for H/D exchange between C6H6 and CD3CO2D in the 

presence of 4 mol % of AgBF4 (Figure 2.8). A time study was conducted in acetic 

acid to further elucidate the reactivity profiles of the top three performing 

catalysts in this solvent (Figure 2.9). Additionally, H/D exchange was measured 

between C6H6 and TFE-d3 in the presence of 4 mol % of AgBF4 (Figure 2.10).25 A 

time study was not undertaken in TFE-d3 as it is prohibitively expensive.  

With both deuterium sources, negligible reaction (<8 turnovers) was observed 

with the commercial Pt chloride salts. In contrast, all of the complexes 1-6 

showed good to excellent levels of catalytic activity, with TON ranging from 65 to 

230 using CD3CO2D and from 50 to 233 using TFE-d3 after 24 h. Interestingly, 

the relative activity of the catalysts changed significantly as a function of 
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deuterium source; for example, 3 and 5 were the most active catalysts in 

CD3CO2D, while 1 and 3 were optimal in TFE-d3.  

 

Figure 2.8. H/D exchange between C6H6 and CD3CO2D catalyzed by 1-6 

 

 

 

 

Conditions: PtII catalyst (2 mol %, 5 µmol), benzene (23.2 µL, 0.26 mmol), AgBF4 
(1.9 mg, 10 µmol) in CD3CO2D (0.37 mL, 6.5 mmol, 25 equiv relative to benzene) 
at 150 ºC for 24 h. Reported as TON ± standard deviation. 
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Figure 2.9. Turnover number versus time for H/D exchange between C6H6 and 
CD3CO2D catalyzed by 1, 3, and 5 

 

Conditions: PtII catalyst (2 mol %, 5 µmol), benzene (23.2 µL, 0.26 mmol), AgBF4 
(1.9 mg, 10 µmol) in CD3CO2D (0.37 mL, 6.5 mmol, 25 equiv relative to benzene) 
at 150 ºC.  

 

Figure 2.10. H/D exchange between C6H6 and TFE-d3 catalyzed by 1-3, 5, and 6 

 

 

 

 

 

Conditions: PtII catalyst (2 mol %, 5 µmol), benzene (23.2 µL, 0.26 mmol), AgBF4 
(1.9 mg, 10 µmol) in TFE-d3 (0.47 mL, 6.5 mmol, 25 equiv relative to benzene) at 
150 ºC for 24 h. Reported as TON ± standard deviation. 
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Diimine complex 3 was consistently a top-performing catalyst with all three 

deuterium sources, and most H/D exchange reactions with 3 proceeded to 

equilibrium under our standard conditions. Thus, we sought to challenge catalyst 

3 in order to establish the upper limits of its reactivity. Catalysts 3 and 5 (the two 

best catalysts in CD3CO2D) were therefore examined at 4-fold reduced Pt loading 

(0.5 mol % of Pt/1 mol % of AgBF4) under otherwise identical conditions to the 

previous experiments. Catalyst 3 remained highly active under these conditions, 

and afforded 633 ± 43 turnovers for C6H6/CD3CO2D H/D exchange after 2 h. 

Complex 5 showed almost 3-fold lower activity with TON = 223 ± 3. 

 

2.3 Discussion 

Previous studies have examined the catalytic activity of simple PtII salts10 and 

of nitrogen ligated PtII complexes9-12 in benzene H/D exchange. However, these 

investigations were all conducted under different reaction conditions, with 

variable times, temperatures, concentrations, catalyst loadings, and deuterium 

sources. In this work, we have established a quick, first-pass standard protocol to 

assay the reactivity of Pt complexes for H/D exchange between C6H6 and various 

deuterium sources by measuring turnover numbers.  

There are three discernible trends in the data reported herein. First, PtII 

complexes containing bidentate ligands (1-6) were significantly superior catalysts 

to simple Pt chloride salts under all of the H/D exchange conditions examined. In 

reactions with K2PtCl4 or PtCl2, rapid formation of a black precipitate was 

observed, suggesting that decomposition to platinum black contributes to low 

TON’s in these systems.10  

Second, complexes containing bidentate ligands (1-6) generally exhibited 

higher H/D exchange activity than those with related tridentate ligands (7 and 8). 

This is clear from Figure 2.4 as well as from the fact that 7 and 8 showed 

negligible turnovers with either CD3CO2D or TFE-d3 as a deuterium source. 

Computational studies in the literature have suggested that the low reactivity of 7 

is due to a highly unfavorable ∆H associated with the C–H activation reaction.11 
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Third, complex 3 consistently showed high TON’s for C6H6 H/D exchange at 

temperatures above 100 ºC. This was true over a range of different deuterium 

sources and reaction conditions. However, complex 3 does appear to suffer from 

some decomposition over the course of these transformations, as the catalytic 

solutions darkened considerably (changing color from orange to dark grey or 

black) after 24 h at 150 ºC in all of the solvents examined. These results suggest 

that the future development of related catalysts should focus on limiting catalyst 

decomposition pathways.   

It is more difficult to make generalizations among the other complexes 

containing bidentate N-donor ligands, as both relative and absolute catalytic 

activity varied significantly upon changing the deuterium source. For example, 

the observed trends in catalytic activity were as follows: 3 > 2 > 6 > 1 > 5 > 4 

(CF3CO2D), 5 ≈ 3 > 1 ≈ 4 > 2 > 6 (CD3CO2D), and 1 ≈ 3 > 5 > 6 ≈ 2 (TFE-d3). 

This does not appear to track well with the reactivity of related complexes in 

stoichiometric C–H activation.6 There is also no clear correlation with the 

electronic character of the ligands, although protonation of the basic nitrogens of 

2 and 6 in CF3CO2D may be partially responsible for obscuring the expected 

trends. These differences may reflect a change in mechanism with the different 

deuterium sources, and/or competing electronic requirements of various steps of 

the H/D exchange process as a function of solvent. In general, a more systematic 

and detailed examination of ligand electronic and steric characteristics will be 

essential to definitively establish the parameters responsible for catalyst activity 

in these systems.  

 

2.4 Application 

With this assay in hand, we could now begin to study new complexes by quickly 

testing their reactivity in the H/D exchange assay and comparing it to the 

complexes benchmarked above. In collaboration with Dr. Janette Villalobos, we 

turned our attention to the study of bidentate N-donor ligands containing a 

quarternized nitrogen center. This ligand architecture has been implicated as the 
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active catalyst in the best Pt-based CH4 oxidation process reported to date. It has 

been proposed that the conversion of methane to methylbisulfate in fuming 

H2SO4 is catalyzed by the cationic complex [(N-H-bpym)Pt(X)2]
+ (9, X = Cl or 

OSO3H)26 formed in situ by protonation of the precatalyst (bpym)PtCl2 (2) 

(Scheme 2.5). Computational studies26,27 suggest that this protonation is critical 

for limiting oxidative catalyst degradation and increasing the electrophilicity of the 

Pt center (and thereby its reactivity toward CH4). However, these effects have 

proven difficult to study experimentally due to the challenges of working in fuming 

H2SO4 and the multiple accessible protonation states and X-type ligands in this 

medium. As such, the exact nature of the active catalyst remains the subject of 

some debate.28 Additionally, limited experimental understanding of the effects of 

protonation on reactivity has hindered further catalyst development, which is 

required to render this methane oxidation process commercially viable.  

In this work, Dr. Villalobos developed a synthesis for a Pt catalyst containing a 

quarternary nitrogen ligand. She then evaluated the reactivity of this complex for 

both benzene and methane H/D exchange with acidic deuterium sources using 

the standard assay developed above. Finally, I conducted NMR investigations to 

probe the stability and reactivity of this new catalyst under the H/D exchange 

reaction conditions. 

 

Scheme 2.5. Oxidation of CH4 to CH3OSO2H catalyzed by 2 

 

 

In an effort to address these challenges, we aimed to replace bpym with the 

cationic quaternized nitrogen-containing ligand N-CH3-2,2’-bipyrimidininum (N-

CH3-bpym+). Quaternary nitrogen substituents are highly electron withdrawing; 
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for example, the pKa of N-methylisonicotinic acid (Figure 2.11) is 1.72, which 

corresponds to a Hammett σpara value of +2.47 for the N-CH3 group.29, 30 We 

anticipated that the cationic PtII N-CH3-bpym+ complex 10 (Figure 2.12) would 

possess similar electronic properties to 9 but would be accessible in the absence 

of strong acids like fuming H2SO4
26 or HF/SbF6.

31  

 

Figure 2.11. pKa of N-methylisonicotinic acid 

 

 

Figure 2.12. PtII complexes compared in this study 

 

 

Our investigation focused on preparation of complex 10 via metalation of N-

methyl bipyrimidinium [(N-CH3-bpym)][BF4]. However, treatment of 

(DMSO)2PtCl2
32 with [(N-CH3-bpym)][BF4] in methanol at 60 ºC did not afford the 

desired complex. Instead, metalation proceeded with concomitant addition of 

CH3OH into the ligand to provide the neutral complex 2-(4-methoxy-3-methyl-4,5-

dihydropyrimidin-2-yl)pyrimidinePtCl2 (11) in 86% yield (Scheme 2.6, top). The 1H 

and 13C NMR spectra of 11 show signals consistent with loss of aromaticity in 

one ring of the bpym; for example, upfield 1H NMR resonances at 5.49 and 5.69 

ppm are observed for H4 and H5, respectively (Scheme 2.6, top). Crystals of 11 

were obtained by diffusion of Et2O into a solution of 11 in wet CH3CN. This led to 

substitution of OH for OCH3 to form complex 12 (Scheme 2.6, bottom), which 

was characterized by X-ray crystallography (Figure 2.13).  
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Scheme 2.6. Synthesis of complex 12 

 

 

 

Figure 2.13. X-ray structure of complex 12 

 

 

We hypothesized that 10 could be accessed from 11 via protonation of the 

CH3O group followed by loss of CH3OH. Gratifyingly, dissolving complex 11 in 

CF3CO2D led to instantaneous formation of a new inorganic species with 

concomitant release of 1 equiv of CH3OD (which was converted in situ to 

CF3CO2CH3) (Scheme 2.7). The 1H and 13C NMR resonances associated with 

the new complex (10) are shifted significantly downfield relative to those of 11. 

For example, while the ligand proton resonances for 11 appear between 9.84 

and 5.49 ppm, those in the product appear between 10.6 and 8.0 ppm. Similarly, 

in the 13C NMR spectrum of 10, 8 aromatic resonances are observed between 

162.7 and 158.6 ppm, while the starting material 11 shows 8 peaks between 

161.9 and 123.9 ppm. These data are all fully consistent with aromatization of the 

N-CH3-bpym+ ligand to form 10. 
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Scheme 2.7. Synthesis of complex 10 containing a quaternized nitrogen ligand 

 

 

Having generated the desired complex in trifluoroacetic acid, we next examined 

the C–H activation reactivity of 2 and 10 (generated in situ from 11) in CF3CO2D. 

In this solvent, the protonation of 2 to afford cationic complex 9 should be 

significantly less favorable than in more strongly acidic media typically employed 

in methane oxidation.33,34,35  

Pre-catalysts 2 and 10 were evaluated under our standard H/D exchange 

conditions (2 mol % [Pt], 4 mol % AgOAc, 0.5 M C6H6 in CF3CO2D at 75 ºC and 

150 ºC) after 2 h and 24 h. The extent of H/D exchange was assayed by GCMS, 

and the data are summarized in Figure 2.14. Interestingly, 2 and 10 provided 

very similar TON’s under all conditions examined. In both cases, very little H/D 

exchange activity was observed at 75 ºC, even after 24 h (TON after 24 h = 19 

and 15 respectively, for 2 and 10). Both showed higher activity at 150 ºC, with 

similar TON (202 and 187 after 24 h) and turnover frequencies (TOF = 0.8 and 

0.3 min–1 after 2 h) at this temperature.  
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Figure 2.14. Turnover numbers (TONs) for H/D exchange between C6H6 and 
CF3CO2D catalyzed by 2 and 10. 

 

 

 

 

Conditions: PtII catalyst (2 mol %, 5 μmol), benzene (23.2 μL, 0.26 mmol), 
AgOAc (1 equiv, 0.85 mg, 5 μmol; 2 equiv, 1.7 mg, 10 μmol) in CF3CO2D (0.5 
mL, 6.5 mmol, 25 equiv relative to benzene) at 75 or 150 ºC for 2 or 24 h. 
Reported TONs are the average of at least two trials.  

 

To gain insights into the similar reactivity of 2 and 10 in C6H6/CF3CO2D H/D 

exchange, we probed the structure of the active Pt catalyst in both systems. As 

shown in Scheme 2.2, complex 2 reacts rapidly with AgOAc in CF3CO2D to form 

(bpym)Pt(O2CCF3)2 (2a). Similarly, dissolving 10 in CF3CO2D at room 

temperature in the presence of 2 equiv of AgOAc led to the formation of a single 

detectable organometallic product, along with release of 1 equiv of CF3CO2CH3 

and 2 equiv of AcOD. On the basis of the stoichiometry of organic by-products as 

well as the observed 1H and 13C NMR resonances (which show an 

unsymmetrical species in which the N-methyl group is intact), this new complex 

is proposed to be [(N-CH3-bpym)Pt(O2CCF3)2](O2CCF3) (10a) (Figure 2.15).  

Heating 10a at 150 ºC for 15 min in CF3CO2D in a flame-sealed NMR tube 

resulted in complete disappearance of its diagnostic 1H NMR resonances and 

concomitant formation of symmetrical (bpym)Pt(O2CCF3)2 (2a) along with 1 equiv 

N N
N N

Pt
Cl
Cl(2)

N N
N N

Pt
Cl
Cl(10)

N N
N N

Pt
Cl
Cl(2)

N N
N N

Pt
Cl
Cl(10)

150 C 75 C



33 

 

of CF3CO2CH3 (Figure 2.15). This result indicates that nucleophilic demethylation 

of the N-CH3-bpym+ ligand is very fast under the H/D exchange conditions. 

Although demethylation was slower at 75 ºC, significant (~30%) decomposition of 

10a to 2a was observed after 24 h even at this temperature.36 In sum, this data 

indicates that 10a readily decomposes to 2a at elevated temperatures in 

CF3CO2D. On this basis, we hypothesize that the similar H/D exchange reactivity 

of 2 and 10 is likely due to the generation of the same active catalyst, 2a, under 

the reaction conditions.  

 



34 

 

Figure 2.15. Complex 10a stability in CF3CO2D at 150 ºC. 1H NMR spectra after 
2 h at 25 ºC (top) and 15 min at 150 ºC (bottom) 

 
 

 

 

 

Conditions: To complex 11 (2.4 mg, 5 μmol, 1.0 equiv) in a NMR tube was added 
0.25 mL of a 0.04 M stock solution of silver acetate in CF3CO2D (1.7 mg, 1.0 
equiv). To this mixture was added an additional 0.25 mL of CF3CO2D and 1-
fluoro-3-nitrobenzene as an internal standard. This sample was then flame 
sealed under vacuum and allowed to stand for 2 h at room temperature while 
shaking periodically (top). The sample was then heated at 150 ºC for 15 min and 
analyzed by 1H NMR spectroscopy after cooling to room temperature. 
 

We next examined the catalytic activity of 2 and 10 (generated in situ from 

11)37 in the H/D exchange between CH4 and D2SO4, which serves as a direct 

assay for methane C–H activation. The catalysts were compared under a 

100 % demethylation 

AcOD 

CF3CO2CH3 

AcOD 

CF3CO2CH3 



35 

 

standard set of conditions (1 mol % of [Pt], 2 mmol CH4, 1 mL D2SO4, 200 ºC, 24 

h).38 The headspace gases were analyzed by GCMS, and the distribution of 

CDnH4-n isotopologs was determined using a published worksheet.39 As 

summarized in Figure 2.16, turnover numbers (TON’s)40 of 193 and 208 were 

obtained with 2 and 10, respectively. The similarity between the TON’s for 2 and 

10 suggests that the N-methylated ligand does not offer a significant advantage 

over simple bpym under these conditions. Investigation of the active catalysts in 

D2SO4 by 1H NMR spectroscopy is consistent with rapid demethylation of 10. 

Therefore, it is likely that both 2 and 10 are converted to the N-protonated 

species 3 in situ; however, we were unable to definitively characterize the active 

species in sulfuric acid.26,27  

 

Figure 2.16. Turnover numbers (TONs) for H/D exchange between CH4 and 
D2SO4 catalyzed by 2 and 10. 

 

 

 
Conditions: PtII catalyst (1 mol %, 20 mol), CH4 (~13 bar, 2.0 mmol, 1 equiv), 
D2SO4 (1 mL, 20 mmol, 10 equiv) at 200 ºC for 24 h. Reported TON’s are the 
average of two trials.  

 

2.5 Conclusions 

This chapter has described a protocol for the direct comparison of Pt-based 

catalysts for the H/D exchange between C6H6 and CF3CO2D, CD3CO2D, and 
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TFE-d3. An initial survey of 10 different Pt catalysts under these conditions has 

established that diimine complex 3 is highly active for benzene H/D exchange 

with all three deuterium sources. However, intriguingly, the relative activity of the 

other catalysts was found to vary substantially depending on the nature of the 

deuterium source. The latter results reveal the importance of comparing new 

catalysts in several different assays in order to fully evaluate their reactivity.  

The conditions developed here have served as a valuable method to rapidly 

screen and benchmark new transition metal catalysts for C–H activation. In 

particular, we have studied Pt catalysts with quaternary nitrogen ligands, which 

have previously been implicated in methane oxidation catalysis. Cationic 

complex 10 catalyzes H/D exchange between D2SO4 and CH4 as well as 

between CF3CO2D and C6H6 with similar turnover numbers to (bpym)Pt(Cl)2 (2). 

In both cases, the similar reactivities are proposed to result from rapid in situ 

demethylation of the N-CH3-bpym+ precatalyst. These results indicate that more 

stable ligands are needed to definitively establish the influence of quaternized 

nitrogen substituents on Pt C–H activation catalysts. The preparation of such 

ligands and their application in arene and alkane H/D exchange and oxidation 

reactions was recently reported by our group using the H/D exchange assay as a 

valuable tool for catalyst design and optimization.41  

 

2.6 Experimental 

General Procedures. 1H and 13C NMR spectra were recorded on Varian Inova 

500 or 400 MHz NMR spectrometers with the residual solvent peak (CDCl3: 
1H = 

7.27 ppm, 13C = 77.23 ppm) as the internal reference unless otherwise noted. 

Chemical shifts are reported in parts per million (ppm) (). Multiplicities are 

reported as follows: br (broad resonance), s (singlet), t (triplet), q (quartet), d 

(doublet), m (multiplet), app (apparent). Coupling constants (J) are reported in 

Hz. Infrared (IR) spectroscopy was performed on a Perkin Elmer FTIR. Peaks 

are reported in cm-1. Elemental analyses were performed by Atlantic Microlab, 

Inc., Norcross, Georgia. Dichloromethane (CH2Cl2), dimethylsulfoxide (DMSO), 
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and methanol (CH3OH) were purchased from Aldrich and used as received 

unless otherwise noted. Diethyl ether (Et2O), ethyl acetate (EtOAc), and 

acetonitrile (MeCN) were obtained from EM Science and used as purchased. 

Ethanol (EtOH), 200 proof, was obtained from Deacon Labs, Inc., and used as 

received. Celite was purchased from EM Science. Silver acetate (AgOAc), 

Me2SO4, NaPF6, bipyrimidine (bpym), and [Me3O]BF4 were purchased from 

Aldrich. (DMSO)2PtCl2 was prepared according to a literature procedure.42 D2SO4 

and CF3CO2D were purchased from Cambridge Isotopes Lab in 10 g ampules 

and were stored in Schlenk tubes under N2. Ultra high purity methane gas was 

obtain from Airgas, Inc.  

Stock solutions of AgOAc were prepared using volumetric glassware and all 

liquid reagents were dispensed by difference using gas-tight Hamilton syringes. 

All glassware and stir bars were treated with aqua regia, washed with copious 

water and acetone, and dried before each use. All reactions were conducted on 

the bench top (without rigorous exclusion of ambient air/moisture) unless 

otherwise noted. H/D exchange data was obtained on a Shimadzu GCMS-

QP5000, and all raw data was deconvoluted using a benzene H/D exchange 

worksheet reported by Periana and coworkers.43 One assumption in the 

worksheet is that the fragmentation pattern for each isotopomer is identical. To 

obtain the most accurate analysis, pure samples of each isotopomer were 

analyzed to determine the exact coefficients of the polynomial expansion for our 

GCMS instrument. Using this treatment, we confirmed the calculated percents of 

each isotopomer to be within the reported error of the worksheets. Every 

reported reaction was conducted at least twice. The average of all trials is 

reported herein; the reported error is the standard deviation of all trials (where 

more than two trials were done). The procedure for a typical H/D exchange 

reaction is as follows. 
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C6H6/ CF3CO2D H/D exchange catalyzed by diiminePtCl2 (3): 

To a 4 mL resealable schlenk tube was added a small stir bar and diiminePtCl2 

(3) (3.2 mg, 5 μmol, 2 mol % relative to benzene). 0.25 mL of CF3CO2D was then 

added to the schlenk tube, carefully rinsing the sides of the vessel. A stock 

solution of the silver acetate was prepared immediately prior to use (13.6 mg, 80 

μmol, AgOAc was dissolved in 2 mL CF3CO2D). 0.25 mL of the stock solution 

(1.7 mg, 10 μmol, 4 mol % relative to benzene of silver acetate) was then added 

to the vessel such that a total of 25 equiv of CF3CO2D was delivered relative to 

benzene, and the solution was stirred for 1 min. Benzene (23.2 μL, 0.26 mmol), 

stored over 4 Å molecular sieves, was then added. The reaction vessel was 

sealed and completely submerged in a preheated oil bath, and the mixture was 

heated with vigorous stirring for the appropriate time. At the end of the reaction, 

the vessel was cooled to room temperature, and the reaction mixture was filtered 

through a plug of Celite and washed with ethyl acetate (2 mL) into a 20 mL 

scintillation vial. A saturated aqueous solution of potassium carbonate (2 x 1 mL) 

was added carefully to the vial to quench the residual acid. The organic layer was 

separated and diluted to afford a 12.8 mM solution of benzene in EtOAc (~1 

mg/mL), which was analyzed by GCMS.  

CH4/ CF3CO2D H/D exchange: 

All glassware and stir bars were treated with aqua regia, washed with copious 

amounts of water and acetone, and dried before each use. A 7 mL glass Schlenk 

tube with 1.6 mm walls capable of sustaining pressures up to 200 psi equipped 

with a resealable Teflon stopcock and sidearm 14/20 female adaptor was 

attached to a 50 mL bulb equipped with a screw cap septum, a 14/20 male 

adaptor, and a gas/vacuum inlet. The Schlenk tube was charged with catalyst 

(0.02 mmol, 0.01 equiv, 1 mol %) in D2SO4 (1 mL, 20 mmol, 10 equiv). The entire 

system was then degassed by three freeze-pump-thaw cycles. The 50 mL bulb 

was backfilled with ultra pure methane (2.0 mmol, 1.0 equiv) three times to 1 atm 

at room temperature. The Schlenk tube was submerged in liquid N2 and then 
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opened to the methane filled bulb. The methane condensed into the reaction 

vessel for over 10 min. After the Schlenk tube was resealed and warmed to room 

temperature, it was submerged up to the stopcock channel in a 200 ºC oil bath 

for 18 h. At the end of the reaction, the reaction vessel was cooled to room 

temperature. The gas was re-expanded in the same 50 mL bulb and analyzed by 

GC-MS using a GS-CarbonPLOT column obtained from Agilent Technologies. 

The % deuterium incorporation was defined as the percent of C–H bonds 

converted to C–D bonds. Turnover numbers (TON’s) are calculated as mol D 

incorporated per mol of catalyst. Reported values have been corrected for the 

background reaction in the presence of AgCl, which is formed in situ. The 

reported TON is the average of at least two trials. The error associated with 

deconvolution is 5%. 

 

2.7 Characterization 

 

Complex 1 was prepared from 4,4’-di-tert-butylbipyridine (Aldrich) and cis-

(Me2SO)2Pt(Cl)2
44 using the procedure of Vicente and coworkers.45 The 1H NMR 

spectrum of 1 matched that reported in the literature. In addition, the purity of 

samples of 1 used for catalysis was confirmed by elemental analysis. Anal. calcd. 

for C18H24Cl2N2Pt: C, 40.46; H, 4.53; N, 5.24; Found: C, 40.34;  H, 4.51; N, 5.17. 

 

N N
N N

Pt
Cl
Cl

(2)  

Complex 2 was prepared from bipyrimidine (Aldrich) and cis-(Me2SO)2Pt(Cl)2
44 

following the procedure of Neumann and coworkers.46 The 1H NMR spectrum of 

2 matched that reported in the literature. In addition, the purity of samples of 2 

used for catalysis was confirmed by elemental analysis. Anal. calcd. for 

C8H6Cl2N4Pt: C, 22.65; H, 1.43; N, 13.21; Found: C, 22.83; H, 1.32; N; 13.16. 
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The diimine ligand47 (115 mg, 0.31 mmol) and cis-(Me2SO)2Pt(Cl)2
44

 (100 mg, 

0.24 mmol) were dissolved in acetone (10 mL) in a 20 mL scintillation vial. The 

vial was sealed with a Teflon-lined cap, and the reaction mixture was heated to 

70 ºC for 4 h. During heating, the mixture changed color from yellow to red, and a 

reddish-brown precipitate was observed. The reaction was filtered while still hot, 

and the reddish-brown precipitate was collected and dried under vacuum to 

afford 3 (32.9 mg, 22% yield). 1H NMR (400 MHz, DMF-d7):  7.73 (d, J = 8 Hz, 

4H), 7.55 (t, J = 8 Hz, 2H), 2.02 (s, 6H). 13C NMR (100 MHz, DMF-d7):  182.83, 

140.42, 130.63, 128.84, 128.76, 20.08. The purity of samples of 3 used for 

catalysis was confirmed by elemental analysis. Anal. calcd. for C16H12Cl6N2Pt: C, 

30.02; H, 1.89; N, 4.38; Found: C, 30.00; H, 1.83; N, 4.33. 

 

 

Complex 4 was prepared from picolinic acid (Fluka) and K2PtCl4 (Pressure 

Chemical) using a modification of the procedure reported by Annibale and 

coworkers.48 After 4 h at 70 ºC the reaction had not gone to completion; 

therefore, it was stirred at 70 ºC for a total of 14 h. A workup analogous to that 

reported in the literature48 afforded 4 in 21% yield. 1H NMR (400 MHz, DMF-d7):  

9.25 (d w/Pt satellites, JPt-H = 15.6 Hz, J = 5 Hz, 1H), 8.28 (m, 1H), 7.77-7.69 

(multiple peaks, 2H). 13C NMR (100 MHz, DMF-d7):  175.63, 150.59, 146.38, 

139.19, 128.76, 127.12. 195Pt NMR (100 MHz, DMF-d7):  –1598.45. HRMS-

electrospray (m/z): [M – K]– calcd for C6H4Cl2NO2Pt, 387.9268; Found, 387.9258. 

Anal. calcd. for C6H4Cl2NO2PtK: C, 16.87; H, 0.94; N, 3.28; Found: C, 18.30; H, 

1.24; N, 3.92; Cl, 16.75. The elemental analysis for this complex was consistently 

elevated in carbon and nitrogen, even after multiple recrystallizations. This 



41 

 

appears to result from residual DMF (from recrystallization). Numerous attempts 

to prepare analytically pure samples of 4 were unsuccessful.  

 

 

cis-(Me2SO)2Pt(Cl)2
44 (36 mg, 0.11 mmol, 1.0 equiv) was dissolved in CH3OH (13 

mL) under an inert atmosphere. This solution was heated to 60 ºC, and then 2,2’-

dipyridyl ketone (Aldrich) (20 mg, 0.11 mmol, 1.0 equiv) was added. The reaction 

was refluxed overnight and then cooled to room temperature. The volume was 

reduced to 2 mL, resulting in the precipitation of a light yellow solid. The 

precipitate was collected, washed with Et2O (3 x 5 mL), and dried under vacuum 

to afford 5 as a yellow solid (25 mg, 51% yield). 1H NMR (500 MHz, DMSO-d6):  

9.13 (m, 1H), 8.38 (m, 1H), 8.16 (m, 1H), 7.88 (m, 1H). 13C NMR (100 MHz, 

DMSO-d6):  185.92, 153.90, 149.85, 141.63, 130.02, 127.30. IR (KBr pellet, cm-

1): 1681 (s). The purity of samples of 5 used for catalysis was confirmed by 

elemental analysis. Anal. calcd. for C11H8Cl2N2OPt: C, 29.35; H, 1.79; N, 6.22; 

Found: C, 29.15; H, 1.92; N, 6.22. 

 

 

Complex 6 was prepared from 2,2’-dipyridyl amine (Aldrich) and cis-

(Me2SO)2Pt(Cl)2
44 following the procedure of Tu and coworkers.49 1H NMR (400 

MHz, DMSO-d6):  11.07 (s, 1H), 8.78 (m, 2H), 7.97 (m, 2H), 7.27 (m, 1H), 7.11 

(m, 1H). 13C NMR (100 MHz, DMSO-d6)  150.59, 150.14, 141.04, 119.58, 

114.29. The purity of samples of 6 used for catalysis was confirmed by elemental 

analysis. Anal. calcd. for C10H9Cl2N3Pt: C, 27.67; H, 2.07; N, 9.61; Found: C, 

27.72; H, 2.10; N, 9.79. 
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Complex 7 was prepared from 6-phenyl-4,4’-di-tert-butylbipyridine50 and K2PtCl4 

(Pressure) in glacial acetic acid following the procedure of Periana.43 The 1H 

NMR spectrum of 7 matched that reported in the literature. In addition, the purity 

of samples of 7 used for catalysis was confirmed by elemental analysis. Anal. 

calcd for C25H30ClN2Pt: C, 50.22; H, 4.74; N, 4.88; Found: C, 49.96; H, 4.87; N, 

4.86. 

 

Pt
N

ClN

N

(8)  

Complex 8 was prepared from bis-quinoline amine (BQAH)51 and (COD)PtCl2 

(Strem) following the procedure of Peters.51 The 1H NMR spectrum of 8 matched 

that reported in the literature. In addition, the purity of samples of 8 used for 

catalysis was confirmed by elemental analysis. Anal. calcd for C18H12Cl2N3Pt: C, 

43.17; H, 2.42; N, 8.39; Found: C, 42.76; H, 2.24; N, 8.11 

 

 

Complex 1 (100 mg, 0.185 mmol) and AgOAc (Aldrich) (61.8 mg, 0.370 mmol) 

were dissolved in trifluoroacetic acid (10 mL), and the resulting solution was 

stirred at room temperature for 1 h. The reaction mixture was filtered through a 

plug of Celite to remove AgCl, and the filtrate was then concentrated by rotary 

evaporation. The resulting yellow oil was taken up in CH2Cl2, and Et2O was 

added to precipitate an off-white powder. This solid was collected by filtration and 

dried under vacuum to afford 1a (93.2 mg, 80% yield). 1H NMR (400 MHz, 

acetone-d6):  8.64 (d, J = 2 Hz, 2H), 8.41 (d, J = 6 Hz, 2H), 7.90 (dd, J = 6 Hz, 2 

Hz, 2H), 1.47 (s, 18H). 13C NMR (100 MHz, acetone-d6):  165.89, 161.28 (q, JC-F 

= 36 Hz), 156.84, 148.37, 124.63, 121.63, 115.09 (q, JC-F = 290 Hz), 35.96, 
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29.29. 19F NMR (400 MHz, acetone-d6):  –75.08. IR (KBr pellet, cm-1) 1722 (s). 

The purity of samples of 1a used for catalysis was confirmed by elemental 

analysis. Anal. calcd. for C18H24Cl2N2Pt: C, 38.32; H, 3.51; N, 4.06; Found: C, 

38.22;  H, 3.39; N, 4.05.  

 

 

Complex 2 (30 mg, 0.071 mmol) and AgOAc (Aldrich) (23.6 mg, 0.141 mmol) 

were dissolved in trifluoroacetic acid (5 mL), and the resulting solution was stirred 

at room temperature for 1 h. The reaction mixture was filtered through a plug of 

Celite to remove AgCl, and the filtrate was then concentrated by rotary 

evaporation. The resulting yellow oil was taken up in MeCN, and Et2O was added 

to precipitate a yellow powder. This solid was collected by filtration and dried 

under vacuum to afford 2a (29.2 mg, 75% yield). The 1H NMR spectrum of 2a 

matched that reported in the literature.43 In addition, the purity of samples of 2a 

used for catalysis was confirmed by elemental analysis. Anal. calcd. for 

C18H24Cl2N2Pt: C, 24.88; H, 1.04; N, 9.67; Found: C, 24.59;  H, 1.06; N, 9.51.  

 

 

Under N2, bipyrimidine (bpym) (100 mg, 0.63 mmol, 1.0 equiv) was dissolved in 

CH2Cl2 (13 mL, dried over 4 Å molecular sieves). The mixture was cooled to –5 
oC in an ice bath. [Me3O]BF4 (103 mg, 0.69 mmol, 1.1 equiv) was then added as 

a solid, and the resulting mixture was stirred for 2 h at –5 ºC. A white precipitate 

slowly formed that was subsequently filtered. The crude product was washed 

with CH2Cl2 (2 x 5 mL) and Et2O (3 x 5 mL) to remove unreacted bipyrimidine. 

The resulting mixture of mono- and dimethylated bipyrimidine was purified by 

recrystallization from MeOH/Et2O at –35 ºC to give the product as a white powder 

(78 mg, 48% yield). This product was unstable; therefore, it was stored at –15 ºC 
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and used for subsequent reactions within 12 h. 1H NMR (500 MHz, CD3CN):  

9.54 (d, J = 4.9 Hz, 1H), 9.13 (d, J = 4.9 Hz, 2H), 9.09 (d, J = 6.6 Hz, 1H), 8.26 

(app t, J = 5.6 Hz, 1H), 7.78 (app t, J = 4.9 Hz, 1H), 4.39 (s, 3H). HRMS (EI) 

Calcd for C9H9N4: 173.0827. Found: 173.0819. 

 

Under an inert atmosphere, (DMSO)2PtCl2 (74.2 mg, 0.22 mmol, 1.0 equiv) was 

dissolved in CH3OH (27 mL). This mixture was heated to 60 ºC, and then [N-

Me(bpym)]BF4 (58 mg, 0.22 mmol, 1.0 equiv) was added. The reaction was 

refluxed overnight and then cooled to room temperature, resulting in the 

precipitation of a pale yellow solid. The precipitate was collected, washed with 

Et2O (3 x 5 mL), and dried under vacuum to afford the product as a yellow solid 

(77 mg, 75% yield). 1H NMR (500 MHz, CD3CN):  9.84 (dd, J = 5.7, 1.9 Hz, 1H), 

9.09 (dd, J = 4.5, 1.9 Hz, 1H), 7.79 (d, J = 7.6 Hz, 1H), 7.68 (app t, J = 4.5 Hz, 

1H), 5.69 (dd, J = 7.3, 5.0 Hz, 1H), 5.49 (d, J = 5.0 Hz, 1H), 3.89 (s, 3H), 3.22 (s, 

3H). 13C NMR (100 MHz, CD3CN):  161.9, 157.2, 155.3, 155.2, 133.4, 123.9, 

106.7, 85.8, 51.6, 42.0. IR (KBr pellet, cm–1): 1562 (s). Anal. Calcd. for 

C10H12Cl2N4OPt: C, 25.54; H, 2.57; N, 11.92; Found: C, 25.69; H, 2.51; N, 11.82. 
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Chapter 3: Structure Activity Relationship of Pt-
Catalyzed CH Activation 

 

3.1 Introduction 

The development of Pt-based catalysts for the oxidation of alkanes/arenes (R–

H) to alcohols has been an important area of research for nearly 40 years. 

Pioneering studies by Shilov in the early 1970’s demonstrated that a combination 

of PtII and PtIV salts promotes the oxidation of methane to methanol.1 

Subsequent work has sought to improve this system through variation of the 

ancillary ligands at PtII.2 Carbonhydrogen bond activation at PtII is believed to be 

a key step in Pt-catalyzed R–H oxidation, and has therefore been an important 

focus of recent studies. 

One method for studying C–H activation involves PtII-catalyzed H/D exchange. 

H/D exchange is believed to proceed via intermediates directly relevant to those 

in catalytic R–H oxidation. As discussed in Chapter 2, we previously examined 

the catalytic activity of simple PtII salts and nitrogen ligated PtII complexes in an 

H/D exchange assay with C6H6 and several RCO2D sources.3 In each case the 

diimine PtII dichloride catalyst 1 exhibited high reactivity, with turnover 

frequencies an order of magnitude greater than the other top performing 

catalysts examined (Figure 3.1).  
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Figure 3.1. Diimine catalyst 1 exhibits enhanced CH activation reactivity in 
standard H/D exchange assay. 

 

 

Diimines are particularly attractive ligands for catalyst design because they are 

highly modular. As such diimines have been used widely as model systems for 

stoichiometric studies of the mechanism of CH activation in “Shilov” chemistry.  

In particular, work by Bercaw, Labinger, and Tilset has shown correlations 

between diimine structure and kinetic isotope effects, rate determining steps,4 

and formation and stability of intermediates in CH activation at 

[(N~N)Pt(CH3)(Solv)]X, where (N~N) is a diimine ligand (Scheme 3.1).5,6,7 

Although these studies have elegantly probed the fundamental reactivity of Pt-

mediated CH activation, the built in driving force of methane liberation deviates 

considerably from the proposed catalytic cycle for CH oxidation reactions.3  

 

Scheme 3.1. Stoichiometric studies of ligand effects on Pt-mediated CH 
activation 

N
N
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In the current work, we have examined the structure activity relationship of 

several different diimine PtII dichloride complexes using our previously published 

catalytic H/D exchange assay of C6H6 and RCO2D. The chloride complexes were 

utilized because they are all conveniently available in a single step from readily 

available PtII precursors.8 Importantly, this assay is conducted under acidic 

conditions very similar to those employed for many CH functionalization 
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reactions.2d,9 As a result, the observed trends have the potential to be directly 

relevant to catalytic CH oxidation reactions. The effect of substitution at the N-

aryl group, electron density at the metal, and presence of halogen substitution on 

the ligand have been examined in detail and are reported herein. This work was 

conducted in collaboration with an undergraduate summer research student 

Megan Cismesia. She developed optimized synthetic protocols for both diimine 

ligands and their platinum dichloride catalysts and conducted initial evaluations of 

turnover number at 2 and 24 h. 

 

3.2 Results 

We first investigated the impact of steric hindrance near the active site by 

studying a series of 2,6- and 3,5-disubstituted N-aryl diimines (1-7) (Figure 3.2). 

The initial rate of the H/D exchange reaction was measured for each catalyst in 

both CF3CO2D and CD3CO2D (Figure 3.3). Notably, in a few cases, the observed 

initial rates were fast relative to heat transfer from the oil bath resulting in a low 

estimate of the rate (Figure 3.3 (a) and (c), for example). The 2,6-dichlorodiimine 

Pt dichloride complex 1 exhibits dramatically higher reactivity than all other 

catalysts studied in CF3CO2D (Table 3.1, entry 1 vs entries 2-5). Both 2,6-

disubstituted diimine Pt dichloride complexes 1 and 2 significantly outperform the 

3,5-disubstituted diimine Pt dichloride analogs 3 and 4 in CD3CO2D (Table 3.1, 

entries 1 and 2 vs entries 3 and 4). These results indicate a large steric impact 

on catalyst reactivity in both solvents. In all cases the dichlorosubstituted 

complexes (1 and 3) exhibit faster rates than their analogous dimethyl complexes 

(2 and 4, respectively).   
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Figure 3.2. Diimine catalysts for H/D exchange of C6H6 and RCO2D 

 

 

 

Figure 3.3. Representative plots of initial rates. (a) (1)-catalyzed H/D exchange 
in CF3CO2D (b) (2)-catalyzed H/D exchange in CF3CO2D (c) (3)-catalyzed H/D 
exchange in CD3CO2D (d) (5)-catalyzed H/D exchange in CD3CO2D 

 

 

Conditions: (a) and (b): PtII catalyst (2 mol %, 5 µmol), benzene (23.2 µL, 0.26 
mmol), AgOAc (1.7 mg, 10 µmol) in CF3CO2D (0.5 mL, 6.5 mmol, 25 equiv 
relative to benzene) at 150 ºC. (c) and (d): PtII catalyst (2 mol %, 5 µmol), 
benzene (23.2 µL, 0.26 mmol), AgBF4 (1.9 mg, 10 µmol) in CD3CO2D (0.37 mL, 
6.5 mmol, 25 equiv relative to benzene) at 150 ºC. 

(a) 

(c) 

(b) 

(d) 
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Table 3.1. Initial rate of H/D exchange between C6H6 and RCO2D catalyzed by 
complexes 1-7. 

Deuterium Source
2 mol % [Pt]
4 mol % AgX

150 °C
H6 HnD6-n

 

Entry Catalyst 
Initial rates (M/h) 

CF3CO2D, AgOAc CD3CO2D, AgBF4 

1 1 5.39 5.66 

2 2 0.68 5.03 

3 3 0.23 0.92 

4 4 0.17 0.26 

5 5 0.09 0.10 

 

Based on these results, we hypothesized that the observed differences in 

activity might be due to differences in electron density at the metal center. We 

measured the electron density of the platinum center using two different 

methods. First, an experimental measurement of electron density was obtained 

from the CO stretching frequency of analogous Pt diimine complexes 8-14 

(Figure 3.4). More electron-rich ligands donate more electron density into the 

carbonyl anti-bonding orbitals resulting in a lower observed stretching frequency. 

This metric has been used extensively in organometallic chemistry, including 

investigation of platinum diimine complexes.4,10  
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Figure 3.4. Diimine Pt methyl carbonyl complexes and their carbonyl stretching 
frequency in CH2Cl2.

4,10 

 

 

 

Second, density functional theory (DFT) and natural bond order (NBO) analysis 

were employed to computationally determine the natural charge of the Pt atom in 

complexes 1-7. The geometry of complexes 1-7 were optimized using Gaussian 

03 suite of programs.11 All DFT calculations were performed with the B3LYP 

functional12,13,14,15  along with the LanL2DZ basis set.16,17,18  NBO analysis was 

then used to predict the natural charge at the platinum atom (Table 3.2). 
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Table 3.2. The natural charge at Pt for complexes 1-7. 

 

Catalyst Natural Charge 

1 0.773 

2 0.742 

3 0.730 

4 0.744 

5 0.745 

6 0.736 

7 0.744 

 

With this data in hand, we then plotted the initial rates of Pt-catalyzed H/D 

exchange in CF3CO2D and CD3CO2D as a function of both CO stretching 

frequency of analogous complexes 8-14 (Figure 3.5) and the calculated natural 

charge of the Pt atom in complexes 1-7 (Figure 3.6). Under catalytic H/D 

exchange conditions, there is no correlation between the observed initial rate in 

CF3CO2D or CD3CO2D and either the carbonyl stretching frequency or Pt-atom 

natural charge.  
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Figure 3.5. Initial rates of H/D exchange between C6H6 and RCO2D catalyzed by 
complexes 1-7 versus νCO of analogous complexes 8-14. 

(○ = 2,6-disubstituted, ■ = 3,5-disubstituted ▲ = unsubstituted) 

 
CF3CO2D

2 mol % [Pt]
4 mol % AgOAc

150 °C
H6 HnD6-n

  

CD3CO2D
2 mol % [Pt]

4 mol % AgBF4

150 °C, 2 h
H6 HnD6-n

      

       

 
Figure 3.6. Initial rates of H/D exchange between C6H6 and RCO2D catalyzed by 
complexes 1-7 versus the calculated natural charge of Pt.  

(♦ = 2,6-disubstituted, ■ = 3,5-disubstituted ▲ = unsubstituted) 

CF3CO2D
2 mol % [Pt]

4 mol % AgOAc
150 °C

H6 HnD6-n

  

CD3CO2D
2 mol % [Pt]

4 mol % AgBF4

150 °C, 2 h
H6 HnD6-n

 

  
 

Notably, enhanced initial rates were observed in acetic acid for both 2,6-

disubstituted diimine Pt dichloride catalysts 1 and 2 and the 3,5-

bis(trifluoromethyl)substituted diimine Pt dichloride catalyst 7. The suprising 
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reactivity of 7 led us to hypothesize that there may be a unique impact on 

reactivity in the presence of halogen substitution. In order to probe this effect, a 

new series of halogen substituted diimine Pt dichloride catalysts were prepared 

and their reactivity was evaluated for Pt-catalyzed H/D exchange between 

benzene and RCO2D (15-18, Figure 3.7).  

 

Figure 3.7. Diimine catalysts for H/D exchange between C6H6 and RCO2D 

 

 

 

First, 2,6-dichloro, 2,6-dibromo-, and 2,6-difluorodiimine PtII dichloride 

complexes (1, 15, and 16, respectively) were evaluated as catalysts for H/D 

exchange between C6H6 and both CF3CO2D (Figure 3.8) and CD3CO2D (Figure 

3.9) over 24 h. This study was carried out at 100 °C where the rate of H/D 

exchange is slow enough to easily distinguish trends in reactivity, and the results 

were compared to the 2,6-dimethyldiimine PtII dichloride complex 2. With both 

deuterium sources, the reaction rate increased moving from methyl to halogen 

substitution. A large increase in rate was observed for chloro- and bromo-

substituted diimines, whereas fluoro-subsitution only demonstrated a moderate 

increase in rate (Figures 3.8 and 3.9).  
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Figure 3.8. Turnover number for H/D exchange between C6H6 and CF3CO2D 
catalyzed by complexes 1, 2, 15, and 16 as a function of time 

CF3CO2D
2 mol % [Pt]

4 mol % AgOAc
100 °C, X h

H6 HnD6-n

 

   

 

 

 

 

 

 

 

 

Conditions: PtII catalyst (2 mol %, 5 µmol), benzene (23.2 µL, 0.26 mmol), 
AgOAc (1.7 mg, 10 µmol) in CF3CO2D (0.5 mL, 6.5 mmol, 25 equiv relative to 
benzene) at 100 ºC.  
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Figure 3.9. Turnover number for H/D exchange between C6H6 and CD3CO2D 
catalyzed by complexes 1, 2, 15, and 16 as a function of time 

CD3CO2D
2 mol % [Pt]

4 mol % AgBF4
100 °C, X h

H6 HnD6-n

 

 

 

Conditions: PtII catalyst (2 mol %, 5 µmol), benzene (23.2 µL, 0.26 mmol), AgBF4 
(1.9 mg, 10 µmol) in CD3CO2D (0.37 mL, 6.5 mmol, 25 equiv relative to benzene) 
at 100 ºC. 

 

To further probe the effect of halogen substitution, we sought to deconvolute 

the steric impact of substitution at the 2 and 6 positions of the N-aryl group and 

the enhanced reactivity of halogen substitution. We therefore synthesized two 

additional complexes and examined their reactivity using the H/D exchange 

assay in both CF3CO2D and CD3CO2D. The first complex contains mono-

substituted aryl rings with only chloro-substitution at the 2 position (17, Figure 

3.7). The second complex features a methyl group in the 2 position and a 

chloride in the 6 position of the N-aryl group (18, Figure 3.7). As seen in Figures 

3.10 and 3.11, the observed order of reactivity is 1 > 18 > 17 with both deuterium 

sources.  
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Figure 3.10. Turnover number for H/D exchange between C6H6 and CF3CO2D 
catalyzed by complexes 1, 17, and 18 as a function of time 

 
CF3CO2D

2 mol % [Pt]
4 mol % AgOAc

100 °C, X h
H6 HnD6-n

 

 

Conditions: PtII catalyst (2 mol %, 5 µmol), benzene (23.2 µL, 0.26 mmol), 
AgOAc (1.7 mg, 10 µmol) in CF3CO2D (0.5 mL, 6.5 mmol, 25 equiv relative to 
benzene) at 100 ºC.  
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Figure 3.11. Turnover number for H/D exchange between C6H6 and CD3CO2D 
catalyzed by complexes 1, 17, and 18 as a function of time 

 

CD3CO2D
2 mol % [Pt]

4 mol % AgBF4
100 °C, X h

H6 HnD6-n

 

 

Conditions: PtII catalyst (2 mol %, 5 µmol), benzene (23.2 µL, 0.26 mmol), AgBF4 
(1.9 mg, 10 µmol) in CD3CO2D (0.37 mL, 6.5 mmol, 25 equiv relative to benzene) 
at 100 ºC. 

 

3.3 Discussion 

Our investigations revealed a significant correlation between structure and 

activity of diimine PtII dichloride catalysts for H/D exchange between C6H6 and 

RCO2D. Pt catalysts bearing 2,6 disubstituted diimine ligands exhibited 

enhanced rates compared to both 3,5-disubstituted and unsubstituted ligands 

(Table 3.1). There is no clear correlation between reactivity and the electron 

density of the metal center, as measured by both the carbonyl stretching 

frequencies of analogous complexes 8-14 (Figure 3.5) and the natural charge of 

Pt in complexes 1-7 calculated with NBO analysis (Figure 3.6). However, a 

special enhancement in reactivity was observed when halogens were present on 

the N-aryl group. 

Intriguingly, different reactivity patterns were observed in stoichiometric CH 

activation reactions at Pt diimine organometallic complexes. Zhong and Bercaw 
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reported an extensive investigation of diimine ligand effects in the stoichiometric 

CH activation of benzene by diimine PtII monomethyl complexes (19-23, Figure 

3.12).4 In particular they examined the electronic effect of the ligand by plotting 

the log of the rate of CH activation versus the carbonyl stretching frequency of 

analogous complexes 24-28 (Figure 3.12). Diimines with 3,5-disubstitution (19-

22) exhibited a linear correlation between the log of the rate constant of CH 

activation and the carbonyl stretching frequency of complexes 24-27 (Figure 

3.13). More electron rich complexes showed an increased rate of CH activation, 

which was attributed to a ground state effect (accelerated dissociation of a 

coordinated solvent molecule). The authors also compared the reactivity of 2,6- 

and 3,5-disubstituted diimines. The 2,6-disubstituted complexes investigated 

react an order of magnitude more slowly than 3,5-disubstituted complexes (23, 

Figure 3.13). 
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Figure 3.12. A subset of Pt diimine complexes studied by Zhong and Bercaw4 for 
the stoichiometric CH activation of C6D6 
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Figure 3.13. The log of the rate constant of C6D6 activation by complexes 19-23 
versus νCO of analogous complexes 24-28 reported by Zhong and Bercaw4  

(♦ = 3,5-disubstituted ■ = 2,6-disubstituted) 
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Zhong and Bercaw’s stoichiometric study of diimine ligand effects also revealed 

significant mechanistic differences between 3,5- and 2,6-disubstituted ligands.  

For example, 3,5-disubstituted complexes exhibit a kinetic isotope effect of ~2, 

whereas platinum complexes with 2,6-disubstituted ligands show an isotope 

effect of ~1. Additionally, large differences in the amount of deuterium scrambling 

between C6D6 and the liberated methane were observed. Isotope scrambling can 

occur when the rate of oxidative addition of CH3D (kscramble, Scheme 3.2) is faster 

than the rate of CH3D ligand exchange (kexchange, Scheme 3.2). Interestingly, little 

isotope scrambling was observed for complexes with 3,5-disubstituted ligands, 

whereas near statistical isotope scrambling between C6D6 and the methyl of the 

Pt starting material was observed for 2,6-disubstituted complexes. The authors 

conclude that the two ligand classes give rise to a change in rate determining 

step – benzene coordination for 2,6-disubstitution and CH bond cleavage for 

3,5-disubstitution. Based on semiempirical calculations, they suggest that the 

increased steric demands of the 2,6-disubstitution result in a perpendicular 

orientation of the aryl ring relative to the square plane, which in turn retards 

associative ligand substitution.  

 

Scheme 3.2. Proposed mechanism of isotope scrambling 

 

 

In marked contrast to Bercaw’s results, our H/D exchange data showed no 

trend in initial rates of reaction and carbonyl stretching frequency when plotted as 

kobs versus ν(CO) (Figure 3.5). For an exact comparison to the Bercaw data, the 
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logarithm of kobs was instead plotted versus ν(CO) in Figure 3.14. Plotted in this 

fashion, there is still no clear correlation between rate and carbonyl stretching 

frequency.  

 

Figure 3.14. Log of the initial rates of H/D exchange between C6H6 and RCO2D 
catalyzed by complexes 1-7 versus νCO of analogous complexes 8-14.  

(○ = 2,6-disubstituted, ■ = 3,5-disubstituted ▲ = unsubstituted) 
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Our catalytic assay does corroborate the large impact of diimine ligand 

structure on Pt-catalyzed CH activation. However, based on Bercaw’s 

stoichiometric investigations, one might hypothesize that an electron rich 3,5-

disubstituted diimine ligand would give the highest rates for catalytic CH 

activation. On the contrary, our assay reveals that Pt catalysts with 2,6-

disubstituted diimine ligands result in up to a 30-fold increase in initial rate of 

reactivity over those with 3,5-disubstituted ligands. Furthermore, our assay 

demonstrates no electronic trend in reactivity. Some of the enhanced reactivity of 

the platinum complexes with 2,6-disubstituted ligands may be the result of an 

increased propensity to undergo multiple reversible CH activations and 
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deuterations without dissociation of the substrate as predicted by the increased 

isotope scrambling observed by Bercaw in the stoichiometric study. 

Our studies have also revealed the special reactivity of halogen substitution for 

diimine Pt dichloride CH activation. The most active catalysts we studied were 

2,6-dichloro- and 2,6-dibromodiimine Pt dichloride in both deuterium sources (1 

and 15, respectively). These catalysts exhibit dramatically higher turnover 

frequencies than the alkyl substituted analogs. Reactivity was attenuated by 

replacing one of the halogens with a methyl (18) or hydrogen (17) (Figure 10) as 

well as by replacement of chloride with fluoride (16). The reduced activity of 

complexes 16 and 17 may be attributed to reduced steric hinderance at the 

active site. However, the observed increase in reactivity from dimethyl-

substitution (2) to mono-methyl mono-chloro (18) to dichloro-substitution (1) is 

indicative of a unique effect of halogen substitution. 

Halogen substitution in the ortho positions of N-aryl diimine ligands have been 

shown to result in uniquely high reactivity for other metal-catalyzed reactions as 

well. For example use of 2,3-dichloro-substituted diimine ligands for Pd-catalyzed 

Heck and Suzuki reactions led to a significant increase in yield over analogous 

methyl substituted ligands (Figure 3.15).19 In this case the authors note a 

“conspicuous” increase in yield with chloro-substitution but suggest the effect 

may be due to decreased electron density at the metal center.  

 

Figure 3.15. Halogen substitution of Pd-diimine catalysts gives increased yields 
for Suzuki coupling versus methyl substitution19 
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Additionally, diimine Ni dibromide catalysts have been studied extensively for 

the metal-catalyzed polymerization of ethylene. As shown in Figure 3.16, 

catalysts with ortho substiutents on the N-aryl ring have higher activities for olefin 

polymerization than those with the same substituent in the meta or para 

position.20  Furthermore, chloro-substitution at the ortho position leads to an 

increase in activity compared to methyl substitution. Based on crystal structures 

and a proposed “chain-running” mechanism, the authors propose that these 

trends are the result of axial coordination of the ortho-substituent to the metal 

center. In the case of halogen, this interaction is presumed to further stabilize the 

metal center. A similar interaction has also been proposed for Ru-catalyzed olefin 

metathesis with halogenated N-heterocyclic carbene ligands.21 

 

Figure 3.16. Halogen substitution of Ni-diimine catalysts gives increased activity 
for ethylene oligomerization20 

 

 

 

Our study of Pt-catalyzed CH activation adds another example to the list of 

organometallic transformations where diimine ligated catalyst reactivity is 

enhanced with N-aryl halogen substitution. Contrary to the proposal for increased 

yields in Suzuki and Heck couplings, we have demonstrated that this effect is not 

due to a change in electron density at the metal center. Semi-empirical 
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calculations by Bercaw and by us22 suggest that the N-aryl rings of the diimine 

ligand exhibit hindered rotation. In the case of 2,6-disubstitution, crystal 

structures of related complexes23 and DFT geometry optimizations suggest that 

the aryl rings are positioned nearly perpendicular to the Pt square plane. This 

structural difference is the most likely explanation for the observed increased 

rates of CH activation for 2,6-disubstitution. Whereas axial coordination of the 

ortho-substituent was proposed for the Ni-catalyzed polymerization reaction, the 

distance between the metal center and the 2,6-substituents in the diimine Pt 

dichloride complexes is nearly 4 Ǻ based on DFT geometry optimizations, which 

exceeds typical values for  metal-halogen coordination.24  

 

3.4 Conclusion 

In summary this work has demonstrated a remarkable relationship between 

diimine ligand substitution at the N-aryl group and catalyst activity for H/D 

exchange between C6H6 and RCO2D. This assay directly studies Pt catalysts that 

are viable for development in CH functionalization reactions10 under conditions 

similar to previously reported methodology.9 Intriguingly, marked differences in 

trends of structure of the diimine ligand and the activity of the Pt-catalyst were 

observed between previously published stoichiometric assays and our catalytic 

investigations. Our study identified substitution in the 2 and 6 positions of the N-

aryl group of the diimine ligand, especially incorporation of halogens in these 

positions, leads to dramatic increases in catalyst reactivity. Further optimization 

of catalyst activity could be explored using this straightforward assay. 

 

3.5 Experimental 

 

General: 1H, 19F, and 13C NMR spectra were recorded on Varian Inova 500 or 

400 MHz NMR spectrometers with the residual solvent peak as the internal 

reference. Chemical shifts are reported in parts per million (ppm) (). Multiplicities 

are reported as follows: br (broad resonance), s (singlet), t (triplet), q (quartet), d 
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(doublet), dd (doublet of doublets), m (multiplet). Coupling constants (J) are 

reported in Hz. Infrared (IR) spectroscopy was performed on a Perkin Elmer 

FTIR. Peaks are reported in cm-1. Elemental analyses were performed by Atlantic 

Microlab, Inc., Norcross, Georgia. CF3CO2D was purchased from Cambridge 

Isotopes Lab and stored in a Schlenk tube under N2. Stock solutions of silver 

salts were prepared using volumetric glassware, and all liquid reagents were 

dispensed by difference. Benzene was obtained from Fisher Scientific and stored 

over 4 Angstrom molecular sieves. (DMSO)2PtCl2
25and Zeise’s salt26 were 

prepared according to literature procedures. All reactions were prepared on the 

benchtop and run under air. H/D exchange data was measured on a Shimadzu 

GCMS-QP5000, and all raw data was deconvoluted using a benzene H/D 

exchange worksheet prepared by Periana and coworkers.27 Every reported 

reaction was conducted at least twice. The average of all trials is reported herein. 

 

Computational Methods: Using Gaussian 03 suite of programs,11 all density 

functional theory (DFT) calculations were performed with the B3LYP 

functional12,13,14,15  along with the LanL2DZ basis set.16,17,18 All geometries were 

optimized using LanL2DZ/B3LYP without symmetry constraints using the 

restricted Kohn-Sham formalism for all complexes.  All minima were confirmed by 

the absence of imaginary frequencies.  Thermochemical data was calculated 

using unscaled vibrational frequencies and default parameters at 298.15 K and 1 

atm.  NBO analysis28 was used to determine relevant charge distribution in 

ground states. 

 

Example H/D Exchange: All glassware and stir bars were treated with aqua 

regia, washed with copious amounts of water and acetone, and dried before 

each use. To a 4 mL resealable schlenk tube was added a small stir bar and 2 

mol % catalyst. A 0.04 M in CF3CO2D stock solution of silver acetate was 

prepared immediately prior to use. The silver solution (if specified) and catalyst 

were combined in a total of 0.5 mL of CF3CO2D and stirred for one minute. 

Benzene (23.2 μL, 0.26 mmol), stored over 4 Angstrom molecular sieves, was 
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added to the reaction vessel, which was subsequently sealed. The vessel was 

submerged up to the stopcock channel in a preheated oil bath. At the end of the 

reaction, the vessel was cooled to room temperature. The reaction mixture was 

then filtered over celite to remove any particulates and rinsed with ethyl acetate 

into a 20 mL scintillation vial. A saturated aqueous solution of potassium 

carbonate (500 g in 400 mL deionized H2O) was added to the vial to quench and 

separate the acid (2 x 1 mL). The organic layer was carefully separated and 

diluted with additional ethyl acetate to a 1 mg/mL sample for analysis by GC-MS.  

 

Example Initial Rates: All glassware and stir bars were treated with aqua regia, 

washed with copious amounts of water, and dried before each use. The PtII 

catalyst (5 µmol) was dissolved in CF3CO2D (0.25 mL) in a 4 mL Schlenk flask 

fitted with a resealable Teflon stopcock. A 0.04 M stock solution of AgOAc in 

CF3CO2D was prepared immediately before use. This AgOAc solution (0.25 mL 

of a 0.04 M stock solution in CF3CO2D, 0.01 mmol, 4 mol %) was added to the 

flask, this mixture was stirred for 1 min, and then benzene (23 μL, 0.26 mmol) 

was added. The reaction vessel was sealed and then completely submerged in 

an oil bath that was pre-heated to 150 ºC. After the desired time, the vessel was 

removed from the oil bath and immediately submerged in an ice bath. The 

reaction was then worked up as described in the manuscript. Three to four time 

points were acquired for each catalyst to assess the reactivity up to 

approximately 10% conversion (10% of the statistical maximum turnover number, 

TON = 21 and TON = 24 for CF3CO2D and CD3CO2D, respectively). To obtain 

the observed rate, the concentration of CD bonds was plotted vs. reaction time. 

For reactions that proceed very fast, the rates are at best a low approximation of 

the rate as a result of slow heat transfer relative to the reaction kinetics. 

 

Example Time Study: All glassware and stir bars were treated with aqua regia, 

washed with copious amounts of water, and dried before each use. The PtII 

catalyst (5 µmol) was dissolved in CF3CO2D (0.25 mL) in a 4 mL Schlenk flask 

fitted with a resealable Teflon stopcock. A 0.04 M stock solution of AgOAc in 
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CF3CO2D was prepared immediately before use. This AgOAc solution (0.25 mL 

of a 0.04 M stock solution in CF3CO2D, 0.01 mmol, 4 mol %) was added to the 

flask, this mixture was stirred for 1 min, and then benzene (23 μL, 0.26 mmol) 

was added. The reaction vessel was sealed and then completely submerged in 

an oil bath that was pre-heated to 100 ºC. After the allotted time, the mixture was 

cooled to room temperature and worked up as described above. 

 

3.6 Characterization 

General procedure for synthesis of compounds S1-S11:  

The diimine ligands were prepared according to literature procedures.10,29,30,31 

Diimine ligand S1 was prepared according to a procedure reported by Chen31 

and Sanford.10 Diimine ligands S2-S7 were prepared according to procedures 

reported by Bercaw82 and Tilset,30 and their characterization is reported in 

Chapter 4.10 The appropriate aniline and 2,3-butanedione were dissolved in 

methanol. Formic acid (1-6 drops) was added, and the reaction was allowed to 

stand unstirred until crystals began to form (typically overnight). The reaction 

mixture was then stirred overnight. The precipitate was collected on a fritted filter, 

washed with methanol, and dried under vacuum. 

     

  

 

Diimine ligand S8 was synthesized by an adaptation of a published preparation.32  

2,6-difluoroaniline (1.08 mL, 10 mmol, SynQuest) was dissolved in anhydrous 
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methanol (7.5 mL) in a 25 mL round bottom flask.  2,3-Butanedione (0.64 mL, 7 

mmol, TCI), p-toulenesulfonic acid (0.021 g, Aldrich), and trimethyl ortho-formate 

(2 mL) were added to the solution and the reaction was stirred overnight.  The 

next day, the precipitate was collected by filtration and dried under vacuum to 

yield a yellow solid (322 mg, 21%).  1H NMR (400 MHz, Acetone-d6): δ 7.25 (m, 

2H), 7.14 (m, 4H), 2.22 (s, 6H). 19F NMR (376 MHz, Acetone- d6): δ 124.72 (m) 
13C NMR (100 MHz, Acetone-d6): δ173.32 (s), 153.03 (dd, J1 = 245.4, J3 = 5.83),, 

127.79 (t, J2 = 16.7), 126.22 (t, J3 = 9.3), 112.66 (m), 16.80 (s). 

 

Diimine ligand S9 was synthesized by an adaptation of a published preparation 

by Chen et al.4  2,6-Dibromoaniline (2.361 g, 9.4 mmol, Alfa Aesar) and 2,3-

butanedione (0.41 mL, 4.7 mmol, TCI) were dissolved in dry toluene (4.5 mL) in a 

10 mL round bottom flask equipped with a Dean Stark trap and reflux condenser.  

Trifluoroacetic acid (0.11 mL, Aldrich) was added to the solution and the reaction 

was stirred at reflux overnight.  The reaction was then cooled to room 

temperature and the solvent was concentrated to a brown oil.  Cold acetone was 

added to the oil to precipitate a solid that was collected by filtration, washed with 

cold acetone, and dried under vacuum to yield a yellow solid (404 mg, 16%).  1H 

NMR (400 MHz, CDCl3): δ 7.56 (d, J= 8.0 Hz, 2H), 6.85 (t, J= 8.0 Hz, 4H), 2.14 

(s, 6H). 13C NMR (100 MHz, CDCl3): δ 171.21, 147.52, 131.93, 125.60, 112.71, 

17.02. 
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Diimine ligand S10 was synthesized by an adaptation of a published preparation 

by Chen et al.4  2-chloro, 6-methylaniline (4.4 mL, 35.7 mmol, Pfaltz and Bauer) 

and 2,3-butanedione (1.7 mL, 19.8 mmol, TCI) were dissolved in dry toluene (15 

mL) in a 25 mL round bottom flask equipped with a Dean Stark trap and reflux 

condenser.  Trifluoroacetic acid (0.38 mL, Aldrich) was added to the solution and 

the reaction was stirred at reflux overnight.  The reaction was then cooled to 

room temperature and the solvent was concentrated to a brown oil.  Ether was 

added to the oil to precipitate a solid that was collected by filtration, washed with 

ether, and dried under vacuum to yield a yellow-brown solid (1.94 g, 33%). 

Proton NMR analysis at room temperature is consistent with hindered rotation. 

Coalescence of the aliphatic peaks was above 75 °C.  1H NMR (500 MHz, 

DMSO-d6, 75°C): δ 7.35 (d, J= 8 Hz, 2H), 7.25 (d, J= 8 Hz, 2H), 7.05 (m, 2H), 

2.07 (s, 6H), 2.04 (s, 6H) . 13C NMR (100 MHz, DMSO-d6, 100°C): δ 168.73, 

145.35, 128.28, 126.97, 126.30, 123.70, 120.38, 16.62, 15.43 (br). 

 

Diimine ligand S11 was synthesized by following a published preparation.20  2-

Chloroaniline (1.6 mL, 15.5 mmol, Acros) and 2,3 butanedione (0.5 mL, 5.7 

mmol, TCI) were dissolved in dry methylene chloride (5 mL) in a 20 mL 

scintillation vial.  Tosic acid monohydrate (108 mg, 5 mol %,  Aldrich) was added 

to the solution and the reaction was stirred at reflux for 24 h.  The reaction was 

then cooled to room temperature and filtered over a plug of silica in a pipet.  The 

filtrate was concentrated in vacuo to a viscous oil. Cold methanol (10 mL) was 

added, and then the reaction was stored in the freezer to facilitate precipitation of 

a pale yellow microcystalline solid that was collected by filtration (255.9 mg, 

15%).  1H NMR (400 MHz, CDCl3): δ 7.42 (d, J= 8 Hz, 2H), 7.26 (t, J= 8 Hz, 2H), 
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7.05 (t, J= 8 Hz,2H), 6.79 (d, J= 8 Hz, 2H), 2.14 (s, 6H). 13C NMR (100 MHz, 

CDCl3): δ 169.66, 147.68, 129.86, 127.31, 124.85, 123.13, 119.67, 16.10. 

General Procedure for synthesis of complexes 1-7: 

The diimine Pt dichloride complexes were prepared according to published 

literature methods A, B, or C. Method A: The diimine ligand and cis-

(Me2SO)2Pt(Cl)2  were heated in acetone at 70 ºC for 4 h, then the precipitate 

was collected by hot filtration, and dried under vacuum.3 Method B: Zeise’s 

dimer was suspended in tetrahydrofuran and the diimine added slowly with 

vigorous stirring. The solution was stirred overnight, and then the precipitate was 

collected by filtration and dried under vacuum.8 Method C: Zeise’s salt26 was 

suspended in methanol at 0 °C and the diimine added slowly with vigorous 

stirring.  The solution was stirred for three hours and slowly warmed to room 

temperature. The precipitate was collected by filtration, washed with methanol 

and ether, and dried under vacuum.Error! Bookmark not defined. 13C NMR spectral data 

is not reported for any of the dichloride complexes due to their poor solubility. 

 

Method A: The diimine ligand S1 (115 mg, 0.31 mmol) and cis-(Me2SO)2Pt(Cl)2 

(100 mg, 0.24 mmol) were dissolved in acetone (10 mL) in a 20 mL scintillation 

vial. During heating, the mixture changed color from yellow to red, and a reddish-

brown precipitate was observed (32.9 mg, 22% yield). 1H NMR (400 MHz, DMF-

d7):  7.73 (d, J = 8 Hz, 4H), 7.55 (t, J = 8 Hz, 2H), 2.02 (s, 6H). The purity of 

samples of complex 1 used for catalysis was confirmed by elemental analysis. 

Anal. calcd. for C16H12Cl6N2Pt: C, 30.02; H, 1.89; N, 4.38; Found: C, 30.00; H, 

1.83; N, 4.33. 
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Method B: [Pt2Cl4(C2H4)2] (80 mg, 0.136 mmol, Strem) was suspended in 

tetrahydrofuran (5.4 mL) in a 20 mL scintillation vial.  Slowly, the diimine ligand 

S2 (110.7 mg, 0.295 mmol) was added to the reaction with constant stirring.  The 

clear yellow liquid turned murky brown with the addition of the diimine and the 

reaction was allowed to stir overnight yielding a brown solid which was collected 

by filtration and washed with ether (2 x 3 mL) (145.4 mg, 83%).   1H NMR (400 

MHz, DMSO-d6): δ 7.72 (m, 2H), 7.23 (d, J = 2 Hz, 4H), 1.90 (s, 6H).  The purity 

of samples of complex 2 used for catalysis was confirmed by elemental analysis.  

Anal. Calcd. for C16H12Cl6N2Pt: C, 30.02; H, 1.89; N, 4.38; Found:  C, 30.30; H, 

2.06; N, 4.19.  

 

Method B: [Pt2Cl4(C2H4)2] (105 mg, 0.18 mmol, Strem) was suspended in 

tetrahydrofuran (7 mL) in a 20 mL scintillation vial.  Slowly, the diimine ligand S3 

(114.0 mg, 0.39 mmol) was added to the reaction with constant stirring.  The 

clear yellow liquid turned murky brown with the addition of the diimine and the 

reaction was allowed to stir overnight yielding a brown solid (154.3 mg, 77%).   
1H NMR (400 MHz, DMSO-d6): δ 7.18 (s, 6H), 2.12 (s, 12H), 1.75 (s, 6H). The 

purity of samples of complex 3 used for catalysis was confirmed by elemental 

analysis.  Anal. Calcd. for C20H24Cl2N2Pt: C, 43.02; H, 4.33; N, 5.02; Found: C, 

42.97; H, 4.37; N, 4.86.  

Method C: K[PtCl3(C2H4)]•H2O
26  (140 mg, 0.36 mmol) was suspended in 

methanol (7 mL) in a 20 mL scintillation vial at 0˚C.  Slowly, the diimine ligand S3 
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(115 mg, 0.39 mmol) was added to the chilled reaction with constant stirring.  

The clear yellow liquid turned murky brown with the addition of the diimine and 

the reaction was allowed to stir and warm up to room temperature yielding a 

brown solid (165 mg, 83%).   The purity of samples of complex 3 used for 

catalysis was confirmed by elemental analysis.  Anal. Calcd. for C20H24Cl2N2Pt: 

C, 43.02; H, 4.33; N, 5.02; Found: C, 42.93; H, 4.31; N, 5.15.  

Pt
Cl

Cl

N

N
(4)

 

Method C: K[PtCl3(C2H4)]•H2O  (138 mg, 0.36 mmol) was suspended in 

methanol (7 mL) in a 20 mL scintillation vial at 0˚C.  Slowly, the diimine ligand S4 

(115 mg, 0.39 mmol) was added to the chilled reaction with constant stirring.  

The clear yellow liquid turned murky brown with the addition of the diimine and 

the reaction was allowed to stir and warm up to room temperature yielding a 

brown solid (173 mg, 86%).  1H NMR (400 MHz, CD3CN): δ 7.22 (s, 6H), 2.27 (s, 

12H), 1.69 (s, 6H).  The purity of samples of complex 4 used for catalysis was 

confirmed by elemental analysis.  Anal. Calcd. for C20H24Cl2N2Pt: C, 43.02; H, 

4.33; N, 5.02; Found: C, 43.04; H, 4.25; N, 5.11.  

 

Method B: [Pt2Cl4(C2H4)2] (105 mg, 0.18 mmol, Strem) was suspended in 

tetrahydrofuran (7 mL) in a 20 mL scintillation vial.  Slowly, the diimine ligand S5 

(92.1 mg, 0.39 mmol) was added to the reaction with constant stirring.  The clear 

yellow liquid turned murky brown with the addition of the diimine and the reaction 

was allowed to stir overnight yielding a brown solid (165.1 mg, 91%). 1H NMR 

(400 MHz, Acetone-d6): δ 7.50 (t, J= 7.2 Hz, 4H), 7.38 (t, J= 7.2 Hz, 2H), 7.17 (d, 
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J= 7.2 Hz, 4H), 1.95 (s, 6H). The purity of samples of complex 5 used for 

catalysis was confirmed by elemental analysis.  Anal. Calcd. for C16H16Cl2N2Pt: 

C, 38.26; H, 3.21; N, 5.58; Found: C, 38.36; H, 3.14; N, 5.52.  

 Method C: K[PtCl3(C2H4)]•H2O (138 mg, 0.36 mmol) was suspended in 

methanol (7 mL) in a 20 mL scintillation vial at 0˚C.  Slowly, the diimine ligand S5 

(56 mg, 0.39 mmol) was added to the chilled reaction with constant stirring.  The 

clear yellow liquid turned murky brown with the addition of the diimine and the 

reaction was allowed to stir and warm up to room temperature yielding a brown 

solid (76 mg, 42%).  The purity of samples of complex 5 used for catalysis was 

confirmed by elemental analysis.  Anal. Calcd. for C16H16Cl2N2Pt: C, 38.26; H, 

3.21; N, 5.58; Found: C, 38.24; H, 3.10; N, 5.61.  

Pt
Cl

Cl

N

N

tButBu

tBu tBu

(6)

 

Method C: K[PtCl3(C2H4)]•H2O  (140 mg, 0.36 mmol) was dissolved in methanol 

(10 mL) in a 20 mL scintillation vial at 0˚C.  Slowly, the diimine ligand S6 (183 

mg, 0.40 mmol) was added to the chilled reaction with constant stirring.  The 

clear yellow liquid turned murky brown with the addition of the diimine and the 

reaction was allowed to stir and warm up to room temperature yielding a brown 

solid (233 mg, 89%).  1H NMR (400 MHz, Acetone-d6): δ 7.47 (s, 2H), 7.06 (s, 

4H), 1.96 (s, 6H), 1.36 (s, 36H).  The purity of samples of complex 6 used for 

catalysis was confirmed by elemental analysis.  Anal. Calcd. for C32H48Cl2N2Pt: 

C, 52.89; H, 6.66; N, 3.85; Found: C, 52.69; H, 6.59; N, 3.89.  
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Method B: [Pt2Cl4(C2H4)2] (105 mg, 0.18 mmol, Strem) was suspended in 

tetrahydrofuran (7 mL) in a 20 mL scintillation vial.  Slowly, the diimine ligand S7 

(105.0 mg, 0.39 mmol) was added to the reaction with constant stirring.  The 

clear yellow liquid turned murky brown with the addition of the diimine and the 

reaction was allowed to stir overnight yielding a brown solid (212.2 mg, 76%). 1H 

NMR (400 MHz, DMSO-d6): δ 8.26 (s, 2H), 7.85 (s, 4H), 1.94 (s, 6H). 19F NMR 

(376 MHz, DMSO-d6) δ 61.36. The purity of samples of complex 7 used for 

catalysis was confirmed by elemental analysis.  Anal. Calcd. for 

C20H12Cl2F12N2Pt: C, 31.02; H, 1.56; N, 3.62; Found: C, 30.92; H, 1.46; N, 3.48.  

Method C: K[PtCl3(C2H4)]•H2O (144 mg, 0.37 mmol) was suspended in methanol 

(12 mL) in a 20 mL scintillation vial at 0˚C.  Slowly, the diimine ligand S7 (208 

mg, 0.41 mmol) was added to the chilled reaction with constant stirring.  The 

clear yellow liquid turned murky brown with the addition of the diimine and the 

reaction was allowed to stir and warm up to room temperature  yielding a brown 

solid (90 mg, 31%).  The purity of samples of complex 7 used for catalysis was 

confirmed by elemental analysis.  Anal. Calcd. for C20H12Cl2F12N2Pt: C, 31.02; H, 

1.56; N, 3.62; Found: C, 30.90; H, 1.41; N, 3.75.  

 

Method A: The diimine ligand S9 (171 mg, 0.31 mmol) and cis-(Me2SO)2Pt(Cl)2 

(100 mg, 0.24 mmol) were dissolved in acetone (10 mL) in a 20 mL scintillation 

vial. During heating, the mixture changed color from yellow to red, and a reddish-

brown precipitate was observed (58.9 mg, 30%). 1H NMR (500 MHz, Acetone-

d6):  7.83 (d, J= 8 Hz, 4H), 7.32 (t, J= 8 Hz, 2H), 2.08 (s, 6H). The purity of 

samples of complex 15 used for catalysis was confirmed by elemental analysis. 

Anal. Calcd. For C16H12Br4Cl2N2Pt: C, 23.50; H, 1.48; N, 3.43; Found: C, 23.49; 

H, 1.24; N, 3.27. 
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Method B: [Pt2Cl4(C2H4)2] (105mg, 0.18 mmol, Strem) was suspended in 

tetrahydrofuran (7 mL) in a 20 mL scintillation vial.  Slowly, the diimine ligand S8 

(120 mg, 0.39 mmol) was added to the reaction with constant stirring.  The clear 

yellow liquid turned murky brown with the addition of the diimine and the reaction 

was allowed to stir overnight.  The next day, the solution was filtered and dried 

under vacuum to yield a brown solid (115 mg, 56%).  1H NMR (400 MHz, 

Acetone-d6): δ 7.54 (m, 2H), 7.24 (m, 4H), 2.09 (s, 6H).  19F NMR (376 MHz, 

Acetone-d6) δ 119.62 (m). The purity of samples of complex 16 used for catalysis 

was confirmed by elemental analysis.  Anal. Calcd. for C16H12Cl2F4N2Pt: C, 

33.46; H, 2.11; N, 4.88; Found: C, 33.35; H, 1.96; N, 4.84.  

 

Method B: [Pt2Cl4(C2H4)2] (80 mg, 0.136 mmol, Strem) was suspended in 

tetrahydrofuran (5.4 mL) in a 20 mL scintillation vial.  Slowly, the diimine ligand 

S11 (90.0 mg, 0.295 mmol) was added to the reaction with constant stirring.  The 

clear yellow liquid turned murky brown with the addition of the diimine and the 

reaction was allowed to stir overnight.  The next day, the solution was filtered and 

dried under vacuum to yield a brown solid (131.3 mg, 85%).  1H NMR (400 MHz, 

CD3CN): δ 7.61 (m, 2H), 7.50 (m, 2H), 7.43 (m, 2H), 7.26 (m, 2H), 1.76 (s, 6H).  

The purity of samples of complex 17 used for catalysis was confirmed by 

elemental analysis.  Anal. Calcd. for C16H14Cl4N2Pt: C, 33.64; H, 2.47; N, 4.90; 

Found: C, 33.35; H, 2.33; N, 4.69.  
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Method B: [Pt2Cl4(C2H4)2] (80 mg, 0.136 mmol, Strem) was suspended in 

tetrahydrofuran (5.4 mL) in a 20 mL scintillation vial.  Slowly, the diimine ligand 

S10 (120 mg, 0.295 mmol) was added to the reaction with constant stirring.  The 

clear yellow liquid turned murky brown with the addition of the diimine and the 

reaction was allowed to stir overnight.  The next day, the solution was filtered and 

dried under vacuum to yield a brown solid (132.2 mg, 81%). Proton NMR 

analysis is consistent with the formation of two isomers. Coalescence of the 

aliphatic peaks was not observed up to 100 °C. 1H NMR (500 MHz, DMSO-d6): δ 

7.50 (d, J= 8 Hz, 2H, both isomers), 7.38 (m, 2H, both isomers), 7.33 (m, 2H, 

both isomers), 2.33 (s, 4.7H, major isomer), 2.29 (s, 1.8H, minor isomer), 1.83 (s, 

1.6 H, minor isomer), 1.82 (s, 5.0H, major isomer).  The purity of samples of 

complex 18 used for catalysis was confirmed by elemental analysis.  Anal. Calcd. 

for C18H18Cl4N2Pt: C, 36.08; H, 3.03; N, 4.67; Found: C, 35.98; H, 3.12; N, 4.52.  
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Chapter 4: Catalyst-Controlled Site-Selective Pd-
Catalyzed CH Arylation 

 

4.1 Introduction 

Aryl-aryl bonds are ubiquitous in organic molecules including pharmaceuticals, 

agrochemicals, and natural products.1 While these linkages are most commonly 

formed via the cross-coupling of two prefunctionalized arenes,1 there has been 

tremendous recent progress in the development of metal-catalyzed C–H arylation 

reactions.2,3,4,5 In these systems, the aryl-aryl bond is formed by directly merging 

an arene or heteroarene with an aryl halide, aryl organometallic (e.g., ArB(OH)2, 

ArSnBu3, ArSiX3), or aryl iodonium salt (Scheme 4.1). 

 

Scheme 4.1. Direct CH arylation 

X H+ + XH
[M] catalyst

 

 

A major challenge in the field of direct arylation is achieving site selective C–H 

functionalization. The three most common strategies are to use: (1) arene 

substrates that contain directing groups,6,7,8,9 (2) arene substrates bearing 

intramolecular coupling partners,10,11 or (3) heteroarene substrates with highly 

activated C–H bonds (e.g., indoles, pyrroles) (Figure 4.1).12,13,14,15,16 All three 

approaches have provided powerful methods for the selective assembly of 

complex molecules. However, the requirement for substrate-based control over 

selectivity inherently restricts the scope of these transformations. 
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Figure 4.1. Substrate-control of site-selective CH activation 

 

In contrast, the site selective direct arylation of unactivated aromatics remains 

extremely rare.17,18,19,20 Naphthalene has proven to be a particularly challenging 

substrate for this type of reaction, and previously reported methods have 

provided either low yields21 or only modest (< 3.5 : 1) preference for formation of 

the α isomer (Table 4.1).22,23,24 Catalyst-based control (i.e. using steric and 

electronic modification of ancillary ligands at the metal to dictate the preferred 

site of C–H arylation) would be a powerful approach for modulating the selectivity 

of such transformations. While catalyst control of selectivity and reactivity is 

common in other areas of Pd catalysis,25,26,27,28,29,30 C–H functionalization 

reactions often work best with simple Pd salts like Pd(OAc)2 and PdCl2 (for 

example, Table 4.1, entries 1, 2, and 4), which do not contain readily tunable 

ligands.  
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Table 4.1. Metal-catalyzed direct arylation of naphthalene 

 

Entry Ar–X Catalyst/Oxidant Yield α : β 

123 p-NO2C6H4I Pd(OAc)2/none 88% 3.3 : 1 

224 PhSnCl3 PdCl2/CuCl2 40% 3.4 : 1 

322 PhBr Cp2Ni-KOtBu-BEt3 70% 2.3 : 1 

421 PhH Pd(OAc)2/TFA/K2S2O8 32% >20:1 

 

This chapter describes the first systematic examination of catalyst-controlled 

selectivity in the Pd-catalyzed arylation of an unactivated arene.31,32,33,34,35 We 

demonstrate that modular diimine-ligated Pd-catalysts can be tuned to enhance 

both the reaction yield and site selectivity of naphthalene arylation with [Ar2I]BF4. 

Preliminary investigations implicate a mechanism in which naphthalene π-

coordination and subsequent metalation occur at a high oxidation state Pd 

center.36 

 

4.2 Results 

Our initial investigations focused on the Pd-catalyzed C–H phenylation of 

naphthalene with Ph2IBF4. Pd(OAc)2 was the first catalyst examined, since it has 

been used for other C–H functionalization reactions with [Ar2I]
+ 

reagents.24,37,38,39,40,41,42 We were pleased to find that phenylated products A and 

B were formed in a variety of different solvents. Under the optimal conditions 

(NO2Ph at 130 ºC for 16 h), Pd(OAc)2 provided 24% yield and 5 : 1 selectivity for 

isomer A (Table 4.2, entry 1). This selectivity is comparable to that observed in 

many other naphthalene arylation reactions (Table 4.1, entries 1-3).22-24 A survey 

of Pd salts (Table 4.2, entries 2-4) revealed that the X-type ligand has a 

significant influence on selectivity, with PdCl2 providing the best results (A : B = 

13 : 1, entry 2). 
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Table 4.2. Catalyst effects in the phenylation of naphthalene with [Ph2I]BF4 

 

Entry Catalyst Yield A : B 

1 Pd(OAc)2 24% 5 : 1 

2 PdCl2 22% 13 : 1 

3 PdBr2 21% 8 : 1 

4 PdI2 12% 8 : 1 

Conditions: Pd catalyst (3.68 μmol, 5 mol %), naphthalene (47.1 mg, 0.368 
mmol, 5 equiv), Ph2IBF4 (27.1 mg, 0.0735 mmol, 1 equiv) in NO2Ph (0.75 mL) at 
130 ºC for 16 h. Yield and selectivity determined by GCMS. 

 

We next examined naphthalene phenylation with PdCl2 complexes of 1,4-

bisphenyl-2,3-dimethyl-1,4-diaza-1,3-butadiene (PhDABMe), di-tert-butyl bipyridine 

(dtbpy), and 1,10-phenanthroline (phen) (1-3). These ligands were selected 

because they are all known to support PdII and/or PtII complexes that promote 

arene C–H activation.43,44,45 Gratifyingly, distinct changes in both reactivity and 

selectivity were observed as a function of catalyst structure. For example, 

complex 1 afforded double the yield of PdCl2 (Table 4.3, entry 1), while 2 

provided dramatically enhanced selectivity for isomer A (A : B = 78 : 1, entry 2). 

These results clearly demonstrate the potential for catalyst control in Pd-

catalyzed C–H arylation. 

Complex 1 is an attractive starting point for systematically evaluating ligand 

effects because electronically and sterically diverse diimine analogues are readily 

available.46 A series of bis(aryl)diiminePdCl2 complexes containing various R and 

R1 substituents (4a-d, 5a, b) were prepared, and substitution at both R and R1 

had a significant influence on selectivity and yield (Table 4.3). The 2,6-Cl diimine 

complex 5b was particularly effective for this transformation (entry 9), providing 
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the highest yield (70%) and A : B selectivity (71 : 1) of the series.47,48,49 Notably, 

the 5b-catalyzed reaction was also very clean and afforded <5% yield of 

diarylated naphthalene, biphenyl, or binaphthyl side products. 

 

Table 4.3. Substituted diimine PdII catalysts for the phenylation of naphthalene 
with [Ph2I]BF4 

 

Entry Catalyst Yield A : B 

1 1 54% 9 : 1 

2 2 22% 78 : 1

3 3 12% 10 : 1

4 4a 47% 9 : 1 

5 4b 50% 10 : 1

6 4c 32% 18 : 1

7 4d 42% 22 : 1

8 5a 43% 27 : 1

9 5b 70% 71 : 1

Conditions: Pd catalyst (3.68 μmol, 5 mol %), naphthalene (47.1 mg, 0.368 
mmol, 5 equiv), Ph2IBF4 (27.1 mg, 0.0735 mmol, 1 equiv) in NO2Ph (0.75 mL) at 
130 ºC for 16 h. Yield and selectivity determined by GCMS. 

 

The 5b-catalyzed reaction was optimized to maximize yield and selectivity. The 

reaction was evaluated in a variety of solvents known to facilitate CH activation 

and functionalization reactions (Table 4.4). Although dichloroethane gave slightly 

higher yields and better selectivity, a large uncatalyzed reaction was observed in 
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this solvent (Table 4.4, entry 3). From this study nitrobenzene was determined to 

be the optimal solvent for further development (Table 4.4, entry 4). Additionally, 

substrate to oxidant ratio and temperature were also investigated (Table 4.5). 

Remarkably, excellent yield and selectivity could be obtained with as a few as 3 

equiv of naphthalene relative to oxidant at 130 °C (Table 4.5, entry 5). 

 

Table 4.4. Solvent study of 5b-catalyzed naphthalene phenylation with 
[Ph2I]BF4

[a]  

 

Entry Solvent Total Yield Selectivity A : B 

1 AcOH 23% 11 : 1 

2 TFE 37% 56 : 1 

3 DCE[b] 60% 171 : 1 

4 NO2Ph 51% 89 : 1 

5 NO2CH3 5% 29 : 1 

[a] Conditions: Catalyst 5b (4.1 mg, 7.35 μmol, 10 mol %), naphthalene (47.1 mg, 
0.368 mmol, 5 equiv), [Ph2I]BF4 (27.1 mg, 0.0735 mmol, 1 equiv) in solvent (0.75 
mL) for 16 h. Yields and selectivities were determined by GC analysis. [b] A large 
background (uncatalyzed) reaction (45% yield) was observed in DCE with ~4:1 
selectivity.  
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Table 4.5. Reaction optimization with 5b and [Ph2I]BF4
[a] 

 

Entry Substrate : Oxidant Temp Yield Selectivity (A : B) 

1 5 : 1 100 ºC 14% 5 : 1 

2 5 : 1 120 ºC 51% 89 : 1 

3 5 : 1 130 ºC 74% 78 : 1 

4[b] 5 : 1 150 ºC 67% 50 : 1 

5 3 : 1 130 ºC 73% 110 : 1 

6 1 : 1 130 ºC 49% 113 : 1 

[a] Conditions: Catalyst 5b (2.0 mg, 3.68 μmol, 5 mol %), naphthalene (47.1 mg, 
0.368 mmol, 5 equiv; 28.3 mg, 0.221 mmol, 3 equiv; 9.4 mg, 0.0735 mmol, 1 
equiv), [Ph2I]BF4 (27.1 mg, 0.0735 mmol, 1 equiv) in nitrobenzene (0.75 mL) for 
16 h. Yield and selectivity were determined by GC analysis. [b] 24 h 

 

To obtain more quantitative information about the influence of ligand structure 

on selectivity, we examined the yield and A : B ratio as a function of the 

electronic character of the diimine [as measured by νCO for 

(diimine)Pt(CH3)(CO)+], as discussed in Chapter 3.50 As shown in Figure 4.2, 

there is no clear relationship between νCO and yield or the A : B ratio, even when 

potential steric contributions were eliminated (3,5-substituted derivatives, Figure 

4.2, circles). This data suggests that the observed ligand effects are not 

predominantly electronic in nature. Additionally, the poor correlation between 

ligand electronic properties and selectivity/yield suggests against a Lewis-acid 

catalyzed mechanism, since the Lewis acidity of the Pd center is expected to 

track closely with the electron withdrawing ability of the ligand.51  
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Figure 4.2. A : B ratio versus diimine electronics (as measured by νCO for 
(diimine)Pt(CH3)(CO)+).  

(■ = 2,6-disubstituted, ● = 3,5-disubstituted) 

 

We also probed the chemoselectivity of 5b-catalyzed C–H arylation. A 1 : 1 

mixture of naphthalene and other electron rich and electron deficient arenes was 

subjected to the standard conditions in the presence of 0.2 equiv of [Ph2I]BF4. In 

all cases, the reaction was remarkably selective for naphthalene, with (A+B):C 

ratios ranging from >600 : 1 (trifluorotoluene, benzene) to 12 : 1 (veratrole) 

(Table 4.6).52 Chemoselectivity did not track well with nucleophilicity (N),53,54 as 

substrates that are much more nucleophilic than naphthalene (1,3-

dimethoxybenzene, anisole) were significantly less reactive in this competition 

experiment. These results indicate that the chemoselectivity-determining step 

does not proceed via a classical electrophilic aromatic substitution pathway.55  
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Table 4.6. Chemoselectivity of C–H phenylation catalyzed by 5b 

 

Entry Arene N53 Total Yield (A+B):C 

1 1,3-dimethoxybenzene 2.4 39% 43 : 1 

2 veratrole na 52% 12 : 1  

3 anisole –1.6 63% 210 : 1 

4 o-xylene –3.7 60% 597 : 1  

5 naphthalene –3.8 70% ---- 

6 p-xylene –4.2 60% >600 : 1 

7 benzene[a] –6.3 27% >600 : 1 

8 trifluorotoluene –10.3 55% >600 : 1 

Conditions: Catalyst 5b (2.0 mg, 3.68 μmol, 5 mol %), naphthalene (23.6 mg, 
0.184 mmol, 2.5 equiv), arene (0.184 mmol, 2.5 equiv), Ph2IBF4 (27.1 mg, 0.0735 
mmol, 1 equiv) in NO2Ph (0.75 mL) for 16 h at 130 ºC. Yield and selectivity 
determined by GCMS. [a] Using p-tol2IBF4. 

 

Next the kinetic isotope effect (KIE) was determined by comparing the initial 

rate of naphthalene phenylation (Figure 4.3) to that of naphthalene-d8 (Figure 

4.4). Both reactions were conducted using the standard kinetics procedure in the 

experimental section 4.5, using arene substrate (0.368 mmol, 5 equiv), [Ph2I]BF4 

(0.0735 mmol, 1 equiv), and 5b (3.68 μmol, 5 mol %, added as a pre-initiated 

solution). These experiments provided a KIE of 1.0 ± 0.1, indicating that C–H 

bond-cleavage is not involved in the rate-determining step of the catalytic cycle. 
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Figure 4.3. Initial rates of naphthalene C–H phenylation catalyzed by 5b. 

 

 

Conditions: Catalyst 5b (2.0 mg, 3.68 μmol, 5 mol %), naphthalene (47.1 mg, 
0.368 mmol, 5 equiv), [Ph2I]BF4 (27.1 mg, 0.0735 mmol, 1 equiv) in nitrobenzene 
(0.75 mL). Yield and selectivity were determined by GC analysis. The data was 
plotted using Sigma Plot 10 and fit to the function f=y0+a*x; a = 8.5*10-3 ± 0.4*10-

3, y0 = 3.7*10-3 ± 0.3*10-3, R2 = 0.9725. 
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Figure 4.4. Initial rates of naphthalene-d8 C–H phenylation catalyzed by 5b. 

 

 

Conditions: Catalyst 5b (2.0 mg, 3.68 μmol, 5 mol %), naphthalene-d8 (50.1 mg, 
0.368 mmol, 5 equiv), [Ph2I]BF4 (27.1 mg, 0.0735 mmol, 1 equiv) in nitrobenzene 
(0.75 mL). Yield and selectivity were determined by GC analysis. The data was 
plotted using Sigma Plot 10 and fit to the function f=y0+a*x; a = 8.2*10-3 ± 0.8*10-

3, y0 = 3.6*10-3 ± 0.7*10-3, R2 = 0.8752. 

 

A competition experiment between naphthalene and naphthalene-d8 was also 

conducted. The ratio of phenylated products was determined by comparing the 

ratio of the intensities of the two parent ion peaks (204 and 211 for A and A-d7) 

to a calibration curve (Figures 4.5 and 4.6). The calibration curve was generated 

using known quantities of A and A-d7. On the basis of this data, the competition 

KIE (kH/kD) was determined to be 1.07 ± 0.03. This value is significantly smaller 

than is typical for Pd-catalyzed C–H arylation reactions that involve palladation at 

PdII centers (general range = 1.8-5.5).56,57,58 However, the observed value is 

similar to that reported for the Pd-catalyzed carboamination of alkenes with 

benzene (competition kH/kD = 1.1). Michael and coworkers proposed that this 

small isotope effect resulted from π-coordination of benzene to a PdIV 

intermediate prior to C–H bond-breaking (Scheme 4.2).59  
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Figure 4.5 Representative mass spectrum of observed ratio A (m/z = 204) and 
A-d7 (m/z = 211). 
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Figure 4.6. Calibration curve for A : A-d7. 

 

 

Scheme 4.2. Michael’s Pd-catalyzed carboamination of alkenes with arenes, 
where the selectivity determining step is formation of a π-complex.59 
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Finally, we established the kinetic order of C–H arylation in both [Ph2I]BF4 and 

naphthalene. The order in naphthalene was determined by studying the initial 

rate of each transformation at differing concentrations of naphthalene. 

Representative initial rates data is shown in Figure 4.2. This transformation is 0 

order with respect to naphthalene, which provides further evidence against rate 

determining C–H bond cleavage (Figure 4.6).  

 

Figure 4.6.  Initial rates versus [naphthalene]. 

 

The data was plotted using Sigma Plot 10 and fit to the function f=a*x^b; a = 
7.9*10-3 ± 0.3*10-3, b = 5.0*10-10 ± 0.05, where b is the order in [naphthalene].  

 

Likewise, the order in [Ph2I]BF4 was determined by studying the initial rate of 

each transformation at differing concentrations of [Ph2I]BF4 (Figure 4.7). A 1st 

order dependence on [Ph2I]BF4 was observed, indicating that the arylating 

reagent is involved in the turnover-limiting step of the catalytic cycle.    
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Figure 4.7. Initial rate versus [(Ph2I)BF4]. 

 

The data was plotted using Sigma Plot 10 and fit to the function f=a*x^b; a = 0.05 
± 0.03, b = 0.9 ± 0.3, where b is the order in [Ph2I]BF4. 

Collectively, these observations are consistent with the PdII/IV mechanism 

shown in Figure 4.8. This pathway involves: (i) rate-determining oxidation of PdII 

catalyst I with [Ph2I]BF4 to form PdIV intermediate II,60 (ii) π-coordination of 

naphthalene to PdIV to generate III, (iii) palladation to produce IV, and (iv) C–C 

bond-forming reductive elimination to release the product. We propose that π-

coordination to PdIV is the chemoselectivity-determining step. This is consistent 

with the competition KIE (1.07 ± 0.03), which is very similar to that seen by 

Michael for an analogous mechanism.59 In addition, this provides a compelling 

explanation for the unusually high chemoselectivity, as naphthalene is well 

known to form more stable metal π-complexes than benzene derivatives.61  
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Figure 4.8. Proposed mechanism for C–H arylation of naphthalene with 
[Ph2I]BF4 

 

 

Preliminary stoichiometric studies provide further support for the mechanism in 

Figure 4.8. For example, no reaction was observed between catalyst 5b and 

naphthalene when these two reagents were stirred at 130 ºC in NO2Ph (Scheme 

4.3).62 In addition, the stoichiometric reaction between 5b and [Ph2I]BF4 in the 

absence of naphthalene resulted in complete consumption of oxidant and 

concomitant formation of 1 equiv of PhCl and 1 equiv of PhI (Figure 4.9). This is 

consistent with the generation of PdIV intermediate II that undergoes C–Cl bond-

forming reductive elimination in the absence of naphthalene.63  

 

Scheme 4.3. Stoichiometric reaction of 5b and naphthalene 

+
NO2Ph

130 C, 16h
No Reaction - no Pd-Ar or binaphthylPd

Cl

ClN

N
ClCl

Cl Cl

5b  
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Figure 4.9. Stoichiometric reaction of 5b and [Ph2I]BF4 

 

 

 

 

On the basis of this mechanism, we hypothesized that electron deficient 

diaryliodonium oxidants would be particularly effective, since they should 

accelerate the rate-determining oxidation step. Indeed, [Ar2I]BF4 reagents 

containing electron-deficient and neutral aryl substituents provided high yield and 

selectivity (Table 4.7, entries 1-5).  In contrast, arylating agents containing 

electron rich aryl groups such as p-methoxyphenyl (Table 4.7, entry 7) and ortho-

substituted aryl groups (Table 4.7, entry 6) performed poorly in this reaction. 

Again, these results are all consistent with the proposed mechanism. 
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Table 4.7. Oxidant scope for arylation of naphthalene with catalyst 5b 

 

Entry Ar Yield[a] 

1 C6H5 72% 

2 p-CH3C6H4 68% 

3 p-BrC6H4 65% 

4 p-CF3C6H4 62% 

5 m-NO2C6H4 71% 

6 o-CH3C6H4 trace[b]

7 p-MeOC6H4 Nr 

Conditions: Catalyst 5b (19.3-24.5 μmol, 5 mol %), naphthalene (7.7-9.8 mmol, 
20 equiv), [Ar2I]BF4 (0.39-0.49 mmol, 1 equiv) in NO2Ph (98 mM in oxidant) for 
16 h at 130 ºC. [a] Isolated yields. [b] Detected by GC-MS. 

 

4.3 Applications 

This work suggests, for the first time, that both reactivity and selectivity in PdIV-

catalyzed C–H arylation can be tuned through modification of supporting ligand 

structure. A logical extension of these findings is to apply this strategy to develop 

solid supported catalysts for the direct arylation of arenes. Solid supported 

catalysts are desirable for industrial applications as they can be easily separated 

from the product stream.64 Furthermore, the solid support could prevent 

decomposition and aggregation pathways leading to deactivated catalysts. 

Based on the investigations discussed above, design of the ligand linker to the 

solid support could be used to tune reactivity and selectivity. 

In collaboration with Dr. Tae-Hong Park in Professor Adam Matzger’s 

laboratory at the University of Michigan (Department of Chemistry), we sought to 

investigate the use of crystalline microporous coordination polymers (MCPs), and 

in particular the subset referred to as metal-organic frameworks (MOFs) as a 
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solid support for Pd-catalyzed CH arylation. MOFs have shown extensive 

potential for use in applications such as gas storage,65 chemical separations,66 

catalysis,67 sensors,68 and drug delivery.69 These MCPs are constructed via the 

self-assembly of metal ions/clusters and organic linker under reaction conditions 

where relatively perfect single crystal growth is favorable. In the following 

discussion, Dr. Park and coworkers in the Matzger lab designed, synthesized, 

and characterized the novel heterogeneous catalyst. I then evaluated this new 

material’s reactivity for the Pd-catalyzed arylation of naphthalene. 

Coordination copolymerization (as in the use of mixed linkers) has presented 

tremendous opportunities to control functionality within the framework70 and to 

build new materials with unparalleled surface areas.71,72 Dr. Park recently 

developed a synthesis of a MOF uniquely functionalized with dangling 

carboxylate defects. Specifically, defects can be engineered into MOF-5 by the 

addition of a small amount of 1,3,5-tris(4-carboxyphenyl)benzene (H3BTB) during 

synthesis. This leads to a new material nearly identical to MOF-5 albeit with 

octahedral morphology and a significant number of defect sites that functionalize 

the pores. For the rest of this chapter, this new material will be designated MOF-

5(Oh).  

Through a mechanism ascribed to the presence of uncoordinated carboxylate 

groups, MOF-5(Oh), adsorbs considerable quantities of palladium ions from a 

dilute Pd(OAc)2 solution. When MOF-5(Oh) crystals were slowly shaken in a 

Pd(OAc)2 solution (8.9 mM) in CH2Cl2 for 2 days, the colorless crystals became 

brown and the solution was visibly depleted in Pd. After adsorption in a fresh Pd 

solution for another 2 days, the crystals were washed with CH2Cl2 three times 

and immersed in CH2Cl2 for 2 days for which a fresh solvent was replenished 

three times to remove unbound Pd ions. The optical images of Pd ion adsorbed 

MOF-5(Oh), designated as Pd(II)@MOF-5(Oh), are shown in Figure 4.10.  
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Figure 4.10. Selective impregnation of Pd(II) ion in MOF-5(Oh). Pd(OAc)2, 
CH2Cl2. For comparison, a deliberate mixtures of pristine MOF-5 or needle 
shaped UMCM-1 with MOF-5(Oh) crystals were tested. 

 

 

For comparison, the MOF-5(Oh) crystals were mixed with pure MOF-5 or 

UMCM-1 and then placed in a Pd(OAc)2 solution. After 4 days, only MOF-5(Oh) 

became brown whereas MOF-5 (cubes) and UMCM-1 (needles) remained nearly 

colorless (Figure 4.10). Such selective impregnation suggests that the Pd 

adsorption is not significant in MOF-573 and UMCM-1, while, in contrast, the 

dangling carboxylate groups of MOF-5(Oh) extensively interact with Pd(OAc)2. 

The Pd content of Pd(II)@MOF-5(Oh) was 2.3 wt % as determined by inductive 

coupled plasma-optical emission spectroscopy (ICP-OES). Overall, the above 

data strongly support the idea that BTB incorporates into the MOF-5 structure, 

giving rise to not only a morphology change but also to carboxylate functionality 

within the pores.  

With this solid-supported PdII catalyst in hand, we next turned our attention to 

investigating its reactivity for the CH phenylation of naphthalene. As shown in 

Table 4.2, entry 1, the use of 5 mol % of Pd(OAc)2 as catalyst afforded low yield 

for this transformation. This is further exemplified by a time study of the reaction. 

As demonstrated in Figure 4.11, the Pd(OAc)2-catalyzed C–H arylation of 

naphthalene in nitrobenzene at 120 ºC nearly terminated after 30 min, providing 

a total yield of 13% with 15:1 selectivity for the A versus B isomers. The solution 

begins to turn black within 5 min presumably signifying the aggregation and 

precipitation of Pd0. Employing longer reaction times (17 h) only slightly improved 

yield and lowered selectivity (17%, 8:1, Figure 4.11). Collectively, the results 
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suggest that catalyst decomposition is fast under these conditions. We 

hypothesized that the MCP framework might serve to promote this transformation 

by slowing the relative rate of catalyst decomposition and/or by stabilizing Pd-

intermediates during the catalytic cycle. 

Gratifyingly, under otherwise identical conditions, the phenylation of 

naphthalene catalyzed by Pd(II)@MOF-5(Oh) (5 mol % of Pd) resulted in greatly 

increased yield (64%) of phenylated naphthalenes after 12 h. In contrast to the 

Pd(OAc)2-catalyzed reaction, the yield of product steadily increased with time, 

indicating that Pd(II)@MOF-5(Oh) remains catalytically viable significantly longer 

than Pd(OAc)2. Furthermore, the Pd(II)@MOF-5(Oh)-based catalyst provided 

significantly different site selectivity (3:1 ratio of A : B isomers) as compared to 

Pd(OAc)2. This highlights the exciting promise of the MCP framework to 

modulate the selectivity of this and other transformations.74  

 

Figure 4.11. Pd-catalyzed direct phenylation of naphthalene using Pd(II)@MOF-
5(Oh) (circles) and Pd(OAc)2 (triangles) as a catalyst.  

 

  

Conditions: The Pd loading of Pd(II)@MOF-5(Oh) is 2.3 wt % determined by ICP-
OES, and yield and selectivity were determined by GC/MS using internal 
standard.The ratio of isomers (:) at the end of reaction is in the parenthesis   
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Next, potential loss of active Pd species from the crystals was tested. 

Pd(II)@MOF-5(Oh) crystals were removed from a catalytic reaction mixture by 

hot filtration after heating for 3 h. The isolated solution did not show any further 

catalytic activity under the same reaction conditions. In addition, nitrobenzene 

containing only Pd(II)@MOF-5(Oh) was heated for 3-16 h and the solid was then 

removed by hot filtration. Naphthalene and oxidant were added to the filtrate, and 

the mixture was heated for 12 h, giving only 2-8% of phenylated products. These 

results suggest that Pd catalyst diffusion out of the solid support is negligible. 

PXRD studies of recovered solid from the reactions conducted by Dr. Park 

showed that the MOF-5(Oh) framework gradually degraded with reaction time, 

although Pd(II)@MOF-5(Oh) did not lose crystallinity under the same conditions 

when either of the reactants was not present in the solution (Figure 4.12). After 

12 h, the crystallinity of the MCP completely disappeared and the arylation also 

terminated. A TEM study also conducted by Dr. Park and coworkers of solid 

collected from the reaction showed that ~20 nm Pd nanoparticles were spread 

over a non-crystalline solid which led to broad Pd metal reflections in the PXRD 

pattern at 40.2 and 46.5. Such MCP decomposition suggests that defect 

inclusion in more robust MCP crystals will be useful in producing significantly 

improved catalysts for direct CH arylation. Additionally, only modest site 

selectivity was observed for the Pd(II)@MOF-5(Oh)-catalyzed naphthalene 

arylation. Exploring the influence of pore size/shape on selectivity is another 

exciting future direction.  
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Figure 4.12. Characterization of Pd(II)@MOF-5(Oh ) during and after catalysis. 
(a) PXRD study of solid obtained from filtration of the reaction mixture of the 
Pd(II)@MOF-5(Oh)-catalyzed phenylation of naphthalene in nitrobenzene at 120 
C. (b) TEM image of solid obtained from the 12 h reaction mixture (scale bar: 
100 nm).  

 

 

 

4.4 Conclusions 

In conclusion, we have developed the first high yielding site- and 

chemoselective process for the C–H arylation of naphthalene. Under our 

optimized reaction conditions, preliminary mechanistic data is consistent with a 

PdII/IV catalytic cycle involving naphthalene π-coordination and subsequent 
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palladation. This work adds to a small but growing body of literature implicating 

C–H activation at high oxidation state Pd centers in catalysis.24,59,75,76 It also 

suggests, for the first time, that both reactivity and selectivity in PdIV-mediated C–

H arylation can be tuned through modification of supporting ligand structure.  

Additionally, this strategy was applied in the development of a heterogeneous 

Pd-catalyst for CH arylation of naphthalene. This catalyst demonstrates 

significantly improved yield and catalyst longevity versus homogeneous 

Pd(OAc)2 as well as different selectivity. We anticipate that this novel synthetic 

approach can be further applied to different MCPs with different dangling linkers 

that could be used to tune both reactivity and selectivity as was demonstrated in 

the homogeneous system.  

 

4.5 Experimental 

General: 1H and 13C NMR spectra were recorded on Varian Inova 500 or 400 

MHz NMR spectrometers with the residual solvent peak as the internal reference. 

Chemical shifts are reported in parts per million (ppm) (). Multiplicities are 

reported as follows: br (broad resonance), s (singlet), d (doublet), t (triplet), app t 

(apparent triplet), q (quartet), and m (multiplet). Coupling constants (J) are 

reported in Hz. Infrared (IR) spectroscopy was performed on a Perkin Elmer 

FTIR, and peaks are reported in cm–1. Elemental analyses were performed by 

Atlantic Microlab, Inc., Norcross, Georgia. Naphthalene was purchased from 

Fisher Scientific and nitrobenzene was purchased from Acros and used without 

further purification. [Ph2I]BF4
77 and [Ar2I]BF4

78 were prepared according to 

previously reported procedures and matched reported characterization.79 

dtbpyPdCl2 (2)80 and phenPdCl2 (3)81 were synthesized by adaptation of 

published procedures. All reactions were conducted on the bench top (without 

exclusion of ambient air/moisture) unless otherwise noted. Arylation reactions 

were analyzed on a Shimadzu GC-MS-QP2010 Plus equipped with a Shimadzu 

SHRXI-5MS column. Calibration curves were prepared for phenylnaphthalene, 
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biphenyl, 1,1-binaphthyl, and chlorobenzene relative to a hexadecane internal 

standard for determination of yields and selectivities.  

General Procedure for Tables 2-4. Reactions were prepared in 4 mL screw cap 

vials. Each vial was charged with [Ph2I]BF4 (27.1 mg, 0.0735 mmol, 1 equiv), 

arene substrate (0.368 mmol total, 5 equiv), Pd catalyst (3.68 μmol, 5 mol %) and 

nitrobenzene (0.75 mL). The vials were fitted with Teflon-lined caps, stirred at the 

appropriate temperature in a preheated aluminum block for 16 h, and then cooled 

to room temperature. Hexadecane (22 μL, 0.0735mmol) was added to the vials 

as an internal standard. The reaction mixture was filtered through a Celite plug, 

and the plug was washed with ethyl acetate. The filtrate was diluted to 

approximately 10 mL and analyzed by GCMS. Yields and selectivities were 

determined by comparison to calibration curves. 

General Procedure for Table 5. Reactions were prepared in 20 mL screw cap 

vials. Each vial was charged with [Ar2I]BF4 (0.39-0.49 mmol, 1 equiv), 

naphthalene (7.7-9.8 mmol, 20 equiv), Pd catalyst (19.3-24.5 μmol, 5 mol %) and 

nitrobenzene (3.9-5 mL, 98 mM in oxidant). The vials were fitted with Teflon-lined 

caps, stirred at 130 °C in a preheated aluminum block for 16 h, and then cooled 

to room temperature. The reaction mixture was transferred to a small round 

bottom flask and the nitrobenzene, naphthalene, and volatile iodoarenes were 

distilled away under vacuum at 50 °C. The remaining residue was then purified 

by flash column chromatography using Biotage Isolera gradient flash column 

chromatography (benzene (12-100%) : hexane).  

General Kinetics Information. The reaction kinetics were measured using the 

method of initial rates. In each experiment, the appearance of products (A+B) 

was monitored to ~10% conversion by GCMS. Each experiment was run in 

duplicate, and all kinetic orders represent an average of these two runs. Sigma 

Plot 10 was used to fit the data and determine both initial rates and orders. 

Discussion of Kinetics Procedure. The catalysts used for kinetic experiments 

were stored on the bench top in 20 mL scintillation vials with Teflon-lined caps 
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from 24 h to 2 weeks before use. Kinetic experiments were run in two dram vials 

sealed with Teflon-lined caps. Each data point represents a reaction in an 

individual vial. When the reaction between catalyst 5b, [Ph2I]BF4, and 

naphthalene was run directly, the kinetics showed a distinct induction period 

during which Ph–Cl was generated (prior to the formation of significant quantities 

of phenylnaphthalene). To eliminate the induction period, the catalyst was 

preinitiated by stirring with 1 equiv of oxidant in nitrobenzene at 130 °C (see 

below for full procedure). This pre-initiation of the catalyst led to clean initial rates 

kinetics. 

Kinetics Procedure. Catalyst 5b (1 equiv) and [Ph2I]BF4 (1 equiv) were dissolved 

in nitrobenzene to make a 24.2 mM solution, and the resulting mixture was 

heated to 130 ºC. After 3 h, all of the oxidant had been consumed and 1 equiv 

each of phenyl iodide and phenyl chloride were observed, signifying complete 

initiation. This solution was allowed to cool to room temperature and then used 

immediately. Each vial was then charged with oxidant, substrate, and 

nitrobenzene, and the pre-initiated solutions of catalyst were added to give a total 

volume of 0.75 mL. Each vial was heated in a preheated aluminum block for the 

required time and then immediately quenched by placing in an ice bath. 

Hexadecane (22 μL, 0.0735mmol) was added to the vials as an internal 

standard. The reaction mixture was filtered through a Celite plug, and the plug 

was rinsed with ethyl acetate. The filtrate was diluted to approximately 10 mL and 

analyzed by GCMS.  

Kinetic Isotope Effect. The KIE was determined by comparing the initial reaction 

rate with naphthalene (Figure S1) to the initial reaction rate with naphthalene-d8 

(Figure S2). Both reactions were conducted using the standard kinetics 

procedure above, using arene substrate (0.368 mmol, 5 equiv), [Ph2I]BF4 (0.0735 

mmol, 1 equiv), and 5b (3.68 μmol, 5 mol %, added as a pre-initiated solution). 

These experiments provided a KIE of 1.0 ± 0.1. 
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Competition Isotope Effect. Naphthalene (23.6 mg, 0.184 mmol, 2.5 equiv), 

naphthalene-d8 (25.0 mg, 0.184 mmol, 2.5 equiv), and [Ph2I]BF4 (27.1 mg, 

0.0735 mmol, 1 equiv) were combined in a 4 mL vial and dissolved in 

nitrobenzene (0.60 mL). A pre-initiated solution of catalyst 5b in nitrobenzene 

(0.15 mL of a 24.2 mM solution) was then added. The reaction was stirred at 130 

ºC for 45 min (to 14.2 ± 0.7 % yield of phenylnaphthalene). The resulting mixture 

was filtered through a Celite plug, and the plug was rinsed with ethyl acetate. The 

filtrate was diluted to approximately 10 mL and analyzed by GCMS (Figure S3). 

The ratio of products was determined by comparing the ratio of the intensities of 

the two parent ion peaks (204 and 211 for A and A-d7) to a calibration curve 

(Figures S4 and S5). The calibration curve was generated using known 

quantities of A and A-d7. On the basis of this data, the competition KIE (kH/kD) 

was determined to be 1.07 ± 0.03. 

General Procedure for Pd(II)@MOF-5(Oh)-catalyzed phenylation of naphthalene. 

Reactions were prepared in 4 mL screw cap vials. Each vial was charged with 

[Ph2I]BF4 (27.1 mg, 0.0735 mmol, 1 equiv), naphthalene (47.1 mg, 0.368 mmol, 5 

equiv), Pd(II)@MOF-5 (17.0 mg, 3.68 μmol Pd, 5 mol % Pd) and nitrobenzene 

(0.75 mL). The Pd content within Pd(II)@MOF-5(Oh) was 2.3 wt % determined by 

ICP-OES. The vials were fitted with Teflon-lined caps and slowly shaken at 120 

C in a preheated aluminum block for an appropriate time, and then cooled to 

room temperature. Hexadecane (22 μL, 0.0735mmol) was added to the vials as 

an internal standard. The reaction mixture was filtered through a Celite plug, and 

the plug was washed with ethyl acetate. The filtrate was diluted to approximately 

10 mL and analyzed by GCMS. Yields and selectivities were determined by 

comparison to calibration curves. 
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4.6 Characterization 

General procedure for synthesis of compounds S1-S6:  

The diimine ligands were prepared according to literature procedure.82,83 The 

appropriate aniline and 2,3-butanedione were dissolved in methanol. Formic acid 

(1-6 drops) was added, and the reaction was allowed to stand unstirred until 

crystals began to form (typically overnight). The reaction mixture was then stirred 

overnight. The precipitate was collected on a fritted filter, washed with methanol 

and dried under vacuum.    

 

The general procedure was followed using aniline (2.1 mL, 23 mmol, Aldrich), 

2,3-butanedione (0.6 mL, 6.8 mmol, TCI), and methanol (10 mL). Compound S1 

was obtained as a pale yellow solid (422 mg, 26% yield). 1H NMR (400 MHz, 

C6D6): δ 7.15 (t, J = 8 Hz, 4H), 6.93 (t, J = 8 Hz, 2H), 6.72 (d, J = 8 Hz, 4H), 2.10 

(s, 6H). 13C NMR (100 MHz, C6D6): δ 168.62, 152.00, 129.62, 124.36, 119.50, 

15.61. 

 

The general procedure was followed using 3,5-dimethylaniline (1.0 mL, 8 mmol, 

Acros), 2,3-butanedione (0.21 mL, 2.4 mmol, TCI), and methanol (15 mL). 

Compound S2 was obtained as a yellow solid (437 mg, 62% yield).  1H NMR 

(400 MHz, C6D6): δ 6.64 (s, 2H), 6.46 (s, 4H), 2.23 (s, 6H), 2.17 (s, 12H). 13C 

NMR (100 MHz, C6D6): δ 168.38, 152.29, 139.05, 126.00, 117.20, 21.77, 15.72. 
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The general procedure was followed using 3,5-ditrifluoromethylaniline (2.6 mL, 

16.6 mmol, Matrix Scientific), 2,3-butanedione (0.76 mL, 8.7 mmol, TCI), and 

methanol (1 mL). Compound S3 was obtained as a pale yellow solid (1.678 g, 

38% yield).  1H NMR (400 MHz, C6D6): δ 7.58 (s, 2H), 6.98 (s, 4H), 1.61 (s, 6H). 
13C NMR (100 MHz, C6D6): δ 169.97, 152.39, 133.24 (q, 2J = 33 Hz), 124.1 (q, J 

= 273 Hz), 119.55, 118.21, 15.40. 19F NMR (376 MHz, C6D6): δ 62.67 (s). 

 

The general procedure was followed using 3,5-di-tert-butylaniline (0.499 g, 2.4 

mmol, TCI), 2,3-butanedione (0.11 mL, 1.3 mmol, TCI), and methanol (8 mL). 

Compound S4 was obtained as a pale yellow solid (477 mg, 80%).  1H NMR (400 

MHz, acetone-d6): δ 7.25 (s, 2H), 6.67 (s, 4H), 2.12 (s, 6H), 1.34 (s, 36H). 13C 

NMR (100 MHz, acetone-d6): δ 167.58, 151.37, 150.77, 117.39, 130.06, 34.58, 

30.83, 14.41. 
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The general procedure was followed using 3,5-dichloroaniline (2.7 g, 16.6 mmol, 

Aldrich), 2,3-butanedione (0.76 mL, 8.7 mmol, TCI), and methanol (1 mL). 

Compound S5 was obtained as a light gray solid (1.948 g, 62% yield). 1H NMR 

(400 MHz, C6D6): δ 6.94 (s, 2H), 6.46 (s, 4H), 1.69 (s, 6H). 13C NMR (100 MHz, 

C6D6): δ 169.71, 153.53, 136.38, 124.69, 118.07, 15.71. 

 

The general procedure was followed using 2,6-dimethylaniline (1.6 mL, 13 mmol, 

Aldrich), 2,3-butanedione (0.56 mL, 6.4 mmol, TCI), and methanol (4 mL). 

Compound S6 was obtained as a yellow solid (1.267 g, 67% yield).  1H NMR 

(400 MHz, C6D6): δ 7.03 (d, J = 7.2 Hz, 4H), 6.95 (t, J = 7.2 Hz, 2H), 2.00 (s, 6H), 

1.97 (s, 12H). 13C NMR (100 MHz, C6D6): δ 168.45, 149.46, 128.74, 125.06, 

123.96, 18.26, 16.06. 

 

Diimine ligand S7 was synthesized on a 17.3 mmol scale according to a 

procedure reported by Chen.4 However, in lieu of column chromatography, the 

crude yellow solid was purified by dissolving in a minimal quantity of methylene 
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chloride and then allowing the solvent to slowly evaporate overnight, which 

afforded large yellow crystals. The crystals were collected on a fritted filter and 

washed with hexanes (4 x 2 mL) to afford S7 as a yellow crystalline solid (566.1 

mg, 9% yield).  1H NMR (400 MHz, C6D6): δ 6.96 (d, J = 8.0 Hz, 4H), 6.35 (t, J = 

8.0 Hz, 2H), 2.16 (s, 6H). 13C NMR (100 MHz, C6D6): δ 171.98, 146.03, 128.70, 

125.16, 124.37, 17.20. 

General Procedure for synthesis of complexes 1, 4a-d, 5a,b, and 10: 

PdCl2 was dissolved in acetonitrile, and the resulting suspension was heated at 

reflux until a clear, orange solution formed (indicative of (MeCN)2PdCl2). The 

appropriate diimine ligand was then added, and the reaction mixture was heated 

at reflux for 4-12 h. The reaction was cooled to room temperature, and the 

orange precipitate was collected on a fritted filter, washed with acetonitrile and 

ether, and dried under vacuum. 13C NMR spectral data is not reported for any of 

the dichloride complexes due to their extremely low solubility. 

Pd
Cl

Cl

N

N

1
 

The general procedure was followed using PdCl2 (88.7 mg, 0.5 mmol, Pressure), 

diimine ligand S1 (118.16 mg, 0.5 mmol), and MeCN (10 mL). Complex 1 was 

obtained as a bright orange solid (161.4 mg, 78% yield).  1H NMR (500 MHz, 

acetone-d6): δ 7.44 (app t, J = 8 Hz, 4H), 7.33 (t, J = 8 Hz, 2H), 7.09 (d, J = 8 Hz, 

4H), 2.29 (s, 6H). The purity of all samples of complex 1 used for catalysis was 

confirmed by elemental analysis. Anal. Calcd. for C16H16Cl2N2Pd: C, 46.46; H, 

3.90; N, 6.77; Found: C, 46.26; H, 3.69; N, 6.79. 
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The general procedure was followed using PdCl2 (88.7 mg, 0.5 mmol, Pressure), 

diimine ligand S2 (146.21 mg, 0.5 mmol), and MeCN (10 mL). Complex 4a was 

obtained as a bright orange solid (212.3 mg, 90% yield). NMR characterization of 

this complex was not possible due to low solubility. The purity of all samples of 

complex 4a used for catalysis was confirmed by elemental analysis. Anal. Calcd. 

for C20H24Cl2N2Pd: C, 51.14; H, 5.15; N, 5.96; Found: C, 50.88; H, 5.06; N, 6.17. 

 

The general procedure was followed using PdCl2 (88.7 mg, 0.5 mmol, Pressure), 

diimine ligand S3 (254.15 mg, 0.5 mmol), and MeCN (10 mL). Complex 4b was 

obtained as a bright orange solid (281.9 mg, 82% yield). 1H NMR (400 MHz, 

acetone-d6): δ 8.09 (s, 2H), 7.81 (s, 4H), 2.52 (s, 6H). 19F NMR (376 MHz, 

acetone-d6): δ 63.42 (s). The purity of all samples of complex 4b used for 

catalysis was confirmed by elemental analysis. Anal. Calcd. for 

C20H12Cl2F12N2Pd: C, 35.04; H, 1.76; N, 4.09; Found: C, 35.09; H, 1.67; N, 4.12. 

 

The general procedure was followed using PdCl2 (19.5 mg, 0.11 mmol, 

Pressure), diimine ligand S4 (49.6 mg, 0.11 mmol), and MeCN (2 mL). Complex 

4c was obtained as a bright orange solid (49.0 mg, 70% yield). 1H NMR (400 
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MHz, acetone-d6): δ 7.44 (s, 2H), 6.99 (s, 4H), 2.31 (s, 6H), 1.35 (s, 36H). The 

purity of all samples of complex 4c used for catalysis was confirmed by 

elemental analysis. Anal. Calcd. for C32H48Cl2N2Pd: C, 60.24; H, 7.58; N, 4.39; 

Found: C, 59.58; H, 7.70; N, 4.88. 

 

The general procedure was followed using PdCl2 (53.9 mg, 0.304 mmol, 

Pressure), diimine ligand S5 (113.7 mg, 0.304 mmol), and MeCN (5 mL). 

Complex 4d was obtained as a bright orange solid (130.8 mg, 78% yield). NMR 

characterization was not possible due to insolubility. The purity of all samples of 

complex 4d used for catalysis was confirmed by elemental analysis. Anal. Calcd. 

for Anal. Calcd. for C16H12Cl6N2Pd: C, 34.85; H, 2.19; N, 5.08; Found: C, 34.94; 

H, 2.09; N, 5.35. 

 

The general procedure was followed using PdCl2 (145.9 mg, 0.823 mmol, 

Pressure), diimine ligand S6 (240.7 mg, 0.823 mmol), and MeCN (10 mL). 

Complex 5a was obtained as a bright orange solid (345.8 mg, 89% yield). NMR 

characterization was not possible due to insolubility. The purity of all samples of 

complex 5a used for catalysis was confirmed by elemental analysis.  Anal. Calcd. 

for C20H24Cl2N2Pd: C, 51.14; H, 5.15; N, 5.96; Found: C, 51.09; H, 5.05; N, 5.90. 
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The general procedure was followed using PdCl2 (145.9 mg, 0.823 mmol, 

Pressure), diimine ligand S7 (307.8 mg, 0.823 mmol) and MeCN (10 mL). 

Complex 5b was obtained as a bright orange solid (384.4 mg, 85% yield). 1H 

NMR (400 MHz, CD3CN): δ 7.55 (d, J = 8 Hz, 4H), 7.40 (t, J = 8 Hz, 2H), 2.20 (s, 

6H). The purity of all samples of complex 5b used for catalysis was confirmed by 

elemental analysis. Anal. Calcd. for C16H12Cl6N2Pd: C, 34.85; H, 2.19; N, 5.08; 

Found: C, 34.57; H, 2.00; N, 4.98. 

General procedure for synthesis of complexes S8-S10: 

Complexes of general structure (diimine)Pt(Me)2 were prepared using a 

procedure analogous to that reported by Bercaw.82 An oven dried Schlenk flask 

under N2 was charged with [Me2Pt(SMe2)]2 and 2.5 equiv of the appropriate 

diimine. The flask was then cooled to –78 °C. Dry toluene was added, and the 

reaction was stirred for 3 d while warming to room temperature. Once per day, 

the headspace was evacuated to remove dimethylsulfide. After three days, the 

toluene was removed under vacuum. Petroleum ether was added and to afford a 

precipitate, which was collected by filtration and dried under vacuum. 

 

The general procedure was followed using [Me2Pt(SMe2)]2
84 (40 mg, 0.0696 

mmol), diimine S1 (41.1 mg, 0.174 mmol, 2.5 equiv), and dry toluene (4 mL). The 

solution turned dark purple upon reaching room temperature. Complex S8 was 

obtained as a purple solid (41.5 mg, 65% yield). 1H NMR (400 MHz, CD2Cl2): δ 

7.50 (app t, J = 7.4 Hz, 4H), 7.30 (t, J = 7.4 Hz, 2H), 7.02 (d, J = 7.6 Hz 6H), 1.42 

(s, 6H), 0.94 (s, JPt-H = 87 Hz, 6H). 13C NMR (100 MHz, CD2Cl2): δ 171.29, 

148.30, 129.23, 126.61, 122.27, 21.27, –13.4.  



117 

 

 

The general procedure was followed using [Me2Pt(SMe2)]2 (40 mg, 0.0696 

mmol), diimine S5 (65.1 mg, 0.174 mmol, 2.5 equiv), and dry toluene (4 mL). The 

solution turned magenta upon reaching room temperature. Complex S9 was 

obtained as a magenta solid (66.2 mg, 79% yield). 1H NMR (400 MHz, CD2Cl2): δ 

7.35 (s, 2H), 6.99 (s, 4H), 1.36 (s, 6H), 1.16 (s, JPt-H = 87 Hz, 6H).  

 

The general procedure was followed using [Me2Pt(SMe2)]2 (40 mg, 0.0696 

mmol), diimine S7 (65.1 mg, 0.174 mmol, 2.5 equiv), and dry toluene (4 mL). The 

solution turned dark green upon reaching room temperature. Complex S10 was 

obtained as a blue-green solid (71 mg, 69% yield). 1H NMR (400 MHz, CD2Cl2): δ 

7.55 (d, J = 8 Hz, 4H), 7.25 (t, J = 8 Hz, 2H), 1.16 (s, 6H), 1.14 (s, JPt-H = 88 Hz, 

6H). 13C NMR (100 MHz, CD2Cl2): δ 172.39, 142.62, 128.14, 127.47, 127.26, 

20.83, –15.63.  

 

General Procedure for synthesis of complexes 6, 7d, and 8b: 

Under N2, an oven dried Schlenk flask was charged with complex S8, S9, or S10 

(0.015 mmol) and trifluoroethanol (2 mL). HBF4 (2 μL) was added. CO was 

bubbled through the solution for approximately 10 min. The reaction was then 

stirred under 1 atm of CO for 24 h. The solvent was removed under vacuum with 

the solution maintained at –10 C. The resulting sticky residue was triturated with 
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petroleum ether (1.5 mL), and the resulting solids were collected and dried under 

vacuum.  

 

Complex 6 was obtained as a brown solid (5.3 mg, 63% yield) 1H NMR (400 

MHz, CD2Cl2): δ 7.59 (m, 4 H), 7.44 (m, 2H), 7.32 (d, J = 8 Hz, 2H), 7.14 (d, J = 8 

Hz, 2H), 2.43 (s, 3H), 2.31 (s, 3H), 0.715 (s, JPt-H = 34 Hz, 3H). 13C NMR (100 

MHz, CD2Cl2): δ 190.19, 177.64, 163.24, 147.85, 143.16, 130.67, 130.38, 

129.38, 129.20, 122.65, 121.42, 22.55, 20.64, –10.53. 19F NMR (376 MHz, 

CD2Cl2): δ –150.06 (s). IR (CH2Cl2): νCO =  2106.9 cm-1. 

Pt
Me

CO

N

N

ClCl

Cl Cl
7d

BF4

 

Complex 7d was obtained as a red solid (5.2 mg, 50% yield). 1H NMR (500 MHz, 

CD2Cl2): δ 7.37 (s, 1H), 7.34 (s, 1H), 7.18 (s, 2H), 7.04 (s, 2H), 2.36 (s, 3H), 2.21 

(s, 3H), 0.687 (s, JPt-H = 34 Hz, 3H). 13C NMR (100 MHz, CD2Cl2): δ 190.82, 

178.94, 169.75, 148.79, 144.18, 137.18, 136.94, 129.61, 129.49, 121.39, 119.99, 

22.81, 20.93, –10.22. 19F NMR (376 MHz, CD2Cl2): δ –149.43 (s). IR (CH2Cl2): 

νCO = 2109.9 cm-1. 
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Complex 8b was obtained as a dark blue solid (6.1 mg, 58% yield). 1H NMR (400 

MHz, CD2Cl2): δ 7.37 (s, 1 H), 7.66 (m, 4H), 7.47 (m, 2H), 2.58 (s, 3H), 2.40 (s, 

3H), 0.762 (s, JPt-H = 34 Hz, 3H). 13C NMR (100 MHz, CD2Cl2): δ 192.31, 181.35, 

161.74, 141.48, 137.00, 131.76, 131.32, 130.07, 129.83, 128.66, 127.28, 22.58, 

21.43, –11.34. 19F NMR (376 MHz, CD2Cl2): δ –151.63 (s). IR (CH2Cl2): νCO = 

2116.3 cm-1. 

 

Arylation Reactions:  

 

The general procedure was followed using [Ph2I]BF4 (180.1 mg, 0.490 mmol, 1 

equiv), naphthalene (1.245 g, 9.79 mmol, 20 equiv), Pd catalyst 5b (24.5 μmol, 5 

mol %) and nitrobenzene (5 mL) and stirring for 16 h. Compound S11 was 

obtained as a yellow oil (72.2 mg, 72% yield). NMR data was consistent with the 

literature.85 1H NMR (400 MHz, CDCl3): δ 7.90-7.87 (m, 2H), 7.86-7.84 (m, 1H), 

7.53-7.44 (m, 6H), 7.43-7.39 (m, 3H).    
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The general procedure was followed using [p-Tol2I]BF4 (193.8 mg, 0.490 mmol, 1 

equiv), naphthalene (1.245 g, 9.79 mmol, 20 equiv), Pd catalyst 5b (24.5 μmol, 5 

mol %) and nitrobenzene (5 mL) and stirring for 16 h. Compound S12 was 

obtained as a yellow oil (72.5 mg, 68% yield). NMR data was consistent with the 

literature.86  1H NMR (400 MHz, CDCl3): δ 7.89 (app t, 2 H), 7.82 (d, J = 8 Hz, 

1H), 7.45-7.51 (m, 2H), 7.42-7.37 (m, 4H), 7.29 (d, J = 8 Hz), 2.44 (s, 3H) 

 

The general procedure was followed using [p-BrPh2I]BF4 (214.8 mg, 0.490 mmol, 

1 equiv), naphthalene (1.245 g, 9.79 mmol, 20 equiv), Pd catalyst 5b (24.5 μmol, 

5 mol %) and nitrobenzene (5 mL) and stirring for 16 h. Compound S13 was 

obtained as a yellow oil (90.4 mg, 65% yield). NMR data was consistent with the 

literature.85 1H NMR (400 MHz, CDCl3): δ 7.90-7.81 (m, 3H), 7.60 (d, J = 8 Hz, 

2H), 7.50-7.34 (m, 6H). 

 

The general procedure was followed using [p-CF3Ph2I]BF4 (204.2 mg, 0.490 

mmol, 1 equiv), naphthalene (1.245 g, 9.79 mmol, 20 equiv), Pd catalyst 5b (24.5 
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μmol, 5 mol %) and nitrobenzene (5 mL) and stirring for 16 h. Compound S14 

was obtained as a yellow oil (82.5 mg, 62% yield). NMR data was consistent with 

the literature.87 1H NMR (400 MHz, CDCl3): δ 7.90 (app t, J = 8Hz, 2H), 7.79 (d, J 

= 8Hz, 1H), 7.74 (d, J = 8Hz, 2H), 7.60 (d, J = 8Hz, 2H), 7.55-7.39 (m, 4H) 

 

The general procedure was followed using [m-NO2Ph2I]BF4 (183.7 mg, 0.401 

mmol, 1 equiv), naphthalene (1.02g, 8.02 mmol total, 20 equiv), Pd catalyst 5b 

(11.0 mg, 20 μmol, 5 mol %) and nitrobenzene (4.1 mL) and stirring for 16 h. 

Compound S15 was obtained as a yellow oil (70.5 mg, 71% yield). NMR data 

was consistent with the literature.85  1H NMR (500 MHz, CDCl3): δ 8.37 (s, 1H), 

8.29 (d, J = 8 Hz, 1H), 7.93 (t, J = 7 Hz, 2H), 7.83-7.81 (m, 1H), 7.75 (d, J = 9 Hz, 

1H), 7.66 (t, J = 8 Hz, 1H), 7.56-7.51 (m, 2H), 7.48-7.42 (m, 2H) 

 

The general procedure was followed using [o-MePh2I]BF4 (153.0 mg, 0.386 

mmol, 1 equiv), naphthalene (990.75 mg, 7.73 mmol total, 20 equiv), Pd catalyst 

5b (10.7 mg, 19.3 μmol, 5 mol %) and nitrobenzene (3.9 mL) and stirring for 16 

h. Compound S16 was obtained as a clear oil (trace).  
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The general procedure was followed using [p-OMePh2I]BF4 (171.6 mg, 0.401 

mmol, 1 equiv), naphthalene (1.02 g, 8.02 mmol, 20 equiv), Pd catalyst 5b (11.0 

mg, 20 μmol, 5 mol %) and nitrobenzene (4.1 mL) and stirring for 16 h. 

Compound S17 was not observed under the reaction conditions.  

 

Synthesis of MOF-5(Oh) and impregnation of palladium  

H2BDC (0.300 g 1.81 mmol), H3BTB (0.0794 g, 0.181 mmol), and Zn(NO3)2·6H2O 

(1.50 g, 5.04 mmol) were dissolved in DEF (50 mL). The mixture was heated at 

100 °C for 24 h. The mother liquor was decanted and the crystals were washed 

with DMF three times and CH2Cl2 twice. The MOF-5(Oh) crystals were immersed 

in a solution of Pd(OAc)2 (25.0 mg, 0.111 mmol) in 12.5 mL CH2Cl2  (8.91  mM) 

and the mixture was  slowly shaken using a shaker for 2 d. Then a fresh 

Pd(OAc)2 solution was replenished and the mixture was shaken for another 2 d. 

The solution was decanted and the crystals were washed with CH2Cl2 three 

times and immersed in CH2Cl2 for 2 days during which fresh CH2Cl2 was 

replenished three times to afford brown Pd(II)@MOF-5(Oh) crystals. For 

reduction of Pd, Pd(II)@MOF-5(Oh) was immersed in DMF (5.0 mL). The solution 

of NaBH4 (30.0 mg, 0.0793 mmol) in DMF (10 mL) was added and the mixture 

was shaken for 2 h. After the solution was decanted, the black crystals were 

washed with DMF three times and immersed in CH2Cl2 for 24 h during which 

fresh CH2Cl2 was replenished three times. The crystals were dried under vacuum 

at room temperature for 20 h (yield 370 mg).  
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Chapter 5: Pt-Catalyzed Site-Selective CH Arylation 
 

5.1 Introduction 

As described in Chapter 4, we have developed the first high yielding site- and 

chemoselective process for the C–H arylation of naphthalene (Scheme 5.1).1 

Using bidentate diimine ligands, the reactivity and selectivity of the reaction could 

be tuned. However, two important limitations of this system persisted with all 

ligands examined. First, the Pd-catalyzed reaction was always more selective for 

1-aryl-naphthalene versus 2-aryl-naphthalene. Second, the reaction suffered 

from limited arene substrate scope. Only highly electron-rich substrates such as 

dimethoxybenzenes could be arylated with good yield and selectivity (Figure 5.1).  

 

Scheme 5.1 Pd-catalyzed arylation of naphthalene 

 

 

Figure 5.1. Limited arene substrate scope for Pd-catalyzed arylation 

 

Under our optimized reaction conditions for Pd-catalyzed arylation, preliminary 

mechanistic data is consistent with a PdII/IV catalytic cycle proceeding via rate-

determining oxidation followed by naphthalene π-coordination and subsequent 

palladation (Figure 4.8). We propose that the origin of the observed selectivity for 

A may be due to the highly electrophilic nature of the PdIV center, which leads to 

facile palladation at the most nucleophilic carbon. Furthermore, the required π-
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complex formation may explain the low yields obtained with electron neutral or 

deficient arene substrates.  

We sought to a design a system that would be both more general for a wider 

range of arenes and demonstrate opposite selectivity (preference for the B 

isomer) in the arylation of naphthalene. Although there are many ways to imagine 

achieving these goals, we initially focused our efforts on the development of an 

analogous Pt-catalyzed CH arylation reaction. 

Notable differences in the reactivity of Pt and Pd CH activation catalysts have 

been reported in the literature, previously. For example, Pt-catalysts have been 

shown to demonstrate a wider scope of reactivity for CH activation including 

electron-deficient arenes,2 alkanes,3 and even methane,3a-c,4 whereas only a few 

specialized Pd-catalysts exhibit similar scope.5 One reason for the observed 

difference in activity may be a difference in the mechanism of CH activation. 

Although an electrophilic mechanism is typically postulated for Pd catalysts,6 

oxidative addition of the CH bond to form a metal hydride has been proposed 

and even observed in some cases with Pt-catalysts.7,8   

Another possible explanation for this difference in reactivity is that Pt CH 

activation catalysts are kinetically more active than their palladium analogs. To 

probe this hypothesis, we synthesized a series of Pt- (1a-5a) and Pd- (1b-5b) 

dichloride catalysts with various bidentate nitrogen ligands. These catalysts and 

the commercially available salts Na2PtCl4 and Na2PdCl4 were then evaluated 

using the H/D exchange assay described in Chapter 2. As shown in Figures 5.2 

and 5.3, the Pt-catalysts consistently gave higher turnover numbers (TONs) than 

their Pd counterparts in both CF3CO2D and CD3CO2D under standard conditions. 

Measurements at shorter time points showed a similar trend, suggesting that the 

lower TONs of Pd catalysts are not the result of an increased rate of 

decomposition. 

  

Figure 5.2 Pt- and Pd-catalyzed H/D exchange between C6H6 and CF3CO2D 
after 24 h. 
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2 mol % [Pt]
4 mol % AgOAc

CF3CO2D
150 °C, 24 h

H6 HnD6-n

 

 

 

 

Conditions: MII catalyst (2 mol %, 5 µmol), benzene (23.2 µL, 0.26 mmol), AgOAc 
(2 equiv, 1.7 mg, 10 µmol) in CF3CO2D (0.5 mL, 6.5 mmol, 25 equiv relative to 
benzene) at 150 ºC for 24 h. Reported as TON. 
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Figure 5.3 Pt- and Pd-catalyzed H/D exchange between C6H6 and CD3CO2D 
after 24 h. 

 

 

 

 

Conditions: PtII catalyst (2 mol %, 5 µmol), benzene (23.2 µL, 0.26 mmol), AgBF4 
(1.9 mg, 10 µmol) in CD3CO2D (0.37 mL, 6.5 mmol, 25 equiv relative to benzene) 
at 150 ºC.  

 

Furthermore, we hypothesized that a Pt-catalyst might lead to different rate 

limiting step as a result of fundamental differences in the nature of Pd and Pt. Pt 

is a third row transition metal and therefore is more easily oxidized than its 

second-row congener Pd.9  As a result high-valent organometallic Pt complexes 

are expected to be more stable than their Pd analogs.10 Although oxidation was 

the rate-limiting step in the Pd-catalyzed reaction, this would be unlikely for a Pt-

catalyzed reaction. Instead reductive elimination is more likely to be rate-limiting.  

Indeed, the anticipated slow rates of CC bond-forming reductive elimination 

are likely to be the greatest challenge in developing a Pt-catalyzed CH arylation 

reaction. It is conceivable that the organo-PtIV intermediate may be so stable that 

catalytic turnover is either not observed or is prohibitively slow. There are very 

few examples of carboncarbon bond formation from Pt in the literature. In 
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particular complexes with bidentate nitrogen ligands are generally resistant to 

CC reductive elimination.11 A key stoichiometric example of CC reductive 

elimination from PtIV was reported by Goldberg and coworkers, who achieved 

CC coupling to form ethane from a five-coordinate nitrogen ligated PtIV trimethyl 

complex.12 Additionally, a recent example by Albert and coworkers reported the 

formation of a seven-membered platinacycle, which they propose is formed via 

carboncarbon bond forming reductive elimination from PtIV and subsequent CH 

activation/cyclometalation.13  

Finally, Pt salts have been shown to exhibit β-selectivity for the CH activation 

of naphthalene. For example, Pt salts have been used to catalyze site-selective 

H/D exchange reaction between naphthalene and acidic deuterium sources. 

Garnett and Hodges reported that 0.02 M K2PtCl4 in a mixture of CD3CO2D and 

D2O and 1 equiv of HCl at 130°C resulted in 38.2% deuterium incorporation at 

the α-postions of naphthalene and 90.0% deuterium incorporation at the β-

positons (Table 5.1).14 Furthermore, at 80 °C exclusive deuteration at the β-

positions was observed. 

 

Table 5.1. Na2PtCl4-catalyzed H/D exchange between naphthalene and D2O
14 

0.02 M Na2PtCl4
0.02 M HCl

1.8 mL AcOH
0.5 mL D2O
10 h, X C HnD6-nH6

 

Temperature 
%D 

α β 

130 °C 38.2 90.0 

80 °C 0.0 exclusive

 

In a separate example, Shul’pin and coworkers demonstrated the 

stoichiometric CH activation of naphthalene by K2PtCl6 in a mixture of 

trifluoroacetic acid and water at reflux.15,16 The PtIVnaphthyl complex was 

isolated by chromatography over silica treated with ammonia, and an X-ray 
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crystal structure was obtained. The structure demonstrated exclusive formation 

of the β CH activated complex (Figure 5.4). Together these two examples 

suggest that Pt in both the +2 and +4 oxidation states exhibits a preference for 

CH activation of the β-position of naphthalene, the opposite of what was 

observed in our Pd-catalyzed arylation reaction. 

 

Figure 5.4. Shul’pin and coworkers’ stoichiometric β CH activation of 
naphthalene with K2PtCl6  
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All of these factors suggest that a Pt-catalyzed arylation reaction analogous to 

the Pd reaction discussed in Chapter 4, could potentially proceed by a different 

mechanism and/or rate-determining step with different site-selectivity. In addition, 

the development of a catalytic carboncarbon bond forming reaction from a PtIV 

center would be a novel contribution to the broader field of organometallic 

chemistry. Herein we will present our preliminary findings in the development of a 

Pt-catalyzed CH arylation reaction and directly compare the reactivity of Pt and 

Pd for this transformation. Recommendations for ongoing development of this 

work are also presented. 

 

5.2 Results 

Our first attempt at Pt-catalyzed CH arylation was to replace the best-

performing Pd catalyst 2b with its Pt analog 2a under our optimized reaction 

conditions. Disappointingly, only 1% yield of phenylnaphthalene was observed 

with catalyst 2a. (Table 5.2, entry 2). We hypothesized that the low yield might be 

due to slow reductive elimination from the diimine-ligated complex. Therefore, we 

next evaluated the reactivity of commercially available Pt salts Na2PtCl4 and 
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K2PtCl4, but less than 5% yield was observed with both catalysts (entries 3 and 

4). 

 

Table 5.2 Catalyst effects in the phenylation of naphthalene with [Ph2I]BF4 

 

`Entry Catalyst Yield A : B 

1 2b 70% 71 : 1 

2 2a 1% 6 : 1 

3 Na2PtCl4 4% 7 : 1 

4 K2PtCl4 3% 6 : 1 

Conditions: Catalyst (3.68 μmol, 5 mol %), naphthalene (47.1 mg, 0.368 mmol, 5 
equiv), Ph2IBF4 (27.1 mg, 0.0735 mmol, 1 equiv) in NO2Ph (0.75 mL) at 130 ºC 
for 16 h. Yield and selectivity determined by GC. 

 

We next chose to modify the reaction conditions based on the procedure 

reported by Shul’pin and coworkers for the stoichiometric CH activation of 

naphthalene by PtIV (Figure 5.4). An excess of naphthalene was stirred with 

[Ph2I]BF4 in a mixture of trifluoroacetic acid and water at 100 °C for 16 h in the 

presence of 10 mol % of a Pt catalyst. Negligible arylated product was observed 

with bidentate nitrogen ligated Pt catalysts 1a and 2a or with (DMSO)PtCl2 (Table 

5.3, entries 1-3). In contrast, we were pleased to find that the use of 

commercially available K2PtCl4 resulted in 17% yield and a 1 : 14 ratio of A : B 

(Table 5.4, entry 4). 
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Table 5.3. Pt-catalyzed phenylation of naphthalene with [Ph2I]BF4 

30 equiv

+ [Ph2I]BF4

10 mol % [Pt]
CF3CO2H/H2O

100 C, 16 h

Ph

Ph

+

(A) (B)  

`Entry Catalyst % Yield A : B 

1 1a 1 nd 

2 2a 1 nd 

3 (DMSO)2PtCl2 3 1 : 4 

4 K2PtCl4 17 1 : 14 

Conditions: Catalyst (0.93 μmol, 10 mol %), naphthalene (358 mg, 2.7 mmol, 30 
equiv), [Ph2I]BF4 (34.2 mg, 0.093 mmol, 1 equiv) in CF3CO2H (0.50 mL) and H2O 
(0.15 mL) at 100 ºC for 16 h. Calibrated yield and selectivity determined by GC. 

 

Encouraged by this result, we sought to optimize the reaction conditions in 

order to increase both yield and selectivity for isomer B. We first examined a 

variety of solvents that are typically used in CH functionalization reactions.  The 

highest yields and selectivities were observed with fluorinated solvents like 

trifluoroacetic acid, trifluoroethanol, and hexafluoroisopropanol (HFIP) (Table 5.4, 

entry 1-4). Going forward we chose to optimize in trifluoroethanol as it is 

considerably less corrosive than trifluoroacetic acid and less expensive than 

hexafluoroisopropanol. 
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Table 5.4. Solvent study for the Pt-catalyzed phenylation of naphthalene 

10 mol % K2PtCl4
[Ph2I]BF4

Solvent
100 ºC, 20 h

30 equiv

Ph

Ph

(A) (B)  

`Entry Solvent % Yield A : B 

1 TFA/H2O 17 ± 1 1 : 14 

2 TFA 22 ± 9 1 : 11 

3 TFE 17 ± 6 1 : 8 

4 HFIP[a] 23 1 : 9 

5 AcOH 7 1 : 7 

6 DCE 8 1 : 8 

7 NO2Ph 14 1 : 1.5 

8 NO2CH3 2 1 : 4 

9 MeOH 2 1 : 3 

Conditions: K2PtCl4 (3.9 mg, 0.93 μmol, 10 mol %), naphthalene (358 mg, 2.7 
mmol, 30 equiv), [Ph2I]BF4 (34.2 mg, 0.093 mmol, 1 equiv) in the designated 
solvent (0.65 mL) at 100 ºC for 16 h. Calibrated yield and selectivity determined 
by GC. Standard deviations are reported for reactions repeated at least three 
times. [a] HFIP = hexafluoroisopropanol 

 

Next, we examined the impact of the diphenyl iodonium oxidant counterion. 

Previous work in our lab by Dr. Nicholas Deprez revealed a correlation between 

the rate of CH arylation and the counterion, which suggests that the counterion 

may impact solubility and/or reactivity of the oxidant.17  A variety of oxidants with 

different counterions were synthesized by stirring a biphasic solution of [Ph2I]Cl 

and the desired NaX salt.17  Relatively non-coordinating counterions such as 

tetrafluoroborate, triflate, and perchlorate gave comparable yields and 

selectivities (Table 5.5, entries 1-3). Coordinating, nucleophilic counterions such 

as chloride, benzoate, and p-methoxybenzoate resulted in diminished yields. 

Excitingly, use of fluorinated carboxylate ligands pentafluorobenzoate and 
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trifluoroacetate resulted in both increased yield (34 and 40%, respectively) and 

selectivity (A : B, 1 : 16 and 1 : 13, respectively) (Table 5.5, entries 7 and 8). 

 

Table 5.5. Oxidant counterion effects in the Pt-catalyzed phenylation of 
naphthalene 

10 mol % K2PtCl4
[Ph2I]X

TFE
100 ºC, 20 h

30 equiv

Ph

Ph

(A) (B)  

`Entry Oxidant % Yield A : B 

1 [Ph2I]BF4 17 ± 6 1 : 8 

2 [Ph2I]OTf 24 1 : 10 

3 [Ph2I]ClO4 20 1 : 11 

4 [Ph2I]Cl 12 1 : 9 

5 [Ph2I]CO2Ph 9 1 : 11 

6 [Ph2I](pOMePh) 10 1 : 10 

7 [Ph2I]CO2C6F5 34 ± 6 1 : 16 

8 [Ph2I]CO2CF3 40 ± 1 1 : 13 

Conditions: K2PtCl4 (3.9 mg, 0.93 μmol, 10 mol %), naphthalene (358 mg, 2.7 
mmol, 30 equiv), [Ph2I]X (0.093 mmol, 1 equiv) in trifluoroethanol (0.65 mL) at 
100 ºC for 16 h. Calibrated yield and selectivity determined by GC. Standard 
deviations are reported for reactions repeated at least three times. 

 

Additional efforts to increase the yield and selectivity of the transformation 

included examination of co-solvents, temperature, concentration, equivalents of 

reagents, catalyst loading, catalyst counterion, X-type ligands, and added 

bases/silver salts. Although, only minimal increases in yield have been observed 

so far, there are still many more avenues that could be pursued to potentially 

optimize the reaction.  

Based on the current conditions, we turned our attention to assessing our 

original two goals: (1) to develop a Pt-catalyzed arylation reaction with 

complementary selectivity to Pd-catalyzed methods and (2) to develop a CH 
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arylation reaction with wider arene substrate scope than previously observed. 

Although the Pt-catalyzed reaction does selectively form the B isomer as hoped, 

the reaction conditions developed are significantly modified from the original Pd-

catalyzed method discussed in Chapter 4. Therefore, we sought to directly 

compare the reactivity of analogous Pt- and Pd-catalysts under our optimized 

reaction conditions. As shown in Table 5.6, use of commercially available sodium 

and potassium salts of tetrachloroplatinate results in > 1 : 10 selectivity for the B 

isomer of phenyl-naphthalene (entry 1 and 2). In contrast, use of commercial 

sodium tetrachloropalladate under the exact same conditions results in 65 % 

yield of phenyl–naphthalene with a 25 : 1 preference for the A isomer (Table 5.6, 

entry 3).  

 

Table 5.6. Direct comparison of Pt- and Pd-catalyzed naphthalene phenylation 

10 mol % catalyst
[Ph2I]CO2CF3

TFE
100 ºC, 20 h

30 equiv

Ph

Ph

(A) (B)  

`Entry Catalyst % Yield A : B 

1 K2PtCl4 40 ± 1 1 : 13 

2 Na2PtCl4 31 1 : 10 

3 Na2PdCl4 65 25 : 1 

Conditions: Catalyst (0.93 μmol, 10 mol %), naphthalene (358 mg, 2.7 mmol, 30 
equiv), [Ph2I]CO2CF3 (36.7 mg, 0.093 mmol, 1 equiv) in trifluoroethanol (0.65 mL) 
at 100 ºC for 16 h. Calibrated yield and selectivity determined by GC. Standard 
deviations are reported for reactions repeated at least three times. 

 

We then turned our attention to examining the substrate scope of the reaction. 

Three substrates were chosen to assess reactivity: anisole (an electron-rich 

arene with an ortho/para directing group), ortho-xylenes (a moderately electron-

rich arene with two similarly activated CH bonds), and benzene (an electron 

neutral arene).  Each substrate was subjected to the conditions optimized for 

naphthalene CH arylation. As shown in Figure 5.5, modest yields were 
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observed for all three substrates. Notably, a single isomer was detected for both 

anisole arylation and ortho-xylene arylation.  

 

Figure 5.5. Pt-catalyzed phenylation of arenes 

10 mol % K2PtCl4
[Ph2I]CO2CF3

TFE
100 ºC, 20 h30 equiv

Arene Arene Ph

MeO

9% yield

Ph Ph

26% yield 28% yield

Ph

 

Conditions: K2PtCl4 (3.9 mg, 0.93 μmol, 10 mol %), arene (2.7 mmol, 30 equiv), 
[Ph2I]CO2CF3 (36.7 mg, 0.093 mmol, 1 equiv) in trifluoroethanol (0.65 mL) at 100 
ºC for 16 h. Calibrated yield and selectivity determined by GC. 

 

Intriguingly, the yields for both substrates were significantly enhanced by slight 

modification of the reaction conditions (Scheme 5.2). In the case of anisole, 

changing the conditions to the [Ph2I]BF4 oxidant in a mixture of trifluoroethanol 

and trifluoroacetic acid gave 79 ± 8% yield of 4-phenylanisole as the sole 

observed isomer. This is a marked improvement over the Pd-catalyzed 

methodology discussed in Chapter 4, which gave 30% yield of phenylated 

anisole with o:m:p selectivity of 4 : 1 : 3 (Figure 5.1). Furthermore, the Pt-

catalyzed methodology offers improvement over other recently published 

examples of anisole arylation in both yield and selectivity (Figure 5.6).18,19,20 

Monitoring the yield of the desired product with time showed that maximum yield 

is achieved after approximately 12 h (Figure 5.7). Common byproducts including 

biphenyl, bis-anisole, and diarylated anisole were not observed by GC. Catalyst 

decomposition and unproductive oxidant consumption may explain the observed 

lack of full conversion. The observed turnover number at 10 mol % loading was 

approximately 8. Reducing the catalyst loading to 5 mol % K2PtCl4 resulted in 65 

± 4% yield of 4-phenylanisole and an increase in the observed turnover number 
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to 13. This result is consistent with a bimolecular (or higher order) decomposition 

pathway for the catalyst.  

 

Scheme 5.2. Optimized Pt-catalyzed phenylation of arenes 

10 mol % K2PtCl4
[Ph2I]BF4

0.4 mLTFE
0.25 mL TFA
100 ºC, 20 h

30 equiv

OMe OMe

Ph
79  8%  

10 mol % K2PtCl4
[Ph2I]CO2C6F5

0.65 mLTFA
100 ºC, 20 h40 equiv

Ph
52  15%  

Conditions: Catalyst (0.93 μmol, 10 mol %), arene (2.7 mmol, 30 equiv), [Ph2I]X 
(0.093 mmol, 1 equiv) in the designated solvent (0.65 mL) at 100 ºC for 20 h. 
Calibrated yield and selectivity determined by GC. 

 

Figure 5.6. Literature precedent for metal-catalyzed CH arylation of anisole 

OMe 7.5 mol % Pd(OAc)2
15 mol % DMSO

1 atm O2

10 equiv TFA
100 C, 10 h

77%

H
N

Pv
+

4 equiv

H
N

Pv

OMe

o : m : p
1 : 2 : 12  

OMe 15 mol % FeCl3
30 mol % DMEDA

PhBr
2 equiv LiHMDS

80 C, 48 h
69%

OMe

Ph

o : m : p
5.3 : 2 : 1  
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Figure 5.7. Time study of Pt-catalyzed CH arylation of anisole 

 

Conditions: Catalyst (0.93 μmol, 10 mol %), naphthalene (358 mg, 2.7 mmol, 30 
equiv), [Ph2I]BF4 (34.2 mg, 0.093 mmol, 1 equiv) in trifluoroethanol (0.65 mL) at 
100 ºC for 16 h. Calibrated yield and selectivity determined by GC. 

 

5.3 Conclusions and Future Work 

As predicted, use of a Pt-catalyst enabled the highly site-selective synthesis of 

2-phenylnaphthalene B from naphthalene and diphenyliodonium salts. This 

methodology affords the opposite site-selectivity as was observed with previous 

Pd-catalyzed reactions. Additionally, a direct comparison of Na2PtCl4 and 

Na2PdCl4 under the optimized reaction conditions reveals a dramatic reversal in 

the observed selectivity. Furthermore, the methodology has been expanded to 

the arylation of anisole, o-xylenes, and benzene in good yield and with excellent 

site-selectivity. These promising preliminary results indicate that a robust and 

general Pt-catalyzed CH arylation reaction is possible and should be pursued 

further.  

A deeper understanding of the mechanism of Pt-catalyzed CH arylation would 

be valuable to direct further optimization of the reaction yield and selectivity and 

to expand the substrate scope. Furthermore, this transformation provides a rare 

opportunity to directly compare the reactivity of Pt- and Pd-catalysts. Using this 

transformation as a framework, one could potentially elucidate inherent 

differences in the reactivity and mechanism of Pd- and Pt-catalyzed CH 
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functionalization reactions that would be of broad interest to the field of metal-

catalyzed CH activation and functionalization.  

Many mechanisms can be imagined for these Pt-catalyzed CH arylation 

reactions. Importantly, it is conceivable that different mechanisms may be active 

for naphthalene versus anisole arylation, which may explain the necessary 

modifications to the reaction conditions. For the purposes of this discussion, a 

strategy for studying the mechanisms of Pd- and Pt-catalyzed naphthalene 

arylation will be addressed.  

Two general classes of reactivity should be considered: CH activation to yield 

an organo-Pt intermediate and electrophilic aromatic substitution (where Pt would 

act as a Lewis Acid). In the latter case, significant charge build-up is predicted. 

Therefore the kinetic product would be isomer A, where more resonance 

structures maintaining one aromatic ring are possible.  On the other hand, the 

thermodynamic product should be isomer B, which lacks a1,3 strain.  

Notably, Gaunt and coworkers proposed that their Cu(OTf)2 catalyzed CH 

phenylation of anisole (Figure 5.6, bottom) likely occurs by a “Friedel-Crafts 

arylation” where the copper catalyst facilitates dissociation of the iodonium salt 

counterion.20 Upon dissociation, the highly electrophilic arene can be attacked by 

the nucleophilic anisole coupling partner in an electrophilic aromatic substitution 

reaction. This mechanism is supported by the observed para selectivity and the 

presence of an uncatalyzed background reaction. 

Intrigued by these observations, we subjected naphthalene to the conditions 

reported by Gaunt and coworkers using the copper triflate catalyst and [Ph2I]BF4. 

After 96 h, 37% yield of phenylnaphthalene was observed with a 6 : 1 selectivity 

for the A isomer, as expected for an electrophilic mechanism under kinetic 

control (Scheme 5.3). This result suggests that the Pt-catalyzed CH arylation of 

naphthalene most likely does not proceed by a Friedel-Crafts arylation as a 

different isomer is obtained. 
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Scheme 5.3. Cu-catalyzed CH arylation of naphthalene 

 

 

The likely alternative, CH activation, can proceed by many different 

mechanisms. Changes in the order of the elementary steps (CH activation, 

oxidation, and reductive elimination), the identity of the rate determining step, the 

mechanism of CH activation (electrophilic deprotonation, Wheland intermediate, 

or oxidative addition), and the reversibility of the CH activation step could all 

lead to different explanations of the observed selectivity. The three key questions 

to begin to understand the mechanism are (1) What is the resting state of the 

catalyst? (2) What is the rate determining step of the reaction? and (3) Is CH 

activation reversible? Answering these questions for both the Pt- and Pd-

catalyzed arylation reactions would also provide a useful comparison of the 

inherent reactivity of these catalysts and some understanding of the observed 

differences in selectivity. 

To probe the resting state of the catalyst 19F NMR could be used to monitor the 

course of the reaction. Use of a fluorine labeled oxidant, such as di(para-

fluorophenyl)iodonium reagents, would provide an NMR handle to observe the 

resting state of the catalyst under the reaction conditions. Specifically, formation 

of a Pt- or Pd-aryl species should be detectable in this manner. If an organo-Pt 

species is observed, analysis by 195Pt NMR may be used to determine the 

oxidation state of this species.  

Next, the rate determining step of the reaction needs to be determined. Order 

studies in substrate, oxidant, and catalyst can be completed to determine the rate 

law of the reaction. Additionally, determination of the kinetic isotope effect can 

establish whether CH bond breaking occurs at the rate determining step. 

Finally, conducting the reaction in CF3CD2OD and measuring the amount of 
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deuterium incorporation in both products and excess substrate would provide a 

means of determining if CH activation is reversible. 

Collectively, these investigations should provide good evidence to propose 

plausible mechanisms for the Pt- and Pd-catalyzed CH arylation reaction. 

These studies should facilitate optimization of reaction yield and expansion of the 

substrate scope. 

 

5.4 Experimental 

 

General: 1H and 13C NMR spectra were recorded on Varian Inova 500 or 400 

MHz NMR spectrometers with the residual solvent peak as the internal reference. 

Chemical shifts are reported in parts per million (ppm) (). Multiplicities are 

reported as follows: br (broad resonance), s (singlet), d (doublet), t (triplet), app t 

(apparent triplet), q (quartet), and m (multiplet). Coupling constants (J) are 

reported in Hz. Infrared (IR) spectroscopy was performed on a Perkin Elmer 

FTIR, and peaks are reported in cm–1. Elemental analyses were performed by 

Atlantic Microlab, Inc., Norcross, Georgia. Naphthalene was purchased from 

Fisher Scientific and trifluoroethanol was purchased from Oakwood Products and 

used without further purification. K2PtCl4 and Na2PdCl4 were purchased from 

Pressure, and Na2PtCl4 monohydrate was purchased from Strem. Pd(COD)Cl2,
21 

[Ph2I]BF4,
22 [Ph2I]X,17

 and [Ar2I]BF4
23 were prepared according to previously 

reported procedures and matched reported characterization.24 Complexes 1b-5b 

were synthesized by adaptation of a published procedure.25 All reactions were 

conducted on the bench top (without exclusion of ambient air/moisture) unless 

otherwise noted. Calibration curves were prepared for phenylnaphthalene, 

biphenyl, and phenyl-anisole relative to a hexadecane internal standard for 

determination of yields and selectivities.  
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General Procedure for Table 5.2. Reactions were prepared in 4 mL screw cap 

vials. Each vial was charged with [Ph2I]BF4 (27.1 mg, 0.0735 mmol, 1 equiv), 

naphthalene (47.1 mg, 0.368 mmol, 5 equiv), catalyst (3.68 μmol, 5 mol %) and 

nitrobenzene (0.75 mL). The vials were fitted with Teflon-lined caps, stirred at 

130 °C in a preheated aluminum block for 16 h, and then cooled to room 

temperature. Hexadecane (22 μL, 0.0735mmol) was added to the vials as an 

internal standard. The reaction mixture was filtered through a Celite plug, and the 

plug was washed with ethyl acetate. The filtrate was diluted to approximately 10 

mL and analyzed by GC. Yields and selectivities were determined by comparison 

to calibration curves. 

 

General Procedure for Tables 5.3-5.6. Reactions were prepared in 4 mL screw 

cap vials. Each vial was charged with [Ph2I]X (0.093 mmol, 1 equiv), arene 

substrate (2.7 mmol total, 5 equiv), catalyst (3.68 μmol, 5 mol %) and the 

designated solvent (0.65 mL). The vials were fitted with Teflon-lined caps, stirred 

at the appropriate temperature in a preheated aluminum block for 16-20 h, and 

then cooled to room temperature. Hexadecane (27 μL, 0.093mmol) was added to 

the vials as an internal standard. The reaction mixture was filtered through a 

Celite plug, and the plug was washed with ethyl acetate. The filtrate was diluted 

to approximately 10 mL and analyzed by GC. Yields and selectivities were 

determined by comparison to calibration curves. 

 

5.5 Characterization 

 

Complex 1a was prepared from 4,4’-di-tert-butylbipyridine (Aldrich) and cis-

(Me2SO)2Pt(Cl)2
26 using the procedure of Vicente and coworkers.27 The 1H NMR 

spectrum of 1a matched that reported in the literature. In addition, the purity of 

samples of 1a used for catalysis was confirmed by elemental analysis. Anal. 
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calcd. for C18H24Cl2N2Pt: C, 40.46; H, 4.53; N, 5.24; Found: C, 40.34;  H, 4.51; N, 

5.17. 

 

 

Complex 2a was prepared from the diimine ligand28 (115 mg, 0.31 mmol) and 

cis-(Me2SO)2Pt(Cl)2
44

 (100 mg, 0.24 mmol) in acetone (10 mL). The reaction 

mixture was heated to 70 ºC for 4 h. During heating, the mixture changed color 

from yellow to red, and a reddish-brown precipitate was observed. The reaction 

was filtered while still hot, and the reddish-brown precipitate was collected and 

dried under vacuum to afford 2a (32.9 mg, 22% yield). 1H NMR (400 MHz, DMF-

d7):  7.73 (d, J = 8 Hz, 4H), 7.55 (t, J = 8 Hz, 2H), 2.02 (s, 6H). 13C NMR (100 

MHz, DMF-d7):  182.83, 140.42, 130.63, 128.84, 128.76, 20.08. The purity of 

samples of 2a used for catalysis was confirmed by elemental analysis. Anal. 

calcd. for C16H12Cl6N2Pt: C, 30.02; H, 1.89; N, 4.38; Found: C, 30.00; H, 1.83; N, 

4.33. 

 

 

Complex 3a was prepared from the diimine ligand29 and [Pt2Cl4(C2H4)2] (105 mg, 

0.18 mmol, Strem). Zeise’s dimer was suspended in tetrahydrofuran (7 mL) in a 

20 mL scintillation vial.  Slowly, the diimine ligand (114.0 mg, 0.39 mmol) was 

added to the reaction with constant stirring.  The clear yellow liquid turned murky 

brown with the addition of the diimine and the reaction was allowed to stir 

overnight yielding a brown solid (154.3 mg, 77%).   1H NMR (400 MHz, DMSO-

d6): δ 7.18 (s, 6H), 2.12 (s, 12H), 1.75 (s, 6H). The purity of samples of complex 
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3a used for catalysis was confirmed by elemental analysis.  Anal. Calcd. for 

C20H24Cl2N2Pt: C, 43.02; H, 4.33; N, 5.02; Found: C, 42.97; H, 4.37; N, 4.86. 

 

Complex 4a was prepared from cis-(Me2SO)2Pt(Cl)2
44 (36 mg, 0.11 mmol, 1.0 

equiv) in CH3OH (13 mL) under an inert atmosphere. This solution was heated to 

60 ºC, and then 2,2’-dipyridyl ketone (Aldrich) (20 mg, 0.11 mmol, 1.0 equiv) was 

added. The reaction was refluxed overnight and then cooled to room 

temperature. The volume was reduced to 2 mL, resulting in the precipitation of a 

light yellow solid. The precipitate was collected, washed with Et2O (3 x 5 mL), 

and dried under vacuum to afford 4a as a yellow solid (25 mg, 51% yield). 1H 

NMR (500 MHz, DMSO-d6):  9.13 (m, 1H), 8.38 (m, 1H), 8.16 (m, 1H), 7.88 (m, 

1H). 13C NMR (100 MHz, DMSO-d6):  185.92, 153.90, 149.85, 141.63, 130.02, 

127.30. IR (KBr pellet, cm-1): 1681 (s). The purity of samples of 4a used for 

catalysis was confirmed by elemental analysis. Anal. calcd. for C11H8Cl2N2OPt: 

C, 29.35; H, 1.79; N, 6.22; Found: C, 29.15; H, 1.92; N, 6.22. 

 

 

Complex 5a was prepared from 2,2’-dipyridyl amine (Aldrich) and cis-

(Me2SO)2Pt(Cl)2
44 following the procedure of Tu and coworkers.30 1H NMR (400 

MHz, DMSO-d6):  11.07 (s, 1H), 8.78 (m, 2H), 7.97 (m, 2H), 7.27 (m, 1H), 7.11 

(m, 1H). 13C NMR (100 MHz, DMSO-d6)  150.59, 150.14, 141.04, 119.58, 

114.29. The purity of samples of 5a used for catalysis was confirmed by 

elemental analysis. Anal. calcd. for C10H9Cl2N3Pt: C, 27.67; H, 2.07; N, 9.61; 

Found: C, 27.72; H, 2.10; N, 9.79. 
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Complex 1b was prepared from Pd(COD)Cl2 (285.5 mg, 1 mmol) and the 4,4’–di-

tert-butyl-2,2’-dipyridyl ligand (268.4 mg, 1 mmol) in acetone (20 mL). 4,4’–di-tert-

butyl-2,2’-dipyridyl ligand was dissolved in acetone and then the palladium 

starting material was added. The mixture was stirred overnight to afford an 

orange precipitate, which was collected on a fritted filter, washed with acetone, 

and dried under vacuum (381.8 mg, 86% yield). 1H NMR (400 MHz, DMSO-d6): δ 

9.01 (d, J = 6Hz, 2H), 8.59 (s, 2H), 7.81 (d, J = 6Hz, 2H), 1.41 (s, 18H).  

 

 

Complex 2b was prepared from PdCl2 (145.9 mg, 0.823 mmol, Pressure) and the 

diimine ligand (307.8 mg, 0.823 mmol) in MeCN (10 mL). Palladium was 

dissolved in acetonitrile, and the resulting suspension was heated at reflux until a 

clear, orange solution formed (indicative of (MeCN)2PdCl2). The diimine ligand 

was then added, and the reaction mixture was heated at reflux for 4-12 h. The 

reaction was cooled to room temperature, and the orange precipitate was 

collected on a fritted filter, washed with acetonitrile and ether, and dried under 

vacuum (384.4 mg, 85% yield). 1H NMR (400 MHz, CD3CN): δ 7.55 (d, J = 8 Hz, 

4H), 7.40 (t, J = 8 Hz, 2H), 2.20 (s, 6H). The purity of all samples of complex 2b 

used for catalysis was confirmed by elemental analysis. Anal. Calcd. for 

C16H12Cl6N2Pd: C, 34.85; H, 2.19; N, 5.08; Found: C, 34.57; H, 2.00; N, 4.98. 
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Complex 3b was prepared from PdCl2 (145.9 mg, 0.823 mmol, Pressure) and the 

diimine ligand (240.7 mg, 0.823 mmol) in MeCN (10 mL). Palladium was 

dissolved in acetonitrile, and the resulting suspension was heated at reflux until a 

clear, orange solution formed (indicative of (MeCN)2PdCl2). The diimine ligand 

was then added, and the reaction mixture was heated at reflux for 4-12 h. The 

reaction was cooled to room temperature, and the orange precipitate was 

collected on a fritted filter, washed with acetonitrile and ether, and dried under 

vacuum (345.8 mg, 89% yield). NMR characterization was not possible due to 

insolubility. The purity of all samples of complex 3b used for catalysis was 

confirmed by elemental analysis.  Anal. Calcd. for C20H24Cl2N2Pd: C, 51.14; H, 

5.15; N, 5.96; Found: C, 51.09; H, 5.05; N, 5.90. 

 

 

Complex 4b was prepared from Pd(COD)Cl2 (285.5 mg, 1 mmol) and 

dipyridylketone (184.19 mg, 1 mmol) in acetone (20 mL). Dipyridylketone was 

dissolved in acetone and then the palladium starting material was added. The 

mixture was stirred for 12 hours to afford an orange precipitate, which was 

collected on a fritted filter, washed with acetone, and dried under vacuum (283.7 

mg, 78% yield). 1H NMR (400 MHz, DMSO-d6): δ 9.08 (d, J = 4.8 Hz, 2H), 8.36 

(app t, J = 8 Hz, 2H), 8.17 (d, J = 8 Hz, 2H), 7.91 (m, 2H).  
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Complex 5b was prepared from Pd(COD)Cl2 (285 mg, 1 mmol) and 

dipyridylamine (171.2 mg, 1 mmol) in acetone (20 mL). Dipyridylamine was 

dissolved in acetone and then the palladium starting material was added. The 

mixture was stirred overnight to afford a yellow precipitate, which was collected 

on a fritted filter, washed with acetone, and dried under vacuum (233.6 mg, 67% 

yield). 1H NMR (400 MHz, DMSO-d6): δ 11.11 (s, 1H), 8.59 (m, 2H), 7.96 (m, 

2H), 7.27 (m, 2H), 7.14 (m, 2H).  

 

 

4-phenylanisole was prepared by combining anisole (1.8 mL, 16.3 mmol, 30 

equiv), [Ph2I]BF4 (200 mg, 0.543 mmol, 1 equiv), K2PtCl4 (22.5 mg, 54.3 μmol, 10 

mol %), in trifluoroethanol (2.3 mL) and trifluoroacetate (1.5 mL) in a 20 mL 

scintillation vial and stirring at 100 ºC for 20 h.  The reaction was then cooled to 

room temperature and filtered over a plug of Celite. The Celite was then rinsed 

with 3 x 5 mL EtOAc. The acid was then quenched by addition of 3 x 5 mL 

saturated sodium carbonate to the filtrate. The organic layer was concentrated 

under vacuum to remove solvent, excess arene, and iodobenzene. The residual 

sticky solid was purified by gradiant column chromatography using the 

automated Biotage system (1% methylene chloride in hexanes to 8% methylene 

chloride in hexanes). The product was isolated as a clear oil (52 mg, 52% yield).  
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Chapter 6: Conclusions and Future Perspectives 
 

The development of mild and selective methods for the functionalization of 

simple arene CH bonds is an important challenge in organic chemistry. In this 

dissertation we have explored Pt- and Pd-catalyzed CH functionalization as a 

means to achieve this goal. Specifically, we have developed catalysts that 

promote CH activation and site-selective functionalization of arene C–H bonds 

in substrates that do not contain directing groups. Pt- and Pd-catalysts containing 

nitrogen donor ligands were evaluated using a catalytic H/D exchange assay to 

elucidate trends in reactivity. Highly active CH activation catalysts were 

identified and studied for site-selective CH arylation.  

 

6.1 Studying CH Activation 

In the first half of this dissertation, we explored Pt-catalyzed H/D exchange 

between benzene and acidic deuterium sources as a metric for directly 

comparing the reactivity of different Pt CH activation catalysts. In chapter 2, we 

presented the development of a systematic H/D exchange assay including 

rigorous evaluation of background uncatalyzed exchange and the impact of 

common additives.1 Using this quick, first-pass assay, we then directly compared 

the reactivity of known Pt CH activation catalysts to elucidate trends in 

reactivity. Intriguingly, the relative activity of the catalysts examined was found to 

vary substantially depending on the nature of the deuterium source. This result 

reveals the importance of comparing new catalysts in several different assays in 

order to fully evaluate their reactivity.  

The conditions developed here have served as a valuable method to rapidly 

screen and benchmark new transition metal catalysts for C–H activation. In 

chapter 2, we discussed our study of Pt catalysts with quaternary nitrogen 
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ligands, which have previously been implicated in methane oxidation catalysis. 

Since these initial investigations, more robust Pt- and Pd-catalysts containing 

quaternary nitrogen ligands have been developed in the Sanford group. Their 

application in arene and alkane H/D exchange and oxidation reactions was 

recently reported using the H/D exchange assay as a valuable tool for catalyst 

design and optimization.2 This assay has also been applied to the development 

of iridium CH activation catalysts by the Ison group at North Carolina State.3 

In yet another example of the utility of the H/D exchange assay, we reported 

the systematic study of the structure/activity relationship of diimine ligands for Pt-

catalyzed CH activation in chapter 3. A series of diimine ligands were 

synthesized to probe the effects of sterics, electronics, and halogen substitution. 

The analogous Pt dichloride complexes were then subjected to the H/D 

exchange conditions, and the initial rates of CH activation were measured. This 

work demonstrated a remarkable relationship between diimine ligand substitution 

at the N-aryl group and catalyst activity for H/D exchange between C6H6 and 

RCO2D. Our study identified that substitution in the 2 and 6 positions of the N-

aryl group of the diimine ligand, especially incorporation of halogens in these 

positions, leads to significant increases in catalyst reactivity.  

In the two years since publication, the H/D exchange assay that we have 

developed has already seen several exciting applications. The intent of the assay 

was to provide an operationally simple means to directly compare the reactivity of 

a given catalyst to complexes already known in the literature and to optimize 

reactivity within a given class of complexes. New ligand architectures for CH 

activation are published regularly providing new opportunities to use our assay. 

For example, N-heterocyclic carbene ligands have been used in the development 

of methodology for Pd-catalyzed methane oxidation reactions.4 The H/D 

exchange assay would likely be a useful tool in the design and optimization of 

such ligands to improve both catalyst longevity and TOF. 
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6.2 Developing Metal-Catalyzed CH Functionalization Reactions 

In the second half of this dissertation, we discuss our results to develop site-

selective CH functionalization reactions. Our approach was to use steric and 

electronic modification of ancillary ligands at the metal to modulate reactivity and 

dictate the preferred site of C–H activation. In chapter 4, we presented the first 

high yielding site- and chemoselective process for the C–H arylation of 

naphthalene. This work suggests, for the first time, that both reactivity and 

selectivity in PdIV-mediated C–H arylation can be tuned through modification of 

supporting ligand structure. This proof of principle suggests that other types of C-

H functionalization reactions, such as halogenation, oxygenation, and 

trifluoromethylation, could be similarly affected by modification of supporting 

ligands. Furthermore, this concept potentially could be extended to the 

development of asymmetric CH functionalization reactions. 

Our studies also revealed preliminary mechanistic data consistent with a PdII/IV 

catalytic cycle involving naphthalene π-coordination and subsequent palladation. 

This work added to a small but growing number of examples in the literature 

implicating C–H activation at high oxidation state Pd centers in catalysis.24,59,5,6 

Since publishing this work, our group has reported the first stoichiometric 

example of CH activation at PdIV, which further supports the plausibility of our 

proposed mechanism.7 Future efforts in this field should aim to understand the 

differences in reactivity and selectivity between CH activation at PdII versus 

PdIV. Stoichiometric investigations of these transformations hopefully would 

provide valuable insights into the differences in reactivity that could inform the 

development of new complementary catalytic transformations. 

Additionally, this chapter presented the development of a heterogeneous Pd-

catalyst for CH arylation of naphthalene. In collaboration with Dr. Tae-Hong 

Park in Professor Adam Matzger’s laboratory at the University of Michigan 

(Department of Chemistry), we studied a new material nearly identical to MOF-5 

albeit with octahedral morphology and a significant number of defect sites that 

functionalize the pores, enabling significant adsorption of Pd(OAc)2. This catalyst 
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demonstrates improved yield and catalyst longevity versus homogeneous 

Pd(OAc)2 as well as different selectivity. However, significant decomposition of 

the microporous coordination polymer (MCP) framework was observed. To 

improve the catalyst, this novel synthetic approach for defect inclusion should be 

expanded to more robust MCP crystals. Additionally, only modest site selectivity 

was observed for the Pd(II)@MOF-5(Oh)-catalyzed naphthalene arylation. We 

anticipate that by applying the synthetic approach to develop different MCPs with 

different dangling linkers both reactivity and selectivity of the CH arylation 

reaction could be tuned. One specific future direction would be to explore the 

influence of pore size/shape on selectivity.  

Finally, in chapter 5 we presented preliminary results on the development of an 

analogous Pt-catalyzed CH arylation reaction. Our goals were to develop a 

reaction that would selectively form 2-phenyl-naphthalene (the opposite isomer of 

the Pd-catalyzed methodology) and that would exhibit a broader substrate 

(arene) scope. Based on literature precedent, we hypothesized that using a Pt 

catalyst could result in increased reactivity for a variety of substrates and 

different selectivity for naphthalene CH activation. As presented in chapter 5, 

the use of commercially available platinum salts under modified reaction 

conditions affords a pathway to selective formation of 2-phenyl-naphthalene. 

Furthermore, the methodology has been expanded to the arylation of anisole, o-

xylenes, and benzene in good yield and with excellent site-selectivity. These 

promising preliminary results indicate that a robust and general Pt-catalyzed CH 

arylation reaction is possible and should be pursued further. A deeper 

understanding of the mechanism of Pt-catalyzed CH arylation would be 

valuable to direct further optimization of the reaction yield and selectivity and to 

expand the substrate scope. 

Additionally, a direct comparison of Na2PtCl4 and Na2PdCl4 under the 

optimized reaction conditions reveals a dramatic reversal in the observed 

selectivity. This transformation provides a rare opportunity to directly compare 

the reactivity of Pt- and Pd-catalysts. Using this transformation as a framework, 
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one could potentially elucidate inherent differences in the reactivity and 

mechanism of Pd- and Pt-catalyzed CH functionalization reactions that would 

be of broad interest to the field of metal-catalyzed CH activation and 

functionalization. 
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